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Earth’s magnetosphere is part of a dynamic, interconnected system which responds to solar, plan-
etary, and interstellar conditions. It encloses two belts of magnetically trapped, energetic charged
particles, which constitute a well-known hazard to spacecraft systems and crews, significantly
constraining human activities in space. Despite notable improvements made in the latest decades,
the modeling of the trapped environment is still incomplete, with largest uncertainties affecting
the high-energy fluxes (> 50 MeV) in the inner regions and in the South Atlantic Anomaly (SAA).
Additionally, space weather events increase the spatial and composition variability of the mag-
netospheric radiation belts, e.g. during geomagnetic storms. The Italian High-Energy Particle
Detector (HEPD-01), on a low-Earth orbit since February 2018, is providing crucial new insight
in the physical dynamics of the radiation belts, thus enabling an extensive testing and validation
of current theoretical and empirical models of the near-Earth environment (e.g. AP9 and AE9).
In this contribution, a review of magnetospheric and space weather observations by HEPD-01 is
presented, including the study of some major geomagnetic storms, such as the G3-class ones of
August 2018 and May 2021, the re-entrant lepton spectrum between 20 and 100 MeV and the
proton fluxes inside the SAA in the 40-250 MeV energy range.
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1. Introduction

Earth’s geomagnetic cavity is a dynamic system generated by the effect of the solar wind and
geomagnetic field and structured in several macro-regions, such as the ionosphere, magnetosphere,
and Van Allen belts. The Van Allen belts are zones of energetic charged particles which are trapped
in the Earth’s magnetic field; the outer belt is mostly populated by electrons with hundreds of keV
to MeV energies, while the inner belt mostly consists of a high concentration of energetic protons
(from MeV up to a few GeV), electrons/positrons (up to ~ 10 MeV), and a minor component of ions.
The outer Van Allen radiation belts are extremely variable in composition, especially when powerful
solar energetic particle (SEP) events encounter the magnetic field lines, while the inner belt is more
stable and less affected by solar activity. Additionally, the interaction between the galactic cosmic
populations and the magnetosphere generates a set of particles called albedo (upward direction),
which can be further identified either as re-entrant (if their trajectory is bent by the geomagnetic
field, allowing them to remain trapped with a downward direction) or splash albedo (if they are able
to escape the magnetosphere after the interaction with the atmosphere). Furthermore, the tilt of
the geomagnetic field gives rise to a peculiar region, the South Atlantic Anomaly (SAA), centered
over the eastern South America. The SAA is a region of lower geomagnetic field that causes the
mirroring of the inner radiation belt particles at lower altitudes, increasing the local particle flux.
It is thus the region where the inner radiation belt makes its closest approach to the Earth’s surface
(~ 200 km). Since the end of the commissioning phase in August 2018, the High-Energy Particle
Detector (HEPD-01) on board the China Seismo-Electromagnetic Satellite (CSES-01) has been
returning valuable information on the Sun-magnetosphere interaction and on the composition of
the Van Allen belts.

2. The HEPD-01 detector on board the CSES-01 satellite

CSES-01 [1] is the first item of an extended constellation of low-Earth orbit (LEO) satellites,
designed for the observation of perturbations in electromagnetic fields and waves, plasma parameters
and charged particle fluxes, induced by both natural (earthquakes, solar events, cosmic rays, etc.)
and anthropogenic sources in the near-Earth space. In order to achieve these goals, since February
2, 2018, CSES-01 has been flying on a Sun-synchronous polar orbit at a ~ 507 km altitude, a
97° inclination, and a ~ 5 day revisiting periodicity. Among the nine payloads on board CSES-01
is the High-Energy Particle Detector (HEPD-01), which was designed and built by the Limadou
Collaboration, the Italian portion of the CSES mission. HEPD-01 is optimized for the detection
of electrons and protons in the 3 — 100 MeV and ~ 30 - 300 MeV energy ranges, respectively, as
well as the measurement of light nuclei. For this purpose, from top to bottom, HEPD-01 includes
the following set of sub-detectors: a tracker made up of two double-sided silicon microstrip planes,
a trigger system (T) including one plastic scintillator layer segmented into six paddles, a range
calorimeter comprising a tower of 16 plastic scintillator planes (P1, P2, ..., P16) and a matrix of 3
X 3 lutetium—yttrium oxyorthosilicate (LYSO) inorganic scintillator crystals. Finally, the detector
is equipped with an anti-coincidence (VETO) system composed of 5 plastic scintillator planes, out
of which 4 are placed at the lateral sides of the apparatus and 1 at the bottom. For further details on
the HEPD-01 detector and the CSES-01 mission, see [2—4] and references therein.
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3. HEPD-01 observation of particles from outer radiation belts

Geomagnetic storms and sub-storms are among the most important signatures of the variability
in the Sun-Earth environment. During the non-linear and extremely complicated processes that
take place there, the Earth’s magnetosphere is significantly affected by the perturbations originating
from the Sun, such as coronal mass ejections (CMEs) or solar flares. As a consequence, changes can
occur in the magnetosphere-ionosphere current systems and, in addition, a temporary rearrangement
of the trapped particles in the radiation belts can take place, which can be subsequently observed
by particle detectors at low-Earth orbits. Three strong geomagnetic storms have been observed
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Figure 1: HEPD-01 particle rates corresponding to three different trigger configurations as a function of
time during the G3-class geomagnetic storm of August 26, 2018 (marked by a strong decrease in the Dst
index shown in the bottom panel): by increasing the number of planes used for the generation of the trigger,
the energy threshold increases, showing that low-energy particles were the most affected by the storm, as
expected.

by HEPD-01 so far during the CSES-01 mission: the two G3-class storms of August 26, 2018
and May 12, 2021 and the one of November 4, 2021. In all three cases, the geomagnetic storm
was caused by the impact on the magnetosphere of a coronal mass ejection, which had been
emitted from the Sun a few days earlier. Following the geomagnetic disturbance of August 26,
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2018, which was characterized by marked magnetosphere compression and plasmasphere erosion,
a clear enhancement of HEPD-01 particle rates during the storm’s recovery phase was observed.
In particular, this increase was visible at L-shells >3 for electron energies above 3 MeV (Figure 1,
top panel), and, to a lesser extent, at L-shells >4 for electron energies above 4.5 MeV (Figure 1,
middle panel), exactly in coincidence with a strong decrease of the Disturbance storm-time (Dst)
index down to ~ =190 nT (Figure 1, bottom panel). This enhancement in HEPD-01 trigger rates
suggested a phenomenon of magnetospheric electron acceleration, which lasted for several days and
was associated with a prolonged and intense substorm activity (see [5] for a detailed discussion).
Conversely, during the May 12, 2021 storm, HEPD-01 registered a sudden and persistent loss of
relativistic electrons from the entire outer radiation belt (Figure 2, bottom panel), whose very rapid,
non-recovering dropout can only be the result of non-adiabatic processes permanently removing
particles from the system. One of these processes can likely be the magnetopause shadowing
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Figure 2: Top two panels: time profile of the solar wind dynamic pressure and position of the magnetopause
standoff distance over the period of 5—-16 May 2021, respectively; bottom panel: rates of > 4.5 MeV particles
detected by HEPD-01 over the same period. Gray shaded areas refer to time intervals for which HEPD-01
data are not available.

in combination with outward radial transport [6], as suggested by the perfect match between the
deep magnetopause incursion on L-shells no higher than ~ 6.2 Rg around 12:50 UTC of May 12
(Figure 2, middle panel) and the abrupt ten-fold increment in solar wind dynamic pressure over the
same time interval (Figure 2, top panel). Finally, the latest geomagnetic storm detected by HEPD-01
took place on November 4, 2021, a week after the October 28 X1.0 class solar flare, which produced
the first ground-level enhancement of the 25" solar cycle [7]. The HEPD-01 detector observed
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Figure 3: HEPD-01 particle rates corresponding to two different trigger configurations as a function of time
during the geomagnetic storm of November 4, 2021.

both the SEP event and the subsequent geomagnetic storm, as it is evident in the bottom panel of
Figure 3 exhibiting two well-separated increases in the HEPD-01 trigger rates. The left yellow spot
around October 28 marks the increase in the particle rate due to the injection of solar protons as
a consequence of the flare, then the particle rate comes back to normal levels and, finally, a new
enhancement is evident as a consequence of the magnetospheric electron redistribution during the
geomagnetic storm hitting the Earth.

4. HEPD-01 observation of re-entrant albedo leptons

As already mentioned, the magnetospheric radiation also includes populations of re-entrant
albedo particles originated by the collisions of cosmic rays with the outermost layers of the atmo-
sphere. Figure 4 shows the re-entrant all-electron differential flux measured by HEPD-01 between
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Figure 4: Re-entrant all-electron differential spectrum measured by HEPD-01 between 2018 and 2022 (black
filled circles) and compared with other experiments.

20 and 100 MeV outside the SAA (B > 23000 nT) and at 1.1 < L-shell < 1.2. The resulting spectrum
appears in very good agreement with results from previous experiments. Moreover, eight six-month
re-entrant lepton spectra between 20 and 100 MeV have been obtained from data gathered in the
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period 2018-2022 and for five different L-shell intervals (Figure 5). As expected, these spectra

result quite stable in time, while they increase when moving to higher L-shell values.
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Figure 5: Each panel contains eight re-entrant all-electron spectra between 20 and 100 MeV, each related to
a 6-month time period - see color-coded palette. Moreover, each panel refers to a different L-shell interval,
labelled in the top-right corner of each panel.

5. HEPD-01 observation of protons inside the South Atlantic Anomaly

Finally, the HEPD-01 detector provided the first results on protons inside the SAA at low-Earth
orbit during the minimum activity phase between the 24" and the 25" solar cycles in the energy

range 40 MeV-250 MeV [8].

The data are in generally good agreement with the AP9 model at
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Figure 6: SAA proton fluxes as a function of energy (top panels), local pitch angle (middle panels) and
L-shell (bottom panels) obtained by HEPD-01 (black squares) between August 2018 and December 2020,
and compared with predictions from the AP9 model at 95% confidence level (red dashed lines).
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Figure 7: Time profiles (1-day time binning) of omnidirectional protons inside the SAA measured by HEPD-
01 from August 2018 to December 2020, normalized to the month of August 2018. The three panels refer to
three different energy ranges: low (40 MeV— 68 MeV, left panel), medium (68 MeV-133 MeV, middle panel)
and high (133 MeV-200 MeV, right panel). The gap in proton data between May 2019 and June 2019 refers
to a period of instrument malfunctioning.
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95% confidence level, as a function of energy (Figure 6, top panels), local pitch angle (Figure 6,
middle panels), and L-shell (Figure 6, bottom panels). Moreover, the time-intensity profiles of the
proton fluxes in three different energy ranges appear to be constant over time (Figure 7), as foreseen
for the phase of the solar cycle in which the data have been collected (between mid 2018 and late
2020, with a number of sunspots close to zero).

6. Conclusions

Since August 2018, the HEPD-01 instrument has been contributing to the study of the complex
near-Earth radiation environment. In particular, HEPD-01 data have proven very useful to monitor
the electron redistribution in the Earth’s magnetosphere as a consequence of solar perturbations,
such as during the three reported geomagnetic storms. Moving to lower L-shells, a back-tracing
analysis is ongoing to separate the different populations of re-entrant albedo electrons and protons,
while results on SAA-trapped protons have already provided an excellent cross-calibration for
radiation models in such a critical region. These results are even more valuable considering the
forthcoming launch of the HEPD-02 detector on board the CSES-02 satellite.
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