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ABSTRACT

Context. The Solar Orbiter Metis coronagraph captures images of the solar corona in both visible (VL) and ultraviolet (UV) light. Tracks ascrib-
able to the passage of galactic and solar particles appear in the Metis images. An algorithm implemented in the Metis processing electronics allows
us to separate the pixels fired by VL photons from those crossed by high-energy particles. These spurious pixels are stored in cosmic-ray matrices
that can be visually analyzed for particle monitoring deep into the spacecraft’s interior. This algorithm has been enabled for the VL instrument
only, since the process of separating the particle tracks from pixels fired by photons in the UV images was shown to be quite challenging with
respect to a quantitative analysis.
Aims. This work is aimed at studying galactic cosmic rays (GCRs) and solar energetic particles (SEPs) with the Metis cosmic-ray matrices in
February 2023.
Methods. We compared a visual analysis of Metis cosmic-ray matrices gathered on February 22, 2023, with GCRs only, and on February 25, 2023
with both GCRs and SEPs, to Monte Carlo simulations of the VL instrument during the same days.
Results. We estimated the solar modulation parameter associated with the GCR proton energy spectrum in February 2023. We show that Metis
plays the role of monitoring galactic and solar protons. The Metis particle observations are used for the diagnostics of the VL instrument perfor-
mance and to study the spacecraft inner charging from solar minimum towards the next solar maximum. These achievements have been attained
with the benefit of the joint observations of Metis, the Energetic Particle Detector/High Energy Telescope, and near-Earth and Earth-based instru-
ments.
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1. Introduction

The ESA/NASA Solar Orbiter spacecraft (S/C, Müller et al.
2020; García Marirrodriga et al. 2021) was launched on Febru-
ary 10, 2020 at 4:03 UT from Cape Canaveral (Florida, USA)
during the minimum of solar activity between solar cycles 24 and
25. Since then, the satellite has orbited the Sun between 0.28 AU
and 1 AU close to the ecliptic plane. Metis is the Solar Orbiter
coronagraph (Antonucci et al. 2020; Romoli et al. 2021), aimed
at imaging the solar corona in visible (VL, in the range 580–
640 nm) and ultraviolet light (UV, in a '20 nm band around the
121.6 nm Lyman-α line). Monte Carlo simulations (Vlachoudis
2009; Battistoni et al. 2014; Böhlen et al. 2014) performed for
the Metis diagnostics (Telloni et al. 2016; Grimani et al. 2021,
2023a) have shown that only particles of galactic and solar origin
with energies above tens of MeV penetrate into or interact in the
Solar Orbiter S/C. Galactic cosmic rays (GCRs) lie in this energy
range and consist of approximately: 90% protons, 8% helium
nuclei, 1% electrons, and 1% nuclei with Z ≥ 3, where the per-
centages refer to the proportion of individual particle numbers
to the total (Simpson 1983; Papini et al. 1996). Solar energetic
particles (SEPs) consist of approximately 99% of protons and
rarely present energies well above tens of MeV (Reames 2021).

However, when this is indeed the case, the overall flux of parti-
cles incident on the Solar Orbiter S/C may increase by several
orders of magnitude in less than half an hour for events that are
magnetically well connected to the point of observations.

An algorithm meant for the VL instrument diagnostics,
described in detail in Grimani et al. (2021, and references
therein), separates the pixels fired by VL photons from those
traversed by high-energy particles due to the large ionization
energy losses of charged particle with respect to the energy
released by photons in the sensitive part of the instrument. The
spurious pixels fired by charged particles and the noisy pixels are
stored in cosmic-ray matrices.

We carried out a visual analysis of cosmic-ray matrices gath-
ered in February 2023 with particle tracks ascribable to GCRs
only. The results of this study have been compared to those
obtained with an analogous work carried out for the years 2020
and 2022 (Grimani et al. 2021, 2023a). These analyses give
us the opportunity to verify if the number of spurious pixels
(observed over time) appears consistent with Monte Carlo sim-
ulations based on particle energy spectra estimated according
to the increasing solar modulation recorded after the mission
launch. We may also see whether any variation in the instru-
ment’s performance is observed. In addition, for the first time,

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.

A74, page 1 of 8

https://doi.org/10.1051/0004-6361/202449386
https://www.aanda.org
http://orcid.org/0000-0002-5467-6386
http://orcid.org/0000-0002-2464-1369
http://orcid.org/0000-0003-3286-2775
http://orcid.org/0000-0002-0532-6777
http://orcid.org/0000-0003-2429-1626
http://orcid.org/0000-0002-3758-9272
http://orcid.org/0000-0002-7388-173X
http://orcid.org/0000-0003-1962-9741
http://orcid.org/0000-0002-3379-2142
http://orcid.org/0000-0002-6760-0954
http://orcid.org/0000-0003-2007-3138
http://orcid.org/0000-0003-3517-8688
http://orcid.org/0000-0002-5365-7546
http://orcid.org/0000-0001-7298-2320
http://orcid.org/0000-0002-7585-8605
http://orcid.org/0000-0001-8235-2242
http://orcid.org/0000-0002-8734-808X
http://orcid.org/0000-0001-8244-9749
http://orcid.org/0000-0002-2433-8706
http://orcid.org/0000-0002-5163-5837
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org


Grimani, C., et al.: A&A, 686, A74 (2024)

we have had the opportunity to study a sudden increase in spuri-
ous pixels in the Metis images due to the occurrence of a gradual
SEP event (Reames 2021, 2023) on February 25, 2023.

The monitoring of the number of particles reaching the inner
parts of the S/C provides important clues on deep charging and
instrument performance associated with high-energy particles by
correlating measurements carried out outside the S/C with their
effects deep into the satellite.

In Sect. 2, we illustrate the characteristics of the Metis VL
images. In Sect. 3, the trend of the solar activity after the Solar
Orbiter launch and the GCR energy spectra modulation are dis-
cussed. In Sect. 4, the evolution of the SEP event dated Febru-
ary 24–25, 2023 is presented. The solar eruption and coronal
mass ejection (CME) associated with the SEP event are also
briefly described. In Sect. 5, the results of the visual analysis
of cosmic-ray matrices gathered in February 2023 with GCRs
only are compared to those obtained in May 2020 and May
2022. We also study the increase in particle tracks in the Metis
cosmic-ray matrices during the decay phase of the SEP event
dated February 24–25, 2023. Finally, in Sect. 6, we report the
results of Monte Carlo simulations of GCR and SEP particles
in the cosmic-ray matrices on February 22 and February 25,
2023, followed by a comparison of the simulation outcomes to
observations.

2. Metis images of the solar corona

Metis observes the solar corona from 1.7 R� through 9 R� in the
range 580–640 nm and in the Hi Lyman-α line at 121.6 nm (for a
detailed description of the instrument see Antonucci et al. 2020;
Fineschi et al. 2020). The coronagraph is mounted on one side
of the Solar Orbiter S/C. A sketch of the instrument and satel-
lite geometries built with Flair1 (Vlachoudis 2009) is reported in
Fig. 1. The S/C structure, thrusters, fuel tanks, and the SPICE,
STIX, EUI, and PHI instruments (García Marirrodriga et al.
2021, and references therein) are shown. The Metis VL instru-
ment consists of a VL camera with an active CMOS (CMO-
SIS ISPHI Rev. B developed by CMOSIS Imaging sensor,
now AMS, Belgium) segmented in 4.1943 × 106 pixels of
10 µm× 10 µm× 4.5 µm dimensions. The geometrical factor of
each pixel is 401 µm2 sr (Sullivan 1971). The detailed design
of the UV detector is illustrated in Uslenghi et al. (2017) and
Schühle et al. (2018). It is worthwhile to point out that when the
Metis VL and UV instruments are used for particle observations,
each pixel of each image plays the role of a small detector. The
lower limit to the single pixel efficiency of the VL instrument
(defined as the ratio of fired pixels to the total number of pixels
along the particle tracks) of 0.94± 0.02 was set by using a sam-
ple of oblique tracks firing more than three pixels (Grimani et al.
2021).

In principle, both Metis VL and UV instruments could be
used for GCR and SEP observations. However, the separation of
spurious from genuine signals in the pixels of the UV images
appeared unfeasible for a quantitative analysis of particle tracks
(see also Grimani et al. 2023a). As a result, in the following, we
focus on the analysis of the cosmic-ray matrices of the VL instru-
ment only.

1 Flair is a python based graphical front-end interface of the FLUKA
Monte Carlo program. A module of Flair, call geoedit (geometry editor)
enables the building and debugging of complex combinatorial geome-
tries: https://flair.web.cern.ch/flair/

Fig. 1. Solar Orbiter geometrical model. Remote sensing instruments
and electronic boxes are visible. The magnified image of Metis shows
the VL (VLDA) and UV (UVDA) detector assemblies.

3. Solar activity and galactic cosmic-ray
modulation since February 2020 for Solar Orbiter

In our previous works (Grimani et al. 2021, 2023a), we have
shown that GCR flux modulation models optimized with data
gathered near Earth at 1 AU can be used for Solar Orbiter for
the first part of the mission before the S/C will lift out of the
ecliptic. In particular, we adopted the Gleeson and Axford model
(G&A; Gleeson & Axford 1968) to estimate the GCR energy
spectra needed to simulate the particle tracks observed in the
Metis cosmic-ray matrices (see Grimani et al. 2021). This model
correlates the cosmic-ray intensity in the inner heliosphere to
interstellar energy spectra through a solar modulation parameter
(φ) that allows us to take into account diffusion, convection, and
continuous energy losses of cosmic rays propagating from the
interstellar medium to the point of observations. For global solar
magnetic field positive polarity epochs, such as that encountered
by Solar Orbiter up to the present time, the G&A model has been
found to aptly reproduce the GCR measurements carried out at
1 AU in the energy range from tens of MeV to hundreds of GeV
(see Grimani et al. 2008; Armano et al. 2018).

For this work, we have tested the reliability of the model
with proton data gathered on board the International Space
Station (ISS) with the magnetic spectrometer AMS-02 experi-
ment. We have considered these measurements, available up to
2019, because they are affected by uncertainties of a few per-
cent, although the data lie in the energy range above 450 MeV.
An agreement within 10% (Aguilar et al. 2021; Grimani et al.
2023a) has been found between the measurements and model.

The solar modulation parameter increases with solar activ-
ity and varies with different particle interstellar spectra adopted
for the calculation. In order to use the solar modulation param-
eter2 estimated by Usoskin et al. (2011, 2017), the proton inter-
stellar spectrum by Burger et al. (2000) must be considered. In
Fig. 2, using the sunspot number as a proxy of solar activity
(Brehm et al. 2021), we report the solar modulation parameter

2 See http://cosmicrays.oulu.fi/phi/Phi_mon.txt
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Fig. 2. Monthly sunspot number and solar modulation parameter from
the Solar Orbiter launch in February 2020 through December 2022.

after the Solar Orbiter launch as a function of the monthly
sunspot number3 (see Clette et al. 2014, for details about sunspot
number calibration). It is possible to notice that the solar activity
remained relatively low during the first two years of the mission
while rapidly increased in 2022. The solar modulation param-
eter is not available for the year 2023 up to present time, but
the sunspot number further increased beyond 120 during the first
two months of 2023 (see also Adriani et al. 2023, for clues about
cosmic-ray proton and electron flux modulation during the first
months of 2023).

In this work we focus on GCR proton modulation only.
In Grimani et al. (2023a), we demonstrated that the number of
tracks in the cosmic-ray matrices ascribable to primary and sec-
ondary particles generated by galactic nuclei and electrons is
numerically equivalent to the missing number of tracks due to
pixel and on-board algorithm inefficiencies ('35%). In other
words, we found that the number of tracks in the Metis cosmic-
ray matrices is numerically equivalent to the number of primary
and secondary particles associated with incident protons only.
Monte Carlo simulations are used in the following to show that
this hypothesis holds also during the increasing part of the solar
cycle 25.

In Fig. 3, we report the average proton flux measured on
board Solar Orbiter in different energy ranges by the two units
constituting the High Energy Telescope (HET) instrument of
the Energetic Particle Detector (EPD; Rodríguez-Pacheco et al.
2020). The two EPD/HET units point in the sun/antisun direc-
tion along the average Parker spiral and out of the ecliptic for a
total of four viewing directions. The shown measurements were
carried out during the Bartels rotation (BR) 2585. We recall that
Bartels rotations are 27-day periods defined as complete rota-
tions of the Sun viewed from Earth. Day 1 of rotation 1 was
arbitrarily fixed to February 8, 1832. The energy range between
80 and 90 MeV (light blue in Fig. 3) is populated at steady state
by particles of galactic origin. In addition to the GCR back-
ground, it is possible to notice the effects of three modest SEP

3 Data used here are publicly available at http://www.sidc.be/
silso/datafiles

events that started on February 18, February 24 and February
25, 2023. The main increase in particles in the energy range
>90 MeV, that typically give the main contribution to the inner
S/C charging and to the tracks found in the Metis images (see
for details Grimani et al. 2022, 2023b), is observed on February
24–25, 2023.

Metis cosmic-ray matrices were gathered between 14:00 UT
and 15:00 UT on February 22 for GCR analysis and in the same
interval of time on February 25 for SEP observations.

4. February 24–25, 2023 solar energetic particle
event

The position of the Solar Orbiter S/C with respect to STEREO-A
and Earth on February 24, 2023 at 21:00 UT is reported in Fig. 4.
Solar Orbiter was at 0.77 AU from the Sun and at 0.54 AU from
Earth (−32◦ in longitude with respect to Earth). As a result, the
sequence of the events on the Sun at the origin of the SEP obser-
vations carried out with the EPD/HET and the Metis cosmic-ray
matrices on February 25, 2023 was observed from a different
perspective.

A filament eruption occurred within the active region (AR)
3229, situated in the north-west quadrant of the Sun (NOAA lon-
gitude: 18◦, latitude: 25◦), at approximately 20:03 UT on Febru-
ary 24, 2023 (refer to Fig. 5). The eruption was followed by
an M3.7 flare starting around 20:07 UT and peaking at 20:26
according to soft X-ray measurements by GOES (1–8 Å; 1.55–
12.4 keV)4. Soft X-rays in the range 1–5 keV were observed to
peak by the Solar Orbiter Spectrometer Telescope for Imaging
X rays (STIX)5 approximately three minutes in advance with
respect to GOES, due to the relative position of the two S/C. The
event involved a halo CME, entering in the LASCO/C2 coro-
nagraph field of view (FOV) at 20:36 (see Fig. 6, left panel).
For the CME a speed of 1336 km s−16 was estimated. The Type
II radio burst detected by the e-Callisto system7 above 16 MHz
(right panel of Fig. 6), starting around 20:22 UT, is the evidence
of a propagating CME-driven shock upper in the solar corona
believed to be at the origin of particle acceleration above tens
of MeV. STEREO-A/WAVES data are also reported in the same
figure below 16 MHz8.

The onset of the associated SEP event (the second event in
Fig. 3) with a sharp increase and a gradual decay was observed
by EPD/HET on board Solar Orbiter at 21:00 UT for 80–90 MeV
protons and at 21:11 UT for 10–20 MeV protons. These timings
were set when the overall proton flux recorded by the instrument
increased by a factor of two above the background in the corre-
sponding intervals of energy.

A new increase in solar protons, after a flare M6.35 on
February 25, started at 21:01 UT for 80–90 MeV particles and
at 22:50 UT for 10–20 MeV particles of the same day. As
recalled above, Metis cosmic-ray matrices are available between
14:00 UT and 15:00 UT on February 25 during the decay phase
of the second SEP event of the BR 2585 and before the onset of
the third.
4 https://www.ngdc.noaa.gov/stp/satellite/goes-r.html
https://data.ngdc.noaa.gov/platforms/
solar-space-observing-satellites/goes/goes18/l2/data/
xrsf-l2-avg1m_science/2023/02/
5 https://datacenter.stix.i4ds.net/ (Krucker et al. 2020)
6 https://cdaw.gsfc.nasa.gov/CME_list/UNIVERSAL_ver1/
2023_02/univ2023_02.html
7 http://soleil.i4ds.ch/solarradio/callistoQuicklooks/
?date=20230224
8 http://stereo.space.umn.edu
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Fig. 3. Proton flux observed by the EPD/HET instrument on board Solar Orbiter during the BR 2585. Three SEP events are observed above the
GCR background with onsets dated February 18, February 24 and February 25. Metis cosmic-ray matrices are available between 14:00 UT and
15:00 UT on February 22, before the onset of the second SEP event, and at the same time on February 25 during the SEP event (data availability
is indicated by vertical thick black lines). GCRs only and GCRs+SEPs populate the energy bin between 80 and 90 MeV on February 22 and 25,
respectively.

Fig. 4. View of the ecliptic plane from solar north on February 24,
2023 at 21:00 UT. The Parker spirals are shown at the positions of Solar
Orbiter (S), Stereo A (A), and Earth (E). Solar Orbiter was at 0.77 AU
from the Sun and at 0.54 AU from Earth. The image was obtained
with the Solar MAgnetic Connection Haus tool (Gieseler et al. 2023),
https://solar-mach.github.io/.

5. Galactic and solar particles in the Metis VL
images

The analysis of GCR and SEP tracks in the Metis images is part
of the diagnostics of the VL instrument. In this work, with the
first quantitative Metis observation of SEPs, we have the oppor-
tunity to correlate the response of the instrument to both galactic
and solar particle fluxes incident on the S/C.

The average number of tracks observed in three cosmic-
ray matrices gathered on February 22 and three gathered on

Fig. 5. Active region 3229 firing off an M3.7 flare and filament
(SDO/AIA 193 Å) at 20:26 UT on February 24, 2023.

February 25 between 14.00 UT and 15.00 UT have been stud-
ied with a visual analysis. Only three out of eight cosmic-ray
matrices available for each session were selected due to the large
block of time needed for the visual analysis of each matrix.
The cosmic-ray matrices consist of 12 frames of 30 s expo-
sure times apiece, for a total exposure time of 6 minutes. The
visual analysis was carried out with the APViewer (described
in detail in Grimani et al. 2021, and references therein) adapted
to the new sets of images. Developed specifically for Metis
using the Python programming language, the APViewer serves
as a powerful tool for analyzing particle tracks in cosmic-
ray matrices. This innovative software streamlines the process
of visualizing and identifying cosmic-ray tracks while offer-
ing unique solutions to common challenges encountered with
other tools. Unlike conventional tools tailored for FITS images,
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Fig. 6. Running difference image of the shock ahead the halo CME entering in the LASCO C2 FOV (left). The expanding front followed the
filament eruption shown in Fig. 5 from the same AR. Type II radio burst observed with the e-Callisto system (ALASKA- HAARP, >16 MHz)
combined with space-based STEREO-A/WAVES (<16 MHz) data (right). The fundamental (F) and harmonic (H) band, after 20:30 UT, are marked
with black solid lines. The black rectangular border highlights the harmonic splitting.

the APViewer introduces several innovative features. Among its
advanced functionalities, it allows for the visualization of the
number of active pixels across multiple frames within an image,
for instance. This capability plays a pivotal role in discerning
cosmic-ray tracks from noisy pixels, thus facilitating more accu-
rate identification of relevant features within the data. Addi-
tionally, the APViewer allows users to customize window sizes
for track-specific analysis. These features collectively enhance
the precision and efficiency of examining cosmic-ray tracks and
their contextual surroundings. The performance of the VL instru-
ment in 2023 has been compared to previous studies carried
out in 2020 and 2022. To this end, it is important to point out
that the Metis algorithm generating the cosmic-ray matrices has
been used in all analyses with the same parameters reported in
Grimani et al. (2021). The algorithm is activated occasionally
to limit the data volume. Single, clusters and columns of noisy
pixels appearing in more than two frames of each image were
neglected in the analysis. These noisy pixels have been found
to correspond to a fraction of about 10−5 of the total number of
image pixel sample, consistently with prior analyses. In other
words, the number of noisy pixels in the Metis VL images was
not found to change during the first three years of the Solar
Orbiter mission. The number of pixels fired by cosmic rays
remained always below one order of magnitude in excess with
respect to noisy pixels.

Particle tracks are classified on the basis of their topology.
Straight tracks (single fired pixels appearing in only one frame
out of 12 forming each image), slant tracks (firing more than
one pixel along the main particle track), and “squares” (4 pixels
forming a square, a small slant track with possible production
of δ rays) are shown in Fig. 7. The particle tracks reconstructed
with a generic viewer are compared to those obtained with the
dedicated APViewer.

The total number of straight tracks, slant tracks and squares
for the 2023 analysis are reported in Table 1 after normal-
ization of data to 60-s exposure time. This normalization was
needed for comparison with the analysis carried out in 2020
when the cosmic-ray matrices exposure time was of one minute.
Analogous normalizations were carried out for the observations
gathered in 2022 with 7 min exposure time. The 2023 average

Fig. 7. Examples of particle tracks in the Metis VL instrument cosmic-
ray matrices gathered in 2023. Left panel: outcomes of a viewer, not
expressly dedicated to the analysis of Metis cosmic-ray matrices, for
oblique and straight stracks (top figure), squares (middle figure) and
slant track with several extra pixels possibly fired by secondary particles
generated in the sensitive part of the detector (bottom figure). Right
panel: same tracks reported in the left panel, but displayed with the
APViewer developed specifically for the visual analysis of the Metis
cosmic-ray matrices.

number of particle tracks of 120± 5 observed in 60 s appears
drastically lower than previous observations. This is expected
due to the increase in solar activity mainly during the last year. It
is quite interesting to notice that the percentage of slant tracks
with respect to straight tracks (of about 40%) has remained
approximately constant through the solar cycle being primarily

A74, page 5 of 8



Grimani, C., et al.: A&A, 686, A74 (2024)

Table 1. Metis cosmic-ray matrix GCR and SEP track average observa-
tions in February 2023 in comparison to GCR observations in 2020 and
2022.

Straight Slant Squares Total

May 2020
(GCRs)
Average 188 79 4 271± 22
May 2022
(GCRs)
Average 151 57 4 212± 6
February 2023
(GCRs)
Average 83 36 1 120± 5
February 2023
(GCRs+SEPs)
Average 108 51 2 161± 5

Notes. The uncertainties indicate the standard deviations from averages
for each set of cosmic-ray matrices. Data gathered in 2022 and 2023
have been normalized to one minute exposure time for comparison with
the previous analyses carried out in 2020. Examples of the track topolo-
gies are reported in Fig. 7.

associated with the isotropic spatial distribution of galactic cos-
mic rays. Conversely, the slant tracks ascribable to the passage
of solar particles during the declining phase of the February 25,
2023 SEP event, were 60% of the straight tracks. Even if these
two results are compatible within 1σ (15 slant tracks and 25
straight tracks estimated for SEP particles), this evidence may
also indicate that the spatial distribution of hundreds of MeV
solar particles is not exactly isotropic like that of galactic cos-
mic rays.

6. Monte Carlo simulations of galactic and solar
particles in the Metis images

The results of the visual analysis of cosmic-ray matrices are
compared in the following to Monte Carlo simulations of the
VL instrument during the same days. Input GCR and SEP par-
ticle energy spectra are needed for the simulations. The G&A
model for cosmic-ray proton modulation in February 2023 (solid
line in Fig. 8) has been used with a solar modulation parame-
ter of 650 MV c−1. This value was reasonably set by following
the data trend shown in Fig. 2 at the end of 2022 (590 MV c−1)
and because of a further increase in the solar activity recorded
during the first two months of 2023 (Adriani et al. 2023). In
Fig. 8, our best estimate of the proton energy spectrum in Febru-
ary 2023 (thick continuous line) is compared to the interstellar
spectrum by Burger et al. (2000; dotted line) and to the mod-
ulated energy spectra obtained by assuming φ = 300 MV c−1

(dot-dot-dot-dashed line), φ = 500 MV c−1 (dot-dashed line),
and φ = 800 MV c−1 (dot-dot-dashed line).

We show here that by using φ = 650 MV c−1 we are able
to reconcile both GCR and GCR+SEP observations with simu-
lations fairly well. The proton energy spectrum obtained with
φ = 650 MV c−1 has been parameterized as follows (see for
details Armano et al. 2018):

F(E) = A (E + b)−α Eβ protons/(m2 sr s GeV), (1)

where E is the particle kinetic energy in GeV. The parameters A,
b, α, and β are given in Table 2. It is worthwhile to point out that
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Fig. 8. Interstellar proton energy spectrum by Burger et al. (2000; dot-
ted line) with our best prediction of the cosmic-ray proton energy spec-
trum in February 2023 (thick continuous line, φ = 650 MV c−1). The
modulated proton spectra obtained by assuming a solar modulation
parameter of 300 MV c−1 (dot-dot-dot-dashed line), 500 MV c−1 (dot-
dashed line) and 800 MV c−1 (dot-dot-dashed line) are shown for com-
parison. The solid stars (crosses) indicate the GCR (SEP) proton mea-
surements carried out on February 22 (25), 2023 by the EPD/HET
experiment. The tight line represents the PAMELA experiment obser-
vations during the decay phase of a weak SEP event dated December
14, 2006.

A is measured in protons/(m2 sr s GeV−α+β+1), b in GeV while α
and β are pure numbers.

In Fig. 8, the cosmic-ray proton energy spectrum predictions
are compared to the proton differential flux measurements gath-
ered by the EPD/HET instrument hosted on board Solar Orbiter
on February 22, 2023 (solid stars). The crosses in Fig. 8 rep-
resent the solar proton flux measured by the same experiment
between 14:00 UT and 15:00 UT on February 25. The SEP com-
ponent is dominant up to 100 MeV, becomes comparable to the
cosmic-ray flux up to hundreds of MeV and vanishes above
1 GeV.

In Fig. 8, we also show, for comparison, the proton flux
observed by the satellite experiment PAMELA on December
14, 2006 (dashed line; Adriani et al. 2011) during the declining
phase of a SEP event of intensity slightly higher than that stud-
ied here (dashed line). Monte Carlo simulations of the two SEP
events are compared in the following (see also Grimani et al.
2023a).

For the MC simulation aimed at reproducing the GCR and
SEP tracks in the Metis cosmic-ray matrices in February 2023,
we adopted the CERN release of the FLUKA code (version
4.0.1)9 (Battistoni et al. 2014; Böhlen et al. 2014), which is a
general purpose tool written in Fortran devoted to the calculation
of particle transport and interaction with matter. As anticipated
in Sect. 2, the geometries of the Solar Orbiter S/C and the Metis
coronagraph have been built with Flair (Vlachoudis 2009) for
FLUKA.

9 https://fluka.cern
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Table 2. Galactic cosmic-ray proton energy spectrum parameters in February 2023 (see Eq. (1)).

Particle species A b α β
protons/(m2 sr s GeV−α+β+1) (GeV)

p 18 000. 1.40 3.66 0.87

Table 3. Number of tracks in the cosmic-ray matrices of the Metis VL instrument according to Monte Carlo (MC) simulations and observations
during 60-s exposure time by considering primary protons.

Number of tracks
MC Observed φestimated φreal

( MV c−1) ( MV c−1)
GCRs

May 2020 276± 39± 17 271± 22 300 299
May 2022 242± 34± 16 212± 6 340 433
February 2023 118± 17± 11 120± 5 650 ?
GCRs+SEPs
February 25, 2023 143± 20± 12 161± 5

Notes. Systematic and statistical uncertainties on the MC results are shown. As expected, a better agreement between particle track observations
and MC simulations is found when the solar modulation parameter adopted for the estimate of the proton energy spectra used for the simulations
(300 MV c−1) is similar to the observed value (299 MV c−1), as in 2020. The reliability of the solar modulation parameter estimate for February
2023 will be verified when the actual value will be available.

Particles traversing the Metis VL instrument pass through a
varying amount of S/C and instrument material depending on
their incidence direction on the S/C. Metis is set on one side of
the Solar Orbiter S/C and, therefore, the minimum grammage
of matter traversed by galactic and solar particles before reach-
ing the instrument is about 1 g cm−2. However, the active silicon
CMOS of the VL camera is also shielded by the instrument mate-
rial. Monte Carlo simulations indicate that below 90 MeV n−1

protons and ions with an isotropic spatial distribution, do not
produce tracks in the cosmic-ray matrices.

The simulations of the tracks of GCR protons in the Metis
images for the years 2020-2023 and of solar protons on February
25, 2023 between 14:00 UT and 15:00 UT are reported in Table 3
normalized to 60-s exposure time for comparison with observa-
tions. The simulations are affected by systematic uncertainties
of 10% associated with cosmic-ray proton models and 10% due
to the FLUKA Monte Carlo program accuracy (Lechner et al.
2019) for a total of 14%.

Both systematic and statistical uncertainties on the simu-
lation results are shown in the table. A very good agreement
between observations and simulations was found in 2020 when
the estimate of the solar modulation parameter was close to the
observed value. In 2022 we set a lower limit to the solar modula-
tion parameter of 340 MV c−1. The actual value was later found
of 433 MV c−1, 83 MV c−1 larger. Consistently, the simulations
returned a higher number of GCR tracks than observed. For the
month of February 2023 observations and simulations of GCR
only are consistent with φ = 650 MV c−1. This solar modulation
parameter allows us also to reconcile simulations and observa-
tions of the SEP tracks in addition to the GCR background in the
Metis cosmic-ray matrices. The number of particle tracks associ-
ated with the SEP event for 60 s of exposure time is 41. The sim-
ulations return 25 tracks, in agreement with observations within
slightly more than 1σ.

In a previous study (Grimani et al. 2023a), we considered
the decay phase of the SEP event observed by the PAMELA
experiment on December 14, 2006. For this event we estimated

180 tracks in cosmic-ray matrices for the same exposure time.
This PAMELA event was characterized by a proton flux higher
by approximately a factor of 4 above tens of MeV and below
200 MeV with respect to the February 25, 2023 event. The present
MC simulations appear consistent with this previous work.

Metis can be considered a proton monitor under different
conditions of solar activity, if the particles that cross the VL
images are numerically equivalent to those generated by pro-
tons in terms of primary and secondary particles. This actu-
ally seems to be the case on the basis of the results reported
in Table 3. Simulations for the month of February 2023, near
solar maximum, indicate that when galactic protons are consid-
ered as primary particles, the composition of particle tracks in
the Metis cosmic-ray matrices consists of 69% protons, 21% e−,
4% π−, 3% π+, 2% e+, and 1% µ−. In Grimani et al. (2023a,
and references therein,) we reported that in 2020 the proton
component was at 80%, whereas in 2022, it was at 77%. Even
though the percentage of galactic protons to the total num-
ber of particles decreases with increasing solar activity, possi-
bly due to a smaller number of low-energy particles that are
unlikely to interact in the S/C, protons remain by far the most
abundant particles crossing the VL instrument of Metis and the
total number of particles generated by protons appears in line
with observations. If the solar modulation parameter in February
2023 was actually close to 650 MV c−1, it would also indi-
cate that the algorithm in the Metis electronics removes a sam-
ple of cosmic-ray tracks, equivalent to the contribution of the
other components of GCRs, regardless of solar activity intensity
(Grimani et al. 2021).

Metis is an even better proton monitor during SEP events
when protons below 1 GeV dominate the total particle flux inci-
dent on the spacecraft and a small number of secondaries is pro-
duced deep inside the S/C. As a matter of fact, simulations indi-
cate that during the decay phase of the February 25 SEP event
the fraction of tracks ascribable to protons was of 92%, while
only 8% of the total bulk of particle tracks was associated with
secondary electrons.
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7. Conclusions

We studied the response of the VL instrument of the Metis coro-
nagraph on board Solar Orbiter to GCRs and SEPs after the S/C
launch. Noisy pixels of the VL images have been found to consti-
tute a fraction of about 10−5 of the total number of pixels over the
years 2020–2023. The percentage of pixels fired by cosmic rays
is approximately one order of magnitude larger, with an absolute
number that has decreased by more than a factor of 2 (from 271
through 120 in 60-s exposure time) due to the increasing solar
modulation during the last three years.

The decay phase of a modest SEP event was observed on
February 25, 2023. Solar energetic particles were found to fire
a fraction of 10−5 of the total number of pixels in the Metis VL
images. This number increases by several orders of magnitude
during medium-strong SEP events. Although this work is pri-
marily intended for instrument diagnostics, we were also able to
estimate the solar modulation parameter (φ = 650 MV c−1) rep-
resentative of the propagation of GCRs in the inner heliosphere
in February 2023 with observations and Monte Carlo simula-
tions. We note that to obtain the results presented in this paper, it
was of paramount importance to benefit from the data gathered
by Metis and EPD/HET instruments on board Solar Orbiter, in
addition to near-Earth and Earth instruments.
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