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 10 

Abstract 11 

 12 

In the frame of direct dark matter search, the fast neutrons producing elastic collisions are the 13 

ultimate background. The MIMAC (MIcro-tpc MAtrix Chambers) project has developed a directional 14 

detector providing the directional signature to discriminate them based on 3D nuclear tracks 15 

reconstruction. The MIMAC team of the LPSC has adapted one MIMAC chamber as a portable fast 16 

neutron spectrometer, the Mimac-FastN detector, having a very large neutron energy range (10 keV – 17 

600 MeV) with different gas mixtures and pressures. The present paper shows its main features and 18 

functionality and demonstrates its potential in the energy range from 1 MeV to 15 MeV at the 19 

GENESIS neutron source facility of LPSC. 20 

 21 

 22 

1 Introduction 23 

In the frame of direct dark matter detection, the fast neutrons producing elastic collisions on nuclei 24 

in the active volume of detection generate the same signals that an eventual WIMP (Weakly 25 

Interacting Massive Particle). These events, as well as those produced by neutrinos, are the ultimate 26 

background for dark matter detection. In the frame of the MIMAC project (MIcro-tpc MAtrix Chambers), 27 

a directional detector giving the directional signature to discriminate them has been developed [ref 1]. 28 

The LPSC MIMAC team has adapted one MIMAC chamber as a fast neutron spectrometer. Fast 29 
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neutron spectroscopy is a detection challenge and required in many different domains, such as 30 

neutron dosimetry, identification of special nuclear material and nuclear physics. Some applications 31 

require measurements above 10 MeV and on a large energy range. Among these applications, we can 32 

mention the secondary neutrons in radiotherapy, and the characterization of atmospheric neutrons 33 

produced by cosmic particles, going up to 100 MeV. 34 

In general, neutron spectroscopy at high energies (above 1 MeV) is challenging for the present 35 

available detector technologies. While, technologies exist for neutron spectroscopy, the more widely 36 

used technologies have some limitations.  For example, neutron energies can be accurately measured 37 

by time of flight, but such measurements require time difference measurements between the neutron 38 

emission from a source and its detection. If the source is unknown, the kinetic energy cannot be 39 

obtained.  Detection using neutron capture after thermalization is another approach, but it often leads 40 

to poor energy resolution and requires a prior, selecting the expected neutron energies. The detection 41 

in solids through elastic collisions is limited due to the absorption of recoils in the converter, whereas 42 

detection in liquid scintillators results in a limited measuring range. Developments of directional fast 43 

neutron detectors using Time Projection Chamber (TPC) filled with H2 are focusing on the detection of 44 

special nuclear material (SNM) and the localization of fission neutron source, which results in a limited 45 

neutron energy range [ref.2 and ref.3]. These detectors are currently non-mobile detectors.  46 

In the present paper, we describe a fast neutron spectrometer called Mimac-FastN, that tackles 47 

these issues for high neutron energies, based on the 3D detection of nuclear recoils with a very fast 48 

sampled, self-triggered and low noise electronics developed at the LPSC [ref.4 and 5]. The main goal 49 

of the paper is to describe the instrument features, to give an overview of the performance, and to 50 

demonstrate the promising perspectives opened, through the presentation of measurements done in 51 

mono-energetic neutron fields. In particular, we present an instrument set-up to cover a large neutron 52 

energy range, from 200 keV to more than 15 MeV, with a design strategy focused on a mobile device 53 

without flammable gas or regulated matters, suitable for industrial areas. A non-mobile version of 54 

Mimac-FastN, the μTPC LNE-IRSN-MIMAC prototype, has been the subject of two PhD-thesis [ref.6 55 

and 7], in the frame of a neutron metrology collaboration.   56 

The first part of this work is dedicated to the detection principle description followed by the facility 57 

presentation where the mono-energetic measurements have been performed. The gas mixture 58 

specificity that gives access to high-energy neutrons measurements is presented. In the following 59 
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section, a focus is made on the data analysis strategy to reconstruct the neutron energy. The future 60 

additional work to achieve final neutron spectroscopy quality measurements with this instrument is 61 

discussed in the end of the paper. 62 

 63 

2 Detection principle 64 

Mimac-FastN is a micro-TPC (Time Projection Chamber) based on a micro-pattern detector 65 

coupled to a fast self-triggered electronics [ref.1]. The chamber is filled with a gas mixture being itself 66 

the converter of fast neutrons into charged particles. In the present paper, we describe the operation 67 

of Mimac-FastN with 2 liters of a gas mixture of 95 % of 4He and 5 % of CO2 as a quencher, at 700 68 

mbar, to measure neutron energies between 1 MeV up to 15 MeV. The gas mixture and the pressure 69 

can be adapted to the envisaged application energy range [ref.8] and [ref.9]. Fast neutron detection is 70 

performed through the 3D tracking of the nuclear recoils resulting from elastic scattering between 71 

incident fast neutrons and the gas nuclei. The nuclear recoils stopping in the active volume lose only 72 

part of their kinetic energy by ionization in the gas volume. The primary electrons resulting from this 73 

ionization process are collected by an electrical field of 160 V/cm through a 25 cm long drift chamber, 74 

up to the micro-pattern detector (a square bulk Micromegas [ref.10] with a 512 μm gap, and sides of 75 

10.8 cm). A high electrical field of 10.5 kV/cm between the grid and the anode of the Micromegas 76 

produces avalanches, giving the signal amplification. Resulting secondary electrons are collected on 77 

the pixelated anode and the positive ions drifting towards the grid. 78 

The Mimac-FastN electronic board [ref.4] manages two synchronized types of data. The first one is 79 

the energy released in ionization by the nuclear recoil, read through a charge preamplifier connected 80 

to the mesh of the micro-pattern detector. This preamplifier, developed by the LPSC, has a gain of 81 

about 100 mV/pC, adjustable depending on the energy range required and a time constant of 2 ms. In 82 

such a way the rise time of the signal is small compared to the electronic decay time. The second type 83 

of data is the fired strips of pixels on the anode of the micro-pattern detector (512 strips, 256 on X and 84 

256 on Y), which gives access to the 2D position projection of the primary electron cloud. 85 

The data on the grid and on the pixelated anode are read out at a sampling frequency of 40 or 50 86 

MHz, depending on the length of tracks to be produced, and managed by the electronic board. In this 87 

way, each nuclear recoil track is sliced in samples. For each sample, the barycenter of the X and Y 88 

coordinates is calculated from the fired pixels on the anode. The neutron energy measurement relies 89 
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on the definition of the nuclear recoil track direction. Two parameters play a major role on this 90 

definition: the time sampling and the electronic noise. So a fast time sampling gives access to a better 91 

resolution on this determination of the track step position, and finally on the track direction. In a similar 92 

way, the lower the electronic noise on the strips signal is, the higher the spatial resolution is on the 93 

barycenter of fired pixels. 94 

In the gas mixture 4He/CO2 (5%) at 700 mbar and at 40 MHz sampling, each sample has a 95 

perpendicular component to the anode of 241 μm (referring to a Magboltz simulation that gives a drift 96 

velocity of 9.65 μm/ns in this gas mixture, which leads to a length of 9.65 μm/ns x 25 ns). So the 3D 97 

nuclear recoil track is reconstructed by the composition of the 2D picture on the pixelated anode, and 98 

the perpendicular component (delta Z) inferred from the electronic sampling. The absolute Z 99 

coordinate is not measured, and the assumption is made that the elastic scattering interaction has 100 

occurred in the middle of the drift cage. This assumption introduces an error on the mean kinetic 101 

energy of the neutron, estimated by Geant4 simulations at 0.4 % for neutrons of 3 MeV, and at 4% at 102 

15 MeV. 103 

The electronic board is coupled to the micro-pattern detector through an interface board that 104 

ensures the chamber tightness. This very low noise electronic board manages itself the triggering of 105 

each event acquisition through a FPGA. The acquisition triggering is done from the signal on the grid 106 

requiring an ionization energy threshold. Once triggered, the acquisition window remains open 25 μs 107 

at maximum.  108 

The synchronization of the readout on the grid (ionization energy) and the readout on the pixelated 109 

anode (track data) is managed by the FPGA. The sampling time is the same for the pixelated anode 110 

reading, and for the charge profile on the grid. The two different types of information being the track 111 

coordinates and the deposited charges can then be synchronized for each time-slice. 112 

The pixelated anode readout is performed by the 8 MIMAC ASICs, specifically developed by the 113 

MIMAC team of the LPSC [ref. 5].  114 

A dedicated software controls the FPGA through a USB connection, and stores the data event by 115 

event in a text file or in a PostgreSQL database. 116 

 117 

Analysing the event-by-event sampled data from the grid and the pixelated anode, the kinetic 118 

energy of the incident neutron can be measured.  119 
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The neutron kinetic energy is deduced from the kinetic energy of the nuclear recoil by the kinetic 120 

energy conservation in elastic scattering giving the following equation :  121 

�� =
�1 +  �	 


�

4�	

×
�	

������	� 

 122 

being �� the incident neutron energy,  �	 the kinetic energy of the nuclear recoil, �	� the angle 123 

between the nuclear recoil track and the incident neutron direction, and �	 the nuclear recoil mass (in 124 

GeV/c2). The neutron mass is approximated to 1 GeV/c2. 125 

The kinetic energy of the nuclear recoil is determined from the measured ionization energy, 126 

affected by the ionization quenching factor ([ref.11] and [ref.12]) in the considered gas mixture. 127 

The angle �	� is estimated from the 3D recoil track reconstruction, taking into account the neutron 128 

emitter position giving the incident neutron direction (see Figure 1). 129 

 130 

 131 

 132 

Figure 1 : A schematic drawing of the detector structure at the left, and picture of Mimac-FastN at the right. 133 

See online version for colors 134 
 135 
 136 

3 GENESIS facility 137 

Spectrometry of the neutrons produced by the reactions D(d(220 keV,n) and T(d(220 keV,n) has 138 

been explored at the GENESIS facility [ref.13], with Mimac-FastN, for neutrons mono-energetic 139 

measurements at 3 MeV and 15 MeV. A picture of the facility with the experimental set-up can be 140 

seen in Figure 2, enclosed by its concrete bunker.  141 

 142 
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 143 

Figure 2 : Experimental set-up at GENESIS, for the measurement in the perpendicular configuration of Mimac-FastN, with the 144 

reaction T(d(220 keV),n). 145 

See online version for colors 146 

 147 

4 Special features of nuclear elastic collisions with neutrons above 3 MeV 148 

The angular distribution of the 4He recoils, resulting from elastic scattering with fast neutrons, is a 149 

function of the neutron energy. Angular distributions in the laboratory frame have been calculated with 150 

the Monte Carlo code Geant4 [ref. 14], version 10.1.2, with the physics list QGSP_BERT_HP_LIV, 151 

considering a chamber filled with a gas mixture of 4He/CO2 (5%) at 700 mbar, see the results for three 152 

different neutron energies in Figure 3. 153 

 154 

 155 

Figure 3 : Angular distributions of 4He recoils, resulting from elastic scattering with neutrons of 1 MeV, 3 MeV and 15 MeV. 156 

See online version for colors 157 

Mimac-FastN 

spectrometer 

Target 

Accelerator beam 



 7 

These angular distributions show that for neutron energies above 3 MeV, angles between 55° and 158 

85° are more likely. This has two implications. The first one is that the most probable kinetic energy of 159 

the 4He recoil is 1.1 MeV for a neutron of 15 MeV. In a mixture of 4He/CO2 (5%) at 700 mbar, a recoil 160 

track with this kinetic energy is 3.3 cm long according to SRIM [ref. 15]. This track length is far shorter 161 

than the drift chamber length described previously, and so this track has a high probability to remain 162 

contained in the volume. From these angular distribution simulations, we deduce that above 3 MeV, 163 

the higher the neutron energy is, the higher the elastic scattering angular is, then the lower the energy 164 

carried away by the 4He recoil is, and then the smaller the recoil track mean length will be. 165 

The second implication is that a 3D geometry is needed to get kinetic energies of the neutrons from 166 

detected nuclear recoils, for neutron energies above 3 MeV. The advantage of a gaseous detector like 167 

Mimac-FastN with a cylindric or cubic symmetry geometry is that nuclear recoils can be detected 168 

whatever their direction is. If the nuclear recoil tracks are parallel to the pixelated anode, the 3rd 169 

dimension calculated by the electronic sampling will be limited to a few samples. However, knowing 170 

the position of the neutron emitter, the chamber can be orientated perpendicularly to the emission 171 

direction. In such a configuration, if the �	� angles are above 60°, the tracks’ orientations are 172 

optimized compared with the anode plane (see Figure 4). 173 

 174 

 175 

Figure 4 : Measure configuration for neutron energies above 3 MeV. 176 

See online version for colors 177 
 178 

 179 

In this perpendicular configuration, two groups of nuclear recoils can be differentiated: recoils 180 

directed towards the cathode, and recoils directed towards the anode. Having the head-tail signature 181 

of the nuclear recoil tracks is a prerequisite to the neutron energy calculation and diffused neutron 182 
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discrimination. In order to determine the direction of a nuclear recoil track by means of the acquired 183 

data, a new observable needs to be defined, see section 5.6. 184 

 185 

5 Data analysis strategy 186 

5.1 Principle of data analysis 187 

In the following subsections, we describe the different steps to reconstruct the neutron energies 188 

from the detected nuclear recoils, event by event. The first prerequisite is the energy calibration of the 189 

Flash-ADC. Then, we define some observables to identify 4He recoils from other nuclear recoil species 190 

and gamma rays. The selection of the nuclear recoils related to the neutron energy reconstruction, 191 

starts discriminating all the tracks that are not completely contained within the drift chamber, then with 192 

the selection of those 4He recoils along with the attribution of their 3D direction, and finally with the 193 

discrimination of the recoils resulting from the interaction of scattered neutrons not coming directly 194 

from the neutron emitter.    195 

 196 

5.2 Energy calibration 197 

The charge profile is measured through a charge preamplifier connected to the mesh and sent to a 198 

Flash-ADC (on the electronic board) that digitizes the signal on 4096 channels. The Flash-ADC 199 

energy calibration is done through a natural boron coating fixed on the cathode and by means of the 200 

following capture reaction of thermal neutrons by the 10B isotope:  201 

 202 

� + ��
�� → ���

� + ���
� +       �94 %
 203 

 204 

� + ��
�� → ���

� + ���
�    �6 %
 205 

 206 

The boron coating consists in an IBS (Ion Beam Sputtering) deposit of 500 nm of natB4C on an 207 

aluminum sheet (see picture in Figure 5). The 10B isotope represents 20% of the natural boron. The 208 

coating has a specific shape in order to check the spatial resolution of the boron projection picture on 209 

the anode. 210 
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The energies deposited in ionization by the 4He and 7Li particles are measured on the Flash-ADC, 211 

and their tracks are imaged on the pixelated anode. 212 

Figure 5 shows the anode projection of the detector exposed to a 3 MeV neutron field crossing 5 213 

cm of high density polyethylene. The projection on the anode of the first point of all the tracks directed 214 

towards the anode, highlights the boron coating, due to neutron capture, that become predominant 215 

with respect to the total elastic scattering on the gas nuclei, at low energies. The presence on this 216 

picture of the specific shape of the boron corner proves the uniformity of the electrical field lines in the 217 

field cage and gives an estimation of the spatial resolution. 218 

 219 

 220 

 221 

Figure 5 : on the left, picture of the B4C coating used for energy calibration and spatial resolution measurements ; on the right, 222 

projection on the pixelated anode of the first point of all the tracks, that highlights the boron shaped coating, in a neutron beam 223 

of 3 MeV moderated through 5 cm of HDPE. 224 

See online version for colors 225 
 226 
 227 

A selection of all the tracks whose interaction points are located on the boron coating projection, 228 

leads to the Flash-ADC spectrum of the particles issued from neutron capture on 10B presented in 229 

Figure 6. In order to convert the ADC channels in energy units (keV), this measured spectrum is 230 

compared to a first order polynomial calibration equation minimizing the difference between the 231 

resulting measured spectrum and the ionization energy spectrum calculated with Geant4, shown in 232 

Figure 7. This minimizing process gives the two linear calibration parameters. 233 

The peak issued from the alpha particle emitted in the case of a branching ratio of 6 % constitutes 234 

a checkpoint of the calibration equation. 235 
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 236 

Figure 6 : Measured ionization energy spectrum of the 4He and 7Li particles resulting from neutron capture on the boron coating, 237 

in a neutron beam of 3 MeV moderated through 5 cm of HDPE. This spectrum is the raw data from the Flash-ADC. 238 

 239 

Figure 7 : Simulated ionization energy spectrum of the 4He and 7Li particles resulting from neutron capture on the boron coating, 240 

taking into account the coating thickness, and the Geant4 ionization quenching factor. 241 

 242 

The Geant4 simulation embeds an ionization quenching factor, which is defined as the amount of 243 

ionization energy deposited by the particle, compared to its kinetic energy ([ref. 11], and [ref. 12]). In 244 

the energy ranges considered above, the mean ionization quenching factor considered by the Geant4 245 

simulation is 97,5 % for 7Li, and 98,8 % for 4He. We have recently conducted measurements of the 246 

ionization quenching factors of 4He and protons in the gas mixture proposed. More details on these 247 

measurements and on the energy calibration method will be given in a future paper dedicated to 248 

uncertainties analysis. 249 
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5.3 Discrimination of species and physical process 250 

Elastic scattering can occur on all the gas nuclei constituting the gas chamber, so recoils of 4He, 251 

12C and 16O are detected. Besides, fast neutrons can interact with all the structures being part of the 252 

detector, mostly composed of aluminum, Kapton, PMMA and copper. The first step will be to list all 253 

these possible interactions with the detector structure. The second step will be to describe a way to 254 

discriminate the 4He recoils from all the other species. 255 

 256 

5.3.1 Interactions on the detector structure 257 

5.3.1.1 Fast neutrons on aluminum 258 

Aluminum is the material of the ionization chamber. On 27Al, fast neutrons can produce (n,p) and 259 

(n,α) reactions, respectively above 1.8 MeV and 3.1 MeV. For neutrons of 15 MeV, the cross-sections 260 

of these reactions are roughly 0.06 barn and 0.1 barn respectively, and protons are emitted with an 261 

energy up to 12.7 MeV, while alphas with an energy up to 10.2 MeV can be produced. These alpha 262 

particles are all absorbed by the materials crossed before reaching the gaseous active volume 263 

(cathode and field cage), whereas protons passing through releasing a residual energy can be 264 

detected in the active volume.  265 

 266 

5.3.1.2 Fast neutrons on Kapton and PMMA 267 

Kapton and PMMA are components of the field cage that define the drift field and the active 268 

gaseous volume. 269 

On Kapton and PMMA, fast neutrons can interact through elastic scattering with hydrogen, or 270 

through inelastic (n,p) and (n,α) reactions. 271 

Elastic scattering on hydrogen has a cross section of 0.6 barn for neutrons of 15 MeV. 272 

 273 

(n,p) reactions mainly occur on 16O and 14N for neutron energies above 9.6 MeV and 0.6 MeV 274 

respectively. For neutrons of 15 MeV, cross sections of such reactions are roughly of 0.04 barn, and 275 

protons are emitted with energies up to 5.08 MeV and 13.4 MeV. Then, proton recoils or protons 276 

issued from nuclear reactions can be detected in the gaseous active volume. 277 

 278 
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(n, α) reactions mainly occur on 12C, 16O and 14N, for neutron energies above 5.7 MeV, 2.2 MeV 279 

and 0.2 MeV respectively. For neutrons of 15 MeV, cross sections of such reactions are respectively 280 

of 0.05 barn, 0.14 barn and 0.08 barn, and alpha particles are released with energies up to 6.4 MeV, 281 

9.8 MeV and 10.9 MeV. These alpha particles issued from nuclear reactions can be detected in the 282 

gaseous active volume.  283 

 284 

All these particles leave some energy in the Kapton or the PMMA itself, before being released in 285 

the gaseous active volume. The specificity of all these particles is that they are emitted on the edges 286 

of the active volume, and as such, they can be discriminated by analysis of their projected track on the 287 

pixelated anode. 288 

 289 

5.3.1.3 Fast neutrons on copper 290 

Copper is the cathode material as well as a component of the field cage. 291 

On 63Cu (69 % of natural copper), fast neutrons can produce inelastic (n,p) and (n,α) reactions, 292 

above 0.7 MeV and 1.7 MeV respectively. For neutrons of 15 MeV, the cross-sections of these 293 

reactions are 0.06 barn and 0.04 barn respectively, and protons are emitted with an energy up to 14 294 

MeV, while alphas with an energy up to 12.5 MeV. All these particles can release their energy partially 295 

or totally in the active volume. 296 

 297 

  298 
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5.3.1.4 Summary of the main interactions with the detector structures, for neutrons of 15 MeV 299 

The table hereafter is a summary of the main interactions when the chamber is placed in a neutron 300 

field of 15 MeV. 301 

Interaction process Material Cross-section Max energy of the product 

(n,p) Aluminium 0.06 barn 12.7 MeV 

1H(n,el) Kapton, PMMA 0.6 barns 15 MeV 

(n,p) Kapton, PMMA 0.04 barn 
5.08 MeV 

13.4 MeV 

(n,α) Kapton, PMMA 

0.05 barn 

0.14 barn 

0.08 barn 

6.4 MeV 

9.8 MeV 

10.9 MeV 

(n,p) Cuivre 0.06 barn 14 MeV 

(n,α) Cuivre 0.04 barn 12.5 MeV 

 302 

The major contributors come from the reaction 1H(n,el) on Kapton and PMMA. 303 

 304 

5.3.2 Track length as a function of ionization energy 305 

 306 

In our approach to calculate the neutron energies, we consider the 4He recoils only. So all the other 307 

recoil species and the contributions of nuclear reactions have to be discriminated. In order to explore 308 

the discrimination of the different species, giving the electronic synchronization of the pixelated anode 309 

with the grid, we can plot each event track length as a function of its energy released in ionization in 310 

the gaseous active volume. We performed both simulations and measurements of these distributions, 311 

as shown in the next paragraphs. 312 

 313 

  314 
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5.3.2.1 Geant4 Simulations 315 

 316 

The two-dimensional graph (track length as a function of ionization energy) gives the possibility to 317 

discriminate the different physical process, as can be assessed by the result of Geant4 simulations of 318 

Mimac-FastN in a mono-energetic neutron field of 15 MeV, as shown in Figure 8 and Figure 10. 319 

 320 

Figure 8 : Simulation of the track lengths as a function of ionization energy, with Mimac-FastN modeled with Geant4, in a 321 

configuration parallel to the mean neutron emission, with neutrons of 15 MeV. 322 

See online version for colors 323 
 324 
 325 

On this two-dimensional plot resulting from simulation, different structures emerge that are 326 

assigned as follows: 327 

Branch A : protons issued from Kapton, PMMA, aluminum and copper, that do not release all their 328 

energy in the active volume, because their track lengths are much longer than the distance between 329 

the interaction point and the field cage. This branch is broad because the length related to the energy 330 

released depends on the initial energy of the proton and the Bragg peak position. 331 

Branch B : protons issued from Kapton and PMMA, releasing all their energy inside the active 332 

volume. 333 

Branch C : 4He recoils with a kinetic energy of more than 7 MeV that are scattered in a head-on 334 

collision along the longitudinal chamber axis (perpendicular to the pixelated anode), that release little 335 

energy in the gaseous volume with long path length, since the stopping power is small at the 336 

beginning of the recoil travel inside the gas (the Bragg peak is at the end of the track). See Figure 9 337 

for a focus on these 4He recoils. 338 
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 339 

Figure 9 : Focus on the simulation of the track lengths of 4He recoils as a function of ionization energy, in a configuration parallel 340 

to the mean beam emission, with neutrons of 15 MeV. 341 

 342 

Structure D : 4He recoils of low energy that release part of their energy in the active volume before 343 

going outside. 344 

Branch E : 4He recoils that release all their energy in the active volume. The dispersion on this 345 

branch thickness depends on the proportion of 4He recoils releasing little amounts of energy outside of 346 

the active volume.  347 

Branch F : 12C and 16O recoils that release all their energy in the active volume. 348 

 349 

Given the good separation of all these branches characterizing different physical process and 350 

nuclear recoil masses, we can easily select the branch E (4He recoils) that is the main branch of 351 

interest for neutron energy measurements discriminating all the other ones. Only the 3D track 352 

reconstruction associated with the measurement of its energy released in ionization gives the 353 

possibility to discriminate them. 354 

 355 

The two-dimensional plot of Figure 10 in the perpendicular configuration shows that the structure 356 

with multiple branches associated with different physical process is similar to the one obtained in the 357 

parallel configuration. The main difference concerns the branch C that is not observed in the 358 

perpendicular configuration: the 4He recoils scattered with a small angle go outside of the active 359 
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kinetic energies 

above 10 MeV 
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volume in parallel to the anode, and are then discriminated. In the parallel configuration, the track 360 

lengths are longer, which is consistent with the size of the field cage (10.8 x 10.8 x 25 cm). 361 

 362 

Figure 10 : Simulation of the track lengths as a function of ionization energy, with Mimac-FastN modeled with Geant4, in a 363 

configuration perpendicular to the mean beam emission, with neutrons of 15 MeV. 364 

See online version for colors 365 
 366 

 367 

Simulations show that by means of 3D tracks synchronized with the ionization energy measurement, 368 

the neutron spectrometer Mimac-FastN presents an excellent ability to identify and discriminate 369 

different nuclear recoil species even those that do not remain fully contained inside the ionization 370 

active volume. 371 

 372 

5.3.2.2 Measurements with 15 MeV neutrons 373 

 374 

Measurements have been performed with Mimac-FastN at the GENESIS facility [ref.13] with the 375 

reaction T(d(220 keV), n), that results in the production of neutrons of 15 MeV at 0°. The set-up of the 376 

experiment is described in § 6 and 7.  377 

Figure 11 shows the measured track lengths as a function of ionization energy for all the events 378 

detected. We observe on this plot the same structure as the one obtained by simulation, which allows 379 

the attribution of the measured branches to the physical process and species. The main 4He recoil 380 

branch is easily differentiable (branch E).  381 
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We have performed a measurement in the same conditions, with the chamber rotated of 90°, and 382 

so placed perpendicularly to the mean beam direction. Figure 12 shows the measured track lengths as 383 

a function of ionization energy in this second configuration. 384 

 385 

Figure 11 : Measured track lengths as a function of energy, in a configuration parallel to a neutron beam of 15 MeV produced by 386 

the reaction T(d(220 keV),n) at GENESIS facility. 387 

See online version for colors 388 
 389 

 390 

Figure 12 : Measured track lengths as a function of energy, in a configuration perpendicular to a neutron beam of 15 MeV 391 

produced by the reaction T(d(220 keV),n) on GENESIS, for tracks directed toward the anode or the cathode. 392 

See online version for colors 393 
 394 

 395 

These two plots corresponding to parallel and perpendicular configurations respectively to the 396 

neutron beam, show the same branch structure. Hence, all the structures highlighted by the simulated 397 
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plots are confirmed by measurements, which prove a good track reconstruction whatever the 398 

orientation of the detector with respect to the mean beam axis.  399 

The measured events showed on branch A attributed as the energetic protons going outside the 400 

active volume have a particularity compared to 4He recoils tracks on branch E: the tracks on the 401 

pixelated anode present many holes, whereas 4He tracks do not show this type of feature, as seen in 402 

Figure 13 for protons and Figure 14 for 4He, showing dense and clear tracks, meaning tracks with a 403 

low number of holes by time-slice. These holes are due to the low ionization energy deposited per 404 

time-slice (on average, 1.5 keV/25 ns (time-slice) for a proton of 400 keV) that is not enough to trigger 405 

all the strips of pixels that have a threshold defined individually as a function of their intrinsic noise. For 406 

comparison, a 4He of 400 keV deposits 8.5 keV/25 ns (time-slice) on average. 407 

 408 

Figure 13 : A 400 keV proton recoil track issued from an elastic scattering with a neutron of 15 MeV produced by the reaction 409 

T(d(220 keV),n) on GENESIS. 410 

See online version for colors 411 
 412 
 413 

 414 

Figure 14 : A 400 keV 4He recoil track issued from an elastic scattering with a neutron of 15 MeV produced by the reaction 415 

T(d(220 keV),n) at the GENESIS facility. 416 

See online version for colors 417 
 418 
 419 
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5.3.3 Gamma ray – neutron discrimination 421 

 422 

Compton electrons resulting from the interaction of few MeV gamma rays with the detector 423 

structures lose 70 keV at most in the Mimac-FastN gaseous active volume, as attested by a simulation 424 

with Geant4 (see Figure 15). 425 

 426 

Figure 15 : Simulation with Geant4 of the track lengths of electrons as a function of their ionization energy deposited in the 427 

active volume, resulting from the interaction of 100 keV to 15 MeV gamma rays with Mimac-FastN structures. 428 

 429 

The minimum ionization energy that can be detected is determined by the noise level on the grid of 430 

the micro-pattern detector. This lowest ionization energy threshold is 25 keV with the usual Mimac-431 

FastN set-up. So referring to simulation, above 25 keV, we only have a residual of 0.3 % of electrons. 432 

The energy loss per time-slice of these electrons is so low (0.06 keV/time-slice on average) that 433 

measurements lead to a similar phenomenon as the one observed for protons : the energy released 434 

per unit length by these electrons is not enough to trigger the strips of pixels, and so these events do 435 

not leave dense and clear tracks in the active volume, showing only sparse clusters of fired pixels, 436 

being easily discriminated. However, the energy of all these events is measured on the grid of the 437 

micro-pattern detector, as it can be see in Figure 16 showing a Flash-ADC profile, which has a typical 438 

structure of charge clusters, compared to the energy profile of a nuclear recoil showing only one well 439 

defined cluster (Figure 17). 440 

 441 

 442 

 443 

 444 
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 445 

Figure 16 : A 53 keV electron ionization energy release profile measure, resulting from the interaction of a secondary gamma-446 

ray, produced with Mimac-FastN in a field with the reaction T(d(220 keV),n) on GENESIS. 447 

 448 

Figure 17 : A 50 keV 4He recoil ionization energy release profile measurement, with its 3D track, resulting from an elastic 449 

scattering with a neutron produced by the reaction T(d(220 keV),n) at the GENESIS facility. 450 

See online version for colors 451 
 452 

 453 

A selection of the events leaving clear and dense tracks in the gaseous active volume represents an 454 

excellent discrimination of the events coming from the nuclear recoils produced by elastic scattering 455 

with fast neutrons with respect to those resulting from electrons produced by gamma rays interactions 456 

[ref.16]. 457 
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5.4 Selection of tracks contained in the gaseous active volume 458 

 459 

As shown previously by Geant4 simulations (cf. § 5.3.2.1), some nuclear recoil tracks go outside of 460 

the gaseous active volume, or enter to this volume when mainly produced on the chamber or field 461 

cage walls. All these tracks projected on the anode have the specificity to hit the edges of the 462 

pixelated anode, which creates an over-density of events on the volume periphery (see Figure 18). 463 

These events can be rejected in setting a condition on the coordinates of the first step of the track, in 464 

order to discriminate the anode periphery. 465 

 466 

Figure 18 : First step projection on the anode of nuclear recoils’ tracks, resulting from elastic scattering with neutrons produced 467 

by the reaction T(d(220 keV),n) on GENESIS. 468 

See online version for colors 469 
 470 
 471 

5.5 Selection of 4He recoils 472 

 473 

The 4He branch (E) has to be selected to reject protons, 12C and 16O. Besides, we have to reject 474 

4He that go outside of the active volume along the chamber longitudinal axis, since they are not 475 

reliable for the neutron spectrum calculation, because of their incomplete track and energy released in 476 

the active volume. 477 

All these discriminations are based on the analysis of the energy released in ionization normalized 478 

to the recoil track length as a function of ionization energy, as shown in Figure 19.  479 
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 480 

Figure 19 : Mimac-FastN data in the perpendicular configuration showing the ionization energy normalized by the track length 481 

as a function of ionization energy, for nuclear recoils resulting from elastic scattering with neutrons produced by the reaction 482 

T(d(220 keV),n) at GENESIS facility. This plot was drawn after discrimination of tracks going outside of the active volume 483 

through its lateral limits and rejection of tracks with holes (with more than 1% of empty timeslices). 484 

See online version for colors 485 
 486 

 487 

Compared to Figure 12, branch A does not appear on this plot, since its related proton tracks go 488 

outside of the volume and have characteristics of pixel density leading to their discrimination. Structure 489 

D consists of 4He recoils that go outside of the volume along the chamber longitudinal axis. Branch F 490 

is the branch merging 12C and 16O recoils. A new branch emerges from the enhancement due to the 491 

normalization with the track length, branch G, that consists of CO recoils, that have track lengths of 492 

roughly 5 mm for released ionization energy of 250 keV. The Figure 20 shows such a track of CO 493 

recoil. These CO molecules may have for origin a dissociation of the CO2 molecules by the ionizing 494 

radiation inside the chamber during the measurements. 495 

 496 

 497 

Figure 20 : A 250 keV CO recoil track resulting from an elastic scattering with a neutron produced by the reaction T(d(220 498 

keV),n) at GENESIS. 499 

See online version for colors 500 
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Some of these molecular recoils are splited along their path. 501 

 502 

 503 

Figure 21 : A splited CO molecular recoil track  504 

See online version for colors 505 
 506 
 507 

Second order polynomial fits of the main 4He recoil branch (branch E) are done down to the Flash-508 

ADC energy threshold, to keep only recoils useful to neutron spectrum reconstruction. The proportion 509 

of remaining carbon and oxygen nuclear recoils will be estimated in our future paper dedicated to the 510 

uncertainties and energy resolution study. 511 

 512 

5.6 4He recoil track direction determination 513 

Having a time sampling of 25 ns, Mimac-FastN gives access to a high-resolution profile of the charges 514 

deposited in ionization for each event. Figure 22 shows an example of such a charge profile lasting 515 

300 timeslices, each bin width (timeslice) representing 25 ns. 516 

 517 

Figure 22 : Charge profile integration on the grid of an 4He recoil, resulting from an elastic scattering with a neutron of 15 MeV. 518 

This profile is composed of 300 time samples of 25 ns collected in the time range of 7.5 μs. 519 
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This charge profile can be analyzed event by event to detect any specificity in the amount of 521 

charges deposited as a function of time. The amount of charges expected per time sample will be 522 

higher under the Bragg peak. At energies lower than1 MeV for 4He, the Bragg peak is roughly located 523 

in the first half of the track, producing more charges in one half of the charge profile compared to the 524 

other one. In such a way, a symmetry analysis of the charge profile with respect to its middle point, 525 

can be performed as illustrated in Figure 23, to find the Bragg peak location for which the maximum 526 

number of primary electrons have been produced. 527 

 528 

Figure 23 : Definition of risetimes 1 and 2 on the charge profile of an 4He recoil. 529 

See online version for colors 530 
 531 

 532 

The comparison of risetime1 versus risetime2 measurements constitutes an observable to define 533 

the track direction. The Figure 24 shows a plot of risetime2 as a function of risetime1 for 4He recoils 534 

resulting from elastic scattering with neutrons of 3 MeV, in a perpendicular configuration of the beam. 535 

This plot reveals two distinct branches that are assigned to each track direction. 536 

 537 

Figure 24 : Comparison of risetime1 and risetime2 measurements for 4He recoils resulting from elastic scattering with neutrons of 538 

3 MeV, in a perpendicular configuration with respect to the beam. 539 

See online version for colors 540 
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The Figure 25 shows the first and last pixels of the tracks projected on the pixelated anode, for the 541 

selection of the lower branch of the plot of risetime2 as a function of risetime1, assigned to the tracks 542 

directed towards the anode. The Figure 26 shows the same plots for the selection of the upper branch, 543 

assigned to the tracks directed towards the cathode. For all these plots, scattering angles below 40° 544 

have been selected highlighting the forward scattering. 545 

 546 

 547 

Figure 25 : Position of the first and last point of the 4He recoil tracks, projected on the pixelated anode, for the tracks directed 548 

towards the anode. 549 

 550 

 551 

Figure 26 : Position of the first and last point of the 4He recoil tracks, projected on the pixelated anode, for the tracks directed 552 

towards the cathode. 553 

 554 

Figure 25 and Figure 26 show the coordinates of the extremity points of the 4He recoil tracks being 555 

consistent with the position of the neutron emitter and the forward scattering of the nuclear recoil, 556 

whether the recoil is directed towards the cathode or the anode. For the selection of the events 557 

directed towards the cathode, the interaction point (first point of the track) is the first time-slice read on 558 

Neutron 
emitter 

Neutron 

emitter 



 26

the anode, whereas for events directed towards the anode, the first time-slice read on the anode 559 

corresponds to the last point of the nuclear recoil track.  560 

The measured ionization energy loss per time-slice can be related to the measured nuclear recoil 561 

path length per time-slice, through the synchronization of the readouts on the grid and on the pixelated 562 

anode. That means that the Bragg peak location can be found for each event with a precision of a 563 

time-slice. 564 

The temporal position of the Bragg peak is plotted in Figure 27 for tracks directed towards the 565 

anode, and towards the cathode. This plot represents, for each event, the time-slice for which the 566 

Bragg peak is located, normalized to the charge collection duration, as read on the anode. 567 

For the tracks directed towards the cathode, the Bragg peak is located at 40 % of the time 568 

development of the track on average. For the tracks directed towards the anode, it is located at 60 % 569 

on average in the reading direction on the anode, so at 40 % from the track interaction point.  570 

 571 

Figure 27 : Position of the Bragg peak for 4He recoils resulting from elastic scattering with neutrons of 3 MeV issued from 572 

D(d(220 keV),n) on GENESIS, for tracks directed towards the anode or the cathode. 573 

See online version for colors 574 
 575 

 576 

A dedicated paper on these head-tail MIMAC measurements on nuclear recoil tracks is in 577 

preparation. 578 

 579 
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6 Experimental results from D(d(220)keV,n) reaction 580 

Spectrometry of the neutrons produced by the reaction D(d(220 keV,n) has been performed at the 581 

GENESIS facility [ref.13], with Mimac-FastN placed at 0o degree with respect to the deuteron beam 582 

axis. In this configuration, the D(d(220 keV,n) nuclear reaction produces neutrons of 3.1 MeV.  583 

The target is a solid target, composed of titanium loaded with deuterium, and evaporated on a 3 584 

mm thick copper backing [ref.17]. The measurement has been done in one hour, with a deuteron 585 

current of 100 μA, in the configuration with the longitudinal axis of the detector perpendicular to the 586 

beam axis. The detector was positioned at 1 meter from the target. In this directional measurement, 587 

we consider the target location as the neutron source position. The spectrometer Mimac-FastN was 588 

filled with a gas mixture of 95 % of 4He and 5 % of CO2 at 700 mbar.  589 

All the discrimination principles presented previously in the paragraph entitled “Data analysis strategy” have been applied to the 590 

data. Besides, fast neutrons can be scattered on the concrete walls of the bunker. The degrees of freedom brought by the 3D 591 

geometry have been explored to discriminate part of these scattered neutrons on the walls of the facility. The resulting neutron 592 

spectrum is normalized to the acquisition integrated time corrected from the dead time, and to the detection efficiency calculated 593 

by simulation with Geant4, which embeds the elastic scattering cross section (see  594 

Figure 28).  595 

 596 
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 605 

 606 

 607 

Figure 28 : 608 detection efficiency 

curve calculated 609 by simulation with 

Geant4 610 
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The final neutron energy spectrum is plotted in Figure 29. 612 

 613 

Figure 29 : Measured neutron spectrum with the reaction D(d(220 keV),n) at GENESIS, with a binning of 120 keV/bin. 614 

 615 

The measured neutron spectrum reveals a polyenergetic spectrum with 4 structures. This is 616 

explained by the target composition and the interaction of deuterons with all the components of the 617 

target. 618 

The peak A is centered around 3.1 MeV, that is the mean energy expected of neutrons at 0o 619 

resulting from the reaction D(d(220 keV,n). The shoulder B is produced by neutrons resulting from 620 

63Cu(d,n)64Zn and 65Cu(d,n)66Zn with energies between 5.5 MeV and 6.8 MeV, and from 48Ti(d,n)49V 621 

with energies around 4.5 MeV. The shoulder C results from 64Zn(d,n)65Ga with energies around 1.8 622 

MeV. The structure D is a contribution of the residual scattered neutrons on the walls of the 623 

accelerator bunker.  624 

 625 

These measurements reveal that cross sections of low energy deuterons on copper and zinc are 626 

not negligible, despite the lack of data reported in the literature on this subject. This measured neutron 627 

spectrum is associated to the measured angular distribution of 4He recoils related to the incident 628 

neutron direction. This measured angular distribution is presented in Figure 30 and shows the same 629 

feature as the simulated distribution given by Geant4 in Figure 3, namely, a higher probability of 630 

elastic scattering between 50° and 75°, which confirms the Geant4 simulation features. 631 
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 633 

Figure 30 : Angular distribution of 4He recoils resulting from elastic scattering with neutrons, from the reaction D(d(220 keV),n) at 634 

GENESIS. 635 

 636 

7 Experimental results from T(d(220)keV,n) reaction 637 

At the same facility and with the same experimental set-up, spectrometry of the neutrons produced 638 

by the reaction T(d(220 keV,n) has been performed. At 0o degrees with respect to the deuteron beam 639 

axis, the T(d(220 keV,n) nuclear reaction produces neutrons of 15.1 MeV.  640 

The target has the same structure as the one described previously with the deuterium loading 641 

replaced by a tritium loading.  642 

The measurement has been done in 1 hour, with a deuteron current of 5 μA. The neutron 643 

spectrometer longitudinal axis is perpendicular to the beam axis. It was located at 1.7 meters from the 644 

target, and the gas mixture was the same as the one used for the reaction D(d(220 keV,n) experiment. 645 

Figure 2 shows a picture of the experimental set-up. 646 

 647 

The Figure 31 shows the reconstructed neutron spectrum. 648 
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 649 

Figure 31 : Measured neutron spectrum with the reaction T(d(220 keV),n) at GENESIS, with a binning of 320 keV/bin. 650 

 651 

As in the precedent experiment, a polyenergetic spectrum is observed. 652 

The peak A is the expected production of neutrons of 15.1 MeV resulting from the reaction T(d(220 653 

keV,n). The peak B is populated by neutrons resulting from 63Cu(d,n)64Zn, 65Cu(d,n)66Zn and 654 

48Ti(d,n)49V. The peak C results from D(d,n) reactions following the implantation of part of the incident 655 

deuterons into the target backing. The peak D is a contribution of the residual scattered neutrons on 656 

the walls of the accelerator bunker.  657 

 658 

This neutron spectrum is associated to the angular distribution of 4He recoils related to the incident 659 

neutron direction. This angular distribution is presented in Figure 32, and shows the same feature as 660 

the simulated distribution given by Geant4 in Figure 3, namely, a higher probability of emission of the 661 

4He recoil around 70°.  662 

 663 
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 664 

Figure 32 : Angular distribution of 4He recoils resulting from elastic scattering with neutrons, from the reaction T(d(220 keV),n) at 665 

GENESIS. 666 

 667 

As estimated by Geant4 simulations shown in Figure 3, the measurements confirm that the higher 668 

the neutron energy is, the higher the probability that the 4He recoil will be scattered at an angle greater 669 

than 45o with respect to the incident neutron direction. 670 

 671 

8 Discussion on additional work to achieve neutron spectroscopy 672 

In the previous paragraphs, we have presented neutron spectra of mono-energetic neutron fields, to 673 

demonstrate the discrimination capabilities and the method performance for describing structures in 674 

the neutron spectra in a large energy range, with the gas mixture proposed. In a future work, we will 675 

focus on a more quantitative study on uncertainties estimation of the neutron energy reconstruction, 676 

and on the neutron fluence by comparison with a reference detector, as it was started in the frame of 677 

two PhD thesis in collaboration with the LMDN (IRSN) laboratory thesis [ref.6 and 7]. 678 

 679 

9 Conclusion 680 

In the present paper, we have described the ability of Mimac-FastN to measure mono-energetic 681 

neutron spectra at 3 MeV and 15 MeV. Using the same gas mixture, with a threshold on the neutron 682 

energy as low as 200 keV, this directional fast neutron spectrometer gives a complete polyenergetic 683 

neutron spectrum exploring the material and eventual pollutions of the target or neutron sources.  684 
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This ability to provide polyenergetic neutron spectrum has already been applied to characterize the 685 

angular distribution of fast neutrons produced in a nuclear reaction proposed for a radiotherapy called 686 

Accelerator-Based Boron Neutron Capture Therapy (AB-BNCT) [ref.18].  687 

With its high spatial resolution 3D track reconstruction associated with its large adjustable 688 

measuring range, Mimac-FastN is a versatile instrument that opens new fields for directional neutron 689 

spectrometry, for applications such as nuclear matter characterization, detection of target pollution, 690 

nuclear cross section measurements or monitoring the neutron production for radioprotection 691 

purposes. As the measurement is directional, the neutron source position has to be known, or 692 

previously found with a rough estimate of its nature using a reverse algorithm. 693 

Besides this study, preliminary measurements performed at CERF (CERN) [ref.19] with this 694 

instrument have recently shown a good potential for spectrometry at neutron energies as high as 200 695 

MeV, a range covering atmospheric neutron production assuming that the neutron directions were 696 

parallel to the anode plane, as well as for high energy neutron monitoring. 697 
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