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The purpose of this study was to determine the gamma-ray linear and mass attenuation coefficients, half value layer, tenth value layer 

and mean free path for four shielding materials: aluminium, iron, zirconium and tungsten at the -rays emitted from 152Eu, 22Na, 137Cs, 
and 60Co radioactive sources using NaI (Tl) detector. These parameters for different shielding materials were compared. The results show 
that tungsten is the best gamma-radiation shielding material among the materials under consideration. The measured attenuation coeffi-
cients were compared also with the theoretical values.  
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ОПРЕДЕЛЕНИЕ ПАРАМЕТРОВ ОСЛАБЛЕНИЯ ГАММА-ИЗЛУЧЕНИЯ 
В АЛЮМИНИИ, ЖЕЛЕЗЕ, ЦИРКОНИИ И ВОЛЬФРАМЕ 
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Целью данного исследования было определение линейного и массового коэффициентов ослабления -излучения, слоя материа-

ла, уменьшающего интенсивность -излучения в 2 и 10 раз, и средней длины свободного пробега фотонов в алюминии, железе, 

цирконии и вольфраме для -лучей, испускаемых радиационными источниками 152Eu, 22Na, 137Cs и 60Co с помощью 

NaI(Tl)- детектора. Приводится сравнение величин этих параметров, измеренных в разных поглощающих -излучение материа-
лах. Результаты измерений показывают, что среди рассмотренных материалов вольфрам является наилучшим материалом, 

ослабляющим -излучение. Проведено сравнение измеренных коэффициентов ослабления -излучения с значениями этих ко-
эффициентов, полученными теоретически.  

Ключевые слова: коэффициенты ослабления -излучения, вольфрам, материалы, ослабляющие -излучение, средняя длина 

свободного пробега фотона, слой материала, уменьшающий интенсивность -излучения в 2 и 10 раз. 
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INTRODUCTION 
 
By the end of the last century, the development of nuclear technology has been climbing rapidly since the 

world population has increased dramatically. Approximately 16% of the world electrical power production has 
come from nuclear power [1—3]. Unfortunately, accidents at nuclear power plants affected the health of the 

population living in vicinity of these plants. Nowadays, using of -rays in medical diagnostics [4, 5], nuclear 

diagnostics, surgery, industry, agriculture and research are increasing [6, 7]. Therefore, the knowledge of -ray 
interaction with materials is gaining more importance from perspective of shielding against their effect on bio-
logical matter. Therefore, the linear and mass attenuation coefficients, half value layer (HVL), tenth value layer 
(TVL) and mean free path (MFP) are important parameters that must be known to designers choosing shielding 
materials. 

Interaction of -rays with matter depends on the extent of -rays absorption or scattering, incident photon 
energy, type of the material and also on the geometrical conditions [8]. There are several types of the most im-

portant mechanisms of -ray interaction with matter. These interactions are photoelectric effect, Compton scat-

tering and pair particles production. These interaction mechanisms cause the attenuation of the incident -rays [9] 
During recent years, many experimental, theoretical and simulation studies have been performed on ab-

sorbed -dose and radiation shielding parameters in various ways, by different research groups [10—17]. The 
objective of this study was to determine the values of above parameters. Then, obtained values of the parameters 
were compared with the corresponding theoretical values of the same parameters at different energies.  
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EXPERIMENTAL DETAILS 
 

Fig. 1 shows the schematic view of the experimental setup. Used radiation sources comprised radioactive 
elements with different energies of 244.67, 344.3 and 788.9 keV for 152Eu, 511.0 keV for 22Na, 661 keV for 
137Cs, 1171 and 1333 keV for 60Co. Materials used as the shield were aluminium, iron, zirconium and tung-
sten. Sodium iodide NaI (TI) scintillation detector with a multi-channel analyzer (MCA) was applied in this 
study. The -ray spectra were analyzed by the maestro program. 

Shielding materials were placed between the detector and the radioactive source. The distance between the ra-
dioactive source and the shielding material was 5 cm and the distance between the detector and the radioactive source 
was 9 cm. At the beginning, an initial measurement was performed without shielding material. Then the readings 
were recorded after passing -rays through the shielding materials. Data acquisition time was chosen as 5 min for 
each shielding material. All point measurements have been repeated five times for each shielding material. 

 

THEORETICAL CALCULATIONS 
 

This section summarizes background theoretical relations used for determination of linear attenuation coef-
ficient μ, mass attenuation coefficient μm, HVL, TVL and MFP. According to Lambert-Beer’s law, -rays are 
attenuated passing through an absorber [18]. The equation (1) describes the intensity of the transmitted beam (I) 
at any thickness of the absorber x, cm:  

I = I0e–x.                                                                              (1) 

Here I0 is the unmitigated -beam intensity and µ, cm–1 is the linear -ray attenuation coefficient of the ab-
sorber with the thickness x, cm. The linear attenuation coefficient is related to many factors such as the shielding 
material, the incident -ray energy and the density of the material [19]. Rearrangement of equation (1) gives the 
following equation for the value of the -ray linear attenuation coefficient: 

0

ln

μ = .–

I

I

x
                                                                            (2) 

The mass attenuation coefficient µm, cm2/g is equal to the ratio of the linear attenuation coefficient of the 
absorber to its density ρ, g/cm3: 

μ
μ .

ρm                                                                                 (3) 

This parameter is used in the calculations of many photon interaction parameters [20].  
There are three terms generally used in the assessment of the effectiveness of radiation shielding: HVL, TVL and 

MFP. HVL, cm is the thickness of a shield or an absorber, at which the intensity of transmitted ray is one half of the 
initial intensity [21]. HVL is related to the linear attenuation coefficient value and is determined by the equation [22]: 

ln2 0.693
HVL .

μ μ
                                                                       (4) 

MFP, cm is the average distance between two successive collisions of -ray. It is described by the following 
equation [23]: 

1
MFP = .

μ
                                                                             (5) 

Detector Pre-Amp. Amplifier MCA 

HV Bias 
Supply 

Computer 

Source Shield material 
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Fig. 1. Diagram of the experimental setup 



Calculation of gamma-ray attenuation parameters for aluminium, iron, zirconium and tungsten  
 

ВАНТ. Сер. Термоядерный синтез, 2020, т. 43, вып. 2                                                                                     27 

The effectiveness of -rays shielding is also described by the TVL of the material. TVL, cm is the thickness 
of a shield or an absorber that attenuates a radiation beam to 10% of its initial radiation intensity level and is 
described by the following equation [24]: 

ln10 2.303
TVL= .

μ μ
                                                                      (6) 

 

RESULTS AND ANALYSIS 
 

In this study, the linear and mass attenuation coefficients, HVL, TVL and MFP of four shielding materials: 
aluminium, iron, zirconium and tungsten have been measured for -rays emitted by various radioactive sources. 

Table 1 demonstrates the experimental values of the -ray linear attenuation coefficients for four shielding 
materials. They were obtained by measuring the intensities of -rays passed through the different absorbers. It is 
evident from this table that the linear attenuation coefficient for tungsten has the highest value, and for alumini-
um it is the lowest. The highest linear attenuation coefficient value of tungsten is connected with its high atomic 
number and high density, which promote -ray attenuation. Table 1 and Fig. 2 show that the linear -ray attenua-
tion coefficients decrease with increasing incident energy. The experimental linear attenuation coefficient values 
were compared with the corresponding theoretical values [25—27]. Table 1 and Fig. 2 show good agreement 
between the experimental and theoretical values of the -ray linear attenuation coefficients. 

Energy, keV 

Fig. 2. The graph of linear attenuation coefficient against photon energy for four shielding materials: a — aluminium; b — iron; c —
zirconium; d — tungsten; ■ — experiment; ● — theory 
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T a b l e 1. Values of the experimental and theoretical gamma ray linear attenuation coefficients μ (cm–1) for four shielding materials

Nuclides Energy, keV Aluminium Iron Zirconium Tungsten
Experiment Theory Experiment Theory Experiment Theory Experiment Theory

152Eu 244.67 3.6110–1 3.3510–1 1.14 1.15 1.46 1.46 1.11101 1.51101 
 344.3 3.0110–1 2.8610–1 9.1110–1 8.6510–1 9.9310–1 8.5910–1 5.03 6.25 

22Na 511.0 2.2910–1 2.3110–1 5.7410–1 6.6310–1 5.1310–1 5.6710–1 2.40 2.66 
137Cs 661.0 1.9210–1 2.0010–1 4.8910–1 5.7810–1 4.2110–1 5.0610–1 1.61 2.11 
152Eu 778.9 1.6610–1 1.8710–1 4.1710–1 5.2710–1 3.9810–1 4.2810–1 1.29 1.56 
60Co 1171 1.3910–1 1.4810–1 3.9110–1 4.7910–1 2.9910–1 3.3610–1 9.9310–1 1.08 

 1333 1.3510–1 1.3710–1 3.8610–1 3.8410–1 2.8110–1 3.0610–1 7.4210–1 9.6510–1 

Another parameter measured in this study for the -ray interaction with materials is mass attenuation co-
efficient. Its values for the same four shielding materials were determined using equation (3). The experi-
mental -ray mass attenuation coefficients of the shielding materials with the mentioned radioactive sources 
are shown in Table 2, demonstrating that tungsten also has the highest values of the -ray mass attenuation 
coefficients over all the -sources compared with other shielding materials due to its high atomic number and 
high density. The experimental and theoretical values of the mass attenuation coefficients are in good agree-
ment [25—27]. The variation of the mass attenuation coefficients with incident -ray energy for the four 
shielding materials are represented in Fig. 3, where it is clearly shown that -ray mass attenuation coefficients 
also depend on the -radiation incident energy decreasing with increasing -ray incident energy. 

T a b l e 2. Values of the experimental and theoretical gamma ray mass attenuation coefficients m (cm2/g) for four shielding materials 

Nuclides Energy, keV 
Aluminium Iron Zirconium Tungsten

Experiment Theory Experiment Theory Experiment Theory Experiment Theory
152Eu 244.67 1.3210–1 1.2210–1 1.4410–1 1.4610–1 2.2310–1 2.2410–1 5.7610–1 7.8410–1 

 344.3 1.1010–1 1.0410–1 1.1610–1 1.1010–1 1.5210–1 1.3210–1 2.6110–1 3.2410–1 
22Na 511.0 8.3610–2 8.4310–2 7.2910–2 8.4210–2 7.8710–2 8.7010–2 1.2410–1 1.3810–1 
137Cs 661.0 7.0110–2 7.3110–2 6.2110–2 7.3410–2 6.4610–2 7.7610–2 8.3510–2 1.0910–1 
152Eu 778.9 6.0610–2 6.8210–2 5.3010–2 6.6910–2 6.1010–2 6.5610–2 6.6910–2 8.0710–2 
60Co 1171 5.0710–2 5.4010–2 4.9710–2 6.0810–2 4.5910–2 5.1510–2 5.1510–2 5.5810–2 

 1333 4.9310–2 5.0010–2 4.9010–2 4.8810–2 4.3110–2 4.6910–2 3.8410–2 5.0010–2 

Fig. 3. The graph of mass attenuation coefficient against photon energy for four shielding materials: a —aluminium; b — iron; c — zir-
conium; d — tungsten; ■ — experiment; ● — theory 
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The -ray HVL, TVL and MFP are also important parameters in designing any radiation shielding. Their 
value for shielding materials under consideration are given in Fig. 4. Aluminium has the highest values of HVL, 
TVL and MFP, while tungsten has the lowest values of these parameters. The lower HVL, TVL and MFP values 
of any shielding material are better for shielding purposes. All the above-mentioned parameters are similar for 
the iron and zirconium, although each of these materials has different density. Fig. 4 also shows that HVL, TVL 
and MFP increase with increasing the incident energy, as is expected basing on the mass attenuation coefficient 
behavior.  

CONCLUSION 
 

In the present investigation, the -ray attenuation properties of four shielding materials have been evaluated 
and discussed. The values of the linear and mass attenuation coefficients decrease with increasing incident ener-
gy. Tungsten appears to be the best -ray shielding material among the four materials under consideration due to 
its higher atomic number and density. It has the highest linear and mass attenuation coefficients compared to 
other considered shielding materials. The experimental results agree with the theoretical values.  

The values of HVL, TVL and MFP were also determined for four materials. Aluminium absorber has the 
highest values of the above parameters and tungsten absorber has the lowest values. The lower HVL, TVL and 
MFP values of any shielding material are better for shielding purposes. 
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