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Abstract

In this work we show the capabilities of a water Cherenkov detector (WCD) to detect high energy neutrons. We present the simulation
of the response of a doped WCD to 500 MeV monochromatic neutrons using Geant4. To do this, a detailed model of the WCD has been
implemented. The active volume of the detector is composed of pure water and different concentrations of a ¥*Cl based additive. The
addition of this dopant shows an enhancement in the detection of high energetic neutrons. The sensitivity of this detector to neutrons
achieved in our simulations is a relevant result for cosmic rays and space weather studies.

© 2020 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Water Cherenkov detectors (WCD) of large volumes
using ultra pure water as active volume, are sensitive to
charged relativistic particles and high energy photons.
These detectors are used in a variety of implementations:
from a diversity of astrophysical studies to the detection
of Special Nuclear Material (SNM) for homeland security.
WCD are usually chosen because they are cheap, robust
and have a large solid angle. These detector have been
widely used for cosmic ray detection since the late sixties,
Watson (2011). The LAGO Suarez-Duran et al. (2016);
Asorey et al. (2018); Sidelnik (2016), Auger Abraham
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et al. (2004) and HAWC Joshi et al. (2018) collaborations
use nowadays WCDs to measure changes in the flux of cos-
mic rays and relate them with solar activity indicators
studying, for instance, Forbush decreases Suarez-Duran
et al. (2016). This could point out that a ground based
space weather oriented experiment, using neutron monitors
to study low energy cosmic ray flux variations, can use
WCD as an alternative detector. There has also been a
growing interest in the measurement of neutrons with addi-
tives into the water to increase the response of these detec-
tors. The Super Kamiokande collaboration, for example,
has been testing different approaches to the use of gadolin-
ium (Gd) in their very large WCD (50,000 ton) Mori
(2013), Watanabe et al. (2009).

There are studies that found that the major change in
low energy cosmic rays are produced by neutrons as a part
of secondary showers produced by cosmic ray particles
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Table 1

Cross section, abundance and energy of the elements used in the active volume of detection according to Firestone et al. (2007).

Element Abundance [%)] Cross section [b] Energy [keV] ko
'H 99.99 0.3326+0.0007 2223.25 1.0000
160 99.76 0.000189+0.000008 870.68 3.35E-5

2 Na 100 0.52740.007 472.202 0.0630

3l 75.78 43.84+0.17 1164.87 0.762
517.0730 0.648
6110.842 0.563

o 24.22 0.553+0.017 2166.90 0.00486

Asorey et al. (2018), Calderéon-Ardila et al. (2019). COR-
SIKA simulations performed by the LAGO Collaboration
shows that for cosmic rays that have its primary energy in
the 10! eV to 10" eV range, and for different altitudesl,
the flux of secondaries is dominated by neutrons, with a
spectrum that has a peak at 500 MeV Asorey et al.
(2018), Calderon-Ardila et al. (2019), extending beyond
the GeV. For this reason we choose the primary neutron
energy of 500 MeV to run the present study.

Our choice is to use a ¥*Cl based compound as an addi-
tive to the water, mainly because this isotope has a high
cross Section (43.84+0.17 barns) for neutron absorption
and a gamma prompt emission in cascade with a maximum
of ~8578.6 keV Firestone et al. (2007). For this reason
Nacl salt was selected to be used in the water Cherenkov
detector, not only for the mentioned advantages of the
Cl, but it is also a compound that can be easily dissolved
in water, is cheap, and it is not contaminant if spilled,
unlike Gd. WCD results ideal to detect high energy neu-
trons because of the neutron moderation capability of
water.

In Table 1 the main elements used in the active volume
of the detector are showed, as long as the corresponding
abundance and neutron absorption cross sections with
the most energetic prompt gamma line. The intensity of
the prompt gamma lines emitted are determined by the
neutron absorption probability as well as the line yield.
In order to take into account both values simultaneously,
a ko value is computed as the product of the line yield
and the neutron absorption cross section. The ko value
for a gamma ray emitted from each isotope is defined rela-
tive to that of 'H, see details in Firestone et al. (2007). In
order to take into account both magnitudes a kq i1s com-
monly used. Table 1 shows the most intense value of kg
for each isotope,

It can be seen in Table 1 that the most intense lines are
the 2223 keV from 'H and the three lines from 3*Cl. It must
be noted that the kq value reported are nuclear parameters.
In each simulated configuration the Geant4 code takes into
account not only these values, but also the number of
nuclei per unit volume.

' Calderén-Ardila et al. (2019) show simulations for a site at La Serena,
Chile 28 m a.s.l and at Chacaltaya, Bolivia, 5240 m a.s.l.

Our group has been working in neutron detection with
WCD that uses pure water Sidelnik et al. (2017) and with
NaCl as additive Sidelnik et al. (2019) using neutron
sources that reaches energies of ~15 MeV. In this work
we present the study of a WCD of 1 m? for neutron detec-
tion comparing the use of pure water and a non contami-
nant additive (NaCl) with a single PMT for 500 MeV
impinging neutrons.

In Section 2 we describe the characteristics of the simu-
lation performed with Geant4. Section 3 shows the results
obtained, and finally, the conclusions are presented in
Section 4.

2. Geant4 simulation scheme

We performed a detailed simulation of all the particle
production physics and the detector geometry using Gean-
t4 Allison et al. (2016). The detector is composed of a 96-
cm-diameter by 133-cm-tall cylinder made of a of 0.5-m-
thick stainless steel sheet. Depending on the selected config-
uration, the cylinder is filled with pure water or water with
different concentrations of NaCl. Located inside at the top
and center of the detector, there is a spherical section of
h = 5 cm and 10.16 cm radii that simulates the surface
detection of the photomultiplier tube (PMT). Between the
water and the stainless steel volume there is a thin layer
(with approximately 0.12 mm of thickness) that has the
reflective and refractive properties of Tyvek® that enhances
the propagation of Cherenkov photons inside the detector
Filevich et al. (1999). A scheme of the simulated detector
can be seen in Fig. 1, with a possible reaction of a neutron
being moderated and absorbed inside the active volume.
For the simulation it was used the Quantum Efficiency
(QE) reported by Hamamatsu for the R5912 8” PMT
Hamamatsu (2018), to sort the acceptance or rejection of
a Cherenkov photon in the PMT, that contribute to the sig-
nal. The QE of a PMT is the probability that one Cheren-
kov photon is converted in one photoelectron into the
cathode of the PMT. For the considered PMT it is around
25-30%. This probability is sorted in the simulation,
accepting or rejecting Cherenkov photons as a contribution
of the signal.

The simulations were performed considering 500 MeV
monochromatic neutrons impinging horizontally at the
middle of the height of the detector and 1 cm far away from
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Fig. 1. Schematic view of the water Cherenkov detector setup with an impinging 500 MeV neutron. When a neutron enters into the WCD active volume
(in light blue) it is moderated by the H,O, and absorbed mainly by the dopant or hydrogen nucleous. The prompt gammas emitted after the neutron
absorption produce electrons mainly by Compton scattering and pair production effects. In some cases these electrons have energies above the Cherenkov

threshold thus producing photons that can reach the PMT.

the exterior border. As an active volume pure water (H,O)
and water with different NaCl concentrations, 2.5%, 5%
and 10%, in mass was used.

3. Results and discussion

Simulations in Geant4 were performed including all the
relevant parameters of the detector (listed in Section 2)
injecting 150000 neutrons. First we aimed to understand
the absorption process of the neutrons, comparing H,O
and including NaCl in different concentrations. In Table 2
we show the fraction of neutron captures within the active
volume for the case of pure water and water with NaCl
additive and the maximum absorption distance.

After a moderation process of the neutron in the water,
it looses almost all its energy in a short distance, the parti-
cle is captured most of the times, either by the H' or the
CI*, when is present. As the content of Cl increases, the
neutron absorption result closest to the border of the detec-
tor. Beacuse there are more isotopes with larger cross sec-

Table 2
Total captures of neutrons and distance of maximum absorptions from
simulations, using 500 MeV monochromatic neutrons.

Sensitive volume Neutron capture

probability [%]

Max. absorption
distance [cm]

H,O 25.18 8.41+0.1
H,0 + 2.5% NaCl 26.73 8.0£0.1
H,O + 5% NaCl 27.65 7.7£0.1
H,0 + 10% NaCl 29.26 7.3+0.1

tion than H, the neutrons are absorved very close to the
entry point of the detector.

Fig. 2 shows the distance from the edge of the detector
for the impinging monochromatic 500 MeV neutron beam
and the absorption point. The maximum for absorption is
at (8.440.1) cm for the pure water case (red circles) and
(8.040.1) cm, (7.7£0.1) cm, (7.3+0.1) cm, in case of adding
NacCl (green squares for 2.5%, violet triangles up for 5%
and yellow triangles down for 10% in mass, respectively).
It is clear that the number of absorptions increases with
the addition of NaCl, improving the detection efficiency
without significantly affecting the moderation process in
water.

Fig. 3 shows the photons emitted into the active volume
of the detector from pure water and different NaCl concen-
trations after the interaction of 500 MeV neutrons. In this
Figure it can be seen (as deltas) the most intense prompt
gamma lines indicated in Table 1. Since in Fig. 3 it can
be difficult to distinguish the different contributions, in
Fig. 4 we show the same results, as a function of energy
in cumulative energy bins from right to left. In the
10 MeV to 100 MeV gamma energy range it can be seen
that the gamma produced are essentially the same regard-
less the additive. However, below 10 MeV (see Fig. 4 bot-
tom) the gamma production increases with increasing NaCl
concentration.

Fig. 5 shows the electrons produced inside the detector
by the gammas after the interaction of 500 MeV neutrons
within the detector. The Compton edge can be appreciated
for the electrons produced in pure water by the 2223 keV
gamma line (red line) at ... ~1994 keV. In the case of
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Fig. 2. Neutron captures of 500 MeV monochromatic neutron beam. The distance with the maximum number os neutron captures from the border of the
detector (~8.4 cm) for water (red circles) and (~8.0 cm) for water with 2.5% of NaCl in mass concentration; ~7.7 cm for 5% and ~7.3 cm for 10%. The
number of captures results larger due to the higher o, of the *CI. For further information see the text. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Photon spectra emitted from pure water and different NaCl concentrations after the interaction of 500 MeV neutrons: pure water situation (red
circles) and the different concentrations of NaCl, 2.5% (green squares), 5% (purple triangles up) and 10% (yellow triangles down). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

water with different additive concentrations (green dashed,
violet dashed-dot, and yellow dotted line) it can be seen
that even if there are particles at higher energies, there is
a Compton edge at £, ~8330 keV, the maximum energy
that an electron can have with a 8578.6 keV gamma parti-
cle (the maximum of the gamma emission) after a **Cl
absorbs a neutron, and from that the mix of Compton
edges at energy higher than 2223 keV that shows the

increase of energetic electrons within the active volume of
the detector. This means that even if the gammas are pro-
duced at very high energy, the most important contribution
if the one that produces the electrons under ~10 MeV.
Fig. 6 shows the number of Cherenkov photons pro-
duced by the electrons showed in Fig. 5 that (considering
the reflection on the Tyvek coating, and the water trans-
parency) reach the PMT, and taking into account the QE
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Fig. 4. Top: Gamma particles produced in the simulation after the interaction of 500 MeV monochromatic neutrons with pure water situation (red
squares) and the different concentrations of NaCl, 2.5% (green empty squares), 5% (purple triangles up) and 10% (yellow triangles down) in cumulative
energy bins from right to left. Bottom: zoom of the previous graphic below 10 MeV. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

of the PMT photocathode produce a photoelectron that
contributes to the signal. A more detailed review of the
number of Cherenkov photons produced by electrons can
be foun in reference Jackson (1999). For pure water (red
continuous line) it can be seen that there are more events
at low number of photons produced, this trend changes
at ~100 number of photons. From 100 to 600 photons
the doped water with different concentrations of NaCl
(2.5% in green dashed lines, 5% in violet dash dot, and
10% in dotted yellow) produce more Cherenkov photons
increasing the signal into the detector. Beyond 600 of pho-
tons produced, for impinging neutron energies there is no
change regardless the concentration of NaCl into the active
volume.

4. Conclusions

This work introduces results from simulations that
shows in detail the physics of a WCD when high energetic
neutrons enter into the detector active volume. We con-
clude that using a WCD with pure water as active volume,
and a single PMT, 500 MeV neutrons can be detected. In
addition, we have also shown that adding NaCl as dopant
to the water the signal intensity increase, thus enhancing
the capability for measure high energy neutrons. Being
NaCl, cheap, non-toxic and easily accessible material, the
results obtained are of interest for the development of neu-
tron detectors for different applications. Of special impor-
tance are those related with space weather phenomena.
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inside the detector by the interaction of gammas within the active volume (Fig.

4), simulations performed using
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Fig. 6. Number of Cherenkov photons recorded in total accepted by the quantum efficiency of the PMT from those emitted by the electrons within the

active volume of the detector.

Altought a more extensive analyses must be done widening
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