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In this paper shielding properties of ordinary, barite, serpentine and steel-magnetite concretes in 511,
662 and 1332 keV gamma ray energies were studied using MCNP-4C code and compared with available
experimental results. The simulated and measured values were compared and the results showed reason-
able agreement for all concretes. Steel-magnetite has higher linear and mass attenuation coefficients, and

lower transmission factor, HVL and TVL values relative to other concretes in each photon energies studied

in this research.
Keywords:

Concrete

Shielding

MCNP-4C

Gamma-ray

Linear attenuation coefficients

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Application and development of nuclear science and technology
in different fields such as cancer treatment centers, nuclear power
plants, nuclear research reactors, collegiate test reactors, national
laboratories and research facilities has set human beings in serious
exposures from ionization radiations, therefore provision of rea-
sonable and adequate shielding in these places remains an impor-
tant obligation in establishment of nuclear facilities (Eakins, 2007;
Akkurt et al., 2010). Radiation safety practice is a special aspect of
the control of environmental health hazards by engineering means,
so population and workers exposure from ionization radiations in
working and public areas must be kept under the maximum per-
missible dose suggested by ICRP basic radiation safety criteria
(Cember and Johnson, 2009).

Usually ordinary and heavy weight concretes are used for radi-
ation shielding, for both medical and nuclear purposes to prevent
population and employment staff exposure versus ionization radi-
ation. Depend on several factors such as cost and abundance of
shielding materials, energy and type of radiation, various type con-
cretes with and without dense mineral aggregates are utilized in
protective shielding concretes against ionization radiations
(Bouzarjomehri et al., 2006).
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Depending on the type of aggregate with various elemental and
structural compositions, various heavy density concretes will ob-
tain. By using of barite and magnetite ores the density of concretes
will be over 3500 kg/m>, which is much greater than that of ordin-
ary concrete. Application of serpentine minerals with plenty of
hydrogenous materials as aggregate in shielding concrete will re-
sult about 2600 kg/m?> in density which is close to ordinary con-
crete density that spans from 2200 to 2500 kg/m>. This type of
aggregate mostly is used for neutron shielding (Bashter, 1997).

Water/cement ratios in high density concretes are similar to
those for ordinary concretes (approximately half time), but the
aggregate/cement ratios will be significantly higher, because of
the higher density of the aggregates. Percentage composition of
four types of concrete studied at this research and their densities
are given in Table 1.

The radiation shielding properties of materials are expressed
with the term of linear attenuation coefficients. The linear attenu-
ation coefficient (u) is defined as the fractional decrease, or atten-
uation of the gamma-ray beam intensity in good geometry per unit
thickness of absorber, as defined by the following equation:

limit Al/IAt = —p (1)

where Al/l is the fraction of the gamma-ray beam attenuated by an
absorber of thickness At (Cember and Johnson, 2009). In other
words linear attenuation coefficient is defined as the probability
of radiation interacting with a material per unit path length.



530 Sh. Sharifi et al. /Annals of Nuclear Energy 53 (2013) 529-534

Table 1
Percentage composition for four types of concrete and their densities.

Raw material Concrete type

Ordinary Barite Serpentine Steel-magnetite
Portland cement 11.82 10.77 15.94 7.55
Sand 26.71 - 27.35 -
Gravel 54.96 - - -
Barite - 83.75 - -
Serpentine - - 48.33 -
Magnetite - - - 26.19
Steel scrap - - - 61.73
Water 6.51 5.48 8.38 4.53
Density (g cm™3) 2.3 3.35 2.6 5.1

In this article we studied three important gamma ray energies,
511 keV (annihilation phenomenon), 662 keV (Cs-137) and
1332 keV (Co-60). The gamma irradiations with 511 keV energies
are produced from annihilation of positrons emitted from posi-
tron-emitter radioisotopes which are used in positron emission
tomography (PET) scanning, for example, during the handling
and working with positron emitters such as '®F and "N (Stankovic
et al.,, 2010). Cesium-137(Cs-137) which is a radioactive isotope of
cesium formed as a fission product by nuclear fission and emitter
of about 662 keV gamma ray energy, in small amounts are used
to calibrate radiation-detection equipment and as a gamma emit-
ter for oilfield wireline density measurements. It is also sometimes
used in cancer treatment, for sterilization activities for food prod-
ucts and medical equipment and it is also used industrially in
gauges for measuring liquid flows and the thickness of materials
(http://www.epa.gov).

In the last, Cobalt-60 (Co-60) is a neutron activation product
radioisotope and emits two gamma rays, 1173 and 1332 keV that
are highly penetrating. Due to its half-life of 5.27 years, main uses
for Co-60 are: as a tracer for cobalt in chemical reactions, sterilization
of medical equipment, radiation source for medical radiotherapy,
radiation source for industrial radiography, radioactive source for
leveling devices and thickness gauges, as a radioactive source for
food irradiation and blood irradiation, and as a radioactive source
for laboratory use (http://www.gammarad.it). Mentioned numerous
applications of these three gamma ray source justify necessity of
designing and research on the shielding properties of several con-
crete used against these radiations in nuclear and medical centers.

In order to compare, verification and validation of experimental
results of shielding properties of several concretes mentioned above
and validity evaluation of MCNP code usage for simulation of de-
sired concretes prior to experimental and constructional works, this
code was considered in this research. MCNP code is a general-pur-
pose Monte Carlo radiation transport code for modeling the interac-
tion of radiation with matter. It utilizes the nuclear cross section
libraries and uses physics models for particle interactions and gives
required quantity with certain error (Shultis and Faw, 2010).

2. Materials and methods
2.1. Geometry of modeled concrete samples

Cylindrical geometries were employed for modeling of concrete
samples corresponding to geometry used in article of Stankovic
et al. (2010). In the study of every type of concrete, a series of
sub-cylinders with 100 cm in diameter and 10 cm in thickness
were considered and set on Z axis in tandem.

2.2. Source specification

Sources were specified as planar, collimated beam and monoen-
ergetic source energies with uniform distribution of radioactive

material (Cs-137,C0-60 and hypothetically 511 keV gamma ray
sources) upon them that emit gamma rays perpendicular to front
face of shields and parallel in direction of sub-cylinders same axis
(in direction of Z axis). These hypothetical source energies were as-
sumed as a disc with 100 cm diameter (no real sizes) and parallel
to X-Y plane and origin on Z axis in input script of MCNP code. Such
source definition and problem geometry is exactly identical with
simulation by FOTLEP-2K6 Monte Carlo code.

2.3. Materials specification of concretes

For comparison of MCNP-4C calculations with data provided in
documents, it is tried to specify atomic composition of any con-
crete types to be same elemental composition reported in articles.
The elemental composition of concrete depends mainly on the mix
proportions and the chemical composition of the materials used.
The percentages by weight of the different elements in the four
mentioned shield concretes are presented in Table 2.

2.4. Tally definition

Tally F6 was used to obtain MCNP-4C simulation data. This tally
calculates energy deposition in any cell (dosimetric volume) for
only one gamma photon that enters the cell and deposits its energy
in that cell. Output is represented in MeV/g that g denotes the mass
of material enclosed in cell. In this research regarding to geometry
approximations considered in Stankovic et al. (2010), a small cylin-
der of air with 2 cm in diameter and 0.1 cm in thickness were con-
sidered as dosimetric volume and set behind sub-cylinders in the
50 cm far from origin on Z axis. Air density (12.0510~* g cm™) is
chemically specified in accordance with the recommendations of
ICRU Report 37 (Brice and David, 1984). Fig. 1 shows modeled con-
crete samples, collimated beam source energy, source position and
dosimetric volume in this simulated geometry.

Depending on thickness of concrete specimens, simulations
were performed with 100 million to 2 billion histories. All simula-
tion data obtained by MCNP-4C code were reported with less than
3% error.

3. Results
3.1. Transmission factor

The transmission factors of any type of concrete, T(E, d), for
gamma of energy E through thickness d (cm) of shielding concrete

Table 2
The percentage of atomic composition for four types of concrete.

Element Atomic Concrete type

number Ordinary Barite Serpentine Steel-

magnetite

Hydrogen 1 2.21 0.36 7.20 0.51
Carbon 6 0.25 - 0.15 -
Oxygen 8 57.75 31.18 55.6 15.7
Sodium 11 1.52 - - -
Magnesium 12 0.13 0.11 10.20 0.58
Aluminum 13 2.10 0.42 2.50 0.66
Silicon 14 30.56 1.04 17.55 2.68
Phosphorus 15 - - - 0.08
Sulphur 16 - 10.78 - 0.06
Potassium 19 1.08 - 0.08 -
Calcium 20 4.39 5.02 5.64 3.95
Manganese 25 - - - 0.07
Iron 26 0.70 4.75 1.08 75.73
Barium 56 - 46.34 - -
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Fig. 1. Geometry of modeled configuration.

was defined by dividing absorbed dose value, D(E, d), attained by
the Tally F6 in the dosimetric volume located behind thickness d
(cm) of shielding sub-cylinders in the 50 cm far from origin on Z
axis to the absorbed dose value, D(E, 0), in the same dosimetric vol-
ume in the absence of any shielding material, as shown in the fol-
lowing equation:

T(E,d) = D(E,d)/D(E,0) (2)

The transmission rate calculated for 511, 662 and 1332 keV
gamma rays as a function of concrete thickness has been shown
for ordinary, barite, serpentine and steel-magnetite concretes in
Figs. 2-5 respectively.

At first glance, it can be seen from these figures that steel-mag-
netite concrete with highest density has higher attenuation (low-
est transmission) than other concretes. Although barite concrete
includes high atomic number elements in compare with other
studied concretes, but higher density of steel-magnetite concrete
overcomes its higher effective atomic number.

For all three photon energies, it can be deduced that for reduc-
tion of gamma ray intensity below a certain rate, ordinary concrete
with minimum density (about 2.3 gcm™!) is required in more
thickness than other concretes.

Also for these materials and this selection of thicknesses, it is
found that the transmission factors (for example in Co-60 gamma
rays) for the ordinary, serpentine, barite and steel-magnetite
shields span from 1 to less than 1072, 3 x 103, 102 and 10
respectively.
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Fig. 2. Transmission factor for four types of concrete in the presence of 511 keV
radiation source.
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Fig. 3. Transmission factor for four types of concrete in the presence of 662 keV
radiation source.
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Fig. 4. Transmission factor for four types of concrete in the presence of 1332 keV
radiation source.
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Fig. 5. Transmission factor for 511, 662 and 1332 keV photons versus ordinary
concrete thickness.

As can be seen these figures, transmission factors are lower for
barite and magnetite loaded concretes than serpentine and ordin-
ary concretes, so barite and magnetite are important and effective
materials for using in radiation shielding.

In order to compare the transition rate of 511, 662 and
1332 keV photon energies through identical concrete, transmission
factors of these three gamma rays through four types concrete are
separately shown in Figs. 5-8.
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Fig. 6. Transmission factor for 511, 662 and 1332 keV photons versus barite
concrete thickness.
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Fig. 7. Transmission factor for 511, 662 and 1332 keV photons versus serpentine
concrete thickness.

It can be clearly seen that in each type of concrete, the higher
thickness of concrete is need for higher energy photons because
these photons can penetrate through concrete more than photons
with lower energies, so their transmission factors are bigger. Anni-
hilation phenomenon Gamma rays carry minimum energy relative
to Cs-137 and Co-60 sources and have minimum transmission fac-
tors in each type of concrete.

As figures show, differences between transmission factors of
these three gamma rays in greater thickness of shields are larger
than in smaller thickness of concretes, therefore at smaller thick-
ness of shields regardless of photon energies most of the photons
will transmit through concretes.

After simulation by MCNP-4C Code, for comparison and valida-
tion of experimental and simulation data, as shown in Figs. 9 and
10, transmission factors of 662 keV photons obtained by MCNP-
4C Code in ordinary and barite concrete were compared with sev-
eral experimental and other simulation data reported in articles.

FOTELP-2K6 code that designed to simulate the transport of
photons, electrons and positrons through three-dimensional mate-
rial and sources geometry by Monte Carlo techniques was em-
ployed by Stankovic et al. (2010) and their results along with
Kirn et al. (1954); Dunster et al. (1971); Akkurt et al. (2010) exper-
imental data were compared with MCNP calculations.
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Fig. 8. Transmission factor for 511, 662 and 1332 keV photons versus steel-
magnetite concrete thickness.
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Fig. 9. Transmission factor of 662 keV photon through ordinary concrete (exper-
imental and simulation data).
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Fig. 10. Transmission factor of 662 keV photon through barite concrete (experi-
mental and simulation data).

It is completely clear from both figures that simulation data by
MCNP-4C and FOTELP-2K6 codes are very close to each other, be-
cause both of them use Monte Carlo techniques for dosimetry
and other application of these codes.
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Table 3
Linear and mass attenuation coefficients of the concretes.

Concrete type Ordinary Barite Serpentine Steel-magnetite
Density (gcm™') 2.3 3.35 2.6 5.1
Gamma energy (keV) 511 662 1332 511 662 1332 511 662 1332 511 662 1332
Mass attenuation coefficients (cm®g~')  0.0883  0.0788 0.0560 0.0918 0.0781 0.0520 0.0925 0.0822 0.0585 0.0845 0.0751 0.0528
Linear attenuation coefficients (cm™!) 02031 0.1813 0.1288 0.3076 0.2618 0.1742 0.2406 02137 0.1521 04312 0.3830 0.2696
Table 4
Experimental and calculational results of linear and mass attenuation coefficients of ordinary and barite concretes.
Concrete type Ordinary Barite
Gamma energy (keV) 662 1332 662 1332
Mass attenuation coefficients (cm? g~ 1) Experiment (I. Akurrt 2010) 0.1044 0.0670 0.0857 0.0490
Experiment (F. Bouzarjomehri) - - - 0.0540
Experiment (F. Demir) 0.081 - - -
Calculation 0.0788 0.0560 0.0781 0.0520
Linear attenuation coefficients (cm™") Experiment (I. Akurrt 2010) 0.257 0.165 0.297 0.17
Experiment (F. Bouzarjomehri) - - - 0.181
Experiment (F. Demir) 0.187 - 0.261 -
Calculation 0.1813 0.1288 0.2618 0.1742
Density (g cm™3) Experiment (I. Akurrt 2010) 2.46 3.463
Experiment (F. Bouzarjomehri) - 3.35
Experiment (F. Demir) 231 3.451
Calculation 2.3 3.35

Except the Akkurt results Akkurt et al. (2010) in Fig. 10 for bar-
ite concrete, experimental data are approximately close to simula-
tion data also reasonable agreement exists between simulated and
measured values of both concretes.

Because of the differences in the densities of the ordinary and
barite concrete shields used by FOTELP-2K6 and MCNP-4C codes
(2.3 g cm~2 for ordinary and 3.35 g cm ™ for barite concrete), Dun-
ster et al. (1971) (2.36 gcm™> for ordinary), Kirn et al. (1954)
(2.35 g cm 2 for ordinary) and Akkurt et al. (2010) (3.463 g cm >
for barite concrete) and in the elemental composition of studied
concretes in this articles, some inequalities between experimental
and simulation data were observed.

Major inequality between experimental results of Akkurt et al.
(2010) and other reported data is due to high differences between
used barite densities.

As expected, the simulation data similar to experimental data
shows that the shielding decreases transmission of gamma rays
and totally experimental data are in accordance with simulation
results.

3.2. HVL, TVL, linear and mass attenuation coefficients of different
concretes

Mass attenuation coefficients of concretes (ftmass,con) Were cal-
culated using Hubbell and Seltzer (2004) data and by Eq. (3) in
which, w; and pnmassi are percentage by weight of ith element in
the concrete and mass attenuation coefficient of ith element
respectively:

n
Hinass.con = Zwi X Hmass,i 3)
i1
Also the magnitude of linear attenuation coefficients, u that can
vary with the incident photon energy, the atomic number and the
density of the shielding materials were calculated by multiplying
mass attenuation coefficient of each type of concrete in its density.
Linear and mass attenuation coefficients of each type of concrete
obtained by numerical calculations for photon energies interested

in this research were presented in Table 3. For validation of these
calculated data, we used experimental results of some concretes
available in articles and compared with them in Table 4.

According to these tables, the decrease of mass or linear atten-
uation coefficients with increasing the photon energy is completely
clear for all mentioned concretes. The effect of barite and magne-
tite along with steel scraps on the linear attenuation coefficient,
L is obvious from both calculation and measured results reported
in the articles, thus these two materials are effective in building
construction against hazardous gamma radiations. Different densi-
ties and fraction of constituent elements of concretes reported by
Bouzarjomehri et al. (2006); Akkurt et al. (2010); Demir et al.
(2011) and also differences in geometry of modeled configuration
relative to experimental geometry lead to little discrepancy in cal-
culation and measured values of linear and mass attenuation
coefficients.

The half value layer (HVL) and tenth value layer (TVL) of shield-
ing that are defined as a thickness of concrete specimens that will
reduce gamma radiation beam to half and tenth value of its initial
intensity respectively, were extracted from transmission diagrams
of ordinary and barite concrete and compared with their extrapo-
lated experimental values in Akkurt et al. (2010) work.

The simulated and measured values of HVL and TVL for ordinary
concrete in both energies are 1.5-2 times greater than barite con-
crete. This is derived from high density and high atomic number of
barite concrete relative to ordinary concrete. The HVL and TVL de-

Table 5
Measured and simulated results of HVL and TVL for ordinary and barite concretes.
Concrete type Ordinary Barite
Gamma energy (keV) 662 1332 662 1332
HVL (cm) Experiment (I. Akurrt 2010) 245 4 23 4
MCNP-4C 525 823 31 6
TVL (cm) Experiment (I. Akurrt 2010) 8.6 14 7.5 13.8
MCNP-4C 18 273 113 18.85
Density Experiment (I. Akurrt 2010)  2.46 3.463
(gcm™) MCNP-4C 2.3 3.35
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crease with density increasing of the concretes. A difference in the
simulated and measured values of HVL and TVL represented in Ta-
ble 5 is also due to inequalities in densities of concretes.

4. Conclusion

In the present work, transmission factor, linear and mass atten-
uation coefficients, HVL and TVL values for ordinary, barite, serpen-
tine and steel-magnetite concretes have been calculated and
simulated using MCNP-4C Code based on the elemental composi-
tion of the concretes, and in order to validation of simulation re-
sults, available experimental results reported in references were
compared with them.

All simulation results formerly validated by experimental data,
demonstrated that steel-magnetite concrete of high density
(5.1 gcm~! density) and with constituents of relatively high atom-
ic number relative to other mentioned concretes (with exception of
barite concrete) is more effective shield.

Barite concrete with high density and effective atomic number
after steel magnetite is a useful concrete as a shield for building
construction of nuclear facilities as well. Simulation results for ser-
pentine concrete also indicated that it acts approximately similar
to ordinary concrete against gamma rays.
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