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Abstract

This article reports a detailed description of the integration tests

of the �rst Rapidly Relocatable Tagged Neutron Inspection System

(RRTNIS) carried out at the European Commission's Joint Research

Centre in Ispra (Italy). This technology allows the detection and iden-

ti�cation of suspicious or illicit materials (such as narcotics, explosives,
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contraband goods, etc.) inside a cargo container using active neutron

interrogation, with the so-called associated particle technique. The

method is based on the measurement of the gamma photons emitted

by the de-excitation of nuclei that undergo, mainly, inelastic scatter-

ings with incident fast neutrons (En ∼ 14 MeV). A set of scintillation

detectors (NaI:Tl and LaBr3:Ce) is employed to perform gamma spec-

troscopy. The data acquisition system is based on fast signal digitizers

and customized data acquisition software. A general technical descrip-

tion of the detection module and an outline of the data acquisition

system (DAQ) are given. Also, we present the results of the inte-

gration tests, in particular, some examples of the performance of the

system in the laboratory are shown, speci�cally, when using no target

(background measurement) and when using mono-elemental and an

explosive simulant target. Obtained results suggest that all technical

requirements are achieved, and the next step will be the �eld trials.

Keywords: Tagged Neutron Inspection System ; Active Neutron

Interrogation ; Digital Pulse Processing ; Homeland Security

1 Introduction

C-BORD (e�ective Container inspection at BORDer control points) is a Eu-
ropean H2020 (Research and Innovation Program) project [1, 2, 3, 4, 5, 6,
7, 8] aimed to develop, and test, a comprehensive cost-e�ective solution for
the inspection of large-volume freight against illicit tra�cking. The pro-
cedures that have to be followed in order to open suspect containers are
time-consuming and expensive, for economical and safety reasons, hence the
project is focused on Non-Intrusive Inspection (NII) techniques. In order
to protect EU borders, the project addresses a wide range of NII targets in
containers: including explosives, chemical warfare agents, illicit drugs, con-
traband goods and special nuclear materials. The main technical objective
of C-BORD is to develop a toolbox of �rst-line & second-line devices, em-
ploying di�erent non-destructive passive and active techniques: advanced
radiation portal monitors, next generation cargo X-ray, tagged neutron in-
spection, photo�ssion and evaporation based detection. The development of
a unique graphical user interface (GUI) for all systems aims at improving the
quality of the interpretation and decision making. The software guarantees
the data fusion between the sub-systems, with decision support software and
a common data format. In the C-BORD framework, the Rapidly Relocatable
Tagged Neutron Inspection System (RRTNIS) is conceived as a second-line
inspection tool. The RRTNIS is to be used on sealed containers in order
to detect explosives, illicit drugs and chemical agents, in speci�c voxels (ele-

2



mentary volume units); previously identi�ed as suspect by the �rst-line scan
sub-systems (e.g. X-ray scan). X-ray radiography is not e�ective in distin-
guishing materials with similar densities and atomic numbers; whereas the
tagged neutron inspection helps distinguishing organic substances (explosives
vs. narcotics vs. benign materials). The scope of the RRTNIS is to o�er
better performance with respect to the former system, which was a large and
�xed portal developed on the frame of EURITRACK project [9, 10, 11].

The core of the RRTNIS design is the neutron generator. Fast neutrons
(En = 14 MeV) are produced using the D-T reaction (D+T → n+ α). The
associated alpha particles tag in time and direction the neutrons emitted,
more details in [12, 13]. The neutron generator is encased in a polyethylene
shielding to ensure radiation protection. The tagged neutron beam exits the
polyethylene shielding through a conical hole, with a total aperture angle of
20◦. Neutrons interact with the materials they encounter, mostly by inelas-
tic scattering with the nuclei. Characteristic de-excitation gamma rays are
emitted in all directions by the nuclei. Using a properly designed detection
module one can record: the energy spectrum of the photons emitted and
the alpha-gamma time-di�erence distribution. The time-di�erence, between
the alpha and the detection of the neutron-induced gamma, allows us to de-
termine the neutron Time-of-Flight (ToF), and subsequently its position of
interaction. By selecting a region of interest (ROI) on the ToF vs. direction
distribution, one can obtain the energy spectrum of the gamma photons,
emitted from any voxel in the container. Finally, the relative proportion of
elements in the voxel of interest can be obtained by unfolding the gamma
spectrum into a linear combination of the spectra relating to each element [5].
With this information it is possible to perform a general material classi�ca-
tion (organic, ceramic, etc.). A �ner identi�cation can also be performed, for
instance in organic materials, to distinguish between illicit drugs, explosives,
and benign materials, by applying a fuzzy decision tree method [6]. Respect
to prior systems the main innovations of the C-BORD RRTNIS are: it is a
rapidly relocatable system (no large �xed portal like EURITRACK system),
it has a compact neutron generator shielding (no �xed concrete walls as in
EURITRACK), so, the limited restricted area is shorter, the neutron genera-
tor capabilities are extended (higher neutron emission rate, compact design,
e�cient tagging), the digital nuclear electronics is more compact and its
setup is done in a very e�cient way, high resolution gamma-ray scintillators
(LaBr3:Ce) have been added to the detection system in order to improve the
identi�cation of suspicious materials (possibility to detect chemical agents),
and elements of arti�cial intelligence have been included in order to assist
the analysis of the measurements.

In this work we thoroughly describe the detection module of the RRT-
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NIS; giving a general technical description of the set of scintillation detectors,
an outline of the data acquisition system (DAQ). Also, we present the re-
sults of the integration tests carried out at the European Commission's Joint
Research Centre in Ispra (Italy), in particular the mechanical integration
(assembly of the polyethylene radiological shield, placement and alignment
of the neutron generator, positioning of the detectors and lead shield on
the frame) and the electronic integration (connection of all detectors with
the electronic units and con�guration of the acquisition system). To test
the performance of the whole system, ToF spectra with and without target
(background) are analyzed, and a few pure elements responses are obtained
in order to contribute with the building of the elemental database. Finally,
an explosive simulant (RDX simulant) spectrum was acquired, showing that
each pure element contained was identi�ed.

2 Experimental details

2.1 Description of the RRTNIS detection module

The detection module of the RRTNIS can be divided into two parts: the scin-
tillation detector array and the data acquisition system (read-out electronics
and data acquisition software).

2.1.1 Scintillation detectors

The detector array consists of twenty (20) large-size (5� × 5� × 10� paralle-
lepiped-shaped) NaI:Tl detectors, and four (4) 3� × 3� cylindrical LaBr3:Ce
detectors. The detectors are mounted on an iron frame (in a backscatter con-
�guration, see Figure 1) which includes a lead shield to reduce mainly the
recording of gamma, coming from neutron capture reactions on hydrogen in
the polyethylene shielding. NaI:Tl detectors were assembled and used in or-
der to achieve the main requirements of the project [3]. LaBr3:Ce detectors
are intended for chemical warfare detection, especially for the recognition of
speci�c elements like arsenic (As) and bromine (Br) that emit characteris-
tic neutron-induced gamma rays at low energy [14], i.e. less than 500 keV,
which are di�cult to resolve with the NaI:Tl detectors (energy resolution of
the large-size NaI:Tl scintillators at E ≤ 500 keV is ∼ 10 %). A study to
select the best photomultiplier tube (PMT) to be coupled with the NaI:Tl
crystals was performed (details in [1, 2]). The chosen PMT is the Hama-
matsu R11833-100HA together with an active voltage divider. The energy
resolution achieved is around 8% (at 662 keV), time resolution ∼ 2 ns (at
threshold level ∼1 MeV), linearity and gain stability up to counting rates ∼
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250 ×103 s−1 (kilo counts-per-second) for all NaI:Tl detectors. Being large
volume crystals, the e�ect of the gamma photon interaction position on the
time and energy resolution was studied. The energy resolution was found to
be almost una�ected, while the variation of the time resolution was less than
5% with respect to the whole average detector response [1].

Of the four available LaBr3:Ce detectors for the project, only two were
used for the tests presented in this work. The two 3�×3� LaBr3:Ce crystals
were coupled to Hamamatsu R10233-100-01 photomultipliers, which is an
assembly PMT model specially designed for this kind of crystal with very
high light output. LaBr3:Ce detectors exhibited energy resolution ∼3.5% (at
662 keV), time resolution <0.6 ns (threshold ∼1 MeV), good linearity and
gain stability up to 140× 103 s−1 [2].

2.1.2 Data acquisition unit

The electronics for nuclear signal processing consists of a compact unit based
on fast signal digitizers. It is composed of:

� Two CAEN V1730 VME Digitizers, 16 ch, 14 bit, 500 MS/s (with
a Digital Constant Fraction Discriminator, DCFD, embedded in the
�rmware for precise timing measurements);

� Five CAEN V6533 VME HV supply, 6 ch (NEG), 4 kV/3 mA;

� One CAEN V2718 VME-PCI Optical Link Bridge.

� Optical �ber connections using the CAEN CONET2 protocol for fast
acquisition (CAEN A3818 PCI Express CONET2 Controller).

A computer with a custom-made data acquisition software called ABCD
(Acquisition and Broadcast of Collected Data) [15, 16, 17] completes the data
acquisition unit. In the spirit of the open-access philosophy of the H2020
funded research, ABCD was released as an open-source project*. Figure 2
shows the layout of the complete RRTNIS detection module.

The data acquisition system has been con�gured to treat both digitizers
as independent modules with no synchronization between them. Each digi-
tizer internally validates the acquired signals only if it detects a coincidence
between the alpha signals (X, Y and SUM signals coming from the YAP:Ce
detector) and at least one of the gamma detectors. Signals that are not
validated are discarded. Figure 2 shows details of the connection scheme.

*The source code is available at the o�cial repository:
https://gitlab.com/cristiano.fontana/abcd
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Figure 1: Schematic representation (a) and picture (b) of the RRTNIS parts
during the integration tests at JRC.
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Figure 2: Schematic representation of the connections between the compo-
nents of the RRTNIS detection module.
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X, Y and SUM signals, coming from the YAP:Ce detector, are also used to
build the so-called alpha XY map. This is a 2D plot (�X direction� versus �Y
direction�) that shows the interaction position of the alpha particles in the
scintillator. Assuming equal gain, �X direction� (�Y direction�) is equal to
the X signal (Y signal) total integral to SUM signal total integral. According
to this convention, �X direction� and �Y direction� equal to 1 correspond to
an event that interacts in the center of the YAP:Ce crystal.

With such con�guration, and a neutron emission rate of 7× 107 s−1, the
system collects around 4 × 105 Events/s per digitizer (all channels). The
DAQ was proven to be able to sustain rates of up to 4 × 105 Events/s in
similar conditions, with a dead time of 1% [15, 16]. As far as the laboratory
test described in this manuscript, the neutron inspection time was not a key
issue (normally 30 min was enough to obtain good statistics spectra). In a
future paper, the �eld neutron inspection times will be better de�ned. The
system produces around 700 MB/min of data during a neutron inspection.

After the �ltering by means of the digitizer validation, it is possible to
pre-process the data. During the acquisition, partial results are displayed
on-line (e.g. waveforms visualization, energy and ToF spectra calculation
for each channel, etc.). This preprocessing is useful to monitor the per-
formance of each of the system's elements. The �ltered data are saved in
a binary format containing channel, timestamp and energy information for
each detected event. The analysis of the data, presented in this work, was
performed in o�ine mode. First, detectors are calibrated in time and energy,
then, a particular direction of the neutron beam is selected, by de�ning an
ROI on the alpha XY map. Afterward, the data are merged to create only
one aggregated spectrum per detector kind (NaI:Tl and LaBr3:Ce). Results
given in this work are processed until this step. In a real neutron inspection,
an unfolding procedure is applied to the aggregated spectra, employing the
mono-elemental database. The fractions of elements of the analyzed voxel
can be identi�ed by means of the unfolded analysis; more details about the
data processing can be found in [5]. Finally, arti�cial intelligence methods
are applied to classify the voxel material and, possibly, to identify a threat
material. In particular the approach is the fuzzy decision tree; more detail
is given in [6].

2.2 Integration test

The integration tests consisted, �rstly, in doing the mechanical integration of
the system, i.e., assembly of the polyethylene radiological shield, placement
and alignment of the neutron generator and positioning of the detectors and
lead shield on the iron frame. Secondly, in doing the electronic integration

8



of the detection module, that includes the connection of all detectors with
the electronic units (power supply and digitizers) and the con�guration of
the DAQ (set-up of the logical treatment of the signals). The dimensions of
the polyethylene box is 130 × 154 × 150 cm3 with a cavity inside (to place
the neutron generator) that allows to have a 40 cm of thickness wall. The
associated particle neutron generator is an speci�c model (GENIE TPA17
CBORD) produced by Sodern (France). It produces a maximum neutron
emission rate of 108 s−1. The alpha detector for neutron tagging (timing
and neutron direction de�nition) is a YAP(Ce) scintillator (49 mm diam-
eter) coupled to a multi-anode photomultiplier (Hamamatsu H8500). The
output consists in 3 analog outputs (X direction, Y direction and SUM) for
alpha positioning and timing. For the alignment of the neutron generator, a
cylindrical liquid organic scintillator (50 mm diameter × 50 mm thickness),
EJ-309 type from Eljen Technology, was used as a neutron counter [18, 19].
Since the main scope of this work was to perform the integration of the detec-
tion module of the RRTNIS and to start the building of the mono-elemental
database, the samples used during the tests were some kilograms of: graphite
(C), water (O), silicon (Si), aluminum (Al) and few tens of kilograms of ni-
trogen (N), iron (Fe), copper (Cu) and Royal Demolition eXplosive (RDX)
simulant (Si3C3H6N6O6). The measurement time of each run was set in 30
min, that allows us to get good statistics spectra.

3 Experimental results

3.1 Neutron generator and spatial resolution

In order to perform the measurements for the alignment of the neutron gen-
erator, the EJ-309 scintillator was �xed to a base movable along a guide
rail. The movements (change of position and speed) were controlled from
an embedded computer using the LinuxCNC platform [20, 21]. Same DAQ
mentioned on Section 2.1.2 was used to acquire the neutron counter and the
YAP:Ce detector (X, Y and SUM) signals. In Figure 3a, the alpha map cor-
responding to all YAP signals acquired in one measurement is shown. The
nonlinearity of position reconstruction on the edges of the alpha map is due
to incomplete YAP scintillation light collection. Such a distortion has an
impact on the transformation of the YAP coordinates to the true neutron
direction, but only with the alpha events on the edges, because at the center
of the YAP map there is linearity. On the other hand, in Figure 3b the alpha
map built with the YAP signals which are in coincidence with the neutron
counter events is given. As can be seen, such a measurement allows the
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direction in which the neutrons were emitted to be reconstructed and, as a
consequence, this can be used as a guide to �ne-tune the polar angle direction
of the neutron generator. The azimuth direction was �xed by the mechanical
holder. Besides, Figures 3c and 3d show the X and Y direction projections
of Figure 3b. The neutron counter was located in front and on the conical
beam axis, at 2 m from the neutron generator. Most of the events in Figure
3b correspond to alpha particles that interact with the central part of the
YAP:Ce crystal, as expected when the neutron generator is properly aligned.

Figure 3: Alpha map, single alpha counts (a) and alpha/neutron coincidences
(b), obtained when the neutron detector was located in front and on the axis
of the beam cone, showing a proper alignment of the neutron generator. X
(c) and Y (d) direction distributions are also shown.

As a way to estimate the spatial resolution (regarding X and Y directions)
achieved with the system, another measurement with the neutron counter
was considered. Using the LinuxCNC platform, the neutron counter was dis-
placed one meter along a direction perpendicular to the neutron beam axis,
considering Z direction as the beam axis, and X direction as the movement
line of the neutron counter. The distance between the counter and the neu-
tron generator was 2 m (when the counter was centered). The speed was
set at 100 mm/min. Event data saved by the digitizer allow to extract part
of the time history of the whole measurement, for example, selecting only
30 seconds of acquisition, the alpha map corresponding to a displacement of
50 mm is obtained. Considering the dimension of the neutron counter, one
obtains a representation of the alpha map when an area of 100 mm x 50 mm
is inspected (at 2 m from the neutron generator). By following this proce-
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Table 1: Standard deviation of the X direction distribution and radius of
the lighted up circle on the YAP crystal corresponding to several neutron
counter displacements.

Displacement Inspected area σ (mm)
(mm) (mm2) ±0.1
200 250 × 50 4.4
150 200 × 50 4.2
100 150 × 50 4.0
50 100 × 50 3.8
25 75 × 50 3.8

dure, the standard deviation (σ) values of the X and Y distributions can be
studied as a function of the selected displacement. Arbitrary units of X and
Y direction can be calibrated into length units (mm) by assuming that their
total range must be 49 mm (dimension of the YAP:Ce crystal). The results
extracted from the projection of the alpha map on the abscissa (X direction
distribution) are given in Table 1. Sigma (σ) values of Y distributions were
found to be almost constant ∼ 3.9 mm.

A slow decrease of the σ as the displacement of the neutron counter
becomes shorter can be observed from the results given in Table 1, however, a
minimum constant value (∼ 3.8 mm) is observed even when the displacement
is reduced, meaning that 10 cm is the spatial resolution value of the alpha
detector. Therefore, taking into account the dimension of the neutron counter
(50 mm dia.), the corresponding inspected area could be pictured as a square
with an edge ∼ 10 cm. Z direction resolution can be estimated using the time
resolutions of both kinds of detectors, and keeping in mind the speed of 14
MeV neutrons (∼ 5 cm/ns). In consequence, the spatial resolution in Z
direction is ∼ 10 cm and ∼ 3 cm when using events acquired with NaI:Tl
and LaBr3:Ce detectors respectively.

3.2 Time-of-�ight spectrum and background

The gamma-ray events detected in coincidence with the X, Y and SUM
signals are saved during the measurement into a �le. Taking into account
the digital constant fraction discrimination delay, the cable length and the
range of interest of the neutron �ight path, the coincidence gate was set to
400 ns. A Time-of-Flight (ToF) spectrum is calculated for each detector
(see Figure 4), in order to determine the sample position. The alpha map
allows a selection of the neutrons emitted in the direction of the sample (see
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Figure 4a) located on the axis of the beam cone, because in �eld tests the
suspicious voxel to be inspected will be aligned with the cone beam, thanks to
appropriate mechanical positioning of the RRTNIS. Figures 4b and 4c show
the data merged of two NaI:Tl and two LaBr3:Ce detectors (one for each
digitizer, which correspond to one for each side of the detector array, see S6
and S16 in Figure 2). Figure 4 shows measurements of a target and of the
active background (without target). In Figures 4b and 4c the ToF has been
converted to a position along the tagged neutron beam axis (distance in m
with respect to the neutron generator) by taking as a reference the position of
the detector frame. By selecting the events belonging to a ToF (or distance)
interval, it is possible to get the energy spectrum of the neutron-induced
gamma rays corresponding to the voxel of interest.

By inspecting the ToF spectra without alpha selection (see Figures 4b
and 4c), �rstly, a constant background (due to random coincidences) can be
seen at negative positions. Then, a small distribution of events, between 0
and 0.8 m, produced by the interaction of neutrons with the polyethylene
radiological shielding are identi�ed. Later on, at ∼ 1 m, gamma rays coming
from the lead shield and holder of the detectors start to be important (cor-
related background). For both kinds of detector, this distribution reaches its
maximum at 1.15 - 1.2 m and has a very long tail. Over those events and the
constant background, a peak of events coming from a target is recognized (if
the target is present). And �nally, at around 4 m the events belonging to a
beam dump wall (already present in the facility) are seen.

Also in Figures 4b and 4c the e�ect of the alpha map selection on the
ToF spectra is shown, for NaI:Tl and LaBr3:Ce detectors respectively. It
is worth noting that the recognition and the determination of the position
of the sample is enhanced after the alpha map selection procedure. Back-
ground (random and correlated) and events produced by the interaction of
neutrons with the polyethylene are highly reduced with respect to the target
peak intensity. The better timing performance of the LaBr3:Ce detectors,
with respect to the NaI:Tl ones, is evident on the ToF spectra, both with
and without alpha selection. The Full Width at Half Maximum (FWHM)
obtained for the time distributions (with alpha selection) shown in Figures
4b and 4c are (4.65± 0.07) ns (NaI:Tl) and (3.4± 0.1) ns (LaBr3:Ce), which
correspond to a neutron �ight path FWHM of (20.5±0.5) cm and (15.4±1.0)
cm, respectively. Furthermore, looking at the correlated background events
on the ToF spectra without alpha selection, it is possible identify three peaks
corresponding to the obstacles on the beam path (identi�cation done further
with Figures 5 and 6 give, from left to right: lead shield, detector frame and
target) in Figure 4c with LaBr3:Ce detectors, while only two peaks can be
seen in Figure 4b with NaI:Tl detectors.
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Figure 4: (a) Alpha map in which the black square represents the area corre-
sponding to target events. Panels (b) and (c) show the ToF spectra (position-
calibrated) corresponding to the two NaI:Tl and two LaBr3:Ce detectors. A
background (acquisition without target) and a measurement with a sample
are shown. Right side y-axes give the counts corresponding to the LaBr spec-
tra.

To analyse the random component of the background, we selected on the
ToF spectrum, given in Figure 4, the events with a �ight path between -5 m
and -1 m (the range is not shown in Figure 4). The energy spectra associated
to those events acquired with the NaI:Tl and LaBr3:Ce are given in Figure
5a. As can be seen, this component of the background is mainly caused by
neutrons interacting in the polyethylene shield, as signed by the presence of
peaks at 2.2 MeV (neutron capture on 1H) and 4.4 MeV (inelastic scattering
on 12C nuclei). Peaks at 0.847 keV and 1.238 MeV also indicate the presence
of iron. The 1.468 MeV (1.436 MeV gamma-ray plus 32 keV characteristicKα

X-ray) peak associated to the LaBr3:Ce internal radioactivity (138La decay)
can be also seen on the spectrum. Regarding the correlated component of
the background, for each target, the �ight-path selection should be applied
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Figure 5: (a) Energy spectrum of the random background. The hydrogen
and carbon peaks are seen, the gamma rays are mostly produced in the
polyethylene radiological shielding. (b) Energy spectrum of the correlated
background, selected on the detectors' holder ToF peak. The iron, lead and
sodium peaks are seen, the gamma rays are mostly produced in the detectors
themselves and in the detectors' holder.

on the ToF spectrum with and without the target. The NaI:Tl and LaBr3:Ce
energy spectra obtained by applying the alpha selection on the case given in
Figure 4 are presented in Figure 5b. Fligh-path window was between 1.0
and 2.0 m (corresponding to the position of the detector frame). The peaks
observed indicate interactions with the lead shield (Pb), detector frame (Fe)
and with the crystals themselves (NaI:Tl).

3.3 Energy spectra of mono-elemental targets

One of the objectives of the experiments at JRC facilities was to build a
database of the mono-elemental responses, which are used in the analysis of
measurements with unknown targets (unfolding procedure). These measure-
ments allow us to understand the performance and the limits of the detection
module. The total intensity (mainly untagged neutrons) of the neutron gen-
erator was varied in the tests between 3× 107 and 7× 107 s−1. Each acquisi-
tion lasted 10 min, which is the foreseen inspection time of a real container
in the �eld. With the neutron generator operating at 5× 107 s−1, the single
count rate in each digitizer channel receiving X, Y and SUM signals was ∼ 1
Mcps/channel. However, the DAQ was able to acquire ∼ 0.7 Mcps/channel.
The coincidence (α−γ) counting rates for each NaI:Tl, LaBr3:Ce and YAP:Ce
detector were ∼ 7 kHz, ∼ 1.5 kHz and ∼ 70 kHz respectively. With such
conditions, the quality and quantity of the coincidence rates ful�ll the require-
ments to generate a gamma spectrum with enough statistics to be properly
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analyzed. Higher single counting rates of alpha signals cause a worsening of
coincidences, increasing random and multiple (one gamma with several alpha
signals) coincidences, as proven in [22].

Figure 6 shows the carbon (C), nitrogen (N), oxygen (O), and silicon (Si)
responses obtained with graphite blocks, liquid nitrogen (Dewar response
subtracted), 6 liters of water and mono-elemental silicon pieces. As an ex-
ample, Figure 6 shows the data acquired by the two NaI:Tl and the two
LaBr3:Ce detectors (one for each side of the detector array). More infor-
mation about the characteristic energy spectra of these and other elements
are given in [23]. There is a perfect agreement between the energy spec-
tra acquired with both kinds of detectors. The better statistics acquired
with NaI:Tl detectors is due to their larger size (5� × 5� × 10� instead of
3� × 3� for LaBr3:Ce detectors). However, the excellent energy resolution
of the LaBr3:Ce detectors allows to resolve close peaks, as, for example, the
3.6 MeV and 3.8 MeV peaks in the O energy spectrum. Energy resolutions
found for the NaI:Tl and LaBr3:Ce detectors at 4.4 MeV (from graphite spec-
tra, Figures 6a) were (3.8± 0.2)% and (2.16± 0.05)%, respectively. Another
important aspect, of the LaBr3:Ce detectors, is the possibility to perform
spectroscopy employing a lower energy threshold. Elements like As, Br or
I exhibit signatures with energies below 0.5 MeV [14]. In the previous EU-
RITRACK system [11, 10] the energy threshold of NaI:Tl detectors was 0.6
MeV [24]. The addition of the LaBr3:Ce detectors to the system brings bet-
ter performance for the detection of low-energy gamma signatures (below 0.5
MeV) of speci�c elements such as arsenic, bromine, or iodine that can be
used in chemical warfare.

3.4 Energy spectrum of a simulant

As a �nal example, Figure 7 presents the gamma energy spectrum of a RDX
simulant, acquired with NaI:Tl and LaBr3:Ce detectors. The real RDX chem-
ical formula is C3H6N6O6. On the other hand, the formula of this speci�c
RDX simulant is Si3C3H6N6O6. Therefore, the silicon contribution to the
spectrum has been removed o�-line. The main peaks corresponding to C,
N and O are indicated in the �gure. The excellent energy resolution of the
LaBr3:Ce detectors allows to clearly identify the 2.3 MeV, 4.4 MeV and 6.1
MeV gamma photons coming from the N, C and O respectively. In the case
of the LaBr3:Ce spectrum also the 1.47 MeV (138La) peak is visible, coming
from the detector's internal background.
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Figure 6: Mono-elemental energy spectra acquired with NaI:Tl and LaBr3:Ce
detectors. (a) graphite, (b) water, (c) silicon and (d) nitrogen spectra. Right
side y-axes give the counts corresponding to the LaBr spectra.

4 Conclusions

The �rst integration test of the C-BORD Rapidly Relocatable Tagged Neu-
tron Inspection System (RRTNIS) was performed at the European Commis-
sion's Joint Research Centre in Ispra (Italy). The detection module (de-
tectors and nuclear electronics) was integrated with the neutron generator,
radiological shielding and mechanics elements. A measurement campaign
was carried out, in order to test the whole system's performance. The tests
proved that the scintillation detectors (large-size 5� × 5� × 10� NaI:Tl and
3� × 3� LaBr3:Ce) and the newly developed data acquisition system (DAQ)
are able to sustain the acquisition rates of the system.

A neutron generator alignment procedure was performed in order to max-
imize the neutron �ux in the beam cone. An estimation of the spatial res-
olution of the system was obtained. The main technical parameters of the
detection module are given in Table 2. The Time-of-Flight (ToF) spectra,
acquired with both kinds of detectors, were used to identify the components
of background (random and correlated). The main source of random back-
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Figure 7: Energy spectra corresponding to a RDX simulant, acquired with
NaI:Tl and LaBr3:Ce detectors. Sec. 3.4 describes in details the highlighted
peaks. Right side y-axis gives the counts corresponding to the LaBr spec-
trum.

ground is the interaction of neutrons with the polyethylene shielding, while
the correlated background is originated by gamma produced on the detector
holder (lead shielding, iron structure) and crystals themselves.

Identi�cation and determination of the position of the targets was done
by analyzing the �ight-path spectrum. Better position resolution is provided
by LaBr3:Ce detectors. A database of mono-elemental targets was built. The
addition of LaBr3:Ce detectors in this new system o�er better energy reso-
lution and the possibility to detect elements with gamma signatures with
energies lower than 0.5 MeV. Finally, a measurement using an explosive sim-
ulant was done. Gamma signatures corresponding to the signi�cant elements
(C, N and O) were well identi�ed with both kind of detectors.

After this �rst series of integration tests, the system was transferred to
CEA Saclay for a second series of performance tests [5], after which the sys-
tem was declared ready to perform measurements in the �eld. Demonstration
tests in the Port of Rotterdam (the Netherlands). In the future, we plan to
publish the obtained results.
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Table 2: Summary of the main technical parameters of the C-BORD Rapidly
Relocatable Tagged Neutron Inspection System (RRTNIS). In is the neutron
generator emission.

Spatial resolution Energy resolution Coincidence rate
at 2 m @4.4 MeV In = 5× 107 s−1

NaI:Tl 10 × 10 × 10 cm3 3.80 % 7 kHz
LaBr3:Ce 10 × 10 × 3 cm3 2.16 % 1.5 kHz
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