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Abstract

In this work we show the neutron detection capabilities of a water Cherenkov

detector (WCD) using pure water, as well as an aqueous solution of sodium chlo-

ride as the detection volume. The experiments were performed using a WCD

with a single photomultiplier tube (PMT), and a 252Cf neutron source. We

show that fast neutrons from a 252Cf source directly impinging the detector can

be clearly detected and identified over the natural radiation background. We

also present results from numerical simulations that describe the response of

the WCD to neutrons of different energies. To do this, a detailed model for the

WCD and of the neutron source spectra have been implemented. The imple-

mented simulation code takes into account the interaction processes involved in

the detection of neutrons using WCD, and support the experimental evidence

introduced in this work. Being both the active volumes analyzed in this work

(pure water) and the additive (sodium chloride), cheap, non-toxic and easily

accessible materials, the results obtained are of interest for the development of

large neutron detectors for different applications. Of particular importance are
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the detection of special nuclear materials, as well as those applications related

with space weather phenomena. We conclude that WCD used as neutron detec-

tors could be a replace or a complementary tool for standard neutron monitors

based on 3He.

Keywords: Neutron detection, Water Cherenkov Detector, Cherenkov effect,

Homeland Security, Space Weather

2018 MSC:

1. Introduction1

Water Cherenkov detectors (WCD) of large volumes using ultra pure water2

are sensitive to relativistic charged particles and also to high energy photons.3

These detectors are used in a variety of implementations, from a diversity of4

astrophysical studies such as the Pierre Auger Observatory [1] and the Latin5

American Giant Observatory (LAGO) [2, 3]; to the detection of Special Nuclear6

Material (SNM) for homeland security [4, 5]. The usage of this kind of detectors7

is supported by their proven robustness in different field conditions, low costs,8

large volume and high performance.9

In recent years there has been a growing interest in the measurement of10

neutrons using WCD with different additives to increase sensitivity. The Super11

Kamiokande collaboration, for example, has been testing different approaches to12

the use of gadolinium (Gd) in their very large 50,000 ton WCD [6, 7]. The idea13

behind this work is to tag neutrons produced in water by inverse beta reaction14

as an indication of the detection of astrophysical anti neutrinos coming from15

Supernovae.16

It is worth noting that, a ground based space weather oriented experiment17

that, uses neutron monitors to study low energy cosmic ray flux variations can18

use WCD as an alternative detector. In particular, the LAGO [8], the Pierre19

Auger Observatory [1] and HAWC [9] collaborations use WCDs to measure20

changes in the flux of cosmic rays and relate them with solar activity indicators.21

These detectors span over total water detection volumes from ∼ 1 m3 to ∼22

2

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



20000 m3. There are studies that found that the major change in low energy23

cosmic rays are produced by neutrons as a part of secondary showers produced24

by cosmic ray particles [8, 10]. Corsika simulations performed by the LAGO25

Collaboration shows that for cosmic rays that has its primary energy in the26

1011 eV to 1015 eV range, and for different altitudes1, the flux of secondaries is27

dominated by high energy neutrons at ground level [8, 10].28

Non proliferation and homeland security are other possible uses of this type29

of inexpensive water-based detectors. Fissile elements as uranium or plutonium30

produce simultaneous emissions of multiple neutrons. In this field, it is worth31

to notice that 3He-based neutron detectors have had a growing application for32

homeland security. This is so because the 3He-based ionization tubes are non-33

cryogenic, safe, non corrosive, highly efficient for thermal neutron detection,34

and have a low gamma sensitivity. The 3He-based neutron detectors, in combi-35

nation with moderator materials, are efficient for the detection of fast neutrons36

emitted from nuclear fission. However, for this reason, the homeland security37

application of 3He detectors has triggered a crisis in the 3He supply and its38

price is significantly increasing [11]. Therefore, neutron detectors of large solid39

angle, inexpensive materials with good noise rejection are desirable. In this40

context, WCDs employing different materials [12, 13], as well as other detection41

techniques have been implemented [14, 15, 16, 17, 18, 19, 20].42

In this work we analyze the response for neutron detection of a WCD using43

as active volume pure light water, and a novel approach using aqueous solutions44

doped with NaCl testing different concentrations.45

It must be noted that the work [21] aimed to detect neutrinos uses heavy46

water (D2O), doped with NaCl while our work employees light water. In SNO47

the deuterium is present mainly for the conversion of neutrinos in to neutrons,48

this element is crucial for the neutral current interaction used to capture neu-49

trinos coming from the sun. This is not the case of the detection system that50

1[10] shows simulations for a site at La Serena, Chile 28 m a.s.l and at Chacaltaya, Bolivia,

5240 m a.s.l.
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we have implemented. Also, since the case of study of SNO is the neutrino51

detection, and the aim of this work is the neutron detection, the active volume52

involved in SNO is one thousand times larger than that of the neutron detector53

introduced here. In addition, the neutron production in the SNO detector is54

homogeneously distributed in to the liquid, while in our detector the neutron55

arrives from outside sources.56

The outline of the article is as follows: Sec. 2.1 describes the detection57

technique implemented in this work. In Sec. 2.2 we discuss the reasons for the58

choice of NaCl as additive to the pure water in order to enhance the neutron59

detection. Sec. 2.3 shows details on the 252Cf source used and the shielding. Sec.60

2.4 introduces a simulation scheme implemented in Geant 4 to detailed describe61

the WCD implemented in this work. Sec. 3 shows the experimental results as62

well as the simulations. A comparison of the measurements performed with the63

simulation using Geant 4 is showed in Sec. 4. And finally, the conclusions and64

future perspectives of WCD in the field of neutron detection are presented in65

Sec. 5.66

2. The WCD detection technique67

2.1. The detector68

Charged particles moving faster than the speed of light in the medium pro-69

duce Cherenkov photons when β ≥ 1/n, where n(> 1) is the refractive index of70

the medium, and β = v/c the velocity of the particle in units of the speed of71

light. If the medium is not opaque, the Cherenkov light can be detected by plac-72

ing a light detector into it. Besides, if the charged particle is ultra-relativistic,73

i.e. β ≈ 1, the angle of the Cherenkov cone has a constant and maximum value.74

In water, this angle is αCh = 41.4◦, with respect to the incident particle speed75

direction. Water is widely used as a detector material because it is clear, non76

toxic, inexpensive and can be used in very large volumes. With index of refrac-77

tion nH2O =1.33, the Cherenkov energy threshold for electrons is EeCh∼775 keV;78

for muons the threshold is 160 MeV and for protons it is 1400 MeV. For photons,79
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the Cherenkov threshold for pair production is Eγ > 2Eech '1.6 MeV, greater80

than the well known threshold for the pair creation process.81

The WCD installed in the Neutron Physics Department Laboratory at Cen-82

tro Atómico Bariloche, Argentina, is an autonomous, reliable, simple and in-83

expensive detector. We have built two versions one of 0.5 m3 and other of a84

1.0 m3, they consist of a stainless steel commercial water tank of cylindrical85

shape, with 96 cm of diameter and different heights. Both detectors have 8 ”86

Hamamatsu R5912 PMTs, plus a digitizer board of custom design used by the87

LAGO Collaboration [22]. The detector is controlled by a Nexys II FPGA with88

an overall power consumption of less than 8 W. In Fig. 1, there is an scheme89

of the experimental set up, showing the detector characteristics as well as the90

shielding and source disposition. The simulations were performed with neutron91

from a 252Cf source impinging at the middle of the height of the detector. In92

the experiment the source was placed also at the middle of the height of the93

detector.94

The detectors also have a 0.12 mm thick inner coating of Tyvek R©, a diffusive95

and reflective fabric. The spectral-directional reflectivity of Tyvek R© and the96

uses for this kind of detection systems were studied at [23].97

The 8 ” Hamamatsu R5912 PMT has a spectral response spanning from98

300 nm to 650 nm with a peak at about 420 nm [24], that matches the well known99

Cherenkov light spectrum produced in water, which is continuously extended in100

the range of 300 nm to 600 nm, approximately [25, 26, 27, 28].101

The stainless steel container is light tight and holds the aqueous solution of102

H2O plus different concentrations of NaCl.103

A detailed study of muon tracks in this kind of WCD [29] shows that water104

is almost transparent to the Cherenkov light. Taken this in to account, it is105

expected that the signal intensity observed after the neutron absorption will106

be almost independent of the impinging zone [29]. The information about the107

entry point of neutrons, or its direction is lost. When a neutron enters the active108

volume it is randomly scattered and thus moderated. After the moderation,109

the absorption of the neutron produces prompt gammas that are isotropically110
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Figure 1: Scheme view of the water Cherenkov detector experimental set up. 1 - neutron

source placed at the middle of the height of the detector. 2 - lead shielding, to reduce the

gamma contribution. 3 - Tyvek inner coating. 4 - 8 ” Hamamatsu R5912 PMT. 5 - active

volume, aqueous solution. 6 - stainless steel container. 7 - concrete block to to increase the

source plus shielding height and shield the gammas from the source to go in to the ground.

emitted. These gammas produce electrons mainly via Compton scattering, and111

therefore the direction of the incident gamma is loosed. Then the Cherenkov112

photon emission is isotropic and the reflectivity of Tyvek has the effect of loose113

the direction of the Cherenkov cones. For these reasons this detector do not114

provide information about the entry point or direction of the incident neutron.115

2.2. The additive116

After the firsts studies [12], that showed positive results about neutron de-117

tection using a water Cherenkov detector with pure water and only one PMT118

attached to the liquid, it was concluded that an enhancement on the neutron119

signal intensity to stand out over the other particle background was required.120
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The signal to noise ratio could be enhanced by the addition of an element that121

absorbs neutrons emitting high energetic particles that produces a Cherenkov122

signal of higher intensity.123

Since the abundance of the 35Cl isotope is ∼75% and the isotopic cross124

section is 43.84±0.17 b [30], we chose to use NaCl, a compound that can be125

easily dissolved in water, does not significantly attenuate the Cherenkov light,126

does not posses serious contamination risks to the environment if spilled, and127

can serve as a preservative for the water.128

In Fig. 2 it is shown a comparison of the gamma prompts lines emitted129

from 35Cl(n,γ)36Cl reaction, that spans from a 292 keV to more than 8500 keV130

in energy, in blue thin lines [31] and the 2223 keV line from the 1H in red thick131

line. The intensity of the lines are referred to the 2223 keV line, according to132

[31]. These are the decay gamma rays from thermal neutron capture, plotted133

as a function of their energy against the absorption cross section for gamma134

production.135

It is also displayed the Cherenkov threshold (EeCh)for electrons in water with136

a refraction index n'1.33, that is ∼775 keV, in yellow arrow, and the threshold137

in NaCl, with n'1.54 ([32]) that is 672 keV in green arrow. Since an aqueous138

solution resulting in add NaCl to H2O will have an intermediate value of n, we139

show this two values and the corresponding EeCh as a reference.140

From Fig. 2 it is clear that the prompt gamma lines emitted after the141

neutron absorption by the isotope 35Cl are larger in number and has 74 more142

energetic gamma rays than the 2223 keV emission of the 1H. This would result143

in an increase of Cherenkov signal because the Cherenkov photon emission is144

directly proportional to the energy of the charged particles, and gammas of145

8578.6 keV (with all the others of lower energy in cascade) will produced more146

energetic electrons than gammas of 2223 keV.147

Performing a rough estimation, being σ1H=0.332 b and σ35Cl=43.84 b, the148

neutron absorption cross sections, we take as a reference for the amount of mass149

of NaCl that diluted in H2O equals the absorption rates in 35Cl and 1H. In150

1 m3 of water this condition is fulfilled whit a dilution of ∼52 kg of NaCl. This151
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Figure 2: Intensities of the gamma prompt lines from the 35Cl(n,γ)36Cl reaction (blue thin

lines) compared with that of 2223 keV line form the of 1H(n,γ)2H (in red thick line) from

[31]. It is also showed the Cherenkov threshold in H2O for electrons that is 775 keV, in yellow

arrow and the threshold in NaCl 672 keV, in green arrow.
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motivated us to perform simulations and experiments with pure H2O, and with152

the addition of different amounts of industrial NaCl into the water.153

There is a notable difference in the physics of the detector introduced in this154

work and the detector of SNO used for neutrinos [21]. The neutron absorption155

cross section of D is significatively smaller than that of H. For this reason in156

SNO the intensity of the D prompt gamma lines are negligible with respect of157

that of H. When D2O is employed the prompt gamma lines are mostly emitted158

by Cl, while when H2O is employed the prompt gammas are emitted from Cl159

as well as from H. Therefore, it should be expected that the signal of the WCD160

doped with NaCl will be more clear for the D2O case. Nevertheless, in this161

work we will show that even using H2O the neutron detection is possible. The162

addition of NaCl to H2O generates a stronger signal from neutrons than that163

coming from the H alone.164

2.3. 252Cf neutron source used and shielding165

A 252Cf neutron source, with a flux of 1.90×104 neutrons per second (isotrop-166

ically emitted) was used. 252Cf emits neutrons through spontaneous fission with167

an energy spectrum that spans from 0.003 up to '15 MeV [35, 36]. We per-168

formed measurements with lead shielding, to diminish the effect of the gamma169

photons emitted by the Cf source, leaving mainly fast neutrons entering the170

detector. Fig. 3 shows the gamma spectrum of a Cf source in dashed line,171

from data of ref. [33], and in continuous line the attenuated spectrum by using172

a 10 cm lead shield between the source and the detector. This shows how we173

avoid most of the gammas coming from the source to enter into the detector,174

leaving mainly fast neutrons emitted by the source.175

2.4. Geant 4 simulation scheme176

We performed a detailed simulation of the implemented device experimental177

set-up, taking in to account the physical interactions and particles produced178

into the detector using the Geant 4 code [37]. The detector is a 96 cm diameter179

by 133 cm tall and 0.5 mm thick stainless steel cylinder, which is full of water,180
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Figure 3: Gamma spectrum emitted by a 252Cf source taken from reference [33], in dashed

line and the attenuated spectrum by the 10 cm lead shield in continuous line [34].

or with water plus the additive. There is also an hemisphere of 5 cm tall and181

10.16 cm of radii that simulates the PMT photocathod and it is located at the182

top of detector. Between the water and the stainless steel volume there is a183

thin layer (with approximately 0.12 mm of thickness) that has the reflective184

and refractive properties of Tyvek R©. For the simulation it was also used the185

quantum efficiency (QE) reported by Hamamatsu for the R5912 PMT to sort186

the acceptance or rejection of a Cherenkov photon in to the PMT [24].187

The simulations were performed using the spectral shape of fast neutrons188

from a 252Cf source [38], a fission spectrum. As active volume we used pure189

water (H2O) and water with different additive (NaCl) concentrations, 2.5%, 5%190

and 10%, in mass (see Section 2.2).191
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3. Results and discussion192

3.1. Experimental results using a 252Cf neutron source193

For each experimental configuration, the implemented electronics records194

the spectrum of the registered pulses. The ADCq magnitude (horizontal axis195

of the spectra) represent the charge of each recorded event. In Fig. 4 we196

show the experimental results from the measurements obtained with the 252Cf197

neutron source, in which the contribution of the background has been subtracted198

[22]. The measurements were made in 300 s and the subtracted background was199

measured immediately before the source measurements. Measurements using200

pure water and water with 2.5% in mass of NaCl are showed in red circles201

and in green squares respectively. The units of charge of the recorded events202

are ADCq, i.e., the integral of a single, 300 ns-long pulse as a function of time203

(measured in time intervals of 25 ns) after the subtraction of the signal baseline.204

It is clear from the Fig. that the signal using the additive results more intense205

than the one with pure water.206

In Section 4 we show an analysis of this measured spectra compared to the207

Monte Carlo simulations performed with Geant 4 code.208

3.2. Simulation results using Geant 4209

Simulations in Geant 4 were performed including all the relevant parameters210

of the detector (Section 2.4). First we aimed to understand the absorption211

process of the neutrons, comparing pure H2O and including the NaCl in different212

proportions. In Table 1 we show the number of neutron captures within the213

active volume in the case of H2O and with the additive. We calculate the214

absorption in 1H, in 35Cl and the total number. The simulations shows an215

increase in the number of captures when the NaCl is added to the H2O. It is216

worth to note that for 5% of NaCl content in water the captures in H and Cl217

are essentially balanced, as our firsts rough estimation showed in Section 2.2.218

It is also worth noting that for the 10% of NaCl added the absorption numbers219

are reversed and the Cl absorbs almost twice than the H. It can be said that220
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Figure 4: Spectra of the experiments using a 252Cf neutron source, after background sub-

traction. The red circles shows measurements with pure water and green squares using water

with 2.5% in mass of NaCl. The addition of NaCl show an increase in the signal resulting in

a huge difference with respect to the pure water.

the total number of neutrons captured are increased with the addition of NaCl,221

but does not have a large variation when the amount is increased from 2.5% to222

10%.223

Sensitive volume
Captures (252Cf) Max. absorption

1H [%] 35Cl [%] Total [%] distance [cm]

H2O 4.8 0 4.8 10.2

H2O + 2.5% NaCl 7.3 3.7 11.3 9.7

H2O + 5% NaCl 5.7 5.5 11.6 9.8

H2O + 10% NaCl 4.1 7.5 12.3 9.5

Table 1: Captures in 1H, in 35Cl, the total number of neutron absorbed and the distance

of maximum absorptions from simulations, using the simulated spectrum of a 252Cf neutron

source.

Fig. 5 shows the distance from the edge of the detector facing either the 252Cf224
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neutron source and the absorption point. The maximum absorption observed is225

at (10.2±0.1) cm for the pure water case (red circles) and (9.6±0.1) cm for the226

addition of NaCl (green squares for 2.5%, violet triangles up for 5% and yellow227

triangles down for 10% in mass). It is clear that the number of absorptions228

results higher with the addition of NaCl, this material increases the neutron229

absorption (and therefore the neutron detection efficiency) without affecting230

significantly the moderation process in water. It is worth to remembering that231

both neutron absorption reactions (in water and in NaCl) follow the well known232

1/v law [39], and therefore the moderation process becomes necessary before233

the neutron absorption.234

Figure 5: Capture distance of neutrons in pure water and water with additive. Top: sim-

ulations using a 252Cf source. The distance with the most captures from the border of the

detector (∼10 cm) for water (red circles) and (∼9.6 cm) for water with every concentration of

NaCl employed as an additive. The number of captures results larger due to the higher σabs

of the 35Cl.

The different intensities observed in Fig. 5 are due to the fact that once235

reached the thermal equilibrium with the material, the thermal neutron leak236
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becomes less probable as the effective cross section increases [30]. The quasi-237

saturation observed at the maximum is due to the fact that (however large238

its absorption cross section is) it is impossible for the system to absorb more239

thermal neutrons that the ones that managed to thermalize.240

Fig. 6 shows the gamma particles generated in the active volume of the241

detector after the neutron absorption, as a function of the energy. In the top242

figure we take in to account the pure water situation (red line full circle) and243

the different concentrations of NaCl, 2.5% (green squares), in the bottom Fig.244

5% (empty purple triangles up) and 10% (full yellow triangles down), using245

the spectrum of a 252Cf source. Fig. 7 shows in cumulative intensity of the246

prompt gamma particles emitted in Fig. 6 from the highest energy generated247

in the active volume of the detector after the neutron absorption. With the248

pure water situation (red circles) and the different concentrations of NaCl, 2.5%249

(green squares), 5% (purple triangles up) and 10% (yellow triangles down), in250

all cases we use the spectrum of a 252Cf source. The gammas emitted from251

pure H2O, show the most prominent signal at 2223 keV, as expected, with the252

addition of prompt gammas emitted from other interactions. In the case of the253

additive incorporated to the water, more energetic gammas are emitted mainly254

due to neutrons absorption in 35Cl, thus increasing the intensity of the pulse255

that constitute the signal. As an important feature it can be seen that, for256

the concentrations considered in this work the 2223 keV line is still important257

even when the NaCl is added, but the contribution to the cumulative intensity258

due to the 2223 keV gammas are reduced as the additive concentration increase259

because the more 35Cl is present the less 1H absorbs neutrons. This can also260

be appreciated in the other lines, that have a greater contribution as the NaCl261

concentration is higher. It is also worth notice that the gamma production262

extends towards more than 8 MeV, where the last line of 35Cl gamma prompt263

is.264

Fig. 8 shows the electrons emitted inside the active volume of the detector265

by the gamma particles showed in Fig. 6 and 7. The Compton edge can be266

clearly distinguished for the electrons produced in pure water by the 2223 keV267
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Figure 6: Gamma particles produced in the simulation using the spectra of a 252Cf source.

Top: pure water situation (red line full circle) and 2.5% of NaCl (green squares). Bottom:

5% (empty purple triangles up) and 10% (full yellow triangles down). The 2223 keV peak can

be noted in all cases as well as that of high energy gammas lines emitted after the neutron

absorption in 35Cl when the NaCl is present.
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Figure 7: Cumulative intensity of the gamma lines presented in Fig. 6 which have been

obtained from the simulation using the spectra of a 252Cf source with pure water situation (red

circles) and the different concentrations of NaCl, 2.5% (green squares), 5% (purple triangles

up) and 10% (yellow triangles down).

gamma line (red line). For this energy, the most energetic electron produced268

by Compton interaction has Eelec '1994 keV. For the water with different ad-269

ditive concentrations the Compton edge starts at Eelec '8330 keV. This is the270

maximum energy that an electron can have after a Compton interaction with a271

8578.6 keV gamma photon, being the latest the maximum energy emitted after272

a neutron absorption in 35Cl. For gammas energies higher than 2223 keV, a273

mix of electron Compton edges at energy higher than that formerly mentioned,274

increases the contribution of energetic electrons into the detector active volume,275

which would result in an increase of the Cherenkov signal.276

In Fig. 9 it can be appreciated the Cherenkov photons production by the277

electrons showed in Fig. 8. As the refraction index of the active volume changes278

with the addition of NaCl, see Section 2.2, there will be a larger production279

16

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Figure 8: Electron spectra produced inside the detector by the interaction of gammas within

the active volume (Fig. 6), which are produced mostly by Compton interaction. Simulations

were performed using a 252Cf neutron source.

of Cherenkov photons by less energetic electrons as the amount of additive280

increases. This gives an increase of the low number of photons region for the281

NaCl situation with respect to the pure water, that can be appreciated in Fig. 9282

under ∼20 photons. In this part of the plot, can also be appreciated the relation283

between the peaks for different NaCl concentrations. The absorption of visible284

photons by 35Cl could have the effect of decrease the number of Cherenkov285

photons as can be seen in Fig. 9, showing that when more 35Cl is present the286

peak of Cherenkov photons decrease.287

For number of photons greater than 20, it can be appreciated the increase288

in the number for the NaCl situation, this time due to the emission of gammas289

with more than 8 MeV, showing that the more 35Cl is present more Cherenkov290

photons are, leaving more signal into the detector.291

One important characteristic of the simulations is that not only the sig-292
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Figure 9: Number of Cherenkov photons recorded in total, produced by the electrons spectra

showed in Fig. 8 inside the active volume of the detector.

nal results enhanced when NaCl is added to H2O (producing more energetic293

electrons) having a positive impact in this neutron detection technique, also in-294

creasing the detection efficiency. We observed that the addition of 2.5% of NaCl295

produces a significantly improvement in the response of the detector, similar to296

that obtained at higher NaCl concentrations.297

4. Data and simulation comparison298

The number of Cherenkov photons as presented in Fig. 9 should be pro-299

portional to the pulse charge of an event measured in ADCq units. In order300

to compare the simulations with the experimental results, for the pure water301

case we rescaled the calculated spectrum, multiplying by a factor of (1.56±0.03)302

the number of photons and by (118±12) the count number. These factors were303

obtained by fitting the Geant 4 simulations to the experimental results in the304

45-150 ADCq range. This match is showed in Fig. 10. Below 45 ADCq the305
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effect of the applied electronic threshold produces a declination of the measured306

spectrum. For this reason events under this value were not taken in to account.307

Above 150 ADCq there is an effect where the measured spectrum goes over the308

simulated one, this higher energetic signals could be produced by the impurities309

of the tap water employed that makes it emit high energy gammas and also310

some impurities that could interact with the neutrons coming from the source311

that gives high energy signals. It must be noted that in this range the spectra312

shows a notable change in its slope observed at 65 ADCq. For ADCq lower than313

65 the dominant emission is the 2223 keV, while for higher ADCq values the314

signal is dominated by the prompt gamma emissions from oxygen.315

Figure 10: Analysis of the spectra of Cherenkov photons (from Fig. 9) simulated with Geant 4

normalized to match the experimental spectra of neutrons detected with the WCD (from Fig.

4), including pure water and aqueous solution with 2.5% of NaCl. For further details see text.

As for the spectra with 2.5% of NaCl in the aqueous solution, using the316

same rescaling obtained with the pure water there is a shifting in the measured317

spectrum with respect to the simulation. This shift could be due to impurities318
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from the added NaCl that could produced Cherenkov light absorption resulting319

in a reduction of the signal.320

5. Conclusions321

The main conclusion of this work is that the use of NaCl as dopant produce322

a remarkable enhancement in the neutron detection capabilities of a WCD. An323

experimental set up, and a Geant 4 model were implemented, which allows to324

describe the physics of the detector.325

Our previous work [12, 13] shows that a WCD with pure water and a sin-326

gle PMT is possible. The addition of NaCl clearly enhances the capabilities of327

neutron detection in the Cf source energy range (up to ∼15 MeV). The charac-328

teristics of 35Cl and its interaction with neutrons are shown in Section 2.2.329

The results in Section 3.2 show that, using different amounts of NaCl in330

mass inside the active volume of the detector composed mostly by H2O has a331

clear impact in the neutron captures by the aqueous solution. This is followed332

by an emission of more energetic gamma particles that results in a increase333

of the electron production finishing in a higher Cherenkov signal as expected334

from our preliminary analysis of the additive. In this direction the experimental335

results presented in Section 3.1 show a clear improvement of the spectra (with336

background subtracted) of measurements performed using different amounts337

con NaCl in the water. The simplicity of the detector allows us to incorporate338

the necessary amount of additive to the active volume in a way we can gain339

detection efficiency.340

It is worth to notice that the neutron detector introduced in this work341

presents several advantages over previously used water Cherenkov detectors for342

neutron detection [4, 5, 40, 41]. The main advantages are that the active vol-343

ume of the detector employed in this work is simply pure water (an inexpensive344

material, abundant, and no contaminant) using NaCl as an additive. NaCl does345

not present high contamination risks, and conserves the liquid free of bacte-346

ria. Moreover, due to the use of only one PMT, the electronics of the neutron347
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detector introduced in this work are cheaper and simpler than that of the pre-348

vious neutron WCDs formerly mentioned which use several PMTs coupled to349

the active volume.350

Finally the obtained results in this work are of interest for the development351

of low cost neutron detectors with large active volumes for different applications.352

Of special importance are those related with space weather phenomena as well353

as those for for non proliferation enforcement and for “Special Nuclear Material”354

(SNM) detection for homeland security. We conclude that WCD with NaCl as355

additive can be used as a replace or a complementary tool for standard neutron356

monitors based on 3He.357
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