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Abstract
This work presents GN-Vision, a novel dual γ -ray and neutron imaging system, which
aims at simultaneously obtaining information about the spatial origin of γ -ray and
neutron sources. The proposed device is based on two position sensitive detection
planes and exploits the Compton imaging technique for the imaging of γ -rays. In
addition, spatial distributions of slow- and thermal-neutron sources (<100 eV) are
reconstructed by using a passive neutron pin-hole collimator attached to the first
detection plane. The proposed gamma-neutron imaging device could be of prime
interest for nuclear safety and security applications. The two main advantages of this
imaging system are its high efficiency and portability, making it well suited for nuclear
applications were compactness and real-time imaging is important. This work
presents the working principle and conceptual design of the GN-Vision system and
explores, on the basis of Monte Carlo simulations, its simultaneous γ -ray and neutron
detection and imaging capabilities for a realistic scenario where a 252Cf source is
hidden in a neutron moderating container.
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1 Introduction
Simultaneous real-time imaging of γ -rays and neutrons is of interest for several nu-
clear safety and security applications such as control of reactor spent-fuel [1] and non-
proliferation inspections of illicit production, use and trafficking of special nuclear ma-
terial (SNM) [2, 3] or unmanned inspections in nuclear accidents [4–6]. In this context,
existing systems with imaging capability for both γ -rays and neutrons are based on arrays
of liquid scintillation detectors [7–9], which are sensitive only to fast neutrons. However,
in some situations the radioactive material is purposely attenuated or hidden by means of
hydrogen-rich materials, thus leading to a thermal neutron spectrum. Moreover, fast neu-
tron detectors present low intrinsic efficiencies and require large detection volumes. The
latter represents a clear disadvantage in terms of portability and applicability. In this re-
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spect, several groups have been recently working on the development of compact devices
with dual neutron and γ -ray imaging capability [10, 11].

The use of dual neutron-gamma imaging devices has also potential interest in the field
of hadron therapy. This methodology faces two important limitations related to real-time
(neutron and gamma) dose monitoring [12] and ion-beam range verification [13], which
limit the potential benefits of protons over photons. Dual neutron-gamma prototypes rep-
resent a promising approach to overcome these challenges but the size of most of the ex-
isting devices to date can also be a limitation for their implementation in clinical treatment
rooms [14].

In this context we present a new dual neutron- and γ -ray-imaging tool [15], hereafter
referred as GN-Vision, that aims at addressing the most relevant challenges for the afore-
mentioned applications. In the present work we focus on its description and its potential
application for identification of SNM. The system consists of a compact and handheld-
portable device capable of measuring and simultaneously imaging both thermal- and slow-
neutrons and γ -rays, both of them with a high efficiency. The proposed device consists
of an upgrade of the i-TED Compton imager [16–19] developed within the ERC project
HYMNS [20], in such a way that simultaneous imaging of both γ -rays and slow neutrons
becomes feasible with the same device.

This work presents the working principle and conceptual design of the GN-Vision sys-
tem based on Monte Carlo simulations and demonstrates its simultaneous γ -ray and neu-
tron detection and imaging capabilities. In Sect. 2) we introduce the working principle of
the proposed device and its evolution from the i-TED detector. Section 3 deals with the
technical implementation of GN-Vision, studied on the basis of Monte Carlo simulations.
The results that demonstrate the dual capability to image γ -rays and neutrons are pre-
sented in Sect. 4. After the optimization of the conceptual design, we show the results of
the imaging resulting from a realistic simulation of a 252Cf source hidden in a neutron
moderating material 5. Last, a summary of our results and the outlook for the develop-
ment of a first proof-of-concept prototype are provided in Sect. 6.

2 Working principle of GN-Vision
Simultaneous γ -ray and neutron imaging systems should fulfill several aspects [21]. First,
their active detection materials have to be sensitive to both types of particles and able to
discriminate them. In addition, position sensitive detectors or multiple layers of detector
arrays are required to reconstruct the interaction positions. Last, the use of either elec-
tronic or passive collimation techniques is required to reconstruct the spatial origin of the
incoming radiation.

Most of the existing dual imaging devices combine neutron and Compton scattering
techniques to detect fast neutrons and γ -rays using combinations of organic liquid scin-
tillators and high efficiency γ -ray detectors [2, 8, 14]. The former are sensitive to fast neu-
trons and γ -rays, and are able to classify each detected pulse as either coming from a
neutron or a γ -ray interaction via pulse shape discrimination [22–24].

The proposed imaging device follows a novel working principle, sketched in Fig. 1:
• The Compton imaging technique [25–27] is exploited to detect and image γ -rays

with energies between 100 keV and several MeV using two detection planes, labelled
(2) and (3) in Fig. 1.

• The first detection plane (labelled (2) in Fig. 1) is able to detect neutrons of energies
<1 keV and allows discriminating them from γ -rays.
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Figure 1 Graphical representation of the working principle of the dual gamma-neutron imager GN-Vision
comprising two position sensitive detection layers (2 and 3) and one passive neutron collimator (1)

• A passive neutron collimation system (labelled (1) in Fig. 1) attached to the first
detection plane allows to carry out neutron imaging with the same working principle
as pin-hole cameras for γ -rays [28–30].

For the imaging of γ -rays, our system operates as a Compton camera consisting of two
position sensitive detection planes (see Fig. 1). The use of electronic collimation enhances
significantly the detection efficiency when compared to passively collimated cameras and
avoids additional structural material which will interact with neutrons as well [16]. The de-
tails of the Compton imaging technique can be found elsewhere [16, 25]. In order to apply
the Compton scattering law reliably, good resolution in both energy and position becomes
mandatory [17]. This can be achieved by using scintillation crystals such as LaBr3(Ce),
LaCl3(Ce) or CeBr3, with high photon yield coupled to thin segmented photosensors, such
as pixelated silicon Photomultipliers (SiPM). Aiming at enhancing detection efficiency, the
two detection planes consist of large monolithic crystals. In the second detection layer the
crystals are arranged in a compact configuration in order to cover a wide range of Comp-
ton angles (θ ) [17].

In order to achieve the imaging of neutrons, the active material of the first position sensi-
tive detection layer of GN-Vision is chosen to have the capability of discriminating γ -rays
and neutrons. A Cs2LiYCl6:Ce scintillation crystal enriched with 6Li at 95% (CLYC-6), able
of discriminating γ -rays, fast and thermal neutrons by Pulse Shape Discrimination (PSD),
is a suitable option for this purpose [23]. Slow neutrons reaching the first layer interact
with CLYC-6 via the 6Li(n,α)3H reaction. The outgoing tritium and alpha particles deposit
about 3.2 MeV in the crystal, which corresponds to an average penetration depth of only
54 μm and 13 μm, respectively, in contrast with the few cm range of Compton electrons
for ∼MeV γ -rays. This means that, at variance with γ -ray imaging, the attainable position
accuracy for thermal neutron imaging is remarkably higher than with high-energy γ -rays.
As shown in Fig. 1, a pin-hole collimator made of a material with high absorption power
for slow neutrons, is attached to the first plane. Knowing the geometry of the collimator
(focal distance, aperture), from the measured response of the position-sensitive CLYC-6
detector one can reconstruct the 2D neutron-image (see Sect. 4.1). The latter has to be
made of a low Z material which becomes essentially transparent to γ -rays of energies be-
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yond a few hundreds of keV, thereby not affecting the Compton imaging performance and
enabling simultaneous thermal-neutron and γ -ray vision (see Sect. 4.2).

3 Design of the detector and Monte Carlo simulations
3.1 Technical design: from i-TED to GN-Vision
From the technical point of view, the proposed GN-Vision device is an evolution of the
γ -ray Compton imager i-TED developed within the HYMNS-ERC project [20]. i-TED
is an array of four individual Compton imaging modules [16], each of them consist-
ing of two position-sensitive detection layers based on large monolithic LaCl3(Ce) crys-
tals. This novel imaging system has been fully characterized and optimized in the recent
years [31, 32] and the first demonstrator has been already assembled [17] and used in
neutron TOF experiments [18]. Last, advanced position reconstruction and full-energy
selection algorithms based on Machine Learning techniques [19, 33, 34] have been devel-
oped for i-TED. The GN-Vision device will profit from the aforementioned developments
for an excellent efficiency and image resolution.

A possible design of the first GN-Vision prototype, based on the previous i-TED detec-
tor, is shown in Fig. 2. For the imaging of γ -rays, the GN-Vision operates, exactly as in
the i-TED concept, as a Compton camera consisting of two position sensitive detection
planes referred to as Scatterer (S) and Absorber (A) (see Fig. 2). In order to achieve the
imaging of neutrons, the LaCl3 crystal of the first detection layer (S) of i-TED is replaced
in GN-Vision by a CLYCL-6 scintillation crystal with a size of 50 × 50 × 10 mm3, capa-
ble of fully absorbing neutrons below 100 eV and discriminating γ -rays, fast and thermal
neutrons by Pulse Shape Discrimination (PSD), as described in Sect. 2. The second plane
of GN-Vision, the γ -ray absorber detector (A), consists as in the predecessor i-TED, of an
array of four LaCl3 crystals, each one with a size of 50 × 50 × 25 mm3. Each crystal base
in both planes is coupled to a 2 mm thick quartz window, which is optically attached to
a silicon photomultiplier (SiPM) from SensL (ArrayJ-60035-64P-PCB). The photosensor
features 8 × 8 pixels over a surface of 50 × 50 mm2 and is readout by means of front-end
and processing PETsys TOFPET2 ASIC electronics [35]. The excellent time-response of
these readout chips, originally developed for TOF-PET applications, enables one to im-

Figure 2 Possible mechanical implementation of the GN-Vision prototype where the three basic
components of the device have been highlighted. The technical design is based on the previous i-TED
Compton imager (see text for details)
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plement them also for Compton imaging in a rather straight-forward and cost-effective
manner [17, 18].

In order to achieve the imaging of neutrons the first detection plane is supplemented in
GN-Vision with a neutron mechanical collimation system, as it is discussed in Sect. 2.
Among the low-Z neutron-absorbing materials, we chose highly (95%) 6Li-enriched
polyethylene (6LiPE) due to its high absorbing power and simple machining. Moreover,
6Li was chosen among the isotopes with large neutron absorption cross sections since
no γ -rays are emitted in the 6Li(n,α) reaction, thus avoiding a background source for the
Compton imaging. For this collimation system a pin-hole approach has been considered
(see Figs. 2 and 3). A realistic design study of the proposed GN-Vision prototype, focusing
on the critical parameters of the neutron collimator geometry, has been carried out by
Monte-Carlo (MC) simulations, described in Sect. 3.2.

3.2 Monte Carlo simulations of GN-Vision
The design parameters of the GN-Vision system have been studied by means of MC sim-
ulations using the Geant4 toolkit (v10.6) [36]. This simulation study aimed at demon-
strating the capability to image slow neutrons without affecting in a significant manner
the γ -ray imaging efficiency and resolution. For this purpose, a detailed geometry model
was implemented within Geant4 (see Fig. 3, taking special care of the specifications for
the composition of the CLYC-6 crystal [23] and the 6LiPE [37].

The modelling in Geant4 of the physics processes can be carried out with different
models. The description of the so-called Physics Lists (PL) can be found in Ref. [38]. In this
work, the simulations have been made using the officially released QGSP_BIC_HP Physics
List [38] which contains the standard Electromagnetic Package. For an accurate simula-
tion of the neutron interactions, neutron-induced reactions below 20 MeV are simulated
within this Geant4 PL by means of the G4NeutronHP package [39], using the G4NDL-4.6
data library (based on the JEFF-3.3 [40] evaluated data file).

The critical parameters in the design of GN-Vision, indicated in Fig. 3, are the pinhole
aperture (D), its thickness (T) and its focal distance (F). An additional parameter of rel-
evance for the Compton imaging technique is the distance between the two detection
planes. The latter establishes the balance between efficiency and angular resolution. Its
impact in the detection efficiency is discussed in Sect. 4.2.

Figure 3 Schematic drawing of the geometry implemented in Geant4 for the proof-of-concept of GN-Vision.
The main detector properties and the design parameters of the pin-hole collimator have been indicated (see
text for details)
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To study the impact of the design parameters in the neutron imaging performance, three
isotropic point-like sources of neutrons located at 20 cm from the collimator and separated
from each other by 5 cm were simulated, as it is sketched in Fig. 3. A total of 108 neutrons
were randomly generated from each of the sources. These simulations were carried out for
different neutron energies ranging from thermal energies (25 meV) to 1 keV. Additional
simulations of a point-like γ -ray source of energies ranging from 100 keV to 1 MeV and
placed in the central position were carried out to study the impact of the neutron collima-
tor in the detector response and the Compton images. The results for the optimization of
the neutron imaging are presented in Sect. 4.1 and the γ -ray imaging results are discussed
in Sect. 4.2.

The output of the MC simulation features the same format than the experimental data,
including for each simulated event the deposited energy, interaction position and time of
all the neutron and γ -ray hits in the two detection layers of GN-Vision. To mimic the dis-
crimination of γ -rays and neutrons via PSD in the CLYC-6 crystal, a flag was included to
identify energy depositions via 6Li(n,α)3H reactions from those carried out by electrons
associated to γ -ray events. Experimental effects such as the low energy threshold, position
and energy resolutions, which have been experimentally characterized for i-TED [31–33],
were included in the simulations to consider their impact on the imaging resolution. Fol-
lowing the results of the predecessor i-TED [17] and the recent works on CLYC crystals
coupled to SiPM [41, 42], the energy resolution of the LaCl3 and CLYC detectors was set
to 6% at the 137Cs peak.

4 Results of the GN-Vision performance
4.1 Neutron imaging
The simple geometry of Fig. 3 served in this work to study the neutron imaging capabil-
ities and optimize the design parameters of the pin-hole collimator for various neutron
energies ranging from thermal (25.3 meV) up to 100 eV.

In order to build the neutron images, we chose events in the CLYC-6 detector in which
the energy deposition is carried out by an α particle and a triton. An additional cut in de-
posited energy around the 4.78 MeV peak, allows improving the selection and removing
the contribution of fast neutrons. An energy window of ±150 keV was applied to account
for the expected energy resolution of about 3% reported in previous works [43]. Once the
slow-neutron events are selected, the image is reconstructed from the 3D-coordinates of
the neutron hit in the CLYC-6 crystal extracted from the MC simulations by applying in-
versions in both the x and y planes and a scaling factor S = d/f , where d is the distance
from the collimator pin-hole to the plane where the neutron sources are placed, and f is
the distance of the pin-hole to the depth of interaction (doi) of the neutron. Experimen-
tally, the determination of the doi is possible by fitting with the light pattern registered
in the pixelated SiPM to an analytical model [33]. The spatial resolution of the detectors,
expected to be as low as 1-2 mm in the transverse plane and 1-3 mm in the doi according
to the results of the predecessor i-TED detector [33], has been taken into account in the
reconstruction of both the neutron and the γ -ray images presented hereafter.

Some examples of the reconstructed neutron images are presented in Figs. 4 and 5, prov-
ing the imaging capability of GN-Vision for slow neutrons. To illustrate the imaging ca-
pability, the images corresponding to monoenergetic neutrons of 1 eV have been chosen
as a representative energy in the range from thermal to 100 eV. From the reconstructed
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Figure 4 Reconstructed neutron images for three isotropic point-like sources of 1 eV neutrons located at
20 cm from GN-Vision. This images have been obtained with a 6LiPE collimator has a focal F = 40 mm,
a pin-hole diameter D = 2.5 mm and different thicknesses of T = 10 mm (left) and T = 30 mm (right). The
images have been normalized to the maximum

Table 1 Contrast of the neutron image (PBR) as a function of the neutron energy for various
thicknesses (T) of the neutron absorbing collimator

En (eV) T = 10 mm T = 20 mm T = 40 mm

0.025 14.73 18.95 46.16
1 2.23 5.86 14.05
10 1.41 2.31 7.56
100 1.21 1.31 2.42

images, we have studied the role of two critical parameters of the neutron collimator: the
collimator diameter (D) and its thickness (T). The remaining parameter, the focal distance
F, only affects the size of the field of view and was adjusted to F = 40 mm to image the three
point-like sources of Fig. 3.

Figure 4 shows the role of the 6LiPE collimator thickness T, indicating than the contrast
or peak-to-background ratio (PBR) of the image is enhanced with increasing thicknesses.
A quantitative analysis can be done from the image projections, displayed in the left panel
of Fig. 6. From this figure we see that the PBR, calculated from the maximum divided by
the value of the background underlying the images, increases from a factor 2.2 with T =
10 mm, to almost a factor of 10 with T = 30 mm.

Aiming at a more comprehensive overview of the peformance of GN-Vision in the full
neutron energy range under study, Table 1 summarizes the PBR obtained for the images of
neutrons of different energies as a function of the neutron collimator thickness T. A thin
6LiPE of only 10 mm would be sufficient to achieve a PBR = 15 for thermal neutrons while
at least 40 mm of 6LiPE would be required to reconstruct an image with reasonable con-
trast, for instance PBR > 2, for neutron energies beyond 100 eV.

The pin-hole diameter D has also a relevant impact on the reconstructed neutron im-
ages, as it can be seen in Fig. 5. In this case, the attainable image resolution is clearly
improved as the pin-hole size is reduced. The projections of the images obtained with
different D values, shown in the right panel of Fig. 6, illustrates that a reduction of the col-
limator from 5 mm to 1 mm improves the resolution (FWHM) of the images from 24 mm
to 17 mm at the cost of a 50% loss in detection efficiency. The interplay between these two
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Figure 5 Reconstructed neutron images for three isotropic point-like sources of 1 eV neutrons located at
20 cm from GN-Vision. These images have been obtained using a 6LiPE collimator with a focal distance F =
40 mm, a thickness of T = 20 mm and a pin-hole diameter of D = 1 mm (left) and D = 5 mm (right). The
images have been normalized to the maximum

Figure 6 Normalized projections along the X-axis of the neutron images of Figs. 4 and 5. Left: impact of the
collimator thickness (T) for a fixed diameter of D = 2.5 cm. Right: Impact of the collimator pin-hole diameter
(D) for a fixed thickness of T = 20 mm. The focal is F = 40 mm for all the images

Table 2 Absolute neutron imaging efficiency (neutron events/number of emitted neutrons) and
imaging resolution (FWHM) of GN-Vision for 1 eV neutrons in the setup of Fig. 3

Pin-hole diameter D (mm) Efficiency Resolution (mm)

1 3.1 × 10–5 17.4
2.5 4.0 × 10–5 18.9
5 6.0 × 10–5 24.1

magnitudes for the imaging of 1 eV neutrons is presented in Table 2. The values in this
table correspond to the simulated setup of Fig. 3 with a collimator thickness T = 20 mm.

In this section, we have shown on the basis of Monte Carlo simulations that the pro-
posed GN-Vision system is capable of imaging sources of low-energy neutrons. The first
design of this device, based on attaching a simple neutron pin-hole collimator to the first
detection plane, has led to the successful reconstruction of point-like neutron sources
of energies below 100 eV with good spatial resolution and contrast. In terms of spatial
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resolution, the results of our device, with a resolution of 20 mm (FWHM), correspond-
ing to 6◦, seems quite promising when compared to the 9◦-30◦ resolutions reported for
other compact dual imaging systems sensitive to fast neutrons [11] and for large scintilla-
tor arrays [2, 9]. Despite the high image resolution attainable with GN-Vision, the images
reconstructed from slow neutrons in real scenarios are typically extended with respect to
the true original source due to the moderation process around the emission point. Thus,
for some cases and applications, this thermalization effect can provide also valuable in-
formation about the materials surrounding the neutron source, and their geometry, as it
is reported later in Sect. 5

The absolute efficiency values obtained for the imaging of low energy neutrons in this
work (see Table 2) are close to the 10–4 reported for large liquid-scintillation arrays sen-
sitive to fast neutrons [2, 9]. The intrinsic neutron efficiency of the device is of the order
of 2 × 10–3 for energies from thermal to 1 eV. Smaller efficiencies, ranging from 10–3 and
10–4 per incident neutron, have been reported for devices with comparable dimensions
to GN-Vision [10, 11]. The relatively large neutron imaging efficiency of the proposed de-
vice, which is directly related to the increasing neutron absorption cross section with de-
creasing neutron velocity and the intrinsically large thermal cross section of the 6Li(n,α)
reaction (940 barn), indicates the clear advantage of using slow neutrons for real-time
imaging. The efficiency of the first GN-Vision design is still limited by the pin-hole geom-
etry. More evolved designs, based for instance on coded-aperture masks [44] adapted to
neutron detection, will be studied in the future to further enhance this key feature.

4.2 γ -Ray imaging
To demonstrate the dual imaging capability of GN-Vision we aim at showing in this section
that the passive 6LiPE neutron collimator does not affect the imaging of γ -rays, which is
accomplished by means of the Compton technique.

As introduced in Sect. 3.2, the impact of the neutron collimator has been studied for
mono-energetic γ -ray sources with energies below 1 MeV. Figure 7 shows the ratio be-
tween the γ -ray events registered in the scatter detector as a function of the γ -ray energy
for the thickness values of the 6LiPE collimator studied in Sect. 4.1. The neutron collima-
tor of GN-Vision would absorb a fraction of the incoming γ -rays which ranges from 40%
for T = 40 mm and energies of 100 keV to just 10% for T = 20 mm and 1 MeV γ -rays, thus
affecting the Compton imaging efficiency in the same proportion.

Figure 7 γ -ray attenuation factor related to the neutron collimator as a function of the energy for various
thicknesses of the 6LiPE layer (T)
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From the aforementioned simulations of mono-energetic γ -rays emitted from the cen-
tral position of Fig. 3, we have studied the impact of the neutron collimator in the Compton
image. For the reconstruction of images via the Compton technique, only events in time
coincidence between the Scatter (S) and Absorber (A) position-sensitive detectors (see
Fig. 2) are considered from the output of the MC simulations. The deposited energies in
the S- and A-layers together with the 3D-localisation of the γ -ray hits were extracted for
each coincidence event. From these quantities, one can trace a cone, whose central axis
corresponds to the straight line defined by the γ -ray interaction position in the two layers
and its aperture θ is obtained from the measured energies using the Compton scattering
formula (see for instance Eq. (2) of Ref. [16]). More details on the Compton technique
and the implementation of the imaging algorithms can be found in previous works of the
predecessor i-TED detector [17–19].

The γ -ray imaging performance of GN-Vision and the impact of the mechanical neutron
collimator has been studied on the basis of Compton images reconstructed from the sim-
ulated data. Compton images could be reconstructed for γ -ray energies above 200 keV
(i.e., twice the threshold of the scatter and absorber detectors). To illustrate the γ -ray
imaging performance, Fig. 8 shows the γ -ray images obtained with GN-Vision for two
point-like sources of 500 keV γ -rays placed at 200 mm of the device and at ±50 mm from
the detector axis. The analytical algorithm of Tomitani et al. [45], implemented already for
i-TED in [19, 46], has been used to reconstruct these images. The two Compton images
correspond to simulations of GN-Vision without the 6LiPE neutron collimator and with

Figure 8 Reconstructed Compton images for a 500 keV γ -ray source placed at 200 mm from GN-Vision
without a neutron collimator (top left) and with a 40 mm thick 6LiPE collimator (D = 2.5 mm) (top right).
Bottom: Projections along the X axis of the two images showing the impact of the neutron collimator
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the thickest pin-hole collimator (T = 40 mm) considered in Sect. 4.1. Both images were
obtained with a distance between the detection planes of 15 mm, which ensures a good
balance between efficiency and angular resolution [17].

The projections of the two Compton images are displayed in the bottom panel of Fig. 8.
From this figure, one concludes that the good spatial resolution (FWHM) of 33 mm
(FWHM), is not affected by the presence of the neutron pin-hole collimator even for a
γ -ray energy as low as 500 keV. This result corresponds to angular resolution of 9◦, which
is independent of the separation between the detector and the source.

A crucial factor for the attained resolution and peak-to-background ratio is the choice
of Compton algorithm. The algorithm used to reconstruct these images, which imple-
ments an analytical inversion of the Compton imaging problem based on spherical har-
monics, clearly outperforms the simple and fast back-projection method [17], as it has
been shown in previous works of the predecessor i-TED detector [19, 46]. The drawback
of the algorithm is the large computational cost required to reconstruct a Compton im-
age. To overcome this limitation and really profit from its clearly superior performance,
a GPU-boosted implementation has been developed.

Besides the impact of the algorithm, the spatial resolution of the Compton images is
ascribed to the uncertainty in the determination of the Compton angle. The latter depends
on the accuracy in the determination of the interaction position and the energy resolution.
As a consequence of the latter, the final imaging resolution would be enhanced for higher
γ -ray energies [17].

The efficiency of GN-Vision for the imaging of γ -rays of energies from 200 keV to 5 MeV
is summarized in Table 3. To compute the values in this table, the absolute efficiency has
been calculated from the number of S&A coincidences per number of emitted γ -rays ob-
tained from the MC simulations of a point-like γ -ray source located at 20 cm from the
entrance of the 6LiPE collimator. A realistic threshold of 100 keV in deposited energy per
crystal has been assumed. The intrinsic efficiency has been then computed using the solid
angle subtended by the Compton scatter plane of 50 × 50 mm. The impact of the sep-
aration between the S- and A-planes, which can be remotely adjusted for an optimum
trade-off between efficiency and resolution, has been studied. The results indicate that
almost a two-fold gain in imaging efficiency is achieved when reducing the distance be-
tween planes from 30 to only 5 mm. The cost of a higher efficiency is the drop in Compton
imaging resolution, as it was studied in detail for the first i-TED demonstrator [17].

The results presented in this section have shown the capability of GN-Vision for the
imaging of γ -rays despite the presence of a neutron collimator. Detection efficiency and
image resolution are two of the most relevant performance aspects of any Compton im-
ager. The attainable image resolution with GN-Vision is as good as that reported from MC

Table 3 Intrinsic detection efficiency of GN-Vision in S&A coincidence for γ -rays of energies ranging
from 500 keV to 5 MeV. Each column shows the result for a different distance between the S- and
A-planes. The uncertainties due to counting statistics are below 0.5%

Energy (MeV) Focal distance (mm)

5 15 30

0.5 1.72 × 10–2 1.31 × 10–2 8.43 × 10–3

1.0 2.18 × 10–2 1.80 × 10–2 1.36 × 10–2

2.0 2.10 × 10–2 1.74 × 10–2 1.35 × 10–2

5.0 2.79 × 10–2 2.33 × 10–2 1.84 × 10–2
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simulations of recent compact dual imaging devices [10]. Moreover, our device provides
a two-fold enhancement in resolution compared to large liquid scintillation arrays, which
are limited by the low energy resolution of the detectors [2, 9].

The detection efficiency has to be high enough to reconstruct real-time images in field
measurements and real scenarios. A high intrinsic efficiency for the imaging of γ -rays,
in the order of 10–2 (see Table 3), is obtained with GN-Vision thanks to the use of large
monolithic crystals and the extended absorber plane composed of four scintillator crys-
tals. These values clearly out-perform other compact dual imaging systems found in the
literature, which report intrinsic efficiencies smaller than 10–3 for similar devices based on
multiple detection layers [10, 11]. The large γ -ray imaging efficiency of GN-Vision device
is only overcome by bulky devices based on large arrays of scintillators (see for instance
Ref. [9]).

5 GN-Vision in a realistic scenario
The simulations presented in the previous sections were aimed at illustrating the dual γ -
ray and neutron imaging capability of GN-Vision and also to optimize its design. However,
these calculations were based on mono-energetic sources, which are not representative of
any real scenario or potential application. To show the imaging capabilities of the proposed
device in a scenario which can bridge the gap between the simulations and the potential
applications, we have simulated the imaging capability of GN-Vision located in front of a
container hiding a sample of 252Cf (2.645(8) y), a natural emitter of both neutrons and γ -
rays by means of a Spontaneous Fission (SF) decay. This isotope features a very well known
neutron fission spectrum [47, 48], similar to that emitted by sensible nuclear materials
such as Uranium and Plutonium [11]. The choice of 252Cf is motivated by the fact that this
source matches some characteristics of the potential application of GN-Vision to nuclear
inspections while being is a easily accessible source which is well suited for the future
experimental proof-of-concept of the GN-Vision device.

The simulated scenario consisted on a 10 × 10 mm cylindrical sample of 252Cf hidden in
a polyethylene container that could be used in real life to moderate the emitted neutrons,
hence hindering the neutron imaging with existing devices based on fast neutron detectors
based on organic scintillators [7, 9]. The container was placed at 50 cm from the imaging
device. Different dimensions of the container, ranging from 10 × 10 cm to 20 × 20 cm,
where simulated to study the impact of the thickness in the outgoing neutron spectrum.

As for the critical parameters of the GN-Vision neutron collimator (see Fig. 3), the same
focal distance of F = 40 mm used for the conceptual design was chosen. The collimator
thickness T = 20 mm, that provided good images for 1 eV neutrons was selected (see
Fig. 5), and the pinhole aperture was set to 5 mm in order to enhance detection efficiency
at a certain cost of image resolution (see Table 2). The latter is not critical for the imaging
of big objects, though. The distance between the two detection planes, of relevance only
for the Compton γ -ray image, was set to 15 mm as in the images of Fig. 8. A global view
of the simulated setup is shown in Fig. 9.

The geometry model of Fig. 9 was implemented in the Geant4 application and the
Physics models described in Sect. 3.2 were employed. The simulation of the SF decay of
252Cf is implemented as part of the G4RadioactiveDecay in Geant4 10.6 and later ver-
sions [49]. Neutrons and γ -rays are emitted according to empirical spectral models, in
particular the neutrons use the spectrum of Ref. [47].
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Figure 9 Realistic setup implemented in Geant4 to simulate an inspection with GN-vision of a polyethylene
container with a hidden 252Cf source inside (red cylinder)

Figure 10 Energy spectra of the 252Cf SF neutrons after partial moderation in a polyethylene container (left)
and γ -rays escaping from the sample (right). The different colours correspond to various dimensions of the
container

In order to optimize the computing time and avoid the whole simulation of the 252Cf
decay and the transport and moderation of the neutrons in the polyethylene many times,
the simulations were carried out in a two-step process. In a first simulation, we simulated
the decay of 5 × 106 252Cf nuclei located in a random position within the sample. The
outgoing neutrons were transported across the polyethylene container and registered in
its outer surface (see Fig. 9). The γ -rays were registered in the interface between the 252Cf
sample and the polyethylene. Figure 10 shows the energy spectra of the registered neutrons
and γ -rays. Neutrons are emitted in the SF decay of 252Cf at a rate of about 1 neutron every
10 decays and energies ranging from 1 to 10 MeV [47]. After their partial moderation in
the polyethylene, the fraction of outgoing neutrons with energies below 100 eV, within the
imaging range of GN-Vision, represents 29% of the total spectrum for a small container
of only 10×10 cm. The fraction of slow neutrons increases up to 57% of the case of the
20 × 20 cm polyethylene matrix. These results reflect the relevance of being sensitive to
the slow neutrons for the imaging of neutron sources hidden in H-rich materials.

The rate of SF γ -rays is about 1.5 every 10 decays. Their energy spectra, shown in the
right panel of Fig. 10, expands up to 9 MeV, with a maximum below 1 MeV where the
Compton imaging technique is proven to work reliably (see Sect. 4.2). As expected, the
γ -ray spectra do not get affected by the surrounding polyethylene collimator.

The energy distributions of Fig. 10 together with the spatial distributions of the reg-
istered particles were re-sampled in the second simulation step, in which a total of 5 ×
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Figure 11 γ -ray (left) and neutron (right) images of a 15×15 cm polyethylene container with a hidden 252Cf
source. The shape of the container has been overlapped with the reconstructed images

109 neutrons and γ -rays were generated aiming at extracting the response of the detector
with enough statistics for a proper dual image reconstruction. Neutron and γ -ray events
for the reconstruction of the images were selected from the output of the simulation as it
has been described, respectively, in Sects. 4.2 and 4.1. For the case of the γ -rays, S&A coin-
cidence events with a total energy deposition from 0.5 to 1 MeV were selected. This energy
window corresponds to the maximum of the γ -ray spectrum emitted from the 252Cf sam-
ple (see Fig. 10). SNM such as plutonium have in addition several low energy γ -ray lines
(300–400 keV) [9]. The presence of discrete lines in this energy range in which Compton
imaging is still feasible, would enhance the peak to background ratio of the image.

The simultaneous imaging capability of GN-Vision was evaluated for the three differ-
ent dimensions of the container. Figure 11 shows the results obtained for the 15 × 15 cm
cylindrical container. For a better illustration of the γ -ray and neutron images, the 2D
histograms of the reconstructed figures have been overlapped with the actual geometry
of the container. As one can see in Fig. 11, the γ -ray image allows a precise localization
of the emitting source. Moreover, the neutron image still preserves the information of the
source, albeit thermalized and extended with respect to the true original source, leading
to complementary information about the dimensions of the neutron moderator encapsu-
lating the SNM source.

The results presented herein serve to validate the performance of GN-Vision for the
identification of SNM hidden in a neutron moderator by means of the simultaneous imag-
ing of both γ -rays and neutrons.

6 Summary and outlook
In this work we have presented GN-Vision, a novel imaging system which is able to simul-
taneously detect and localize sources of low energy neutrons and γ -rays. The dual imag-
ing capability is achieved in a single, compact and lightweight device. The latter properties
make it very well suited for nuclear safety and control and in nuclear security inspections,
where sensible materials naturally emit both neutrons and γ -rays.

The GN-Vision concept consists of two planes of position sensitive detectors, LaCl3

and CLYC-6, which exploits the Compton technique for γ -ray imaging. A mechanical
collimator attached to the first plane enables the imaging of slow neutrons (< 100 eV).
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A first implementation of the GN-Vision prototype is based on the early i-TED Compton
imager.

This manuscript has presented the conceptual design and optimization of the proposed
dual imaging device on the basis of accurate Monte Carlo simulations. The latter have
shown that a simple pin-hole geometry for the neutron collimator with a thickness of
20-40 mm and a pinhole aperture of 1-5 mm is able of generating images for neutron
energies ranging from thermal to 100 eV while not affecting the Compton imaging of γ -
rays in a sizable manner. The specific collimator geometry can be adapted to the final
application, for a trade-off between neutron efficiency and image resolution. Last, we have
shown the applicability of such device for the identification of a 252Cf source embedded in
polyethylene, which mimics the characteristics of SNM emitting both neutrons and γ -rays
hidden in a neutron-moderating container.

The proposed device has been recently patented [15] and it is currently under devel-
opment. While the γ -imaging capability is already at a very high technology readiness
level (TRL) of 6 following the developments of the previous i-TED Compton imager, the
neutron imaging capability has just been conceptually proven for the first time in this
work. The experimental integration of the neutron-gamma discrimination with the CLYC-
6 crystal utilizing the compact PETSys electronics is currently undergoing the first exper-
imental tests. The full development of GN-Vision and first field test-measurements will
require further R&D that will follow in the upcoming years.
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Ribon A, Fira AR, Romano F, Russo G, Santin G, Sasaki T, Sawkey D, Shin JI, Strakovsky II, Taborda A, Tanaka S, Tomé B,
Toshito T, Tran HN, Truscott PR, Urban L, Uzhinsky V, Verbeke JM, Verderi M, Wendt BL, Wenzel H, Wright DH, Wright
DM, Yamashita T, Yarba J, Yoshida H. Recent developments in Geant4. Nucl Instrum Methods Phys Res, Sect A, Accel
Spectrom Detect Assoc Equip. 2016;835:186–225. https://doi.org/10.1016/j.nima.2016.06.125.

37. Lithium Polyethylene, JCS Nuclear Solutions. https://johncaunt.com/products/lithium-polyethylene/
38. GEANT4 Reference Physics Lists. https://geant4.web.cern.ch/node/155.
39. Mendoza E, Cano-Ott D, Koi T, Guerrero C. New standard evaluated neutron cross section libraries for the GEANT4

code and first verification. IEEE Trans Nucl Sci. 2014;61(4):2357–64. https://doi.org/10.1109/TNS.2014.2335538.
40. Plompen AJM, Cabellos O, De Saint Jean C, Fleming M, Algora A, Angelone M, Archier P, Bauge E, Bersillon O, Blokhin

A, Cantargi F, Chebboubi A, Diez C, Duarte H, Dupont E, Dyrda J, Erasmus B, Fiorito L, Fischer U, Flammini D, Foligno D,
Gilbert MR, Granada JR, Haeck W, Hambsch F-J, Helgesson P, Hilaire S, Hill I, Hursin M, Ichou R, Jacqmin R, Jansky B,
Jouanne C, Kellett MA, Kim DH, Kim HI, Kodeli I, Koning AJ, Konobeyev AY, Kopecky S, Kos B, Krása A, Leal LC, Leclaire
N, Leconte P, Lee YO, Leeb H, Litaize O, Majerle M, Márquez Damián JI, Michel-Sendis F, Mills RW, Morillon B, Noguère
G, Pecchia M, Pelloni S, Pereslavtsev P, Perry RJ, Rochman D, Röhrmoser A, Romain P, Romojaro P, Roubtsov D, Sauvan
P, Schillebeeckx P, Schmidt KH, Serot O, Simakov S, Sirakov I, Sjöstrand H, Stankovskiy A, Sublet JC, Tamagno P, Trkov A,
van der Marck S, Álvarez-Velarde F, Villari R, Ware TC, Yokoyama K, Žerovnik G. The joint evaluated fission and fusion
nuclear data library, JEFF-3.3. Eur Phys J A. 2020;56(7):181. https://doi.org/10.1140/epja/s10050-020-00141-9.

41. West S, Beckman D, Coupland D, Dallmann N, Hardgrove C, Mesick K, Stonehill L. Compact readout of large clyc
scintillators with silicon photomultipler arrays. Nucl Instrum Methods Phys Res, Sect A, Accel Spectrom Detect Assoc
Equip. 2020;951:162928. https://doi.org/10.1016/j.nima.2019.162928.

42. Huang T, Zhang Z. Characterization of 1-inch clyc scintillator coupled with 8 × 8 sipm array. Nucl Instrum Methods
Phys Res, Sect A, Accel Spectrom Detect Assoc Equip. 2021;999:165225. https://doi.org/10.1016/j.nima.2021.165225.

43. Machrafi R, Khan N, Miller A. Response functions of cs2liycl6: Ce scintillator to neutron and gamma radiation. Radiat
Meas. 2014;70:5–10.
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