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ARTICLE INFO ABSTRACT

Keywords: Interactions of primary cosmic rays with residual atmospheric nuclei produce secondary leptons through the
Cosmic-Rays decay chain of short-lived pions. Even though generated with an upward direction, a fraction of these secondary
Magnetosphere electrons and positrons is bent back downward towards the Earth by the geomagnetic field lines (hence they

Albedo electrons

Calorimet are called re-entrant albedo). In this paper, we report on a new measurement of the re-entrant all-electron
alorimeter

differential flux in the energy range 10-100 MeV, performed by the High-Energy Particle Detector (HEPD-01)
on board the China Seismo-Electromagnetic Satellite (CSES-01) in the near-equatorial region at about 500 km
altitude between 2018 and 2022. This analysis focuses on the re-entrant all-electron spectrum that covers the
low energy interval in a geographical region characterized by a substantial lack of recent experimental data
and can contribute to a more accurate definition of secondary electron and positron population distribution
and refine the radiation models in the Earth’s magnetosphere.

1. Introduction producing secondary particles. A certain amount of these secondaries
move upward along the field line (the so-called splash albedo particles)

Primary galactic particles can penetrate the Earth’s magnetic field and, if their rigidity exceeds the local geomagnetic cutoff, they can
and interact with nuclei in the outermost layers of the atmosphere, thus
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escape towards the interplanetary space. Conversely, if these particles
lack the momentum to penetrate into the atmosphere (i.e. if they
present a rigidity below the geomagnetic cutoff) they can be trapped by
the geomagnetic field in closed-loop orbits and re-enter in the opposite
hemisphere with a downward direction (hence the name re-entrant
albedo particles). In Treiman [1] it was first shown that the re-entrant
albedo particles arrive at latitudes very close to the latitude from which
they left the Earth, although the longitude is generally changed. Due
to a whole set of experimental data since the 1950s, it is known that
electrons, positrons and protons are the dominating components of
albedo particles, but light nuclei are also present. These particles were
first studied with several balloon-borne instruments during the second
half of the last century [2-6]. However, many of these experiments
suffered from some limitations, such as the large background due to
atmospheric particles or the limited geographical coverage observable
with a balloon-borne experiment. With the advent of spacecraft mis-
sions, it became possible to measure the differential energy spectrum
of albedo particles in various regions of the near-Earth space.

As for the all-electron component of albedo particles, secondary
electrons and positrons are produced through the decay chains (z* —
u* — e*) of the short-lived pions coming from the interactions of
primary cosmic rays with nuclei in the residual atmosphere. Depending
on the primary proton energy, the cross-section for z* production is
up to two times greater than for z~, and so positrons are expected to
dominate [7]. The secondary positron to electron flux ratio depends on
effects related to primary propagation as well as the motion of trapped
particles along the geomagnetic field lines. Secondaries are largely
produced by positively charged primaries (mainly protons and helium
nuclei) arriving from the West, and move in the same direction as the
primary. Once moving along the geomagnetic field lines, secondary
electrons will gyrate clockwise towards the Earth and interact with
the atmosphere, before being detected by the orbiting apparatus. Sec-
ondary positrons will gyrate anti-clockwise, reaching higher altitudes
before moving towards the Earth’s atmosphere. These two East-West
asymmetries generate a positron excess with a magnitude depending on
the geomagnetic location, as observed first by MARIYA-2 [8] on board
the Mir station and AMS-01 [9,10] on the Space Shuttle Discovery and
then by the satellite-borne experiment PAMELA [7,11]. More recently,
the spectra of re-entrant albedo electrons and positrons at the top of
the atmosphere were also measured by the balloon-borne spectrom-
eter AESOP-Lite [12]. However, a direct comparison with the results
presented in this paper is not feasible, since the geographical coverage
of the balloon experiment is not compatible with the L-shell selection
applied in this measurement. These secondary electron and positron
fluxes have a complex spatial structure due to their interactions with,
and motion in, the geomagnetic field, the energy dependence of the
production cross-sections and the atmospheric absorption of produced
particles. A dependence on the daytime/nightime portion of the orbit
was also suggested in [13] due to the different flow of the solar wind
and its interaction with the Earth magnetosphere. Even though these
processes are well known, theoretical models (e.g., [14,15]) are not
always able to adequately reproduce the experimental results.

In this work, the re-entrant electrons and positrons spectrum mea-
sured by the High-Energy Particle Detector (HEPD-01) — orbiting on
board the China Seismo-Electromagnetic Satellite (CSES-01) - is pre-
sented at energies between 10 and 100 MeV, in a geographical region
where recent data are lacking, and compared with complementary
measurements by the PAMELA experiment. These results complete our
previous work on the measurements of low-energy, re-entrant albedo
protons [16] and anticipate those by HEPD-01’s improved successor,
HEPD-02 [17], launched on June 14th 2025 on board the CSES-02
satellite. Since the HEPD-01 detector cannot distinguish between a
particle charge, electrons and positrons cannot be discriminated one
another. The term all-electrons will be used from now on to describe
both electrons and positrons.
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Fig. 1. Schematic view of the HEPD-01 detector. See text for details on the
subsystems.

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

The CSES-01 satellite [18] was launched on February 2, 2018 as the
first of an extended constellation of Low-Earth Orbit (LEO) satellites,
designed for monitoring perturbations of electromagnetic fields, waves,
plasma and charged particle fluxes, either due to natural (earthquakes,
solar events, cosmic rays, etc.) or anthropogenic sources in the near-
Earth space. In order to achieve this goal, CSES-01 relies on nine
instruments, operating on a Sun-synchronous polar orbit at ~500 km
altitude, a 97° inclination, and a ~5-day revisiting periodicity. CSES-
01 orbit allows for a detailed investigation of the high-latitude regions
of the Earth — the ones more sensitive to the influence of the Sun,
even though all payloads are switched off at +65° of latitude, due
to adjustments in altitude and additional scheduled maneuvers. This
limitation was relaxed at the end of 2019 to allow the payloads to be
active up to +70° of latitude.

Among these payloads, the High-Energy Particle Detector (HEPD-
01) was completely designed and built by the Italian Limadou Col-
laboration of the CSES mission. HEPD-01 is a light (~45 kg) and
compact (40.36 x 53.00 x 38.15 cm?) payload, optimized to measure
electrons in the 3-100 MeV energy range and protons with kinetic
energy between 30 and ~250 MeV, as well as light nuclei [19]. For
this purpose, from top to bottom, the instrument is equipped with the
following set of subdetectors: a tracker made up of two double-sided
silicon microstrip planes (213.2 x 214.8 x 0.3 mm?), a trigger system (T)
including one EJ-200 plastic scintillator layer segmented into six pad-
dles (20 x 3 x 0.5 cm? each), a range calorimeter comprising a tower
of 16 plastic scintillator planes, P1, P2, ..., P16 (15 x 15 x 1 cm?) and
a matrix of 3 x 3 lutetium—yttrium oxyorthosilicate (LYSO) inorganic
scintillator crystals (5 X 5 x 4 cm?). Finally, the instrument is sur-
rounded - laterally and at the bottom — by 5 plastic scintillators (VETO)
in order to reject out-of-acceptance particles or particles which do not
deposit all their energy inside the detector. Fig. 1 shows a schematic
view of the detector. Thanks to this combination of subdetectors, HEPD-
01 proved well suited to study the different particle populations along
the CSES-01 orbit: galactic cosmic rays and their solar modulation [20,
21], solar particles [22,23], trapped particles in the South Atlantic
Anomaly [24,25], re-entrant albedo protons and electrons, presented
respectively in [16] and in this work. Moreover, the detector was able
to observe re-arrangements of the low-energy populations inside the
Earth’s magnetosphere due to geomagnetic storms [26,27].
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Fig. 2. Deposited signals by contained particles in plane P1 as a function of the total deposited energy inside the whole calorimeter (plastic scintillator tower
and LYSO matrix). The red curve identifies the selection used in this analysis to discriminate electrons and positrons (population below the curve) from protons

(population above the curve).

3. Data analysis

In order to calculate the re-entrant all-electron spectrum, we ana-
lyzed calibrated data in the period between August 1, 2018 and June
30, 2022 (for details on calibration procedure see [28]). During in-flight
acquisition runs, an event is recorded if the impinging particle deposits
a signal above the configured threshold in both the segmented trigger
plane (T) and the first two planes of the plastic scintillator tower (P1
and P2). This trigger condition was set in July 2018 at the end of the
commissioning phase, during which several onboard configurations and
thresholds for the acquisition trigger were tested.

3.1. Event selection

An offline selection was applied at the data analysis level, to clean
the sample as much as possible. In order to avoid multi-particle events
and reduce secondaries generated in the upper portion of the payload,
an event is considered valid if only one of the six paddles composing
the trigger plane is hit. Moreover, only fully contained candidates
(namely, particles stopping inside the plastic scintillator tower or the
LYSO matrix) were included in the final sample: particles generating
above-threshold signals in one of the 5 VETO planes were discarded.
This condition ensures that the energy of the primary particle is entirely
deposited inside the detector. Since the HEPD-01 entrance window
points towards the zenith, the request of no signal in the bottom VETO
plane also allows to discard the splash albedo component with an
upward direction.

3.2. Electron/Positron identification

In order to discriminate electrons and positrons from protons, the
most important source of background, the distribution of the deposited
signal (in ADC counts) in the first scintillator plane (P1) as a function
of the total deposited energy in the whole range calorimeter (tower +
LYSO) was studied. Two separate populations can be identified in Fig.
2, which correspond to protons and electrons. The selection was made
excluding all the events above the red curve, a function with the form
S(P1) = A/E4, + B, where A and B are fitted in order to obtain a
selection efficiency of 90% for electrons and positrons in each energy
interval. This curve was built using a Monte Carlo (MC) simulation of
electrons with a flat energy distribution isotropically distributed.

The simulation software, developed by the Limadou Collaboration,
is based on the Geant4 toolkit [29] and it includes the full event re-
construction, starting from the energy deposition inside the calorimeter

sensitive volumes to the generation and propagation of the scintillation
light produced in the calorimeter and its collection in the photomulti-
plier tubes (PMTs). This simulation was tuned with HEPD-01 beam test
data (for further details see [28]).

3.3. Particles selection efficiency

The efficiency of the particle selections was assessed by using the
digitized simulation described in the previous section. In particular, the
distribution of the events passing the in-flight trigger, the containment
and the electrons selection conditions, as described in Sections 3.1
and 3.2 was compared with the distribution of all events passing just
the in-flight trigger and containment conditions. The particle selection
efficiency was then estimated as a function of the deposited energy in
the whole calorimeter (tower and LYSO). The result is a 90% efficiency
on average on the whole energy interval. This efficiency is used to
correct the number of selected particles to obtain an estimate of the
true number of electrons fully contained in the calorimeter.

3.4. Orbital selections

In addition to the above-described set of selection criteria — used to
obtain a clean sample of electrons — specific cuts were applied to select
the re-entrant albedo component. As a first cut, particles were selected
in the L-shell geomagnetic region between 1.1 and 1.2 Rg. Within
HEPD-01 data, the L-shell, or Mcllwain L-parameter, was calculated
with a temporal precision of 1 s, considering the CSES-01 satellite
position and using the IGRF-13 magnetospheric model [30] for the
estimation of the Earth’s magnetic field (B). At L-shell values between
1.1 and 1.2 Rg, a galactic electron needs to have an energy higher
than 8 GeV to reach the detector location, while the request of particle
containment inside the HEPD-01 calorimeter selects electrons with a
maximum energy of ~100 MeV. Consequently, all the fully-contained
electrons selected in this L-shell region are secondaries produced in
the atmosphere. Finally, we selected magnetic field values B > 23000
nT, in order to exclude the region corresponding to the South Atlantic
Anomaly (SAA), where mostly trapped particles can be detected. Fig. 3
shows the counts of electrons and positrons as measured by HEPD-01
in the selection region.
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Fig. 3. All-electron counts in the selection region of L-shell between 1.1 and 1.2 Rg. Here all the selection cuts described in Sections 3.1 and 3.2 are applied.

3.5. Live time

The detector’s live time is given by the time between the end of
the processing of the previous event and the arrival of the current
event, and corresponds to the time during which the detector is capable
to acquire a new event. Its calculation is performed and managed by
the trigger electronics board (for details see [31,32]). For this analy-
sis, HEPD-01 was always considered sensitive to re-entrant electrons.
Therefore, the live time was accumulated considering all the time spent
by the apparatus in the orbital position selected by the aforementioned
selection criteria (1.1 Rg < L-shell < 1.2 Ry and B > 23000 nT).

3.6. Energy statistical deconvolution (unfolding)

The re-entrant all-electron energy spectrum, thus measured as a
function of the energy deposited in the entire calorimeter, was also cor-
rected to account for particle slow down and energy loss in the trigger
paddles and in the passive structures covering the sensitive materials
of the apparatus. This correction was applied by means of an unfolding
procedure, following the classical Bayesian approach proposed in [33,
34]. The detector response matrix or smearing matrix (see Fig. 4) —
mapping the primary energy to the deposited energy in the calorimeter
— was obtained by applying the previously described selections to a MC
sample of electrons, isotropically distributed and simulated according
to a power-law spectrum with index —1.1, compatible with the final
spectrum obtained.

3.7. Geometrical factor

The geometrical factor of HEPD-01 is defined by the in-flight trigger
condition and by the requirement of particle containment, as described
in Section 3.1. It was evaluated by applying these conditions to a
MC sample of isotropically generated electrons with a flat energy
distribution. The distribution of the geometrical factor as a function
of the electron primary particle energy is shown in Fig. 5.

The unfolded number of re-entrant electrons in each bin of primary
energy is divided by the geometrical factor and live time of the detector.

3.8. Systematic uncertainties

The systematic uncertainties associated with the flux measurement
can be identified to be both instrument- and procedure-related.

The main instrument-related uncertainty was identified in the se-
lection cuts used to select a contained particle by the VETO system.
To assess this uncertainty, the cuts — used to decide whether a VETO

scintillator is hit by a particle — were increased and decreased by a
factor 0.1 around their nominal value. The full spectrum was then re-
evaluated and the relative difference between the nominal and varied
spectra was used as systematic error.

As for procedure-related uncertainties, a source of systematics is
related to the intrinsic accuracy of the employed unfolding technique.
This was estimated by applying the unfolding algorithm to a Monte
Carlo generated sample of electrons with the same characteristics of
the one used to produce the smearing matrix. The relative difference
between the primary particle energy spectrum and the unfolded one,
averaged over the whole energy interval, was used as a systematic un-
certainty for the procedure. An additional source of uncertainty is given
by the geometrical factor calculation as described in Section 3.7. This
systematic effect was assessed as the uncertainty given by the statistical
power of the simulation dataset used for the determination of the
geometrical factor. The event selection efficiency gives an additional
systematic effect determined again from the statistical uncertainty in
the estimation of the efficiency itself from the simulation sample. A
systematic effect is also given by the mis-identification of protons as
electrons. For this purpose, a Monte Carlo simulation was performed
to reproduce the galactic and re-entrant proton spectrum — taken from
literature — in the same L-shell region selected for this analysis. The
proton contamination was thus evaluated from the relative counts of
protons mis-tagged as electrons by the procedure described in Sec-
tion 3.2. Finally, during the data-taking, a variation of the vetoes
efficiency over time was observed. Although this was in part corrected
by adding a varying threshold, a residual effect is still observable
studying the counts distribution as a function of time. To account
for this variation, an additional systematic uncertainty was added to
the flux measurement, estimated as the maximum relative difference
between counts on a 3-month interval basis (properly weighted with
their live time).

Fig. 6 shows all the relative uncertainties, statistical and system-
atics, identified in the re-entrant all-electron measurement with the
HEPD-01 detector, and their dependence on the electron energies.
The total error, obtained by combining in quadrature the systematic
uncertainties together and with the statistical uncertainty is also shown.

4. Results

The re-entrant all-electron differential spectrum @(E) was computed
bin by bin as follows:
N, unf (E )

AR €
GF(E)X LT X AE

D(E) =
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Table 1
Re-entrant all-electron fluxes measured by HEPD-01 shown in Fig. 7. The errors
represent the total uncertainty associated to the flux measurement.

Kinetic energy Flux
[MeV] [e‘e*’ em™2 sr7! MeV~! s‘l]
9.976 +0.916 (3.876 +£0.455) x 107*

11.994 +1.102
14.420 + 1.324
17.336 £ 1.592

(3.395 +0.435) x 107*
(3.067 +£0.451) x 107*
(2.648 +0.444) x 107*

20.843 +1.914 (2.182+£0.393) x 107*
25.059 +2.301 (1.787 £0.337) x 1074
30.127 £ 2.767 (1.394 +0.258) x 107*
36.221 +3.327 (1.096 +0.163) x 107*

43.547 + 4.000
52.355 + 4.809
62.945 +5.781
75.676 + 6.950
90.983 + 8.356
109.386 + 10.046

(8.781 £ 0.871) x 1073
(7.349 + 0.496) x 107>
(6.094 +0.413) x 10
(4.700 + 0.361) x 1075
(3.624 +0.384) x 107
(2.805 +0.369) x 107>

where each factor has been estimated as described in Section 3: N, /(E)
represents the total number of re-entrant electrons, normalized by the
selection efficiency and corrected by the unfolding procedure, GF(E)
is the geometrical factor, LT the live time, and AE the width of the
energy bin. The resulting spectrum, as obtained by HEPD-01 in the
period between August 1, 2018 and June 30, 2022, is shown in Fig. 7
(black) along with the PAMELA [35] (blue) measurement. The HEPD-
01 spectrum points are listed in Table 1. PAMELA spectrum results from
the sum of the re-entrant albedo electron and positron components,
measured in the same L-shell region (between 1.1 and 1.2 Rg) of HEPD-
01. It is important to stress the fact that the two measurements were
performed in different periods of time: HEPD-01 data were taken in
the solar minimum between the 24th and 25th cycles, while PAMELA
ones cover the period 2006-2009 during the prolonged minimum of
the 23rd solar cycle. Nevertheless, the agreement between the two
spectra is quite good, assessing the substantial stability of re-entrant
all-electrons over time. This is true because — at such low latitudes —
the primary component responsible for the generation of the albedo
populations is limited to rigidity greater than ~7 GV, which is affected
by solar modulation, but it is not significant enough to be measured
with our instrumentation, as shown in [36]. In support of this, Ref. [16]
has already assessed the stability of the re-entrant proton population,
resulting from the same mechanism producing the re-entrant electrons,
during the HEPD-01 data-taking period.

5. Conclusions

In this work, we presented the measurement of the re-entrant all-
electron spectrum in the energy range between 10 and ~100 MeV,
performed by the HEPD-01 payload during the 2018-2022 period on
board the CSES-01 satellite at Low-Earth orbit and at low-latitudes
(L-shell = 1.1-1.2 Rg). Our results extend the previous PAMELA mea-
surements towards a lower energy limit, where few recent experimental
data are present. On the other hand, HEPD-01 could give new insights
on the radiation environment near the Earth with unprecedented statis-
tics and high stability in time. In turn, this could contribute to improve
theoretical and empirical radiation models which continuously need
new experimental data for validation purposes. Furthermore, this work
confirms both the role and the capability of HEPD-01 in performing
precise low-energy measurements of particle populations under the
rigidity cutoff other than protons. Finally, these measurements will
be soon performed even more precisely and in different conditions of
the current solar cycle by the improved second High-Energy Particle
Detector (HEPD-02), that has been launched on board the CSES-02
satellite on June 14th 2025. In particular with regard to electron
measurements, the entire suite of onboard particle detectors (HEPD-02
and two Chinese instruments) will cover an extended energy range from
tens of keV to hundreds of MeV, thus offering a further insight into the
physics of re-entrant albedo particles throughout the 25th solar cycle.
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