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A B S T R A C T

Water distribution systems can experience high levels of leakage, originating from different sources, such
as deterioration due to aging of pipes and fittings, material defects, and corrosion. In addition to causing
financial losses and supply problems, leakages in treated water distribution also represent a risk for public
health. Despite several techniques for leak detection are already available, there is still a lot of interest in
new non-invasive approaches, especially for scenarios where acoustic techniques struggle, such as in noisy
environmental conditions.

In this work we investigated the possibility of using cosmic ray (CR) neutrons for the detection of
underground leakages in water distribution networks, by exploiting the difference in the above ground thermal
neutron flux between dry and wet soil conditions. The potential of the technique has been assessed by means of
an extensive set of Monte Carlo simulations based on GEANT4, involving realistic scenarios based on the Italian
aqueduct design guidelines. Simulation studies focused on sandy soils and results suggest that a significative
signal, associated with a leakage, could be detected with a data-taking lasting from a few minutes to a half-
hour, depending on the environmental soil moisture, the leaking water distribution in soil, and the soil chemical
composition.

Finally, a brief description of a new portable and low-cost detector for thermal neutrons, currently under
commission, is also presented.
1. Introduction

Nowadays, modern cities rely on large and complex pipeline net-
works, providing essential services such as water and sewage distri-
bution. Leakages in distribution networks represent ∼80% of the total
water loss, with a typical leak wasting between 500 and 1000 times
the average consumption of a domestic property [1]. Recent studies
estimate the global volume of Non-Revenue Water (NRW) – the amount
of water that cannot be billed – at hundreds of billions of cubic meter
per year, corresponding to a financial loss of tens of billions of USD per
year [2,3]. Leakages along pipelines not only produce financial losses,
but also supply problems: some models suggest that by 2050 more than
50% of the global population will suffer from water scarcity at least
one month each year [4]. Moreover, water leakages represent a risk
for public health – pollutants can contaminate drinkable water through
leaks [5,6] – as well as for structures, because of the sinkholes which
can occur in the presence of long-term water leaks in quickly dissolving
materials [7,8]. Given the importance of the detection of underground
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leakages, several techniques have been proposed and developed over
the years. In this work, we investigated the possibility of using the
detection of cosmic ray (CR) induced neutrons in the thermal region
as a non-invasive approach to identify underground leakages in water
distribution networks.

In the next Section an overview of the current state-of-the-art of
leakage detection techniques is given.

2. Overview of the state-of-the-art leakages detection techniques

In general, the localization of the leakage starts with the identi-
fication of the leaking pipe. The suspected branch of the network is
firstly isolated from the system to have only one source of supply,
where a flow meter is installed. Main pipe sections are progressively
closed, starting from the farthest segment from the flow meter, cut-
ting off secondary pipes that branch out from the closed sections. An
anomalously large change in the measured flow between two successive
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valve closures indicates a leak in the section of pipe that was last shut
off [9,10].

Once a coarse localization of the leakage is obtained, its precise
position can be assessed by means of several techniques, generally
categorized as acoustic and non-acoustic methods [9]. The leakage of
water from a crack in a pipe generates acoustic signals, and by using
either aquaphones in direct contact with control valves or ground
microphones above the pipe, it is possible to localize the leakage: the
stronger the intensity of the signal, the closer the position of the leakage
is to the device [11,12]. A more refined technique, which does not
require multiple measurements along a pipe, is the noise correlator,
which is based on the cross-correlation method: from the measurement
of the leak noise at just two locations on a pipe, the position of the leak
is determined by the time shift of the maximum correlation of the two
acoustic signals and the distance between the measurements [13,14].

While acoustic techniques are generally quite good in many cases,
they tend to struggle in detecting leaks in low-pressure and/or non-
metallic pipes, as well as in noisy environmental conditions. In these
scenarios, non-acoustic techniques are generally more suitable. In the
past, a common method was based on the use of a tracing: an inert gas
(such as a mixture of hydrogen and nitrogen, or helium) was injected
into the pipeline, and it was traced as it came out of solution at the
leak point [9,15]. Nowadays, instead, the use of Ground Penetrating
Radar (GPR) has become much more popular. GPRs scan the subsurface
from the ground, by sending high frequency electromagnetic pulses and
analyzing the reflection waves. Their working principle is based on the
change of the dielectric properties of soil, as a function of its water
content [14,16,17].

Other non-acoustic approaches, investigated in literature, include
techniques based on thermography and the use of time-domain reflec-
tometers (TDRs). The former are based on the difference in temperature
between the ground soil above a leak and areas further away from
it, which is measured by means of thermal infrared radiation [15].
Recently, this technique has also been employed for the detection
of leakages in district heating networks by means of remote sensing
from an aircraft with a thermal camera [18]. The use of time-domain
reflectometers has recently gained popularity, as it allows an online
monitoring of pipelines and the localization of water leaks. TDRs
measure variations of the dielectric characteristics of a propagation
line, in contact with the pipeline, which originate from the presence
of leaks [19,20]. While this technique has been proven to be very
effective, it requires sensing elements to be buried along the pipe at
the time of installation, strongly limiting its field of application.

As suggested by the large number of techniques currently used
for the detection of leakages, at present it does not exist a unique
approach which works for all scenarios. In this work, we present an
alternative low-invasive technique for the detection of underground
leakages, based on the use of cosmic ray neutrons in the thermal region.

3. The method

The interactions of primary cosmic rays with the upper layers of
the atmosphere generate air showers through nuclear reactions and
high-energy neutrons (∼100 MeV) are produced among many other
high energy particles [21–23]. In addition to this ultrafast component,
lower energy neutrons, with energy of 𝑂(1) MeV, are also released
by the evaporation of excited nuclei that interacted with high-energy
nucleons [24]. When traveling through the atmosphere, fast neutrons,
at MeV energy scale, slow down to epithermal and thermal energies
0.025 eV at 20 ◦C), by means of collision with other nuclei. This
rocess of moderation is more effective for neutrons interacting with
ight nuclei and, in particular, with hydrogen nuclei.

When CR neutrons reach the ground, they penetrate the soil, where
hey can be further moderated. Neutrons may diffuse back from soil to
ir (albedo neutrons), and their intensity above the surface is correlated
ith the soil composition and moisture: the larger the hydrogen content
2

in soil, the larger the reduction of fast and epithermal neutrons in the
albedo flux, as an increasing fraction of them are moderated to thermal
energy [25]. Of course, the concentration of hydrogen in the soil is
strongly correlated to its water content.

Cosmic Ray Neutron Sensing (CRNS) is a technique developed more
than ten years ago for above ground monitoring of the soil moisture and
environmental humidity, in favor of climate science, agriculture and
hydrological models at field scale [25,26]. The technique is based on
the rather complex dependence of the epithermal cosmic ray neutron
flux above ground on the environmental hydrogen content [27].

Nowadays, CRNS has been successfully used in agriculture to mea-
sure the environmental water content, in the most superficial layers of
soil, in a footprint area with a radius of more than 200 m, by using
detectors for epithermal neutrons, placed at a small distance from the
ground [24,28,29]. Due to the complexity of the hydrological processes,
an absolute and reliable assessment of the soil water content, from
the measurement of the albedo neutron flux, requires the use of very
elaborate multivariate models, taking into account the soil composition,
many atmospheric parameters, the presence, and type of vegetation,
and much more [24].

In a similar fashion, this paper proposes a method to identify water
leakages in underground pipelines, exploiting the difference in the
above ground thermal neutron flux between dry and wet soil condi-
tions. With respect to CRNS for agricultural applications, here we do
not need an absolute assessment of the soil moisture, but instead, we
are only interested in localizing underground regions with an anoma-
lous large water content with respect to the surrounding soil. This goal,
together with the fact that the position of the pipes in distribution
networks is known, suggests the use of relative measurements, so that
the approach is completely data-driven. Another difference with the
CRNS technique is that the latter relies on the detection of epithermal
neutrons, as more abundant and highly sensitive to soil moisture [25].
However, their detection is much more complex than that of thermal
neutrons, requiring either expensive detectors or thermal detectors
surrounded by properly sized moderating materials. For this reason,
we decided to investigate the potential of the proposed technique with
thermal neutrons.

To investigate the potential of the technique, a set of Monte Carlo
simulations, based on GEANT4 version 4.11.01, was performed.
GEANT4 [30] is a toolkit for the simulation of the passage of particles
through matter, whose field of applications is very wide: from high
energy physics at colliders [31] to medical and biological physics [32].
Moreover, GEANT4 supports low energy neutron transport, which is
relevant for our studies, via the Neutron High-Precision package, which
is continuously updated in response to the growing interest in neutron
propagation simulations [33].

The geometry modeled in GEANT4 is shown in Fig. 1 and represents
a buried water pipe with a leakage localized in its top part. Dimension
and burial depth have been chosen according to the Italian aqueduct
design guidelines [34,35]: the pipe, with a diameter of 200 mm, is
made of PVC and is buried at a depth of 900 mm. The surrounding
soil consists of 50% in volume of solid material (porosity of 50%), of
which 90% in volume is SiO2 and the remaining 10% is Al2O3, that is
the typical composition for sandy soil [36]. The soil density amounts
to 1.43 g/cm3, and the pore space of the soil is filled with air and
eventually with water leaked from the pipe [37].

The soil moisture distribution around the leakage point, both in
shape and water content, is based on recent numerical and experi-
mental studies on water propagation from a leakage [38]. The authors
considered a porous soil with high permeability coefficient, such as
sandy and silt soils, and we appropriately scaled their model to this case
study. Above the soil surface, a detector of thermal neutrons, described
in the next Section, is horizontally placed a few cm from the ground.
Cosmic neutrons are generated from a planar source at 2.5 m from
ground, using the EcoMug generator, a tool intended for the generation
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Fig. 1. Pipe with a leakage as modeled in GEANT4 (lengths in mm). The soil moisture distribution around the pipe has been modeled according to literature [38]. It varies from
50% near the leaking point to 10% far from it, as represented by the shades of brown of the concentric spheres.
Fig. 2. Differential flux as a function of the neutron energy. The orange line denotes the input flux in the simulations, as obtained from the PARMA model, whereas the blue line
indicates the flux measured at the detector position, which also includes the albedo component.
of muons that can be easily adapted to any kind of particle, neutrons
included [39].

The differential flux of cosmic neutrons comes from the PARMA
analytical model, which estimates the cosmic ray fluxes (neutrons, but
also muons, electrons, etc.) as a function of the geographic coordinates
and altitude [40,41]. For our simulations, the spectrum refers to the
coordinates of Rome at ground level (0 m altitude). The input spectrum
is indicated by the orange line in Fig. 2, whereas the energy spectrum at
the level of the detector is also reported as a blue line. As expected, the
interaction with the soil (water content of 10% in this case) moderates
𝑂(1) MeV cosmic neutrons down to lower energies, and an epithermal
shoulder with a thermal peak arises.

4. Results

For thermal neutrons, an efficient and cost-effective solution is to
use a detector exploiting the nuclear reaction 6Li(n-𝛼)3H, such as the
EJ-426HD-PE2 from Eljen Technology, which is also what we chose
for our detector, described in Section 5. Its efficiency as a function of
the neutron energy has been estimated by knowing the cross section of
the 6Li(n-𝛼)3H reaction, from the CENDL 3.2 library [42], and the 6Li
density of the scintillating material. The result is shown in Fig. 3.

As mentioned before, the idea is to measure how the relative rate
of the thermal neutrons changes as moving a detector along the pipe
under investigation. The detector simulated in our studies consists of
a sensitive layer, with area 30 × 30 cm2, enclosed in a polylactic acid
(PLA) case, with a thickness ranging from 1.2 mm to 2.2 mm. These
3

Fig. 3. Estimated efficiency for the EJ-426HD-PE2 detector as a function of the energy.
The dotted line indicates the energy value of 0.025 eV, which corresponds to an
estimated efficiency of ∼36%.

specifications follow the design of the detector COMMAND, described
in Section 5.

We then simulated the number of detected neutrons along the pipe,
taking into account the estimated efficiency of the EJ-426HD-PE2 as
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Fig. 4. (left): Relative variation of detected neutrons for a benchmark sandy soil in dry condition, as described in the text. (right): Relative variation of detected neutrons for four
ifferent soil compositions as described in the text. Error bars are statistical only and correspond to one standard deviation.
function of the energy, by moving the detector by steps of 10 cm.
or each measurement, the generated statistics corresponded to a data
aking of ∼30 min. Fig. 4-left shows the first results for the benchmark
andy soil in dry condition, that is with a uniform soil moisture of
%. The leakage point is localized at 𝑥 = 0 and the 𝑦-axis represents
he relative variation of detected neutrons with respect to what would
e measured, at the same position, without the leakage. As it can
e noticed, the maximum relative variation of counts is localized in
orrespondence to the leakage and the resulting curve, as a function of
he detector position, has a full width half maximum of ∼50 cm, which
akes it possible a good localization of the crack along the pipe.

While previous results are encouraging, they are based on an over-
implified model when it comes to the soil composition and its mois-
ure. Indeed, the main parameters which can impact the performance of
he technique are the chemical composition of soil, the initial soil mois-
ure (that is, in absence of leakage), and the leaked water distribution
round the pipe. In the following, all these parameters are discussed
nd evaluated with dedicated simulations. Finally, Section 4.4 also
iscusses how the acquisition time impacts on the expected significance
f the signal.

.1. Impact of soil composition

The chemical composition of the soil may have a strong impact
n thermal neutrons, as their flux may be reduced by the presence
f elements with a high absorption cross section. For this reason, in
ddition to the sandy soil, we also evaluated a clay soil (75% SiO2, 25%
l2O3), and other two compositions from Quinta-Ferreira et al. [43]
nd Andreasen et al. [44], which are based on X-ray Fluorescence
nalyses on real samples of soils. In addition to SiO2 and Al2O3,
hese two soils also include varying amounts of P, K, Ca, Ti, and Fe.
dditionally, traces of Cl, Mn, and Cd, are reported by Quinta-Ferreira
t al. whereas Andreasen et al. measured the presence of few ppm of
d. All these elements have a large absorption cross section to thermal
eutrons.

To isolate the impact of soil composition, we proceeded by using the
ame soil moisture and the same model for the water leakage propaga-
ion described before. The latter is of course an approximation, since
he soil moisture distribution around the leakage comes from literature
tudies on soils with high porosity and hydraulic conductivity, as sandy
oam. Fig. 4-right shows the result. Although no difference between
andy and clay loam are observed, the presence of absorbing elements
esults in a larger relative variation of counts. Indeed, the distance
hermal neutrons have to travel to reach the detector is on average
onger in the absence of leakage, as epithermal neutrons tend to be
4

hermalized at deeper depths, because of the lower content of water.
Fig. 5. Percent counts variations of detected neutrons along the leaking pipe on a sandy
loam with a linear gradient on the environmental moisture. Error bars are statistical
only and correspond to one standard deviation.

Thanks to this, while the presence of absorbing elements reduces the
overall statistics of detected thermal neutrons (as the larger statistical
error bars in Fig. 4-right indicate), its impact is larger in the absence
of leakages and this increases the expected signal.

4.2. Impact of soil moisture

The environmental water content in soil has the largest impact on
the performance of the proposed method. Indeed, the higher the initial
content of water is, the lower is the expected signal, as the overall
increase of water in the soil makes the local excess of moisture around
the leakages less significative. For sandy soils, typical moisture may
vary from 2% to 10%, the latter being the wettest drained state [45].
Near-surface layers are typically drier than the ones at lower depths,
therefore we considered a linear gradient for the moisture in our
simulations. Fig. 5 shows the results for several scenarios of moisture,
using a sandy soil and the same model for the leaked water distribution
reported in Fig. 1.

Minimum and maximum values of moisture are reported in the

legend of the plot. In all cases, the maximum value is reached at a
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Fig. 6. Percent counts variations of detected neutrons along the leaking pipe on a sandy loam with a uniform initial soil moisture. The plot on the left is produced with the
benchmark model for the leaked water distribution, described in the text, whereas the plot on the right corresponds to the same model but with a 50% increase of the overall
water content. Error bars are statistical only and correspond to one standard deviation.
depth of 75 cm and is kept constant for all the soil below. As expected,
increasing the environmental soil moisture leads to a reduction in the
signal variation. The comparison between the 2.0%-to −10% and 7.5%-
to −10% curves also suggests that what drives the results is the water
content near the surface, something which has already been discussed
in literature [24,46].

Fig. 6-left shows the results for even wetter initial conditions, with
a uniform soil moisture ranging from 10% to 40%. In these cases, the
increase of neutrons thermalized at high depth, due to the leaked water,
is counterbalanced by the increase of the absorption cross-section of the
soil, due to the higher hydrogen content [47]. Because of this, thermal
neutrons far from the surface are more likely to be absorbed before
reaching the surface, resulting in a negative counts variation. Of course,
the effect tends to be less significative as the soil moisture increases, as
the relative change of the water content nearby the leakage is smaller
for a soil in already wet conditions.

For soils such as clay loam, it must be considered that the low
hydraulic conductivity not only tends to increase the environmental soil
moisture, but also the local variation of the water content nearby the
leakage, because of the slow drainage. These two effects go in different
directions for what concerns the expected signal. As an example, Fig. 6-
right has been produced in the same conditions as in Fig. 6-left, but
with a 50% increase of the overall water content in the leakage model.
In all curves, the negative peak associated to the leakage is enhanced.

4.3. Impact of leaked water distribution

Size and shape of leaked water from a pipe, in the soil, depends on
several parameters, such as pipe pressure, crack size, its position, and so
on. Moreover, size and shape also evolve over time. In order to evaluate
how these parameters may affect the performance, we considered two
additional models of leaked water distribution. The first one has half
of the volume of the one shown in Fig. 1, but with the same shape.
The second one has, instead, a similar volume, but a different shape, as
originated from a lateral crack on the pipe, as modeled in [38]. Results
from all three considered models are shown in Fig. 7-left: Case #1 in the
label refers to the original model of Fig. 1, Case #2 refers to the model
with half volume, whereas Case #3 refers to the one originated from
the lateral crack. All simulations are based on the benchmark sandy
loam with uniform 2% of initial soil moisture.

While the reduction of the expected signal for Case #2, that is when
considering a model with only 50% of the original volume of leaked
water, is expected, the large reduction for Case #3 is less trivial and
needs a comment. In this case, indeed, the pressured water horizontally
5

flowing out of the crack generates a high moisture distribution which
has two major differences with respect to the one in Case #1: (i) it
is at lower depth (on average); (ii) its center is displaced by few tens
of centimeters with respect to the pipe direction. Both effects go in
the direction of reducing the signal. However, by moving the detector
closer to the center of the distribution, a large fraction of the signal lost
with respect to Case #1 can be recovered. This suggests the possibility
of completing the scan along the pipe direction with measurements
around the region in which a peak is eventually identified. Indeed,
while the count variation at 𝑥 = 0 is small in absolute terms, the peak is
still identifiable when moving along the pipe, as the red curve indicates.

4.4. Impact of acquisition time

As a last step in characterizing the potential of the proposed tech-
nique, we assessed how the expected significance of the signal changes
as a function of the acquisition time and for several of the scenarios
considered in this work.

The results are shown in Fig. 8, where the significance is measured
in Gaussian standard deviations 𝜎. Although the Figure does not include
systematic effects related to the measurement, which will be assessed
once the detector described in Section 5 is finalized, it gives a feedback
on the possibilities of identifying the leakage for the following cases: (i)
sandy soil with 2% uniform moisture (yellow); (ii) same as (i), but with
a 50% volume reduction of leaked water (red); (iii) sandy soil with a
linear gradient of moisture from 2% to 10% (cyan); (iv) same as (i),
but with the leakage originating from the side of the pipe (purple).

For each case, the significance versus acquisition time appears as a
band as we additionally take into account the possible displacement in
the direction of the pipe, from 0 (topmost line) to 20 cm (bottommost
line), between the detector and center of the leaked water distribution.
For the case associated to the lateral crack on the pipe, this additional
displacement goes, of course, in the direction of further pushing away
the detector from the leak. Results suggest that, in most of the cases
here presented, a data-taking of a few minutes could be enough to
identify the presence of the leakage. On the other hand, the purple
band also suggest the importance of additional measurements around
the region of the peak, to reduce the distance between the detector and
the core of leakage water.

Although simulations provided encouraging results, experimental
measurements are necessary and therefore, with this goal, we designed
and developed a low-cost suitable detector – called COMMAND (COM-
pact Muon And Neutron Detector) – which is described in the next

Section.
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Fig. 7. (left): Percent counts variations of detected neutrons along the leaking pipe on a sandy loam in dry conditions with a leakage as the one presented Fig. 1 (Case #1), with
a 50% in volume smaller one (Case #2), and with a leakage originating from an orifice on the side of the pipe (Case #3). Error bars are statistical only and correspond to one
standard deviation. (right) Leakage originating from the side of the pipe as modeled in GEANT4.
Fig. 8. Significance of the signal, measured in Gaussian standard deviations, as a function of the data taking time and for several scenarios as described in the text. For each
scenario, the curves are displayed as bands to also take into account the possible displacement in the direction of the pipe, from 0 (topmost line) to 20 cm (bottommost line),
between the detector and center of the leaked water distribution, as explained in the text.
5. The COMMAND detector

Results from previous simulation studies led us to design and de-
velop a low-cost detector, suitable for the identification of underground
leakages. For the detection of thermal neutrons, we chose the EJ-
426HD-PE2 from Eljen Technology, which is a thin sheet consisting of
particles of lithium-6-fluoride (6Li) and zinc sulfide phosphor (ZnS:Ag),
dispersed in a binder. The neutron detection process is based on the
nuclear reaction 6Li(n, 𝛼)3H – with a cross section of 941 barns for
0.025 eV neutrons – where the resulting triton and alpha particles are
detected by the ZnS:Ag, emitting a broad blue scintillating light. The
choice of EJ-426HD-PE2 was driven by its affordable cost (compared
to alternatives based on 3He and 10B) and good conversion efficiency,
which is ∼36%.

The output scintillating light is shifted to green, by means of a wave-
length shifter (WLS), and read by an array of silicon photomultipliers
(SiPMs). For the WLS we chose the EJ-280 from Eljen Technology,
whereas for the SiPMs we opted for ASD-NUV4S-P from AdvanSiD, with
a 4 × 4 mm2 sensitive area. The choice of the ASD-NUV4S-P was mainly
driven by the low noise and excellent temperature stability. The signal
6

from the EJ-426HD-PE2 is read by 4 SiPMs, which are directly mounted
on the front-end electronics, as indicated by numbers from 1 to 4 in
Fig. 9-left. The front-end electronics deals with (in the following order):
(i) reading all the signals from the SiPMs; (ii) amplification, which can
be independently set for each channel; (iii) discrimination; (iv) sending
the analogue signals, after a 16-bit DAC, to the PLC, which deals with
the data acquisition.

The EJ-426HD-PE2, the WLS, and the front-end electronics are
enclosed in a 3D-printed shell made of PLA, as shown in Fig. 10, which
does not significantly impact the response of the detector to thermal
neutrons due to its small thickness, that varies from 1.2 mm to 2.2 mm.
The light proofing has been obtained with a proper design and the use
of neoprene at the openings for the cable passage.

As the proposed strategy for the identification of underground
leakages is based on multiple measurements along the pipe, we decided
to build two modules for the simultaneous detection of neutrons at
different positions along the tube, to speed up the overall data ac-
quisition process. One module is installed in a weather-proof case as
the one shown in Fig. 11, which hosts also the PLC and the battery,
while the other one is placed in a smaller case, and it is connected to
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Fig. 9. (left): Front-end electronics each neutron module in COMMAND. (right): PLC for the data acquisition in COMMAND.
Fig. 10. 3D-printed shell of a neutron module.
the PLC through a flat cable. Both cases are built around aluminum
construction profiles and thin panels, which have a negligible impact
on the performance of the detector. The large case in Fig. 11, with a size
of approximately 33 × 33 × 110 cm3, is deliberately oversized as it can
also house modules for the detection of muons for other applications.
The other case, currently under construction, has the same base area
but its height is only ∼20 cm. The overall weight of the detector, with
all modules but the battery, is ∼15 kg.

As previously mentioned, the two modules for the detection of
neutrons are connected to the same PLC and share the data acquisition
(DAQ). The PLC was produced by Acies – an Italian manufacturer of
analog and digital electronics – and it also handles the supply man-
agement. The maximum power consumption is ∼7 W, which is driven
by the DAQ. Indeed, the PLC, which is based on a Raspberry with dual-
core ARM Cortex processor and 4 GB DDR4-RAM, also handles services
such as Wi-Fi, two GPS modules, USB 3.0 protocol, and data storage.
7

The system can run on 100 Ah @ 12 V car battery for approximately
one day.

Concerning the cost of the detector, if we only take into account
the modules and the front-end electronics dedicated to the detection
of neutrons (COMMAND also have three modules dedicated to the
detection of muons, which are not relevant for this manuscript), it is
approximately equal to 6.5 k€.

The COMMAND detector is almost finalized. All hardware-related
activities (electronics, mechanical supports, etc.) are completed, and
the work is now focused on finalizing the software for the DAQ, testing
each module, and equalizing all channels by characterizing the SiPMs
onboard (breakdown voltage, gain versus overvoltage, etc.). This is
a work-in-progress, but preliminary results are encouraging: Fig. 12
shows a candidate neutron signal as recorded by the four SiPMs of a
single neutron module. Although at that time one channel was noisier
than the others, due to an unoptimized overvoltage, the redundancy of



Nuclear Inst. and Methods in Physics Research, A 1059 (2024) 168951L. Sostero et al.
Fig. 11. View of one of the weather-proof cases for the neutron modules. The PLC, as well as the battery for field measurements, are housed in a removable case anchored to
the left side of the main structure, as in the picture on the right.
Fig. 12. Candidate neutron signal as recorded by the four SiPMs of a single neutron module.
having four SiPMs opens to different options of triggering, resulting in
a high purity signal.

The work on the detector is expected to last few more months and
first on-field measurements are expected by the beginning of 2024.

6. Conclusions

This study investigated the possibility of using cosmic ray neutrons
for the identification of underground water leakage. As the position
of the pipes is known, the proposed technique is based on the mea-
surement of how the relative rate of the thermal neutrons changes as
moving a detector along the pipe under investigation.
8

Extensive MC simulations, based on GEANT4, were performed con-
sidering a realistic scenario of leaking pipe in a water distribution
network. Geometry (pipe section and depth), materials and composi-
tions, as well as the modeling of the leakage, were based on literature.
We also evaluated how the chemical composition of soil, its moisture,
as well the size and shape of leaked water distribution impact on the
performance of the technique. Results show that the environmental soil
moisture has the largest impact on performance.

For fast draining soils, such as sandy soils, the data acquisition time,
necessary to collect a statistically significant signal, is expected to range
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from a few minutes, for dry initial conditions, to half an hour for the
wettest soil conditions.

As mentioned in Section 4.2, for soils with low hydraulic conductiv-
ity, such as clay loam, the slow drainage not only tends to increase the
environmental soil moisture, but also the local variation of the water
content nearby the leakage. These two effects go in different directions
for what concerns the expected signal. Simulations indicate that an
increase of 50% of the overall water content nearby the leakage results
in an enhancement of few percents of the expected signal for large
values of the environmental soil moisture.

Encouraging results from the simulation studies led us to design
and develop a low-cost detector, suitable for the identification of un-
derground leakages. The proposed detector, called COMMAND, detects
thermal neutrons by means of the nuclear reaction 6Li(n, 𝛼)3H in a thin
sheet consisting of particles of lithium-6-fluoride (6Li) and zinc sulfide
phosphor (ZnS:Ag), dispersed in a binder. The scintillating light from
the ZnS:Ag is then detected by an array of SiPMs. The detector is at the
late stage of development, which is expected to a last few more months,
with first on-field measurements expected by the beginning of 2024.
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