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ABsTtrACT:  Silicon carbide detectors represent an alternative to diamond detectors for fast neutron
detection in harsh environments, especially fusion plasmas. Previous studies on thin prototypes
(either 10 pm or 100 pm thick) suggested that thicker active volumes might be better suited for
spectroscopy measurements, due to the higher chance of retaining the neutron interaction products
inside the active volume. Therefore, in this work two 250 pm SiC prototypes are tested with alpha
particles following the same process conducted in the past for thinner prototypes. A stable detection
is demonstrated, along an energy resolution that, if projected to DT neutrons, could become the
lowest achieved so far with a SiC detector (1.3%). Some difficulties in reaching a full depletion
are highlighted, as long as perspectives of a partial polarization operation of the detectors.
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1 Introduction

Solid State Detectors (SSD) are object of interest in the field of fast neutron detection and spec-
troscopy in tokamaks [1]. Their solid structure, ability to discriminate neutrons from gamma
radiation [2] and insensitivity to magnetic field makes them prime candidates for neutron detection
close to the plasma [3]. Furthermore, the fact that their detection mechanism doesn’t rely on a
conversion stage outside the active volume allows for very low energy resolutions. In perspective,
their small dimensions also allow for their installation in arrays enabling the survey of the tokamak
volume along multiple lines of sight [4]. There are also solid prospects for the functionality of SiC
in harsh environments (such as high temperature [5, 6] or high radiation [7—10]) such as the one
encountered inside the breeding blanket (or, in general, close to the plasma).

There is abundant research on both silicon and diamond SSDs, enshrining the latter as the state
of art for SSDs fast neutron detection [4, 11-17]. The silicon carbide detector (SiC), on the other
hand, has received less coverage: while it combines the reaction channel of both silicon and carbon
(leading to a more complicated response of the detector [18, 19]) there is a larger experience on
manufacturing SiC wafers up to 200 mm in diameter with a low degree of defects, allowing for
purer and cheaper detectors when compared to diamond (the maximum dimension of which is
about 5 x 5mm?). SiC has also been proven more stable than diamond [20], since the latter has
been proven to experience a loss of counts over prolonged irradiation due to a polarization effect
[21, 22]. There are also more solid perspectives for high temperature operation for the SiC [6, 23]
than the diamonds [5, 24, 25]: this drives the interest on furthering the research on the SiC as a
fast neutron detector for fusion plasma harsh environments [7, 26].

2 Detectors and scope

Silicon carbide active volume is made by a hexagonal lattice of 50% silicon and 50% carbon,
grown by the means of CVD technique [27] on a substrate. Contrarily to diamond detectors
(which are intrinsic semiconductors), the SiC is structured as an inversely polarized p—n junction
in which a depletion region is formed by applying a reverse bias. The interaction of a neutron on



an atom of the lattice inside the depletion region creates ions and/or charged particles (depending
on the type of reaction triggered) which are slowed down inside the lattice, generating a number
of electron-hole pairs proportional to the energy deposited by the neutron (E;). Those pairs are
separated by the electric field in the diode generating a current pulse proportional to E;, which can
be read at the two electrodes of the active volume.

Some prototypes of silicon carbide were tested in the past under neutron and alpha particle
irradiation (while the interest in the detection of the latter is marginal, alphas are used as a more
manageable, easy-to-handle calibration source). The prototypes were manufactured through a
collaboration between INFN and IMM-CNR [26, 27]. The detectors are grown by the means
of CVD technique, having active volumes of either 10 pm or 100 pm thickness and area of

the single detector between 12.5 mm? and 25 mm?

. They feature a 0.3 pm p-layer with a dop-
ing concentration between 10'® and 10' ¢cm™, and a n-layer with a doping concentration of
8 x 10'3 cm™3 [26]. Their functionality was demonstrated [18] with a 2.7% energy resolution to 14
MeV neutrons [19] and 2.9% to 4.3 MeV alpha particles [20] with a detection stability exceeding
by at least two orders of magnitude the limited stability of diamond [21]. The efficiency to neutrons
was proven proportional to the active volume size (6 X 107 for a Smm x 5mm x 100 pm SiC
to 14 MeV neutrons) [18]: the very low efficiency is, perhaps counterintuitively, a feature, since
future tokamak DT experiments will be characterized by very high neutron fluences which would
saturate a detector with a higher efficiency.

On the other hand, low thicknesses experience more often the loss of the charged products of
the neutron interaction before they deposit their entire energy Ey, severely hampering spectroscopic
capability [28, 29]. This is true for both SiC10 and SiC100: in fact, one of the most interesting reac-
tion channels for 14 MeV neutrons is '>C (1, @)°Be, producing a 5.75 MeV alpha particle [30] which
has a range in SiC of about 18.86 um (path which is comparable with the SiC thicknesses). This
range was obtained by averaging the projected range for carbon (16.20 pm) and silicon (21.52 pm)
through the continuous slowing down approximation, as obtained from the ASTAR NIST cata-
logue [31] assuming a SiC density of 3.22 g/cm? [27]. Considering this, a relevant percentage
of high-E; products in the SiC100 (and a vast majority of high-E; products in the SiC10) will
escape the lattice before depositing their energy, hampering the energy resolution and the detection
quality. This is part of the reason by which the absolute value of the energy resolution to 14 MeV
neutrons (14 MeV X 2.7% = 378.0keV [19]) is higher than the absolute value to 4.3 MeV alphas
(4.3MeV x 2.9% = 124.7 keV [20]).

This consideration drove the interest toward thicker SiC detectors. A new series of prototypes
of thickness 250 pm (*“SiC250”) were developed in the same collaboration above though the
same CVD technique and with similar doping [32]. The new thickness brought forward some
unprecedented requirements for the polarization required to fully deplete the active volume. In
fact, the depletion region extends parallelly to the surface of the active volume to a depth d as a
function of the bias potential V. From [33]:

2esic
eN, A

d= Vv

By substituting the dielectric constant of the silicon carbide egijc = 8.633 X 10~ Ncm2’ the
-3

electron charge e = 1.602 x 10712 C, the n-layer doping concentration N4 = 8 x 10> cm™ and



reversing the equation, we obtain that the potential needed to fully deplete the 250 um active
volume is 4600 V. Such high voltage is unachievable at present date, due to the limits imposed
by the preamplifier; as such, it was chosen to conduct a preliminary alpha particle irradiation on
a partially polarized SiC in order to test its functionality, obtain the energy resolution of the new
detector and evaluate its stability, similarly to what was performed in [20]. Since the alpha particle
source chosen was an americium-241 source (emitting alphas with energy E, = 5.49 MeV, which
are then slowed down in air) a 100 V bias was chosen in order to deplete 36.7 pm of the detector,
which is deep enough to fully stop the alpha particles.

3 Experimental setup

The detectors and the electronic chain are depicted in figure 1. Two different SiC250 prototypes,
named SiCD and SiCE, are installed in aluminum casings connected with the ground, acting as
a Faraday cage. Each of the detectors is connected to a Cividec SiC Amplifier [34], which was
developed on the specific characteristics of the SiC. The preamplifier conveys the supplied HV to
the detector and amplifies the signal obtained, forming it into a 100 ns long semi-Gaussian shape.
The signal is then read by a CAEN 5730 analog to digital converter [35] which identifies events
through a threshold-over-baseline method.

Figure 1. Experimental setup. On the right the three SiC detectors are shown inside their aluminum casing
(from top to bottom: SiCD, SiCE and a third SiC, not used in this work). The bottom SiC is connected
to the Cividec Preamplifier, powered by a 12 V power source (blue cable at the bottom) and supplying the
detector the bias tension (top cable). The middle cable feeds the signal, shaped by the preamplifier, to the
CAEN 5730 ADC (on the right). The electrodeposited >*! Am source (on top, inside the red box) is put on
the top of the aluminum casings, the holes in which allows alphas to reach the active volumes beneath.



The irradiation source is an electrodeposited *! Am source moderated in air. The Americium
decay produces a constant flux of 5.49 MeV alpha particles, which are slowed down in the air
between the source and the surface of the detector. By measuring the distance and the stopping
power of air [31] the energy of the alpha interacting with the SiC was calculated for each of the
detectors: 4.17 MeV for the SiCD and 4.69 MeV for the SiCE. The path in air of all alpha particles
was assumed constant, due to:

e The alpha particle flux was conveyed through a hole in the aluminum casing, allowing for a
collimation of the particles.

e The ratio between the mean total path within the CSDA approximation and the projection
along the direction of emission of the alpha particles is 0.9925 [31]: since the two values are
equal within a 1% uncertainty, the straggling can be neglected, and all alpha particles can be
assumed to walk a straight path.

Following the same process performed in [20] the signals detected were grouped up in five-
minute spectra, on which a gaussian fit favouring the higher energies of the gaussian (the right
side) was performed. From the fit three information are extracted:

e Number of counts every five minutes, which is proportional to the detector efficiency to alphas.
e Center value of the gaussian, which gives information about the response function.

e Full width at half maximum of the gaussian (FWHM), obtained from the o of the gaussian fit
viaFWHM =2V2-In2 - 0.

Such information is computed every five minutes along all the irradiations for each of the two
detectors and plotted as a function of time. The two irradiations lasted for 72 h and 86 h, consisting
in alpha fluences up to ¢ ~ 9.2 x 10’ cm~2. The goal is to demonstrate the stability of the detection
by proving that the three quantities above do not change as a function of time and irradiation. By
dividing the FWHM by the center value of the Gaussian, a first estimate of the energy resolution
of the setup (SiC250 + new preamplifier) can be obtained.

4 Results

The value of the number of counts, center value of the Gaussian and energy resolution obtained
in every five-minute interval is plotted in figure 2. The absence of drifts in all three quantities
for both detectors proves the detection stability. The only visible drift is the SiCE pulse height,
which slightly declines by about 1.5% in the region between 200000 seconds to 250000 second
(~14 hours); the fact that the drift is comparatively small and has no analogue in the other quantities
suggests it could be due to changes in the air stopping power due to humidity or temperature shifts
rather than actual variation in the response function of the detectors.

By taking the mean value of the energy resolution we can obtain the energy resolution of the
two detectors, which is reported in the table below. In the same table is also reported the FWHM
and the projected value of energy resolution to 14 MeV neutrons if the same FWHM (and, thus,
the absolute value of the energy resolution) is kept the same. The same values for SiC100 from
[20] are also reported, paired with the energy resolution to 14 MeV neutrons obtained through
experiment [19].
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Figure 2. Time evolution of the number of counts (black), the mean pulse height (blue) and the energy
resolution (green) for the two SiC250, SiCD (top) and SiCE (bottom), under irradiation of monochromatic
alpha particles (4.17MeV and 4.69 MeV respectively). Each of the points correspond to a 300 s ensemble.
On the right, the dispersion of the data is projected on the y-axis, computing the mean value of the three
quantities along with its standard deviation. For the number of counts the standard deviation is compared to
the expected dispersion due to statistical error (equal to the square root of the number of counts). The figure
is the direct analogue of figure 3 from [20] for the SiC250.



Detector Energy resolution  Full width at half Projected value of energy resolution

name (alpha energy) maximum to 14 MeV neutrons
SiCD 4.30% (4.17MeV) 179.31 keV 1.28%
SiCE 3.80% (4.69 MeV) 178.22 keV 1.27%
En. Res. to 14 MeV Neut. (experiment)
SiC100  2.89% (4.3MeV) [20] 124.7keV [20] 2.7% [19]

The energy resolution to alphas obtained for both detectors is higher (and, thus, worse) than
the 2.89% value obtained on the SiC100 (corresponding to a FWHM = 124.7keV). In order to
exclude the possibility of the higher energy resolution being due to the new preamplifier 30 minutes
irradiations were performed with the same setup and the preamplifier used in [19], yielding an
energy resolution of 4.57% (for the SiCD). The worst performance, therefore, could be due to
dark currents flowing inside the active volume adding to the integral of the signal and therefore
broadening its spectrum. Such currents are presumably due to trapped charges into crystal defects
[36], which are expected to be more common in thicker SiCs [32, 37].

5 Conclusions

Two prototypes of silicon carbide detector with unprecedented thicknesses (250 pm) were tested
with monoenergetic alpha particles. Their stability to fluences up to ¢ ~ 9.2 x 10’ cm™> were
proven by verifying the invariability of counting efficiency, response function and energy resolution
along a two to three days irradiation to monoenergetic alpha particles: this confirms that SiC250
prototypes share the same good stability of the 10 pm and 100 pm counterparts assessed in [20].
The energy resolution to alphas obtained was nearly equal for two prototypes (around 179 keV
FWHM, resulting in a 3.8% energy resolution to 4.69 MeV alphas and 4.3% resolution to 4.17 MeV
alphas). Both resolutions are higher than the one demonstrated with a 100 pm SiC in [20]: this
could be due to dark currents flowing inside the 250 pm detectors, possibly due to a higher density
of defects and charge-trapping sites.

Nevertheless, if the FWHM of the detectors can be maintained to 14 MeV neutrons, the two
thick SiCs coupled with the new electronics could reach a 1.27% energy resolution, which would
be unprecedented for the SiC, putting them almost on par with the best energy resolutions achieved
with diamonds (1% [14]). This would require very high bias voltages (4600 V) to fully deplete the
thick crystals, which is unreachable with the current electronics. The functionality proven in this
paper, though, suggests that it is possible to use the detectors even with a partial depletion region,
which would allow for an online tuning of the size of the active volume, and therefore the efficiency
of the detector. This might prove also a feature for high temperature operation, where lower biases
have been demonstrated to be more suitable for the detection [6, 23]. All these perspectives will
be analyzed in an upcoming work.
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