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The combination of gamma-ray spectrometry, the development of related Monte Carlo method and the GEANT4
(GEometry ANd Tracking) toolkit have been developed for gamma spectrometry simulation. The main objective
was to validate simulation models of broad energy germanium (BEGe) detector geometry built in our laboratory
(BE6530 model). Monte Carlo simulation of the geometry of BE6530 detector for efficiency calibration was

lsi}rf?u.lanon carried out with GEANT4 toolkit. The simulated efficiencies curves using MC were compared with experimental
cienc L . . . S .
BE6530 Y results. Measurement uncertainties for both simulation and experimental estimations of the efficiency were

assessed in order to see whether the consequences of the realistic measurement fall inside adequate cut-off
points. The validation of the simulation was carried out by experimentally estimating the activity concentration
in a reference sample and the comparison showed good correlation between experimental and simulation.
Therefore, from the outcomes of this study, it can be concluded that Monte-Carlo simulation is a helpful, rea-
sonable option that additionally gives more prominent adaptability, greater flexibility, precision and accuracy,
and gained time when determining the detector response and efficiency in routine of environmental radio-

activity monitoring.

1. Introduction

The Monte Carlo (MC) numerical methods are the simulation sta-
tistical methods where the statistical simulation represents any method
which utilises the sequences of aleatory numbers to realize the simu-
lation (Hranitzky and Stadtmann, 2007; Mora et al., 1999; Mainegra-
Hing et al., 2003). Nowadays, the Monte Carlo simulation is used in
different fields of activity from the simulation of some complex physical
phenomena such as the radiation transport in the earthly atmosphere
and the subnuclear processes which occur at high energy to the simu-
lation of a video game. A Monte Carlo calculation thus comprises of
running an extensive number of particle occasions until some worthy
statistical uncertainty of the coveted computed amount has been
reached. Gamma-ray spectrometry is a non-destructive technique used
for quantitative and qualitative analysis of gamma-ray emitter radio-
nuclide in the sample. This analysis is performed through calibration of
the detector, counting and measuring the individual photo-peak
emitted from different elements present in the sample (Guembou et al.,

2017a, 2017b). Simulation based on GEANT4 toolkit provides more
information on the new technical of gamma-ray spectrometry. Photons
can interact by means of the photoelectric effect, Compton scattering,
pair production or Rayleigh scattering, and the probability of each in-
teraction type is energy dependent as describe by many authors such as
Baro et al. Biggs and Lighthill, Born, Butcher and Messel, Ford and
Nelson, Gavrila, Grichine et al. Heitler, Hubbell et al. Kenneth, Messel
and Crawford, Rossi, Berger (Baro et al., 1994; Biggs and Lighthill,
1990; Born, 1969; Butcher and Messel, 1960; Ford and Nelson, 1985;
Gavrila, 1959; Grichine et al., 1994; Heitler, 1957; Hubbell et al., 1980;
Hubbelet al, 1975; Kenneth Krane, 1987; Messel and Crawford, 1970;
Penelope -ode System, 2001; Rossi, 1952; Berger et al., 2010).

To describe the behavior of the system, the physical processes were
directly simulated with one condition: the system must be described by
the probability density function. The Monte Carlo simulation can con-
tinue through the generation of aleatory values from the probability
density function if this function is known. In Gamma spectrometry,
Monte Carlo simulation is considered as a new method to assess
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environmental radioactivity because the results of this analysis is
known as an average of the observed numbers (Mainegra-Hing et al.,
2003; Wang, 1996; ISO, 1999). In addition, this method limits the high
cost and risk related to the utilization of radioactive sources for cali-
bration of the detectors and is an important task nowadays that favours
the development of MC methods. When succeeded, the geometry con-
structed by MC simulation can be very helpful in the case of efficiency
calibration of HPGe. Studies performed worldwide have proved the
validation of this method. As a result, many laboratories found that
computed values obtained with MC simulation significantly deviated to
the experimental values. This interest results from the difficulties en-
countered during experimental calibration of the detectors.

Many authors used MCNP and MCNPX in the past decades for cal-
culation of detection efficiency of the gamma detector. Akkurt pre-
sented results of MCNPX simulation obtained for Nal(Tl) detector
system and compared them with the experimental results (Akkurt et al.,
2015). A good agreement was found between calculation and experi-
ment. In addition, simulation of high purity germanium detector effi-
ciency as well as geometry based with GEANT4 code conducted by
some authors found this method very useful alternative that also pro-
vides greater flexibility when determining the detector response and
efficiency during a measurement (Akkurt et al., 2015; Breier et al.,
2017; Britton et al., 2012, 2013a, 2013b, 2014a; Chagren et al., 2017;
Crespi et al., 2008; Li et al., 2015; Hurtadoa et al., 2004a; Hansman
et al., 2015; Nikolic et al., 2014a, 2014b, 2015; McNamara et al., 2012;
Dababneh et al., 2014; Saraiva et al., 2016; Sivers et al., 2014). Britton
(Britton et al., 2013a) developed a full GEANT4 model for the simula-
tion of a broad-energy germanium detector. The results of simulation as
compared with the experiment were found to be 3% accurate with
confidence level of 95% for energies between 30.00 and 3000.00 keV.
Gang Li performed study on efficiency corrections in determining the
137Cs inventory of environmental soil samples by using relative mea-
surement method and GEANT4 simulations (Li et al., 2015). Hurtadoa
used GEANT4 toolkit in order to simulate Ge detectors in low-level
gamma spectrometry and the comparison with experimental value were
found to be within 10% confidence limit (Hurtadoa et al., 2004a).
Chagren applied the GEANT4 code of CERN to calculate the peak effi-
ciency in High Pure Germanium (HPGe) gamma spectrometry (Chagren
et al., 2017). Jelena Nikolic performed research on the calibration of
three HPGe detectors (Closed coaxial - p type Canberra with Al entry
window, closed reversible coaxial - n type Canberra with Be entry
window and Closed coaxial - p type Canberra with Be entry window)
using GEANT4 toolkit and EFFTRAN software for efficiency transfer
(Nikolic et al., 2014a). Saed Dababneh utilized GEANT4 to accomplish
crucial corrections, in close geometry, for self-absorption and true co-
incidence summing in gamma-ray spectrometry of environmental
samples (Dababneh et al., 2014). Nikolic applied GEANT4 simulation to
calibrate two HPGe detectors, to measure liquid and soil-like samples in
barrel shaped geometry (Nikolic et al., 2015). These researchers have
proved the accuracy and the precision of the GEANT4 toolkit in the
calibration of the gamma-ray spectrometry detectors because the
overall comparison between simulation and experiment were in the
majority in accord of 10% limit. The difference is partially due to dif-
ferent detector parameters that vary date to date and can be more op-
timise during simulation than experimentation. Therefore, more at-
tention has to be given on the simulation of the different detectors
model to improve scientific collaboration between different teams’
work, friability of the results and also facilitate the implication on re-
searchers in the countries under development to perform studies on
environmental radioactivity without any cost of buying multi-gamma
radioactive sources for calibration. None or very few attentions have
been given on the simulation of broad energy germanium detector,
especially the BE6530 model. Nevertheless, LabSOCS and ISOCS cali-
bration software have been developed based on MC algorithm, to fa-
cilitate the calibration and these can only be done on characterised
detector (Mirion Technology, 2013).
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The aim of the present study is to apply GEANT4 MC Simulation for
the efficiency calibration of BEGe 6530 gamma detector model. The
intention was to improve the calibration process of Broad Energy
Germanium detector, for measurement of environmental samples in
cylindrical geometry. In addition, a full GEANT4 model of a broad-
energy BEGe detector was presented with different views of the geo-
metry construction. The efficiency obtained with GEANT4 was com-
pared with experimental results. Comparison between experimental
and simulated values was estimated, and the objective was to see
whether the results obtained in the present study falls in agreement.
The demonstration of the capability and robustness of a GEANT4 model
on predicting detection efficiencies for the broad-energy germanium
spectrometer (BEGe 6530) used in our laboratory was highlighted.

2. Methods and computation
2.1. Overview of Monte Carlo method

Monte Carlo techniques are computational calculation method in
view of random number to get results. In the 1940s, Monte Carlo
technique was initially presented for the nuclear weapon extend,
Manhattan Project. Nowadays, Monte Carlo algorithms are broadly
used as a part of many fields. With the creating of computer techniques,
Monte Carlo (MC) techniques turn out to be increasingly well-known in
many fields of uses to figure or solve issues which can be not really
comprehended with classic analytic techniques. For a complete record
of the MC techniques, the publications of Butcher and Messel, Messel
and Crawford, or Ford and Nelson can be consulted (Biggs and Lighthill,
1990; Ford and Nelson, 1985; Messel and Crawford, 1970). In the event
that we wish to sample x in the interval [x;, x>] from the appropriation f
(x) and the normalised probability density function can be expressed as:

F@) =) Nif (x0)g(x)

i=1

€8]

where N; > 0, f; (x) are normalised density functions on [x;, x>], and 0
=g <1

Most numerical packages with the capacity to include random
number generation are also able to generate random numbers with
other probability distributions, for example, Poisson or Gaussian dis-
tributions. The probability distribution function p(x) is considered in
this situation, with which the goal is to produce random numbers which
take over this distribution function. The Geant4 code used in this study
was built in accord with the interaction of gamma rays with matter
based on cross section of Photoelectric effect, Compton backscattering,
pair production and Rayleigh effect. Many authors, such as Biggs, Born,
Butcher, Ford, Gavrila, Grichine, Heitle and Hubbell, developed the
process of the passage of photon through matter (Hranitzky and
Stadtmann, 2007; Mora et al., 1999; Baro et al., 1994; Biggs and
Lighthill, 1990; Born, 1969; Butcher and Messel, 1960; Ford and
Nelson, 1985; Gavrila, 1959; Grichine et al., 1994; Heitler, 1957). The
probability of non-interaction of a photon is:

P(X) = we™* 2

2.2. Experimental

High resolution gamma-ray spectrometry is an effective method to
determine activity concentration of radionuclides in the samples
(Barros and Pecequilo, 2014; Conti Salinaset al, 2013). The detector
under investigation is a commercial p-type BEGe detector (BE6530
Model) produced by Canberra. Major descriptions and specifications of
the detector used are presented in Table 1. A schematic view of the
detector configuration is shown in Fig. 1. The data acquisition systems
in this work involve a charge-sensitive pre-amplifier, an integrated di-
gital signal analyser and the Genie-2000 software versus 3.2.
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Table 1
Specifications of HPGe detector used in the laboratory for experimental study
(BE6530).

Descriptions Detector

Detector type (Canberra) BE6530

Detector geometry Plan

Detector active area-facing window (mm?) 6500

Active diameter (mm) 91.5

Thickness (mm) 31.5

Distance from window (outside) (mm) 5.0

Window thickness (mm) 0.6

Aluminium endcap distance from window (mm) 8.0

Window material Carbon epoxy

Relative efficiency at 1332.5 of ®°Co (%) 60

Full Width Half Maximum (FWHM) Resolution (keV) at 0.478
5.9KeV

Full Width Half Maximum (FWHM) Resolution (keV) at 0.695
122 KeV

Full Width Half Maximum (FWHM) Resolution (keV) at 1.785
1332.5KeV

Depletion voltage (+)4000

Recommended bias voltage Vdc (+)4500

Time constant (us) 4
Cryostat description Vertical dipstick

Peak shape (FWTM/FWHM) for *°Co 1.88
Cooling system Electric
Recommended bias voltage +4500 V

N Al endcap N Carbon window
91.5mm
E Side dead layer Front dead layer
Cu hold
L ST Germanium crystal
P n+ electrode
pt electrode
— =
13.5mm  groove

Fig. 1. Schematic view of the BEGe detector (BE6530) with real dimension.

The detector utilises a carbon epoxy window to ensure the protec-
tion of the crystal of the detector and to limit the attenuation of low
energy photons. This decreases the response to photons below 10 keV
when contrasted with an Aluminium window (which lessens the re-
sponse to photons under 30 keV) or a Beryllium window (which can
allow photons of energy = 2keV), that is significantly more robust.
Other composers of detector protection are Aluminium endcap, lithium
dead layer, lead shielding, boron layer and copper used in this case to
reduce background and to reduce the effect of X-rays emitted by the
lead shielding system.

The knowledge of the detection geometry is essential in the sub-
sequent calculations (Hranitzky and Stadtmann, 2007; Grichine et al.,
1994). For this reason, some information was available only on a spe-
cial request to the Canberra if it has an influence on the simulation
result. For example, real dimension and geometry of the germanium
crystal can be acquired by the collaborating with Canberra that provide
more specific details or through the image of the detector obtained by a
scanner. Experimentally, the efficiency ¢ for a given photon energy is
assessed throughout the following formula:

N.
€=
At B

i

3
Where N, is the number of total counts in the peak, T is the detection
time, A is the nuclide activity and P is the photon emission. C; contains
correction factors due to dead time, radionuclide decay and coincidence
summing corrections. Calibration of equipment was done for both
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energy and efficiency. The uncertainty of the efficiency calculation (Ae)
was calculated using the following equation:

i
e _

= ) () ()G

C)

Where AN is the count rate uncertainty, AP, the emission probability
uncertainty found in the nuclear data tables, AA the relative uncertainty
of the radioactive source provided by the manufacturer and AM the
weighing uncertainty, introduced in the process of secondary standard
material production. Point sources of **'Am, '®?Eu (for energy cali-
bration), *7Cs, 1°°Cd, %8y, %5Zn, ®°Co, >’Co and °*Mn were used. To
record at least the highest counts for each full-energy peak and mini-
mize the statistical counting error, the counting time of gamma point
sources were adjusted.

Validation of the experimental efficiency calibration was done
through technical cooperation with the Canberra laboratory. The cali-
bration efficiency curve was plotted in dual mode with cross-over en-
ergy to avoid error due to extrapolation. The influence of the decay
scheme of nuclides, the sample geometry and composition, the detector
features on the specific activity of radionuclides in the sample, and the
cascade summing effect was automatically corrected using the peak to
total (P/T) curve (Ababneh and Eyadeh, 2015).

2.3. GEANT4 toolkit for Monte Carlo simulation

Monte Carlo techniques are computational calculations in view of
random sampling to get results. In the 1940s, Monte Carlo technique
was initially presented for the nuclear weapon and used firstly in the
Manhattan Project (Badash, 2011). The use of Monte Carlo method in
the field of Nuclear applications was completely presented by several
scientists (Butcher and Messel, 1960; Ford and Nelson, 1985; Messel
and Crawford, 1970; Berger, 1963). GEANT4, a publicly available
Monte-Carlo toolkit developed at CERN, was used to perform accurate
simulations of particle propagation through an interaction with matter
(Agostinelli et al., 2003; Geant4 Collaboration, 2016; Allison et al.,
2016). Unlike the other computational Monte Carlo codes such as EGS,
MCNP, MCNPX, FLUKA, GATE, PENELOPE, SRIM ... etc, GEANT4 is not
an executable program but rather a set of C+ + class libraries for
running, tracking, stepping and collecting information ... etc.

Information about each particle can be obtained at both the pre-step
and post-step points, including the energy deposited per step, the type
of particle, number of secondary's, position, trajectory etc. By com-
bining the information across all steps, information for each event can
be obtained, and therefore used to create useful outputs, such as energy
spectra. GEANT4 provides a visualisation system, which is based on
graphics libraries, such as OpenGL and Qt and some other plotting
applications, such as HepRApp or DAWN (Geant4 Collaboration, 2016;
Allison et al, 2016; Zhang, 2011). G4UserRunAction; G4User-
EventAction; G4UserStackingAction; G4UserTrackingAction; G4User-
SteppingAction ... etc. Were used when editing the code (Agostinelli
et al., 2003; Geant4 Collaboration, 2016; Allison et al., 2016; Zhang,
2011; Britton, 2014). All these classes must be well known when using
GEANT4 for geometries and efficiencies simulation. GEANT4 was im-
plemented in respect to gamma-ray spectrometry requirements to build
our code for simulation of BEGe 6530 efficiency.

2.4. Simulation

The GEANT4 simulation starts with a cycle that begins with the
generation of a gamma-beam photon from the source (the source can be
the standard source provided by IAEA or produced in our laboratory)
and after that, these are trailed by the tracking of photons in different
areas of modelled geometry. The tracking of a solitary photon is ceased
when it leaves the volume of interest also called the active volume of
the detector or when the vitality of photon progresses toward becoming
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lower than predetermined limit esteem cut-off energy. This cycle, ad-
ditionally called sampling, is repeated many times keeping in mind the
end goal to diminish the measurable fluctuation in the parameters of
interest beneath than recommended limits. In our sampling, inspecting
of more than 10° photons was completed for every information point
for good statistical measurements. To enhance the productivity of re-
production, source biasing procedure was utilized. Modelled geometry
had been built taking into account the real parameters provided by
Canberra in the technical manual of the broad energy germanium de-
tector.

The version 10.2 of the GEANT4 (Geometry and Tracking fourth
generation) Monte Carlo code, released in December 2015 was used in
the simulations built in this work (Agostinelli et al., 2003; Geant4
Collaboration, 2016; Allison et al., 2016). It offers a broad selection of
approved physical models to reproduce the interaction of radiation with
matter and contains a comprehensive dataset of material properties
(such as density, isotopic composition, photon-electron stopping
power). The description of interaction of gamma-rays through the
matter is very important during simulation. GEANT4 provide different
classes of physics list and the author have to select and implement his
own class. The Low-energy Electromagnetic Package of GEANT4 was
selected for performing simulation in this work (Lechner et al., 2009).
All types of relevant interactions of photons and electrons/positrons
with matter are considered, utilising low-energy data packages avail-
able in GEANT4 database (dataset G4EMLOWG6, model G4EmLi-
vermorePhysics); inside this package, two optional physics, the “Li-
vermore” model and the “Penelope” model, were implemented. The
intention was to adapt the code to the environment of our laboratory.
G4AnalysisManager was used to create and fill histogram (the corre-
sponding spectrum) by defining a 1D histogram for the energy de-
posited per event for the sensitive detector. The histogram plotting was
activated using UI commands available in GEANT4 guide (Geant4
Collaboration, 2016). Root with Root browser was used to generate root
files and spectra plotting. The obtained spectra were then compared to
the experimental one to see how to improve the code and how the si-
mulation feels in accord with experiment.

The energy deposition in the sensitive volume had been histo-
grammed and spread with an energy-dependent peak shape function to
copy the behavior of the signal processing electronics. Finally, the
spectrum was written out in a file previously defined as a pair of an
ASCIL In all simulations, 10° initial photons were generated in 4 that
took presently about 2-6h on an Intel i5 personal computer, in 64-bit
Linux environment (Scientific Linux). The simulation runs brings
common peak areas of around 5000 to 40,000 counts, thus their sta-
tistical precisions were similar to the experimental. During the simu-
lation, the history of each individual primary particle comprises its
emission by the source, its interaction with the detector and sur-
rounding materials, production as well as transport of secondary par-
ticles, and track until the point when the photon escapes or undergoes a
photoelectric interaction in the crystal, depositing all of its energy.
Particle energy of 0.5 keV is set as the cut-off for the simulation (Geant4
Collaboration, 2016).

In broad energy germanium detector models, the active volume size
and the dead layer thickness are key parameters for obtaining accurate
simulation results. It is thus important to take into account this para-
meter for modelling detection systems. A point-like source of 2*'Am
was used to measure the front and side dead layer thicknesses, but the
simulation was performed repeatedly and the thickness value of the
corresponding dead layer in the detector model was changed every
time, and along these lines the reliance of the detection efficiency on
the dead layer thickness was acquired. This reliance relationship was
fitted with an exponential function, and the genuine dead layer thick-
ness was controlled by interpolating the acquired function to the ex-
perimentally acquired detection efficiency (Budjas et al., 2009). The
active volume of the detector was checked with a collimated '*3Ba
point-like source. The fundamental factors that contributed to the
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simulation were characteristic dimension of the detector: the diameter
and length of the crystal, the diameter and length of the crystal cavity,
top and side dead layer, end cap diameter, window thickness and
window to crystal gap. In order to limit the discrepancy amongst si-
mulated and measured esteems, buletization, dead layer and window to
crystal gap were varied in the simulation.

The introduction of a simple variance reduction scheme in view of
directional bias improves the simulation. The goal of this technique was
to simulate only primary photons that were emitted from the sample
towards the detector active volume. The implementation in the devel-
oped GEANT4 code an algorithm described in details by Hurtado et al.
simplified the simulation (Hurtadoa et al., 2004b). Sample dimensions
were likewise measured with care, and sample volumes were built in
the simulation code accordingly. Primary photons were created in the
sample volumes with uniformly random positions and momentum di-
rections in full space (4m) as described in GEANT4 user's manual
(Geant4 Collaboration, 2016). Output files of each run were created via
UI commands. Filled output files were exported and saved into an Excel
sheet. The comparison between simulated output files and experimental
result was done to see whether the simulated efficiency fall with ex-
perimental one. Simulated efficiency was also applied for realistic
measurement to validate the Geant4 model built in this study. The re-
sults obtained in this research project are important and will now be
presented.

3. Result and discussion

The present work is devoted to the simulation of a broad energy
germanium detector and its response. The attention had been given on
the reproduction of the geometry by the GEANT4 code and the simu-
lation of the efficiency response of the BE6530. This type of detector
has a short and planar shape to maximise efficiency. At this point the
geometry and matrix were identical, so that there was only a distinction
in the action of the two materials, the spectrum permitting one to
perform direct efficiency calibration. That is a requirement in gamma-
ray spectrometry: the calibration source and the sample must be in the
same geometry and similar matrix (type, composition and density). As
to the issue of coincidence summing, no corrections have to be applied
if a natural sample is measured with respect to a standard of the same
radionuclide, in a similar geometry. That is why attention was given to
geometry construction using GEANT4 in this work. In the present work,
the BEGe detector geometry (model BE6530) was built firstly and then,
the simulation of its response done by using different radionuclides at
different energy levels.

3.1. Result of geometry construction

The preliminary simulation of detector geometry began on the
Germanium detector crystal and the lead shielding. Another part of the
detection system was implemented consequently and progressively in
the word volume which is the lead shielding in the code built in this
research study. The physical volume, the mother volume and sensitive
volume were implemented in the word volume accordingly using
GEANT4 routines as describe in GEANT4 user manual (Geant4
Collaboration, 2016). The sample was easily simulated as a real sample
with point like source and approximately 120 cm® cylindrical volume
sample (5 cm diameter and 7.6 cm height).

As presented in Figs. 2 and 3, real dimension geometry can take
more resource for first-time construction, but it is the best solution
because all other used will just take into account some modifications.
Detectors might be obviously characterised by restrictive programming
in various circumstances. Monte-Carlo simulation is a useful while de-
termining the detector response and efficiency during an environmental
measurement (Guembou et al., 2016, 2017a, 2017b). When considering
the sample in the geometry, it was plotted in three dimensions and
surface coloration to optimise visualisation. The Qt and Open OGL
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Fig. 2. Geometry construction of the Broad Energy Germanium detector (the BE6530 model). The geometry of the system features 10 cm lead thickness (presented
here with white colour) and is jacketed by a 9.5 mm steel outer housing. The graded liner consists of a thin layer of 1 mm thickness and a copper layer (the yellow part
of the geometry) of 1.5 mm thickness. There is no exposed lead in this model with or without the door closed. The inside dimensions are 28 cm diameter by 41 cm
high approximately. The carbon epoxy end-cap was used and is shown in the geometry by blue colour. Only carbon epoxy or beryllium can be used, not two of them.
The sample is the green part and the Germanium detector is the purple part of the geometry construction. Geometry provided by Canberra at left and simulated in the
present work at right. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

visualisations were used when drawing the different part of the detector modification and adaptation in the C+ + code. The detector is defined
geometries. The crystal of Germanium detector is shown in the centre in the centre. The surrounding lead shield and liners are also simulated,
with purple colour. The sample cylinder is shown in green colour. with yellow and white corresponding to lead. Some details are missing
Drawing geometry in this way is more comfortable and permitted easy and are not visible, from the electrodes and other background

Fig. 3. Different 2D and 3D views of the geometry
construction: (a) top view in two dimensions - planar
representation. (b) Top view - representation in three
dimensions. (c) Reel view of the geometry with ro-
tation. The lead bulk is open. (d) The lead bulk is
closed and the system is ready for an acquisition. (¢
and d) View without the lid and with it respectively.
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Table 2

Journal of Environmental Radioactivity 189 (2018) 109-119

Simulated elements in the geometry of the detection system. Mat. Name for material name; NComp for number of chemical component.

Simple material (Elements)

Mat. Name Element NComp Density (g.cm_s) 1(eV) Geant4 command name

Beryllium Be (Z = 4) 1 1.848 63.7 G4_Be (Input window materials)

Support Al (Z =13) 1 2.699 166 G4_Al (Aluminum detector protection)

Germanium crystal (> 99.9%) Ge (Z = 32) 1 5.323 350 G4_Ge (detector)

Copper (Shield mat.) Cu (Z =29) 1 8.960 322 G4_Cu (copper shield material)

Tin Sn (Z = 50) 1 7.31 488 G4_Sn (tin shield material)

Tungsten W (Z=74) 1 19.3 727 G4_W (tungsten shield)

Lead (Shield mat.) Pb (Z = 82) 1 11.35 823 G4_Pb (lead shield: the primary material for shielding)

Compounds

Carbon Epoxy H(1),C(6),0(8),Cl(17) 4 1.6 / New G4Material (Molecule definition: C5;H,5ClO5)

Word Volume (default) Air 4 0.00120479 85.7 Base Mat: G4_AIR
Mass fraction: C (0.000124), N (0.755268), O (0.231781), Ar
(0.012827)

Cooling way stainless steel + LN, 7.85 / Mass fraction (%): C(0.08), Mn(2.0), P(0.45), S(0.3), Si(0.75), Cr
(18), Ni(8), N(10), Fe(71)

Polyethylene terephthalate (PET) Sample container 3 1.38 / New G4Material [Molecule definition: (C;oHgO4)s]

Sample SS1 elemental composition in % (New G4Material: Compound)

Si0, Al,O3 K;0 Fe,03 NaO TiO, CaO MgO MnO P,0s

91.0 4.9 2.0 0.9 0.4 0.2 0.3 0.01 0.01 0.01

protection in this representation. Different parts of the simulated
equipment and sample were presented in Table 2.

The geometry of similar detector was provided by Britton (Britton
et al., 2013b, 2014b). As presented above, it is more reliable to simulate
the geometry with rings for best viewed of different components. A
regularly disregarded part of BEGe detector sensitivity is the sample
geometry. For a given sample size the sample ought to be appropriated
to limit the distance between the sample volume and the detector itself.
The sample size ought to be as large as practicable for greater sensi-
tivity. A perspective to consider is the absorption of y-rays inside the
sample material itself, and the impact of the dimensions of the sample
compartment on this. GEANT4 allows complex geometry construction.

3.2. Efficiency simulation

To know which approach yields better result, well known activity
sources were used as unknown samples. This comparative study was
based on analysing measured spectra and the calculation of the radio-
nuclide activity concentration values. The calculation was based on two
steeps: step first to calculate the activity using experimental efficiency
curve by applying self-absorption and true coincidence summing cor-
rection operate through Genie 2000 cascade summing correction.
Second step to calculate of the activity using gamma efficiency from
GEANT4 MC Code. The Canberra Broad Energy Germanium (BE6530
model) detector covers the energy range of 3keV to 3MeV like no
other. For this reason, the efficiency simulation required the optimi-
zation of the GEANT4 code used.

Data were collected for approximately 7200-21,600s, and tests
were carried out with multiple sources to validate the model. The dis-
tance from the carbon epoxy window to the crystal was revised down
during simulation to 4.7 mm, and the dead layers remained unchanged
from the manufacturer's specifications. The optimised parameters of the
real detector were used on an analogue simulation of the response of
the used detector. Comparison of the acquired spectrum with Genie
2000 and simulated spectrum were performed as seen in Fig. 4. The
spectra presented were from three samples consisting of a'*’Cs, >?Eu
and °’Co point sources located at the reference geometry, and the
agreement of the spectral shapes was astounding for the whole energy
range. This outcome demonstrates the GEANT4 capacities for re-
producing gamma ray spectrometers through MC simulation.

Fig. 4 show Broad Energy Germanium spectra for single and

114

complex sources simulated utilising the GEANT4 Monte Carlo toolkit,
with the geometry parameters enhanced. There is not significant dif-
ference between the experimental spectra and the simulated one. A
sand NORM sample named SS1 from IAEA WW open proficiency test
has likewise been tested using a GEANT4 based proficiency test, per-
mitting wealth assessments to be ascertained for a range of radio-
nuclides present in the analysed sample. The simulation permits sig-
nificantly more adaptability than the present restrictive proprietary
software, and this approved model would now be able to be utilized to
portray the detector response for an assortment of complex geometries
and source arrangements.

The simulated efficiency using MC method based on GEANT4
toolkit was provided and is in good agreement with our expectations.
As shown in Fig. 5, the comparison between simulated and experi-
mental efficiency present concordance at low energies and slightly
discrepancies at high energies. Both calculated and measured values
were then fitted utilising the following fitting function (Osae et al.,
1999):

Ine= Z:;l a;. (In E,)! (5)
where ¢ is efficiency, E, is energy given in keV and a; are fitting coef-
ficients.

It was set up that, for the detector used, the best calibration bend is
accomplished by utilising i = 6. The fitting is used to obtain a cali-
bration curve that would be utilized as a part of any realistic estimation.
Adjustment bends for both experimental and simulated efficiency for
geometry considered in this paper are shown in Fig. 4. Gotten results
can be considered as a relatively good agreement between experimental
values obtained directly with the calibration sources and values ob-
tained utilising simulated efficiencies. The upgrades can be made con-
sidering the geometry of the detector and chemical composition, vo-
lume and mass of the samples. By fluctuating these parameters,
recreated results should approach the genuine esteem.

This result shows the GEANT4 capabilities for simulating gamma
ray spectrometer response. Comparison between experimental and si-
mulated calibration curve shows the evidence and importance of MC
method in environmental nuclear physics, especially in gamma-ray
spectrometry. The comparison shows good agreement between ex-
perimental and simulated results except in the case of high energy
range for the multigamma source. In fact, it was observed that the
observed discrepancies were probably due to true coincidence summing
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Fig. 4. The energy spectra obtained experimentally and from the simulation using the full GEANT4 decay library, with a pure *’Cs, '>?Eu and *’Co source in the half
convenient geometry. The events were generated at a randomised coordinate within the source geometry, and sum peaks where two or more photons have ‘summed
out’ could be clearly seen on the plotted graphs. The last graph is for a reference sample named SS1 prepared and labelled in collaboration with the IAEA.

of %°Co and #Y. This discrepancy is probably due to the true coin-
cidence summing caused by °°Co and ®8Y emission present in the
sample. Concerning environmental radioactivity assessment, the in-
terest of high energy range is limited: the primordial radionuclides
emitted low gamma rays and the *K is considered as the highest with
gamma at around 1460 keV. For this reason, the agreement between
experimental data and simulated one was found as a good result for
Broad Energy Germanium (especially BEGe6530) detectors which were
made for the environmental purpose. Results obtained using GEANT4
toolkit were useful and enabled us to calibrate broad energy germanium
detector without radioactive sources.

The simulation using 120 ml sample in cylindrical geometry de-
monstrated the best efficiency (Fig. 5d and e). It is important to notice
that the 120 ml geometry is set as a basic and recommended geometry
in our laboratory and is being used at 90% for environmental sample

analysis. This can be explained by the statistical counting during ex-
periment and simulation. The solid angular parameter can contribute as
well as it is big. But at low energies, it is observed a very low split on the
two graphs (4d and 4e). Since the geometry of the detector built with
GEANT4 was not as complete as the experimental detector, we can
assume that this discrepancy is to be expected as reported by Park et al.:
the secondary photon emitted after first interaction (Park et al., 2003;
Allisonet al, 2006). In addition, the self-absorption of the sample in-
fluences the result at low energy. Since the dead layer thickness ex-
traordinary influences the results, in the case of the detectors especially
the type studied in his work, the dead layer thickness can change sig-
nificantly from the one characterised by the producer. Since the
thickness of the dead layer was one of the parameters that were im-
proved in the simulation to deliver the best agreement with the test
ones and that optimization did not diminish the error, some different



G.S. Cebastien Joel et al. Journal of Environmental Radioactivity 189 (2018) 109-119

Efficiency (%)

0 . . . L
0 500 1000 1500 2000 2500
Energy (keV)
30 100 [
s [ r ( .
—e— Exp. Efficiency (%) k © —e— Exp. Efficiency (%)
® —e— Eff Geant4 (%) [ —e— Eff Geant4 (%)
20
z 15 L
8 10
2 10 S
Y
- 3
5 =
=
0 500 1000 1500 2000 2500 1 : - :
Energy (keV) 1 10 Energy (kev) 100 1000 10000
35,0 100
—e—Eff Geant4 (%)
30,0 ¢
—e—Exp. Efficiency (%)
@ —e—Exp. Efficiency (%)
250 | — T - ©
3 —e—Eff Geantd (%) =
<200 | <
z z
g ERU
2150 | =
10,0
50
0,0 - - - . | . ‘ ‘ | ‘
0 500 1000 1500 2000 2500 1 10 100 1000 10000
Energy (keV) Energy (keV)

Fig. 5. Simulated and experimental calibration curve for BEGe detector (BE6530 model). Red curve represents results obtained by GEANT4 and black represent
experimental results. (a) >?Eu first sample; (b and c) are results from second sample of multigamma source containing **'Am, '*?Eu, '*’Cs, '°°Cd, % "Co
radioisotopes; (d and e) measurement geometry is indicated in 120 ml cylindrical container of PET containing 320 Bq of soil sample (with the following chemical
composition of material in percentage: SiO, =91 + 5; Al,03 =4.9 * 0.4; K0 =2.0 *= 0.1; Fey,03=0.9 = 0.1; TiO, =0.2 = 0; Nay,O=0.4 = 0;
MgO = 0.01 + 0; CaO = 0.3 = 0; MnO = 0.01 + 0; P,Os = 0.01 * 0). (C;oHgO4), is the chemical formula of PET used with n = 5 in GEANT4 code. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

remedies must be made (Nikolic et al., 2014b, 2015). detector; and the fraction of the photons hitting the detector that adds
The estimated value of efficiency relied on the geometry of the their contribution to the full-energy peak (Nikolic et al., 2014b;
sample — thickness, density, and separation distance from the detector. Allisonet al, 2006; Jokovi¢ et al., 2009).
For the detectors utilized as a part of gamma spectrometry analysis, It is experimentally not easy to ascertain the efficiency esteems at
efficiency changes altogether as a function of these parameters. In this various energy values for all the geometric plans that were utilized as a
way, each counting geometry requires an efficiency alignment, utilising part of research in the laboratory. It is, along these lines, standard
a well-known standard in the same geometry which includes multiple practice to get ready calibration samples for test and access the effi-
gamma-ray energies: the '>Eu source can only be used for energy ca- ciency of the detector empirically. Similarity between the calibration
libration. The estimation of the counting efficiency was controlled by samples and the field samples (that are to be analysed) in every respect
factors such as: attenuation of photons inside the source because of must be respected. It includes the following characteristics: matrix
absorption in the sample material; attenuation of photons in the can- composition, physical form, and dimensions. It must be conceivable
ning material over the entrance face of the detector; the fraction of the later to align the field samples in the very same position with respect to
photons discharged by the source that hits the sensitive volume of the the detector used for the experiment. They should likewise contain
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various nuclides to cover the energy range that is of interest. What's
more, their activity estimation must be known precisely, and traceable.
They must be mechanically strong (to forestall contamination of a de-
tector) and chemically stable (to dispose segregation of the active
component from the matrix).

It is ordinarily unrealistic to buy calibration standards that fulfil
every one of these necessities, and the investigator is constrained to set
it up in the laboratory. It requires a great deal of advancement, and
regularly the examiner must bargain in view of reasonable issues. The
issue can be streamlined to some degree if a predetermined number of
geometric arrangements are characterised with the goal that the
number of calibration samples can decrease. The following game-plan
ought to be to enhance the meaning of the detector geometry and
perform another realistic measurement utilising more appropriate re-
ference materials and geometries (Nikolic et al., 2014b; Krmar et al.,
2013; McNamara et al., 2012; Akkurt et al., 2014). The upgrades can be
made considering the geometry of the detector and chemical compo-
sition and thickness of the sample. By varying these parameters in the
code or algorithm using in GEANT4 toolkit, obtained simulated results
should approach the genuine value with sophisticated sample geometry
and real dimension of the detector.

3.3. Novel scientific result

The observed mean discrepancy lesser than + 2% between the si-
mulated and experimental efficiency (Fig. 6). Can be due to an in-
adequate knowledge of the real detector geometry and to imperfect
charge collection in detector crystal used in our simulation. Fig. 5
proved that both experimental and simulated values of efficiency are
too closed and that the results of the simulation can be properly used for
calibration of the spectrometer. It is generally too difficult to obtain
both closed experimental and simulated result less than 2% confidence.
The Monte Carlo simulated efficiency based on Geant4 toolkit would be

Table 3
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more suitable in the case of environmental radioactivity monitoring.
Additionally, the simulations can aid in determining the best operation
mode of the Broad Energy Germanium detector for a particular energy
range.

The comparison between simulated and experimental values ob-
tained in this study is given in Table 3. It can be seen that all radio-
nuclides presented good result when comparing both experimental and
simulated values to reference values. Therefore, it is possible to assume
that the simulated efficiency with GEANT4 can be used with calibrating
the detector for analysis. The '>Eu is the largest value in term of de-
viation between experiment and computation, but the ratio is about
95%, a good agreement.

4. Conclusion

The present study was devoted to the simulation of the HPGe de-
tector (BE6530 model) and its response. In this work, the Monte Carlo
methods were effectively used for the simulation of the HPGe detector.
The introduction of a basic variance reduction scheme in view of di-
rectional bias to simulate only primary photon emitted from the sample
in the direction towards the detector active volume facilitated the work
and permits gain time. The simulation of different sample's geometries
and importation of the simulated calibration files in Genie (2000) re-
duced difficulties encountered during the calibration process. In addi-
tion, it is possible to construct the real dimension of our sample geo-
metry when well known. The real geometry of BE6530 detector has
been built and its response performed. 2D and 3D geometries were
constructed using Qt and OGL visualisations. Rings were used for
geometry construction due to the best views that it provides.

The multigamma sources used in our laboratory were used for
computational calibration. Comparison between experimental and si-
mulated calibration curve shows good fitting for low gamma energies
and a slightly differences for high gamma energies. Discrepancies were
probably due to true coincidence summing of ®°Co. It was observed that
MC method based on GEANT4 can be used in the gamma spectrometry
measurement as well as analytical method. In addition, it was found
that this method is a valuable, inexpensive and gain time alternative
that additionally provides more prominent adaptability while de-
termining the detector response and efficiency during a measurement.

While new capabilities are as of now being produced to address the
issues of investigation at the high energy, nuclear physics and gamma
spectroscopy especially, unmistakably the expanding utilization of
GEANT4 in other areas will likewise lead to new toolkit advancements.
It is planned to simulate and provide more reliable geometries response,
with all components from protection to electronics and their con-
tribution to the low background, to the gamma spectrometry research
in the near future.

Simulated and experimental values obtained with the mix gamma standard source ABLA-17 as reported on the sample at the laboratory.

Nuclide Energy (keV) Emission prob Activity concentration (Bq/kg) Sim/Exp ratio
Experimental %Unc Simulated %Unc Target values
Am-241 59.54 0.36 418.20 2.60 398.00 2.23 420 0.95
Cd-109 88.03 0.04 1510.80 6.20 1495.68 6.21 1550 0.99
Co-57 122.06 0.86 43.30 1.50 44.78 1.53 45 1.03
Cs-137 661.66 0.85 370.10 1.90 367.37 1.62 380 0.99
Mn-54 834.84 1.00 190.30 1.40 193.28 1.29 200 1.02
Y-88 898.04 0.94 139.80 1.90 143.83 1.58 140 1.01
1836.20 0.99 139.80 1.90 143.83 1.58 150 1.01
Zn-65 1115.55 0.51 329.90 1.90 329.06 1.80 335 1.00
Co-60 1173.24 1.00 398.20 1.50 410.32 1.77 400 1.03
1332.50 1.00 398.20 1.50 410.32 1.77 420 1.03




G.S. Cebastien Joel et al.

Acknowledgment

The authors are grateful to the Atomic and Nuclear Spectroscopy,
Archeometry (SANA) of the University of Liege, the European Union
(DREAM Project admin by the University of Porto) and the Laboratory
of Fundamental Physics of the University of Douala. The authors also
thank the National Radiation Protection Agency of Cameroon for
completing facilities offered by SANA.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://dx.
doi.org/10.1016/j.jenvrad.2018.03.015.

References

Ababneh, A.M., Eyadeh, M.M., 2015. Coincidence summing corrections in HPGe gamma-
ray spectrometry for Marinelli-beakers geometry using peak to total (P/T) calibra-
tion. J. Rad. Res. Appl. Sci. http://dx.doi.org/10.1016/j.jrras.2015.05.003.

Agostinelli, S., Allison, J., Amako, K., et al., 2003. Geant4—a simulation toolkit. Nucl.
Instrum. Methods Phys. Res., Sect. A 506, 250-304. http://dx.doi.org/10.1016/
$0168-9002(03)01368-8.

AKkurt, I., Gunoglu, K., Arda, S.S., 2014. Detection efficiency of NaI(Tl) detector in
511-1332keV energy range. Sci. Technol. Nucl. Instal. 2014, 1-5. http://dx.doi.org/
10.1155/2014/186798.

Akkurt, I., Tekin, H.O., Mesbahi, A., 2015. Calculation of detection efficiency for the
gamma detector using MCNPX. Acta Phys. Pol., A 128 (2-B), 332-334. http://dx.doi.
org/10.12693/APhysPolA.128.B-332.

Allison, J., Amako, K., Apostolakis, J., Arce, P., Asai, M., et al., 2016. Recent develop-
ments in GEANT4. Nucl. Instrum. Meth. Phys. Res. 835, 186-225. http://dx.doi.org/
10.1016/j.nima.2016.06.125.

Allison, J., et al., 2006. Geant4 developments and applications. IEEE Trans. Nucl. Sci. 53
(1), 270. http://dx.doi.org/10.1109/TNS.2006.869826.

Badash, L., 2011. Manhattan Project. Grolier Multimedia Encyclopedia. http://gme.
grolier.com/article?assetid = 0183730-0.

Baro, J., Sempau, J., Fernandez-Varea, J.M., Salvat, F., 1994. Simplified Monte Carlo
simulation of elastic electron scattering in limited media. Nucl. Instrum. Meth. B 84,
465. http://dx.doi.org/10.1016/0168-583X(94)95341-4.

Barros, L.F., Pecequilo, B.R.S., 2014. Self-absorption factors in gamma-ray spectrometry
of select sand samples from Camburi Beach, Vitoria, Espirito Santo. Brazil. Radiat.
Phys. Chem. 95, 339-341. http://dx.doi.org/10.1016/j.radphyschem.2012.12.031.

Berger, M.J., 1963. Monte Carlo Calculations of the Penetration and Diffusion of Fast
Charged Particles, Methods in Computational Physics, vol. 1. Academic Press, pp.
135-215.

Berger, M.J., Hubbell, J.H., Seltzer, S.M., Chang, J., Coursey, J.S., Sukumar, R., Zucker,
D.S., Olsen, K., 2010. XCOM: Photon Cross Section Database (Version 1.5). [Online]
Available:. National Institute of Standards and Technology, Gaithersburg, MD [2017,
June 29]. http://physics.nist.gov/xcom.

Biggs, F., Lighthill, R., 1990. Preprint sandia laboratories. SAND 87-0070.

Born, M., 1969. In: Atomic Physics. Blackie and Sons.

Breier, R., Laubenstein, M., Povinec, P.P., 2017. Monte Carlo simulation of background
characteristics of a HPGe detector operating underground in the Gran Sasso National
Laboratory. Appl. Radiat. Isot. http://dx.doi.org/10.1016/j.apradiso.2016.12.039.

Britton, R., 2014. Development of a Compton Suppressed Gamma Spectrometer Using
Monte Carlo Techniques. Ph.D. thesis, Department of Physics, Faculty of
Engineering and Physical Sciences. University of Surrey, Guildford GU2 7XH.

Britton, R., Burnett, J., Davies, A., Regan, P.H., 2012. Compton suppression systems for
environmental radiological analysis. J. Radioanal. Nucl. Chem. 292 (1), 33. http://
dx.doi.org/10.1007/5s10967-011-1362-x.

Britton, R., Burnett, J., Davies, A., Regan, P.H., 2013a. Improving the effectiveness of a
low-energy Compton suppression system. Nucl. Instrum. Methods Phys. Res., Sect. A
729, 64-68. http://dx.doi.org/10.1016/j.nima.2013.06.111.

Britton, R., Burnett, J., Davies, A., Regan, P.H., 2013b. Preliminary simulations of NaI(T1)
detectors, and coincidence analysis using event stamping. J. Radioanal. Nucl. Chem.
295 (1), 573. http://dx.doi.org/10.1007/510967-012-1811-1.

Britton, R., Burnett, J., Davies, A., Regan, P.H., 2014a. Monte Carlo characterisation of a
Compton suppressed broad-energy HPGe detector. J. Radioanal. Nucl. Chem. 300 (3),
1253-1259. http://dx.doi.org/10.1007/s10967-014-3029-x.

Britton, R., Burnett, J., Davies, A., Regan, P.H., 2014b. Monte-Carlo optimisation of a
Compton suppression system for use with a broad-energy HPGe detector. Nucl.
Instrum. Meth. Phys. Res. 762, 42-53. http://dx.doi.org/10.1016/j.nima.2014.05.
113.

Budjas, D., Heisel, M., Maneschg, W., et al., 2009. Optimisation of the MC-model of a p-
type Ge-spectrometer for the purpose of efficiency determination. Appl. Radiat. Isot.
67 (5), 706-710. http://dx.doi.org/10.1016/j.apradiso.2009.01.015.

Butcher, J.C., Messel, H., 1960. Electron number distribution in electron-photon showers
in air and aluminium absorbers. Nucl. Phys. 20, 15. http://dx.doi.org/10.1016,/0029-
5582(60)90162-0.

Chagren, S., Ben Tekaya, M., Reguigui, N., Gharbi, F., 2017. Efficiency transfer using the
GEANT4 code of CERN for HPGe gamma spectrometry. Appl. Radiat. Isot. http://dx.
doi.org/10.1016/j.apradiso.2015.11.026.

118

Journal of Environmental Radioactivity 189 (2018) 109-119

Conti, C.C., Salinas, I.C.P., et al., 2013. A detailed procedure to simulate an HPGe detector
with MCNP5. Prog. Nucl. Energy 66, 35-40. http://dx.doi.org/10.1016/j.pnucene.
2013.03.003.

Crespi, F.C.L., Camera, F., Million, B., Sassi, M., Wieland, O., Bracco, A., 2008. A novel
technique for the characterization of a HPGe detector response based on pulse shape
comparison. Nucl. Instrum. Meth. Phys. Res. 593, 440-447. http://dx.doi.org/10.
1016/j.nima.2008.05.057.

Dababneh, Saed, Al-Nemri, Ektimal, Sharaf, Jamal, 2014. Application of GEANT4 in
routine close geometry gamma spectroscopy for environmental samples. J. Environ.
Radioact. 134, 27-34. http://dx.doi.org/10.1016/j.jenvrad.2014.02.019.

Ford, R., Nelson, W., 1985. The EGS Code System: Computer Programs for the Monte
Carlo Simulation of Electromagnetic Cascade Showers. SLAC-265, UC-32.

Gavrila, M., 1959. Relativistic K-Shell photoeffect. Phys. Rev. 113, 514. http://dx.doi.
org/10.1103/PhysRev.113.514.

Geant4 Collaboration, 2016. Toolkit Developers Guide. Available online at:. http://cern.
ch/geant4.

Grichine, V.M., Kostin, A.P., Kotelnikov, S.K., et al., 1994. Bullet. Lebedev Inst. 2 (3), 34.
Guembou, S.C.J., Samafou, P., Ndontchueng, M.M., Chene, G., Nguelem, E.J.M., Ebongue,
AN., Motapon, O., Strivay, D., 2016. Precision measurement of radioactivity in
gamma-rays spectrometry using two HPGe detectors (BEGe- 6530 and GC0818-
7600SL models) comparison techniques: application to the soil measurement.

Methods 4, 42-54. http://dx.doi.org/10.1016/j.mex.2016.12.003.

Guembou, S.C.J., Ndontchueng, M.M., Chene, G., Nguelem, E.J.M., Motapon, O., Strivay,
D., 2017a. Assessment of Natural radioactivity and associated radiation hazards in
sand building material used in Douala Littoral-Region of Cameroon, using gamma
spectrometry. Environmental Earth Science 76, 164. http://dx.doi.org/10.1007/
512665-017-6474-3.

Guembou, S.C.J., Samafou, P., Ndontchueng, M.M., Chene, G., Nguelem, M.E.J.,
Takoukam, S.S.D., Werner, V., Strivay, D., 2017b. Optimal Measurement Counting
Time and Statistics in Gamma Spectrometry Analysis: the Time Balance. American
Institute of Physicshttp://dx.doi.org/10.1063/1.4969040S. 1792 (100001), 1-6.

Hansman, Jan, Mrdja, Dusan, Slivka, Jaroslav, Krmar, Miodrag, Bikit, Istvan, 2015.
Efficiency study of a big volume well type Nal(T1) detector by point and voluminous
sources and Monte-Carlo simulation. Appl. Radiat. Isot. 99, 150-154. http://dx.doi.
org/10.1016/j.apradiso.2015.03.003.

Heitler, W., 1957. The Quantum Theory of Radiation. Oxford University Press. ISBN-13:
978-0486645582 ISBN-10: 0486645584

Hranitzky, C., Stadtmann, H., 2007. Monte Carlo study of a ®°Co calibration field of the
Dosimetry Laboratory Seibersdorf. Radiat. Protect. Dosim. 125 (1-4), 153-156.
http://dx.doi.org/10.1093/rpd/ncm183.

Hubbel, J.H., et al., 1975. Atomic form factors, incoherent scattering functions and
photon scattering cross sections. J. Phys. Chem. Ref. Data 4 471 Erratum: ibid.
6:615(1977). https://srd.nist.gov/JPCRD/jperd133.pdf.

Hubbell, J.H., Gimm, H.A., Overbo, L., 1980. Pair Triplet and total atomic cross sections
(and mass attenuation coefficients) for 1 MeV-100 GeV photons in elements Z = 1 to
100. J. Phys. Chem. Ref. Data 9, 1023.

Hurtadoa, S., Garcia-Leon, M., Garcia-Tenorio, R., 2004a. Monte Carlo simulation of the
response of a germanium detector for low-level spectrometry measurements using
GEANT4. Appl. Radiat. Isot. 61, 139-143. http://dx.doi.org/10.1016/j.apradiso.
2004.03.035.

Hurtadoa, S., Garcia-Leon, M., Garcia-Tenorio, R., 2004b. GEANT4 code for simulation of
a germanium gamma-raydetector and its application to efficiency calibration. Nucl.
Instrum. Meth. Phys. Res. 518, 764-774. http://dx.doi.org/10.1016/j.nima.2003.09.
057.

International Organization for Standardization X and Gamma Reference Radiations for
Calibrating Dosemeters and Doserate Meters and for Determining Their Response as a
Function of Photon Energy, ISO 4037-1 1996, I1SO 4037-3, Geneva(1999).

Jokovié, D., Dragié, A., Udovi¢ié, V., Banjanac, R., Puzovi¢, J., Aniéin, 1., 2009. Monte
Carlo simulations of the response of a plastic scintillator and an HPGe spectrometer in
coincidence. Appl. Radiat. Isot. 67 (5), 719. http://dx.doi.org/10.1016/j.apradiso.
2009.01.024.

Kenneth Krane, S., 1987. Introductory Nuclear Physics. John Wiley & Sons ISBN: 978-0-
471-80553-3.

Krmar, M., Hansman, J., Jovancevié¢, N., Lalovi¢, N., Slivka, J., Jokovié, D., Maletié, D.,
2013. A method to estimate a contribution of Ge(n,n’) reaction to the low-energy part
of gamma spectra of HPGe detectors. Nucl. Instrum. Meth. 709, 8-11. http://dx.doi.
org/10.1016/j.nima.2012.12.122.

Lechner, Anton, Grazia Pia, Maria, Sudhakar, Manju, 2009. Validation of GEANT4 low
energy electromagnetic processes against precision measurements of electron energy
deposition. IEEE Trans. Nucl. Sci. 56, 2. http://dx.doi.org/10.1109/TNS.2009.
2013858.

Li, Gang, Liang, Yongfei, Xu, Jiayun, Bai, Lixin, 2015. Efficiency corrections in de-
termining the 137Cs inventory of environmental soil samples by using relative
measurement method and GEANT4 simulations. J. Environ. Radioact. 146, 94-101.
http://dx.doi.org/10.1016/j.jenvrad.2015.04.012.

Mainegra-Hing, E., Kawrakow, I., Rogers, D.W.O., 2003. Calculations for plane-parallel
ion chambers in ®°Co beams using the EGSnrc Monte Carlo code. Med. Phys. 30,
179-189. http://dx.doi.org/10.1118/1.1536291.

McNamara, A.L., Heijnis, H., Fierro, D., Reinhard, M.I., 2012. The determination of the
efficiency of a Compton suppressed HPGe detector using Monte Carlo simulations. J.
Environ. Radioact. 106, 1-7. http://dx.doi.org/10.1016/j.jenvrad.2011.10.017.

Messel, H., Crawford, D., 1970. Electron-photon Shower Distribution. Pergamon Press
ISBN 10: 0080133746/ISBN 13: 9780080133744.

Mirion Technology, 2013. Model S574 LabSOCS Calibration Software. Application note.
http://www.canberra.com/products/radiochemistry_lab/pdf/LabSOCS-SS-C40167.
pdf.


http://dx.doi.org/10.1016/j.jenvrad.2018.03.015
http://dx.doi.org/10.1016/j.jenvrad.2018.03.015
http://dx.doi.org/10.1016/j.jrras.2015.05.003
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1155/2014/186798
http://dx.doi.org/10.1155/2014/186798
http://dx.doi.org/10.12693/APhysPolA.128.B-332
http://dx.doi.org/10.12693/APhysPolA.128.B-332
http://dx.doi.org/10.1016/j.nima.2016.06.125
http://dx.doi.org/10.1016/j.nima.2016.06.125
http://dx.doi.org/10.1109/TNS.2006.869826
http://gme.grolier.com/article?assetid=0183730-0
http://gme.grolier.com/article?assetid=0183730-0
http://dx.doi.org/10.1016/0168-583X(94)95341-4
http://dx.doi.org/10.1016/j.radphyschem.2012.12.031
http://refhub.elsevier.com/S0265-931X(17)31090-1/sref10
http://refhub.elsevier.com/S0265-931X(17)31090-1/sref10
http://refhub.elsevier.com/S0265-931X(17)31090-1/sref10
http://physics.nist.gov/xcom
http://refhub.elsevier.com/S0265-931X(17)31090-1/sref12
http://refhub.elsevier.com/S0265-931X(17)31090-1/sref13
http://dx.doi.org/10.1016/j.apradiso.2016.12.039
http://refhub.elsevier.com/S0265-931X(17)31090-1/sref15
http://refhub.elsevier.com/S0265-931X(17)31090-1/sref15
http://refhub.elsevier.com/S0265-931X(17)31090-1/sref15
http://dx.doi.org/10.1007/s10967-011-1362-x
http://dx.doi.org/10.1007/s10967-011-1362-x
http://dx.doi.org/10.1016/j.nima.2013.06.111
http://dx.doi.org/10.1007/s10967-012-1811-1
http://dx.doi.org/10.1007/s10967-014-3029-x
http://dx.doi.org/10.1016/j.nima.2014.05.113
http://dx.doi.org/10.1016/j.nima.2014.05.113
http://dx.doi.org/10.1016/j.apradiso.2009.01.015
http://dx.doi.org/10.1016/0029-5582(60)90162-0
http://dx.doi.org/10.1016/0029-5582(60)90162-0
http://dx.doi.org/10.1016/j.apradiso.2015.11.026
http://dx.doi.org/10.1016/j.apradiso.2015.11.026
http://dx.doi.org/10.1016/j.pnucene.2013.03.003
http://dx.doi.org/10.1016/j.pnucene.2013.03.003
http://dx.doi.org/10.1016/j.nima.2008.05.057
http://dx.doi.org/10.1016/j.nima.2008.05.057
http://dx.doi.org/10.1016/j.jenvrad.2014.02.019
http://refhub.elsevier.com/S0265-931X(17)31090-1/sref27
http://refhub.elsevier.com/S0265-931X(17)31090-1/sref27
http://dx.doi.org/10.1103/PhysRev.113.514
http://dx.doi.org/10.1103/PhysRev.113.514
http://cern.ch/geant4
http://cern.ch/geant4
http://refhub.elsevier.com/S0265-931X(17)31090-1/sref30
http://dx.doi.org/10.1016/j.mex.2016.12.003
http://dx.doi.org/10.1007/s12665-017-6474-3
http://dx.doi.org/10.1007/s12665-017-6474-3
http://dx.doi.org/10.1063/1.4969040S
http://dx.doi.org/10.1016/j.apradiso.2015.03.003
http://dx.doi.org/10.1016/j.apradiso.2015.03.003
http://refhub.elsevier.com/S0265-931X(17)31090-1/sref35
http://refhub.elsevier.com/S0265-931X(17)31090-1/sref35
http://dx.doi.org/10.1093/rpd/ncm183
https://srd.nist.gov/JPCRD/jpcrd133.pdf
http://refhub.elsevier.com/S0265-931X(17)31090-1/sref38
http://refhub.elsevier.com/S0265-931X(17)31090-1/sref38
http://refhub.elsevier.com/S0265-931X(17)31090-1/sref38
http://dx.doi.org/10.1016/j.apradiso.2004.03.035
http://dx.doi.org/10.1016/j.apradiso.2004.03.035
http://dx.doi.org/10.1016/j.nima.2003.09.057
http://dx.doi.org/10.1016/j.nima.2003.09.057
http://dx.doi.org/10.1016/j.apradiso.2009.01.024
http://dx.doi.org/10.1016/j.apradiso.2009.01.024
http://refhub.elsevier.com/S0265-931X(17)31090-1/sref43
http://refhub.elsevier.com/S0265-931X(17)31090-1/sref43
http://dx.doi.org/10.1016/j.nima.2012.12.122
http://dx.doi.org/10.1016/j.nima.2012.12.122
http://dx.doi.org/10.1109/TNS.2009.2013858
http://dx.doi.org/10.1109/TNS.2009.2013858
http://dx.doi.org/10.1016/j.jenvrad.2015.04.012
http://dx.doi.org/10.1118/1.1536291
http://dx.doi.org/10.1016/j.jenvrad.2011.10.017
http://refhub.elsevier.com/S0265-931X(17)31090-1/sref49
http://refhub.elsevier.com/S0265-931X(17)31090-1/sref49
http://www.canberra.com/products/radiochemistry_lab/pdf/LabSOCS-SS-C40167.pdf
http://www.canberra.com/products/radiochemistry_lab/pdf/LabSOCS-SS-C40167.pdf

G.S. Cebastien Joel et al.

Mora, G.M., Maio, A., Rogers, D.W.O., 1999. Monte Carlo simulation of a typical ®**Co
therapy source. Med. Phys. 26, 2494-2502. http://dx.doi.org/10.1118/1.598770.

Nikolic, Jelena, Vidmar, Tim, Jokovic, Dejan, Rajacic, Milica, Todorovic, Dragana, 2014a.
Calculation of HPGe efficiency for environmental samples: comparison of EFFTRAN
and GEANT4. Nucl. Instrum. Meth. Phys. Res. 763, 347-353. http://dx.doi.org/10.
1016/j.nima.2014.06.044.

Nikolic, J.D., Jokovic, D., Todorovic, D., Rajacic, M., 2014b. Application of GEANT4 si-
mulation on calibration of HPGe detectors for cylindrical environmental samples. J.
Radiol. Prot. 34, 47-55. http://dx.doi.org/10.1088/0952-4746/34/2/N47.

Nikolic, J., Puzovic, J., Todorovic, D., Rajacic, M., 2015. Application of photon simulation
software on calibration of HPGe detectors. Nucl. Instrum. Meth. Phys. Res. 799,
159-165. http://dx.doi.org/10.1016/j.nima.2015.08.002.

Osae, E.K., Nyarko, B.J.B., Serfor-Armah, Y., Darko, E.O., 1999. An empirical expression
for the full energy peak efficiency of an N-type high purity germanium detector. J.
Radioanal. Nucl. Chem. 242, 617-622. http://dx.doi.org/10.1007/BF02347370.

Park, C.S., Gwang, M.S., Choi, H.D., 2003. Experimental and simulated efficiency of a
HPGe detector in the energy range of 0.06-11 MeV. J. Korean Nucl. Soc. 35, 234-242
ISSN 0372-7327.

Penelope - A Code System for Monte Carlo Simulation of Electron and Photon Transport,

119

Journal of Environmental Radioactivity 189 (2018) 109-119

Workshop Proceedings Issy-les-Moulineaux, France (5—7 November 2001), AEN-
NEA. https://www.oecd-nea.org/science/pubs/2006/nea6222-penelope.pdf.

Rossi, B.B., 1952. High-energy Particles. Prentice-Hall Physics Series.

Saraiva, A., liveira, C., Reis, M., Portugal, L., Paiva, 1., Cruz, C., 2016. Study of the re-
sponse of an ORTEC GMX45 HPGe detector with a multiradionuclide volume source
using Monte Carlo simulations. Appl. Radiat. Isot. 113, 47-52. http://dx.doi.org/10.
1016/j.apradiso.2016.04.016.

Sivers, M.V., Hofmann, M., Mannel, T., Feilitzsch, F.V., Oberauer, L., Potzel, W.,

Scho nert, S., 2014. Low-level y-ray spectrometry at the underground laboratory
Garching. Appl. Radiat. Isot. 91, 49-56. http://dx.doi.org/10.1016/j.apradiso.2014.
05.010.

Wang, T.F., 1996. Monte Carlo Calculations of Gamma-ray Spectra for Calibration, vol.
94550 Lawrence Livermore National Laboratory Livermore, California. https://
www.osti.gov/scitech/servlets/purl/514980.

Zhang, Guoging, 2011. Monte Carlo Simulation of Mixed Neutron-gamma Radiation
Fields and Dosimetry Devices. Ph.D. thesis. Wiederaufarbeitungsanlage Karlsruhe
GmbH, Institut fiir industrielle Informationstechnik. http://d-nb.info/
1019361883/34.


http://dx.doi.org/10.1118/1.598770
http://dx.doi.org/10.1016/j.nima.2014.06.044
http://dx.doi.org/10.1016/j.nima.2014.06.044
http://dx.doi.org/10.1088/0952-4746/34/2/N47
http://dx.doi.org/10.1016/j.nima.2015.08.002
http://dx.doi.org/10.1007/BF02347370
http://refhub.elsevier.com/S0265-931X(17)31090-1/sref56
http://refhub.elsevier.com/S0265-931X(17)31090-1/sref56
http://refhub.elsevier.com/S0265-931X(17)31090-1/sref56
https://www.oecd-nea.org/science/pubs/2006/nea6222-penelope.pdf
http://refhub.elsevier.com/S0265-931X(17)31090-1/sref58
http://dx.doi.org/10.1016/j.apradiso.2016.04.016
http://dx.doi.org/10.1016/j.apradiso.2016.04.016
http://dx.doi.org/10.1016/j.apradiso.2014.05.010
http://dx.doi.org/10.1016/j.apradiso.2014.05.010
https://www.osti.gov/scitech/servlets/purl/514980
https://www.osti.gov/scitech/servlets/purl/514980
http://d-nb.info/1019361883/34
http://d-nb.info/1019361883/34

	Monte Carlo method for gamma spectrometry based on GEANT4 toolkit: Efficiency calibration of BE6530 detector
	Introduction
	Methods and computation
	Overview of Monte Carlo method
	Experimental
	GEANT4 toolkit for Monte Carlo simulation
	Simulation

	Result and discussion
	Result of geometry construction
	Efficiency simulation
	Novel scientific result

	Conclusion
	Acknowledgment
	Supplementary data
	References




