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A B S T R A C T   

The Silicon Carbide detector (SiC) is an object of research as an alternative to diamond detectors for fast neutron 
detection and spectrometry where harsh environments are an issue, like in Tokamaks. Since future breeding 
blankets mock-ups will feature temperatures up to 550 ◦C, diamond detectors were characterized in the past, 
finding limitations in their functionality at high temperatures. This paper expands on the previous work by 
proving the detection of fast neutrons with good detection parameters of a 250 μm-thick 4 H-SiC detector 
prototype at temperatures up to 250 ◦C, highlighting the detector’s excellent resilience to temperature. The 
experiment is conducted with instrumentation similar to the one used in the past with diamond detectors, using 
as source of irradiation the Frascati Neutron Generator (FNG) in ENEA, which is accelerator driven neutron 
source based on deuterium-tritium (DT) fusion reaction.   

1. Introduction 

The construction of high-power fusion plasma machines, like ITER, is 
driving the interest toward the development and refining of tokamak 
technologies. Among those, one critical aspect is the supply of tritium, 
the production of which is planned to be done in the Breeding Blanket 
(BB) – a physical region close to the plasma where neutrons interact with 
Li (after being slowed and multiplied) producing tritium through the 6Li 
(n,α)T and 7Li(n,n+α)T reactions. To date, no volumetric neutron 
sources with fluences comparable to the ones in a tokamak exist where 
to test the BB designs [1]. The first of this type of sources will probably 
be ITER, which will feature a series of Test Blanket Modules (TBM) to 
experiment four possible designs of tritium production and fuel cicle [2]. 
ITER’s data will then be used as a basis for the DEMO design [1]. On the 
other hand, ARC (the successor of SPARC) is prospected to feature a 
tritium cycle based on liquid metal [3] which is still in the conceptual 
design phase. In any case, to date the knowledge about the practical 
application of tritium production is partial and limited to numerical 

simulations. This makes the ground fertile for the development of di
agnostics to be installed in future BB experiments, the data of which 
could be instrumental in validating the simulations. 

In order to be used inside the BB fast neutron detectors are required 
to feature small dimensions, intense flux measurement capabilities and 
high radiation hardness. It is also required for them to be able to with
stand high temperatures, since the temperature range expected inside 
ITER’s TBM is between 300 ◦C and 550 ◦C [4]. Both Single Crystal 
Diamond detectors (SCDs) [5,6,7] and Silicon Carbide detectors (SiCs) 
[8,9,10] were characterized in the past, prospecting them as good can
didates for neutron detection in tokamak’s harsh environments. In fact, 
diamond detectors are already used at JET [11] and are part of the 
design of future tokamaks neutron cameras [12]. The response of dia
mond under high temperature (HT) was also studied [5,13,14], finding a 
strong dependence on the type of electrode deposition, material and the 
size of the active volume. Various diamond featured a response 
declining in quality after 200 ◦C, making them not ideal candidates for 
BB neutron detection. On the other hand, functionality of SiC under HT 
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was proven on a few occasions (e.g.: [15,16]), achieving very promising 
results. The scope of this paper is then to make the first step towards the 
characterization of the HT behaviour of the SiC detectors already tested 
in the past. 

2. Instrumentation and Setup 

2.1. Detectors 

The detector under test is made on a 4H-SiC substrate with a new 
epitaxy process developed by CNR-IMM in collaboration with ASM in 
Catania, similarly to the detector tested in the past [9,17–20]. The 
crystal is a 250 μm thick and has a surface 5 × 5 mm2. The structure of 
the device differs from the one of the detectors tested in [19] and [20] 
since it is arranged in a p-n junction structure as opposed as a Schottky 
contact. The edge structure was also manufactured with a higher qual
ity, in order to achieve a higher voltage breakdown than the one 
experimented in [19] and [20]. For the structure and manufacturing of 
the detector device refer to [21,22], while for the specifics of the epitaxy 
used in this work refer to [23]. 

Electrodes connecting the crystal to the signal cable are much 
different than the ones used in the past. Instead of being welded on a 
conducting surface of a printed circuit board, the detector was contacted 
through pressure, being closed between a solid cable (acting as the line 
transmitting the HV and the signal) and a stainless-steel support, whose 
purpose was to keep the detector in place as well as connecting the p- 
region to the ground. The reason for choosing a pressure contact was to 
avoid components incapable to withstand high temperatures without 
melting or altering electric properties. A picture of the detectors can be 
seen in Fig. 1, while the support and the contacting can be seen in Fig. 2. 
All the device was then enveloped in conducting tape (connected to the 
same ground reference of the cable) in order to reduce EM noise. 

2.2. Cables and Electronics 

The signals collected by the detector were processed by a Cividec SiC 
preamplifier, which was custom developed on the Cividec CX-L ampli
fier [24] in order to work on reverse polarities. The signal was then fed 
to an analog-to-digital convertor 500 MHz CAEN 5730 [25]. Both ele
ments are the same used in the past for 250 μm thick detectors ([19]). 
The transmission of the signal (and the supply of the HV to the detector) 
was performed through a mineral insulated cable manufactured by 
Thermocoax which features low thermal noise and is certified to 

temperatures up to 1200 ◦C. The cable was the same used for the dia
mond detectors by Angelone in [13]: the choice was done in order to 
trace a comparison between the diamond and the SiC with as few 
differing elements in the setup as possible. 

2.3. Heating System 

The high temperatures were achieved through an oven constituted 
by a resistive spiral winded around a metallic cylinder. The inside of the 
cylinder is hollow, allowing for the detector and the cable to be inserted 
from one of the two ends. The cylinder is covered in a thermal insulating 
foam in order to increase its thermal capacity and allow to soften the 
temperature gradients, both temporally and spatially. The temperature 
control was achieved by controlling the amperage of the current flowing 
through the resistance. The temperature was read through a small (mm- 
thin) thermistor, with a nominal precision of 0.1 ◦C. The feedback cycle 
was performed by hand, altering the current to increase, decrease or 
keep stable the temperature. The heating system is depicted in Fig. 3. 

2.4. Neutron Irradiation 

The entire setup was irradiated with DT neutrons at the Frascati 
Neutron Generator facility [26]. Neutrons were generated from a beam 
of deuterium impinging on a tritium target, as illustrated in Fig. 4. Due 
to the reaction kinematics, the energy of neutrons is direction-dependent 
and it is equal to 14.07 MeV in a direction perpendicular to the ion beam 

Fig. 1. SiC250 p-n detectors. The one used in this work is one of the widest on 
top, measuring 5 × 5 mm2 in area. 

Fig. 2. SiC250 detector with the pressure contacts. The T-shaped steel support 
is on the left and can move parallel to the mineral cable (on the right) in order 
to push the signal pin (in the centre) against the detector, keeping it in position. 

Fig. 3. Cylindrical oven (on the top right, gray arrow) in which the SiC detector 
is inserted. The mineral cable, enveloped in a Kapton foil, can be seen emerging 
from the oven (orange arrow). On the left a multimeter is measuring the tem
perature inside the oven (blue arrow). The thermistor is inside the oven, in the 
vicinity of the SiC active volume. 
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[25]. It was not possible to insert the detector setup (and relative min
eral cable and oven) on a perpendicular line of sight, so the detector was 
placed on a 45◦ angle with respect to the beam, allowing for a flux of 
neutron with a spectrum centred at 14.6 MeV [26]. 

Measurements were performed under neutron irradiation at different 
temperatures (100 ◦C, 150 ◦C, 200 ◦C and 250 ◦C). The temperature set 
point was reached and maintained within +/- 5 ◦C by acting directly on 
the current flowing into the electric resistance. Each irradiation lasted 
between 15 and 45 minutes, resulting in a neutron yield between 1.5⋅ 
1013 and 6.0⋅1013 for each irradiation. A run at room temperature 
(around 25 ◦C) was also performed before the HT irradiations as refer
ence. 

3. Results 

Signals detected were used to perform a pulse integral (PI) analysis. 
PI values were calibrated by matching the most prominent SiC spectral 
features to the known energy of the reaction channels (see [17] for 
details) to obtain the deposited energy (Ed) spectra. One of these is 

plotted in Fig. 5 as an example. The features are fitted with either 
gaussian functions (in the case of two-body nuclear reactions involving 
only charged particles as products) or step function convoluted with a 
gaussian (in the case of three-body reactions or reactions involving a 
neutron as products): this is due to the fact that the former are expected 
to produce a specific Ed while the latter are expected to feature a 
continuous spectrum of Eds up to a threshold. The mean value μ, the 
amplitude a and the standard deviation σ of the fits are used to calculate 
the FWHM (obtained as FWHM =

̅̅̅̅̅̅̅̅̅̅
2ln2

√
⋅2σ) and area A (as A =

a
̅̅̅̅̅̅̅̅̅̅̅
2πσ2

√
) of the fits. These values, along with the mean value of the 

gaussian, are significant to monitor the changes of the detection prop
erties of the detector: the mean value measures changes in the response 
function, the area measures variations in the efficiency and the ratio 
between FWHM and the mean value measures the energy resolution (ϵ =

FWHM/μ). 
All the calibrated spectra are plotted in Fig. 6 for comparison, after 

being normalized to 1013 neutrons produced in the target during each 
irradiation. The spectral features of the 100 ◦C, 150 ◦C, 200 ◦C and 250 
◦C overlap significantly to the features of the room temperature spec
trum for deposited energies greater than 2500 keV, which is the low- 
energy cutoff already used in [9] to avoid low-Ed noise. 

In Fig. 7 the mean value, the area and the energy resolution of the 
gaussian fits of the 12C(n,α)9Be reaction (which is the most significant 
feature to be used for spectroscopic measurements [17]) are plotted as a 
function of the temperature in order to measure their change in tem
perature. The error bars in Fig. 7 are due to the statistical uncertainty in 
the FNG neutron emission (+/-5 %) and to uncertainties derived from 
the energy calibration and from the gaussian fits of the spectra. The 
Fig. shows that the pulse integral mean value is compatible with a stable 
value in temperature, suggesting that the response function is not 
changed with rising temperature. The area of the integral oscillates more 
around the mean value, having values that (on average) differ from the 
mean by 1.8 times the standard deviation. This, combined with an 
absence of a trend with temperature, suggests that SiC efficiency un
certainties could be underestimated. One possible source of error might 
be the partial depletion operation introducing uncertainties in the size of 
the depletion region and, thus, on the efficiency of the detector: this 
hypothesis should be explored in the future operating in HT a thinner 
SiC in full depletion mode. Lastly, the energy resolution varies consid
erably with temperature - from a maximum of 9.8 % at 100 ◦C to a 
minimum of 6.1 % at 250 ◦C. The high χ2 value (97.8) rules out this 

Fig. 4. The experimental setup - the oven containing the SiC and the cable 
(orange arrow) plus the thermistor and the multimeter temperature readout 
(blue arrow) - is on the left, placed in front of the FNG tritium target in the 
centre. The deuterium beam (on the right, red arrow) impinges on the target 
(small T-shaped pipe in the centre, gray arrow), producing DT neutrons along 
the entire solid angle. 

Fig. 5. Deposited energy spectrum obtained with the SiC at room temperature. 
The typical SiC spectral features are highlighted in different colours: 28Si 
(n,α)25Mg (in blue), 12C(n,α)9Be (in red), 12C(n,n)3α (in green) and the elastic 
scattering on carbon (in yellow). All the features are fitted with either a 
gaussian function or a step-function convoluted to a gaussian. The mean value μ 
and the standard deviation σ of the fits are reported, as well as the area un
derlying the gaussian fits for the two peaks. The energy resolution of the de
tector is calculated as ϵ = 2

̅̅̅̅̅̅̅
2ln2

√
⋅σ

μ and it is reported within brackets. 

Fig. 6. Comparison between the deposited energy spectrum (after normaliza
tion to 1013 neutrons produced by the neutron source) obtained at different 
temperatures. The similarities between the spectra at HT and the spectra at RT 
for the reactions at high Eds (Ed > 6000 keV, highlighted in orange and plotted 
in a y-axis logarithmic scale on the top-right) are used to compare the perfor
mance of the SiC at various temperatures. 
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being due to uncertainties in the measurement. It must be noted that the 
RT, 200 ◦C and 250 ◦C spectra are compatible between them since their 
mean (6.3 %) is within one standard deviation from all three data points. 
The same trend can be verified calculating the energy resolution on the 
other spectral features. This suggests that 100 ◦C and 150 ◦C might be 
outliers, either due to systematic errors, SiC material or detector prop
erties. One possible cause of systematic error is the 100 ◦C and 150 ◦C 
spectra being performed with a temperature oscillating more than RT 
and 200 ◦C/250 ◦C irradiations, thus worsening the calibration quality. 
To assess this, new investigations will be performed in the future with a 
finer temperature control and different setups (different crystal, 
different metallization, etc.). 

4. Summary 

In this paper the detection performances of a SiC neutron detector 
prototype were tested at high temperatures under irradiation of DT 
neutrons (with 14.6 MeV energy). The experimental setup was chosen 
similar to the one used by Angelone in [13] in order to compare the 
results with diamond. While diamonds tested in the past appear to 
experience a degradation in the response function after 220 ◦C (see [13] 

and Fig. 23.a from [5]), the SiC demonstrated the ability of performing 
neutron counting and spectroscopy up to 250 ◦C. Statistical analysis 
revealed that the response function of the SiC is not altered by the 
increasing temperature. Energy resolution was also measured, finding 
that resolution at RT is equal to the one obtained at 200 ◦C and 250 ◦C 
but different than the one obtained at 100 ◦C and 150 ◦C. Upcoming 
works will determine if this behaviour is due to the experimental 
apparatus or to the SiC detector itself. Efficiency also varies in a way that 
doesn’t depend on temperature but that doesn’t overlap with the un
certainties of the measurement either, suggesting that partial depletion 
operation might introduce a source of uncertainty in the calculated ef
ficiency: this calls for further investigations with a SiC in full depletion 
mode. The setup should also be improved by adopting either a 
spring-based or a high-temperature welded electrical contact to enhance 
solidity. Activities in the near future will also try to characterize the 
detector for higher temperatures to match the temperatures expected 
inside ITER’s breeding blanket (300 ◦C – 550 ◦C [4]). 
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