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ARTICLE INFO ABSTRACT

Keywords: Glass derived from natural sand such as the white Sinai sand (WSS) is considered to be natural glass. It is known
Silica for its remarkable properties that exhibits excellent mechanical properties. Six natural glass networks had been
Microhardness prepared using the melt quenching method. The structural properties of the prepared samples were investigated
Mass attenuation coefficients by the X-ray diffraction (XRD) technique. Optical properties the glasses were evaluated by the UV-visible ab-
Radiation shielding sorption measurements. Glass systems were evaluated for density, molar volume (Vy;), oxygen molar volume
(Vo), oxygen packing density (POD), and radiation properties according to the substitution of ZnO by La,O3. The
mass attenuation coefficients (u,,), effective atomic numbers (Z.;) and gamma-ray kerma coefficients (k) of the
glasses at different photon energies were determined experimentally and calculated theoretically. The obtained
results have shown that the current glasses have superior shielding properties compared to basalt magnetite
concrete (BMC) and steel scrap concrete (SSC) as standard radiation shielding materials. The substitution of ZnO
by LayO3 improves all gamma-ray attenuation parameters by about 20-29%. Moreover, the attenuation of
neutrons was discussed in terms of the macroscopic removal cross-section (X;) and the glasses were found to
have better neutron radiation shielding properties than SSC and BMC. These findings have demonstrated that the
present glass systems can be suitably used as a shielding material at sites of the nuclear and X-ray facilities.

1. Introduction

The most standard nuclear radiation shielding material is concrete
as a result of its low price and flexibility for any construction vogue.
However, there are several restrictions connected to victimization
concrete as a radiation shielding material (Un and Demir, 2013; Alallak
and Sarhan, 2012). Lead is another most used radiation shielding ma-
terial, but it is much more expensive than either concrete or glass,
besides, it's opaque. The most necessary advantage of using glass as a
shielding material in addition to its transparency is that many different
compositions can be prepared to achieve this goal (Kaundal, 2016). The
glasses supported two or more network formers have found great at-
tention in the scientific material with technological promises.

Borate and silica glasses are interesting hosts due to their remark-
able characteristics (Oliveira, 2008). Glasses doped with lanthanide
component area units are those materials which have high potential
and applied in many fields, including laser applications, amplifier, and
optical devices (Singh et al., 2014). Lanthanum plays a significant role
in the manufacture of radiation shielding glass and acts as a network
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modifier, the kernel agent will improve the stability of glass by forming
the ionic bonds with the non-bridging oxygen (Singh et al., 2017).
Furthermore, the glasses containing lanthanide ions aren't luminescent
however conjointly act as scintillators conjointly below ionizing ra-
diation. The presence of rare earths within the glasses will increase the
radiation hardness (Singh et al., 2014).

Attenuation of y-rays is being represented by many parameters such
as mass attenuation coefficient (x,,), half-value layer (HVL), atomic
cross-section (o), electronic cross-section(c,), effective atomic number
(Zo), and effective electron density (Ng). As the mass attenuation
coefficient is the fundamental attenuation parameter, it can be used to
estimate the other parameters as described in literatures (Junior et al.,
2017; Limkitjaroenporn et al., 2013; El-Khayatt and Akkurt, 2013).

Gamma-ray heating is the local energy deposition from gamma-ray
interactions. Often this can be done by estimating the kerma (K). The
fluence-to-kerma conversion coefficient or “kerma coefficient” (k) (in
Gy.cm?/photon) converts the radiation passing through a unit volume
of a material of interest (fluence) to the energy release (kerma, K) in the
material. So kerma coefficient can be considered as the key response
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function for nuclear heating and it is particularly important in many
nuclear applications such as fission and fusion power reactors (Zhang
and Abdou, 1997). k is also of benefit for biomedical applications in
terms of absorbed dose from uncharged particles fluence (Liu and Chen,
2008; El-Khayatt and Vega-Carrillo, 2015). El-Khayatt (2017) reported
a method for estimating experimental values for kerma coefficients
from experimental mass attenuation coefficients.

Many authors have reported radiation attenuation parameters of
heavy metal oxides borosilicate glasses (Alharbi et al., 2019), lithium
borate glasses doped with minerals (Esra, 2019), lead-bismuth glasses
(Abouhaswa et al., 20199), tellurite glasses (Sayyed et al, 2019), bor-
osilicate glasses (Saddeek et al., 2018), silicate glasses (Kirdsiri et al.,
2011), and gadolinium based oxide glasses (Shamshad et al, 2017).
However, each glass system has its own physical characteristics and
shielding properties that are defined by a unique combination of these
factors. This encouraged us to prepare the current glasses as a potential
shielding against gamma and fast neutron. Therefore, we have mea-
sured and calculated the mass attenuation coefficients, half-value layer,
effective atomic numbers, effective electron densities, and kerma
coefficients of white sand glasses containing zinc and lanthanum as
given in Table 1. Additionally, the attenuation of fast neutrons in the
energy range (2-12MeV) was evaluated in terms of the macroscopic
removal cross-section neutron (). In the present work, the physical
and radiation properties for the glass network fabricated from Sinai
white sand (WSS) were investigated according to the substitution of
ZnO by La,03. The study can be useful for radiation shielding design
purposes.

2. Material and methods
2.1. Sample preparation

Firstly, a representative sample of the WSS was analyzed for com-
position by the X-ray diffraction (XRD) technique. The results showed
that it was primarily composed of SiO, (90.4%), CaO (3.8%), ZrO,
(2.3%), Fe,03 (2.1%). i.e. the powder obtained from WSS contains
90.4% SiO».

A series of glasses with the chemical composition [xLa;03(40-x)
Zn010Na,010B,0340 WSS] where x = 0, 6, 12, 18, 24 and 30 wt%)
have been fabricated using the conventional rapid melt quenching
method. An appropriate amount of the sand has been milled to a very
fine level (powder) were used for a 30 g batch/melt. The starting che-
mical materials were weighed with the help of a 4-digit sensitive mi-
crobalance to obtain the required configuration and grind them com-
pletely in a porcelain agate mortar. Batches of 30 g were melted in a
porcelain crucible in a temperature range of 1150-1200 °C with heating
rate of 5 °C/min. The melt of each composition was poured into a heavy
steel mold that is quickly pressed by the aluminum plate and im-
mediately moves to a preheated oven to heat at 450 °C and left it cool to
room temperature inside the oven. All in all, they are six glasses in this
study and they noted throughout the paper as follows; S, S1, S2, S3, S4

Table 1

Chemical composition (wt%) of the prepared glasses.
Constituent X=0 X=6 X=12 X=18 X =24 X =30

S S1 S2 S3 S4 S5

SiO, 36.16 36.16 36.16 36.16 36.16 36.16
U0, 0.56 0.56 0.56 0.56 0.56 0.56
ZrO, 0.92 0.92 0.92 0.92 0.92 0.92
Fe,03 0.84 0.84 0.84 0.84 0.84 0.84
CaO 1.52 1.52 1.52 1.52 1.52 1.52
Lay0O3 0 6 12 18 24 30
ZnO 40 34 28 22 16 10
Na,O 10 10 10 10 10 10
B,03 10 10 10 10 10 10
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and S5, which corresponded to x = 0, 6, 12, 18, 24 and 30 wt%. Finally,
glass samples are obtained in circular form of 2.5 cm. Photos for re-
presentative samples of each type of prepared glass are shown in Fig. 1.
The amorphous nature of all the prepared samples has been con-
firmed by the absence of Bragg's peak in X-ray diffraction (XRD) pat-
tern. As well as their chemical compositions are listed in Table 1.

2.2. 2. Density measurements

The density of glass samples was measured at room temperature by
Archimedes principle using Toluene as immersion liquid. Toluene was
chosen because its superior chemical stability against hygroscopic at-
tack of the glass and its toxicity is relatively low. Based on Archimedes
principle, the density (p) of the glasses can be determined by the fol-
lowing relation:

__ W
P W, — VVbPToluene (1)

where W, is the weight in air; W}, is the weight in Toluene; o7, is the
density of Toluene at room temperature (07, = 0-8669 g /cm3). The
corresponding molar volume (Vy), oxygen molar volume (Vo) and
oxygen packing density (OPD), were calculated using the relations;

M
Vv =—,
0 (2)
1
Vo = Vi—,
° My 3)
oPD = 10002 n.
M ()]

where M is the total molecular mass of the multi-component glass
system, and n is the number of oxygen atoms per formula unit.

2.3. Surface properties (Vickers hardness)

A Vicker's diamond indenter was employed in a customary micro-
hardness tester (Leco AMH one hundred, USA) for specimen indenta-
tion. A load of five hundred grams applied for 20 s was accustomed
build indentations in specimens of glasses. Every sample was subjected
to 5 indentations at arbitrarily selected areas; therefore, errors in the
measured values corresponding to the quality deviation are regarding
4%. The diagonal length impressions were measured and also the hard
range Hv was calculated consistent with a custom formula:
H = 1.854 P/d® kg/mm?, wherever P is that the indentation load, and d
is that the diagonal length impression (Saudy et al., 2013).

2.4. Measurement of mass attenuation coefficients y,,

A narrow beam y-ray transmission geometry was employed for the
gamma-ray attenuation measurements. The block diagram of the ex-
perimental set-up for the measurement of the mass attenuation coeffi-
cient (u,,) is presented in Fig. 2. A scintillation 2” x 2” Nal (TI) detector
with energy resolution of 12.5% at 662 keV coupled with multi-channel
analyzer (MCA). Samples were placed on the specimen holder at a
distance of 10 cm from the source. The space between source and de-
tector was 19 cm. The y-emitter radioactive sources, '**Ba, ®°Co and
137Cs, have been used for irradiation process as well as for energy and
efficiency calibration of the detector.

Incident and transmitted intensities of photons were measured by
MCA for fastening planned time for every sample by choosing a slim
region symmetrical with reference to the center of mass of the photo-
peak. The measured photo-peaks were normalized to the count rate
measured without glass for all energies. Hence, linear attenuation
coefficients p can be estimated by Beer-Lambert's law
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Fig. 1. Photos for representative samples of each type of prepared glass.
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Fig. 2. The block diagram of narrow beam transmission geometry for the
measurement of mass attenuation coefficient (u,,,).

1
u= ;ln(IO/I), )
where x is the material thickness (cm); I, and I are the area under
photo-peaks of incident and transmitted photons, respectively.

Since the linear attenuation coefficient varies with the density of
absorbing medium, its use is limited. Therefore, the mass attenuation
coefficient, u,, = u/p, is used much more widely in shielding calcula-
tions which given by

u, = %111(10/1), ©
where ¢ is the sample mass thickness (areal density in g/cm®).

For a given photon energy, we plot In(J,/I) as a function of thickness
for all glasses, then accurate values for y,, are obtained from the plots
by linear regression. In all cases the statistical errors in counting rates
were kept to less than 1%.

The maximum total standard error in mass attenuation coefficients
A(u,,) has been calculated from errors in incident (Iy) and transmitted
(D) intensities and areal density (t) using the propagation of error for-
mula (Singh et al., 2008)

2 2 2 2 2
S 3 Ko R G R ) B
0
where A, Al, Ap and At are the errors in the intensities I,, I, density p
and thickness t of the sample, respectively. Estimated error in the ex-
perimental measurement was less than 3%.

On the other hand, the theoretical mass attenuation coefficients of
the glass samples can be calculated using WinXCom program in the
energy range from 1keV to 100 GeV (Gerward et al, 2004). This pro-
gram is based on the additive “Mixture Rule” (Hubbell and Seltzer,
1995). Therefore:

(/"m)glass = Z Wi(ﬂm)i,

(€))

where w; and (u,,,); are weight fraction and mass attenuation coefficient

of the individual constituent element i.

Based on mass attenuation coefficients, theoretically and experi-
mentally additional radiation shielding parameters, such as half value
layer (HVL), effective atomic number, Z.s (electron/atom), kerma
coefficients k (Gy.cm?/photon) for the range of 1keV-1000 MeV have
been determined.

In this study, the authors followed the same procedure for the
measurement and calculation of y,,, HVL, Z. and k shielding para-
meters used in the earlier studies conducted by (Junior et al., 2017;
Limkitjaroenporn et al., 2013; El-Khayatt and Akkurt, 2013; El-Khayatt,
2017).

2.5. Macroscopic effective removal cross-section for fast neutrons (Xg)

The shielding material should have a proper ratio of heavy to light
elements; low Z-material (A<16) used to moderate the neutron and
high Z-material for the gamma-ray attenuation. In shielding calcula-
tion, the macroscopic effective removal cross-section for fast neutrons,
simply removal cross-section, Xy, can be considered as a given prob-
ability of the large angle scattering (both elastic and inelastic), which
would tend to remove the neutron from the group of penetrating, un-
collided neutrons (Blizard and Abbott, 1962). The Xy for glass can be
calculated in the energy range (2-12 MeV) from the value X or X/p for
various elements by the following expressions (Kaplan, 1989):

(2) ass — P,(Z /p)i’
R) gl Z R (9)

(Zr/P)giass = ), wi(Zk/p)

i (10)
where p; and (Zi/p); are the partial density and the mass removal cross-
section of the ith constituent, respectively.

3. Results and discussion
3.1. The X-ray diffraction patterns

A typical XRD spectra for three glass samples are shown in Fig. 3. No
Bragg's peaks are observed in all spectra, which confirm the non-crys-
talline (glassy) nature of the prepared samples.

3.2. Glass density and the related physical parameters

The physical and structural properties of the glasses were in-
vestigated by measuring the densities of the glass samples. The de-
pendence of glass density (p) on the lanthanum oxide content is shown
in Fig. 4. The density of the current glasses is found to be within the
range from 3.9 to 4.18 gcm 2 as listed in Table 2. It can be observed
that the density increased linearly with an increase in La;O3 content.
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Fig. 4. Variation of glass density with lanthanum oxide content.
Table 2

The measured density, molar volume, oxygen molar volume and oxygen
packing density of various glasses.

Glass Composition (wt %) p Vm OPD Vo

La03 ZnO Na,0 B,0; WSS g/em® g/mol mol/em®  cm®/mol

S 0 40 10 10 40 3914 17.74 91.95 10.88
S1 6 34 10 10 40 3.968 18.20 92.48 10.81
S2 12 28 10 10 40 4.022 18.70 93 10.75
S3 18 22 10 10 40 4.076 19.25 93.5 10.7

S4 24 16 10 10 40 4.130 19.86 93.97 10.64
S5 30 10 10 10 40 4.184 20.54 94.43 10.59

This outcome was expected, because La;O3; possesses a higher specific
density (6.51 g/cm®) in comparison to the ZnO (5.61 g/cm?). Conse-
quently, the unit weight of the glass system increases as the percentage
of La,O3 content increases.

Table 2 lists the structural parameters which estimated from the
glass density, such as Vy,, Vo and OPD. The values of V,, and OPD in-
crease with increasing La,O3; content, whereas the values of Vo de-
crease with increasing La,O5 content. These findings were expected, as
a result of the ionic radius of La®* (0.1061 nm) is larger than the ionic
radius of Zn?" (0.074nm). Moreover, the increase of the oxygen
packing density (OPD) indicated more tightly packing of the glass
network (Smiljani¢ et al, 2015). Therefore, it can be concluded that
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Fig. 5. Hardness values, Hy, versus lanthanum oxide content for the studied
glasses (at 500 g during 20's in ambient conditions).

replacement ZnO by La,Os3 helps to improve tightly packing of the glass
system.

3.3. Surface properties (Vickers hardness)

Vickers hardness was measured using polished samples of the
glasses under investigation in the form of a circle = 0.5 cm thick on a
microhardness tester equipped with a tetrahedral diamond pyramid
with an apex angle of 136°, and calculated hardness number H, of
current glasses.

The indentation hardness data where the hardness number H, is
plotted versus the La,03 content is shown in Fig. 5. As the La,03 con-
tent increase, the hardness number Hv increased with the applied
load = 500 g at the loading time = 20s. The microhardness of the glass
depends on the strength of chemical bonds in the solid and that the
microhardness is related to the parameters of the hole theory, the for-
mation of indentations during the microhardness test of glasses can be
treated as a result of the disappearance of “holes”in the micro volume
under the indenter, which leads to a densification of the material. The
increase in hardness in the current glass is due to the relatively high
sand content of 40%. The WSS contains the calcium and iron oxides (as
mentioned before) which make the glass denser and more rigid. They
increase the coherence of its chemical bonds and reduces the gaps be-
tween them (Saudy et al., 2013).

3.4. Optical properties

The transmittance of these glasses has been evaluated by the
UV-visible absorption measurements. Transmission spectra of the pre-
pared glasses in the range 190-1100 nm were measured by Genway
6405 -UV-VIS spectrophotometer.

The UV and visible transmission spectra for all prepared samples
follow one common pattern as shown in Fig. 6. Also, the extended edge
is over the wide wavelength, which corresponds to the non-crystalline
nature of the glasses. The cut-off wavelength (\..) exhibit red shift with
increased content of La,Os. Such behavior can be calculated by in-
creasing the number of non-bridging oxygen. The same behavior was
observed by increasing ZnO content in bismuth borate glass (Kim et al.,
2009). A shoulder at 661 nm was observed and expanded with in-
creased La,O3 content. It is clear from the figure that, the transmission
ratio increases gradually with increasing the content of La,O3 where all
samples containing La,O3 show high percentage of transmittance in the
visible area of spectra (650 nm-1000 nm) exceeds 80% when the La,05
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Fig. 6. Optical transmittance, as a function of wavelength (nm), of the prepared
glasses.

content is x = 30%. Moreover, the sample containing 18% La,;0O3 shows
a strong absorption in the UV area reaches 550 nm Thus, we can say
that the current glass is transparent and allows visibility behind it,
where the glass containing La;O3 may serve as a kind of absorbent of
laser camouflage material.

3.5. Gamma-ray shielding parameters

Weight fractions were calculated based on the chemical composi-
tion of all glasses as shown in Table 1. These fractions were used as
input data for WinXCom to calculate the y,, for all samples. The ob-
tained data of the experimental and theoretical u,, of the glasses have
been converted into half value layer (HVL), effective atomic number
(Zegr) and gamma-ray kerma coefficient (k) of the glasses.

3.5.1. Mass attenuation coefficients

The experimental and calculated mass attenuation coefficients of
glasses are listed in Table 3 and illustrated, as a function of photon
energy, for S (without La) and S5 (with maximum La content) glasses in
Fig. 7. The results for the (). are in excellent agreement with the
calculated data. It can also be noted from Figs. 7 and 8A that the mass
attenuation coefficients of the glass is varied with chemical composition
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and decreases with increasing photon energy.

For comparison, the u,, values of various glasses have been nor-
malized to S glass sample. Therefore, Fig. 8B presents (u,,)x: the ratio
ofu,, a glass to u,, of the S sample. Observation of this figure shows that
the glass with higher La,O3; content have y, values systematically
greater than that of S over the studied energy range. Similar findings
were reported by Kilicoglu et al. (2019). La,O3 content can dramati-
cally increase the y,, value (=350% for S5 around 100 keV) or it can
significantly increase it (=25% for S5) in high energy region as shown
in Fig. 8B.

It is also seen that (u,,)r is approximately unity at intermediate
energies, where Compton scattering is the dominating interaction
process. This finding reflects the fact that when Compton scatter is the
predominant interaction then equal masses of various materials gives
almost the same Compton attenuation in units of (crnz/g). A similar
behavior were observed for all gamma-ray attenuation parameters
which based on the mass attenuation coefficient as shown in the next
sections.

Fig. 9 shows the correlation between the glass density and experi-
mental attenuation coefficient of y-ray. As has been reported, y-ray
shielding ability is strongly dependent on the density of material
(Sikora et al., 2019). For instant, the u,, values of S (3.914 g/cms) and
S5 (4.184 g/cm®) were 0.4226 cm?/g and 1.2823 cm?/g, respectively,
at 0.08 MeV.

3.5.2. Half-value layer

As seen in Figs. 7 and 8A, mass attenuation coefficient decreases
with the increase in photon energy, which means that a thicker material
is needed to compensate for the decrease in ,,. So, it is helpful to ex-
press the attenuation ability of a substance in terms of a half-value layer
(HVL). The HVL is the thickness of the interacting material that reduces
the intensity of radiation to half. In terms of thickness requirement, a
lower value of HVL means that a better radiation shielding material.
The theoretically calculated and experimentally determined values are
given in Table 4. Fig. 10A and Table 4 clearly indicate that glass with
higher La,O3 content has lower HVL and consequently thickness of the
glass needs to be decreased. This effect can be represented visually with
the use of the normalized thickness values (HVL) with respect to the S
glass as shown in Fig. 10B. For high energy photons, the HVL of S5
sample is lowered noticeably (about 20%) compared with S sample.
Fig. 10A also reveals that HVL values are nearly the same for all sam-
ples at intermediate photon energies 0.72-3.16 MeV and their max-
imum values were noticed around 10 MeV. This behavior can be at-
tributed to the relative dominance of Compton scattering and pair

Table 3
Experimental and calculated values of p,, for the prepared samples.
Energy (MeV) S S1 S2
Um(cm?/g) Dive. Um(cm?/g) Dive. Um(cm?/g) Dive.
Exp. Cal. % Exp. Cal. % Exp. Cal. %
0.08 0.4226 0.4234 0.18 0.6005 0.5963 -0.71 0.7665 0.7692 0.36
0.256 0.1200 0.1215 1.21 0.1296 0.1282 -1.05 0.1340 0.1348 0.59
0.662 0.0758 0.0758 —0.04 0.0770 0.0760 -1.29 0.0762 0.0763 0.14
1.173 0.0571 0.0572 0.10 0.0579 0.0571 —1.45 0.0572 0.0570 -0.35
1.333 0.0536 0.0535 —0.02 0.0543 0.0534 -1.70 0.0533 0.0533 —0.06
Energy (MeV) S3 S4 S5
um(cmz/ 2) Dive. um(cmz/ 2) Dive. um(cmz/ 2) Dive.
Exp. Cal. % Exp. Cal. % Exp. Cal. %
0.08 0.9407 0.9420 0.14 1.1150 1.1150 0.00 1.2823 1.2880 0.44
0.256 0.1413 0.1415 0.13 0.1482 0.1482 —0.02 0.1546 0.1549 0.18
0.662 0.0766 0.0766 0.01 0.0766 0.0769 0.39 0.0769 0.0772 0.31
1.173 0.0571 0.0569 -0.35 0.0569 0.0568 -0.25 0.0569 0.0567 -0.35
1.333 0.0532 0.0532 —0.06 0.0533 0.0531 —0.43 0.0532 0.0530 —0.34
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Fig. 7. Measured and calculated mass attenuation coefficients for S and S5 samples as a function of photon energy.

production processes for intermediate - and high-energy gammas. For
instance, in S5 glass, Fig. 11 shows that the Compton scatter is the
predominant interaction at intermediate energies and peaked at
1.25MeV as well as the equality between Compton scatter and pair
production process exists when the incident photon energy attains
10 MeV. Therefore, it can be concluded that the maximum value for
HVL was recorded when the total interaction probability was equally
divided between the Compton and pair production processes.

3.5.3. Effective atomic number

The effective atomic number and the effective density parameters
are a convenient way for evaluation of gamma-ray interaction with
compounds or mixtures. The effective electron density values are clo-
sely related to the effective atomic number [Ny = Ny Zes/ < A> where
N, is the Avogadro's number and <A> is the average atomic mass of the
material] (Manohara et al., 2009). As a consequence, the qualitative
energy dependence of N is very similar to that of Z¢ and as a result
only Z. values are presented here.

Table 5 presents the experimental and theoretical values of the ef-
fective atomic numbers for the glasses and an excellent agreement was
observed. Fig. 12A is also displaying the effective atomic numbers for
the prepared samples as a function of photon energy. All samples have
almost the same trand which mirrors the dominance of partial inter-
action processes (Manohara et al., 2009). As a consequence, the qua-
litative energy dependence of N, is very similar to that of Z.« and as a
result only Z.¢ values are presented here.

Table 5 presents the experimental and theoretical values of the
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Fig. 9. Variation of experimental mass attenuation coefficients with glass
densities at photon energy 0.080-1.333 MeV.

effective atomic numbers for the glasses and an excellent agreement
was observed. Fig. 12A is also displaying the effective atomic numbers
for the prepared samples as a function of photon energy. All samples
have almost the same trend which mirrors the dominance of partial
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Fig. 8. (A) Mass attenuation coefficients of S and S5 glasses and (B) (u,,)r the ratio of u,, values of various glasses with those of the S glass, as a function of energy.
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Table 4
Experimental and calculated values of HVL (cm) at different photon energies (MeV) for the prepared samples
E, S S1 S2 S3 S4 S5
Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal.
0.08 1.64 1.64 1.16 1.16 0.90 0.90 0.74 0.74 0.62 0.62 0.54 0.54
0.256 5.71 5.70 5.41 5.41 5.14 5.14 4.91 4.90 4.69 4.68 4.49 4.47
0.662 9.15 9.15 9.13 9.12 9.11 9.08 9.06 9.05 9.04 9.01 8.99 8.98
1.173 12.12 12.13 12.10 12.15 12.13 12.17 12.17 12.19 12.21 12.21 12.18 12.23
1.333 12.95 12.95 12.98 12.97 13.01 13.00 13.04 13.03 13.00 13.06 13.03 13.08
T T T T T
28+ A
24 b
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B
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Fig. 10. (A) Half-value layer (HVL) of all glasses and (B) (HVL) the ratio of HVL values of various glasses with those of the S glass, as a function of energy.

T interaction processes (Manohara et al., 2009). In Fig. 12, one can
clearly notice that the curves of Z.y are arranged in ascending order
according to their La,O3 content, (cf. Table 1, row #6).

Fig. 12B gives the ratio of Z.g of the glasses to Z.s of S sample.
Differences are larger at lower and higher energies because of the
dominance of photoelectric absorption and pair production, respec-
tively. The maximum difference is observed around 100 keV for all the
samples, as well as the percentage difference is as large as 29% for S5

glass at the high photon energy.

S5
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The kerma coefficient k signifies that the interaction of neutron and

| gamma radiations with matter is associated with heating production.

\ T The nuclear heating is sum of neutron heating and gamma heating.
) = Gamma-ray heating is the local energy deposition from different
.~ gamma interaction processes, the most important of which are photo-

= e electric, Compton and pair production (Zhang and Abdou, 1997). The
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10 10 10 10 10 10 10 10 precise knowledge of k found its utility in many applications, particu-
Photon Energy [MeV] larly fusion systems. The procedure for determination of the gamma-ray

kerma coefficient was previously described by El-Khayatt (2017). The

Fig. 11. Relative interaction probabilities of Compton scatter and pair pro-
duction process, as a function of energy. theoretical calculated and the experimentally determined values for k
are presented in Table 6. The kerma coefficients of both glass systems S
and S5 are shown in Fig. 13. It is found that the k of the S5 sample have

Table 5

Experimental and calculated values of Z.¢ (e/atom) at different photon energies (MeV) for the prepared samples.
E, S S1 S2 S3 S4 S5

Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal.

0.08 18.73 18.84 24.72 24.03 28.31 28.32 31.89 31.94 35.2 35.10 37.56 37.67
0.256 12.60 12.69 13.18 13.40 14.02 14.23 14.79 15.01 15.54 15.77 16.15 16.45
0.662 11.92 11.90 12.06 12.09 12.31 12.28 12.54 12.48 12.74 12.69 12.96 12.89
1.173 11.80 11.79 11.98 12.16 12.16 12.10 12.32 12.23 12.48 12.39 12.63 12.53
1.333 11.83 11.82 11.96 11.95 12.11 12.01 12.28 12.22 12.45 12.37 12.61 12.51
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Fig. 12. (A) Effective atomic number (Zg) of all glasses and (B) (Ze)r the ratio of Z. values of various glasses with those of the S glass, as a function of energy.

Table 6
Experimental and calculated values of kerma coefficients (pGy-cm?/photon) at different photon energies (MeV) for the prepared samples.
E, S S1 S2 S3 S4 S5
Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal.
0.08 3.36 3.37 5.53 5.52 7.69 7.68 9.84 9.85 12.00 12.00 14.16 14.15
0.256 1.50 1.50 1.77 1.76 2.03 2.03 2.30 2.29 2.56 2.56 2.83 2.82
0.662 3.10 3.10 3.14 3.14 3.19 3.18 3.23 3.23 3.28 3.27 3.32 3.32
1.173 4.97 4.97 4.98 5.00 4.98 5.00 4.99 5.00 4.99 4.99 5.00 5.02
1.333 5.48 5.48 5.48 5.48 5.48 5.48 5.48 5.48 5.48 5.51 5.48 5.50
F S5 ]
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. r = Exp. 1
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Fig. 13. Gamma-ray kerma coefficients (k) of S and S5 glasses, as a function of energy.

higher values than S glass as shown in Fig. 14A and B.

Normally, kerma coefficient curves reflect the dominance of various
partial interactions, as a result of this, their values are larger at lower
and higher energies due to the dominance of photoelectric absorption
and pair production, respectively. It is seen that the plenty of K-, L- and
M-absorption edges of the intermediate and high-Z elements (Fe, Zn, Zr,
La and U) have, of course, considerably complicated the low-energy
dependence of k. A similar situation exists in all pervious graphs for
gamma-ray interaction parameters such as the mass attenuation coef-
ficient, half-value layer and effective atomic numbers.

Differences among kerma coefficients of the glasses are illustrated in
Fig. 14B and a significant disparity between samples is noticed. Also,
the maximum difference is observed around 100 keV for all the glasses
whereas the percentage difference which recorded at high energies is as
large as 25% for S5 glass.

3.6. Macroscopic effective removal cross-section for fast neutrons (Xg)

Weight fractions of elemental composition for glasses were used as
input data for NXCom program (El-Khayatt, 2011) to calculate the
Sr(em ™) for all samples. It can be seen from Table 7 that there is a
slight increase in the removal cross-section, Xz, with increase La;Os
content.

Fig. 15 shows the correlation between the glass density and the
macroscopic removal cross-section of fast neutron. It is clearly seen that
2R increase with the increasing glass density. On the other hand, 2i/p
increased linearly with the weight percentage of the moderator ele-
ments (A<16) in glass as shown in Fig. 16.
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Fig. 14. (A) Gamma-ray kerma coefficients (k) of all glasses and (B) (k)i the ratio of k values of various glasses with those of the S glass, as a function of energy.

Table 7
Moderator (A<16) contents (wt.%) and the calculated values of g (cm™?) for the studied glasses and SCC and BMC as a standard radiation shielding material.
The quantity Sample glass Concrete
S S1 S2 S3 S4 S5 SCC BMC
Wt%(moderator) 65.01 64.72 64.42 64.13 63.83 63.54 34.17 64.1
Sg (em™ 1) 0.12114 0.12141 0.12165 0.12184 0.12200 0.12213 0.11728 0.10280
T T T T T T T T T T T T T T T
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Fig. 15. Variation of removal cross-section with glass densities.

3.7. Comparisons with standard radiation shielding materials

The composition and density data of basalt magnetite concrete
(BMC) and steel scrap concrete (SSC) as a standard radiation shielding
material, were obtained from literatures (Bashter, 1997) and their mass
attenuation coefficients and removal cross-sections were calculated.
Removal cross-section data of BMC and SSC are presented in Table 7 for
comparison. The obtained results showed that the removal cross-sec-
tions of fast neutrons of the prepared glass are slightly higher than those
of the SSC and BMC. This finding is consistent with the fact that high-Z
additives leading to a higher density and consequently causing an en-
hancement in Xy values.

Fig. 17A and B give the ratio of u, (the most fundamental at-
tenuation parameter) of the S5 glass to y,, of BMC and SSC, respec-
tively. Observation of Fig. 17 shows that S5 glass, the glass with higher

Fig. 16. Variation of mass removal cross-section with moderator weight frac-
tions.

La content, has y,, values systematically greater than that of BMC and
SSC over the full energy range, as well as the maximum and the
minimum differences were, respectively, recorded at low and high
photon energies. Therefore, it can be concluded that the S5 glass gives
better attenuation performance than BMC and SSC concretes.

4. Conclusions

In this study six glass systems, [x La,O3 (40-x) ZnO10Na,010B,0;
40 WSS] where x = 0, 6, 12, 18, 24 and 30 wt%) were prepared by melt
quench method and the XRD results confirmed that the obtained glasses
are amorphous. A comparative study among these glass systems have
been carried out for their physical and radiation shielding properties.
From the theoretical and the experimental obtained results, the fol-
lowing conclusions can be drawn:
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Fig. 17. (u,,)r: the ratio of y, values of S5 with those of (A) BMC and (B) SSC, as a function of energy.

1) The investigation of the physical properties of the prepared glasses
proved that the substitution of ZnO by La,0O5 contributes to a linear
increase in both density and hardness. As well as the oxygen packing
density is increased too, which indicates that the glass network is
going to be more tightly packing.

2) The transmission increases gradually with increasing the La,Os
content. S5 shows a high percentage of transmittance in the visible
area of spectra (650-1000 nm) exceeds 80%.

3) Generally, the replacement of ZnO with La,Os significantly im-
provement the y-shielding properties of glass systems, and this effect
is especially pronounced in low (around 100 keV) and high (beyond
10 MeV) energy regions.

4) The attenuation parameters of S5 glass, with maximum La addition,
are is significantly superior to the others. Namely, u,,, Z.¢ and k
values of S5 glass exhibited a significantly increase, at high energy,
25%, 29% and 25%, respectively. In addition, the HVL values of S5

is lowered by 20% in compared to the S sample beyond the inter-
mediate energy region.

5) HVL values are nearly the same for all samples at intermediate
photon energies 0.72-3.16 MeV, as well as the maximum value for
HVL was observed when the total interaction probability being
equally divided between Compton scatter and pair production pro-
cess.

6) A comparison of u,, and 2 for the prepared glass and SSC and BMC
shows that the S5 have superior shielding properties, making it more
efficient in a mixed gamma-neutron environment.

7) The prepared glass systems are promising radiation shielding ma-
terial due superiority of shielding properties, transparency and
leadfree shielding material.

8) For the current glass networks, La is a good substitute for Zn in order
to improve both physical and radiation-shielding properties.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.radphyschem.2019.108497.
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