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Abstract

In this study, five different glasses encoded NDI1, ND2, ND3, ND4 and ND5 based on (59.5-x)
P,05-30Na,0-10A1,0;-0.5Co0-xNd,0; (x=1, 2, 3, 4 and 5 mol%) glass system were fabricated. Using two y- ray ener-
gies emitted from point sources, 356 keV (**Ba) and 662 keV (**’Cs), y-ray attenuation coefficients were measured as a
function of the Nd,O5 concentration. The theoretical values of the mass attenuation coefficient were calculated using the
XCOM program at 0.015-15-MeV photon energies. As it is underlined in the results section, the mass attenuation coefficient
increases as the Nd,O; concentration increases. X-ray diffraction (XRD) was characterized for fabricated glasses. Moreover,
different shielding parameters such as half-value layer (HVL), mean free path (MFP), effective atomic numbers (Z.), basic
gamma-ray attenuation properties such as exposure buildup factors (EBF) and energy absorption buildup factors (EABF)
at different penetration depths were calculated. With increasing Nd,O; additive in glass samples, half-value layer (HVL),
average free path (MFP), exposure and energy absorption buildup factor (EBF and EABF) values decrease. On the other
hand, Z_g values increase with increasing Nd,O5 additive in glass samples at the photon energy 0.015-15 MeV. The results
highlighted that ND5 sample with highest value of Nd,O; (5 mol%) showed excellent nuclear radiation shielding properties.

Keywords XRD - Nd,Oj; - Glass - Shielding

1 Introduction

Ionizing radiation is an important term to be considered
along with its benefits and potential risks. Despite its ben-
efits in medical diagnosis and treatment practices, the risk
status on living biological structures should always be con-
sidered and minimized. Gamma radiation shielding is a very
important application because y-rays have risky effect on
human health. The ALARA principle suggests the use of
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the most suitable shielding material to reduce the amount of
ionized radiation exposed. Technological developments have
brought with the use of new methods for radiation shield-
ing studies. Moreover, the development and use of radiation
shielding materials that are environmentally friendly, low
cost and have high material durability is one of the most
popular research topics in the literature in recent years. Glass
materials which are new and promising material types in
terms of structural development, transparency, high durabil-
ity and environmental friendliness features used for radiation
shielding have gained a very useful place in nuclear reactors,
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fusion reactors and modern accelerator technology. As it is
clearly seen from the previous studies, lead (Pb) materials
which have various disadvantages to protect against gamma
rays have been replaced by various types of materials such as
concrete and glass to protect them from gamma rays [1-3].
Glass materials [4-8] are a very reliable material used in
radiation shielding instead of concrete [9—11]. Various
phosphate glass systems (PG) with characteristics such as
low dispersion power, low refractive index, high gain den-
sity, low melting point and high thermal stability are being
developed day by day by combining glass-forming oxides
(Si0, and TeO,) and modifying oxides (Al,05, CaO, K,0,
PbO, Na,0, BaO, MgO, CaF,, Fe,0;, ZnO, TiO,, etc.). By
adapting the chemical mixtures of phosphate-based glass
structures, it can be quite suitable material types which can
be manufactured for different functional applications.

The addition of Al,O; to phosphate-based glass samples
has the effect of increasing cross-links between PO, units
that form Al-O-P bonds. These Al-O-P bonds are more
covalent than P-O—P bonds. On the other hand, P-O-P
bonds have a straight impact on some characteristic features
[chemical resistance, glass transition temperature (Tg), den-
sity and thermal expansion coefficient ()] of glass samples.
In addition, as alkali metal oxide (e.g., Na,O) is added to
the glass materials, it causes the P-O-P bonds to break,
the three-dimensional networks turn into linear phosphate
chains and the formation of NBOs consisting of P-O-Na
(K) bonds that are weaker than P-O-Al bonds. CoO, added
to glass materials, has a positive effect due to its easy pro-
cessing, stability at high temperatures and adjustable release
kinetics [12—24]. In this paper, five different glasses based on
(59.5-x) P,05-30Na,0-10A1,0;—0.5C0o0-xNd,0; system
were examined in terms of structural and gamma ray shield-
ing properties. To examine the shielding properties of the
materials, the most basic parameter used is the mass attenu-
ation coefficient (u,,). The attenuation principle of photons
is interpreted in three different processes. The first of these
interaction processes are photoelectric absorption, which is
effective in low energies; the second is Compton scatter-
ing, which is effective in medium energies; and lastly pair
production that is active in high energies. The total value of
the mass attenuation coefficient is equal to the sum of these
three processes and is related by the primary energy of the
photon, average atomic number (Z) and chemical system of

the substance [25, 26]. In this study, five different glasses
encoded ND1, ND2, ND3, ND4 and ND5 based on (59.5-x)
P,05-30Na,0-10A1,0;,—0.5Co0O-xNd,0;, where x=1, 2, 3,
4 and 5 (mol%) glass system, were fabricated. In addition,
X-ray powder diffraction (XRD) was utilized for structural
analyses. Next, an experimental gamma-ray transmission
setup was established for calculation of mass attenuation
coefficients of fabricated glasses. We used 0.356- and 0.662-
MeV gamma photons energies emitted from point isotropic
gamma sources, namely '**Ba and '*’C. It is worth to men-
tion that this study aimed to observe the total impact of P,O;
replacement by Nd,O;. Therefore, the hypothesis of recent
investigation can be highlighted by Nd,O; reinforce effect
and multiple impact on structural and gamma-ray attenua-
tion properties of fabricated glasses. To provide the infra-
structure of this hypothesis, Al,05, Na,O and CoO ratios
were kept constant and the effect of Nd,Oj; ratio, which
increased with partial decrease of P,Oj ratio (Table 1), was
investigated. On the other hand, the theoretical mass attenu-
ation coefficient values were examined using the XCOM
program at 356-keV and 662-keV photon energy values.
X-ray diffraction (XRD) was characterized for fabricated
glasses. The investigated properties of novel glasses can be
listed as follows:

X-ray powder diffraction (XRD) of fabricated glasses.
Half-value layer (HVL), mean free path (MFP).
Effective atomic numbers (Zg).

Exposure buildup factors (EBF) and energy absorption
buildup factors (EABF) at different penetration depths
have been calculated at different Nd,O; mol% levels and
the energies (0.015-15 MeV).

e A comprehensive mass attenuation coefficient investiga-
tion.

The data achieved from this study can be useful for fur-
ther research on the use of glass materials, a new generation
material, in efficient and environmentally friendly shielding
applications. The hypothesis of this research is to evaluate
the multiple effects of increasing Nd,O; additive amount
on structural and ionizing radiation attenuation features
of fabricated glass samples. Therefore, outcomes from
recent investigation will be discussed in terms of increased

Table 1 Samples codes, Code O Na Al P Co Nd b (g/em?)

elemental compositions and

density (p) of glass samples ND1 0.456706  0.222557  0.052925  0.255306  0.003932  0.008574  2.645
ND2 0452496 0222557  0.052925  0.250942  0.003932  0.017148  2.665
ND3 0.448287  0.222557  0.052925  0.246578  0.003932  0.025721  2.753
ND4 0.444078  0.222557  0.052925  0.242214  0.003932  0.034294  2.83
ND5 0439868  0.222557  0.052925  0.237849  0.003932  0.042869  2.868
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Nd,O; additive amount in manufactured glass samples. The
obtained results from this experimental investigation can
be useful for new approaches on novel, efficient and eco-
friendly glass shields and their utilization for different types
of ionizing radiation facilities such as medical radiation
facilities, industrial radiation areas and research laboratories.

2 Materials and methods

Glass samples with chemical formula (59.5-x)
P,05-30Na,0-10A1,05;—0.5Co0-xNd,0;, where x=1, 2,
3, 4, mol%). were prepared by the conventional melt quench-
ing method and are given in Table 1. The materials that
initiate the reaction are reagent grade (NH,),HPO,, Na,CO;,
Al,O3, CoO and Nd,O;. Powdered oxides were melted at
1050-1150 °C in a porcelain vessel in an air-conditioned
electric oven for 35—45 min. To ensure homogeneity, melt
shaking was performed during the preparation phase. Sam-
ples prepared by pouring the melt into preheated molds at
350 °C were left to anneal for a few hours at 450 °C. The
oven was then left to cool to room temperature. The pre-
pared samples were then ground and polished for XRD.
XRD is often used to verify the glassy structure of the sam-
ples. When no peak is observed in the patterns obtained
as a result of verification, the amorphous structure of the
samples examined is verified. Gamma-ray shielding param-
eters of glass samples were measured using 0.356-MeV
and 0.662-MeV gamma photons, which were emitted from
point sources of **Ba and '*’Cs. The mass attenuation coef-
ficients (u,,) of the samples were evaluated using the Nal
(T1) scintillation detector with the setup scheme depicted
in Fig. 1. Some of the features of this detector are: Gammas
of 0.662 MeV, emitted from '¥’Cs point source, have a 7.5%
resolution and the thickness of the Al window is 0.5 mm.
The measurement time for each sample was approximately
4 h and the measurement were repeated three times. Finally,
densities of glasses have been determined with well-known
Archimedes method. We remark that the measurement was
repeated three times on each sample.

Fig. 1 Narrow beam geometri-
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Fig.2 X-ray diffraction (XRD) patterns for glass samples

3 Theory

If the absorbent material is a chemical mixture or compound,
the mass attenuation coefficient () is estimated by the mix-
ture rule and is expressed as given in the equation below
[27, 28]:

Hm = Z Wi(Hh);- (1)

Here, w; is partial mass component of the ith element in
the investigated glass sample. In our work, the ,, results of
glass samples were obtained using the theoretical XCOM
program. By the help of |, values, other shielding terms such
as transmission factors (e.g., HVL, MFP) were then calcu-
lated by employing the equations as follows:

cal setup <
Pb collimator

=

Radioactive source

45 cm ;|

Pb collimatoJ

Na(TI) scintillation detector
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Table 2 Experimental and theoretical mass attenuation with their rel- 35 |
ative difference (4) of glass samples *\_L\ ‘ E (MeV)
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E (MeV ND1 ND2 ND3 ND4 ND5
( ) w\ —fe— 0.662
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24
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by the help of Eq. 4 [29-31]:
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i

Z. values of fabricated glass samples were determined

ND1 ND2 ND3 ND4 ND5

Fig.4 Half-value layer (HVL) results as a function of glass samples

In the formula, f;, u, Z; and A; indicate the fraction of each
element, linear attenuation coefficient, atomic number and
atomic weight, respectively. The equivalent atomic number
(Z,) values for the prepared glass samples were estimated
using the equation given below [32-34].

Z = , @) _Z (logR, — logR) + Z,(logR — logR) 5
27 (5 = I0gR, — 10gR ' ©)
f]j' zZ\»); 0ghi, — loglxy
10"f 10'g 10'p
——xcom —— xcom ——xcom
% This work This work| % This work|
o 10°F o 1°F o 10°
& & 0.5506 ~
£ £ £
CJ CJ L
E 1 £ -1 £ -1
= 10° = 10 K = 10
10-2 ' ' ' 10-2 ' ' ' 10-2 ' ' '
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10'p 10'f
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% This work]| This work]
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€ e |k-absorption edge of Nd
CJ CJ
£ g,
- = \\
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Fig.3 Mass attenuation coefficient (u,,) values as a function of photon energy glass samples
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Fig.6 Effective atomic number (Z ) values as a function of photon
energy glass samples

The terms of EBF and EABF give success-
ful information about the number of photons, inten-
sity, energy flux, and dose. Recently, EBF and EABF
of ND1, ND2, ND3, ND4 and ND5 based on (59.5-x)
P,05-30Na,0-10A1,0,—0.5Co0—-xNd,0;, where x=1, 2,
3,4 and 5 (mol%), were determined for gamma energies up
to 15 MeV and for penetration depth up to 40 MFP using
G-P fitting method. To estimate the buildup factors of fab-
ricated glass samples, the equivalent atomic numbers (Z,)
are first determined. The Z,, can be determined based on the
following interpolation equation [35-37]:

Z, (logR, —1ogR) + Z,(logR — logR,)

= , 6
e logR, — logR, ©
Co C, (logz2 — logZeq) + C2(10gZeq —logZ,) D
h logZ, — logZ, ’
=1y ..
B(E,X)=1+<ﬁ>(1< — 1), forK # 1 ®)
B(E,X)=14+ (b - 1)x,forK =1 )

where

tanh(xi - 2) — tanh(=2)

K

K(E.x) = cx +d
(E,x) = ex' + 1 — tanh(—2)

forx < 40mfp.
(10)

Here, R is the ratio between Compton-attenuation and
total attenuation ((4/p)comp!(U/P)orar)- The next step is to
obtain G-P fitting parameters using Z,, values utilizing the
Eq. 8. Finally, the buildup factors of fabricated glasses were
studied. These equations contain x as the distance between
the source and the detector. At 1 mfp, the EBF is coded by b.
K(E, X) factor has a meaning of dose multiplication [38, 39].

4 Results and discussion
4.1 XRD analysis

To initiate XRD measurement and verify the glassy structure
of the samples, three of the powder samples were selected
and shown in Fig. 2. As can be clearly seen from Fig. 2, a
bump structure was observed at 15°-35° in all three exam-
ples; while, diffraction peaks confirming the non-crystalline
glass structure of the prepared samples were not observed.

4.2 Radiation shielding parameters

High-density glass samples have larger atomic numbers and
can be considered an effective material for the gamma-ray
shielding. This is related to the chemical composition of the
glasses as well as the commitment to photon energy. The
experimental and theoretically (XCOM) calculated mass
attenuation coefficients (u,,) of glass samples prepared at
0.356- and 0.662-MeV gamma photons emitted from spot
sources '**Ba and *’C can be seen from Table 2. According
to Table 2, the p,,, values in the 0.356 MeV and 0.662 MeV
energy increase with increasing Nd,O; contribution (i.e.,
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Table 3 (EBF and EABF) G-P fitting coefficients (b, ¢, a, X and d) of ND1 glass sample

EMeV) Z, EBF EABF
b c a X, d b c a . d

0.015 11.96  1.0375  0.4003 02114  13.2742  —-0.1326 1.0375  0.3888 0.2105  13.2657 —0.1318
0.020 12.07 1.0838  0.4353 0.1809  14.3040  —0.0930  1.0860  0.4208 0.1888  14.1568  — 0.0968
0.030 1220  1.2748  0.4435 0.1908  14.5258  —0.1024  1.2802  0.4389 0.1940  14.2195  —-0.1033
0.040 12.29 1.5761  0.5409 0.1499  15.0536 - 0.0798 1.6022  0.5376 0.1510  15.1668  — 0.0806
0.050 14.48 1.5881  0.5504 0.1481 149115 - 0.0805 1.6266  0.5657 0.1369 16.0693  —0.0716
0.060 1472 1.7904  0.6520 0.1101  14.9207  —-0.0602  2.0375  0.5540 0.1600  21.9350  —0.0847
0.080 1506  2.1882  0.7574 0.0833  13.0704  —0.0511 2.7513  0.7208 0.0980 13.4955  —0.0666
0.100 15.31 2.3833  0.9169 0.0374  13.7232  —-0.0415  3.3637  0.8974 0.0437  13.6611 —0.0450
0.150 1573 2.5239 1.1504 -0.0175 123534  —-0.0180  3.8656 1.1891 —0.0281 14.7887  —0.0078
0.200 16.06  2.4951 1.2660 —0.0384 11.0052 —-0.0125  3.6774 1.3345 —0.0551 194767  0.0048
0.300 16.62 23723 1.3473 —0.0534 8.2161 —-0.0101 3.1542 1.4425 -0.0755 17.8223  0.0170
0.400 16.67 22674  1.3910 —0.0651 16.2355  0.0070 2.8362 1.4580 -0.0792 16.8439  0.0178
0.500 1675  2.1791 1.4005 —-0.0703  18.6147  0.0160 2.6053 1.4563 —0.0811 16.1470  0.0204
0.600 1690  2.1132  1.3813 —0.0681 18.4540  0.0155 2.4496 1.4341 -0.0788 16.3153  0.0210
0.800 1690  2.0128 1.3475 —0.0651 16.5669  0.0166 2.2502 1.3858 -0.0732  15.5141  0.0214
1.000 16.88 1.9391 1.3084 —-0.0601 159321  0.0170 2.1245 1.3318 —0.0660 15.3055  0.0209
1.500 13.53 1.8480  1.2300 —0.0480 15.5306  0.0166 1.9405 1.2428 —0.0515 14.5369  0.0190
2.000 11.52 1.7908 1.1545 —-0.0335 15.3215  0.0115 1.8392 1.1598 —0.0351 14.5749  0.0128
3.000 11.28 1.6811 1.0583 —0.0042  12.1870  0.0000 1.7031 1.0531 —0.0099 11.8165  —0.0007
4.000 11.16 1.6047  0.9928 0.0058  12.8864  —0.0089 1.6128  0.9845 0.0085 13.3743  -0.0116
5.000 11.16 1.5363  0.9535 0.0173  14.3733  -0.0207 1.5432  0.9421 0.0206  12.7275  -0.0170
6.000 11.12 1.4927  0.9166 0.0301  11.4603  —0.0240  1.4784  0.9290 0.0241  15.8999  —0.0273
8.000 11.13 1.4059  0.9020 0.0331  13.5730 - 0.0263 1.3869  0.9038 0.0329  12.2370  —-0.0233
10.000 11.09 1.3465  0.8770 0.0428  13.1803  —0.0335 1.3225  0.8963 0.0353  13.9920 - 0.0282
15.000 11.10 12620  0.8254 0.0633  14.3389 - 0.0557 1.2256  0.8872 0.0400 14.6635  0.0242

when switching from ND1 glass sample to ND5 glass sam-
ple) [40]. The u,, values are highest for the ND5 sample,
while the lowest for the ND1 sample (see Table 2). This
is because the ND5 sample contains the highest amount
of Nd,O; additives than other samples. The experimental
results and XCOM results are slightly different underlining
the performance of the model in terms of both robustness
and high correlation with experimental outcomes. As can
be seen also from Fig. 3, the experimental and theoreti-
cal data of p,, values are highly compatible and support-
ive. As seen in Fig. 3, a peak is observed at 0.4154 MeV,
0.5506 MeV, 0.6858 MeV, 0.821 MeV and 0.9562 MeV
due to the K absorption edge of the Nd element for glass
samples of ND1, ND2, ND3, ND4 and NDS5, respectively.
As it is known, photons interact with the material in three
ways and the sharp decrease in p,, values in Fig. 3 is caused
by the photoelectric event from these interaction processes
[41-43]. Because the microscopic cross-section value is
directly proportional to Z*~> and inversely proportional
to E~*5. While the change in p,, values is quite low in
medium energies where Compton scattering is effective,

@ Springer

the u, values take almost constant value due to the domi-
nant pair production in high energies [44, 45]. The effect of
the Nd,O; additive on the half-value layer (HVL) and the
mean free path (MFP) measurement results in glass samples
is shown in Figs. 4 and 5. As can be seen from the Figs. 4
and 5, these values decrease with increasing Nd,O; con-
tribution. On the other hand, when photon energy is high,
HVL and MFP values are also high. The HVL, one of the
well-known shielding parameters, is a shield or absorber
that reduces the radiation level to half the original intensity.
On the other hand, the MFP shows the average distance
between two consecutive gamma photon interactions [45,
46]. These two concepts are quick and very practical in
approximate shielding calculations. Therefore, HVL and
MFP should be small to achieve a strong radiation shielding
in glass samples means low HVL and MFP values indicate
the best radiation shielding. That is, as the density values
of the glass samples increase, the MFP and HVL values
decrease [47]. Thus, the high density ND5 glass sample
has the minimum value for these two measurements, i.e.
NDS5 glass sample is the best shielding material among the
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Table 4 (EBF and EABF) G-P fitting coefficients (b, ¢, a, X and d) of ND2 glass sample

EMeV) Z, EBF EABF
b c a X, d b c a . d

0.015 1232 1.0344  0.3987 02093  14.0512  —0.1351 1.0344  0.3888 02206  13.5913  —0.1455
0.020 12.45 1.0767  0.4136 0.1974  14.0950  —0.1046 1.0801  0.3904 02109 14.1962 - 0.1100
0.030 12.62  1.2470  0.4320 0.1947  14.8347  —-0.1034  1.2511  0.4261 0.2005 14.1337  —0.1086
0.040 12.75 1.5135  0.5162 0.1604 148753  —0.0860  1.5382  0.5079 0.1647 149472  —0.0898
0.050 16.30  1.4196  0.4783 0.1802  14.5491 —0.1014 14537 04704 0.1830  14.6475  —0.1025
0.060 16.65 1.5745  0.5530 0.1495  14.5354  —0.0835 1.6617  0.5547 0.1448  15.3008  —0.0792
0.080 17.12 18343 0.7011 0.0952 14.6119  —-0.0548  2.3026  0.5861 0.1512 133506  —0.0927
0.100 17.46  2.0340  0.8279 0.0569 14.1184  —0.0417  2.8348  0.7356 0.0949 133773  —0.0702
0.150 18.06  2.2484 1.0379 0.0044  13.4181 —0.0242  3.5491 1.0027 0.0151  13.4676  —0.0314
0.200 18.44 22971 1.1710 -0.0214 119932 -0.0171 3.5678 1.1723 -0.0212 124429  -0.0179
0.300 1895  2.2554 1.2836 —0.0433  10.0899  —0.0111 3.1866 1.3126 —0.0488 9.8671 —0.0087
0.400 19.14  2.2055 1.3127 —0.0487 8.9870  —0.0106  2.8411 1.3843 -0.0662 21.0301  0.0138
0.500 19.32 2.1239 1.3426 —0.0582  17.0004  0.0058 2.6231 1.3915 —0.0690 17.3822  0.0140
0.600 19.48  2.0642 1.3433 -0.0611 20.8522  0.0136 2.4661 1.3811 - 0.0686 18.6463  0.0172
0.800 19.65 1.9685 1.3241 —0.0603  18.2689  0.0156 2.2601 1.3481 —0.0653  16.4023  0.0168
1.000 19.73 1.9067 1.2898 -0.0563 16.7752  0.0156 2.1287 1.3064 —0.0595 16.1082  0.0166
1.500 14.66  1.8366 1.2273 —0.0473 152812  0.0157 1.9423 1.2363 —0.0497 147896  0.0174
2.000 12.14  1.7861 1.1547 —0.0329 159945  0.0106 1.8341 1.1643 —0.0357 14.4887  0.0127
3.000 11.74 1.6765 1.0620 0.0069 149602  -0.0014 1.6985 1.0582 -0.0112  13.7329  0.0000
4.000 11.55 1.6015  0.9948 0.0054 12,9490 - 0.0090 1.6101  0.9880 0.0073  13.8832  —0.0105
5.000 11.51 1.5370  0.9481 0.0202  12.5647  —0.0211 1.5457  0.9334 0.0242  12.8534  —-0.0215
6.000 11.48 1.4890  0.9239 0.0275  11.6922  —0.0220 1.4765  0.9290 0.0245 15.6975  —0.0278
8.000 11.45 1.4055  0.9020 0.0335  13.6764  —0.0271 1.3843  0.9057 0.0325 12.1336 - 0.0232

10.000 11.42 1.3449  0.8803 0.0421  13.1471 —0.0334 1.3176  0.9043 0.0330  14.2044 - 0.0270

15.000 11.43 1.2586  0.8336 0.0609 14.3012 - 0.0539 1.2277  0.8707 0.0469 14.4716  —0.0047

glass samples. In composite materials, the effective atomic
number and density values affect the absorption and scat-
tering of photon interactions. Composite materials are very
successful at reducing gamma rays when they have a higher
effective mass number, since they will have more electrons
per atom. The effective atomic number (Z.4) values of the
five glass samples were calculated using Eq. 4 in the energy
region of 0.015-15 MeV and are shown in Fig. 6. As can be
seen from the figure, Z ; value decreases for all glass sam-
ples with the increase of photon energy. In addition, instant
changes in Z 4 values are seen due to the K absorption edge.
Also, the Z g values increases as the Nd,O; increases from
1 to 5 mol%. The two other important gamma shielding
parameters are exposure buildup factor (EBF) and energy
absorption buildup factor (EABF). While EBF expresses
the energy absorption properties of air, EABF describes
the energy absorbed or accumulated in the attenuator. The
calculated values of equivalent atom number (Z.,), EBF
and EABF are shown in Tables 3, 4, 5, 6 and 7, respec-
tively, for glass samples ND1, ND2, ND3, ND4 and ND5.

Figures 7 and 8 show EBF and EABF changes for five dif-
ferent glass samples in the energy region of 0.015-15-MeV
photon energy and at different penetration depths (1 mfp,
5 mfp, 10 mfp, 20 mfp and 40 mfp). As can be seen from
Figs. 7 and 8, the minimum EBF and EABF values of the
glass samples were observed at low energies. The reason
for this is perhaps the photoelectric effect process [7, 48,
49]. EBF-EABEF values increase with increasing energy in
the middle energy region and reach a maximum of approxi-
mately at 0.6-MeV energy and then decrease with increas-
ing energy value. This response can be associated with
multiple scattering caused by Compton effect. In addition,
EBF and EABF values increase with increasing penetration
depth values for glass samples. On the other hand, in Figs. 9
and 10, the EBF and EABF values of all glass samples at
a certain penetration depth value of 15 mfp are examined
depending on the energy. While the EBF and EABF values
of ND1 glass sample with the lowest Nd,O5 additive (1%)
are highest, the EBF and EABF values of ND5 glass sample
with the highest Nd203 additive (5%) are minimum.
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Table 5 (EBF and EABF) G-P fitting coefficients (b, ¢, a, X and d) of ND3 glass sample

E (MeV) Zeq EBF EABF
b c a X, b c a . d
0.015 12.65 1.0317 0.3964 0.2077 14.7691 —0.1369 1.0317 0.3766 0.2301 13.8515 —0.1578
0.020 12.81 1.0704 0.3943 0.2121 13.9092 —0.1149 1.0748 0.3634 0.2305 14.2313 —0.1217
0.030 13.01 1.2224 0.4216 0.1982 15.0851 —0.1044 1.2254 0.4147 0.2061 14.0646 —0.1132
0.040 13.17 1.4631 0.4953 0.1699 14.6999 —0.0924 1.4857 0.4854 0.1750 14.7908 — 0.0966
0.050 17.76 1.3277 0.4392 0.1990 14.2739 —0.1130 1.3530 0.4269 0.2054 14.3650 —0.1188
0.060 18.15 1.4459 0.5041 0.1696 14.3516 —0.0948 1.5108 0.5022 0.1656 15.3225 —0.0913
0.080 18.72 1.6698 0.6218 0.1240 14.3394 —0.0710 2.0271 0.5024 0.1895 12.3155 —0.0967
0.100 19.12 1.8417 0.7511 0.0789 14.3264 —0.0511 2.4921 0.6323 0.1350 12.4641 —0.0915
0.150 19.77 2.0810 0.9617 0.0208 13.6923 —0.0265 3.2826 0.8855 0.0469 13.4223 —0.0480
0.200 20.23 2.1605 1.1091 —0.0100 12.6080 —0.0194 3.4458 1.0597 0.0054 12.8999 —0.0334
0.300 20.73 2.1725 1.2349 —0.0349 10.4784 —0.0123 3.1533 1.2404 —0.0349 10.5530 —0.0138
0.400 21.03 2.1375 1.2775 —0.0432 9.9441 —0.0100 2.8432 1.3192 —0.0531 24.2566 0.0109
0.500 21.26 2.0906 1.2891 —0.0459 8.6239 —0.0100 2.6176 1.3439 —0.0593 15.4693 0.0064
0.600 21.39 2.0297 1.3110 —0.0541 19.6967 0.0087 2.4793 1.3326 —0.0581 18.4681 0.0098
0.800 21.38 1.9485 1.2993 —0.0544 16.1709 0.0096 2.2628 1.3192 —0.0584 14.1964 0.0090
1.000 21.53 1.8863 1.2781 —0.0538 17.7844 0.0154 2.1293 1.2905 —0.0562 16.9103 0.0152
1.500 16.27 1.8294 1.2144 —0.0439 16.1327 0.0130 1.9387 1.2323 — 0.0486 14.8470 0.0164
2.000 13.02 1.7808 1.1530 —0.0320 15.3053 0.0091 1.8351 1.1599 —0.0340 14.8788 0.0107
3.000 12.14 1.6739 1.0630 0.0096 15.6486 —0.0022 1.6957 1.0607 —-0.0119 14.1922 0.0002
4.000 11.93 1.5985 0.9967 0.0051 13.0096 —0.0091 1.6075 0.9914 0.0062 14.3753 — 0.0095
5.000 11.87 1.5377 0.9429 0.0230 10.8137 —0.0215 1.5481 0.9251 0.0277 12.9752 —0.0258
6.000 11.82 1.4857 0.9305 0.0252 11.9012 —0.0202 1.4749 0.9290 0.0248 15.5150 —0.0283
8.000 11.79 1.4052 0.9020 0.0338 13.7846 —0.0280 1.3816 0.9078 0.0322 12.0254 —0.0231
10.000 11.76 1.3432 0.8837 0.0415 13.1135 —0.0333 1.3125 0.9124 0.0306 14.4197 —0.0258
15.000 11.74 1.2555 0.8410 0.0587 14.2675 —0.0524 1.2295 0.8560 0.0530 14.2998 —0.0306
5 Conclusion Z values increased as the Nd,O; concentration increased.
On the other hand, HVL, MFP, EBF and EABF values
The glass system of (59.5-x) decreased as the Nd,O5 concentration increased. ND5 glass

P,05-30Na,010A1,05-0.5Co0-xNd,0;, where x=1, 2, 3,
4 and 5 (mol%), has been successfully fabricated with the
help of the melt quenching technique to indicate gamma
shielding properties. Al,05, Na,O and CoO ratios were kept
constant and the effect of Nd,O; ratio, which increased with
partial decrease of P,Os ratio, on the shielding properties of
glass samples was investigated. The theoretical values of
the mass attenuation coefficient were calculated using the
XCOM program at 356-keV and 662-keV photon energy
values with XCOM program. X-ray diffraction (XRD) was
characterized for fabricated glasses. The u,, values of the
samples were measured using the Nal (T1) scintillation
detector. Z.i, HVL, MFP, EBF and EABF gamma shielding
parameters were calculated to examine the gamma radia-
tion shielding features of ND1, ND2, ND3, ND4 and ND5
glass samples. The results highlighted that both the u,, and

@ Springer

has the lowest HVL, MFP, EBF and EABF values. Finally,
the mass attenuation coefficient comparison has been done
between experimental results and XCOM program. Theoreti-
cal and experimental data of yu,, values are highly compatible
and supportive indicating the distinctive protection ability to
attenuate photon radiation of ND5 glass sample. Thus, glass
samples prepared have been shown to reduce the harmful
effects of radiation. The data achieved from this study can
be useful for further research on the use of glass materials,
a new generation material, in efficient and environmentally
friendly shielding applications. The different comprehen-
sive measurements can be performed between traditional
lead shields and studied glasses considering the significant
parameters such as production cost, environmental effects,
toxicity, durability. Hereby, it should be noted that continu-
ous efforts on further improvements are necessary.
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Table 7 (EBF and EABF) G-P fitting coefficients (b, ¢, a, X and d) of ND5 glass sample

EMeV) Z, EBF EABF
b c a X, d b c a . d

0.015 1326  1.0274  0.3818 02212 14.5531 —0.1497 1.0271  0.3778 02264 133176  —0.1452
0.020 13.47 1.0593  0.4042 0.2003  15.6520  —0.1143 1.0619  0.3860 02112 15.8804  —0.1183
0.030 1374 1.1902  0.4019 02114 142732  -0.1132  1.1917  0.4001 02127  14.3133 - 0.1160
0.040 1394 13902  0.4624 0.1868  14.3548  —0.1056 1.4067  0.4570 0.1881  14.6221  —0.1043
0.050 20.04  1.2250  0.4047 02131 141390  —-0.1173 1.2390  0.3887 02251 14.2213  —0.1325
0.060 20.52 13167 04510 0.1936  14.2422  —0.1110  1.3610  0.4424 0.1938  14.7632  —0.1088
0.080 21.18 1.4990  0.5512 0.1503  14.3785  —0.0839 1.6532  0.5443 0.1480  15.6879  —0.0814
0.100 21.65 1.6479  0.6624 0.1084  14.2426  —0.0644  2.0208  0.6243 0.1229  15.6769  —0.0792
0.150 2242 1.8871  0.8594 0.0479 138771  —0.0365  2.8870  0.7461 0.0945 14.1030 - 0.0800
0.200 22.93 1.9997 1.0100 0.0120 129191  -0.0264  3.1663  0.9238 0.0427  13.0100 - 0.0527
0.300 2345  2.0638 1.1587 —-0.0208 11.2310 —0.0155  3.0889 1.1280 —-0.0104 11.5973  —0.0258
0.400 2384  2.0516 1.2241 -0.0336 104022 -0.0123  2.8313 1.2276 —-0.0336 16.8318  —0.0079
0.500 2407  2.0144 1.2588 —0.0416 8.4489  —0.0084  2.6228 1.2706 —0.0437 122953 - 0.0057
0.600 2424 1.9767 1.2700 -0.0451 123307 —-0.0030 24836  1.2739 —0.0452  13.4398  —0.0037
0.800 24.38 1.9200  1.2549 —0.0434  10.6503  —0.0042  2.2723 1.2668 —0.0454  10.2531 —0.0055
1.000 24.33 1.8569 1.2599 —0.0500 18.8908  0.0145 2.1297 1.2681 -0.0515 17.8766  0.0132
1.500 18.63 1.8076 1.2129 -0.0436  15.6261  0.0129 1.9404  1.2220 —0.0460 14.9807  0.0144
2.000 14.73 1.7651 1.1557 —0.0330 14.8646  0.0099 1.8373 1.1550 —0.0330 13.5614  0.0100
3.000 13.06  1.6727 1.0571 —0.0100  10.7671 —0.0025 1.6943 1.0585 —-0.0108 10.7935  —0.0013
4.000 12.73 1.6046  0.9801 0.0109 124309 -0.0145 1.6055  0.9920 0.0060  13.1934  —0.0089
5.000 12.62 1.5324 09510 0.0202  10.6266  —0.0179 1.5390  0.9364 0.0240  13.7393  —0.0242
6.000 12.54  1.4824  0.9335 0.0251 12.1845  —0.0218 1.4685  0.9328 0.0245 15.2182  —0.0288
8.000 12.45 1.4008  0.9090 0.0321  13.8639  —0.0274 1.3772  0.9109 0.0315 129772 -0.0249

10.000 12.41 1.3387  0.8926 0.0398  13.0651 —0.0332 1.3086  0.9122 0.0319  14.4578  —0.0279

15.000 1240 12493  0.8561 0.0541 14.5166  —0.0497 1.2298  0.8395 0.0605 14.1765  —0.0545

10°F

EBF
EBF

E (MeV)
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EBF
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Fig. 7 Exposure buildup factor (EBF) against photon energy of glass samples at 1, 5, 10, 20 and 40 mfp

@ Springer



(59.5-x) P,05-30Na,0-10AIl,0;-0.5Co0-xNd,0; glassy system: an experimental investi... Page 11 0f 13 502

10° 10°p

102

EABF

10'

10°

0.01

10°

10?

EABF

10'

10°

E (MeV)

E (MeV)

Fig.8 Energy absorption buildup factor (EABF) against photon energy of glass samples at 1, 5, 10, 20 and 40 mfp
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Fig.9 Exposure buildup factor (EBF) against photon energy of glass
samples at 15 mfp
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