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Abstract. The bismuth-based non-toxic and lead-free alloys have been investigated for their advanced photon
attenuation and photon energy absorption characteristics over wide γ-ray energy regime from 1 keV to 20
MeV. For this study, we selected five bismuth containing alloys with composition: Bi50Sn(50 − x)Znx where
x = 0, 10, 20, 30, 40 wt.%. The mass attenuation coefficient values computed by theoretical approach using
the WinXCom software package show marked difference from the mass energy-absorption coefficient values
particularly in the energy regime dominated by the Compton effect (CE). Photon interaction (attenuation) effective
atomic number (Z PIeff ) and photon-energy absorption effective atomic number (Z PEAeff ) values were compared
for their mean, maximum and minimum values computed for these alloys. The optimum thickness range analysed
using the attenuation and absorption coefficient values indicate saturation with respect to photon energy spanning
Compton effect (CE) and pair-production (PP) processes. Kinetic energy released per unit mass of the absorbing
material (KERMA) relative to air calculations indicated significant influence of the elemental composition of these
alloys in the intermediate photon energy regime. We also performed calculations for the air-KERMA or exposure
build-up factors of these Bi–Sn–Zn alloy compositions done within the framework of novel EXABCal programme
code. The calculated exposure build-up factor was found to be minimum for the alloy composition Bi50Sn50.
Present investigation of photon interaction and photon energy absorption characteristics would be of interest for
addressing shielding efficiency of lead-free and environment friendly bismuth containing alloy systems.
Keywords. Gamma-radiations; photon interaction properties; photon-energy absorption properties; alloys;
radiation protection.
PACS Nos 25.20.Dc; 28.41.Qb; 78.70.–g; 94.10.Gb

1. Introduction
Concrete, lead metal, building materials such as cement,
sand, bricks, flyash etc. are traditional materials used
for shielding of highly penetrating γ -radiations [1–7].
A concrete material is widely used as the absorber of γ radiations which is also efficient in slowing down fast
neutron via elastic and inelastic scattering [8]. Different
types of concretes are also observed to show different shielding characteristics, half value layer (HVL)
and tenth value layer (TVL) thickness values for the
penetration of γ -rays depending upon varying densities of different types of concretes [3,9,10]. Apart from
concrete, various types of glass materials are being
developed and used by researchers for high-quality
radiation shielding. Majority of these glasses including
borate, silicate, borosilicate, phosphate, telluride-based
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glass systems with lead as additive, are in use for the
last few decades [11–14]. Recently, Limkitjaroenporn
et al [12] reported that lead sodium borate glass material has better radiation shielding property than ferrite
and barite concrete at 662 keV photon energy. Akman
et al [15] have recently investigated silver (Ag) and
lead (Pb) based alloy systems for their shielding efficiency in the photon energy range 81–1333 keV and
concluded that binary alloy composition Ag92.5 Cu7.5
possessed highest values of mass attenuation coefficient and effective atomic number. In a similar work,
Agar et al [16] made a comprehensive study of binary
Pb–Ag alloy systems to explore its possible use as radiation shielding material. Among the alloy compositions
studied, Pb75 Ag25 alloy sample with higher weight percentage of lead metal was found to bear maximum
radiation protection efficiency and lowest half value
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layer. This study revealed that alloy specimen with
higher weight percent of Pb exhibited higher density
and thus provide better radiation attenuation characteristics.
The International Agency for Research on Cancer
(IARC) reports have shown that lead metal is a toxic
element and a major carcinogen for human beings. Leadbased paints are major cause of lead exposure in children
[17]. Apart from these, lead acid batteries that are used
worldwide in lightening industry and electric vehicle
manufacturing units, are also major source of exposure
to lead. Lead derivatives are also commonly used as constituents in cosmetics products [18]. Lead is a neurotoxin
which can harm nervous system of the human beings.
It can result in brain damage, hormonal imbalance, skin
allergies and infertility [14,18,19]. There are also some
evidences based on epidemiological studies that brain
gliomas (a type of brain tumour) may be associated with
lead exposure in humans. Such type of lead poisoning
is also possible through water-soluble lead compounds.
In view of these sources of exposure to lead and
lead poisoning in human beings [20], major concern
in the radio-diagnostic industry is to avoid lead and
its derivatives as radiation shielding blocks. One is
always interested to devise novel shielding materials
(compounds or mixtures) by replacing lead with other
non-toxic and high-Z elements.
Nowadays, lead-free compounds, mixtures, glasses
and alloys are in use due to their non-toxicity and
environmental-friendly characteristics. Akman et al
evaluated five lead-free ternary alloys with compositions Fe/Cr16 /Ni72 , Fe/Cr21 /Ni32.5 , Fe/Cr25 /Ni20 ,
Fe/Cr18 /Ni10 and Fe/Cr17 /Ni7 for their radiation protection properties [21]. The ternary alloy composition
Fe/Cr16 /Ni72 is found to be the best radiation-shielding
material when compared with ordinary concrete and Pbbased shielding materials. Recently, lead-free borotellurite glasses with bismuth oxide (Bi2 O3 ) were synthesised using the melt-quench technique [6]. The
structural and shielding properties were investigated by
varying the Bi2 O3 concentration. The results demonstrated the advantage of adding bismuth oxide to borotellurite glasses. Addition of bismuth oxide led to an
increase in the mass attenuation coefficient values of the
glass system and lowering of the HVL and MFP values.
Another study on shielding characteristics of the borosilicate glasses recycled from high pressure sodium lamp
glass was performed by Kurudirek et al [22]. Radiation
shielding behaviour of these glass systems are found
to improve by the addition of Bi2 O3 . The radiation
shielding parameters such as mass attenuation coefficient, effective atomic number Zeff , electron number Ne
are found to depend upon the concentration of Bi2 O3
in the glass samples. In other words, concentration of

Pramana – J. Phys.

(2021) 95:112

high-Z containing mixture (or, compound) in the
shielding material is reported to enhance their radiation
shielding capability.
A study reported by Martinez and Cournoyer [23]
also suggested immediate need for elimination of highly
toxic lead metal at nuclear sites by introducing nontoxic, high-Z metallic elements such as bismuth (Bi)
and tungsten (W) for shielding operations. For lowenergy sources used at Los Alamos National Laboratory
(LANL), high-energy X-rays and γ -rays interact primarily via photoelectric effect (PE) and Compton effect
(CE). For these types of photon interactions, bismuth is
a non-toxic alternative metal to lead. Also results from
occupational exposure limits (OELs) to control exposure to hazardous materials have indicated no exposure
level associated with bismuth metal and extremely small
exposure with tungsten metal [23]. As far as the cost
factor involved in manufacturing shielding bricks composed of high-Z elements such as bismuth and tungsten,
one should also take into consideration the cost and risk
involved in handling and disposing highly toxic lead
bricks. On adding the cost incurred on the safe disposal
of lead waste to actual cost of the lead brick, the use
of bismuth bricks is still less expensive and disposal is
easier to handle.
Although bismuth seems a favourable substitute for
lead metal because its atomic number (Z ) and density (ρ) are comparable to that of the lead metal, the
bismuth metal is brittle in pure form, and cannot be
processed as such for manufacturing shielding blocks.
Lead-free alloy systems containing high-Z elements, as
discussed above, are least explored in the past for their
potential use in radiation shielding design. An alloy is
defined to be a homogeneous substance composed of
two or more chemical elements of which at least one is a
metal which may enhance the mechanical, physical and
radiation protection properties of the resulting material
after solidification. For achieving the desirable radiation
shielding design, these alloys should perform better than
the traditional concrete and lead. To explore the use of
alloy systems in diverse radiation protection applications, these should be composed of high-performance
and high-strength materials which are environmental
friendly and resistant to corrosive environments. In the
present paper, we aim to investigate in detail the total
photon interaction and photon energy absorption parameters of non-toxic and lead-free bismuth-based alloy
compositions. In §2, we shall give detailed methodology for the computation of photon interaction and
photon-energy absorption parameters. §3 shall include
detailed analysis of these extensive photon interaction
and photon energy absorption parameters for bismuthbased lead-free alloys. We shall also analyse the effect
of elemental composition on radiation shielding
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characteristics of the alloy system as a whole. The results
and findings are finally summarised in §4.

2. Methodology for the computation of shielding
parameters
The radiation attenuation and radiation absorption parameters will be studied over a wide range of photon
energies. Detailed computation of these radiation shielding parameters will be discussed under the following
subsections. The radiation attenuation parameters have
been investigated by theoretical approach using the
WinXCom software package over a wide photon energy
range 1 keV–20 MeV.
2.1 Mass attenuation (μm ) and energy-absorption
(μen /ρ) coefficients
We compute the mass attenuation coefficient values for
these alloy compositions using the WinXCom database
[24]. These values have been computed using a mixture
rule as follows [24]:

ωi (μm )i ,
(1)
μm =
i

where (μm )i is the mass attenuation coefficient for individual element of the alloy mixture and ωi is the weight
fraction of the ith element in the mixture. The mass
energy-absorption coefficient (μen /ρ) for these alloy
compositions can be evaluated using the mixture rule
[25]:
  μen 
(μen /ρ)alloy =
ωi
,
(2)
ρ i
i

where ωi and (μen /ρ)i are the fractional weight and
mass energy-absorption coefficient of the ith constituent
element, respectively. The mass energy-absorption coefficient is a measure of average fraction of total incident
photon energy transferred to the kinetic energy of
charged particles during photon interaction with the
absorber. One may note that this component also takes
into account energy carried by bremsstrahlung radiation and other escaping secondary particles. The mass
energy-absorption coefficient plays an important role in
the estimation of exposure and absorbed dose in medical
radiation physics [25,26].
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of photon energy. The effective atomic number for the
total photon interaction Z PIeff is calculated by the usual
formula:

i f i Ai(μm )i
Z PIeff =  
.
(3)
f i Ai
)
(μ
m
i
i
Zi
Here, f i is the molar fraction of the ith constituent element present in the alloy mixture. Ai is the mass number
of the ith constituent element in the alloy and (μm )i is
the mass attenuation coefficient of the ith constituent
element.
The effective atomic number for photon energy
absorption Z PEAeff is obtained using the mass energyabsorption coefficient values of these alloy systems
as computed previously. The μen /ρ values are firstly
used to calculate the effective atomic energy-absorption
cross-section as follows:


μen
1 
σa,en =
f i Ai
,
(4)
N
ρ i
where f i is the fractional abundance of the ith constituent element and N is the Avogadro’s number.
Similarly, effective electronic energy-absorption crosssection is given by


1  f i Ai μen
,
(5)
σe,en =
N
Zi
ρ i
i

with Z i being the atomic number of the ith constituent
element. The effective atomic number for photonenergy absorption then can be defined as
σa,en
.
(6)
Z PEAeff =
σe,en
2.3 Computation of HVL, MFP and TVL
From the mass attenuation coefficient values μm =
(μ/ρ) obtained using the WinXCom software package
and density of a given alloy sample [27], we extract the
linear attenuation coefficient values μ for finding the
thickness normalising parameters HVL, MFP and TVL.
The half value layer (HVL) is an important parameter
frequently used in the investigation of photon penetrability inside the shielding materials. HVL is the minimum
thickness of the shielding sample required through
which the transmitted γ -ray intensity is reduced to half
of the original intensity of the incident γ -rays [28]:

2.2 Computation of effective atomic numbers: ZPIeff
and ZPEAeff

HVL =

The effective atomic numbers for total photon interaction ZPIeff and photon energy-absorption Z PEAeff have
been computed for bismuth-based alloys as a function

The thickness of the absorber material required to reduce
the initial radiation intensity to 36.8% after passing
through the absorber is called mean free path (MFP)

0.693
.
μ

(7)
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and is calculated as [28]
1
MFP = .
μ
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Similarly, the thickness of the shielding sample at which
90% of the incident γ -ray intensity is attenuated is
known as the tenth value layer (TVL) and is calculated
as [28]:
2.303
TVL =
.
(9)
μ
2.4 Computation of optimum thickness range
The estimate of optimum thickness range allows for an
accurate measurement of mass attenuation coefficient
values in the experimental set-up [29]. The optimum
thickness range is derived from the product of linear
attenuation coefficient μ and thickness x of the alloy
sample, provided the product μx should lie in the range
0.5 ≤ μ · x ≤ 0.7. The optimum thickness range is then
extracted as
0.5
0.7
≤x≤
.
μ
μ
The linear attenuation coefficient μ is assured by
the product of mass attenuation coefficient (μm ) and
measured density (ρ) of the shielding material. From
this inequality expression, one should expect the optimum thickness range to increase with decrease in μ. In
other words, the optimum thickness range is expected
to increase with photon energy due to the decrease in
the linear attenuation coefficient.
2.5 Computation of KERMA relative to air
Determination of KERMA relative to air is very important for correctly understanding γ -radiation absorption capability of shielding materials. KERMA is an
acronym for kinetic energy released per unit mass of
the absorbing material. This is also defined as the initial
kinetic energy of all secondary charged particles liberated per unit mass at a point of interest by uncharged
ionising radiation [30,31]. KERMA is related to mass
energy-absorption coefficient (μen /ρ) by the following
expression [31]:


μen
ψ Aμen dx
=ψ
,
(10)
K=
Adx
ρ
where K represents KERMA and ψ is the energy fluence
of monoenergetic photons passing normally through a
cross-sectional area A in an absorbing material. In other
words, KERMA is the product of energy fluence ψ and
mass energy-absorption coefficient μρen . The value of K
is independent of the energy fluence of photons and is
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a good parameter for investigating interaction of matter
with γ -rays. For the present alloy systems, the KERMA
relative to air (KR ) may be defined as the ratio of mass
energy-absorption coefficient for the selected sample
(μen /ρ)alloy to that of air (μen /ρ)air , i.e.
KR =

(μen /ρ)alloy
(μen /ρ)air

.

(11)

2.6 Computation of exposure build-up factors
Investigation of exposure build-up factors (ExBF) would
help us to estimate how much of the incident energy is
deposited inside the absorber medium. Adequate knowledge of build-up factors helps us to in estimating the
thickness of the material needed for radiation shielding
design. The transmission of radiation through a shielding material is governed by the Lambert–Beer law:
It = I0 e−μt ,

(12)

where I0 is the incident photon intensity and It is
the reduced intensity transmitted after crossing through
the absorber material of thickness t and linear attenuation coefficient μ. This law is, however, applicable
for monoenergetic photons, narrow beam geometry and
small thickness of the absorbing material. Under practical situations, these assumptions usually stand invalid.
Thus, the Lambert–Beer law takes the modified form
to account for multiple scattering of photons inside the
absorber medium i.e.
It = B I0 e−μt .

(13)

The correction factor B is called the buildup factor
which has the value always greater than unity. In fact,
the buildup factor B helps us to control the thickness t
of the shielding material to achieve the desired shielding
design.
In the present work, we shall extract the ExBF, in
which the energy response function is that of the absorption in the air [32,33] as a function of the photon energy
and taking penetration depth as an optional parameter.
The penetration depth is expressed in terms of MFP
which is defined as the average thickness of an absorber
medium which reduces the intensity of incident beam
to 1/e of its original value. The steps involved in the
computation of ExBF are: (a) estimation of equivalent atomic number Z eq of the given alloy composition,
(b) evaluation of geometric progression (GP) fitting
parameters and (c) estimation of ExBF. The geometric
progression form is the preferred formulation used to
approximate buildup factors. This precise formulation
was developed by Harima [34,35]. The buildup factor
as a function of distance x and photon energy E is of
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Table 1. Selected bismuth-based alloys with elemental composition: Bi50Sn(50−x)Znx where x = 0, 10, 20, 30, 40 wt.%.
Alloy sample

Chemical composition
Bi

S1
S2
S3
S4
S5

Bi50Sn50
Bi50Sn40Zn10
Bi50Sn30Zn20
Bi50Sn20Zn30
Bi50Sn10Zn40

Weight fraction
Sn

0.5
0.5
0.5
0.5
0.5

0.5
0.4
0.3
0.2
0.1

Zn
0.0
0.1
0.2
0.3
0.4

The parameters a, b, c, d and X K are GP fitting
coefficients which depend upon photon energy and composition of the absorber material. The penetration depth
x is measured in units of MFP.

3. Results and discussion
In this section, results from simulation of the abovementioned shielding parameters, viz. mass attenuation and mass energy-absorption coefficients, effective
atomic number, HVL, TVL, MFP, optimum thickness
range, KERMA relative to air and ExBF are analysed in
detail for the bismuth-based alloys. Five bismuth-based
alloys are chosen for this study with elemental composition as shown in table 1.
3.1 Measurement of mass attenuation and mass
energy-absorption coefficients

Figure 1. Variation of mass attenuation coefficient values
with incident photon energy for selected Bi–Sn–Zn alloy compositions. Inset: Variation of μm values with photon energy
for the same alloy compositions with view enlarged.

the form:

B(E, x) =

−1
;
1 + (b − 1) KK −1
1 + (b − 1) x;
x

K = 1
K = 1,

(14)

with

K (E, x) = cx a + d

tanh

x
XK


− 2 − tanh (−2)

[1 − tanh (−2)]
for x ≤ 40 mfp.

,
(15)

Figure 1 displays the mass attenuation coefficient
μm (= μ/ρ) values plotted as a function of incident photon energy in the energy range 1 keV to 20 MeV. The
μm values obtained theoretically using the WinXCom
software package are compared for the alloy compositions labelled as S1, S2, S3, S4 and S5, respectively
and illustrated in table 1. For all the alloy compositions investigated here, the μm values decrease rapidly
with incident photon energy upto 0.4 MeV. This rapid
decline in the mass attenuation coefficient values in the
initial photon energy regime may be attributed to the
dominance of the photoelectric effect (PE) for which
interaction cross-section varies as 1/E 3.5 . In the limited photon energy range of 40 keV to 6.0 MeV, the
Compton effect (CE) dominates the scenario with its
interaction cross-section varying inversely with photon energy E. As a result, all these compositions tend
to have similar μm values in the Compton scattering
energy regime. With further increase in photon energy,
μm values decrease only moderately and almost remain
unchanged. Beyond photon energy ∼6 MeV, the μm values again increase but slightly which may be attributed
to the dominance of pair production (PP) process with
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Figure 2. Variation of mass energy-absorption coefficient
values with incident photon energy for selected Bi–Sn–Zn
alloy compositions. Inset: Variation of μen /ρ values with photon energy with view enlarged.

its cross-section varying as σPP ∝ Z 2 · logE. The slight
increase of μm with photon energy in the PP dominant
energy region is also in agreement with the previous
findings of different research groups [22,36]. Jumps in
the mass the attenuation coefficient values are observed
around 100 keV which are due to the K-absorption
edge of Bi83 . In figure 2, we display the mass energyabsorption coefficient (μen /ρ) values computed for the
same alloy compositions. From the pattern observed
for μen /ρ values, one can infer that variation of massenergy absorption coefficient values with photon energy
follows the same trend as that of the mass attenuation
coefficient values. Also, one can observe abrupt jumps
in the μen /ρ values around 100 keV. These fluctuations
in the μen /ρ values similar to those observed in the
case of mass attenuation coefficient values are attributed

to K-absorption edge of Bi83 . The photon energies
corresponding to different K-, L-, M-absorption edges
of elements Zn30 , Sn50 and Bi83 are also depicted in
table 2.
Next, we display in figure 3 the comparison of μm
and μen /ρ values for a given alloy composition plotted
as a function of photon energy. Also shown in the figure are the mass attenuation coefficient (μm )exp values
obtained experimentally for the prepared alloy samples
at photon energies of 511, 662 and 1250 keV, respectively [27]. The moderate inverse energy dependence
of mass attenuation coefficient values measured experimentally is also visible which is due to the fact that
selected gamma source energies of 511, 662 and 1250
keV lie in the Compton scattering region. It can be seen
that mass attenuation coefficient values obtained experimentally are in close agreement with those computed
using WinXCom software database. Shaded region in
figure 3 indicates Compton scattering energy regime,
where increase in photon energy is observed to have negligible influence on mass attenuation coefficient (μm )
and mass energy-absorption coefficient (μen /ρ) values. The variation of mass energy-absorption coefficient
with photon energy follows the same trend as followed
by mass attenuation coefficient μm (= μ/ρ) values. The
μm and μen /ρ values are seen to be the highest at
the lowest tail of the photoelectric absorption energy
domain. The fall in initial μm (or, μen /ρ) values is due
to the inverse energy dependence of the cross-section for
photoelectric absorption (∼1/E 3.5 ). In the photoelectric
absorption domain, there is complete absorption of photon energy into the interacting material and hence μm ≈
μen /ρ. That is, the initial μm and μen /ρ values almost
coincide in this region as clearly seen from figure 3.
With further increase in γ -ray energy, contribution from
Compton scattering cross-section results into marked
difference in μm and μen /ρ values. This happens due
to the fact that incident photon transfers energy only
partially to the interacting material medium resulting in
lower μen /ρ values than μm values. These values attain
a minimum around 2 MeV. This trend is found to be
uniform across all the alloy compositions studied here.
In the photon energy range 0.4–6 MeV, there is
very little variation in the values of photon attenuation
and photon-energy absorption coefficients. Beyond 6
MeV, the pair production appears to be dominant. In

Table 2. Photon energies (in keV) for absorption edges of constituent elements Bi83 , Sn50 and Zn30 , respectively.
Element name
Zn30
Sn50
Bi83

K

L1

L2

L3

M1

M2

M3

M4

M5

9.66
29.20
90.53

1.19
4.47
16.39

1.04
4.16
15.71

1.02
3.93
13.42

–
–
4.00

–
–
3.70

–
–
3.18

–
–
2.69

–
–
2.58
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Figure 3. Variation of μm and μen /ρ as a function of incident photon energy for selected Bi–Sn–Zn alloy compositions.
Experimental mass attenuation coefficient (μm )exp values are shown by filled circle symbols at photon energies of 511, 662
and 1250 keV, respectively.
Table 3. Comparison of mean effective atomic numbers ZPIeff and ZPEAeff , and their maximal and minimal values for different
Bi–Sn–Zn alloy compositions.
Alloy sample

Elemental
composition

Mean
Z PIeff

Mean
Z PEAeff

Maximum
Z PIeff

Minimum
Z PIeff

Maximum
Z PEAeff

Minimum
Z PEAeff

S1
S2
S3
S4
S5

Bi50Sn50
Bi50Sn40Zn10
Bi50Sn30Zn20
Bi50Sn20Zn30
Bi50Sn10Zn40

64.8008
61.8104
59.0787
56.6260
54.6422

65.2397
62.3817
59.7201
57.4005
55.4198

73.4983
71.9391
72.3959
73.2495
73.3262

59.5311
53.1287
47.1621
43.2585
40.2996

72.4831
70.9369
71.3551
71.9594
71.7573

59.5791
53.3522
47.1691
43.2915
40.3527
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Figure 4. Variation of effective atomic numbers, i.e. Z PIeff and Z PEAeff values with incident photon energy for selected
Bi–Sn–Zn alloy compositions.

this high-energy regime, a slight increase in values of
mass attenuation coefficient and mass-energy absorption coefficient is observed with photon energy.
3.2 Shielding characterisation using effective atomic
numbers: Z PIeff and Z PEAeff
Figure 4 displays the variation of effective atomic number due to total photon interaction Z PIeff and photon
energy-absorption Z PEAeff with incident photon energy

in the range 1 keV–20 MeV. One can see that simulated
values of Z PIeff and Z PEAeff for selected alloy compositions S1, S2, S3, S4 and S5, respectively, exhibit almost
similar variations as a function of γ -ray energy. It can
be observed that the range between maximal and minimal values of effective atomic number increases while
moving from binary alloy composition Bi50Sn50 (S1)
to Bi50Sn10Zn40 (S5). Abrupt fluctuations observed in
both types of effective atomic number below 0.1 MeV
are due to absorption edges of high-Z elements Bi83 and
Sn50 as listed in table 2. Overall trends observed for the
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variation of Z PIeff and Z PEAeff with photon energy
are nearly alike.
To make the picture more comprehensible, we also
compute the Z PIeff and Z PEAeff values averaged over
photon energy range for a given alloy composition.
These averaged effective atomic number values are
then compared for different alloy compositions studied here to understand the overall shielding behaviour
and influence that weight percentage (or, concentration)
of different constituent elements manifests on the radiation shielding capability of an alloy. The mean Z PIeff
and Z PEAeff values as a function of alloy compositions
ranging from S1 to S5 are shown in figure 5 in the
form of a bar graph. We further depict in tabular form
the averaged values of Z PIeff and Z PEAeff , along with
their maximum and minimum values obtained for these
alloy compositions in table 3. It is clearly seen from
table 3 and bar graph of figure 5 that mean Z PIeff (and,
mean Z PEAeff ) values decrease in the order S1 > S2 >
S3 > S4 > S5. In other words, binary alloy composition S1 (i.e. Bi50Sn50) is observed to have the highest
value of mean Z PIeff and mean Z PEAeff . With increase
in the weight percent of Zn element while going from
alloy S1 to alloy S5, the averaged values of effective
atomic numbers Z PIeff and Z PEAeff decrease gradually.
On examining the maximal and minimal values of Z PIeff
and Z PEAeff from table 3, one can infer that span of variation in the Z PIeff and Z PEAeff values rises with increase in
wt.% of zinc (or, decrease in wt.% of tin). With increase
in Zn concentration by wt.% in the alloy composition,
the minimal value of Z PIeff and Z PEAeff is seen to further decline. Also, one can infer from figure 4 that there
is a staggered dip in the effective atomic number values around 10 keV photon energy, prominently visible
in the alloy compositions S4 and S5 with 30 and 40
wt.% of Zn element, respectively. This may be attributed
to the appearance of K-absorption edge (∼10 keV) of
Zn30 element. From the computation of these radiation
shielding parameters, we can conclude that binary alloy
composition S1 (i.e. Bi50Sn50) bears maximum radiation shielding capacity that decreases with increase
in wt.% of zinc metallic component in the alloy system.
3.3 Variation of HVL, MFP and TVL with photon
energy
We display in figure 6, the half value layer (HVL),
mean free path (MFP) and tenth value layer (TVL)
calculated as functions of incident photon energy for
these bismuth-based alloys. These thickness normalising parameters (TNPs) are important shielding parameters to interpret the shielding behaviour of the material
under consideration. If a given shielding material has
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Figure 5. Mean values of effective atomic numbers ZPIeff
and ZPEAeff plotted and compared for the bismuth-based
alloys compositions S1–S5, respectively.

low HVL, MFP and TVL values, this would amount to
better shielding capability of that material. Figure 6a
gives comparison of HVL values for the present alloy
systems as a function of photon energy ranging from 1
keV to 20 MeV. One can see that contrary to μm values, HVL is observed to increase with photon energy
here. This trend implies worsening of the shielding capability against incoming γ -radiations. The HVL values
show a staggered peak around ∼ 90 keV. Thereafter,
the HVL values rise again with photon energy. One
can also see similar peaks at photon energy ∼10 keV.
These exaggerations (or, peaks) in HVL values occur
due to K-absorption edges of Zn30 and Bi83 , respectively in these alloys. Overall, for compositions S1–S5,
the difference in their HVL values is visibly insignificant. The variations of MFP and TVL values with photon
energy as shown in figures 6b and 6c also exhibit similar
trends.
3.4 Variation of optimum thickness range with photon
energy
Figure 7 shows the variation of optimum thickness
range, i.e.
0.5
0.7
≤x≤
,
μ
μ
with photon energy in the energy range dominated by
(a) photoelectric effect (PE), (b) Compton effect (CE)
and pair production (PP). Due to the inverse energy
dependence of mass attenuation coefficient values on
γ -ray energy in the photoelectric absorption domain,
the optimum thickness range for these alloy systems
is found to increase with photon energy as is clear
from figure 7a. Beyond photoelectric absorption energy
region, as shown in figure 7b, the optimum thickness
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Figure 6. Variation of (a) half value layer, (b) mean free path and (c) tenth value layer with photon energy for selected
Bi–Sn–Zn alloy compositions.

range still increases with photon energy but the range is
quite dispersed varying from 0.1 cm to 1.5 cm. Above
1.5 MeV photon energy, the optimum thickness range
becomes quite broader and saturates with respect to
photon energy. That is, the alloy sample with optimum
thickness in this range can be employed for estimating
mass attenuation coefficient values over a wider range
of γ -ray energies.
We further tried to compute the optimum thickness
range from mass energy-absorption coefficient (μen /ρ)
using the condition 0.5 ≤ μen ·x ≤ 0.7 for alloy samples
S1, S2, S3, S4 and S5, respectively. In figure 8a, we display the minimum (and, maximum) values of optimum
thickness range, i.e. xmin (and, xmax ) obtained from the
inequality condition
0.5
0.7
≤x≤
μen
μen
in the photoelectric absorption energy regime. For all
the Bi–Sn–Zn alloy compositions considered here, the
optimum thickness range (i.e. xmin and xmax values)
increases with incident photon energy. In the lower photon energy regime, optimum thickness range is found to

vary rapidly with photon energy due to the strong energy
dependence of photoelectric absorption cross-section
(∼1/E 3.5 ). For these alloy systems, the optimum thickness range varies from 10−5 cm to 10−1 cm. It implies
that an alloy sample prepared for measuring the mass
attenuation coefficient at a particular energy cannot be
employed at another photon energy in photoelectric
absorption regime. In such a low energy regime, very
thin alloy specimens of the order of few microns would
be required for effective γ -ray attenuation. Extremely
small thickness would render it difficult to handle and
employ these alloy samples for measuring the radiation
shielding parameters in low-energy domain. In figure 8b, we display the optimum thickness range beyond
photoelectric absorption region. In this energy regime,
the optimum thickness range is found to vary from 0.5
to 4 cm. Above 200 keV photon energy, the optimum
thickness range keeps increasing with photon energy
and gets saturated around 2 MeV where the contribution
due to pair production process dominates. This suggests
that alloy sample of a given thickness can be employed
for measuring the mass energy-absorption coefficient
values in the photon energy range of a few MeV. For
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at 662 keV photon energy. The density of Bi50Sn50
alloy sample is measured to be 8.626 g/cm3 which is
still higher than the density of Pb60Sn40 alloy sample
[29].
3.5 Shielding characterisation using KERMA relative
to air for Bi–Sn–Zn alloys

Figure 7. Variation of optimum thickness range obtained
using the mass attenuation coefficient (μ/ρ) values as a function of photon energy in (a) photoelectric absorption energy
regime and (b) Compton scattering and pair production
energy regime for the selected Bi–Sn–Zn alloy compositions.

We further aim to investigate KERMA relative to air
(KR ) for these alloy compositions. Figure 9 shows the
variation of KR values as a function of photon energy
computed for selected Bi–Sn–Zn alloy compositions.
From the figure, it is clear that the KR values for these
alloy compositions are greater than unity over wider
intermediate energy regime. Within the photon energy
range 30–60 keV, KR attains peak values for all the
alloy compositions considered here. Such high KR values obtained in the intermediate energy regime indicates
that these alloy systems act as better absorber of γ ray photons than air. Maximal value of KR is observed
for binary alloy sample S1 (i.e. Bi50Sn50), while the
minimal value is obtained for ternary alloy S5 (i.e.
Bi50Sn10Zn40). Again, the binary alloy composition
Bi50Sn50 tends to be a better absorber of γ -ray photons among the selected alloy compositions. Here, one
can also pin down a slight dispersion observed in KR
values around photon energies 4 keV to 10 keV and at
∼90 keV. This dispersion in the KR values can be associated with photon energies being near the absorption
edges of the constituent elements Sn50 , Zn30 and Bi83
as illustrated in figure 9 and table 2.
3.6 Exposure buildup factors for γ -ray attenuation in
Bi–Sn–Zn alloys

instance, alloy sample of thickness 2.5 cm can be used
for measuring μen /ρ values over photon energy range
from 1 MeV to 20 MeV spanning CE and PP domains.
As far as lead (Pb) containing alloys are concerned,
Kaur et al recently investigated the shielding properties of binary Pb–Sn alloys [29]. Pb60Sn40 alloy
composition was found to have optimum thickness
range 0.647–0.905 cm at 662 keV and density equal to
8.055 g/cm3 . In the present case, for lead-free binary
alloy composition Bi50Sn50, the optimum thickness
range is 0.616–0.863 cm at 662 keV photon energy.
The optimum thickness range for Bi50Sn50 alloy is still
smaller than that of the binary Pb60Sn40 alloy at 662
keV. At 511 keV photon energy also, similar trend has
been observed for optimum thickness range. Moreover,
the mass attenuation coefficient value of 0.094 cm2 /g
for Bi50Sn50 is comparable with 0.096 cm2 /g obtained
in the case of Pb60Sn40 alloy with higher wt.% of Pb

Lastly, we aim to evaluate the air-KERMA buildup
factors or exposure build-up factors for γ -ray attenuation in these bismuth-based alloy compositions. For
the present alloy compositions, the ExBF calculations
are performed for alloy thickness corresponding to 5,
10, 20 and 40 mfp values. The computation of the GP
fitting parameters followed by further evaluation of
ExBF for the selected Bi–Sn–Zn alloys has been done
using the MS Windows executable program ‘EXABCal’ [37,38]. EXABCal code was developed and written
in the python programming language. The EXABCal
program is capable of calculating the exposure and
energy-absorption buildup factors for standard photon
energies in the range 15 keV–15 MeV, and for the penetration depths upto 40 mfp [37,38].
In general, the ExBF values are quite small in magnitude in lower and higher photon energy regions. This
is due to the dominance of photoelectric absorption
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Figure 8. Variation of optimum thickness range obtained
using the mass energy-absorption coefficient (μen /ρ) values
as a function of photon energy in (a) photoelectric absorption energy regime and (b) Compton scattering and pair
production energy regimes for the selected Bi–Sn–Zn alloy
compositions.

process in lower energy tail and pair production process in higher energy tail. These processes result in the
complete absorption or removal of the incident photons, thereby recording lesser photon buildup within
the absorber material. For intermediate energy γ -ray
photons, there is a significant rise in the ExBF values. This can be attributed to the dominant Compton scattering process instead of complete removal
of γ -ray photons. The Compton scattering process
leads to scattering of photons by atomic electrons
of the absorber medium. The photons scattering with
lower kinetic energy cause an increase in photon
buildup.
Figure 10 compares ExBF values calculated for alloy
compositions S1–S5 as a function of photon energies
in the Compton scattering regime taking penetration
depth (in mfp) as an optional parameter. Left column
shows the ExBF calculations done at 5 mfp and 10 mfp,
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Figure 9. Comparison of KERMA relative to air KR values plotted as a function of photon energy for the selected
Bi–Sn–Zn alloy compositions. Also shown in the figure are
L-absorption edge of Sn50 and K-absorption edges of Zn30
and Bi83 , where slight dispersion in the KR values has been
observed.

while the right column displays the ExBF at 20 mfp
and 40 mfp, respectively. In the intermediate energy
domain spanning the CE, one can see that buildup of
scattering photons is higher in the case of alloy S5,
i.e. Bi50Sn10Zn40 and smallest for binary alloy S1,
i.e. Bi50Sn50. This implies that probability of Compton scattering is higher in S5 alloy that decreases with
decrease in wt.% of Zn element in the remaining alloys.
This trend is clearly visible for all the penetration depths
as depicted in figure 10. Also, ExBF values are observed
to increase with penetration depths as expected. Lowest ExBF values are observed at 1 mfp (as shown in the
left panel of figure 10), while the highest ExBF values
are observed at 40 mfp (as shown in the right panel of
figure 10). The maximum value of ExBF is obtained
in the ternary S5 alloy, while it is minimum for the
binary S1 alloy composition. This happens due to the
enhanced occurrence of multiple scattering processes in
S5 alloy composition resulting in an increase in ExBF
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Figure 10. The variation of the exposure buildup factor (ExBF) values with photon energy for different Bi–Sn–Zn alloy
compositions. Calculations for the ExBF values are displayed at the penetration depths of 5, 10, 20 and 40 mfp, respectively.

value. Overall, one observes significant influence of elemental composition on the ExBF values for Bi-based
alloys in the medium energy regime dominated by the
CE and PP phenomena.

4. Conclusion
In a nutshell, we presented the comparative analysis
of the advanced photon interaction and photon-energy
absorption parameters for different Bi–Sn–Zn alloy
compositions. The variation of elemental composition
in terms of the wt.% of tin (Sn50 ) and zinc (Zn30 )
elements showed noticeable influence on the radiation attenuation and radiation absorption properties of
bismuth-based alloy systems. In the lower energy tail, all
the alloy compositions are found to have similar trends
with μm and μen /ρ values varying as functions of photon energy. The mass attenuation coefficient (μm ) and
mass energy-absorption coefficient (μen /ρ) values simulated for the five Bi–Sn–Zn alloy compositions showed
marked difference especially in the Compton scattering
energy regime. Further, mass attenuation coefficient values computed at photon energies of 511, 662 and 1250

keV are found to be in good agreement with experimentally known mass attenuation coefficient values.
The variation of Z PIeff and Z PEAeff values with photon energy is found to be strongly dependent upon the
elemental composition of these alloys. Average values
of the effective atomic numbers (i.e. both Z PIeff as well
as Z PEAeff ) are found to be maximal for the alloy S1 and
minimal for the alloy S5. In other words, the elemental
composition of the alloy significantly impacts the mean
Z PIeff and Z PEAeff values.
Analysis of the KERMA relative to air (KR ) values
revealed that maximum value is obtained for binary
alloy S1 compared to other alloy compositions considered. This simply indicates that binary alloy S1 (i.e.
Bi50Sn50) containing 50% tin by weight has better
photon absorption properties than the other alloy compositions. A sharp peak in KR value at 40 keV is the
indication of higher kinetic energy released per unit
mass of the alloy mixture that makes S1 alloy having
superior photon removal capabilities and most efficient
absorber of the γ -radiations compared to other compositions with lower concentration of tin. This shielding
behaviour is further supported by minimal ExBF values obtained for S1 binary alloy composition using the
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novel ‘EXABCal’ program code over wide Compton
scattering energy regime.
In view of lead’s toxicity and human poisoning, the
knowledge of radiation interaction parameters of these
bismuth-based alloys is of immense importance for
researchers working in the field of radiological physics
for designing non-toxic alloy-based radiation shielding
blocks. In addition to these observations, these bismuthbased alloy specimens being lead-free are not only
environment friendly, but also easy to fabricate and suitable for their safe disposal and recycling.
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