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ABSTRACT: Magnetic Confinement Fusion aims to provide a virtually limitless, low-carbon energy
source by harnessing nuclear fusion reactions of light nuclei under extreme temperature and pressure
conditions, where matter exists as plasma. Magnetic Reconnection (MR) events are fast transient
phenomena which directly impact plasma stability, energy losses, and overall efficiency of fusion
devices, making their study relevant for the realization of commercial fusion energy. The world’s
largest Reversed-Field Pinch (RFP) fusion device is currently under development in Padova, Italy,
and is called RFX-mod2. In this work, the development of a neutron/gamma diagnostic system for
RFX-mod?2 is presented. The diagnostic system aims primarily at obtaining experimental information
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on ion and electron acceleration to suprathermal energies driven by MR events. However, it could
also be useful for other purposes, such as enabling neutron yield estimation and, in future RFX-mod2
tokamak discharges, the study of runaway electrons.

The main results of neutron and gamma-ray measurements related to MR events, performed in
the past at RFX-mod and the Madison Symmetric Torus (MST), are briefly summarized. Their main
limitations are identified and the requirements for the new neutron/gamma diagnostic are outlined.

The three-dimensional CAD (Computer Aided Design) model of the diagnostic system is presented,
along with the need to develop a detector prototype to obtain experimental data at RFX-mod2 before
assembling and commissioning the complete diagnostic system. An experimental characterization of
the detector prototype is presented, including a neutron/gamma discrimination test.

Keyworps: Neutron detectors (cold, thermal, fast neutrons); Nuclear instruments and methods for hot
plasma diagnostics; Scintillators, scintillation and light emission processes (solid, gas and liquid
scintillators); Spectrometers
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1 Introduction

1.1 RFX-mod2 and magnetic reconnection events

In the context of Magnetic Confinement Fusion (MCF) plasmas, Magnetic Reconnection (MR)
events [1] are impulsive phenomena that involve the breaking and reconnection of magnetic field
lines, leading to a reconfiguration of the magnetic field topology corresponding to a state of lower
magnetic energy. Magnetic energy is converted into kinetic and thermal energy of the plasma, and
is typically observed as acceleration of particles to non-thermal velocities [2] and generation of
waves and turbulence [3, 4]. MR events directly impact plasma stability, energy losses, and overall
efficiency of fusion devices, making their study important for the development of commercial fusion
energy [5, 6]. In Reversed-Field Pinch (RFP) devices [7], such as RFX-mod [8] and MST [9], prominent
manifestations of MR were observed, sometimes involving large-scale magnetic reconnection and
global reorganization of the magnetic field configuration (e.g., from Quasi-Single-Helicity states
towards Multiple-Helicity States [4, 7, 10]). A phenomenological analysis of multiple RFX-mod2
RFP discharges [10] identified abrupt decreases of the reversal parameter F as a recurrent signature
of MR events. In a RFP, the F parameter:
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quantifies the degree of toroidal field (B,) reversal at the plasma edge [7]. In equation (1.1), a is the
plasma minor radius, and the average <B¢,> is computed over the plasma cross-section.

In deuterium plasmas, neutrons are produced through the d(d,n)*He reaction, with a cross-section
that is highly sensitive to the energies of the deuterons involved. Past measurements at MST [11, 12]
indicated that, during MR events, tens of KJ of magnetic energy are released in ~ 100 ps, leading
to the acceleration of ions to suprathermal energies and ultimately to a significant increase in the
neutron emission, measured as an increase in neutron rates at the detectors.

Soft X-ray (SXR) measurements at MST also revealed electron acceleration driven by MR
events, with an energization process that favored particle motion perpendicular to the magnetic field
lines [13, 14]. This was in agreement with ion energization observations at MST, which also suggested
anisotropy favoring a perpendicular heating mechanism [11]. These results suggested that the cause of
energization could be a turbulent mechanism rather then the development of an electric field with
subsequent runaway electrons generation [14].

RFX-mod experiments also shown MR events correlated with ion heating and bursts of neutron
and gamma-ray rates lasting ~ 1ms [15-17].

The upgrade of RFX-mod (RFX-mod2 [18]) is expected to have a first wall made of graphite
tiles with a thickness of 18 mm, a major radius = 2.0 m and minor radius = 0.5 m. The first wall
is expected to be surrounded by a stabilizing Copper shell (3 mm thick), which is enclosed in a
vacuum tight support structure (VTSS). The VTSS is expected to include 150 view ports and to
embed a set of 4 X 48 saddle coils for real-time control of MHD instabilities [18]. Moreover, like
RFX-mod, the device is designed to operate not only as a RFP, but also in tokamak and ultra-low q
configurations [19-21]. Strong emphasis is placed on the expansion of the diagnostic suite [22, 23],
including the development of SXR and neutron/gamma diagnostics to study the acceleration of ions
and electrons to suprathermal energies. The development of the SXR diagnostic based on Gas Electron
Multiplier (SXR-GEM) detectors was already presented in ref. [24], while the development of the
new neutron/gamma diagnostic is presented in this paper.

This paper is organized as follows: section 2 summarizes the main results of past neutron and
gamma measurements performed at RFX-mod and MST and related to MR events. Their main
limitations are identified and it is discussed how the proposed neutron/gamma diagnostic system could
address these gaps. Section 3 identifies the neutron/gamma diagnostic requirements based on past
experimental experience at RFX-mod and MST. Then, it presents the three-dimensional Computer
Aided Design (CAD) model of the diagnostic system and the foreseen photodetectors. Finally, the
need to develop a prototype detector is presented. An experimental characterization of the prototype
detector for neutron measurements, including a neutron/gamma discrimination test, is presented in
section 4. Conclusions are provided in section 5.

2 Past measurements and main gaps

2.1 Neutron/gamma measurements at RFX-mod

During past deuterium discharges at RFX-mod, neutron and gamma count rates were measured and
discriminated using a diagnostic system made of 2 scintillators: an organic NE213 liquid scintillator
(now commercially available as “EJ-301” [25]), and an inorganic Nal(Tl) scintillator [26]. Both
scintillators were coupled to H8500 flat-panel photomultiplier tubes (FP-PMTs) [15-17]. Anodic



signals coming from both detectors were fed into a CAEN DT5751 digitizer (10 bits, 1 GS/s). Digital
pulse processing algorithms were implemented in an FPGA to collect timestamps, perform Pulse
Shape Discrimination (PSD) [26] and to store a voltage waveform for each event. The FP-PMT
bias voltage was set to 850 Volts [17].

Both detectors were placed as close as possible to the machine to maximize the neutron flux.
Specifically, they were placed at the equatorial plane, in front of a CF-250 porthole made of Zinc
Selenide (ZnSe) [16, 17].

Each detector was enclosed in a 4 cm thick polyethylene box, itself surrounded by a metal box
to reduce electromagnetic disturbances at the detector position. High Voltage (HV) and coaxial
signal cables were isolated and shielded using conductive braided shielding and dielectric sleeving
to minimize electromagnetic interference. The digitizer and HV power supply were positioned
1 m from the detector, inside a separate metal box, and connected via optical fibers to a computer
located in an adjacent room [17].

A detailed description of the experimental setup can be found in ref. [17].

The standard PSD method based on pulse integration over a short and long gate! was used to
discriminate neutron pulses from gamma pulses.

In 2014, neutron and gamma count rates were measured in 1185 shots of REX-mod over 7 months
of experimental campaign in both tokamak and RFP configurations [17]. Neutron and gamma bursts
were observed at RFX-mod and a correlation of these bursts with MR events was suggested [15-17]. In
addition, gamma and neutron fluxes were measured as the plasma current (/,,) was varied from 0.4 MA
to 1.5 MA, corresponding to a parametric scan of the input ohmic power. Despite significant data
scatter, both neutron and gamma fluxes exhibited a marked increase at higher ohmic input power levels.”

To investigate the dependence of gamma emission on plasma conditions, gamma energy spectra
were also measured at RFX-mod, in different plasma configurations and I, regimes.® In the RFP
configuration, the continuum part of the energy spectrum was associated with Bremsstrahlung
photons, generated by electrons accelerated to high energies during MR events. Conversely, in the
tokamak configuration, it was hypothesized that Bremsstrahlung photons could have been generated
by runaway electrons [16].

2.2 Neutron/gamma measurements at MST

In 2018, measurements of neutrons and gamma rays were performed at MST, during RFP deuterium
plasma operations [12]. The measurement system comprised 5 EJ-309 liquid scintillators for neutron
detection and 1 solid Nal(T1) scintillator for gamma detection. Each scintillator was coupled to a
FP-PMT. Each detector was individually shielded against non-direct gamma radiation using lead
disks (= 4 cm lateral shielding) and against non-direct neutrons using polyethylene (= 7.5 cm lateral
shielding). The output anode signals were fed into a CAEN DT5725 (14-bit, 250 MS/s) digitizer,
equipped with algorithms for real-time analysis (e.g., PSD with the standard method based on pulse
integration in a short and a long gate) of each individual scintillation event [12]. The PMTs were
operated at relatively low voltage (~1kV), in order to mitigate saturation effects, by means of a CAEN
DT5533E HV power supply module. Each scintillator was characterized for its neutron and gamma

I'Such as the one that will be presented in section 4.
2The reader may refer to figure 8.15 of ref. [17].
3The reader may refer to figure 4 of ref. [16].



response prior to the measurements at MST [12]. The latter were performed during several MST
discharges and revealed bursts of neutron and gamma count rates temporally correlated with MR
events. An example is shown in figure 1(a), corresponding to a MST discharge without neutral beam
injection. The figure displays the time evolution of the plasma current /,,, the loop voltage Vloop,4 the
reversal parameter F', and the central chord line averaged electron density ., followed by five rows
showing the count rate of each EJ-309 scintillator, and the final row showing the Nal(T1) scintillator
count rate. The EJ-309 signals comes from neutron-induced events (shown in red and discriminated
through PSD) and gamma-induced events, while the Nal(T1) signal is expected to be dominated by
gamma-induced events. The black signals in the figure indicate the total rate, i.e., all events induced in
the scintillators, independently from the interacting particle type. The figure suggests a correlation
between sharp peaks in the Voo, signal, sharp drops in the F' signal (indicative of MR events), and
bursts of neutrons and gamma rates measured with the scintillators.

To investigate correlation of signals among different plasma discharges and to estimate the
characteristic time scales of neutron bursts associated with MR events, a conditional averaging
procedure was applied to approximately 160 MR events.

MR events were identified from the F(r) signals, where ¢ indicates the time. Only events
corresponding to the deepest drops (AF ~ 0.1) were retained, as these are expected to be associated
with stronger MR activity. Furthermore, only events with comparable baseline values of F and
plasma current /,, were selected.

For each event, the reference time #.. was defined as the time corresponding to the minimum of
the F drop. For each signal, a 10 ms time window centered at t,.. was extracted and re-expressed
in terms of the shifted time variable

=t — trec.

Denoting by Nyr the number of selected MR events, the conditional average of a generic signal
X was computed as

Nmr

1
X(W) = 5 ) Xil#), @.1)
i=1

where 1] =t — tr,; is the shifted time variable for the i-th MR event.

The results, shown in figure 1(b), indicate a correlation among the I, spike, the F drop, and
the increase in neutron count rate. The neutron count rate enhancement persists for approximately
3 ms before returning close to the baseline level.

2.3 Main gaps in RFX-mod measurements

Most RFX-mod measurements of the past were affected by artificial silent phases, during which the
detector count rate signals were absent for the majority of the discharge time. An example of such a
silent phase can be found in figure 8.13 of ref. [17]. The reason for these silent phases was not fully
understood at the time, but represented an important limitation of the measurements.

Moreover, both RFX-mod and MST past measurements focused on neutron counting rather than
neutron spectroscopy. Therefore, for these devices, the energy spectra of d-d neutrons are not available

4 Vioop s the transformer-driven voltage that is used to sustain the plasma current (/,) in a MCF device.
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Figure 1. Panel (a): Time evolution of plasma parameters and detector signals during an MST discharge without
NBI (#1180414080). From top to bottom, the shown signals are: I, Vioop, F, e, the rates of the five EJ-309
scintillators, and the rate of the Nal(T]) scintillator. The scintillator rates are expressed in counts per ms. Panel
(b): Conditional average over ~ 160 MR events. From top to bottom: /,, F, total count rates, and neutron count
rates (discriminated through the standard PSD method based on pulse integration in a short and a long gate).
The horizontal axis is expressed in terms of the shifted time variable ¢’ = ¢ — f,.. (in ms).

in the current literature. However, neutron spectroscopy is useful to select counts associated mostly
to unscattered neutrons and to investigate the possible presence of high-energy tails in the neutron
spectrum (indicative of suprathermal ion populations in the plasma).

Finally, past neutron measurements at RFX-mod were characterized by a single line of sight.
Conversely, having more lines of sight could provide valuable spatial information on the increase in
neutron flux. This could be useful for studying ion transport during MR events, potentially identifying
a preferred direction of acceleration [11] at RFX-mod2, perhaps allowing a deeper understanding
of the underlying mechanism.

3 Diagnostic design

3.1 Diagnostic requirements

The observations outlined above highlighted the need for a diagnostic system with high count-rate
capability for RFX-mod2. In addition, the use of Silicon Photomultipliers (SiPMs) instead of PMTs
or FP-PMTs was preferred to ensure a cautious approach toward reliable operation in the presence
of strong magnetic fields at the detector locations (in the order of hundreds of mT).

Proper energy resolution for neutrons, and adequate shielding from non-direct neutrons and
gamma-rays to obtain a basic level of spatial resolution, are desirable for RFEX-mod?2.



Finally, the digitizer should be positioned at a sufficient distance from the device, ideally in an
adjacent room, to mitigate possible issues associated with electromagnetic interference.

The neutron/gamma diagnostic proposed in this work is designed to address these needs. Moreover,
it was proposed to use this diagnostic in combination with the same diagnostic system based on
EJ-309 and Nal(Tl) detectors that were installed at MST in 2018 (section 2.2), providing higher
plasma coverage, redundancy, and higher rates.

3.2 CAD model

For the RFX-mod2 neutron/gamma diagnostic, three view ports (internal, central, and external) located
in the bottom part of the poloidal sector 12D are available. This is the same sector in which the
SXR-GEM diagnostic [24] will be positioned. Specifically, the SXR-GEM will be located in the upper
part of the sector 12D, viewing the plasma from the upper-central and upper-external view ports [24].

The three bottom view ports are located in correspondence to the three lines of sight (LOSs) of
the neutron diagnostic. The latter are defined by the shielding that will be employed to reduce the
contributions from non-direct neutrons and gamma rays to the count rate.

Each LOS is engineered to allow detector replacement from the bottom part of the support and
shielding structures, ensuring flexibility in adapting the diagnostic to the specific operational scenario
and experimental target. Two types of compact detectors can be interchangeably mounted in each LOS:

1. EJ-276D [27-31], square geometry, dimensions 1" x 1’ x 4", intended for neutron and gamma
counting at RFX-mod2. It is characterized by relatively high neutron-detection efficiency, but
limited energy-resolution capability.

2. LaCls:Ce [32-35], which provides good spectroscopic performance but exhibits a lower
neutron-detection efficiency. It is intended as a neutron and gamma spectrometer for RFX-mod2.

Past measurements at MST [11] reported neutron yields in the range of 108-10'° n/s. Although
higher yields are expected at RFX-mod2 due to its capability to reach higher plasma currents, the
radiation fluxes at the detector positions may still be insufficient to achieve adequate counting statistics
on ms or sub-ms time scales. Therefore, to maximize the neutron flux, it was decided to place the
detectors as close as possible (within the engineering constraints) to the RFX-mod2 vessel. A support
structure that was used for the past REX-mod polarimeter system will now be used as the support
structure for the detectors and their associated shielding.

A detailed CAD model of the diagnostic system was produced in CATIA [36].

The CAD model showing the RFX-mod?2 poloidal sector, the diagnostic with the full shielding
structure, and the main geometrical parameters, is reported in figure 2.

3.3 Support structure, shielding, and installation concept

A bottom view of the CAD model assembly, showing the support structure for the detectors, their
shielding, and the accessible region of the detectors, is shown in figure 3. The shielding structure is
modular, composed of several layers of 5% borated polyethylene employed for non-direct neutron
moderation and subsequent absorption of thermalized neutrons, and of several layers of lead disks
embedded within the polyethylene structure, employed for the attenuation of non-direct gamma-rays.
For the installation, this modularity becomes crucial, as few layers can act as placeholders to align
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Figure 2. Main geometrical parameters and CAD representation of the neutron/gamma diagnostic. The
shielding aperture coincides with the vertical axis of the RFX-mod2 poloidal section and with the axis of the
central scintillator.

the shielding and the detectors with the view ports while avoiding the high weight of the entire
shielding structure.’ For the alignment during installation, the shielding placeholders will be placed
on a movable tray on rails. Then, the full shielding structure will be assembled and the detectors will
be inserted from the bottom accesses shown in figure 3. These bottom accesses will also allow for
detector replacement after installation without the need of removing the shielding structure. This
should be particularly advantageous in case of fault and to change detector type between EJ-276D
and LaCls:Ce (e.g., during the shutdown phases of RFX-mod?2).

3.4 High magnetic field at the detectors location

At the detector locations, it is expected that the magnetic field could reach ~hundreds of mT.
Conventional photomultiplier tubes (PMTs) are highly sensitive to magnetic fields, with performance
degradation observed even at the level of the Earth’s magnetic field (~ 0.05 mT) [27, 37]. Therefore,
the magnetic shielding required for a PMT would require a bulky and complex assembly. For
reference, the shielding foreseen for the ITER Radial Gamma Ray Spectrometer [38] (which will
operate under a comparable magnetic field intensity) has a total mass of ~ 100kg, with a total
thickness of ~5 cm and a length of ~ 50 cm. Implementing comparable shielding at RFX-mod2 would

3The total mass of the full structure is expected to be on the order of 100 kg.
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Figure 3. Bottom view of the CAD model assembly, showing the support structure for the neutron/gamma
detectors, their shielding, and the accessible region for the detectors. The support structure will be used to hold
the detectors and their shielding, so that they are placed as close as possible (within the engineering constraints)
to the RFX-mod?2 device.

substantially increase mechanical complexity, cost, and occupied volume, potentially compromising
the availability of three LOSs.

An alternative could be represented by the use of flat-panel photomultiplier tubes with minimal
magnetic shielding, as previously done at RFX-mod and MST (sections 2.1 and 2.2). However, the
occurrence of silent phases in past RFX-mod measurements (section 2.3), along with the absence
of a definitive explanation for their origin, suggested the adoption of a cautious approach. The
latter is represented by the use of Silicon Photomultipliers (SiPMs) as photodetectors for the RFX-
mod?2 scintillators. Indeed, SiPMs are recognized for their inherent insensitivity to magnetic fields,
eliminating the need of bulky shielding structures. In addition, SiPMs are smaller than PMTs, leading
to more compact detectors [27].

3.5 Photodetectors

The SiPMs foreseen for RFX-mod?2 are matrices of multiple Hamamatsu S13361-3050NE-04 [39].

Even though SiPMs are advantageous for high magnetic field environments, they introduce specific
challenges: their gain is highly sensible to temperature variations, their response exhibit non-linearities
at excessive signal amplitudes or excessive rates, and their intrinsic slower timing characteristics can
increase the pile-up probability and may affect pulse-shape discrimination [27]. Nevertheless, these
aspects were examined in prior studies and dedicated solutions were implemented [40, 41].



A dedicated electronic readout circuit was developed and was already tested in several exper-
iments [42—45]. It used a pole-zero cancellation circuit® to obtain faster signal pulses, resulting
in a reduced pile-up probability [27, 45].

In ref. [45], a temperature sensor was placed on the back of the SiPM to track its temperature
variation over extended periods of time. During the detector characterization phase, the dependence of
the SiPM breakdown voltage on temperature can be experimentally determined to obtain a calibration
function. Once the operating temperature is known, this calibration function can be used to apply an
online correction of the detector gain (e.g., during inter-shot intervals of RFX-mod2).

For RFX-mod2, the planned strategy is to apply this method to compensate for temperature-induced
gain shifts. In addition, a Light Emitting Diode (LED) will be used to generate a stable reference peak
in the energy spectrum measured with the detector. This should provide validation and monitoring
of the temperature correction over an extended period of time.

If significant variations in the LED peak position were to be observed, then, a feedback control loop
could be used to maintain the peak position fixed through adjustments of the SiPM bias voltage. In this
way, it should be possible to compensate for gain variations arising from effects not necessarily related
to the temperature dependence of the SiPM breakdown voltage. This procedure can be performed,
for instance, during the inter-shot interval preceding each plasma discharge.

Both compensation methods assume that the gain remains sufficiently stable during a plasma
discharge (since the latter is expected to have a maximum duration of less than 500 ms). Nevertheless,
to test this assumption, the LED will be switched-on during representative plasma discharges of
RFX-mod? to track its corresponding peak position in the energy spectrum.

Finally, the non-linear response of the photodetector (SiPM) at high energies could be characterized
as a function of count rate using the methodology presented in [45], leading to the derivation of
an appropriate calibration curve. This calibration can be applied offline to correct the measured
energy spectrum. Nevertheless, in [45], the detector response was found to be effectively linear
below 3 MeV. Therefore, for REX-mod?2, preliminary measurements may reveal that this correction
is not strictly necessary.

3.6 Prototype detector

The implementation of the pole-zero cancellation in the SiPM readout circuit comes with a modification
of the signals shape, which can potentially have a negative impact on the PSD performance of the
system [46]. To address this concern, the PSD performance of a prototype detector, consisting of an
EJ-276D scintillator coupled to a Hamamatsu S13361-3050NE-04 [39] SiPM,’ were experimentally
assessed in ref. [27]. In that work, neutron data were not yet available. Therefore, only results for
alpha/gamma discrimination were presented, along with the use of gamma-ray laboratory sources
to calibrate the detector in MeV-electron-equivalent (MeVee) energy units. In the work presented
in section 4 of this paper, the same detector and calibration function were used to experimentally
assess its neutron/gamma discrimination capabilities.

The prototype detector is not only useful to test the PSD performance with the foreseen setup, but
also to obtain preliminary experimental information at REX-mod?2 prior to finalizing the diagnostic

®Tts original design and working principle can be found in [46]. For the detectors described in refs. [41, 45], and for the
EJ-276D detector prototype discussed in sections 3.6 and 4, an improved version of the readout circuit was used.
"Le., the same SiPM model that will be used for the detectors of the RFX-mod2 neutron/gamma diagnostic.



design. At present, estimates of the expected particle rate at the detectors are affected by large
uncertainty, primarily due to the lack of reliable neutron/gamma measurements for RFX-mod and the
strong and non-linear energy dependence of the d(d,n)>He reaction cross-section. As a result, existing
predictions have limited quantitative reliability. For this reason, estimates of the neutron/gamma
fluxes (and possibly the gamma-ray energy spectrum) during the first deuterium plasma campaing at
RFX-mod?2 are considered necessary before the installation of the final diagnostic system.

4 Characterization of the prototype detector for neutron measurements

4.1 Neutron dataset and energy spectrum

Data were acquired at the Frascati Neutron Generator (FNG) [47, 48] with the EJ-276D-based
prototype detector. At FNG, deuterons were accelerated up to 300keV in a linear electrostatic
accelerator and directed onto a tritiated titanium target, producing a high neutron yield (~ 10!! n/s)
of ~14 MeV neutrons via the d(t,n)a fusion reaction [48]. Full waveforms were collected with the
prototype detector for each trigger-event, constituting the “Neutron Dataset”. The energy spectrum
of the Neutron Dataset is shown in figure 4 and exhibits a broad continuum extending up to the
kinematic endpoint. This behavior was expected even though incident neutrons could be approximated
as mono-energetic (~ 14 MeV). Such a shape is consistent with neutron interactions dominated
by elastic scattering on Hydrogen and Carbon, which produce recoil nuclei that release energy in
the scintillator volume [30, 32].

1 Neutron
103

102

Counts

10!

10° T T T T T T T
0 1 2 3 4 5 6 7 8

Light Output (MeVee)

Figure 4. Energy spectrum of the Neutron Dataset, measured at FNG with the EJ-276D-based prototype detector.
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4.2 Neutron/gamma discrimination performance

In ref. [27], a dataset collected through measurements with gamma-ray laboratory sources was used to
calibrate the prototype detector in Mega-electron-Volt-electron-equivalent units (MeVee). This dataset
will hereafter referred to as the “Gamma Dataset”. In ref. [27] an alpha/gamma discrimination test
was also performed, combining the Gamma Dataset with another dataset that will hereafter referred to
as the “Alpha Dataset”. The latter was collected through the use of a >*! Am laboratory source.

To perform the alpha/gamma discrimination test, for each event that triggered the digitizer
acquisition, the full waveform V() was recorded, together with the trigger time #; and the Qjong,
Osnhort parameters. These quantities were computed by numerical integration of the waveform over
two different time windows:

to+1;
Qlong = / Vb(t) dz,
1o

04T, 4.1)
Oshort = / V(1) dt,
fo
where:
e V(1) is the waveform after the application of a baseline removal procedure.
o 10 =ty — Tpres
® Tpre = 5S0ns is the pre-gate temporal window,
e T; = 300ns is the long-gate temporal window,
e T; =70ns is the short-gate temporal window.
Particle identification relied on the PSD parameter, defined as:
psp = Zlone = Dshort 4.2)

Qlong

On the other hand, in the work presented in this paper, the Gamma Dataset was used in combination
with the Neutron Dataset to test the neutron/gamma discrimination capability of the detector, using
a procedure analogous to that described above.

Pile-up affected waveforms can mimic the PSD values associated to single event pulses, leading to
a degradation of PSD performance. Therefore, before performing the test, pile-up was mitigated using
the find_peaks Python function [49, 50] applied in post-processing to the each collected waveform:
every time two or more event-peaks were found in a waveform, the latter was rejected.

The PSD-energy matrix (reporting the number of waveforms in a given two-dimensional bin
determined by the PSD and the energy-electron-equivalent values) is shown in figure 5. PSD
performance was evaluated as follows: the PSD-energy matrix was integrated over energy from
0.2 MeVee upward, yielding a 1D histogram (figure 6). The latter was fitted with a Gaussian function to
determine the centroid and FWHM of the distribution. These parameters, along with those calculated
for the Gamma Dataset, were used to compute the following figure of merit:

dn/g

FoM,,/, = ,
O¥nls = FWHM, + FWHM,

4.3)
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PSD of neutron dataset
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Figure 5. PSD vs. energy (in MeVee units) for the Neutron Dataset.
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Figure 6. Histograms of PSD values for energies above 0.2 MeVee for the Gamma Dataset (orange) and
the Neutron Dataset (light-blue). The left tail of the light-blue histogram indicates a small contribution of
gamma-rays in the Neutron Dataset, which can slightly increase the FWHM and result in a slightly lower value
of the computed FoM,,;, (shown in the upper left corner).
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where d,,/, is the separation between the two centroids of the Neutron and Gamma distributions.
FWHM, and FWHM are the full widths at half maximum of the Neutron and Gamma distributions,
respectively. The resulting value was

FoM,,;, = 1.2,

n/g

indicating good PSD performance despite the presence of residual pile-up and gamma waveforms
in the Neutron Dataset, both expected to reduce the FoM,,, value with respect to the ideal case.
Therefore, the satisfactory result obtained suggests that the PSD method remains effective even
under these adverse testing conditions.

For comparison, the FoM obtained for the Gamma and Alpha datasets and reported in ref. [27] was

FOMa/g =1.0.

4.3 Characterization of the fast and slow components of the signal for each particle type

To gain additional insights into the PSD capabilities of the system, the fast (7) and slow (7y)
components of the signals coming from the Neutron, Gamma and Alpha datasets were analyzed by
fitting a double-exponential decay to an average of 100 energy-equivalent pulses (for each dataset).
The results are shown in figure 7.

The key result is that gamma-induced signals exhibit statistically different fast and slow components
compared to those induced by neutrons or alpha particles, providing additional evidence suggesting
good PSD capabilities.

10°
® Alpha waveform samples
) Alpha total fit
S » T (25.0 + 0.2) ns
£ 10 T: (413.0 = 9.0) ns
g‘ ® Gamma waveform samples
© == Gamma total fit
8 === T (20.7 = 0.1) ns
N = = Tg:(340.0 = 20.0) ns
g ® Neutron waveform samples
= 1072 === Neutron total fit
= T (51.4 £ 0.7) ns
== Ts: (660.0 = 20.0) ns
10°3
0 200 400 600 800
Time (ns)

Figure 7. Average voltage pulses for gamma, alpha, and neutron events recorded with the EJ-276D-based
prototype detector. The exponential decay fits, as well as the fast (t5) and slow (7y) signal components resulting
from the fit, are shown.
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5 Conclusions

The proposed neutron/gamma diagnostic is expected to be installed in the same poloidal sector of the
SXR-GEM at RFX-mod2. A basic level of spatial resolution will be obtained through the use of three
lines of sight. This setup should allow simultaneous measurements of SXR, neutrons, and gamma
rates on a common spatial and temporal basis, providing simultaneous information on ion and electron
acceleration during magnetic reconnection (MR) events to investigate possible correlations.

Measurements will be resolved in energy and time, thanks to the use of two interchangeable
types of scintillators: EJ-276D, used specifically for counting, and LaCl3:Ce, used specifically for
spectroscopy. The neutron/gamma diagnostic could in principle provide sub-ms temporal resolution.
However, in practice, the achievable temporal resolution may be limited by the RFX-mod?2 emissivity
and the resulting radiation fluxes at the detector positions, which may be insufficient to achieve
adequate counting statistics on millisecond or sub-millisecond time scales. To obtain experimental
estimates of the radiation fluxes at the detector positions, a prototype detector will be installed
during the first deuterium plasma campaign at RFX-mod2. These measurements could enable more
reliable, experimentally informed estimates of the achievable temporal resolution of the proposed
neutron/gamma diagnostic system and support a subsequent evaluation of its design, which could
indicate the need for refinement or confirm its adequacy.

The prototype detector was experimentally characterized in this paper. A figure of merit of
1.2 was obtained for neutron/gamma discrimination. Moreover, gamma-induced signals exhibited
statistically different fast and slow components compared to those induced by neutrons or alpha
particles. These results suggest that the system is able to discriminate neutron-induced signals
form gamma-induced signals in a satisfactory way. Therefore, the prototype detector is considered
ready to deployment at RFX-mod2.

While the main experimental target of the neutron/gamma diagnostic is the study of MR events,
gamma-ray spectroscopy with spatial information could also be useful to study runaway electrons
in future RFX-mod2 tokamak discharges. Moreover, neutron rate measurements could be used to
estimate the neutron yield and possibly relate it to fusion power or safety-related aspects.
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