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a b s t r a c t
In this study shielding properties of various barites concretes and lead in three high gamma energies
0.662, 1.173, and 1.332 MeV were investigated using the MCNP-4C code and compared with predictions
from the XCOM code and experimental data. In the three selected energies, the simulated and available
data values were compared and results showed a good agreement. The results of the three methods show
that lead, and pure (100%) barite have higher linear attenuation coefﬁcients and lower transmission factors and mean free path values relative to 50% barite and 0% barite concretes.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
The use of X- and gamma-rays in various ﬁelds such as in radiotherapy, imaging and sterilization is increasing, however the leakage and scattering of these rays can be harmful for human-beings.
Proper shielding is one of the important and necessary precautions
in working with these radiations (Cember and Johnson, 2009; Chilton et al., 1984). Planning the appropriate shielding for nuclear
centers depends on several factors such as the type of radiation,
energy and cost. Mostly high atomic number and high density
materials are used for this purpose; but the latters are costly, hence
their use is limited. The exploited materials are stainless steel and
lead. Concrete is more applicable material than other radiation
shielding materials because of its resistance and low cost. One of
the concrete types used for radiation shielding is barite.
Barite (BaSO4) can be used directly or as an aggregate in concrete for shielding purposes. The shielding properties of this material against radiation are presented in terms of the linear
attenuation coefﬁcient l (cm1) and it is deﬁned as the probability
of a radiation interacting with a material per unit path length
(Woods, 1982). Previously, extensive studies on the linear attenuation coefﬁcient of different materials have been conducted (Akkurt et al., 2009, 2010, 2012; Bashter, 1997; Dunster et al., 1971;
Demir et al., 2011; Hubbell and Seltzer, 2004; Kharita et al.,
2008, 2009; Medhat, 2009; Topcu, 2003). Three important gamma
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ray energies, 662, 1.173 and 1332 keV are considered in this work.
The 662 keV gamma energies are produced from Cesium-137
which is a radioactive isotope of cesium and are utilized to calibrate nuclear detectors. It is sometimes employed in radiotherapy,
medical, health and sterilization activities and it is also used industrially in gauges for measuring liquid ﬂows and the thickness of
materials. The 1173 and 1332 keV gamma energies are produced
from Cobalt-60. This radionuclide is a neutron activation radioisotope product, which emits two highly penetrative gamma rays:
1173 and 1332 keV. Cobalt-60 is mainly used as a therapy agent
for cancers, as a sterilizer of medical equipment, as a radiation
source for radiography in industries, as a radioactive source for
gauging. The mentioned numerous applications of these three
gamma ray sources justify the necessity of designing and researching on the shielding properties of several types of concrete used
against these radiations in nuclear and medical centers.
The aim of this study is validation of reported data on different
barite concrete types and lead. Thus, some shielding parameters of
barite concrete and lead measured by means of MCNP code. The
MCNP results were compared with the reported experimental
and XCOM results by Akkurt et al. (2010) and Medhat (2009).
2. Experimental procedures
2.1. MCNP simulation code
MCNP code is a Monte Carlo radiation transport code used for
modeling the transport and the interaction of radiation with mat-
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ter. It utilizes the nuclear cross section libraries and uses physics
models for particle interactions and gives the required quantity
with certain error (Eakins, 2007; Shultis and Faw, 2010). This simulation code is used as a main tool for the implementation of this
work.
2.2. Concrete and detector geometries
For implementation of geometry, the reported dimensions in
Akkurt’s article were employed for NaI (Tl) detector and barite concrete, so that we used the cylindrical model in MCNP cell card for
them (Akkurt et al., 2010; Medhat, 2009). For investigating the variation of parameters in depth, the concrete is divided into 10 sections, a section of which has 10 cm thickness each. Multiple
scattering and buildup effects were taken into account in Monte
Carlo simulation code.
2.3. Gamma source
The sources were considered as planar ones with uniform distribution of radioactive material that emit gamma rays perpendicular
to the front face of the shields. A disc source was deﬁned in MCNP
data card with ERG, PAR, POS, and DIR commands for energy, type
of particle, position and direction respectively.
2.4. Materials speciﬁcation of concrete
For speciﬁcation of material in MCNP simulation, the user has to
obtain the elemental composition of concrete and lead on the base
of their chemical composition and weight percent. The percentages
by weight of the different elements for different types of barite
concrete are presented in Table 1.
Using MCNP code, barite is used in fractions of 0%, 50%, and
100% in various types concrete tagged as BC0, BC50 and BC100,
respectively. Then we compare the results with available experimental values and XCOM code (Akkurt et al., 2010; Medhat, 2009).
2.5. Linear attenuation coefﬁcient, transmission factor, mean free path
The parameters of linear attenuation coefﬁcient, transmission
factor and mean free path are calculated and compared with the
results of available in literature.
The linear attenuation coefﬁcient (l) is deﬁned as the fractional
decrease, or attenuation of the gamma-ray beam intensity in good

Fig. 1. Variation of the linear attenuation coefﬁcients versus barite rates in three
gamma energies (a–c).

Table 2
The photon attenuation coefﬁcient calculated by MCNP code (with ﬁve run
repetition).
Samples

Density (g/cm3)

662 keV

1773 keV

1332 keV

BC0
BC50
BC100
Pb

2.46
2.99
3.463
11.30

0.197 ± 0.002
0.239 ± 0.001
0.274 ± 0.001
1.207 ± 0.001

0.152 ± 0.001
0.177 ± 0.002
0.200 ± 0.002
0.694 ± 0.002

0.141 ± 0.002
0.164 ± 0.002
0.184 ± 0.002
0.625 ± 0.002

geometry per unit thickness of absorber, as deﬁned by the following equation:

Table 1
Chemical composition of the different barite rate.

Limit DI=IDt ¼ l

Chemical
compositions

BC0
(0%barite)

BC50 (50%
barite)

BC100 (100%
barite)

CaO
MgO
NaO
K2O
Fe2O3
P2O5
CO2
SiO2
H2O
Al2O3
SO2
BaSO4
MgCO3
NaCl
CaCO3
MnO2
NiO

39.394
10.970
0.394
0.045
0.464
0.003
31.463
12.700
7.420
1.038
0.460
0
0
0
0
0
0

20.269
4.925
0.175
0.034
0.394
0.013
12.810
7.626
6.103
1.353
0.378
46.012
0.049
0.049
0.998
0.099
0.099

4.794
0.648
0.027
0.024
0.229
0.019
0
3.290
3.909
1.364
0.205
83.046
0.090
0.090
1.801
0.180
0.180

Dt ! 0

ð1Þ

where DI/I is the fraction of the gamma-ray beam attenuated by an
absorber of thickness Dt (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.
The transmission factors of any type of concrete, T(E, d), for
gamma of energy E through the thickness d (cm) of shielding the
concrete was deﬁned by dividing the absorbed dose value,
D(E, d), attained by the Tally F6 (F6 in MCNP code is used for calculation of particle energy deposition or kerma in material) in the
dosimetric volume located behind the thickness d (cm) of the
shielding to the absorbed dose value, D(E, 0), in the same dosimetric volume in the absence of any shielding material, as shown in
the following equation:

TðE; dÞ ¼ DðE; dÞ=DðE; 0Þ

ð2Þ
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Fig. 2. Variation of the mean free path versus barite rate in three gamma energies.

Mean free path (Mfp) is deﬁned as the average distance between the two successive interactions of photons. It is given as:

Mfp ¼

1

l

Fig. 3. Variation of the linear attenuation coefﬁcients versus density in three
gamma energies.

ð3Þ

2.6. Relative error
For each tally, MCNP not only calculates the sample mean x, but
several other statistics. One of the most important is the relative
error R deﬁned as R  S
x=x. R generally must be less than 10% for
meaningful results.
3. Results and discussion
The linear attenuation coefﬁcients for different types of barite
(0%, 50% and 100%) were calculated at three energies of 662,
1173 and 1332 keV, and the results were compared with lead
and available experimental data.
Fig. 1 and Table 2 show the variations of the attenuation coefﬁcient versus the barite rate at three gamma energies. By the comparison of the results obtained for barites with MCNP, it can be
seen that the linear attenuation coefﬁcients increased with
increasing the concentration of barite in concrete. It can also be
obviously seen from these ﬁgures that the linear attenuation coefﬁcient is the highest for lead.
At low energy, the photoelectric absorption is the dominant
constituent, therefore absorption is considerable, with the increase
in energy, especially for the Co-60 sources in this study, the
absorption is reduced, and thus the attenuation coefﬁcient is
reduced.

Fig. 4. The transmission rate for BC0, BC50, BC100 and lead as a function of
thickness calculated by (a) XCOM and (b) MCNP code in energy 1.332 MeV.

However, increase in the barite concrete rate (increasing the
percentage of high atomic number elements), will result a higher
concrete density, thus leads to an increase in attenuation
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coefﬁcient. It is seen from Fig. 2 that the low energy photon can deposit its energy in a short distance but high energy photons require
long distances to lose their energies. It is also clear that photons
deposit its energy in a short distance for a concrete containing
higher barite fractions than the other types for all energy. Fig. 2
shows that the mean free path will increase with increasing the energy but decrease in high barite rate.
The linear attenuation coefﬁcient is increased by increasing the
density, as shown in Fig. 3 and Table 2. This ﬁgures show the obtained results by MCNP have more adaption in low density but
there is a considerable difference in high density (in lead) that
may be due to MCNP weaknesses.
The obtained results for transmission factor showed that this
parameter is lower for lead and barite 100% loaded concrete than
50% barite and 0% barite bearing concrete. These results show a
moderately good agreement with the reported values by Akkurt
et al. (Fig. 4a and b). The differences between MCNP and experimental result can be expected from probabilistic processes or
due to errors in the experimental setup. All simulation results obtained by MCNP-4C code were reported with less than 4% relative
error.
4. Conclusion
In the three selected energies (662, 1173 and 1332 keV), the
shielding and relevant parameters based on the elemental composition of the concrete types are simulated and in order to validate
the simulation results, the available experimental data and XCOM
results were compared with them. By comparing the results obtained for barites with MCNP, it can be seen that the linear attenuation coefﬁcients increased with increasing the concentration of
barite in the concrete. The mean free path will increase with
increasing the energy but decrease for high barite concentrations.
The obtained results for transmission factor showed that this
parameter is lower for lead and pure (100%) barite concrete. The
results indicated that there is a moderately good agreement between MCNP, XCOM and the experimental results. All simulation
data obtained by MCNP-4C code were reported with less than 4%
relative error.
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