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ABSTRACT

Several small to medium-scale magnetic confinement fusion devices operate using deuterium as fuel. These low neutron rate (108–1010 n/s)
devices rely on 2.45 MeV neutron measurements to validate physical models and to assess their performance. Given the modest rate, neutron
monitors have to be placed as close as possible to the machine to maximize data gathering. In these regions, intense stray magnetic fields could
affect the detector’s performance. In this work, the development of a neutron detector based on an EJ-276D scintillator crystal coupled with
a SiPM and a custom-made readout system is presented. The detector has particle discrimination capability and is insensitive to magnetic
fields.
© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0219121

I. INTRODUCTION

Recent fusion breakthroughs1–3 accelerated interest in the field
for both public and private investors. Several new experimental
devices are being proposed and built while existing experiments are
being expanded and upgraded.4 Small to medium-scale magnetic
confinement fusion devices commonly operate using deuterium as
fuel. This choice allows for the validation of plasma models and the
capability of sustaining nuclear reactions, avoiding the complication
of tritium handling.

Neutron measurements are crucial, as they provide valu-
able insights into the yield and allow exploration of various
nuclear regimes. The state-of-the-art technique adopted at magnetic

confinement fusion devices for 2.45 MeV neutron measurement
is based on the time-of-flight (TOF) technique.5 Such large and
expensive diagnostic systems are best suited for high neutron rate
devices (over 1016 n/s) where operation under high counting rates
is expected. In numerous small to medium-scale applications, the
neutron rates involved fall within the range of 108–1010 neutrons
per second. For these applications, the most sensible type of neutron
detector is based on a scintillator coupled with a photodetector.6

Given these moderate rates, it is imperative to position the
detectors as close to the machine as possible to maximize the detec-
tion statistics. This region of the devices often presents intense stray
magnetic fields on the order of hundreds of mT that could affect the
behavior of the detector. To ensure the accuracy and reliability of the
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neutron measurements while avoiding the use of extensive magnetic
shielding, a detector insensitive to these stray magnetic fields must
be developed.

In this contribution, we present the development of a fast
neutron detector optimized for the measurement of deuterium–
deuterium 2.45 MeV neutrons in high-intensity stray magnetic fields
with neutron-to-gamma discrimination capability for the RFX-
mod2 device.4 Solutions akin to the one outlined in this contribution
could be potentially employed in other deuterium-fueled machines
with high-intensity stray fields.

II. METHODS
Some scintillator materials, such as EJ-276D, CLYC, or

LaCl3:Ce, can be used to discriminate against different kinds of
interacting particles by studying the fast (τ f ) and slow (τs) com-
ponents of the scintillation light. These scintillators are preferred
for this application for their ability to discriminate neutrons against
the gamma ray background. Chlorine-based scintillators possess a
peaked response function to neutrons due to the 35CI(n, p)35S reac-
tion. This characteristic response is optimal for performing neutron
spectroscopy.7,8 However, the 35CI(n, p)35S reaction cross section
for 2.45 MeV neutrons is approximately one order of magnitude
lower than the interaction with carbon or hydrogen. As a conse-
quence, the detection efficiency for a 1′′ long LaCl3:Ce or CLYC
crystal is ∼35 times lower than for an EJ-276D. This lower detec-
tion efficiency is not ideal for low neutron rate scenarios. For
this reason, EJ-276D was selected as the scintillator crystal for this
application.

Photomultiplier tubes (PMTs) are the most sensitive detector
components to intense stray magnetic fields, as they can even be
affected by Earth’s magnetic field (∼0.05 mT).9 In the presence of
magnetic fields of several hundreds of mT, such as those found
near the vessel of magnetic confinement fusion devices, several kilo-
grams of magnetic shielding material are necessary to avoid gain
shift and to guarantee the correct detector performance. This design
choice increases the diagnostic cost and the occupied volume while
increasing engineering and manufacturing challenges.

Silicon Photomultipliers (SiPMs) are insensitive to magnetic
fields and could be used to replace PMTs as the photodetector com-
ponent of the diagnostic. In addition, SiPMs are smaller than PMTs,
leading to a more compact detector. On the other hand, SiPM gain
can substantially change with temperature, and their response can be
non-linear depending on the signal energy and rate. Dedicated solu-
tions to these drawbacks were already investigated and presented in
previous studies.10,11

The use of SiPMs as photodetectors could introduce another
complication in the design. Compared to PMTs, SiPMs possess
a slower characteristic time response that could affect or pre-
vent particle discrimination based on scintillation timing.12 To
address this issue, the SiPM characteristic time was compensated
using a dedicated pole-zero readout circuit, restoring discrimina-
tion capability while avoiding significant loss in signal amplitude and
undershooting.

The pole-zero cancellation circuit consists of passive compo-
nents (a capacitor and two resistors) designed to counteract the
slow time response introduced by the SiPM’s characteristic time in
the detector’s transfer function. This is achieved by introducing a

zero at the same location in the Laplace transform space, effectively
canceling out the undesirable pole.

The main aim of this work is to test the particle discrimina-
tion capability for a novel neutron detector insensitive to magnetic
fields. The detector was comprised of a 15 × 25 mm2 EJ-276D fast
plastic scintillator coupled with a Hamamatsu S13361-3050NE-04
silicon photomultiplier and a custom-made readout system with a
dedicated pole-zero cancellation circuit (Fig. 1).

Different gamma ray calibration sources (22Na, 60Co, 137Cs,
and 152Eu) were used to calibrate the detector response in energy.
Figure 2 shows the resulting calibrated spectra. To compare energy
deposition in the detector regardless of the type of particle, all
light outputs are expressed in units of mega electron volt electron
equivalent (MeVee).

The Compton effect is the main gamma-ray interaction with
the EJ-276D plastic scintillator. The resulting Compton edges
(EC, indicated by arrows in the figure) depend on the radioactive
source monoenergetic gamma-ray energy (E0) through the relation

EC = E0
⎛

⎝

1 −
1

1 + 2E0
mec2

⎞

⎠

,

where me is the electron rest mass and c is the speed of light in a
vacuum.

FIG. 1. A schematic of the detector design. From top to bottom: the scintillator
crystal, the silicon photomultiplier with the temperature sensor, and the custom-
made readout base with the pole-zero cancellation circuit.
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FIG. 2. Energy spectra of different gamma-ray sources used for calibration. Comp-
ton edges for the corresponding monoenergetic gamma emission are marked with
arrows.

Compton edges were identified using the second finite differ-
ences of adjacent bin counts. Error function fitting of the Compton
edge was then used to improve accuracy. Compton edges presented
an excellent linear relation with their position in analog-to-digital
converter (ADC) channels. The fitted calibration line is shown as a
dashed line in Fig. 3.

Particle discrimination was tested using an alpha particle
source (241Am). The alpha source was placed in direct contact with

FIG. 3. Calibration of the EJ-276D detector. Compton edges for known calibration
gamma ray sources are represented by the yellow dots. The black dashed line is
the fitted linear calibration.

FIG. 4. Energy spectrum of an alpha particle source calibrated using known
gamma ray sources.

the crystal to avoid air attenuation. The measured spectrum is shown
in Fig. 4.

In the alpha spectrum, two peaks are visible. One peak is cen-
tered at 0.2738 MeVee, and it is due to the 241Am 5.486 MeV alpha
interaction with the scintillator crystal. The difference in interaction
with the scintillator between alpha particles and gamma rays causes
a relatively reduced emission of scintillation photons for the for-
mer. The measured light yield of alpha particles, when compared to
gamma rays, is ∼5%. The second peak, centered around 0.5 MeVee,
is approximately three orders of magnitude less intense than the one
centered at 0.2738 MeVee and will be discussed in Sec. III.

III. RESULTS
Event waveforms were collected for each of the measured

radioactive sources. An analysis of the fast (τ f ) and slow (τs) signal
components was performed by fitting a double exponential decay to
an average of 100 energy-equivalent pulses for both gamma ray and
alpha particle signals. Results are shown in Fig. 5.

The gamma ray fast component for the measured wave-
forms is τ f = (20.7 ± 0.1) ns, while the slow component is
τs = (340.0 ± 20.0) ns. For alpha particles, the fast component is
τ f = (25.0 ± 0.2) ns, while the slow component is τs = (420.0 ± 9.0)
ns. The gamma ray signal is faster than the alpha, both in its fast and
slow components. More importantly, gamma ray and alpha particle
signals possess statistically different fast and slow components, prov-
ing that particle discrimination capability was restored by using the
pole-zero compensation circuit.

Pulse fitting is a computationally expensive and slow analy-
sis that can only be performed off-line. An alternative, real-time
analysis that allows for particle discrimination is based on differen-
tial gating. In this technique, particle discrimination is achieved by
comparing the signal integrated over a short (Qs) and a long (Ql)
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FIG. 5. Pulse shape comparison between an alpha particle and a gamma-ray
signal. Each of the two waveforms is the result of an average of 100 equivalent
pulses.

time window. The pulse shape discrimination (PSD) value is then
computed for each event as

PSD =
Ql −Qs

Ql
≈

Tail contribution
Total signal

.

A 2D histogram containing the PSD and light output of the
measured events is shown in Fig. 6.

FIG. 6. Pulse shape discrimination histogram. The three regions corresponding to
gamma-ray, alpha particle, and pile-up events are highlighted.

In the 2D histogram, gamma ray events can be identified
against alpha particle events due to their lower tail (slow) contri-
bution to the total signal (PSD <0.55). Alpha particle events are
clustered around the peak at 0.2738 MeVee with an average PSD
value of 0.6. Using a threshold of 0.2 MeVee, the figure of merit for
alpha-to-gamma ray discrimination is equal to 0.99. Finally, the sec-
ondary peak identified in Fig. 4 centered at 0.5 MeVee can now be
attributed to pile-up events. The high PSD value (∼0.8) suggests a
second pile-up event on the tail of the primary waveform. This sug-
gestion is confirmed by inspection of the waveforms belonging to
this region of the 2D histogram.

For low counting rate applications, such as the one presented
in this work, pile-up should not represent a significant issue. If nec-
essary, pile-up can be appropriately addressed using pulse shape
analysis based on waveform fitting during off-line analysis.

Figure 6 demonstrates that particle discrimination with SiPMs
can be achieved even for more crude, real-time analysis based on
differential gating.

IV. CONCLUSION
This study showed that the inherent pulse shape discrimination

capability found in some scintillator crystals, particularly EJ-276D,
can be preserved even when coupled with Silicon Photomultipliers
(SiPMs). By using SiPMs as photosensors, it becomes possible to
craft neutron detectors that are compact and insensitive to magnetic
fields.

Neutrons are detected through their scattering with protons
in the scintillation material, which have a lower stopping power
compared to alpha particles. As a result, neutron-to-gamma discrim-
ination is expected to be more challenging than the alpha-to-gamma
discrimination discussed in this work. If these initial results are con-
firmed in future experiments with a fast neutron source, this techno-
logical advancement will pave the way for the development of robust
and adaptable detection systems capable of operating efficiently in
diverse environmental conditions. These neutron detectors could be
deployed near the vessel of magnetic confinement fusion devices
to maximize data collection and increase statistics and time reso-
lution. Moreover, the use of a more compact photodetector and
the lack of requirement for magnetic shielding open up the possi-
bility of using an array of detectors to investigate multiple lines of
sight.

Future applications of this work are foreseen to be adopted at
small and medium-scale devices like RFX-mod2, to provide spatial
and time-resolved 2.45 MeV neutron measurement of the deuterium
reaction and to investigate neutron production during magnetic
reconnection events.13
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