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Abstract. Gamma and fast neutron shielding performances of some borate-based glasses, recently synthesised
by other researchers, in the form 39H3 BO3 + 30PbO+20MO+10Bi2 O3 +1Dy2 O3 (with M=Ca, Sr, Ba, Na2 and
K2 ) have been investigated. The gamma shielding ability of the glasses with doped heavy metals was studied for
photons with 20, 30, 40, 60, 100, 200, 284 and 511 keV energies by exploiting the mass attenuation coefficients,
half-value layers, mean free paths and effective atomic numbers. It was concluded that the glass with SrO has a
better shielding performance at 20 and 30 keV. For photons with energies above 30 keV, up to 511 keV, the glass
having BaO is superior in terms of gamma shielding ability. Furthermore, the glass containing SrO was shown to
have the best performance against fast neutrons among the glasses under investigation.
Keywords. Heavy metal-doped borate glass; FLUKA; gamma; neutron; shielding.
PACS Nos 87.53.Vb; 95.85.Pw; 87.50.Gi; 61.80.Hg

1. Introduction
Utilisation of ionising radiation has been extremely
helpful in many fields including medicine, industry,
agriculture and scientific research. However, usage of
this powerful tool can be hazardous to human lives. This
fact makes protection of the people (workers, patients
etc.) mandatory against potentially harmful effects. This
can be achieved using a proper shielding depending on
the type and energy of the ionising radiation, in addition
to reducing the time of exposure and increasing the distance to the source. Concrete is a conventional shielding
material thanks to its low-cost and ability to be easily
put in a desired form [1–3]. But, usage of concrete as
a radiation shielding material has some drawbacks: it is
not transparent to visible light and is difficult to transport. Glasses have become good candidates for radiation
shielding against γ -rays and neutrons. They have significant features such as high density and resistance to
corrosion, in addition to good transparency to visible
light.
Many studies have been performed to investigate the
performance of glasses as radiation shielding materials. Among the recent works are the ones on borate
and silicate glasses containing BaO, Bi2 O3 and PbO [4,
0123456789().: V,-vol

5], Bi2 O3 -based borate–tellurite–silicate [6], telluritebased [7,8], lead and barium phosphate glasses [9], and
Sm3+ [10] and Dy3+ [11] doped telluroborate glasses.
Borate-based glasses are widely used glass systems [12–
16] because B2 O3 has a superior glass-forming ability
and possesses a significantly lower melting temperature
than silica glasses.
Recently, a new series of heavy metal oxides (PbO and
Bi2 O3 ) incorporated borate-based glasses with various
modifiers such as CaO, SrO, BaO, Na2 O and K2 O and
doped with the rare earth oxide Dy2 O3 , in the form of
39H3 BO3 +30PbO+20MO+10Bi2 O3 +1Dy2 O3 (with
M = Ca, Sr, Ba, Na2 and K2 ), have been fabricated and their physical, optical and elastic properties
have been investigated [17]. Some of these glasses
have higher densities and refractive indices than the
other recently studied Dy3+ -doped glasses, including
zinc-aluminoborosilicate [18], alkali borotellurite [19],
strontium barium borate [20] and gadolinium strontium
borosilicate [21]. Response of the glasses with the different modifiers has also been studied in ref. [17] in terms
of the radiation shielding performance against γ -rays
of 0.284, 0.511, 0.662, 0.826, 1.172, 1.330 and 2.506
MeV energies using the Geant4 model of a high purity
germanium (HPGe) detector.
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In the present work, some of the main γ -ray shielding parameters for the same series of glasses analysed
in [17] have been studied using the FLUKA Monte Carlo
code at lower photon energies of 20, 30, 40, 60, 100,
284 and 511 keV. The first four energies, 20, 30, 40 and
60 keV, are commonly used in mammography, dental,
general and computed tomography applications, respectively [22]. Mass attenuation coefficients (μm ) have
been compared with those obtained with the XCOM
program. The two highest energies, namely 284 and
511 keV, are chosen to compare the μm s with those
obtained in [17] for the same energies. In addition, the
macroscopic effective removal cross-section ( R ) for
fast neutrons has also been calculated for the glasses
under study.

2. Materials and methods
Five heavy metal oxide-incorporated glasses with different modifiers fabricated in [17] have been coded in
this work as:
Glass 1:
39H3 BO3 +30PbO+20CaO+10Bi2 O3 +1Dy2 O3
Glass 2:
39H3 BO3 +30PbO+20SrO+10Bi2 O3 +1Dy2 O3
Glass 3:
39H3 BO3 +30PbO+20BaO+10Bi2 O3 +1Dy2 O3
Glass 4:
39H3 BO3 +30PbO+20Na2 O+10Bi2 O3 +1Dy2 O3
Glass 5:
39H3 BO3 +30PbO+20K2 O+10Bi2 O3 +1Dy2 O3 .
Densities for these glasses are obtained from [17]
as 5.796, 6.124, 6.260, 4.596 and 4.415 g/cm3 for
glasses 1, 2, 3, 4 and 5, respectively. The mass attenuation coefficients (μm ) for each glass sample at 20,
30, 40, 60, 100, 200, 284 and 511 keV were calculated using the FLUKA Monte Carlo code [23–25],
as well as the XCOM program [26,27]. Some of the
other important shielding parameters, the half-value layers (HVL), effective atomic numbers (Z eff ) and mean
free paths (MFP) for each glass sample have also been
evaluated. Moreover, the macroscopic effective removal
cross-section ( R ) for fast neutrons has been calculated
for each glass.
2.1 Theoretical background
The ability of a material to be used as a shield against
radiation can be estimated by means of evaluating some
shielding parameters. The mass attenuation coefficient
can be considered as the most significant parameter. It
is defined as μm = μ/ρ, where ρ is the density of the
target material and μ is the linear attenuation coefficient
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defined as
ln(I0 /I )
.
(1)
μ=
x
In this equation, obtained for a well-collimated monoenergetic photon beam, I0 and I stand for the incident
and transmitted intensities, respectively, and x is the
target thickness. The mixture rule [28], given as

wi (μ/ρ)i ,
(2)
μ/ρ =
i

where wi is the fractional weight and (μ/ρ)i = μm of
the ith constituent element, can be used to calculate μm
for a mixture or a compound.
Some of the other significant radiation shielding
parameters are HVL, expressed as the absorber’s thickness required to decrease the gamma intensity from I0
to I0 /2 (HVL = 0.693/μ), the mean free path MFP =
1/μ, which is the average distance taken by the incident
photon before it has a collision in the absorber material
and the effective atomic number Z eff , which is defined
for composite materials for an energy range [29]. There
are various methods, such as the direct method, interpolation method, Auto-Zeff software [30] and XMuDat
program [31], for calculating Z eff . In the present work,
the direct method has been employed. In this method,
Z eff is defined as the average atomic number of a compound or a mixture, given by the relation [32]

f i Ai (μ/ρ)i

,
(3)
Z eff =  i
j f i A j /Z j (μ/ρ) j

where f i ( f i = 1), Ai , Z i and (μ/ρ)i are respectively
the molar fraction, atomic weight, atomic number and
mass attenuation coefficient of the ith element.
The macroscopic effective removal cross-section  R
(in cm−1 ) is the most significant parameter characterising attenuation of neutrons in shielding materials. It
presents the probability that a fast (or fission-energy)
neutron undergoes a first collision removing it from the
group of penetrating uncollided neutrons [33]. For a
compound or a mixture, it is defined by the relation [34]
 R = i ρi ( R /ρ)i ,

(4)

with ρi (g/cm3 ) and ( R /ρ)i (cm−1 ) being the partial
density and the removal cross-section per unit density of
the constituent i, respectively [35]. The values of  R /ρ
can be calculated using the empirical functions given in
[36].
2.2 FLUKA code and XCOM program
In this work, a fully integrated particle physics Monte
Carlo simulation package, FLUKA, has been used in
to obtain linear attenuation coefficients from which the
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density-independent mass attenuation coefficients can
be evaluated. FLUKA can calculate the particle transport and interactions of about 60 different particles, from
1 keV to thousands of TeVs, with matter [23–25]. It
has many applications in cosmic ray physics, shielding,
accelerator design, medical physics etc.
The XCOM program generates total cross-sections
and attenuation coefficients as well as partial crosssections for incoherent and coherent scattering, photoelectric absorption, and pair production in the fields
of the atomic nucleus and atomic electrons for a wide
energy range between 1 keV and 100 GeV. The interaction and total attenuation coefficients for compounds
or mixtures are obtained as sums of the corresponding
quantities for the atomic constituents. XCOM calculates
the weighting factors, the fractions by weight of the constituents from the chemical formula entered by the user.
In the case of mixtures, the fractions by weight of the
various components must be given by the user [26,27].

3. Results and discussion
The first step to calculate the mass attenuation coefficients using FLUKA is to obtain the linear attenuation
coefficient using eq. (1). To achieve that goal, the targets
representing the glasses have been formed as a rectangular box of 4 cm height, 4 cm width and a variable
thickness t. Each target has been constructed in the form
39H3 BO3 +30PbO+20MO+10Bi2 O3+1Dy2 O3 where
M is replaced by Ca, Sr, Ba, Na2 and K2 to make different glasses. The weight fraction of each element in
the individual glass is given in table 1. Simulations have
been performed for each glass by delivering 5 × 105
mono-energetic gamma photons with the energy of
interest, namely 20, 30, 40, 60, 100, 200, 284 and 511
keV, perpendicular to the target. At each energy, simulations have been repeated with the target having different
thicknesses and the transmitted photon intensities have
been recorded for each case. For each glass and photon energy of interest μ is extracted from a fit to the
function y = ax + b where x is the target thickness
and y =ln(I /I0 ). The mass attenuation coefficients of
the glasses (μm ) are then obtained by dividing μ by the
density of the corresponding glass.
Results acquired from the simulations and XCOM,
together with the percentage difference (PD) calculated
using the equation
PD =

|μm((XCOM) − μm((FLUKA) |
× 100
μm(XCOM)

(5)

are given in tables 2 and 3.
It is clear from tables 2 and 3 that FLUKA successfully
reproduces the mass attenuation coefficients obtained
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with XCOM, with the smallest percentage difference
of 0.02% for Glass 2 at 30 keV photon energy and
the largest one of 0.95% for Glass 4 at 200 and 511
keV photon energies. It is noteworthy to compare the
μm values obtained from FLUKA with those obtained
using the Geant4 simulation toolkit reported in [17].
Since this work mainly focusses on relatively low energies, comparison can be made between the FLUKA and
Geant4 μm values at 284 and 511 keV photon energies.
It has been reported [17] that Geant4 results for μm
are 0.3474, 0.3351, 0.3327, 0.3416 and 0.3312 (0.1315,
0.1295, 0.1302, 0.1312 and 0.1294) cm2 /g at 284 (511)
keV for Glass 1, 2, 3, 4 and 5, respectively. The percentage differences calculated between each of these
values and the corresponding XCOM ones are obtained
to be greater than 1% (reaching 3.45% for Glass 1 at
511 keV) for almost all the values, except for Glass
1 at 284 keV.
The μm values obtained using the FLUKA code have
also been depicted in figure 1 for all the energies under
investigation. The region representing the medical diagnostic energies 20, 30, 40 and 60 keV is zoomed and
embedded in the figure as well. One can notice from
table 2 and figure 1 that the mass attenuation coefficients suddenly decrease as the photon energy increases
from 20 to 60 keV. This behaviour clearly indicates that
the shielding ability of all the glasses sharply decreases
with the increase in photon energy. Furthermore, Glass
2, which contains SrO, has the largest mass attenuation
coefficient compared to the other glasses at 20 and 30
keV photon energies. This can be attributed to the fact
that Sr has the K absorption edge at 16.1 keV, which
is the energy equal to the binding energy of the innermost shell of Sr atoms. Gamma rays with such energies
attenuated strongly due to the photoelectric absorption
causing a sharp increase in the mass attenuation coefficient. This phenomenon, which is effective at 20 keV
and to a lesser extent at 30 keV, gradually decreases as
the photon energy increases. At 40 keV and 60 keV,
Glass 3 has the largest μm among the other glasses. The
situation can be explained in a similar manner as above:
Glass 3 with its barium content shows better shielding
performance against photons at 40 KeV and to a lesser
extent 60 keV due to its K absorption edge at 37.4406
keV. At the higher set of energies, namely 100, 200,
284 and 511 keV, the μm values continue to decrease,
except for a slight increase at 100 keV, until they reach
the lowest value at 511 keV.
The half value layer (HVL) is another parameter by
which the photon shielding ability of a material can be
estimated. Since it gives the thickness of the target material that can decrease gamma intensity to 50% of the
incident intensity, lower values of HVL mean better protection against γ -rays. The HVLs of the glasses under
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Table 1. Weight fraction of the elements in the glasses.
Weight fractions
Glass samples
Glass 1
Glass 2
Glass 3
Glass 4
Glass 5

B

Pb

Bi

Dy

O

H

Ca/Sr/Ba/Na/K

0.02762678
0.02600650
0.02450393
0.02741476
0.02631238

0.40729660
0.38340915
0.36125703
0.40417080
0.38791867

0.27386421
0.25780241
0.24290744
0.27176245
0.26083459

0.02129527
0.02004633
0.01888812
0.02113184
0.02028211

0.20966863
0.19737183
0.18596833
0.20805954
0.19969324

0.00772717
0.00727398
0.00685371
0.00766787
0.00735953

0.05252134 (Ca)
0.10808980 (Sr)
0.15962144 (Ba)
0.05979275 (Na)
0.09759949 (K)

Table 2. Mass attenuation coefficients (μm ) in cm2 /g obtained with FLUKA and XCOM for the glasses under study at
medical diagnostic energies.
GS

20 keV
30 keV
40 keV
60 keV
FLUKA XCOM PD (%) FLUKA XCOM PD (%) FLUKA XCOM PD (%) FLUKA XCOM PD (%)

Glass 1
Glass 2
Glass 3
Glass 4
Glass 5

61.21118
63.81940
58.42173
60.31549
58.81279

61.59
64.23
58.71
60.56
59.07

0.62
0.64
0.49
0.40
0.44

21.6563
22.4935
20.5048
21.2132
20.6689

21.63
22.49
20.57
21.29
20.73

0.12
0.02
0.32
0.36
0.29

10.2112
10.5838
12.8883
10.0711
9.7976

10.26
10.63
12.94
10.11
9.833

0.48
0.43
0.40
0.38
0.36

3.7995
3.8937
4.7105
3.7742
3.6582

3.827
3.918
4.722
3.777
3.668

0.72
0.62
0.24
0.08
0.27

Table 3. Mass attenuation coefficients (μm ) in cm2 /g obtained with FLUKA and XCOM for glasses under study at 100, 200,
284 and 511 keV photon energies.
GS

100 keV
200 keV
284 keV
511 keV
FLUKA XCOM PD (%) FLUKA XCOM PD (%) FLUKA XCOM PD (%) FLUKA XCOM PD (%)

Glass 1
Glass 2
Glass 3
Glass 4
Glass 5

3.9279
3.7778
3.8173
3.9062
3.7675

0.69
0.61
0.75
0.38
0.25

0.7345
0.7105
0.7168
0.7279
0.7110

0.7406
0.7124
0.715
0.7349
0.7113

0.83
0.27
0.25
0.95
0.04

study at the energies of interest are plotted in figure 2.
In the figure is embedded the zoomed region representing the HVLs for the medical diagnostic energies. The
first observation from the figure is that Glasses 4 and 5
have the largest HVL values for all energies of interest.
This means Glasses 4 and 5 have the weakest shielding
ability. Secondly, one can see from the embedded figure
that Glass 2 has the smallest HVL at 20 and 30 keV, after
which Glass 3 has the lowest HVL value. This observation implies that while Glass 2 exhibits better shielding
ability at 20 and 30 keV, Glass 3’s shielding performance
becomes better than the other glasses for energies above
30 keV.
The mean free paths (MFP) of the glasses are given
in figure 3 as a function of the photon energy. Owing
to the fact that the MFP is closely related to the linear
attenuation coefficient by the relation MFP = 1/μ, the
energy dependence of MFP is very similar to that of
HVL. Therefore, the conclusions drawn from the HVL
are valid for the MFP. Glass 2, with the smallest value

0.34928
0.33908
0.33789
0.34706
0.33730

0.35
0.3395
0.3395
0.3492
0.3399

0.63
0.12
0.47
0.61
0.77

0.1359
0.1319
0.1323
0.1343
0.1329

0.1362
0.1329
0.1322
0.1356
0.1337

0.23
0.76
0.10
0.95
0.57

Glass 1

60

Glass 2
60

Glass 3
Glass 4

50

50

Glass 5
40

40
30

μm

3.955
3.801
3.846
3.921
3.777
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30
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0

0.02

0.025

0.03

0.035

0.04

0.045

0.05

0.055

0.06

10

0

0

0.1
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0.4
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Energy (MeV)

Figure 1. μm values obtained with FLUKA for the glasses
under study at photon energies of interest.

of MFP, has better shielding capacity at 20 and 30 keV.
Glass 3 has the best shielding performance for photon
energies above 30 keV.
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Figure 2. Dependence of the HVL of the glasses on photon
energy.
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Figure 4. Dependence of Z eff of the glass samples as a function of photon energy.
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Figure 3. Dependence of the MFP of the glasses on photon
energy.

The effective atomic numbers (Z eff ) for the glass samples as a function of photon energies of interest are given
in figure 4. It is well-known that high values of Z eff
means better shielding against photons since the photoelectric absorption is approximately proportional to the
third power of the atomic number. From figure 4, it is
seen that Z eff sharply decreases when the photon energy
increases from 20 keV to 60 keV after which Z eff slightly
increases with the increase in the photon energy up to
100 keV for all the glasses under study. After 100 keV,
Z eff again decreases as the photon energy increases. For
photon energies above ∼130 keV up to 511 keV, Z eff
is the largest for Glass 3 and the smallest for Glass 4.
This may mean that Glass 3 (Glass 4), among the glasses
of interest, has the best (worst) shielding ability against
photons in this energy region. These observations are
consistent with those made with the HVL and MFP calculations. On the other hand, for energies below 100
keV, there seems to be a discrepancy between the conclusions made using Z eff and those of the other parameters,

Figure 5. Fast neutron removal cross-sections for the glass
samples under study.

namely μm , HVL and MFP. This discrepancy can be due
to the fact that the Z eff values are sensitive to the method
used in the calculations in the energy range where the
photoelectric absorption dominates [37,38].
The macroscopic effective removal cross-sections
( R ) have been evaluated for the glasses under study
and the results are depicted in figure 5. Table 4 includes
the weight fractions (WF), partial densities (PD) and
microscopic removal cross-sections for the individual
constituents in addition to the macroscopic effective
removal cross-sections given in figure 5. The letter ‘X’
in the table stands for Ca, Sr, Ba, Na and K for Glasses
1, 2, 3, 4 and 5, respectively. As seen from both figure 5
and table 4,  R (Glass 2) >  R (Glass 3) >  R (Glass
1) >  R (Glass 5) >  R (Glass 4). One may conclude
from these results that  R is affected both by the density of the glass and the weight fraction of the elements
having low atomic number, and that Glass 2 (Glass 4),
with its largest (lowest)  R , has the best (worst) shielding ability against fast neutrons among the glasses under
investigation.
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Table 4.  R (cm−1 ) for the glasses under study.

Glass 1

Glass 2

Glass 3

Glass 4

Glass 5

WF (%)
PD (g/cm3 )
 R (cm−1 )
WF (%)
PD (g/cm3 )
 R (cm−1 )
WF (%)
PD (g/cm3 )
 R (cm−1 )
WF (%)
PD (g/cm3 )
 R (cm−1 )
WF (%)
PD (g/cm3 )
 R (cm−1 )

B

Pb

0.0276
0.15997
0.0092
0.0260
0.15922
0.0092
0.0245
0.15337
0.0088
0.0274
0.12593
0.0072
0.0263
0.12671
0.0073

0.4073
2.36071
0.0246
0.3834
2.34794
0.0244
0.3613
2.26174
0.0235
0.4042
1.8577
0.0193
0.3879
1.8689
0.0194

Element
Bi
0.2739
1.58752
0.0164
0.2578
1.57877
0.0163
0.2429
1.52055
0.0157
0.2718
1.24919
0.0129
0.2608
1.25653
0.0129

4. Conclusions
The ability of the glasses in the form 39H3 BO3 +
30PbO+20MO+10Bi2 O3 +1Dy2 O3 , where M stands
for Ca, Sr, Ba, Na2 and K2 , to shield against photons
with energies 20, 30, 40, 60, 100, 200, 284 and 511 keV
has been investigated by determining various radiation
shielding parameters. The mass attenuation coefficients
obtained using the FLUKA Monte Carlo program have
been compared with those of the XCOM program; the
results of the two programs are found to be consistent
with each other. The HVL, MFP and Zeff values have
been also been calculated. We conclude that Glass 2,
with SrO content, has better shielding capacity at 20 and
30 keV, while Glass 3, with BaO, has the best shielding
performance for photon energies above 30 keV. Furthermore, the shielding performance of the glasses against
fast neutrons has been studied by calculating the macroscopic effective removal cross-sections ( R ), and it has
been shown that Glass 2 has the best performance among
the glasses under investigation.
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