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specificity [Gozani (1997)]. The key element of neutron based detec
tion systems is the neutron source, which must be reliable and compact,
like neutron generators using deuterium deuterium (D D) reaction.
Neutrons produced in D D reactions are thermalized and the detection
of explosives and drugs is made through reactions between neutrons
and H, C, O, and N nuclei [Bergaoui et al. (2014)].

Due to the lack of electric charge, neutrons are not affected by the
Coulomb field of the atom, thus having a large penetration capacity.
Therefore, explosives or drugs can be detected even when they are
hidden under layers of soil or high density materials like metals
[Kuznetsov et al. (2004)].

1.1. Explosives

Explosives differ according to their explosive power, detonation
velocity, packing density, water resistance, vapour pressure, sensitivity
and suitability for propagation. There are three categories for explosive
substances: primary or initiating, secondary o high explosives, and
explosive booster [Bernaola Alonso et al. (2013)].

Explosive materials are detected and characterized through their
footprint, or signature, being the y rays emitted during neutron inter
actions. The amount of explosive is determined by means of the area
under the photopeak of those photons. In explosives, the most re
presentative elements are oxygen and nitrogen and, to a lesser extent,
carbon and hydrogen, as is shown in Table 1 [Alfonso et al. (2013)].

Two of the most commonly used explosive materials are
Cyclotrimethylenetrinitramine (C3HgNgOg) known as RDX and Ammonium
nitrate (NH4NO3), AN. RDX is extensively used in the military industry
and in antipersonnel mines, while AN is used in homemade explosives.
On the other hand, RDX, also known as cyclonite, hexogen, or T4, is the
second in strength among the most common explosive substances and is
also the main ingredient to produce C 3, C 4, and compound B (RDX
and TNT). It is widely used as detonator and in artillery shells [ACE
(1972)].

AN is a colourless, hygroscopic and non flammable compound,
mainly use as fertilizer, due to its high nitrogen content. Ammonium is
oxidized to nitrate by soil microorganisms, which provides a nitrogen
rich plants and crops fertilizer [Parra Terraza et al. (2012)]. When AN is
combined with some type of hydrocarbon forms an explosive mixture
called ANFO (Ammonium Nitrate and Fuel Oil). Due to its easiness to be
dissolved in water, aluminium powder is usually added, becoming a
more powerful variety called ANFOAL [Jackson (2017)].

1.2. D D neutron generator

The main nuclear reactions used to produce neutrons are shown in
Table 2. Of these, the two more commonly used, due to their easy ap
plicability and efficiency, are the fusion reactions of light nuclei, D D or
deuterium tritium (D T). The two main advantages of compact neutron
generators over isotopic neutron sources [Vega Carrillo and Martinez
Ovalle (2016)] are their high neutron emission intensity, and that
neutron generators can be turned off at any time, thus stopping the

Table 1
Main elements in explosives and energies of their emitted prompt gamma rays by neutron
activation.

Characteristic element  Relative Characteristic y-ray energy
abundance [MeV]
(0] High 6.13
N High 10.83
5.11
2.31
1.54
C Low 4.43
H Low 2.22

Table 2
Main reactions used for neutron production.

Nuclear reaction Products

H? + H? He® (0.82 MeV) + n(2.45 MeV)

H? + H® He® (3.54 MeV) + n(14.05 MeV)
H' + Li7 Be” (0.21 MeV) + n(0.03 MeV)

H' + Li7 Be” (10.0 MeV) + n(1.44 MeV)

H? + Li7 Be® (1.68 MeV) + n(13.35MeV)
H' + Be’ B? (0.18 MeV) + n(0.023 MeV)

H' + Be’ B'? (0.40 MeV) + n(3.96 MeV)

neutron emission [Chichester (2009)] and reducing the safeguards and
radiation protection requirements.

Recent technological developments in compact neutron generators
have opened a way to use prompt gamma neutron activation analysis,
which is an important non destructive tool for elemental analysis and
can be applied in several areas such as education, research, industry,
medical, archaeological applications, etc. [Bergaoui et al (2014)].

1.3. Nal(Tl) scintillator

Regardless its low resolution, NaI(Tl) scintillators have a large de
tection efficiency [AO (2015); Canberra (2017)], are economic, robust,
and do not require a cooling system as high purity Germanium detec
tors [Hakimabad et al. (2007)]. These characteristics make them one of
the best candidate gamma spectrometer detectors.

1.4. Moderator

Polyethylene with density between 0.940 and 0.970 g/cm?® is known
as high density polyethylene (HDPE); the large amount of hydrogen in
its composition (14% in weight) makes it useful to moderate and
thermalize fast neutrons. Moderation and thermalization of fast neu
trons from the generator are important for the quality and accuracy of
the process in explosives detection [Yasin and Nasir (2008); Bergaoui
(2015)], but also to reduce the neutron dose around the EDS. Neutron
shielding and attenuation features of polyethylene is due to its hy
drogen concentration. Thus, in EDS, HDPE has a double function as
neutron shielding and to produce thermal neutrons that, once captured
by hydrogen in the explosive, produce the H (n, v) H? reaction, having
a 0.33 barns cross section and producing a 2.2 MeV prompt gamma ray.

1.5. Shielding

Some blends with polyethylene have proved to be ideal shielding
materials for neutron due to the ability to internally attenuate the ra
diation of the secondary photons generated by neutron's interactions
[Chichester and Blackburn (2007)]. Boron (B) is generally used as
shielding for thermal neutron, mainly because its absorption cross
section is large (767 b) in natural boron [Sakurai et al. (2004)]. The
effective absorption and scattering cross sections of some elements are
in Table 3 [Sears (1992)].

Borated polyethylene absorbs neutrons leaking out of the arrange
ment and the shielding is completed by adding lead to absorb the
prompt v rays induced in the polyethylene and in the sample

Table 3
Scattering and absorption cross sections of boron, hydrogen and lead.

Element o," [barns] 0.” [barns]
Boron 5.24 767
Hydrogen 82.02 0.33
Lead 11.12 0.17

@ Total bound scattering cross section.
® Absorption cross section for 2200 m/s neutrons.



[Hernandez Adame et al. (2010)]. Moderators, like H, D, Be and gra
phite, have the purpose to decrease the neutron energy. Hydrogen rich
materials are easy to obtain and are good moderators whose arrange
ment must be carefully designed in order to improve the probability to
detect the prompt capture gamma rays in the detector [Bedogni et al.
(2017); Podgorsak (2016)].

The aim of this work was to evaluate the performance of different
configurations of moderator, shielding, detectors and explosive sample
on an EDS based on a D D neutron generator, using Monte Carlo
methods with the MCNP6 code [Pelowitz et al. (2014)]. Besides the
neutron fluence, the ambient dose equivalent was also determined. This
work gives a better insight to select the best configuration of the EDS's
components.

2. Materials and methods
2.1. Description of the explosives detection system (EDS)

The EDS has a D D neutron generator, a y ray spectrometer with Nal
(TD) scintillators, and HDPE as neutron moderator [Bergaoui (2015);
Bergaoui et al. (2014)]. These items were modelled with the MCNP6
code [Pelowitz et al. (2014)]. In order to model the D D neutron gen
erator, features of a commercially available device, DD 110 model from
Adelphi Technology, Inc. were used [ATI (2016)]. The main compo
nents of this device are shown in Fig. 1. In the ion source deuterons are
produced and using 120 kV are accelerated having 100 keV or higher,
then the deuteron current (55 mA) beam hits a titanium target coated
with copper or aluminium, where Deuterium Deuterium reactions are
produced, generating *H and 2.45MeV neutrons [Bergaoui et al.
(2014), Cremer et al. (2008), Bergaoui et al. (2014)].

The overall size of a DD 110 neutron generator is 26.67 cm dia
meter and 63.5cm length cylinder. Its general structure is shown in
Fig. 2 and surrounded by polyethylene in Fig. 3 [Cremer et al. (2008)].

2.2. Monte Carlo calculations

A detailed model of the EDS has been built for the MCNP6 code
[Pelowitz et al., (2014)]. In the model, the main components of D D
neutron generator were considered, as well as the NalI(Tl) detectors and
the HDPE moderator. The materials composition data was taken from
Bergaoui et al. (2014). The configuration of the EDS with the poly
ethylene and auxiliary equipment is shown in Fig. 4.

Using the VISED software [Schwarz et al. (2008)], the EDS model is
shown in Fig. 5.

In the MCNP6 model, the NaI(Tl) detectors were modelled using
two different sizes: 3.10cm X 1.90cm and 7.62cm X 7.62cm. These
models are shown in Fig. 6. In order to emulate the NaI(Tl) responses
the Gaussian Energy Broadening function (GEB) was used [Salgado
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Fig. 1. Main components of a DD-110 Neutron generator [ATI, (2016)].
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Fig. 2. Cross section of a DD-110 Neutron generator [ATI, (2016)].

Fig. 3. DD-110 Neutron generator encased in polyethylene moderator [ATI, (2016)].

Generator inside poly
moderator

Fig. 4. EDS with polyethylene moderator surrounding the neutron generator [Cremer
et al. (2008)].

et al. (2012)]. The GEB coefficients were, a = —0.0024 MeV, b
= 0.05165MeV*? and c¢ = 2.85838MeV~' for small detectors
[Salgado et al. (2012)], and a = —0.00789 MeV, b = 0.06769 MeV'/2
and ¢ = 0.21159 MeV ! for the large scintillators [Hakimabad. et al.
(2007)1.

In the aim to find the best array, in the simulation three different
configurations of EDS components were tested. In each configuration,
the shape of the device was modified, varying the moderator and
shielding geometry while shape and dimensions of neutron generator,
Nal(T1) detectors, and samples in each array were unchanged. Three
simulations were done for each configuration: first, without explosive
sample in order to obtain the background; second, with 1kg of RDX
(1.82 g/cm®) modelled as 9 x 9 x 7 cm® regular parallelepiped, and
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Fig. 5. MCNP6 VISED model of a DD-100 Neutron generator with HDPE.

third, with 1kg of AN (1.725 g/cm3) modelled as 8 x 8 x 9 cm®.

In the simulations, the source was located at 60 cm of the sample
centre and it was simulated as a monoenergetic neutron source of
2.45MeV, assuming isotropic emission. Neutrons are transported
through the polyethylene and reaching the sample. In order to take into
account the transport of thermal neutron the S(a, B) treatment was
included [Vega Carrillo et al. (2014)]. In the model, the NaI(Tl) de
tector was positioned at 13 cm from the sample, aligning the axial axis
of the sample and detectors. Using the {8 tally and the GEB function the
y ray pulse heights were calculated. In addition, the total y ray fluence
in the detectors was estimated using the 4 tally. In the calculations, 10®
histories were used in the aim to have uncertainties lower than 5%.

Ambient dose equivalent, H*(10), due to neutrons was estimated at
50, 100, 150, and 200 cm from 0, 0, Ocm (X, Y, Z), this point was
located in the neutron generator target. H*(10) was estimated using the
f4 tally and the neutron fluence to ambient dose equivalent conversion
factors taken from ICRP 74 publication [ICRP (1996)]. Cross sections
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Fig. 7. Configuration 1: MCNP6 model of the DD-110 generator shielded with HDPE.

were taken from the ENDF/B VII library [Pelowitz et al. (2014)]. Total
neutron fluence for 2.5E(— 08), 4.0E(—07), and 1.0E(—06) MeV neu
trons in the sample were estimated. Neutron fluence and H*(10) per
history were multiplied by 10'° n/s, which is the nominal neutron yield
of the commercially available neutron generator.

2.2.1. Configuration 1

This configuration is shown in Fig. 7. Here, the HDPE thickness was
15 cm, which was included as moderator. In this case, no shielding was
included.

2.2.2. Configuration 2

In this configuration, HDPE was 15 cm thick. Then, 8 cm thick layer
of borated polyethylene, and 5 cm thick lead layer were included. Also,
a 31.5cm length and 15 cm long rectangular cavity filled with air was
included aiming to increase the thermal neutron fluence in the sample.
Figs. 8 and 10 are showing the details of this configuration.

2.2.3. Configuration 3

This configuration was alike configuration 2. Here 15cm thick
HDPE was used to cover the moderator, followed by layers of 6 cm
thick borated polyethylene and 6 cm thick lead. Then, another cover
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Fig. 6. MCNP6 model of the Nal(Tl) scintillators.
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Fig. 8. Configuration 2: MCNP6 model of the DD-110 generator shielded with borated
polyethylene and lead.
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Fig. 9. Configuration 3: MCNP6 model of the DD-110 generator shielded with borated
polyethylene and lead.

made of 4.5 cm thick of borated polyethylene followed by 2.5 cm thick
lead. This configuration also included the rectangular cavity or air
window, as shown in Figs. 9 and 10.
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Fig. 11. Neutron spectra for different EDS configurations.

3. Results and discussion

In Fig. 11, the neutron spectra in the explosive sample cell for the
three configurations are shown. The neutron generator produces
monoenergetic neutrons that during transport in the moderator mate
rials are slowing down, producing epithermal and thermal neutrons.
For configurations 2 and 3, the neutron flux is larger than for config
uration 1 at all energies. However, for configuration 1, the thermal
neutron component of the spectrum is larger than that in the fast
groups. This is probably because in configuration 1 more fast neutrons
are leaking, but also because in configurations 2 and 3 the cavity in
creases the amount of scattering of fast and epithermal neutrons before
they reach the thermal region.

In Fig. 12, the map of ambient dose equivalent rate H*(10) (in uSv/
h) due to neutrons around the neutron generator is represented for the
three configurations. Also for the three configurations, the rate of
H*(10) due to neutrons, in function of distance to the generator target,
along the main axis of the generator window (vertical line from the
centre in Fig. 12), is shown in Fig. 13. The largest doses are reached at
50cm and are reduced as the distance from the neutron generator
target increases. Beyond 100 cm, H*(10) for configurations 2 and 3 are
practically the same. Obviously, the shielding materials in configura
tions 2 and 3 results in lower doses.

In Table 4, the H*(10) rate due to neutrons for all configurations in
function of the distance to the target is shown, as well as the neutron
flux for three main energy groups at the nearest point for the checked
sample in each configuration. The values of H*(10) were evaluated for
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Fig. 10. MCNP6 model dimensions in configuration 2 (left) and configuration 3 (right).
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Fig. 13. Ambient dose equivalent rate for different EDS configurations along the main
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each configuration considering the shielding and the distance from the
centre of the D D generator at 50, 100, 150 and 200 cm. For config
uration 1, dose values are higher than for configuration 2, and this gives
doses slightly higher than configuration 3. This result is due to the ef
fect of shielding layers in each configuration.

Neutron flux values were obtained at a distance measured from the
centre of the D D generator to the sample, which depending on the
configuration of the model, varied from 43 cm for configuration 1,
60 cm for configuration 2 and 67.5cm for configuration 3. Thermal
neutron flux increases due to the effect of leaving an air cavity between
the generator and the sample, with influence from the moderator and

Table 4
Results of ambient dose equivalent rate (uSv/h) and neutron flux (cm
the three configurations using computational simulations in MCNP6.

25 1) obtained for

Distance [cm] Configuration 1  Configuration 2  Configuration 3

Ambient dose equivalent rate (neutrons) [pSv/h]

50 2.45E+03 1.40E+03 2.35E+02
100 9.08E+02 1.00E+02 3.40E+01
150 4.75E+02 5.70E+01 2.51E+01
200 3.15E+02 3.60E+01 1.90E+01
Neutron energy” Neutron flux [em 2s ']
[MeV]

2.50E 08 9.27E+03 1.74E+05 1.74E+05
4.00E 07 4.43E+04 6.53E+05 6.31E+05
1.00E 06 1.81E+03 2.61E+04 2.96E +04
TOTAL 5.53E+04 8.53E+05 8.34E+05

@ Lower values of the three energy groups considered.

neutron absorbers thickness. In this way, neutrons undergo scattering in
the moderator in its entire trajectory while reflecting, what causes the
increase in flux of thermal neutrons into the sample. On the other hand,
the ambient dose equivalent decreases when the thickness of shielding
materials is increased. The dose calculations were performed con
sidering a limited cubic shaped space of 400 cm in each side, with the
detection system in the centre of the model.

Figs. 14 19 display the results of simulations for the three different
configurations and different situations, RDX and AN samples compared
against background radiation (without explosive sample). Each ex
periment is modelled with both, a 1.5” X 1”7 and a 3” x 3” Nal(Tl)
detector. In this way, it has been possible to contrast the different
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Fig. 16. Spectra obtained by simulating a sample of ammonium nitrate with configuration 2 and different NaI(T1) detector sizes.

results and select not only the best glass diameter that allows a better
visualization of the curves, but also the best configuration to obtain a
better spectrum with the purpose of samples characterization and
therefore of explosives detection.

From the analysis of results, it is obvious that using configuration 1
it would be difficult to distinguish and identify the explosive sample,
even with the larger detector. However, configurations 2 and 3, parti
cularly with the large detector, allow obtaining clear spectra separa
tion. For configuration 3, even the small detector is giving a well de
fined separation between the spectrum with explosive samples and the
signal of the EDS without samples.

4. Conclusions

An EDS using neutrons was simulated with MCNP6 trying to find the
best configuration to allow identification of explosive materials. The
main elements of the EDS is a D D neutron generator, one or two NalI(Tl)
scintillators as gamma spectrometer detectors, and HDPE as neutron
moderator. The key elements of the EDS have been modelled according
to the description given in the manufacturer's data and recent literature.
Three different configurations of the EDS have been simulated, varying
the geometry of the device, the thickness and materials of the moderator,
and the number, position and size of the gamma ray detectors.
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Fig. 19. Spectra obtained by simulating a sample of RDX with configuration 3 and different NaI(Tl) detector sizes.

The obtained results show that backscattering can increase the flux
of thermal neutrons, necessary to characterize the samples, by obser
ving the prompt gamma rays produced by activation of key elements in
the materials, such as N, O, H and C. These elements are present in
almost all explosives and their relative fractions are important to
identify explosive substances.

From the calculations performed, we can conclude that the neutron
flux increases when there is a cavity inside the system, configuration 3,
and the scintillator has the larger size glass of 3” x 3”, which helps to
get a better quality in the peak resolution.

Each EDS configuration was simulated in three different scenarios:
without explosive sample (background), with RDX explosive, and with
AN explosive. In all cases, the explosive was correctly identified
through the study of the characteristic photopeaks of their key elements
(N, O, H, Q).

In summary, the best thermal neutron flux is obtained with con
figurations 2 and 3, having a lateral inside cavity in the moderator
shielding HDPE, whereas configuration 3, with double layer of
shielding with borated polyethylene and lead, yields lower ambient
dose equivalent, as expected. In order to obtain a good spectrum that



adequately characterizes the key elements of the samples the best
choice would be the larger sodium iodide glass, diameter 3” x 3”.
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