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Key Points:

+ A drift-source model is used to simulate longitudinal distributions of quasi-trapped energetic electron fluxes produced by CRAND.
+ The simulation results show that quasi-trapped energetic electron fluxes increase with longitudes before reaching the SAA regions.
« The distributions of trapped, quasi-trapped, and untrapped electrons along the orbit of Macau Science Satellite-1 are also simulated.
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Abstract: The Macau Science Satellite-1 (MSS-1), designed by the Macao University of Science and Technology and the National Space
Science Center (NSSC) of China, is equipped to detect the fine structure of the magnetic field over the South Atlantic Anomaly (SAA)
region, monitoring geomagnetic field variations, and obtaining the energetic electron spectrum distributions in the Earth’s inner
radiation belt. In this study, we simulate the distributions of trapped, quasi-trapped, and untrapped electrons along the orbit of MSS-1
based on a drift-source model. The simulation results show that the particle detector with 90° looking direction can observe trapped
electrons in the SAA region, untrapped electrons in the regions conjugated with the SAA region at the north hemisphere, and quasi-
trapped electrons in all other regions. In contrast, the detectors with <60° looking directions can measure only untrapped electrons.
Generally, quasi-trapped electron fluxes accumulate along the drift trajectory and are due primarily to CRAND, until reaching the SAA

region where quasi-trapped electrons are all lost into the atmosphere.
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1. Introduction

In 1958, James A. Van Allen and co-workers, using data from
Geiger counters onboard the Explorer 1 and Explorer 3 satellites,
discovered high radiation zones surrounding the Earth (Van Allen
et al, 1958), the first major discovery of the Space Age. These
regions, filled with energetic particles, were later called “radiation
belts” or “Van Allen Belts”. Since that time, many spacecrafts have
been launched to investigate the variation characteristics and
underlying physical mechanisms of the Van Allen belts (Johnson
and Kierein, 1992; Baker et al., 1993, 2013a).

Typically, radiation belts are divided into the inner belt and the
outer belt with a slot region lying between. The inner belt
(centered near L = ~1.5, where L represents the geocentric
distance of the magnetic field lines at the equatorial plane in the
number of Earth radii (Re)) contains electrons of energy less than
one MeV and protons of higher energy (up to several hundreds of
MeV). The outer radiation belt consists of electrons over a broad
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energy range, from 100s of keV to 10s of MeV (Williams, 1966;
Barker et al., 2005; Li X et al., 2013; Li W and Hudson, 2019). Gener-
ally, the radiation belt electron fluxes increase rapidly during
geomagnetically active times and experience slow decay during
quiet periods (Baker et al., 2013b; Li X et al,, 2013; Xiang Z et al.,
2017, 2020a, 2021). The variations of radiation belt electrons are
consequences of complex competition among various transport,
acceleration, and loss processes (Reeves et al., 2003, 2016; Huang
et al., 2018; Turner et al.,, 2019; Gu XD et al., 2020; Du et al., 2022;
Zhao et al., 2022).

Satellites used to observe the radiation belts can be mainly classi-
fied into two categories: low-Earth orbit (LEO) (high inclination)
and equatorial (low inclination) satellites (e.g., Baker et al., 1993,
2013b; Parrot, 2006; Li X et al., 2013; Mauk et al., 2013; Angelopoulos
et al., 2020; Khoo et al., 2022). The particle detectors onboard low
inclination satellites can obtain wide coverage of pitch angles (the
angles between particle moving directions and the background
magnetic field). However, orbit periods of those satellites are typi-
cally a few hours, making it difficult to investigate short-term radi-
ation belt dynamics, such as electron dropouts in the outer belt
(Ni BB et al., 2016; Xiang Z et al., 2017, 2018; Tu WC et al., 2019; Ma
X et al,, 2020). In contrast, the orbit periods of LEO satellites are
around 100 minutes, which allow more frequent monitoring of
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radiation belt particle distributions (Ni BB et al., 2022a; Selesnick et
al, 2019; Li XQ et al., 2019). In addition, due to the small values of
loss cone angle at the equatorial plane (e.g., only a few degrees in
the outer radiation belt), only those satellites with extremely high
pitch-angle resolve precipitation electrons,
whereas the larger loss cone angle at the altitudes of LEO satellites
allows for more accurate identification of precipitating and quasi-
trapped populations. (Li XL et al., 2017; Xiang Z et al., 2019; Zhang
K et al,, 2017, 2019; Zhang ZX et al., 2022). Due to the off-center
nature of the Earth’s actual magnetic field, electrons in the radia-
tion belt can be categorized into three types: untrapped electrons
(equatorial pitch angle smaller than local bounce loss cone (BLC),
that will precipitate in one bounce period), quasi-trapped electrons
(equatorial pitch angle larger than local BLC but smaller than the
drift loss cone (DLC), which is the largest local BLC across the elec-
tron full drift orbit, thus with life times longer than several bounce
periods but shorter than one drift period), and trapped electrons
(stably trapped by the Earth’s magnetic field, with lifetimes longer
than a drift period). One of the most important advantages of LEO
satellites is that they can measure and distinguish these three
types using a single particle detector.

resolution can

Recently, particle observations from the LEO satellites have signifi-
cantly advanced our understanding of inner belt dynamics, espe-
cially some surprising discoveries from CubeSat missions. For
example, the inner belt electrons had long been considered to be
replenished by inward radial diffusion, until Li XL et al. (2017),
based on convincing evidence provided by data from the
Colorado Student Space Weather Experiment CubeSat (CSSWE),
found that the relativistic electrons in the inner edge of the inner
belt (L < 1.14) are produced primarily by Cosmic Ray Albedo
Neutron Decay (CRAND). CRAND describes the process by which
highly energetic particles from the galaxy collide with Earth’s
upper-atmosphere molecules and produce albedo neutrons with
a mean lifetime of around 15 minutes. An albedo neutron decays
naturally into a proton, an electron, and an antineutrino (Selesnick,
2015).

Several studies, comparing simulation results with observations
from the DEMETER satellite, have followed, further suggesting
that the electrons produced by the CRAND process also play an
important role as source of energetic electron populations in the
inner belt and in the slot regions during the extended quiet periods
(Xiang Z et al.,, 2019, 20203, b; Zhang K et al., 2019, 2020).

To detect the fine structure of the geomagnetic field over the
South Atlantic Anomaly (SAA) region and to obtain the energetic
electron spectrum distribution in the inner radiation belt, the
Macao University of Science and Technology and the National
Space Science Center (NSSC) of China have designed and built the
MSS-1, which is planned to be launched in 2023 into a low-Earth
orbit (LEO) with an inclination of ~40° and an altitude of ~450 km.
The main payloads onboard the MSS-1 are high precision fluxgate
magnetometers and detectors of energetic particles. The advan-
tages of the MSS-1's particle detectors are higher pitch angle reso-
lution (with nine looking directions) and fine energy resolution
(energy resolution ~10-20 keV at the burst mode). Particle detec-
tors onboard LEO satellites have typically had a wide field of view
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(FOV, e.g., 40°-50°) with only one looking direction (Khoo et al.,
2022). Because the electron fluxes at the LEO orbits are much
lower than those at equatorial orbits, the wider FOV is needed to
produce larger geometry factors. More looking directions will be
particularly helpful to investigate radiation belt dynamics, espe-
cially in the study of precipitation electrons. Using the measure-
ments from two perpendicular detectors onboard POES satellites,
many studies have been conducted to analyze the spatio-temporal
features and underlying physical mechanisms of particle losses
(Turner et al,, 2012; Ni BB et al., 2016, 2022b; Xiang Z et al., 2016).
The ability to measure fluxes of 50-600 keV electrons from nine
different looking directions, provided by detectors onboard the
MSS-1 satellite, will make it possible to obtain simultaneous
measurements of trapped, quasi-trapped, and untrapped elec-
trons, which is of critical importance for quantifying the scattering
process of electrons from larger pitch angles to the loss cones
driven by wave-particle interactions or atmospheric collisions.
Based on the improved resolution of electron fluxes that will be
provided by the MSS-1’s instruments, we can investigate the
energy spectrum distribution, and sources and loss mechanisms
of electrons over a wide energy range in the inner belt. In this
paper, we simulate the spatial distribution of untrapped, quasi-
trapped, and trapped electrons along the planned orbit (450 km
altitude and 40° inclination) of the MSS-1 and the corresponding
electron fluxes based on a drift-source model.

2. Orbit Coverage Simulation of the MSS-1

Based on the planned altitude (450 km) and inclination (40°), we
first simulate the L and magnetic local time (MLT) coverage of the
MSS-1. Using the IRBEM library, we simulated the L values at 450
km altitudes in the IGRF magnetic field model. Figure 1 displays
the simulation results as a function of longitudes and latitudes.
The light pink curve is a simulation orbit of MSS-1 in a drift period
(~1.5 h). Due to the nondipole features of Earth’s magnetic field,
the L values at a given latitude are distinct at different longitudes.
The L values can be as large as L = 2.5 close to south Australia and
north America regions where, typically, L will be >1.5. It is interest-
ing to note that there are no L < 1.1 regions in the [-100°, —40°]
longitudes range corresponding to the SAA regions, (the center of
which is denoted in Figure 1), because the altitudes for L < 1.1 in
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Figure 1. The L values at 450 km altitudes as a function of longitudes
and latitudes. The light pink curve is a simulation orbit of MSS-1in a
drift period (~1.5 h).
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these SAA regions are below the satellite’s 450 km altitude.

In addition to L values, another important parameter of satellite
orbit coverage is MLT. We simulate 10-hour satellite orbits with
four different ascending nodes and plot them in Figure 2 on the
MLT versus L-shell plane. The trajectories are color-coded by their
universal times. In Figure 2, it is easy to observe that the maximum
L-shell is at L = ~2.5. The local time coverage has strong ascending
node dependence. In the simulation results, the satellite will
sweep the nearly constant MLT range six times at low L-shell (L < 2)
in the 10 hours. As time goes by, the local time of the satellite
orbit will move clockwise. Typically, the electron fluxes along the
drift shell are assumed independent of MLT since the drift period
of energetic electrons is relatively low. However, observations
from MagkIS instrument onboard Van Allen Probes clearly show
that inner belt energetic electron fluxes at different MLT are
distinct (Selesnick et al., 2016; Liu Y et al., 2016), with higher inten-
sities near dawn sectors. This phenomenon can be explained by a
global dawn-to-dusk convection electric field (Liu Y et al., 2016;
Lejosne and Mozer, 2020). The fluctuations in the electric field
result in inward diffusion, which replenishes electron losses
induced by wave-particle interactions and atmospheric collisions.
The gradually clockwise movement, as shown in Figure 2, can
greatly help investigate the influence of convection electric field
on energetic electron distributions.

3. Modeling the Distributions of Energetic Electrons in
the Inner Belt

In this section, we first simulate the spatial distributions of the
three types of electrons: untrapped, quasi-trapped, and trapped.
We obtain magnetic field strengths using the IGRF model and
assume that electrons precipitate into the atmosphere below
100 km altitudes. In the simulation, the looking directions (the
angle between the detector collimator and the background
magnetic field, the detector with the 90° looking direction is
perpendicular to the background magnetic field and thus detects
electrons with a 90° local pitch angle) of detectors are set as 90°,
80°,70°,and 60°. In reality, the actual looking directions of detectors
change with the satellite’s changing position and attitude. For
simplicity, in the simulations we set these looking direction values
as constants. The incident direction of electrons is assumed to be
perpendicular to the plane of the detector, although the field of
view (FOV) of the detectors is around 20°-30°.

The simulation results are shown in Figure 3. We can observe that
the 90° detector can measure trapped electrons in the SAA region,
untrapped electrons in the conjugation regions of SAA at the
north hemisphere, and quasi-trapped electrons in all other
regions. As looking directions decrease, the area of untrapped
electrons increases while the areas of trapped electrons and quasi-
trapped electrons both shrink. In all regions, the <60° detectors
measure only untrapped electrons.

0=45°
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Figure 2. Simulated satellite trajectories in 10 hours as a function of MLT and L-shell, calculated with four ascending nodes: (a) 0°, (b) 45°, (c) 90°,

and (d) 135°. The color indicates the universal time.
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Figure 3. The simulation results of spatial distribution of trapped, quasi-trapped, and untrapped electrons for detectors with 90°, 80°, 70°, and 60°
looking directions, based on an IGRF magnetic field model. The 90° detector is perpendicular to the background magnetic field; the local pitch
angle of measured electrons is thus 90°. The untrapped, quasi-trapped, and trapped electrons are indicated in blue, green, and red, respectively.

To investigate the distribution of energetic electron fluxes in the
inner belt, we use the drift-source model in Xiang Z et al. (2019) to
simulate pitch angle distributions of electron fluxes along the
electron drift shell. For a given L-shell and kinetic energy, the drift-
source model is described by the equation:

aJ aJ

E + O)d% = Se, (1)
where J is the electron flux, wyq is the drift frequency, and ¢ is the
geomagnetic longitude. S, is the electron source rate from
CRAND:

qo9p (E)u

Se & ————,
° " 127sin (agq)

@)

where the unit of g, is cm™3 sec! ster~! and varies with L-shell. In
our simulation, we adopt the g, value used in Xiang Z et al. (2019),
thatis, 1013 atL=1.08,2x 10-"3atL =1.5,and 5x 10~"3at L = 2.0.
deq is the equatorial pitch angle, and ¢ () is the B-decay spectrum
of the electrons produced by neutron decay (Selesnick, 2015).
There are 900 grid points in equatorial pitch angles and 360 grid
points in longitudes. The boundary condition is J = 0 at the edge
of the BLC. The magnetic field strength at 100 km altitude and at
the geomagnetic equator is used to calculate the corresponding
equatorial pitch angles of electrons mirroring at 100 km (Xiang Z
etal, 2019).

The drift-source model assumes that electrons in the inner belt
are mainly controlled by azimuthal drift and CRAND (Zhang K et
al., 2019; Xiang Z et al., 2019). The excellent agreement between

drift-source  model simulations and DEMETER observations
suggests that CRAND is an important source mechanism for inner
belt electrons (Xiang Z et al., 2019). After adding the diffusion
term (e.g., pitch angle diffusion induced by wave—particle interac-
tions) and an advection term (e.g., energy loss due to Coulomb
drag), the drift-source model can also be used to investigate the
dynamics and the evolution of trapped electron fluxes in the inner
belt and the slot region (Xiang Z et al., 2020a, b; Liu YXZ et al.,
2021;2022).

We first run the simulations for L = 1.08, L = 1.5, and L = 2.0 in the
drift-source model. The simulation results are shown in Figure 4.
The left column presents color-coded simulated electron fluxes at
200 keV as a function of geomagnetic longitudes and equatorial
pitch angles. The dashed black line is the local BLC calculated in
the IGRF model, and the electron fluxes are set as zero in BLC, indi-
cated by the blank parts. Note that the 180° east longitude is also
the —180° west longitude at the horizon axis. In Figure 4a, the
largest local BLC (the DLC) is 90°, occurring in the SAA region
(longitude = ~—60°), indicating that the electrons at L = 1.08 are all
quasi-trapped. The light pink and blue markers are the equatorial
pitch angles of locally mirroring electrons at 450 km altitude (the
planned orbit altitude of the MSS-1). The simulated electron fluxes
corresponding to these markers are plotted as a function of
geomagnetic longitudes, shown in the right panel (Figures 4b, 4d,
4e). We can see that electron fluxes in the simulations accumulate
along the longitude before reaching the SAA region. At higher L-
shell (L = 1.5), electrons with pitch angles larger than the DLC (39°
at longitude = ~-50°) are trapped electrons; they will not precipi-
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Figure 4. LEFT COLUMN: Simulated color-coded fluxes of 200 keV electrons, as a function of geomagnetic longitude and the equatorial pitch
angle in one drift period at (from top to bottom) (a) L = 1.08, (c) L = 1.5, and (e) L = 2.0. The dashed black line is the local BLC calculated in the IGRF
model, and the electron fluxes are set as zero in BLC, indicated by the blank parts. The light pink and blue markers are the equatorial pitch angles
of local mirror electrons at 450 km altitude on the northern and southern hemispheres, respectively. RIGHT COLUMN: The longitudinal
distributions of simulated electron fluxes, corresponding to the markers in the left panels. Note that the 180° east longitude is also the —180° west

longitude.

tate (Figure 4c) during the drift. The longitudinal distribution
features of quasi-trapped electrons are similar to results (Figure 4b)
at different L values. Note that there are some data missing in
some longitude ranges, such as ~—90° longitude in the southern
hemisphere and ~130° longitude in the northern hemisphere,
since some L values are not covered by the 450 km altitude at

those longitudes. It can also be observed in Figure 1 that the
contour curve of L = 1.5 is discontinuous at around —110° to —60°
longitudes in the south hemisphere and 100°-160° longitudes in
the north hemisphere. At L = 2 (Figure 4e and Figure 4f), longitudes
for which data are missing become even broader. Electrons in the
north hemisphere are measured only at around longitudes —130°

Xiang Z and Ni BB et al.: Simulations of inner belt electrons
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Figure 5. The simulation results of 200 keV electron fluxes measured by (from top to bottom) 90°, 80°, 70°, and 60° detectors at L = 1.5, in the
same format as Figure 4. Note that the 180° east longitude is also the —180° west longitude.
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to —30° while electrons in the south hemisphere can be measured
at most longitudes except —130° to —30°.

To investigate electron flux variations with distinct looking direc-
tions of detectors, we simulated 200 keV electron fluxes at L = 1.5
measured by 90°, 80°, 70°, and 60° detectors; results are presented
in Figure 5. The results in Figures 5a—5b (90° detectors) are the
same as those in Figures 4c—4d. We can observe that the equatorial
pitch angles of electrons shift to lower values as looking directions
of detectors decrease. In Figure 5g, only untrapped electrons are
measured in both north and south hemispheres, which is consis-
tent with the results in Figure 3b. In the right panels, the longitu-
dinal distribution characteristics of electrons measured by the 90°,
80°, and 70° detectors are similar since these quasi-trapped elec-
trons are all from CRAND, which has slight pitch angle dependence
outside of loss cones (Xiang Z et al., 2019).

In this study, we consider only the CRAND source and electron
azimuthal drift without any loss mechanism. However, pitch angle
diffusions induce by VLF transmitter signals can also play a role in
the distribution of electron fluxes in the inner belt. Previous studies
have reported that the quasi-trapped electron fluxes at 200 keV
measured by the LEO satellite are sharply enhanced at around L =
1.6-1.8, corresponding to the location of the NWC transmitter (e.g.
Sauvaud et al., 2008; Gamble et al., 2008; Selesnick et al., 2013;
Zhang ZX et al,, 2016; Zhang ZX et al., 2021). By adding the wave
diffusion term induced by VLF signals into the drift-source model,
the simulated quasi-trapped electron fluxes evidently enhance at
longitude = 120° (where the NWC transmitter is located) and keep
drifting eastward until lost into the SAA region. The agreement
between the simulations and the DEMETER observations demon-
strates that trapped electrons scattered by VLF transmitter signals
are the dominant source of quasi-trapped electrons at L = 1.7
when the NWC transmitter operates at nightside (Liu YXZ et al.,
2022), whereas, using the electron data of PROBA-V, Cunningham
etal. (2020) found that there is a peak in the radial profile of electron
fluxes in the [600,700] keV channel at L = 1.5, which satisfy the
cyclotron resonance between electrons and unducted VLF trans-
mitter signals. The fluxes of ~700 keV electrons measured by
DEMETER are not accurate. Thus, the wave induced enhancement
of ~700 keV electron fluxes needs to be further examined by other
satellite observations.

4. Summary

In this study, we simulate L and MLT coverage of MSS-1 satellite
(the planned orbit is at 450 km altitude and 40° inclination) and
the distributions of electron populations (trapped, quasi-trapped,
and untrapped) based on the IRBEM library and drift-source
model.

The main simulation results are summarized as below:

(1) The orbits of the MSS-1 satellite will cover primarily the inner
belt, with largest L values around L =2.5; the orbits move clock-
wise, covering all MLT sectors.

(2) At 450 km altitude, detectors with the 90° looking direction will
detect trapped electron in the SAA regions, untrapped electrons
in the regions conjugate to SAA regions in the north hemisphere,
and quasi-trapped electron in all other regions. The detectors with

<60° looking directions will measure untrapped electrons.

(3) CRAND-produced electrons accumulate during drift trajectories
outside the SAA regions. The fluxes of trapped electrons observed
in the SAA regions are orders of magnitude higher than fluxes of
quasi-trapped electrons.
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