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Key Points:
« Six hundred kiloelectron volt electron injections were observed at 4.5 < L < 6.4 under different geomagnetic conditions of 450 nT <
AE < 1,450 nT.
« Before the electron injections, a flux negative L shell gradient for <0.6 MeV electrons or low electron fluxes in the injected region were
observed.
« For 600 keV electron injections at different L shells, the source populations from the Earth’s plasma sheet were different.
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Abstract: Relativistic electron injections are one of the mechanisms of relativistic (~0.5 MeV) electron enhancements in the Earth’s outer
radiation belt. In this study, we present a statistical observation of 600 keV electron injections in the outer radiation belt by using data
from the Van Allen Probes. On the basis of the characteristics of different injections, 600 keV electron injections in the outer radiation belt
were divided into pulsed electron injections and nonpulsed electron injections. The 600 keV electron injections were observed at 4.5 < L <
6.4 under the geomagnetic conditions of 450 nT < AE < 1,450 nT. An L of ~4.5 is an inward limit for 600 keV electron injections. Before the
electron injections, a flux negative L shell gradient for <0.6 MeV electrons or low electron fluxes in the injected region were observed. For
600 keV electron injections at different L shells, the source populations from the Earth’s plasma sheet were different. For 600 keV electron
injections at higher L shells, the source populations were higher energy electrons (~200 keV at X ~ -9 Rg), whereas the source populations
for 600 keV electron injections at lower L shells were lower energy electrons (~80 keV at X ~ -9 Rg). These results are important to further
our understanding of electron injections and rapid enhancements of 600 keV electrons in the Earth’s outer radiation belt.
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1. Introduction

The picture of relativistic (>0.5 MeV) electron acceleration in the
Earth’s outer radiation belt is a three-step process: substorm elec-
trons (from tens to hundreds of keV) are first injected; then the
electrons with energies of hundreds of keV are locally accelerated
by whistler mode chorus waves; and subsequently, radial diffu-
sion redistributes the accelerated electrons (e.g., Horne and
Thorne, 1998; Meredith et al., 2003; Miyoshi et al., 2003; Reeves et
al., 2013; Thorne et al.,, 2013; Boyd et al.,, 2014; Mourenas et al.,
2014; Omura et al., 2015). Usually, the timescale of the chorus
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wave acceleration of the electrons with energies of hundreds of
keV to megaelectron volt (MeV) energies is greater than ~12 h
(e.g., Kasahara et al., 2009; Tsurutani et al., 2010; Miyoshi et al.,
2013;LiWetal,, 2014; Tang CL et al., 2017a).

However, several other mechanisms can explain the rapid en-
hancement of relativistic electrons in the Earth’s outer radiation
belt. The first mechanism is relativistic electron injections. Previ-
ous observation and simulation studies have shown that sub-
storm dipolarization electric fields or convection electric fields in
the plasma sheet can cause relativistic electron injections at the
geosynchronous orbit (e.g., Li X et al., 1998; Kim et al., 2000; Fok et
al, 2001; Ingraham et al., 2001; Glocer et al., 2011; Ganushkina et
al., 2013; Kress et al., 2014). Multipoint simultaneous observations
have also shown that substorm injected electrons in the inner


http://www.eppcgs.org/
http://dx.doi.org/10.26464/epp2022012

150 Earth and Planetary Physics  doi: 10.26464/epp2022012

magnetosphere can be accelerated to >1 MeV (e.g., Su ZP et al,,
2014; Dai L et al., 2015; Tang CL et al., 2016b; Kim et al., 2021). The
second mechanism is an interplanetary (IP) shock acceleration
(e.g., Schiller et al., 2016). The Combined Release and Radiation Ef-
fects Satellite (CRRES) first observed prompt acceleration of the
electrons in the outer radiation belt by an IP shock compression of
the dayside magnetopause during the 24 March 1991 geomag-
netic storm (Blake et al., 1992). According to observations by the
Van Allen Probes, multi-megaelectron volt (multi-MeV) electron
enhancements in the outer radiation belt on less than a drift
timescale were caused by the 7 October 2013 and 17 March 2015
IP shock compressions on the dayside (Foster et al., 2014; Baker et
al., 2016; Kanekal et al, 2016). Magnetohydrodynamics test
particle simulations have also reproduced prompt acceleration of
multi-MeV electrons by the 17 March 2015 IP shock (Hudson et al.,
2017). The third mechanism may involve the local acceleration of
energetic electrons in nonlinear interactions with chorus waves
(e.g., Mozer et al,, 2014; Tang CL et al., 2016b). Foster et al. (2017)
also found that prompt (<1 h) MeV electron acceleration in the in-
ner magnetosphere accompanied substorm injections and strong,
very low frequency chorus rising tones. However, relativistic (=0.5
MeV) electron injections in the Earth’s outer radiation belt are still
not well understood (e.g., the characteristics of the electron injec-
tions and the injection region, as well as the source populations).

In this study, we first present the global distributions of ~600 keV
electron injection events in the outer radiation belt from Van Al-
len Probe observations. We then analyze in detail the two differ-
ent types of 600 keV electron injection events. Finally, we explain
and discuss why 600 keV electron injections can occur at different
L shells (4.5 < L < 6.4) for different geomagnetic activities (450 nT <
AE < 1,450 nT).

2. Observations of 600 keV Electron Injections

To examine 600 keV electron injections in the Earth’s outer radi-
ation belt, the Level 2 spin-averaged differential electron flux and
the Level 3 pitch angle distributions (PADs) of energetic electrons
from a magnetic electron ion spectrometer (MagEIS; Blake et al.,
2013) of the Energetic Particle, Composition, and Thermal Plasma
Suite (Spence et al,, 2013) were used in this study. There were 25
energy channels ranging from 20 to 4,000 keV for electrons from
the MagEIS instrument. The criteria for selecting the 600 keV elec-
tron injections were as follows:

(1) There were no significant injections within half an hour before
injections for the ~600 keV electrons.

(2) For the injected electrons (the cutoff energy was ~600 keV),
the maximum flux of electrons was at least 2 times higher than
the flux before the electron injections.

(3) Approximately 600 keV electron flux fluctuations during the in-
jections were excluded.

During the time interval from October 2012 to October 2018, 24
events met the selection criteria of 600 keV electron injections.
The geomagnetic indices were mainly obtained from the Coordin-
ated Data Analysis Web (http://cdaweb.gsfc.nasa.gov/). The 600
keV electron injection events are listed in Table 1. In Table 1, € is
the upper energy cutoff, J is the peak flux of the 90° pitch angle
for ~600 keV electrons, L and MLT represent the locations of 600

keV electron injections, B, is the z component of the magnetic
fieldin the geocentric solar magnetospheric coordinates ob-
served by the Van Allen Probes. Time refers to the duration of the
600 keV electron injections. In this study, we defined this electron
injection event as a “pulsed electron injection event” because of
the shorter duration of the 600 keV electron injections (<4 min),
whereas “nonpulsed electron injections” were the 600 keV elec-
tron injections of longer duration (>4 min). Types P and NP repres-
ented pulsed electron injections and nonpulsed electron injec-
tions, respectively. The letter N represents the negative L shell
gradients for <0.6 MeV electrons in the injected region before the
electron injections. For the D injection events, the lower fluxes for
~0.6 MeV electrons before the electron injections were observed
and the injection location (L) were less than the location of the
flux peak for ~0.6 MeV electrons (Lyeak) before the electron injec-
tions. (The fluxes for ~0.6 MeV electrons before the electron injec-
tions in these injection events were less than 100 cm=2s-1sr-keV-1.)
Location was where the 600 keV electrons were injected. “Out-
side” and “inside” indicate that the injection location was outside
or inside the plasmasphere, respectively. The L shell of the
plasmapause was identified here as a steep density gradient. The
AE index was the substorm intensity around the time of the 600
keV electron injections.

Figure 1a shows the global distribution of ~600 keV electron injec-
tion events as a function of L and MLT under different geomagnet-
ic conditions. The L value is the calculated Mcllwains parameter
(with regard to the Earth’s radius). Usually, substorm electron in-
jections (up to 100s keV) are observed near the geosynchronous
orbit (e.g., Friedel et al., 1996; Reeves et al., 1996; Birn et al., 1998).
As shown in Figure 1a, 600 keV electron injection events were
mainly located in the dawn sector and at L > 4.5. Some dispersive
electron injections were also found in the dayside region, and
these dayside electron flux enhancements were a result of ener-
getic electron drifting in the inner magnetosphere after disper-
sionless injection at the nightside. In addition, these 600 keV elec-
tron injection events occurred under the geomagnetic conditions
of 450 nT < AE < 1,450 nT. Figure 1b shows the flux distribution of
~600 keV electron injections in the L-MLT coordinates. At differ-
ent L shells, the fluxes for ~600 keV electrons were different.

It is useful to classify the electron injection events according to
their injection characteristics. Here we show examples for the two
different classifications that were used in the present study.
Figure 2 presents the ~600 keV electron injection event observed
by Van Allen Probe A between 11:00 and 12:00 UT on 9 December
2014. For this injection event, the onset of the substorm expan-
sion began at 11:19 UT because of the rapid decrease of the AL in-
dex (Figure 2b). The AE index reached a maximum of 438 nT at
~11:27 UT (Figure 2a). At ~11:28 UT, a flux increase of 597 keV
electrons followed by increases of lower energy electrons (470,
346, 226, 184, 143, and 108 keV) were observed by Van Allen
Probe A. This was a typical dispersive injection event (Figure 2c).
The duration of 600 keV electron injections was ~1 min, which
was a pulsed electron injection event. Because of the azimuthal
separation of the injection region and strong background mag-
netic field, a significant increase in the magnetic field B, compon-
ent was not observed by Van Allen Probe A (not shown). For this
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Table 1. List of the 600 keV electron injection events examined in this study.
Van yyyymmdd_ J(cm=2s-1 B, Time Type . AE
PAr'(')‘i)”e hh-hh ekeV)  Gripevy) t MLT (nT) miny  (p/Npy /P Location
A 20121013_17-18 597 27,655 597 6.49 120 3 P N Outside 1,270
A 20121124 _06-07 597 2,125 6.14 593 85 4 P N Outside 978
A 20130126_09-10 597 1,991 5.70 2.02 142 2 P N Outside 775
B 20140209_18-19 597 2,396 5.27 135 190 3 P N Outside 1,182
A 20141209_11-12 597 2,867 6.11 3.05 92 1 P N Outside 447
B 20141209_11-12 597 2,307 6.35 1.96 85 1 P N Outside 447
B 20160412_18-19 597 686 6.08 7.37 125 1 P N Outside 1,067
A 20180601_10-11 597 4,888 4.82 175 228 1 P D Outside 1,150
B 20180601_10-11 597 2,434 5.86 3.67 106 1 P N Outside 1,150
B 20181001_14-15 597 951 6.15 227 145 3 P N Outside 881
A 20121014_10-11 597 13,067 5.88 6.39 140 10 NP N Outside 951
A 20121014_13-14 597 30,697 5.40 8.14 175 11 NP N Outside 1,125
A 20121101_09-10 597 4,380 6.05 6.21 108 11 NP N Outside 746
B 20121101_09-10 597 3,357 6.04 6.89 111 11 NP N Outside 746
B 20121124 _06-07 597 3,560 5.66 4.45 105 6 NP N Outside 978
A 20121217_09-10 597 5,081 5.56 3.65 150 6 NP D Outside 1,350
A 20140209_18-19 597 2,937 5.64 11.7 164 9 NP N Outside 1,280
B 20140209_18-19 597 3,852 5.03 13.8 210 9 NP N Outside 1,280
A 20151004_04-05 597 1,824 513 139 195 5 NP D Inside 804
B 20170420_03-04 597 978 4.49 20.1 264 10 NP D Inside 1,429
A 20170817_11-12 597 999 4.76 120 280 12 NP D Inside 1,231
B 20170817_11-12 597 828 4.61 111 300 7 NP D Inside 1,231
B 20180215_17-18 597 663 551 511 160 10 NP D Outside 618
A 20180826_16-17 597 1,626 6.19 0.06 150 7 NP N Outside 1,271

Note. € = upper energy cutoff; J = peak flux of 90° pitch angle for ~600 keV electrons; L and MLT = locations of 600 keV electron injections; B, =
z component of the magnetic field in the geocentric solar magnetospheric coordinates observed by the Van Allen Probes; Time = duration for
600 keV electron injections; Types (P/NP) = pulsed electron injections and nonpulsed electron injections; N/D = N, negative L shell gradients for
<0.6 MeV electrons in the injected region before the electron injections, and D, lower fluxes for ~0.6 MeV electrons before the electron
injections were observed and the injection location (L) is less than the location of the flux peak for ~0.6 MeV electrons (Lpeak) before the electron
injections; Location = location where 600 keV electrons are injected, where Outside is outside the plasmasphere, and Inside is inside the
plasmasphere; AE = substorm intensity around the time of 600 keV electron injections.

injection event, the cutoff energy of injected electrons was 597
keV because the maximum flux of 597 keV electrons at L ~ 6.11
was at least 2 times higher than the flux before the electron injec-
tion. For statistical convenience, the “2 times” criterion was used
to eliminate the flux increases resulting for various other reasons
(e.g., an enhancement of the local magnetic field, satellite move-
ment, and random fluctuations). As shown in Figures 2d-2g, the
PADs of injected electrons were ~90° peaked, which is also an
electron injection feature. The PAD observations indicated that
these electrons experienced betatron acceleration during the in-
jection process (e.g., Northrop, 1963; Tang CL et al., 2013, 20163, b).

Note that the electron fluxes near the 0° pitch angle in Figure 2
may have been caused by the orientation of that particle detector.
Located in the dawn sector (MLT ~ 1.96) and at L ~ 6.35, Van Allen
Probe B also observed ~600 keV electron injections after 11:26 UT.
In this study, there were 10 pulsed electron injection events,
which are labeled P in Table 1.

Figure 3 shows the ~600 keV electron injection event observed by
Van Allen Probe B between 16:40 and 17:40 UT on 15 February
2018. For this event, the substorm expansion onset began at
~17:00 UT. The AE index reached a maximum of 618 nT at ~17:13

Tang CL et al.: The 600 keV electron injections in the Earth’s outer radiation belt: A statistical study
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Figure 1. (a) The global distributions of ~600 keV electron injection events as a function of L and MLT under different geomagnetic conditions.

The purple dashed circle shows L ~ 6.6, and the black dashed circle shows L ~ 4.0. The color bar indicates the substorm intensity for ~600 keV

electron injection events. (b) The flux distributions of ~600 keV electron injections as a function of L and MLT. The color bar indicates the fluxes for

~600 keV electrons.

UT (Figure 3a). At ~17:04 UT, Van Allen Probe B observed a flux in-
crease of 604 keV electrons, followed by increases of lower en-
ergy electrons (470, 354, 240, 208, 168, and 132 keV; Figure 3c).
The duration of 600 keV electron injections was ~10 min, which
were nonpulsed electron injection events. As shown in Figures 3d-
3g, the PADs of substorm injected electrons were ~90° peaked.
Note that the electron fluxes near the 180° pitch angle in Figure 3
may have been due to the orientation of the particle detector. In
this study, there were 14 nonpulsed electron injection events,
which are labeled NP in Table 1.

We categorized the injection events into two groups, pulsed elec-
tron injections and nonpulsed electron injections, by considering
the different injection characteristics of the 600 keV electron injec-
tions. Figure 4a shows the substorm intensity versus the L shells of
the peak fluxes of ~600 keV electrons during 600 keV electron in-
jection events from October 2012 to October 2018. Some pulsed
electron injection events were observed at higher L shells (L > 6.0)
during the weaker geomagnetic activities (AE ~450 nT). Some
nonpulsed electron injections were observed at smaller L shells
(L ~4.5) during the intense geomagnetic activities (AE ~1,450 nT).
In Figure 4b, the local magnetic fields (dominated by the B, com-
ponent) were stronger at smaller L shells (L ~4.5-5.0), whereas the
local magnetic fields were weaker at higher L shells (L ~6.0). These
B, components during 600 keV electron injections observed by
the Van Allen Probes were close to the dipole field at L < 5.5 and
were lower than the dipole field at L > 5.5 (see the black line in
Figure 4b).

In Figure 5, we plotted the electron fluxes from each inbound and
outbound pass for different Ey (Ex of 102-604 keV) for the 600 keV
electron injection event on 9 December 2014. This allowed us to
examine how the electron flux profile evolved in time before and
during the electron injections. This was a pulsed electron injec-
tion event. Before the electron injections, the electron flux peaks
were at L ~5.0. The fluxes had negative gradients for Ex ~ 200-
600 keV electrons at higher L shells (L ~6.0). During the electron
injections (after ~11:27 UT), the fluxes had a similar evolution for
different electrons. For Ex ~200-600 keV electrons, there were
sudden, pulsed increases in fluxes near the apogee of the Van Al-

len Probes (L > 6.1) (Figures 5c¢-5f), which came from the plasma
sheet and may have been accompanied by a dipolarization front
(DF) or magnetic pulse. This injection was also seen by the LANL-
97A satellite (not shown). Before the 600 keV electron injections,
the injection regions for some injection events also had negative L
shell gradients. For this injection event, the L shell of the plasma-
pause was ~4.5; thus, the injection location was outside the plas-
masphere (see Table 1).

Figure 6 shows the electron fluxes at different E; (Ex of 103-
584 keV) measured by the Van Allen Probes (A and B) as a func-
tion of L during the time interval from 01:42 to 14:33 UT on 17 Au-
gust 2017. This was a nonpulsed electron injection event. Before
the electron injections, the flux peaks for Ex ~200-600 keV elec-
trons were at higher L shells (L ~ 6.0; Figures 6c—6f). The fluxes for
Ex ~200-600 keV electrons at L ~4.5 were smaller, which indicated
that the Earth’s outer radiation belt is in a state of depletion. At
~11:50 UT, there were large, sudden increases in the fluxes for
300-600 keV electrons at L ~4.5-4.8 (Figures 6d-6f). This event
was followed by enhancement over a wide range of L (L > 4.8),
which may have been due to the acceleration of radial diffusion
(Figures 6d-6f). For the low-energy electrons (100-200 keV), there
were strong enhancements at L ~ 3.5-5.8 during and after the
electron injections (Figures 6a-6¢). These features were likely as-
sociated with a substorm injection and were identified by the
peak in AE at 12:00 UT. Before the 600 keV electron injections, low
electron fluxes were also observed in the injection region for
some events. For this injection event, the L shell of the plasma-
pause was approximately 5.0; thus, the injection location was in-
side the plasmasphere (see Table 1).

Figures 7a-7g presents the ~600 keV electron injection event ob-
served by Van Allen Probe A between 10:00 and 11:00 UT on 1
June 2018. The AE index reached a maximum of 1,150 nT at
~10:13 UT (Figure 7a). At ~10:18 UT, Van Allen Probe A observed a
flux increase of 597 keV electrons followed by increases of lower
energy electrons (470, 340, 226, 184, 143, and 108 keV; Figure 2c).
The duration of 600 keV electron injections was less than 1 min,
which was also a pulsed electron injection event. As shown in
Figures 7d-7g, the PADs of injected electrons were ~90° peaked.

Tang CL et al.: The 600 keV electron injections in the Earth’s outer radiation belt: A statistical study
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Figure 2. The ~600 keV electron injection event on 9 December 2014 observed by Van Allen Probe A. From top to bottom for each column: the
geomagnetic indices (AE and AL), the differential fluxes of energetic electrons, and the PADs of different electrons (235-597 keV) from the MagEIS

instrument. The vertical blue dashed line shows the time of electron inj

Figures 7h-7n shows the total magnetic field B;, the magnetic
field B observed by the Fluxgate magnetometer, the fluxes of en-
ergetic electrons observed by the solid-state telescope (SST), and
the electron PADs in the SST energy range during the time inter-
val from 10:14 to 10:16 UT on 1 June 2018, observed by P5. P5 was
located at —5.3, 10.7, and 1.5 Rg in the geocentric solar magneto-
spheric coordinates. The B, component at P5 was approximately
—20 nT (Figure 7i), which indicates that P5 was away from the
neutral sheet. At ~10:14:45 UT (indicated by the vertical blue
dashed line in Figure 7, left), the B, component began to increase,
whereas the B, component was up to the peak at ~10:14:48 UT,
which is a characteristic signal of a DF. At the DF, P5 observed en-
hanced energetic electron fluxes and quasi-perpendicular distri-
butions (near 90°; Figures 7j-7n). Using the simultaneous observa-
tions of the near-Earth magnetotail and outer radiation belt, we

ections.

provided evidence that the energetic electrons (~120 keV) associ-
ated with the DF observed by P5 (Figure 7m) could be the source
population of the injected 600 keV electrons at L ~4.8 observed by
Van Allen Probe A (Figure 7g). Assume that enhanced 600 keV
electrons in the outer radiation belt during the substorm recovery
phase observed by Van Allen Probe A came from the DF at the
near-Earth tail (at P5). In the outer radiation belt, the magnetic
field strength B; was up to 232 nT. The magnetic field strength By
in the near-Earth tail was ~44 nT, and then B,/By was approxim-
ately 5.3. When the formula of the first adiabatic invariant was
used, the initial energy of the electrons in the near-Earth tail was
~120 keV, and the accelerated energy of the electrons at L ~4.8
could be up to ~600 keV. Observations also showed that the
fluxes of 120 keV electrons in the near-Earth tail (at P5) were lar-
ger than the increased fluxes of ~600 keV electrons at Van Allen

Tang CL et al.: The 600 keV electron injections in the Earth’s outer radiation belt: A statistical study
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Van Allen Probe-B (15 February 2018)
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Figure 3. The ~600 keV electron injection event on 15 February 2018 observed by Van Allen Probe B. From top to bottom for each column: the
geomagnetic indices (AE and AL), the differential fluxes of energetic electrons, and the PADs of different electrons (235-597 keV) from the MagEIS
instrument. The vertical red dashed line shows the time of electron injections.

Probe A (Figure 3c). These showed that betatron acceleration was
the main acceleration mechanism during the injection process of
~600 keV electrons.

3. Discussion and Summary

Substorm injections are sudden enhancements of the particles
with energies from tens to hundreds of keV (e.g., Moore et al.,
1981; Reeves et al., 1990; Duan et al., 2021), which are usually as-
sociated with a magnetic field dipolarization. Generally, the di-
polarization includes two forms: substorm dipolarization and a DF
(e.g., Tang CL et al., 2013). Substorm dipolarization, with a dura-
tion of up to tens of minutes, propagates tailward and is associ-
ated with the earthward transport of particles during the sub-
storm expansion phase (e.g., Lui ATY, 1991; Ohtani et al., 1992;
Baker et al., 1996, Nakamura et al., 2009; Tang CL et al., 2009,

2017b, 2018). The DFs or magnetic pulses have a duration of tens
of seconds or a short time (<4 min) and propagate toward the
Earth (e.g., Nakamura et al., 2002; Runov et al., 2009; Tang CL et al.,
2010, 20164, 2021). In general, electron injections in the Earth’s
outer radiation belt are associated with DFs (e.g., Dai L et al., 2015;
Turner et al., 2015, 2016; Motoba et al., 2020). Using the data from
Van Allen Probes, Liu J et al. (2016) showed that energetic particle
injections in the cis-geosynchronous magnetosphere (L < 6.6) are
associated with dipolarizing flux bundles. These electron injec-
tions accompanied by DFs can contribute to rapid enhancements
of relativistic electrons in the outer radiation belt (e.g., Dai L et al.,
2015). However, Fok et al. (2001) and Ingraham et al. (2001)
showed that substorm dipolarization can cause relativistic elec-
tron injections at the geosynchronous orbit. Tang CL et al. (2016b)
also showed that prompt enhancements of MeV electrons in the

Tang CL et al.: The 600 keV electron injections in the Earth’s outer radiation belt: A statistical study
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outer radiation belt are associated with substorm dipolarization.
In this study, pulsed electron injection events may be associated
with DFs or magnetic pulses, and nonpulsed electron injection
events may be associated with substorm dipolarizations in the
Earth’s plasma sheet.

Intense electric fields are one of the principal factors affecting re-
lativistic electron injections in the outer radiation belt. Previous
studies have shown that these intense substorm electric fields or
enhanced transient electric fields can accelerate injected elec-
trons in the outer radiation belt (e.g., Mithaiwala and Horton,
2005; Gabrielse et al.,, 2012; Dai L et al., 2014, 2015; Tang CL et al.,
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2016b). Furthermore, other factors (e.g., the characteristics of the
injection region before electron injections and the source popula-
tions) may affect ~600 keV electron injections in the outer radi-
ation belt.

Previous studies have shown that electron energy and the
plasmapause location can affect the injected depth of the elec-
trons. Because of the effects of the gradient and curvature drift-
ing for >500 keV electrons, the convection cannot inject them far
inward (e.g., Reeves et al., 1996; Liu S et al., 2003). The energetic
particle injections inside the geosynchronous orbit are limited to
L > 4 (e.g., Friedel et al, 1996; Sergeev et al., 1998). Turner et al.
(2015) showed that electron injections at L < 4 are limited in en-
ergy to <250 keV. In this study, L ~4.5 was an inward limit for 600
keV electron injections. These 600 keV electron injections at lower
L shells may filter out higher energy electrons that are injected at
higher L shells because of the effects of the gradient and
curvature drifts. In general, the plasmapause location shrinks as
the geomagnetic activity increases. Khoo et al. (2019) showed that
the initial enhancements of energetic electrons (~30 to ~2.5 MeV)
are typically outside the innermost plasmapause locations regard-
less of the solar wind drivers and the geomagnetic activity.
However, some observations have shown that substorm hot elec-
trons can be injected into the plasmasphere (e.g., Thorne et al,,
1979; Meredith et al., 2004; Chen L et al., 2014; Su ZP et al., 2018).
In this study, these injected events could appear either outside or
inside the plasmasphere (see Table 1). This may be related to the
flux negative L shell gradient of <0.6 MeV electrons (Figure 5) or
the low electron fluxes in the injected region before the electron
injections (Figure 6) and the source populations of ~600 keV injec-
ted electrons.
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Previous observations have shown that energetic electrons in the
mid-tail or the near-Earth magnetotail during geomagnetic activ-
ities are the source population of injected MeV electrons in the
outer radiation belt (e.g., Taylor et al.,, 2004; Lui ATY et al., 2012;
Dai L et al,, 2014; Tang CL et al., 2016b). During the injection of en-
ergetic electrons, these electrons move earthward and enter the
region of a stronger magnetic field (mainly the B, component, as
shown by Tverskoy, 1969). These electrons mainly conserved the
first adiabatic invariant (see Figures 2d-2g and 3d-3g). Although
these accelerated electrons originated from different initial loca-
tions in the plasma sheet, we assumed that the source locations of
~600 keV electron injections were in the near-Earth plasma sheet
(at X ~ -9 Rg) to compare the initial electron energy for 600 keV
electron injections at different L shells (4.5 < L < 6.4). Previous
studies have shown that the magnetic field (the B, component) as-
sociated with a substorm dipolarization or DF in the near-Earth
plasma sheet (at X ~ -9 Rg) was about 30 nT during the betatron
acceleration process (e.g., Tang CL et al.,, 2009; Runov et al., 2011;
Liu J et al,, 2013; Tang CL et al., 2016b, 2021). Using the formula of
the first adiabatic invariant, we were able to show that these ac-
celerated electrons (~600 keV) at different L shells may have dif-
ferent source populations from the plasma sheet. For 24 injection
events, the upper energy cutoff (€xqx) was ~600 keV, and the mag-
netic field (B;) in the near-Earth plasma sheet (at X ~ -9 Rg) was as-
sumed to be 30 nT. Considering relativistic effects, the energy ()
at X ~ -9 Re for 600 keV electrons in the injections at L ~ 6.0 was
about 200 keV, whereas the energy () at X ~ -9 R for 600 keV
electrons in the injections at L ~ 4.5 was ~80 keV. Note that these
electron populations at X ~ -9 Rg may be accompanied by differ-
ent magnetic structures (DFs, magnetic pulses, or substorm di-

polarizations). The present study suggests that betatron accelera-
tion may be the main acceleration mechanism for ~600 keV elec-
trons during the injection processes. However, previous studies
have shown that whistler-mode waves occur at DFs and during
substorm dipolarizations (e.g., Le Cont et al., 2009; Zhou M et al.,
2009; Deng XH et al., 2010; Khotyaintsev et al., 2011; Huang SY et
al.,, 2012; Fu HS,, et al., 2014). These waves may contribute to non-
adiabatic acceleration during the injection processes, although
they are not discussed in detail here. These results suggest that
the energy of the source population was higher for ~600 keV elec-
tron injections at higher L shells, whereas the energy of the source
population was smaller for ~600 keV electron injections at lower L
shells.

On the basis of the preceding analysis and discussion, we explain
why 600 keV electron injections were observed at 4.5 < L < 6.4 un-
der different geomagnetic conditions of 450 nT < AE < 1,450 nT.
For 600 keV electron injections at higher L shells (the flux negat-
ive L shell gradient for <0.6 MeV electrons in the injected region),
the source population for 600 keV electrons was higher energy
electrons (~200 keV at X ~ -9 Rg). These electrons could be trans-
ported into higher L shells under the electric and magnetic fields.
For 600 keV electron injections at lower L shells (the low electron
fluxes in the injected region), the source population for 600 keV
electrons was lower energy electrons (~80 keV at X ~ -9 Rg). These
electrons were less affected by the gradient and curvature drifts
and could be injected into lower L shells.

In this study, we present the statistical observation of 600 keV
electron injections in the Earth’s outer radiation belt. The main
conclusions are summarized as follows:

Tang CL et al.: The 600 keV electron injections in the Earth’s outer radiation belt: A statistical study
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Figure 7. (a-g) The ~600 keV electron injection event on 1 June 2018 observed by Van Allen Probe A, showing the geomagnetic indices (AE and
AL), the differential fluxes of energetic electrons, and the PADs of different electrons (235-597 keV) from the MagEIS instrument. The vertical blue
dashed line shows the time of electron injections. (h—n) The THEMIS-A observations during the time interval of 10:14-10:16 UT on 1 June 2018,
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and the electron PADs in the SST energy range (30-300 keV). The vertical blue dashed line indicates the time of the onset of the positive B,

variation. All vectors are in geocentric solar magnetospheric coordinates.

(1) The 600 keV electron injections in the outer radiation belt were
divided into pulsed electron injections and nonpulsed electron in-
jection events.

(2) The 600 keV electron injections were mostly observed at 4.5 <
L < 6.4 under the geomagnetic conditions of 450 n'T < AE < 1,450 nT.
An L of ~4.5is an inward limit for 600 keV electron injections.

(3) Before the electron injections, a flux negative L shell gradient
for <0.6 MeV electrons or low electron fluxes in the injected re-
gion were observed.

(4) For 600 keV electron injections at different L shells, the source
populations from the Earth’s plasma sheet were different.
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