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Experimental characterization of a fast, pixelated CMOS sensor and design of a Recoil-Proton Telescope for neutron spectrometry
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ing [START_REF] Roberts | On Use of Multi-Chambered Fission Detectors for In-Core, Neutron Spectroscopy[END_REF] and Special Nuclear Materials (SNM) control [START_REF] Gozani | Neutron Slowind Down Time Based Inspection Method[END_REF], to medical science with an increasing concern about secondary neutron dose in radio- [START_REF] Arbor | Micro-scale characterization of a CMOS-based neutron detector for in-phantom measurements in radiation therapy[END_REF] and hadrontherapy [START_REF] Islam | Measurement and simulation of secondary neutrons from uniform scanning proton beams in proton therapy[END_REF]. Various techniques are currently used to measure neutron energy. Time Of Flight (TOF) measurement [START_REF] Cognet | Development of a measurement reference standard for neutron energies between 1 MeV and 20 MeV using time of flight method at the AMANDE facility[END_REF] allows determining neutron spectrum with high rate and good resolution but requires a pulsed neutron source and a large distance between the source and the detector for high energy neutrons.

Neutron moderation systems, such as Bonner Spheres Spectrometers (BSS) [START_REF] Burgett | A broad spectrum neutron spectrometer utilizing a high energy Bonner sphere extension[END_REF], allow measuring neutron spectrum over a large energy range with high precision. Although BSS is generally cumbersome, several compact prototypes have been developed recently [START_REF] Bedogni | First test of SP 2 : A novel active spectrometer condensing the functionality of Bonner spheres in a single moderator[END_REF] [START_REF] Dubeau | A Neutron Spectrometer Using Nested Moderators[END_REF]. However, the reconstruction of the neutron spectrum still cannot be performed on-line because of the complexity of the deconvolution procedure. Neutrons capture allows measuring neutron over a large energy range with compact devices [START_REF] Du | Measurement of the fast neutron background at the China Jinping Underground Laboratory[END_REF] but is limited to low-rate measurement.

While limiting the energy range, recoil proton techniques allow the conception of compact real-time high-rate high-resolution neutron spectrometers useful for various applications. Various detection systems can be built based on recoil protons. A first class of such systems are Time Projection Chamber (TPC).

TPC are devices that measure the recoil proton trajectory by reconstructing its ionization trace inside the volume of the chamber. The electrons created inside the chamber are transported by an intense electric field to a discretized electrode allowing to reconstruct a 3D trajectory of the recoil proton. The measurement of the proton energy requiring it to be stopped in the chamber, they cannot provide a good resolution for high energy neutrons. We can for example cite the µ-TPC device [START_REF] Maire | Dveloppement d'une TPC pour les rfrences en nergie et en fluence des champs neutroniques de basses nergies (de 8 keV 5 MeV)[END_REF], that will also be used at LMDN, that can achieve a 5% resolution only up to 4 MeV or the nTPC project [START_REF] Huang | Performance study of the neutron-TPC[END_REF] of lesser resolution. A second class of recoil protons detectors are E/∆E detectors. Using an unfolding procedure, the energy deposited by the recoil proton in two consecutive detectors is translated into a neutron energy. However, the unfolding procedure tends to worsen the energy resolution. As an example, can be cited the diamond spectrometer of INFN [START_REF] Caiffi | Proton Recoil Telescope Based on Diamond Detectors for the Measurement of Fusion Neutrons[END_REF] which achieve a 700 keV resolution at 12.7 MeV (5.5%). A third class of recoil proton detectors are magnetic spec-trometers, where the recoil protons are spatially separated according to their energy using an intense magnetic field. The magnetic spectrometer of CIAE [START_REF] Zhang | Calibration of a compact magnetic proton recoil neutron spectrometer[END_REF] with a resolution of around 1%, is an example of such detectors. However, this kind of detector can't be used in our case because of their size and the use of an intense magnetic field. Finally, a fourth class of recoil protons detectors are Recoil Proton Telescopes (RPT). This class can be sub-divided in two, depending on the measurement or not of the emission angle of the recoil proton. When the angle is fixed using collimators, the efficiency is drastically decreased. To overcome this limitation, the converter must be thickened, which decreases the resolution. Examples include the HERPT [START_REF] Tanimura | Development of a High-Efficiency Proton Recoil Telescope for D-T Neutron Fluence Measurement[END_REF] which achieve a 1.16 MeV resolution at 14.8 MeV (8%) using a 2 mm thick converter. Opening the emission angle allows to increase the efficiency, with the price of having to measure the angle. The angle is measured by using pixelated detectors, usually silicon detectors or plastic scintillators. However, in the first case, the minimal energy measurable is restricted by the material budget of silicon sensors, and in the second case, the resolution of the device is limited by the ability to reconstruct precisely the emission angle. Examples of such detectors are the INFN RPT [START_REF] Donzella | A proton recoil telescope for neutron spectroscopy[END_REF] which, combining plastic scintillators and SSDs, was able to measure neutron with a resolution better than 5% only for energies higher than 30 MeV, or the PSPRT [START_REF] Miura | Development of position-sensitive proton recoil telescope (PSPRT)[END_REF] which achieve a 5.2% resolution at 14.1 MeV with plastic scintillators. The Institut Pluridisciplinaire Hubert Curien (IPHC, Strasbourg, France) is currently developing a new CMOS pixel Recoil Protons Telescope (RPT). The telescope being devoted to the measurement of the fast neutrons' spectrum of the AMANDE source, the requested features of the CMOS RPT that have been set by the Laboratoire de micro-irradiation, de métrologie et de dosimétrie des neutrons (LMDN, Cadarache, France) are the following : neutron energy between 5 and 20 MeV, compact size, measurable flux higher than 6×10 5 n.cm -2 .s -1 . This paper is the continuation of a previous work [START_REF] Taforeau | Fluence Measurement of Fast Neutron Fields with a Highly Efficient Recoil Proton Telescope Using Active Pixel Sensors[END_REF] where we demonstrated the proof of principle of such a telescope. As the frame rate of the CMOS sensors used for this first version was insufficient to fulfill the required performances, it was mandatory to design a new specific sensor for the final version of this detector.

In the first part of this paper, we recall the characteristics of this sensor and present its experimental characterization, that was performed to gather as precisely as possible the sensor's parameters needed for a realistic simulation of the whole design. The new RPT is currently under construction, and neutron measurements with the complete telescope will be presented later in a separate paper. The second part of this paper present the expected performances provided by the realistic Monte Carlo simulation of the full system.

Materials and Methods

Neutron spectrometry with a Recoil Proton Telescope

To measure the energy of fast neutrons, one can use the elastic diffusion of neutrons which preserves the information of the energy of the neutron while creating a charged particle that can be detected. Elastic scattering can occur on many elements, but highly-hydrogenated materials are generally preferred because of the elastic cross-section around 1 b at 10 MeV and the straightforward reconstruction of the energy thanks to the similarity in mass between proton and neutron.

The relation between the energy of the incident neutron E n , the recoil proton energy E p , and emission angle θ of the proton is given by:

E n = E p cos 2 θ (1) 
This means, by measuring the energy and emission angle of the proton, one can directly obtain the energy of the incoming neutron.

Setup

The components of the Recoil Proton Telescope developed at the IPHC laboratory are described on Figure 1.

a) A thin radiator made of polyethylene ((C 2 H 4 ) n ) is used to convert the neutrons into detectable protons. d) The energy of the proton is reconstructed by a Si(Li) diode of 3 mm thickness, which corresponds to the stopping range of 20 MeV protons.

The FastPixN sensor

The CMOS pixel sensor used for the proton track reconstruction, called FastPixN (Figure 2), has been specially developed for this application. It has been described in detail in [START_REF] Kachel | FastPixN, a new integrated pixel chip for a future fast version of the IRSN -Recoil Proton Telescope[END_REF]. Its main features are a 15 µm thick fully depleted high-resistivity epitaxial layer, 128 × 128 pixels of 50 × 50 µm 2 , for a total size of the sensor of 6.4 × 6.4 mm 2 , and 4 bits column-ADC allowing a read-out speed 

Experimental characterization of the FastPixN sensor

To test the response of the CMOS sensor to protons and evaluate the accuracy of the data reconstruction algorithm, two experiments were performed at the AIFIRA facility (CENBG-Bordeaux France) and Cyrcé facility (IPHC-Strasbourg France).

Experiment at the AIFIRA facility

The AIFIRA facility (Applications Interdisciplinaires de Faisceaux d'Ions en Région Aquitaine) of the Centre d' Études Nucléaires de Bordeaux Gradignan (CENBG) produces light ion beams (H + , D + , He + ) for chemical analysis, characterization and irradiation of materials at various scales, from a millimeter to hundreds of nanometers. The 3.5 MV Singletron-type single-stage electrostatic accelerator of AIFIRA can deliver ion beams with an energy comprised between 800 keV and 3.5 MeV. Using slits, collimators and electromagnetic lenses, the AIFIRA facility can achieve a spatial resolution of 150 nm. For micro-beam analysis, a scanning system allows to cartography an area from a few microns to a millimeter, depending on the energy and the ion.

The setup of the experiment is represented in Figure 3. This irradiation was made under a 10 -6 Pa atmosphere with a 100 nm micro-beam of 100 protons of 3.3 MeV per second. The chip was cooled down to -6 • C by liquid cooling to reduce the electronic noise.

By irradiating the FastPixN with a highly asymmetric pattern (map of France of 343 µm) (Figure 4), the reconstructed 2D signal distribution proved the lack of deformation of the image provided by the sensor. This confirms the good behavior of the acquisition electronic and the accuracy of the data reconstruction algorithm. It must be mentioned that the shift of the first pattern on the top left-hand corner is due to the scanning limit of the AIFIRA vacuum chamber that is not conceived to irradiate uniformly such big samples.

Experiment at the Cyrcé facility

The Cyrcé cyclotron of IPHC Strasbourg is a 24 MeV proton accelerator allowing to produce radio-isotopes for diagnostic and medical imaging.

Lowering the proton flux to currents down to the fA level, we could study the uniformity of the sensor by irradiating the whole sensor at once, with various energies and with proton currents as low as 0.6 fA (allowing to detect each proton separately). The sensor was placed right after a collimator to minimize the air thickness. The setup of the experiment can be seen on Figure 5.

The sensor was irradiated in three different configurations of the beam with a unique ∅11 mm collimation.

1. 20.2 ± 0.2 MeV protons with 1.5 fA 2. 12.0 ± 0.4 MeV protons with 1.5 fA The time-consistency of the beam was checked during the measurement and was found to be constant, as well as the spatial uniformity (σ ≈ 0.7%).

On Figure 6 range and detected charge (ADC value). It is observed that the higher the energy, the higher the variability. Moreover, by projecting first over X/Y then over count/charge, the distribution of the value of count/charge along the X/Y axis is obtained. It is observed that, whereas the overall variability is small in the X direction (columns) (σ ≈ 3% for counts and σ < 4% for ADC value for all energies) (Figure 7), it is much larger in the Y direction (rows) (σ ≤ 25%

for counts and σ ≤ 10% for ADC value for all energies) (Figure 8). Statistical uncertainty is around 2% for each row/column. To compare between measurements of various duration and energy, counts (charge) was normalized by the total counts (charge) of each measurement. The significant variation of the response between columns can be explained by the electronics of the sensor. Each column uses its own amplifier whereas 8 columns are read by the same ADC, whose threshold can be tuned. The individual response of the columns cannot be normalized at the electronics level. However, by calibrating each column during the off-line data analysis, the same overall variability than for rows should be reached. This overall variability of 3-4% is good enough for neutron spectrometry as the FastPixN sensors will not be used to directly reconstruct the energy of the proton, but only as a rough cut comparing the energy deposit between consecutive sensors.

Energy calibration

An energy calibration was performed at the Cyrcé facility with a proton beam of constant energy and a set of attenuators of calibrated thicknesses, resulting in protons with energies in the range [START_REF] Arbor | Micro-scale characterization of a CMOS-based neutron detector for in-phantom measurements in radiation therapy[END_REF]24] MeV. The proton energies and corresponding Al attenuator thicknesses can be found in Table 1. To be able to achieve the calibration, the energy deposited inside the epitaxial layer must be calculated. This was done by simulating the irradiation experiment with Geant4 version 10.01.p01 [20]. The energy deposited inside the epitaxial layer of the CMOS sensor was calculated using Monte Carlo simulations. The sensor was modeled in detail as described in section 4.1. For the cyclotron, the elements that were reconstructed in the simulation were the last stage of the vacuum tube, the corresponding energy degrader for each energy (without the full wheel), the collimator and the sensor.

The combination of the measurement at Cyrcé and the Geant4 simulation output allowed to construct an energy calibration curve (Figure 9), and to estimate an energy resolution of around 35 keV/ADC.

As designed, the FastPixN is capable of properly measuring protons up to 20 MeV, corresponding to a deposited energy of 47 keV. MeV, corresponding to protons in the range [START_REF] Arbor | Micro-scale characterization of a CMOS-based neutron detector for in-phantom measurements in radiation therapy[END_REF][START_REF] Miura | Development of position-sensitive proton recoil telescope (PSPRT)[END_REF] MeV. At lower deposited energy (higher proton energy), non-linear effects appear due to the charge collection inefficiency. The calibration curve demonstrates the good behavior of the sensor, but it must be stressed that the CMOS pixel sensors are mainly for tracking purpose and that a precise calibration is therefore not a prerequisite for the spectrometric performances. However, the energy information will be used to discriminate against various backgrounds.

To reduce the dispersion of the spatial response (see section 3.2), a calibration for E dep > 60 keV was also made independently for each column of the sensor. Figure 10 shows the slope of each calibration curve as a function of the column position (Y). The variability (≈ 16%) of the slopes confirms the need to make a column-by-column calibration of the sensors.

It can also be noticed that the simulation of the energy deposition in the FastPixN allowed to assess that the oxide layer is not 6 µm thick as claimed by the manufacturer but in fact 8 µm. This correction is important because it will also change the total energy deposited in a RPT containing 3 FastPixN sensors, and thus the minimal energy that can be measured by such a device. 

Neutron spectrometry

Monte Carlo simulation of the RPT

The Recoil Protons Telescope is under development at the IPHC laboratory. To optimize the geometry of the detector and estimate its performances, a full simulation of the RPT with Geant4 software (version 10.01.p01) using the physics list QGSP BERT HP, was carried out. The RPT was modeled as follows.

• The radiator was modeled as a cylinder of homogeneous polyethylene of 4.5 mm radius and variable thickness.

• The CMOS sensor was modeled as an oxide layer of pure SiO 2 with 8 µm thickness, an epitaxial layer of 10 13 cm -3 p-doped Si with 10 µm thickness and a bulk of 10 17 cm -3 p-doped Si with 34 µm thickness. An ideal charge collection in the epitaxial layer was considered, which was proved experimentally up to 20 MeV protons. The energetic and spatial resolution of the sensor were implemented by rounding the value to 35 keV and 15 µm respectively (see section 3.3).

• The veto diode was modeled as a 65 µm thick, 4.5 mm radius cylinder of pure Si.

• The diode was represented as a 3 mm thick, 4.5 mm radius cylinder of pure Si. The experimental energy resolution of the diode was implemented.

To evaluate the expected performances of the RPT for neutron spectrometry, mono-energetic spectra of 5, 7, 10 and 14 MeV and the reference ISO AmBe spectrum [21] have been considered in the simulation.

Proton energy resolution

The first step of the optimization of the RPT parameters was the quantification of the effect of the uncertainty sources on the reconstruction of the proton energy. This study allows to later choose which parameters are critical to improve the energy resolution of the spectrometer.

The proton energy is reconstructed by summing the energy deposited in the diodes and the estimated energy lost in the rest of the RPT. This energy loss has been estimated using Monte Carlo simulations for each material constitutive of the RPT (converter, CMOS sensors, air gaps, etc.). To reconstruct the proton initial energy, the mean value of the obtained distributions is used.

The added energies for normal protons can be seen on Figure 11 was σ n = (1.4 ± 0.7)%, which is a very good achievement compared to standard metrological requirements (5%). However, various other effects such as the presence of background events need to be considered to compute a precise neutron energy resolution of the RPT system. A full simulation was therefore performed considering a point-like neutron source at 75 cm irradiating in a cone comprising the full detector. The result of this simulation is presented thereafter.

In the following sections, background is defined as an event producing a hit in each CMOS sensors and in the diode without coming only from a recoil proton produced in the converter. It therefore comprises random coincidences of events, recoil protons or not, as well as true coincidences of particles other than recoil protons produced in the converter, and particles produced outside of the converter.

Expected neutron spectrometry performances

Using a Monte Carlo Geant4 simulation based on the experimental characterization of the CMOS sensors and the optimization of reconstruction cuts in the simulation, the expected performances of a RPT equipped with Fast-PixN pixel sensors can be computed for mono-energetic and continuous neutron spectra.

For mono-energetic neutrons of 5, 7, 10 and 14 MeV, the best resolution would be achieved with a 50 µm thick converter (Figure 12). The expected performances are summarized in Table 2. A loss of resolution beginning at 10 MeV, due to the increasing inelastic cross-section and the decreasing elastic one, is observed. This leads to an increased quantity of events with an ap-parent high negative ∆E/E, corresponding to neutrons reconstructed with an energy far below their true one (low energy inelastic protons considered as elastic protons). There is therefore a decreasing signal-over-noise ratio, leading to a worsening of the resolution. For the reconstruction of an AmBe spectrum ([0, 11] MeV), the best resolution would be also achieved with a 50 µm thick converter. The obtained average energy resolution was (3.54 ± 0.07)%, with an average efficiency of (1.44 ± 0.03) × 10 -5 over a [4.5, 11] MeV neutron energy range. The background level was found to be only (0.9 ± 0.2)%. Thanks to its ultra-fast FastPixN CMOS sensors, the RPT is barely affected by high flux of neutrons. From simulation, no loss in performances was found for a flux of 2.5 × 10 6 n.cm -2 .s -1 , and a loss of only 1% of resolution was found for a flux of 4 × 10 7 n.cm -2 .s -1 (from (3.54 ± 0.07)% to (4.52 ± 0.07)%), with a final background level of only (2.3 ± 0.3)% despite a fortuitous coincidence rate of (33.6 ± 0.07)%.

Conclusion and Prospective

An evaluation of the expected performances of a new CMOS-pixel-based Recoil Proton Telescope neutron spectrometer was performed using a realistic simulation based on the experimental characterization of the sensors. For mono-energetic neutrons from 5 to 14 MeV and an AmBe spectrum, the energy resolution was found to be better than 4%. Thanks to its CMOS sensors, this device should be able to perform measurement up to a neutron flux of 10 9 n.cm -2 .s -1 in the range [4.5, 20] MeV. Its performances, compactness and ability to reconstruct the spectrum in real time make it a very interesting device for various applications comprising the measurement of secondary neutrons in protontherapy [START_REF] Islam | Measurement and simulation of secondary neutrons from uniform scanning proton beams in proton therapy[END_REF] or the identification of SNM through their neutron signature [START_REF] Gozani | Neutron Slowind Down Time Based Inspection Method[END_REF].
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 1 Figure 1: Setup of the Recoil Protons Telescope
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 2 Figure 2: CAD layout of the FastPixN CMOS sensor

  (a) Picture of the FastPixN sensor inside the AIFIRA micro-beam chamber (b) Scheme of the setup
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 34 Figure 3: Setup of the experiment at AIFIRA

  can be seen an example of X-Y counting map for 12 MeV protons. The spatial response of the sensor was found to vary both in counting (a) Picture of the FastPixN sensor in the Cyrcé beam (b) Scheme of the setup
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 56 Figure 5: Setup of the experiment at the Cyrcé facility
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 7 Figure 7: Variability of charge and counting rate along X (columns)
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 8 Figure 8: Variability of charge and counting rate along Y (rows)
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 9 shows a linear relation between ADC signal and deposited energy in the range [0.055, 0.18]
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 9 Figure 9: Calibration curve of the whole FastPixN
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 10 Figure 10: Calibration curve slope for each FastPixN column for E dep > 55 keV. The study was restricted to the center of the Cyrcé beam
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 11 Figure 11: Monte Carlo estimate of the energy loss of normal protons passing through various elements of the RPT as a function of the energy deposit in the diodes (left). Monte Carlo estimate of the initial energy of a normal proton and reconstruction error, as a function of the energy deposit in the diodes (right)
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 12 Figure 12: Reconstruction of 5, 7, 10 and 14 MeV neutron peaks (blue) from a Geant4 simulation of FastPixN RPT. Peaks are fitted with a Gaussian function (red)

Figure 13 :

 13 Figure 13: Simulated RPT raw output with a 50 µm thick converter

Table 1 :

 1 Characteristics of the Cyrcé modulation wheel

	Al (mm)	0 0.147 0.290 0.431 0.568 0.701 0.842 0.990 1.133 1.278
	E p (MeV) 23.71 22.99 22.30	21.6	20.9	20.2	19.5	18.7	17.8	17.0
	Al (mm)	1.424 1.564 1.714 1.862 2.007 2.156 2.296 2.448 2.599 2.761
	E p (MeV)	16.1	15.2	14.2	13.1	12.0	10.8	9.6	8.1	6.4	4.0

Table 2 :

 2 Results for mono-energetic peaks with a 50 µm converter

	Energy	Efficiency Mean energy (MeV) Fitted resolution
	5 MeV	(1.74 ± 0.05) × 10 -5	4.931 ± 0.005	(3.29 ± 0.06)%
	7 MeV	(1.83 ± 0.05) × 10 -5	6.990 ± 0.005	(1.98 ± 0.05)%
	10 MeV	(1.59 ± 0.05) × 10 -5	9.990 ± 0.006	(1.27 ± 0.05)%
	14 MeV	(1.45 ± 0.05) × 10 -5	14.041 ± 0.009	(1.10 ± 0.06)%
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