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Abstract: This study focuses on the radiation-shielding characteristics of Monocrystalline and Polycrystalline solar cells. 

Mass attenuation coefficient (μ/ρ) values of the solar cells have been calculated using Win X-Com and GEANT4 code at 

various photon energies ranging from 80 to 2614 keV and compared to those of experimental results. The obtained results 

exhibited that experimental and calculated are in good agreement at all energies. Some shielding parameters such as 

effective atomic number (Zeff), effective electron density (Nel), half value layer (HVL), and mean free path (MFP). 

Moreover, macroscopic effective removal cross sections (ΣR) for fast neutrons have been evaluated. It can be concluded 

that photovoltaic systems are superior shielding materials for both gamma rays and neutrons. 

Keywords: Radiation Shielding, effective atomic number, macroscopic effective removal cross-sections. 
 
 
 

1 Introduction  

Electromagnetic waves such as X-rays and gamma rays are 

already known to produce energy that travels at the speed 

of light. X-rays, gamma rays, and neutrons are examples of 

ionizing radiation that are dangerous to the cells and tissues 

of living organisms. Long-term exposure to ionizing 

radiation can lead to many diseases, genetic changes, 

cancer, and even death [1]. Therefore, it is essential to 

develop radiation shielding products to defend against these 

dangerous rays. Activities such as the medical uses of 

radiation, the operation of nuclear installations, the 

production, transport, and use of radioactive material, and 

the management of radioactive waste must therefore be 

subject to standards of safety. There are three safety 

parameters namely: time, distance, and shielding. The 

radiation exposure can be controlled to some extent by 
spending minimum time and by keeping a maximum 

distance from the radiation source. The third parameter 

shielding, plays an essential role in radiation physics and is 

a controllable parameter. 

 Due to flexibility in this parameter and liberty for choice of 

material, radiation science workers are searching for better 

γ−rays protecting materials for their effective use in 

different applications. As a result, a suitable shielding 

material is required to protect live beings and minimize 

radiation levels from nuclear power plants, industries, 

research laboratories, and medical departments [2-4]. 

Concretes have successfully attenuated alpha, beta, neutron 

beams, X-rays, and gamma rays in radiation therapy 

facilities, reactors, and nuclear waste storage sites. So, in an 
environment of high radiation exposure, concrete is used as 

a radiation shielding material because it is cheap, and it can 

be molded easily into any desired design. 

It was usual to absorb ionizing radiation by using concrete 

of all kinds or various glass systems in previous research 

[5–10] but what is new in this work is to: 

1- prove that the solar cells have a dual function, 

generating photovoltaic energy and absorbing ionizing 

radiation. For this purpose, mono-crystalline and 

polycrystalline Si solar cells have been used. Linear 

attenuation coefficients and some shielding parameters 

have been calculated.  

2- A comparison between mono-crystalline and 

polycrystalline cells has been made. 

 

Recently Solar technologies for the development and 

exploration of environmentally friendly energy Sources is 

becoming an urgent topic to avoid many catastrophic 

consequences. Photovoltaic (PV) setups (Panel/array) have 

been employed for solar energy Conversion. Photovoltaic 

materials are Semiconductors chosen according to 

efficiency and cost. The most widely used is 

Monocrystalline (Si) with high efficiency and 
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polycrystalline (Si) with lower efficiency but having a 

lower cost/watt. As Solar Panels Cover millions of meters 

square all over the world and are exposed to all kinds of 

ionizing and non-ionizing radiation, we intended in this 

work to study the PV solar cell in addition to energy 

conversing in absorbing ionizing radiation. Measurements 

of the absorption Coefficient and the calculation of the 

linear attenuation coefficient and some other shielding 

parameters have been carried out. A comparison between 

Monocrystalline and Polycrystalline solar cells has also 

been made. 
 

2 Theoretical calculations:     

This section provides a summary of the theoretical 

relationships used in the current work. According to the 

Lambert-Beer law, a collimated mono-energetic gamma-ray 

beam attenuates in matter [11,12] 

I=Io e-µt                             (1) 

Where I0 is the gamma ray's initial intensity, I is its 

intensity following attenuation through a material of 

thickness t (cm), and is the material's linear attenuation 

coefficient μ(cm-1). The material's mass attenuation 
coefficient (μm) is calculated by dividing by the density of 

the material (ρ). For a chemical or combination, the mass 

attenuation coefficient [13,14] is given by:  

µm= ∑wi (µm)i                  (2) 

Where wi and (μm)i are the ith constituent element's weight 

fraction and mass attenuation coefficient, respectively.  The 
thickness of the material that reduces the photon beam 

intensity to half of its original value (I0), i.e. (½) I0, is 

called the half value layer (HVL) and is given by:  

HVL = Ln 2 /μ                     (3) 

Where μ is the linear attenuation coefficient of the material 

at a given photon energy. The following formula can be 
used to get the total atomic cross section (σt,a) for any 

molecule using the information of the mass attenuation 

coefficient ;    

σt,a= µm N ∕ NA               (4) 

Where NA is Avogadro's number and N is the atomic mass 

of materials. Similarly, the total electronic cross section (σ 
t,e) is given by [15, 16]   

σt,e=(1/ NA)Ʃi(fiAi/Zi)( µ/ρ),      (5) 

Where fi denotes the fractional abundance of the element i 

concerning the number of atoms such that f1 + f2 + f3 + . . . 

+ fi =1, Zi is the atomic number of ith elements. Finally, by 
using Eqs. (4) and (5), the effective atomic number (Zeff) 

can be defined as [17]    

Zeff = σt,a / σt,e                      (6) 

 

3 Experimental Section 

Si solar cells for shielding examinations, monocrystalline 

(JS158M5) and polycrystalline (LWP5BB-157) solar cells 

(3 of each) have been used as shown in figure 1. The 
density (ρ) of the cell was measured using the Archimedes 

method and using toluene as an immersed liquid at room 

temperature. The density (ρ) was calculated according to 

the formula: 

ρ= Wa/ {Wa- Wb} × ρL                 (7) 

Where Wa and Wb are the weight of the sample in air and 

toluene, respectively. ρL is density of toluene (0.866 g 

/cm3).  

For investigation of the solar cells' hardness (Hv), The cell 

was indented using a Vicker's diamond indentor. A light 

weight of 10 g was applied to the cell. Ten indentations in 
each of the chosen villages were treated with each sample. 

Errors in the measured values were roughly 3%, according 

to the standard deviation. The diagonal lengths were 

calibrated. Hv is calculated by the following equation [19]:   

H = (1.8544 P)/d2                (8) 

Where F is in Kg f, P is the indentation load in gm, and d is 

the average diagonal length impression produced by the 

indenter in milli meter [18,19]. 

Using a NaI (Tl) 2 × 2 scintillation detector, the gamma-ray 

absorption was measured and the NaI (TI) detector was 

surrounded with 5 mm lead (collimation detector), to 

prevent the scattered γ-rays from reaching the detector. 
Radioactive sources used for the measurement are Ba-133, 

Co-60, Cs-137, and Th-232 with activities 5.3, 4.9, 9.5, and 

8.6 μCi respectively; Each was used at different photon 

energies. The energy spectrum of gamma rays emitted from 

4 sources is given in Figure (2, a-d (. Incident and 

transmitted intensities of photons were measured on 

(MCA) for a fixed preset time for each sample by selecting 

a narrow region symmetrical concerning the centroid of the 

photo peak. Counting time was chosen such that 103–105 

counts were recorded under each photo peak. Calculated 

values of the mass attenuation coefficient for each sample 

mixture were calculated by WinXCom computer program 

(version 3.1) based on the mixture rule and Geant4-based 

Monte Carlo simulations. Figure (3) shows the arrangement 

system used in this experiment.                 
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Fig.1: Monocrystalline and Polycrystalline solar cells used 
for shielding examinations. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig.2: Spectrum of gamma-ray sources for (a) 
133

Ba, (b) 
137

Cs, (c) 
60

Co, and (d) 
232

Th. 

 

Fig.3: Experimental setup technique for gamma-ray 

detection. 

4 Results and discussions 

      The value of the measured density and microhardness 

of the studied mono and polycrystalline Si solar cells are 

given in Table 1. 

     Solar cells consist of a high percentage of silicon, which 

is a tetravalent metal and a solid crystalline substance. The 

yield strength of cells is an important parameter when 

designing. The higher the yield stress, the stronger the 

material. Semiconductors have high yield stress because 

they resist bending under stress. The cells have a relatively 

small Vickers hardness at load 10 g and time 10 sc. These 

tests are important in the solar cell industry because 
stiffness determines the cells' ability to cut into thin layers 

[19]. The two cells are very close to each other in the value 

of hardness and the change between them is within the 

limits of error as seen in Table 1. 

To study Gamma, X-ray, and fast neutron attenuation 

capabilities as a function of thickness, single, two, and three 
cells were used respectively to give 0.2 mm, 0.4 mm, and 

0.6 mm in thickness. Figures 4 and 5 give the plot of ln I / 

Io versus the thickness at different energies. The slope has 

been calculated to find out the linear attenuation coefficient 
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of each at different energies as shown in figure 6. Knowing 

the practically measured density and the linear attenuation 

coefficient, the mass attenuation coefficient can be 

calculated according to relation 2. Mass attenuation 

coefficients (μm) for mono and poly solar cells obtained 

from experimental gamma measurements. Theoretical 

calculation of the mass attenuation coefficients (μm) has 

been employed using Win X-Com and Geant4 code 

programs for mono and polycrystalline Si solar cells. Table 

2 shows a comparison between experimental and 

theoretical values. The great agreement can be detected.  

According to Table 2, it is seen that the μm values are 

higher in the low energy level and then tend to decrease 

rapidly with increasing energy. Bashter et al [20] attributed 

this rapid decline to the predominance of the photovoltaic 

effect in the low-energy region [20]. In this region, the 

cross-section of the interaction of photons with material 

changes depending on Z4-5/E3,5[21]. However, photons 

are completely absorbed or lose their energy to a large 

extent. It is to be noted that the decrease of the μm values is 

slower at the average energy range. This is probability due 

to the dominance of Compton scattering over this energy 
and the change of the Compton cross-section with Z/E [22- 

24]. Table 2 also that the photon absorption capacity of 

polycrystalline solar cells is higher than that of mono-

crystalline solar ones. 

 The energy-dependent change Half-value layer (HVL) for 

different solar cells has been calculated and given in Figure 
7. As shown in Figure 7 the HVL values rise rapidly 

especially at medium energies as the photon energy goes 

up. This may be attributed to the increase in the number of 

secondary photons with the Compton effect that dominates 

in the middle energy region. For this reason, thicker cells 

are needed for these energies. It is recommended to have a 

low HVL value for good protection. The HVL values are 

indicated for the polycrystalline type of solar cells smaller 

than those in the mono-crystalline type. HVL is related to 

another quantity called the mean free path (MFP), which 

describes the average distance a photon travels in the 

medium before an interaction occurs. MFP, which is the 

reciprocal of the linear attenuation coefficient, can be 

calculated and is shown in Figure 8. Figure 8 indicates the 

MFP of the different solar cells, which increase with the 

increase in energy. It is also clearly noted that the HVL and 

MFP of the solar cells are close as in Figures 7 and 8, and 
this is attributed to the slight difference in density. Figure 8 

also shows that polycrystalline solar cells have better 

shielding properties than mono-crystalline cells since they 

have lower MFP values, which indicates the possibility of 

using polycrystalline solar cells as radiation shielding 

materials. Zeff and Ne values for the solar cells in Fig. 9 

and 10.  Zeff takes on its largest values at lower energies. 

Large values of Zeff are due to the cross-section of the 

photo electrochemical reaction to Z4-5 decreases of Zeff 

values. Fast speeds at medium energies where the Compton 

Effect is dominant, Zeff values for the solar cells. They are 

very close to each other. It is seen that Zeff values go up in 

polycrystalline cells. The change of Ne values with photon 

energy is like Zeff. Polycrystalline cells have increased 

attenuation of X-rays and gamma rays. It can be pointed out 

that multiple and more popular polycrystalline solar cells 

are more prosperous in absorbing X-rays. 

The removal of the effective macroscopic cross-section 

(∑R) is the probability that the fission energy is fast. The 

neutron beam penetrates matter and causes a collision [23-

25]. This parameter can be calculated from the Win X-com 

software [26, 27]. Polycrystalline solar cells have a higher 

ΣR value as shown in Table 1 than Monocrystalline solar 

cells. In general, based on these results, the solar cells show 

perfect shielding vs comparison of neutron and photon 

radiation. We believe that the results obtained from this 

study will serve as a guide in producing new 

Polycrystalline, lighter, and economical poly-type solar 

cells. 

Table 1: The density and the effective removal 

macroscopic cross-section of the solar cells  

 Monocrystalline polycrystalline 

ρ (g/cm
3
) 2.32 2.47 

 Micro 

hardness 

(kg/mm
2
) 

450±28 475±31 

ΣR (cm
-1

) 0.08927 0.09886 

 

Table 2: Mass attenuation coefficients (cm
2
/g) obtained by 

using the experimental and theoretical method of mono and 

polycrystalline versus photon energy. 

 

 

E (KeV) 80 238 356 662 1173 1333 2614 

Mono 

Exp. 
0.8392 0.1972 0.1571 0.11602 0.08703 0.08202 0.0581 

poly 

Exp. 
1.8012 0.2811 0.1862 0.1231 0.0902 0.08303 0.0601 

Mono 

Win 

X-

Com 

0.8931 0.2104 0.16902 0.1272 0.0921 0.0846 0.0637 

Poly 

Win 

X-

Com 

1.861 0.2941 0.19803 0.1281 0.0932 0.0887 0.0612 

Mono 

Geant4  
0.8791 0.2073 0.1621 0.1193 0.0886 0.0829 0.0605 

Poly 

Geant4  
1.848 0.2861 0.1892 0.1251 0.0928 0.0843 0.0604 
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Fig. 4: Plot of I0/I Vs thickness t (mm)for 

monocrystalline at different energies (KeV). 
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     Fig. 5: Plot of I0/I Vs thickness t (mm) for 

polycrystalline at different energies (KeV). 
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Fig. 6. Linear attenuation coefficients (cm

-1
) of mono and 

poly crystalline versus photon energy 
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Fig. 7. Half-value layer (HVL) (cm) of mono and poly 

crystalline versus photon energy 
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Fig. 8. Mean free path (MFP) (cm) of mono and 

polycrystalline versus photon energy. 
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Fig. 9. Effective atomic number of mono and 

polycrystalline with photon 

energy (MeV) 
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Fig. 10. Electron density values of mono and 

polycrystalline with photon 

energy (MeV). 

4 Conclusions 

In the present work, the extent to which different solar cells 

absorb ionizing radiation was studied. Different thicknesses 

have been investigated. Experimental studies were 

conducted by measuring the density of different solar cells 

and the absorption of gamma rays at different energies. um 

values were calculated experimentally and theoretically. It 

is proved that the experimental and theoretical um values 

agree with each other, and the calculated error is in the 

range of 0.001-0.044. It was found that the polycrystalline-

type cells have the highest um value. Zeff and Ne, while the 
HVL values of these cells are the smallest. Finally, 

equivalent, and microscopic dose absorption rates. To 

accelerate the calculated neutrons Poly solar cells, have the 

highest ΣR value. In general, neutron-reduction 

polycrystalline solar cells have higher capacities. Based on 
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these results, poly-type solar cells show perfect neutron and 

photon shielding. From the foregoing, it is clear that 

polycrystalline solar cells are a new production in 

shielding, lighter in weight, and cheaper in economic terms. 
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