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Abstract

Silicon Carbide (SiC) detectors are promising candidates for neutron diagnostics in fusion envir-
onments, where instruments must endure intense neutron and gamma fluxes, high temperatures,
and restricted accessibility. Partial depletion operation enables online control of detector efficiency
by varying the applied bias voltage, thereby tuning the response to adapt to the widely changing
neutron fluxes expected in future Tokamak experiments. In this work, the functionality of two 4H-
SiC detectors with different thicknesses (100 m and 250 pum) is investigated under partial deple-
tion conditions. Measurements are performed with 2.5 MeV and 14 MeV neutrons produced at
the Frascati Neutron Generator and benchmarked against Geant4 simulations. Results show that
detector efficiency can be predictably controlled within a factor of five without degrading energy
resolution. Full depletion in the 100 pm device was reached at lower voltages than expected, pos-
sibly due to doping variations or irradiation effects. These findings confirm the potential of partial
depletion as a tool for real-time tuning of SiC detector response, with significant implications for
neutron diagnostics in future fusion reactors.

1. Introduction

Advancements in nuclear fusion are increasing the interest in diagnostic instruments capable of meas-
uring the intense radiation produced in such experiments. Among these, neutron detectors are par-
ticularly interesting: by performing neutron counting and spectroscopy it is possible to assess vari-

ous plasma parameters, like fusion power [1, 2], plasma shape [3, 4], fuel-ion ratio [5-7] and plasma
ion temperature [1, 8]. Measuring neutrons will also be useful in assessing the production of tritium

[9] in future machines featuring breeding elements, like ITER or Demo. Fast neutron detectors for
fusion plasma, though, must be able to operate under the very high neutron and gamma fluxes expec-
ted in future Tokamaks—which, depending on the position and plasma regime, can be in the excess of
1013 cm™2 s7! [10-12]. This requires them to be fast, resilient, gamma-transparent and with sizes that
are compatible with the tight constraints of Tokamak environments. Because of that, solid state neut-
ron detectors (SSDs) are an object of interest for research. Among SSDs, Silicon Carbide (SiC) detectors
demonstrated good properties for neutron detection in harsh environments [13-16]. The SiC capability
of operating both under full or partial depletion [17] promises good potential for a significant enhance-
ment of its dynamic range by the means of changing its efficiency and thus adapting to the widely vary-
ing neutron fluxes on tokamaks [18].

© 2026 The Author(s). Published by IOP Publishing Ltd
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The goal of this work is to expand the knowledge on partial depletion operation of SiC. This is
achieved by measuring fast neutrons with two well characterized 4H-SiC detectors with different thick-
nesses while under different depletions. Results will be compared among themselves and with Geant4
simulation.

Section 2 will describe the experimental setup and the detector specifications, while section 3 will
describe the simulation software and the neutron source. The response of the detector and the evolution
of the detection characteristics as a function of depletion will be outlined in section 4. Conclusion and
future perspectives will be discussed in section 5.

2. Detector and setup

SSDs are detectors constituted by a monocrystalline volume that serves both as a neutron conver-

sion stage and as active detection volume. Their working principle involves a potential difference Vi,
induced on the two ends of the crystal: since it has a high resistivity, no current is allowed to flow
through it. The interaction of a fast neutron with a lattice nucleus either recoils (and ionizes) it, or trig-
gers a nuclear reaction which generates charged products, like alpha particles or smaller nuclei: in either
case, the secondary particles produced are charged and, thus, interact with the lattice structure generat-
ing a number of electron-hole pairs (e~h) proportional to their total energy (Eq). This abruptly reduce
the resistivity of the lattice, allowing for a short (= ns long) electric signal to be detected by the elec-
tronics. Since the number of e-h is proportional to Eg, this process allows for the detection of the neut-
ron and the measurement of the energy it deposited in the active volume.

Silicon and Germanium detectors are popular options for SSDs due to the widely availability of
electronic-grade material [19] and excellent performances [20], respectively. More recently, diamond
established itself as the state of art for fast neutron detection with SSDs, due to its comparatively higher
bandgap (5.5 eV) [21] and higher e-h production energy (~ 13 eV) [22], which allowed it to reduce the
noise induced by e-h generation due to temperature. Despite this, the very high purity requirements for
the diamond pose manufacturing challenges [23], as well as posing some limitation on its stability [24]
and its functionality at high temperatures [25].

Inversely polarized junctions (either p—n or Schottky) based on 4H-SiC based SSDs offer an altern-
ative to diamond detectors. While retaining most of the advantages of diamond SSDs (featuring a rel-
atively high bandgap of 3.2 eV and a e-h production energy of 8 eV [26]), SiCs demonstrated a better
stability to irradiation [27] and a better performance at high temperatures when compared to diamonds
[13, 28], all while having a simpler manufacturing process that allows their production in a larger array
of geometries with lower costs [29]. Despite this, SiC also demonstrated a slightly worse energy resolu-
tion than diamond (between 2% and 3% with 14 MeV neutrons [30], against diamond’s lower than 1%
[31]) and a more complicated response function (due to competing nuclear reaction channels). These
properties (better resilience but slightly worse performances) prospect SiC detectors to be good candid-
ates specifically for harsh environments, like high temperature environments [13, 15].

An additional feature of the SiC detector derives from its junction structure. The detection of neut-
rons with SiC relies on the depleted region to be extended by the inverse bias voltage (Vyi,s) to the point
of preventing current, effectively creating a solid ionization chamber. While the standard mode of oper-
ation expects a Vi, high enough for the depletion volume to extend to the entire active volume, pre-
vious studies demonstrated that detection is still possible with good detection properties even when
the detector is not fully depleted [17, 18]. Such mode of operation, called ‘Partial Depletion operation’,
might be a feature to extend the dynamic range of a particular SiC detector by the means of altering
the absolute efficiency of the detector. This could be done by simply altering the Vi, to values lower
than the one necessary for full depletion, thus causing the depletion region to extend to only a fraction
of the entire width of the detector. The relation between the depletion region depth d and Vi, can be
obtained from [32]:

[P Vo

e np

where €, = 9.66 is the SiC dielectric constant [33], ¢, the vacuum permittivity, e the electron charge
and np the density of donors (which, in first approximation, is equal to the n-side doping density). The
depleted region, thus, extends only to a contiguous fraction of the volume of the detector, as depicted in
figure 1. Since the efficiency of the detector depends linearly on the depleted volume, changing the Vi,
directly changes the efficiency of the detector. Previous experiences suggests that the behavior of a par-
tially depleted SiC mimics the behavior of a SiC having a thickness equal to the depleted region depth
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Figure 1. Schematic representation of the SiC active volume. The increase in V},s progressively deplete a larger volume (light
blue), increasing the chance of a neutron interacting with it and thus being detected. As a result, increasing Vi;,s also increases
the efficiency of the detector.

d [17], with very few (if any) losses in detection quality [18]. This opens the possibility of altering the
efficiency of the SiC online, allowing it to decrease its count rate when exposed to high fluxes (thus pre-
venting pile-up and paralysation) or increase it when exposed to lower fluxes (thus preventing the lower
detection rate also lowering the time resolution).

Previous works were performed on a 250 pm-thick SiCs that could not fully depleted (due to
Vbias requirements incompatible with electronics). As such, the fully depleted and partially depleted
behavior of the same SiC was never directly compared. To correct this, this study employs a 100 pm-
thick SiC (SiC100) designed and manufactured at Istituto di Microelettronica e Microsistemi of the
Italian National Research Council (IMM-CNR) within the SiCILIA collaboration [26, 34], which was
already characterized in the past [30]. It also employs a 250 pm-thick SiC (SiC250) manufactured
through a collaboration between INFN and IMM-CNR. Both detectors are shown in figure 2. SiC100
is made of a 2 x 2 grid of 5 mm X 5 mm independent active volumes, while SiC250 is made of two
2.5 mm x 5 mm independent active volumes. Only one active volume per detector was used for the
experiment. SiC100 volume is made by a 0.3 um-thin heavily doped (10 cm™~3) p-region in contact
with a 100 pm-thick n-region with a doping concentration of 5- 10'* cm™> [34], while SiC250 junction
is constituted by a Schottky contact and a n-doping concentration of 6 - 10! cm—3 [35].

The SiCs were coupled to a Cividec SiC preamplifier and its signal fed to a 500 MHz CAEN 5730
analog-to-digital converter. The electronics allowed the SiC100 to operate at the expected full depletion
Viias = 460 V.

The two SiCs were irradiated with neutrons while using various Vi, in order to study the evolution
of the efficiency and other detection characteristics as a function of Vi,s. Two experimental activities
were performed, during which the SiC100 was irradiated with 14 MeV neutrons, while SiC250 was irra-
diated with 2.5 MeV neutrons. The setup is described in the next section.




10P Publishing Plasma Phys. Control. Fusion 68 (2026) 045024 M H Kushoro et al

Figure 2. Picture of the two detectors used in this paper. On the left, the SiC100 features four 5 mm X 5 mm active volumes that
can be seen in the center. A section of the aluminum casing can be seen on top. On the right, the two volumes of the SiC250 can
be seen inside of their aluminum casing, connected to the Cividec preamplifier.

Figure 3. The SiC100 inside its aluminum casing installed on the FNG neutron source during the DT campaign. The 90° angle
ensured that the neutrons reaching the detector had energy E, = 14.06 MeV.

3. Data sources

The detectors were installed at the Frascati Neutron Generator (FNG), which produces fast neutrons by
firing a deuterium beam against a target of either deuterium or tritium [36], thus producing deuterium—
deuterium (DD) or deuterium~—tritium (DT) fusion neutrons, respectively. The two detectors were
installed on FNG in two different activities: the SiC250 was irradiated with DD neutrons while the
SiC100 was irradiated by DT neutrons. In both instances the detector was placed with a 90° angle with
respect of the deuterium beam, thus ensuring an irradiation by 2.45 MeV and 14.06 MeV neutrons,
respectively [37]. In the case of the DT irradiation the detector was placed at a distance of approximately
20 cm at the same height of the target, while in the case of the DD irradiation it was placed below the
target at an approximate distance of 15 cm. A picture showing the installation of the SiC100 on FNG is
reported in figure 3. During the DT irradiation the SiC100 was placed both facing the neutron source
and parallelly to the neutron source to study any effect due to the orientation, while the SiC250 was
always kept facing the neutron source.

E4 spectra were collected in the form of histograms. Calibration in energy was performed for each
spectrum on the known spectral features [30] and normalized on the number of neutrons fired by the
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Figure 4. The SiC E4 spectra (in black) obtained under DD (left) and DT (right) neutron irradiation. Both spectra are obtained

while using a Vi, = 300 V. Spectra are fitted with the synthetic data from Geant4 simulation (in red). Energy resolution is kept
as a fitting parameter and is reported in the legends.

source (as measured by FNG control, which has a precision of +3% for the DT neutrons and +7% for
the DD neutrons [38]). In order to extract information about the detection characteristics, E4 spectra
were compared to numerical simulations obtained with the Geant4 software. The Geant4 version used
was customized by Mikhail Osipenko in order to account for the correct behavior of the multi-body
reaction of the neutron with carbon (detailed in [39] and [40]). It was also further customized to cor-
rectly account for the excited states of the Silicon (detailed in [41]). The Geant4 software was success-
fully compared against the experimental behavior of SiC detectors [41], thus validating its prediction.

The synthetic data were then used to fit the E4 spectra, having only amplitude (a) and the amount of
broadening o as free parameters. More specifically:

- The amplitude a is a multiplicative factor applied to the histogram values, increasing all y-axis values
by the same factor.

- The broadening is a process performed on synthetic data to account for the energy resolution of the
detector. Each histogram bin is replaced by a Gaussian function having the same integral and a

standard deviation equal to the energy resolution of the detector. Such standard deviation o is used as
a parameter of the fit.

The spectra are fitted with the synthetic data in the Eq regions that correspond to the most relev-
ant spectral features: the elastic scattering on Carbon shoulder (E4 = 0.7 MeV) in the case of DD, and
the 2C(n,a)’Be nuclear reaction peak (Eq = 8.3 MeV) in the case of DT. The free fitting parameters a
and o are then used to monitor the reaction-related efficiency and the energy resolution of the detector
with changing Vi,,. Figure 4 shows two E4 spectra obtained during the DD and DT irradiation with the
SiC250 and SiC100, respectively. A scan between 20 V and 475 V was performed on the SiC250, while a

scan between 50 V and 800 V was performed during the SiC100 irradiation. Results are presented in the
next section.

4, Results

The amplitude a and the broadening o obtained by the fitting with simulation was calculated for all
spectra. Their values as a function of Vy,s are reported in figure 5 (SiC250 with DD neutrons) and
figure 6 (SiC100 with DT neutrons), allowing to measure the change with Vi, of the reaction channel
efficiency and the energy resolution of the detector.

Figure 5 shows that, for all the measured Vy;,s, the amplitude a of the fit follows the a ~ 1/ Vs
trend that is expected from the equation in section 2, while the broadening o remains stable with chan-
ging Vi This confirms that the reaction efficiency can be controlled by the means of changing Vi, in
a predictable and stable way over a factor 5 of efficiency, while keeping the energy resolution unaltered.

In the same way, figure 6 also shows that broadening remains stable over an even larger Viy,s range
(50-800 V). The reaction efficiency follows the a ~ 1/Vi,s trend that is expected from the equation in
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Figure 5. Value for the simulation fitting parameters as a function of for the SiC250 irradiated with DD neutrons. The efficiency,
on the left, is measured from the elastic scattering on carbon spectral feature amplitude. On the right, the broadening of the same
feature measures the energy resolution of the detector. The efficiency correlates very well with the expected a ~ 1/ Vs derived
from the equation in section 2, while the energy resolution remains stable with changing V.
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Figure 6. Fitting parameters value as a function of Vyj,s for the SiC100 irradiated with DT neutrons. The amplitude, on top,
measures the efficiency for the 12C(n,c)°Be reaction, while its FWHM, on bottom, measures the energy resolution of the
detector. Efficiency follows the expected a ~ \/Vy,s trend before reaching a plateau at Vs = 240 V. Energy resolution is instead
constant for all Vi,s values. No difference can be seen between the data obtained with the detector surface perpendicular or par-
allel to the neutron paths.

section 2 up to a threshold Vi, after which is replaced by a plateau (a ~ const), as expected when the
detector reaches its full depletion. A root function combined with a horizontal function is used to fit
such behavior, finding the threshold point at Vi;,s =~ 240 V. This value is lower than the expected full
depletion derived from the nominal detector characteristics (Vpias = 460 V). Two other fitting procedures
were performed on the data (replacing the simulation fitting with a Gaussian fitting on the peak added
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to a linear background and using the 23Si(n,a)>>Mg spectral feature instead of the 2C(n,ct)’Be) and the
results obtained all agreed on a threshold point between 100 V and 300 V.

The proposed explanation is that, contrary to expectations of a full depletion achieved at
Vibias = 460V, this is reached at Vi,;,s >~ 240 V. By reversing equation 1, we obtain that a 100 um deple-
tion is achieved by a Vi, ~ 240 V if the donor density is np = 2.7-10' cm™> (compared to the
np = 5-10'> cm™? density reported in [34]). The difference between the two measurements could either
be due to a former incorrect evaluation of the doping level, or to neutron damage: the high neutron flu-
ences experienced by the SiC100 during previous experimental campaigns, in fact, might have induced
defects in the lattice acting as new acceptors, thus reducing the effecting donor density [42]. Both claims,
though, could not be verified in this work, thus warranting further investigation.

5. Conclusions

The functionality of two well-characterized 100 pm-thick and 250 pm-thick SiC detectors was investig-
ated with DD and DT fusion neutrons to compare their partial depletion functionality to their standard
(i.e. fully depleted) functionality. Partial depletion operation was investigated as a mean to reduce the
sensitive volume of the detector by altering the Vyy,s, which allows SiC to be tuned in efficiency through
online means only (i.e., without replacing, moving, altering or otherwise ‘shutting down’ the detector).
This could be very valuable in future Tokamak applications, being either research or power-producing
machines, where the accessibility to near-to-plasma environments will be very limited and neutron fluxes
are expected to vary by two orders of magnitude depending on plasma conditions (e.g. a 50%—50%

DT plasma will produce 80 times more neutrons than a pure deuterium plasma, other factors being
equal [43]).

The efficiency of the detectors was measured by fitting the E4 spectra at various Vi, with the result
of a Geant4 numerical simulation already validated in the past [41]. The fit was performed on the most
relevant spectral features (the shoulder of the elastic scattering on carbon for the DD irradiation and the
12C(n,a)’Be nuclear reaction for the DT irradiation). Two factors a and o, measuring the amplitude and
the broadening applied to the simulation, were kept as free parameters for the fitting and were used as a
tool to measure the reaction channel efficiency and the energy resolution of the detector, respectively.

Results shows that the SiC’s energy resolution is not altered with changing Vi, for the two detect-
ors, confirming the invariability of SiC detection characteristics in partial depletion operation. The reac-
tion channel efficiency, instead, scales linearly with v/Vy;,s, as expected from theory, allowing to alter
the efficiency by a factor of five. In the case of the SiC100, such scaling is interrupted at Vi, =240V,
after which the efficiency reached a plateau. This behavior suggests that the full depletion of the detector
is reached at Vy;,s lower that the expected necessary for full depletion (Vi;,s = 460 V). One possible
explanation is that the neutron damage sustained by the detector over several experimental campaigns
(before this one) induced lattice defects that act as acceptor levels, reducing the effective doping of the
detector [42].

Results demonstrate that the partial depletion operation of SiC can indeed alter the efficiency of the
detector in a predictable way while retaining all the performances of a fully depleted detector. On the
other hand, further investigation should be performed to clarify the causes of the unexpected Vy;,, value
required to fully deplete the detector—for example, by performing electronic measurements on the same
detector and compare the measured np. Further test should also be conducted to assess possible changes
in the p—n junction behavior after prolonged neutron irradiation.
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