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A B S T R A C T   

MCNPX, Geant4 and FLUKA codes are employed to compute mass attenuation coefficients (μ/ρ) for 20Bi2O3-(80- 
x)B2O3-xPbO (x = 0, 20, 30, 40 and 60 mol%) glasses at 20, 30, 40 and 60 KeV, 133Ba (81, 161, 223, 276, 303, 
356 and 384 keV), 57Co (122 and 136 KeV), 22Na (511 and 1275 keV), 137Cs (662 keV), 54Mn (835 keV), 60Co 
(1173 and 1333 keV) and 42K (1524 keV) photon peaks where 20, 30, 40 and 60 KeV energies are utilized for 
Mammography, Dental, General and Computed tomography (CT) scanning accordingly, in this study. All 
simulated μ/ρ outcomes accuracy was verified by WinXCOM and Phy-X/PSD programs’ μ/ρ findings and we 
noticed a satisfactory agreement among them. From μ/ρ and linear attenuation coefficient (μ) values effective 
atomic number (Zeff), effective electron density (Neff), half-value layer (HVL), tenth-value layer (TVL) and mean 
free path (MFP) have been determined. 20Bi2O3-20B2O3-60PbO (mol%) glass HVL and MFP have been compared 
with some commercial glasses, alloys, polymers, concretes and lead and ceramics corresponding values. Later 
equivalent atomic numbers (Zeq) and applying geometric progression (G–P) fitting method at 1 – 40 mfp 
penetration depths (PDs) at 0.015–15 MeV energy range exposure buildup factors (EBFs) and energy absorption 
buildup factors (EABFs) were estimated. At all selected twenty energies derived radiation protection efficiency 
(RPE) results confirmed studied samples’ excellent efficacy for low energy photons absorption. Moreover, 
applying SRIM codes mass stopping powers (MSPs) and projected ranges (PRs) for protons and α-particles and 
utilizing ESTAR database electron MSPs and continuous slowing down approximation (CSDA) range for electrons 
were determined at kinetic energy (KE) range of 0.015–15 MeV. Further fast neutron removal cross-sections (ΣR), 
for 0.0253 eV energy neutrons coherent and incoherent scattering cross-sections (σcs and σics), absorption cross- 
section (σA) and total cross-section (σT) quantities were evaluated. Derived ΣR was changed at 0.1166–0.123 
cm− 1 range depending on PbO addition in chosen samples. 20Bi2O3-80B2O3 (mol%) glass has larger σT (23.094 
cm− 1) in all studied samples for thermal neutron absorption while 20Bi2O3-20B2O3-60PbO (mol%) sample shows 
superior attenuation factors for photons and fast neutrons signifying included PbO positive effect.   

Introduction 

As a well-known glass network former oxide B2O3 when added with 

different other formers and intermediates or modifiers forms glasses 
comprising both BO3 and BO4 structural units though B2O3 alone with 
BO3 units can form glass even at the slowest cooling rates of melt 
without any crystallization under normal pressure. Specifically, B2O3 
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glasses are cheaper than TeO2 and GeO2 glasses and show lesser melting 
points than another commonly used glass former SiO2. Besides, for op
toelectronic and photonic applications B2O3 glasses exhibit favorable 

characteristics like high optical transparency, good thermal stability, 
better mechanical strength and moderate rare-earth ion solubility [1,2]. 
However, for enhancing chemical durability and to reduce high phonon 
energy (arises owing to host lattice stretching vibrations) of B2O3-rich 
glasses it is essential to include appropriate heavy metal oxides or 
fluorides content in the composition [1–4]. It is well established that 
with added suitable Bi2O3 and/or PbO contents borate glasses that 
possess large glass forming-ranges demonstrate greater nonlinear opti
cal features because of Bi3+ and Pb2+ cations’ high polarizability, large 
densities (ρ), high refractive indices along with improved infrared 
transparency [5,6]. Depending on added amounts to glass composition 
both Bi2O3 and PbO act as modifiers ((BiO6) units and ionic Pb-O bonds) 
and formers ((BiO3) units and covalent Pb-O bonds) correspondingly 
[7,8]. 

Currently, widespread utilization of distinct radioisotopes that emit 
indirectly and directly ionizing radiations like neutrons, γ-rays, X-rays, 
α- and β particles become indispensable in nuclear medicine, food 
sterilization, agriculture, academics and industry etc. [9]. Also in nu
clear reactors for electricity production uranium-235 (235U) isotope is 
commonly used as a fuel for nuclear fission. Regardless of their benefits 
to mankind radionuclides’ emissions have destructive effects on living 
organisms’ tissues, organs and DNA when exposed accidentally or 
unwantedly to the scattered or leaked and direct radiations. Not only in 
these circumstances, for example to protect radiation workers at nuclear 
power plants and medical personnel and patients at radiotherapy centers 
even to conditioning and store securely the spent radioactive waste in 
containers and to safeguard astronauts and spacecraft from high energy 
charged particles during space missions legitimate shielding media are 
required to reduce the radiations’ hazardous effects [10,11]. Here sub
stances employed for shielding must possess large σA and minimal 
changes in their structure and mechanical characteristics with 
irradiation. 

Predominantly concrete is still being used for shielding at nuclear 
facilities owing to its lesser cost, extensive availability, favorable radi
ation attenuation factors for photons and neutrons and longevity, but it 
is opaque, immovable and with its lengthy usage cracks form in it 
because of water loss (free, bound and adsorbed) by radiation heat 
which is undesirable for neutrons attenuation [12,13]. In consequence 
of its high ρ, cost-effectiveness, good stability, large-Z and greater σA 
lead in metallic form and lead compounds in bricks, pipes, plates, blocks 
and sheets etc. shapes are extensively utilized as protective barriers for 
γ-rays and X-rays [14]. However, these are all opaque to visible light. In 

this aspect, for radiation shielding purposes more recently researchers 
have focussed their efforts on finding suitable glass systems with the 
inclusion of large-Z elements (Bi, Pb, La, W, Ba, etc.) as an example Refs. 

[15–29] that is needless to say, transparent. Generally, various features 
(e.g. mechanical, structural, optical, thermal etc.) of glasses could be 
conveniently adjusted by varying chemical mixtures and fabrication 
processes. 

As listed in the “Nomenclature” determining accurately μ, μ/ρ, Zeff, 
Neff, HVL, TVL, MFP, RPE, Zeq, EBF and EABF for γ-rays, ΨP, ΦP and ΨA, 
ΦA for protons and α- particles, ΨE and CSDA range for electrons, ΣR, σcs, 
σics, σA and σT for neutrons by suitable simulation (e.g. FLUKA, Penelope, 
PHITS, MNCPX, SRIM, Geant4, MCNP5 etc.) and/or theoretical (e.g. 
MicroShield®, XMuDat, XCOM/WinXCOM, BXCOM, Phy-X/PSD etc.) 
processes or experimentally and applying relevant formulae are crucial 
for using any medium (e.g. glasses) as a nuclear radiation shield [15–29]. 
Here photons are massless and have no electric charge and interact with 
matter mainly in three modes namely Photoelectric absorption (PEA), 
Compton scattering (CS) and pair production (PP) depending on their 
energy and sample’s ρ, Zeff and Neff [15–29]. But charged particles such 
as protons, α- and β interact differently than γ-rays with a medium. 

Abouhaswa et al. [20] for (40-x)B2O3 + 40Pb3O4 + 20ZnO + xEr2O3 
(x = 0, 1, 2, 3, 4, 5 wt%) glasses, for (50-x)B2O3 + 40Bi2O3 + 10Na2O +
xCu2O (x = 0, 1.5, 3, 4.5, 6 wt%) glass system by Alalawi [21], Rammah 
et al. [22] for 40SiO2–10B2O3–xBaO– (45-x)CaO–yZnO–zMgO (x = 0,10, 
20, 30, 35 mol% and y = z = 6 mol%) glasses, for xWO3–70TeO2–(30–x) 
B2O3 (0 ≤ x ≤ 30 mol%) glasses by Issa et al. [23], Gaballah et al. [24] 
for Bi2O3–TeO2–B2O3 glass system, for 26.66B2O3–16GeO2 – 4Bi2O3

–(53.33–x)PbO–xPbF2 (x = 0, 15, 30, 40 mol%) glass system by Kumar 
et al. [25], Sayyed et al. [26] for (50 + x)PbO–5WO3–5BaO–10Na2O– 
(30-x)B2O3 (x = 0, 5, 10, 15, 20 mol%) glasses, for (ZnO)x-(TeO2–P
bO)100-x (x = 15, 17, 20, 22, 25 mol%) glasses by Al-Buriahi et al. [27], 
Susoy et al. [28] for LiF–SrO–B2O3–Cr2O3 glass system and for 
10Li2O–9Al2O3–5ZnO– (35; 20; 50)B2O3– (35; 50; 20) 
P2O5–3Bi2O3–3PbO (mol%) glasses by Tekin et al. [29] related radiation 
attenuation features have been studied. Alloys [30], polymer nano
composites [31], ceramics [32] and granites and marbles [33] were also 
reported for shielding applications. 

In this work photon attenuation factors of Bi2O3-B2O3-PbO glasses 
with constant Bi2O3 amount and discrete PbO contents are examined at 
twenty energies within 20–1524 KeV range utilizing Phy-X/PSD and 
WinXCOM programs. MCNPX (v.2.6.0), Geant4 and FLUKA codes are 
also employed for μ/ρ computations. At 15 KeV–15 MeV range EBFs and 
EABFs (using G–P fitting formulae) are evaluated at 1–40 mfp PDs. At 
0.015–15 MeV KE range for protons and α- radiations ΨP, ΦP and ΨA, ΦA 
(by SRIM code) and for electrons ΨE and CSDA ranges (using ESTAR 

Nomenclature 

μ Linear attenuation coefficient 
μ/ρ Mass attenuation coefficient 
Zeff Effective atomic number 
Neff Effective electron density 
HVL Half-value layer 
TVL Tenth-value layer 
MFP Mean free path 
RPE Radiation protection efficiency 
Zeq Equivalent atomic number 
BF Buildup factor 
EBF Exposure buildup factor 
EABF Energy absorption buildup factor 
G–P Geometric progression 

PD Penetration depth 
KE Kinetic energy 
LSP Linear stopping power 
MSP Mass stopping power 
ΨP Proton mass stopping power 
ΦP Proton projected range 
ΨA Alpha particle mass stopping power 
ΦA Alpha particle projected range 
ΨE Electron total mass stopping power 
CSDA Continuous slowing down approximation 
ΣR Effective removal cross-section of fast neutrons 
σcs Coherent scattering cross-section 
σics Incoherent scattering cross-section 
σA Absorption cross-section 
σT Total cross-section  
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database) are explored. Moreover, fast neutrons shielding aspect ΣR and 
σcs, σics, σA and σT for thermal neutrons as well are derived for all chosen 
samples. 

Materials and methods 

For examined all five 20Bi2O3-(80-x)B2O3-xPbO (x = 0, 20, 30, 40 
and 60 mol%) glasses the measured ρ values have been taken from 
Ref. [6]. All individual glass chemical compositions (in mol%) and 
related derived elemental compositions (in wt%) as well as glass’s ρ are 

listed in Table 1. Here studied five bismuth lead borate glasses are 
labeled as A, B, C, D and E respectively for convenience. From A to E 
sample at a constant Bi2O3 amount ρ improves progressively because of 
greater molecular weight (M.W.) and ρ of included PbO (223.2 g/mol 
and 9.53 g/cm3) in place of lower M.W. and ρ B2O3 (69.63 g/mol and 
2.46 g/cm3) (see Table 1). At chosen twenty photon energies (20–1524 
KeV range) μ, μ/ρ, Zeff, Neff, HVL, TVL, MFP and RPE were evaluated for 
all A–E glasses. The selected 20, 30, 40 and 60 keV X-ray energies are 
widely used nowadays in medical applications (i.e. mammography, 
dental, general and CT) [34]. 122, 136 and 1524 KeV energy photons are 

Table 1 
Chemical composition (mol%) and elements (wt%) present in the selected Bi2O3-B2O3- PbO glasses, including their density [6].  

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

Bi2O3 B2O3 PbO Bi B Pb O 

A 20 80 0 56.1448 11.6179 0 32.2373 4.57 
B 20 60 20 46.5428 7.2233 23.0731 23.1608 5.84 
C 20 50 30 42.8764 5.5452 31.8833 19.6951 6.41 
D 20 40 40 39.7455 4.1123 39.4068 16.7354 6.99 
E 20 20 60 34.6805 1.7941 51.5776 11.9478 8.31  

Fig. 1. (a) Gamma-ray transmission setup for mass attenation coefficient calculations (b) 3-D view of simulation setup for mass attenuation coefficient computations 
(MCNPX Visual Editor) (c) 2-D view of modeled simulation setup in MCNPX code (MCNPX Visual Editor). 

G. Lakshminarayana et al.                                                                                                                                                                                                                    



Results in Physics 23 (2021) 104030

4

also utilized in nuclear medicine [35–37] along with 133Ba (81, 161, 
223, 276, 303, 356, 384 keV), 22Na (511, 1275 keV), 137Cs (662 
keV), 54Mn (835 keV), and 60Co (1173, 1333 keV) isotopes. For all 
photon interaction aspects and neutron attenuation factors studied in 
this work previously in Refs. [15–19,21–25,27–33] by other researchers 
and us requisite definitions, equations and/or formulae were given so 
they are not restated here. 

In case of charged particles (e.g. protons and α-particles) KE reduc
tion per unit path length (LSP = S(E) = - dE/dx) can be computed by 
below expression [19,38]: 

−
dE
dx

=
4πNAmec2re

2Z
2

β2 ρ Z
A

ln4πεo
γ2mev3

Z e2f
(1)  

where re = e2

4πεomec2 = electron radius, β = v
c, and Ne = Z NA

A ρ 
Next, MSP = LSP/ρ. From Eq. (1) ΦP and ΦA can be deduced by the 

relation [19]: 

R =

∫ R

0
dx =

∫ 0

E

dx
dE

dE =

∫E

0

dE
S(E)

(2)  

where S(E) = − dE
dx 

Later CSDA range for electrons could be obtained as follows [39]: 

RCSDA =

∫ (EK )0

0

dE
Stotal(E)

(3)  

where RCSDA = in a substance electrons CSDA diffusion length, EK =

initial KE, 
Stotal(E) = total MSP in line with EK. 
For all A–E glasses applying SRIM (Stopping and Range of Ions in 

Matter) codes developed by Ziegler et al. [40] (ΨP and ΦP) and (ΨA and 
ΦA) versus KE, and utilizing ESTAR database (https://physics.nist.gov/ 
PhysRefData/Star/Text/ESTAR.html) [41] ΨE and CSDA range for 
electrons against KE are determined. 

WinXCOM [42] and Phy-X/PSD (Photon Shielding and Dosimetry) 
(https://phy-x.net/PSD) [43] programs, MCNPX (Monte Carlo N-Parti
cle eXtended) [44], Geant4 (for GEometry ANd Tracking) [45–47] and 
FLUKA (FLUktuirende KAskade) codes (http://www.fluka.org) [48,49] 
are employed for μ/ρ calculations at all selected twenty energies. For 
this purpose modeled MCNPX and FLUKA simulation geometries are 
shown in Figs. 1 and 2 and relevant MCNPX and Geant4 details are the 
same as we have given in Refs. [15,25,27,29] and for FLUKA code 
procedure details one can refer to Refs. [48,49]. 

Results and discussion 

Fig. 3 demonstrates μ/ρ comparisons for sample E obtained through 
Phy-X/PSD and WinXCOM and MCNPX, Geant4 and FLUKA codes at 
0.02–1.524 MeV energy range and for remaining A–D glasses respective 
μ/ρ comparisons are shown in Fig. S1 (a-d) in Supplementary material 
and related μ/ρ values for all A–E glasses are presented in Table S1 (i-iv) 
(see Supplementary material) accordingly. Here as investigated all 
twenty energy peaks are not defined in Phy-X/PSD software we utilized 
WinXCOM also as an alternative theoretical approach to derive μ/ρ at 
some energy points. Derived μ/ρ quantities by the theoretical methods 
are noticed to be in satisfactory agreement with simulated μ/ρ results at 
each investigated energy peak (see Fig. 3 and Fig. S1 (a-d)). As there 
exist fewer discrepancies in adopted physical models and geometry 
among distinct simulation codes for μ/ρ computations one can always 
expect slight deviations in the outcomes compared to calculated μ/ρ by 
theoretical methods. For instance, for glass E employing Phy-X/PSD or 
WinXCOM and MCNPX, Geant4 and FLUKA codes at 0.02 MeV energy 
75.7 cm2/g, 73.7156 cm2/g, 74.742 cm2/g and 75.237 cm2/g accord
ingly are the obtained μ/ρ values whereas 0.0519 cm2/g, 0.0525 cm2/g, 
0.051 cm2/g and 0.052 cm2/g respectively are these quantities at 1.524 
MeV energy for the same sample with indicated same techniques. 
Further as energy increases from 20 to 1524 KeV μ/ρ is decreased for all 
A–E samples sharply at 0.02–0.081 MeV energy region due to PEA 
predominance (validating Beer-Lambert law) and moderately at 
0.122–0.276 MeV energy range and negligibly at the rest of the energy 
peaks range because of CS dominance (see Fig. 3, Fig. S1 (a-d) and 
Table S1 data) [50]. Simultaneously, at constant Bi2O3 content PbO 
inclusion instead of B2O3 increases ρ from 4.57 g/cm3 up to 8.31 g/cm3 

and causes μ/ρ to improve from A to E sample exhibiting similar μ/ρ 
trend with increasing energy. Here glass E has the largest μ/ρ at all 
inspected energy peaks revealing its superior photons absorption ability 

Fig. 2. Sketch of simulation geometry used for FLUKA code (dimensions are in cm).  

Fig. 3. Comparison of Phy-X/PSD and WinXCOM programs, MCNPX, Geant4 
and FLUKA codes derived mass attenuation coefficients (cm2/g) versus photon 
energy (KeV) for glass E. 
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in all examined samples. Phy-X/PSD and WinXCOM related μ/ρ values 
are utilized for μ calculations and from μ/ρ and μ values additional 
photon attenuation factors such as Zeff, Neff, HVL, TVL and MFP are 
evaluated. 

For all studied glasses obtained μ, Zeff, Neff, HVL, TVL and MFP var
iations at investigated photon energy range are illustrated in Figs. S2–S6 
in Supplementary material with related discussion for readers reference. 
Here Zeff and Neff play key roles in medical dosimetry (absorbed dose 
calculation and imaging) so for multicomponent substances determining 
accurately both Zeff and Neff is essential to utilize them for radiation 
attenuation [51]. 

At 0.2 MeV, 0.662 MeV (137Cs) and 1.25 MeV (60Co) energies 
calculated HVL and MFP of glass E are compared with commercial 
SCHOTT AG: RS 253, RS 253 G18, RS 323 G19, RS 360 and RS 520 
shielding glasses [52] corresponding values and are shown in Fig. 4 (a) 
and Fig. S7 (a) in Supplementary material accordingly. Here at all three 
energies sample E contains lesser HVL and MFP than these commercial 

glasses’ respective quantities. For example at 0.662 MeV energy glass E 
has HVL ~ 0.784 cm while for RS 520 glass it is 1.386 cm at the same 
energy indicating to reduce 662 KeV energy photons intensity to 1/2, 
~1.768 times lesser thickness sample E is enough than RS 520 glass. 
Additionally at 0.015–15 MeV energy range computed glass E HVL and 
MFP are compared with some alloys (SS403, CN, CS516, IL600 and 
MN400) [53], polymers (natural rubber, polyacrylonitrile, poly
ethylacrylate, polyethylene tetraphthalate, polyoxymethylene and pol
yphenyl methacrylate) [54], concretes (OC, BMC, HSC, IC, ILC, SMC and 
SSC) [55], Pb and ceramics (CaSi2, Mg2Si, MgB2, CaB6, Al2O3 and TiO2) 
[56] related values and are graphically depicted in respective Fig. 4 (b-e) 
and Figs. S7 (b-e) in Supplementary material. From these plots one can 
notice that glass E possesses lower HVL and MFP compared to polymers, 
concretes and ceramics relevant values. For instance, at 0.2 MeV energy 
0.135 cm and 1.871 cm are obtained MFP for sample E and SMC 
accordingly specifying that the same number of photon collisions could 
be possible with this energy in glass E at lower (~13.84 times) thickness 
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than in SMC. Concerning alloys except at 2 MeV energy where CN, IL600 
and MN400 alloys have slightly lesser HVL and MFP than sample E at 
remaining all energy points glass E has minimal values. Moreover, 
sample E has slightly higher HVL and MFP than Pb at all examined en
ergies. So glass E with relatively less thickness is sufficient to adequately 
absorb or scatter specific energy photons compared to commercial 
glasses, some alloys, polymers, concretes and ceramics. 

The obtained RPE differences at 0.02–1.524 MeV energy range for all 
A–E glasses (thickness, t = 5 mm) are displayed in Fig. 5. Here one can 
identify that the RPE improves from glass A to E with PbO addition from 
0 up to 60 mol% as a substitute for B2O3 where possessing higher ρ and 
Z, Pb continuously causes more photon interactions with glasses than B 
element in them. Sample E shows the highest attenuation efficacy and 
this effectiveness reduces in the E > D > C > B > A order at investigated 
all twenty energy peaks. However, at considered four medical diagnostic 
average energy points (i.e. 20, 30, 40 and 60 KeV) all selected samples 
entirely (100%) absorb incoming photons because of PEA predomi
nance. At 122 KeV energy 99%, 99.92%, 99.98%, 99.99% and 100% are 
the PRE values estimated for A, B, C, D and E glasses accordingly. Then 
RPE decreases in an exponential form with further advancement of en
ergy. For example at 0.511 MeV energy from sample A to E computed 
corresponding RPE quantities are 25.21%, 32.87%, 36.14%, 39.32% 
and 45.94% while they are 12.23%, 15.46%, 16.85%, 18.25% and 
21.38% accordingly for the same glasses at 1275 KeV energy. Here one 
can notice that for all chosen glasses RPE at 0.511 MeV energy (possible 
both PEA and CS influential range) is higher than two times that is 
evaluated at 1.275 MeV energy (CS commanding region). Likewise at 
662 KeV and 1524 KeV energy peaks (19.75%, 25.51%, 28%, 30.48% 
and 35.73%) and (11.09%, 14.02%, 15.3%, 16.56% and 19.39%) 
respectively are the RPE values derived for A, B, C, D and E samples. This 
means glass E with t = 0.5 cm can absorb or shield 35.73% of 0.662 MeV 
energy photons and the remaining 64.27% could pass through it. 
Further, for studied PbO-Li2O-B2O3 glasses Kumar [57] has been 
measured the RPE values and found that sample S1 (Pb3B4O9, t = 0.741 
cm) possesses the RPE of about 24.48% at 1173 keV energy whereas in 
our work for glass E (t = 0.5 cm) 22.59% is the RPE attained at 1.173 
MeV energy. 

At 0.015–15 MeV KE range for all A–E samples respective Fig. 6 (a) 
and (b) shows the calculated ΨP and ΨA changes. With atomic electrons 
by Coulombic forces (inelastic scatterings) protons consistently lose 
their KE. Here protons KE decreases minimally only through each 
interaction as electrons have 1836 times lesser mass than protons 
(charge =+1) [58]. For α-particles (charge =+2) excitation (electronic) 
and ionization is the principal KE lose process. 9.109 × 10− 28 g, 1.673 ×

10− 24 g and 6.645 × 10− 24 g respectively are the masses of electron, 
proton and α-particle. In this study at verified KE range both ΨP and ΨA 
curves for all A––E samples exhibit an identical trend. At first with KE 
advancement from 15 KeV both ΨP and ΨA increase reaching maximal 
values at 0.09 MeV for glass A, 0.11 MeV for B and C samples and 0.12 
MeV for D and E glasses for ΨP and 0.7 MeV for sample A and 0.8 MeV 
for B–E glasses for ΨA, accordingly. Subsequently, with KE further 
increment ΨP and ΨA values tend to decline continuously up to 15 MeV. 
Here although both ΨP and ΨA have similar differences for B–E glasses 
one can see an obvious discrepancy between A and B glasses respective 
values because of initially added larger PbO (0 to 20 mol% from A to B 
sample) amount (see Table 1) causing higher ρ change. From Fig. 6 one 
can notice that the MSPs are higher for α-particles than protons corre
sponding values as α-particles have larger mass resulting in lesser ve
locity compared to protons. α-particles attain maximal MSPs in the 
greater KE region. Here the lowest ΨP and ΨA values are found for glass E 
which has the higher PbO reinforcement (60 mol%) and ρ (8.31 g/cm3). 
For all A–E glasses at 0.015–15 MeV KE region the determined ΨE var
iations are depicted in Fig. 7 whereas the inset plot represents zoom-in 
0.9–15.5 MeV KE range. Usually, being lighter particles only positrons 
and electrons create considerable bremsstrahlung (influential for high-Z 

Fig. 5. Variation of radiation protection efficiency (RPE) with photon energy 
(MeV) for all A–E samples. 

Fig. 6. Variations of (a) proton mass stopping power (ΨP) and (b) alpha par
ticles mass stopping power (ΨA) as a function of kinetic energy (KE) for all 
A–E glasses. 
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composites and at greater KE (MeV)). Further electrons consistently 
experience multiple scatterings. Here ΨE describes an electron’s energy 
loss in interacting media. Considering the given chemical structures of 
the studied samples from A to E ΨE is reduced reaching the minimal 
value at 1 MeV for glass A, 0.9 MeV for samples B–D and 0.8 MeV for 
glass E with increasing electron KE from 15 KeV. Afterward, ΨE im
proves marginally up to 15 MeV KE for all selected glasses. Average KE 
is ~ 2 MeV generally for the neutrons formed in fission reactions (fissile 
fuels: 235U or 239Pu). Further depending on KE neutrons could be clas
sified as thermal (0.025–1 eV), slow (1–10 eV), resonance (10–300 eV), 
intermediate (300 eV–1 MeV) and fast neutrons (1 MeV–20 MeV) [59]. 
Table S7 (see Supplementary material) clarifies the ΣR arithmetic ap
proaches and deduced ΣR values for all A–E samples. 0.1166 cm− 1, 
0.121 cm− 1, 0.1211 cm− 1, 0.1212 cm− 1 and 0.123 cm− 1 respectively are 
the computed ΣR for A, B, C, D and E glasses. In all investigated samples 
glass E having the largest ρ through Bi: 34.6805 wt%, Pb: 51.5776 wt%, 
B: 1.7941 wt% and O: 11.9478 wt% exhibits the highest ΣR indicating its 
dominant capacity for fast neutrons attenuation. Here ΣR minor 

increment from A to E sample signifies that increasing wt% of Pb de
livers more to ΣR than B and O elements (see Table S7). As ΣR is closely 
linked to glasses’ ρ both light and heavy elements suitable mixes in 
glasses is required to achieve higher ΣR. Sample A possesses the lowest 
ΣR depending on contained Bi, B and O elements total involvements. 
Further sample E ΣR is compared with related available standard 
neutron attenuators and fewer other in recent times studied different 
shielding composites ΣR [17,19,20,24,55,60–66] and the corresponding 
results are listed in Table 2. From Table 2 one can notice that C, H2O, 
acetone and B4C [60], OC, HSC, ILC, BMC and IC [55], and G1 [17], 
ZTT3 [19], TLZ20 [61], SBC-B35 [63] and BTB80 [24] glasses, 
Cu58Zn40Pb2 alloy [65] including C2H5N polymer [66] all have lesser ΣR 
than glass E quantity while SSC and SMC [55], BPZE5 glass [20], LAZB4 
glass [62] and NS1 alloy [64] possesses relatively higher ΣR compared to 
sample E. Here Fe/H3BO3 compound [60] has an equal ΣR to glass E 
value. 

Moreover, at 0.0253 eV energy (thermal neutrons) employing the 
suitable formula given in our recent works [16,67] for all A–E samples 
corresponding σcs, σics, σA and σT are determined and obtained values 
are given in Table S8 (see Supplementary material). Here it can be seen 
that σA contributes highly to σT and it is comparatively larger than both 
σcs and σics. Further σics which is smaller than σcs has the least influence 
for thermal neutrons attenuation. In all examined samples σT decreases 
with increasing Pb element and has an opposite trend to samples’ ρ. 
Individually for B, Bi, Pb and O elements σcs, σics and σA are (3.54 b, 
9.148 b, 11.115 b and 4.232 b), (1.7 b, 0.0084 b, 0.003 b and 0.0008 b), 
and (767 b, 0.0338 b, 0.171 b and 0.00019 b). Here 1 b (barn) =
10− 28 m2. So in all studied glasses B (Z = 5) offers more to σT. Reduction 
in B because of Pb addition causes σT decrement as remaining all ele
ments have minimal effect on σT through σcs. From Table S8 data it is 
clear that glass A containing the largest B (Bi: 56.1448 wt%, B: 
11.6179% and O: 32.2373%) has the highest σT (=23.094 cm− 1) for 
thermal neutrons absorption or capture with better efficacy in all A–E 
glasses whereas sample E holds the minimum σT 

(=6.773 cm− 1) value. 

Conclusions 

In this work photon attenuation characteristics in terms of μ, μ/ρ, Zeff, 
Neff, HVL, TVL, MFP and RPE have been investigated at selected medical 
diagnostic X-ray and distinct radioisotopes γ-ray energies for bismuth 
lead borate glasses. A good agreement was identified among μ/ρ quan
tities derived by computational (MCNPX, Geant4 and FLUKA codes) and 
theoretical (Phy-X/PSD and WinXCOM) approaches at all these en
ergies. For example at 662 KeV energy 0.106, 0.1015, 0.105 and 0.106 
cm2/g were μ/ρ accordingly obtained by Phy-X/PSD software, MCNPX, 
Geant4 and FLUKA codes for sample E. PbO addition instead of B2O3 has 
increased μ, μ/ρ and Zeff and reduced HVL, TVL and MFP in studied 
samples at any chosen energy. For instance, 1.61 cm, 5.34 cm and 2.32 
cm are the computed HVL, TVL and MFP values at 1.524 MeV energy for 
glass E that shows the minimum quantities for these parameters. Be
sides, comparatively glass E has lesser HVL and MFP than five com
mercial glasses at 0.2, 0.662 and 1.25 MeV energies and every six kinds 
of polymers and ceramics as well as seven types of concretes at 
0.015–15 MeV energy range. In all samples estimated RPEs are maximal 
for glass E at all examined photon energies. Next, PEA, CS and PP events 
correspondingly at lower (≤0.2 MeV), intermediate and greater energy 
regions played a key role for derived EBF and EABF changes at 0.015–15 
MeV range at ten explicit PDs between 1 and 40 mfp where sample E 
possesses these values minimally. Moreover, at 15 KeV–15 MeV KE 
range ΨP, ΦP, ΨA, ΦA and ΨE and CSDA range for electrons have been 
determined for all A–E glasses in which sample E exhibits a smaller 
range for all protons, α-particles and electrons. Comparatively larger ΣR 
(=0.123 cm− 1) for fast neutrons attenuation was obtained for glass E 
owing to the presence of higher wt% of Bi (34.6805 wt%), Pb (51.5776 
wt%) and moderate B (1.7941 wt%) elements in it as PbO inclusion 

Fig. 7. Variation of electron stopping power (ΨE) (inset, within the KE range of 
0.9–15.5 MeV) as a function of kinetic energy (KE) for all A–E samples. 

Table 2 
Comparison of ΣR (cm− 1) of glass E with reported different nuclear radiation 
shielding materials.  

Sample ΣR Reference 

‘E’ glass  0.1230 Present work 
Graphite (C)  0.0773 [60] 
Water (H2O)  0.1023 
Fe/H3BO3 compound  0.1230 
Acetone  0.0824 
B4C  0.0714 
Ordinary concrete (OC)  0.0937 [55] 
Hematite-serpentine concrete (HSC)  0.0967 
Ilmenite-limonite concrete (ILC)  0.0950 
Basalt-magnetite concrete (BMC)  0.1102 
Ilmenite concrete (IC)  0.1121 
Steel-scrap concrete (SSC)  0.1247 
Steel-magnetite concrete (SMC)  0.1420 
G1 glass  0.102 [17] 
BPZE5 glass  0.179 [20] 
ZTT3 glass  0.050916521 [19] 
TLZ20 glass  0.108 [61] 
LAZB4 glass  0.12681 [62] 
SBC-B35 glass  0.0971 [63] 
BTB80 glass  0.101 [24] 
NS1 alloy  0.163 [64] 
Cu58Zn40Pb2 (A2) alloy  0.114 [65] 
Polyethylenimine (PEI) (C2H5N) polymer  0.1182 [66]  
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enhanced sample’s ρ from 4.57 g/cm3 up to 8.31 g/cm3. Further glass A 
shows better efficacy for thermal neutron absorption in all A–E glasses 
because of higher wt% of Bi (56.1448 wt%) and B (11.6179 wt%) ele
ments contained in it. In general, sample E (transparent optically) has a 
high potential for photons shielding and it could be considered as a 
promising radiation shield instead of concretes or metallic Pb in nuclear 
medicine facilities against emitting photons where the examined X-ray 
and γ-ray energies are in use. 
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Appendix A. Supplementary data 

At 0.02‒1.524 MeV photon energy range for all A‒E glasses derived 
μ/ρ values by Phy-X/PSD and WinXCOM programs, MCNPX, Geant4 and 
FLUKA codes (Table S1) and for A‒D glasses related μ/ρ comparison 
plots (Fig. S1), for all A‒E glasses obtained all μ, Zeff, Neff, HVL, TVL and 
MFP variations at 0.02‒1.524 MeV photon energy range with related 
discussion (Figs. S2‒S6), comparison of MFP of the glass E with some 
commercial glasses, alloys, polymers, standard shielding concretes and 
Lead and ceramics (Fig. S7), at 0.015‒15 MeV photon energy range 
variations of EBF and EABF at distinct mean free paths for all A‒E glasses 
with related discussion (Fig. S8), for all A‒E glasses calculated Zeq and 
G‒P fitting parameters (a, b, c, d and Xk) for EBF and EABF estimations 
within the 0.015‒15 MeV photon energy range (Tables S2‒S6), varia
tions of ΦP, ΦA and CSDA range of electrons at 15 KeV‒15 MeV KE range 
for all A‒E samples with related discussion (Fig. S9 and Fig. S10), and for 
all A‒E glasses computed values of effective removal cross-sections for 
fast neutrons (ΣR) (Table S7) and σcs, σics, σA and σT for thermal neutrons 
attenuation (Table S8) can be found in the Supplementary data to this 
article. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.rinp.2021.104030. 
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Primary standardization of 57Co. Appl Radiat Isot 2010;68(7-8):1344–8. 

[36] https://www.radiochemistry.org/nuclearmedicine/radioisotopes/ex_iso_medicine. 
htm. 

[37] Simões D, Koskinas MF, Dias MS. Measurement of the gamma-ray probability per 
decay of 42K. Appl Radiat Isot 2001;54(3):443–6. 

[38] Iqbal A, Ullah N, Ur Rahman A. Density-dependent energy loss of protons in Pb and 
be targets and percent mass-stopping power from bethe-bloch formula and bichsel- 

G. Lakshminarayana et al.                                                                                                                                                                                                                    

https://doi.org/10.1016/j.rinp.2021.104030
https://doi.org/10.1016/j.rinp.2021.104030
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0005
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0005
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0005
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0005
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0010
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0010
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0010
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0010
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0015
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0015
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0015
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0015
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0020
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0020
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0020
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0025
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0025
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0025
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0030
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0030
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0035
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0035
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0035
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0040
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0040
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0060
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0060
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0060
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0065
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0065
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0065
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0075
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0075
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0075
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0080
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0080
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0080
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0080
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0085
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0085
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0085
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0090
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0090
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0090
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0090
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0095
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0095
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0095
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0100
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0100
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0100
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0105
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0105
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0105
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0110
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0110
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0110
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0115
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0115
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0115
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0120
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0120
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0120
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0120
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0125
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0125
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0125
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0130
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0130
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0130
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0135
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0135
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0135
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0140
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0140
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0140
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0145
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0145
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0145
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0150
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0150
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0150
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0155
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0155
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0155
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0160
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0160
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0160
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0165
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0165
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0165
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0175
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0175
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0185
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0185
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0190
http://refhub.elsevier.com/S2211-3797(21)00197-2/h0190


Results in Physics 23 (2021) 104030

9

sternheimer data within 1–12 MeV energy range. A comparative study based on 
bland-altman analysis. J Med Imaging Radiat Sci 2019;50(1):149–56. 

[39] Seltzer SM, Berger MJ. Procedure for calculating the radiation stopping power for 
electrons. Int J Appl Radiat Isot 1982;33(11):1219–26. 

[40] Ziegler JF, Ziegler MD, Biersack JP. SRIM – The stopping and range of ions in 
matter. Nucl Instrum Methods Phys Res, Sect B 2010;268:1818–23. 

[41] M.J. Berger, J.S. Coursey, M.A. Zucker, J. Chang, ESTAR, PSTAR, and ASTAR: 
Stopping-Power & Range Tables for Electrons, Protons, and Helium Ions (Updated 
2017). NIST (https://www.nist.gov/pml/stopping-power-range-tables-electrons- 
protons-and-helium-ions) (DOI: https://dx.doi.org/10.18434/T4NC7P). 

[42] Gerward L, Guilbert N, Jensen KB, Levring H. WinXCom—a program for 
calculating X-ray attenuation coefficients. Radiat Phys Chem 2004;71(3-4):653–4. 
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