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Gamma-ray measurements in various research �elds require e�cient detectors. One of these research �elds is mass attenuation
coe�cients of di	erent materials. Apart from experimental studies, the Monte Carlo (MC) method has become one of the most
popular tools in detector studies. AnNaI(Tl) detector has beenmodeled, and, for a validation study of themodeledNaI(Tl) detector,
the absolute e�ciency of 3 × 3 inch cylindrical NaI(Tl) detector has been calculated by using the general purpose Monte Carlo
code MCNP-X (version 2.4.0) and compared with previous studies in literature in the range of 661–2620 keV. In the present work,
the applicability of MCNP-X Monte Carlo code for mass attenuation of concrete sample material as building material at photon
energies 59.5 keV, 80 keV, 356 keV, 661.6 keV, 1173.2 keV, and 1332.5 keV has been tested by using validatedNaI(Tl) detector.�emass
attenuation coe�cients of concrete sample have been calculated. �e calculated results agreed well with experimental and some
other theoretical results. �e results specify that this process can be followed to determine the data on the attenuation of gamma-
rays with other required energies in other materials or in new complex materials. It can be concluded that data from Monte Carlo
is a strong tool not only for e�ciency studies but also for mass attenuation coe�cients calculations.

1. Introduction

Since radioactive sources have been extensively used inmany
�elds such as medicine, industry, and energy applications,
radiation detectors have played a major role in detection
and quanti�cation of ionizing radiations as well as radia-
tion protection procedures. Among all types of radiation
detectors, because of their higher detection e�ciencies of
gamma-rays, scintillation-based NaI(Tl) detectors have been
used widely for radiation spectroscopy and radioisotope-
based applications including medical and industrial areas
[1]. Furthermore, these types of detectors have shown reli-
able results for low level radioactive source measurements
because of higher detection e�ciency and suitable features
for operation at room temperature. However, the accuracy of
measurement depends strongly on some detection properties
of scintillation detectors such as detection e�ciency and
geometric e�ciency. Experimental gamma spectrometry is

an e	ective method to evaluate the e�ciency of NaI(Tl)
detectors. On the other hand, in recent years, the Monte
Carlo (MC) method has been widely utilized for e�ciency
determination studies [2–5]. Absolute e�ciency is de�ned as
the ratio of the number of counts produced by the detector
to the number of gamma-rays emitted by the source (in
all directions). Some experimental and calculation studies
have reported on detection e�ciency determination [6–10].
Nowadays, radiation technology is starting to be used in a
variety of di	erent areas such as nuclear power bases, particle
accelerators such as linac and synchrotron, and medical
facilities such as nuclear medicine and radiological facilities
and thus radiation protection becomes important. Shielding
is widely and e	ectively used method for protection from
radiation hazards; improvement of the shielding properties
of concrete which is a commonly used construction material
becomes important. �ese studies can be performed using
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e�cient detectors. �is study presents the use of NaI(Tl)
detectors modeled by Monte Carlo method during mass
attenuation coe�cients calculations.�e validity of the mod-
eling geometry inMonte Carlo studies is critically important.
Based on this reason, �rst step of this study was to create
a geometry by using MCNP-X and a�erwards a validity
check to compare the e�ciency results of the detector with
available previous works in literature. �e validated detector
is used for mass attenuation coe�cients calculations of
simple concrete sample at 59.5 keV (241Am), 80.9 keV (133Ba),
140.5 keV (99mTc), 356.5 keV (133Ba), 661.6 keV (137Cs), 1173.2
(60Co), and 1332.5 keV (60Co) photon energies which are the
most commonly used isotopes in nuclear investigations.

2. Material and Methods

2.1. Validation of Monte Carlo Model: E�ciency Calculations
of Modeled NaI(Tl) Detector. Absolute e�ciency must be
known especially in radioactivity measurements. In this
study, absolute e�ciency of modeled detector in a wide
energy range is calculated. �e de�nition of the absolute
e�ciency is shown in

�abs = Nc

Ns

. (1)

Here in (1), Nc de�nes the number of counts recorded by
detector and Ns de�nes the number of radiations emitted by
the source (all directions such as isotropic source). In this
study, MCNP-X (Monte Carlo N-Particle eXtended) version
2.4.0 has been used for geometry design and calculations.
MCNP-X is a general purpose radiation transport code for
modeling the interaction of radiation with materials. MCNP-
X is fully three-dimensional and it utilizes extended nuclear
cross section libraries and uses physics models for particle
types. MCNP-X is a suitable and strong code that has a
capability for various studies. �e MCNP-X capability of
detecting e�ciency and using di	erent experimental and
Monte Carlo studies has been studied by Akkurt et al. [14].
Also, using conditions of MCNP-X for dose distribution has
been studied by Tekin and Kara [15]. �e detector geometry
was modeled according to Figure 1. And physical parameters
of related detector shown in Figure 1 were taken from
Canberra Company and the same detector parameters also
used earlier in some experimental studies [16]. �e detector
response function was determined by means of pulse-height
tally named F8 tally in the MCNP-X input �le. �is tally
scores the energy distribution of pulses created in a detector
by radiation. �e net response is the spectra of pulses with
heights proportional to the frequency of events in distinct
energy bins.

All compounds and pure materials of detector were
de�ned in the MC input �le. �ese materials were aluminum
with density of 2.7 g/cm3, MgO with density of 3.58 g/cm3,
NaI(Tl) with density of 3.67 g/cm3, and SiO2 with density of

2.648 g/cm3. A screenshot of the modeled NaI(Tl) detector
by using MCNP-X code is shown in Figure 1. Due to the
simulation process in code, the total simulation geometry
is seen in Figure 2, and, as it can be seen, there is one
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Figure 1: Schematic representation of NaI(Tl) detector considered
in simulation.
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Figure 2: Considered source and detector location in simulation.

cylindrical 3 × 3 inch NaI(Tl) detector of height in crystal
7.62 cm and diameter 7.62 cm with a monoenergetic isotropic
point source. Also, the source and detector assembly were
shielded by lead blocks.

Simulation equipment such as detector and lead blocks
have been de�ned in data cell card and surface card sec-
tions of MCNP-X input by considering di	erent variables
such as geometry, location, dimension, and density. �e
gamma-ray sources also have been de�ned in data card
CEL, ERG, DIR, POS, and PAR. Each variable has di	erent
abilities during simulation. In present study, our variables
commanded source cell, energy, direction, source position,
and particle type, respectively. On the other hand, one of the
important de�nitions is material speci�cation by considering
atomic number, mass number, and density for pure elemental
materials and atomic number, mass number, elemental mass
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Table 1: Total e�ciency values for 3 × 3 inch NaI(Tl) detector with a point source located � = 0.001 cm away from the front surface of the
detector.

Energy (keV)
Total e�ciency (� = 0,001 cm)

Present work Yalcin et al. [11] Vegors Jr. et al. [4] Nakamura [12] Miller and Snow [5] MCNP-X error rate

661 0.3618 0.3646 0.362 0.367 0.370 0.0015

1332 0.3011 0.2930 0.293 0.296 0.302 0.0016

2620 0.2491 0.2476 0.248 0.249 0.250 0.0019
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Figure 3: Total e�ciency for 3 × 3 inch NaI(Tl) detector (� =
0.001 cm).

fraction, and density for compounds or mixtures. By con-
sidering these variables, material de�nitions of concrete have
been done in simulation. When some energy � is deposited
into the detector, accounting the corresponding channel of
the spectrum is recorded. Somehow, the gamma-rays spectra
obtained in the simulations are very di	erent from the spectra
obtained with the detectors. �us, the resolution calibration
in the user code must be accounted for obtaining the realistic
spectra [17]. As we know, the absolute e�ciency of detector
is dependent on the source-detector distance. In this study,
simulations were repeated by considering distance of � =
0.001 cm source-detector distance. �e MC calculations for
total e�ciency were presented in Table 1, for � = 0.001 cm
distance between source and detector. �e geometric center
of detector was considered for location of point source.
MC calculations were done by using Intel� Core� i7 CPU
2.80GHz computer hardware. Also the comparisons were
made between present study and other studies in these tables.
�e results show that with an increase in photon energy,
the total e�ciency is reduced for all distances in certain
energy values. �e reduced e�ciency rates were given in
Table 1. In this study, the absolute detector e�ciency of a
modeled NaI(Tl) detector for di	erent energies of photons
and for di	erent source-detector distances was calculated
by using Monte Carlo method with MCNP-X code. A good

agreement was observed between the Monte Carlo and pre-
vious studies for � = 0.001 cm detector-source distance. Also
in the simulation, isotropic point sources were considered
for calculations. Total e�ciency values were calculated for
3 × 3 inch NaI(Tl) detector for source-detector distances of
� = 0.001 cm. Since the Monte Carlo method has become an
important tool in e�ciency studies, MCNP-X code was used
for this study successfully.

As we see from Figure 3, good agreement was achieved
between e�ciency values. Somehow, Hybrid Monte Carlo
program which has been developed by Yalcin et al. [11]
requires rather short computing time. In the present simula-
tion, the run time was longer than in the HybridMonte Carlo
method. In this study, good agreement is achieved between
gamma energy and detector e�ciency. As the gamma energy
increases in interaction, the total detector e�ciency decreases
given that the possibility of a photon being absorbed inside of
the detector decreases.

2.2. Mass Attenuation Coe�cients Calculations. To avoid
population and sta	 exposure to ionization radiation, work-
ing and public areas should be shielded. �e main investiga-
tion required for such studies is mass attenuation coe�cient
values of building materials. Mass attenuation coe�cient
measures the probability of interaction of photon with the
material. Modeling the photon attenuation throughmaterials
in a simulation environment gives more �exibility and sim-
plicity of use and change of parameters instead of performing
an experimental study of mass attenuation coe�cients of
di	erent materials. �us, modeling of validated detector
geometry would be useful for future studies where the energy
value should be changed. In this study, we carried out an
investigation on availability of MCNP-X Monte Carlo code
for calculation of mass attenuation coe�cients of simple
de�ned concrete used formass attenuation coe�cients calcu-
lations [13]�emass attenuation coe�cient is one of themost
important parameters for characterizing the penetration and
di	usion of gamma-rays in any objective material [18].
Mass attenuation coe�cients of investigated materials are
determined by the transmission method according to Beer-
Lambert’s law:

�� ⋅ � = ln(	�	 ) , (2)

where 	� and 	 are the incident and attenuated photon
intensity, respectively, �� (cm2⋅g−1) is the mass attenuation
coe�cient, and � is the thickness of the slab. In recent
years, many researchers have studied determination of mass
attenuation coe�cients theoretically and experimentally for
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Table 2: Concrete sample parameters (density = 2.3 g⋅cm−3).
Element Mass fraction (%)

H 1

C 0.1

O 52.9107

Na 1.6

Mg 0.2

Al 3.3872

Si 33.7021

K 1.3

Ca 4.4

Fe 1.4

various materials, such as some experimental studies per-
formed by Akkurt and El-Khayatt [19]. E	ect of the boron
carbide aluminum metal matrix composite on radiation
shielding has been studied by Akkaş et al. [20]. Investigation
of biological materials and their attenuations by comparing
Monte Carlo and XCOM have been studied Medhat et al.
[21]. Mass attenuation coe�cients of composite material
comparison have been studied byMedhat and Singh by using
Geant4 and XCOM [22]. In this study, �e mass attenuation
coe�cients of concrete sample de�ned in the simulation
package were obtained by using the MCNP-X Monte Carlo
code at 59.5, 80.9, 140.5, 356.5, 661.6, 1173.2, and 1332.5 keV
photon energies. Simple concrete material [23] content ratios
have been de�ned as sample material in MCNP-X input.
Elemental structure and mass fractions of used concrete are
given in Table 2.

A complex elemental concrete has been de�ned in
MCNP-X due to elemental structure and mass fraction in
sample. However, the source was approximated as a point
source with other equipment in simulation such as concrete
sample and NaI(Tl) detector in lead (Pb) shielding material.
For a good interaction with NaI(Tl) detector, photons have
been collimated onto detector the window in simulation.
Since MCNP-X obtains the primary sources of nuclear
data, evaluations from the evaluated nuclear data �le (endf)
system, evaluated nuclear data library (endl), and evaluated
photon data library (epdl) are highly capable of photonic
calculations. In this study, also some variance reduction
techniques have been applied such as cutting o	 energy and
reducing the types of observed particles in interaction such
as ignoring of electrons in mother world and equipment
geometries.

MC calculations were done by using Intel Core i7 CPU
2.80GHz computer and for one million starting particles
per run (NPS). Depending on the long calculation run time,
statistical error that has been obtained was less than 1%. Of
course, this error reduction not only depends on long run
time but also depends on variance reduction methods such
as cut-o	 energy applications inMCNP-X data card, ignoring
the unused particles in simulation such as neutron and
electron and optimized mother world volume in simulation
geometry. �e average cell �ux tally (F4) has been used
during mass attenuation coe�cient calculation. �is type of

Source
Sample

Pb shield

NaI (Tl)

Figure 4: Schematic representation of simulation and locations of
modeled equipment.

tally makes use of what may be called a variance reduction
technique, namely, use of the next event estimator. For each
source particle and each collision event, a deterministic
estimation is made of the �uence contribution at the detector
point which is also shown in Figure 4. Since MCNP-X has
special material de�nition process, the user has to consider
the elemental composition of concrete and mass fractions
on the base of their chemical composition and weight
rates in de�nition of material in MCNP-X simulation. �e
percentages by weight of the di	erent elements for di	erent
types of concrete are also given in Table 2.

3. Results

By considering the concrete sample which is de�ned in
MCNP-X code, mass attenuation coe�cient was calculated
in range of 59.5 keV, 80.9 keV, 140.5 keV, 356.5 keV, 661.6 keV,
1173.2 keV, and 1332.5 keV photon energies. To observe the
transmissions of photons, di	erent thicknesses of concrete
samplewere used. In this study, source has been considered as
collimated isotropic source same as experimental conditions.
To obtain accuracy of results, energy spectra at detector face
quanti�ed for each incident energy to determine amount of
photon downscattering within the sample for each energy. In
this study, a simple modeled geometry was used to estimate
the transmission of photons through the modeled concrete
sample with the di	erent thicknesses.

Some comparison studies between Monte Carlo and
XCOM data have been performed by Demir et al. by using
FLUKA code. Table 3 shows the calculated mass attenuation
coe�cients of concrete sample and photon energies by giving
calculated values by the XCOM [24] database and previously
reported Monte Carlo values. Figure 5 shows the calculated
mass attenuation coe�cients of concrete sample by MCNP-
X. Deviations (� = �� − ��/�� × 100%) between this study



Science and Technology of Nuclear Installations 5

Table 3: Mass attenuation coe�cients for the concrete sample.

Energy (keV) Present work (MCNP-X) Demir et al. [13] XCOM Deviation (� = �� − ��/�� × 100%)

59.5 0.205 0.203 0.207 −0.97 to +0.97
60.9 0.181 0.179 0.183 −1.10 to 1.10
140.5 0.148 0.144 0.154 −2.70 to 4.05
356.5 0.113 0.110 0.112 −0.88 to −2.65
661.6 0.085 0.082 0.086 −3.52 to 1.17
1173.2 0.066 0.064 0.066 −3.03 to 0
1332.5 0.059 0.058 0.061 −1.69 to 3.38
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Figure 5: Calculated mass attenuation coe�cients of concrete
sample by MCNP-X.
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Figure 6: Comparison of mass attenuation coe�cients of concrete
sample.

and other results from Demir et al. and XCOM are given in
Table 3.

�eMCNP-X simulation code was employed to calculate
the values of the mass attenuation coe�cients for concrete
sample. �e MCNP-X versus XCOM and previously cal-
culated values are plotted in Figure 6. It was found that

the simulated results of mass attenuation coe�cient values
of the composites for seven gamma-ray energies were in
good agreement with other data. Di	erences between the
MCNP-X results of the XCOM and the MCNP mass atten-
uation coe�cients could be due to deviations from narrow-
beam geometry in the source-detector setup. Additionally,
di	erences between the MCNP-X output results and FLUKA
output results could be due to di	erent cross section and
data libraries of two di	erent Monte Carlo codes. It has been
found that the MCNP-X simulation and modeled NaI(Tl)
detector can be applied to estimate the mass attenuation
coe�cients for various attenuator and energies in di	erent
future studies. In addition, it can also be concluded that the
MCNP simulation code is a powerful method for evaluation
of photon interaction parameters of the di	erent types of
materials.

4. Conclusion

In this study, as a validation ofmodeled detector, e�ciency for
di	erent energies was obtained using MCNP-X code. In e�-
ciency calculation of modeled NaI(Tl) detector, it was found
that obtained results were moderately similar to available
experimental data. Our MC model was capable of reproduc-
ing and con�rming previous results on a commercial scintil-
lation detector. Our study showed that MCNP-X code results
are not only very similar to other experimental and Monte
Carlo results in e�ciency calculations but also very similar
to other XCOM and FLUKA Monte Carlo results in mass
attenuation coe�cients calculations. Di	erences between the
results in mass attenuation coe�cient calculations could
be due to di	erent cross section data between MCNP-X
and FLUKA and also could be due to computing time and
statistical error rates. So the same geometry and model could
be used for other applications such as attenuation studies with
di	erent compoundmaterials as well as gamma spectroscopy
for material characterization. As a conclusion topic, it can
be also concluded that these results are useful in developing
a better understanding of detector design by using Monte
Carlo method and the Monte Carlo method is used in mass
attenuation coe�cients calculation. �ese results conclude
thatMCNP-XMonteCarlo simulation is inwell compatibility
with not only experimental data but also other Monte Carlo
codes such as FLUKA code and can be applied to predict
the mass attenuation coe�cients for di	erent attenuator and
energies and can be an alternative method for experimental
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method since Monte Carlo has �exibility and convenience in
de�ning geometry. Nowadays, radiation protection materials
are currently in a rapid development by using new approaches
such as doping complex materials into the concrete. It can
be also concluded that modeled geometry can be used for
future approaches such as new designs and new structures
especially in the investigations of building materials which
are used in the �elds of radiation such as nuclear reactors and
high energy radiation therapy facilities.
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