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Abstract
Composition of (50 − x)  B2O3–30PbO–20ZnO–xLa2O3 (x = 0, 1.5, 3, 4.5, and 6) wt% glass system were synthesized using 
quench melt technique and simulated for their nuclear radiation shielding properties. Moreover, UV–visible absorption 
spectrum among 190–1100 nm and the glass optical parameters were measured. The optical energy gap (Eg), the single-
oscillator energy (Eo), the dispersion energy parameter (Ed), refractive index (n), and refractive dispersion index (no) were 
estimated. The obtained results indicated that (Eg) was decreased with increasing  La2O3 content, but the refractive index (n) 
was increased. The addition of  La2O3 to glass network could provide preferable shielding features. The chosen amount of La 
and another metal oxide has been added to the glass. Shielding parameters such as half-value layer (HVL), mean free path 
(MFP), mass attenuation coefficient (MAC), and exposure rate in the photon energy range 15–300 keV have been simulated 
by MicroShield software. These results illustrate that the La5 glass sample has the best radiation shielding properties, among 
other investigated glasses. This type of glass sample can utilize for the construction of the monitoring screening windows in 
radiation areas, plats, or screening windows in X-ray diagnostic and for the walls of CT-scanner rooms.

1 Introduction

Glass as radiation shielding is utilized at many facilities 
presenting radiation therapy and treatment such as non-
stinging, LX Premium radiation shielding glass, high-perfor-
mance radiation screening Movable LX Protective Portable 

Screens, and for applications in PET facilities GR Premium 
gamma radiation shielding glass [1, 2].

The improvement of research in the field of medicine has 
led to the manifestation of an assortment of medical imaging 
with different technologies using magnetic fields, electro-
magnetic waves, and radiation, besides the new methods and 
techniques for diagnosis and therapy or treatment that utilize 
radiation in control health and life protecting [3, 4]. The 
significance and furthering the progress of medical radiation 
protection by developing the glass as radiation shielding for 
use in the diagnosis and therapy of disease thereby protect 
healthcare personal and medical researchers from exposure 
to electromagnetic waves and radiation while they care for 
patients. The use of glass should give more safety with fast 
and accurate protection. Photons Interaction with matter 
is significant in radiation biology and radiation medicine. 
Besides, double functions of a glass of being transparent to 
the visible light and absorption of gamma rays or neutrons 
have wide importance. Therefore, providing radiation shield-
ing properties for observers or fitter are essential. Also, glass 
shielding property investigations are a motivating option for 
radioactive waste products storage for a long period [5–7]. 
Because weak dispersion and high refractive index of lan-
thanum oxide are employed to special optical glasses such as 
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infrared-absorbing, telescope lenses and camera, materials 
of glass which contain  La2O3 in their glass network will be 
transparent and colorless [8]. Lanthanum element is very 
proper for usage in radiation shielding application because 
of its advantageous characteristics such as high density and 
atomic number. Lanthanum oxide plays as the network mod-
ifier in borate glasses, which raises absorption peak sharp-
ness and reduces the absorption peaks broadness [9].

The shielding properties of glass materials are develop-
ing for transparent windows in various radiation applica-
tions where seeing a radiation-equipped zone is required. 
Improvement of the shielding properties in glass materi-
als supplies the best means of shielding in X-ray scanning 
and diagnostics systems. Attenuation is the base principle 
in gamma and X-ray shielding [10, 11]. Due to the broad 
range composition, high homogeneity, and transparency of 
glass materials, they have considered promising in radiation 
protection. Many applications have been used in the energy 
with a range from 15 to 300 keV such as the dental clinics, 
radiation protection spectacles, research laboratories, radio-
therapy X-ray rooms [12].

In this work, a computational investigation has been per-
formed to determine lanthanum glass attenuation properties, 
exposure rates, and required gamma shield thickness with a 
range of gamma energies from 15 to 300 keV.

2  Experimental technique

2.1  Sample preparation and measurements

The solid-state conventional process was used to prepare five 
glass samples with (50 − x)  B2O3–30PbO–20ZnO–xLa2O3 
compositions and different doping ratios (x = 0, 1.5, 3, 4.5, 
and 6 wt% (Table 1). The samples were labeled La1 (x = 0), 
La2 (x = 1.5), La3 (x = 3), La4 (x = 4.5), and La5 (x = 6). Pure 
boron oxide  (B2O3), lead oxide (PbO), zinc oxide (ZnO), 
and lanthanum oxide  (La2O3) were mixed very finely and 
then pre-heated at 300 °C for 60 min to get the required 
homogeneity of the synthesized glasses. Produced mix-
tures were melted in a porcelain crucible at a temperature 
of 1100–1400 °C for 30 min. The molten samples were 
cast in a stainless steel mold so that the glass samples 

assumed the shape of a disc. The melting temperature was 
raised with increasing lanthanum oxide until it reached to 
1400 °C with x = 6. After quenching, the glass samples were 
directly moved into a muffle furnace operating at 300 °C for 
annealing.

To study the structure of the samples, powder X-ray dif-
fraction analysis has been used at room temperature (Bruker, 
AXS D8 Advance, Germany, CuKα radiation). Using Archi-
medes’ principle, the densities of the samples were deter-
mined employing a digital balance and toluene (ρ = 0.86 g/
cm3) as an involvement liquid at room temperature. Table 1 
presents the chemical composition, molar volume, and den-
sity of the fabricated glasses. For optical measurements, a 
JASCO UV–Vis–NIR model V-570 spectrophotometer was 
used on the polished glass discs (Fig. 1). The glass samples 
discs were polished very carefully with diameter 1 cm.

2.2  Computational work

MicroShield is a computer modelling code. The primary 
purpose of MicroShield is to estimate photon fluence and 
exposure rates from 16 geometries that accommodate offset 
dose points and as many as ten standard shields plus source 
self-shielding and cylinder cladding. MicroShield uses the 
point kernel technique to determine the photon fluence rate.

The numerical integration performed by MicroShield is 
the Gaussian quadrature with a Gauss–Legendre method for 
determining abscissas and weights. Conceptually, the point 
kernel technique divides an extended source into finite ele-
ments and then treats each element as a point source.

MicroShield allows the user to build computer models 
considering numerous source/shield/exposure point geom-
etries (Fig. 2). The source characteristics required in this 
application were physical dimensions, chemical composi-
tion, and source strength. Shield characteristics included 

Table 1  Density, molar 
volume and calculated optical 
parameters for the fabricated 
glasses

Sample Density (g  cm−3) Molar volume 
 (cm3  mol−1)

Eg (eV) Eo (eV) Ed (eV) n0

Direct Indirect

La1 4.2154 28.0036 2.83 2.67 2.84 3.34 2.67
La2 4.4021 27.6888 2.80 2.64 2.85 5.32 2.64
La3 4.6224 27.2006 2.77 2.61 2.86 8.83 2.61
La4 5.0241 25.7907 2.74 2.58 2.88 12.98 2.58
La5 5.4899 24.3024 2.71 2.55 2.91 16.33 2.55

Fig. 1  Glass system image
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physical dimensions, chemical composition, and position 
relative to the source. Custom materials may be generated 
for the source chemical composition. This information was 
employed within MicroShield to calculate the photon fluence 
rate at the point of interest for each photon energy group, 
both with and without build-up. Library data (radionuclides, 
attenuation, build-up, and dose conversion) reflect stand-
ard data from industry-standard radiation libraries ICRP-38 
and ICRP-107 as well as ANSI/ANS Standards and RSICC 
publications.

In this work, the sample material has been created with 
Microshield using the density and composition. The mass 
attenuation coefficient, HVL, MFP, exposure rate with and 
without build-up factors have been obtained [13].

3  Results and discussion

3.1  X‑ray diffraction

The gradient in the color of the synthesized glass samples 
with  La2O3 substitution ratio is shown in Fig. 1, and by 
increasing the  La2O3 substitution ratio, the transparency 
degree of glass samples was decreased. The diffraction 
patterns X-ray for (50 − x)  B2O3–30PbO–20ZnO–xLa2O3, 
(x = 0, 1.5, 3, 4.5, and 6) wt% synthesized glass with differ-
ent doping ratio are shown in Fig. 3a. The spectra confirmed 
the amorphous performance for all samples: the amorphous 
phase profiles did not show sharp peaks, only humps at 
around 2θa ~ 28–30. As a consequence of variations in their 
short-range structural order, numerous amorphous materials 
imply individual scattering patterns.

3.2  Density and molar volume

Figure  3b shows the density and molar volume of the 
(50 − x)B2O3–30PbO–20ZnO–xLa2O3, (x = 0, 1.5, 3, 4.5, 
and 6) glass systems at different  La2O3 contents (x). The 
ρ increased as the  La2O3 substitution ratio of content (x) 
increased in the glass samples. On the other way, the molar 
volume decreased with the substitution ratio of content 
increasing. The addition of  La2O3 oxide causes adjust-
ments in the samples networks through filling the interstitial 
spaces with  La2O3 which has a higher density and molecular 
weight (ρ = 6.51 g/cm3, M.W = 325.81 g/mol,) than  B2O3 
(ρ = 2.460 g/cm3, M.W = 69.62 g/mol). Furthermore, the 
molar volume Vm of the glass samples was increased with 

Fig. 2  Sketch of MicroShield simulated geometry for photon attenu-
ation

Fig. 3  a X-ray diffraction patterns for the prepared glass samples; b density and molar volume of the glass sample systems as a function of 
 La2O3 content (x)
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increasing  La2O3 concentration because of the large differ-
ence between ionic radius of La (1.032–1.36 Å) [14] com-
pared to B (0.11–0.27 Å).

3.3  Optical properties measurement

The absorption spectrum in the range of UV–visible of (50 
− x)B2O3–30PbO–20ZnO–xLa2O3, (x = 0, 1.5, 3, 4.5, and 6) 
glasses is illustrated in Fig. 4a. The increase of  La2O3 con-
tent increases the absorbance of synthesized glasses. This 
increase led to shifting the broad near-visible band focused 
at about 415 nm in the direction of a higher wavelength at 
430 nm (redshift), which is produced from the transitions 
of the bandgap.

The absorption coefficient α was calculated with 
� =

2.303A

t
 where A is the absorption and t is the glass sam-

ples thickness. It is noticeably that the optical absorption 
coefficient edges are not sharply realized, which indicates 
to nature glassy. Moreover, the optical absorption edge was 
shifted to the higher wavelengths (redshift) with the dop-
ing amount of  La2O3 in the glasses is increasing, as seen 
in Fig. 4b.

The absorption spectrum fitting method (ASF) has been 
used to assess the optical energy bandgap values for the 
studied glasses [15, 16]. The model described by Tauc [17] 

and modified by Davis and Mott [18] can be characterized 
by Eq. (1):

where G is a constant, (Eoptical) is the energy of the optical 
bandgap, and power (m) is the electronic transition: the latter 
takes two values (namely, 2 and ½) for the indirect and direct 
allowed transitions.

The optical absorption coefficient (α) with the wavelength 
(λ) of the incident photon can obtain from the above Eq. 1 as

�cut refers to the wavelength cut-off corresponding to the 
optical bandgap.

The above equation can be modified as follows:

where D = [G(hc)m−1 t/2.303]. Hence, Eoptical can be com-
puted directly from �cut using Eq. (4):

The value of �cut can be obtained through extrapolat-
ing the linear region of (A/λ)1/m against the (λ−1) curve at 
(A/λ)1/m = 0.

Figure  5a, b displays the variation of (A/λ)2 (direct 
allowed transitions) and (A/λ)1/2 (indirectly allowed transi-
tions) with (1/λ). The direct and indirect Eoptical

g  values for 
the investigated samples are decreased with  La2O3 substitu-
tion ratio increasing (see Fig. 5). Both indirect and direct 
transition Eoptical values for doped and undoped samples are 
listed in Table 1. The optical energy of Eg decreased with 
substitution ratio increasing: this may be due to the differ-
ence between the energy gap of  La2O3 (~ 5.8 eV) [19] and 
the wide bandgap of  B2O3 (~ 6.20 eV) [20].

Figure 6 presents the measured UV–visible spectral dis-
tribution of the transmittance T(λ) and reflectance R(λ) for 
(50 − x)B2O3–30PbO–20ZnO–xLa2O3. The results indi-
cate that the transmittance decreases, and the reflectance 
increases in the visible and the ultra-violet regions for the 
used glasses materials with the increasing of  La2O3 substitu-
tion ratio. Refractive index is calculated using the following 
known Eq. 5:

where R is the reflectance, k is the extinction coefficient. 
Figure 7 interprets the variation of refractive index with the 

(1)�h� = G(h� − E
optical)m

(2)�(�) = G(hc)m−1�

(

1

�
−

1

�cut

)m

(3)A(�) = D�

(

1

�
−

1

�cut

)m

(4)E
optical

ASF
=

hc

�cut
=

1239.83

�cut

(5)n =
(

1 + R

1 − R

)

+

(

4R

(1 − R)2
− K

2

)1∕2

Fig. 4  a UV–visible absorption spectrum of glass samples doped 
with  La2O3; b absorption coefficient of glass prepared samples
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wavelength for the glass samples. The glass samples refrac-
tive index increases with increasing the substitution ratio of 
a  La2O3. Because the refractive index is considered high, the 
prepared glass samples can be used to develop the attitude 
of photovoltaic and optical devices.

The energy distribution parameter of the refractive 
index (Ed) and the mean of the single-oscillator energy 
(Eo) was estimated utilizing Eq. 6 [20].

Figure 8 shows the dependence of (n2 − 1)−1 on (hν)2 
for the studied samples of glass, the Ed and Eo values 
are listed in Table 1. It is evident that the increase of the 
substitution ratio of  La2O3 led to the clear decreasing of 
single-oscillator energy (Eo) in the sample of glass, i.e., it 
has the same as the performance of the Eg; however, the 
dispersion energy parameter (Ed) has increased.

At zero photon energy, the refractive dispersion index 
no was calculated using the Ed and Eo in Eq. 7.

(6)
(

n
2 − 1

)−1
=

E0

Ed

−

(

1

E0Ed

)

(h�)2

Fig. 5  a, b Variation of (A/λ)2 and (A/λ)1/2 with (1/λ) for the glass 
samples

Fig. 6  UV–visible spectral distribution of transmittance T(λ) and 
reflectance R(λ) for prepared glass samples

Fig. 7  Dependence of refractive index on wavelength for the glass 
samples
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The computed no for glass samples are presented in 
Table 1, and they increase with the increasing of  La2O3 
substitution ratio.

3.4  Nuclear radiation shielding behaviors

The MAC (mass attenuation coefficient) of the different 
glass samples under study is shown in Fig. 9. As explained 
in Fig. 9, La5 glass sample demonstrated to have the highest 
MAC values among the other glass samples under investi-
gation. That is because the addition of La which appeared 
in the high-density investigated glass. The lowest values 

(7)n
2
0
=

(

1 +
Ed

E0

)

of MAC are for the La1 sample with the lowest density. 
Besides, the MAC values decrease for all glasses, in the 
selected energies, as the energy of photon increases with 
the k-absorption edge of Pb around 100 keV. At low pho-
ton energies, the observed quick decrease in MAC values 
allusions on the photoelectric effect (PEA) (∝ 1/E3.5), which 
dominance over this region [21–23].

The half-value layer (HVL) and the mean free path 
(MFP) are computed from formulas HVL = ln (2)∕� and 
MFP = 1∕� , respectively. The lowest HVL and MFP are 
required for better glass shielding. The HVL and MFP val-
ues in the energies of a photon from 15 to 300 keV for the 
investigated five glass samples are given in Figs. 10 and 11. 
The results presented in these figures show the variation 

Fig. 8  (hν)2 dependence of (n2 − 1)−1 for all prepared glass samples

Fig. 9  Mass attenuation coefficient for the five types of glass
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difference of the five glass samples in the photon energy 
range 15–300 keV with a small peak variance at 75 keV. As 
explained before for MAC behaviors, the HVL and MFP 
values depend on the incident photon energy corresponding 
to PEA mechanism dominates at low energy [24]. Results 
show that, the La1 glass sample requires longer HVL and 
MFP than the La5 glass sample when energy more than 
100–300 keV directly increases. This indicates that the 
increase in the  La2O3 will decrease the HVL and MFP val-
ues with critical point 75 keV (needs more focusing). More-
over, general behavior can be observed from Figs. 10 and 11, 
that is the HVL and MFP increasing for the studied glass as 
the photon energy increases. Figure 12 shows the (HVL) 
as a function of the energy of photon for La5 glass sample 
(this work), concretes [Ordinary concrete (OC), hematite-
serpentine (HSC), ilmenite-limonite (ILC), basalt-magnetite 
(BMC), ilmenite (IC) and steel-scrap (SSC)] [25] and other 
glasses (G1 and G2) [26].  

Because the radiography CT room and the hot cells have 
ranges of 60–120 keV and 90–140 keV, respectively, thus, 
perfect shielding effectiveness of the glass walls or windows 
in such facilities in the broad energy range of 15–300 keV is 
essential. The rate exposure without build-up factor against 
the energy for glass samples is described and presented in 
Fig. 13. In general, the exposure rate values increase as the 
photon energy increases in all glass samples. The lowest 
exposure rate is presented by La5 glass sample at all ener-
gies. La5 glass sample considers an excellent performance. 
On the other hand, La1 glass sample has the highest expo-
sure rate. The exposure rate variation as a function of photon 

energy with and without the build-up factor for the La5 glass 
sample is described in Fig. 14. As shown in this figure, the 
exposure rate with build-up factors and without is minimal 
at low photon energy. This behavior indicates to the calcula-
tions of build-up factors which are not necessary for different 
applications. Figure 15 shows the impact of the La5 sample 
thickness on the exposure rate. The exposure rate at photon 
energy more than 200 keV is not affected by the glass thick-
ness. As presented in this figure, the exposure rate increases 
with the increase in glass sample.
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Fig. 12  Half-value layer (HVL) values as a function of photon energy 
of La5 glass sample (this work), concretes [Ordinary concrete (OC), 
hematite-serpentine (HSC), ilmenite-limonite (ILC), basalt-magnetite 
(BMC), ilmenite (IC) and steel-scrap (SSC)] [17] and other glasses 
(G1 and G2) [18]
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4  Conclusion

In the present study, five samples of lead zinc borate glasses of 
the composition (50 − x)  B2O3–30PbO–20ZnO–xLa2O3wt% 
have been prepared by conventional melt-quenching method 
with different  La2O3 substitution ratio. XRD measurements 
confirmed the amorphous nature of all glass samples. The 
optical energy gap for the examined glasses was decreased in 
the case of direct transition and indirect transition, while the 
refractive index was increased with increasing  La2O3 substi-
tution ratio; thus these glass samples can be used to improve 
the performance of photovoltaic and optical devices. The 
evaluation of using various types of glass for gamma shield-
ing in the photon energy range 15–300 keV has been done. 
The results presented that the more additives of lanthanum 
oxide to the glass improve the radiation shielding properties. 
The prepared glass sample of 6% lanthanum oxide  (La2O3), 
20% zinc oxide (ZnO), 30% lead oxide (PbO) and 44% boron 
oxide  (B2O3) named La5 in this investigation has shown the 
lowest exposure rate, HVL and MFP values and the best 
mass MAC, among the other glass samples in the range of 
energies from 15 to 300 keV, which means the La5 glass 
sample is superior to be used in different applications.
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