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H I G H L I G H T S

• A device has been designed to increase thermal neutron flux from a 241Am/9Be source, through the neutron moderation.

• The system can be used to identify trace materials by Neutron Activation Analysis.

• Three different alternative moderator materials, water, graphite and high-density polyethylene (HDPE), were simulated.

• The system performance was evaluated with the MCNP6 code.
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A B S T R A C T

A thermal neutron system intended to be used in neutron activation analysis has been designed by Monte Carlo
methods. The device is based on a241Am/9Be neutron source of 111 GBq, placed inside a cylindrical cavity open
inside a parallelepiped of moderator material. Three different moderator materials, water, graphite and high-
density polyethylene (HDPE), were simulated to check what is the most suitable for the detection system,
concluding that HDPE reach the better performance. The device achieves an increased thermal neutron flux by
taking advantage of neutron moderation in the polyethylene and the neutron scattering in the irradiation
chamber walls. The thermal fluence rates obtained were 904 cm−2 s−1, i.e. 8.144 cm−2 s−1 GBq−1, with a
fraction of thermal neutrons at the best point of 83% of pristine fast neutrons emitted by the source. The device
has been designed by Monte Carlo techniques using the MCNP6 code, and the main tasks developed were to
select the moderator material and to maximize the thermal neutrons flux in the irradiation chamber.

1. Introduction

Neutrons and gamma rays are able to penetrate high density objects
and identify hidden materials in bulk detection (Csikai and Dóczi,
2007). Since the discovery of neutrons, scattering techniques using
these particles were applied to study different physical phenomena.
Taking advantage of the fact that neutrons have no charge and their
interactions with electrons are weak, they can penetrate inside bulks,
activate their atoms and allow to identify chemical composition of
materials by studying the gamma rays emitted. (Belushkin, 1999).
Among techniques that use neutrons to detect threats, Neutron Acti
vation Analysis (NAA) is a very useful and sensitive analytical proce
dure for performing both qualitative and quantitative multielemental
analysis of components in a variety of samples (Hamidatou et al.,

2013). Neutron interaction techniques are useful in estimating the
major constituent elements in explosives and narcotics, such as hy
drogen (H), oxygen (O), carbon (C) and nitrogen (N) (Hassan, 2009),
allowing to determine the exact concentration of a suspect chemical
element by studying both the energy and the intensity of the gamma
radiation emitted (Elsheikh et al., 2012). The key factor for an optimal
performance in neutron activation is to have a thermal neutron fluence
rate of about 103 cm−2 s−1 at the location of the analysed sample
(Bedogni et al., 2017).

The NAA is an elemental method to characterize materials founded
in the measure of indirect parameters. The detection process begin
when neutrons interact with nuclei producing the activation of several
atoms, which return to their ground state emitting characteristic
gamma radiation of the excited state of each activated chemical
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2. Materials and methods

The device is inspired in the developments by (Bedogni et al., 2016)
and (Bedogni et al., 2017). It is based on a241Am/9Be source placed
inside a moderator block with an empty cylindrical chamber inside. All
the simulations were made with the Monte Carlo code MCNP6
(Pelowitz et al., 2014).

Externally, the system is a parallelepiped box with dimensions
90 cm×70 cm x 76 cm. Internally, it has a cylindrical irradiation
chamber inside with dimensions, 70 cm long x 31 cm diameter. The
241Am/9Be neutron source is housed in the chamber, with a shadow
cylinder placed between the irradiation area and the source, to take
advantage of backscattering neutrons. The system has a third hole, in
dependent of the previous ones, where it would be possible to house a
second neutron source.

The 241Am/9Be neutron source considered is from the Neutron
Measurements Laboratory of the Energy Engineering Department of
Universidad Politécnica de Madrid (LMN UPM). It has 111 GBq nom
inal activity, with an neutron emission rate of (5.83 ± 0.14)·106 s−1

(Vega Carrillo et al., 2009). Its real dimensions and capsule details and
material have been taken into account in the MCNP6 model.

The MCNP6 model of the system with details is shown in Fig. 1.
Several simulations using MCNP6 code were carried out to select the

appropriate moderator material between HDPE, graphite or water and a
suitable geometry of the system with the goal to maximize the thermal
fluence rate of neutrons coming from the 241Am/9Be source.

Neutron fluence rates inside and outside the irradiation chamber
were calculated using F5 tallies, considering 222 energy groups of the
neutron spectra. The simulated number of histories was 108 to reach
calculations uncertainties smaller than 5% in the calculations. The
neutron cross section data library used was ENDF/B VII, for neutrons
with E < 20MeV. The transport of thermal neutron, E < 1eV, in
polyethylene was considered through S(α,β) treatment (Pelowitz et al.,
2014).

The total fluence rate obtained from the Monte Carlo calculated
spectra was multiplied by the source strength. Neutron spectra were
calculated at several positions, to study the points at which the thermal
flux would be higher. Also, MCNP6 DE and DF tally cards were used to
convert particle flux to dose equivalent rate. The operational quantity
ambient dose equivalent, H*(10), was calculated with the expression
(1):
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Where Ф̇E is the fluence rate as a function of energy for a given neutron
field, obtained from MCNP6, and ∗h E(10, ) is the fluence to ambient
dose equivalent conversion function, whose values are indicated in
(ICRP, 1996), as a function of the neutron energy. The ambient dose
equivalent rate, ∗Ḣ (10) was calculated at six points outside the system
indicated in Fig. 2, whilst Fig. 3 show the points where neutron fluxes
and spectra were calculated inside the chamber.

3. Results

The calculated ambient dose equivalent rate from both neutron and
gamma contributions, at the points out of the assembly are displayed in
Table 2. Points 1, 2, 3 and 4 are in contact with the surface of the

Table 1
Properties of materials commonly used as neutron moderators (based on
(Glasstone & Sensonke, 1968; Soppera et al., 2014).

Element Mass
Number

Collisions
needed to
reach
thermal
energy level

Cross-section
scattering
σs (barn)

Cross-section absorption
σa (barn)

Hydrogen 1 18 30.08 ± 0.25 0.3327 ± 0.007
Deuterium 2 25 4.24 ± 0.06 0.00051 ± 0.00002
Helium 4 43 0.8635 ± 0.01 –
Beryllium 9 86 6.4983 ± 0.04 0.0100 ± 0.0005
Graphite 12 114 4.9478 ± 0.05 0.003862 ± 0.0001
Uranium 238 2172 9.2397 ± 0.05 2.6832 ± 0.03

element (Douglas Reilly et al., 1991). The activation induced by neu
trons directly depends on the nuclei cross sections and the irradiation 
time (Vega Carrillo et al., 2016).

The excited nuclei emit a prompt gamma radiation (10−14 s), with a 
characteristic energy, usually between 2 and 10 MeV, depending on the 
chemical element and its excited electronic level. The nuclear reaction,
(n,γ), is known as neutron capture with gamma emission (Hee Jung and 
Song, 2009), and to get the energy spectrum a scintillator detector and 
gamma spectrometry is commonly used (Travesi, 1975). This analytical 
technique is usually known as Prompt Gamma NAA (PGNAA).

Isotopic neutron sources of (α,n) type, as 241Am/9Be employed in 
this work, have found many applications, especially in scientific re
search and in calibration field. The 241Am isotope is a strong α particle 
emitter and mixed with Beryllium produces neutrons through the 9Be 
(α,n)12C reaction (Vitorelli et al., 2005). The neutron spectrum emitted 
by a241Am/9Be source lie down between 0.8 and 10 MeV, with a mean 
energy of 3.2 MeV (Vega Carrillo and Martinez Ovalle, 2016).

The interaction of neutrons with matter causes ionization in the 
environment through a complicated mechanism involving the emission 
of energetic secondary charged particles (Chilton et al., 1984). Thus, 
different concrete types or polymer composites are employed as neu
tron shielding materials (Gallego et al., 2009) (El Sayed Abdo et al., 
2003) (Vega Carrillo et al., 2007). Furthermore, neutron moderating 
and reflecting materials are required to obtain a suitable level of flux at 
the irradiation chamber, (Bedogni et al., 2016). Between the alternative 
materials, high density polyethylene (HDPE), alone or combined with 
another materials, is an effective neutron shielding and shows an ex
cellent attenuation behavior without meaningful reducing the neutron 
flux (Yasin and Khan, 2008).

Although high intensity sources are employed in detection systems 
of suspect materials, the energetic fast neutrons released from the 
source need to be moderated to improve their interactions with atoms 
in the bulk, since the absorption cross section of fast neutrons is much 
smaller than scattering cross section of thermal neutrons (Gokhale and 
Hussein, 1997). Neutrons lose energy by scattering with atoms and 
become thermal after a number of collisions. The thermalization pro
cess takes many fewer collisions when scattering with hydrogen as 
compared to other elements (Bom et al., 2008).

Another material frequently used to build moderating assemblies 
with polyethylene is graphite. Although graphite produces fewer 
gamma radiation than polyethylene it requires thicker layers compared 
to HDPE because graphite has lower scattering cross section and less 
average energy loss per collision (Lacoste et al., 2004; Glasstone and 
Sesonske, 1968). Thus, usually polyethylene is suggested due to its 
better moderating performance (Lee et al., 2012), that allows to reach 
high thermal neutron fluence rates using either isotopic sources or 
neutron generators (Datema et al., 2002).

The gamma rays background with an energy of 2.223 MeV (Turhan 
et al., 2004) is mainly coming from the 1H(n,γ)2H reaction (with a 
cross section σth = 0.3327 ± 0.007 b for thermal neutrons) in hydro
genous materials of moderators (Soppera et al., 2014).

As a summary, Table 1 displays properties of several elements as 
neutron moderators (Glasstone and Sesonske, 1968; Soppera et al., 
2014).

The objective of this work was to design a moderator assembly 
producing the maximum thermal neutron flux from a241Am/9Be iso
topic neutron source. Thermal neutrons will be used to identify and 
characterize materials by PGNAA.



Fig. 1. MCNP6 model of the assembly showing dimensions. Sectional views at planes (X;Y;0) and (0;Y;Z).

Fig. 2. Points used in the calculation of ∗Ḣ (10), outside the chamber, in coordinate axes, X, Y, Z.



assembly, while points 5 and 6 are those giving the higher dose at 1m
distance from the surface of the moderator. Results for the three
moderators, water, graphite and HDPE are compared. As it can be seen,
while photon contribution to dose is higher in water and HDPE, HDPE
provides the smaller total doses. The total ambient dose equivalent rate
distribution around the HDPE assembly −sectional view by the (X;0;Z)
plane cutting the source− is represented in Fig. 4.

Fig. 5 displays the lethargy spectra of neutron fluence depending on
the distance to the source, from 35 cm to 50 cm inside the device
chamber, at the points indicated in Fig. 3, for the three moderator
materials, water, graphite and HPDE. The resulting thermal neutron
flux (E < 0.4 eV) at each point is also indicated. The theoretical op
timal configuration is with graphite at distances 35 cm and 40 cm from
the 241Am/9Be source. Nevertheless, graphite makes necessary to use
thicker layers compared to HDPE because of its lower scattering cross
section and smaller average energy loss per collision (Lacoste et al.,
2004).

The calculated neutron fluence rate per energy intervals values at
point (0; 40; 0) at 40 cm from source are shown in Table 3, for the three

moderator materials. Using HDPE, the resulting thermal flux
(E < 0.4 eV) is (9.04E+02 ± 0.9 cm−2 s−1. Results summarized in
Table 3 show higher values of flux corresponding to graphite and
comparable between water and HDPE moderators.

Fig. 6 shows the calculated thermal neutron (E < 0.4 eV) fluence
rate along vertical radius points (Z= 6; 8; 10; 12 and 14 cm) at X=0
and Y=40; 45; 50; 55 cm from the source, with HDPE moderator. As it
can be observed, the best results are obtained always for a distance of
40 cm between the source and the irradiation plane. However, at 55 cm
the obtained flux is almost uniform in a wide spatial region.

Finally, Fig. 7 shows the energy distribution of neutron fluence
along the main plane of irradiation, considering six different distances
from the source, and HDPE as moderator.

4. Discussion and conclusions

As it was shown in Table 2, the ambient dose equivalent rate around
the system depends upon the moderator, with water and HDPE offering
similar values. Although graphite could give a slightly higher thermal

Fig. 3. Points used in the calculation, inside the chamber, in coordinate axes, X, Y, Z.

Table 2
Calculated ambient dose equivalent rate at points in contact and at 1m out of the assembly.

No.
Water Graphite HDPE

∗Ḣ (10)
μSv/h - neutrons

∗Ḣ (10)
μSv/h - photons

∗Ḣ (10) Total μSv/
h

∗Ḣ (10)
μSv/h - neutrons

∗Ḣ (10)
μSv/h - photons

∗Ḣ (10) Total μSv/
h

∗Ḣ (10)
μSv/h - neutrons

∗Ḣ (10)
μSv/h - photons

∗Ḣ (10) Total μSv/
h

1 1.26E+02 5.03E+02 6.30E+02 6.54E+02 4.98E+02 1.15E+03 7.48E+01 5.08E+02 5.82E+02
2 9.49E+01 4.68E+02 5.62E+02 5.71E+02 4.59E+02 1.03E+03 5.40E+01 4.70E+02 5.24E+02
3 1.03E+01 1.49E+02 1.60E+02 1.05E+02 1.46E+02 2.51E+02 4.01E+00 1.52E+02 1.56E+02
4 1.88E+00 3.95E+01 4.14E+01 3.61E+01 3.83E+01 7.45E+01 4.39E-01 4.00E+01 4.04E+01
5 6.32E+00 3.23E+01 3.86E+01 3.53E+01 3.17E+01 6.70E+01 3.10E+00 3.18E+01 3.49E+01
6 5.65E+00 3.15E+01 3.72E+01 3.41E+01 3.09E+01 6.50E+01 7.48E+01 5.08E+02 5.82E+02



Fig. 4. Total ambient dose equivalent distribution around the HDPE assembly; sectional view by the (X;0;Z) plane.

Fig. 5. Neutron fluence spectra at points inside the irradiation chamber with indication of the thermal flux obtained (E < 0.4 eV).
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flux, for a same geometry in graphite the total ambient dose equivalent 
would be almost double, due to leakage of neutrons form the device. 
Graphite produces fewer gamma radiation than HDPE, but it would 
need thicker layers compared to HDPE to reduce the neutron leakage 
contribution, due to its lower scattering cross section and smaller 
average energy loss per collision (Lacoste et al., 2004). This would be 
its main disadvantage.

Water and HDPE give lethargy spectra quite similar, see Fig. 5, and 
very close values of the thermal neutron flux (9.11E
+02 ± 0.91 cm−2 s−1 and 9.04E+02 ± 0.9 cm−2 s−1 respectively 
for E < 0.4 eV). For a similar device (Bedogni et al., 2017) indicates 
the thermal fluence rate values from about 700 cm−2 s−1 to 
1000 cm−2 s−1 moderated in HDPE at 50 cm from the 241Am/9Be 
source; these values are in agreement with the results obtained in this 
work of 9.04E+02 ± 0.9 cm−2 s−1, at 40 cm from the 241Am/9Be 
source.

The objective of this work was to design a moderator device pro
ducing the maximum thermal neutron flux from an isotopic neutron 
source, allowing this device to reach the required thermal neutron 
fluxes that could be used hereafter in detection of trace materials 
through PGNAA methods. In conclusion, the design made of HDPE is 
able to increase the thermal neutrons flux from the 241Am/9Be source, 
keeping the total ambient dose equivalent lower in comparison with 
water and graphite. The results displayed in Figs. 6 and 7 give useful 
information about the most appropriate points to place samples being 
analysed, where the low energy neutron flux is higher.
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