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Abstract: The radiation belts in the Earth’s magnetosphere pose a hazard to satellite systems
and spacecraft missions (both manned and unmanned), heavily affecting payload design and re-
sources, thus resulting in an impact on the overall mission performance and final costs. The NASA
AE9/AP9/SPM radiation models for energetic electrons, protons, and plasma provide useful infor-
mation on the near-Earth environment, but they are still incomplete as to some features and, for some
energy ranges, their predictions are not based on a statistically sufficient sample of direct measure-
ments. Therefore, it is of the upmost importance to provide new data and direct measurements to
improve their output. In this work, the AP9 model is applied to the China Seismo-Electromagnetic
Satellite (CSES-01) orbit to estimate the flux of energetic protons over the South Atlantic Anomaly
during a short testing period of one day, 1 January 2021. Moreover, a preliminary comparison with
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proton data obtained from the High-Energy Particle Detector (HEPD) on board CSES-01 is carried out.
This estimation will serve as the starting ground for a forthcoming complete data analysis, enabling
extensive testing and validation of current theoretical and empirical models.

Keywords: trapped particles; South Atlantic Anomaly; AE9/AP9/SPM models; radiation belts

1. Introduction

The radiation belts, also known as Van Allen belts, are regions of the Earth’s magneto-
sphere where energetic charged particles are subject to long-term magnetic trapping. The
outer belt is mostly populated by electrons with hundreds of keV to MeV energies, while
the inner belt mostly consists of an intense radiation of energetic protons (from MeV up
to a few GeV), electrons/positrons (up to ∼8 MeV), and a minor component of ions [1,2].
Proton populations with energies above a few tens of MeV originate from the β-decay of
free neutrons produced in the interaction between galactic cosmic-rays and the Earth’s
atmosphere in a mechanism called Cosmic Ray Albedo Neutron Decay (CRAND) [3,4]. Since
the discovery of the Van Allen radiation belts, after the launch of the first Explorer satellites
in 1958 and the Pioneer in 1959 [5,6], the scientific community has been considerably
involved in modeling this space radiation environment. All these efforts were mostly
aimed to meet the practical need of better understanding the significant radiation hazard
to spacecraft and human crews. Several studies reported a direct association between the
dynamic radiation environment and system or subsystem performances [7,8]. To address
and solve these problems, more accurate, comprehensive, and up-to-date space radiation
environment models have been developed by the National Reconnaissance Office (NRO)
and the Air Force Research Laboratory (AFRL); the new AE9/AP9/SPM set of models for
high-energy electrons, protons, and space plasma, respectively, is derived from 45 datasets
obtained from sensors on board various satellites. These datasets have been processed to
create maps of the particle fluxes along with estimates of uncertainties from both imperfect
measurements and space weather variability [9]. A detailed comparison between the older
AE8/AP8 and the newer AE9/AP9 models is reported in [10].

Gradual deterioration of spacecraft systems and components—and their overall
performances—with accumulated dose is a fact, and various failures, due to phenom-
ena associated with Single Event Effects (SEEs) or electrostatic discharge, are particularly
common.

The first empirical models of the radiation belts, developed in the 1960s and 1970s by
NASA, tried to describe and represent the radiation environment and their early versions,
namely, AE8 and AP8 [11], were widely employed in spite of their limitations, especially at
low altitudes [11–13]. Despite being successful in describing the radiation environment,
even AE9/AP9/SPM are partly incomplete, and often their predictions are not based
on a statistically sufficient sample of direct measurements [10]. For this reason, it is of
key importance to test them and, above all, to provide new and reliable datasets from
in-flight instruments to improve their output and accuracy. Among the scientific payloads
on board the China Seismo-Electromagnetic Satellite (CSES-01), in Low-Earth Orbit since
February 2018, the High-Energy Particle Detector (HEPD) has gone through an intense
period of testing and calibration, and it is able to measure >3 MeV electrons and >35 MeV
protons with high efficiency. With an overall expected mission duration of >5 years, and
together with other similar missions planned in the coming years, measurements from
HEPD could enable the testing and validation of the aforementioned models. In this work,
we have used orbital information from CSES-01 and the AP9 model to estimate the flux of
trapped protons over the South Atlantic Anomaly (SAA) during a short testing period, i.e.,
January 1, 2021, in order to assess the radiation level at CSES orbit in view of a comparison
to experimental HEPD data in a forthcoming publication. A brief description of the South
Atlantic Anomaly is given in Section 2, while some details on the CSES mission and the
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HEPD payload are given in Section 3. The analysis is described in Section 4, results are
presented in Section 5, and, finally, a brief discussion is presented in Section 6.

2. The South Atlantic Anomaly

The South Atlantic Anomaly (SAA) is one of the most well-known features of the
Earth’s magnetic field. It emerges as a consequence of the tilt (∼10◦) between the magnetic
dipole axis of the Earth and its rotational axis and of the offset (∼500 km) between the
dipole and the Earth centers. It can be considered as the response of an inverse flux
path at the core–mantle boundary of the radial component of the geomagnetic field—
located approximately under the South Atlantic Ocean, which generates the hemisphere
asymmetry of the Earth’s magnetic field [14]; this region is characterized by an extremely
low intensity of the geomagnetic field, and its behavior suggests that this asymmetry could
be connected to the general decrease of the dipolar field and to the significant increase of
the non-dipolar field in the Southern Atlantic region [15,16]. The extent area of the SAA
at the surface of the Earth has been continuously growing since instrumental intensity
measurements were made available. Several studies relate this as an indicator of a possible
upcoming geomagnetic transition (excursion or reversal). It is generally accepted that such
transitions are anticipated by flux patches of reversed polarity, slowly appearing at low- or
mid-latitude, which migrate towards the pole [17,18].

The spatial and temporal evolution of the geomagnetic field has been monitored
since 1832, when Carl-Friedrich Gauss performed the first intensity measurements in
this region [19]. It has been shown that the magnetic dipole strength has been continu-
ously decreasing [20], and data from the Swarm mission [21] revealed that two different
patches are present over South America and near the coast of Africa, the latter growing
at a rate of −2.54 × 105 nT per century [22]. A correct modelization of the SAA is of
capital importance due to the high impact it has on human health and on instrumental
efficiency [23]. Furthermore, recent studies indicate that the extent of the anomaly follows a
log-periodic acceleration, resembling the behavior of a system that moves toward a critical
transition [24].

3. The CSES Scientific Mission

The China Seismo-Electromagnetic Satellite (CSES-01) [25] is the first of a series of
multi-instrument monitoring satellites scheduled for launch in the next few years; it is
designed to study the near-Earth environment, addressing variations of the electromagnetic
field, plasma parameters, and particle fluxes linked to natural sources or artificial emitters.
The main scientific objective of this mission—resulting from a Chinese/Italian joint effort—
is to investigate possible correlations between the aforementioned perturbations and
the occurrence of high-magnitude seismic events, but it is also well suited for studying
a wide variety of space-weather phenomena triggered by solar–terrestrial interactions
on short (i.e., geomagnetic storms, solar particle events, etc.) and long time-scales (i.e.,
cosmic-ray propagation, composition, etc.) [26,27]. A recent perspective [28] explained that
claims based on self-organized criticality stating that at any moment any small earthquake
can eventually cascade to a large event do not stand in view of the results obtained by
natural time analysis [29,30]. The CSES-01 satellite, based on the Chinese 3-axis-stabilized
CAST2000 platform (total mass ∼ 700 kg), is flying on a sun-synchronous polar orbit at
a ∼507 km altitude, with a 97◦ inclination, a period of 94.6 min, and a 5-day revisiting
periodicity. Nine scientific payloads are present on board CSES: two sets of particle
detectors, namely, the High-Energy Particle Package (HEPP) [31] and the High-Energy
Particle Detector (HEPD) [32]; a High-Precision Magnetometer (HPM) [33]; a Search-Coil
Magnetometer (SCM) [34]; an Electric Field Detector (EFD) [35]; a Global Navigation
Satellite System (GNSS) Occultation Receiver [36]; a Langmuir Probe (LAP) [37]; a Tre-
Band Beacon transmitter (TBB) [38]; and a Plasma Analyzer Package (PAP) [39].
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The High-Energy Particle Detector

The High-Energy Particle Detector (HEPD) is a light and compact (40.36 cm × 53.00 cm
× 38.15 cm, total mass ∼45 kg) payload designed and built by the Limadou team, the Italian
branch of the CSES Collaboration. The apparatus is made up of a series of sub-detectors:

• A tracking system, including two 213.2 mm × 214.8 mm × 0.3 mm double-sided sili-
con microstrip planes. Each silicon plane is divided into three identical independent
sections, each of which containing two silicon sensors.

• A trigger system, consisting of one EJ-200 plastic scintillator layer segmented into six
paddles (20 cm × 3 cm × 0.5 cm apiece), each one read out by two Photo-Multiplier
Tubes (PMTs).

• A range calorimeter composed of two sections: The upper part is a tower of 16 EJ-200
plastic scintillator planes (15 cm × 15 cm × 1 cm), each one read out by two PMTs. The
lower part is a 3 × 3 matrix of Lutetium-Yttrium Oxyorthosilicate (LYSO) inorganic
scintillator crystals—5 cm × 5 cm × 4 cm each; each of the nine crystals is read out by
one PMT located at its bottom side; and

• an anti-coincidence (VETO) system composed of five EJ-200 plastic scintillator planes
(0.5 cm thick), each one read out by two PMTs.

The instrument is optimized to detect electrons in the 3 to 100 MeV energy range and
protons between 35 and 250 MeV, as well as light nuclei. In these three years of flight, after a
long period of calibration and testing, HEPD has been able to measure fluxes of low-energy
galactic protons with great precision [40] and to observe the effects of the geomagnetic
storm of August 2018 [41]. All the capabilities assessed in these years make HEPD well
suited for the analysis of low-energy electrons and protons with good angular resolution
and stability over time, which is particularly useful in highly anisotropic flux conditions
like the ones encountered in SAA. More technical details can be found in [32,42,43].

4. Materials and Methods

The AE9/AP9/SPM set of models (version V1.50.001-release date December 2017)
was downloaded from the Virtual Distributed Laboratory (VDL) website of the Air Force
Research Laboratory (https://www.vdl.afrl.af.mil/programs/ae9ap9/, accessed on 1
February 2021). Element Set (ELSET) data—including Two-Line Elements (TLE) for the
CSES satellite on 1 January 2021—have been retrieved from the Space-Track website
(https://www.space-track.org/, accessed on 1 February 2021) and inserted in the code
to generate the ephemeris of the satellite (at a 5 s resolution). The Simplified General
Perturbations (SGP4) (the SGP4 propagator considers secular and periodic variations due
the oblateness of the Earth, gravitational effects from Sun and Moon, and orbital drag and
decay.) propagator has been preferred to the default Kepler with J2 perturbation effects, for
cross-checking purposes. Indeed, these orbital results have been further compared to the
ones obtained using 2-min broadcast information downloaded from the satellite itself, to
verify the correctness of the procedure. This cross-check includes the following:

• TLEs propagation using a chain of custom programs (including various SGP4 routines)
to comply with the technique employed by the AE9/AP9 models;

• IGRF-13 [20] model-based routines have been applied to the calculated trajectory
to reconstruct the intensity of the magnetic field at a 1 second resolution, together
with McIllwain’s L parameter in dipolar approximation [44]; these will be useful
benchmarks in the future comparison to HEPD data.

After these steps, two sets of geographical/geomagnetic coordinates have been ob-
tained: one calculated by NASA routines and another extracted by Limadou external
routines used for trajectory propagation and magnetic field reconstruction since launch. A
comparison between such datasets has been performed to assure the best possible agree-
ment over the chosen testing period—January 1, 2021. The resulting discrepancies are
<0.08% for LATs/LONs, <0.13% for altitude, and <0.21% for magnetic field intensity.
Small discrepancies are probably due to the models using the last TLE entry for orbit

https://www.vdl.afrl.af.mil/programs/ae9ap9/
https://www.space-track.org/
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propagation, unlike external code picking the TLE closest in time. After ephemeris genera-
tion, an omnidirectional differential spectrum of trapped protons as a function of kinetic
energy was created using AP9. This spectrum, averaged over all orbits of a single day, is
shown in Figure 1; the blue arrow represents the HEPD low-energy thresholds for protons
(30 MeV). Inside the inner radiation belt, trapped electron populations present a sharp
threshold at ∼8 MeV, thus electrons of higher energy are virtually nonexistent. This means
that in our future analysis, trapped protons will not be affected by any low-energy elec-
trons contamination inside the SAA, consequently improving HEPD sensitivity to protons
measurements.

1 2 3 4 5 6 10 20 30 102 2 × 102

Energy (MeV)

3−10

2−10

1−10

1

10

210

)
-1

 M
eV

-1
 s

-2
Fl
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 (

cm

HEPD protons

AP9

Figure 1. Omnidirectional differential spectrum of trapped protons (blue squares) as a function of
kinetic energy, obtained from the AP9 model and averaged over all the orbits of the testing day—1
January 2021. HEPD low-energy threshold for protons (30 MeV) is also depicted as a blue arrow.

The AP9 model could also be very useful to help define a fiducial area on the Earth’s
surface (longitude vs. latitude) that may be applied to the future HEPD data analysis of
trapped particles. However, the geographical extension of the inner belt (and consequently
of the SAA) is largely dependent on energy, as shown in Figure 2. The surface contours
for the >1, >10, and >100 MeV trapped protons are depicted as red, blue, and green
curves, respectively, in the panel. These contours highlight how the low-energy trapped
proton component is distributed in the southern regions of the SAA-even superimposing
to the outer belt, while higher energy populations are more clearly enclosed in the classical
boundaries of the inner belt, i.e., in the area above Brazil and the Atlantic Ocean.
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Figure 2. Geographical extension of the SAA for >1, >10, and >100 MeV protons (respectively, blue,
red, and green curves in the panel), obtained from the AP9 model.

For a further, more precise comparison with experimental HEPD data, four different
20 min orbit portions were selected among those crossing the SAA , in order to build the
related time-profiles of protons at various energies (With a period of 94.6 min, the satellite
makes ~15 complete orbits per day.):

• orbit 1-13:26:00/13:54:00
• orbit 2-15:02:00/15:20:00
• orbit 3-16:32:00/16:56:00
• orbit 4-18:07:00/18:29:00

These passages over the SAA are represented in Figure 3 as a function of the geograph-
ical coordinates; while orbit 1 crosses the SAA in the outermost and peripheral region, orbit
3 crosses the bulk of the Anomaly, where particle fluxes are expected to be higher.

120− 100− 80− 60− 40− 20− 0 20 40
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80−

60−
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20−

0

20

L
at

itu
de
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g)

orbit 1

orbit 2

orbit 3
orbit 4

Figure 3. Representation of the four orbits chosen for the time-profile evaluation as a function
of geographical latitude and longitude; orbit 1 appears to be more peripheral with respect to, for
example, orbit 3.

5. Results

The differential, omnidirectional energy spectra of trapped protons along the four
portions of orbits depicted in Figure 3, all generated by the AP9 model, are shown in
Figure 4. As energy increases, the spectrum in each orbit decreases with a somewhat
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different steepness, as expected. This is, in fact, due to the different aspects of the trapping
mechanism, which is the resulting effects of cosmic ray albedo neutron decay (CRAND),
solar proton injection, and radial diffusion [45]. The CRAND mechanism is the principal
trapped proton source above ∼100 MeV, and the shape of the albedo neutron vertical
spectrum above the geomagnetic cut-off is very similar to the one observed in trapped
protons, i.e., the spectrum is decreasing as energy increases. On the contrary, the solar
injection is more relevant below ~100 MeV (and it is more important for L > 2), while
the radial diffusion tends to redistribute trapped particles in different L, so its effects are
more complex. As a result, the trapped proton flux is strongly anisotropic and the overall
spectrum changes rapidly, heavily depending on the region (latitude, longitude, L, etc.)
where it is estimated.
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Figure 4. Differential, omnidirectional energy spectra of >10 MeV trapped protons obtained with
the AP9 model and averaged over each CSES-01 orbit (see title above each panel). In each orbit, the
spectrum decreases as energy increases, as expected.

The time profiles (5-s resolution) for the >10 MeV trapped protons along the orbits
defined above are also shown in Figure 5. In each panel, the color palette relates to the
different particle energy. Note that during each portion of the CSES-01 orbits, the spectra
possess a different shape as a function of time. For example, during orbit 1, trapped fluxes
tend to decrease very rapidly, while for the other orbits this decrease is slower. This is due
to the fact that orbit 1 crosses the SAA region only in its peripheral section, so the trapped
population is only encountered for a small amount of time. Furthermore, in each panel
it seems that energetic protons are more concentrated in the internal sectors of the SAA,
while low-energy protons are more widely distributed and spread over a larger area; this
was inferred also from Figure 2, and it is another proof of the high variability of trapped
fluxes inside the inner belt.
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Figure 5. Time profiles (5-s resolution) of 10–300 MeV trapped protons estimated from the AP9
model along CSES orbits 1–4 (from the top left panel to the lower right panel). As expected, higher
energies have lower fluxes, while lower energies tend to have higher fluxes.

To assess the level of agreement between the AP9 model and the experimental data,
a preliminary analysis was conducted using omnidirectional ∼50 MeV calibrated proton
data from HEPD, obtained following the same procedure used in [40]. As can be seen
from the four panels in Figure 6, the agreement seems to be good, even if some small
discrepancies are evident, mostly in the peripheral regions of the SAA; these are probably
due to the different operational definition of South Atlantic Anomaly that was used to
derive the data with HEPD (For the HEPD data analysis, we define the South Atlantic
Anomaly as the region enclosed in a value of the magnetic field >20,000 nT.). Further
studies are needed to verify the agreement even in a longer time period and with the
extensive use of simulations.

For the purposes of this preliminary analysis, the uncertainties of the AP9 model—
related to measurement, gap-filling, or dynamic variations due to space-weather processes—
are not taken into account. A future, more complete comparison with HEPD observations
will require a precise assessment of the AP9 confidence levels, in order to better evaluate
the match with experimental data. Considering that CSES-01 will be operative in a period
of strong minimum between the end of the 24th solar cycle and the start of the 25th, no
major effect related to space weather variability is expected.
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Figure 6. Time profiles (5-s resolution) of 50 MeV trapped protons estimated from the Ap9 model and
compared with preliminary data of ∼50 MeV proton data (black circles) from the HEPD instrument
on board the CSES-01 satellite. The analysis has been carried out using the procedure described in [40].
The agreement between the data and the model appears generally good, despite showing small
discrepancies, especially in the peripheral regions of the SAA. Only statistical errors are reported.

6. Discussion and Conclusions

The NASA AE9/AP9/SPM set of models represents an important approach to specify
the radiation environment for modern satellite design applications. In this work, this suite
of models has been employed to estimate trapped proton fluxes over the South Atlantic
Anomaly for some orbits of the China Seismo-Electromagnetic Satellite on 1 January 2021.
This is intended as a starting point for a future analysis that will include data from the
High-Energy Particle Detector. After three years of calibration and testing, HEPD has
proven capable of measuring low-energy particle fluxes (>3 MeV electrons and >35 MeV
protons) with precision and stability over time; among the others, these two characteristics
in particular are very suitable for the measurement of strongly anisotropic particle fluxes,
such as those trapped in SAA. Thus, HEPD, together with the other payloads on board
CSES (such as those of the HEPP suite), can provide excellent cross-calibration for these
radiation environment models at LEO. A preliminary analysis on HEPD proton data has
been conducted to assess the agreement between the AP9 model and experimental data,
and it seems already acceptable, even if some discrepancies—that need to be studied—are
present. It is important to remember, as already mentioned, that there is also a certain
number of known issues in these models:

• There are no reliable data for inner region electrons at energies <1 MeV and spec-
tral/spatial extrapolation of the few existing datasets can lead to large deviations.

• There are no data for high-energy protons (>150 MeV). AP9 goes out to 400 MeV only
by using physics-based model extrapolation techniques.

Moreover, much of the validation of these models was performed using the Van Allen
Probe mission [46], which provided a rich set of energetic particle and plasma data from
the many instruments the spacecraft carried on board, together with a good pitch angle
and energy resolution; unfortunately, after the end of the mission, new data are necessary
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to continue validation and to explore higher energy ranges with more statistics. HEPD
proved to be able to cover this role, performing measurements with precision and stability
in time; besides, new CSES missions (with more HEPD-like particle detectors) are already
planned for the next years, greatly expanding the data-taking period by several years into
the 2020s.
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