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Abstract

The authors aim to study the gamma-rays and neutron beam shielding capabilities of zinc bismuth borate glasses doped with
erbium ions. Mass attenuation coefficient (MAC) (u/p) values were computed employing XCOM and two different simula-
tion codes, MCNP5 and Geant4, within 0.015-15 MeV photon energy, which showed good agreement within the derived
values. The effective atomic number (Z), electron density (NV,), half-value layer (HVL) and mean free path (MFP) values
were derived using MAC values. To account on the scattering effects of photons from the samples, exposure buildup factor
(EBF) were determined, applying geometric progression (G-P) method, within 0.015-15 MeV photon energy and penetration
depth of 1-40 mfp (intervals: 1, 5, 10, 15, and 40 mfp). The high MAC, Z; values and low HVL, MFP values of 16.93B,0;—
22.57Zn0—60Bi,0;—0.5Er,0; (mol%) glass optimized its shielding effects against gamma-rays. The macroscopic effective
removal cross-section for fast neutron (Xy) values lie within the range of 0.1142-0.1232 cm™! for the selected Er,05-doped
samples. The studied parameters of the experimented glasses revealed their dominant radiation shielding features compared
to commercial shielding glasses, concretes, and alloys.

1 Introduction neutron beam, X-rays and gamma-rays is mandatory. Though
nuclear energy is considered as an alternative cleaner energy
Nowadays, wide use of radioactive isotopes in fields such as  source, there are issues associated with the excessive radia-
nuclear medicine, food irradiation, agriculture, and petro-  tion exposure to the workers if scattered, leaked or directly
leum industry is showing encouraging outcomes. In nuclear ~ exposed, and environmental effects with radioactive waste

power plants, the use of radioactive materials that emit  storage. High-energetic X-rays, y-rays, and neutrons are
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hazardous for living cells and tissues in humans and ani-
mals and long-time exposure to highly penetrating ionizing
radiations like y-rays could cause genetic alterations, can-
cer, and even death. Thus, to safeguard the living beings
and reduce the radiations to acceptable levels coming from
the nuclear power plants, industries, research laboratories
and medical departments a suitable shielding material is
necessary [1-3]. Attenuating the alpha, beta, neutron beam,
X-rays and y-rays has been effectively done by concretes and
lead (Pb)-based glasses at radiation therapy centers, reac-
tors, and nuclear waste storage sites. However, concretes
have drawbacks such as non-transparency to visible light or
opaque nature, non-portability, loss of water content due to
radiation absorption, and cracks formation with prolonged
radiation exposure, whereas Pb-based glasses contain ‘Pb’
element, which is toxic in nature to the environment and the
human health [4, 5].

Therefore, a pressing need is to develop non-toxic Pb-
free glasses which shows radiation shielding characteristics
for neutron and y-rays. Generally, glasses are cost-effective,
easy to fabricate in distinct shapes and sizes along with
flexibility in chemical composition and optical transpar-
ency to visible light. Glasses possess better mechanical and
chemical durability, and good thermal stability to investi-
gate and explore their radiation shielding features [1, 2].
Moreover, the addition of heavy-metal oxides (HMOs) or
high Z-materials [e.g., BaO (Z=56), Bi,05 (Z=283)] to the
glass composition imparts higher density and large effective
atomic number (Z.y). The high molecular mass and high
density of the glasses absorb y-rays and neutrons to a larger
extent, increasing the probability of the interactions between
incoming radiation and glass components. In recent reports,
gamma-rays and neutron shielding capabilities of Pb-free
glasses showed fewer hygiene concerns [1, 2, 6-10]. The
probability of y-rays’ interactions with the matter is analyzed
by the mass attenuation coefficient (MAC) (u/p) parameter.
Other photon interaction parameters such as Zg, effective
electron density (IV,), half-value layer (HVL), and mean free
path (MFP) can be evaluated using MAC values. The lowest
values of HVL and MFP present as the best choice for radia-
tion shielding applications [11, 12].

B,0; is one of the superior glass network formers
among other glass-forming oxides such as SiO,, P,Os, and
GeO,. The borate glasses possess features such as low-cost
fabrication, easy glass-forming ability, low melting point,
low viscosity, good optical transparency, high chemical
resistance, and good mechanical and thermal stability [5,
6, 10]. Here, boron (B) atom possesses high bond strength
and low cation size and acts as a promising nucleon shield-
ing element for nuclear waste immobilization applications
[13]. ZnO behaves as network modifier at low concentra-
tions and as former at higher concentrations. The addition
of ZnO improves UV optical transparency, enhances the
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nonlinear optical features, and increases the thermal sta-
bility of the glasses [14, 15]. The large polarizability and
weak field strength of Bi** ions in Bi,O; make the element
act as glass modifier at low concentrations (~ < 10 mol%)
and as glass former at high concentrations (~> 10 mol%)
[15, 16]. Trivalent erbium (Er**) ion is an efficient rare-
earth (RE) ion which can be used in optical amplifiers, due
to the prominent *I,5,, — *I,5/, [near-infrared (NIR)] and
*1,,,— *1,3, [mid-infrared (MIR)] transitions at 1.5 pm
and 2.7 pm wavelengths, respectively, usually, under 808-
nm or 980-nm laser diode pumping [15, 17, 18]. Moreo-
ver, Er** ions emit H,, »/*S;, — *I,5,, (green light) and
*Fo, — *1;5, (red light) upconversion transitions when
excited upon 800-nm or 980-nm laser diodes, which is
useful in different optoelectronic applications [18, 19].
Here, we have evaluated the shielding capabilities of
the Pb-free B,0;—Zn0-Bi,05;-Er,0; transparent glasses
against y-rays and neutron beam using XCOM. The geo-
metric progression (G-P) fitting approach was employed
to determine the MAC, Z_4, N., HVL, MFP, and exposure
buildup factor (EBF) values within 0.015-15 MeV photon
energies. The fast neutron removal cross-section values
were also evaluated for the selected glasses. A good agree-
ment within the MAC values was observed when obtained
from XCOM, and MCNP5 and Geant4 simulation codes.

2 Materials and methods

The densities of the (99.5—x) (4ZnO-3B,0;) — xBi,05;-0.5
Er,0; (x=0, 5, 10, 20, 30, 40, and 60 mol%) glass sys-
tems were adopted from Ref. [15]. The seven glasses were
denoted as ‘S1°, ‘S2’°, ‘S3°, ‘S4°, ‘S5°, ‘S6’, and ‘S7’ for
convenience. Table 1 presents each chemical composition
(in mol%) along with their calculated elemental composi-
tion (in wt%) values. The samples were fabricated by the
standard melt-quenching technique at 800-1200 °C for
45 min. following the particular glass composition. Using
the buoyancy principle of Archimedes’ law, the densities
of the samples were measured, using water as an immer-
sion liquid.

To evaluate practically the radiation shielding per-
formance of different glass or other material systems,
occasionally, it is hard to find an appropriate experimen-
tal setup due to unavailability of the costly experimental
equipment. In these situations, the Monte Carlo simu-
lations are the alternative and definitive method for the
accurate measurement of radiation interactions with the
selected materials. The XCOM and simulation approaches
such as MCNPS5 and Geant4 are easy to use and time-
saving, to carry out the measurements in a personal com-
puting environment.
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Table 1 Chemical composition

Glass code  Glass compositions (mol%) Elemental composition (wt%) Density (g/cm3)

(mol%) and elements (wt%)

present in the selected glasses, B,0O; ZnO Bi,O; Er,0; B Zn Bi Er O

including their density [15]
S1 42.64 56.86 0.5 11.84 4774 0.0 2.15 3827 3.651
S2 40.50 5400 5 0.5 8.99 36.27 21.47 1.72 31.55 4274
S3 38.36 51.14 10 0.5 7.10 28.62 3577 143 27.08 4.823
S4 34.07 4543 20 0.5 473 19.07 53.65 1.07 2148 5.869
S5 29.79 3971 30 0.5 331 1333 6438 0.86 18.12 6.606
S6 25.50 34.00 40 0.5 236 951 7153 0.72 1588 7.182
S7 16.93 2257 60 0.5 1.17 473 8047 0.53 13.10 8.111

2.1 XCom

XCOM software program is a database, which is easy to
use, can be used to quantify the MAC (u/p) values for ele-
ments, compounds, and mixtures (Z<100), within the
1 keV-100 GeV energy range [20]. In glasses, each sample
can be described by its elemental fractions following the
chemical composition (see Table 1). The XCOM program is
built on the postulation that the contribution of each element
of materials to the ‘u/p’ is an additive. The computed MAC
values for all the samples through the XCOM program were
compared with the MAC values simulated by MCNP5 and
Geant4 codes to verify the validity of the input file.

2.2 MCNP5 simulation code

The Los Alamos National Laboratory (LANL), USA devel-
oped the Monte Carlo N Particle (MCNP5) general-purpose
code. MCNPS5 is a user-friendly model that can be utilized
for studying interactions of X-rays, y-rays and neutrons
with materials for radiation shielding applications as well
as to evaluate eigenvalues for critical systems. The MCNP5
simulation is a three-dimensional geometric cell using large
nuclear pointwise cross-section library data utilizing physics
models for different particle types [21]. Gamma-rays were
set as a point isotropic source for various photon energies
within 0.015-15 MeV range. The absorbed dose was ana-
lyzed using average flux tally F4 in the detection area and the
yield is given as particles/cm?. The number of starting parti-
cles used during the simulation was 108, The Intel® Core™
i7-6700 CPU 3.40 GHz computer hardware was used for
MCNPS5 computations. The uncertainties in the derived sim-
ulated results were less than 0.1% approximately. Figure 1
represents the schematic geometry used in the present work.

2.3 Geant4 simulation code

To analyze the interaction and transit of particles through mat-
ter, the European Organization for Nuclear Research (CERN),
Switzerland and High Energy Accelerator Research Organiza-
tion (KEK), Japan developed Geometry and Tracking (Geant4)

|
|
| f
: Point source Lead :
| :
|
|

Fig.1 Simulation setup for MCNP5 code

Monte Carlo simulation toolkit with a collaboration of physi-
cists and software engineers around worldwide [22]. Nowadays,
the Geant4 code is widely used in the simulation of experiments
in nuclear physics, high-energy physics, medical physics, accel-
erator design, and space physics. Geant4 contains a broad range
of physical models such as photoelectric effect (PE), Compton
scattering (CS) and Rayleigh scattering, pair production (PP)
and absorption which describes the interactions of particles
with the material within the range of 250 eV-TeV, depending
on the applications. The accomplishment of the Geant4 toolkit
in object-oriented design (in C++ programming language)
allows it to be easily extended to achieve the provisions of the
user [22]. In this work, the Geant4 model reference data for
electromagnetic processes were obtained from the National
Institute of Standards and Technology (NIST). The setup for
Geant4 simulation includes monoenergetic photons that impact
on the sample, at different photon energies, similarly as in
MCNPS5. Following the Beer—Lambert’s law, the MAC values
of the samples were analyzed. Beer—Lambert’s law considers
the incident and attenuated intensity of photons, linear attenu-
ation coefficients, and sample thickness.

2.4 Theory and assessment of shielding parameters
2.4.1 Mass attenuation coefficient (MAC)

The matter—photon interaction takes place by various pro-
cesses, namely, PE effect, CS and PP. A monoenergetic

@ Springer
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photon beam gets attenuated due to absorption when trans-
ited through a material with initial intensity ‘/,’. The law
followed is Beer—Lambert’s law, which is given as [23]:

I=1I,e™", (1)
here, the transmitted photon intensity through the matter is
given as ‘I, the linear attenuation coefficient is expressed as

‘w’ and ‘x’ is the material thickness. Equation (1) can also
be expressed as:

X

U= @

The MAC estimates the possibility of photon—matter
interaction per unit thickness, and is evaluated using the
XCOM program by employing the mixture rule [20]:

(/"/p)glass = Z Wi('u/p)i’ (3)

here, the weight fraction is denoted as ‘w;” and MAC of the
‘i’th constituent element is given as ‘(#/p),’.

60

W
=]
T—

Effective atomic number

[
(=]
T

10 -

0.01 0.1 1
Energy (MeV)

Fig.3 Variation of effective atomic number with photon energy for
S1—S7 glasses

2.4.2 Effective atomic number (Z ) and electron density (N,)

The Z; of a compound cannot be defined by a single
number. It is weighed depending upon photon interaction
with matter at different energy ranges. The ‘Z.4" of the
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Fig.2 Comparison of the XCOM, MCNP5, and Geant4 calculated values of mass attenuation coefficients (cm?/g) versus photon energy for the

studied samples
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Er,05-doped glasses is computed following the equation
[24]:

_ ZiﬁAi<%>i

7= 71
%77 (%)

eff

“

b
J

here, ‘fi’ is the fractional abundance, ‘Ai’ is the atomic
weight and ‘Z. is the atomic number of the ith element.

The aggregate electrons per unit mass in the experiment-
ing material is defined as N,. Higher the N, value, larger the
probability of photon interaction.

The ‘N_’ can be derived by the expression [24]:

nZ g gy
Ne=NA—e =NAL’ )
2inA,; A

where mean atomic mass is represented as ‘A’ and ‘N,  is
the Avogadro constant.

2.4.3 Half-value layer (HVL) and mean free path (MFP)
HVL is identified when 50% of the incident radiation is attenu-

ated at a particular thickness of the shielding specimen. HVL
is determined using the relation given below [25]:

In(2) _ 0.693
I uo

HVL = 6)

A median distance traveled by y-rays between subsequent
collisions in the matter is defined as MFP. The MFP (in cm)
is indirectly proportional to linear attenuation coefficient
[25]:

MFP = —, 7

24

Electron density (10~ electron/g)
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T
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Fig.4 Variation of electron density with photon energy for S1—S7
glasses

:
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Fig.5 Variation of half-value layer (HVL) with photon energy for
S1—S7 glasses

here, linear attenuation coefficient is denoted as ‘¢’.
Both HVL and MFP are important parameters to examine
a material’s radiation shielding effectiveness.

2.4.4 Exposure buildup factor (EBF)

The Beer—Lambert’s law (i.e., Eq. 1) is applicable when
the incident beam is monoenergetic, narrow and interac-
tion takes place with a thin absorbing medium for attenu-
ation. If these conditions do not hold good, then the law
can be modified as (I = Bl,e™"*), where ‘B’ is buildup
factor. The ‘B’ is a factor describing the interaction and

MFP (cm)

10 17

Energy (MeV)

Fig.6 Variation of mean free path (MFP) with photon energy for
S1—S7 glasses
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distribution of photon flux in matter. It majorly relies on
the energy of the incident radiation and the characteristics
of the material. In the present work, logarithmic inter-
polation method through G-P fitting parameters using
equivalent atomic numbers (Z,) of the sample was used
to compute EBF.

The EBF calculation method can be stated as [26, 27]:

1. Calculating the Z , values for the selected samples.
2. Evaluation of G-P fitting parameters.
3. Derivation of EBF values.

The related formulae for the EBF calculations are described
in the relevant section.

2.4.5 Macroscopic effective removal cross-sections for fast
neutrons (Xyg)

The macroscopic effective removal cross-section for fast neu-
trons () g) is a measure of the probability of neutron beams
engaged in definitive reaction per unit length during transit
via a shielding medium. The Yy is calculated using the below
equation [1, 28]:

20 —=—s7
——®— Ordinary Concrete

- Basalt Magnetite Concrete

>

~— ¥ Hematite Serpentine Concrete

N
(9]
1

~——* limenite Concrete
4 limenite Limonite Concrete

—> Steel Magnetite Concrete

—®— Steel Scrap Concrete

----- Mean free path (cm) -----
>
1

Fig.8 Comparison of MFP of the sample S7 with some standard
shielding concretes

ZR=ZP1'(ZR/P),: ®)

Here, ‘ZR,p’ (cm2/g) is the mass removal cross-section
of the ith constituent and ‘p,” (g/cm’) represents partial
density.

1.4 3.0
0.2MeV 0.662MeV
S1
2T 52 zr s2
1.0} b S3 L S3
i S4 20+ )
- b S5 = b S5
E08r i S6 g . i S6
S o ‘ S7 = b S7
T 06 RS 323 G19 & RS 323 G19
l RS 360 Lok [ RS 360
0.4 | B RS 520 I RS 520
o0 L — 00
4
1.25 MeV
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S2
3k L S3
= i S5
E l S6
N 2r S7
& RS 323 G19
s RS 360
.l I RS 520
0

Fig.7 Comparison of the S1 — S7 samples HVL values with some gamma-ray shielding glasses

@ Springer



Assessment of gamma-rays and fast neutron beam attenuation features of Er,0;-doped...

Page70f 14 802

N
1

—— 57 e
—— 88403
—+—CN
—<+— CS516
——L600
—— MN400

----- Mean free path (cm) ----->
N
1

0.01 0.1 1 10

Fig.9 Comparison of MFP of the sample S7 with some standard
alloys

3 Results and discussion

Figure 2 represents the comparison of MAC values of S1—
S7 glasses calculated using XCOM, MCNP5 and Geant4

codes within 0.015-15 MeV photon energy. The figure
shows an increase in MAC values with an increment in
Bi,0; content and decreases with increase in photon energy.
This specifies that photon interaction is prominent at higher
Bi,0; concentrations and low photon energy. From Fig. 2,
it is understood that there is very good accord among MAC
values computed through XCOM, MCNP5 and Geant4
codes. Further, the MAC values decreased sharply at low-
energy regions due to PE effect (directly depends upon pho-
ton energy, E~ ) as shown in Fig. 2. It can also be noticed
that MAC values decrease moderately in medium energy
region due to CS (depends upon E™!). An increase in MAC
values at high-energy region occurs due to PP process. The
observed discontinuities or small peaks in the graph are in
the vicinity of M, L and K absorption edges of ‘Bi’ element
existing in the sample [29]. The results show that S7 sample
owes the highest MAC values, which makes it a better radia-
tion absorber than other samples.

The variation of Z.4 values in the energy range of
0.015-15 MeV for all Er,0;-doped glasses is shown in
Fig. 3. All the samples containing Bi,O; (i.e., S2—S7)
showed an equivalent trend with an incident photon. The
cross-section for PE absorption is Z*~>, Compton scat-
tering is Z and for pair production, it is Z> [1]. Thus, the

Table 2 Equivalent atomic

Energy (MeV)
number (Zeq) for samples

Equivalent atomic number (Zey)

S1-87 S1 S2 S3 S4 S5 S6 S7
0.015 22.63 25.7 27.8 56.65 59.4 61.23 63.51
0.02 23.02 28.33 32.26 36.75 39.19 40.75 73.77
0.03 23.47 29.07 33.01 37.11 39.3 40.69 42.52
0.04 23.72 29.72 33.56 37.51 39.6 40.91 42.67
0.05 23.89 30.19 33.98 37.85 39.87 41.14 42.89
0.06 25.85 31.76 35.09 38.59 40.45 41.61 43.36
0.08 26.25 32.31 35.59 39.04 40.87 42.03 43.8
0.1 26.55 46.66 54.57 62.93 67.73 70.74 74.27
0.15 27.0 48.3 56.26 64.5 69.12 71.9 75.31
0.2 27.27 49.3 57.29 65.44 69.84 72.52 75.83
0.3 27.62 50.57 58.51 66.45 70.62 73.21 76.36
0.4 27.84 51.27 59.19 66.98 71.04 73.63 76.63
0.5 27.98 51.73 59.63 67.3 71.31 73.9 76.78
0.6 28.08 52.02 59.92 67.5 71.5 74.09 76.89
0.8 28.18 52.36 60.24 67.72 71.7 74.28 76.98
1.0 28.21 52.49 60.37 67.81 71.78 74.36 77.02
1.5 25.2 50.57 58.84 66.81 70.95 73.75 76.6
2.0 21.31 44.34 54.15 63.87 68.54 71.67 75.34
3.0 19.69 35.86 45.86 57.14 63.36 67.28 72.12
4.0 19.24 32.88 41.93 53.15 59.81 64.2 69.67
5.0 19.04 31.47 40.0 50.91 57.66 62.27 68.14
6.0 18.91 30.62 38.95 49.63 56.4 61.09 67.14
8.0 18.78 29.7 37.8 48.17 54.95 59.69 65.91
10.0 18.72 29.2 37.21 47.37 54.13 58.88 65.19
15.0 18.66 28.87 36.79 46.67 53.32 58.03 64.36

@ Springer



802 Page8of14

G. Lakshminarayana et al.

Table 3 G-P fitting parameters for sample S1

Table 4 G-P fitting parameters for sample S2

Energy (MeV)  G-P fitting parameters

Energy (MeV)  G-P fitting parameters

b c a Xy d B c a Xy d

0.015 1.006  1.05 -0.25 6.36 0.2342 0.015 1.004 1518 -0.528  5.66 0.3425
0.02 1.014 0275 0416 11.16  —0.3691 0.02 1.01 0.109 0.733 1091 —0.9664
0.03 1.039 0373 0.204 2238  —0.2393 0.03 1.037  0.364 0.204 12.16  —0.0527
0.04 1.083  0.346 0.243 125 —0.1247 0.04 1.226  0.331 0227 1549  —0.0959
0.05 1.14 0.379 0.226 14.05 —0.1295 0.05 1.278 0319 0192 1329  -0.1202
0.06 1.152  0.406 0208 14.17 —-0.1141 0.06 1.088  0.411 0209 1372 -0.1142
0.08 1.26 0.468 0.181 14.43 —0.0985 0.08 1.153 0415 0216 13.74  -0.131

0.1 1.37 0.547 0.148 14.07  —0.0816 0.1 1.113  0.286 0.32 13.07  —0.2009
0.15 1.611  0.72 0.086 14.08  —0.0503 0.15 1.131  0.605 0.111  13.71 —0.0509
0.2 1776 0.878 0.042 134 —0.0347 0.2 1.237  0.546 0.148 14.61 —0.0775
0.3 1913  1.055 -0.001 1222  -0.0191 0.3 1.387  0.641 0.116 1434  -0.071

0.4 1939 1.154  -0.021 11.18 —0.0138 0.4 1.484  0.749 0.077 1423 —0.0485
0.5 1.928 1206 —-0.032 94 —0.0096 0.5 1.556  0.833 0.054 13.89  —0.0401
0.6 1.906  1.225 —-0.036 8.43 —0.0092 0.6 1.6 0.891 0.037  13.95 —0.0323
0.8 1.862  1.228 -0.037 726 —0.0116 0.8 1.627 095 0.021 139 —0.0234
1.0 1.822 1216  -0.038 1049  —0.005 1.0 1.644  0.992 0.009 13.66 —0.0178
1.5 1756 1.199  —0.04 15.88 0.0112 1.5 1.612  1.077 -0.013 1251 —0.0067
2.0 1.731  1.142  -0.028 15.24 0.0046 2.0 1.609  1.09 -0.011 1252  -0.0139
3.0 1.646  1.063 —0.009 12.63 —0.008 3.0 1.588  1.049 0.002  12.65 —0.0251
4.0 1.578  1.004 0.009 11.68  —0.0179 4.0 1.533  1.016 0.014 13.06  —0.0341
5.0 1.508  0.986 0.013 134 —0.0201 5.0 1.489  0.993 0.022 1334  -0.0399
6.0 1.463  0.959 0.023 1344  -0.0283 6.0 1.441 0981 0.027 1332  —0.0444
8.0 1382 0.932 0.033 1345 —-0.0377 8.0 1.362  0.956 0.04 13.54  —-0.0569
10.0 1.317  0.925 0.038 135 —0.0423 10.0 1.293  0.962 0.042 1391 —0.0582
15.0 1.227  0.89%4 0.055 13.61 —0.0583 15.0 1.191  0.969 0.052 1448  —0.0638

Z.i; values evaluated for S1—S7 samples increase with the
Bi,0; content increment since the effective atomic cross-
section of Bi,0; is higher than that of ZnO. Figure 3 shows
a decrease in the Z g values at low-energy region and a sharp
rise for the same in S2—S7 samples at the photon energy
about 0.1 MeV, where PE effects are dominant, which
could be due to ‘Bi’ element absorption edge (K-edge) at
0.09052 MeV. Usually, the K absorption edge of ‘Zn’ ele-
ment lies at 9.659 keV. Thereafter, Z ; values are sharply
decreased within the photon energy range of 0.1—1.0 MeV,
where CS gradually becomes an efficient interaction. Then
on, from 1.0 to 15 MeV, PP interaction is prevalent and Z
values see a moderate increase [30]. Generally, a high value
of Z in materials makes it a promising shield against radia-
tion. Here, sample S7 possesses the highest value of Z_g,
suggesting it as a better radiation absorber.

The comparison in the N, values for all samples is shown
in Fig. 4, for 0.015—15 MeV energy of photons. From Fig. 4,
one can see that S1 sample shows the lowest values for N,
except in the energy region of 0.015—0.1 MeV, where it
shows slightly higher values concerning S7 sample. Fur-
ther, for S2—S7 samples, with Bi,O; content, the N, values

@ Springer

decrease and the S7 sample possesses the lowest N, values.
N, and Z_g values observed a similar trend because both are
directly proportional to each other.

The HVL values evaluated for S1—S7 samples within
0.015—15 MeV photon energy are depicted in Fig. 5. Simi-
larly, the variation of the MFP values with different incident
photon energies (0.015—15 MeV range) are shown in Fig. 6
for all the selected glasses, which shows a similar trend as
HVL values. We know that lower the HVL and MFP values
of a material are, better the gamma radiation shield. Fig-
ures 5 and 6 exhibit small values of HVL and MFP in S1—-S7
samples at lower energy region, E <0.1 MeV. Further, both
HVL and MFP increase up to 5—10 MeV photon energy
range depending on the added Bi,0; content in the samples
and then indicates a slight decrement with further increased
photon energy. The variations of HVL and MFP values in
S1—S7 glass samples with photon energy are due to the dif-
ferent photon interactions at different energy, hence in agree-
ment with MAC values. This also suggests that the selected
glasses can attenuate low-energy photons very well at lower
thickness than those of higher energy. From Figs. 5 and 6,
it is reviewed that both HVL and MFP values are the lowest
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Table 5 G-P fitting parameters for sample S3

Table 6 G-P fitting parameters for sample S4

Energy (MeV)  G-P fitting parameters

Energy (MeV)  G-P fitting parameters

b c a Xy d b c a Xy d
0.015 1.002  1.857 —-0404 9.0 0.2908 0.015 1.002  0.352 0.27 1502  -0.1812
0.02 1.01 0.182 0.616 11.81 —0.7983 0.02 1.01 0.278 0.435 13.06 —0477
0.03 1.93 0.615 0172 2049  —-0.1411 0.03 2752 0.846 0.142 2816  —0.2224
0.04 2.146  0.336 0.164  20.7 —0.0946 0.04 2986 034 0.108 2546  —0.0934
0.05 1.889  0.218 0.042 1445 —0.0598 0.05 2444 0.127 -0.094 1551 —0.0048
0.06 1.066  0.463 0.178 1391 —0.0915 0.06 1.044 0512 0.149 141 - 0.0699
0.08 1.12 0.388 0.238 13.53 —0.1502 0.08 1.089  0.362 0.259 13.33 —0.1687
0.1 1.715  0.22 0.04 1519  -0.0301 0.1 1.666 0242  -0.022 19.13 0.0621
0.15 1.42 0.1 0.604 1442  -0.161 0.15 1.179  0.18 0422 1324  —-0.2537
0.2 1.092  0.531 0.139 13.66  —0.0663 0.2 1.159  0.368 0249 1399  —0.1355
0.3 1.206  0.48 0.182 1445 —0.0987 0.3 1.218  0.556 0.143 1435 —-0.0773
0.4 1.316  0.632 0.115 14.28 —0.0665 0.4 1.299  0.643 0.108  14.03 —0.0582
0.5 1.415  0.725 0.084 14.02  —0.0496 0.5 1.363  0.725 0.082 14.11 —0.0467
0.6 1.478  0.805 0.059 1394  —-0.0395 0.6 1.409  0.783 0.064 13.86  —0.0393
0.8 1.528 0871 0.04 13.84  —0.0303 0.8 1.467  0.845 0.045 13.68  —0.0298
1.0 1.563  0.939 0.021 13.68 —-0.0221 1.0 1.497  0.901 0.03 13.53 —0.0243
1.5 1.585  0.995 0.007 13.47 —-0.0158 1.5 1.504  0.991 0.006 13.07 —0.0136
2.0 1.571  1.061 -0.008 12.7 —-0.0113 2.0 1.497  1.017 0.007 13.0 —0.0234
3.0 1.536  1.05 0.004 13.02  -0.0321 3.0 1.534  1.053 -0.002 1294  -0.0191
4.0 1.509  1.003 0.023 1332  -0.0501 4.0 1.469  1.033 0.014 13.18  —0.0428
5.0 1.518  0.949 0.043  13.58 —0.066 5.0 1.473 0978 0.038 13.67  —0.0653
6.0 1.499  0.92 0.055 137 —-0.0768 6.0 1.487  0.923 0.062 13.89  —0.087
8.0 1.455 092 0.061 1394  —0.0793 8.0 1.482 0936 0.064 14.21 —0.0851
10.0 1.438  0.944 0.059 14.08 —-0.0767 10.0 1.509 0971 0.063 14.06  —0.0853
15.0 1432 1.041 0.047 14.15 —0.0678 15.0 1.571 1135 0.037 13.89  —0.0663

for S7 sample (60 mol% Bi,0; inclusion) and are largest
for S1 (without any Bi,0; content addition). This implies
that sample S7 is the promising gamma-ray shielding glass
compared with remaining samples selected for this study as
density (u/p), and Z_4 values for glass S7 are highest while
S1 sample possesses the least values for these parameters
(i-e., density, MAC, and Z.y). Thus, for glass systems, the
chemical composition can affect the HVL and MFP values,
so by tuning the compositions to an optimum level in terms
of density and Z, one can achieve the required radiation
shielding effectiveness for the glasses [31].

Figure 7 compares the values of HVL in S1—S7 sam-
ples with some commercially available SCOTT company
radiation shielding glasses such as RS 323 G19, RS 360,
and RS 520 at photon energies of 0.2 MeV, 0.662 MeV, and
1.25 MeV. From Fig. 7, one can notice that at all 0.2 MeV,
0.662 MeV, and 1.25 MeV gamma-ray energies, HVL val-
ues of S4—S7 samples are lower than that of all the SCOTT
glasses, while the S1 glass possesses relatively higher HVL
value compared to the RS 323 G19, RS 360, and RS 520
glasses at 0.2 MeV and 0.662 MeV photon energies, respec-
tively. Moreover, at 0.2 MeV photon energy, HVL values

of the S2 and S3 glasses lie in between the RS 323 G19
and RS 360, RS 360 and RS 520 glasses, respectively. At
0.662 MeV, the HVL values of S2 and S3 glasses lie in
between the RS 360 and RS 520 sample values. Further, at
1.25 MeV gamma energy, S2—S7 samples showed similar
HVL trend as was observed in the samples at 0.662 MeV
energy. But S1 sample exhibited higher HVL values than
RS 360 and RS 520 glasses and lower than RS 323 and G19
glasses. The high atomic number elements like, Er, and Bi
in the studied glasses increase matter—photon interaction,
leading to an increase in radiation attenuation performance.
From Fig. 7, one can observe that at all the compared ener-
gies, S7 sample possesses the lowest values of HVL than the
selected SCOTT shielding glasses, confirming the fact that
the S7 glass radiation shielding effectiveness is better than
that of these commercial glasses.

To implement for practical shielding applications at
nuclear reactor sites and medical diagnostics laboratories,
it is primary to collate the MFP values of the Er,0;-doped
glasses with some different shielding concretes and alloys.
In this regard, MFP values of seven types of standard
shielding concrete [32] and five types of shielding alloys

@ Springer
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Table 7 G-P fitting parameters for sample S5

Table 8 G-P fitting parameters for sample S6

Energy (MeV)  G-P fitting parameters

Energy (MeV) G-P fitting parameters

b c a Xi d b c a Xx d
0.015 1.002  0.466 0.2 17.55 —0.103 0.015 1.001  0.55 0.147 19.87 —0.0539
0.02 1.011  0.325 0.346 13.68 —0.3182 0.02 1.011  0.354 0.292 14.06 —0.2219
0.03 3.155  0.959 0.127 3191 —0.2623 0.03 3399 1.027 0.118 34.19 —0.2864
0.04 3394 0.343 0.08 27.78 —0.0928 0.04 3.64 0.344 0.063 29.17 —0.0924
0.05 2713 0.082 -0.16 16.02 0.0218 0.05 2.874  0.056 -02 1633 0.0377
0.06 1.034  0.536 0.135 14.19 —0.0592 0.06 1.027  0.551 0.126 14.24 —0.0527
0.08 1.074  0.349 0.269 13.23 - 0.1779 0.08 1.068  0.34 0.277 13.18 —0.1832
0.1 1.665  0.499 0.056 18.23 —0.0123 0.1 1709  0.693 0.103 17.17 —0.0687
0.15 1.218  0.166 0.378 14.41 —-0.1624 0.15 1.241  0.158 0.353 15.08 —-0.1102
0.2 1.157 0307 0.297 13.83 —0.1645 0.2 1.156  0.272 0.325 13.73 —-0.1813
0.3 1.19 0.522 0.154 13.94 —-0.0764 0.3 1.174  0.503 0.16 13.7 —-0.0759
0.4 1.26 0.624 0.114 14.13 —0.0598 0.4 1.237  0.613 0.118 14.18 — 0.0608
0.5 1.321  0.698 0.089 14.16 —0.0488 0.5 1295  0.682 0.094 14.19 —0.0501
0.6 1.365  0.758 0.07 14.0 —0.0408 0.6 1338 0.743 0.074 14.08 —0.0414
0.8 1.427  0.816 0.053 13.65 —0.0325 0.8 1.401  0.799 0.057 13.69 —0.0335
1.0 1.462  0.867 0.039 13.54 —0.0269 1.0 1.437  0.85 0.043 13.68 —-0.0276
1.5 1.476  0.966 0.012 13.17 —-0.0155 1.5 1.458  0.949 0.016 13.23 —-0.0167
2.0 1.467  1.001 0.01 13.12 —0.0236 2.0 1.448  0.992 0.012 13.19 —-0.0235
3.0 1452 1.039 0.009 13.3 —-0.035 3.0 1.426  1.035 0.011 13.32 —0.0364
4.0 1.444  1.045 0.012 13.21 —0.0412 4.0 1.391 1.036 0.02 13.48 - 0.0509
5.0 1432 1.02 0.025 13.42 —0.0556 5.0 1436 0.981 0.042 13.7 —0.0698
6.0 1.468  0.963 0.048 13.74 —-0.0759 6.0 1452 0.956 0.054 13.9 —-0.08
8.0 1.47 0.94 0.062 14.02 - 0.0862 8.0 1.463  0.961 0.059 14.0 —0.0839
10.0 1.484 0979 0.06  14.08 —0.0843 10.0 1.478 1.002 0.056 14.07 - 0.081
15.0 1.534 1.114 0.04 1391 —0.0686 15.0 1.508 1.088 0.043 13.93 - 0.0707

[33] were compared with the MFP values of S7 glass within
0.015—15 MeV photon energy and is shown in Figs. 8 and 9,
respectively. Apparently, from Figs. 8 and 9, one can see that
within the studied gamma-ray energy range, the MFP value
of S7 glass is smaller in comparison to these commonly used
standard shielding concretes and the selected alloys. There-
fore, S7 glass can be a potential y-ray shielding material.

The ratio of Compton partial mass attenuation coef-
ficient (u.) and the total mass attenuation coefficient (ur)
gives the equivalent atomic number (Z,,). This ratio can
be obtained using WinXCom software. The formula used
to obtain Zeq is given as [26]:

_ Z1(logR2 —log R) + Z2(log R — log R1)
1 log R2 — log R1

: ©)

where “Z, is the atomic number of an element having ratio
‘R, and ‘Z,’ is the atomic number of an element having
ratio ‘R,’. ‘R’ be the ratio of the glasses (S1—S7) at photon
energy range from 0.015 to 15 MeV. The evaluated values of
the “Z,’ for S1—S7 samples are listed in Table 2.

@ Springer

With the help of values Z,, the five G-P parameters
(b, ¢, a, Xy, and d) were calculated using the following
relation [26]:

Pl(logZ2 —1logZ,)) + P2(log Z ., — log Z1)
P=
logZ2 —logZ1

) (10)

where ‘P’ and ‘P,’ are G-P fitting parameters correspond-
ing to Z, and Z,, respectively. The values of all these param-
eters are presented in Tables 3,4, 5,6, 7, 8 and 9.

The EBF was calculated using G-P fitting parameters for
25 standard energies at different penetration depths (up to
40 mfp) using the following relations [27]:

b-1_ .,
B(E,x) = ﬁ(K —-1) for K#1, (11)

BE,x)=14+®B-1)x for K=1, (12)

here, photon dose multiplication factor is represented as a

function K(E, x), whose relation is given as:

tanh(x/X, — 2) — tan h(-2)
1 —tan h(-2)

KE,x)=cx*+d for x <40mfp,

13)
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Table 9 G-P fitting parameters for sample S7

Energy (MeV)  G-P fitting parameters

b c a Xy d

0.015 1.001  0.652 0.082  22.69 0.0055
0.02 1.002  0.259 0392 13.14 -0.317

0.03 3.57 1.144 0.105 3437  —0.289%4
0.04 3806  0.425 0.054  30.01 —0.0948
0.05 3.03 0.093 —0.165 16.56 0.0142
0.06 1.359 0497 0.095 1256  —0.0513
0.08 1234 0.263 0.404  13.65 -0.178

0.1 1.765 0913 0.149 16.15 —0.1259
0.15 1.283  0.188 0326 1657 —-0.0763
0.2 1.162  0.238 0.35 13.58  —0.1895
0.3 1.155  0.508 0.154  13.65 —-0.0713
0.4 1.2 0.631 0.107 16.02  —0.0512
0.5 1.253  0.697 0.086 14.44  —0.0409
0.6 1.298  0.743 0.07 14.23 —0.033

0.8 1.358  0.799 0.054 1423 —0.0283
1.0 1.394  0.853 0.04 14.69  —0.0232
1.5 1.429 0929 0.02 1326 —0.0168
2.0 1.427 0977 0.015 1326 —0.024

3.0 1.401  1.03 0.012 133 —0.0363
4.0 1.365 1.038 0.019 13.62  —0.0487
5.0 1.407  0.986 0.042 13.87  —0.0683
6.0 1.427 095 0.059 14.06  —0.0831
8.0 1.449  1.001 0.055 14.13 —-0.0773
10.0 1.495  1.084 0.044  13.93 -0.0712
15.0 1.588  1.271 0.022 13.68  —0.0558

where ‘E’ is the incident photon energy, ‘x’ is the distance
between source to the detector in the medium, and ‘b’ is the

----- Exposure buildup factor ----->

Fig. 10 Variation of EBF with energy for S1 sample at different mean
free path

10°

----- Exposur buildup factor ----->
3
1

Fig. 11 Variation of EBF with energy for S2 sample at different mean
free path

----- Exposure buildup factor ----->

Fig. 12 Variation of EBF with energy for S3 sample at different mean
free path

buildup factor at 1 mfp.

Figures 10, 11, 12, 13, 14, 15 and 16 represent the vari-
ation of EBF for S1—S7 glasses, within 0.015-15 MeV
photon energy and at different penetration depths chang-
ing from 1 to 40 mfp. EBF values increase as penetration
depth increases in all the glasses, which in turn increases
the scattering processes. One can notice from Figs. 10, 11,
12, 13, 14, 15 and 16 that the values of EBF are very small
in the low-energy region, which may be due to the PE effect
dominance. Around 1 MeV, the EBF values improve with
increment in energy, due to CS, which then degrades the
photon energy. As these photons retain for long in the mate-
rial, degradation of photon energy takes place as a result

@ Springer
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Fig. 13 Variation of EBF with energy for S4 sample at different mean
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Fig. 14 Variation of EBF with energy for S5 sample at different mean
free path

of CS, hence, a higher value of EBF factor. At E>1 MeV,
EBF values decrease due to the absorption behavior of the
PP process.

The removal cross-section for fast neutrons (Y g) value
for the S1—S7 glasses was computed using Eq. (8) and the
results are shown in Fig. 17. It was found that the )y values
are varied within the range 0.1142-0.1232 cm™! for S1—S7
glasses. The (D) values slightly increase with the Bi,O5
content in S4—S7 samples. From Table 1, one can notice
that wt% of Bi element in the samples increases at the cost
of B, Zn, and O elements. However, the (Xy/ p) value of
B and O elements is higher than that of the ‘Bi’ element.
Though the low-Z elements (B, and O) are responsible for
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Fig. 15 Variation of EBF with energy for S6 sample at different mean
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Fig. 16 Variation of EBF with energy for S7 sample at different mean
free path

better neutron removal, one can expect that a mixture of
both low and high Z elements (e.g. Bi) could also achieve
similar results in the glasses. The highest value of (3} ) was
found for S7, indicating S7 to be the most effective neu-
tron shield when compared to the other glasses. Further, the
(X =0.1232 cm™!) value of the sample S7 in this work is
larger in comparison to ordinary concrete (Y =0.094 cm™)
and hematite—serpentine (Y =0.097 cm™') [34] includ-
ing TeO,-B,0; glass (Y =0.12039 cm™') [35] and
K30W60T10 glass (Y g =0.12087 cm™) [36].
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Fig. 17 Fast neutron removal cross-sections of the selected glasses

4 Conclusions

To summarize, transparent radiation shielding bismuth-
modified zinc—borate glasses doped with Er** ions were
examined for gamma-rays and neutron beam attenuation
features using MAC, Z, N., HVL, MFP, EBF, and X
parameters. The studied glasses showed these parameter
changes with a change in Bi,0; content and also with the
energy of incident photon (0.015-15 MeV). The PE effect,
CS and PP process plays a major role in the property
change with change in energy of the photons. The MAC
values demonstrated good agreement among XCOM,
MCNPS5 and Geant4 codes. The MAC and Z_4 values of the
samples increased with Bi,O; concentration increment in
the network. Some of the selected samples (20—60 mol%
Bi,0; addition) exhibited lower HVL values than com-
mercial shielding glasses at 0.2 MeV, 0.662 MeV, and
1.25 MeV photon energies. The 16.93B,0;—22.57ZnO—
60Bi1,0;—0.5Er,05 (mol%) glass exhibited the lowest MFP
when compared to different shielding concretes and alloys.
Further, the EBF values were computed up to 40 mfp pen-
etration depth and photon energy range of 0.015-15 MeV.
The fast neutron removal cross-section values were uti-
lized to evaluate neutron attenuation capabilities of the
samples using a partial density method. The optimum
gamma shielding capabilities and higher macroscopic
effective removal cross-section for fast neutrons were
obtained for 16.93B,0,—22.57Zn0—60Bi,0;—0.5Er,05
(mol%) (S7) sample. It was inferred that the addition of
Bi,O; content in the matrix enhances the shielding features
of the samples. Therefore, the S7 sample could be con-
cluded as a potential shielding candidate at nuclear reactor
sites, as well as in nuclear medicine field.
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