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ABSTRACT: The mass attenuation coefficient (m), half-value layer (HVL) and mean 
free path for xZnO-(100-x) TeO2, where x = 10, 20, 30, and 40 mol.%, have been 
measured with 0.662, 1.173 and 1.33 MeV photons emitted from 137Cs and 60Co using a  
3  3 inch NaI(Tl) detector. Some relevant parameters, such as the effective atomic 
numbers (Zeff) and electron densities (Nel), of the glass samples have also been calculated 
in the photon energy range of 0.015–15 MeV. Moreover, exposure buildup factors (EBF) 
were estimated using the five-parameter Geometric Progression (G-P) fitting 
approximation for penetration depths up to 40 times the mean free path and within the 
same energy range of 0.015–15 MeV. The measured mass attenuation coefficients were 
found to agree satisfactorily with the theoretical values obtained using WinXCom. The 
effective atomic numbers (Zeff) and electron densities (Nel) were found to be the highest 
for a 40ZnO-60TeO2 glass in the energy range of 0.04–0.2 MeV. The 10ZnO-90TeO2 
glass sample had lower values of gamma ray exposure buildup factors in the intermediate 
energy region. These data on the radiation shielding characteristics of zinc tellurite 
glasses may be useful for the design of gamma radiation shields.  

Keywords: Mass attenuation coefficient, effective atomic number, electron density, 
exposure buildup factors, tellurite glass 
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Where M ൌ ∑ A୧୧ n୧ is the molecular weight of the sample, Ai is the atomic 
weight of the i-th element, ni is the number of formula units of the molecule and 
NA is Avogadro's number. 

The effective atomic cross section a is calculated using the following equation: 

t
a

ii n

 


 (3) 

The total electronic cross section e is calculated by: 

 1 i i
e m ii

A i

f A

N Z
    (4) 

where fi denotes the fractional abundance of element I, and Zi is the atomic 
number of the constituent element. 

The effective atomic number (Zeff) is related to a and e by the following 
equation: 

a
eff

e

Z



  (5) 

The electron density (number of electrons per unit mass, [Nel]) of the sample can 
be calculated by the following equation: 

eff A
el ii

Z N electrons
N n

M g

 
  

 
  (6) 

3.2. Buildup Factors 

The logarithmic interpolation method for the equivalent atomic number (Zeq) was 
used to calculate the exposure buildup factor values and the G-P fitting 
parameters of the tellurite glass samples. The computation method is illustrated 
step-by-step as follows: 

1. Calculation of equivalent atomic number (Zeq);  
2. Calculation of the G-P fitting parameters; and  
3. Calculation of the exposure buildup factors 
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Since any single element has a fixed atomic number Z, a mixture, such as the zinc 
tellurite glasses studied here, will have an equivalent atomic number (Zeq), which 
describes the properties the of glass systems. Because the partial interaction of a 
gamma ray with a material depends on the energy, Zeq is an energy dependent 
parameter. Using the winXCom program,29,30 the total mass attenuation 
coefficient of selected ZnO-TeO2 glasses and Compton partial mass attenuation 
coefficient for elements from Z = 4 to Z = 50 were obtained in the energy range 
of 0.015–15 MeV. The equivalent atomic number was calculated by matching the 
ratio of the Compton partial mass attenuation coefficient to the total mass 
attenuation coefficient of the selected glass systems with an identical ratio of a 
single element of the same energy. The following formula was used to interpolate 
the Zeq:31 

   1 2 2 1

2 1

log log log log

log logeq

Z R R Z R R
Z

R R

  



 (7) 

where Z1 and Z2 are the atomic numbers of the elements corresponding to the 
ratios R1 and R2, respectively, and R is the ratio of the glass sample at a specific 
energy. For example, the ratio       

Compton total
 of 10ZnO-90TeO2 at an 

energy of 0.3 MeV is 0.635, which lies between R1 =       
Compton total

 = 

0.628 of Z1 = 46 and R2 =       
Compton total

 = 0.645 of Z = 47. Using 

Equation 7, Zeq = 46.42 is calculated. The G-P fitting parameters are calculated 
using a similar logarithmic interpolation method to that used for Zeq. The G-P 
fitting parameters for the elements were taken from a report by the American 
Nuclear Society.19 The G-P fitting parameters for the glass samples were 
logarithmically interpolated using the same formula as follows:31 

   1 2 2 1

2 1

log log log log

log log
eq eqC Z Z C Z Z

C
Z Z

  



 (8) 

where C1 and C2 are the values of the G-P fitting parameters corresponding to the 
atomic numbers of Z1 and Z2, respectively, at a given energy. The G-P fitting 
parameters were used to calculate the exposure buildup factors of the glasses as 
follows:32 

   1
, 1 1

1
xb

B E X K
K


  


 for 1K   (9) 

   , 1 1B K X b x    for 1K   (10) 
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composition and, consequently, on the glass density.32 The experimental values 
(m) increased with increasing ZnO content. This behaviour may be attributed to 
the addition of ZnO, which increases the glass density and decreases the molar 
volume, indicating that the glass structure becomes more compact and dense. The 
experimental mass attenuation coefficient values are in good agreement with the 
theoretical values. 

Table 2: Theoretical (µm)Xcom and experimental (µm)exp mass attenuation coefficient  
of glass systems. 

Sample 

0.662 MeV 1.173 MeV 1.33 MeV 

m  10-2 (cm2 g–1) 

WinXcom Exp. WinXcom Exp. WinXcom Exp. 

1 7.272 7.138  
0.134 

5.322 5.216  
0.106 

4.971 4.872  
0.099 

2 7.275 7.149  
0.126 

5.347 5.239  
0.108 

4.998 4.898  
0.100 

3 7.279 7.142  
0.137 

5.386 5.277  
0.109 

5.037 4.936  
0.101 

4 7.28 7.139  
0.141 

5.399 5.305  
0.094 

5.050 4.949  
0.101 

4.2 HVL and MFP 

The half-value layer was calculated using the linear attenuation coefficient  
(in cm–1) as follows: 

 ln 2
HVL


  (12) 

Where  ( =   m) is the linear attenuation coefficient, and the values of HVL 
are listed in Table 3. Figure 2 shows that the HVL values decreased with 
increasing values of ZnO in the glass systems at the photon energies of 0.662, 
1.173 and 1.33 MeV, which is due to an increase in the mass attenuation 
coefficient and density by replacing TeO2 with ZnO. As shown in Figure 2, the 
half-value layer of the glass samples is lower than the corresponding values for 
barite and ferrite concretes at 0.662 and 1.33 MeV photon energies.22 It has been 
observed that ZnO-TeO2 class systems are better than concrete at absorbing 
gamma rays, indicating the potential for utilising the prepared glasses as radiation 
shields. 
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Table 3: HVL and MFP of glass systems. 

Sample 
HVL (cm) MFP (cm) 

0.662 MeV 1.173 MeV 1.330 MeV 0.662 MeV 1.173 MeV 1.330 MeV 

1 1.893 2.590 2.773 2.73 3.74 4.00 

2 1.870 2.546 2.724 2.70 3.67 3.93 

3 1.852 2.509 2.684 2.67 3.62 3.87 

4 1.839 2.480 2.651 2.65 3.58 3.83 

10 20 30 40
1.80

1.85

1.90

1.95

2.00

2.0

2.5

3.0

3.5

4.0

Barite concrete

Barite concrete

ZnO-TeO
2
 glass

ZnO concentration

0.662 MeV

Frrite concrete

ZnO-TeO
2
 glass

H
V

L
 (

cm
)

1 .33 MeV

 

Figure 2: Variation of half value layer as a function of ZnO at 0.662 and 1.33 MeV 
photon energy in the () ZnO-TeO2 glass systems. Theoretical values at same 
energies for barite concrete and ferrite concrete. 

The values of the mean free path (MFP) (cm–1) of the prepared glass samples 
were obtained using the following equation:31 

1
MFP


  (13) 
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Table 3 shows that the values of the mean free path of the prepared glass samples 
decreased with increasing ZnO content. The MFP values of the ZnO-TeO2 
glasses were compared with some standard radiation shielding concretes33 
(Figure 3). Figure 3 shows that the values of the mean free path are lower than 
those in ilmenite, basalt-magnetite, haematite-serpentine and ordinary concretes 
at 0.662, 1.173, and 1.33 MeV photon energies. This result indicates that the 
glass samples are better radiation shielding materials compared with standard 
shielding concretes. A material to be used as a gamma ray radiation shielding 
material must have low values of HVL and MFP. Therefore, the results indicated 
that ZnO-TeO2 glass systems, which show lower values of HVL and MFP at 
photon energy 0.662, 1.173 and 1.33 MeV, are better for gamma ray shielding. 
Hence, it is thought that the prepared glass samples can be promising candidates 
for non-conventional alternatives for gamma ray shielding applications. 

1 0 2 0 3 0 4 0
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4
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O rd in a ry
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Z n O  c o n c e n tra t io n

0 .6 6 2  M e V

M
F

P
 (
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1 .1 7 3  M e V

1 .3 3  M e V

 

Figure 3: Variation of mean free path as a function of ZnO oxide at 0.662, 1.173 and 
1.33 MeV photon energy in the () ZnO-TeO2 glass systems. Theoretical 
values at same energies for ordinary concrete, hematite-serpentine, basalt-
magnetite and ilmentite. 
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4.3 Effective Atomic Number (Zeff) and Electron Density (Nel) 

The effective atomic number (Zeff) and electron density (Nel) of the glass samples 
in the energy range of 0.015–15 MeV are presented in Table 4. Equations 5 and 6 
have been used, respectively, to calculate the effective atomic number (Zeff) and 
electron density (Nel). The variation of Zeff with photon energy for all interaction 
processes in the glasses is shown in Figure 4. It can be observed that initially, the 
photoelectric interaction dominates and the effective atomic number remains 
almost constant in the energy range of 0.015–0.03 MeV. Then, it starts increasing 
and reaches a maximum at 0.04 MeV. Finally, it decreases sharply with 
increasing energy up to 1 MeV, which indicates that the Compton scattering 
process begins to occur. In the intermediate energy region (0.6–2 MeV), the Zeff 
values have been found to be almost constant for the selected materials, which 
clearly indicates that the Compton scattering cross section depends only on the 
energy and is almost independent of the composition of the materials. Finally, the 
effective atomic number increased with increasing photon energy. This is due to 
the domination of the pair production process, whose cross section is proportional 
with Z2. Figure 4 shows that in the photon energy range 0.04–0.6 MeV, the 
10ZnO-90TeO2 glass sample has the highest effective atomic number. The 
variation of electron density when investigating glass systems with photons in the 
range of 0.015–15 MeV have demonstrated the same behaviour of Zeff as shown 
in Figure 5. 
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Figure 4: The variation of Zeff with photon energy of glass samples. 
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Table 4: Effective atomic number (Zeff) and electron density (Nel)  1023 of glass 
samples. 

Energy (MeV) 
10ZnO 20ZnO 30ZnO 40ZnO 

Zeff Nel
 Zeff Nel

 Zeff Nel
 Zeff Nel

 

0.015 33.087 4.134 35.074 4.382 37.062 4.631 39.050 4.879 

0.02 32.977 4.120 34.995 4.372 37.012 4.624 39.029 4.876 

0.03 32.859 4.106 34.816 4.350 36.773 4.595 38.730 4.839 

0.04 57.927 7.238 53.289 6.658 48.652 6.079 44.014 5.499 

0.05 57.667 7.205 52.995 6.621 48.322 6.038 43.650 5.454 

0.06 56.989 7.120 52.355 6.541 47.722 5.963 43.089 5.384 

0.08 54.585 6.820 50.205 6.273 45.826 5.726 41.447 5.179 

0.1 51.195 6.397 47.233 5.901 43.270 5.406 39.308 4.911 

0.15 41.771 5.219 39.046 4.879 36.320 4.538 33.594 4.197 

0.2 34.468 4.307 32.734 4.090 31.001 3.873 29.268 3.657 

0.3 27.043 3.379 26.336 3.291 25.629 3.202 24.923 3.114 

0.4 24.179 3.021 23.873 2.983 23.567 2.945 23.261 2.906 

0.5 22.891 2.860 22.767 2.845 22.643 2.829 22.520 2.814 

0.6 22.229 2.777 22.200 2.774 22.170 2.770 22.141 2.766 

0.8 21.596 2.698 21.657 2.706 21.718 2.714 21.779 2.721 

1 21.310 2.663 21.412 2.675 21.514 2.688 21.616 2.701 

1.5 21.185 2.647 21.312 2.663 21.439 2.679 21.566 2.695 

2 21.505 2.687 21.608 2.700 21.710 2.713 21.813 2.725 

3 22.548 2.817 22.567 2.820 22.585 2.822 22.604 2.824 

4 23.681 2.959 23.609 2.950 23.537 2.941 23.465 2.932 

5 25.720 3.214 25.491 3.185 25.262 3.156 25.033 3.128 

6 27.353 3.418 27.001 3.374 26.649 3.330 26.297 3.286 

8 28.649 3.579 28.198 3.523 27.747 3.467 27.297 3.411 

10 30.887 3.859 30.259 3.781 29.632 3.702 29.004 3.624 

15 33.087 4.134 35.074 4.382 37.062 4.631 39.050 4.879 
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Figure 5: The variation of Nel with photon energy of glass samples. 

4.4 Gamma Ray Buildup Factors of the Glass Samples 

4.4.1 Photon energy dependence 

The calculated equivalent atomic numbers (Zeq) and EBF G-P fitting parameters 
for the glass samples in the energy range of 0.015–15 MeV are shown in Tables 
5–8. Figure 6 shows the variation in the exposure buildup factor with photon 
energy for the glass samples at different penetration depths. It is observed that the 
exposure (EBF) buildup factors of the glass samples are small at both low and 
high energies. This may be attributed to the absorption processes, photoelectric 
effect and pair-production dominating at the low and high energy regions, 
respectively, in which photons are completely absorbed or removed. A sharp 
peak in the EBF values was observed at 40 keV as shown in Figure 6, which may 
be due to the K-absorption edge of Te at approximately 31.8 keV. Around the  
K-edge of high-Z elements, the mass attenuation coefficients jump to very large 
values at the upper side of the K-edge, and the element exhibits two mass 
attenuation coefficients, corresponding to the lower and upper sides of the edge. 
This abrupt change in the mass attenuation coefficient could lead a sharp peak in 
the buildup factor. The EBF values increase with increasing photon energies and 
show a maximum at 0.8 MeV due to multiple Compton scattering at intermediate 
energies. In Compton scattering, photons are not completely removed, but rather 
they lose energy. Finally, the EBF values begin to decrease upon further 
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increases in the photon energy up to 8 MeV due to pair production. We found 
that EBF values increased at a high energy (>8 MeV) for all of the glass samples 
and showed increasing penetration depths, which might be due to the increase in 
multiple scattering as the penetration depth increased. The EBF values were 
found to be in the range of 1.005–4180.6, 1.004–2730.3, 1.004–1741.2 and 
1.004–1073.1 for the 10ZnO, 20ZnO, 30ZnO, and 40ZnO glass samples, 
respectively. The dependence on the chemical composition agreed with what was 
observed elsewhere.34 

Table 5: Equivalent atomic number (Zeq) and G-P exposure (EBF) buildup factor 
coefficients for 10ZnO-90TeO2 glass sample. 

Energy (MeV) Zeq 
EBF 

b c a Xk d 

0.015 24.78 1.005 1.385 –0.449 5.861 0.312 

0.02 24.89 1.013 0.182 0.547 11.307 –0.528 

0.03 25.12 1.032 0.374 0.195 26.998 –0.291 

0.04 44.48 3.820 0.618 0.091 24.341 –0.063 

0.05 44.90 3.254 0.212 –0.088 13.814 –0.056 

0.06 45.19 2.634 0.101 0.628 12.258 –0.109 

0.08 45.57 1.730 0.026 0.788 14.892 –0.208 

0.1 45.81 1.276 0.179 0.488 13.770 –0.238 

0.15 46.16 1.229 0.401 0.231 14.165 –0.126 

0.2 46.35 1.353 0.506 0.172 14.477 –0.095 

0.3 46.58 1.480 0.682 0.095 14.336 –0.047 

0.4 46.70 1.601 0.828 0.054 14.156 –0.039 

0.5 46.78 1.672 0.912 0.033 14.163 –0.031 

0.6 46.84 1.702 0.968 0.017 13.990 –0.022 

0.8 46.88 1.728 1.026 0.002 14.064 –0.016 

1 46.90 1.721 1.052 –0.004 13.430 –0.014 

1.5 46.12 1.595 1.140 –0.025 10.981 –0.002 

2 44.16 1.588 1.122 –0.020 12.758 –0.006 

3 41.70 1.558 1.065 0.000 12.828 –0.028 

4 40.76 1.508 1.023 0.015 13.324 –0.041 

5 40.25 1.514 0.950 0.042 13.552 –0.066 

6 39.90 1.487 0.931 0.052 13.738 –0.074 

8 39.49 1.501 0.892 0.073 14.042 –0.091 

10 39.28 1.464 0.964 0.056 14.156 –0.075 

15 39.18 1.501 1.090 0.038 14.220 –0.061 
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Table 6: Equivalent atomic number (Zeq) and G-P exposure (EBF) buildup factor 
coefficients for 20ZnO-80TeO2 glass sample. 

Energy (MeV) Zeq 
EBF 

b c a Xk d 

0.015 25.11 1.004 1.432 –0.477 5.791 0.323 

0.02 25.22 1.012 0.166 0.569 11.332 –0.555 

0.03 25.44 1.030 0.374 0.193 27.873 –0.301 

0.04 42.90 3.896 0.431 0.089 23.728 –0.043 

0.05 43.34 3.177 0.120 –0.209 12.835 0.003 

0.06 43.66 2.528 0.055 0.851 14.732 –0.127 

0.08 44.05 1.701 0.029 0.779 14.687 –0.228 

0.1 44.31 1.231 0.225 0.412 13.762 –0.207 

0.15 44.70 1.233 0.431 0.211 14.252 –0.113 

0.2 44.91 1.392 0.509 0.172 14.417 –0.096 

0.3 45.17 1.512 0.697 0.091 14.382 –0.046 

0.4 45.31 1.633 0.846 0.050 14.163 –0.037 

0.5 45.39 1.700 0.930 0.028 14.210 –0.029 

0.6 45.44 1.728 0.984 0.013 13.976 –0.021 

0.8 45.49 1.749 1.039 –0.001 14.052 –0.015 

1 45.52 1.738 1.063 –0.007 13.430 –0.013 

1.5 44.64 1.605 1.147 –0.027 9.640 –0.001 

2 42.47 1.598 1.126 –0.021 12.651 –0.006 

3 39.95 1.565 1.064 –0.001 12.755 –0.026 

4 39.00 1.513 1.023 0.015 13.272 –0.039 

5 38.50 1.510 0.958 0.039 13.512 –0.061 

6 38.17 1.479 0.940 0.048 13.668 –0.069 

8 37.77 1.480 0.901 0.068 13.964 –0.086 

10 37.57 1.438 0.964 0.054 14.120 –0.072 

15 37.47 1.455 1.072 0.040 14.259 –0.061 
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Table 7: Equivalent atomic number (Zeq) and G-P exposure (EBF) buildup factor 
coefficients for 30ZnO-70TeO2 glass sample. 

Energy (MeV) Zeq 
EBF 

b c a Xk d 

0.015 25.41 1.004 1.477 –0.504 5.725 0.333 

0.02 25.53 1.012 0.152 0.590 11.355 –0.579 

0.03 25.74 1.029 0.374 0.191 28.675 –0.310 

0.04 41.31 3.811 0.322 0.095 22.971 –0.035 

0.05 41.75 3.077 0.043 –0.308 11.975 0.053 

0.06 42.08 2.414 0.007 1.091 17.382 –0.147 

0.08 42.49 1.671 0.032 0.770 14.470 –0.249 

0.1 42.77 1.183 0.275 0.331 13.754 –0.173 

0.15 43.17 1.238 0.464 0.191 14.346 –0.100 

0.2 43.38 1.434 0.511 0.173 14.352 –0.098 

0.3 43.67 1.548 0.714 0.086 14.432 –0.044 

0.4 43.81 1.667 0.866 0.045 14.170 –0.036 

0.5 43.93 1.731 0.951 0.023 14.261 –0.027 

0.6 43.97 1.756 1.000 0.009 13.961 –0.020 

0.8 44.04 1.771 1.053 –0.004 14.039 –0.014 

1 44.02 1.757 1.075 –0.009 13.430 –0.012 

1.5 42.93 1.616 1.155 –0.029 8.171 0.000 

2 40.79 1.609 1.127 –0.021 12.312 –0.005 

3 38.19 1.572 1.063 –0.001 12.678 –0.025 

4 37.27 1.518 1.023 0.014 13.218 –0.037 

5 36.44 1.505 0.966 0.035 13.472 –0.056 

6 36.44 1.471 0.949 0.043 13.595 –0.063 

8 36.12 1.458 0.912 0.063 13.884 –0.081 

10 35.89 1.411 0.964 0.052 14.082 –0.070 

15 35.80 1.408 1.054 0.042 14.298 –0.062 
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Table 8: Equivalent atomic number (Zeq) and G-P exposure (EBF) buildup factor 
coefficients for 40ZnO-60TeO2 glass sample. 

Energy (MeV) Zeq 
EBF 

b c a Xk d 

0.015 25.70 1.004 1.518 –0.528 5.664 0.342 

0.02 25.82 1.012 0.138 0.608 11.377 –0.602 

0.03 26.03 1.020 0.374 0.190 29.160 –0.314 

0.04 39.66 3.492 0.323 0.111 21.988 –0.042 

0.05 40.11 2.856 0.077 –0.248 12.075 0.031 

0.06 40.44 2.275 0.041 1.015 17.114 –0.147 

0.08 40.85 1.626 0.064 0.724 14.368 –0.245 

0.1 41.13 1.165 0.312 0.283 13.758 –0.152 

0.15 41.55 1.249 0.495 0.172 14.407 –0.089 

0.2 41.79 1.477 0.518 0.171 14.281 –0.098 

0.3 42.08 1.587 0.732 0.080 14.487 –0.043 

0.4 42.24 1.705 0.888 0.039 14.179 –0.034 

0.5 42.34 1.766 0.973 0.017 14.318 –0.024 

0.6 42.40 1.788 1.019 0.005 13.944 –0.019 

0.8 42.47 1.796 1.068 –0.007 14.024 –0.013 

1 42.49 1.777 1.088 –0.012 13.430 –0.011 

1.5 41.41 1.628 1.162 –0.030 7.557 0.001 

2 38.94 1.620 1.126 –0.021 11.860 –0.005 

3 36.42 1.580 1.063 –0.002 12.597 –0.023 

4 35.53 1.524 1.023 0.013 13.161 –0.035 

5 35.08 1.500 0.974 0.031 13.429 –0.051 

6 34.78 1.462 0.959 0.039 13.519 –0.058 

8 34.44 1.436 0.922 0.058 13.802 –0.075 

10 34.26 1.385 0.963 0.050 14.045 –0.067 

15 34.17 1.360 1.035 0.044 14.338 –0.062 
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Figure 6: The exposure buildup factor (EBF) for the glass samples in the energy region 
0.015–15 MeV at different penetration depth. 

4.4.2 Penetration depth dependency 

Figure 7 shows the variation of the EBF with penetration depth for four incident 
photon energies (0.015, 0.15, 1.5, and 15 MeV). It is clear that the of EBF values 
increased with increasing penetration depth for the glass samples. At low 
penetration depths, up to 3 mfp and 0.15 MeV incident photon energy, the EBF 
values remained constant with increasing ZnO content. At a photon energy of 1.5 
MeV, the EBF values remained constant with increasing ZnO content and 
penetration depths up to 20 mfp. This may be due to the domination of 

photoelectric absorption, which depends on 4 5
eqZ  at photon energies below 0.15 

MeV. In the high photon energy region (2 MeV), another absorption process, 
pair and triplet production, overwhelms the Compton scattering.  
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