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ABSTRACT 
 
Gamma spectrometry technique has been used in order to obtain the activity concentrations of natural and 
artificial radionuclides in environmental samples of different origins, compositions and densities. These samples 
characteristics may influence the calibration condition by the self-attenuation effect. The sample density has 
been considered the most important factor. For reliable results, it is necessary to determine self-attenuation 
correction factor which has been subject of great interest due to its effect on activity concentration. In this 
context, the aim of this work is to show the calibration process considering the correction by self-attenuation in 
the evaluation of the concentration of each radionuclide to a gamma HPGEe detector spectrometry system. 
 
 

1. INTRODUCTION 
 
Naturally occurring radionuclides are present in many degrees in all parts in the environment 
[1]. Geological materials that contain radionuclides of natural origin are usually referred by 
NORM - Naturally Occurring Radioactive Material. NORM can cause significant increase in 
the exposure to workers or public and cannot be disregarded [2]. Some areas have high 
background resulting from local geological controls and geochemical effects. 
 
The main radionuclides in NORM are 87Rb, 40K, as well as, 235U, 238U and 232Th which are 
referred to as primordial radionuclides [2,4]. Among these, 238U and 232Th are highlighted 
with their decay products (secondary radionuclides), because of the health radiological 
impact. The presence of these radionuclides in environmental materials can lead to internal 
exposure of the lung due to radon, thoron and their short-lived decay products (218Po, 214Pb, 
214Bi e 214Po), emitting alpha and beta through inhalation. Epidemiological studies have 
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revealed a strong correlation between lung cancer and exposure to radon. It was identified as 
a human lung carcinogen in 1986 by the World Health Organization – WHO [5,6]. 
Externally, they reach the body by gamma and beta radiation from the radionuclides mixture 
present in natural materials [5,7]. 
 
Besides the radionuclides mentioned above, there are others widely spread in the earth 
environment [4]. Beyond radiological protection, knowing the radioactive elements 
concentration as 210Pb, 222Rn and137Cs present in the air, water, rocks and soil may become a 
tool to study and understand the environmental properties, such as: deposition of air 
pollution, hydrogeological studies and natural and man-made changes on surfaces and ground 
water, respectively [7]. 
 
Several techniques are available and described in the literature for the determination of the 
activity concentration of those radionuclides in different environmental samples, including: 
α-spectrometry, γ-ray spectrometry, radon emanation, liquid scintillation counting, α or β 
particle counting methods with low level proportional counter, neutron activation and 
inductively coupled plasma mass spectrometry [2,8]. The most common used technique is 
probably the γ-ray spectrometry because it provides a non-destructive method of 
multielemental analysis and mostly because there is no need for any chemical separation 
processes [7, 9]. In our laboratory, we have used the γ-ray spectrometry technique in a very 
low background counting room for obtaining specially the activity concentrations of 226Ra, 
232Th and 40K in samples of different origins, compositions and densities: ore, soil, water, 
food, oil and others. 
 
The photopeak efficiency curve is the most important part of this analyzis method [6]. In 
order to obtain reliable results, the samples must be prepared in similar condition of the 
calibration standards. It is known that the samples characteristics might influence the 
calibration condition by the self-attenuation effect. The sample density has been considered 
the most important factor to determine the activity: high density samples absorb much more 
gamma ray energy compared to low density sample and, therefore, it will reduce efficiency 
[10]. As it can be observed, in most cases, the calibration conditions are not met and it is 
necessary to determine a self-attenuation correction factor. The self-absorption on efficiency 
values has significant influence especially in low energies [6]. 
 
In this way, many surveys involving the self-attenuation correction factor have been 
conducted due to its effect on activity concentration [6, 8, 9, 10, 11, 12 ]. In this context, the 
aim of this work is to show the calibration procedure considering the correction by self-
attenuation in the evaluation of the concentration of each radionuclide as a function of the 
density to a gamma spectrometry system by using HPGe detector. 
  

2.  MATERIALS AND METHODS 
 

2.1. Materials (Gamma-ray measurement) 
 

The used analytical technique for natural gamma-emitting radionuclides, as mentioned above, 
was gamma spectrometry by using a hyper-pure germanium detector (HPGe), coaxial 
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geometry, 15% relative efficiency - a system from CANBERRA. The energy resolution 
(FWHM) is 1.9 keV at 1332 keV of a 60Co source. The detector is surrounded by a 777A 
Ultra Low-Background lead shielding, which has a bulk shield of the 175 mm with the 
innermost of  25mm having 210Pb content of less than 25 Bq/kg. It is cooled to liquid nitrogen 
temperatures and coupled to a Canberra amplifier and multichannel analyzer. The data were 
acquired and treated with Genie 2000 software. All system is located in a special counting 
room that has one of the lowest backgrounds in the world.  
 
The most relevant naturally occurring radionuclides for the present laboratory are mainly:  
226Ra (238U chain), 232Th and a single occurring 40K. Sometimes, 210Pb and 137Cs 
radionuclides are also measured in environmental samples at our laboratory. 210Pb is 
determined from 46,5 keV photopeak and 137Cs is determined  from the 661,7 keV line. On 
the other hand, considering the equilibrium, 226Ra activity concentration is measured by 
gamma-ray lines of 214Bi (609,3 keV – 46,3%), while the activity  concentration of 232Th is 
calculated by using the gamma-ray lines of 212Pb ( 238,6 keV – 44,6%). The 40K activity 
concentration is measured directly through its 1460,8 keV (10,66%) peak. In addition, the 
equilibrium condition is verified by measuring the gamma-ray lines of some natural series 
members, for example, 214Bi and 214Pb for 238U and 228Ac, 212Pb and 208Tl for 232Th. Samples 
of the different material are collected and prepared. Samples are usually powdered, sieved 
and transferred to Marinelli beakers (0.5 L). Each recipient remained tight sealed for 30 days 
in order to restore secular equilibrium between 226Ra and its progeny. For 232Th and its 
progeny, a much shorter time would be enough. The counting time is around 86400 seconds 
and the analytical uncertainty of measurements is around 10 % in the worst case. 
 
The activity concentration for radionuclides in the measured samples is computed using the 
following Equation [2,10]]: 
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Where A is the activity level of a certain radionuclide expressed  in Bq kg−1,     is the net 
counting rate of the sample subtracted from background (counts per seconds), Ɛ0 is the 
counting efficiency for the water density, Iγ is the absolute transition probability of γ-decay, 
W is the dried sample weight expressed in kg and Ci is correction factors. 
 
The minimum detectable activity (MDA) was calculated according to Currie (1968) apud El 
Afifi et al (2006)[2]: 
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(2)  

Where t is the counting time in seconds, B is the background of the interest radionuclide and 
σ is the statistical coverage factor equal to 1.645 (confidence level 95%). The MDAs for 
214Bi, 214Pb, 228Ac 212Pb were 0,04 Bq.kg-1, 0.04 Bq.kg-1, 0,02 Bq.kg-1e 0,03 Bq.kg-1, 
respectively. We usually participated on the intercomparison programs for a good quality 
assurance. 
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2.2. Experimental Proceedings 
 

In order to determine self-attenuation correction factors, four standard samples with apparent 
densities ranging from 950 to 1950 kg.m-3 were used. Table 1 shows the chemistry 
composition and the density of each sample. A certified solution containing five radionuclides 
gamma emitters (133Ba, 60Co, 137Cs, 241Am, 155Eu) was prepared and added to each sample to 
obtain the photopeak efficiencies. Their gamma-ray energies and emission possibilities are 
shown in Table 2. It was noticed that they are certified reference materials from Dosimetry 
and Radioprotection Institute of the Nuclear Energy National Commission - IRD/CNEN with 
a number of gamma lines enough to cover an energy range from 60 to 1332 keV. Each sample 
was measured during 86400 seconds and the photopeak efficiency was determined as a 
function of the gamma-emission energy. Thus, the self-attenuation correction factors (Ci) can 
be given in Equation 3: 

R
iC


 0              

(3)  

Where ƐR is the real counting efficiency in different densities. 
 

Table 1:  Chemistry composition and density of the four samples  
Sample Density (kg.m-3) Chemistry Composition 

Boric acid 950 HBO3 
Water 1000 H2O 

Boric acid + sandy residue 1475 

HBO3: 33,35%; 
SiO2: 40,46%;              

Fe2O3: 24,13%;   
Al2O3:1,20%;               
  SO3: 0,39%;                
P2O5:0,29%;                   
CaO: 0,10%;                        
MnO: 0,05%;                     
NiO: 0,01%;                            
CuO: 0,01% 

Sandy residuea 1950 

SiO2: 60,7%;                 
Fe2O3: 36,2%;   
Al2O3:1,80%;                
SO3:0,59%;                
P2O5:0,44%;                 
CaO: 0,15%;                        
MnO: 0,07%;                    
NiO: 0,01%;                            
CuO: 0,01% 

 a Chemistry composition was obtained in the X-ray fluorescence laboratory of the CDTN 
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Table 2:  Reference radionuclides (133Ba, 60Co, 137Cs, 241Am, 155Eu) gamma-ray energies and 
emission possibility 

Gamma Emitters 
radionuclides Energy (keV)a Emission probability- Iγa 

133Ba 80,9979 0,3290 
 276,3989 0,0716 
 302,8508 0,1834 
 356,0129 0,6205 
 383,8485 0,0894 

60Co 1173,2280 0,9985 
 1332,4920 0,9998 

241Am 59,5409 0,3590 
155Eu 86,5479 0,3070 

 105,3083 0,2120 
137Cs 661,6570 0,8499 

      a  https://www-nds.iaea.org/xgamma_standards/genergies1.htm [13] 
 

3. RESULTS AND DISCUSSION 
 

The typical efficiency curves as a function of the energy for the different densities are shown 
in Figure 1.  In Figure 1, it is observed that high density samples have reduced efficiency and, 
consequently, they will present concentration activities lower than the real values. In this 
Figure, the self-attenuation effects can be seen, they are stronger in the low energy range, 
according to literature [7,10]. 
 

         
Figure 1– Efficiency (%) as a function of the photopeak’s energy 
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The self-attenuation correction factors were calculated by using Equation 3. Considering 
water sample as reference, self-attenuation correction factors for the radionuclides of interest 
and samples densities are shown in Table 3. As shown in this Table, the self-attenuation 
correction factors are bigger at low energies. It is noticed that the main influence of density 
was verified in the photopeak from 210Pb. Furthermore, they are smaller at high energies, 
tending to be constant in the same density. The polled estimated uncertainty for the correction 
factors in terms of confidence intervals is 0.02. Thus, the correction factors for the densities 
950, 1475 e 1950 kg.m-3 are 1.00, 1.04, 1.00, respectively, for energies range above 350 keV. 
For other densities values, correction factors must be obtained by interpolation. It is 
important to mention that, for energies above 350 keV, there are variations in the self-
attenuation correction factors in the same energy for different densities, probably due to the 
density or the chemical composition of the sample or both of them. Therefore, it is possible to 
carry out more accurate gamma-spectroscopy measurements of environmental samples by 
using Equation 1. 
 
 

Table 3:  Self-attenuation factors as function density for the energies factors of the 
radionuclides of interest. 

Density               
(kg.m-3) 

210Pb                
46,5     
keV 

212Pb                
238,6320 

keV 

214Pb              
351,9320 

keV 

208Tl                 
593,187 

keV 

214Bi                 
609,316 

keV 

137Cs                 
661,6570 

keV 

228Ac             
911,1   
keV 

40K                    
1460,822 

keV 

950 0,89 0,99 0,98 0,98 0,98 0,99 1,00 1,02 

1000 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 

1475 1,69 1,05 1,05 1,04 1,04 1,04 1,04 1,06 

1950 2,01 1,06 1,03 1,00 1,00 1,00 0,98 1,00 

The uncertainty of the correction factors is around 0,02 in terms of confidence intervals 95%. 

3. CONCLUSIONS  
 
Characteristics of the samples such as density and chemical composition 
affect the calibration detection efficiency for a given calibration 
geometry, i.e., the spatial relationship between the detector and the 
sample due to the effects of self-absorption in the samples. The density 
is considered the most significant one. The self-attenuation correction 
factors were determined for different conditions, densities ranging from 
950 to 1950 kg/m3 and gamma ray energies emitted by some radionuclides of 
interest 210Pb, 212Pb, 214Pb, 208Tl, 214Bi, 137Cs, 228Ac and 40K. Samples with high density have 
reduced efficiency and consequently, they will present concentration activity lower than real 
values. This practical case shows that density influence is significant, mainly in low energies 
like 210Pb or others. For high energies, the density influence is smaller and tended to be 
constant. There are variations in the self-attenuation correction factors, for energies above 
350 keV, in the same energy for different densities, probably due to the density or the 
chemical composition of the sample or both of them. For a reliable measurement, self-
attenuation correction factor focused on density it is necessary to avoid underestimated or 
overestimated activity concentration. These results suggest that develop density-dependent 
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efficiency curves for all radionuclides of interest allow achieving accurate gamma-
spectroscopy measurement. It is very important to ensure quality standards. Further studies 
will also be carried out  to improve the corrections due to self-attenuation effects.  
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