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ABSTRACT

Context. The Metis coronagraph is one of the remote sensing instruments hosted on board the ESA/NASA Solar Orbiter mission. Metis is devoted
to carry out the first simultaneous imaging of the solar corona in both visible light (VL) and ultraviolet (UV). High-energy particles can penetrate
spacecraft materials and may limit the performance of the on-board instruments. A study of the galactic cosmic-ray (GCR) tracks observed in the
first VL images gathered by Metis during the commissioning phase is presented here. A similar analysis is planned for the UV channel.
Aims. We aim to formulate a prediction of the GCR flux up to hundreds of GeV for the first part of the Solar Orbiter mission to study the perfor-
mance of the Metis coronagraph.
Methods. The GCR model predictions are compared to observations gathered on board Solar Orbiter by the High-Energy Telescope in the range
between 10 MeV and 100 MeV in the summer of 2020 as well as with the previous measurements. Estimated cosmic-ray fluxes above 70 MeV n−1

have been also parameterized and used for Monte Carlo simulations aimed at reproducing the cosmic-ray track observations in the Metis corona-
graph VL images. The same parameterizations can also be used to study the performance of other detectors.
Results. By comparing observations of cosmic-ray tracks in the Metis VL images with FLUKA Monte Carlo simulations of cosmic-ray interac-
tions in the VL detector, we find that cosmic rays fire only a fraction, on the order of 10−4, of the whole image pixel sample. We also find that
the overall efficiency for cosmic-ray identification in the Metis VL images is approximately equal to the contribution of Z ≥ 2 GCR particles. A
similar study will be carried out during the whole of the Solar Orbiter’s mission duration for the purposes of instrument diagnostics and to verify
whether the Metis data and Monte Carlo simulations would allow for a long-term monitoring of the GCR proton flux.

Key words. cosmic rays – solar-terrestrial relations – instrumentation: detectors

1. Introduction

The ESA/NASA Solar Orbiter mission (Müller et al. 2020;
García Marirrodriga et al. 2021) was launched on February 10,
2020, at 5:03 AM CET from Cape Canaveral (Florida, USA)
during the solar minimum period between the solar cycle 24
and solar cycle 25, characterized by a positive polarity period
of the global solar magnetic field (GSMF). Four in situ and six
remote sensing instruments were placed on board the space-
craft (S/C) to study how the Sun generates and controls the
heliosphere (Müller et al. 2020). The S/C will reach a minimum
distance from the Sun of 0.28 AU and a maximum inclination
about the solar equator of 33 degrees during the mission lifetime.
Galactic cosmic-ray (GCR) and solar energetic particle (SEP)
interactions in the material surrounding the sensitive part of the
instruments generate secondary particles that limit the perfor-
mance of the detectors on board space missions (see for instance
Telloni et al. 2016; Armano et al. 2018a, 2019; Grimani et al.
2020). In particular, GCRs and SEPs affect the quality of visi-
ble light (VL, in the range 580–640 nm) and ultraviolet (UV, in
a '10 nm band around the 121.6 nm Hi Lyman-α line) images
of the Metis coronagraph (Antonucci et al. 2020; Andretta et al.
2014). Metis, mounted on an external panel of the Solar Orbiter
S/C, is shielded by a minimum of 1.2 g cm−2 of material and

consequently is traversed by protons and nucleons with ener-
gies >10 MeV n−1. We present an analysis of cosmic-ray signa-
tures in the VL images in this work. Cosmic-ray observations
gathered on board Solar Orbiter between 10 MeV and 100 MeV
with the High-Energy Telescope (HET) of the Energetic
Particle Detector (EPD) instrument (Rodríguez-Pacheco et al.
2020; Freiherr von Forstner et al. 2021; Mason et al. 2021;
Wimmer-Schweingruber et al. 2021) and model predictions of
GCR energy spectra above 70 MeV n−1 are also considered in the
following for Monte Carlo simulations (Battistoni et al. 2014;
Böhlen et al. 2014; Vlachoudis 2009) aimed at reproducing and
validating the tracks of cosmic rays observed in the Metis VL
images. A similar analysis will be carried out for the UV chan-
nel in the future.

The GCRs consist approximately of 98% of protons and
helium nuclei, 1% electrons, and 1% nuclei with Z ≥ 3,
where percentages are in particle numbers to the total num-
ber (Papini et al. 1996). This work is focused on protons and
4He nuclei since these particles constitute the majority of the
cosmic-ray bulk and the measurements carried out on board
Solar Orbiter allow us to optimize the Monte Carlo simulations
by selecting proper input fluxes within the range of predictions.
Rare particles such as heavy nuclei and electrons will be con-
sidered in the future when data from magnetic spectrometer

Article published by EDP Sciences A15, page 1 of 9

https://doi.org/10.1051/0004-6361/202140930
https://www.aanda.org
https://www.edpsciences.org


A&A 656, A15 (2021)

experiments becomes available (Aguilar et al. 2018) up to high
energies for the period under study. At the present time,
uncertainties on the predictions of the energy spectra of rare
particles would be higher than their contribution to the observa-
tions carried out with the Metis coronagraph. The overall GCR
flux shows time, energy, charge, and space modulation in the
inner heliosphere (Grimani et al. 2020), an aspect of particu-
lar importance also in the context of planetary Space Weather
and Solar System exploration (Plainaki et al. 2016, 2020). In
particular, the GCR flux shows modulations associated with
the 11-year solar cycle and the 22-year polarity reversal of the
GSMF. These long-term modulations are ascribable to the parti-
cle propagation against the outward motion of the solar wind and
embedded magnetic field (Balogh 1998). Particles that at
the interstellar medium have energies below tens of MeV
are convected outward before reaching the inner heliosphere,
while interplanetary and interstellar GCR energy spectra do
not show any significant difference above tens of GeV
(Florinski & Pogorelov 2009).

Adiabatic cooling represents the dominant energy loss of
cosmic rays observed in the inner heliosphere in the energy
range 10–100 MeV. At these energies cosmic rays can be con-
sidered an expanding adiabatically isolated gas of particles that
does work on the surrounding medium thus reducing its inter-
nal energy. Above tens of MeV cosmic rays diffuse, scatter and
drift through the solar wind and across inhomogeneities of the
interplanetary magnetic field (Jokipii et al. 1977). The total resi-
dence time of cosmic rays in the heliosphere is strongly energy-
dependent and varies from hundreds of days at 100 MeV n−1 to
tens of days above 1 GeV (Florinski & Pogorelov 2009). Posi-
tively charged GCRs undergo a drift process (see for instance
Grimani et al. 2004, 2008) during negative polarity periods of
the GSMF (when the Sun magnetic field lines exit from the
Sun South Pole) propagating mainly sunward from the equator
along the heliospheric current sheet. Negatively charged parti-
cles would suffer the same drift process during positive polarity
periods (epochs during which the Sun magnetic field lines exit
from the Sun North Pole). As a result, during negative (posi-
tive) polarity periods, the positively (negatively) charged cosmic
rays are more modulated than during positive (negative) polarity
epochs.

The spatial dependence of the GCR proton flux was studied
with different S/C gathering data simultaneously between tens
of MeV and GeV energies. The intensity of these particles was
observed to decrease by a few percent with decreasing radial
distance from the Sun and to vary �1% with increasing heli-
olatitude with gradients depending on the GSMF polarity epoch
(De Simone et al. 2011).

Solar Orbiter was launched during a positive polarity period
of the Sun, therefore, the drift process played no role in modulat-
ing the overall GCR flux in 2020. The same condition will apply
until the next polarity change expected at the maximum of solar
cycle 25 between 2024 and 2025 (Singh & Bhargawa 2019).

This manuscript is arranged as follows. In Sect. 2, the radial
and latitudinal gradients of the cosmic-ray flux in the inner helio-
sphere along the Solar Orbiter orbit are discussed. In Sect. 3,
the GCR flux predictions and observations are presented for the
summer of 2020. In Sect. 4, the Metis coronagraph is briefly
described. In Sect. 5, the S/C on-board algorithm for cosmic-ray
track selection in the Metis VL images is illustrated. In Sect. 6,
we present a viewer developed for the Metis cosmic-ray matri-
ces. In Sect. 7, we report the GCR observations with Metis.
Finally, in Sect. 8, simulations of the Metis VL detector car-
ried out with the FLUKA Monte Carlo program are discussed

and compared to the observations, along with an evaluation of
the capability of the Metis VL detector to serve as a cosmic-ray
monitor.

2. Galactic cosmic-ray flux radial and latitudinal
gradients in the inner heliosphere

The GCR proton flux gradients with radial distance from the Sun
and heliolatitude were studied with simultaneous observations
gathered by S/C moving along different orbits in order to dis-
entangle the role of space and time variations. The majority of
space instruments are flown near Earth. In particular, those mis-
sions sent to space during the first part of the solar cycle 23 and
the second part of the solar cycle 24 experienced the same polar-
ity of the GSMF as Solar Orbiter. Ulysses, launched on October
6, 1990, was placed in an elliptical orbit around the Sun inclined
at 80.2 degrees to the solar equator (Wenzel et al. 1992). The
mission was switched off in June 2009. The Kiel Electron Tele-
scope (Wibberenz et al. 1992) on board Ulysses measured elec-
trons, protons, and helium nuclei from MeV to GeV energies.
On June 15, 2006, the Pamela (Payload for Antimatter Matter
Exploration and Light-nuclei Astrophysics; Picozza et al. 2007)
satellite was launched to collect proton, nucleus and electron
data near Earth above 70 MeV n−1 during a period characterized
by negative polarity of the GSMF and a minimum solar modula-
tion. In that same time, Ulysses covered a distance from the Sun
that was between 2.3 and 5.3 AU.

The comparison between Ulysses and Pamela overlapping
measurements revealed that the proton flux in the rigidity inter-
val 1.6–1.8 GV (0.92–1.09 GeV, corresponding approximately
to the median energy of the GCR spectrum at solar minimum)
has a radial intensity variation of 2.7± 0.2% AU−1, and a lati-
tudinal gradient of −0.024± 0.005% degree−1 (De Simone et al.
2011). Positive (negative) latitudinal gradients are observed dur-
ing positive (negative) polarity periods. In addition, Experi-
ment 6 (E6) on board Helios-A and Helios-B provided ion
data from four to several hundreds of MeV n−1 (Winkler 1976;
Marquardt & Heber 2019). The Helios-A and Helios-B S/C were
launched on December 10, 1974 and January 15, 1976 during
a positive polarity epoch and were sent into ecliptic orbits of
190-day and 185-day periods around the Sun. The orbits per-
ihelia were 0.3095 AU and 0.290 AU, respectively. The aphe-
lia were approximately 1 AU. As a result, the Helios data are
representative of the cosmic-ray bulk variations that are to be
experienced by Solar Orbiter, which will also reach maximum
distances from the Sun of about 1 AU. In the recent paper by
Marquardt & Heber (2019), the Helios proton data radial gradi-
ents of the GCR flux were found to be 6.6± 4% above 50 MeV
and 2± 2.5% between 250 and 700 MeV between 0.4 and 1 AU.
These results are in agreement with those from Pamela/Ulysses
(within the statistical and systematic errors). In conclusion, vari-
ations in the GCR proton-dominated flux along the Solar Orbiter
orbit are expected to be of a few % at most; consequently, it
is plausible to assume that models for cosmic-ray modulation
developed on the basis of observations gathered near Earth will
also apply to Solar Orbiter. On the other hand, the Metis data
will allow us to verify this assumption in the unexplored region
of tens of degrees above the solar equator. Analogously, even
though no SEP data were gathered up to present time, it is likely
that a study of the evolution of SEP events near the Sun above the
solar equator will be possible for the first time also with Metis,
in addition to the dedicated instruments flown on board Solar
Orbiter.
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3. Galactic cosmic-ray energy spectra in the
summer 2020 for Solar Orbiter

Solar activity was observed to modulate the near-Earth cosmic-
ray integral flux during the last three solar cycles from solar
minimum (e.g., years 2009 and 2019) through solar maximum
(years 1989–1991) above 70 MeV n−1 by approximately a fac-
tor of four. We consider this particular period of time since
solar modulation has been studied in the majority of cases with
data gathered in space1. The above estimate was carried out
with the Gleeson and Axford model (G&A; Gleeson & Axford
1968). The same model is also adopted here to estimate the GCR
flux modulation by considering the observed average monthly
sunspot number as a proxy of the solar activity2 (Clette et al.
2014). This model allows us to estimate the cosmic-ray inten-
sity in the inner heliosphere by assuming an interstellar energy
spectrum and a solar modulation parameter (φ) that basically
represents the energy loss of cosmic rays propagating from the
interstellar medium to the point of observations.

During GSMF positive polarity epochs, the G&A model
is found to reproduce the GCR measurements well at 1 AU
in the energy range from tens of MeV to hundreds of GeV
(Grimani et al. 2008). It has been pointed out that different val-
ues of the solar modulation parameter are estimated if different
GCR energy spectra at the interstellar medium are considered in
the model. Voyager 1 measured the interstellar spectra of ions
and electrons below 1 GeV (Stone et al. 2013). However, the
solar modulation parameter3 adopted in this work (Usoskin et al.
2011, 2017) was estimated according to the Burger et al. (2000)
interstellar proton spectrum. Since the solar modulation param-
eter and the interstellar particle spectra must be adequately asso-
ciated with one another, the interstellar proton spectrum by
Burger et al. (2000) is also considered here. Unfortunately, no
4He interstellar spectrum is reported in this last paper and, con-
sequently, here we adopt the estimate by Shikaze et al. (2007)
that was inferred from the balloon-borne BESS experiment
data (Abe et al. 2014), which were gathered during different
solar modulation and solar polarity periods. This choice is not
expected to affect the overall simulation outcomes by more than
a few % since the cosmic-ray bulk is dominated by protons.
A similar approach was considered for the LISA Pathfinder
mission orbiting around the first Lagrange point during the
years 2016-2017 (Armano et al. 2016, 2018b). It was shown in
Villani et al. (2020) that the integral proton flux predictions car-
ried out with the G&A model for LISA Pathfinder differ by
less than 10% from the Alpha Magnetic Spectrometer (AMS-02)
experiment data (AMS Collaboration 2002; Aguilar et al. 2018)
gathered on the Space Station during the Bartels Rotation 2491
(Grimani et al. 2019). For the present work, it is also possible to
benefit of the proton and helium differential flux measurements
of the EPD/HET instrument flying on board Solar Orbiter and
gathering data in the energy range below 100 MeV in order to
further reduce the uncertainty on the GCR flux predictions, while
we await the publication of the AMS-02 data for the years after
2017, up to TeV energies.

In Fig. 1, we show the average monthly sunspot number
observed during the solar cycles 23 and 24. Minimum, average,
and maximum predictions of the sunspot number are inferred
from the Marshall Space Flight Center website4 and appear as

1 http://cosmicrays.oulu.fi/phi/Phi_mon.txt
2 Data used here are publicly available at http://www.sidc.be/
silso/datafiles
3 See http://cosmicrays.oulu.fi/phi/Phi_mon.txt
4 https://solarscience.msfc.nasa.gov/predict.shtml
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Fig. 1. Average monthly sunspot number observed since 1994
(Clette et al. 2014).

Table 1. Average monthly sunspot number observed after the Solar
Orbiter launch.

Monthly sunspot number

February 2020 0.2
March 2020 1.5
April 2020 5.2
May 2020 0.2
June 2020 5.8
July 2020 6.1
August 2020 7.5
September 2020 0.6
October 2020 14.4
November 2020 34.0
December 2020 21.8
January 2021 10.4

dotted and dashed lines in the same figure. The launch of the
Solar Orbiter S/C is also indicated. For the first two to three
years of the Solar Orbiter mission, it is reasonable to expect
a minimum to low solar modulation, analogously to the years
1996–1997 at the beginning of the solar cycle 23 during a posi-
tive polarity epoch.

Solar activity has been very low since 2019, when the annual
sunspot number of 3.6 was observed and it slightly increased in
2020. The average monthly sunspot number observed after the
Solar Orbiter launch is also reported in Table 1. It is focused
in particular on the period June–July 2020, when the EPD/HET
data were released for the first time and the average sunspot num-
ber was 6.0. The solar modulation parameter for this period is
reasonably assumed to range between 300 MV c−1 and
340 MV c−1. In particular, a solar modulation of 340 MV c−1 cor-
responds to the average solar modulation parameter observed
during periods of a similar solar activity observed in the past
years, while 300 MV c−1 is considered a lower limit for φ corre-
sponding to the GCR flux modulation that seems to better agree
with the EPD/HET data below 100 MeV reported as black stars
in Fig. 2 after rebinning. The uncertainty on the integral flux
predictions is 16%, only because of the small solar modulation
variation between June and July 2020. The EPD/HET data are
compared below 100 MeV with measurements carried out by
other experiments during similar conditions of solar modulation
and GSMF polarity (see Table 2). The estimated proton and 4He
energy spectra also appear in Fig. 2, with continuous lines for
protons and with dashed lines for 4He.

We are aware that the in-flight calibration of the EPD/HET
instrument is still ongoing and, in particular, the proton fluxes
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Fig. 2. Predictions of proton and 4He nucleus fluxes during the sum-
mer 2020 for the Solar Orbiter mission. The top and bottom continuous
(protons) and dashed (4He nuclei) curves are obtained with the G&A
model above 70 MeV(/n) for a solar modulation parameter of 300 and
340 MV c−1, respectively. The dotted curve represents the lower limit to
the predictions of the proton spectrum for the same period, representing
the Pamela experiment data gathered in 2008 during a period of solar
activity similar to that of Solar Orbiter but during a negative GSMF
epoch. Data are reported in Stone (1964, solid dots), Logachev et al.
(2003, open triangles), and Marquardt & Heber (2019, solid triangles).
The solid stars and the open squares indicate the EPD/HET measure-
ments gathered in the summer 2020 on board Solar Orbiter for protons
and helium nuclei, respectively.

above 10 MeV are overestimated by a factor of up to two,
as discussed by Wimmer-Schweingruber et al. (2021). How-
ever, in the following, we consider φ= 300 MV c−1 because this
parameter modulation value allows us to reconcile our galac-
tic cosmic-ray flux predictions with HET measurements within
the normalization uncertainty and because it appears reasonable
with respect to 320 MV c−1 observed at the time of the LISA
Pathfinder mission in mid-2017 when the solar modulation was
higher than in 2020 (Armano et al. 2018a).

The particle energy spectra above 70 MeV have been param-
eterized as follows (see for details Grimani et al. 2020):

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

where E is the particle kinetic energy per nucleon in GeV/n.
The parameters A, b, α, and β for minimum (m) and maxi-
mum (M) predictions are shown in Table 3, along with the lower
limit (ll) for the estimated proton flux in 2020 set by the Pamela
experiment observations carried out in 2008 during a period of
low solar modulation and negative GSMF polarity (Adriani et al.
2011).

4. Metis coronagraph and visible light image
characteristics

Metis is a solar coronagraph that has been performing the first
simultaneous imaging of the off-limb solar corona in both visi-
ble light and ultraviolet (Antonucci et al. 2020). The main design
constraints for the Metis coronagraph were associated with the
aim of obtaining the major scientific return with VL and UV

observations of the corona while suffering large thermal varia-
tions (up to about 400 ◦C in the region of the inverted external
occulter) along the Solar Orbiter orbit. Total mass (<24.55 kg)
and power consumption (<28 W) were also limited as imposed
to interplanetary missions. Moreover, the Metis design was opti-
mized to achieve a sensitivity to observe the weak corona from
1.7 R� through 9 R� by maintaining a contrast ratio lower than
10−9 and pointing the Sun center within one arcmin. With an
innovative occultation design and a unique combination of mir-
rors and filters, Metis images the VL corona in the range 580–
640 nm (corresponding to yellow-orange light) and the UV Hi
Lyman-α line at 121.6 nm. The VL channel includes a polarime-
ter that allows us to observe the linearly polarized component
of the K corona. The minimum spatial resolution at perihe-
lion is 2000 km for VL images and the temporal resolution
is up to 1 s. The VL detector consists of a VL camera
with an active CMOS (CMOSIS ISPHI Rev. B developed by
CMOSIS Imaging Sensors, now AMS, Belgium) sensor seg-
mented into 4.1943× 106 pixels. Each pixel has dimensions
of 10 µm× 10 µm× 4.5 µm (Antonucci et al. 2020), accounting
for a pixel and detector geometrical factors of 401 µm2 sr and
17 cm2 sr, respectively (Sullivan 1971).

5. Metis algorithm for cosmic-ray detection

When the VL and UV detectors work in analog mode, several
frames are co-added to obtain a single image to improve the
signal-to-noise (S/N) ratio (Andretta et al. 2014). The detection
and removal of GCRs, as well as (eventually) solar energetic par-
ticles, is carried out on board by the Metis processing unit. The
primary goal of the particle track removal process is to improve
the quality of the images. As a byproduct, the algorithm also pro-
vides the location and number of particle tracks in each image
which, in principle, can be correlated with the GCR integral
flux over the image integration time. No particle identification
is allowed. Other instruments such as the extreme UV imager
SOHO-EIT (Delaboudinière et al. 1995) and the coronagraph
STEREO-SECCHI (Wuelser et al. 2004) reported a number of
pixels fired by GCRs per second per square centimeter differing
by almost two orders of magnitude (Andretta et al. 2014). As
recalled above, this evidence cannot be ascribable to variations
in solar activity. The above-mentioned results must have resulted
from particle interactions in the S/C material surrounding the
instruments. Therefore, Monte Carlo simulations are needed to
correlate the particle tracks observed in the Metis coronagraph
images to the incident flux of GCRs.

The temporal noise observed in the CMOS pixel signals
includes both the readout noise and the statistical noise asso-
ciated with photons and dark current fluctuations. In principle,
this temporal noise can be expressed as follows:

σ2 = A + B × p, (2)

where p is the pixel value and A and B are coefficients that can be
fine-tuned on the basis of the characterization of the VL detector.
For each series of N images with exposure times of T seconds
each, for each image i of the sequence, starting from i = 2, and
for each pixel value p, the difference

δp = abs(pi − pi−1) (3)

is calculated. By defining pm = min(pi, pi−1), the related noise is
then estimated, as indicated in Eq. (2), with p = pm.

In the case δp2 > kthσ
2, both pixel values are replaced with

pm. This process is repeated for each pixel of each image for
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Table 2. Solar modulation and GSMF polarity for the datasets reported in Fig. 2.

Experiment Time Solar activity (φ) Solar polarity
MV c−1

HET/EPD June–July 2020 Low (φ= 300–340) >0
Helios/E6 1974–1978 Low (φ= 424–544) >0
IMP-8 14–16 May 1976 Low (φ= 434) >0
Near-Earth satellite 13 December 1961 Average (φ= 698) >0

Notes. Data are reported in Stone (1964), Logachev et al. (2003), Marquardt & Heber (2019).

Table 3. Parameterizations of proton and helium energy spectra in June–July 2020 above 70 MeV n−1.

Am bm αm βm AM bM αM βM All bll αll βll

p 18 000 0.95 3.66 0.87 18 000 0.875 3.66 0.87 18 000 1.05 3.66 0.87
He 850 0.58 3.68 0.85 850 0.53 3.68 0.85

Notes. Maximum (M; top continuous and dashed lines in Fig. 2), minimum (m; bottom continuous and dashed lines in Fig. 2) and lower limit
proton predictions (ll; dotted line in Fig. 2). The units of the parameters A and b are particles/(m2 sr s GeV/n−α+β+1) and GeV/n, respectively, while
the spectral indices α and β are pure numbers.

Fig. 3. STEREO-B COR 1 data gathered in 2007 and reported in
Andretta et al. (2014). The dark area is associated with VL photon sig-
nals and dark current, while the white area is ascribable to the passage
of high-energy particles in the VL detector.

i = 2, . . . ,N. The parameter kth is also user defined and deter-
mines the detection threshold.

As an example, the STEREO-B COR1 data are shown in
Fig. 3 (see Andretta et al. 2014, and references therein). Figure 3
displays the approximate Gaussian distributions of pixel signals
generated by photons and noise represented by the dark area,
while the cosmic-ray signals are associated with the white area.
The threshold is set at 5σ from median.

During the commissioning phase of the Solar Orbiter mis-
sion, the parameters A and B for Metis were set to 40 000 and 0,
respectively. Despite the possibility of further improvements to
the algorithm performance for cosmic-ray searches in the future,
very encouraging results have already been obtained in the anal-
ysis presented here.

6. APViewer for cosmic-ray track analysis in the
Metis VL images

Figure 4 displays a Metis VL image of the solar corona.
After removing the cosmic-ray tracks, the on-board algorithm
described in the previous section allows us to report the fired
pixels in 2048× 2048 matrices called cosmic-ray matrices. The

algorithm cannot discriminate between intense signals generated
by cosmic rays from noisy pixels and bright sources that lie in
the detector’s field of view. However, external bright sources and
noisy pixels would be possibly found in the same matrix cells in
more than one image of each set of images, while cosmic rays
would hit different pixels in each image. As a result, the superpo-
sition of several images allows to increase the statistics for GCR
analysis and to improve the S/N ratio. In the cosmic-ray matrices
the pixel contents correspond to the number of times that, from
the pixel-to-pixel comparison among each image of each set of
images, the pixel content was changed to pm. For instance, in
this work, where a case study of four sets of four images (N = 4)
is presented, the pixel contents are 0, 1, 2, or 3. The format of
the images is FITS. A dedicated viewer, APviewer, was devel-
oped for Metis in Python programming language for the visual
analysis of the particle tracks in the cosmic-ray matrices (Persici
2021). The APViewer allows for a more simplified visualization
and search of the cosmic-ray tracks. Furthermore, it provides an
efficient solution to a series of problems that other tools present.
In particular, the widely used viewer FV5 for images in FITS
format does not visually differentiate among pixels with distinct
values and does not provide a zoomed-in view of the region sur-
rounding an identified pattern of fired pixels. To this purpose, the
APViewer performs a coloring of the pixels according to their
values (>0) and allows the user to choose the window size when
looking for a specific cosmic-ray track in order to guarantee an
accurate view of the surrounding context.

In the specific case of VL images, the main window of
the APViewer presents a 256× 256 matrix that constitutes the
central inner portion of the original 2048× 2048 matrix. This
reduced matrix provides an overview of the location of the pix-
els traversed by cosmic rays. The contents of the border cells of
the reduced matrix are displayed as: a#b, where a corresponds
to the sum of all the fired pixels (i.e., those with values greater
than 0) in the row or column portion of the corresponding side
of the matrix, whereas b represents the sum of the pixels with
value equal to 1, thus returning the number of pixels traversed
by cosmic rays in the same undisclosed part of the matrix. In

5 https://heasarc.gsfc.nasa.gov/docs/software/ftools/
fv/
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Fig. 4. Polarized brightness image of the solar corona in VL (June 21,
2020). The vertical orientation is north-south, according to the Solar
axis. The image was obtained with an exposure time of 30 s at a distance
of 0.5 AU from the Sun.

order to guarantee a straightforward search of cosmic-ray tracks,
the main window includes two text boxes where the users can
type the row and column number of the pixel they wish to see
in greater detail. It is worthwhile pointing out that fired pixels
can also be analyzed through sub-windows that can be opened
starting from the reduced matrix by means of a left or right click
on the border cells. These windows vary in size, according to the
specific side of the matrix, and in number, depending on whether
it is a corner cell or a border one. As an example, in Fig. 5, it is
shown how it is possible to open one of the hidden parts of a
cosmic-ray matrix starting from the corner of the central inner
matrix.

7. Analysis of cosmic-ray tracks in the Metis visible
light images

A sample of cosmic-ray tracks observed in the Metis VL images
is shown in Fig. 6. GCR tracks are classified as single hits (top
left panel), slant tracks (top right panel), and multiple tracks
(bottom left panel). Slant tracks are associated with single parti-
cles firing more than one pixel. We recall here that GCRs show a
spatial isotropic distribution and that each single fired pixel has
a geometrical factor and geometrical field of view of 401 µm2

sr and 132 degrees, respectively. Multiple tracks are associated
with patterns of fired pixels characterized by a distance from
track centroid smaller than 12 pixels. The image shown in the
bottom right panel of Fig. 6 is not ascribable to the passage of
cosmic rays and, rather, it represents the effects of a bright exter-
nal source such as a star. The number of pixels with contents
associated with external sources moving through the instrument
field of view during the acquisition of images was on the order
of 10−5 of the total pixel sample.

As recalled above, four sets of four co-added cosmic-ray
matrices characterized by 15 s (T) of exposure each, for a total
of a 60 s exposure time for each set of images, were consid-
ered here as a case study. These images were taken on May 29,
2020. The presence of noisy isolated pixels in the four images
was studied by searching for fired pixels appearing in more than
one image – and none were found. Conversely, noisy columns

were found in two cosmic-ray matrices. These pixels were not
considered for the analysis as they turned out to be just a frac-
tion of approximately 3 × 10−5 and 5 × 10−5, respectively, of
the total number of pixels. The efficiency for single pixels being
fired was set with a study of a sample of 23 slant tracks: only
6 pixels out of 106 counted along the particle tracks were not
fired and, consequently, the efficiency was set to 0.94± 0.02.
This estimate represents a lower limit to the actual efficiency
applying to the total bulk of incident particles. The pixel inef-
ficiency depends on particle energy losses in the sensitive part of
the detector and, consequently, on the particle species and path
length. Straight tracks impacting the central part of the pixels are
certainly characterized by a higher efficiency than slant tracks.
Unfortunately, a dedicated beam test to estimate the efficiency
of the detector with different particle species and incident direc-
tions was not carried out before the mission launch. Single pixel
and Metis on-board algorithm efficiencies for cosmic-ray selec-
tion must properly be taken into account to reconcile cosmic-
ray observations carried out with Metis and the integral flux of
GCRs. Single-pixel, slant, and multiple tracks have been counted
in each studied VL image. The results are reported in Table 4
where the tracks have been listed in categories according to their
topology. The average number of GCR tracks per set of images
corresponding to a total of 60 s exposure time was 271± 22.

The visual analysis of the Metis VL images did not allow
us to distinguish between primary and secondary particles gen-
erated by incident cosmic rays interacting in the material sur-
rounding the coronagraph. Monte Carlo simulations of the VL
detector were carried out to this end.

8. Comparison of simulations and cosmic-ray
observations in the Metis visible light images

While single pixels and slant tracks observed in the Metis VL
images are certainly associated with single particles, the multi-
ple tracks could have been generated by incident particle inter-
actions. A toy Monte Carlo allowed us to study the random
incidence of 300 particles (roughly equivalent to the number of
tracks observed in each set of VL images) on the active part of
the detector. Ten different runs were carried out and the aver-
age minimum distance observed between different particle tracks
was of 5 pixels ('50 µm), which is consistent with multiple-track
observations.

In Fig. 7, the geometry of the Solar Orbiter S/C and instru-
ments adopted for the Metis VL detector simulations carried
out with the FLUKA Monte Carlo program (version 4.0.1)
is shown. The geometry includes the S/C structure, thrusters
fuel tanks and the SPICE, EUI, PHI, and STIX instruments
(García Marirrodriga et al. 2021, and references therein). Inter-
planetary and galactic particles traverse from about 1 g cm−2

to more than 10 g cm−2 of material depending on the parti-
cle incidence direction before reaching the Metis VL detec-
tor. Proton and helium fluxes, reported in Fig. 2 as the upper
continuous and dashed lines, were considered as input GCR
energy differential fluxes for the summer 2020 above 70 MeV
in the simulations. Particles with energies below 70 MeV n−1

were found not to give any relevant contribution to cosmic-
ray tracks in the VL images. The number of incident parti-
cles was set in order to reproduce the 60 s exposure time of
the VL detector images. Longer simulations would have been
unfeasible because of limited available computational power.
The simulations returned 276± 17 charged particles crossing
the VL detector for incident proton flux only. This num-
ber of tracks is similar to the observations within statistical
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Fig. 5. Example of cosmic-ray matrix corner window opening with the APViewer.

Table 4. Cosmic-ray tracks in the studied sets of Metis VL images.

Image Set Single pixel Horizontal Vertical Slant Square Number of tracks

1 183 20 22 27 3 255
2 200 28 35 33 7 303
3 186 27 22 27 0 262
4 183 33 21 24 4 265

Notes. The square corresponds to track patterns of four fired pixels forming a square. The other definitions are intuitive.

uncertainties. It is worthwhile pointing out that the statisti-
cal error is smaller than the combination of the uncertainties
on input fluxes on the order of 10% on the basis of our pre-
vious experience with LISA Pathfinder (Grimani et al. 2019)
and the intrinsic Monte Carlo resolution also on the order of
10% (Lechner et al. 2019). While the detector does not allow
us to distinguish different particle species, the simulations indi-
cate that for primary protons the particles traversing the sen-
sitive part of the detector in particle numbers to the total
number down to 1% in composition are: 80% protons, 17% elec-
trons and positrons, and 3% pions. For the helium run, particles
crossing the sensitive part of the VL detector were ascribable to
30% of the total bulk of tracks to He4 nuclei, 34% to electrons
and positrons, 25% to protons, 10% to pions, and 1% to deu-
terium. It is also found that the number of tracks generated by
He4 amounts to 30% of the total sample generated by primary
protons. The contribution of nuclei with Z > 2 was estimated to
be 5% of the total. This last estimate was carried out with a sep-
arate set of Monte Carlo simulations with which the relative role
of protons, helium and heavy nuclei was set at solar minimum

according to Grimani et al. (2005), since no heavy nucleus mea-
surements were available for the summer of 2020. The total num-
ber of cosmic-ray tracks in the Metis images is dominated by
primary and secondary particles associated with incident pro-
tons. It is also noted that the algorithm and detector efficiencies
remove 35% of the tracks from the images, which is the same
percentage of pixels fired by helium and other nuclei. Finally,
the minimum distance between secondary particles generated
by the same incident primary on the S/C ranged between 2 cm
and 500 µm. As a result, the FLUKA simulations confirmed the
toy Monte Carlo results indicating that multiple tracks in the
VL images are produced by different incident particles. Accord-
ing to these results – if confirmed during the rest of the mis-
sion when the solar modulation is expected to increase and after
the next polarity change in 2024-2025 – by assuming that no
significant variation of the VL instrument sensitivity for GCR
detection is observed, the Metis proton-dominated data joined
with the Monte Carlo simulations may allow for the monitor-
ing of long-term variations of GCRs above 70 MeV. When the
magnetic spectrometer experiment AMS-02 eventually provides
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Fig. 6. Examples of cosmic-ray tracks observations in the Metis VL images (top panels and bottom-left panel). A spurious pattern of hit pixels
ascribable to a bright external source, such as a star, appears in the bottom right panel.

absolute GCR flux measurements in 2020 for model prediction
normalization (along with the implementation of the full Solar
Orbiter S/C geometry), it should be possible to reduce the uncer-
tainties on the simulations and, consequently, on analyses of the
Metis cosmic-ray matrices. Finally, a comparison of the Metis
observations with those of other instruments flown on board
Solar Orbiter, such as EUI-FSI (Rochus et al. 2020), will allow
us to further test the results of this work.

9. Conclusions

High-energy particles traverse and interact in the S/C materials
of space missions, thus limiting the efficiency of on-board instru-
ments. A dedicated Python viewer was developed to study the
cosmic-ray tracks observed in the Metis VL images of the solar
corona. It was found that in 60 s of exposure time, the number of
pixels traversed by cosmic rays is a minor fraction (about 10−4)
of the total number of pixels and, therefore, the quality of the
images is not significantly affected by cosmic ray tracks. Monte
Carlo simulations of the VL detector are consistent with the
number of observed tracks when only primary protons are con-
sidered. The signatures of the passage of particles with charge >1
approximately account for the single-pixel and on-board algo-
rithm overall efficiencies. Consequently, Metis data and Monte
Carlo simulations may allow for the monitoring of long-term

Fig. 7. Solar Orbiter geometrical model. Remote sensing instruments
and electronic boxes are visible.

variations of the proton flux. Future analyses of Metis VL and
UV cosmic-ray matrices and comparisons with measurements of
other instruments such as EUI-FSI will allow us to further test
the results of this work.
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