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Abstract  

The linear attenuation coefficients (μl) of concretes including barite fractions of 0%, 50% and 100% were measured at the gamma 

energies of 511, 835 and 1275 keV. The measurements have been performed using a low level gamma counting spectrometer 

including a 3”x3” NaI(TI) detector by ORTEC Inc., connected to a multichannel pulse height analyzer. Total mass attenuation 

coefficients, effective atomic numbers and effective electron numbers of concretes are calculated in the energy range from 1 keV to 

100 GeV. The values of mass attenuation coefficients used in the calculations are taken from the XCOM. The measurement values 

were compared with the theoretically calculated results. The measured results of mass attenuation coefficients, effective atomic 

numbers and effective electron densities were found to be in good agreement with the calculations. 
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1. Introduction 

With the development of technology, radiation has gained 

great importance in the day. Different types of shielding 

materials have begun to be produced against radiation by the use 

of radiation in fields such as medicine, biology, nuclear power 

plants and space sciences. The radiation absorption mechanism 

of these materials produced for this purpose should be known. 

Especially when the interaction of photons with matter is 

examined, it is important to know the parameters such as mass 

attenuation coefficient (μm), linear attenuation coefficient (μl), 

total atomic cross section (σt), electronic cross section (σe), 

effective atomic number (Zeff), electron density (Ne) and the 

physical properties of average free path (λ) composite materials. 

 

The scattering and absorption phenomena of γ-radiation 

interacting with matter are related to the density and atomic 

numbers of an element. It is associated with effective atomic 

number (Zeff) and electron density (Ne) in composite materials. 

In composite material, a single number cannot represent the 

atomic number uniquely in the entire energy range, since the 

partial interaction fraction is dependent on a different atomic 

number (Z) [1]. This number is called the effective atomic 

number (Zeff), a very useful parameter for examining the 

interaction of radiation with matter. The effective atomic number 

is a suitable parameter for representing the absorption of 

radiation in a composite environment. The effective atomic 

number in particular the attenuation of γ rays in dose calculation 

in radiation therapy and an initial estimate of the chemical 

composition of the material may provide. [2]. In general, the 

effective atomic number is small for the indication of organic 

materials, while it is great for inorganic compounds and metals. 

The other significant quantity is the number of effective 

electrons or electron density and is defined as the electron per 

unit mass of the absorber. 

 

Numerous experimental and theoretical studies have been 

carried out to determine the mass absorption coefficients (μm) 

values of the various elements and compounds / mixtures as a 

result of the interaction of the photons with the substance. First, 

Hubbel worked on 40 elements and 45 mixtures / compound 

over an energy range of 1 keV to 20 MeV [3]. Later, Hubbel and 

Seltzer reported mass adsorption coefficients for all elements 

and 48 additional substances in their work [4]. Berger and 

Hubbel developed theoretical tables and computer program 

(XCOM) to calculate attenuation coefficients for elements, 

compounds and mixtures for photon energies from 1 keV to 100 

GeV [5]. 

 

Several investigators have made extensive the effective 

atomic number and electron density studies in variety of 

complex materials such as compounds, crystals, alloys, glasses, 

semiconductors, organic and inorganic compounds [6-22]. 

 

In the present study, linear attenuation coefficients (μl) of 

barite-added concretes for different gamma energies (511, 835 

and 1275 keV) were experimentally measured using different 
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point radioactive sources (22Na and 54Mn). The experimentally 

measured results were compared with the calculation results 

obtained through XCOM. In addition, effective atomic number 

(Zeff), electron density (Ne) and photon mean free path (λ) were 

calculated using the mass attenuation coefficient (μm) in the 

photon energies of 1 keV-100 GeV and the results were 

compared at 511, 835 and 1275 keV photon energies for three 

different concrete, namely normal concrete (N), barite concrete 

(NB) and barite (B). 

2. Materials and Method 

The linear attenuation coefficients (μ) of concretes including 

barite fractions of 0%, 50% and 100% were measured at the 

gamma energies of 511, 835 and 1275 keV obtained from 22Na 

and 54Mn γ-ray sources. The measurements have been performed 

using a low level gamma counting spectrometer including a 

3”x3” NaI(TI) detector by ORTEC Inc., connected to a 

multichannel pulse height analyzer (Figure 1). The necessary 

power for the detector as well as the acquisition of gamma 

spectra was achieved by an integrated spectroscopic system. 

This system is controlled by a personal computer. The control of 

acquisition parameters and analysis of the collected spectra are 

carried out using MAESTRO-32 (version6.06) software 

package. 

 

 
Figure 1. Schematic view of gamma Spectrometer and electronic 

units 

 

The linear attenuation coefficients have been evaluated 

comparing I and I0, which are the measured count rates in 

detector, respectively, with and without the absorber of thickness 

x (cm). 
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γ-rays spectrum obtained from 22Na and 54Mn sources are 

displayed in Figure 2, where attenuated (I) and unattenuated (I0) 

γ-rays at 511, 835 and 1275 keV can be clearly seen. 

 

  
Figure 2. Attenuated and unattenuated γ-rays spectrum obtained 

from 22Na and 54Mn sources 

 

The measured linear attenuation coefficients (μl) were 

compared with the calculated values obtained by using XCOM 

computer code in which the mass attenuation coefficients (μm) 

were imported.  The XCOM is a data base and can run on a PC 

and it uses pre-existing data bases for coherent and incoherent 

scattering, photoelectric absorption, and pair production cross-

sections to calculate mass attenuation coefficients at photon 

energies of 1 keV–100 GeV [5]. In the XCOM code chemical 

contents were input and output is the mass attenuation 

coefficients (μm). 

 

 

The total atomic cross-section (σt) for materials can be 

obtained from the measured values of μm using the following 

relation [9]. 

𝜎𝑡 =
𝜇𝑚𝑁

𝑁𝐴
 

 

Where   𝑁 = ∑ 𝑛𝑖𝐴𝑖𝑖  is atomic mass of materials and NA is the 

Avagadro’s number. 

 

Total electronic cross-section (σe) for the element is 

expressed by the following equation [9]. 

 

𝜎𝑒 =
1

𝑁𝐴
∑

𝑓𝑖𝑁𝑖

𝑍𝑖

(𝜇𝑚)𝑖 =
𝜎𝑡

𝑍𝑒𝑓𝑓
𝑖

 

 

Where fi denotes the fractional abundance of the element i with 

respect to the number of atoms such that f1+f2+f3+f4+...fi =1, Zi 

is the atomic number of ith element. 

 

The total atomic cross-section (σt) and total electronic 

crosssection (σe) are related to the effective atomic number (Zeff) 

of the material through the following relation [9]. 

 

𝑍𝑒𝑓𝑓 =
𝜎𝑡

𝜎𝑒
 

 

Effective electron number or electron density (Ne) (number 

of electrons per unit mass) can be calculated using the following 

relation [9]. 

𝑁𝑒 =
𝑁𝐴

𝑁
𝑍𝑒𝑓𝑓 ∑ 𝑛𝑖 =

𝜇𝑚

𝜎𝑒
𝑖

 

 

The average distance between two successive interactions, 

called the photon mean free path (λ), is given by 

 

𝜆 =
∫ 𝑥 exp(−𝜇𝑥) 𝑑𝑧 

∞

0

∫ exp(−𝜇𝑥) 𝑑𝑥
∞

0

=
1

𝜇𝑙
 

 

Where (μl) is linear attenuation coefficient and x is the absorber 

thickness. 

 

3. Results and Discussion 

The μm for concretes including barite in different rates have 

been calculated at photon energies of 1 keV–1 GeV and the 

results were compared with the measurements for the photon 

energy of 511, 835 and 1275 keV. This is displayed in Figure 3 

where it can be seen that the calculated and the measured results 

are in good agreement for the present steels. It can also be 
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clearly seen from this figure that the μm depends on the incoming 

photon energies as the interaction mechanism of photons with 

the matter is different for different photon energy. 

 

 
Figure 3. The calculated photon mass attenuation coefficients of 

steels at 1 keV–1 GeV and comparison with the measurements. 

 

 

The effective atomic number (Zeff) for concretes at photon 

energies of 1 keV–100 GeV have been calculated using formula 

4 and the results were displayed in Figure 4 as a function of 

photon energy. In this figure the calculated results were 

compared with the measurement performed at the photon 

energies of 511, 835 and 1275 keV. It can be seen from this 

figure that the good agreement between measurement and the 

calculation has been obtained. It is also clear from this figure 

that the effective atomic number decreased with the increasing 

photon energy at low energy and it started to increase above 

about 500 keV. This could be the result of different interaction 

processes of photon with the material for different energy 

ranges. The dominating photon interaction process is 

photoelectric absorption at low energies, Compton scattering 

(mainly incoherent) at intermediate energies, and pair production 

gradually becomes the dominant interaction process above about 

1 MeV. Almost a constant structure has been observed after this 

energy. 

 

 
Figure 4. The effective atomic number of concretes as a function 

of photon energy 

 

 

The effective electron numbers for concretes at photon energies 

of 1 keV–1 GeV have been calculated using Formula 5 and the 

results were displayed in Figure 5 as a function of photon 

energy. In this figure the calculated results were compared with 

the measurement performed at the photon energies of 511, 835 

and 1275 keV. It can be seen from this figure that good 

agreement between measurement and the calculation has been 

obtained. Similar structure has been obtained as seen in Figure 4 

for the case of effective atomic number. 

 

 
Figure 5. The effective electron number of concretes as a 

function of photon energy. 

 

 

The photon mean free paths (λ) for concretes at the photon 

energies of 511, 835 and 1275 keV have been calculated by 

using linear attenuation coefficients obtained from the 

measurements and the results were displayed in Figure 6 as a 

function of photon energy. It can be seen from this figure that the 

mean free path increased with the photon energy. 

 

 
Figure 6. The mean free path of concretes as a function of 

photon energy. 

 

4. Conclusion 

This study presents the experimental and theoretical 

determination of radiation attenuation coefficients, effective 

atomic numbers and effective electron densities for concrete 

containing barite at different ratios. In the interaction of photon 

with matter, the values of these parameters are dependent on the 

physical and chemical environments of the sample. The obtained 

mass attenuation coefficient values decrease with increasing 

photon energy. It was found that the experimental results of this 

work are in good agreement with the computed values. It could 

be concluded that the experimental results were consistent with 

the theoretical data. The results of this study will be helpful to 

understand better how mass attenuation coefficient values 

change with the variation in effective atomic numbers and 

effective electron densities of concretes.  
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