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Abstract 

The aim of this research is to study the radiation shielding and elastic moduli of Gd3+ on Ce3+/Tb3+ 

co-doped some scintillating glasses. The mass attenuation coefficients (m), of scintillating glasses have 

also been computed in the energy range 1 keV – 100 GeV using WinXCOM software program. The 

effective atomic number (Zeff), effective electron density (Nel) and half value layer (HVL) have been 

computed. The lower values of HVL indicate that the scintillating glasses possess better shielding 

properties. The oxygen packing density (OPD), molar volume (Vm), number of bonds per unit volume, 

average cross-link density and packing density have also been obtained. The modulus of elasticity for 

samples are calculated by Makishima and Mackenzie mode and compared among themselves. The 

GTC15 scintillating glass has highest value of elastic modulus. 
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Introduction 
 

Recently, glass scintillator is favors used in 

many fields such as medical, well-logging, nuclear 

facilities, security, X-ray detection and high energy 

physics. The demand of glass scintillating glass as 

high density and high luminous intensity were 

increased which the high density of scintillating 

glass can be done by doped rare-earth ions. The 

doping rare-earth ions were caused the energy 

transfer between rare earth ions and activation ions 

which made luminous were high intensity. The rare-

earth doped scintillating glass was wildly used 

because of its large-volume production, low cost 

and creating elements easily compared with 

scintillating crystals or ceramics. The rare earth 

doped glass material had properties in good 

quickness for emitting visible and absorbing  

UV-visible radiations which may make it had 

tended to be used as for electromagnetic radiations 

detection. Therefore, the applied utility of rare earth 

doped glass materials was interested used for high 

energy  

 

 

 

 

radiation shield sensing and designing [1 – 4].  

Among all heavy rare earth ions, Gadolinium 

(Gd3+) is interested element due to it can applied in 

several field such as gamma and neutron detectors 

and shielding nuclear reactors. Gadolinium had 

high density (7.895 g cm–3), did not produce color 

center glass, high stopping power with a melting 

point of 1313 C and high atomic number (Z = 64) 

so the probability of interaction of gamma rays with 

it is very high [5 – 7]. 

In this context, Gd3+ on Ce3+/Tb3+ co-doped 

Gd2O3-B2O3-SiO2 (GBS) scintillating glasses are to 

simulate on radiation shielding properties such as 

mass attenuation coefficient (m), effective atomic 

number (Zeff), electron density (Nel) and half value 

layer in energy range 1 keV – 100 GeV  

by WinXCOM software program and their elastic 

moduli were calculated using Makishima-

Mackenzie (M-M) model. 
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Materials and Methods 

 

The theoretical/method basis have been 

separated into following sub-sections: 

 

Radiation shielding parameters 

 

The theoretical computation of mass 

attenuation coefficients for scintillating glasses 

using WinXCom software program for photon at 

energies range 1 keV – 100 GeV by Eq. (1)  

[8 – 9]: 

 

( )
n

m i mi
W =      (1) 

 

 where Wi and m are weight fraction and 

mass attenuation coefficient of element i, 

respectively. The effective atomic numbers for 

glasses series can be determined from Eq. (2)  

[8 – 9]: 
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where M, ni, NA, fi, Zi and Ai are molecular 

weight of mixture component in scintillating 

glasses, number of oxygen atoms per each 

composition, Avogadro's number, respectively. 

The electron densities (Nel) for scintillating 

glasses refer to number of electron per unit mass 

can be computed by formula from Eq. (5) [8 – 9]: 

 

,
el

t el
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
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=     (5) 

 

The half value layer is quantity describing 

thickness of attenuator that attenuation of photon 

density to half of incident energy as the lower of 

HVL value is better shielding effectiveness and can 

be calculated using by Eq. (6) [8, 11 – 12]: 

 

 
0.693

HVL


=     (6) 

 

Where  is linear attenuation coefficient. 

 

Physical and elastic parameters 

 

The molar volume has been determined by 

formula relation in Eq. (7) [8]: 

 ( )3 /m

M
V cm mol


=     (7) 

 Where M and   are molecular weight and 

density of mixture component in scintillating 

glasses. Oxygen molar volume (V0) has been used 

formula to estimate by Eq. (8) [8]: 
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 The next, oxygen packing density can be 

determined by following Eq. (9) [8]: 

 

  1000OPD N
M

 
=  

 
    (9) 

 

 Where Xi, Mi, ni and N are molar fraction of i-

th component, molecular weight of i-th, number of 

oxygen atoms in each constituent oxide and number 

of oxygen atoms per each composition, 

respectively. The average cross-link density ( cn ) 

the number of bonds per unit volume values ( bn ) of 

scintillating glasses can be computed using 

following Eq. (10) [8]: 
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where nc, Nc, NA and nf are crosslink per 

cations, number of cations per glass formula unit, 

Avogadro's number and coordination number of 

the cations of each component oxide and i 

represents component oxide. Maskishima and 

Mackenzie were calculated elastic modulus of 

oxide glasses by theoretically model (M–M 

model) based on chemical component, packing 

density (Vt) and dissociation energy per unit 

volume (Gt) of glasses as following by Eq. (12) [8, 

10]: 

 

Packing density (Vt):  
1

t i i
m

V V x
V

 
=  
 

  (12) 

Where, ( )3 34

3
A OVi NA xR yR

 
= + 

 
, RA and 

RO are ionic radius of metal and oxygen, 

respectively. Young's (E), shear (G), longitudinal 

(L) modulus, Poisson's ratio (), fractal bond 

connectivity (d), and hardness (H) and bulk (K) 
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have been calculated as following by Eq.  

(13 – 19) 

  

Young’s modulus (E): 8.36 t tE V G=    (13) 

 

Shear modulus (G):          
( )
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Longitudinal modulus (L):   
4

3
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Poisson’s ration ():    
1
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Fractal bond connectivity (d):   4
G

d
K

 
=  

 
  (17) 

 

Hardness (H):  
( )
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Bulk (K):  210 t tK V G=    (19) 

Results and Discussion 

 

 Radiation shielding parameters  

 

 The chemical compositions of the 

scintillating glasses have been shown in Table 

1. 
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Fig. 1 m of scintillating glasses calculated at 

  energy 1 keV – 100 GeV. 

 

 The mass attenuation coefficients 

 

 The m of the scintillating glasses have 

been computed using WinXCom software 

program at energy range 1 keV – 100 GeV 

energies as shown in Fig. 1. It is also clear that, 

the variant of m value depend on the energy and 

the composition of the measured scintillating 

glasses. The main interaction of photon: 

Photoelectric absorption, Compton Scattering 

(incoherent) and Pair Production can be 

illustrated the interaction of photons with oxide 

scintillating glasses. Low energy (energy is less 

 

Table 1 The chemical compositions of scintillating glasses in wt. fraction of elements [1]. 

Code 
Wt. fraction of elements 

Si B Ba Al Gd P Tb Ce Sb O 

GTC30 0.12 0.07 0.03 0.05 0.26 0.01 0.04 0.002 0.004 0.41 

GTC25 0.14 0.07 0.03 0.05 0.22 0.01 0.04 0.002 0.004 0.43 

GTC20 0.16 0.07 0.03 0.05 0.17 0.01 0.04 0.0012 0.004 0.45 

GTC15 0.19 0.07 0.03 0.05 0.13 0.01 0.04 0.002 0.004 0.47 

 

Table 2 The photon energies (in  10–3 MeV) of absorption edges for elements. 

Element M5 M4 M3 M2 M1 L3 L2 L1 K 

Si – – – – – – – – 1.84 
Al – – – – – – – – 1.56 
P – – – – – – – – 2.14 

Sb – – – – – 4.13 4.38 4.7 30.49 
Ba – – 1.06 1.14 1.29 5.25 5.62 5.99 37.44 
Ce – – 1.18 1.27 1.44 5.72 6.16 6.55 40.44 
Gd 1.18 1.22 1.54 1.69 1.88 7.24 7.93 .376 50.24 
Tb 1.24 1.27 1.61 1.77 1.97 7.51 8.25 8.71 52.00 
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than 0.1 MeV), the m trend of scintillating 

glasses deceases very quickly with increasing 

photon energy, and the m value peak were 

discontinuities because of absorption edge of 

element as shown in table 2. The rapid reduction 

in m at E < 0.3 MeV may be caused by that 

cross section of photoelectric effect is 

conversely relative to photon energy (E3.5). 

Intermediate energy (energy is less than 10 MeV 

and is greater than 0.3 MeV),  

the values of m decrease at slower with 

increment of photon energy. This might be the 

Compton Scattering (incoherent) process 

becomes the main mechanism, and this was 

because of the cross section of Compton 

Scattering is conversely relative to photon 

energy (E–1) and it changes linearly with nuclear 

number Z. High energy (energy is greater than 

10 MeV), the m values increase nearly 

constant. In this energy range, the pair 

production process starts dominant interaction 

whose cross section depends on atomic number 

(Z2). It is noticed that m values increase with 

increment in Gd2O3 concentration in 

scintillating glasses. This is because of the 

lowest weight fraction of Gd2O3 in GTC15 

scintillating glass and increases in weight 

fraction of Gd2O3 in the continuous scintillating 

glasses which results in increase in m values, 

so, the GTC30 scintillating glass is a better 

gamma ray shielding scintillating glass. 

 

 Effective atomic numbers and electron 

densities 

  

 The calculation of Zeff and Nel value with 

photon energy for scintillating glasses has been 

shown in Fig. 2 and Fig. 3, respectively. Clearly, 

the Zeff values for scintillating glasses are found 

to increase with increase in Gd2O3 

concentrations as shown in Fig. 2. The increase 

in Zeff is referring to replacement of SiO2 by 

Gd2O3 which have a higher effective atomic 

cross-section than SiO2. In term of photon 

energy, the Zeff value for scintillating glasses 

increases with increment of photon energy and 

shifts happen at 1.5 keV, 20 keV and 60 keV. 

These shifts can be discussed on k edge 

absorption. The Zeff values of scintillating 

glasses in energy range 1 – 20 keV, are nearly 

independent of photon energy. Thereafter, 

energy from 60 – 300 keV, Zeff value rapidly 

decrease with increasing energy for all 

scintillating glasses; this can be discussed on 

basic of the dependence of cross-section of 

photoelectric absorption which changes 

inversely with photon energy as E3.5. After that, 

increase of photon energy in range 0.3 − 10 

MeV, Zeff value for all scintillating glasses 

becomes nearly independent of photon energy. 

This may be because of major of Compton 

scattering (incoherent) process. As photon 

energy increases above 10 MeV, Zeff value 

slowly increases and becomes nearly constant 

above 100.0 MeV. This can be discussed based 

on the major of pair production in this higher 

energy range. The electron density with photon 

energy in the range 1 keV – 100 GeV as shown 

in Fig. 3, has demonstrated the same behavior of 

Zeff. 
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Fig. 2 Zeff of scintillating glasses calculated at 

 energy 1 keV–100 GeV. 
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Fig. 3 Nel of scintillating glasses calculated at 

 energy 1 keV – 100 GeV. 

 

 The half value layer is one of quantities 

explaining radiation attenuation which lower 

HVL values is a better radiation shielding 

material. The relation of HVL with photon 

energy was shown in Fig. 4. Clearly, HVL values 

were almost constant up to  

0.1 MeV and gradually increased in energy up 

to 10 MeV. For photon energy > 10 MeV, HVL 

values show decrease with increasing photon 

energy and becomes nearly constant above 103 

MeV. This differentiation is accepted in terms 
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of dependency in cross section values on energy 

for different major photon interaction processes 

in variance energy range. In lower energy range, 

cross-section of photoelectric absorption is 

found in the inverse proportionality with energy 

as E−3.5. It means that the more reduce energy, 

the probability of interaction between photon 

and medium via photoelectric absorption will be 

higher and then the thickness is less than enough 

to absorb photons in the medium being 

examined. On the other hand, the increment in 

thickness of interacting medium is necessary for 

interaction of photon. HVL values rise gradually 

for scintillating glasses that because of this 

strong confidence in cross–section of energy. In 

the intermediate energy range, cross-section for 

Compton scattering (incoherent) is found in 

linear relation with photon energy. HVL values 

increase with slow rates for the selected 

scintillating glasses that due to this weak 

confident in cross-section of energy. Cross–

section for pair production shows logarithmic 

differentiation with energy in high range. Thus, 

in high photon energy, the probability of 

interaction between photon and medium via pair 

production tends to happen in exponential 

nature. Therefore, the thickness requirement 

may decrease when photon energy is high for 

better absorption in medium. In these results, 

GTC 30 has lowest HVL value so it is the best 

radiation shielding scintillating glasses. 
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 Fig. 4 HVL of scintillating glasses calculated at 

 energy 1 keV – 100 GeV. 

 

 Physical and elastic parameters 

 

 The oxygen packing density, molar 

volume, oxygen molar volume (V0), number of 

bonds per unit volume (nb) and average cross-

link density ( cn ) of scintillating glasses are 

given in Table 3. The values of OPD, V0 and nb 

decrease while Vm and cn  increase with 

increasing Gd2O3 concentration. The behavior 

of Vm may be caused by the ionic radius of Gd 

(0.94 Å) is bigger than the ionic radius of Si 

(0.40 Å) and create non-bridging oxygens. The 

modifier ions (Gd) catch with oxygen ions occur 

the large size and molar volume. The decrease 

in OPD indicates that the scintillating glasses 

structure had more loosely bound. Oxygen 

molar volume values showed decrease with 

increased Gd2O3 content as the scintillating 

glasses structure had more density. The increase 

in average cross-link density with increasing 

Gd2O3 concentration indicates that network of 

scintillating glasses had more connected and 

increase the number of bridging oxygen atoms; 

so, the average cross-link density increases. 

 The computed values of packing density 

(Vt), Young's (E), bulk (K), shear (G), 

longitudinal (L) modulus, Poisson's ratio (), 

fractal bond connectivity (d) and hardness (H) 

using Makishima and Mackenzie (M-M) model 

for scintillating glasses have been listed in Table 

4. The fractal bond connectivity (d) is a helpful 

parameter implicated the mechanical properties 

of scintillating glasses to their formations. This 

parameter is the data about the effective 

dimensionality and crosslinks of scintillating 

glasses network. The d is 1, 2 and 3 for the 

chain, layer formation and 3D networks of 

tetrahedral coordination polyhedral. From 

Tables 4 the d values of computing scintillating 

glasses were increase with increasing G2O3 

content. These values closed to 2 which mean 

that the scintillating glasses network has 2D 

layer formation.  

 Poisson's ratio () values decrease with 

increasing Gd2O3 concentration. The  values 

indicate the formation bonds of scintillating 

glasses become loosing and so the decrease in 

scintillating glasses formation rigidity. As 

shown in Tables 4 the computed elastic modulus 

(E, L, K, and G) for to scintillating glasses 

decrease with increasing Gd2O3 concentration. 

It is clear that, the GTC15 scintillating glass 

sample has the highest elastic modulus. 
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Conclusion 

 

 In this work, the m, Zeff, Nel and HVL of 

scintillating glasses have been simulated in energy 

range 1 keV – 100 GeV. The GTC30 scintillating 

glass was found that m was decreased with 

increasing energy because of the dominance of 

photoelectric absorption, Compton scattering and 

pair production in selected energy range. The HVL 

for GTC30 scintillating glass sample was least that 

indicated it is the best shielding scintillating 

glasses. The decrease in OPD indicates that the 

scintillating glasses formation is loosely bound. 

The fractal band connectivity (d) values for these 

scintillating glasses present that the scintillating 

glasses network have 2-D layer formation. The 

GTC15 has the highest value of elastic modulus. 
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