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ABSTRACT

the The current investigation focus on the X-ray and gamma radiation shielding parameters such

as mass attenuation coefficient (µ/ρ), linear attenuation coefficient (µ), mean free path (λ), tenth

value layer (TVL), effective atomic number (Zeff ), specific gamma ray constant (Γ), radiation

protection efficiency (RPE), Kinetic energy released in matter (KERMA), buildup factor, spe-

cific absorption fraction (ϕ) and relative dose (RD). The different alloys such as Iron-Boron,

Iron-Silicon, Gallium, lead, Aluminium, Silicon-Boron, Zinc and Silicon-Germanium are inves-

tigated. The good absorber of X-ray and Gamma radiation among each category is selected.

Among the studied iron-boron alloys, Fe0.95B0.05 was found to be good absorber of X-ray and

Gamma radiation. Similarly, Ferro-Silicon (Fe0.21Si0.79), Galinstan (Ga0.685In0.215Sn0.1),

Molybdochalkos (Cu0.1Pb0.9), Ni-Ti-Al (Ti0.4Al0.1Ni0.50), Silicon-Boron alloy (Si0.95B0.05),

Zinc alloy (Cu0.7Ni0.15Zn0.15) and Silicon-Germanium alloy (Si0.1Ge0.9) are found to be good

absorber among the Iron-Silicon, Gallium, lead, Aluminium, Silicon-Boron, Zinc and Silicon-

Germanium respectively. Furthermore, to select the suitable alloy for X-ray and Gamma radi-

ation shielding, we have studied shielding properties of these selected alloys of different cat-

egories in detail. The detail investigation shows Molybdochalkos (Cu0.1Pb0.9) is a good ab-

sorber with larger value of µ/ρ, Zeff , Γ, RPE, KERMA, buildup factor, specific absorption frac-

tion and relative dose, meanwhile smaller value of λ and TVL. As a result, Molybdochalkos

alloy is an effective X-ray/Gamm a radiation shielding material among all the studied alloys.

In addition to this nanocomposites such as for the first time Ba–Fe–Ni oxide nanocomposite

(BFNONC), Aluminium-Barium-Zinc oxide nanocomposite (ZABNONC) and Lead alumino bo-

rate (PbAlBO4) nanocomposite (LABNC) were synthesized using solution combustion method.

The synthesized sample was characterized using the techniques such as powder X-ray diffraction

(PXRD), scanning electron microscopy (SEM), Fourier transmission infrared spectroscopy (FTIR)

and UV–Visible spectrophotometer. Further, the X-ray/gamma ray shielding properties were mea-

sured in the energy range 0.081–1.332 MeV using NaI (Tl) detector and multi channel analyser

(MCA) were measured. The measured shielding parameters are compared with the theory. The

synthesized nano composites were may be used in the field of radiation shielding.

xii



CHAPTER 1

Introduction

the Reduction of radiation by introducing a shield of absorbing material between any radioactive

source and a person, work area or radiation-sensitive device is known as radiation shielding. X-

ray/Gamma radiation shielding has got much concentration of researchers in recent times since,

in day to day life many aspects especially in research, industries, medical environments etc., are

correlated with X-ray/Gamma radiation[1]. Ionizing radiation is commonly employed in business

and medicine, yet it can pose a serious health hazardous by causing microscopic tissue damage.

Neutral radiation shielding (X-ray, gamma, neutron) has long been a fascinating field for develop-

ing effective shielding materials. Higher atomic materials are required for X,γ radiation shielding.

Lower atomic materials, a mix of lower atomic and higher atomic elements, are required for neu-

tron shielding [2]. On top of that Lead was chosen as the most prominent element which is used

as shielding material, taking in combination form with other materials in different proportions and

became prime candidate for many researchers [3–5].

the Furthermore, shielding at nuclear reactors and nuclear research centers requires shielding en-

vironments against high energetic γ radiations in order to bring them into acceptable range [6, 7].

The kinds of radiation, radioisotope activity, cost effectiveness, and exposure rate etc influence

the thickness required for shielding. A strong shielding material causes considerable attenuation

and decreases the risk of additional hazardous radiation emission as much as feasible [8].Due to
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several disadvantages with shielding materials which are from beginning , researchers are investi-

gating to find new kind of materials namely polymers of glass etc [9–11]. Hence there is need of

new types of alloys which will produce radiation shielding ability and good mechanical properties

as well as high heat resistant properties [12].

the Study of structural properties of Al–Si alloys obtained by fast cooling of a levitated melt by

taking samples by rapid cooling of levitated melts of various compositions from 11.5 to 35 wt.% Si

[13]. High energetic radiation shielding properties of Fe based alloys was done by Manjunatha et

al., [14].X,γ radiation,neutron interaction characteristics of various alloys with different concen-

trations was studied by Seenappa et al.,[15]. Further mechanically alloyed Mo–Si–B alloys with

a continuous α-Mo matrix and improved mechanical properties of Mechanical Alloying (MA)

followed by cold iso-static pressing (CIPing) was studied by Krüger et al., [16]. On top of that

Song et al., [17] investigated the structural and mechanical, anisotropic and optical properties of

Si–Ge alloys in the C2/m phase were studied.LinHe et al., [18] Using the Vacuum Induction Melt-

ing (VIM) method, researchers evaluated the impact of titanium content on the microstructure

and mechanical characteristics of high boron Fe–B alloys. Moreover reviews on the influences

of alloying elements on the micro structure and mechanical properties of Aluminum alloys was

performed by Rana et al., [19]. Further study of mechanical properties of magnetostrictive iron-

gallium alloys was done by Kellogg et al., [20].

the The effects of Zn on the microstructure, mechanical property and corrosion behavior of the

as cast Mg–Zn alloys were studied using direct observations, tensile testing, immersion tests and

electro chemical evaluations by ShuhuaCai et. al., [21]. Finally lead has become prime candidate

for many researchers, one among that the microstructure and mechanical properties of Pb-free sol-

der alloys for low-cost electronic assembly was studied by Glaze et al.,[22]. Previous researchers

[23–32] have studied all radiation shelding properties with different combinations of metals. Fur-
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thermore, the study of effect of X,γ radiation with Gallium based alloys done by Seenappa et

al.,[33]. Earlier researchers studied effect of X,γ radiation with Aluminium based alloys and Si

based polymers. [31, 34].

1.1 Mass attenuation coefficient (µ/ρ ) and linear attenuation coefficient (µ)

the The fundamental criteria for determining the penetrations of X/γ-rays in the material medium

are µ/ρ and µ is a probability of a photon interaction per unit length. This parameter plays a vital

role in radiation shielding and depends on the shielding material. With their application in vari-

ous fields such as medical diagnostic, therapy computations, industrial irradiation and monitoring,

X-ray crystallographic technique, health physics and many more fields, shielding parameters like

photon interaction cross-section (σ), photon µ/ρ, µ, Zeff and Nel have become highly significant.

Real values of these parameters are useful in determining the regions of significance of theoreti-

cally dependent parameterization. Gerard et al., [35] developed a WinXCom program to explain

importance of µ/ρ

the The term ”alloy” refers to a material that is made up of several different metals. However, it

can also be a mixture of a metal and a nonmetallic element. The absolute composition of an alloy

material plays very important role to meet certain application requirements. These alloys have a

variety of implications on mechanical, physical and chemical properties. Recently research work

has been carried out on different composition of alloys. Still, Nuclear engineers and radiation

physicists are continually looking for new materials with higher radiation absorption capabilities.

In this view, Akman et.al., [3, 35–37] The gamma shielding ability of triad alloys comprising Cr,

Fe, and Ni in various percentages was examined.

the A layer of heavy metals such as few meters of concrete and lead are used to get protection

from gamma / X-ray radiations. However, due to the strong heat generated after long exposure
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to radiation, these materials with insufficient characteristics restrict their shielding capacity and

radiation leaks might occur. Even though, lead is a radiation shielding material, poor features

such as low melting point, low mechanical strength and toxic effect made the researchers to fo-

cus on new alternative materials [38–40]. Alloys, metal composites, glasses, polymers etc., have

been proposed as appropriate shielding materials for radiation fields since they are eco-friendly,

safe and non-toxic in comparison to lead [15, 31, 34, 41–43]. The µ/ρ of organic compounds

containing the elements H, C and O have been determined by Kataeb and Hamidi et al., [44].

Photon interaction with solutions of certain compounds was also investigated by Gagandeep et al.,

[45, 46] and Singh et al., [47]. Lead based alloys are conventional materials used as a primary

shielding material due to superior attenuation properties against ionizing X-rays / gamma, its high

atomic number and density. Combination of one or two other elements with lead, improves certain

advanced properties were studied by Agar et al., Saritha and Rao measured the linear attenuation

coefficient (µ) and µ/ρ using NaI (Tl) scintillation detector at energies 662 keV and 59.5 keV.

the Tran et al., [48] used the XERT to calculate silicon µ/ρ’s and compared the results with exper-

imental values. The radiation interaction properties of different materials have been established

Shivaramu and Ramprasath, [49] to determine the most appropriate materials for use of radiation

shielding in various fields and radiation measurements. There is a lot of research in previous

work Gerward et al., [35] observed that comprehensive data sets available on photon interaction

in the elements as well as extensive data sets on photon interaction in the elements. The µ/ρ’s

of molybdenum have been estimated by Jonge et al., [50–63]. Huseyin et al., [55] determined

mass attenuation coefficients of the concrete sample as building materials using MCNP-X differ-

ent photon energies has been tested using NaI(Tl) detector and compared the values obtained from

the XCOM and Monte Carlo data. Calculated values well agrees with each other. Singh et al.,[64]

reported the physical properties and gamma rays shielding parameters for some Lead-Copper bi-
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nary alloys. Akman et al.,[36] investigated the gamma ray shielding performance of ternary alloys.

the Şakar et al.,[65] determined the radiation shielding properties of leaded brasses using a HPGe

detector and a 133Ba radioactive source. Agar et al.,[7] studied the photon interaction features for

some alloys containing Palladium and Silver alloys to use it as an alternative gamma radiations

shielding material. Manjunatha et al.,[31] studied the X-ray and gamma radiation shielding pa-

rameters for the Al-based glassy alloys. Liu et al.,[66] investigated the effects of Yittrium and

Zinc additions on electrical conductivity and electromagnetic shielding effectiveness of Mg-Y-Zn

alloys. Kaur et al.,[67] made an attempt to summarize the various investigations made so far on

visualizing the feasibility of alloys as radiation shielding material. Kaçal et al.,[68] determined

the gamma-ray attenuation characteristics of eight different polymers using high resolution HPGe

detector and different radioactive sources. Dong et al.,[69] calculated the shielding parameters of

some boron containing resources for gamma ray and fast neutron. Aygün et al.,[10] studied the

fabrication of Nickel alloys, Chromium and Tungsten reinforced new alloyed stainless steels for

radiation shielding applications. Khobkham et al.,[70] studied the Photon interaction behavior of

Zirconium alloy materials by using WinXCom program in the energy range 1 keV to 100 MeV.

the Han and Demir [71] determined the total µ/ρ’s of Ti and Ni alloys at various photon energies

of 22.1, 25.0, 59.5, and 88.0 keV. Kerur et al., [72] and Nagabhushan et al., [73] explored the

problems associated with the intermediate energy resolution detector when measuring the mass

attenuation coefficient of X-rays. The utilitarian value of γ rays exposure has been increased in

petroleum plants, medicine, science and technology, industry, medicine, agriculture and energy

sectors etc. Gamma-ray sources with energies ranging from 0.2 MeV to 1.5 MeV are often used in

medical diagnostic fields such as radiography, archaeometry, chemotherapy, and Compton scatter

images. High-density materials such as lead, tungsten, concrete and building materials can absorb

gamma rays.
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The X-ray and gamma ray attenuation and absorption in materials are calculated using the energy

absorption coefficients (EAC) and the µ/ρ.The ratio of incoming energy converted to kinetic en-

ergy (KE) of a charged particle is expressed by the mass absorption coefficient by hubble[50]. The

EAC, µ/ρ and µ are the most important parameters for determining X-ray and gamma-ray pene-

trations in the material medium. The chance of a photon interaction per unit length is called the

linear attenuation coefficient. This parameter is important in radiation shielding and is determined

by the shielding material. Hubble and Seltzer [74] calculated the photon µ/ρ , Nel and Zeff of a

variety of thermoluminescent dosimetric substances by applying an interpolation method with a

hyper pure germanium detector. Gerward mentioned µ/ρ for elements and compounds require a

lot of lengthy computations to address this challenge he created the WinXCom programme for the

elements in the periodic table of atomic numbers from 1 to 100. The mixture rule was established

and used by Teli et al., [75] and measured the attenuation coefficient of several inorganic and or-

ganic substances at energies of 662 keV and 59.5 keV. Saritha and Nageswara Rao used a NaI (Tl)

scintillation detector to assess the µ and µ/ρ by using experimental and theoretical data, Saritha

and Rao et al.,[76] were able to determine the µ/ρ of complex biological molecules such as wood

samples containing H, C, N and O components. Shielding parameters such as photon interaction

cross-section, photon µ/ρ, Zeff and Nel have become extremely important in a variety of fields

including medical diagnostics, therapy computations, industrial irradiation and monitoring,X-ray

crystallographic technique, health physics and many other fields. The real values of these pa-

rameters are abdel 2000 effect helpful in defining the theoretically dependent parameterizations

significant regions. Gowda et al.,[77] Jonge et al., [78] determined the µ/ρ of molybdenum span-

ning the energy spectrum 13.5–41.5 keV. The µ/ρ have been determined in a variety of ways both

experimentally and theoretically when compared to shielding materials such as lead, lead glass and

concrete. Khanna et al., [53] studied the gamma-ray µ/ρ of borate glasses at energy 0.662 MeV
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and discovered that these glasses have a wide range of uses as transparent radiation shielding mate-

rials. Huseyin et al., [55] used MCNP-X to calculate the µ/ρ of concrete samples used as building

materials. The calculated numbers are in good agreement with Manteo Carlo data. Due to the

high radiation dose in applications such as nuclear reactors and medical treatments, it is critical to

decrease the radiation exposure at places and on people. The (µ/ρ) observations were made using

an Ultra Ge detector at photon energies of 81, 276, 302, 356, and 383 keV emitted from a 133Ba

radioactive source. The experimental results were compared to the values acquired by the WinX-

COM application and they were found to be perfectly in agreement. The average track length

of incoming photons inside six different alloys was calculated sayyed et al.,[79] using the Monte

Carlo simulation (MCNP-5) code. Other essential gamma-ray shielding characteristics were es-

timated based on the simulated track length. The alloys encoding MAR-302 and MAR-247 with

mass attenuation coefficients ranging from 0.035 to 72.94 and 0.035 to 71.98 cm2g1, respectively

had the highest µ/ρ in this study.For carbon steel (AISI 1018), austenitic (304 SS) and duplex

(2507 SS) stainless steel alloys, various nuclear characteristics and corrosion behaviour were de-

termined. Sadway et al., [80] calculated the cm1 and µ/ρ ( cm2g1) of gamma rays using three

types of neutron energies as well as nine γ-ray energy lines (121.78–1407.92 keV). Various electro

chemical techniques were used to investigate the corrosion behaviour of 2O5-Na2O-CaO-K2O-

MgO (PNCKM) was developed and tested as a new bio active glass system for use in radiation

shielding applications and shielding parameters were calculated.

Gamma rays were first discovered by Becquerel and Villard in 1900 as a component of ura-

nium and radium radiation with a significantly higher permeability than α and β particles. Gamma

rays have the highest energy of all the radiation in the electromagnetic spectrum and can almost

pierce any medium. It is a kind of ionising radiation with a high intensity but no electric charge.

They are not affected by electric or magnetic fields, therefore they have a character similar to light
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but with a considerably higher energy. They may interact with the absorbent as a particle but

they will also act as a wave. In some alloys such as AL-6XN, nicrosil, nisil, terfenol-D, elektron

and ferro-boron, X-ray and γ-radiation shielding parameters and σcoh, σincoh, bcoh, bincoh, btot,

σtot and σabs were studied by seenappa et al., [29]. The µ/ρ, HVL, TVL and Bex were used to

calculate the alloys gamma shielding efficacy.The partial density method was used to compute

the alloys fast neutron removal cross section. Cupero-Nickel was discovered to be the best γ-ray

shielding material, studied by singh et al., [81] .This research could be useful in the construction

of nuclear reactor cores and other sectors looking for appropriate radiation shielding materials.

Furthermore the shielding parameters for photon energies accessible for the predefined energies

can be calculated by csakar et al.,[82]. After registering with the Phy-X platform the radiation

shielding effects of hardened epoxy resin samples containing ferrochromium slag were studied

with the help of freely available online by korkut et al., [83]. Five separate samples were created,

each with varying amounts of epoxy resin and ferrochromium slag. Epoxy-ferrochromium slag

composites were subjected to X,γ,neutron particle transmission studies. In addition, absorbed

dosages were determined using FLUKA Monte Carlo simulations. As a result, increasing the

amount of ferrochromium slag in epoxy, improves radiation shielding efficacy. Using the WinX-

Com programme and the MCNP5 code, µ/ρ, Zeff , Nel, λ and HVL were studied by sayyed et al.,

[84]. Both the MCNP5 code and the WinXCom software produced similar µ/ρ results. In both

BaO/SrOBi2O3B2O3 and BaO/SrOBi2O3B2O3 glass systems, adding Bi2O3 results in higher Zeff

values. The investigations of mechanical properties of the alloys place a very important role to

reveal their possible use for alloy design through a hardness test and a tensile test [85]. The alloys

are easy to process on relatively unsophisticated machinery because of their low melting points

and relatively high mechanical properties soon after casting [86]. Alloys posses good mechanical

properties [85]. studies on mechanical properties are also important when these are used for the
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purpose of shielding [86, 87].Different parameters such as (MAC), (HVL), (TVL), (Zeff ), (Ne)

and (EBF) can be used to evaluate the shielding efficacy of materials. Each parameter provides

important information about the radiation shielding capacity of the substances.There has been re-

ports on the shielding properties of various materials. [9, 31, 64, 65, 82].The high atomic number

materials are most suitable for radiation shielding material whereas low atomic number materi-

als such as Boron are the suitable choice for neutron shielding applications. The combination of

high and low atomic number metals with different composition shows better gamma / X-ray / neu-

tron / EMI shielding properties compared to other materials. Boron compounds or combinations

are utilised in reactors for shut-down or power operating systems in various ways [1, 88–90]. Li

et.al., [91] prepared the composite by incorporating Boron carbide to polyamide and investigated

the neutron shielding properties. Singh et.al., [1, 92] investigated the shielding characteristics of

some boron containing materials. Even though research work has been carried out on shielding

properties of boron based alloys, radiation shielding properties of Silicon boron based alloys are

not yet reported.

the Hubble reviews [93] underline the importance of more biological attenuation observations,

particularly at energies that might provide a key test of current theory. As a result, it is thought to

be beneficial to do a rigorous analysis of photon interaction, such as the mass attenuation coeffi-

cient in compounds. Ylmaz et al., [94] measured the µ/ρ’s of p-type and n-type semiconducting

samples in an external magnetic field by bombarding the samples with gamma-rays released from

radioactive sources at varying energies of 59.5 keV, 80.1 keV, 121.8 keV and 244.7 keV.

the The µ/ρ’s of Junior et al., [95] computed X-rays in several barite concretes used in radiation

safety. Using the MCNP4C code, MiladVahabi et al. [96] calculated the µ/ρ for certain polymers.

The findings were compared to experimental data and XCOM software predictions using gamma

ray energies. Kaur et al., [9] experimentally investigated the finest thickness needed to measure
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µ/ρ’s for some Sn–Pb alloy systems at 122, 511 and 662 keV incident photon energies. El-Khayatt

[97] designed a SEF for calculation of γ-ray kerma coefficient . Koehl et al., [98] measured µ/ρ’s

of fission product isotopes and compared the results with that of EGS5 Monte Carlo computer

code. Obaid, et al., [99] measured the mass attenuation coefficient for seven rocks which were

collected from different regions of India. Dehghani et al., [100] calculated the γ-ray irradiation

on molecular structure, optical properties and of colloidal gold nanoparticles. Mass attenuation

coefficients are evaluated and the result shows that γ-ray irradiation has an impact on radiation

absorption coefficients of colloidal gold nanoparticles. Mirji and Lobo [101] used a second degree

polynomial equation and a logarithmic interpolation formula to calculate the γ-ray µ/ρ s of ten

synthetic polymeric materials at various γ-photon energies ranging from 14.4 keV to 1332 keV.

Third degree polynomial fitting is considered to be well suited for lower γ- photon energies.

the Tarim et al. [102] created a basic Monte Carlo code to calculate the µ/ρ s of nine distinct

gamma-ray energies in soil samples. The obtained findings were found to be very similar to the

values obtained from the XCOM data base. The energy absorption coefficients and µ/ρ are used

to calculate X-ray and γ attenuation and absorption in materials. The estimation of number of col-

lisions between incident photons and the medium in a given volume is termed as mass attenuation

coefficient. It is expressed as ratio of incident energy converted in to kinetic energy of a charged

particle.

Seenappa et al., [103] studied the X-ray and gamma radiation shielding and neutron shielding

properties of polymer concretes. Kacal et al., [104] carried out the experimental studies of radia-

tion shielding properties for some ceramics. Ripin et al., [105] were studied the X-ray shielding

behavior of kaolin derived mullite-barite ceramics. manjunath et al., [106, 107]. Earlier work-

ers [108] studied the biological samples to compute their specific absorbed fraction of energy. A

number of researchers gave the data for buildup factor for designing the shielding of radiation and
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other such applications were studied [109–113]. Sidhu et al., [114] investigated how exposure

buildup factors varies with the energy of incident photon and effective atomic number (Zeff ) in

biological samples. Traditionally elements with higher atomic numbers and concrete were used

for shielding. There have been investigated on concrete with different amounts of lead [115]. The

alternative shielding materials, alloys, binary-alloys,tertiary alloys have gained the major impor-

tance in literature were studied.

the Traditional shielding materilas used at nuclear plants include lead, many layers single slabs

made up of Al,concrete etc [67]. These traditional materials were famous in reducing γ rays, X-

rays and neutron beam exposure,easy in fabrication cost factor is being less. Lead can effectively

attenuate certain kinds of radiation like X-rays and γ rays because of its high density and high

atomic number.On top that Concrete can be a good replacement for lead due to it toxicity [116].

Rezaei et al., [115] investigated the γ ray shielding properties by considering the effect of concrete

on different percentage of lead. They concluded that, if the powder of lead to cement ratio of 90 %

by weight is added in the concrete mixture, the concrete can be used as a suitable shield against γ

rays. Akkurt et. al., [117] studied the improvisation of shielding parameters of gamma rays by the

addition of concrete aggregates into marbles. In order to overcome all these drawbacks, research

is going on by using alloys as an alternative γ ray shielding material.

the Alloying provides an opportunity to tune the chemical, mechanical and physical proper-

ties of metals. Kaur et. al., [118] made an attempt to prepare by using different combinations

of cadmium, lead, tin and zinc white alloys as shielding materials and investigated their feasibil-

ity. Ekinci et al., [119] examined the shielding properties of rhenium-based super alloys. Akman

et. al., [120] investigated the photon shielding parameters of Ag/Cu alloys with different com-

positions. Kaewkhao et. al., [121] studied gamma rays shielding parameters of Cu/Zn alloy.

Various investigations has been reported in the literature for the gamma ray interaction with alloys
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[31, 64, 122, 123]. As a result, changing the composition of alloys or selecting alternative alloys

and comparing them to existing shielding materials becomes an exciting subject of study.

the The fundamental shielding parameters such as mass attenuation coefficient (µm), mean

free path (λ), half value thickness (HVL), tenth value thickness (TVL), effective atomic number

(Zeff ), effective electron number (Ne) and exposure buildup factor (Bex) are base concepts for ra-

diation shielding. Enormous work has been reported relevant to investigations of shielding param-

eters. The determination of exact values of µ/ρ in very important for mny practical applications

[57, 124, 125]. Elmahroug et.al., [126] determines the neutron and gamma-ray shielding parame-

ters using a new computer program called ParShield. The mass attenuation coefficient parameter

mainly depends on incident photon energy and chemical composition of the material. Zeff is an

important parameter to complex media for visualizing photon interactions. Several methods have

been adopted for measuring the Zeff of composite materials. Hosamani and Badiger [127, 128]

determined the Zeff of composite materials by measuring the back scattered gamma photons at

180◦ and in back scattered beta particles.

the Generally, logarithmic interpolation method, geometric-progression (GP) fitting method [129],

iterative method [130], Monte Carlo method [131] are available in literature. Bulk reports have

been available on Ben for polymers [132], human tissues [133], fattyacids, aminoacids, carbohy-

drates [134] and also for low atomic number elements [135] but very few reports are available for

high atomic number elements such as glasses and alloys. the In the present study, Si-Ge alloy of

different composition viz., silicon germanium alloys such as Si0.1Ge0.9(SG1), Si0.2Ge0.8 (SG2),

Si0.4Ge0.6 (SG3), Si0.6Ge0.4 (SG4), Si0.8Ge0.2 (SG5) and Si0.9Ge0.1 (SG6) are used for examin-

ing the shielding properties of gamma/X-ray and neutrons. Since Silicon acts as a hybrid elastomer

and has various applications [136]. Whereas, Germanium is preferred due to its atomic number

being much higher than silicon and which increases the probability of gamma ray interaction.
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Nuclear shielding for X-rays, gamma and neutrons is an important concern in the field of ra-

diation physics. The mass attenuation coefficient and its derivable are fundamental parameters

for the collection of shielding materials for X-ray and gamma radiation. Tekina et al.,[137] were

studied the µ/ρ and calculated shielding parameters (for example: effective atomic number (Zeff),

HVL, TVL, effictive electron density (Nel), average free path, and photon transport factors.

the X,γ radiation attenuation and absorption in materials are calculated using the energy absorp-

tion co-efficients (EAC) and the µ/ρ. Mass absorption coefficient is the ratio of incident energy

converted into kinetic energy of charged particles. The EAC, (µ/ρ) and linear attenuation coeffi-

cient (µ) are the basic requirements for calculating the penetration of X,γ radiation in the material

medium. The linear attenuation coefficient plays a pivotal role in radiation shielding. Radia-

tion shielding properties like µ/ρ, Zeff and Nel have become highly significant to study radiation

shielding materials. Lobascio et al., [138] have measured the response to simulated heavy-ion

cosmic radiation of Kelvar and Nextel materials and compared it to polythene, lucite and alu-

minium. From this study they have observed that Nextel is less efficient as a radiation shielding

against X-ray and gamma rays. Tijani et al., [139] studied erbium doped tellurite glass at diag-

nostic energy range in order to produce a high potential substitute for lead. Azeez et al., [140]

measured the µ of lead and green tungsten-brass composites and found that it is a good shielding

material than lead. Caner et al., [141] measured the µ of aluminium alloys and stainless steel and

found that aluminium alloys have high mechanical strength, it can be used in aviation vechiles.

Hubble et al., [50] tabulated the mass attenuation coefficient and mass absorption coefficient of

40 elements having atomic number ranging from 1 to 92. The photon mass attenuation coeffi-

cient, Zeff and Nel of some dosimeteric compounds are measured by Gowda et al.,[77]. Berger

et al., [berger1999xcom] have designed XCOM software to calculate µ/ρ of some compounds.

Gerward et al., [gerward2004winxcom] developed a WINXCOM software to calculate X-ray at-
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tenuation coefficients of mixture of compounds. Kateeb et al.,[142] studied the µ/ρ of some

materials containing H, O and C elements. Attenuation coefficients of aqueous solutions of Li, Na

and K chlorides having different concentrations have been studied at different energies by Kaur

et al., [45].Singh et al., [143] have been measured the µ of solutions of some compounds at 662

keV ,they are good in agreement with values from XCOM calculations. Gagandeep et al., [47]

have measured the total (µ/ρ) of aqueous solutions of urea at different concentrations at 662 KeV.

Telli et al., [75] developed a solution technique for the measurement of µ and (µ/ρ) of salts con-

taining carbonates and sulphates, results obtained have excellent agreement with the theoretical

values. Saritha et al., [144] have studied the (µ/ρ) Of biological molecule containing H, C and

O elements experimentally and compared the results with calculated values. Azeez et al., [145]

have measured the radiation shielding properties of concrete samples of different thickness using

Cs137 and Co60 sources. Photon attenuation coefficients of barite concrete have been determined

by Akkurt et al.,[146]. Basher azeez et al.,[147] examined the dependence of γ-ray absorption

coefficient on steel slag, iron filings and steel balls incorporated concrete using γ-spectrometer of

NaI(Tl)detector and Cs-137 source at 0.662MeV energy. Tran et al., [48] have compared experi-

mental X-ray total (µ/ρ) of Silicon with the X-ray extended-range technique from 5keV to 20keV.

The total µ/ρ, Zeff and Nel for different compounds at 59.54keV has been studied by Ozdemir et

al., [148]. The Zeff and Nel have been determined by mixture rule. The (µ/ρ) of molybdenum

in the energy range 13.5-41.5 keV has been measured using X-ray extended range technique by

Martin et al.,. [149]. Hubbel measured the (µ/ρ) and Ben for 23 elements and 13 compounds from

10 keV to 100 GeV .
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1.2 Effective atomic number (Zeff )

TheThe Zeff of a composite material is a number that has the same effect as an individual element

when it interacts with photons. It is very much helpful in the design of radiation shielding and in

calculating of absorbed dose.This number is not constant for a multi element. Depending on the

relative value of the interaction mechanisms, it varies with photon energy.It is an energy dependent

variable that has been determined from Z values of the elements in a given compound/mixture

weighed according to various photon interaction processes. Limkitjaroenporn et al., [150] de-

termined the µ/ρ and Zeff for Inconel 738 alloy for different energies obtained from Compton

scattering. Ozdemir and Kurudirek et al., [148] studied the total µ/ρ’s, Zeff and Nel of several

inorganic and organic substances at 0.05954 MeV. The Zeff of composite materials varies with

energy. For the understanding of X-ray attenuation by a compound medium like any biological

tissue, studies on Zeff and Nel are needed. Shivaramu et al., [151] measured the EAN’s for low

atomic number substances. The theoretical values of Zeff were determined by Jackson et al.,

[152].

the In this way, it provides fundamental details about the properties of multi-element materials.

As a more useful parameter, it is used in a variety of applications, including the nuclear indus-

try, architecture, radiation shielding design, absorbed dose and BF measurements, space research

projects and a variety of science applications [153]. The incident energy as well as the atomic

number of the constituent elements define this number. It denotes the number of electrons in the

sample that are directly participating in the photon–atom interaction [154].Zeff is also a useful

parameter in many case namely Ben, absorbed dose etc.The Zeff represents the interaction of radi-

ation with material medium [154]. Several researchers have made lot of contribution to determine

the Zeff ) in various alloys [71, 155, 156]. But, these studies appear to be restricted to a narrow
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range of energies. Hubble and Seltzer., [51] have determined the photon µ/ρ, Nel and Zeff of cer-

tain thermoluminescent dosimetric compounds of different energies using hyper pure germanium

detector by interpolation method.

the Murat Kurudirek et al., [157] used mass attenuation coefficients from the WinXCom computer

programme to investigate the Zeffs of different alloys.Exact values of µ/ρ’s for X, γ- radiations in

various materials are critical in many sectors, including radiation dosimetry, nuclear and radiation

physics, agriculture, biology, medicine, the environment and industry. These values are significant

in both basic physics and many application fields. Creagh et al., [158] found key information and

issues linked with the determing the high energy radiation attenuation constants.It has a physical

meaning and permits various properties of a material to be represented numerically. This value is

a very useful parameter in space research programs, technology, nuclear industry, engineering and

many other scientific domains especially, such as calculation of the dose in radiation therapy. The

estimation of µ/ρ values for gamma ray interaction by the transmission method is a regularly used

way of determining an Zeff of a material consisting of multiple elements in specific proportions.

Arif Bastug et al., [159] measured the Zeff ’s of some composite mixtures including borax.This

number is determined by the incident energy as well as the atomic number (Z) of its constituents.

It represents the average number of electrons in a material that are actively involved in the photon-

atom interaction. As a result, the Zeff is commonly utilised in mass energy absorption coefficient

calculations and Kerma in radiation dosimetry. Manjunatha and Umesh et al., [160]. Prasanna

Kumar and Umesh et al., [161] investigated the Zeff of composite materials in the gamma ray

range 280–1115 keV for the Compton effect.

the Accurate understanding of Zeff ’s is critical in medical radiation dosimetry, as well as technical

and engineering applications. There have been several efforts to develop a method for calculating

the effective atomic numbers of composite materials [151, 162]. Certain empirical formulae have

16



been designed and published in the literature [163]. However, its applicability is restricted to the

experimental circumstances utilized in the specific paper. Cevik et al., [164] gives out data for the

µ/ρ’s of bulky and thin film CuInSe2 samples at various energies. If certain constants are known,

the energy absorption in a particular material may be estimated. These required constants are the

medium’s effective atomic number and electron density. Many technical applications make use

of Zeff ’s and Nel’s. Previous workers [164, 165] have conducted substantial research on effective

atomic numbers in a wide range of composite materials such as polymers, alloys, compounds,

mixtures, superconductors, semiconductors and thermoluminescent dosimetric compounds. The

effective atomic number has an interesting application in security screening of aviation passen-

ger luggage for chemical explosives, particularly for low crystalline substances. Gounhalli et al.,

[166] published research on the Zeff ’s and Nel’s of several chemical explosives.

the Eritenko et al., [167] analysed the analytical effect of Zeff on matter and radiation energy in

the 10–1000 keV range. Hosamani and Badiger et al., [127] estimated the Zeff of composite ma-

terials by measuring the back scattered γ- photons at 1800. Richter and Greilich et al., [168] used

dual-energy computed tomography to assess the relative electron density and Zeff . Dual-energy

computed tomography can increase accuracy in radiotherapy treatment planning.

the Sakata et al., [169] showed that dual-energy computed tomography imaging can measure the

Zeff as well as Nel. They concluded that a dual-energy computed tomography provides an excel-

lent prediction for the Zeff . Sathiyaraj et al., [170] investigated metal nanoparticle doped polymer

gel effective atomic number and buildup factor estimations. Willem and Langeveld [171] demon-

strated that dual-energy imaging, spectroscopy and statistical waveform analysis can be utilized

to estimate the Zeff from X-ray transmission data because the µ/ρ depend on both energy and

atomic number.

the Renu Sharma et al., [172] calculated the Zeff ’s for certain binary alloys using the gamma ray
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backscattering technique. For the Zeff ’s of all studied alloys, there was good agreement between

theoretically estimated and experimentally observed values. Levelt et al., [173] measured the

buildup factor, total atomic cross-section, Nel and Zeff of some compounds for various sources.

Measured values of µ/ρs were determined using an energetic dispersive X-ray spectroscopy ap-

paratus, while the theoretical values were computed using the WinXCom computer tool.

1.3 Effective electron density(Nel)

TheDepending on the application, the Nel is most beneficial in selecting an alternate composite

material instead of an element for that energy.Singh et al., [174] developed a WinXCom software,

it is used to calculate the µ/ρ, Nel, and Zeff of carbon and stainless steels. Photon energies

ranging from 5000 eV to a few MeV are often used in medical and biological applications. The

amount of X-ray attenuation data available, however, is limited to biological samples Singh et

al., [174] computed the µ/ρ, Zeff and effective electron density of carbon steel and stainless

steels by using the WinXcom program. Seven et al., [175] measured the total µ/ρ for Co, Cu, Ni

elements and Co-Cu, Co-Cu-Ni alloys at different energies using transmission arrangement. the

Levet et al., [173] measured the effective electron numbers,σ, Zeff and BF of certain elements

using various radiation sources. Mass attenuation coefficients are useful for calculating Nel and

Zeff . Bursalıoğlu et al., [176] measured trace element concentrations and electron density in

human blood serum after radioiodine therapy in differentiated thyroid cancer patients. [177].

Kaewkhao et al., [121] computed the total interaction cross-sections, µ/ρ’s, Nel’s, effective atomic

numbers and average paths of Cu/Zn alloy using mixture rule at different gamma-ray energies.

Kurudirek and Onaran [178] used an interpolation method to calculate the Nel’s and Zeff ’s of some

important biomolecules for total electron(e−), proton and an α-particle interaction. Alteration

in electron densities seems to be more or less the same with the alteration in effective atomic
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numbers for the given materials. More et al., [179]. studied the properties of electron density

and effective atomic number of amino acids. Wu [180] developed a technique for electron density

measurements in the atmosphere. The Zeff and Nel of some samarium compounds are calculated

using the experimental total µ/ρ values around the K edge by Akman et al.,

1.4 Photon Buildup factor(PBF)

TheThe use of X-radiation and gamma in radiation therapy and radiation imaging requires suffi-

cient understanding of the interactions of radiation with matter. When photons penetrate the target

medium, their energy degrades and builds up in the medium, causing secondary radiation to be

emitted, which may be estimated using a factor known as the BF. Calculation of the energy ab-

sorbed in a medium depends on the contribution of the un-collided photons from the source and

also on the contribution from collided and secondary photons. The energy absorbed in a medium

is computed by multiplying the un-collided photon contribution by the Ben,The photon buildup

factor determines how much secondary photons add to the total amount of photons at that loca-

tion. The build-up factor is the ratio of the overall value of a particular radiation quantity at any

place in a medium to the contribution to that value from radiation reaching the same point without

colliding. The Bex and Ben are the two forms of buildup factors. The absorbed / deposited energy

in the material/medium is expressed by Ben. The energy deposited in the air is represented by the

Bex Lalit et al., [181] have been employed monte carlo simulation method to study X ray,gamma

ray buildup factor for graphite and water in the energy range 4-10 Mev upto 5 λ. Kurudirek et

al.,[182] have inferred from the findings that the build-up of photons was smaller in case of NaCl

relative to other materials at lower penetration depth(PD).The build up factors for homogeneous

samples of iron, air and water have been calculated by chilton et al., [110] using moments method

code.
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1.4.1 Energy absorption buildup factor (Ben)

the The energy absorption buildup factors employed in shielding calculations, nuclear engineering

and nuclear medicine. Singh et al. [183] investigated the energy Ben factors for gel dosimeters,

which may be used to calculate the effective dosage to human organs.

the Mann et al., [184] measured the double layered transmission exposure buildup factor for

Aluminium-Lime stone and it has been observed that the Aluminium-Lime stone shield provides

the highest protection against gamma-rays. Levet et al., [173] measured Nel, µ/ρ, Zeff and buildup

factor (BF) for some oxygen and hydrogen based compounds. Singh et al., [183] determined γ-

ray energy Ben for optically stimulated luminescence materials using the GP fitting method and it

is useful in the medical diagnostics and therapy, accident dosimetry, space dosimetry and person-

nel surveillance.

the Park et al., [185] analyzed uncertainties in the weighted least square fitted BF’s in the point

kernel method. Kucuk et al., [186] developed a model of γ-ray Ben’s for thermo-luminescent

dosimetric materials. Kurudirek and Özdemir determined the Bex and Ben for some carbohydrates

amino acids and fatty acids. Manohara et al., [187] calculated the Ben and tissue equivalent for

thermoluminescent dosimetry materials. Mann et al., [188] studied the µ/ρ and Bex of some low

atomic number materials as a building materials. Atak et al., [189] calculated photon buildup fac-

tors using Monte Carlo code MCNP5. Kurudirek et al., [133]measured gamma-ray Bex and Ben’s

of human tissues. Singh et al., [190] calculated certain regularly used solvents for the variation of

Ben with incident photon energy and penetration depth. Mann et al., [191] determined gamma-ray

buildup factors in some silicates up to 100 λ penetration depth. Gamma-rays and X-radiations are

widely used in medical imaging and radiation therapy. The BF is an important parameter in the

distribution of photon energy in all objects. In branchy therapy, radioactive seeds are implanted

in the patient’s body to destroy cancer cells. The PBF is important in calculating the radiation
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dosage received by cancer cells. Sardari et al., used the Monte Carlo approach to calculate the

buildup factor of γ and X-ray photons in water and soft tissue by Kavaz et al., [192] studied the

EBen for certain chemotherapy medications in the energy range 15 keV–15 MeV for penetration

depths up to 40 λ are calculated using the GP fitting model. This is useful in radiation dosimetry

and therapy, both of which are utilized in cancer treatment. Hernández et al., [193] introduced a

semi-empirical method for the correction of photon self-absorption gamma spectrometry of envi-

ronment low energy range. Hirayama et al., [194] calculated Bex of high energy γ-rays for water,

lead, iron and concrete using Monte Carlo code in the energy range 0.01keV to 0,1 keV up to a

penetration depth of 10 mpf. Kulwinder., [191] calculated γ-ray buildup factors for silicate sample

in the energy range 15keV to 15 MeV up to penetration depth of 100 λ using G P fitting formula.

Kulwinder Singh mann et al., [184] explained a comparative study of γ ray double layered trans-

mission Bex s of some engineering materials. The Ben for thermoluminescent dosimitric materials

using G P fitting formula in the energy range 15keV to 15 MeV for penetration depth up to 40λ

by Manohar et al., [187]. Morris [195] measured the Ben for water and aluminum and for Bex

concrete using point isotropic gamma-ray sources in the energy range 0.03 to 10 MeV up to a

penetration depth of 50 λ. The photon interaction parameters such as µ/ρ, Zeff , Nel and BF for

different alloys have been measured by Levet [173] using 137Ba, 157Gd and 241Am γ-rays sources.

1.4.2 Exposure buildup factor (Bex):

The Manjunatha et al., [196, 197] evaluated the photon relative dose distribution and buildup

factors in various parts of teeth. Manjunatha and Rudraswamyet et al., [197] studied energy

absorption buildup factors as well as exposure buildup factors in hydroxyapatite. Previous re-

searchers used exposure buildup factors for the investigation of secondary radiation dose like

bremsstrahlung manjunath et al.,[106, 107] By injecting radioactive seeds into the patient’s body,
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cancerous tumors can be destroyed in brachy therapy williamson et al., [198, 199]. Cancerous

tumors can be destroyed by multiplying the contribution of un collided photons with the energy

absorption buildup factors [200, 201]for designing the shielding of radiation, previous researchers

gave the data for buildup factors [110–113]. In the computations of radiation dose absorbed by

the cancer cells it is necessary to assume photon buildup factors. The shielding parameters in

silicon boron alloys of different composition Si0.95B0.05 (SB1), Si0.9B0.1 (SB2), Si0.8B0.2 (SB3),

Si0.7B0.3 (SB4), Si0.6B0.4 (SB5) and Si0.5B0.5 (SB6) has been studied. A detailed study was done

on Silicon-boron alloy to get better radiation shielding results compared to other materials. So far,

as per our knowledge X-ray / gamma ray, neutron and EMI shielding investigation on Silicon -

Boron alloys are limited. Due to the desirable corrosion characteristics and biocompatibility, Zinc

alloys can be used as the biodegradable metals. The specific absorbed fraction (SAF) of energy,

energy absorption buildup factors (Bens) and relative dose (RD) in the energy range 15keV–15

MeV for zinc alloys of different composition such as alloy A (Cu 20%, Ni 40 %, Zn 40 %), alloy

B (Cu 30 %, Ni 35 %, Zn 35%), alloy C (Cu 40 %, Ni 30 %, Zn 30%), alloy D (Cu 50 %, Ni 25%,

Zn 25%), alloy E (Cu 60 %, Ni 20%, Zn 20%) and alloy F (Cu 70%, Ni 15 %, Zn 15% ) has been

investigated up to the penetration depth (PD) of 40 λ using GP fitting method. It is found that

both SAF and RD are larger for alloy F (Cu 70 %, Ni 15 %, Zn 15%) than the other studied zinc

alloys.. Hence, we can conclude that the alloy F (Cu 70 %, Ni 15 %, Zn 15%) is a good absorber

of X-rays, neutrons and gamma among the investigated zinc alloys. This work finds its usefulness

in the radiation dosimetry and shielding of radiation. Kurdirek et al., [134] calculated the Ben and

Bex for some essential amino acids, fatty acids and carbohydrates in the energy region 0.015–15

MeV up to a penetration depth of 40 λ. Shimizu et al., [202] observed small discrepancies for

elements of lower atomic numbers up to 10 λ when the buildup factors obtained by three meth-

ods viz., Monte Carlo method, invariant embedding, and GP fitting are compared. Singh et al.,
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[190] investigated how exposure buildup factors varies with the energy of incident photon. The

present work focusses on the estimation of buildup factor as explained by Manjunatha et al.,[23]

and specific absorbed fractions in some gallium alloys such as Gallium alloy [Al-50%, Ga-50%],

Galfenol [Fe-30%, Ga-70%] and Galinstan [Ga-68.5% , In-21.5%, Sn-10%].The exposure buildup

factor calculation is important for estimating the effective dose to human organs and simulating the

dosage for radiation treatment and other medical fields. The study of exposure buildup factor(Ben)

is very helpful in radiation biology. Murat Kurudirek et al., [133] have been determined the Ben

and Ben of human teeth by utilizing the GP fitting approximation in the energy range 0.015–15

MeV up to 40λ. Vishwanath et al., [203] studied the Ben’s of some Oxide Dispersion Strength-

ened (ODS) steels, observed that ODS steel is the superior neutron and γ-ray shielding materials,

this study is very much useful in designing of shielding materials and future reactor technologies.

chibani et al., [204] has developed a new Monte Carlo code to calculate Bex in media. the results

from monte carlo code the results good agreement with SNID code results for materials for low

atomic number.

the The concept of BF was first presented by White et al., [205] and Fano et al., [206], who rec-

ognized its relevance in attenuation studies. Hirayama et al., [207] studied the impact of coherent

and incoherent scattering on low energy gamma ray exposure buildup factor. The impact of linear

polarization and Doppler widening on low-energy gamma ray Ben’s were investigated by Namito

et al., [208]. Hirayama et al., [209] investigated the impact of photon cross sections and air energy

absorption coefficients on the γ- ray Ben.

the Considering the need of complete investigations of BF’s, Brar et al. [210] investigated the

EBen of H, C, and O materials as a function of fractional weights of H, C and O. Manjunatha

and Rudraswamy et al., [196, 197] also calculated the BF’s and photon relative dose distribu-

tion in various areas of teeth, which can be used in dental diagnosis.manjunatha et al., [108]
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researchers computed BF’s for estimating specific absorbed fractions of energy (SAFE) in biolog-

ical samples. Previous studies [106, 107] used the Ben to calculate secondary radiation doses such

bremsstrahlung in bone. Sathiyaraj et al., [170] computed the Zeff and BF for metal nanoparticle

doped with polymer gel. In the medical as well as biological fields, the γ-ray BF is important in

the Photon energy distribution (PE) and radiation dose (RD) estimate for biological samples, in

biological materials like proteins, fatty acids, and amino acids [211]. While photons in the keV

range are significant in medical diagnostics, radiation biology, and therapy, photons in the MeV

range play a vital role in medical imaging and radiography [154, 212].

the There are several ways for calculating the buildup factor, sayyed et al., [213] including the

invariant embedding method [111, 202, 214] and the GP fitting approach [215] provides BF data

for 23 elements, one chemical, two mixtures sayyed et al., [213]. The proposed GP fitting formula

has been shown to be accurate to within a few percentage points Harima [200, 216] has conducted

a thorough analysis of the state of BF calculations and applications. Sidhu et al.,[217] investigated

the energy Ben of several biological samples.Sayyed et al.,[213] investigated the Ben’s for several

types of smart polymers in the energy range of 0.015–15 MeV using the GP fitting approach. The

shielding performance of the polymers is found to be comparable to that of regularly used poly-

mers, and the outcomes of this research should be valuable for radiation shielding applications.

such as nuclear, medical and industrial fields. Angular Ben’s for photons from a combined en-

ergy source through aluminum, steel and lead shielding blocks were measured by Geguchadze.

Topcuoglu et al., [218] computed the Zeff and Nel of human teeth in the energy range 1 keV–20

MeV for total photon interaction and photon energy absorption.

the Khabaz et al.,[219] Using the Monte Carlo code MCNPX, they investigated the gamma ray

exposure and relative dose buildup factor for five sites isotropic multi-energy sources up to a

depth of 10 λ for iron, lead, concrete, aluminum, tungsten and uranium. The dose BF values
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were parameterized as a function of λ using the GP analytical formula and the parameters were

derived for various gamma sources. Kavaz et al., [220] determined the γ-ray Ben and Ben values

of barite-doped, limonite-doped and serpentine-doped for incident photon energies ranging from

0.015 MeV to 15 MeV and penetration depths up to 40 λ. The addition of minerals with very

similar atomic numbers improves the lithium borate glasses.

the Al-Ani and Jawad et al., [221] investigated the γ-ray BF for two shielding materials, graphite

(Z = 6) and water (Zeff = 7.42) for isotropic plane sources usually incident within the energy

range 4 MeV–10 MeV and up to 5mfp. Lokhande et al., [222] computed radiological parameters

of some amine group bio material containing C- H- N- O with the γ-ray count by narrow beam

geometry in the energy range 122– 1330 keV. It is found that amino acid has the highest EBen

value at 0.1 MeV, and the estimated radiological data of biological material is used in dosimetry

and medical physics.

the Sharaf and Saleh [223] employed characteristics such as µ/ρ, Zeff , penetration depth and Ben

to assess the shielding qualities of three different construction designs and building materials typ-

ically used in Jordan. Bakos and Tsagas et al., [224] defined and calculated the angular exposure

dose build up factor for combined energies disc geometry sources ranging from 1.43 to 2.75 MeV.

Rajkumar et al.,[225] explained the comparative study of the µ/ρ, γ, Zeff , Nel and HVL for man-

ufactured spinel ferrites is carried out using NIST-XCOM and Geant4 at 122–1330 keV.

theThe X-ray and gamma radiation shielding parameters in Al-Si alloys (Al-47, Al–32S, Al–43,

Fe–Si, Al-356, Al-355, and Al-A355) including µ/ρ, µ, HVL, TVL, Zeff , Bex and Γ has been

measured. In addition, the NSPs in Al-Si alloys has been investigated by manjunatha et al.,[23]

such as bcoh, binc, σcoh, σinc, σtot and σabs.The shielding capabilities of the aluminium silicon al-

loys under investigation were compared. According to the findings, the ferro-silicon alloy has the

minimum mean free path, HVL, TVL and the maximum Bex. Thus, ferro-silicon alloy is a good
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X-ray and γ radiation absorber. For ferro silicon alloy, neutron attenuation parameters are con-

siderable. As a result, we believe that ferro silicon alloys are the best X-ray, gamma and neutron

shielding materials.

the Khayatt et al., [226] calculated the photon shielding parameters such as Zeff ,Nel photon inter-

action and photon energy absorption and gamma-ray kerma coefficient for seven polyethylene-

based neutron shielding materials in the energy range 1keV to 100MeV. Tekin and Kilicoglu

investigated the gamma-ray and neutron shielding properties of different type of Ga additive in

Pd-Mn binary alloys. Earlier researchers [1, 81, 227, 228] were studied the gamma and neu-

tron shielding and γ-ray interaction properties in alloys, polymers and boron containing ele-

ments. The synthesis and characterization of nanocomposite magnetite films were effectively

used by Badway et al., [229]. The neutron shielding properties (NSP) of a sample consists of

bcoh, binc, σcoh, σinc, σtotandσabs and these are calculated by using the following mixture rule. Nu-

clear shielding for X-ray, γ-rays and neutrons is an important concern in the field of radiation

physics.The µ/ρ and its derivable are fundamental parameters for the collection of shielding ma-

terials for X-ray and gamma radiation. Hayashi et al.,[230] have shown that the capability of

neutron shielding is increased by the combination of steel and Zr(BH4)4. The polymers, plastic

materials and polyvinyl alcohol / iron oxide polymer composite were extensively used to measure

radiation shielding properties[15, 31, 35, 231–233].It is important to replace the lead shielding ma-

terial by nontoxic and low cost materials. Seenappa et al.,[15] studied the X-ray, gamma radiation

shielding parameters and neutron shielding parameters in some alloys such as AL-6XN, nicrosil,

nisil, terfenol-D, elektron and ferro-boron.Kaur et al., [6, 234] studied the scope of Pb-Sn and Pb-

Zn binary alloy in gamma ray shielding. Further the physical properties and shielding parameters

were discussed in detail. Singh et al., [235] computed various photon interaction parameters for

different compositions of Cu-Pb binary alloys in the wide energy regime of 1 keV to 100 GeV.
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1.5 Relative dose (RD) of photon

The The study of relative dose of gamma radiation has become significant importance for radiation

dosimetry due to the continuous use of X-rays and gamma rays in medical imaging and radiation

therapy. The photon buildup factor must be included when calculating the radiation BF, attenuation

coefficient and distance from the point source determines the dose of gamma radiation and it is

given by Dγ = D0 exp (−µr)Br2 . Here D0 is initial dose delivered by the point gamma source, µ is

the linear mass attenuation coefficient for the Photon energy and B is the BF. The RD distribution

at a distance r is given by Dγ

D0
= exp (−µr)B

r2
.

1.6 Neutron shielding parameters (NSP)

the Following properties are considered as shielding parameters for neutrons.

Coherent neutron scattering cross section (σcoh): The ability of an interacting material to

scatter neutrons without causing energy loss is known as Coherent neutron scattering cross section.

In-coherent neutron scattering cross sections (σincoh): The ability of an interacting material

to scatter neutrons with causing minimum energy loss is known as In-Coherent neutron scattering

cross section.

Total neutron scattering cross section (σtot): The ability of the interacting medium to scatter

neutrons through coherent and incoherent process.
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Neutron absorption cross sections (σabs): The ability of interacting medium to absorb neu-

trons is called neutron absorption cross sections.

Coherent neutron scattering length (bcoh): It is the distance covered by the neutron in an

interacting medium between two coherent.

Incoherent neutron scattering length (binc): It is the distance covered by the neutron in an

interacting medium between two incoherent events.

theThe neutron shielding properties (NSP) of a sample consists of bcoh, binc, σcoh, σinc, σtot and

σabs and these are calculated by using

(NSP )sample =
∑

fi(NSP )i (1.1)

Here (NSP)i is neutron shielding parameter of ıth element in the concrete and fi is the fractional

abundance (a mass fraction of the ith element in the molecule). From the calculated neutron cross

sections, attenuation parameter of neutron is evaluated using the relation;

Attenuation Parameter =

∑
XNA

A
cm2/glabeleq − Attenuationparameter − c1 (1.2)

theHere A and NA are evaluated atomic mass and Avogadro number respectively.

the Nuclear scientists are continually experimenting with different materials to determine how

different radiation shielding parameters affect their ability to utilise radiation efficiently in a variety

of applications. Due to the shortcomings of traditional shielding materials, several researchers

have proposed using metallic alloys as an alternative for X-ray/Gamma ray shielding material. As

a result, it is necessary to first investigate various alloys in terms of radiation shielding capabilities,
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categorization, and fabrication techniques which gave us motive in writing this paper.

1.7 Objective of the present study

• To investigate the X-ray/gamma shielding properties, the proper understanding of mecha-

nism of interaction of X-ray/gamma with atoms are essential such as Photo electric effect,

Compton scattering and pair production. As a part of this study, the semi empirical for-

mula is developed for Photo electric cross section. This enable us to study Z-dependence of

Photoelectric process. Similarly, the Z-dependence of Compton and pair production.

• Theoretical study of different shielding properties in various alloys such as Aluminiumsil-

icon alloy, Gallium alloy, Silicon-Boron alloy, Lead alloy, Aluminium alloy, Zinc alloy,

Silicon-Germanium alloy and Iron-Boron alloy.

• Synthesis and characterization of nanocomposites which consist of Ba, Fe, Ni, Al, Zn, B

and Pb.

• Evaluation of X,γ shielding characteristics.

• Identification of suitable alloy/nanocomposite for X-ray/gamma radiation shielding.
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CHAPTER 2

Photon interaction with matter

the Shielding of X-ray,gamma depends on the attenuation which in turn depend on interaction with

matter Gamma rays interact with matter mainly through absorption and scattering. Absorption and

scattering process such as Photoelectric effect,Compton scattering, pair production are important

in the radiation shielding parameters.

2.1 Photoelectric effect (PEE)

the In this process, an incident photon striking an atom ejects one of the orbital electrons of the

atom. During this process, the gamma ray disappears, its entire energy being given to the electron.

It is found both experimentally and theoretically that about 80 percent of the photoelectric absorp-

tion processes take place in the K-shell, photon energy hν clearly more than the K-shell energy.

The energy of the ejected photo electron is given by T= hν-Be, where Be is binding energy of the

ejected electron. After the atomic electron is ejected via the photoelectric effect, the vacancy in

that shell is filled up by another electron from an outer shell. This is followed by the emission of

X-rays or Auger electrons consuming the binding energy Be.

the The protection against ionising radiation is important all over the world [236]. The pho-

toelectric effect (PEE), Compton scattering, pair production and triplet formation are the most

important ways when radiation interacts with matter. In PEE photon is absorbed by a target atom,
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an atomic electron is released or promoted to a bound open orbital, leaving the leftover ion or

atom in an excited state [237]. When photon energies are as high as the electron rest energy, the

Compton scattering may take place. Above twice this energy pair production is also more likely.

Even if the PEE is the preferred reaction for a specific interaction of a single photon with a bound

electron, the outcome is susceptible to quantum statistics and hence cannot be guaranteed. The

probability of the PEE occurring is measured by the cross section of the interaction, σ.

the Quantitative information on the Photo electric cross section is required for practical appli-

cations including material analysis, astronomy, photon research, and biomedical physics. For the

appropriate assessment of total photon absorption and photon transport processes, as well as the

construction of shielding and a range of radiation detection systems, a precise value of photoelec-

tric cross-section in different materials is required [238]. For the calculation of PEE differential

and total cross sections, including all polarisation correlations, a numerical algorithm has been de-

veloped [238]. Different codes / models are used and compared the calculated cross sections with

NIST standard values [239]. Brysk et.al., [240] computed Photoelectric coss section using bound-

state wave functions and potentials from a relativistic Dirac-Slater self-consistent-field program.

Many other Monte Carlo simulation packages such as SPECT and PET are developed mainly for

nuclear medical imaging research have been described in the literature [241–243].

the There has been a renewed interest in measuring photon interaction cross-sections at low en-

ergies (keV photons), particularly at energies close to the element absorption boundaries. Bhat-

tacharya et. al., [244] measured the total mass attenuation coefficients for 11 elements with atomic

numbers ranging from 41 - 92 for photon energies between 59.5 and 43.0 keV, as well as Photo-

electric coss section. The high-energy Photoelectric coss section is usually calculated from total

absorption coefficient measurements by subtracting the scattering cross section per atom from the

total interaction cross section [245]. This Photoelectric coss section is inversely proportional to
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the atomic number as well as energy. According to Pratt et.al., [238], The total photo electric cross

section for unpolarized photons of low energy is given by

σ =
32
√
2πe2a5

3k
7
2

(2.1)

For higher energies,

σ =
4πe2a5

k
(2.2)

where a = Ze2 and k is the polarization vector. Bethel et.al., [246] was given straightforward

polynomial fits to the X-ray photoelectric cross-sections (0.03 keV E 10 keV). According to him,

the Photoelectric coss section is given by

σ(E) = 10−24(C0 + C1E + C2E
2)E−3cm2 (2.3)

where E is the X-ray energy and c0, c1, and c2 are the coefficients. But few discrepancy between

theoretical and currently accepted data for the Photoelectric coss section motivated researchers to

develop a correction factor which would be able to correct the theoretical expressions in order to

account for the currently accepted data. In this view, Legarda et. al., [247] adopted correction

factor for Photoelectric coss section. The actual photo electric cross section given by the Legarda

et. al., [247] is expressed as;

σ(k, z) =
F (k, Z)

δ
σ0Z

5α42
√
2
(k − I + µ)4

µ
1
2k

T
2

(2.4)

where F(k) is the function for each of the Z values, I; energy value near the absorption edge,

k; energy value, σ0; Thomson scattering cross section, α; fine structure constant; µ; electron
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rest-mass energy and δ is quotient defined by previous worker [248]. Recently Fornalski et. al.,

[236] represented the cross section formulas for the photoelectric effect, Compton scattering, pair

and triplet production in the intermediate and high photon energy spectrum for carbon where he

applied the correction factor.

σ = c[f + fcorr] (2.5)

where c; the constant usually related to atomic number Z, f; is the classical cross section relation

for each process [249] and fcorr is the correction function which is calculated by using the classical

Gaussian regression method. For low energies (k < 0.9) equation for Photoelectric coss section

was given by

σ(E) = 3 · 1012 Z
4

E3.5
γ

(2.6)

For higher energies (k>0.9) equation for Photoelectric coss section was given by

σ(ph) = Z5

[(
4∑
i=1

an + bnZ

1 + cnZ
k−pn

)
+ fcorr,ph

]
(2.7)

where fcorr is given by

fcorr =exp[1.47628 · 10−5ln k6 − 6.81543 · 10−4ln k5 + 1.2797 · 10−2ln k4 (2.8)

− 0.125606ln k3 + 0.68583ln k2 − 3.0079ln k − 18.209]

Eventhough, several Photoelectric coss section calculations based on both theoretical and empir-

ical approaches are available, some of them examined, while others have been implemented and

subjected to validation tests to estimate whether they could improve the accuracy of particle trans-
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port codes [240, 250–259]. In the present study, We have attempted to construct semi empirical

formula for Photoelectric cross section by giving inputs Z and E for atoms whose atomic number

varying between 1 to 100 in the energy region from 1keV < E < 100GeV .

2.1.1 Derivation of analytical equation for photoelectric cross section

the To derivation of analytical equation for photoelectric cross section,the variation of Photoelec-

tric cross section with energy was taken into account. From this observation we have designed

followed formula
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Fig. 2.1 Variation of logarithmic photoelectric cross section with logarithmic energy for different
energy ranges in case of Hydrogen element. Continuous line represents the values produced by
the present formula,Circles represents the data available in the linterature

log σpe = f(log (E)) (2.9)

By plotting a graph the log (σ) vs log (E),log (E) was calculated and fitted the suitable relation

34



Table 2.1 Value for degree of polynomial (n) to obtain the photoelectric cross section for different
energy regions

Z
E

(KeV) n Z
E

(KeV) n Z
E

(KeV) n Z
E

(KeV) n

1-19 1-100 2 41-50 4-20 1 61-69 8-50 1 81-90 15-100 1
20-30 1-6 1 41-50 30-100 1 61-69 60-100 1 91-100 1-3 1
20-30 8-100 1 51-60 1-5 1 70-80 1-10 2 91-100 4-15 1
31-40 1-10 2 51-60 6-30 1 70-80 15-100 2 91-100 20-100 1
31-40 15-100 1 51-60 40-100 1 81-90 1-2 1 1-100 150-103 3
41-50 1-3 2 61-69 1-6 1 81-90 3-10 1 1-100 103 − 105 3

between log (σ) and log (E) such a way that this equation should have coefficient of determina-

tion is almost equal to one and minimum residual sum of squares.For hydrogen same graph was

represented in figure 2.1. Same kind of graphs were plotted and variation of log (σ) with log (E)

was studied and an equation is given below.

log (σ) =
n∑
i=0

Ai(logE)
i (2.10)

here ”n” is the order of the polynomial.The value for degree of polynomial (n) to obtain the

photoelectric cross section for different energy regions are valuated and it is give in table 2.1. Ai

is fitting constant , given by followed equation.

Ai = Ai(Z) (2.11)

To construct the function for Ai, we have studied the variation of Ai with Z, an equation is given

below

Ai =
m∑
j=0

BjZ
j (2.12)
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Table 2.2 Fitting parameters for photoelectric cross sections formula

Z E B0 B1 B2 B3 Z E B0 B1 B2 B3 B4

Fitting parameters for energy range (1-100 keV)

70-80

1-10 keV
A0 8.563926 -0.06616 0.000439 - -

1-10 1-100 keV
A0 -0.52251 1.922323 -0.23895 0.010675 A1 -80.8367 2.091742 -0.01353 - -
A1 -3.52012 0.141445 -0.00788 0.000269 A2 109.3536 -2.89114 0.018833 - -
A2 0.01744 -0.0421 0.00344 -0.00144

15-100 keV
A0 -49.5294 1.736492 -0.01208 - -

11-19 1-100 keV
A0 4.616359 0.090072 - - A1 84.73463 -2.65743 0.01865 - -
A1 -2.9278 0.02999 - - A2 -34.7089 1.03888 -0.00725 - -
A2 -0.1661 -0.00317 - -

81-90

1-2 keV
A0 4.634041 0.019786 - - -

20-30
1-6 keV

A0 4.266364 0.064127 - - A1 -2.52812 0.006268 - - -
A1 -2.85475 0.009003 - -

3-10 keV
A0 5.972166 0.012436 - - -

8-100 keV
A0 5.792546 0.051102 - - A1 -2.95937 0.007723 - - -
A1 -3.24903 0.012913 - -

15-100 keV
A0 15.31134 -0.09187 - - -

31-40
1-10 keV

A0 10.9586 -0.14712 - - A1 -7.92963 0.065232 - - -
A1 -18.8479 0.518605 - -

91-100

1-3 keV
A0 5.19278 0.013636 - - -

A2 10.06733 -0.32578 - - A1 -3.33482 0.014613 - - -

15-100 keV
A0 6.386046 0.033726 - -

4-15 keV
A0 6.025833 0.012047 - - -

A1 -3.1625 0.008535 - - A1 -2.67946 0.004118 - - -

41-50

1-3 keV
A0 4.196176 0.045345 -0.0001 -

20-100 keV
A0 13.31152 -0.06015 - - -

A1 -87.8766 3.457518 -0.03485 - A1 -6.52754 0.044129 - - -
A2 310.3076 -12.549 0.126579 - Fitting parameters for energy range (150 keV-10 MeV)

4-20 keV
A0 6.050309 0.019048 - -

1-10 150 keV -10MeV

A0 11.8634 -4.26E-01 2.50E-01 -2.66E-02 7.92E-04
A1 -3.45503 0.017323 - - A1 -16.5344 3.463285 -8.43E-01 8.41E-02 -2.89E-03

30-100keV
A0 7.167155 0.016824 - - A2 4.014211 -1.16662 2.87E-01 -2.87E-02 9.94E-04
A1 -3.31432 0.01093 - - A3 -3.49E-01 1.26E-01 -3.13E-02 3.16E-03 -1.11E-04

51-60

1-5 keV
A0 5.442881 0.01634 - -

11-100 150 keV -10MeV

A0 13.95754 8.71E-02 -3.04E-03 3.26E-05 -1.37E-07
A1 -3.87157 0.028548 - - A1 -12.6149 1.22E-01 -8.94E-04 4.28E-06 2.05E-09

6-30keV
A0 6.926477 0.005493 - - A2 2.693512 -3.52E-02 2.66E-04 -1.27E-06 -3.21E-10
A1 -3.8171 0.021077 - - A3 -0.20584 3.20E-03 -2.36E-05 1.01E-07 9.21E-11

40-100 keV
A0 7.133064 0.018084 - - Fitting parameters for energy range (11 MeV-100 MeV)
A1 -3.08606 0.006053 - - 1-10

11- 100 MeV

A0 -7.68147 2.79141 -5.16E-01 4.89E-02 -1.75E-03

61-69

1-6 keV
A0 7.979171 -0.02171 - -

11-100

-1.9591 2.41E-01 -4.12E-03 3.79E-05 -1.35E-07
A1 -7.14401 0.075576 - - A1 -1.33274 -9.89E-03 8.51E-05 -5.94E-07 1.83E-09

8-50 keV
A0 13.00309 -0.08848 - - A2 5.17E-02 1.51E-03 -1.23E-05 7.78E-08 -2.16E-10
A1 -7.47155 0.076653 - - A3 -2.65E-03 -7.75E-05 6.74E-07 -4.77E-09 1.50E-11

60-100 keV
A0 7.61909 0.010663 - -
A1 -3.15553 0.006868 - -

here here ”m” is the order of the polynomial. The value for degree of polynomial (m) to obtain

the fitting parameter A’s for different energy regions. In the above equation, Bj are fitting param-

eters, table 2.2 gives required fitting parameters for equation (2.12). The formula presented in the

equation (2.10) with fitting parameters defined in the equation (2.12) is the present formula for

photo electric cross section. This formula produces the cross sections successfully for photoelec-

tric interaction except near the X-ray absorption edges. The photoelectric cross sections near the

X-ray absorption edges ( K, L1, L2, L3, M1, M2, M3, M4, N1, N2, N3) are also constructed and

it is given as follows;

σXPE = akb (2.13)

Where k = Z/E and E in MeV. The variation of photoelectric cross section near M5 X-ray

absorption edge is different than other X-ray absorption edges and hence we have constructed
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Table 2.3 Fitting parameters to find the Photo electric cross section near X-ray absorption edges.

Type a b
K 9.79E-03 1.849284
L1 1.62E-02 1.761063
L2 3.62E-02 1.667448
L3 3.32E-01 1.404392
M1 8.24E-02 1.561367
M2 6.17E-02 1.592018
M3 2.23E-01 1.471953
M4 1.879134 1.252384

M5 (60 < Z < 75) -3.27E+10 1203188
M5(76 < Z < 84) 79285.57 -27740.9
M5(85 < Z < 100) 2.64E-06 2.559688

N1 3.06355 1.18079
N2 3.211146 1.183953
N3 197.8709 8.33E-01

separate equation for M5 X-ray absorption edge. The photoelectric cross sections near the M5

X-ray absorption edge is also constructed and it is given as follows;

σXPEMS =



a
k
+ b for 60 < Z < 75

ak
(k−b) for 76 < Z < 84

ak + b for 85 < Z < 100

(2.14)

a,b in the above eqautions are the fitting constants are given in table 2.3.

the From the thorough literature [35, 253] survey a semi empirical formula was designed. This

formula also successfully produces photoelectric cross sections near the x-ray absorption edges.

It is observed that present formula produces exact values of Photoelectric coss section present in

the literature [35]. Using equation 2.15. The deviation for Photoelectric cross section calculated

and it gives ±5%. This validate the present work.

∆σpe(%) =
log σdata − log σformula

log σdata
× 100 (2.15)
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In the above equation, σdata is the Photoelectric cross section available in the literature [35] and

σformula is from current work.

the fig. 2.2 represents the % deviation for photoelectric cross sections for range oof energies

1keV < E < 100keV , 150keV < E < 10MeV and 11MeV < E < 100GeV and same is found

to be less than ±5%.

the To validate the present work, the values produced by the present formula is compared with
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Fig. 2.2 Variation of average percentage error of log σ as a function Z.

that of experiments and other data and formulae available in the literature [35, 236, 245–247].

This comparison is as shown in table 2.4. First column of this table represents the target element.

Second column of this table represents the energy. Third column represents the experimental

values corresponds to that energy. Photoelectric cross sections of the current work is presented in
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Table 2.4 Correlation of Photoelectric cross sections of current work and literature

Element
Photon energy

(keV) σExpt. σPresent
σWinxom

[35]
σfornal.
[236]

σTitus
[245]

σBethell
[246]

σLegard
[247]

Hydrogen

4 0.105 [260] 0.106 0.105 0.112 0.108 0.101 0.111
5 0.049 [260] 0.049 0.049 0.054 0.08 0.01 0.089

5.41
0.056±5.58 [261]

0.037 [260] - - 0.121 0.067 0.089 0.147

5.895 0.028 [260] 0.026 0.026 0.058 0.014 0.052 0.038
8.39 0.012±0.43 [261] 0.0097 0.0098 0.14 0.0018 0.0025 0.078

Carbon
6.47 162.4±3.3 [256] 210.306 210.3 218.21 212.32 230.2.75 215.25

14.41 12.3±0.3 [256] 11.139 11.14 14.68 13.54 16.48 15.24
21.12 - 4.341 4.341 6.89 5.14 5.96 6.47

Aluminium
6.47 4073±80 [256] 5789.739 5119 5263.21 5180.21 5154.36 5140.32

14.41 377±8 [256] 336.703 336.7 401.65 408.32 399.54 408.64
21.12 116.6±2.6 [256] 138.901 138.9 142.32 141.97 140.35 144.54

Sulphur
6.47 9021±180 [256] 9267.194 11200 11306.21 11250.65 11254.32 11248.21

14.41 885±18 [256] 795.808 795.8 725.32 710.24 706.54 702.21
21.12 279±5.8 [256] 334.881 334.9 340.25 338.21 339.15 340.21

Titanium
6.47 28042±550 [256] 30583.62 30250 30244 30100 30508 30301

14.41 3125±60 [256] 2797.03 2797 3401.21 3304 3250 3150
21.12 103±20 [23] 1219.019 1219 1244 1250 1248 1238

Fourth column of this table. Photoelectric cross sections produced by the winxcom code [σWinxom

[35]] which are based on the Hubbel data [262]are represented in the fifth coloumn of this table.

The photoelectric cross sections produced by the other formulae such as σfornal. [236], σTitus

[245], σBethell [246] and σLegard [247] are presented in the last four coloumns of this table.Table 2.5

confirms that values of current work is close in agrrement with that of experimental values.Hence

it validates present formula for producing photoelectric cross section.This simple pocket formula

will be useful in the determination of Photoelectric cross section (barn/atom) which intern useful

in the radiation and nuclear physics.

2.2 Pair Production

the When a photon having energy greater than 1.02MeV strikes a material of high atomic number

(Z), it is found that the photon is completely absorbed and a pair of negatron and positron is

produced. This process is known as pair production. Thus,

hν = T+ +m0C
2T− +m0C

2 (2.16)
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where hν is the total energy of the incident photon, T− and T+ are the kinetic energies of the nega-

tron and positron respectively and +m0c2 = 0.511MeV is the electronic rest energy. The process

occurs only in the field of charged particles, mainly in the nuclear field but also to some degree

in the field of an electron. The presence of this particle is necessary for momentum conservation.

The cross-section of pair production varies as Z.

2.2.1 Semi empirical formula for cross section of pair production in nuclear field (σppn)

the The Semi empirical formula for pair production with in energy range 1.25*106eV to 10*106eV

is given as

σppn = αexp(β/E) (2.17)

Here α and β’s are fitting parameters with in the energy range of 1.25*106eV to 10*106eV which

depends on parent nuclei atomic number, same were given by

α =



α1Z
α2 Energy 1.25MeV ≤ E ≤ 10MeV, 1 ≤ Z ≤ 50,

α1/Z + α2 Energy 1.25MeV ≤ E ≤ 10MeV, 51 ≤ Z ≤ 75,

α1Z + α2 Energy 1.25MeV ≤ E ≤ 10MeV,76 ≤ Z ≤ 100

(2.18)

β =



β1Z + β2 Energy 1.25MeV ≤ E ≤ 10MeV , 1 ≤ Z ≤ 50,

β1/Z + β2 Energy 1.25MeV ≤ E ≤ 10MeV , 51 ≤ Z ≤ 75,

β1
√
Z + β2 Energy 1.25MeV ≤ E ≤ 10MeV , 76 ≤ Z ≤ 100

(2.19)

Here α1, α2, β1 and β2 are the constant with in 1 ≤ Z ≤ 100 as shown in table. 2.5. the The pair
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Table 2.5 Fitting parameters of pair production (in nuclear field).

Energy
range

Z
Fitting parameters

α1 α2 β1 β2

1.25 - 10 MeV

1-25 0.004312 1.963863 0.008659 -6.406237148
26 -50 0.006124 1.858944 0.018519 -6.658275091
51-75 -1327.624332 34.94021 -92.46209706 -3.918039391

76-100 0.386338 -11.33707533 0.421056 -8.78627238
Z δ1 δ2 ∆1 ∆2

11 MeV- 100GeV

1-25 0.009362 1.922957 0.448805 -7.075955309
26-50 0.01104 1.871779 -3.804551218 -8.847991045
51-75 0.015997 1.778576 0.006064 -5.688792957

76-100 0.02158 1.709163 -0.001920755593 -5.06585504

production (in nuclear field) from 11 MeV to 100 GeV.

σppn = δ exp∆/E(MeV ) (2.20)

Here δ and ∆′s are the fitting constants from 11 MeV - 100 GeV which depends on the parent

nuclei atomic number , as follows

δ = δ1Z
δ2for11MeV ≤ E ≤ 100GeV and1 ≤ Z ≤ 100, (2.21)

∆ =



∆1 ln(Z) + ∆2 for 11MeV ≤ E ≤ 100GeV and 1 ≤ Z ≤ 25

∆1Z/ (Z +∆2) for 11MeV ≤ E ≤ 100GeV and 26 ≤ Z ≤ 50

∆1Z +∆2 for 11MeV ≤ E ≤ 100GeV and 51 ≤ Z ≤ 100

(2.22)

Here δ1, δ2, ∆1 and ∆2 are the fitting constants in the atomic number range of 1 ≤ Z ≤ 100 were

also tabulated in Table 2.5.
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Table 2.6 Fitting parameters of pair production (in electric field).

Energy
range

Z
Fitting parameters

ξ1 ξ2 ψ1 ψ1

3-100 MeV
1-10 2.6357929959 317.0109234 0.07957569032 -8.678053655

11-25 3.514478883 427.3932769 0.08592197619 -8.685070414
26-100 5.937707263 746.0395743 0.07586591351 -8.625412801

150 MeV- 100 GeV
1-25 0.01111255097 0.9215112224 1.661164945 -17.55823018

26-100 3.792914618 431.2069716 0.3959115352 -13.70217717

2.2.2 Semi empirical formula for cross section of pair production in the electric field(σppe)

The semi empirical formula for pair production ,electric field is given by

σppe = ξE
(ψ/EMeV )
MeV (2.23)

Here ξ and ψ′s are the fitting parameters energy range from 3MeV ≤ E ≤ 100GeV which

depends on the parent nuclei atomic number. These fitting parameters are as follows

ξ =



ξ1Z/ (Z + ξ2) for 3MeV ≤ E ≤ 100MeV and 1 ≤ Z ≤ 100,

ξ1Z
ξ2 for 150MeV ≤ E ≤ 100GeV and 1 ≤ Z ≤ 25,

ξ1Z/ (Z + ξ2) for 150MeV ≤ E ≤ 100GeV and 26 ≤ Z ≤ 100.

(2.24)

ψ =



ψ1Z + ψ2 for 3MeV ≤ E ≤ 100MeV and 1 ≤ Z ≤ 100,

ψ1 ln(Z) + ψ2 for 150MeV ≤ E ≤ 100MeV and 1 ≤ Z ≤ 25,

ψ1

√
Z + ψ2 for 150MeV ≤ E ≤ 100MeV and 26 ≤ Z ≤ 100.

(2.25)

Here ξ1, ξ2, ψ1 and ψ2 are the fitting constants from 1 ≤ Z ≤ 100 were tabulated in Table 2.6.
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2.3 Coherent Scattering

the Here the scattered X-ray energy is nearly the same as the incident energy except for very small

recoil energy taken up by the scattering atom. There are four types of elastic scattering.

2.3.1 Rayleigh Scattering

the This occurs at energies of 0.1MeV and above. For large hν and small Z, Rayleigh scattering

is negligible. Rayleigh scattering is greatest at small scattering angles.

2.3.2 Thomson Scattering

the It is a coherent scattering from the nucleus as a whole. It is independent of energy and is

proportional to Z4.

2.3.3 . “Delbruck” Scattering

the This process also known as Elastic Nuclear Potential Scattering.This effect is very small at low

energies

2.3.4 Semi-empirical formula for coherent scattering (σcoh)

the The variation of log log (σcoh) versus ln(E) is represented using following equation;

log (σcoh) = a ln (E) + b (2.26)

where a,b are the fitting constants depends on Z

a = a1 ln (Z) + a2 (2.27)

43



b = b1 ln (Z) + b2 (2.28)

On substitution of a1, a2, b1 and b2 from table 2.7.into the equations (2.27),(2.28), (2.26), coherent

Table 2.7 Values of a,b for fitting( coherent scattering)

Fitting
parameters

Energy range
1-100keV 100keV-100GeV

a1 0.062205 0.001726
a2 -0.67478 -0.87237
b1 0.866216 1.172743
b2 0.140565 0.786349

scattering cross section (σcoh)(in mb) becomes

σcoh = 10[a1 ln (Z)+a2]+[b1 ln (Z)+b2] (2.29)

2.4 Incoherent Scattering (σincoh)

the In this process the incident gamma quantum is scattered by an atomic electron at energies much

greater than the binding energies of the electron, the photon being scattered as if the electrons were

free and at rest. Around 1Mev it is the dominant mode of interaction. Semi empirical formula for

different energy regiens are given as

lnσincoh =
i=3∑
i=0

ai(logE)
i1keV < E < 100keV (2.30)

lnσincoh =
i=3∑
i=0

ai(logE)
i100keV < E < 100GeV (2.31)
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where ai and bi are fitting constants that are functions of a given atom. The fitting parameters can

be expressed as

ai =


a1 = a11

√
Z + a12

a2 = a21/Z + a22

a3 = a31 ln(Z) + a32

for 1 < E < 100keV (2.32)

bi =



b1 = b11Z + b12

b2 = b21Z + b22

b3 = b31Z + b32

b4 = b41 ln(Z) + b42

for E > 100keV (2.33)

where a11, a12, a21, a22, a31, a32, b11, b12, b21, b22, b31, b32, b41 and b42 values are given in the table

2.8.

Table 2.8 a,b fitting values ( Incoherent scattering).

Fitting
Parameters a11 a12 a21 a22 a31 a32 b11 b12 b21 b22 b31 b32 b41 b42

Value 0.039827 -1.1652 -0.17048 3.2371 0.59722 -2.2359 2.92E-05 0.02698 -5.01E-04 -0.45336 2.77E-03 0.92148 8.62E-01 -0.61216

2.5 Gamma Ray Attenuation

the Consider a narrow bean of gamma rays, such that I is the intensity of photon falling perpendic-

ularly on a slab of elemental material of thickness ∆x . Then the number of photons ∆I removed

from the beam due to the interaction of gamma rays with matter is proportional to the thickness

∆x and the incident photons I.

∆I = −µI∆x (2.34)
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where µ is the proportionality constant known as the total linear attenuation coefficient. The in-

tensity of gamma rays thus decreases with the absorber thickness. The attenuation coefficient µ

depends on the material and on the energy of gamma rays. For a given material and monochro-

matic gamma rays µ will be constant and we can integrate the expression for I. Thus we get,

I = I0e
−µx (2.35)

Where I0 is the intensity of the incident beam while I is the intensity of the beam after traversing a

distance x in the absorber More usually a total mass attenuation coefficient µm is used. The mass

attenuation coefficient is the ratio of the linear coefficient to the density, i.e., µm = µ/ρ. This can

be converted into cross sections in barns/atom by the use of

σ =
µ

ρ

(
A

N

)
1024 (2.36)

where ρ is the density, A is the atomic weight and N is the Avagadro’s Number. The primary

attenuation of gamma rays in chemical compounds or other mixtures of elements is assumed to

depend only upon the sum of cross-section presented by all the atoms in the mixture. Because

chemical bonds are only of the order of a few electron volts, they have no significant effect on the

Compton, photoelectric and pair production interactions. It can be shown that an absorber where

bulk density is ρ and which is made up of mixture of elements whose mass attenuation coefficients

are (µ1/ρ1), (µ2/ρ2),. . . . . . will have an overall mass attenuation coefficient given by,

µ/ρ = (µ1/ρ1)W1 + (µ2/ρ2)W2 (2.37)
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Where W1, W2....... are the fractions by weight of the element which make up the absorber. The

total attenuation cross-section σcomp of a compound system in terms of the cross-section σi of its

various atomic constituents is σcomp =
∑
niσi, where ni is the number of atoms of the ith element

present in the compound .The cross sections obtained from different semi empirical formulae for

various process such as PEE, Pair production, coherent scattering and incoherent scattering can be

used to evaluate corresponding mass attenuation coefficient,total mass attenuation coefficients is

sum of these form,

µ

ρ
=

(
µ

ρ

)
Photoelectriceff

+

(
µ

ρ

)
PairProduction

+

(
µ

ρ

)
coherent

+

(
µ

ρ

)
incoherent

(2.38)

47



CHAPTER 3

Estimation of X-ray, gamma shielding parameters in alloys and composites

3.1 Theory

3.1.1 Gamma/X-ray shielding parameters

3.1.1.1 Mass attenuation coefficient and its derivables

the Theoretically, the µ/ρ in the energy range from 1 keV to 100 GeV are generated WinXCom

code [263]. The total µ can be calculated by multiplying the density of the compounds with (µm)

[23]. For shielding purpose, the optimum thickness of material plays a very important role. It

is necessary to have the knowledge of Half Value Layer (HVL) and Tenth Value layer (TVL).

Like the attenuation coefficient, the values of HVL and TVL are dependent on the energy of the

photon radiation and the type of material/alloy. Both HVL and TVL are inversely proportional to

µ. HVL is determined by the ratio of 0.693 to the µ whereas TVL is determined by the ratio of

2.303 to the µ. The reciprocal of µ gives the average distance travelled by the photon in the target

material before it can be absorbed or scattered. It is called as photon mean free path λ. The ratio

of total atomic cross section σa to the total electronic cross section σe gives the effective atomic

number (Zeff ). The σa can be derived from the values of the µ/ρ . The number of electrons per

unit mass gives the another interaction parameter called electron density and is calculated from

the measured Zeff . Larger the electron density, more are the chances of photon interaction [264].
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Previous researchers [26, 196, 197, 263, 265–271] clearly demonstrated the method and equations

used in estimating the σa, σe,Zeff and Ne.

3.1.1.2 Specific gamma ray constant (Γ)

The gamma ray constant is an exposure rate ( in R/h) due to photons at a distance of one meter

from a source with an activity of 1 Curie. It is determined by the relation

Γ = 657.68× Eγ

(
µen
ρ

)
R.m2

Ci.hr
(3.1)

3.1.1.3 Radiation protection efficiency(RPE)

The protection of people from harmful effects of ionizing radiation and the method for achieving

this is called radiation protection, calculated using below equation

(1− I

I0
)× 100% = (1− e−µt)× 100% (3.2)

where µ is the measure of linear attenuation coefficient. I and I0 are the intensities of the radiation

for thickness t and t=0 respectively.

3.1.2 Absorption buildup factor

the The interaction of γ ray with material depends upon photon energy and element compositions

of alloy. The strength of γ ray beam through the medium depends on Lambert Beer law under three

conditions: (i) monochromatic rays, (ii) thin absorbing material and (iii) narrow beam geometry.

If the conditions set out above are not satisfied, then the law is no longer applicable. In order to

apply the law, a correction factor called ”build up factor” is used. A dimensionless multiplication

factor that corrects the response of the un-collided photon beam is the build-up factor. Buildup
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factor gives the information on the quantity of secondary radiations produced in the medium and

energy deposited/absorbed in the medium. In the present work, the Ben has been estimated using

geometric progression (GP) fitting method . Geometric progression parameters were evaluated

for SG1, SG2, SG3, SG4, SG5 and SG6 as explained by manjunatha et. al., [23] for different

penetration depths and energy is varying between 5 - 40 cm and 0.5 - 15 MeV respectively.

3.1.3 Neutron shielding parameters (NSP)

the The neutron shielding parameters such as bco, σcoh, σinc,σtot and σabs in different compositions

were calculated using the equations as explained in Manjunatha et.al.,[23]. From the computed

neutron cross sections, attenuation parameter of neutron is evaluated using the relation

Attenuation parameter =
σabs ×NA

A
cm2/g (3.3)

where NA and A are Avogadro number, atomic weight respectively and σabs is the evaluated ab-

sorption cross section.

3.1.4 Kerma coefficients from partial photon interactions

theFor the energy fluence φ of uncharged radiation of energy E, the kerma K is given by [97]

K = ΦE(µtr/ρ) (3.4)

where (µtr/ρ) is the mass energy transfer coefficient of the material for this radiation. The kerma

coefficient k is given by [97]

k = K/Φ = E(µtr/ρ) (3.5)
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To determine the kerma coefficient k(E) at certain photon energy E we need a) The partial cross

section for the photoelectric process, Compton scattering and pair production and b) The energy

deposition fraction from each of the partial photon interaction. γ-ray kerma coefficient is given by

k(E) = kDΣiw
i[σirE + σiCaE + σik(E − 1.022)] Gycm2/photon (3.6)

where σir, σ
i
k and σiCa are photoelectric, pair production and Compton energy absorption cross

sections (cm2/g) for the ith element at photon energy E respectively,k(E) is the photon kerma

coefficient at energy E, wi is the weight fraction of the ith element and kD is the energy conversion

coefficient from MeV to Gy.g.

3.1.5 Relative dose

theThe ratio of delivered dose rate to planned dose rate is termed as relative dose intensity. Dose

distribution at a distance r is given by

Dr = D0e
−µrB/r (3.7)

where µ denotes the linear attenuation coefficient for the appropriate photon energy and B is the

exposure build-up factor. D0 is the initial dose delivered by the gamma ray source. The relative

dose distribution at a distance r is

Dr

D0

= e−µrB/r (3.8)

The relative dose distribution can be calculated by using the estimated exposure build-up factor

for different penetration depths.
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3.1.6 Specific absorbed fraction of energy (φ)

theThe specific absorbed fraction of energy (φ) is the fraction of emitted energy from the source

organ that is absorbed by the target organ per unit mass of target organ. The φ at distance x from

the point source is given by

φ(x) =
µen exp(−µx)Ben

4πr2ρ
(3.9)

Here µen is linear absorption coefficient of photons of given energy, µ is linear attenuation coef-

ficient of photons of given energy, Ben is energy absorption build up factor; ρ is density of the

medium. The energy absorption build up factors are computed and are used to evaluate φ for

various distances.

3.2 Results

3.2.1 Iron boron alloys

3.2.1.1 Variation of mass attenuation coefficient with photon energy

the The Fig. 3.1 shows the variation of µ/ρ values for various iron boron alloys in the energy

range 1 keV-100 GeV. The µ/ρ values for iron boron alloys are larger in the low energy region and

decreases gradually. Because of the dominant photoelectric interaction, the µ/ρ is observed to be

high in the low energy region. Again, the Compton scattering is dominant in the high-energy field,

which is linearly dependent on nuclear numbers. Hence, µ/ρ value becomes minimum value.

3.2.1.2 Gamma/X-ray interaction parameters

the For various iron boron alloys, we have measured HVL, TVL and λ. The variation of TVL is

presented in Fig. 3.2 Similarly, HVL andλ for different iron boron alloys with that of energy are
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Fig. 3.1 Variation of mass attenuation coefficient with energy for the studied iron boron alloys
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Fig. 3.2 Variation of tenth value layer (TVL) with energy for the studied iron boron alloys

as shown in Figs. 3.3 and 3.4 respectively. From the figure, it is observed that the iron boron alloy

Fe0.95B0.05 is having maximum TVL, HVL and λ values when compared to all other alloys studied.
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Fig. 3.3 Variation of half value layer (HVL) with energy for the studied iron boron alloys
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Fig. 3.4 Variation of mean free path with energy for the studied iron boron alloys

Which indicates that the iron boron alloy Fe0.95B0.05 will have less penetration for the gamma / X

ray than the other iron boron alloys studied. The Figs. 3.5 and 3.6 shows the variation of Zeff and

Nel with energy for the studied iron boron alloys. The studied parameters for iron boron alloys are

54



 

2.0x10
-2

4.0x10
-2

16

20

24

10
-1

2x10
-1

12

18

24

60-200keV 0.3-3MeV

4-30MeV

10
0

12

18

24

 

1.5x10
1

3x10
1

12

18

24

E=10-50keV

10
2

10
3

12

18

24
40-1000MeV

 Fe
0.95

B
0.05

      

Fe
0.5

B
0.5

 Fe
0.6

B
0.4

 Fe
0.7

B
0.3

 FeFe
0.8

B
0.2

 Fe
0.9

B
0.1

E(MeV)

Z
e

ff

Fig. 3.5 Variation of effective atomic number with energy for the studied iron boron alloys

 

0.02 0.04

2

2.4

2.8

0.1 0.15 0.2

1.4

2.1

2.8

0.25 1

1.2

1.8

2.4

 

10 20 30

1.2

1.8

2.4

100 1000

1.2

1.8

2.4
 Fe

0.95
B

0.05
      

Fe
0.5

B
0.5

 Fe
0.6

B
0.4

 Fe
0.7

B
0.3

 FeFe
0.8

B
0.2

 Fe
0.9

B
0.1

E(MeV)

N
e

60-200keV 0.3-3MeV

4-30MeV

 

E=10-50keV

40-1000MeV

Fig. 3.6 Variation of effective electron density with energy for the studied iron boron alloys

large in the low energy region (due to photo electric effect) and decreases gradually with energy.

3.2.1.3 Specific Gamma Ray Constant(Γ)

the The evaluation of Γ for studied iron boron alloys, Fe0.95B0.05 (A),Fe0.9B0.1 (B),Fe0.8B0.2 (C),

Fe0.7B0.3 (D), Fe0.6B0.4 (E) and Fe0.5B0.5 (F) are depicted in Fig. 3.7. From this comparison, it

confirms that Γ is higher for the iron boron alloy Fe0.95B0.05 than the other studied alloys.

55



 

A B C D E F G H I

0

2x10
6

4x10
6

 A B C D E F G H I

0

1x10
6

2x10
6

A B C D E F G H I

0

1x10
6

2x10
6

A B C D E F G H I

0

1x10
6

2x10
6

3x10
6

A B C D E F G H I

0

1x10
6

2x10
6

3x10
6

A B C D E F G H I

0

1x10
6

2x10
6

3x10
6

Alloys

Fig. 3.7 Comparison of specific gamma ray constant for the studied iron boron alloys, Fe0.95B0.05

(A), Fe0.9B0.1 (B), Fe0.8B0.2 (C), Fe0.7B0.3 (D), Fe0.6B0.4 (E) and Fe0.5B0.5 (F)

 

A B C D E F
7

8

9


a

b
s


to

t


in

c


c
o

h

b
in

c

A B C D E F

1

A B C D E F

8

10

A B C D E F

0.6

0.9

A B C D E F
8

10

A B C D E F
3

6

9

Alloys

b
c
o

h

Fig. 3.8 Comparison of neutron shielding parameters for the studied iron boron alloys, Fe0.95B0.05

(A), Fe0.9B0.1 (B), Fe0.8B0.2 (C), Fe0.7B0.3 (D), Fe0.6B0.4 (E) and Fe0.5B0.5 (F)

3.2.1.4 Neutron shielding Properties

the The Fig. 3.8 shows the comparison of bcoh, binc, σcoh, σinc, σtot and σabs for different iron

boron alloys. From the figure, it is evident that the bcoh and binc are minimum for the iron boron
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alloy Fe0.95B0.05 than the other studied iron boron alloys. The σcoh and σtot are minimum for the

iron boron alloy Fe0.95B0.05. From the figure it is also observed that the σabs is maximum for the

iron boron alloy Fe0.95B0.05 when compared to all other alloys studied.

3.2.1.5 Radiation protection efficiency(RPE)

the The studied RPE for iron boron alloys at different thickness for different energies (32 keV, 84

keV, 662 keV, 1170 keV and 1330 keV) are shown in Fig. 3.9. From the figure it is observed that

the RPE is maximum for the iron boron alloy Fe0.95B0.05 than the other studied iron boron alloys.
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3.2.2 Silicon - alloys

3.2.2.1 Variation of mass attenuation coefficient with photon energy
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Fig. 3.10 Variation of total mass attenuation coefficient with photon energy for Al-47 alloy.

the We have studied the X-ray and gamma radiation shielding parameters in aluminum silicon

alloys (Al-47, Al– 32S, Al-43, Fe–Si, Al-356, Al-355 and Al-A355). The calculated µ/ρ for

aluminium silicon alloys is graphically represented. There are two values of µ/ρ at same energies

due to the presence of X-ray absorption edges. The variation of µ/ρ with photon energy for Al-

47 alloy is as shown in figure 3.10. In case of Al 47 alloy, there are 4 X-ray absorption edges

those are Ni L1, Al K, Si K and Ni K X are observed at energies 1.01, 1.56, 1.84 and 8.33 keV

respectively. These identified X-ray absorption edges are highlighted in the fig 3.10. the µ/ρ values

of aluminium silicon alloys are large in the low energy region and decreases progressively. In the

low energy region, mass attenuation coefficient is observed to be maximum, because of dominant

photoelectric interaction which depends on atomic number as Z4–5. In the intermediate energy

region (0.8 < E < 5MeV ), Compton scattering becomes dominant which depends linearly with

atomic number. Hence, the µ/ρ values become minimum. In the high energy region (> 10MeV ),
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Fig. 3.11 Variation of total mass attenuation coefficient with photon energy for Al-32s alloy.
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Fig. 3.12 Variation of total mass attenuation coefficient with photon energy for Al-43 alloy

µ/ρ values again increases because of pair production which is proportional to Z2. The variation

ofµ/ρ with photon energy for Al-32S is as shown in fig 3.11. There are 5 X-ray absorption edges

observed in Al-32 S those are Ni L1, Cu L1, Mg K, Al K and Si K,Ni k, Cu k X ray at energies

1.01, 1.10, 1.31, 1.56 and 1.84 keV respectively.
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the The variation of µ/ρ with photon energy for Al-43 alloy is as shown in fig 3.12. There are 2
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Fig. 3.14 Variation of total mass attenuation coefficient with photon energy for Al 356 alloy

X-ray absorption edges observed in Al-43 those are Al K and Si K X-ray at energies 1.56 and 1.84

keV respectively. The variation of mass attenuation coefficient with photon energy for Fe-Si is as

shown in fig 3.13. There are 2 X-ray absorption edges observed in Fe-Si those are Si K and Fe
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K X-ray at energies 1.84 and 7.11 keV respectively. The variation of mass attenuation coefficient

with photon energy for Al-356 alloy is as shown in fig 3.14. There are 3 X-ray absorption edges

are observed in Al 356 those are Mg K, Al K and Si K X-ray at energies 1.31, 1.56 and 1.84 keV

respectively.

the The variation of mass attenuation coefficient with photon energy for Al-A355 is as shown in
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Fig. 3.15 Variation of total mass attenuation coefficient with photon energy for Al- A355 alloy.

fig 3.15. There are 8 X-ray absorption edges observed in Al A355 those are Ni L1, Cu L1, Mg K,

Al K, Si K, Mn K, Ni K and Cu K X-ray at energies 1.01, 1.1, 1.31, 1.56, 1.84, 6.54, 8.33 and 8.98

keV respectively. The variation of mass attenuation coefficient with photon energy for Al-355 is

as shown in fig 3.16. There are 4 X-ray absorption edges observed in Al 355 those are Cu L1, Al

K, Si K and Mo L1 X-ray at energies 1.1, 1.56, 1.84 and 2.87 keV respectively.
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3.2.2.2 Gamma/X-ray interaction parameters

the The HVL, TVL and λ for different aluminium silicon alloys have been calculated. The com-

parison of HVL, TVL and λ for different aluminium silicon alloys are as shown in Fig. 3.17. From
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this comparison, it is clear that the HVL and TVL are small for ferro silicon alloy than the other

aluminium silicon alloys. It means gamma/ X-ray penetrates less in ferro silicon alloy than the

other aluminum silicon alloys. It means ferro-silicon is good absorber of gamma/X-ray radiation

The variation of effective atomic number and effective electron density with energy for different

aluminium silicon alloys are as shown in Fig 3.18. These parameters for aluminium silicon alloys

 

0.01 0.1 1 10 100 1000
13.20

13.24

13.28

0.01 0.1 1 10 100 1000
2.67

2.70

 

0.01 0.1 1 10 100 1000
13.0

13.2

13.4

13.6

Al-47

Al-32s

Al-43

Fe-Si

Al-355

Al-356

Al-A355

0.01 0.1 1 10 100 1000

2.85

2.88

2.91

0.01 0.1 1 10 100 1000
12.0

12.5

13.0

13.5

 

0.01 0.1 1 10 100 1000

2.70

2.85

3.00

3.15

N
e
 (g

-1

)

E(MeV)

0.01 0.1 1 10 100 1000

15.3

16.2

17.1

18.0

0.01 0.1 1 10 100 1000

2.3

2.4

2.5

0.01 0.1 1 10 100 1000

13.2

13.4

13.6

13.8

0.01 0.1 1 10 100 1000

2.68

2.72

2.76

2.80

0.01 0.1 1 10 100 1000

13.0641

13.0644

13.0647

0.01 0.1 1 10 100 1000
3.3520

3.3521

3.3522

0.01 0.1 1 10 100 1000

13.2

13.4

13.6

13.8

Z
e

ff

0.01 0.1 1 10 100 1000

2.80

2.85

2.90

Al-Si alloy

Fig. 3.18 Variation of effective atomic number and effective electron density with energy for dif-
ferent aluminium silicon alloys.

are large in the low energy region (due to photo electric effect) and decreases progressively,There

after increases and becomes constant for high energy (due to pair production). It is also observed

that effective atomic number and effective electron density are almost constant for the alloy Al-43.
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3.2.2.3 Variation of energy exposure buildup factors (Bex) with the energy
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Fig. 3.19 Variation of exposure buildup factors with energy for different mean free paths for alu-
minum silicon alloys.

the The variation of exposure buildup factors with energy at different mean free paths are

as shown in Fig 3.19. The variation of exposure buildup factors with mean free path at various

energies (0.1, 0.5, 1.5, 5 and 15 MeV) for different aluminium silicon alloys are as shown in

Fig3.20. From this figure it is clear that Bex values increases with increase in the target thickness.

This is due to the reason that with increase in the target thickness, scattering events in the medium

increases. The comparison of exposure buildup factors with energy for different aluminium silicon

alloys are as shown in Fig3.21. It is observed that Bex value is larger for ferro silicon alloy

among the studied aluminium silicon alloys at different energies. It also reveals that scattering and

absorption is larger in ferro-silicon than the other studied alloys. Ferro silicon can be used for the

shielding for gamma/X-ray radiations.
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Fig. 3.20 Variation of exposure buildup factors with mean free path at different energies for dif-
ferent aluminium silicon alloys.
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3.2.2.4 Neutron shielding Properties

the Neutron scattering length and cross sections such as coherent neutron scattering length, in-

coherent neutron scattering lengths, coherent neutron scattering cross section, incoherent neutron
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scattering cross sections, total neutron scattering cross section and neutron absorption cross sec-

 

Fig. 3.22 Comparison of evaluated coherent neutron scattering length (λnc), incoherent neutron
scattering lengths (λinc), coherent neutron scattering cross section (σnc), incoherent neutron scat-
tering cross sections (σinc), total neutron scattering cross section (σtot) and neutron absorption
cross sections (σa) for different aluminium silicon alloys (1-Al-47, 2-Al-32S, 3-Al-43, 4-Ferro
silicon, 5-Al-355, 6-Al-356, 7-Al-A355).
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Fig. 3.23 Comparison of neutron attenuation parameters among the studied aluminium silicon
alloys (1-Al-47, 2-Al-32S, 3-Al-43, 4-Ferro silicon, 5-Al-355, 6-Al-356, 7-Al-A355).

tions are related to shielding capability of the medium. Hence in the present work, these parame-

ters has been considered as shielding parameters. The attenuation parameter is evaluated using the

total cross section. The comparison of evaluated coherent neutron scattering length, incoherent

neutron scattering lengths, coherent neutron scattering cross section, incoherent neutron scatter-
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ing cross sections, total neutron scattering cross section and neutron absorption cross sections for

different Al–Si alloys are as shown in Fig 3.22. From this figure, it is clear that coherent neutron

scattering length and incoherent neutron scattering lengths are smaller for Ferro silicon alloy than

that of the other studied alloys. Coherent and total neutron scattering cross sections are large for

Ferro silicon alloy. The neutron absorption cross section is high for Ferro silicon alloy. From the

study of above parameters suggest that neutron scattering and absorption is larger in ferro-silicon

alloy than that of the other studied alloys. The comparison of evaluated neutron attenuation pa-

rameter (cm2/g) for the studied Al–Si alloys is shown in Fig 3.23.From this fig, it is clear that the

total neutron attenuation parameter is larger for ferro silicon alloy than that of the other studied

alloys. Hence attenuation of neutrons are larger for ferro silicon alloy than that of the other studied

alloys Ferro-silicon alloy may be used for the shielding of neutrons also.

3.2.3 Gallium alloys

the The variation of energy exposure buildup factors (Bex) with energy for the studied gallium

alloys at different mean free paths is shown in figure 3.24. It is found that Bex increases up to the
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Fig. 3.24 Variation of energy exposure buildup factors with energy for the studied gallium alloys
at different mean free

Epe and then decreases. Here Epe is the energy value at which the photo electric interaction coef-
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Fig. 3.25 Variation of energy exposure buildup factors with mean free path for the studied gallium
alloys at different energies
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Fig. 3.26 Variation of φ with energy for the studied gallium alloys at different mean free paths.

ficients match with Compton interaction coefficients for a given value of effective atomic number

(Zeff ). With the increase in mean free path, deposition of energy in the medium increases. Hence,

energy absorption buildup factor increases with mean free path. Among the studied gallium al-

loys, galinstan alloy is found to have larger energy absorption buildup factor compared to that of

other two alloys.

the The variation of Bex with mean free path for the studied gallium alloys at different energies

is shown in figure 3.25. From this figure it is clear that Bex values increases with increase in the
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Fig. 3.27 Variation of φ with mean free path for the studied gallium alloys at different energies.

target distance. This is due to the reason that with increase in the target distance, scattering events

in the medium increases. Bex values increases up to the Epe and then decreases. Here Epe is the

energy value at which the photo electric interaction coefficients match with Compton interaction

coefficients for a given value of effective atomic number (Zeff ). Among the studied alloys Bex is

larger for Galinstan for the given energies.

the Variation of specific absorbed fractions of energy (φ) with different mean free paths is shown

in figure 3.26. φ is large for larger mean free paths, with the increase in mean free paths, Bex

increases and hence φ also increases. Variation of φ with mean freepaths at different energies

for the studied gallium alloys is shown in figure 3.27. It is observed that φ is larger for smaller

energies.

the Comparison of Bex and φ among the studied gallium alloys at different energies is shown

in figure 3.28. From this figure it is found that the values of Bex and φ is large for Galinstan

[Ga-68.5%, In-21.5%, Sn-10%] among the studied gallium alloys. On comparison of Bex and φ

among the studied gallium alloys it is found that the alloy Galinstan is having larger values of Bex

and φ than that of others. This may be due to the fact that the effective atomic number and mass

attenuation coefficient are larger for Galinstan alloy than that of others.
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Fig. 3.28 Comparison of EBF and SAF among the studied alloys for 10 mfp ( 1- Gallium alloy ,
2- Galfenol and 3- Galinstan) at different energies.

the To validate the present work we have evaluated the mass attenuation coefficient for Arsenic

oxide for which experimental values are available. The comparison of values produced by the

present work with that of experiments is shown in table . From this table it is clear that present

work is close to the experiments.

3.2.4 Lead Alloys

the Theoretically, X-ray / gamma, neutron shielding parameters of lead based binary / tertiary/Quaternary

alloys viz., Foundary type, Lino type, Molybdochalkos, Monotype, Stereo type, Tune, Type metal

and Wood’s metal alloy were studied.

3.2.4.1 Gamma / X-ray shielding parameters of lead Alloys

the Variation of µ/ρ with Gamma energy for all the selected binary / tertiary / quaternary alloys

- Foundary type(FD), Lino type(LT), Molybdochalkos(MC), Monotype(MT), Stereo type(ST),

Tune(Tu), Type metal(TM) and Wood’s metal(WM) are graphically represented in Fig 3.29(a-d)

and Fig 3.30(e-h) respectively. In all the selected binary / tertiary / quaternary alloys, the variation

clearly shows the rapid decrease in µ/ρ value with increase in gamma energy along with few X-ray
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Fig. 3.29 Variation of mass attenuation coefficient with gamma energy for the (a) FD, (b) LT, (c)
MC and (d) MT binary / tertiary / quaternary alloys respectively

absorption edges. The rapid decrease in µ/ρ at lower energy is mainly due to the photoelectric pro-

cess which gets dominated at lower energy. When gamma rays interact with corresponding binary

/ tertiary / quaternary alloys, it exhibits X-ray absorption edges at particular photon energy. These

X-ray absorption edges are the characteristics of the elements present in the chosen binary / ter-

tiary / quaternary alloys. FD type tertiary alloy gives four absorption peaks observed in the range

2-3 keV, 3-5 keV, 13-32 keV and 88 keV, which are the characteristics of the elements present in

the alloy (Fig 3.29(a)). Each absorption peak is expanded and given in the inset of Fig 3.29(a).

The first absorption peak (2-3 keV) is associated with three minor X-ray absorption edges at 2.48,

2.59 and 3.07 keV corresponding to Pb M5-X-ray, Pb M4-X-ray and Pb M3-X-ray respectively.

The second X-ray absorption peak is associated with eight minor peaks at 3.55 keV, 3.85 keV,

3.93eV, 4.13 keV, 4.16 keV, 4.38 keV, 4.5 keV and 4.7 keV corresponding to Pb M2-X-ray, Pb-

M1-X-ray, Sn-L3-X-ray, Sb-L3-X-ray, Sn-L2-X-ray, Sb-L2-X-ray, Sn-L1-X-ray and Sb-L1-X-ray

respectively. The third X-ray absorption peak consists five minor absorption edges at 13 keV, 15.2

keV, 15.9 keV, 29.2 keV and 30.5 keV corresponding to Pb-L3-X-ray, Pb-L2-X-ray, Pb-L1-X-ray,

Sn-K-X-ray and Sb-K-X-ray respectively. The fourth absorption peak appearing at 88 keV corre-
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Fig. 3.30 Variation of mass attenuation coefficient with gamma energy for the (e) ST, (f) TU, (g)
TM and (h) WM binary / tertiary / quaternary alloys respectively

sponds to Pb-K-X-ray.

the Similar trend is observed for the remaining binary/ tertiary/ quaternary alloys. LT, MT, ST

and TM alloy gives the characteristic X-ray absorption peaks of Pb, Sn and Sb elements. Fig

3.29(b, d) Fig 3.30(e and g) and inset figure clearly depicts the Pb-M5-X-ray, Pb-M4-X-ray, Pb-

M3-X-ray, Pb-M2-X-ray, Pb-M1-X-ray, Sn-L3-X-ray, Sb-L3-X-ray, Sn-L2-X-ray, Sb-L2-X-ray,

Sn-L1-X-ray, Sb-L1-X-ray, Pb-L3-X-ray, Pb-L2-X-ray, Pb-L1-X-ray, Sn-K-X-ray, Sb-K-X-ray

and Pb-K-X-ray absorption peaks observed for LT, MT, ST and TM alloys. For MC, TU and Wm

binary , tertiary ,quaternary alloys, Pb-M5-X-ray, Pb-M4-X-ray, Pb-M3-X-ray, Pb-M2-X-ray, Pb-

M1-X-ray, Pb-L3-X-ray, Pb-L2-X-ray, Pb-L1-X-ray and Pb-K-X-ray absorption peaks observed at

2.48, 2.59, 3.07, 3.55, 3.85, 13, 15.2, 15.9 and 88 keV respectively. Further, characteristic peaks

of copper Cu-L1-X-ray and Cu-K-X-ray are observed at 1.1 and 8.98 keV respectively for MC

whereas Sn-L3-X-ray, Sn-L2-X-ray, Sn-L1-X-ray and Sn-K-X-ray absorption peaks are observed

at 3.93, 4.16, 4.46 and 29.2 keV respectively for TU binary alloy. In case of WM quaternary alloy,

Bi-M5-X-ray, Bi-M4-X-ray, Bi-M3-X-ray, Cd-L3-X-ray, Bi-M2-X-ray, Bi-M1-X-ray, Cd-L1-X-

ray, Sn-L2-X-ray, Sn-L3-X-ray, Bi-L3-X-ray, Bi-L2-X-ray, Bi-L1-X-ray, Bi-K-X-ray, Sn-K-ray,
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Bi-K-X-ray are observed at 2.58, 2.69, 3.18, 3.54, 3.70, 3.73, 3.93, 4, 4.02, 4.16, 4.46, 13.4, 15.7,

16.4, 26.7, 29.2 90.5 keV respectively (Fig 3.29c and Fig 3.30(f and h)).

the In general, reduction in the intensity of the beam was affected by the atomic number of the
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Fig. 3.31 Comparison of HV L of FD, LT, MC, MT, ST, TU, TM and WM binary / tertiary /
quaternary alloys at different photon energies

absorbing material or beam energy. The HVL of gamma,X-ray beam is the thickness of absorbing

material needed to reduce the beam to half of its original potential. HVL is (i) indirect measure

of photon energy or beam hardness, (ii) an important quality control test as it is used to measure

whether or not there is sufficient filtration in the x-ray beam to remove low energy radiation, which

can be damaging and (iii) It also helps to determine the type and thickness of shielding required in

the facility. Fig 3.31 shows the comparison of HVL values of selected binary, tertiary, quaternary

alloys at different photon energies (1 keV, 100 keV, 500 keV, 1 MeV, 10 MeV and 100 MeV).
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Among the selected lead alloys, HVL value was found to be smaller for MC which indicates that

it is a good absorber.

the In the further investigation, we have studied the variation of other gamma , X-ray shielding
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Fig. 3.32 Variation of (a) Zeff , (b) Ne, (c) RPE and (d) Kerma with photon energy for FD, LT,
MC, MT, ST, TU, TM and WM binary / tertiary / quaternary alloys

parameter such as Zeff , electron density (Ne), radiation protection efficiency (RPE) and KERMA

for all the selected binary , tertiary , quaternary alloys with gamma energy (Fig 3.32 (a-d)). Both

Zeff and Nefollow a similar trend with gamma energy for all the selected alloys (Fig 3.32 (a and

b)). For instance, Zeff and Ne value was found to be maximum for WM quarternary alloy and

minimum for FD tertiary alloy whereas, RPE was found to be larger for MC compared to other

binary / tertiary / quaternary alloys under study as shown in Fig 3.32(c)). The point where both

Compton scattering and photoelectric effect dominates simultaneously, dip point is observed and

RPE becomes minimum. The other X-ray , gamma-ray shielding parameter,KERMA gives the

information about the kinetic energy released in the particular material. All the binary, tertiary ,

quaternary alloys show three absorption peaks at 2.83, 14.5 and 103 keV except variation in in-

tensity. This KERMA value was found to be larger for MC binary alloy. The maximum RPE and

KERMA value indicates the better performance of MC binary alloy as a better shielding material.
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the Compared to other alloys under study, MC binary alloy is a good absorber. Thus, the remain-

0.5 51 10

10
1

10
3

10
5 (a) l=1cm

 5

 10

 20

 40

10 20 30 40

10
2

10
4

10
6

(b) E=15MeV

 10

 5

 1

 0.5

0.4 0.7 4.01.00.1 5.0

10
1

10
2

(c)

 FD

 LT

 MC

 MT

 ST

 TU

 TM

 WM

l = 40 cm

 FD

 LT

 MC

 MT

 ST

 TU

 TM

 WM

0 10 20 30 40
0

8

16

24

32

(d)

E=1MeV

0.45 0.750.3 0.6 0.9

10
-10

10
-7

10
-4

(e)

 FD

 LT

 MC

 MT

 ST

 TU

 TM

 WM

l = 10 cm

10 20 30 40 50
10

-5

10
-4

 FD

 LT

 MC

 MT

 ST

 TU

 TM

 WM(f)

E=5 MeV

0.45 0.750.3 0.6 0.9

10
-7

10
-3

10
1

(g)

 FD

 LT

 MC

 MT

 ST

 TU

 TM

 WM

l=10 cm

10 20 30 40 50

0.1

1 E=5 MeV

 FD

 LT

 MC

 MT

 ST

 TU

 TM

 WM(h)

l (cm)

R
el

at
iv

e 
d

os
e

S
A

F
E

 (
g-1

)

E (MeV)

A
B

F

l (cm)E (MeV)

A
B

F

E (MeV) l (cm)

E (MeV) l (cm)  

Fig. 3.33 Variation of (a) ABF with photon energy, (b) ABF with λ for MC binary alloy, (c)
ABF with photon energy, (d) ABF with λ, (e) SAFE with photon energy, (f) SAFE with λ, (g)
Relative dose with photon energy, (h) Relative dose with λ for FD, LT, MC, MT, ST, TU, TM and
WM binary / tertiary / quaternary alloys

ing shielding parameters such as Absorption buildup factor (Ben), φ and RD is studied at different

photon energy and different penetration depth (λ) (Fig 3.33 a and b). For a particular penetration

depth, photoelectric effect and pair production process dominates in the lower and higher energy,

whereas Compton scattering dominates at the intermediate energy region. The similar behavior is

observed for all the penetration depth except the variation in intensity. However, linear relation-

ship is observed with penetration depth for different photon energy. Fig 3.33c, Fig 3.33 e and Fig

3.33g shows the graphical representation of variation of Ben (at λ=40 cm), φ and RD (at λ = 10

cm) with photon energy for all the selected binary,tertiary,quaternary alloys. Fig 3.33d, Fig 3.33f

and Fig 3.33h shows the variation of Ben (at E = 1 MeV), φ and relative dose (E = 5 MeV) with
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penetration depth for all the studied alloys. The Ben, φ and RD increases with increase in pene-

tration depth. With increase in penetration depth, thickness of the interacting material increases

which results in increasing the scattering events in the interacting medium [108].

theAmong all the selected alloys, MC binary alloy shows larger Ben, φ and RD value and hence
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Fig. 3.34 Comparison of SAFE and relative dose for FD, LT, MC, MT, ST, TU, TM and WM
binary , tertiary , quaternary alloys at different photon energies

a good absorber. Fig 3.34(a-d) and Fig 3.34 (e-h) shows the comparison of φ and RD at different

energies (1 keV, 100 keV, 500 keV, 1 MeV) for all the binary / tertiary / quarternary studied alloys.

Fig 3.35 (a and b) depicts the variation of φ and RD of MC binary alloy with thickness. Initially φ

value goes on increasing with increase in thickness and reaches the higher value at 0.5 cm thick-

ness and thereafter decreases slowly with increase in the thickness value. As the gamma photon

passes through the medium, there is a chance of production of secondary radiation which results

in the higher value of φ . As the thickness increases, incident gamma ,X-ray loses its energy and
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Fig. 3.35 Variation of (a) φ and (b) RD with distance (r) for FD, LT, MC, MT, ST, TU, TM and
WM binary / tertiary / quaternary alloys

hence decreases in φ as well as RD.

3.2.4.2 Neutron shielding parameters

the The comparison of neutron shielding parameters for all the studied binary , tertiary, quarternary

alloys is as shown in Fig 3.36 (a-f). This figure compares the (a) coherent neutron scattering length

(λco), (b) incoherent neutron scattering length (λinc) (c) coherent neutron scattering cross section

(σco), (d) incoherent neutron scattering cross sections (σinc), (e) total neutron scattering cross sec-

tion (σtot) and (f) neutron absorption cross sections (σab) for all the selected alloys.Among all the

selected alloys, MC binary alloy shows smaller λco, λinc, σco, σinc. However, larger σtot and σab

values are observed. As λco, λinc, σco, σinc values are less, neutrons collide more frequently in

the material. During each such collisions, it loses energy frequently. Further, fig 3.37 shows the

comparison of another neutron shielding parameter called Neutron attenuation parameter (NAP)

for all the selected alloys. A material which possess smaller λco, λinc, σco, σinc and high σtot, σab

and NAP shows the characteristic behavior of a good absorber. Since MC binary alloy shows all

these characteristics and hence it is considered as a good absorber.
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Fig. 3.36 Comparison of neutron shielding parameters for the FD, LT, MC, MT, ST, TU, TM and
WM binary / tertiary / quaternary alloys
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Fig. 3.37 Comparison of neutron attenuation parameters (NAP ) for the FD, LT, MC, MT, ST,
TU, TM and WM binary / tertiary / quaternary alloys
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3.2.5 Aluminium alloys

3.2.5.1 Selection of good shielding material for X-ray,gamma radiation Among Aluminium

alloys

the The parameters related to X-ray,gamma radiations are studied as explained in theory section.

The parameters such as µ/ρ, HVL, λ, ne, RPE and KERMA coefficient is studied in the selected

aluminium alloys such as Aluminium-Lithium(a), Hydronalium(b), Hiduminium(c), Italma(d),

Magnalium(e), Nickel-Titanium-Aluminium(f), Duralumin(g) and Y alloy(h) within the energy

range 100keV to 100MeV. Figure 3.38(a-h) shows the variation of µ
ρ

as a function of energy E. µ
ρ
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Fig. 3.38 Variation of µ
ρ

versus E for the studied Al alloys.

values are high in the low energy region and exponentially decreases. The photoelectric interac-

tion is more dominant in the lower energy range and Compton scattering becomes dominant in the

higher energy range. For an instance, in case of Al-Li (figure 3.38-a) shows a peak at 1.56keV due

to photoelectric effect at K-absorption edges of the aluminium. Similarly, in case of Duralium, the

K and L1 absorption edges were absorbed due to Al and Cu. In all the studied aluminium alloys,

the K and L absorption edges were observed. The type of alloys studied, corresponding X-ray
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Table 3.1 Tabulation of type of alloy, X-ray edge, element and its corresponding energy(MeV).

Type of alloy X-ray edge Element Energy
(keV)

Aluminium-Lithium K Al 1.56

Duralumin
L1 Cu 1.10
K Al 1.56
K Cu 8.98

Hiduminium

L1 Ni 1.01
L1 Cu 1.10
K Al 1.56
K Fe 7.11
K Ni 8.33
K Cu 8.98

Hydronalium
K Mg 1.31
K Al 1.56
K Mn 6.54

Italma
K Mg 1.31
K Al 1.56
K Mn 6.54

Magnalium
K Mg 1.31
K Al 1.56

Nikel-Titanium-
Aluminium

L1 Ni 1.01
K Al 1.56
K Ti 4.97
K Ni 8.33

Y alloy

L1 Ni 1.01
L1 Cu 1.10
K Mg 1.31
K Al 1.56
K Ni 8.33
K Cu 8.98
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Fig. 3.39 A plot of HVL versus E for the studied Al alloys.

edges with type of element and corresponding energy is tabulated in table 3.1. In all these cases

it is noticed that the K absorption edge of Cu is 8.98keV. Similarly, K absorption edge of Al is

1.56keV, L1 absorption edge of Ni is about 1.01keV, further K-absorption edge of Fe, Mg, Mn and

Ti is found to be 7.11keV, 1.31keV, 6.54keV and 4.97keV respectively.

the The HVL is the thickness of an absorber that reduces γ radiation to half its original intensity,
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whereas, the TVL is the thickness of an absorber that reduces γ radiation to tenth of its original

intensity. The HVL and TVL values are extremely valuable for determining the penetration ca-

pacity of distinct radiations through specific materials. Thus, the figure 3.39(a-h) shows a plot of

HVL as function of energy for different studied alloys. The value of HVL increases with increase

in energy and remains almost constant when E > 0.1keV . In all these cases, it is clearly visible

that sudden dip is observed near the absorption edges which were clearly seen in case of µ/ρ as

function of energy (figure 3.38).

the Collisions occur as particles travel through a substance, and these collisions might cause their
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Fig. 3.40 A plot of mean free path (λ) versus energy E for the studied Al alloys.

velocity to alter. As a result, the average distance between these collisions is a measure of the like-

lihood of a particular interaction. This distance, commonly referred to as the mean free path. The

figure 3.40(a-h) shows a plot of mean free path as a function of energy for different studied alloys.

In this case also we have observed a dip similar to HVL.which may be due to the absorption edge

of element, for an instance in case of Aluminium-Lithium the K-absorption edge was observed

for the aluminium element at energy of 1.56keV. Since, photoelectric effect and absorption rate

will be more and hence, the mean free path and HVL decreases at this particular energy. Hence,
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Fig. 3.41 Effective electron density (Ne) versus E for the studied Al alloys.

sudden dip is observed at this energy.

the The effective electron per unit of mass of a material is denoted by Nel(g
−1) i.e effective

electron density. Figure 3.41(a-h) shows the variation of Nel with energy for the investigated alu-

minium alloys. It is obvious from this diagram that Ne values are high in the low energy region

(due to photoelectric effect) and gradually decreases, then it gradually increases and become con-

stant in the high energy region which is due to pair production. However, in case of Magnalium,

no variation is observed which may be due to the less effect of photoelectric and pair production

in that particular element.

the RPE is a critical metric for determining a shielding material’s performance. RPE is evaluated

at different thickness such as t=1, 10 and 40cm for different studied aluminium alloys.. The figure

3.42 depicts the variation of RPE with energy for the investigated aluminium alloys at various

thicknesses. The efficiency of protection of the radiation gradually increase with thickness for all

of the investigated aluminium alloys at a given energy and it is maximum for a thickness of 40

cm. However, in each thickness the RPE decreases with increase in energy and remains almost

constant above 10keV.
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Fig. 3.42 Radiation protection energy (RPE) versus E for the studied Al alloys at different thick-
ness.

Table 3.2 Tabulation of gamma shielding parameters for selected Ni-Ti-Al alloy.

Interaction
parameter

Value corresponding
to the parameter

µ/ρ (cm2g−1) 7913.09
µ (cm−1) 51765.84
HVL (cm) 3.63
TVL (cm) 12.08
Zeff 24.4
RPE 100.0
λ (cm) 5.24
Nel (electrons g

−1) 4.71E+23
KERMA 1.49E-08

the Best shielding material is identified by comparing all the studied parameters for X-ray, gamma

radiation. Fig 3.43(a-f) shows a comparison of µ/ρ, HVL, λ, Ne, radiation shielding effectiveness

and KERMA coefficient for the investigated aluminium alloys at 661 keV. The HVL and photon λ

are small for Ni-Ti-Al alloy, whereas µ/ρ, Ne, RPE and KERMA coefficient are highest for Ni-Ti-

Al alloy at an energy of 661keV among the studied aluminium alloys. The values corresponding

to Ni-Ti-Al for the different parameters is tabulated in table 3.2.

the Furthermore, the absorbed dose rate of gamma radiation in different aluminium alloys are
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Fig. 3.43 Comparison of different shielding parameters such as (a) µ, (b) HVL, (c) λ, (d) Ne, (e)
RPE and (f) KERMA coefficient for the studied Al alloys at an energy of 661 keV. Name of the
alloys are given in section 3.2.5.1.

measured from the different sources such as 154Eu, 22Na, 137Cs, 60Co and 135I in the energy range

of 0.123MeV to 1.33MeV. Figure 3.44(a) shows comparison between all the studied aluminium

alloys from 154Eu source at an energy of 0.123MeV with the longer lifetime of 16years. Among

these studied alloys, the Ni-Ti-Al alloy is a good absorber of gamma radiation and Al-Li alloy is a

weak absorber of gamma radiation. Similarly, different gamma radiations have been investigated

from different sources such as 22Na, 137Cs, 60Co and 135I and their comparison with aluminium

alloys are shown in figure 3.44(b-f). Among all the studied absorbed dose rate of γ-radiation

using distinct gamma sources, it is observed that Ni-Ti-Al alloy is a good absorber of gamma radi-

ation. Hence, detail investigation on X-ray and gamma radiation shows good shielding properties

for Ni-Ti-Al alloy. As a result, it can deduce that the Ni-Ti-Al alloy will absorb more X-ray/γ

radiations than the other aluminium alloys studied.

3.2.5.2 Selection of good shielding material for neutron shielding parameter

the The shielding capability of material also depends on neutron cross sections and scattering

lengths. Neutron scattering lengths such as λco and λinc, neutron cross sections such as σco, σinc,
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Fig. 3.44 Comparison of gamma dose rate of the studied Al alloys for distinct energies ranging
from 0.123MeV to 1.33MeV. Name of the alloys are given in section 3.2.5.1.
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alloys. Name of the alloys are given in section 3.2.5.1.
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σtot and σab for different aluminium alloys were studied. The figure 3.45(a-f) shows a plot of

neutron scattering lengths and cross sections. From figure 3.45(a) and (b) it is clear that Ni-Ti-Al

alloy posses smaller coherent and incoherent scattering lengths and larger in case of Hydronalium

alloy. However, Al-Li aquires smaller coherent neutron scattering lengths. Similarly, shorter

coherent, incoherent and larger total and absorption cross sections. Further, the Hydronalium alloy

shows larger value of coherent and incoherent scattering when compared to other studied alloys.

The detail investigation shows that smaller neutron scattering lengths, larger total and absorption

cross sections in Ni-Ti-Al. Hence, these parameters suggests that Ni-Ti-Al alloy is good material

for neutron shielding when compared to other aluminium alloys studied.

3.2.5.3 Selection of good shielding material for electromagnetic shielding parameter Among

AL-Alloys.

the Further, the electromagnetic shielding parameters for different aluminium alloys have been

investigated . Electromagnetic radiations not only depends on wavelengths but also depends on

its energy and frequency. A wide range of wavelength from radio waves (104 to 102) cm to

infrared radiation (IR) 10−2cm were considered. In order to investigate electromagnetic shielding

properties of different aluminium alloys, different radiations with different frequencies have been

considered . Figure 3.46(a) to (l) shows a comparison of different aluminium alloys at different

frequencies. The infrared radiation ranging between near IR, mid IR and far IR with the frequency

ranging between 4 × 1014Hz to 3 × 1012Hz. Further, microwave region with the frequency of

3 × 1011Hz and radiowave (Rw) frequency ranging from ultra high frequency (UHF) range, very

high frequency range (VHF), high frequency (HF), medium frequency (MF), low frequency (LW),

very low frequency (VLF), ultra low frequency (ULF) and extreme low frequency (ELF) whose

frequncies ranges between 3 × 109Hz to 30Hz as seen in figure 3.46. From the figure it is clear
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Fig. 3.46 Comparison of shielding effectiveness for electromagnetic radiation at different fre-
quency range from radio waves to infrared radiations in different studied aluminium alloys. Name
of the alloys are given in section 3.2.5.1.

that, Ti-Ni-Al alloy shows larger value of shielding efficiency when compared to other studied

alloys at all the studied frequencies. Hence, Ti-Ni-Al alloy reveals larger shielding efficiency

when compared to other aluminium alloys.

3.2.5.4 Selection of good shielding material for Bremsstrahlung among Aluminium alloy

the β-emitters with energy range 0.6 to 3 MeV were considered during an evaluation. Around

21 β-emitters were considered and these are taken from the table I of available literature [272].
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Fig. 3.47 Variation of Bremsstrahlung efficiency as a function of maximum energy of beta emitters
for the studied aluminium alloys. Name of the alloys are given in section 3.2.5.1.
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Fig. 3.48 Comparison of Bremsstrahlung dose rate for the different studied aluminium alloys
in (a) 169Er at an energy of 0.351MeV, (b) 47Sc at an energy of 0.6MeV, (c) 89Sr at an energy of
1.495MeV and (d) 76As at an energy of 2.962MeV. Name of the alloys are given in section 3.2.5.1.

Bremsstrahlung efficiency, dose rate and probability of energy loss i.e PBr is evaluated as ex-

plained in theory.Fig 3.47 shows a variation of Bremsstrahlung efficiency as a function of maxi-
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mum energy of beta emitters for the studied aluminium alloys. It is evident from the figure that no

systematic variation is observed for Bremsstrahlung efficiency as a function of energy. It is obvious

from the figure that, the Bremsstrahlung efficiency is larger for the 47Sc beta emitter at an energy

of 0.6MeV and shorter for 89Sr beta emitter at 1.495MeV. Among the studied aluminium alloys,

Duralium shows larger Bremsstrahlung efficiency and Ni-Ti-Al posses shorter Bremsstrahlung ef-

ficiency when compared to other studied aluminium alloys.

theThe Bremsstrahlung dose rate for the studied aluminium alloys has been compared with 169Er,

47Sc, 89Sr and 76As at 0.346MeV, 0.6MeV, 1.495MeV and 2.962MeV energies respectively. Fig-

ure 3.48(a-d) shows comparison of dose rate for the studied alloys in case of 169Er, 47Sc, 89Sr and

76As beta emitters. From this comparison it is clear that the Duralium shows larger dose rate when

compared to other studied aluminium alloys for the studied beta emitters. Whereas, the Ni-Ti-Al

alloy shows shorter dose rate in case of 169Er, 47Sc, 89Sr and 76As beta emitters. Hence, among the

studied different aluminium alloys, the Ni-Ti-Al alloy posses shorter dose rate.

the In addition, the probability of energy loss during Bremsstrahlung interaction of β-particle is

studied using different beta emitters such as 169Er, 47Sc, 89Sr and 76As at an energy of 0.346MeV,

0.6MeV, 1.495MeV and 2.962MeV respectively. The figure 3.49(a-d) shows comparison of the

(PBr)β for the different alloys in case of 169Er, 47Sc, 89Sr and 76As β-emitters. Similar to dose

rate, here also we have observed larger (PBr)β in case of Duralium when compared to other stud-

ied aluminium alloys. Whereas, the Ni-Ti-Al alloy shows shorter (PBr)β in case of 169Er, 47Sc,

89Sr and 76As beta emitters. Hence, among the studied different aluminium alloys, the Ni-Ti-Al

alloy posses shorter probability of energy loss during Bremsstrahlung interaction of β-particle.
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Fig. 3.49 Comparison of probability of energy loss during Bremsstrahlung interaction for the
studied aluminium alloys in different beta emitters i.e (a) 169Er at an energy of 0.351MeV, (b) 47Sc
at an energy of 0.6MeV, (c) 89Sr at an energy of 1.495MeV and (d) 76As at an energy of 2.962MeV.
Name of the alloys are given in section 3.2.5.1.

3.2.6 Silicon-boron alloys

3.2.6.1 Selection of best X,γ radiation absorber among Si-B alloys

the The µ/ρ values are calculated for the selected silicon boron alloys Si0.95B0.05(SB1),Si0.9B0.1(SB2),

Si0.8B0.2(SB3), Si0.7B0.3(SB4), Si0.6B0.4(SB5), and Si0.5B0.5(SB6). SB1, SB2, SB3, SB4, SB5 and

SB6 from 1keV to 100 GeV enery band 3.50. From the nature of the graph it is found that µ/ρ

values for SiB alloys are high in the low energy region ,is due to the dominant photoelectric inter-

action. In the high energy region, Compton scattering becomes dominant and hence µ/ρ values

becomes smaller. Fig. 3.50 (a-f) gives the pictorial representation of µ/ρ with photon energies in

the range 1-1.8keV, 1.8-100 keV, 150keV-1MeV, 1-10 MeV, 11-100 MeV and 150MeV-100 GeV

respectively. In the energy region 1keV - 10 MeV, the variation of µ/ρ value is almost same where

initially µ/ρ is maximum and decreases progressively. In the energy region 11-100 MeV, µ/ρ

value starts to increase slowly and remains almost constant in the energy region 150 MeV - 100
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GeV. In all the range of energy, SB1 possess larger µ/ρ value whereas SB6 possess smaller value

among the studied Si-B alloys.

the In addition to µ/ρ, the shielding parameters for the selected Si-B alloys in the energy range
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Fig. 3.50 Variation of mass attenuation coefficient (cm2g−1) as a function of energy (MeV)

1-100 GeV are discussed in detail. Fig. 3.51 (a-f), Fig. 3.52 (a-f) shows the variation of HVT

and TVT in the energy range 1-1.8keV, 1.8-100 keV, 150keV-1MeV, 1-10 MeV, 11-100 MeV and

150MeV-100 GeV for all the selected Si-B alloys respectively. Both HVL and TVL shows the

linear variation with photon energy upto 10 MeV and thereafter slight variations are observed.

The HVL and TVL value remains almost constant in the energy range 150MeV-100 GeV. HVL

and TVL found to be smaller for SB1 and larger for SB6.

the The material having less penetration depth will be a good absorbing material. 3.53 (a-

f) shows the variation of penetration depth with Ehν of all alloys from 1-1.8keV, 1.8-100 keV,

150keV-1MeV, 1-10 MeV, 11-100 MeV and 150MeV-100 GeV. Among the selected Si-B alloys,

SB1 possess smaller penetration depth whereas SB6 possess larger penetration depth. Hence SB1

is a good absorber.

the The pictorial representation of Zeff for selected Si-B alloys in different energy regions is
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Fig. 3.51 Variation of half value layer (HVL) (cm) as a function of energy (MeV)
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Fig. 3.52 Variation of tenth value layer (TVL) (cm) as a function of energy (MeV)

given in fig 3.54 (a-f). Generally, for any material, Zeff increases with increase in photon energy.

The Z-dependence of the radiative process is higher than that of the collisional process. Higher

Zeff values in the high energy range are well explained by this condition, especially for materials

containing high Z elements as components. As we observed from the fig 3.54 (a-f), since the
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Fig. 3.53 Variation of mean free path (λ) (cm) as a function of energy (MeV)
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Fig. 3.54 Variation of effective atomic number (Zeff ) as a function of energy (MeV)

Si-B alloys consists low Z elements, no such significant variations of Zeff with photon energy are

observed.

the The dependance of effective electron density with the photon energy as shown in fig 3.55 (a-f).

Both Zeff and Nel was found to be larger for SB1 and smaller for SB6.
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the The buildup factor is a function of photon energy and penetration depth[273]. Thus, the
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Fig. 3.55 Variation of electron density (Ne) as a function of energy (MeV)
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Fig. 3.56 Variation of Ben with that of energy for different mean free paths and for different boron
concentrations.

variation of buildup factor (Ben) was studied as a function of photon energy and penetration depth
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(1, 5, 10, 20 and 40 cm) for all the selected alloys. At a particular penetration depth, in the lower

energy zone, Ben is also low, as the energy increases, Ben slowly increases and become maximum

at a particular photon energy and further decreases. The photoelectric effects, in which all photons

are entirely eliminated from the material in the low energy area, could explain the low Ben values.

The Ben values increases with increasing energy in the intermediate energy zone, possibly due to

the dominance of Compton scattering, but pair production dominates in the high energy region

and Ben value decreases as it is observed in fig 3.56 (a-f)).

the The performance of the selected alloys in attenuation of gamma , X-ray photons is also studied
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Fig. 3.57 Variation of RPE of various alloys with that of thickness of alloys at different energies
in keV.

in terms of radiation protection efficiency (RPE) and kinetic energy released in matter (KERMA).

Fig 3.57 (a-e) depicts the variation of RPE with thickness for the selected alloys at the energy 32,
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84, 662, 1170 and 1330 keV. As the thickness increases the RPE increases exponentially and there-

after remains constant. The nature of the RPE variation almost remains same for all the selected

alloys for the energy under study. Fig 3.58 depicts the variation of KERMA coefficient as a func-
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Fig. 3.58 Variation of KERMA with that of energy for different boron concentrations.

tion of energy for the selected alloys. The RPE and KERMA value was found to be larger for SB1

compared to other selected alloys. From the detailed study, it is observed that µ/ρ, HVL, TVL

and penetration depth found to be smaller for SB1, whereas RPE, Ben and KERMA value found

to be maximum for SB1 compared to other selected alloys. This clearly indicates that among the

selected Si-B alloys, SB1 might be a good gamma / X-ray radiation absorber. Fig 3.59(a-i) depicts

the variation of µ/ρ, TVL, HVL, penetration depth, Zeff , Nel, RPE, specific gamma ray constant

and KERMA with different Boron concentration at 662, 1170 and 1330 keV photon energy.

the In addition to above parameters, lead equivalent thickness (dpb) was calculated for all the

selected Si-B alloys at different energies. The variation of dpb as a function of energy for studied

alloys are shown in fig3.60. The dpb value increases with increase in photon energy and reaches

the maximum at a particular value . At all energies, dpb value was found to be larger for SB1

compared to other selected Si-B alloys as shown in fig. 3.60.
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 Fig. 3.59 Variation of (a) µ/ρ, (b) TVL, (c) HVL, (d) λ, (e) Zeff , (f) Ne, (g) RPE, (h) SGR (Γ)
and (i) KERMA with that of boron concentrations for different energies.
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Fig. 3.60 Variation of lead equivalent distance (dPb) with that of energy for different boron con-
centrations.

3.2.6.2 EMI shielding properties of Si-B alloys

the In the present study, total shielding effectiveness was calculated and compared among the Si-B

alloys under study in different regions of electromagnetic spectrum is shown in Fig 3.61. Among
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Fig. 3.61 Variation of SET with that of boron concentrations for different frequencies / energies.

all the Si-B alloys under study, SB1 alloy shows larger shielding effectiveness.
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3.2.6.3 Neutron shielding parametersof Si-B alloys

the The variation of neutron shielding parameters for all the selected Si-B alloys is as shown in Fig

3.62 (a-f). From this figure it is found that SB1 shows smaller λcoh, λincoh, σcoh, σincoh. However,

larger σtot and σabs values are observed. A material which possess smaller bcoh, bincoh, σcoh, σincoh

and high σtot, σabs shows the characteristic behavior of a good absorber. Since SB1 shows all these

characteristics, it is considered as a good absorber.
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Fig. 3.62 Variation of neutron shielding parameters with different silicon boron alloys (SB1, SB2,
SB3, SB4, SB5 and SB6)]

3.2.7 Zinc alloys

the For the studied zinc alloys of different composition, the comparison of φ with energy is as

shown in figure 3.63. It is observed that among the studied zinc alloys, φ is larger for the alloy

of composition (Cu 70 %, Ni 15 %, Zn 15%). The comparison of RD with energy is as shown in

figure 3.64. It is found that among the studied zinc alloys, RD is larger for the alloy of composition

(Cu 70 %, Ni 15 %, Zn 15%). The variation of φ and RD with energy for the studied alloy of

composition (Cu 70 %, Ni 15 %, Zn 15%) is shown in figure 3.65. It is found that φ and RD rises

up to Epe and then decreases. φ and RD is maximum at an energy of 0.5 MeV.
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Fig. 3.63 Comparison of SAF(φ) for the studied alloys at a particular energy
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Fig. 3.64 Comparison of RD for the studied alloys at a particular energy

3.3 Silicon Germanium alloys

the Theoretically, X-ray/gamma-ray and neutron shielding parameters were studied by considering

the different compositions of Si-Ge alloy such as Si0.1Ge0.9 (SG1), Si0.2Ge0.8 (SG2), Si0.4Ge0.6

(SG3), Si0.6Ge0.4 (SG4), Si0.8Ge0.2 (SG5) and Si0.9Ge0.1 (SG6).
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Fig. 3.65 Variation of SAF(φ) and RD with energy for the studied alloy of composition (Cu 70 %,
Ni 15 %, Zn 15%)

3.3.0.1 Gamma ray interaction parameters

the Variation of µ/ρ with the Gamma energy is graphically represented. Fig. 3.66 shows the

variation of µ/ρ of SG1, SG2, SG3, SG4, SG5 and SG6 (a-f) of Si-Ge alloy with photon energy

ranging between 1 keV - 100 GeV respectively. Different interaction process are dominant at dif-

ferent energy regions. As observed from the Fig. 3.66, µ/ρ rapidly decreases at lower energies and

few X-ray absorption edges were identified. The appearance of absorption edges at lower energy

region is due to constituent elements of Si-Ge alloy. When gamma-rays interact with Si-Ge alloy,

it exhibits characteristic X-ray absorption edges. Among two absorption edges, first absorption

edge appearing at lower photon energy corresponds to Ge L-X-ray (12-14 keV) and Si K-X-ray
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Fig. 3.66 Variation of mass attenuation coefficient with photon energy for (a) SG1, (b) SG2, (c)
SG3, (d) SG4, (e) SG5 and (f) SG6 Si-Ge alloys respectively

(18 keV) whereas second absorption edge appeared at slight higher photon energy corresponds to

Ge K-X-ray (122 keV). Fig3.66(a) shows the variation of µ/ρ with photon energy (1keV - 100

GeV) of SG1 alloy. Inset of Fig 3.66(a) shows the magnified portion of first absorption edge. First

peak in the figure consists four small absorption X-ray edges corresponding to Ge L1-X-ray (14

keV), Ge L2-X-ray (12.5 keV), Ge L3-X-ray (12.3 keV) and Si K-X-ray (18.4 keV).

Similar trend is observed for the other studied Si-Ge alloys with different X-ray absorption edge

intensities (Fig. 3.66 (b-f)). The absorption edge intensity corresponding to Ge K-X-ray is for

SG1, SG2, SG3, SG4, SG5 and SG6 respectively. Similarly, for the other X-ray absorption edges

such as Ge L1-X-ray, Ge L2-X-ray, Ge L3-X-ray and Si K-X-ray are found to be for SG1, SG2,

SG3, SG4, SG5 and SG6 respectively. The absorption edge of different intensities corresponding
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Fig. 3.67 Variation of (a) HVL, (b) TVL, (c) mean free path (λ), (d) specific gamma ray constant
(Γ), (e) Effective atomic number (Zeff ), (f) effective electron density (Ne), (g) radiation pro-
tection efficiency (RPE) and (h) KERMA with photon energy respectively for SG1, SG2, SG3,
SG4, SG5 and SG6 alloys

to Ge K-X-ray, Ge L1-X-ray, Ge L2-X-ray, Ge L3-X-ray and Si K-X-ray follows the order SG6

< SG5 < SG4 < SG3 < SG2 < SG1. Furthermore, the variation in the intensity of X-ray absorp-

tion edges represents response of high energetic radiation on given material mainly depends on

the composition. Higher the value of µ/ρ, consequences the higher probability of photon . Thus,

Among the selected Si-Ge alloys, SG1 has higher values of µ/ρ .

the In the further investigation, we have studied the variation of HVL, TVL, mfp, specific gamma

ray constant (Γ), Effective atomic number (Zeff ), effective electron density (Nel), radiation pro-

tection efficiency (RPE) and KERMA for SG1, SG2, SG3, SG4, SG5 and SG6 Si-Ge alloys with
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photon energy is graphically represented in the Fig. 3.67.The calculated HVL values (Fig. 3.67

(a)) was smaller for SG1 compared to other studied alloys. The first absorption edge is observed

at 18 keV whereas another one at 110 keV. Since HVL, TVL and λ are inversely proportional to

µ, similar trend with photon energy is observed with slight difference in X-ray absorption edge

intensity. For instance, to reduce the intensities to half at 18 keV for SG1, SG2, SG3, SG4, SG5

and SG6 alloys require 30, 34, 48, 79, 143 and 220 µm. To reduce the intensities to tenth of its

value at 18 keV for SG1, SG2, SG3, SG4, SG5 and SG6 alloys require 98, 110, 161, 266, 437

and 679 µm thickness (Fig. 3.67 (a) and (b)).The variation of λ or penetration depth with photon

energy for the SG1, SG2, SG3, SG4, SG5 and SG6 are very small viz., 0.4, 0.5, 0.7, 1.1, 2 and

3 µm at lower energies respectively and increases with increase in photon energy. At 233 keV,

it was found to be 0.2, 0.3, 0.4, 0.7, 1.1, 2 cm for SG1, SG2, SG3, SG4, SG5 and SG6 respec-

tively (Fig. 3.67 (c)). Since the penetration depth is small for SG1, the photon undergoes collision

frequently rather than the other selected alloys. If the collision is frequent, the photon loses the

energy. As a result, SG1 might be the good absorber. the In the case of X-ray/gamma ray involving

applications, specific gamma ray constant (Γ) plays an important role [274]. For all the selected

alloys, the variation of specific gamma ray constant with photon energy follows the similar trend

(Fig. 3.67 (d)). The specific gamma ray constant was found to be larger for SG1 compared to

the other studied alloys. The larger specific gamma ray constant indicates the material (SG1) as

a good absorber. The other parameters Zeff , Nel, RPE and KERMA also depends on the photon

energy. Both Zeff and Nel shows similar behavior with photon energy for the selected alloys (Fig.

3.67 (e) and (f)). For instance, Zeff was found to be 30, 28, 25, 22, 19 and 17 below 60 keV

whereas constant behavior was observed for SG1, SG2, SG3, SG4, SG5 and SG6 respectively

above 60 keV. Effective atomic number and electron density was found to be larger for SG1 and

smaller for SG6. Since electron density is large for SG1, more number of electrons are available
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for the photon interaction and hence loses the energy more frequently, hence shows good absorb-

ing properties compared to other selected alloys. Further, the other shielding parameters RPE and

KERMA also have been studied for all the selected Si-Ge alloys ,graphically represented in Fig.

3.67 (g) and (h). RPE value slowly decreases and attains the minimum value at 7, 8, 10, 12, 15

and 16 MeV photon energy for SG1, SG2, SG3, SG4, SG5 and SG6 respectively and there after

increases slowly with increase in photon energy upto 700 MeV. RPE value was found to be smaller

for SG6 and larger for SG1. The another X-ray/gamma-ray shielding parameter, KERMA gives

the information about the kinetic energy released in the particular material. This KERMA value

was found to be larger for SG1 compared to other selected alloys.

the It is found that good shielding material should have small λ, HVL and TVL and high electron

density, Zeff , RPE and KERMA value. Since SG1 alloy shows all these characteristics compared

to other selected alloys, the absorption buildup factor and φ was studied at different photon en-

ergy and at different λ values. Fig. 3.68 (a) depicts the variation of Ben with photon energy at

different penetration depth for SG1 alloy. Ben value was found to be small, both at lower and

higher energy regions with a maximum at intermediate energy region. Photoelectric effect and

pair production dominates in the lower and higher energy region respectively whereas Compton

scattering dominates in the intermediate energy region. Initially, at lower energy Ben increases

slowly with increase in photon energy until a maximum is reached. At the intermediate energy re-

gion, the increase in counts of multiple scattered photons causes higher Ben values and thereafter

Ben decreases with increase in photon energy due to pair production. TheBen value was examined

for different penetration depth (5, 10, 20, 30 and 40 cm). Even though, the variation was same for

the different penetration depths, Ben at intermediate region increases with increase in penetration

depth. Fig. 3.68 (b) depicts the variation of Ben with λ at different photon energies for SG1 alloy.

As the penetration depth increases, multiple scattered photons increases with increase in volume
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for SG1, SG2, SG3, SG4, SG5 and SG6 alloys

and hence linear behaviour was observed. Fig. 3.68 (c) shows the variation of specific absorbed

fraction of energy (φ) with photon energy for the different penetration depths. φ gives the infor-

mation about the energy absorbed by the SG1 alloy which is transferred to electrons by the photon

interactions. The material absorbs the radiation only at particular photon energy. Thus maximum

absorption peaks are observed at some particular energy. This variation is the characteristic of the

material. Larger φ value was observed for the higher penetration depth. Similar trend is observed

in the case of relative dose (Fig. 3.68 (d)). Fig. 3.68 (e) and Fig. 3.68 (f) shows the variation of

Ben and φwith Zeff at the penetration depth of 10 cm for all the selected alloys at different photon

energies. Since, Zeff is composition dependent, both the Ben and φ were found to be composition

dependent.
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3.3.0.2 Neutron shielding parameters
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Fig. 3.69 Comparison of neutron shielding parameters for SG1, SG2, SG3, SG4, SG5 and SG6
alloys

the The comparison of neutron shielding parameters for the studied alloys is as shown in Fig.

3.69. This figure shows the comparison of (a) coherent neutron scattering length, (b) incoherent

neutron scattering length (c) coherent neutron scattering cross section, (d) incoherent neutron scat-

tering cross sections, (e) total neutron scattering cross section and (f) neutron absorption cross sec-

tions for the selected alloys. Among all the selected alloys, SG1 shows smaller coherent neutron

scattering length, incoherent neutron scattering length, coherent neutron scattering cross section,

incoherent neutron scattering cross sections and larger total neutron scattering cross section and

neutron absorption cross sections. From this study it is observed that SG1 alloy is a good absorber
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Fig. 3.71 Diagram showing the absorption of radiation by SG1 alloy and ordinary concrete com-
bination at different energies

of neutrons. The evaluated neutron attenuation parameters (NAP) for studied alloys is as shown in

Fig. 3.70. From this comparison it is observed that attenuation parameter for SG1 alloy is larger

than that of the other studied alloys. Hence it can be concluded that neutrons attenuated will be

more in SG1 alloy than the other studied alloys.

the The Si-Ge alloy coated on concrete can be used to absorb gamma/X-ray and neutron shield-

ing. For instance, our calculation shows that, to absorb 0.1 MeV gamma/X-ray radiation, 0.15 cm

thickness of Si0.1Ge0.9 coating reduces 50 % of intensity. Thus 0.3 cm thickness of Si0.1Ge0.9

material absorbs almost incident intensity. This 0.3 cm thickness of Si0.1Ge0.9 alloy coated on 4
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cm concrete block can absorb 0.1 MeV X-ray/gamma-ray radiation without leakage. In the same

way, we have designed the other blocks of SG1 alloy coated on concrete for shielding of different

X-ray/gamma-ray energy radiation and it is shown in Fig. 3.71.
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CHAPTER 4

Synthesis and characterization of nano compounds

4.1 Synthesis

4.1.1 Synthesis of Barium-Nickel-Iron Oxide NanoComposite

the In the present studies, for the first time Ba–Fe–Ni oxide nanocomposite (Ba-Fe-Ni) was syn-

thesized by using solution combustion method and calcined at5000C .Ba(NO3)2), Iron(III) nitrate

[Fe(NO3)3 · 9H2O], Nickel nitrate [Ni(NO3)2 · 6H2O] and Urea [CH4N2O] with 99.9 % purity

were obtained from Sd-fine chemicals. All the reagents were of analytical grade and used as such

without further purification. Ba-Fe-Ni nanocomposite(BFNONC) was synthesized by solution

combustion method using Urea as fuel. All the reagents are taken in a cylindrical crucible, stirred

well in order to obtain homogeneity for half an hour at 400 rpm. This crucible was placed in a

muffle furnace that had been preheated to a temperature of 500± 10oC. The resultant solution was

first boiled, then dehydrated to remove gases such as carbon dioxide, nitrogen and water vapour

before forming the final product. The resulting product was calcined for 3 hours at 500oC, then

cooled to ambient temperature and collected. The visual depiction for the synthesis of BFNONC

using urea as a fuel is shown in Fig. 4.1
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Fig. 4.1 Flowchart for the synthesis of BFNONC

4.1.2 Synthesis of Aluminium-Barium-zinc oxide Nonocomposite

the For the first time Aluminium-Barium-Zinc oxide nanocomposite (ZABNONC) were synthe-

sized by Solution Combustion synthesis where calcination was carried out low temperatures 6000C

Ba(NO3)2, Iron(III) nitrate [Fe(NO3)3 · 9H2O], Aluminium nitrate [Al(NO3)3 · 9H2O] and Urea

[CH4N2O] as fuel with 99.9 % purity were acquired from Sd-fine chemicals. All the reagents were

of AR grade and used as such without further purification. All of the chemicals are placed in a

cylindrical crucible and agitated thoroughly for half an hour at 400 rpm to achieve homogeneity.

This crucible was put in a muffle furnace that was preheated to 600 ± 10oC. Before creating the

final product, the resulting solution was boiled, then dehydrated to eliminate gases such as carbon

dioxide, nitrogen, and water vapour. The resultant product was calcined at 600oC for 3 hours be-

fore being cooled to room temperature and collected.Flowchart for the synthesis of ZABNONC,
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urea as a fuel is shown in Fig.4.2

 

Fig. 4.2 Flowchart for the synthesis of ZABNONC

4.1.3 Synthesis of Leadaluminoborate nanocomposite

the For the first time, we are reporting the analysis of X-ray/gamma ray shielding properties of

Leadaluminoborate nanocomposite (LABNC) synthesized by solution combustion method us-

ing Mint leaves extract as a reducing agent.LABNC was synthesized by solution combustion

method using mint leaves extract as a reducing agent. Stoichiometric amount of Aluminium ni-

trate [Al(NO3)3) · 9H2O], Lead nitrate [Pb(NO3)2], Boron nitride [BN] with 99.9 % purity were
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procured from Sd-fine chemicals without any further purification are dissolved in HNO3. Freshly

prepared 10 ml Mint leaves extract was mixed thoroughly to the above mixture using a magnetic

stirrer for about 1h to obtain homogeneity at 400 rpm. This was placed in a preheated muffle

furnace which is at 500 ± 10oC followed by calcination for 3 h at 500oC to remove gases such

as carbon dioxide, nitrogen and water vapour. The calcinated sample was cooled to ambient tem-

perature and collected. The procedure for the synthesis of LABNC is pictorially represented in

Fig.4.3

 

Fig. 4.3 Pictorial representation for the synthesis of LABNC

4.2 Characterization

4.2.1 Characterization Ba-Fe-Ni Oxide NanoComposite

4.2.1.1 PXRD analysis of Ba-Fe-Ni Oxide NanoComposite

the PXRD is one of the most widely utilised characterization techniques which gives informa-

tion about the crystalline structure, phase nature, lattice parameters and crystalline grain size.

Fig.4.4(a) depicts the PXRD pattern of BFNONC synthesized by low temperature solution com-
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bustion method calcined at 500oC for 3 hrs. The sample’s/NCs high crystallinity is confirmed by

the strong diffraction planes. The BFNONC consists of Bragg’s reflections (200), (210), (211),

 

Fig. 4.4 PXRD pattern of BFNONC

(201), (101), (310), (212), (111), (103), (200), (110), (024), (116), (114) and (220) at 18.81, 21.76,

24.03, 24.43, 26.91, 31.11, 36.65, 38.29, 44.55, 48.86, 50.19, 55.33, 59.13 and 64.87o 2θ respec-

tively. Among these reflections, (200), (101), (310), (212), (111), (103) and (114) corresponds to

tetragonal phase of BaO [275], (210), (211), (110), (024) and (116) corresponds to γ phase Fe2O3

[276] whereas remaining (200) and (220) corresponds to face centred cubic phase of NiO [277].

The presence of Bragg’s reflections corresponding to BaO, Fe2O3 and NiO clearly confirms the

formation of BFNONC. There are no signs of any further peaks relating to other impurities which

confirms the purity of the sample.

the The average crystallite size of BFNONC was determined by using Debye-Scherrer’s equa-

tion and the Williamson-Hall (W-h) plot method Fig.4.4(b) and is explained in our previous work

[278–280].For (200) plane peak crystal size is found to be 30nm by Debye-Scherrer’s equa-

tion, and from W-H plot approach it was 32nm. The crystallite size determined from W-H

plots was somewhat greater than Debye Scherrer’s equation.The modest variations in the num-

bers were due to the fact that the strain component was assumed to be negligible in Scher-
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rer’s calculation,the observed widening of the diffraction peak was attributed only to grain size

reduction.[281, 282].Various structural parameters were computed by the formulas given by Vidya

et al., [283], values are 1.1× 1015 lin m−2, 2.22× 10−3 and 3.352× 10−3 respectively.

4.2.1.2 SEM analysis of Barium-Nickel-Iron Oxide NanoComposite

the SEM and EDAX analysis can be used to determine the morphology of the surface, distribution

of particles and the elemental composition of the synthesised NCs. Fig.4.5(a-c) shows the SEM

 

a b

c d

Fig. 4.5 SEM image (a-c) at different magnifications and EDAX spectra (d) of BFNONC

image of BFNONC at different magnification. Since it is a NCs which is the combination of BaO,

Fe2O3 and NiO oxides, no such regular or irregular shaped nanoparticles are observed. The surface

morphology is made up of large number of scaly natured agglomerated flakes which looks as they

are placed one above the other as shown in Fig.4.5(a and b). In addition to agglomerated flakes,

few Cinder cone volcanoes like voids are observed which is the characteristic of the combustion

method. When the pressure is released, the gases explode, like soda spewing out of a bottle can that

you shook up and opened suddenly. These types of nanoflakes are highly friable which facilitates
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easy grinding to obtain finer particles. At higher magnification, this NCs looks in the form of Ice

block Fig.4.5(c). The existence of Ba, O, Fe and Ni atoms in the host matrix, as well as the lack

of other contaminants, is confirmed by energy dispersive X-ray spectroscopy analysis (EDAX)

Fig.4.5(d).

4.2.1.3 FTIR analysis of Barium-Nickel-Iron Oxide NanoComposite

the The absorption of electromagnetic radiation with wavelengths in the mid-infrared range (4000–400

cm−1) is measured using the FTIR technique. The dipole moment of a molecule changes when

it absorbs infrared radiation (IR), and the molecule becomes IR active. Fig.4.6(a) exhibits FTIR

spectra for BFNONC calcined at 500oC for 3 hours in the range 400 - 4000 cm−1. the The sharp

 

Fig. 4.6 (a) FTIR spectra and (b) Wood and Tauc’s plot (UV-Visible absorption spectra) of
BFNONC

IR peaks are observed at 484.3, 739.1, 835.2, 1381.1, 1588.3, 2431.2, 3481.1 cm−1. The peaks

observed at 484.3 cm−1 attributed to the metallic (M) - oxygen (M = Ba, Fe and Ni) bond vibration

[284]. An absorption band observed at 3481.2 cm−1 corresponds to the presence of O-H group.

The less intense sharp absorption band observed at 2431.2 cm−1 corresponds to traces of absorbed

atmospheric CO2 [285]. The bands observed at 739.1 and 835.2 cm−1 correspond to the deforma-

tion of vibration of C-H group. Furthermore, in the range from 1300 to 1700 cm−1 (1381.1 and

1588.3 cm−1) corresponds to the presence of carboxyl groups related to Urea was noted.
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4.2.1.4 UV-Visible analysis of Barium-Nickel-Iron Oxide NanoComposite

the Another common characterisation method for nanoscale materials is UV-Visible spectroscopy,

which is relatively simple and low-cost. It compares the amount of light reflected or absorbed

from a sample to the amount of light reflected or absorbed from a reference material. The opti-

cal properties are sensitive to size, shape, concentration, agglomeration state and refractive index

near the nanoparticle surface, which makes UV-Visible spectroscopy an important tool to identify,

characterize and investigate these materials. Inset of Fig.4.6 (b) shows the UV-Visible absorption

spectra of BFNONC in the wavelength range 200-800 nm. Absorption was strong across a wide

wavelength range, from ultraviolet to visible light, with an absorption tail extending into the in-

frared. The spectra shows prominent absorption band with maximum at 220.45 and 383.34 nm.

The absorption band appeared at 220.45 nm was assigned to Oxygen to metal ions charge transfer

transitions. The electronegativity of the oxygen atoms bonded to the metal centres determines

the position of the maximum of this band [286].Transitions involving extrinsic states such as sur-

face states, defects, and impurities were predicted to cause the other lower intensity peak found at

383.34 nm. [287, 288].

the Energy gap calculations were done using standard techniques followed the by previous re-

 

Fig. 4.7 Energy band diagram
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searchers [289] was found to be 2.1eV and shown in Fig.4.6(b). Fig.4.7 shows the pictorial rep-

resentation of energy band diagram. As we observed from the Fig.4.7, as per the literature, the

energy band gap of BaO, Fe2O3 and NiO lies at 4.4, 2.2 and 3.5 eV respectively [290–292]. The

energy band gap of BFNONC lies at 2.1 eV. The amount of band gap has a significant effect on

the refractive index and transparency effect of the material. As per the literature, high refractive

index and less transparency is observed for the nanomaterials with less energy band gap. Com-

pared to individual oxide materials, the synthesized NCs has less energy band gap. As a result of

less transparency and absorption is more [293, 294]. From the literature [295–298], it is observed

that there is a effect on the x-ray,gamma absorption properties and optical direct energy band gap.

The absorption of gamma rays, X-rays is larger for the material with smaller optical direct energy

band gap [295–298]. In radiation shielding, absorption of X-rays/Gamma rays by a material plays

an important role. In the present study, compared to Barium Oxide, Iron Oxide and Nickel Oxide,

the obtained nanocomposite possesses less energy band gap. As a result, the absorption of X-rays,

gamma rays is more in BFNONC compared to that of individual oxide matrices and hence shield-

ing property also. Previous researchers [295] also observed a decrease in the optical energy gap

with increasing the gamma absorbed dose.

4.2.2 Characterization of Aluminium-Barium-zinc oxide Nonocomposite

4.2.2.1 PXRD analysis of Aluminium-Barium-zinc oxide Nonocomposite

the The crystalline structure of ZABNONC synthesized by SCS were investigated with the PXRD

pattern obtained shown in Fig.4.8. During the synthesis, the combination of Aluminium nitrate,

Barium nitrate and Zinc nitrate results in the formation of Zinc Aluminate and Barium nitrate

(Nitrobarite) complex nanocomposite. The PXRD pattern shows (220), (311), (222), (400), (331),

(422) and (511) planes at 30.97, 36.71, 38.37, 44.57, 50.19, 55.23 and 59.10o 2θ values corre-
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sponds to spinel cubic phase of ZnAl2O4 (JCPDS card No. 05–0669) [299] whereas the remain-

ing (hkl) planes (111), (200), (110), (102), (411), (221) and (113) planes appeared at 18.78, 21.95,

32.02, 34.61, 47.61, 48.90 and 56.65o 2θ values corresponds to cubic Ba(NO3)2 (Card Number-

3424)[300]. The remaining peaks appeared at 24.41 and 26.99 corresponds to α and γ phase of

Al2O3. The presence of intense and broad diffraction peaks in Fig.4.8 represents high degree of

crystallanity of complex nanocomposite.
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Fig. 4.8 PXRD pattern of ZABNONC

4.2.2.2 SEM analysis of Aluminium-Barium-zinc oxide Nonocomposite

the From SEM and EDAX analysis, morphology distribution of particles and the chemical com-

position of the synthesized ZABNONC can be studied. Fig. 4.9 shows the SEM micrographs of

ZABNONC synthesized by the solution combustion method. The tripod structure was observed

with various sizes and shapes. Fig. 4.10 shows the EDAX spectrum of Ba(NO3)2–ZnO solid so-

lution. From EDAX spectrum elemental composition analysis, it was confirmed that the presence

of elements Al, Ba, Zn, and O, which clearly shows the formation of ZABNONC. Further, it also
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confirms that there is no missing a constituent element of composite and no addition of impurity

if any, during the ZABNONC synthesis process.

 

(a) (b) 

Fig. 4.9 SEM images (a-b) of ZABNONC

 

Fig. 4.10 EDAX (Elemental composition) of ZABNONC

4.2.2.3 FTIR analysis of Aluminium-Barium-zinc oxide Nonocomposite

the EMW radiation of wave number with in the range (4000–400 cm−1) and their absorption

when they interact with the nanomaterials is studied under FTIR study technique and during this

procedure when molecules receives infrared radiation (IR), their dipole moment changes, and the

molecules turns into IR active. Fig. 4.11 exhibits FTIR spectra for ZABNONC in the Wavenumber
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range 400 - 4000 cm−1.
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Fig. 4.11 FTIR spectrum of Aluminium-Barium-zinc oxide Nonocomposite

4.2.2.4 UV-Visible analysis of Aluminium-Barium-zinc oxide Nonocomposite

the Fig.4.12 shows the UV visible spectrum of ZABNONC. The sample shows a strong absorption

peak at 256 nm in the UV region. Based on the literature data, usually nitrates gives the absorption

peak between 260-310 nm,since the absorption peak appears at 256 nm, this can be attributed to

absorption of NO2 [301], when occupancy by one electron forms a positively charged with respect

to the lattice (F+ - center). The other absorption peak appeared at 352 nm corresponds to F+ -

center [302].

theThe optical band gap of ZABNONC was calculated by Tauc’s relation [303], The Tauc’s

relation can be given as (αhν) = A(hν −Eg)n where α is the optical absorption coefficient, ‘h’ is

plank constant and ν is optical frequency, ‘A’ is a constant, ‘Eg’ is the optical band gap energy and

‘n’ is an exponent value which heavily depends on the nature of the electronic transition causing

the light absorption. In order to calculate the direct band gap, we have selected ‘n’ value which
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Fig. 4.12 UV-Visible absorption spectrum of ZABNONC
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Fig. 4.13 Wood and Tauc’s plot of ZABNONC

is equal to 1/2. Fig. 4.13 shows the Tauc’s plot for ZABNONC. The plot of (αν)2 versus photon

energy (hν) gives the straight line. From the direct energy band gap was found to be 2.9 eV.

the Fig.4.14 shows the pictorial representation of energy band diagram.
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Fig. 4.14 Energy band diagram

4.2.3 Characterization of Leadaluminoborate nanocomposite

4.2.3.1 PXRD analysis of Leadaluminoborate nanocomposite

the PXRD is one of the most widely utilised characterization techniques which gives information

about the crystalline structure, phase nature, lattice parameters and crystallyte size. Fig.4.15(a)

depicts the PXRD pattern of LABNC synthesized by green solution combustion method calcined

at 500oC for 3 hrs. The PXRD pattern of LABNC clearly indicates the formation of orthorhombic

Fig. 4.15 (a) PXRD pattern and (b) W-h plot of LABNC

crystal structure ,where a = 7.0423 Å, b = 9.8989 Å, c = 9.428 Åand space group Pbcn(60).

The Bragg’s reflections (211), (122), (202), (132), (104), (133), (142), (240), (204), (233), (115),

(323), (341), (244) and (414) matches well with the JCPDS card number 00-153-3962 [276]. In

addition to these reflections, less intense Bragg’s reflections (114), (115), (213), (225) and (318)

corresponding to δ-Al2O3; (020) and (200) reflections corresponding to PbO were observed.
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the Average crystal size is calculated by the standard procedures mentioned in chapter 4.2.1.1

and was found to be 62nm Fig.4.15(b).There is a slight variation in the crystal size about 3 nm

among W-H plot (62nm)and Debye Scherrer’s equations(65nm) due to the reasons mentioned

in the chapter 4.2.1.1 [281, 282]. Other crystal parameters are found to be 4.4 × 1014 lin m−2,

7.4× 10−2 and 0.501 [283].

4.2.3.2 SEM assessment of Leadaluminoborate nanocomposite

the SEM and EDAX analysis can be used to analyze the morphology of the surface, distribution

of particles and the elemental composition of the synthesized NCs. Fig.4.16(a-c) shows the SEM

 

Fig. 4.16 SEM image (a-c) and EDAX (Inset: Elemental composition) (d) of LABNC

image of LABNC at different magnifications. At 50 µm, the morphology of particles looks in

the form of dry leaves Fig.4.16(a). As the magnification changes to 1 µm, the particles looks

in the form of triangular shape Fig.4.16(b). However, the bigger sized particles with irregular

shape are observed at 2 µm magnification Fig.4.16(c). All these changes in morphology from dry
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leaves to triangular shape and then to irregular shape was mainly due to the synthesis of NCs with

green (mint leaves extract) solution combustion method. Elemental composition is represented by

Fig.4.16(d) which confirms that SCS(solution combustion synthesis) method is the most effective

method to get surface morphology free from defects.

4.2.3.3 FTIR analysis of Leadaluminoborate nanocomposite

the The absorption of electromagnetic radiation with wavelengths in the mid-infrared range (4000–400

cm−1) is measured using the FTIR technique. The dipole moment of a molecule changes when

it absorbs infrared radiation (IR), and the molecule becomes IR active. Fig.4.17(a) exhibits FTIR

spectra for LABNC in the range 400 - 4000 cm−1. the In the FTIR spectra, the broad band ob-

 

Fig. 4.17 (a) FTIR spectra and (b) Wood and Tauc’s plot (Inset: UV-Visible absorption spectra) of
LABNC

served at 3445 cm−1 is the characteristic of -OH stretching vibration that is bonded to M3+ (M =

Al/Pb/B) and the band at 1398 cm−1 corresponds to physisorbed water [304]. The band which is

located at 1045 cm−1 corresponds to the BO4 tetrahedral group [305]. A sharp peak around 687

cm−1 represents the asymmetric bending vibration of Pb-O –Pb bond [304]. The stretching modes

of Al-O-Al and Al-O linkages were observed at 617 and 573 cm−1 respectively [306].
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4.2.3.4 UV-Visible analysis of Leadaluminoborate nanocomposite

the Another common characterisation method for nanoscale materials is UV-Visible spectroscopy,

which is relatively simple and low-cost. It compares the amount of light reflected or absorbed from

a sample to the amount of light reflected or absorbed from a reference material. The optical prop-

erties are sensitive to size, shape, concentration, agglomeration state and refractive index near the

nanoparticle surface, which makes UV-Visible spectroscopy an important tool to identify, charac-

terize and investigate these materials. Inset of Fig.4.17b shows the UV-Visible absorption spectra

of LABNC in the wavelength range 200-800 nm. Absorption was strong across a wide wave-

length range, from ultraviolet to visible light, with an absorption tail extending into the infrared.

The spectra shows prominent absorption band with maximum at 199, 218 and 254 nm. These ab-

sorption bands appeared at 199 and 218 nm were assigned to oxygen to metal ions charge transfer

transitions. The electronegativity of the oxygen atoms bonded to the metal centres determines the

position of maximum of this band [286]. The other less intense peak observed at 254 nm was ex-

pected to arise from transitions involving extrinsic states such as surface states/defects/impurities

[287, 288].

the Energy gap calculations were performed by the standard procedures taken from previous work

 

Fig. 4.18 Schematic representation of Energy band diagram of LABNC
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[289] was found to be 5.2ev and shown in Fig.4.17(b) Fig.4.18 shows the pictorial representation

of energy band diagram. As we observed from the Fig.4.18, as per literature, the energy band gap

of Al2O3, PbO and B2O3 lies at 7, 2.6 and 4 eV respectively [307–309]. After the formation of

NCs, the energy band gap was tuned to 5.2 eV. This decrease in bandgap was mainly due to the

introduction of new energy states into the optical band gap [310].
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CHAPTER 5

Measurements of shielding values of X, γ radiation of Ba–Ni–Fe

oxide,Aluminium-Barium-Zinc oxide and Leadaluminoborate

Nanocomposites

5.1 Experiment to measure X,γ radiation shielding dimensions

the Standard procedure of radiation shielding parametrs was explained in the previous work[282],

same is represented in Fig.5.1.The intensities I0 and I of the beam before and after passing through

the material are measured for sufficient time.The µ/ρ of the material is then estimated using the

relation:

(
µ

ρ

)
c

=

(
1

tρ

)
ln

(
Io
I

)
(5.1)

Where t and ρ are the thickness and density of the material respectively. The spectrum of the γ ray

source without target material has been recorded, But when we place the target material above the

source there is an interaction between γ rays and target material and produces secondary x-rays.

The distinguished spectrum has been recorded that is with target material between the detector

and source and spectrum obtained only with source.

the Theoretically, µ/ρ are generated using WinXCom program. [263]. Calculation of µ/ρ
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Fig. 5.1 Schematic diagram of the Experimental Setup (S: Source position, T: Target sample, L:
Lead shielding, D: Detector, PM: Photomultiplier)

explained in [23]. The HVL, TVL and λ formulas are given below

HV L =
ln2

µ
=

0.693

µ
(5.2)

TV L =
ln10

µ
=

2.303

µ
(5.3)

λ =

∫∞
0
xexp(−µx)dx∫∞

0
exp(−µx)dx

=
1

µ
(5.4)

In the previous work [26, 196, 197, 263, 265–271] methods have been explained to compute all

required parameters
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5.2 Analysis

5.2.1 Analysis of measured X-ray / gamma ray shielding properties of Barium–Nickel–Iron

oxide Nanocomposites

the Gamma sources such as 22Na (0.511, 0.081 MeV), 57Co (1.173, 1.332 MeV), 137Cs (0.6615

MeV) and (133Ba (0.276, 0.356 MeV) are used to check the weld defects in industries, medical

field, communication system, nuclear reactors, material science, and student research facilities

[311]. Thus there is a need to develop the shielding materials for these gamma radiations.

the The measured mass attenuation co-efficient compared with the NIST data base and this Com-

parison is also shown in the table 5.1. In this table, relative difference between the theoretical and

experimental values also presented.

the Fig.5.2 (a-d) shows the graphical representation of measured gamma ray spectra using differ-

Table 5.1 Comparison of measured mass attenuation co-efficient with that of NIST data.

Energy (MeV) (µ/ρ)expt cm
2/g (µ/ρ)

[312]
cm2/g % error

0.276 0.22 0.17774 19.2078
0.365 0.10 0.12274 22.7442
0.511 0.088 0.09202 4.5708
0.662 0.075 0.07676 2.3584
1.173 0.054 0.05485 1.5839
0.511 0.051 0.05249 2.9257

ent sources such as 137Cs (0.6615 MeV), 60Co (1.173 and 1.332 MeV), 22Na (0.511, 0.081 MeV)

and 133Ba (0.276 and 0.356 MeV) for different thickness 5, 10, 15, 20 and 25 mm of BFNONC.

The nature of the gamma ray spectrum is different for different source. For 133Ba gamma ray

source, three high intensity peaks are observed at 160.71, 300.37 and 356.75 keV. For 60Co source,

the gamma ray spectrum consists two peaks at 1174.47 and 1334.3 keV, whereas for 137Cs source,

single high intense peak is observed at 662.75 keV. Two high intense peaks are observed at 529

and 1287 keV for 22Na source. As the thickness of BFNONC increases from 5, 10, 15, 20 and
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Fig. 5.2 Measured Gamma ray spectra in BFNONC NPs using different sources such as Ba-133,
Co-60, Cs-137 and Na-22 for different thickness.

Table 5.2 Comparison of measured X-ray / gamma shielding properties for BFNONC with that of
the theory.

SOURCE 56Ba 22Na 137Cs 60Co
ENERGY (MeV) 0.081 0.276 0.356 0.511 0.6615 1.173 1.332

µ/ρ(cm2 g−1)
Th 2.01 0.17 0.11 0.09 0.07 0.06 0.04
Ex 0.40± 0.02 0.22± 0.01 0.10± 0.01 0.09± 0.00 0.08± 0.00 0.05± 0.00 0.05± 0.00

µ(cm−1)
Th 9.45 0.78 0.55 0.41 0.37 0.26 0.25
Ex 2.16± 0.11 0.99± 0.05 0.47± 0.02 0.42± 0.02 0.35± 0.02 0.26± 0.01 0.25± 0.01

HVL (cm)
Th 0.13 1.35 1.82 2.39 2.79 3.88 4.14
Ex 0.65± 0.03 1.13± 0.06 2.21± 0.11 2.37± 0.12 2.82± 0.14 3.82± 0.19 4.14± 0.21

TVL (cm)
Th 0.08 0.93 1.28 1.67 1.94 2.71 2.86
Ex 0.35± 0.02 0.75± 0.04 1.45± 0.07 1.67± 0.08 1.93± 0.10 2.65± 0.13 2.87± 0.14

λ(cm)
Th 0.26 3.13 4.21 5.49 6.47 8.89 9.52
Ex 1.42± 0.07 2.56± 0.13 4.87± 0.24 5.42± 0.27 6.43± 0.32 8.93± 0.45 9.41± 0.47

Zeff
Th 35.57 29.67 26.84 24.26 23.21 21.91 21.87
Ex 34.65± 1.73 31.13± 1.56 28.11± 1.41 24.41± 1.22 23.18± 1.16 22.01± 1.10 21.82± 1.09

Ne × 1023

(electrons g−1)
Th 4.78 3.98 3.58 3.18 3.15 3.00 2.96
Ex 4.62± 0.23 3.81± 0.19 3.65± 0.18 3.22± 0.16 3.08± 0.15 2.92± 0.15 2.93± 0.15

EABF
(mfp=10mm)

Th 43.58 33.88 28.96 24.36 21.39 15.88 14.89
Ex 21.33± 1.07 38.23± 1.91 33.54± 1.68 24.52± 1.23 21.23± 1.06 15.84± 0.79 14.78± 0.74

KERMA
(MeV)×10−13

Th 7.01 1.67 1.67 1.67 2.11 2.63 2.63
Ex 4.69± 0.23 2.16± 0.11 1.79± 0.09 1.95± 0.10 2.11± 0.11 2.72± 0.14 2.88± 0.14

SGR
(Rm2 Ci−1 h)

Th 99.65 29.73 28.39 30.17 33.29 42.26 44.94
Ex 47.29± 2.36 40.44± 2.02 28.39± 1.42 29.94± 1.50 33.12± 1.66 42.36± 2.12 44.65± 2.23

SAF (g−1)
(mfp=10mm)

Th (x=1mm) 3.83×10−4 0.01 0.01 0.01 0.01 0.01 0.01
Ex (x=1mm) (3.00± 0.15)× 10−2 0.01± 0 0.02± 0 0.01± 0 0.01± 0 0.01± 0 0.05± 0
Th (x=5mm) 3.83×10−4 0.06 0.05 0.04 0.04 0.02 0.02
Ex (x=5mm) (3.00± 0.15)× 10−2 0.05± 0 0.06± 0 0.04± 0 0.04± 0 0.02± 0 0.02± 0

RPE

Th (t=1) 99.75 53.89 42.55 34.29 29.94 22.81 21.65
Ex (t=1) 80.13± 4.01 50.18± 2.51 46.17± 2.31 34.45± 1.72 30.54± 1.53 22.66± 1.13 22.13± 1.11
Th (t=5) 99.75 96.97 93.29 87.59 83.24 72.45 70.21
Ex (t=5) 99.87± 4.99 91.19± 4.56 88.12± 4.41 88.07± 4.40 83.83± 4.19 72.28± 3.61 70.03± 3.50
Th (t=10) 99.75 99.89 99.49 98.54 97.11 92.53 91.02
Ex (t=10) 99.99± 5.00 97.67± 4.88 97.15± 4.86 98.29± 4.91 97.18± 4.86 92.21± 4.61 90.55± 4.53

25 mm, the nature of the gamma ray spectrum remains unaltered except the variation in intensity.

The intensity of the peak increases with decrease in the thickness of the BFNONC. From the ex-
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perimental data, the µ/ρ values of BFNONC at different energies are extracted.

the Compared to bulk materials nanoparticles significantly improve mechanical properties and
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 Fig. 5.3 Comparison of measured shielding properties for BFNONC such as (a) µ/ρ, (b) µ, (c)λ,
(d)HVL, (e)TVL, (f) Zeff , (g) Ne, (h) EABF, (i) KERMA, (j) SGR, (k) SAF and (l) RPE with that
of the theoretical values in the energy range 0.081-1.332 MeV

also shielding to certain extent [313]. One of the radiation shielding parameter µ/ρ is an impor-

tant parameter for characterizing the penetration and diffusion of X- ray/gamma rays in materials.

Higher µ/ρs means better shielding ability of a material. This radiation shielding property de-

pends on the nature of the material, particle size distribution, energy band gap etc. All these

properties of nanoparticles made them to show better shielding property over the bulk material.

Fig.5.3 (a-l) and Table 5.2 gives the comparison of measured shielding properties such as µ/ρ, µ,
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HVL, TVL, λ, Zeff , Ne, EABF, KERMA, SGR, SAF and RPE with that of the theoretical values

in the energy range 0.081-1.332 MeV . In general, the theoretical values are based on the Hubbel

data [74, 314, 315] which is calculated when there is an interaction of X-ray / gamma -ray with the

micrometer sized atoms / particles. It is clearly observed from Table 5.2 that above 356 keV X-ray

/ gamma ray interaction energy, the measured shielding parameters agrees well with the theoreti-

cal value whereas slight deviation is observed below 356 keV. The measured shielding parameters

agrees well with the theory above 356 keV X-ray/ gamma-ray interaction. Since the crystals /

particles are in nano range, the atom / particle size plays a very important role in this deviation.

Furthermore, an accurate theory is necessary to explain the X-ray / gamma ray interaction with

the NCs.

5.2.2 Analysis of of measured X/γ ray shielding properties of Aluminium-Barium-Zinc ox-

ide Nanocomposites.

the Fig.5.4 (a-d) represents the graphical view of measured γ ray spectra using different radiation

 

Fig. 5.4 Measured Gamma ray spectra in ZABNONC NPs using different sources such as Ba-133,
Co-60, Cs-137 and Na-22 for different thickness.
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Table 5.3 Comparison of measured X-ray / gamma shielding properties of ZABNONC with that
of the theory.

SOURCE 56Ba 22Na 137Cs 60Co
ENERGY (MeV) 0.081 0.276 0.356 0.511 0.6615 1.173 1.332

µ/ρ(cm2 g−1)
Th 0.59 0.23 0.12 0.09 0.08 0.05 0.05
Ex 1± 0.05 0.32± 0.02 0.13± 0.01 0.09± 0 0.08± 0 0.05± 0 0.05± 0

µ(cm−1)
Th 11.43 0.84 0.57 0.39 0.33 0.23 0.21
Ex 3.3± 0.17 1.2± 0.06 0.58± 0.03 0.41± 0.02 0.34± 0.02 0.24± 0.01 0.22± 0.01

HVL (cm)
Th 0.06 0.88 1.25 1.69 2.05 2.91 3.12
Ex 0.11± 0.01 0.56± 0.03 1.2± 0.06 1.7± 0.09 2± 0.1 2.9± 0.15 3.1± 0.16

TVL (cm)
Th 0.21 2.92 4.13 5.66 6.8 9.66 10.35
Ex 0.48± 0.02 2± 0.1 4.2± 0.21 5.7± 0.29 6.8± 0.34 9.7± 0.49 10.3± 0.52

λ(cm)
Th 0.09 1.27 1.79 2.46 2.94 4.18 4.51
Ex 0.15± 0.01 1± 0.05 1.77± 0.09 2.45± 0.12 2.95± 0.15 4.2± 0.21 4.5± 0.23

Zeff
Th 42.87 40.52 38.95 36.88 35.77 34.22 34.09
Ex 42.2± 2.11 40± 2 38.9± 1.95 36.9± 1.85 35.8± 1.79 34.2± 1.71 34.1± 1.71

Ne × 1023

(electrons g−1)
Th 5.82 5.51 5.29 5.01 4.86 4.65 4.63
Ex 5.62± 0.28 5.41± 0.27 5.28± 0.26 5.02± 0.25 4.86± 0.24 4.65± 0.23 4.63± 0.23

EABF
(mfp=10mm)

Th 4.59 16.78 17.81 17.86 17.12 14.43 13.75
Ex 10.1± 0.51 16± 0.8 17.9± 0.9 17.8± 0.89 17.2± 0.86 14.4± 0.72 13.7± 0.69

KERMA
(MeV)×10−12

Th 7.27 1.71 1.59 1.63 1.78 2.27 2.42
Ex 3.87± 0.19 1.97± 0.1 1.57± 0.08 1.65± 0.08 1.78± 0.09 2.27± 0.11 2.42± 0.12

SGR
(Rm2 Ci−1 h)

Th 136.27 33.56 30.82 30.68 32.78 42.19 43.6
Ex 65.4± 3.27 38.5± 1.93 30.5± 1.53 30.6± 1.53 33± 1.65 41.5± 2.08 43.8± 2.19

SAF (g−1)
(mfp=10mm)

Th (x=1mm) 6.71×10−5 0.11 0.10 0.09 0.07 0.05 0.04
Ex (x=1mm) 0.02± 0 0.05± 0 0.09± 0 0.08± 0 0.08± 0 0.05± 0 0.04± 0
Th (x=5mm) 0.014 4.83 2.47 6.4 9.55 9.94 7.58
Ex (x=5mm) 0.052± 0.0026 5.1± 0.26 4.5± 0.23 6.3± 0.32 6.5± 0.33 6.6± 0.33 6.8± 0.34

RPE

Th (t=1) 99 55.94 43.28 33.47 28.87 21.4 19.97
Ex (t=1) 90.3± 4.52 60.6± 3.03 43.7± 2.19 33.6± 1.68 29.4± 1.47 20.7± 1.04 20.1± 1.01
Th (t=5) 99 97.56 93.65 87.14 81.44 69.95 67.06
Ex (t=5) 96.4± 4.82 95.5± 4.78 94.3± 4.72 86.7± 4.34 80.6± 4.03 69.1± 3.46 67.3± 3.37
Th (t=10) 99.89 100.11 99.86 98.46 96.41 90.76 89.33
Ex (t=10) 98± 4.9 98± 4.9 99.3± 4.97 98.8± 4.94 97.2± 4.86 90.4± 4.52 89.1± 4.46

sources viz: 137Cs (0.6615 MeV), 60Co (1.173 and 1.332 MeV), 22Na (0.511, 0.081 MeV) and

133Ba (0.276 and 0.356 MeV) and this procedure is done with various thickness (shown in graph)

of ZABNONC . From the graph it is very clear that the shape of spectrum is different for different

source, with the change of thickness, shape of graph remains unchanged but the intensity of the

peaks is varying inversely with the thickness, furthermore for different radiation sources different

peaks are observed at different energies,namely for 133Ba , three high intensity peaks at 160.71,

300.37 and 356.75 keV. 60Co has peaks at 1174.47 and 1334.3 keV, 137Cs single maximum intense

peak at 662.75 keV and finally Two high intense peaks at 528 and 1287 keV for 22Na source. From

the experimental data, the µ/ρ values of ZABNONC of various energy levels are recovered.

the Fig.5.5 (a-l), Table 5.3 correlation all measured shielding properties (Mentioned in the key-

words) with that of the theoretical values in the energy range 0.081-1.332 MeV. In general, the

134



400 800 1200

0.1

1

0.04

1.5

 

400 800 1200

1

0.18

8

 

400 800 1200

1

2

3

4

 

400 800 1200

1

0.1

3.7

 

400 800 1200

2

4

6

8

10

 

400 800 1200

36

39

42

R
P

E

S
A

F
 (

/g
) 

S
G

R
 (

R
m

2
/C

i 
h

) 

K
E

R
M

A
 (

M
eV

)x
1
0

-1
2

E
A

B
F

N
e 

(e
le

ct
ro

n
/g

)x
1
0

2
3
 

Z
ef

f 
 

400 800 1200

4.8

5.2

5.6

 

400 800 1200

10

15

20

 

400 800 1200

2

3

4

 

400 800 1200

40

60

80

 

400 800 1200
10

-6

10
-4

10
-2

10
0

 x = 1mm

 x = 5mm

 

400 800 1200

0

30

60

90

 t=1

 t=5

 t=10

 

T
V

L
 (

cm
) 

H
V

L
 (

cm
) 

l
 (

c
m

) 

m
 (

c
m

-1
) 

(a) (b)

(d)

(c)

(e) (f)

(g) (h) (i)

(k)(j)

(l)

m
/r

 (
c
m

2
/g

) 

E (keV)
 

Fig. 5.5 Comparison of measured shielding properties for ZNBNONC such as (a) µ/ρ, (b) µ, (c)λ,
(d)HVL, (e)TVL, (f) Zeff , (g) Nel, (h) EABF, (i) KERMA, (j) SGR, (k) SAF and (l) RPE with
that of the theoretical values in the energy range 0.081-1.332 MeV

theoretical values are based on the Hubbel data [74, 314, 315],these values are extracted when

there is an interaction of X/γ radiation with minute particles/atoms of size in the order 10−6 m .

It is clearly observed from Table 5.3 that above 356 keV X/γ ray interaction energy, the measured

shielding parameters agrees well with the theoretical value whereas slight deviation is observed

below 356 keV due to the crystals are in the order 10−9 m , Furthermore, an accurate theory is

necessary to explain the X/γ ray interaction with the NCs.
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Fig. 5.6 Measured Gamma ray spectra in LABNC using different sources such as Ba-133, Co-60,
Cs-137 and Na-22 for different thickness.

5.2.3 Study of shielding properties of X,γ radiation of Leadaluminoborate Nanocomposites

the Fig.5.6 (a-d) shows the graphical representation of measured gamma ray spectra using differ-

ent sources such as 137Cs (0.6615 MeV), 60Co (1.173 and 1.332 MeV), 22Na (0.511, 0.081 MeV)

and 133Ba (0.276 and 0.356 MeV) for different thickness 5, 10, 15, 20 and 25 mm of LABNC. The

nature of the gamma ray spectrum is different for different source. For 133Ba gamma ray source,

three high intensity peaks are observed at 160.71, 300.37 and 356.75 keV. For 60Co source, the

gamma ray spectrum consists two peaks at 1174.47 and 1334.3 keV, whereas for 137Cs source,

single high intense peak is observed at 662.75 keV. Two high intense peaks are observed at 528

and 1287 keV for 22Na source. As the thickness of LABNC increases from 5, 10, 15, 20 and 25

mm, nature of the gamma ray spectrum remains unaltered except the variation in intensity. The in-

tensity of the peak increases with decrease in the thickness of the LABNC. From the experimental

data, the µ/ρ values of LABNC at different energies are extracted.

136



the Comparison of measured shielding properties with theoretical was correlated in Table 5.4 and
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Fig. 5.7 Comparison of measured shielding properties for LABNC of such as (a) µ/ρ, (b) µ, (c)λ,
(d)HVL, (e)TVL, (f) Zeff , (g) Nel, (h) EABF, (i) KERMA, (j) SGR, (k) SAF and (l) RPE with
that of the theoretical values in the energy range 0.081-1.332 MeV

Fig.5.7.The theoretical values are based on the Hubbel data [74, 314, 315]. From Fig.5.7, is is

observed that, gamma interaction parameters such as µ/ρ, µ, Zeff , Ne, EABF, KERMA, SGR and

SAF increases, whereas HVL, TVL, λ, RPE decreases with increase in energy. These are the prop-

erties of good shielding material. Hence, the present nanocomposite might be a good absorbing

material. It is clearly observed from Table 5.4 that above 356 keV X-ray/gamma ray interaction

energy, the measured shielding parameters agrees well with the theoretical value whereas slight de-

viation is observed below 356 keV. Since the crystals/particles are in nanorange, the atom/particle
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Table 5.4 Comparison of measured X-ray/gamma shielding properties of LABNC with that of the
theory.

SOURCE 56Ba 22Na 137Cs 60Co
ENERGY (MeV) 0.081 0.276 0.356 0.511 0.6615 1.173 1.332

µ/ρ(cm2 g−1)
Th 1.79 0.43 0.25 0.14 0.10 0.06 0.06
Ex 1.20± 0.06 0.52± 0.03 0.18± 0.01 0.14± 0.01 0.10± 0.01 0.06± 0.00 0.06± 0.00

µ(cm−1)
Th 15.70 3.80 0.23 1.22 0.91 0.54 0.49
Ex 7.30± 0.37 4.20± 0.21 1.70± 0.09 1.20± 0.06 0.90± 0.05 0.54± 0.03 0.48± 0.02

HVL (cm)
Th 0.04 0.21 0.33 0.57 0.78 1.30 1.42
Ex 0.11± 0.01 0.13± 0.01 0.41± 0.02 0.56± 0.03 0.77± 0.04 1.31± 0.77 1.43± 0.07

TVL (cm)
Th 0.15 0.69 1.10 1.90 2.57 4.31 4.70
Ex 0.48± 0.02 0.56± 0.03 1.32± 0.07 1.85± 0.09 2.56± 0.13 4.32± 0.22 4.67± 0.23

λ(cm)
Th 0.06 0.30 0.48 0.83 1.12 1.87 2.04
Ex 0.15± 0.01 0.23± 0.01 0.65± 0.03 0.84± 0.04 1.12± 0.06 1.88± 0.09 2.03± 0.10

Zeff
Th 39.53 56.62 54.42 49.35 45.18 37.67 36.80
Ex 58.83± 2.94 57.32± 2.87 53.21± 2.66 49.32± 2.47 45.25± 2.26 37.42± 1.87 36.63± 1.83

Ne × 1023

(electrons g−1)
Th 5.67 8.12 7.81 7.08 6.48 5.40 5.28
Ex 8.62± 0.43 8.21± 0.41 7.65± 0.38 7.12± 0.36 6.48± 0.32 5.42± 0.27 5.28± 0.26

EABF
(mfp=10mm)

Th 57.46 21.42 16.58 11.75 9.68 7.85 7.73
Ex 22.94± 1.15 19.24± 0.96 15.55± 0.78 11.86± 0.59 9.78± 0.49 7.78± 0.39 7.83± 0.39

KERMA
(MeV)×10−12

Th 6.27 5.12 3.85 3.04 2.88 3.01 3.12
Ex 4.78± 0.24 3.97± 0.20 3.39± 0.17 3.05± 0.15 2.88± 0.14 3.02± 0.15 3.12± 0.16

SGR
(Rm2 Ci−1 h)

Th 94.94 73.10 57.10 46.27 44.28 46.78 48.67
Ex 77.29± 3.86 64.44± 3.22 53.39± 2.67 46.54± 2.33 44.22± 2.21 46.76± 2.34 48.45± 2.42

SAF (g−1)
(mfp=10mm)

Th (x=1mm) -6.31×1076 -5.89×1010 -35.10 0.45 0.21 0.07 0.06
Ex (x=1mm) (−25.54± 1.28)× 1076 (−4.53± 0.23)× 1010 −1.23± 0.06 0.41± 0.02 0.20± 0.01 0.07± 0 0.06± 0
Th (x=5mm) 2.56×1078 8.65×1012 1.45×104 2.46 0.39 0.03 0.02
Ex (x=5mm) (45.22± 2.26)× 1078 (24.42± 1.22)× 1012 (12.23± 0.61)× 104 2.11± 0.11 0.35± 0 0.02± 0 0.02± 0

RPE

Th (t=1) 0.008 0.03 0.04 0.05 0.07 0.12 0.13
Ex (t=1) 0.12± 0.01 0.34± 0.02 0.29± 0.01 0.52± 0.03 0.64± 0.03 1.14± 0.06 1.32± 0.07
Th (t=5) 0.04 0.14 0.18 0.26 0.33 0.58 0.66
Ex (t=5) 0.07± 0 0.05± 0 0.01± 0 0.06± 0 0.08± 0 0.11± 0.01 0.14± 0.01
Th (t=10) 0.08 0.28 0.36 0.51 0.66 1.17 1.33
Ex (t=10) 0.11± 0.01 0.21± 0.01 0.11± 0.01 0.27± 0.01 0.33± 0.02 0.59± 0.03 0.68± 0.03

size plays a very important role in this deviation.

the The medical radiation shield is primarily utilised as a fabric for radiation-shielding aprons. The

thickness and weight of the shielding fabric are critical considerations in ensuring user safety. The

interaction of radiation with the nanomaterial produces photoelectric and compton effect. Good

shielding efficiency is observed in the lower region where photoelectric effect is dominant. At the

higher region (Compton effect), shielding efficiency is less because of scattering due to transmis-

sion rather than due to absorption. More particles are needed to improve shielding performance

by increasing the probability of interaction within the same area. In nanomaterials, the number of

particles per unit area is large in the shielding sheet, density is high and uniform dispersion can

be achieved. When the particles are in nanoscale, a multilayered structure can be formed in the

shielding sheet because of the clustering effect and shielding efficiency can be improved [316].

the In the present study, the theory will explain how the gamma/X-ray radiation shielding param-

eters is going to vary with respect to kinetic energy in the nanoscale range.
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CHAPTER 6

Summary and conclusion

6.1 Criteria for selection of good absorber of X-ray/gamma radiation

the The material/medium which is having larger values of µ/ρ, Zeff , Γ, RPE, buildup factor,

Specific absorbed fraction and relative dose, meanwhile smaller values of mean free path, TVL

and HVL are considered as good absorber of X-ray/gamma radiation. In this view, eight different

alloys such as Iron-Boron, Iron-Silicon, Gallium alloys, lead alloys, Aluminium alloys, Silicon-

Boron alloys, Zinc alloys and Silicon-Germanium were considered during the detail investigations.

The selected alloy in each category with the above said criteria is follows;

6.2 Selection of good shielding material

6.2.1 Iron-Boron alloys

the Earlier researchers [14] studied X-ray and γ-ray shielding properties in six different Iron-Boron

alloys such as Fe0.95 B0.05, Fe0.9 B0.1, Fe0.8 B0.2, Fe0.7 B0.3, Fe0.6 B0.4 and Fe0.5 B0.5. The shielding

parameters were studied. Eventually, it is found that the Fe0.95 B0.05 satisfies above said criteria.

Hence Fe0.95 B0.05 is good absorber of X-ray/gamma radiation among Iron-Boron alloys. Hence,

in the present study the Iron-Boron Fe0.95 B0.05 alloy has been considered for further investigation.
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6.2.2 Silicon alloys

the The different types of Silicon alloys such as Al-47 (Al0.87 Si0.1 Ni0.008, Al-32S(Al0.854 Cu0.008Si0.12

Mg0.001 Ni0.008), Al-43 (Al0.95 Si0.05), Ferrosilicon Fe0.21 Si0.79, Al-356 (Mg0.003 Al0.927 Si0.07), Al-

355(Al0.93 Si0.05 Cu0.013 Mo0.005) and Al-A355 (Al0.92 Cu0.014Si0.05 Mn0.008Mg0.005 Ni0.0075) [23]

were investigated. In addition to shielding parameters, the coherent/incoherent neutron scattering

lengths and cross sections were also studied. Again investigations were carried for the scatter-

ing/absorption neutron cross sections of silicon alloys. Among the different studied silicon alloys,

the Iron-silicon Fe0.21Si0.79 alloy possesses good shielding properties. Hence, in further investi-

gations we have used Fe0.21Si0.79 alloy.

6.2.3 Gallium alloys

the The different Gallium alloys such as Galfenol Fe0.3 Ga0.7, Galinstan Ga0.685 In0.215 Sn0.1 and

Gallium alloy Al0.5 Ga0.5 [33] were investigated in detail. The detail analysis of shielding proper-

ties shows that Galinstan Ga0.685 In0.215 Sn0.1 is a good shielding material with less hazardous and

cost-effective material when compared to other Gallium alloys studied. As a result, in subsequent

studies, we employed Galinstan alloy (Ga0.685 In0.215 Sn0.1).

6.2.4 Lead alloys

the Literature [3] mainly focuses on lead based alloys shielding properties. The selected alloys are

as follows; Foundary type (Sn0.15 Sb0.23 Pb0.62), Molybdochalkos (Pb0.9 Cu0.1), Lino type (Sn0.04

Sb0.16 Pb0.8), Turne type (Sn0.2 Pb0.8), Mono type (Sn0.09 Sb0.19 PB0.72), Type metal (Sn0.03 Sb0.11

Pb0.86), Stereo type (Sn0.06 Sb0.14 Pb0.8) and Woods metal (Cd0.1 Sn0.13 Pb0.27 Bi0.5). According to

detail analysis, the binary alloy Molybdochalkos (Pb0.9 Cu0.1) has good shielding properties. As a

result, in our further research, we chose Molybdochalkos alloy.
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6.2.5 Aluminium alloys

the Around eight aluminium alloys such as Li-Al Li0.02 Al0.98, Hydronalium Mg0.12 Mn0.01 Al0.87,

Hiduminium Cu0.2 Fe0.2 Ni0.2 Al0.94, Italma Mg0.035 Mn0.003 Al0.96, Magnalium Mg0.5 Al0.5, Ni-Ti-

Al Ti0.4 Al0.1 Ni0.50, Duralumin Al0.9 Cu0.1 and Y alloy Cu0.04 Ni0.04 Mg0.04 Al0.88 are investigated.

Exploration of all these aluminium alloys for shielding properties exhibits good absorber for Ni-

Ti-Al alloy. Consequently, we explored Ti0.4Al0.1Ni0.50 alloy in further investigations.

6.2.6 Silicon-Boron alloys

the About six Silicon-Boron alloys such as Si0.5 B0.5, Si0.6 B0.4, Si0.7 B0.3, Si0.8 B0.2, Si0.9 B0.1 and

Si0.95 B0.05 were explored. Using detail analysis of Silicon-Boron alloys, it is observed that the

Si0.95 B0.05 possess good shielding material. As an outcome, we conducted further research on the

Si0.95 B0.05 alloy.

6.2.7 Zinc alloys

the Zinc alloys can be utilised as biodegradable metals because of their corrosion resistance and

biocompatibility [317]. The good shielding material of Zinc alloys were considered using differ-

ent parameters such as relative dose and SAF in the energy range 15keV to 15MeV. The different

composition of Zinc alloys such as Cu0.7 Ni0.15 Zn0.15, Cu0.6 Ni0.2 Zn0.2, Cu0.5 Ni0.25 Zn0.25, Cu0.4

Ni0.3 Zn0.3, Cu0.3 Ni0.35 Zn0.35 and Cu0.2 Ni0.4 Zn0.4 have been studied. The good shielding mate-

rial is selected in such a way that the comparison of relative dose and specific absorbed fraction

(SAF) were found to be larger. In this way the Zinc alloy i.e Cu0.7 Ni0.15 Zn0.15 posses larger SAF

and relative dose and in further examinations we used Cu0.7 Ni0.15 Zn0.15 alloy.
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6.2.8 Silicon-Germanium alloys

the The neutron shielding parameters of around six Silicon-Germanium alloys are studied. The

Si-Ge alloys such as Si0.1 Ge0.9, Si0.2 Ge0.8, Si0.4 Ge0.6, Si0.6 Ge0.4, Si0.8 Ge0.2 and Si0.9 Ge0.1 were

investigated. Among the studied Silicon-Germanium alloys, the Si0.1 Ge0.9 alloy posses lesser

TVL, HVL and penetration depth and larger values of Γ, Zeff , RPE and kinetic energy released

in matter. Then in subsequent studies, we utilised Si0.1 Ge0.9 alloy.

the During the detailed examinations of eight different alloys including Iron-Boron, Silicon, Gal-

lium, lead, Aluminium, Silicon-Boron, Zinc and Silicon-Germanium it is seen that one of the

material posses good shielding properties in each category. The selected alloy in each category is

based on the aforementioned criteria.

the The good absorber of X-ray and Gamma radiation among each category is selected. Among the

studied iron-boron alloys, Fe0.95 B0.05 was found to be best shielding materials. Similarly, Ferro-

Silicon (Fe0.21 Si0.79), Galinstan (Ga0.685 In0.215 Sn0.1), Molybdochalkos (Cu0.1 Pb0.9), Ni-Ti-Al

(Ti0.4 Al0.1 Ni0.50), Silicon-Boron alloy (Si0.95 B0.05), Zinc alloy (Cu0.7 Ni0.15 Zn0.15) and Silicon-

Germanium alloy (Si0.1 Ge0.9) are found to be good absorber among the Iron-Silicon, Gallium,

lead, Aluminium, Silicon-Boron, Zinc and Silicon-Germanium respectively.

6.3 Comparison of shielding parameter amoung studied alloys

the The parameters such as µ/ρ, λ, TVL, Zeff , Γ, RPE and KERMA is studied in the selected

alloys such as Iron-Boron alloy (Fe0.95 B0.05), Ferro-silicon (Fe-Si) alloy, Galinstan alloy (Ga0.685

In0.215 Sn0.1), Molybdochalkos alloy (Cu0.1 Pb0.9), Aluminium alloy i.e Ni-Ti-Al Ti0.4 Al0.1 Ni0.50

alloy, Silicon-Boron alloy (Si0.95 B0.05) alloy, Zinc alloy (Cu0.7 Ni0.15 Zn0.15) and Silicon-Germanium

alloy (Si0.1 Ge0.9).

the Response of µ/ρ is studied with energy is depicted in figure 6.1(a). The selected eight differ-
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Fig. 6.1 Comparison of (a) mass attenuation coefficient, (b) mean free path, (c) tenth value layer,
(d) effective atomic number, (e) specific gamma ray constant, (f) radiation protection efficiency
and (g) KERMA with that of energy for the studied alloys.

ent alloys are studied in the energy range 1keV to 100GeV. µ/ρ decreases with increase in energy

for the studied alloys. Relatively all alloys decreases with energy, however absorption peaks were

observed near 1keV, 10keV and 100keV when these different alloys interact with the γ-rays. The

overall behaviour of µ/ρ in lower energy region is due to photo electric effect followed by Comp-

ton effect in middle region and higher energy region is mainly due to pair production. Hence,

from all the studied alloys it is noticed that Molybdochalkos alloy posses larger µ/ρ value when

compared to other studied alloys. Further, λ is investigated as a function of energy as shown in

figure 6.1(b). Among all the studied alloys,energy varies inversely proportional to λ where λ is

the distance between successive collision reaches a maximum value and again as the larger energy

leads to decrease in λ. From the figure it is evident that the Molybdochalkos alloy’s peak is shifted
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towards left side and on other side Si-B alloy’s peak is shifted towards right side. The λ is mini-

mum in case of Molybdochalkos alloy and larger when compared to Si-B alloy. Similar effect is

also observed for TVL with that of energy as seen in figure 6.1(c). In addition, the role of effective

interaction with photons were studied and it is represented in figure 6.1(d).

the The value of Zeff varies between 10 to 80 and among which the Molybdochalkos alloy is

having larger value when compared to other studied alloys. The specific gamma ray constant Γ

with that of energy is shown in figure 6.1(e). The value of Γ decreases and reaches minimum when

energy corresponds to 100keV. However, in case of Molybdochalkos alloy minimum is achieved

at 1MeV. In majority of alloys absorption peaks were observed from 1keV to 100keV when these

alloys interact with photons. It is noticed that the Molybdochalkos alloy possess larger value when

compared to other studied alloys. Later, we have also studied RPE as a function of energy as man-

ifested in figure 6.1(f). The variation observed in this case is reverse as seen in figure 6.1(b) and

(c). The larger value of RPE is observed for the Molybdochalkos alloy. KERMA is also studied

with the energy in the range 1keV to 100GeV. As similar to figure 6.1(e), the KERMA value also

decreases and reaches minimum when energy corresponds to 100keV. In case of Molybdochalkos

alloy, the minimum is obtained at 1MeV. In majority of alloys absorption peaks were detected

ranging from 1keV to 100keV when these alloys interact with photons. When compared to the

other alloys investigated, the Molybdochalkos alloy has a higher value of KERMA.

the Furthermore, energy absorption buildup factors are studied for all eight selected alloys. The

figure 6.2 shows variation of buildup factors at different penetration depths (λ=5cm, 10cm, 20cm

and 40cm) as function of energy. The buildup factor increases gradually and reaches a maximum

value when energy ranges between 0.1MeV to 1MeV. Again in all these studied alloys buildup

factor decreases with increase in energy. In all the penetration depths the observed maxima is

found to be almost at the same position. The X-ray/Gamma radiation absorption is maximum at
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the energy where the absorption buildup factor is also maximum.

the Furthermore, specific absorption fraction of energy φ(g−1) is studied in all eight different

0 . 1 1 1 01 0 0

1 0 1

 

 

 

λ = 5  c m

( a ) ( b )

( d )( c )

0 . 1 1 1 01 0 0

1 0 1

1 0 2

 F e 0 . 9 5  B 0 . 0 5 ,            F e 0 . 2 1  S i 0 . 7 9 ,      G a 0 . 6 8 5  I n 0 . 2 1 5  S n 0 . 1 ,       C u 0 . 1  P b 0 . 9 ,   
 A l 0 . 1  T i 0 . 4  N i 0 . 5 ,       S i 0 . 9 5  B 0 . 0 5 ,        N i 0 . 1 5  C u 0 . 7  Z n 0 . 1 5 ,          S i 0 . 1  G e 0 . 9

10 c m

 

 

 

0 . 1 1 1 01 0 0

1 0 1

1 0 2

1 0 3

20 c m

 

 

Bu
ildu

p f
ac

tor

E  ( M e V )
0 . 1 1 1 01 0 0

1 0 1

1 0 2

1 0 3

1 0 4
40 c m

 

 

 

Fig. 6.2 Comparison of buildup factors of the studied alloys with that of photon energy at penetra-
tion depths of (a) 5 cm, (b) 10 cm, (c) 20 cm and (d) 40 cm.
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Fig. 6.3 Comparison of specific absorption fraction of energy of the studied alloys as a function of
photon energy at penetration depths of (a) 5 cm, (b) 10 cm, (c) 20 cm and (d) 40 cm.

alloys at different penetration depth with the photon energy and it is shown in figure 6.3. The
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value of φ(g−1) decreases with increase in photon energy. A systematic variation is observed for

all the studied alloys except Molybdochalkos alloy and Galinstan alloy. In these two cases there

is a gradual increase of φ(g−1) is observed when photon energy is greater than 1MeV particularly

when penetrating depth is equal to 20cm and 40cm which is clearly visible in figure 6.3(c) and (d).

This may be due to the presence of heavy element like Lead (Pb) which may leads to production

of secondary radiations [318].

the The relative dose of each alloy studied is defined as the ratio of the target dose rate to the
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Fig. 6.4 Comparison of relative dose of the studied alloys with that of photon energy at penetration
depths of (a) 5 cm, (b) 10 cm, (c) 20 cm and (d) 40 cm.

initial dose rate. A plot of relative dose as a function of photon energy is shown in figure 6.4(a) to

(d) at different penetration depths. From the figure 6.4(a) it is seen that the value of relative dose

increases and attains a maximum value and again it gradually declines. The peak value is shifted

from left for FeB to right in the SiGe alloy. Similarly, larger value of relative dose is also observed

when penetration depth is equal to 20cm and 40cm. At penetration depths, the Molybdochalkos

alloy posses larger value of relative dose when compared to other studied alloys. Hence, the detail

investigation shows that the Molybdochalkos alloy possesses larger value of µ/ρ, Zeff , Γ, RPE,

KERMA, buildup factor, specific absorption fraction and relative dose, smaller value of λ and
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TVL.

the After detail investigation, it is found that λ and TVL are large at one particular energy, mean-

Table 6.1 X-ray/gamma energy at which shielding efficiency becomes minimum (ES
m) and corre-

sponding λ, Zeff , HVL and RPE (%)

Alloys Es
m(MeV) λ(cm) Zeff HVL(cm) RPE (%)

Fe0.95B0.05 9 4.49 22.5 3.11 89
Fe0.21Si0.79 16 11.42 15.73 7.91 58
Ga0.685In0.215Sn0.1 6 4.85 35.42 3.36 87
Cu0.1Pb0.9 4 2.21 70.82 1.53 99
Al0.1Ti0.4Ni0.5 10 5.26 23.24 3.65 85
Si0.95B0.05 20 18.74 13.15 12.99 41
Ni0.15Cu0.7Zn0.15 8 3.72 28.98 2.58 93
Si0.1Ge0.9 8 6.32 28.57 4.38 55

while, Γ, RPE and KERMA coefficients are small at the same energy for all alloys. This energy is

referred as ES
m and at this energy, all the alloys shows poor shielding efficiency than their neigh-

bour energies. The evaluated ES
m for studied alloys are shown in table 6.1. Among all the studied

alloys, Molybdochalkos alloy is having large Zeff when compared to other studied alloys at min-

imum energy.

the The absorption buildup factor and relative dose is maximum at one energy for a given alloy.

Table 6.2 X-ray/gamma energy at which shielding efficiency becomes maximum (Eopt.) and cor-
responding Zeff , HVL and RPE (%)

Alloys Eopt. (MeV) Zeff HVL(cm) RPE
Fe0.95B0.05 0.06 24.39 0.08 100
Fe0.21Si0.79 0.2 15.82 1.58 99
Ga0.685In0.215Sn0.1 0.4 36.13 1.09 100
Cu0.1Pb0.9 0.15 75.37 0.03 100
Al0.1Ti0.4Ni0.5 0.2 23.61 0.74 100
Si0.95B0.05 0.1 13.21 1.60 100
Ni0.15Cu0.7Zn0.15 0.3 28.99 0.71 99
Si0.1Ge0.9 0.3 28.84 1.19 94

At this energy, that alloy can absorb large quantity of radiation when compare to the neighbor

energies. This energy we defined as optimal energy (Eopt.) for absorption of x-ray/gamma radia-

tion of that alloy. At this energy, that alloy/medium can give maximum shielding efficiency. The
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evaluated Eopt. for studied alloys are shown in table 6.2. The value of Zeff and HVL correspond-

ing to the Eopt. is as also tabulated in the table 3.2. This Eopt. increase with increase in the Zeff

of the medium. It is also evident that the Molybdochalkos alloy shows larger value of Zeff even

at energy corresponding to maximum value. Hence, in general Molybdochalkos alloy is having

larger Zeff .

6.4 Selected good shielding material among the studied alloys

the In current study, we have investigated suitable alloy for X,γ shielding among the studied alloys

such as Iron-Boron, Iron-Silicon, Gallium alloys, lead alloys, Aluminium alloys, Silicon-Boron

alloys, Zinc alloys and Silicon-Germanium. Various shielding parameters like µ/ρ, λ, TVL, Zeff ,

Γ, RPE, KERMA, φ and relative dose are studied. From the detail investigations of all alloys,

it is clear that Molybdochalkos possesses larger value of µ/ρ, Zeff , Γ, RPE, KERMA, buildup

factor, φ and relative dose. Meanwhile, smaller value of λ and TVL. Thus, we may conclude

that Molybdochalkos alloy is having good shielding properties. The energies at which radiation

protection efficiency is maximum (Eopt) and minimum (Es
m) for a studied alloys is also identified.

To use this practically, further mechanical, thermal and structural properties has to be investigated.

6.5 Results on studies of shielding parameters of nano-composites

the In summary, BFNONC was synthesized for the first time by using economical solution com-

bustion method using urea as a fuel and calcined at 500o C. The synthesized sample was character-

ized by different techniques. The PXRD pattern confirms the existence of (hkl) planes correspond-

ing tetragonal phase of BaO, γ phase Fe2O3 and cubic NiO which inturn confirms the formation

of BFNO nanocomposite. The average crystallite size obtained from the Scherrer’s equation and

W-H plot method was found to be 30 and 32 nm respectively. The surface morphology made up
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large number of piled flakes. The optical energy direct band gap obtained from Wood and Tauc’s

plot was found to be 2.1 eV. The detailed analysis of measured X-ray / gamma ray shielding prop-

erties of BFNONC was measured in the energy range 0.081 -1.332 MeV. Above 356 keV X-ray /

gamma ray interaction energy, the measured shielding parameters agrees well with the theoretical

values whereas deviation is observed below 356 keV. This variation is mainly due to the impact of

crystallite / particle size of the target medium on the X-ray / gamma ray interaction energy. The

synthesised BFNONC finds application in the shielding of for X-ray / gamma ray.

the ZABNONC was synthesized for the first time by using economical SCS method using urea as

a fuel and calcined at 600o C.Mean crystalline size is found to be 17nm (W-h) ,20nm( Scherrer’s)

and energy gap is found to be 2.9eV using standard methods. X/γ ray shielding properties of

ZABNONC were measured in elaborate manner, above 356 keV X/γ ray interaction energy, the

measured shielding parameters agrees well with the theoretical value whereas slight deviation is

observed below 356 keV due to the crystals are in the nano order.Hence from this conclusions the

synthesised ZABNONC finds application in the X/γ ray shielding parameters.

the In summary, LABNC was synthesized for the first time by economical solution combustion

method using mint leaves extract as a reducing agent and calcined at 500o C. Crystal size measured

using methods followed used for ZABNOC ,same was found to be 62nm(W-h), 65nm(Scherrer’s).

The optical energy direct band gap obtained from Wood and Tauc’s plot was found to be 5.2 eV.

The detailed analysis of X-ray/gamma ray shielding properties of LABNC was measured in the

energy range 0.081 -1.332 MeV. Above 356 keV X-ray/gamma ray interaction energy, the mea-

sured shielding parameters agrees well with the theoretical values whereas deviation is observed

below 356 keV. This variation is mainly due to the impact of crystallite/particle size of the target

medium on the X-ray/gamma ray interaction energy. The synthesized LABNC finds application

in the shielding of X-ray/gamma ray.
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6.6 Scope of research work

the The modification in alloys composition or choosing different alloys and comparing them with

existing shielding materials becomes fascinating field of research. The selection of suitable alloy

for effective radiation shielding will certainly solve the radiation hazardous.

theRadiation Physicists are constantly exploring kinds of materials in terms of seeing various

radiation shielding factors in order to efficiently use radiations in many domains. In nuclear ex-

periments and radiation related experiments, shielding is one of the most important aspects to be

taken care of. In this regard there have been many materials which are being looked into. Amongst

which there have been usage of materials which contain heavy elements occupying the front-line.

Due to the shortcomings of traditional shielding materials, several researchers have proposed us-

ing metallic alloys as an alternative for X-ray/Gamma ray shielding material. Lead and lead based

alloys are conventional materials used as a primary shielding material type due to superior attenu-

ation properties against ionizing X-rays/gamma, its high atomic number and density. Combination

of one or two other elements with lead, improves certain advanced properties such as hardness. We

have proposed suitable alloys and nano composites for X-ray/Gamma ray shielding material. To

use this practically, further mechanical, thermal and structural properties has to be investigated.
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[54] I. Orlić, I. Bogdanović, S. Zhou, and J. L. Sanchez. Parametrization of the total photon

mass attenuation coefficients for photon energies between 100 ev and 1000 mev. Nuclear

Instruments and Methods in Physics Research Section B: Beam Interactions with Materials

and Atoms, 150(1-4):40–45, 1999.

[55] M. A. Abdel, R., E. A. Badawi, Y. L. Abdel-Hady, and N. Kamel. Effect of sample thick-

ness on the measured mass attenuation coefficients of some compounds and elements for

59.54, 661.6 and 1332.5 kev γ-rays. Nuclear Instruments and Methods in Physics Research

Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, 447(3):432–

436, 2000.

[56] M. Angelone, T. Bubba, and A. Esposito. Measurement of the mass attenuation coefficient

for elemental materials in the range 6≤ z≤ 82 using x-rays from 13 up to 50 kev. Applied

Radiation and Isotopes, 55(4):505–511, 2001.

158
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absorption and exposure buildup factor studies in some human tissues with endometriosis.

Applied Radiation and Isotopes, 69(2):381–388, 2011.
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[165] H Baltaş, Ş Çelik, U Cevik, and E. Yanmaz. Measurement of mass attenuation coefficients

and effective atomic numbers for mgb2 superconductor using x-ray energies. Radiation

measurements, 42(1):55–60, 2007.

[166] S. G. Gounhalli, A. Shantappa, and S. M. Hanagodimath. Studies on effective atomic

173



numbers and electron densities of some chemical explosives in the energy range 1kev–100

gev. Journal of Chemical and Pharmaceutical Research, 4(5):2545–2563, 2012.

[167] A. N. Eritenko, A. L. Tsvetiansky, and A. A. Polev. Analytical dependence of effective

atomic number on the elemental composition of matter and radiation energy in the range

10–1000 kev. Nuclear Instruments and Methods in Physics Research Section B: Beam

Interactions with Materials and Atoms, 414:107–112, 2018.
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A B S T R A C T

We have studied the X-ray and gamma radiation shielding parameters such as mass attenuation coefficient,
linear attenuation coefficient, half value layer, tenth value layer, effective atomic numbers, exposure buildup
factors and specific gamma ray constant in aluminum silicon alloys (Al-47, Al– 32S, Al-43, Fe–Si, Al-356, Al-355
and Al-A355). We have also studied the neutron shielding properties such as coherent neutron scattering length,
incoherent neutron scattering lengths, coherent neutron scattering cross section, incoherent neutron scattering
cross sections, total neutron scattering cross section and neutron absorption cross sections in aluminium silicon
alloys. It has been compared the shielding properties among the studied aluminium silicon alloys. From the
detail study it is found that mean free path, HVL and TVL is minimum and exposure buildup factor is maximum
for ferro-silicon alloy. Hence it is clear that ferro-silicon alloy is good absorber for X-ray and gamma radiation.
The attenuation parameters for neutron are large for ferro silicon alloy. Hence, we suggest ferro silicon alloy is
the best shielding materials for X-ray, gamma and neutrons.

1. Introduction

It is important to replace the lead shielding material by nontoxic
and low cost materials. Seenappa et al. (Seenappaet al., 2018a), studied
the X-ray, gamma radiation shielding parameters and neutron shielding
parameters in some alloys such as AL-6XN, nicrosil, nisil, terfenol-D,
elektron and ferro-boron. Singh et al. (TejbirSinghet al., 2018), re-
ported the physical properties and gamma rays shielding parameters for
some lead-copper binary alloys. Akman et al. (Akmanet al., 2019), in-
vestigated the gamma ray shielding performance of ternary alloys.
Şakar et al. (ErdemŞakaret al., 2019), determined the radiation
shielding properties of leaded brasses using a HPGe detector and a
133Ba radioactive source. Agar et al. (Agaret al., 1016), studied the
photon interaction features for some alloys containing palladium and
silver alloys to use it as an alternative gamma radiations shielding
material. Manjunatha et al. (Manjunathaet al., 2018), studied the X-ray
and gamma radiation shielding parameters for the Al-based glassy al-
loys. Liu et al. (Liuet al., 1016), investigated the effects of Yittrium and
Zinc additions on electrical conductivity and electromagnetic shielding
effectiveness of Mg–Y–Zn alloys.
Kaur et al. (TaranjotKaur and TejbirSingh, 2019), made an attempt

to summarize the various investigations made so far on visualizing the
feasibility of alloys as radiation shielding material. Kaçal et al.

(Kaçalet al., 1016), determined the gamma-ray attenuation character-
istics of eight different polymers using high resolution HPGe detector
and different radioactive sources. Dong et al. (Donget al., 1016), cal-
culated the shielding parameters of some boron containing resources
for gamma ray and fast neutron. Aygün et al. (Aygünet al., 2019),
studied the fabrication of Nickel alloys, Chromium and Tungsten re-
inforced new alloyed stainless steels for radiation shielding applica-
tions. Khobkham et al. (Khobkhamet al., 2018), studied the photon
interaction behavior of zirconium alloy materials by using WinXCom
program in the energy range 1 keV–100MeV. Seenappa et al.
(Seenappaet al., 2018b), studied the X-ray and gamma radiation
shielding and neutron shielding properties of polymer concretes. Kacal
et al. (Kacalet al., 2018), carried out the experimental studies of ra-
diation shielding properties for some ceramics. Ripin et al. (Ripinet al.,
2018), studied the x-ray shielding behavior of kaolin derived mullite-
barites ceramics. Shielding of radiation means protection from harmful
radiation such as alpha, beta, gamma and neutrons. It is easy to stop the
alpha and beta radiation but stopping of gamma and neutrons are dif-
ficult. Neutrons are released during the nuclear reactions in nuclear
reactors. Shielding against the neutrons is also important. While se-
lecting the shielding material for nuclear reactor, there is a need study
the shielding properties of neutrons along with the gamma radiation. In
the present work, we have studied the X-ray and gamma radiation
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shielding parameters such as mass attenuation coefficient, linear at-
tenuation coefficient, half value layer, tenth value layer, effective
atomic numbers, electron density, exposure buildup factors, and spe-
cific gamma ray constant in aluminium silicon alloys. We have also
studied the neutron shielding properties in silicon alloys. We have also
evaluated the mechanical properties of silicon alloys.

2. Theory

2.1. Gamma/X-ray interaction parameters

In the present work, the mass attenuation coefficients (MAC) and
photon interaction cross sections in the energy range from 1 keV to
100 GeV are generated using WinXCom (Gerward et al., 2004) and its
composition (http://www5.csudh.edu/oli) (Table 1). Al-47 alloy is a
mixture of Al (86.7%), Si(12.5%) and Ni(0.8%). Al–32S is a mixture of
Al (85.4%), Si(12%), Cu (0.8%), Mg (0.1%) and Ni(0.8%). Al-Silicon-
43 is a mixture of Al (95%) and Si(5%). Ferrosilicon is a mixture of Fe
(21%) and Si(79%). Al-355 is mixture of Al (93.2%), Cu(1.3%), Si(5%)
and Mo (0.5%), Al-356 is mixture of Al (92.7%), Si(7%) and Mg (0.3%).
Al-A355 is a mixture of Al (91.6%), Cu(1.4%), Si(5%), Mn (0.75%), Mg
(0.5%) and Ni (0.75%). The total linear attenuation coefficient (μ) can
be evaluated by multiplying density of compounds to mass attenuation
coefficients (Manjunatha and Rudraswamy, 2011a, 2013; Suresh et al.,
2008; Manjunatha, 2014).

= ×µ µ

c (1)

The total linear attenuation coefficient (μ) is used in the calculation
of Half Value Layer (HVL). HVL is the thickness of an interacting
medium that reduces the radiation level by a factor of 2 that is to half
the initial level and is calculated by the following equation

Table 1
Elemental composition.

Name of the alloy Element composition

Al-47 AL 0.867
Si 0.125
Ni 0.008

Al-32s Al 0.854
Cu 0.008
Si 0.12
Mg 0.001
Ni 0.008

Al- Silicon-43 Al 0.950
Si 0.050

Ferrosilicon Si 0.79
Fe 0.21

Al-355 Al 0.932
Cu 0.013
Si 0.05
Mo 0.005

Al-356 Al 0.927
Si 0.07
Mg 0.003

Al-A355 Al 0.916
Cu 0.014
Si 0.05
Mn 0.0075
Mg 0.005
Ni 0.0075

Table 2
Comparison of measured mass attenuation coefficient with present work.

Name of the alloy E=662 keV E=1170 keV E=1330 keV

Expt Present work Expt Present work Expt Present work

AL 47 0.0693 ± 0.0041 0.0732 0.0554 ± 0.0032 0.0584 0.0497 ± 0.0032 0.0526
AL 32S 0.0711 ± 0.0042 0.0756 0.0559 ± 0.0036 0.0592 0.0512 ± 0.0029 0.0546
Al Si 43 0.0709 ± 0.0049 0.0756 0.0550 ± 0.0039 0.0586 0.0504 ± 0.0039 0.0536
Ferrosilicon 0.0735 ± 0.0054 0.0786 0.0570 ± 0.0038 0.0608 0.0525 ± 0.0036 0.0552
Al 355 0.0700 ± 0.0056 0.0752 0.0559 ± 0.0037 0.0596 0.0502 ± 0.0039 0.0532
Al 356 0.0648 ± 0.0054 0.0696 0.0552 ± 0.0037 0.0589 0.0500 ± 0.0031 0.0532
Al A 355 0.0690 ± 0.0049 0.0742 0.0561 ± 0.0034 0.0595 0.0496 ± 0.0036 0.0528

Fig. 1. Variation of total mass attenuation coefficient with photon energy for
Al-47 alloy.

Fig. 2. Variation of total mass attenuation coefficient with photon energy for
Al-32s alloy.
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(Manjunatha and Rudraswamy, 2011a, 2013; Suresh et al., 2008;
Manjunatha, 2014)

= =VL ln2
µ

0 693
µ

H .
(2)

The total linear attenuation coefficient (μ) is also used in the cal-
culation of Tenth Value Layer (TVL). It is the thickness of an interacting
medium for attenuating a radiation beam to 10% of its radiation level
and is computed by

= =VL ln10
µ

2 303
µ

T .
(3)

The average distance between two successive interactions is called
the relaxation length (λ). It is also called the photon mean free path
which is determined by the equation

Fig. 3. Variation of total mass attenuation coefficient with photon energy for
Al-43 alloy.

Fig. 4. Variation of total mass attenuation coefficient with photon energy for
Fe–Si alloy.

Fig. 5. Variation of total mass attenuation coefficient with photon energy for Al
356 alloy.

Fig. 6. Variation of total mass attenuation coefficient with photon energy for
Al- A355 alloy.

Fig. 7. Variation of total mass attenuation coefficient with photon energy for
Al- 355 alloy.
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= =
xexp µx dx

exp µx dx

1
µ

( )

( )

0

0 (4)

The gamma interaction parameters such as linear attenuation
coefficients μ(cm−1), HVL (in cm), TVL (in cm) and mean free path λ
are calculated using above equations (1)–(4). The total molecular cross
section σm [milli barn] is computed from the following equation using
the values of mass attenuation coefficients [(μ/ρ)c] (Manjunatha and
Rudraswamy, 2011a, 2013; Suresh et al., 2008; Manjunatha, 2014)

= EE
N

µ n A( ) 1 ( )m
c i

i i
(5)

where ni is the number of atoms of ith element in a given molecule, (μ/
ρ)c is the mass attenuation coefficient of compound, N is the Avogadro's
number and Ai is the atomic weight of element i. The effective (average)
atomic cross section for a particular atom in the compound σa [milli
barn] is estimated using the equation (Manjunatha and Rudraswamy,
2011a, 2013; Suresh et al., 2008; Manjunatha, 2014),

= =
( )( )

E
n

E

n

n A
( )

( )
a

m

i i i i

N
µ

c i i i
1

(6)

The effective electronic cross section σe [milli barn] is computed
from mass attenuation coefficient (μ/ρ)i of ith element in the given
molecule using following equation (Manjunatha and Rudraswamy,
2011a, 2013; Suresh et al., 2008; Manjunatha, 2014)

=E 1
N

f A µ E
z

( ) ( )e
i

i i

i i (7)

where, fi is the fractional abundance (a mass fraction of the ith element
in the molecule) and Zi is the atomic number of the ith element in a
molecule. Finally the Zeff is estimated as

=zeff
a

e (8)

The effective electron density (Ne), expressed in terms of number of
electrons per unit mass is closely related to the effective atomic number.
For an element, the electron density is given by

Ne = NZ/A [electrons/g]. This expression can be generalized for a
compound,

=N g N
n A

Z n( )e
1

i i i
eff

i
i

(9)

2.2. Secondary radiation during the interaction of gamma/X-ray

During the interaction of gamma/X-ray with the medium, it degrade
their energy and produces secondary radiations through the different
interaction process. The quantity of secondary radiations produced in
the medium and energy deposited/absorbed in the medium is studied
by calculating buildup factors. In the present work, we have estimated
energy exposure build up factors (Ben) using GP fitting method
(Manjunatha and Rudraswamy, 2011b, 2012a, 2012b). We have eval-
uated the G-P fitting parameters (b, c, a, Xk and d) for different alumi-
nium silicon alloys using following expression which is based on La-
grange's interpolation technique (Manjunatha and Rudraswamy,
2012a)

=P
Z Z
z Z

P
( )
( )z

Z Z eff

z Z
zeff

(10)

Fig. 8. Comparison of Half value layer (HVL), Tenth value layer (TVL)and mean free path(λ) for aluminium silicon alloys (1.Al-47, 2.Al-32s, 3.Al-43, 4-Ferro Silicon,
5.Al-355, 6. Al-356 and 7.Al A-355).
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where lower case z is the atomic number of the element of known G-P
fitting parameter Pz adjacent to the effective atomic number (Zeff) of the
given material whose G-P fitting parameter PZeff is desired and upper
case Z are atomic numbers of other elements of known G-P fitting
parameter adjacent to Zeff. GP fitting parameters (b, c, a, Xk and d) for
element adjacent to Zeff are provided by the standard data available in

literature (Manjunatha). The computed G-P fitting parameters (b, c,a,
Xk and d) were then used to compute the EABF in the energy range
0.015MeV–15MeV up to a penetration depth of 40 mean free path with
the help of G-P fitting formula, as given by the equations (Manjunatha
and Rudraswamy, 2011b, 2012a, 2012b)

Fig. 9. Variation of effective atomic number and effective electron density with energy for different aluminium silicon alloys.
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= +B E X b
K

K( , ) 1 1
1

( 1)for K 1X
(11)

= + =B E X b X( , ) 1 ( 1) for K 1 (12)

= +
( )

K E X CX d( , )
tanh 2 tanh( 2)

1 tanh( 2)
For penetration depth (X)

40mfp

a

X
XK

(13)

Where X is the source-detector distance for the medium in mean free
paths (mfp) and b is the value of build-up factor at 1mfp. K (E,X) is the
dose multiplication factor and b, c,a, Xk and d are computed G-P fitting
parameters that depend on attenuating medium and source energy.

2.3. Neutron shielding parameters

The neutron shielding properties (NSP) such as coherent neutron
scattering length [bcoh], incoherent neutron scattering lengths [binc],
coherent neutron scattering cross section [σcoh], incoherent neutron
scattering cross sections [σinc], total neutron scattering cross section
[σtot] and neutron absorption cross sections [σabs] in aluminum silicon
alloys are calculated using following mixture rule

=NSP f NSP( ) ( )Compound i i (14)

here (NSP)i is neutron shielding parameter of ith element (Manjunatha)
in the concrete and fi is the fractional abundance (a mass fraction of the

ith element in the molecule). From the computed neutron cross sec-
tions, attenuation parameter of neutron is evaluated using the relation;

= ×attenuation parameter N
A

A
(15)

Where NA and A are Avogadro number and atomic weight respec-
tively. σ is evaluated cross section in barn.

2.4. Measurement of mass attenuation coefficient

To validate the present wok, we have measured mass attenuation
coefficient of Aluminum silicon alloys such as Al-47, Al– 32S, Al-43,
Fe–Si, Al-356, Al-355 and Al-A355 at different energies. The narrow
geometry experimental setup used in the present measurement is ex-
plained in the reference [ (Manjunatha et al., 2017; Seenappa et al.,
2017)]. We have used a NaI(Tl) crystal detector mounted on a photo-
multiplier tube housed in a lead chamber and a sophisticated PC based
MCA for a detection purpose, Gamma sources such as 137Cs
(0.662MeV) and 60Co (1.170, 1.330MeV) are used. Aluminum silicon
alloys such as Al-47, Al– 32S, Al-43, Fe–Si, Al-356, Al-355 and Al-A355
are used as target samples. The sample was directly attached to the
opening of the lead shield where source is placed. The integral in-
tensities, I0 & I of the beam before and after passing through the sample
are measured for sufficient time. (μ/ρ)c of the sample is then estimated
using the relation.

Fig. 10. a: Variation of exposure buildup factors with energy for different mean free paths for aluminum silicon alloys. b: Variation of exposure buildup factors with
mean free path at different energies for different aluminium silicon alloys.
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=µ 1
t

ln I
Ic

o

(16)

Where, t and ρ are the thickness and density of the sample respec-
tively. Comparison of present work with experiments is as shown in
Table 2.

3. Results and discussions

3.1. Variation of mass attenuation coefficient with photon energy

We have studied the X-ray and gamma radiation shielding para-
meters in aluminum silicon alloys (Al-47, Al– 32S, Al-43, Fe–Si, Al-356,
Al-355 and Al-A355). The calculated mass attenuation coefficient for
aluminium silicon alloys is graphically represented. There are two va-
lues of mass attenuation coefficients at same energies due to the pre-
sence of X-ray absorption edges. The variation of mass attenuation
coefficient with photon energy for Al-47 alloy is as shown in Fig. 1. In
case of Al 47 alloy, there are 4 X-ray absorption edges those are Ni L3,
Al K, Si K and Ni K X ray at energies 1.01, 1.56, 1.84 and 8.33 keV
respectively. These identified X-ray absorption edges are highlighted in
the Fig. 1. Mass attenuation coefficient values of aluminium silicon
alloys are large in the low energy region and decreases progressively. In
the low energy region, mass attenuation coefficient is observed to be
maximum, because of dominant photoelectric interaction which de-
pends on atomic number as Z4−5. In the intermediate energy region
(0.8 < E < 5MeV), Compton scattering becomes dominant which
depends linearly with atomic number. Hence, mass attenuation

coefficient values become minimum. In the high energy region
(> 10MeV), mass attenuation coefficient values again increases be-
cause of pair production which is proportional to Z2. The variation of
mass attenuation coefficient with photon energy for Al– 32S is as shown
in Fig. 2. There are 5 X-ray absorption edges are observed in Al 32S
those are Ni L1, Cu L1, Mg K, Al K and Si K X ray at energies 1.01, 1.10,
1.31, 1.56 and 1.84 keV respectively.
The variation of mass attenuation coefficient with photon energy for

Al-43 alloy is as shown in Fig. 3. There are 2 X-ray absorption edges are
observed in Al-43those are Al K and Si K X-ray at energies 1.56 and
1.84 keV respectively. The variation of mass attenuation coefficient
with photon energy for Fe–Si is as shown in Fig. 4. There are 2 X-ray
absorption edges are observed in Fe–Si those are Si K and Ce K X-ray at
energies 1.84 and 7.11 keV respectively. The variation of mass at-
tenuation coefficient with photon energy for Al-356 alloy is as shown in
Fig. 5. There are 3 X-ray absorption edges are observed in Al 356 those
are Mg K, Al K and Si K X-ray at energies 1.31, 1.56 and 1.84 keV re-
spectively.
The variation of mass attenuation coefficient with photon energy for

Al-A355 is as shown in Fig. 6. There are 8 X-ray absorption edges are
observed in Al A355 those are Ni L1, Cu L1, Mg K, Al K, Si K, Mn K, Si K
and Cu K X-ray at energies 1.01, 1.1, 1.31, 1.56, 1.84, 6.54, 8.33 and
8.98 keV respectively. The variation of mass attenuation coefficient
with photon energy for Al-355 is as shown in Fig. 7. There are 4 X-ray
absorption edges are observed in Al 355 those are Cu L1, Al K, Si K and
Mo L1 X-ray at energies 1.1, 1.56, 1.84 and 2.87 keV respectively.

Fig. 11. Comparison of exposure buildup factors with energy for different aluminium silicon alloys (1-Al-47, 2-Al-32S, 3-Al-43, 4-Ferro silicon, 5-Al-355, 6-Al-356, 7-
Al-A355).
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3.2. Gamma/X-ray interaction parameters

We have calculated the half value layer, tenth value layer and mean
free path for different aluminium silicon alloys. The comparison of half
value layer, tenth value layer and mean free path for different alumi-
nium silicon alloys are as shown in Fig. 8. From this comparison, it is
clear that the half value layer and tenth value layer are small for ferro

silicon alloy than the other aluminium silicon alloys. It means gamma/
X-ray penetrates less in ferro silicon alloy than the other aluminum
silicon alloys. It means ferro-silicon is good absorber of gamma/X-ray
radiation.
The variation of effective atomic number and effective electron

density with energy for different aluminium silicon alloys are as shown
in Fig. 9. These parameters for aluminium silicon alloys are large in the

Fig. 12. Comparison of evaluated coherent neutron
scattering length, incoherent neutron scattering
lengths (λinc), coherent neutron scattering cross sec-
tion, incoherent neutron scattering cross sections,
total neutron scattering cross section and neutron
absorption cross sections for different aluminium si-
licon alloys (1-Al-47, 2-Al-32S, 3-Al-43, 4-Ferro si-
licon, 5-Al-355, 6-Al-356, 7-Al-A355).

Fig. 13. Comparison of neutron attenuation parameters among the studied aluminium silicon alloys (1-Al-47, 2-Al-32S, 3-Al-43, 4-Ferro silicon, 5-Al-355, 6-Al-356,
7-Al-A355).
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low energy region (due to photo electric effect) and decreases pro-
gressively, there after increases and becomes constant for high energy
(due to pair production). It is also observed that effective atomic
number and effective electron density almost constant for the alloy Al-
43.

3.3. Variation of energy exposure buildup factors (EBF) with the energy

The variation of exposure buildup factors with energy at different
mean free paths are as shown in Fig. 10a. The variation of exposure
buildup factors with mean free path at various energies (0.1, 0.5, 1.5, 5
and 15MeV) for different aluminium silicon alloys are as shown in
Fig. 10b. From this figure it is clear that EBF values increases with in-
crease in the target thickness. This is due to the reason that with in-
crease in the target thickness, scattering events in the medium in-
creases. The comparison of exposure buildup factors with energy for
different aluminium silicon alloys are as shown in Fig. 11. It is observed
that EBF value is larger for ferro silicon alloy among the studied alu-
minium silicon alloys at different energies. It is also reveals that scat-
tering and absorption is larger in ferro-silicon than the other studied
alloys. Ferro silicon can be used for the shielding for gamma/X-ray
radiations.

3.4. Neutron shielding properties

Neutron scattering length and cross sections such as coherent neu-
tron scattering length, incoherent neutron scattering lengths, coherent
neutron scattering cross section, incoherent neutron scattering cross
sections, total neutron scattering cross section and neutron absorption
cross sections are related to shielding capability of the medium. Hence
in the present work, we have considered these parameters as shielding
parameters. The attenuation parameter is evaluated using the total
cross section. The comparison of evaluated coherent neutron scattering
length, incoherent neutron scattering lengths, coherent neutron scat-
tering cross section, incoherent neutron scattering cross sections, total
neutron scattering cross section and neutron absorption cross sections
for different Al–Si alloys are as shown in Fig. 12.
From this figure, it is clear that coherent neutron scattering length

and incoherent neutron scattering lengths are smaller for Ferro silicon
alloy than that of the other studied alloys. Coherent and total neutron
scattering cross sections are large for Ferro silicon alloy. The neutron
absorption cross section is high for Ferro silicon alloy. From the study of
above parameters suggest that neutron scattering and absorption is
larger in ferro-silicon alloy than that of the other studied alloy. The
comparison of evaluated neutron attenuation parameter (cm2/g) for the
studied Al–Si alloys is shown in Fig. 13. From this figure, it is clear that
the total neutron attenuation parameter is larger for ferro silicon alloy
than that of the other studied alloy. Hence attenuation of neutrons are
large in larger for ferro silicon alloy than that of the other studied alloy.

Ferro-silicon alloy may be used for the shielding for neutrons also.

4. Conclusion

We have studied the X-ray, gamma and neutron shielding para-
meters in Al–Si alloys. From the detail study, it is clear that Ferro silicon
alloy is good absorber for X-ray, gamma radiation and neutron. The
attenuation parameters for neutron is large for Hence, we suggest that
Ferro silicon alloy is best shielding material for X-ray, gamma and
neutrons.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.radphyschem.2019.108414
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We have studied the energy absorption buildup factors and specific absorbed fraction of energy for the silicon-boron 
alloys of different composition such as alloy A-Si0.95-B0.05, alloy B- Si0.9-B0.1, alloy C- Si0.8-B0.2, alloy D- Si0.7-B0.3,  
alloy E- Si0.6-B0.4 and alloy F- Si0.5-B0.5. for wide energy range (0.015–15 MeV) up to the penetration depth of 40 mfp using 
geometric progression fitting method. Buildup factors increase with the increase in the penetration depth. It has been found 
that the shielding parameters such as mass attenuation coefficient, effective atomic number and buildup factor values are 
larger for the silicon-boron alloy Si0.95-B0.05 than the other studied silicon-boron alloys. Specific absorbed fraction of energy 
is maximum for the silicon-boron alloy Si0.95-B0.05. Hence, we can conclude that the silicon-boron alloy Si0.95-B0.05 is a good 
absorber of X-rays, gamma and neutrons among the studied alloys. The present study is useful in the field of radiation 
shielding. 

Keywords: Energy absorption, Buildup factor, Silicon-boron alloys, Radiation shielding  

1 Introduction 
When gamma and X-rays enter the medium, they 

degrade their energy through scattering with the 
medium, giving rise to secondary radiation which can 
be estimated by a factor which is called the “buildup 
factor.” Manjunatha and Rudraswamy1 studied energy 
absorption and exposure buildup factors in 
hydroxyapatite, and these are helpful in dosimetry and 
diagnostics. The same group2,3 computed the buildup 
factors and photon relative dose distribution in 
different regions of teeth, which is useful in dental 
science. Previous researchers4 also employed 
computed buildup factors for the estimation of 
specific absorbed fractions of energy in the biological 
samples. Previous researchers used exposure buildup 
factors for the calculations of secondary radiation 
dose such as bremsstrahlung5,6. Steel is used for 
shielding of gamma radiation. 

Calculations of the energy absorbed in a medium 
include not only the contribution of uncollided 
photons from the source but also the contributions 
from the collided and secondary photons. In practice, 
this is done by multiplying the contribution of 
uncollided photons with the energy absorption 
buildup factor7,8. The buildup factor is an important 

parameter in the distribution of photon flux in every 
object. In brnchytherapy, radioactive seeds are 
implanted into the patient's body to destroy the 
cancerous tumor9,10. Thus, it is important to consider 
the photon buildup factor in the calculation of 
radiation dose received by the cancer cells.  
The buildup factor data were computed by different 
codes such as PALLAS-PL11, RADHEAT-V412, 
ADJMOM-113 and ASFIT14. Several authors have 
provided different buildup factor data for extensive 
utilization of design in radiation shields and other 
purposes15-19. ANSI/ANS 6.4.3 used the geometric 
progression (GP) fitting method20 and provided 
buildup factor data for 23 elements, water, air, and 
concrete at 25 standard energies in the energy range 
0.015–15 MeV with suitable interval up to the 
penetration depth of 40 mfp.  

Previous studies21 compared the computed buildup 
factors using the GP fitting method with the PALLAS 
code. Good agreement was observed for penetration 
depth up to 40 mfp. Shimizu et al.22 compared the 
buildup factors obtained by three different methods 
(GP fitting, invariant embedding, and Monte Carlo 
method), and only small discrepancies were observed 
for low-Z elements up to 10 mfp. Singh et al.23 
studied the variation of energy absorption buildup 
factors with incident photon energy and penetration 
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depth for some solvents. Sidhu et al.24 computed the 
exposure buildup factors in biological samples and 
studied the variation of exposure buildup factors with 
incident photon energy and effective atomic number. 
Previous researchers25 studied X-ray and gamma 
radiation shielding parameters in silicon alloys. 
Silicon appears as coarse polyhedral particles and its 
hardness goes on increasing with increase in the 
number of silicon particles26. The influence of the Si 
content in the alloys have better wear resistance and 
mechanical properties27. The alloys with Boron 
content are used for the neutron shielding purpose28. 
The alloys with Boron content are possess good 
mechanical properties29. In the present study, we have 
studied the energy absorption buildup factors of the 
silicon-boron alloys of different composition such as 
alloy A-Si0.95-B0.05, alloy B- Si0.9-B0.1, alloy C- 
Si0.8-B0.2, alloy D- Si0.7-B0.3, alloy E- Si0.6-B0.4 
and alloy F- Si0.5-B0.5 for wide energy range (0.015–
15 MeV) up to the penetration depth of 40 mfp using 
GP fitting method. The consideration of the primary 
photons interaction in the target medium is not 
sufficiently accurate for the estimation of absorbed 
dose in other various organs from a source of photons. 
An accurate absorbed dose calculation needs specific 
absorbed fraction of energy (U). It is defined as the 
ratio of the energy absorbed by the target to the 
energy emitted by the source. In the present work, we 
have also studied the specific absorbed fraction of 
energy for the silicon-boron alloys of different 
composition such as alloy A-Si0.95-B0.05, alloy B- Si0.9-
B0.1, alloy C- Si0.8-B0.2, alloy D- Si0.7-B0.3, alloy  
E- Si0.6-B0.4 and alloy F- Si0.5-B0.5. for wide energy 
range (0.015–15 MeV) up to the penetration depth of 
40 mfp.  
 
2 Theory 

Three methods are used to calculate the  
specific absorbed fraction of energy for a given 
source organ target organ pair at a given initial photon 
energy: (i) φ is calculated from the target to source to 
with the Monte Carlo radiation transport computer 
program; (ii) φ is calculated from source to target 
with the Monte Carlo computer program and this 
value is used to estimate target to source and (iii) φ is 
calculated from the target to source with the  
point source kernel method. In this method,  
the specific absorbed fraction of energy at distance  
x from the point source mono energetic photon 
emitter is given by: 

   



24
exp

R
Bxx enen 

   … (1)  

 
Here, μen is linear absorption coefficient of photons 

of given energy, μ is linear attenuation coefficient of 
photons of given energy, Ben is energy absorption 
build up factor; ρ is density of the medium. The 
energy absorption build up factors are computed and 
are used to evaluate ϕ for the distance up to 10 mm 
and penetration depth up to 40 mean free paths. 

In the present work, we have estimated energy 
absorption build up factor (Ben) using GP fitting 
method30-37. We have evaluated the G-P fitting 
parameters (b, c, a, Xk and d) for different alloys 
using following expression which is based on 
Lagrange’s interpolation technique 
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where lower case z is the atomic number of the 
element of known G-P fitting parameter Pz adjacent to 
the effective atomic number (Zeff) of the given 
material whose G-P fitting parameter 

effZP is desired 
and upper case Z are atomic numbers of other 
elements of known G-P fitting parameter adjacent to 
Zeff. For the computation of Zeff, the values of mass 
attenuation coefficients were computed from 
WinXCom computer program30. Zeff is computed from 
the following equations:  
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Where ni is the number of atoms of ith element in a 
given molecule, (μ/ρ) is the mass attenuation 
coefficient of silicon-boron alloys, N is the 
Avogadro's number, Ai is the atomic weight of 
element i. (μ/ρ)st was estimated based on the chemical 
composition and fi is the fractional abundance.  

GP fitting parameters (b, c, a, Xk and d) for 
element adjacent to Zeff are provided by the standard 
data available in literature37. The computed G-P 
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fitting parameters (b, c ,a, Xk and d) were then used to 
compute the EABF in the energy range 0.015MeV-
15MeV up to a penetration depth of 40 mean free path 
with the help of G-P fitting formula, as given by the 
equations30-37: 
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For penetration depth (X)≤40mfp  ... (6) 
 

Where X is the source-detector distance for the 
medium in mean free paths (mfp) and b is the value of 
build-up factor at 1mfp. K(E,X) is the dose 
multiplication factor and b, c ,a, Xk and d are 
computed G-P fitting parameters that depend on 
attenuating medium and source energy. 
 
3 Results and Discussion 

We have calculated energy absorption buildup 
factors using GP fitting method. The calculated 
energy absorption buildup factors are graphically 
represented. The variation of energy absorption 
buildup factors with incident photon energy for 
silicon-boron alloys is shown in Fig. 1. From this 
figure, it is observed that energy absorption increases 

up to the Epe (0.1 MeV) and then decreases. Here, Epe 
is the energy value at which the photoelectric 
interaction coefficients match with Compton 
interaction coefficients for a given value of effective 
atomic number (Zeff). The variation of buildup factors 
with energy is due to the dominance of photoelectric 
absorption in the lower end and the dominance of pair 
production in the higher photon energy region. As the 
energy of incident photon increases, Compton 
scattering overtakes the photoelectric absorption. It 
results in multiple Compton scattering events, which 
increases the energy absorption buildup factor up to 
the Epe, and it becomes maximum at Epe. Thereafter 
(above Epe), pair production starts dominating 
(absorption process) which reduces the energy 
absorption buildup factor to a minimum value. The 
variation of energy absorption buildup factors with 
the penetration depth at 0.1 MeV, 1 MeV, 5 MeV, 10 
MeV and 15 MeV is shown in Fig. 2. The buildup 
factor increases with the penetration depth.  

The variation of specific absorbed fractions (φ) as a 
function of energy for silicon boron alloys are as 
shown in Fig. 3. It is observed that specific absorbed 
fractions increases up to the Epe and then decreases. 
Here Epe is the energy value at which the photo 
electric interaction coefficients matches with 
Compton interaction coefficients for a given value of 
effective atomic number (Zeff). The variation of 
specific absorbed fractions with mean free path at 
various energies (0.05, 0.1, 0.5, 1.0, 5.0, 10 and  
15 MeV) for different silicon boron alloys are as 
shown in Fig. 4. From this Figure it is clear that 
specific absorbed fractions value increases with 

 
 

Fig. 2 – Variation of buildup factors (Ben) of different silicon-
boron alloys with mean free path at different energies (MeV).
(Alloy A-Si0.95-B0.05, Alloy B- Si0.9-B0.1, Alloy C- Si0.8-B0.2, Alloy 
D- Si0.7-B0.3, Alloy E- Si0.6-B0.4 and Alloy F- Si0.5-B0.5.) 

 

Fig. 1 – Variation of buildup factors (Ben) of different silicon-
boron alloys with energy (MeV) for different mean free paths
(Alloy A-Si0.95-B0.05, Alloy B- Si0.9-B0.1, Alloy C- Si0.8-B0.2, Alloy
D- Si0.7-B0.3, Alloy E- Si0.6-B0.4 and Alloy F- Si0.5-B0.5.) 



INDIAN J PURE APPL PHYS, VOL. 58, APRIL 2020 
 
 

216

increase in the target distance. This is due to the 
reason that with increase in the target distance, 
scattering events in the medium increases. 

Variation of effective electron density and specific 
absorbed fractions (φ) as a function effective atomic 
number for silicon boron alloys are as shown in Figs 5 
and 6. The effective electron density and specific 
absorbed fractions for boron polymers is large in the 
low energy region (due to photo electric effect) and 
decreases progressively, there after increases and 
becomes constant for high energy (due to pair 
production). Figure 7 shows the comparison of 
specific absorbed fraction of energy among the 
studied silicon boron alloys at different energies for 
mean free paths corresponding to 20 and 40. From 
this comparison, it is clear that the silicon boron alloy 
Si0.95-B0.05 is having larger value of specific absorbed 
fractions than the other studied alloys. 

 
 
Fig. 5 – Variation of effective electron density as a function of 
effective atomic number. (Alloy A-Si0.95-B0.05, Alloy B- Si0.9-B0.1,  
Alloy C- Si0.8-B0.2, Alloy D- Si0.7-B0.3, Alloy E- Si0.6-B0.4 and 
Alloy F- Si0.5-B0.5. )  
 

 
 
Fig. 6 – Variation of specific absorption factor as a function of 
effective atomic number. (Alloy A-Si0.95-B0.05, Alloy B- Si0.9-B0.1, 
Alloy C- Si0.8-B0.2, Alloy D- Si0.7-B0.3, Alloy E- Si0.6-B0.4 and 
Alloy F- Si0.5-B0.5. ) 

 
 
Fig. 3 – Variation of specific absorbed fractions (φ) (g-1) as a
function of energy (MeV). (Alloy A-Si0.95-B0.05, Alloy B- Si0.9-
B0.1, Alloy C- Si0.8-B0.2, Alloy D- Si0.7-B0.3, Alloy E- Si0.6-B0.4 and
Alloy F- Si0.5-B0.5.) 
 

Fig. 4 – Variation of specific absorbed fractions (φ) (g-1) as a
function of mean free path (λ). (Alloy A-Si0.95-B0.05, Alloy
B- Si0.9-B0.1, Alloy C- Si0.8-B0.2, Alloy D- Si0.7-B0.3, Alloy E- Si0.6-
B0.4 and Alloy F- Si0.5-B0.5. )  
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Fig.7 – Comparison of specific absorption factor with silicon-
boron alloys at different energies for mean free path 
corresponding to 20 and 40. (Alloy A-Si0.95-B0.05, Alloy B- Si0.9-
B0.1, Alloy C- Si0.8-B0.2, Alloy D- Si0.7-B0.3, Alloy E- Si0.6-B0.4 and 
Alloy F- Si0.5-B0.5. ). 
 
4 Conclusions 

We have studied the energy absorption buildup 
factors and specific absorbed fraction of energy for 
the silicon-boron alloys of different composition. 
From this study, we can suggest that the silicon boron 
alloy Si0.95-B0.05 is the good absorber of X-ray, gamma 
and it can be used for shielding purpose. 
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I. Introduction 

Due to the desirable corrosion characteristics 
and biocompatibility,  Zinc alloys can be used as the  
biodegradable metals. In the present work we have 
investigated the specific absorbed fraction (SAF) of 
energy, energy absorption buildup factors (ABFs) and 
relative dose (RD) in the energy range 15keV–15 MeV 
for zinc alloys of different composition such as alloy A 
(Cu 20 %, Ni 40 %, Zn 40 %),  alloy B (Cu 30 %, Ni 35 
%, Zn 35%),  alloy C (Cu 40 %, Ni 30 %, Zn 30%), alloy 
D (Cu 50 %, Ni 25 %, Zn 25%),  alloy E (Cu 60 %, Ni 
20 %,  Zn 20%) and alloy F (Cu 70 %, Ni 15 %,  Zn 15%) 
up to the penetration depth (PD) of 40 mfp using GP 
fitting method. It is found that both SAF and RD are 
larger for alloy F (Cu 70 %, Ni 15 %,  Zn 15%) than the 
other studied zinc alloys.. Hence, we can conclude that 
the alloy F (Cu 70 %, Ni 15 %,  Zn 15%) is a good 
absorber of X-rays, neutrons and gamma among the 
investigated zinc alloys. This work finds its usefulness in 
the radiation dosimetry and shielding of radiation. 
 On entering a medium, X-rays and gamma rays 

undergo scattering  and the energy gets degraded, due to 

which secondary radiation are produced.  These 

secondary radiations can be calculated using buildup 

factor.  Manjunatha and Rudraswamy [1-2] evaluated the 

photon relative dose distribution and buildup factors in 

various parts of teeth. Manjunatha and Rudraswamy [3] 

studied energy absorption buildup factors as well as 

exposure buildup factors in hydroxyapatite. Previous 

researchers used exposure buildup factors for the 

investigation of secondary radiation dose like 

bremsstrahlung [4-5]. By injecting radioactive seeds into 

the patient's body, cancerous tumors can be destroyed in 

brachytherapy [6-7]. Cancerous tumors can be destroyed 

by multiplying the contribution of uncollided photons 

with the energy absorption buildup factors [8-9]. For 

designing the shielding of radiation, previous researchers 

gave the data for buildup factors [10-14]. In the 

computations of radiation dose absorbed by the cancer 

cells it is necessary to assume photon buildup factors.  

 To estimate the absorbed dose in certain organs 

using photons, the interaction of the primary photons in 

the target medium is not much accurate. Hence specific 

absorbed fraction of energy is required for the accurate 

estimation of absorbed dose. Specific absorbed fraction 

of energy is defined as the ratio of the energy absorbed 

by the target to the energy emitted by the source. In the 

present work, we have estimated the energy corresponds 

to SAF and RD up to the penetration depth of 40 mfp in 

energy range 15keV–15 MeV in zinc alloys of different 

composition.  

I. Theory 

II.1. Specific absorbed fraction of energy 

 The procedure for the determination of the 

specific absorbed fraction of energy is explained in detail 

in our previous work [15]. It is given by the expression  

 
 




24

exp

r

Bx
x enen
                                          (1)                                                                                                                

II.2. Relative dose 

 The procedure for the determination of the 

Relative dose is explained in detail in our previous 

work [1]. It is given by the expression  

rr e
r

B

D

D 
0

                                                           (2)                                                                                                                                         

III. Results and discussions 

 For the studied zinc alloys of different 

composition, the comparison of SAF with energy is as 

shown in figure 1. It is observed that among the studied 

zinc alloys, SAF is larger for the alloy of composition 

(Cu 70 %, Ni 15 %,  Zn 15%). The comparison of RD 

with energy is as shown in figure 2. It is found that 

among the studied zinc alloys, RD is larger for the alloy 

of composition (Cu 70 %, Ni 15 %, Zn 15%).  The 

variation of  SAF and RD with energy for the studied  

alloy of composition  (Cu 70 %, Ni 15 %,  Zn 15%) is 

shown in figure 3. It is found that SAF and RD rises up 

to the Epe and then decreases. SAF and RD is maximum 

at an energy of 0.5 MeV.  Epe is the value of energy at 

which the Compton interaction coefficients matches 

with photo electric interaction coefficients 
IV. Conclusion 
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 We have investigated the EABFs, SAF of 

energy and RD for zinc alloys.  From this study, it is clear 

that for the alloy of composition (Cu 70 %, Ni 15 %,  Zn 

15%), the SAF of energy and RD is maximum among all 

the studied zinc alloys. From this study we can suggest 

that the zinc alloy of composition (Cu 70 %, Ni 15 %,  

Zn 15%)  can be used as a good absorber of gamma rays, 

neutrons and X-rays  
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Fig 1. Comparison of SAF for the studied 

           alloys at a particular energy 
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Fig 2. Comparison of RD for the studied 

           alloys at a particular energy 
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 Fig 3. Variation of  SAF and RD with energy for the 

studied  alloy of composition (Cu 70 %, Ni 15 %,  Zn 

15%) 
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a b s t r a c t

Consideration of the photon interaction in the target medium is not sufficient for the estimation of
absorbed dose in the different organs from a source of photons. For the accurate absorbed dose calcula-
tion specific absorbed fraction of energy is required. It is defined as the ratio of the energy absorbed by
the target to the energy emitted by the source. The calculation of specific absorbed fraction of energy
depends on the buildup factor values and the interaction of secondary electrons. X-rays and gamma rays
undergo scattering on entering a medium, thus the energy gets degraded, due to which secondary radi-
ation are produced. These secondary radiations can be calculated using buildup factor. Gallium alloys are
less toxic and cost effective material compared to lead. Due to the importance of Gallium alloys in radi-
ation shielding, the study of an interaction of X-rays and gamma radiation in these alloys becomes impor-
tant.
In the present work we have investigated the energy exposure buildup factors (EBF) and specific

absorbed fraction (SAF) of energy for some gallium alloys such as Gallium alloy [Al-50%, Ga-50%],
Galfenol [Fe-30%, Ga-70%] and Galinstan [Ga-68.5%, In-21.5%, Sn-10%]. With the increase in the penetra-
tion depth, the value of buildup factors increases. It is observed that the values of exposure buildup fac-
tors and Specific absorbed fraction of energy are larger for the gallium alloy Galinstan than the other
studied gallium alloys. From this work it is clear that among the studied gallium alloys, in Galinstan
absorption of X-rays and gamma radiations more compared to other studied alloys. Hence, we can con-
clude that the gallium alloy Galinstan is a good absorber of X-rays and gamma radiation among the stud-
ied gallium alloys. This work is useful in the shielding of radiation.
Copyright � 2022 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Sympo-
sium on Materials of the Millennium: Emerging Trends and Future Prospects.

1. Introduction:

Consideration of the photon interaction in the target medium is
not sufficient for the estimation of absorbed dose in the different
organs from a source of photons. For the accurate absorbed dose
calculation specific absorbed fraction of energy is required. It is
defined as the ratio of the energy absorbed by the target to the
energy emitted by the source. The calculation of specific absorbed
fraction of energy depends on the buildup factor values and the
interaction of secondary electrons. X-rays and gamma rays
undergo scattering on entering a medium, thus the energy gets

degraded, due to which secondary radiation are produced. These
secondary radiations can be calculated using buildup factor.

Manjunatha and Rudraswamy [1–2] evaluated the photon rela-
tive dose distribution and buildup factors in various parts of teeth.
The Lambert Beer law determines the strength of X-ray / gamma
ray beam passing through a medium. A corrective factor known
as the ‘‘build up factor” is employed to apply the law. It gives the
information on the quantity of secondary radiations produced in
the medium and energy deposited/absorbed in the medium. Previ-
ous researchers studied the secondary radiation dose like brems-
strahlung used exposure buildup factors [3–4]. Earlier workers
[5] studied the biological samples to compute their specific
absorbed fraction of energy. A number of researchers gave the data
for buildup factor for designing the shielding of radiation and other
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such applications [6–10]. Sidhu et al., [11] investigated how expo-
sure buildup factors varies with the energy of incident photon and
effective atomic number (Zeff) in biological samples.

Shimizu et al., [12] observed small discrepancies for elements of
lower atomic numbers up to 10 mfp when the buildup factors
obtained by three methods viz., Monte Carlo method, invariant
embedding, and GP fitting are compared. Singh et al., [13] investi-
gated how exposure buildup factors varies with the energy of inci-
dent photon. The present work focusses on the estimation of
buildup factor as explained by Manjunatha et al., [14] and specific

absorbed fractions in some gallium alloys such as Gallium alloy
[Al-50%, Ga-50%], Galfenol [Fe-30% , Ga-70%] and Galinstan [Ga-
68.5% , In-21.5%, Sn-10%].

2. Material and Methods:

In this work, we have evaluated the energy absorption build-up
factor (Ben) using GP fitting method [15–22]. WinXCom computer
program [18] gives mass attenuation coefficients values, from
which we can evaluate Zeff, from the following equation:

Fig. 1. Variation of energy exposure buildup factors with energy for the studied gallium alloys at different mean free paths.

Fig. 2. Variation of energy exposure buildup factors with mean free path for the studied gallium alloys at different energies.
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Where (l/q) is the mass attenuation coefficient, ni is the number of
atoms of ith element in a given molecule, Ai is the atomic weight of
element i, N is the Avogadro’s number. From the standard data

available in literature [23], GP fitting parameters (a, b, c, d & Xk)
are provided for element adjacent to Zeff. The evaluated G-P fitting
parameters were then used to estimate the energy absorption
buildup factor up to a depth of 40 mfp in the energy range
15 keV-15 MeV using G-P fitting relations [16–22]

BðX; EÞ ¼ 1� b
1� K

ðKX � 1Þ þ 1 for K–1 ð2Þ

Fig. 3. Variation of SAF with energy for the studied gallium alloys at different mean free paths.

Fig. 4. Variation of SAF with mean free path for the studied gallium alloys at different energies.
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BðX; EÞ ¼ 1� Xð1� bÞ for K ¼ 1 ð3Þ

KðX; EÞ ¼
tanh X

XK
� 2

� �
� tanhð�2Þ

h i
d

1� tanhð�2Þ
þ CXa For penetration depth Xð Þ 6 40mfp ð4Þ

Where b is the value of buildup factor at 1mfp & X is the distance
between source & detector for the medium in mfps. a, b, c, d & Xk

are estimated using G-P fitting parameters which depends on
source energy & attenuating medium and K(E, X) is the dose multi-
plication factor.

To estimate the energy corresponding to or a given pair of
organ-source & organ-target at a given energy of initial photon
three different techniques are employed: (i) SAF is estimated from
source to target using Monte Carlo computer program and this
value is used to estimate target to source, (ii) SAF is investigated
from the target to source using Monte Carlo radiation transport
computer program and (iii) SAF is estimated from the target to
source with the point source kernel method. In this method, the
energy corresponding to SAF at distance � from the point source
of mono energetic photon emitter is given by

U xð Þ ¼ exp �lxð ÞlenBen

4pr2q
ð5Þ

Here len is photon linear absorption coefficient at a given energy, l
is photon linear attenuation coefficient at a given energy, Ben is the
build-up factor corresponding to energy absorption, q is density of
the medium. To evaluate specific absorbed fraction, estimated
energy absorption build up factors up to a penetration depth of
40 mfp & distance up to 10 mm are required.

3. Results and Discussion:

The variation of energy exposure buildup factors (EBF) with
energy for the studied gallium alloys at different mean free paths
is shown in Fig. 1. It is found that EBF increases up to the Epe and
then decreases. Here Epe is the energy value at which the photo
electric interaction coefficients match with Compton interaction
coefficients for a given value of effective atomic number (Zeff). With
the increase in mean free path, deposition of energy in the medium

increases. Hence, energy absorption buildup factor increases with
mean free path. Among the studied gallium alloys, galinstan alloy
is found have larger energy absorption buildup factor compared
to that of other two alloys.

The variation of EBF with mean free path (mfp) for the studied
gallium alloys at different energies is shown in Fig. 2. From this fig-
ure it is clear that EBF values increases with increase in the target
distance. This is due to the reason that with increase in the target
distance, scattering events in the medium increases. EBF values
increases up to the Epe and then decreases. Here Epe is the energy
value at which the photo electric interaction coefficients match
with Compton interaction coefficients for a given value of effective
atomic number (Zeff). Among the studied alloys EBF is larger for
Galinstan for the given energies.

Variation of specific absorbed fractions (SAF) with energy at dif-
ferent mean free paths is shown in Fig. 3. SAF is large for larger
mean free paths, with the increase in mean free paths, EBF
increases and hence SAF also increases. Variation of specific
absorbed fractions (SAF) with mean free at different energies for

Fig. 5. Comparison of EBF and SAF among the studied alloys for 10 mfp (1- Gallium alloy , 2- Galfenol and 3- Galinstan) at different energies.

Table 1
Comparison of experimental values with that produced by Wincom program for
Arsenic oxide.

As2O3

E keV (l/q)expt (l/q)winXcom

5.411 222.17 ± 3.99 181.9714
5.895 175.72 ± 3.17 140.9716
6.404 140.40 ± 2.54 117.3126
6.925 113.64 ± 2.05 98.5678
7.472 92.49 ± 2.78 79.121
8.041 76.19 ± 1.38 59.604
8.631 62.28 ± 1.13 51.3198
9.572 45.76 ± 0.83 38.7532
9.876 43.20 ± 0.82 34.6111
10.986 32.33 ± 0.59 26.2567
11.21 30.64 ± 0.58 24.8526
11.907 191.42 ± 3.34 136.1275
12.502 158.71 ± 2.86 124.2628
13.299 135.59 ± 2.46 108.3263
14.142 112.48 ± 2.03 91.6175
140,933 100.63 ± 1.82 76.3128
15.859 85.28 ± 1.54 67.7478
16.766 74.17 ± 1.35 61.0081
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the studied gallium alloys is shown in Fig. 4. It is observed that SAF
is larger for smaller energies.

Comparison of EBF and SAF among the studied gallium alloys at
different energies is shown in Fig. 5. From this figure it is found
that the values of EBF and SAF is large for Galinstan [Ga-68.5%,
In-21.5%, Sn-10%] among the studied gallium alloys. On compar-
ison of EBF and SAF among the studied gallium alloys it is found
that the alloy Galinstan is having larger values of EBF and SAF than
that of others. This may be due to the fact that the effective atomic
number and mass attenuation coefficient are larger for Galinstan
alloy than that of others.

To validate the present work we have evaluated the mass atten-
uation coefficient for Arsenic oxide for which experimental values
are available. The comparison of values produced by the present
work with of experiments is shown in Table 1.. From this table it
is clear that present work is close to the experiments.

4. Conclusion

We have evaluated the energy absorption build up factors and
specific absorbed fraction of energy in some gallium alloys such
as Gallium alloy [Al-50%, Ga-50%], Galfenol [Fe-30%, Ga-70%] and
Galinstan [Ga-68.5%, In-21.5%, Sn-10%]. From the comparison of
EBF and SAF among the studied gallium alloys at different energies
it is clear that for the gallium alloy Galinstan [Ga-68.5%, In-21.5%,
Sn-10%] the EBF and SAF is maximum for all energies among all
the studied gallium alloys. From this study we can suggest that
the gallium alloy Galinstan [Ga-68.5%, In-21.5%, Sn-10%] can be
used as a good absorber of X-rays and gamma rays.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Funding

The authors did not receive support from any organization for the
submitted work.

Availability of data and material

Yes.

Code availability

The authors did not use any codes for the submitted work.

Authors’ contributions

The corresponding author state that all the authors are part of
the work and equally contributed for the manuscript in the present
form.

Ethics approval

We abide the rules and guidelines of ethics.

Consent to participate

All listed authors have approved the manuscript before submis-
sion, including the names and order of authors.

Consent for publication

We are submitting the manuscript entitled ‘‘Radiation shielding
properties of Gallium alloys” for kind publication in your esteem
Journal Kindly acknowledge the receipt of the manuscript.

References

[1] H.C. Manjunatha, B. Rudraswamy, Computation of exposure build-up factors in
teeth, Rad. Phy. Chem 80 (2011) 14–21.

[2] H.C. Manjunatha, B. Rudraswamy, Energy absorption build-up factors in teeth,
J. Radio. Nucl. Chem 294 (2012) 251–260.

[3] H.C. Manjunatha, A dosimetric study of Beta induced bremsstrahlung in bone,
Appl. Rad. Isotopes 94 (2014) 282–293.

[4] H.C. Manjunatha, B. Rudraswamy, Beta induced Bremsstrahlung exposure in
DNA and RNA, Phys. Med 27 (2011) 188–193.

[5] H.C. Manjunatha, B. Rudraswamy, A study of thickness and penetration depth
dependence of specific absorbed fraction of energy in bone, Ann. Nucl. Energy
38 (2011) 2271–2282.

[6] J.H. Hubbell, A power series buildup factor formulation, J. Res. 67C (1963) 291–
306.

[7] A.B. Chilton, C.M. Eisenhauer, G.L. Simmons, Photon Point Source Buildup
Factors for Air, Water and Iron, Nucl. Sci. Eng. 73 (1980) 97–107.

[8] Y. Sakamoto, S. Tanaka, Y. Harima, Nucl. Sci. Eng. 100 (1988) 33–42.
[9] G.S. Brar, A.K. Sandhu, S. Makhan, G.S. Mudahar, Interpolation of gamma-ray

buildup factors for point isotropic source with respect to atomic number, Rad.
Phys. Chem. 44 (1994) 459–465.

[10] G.S. Brar, G.S. Mudahar, Energy and effective atomic number dependence of
the exposure buildup factor in soils—a study, Nucl. Geophys. 9 (1995) 471–
480.

[11] G.S. Sidhu, P.S. Singh, G.S. Mudahar, A study of energy and effective atomic
number dependence of the exposure build-up factors in biological samples, J.
Radiol. Prot. 20 (2000) 53–68.

[12] A. Shimizu, T. Onda, Y. Sakamoto, Calculation of gamma-ray buildup factors up
to depths of 100 mfp by the method of invariant embedding, (III) generation of
an improved data set, J. Nucl. Sci. Technol. 41 (2004) 413–424.

[13] P.S. Singh, S. Tejbir, K. Paramajeet, Variation of energy absorption buildup
factors with incident photon energy and penetration depth for some
commonly used solvents, Ann. Nucl. Energy. 35 (2008) 1093–1097.

[14] H.C. Manjunatha, K.V. Sathish, L. Seenappa, et al., A study of x-ray, gamma and
neutron shielding parameters in Si-alloys, Rad. Phy. and Chem. 165 (2019).

[15] H.C. Manjunatha, B. Rudraswamy, Energy absorption build-up factors in teeth,
J. Radio. Nucl. Chem. 294 (2012) 251–260.

[16] K.C. Suresh, H.C. Manjunatha, B. Rudraswamy, Study of Zeff for DNA, RNA and
retina by numerical methods, Rad. Prot. Dosimetry 128 (2007) 294–298.

[17] H.C. Manjunatha, A study of photon interaction parameters in lung tissue
substitutes, J. Med. Phys. 39 (2014) 112–115.

[18] N. Gerward Leif, K.B Jensen Guilbert, H. Leving, WinXCom – a program for
calculating x-ray attenuation coefficients, Rad. Phy. Chem. 71 (2004) 653–654.

[19] H.C. Manjunatha, B. Rudraswamy, Energy absorption and exposure build-up
factors in hydroxyapatite, Rad. Meas. 47 (2012) 364–370.

[20] H.C. Manjunatha, B. Rudraswamy, Computation of CT-number and Zeff in
Teeth, Health Phys 100 (2011) S92–S99.

[21] H.C. Manjunatha, B. Rudraswamy, Computation of exposure build-up factors in
teeth, Rad. Phys. Chem. 80 (2011) 14–21.

[22] H.C. Manjunatha, B. Rudraswamy, Study of effective atomic number and
electron density for tissues from human organs in the energy range of 1 keV–
100 GeV, Health Phys. 104 (2013) 158–162.

[23] American National Standard. ANSI/ANS 6.4.3. Oak Ridge, TN 37831-6362
(1991).

K.V. Sathish, L. Seenappa, H.C. Manjunatha et al. Materials Today: Proceedings 57 (2022) 295–299

299

http://refhub.elsevier.com/S2214-7853(22)01406-7/h0005
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0005
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0010
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0010
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0015
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0015
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0020
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0020
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0025
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0025
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0025
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0030
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0030
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0035
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0035
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0040
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0045
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0045
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0045
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0050
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0050
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0050
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0055
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0055
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0055
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0060
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0060
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0060
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0065
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0065
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0065
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0070
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0070
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0075
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0075
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0080
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0080
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0085
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0085
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0090
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0090
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0095
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0095
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0100
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0100
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0105
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0105
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0110
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0110
http://refhub.elsevier.com/S2214-7853(22)01406-7/h0110


Progress in Nuclear Energy xxx (xxxx) xxx

Please cite this article as: K.V. Sathish, Progress in Nuclear Energy, https://doi.org/10.1016/j.pnucene.2021.103788

0149-1970/© 2021 Elsevier Ltd. All rights reserved.

Investigation on shielding properties of lead based alloys 

K.V. Sathish a,b, H.C. Manjunatha a,**, Y.S. Vidya c,*, B.M. Sankarshan d, P.S. Damodara Gupta a, 
L. Seenappa a, K.N. Sridhar a, Alfred Cecil Raj b 

a Department of Physics, Government College for women, Kolar, 563101, Karnataka, India 
b Department of Physics, St. Joseph’s college, Thiruchirapalli, 620002, Tamil Nadu, India 
c Department of Physics, Lal Bahadur Shastri Government First Grade College, RT Nagar, Bangalore, 560032, Karnataka, India 
d Department of Physics, The National institute of Engineering, Mysuru, 570008, Karnataka, India   

A R T I C L E  I N F O   

Keywords: 
Gamma / X-ray shielding parameters 
Mechanical properties 
Relative dose 
Lead based alloys 

A B S T R A C T   

The current study involves the X-ray/gamma and neutron shielding properties of selected lead based binary/ 
tertiary/quaternary alloys such as Foundary type, Lino type, Molybdochalkos, Mono type, Stereo type, Turne 
type, Type metal and Woods metal. The X-ray/gamma and neutron shielding parameters are studied in detail for 
all the selected alloys. Among all the selected alloys, Molybdochalkos shows larger values of mass attenuation 
coefficient (MAC), absorption buildup factor (ABF), Zeff, Ne, specific absorbed fractions of energy (SAFE), radi
ation protection efficiency (RPE), kinetic energy released in matter (KERMA) and relative dose. Furthermore, 
neutron total interaction cross section (σtot) and absorption cross section (σab) values are also larger. This clearly 
indicates that Molybdochalkos binary alloy is the good absorber of both X-ray/gamma and neutrons.   

1. Introduction 

In nuclear experiments and radiation related experiments, shielding 
is one of the most important aspects to be taken care of. In this regard 
there have been many materials which are being looked into. Amongst 
which there have been usage of materials which contain heavy elements 
occupying the front-line. The materials used for radiation shielding vary 
from flexible materials Intom et al. (2020); Turhan et al. (2020) to that 
of glasses Sayyed et al. (2020); Sopapan et al. (2020). Traditionally el
ements with higher atomic numbers and concrete were used for 
shielding. There have been investigations on concrete with different 
amounts of lead Rezaei-Ochbelagh and Azimkhani (2012). Lead in 
different proportions with other materials including that of other metals 
is an important candidate for radiation shielding. Many studies have 
been conducted to find out the alternatives such as alloys, polymers, 
glasses etc., to improve the shielding efficiency. Among the alternative 
shielding materials, alloys/binary-alloys/tertiary alloys have gained the 
major importance in literature Agar et al. (2019); Akman et al. (2019). 

The X-ray/gamma and neutron shielding effectiveness can be 
examined on the basis of certain parameters such as MAC (mass atten
uation coefficient), penetration depth (mean free path), HVT (half value 
thickness), TVT (tenth value thickness), Zeff (effective atomic number), 

Ne (effective electron number) and EBF (exposure buildup factor), 
coherent neutron scattering length, coherent neutron scattering cross 
section, incoherent neutron scattering cross sections, total neutron 
scattering cross section, neutron absorption cross sections etc. Enormous 
work has been reported on shielding parameters of alloys Al-Buriahi and 
Tonguc (2020); Alavian and Tavakoli-Anbaran (2020); Babu et al. 
(1984); Islam et al. (2020); Manjunatha (2017); Manjunatha et al. 
(2016a); Manjunatha and Rudraswamy (2006); Manjunatha et al. 
(2019a,b, 2018a,b); Nagaraja et al. (2019); Rudraswamy et al. (2010); 
Seenappa et al. (2017, 2018a,b); Shafka et al. (2015); Shah and Wasim 
(2020); Yılmaz et al. (2011). Limkitjaroenporn et al., Limkitjaroenporn 
et al. (2013) determined the MAC and Zeff for Inconel 738 alloy for 
different energies obtained from Compton scattering. Singh et al., Singh 
and Badiger (2013) computed the MAC, Zeff and effective electron 
density of carbon steel and stainless steels by using the WinXcom pro
gram. Seven et al., Seven et al. (2004) measured the total MAC for Co, 
Cu, Ni elements and Co–Cu, Co–Cu–Ni alloys at different energies using 
transmission arrangement. However, lead and lead based alloys are 
conventional materials used as a primary shielding material type due to 
superior attenuation properties against ionizing X-rays/gamma, its high 
atomic number and density. Combination of one or two other elements 
with lead, improves certain advanced properties such as hardness, 
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corrosion resistance, tensile strength etc. Agar et al. (2019). Kaur et al., 
Kaur et al. (2016, 2017) studied the scope of Pb–Sn and Pb–Zn binary 
alloy in gamma ray shielding. Further the physical properties and 
shielding parameters were discussed in detail. Singh et al., Singh et al. 
(2015) computed various photon interaction parameters for different 
compositions of Cu–Pb binary alloys in the wide energy regime of 1 
keV–100 GeV. Tekin and Kilicoglu investigated the gamma-ray and 
neutron shielding properties of different type of Ga additive in Pd–Mn 
binary alloys Tekin and Kilicoglu (2020). Issa et al., Issa et al. (2020) 
utilized MCNPX code, XCOM and XMuDat to compute the nuclear ra
diation parameters of fabricated five different glasses based on PbO. In 
addition to nuclear radiation parameters, numerous physical and me
chanical parameters were discussed in detail. Mahmoud et al. (2018) 
fabricated, characterized and studied the gamma ray shielding param
eters of nano and micro lead oxide dispersed high density polyethylene 
composites. As lead based alloys are easily available and low in cost, 
many research workers carried out extensive work in this area by 
exploring the gamma/X-ray radiation shielding parameters El-Toony 
et al. (2020); Kaur et al. (2019); Manohara et al. (2011); Zhang et al. 
(2020). 

The investigations of mechanical properties of the alloys place a very 
important role to reveal their possible use for alloy design through a 
hardness test and a tensile test Kobayashi et al. (1995). The alloys are 
easy to process on relatively unsophisticated machinery because of their 
low melting points and relatively high mechanical properties soon after 
casting Prengaman (2009). Alloys posses good mechanical properties 
Kobayashi et al. (1995). Studies on mechanical properties are also 
important when these are used for the purpose of shielding Prengaman 
(2009); Tekumalla et al. (2015). 

Present work investigates the X-ray/gamma, neutron shielding 
properties of lead based alloys such as Foundary type (Sn0.15-Sb0.23- 
Pb0.62) (FD), Lino type (Sn0.04-Sb0.16-Pb0.8) (LT), Molybdochalkos 
(Cu0.1-Pb0.9) (MC), Mono type (Sn0.09-Sb0.19-Pb0.72) (MT), Stereo type 
(Sn0.06-Sb0.14-Pb0.8) (ST), Turne type (Sn0.2-Pb0.8) (TU), Typemetal 
(Sn0.03-Sb0.11-Pb0.86) (TM) and Woods metal (Cd0.1-Sn0.133-Pb0.267-Bi0.5) 
(WM) which are less toxic than the lead. Hence we felt it worthwhile to 
study these lead based alloys. 

2. Theory 

2.1. Gamma/X-ray shielding parameters 

2.1.1. Mass attenuation coefficient, Half Value Layer, mean free path, 
effective atomic number and electron density 

Theoretically, mass attenuation coefficient (MAC) (μm) in the energy 
range from 1 keV to 100 GeV are produced for FD, LT, MC, MT, ST, TU, 
TM and WM alloy by using WinXCom Gerward et al. (2004); Man
junatha (2015); Manjunatha et al. (2019b). For shielding purposes, the 
optimum thickness of the material plays a very important role. It is 
necessary to have the knowledge of Half Value Layer (HVL) which de
pends on the energy of the photon radiation and the type of materi
al/alloy. The average distance travelled by the photon in the target 
material before it can be absorbed or scattered is called a photon mean 
free path (λ) or penetration depth. The ratio of total atomic cross section 
(σa) to the total electronic cross section (σe) gives effective atomic 
number (Zeff). The σa can be derived from the values of the MAC. The 
number of electrons per unit mass gives another interaction parameter 
called electron density (Ne) and is calculated from the measured Zeff. 
Larger the electron density value, more are the chances of photon 
interaction Manohara et al. (2009). Our Previous work Manjunatha 
(2014, 2015, 2017); Manjunatha et al. (2016b); Manjunatha and 
Rudraswamy (2013); Manjunatha et al. (2017); Rudraswamy et al. 
(2010); Seenappa et al. (2017); Suresh et al. (2008); clearly demon
strates the method and equations used in estimating the atomic, elec
tronic cross section, effective atomic number and effective electron 
density. 

2.1.2. Specific gamma ray constant (Γ) and radiation protection efficiency 
The gamma ray constant is an exposure rate (in R/h) due to photons 

at a distance of 1 m from a source with an activity of 1 Ci which can be 
determined by the relation 

Γ = 657.68 × Eγ

(μen

ρ

) R.m2

Ci.hr
(1) 

The radiation protection efficiency (RPE) is evaluated using the 
following equation 
(

1 −
I
I0

)

× 100% = (1 − e− μt) × 100% (2)  

where μ is the measure of linear attenuation coefficient. I and I0 are the 
intensities of the radiation for thickness t and t = 0 respectively. 

2.1.3. Absorption buildup factor 
The interaction of γ ray with material depends upon photon energy 

and element compositions of binary/tertiary/quaternary alloy. The 
strength of γ ray beam through the medium depends on Lambert Beer 
law under three conditions: (i) monochromatic rays, (ii) thin absorbing 
material and (iii) narrow beam geometry. If the conditions set out above 
are not satisfied, then the law is no longer applicable. In order to apply 
the law, a correction factor called “build up factor” is used. It gives the 
information on the quantity of secondary radiations produced in the 
medium and energy deposited/absorbed in the medium. In the present 
work, we have estimated energy absorption build up factors (ABF) using 
geometric progression (GP) fitting method for FD, LT, MC, MT, ST, TU, 
TM and WM binary/tertiary/quaternary alloys as explained by Man
junatha et al., Manjunatha et al. (2019b) for different penetration depth 
and photon energy. 

2.2. Neutron shielding parameters 

The neutron shielding parameters such as the coherent neutron 
scattering length (λco), incoherent neutron scattering length (λinc), 
coherent neutron scattering cross section (σco), incoherent neutron 
scattering cross sections (σinc), total neutron scattering cross section 
(σtot), neutron absorption cross sections (σab) in the FD, LT, MC, MT, ST, 
TU, TM and WM binary/tertiary/quaternary alloys were calculated 
using the equation as explained in Manjunatha et al.,Manjunatha et al. 
(2019b). From the computed neutron cross sections, attenuation 
parameter of neutron is evaluated using the relation 

Attenuation ​ parameter =
σabs × NA

A
cm2

/

g (3)  

where NA and A are Avogadro number, atomic weight respectively and 
σabs is the evaluated absorption cross section. 

2.3. Kerma coefficients from partial photon interactions 

For the energy fluence Φ of uncharged radiation of energy E, the 
Kerma K is given by El-Khayatt (2017). 

K = ΦE(μtr / ρ) (4)  

where (μtr/ρ) is the mass energy transfer coefficient of the material for 
this radiation. The Kerma coefficient k is given by El-Khayatt (2017). 

k = K/Φ = E(μtr / ρ) (5)  

To determine the Kerma coefficient k(E) at certain photon energy E we 
need a) The partial cross section for the photoelectric process, Compton 
scattering and pair production and b) The energy deposition fraction 
from each of the partial photon interaction. γ-ray Kerma coefficient is 
given by 
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k(E) = kDΣiwi[σi
rE + σi

CaE + σi
k(E − 1.022)]

Gycm2/photon
(6)  

where k(E) is the photon Kerma coefficient at energy E, σi
r, σi

k and σi
Ca are 

photoelectric, pair production and Compton energy absorption cross 
sections (cm2/g) for the ith element at photon energy E respectively, wi is 
the weight fraction of the ith element and kD is the energy conversion 

coefficient from MeV to Gy. 

2.4. Relative dose 

The ratio of dose rate in target to initial dose rate is termed as relative 
dose intensity. Dose distribution at a distance r is given by 

Dr = D0e− μrB/r (7) 

Fig. 1. Variation of MAC with gamma energy for the (a) FD, (b) LT, (c) MC and (d) MT binary/tertiary/quaternary alloys respectively.  

Fig. 2. Variation of MAC with gamma energy for the (e) ST, (f) TU, (g) TM and (h) WM binary/tertiary/quaternary alloys respectively.  
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Fig. 3. Comparison of HVL of FD, LT, MC, MT, ST, TU, TM and WM binary/tertiary/quaternary alloys at different photon energies.  

Fig. 4. Variation of (a) Zeff, (b) Ne, (c) RPE and (d) Kerma with photon energy for FD, LT, MC, MT, ST, TU, TM and WM binary/tertiary/quaternary alloys.  
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where μ denotes the linear attenuation coefficient for the appropriate 
photon energy and B is the exposure build-up factor. D0 is the initial dose 
delivered by the gamma ray source. The relative dose distribution at a 
distance r is 

Dr

D0
= e− μrB

/

r (8)  

The relative dose distribution can be calculated by using the estimated 
exposure build-up for different penetration depths. 

2.5. Specific absorbed fraction of energy 

The specific absorbed fraction of energy (SAFE) is the fraction of 
emitted energy from the source organ that is absorbed by the target 

organ per unit mass of target organ. The specific absorbed fraction of 
energy at distance x from the point source is given by 

Φ(x) =
μenexp(− μx)Ben

4πr2ρ (9)  

Here μen is linear absorption coefficient of photons of given energy, μ is 
linear attenuation coefficient of photons of given energy, Ben is energy 
absorption build up factor; ρ is density of the medium. The energy ab
sorption build up factors are computed and are used to evaluate Φ for 
various distances. 

3. Results and discussion 

Theoretically, X-ray/gamma, neutron shielding parameters of lead 
based binary/tertiary/quaternary alloys viz., FD, LT, MC, MT, ST, TU, 

Fig. 5. Variation of (a) ABF with photon energy, (b) ABF with λ for MC binary alloy, (c) ABF with photon energy, (d) ABF with λ, (e) SAFE with photon energy, (f) 
SAFE with λ, (g) Relative dose with photon energy, (h) Relative dose with λ for FD, LT, MC, MT, ST, TU, TM and WM binary/tertiary/quaternary alloys. 

K.V. Sathish et al.                                                                                                                                                                                                                              



Progress in Nuclear Energy xxx (xxxx) xxx

6

TM and WM alloy were studied. 

3.1. Gamma/X-ray shielding parameters 

Variation of MAC with Gamma energy for all the selected binary/ 
tertiary/quaternary alloys - FD, LT, MC, MT, ST, TU, TM and WM are 
graphically represented in Fig. 1(a–d) and Fig. 2(e–h) respectively. In all 
the selected binary/tertiary/quaternary alloys, the variation clearly 
shows the rapid decrease in MAC value with increase in gamma energy 
along with few X-ray absorption edges. The rapid decrease in MAC at 
lower energy is mainly due to the photoelectric process which gets 
dominated at lower energy. When gamma rays interact with corre
sponding binary/tertiary/quaternary alloys, it exhibits X-ray absorption 
edges at particular photon energy. These X-ray absorption edges are the 
characteristics of the elements present in the chosen binary/tertiary/ 
quaternary alloys. FD type tertiary alloy gives four absorption peaks 

observed in the range 2–3 keV, 3–5 keV, 13–32 keV and 88 keV, which 
are the characteristics of the elements present in the alloy (Fig. 1(a)). 
Each absorption peak is expanded and given in the inset of Fig. 1(a). The 
first absorption peak (2–3 keV) is associated with three minor X-ray 
absorption edges at 2.48, 2.59 and 3.07 keV corresponding to Pb M5-X- 
ray, Pb M4-X-ray and Pb M3-X-ray respectively. The second X-ray ab
sorption peak is associated with eight minor peaks at 3.55 keV, 3.85 keV, 
3.93eV, 4.13 keV, 4.16 keV, 4.38 keV, 4.5 keV and 4.7 keV corre
sponding to Pb M2-X-ray, Pb-M1-X-ray, Sn-L3-X-ray, Sb-L3-X-ray, Sn- 
L2-X-ray, Sb-L2-X-ray, Sn-L1-X-ray and Sb-L1-X-ray respectively. The 
third X-ray absorption peak consists five minor absorption edges at 13 
keV, 15.2 keV, 15.9 keV, 29.2 keV and 30.5 keV corresponding to Pb-L3- 
X-ray, Pb-L2-X-ray, Pb-L1-X-ray, Sn–K-X-ray and Sb–K-X-ray respec
tively. The fourth absorption peak appearing at 88 keV corresponds to 
Pb–K-X-ray. Similar trend is observed for the remaining binary/tertiary/ 
quaternary alloys. LT, MT, ST and TM alloy gives the characteristic X-ray 

Fig. 6. Comparison of SAFE and relative dose for FD, LT, MC, MT, ST, TU, TM and WM binary/tertiary/quaternary alloys at different photon energies.  
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absorption peaks of Pb, Sn and Sb elements. Fig. 1(b, d) Fig. 2(e and g) 
and inset figure clearly depicts the Pb-M5-X-ray, Pb-M4-X-ray, Pb-M3-X- 
ray, Pb-M2-X-ray, Pb-M1-X-ray, Sn-L3-X-ray, Sb-L3-X-ray, Sn-L2-X-ray, 
Sb-L2-X-ray, Sn-L1-X-ray, Sb-L1-X-ray, Pb-L3-X-ray, Pb-L2-X-ray, Pb-L1- 
X-ray, Sn–K-X-ray, Sb–K-X-ray and Pb–K-X-ray absorption peaks 
observed for LT, MT, ST and TM alloys. For MC, TU and WM binary/ 
tertiary/quaternary alloys, Pb-M5-X-ray, Pb-M4-X-ray, Pb-M3-X-ray, 
Pb-M2-X-ray, Pb-M1-X-ray, Pb-L3-X-ray, Pb-L2-X-ray, Pb-L1-X-ray and 
Pb–K-X-ray absorption peaks observed at 2.48, 2.59, 3.07, 3.55, 3.85, 
13, 15.2, 15.9 and 88 keV respectively. Further, characteristic peaks of 
copper Cu-L1-X-ray and Cu–K-X-ray are observed at 1.1 and 8.98 keV 
respectively for MC whereas Sn-L3-X-ray, Sn-L2-X-ray, Sn-L1-X-ray and 
Sn–K-X-ray absorption peaks are observed at 3.93, 4.16, 4.46 and 29.2 
keV respectively for TU binary alloy. In case of WM quaternary alloy, Bi- 
M5-X-ray, Bi-M4-X-ray, Bi-M3-X-ray, Cd-L3-X-ray, Bi-M2-X-ray, Bi-M1- 
X-ray, Cd-L1-X-ray, Sn-L2-X-ray, Sn-L3-X-ray, Bi-L3-X-ray, Bi-L2-X-ray, 
Bi-L1-X-ray, Bi–K-X-ray, Sn–K-ray, Bi–K-X-ray are observed at 2.58, 
2.69, 3.18, 3.54, 3.70, 3.73, 3.93, 4, 4.02, 4.16, 4.46, 13.4, 15.7, 16.4, 
26.7, 29.2 90.5 keV respectively (Figs. 1(c) and 2(f and h)). 

In general, reduction in the intensity of the beam was affected by the 
atomic number of the absorbing material or beam energy. The HVL of 
gamma/X-ray beam is the thickness of absorbing material needed to 

Fig. 7. Variation of (a) SAFE and (b) relative dose with distance (r) for FD, LT, 
MC, MT, ST, TU, TM and WM binary/tertiary/quaternary alloys. 

Fig. 8. Comparison of neutron shielding parameters for the FD, LT, MC, MT, ST, TU, TM and WM binary/tertiary/quaternary alloys.  
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reduce the beam to half of its original potential. HVL is (i) indirect 
measure of photon energy or beam hardness, (ii) an important quality 
control test as it is used to measure whether or not there is sufficient 
filtration in the x-ray beam to remove low energy radiation, which can 
be damaging and (iii) it also helps to determine the type and thickness of 
shielding required in the facility. Fig. 3 shows the comparison of HVL 
values of selected binary/tertiary/quaternary alloys at different photon 
energies (1 keV, 100 keV, 500 keV, 1 MeV, 10 MeV and 100 MeV). 
Among the selected lead alloys, HVL value was found to be smaller for 
MC which indicates that it is a good absorber. 

In the further investigation, we have studied the variation of other 
gamma/X-ray shielding parameter such as Zeff, electron density (Ne), 
radiation protection efficiency (RPE) and KERMA for all the selected 
binary/tertiary/quaternary alloys with gamma energy (Fig. 4(a–d)). 
Both Zeff and Ne follow a similar trend with gamma energy for all the 
selected alloys (Fig. 4 (a and b)). For instance, Zeff and Ne value was 
found to be maximum for WM quaternary alloy and minimum for FD 
tertiary alloy whereas, RPE was found to be larger for MC compared to 
other binary/tertiary/quaternary alloys under study as shown in Fig. 4 
(c)). The point where both Compton scattering and photoelectric effect 
dominates simultaneously, dip point is observed and RPE becomes 
minimum. The other X-ray/gamma-ray shielding parameter, KERMA 
gives the information about the kinetic energy released in the particular 
material. All the binary/tertiary/quaternary alloys show three absorp
tion peaks at 2.83, 14.5 and 103 keV except variation in intensity. This 
KERMA value was found to be larger for MC binary alloy. The maximum 
RPE and KERMA value indicates the better performance of MC binary 
alloy as a better shielding material. 

Compared to other alloys under study, MC binary alloy is a good 
absorber. Thus, the remaining shielding parameters such as Absorption 
buildup factor (ABF), SAFE and relative dose is studied at different 
photon energy and different penetration depth (λ) (Fig. 5 a and b) For a 
particular penetration depth, photoelectric effect and pair production 
process dominates in the lower and higher energy, whereas Compton 
scattering dominates at the intermediate energy region. The similar 
behavior is observed for all the penetration depth except the variation in 
intensity. However, linear relationship is observed with penetration 
depth for different photon energy. Fig. 5(c), (e) and Fig. 5(g) shows the 
graphical representation of variation of ABF (at λ = 40 cm), SAFE and 
Relative dose (at λ = 10 cm) with photon energy for all the selected 
binary/tertiary/quaternary alloys. Fig. 5(d), (f) and (h) shows the 
variation of ABF (at E = 1 MeV), SAFE and relative dose (E = 5 MeV) 
with penetration depth for all the studied alloys. The ABF, SAFE and 

relative dose increases with increase in penetration depth. With increase 
in penetration depth, thickness of the interacting material increases 
which results in increasing the scattering events in the interacting me
dium Manjunatha and Rudraswamy (2011). Among all the selected al
loys, MC binary alloy shows larger ABF, SAFE and relative dose value 
and hence a good absorber. Fig. 6(a–d) and Fig. 6(e–h) shows the 
comparison of SAFE and relative dose at different energies (1 keV, 100 
keV, 500 keV, 1 MeV) for all the binary/tertiary/quaternary studied 
alloys. Fig. 7 (a and b) depicts the variation of SAFE and relative dose of 
MC binary alloy with thickness. Initially SAFE value goes on increasing 
with increase in thickness and reaches the higher value at 0.5 cm 
thickness and thereafter decreases slowly with increase in the thickness 
value. As the gamma photon passes through the medium, there is a 
chance of production of secondary radiation which results in the higher 
value of SAFE. As the thickness increases, incident gamma/X-ray loses 
its energy and hence decreases in SAFE as well as Relative dose. 

3.2. Neutron shielding parameters 

The comparison of neutron shielding parameters for all the studied 
binary/tertiary/quaternary alloys is as shown in Fig. 8(a–f). This figure 
compares the (a) coherent neutron scattering length (λco), (b) incoherent 
neutron scattering length (λinc) (c) coherent neutron scattering cross 
section (σco), (d) incoherent neutron scattering cross sections (σinc), (e) 
total neutron scattering cross section (σtot) and (f) neutron absorption 
cross sections (σab) for all the selected alloys. Among all the selected 
alloys, MC binary alloy shows smaller λco, λinc, σco, σinc. However, larger 
σtot and σab values are observed. As λco, λinc, σco, σinc values are less, 
neutrons collide more frequently in the material. During each such 
collisions, it loses energy frequently. Further, Fig. 9 shows the com
parison of another neutron shielding parameter called Neutron attenu
ation parameter (NAP) for all the selected alloys. A material which 
possess smaller λco, λinc, σco, σinc and high σtot, σab and NAP shows the 
characteristic behavior of a good absorber. Since MC binary alloy shows 
all these characteristics and hence it is considered as a good absorber 

4. Summary 

In summary, X-rays/gamma and neutron shielding parameters of the 
FD, LT, MC, MT, ST, TU, TM and WM binary/tertiary/quaternary lead 
based alloys are studied in detail. The larger values of gamma shielding 
parameters such as MAC, ABF, Zeff, Ne, SAFE, RPE, KERMA and relative 
dose. Furthermore neutron shielding parameters such as σtot and σab 
values clearly indicates Molybdochalkos binary alloy is the good 
absorber of X-rays/gamma ray and neutron. 
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A B S T R A C T   

In the present communication, for the first time Ba–Fe–Ni oxide nanocomposite (BFNONC) was synthesized by 
using solution combustion method and calcined at 500oC. The synthesized sample was characterized using the 
techniques such as powder X-ray diffraction (PXRD), scanning electron microscopy (SEM), Fourier transmission 
infrared spectroscopy (FTIR) and UV–Visible spectrophotometer to determine phase purity, functional group, 
surface morphology, structural analysis and energy band gap. The presence of diffraction peaks corresponding to 
BaO, Fe2O3 and NiO clearly confirms the formation of BFNONC. The average crystallite size was found to be 30 
nm. The direct energy band gap determined by using Wood and Tauc’s relation was found to be 2.1 eV. Further, 
the X-ray/gamma ray shielding properties of BFNONC in the energy range 0.081–1.332 MeV using NaI (Tl) 
detector and multi channel analyser (MCA) were measured. The measured shielding parameters are compared 
with the theory. Above 356 keV energy of X-ray/gamma ray, the measured shielding parameters agrees well with 
the theory, whereas slight deviation is observed below 356 keV. This deviation is mainly due to the influence of 
atomic/crystallite size of the BFNONC. This BFNONC finds an application as a shielding material in radiation 
shielding.   

1. Introduction 

Nowadays, nanocomposites (NCs) initiate important development in 
nanotechnologies due to specific chemical and physical properties 
(Omanović-Mikličanin et al., 2020). Modification of the compositions, 
mixing of two or more elements adds to the possibility of tuning the 
properties at the nanoscale (Calvo, 2020). Many researchers have been 
captivated by the extraordinary level of novelty and unique possibilities 
for primarily new technologies that can be expected from combining size 
and composition effects, which has sparked a flurry of work. The NCs 
possess different structural, electronic, dielectric, magnetic, optical and 
chemical properties compared to those of corresponding bulk metals 
(Lewin et al., 2006). The combining of two or more metallic elements in 

clusters or bigger nanoparticles results in even more complexity and 
uniqueness. The main purpose of the field of NCs is to investigate and 
characterize the wide range of composite properties at the nanoscale as a 
function of size and composition both elemental and percentile. Pres
ently, efforts of researchers are well underway to attain this goal. 

NCs combine and enhance a wide variety of size effects with a wide 
range of composition effects, resulting in a multitude of novel features 
and characteristics that could not be acquired by just changing the size 
of pure metallic systems or the composition of bulk materials (Lewin 
et al., 2006). Recently, NCs have received much attention with respect to 
their application in engineering, aerospace, medicine, plastics, rubber, 
coatings, adhesives, and electronic, optic materials, science and nuclear 
industry, (Ates et al., 2020). Barrera et al. (2019), reviewed the 
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magnetic properties of various families of NC materials containing 
nanoparticles of transition metals or transition-metal compounds. 
Tishkevich et al. (DI Tishkevich et al., 2020), calculated the Linear and 
mass paths of protons and Ar+ ions in Al, Al2O3, Bi, and W77, 7Cu2O3 
composite shields using a SRIM software package and discussed the 
dependence of threshold energy on the serial number of these particles. 
The variety of the NCs such as Nd2Fe14B/α-Fe (Cui et al., 2005), poly
mers NCs (Novakova et al., 2003), (CoFeZr)x(Al2O3)(1− x) (Zhukowski
Julia Sidorenko et al., 2010) etc., nanocomposites are explored. In 
contrast to extensive studies on the optical, magnetic and electrical 
properties of NCs, however X-ray/gamma ray radiation shielding 
properties have not yet been explored (El-Gendy et al., 2016; Wu and 
Kim, 2007; Niu et al., 2019). 

Prolonged exposure to high-energy X-ray and gamma rays, as well as 
high penetrating neutrons, can result in major health issues. New ma
terials are continually being developed to remove these risks, and 
various researches are being conducted (Levet et al., 2020). Generally, 
high-atomic-number materials, such as lead and steel are frequently 
employed to absorb radiation in high-radiation environments (Singh 
et al., 2015). Determining the most appropriate material for shielding is 
the most challenging in the research field. NCs are the most common and 
favoured radiation shielding material because of their high shielding 

efficacy (Akman et al., 2019). In comparison with the traditional 
metal-based materials/composites/polymer/polymer composites, NCs 
have recently become popular as radiation shielding materials due to 
their low cost, high corrosion resistance, lightweight, simple and great 
processability and broad absorption and bandwidth capabilities (Sirin, 
2020; Tellili et al., 2017). Sayyed et al. (2021), investigated the role of 
Bi2O3 on the mechanical and radiation shielding properties of Bi2O3 −

ZnO − TiO2 − Na2O − TeO2 glass system. Tishkevich et al. (2019), 
studied the shielding and attenuation properties of Tungsten and copper 
composite materials. The transition metal oxide NCs are interesting from 
fundamental and technological points of view where the bonding in
volves valence d orbitals (De Almeida and Ahuja, 2006). Only few rare 
earth/transition metal NCs have been produced so far (Hu et al., 2019; 
Feng et al., 2018). Compared to lead, Barium, Iron and Nickel are less 
toxic, which has been proposed as a substitute. Already researchers 
carried out number of research work on Barium Oxide (Kaur et al., 2019; 
Zezulova et al., 2017), Iron oxide (Ganguly et al., 2021; Shahboub et al., 
2021) and Nickel oxide (Tekin et al., 2019; Kamil et al., 2022) as a 
shielding material. Compared to individual oxides, nanocomposite 
formed by these oxides shows better optical, thermal and mechanical 
properties which is required for a better shielding material. In this re
gard, an attempt was done and shielding properties of newly synthesized 

Fig. 1. Flowchart for the synthesis of BFNONC.  
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BaO–Fe2O3 and NiO nanocomposite was discussed in detail to explore a 
shielding material an alternative to replace the toxic lead material. 

A barium compound has a comparably large density of 4.5 g/cm3, 
good mechanical properties and environmentally-friendly properties 
(Akkurt et al., 2005). Compounds which contain Nickel have 
cost-effective, good thermal, mechanical and structural properties. 
Meanwhile, compounds with iron have good mechanical strength, 
ductility and thermal stability (Hamad et al., 2021). The compound 
which is having the combination of Barium, Nickel and Iron is expected 
to be good radiation shielding material. Various techniques for the 
synthesis of NCs have been proposed, including mechanical alloying 
(Phong et al., 2015), mechanochemical processing (Azizi et al., 2011), 
electrospinning (Jing et al., 2016), solution-phase chemical synthesis 
(Karipoth et al., 2016), electrochemical deposition (Tishkevich et al., 
2018) etc. Tishkevich et al. (2018), has discussed the bismuth coatings 
on the non-lead materials production by the electrochemical deposition 
method and investigation of the shielding efficiency from electron ra
diation. Inhomogeneity of the end product, limited surface area, 
development of large agglomerated particles, and presence of different 
flaws (surface, impurities) are all characteristics of the conventional 
techniques. The solution combustion method was used to solve these 
issues. This approach creates a consistent product with a large surface 
area and small particles, as well as a shorter processing time and a lower 
cost. Among all these techniques, solution combustion synthesis has 
been successfully employed to the preparation of BFNONC. Solution 
combustion method is a time-and energy-saving approach for the syn
thesis of NCs that can be easily scaled up. It includes the use of basic 
instruments, low-cost raw materials, the absence of surfactant and the 
ease with which chemical compositions can be designed. Solution 
combustion method produces high purity products permits stabilization 
of metastable phases, and allows the formation of virtually any size and 
shape products. Furthermore, aqueous combustion reaction facilitates 
the mixture of raw materials at molecular level. However, till to date, 
there are no literatures to report the preparation of BFNONC. 

In the present study, an attempt was done by synthesizing BFNONC 
which is a mixture of alkaline earth metal and transition metal using low 
temperature solution combustion method using urea as a fuel. One of the 
motives to synthesize NCs of these compounds and investigating their 
properties is the desire to control the energy band gap and to study the 
X-rays/Gamma rays shielding parameters, which provides the base for 
achieving optimal range over which a shielding material can design. The 
study of BFNONC, due to lack of an efficient synthesis approach, 
shielding properties are not yet explored. In the present work, we have 
synthesized BFNONC and studied the X-ray/gamma radiation shielding 
and anti-microbial properties. Present work consist of two parts, In the 
first part, we have synthesized and characterized the BFNONC. In the 
second part, we have measured the radiation shielding properties and 
antimicrobial properties. To the best of our knowledge, for the first time, 
low temperature solution combustion synthesis was demonstrated to be 

a versatile and energy efficient method for preparing BFNONC. The 
obtained nano powders were characterized using X-ray diffraction 
(XRD), scanning electron microscopy (SEM), Fourier transmission 
infrared spectroscopy (FTIR) and UV–Visible absorption spectroscopy. 
In addition to the gamma ray shielding and antimicrobial properties of 
synthesized BFNONC are studied in detail. 

2. Materials and methods 

2.1. Synthesis of BFNONC 

Ba(NO3)2, Iron(III) nitrate [Fe(NO3)3 ⋅ 9H2O], Nickel nitrate [Ni 
(NO3)3 ⋅ 6H2O] and Urea [CH4N2O] with 99.9 % purity were obtained 
from Sd-fine chemicals. All the reagents were of analytical grade and 
used as such without further purification. BFNONC was synthesized by 
solution combustion method using Urea as fuel. All the reagents are 
taken in a cylindrical crucible, stirred well in order to obtain homoge
neity for half an hour at 400 rpm. This crucible was placed in a muffle 
furnace that had been preheated to a temperature of 500 ± 10oC. The 
resultant solution was first boiled, then dehydrated to remove gases such 
as carbon dioxide, nitrogen and water vapour before forming the final 
product. The resulting product was calcined for 3 h at 500oC, then 
cooled to ambient temperature and collected. The visual depiction for 
the synthesis of BFNONC using urea as a fuel is shown in Fig. 1. 

2.2. Characterization of BFNONC 

The final products were characterized using Shimadzu Powder X-ray 
diffractometer (PXRD). The diffraction patterns were recorded at room 
temperature using Cu Kα (1.541 Å) radiation with nickel filter in the 2h 
range 20–50O at a scan rate of 2O min− 1. The morphological features and 
particle size were studied by scanning electron microscopy (SEM, 
Hitachi-3000) and transmission electron microscopy (TECNAIF-30) 
respectively. FTIR studies of the NPs were performed with a PerkinElmer 
Forntier FTIR spectrometer. The UV–Visible absorption spectrum was 
recorded on PerkinElmer UV–Visible Spectrophotometer. Further, 
measurement of X-ray/gamma ray shiedling properties of BFNONC and 
its theoritical evaluation was explained briefly in our previous work 
(Reddy et al., 2021). Theoretically, X-ray/gamma ray shielding param
eters such as Mass attenuation coefficient (μ/ρ), Half Value Layer (HVL), 
Tenth Value Layer (TVL), Mean free path (λ), Effective atomic number 
(Zeff), Electron density (Ne), Energy Absorption Buildup Factor (EABF), 
kinetic energy released in matter (KERMA), Specific gamma ray con
stant (SGR), specific absorbed fraction of energy (SAF) and Radiation 
protection efficiency (RPE) are also discussed in detail. The schematic 
view of the experimental set up used for the measurement of X-ray/
gamma ray shiedling properties of BFNONC is displayed in Fig. 2. 

The errors in the experiment came from two major sources; the 
counting rate error and the uncertainties on the thickness of target. The 

Fig. 2. Schematic diagram of the Experimental Setup of BFNONC (S: Source position, T:BFNONC sample, L: Lead shielding, D: Detector, PM: Photomultiplier).  
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maximum errors in the total mass attenuation coefficients were calcu
lated from errors in incident (I0) and transmitted (I) intensities and areal 
density (t) by using the propagation of error formula, 

Δ
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ρ

)
=

1
t
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where ΔI0, ΔI and Δt are the errors in the intensities I0, I and thickness t 
of the sample respectively. 

3. Theory 

3.1. Gamma/X-ray shielding parameters 

3.1.1. Mass attenuation coefficient, Half Value Layer, mean free path, 
effective atomic number and electron density 

Theoretically, mass attenuation coefficient (MAC) (μ/ρ) in the en
ergy range from 1 keV to 100 GeV are produced for BFNONC by using 
WinXCom (Manjunatha, 2015; Manjunatha et al., 2019). For shielding 
purposes, the optimum thickness of the material plays a very important 
role. It is necessary to have the knowledge of the Half Value Layer (HVL) 
which depends on the energy of the photon radiation and the type of 
material. The average distance travelled by the photon in the target 
material before it can be absorbed or scattered is called a photon mean 
free path (λ) or penetration depth. The ratio of total atomic cross section 
(σa) to the total electronic cross section (σe) gives effective atomic 
number (Zeff). The σa can be derived from the values of the MAC. The 
number of electrons per unit mass gives the another interaction 
parameter called electron density (Ne) and is calculated from the 
measured Zeff. Larger the electron density value, more are the chances of 
photon interaction (Manohara et al., 2009). Our Previous work (Man
junatha, 2014, 2015, 2017; Seenappa et al., 2017; Manjunatha et al., 
2016, 2017; Rudraswamy et al., 2010; Manjunatha and Rudraswamy, 
2013; Suresh et al., 2008) clearly demonstrates the method and equa
tions used in estimating the atomic, electronic cross section, effective 
atomic number and effective electron density. 

3.1.2. Specific gamma ray constant (Γ) and radiation protection efficiency 
The gamma ray constant is an exposure rate (in R/h) due to photons 

at a distance of 1 m from a source with an activity of 1 Ci which can be 
determined by the relation: 

Γ = 657.68 × Eγ

(μen

ρ

) R.m2

Ci.hr
(2) 

The radiation protection efficiency (RPE) is evaluated using the 
following equation: 
(

1 −
I
I0

)

× 100% = (1 − e− μt) × 100% (3)  

where μ is the measure of linear attenuation coefficient. I and I0 are the 
intensities of the radiation for thickness t and t = 0 respectively. 

4. Results and discussion 

BFNONC was synthesized by utilizing an inexpensive solution com
bustion process with urea as a fuel and calcined at 500oC. The synthe
sized sample was evaluated utilizing techniques such as PXRD, SEM, 
EDAX, FTIR, and UV–Visible spectrophotometer to determine phase 
purity, functional group, surface morphology, structural analysis, and 
energy band gap. To our knowledge, this is the first time that an attempt 
has been made to build an effective and a good X-ray/gamma ray ma
terial. As a result, the X-ray/Gamma ray shielding capabilities of syn
thesized BFNONC are thoroughly explored. 

4.1. PXRD analysis of BFNONC 

PXRD is one of the most widely utilised characterization techniques 
which gives information about the crystalline structure, phase nature, 
lattice parameters and crystalline grain size. Fig. 3a depicts the PXRD 
pattern of BFNONC synthesized by low temperature solution combus
tion method calcined at 500oC for 3 h. The sample’s/NCs high crystal
linity is confirmed by the strong diffraction planes. 

The BFNONC consists of Bragg’s reflections (200), (210), (211), 
(201), (101), (310), (212), (111), (103), (200), (110), (024), (116), 
(114) and (220) at 18.81, 21.76, 24.03, 24.43, 26.91, 31.11, 36.65, 
38.29, 44.55, 48.86, 50.19, 55.33, 59.13 and 64.87o 2θ respectively. 
Among these reflections, (200), (101), (310), (212), (111), (103) and 
(114) corresponds to tetragonal phase of BaO (Ansari and Jahan, 2021), 
(210), (211), (110), (024) and (116) corresponds to γ phase Fe2O3 (Hei 
et al., 2014) whereas remaining (200) and (220) corresponds to face 
centred cubic phase of NiO (Yan et al., 2014). The presence of Bragg’s 
reflections corresponding to BaO, Fe2O3 and NiO clearly confirms the 
formation of BFNONC. There are no signs of any further peaks relating to 
other impurities which confirms the purity of the sample. The average 
crystallite size of BFNONC was determined by using Debye-Scherrer’s 
equation and the Williamson-Hall (W-h) plot method (Fig. 3b) and is 
explained in our previous work (Vidya et al., 2015a; Gurushantha et al., 

Fig. 3. (a) PXRD pattern of BFNONC and (b) W-h plot of BFNONC.  
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2016; Malleshappa et al., 2016). In Debye-Scherrer’s equation crystallite 
size was calculated using high intense (200) peak and was found to be 
30 nm whereas in W–h plot method the crystallite size was found to be 
32 nm. When compared to Debye Scherrer’s equation, the crystallite size 
calculated from W–h plots was somewhat larger. The slight differences 
in the numbers were owing to the fact that in Scherrer’s calculation, the 
strain component was believed to be negligible and the observed 
broadening of the diffraction peak was attributed only to grain size 
reduction (Reddy et al., 2021; Prasanna Kumar et al., 2015). The other 
structural parameters such as dislocation density, strain and stacking 
fault was calculated using the relation given in vidya et al. (Vidya et al., 
2015b), which was found to be 1.1 × 1015 lin m− 2, 2.22 × 10− 3 and 
3.352 × 10− 3 respectively. 

4.2. Morphological analysis of BFNONC 

SEM and EDAX analysis can be used to determine the morphology of 
the surface, distribution of particles and the elemental composition of 
the synthesized NCs. 

Fig. 4a-c shows the SEM image of BFNONC at different magnifica
tion. Since it is a NCs which is the combination of BaO, Fe2O3 and NiO 
oxides, no such regular or irregular shaped nanoparticles are observed. 
The surface morphology is made up of large number of scaly natured 
agglomerated flakes which looks as they are placed one above the other 
as shown in Fig. 4(a and b). In addition to agglomerated flakes, few 
Cylinder cone volcanoes like voids are observed which is the charac
teristic of the combustion method. When the pressure is released, the 
gases explode, like soda spewing out of a bottle can that you shook up 
and opened suddenly. These type of nanoflakes are highly friable which 
facilitates easy grinding to obtain finer particles. At higher magnifica
tion, this NCs looks in the form of Ice block (Fig. 4c). The existence of Ba, 
O, Fe and Ni atoms in the host matrix, as well as the lack of other con
taminants, is confirmed by energy dispersive X-ray spectroscopy anal
ysis (EDAX) (Fig. 4d). The atomic percentages and weight percentages of 
the elements present in the synthesized BFNONC are listed in the 
Table 1. Generally, there is a large influence of particle size distribution 
on radiation shielding ability. The uniform and small sized particles 
increases the interaction of X-ray/gamma ray with nanoparticles which 
inturn increases the absorption (Li et al., 2017). The Particle size dis
tribution of synthesized nano particles as shown in Fig. 5. 

Fig. 4. SEM image (a–c) at different magnifications and EDAX spectra (d) of BFNONC.  

Table 1 
Weight fraction and atomic fraction of synthesized nanocomposite obtained 
from the EDAX measuement  

Element Weight % Atomic % 

O K 19.05 56.22 
Ba L 47.62 16.38 
Fe K 14.45 12.21 
Ni K 18.88 15.19  
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4.3. FTIR analysis of BFNONC 

The absorption of electromagnetic radiation with wavelengths in the 
mid-infrared range (4000–400 cm− 1) is measured using the FTIR tech
nique. The dipole moment of a molecule changes when it absorbs 
infrared radiation (IR), and the molecule becomes IR active. Fig. 6a 
exhibits FTIR spectra for BFNONC calcined at 500oC for 3 h in the range 
400–4000 cm− 1. The sharp IR peaks are observed at 484.3, 739.1, 
835.2, 1381.1, 1588.3, 2431.2, 3481.1 cm− 1. The peaks observed at 
484.3 cm− 1 attributed to the metallic (M) - oxygen (M = Ba, Fe and Ni) 
bond vibration (Qin et al., 2011). An absorption band observed at 
3481.2 cm− 1 corresponds to the presence of O–H group. The less intense 
sharp absorption band observed at 2431.2 cm− 1 corresponds to traces of 
absorbed atmospheric CO2 (Drmosh et al., 2010). The bands observed at 

739.1 and 835.2 cm− 1 correspond to the deformation of vibration of 
C–H group. Furthermore, in the range from 1300 to 1700 cm− 1 (1381.1 
and 1588.3 cm− 1) corresponds to the presence of carboxyl groups 
related to Urea was noted. 

4.4. UV–visible spectroscopic analysis and direct energy band gap 
calculation of BFNONC 

Another common characterization method for nanoscale materials is 
UV–Visible spectroscopy, which is relatively simple and low-cost. It 
compares the amount of light reflected or absorbed from a sample to the 
amount of light reflected or absorbed from a reference material. The 
optical properties are sensitive to size, shape, concentration, agglom
eration state and refractive index near the nanoparticle surface, which 

Fig. 5. Particle size distribution.  

Fig. 6. (a) FTIR spectra and (b) Wood and Tauc’s plot (Inset: UV–Visible absorption spectra) of BFNONC.  
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makes UV–Visible spectroscopy an important tool to identify, charac
terize and investigate these materials. Inset of Fig. 6b shows the 
UV–Visible absorption spectra of BFNONC in the wavelength range 
200–800 nm. Absorption was strong across a wide wavelength range, 
from ultraviolet to visible light, with an absorption tail extending into 
the infrared. The spectra shows prominent absorption band with 
maximum at 220.45 and 383.34 nm. The absorption band appeared at 
220.45 nm was assigned to Oxygen to metal ions charge transfer tran
sitions. The electronegativity of the oxygen atoms bonded to the metal 
centres determines the position of the maximum of this band (Dellarocca 
et al., 2001). The other less intense peak observed at 383.34 nm was 
expected to arise from transitions involving extrinsic states such as 
surface states/defects/impurities (Das et al., 2013; Cao et al., 2004). 

Wood and Tauc’s relation was used to estimate the direct energy 

band gap (Vidya et al., 2015c). The energy gap is determined by plotting 
(αhν)2 versus hν and finding the intercept on the hν axis by extrapolating 
the plot to (αhν)2 = 0. Fig. 6b shows the Wood and Tauc’s plot from 
which the direct band gap is obtained and was found to be 2.1 eV. Fig. 7 
shows the pictorial representation of energy band diagram. As we 
observed from the Fig. 7, as per the literature, the energy band gap of 
BaO, Fe2O3 and NiO lies at 4.4, 2.2 and 3.5 eV respectively (Yang et al., 
2016; Mallick and Dash, 2013; Irwin et al., 2008). The energy band gap 
of BFNONC lies at 2.1 eV. The amount of bandgap has a significant effect 
on the refractive index and transparency effect of the material. As per 
the literature, high refractive index and less transparency is observed for 
the nanomaterials with less energy bandgap. Compared to individual 
oxide materials, the synthesized NCs has less energy bandgap. As a result 
less transparency and absorption is more (Khodadadi and Taherian, 
2020; Peymanfar et al., 2020). From the literature (Zaki, 2008; El-Sha
hawy, 1997; Saad et al., 2005; Sharma et al., 2007), it is observed that 
there is a effect on the x-ray/gamma absorption properties and optical 
direct energy band gap. the absorption of gamma rays/X-rays is larger 
for the material with smaller optical direct energy band gap (Zaki, 2008; 
El-Shahawy, 1997; Saad et al., 2005; Sharma et al., 2007). In radiation 
shielding, absorption of X-rays/Gamma rays by a material plays an 
important role. In the present study, compared to Barium Oxide, Iron 
Oxide and Nickel Oxide, the obtained nanocomposite possesses less 
energy band gap. As a result, the absorption of X-rays/gamma rays is 
more in BFNONC compared to that of individual oxide matrices and 

Fig. 7. Energy band diagram.  

Table 2 
Comparison of measured mass attenuation co-efficient with that of NIST data.  

Energy (MeV) (μ/ρ)expt cm2/g (μ/ρ)[73] cm2/g % error 

0.276 0.22 0.177 74 19.207 8 
0.365 0.10 0.122 74 22.744 2 
0.511 0.088 0.092 02 4.570 8 
0.662 0.075 0.076 76 2.358 4 
1.173 0.054 0.054 85 1.583 9 
0.511 0.051 0.052 49 2.925 7  

Fig. 8. Measured Gamma ray spectra in BFNONC NPs using different sources such as Ba-133, Co-60, Cs-137 and Na-22 for different thickness.  
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hence shielding property also. Previous researcher (Zaki, 2008) also 
observed a decrease in the optical energy gap with increasing the 
gamma absorbed dose. 

4.5. Analysis of measured X-ray/gamma ray shielding properties of 
BFNONC 

Gamma sources such as 22Na (0.511, 0.081 MeV), 57Co (1.173, 1.332 
MeV), 137Cs (0.6615 MeV) and (133Ba (0.276, 0.356 MeV) are used to 
check the weld defects in industries, medical field, communication 
system, nuclear reactors, material science, and student research facilities 
(Boukhris et al., 2021). Thus there is a need to develop the shielding 

materials for these gamma radiations.The measured mass attenuation 
co-efficient compared with the NIST data base and this Comparison is 
also shown in the Table 2. In this table, relative difference between the 
theoretical and experimental values also presented. 

Fig. 8(a–d) shows the graphical representation of measured gamma 
ray spectra using different sources such as 137Cs (0.6615 MeV), 60Co 
(1.173 and 1.332 MeV), 22Na (0.511, 0.081 MeV) and 133Ba (0.276 and 
0.356 MeV) for different thickness 5, 10, 15, 20 & 25 mm of BFNONC. 
The nature of the gamma ray spectrum is different for different source. 
For 133Ba gamma ray source, three high intensity peaks are observed at 
160.71, 300.37 and 356.75 keV. For 60Co source, the gamma ray spec
trum consists two peaks at 1174.47 and 1334.3 keV, whereas for 137Cs 
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source, single high intense peak is observed at 662.75 keV. Two high 
intense peaks are observed at 528 and 1287 keV for 22Na source. As the 
thickness of BFNONC increases from 5, 10, 15, 20 & 25 mm, the nature 
of the gamma ray spectrum remains unaltered except the variation in 
intensity. The intensity of the peak increases with decrease in the 
thickness of the BFNONC. From the experimental data, the MAC values 
of BFNONC at different energies are extracted. 

Compared to bulk materials Nanoparticles significantly improve 
mechanical properties and also shielding to certain extent (Tyagi et al., 
2021). One of the radiation shielding parameter MAC is an important 
parameter for characterizing the penetration and diffusion of X-ray/
gamma rays in materials. Higher MACs means better shielding ability of 
a material. This radiation shielding property depends on the nature of 
the material, particle size distribution, energy band gap etc. All these 
properties of nanoparticles made them to show better shielding property 
over the bulk material. Fig. 9(a-l) and Table 3 gives the comparison of 
measured shielding properties such as μ/ρ, μ, HVL, TVL, λ, Zeff, Ne, EABF, 
KERMA, SGR, SAF and RPE with that of the theoretical values in the 
energy range 0.081–1.332 MeV. In general, the theoretical values are 
based on the Hubbel data (Hubbell and Seltzer, 1995; Berger, 2010; 
Gerward et al., 2001) which is calculated when there is an interaction of 
X-ray/gamma -ray with the micrometer sized atoms/particles. It is 
clearly observed from Table 3 that above 356 keV X-ray/gamma ray 
interaction energy, the measured shielding parameters agrees well with 
the theoretical value whereas slight deviation is observed below 356 
keV. The measured shielding parameters agrees well with the theory 
above 356 keV X-ray/gamma-ray interaction. Since the crystal
s/particles are in nanorange, the atom/particle size plays a very 
important role in this deviation. Furthermore, an accurate theory is 
necessary to explain the X-ray/gamma ray interaction with the NCs. 

4.6. Summary 

In summary, BFNONC was synthesized for the first time by using 
economical solution combustion method using urea as a fuel and 
calcined at 500o C. The synthesized sample was characterized by 
different techniques. The PXRD pattern confirms the existence of (hkl) 
planes corresponding tetragonal phase of BaO, γ phase Fe2O3 and cubic 
NiO which inturn confirms the formation of BFNO nanocomposite. The 
average crystallite size obtained from the Scherrer’s equation and W–H 
plot method was found to be 30 and 32 nm respectively. The surface 
morphology made up large number of piled flakes. The optical energy 
direct band gap obtained from Wood and Tauc’s plot was found to be 
2.1 eV. The detailed analysis of measured X-ray/gamma ray shielding 
properties of BFNONC was measured in the energy range 0.081–1.332 
MeV. Above 356 keV X-ray/gamma ray interaction energy, the 
measured shielding parameters agrees well with the theoretical values 
whereas deviation is observed below 356 keV. This variation is mainly 
due to the impact of crystallite/particle size of the target medium on the 
X-ray/gamma ray interaction energy. The synthesized BFNONC finds 
application in the shielding of for X-ray/gamma ray. 
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Table 3 
Comparison of measured X-ray/gamma shielding properties with that of the theory.  

SOURCE 56Ba 22Na 137Cs 60Co 

ENERGY (MeV) 0.081 0.276 0.356 0.511 0.661 5 1.173 1.332 
μ/ρ (cm2 g− 1) Th 2.01 0.17 0.11 0.09 0.07 0.06 0.04 

Ex 0.40 ± 0.02 0.22 ± 0.01 0.10 ± 0.01 0.09 ± 0.00 0.08 ± 0.00 0.05 ± 0.00 0.05 ± 0.00 
μ (cm− 1) Th 9.45 0.78 0.55 0.41 0.37 0.26 0.25 

Ex 2.16 ± 0.11 0.99 ± 0.05 0.47 ± 0.02 0.42 ± 0.02 0.35 ± 0.02 0.26 ± 0.01 0.25 ± 0.01 
HVL (cm) Th 0.13 1.35 1.82 2.39 2.79 3.88 4.14 

Ex 0.65 ± 0.03 1.13 ± 0.06 2.21 ± 0.11 2.37 ± 0.12 2.82 ± 0.14 3.82 ± 0.19 4.14 ± 0.21 
TVL (cm) Th 0.08 0.93 1.28 1.67 1.94 2.71 2.86 

Ex 0.35 ± 0.02 0.75 ± 0.04 1.45 ± 0.07 1.67 ± 0.08 1.93 ± 0.10 2.65 ± 0.13 2.87 ± 0.14 
λ (cm) Th 0.26 3.13 4.21 5.49 6.47 8.89 9.52 

Ex 1.42 ± 0.07 2.56 ± 0.13 4.87 ± 0.24 5.42 ± 0.27 6.43 ± 0.32 8.93 ± 0.45 9.41 ± 0.47 
Zeff Th 35.57 29.67 26.84 24.26 23.21 21.91 21.87 

Ex 34.65 ± 1.73 31.13 ± 1.56 28.11 ± 1.41 24.41 ± 1.22 23.18 ± 1.16 22.01 ± 1.10 21.82 ± 1.09 
Ne × 1023 

(electrons g− 1)  
Th 4.78 3.98 3.58 3.18 3.15 3.00 2.96 
Ex 4.62 ± 0.23 3.81 ± 0.19 3.65 ± 0.18 3.22 ± 0.16 3.08 ± 0.15 2.92 ± 0.15 2.93 ± 0.15 

EABF 
(mfp = 10 mm)  

Th 43.58 33.88 28.96 24.36 21.39 15.88 14.89 
Ex 21.33 ± 1.07 38.23 ± 1.91 33.54 ± 1.68 24.52 ± 1.23 21.23 ± 1.06 15.84 ± 0.79 14.78 ± 0.74 

KERMA 
(MeV) × 10− 13  

Th 7.01 1.67 1.67 1.67 2.11 2.63 2.63 
Ex 4.69 ± 0.23 2.16 ± 0.11 1.79 ± 0.09 1.95 ± 0.10 2.11 ± 0.11 2.72 ± 0.14 2.88 ± 0.14 

SGR 
(Rm2 Ci− 1 h)  

Th 99.65 29.73 28.39 30.17 33.29 42.26 44.94 
Ex 47.29 ± 2.36 40.44 ± 2.02 28.39 ± 1.42 29.94 ± 1.50 33.12 ± 1.66 42.36 ± 2.12 44.65 ± 2.23 

SAF (g− 1) 
(mfp = 10 mm)  

Th (x = 1 mm) 3.83 × 10− 4 0.01 0.01 0.01 0.01 0.01 0.01 
Ex (x = 1 mm) (3.00 ± 0.15) × 10− 2 0.01 ± 0 0.02 ± 0 0.01 ± 0 0.01 ± 0 0.01 ± 0 0.05 ± 0 
Th (x = 5 mm) 3.83 × 10− 4 0.06 0.05 0.04 0.04 0.02 0.02 
Ex (x = 5 mm) (3.00 ± 0.15) × 10− 2 0.05 ± 0 0.06 ± 0 0.04 ± 0 0.04 ± 0 0.02 ± 0 0.02 ± 0 

RPE Th (t = 1) 99.75 53.89 42.55 34.29 29.94 22.81 21.65 
Ex (t = 1) 80.13 ± 4.01 50.18 ± 2.51 46.17 ± 2.31 34.45 ± 1.72 30.54 ± 1.53 22.66 ± 1.13 22.13 ± 1.11 
Th (t = 5) 99.75 96.97 93.29 87.59 83.24 72.45 70.21 
Ex (t = 5) 99.87 ± 4.99 91.19 ± 4.56 88.12 ± 4.41 88.07 ± 4.40 83.83 ± 4.19 72.28 ± 3.61 70.03 ± 3.50 
Th (t = 10) 99.75 99.89 99.49 98.54 97.11 92.53 91.02 
Ex (t = 10) 99.99 ± 5.00 97.67 ± 4.88 97.15 ± 4.86 98.29 ± 4.91 97.18 ± 4.86 92.21 ± 4.61 90.55 ± 4.53  
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a b s t r a c t

The present study focusses on the shielding parameters (X-ray and gamma radiation) such as mass atten-
uation coefficient (MAC), linear attenuation coefficient (LAC), Tenth Value Layer (TVL), Half Value Layer
(HVL), electron density, effective atomic number, specific gamma ray constant and radiation protection
efficiency in some iron boron alloys such as Fe0.95B0.05 (A), Fe0.9B0.1 (B), Fe0.8B0.2 (C), Fe0.7B0.3 (D),
Fe0.6B0.4 (E) and Fe0.5B0.5 (F). We also investigated the neutron shielding properties (NSP) such as coherent
and incoherent neutron scattering length and cross section. Then the total neutron scattering and absorp-
tion cross sections were evaluated along with the radiation protection efficiency in the iron boron alloys.
The shielding properties of the various iron boron alloys were compared. It is clear from the detailed
study that the iron boron alloy Fe0.95B0.05 is a perfect absorber for x-ray, gamma and neutron radiation.
We therefore suggest that the iron boron alloy Fe0.95B0.05 is a good shielding material for gamma, neu-
trons and x-rays.
� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the Web International Con-
ference on Accelerating Innovations in Material Science – 2020.

1. Introduction

Nuclear shielding for X-rays, gamma and neutrons is an
important concern in the field of radiation physics. The mass atten-
uation coefficient (MAC) and its derivable are fundamental param-
eters for the collection of shielding materials for X-ray and gamma
radiation. Hayashi et al., [1] have shown that the capability of neu-
tron shielding is increased by the combination of steel and Zr
(BH4)4. Tekina et al., [2] were studied the MAC and calculated
shielding parameters (for example: effective atomic number (Zeff),
HVL, TVL, effictive electron density (Nel), average free path, and
photon transport factors). Kurudirek et al., [3] have inferred from
the findings that the build-up of photons was smaller in case of
NaCl relative to other materials at lower penetration depths. Ear-
lier researchers [4–7] were studied the gamma and neutron shield-
ing and c-ray interaction properties in alloys, polymers and boron
containing elements. The synthesis and characterization of
nanocomposite magnetite films were effectively used [8].

The polymers, plastic materials and polyvinyl alcohol / iron
oxide polymer composite were extensively used to measure
radiation shielding properties [9–14]. In the current paper, we
studied the parameters of X-ray and Gamma radiation safety such
as MAC and LAC, HVL and TVL, Zeff, Nel and specific c-ray constant.
We also studied the neutron shielding properties in the iron boron
alloys.

2. Theory

2.1. Gamma/X-ray interaction parameters

In the present research, the MAC and the photon interaction
cross-sections in the energy range from 1 keV to 100 GeV are pro-
duced using WinXCom [15] and its composition.

The total LAC can be calculated by multiplying the density of
the compounds to the MAC. By multiplying density of compounds
to the MAC, the overall LAC can be estimated. By using the total
LAC, the corresponding HVL is evaluated. HVL is the thickness of
the interactive medium which reduces the radiation level by a fac-
tor of 2. Therefore, it is half the initial level and is determined by a
ratio of 0.693 to the LAC. Again, the total LAC is also used in the TVL
estimation. It is the interactive media’s thickness used to attenuate

https://doi.org/10.1016/j.matpr.2021.04.516
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Fig. 1. Variation of mass attenuation coefficient with energy for the studied iron boron alloys.

Fig. 2. Variation of tenth value layer (TVL) with energy for the studied iron boron alloys.
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Fig. 3. Variation of half value layer (HVL) with energy for the studied iron boron alloys.

Fig. 4. Variation of mean free path with energy for the studied iron boron alloys.
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the radiation beam to 10% of its radiation level. The TVL is
evaluated by a ratio of 2.303 to the LAC. The mean free path (k)
is the average interval between the consecutive encounters. The
k is evaluated by the reciprocal of LAC.

The Zeff is estimated by using the ratio between atomic and
electronic cross section. Previous researchers [15–25] describe in
detail the method for estimating the atomic and electronic cross
section. The electron density is defined as the number of elec-
trons/unit mass. The effective density of electrons is calculated

from the atomic number measured. The earlier researchers [15–
25] explained the method for the measurement of effective elec-
tron density is described.

2.2. Specific gamma ray constant (U)

The U is a photon emission and it is expressed as follows;

C ¼ 657:68� Ec
len

q

� �
R �m2

Ci � hr ð1Þ

Fig. 5. Variation of effective atomic number with energy for the studied iron boron alloys.

Fig. 6. Variation of effective electron density versus the energy for the studied iron boron alloys.
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2.3. Neutron shielding parameters (NSP)

The NSP such as scattering length and scattering cross sections
in iron boron alloys are determined by using following mixture
rule;

here (NSP)i and fi are the NSP of ith element of the iron boron
alloys and the fractional abundance [26].

NSPð Þcompound ¼
X

fi NSPð Þ ð2Þ

2.4. Radiation protection efficiency (RPE):

The RPE is evaluated by using the following expression;

I � I=I0½ � � 100% ¼ 1� e�lt
� �� 100% ð3Þ

where l is the measure of LAC. I and I0 are the intensities of the
radiation for thickness t and t = 0 respectively.

3. Results and discussions

3.1. Variation of mass attenuation coefficient with photon energy.

The Fig. 1 shows the variation of MAC values for various iron
boron alloys in the energy range 1 keV-100 GeV. MAC values for
iron boron alloys are larger in the low energy region and decreases
gradually. Because of the dominant photoelectric interaction, the
MAC is observed to be high in the low energy region. Again, the
Compton scattering is dominant in the high-energy field, which
is linearly dependent on nuclear numbers. Hence, MAC value
becomes minimum value.

3.2. Gamma/X-ray interaction parameters

For various iron boron alloys, we have measured HVL, TVL and
mean free path. The variation of TVL is presented in Fig. 2.

Fig. 7. Comparison of specific gamma ray constant for the studied iron boron alloys, Fe0.95B0.05 (A), Fe0.9B0.1 (B), Fe0.8B0.2 (C), Fe0.7B0.3 (D), Fe0.6B0.4 (E) and Fe0.5B0.5 (F).

Fig. 8. Comparison of neutron shielding parameters for the studied iron boron alloys, Fe0.95B0.05 (A), Fe0.9B0.1 (B), Fe0.8B0.2 (C), Fe0.7B0.3 (D), Fe0.6B0.4 (E) and
Fe0.5B0.5 (F).
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Similarly, HVL and mean free path for different iron boron alloys
with that of energy are as shown in Figs. 3 and 4 respectively. From
the figure, it is observed that the iron boron alloy Fe0.95B0.05 is
having maximum TVL, HVL and mean free path values when com-
pared to all other alloys studied. Which indicates that the iron
boron alloy Fe0.95B0.05 will have less penetration for the gamma /
X ray than the other iron boron alloys studied. The Figs. 5 and 6
shows the variation of Zeff and Nel with energy for the studied iron
boron alloys. The studied parameters for iron boron alloys are large
in the low energy region (due to photo electric effect) and
decreases gradually with energy.

3.3. Specific gamma ray constant

The evaluation of U for studied iron boron alloys, Fe0.95B0.05 (A),
Fe0.9B0.1 (B), Fe0.8B0.2 (C), Fe0.7B0.3 (D), Fe0.6B0.4 (E) and Fe0.5B0.5 (F)
are depicted in Fig. 7. From this comparison, it confirms that U is
higher for the iron boron alloy Fe0.95B0.05 than the other studied
alloys.

3.4. Neutron shielding properties

The Fig. 8 shows the comparison of bcoh, binc, rcoh, rinc, rtot and
rabs for different iron boron alloys. From the figure, it is evident
that the bcoh and binc are minimum for the iron boron alloy
Fe0.95B0.05 than the other studied iron boron alloys. The rcoh and
rtot are minimum for the iron boron alloy Fe0.95B0.05. From the fig-
ure it is also observed that the rabs is maximum for the iron boron
alloy Fe0.95B0.05 when compared to all other alloys studied.

3.5. Radiation protection efficiency(RPE)

The studied RPE for iron boron alloys at different thickness for
different energies (32 keV, 84 keV, 662 keV, 1170 keV and
1330 keV) are shown in Fig. 9. From the figure it is observed that
the RPE is maximum for the iron boron alloy Fe0.95B0.05 than the
other studied iron boron alloys.

4. Conclusion

We studied the shielding parameters for X-rays, gamma and
neutrons in iron boron alloys. From the analysis of the different
iron boron alloy, it is clear that the iron boron alloy Fe0.95B0.05 is
good absorber for X-ray, gamma radiation and neutron. The atten-
uation parameters for neutron is large for the iron boron alloy
Fe0.95B0.05. Hence, the iron boron alloy Fe0.95B0.05 is good absorbing
material for X-ray, gamma and neutrons.
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