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Abstract: Ultra-high dose rate (UHDR) beams for FLASH radiotherapy present significant dosimetric
challenges. Although novel approaches for decreasing or correcting ion recombination in ionization
chambers are being proposed, applicability of ionimetric dosimetry to UHDR beams is still under
investigation. Solid-state sensors have been recently investigated as a valuable alternative for
real-time measurements, especially for relative dosimetry and beam monitoring. Among them,
Silicon Carbide (SiC) represents a very promising candidate, compromising between the maturity
of Silicon and the robustness of diamond. Its features allow for large area sensors and high electric
fields, required to avoid ion recombination in UHDR beams. In this study, we present simulations
and experimental measurements with the low energy UHDR electron beams accelerated with the
ElectronFLASH machine developed by the SIT Sordina company (IT). The response of a newly
developed 1 × 1 cm2 SiC sensor in charge as a function of the dose-per-pulse and its radiation
hardness up to a total delivered dose of 90 kGy, was investigated during a dedicated experimental
campaign, which is, to our knowledge, the first characterization ever done of SiC with UHDR-pulsed
beams accelerated by a dedicated ElectronFLASH LINAC. Results are encouraging and show a linear
response of the SiC detector up to 2 Gy/pulse and a variation in the charge per pulse measured for a
cumulative delivered dose of 90 kGy, within ±0.75%.

Keywords: FLASH radiotherapy; Silicon Carbide; dosimetry; beam monitoring; UHDR

1. Introduction

The natural resistance of some specific type of tumours to radiation can lead to local
progression and recurrence of the disease. Moreover, it is well known that radiotherapy
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can also cause side effects and toxicities to the healthy tissues or vital organs surrounding
the tumour, which often limits the total dose that can be delivered to the tumour without
provoking significative damage to the same tissues and, consequently, the curative efficacy
of radiation. Therefore, new radiotherapy approaches are currently under development,
especially to address the need to treat radioresistant tumours [1]. In this framework, ra-
diotherapy employing ultra-high dose rate (UHDR) beams has recently been found to
significatively reduce the collateral effect to the surrounding healthy tissues while maintain-
ing the same required tumour control and damage efficiency, thanks to the so-called FLASH
effect [2–4]. The FLASH effect was initially experimentally observed during several in vivo
experiments in different types of tissue using low-energy electron beams accelerated by
modified clinical LINAC accelerators. These studies have shown a nonnegligible reduction
of normal tissue complication probability (NTCP) after irradiation with beams at dose rate
>40 Gy/s while preserving the same tumour control probability (TCP) of conventional
low-dose rate radiotherapy (RT), leading to a sensible enhancement of the therapeutic
window in radiotherapy [5]. Experiments have also been performed with photon radi-
ation [6] and proton beams accelerated with radio frequency (RF) machines [7,8]. The
FLASH radiotherapy (FLASH-RT) is indeed a promising technique currently being studied
and consisting of delivering the prescribed radiation dose in a reduced total irradiation
time of less than 200 ms using only a few pulses at an ultra-high dose rate. Nowadays,
such sparing effect in normal tissues is not totally understood from both the experimental
and theoretical point of views. Many hypotheses on the possible causes and origins of
the FLASH effect are currently formulated worldwide and are based on radiophysics,
radiobiology and radiochemistry concepts mainly connected to the different oxygen species
abundance in normal and tumoral tissues. Considering the higher dose rate compared to
conventional-RT, accurate dosimetry and beam monitoring for these modalities become
challenging and require new approaches for the dose measurement before the transition of
FLASH-RT to clinical practice [9,10]. The employment of UHDR beams implies the revi-
sion of the dosimetric protocol and recommendations currently used as standards for the
beam monitoring and dosimetry in conventional-RT and particle therapy [9]. Indeed, the
response of the recommended active dosimeters used in the daily clinical practice during
conventional-RT treatment can be strongly affected by the high instantaneous dose rate and
dose per pulse that are needed to trigger the FLASH effect [11]. In this regard, ionization
chambers are the standard reference dosimeters according to the international protocols for
clinical dosimetry [12]. Their response under UHDR beams has been widely investigated
showing a relevant ion recombination effect in the gas at these extreme conditions [13]. The
amount of ion recombination occurring at UHDR regimes would require a big correction
for the charge collection efficiency that leads to large uncertainties in the final absorbed
dose measurements. At this purpose, new strategies are currently under study to accurately
calculate the correction factors and to decrease the ion recombination as much as possi-
ble [14–17]. In [15], a new method has been developed to experimentally determine the
saturation factor ksat for the standard ionization chambers commercially available as PTW
Advanced Markus Chamber, under low-energy electron beam irradiation. The free electron
fraction contribution is retrieved to calculate the ksat for doses per pulse up to 0.5 Gy/pulse.
For doses per pulse higher than 1 Gy/pulse, the huge charge produced in the small active
volume modifies the externally applied electric field so that, in some points, the electric
field can reach extremely high values and in other points null values leading to a total ion
recombination. In order to solve the issue related to ion recombination occurring at high
dose per pulse, alternative geometric configurations have been investigated in ultrathin,
plane-parallel chambers with a 0.27 mm gap studied in [14] that show a linear response
up to large doses per pulse (12 Gy/pulse), demonstrating how ultrathin gas ionization
chambers could be a promising solution for secondary standard dosimetry at UHDR. An
alternative approach has also been investigated in [17], proposing a new conceptual design
of a gas-filled ionization chamber that minimizes the ion recombination.
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Dose rate independent passive dosimeters, such as radiochromic films (RCFs) and
alanine detectors, are currently used as references in UHDR experiments, but the dose
determination is typically time consuming and requires post-irradiation analysis processing,
which makes them unsuitable as the reference dosimeters for clinical quality assurance
(QA) assessment in the perspective of clinical transition. On the other hand, solid-state
detectors have recently been investigated as valuable alternative devices for real-time active
measurement for both relative and absolute dosimetry and for beam monitoring [10,18]. In
particular, newly designed diamond Schottky diode detectors have been produced at Rome
Tor Vergata University in cooperation with PTW Freiburg and have been demonstrated to
be linear with doses per pulse up to 12.5 Gy/pulse under UHDR electron beams [18].

Among solid-state base detectors, thanks to its intrinsic characteristics, Silicon Carbide
(SiC) detectors have shown promising performances and represent a good compromise
between the maturity of Silicon detector development and the robustness of diamonds,
allowing for large areas and high applied voltages.

For instance, the larger bandgap and e-h pair production energy of SiC compared to
Silicon confers a high radiation hardness that makes them definitively more suitable for
applications with high intense beam current, as in the case of UHDR beams. On the other
hand, a lower value of the e-h pair production energy with respect to the diamond, as shown
in Table 1, makes them more sensitive, leading to an expected higher signal-to-noise ratio.

Table 1. 4H-SiC characteristics compared to Si and diamond. The table has been adapted from [19].

Si 4H-SiC Diamond

Atomic number [Z] 14 14/6 6
Density [g/cm3] 2.33 3.22 3.51

Relative permittivity 11.9 9.7 5.7
Energy gap [eV] 1.12 3.23 5.5

e-h pair creation energy [eV] 3.6 7.6–8.4 13
Displacement Energy [eV] 13–15 30–40 43
Electron mobility [cm2/Vs] 1450 800 1800

The response of novel, ultrathin SiC detectors, developed thanks to a collaboration
between the INFN-CT and ST-Lab startup, was studied through simulations and through
experimental characterization with low energy UHDR electron beams. First promising
results obtained with low energy electron beams accelerated by a dedicated ElectronFLASH
LINAC and developed by the SIT-Sordina company for FLASH-RT research studies are
shown in this work, aiming at establishing this technology for beam monitoring and
dosimetry of UHDR beams for FLASH radiotherapy.

2. Materials and Methods
2.1. SiC Sensors: Tecnology Features

Silicon carbide (SiC) is a wide bandgap semiconductor with many excellent properties
that make it one of the most promising and well-studied materials for radiation particle
detection in many applications [19]. Thanks to the large energy gap, SiC sensors are
characterized by low leakage currents, even at high reverse bias, and, therefore, very low
noise, even at high operating temperatures [20]. The main parameters of SiC along with
the other semiconductor materials used for radiation detection, specifically Silicon and
diamond, are reported in Table 1 for comparison.

Finally, the wider bandgap also influences the spectral response, making Silicon
Carbide non-sensitive to visible light (to photon wavelengths below 380 nm), useful for
applications such as UV sensors. Finally, the strong carbon-to-silicon bonds result in a
high binding energy of the two elements (≈×2 as compared to Silicon), thus increasing the
radiation resistance of the sensors.
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2.1.1. Novel SiC Detectors

The device structures used for the realization of a SiC sensor, produced by SenSic
GmbH [19], are based on PIN junctions, i.e., composed by a thin p+, highly doped layer
(0.3 um, NA = 1 × 1019 cm−3) on top of a n- low doped layer (ranging from a minimum
of 200 nm up to 100 µm, ND = 8 × 1013 cm−3) on top of a n+ thick substrate (370 um,
ND = 5 × 1018 cm−3); see Figure 1a. Sensors with different active areas, from 1 × 1 mm2

up to 10 × 10 mm2, and active thicknesses, from 0.2 µm up to 100 µm, have been realized.
In particular, the results obtained for the 10 µm thick and 1 × 1 cm2 active area will be
shown in this work.

Figure 1. Schematic overview (a) and picture (b) of a SiC detector developed by the SenSiC company.
As an example, a SiC sensor with 20 µm active thickness and the 370 µm substrate is shown along
with the possible “free standing membrane” configuration where the substrate is removed.

Moreover, the SenSiC company is able to produce the so-called “free-standing mem-
brane” by removing the 370 µm n+ thick substrate using doping selective electrochemical
etching as shown in Figure 1a [21,22]. A picture of a developed SiC sensor mounted on a
PCB is also shown in Figure 1b.

The use of ultrathin, <20 µm, membranes will reduce beam perturbation, thus being
suitable for an in-transmission real-time monitoring of the UHDR beams.

A first characterization of these free-standing membrane sensors, in terms of response
as a function of the irradiation temperature and of the radiation damage, has been per-
formed by using low energy proton microbeams (with 1.5 and 3.5 MeV) in the Division of
Experimental Physics, Ruder Boškovic’ Institute, showing promising radiation resistance
tolerances [23].

2.1.2. Monte Carlo Simulations of the SiC Response

The SiC detector shown in Figure 1, has been simulated using the Monte Carlo Geant4
toolkit [24–26] to study the performance of the sensors in terms of energy deposited within
the active layer and the produced charge. The use of SiC detectors with very high energy
electron (VHEE) beams, i.e., with energy exceeding 100 MeV, has recently become attractive
for the treatment of deep tumours with the electron FLASH radiotherapy; it is relevant to
investigate the configuration of such sensors in terms of thickness and size suitable for the
detection of high energy electrons.

As an example, Figure 2a,b shows the results obtained with the simulations of SiC
sensors having a thickness of 2 µm, 5 µm, 10 µm, 15 µm and 20 µm. The energy deposited
by 7 MeV, 9 MeV, 100 MeV and 200 MeV electrons in the SiC sensor has been recorded in
the simulations to finally calculate the produced charge within the sensor. To have a good
compromise between low statistical uncertainties and reasonable computation time, 1 M
histories were simulated. To reproduce a realistic case of a dose-to-water deposition of,
for instance, 2 Gy, a normalization factor for the total number of histories was retrieved,
considering the ratio between the dose deposited for 1 M histories and 2 Gy. This normal-
ization factor is then multiplied for each single energy deposition event for the several
configurations of sensor thickness and area used. Afterwards, the total deposited energy
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for each single configuration was converted to produce a charge through the electron-hole
pair production energy, considering their ratio.

Figure 2. Produced charge within a 1 × 1 cm2 (a) and 2 × 2 mm2 (b) SiC detector for electron beams
of 7 MeV, 9 MeV, 100 MeV and 200 MeV delivering an equivalent dose in water of 2 Gy. Results
are obtained by means of Monte Carlo Geant4 simulations for SiC active thicknesses of 2 µm, 5 µm,
10 µm, 15 µm and 20 µm.

As shown in Figure 2a, for the case of 9 MeV and 10 µm thick and 1 × 1 cm2 SiC
detector, i.e., corresponding to the configuration experimentally investigated and reported
in the manuscript, a total produced charge around 600 nC is produced. For higher energies,
i.e., 100 MeV and 200 MeV, in order to have the same signal as the produced charge in the
detector active layer, a thickness of at least 20 µm needs to be used. Reducing the detector
area down to 2 × 2 mm2 (Figure 2b), a charge signal of about 25 nC is predicted for the
configuration studied in the paper (10 µm thickness, 9 MeV), while for the 100 MeV and
200 MeV electron beams, we can see a produced charge ranging from few nC up to 20 nC
for a thickness from 2 µm up to 20 µm, respectively.

As an example, Figure 3a reports the simulated distributions of the energy deposited
in the 2 µm, 5 µm, 10 µm, 15 µm and 20 µm active thicknesses in the case of 9 MeV mono-
energetic beam impinging on the detector surface in vacuum. As expected, the widely
obtained energy loss distributions have been fitted using a Gaussian function, as shown
in Figure 3a. The resulted values for the centroids and the FWHM are, respectively, 0.62,
1.67, 3.51, 5.4 and 7.4 KeV and 0.73, 1.27, 2.11, 2.97 and 4.00 KeV for the 2 µm, 5 µm, 10 µm,
15 µm and 20 µm active thicknesses.

Monte Carlo simulations have also been used to evaluate the effect of the presence
of the substrate behind the active layer with the prospect of using such detectors for
the monitoring of the beam. One of the main characteristics and requirements for the
beam monitoring is, in fact, the capability of the detector to be “transparent”, avoiding
a significant perturbation of the beam in terms of final energy and angular spread. The
presence of the bulk substrate traversed by the particles causes a non-negligible angular
dispersion and increasing divergence of the incident beam as it is shown in Figure 3b. A
10 µm SiC active layer (simulating the free-standing membrane) and a detector with a
total thickness of 500 µm, including the substrate, is simulated considering an incident
beam with a mean energy of 9 MeV and input angular distribution shown in Figure 3b
(blue points). As can be seen, the angular distribution after the 10 µm-thick SiC detector
is very well overlapped with the one of the incident beam, indicating that unsignificant
perturbation is provided by the sensor. On the other hand, after the 500 µm-thick detector,
the angular distribution results are much wider with a divergence that reaches 20◦. This
clearly demonstrates that free-standing membranes are fundamental for a practical use
of such detectors for beam monitoring under UHDR beams, especially at lower incident
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energies. Differently, when dealing with VHEE, the presence of the substrate does not
heavily affect the angular distribution of the incident electron beam, as expected.

Figure 3. (a) Distribution of the energy deposited in the detector active layer for the five geometrical
configurations under study with 9 MeV electron incident beam. Gaussian fit performed on the
different distributions are also shown. (b) Angular distribution obtained after 10 µm thick (purple
line) and 500 µm thick (black line) SiC detector traversed by a 9 MeV electron beam having an initial
angular distribution shown in the figure with the blue line.

2.2. Experimental Set-Up
2.2.1. Beam Features of the ElectronFLASH Accelerator

The system used for the characterization of the SiC detectors is the ElectronFLASH (EF)
LINAC produced by SIT-Sordina company in Italy [27]. The LINAC is operated in electron
mode only, with nominal energies ranging between 5 and 12 MeV, and a dose- rate ranging
from 0.01 to 4000 Gy/s and higher. Pulse duration can be easily varied according to the user
requirement between 1 and 4 µs. The first unit of EF was installed at Orsay Research Center
of Institute Curie in 2020; a second one was installed at the University of Antwerp, Belgium;
and a third one was recently installed at Centro Pisano Flash RadioTherapy (CPFR) in Pisa,
thanks to funding from the Fondazione Pisa [28]. The second machine, which can produce
and accelerate electron beams at 7 and 9 MeV, is the one used for performing the SiC detector
characterization at UHDRs discussed in this work. The accelerating waveguide concept
of the EF is based on the design of IORT-dedicated LINACS previously experienced by
SIT staff in [29]. In particular, the wave guide is designed by adopting the radial focusing
technique: the electron beam trajectories along the LINAC are directly guided by the
electric field of the cavity without any external magnetic solenoid. Moreover, a different
approach has been employed for the beam collimation if compared to the standard medical
LINAC. Specifically, no thick scattering foil is used: the beam is defocused by means of
two quadrupoles, where the gradient can be changed according to the desired field. Such
approach shows several advantages for a LINAC operating in FLASH conditions:

• The absence of the thick scattering foils minimizes the radiation leakage.
• Large clinical fields can be easily obtained by properly setting the quadrupoles current

and magnetic field.
• The EF system has been designed to work both in FLASH and conventional conditions.

The beam current within the single pulse can be varied by choosing between the
“FLASH” mode and the “CONVENTIONAL” mode.
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2.2.2. Irradiation Configurations and Corresponding Dose per Pulse

To obtain different dose per pulse values at the irradiation point, a combination of
several plastic collimators of different lengths and diameters is used to change the total
source to surface distance (SSD). Also, the applicator-to-detector distance (ADD) was
varied to obtain different values of dose delivered per pulse. Such collimation system
consists of polymethylmethacrylate (PMMA) cylindrical applicators that can be directly
attached to the radiant head. Table 1 shows a summary of the configurations used and
of the corresponding dose-per-pulse values, measured with RCFs and alanine detectors
fixing a pulse duration of 2 µs. A sketch of the experimental setup employed is shown
in Figure 4a.

Table 2. Irradiation conditions and correspondent dose per pulse for different applicators and
distances from them for 9 MeV electron beams. As evident from the fist column, only for the 10 cm
collimator different distances of the detectors from the final part of the applicator (ADD) were
explored.

Applicator
Diameter [cm]

Applicator to
Detector Distance

(ADD) [cm]

D/p RCF
[Gy]

D/p Alanine
[Gy]

3.5 0 0.08 0.08
CONVENTIONAL 4 0 0.03 0.02

5 0 0.07 0.07
12 0 0.08 0.08
3.5 0 5.27 ± 0.13 5.05 ± 0.07
4 0 4.59 ± 0.11 4.42 ± 0.05

10 0 1.77 ± 0.04 1.77 ± 0.02
FLASH 10 28 1.04 ± 0.02 1.08 ± 0.01

10 56 0.59 ± 0.01 0.6 ± 0.01
12 111 0.21 ± 0.01 0.22 ± 0.01

Figure 4. (a) Sketch of the experimental setup indicating the source to distance surface (SSD) and
the applicator to detector distance (ADD) that is reported in Table 2. (b) Dose transversal profiles
measured with an RCF-EBT3 detector.

In particular, commercial alanine pellet dosimeters (Gamma-Service, Produktbe-
strahlung, Radeberg, Germany) (diameter 4.80 ± 0.04 mm, height 2.99 ± 0.02 mm, weight
68.0 ± 0.5 mg, density 1.26 ± 0.02 g/cm3 and mass ratio alanine/binder 0.96/0.04) [30] and
radiochromic films EBT-XD type [31] were used to measure the dose delivered per pulse
for each geometrical configuration used for the SiC irradiation. Both alanine detectors
and RCFs were placed exactly in the same position of the SiC detector using a PMMA
phantom as holder. Electron paramagnetic resonance (EPR) measurements were carried
out to extract the dose from the irradiated alanine detectors at constant room temperature
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using a spectrometer ELEXSYS E580 (Bruker, Karlsruhe, Germany) operating at the X-
band [32]. A calibration in the dose range from 2.5 to 20 Gy was previously performed with
conventional 6MV photon beams produced by the ELEKTA Versa HD linear accelerator
to convert the EPR signal in the absorbed dose. Radiochromic films EBT- XD type have
been scanned using a flatbed scanner EPSON Expression 11000XL (EPSON central branch
Suwa, Japan), and the dose values for each configuration were obtained using FilmQA™
Pro v7 software (Ashland Inc., Wilmington, DE, USA). The batch was previously calibrated
in a clinical LINAC (TrueBeam, Varian, Palo Alto, CA, USA) on an electron beam of 9 MeV
and dose levels between 0 and 30 Gy, using the calibration procedure recommended by
the manufacturer. All the measurements with the SiC, alanine and RCF detectors were
performed at the maximum of the depth-dose distribution in water of the 9 MeV electron
beam, obtained by placing a 13 mm thick solid water slab sandwiched between the applica-
tor and the detector holder. For some cases, particularly for irradiations at FLASH regimes,
one single pulse was necessary to get an acceptable dose in both the RCF and alanine
detectors, according to their sensitivity. However, for most other cases, a few pulses were
accumulated to get a suitably delivered dose, according to the specific detector sensitivity,
with an accelerator frequency ranging between 5 and 100 Hz. The values shown in Table 2
for the conventional regime are then obtained from the total dose delivered divided by the
number of accumulated pulses. The dose measurements with alanine and RCF detectors
were used as reference measurements and performed just after the SiC irradiation, taking
into account that the stability of the LINAC current is under the 2%

The dose transversal profile at the SiC position was also measured with RCF-EBT3
type for each applicator configuration to verify the dose uniformity over the SiC active
area (maximum 1 × 1 cm2). Figure 4b shows, as an example, the dose profiles (vertical and
horizontal) measured at the SiC position with one of the used applicators, in this case the
40 mm one. As is clearly shown, a flat region of about 15 mm (within 98% percentage dose)
and a lateral penumbra (20–80%) of about 7 mm are measured. As the SiC detector has a
1 × 1 cm2 active area, flat profiles over a 15 mm length guarantee a constant dose delivered
within the whole SiC active area of 1 × 1 cm2.

3. Results

A 10 µm thick SiC sensor with an active area of 1 × 1 cm2 and 370 µm bulk substrate
was characterized to study the response in charge as a function of the applied voltage,
using a final applicator of 35 mm diameter, a pulse duration of 2 µs and a pulse frequency
of 30 Hz. A Keithley 6517A electrometer was used both to supply the bias voltage and to
read the beam charge directly connecting the detector to the electrometer by using a BNC
cable. To investigate the dependency of the charge response with the externally applied
bias for the most extreme conditions, in terms of delivered dose and consequently produced
charge in the active layer of the SiC sensor, a total of 20 pulses have been acquired using the
highest beam current and 35 mm applicator (corresponding to about 5 Gy/p). As expected,
as long as the applied voltage increases, the response increases in a linear way, reaching
a flat region for which the detector response is fairly independent of the applied voltage,
indicating full depletion of the sensor-active region. In this region, we can assume that
all the produced electron-hole pairs are properly collected. For the SiC detector of 10 µm
thickness, which is the one mainly characterized for this experimental campaign, we chose
an operational voltage of 480 V, about 50 V above the beginning of the flat region. The
response of the 10 µm thick SiC detector 1 × 1 cm2 active area was investigated in terms of
increasing dose per pulse, keeping a 2 µs pulse duration fixed (Figure 5a). As described
above, different doses per pulse at the irradiation point were obtained by changing the
applicator diameter and the distance from the applicator. The dose delivered per pulse at
the SiC position for each different configuration was measured with both RCFs and alanine
detectors as it is shown in Figure 5a. The SiC response was compared with the response
of a commercially available Silicon diode (PTW Dosimetry Diode PR TM60020) of 1 mm2

area and 20 µm thickness and which does not require any applied voltage, irradiated at the
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same conditions. As shown in Figure 5a, SiC’s response in charge is linear with the dose
per pulse up to about 2 Gy/p, in contrast with the Silicon diode which starts to saturate
for a dose per pulse around 0.5 Gy/p. The slight under-response of SiCs at higher D/p
(visible for the last two points on the right) is probably not due to the sensor saturation
itself but likely to the used electrometer that has a limitation in the maximum acceptable
peak current. A maximum current of 20 mA is nominally acceptable for the Keithley 6517A,
while an instantaneous current of hundreds of mA was produced inside the detector for
most of the measurements performed in the FLASH regime. Similar considerations can be
done for the UNIDOS electrometer used to acquire the signal of the Silicon diode, although
saturation issues of the detector itself cannot be excluded for this case. Indeed, for the
latter, a clearer saturation curve can be observed reasonably resulting from both the sensor
and the electrometer saturation. Solutions to avoid the overflow of the electrometer are
currently under investigation so that if intrinsic limits of the detector in terms of dose per
pulse are present and existing at these regimes, these will be clearly investigated.

Figure 5. (a) SiC response measured with the Keithley 6517A electrometer as a function of the
dose per pulse measured with the RCF and the alanine detectors placed in the same location of the
detectors. Cross comparison with a commercially available Silicon diode from PTW is also shown.
(b) Leakage current of the SiC detectors after each irradiation and average current detected as a
function of the cumulative dose delivered at the SiC position.

Besides this study of linearity response at high dose rates, a characterization of the
detector radiation hardness was performed to evaluate the leakage current as a function of
the accumulated total delivered dose up to 90 KGy, using the 35 mm applicator. Figure 5b
shows the leakage current measured after each measurement that was performed using the
maximum dose per pulse achievable, i.e., 5 Gy/pulse, and accumulating a total number of
400 pulses at 5 Hz. As can be seen in Figure 5b, no degradation of the sensor, specifically
of the signal-to-noise ratio, is observed up to 90 kGy. Additionally, the charge per pulse
after each irradiation as a function of the cumulative dose was also measured, as is shown
in Figure 6. This study was required to evaluate the radiation hardness of the SiC and,
in particular, its response stability after a large amount of accumulated dose. Results in
Figure 6 show a variability of the charge per pulse measured with the SiC within the ±0.75%
for the explored accumulated dose, which clearly demonstrates the reliability and stability
of the SiC performances.
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Figure 6. Charge per pulse measured with the SiC detector after each irradiation as a function of the
cumulative dose. The dotted lines delimit the region within the ± 0.75% variation in charge.

4. Conclusions

This paper reports a first characterization of the novel SiC detectors developed by
the STLab company with UHDR 9 MeV electron beams produced by the SIT Sordina
ElectronFLASH accelerator.

The response in the charge of a 10 µm thick SiC detector was investigated as a function
of the dose delivered per pulse up to 5 Gy/pulse. SiC response was found to be perfectly
linear with the dose per pulse up to 2 Gy/pulse, while a slight saturation was found for the
dose per pulse higher than 2 Gy/p. This is fully ascribable to the saturation of the used
electrometer, while no degradation of the sensor’s response was observed at up to 90 kGy.
The results demonstrated, for the first time, the potentialities of Silicon Carbide detectors
as possible new dosimeters to employ in FLASH-RT. Nevertheless, the issue related to
the saturation of the instrument that has clearly affected the linearity response at higher
dose per pulse needs to be addressed in the future employment, for instance, by using an
additional electronic circuit to avoid the saturation or by using different instrumentations.
New measurements with UHDR electron and proton beams are already planned in the
future and will focus on extending the linearity curve up to a higher dose per pulse.
Detectors with different active areas and thicknesses will also be tested under the same
conditions to investigate their response.

Moreover, the newly developed ultrathin, free-standing membranes will also be
experimentally characterized with UHDR beams to confirm the results obtained with the
Monte Carlo Geant4 simulation shown in this paper. Thanks to the simulations, we expect
that in the case of ultrathin, free-standing sensors without the bulk substrate, a significative
reduction on the beam angular scattering and energy degradation will be observed, which
will definitively demonstrate their suitability for the UHDR beam monitoring in FLASH-RT.
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