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Abstract


This analysis aims to determine photon attenuation for five different ternary and binary iodide compounds using Phy-X/PSD software. For a broad range of photon energies between 0.015 and 15 MeV, the mass attenuation coefficient (MAC), linear attenuation coefficient (LAC), half-value layer (HVL), tenth-value layer (TVL), and mean free path (MFP) for the samples of Cu2HgI4, Ag2HgI4, CuI, AgI, and HgI were calculated. For illustration, the following values of TVL apply at 1 MeV: S1: 6.062 cm, S2: 6.209 cm, S3: 6.929 cm, S4: 6.897 cm, and S5: 4.568 cm. Some important parameters, such as total atomic cross-sections (ACS), electronic cross-sections (ECS), the effective atomic numbers (Zeff), effective electron density (Neff), and effective conductivity (Ceff) of the samples were also calculated. Additionally, exposure buildup factors (EBF) and energy-absorption buildup factor (EABF) were estimated. These data on the radiation characteristics of our samples could be useful for gamma attenuation. The HgI sample has the highest FNRCS values (0.0892) relative to the other tested samples showing good neutron attenuation features. The CuI sample shows low gamma attenuation features; in contrast, it shows high neutron attenuation features.
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1. Introduction


Ionizing radiation has adverse impacts on the human body in laboratories, hospitals, and nuclear power plants, so radiation protectors attract considerable attention from researchers. The concept of radiation shielding is dependent on a medium’s ability to reduce the impact of photons by attenuating them. So, research on the relationship between radiation and matter requires a proper characterization and evaluation of penetration and radiation diffusion in a medium [1]. The attenuation coefficient can calculate the probability of possible interactions between gamma rays and atomic nuclei. The MAC, mass attenuation coefficient, accurate values are required to produce key data in various fields such as dosimeter protection, radiation shielding, nuclear diagnostic and medicine, and other applications [2,3]. Half value (HVL), mean free path (MFP), effective nuclear number (Zeff), effective electron density (Neff), and effective conductivity (Ceff) are also important quantities required to know the gamma-ray penetration [2,4]. Detecting photon buildup factors is critical for determining a defensive material’s effectiveness [4]. The exposure buildup (EBF) and energy absorption buildup factors (EABF) are the two types of buildup factors defined in detail by the American Nuclear Society (ANSI/ANS) [5,6,7].



Preserving the environment from gamma radiation is most often achieved with lead and concrete [4]. However, the toxicity of lead and its low melting point have limited its use in nuclear applications [2]. Concrete also has limitations in its use as a shield due to its immovability and the generation of cracks in structures over time [8,9,10]. Thus, researchers focused on creating new radiation protection materials with desirable properties. For testing materials attenuation characteristics of various chemical compositions at various gamma-ray and neutron energies, theoretical methods (e.g., WinXCOM [11], FLUKA [12], PENELOPE [13], MCNPX [14], Phy-X/PSD [15]) are promising and simple pre-experiment methods. Several researchers have used Phy-X/PSD, a new free online program created by Sakar et al. [15] to measure essential photon-attenuation parameters accurately. Imen Kebaili et al. [16] studied gamma-ray shielding properties of lead borovanadate glasses using Phy-X/PSD. A. M. S. Alhuthali et al. [17] used Phy-X/PSD software to study the radiation attenuation properties of P2O5-SiO2-K2O-MgO-CaO-MoO3 glasses. Additionally, Phy-X/PSD Software by İ. Akkurt and H.O. Tekin was used to study radiological parameters for bismuth oxide glasses [18].



The current research focuses on investigating five different ternary and binary iodide compounds (Cu2HgI4, Ag2HgI4, CuI, AgI, and HgI) radiation attenuation features for gamma rays and neutrons by using Phy-X/PSD software. We select our samples based on desired melting point and density characteristics. The two ternary samples Cu2HgI4 and Ag2HgI4 densities are 6.2 and 6.07 g/cm3,, respectively. CuI density is 5.67 g/cm3, and its melting point is 595 ℃ [19]. The melting point of AgI is 558 °C, and its density is 5.68 g/cm3. [19]. The high density and high atomic number elements of mercury iodide HgI are (7.7 g/cm3) and (ZHg = 80 and ZI = 53). Many important properties make mercury iodide (HgI2) technologically attractive as a room temperature radiation detector [20].



For testing the sample’s ability to attenuate gamma-rays in the photon energy range (0.015–15 MeV), radiation protection parameters including MAC, MFP, HVL, Zeff, Neff, and Ceff have been investigated. Total atomic cross-sections (ACS), electronic cross-sections (ECS), and photon buildup factors values were measured at the same energies. In addition, the FNRCS (fast neutron removal cross-section) is measured [15] and compared to concrete and commercial glasses. The calculated data provides information necessary for a particular energy attenuation of chosen compounds for the indirect ionizing radiation.




2. Materials and Methods


2.1. The Phy-X/PSD Online Software


Two ternary compounds Cu2HgI4 and Ag2HgI4 (coded as S1 and S2, respectively) and three different binary compounds CuI (coded as S3), AgI (coded as S4) and HgI (coded as S5) over a wide photon energy range from 0.015 to15 MeV have been examined as radiation attenuators by using Phy-X/PSD. The remote server, which possesses Intel(R) Core(TM) i7-2600 CPU @ 3.40 GHz CPU with 1 GB installed memory, is (Phy-X/PSD) a recent software developed by Sakar et al. [15]. Such software can estimate several radiation attenuation parameters at a wide range of energy. It is written in NodeJS v8.4.0, serving with Nginx 1.15.8. Security among server and client browsers is established through 256 Bit Positive SSL. This software with additional information can be found on the web page of https://phy-x.net/PSD.




2.2. Theoretical Basis


For monoenergetic photon beam with initial intensity Io moving across x (cm) sample thickness, the beam intensity will be decreased to an intensity I, and the photon beam attenuation can be calculated as follows [21]:


I = Io e−μx



(1)




where μ refers to the linear attenuation coefficient. The mass attenuation coefficient (MAC) offers useful information on materials as radiation attenuators. The following equation determines MAC for compound and mixture [22]:


     µ ρ    =   ∑  i   w  i         µ / ρ    i  ,    



(2)




where μ/ρ refers to the mass attenuation coefficient value and    w  i       refers to the weight fraction of ith element in the material. The LAC parameter is needed to calculate the required magnitudes to reduce initial irradiation to half or tenth times its original strength. The half-value layer (HVL) can be calculated to minimize the strength of photons by half, as follows [23]:


  H V L =   l n 2  μ  ,    



(3)







Ninety percent of the incident light can be blocked through the tenth value layer (TVL) that can be calculated as follows [24]:


  T V L =   l n 10  μ     



(4)







The mean free path (MFP) refers to the mean distance that the photon traveled without interacting with the attenuator that can be measured from Equation (5) [25]:


  M F P =  1 μ    ,    



(5)







The effective atomic number Zeff and electron density Neff are essential material analysis parameters for radiation attenuators. The atomic cross-section (ACS   (  σ a   )) and the electronic cross-section (ECS (   σ e  )  ) are first estimated to obtain the effective atomic number (Zeff). Then, the interaction probability per atom in the unit volume of any material (ACS) can be calculated from the following equation [26]:


  A C S =  σ a  =  σ m   1     ∑  i    n i    =     µ / ρ     t a r g e t   /  N A     ∑  i      w i     A i       



(6)




where σm, Ai, wi, and NA are the molecular cross-section, the atomic weight, the fractional weight for each component in the target, and Avogadro’s constant. Additionally, the interaction probability per electron in the unit volume of any substance (ECS) can be calculated as follows [27]:


  E C S =  σ e  =  1   N A        ∑  i       µ ρ     i     f i   A i     z i       



(7)




where the atomic number Zi and the fractional abundance of the target individual elements fi. To determine Zeff, we can divide Equations (6) and (7) [28]:


   Z  e f f   =    σ a     σ e    ,    



(8)







The electron density (Neff) describes the interacting electrons per unit mass in the target; Neff can be obtained from the next equation [29]:


     N  e f f   = N      Z  e f f       ∑  i   f i   A i    ,  



(9)







Effective conductivity (Ceff) is one of the key parameters in photon matter interactions. This parameter is based on the number of free electrons created in the unit volume of the substance with the photon energy interacting. The effective conductivity (Ceff) can be estimated by this equation [30]:


   C  e f f   =      N  e f f     ρ    e  2     τ    m e        10  3  ,  



(10)




where  ρ  material’s physical density,    N  e f f     the effective electron density, e, and m are the electron charge in coulomb and the electron mass in kg. τ is the average electron lifetime (relaxation time) at the Fermi surface which can be estimated by the following formula [31]:


  τ =  ħ   K B  T   =  h  2 π  K B  T   ,  



(11)




where h is the Planck’s constant in J.s, T is the temperature in Kelvin and    K B    is the Boltzmann’s constant in J/K. In radiation protection applications, build-up factors are important to show the probability of photon dispersion. To determine the build-up factors, we have to measure two parameters, R and Zeq. For example, the following equation can represent R at certain energy [32]:


  R =        μ ρ      C o m          μ ρ      T o t a l     ,  



(12)




where     (  μ ρ  )   C o m     is the Compton mass attenuation coefficient and     (  μ ρ  )   T o t a l     is the total mass attenuation for the material. Zeff is a virtual atomic number representing the complex substance when photons are absorbed into materials, and this value is referred to as Zeq when photons are scattered. The second important parameter for estimating the build-up factors (Zeq) can be computed as follows [15]:


   Z  e q   =    Z 1    log  R 2  − log R   +  Z 2     log R  −    log R   1      log  R 2  − log  R 1     



(13)




where R1 and R2 values denote     (  μ ρ  )   C o m   /   (  μ ρ  )   T o t a l     for two elements with Z1 and Z2 atomic numbers. The buildup factors are classified into EBF and EABF, which refer to the exposure buildup factor and energy absorption buildup factor. Then, the Geometric Progression fitting (G-P) is applied to calculate the buildup factors. The fitting parameters for G-P can be detected as follows by revealing the R and Zeq parameters [15]:


  P =    P 1    log  Z 2  − log  Z  e q     +  P 1    log  Z  e q   − log  Z 1      log  Z 2  − log  Z 1     



(14)




where P1 and P2 are the G-P-fitting parameters corresponding to the atomic numbers Z1 and Z2, respectively. Then EABF and EBF were evaluated by using G-P fitting through the following equations [15]:


   B   E , X   = 1 +   b − 1   K − 1     (  K x  − 1 )     for   K ≠   1   ,   B   E , X   = 1 +   b − 1   x     K = 1 ,     



(15)




where


   K   E , X   = c  x a  + d   t a n h    x  X k   − 2   − t a n h   − 2     1 − t a n h     − 2         for   x   ≤   40 ,   



(16)




where E is the photon energy, x is penetration depth in mfp, and K (E,X) is the dose-multiplicative factor.





3. Results and Discussions


3.1. Radiation Attenuation Parameters


The main gamma-ray attenuation parameters of the investigated samples were detected in the photon energy range from 0.015 to 15 MeV. In the stated energy range, photoelectric effect PE, Compton scattering CS, and pair production PP are predominant at three energy ranges [33,34,35]. The MAC values as a function of photon energy are shown in Figure 1. This Figure indicates that EPhoton < 100 keV represents the maximum MAC values for all the tested samples in the low-energy region. While viewing the HgI binary sample, one notices the highest MAC value. The tertiary samples (Cu2HgI4 and Ag2HgI4) obtained intermediate MAC values, while CuI and AgI binary samples obtained the lowest MAC values. For example, at 20 keV, The MAC values are 40.108, 35.897, 28.225, 22.183, and 59.615 cm−1 for S1, S2, S3, S4, and S5, respectively. Increasing the photon energy results in an exponential decrease in MAC values until the values stabilize [36]. For example at 0.6 MeV, The MAC values are 0.0911, 0.0909, 0.0808, 0.0824 and 0.106 cm−1 for Cu2HgI4, Ag2HgI4, CuI, AgI and HgI, respectively. As the photon energy increases, for the HgI binary sample, EPhoton > 1.02 MeV causes a small increase in MAC values.



The results obtained from Figure 1 may be related to the dominant presence of PE in the low-energy section. So, the cross-section for absorption is affected by the fourth or fifth power of atomic numbers (Z4or5) of the sample atoms and the photon’s energy as 1/E3.5 [37,38]. On the other hand, the cross-section diminishes exponentially with the energy and is proportional to Z in the intermediate energy range where the CS dominates [36]. In contrast, the cross-section is proportional to Z2 in the highest energy range as the interaction of PP is dominant.



Figure 2 clarifies the LAC variations of the ternary compounds Cu2HgI4, Ag2HgI4, and three binary compounds CuI, AgI, and HgI as a function of photon energy ranges. The LAC values have the same behavior with photon energy as the MAC.



In the selected energy range concerning the beam energy and the attenuator charge, as discussed in the previous graph, the LAC decreases quickly when the input energy is low but slows down as the input energy rises. It can also be seen from Figure 2 and Table 1 that the density of the samples primarily determines the LAC value. HgI (ρ = 7.7 g/cm3) binary sample obtained the highest LAC value, the tertiary samples Cu2HgI4 (ρ = 6.2 g/cm3) and Ag2HgI4 (ρ = 6.07 g/cm3) obtained intermediate LAC values CuI (ρ = 5.67 g/cm3) and AgI (ρ = 5.68 g/cm3) binary samples obtained the lowest LAC values. Thus, the highest density sample HgI can absorb gamma photons more effectively for different medical and industrial applications.



Figure 3a represents the HVL variations of the ternary compounds Cu2HgI4, Ag2HgI4, and three binary compounds, CuI, AgI, and HgI, as a function of photon energy ranges. HVL magnitudes rise as the energy elevates in Figure 3a. The lowest levels for HVL have been found at 15 keV, equal to 0.0013, 0.0015, 0.002, 0.0025, and 0.0007 cm for the samples from S1 to S5. In our previous work, at 15 KeV, HVL values equal 0.003, 0.002 and 0.002 for Cu2MnGe [S, Se, Te]4, respectively [40]. At 15.8 KeV, it equals 0.0021 cm for CuInSe2 [41]. While their values at 15 MeV are 2.734, 2.734, 3.302, 3.092, and 1.968 cm for the five samples, respectively. Thus, the large compound thickness is meant to absorb high-energy photons. CuI sample has the highest value at the same amount of energy. However, HgI has the lowest value as the quality of a photon’s interaction is enhanced by a denser sample rather than a lower density one.



Figure 3b shows HVL results for the studied samples compared with chromite, ferrite, magnetite, barite [38,39], RS-520, RS-360, and RS-253-G18 [38,42], the three commercial shielding glasses. As illustrated, all investigated samples have HVL values lower than the corresponding values of the other set of comparison samples. In addition, Cu2HgI4, Ag2HgI4, and HgI attain greater attenuation than other specimens because the quality of the attenuator means it has a lower HVL.



Figure 4 depicts the TVL values for various samples related to the selected photon energy range (0.15–15 MeV). Sample HgI has the lowest TVL value at the chosen energy values, so the sample density significantly impacts the TVL. As detected, the TVL values at 1 MeV are 6.062, 6.209, 6.929, 6.897, and 4.568 cm for the samples from S1 to S5. So, HgI is preferred practically because of has the best radiation attenuation efficiency.



The mfp values of the examined samples vary with the incident photon energy, as illustrated in Figure 5a. According to this Figure, the HgI sample has a lower mfp than other samples, indicating improved attenuation performance due to increased sample density. Additionally, one can notice that for all samples, the mfp values continuously increase with energy till nearly 6 MeV, then slightly decrease.



Figure 5b illustrates the comparison for the studied samples with some radiation shielding materials, namely chromite, ferrite, magnetite, barite, and the three commercial shielding glasses [38,39,42]. Similar to comparing the same radiation shielding materials with HVL, one can observe Cu2HgI4, Ag2HgI4, and HgI samples achieve better attenuation features than the comparable materials.



Figure 6 and Figure 7 illustrate the ACS and ECS variations with photon energy. In Figure 6 and Figure 7, one can note that sample CuI has the minimum values of both ACS and ECS at the same energy while HgI has the corresponding maximum values. The best attenuators are the materials with high ACS and ECS values. All the tested samples exhibit a decrease in the ACS and ECS values when energy increases. The ECS values are 8.03, 9.15, 4.70, 6.66 and 14.8 × 10−24 cm2/g at 0.1 MeV then they decrease to 2.36, 2.39, 2.23, 2.29 and 2.62 × 10−25 cm2/g at 1 MeV. A similar result had been observed in our previous work [40].



Figure 8 shows the behavior of the Zeff for all samples in the selected energy range 0.015–15 MeV. From Figure 8, generally, the Zeff values rapidly diminish with photon energy rising and reaching a nearly constant value. The highest Zeff values were found in the sample of HgI in all the analyzed energies.



In Table 2, one can notice that CuI has maximum penetration of gamma photons while HgI has less penetration probability and more probability of interaction with gamma photons. Our samples have more probability of interaction than CdSe [43], Cu2MnGeS4, Cu2MnGeSe4 and Cu2MnGeTe4 [40] samples.



Figure 9 illustrates Neff changes for all examined specimens with photon energy in the selected range. From Figure 9, the Neff trends are almost like the Zeff trends in all compounds dependent on the photon energy.



The values of Neff at 15 keV are illustrated in Table 2. Table 2 and Figure 9 clarify that sample HgI represents the lowest Neff value. CuI sample has the highest corresponding value related to their inverse proportion to the average material atomic weight. All tested samples values are higher than the corresponding CdTe [43], CdSe [43] and Cu2MnGeTe4 [40] values and lower than Cu2MnGeS4 [40] value at nearly 15 keV. A similar result had been observed in our previous work [40].



The Ceff is another parameter that depends on the sample density, so its behavior with photon energy varies from that for Neff. The Ceff values vary with photon energy, as shown in Figure 10, indicating that the higher free-electron generation in the PE region is than in other regions.



Low-energy photons with longer wavelengths have more chances of interacting with the target material electrons. When the probability of this event rises, more electrons absorb photons, and more free electrons are formed. The values of Ceff at 15 keV are illustrated in Table 2. From Table 2, at low energy, the Ceff values of the HgI are higher than the other four samples. Except for CuI sample, our samples are higher than Cu2MnGe (S/Se/Te)4 values at 15 keV [40]. In the energy regions where CS is dominant, the Ceff values of the materials studied are almost photon energy independent. This behavior may be due to the interaction probabilities with the target material electrons in the CS region are less than the PE region.



The variation of the R values within the examined energy range is shown in Figure 11. HgI has the minimum R-value at the same energy, and CuI has the corresponding maximum value. For example, R values at 0.8 MeV are 0.848, 0.849, 0.928, 0.914 and 0.752 for samples Cu2HgI4, Ag2HgI4, CuI, AgI and HgI respectively. Inelastic scattering is known as the variance of CS in the intermediate energy range. The R values for all samples reach a maximum at 1.5 MeV because the total cross-section is constant. The inelastic scattering reaches a maximum value within the selected range and is almost independent of the sample structure [2]. The R values at 1.5 MeV are 0.915, 0.914, 0.956, 0.948 and 0.859 for samples Cu2HgI4, Ag2HgI4, CuI, AgI and HgI respectively. As the energy rises, the dominance of PP elevates, and the CS probability begins to reduce, such that the R values start to decrease.



Figure 12 illustrates various Zeq values of the tested samples over the studied energy range. The Zeq values do not display significant energy-dependent variations for all samples. Additionally, it is observed that the Zeq of photon energy is a partially similar trend as Zeff of multi-element materials. A similar result had been observed in our previous work [40]. Furthermore, M. S. Al-Buriahi and B. T. Tonguc [44] reported that bismuth borate glasses exhibit this behavior.




3.2. Dependence of EBF and EABF Values on the Photon Energy


Figure 13, Figure 14, Figure 15, Figure 16 and Figure 17 represent the variations of EBF and EABF at 1, 5, 10, 15, 20, 25, 30, 35, and 40 mfp at the selected energy range for tested samples. The maxima of EBF and EABF are related to the energy range, penetration depth, and sample composition for all samples. With an increase in photon energy, EBF and EABF magnitudes increase to one or more peak values then decrease with further growth in photon energy. As PE is the predominant interaction in the low photon energy range, more photons can be absorbed, so the EBF and EABF reach the smallest. This observation was previously detected with Cu2MnGe [S, Se, Te]4 [40]. For photons with an intermediate energy region, the EBF and EABF reach the highest. This is due to the predominance of CS; photon energy is lost through scattering and cannot annihilate [45]. The photons have been reabsorbed in the high-energy range, as the predominant interaction is PP.



Additionally, from Figure 13, Figure 14, Figure 15, Figure 16 and Figure 17, at a penetration depth of 1 mfp, the EBF and EABF values are minimal. The highest corresponding values are observed at 40 mfp because multiple scatterings occur at high penetration depths [44]. EABF and EBF change differently with penetration depth at high energy (15 MeV) due to the pair production. Moreover, all samples reveal a sharp beak around 0.04 MeV due to the K-absorption edges of iodine (≈33 keV) [46]. In Figure 13a,b, Figure 14a,b, and Figure 17a,b for Cu2HgI4, Ag2HgI4, and HgI samples, respectively, there is another sharp beak around 0.02 MeV which mfp with the increment of mfp increase because of the L-absorption edges of Hg (Hg: 14.84) [47].




3.3. Fast Neutron Removal Cross-Section (FNRCS)


A helpful parameter for testing the attenuation of fast neutrons is the fast neutron removal cross-section FNRCS (ΣR). It suggests that the neutrons could pass through the material without interacting. The equation to calculate ΣR of a substance can be as follows [24,48]:


     Σ R   ρ  =   ∑  i     W i           Σ R   ρ     i  ,    



(17)




where


   W i  =   ∑  i     w i       ρ   s    ,  



(18)




where          Σ R   ρ     i    represents the mass removal cross-section of the ith component; the partial density and the weight fraction of ith constituent are expressed as    W i    and    w i  .   This quantity is represented as (ρ)s is the absorber density. FNRCS values for the 5 tested samples are 0.0833, 0.0783, 0.0854, 0.0779 and 0.0892 respectively. So, the HgI sample shows the highest neutron attenuation features relative to the other tested samples. Although the CuI sample has low photon radiation attenuation, it has a high neutron attenuation feature. The AgI sample has the lowest value of all tested samples, indicating fewer neutron attenuation features. Figure 18 compares FNRCS for the examined absorbers with some radiation shielding materials, namely chromite, ferrite, magnetite, barite, RS-520, RS-360, and RS-253-G18 [38,39,42]. Ferrite, magnetite, and chromite have the highest FNRCS values, as seen in Figure 18. The FNRCS value of HgI is higher than the corresponding values of RS-253-G18, RS-360, and RS-520. Cu2HgI4 and CuI values are higher than RS-360 and RS-520 values. So, HgI offers the best neutrons attenuation properties than the three commercial shielding glasses.





4. Conclusions


The present work investigates the attenuation properties of γ-radiation, and fast neutrons for two ternary compounds, Cu2HgI4 and Ag2HgI4, coded as S1 and S2. Furthermore, three binary compounds CuI, AgI, and HgI coded as S3, S4, and S5, respectively, were investigated using Phy-X/PSD software with photon energy range from 0.015 to15 MeV. The results obtained represent that the HgI binary sample obtained the highest MAC and LAC values while CuI and AgI binary samples obtained the lowest corresponding values. So, the HgI sample (the highest density sample ρ = 7.7 g/cm3) absorbs gamma photons more efficiently for the tested samples.



The HgI sample has a low HVL value varies between 0.0007–1.743 cm, while CuI has the highest values varies between 0.002–3.017 cm representing the higher attenuation features of HgI. All samples have HVL and MFP values lower than the corresponding values of chromite, ferrite, magnetite, barite, RS-360, and RS-253-G18. For all examined samples, ACS and ECS magnitudes diminish when energy increases. For instance, the ECS values are 8.03, 9.15, 4.70, 6.66 and 14.8 × 10−24 cm2/g at 0.1 MeV and decrease to 2.36, 2.39, 2.23, 2.29 and 2.62 × 10−25 cm2/g at 1 MeV.



The highest Zeff and Ceff values obtained for the HgI sample represent that gamma photons have a higher chance of interacting and lower penetration probability. The obtained results show that the maxima of EBF and EABF are affected by the penetration depth, sample composition, and energy range. There is a sharp beak around 0.04 MeV for all samples due to the K-absorption edges of iodine (≈33 keV). Concerning Cu2HgI4, Ag2HgI4, and HgI samples, there is another sharp beak around 0.02 MeV due to the L-absorption edges of Hg (Hg: 14.84)



FNRCS values for Cu2HgI4, Ag2HgI4, CuI, AgI and HgI are 0.0833, 0.0783, 0.0854, 0.0779 and 0.0892, respectively. So, HgI offers better neutrons attenuation characteristics than the other tested samples compared with the three commercial shielding glasses. The measured values represent that the HgI sample has good γ-rays and fast neutron attenuating features than other selected samples and can be used as a fast neutron protector and gamma-ray protector for technical and medical applications.
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Figure 1. MAC of the tested samples versus photon energy. 
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Figure 2. LAC of the tested samples versus photon energy. 
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Figure 3. (a) HVL of the tested samples versus photon energy. (b) HVL of the tested samples versus photon energy compared with chromite, ferrite, magnetite, barite, and three commercial shielding glasses. 
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Figure 4. TVL of the tested samples versus photon energy. 
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Figure 5. (a) mfp of the tested samples versus photon energy. (b) mfp of the tested samples versus photon energy compared with chromite, ferrite, magnetite, barite, and three commercial shielding glasses. 
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Figure 6. ACS of the tested samples versus photon energy. 
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Figure 7. ECS of the tested samples versus photon energy. 
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Figure 8. The Zeff of the tested samples versus photon energy. 
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Figure 9. The Neff of the tested samples versus photon energy. 
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Figure 10. The Ceff of the tested samples versus photon energy. 
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Figure 11. The variations of the R((μ/ρCom)/(μ/ρTotal)) ratio of the tested samples versus photon energy. 
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Figure 12. The Zeq of the tested samples versus photon energy. 






Figure 12. The Zeq of the tested samples versus photon energy.



[image: Crystals 12 00276 g012]







[image: Crystals 12 00276 g013] 





Figure 13. The variations of (a) EBF and (b) EABF for Cu2HgI4 at different mfp versus photon energy. 
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Figure 14. The variations of (a) EBF and (b) EABF for Ag2HgI4 at different mfp versus photon energy. 
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Figure 15. The variations of (a) EBF and (b) EABF for CuI at different mfp versus photon energy. 
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Figure 16. Variations of (a) EBF and (b) EABF for AgI at different mfp versus photon energy. 
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Figure 17. The variations of (a) EBF and (b) EABF for HgI at different mfp versus photon energy. 
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Figure 18. Comparison of FNRCS for the tested samples with chromite, ferrite, magnetite, barite, and three commercial shielding glasses. 
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Table 1. The density, MAC, and LAC for S1, S2, S3, S4, and S5 samples compared to concrete.
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Refs.

	
LAC, (cm−1)

	
MAC, (cm2/g)

	
Density r, (g/cm3)

	
Samples




	
5 MeV

	
1 MeV

	
5 MeV

	
1 MeV






	
This work

	
0.229

	
0.38

	
0.037

	
0.061

	
6.2

	
Cu2HgI4 (S1)




	
0.227

	
0.371

	
0.037

	
0.061

	
6.07

	
Ag2HgI4 (S2)




	
0.196

	
0.332

	
0.035

	
0.059

	
5.67

	
CuI (S3)




	
0.204

	
0.334

	
0.036

	
0.059

	
5.68

	
AgI (S4)




	
0.308

	
0.504

	
0.04

	
0.065

	
7.7

	
HgI (S5)




	
[39]

	
0.0665

	
0.148

	
0.0289

	
0.064

	
2.3

	
Ordinary concrete




	
0.0742

	
0.158

	
0.0297

	
0.063

	
2.5

	
Hematite-serpentine concrete




	
0.0867

	
0.18

	
0.0299

	
0.062

	
2.9

	
Ilmenite-limonite concrete




	
0.0894

	
0.192

	
0.0293

	
0.063

	
3.05

	
Basalt-magnetite concrete




	
0.1036

	
0.215

	
0.0296

	
0.061

	
3.5

	
Ilmenite concrete




	
0.1263

	
0.255

	
0.0316

	
0.064

	
4

	
Steel-scrap concrete




	
0.1567

	
0.313

	
0.0307

	
0.061

	
5.11

	
Steel-magnetite concrete











 





Table 2. The tested samples Zeff, Neff and Ceff values at 15 keV compared with corresponding values of Cu2MnGe (S/Se/Te)4 at 15 keV and Cd (Te/Se) at 14.8 keV.
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Samples

	
Zeff

	
Neff

	
Ceff

	
Refs.






	
Cu2HgI4 (S1)

	
55.82

	
2.82 × 1023

	
1.26 × 109

	
This work




	
Ag2HgI4 (S2)

	
62.07

	
2.83 × 1023

	
1.24 × 109




	
CuI (S3)

	
39.76

	
2.51 × 1023

	
1.03 × 109




	
AgI (S4)

	
50.54

	
2.59 × 1023

	
1.06 × 109




	
HgI (S5)

	
73.56

	
2.71 × 1023

	
1.50 × 109




	
CdTe

	
50.4

	
2.5 × 1023

	
-

	
[43]




	
CdSe

	
39.2




	
Cu2MnGeS4

	
27.13

	
3.41 × 1023

	
1.01 × 109

	
[40]




	
Cu2MnGeSe4

	
32.11

	
2.71 × 1023

	
1.04 × 109




	
Cu2MnGeTe4

	
39.21

	
2.47 × 1023

	
1.05 × 109
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