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ABSTRACT The gamma-ray exposure build-up factors of raw materials of bricks (soils and fly-
ashes) in the state of Punjab were investigated for the photon energy range 0.015 to
15 MeV up to 40 mfp penetration depth by the geometrical progression (GP) method.
Appreciable variations in the exposure build-up factor (EBF) are noted for the raw
materials. The EBFs of the raw materials of bricks change depending on the photon
energy, penetration depth and chemical composition. The build-up factors are low at
low and high photon energies, whereas they are very high in the medium-energy
region. The peak energy of the EBF for soils is 0.3 MeV and 0.2 MeV for fly ashes.
The EBFs of the raw materials of bricks are also compared with those of bricks of
red mud and common brick materials. Common bricks were found to have the
lowest gamma-ray EBF. This study should be useful for emergency preparedness
planning and emergency dose estimation for future planned nuclear power plants in
the state of Punjab.
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1. Introduction

The application of radiation such as in nuclear and radiation physics, industry,
medicine, the environment, hydrology, power production, dosimetry, biology and
agriculture is increasing rapidly and growing day by day. Nuclear and radiological
accidents have created apprehension in the public regarding nuclear energy. It is
vital to know how well residential and non-residential buildings are resistant to or
safe against radiation. The radiation safety of buildings is estimated by the
shielding properties such as mass attenuation coefficients, energy absorption
coefficients and the half-value layer. The most probable radiation in the normal
operation of a facility as well as accidents are polyenergetic gamma radiation
which is emitted by various radionuclides (Shlein, 1984; Sich, 1995).
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Presently, various new nuclear power plant projects are being proposed in the
country; Punjab state is one of them. A small population is allowed to live in the
emergency planning zone (up to 30 km) around a nuclear power plant. The houses
and buildings in which people live are constructed with bricks made of raw
materials such as soil and environmentally-friendly fly ash. Various studies have
been conducted on gamma interaction with soils and fly ash (Mudhahar and
Sahota, 1988; Chaudhari and Dayanand, 2012). Soil can be used as radiation
shielding, as has been reported earlier (Mudhahar and Sahota, 1988; Miller et al.,
2009).

The intensity of a gamma-ray beam through a medium follows the Lambert-
Beer law under three conditions, which are: (i) monochromatic rays; (ii) thin
absorbing material, and (iii) narrow beam geometry. In cases where any of the
conditions are not met, this law is no longer applicable. The law can be applicable
by using a correction factor, called a “build-up factor”. The build-up is defined as
the ratio of the total value of a specified radiation quantity at any point to the
contribution to that value from radiation reaching the point without having
undergone a collision. Build-up factors have been computed by various codes such
as PALLAS (Takeuchi and Tanaka, 1984), ADJMON-I (Simmons, 1973; Chilton
et al., 1980), ASFIT (Gopinath and Samthanam, 1971) and EGS4 (Nelson et al.,
1985). These codes use an accurate algorithm for the Klein-Nishina cross-section
which eliminates other sources of error.

The compilation of build-up factors by various codes was reported in
ANSI/ANS-6.4.3-1991 by the American Nuclear Society (ANSI/ANS-6.4.3,
1991). The data in the report covers the energy range 0.015-15 MeV up to a
penetration depth of 40 mean free path (mfp). The build-up factors in the ANS-
6.4.3 are for 23 elements of the atomic numbers Z = 4 to 92. The build-up factors
of ANS-6.4.3 can also be calculated by invariant embedding (Shimizu, 2002;
Shimizu et al., 2004). Harima et al. (1986) developed a fitting formula, called
Geometrical Progression (GP), which gave build-up factors in good agreement
with the ANS-6.4.3. The GP fitting is more accurate than three-exponential fit in
the water medium. The GP fitting formula is known to be accurate within the
estimated uncertainty (< 5%), and Harima carried out an extensive historical
review and reported the current gamma photon build-up factors and applications
(Harima, 1993). Various researchers have investigated gamma-ray build-up
factors in different materials fly-ash, concretes (Brar et al., 1994; Singh et al.,
2010; Singh and Badiger, 2012a, 2012b), solvents (Parjit et al., 2008), polymers
(Tejbir et al., 2010; Murat and Yuksel, 2011), human tissues (Murat et al., 2011),
soils & ceramic (Sandeep and Gurdeep, 2012; Jasbir et al., 2012; Tejbir et al.,
2013), and fly ash (Sukhpal et al., 2010), which showed that GP fitting is a very
useful method for estimation of exposure and energy absorption build-up factors.
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Recently, radiation shielding by building materials has been reported for concretes
and other building materials (Yilmaz et al., 2011).

In view of the radiation safety of the people living inside the houses or
buildings near a power plant, the exposure build-up factors (EBF) of the raw
materials of the bricks in the state of Punjab were calculated. In the present work,
we calculated the EBFs of the raw materials of bricks in the state of Punjab by GP
fitting in the photon energy range 0.015–15 MeV up to 40 mfp. The EBFs of the
raw materials of bricks are also compared with those of bricks of red mud (BOM)
and common brick (COM) materials. It should be noted that this study is useful for
selection of raw materials for preparation of bricks to protect against radiation,
emergency preparedness and estimation of the dose during any nuclear accident.

2. Computation method

The elemental compositions of the raw materials for making bricks are taken from
Kulwinder et al. (2013), and given in Table I. These raw materials are common in
use in the construction of building materials. The soil samples were collected from
various districts which cover the entire state of Punjab. Two fly ash samples were
also collected from Guru Nanak thermal power plant and Guru Hargobind thermal
power plant for study and comparison of the build-up factors. The elemental
compositions of some materials (Nipe clay, lime, gypsum and cement) used were
taken from the published literature (Singh and Mudahar, 1992; Singh et al., 2004).
The raw materials required for manufacturing common bricks are clay, silt and sand
as per IS 2117. The common bricks investigated are made from a mixture of soil
(70%), Nipe clay (20%) and Ordinary Portland Cement (10%).

The EBF and the GP fitting parameters are calculated by the method of
interpolation from the equivalent atomic number (Zeq). The computational work
of these parameters is done in three steps:
1. calculation of the equivalent atomic number, Zeq;
2. calculation of GP fitting parameters;
3. calculation of build-up factors.

Zeq is a parameter which describes the material properties in terms of equivalent
elements similar to the atomic number for a single element. Since interaction
processes of gamma photons with matter, photo-electric absorption, Compton
scattering and pair production are energy-dependent, therefore the Zeq for each
interaction varies according to the photon energy. However, the build-up of
photons in the medium is mainly due to multiple scattering events by Compton
scattering, so that Zeq is derived from the Compton scattering interaction process.
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The Zeq for brick materials is estimated by the ratio of (µ/ρ)Compton / (µ/ρ)Total,
at a specific energy with the corresponding of an element at the same energy. Thus,
first the Compton partial mass attenuation coefficient, (µ/ρ)Compton, and the total
mass attenuation coefficients, (µ/ρ)Total, are obtained for the elements Z = 4 to
40 for the brick materials in the energy region 0.0015 to 15 MeV using WinXCom
(Gelward et al., 2001; Gelward et al., 2004).

The interpolation of Zeq is employed by the formula (Harima, 1983; Maron,
2007):

(1)

where Z1 and Z2 are the atomic numbers of the elements corresponding to the
ratios R1 and R2, respectively. R is the ratio (µ/ρ) Compton / (µ/ρ) Total at specific
energy and the ratio (µ/ρ) Compton / (µ/ρ) Total for Zeq lies between two successive
ratios of the elements.

The GP fitting parameters are calculated in a similar fashion to the interpola-
tion procedure for the equivalent atomic number. The GP fitting parameters for the

TABLE I
Elemental composition (% by weight) of raw materials of bricks, brick of red mud and common

brick (Kulwinder et al., 2013).

Location Abohar Ferozpur Bathinda Amritsar Jalandhar Bathinda Lehra Mohabbat

Elements
Soil-AR Soil-FR Soil-BA Soil-AM Soil-JR aFAGNTP-B bFAGHTP-LM BOM COB

H – – – – – – – – 0.24

C – – – – – 02.85 – – 0.06

N – – – – – – – – 0.01

O 53.14 51.14 50.53 49.66 48.05 48.16 49.95 54.6 45.35

Na – – – – – – 0.14 0.11 0.01

Mg – – 01.83 – – 0.44 – 0.11 0.04

Al 08.53 07.47 06.51 08.79 08.54 14.91 13.49 4.95 7.88

Si 23.64 23.67 26.52 27.03 27.13 28.41 31.07 5.96 20.78

P – 0 – – – v 0.10 – –

S – 0 – – – 0.04 – – 0.02

K 03.48 03.08 04.04 02.45 03.80 – 0.04 – 2.66

Ca – 03.7 01.95 – – 01.59 2.15 34.01 4.75

Ti 01.42 – – – – – 0.81 – 0.09

Mn – – – – – – – – 0.17

Fe 09.82 10.98 08.65 12.10 12.51 03.64 2.29 0.30 17.96

a: fly ash of Guru Nanak Thermal Plant, Bathinda.
b: fly ash of Guru Hargobind Thermal Plant, Lehra Mohabbat.

Zeq

Z1 R2log Rlog–( ) Z2 Rlog R1log–( )+

R2log R1log–
-----------------------------------------------------------------------------------------------=
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elements were taken from the ANS-6.4.3 standard reference database which pro-
vides the GP fitting parameters for twenty-three elements (Z = 4 to 92) in the en-
ergy region 0.015 to 15 MeV up to 40 mfp penetration depth. The GP fitting
parameters for the soils and fly ash were interpolated using a similar formula:

(2)

where C1 and C2 are the values of the GP fitting parameters corresponding to the
atomic numbers of Z1 and Z2, respectively, at a given energy. The GP fitting
parameters of the selected materials are given in Tables II to VII.

TABLE II
Equivalent atomic number of raw materials of bricks.

Energy
(MeV)

Equivalent atomic number

Soil-AR Soil-FR Soil-BA Soil-AM Soil-JR FAGNTP-B FAGHTP-LM BOB COB

0.015 14.16 14.57 14.05 14.50 14.71 12.59 12.52 14.61 15.97

0.02 14.37 14.79 14.26 14.72 14.92 12.71 12.63 14.78 16.22

0.03 14.61 15.02 14.47 14.96 15.16 12.86 12.75 14.95 16.50

0.04 14.76 15.17 14.61 15.12 15.32 12.96 12.84 15.06 16.67

0.05 14.87 15.29 14.71 15.23 15.44 13.04 12.90 15.14 16.79

0.06 14.96 15.38 14.79 15.32 15.53 13.09 12.95 15.20 16.88

0.08 15.09 15.49 14.90 15.44 15.65 13.16 13.02 15.28 17.02

0.1 15.18 15.57 14.99 15.53 15.73 13.22 13.06 15.33 17.12

0.15 15.33 15.70 15.12 15.66 15.86 13.29 13.13 15.41 17.24

0.2 15.42 15.78 15.20 15.74 15.95 13.34 13.17 15.46 17.31

0.3 15.39 15.87 15.24 15.83 16.04 13.40 13.21 15.51 17.40

0.4 15.48 15.92 15.29 15.88 16.08 13.44 13.24 15.54 17.45

0.5 15.51 15.95 15.31 15.92 16.11 13.45 13.25 15.55 17.48

0.6 15.53 15.97 15.33 15.94 16.13 13.46 13.26 15.56 17.50

0.8 15.54 15.98 15.34 15.95 16.14 13.47 13.27 15.57 17.52

1 15.54 15.99 15.34 15.95 16.14 13.47 13.27 15.57 17.52

1.5 13.15 13.69 13.26 13.52 13.76 11.76 11.77 13.66 15.15

2 12.36 12.75 12.39 12.69 12.92 11.35 11.42 13.00 14.01

3 12.17 12.54 12.21 12.48 12.70 11.26 11.34 12.82 13.70

4 12.10 12.47 12.15 12.42 12.63 11.22 11.31 12.76 13.63

5 12.09 12.45 12.14 12.40 12.61 11.21 11.30 12.75 13.59

6 12.07 12.44 12.12 12.38 12.60 11.21 11.29 12.73 13.57

8 12.05 12.42 12.11 12.36 12.58 11.20 11.29 12.72 13.54

10 12.04 12.41 12.10 12.35 12.57 11.19 11.28 12.71 13.53

15 12.03 12.40 12.09 12.34 12.56 11.19 11.28 12.70 13.51

C
C1 Z2log Zeqlog–( ) C2 Zeqlog Z1log–( )+

Z2log Z1log–
---------------------------------------------------------------------------------------------------------=
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The third and final step is build-up factor estimation by the GP fitting
parameters (b, c, a, Xk and d) in the photon energy range of 0.015–15 MeV up to
40 mfp by equations (Harima et al., 1986) as:

for (3)

for (4)

(5)

TABLE III
GP fitting parameters of soil-AR and soil-FR.

Energy
(MeV)

Soil-AR Soil-FR

b c a Xk d b c a Xk d

0.015 1.022 0.357 0.254 11.985 –0.171 1.020 0.377 0.233 11.997 –0.149

0.02 1.047 0.428 0.177 16.185 –0.096 1.043 0.431 0.176 14.627 –0.084

0.03 1.155 0.394 0.214 14.250 –0.115 1.140 0.394 0.213 14.419 –0.115

0.04 1.331 0.444 0.193 14.407 –0.108 1.304 0.435 0.197 14.461 –0.109

0.05 1.547 0.528 0.159 14.745 –0.088 1.505 0.510 0.166 14.666 –0.093

0.06 1.757 0.636 0.116 14.802 –0.063 1.707 0.611 0.126 14.723 –0.069

0.08 2.183 0.758 0.083 13.114 –0.051 2.084 0.760 0.079 13.926 –0.048

0.1 2.405 0.927 0.035 13.872 –0.041 2.342 0.898 0.043 13.442 –0.042

0.15 2.571 1.176 –0.023 11.986 –0.016 2.527 1.152 –0.018 12.330 –0.018

0.2 2.552 1.298 –0.044 9.852 –0.010 2.519 1.280 –0.041 10.551 –0.012

0.3 2.422 1.406 –0.066 14.706 0.004 2.410 1.373 –0.058 9.274 –0.007

0.4 2.305 1.429 –0.073 18.784 0.015 2.288 1.419 –0.071 20.198 0.015

0.5 2.212 1.424 –0.074 16.294 0.015 2.202 1.416 –0.073 16.281 0.015

0.6 2.141 1.403 –0.072 17.313 0.017 2.135 1.393 –0.070 18.015 0.016

0.8 2.032 1.363 –0.068 16.163 0.018 2.029 1.353 –0.066 16.576 0.017

1 1.955 1.317 –0.062 16.373 0.019 1.951 1.313 –0.061 15.866 0.017

1.5 1.853 1.230 –0.048 15.877 0.017 1.846 1.230 –0.048 15.392 0.016

2 1.785 1.154 –0.033 15.816 0.010 1.782 1.153 –0.032 15.512 0.010

3 1.674 1.063 –0.012 15.509 –0.002 1.673 1.060 –0.011 13.380 –0.002

4 1.599 0.995 0.006 12.934 –0.010 1.602 0.986 0.009 12.636 –0.013

5 1.537 0.942 0.023 10.236 –0.021 1.534 0.948 0.021 10.509 –0.019

6 1.484 0.934 0.024 12.033 –0.020 1.483 0.934 0.025 12.152 –0.021

8 1.404 0.903 0.034 13.823 –0.028 1.401 0.908 0.032 13.846 –0.028

10 1.342 0.887 0.041 13.087 –0.033 1.339 0.893 0.040 13.065 –0.033

15 1.253 0.848 0.057 14.263 –0.051 1.249 0.856 0.054 14.512 –0.050

B E, X( ) 1 b 1–
K 1–
------------- K

x
1–( )+= K 1≠

B E, X( ) 1 b 1–( )X+= K 1=

K E, X( ) cX
a

d

h X
XK
-------- 2–⎝ ⎠

⎛ ⎞tan h 2–( )tan–

1 h 2–( )tan–
---------------------------------------------------------------+=
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for the penetration depth (X) ≤ 40 mfp, where X is the source-detector distance for
the medium in terms of mfp, b is the value of the exposure build-up factor at 1 mfp,
K (E, X) is the dose multiplicative factor, and b, c, a, XK and d are computed GP
fitting parameters which depend on the attenuating medium and source energy.

The calculation technique adopted here is valid for a homogeneous medium.
Therefore, we considered a homogeneous brick free from cavities to simplify the
study. A building or house wall is a heterogeneous medium as it is made of bricks
and mortar to seal the bricks. The percentage of mortar content is significantly

TABLE IV
GP fitting parameters of soil-BA and soil-AM.

Energy
(MeV)

Soil-BA Soil-AM

b c a Xk d b c a Xk d

0.015 1.023 0.352 0.259 11.982 –0.176 1.020 0.374 0.236 11.995 –0.153

0.02 1.048 0.428 0.178 16.642 –0.100 1.044 0.430 0.176 14.863 –0.085

0.03 1.161 0.395 0.215 14.193 –0.116 1.142 0.394 0.213 14.395 –0.115

0.04 1.341 0.447 0.192 14.392 –0.108 1.307 0.436 0.196 14.451 –0.109

0.05 1.563 0.537 0.154 14.811 –0.085 1.511 0.512 0.165 14.671 –0.092

0.06 1.780 0.647 0.112 14.884 –0.061 1.713 0.614 0.125 14.730 –0.068

0.08 2.222 0.764 0.082 13.099 –0.041 2.096 0.760 0.079 13.830 –0.048

0.1 2.437 0.941 0.031 14.064 –0.014 2.349 0.901 0.042 13.492 –0.042

0.15 2.597 1.190 –0.025 11.789 –0.014 2.532 1.155 –0.018 12.291 –0.018

0.2 2.572 1.309 –0.046 9.420 –0.010 2.523 1.282 –0.041 10.473 –0.011

0.3 2.425 1.416 –0.068 16.358 0.007 2.411 1.375 –0.059 9.693 –0.006

0.4 2.313 1.433 –0.074 18.127 0.014 2.289 1.420 –0.071 20.082 0.015

0.5 2.217 1.427 –0.075 16.300 0.015 2.203 1.416 –0.073 16.282 0.015

0.6 2.143 1.408 –0.073 16.982 0.017 2.136 1.393 –0.070 17.961 0.016

0.8 2.033 1.367 –0.069 15.968 0.019 2.029 1.354 –0.066 16.545 0.017

1 1.956 1.320 –0.062 16.615 0.019 1.951 1.313 –0.061 15.904 0.017

1.5 1.851 1.230 –0.048 15.769 0.017 1.848 1.230 –0.048 15.536 0.017

2 1.785 1.154 –0.033 15.794 0.010 1.783 1.154 –0.032 15.555 0.010

3 1.674 1.062 –0.012 15.241 –0.002 1.674 1.061 –0.012 13.686 –0.002

4 1.599 0.993 0.006 12.893 –0.010 1.602 0.987 0.008 12.679 –0.012

5 1.537 0.943 0.023 10.276 –0.021 1.534 0.948 0.022 10.469 –0.019

6 1.484 0.934 0.024 12.051 –0.020 1.483 0.934 0.025 12.135 –0.021

8 1.404 0.904 0.034 13.827 –0.028 1.402 0.908 0.033 13.842 –0.028

10 1.341 0.888 0.041 13.084 –0.033 1.339 0.892 0.040 13.068 –0.033

15 1.252 0.849 0.056 14.303 –0.051 1.250 0.855 0.055 14.476 –0.050
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smaller compared with bricks in the construction of a wall. A typical wall of brick
contains 15–20% mortar. The density and equivalent atomic number of the mortar
used for construction of a wall is of the same order as or higher than the bricks, as
mortar is generally prepared with cement, lime, sand and clay. This heterogeneity
of the wall may not much affect the transmitted gamma radiation from the wall.
Therefore, for simplicity, we considered a homogeneous wall made of bricks, with
the mortar excluded in the present study.

TABLE V
GP fitting parameters of soil-JR.

Energy (MeV) Soil-JR

b c a Xk d

0.015 1.019 0.384 0.226 12.002 –0.142

0.02 1.042 0.432 0.175 14.109 –0.079

0.03 1.137 0.393 0.213 14.322 –0.115

0.04 1.295 0.432 0.198 14.486 –0.110

0.05 1.491 0.505 0.168 14.654 –0.094

0.06 1.689 0.603 0.129 14.700 –0.071

0.08 2.048 0.761 0.077 14.229 –0.047

0.1 2.317 0.887 0.046 13.273 –0.043

0.15 2.508 1.142 –0.016 12.479 –0.019

0.2 2.505 1.272 –0.039 10.870 –0.012

0.3 2.405 1.363 –0.056 7.863 –0.010

0.4 2.283 1.414 –0.070 19.917 0.014

0.5 2.198 1.413 –0.073 16.629 0.015

0.6 2.132 1.390 –0.070 18.117 0.016

0.8 2.026 1.352 –0.066 16.586 0.017

1 1.949 1.303 –0.061 15.863 0.017

1.5 1.845 1.230 –0.048 15.325 0.016

2 1.781 1.153 –0.032 15.384 0.009

3 1.673 1.059 –0.011 12.470 –0.002

4 1.604 0.982 0.010 12.508 –0.014

5 1.532 0.951 0.020 10.625 –0.018

6 1.482 0.933 0.025 12.204 –0.022

8 1.400 0.911 0.032 13.855 –0.027

10 1.337 0.895 0.039 13.055 –0.033

15 1.248 0.859 0.053 14.619 –0.049
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3. Results and discussion

The photon energy dependency of the EBF of the selected brick materials is shown
in Figure 1 at various penetration depths (0.5, 5, 10, 20, 30 and 40 mfp). Variation
in the EBF with penetration depth is shown in Figure 2 for soil-AR, FAGHTP-LM,
BOM and COB; a similar dependency is observed for the others. The chemical
compositions of the raw materials were investigated and are shown for penetration
depths of 5 and 40 mfp. The variation in the EBF with photon energy, penetration
depth and chemical composition is explained in detail in the next sections.

TABLE VI
GP fitting parameters of FAGNTP-B and FAGHTP-LM.

Energy
(MeV)

FAGNTP-B FAGHTP-LM

b c a Xk d b c a Xk d

0.015 1.032 0.397 0.208 14.632 –0.137 0.397 0.208 14.480 –0.134 1.033

0.02 1.072 0.399 0.208 13.957 –0.034 0.404 0.205 14.002 –0.110 1.074

0.03 1.232 0.426 0.197 15.004 –0.104 0.428 0.196 14.929 –0.104 1.238

0.04 1.485 0.505 0.165 14.794 –0.089 0.511 0.162 14.841 –0.087 1.502

0.05 1.760 0.663 0.100 16.295 –0.050 0.663 0.102 16.127 –0.051 1.797

0.06 2.161 0.697 0.103 12.843 –0.057 0.702 0.102 13.000 –0.058 2.203

0.08 2.599 0.909 0.039 13.274 –0.038 0.922 0.035 13.021 –0.035 2.636

0.1 2.798 1.090 –0.004 13.129 –0.021 1.104 –0.008 13.022 –0.019 2.833

0.15 2.833 1.332 –0.053 18.304 0.003 1.346 –0.056 20.255 0.005 2.858

0.2 2.732 1.427 –0.068 13.742 0.006 1.441 –0.071 15.426 0.009 2.747

0.3 2.500 1.493 –0.082 16.496 0.016 1.501 –0.083 16.368 0.016 2.532

0.4 2.382 1.487 –0.083 16.170 0.018 1.492 –0.084 16.294 0.018 2.391

0.5 2.271 1.465 –0.082 16.359 0.019 1.469 –0.082 16.381 0.019 2.278

0.6 2.188 1.437 –0.079 17.807 0.022 1.441 –0.080 17.474 0.022 2.192

0.8 2.067 1.385 –0.072 15.777 0.021 1.384 –0.072 15.974 0.020 2.073

1 1.987 1.330 –0.065 15.831 0.020 1.332 –0.065 15.839 0.021 1.990

1.5 1.870 1.233 –0.049 14.679 0.017 1.233 –0.049 14.672 0.013 1.870

2 1.792 1.154 –0.034 15.043 0.012 1.154 –0.034 15.156 0.012 1.792

3 1.681 1.058 –0.012 12.090 0.000 1.059 –0.012 12.579 0.000 1.680

4 1.604 0.993 0.006 12.897 –0.009 0.994 0.006 12.911 –0.009 1.603

5 1.536 0.953 0.018 14.089 –0.021 0.951 0.018 13.649 –0.021 1.537

6 1.492 0.918 0.029 11.516 –0.024 0.920 0.029 11.572 –0.023 1.491

8 1.406 0.902 0.033 13.595 –0.027 0.902 0.033 13.624 –0.027 1.406

10 1.346 0.878 0.043 13.170 –0.033 0.879 0.042 13.161 –0.033 1.346

15 1.261 0.828 0.063 14.329 –0.055 0.830 0.062 14.319 –0.055 1.260
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3.1. Photon energy dependency of the EBF

The variation in the EBF values of the soils, fly ashes, BOM and COB with photon
energy is shown in Figure 1. It is to be noted that the EBF values of the soils, fly
ashes, BOM and COB are minimum in low-energy photon and high-energy photon
sources, whereas they are higher in the intermediate-energy region. The build-up
factor in low-energy photon sources is low because the photons are completely
absorbed by photo-electric absorption; it gradually increases with the photon
energy due to multiple scattering by Compton scattering in the intermediate-
energy region and finally reduces again in the high-energy region due to pair
production. The energy, Emax, is 0.3 MeV at which the EBF values are maximum

TABLE VII
GP fitting parameters for BOM and COB.

Energy
(MeV)

BOM COB

b c a Xk d b c a Xk d

0.015 1.020 0.379 0.231 11.998 –0.148 1.017 0.296 0.321 10.490 –0.248

0.02 1.043 0.431 0.176 14.650 –0.084 1.038 0.337 0.231 26.819 –0.340

0.03 1.143 0.394 0.213 14.390 –0.115 1.106 0.376 0.225 13.775 –0.048

0.04 1.310 0.438 0.196 14.441 –0.109 1.230 0.409 0.208 14.579 –0.116

0.05 1.519 0.515 0.164 14.678 –0.091 1.388 0.465 0.187 14.455 –0.105

0.06 1.727 0.621 0.122 14.749 –0.067 1.553 0.545 0.153 14.502 –0.085

0.08 2.135 0.759 0.081 13.507 –0.050 1.846 0.706 0.093 14.638 –0.054

0.1 2.380 0.916 0.038 13.703 –0.042 2.089 0.837 0.056 13.860 –0.042

0.15 2.561 1.171 –0.022 12.064 –0.016 2.342 1.074 –0.003 13.216 –0.023

0.2 2.548 1.296 –0.044 9.929 –0.010 2.398 1.206 –0.027 11.700 –0.017

0.3 2.419 1.397 –0.064 13.335 0.001 2.330 1.327 –0.050 8.675 –0.010

0.4 2.303 1.427 –0.073 18.953 0.015 2.247 1.361 –0.058 11.468 –0.003

0.5 2.211 1.423 –0.074 16.293 0.015 2.159 1.387 –0.068 20.771 0.017

0.6 2.140 1.402 –0.072 17.362 0.016 2.099 1.374 –0.067 18.708 0.015

0.8 2.032 1.362 –0.068 16.187 0.018 2.002 1.344 –0.064 16.552 0.017

1 1.954 1.317 –0.062 16.346 0.019 1.931 1.305 –0.059 15.991 0.014

1.5 1.846 1.230 –0.048 15.414 0.016 1.834 1.224 –0.047 15.476 0.015

2 1.781 1.153 –0.032 15.316 0.009 1.771 1.155 –0.033 14.576 0.010

3 1.673 1.058 –0.011 11.803 –0.002 1.670 1.058 –0.010 10.534 –0.003

4 1.605 0.979 0.011 12.405 –0.015 1.593 0.997 0.006 14.562 –0.014

5 1.531 0.953 0.019 10.723 –0.017 1.525 0.963 0.017 10.978 –0.016

6 1.482 0.933 0.025 12.246 –0.023 1.475 0.945 0.022 13.346 –0.021

8 1.398 0.913 0.031 13.872 –0.027 1.392 0.924 0.028 13.653 –0.025

10 1.336 0.897 0.039 13.047 –0.033 1.332 0.905 0.037 13.208 –0.032

15 1.247 0.863 0.052 14.713 –0.049 1.240 0.878 0.048 14.114 –0.045
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Figure 1 – Variation in gamma-ray exposure build-up factors of raw materials (soils and fly ash) of bricks,
bricks of red mud and common bricks with photon energy.
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for all soils, BOM and COB, whereas it is 0.2 MeV for fly ashes. The analysis
shows that the lowest EBF of brick materials should be considered for radiation
shielding. The gamma-ray build-up factors are lowest for 0.5 mfp and highest for
40 mfp, which is due to multiple scattering events for 40 mfp. The EBFs of the soil
and fly ash were found to be higher than ordinary concretes (Singh and Badiger,
2012a). It was found that the gamma-ray EBF of COB is the lowest among the
selected materials, whereas BOM is comparable with soil of different locations in
Punjab.

3.2. Penetration depth dependency of the EBF

The variation in the EBFs of the selected soil, fly ash, BOM and COB with
penetration depth at the photon energies 0.015, 1.5, 5 and 15 MeV are shown in
Figure 2. It is observed that the EBF values increase with the penetration depth
initially and afterward saturate. The EBFs for soils are found to be lower than those
of fly ashes at the photon energy 0.15 MeV. It can be seen that the EBF values of
the raw materials of brick at 0.15 MeV and 1.5 MeV are higher than the others,
whereas they decrease with an increase in the penetration depth as the Zeq
increases. It can be seen that the EBF values increase with an increase in Zeq at
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Figure 2 – Variation in gamma-ray exposure build-up factors for Soil-AR, FAGHTP-LM, bricks of red
mud and common bricks with penetration depth.
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15 MeV as the penetration depth increases. The reason may be that beyond 3 MeV,
the pair production is dominant on the Compton scattering and produces electron-
positron pairs. These pair particles may escape from the medium of lower
penetration depths and scatter at higher penetration depths as well as originating
the secondary gamma photons (each of 511 keV) by annihilation to increase the
gamma photon intensities.

3.3. Chemical composition dependency of the EBF

The EBFs are dependent on the atomic number of elements, hence the EBF values
of the brick materials may be dependent on the chemical composition (Singh and
Badiger, 2012a). The chemical element composition dependency of the EBF is
analyzed for the photon energy at constant penetration depths, as shown in
Figure 3. It is observed that the EBF values are low at low as well as high photon
energies, whereas they are maximum in the intermediate-energy region. The
reason for the peaked EBF values is that photo-electric absorption and pair
production are the dominant interaction processes in low- and high-energy
photons, respectively, which completely remove the photons. The intermediate-
energy photons take over Compton scattering, where the photons undergo multiple
scattering events to build up the exposure.

The raw materials of bricks, having a large weight fraction of low-Z elements,
show high EBF values due to less removal of the photons. The fly ash (low Zeq)
has a higher EBF compared with soil (higher Zeq) for the entire energy region
0.015 to 15 MeV at low penetration depths. The EBF of fly ash shows reverse
behavior at 3 MeV at high penetration depths. It may be due to the dominance of
pair production above 1.22 MeV which increases with an increase in photon
energy, resulting in production of an electron and positron. The positron annihi-
lates at zero kinetic energy and produces two new photons of energy 0.511 MeV
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Figure 3 – Variation in gamma-ray exposure build-up factors of soils, fly ashes, bricks of red mud and
common bricks at 5 and 40 mfp penetration depths.
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which build up in the medium. The pair production is dependent on Z2, signifying
that the soils should have high photon intensities of energy 0.511 MeV. The EBF
for soils is found to be high at the higher penetration depths due to the fact that
multiple scattering is possible, whereas the positron may escape if the penetration
depth is low (thickness of the medium).

4. Uncertainties

Uncertainties in the EBF estimation by GP fitting are one of the important aspects
for suitability of the data. The build-up factors by ANS/ANSI-6.4.3 (1991) and GP
fitting formulae for the EBF of water have been compared for ANS/ANSI-6.4.3
(1991), GP fitting and the MCNP5 photon energy range 0.015–15 MeV up to
40 mfp (Singh and Badiger, 2012a). The absolute values of maximum deviation in
the EBF for water in GP fitting are within 0.5–3%, which is a lot lower compared
with Berger and Taylor (Harima et al., 1986). It is found that the calculation of the
build-up factor database by the present work and ANSI/ANS-6.4.3 (1991) agrees
for air and water within a few percent of uncertainty. This microscopic uncertainty
gives confidence in our results for estimation of the EBF for raw materials of
bricks (soils and fly-ashes).

5. Conclusions

The gamma-ray build-up factors of raw materials (soils and fly ashes) were calcu-
lated by using geometrical progression formulae in the energy range of
0.015–15 MeV up to a penetration depth of 40 mean free paths. The analysis was
done for a homogeneous brick free from cavities, and mortar was excluded for the
consideration of a wall due to its insignificant contribution. The results show that
build-up factors are highest in the medium-energy range, while they are minimum
at low and high photon energies. The maximum build-up factors exist for soils at
0.3 MeV and at 0.2 MeV for fly ashes. The results show that for a fixed penetra-
tion depth the values of the exposure build-up factor are very high in the medium-
energy range and are low in the low- and high-energy regions. This study should
be applicable for emergency preparedness planning and emergency dose estima-
tion for future planned nuclear power plants in the state of Punjab.
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