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Abstract
The characteristics of a hydrogenated amorphous silicon (a-Si:H) detector are presented here for monitoring in space solar
flares and the evolution of strong to extreme energetic proton events. The importance and the feasibility to extend the proton
measurements up to hundreds of MeV is evaluated. The a-Si:H presents an excellent radiation hardness and finds application
in harsh radiation environments for medical purposes, for particle beam characterization and, as we propose here, for space
weather science applications. The critical flux detection limits for X rays, electrons and protons are discussed.
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1 Introduction

Space Weather predictions and energetic particle flux mon-
itoring along the orbits of manned and unmanned missions
are of paramount importance to preserve astronauts’ health,
instrument performance in space, and to limit the damages
to Earth infrastructures Christl et al. (2009), Armano et al.
(2018, 2019), Grimani et al. (2020, 2021), Cid et al. (2014),
Taioli et al. (2023). The flux of galactic cosmic rays (GCRs)
with energies above tens of MeV at 1 au is of the order of
0.1 particles cm−2 s−1 Gaisser (1991). The GCR integral
flux above 70 MeV/n has been observed to vary by a factor
of four near Earth during the last three solar cycles Grimani
et al. (2021). The overall bulk of observed energetic particles
may increase by several orders of magnitude for a few days
during gradual solar energetic particle (SEP) events. This in-
crease may occur in less than half an hour in case the solar
sources of the events are magnetically well-connected to the
point of observations Grimani et al. (2009b). Large distur-
bances of the Van Allen belts associated with the arrival at
the Earth of the interplanetary counterparts of coronal mass
ejections (ICMEs) and shocks (this last ones also at the ori-
gin of SEP acceleration) increase the dose to which are ex-
posed those populations living at high altitude in Bolivia
and Argentina in the region of the South Atlantic Anomaly
(see Vernetto et al. (2022) for a work at other latitudes).
Some aspects of the physics of ICMEs and associated SEP
events and their impact on astronauts and Earth populations
are still poorly investigated, despite the NASA and ESA
Parker Solar Probe (Fox et al. 2016) and Solar Orbiter (Gar-
cía Marirrodriga et al. 2021; Müller et al. 2020) missions,
among others, are presently in space to study how the Sun
creates and influences the heliosphere. Spatial agencies and
scientific communities aim at coordinating multi-spacecraft
continuous monitoring and near-Earth environment obser-
vations to understand the role of the interplanetary particle
scattering and transport effects to estimate the impact of in-
dividual SEP events in the point of observations. Recently,
the widespread events dated November 29, 2020 Kollhoff
et al. (2021) and October 28, 2021 Papaioannou et al. (2022)
were observed with Parker Solar Probe, Solar Orbiter, Stereo
Kaiser et al. (2008), Bepi Colombo Benkhoff et al. (2010),
GOES/SEISS Kress et al. (2020) and CSES-01/HEPD Mar-
tucci et al. (2023). These missions returned very differ-
ent observations in various energy intervals due to differ-
ent spacecraft orbits. Particle acceleration was observed up
to 40 MeV during the November 29, 2020 event while the
first ground level enhancement (GLE) of the solar cycle 25
Martucci et al. (2023) was associated with the October 28,
2021 event. Consequently, the November 29, 2020 event
was scarcely interesting from the point of view of impact on
manned and unmanned missions, while this was not the case
for the October 28, 2021 event. Multipoint measurements

with low-cost, low-weight, low-power-consumption detec-
tors for nanosatellites or long-lived missions in deep space
provide precious clues on SEP dynamics, particle accelera-
tion and, possibly, particle pitch angle distribution. We re-
call that the SEP pitch angle is defined as the angle between
the particle velocity and the nominal interplanetary mag-
netic field vector direction. The majority of solar particle
detectors presently hosted onboard space missions aiming at
studying various aspects of Solar Physics allow for particle
differential flux measurements up to 100-200 MeV. Since
the typical amount of matter shielding instruments hosted
on board space missions deep in the spacecraft is of the or-
der of 10-15 g cm−2 (approximately equivalent to the stop-
ping power of astronaut suits) Grimani et al. (2015, 2021),
Cea (2022), GCR and SEP hadrons with energies below 100
MeV/n play a minor role in the deep charging of spacecraft
and dose absorbed by astronauts Christl et al. (2009). For
completeness of discussion, we recall that some instruments
over the years have covered a larger energy range. Between
2006 and 2016, the magnetic spectrometer PAMELA exper-
iment gathered proton and helium differential flux data in a
semi-polar elliptical orbit around the Earth above 70 MeV/n
during several SEP events Bruno et al. (2018), in particular
monitored the evolution of the December 13 and December
14, 2006 events Adriani et al. (2011). Moreover, some near-
Earth instruments such as HEPD on board CSES-01 Bar-
tocci et al. (2020), SEISS on GOES and AMS-02 Aguilar
et al. (2018), Faldi et al. (2023) on board the space station
presently allow for the measurement of differential fluxes of
solar and galactic protons up to 250 MeV, up to 500 MeV
and above 450 MeV n−1, respectively. Also EPHIN on
board SOHO Kühl et al. (2015, 2017) is gathering proton
data up to 700 MeV at the first Lagrange point after the
mission launch in 1995. The proton differential fluxes mea-
sured with EPHIN presents uncertainties well above 30% at
hundreds of MeV. Basically all these experiments are gath-
ering data at or near 1 au. The comparison of widespread
proton observation timeseries in different energy bins car-
ried out with instruments placed on board distant spacecraft
provide precious qualitative information about the propaga-
tion of particles. Unfortunately, normalization problems pre-
vent us to infer from these measurements precise differential
fluxes. The Solar Orbiter EPD/HET instrument Rodríguez-
Pacheco et al. (2020), Freiherr von Forstner et al. (2021),
Mason et al. (2021), Wimmer-Schweingruber et al. (2021)
gathers data between 0.28 and 1 au. Despite the HET Col-
laboration has made efforts to extend the energy range of
observations up to 1 GeV, after more than three years since
mission launch, data publicly available on the ESA Solar
Orbiter archive1 are limited to 100 MeV energy. The GCR
proton data above 100 MeV, kindly provided by the HET

1https://soar.esac.esa.int/soar/.
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Collaboration for September 2020 (private communication),
appear higher by approximately a factor of two with respect
to those of the AMS-02 experiment Aguilar et al. (2021)
gathered above 450 MeV during very similar conditions of
solar modulation (October 2019). An instrument providing
proton flux monitoring up to hundreds of MeV with uncer-
tainties smaller than 30% if placed on board different space-
craft would improve the present observational scenario.

In this work we discuss the possibility to build a new in-
strument for solar activity and SEP observations up to hun-
dreds of MeV. In particular, we aim at developing a detec-
tor in the framework of the INFN HASPIDE (Hydrogenated
Amorphous Silicon PIxel DEtectors for ionizing radiation)
project, with the sensitive part based on hydrogenated amor-
phous silicon (a-Si:H). The sensing devices are fabricated
via the standard PECVD (Plasma Enhanced Chemical Va-
por Deposition), with thickness ranging from hundreds of
nanometers to tens of micrometers. The substrate resists to
total ionizing doses up to 100 Mrad Srour et al. (1999),
displacement damage up to a fluence of 1016 1 MeV neu-
tron equivalent cm−2 Menichelli et al. (2022a) and com-
bined damage up to a fluence of 1016 24 GeV protons cm−2

Wyrsch et al. (2006). An instrument based on a-Si:H would
improve its response in current for extreme SEP events while
silicon detectors reduce their performance if exposed to very
high doses Sato et al. (2020). Furthermore, the possibility
of low-temperature deposition during device fabrication, al-
lows us to use plastic materials like polymmide as substrate.
The resulting device will be mechanically flexible, very thin
and light-weighted, easily adaptable for curved configura-
tions like cylinders, assuring a large coverage in solid angle.

Several a-Si:H devices have been produced and exposed
to different radiation sources: 3 MeV protons, 6 MeV elec-
trons, 6 MV clinical X-ray beams, laboratory X-ray tubes
and synchrotron radiation. Preliminary results show a linear
detector response in current versus dose-rate, within an un-
certainty of 1-2%. Besides, these devices can be operated
with electric fields of 1.5-4.0 V/ µm or no bias at all. This
latter characteristic is a very important feature for space ap-
plications, where power consumption is an important limi-
tation, and for dosimetry in medical physics. These devices,
in particular, could be used to equip missions with low-cost
piggy-back modules for the monitoring of SEP events from
multiple observational points by properly combining active
and passive layers of material.

In Sect. 2 we report the characteristics of SEP events and
the present observational scenario. In Sect. 3 the occurrence
and evolution of SEP events is presented. In Sect. 4 a-Si:H
is presented as detection material. In Sect. 5 the results of
preliminary test beams with a-Si:H sensors are discussed. In
Sect. 6 photon, electron and proton detection limits for a-
Si:H devices are estimated on the basis of Monte Carlo sim-
ulations. Finally, in Sect. 7 the SEP measurement strategy
with a-Si:H devices is illustrated.

2 Solar energetic particles

Impulsive, short-term (hours) and gradual, long-duration
(days) increases of solar particles are associated with so-
lar flares and CMEs, respectively. Impulsive events are due
to magnetic reconnection on open field lines in solar jets
Reames (2021). CMEs are believed to be generated by sud-
den disruptions of the Sun’s magnetic field. Statistical stud-
ies have shown that CMEs with plane of the sky speeds >

1000 km s−1 and angular width > 120◦ accelerate protons
above 20 MeV in more than 90% of the cases, however only
a few % of CMEs have speeds in this range Lario et al.
(2020), Alshehhi and Marpu (2021). The maximum energy
of particles accelerated in impulsive events is about 50 MeV
Mazur et al. (1995). Pure impulsive or gradual events are
rare. Often flares and CMEs originate from the same active
region of the Sun. The evolution of gradual SEP events is
characterized by particle flux rises over a minimum period
of half-an-hour for events magnetically well connected to
the point of measurement and a slow decay of a few days.
A strong increase after a first decay phase observed during
the most intense events is due to superposing CMEs and
shocks. The majority of solar proton events occurs during
years 5-8 of the solar cycle Shea and Smart (2001). It has
to be pointed out that, in most cases, SEPs present energies
smaller than 10 GeV even if observations of particles with
energies as high as 50 GeV and more have been reported
in the literature. In particular, integral proton intensities of
about 10−5 (cm2 s sr)−1 at energies > 500 GeV have been
measured for the September 29, 1989, June 15, 1991, and
October 12, 1981 GLEs Karpov et al. (1997).

The Archimedean spiral pattern of the interplanetary
magnetic field generates an asymmetry in the intensity-time
profiles of SEP events from eastern and western longitudes
on the Sun. In particular, events originating in the western
hemisphere of the Sun are more likely observed at the Earth
with respect to those from the eastern hemisphere. The prop-
erties of SEP profiles associated with gradual events are ex-
plained in terms of direct magnetic connection between the
shock driven by the ICMEs and the detecting spacecraft.
Here and in the following for onset of SEP events we mean
the time when the integral flux of particles above several tens
of MeV overcomes the background of galactic cosmic rays
beyond statistical fluctuations and short-term variations. The
peak is when the integral flux is maximum in the same en-
ergy range. The time of the onset corresponds to the period
when particles are observed at the highest energies and it is
believed to correspond to the time at which the shock inter-
cepts the magnetic field lines to the spacecraft, plus the parti-
cle propagation time to the spacecraft. The time of the max-
imum integral flux is believed to be an indication of the time
at which the spacecraft is connected to the part of the shock
which accelerates the particles more efficiently Dalla et al.
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(2003). Particle acceleration at parallel and perpendicular
shocks occurs when the upstream magnetic field is almost
parallel or orthogonal to the shock normal, respectively. Par-
allel shocks are considered to be the main SEP accelerators
(see Joyce et al. (2021) and references therein). Acceleration
at perpendicular shocks, in comparison to parallel shocks,
has been discussed in Zank et al. (2006), for instance. A par-
ticle velocity dispersion is observed during the first phase of
the events when particles arrive in inverse order to their ve-
locity (an electron flux increase is observed before a proton
flux increase), while identical time profiles are observed dur-
ing the final part of the event. During gradual, magnetically
well connected events, particles accelerated beyond 1 GeV
are detected within tens of minutes after the visual recogni-
tion of the event on the Sun. Low-energy particles appear in
increasing numbers during the evolution of the event while
the high energy particles fade away. For many years all our
knowledge on solar phenomena was acquired from the view-
point of the Earth that moves between ±7.25◦ in heliolat-
itude. The comparison of Ulysses Wenzel et al. (1992), Is-
sautier et al. (2008), STEREO A and STEREO B Lario et al.
(2013), Helios 1 and 2 Lario et al. (2006), Qin and Wang
(2015) and more recently Parker Solar Probe, Solar Orbiter
and Bepi Colombo observations, along with near-Earth data
have provided precious clues about SEP propagation as a
function of solar latitude, longitude and distance from the
Sun.

Due to the paucity of instruments in space devoted to
the detection of particles with energies larger than 100-
200 MeV and the importance to measure SEP fluxes from
MeV to the highest possible energies, we aim at building
a robust detector to be hosted on long-duration missions in
deep space or in harsh environments such as the Van Allen
belts for the monitoring of strong-to-extreme SEP events
and for the study of the effects of the Van Allen belt dis-
charging due to ICME transit Zhao et al. (2019), Adriani
et al. (2015).

3 Solar energetic particle event occurrence
and forecast

The SEP event average occurrence as a function of flu-
ence and solar activity can be estimated according to the
Nymmik’s model Nymmik (1999a,b). The impact of ICMEs
and SEP events on manned and unmanned space missions
and Earth infrastructures must be studied on the basis of
both particle fluence and flux. As a matter of fact, events
with the same fluence can be associated with particle fluxes
differently populated at high energies.

Fig. 1 X-ray spectrum of a class M flare observed with the RHESSI
satellite on November 9, 2002 at 13:14:16 UT Benz (2017)

3.1 X-ray and electron emission from the Sun for
SEP event forecast

Observations of strong emissions of soft X rays and near-
relativistic electrons from the Sun can be used to forecast
SEP events García-Rigo et al. (2016), Núñez (2018). In
Fig. 1 we have reported the measurement of the X-ray spec-
trum carried out by the RHESSI experiment Grigis and Benz
(2004), Benz (2017) during a class M flare dated November
9, 2002. This observation is used in the following as a bench-
mark for the performance of the instrument we propose.

Interplanetary electrons consist of several components
Grimani et al. (2009b). At steady state, below 30 MeV the
majority of electrons are accelerated in the Jovian magneto-
sphere. The dot-dashed and continuous lines in Fig. 2 repre-
sent the minimum and maximum fluxes of electrons of Jo-
vian origin near Earth. The Jovian electron flux change is
due to the varying distance between Earth and Jupiter during
the Jovian synodic year. Above 30 MeV electrons are mainly
galactic. The dashed line above 30 MeV represents the max-
imum component of galactic electrons near Earth observed
at solar minimum during negative polarity periods of the
global solar magnetic field. During SEP events, relativistic
electrons reach the point of observations always before non-
relativistic ions. According to Posner Posner (2007) (see
also Grimani et al. (2009a)), for events with intensities larger
than 10 protons (cm2 sr s)−1 above 10 MeV, relativistic MeV
electrons and non-relativistic 50 MeV proton fluxes show
similar time profiles even though at different times due to the
higher velocity of the electrons. Posner points also out that
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Fig. 2 Solar, interplanetary and galactic electron observations near
Earth. The top dashed line represents the electron flux of solar origin
observed during the impulsive solar event dated November 7, 1973.
The dotted line indicates the electron flux observed during the gradual
event dated September 3, 1973. The continuous and dot-dashed lines
are the minimum and maximum components of electrons of Jovian ori-
gin while above about 30 MeV the maximum component of electrons
of galactic origin is reported during the negative polarity period of the
global solar magnetic field. This figure was adapted from Fig. 7 in Gri-
mani et al. (2009b)

if the proton increase is not observed after 2-3 hours from
electron increase, then it will not be observed at all. The
top solar electron energy spectrum (dashed line) in Fig. 2,
characterized by two different spectral indices, represents
the electron flux of solar origin observed during the impul-
sive solar event dated September 7, 1973. The dotted line
represents the energy spectrum of electrons observed during
the gradual event dated November 3, 1973. Only one elec-
tron flux spectral index is observed during gradual events
resulting from a process of shock acceleration. The dashed
and dotted lines were obtained from data interpolation (see
Grimani et al. 2009b, for details).

3.2 Solar proton energy spectra

The observed energy spectra of solar particles vary during
the evolution of the events, as a consequence of particle ac-
celeration and propagation in the interplanetary medium. In
particular, the majority of SEP energy spectra above tens of
MeV show an exponential trend during the prompt phase
and a power-law trend during the late phases of the majority
of events (for a detailed study of the evolution of several SEP
events evolution see Grimani et al. (2013)). The comparison
of the proton timeseries in different energy bins allow us to

study the arrival of particles as a function of their energy.
For this kind of study any observation, above the galactic
cosmic-ray background, provides precious clues on the par-
ticle propagation process and the qualitative comparison of
data gathered with different spacecraft is meaningful. Never-
theless, to estimate spacecraft deep charging and instrument
performance with Monte Carlo simulations, it is necessary
to monitor the high-energy differential flux of particles ver-
sus time. Moreover, in order to obtain plausible results from
the simulations, the uncertainty on the high-energy particle
flux, which is the part of the flux that impacts the most in
terms of deep charging and dose-rate release, must be kept
low. The effort of comparing observations gathered with dif-
ferent instruments, in general, is unsuccessful due to parti-
cle flux normalization issues. To this purpose, in order to
estimate the number of photons and particles that the instru-
ment we propose may observe, in the following we privi-
lege the flux of particles measured by single instruments,
if possible. In particular we consider the energy spectra of
solar protons associated with the evolution of SEP events
dated February 23, 1956 Vashenyuk et al. (2007), Decem-
ber 13, 2006 Adriani et al. (2016), and October 28, 2021
Papaioannou et al. (2022) as case studies. The proton spec-
tra parameterizations at the onset and at the peak of the
February 23, 1956 event are provided in the original paper
Vashenyuk et al. (2007), while for the December 13, 2006
event the reduced χ2 has been calculated on the basis of the
data reported in the cosmic-ray database of the Italian Space
Agency.2 For the event dated October 28, 2021, it is pointed
out that the data and uncertainties of the EPD/HET instru-
ment are reported on the Solar Orbiter archive. Within data
uncertainties (100%) the fits present an excellent agreement.
The best fits through the data during the different phases of
each event were found by considering exponential, power-
law and power-law with an exponential cut-off functions ac-
cording to Grimani et al. (2013). The results are shown in
Table 1.

3.2.1 The February 23, 1956 SEP event

The SEP event dated February 23, 1956 was associated with
the GLE 5 when neutron monitor (NM) counting increased
by about 5000% Vashenyuk et al. (2007).

This is the most intense event observed during the last
seventy years characterized by particle acceleration above
2 GeV. The event onset was observed with NMs at 04:00 UT
while the decay phase was detected at 06:00 UT. The fitting
functions at the onset and at the peak of the event appear in
Figs. 3 and 4 and in Table 1.

2https://tools.ssdc.asi.it/CosmicRays/.

https://tools.ssdc.asi.it/CosmicRays/
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Fig. 3 Proton flux at the onset
of the SEP events dated
February 23, 1956 and
December 13, 2006. The curves
represent the best fits to the data
(see Table 1)

Fig. 4 Same as Fig. 3 at the
peak of the SEP events

3.2.2 The December 13, 2006 SEP event

The measurements of SEP events carried out on Decem-

ber 13 and December 14, 2006 with the PAMELA low-

Earth orbit satellite experiment covered the range of en-

ergy 70 MeV-2 GeV Adriani et al. (2011) with an un-

precedented accuracy. In Figs. 3 and 4 we have reported

the onset and peak proton fluxes (light blue dots) associ-

ated with the strongest of the two events dated December

13, 2006. The fitting functions of the proton fluxes mea-

sured during this event are also reported in Table 1. The

reduced χ2 (χ2
red ) and the number of degrees of freedom

(ndof) for each function appear in the same Table. The event

dated December 14 was very weak and it is disregarded

here.

3.2.3 The October 28, 2021 SEP event

On October 28, 2021 a SEP event was detected by several
spacecraft at different distances from the Sun, by near-Earth
space missions and with NMs, after using cosmic-ray nu-
clear transport in the atmosphere Papaioannou et al. (2022).
The atmosphere does not stop secondary particles only if
primary cosmic rays have energies larger than 500 MeV.
Protons accelerated above 2 GeV were associated with this
event. In Fig. 5 we have shown the proton flux measured
during the evolution of this event. Data below 100 MeV
were gathered by the EPD/HET particle detector hosted on
board the Solar Orbiter spacecraft that was almost lined up
with Earth. HET data at the onset (small dots), at the peak
on Earth (small triangles) and at the peak in space (small
squares) are compared to data estimated with NM observa-
tions at the onset (large dots) and at the peak at the top of the
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Fig. 5 Solar energetic proton fluxes observed on October 28, 2021.
The small solid dots indicate the observations gathered in space by the
EPD/HET experiment at the onset of the event. The large dots inferred
at the top of the atmosphere from NM observations above 450 MeV
represent Earth observations for the same phase of the event. The small
triangles are the HET measurements in space at the peak of Earth ob-
servations (large triangles). The solid squares correspond to the peak
of the HET measurements in space. The lines through the data repre-
sent the best-line-fits in different energy intervals for each phase of the
event (see Table 1)

Earth atmosphere (large triangles). No GLE was observed at
the time of the peak observed in space (small squares). In
other words, the peak of the event observed in space was as-
sociated with particles with energies smaller than 500 MeV.
These observations reveal the importance of monitoring SEP
events in space up to at least hundreds of MeV since this is
the energy range of maximum interest to Space Weather. We
have best fitted the data with broken lines where a unique
function was not reproducing well the trend of the observa-
tions. The parameterizations of the proton energy spectra are
reported in Table 1 with the reduced χ2 and number of de-
grees of freedom. Reasonable interpolation functions have
been used to fill the gaps of missing data.

In Figs. 6 we have reported the October 28, 2021 SEP
data at the onset of the event. The HET data have been pa-
rameterized between 50 MeV and 100 MeV (blue line), be-
tween 50 MeV and 400 MeV (red line) and between 50 MeV
and 600 MeV (black line). Above 100 MeV the interpolation
values obtained by considering the high-energy NM mea-
surements extrapolated at the top of the atmosphere (light
blue line) were used as input data. It is possible to notice
that, in this last case, a quite good agreement with data is
found up to 1 GeV when galactic cosmic rays overcome
those of solar origin at solar minimum.

Fig. 6 EPD/HET data at the onset of the October 28, 2021 event (solid
light blue dots). Data inferred from NM observations during the same
phase of the event (solid orange squares). The overall flux has been
parameterized with broken lines through the data (light blue curves).
The thick blue line represents the best fit to the EPD/HET data above
50 MeV but below 100 MeV. If data from 50 MeV to 400 or 600 MeV
are considered for the fit the red and black curves are obtained. The
dashed curves represent the galactic cosmic-ray background at solar
minimum (light blue) and solar maximum (yellow)

Fig. 7 EPD/HET data gathered during the October 28, 2021 SEP event
at the peak of the event observed in space (small light blue dots) and
at the peak on Earth obtained from NM data extrapolated to the top
of the atmosphere (large light blue dots and orange squares). The light
blue curve represents the best fit to the data corresponding to the peak
of the event in space. The fit cannot be reasonably extended above
600 MeV without other measurements. The thick blue line represents
the parameterization of EPD/HET data (large dots) gathered in space.
Data above 50 MeV and below 400 MeV or 600 MeV allow for the
same parameterization (black line). These parameterizations are meant
to be compared with the orange curve that represents the best fit to the
space observations and data gathered with NMs during the time the
peak of the event was observed on Earth. The dashed curves have the
same meaning as in Fig. 6

In Fig. 7 we report the observations gathered by HET
during the peak of the event in space (small light blue dots)
and on Earth with NM observations extrapolated at the top
of the atmosphere (large light blue dots) during the same
event. The proton peak in space is parameterized up to
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Fig. 8 Prototype devices A2AB: 4 diodes with charge selective contacts over a glass substrate; 4 × 4 mm2 area, 8.2 µm thickness; (left) single
diode scheme; (right) picture of the device mounted on electronic board for testing. Diode marked with X is not working

600 MeV. Also in this case, by including in the parameteri-
zation the data up to 400 or 600 MeV, a better agreement is
found (Fig. 7). In conclusion, in order to carry out reliable
estimates of SEP fluxes at GeV energies, low uncertainty
differential flux measurements between 50 MeV and 400-
600 MeV are needed. This explains and motivates our maxi-
mum effort to design and build a new instrument to measure
SEP fluxes in space up to hundreds of MeV.

4 a-Si:H as detection material

Hydrogenated amorphous silicon has been used since many
years in the fabrication of devices related to optoelectron-
ics, such as solar cells, thin-film transistors and other appli-
cations Street (2000). Several methods have been proposed
for the preparation of device-grade a-Si:H but the PECVD
method is the most widely used due to its capability to con-
sistently prepare uniform, high-quality materials on a large-
area substrate Matsuda (2017). The amorphous silicon is a
material highly resistant to ionizing radiation damage due
to its intrinsic disordered nature, but to obtain a detector
grade device is necessary to reduce the number of dangling
bonds inside the material. This is done by introducing H into
the material to passivate dangling bonds hence reducing de-
fects and recombination centers. The minimum amount of H
necessary to passivate most of the dangling bonds is about
1% atomic. The increase of H content enlarges the bandgap
hence reducing the background current of the device, and
∼ 14% is the typical value to obtain a detector grade de-
vice Wyrsch and Ballif (2016). The bandgap depends also
on the deposition conditions such as the temperature. Typi-
cal deposition temperature should range between 100 ◦C (to
reduce the number of defects in the material) and 350 ◦C
(to avoid desorption of H), and normally occurs around 200
◦C Matsuda (2017). This interval of processing temperature
allows for the deposition of layers or devices on a variety
of substrates, among which thin layers of plastic materials
like polymmide Söderström et al. (2008), Menichelli et al.
(2023). The capability of depositing small area devices over
a flexible and thin substrate opens the possibility to several
applications in different fields among which: instrumented

flange at the vacuum/air separation of charged particle ac-
celerators and transmission detectors for dosimetry of real
dose delivered to patients by clinical beams in radiotherapy,
by considering curved or bent small thickness devices of al-
most any geometrical shape suitable also for space applica-
tions.

Within the research program of the HASPIDE project
several non-optimized devices have been fabricated and
tested both with and without ionizing radiation beams. Fig-
ure 8 shows 4 diodes of 4 × 4 mm2 area and 8.2 µm thick-
ness deposited within the same fabrication batch. Two types
of contacts have been used: standard p-i-n diodes, with the
two contact layers, respectively p-doped (with B atoms) and
n-doped (with P atoms), separated by the a-Si:H intrinsic
layer and Charge Selective Contacts (CSC) where for the
two contact layers are used metallic oxides, MoOx for hole
contacts and TiO2 or ZnO:Al (AZO) as electron contacts,
to produce different mobility values for electrons and holes
Menichelli et al. (2022b). The devices are biased and read-
out by a precision source meter to record the current with a
measurement frequency of ∼ 1 Hz.

An important property for the foreseen medical and space
applications is the capability of devices to work at ∼ 0 V
bias. Both contact options allow in principle for this feature
that should be thoroughly investigated.

5 Tests of a-Si:H devices with photon,
electron and proton beams

Several devices, both p-i-n diode and CSC have been charac-
terized for noise, leakage current and with ionizing radiation
beams at several facilities: X-ray photons (tube voltage up to
50 kV), 6 MV clinical photon beams, 6 MeV electron beams
and 3 MeV proton beams Menichelli et al. (2022b, 2021).3

The procedure for measuring the current signals from a
device under test is: (i) start the data acquisition with no

3Facilities used for beam tests: for photons below 50 keV see
Menichelli et al. (2023).

For photons in the MeV range: ANSTO Melbourne, https://www.
ansto.gov.au/facilities/australian-synchrotron.

For protons: CEDAD Brindisi, http://www.cedad.unisalento.it/.
For electrons: https://www.sbsc.unifi.it/.

https://www.ansto.gov.au/facilities/australian-synchrotron
https://www.ansto.gov.au/facilities/australian-synchrotron
http://www.cedad.unisalento.it/
https://www.sbsc.unifi.it/
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irradiation to measure the leakage current, (ii) irradiate the
sensor (with X-ray photons, for instance), and finally (iii)
measure again the background noise, after irradiation.

The uncertainty on current measurements (packaging in-
cluded), is determined from the distribution of the measure-
ments when the beam is off (red peak in Fig. 9) and on
(green peak in Fig. 9). The distribution for the device un-
der test shows a background current of the order of 20 pA
with a noise of 10 pA including the contribution of the non-
optimized setup, while in the presence of the X-ray beam the
current rises up to hundreds of pA while the noise increases
marginally (12 pA) including both the sensor response un-
certainty and the beam stability. The current signal, due to
the exposure of a device to radiation, is obtained by sub-
tracting the background current, measured before the beam
is switched on, from the measurement carried out after sta-
bilization.

The homogeneity of devices produced in the same pro-
duction batch follows from the deposition procedure and is
∼ 20% at worst for diodes in Fig. 8, reaching also 5% for
more recent batch of diodes deposited on kapton. The vari-
ance for the entire bias range is smaller than 20%, ensuring
that the same readout chain would work for all devices after
inter-calibration Menichelli et al. (2023), Large et al. (2023).

For this work, it is important to evaluate the detection
limit of the signal, by determining the measurement uncer-
tainty. This evaluation is carried out by looking at the fluc-

Fig. 9 Noise determination for both background current (red peak) and
signal (green peak) during irradiation. The noise is represented by the
width of the gaussian peaks

tuations of the background current that is influenced by the
setup and the measurement instrumentation. During the test-
ing campaign we have found that the current noise ranges
between 2 and 10 pA, depending mainly on the measure-
ment setup rather than on the sensor characteristics. In the
following we will adopt 5 pA as a reasonable average value
of the whole testing campaign and as a worst case of the
most recent optimized results (see Table 2).

If we define the detection limit at 5σ for a typical device,
this would imply 25 pA of minimum current signal.

Fundamental properties for the present study of a-Si:H
meant for Space Weather application are the device noise,
the linearity of the response to the ionizing radiation flux
and the device sensitivity, i.e. the current signal associated
with a given amount of deposited energy. The linearity has
been measured using several devices (pixel, strips, pad) with
different contact types (CSC or p-i-n) (see Table 2) over a
variety of beam types. As an example, Fig. 10 shows the re-
lation between dose-rate (measured using a certified dosime-
ter) and signal for a CSC device of 4 × 4 mm2 area, 8.2 µm
thickness for two potential bias values of 0 V (blue) and
20 V (red) and irradiation with an X-ray beam. See also
Menichelli et al. (2022c). The two bias values represent a
reasonable range for thin devices.

The linearity of the response over the dose-rate range is
on average within 1.6% for both biases, with a maximum
distance from the fit of 5% for low dose rate values. The

Fig. 10 Linear correlation between dose rate and signal for A2AB1
CSC device at 0 V bias (blue) and 20 V bias (red). The two parameters
p0 and p1 represent the intercept and slope, respectively, of the linear
fits to the data shown in the plot as continuous lines

Table 2 Characteristics of devices exposed to different type of ionizing radiation. V2 and V4 identify two different pads mounted on the same
socket

Sensor Name PAD_(V2,V4) A2AB1 A3AC2 UOW429

Contact type p-i-n CSC CSC p-i-n

Area [mm2] 0.5 × 0.5 4.0 × 4.0 4.0 × 4.0 5.0 × 5.0

Thickness [ µm] 10.0 6.2 8.2 10.0

Noise level [pA] 2.0 8.0 5.0 2.5
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Table 3 Response of devices exposed to different type of ionizing radiation

Ionizing Sensor Bias Sensitivity 5σ detection Linearity

Radiation Name [V] [nC cGy−1] value [cGy] [%]

γ X-ray A2AB1 0.0 0.052 0.260 ∼ 1.6

γ 50 kV X-ray A2AB1 20.0 0.657 0.040 ∼ 1.6

γ 50 kV X-ray A3AC2 30.0 2.040 0.045 ∼ 1.0

γ Clinical (6 MV) UOW429 0.0 0.049 0.245 ∼ 1.5

e− 6 MeV Clinical UOW429 0.0 0.065 0.325 ∼ 1.5

Protons 3 MeV PAD_V2 20.0 0.025 0.400 ∼ 5

Protons 3 MeV PAD_V4 20.0 0.030 0.330 ∼ 5

sensitivity varies from 657 pA· cGy−1 s−1 (20 V bias) to a
value of 52 pA· cGy−1 s−1 (0 V bias), one order of mag-
nitude less. Since the current noise has been assumed of 5
pA, if the measurement threshold is set at 5σ , the minimum
energy deposition that we could measure varies from ∼ 0.4
mGy s−1 for 20 V bias to ∼ 0.5 cGy s−1 for 0 V bias opera-
tion. Similar results were obtained for p-i-n devices and are
available in Menichelli et al. (2021). Table 3 reports the re-
sults obtained with several sensors exposed to different ion-
izing radiation beams.

From the collected data we could draw some conclusions:

• both CSC and p-i-n devices grant a sufficient sensitivity
for radiation measurement (> tens of pC cGy−1) coupled
with a low noise (< 10 pA);

• the potential bias is an important parameter to increase the
sensitivity, as expected.

6 Estimate of detection limits for a given
a-Si:H device

In this paragraph, we consider the performance of a realistic
a-Si:H device to estimate the minimum detectable flux of
different ionizing radiation types associated with solar flares
to obtain a signal-to-noise ratio (S/N) ratio ≥ 5, in the first
instance.

For this exercise we use a “virtual” device with charac-
teristics similar to those reported in Table 2: 4 × 4 mm2

area, 10 µm thickness and 5 pA current noise. The geomet-
rical factor of such a device is 0.5 cm2 sr. To increase both
geometrical factor and sensitivity, we may choose, for in-
stance, to build a single, large device with an area 25 times
larger than a single device, 20 × 20 mm2, or to arrange a
bi-dimensional array of 25, 4 × 4 mm2 devices read out in
parallel. In the following, we indicate both these equivalent
solutions as H-SPACE. The final option for the H-SPACE
design would depend most likely by the noise measured for
the whole system of measurements.

The leakage current of the devices increases with the
area, while the current noise increases with the square root

of the area. Therefore, for the evaluation of particle detec-
tion thresholds, we plausibly assume that the noise of the H-
SPACE device scales by a factor equal to the square root of
the ratio of the area with respect to that of the small device,
i.e. by a factor of 5. This leads to a noise of 25 pA and conse-
quently to 125 pA limit for the 5σ detection level. Using the
measured sensitivity of the device A3AC2, as a reference,
and converting the dose-rate in deposited energy per second,
a deposited energy of 105 MeV/s is the lower limit to obtain
a S/N > 5, while a S/N of 1 is reached for ∼ 21 MeV/s
energy deposition. For the present preliminary design of our
instrument we aim at estimating the dose-rate and associated
current generated by incident solar energetic particles on the
a-Si:H devices. Future developments of our a-Si:H sensors
and electronics may allow us to measure single particles, but
this will be matter of future improvements. To convert the
current measurements in particle fluxes we will benefit of
Monte Carlo simulations and beam tests. Multiple sensors
to cover different portions of solid angles may be of great
help in space. It is worthwhile to point out that the sensi-
tivity of the H-SPACE devices is expected to improve in the
future during the R&D campaign foreseen for the HASPIDE
project. For the present exercise, the charged particle energy
loss distribution in the H-SPACE device represents a lower
limit with respect to actual energy losses, since only parti-
cles with normal incidence on the sensor area are consid-
ered, condition that strictly applies to photons only.

In the following, we simulate the H-SPACE device per-
formance using the FLUKA Monte Carlo program Battis-
toni et al. (2014), Böhlen et al. (2014), Vlachoudis (2009).
For the moment, we have taken into consideration the char-
acteristics of a-Si:H by decreasing by 10% the density of c-
Si and consequently, the number of electrons produced per
unit length and per unit energy that is proportional to the to
the material density Workman et al. (2022).

6.1 Photon rate detection limits

The current signal generated by photons incident on the de-
tector depends strongly on the photon energy distribution
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Table 4 Rate detection limits at 5σ for monochromatic photon fluxes

Energyγ Energydeposited Interacting photons Minimum photon rate detectable

(keV) (keV) (%) with HASPIDE-SPACE (photons/s)

3.0 3.0 ± 0.3 0.87 4.0·104

5.0 4.9 ± 0.4 0.40 5.4·104

7.0 6.9 ± 0.6 0.18 8.5·104

8.0 7.8 ± 0.8 0.13 1.0·105

10.0 9.7 ± 1.3 0.08 1.4·105

15.0 14.0 ± 3.1 0.04 3.8·105

20.0 17.5 ± 5.6 0.009 6.7·105

Fig. 11 FLUKA simulation of energy deposition distribution of
10 keV photons in the H-SPACE device

that sets the photon interaction probability in the sensitive
material and, due to the small thickness of the a-Si:H layer,
depends also on the partial containment of photoelectrons or
Compton electrons.

Photon fluxes observed during solar flares are mainly
populated below 10 keV Grigis and Benz (2004), Benz
(2017) (see Fig. 1). Consequently, we focus on photons in
the energy range 3-20 keV for which the photoelectric effect
is the dominant process occurring within the a-Si:H sensitive
volume.

In Table 4 we have reported the average energy deposi-
tion and the minimum rate of incident photons needed for
detection for several photon energies in the range 3-20 keV.
Since the current measurements are expected to be carried
out at 1 Hz, the minimum required energy deposition per
second by photons of given energy is estimated. It can be
observed that, as the photon energy increases, the number
of photons needed for a 5σ detection increases, due to de-
creasing interaction probability of photons within the a-Si:H
device and, to a smaller extent, to the increasing difficulty to
contain all the energy of the photo-electrons. The percent-
age of interacting photons are also reported in Table 4. As
an example, Fig. 11 shows the distribution of energies de-

posited by 10 keV photons traversing the H-SPACE device.
Taking the 105 MeV energy deposition threshold set above,
the detection limit of 10 keV photons reaching the device in
order to obtain a S/N ratio of 5 is 1.4 · 105 s−1. By consider-
ing these results and by integrating the photon flux reported
in Fig. 1 for the class M flare dated November 9, 2022 be-
tween 7 and 16 keV, it is found that the detection limit is met
at 4 σ in this energy range in the H-SPACE device with the
main contribution given by 7-10 keV photons. The reduc-
tion of the photon energy range of measurements to 5 keV,
would obviously improve the detection capability of this or
stronger (class X) solar flares.

6.2 Electron rate detection limits

Experimental results on electron energy deposits in thin sil-
icon layers are reported in Meroli et al. (2011), Dourki et al.
(2017). Table 5 summarizes the simulation results for de-
posited energy and minimum number of detectable electrons
per second incident perpendicularly on the H-SPACE sensor
surface. Looking at the solar electron energy spectra down
to 200 keV reported in Fig. 2 (for energies below 200 keV
see for instance Dresing et al. (2020)), we simulate the 50-
1000 keV energy range because higher energy particles give
a negligible contribution to the current signal. As an exam-
ple, Fig. 12 shows the deposited energy distribution obtained
for 200 keV electrons. The average is 5.7 keV despite the
distribution is populated up to 200 keV.

The simulation results clearly show that the minimum
electron rate required for detection can be obtained by mea-
suring low-energy electrons that deposit large amounts of
energy in the device. By integrating the electron flux in the
range 200-250 keV and by taking into account the H-SPACE
geometrical factor, we obtain ∼ 1450 electrons/s. This result
is unsatisfactory for solar electron detection being the S/N
ratio ∼ 0.1. However, in Dresing et al. (2020) it is shown
that below 100 keV the solar electron energy spectrum main-
tains a power-law or a broken power-law trend with respect
to higher energies. In principle, by extending the electron
measurements down to 50 keV, a factor of more than 2.5 in
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Table 5 Five σ detection limits for monochromatic electron fluxes

Energy (keV) Deposited Energy (keV) Minimum electron rate detectable with HASPIDE-SPACE (electrons/s)

50.0 28.9 ± 16.0 3.6·103

100.0 12.1 ± 13.4 8.7·103

200.0 5.7 ± 7.3 1.8·104

250.0 4.7 ± 5.6 2.2·104

300.0 4.1 ± 4.7 2.6·104

500.0 3.3 ± 3.7 3.2·104

1000.0 2.8 ± 3.3 3.8·104

Fig. 12 FLUKA simulation of energy losses of 200 keV electrons in
H-SPACE device

the deposited energy and more than a factor of 5 in parti-
cle flux would be gained. We will evaluate, by comparing
Monte Carlo simulations and beam-test results, how the S/N
ratio for electron detection may increase with respect to the
background of other particles.

6.3 Proton rate detection limits

In Table 6 we have reported the average values of the energy
losses of protons of different energies incident perpendic-
ularly on the H-SPACE sensitive area. The minimum pro-
ton rate needed for detection with a S/N ratio of 5 is also
reported. As in the case of photons and electrons, Table 6
shows how the minimum detectable proton rate with S/N ≥
5 varies with proton energy. For our proposal it is impor-
tant to have the possibility to monitor solar protons between
3 MeV (Fig. 13) and 400 MeV (Fig. 14).

The average energy deposits vary between 5.1 keV and
289.5 keV. This means that the needed number of protons/s
crossing the H-SPACE device to have a S/N = 5 scales by
the same factor.

We use Table 6 to evaluate the detection capability of the
H-SPACE sensor for the SEP events reported in Table 1 and
Figs. 3-7:

• February 23 1956: Fig. 3 shows the measured proton

spectrum at the onset; by integrating the spectrum in

the 500-700 MeV range of measurement availability, we

obtain ∼ 224 protons/s across our device at the onset.

FLUKA simulations associate to this proton flux an av-

erage energy deposit of 963 keV, i.e. undetectable. Of

course in space also lower energy particles would be mea-

sured.

• February 23 1956: Fig. 4 shows the spectrum at the peak.

For the same energy bin as above we obtain 55,250 pro-

tons/s corresponding to 238 MeV, i.e. a S/N ratio of

2.3 and therefore, within possible detection range. For

GCR/SEP discrimination, detection limits of 2.5-3 will

still retain the capability to discriminate the SEP dynam-

ics from noise.

• October 28, 2021: for this event data down to a few MeV

are available on the Solar Orbiter archive. Figure 5 shows

the measured proton flux at the onset (black dots). If we

consider the energy bin 80-100 MeV where the spectrum

is more populated, by integrating the data, we obtain ∼ 10

protons/s crossing the H-SPACE device, corresponding to

0.15 MeV/s of deposited energy, i.e. the event would not

be detected;

• October 28, 2021: Fig. 5 shows the measured proton

fluxes at the peak (black squares). If we consider again the

energy bin 80-100 MeV for the peak, integrating the data,

we obtain ∼ 142 protons/s, corresponding to 2.0 MeV/s

of deposited energy. Also in this case the event would not

be detectable.

• Similar results would be obtained for the December 13,

2006 event, characterized by a similar intensity with re-

spect to that of the event dated October 28, 2021.

In conclusion, with just one layer of the H-SPACE de-

vice we would be able to detect SEP proton fluxes above

hundreds of MeV only at the peak of extreme, rare events

with a S/N ratio > 3.
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Table 6 Rate detection limits of monochromatic protons at 5σ

Energy (MeV) Deposited Energy (keV) Minimum proton rate detectable with HASPIDE-SPACE (protons/s)

3.0 289.5 ± 19.5 3.6·102

5.0 141.5 ± 14.5 7.4·102

10.0 75.6 ± 14.5 1.4·103

20.0 43.1 ± 24.9 2.4·103

50.0 21.0 ± 34.5 5.0·103

70.0 16.3 ± 35.1 6.4·103

100.0 12.4 ± 30.7 8.5·103

200.0 7.6 ± 30.8 1.4·104

400.0 5.1 ± 35.2 2.1·104

600.0 4.3 ± 40.4 2.6·104

Fig. 13 FLUKA simulations of energy losses of 3 MeV protons in the
H-SPACE device

Fig. 14 FLUKA simulation of energy losses of 400 MeV protons in
H-SPACE device

7 A tentative demonstrator and measuring
strategy

Our future work will be aimed at showing that a demonstra-
tor consisting of active and passive layers of sensors and ma-
terial, respectively, may be built to monitor solar flares and
the evolution of medium-strong SEP events in space. The
separation of different particle species and photons and the
attempt to measure the differential flux of protons, will crit-
ically depend on the timing of the arrival of photons, elec-
trons and protons at the instrument. X rays will arrive first
and will stop in the first plane of sensors. The superposition
of arrival of relativistic electrons and protons will follow, but
the current that we will measure in each sensor plane will be
different for electrons and protons due to the different pen-
etration characteristics of the two kind of particles through
the layers of passive material of various thickness. In the
first plane we will observe electrons and protons. Deep in
the detector, we will measure the current associated with the
passage of protons only through a varying number of sensi-
tive planes, depending on particle’s energy. At present time,
we would not be able to follow the onset of even strong SEP
events, but we should at the peak when the particle energies
decrease. To improve the instrument performance we will
count on a very long campaign of beam tests with photons
in the keV range, electrons in the MeV range and protons of
different energies. The experiment data will be reconciled
with Monte Carlo simulations. We will simulate the perfor-
mance of our instrument from flare detection through the
arrival of protons on the basis of real event observations.
Basically, following the approach described in Klein et al.
(2022) for the October 28, 2021 event.

7.1 Soft X-rays

A device capable of photon detection at 4 σ for energies
above 5 keV could be built given the available deposition
techniques of a-Si:H on kapton substrate Menichelli et al.
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(2023) by considering also a deposition of a metal layer of
hundreds of nm on top the sensors for visible light shielding.
To further increase the detection power of the device, we
could use identical sensitive layers to sum up the current
signals in coincidence.

7.2 Electrons

For one same event, electrons will arrive at the sensor typ-
ically after tens of minutes with respect to photons, hence,
in principle, we could use the same device used for pho-
tons for the detection of these particles down to 50 keV.
Detailed Monte Carlo simulations, validated by test-beam
measurements, will be carried out to estimate precisely the
current signal needed for electron detection as a function
of the thickness of the material to be placed in front of the
sensitive a-Si:H region and of the thickness of the substrate
(300 nm may be feasible).

7.3 Protons

Special care will be needed to measure the energy spectra of
solar protons. In Sect. 3.2.3, we have pointed out that a de-
tector able to measure solar protons up to 400 MeV during
medium-strong events will allow us to reliably estimate the
particle differential flux up to GeV energies above the back-
ground of GCRs. From Table 6 we observe that by reducing
the proton energy in the instrument we will improve sensibly
the S/N ratio. The technique of proton energy degradation
using layers of passive material is well known and applied
in several domains. Hence we propose to use layers of pas-
sive material (typically tungsten4) to obtain two results at
once: to degrade the energy of the protons and absorb the
protons ranged down in energy, in order to be able to mea-
sure the proton differential flux up to 400 MeV energy. Since
50 keV electrons and hundreds of MeV protons have simi-
lar speeds, these particles will reach the instrument at the
same time. However, because of the very different capabil-
ity of propagation in the passive material of these electrons
and protons, we will be able to separate the two different
particle species.

To estimate the proton fluxes, the current measurements
will be converted in number of protons penetrating differ-
ent layers of passive material. For this achievement, we will
use both Monte Carlo simulations and beam tests. In partic-
ular, due to the varying spatial distribution of solar particles
during the evolution of the SEP events and to the particle
interactions in the passive material, the instrument will be
tested at different angles of incidence of the beam. Adding
single sensors in space to cover the solid angle (with zero

4https://www.nist.gov/pml/stopping-power-range-tables-electrons-
protons-and-helium-ions.

bias) around the main instrument may also help. The instru-
ment should contain approximately 8 cm of tungsten to stop
75% of 400 MeV protons incident perpendicularly. The typ-
ical weight and power consumption for a radiation monitor
are 1 kg and 1 W, respectively Desorgher et al. (2013). In or-
der to limit the role of particle crossing the instrument on the
side, we need to use extra passive material surrounding the
sensitive part of the instrument and consequently we may
need to drop the strict requirement of 1 kg on the weight
while the power consumption may remain competitive by
limiting the power bias to a few V. The actual limits will be
set on the basis of the constraints of the possibly assigned
space mission. The number of sensitive planes mounted be-
tween slabs of tungsten of different thickness and passive
material surrounding the a-Si:H sensors will be optimized
with future Monte Carlo simulations.

7.4 a-Si:H device improvements

A boost for the detection capability of sensitive layers of our
instrument could come from the R&D program presently in
progress. We may evaluate to:

• increase the sensor surface: we expect a linear increase of
current signal and a noise increasing with the square root
of the device area;

• increase the sensor thickness; a thickness of 30 µm is pos-
sible, for a gain factor of ∼ 3;

• noise reduction below 1 pA: we are currently developing
a readout chip in 28 nm technology; this is expected to
reduce the noise by a factor 2-5;

• increase sensitivity: we are experimenting different con-
tact types and also different deposition techniques with a
possible gain factor of ∼ 5.

Finally, the optimization of the detector design, the es-
timate of the final geometrical factor, the number of de-
tector units to be adopted should be assessed on the basis
of the aims of the mission hosting the instrument. In case
the instrument would be aimed at monitoring extreme SEP
events (fluence larger than 108 protons/cm2), one unit with
a first special layer to detect X-ray and electrons followed
by 4 sensitive and 4 passive layers for a total of not less
than 8 cm thickness; to monitor the evolution of strong to
medium intensity events (similar to the event dated Decem-
ber 13, 2006), several units could be considered to increase
the geometrical factor by not less than a factor of 40. Fi-
nally, at least four instruments observing different solid an-
gles with respect to spacecraft-Sun direction should be con-
sidered to study the SEP pitch angle.

8 Conclusions

In this work we have reported a preliminary study of an in-
strument based on a-Si:H as active material for solar pho-

https://www.nist.gov/pml/stopping-power-range-tables-electrons-protons-and-helium-ions
https://www.nist.gov/pml/stopping-power-range-tables-electrons-protons-and-helium-ions
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ton, electron and proton monitoring. We have demonstrated
that proton measurements up to 400 MeV range allow us to
reasonably extend the parameterization of SEP data above
1 GeV which is the energy range of major interest for Space
Weather. At the moment this is feasible at the peak of ex-
treme events only. Future, dedicated Monte Carlo simula-
tions and R&D activities will lead to an optimization of the
detector design. This preliminary investigation represents
the basis of an effort to respond to future space agencies
calls for the development of innovative space-based instru-
ments.
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