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Abstract Magnetic reconnection can effectively convert magnetic energy into plasma energy, and
accelerate electrons. In this article, the electrons with energies up to 150 keV are observed in the separatrix
region and near the electron diffusion region (EDR) detected by the Magnetospheric Multiscale mission in the
magnetotail. Combined with the electron pitch‐angle distribution, the electrons in these two regions have a
striking behavior: the low‐energy electrons (<∼10 keV) move mainly toward the X‐line, while the energetic
electrons (69–139 keV) move mainly away from the X‐line. In the EDR, the energy of electrons can reach up to
10 keV and there is a notable enhancement in the flux of electrons in the direction perpendicular to the magnetic
field, which implies the presence of acceleration processes occurring in the EDR, leading to the energization of
electrons. Furthermore, the energy spectrum of non‐thermal electron with energies above 6 keV shows a power
law distribution in this event, suggesting the occurrence of multiple acceleration processes rather than a single
energization mechanism. These findings underscore the EDR's role as a crucial region for electron acceleration
during magnetic reconnection. The study provides essential clues about the mechanisms driving electron
acceleration, contributing to our understanding of space weather phenomena and the broader dynamics of
plasma physics in space environments.

1. Introduction
Energetic electrons are distributed widely in interplanetary space and are associated with many physical phe-
nomena, for example, solar activities, magnetospheric substorms. Magnetic reconnection is one of the crucial
mechanisms for the production of these energetic electrons. Previous studies found that a number of electrons can
be directly accelerated to very high energy during magnetic reconnection (S. Y. Huang et al., 2012; Lin &
Hudson, 1971; Q. Lu et al., 2022; Øieroset et al., 2001; Oka et al., 2023; Su et al., 2013; R. Wang et al., 2016; R.
Wang, Lu, Li, et al., 2010). For example, energetic electrons of up to hundreds of keV have been detected in the
vicinity of the reconnection region of the Earth's magnetosphere (L. J. Chen et al., 2008; H. S. Fu et al., 2013; Li
et al., 2022; R. Wang, Lu, Li, et al., 2010). However, it is still outstanding issues that where and how these
electrons are accelerated in reconnection.

After decades of efforts, a variety of acceleration mechanisms have been proposed. The microphysical processes
in the electron diffusion region (EDR) are suggested to play an important role in particle acceleration (Burch
et al., 2016; Z. Z. Chen et al., 2020; H. S. Fu et al., 2017; X. R. Fu et al., 2006; Li et al., 2022; Øieroset et al., 2002;
Torbert et al., 2018; Xiong et al., 2022). In this region, the electron frozen‐in condition is violated, namely the
electrons are no longer coupled with the magnetic field, and a series of simulations have shown that the electrons
can be accelerated by the reconnection electric field (X. R. Fu et al., 2006; C. Huang et al., 2010; Pritchett, 2006a,
2006b; Zelenyi et al., 1990) or via stochastic processes associated with turbulent structures near the reconnection
X‐line (S. Lu et al., 2020). However, there is still a serious lack of direct observational evidence for electron
acceleration in the EDR (Ergun et al., 2018; Li et al., 2022). In addition, it has also been proposed that these
electrons can be further accelerated in the reconnection exhaust region (Egedal et al., 2005, 2012; H. Fu
et al., 2020; Hoshino, 2005; Hoshino et al., 2001; C. Huang et al., 2010; H. Wang et al., 2016; R. Wang
et al., 2016), for example, parallel electric field acceleration in the separatrix region (SR) (Drake et al., 2005;
Egedal et al., 2005, 2012; C. Huang et al., 2010; R. Wang et al., 2013, 2014; Yu et al., 2019; Yu, Lu, Wang, Gao,
et al., 2021), the Fermi acceleration generated by the curvature drift (Dahlin et al., 2017; Drake et al., 2006; X. R.
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Fu et al., 2006; H. Wang et al., 2016; R. Wang et al., 2016) and the Betatron acceleration generated by the
gradient‐B drift in the magnetic pick‐up region (Dahlin et al., 2014; C. Huang et al., 2015, K. Huang et al., 2021).

In this article, we observed energetic electrons with energies up to 150 keV in the SR and the EDR boundary
region of magnetotail reconnection. By examining the energetic electron energy and angular distributions, we
enumerated the possible electron acceleration mechanisms and considered that EDR may be an important ac-
celeration region for these energetic electrons. The remainder of this article was organized as follows: Section 2
illustrated the instrumentation and database. Section 3 presented an overview of the event. Finally, Section 4
presented the discussion and conclusions.

2. Instrumentation and Database
The burst mode data from several instruments onboard Magnetospheric Multiscale mission (MMS) were used in
this paper. Three‐dimensional (3D) magnetic field data with a cadence of 128 samples/s are measured by the
Fluxgate Magnetometer (Russell et al., 2016). Electric field data with a cadence of 8,192 sample/s are taken from
the Electric Double Probe (Ergun et al., 2016; Lindqvist et al., 2016). The plasma data are mainly obtained from
the Fast Plasma Investigator (FPI) (Pollock et al., 2016), and FPI can provide the velocity‐space distribution of
electrons and ions from 10 eV to 30 keV with a time resolution of 30 and 150 ms, respectively. In this paper, the
energy of electrons interested are up to 150 keV. The energy‐angle distribution of energetic electrons (25–
500 keV) at time resolution of <0.5 s is measured by the Fly's Eye Energetic Particle Sensor (Mauk et al., 2016).
The data from MMS2 is used unless otherwise stated.

3. MMS Observations
At ∼22:33:18‐22:34:20 UT on 11 July 2017, the MMS spacecraft was at around [− 21.6, 4.1, 3.8]RE in the
Geocentric Solar Magnetospheric coordinate system. Figure 1 presents the overview of the magnetic reconnection
event, where all data are shown in the local current coordinates system with L = [0.9482, − 0.2551, − 0.1893],
M = [0.1749, 0.9168, − 0.3591], and N = [0.2651, 0.3074, 0.9139] GSM. In this coordinate system, the ion flow
reversal (ViL) coincides well with the magnetic field (BN) reversal, consistent with the observational signatures of
the spacecraft transiting the reconnection ion diffusion region. During this interval, MMS2 was always in the
southern part of the current sheet (BL < 0, shown in Figure 1b). When the ion flow ViL reversed from tailward
(ViL < 0) to earthward (ViL > 0) at around 22:34:02.6 UT (Figure 1c), the electron bulk flow displayed a similar
overall reversal, and an enhancement of the electron bulk velocity in the out‐of‐plane direction VeM was observed
(Figure 1d), with a peak close to 20,000 km/s ∼ VAe, where VAe = B/

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
μ0neme

√
was the local electron Alfven

velocity. It indicates that MMS2 satellite crossed the EDR from the tailward to the earthward, and more details
have been described in previous studies (Torbert et al., 2018; Turner et al., 2021; Yu, Lu, Wang, Huang,
et al., 2021).

In the tailward outflow region (∼22:33:18‐22:34:00 UT), the ion velocity retained a high speed (∼− 700 km/s)
except for a short period (22:33:18‐22:33:30 UT) when the ion velocity suddenly decreased to ∼− 200 km/s, the
electron flow VeL changed sign from negative to positive, accompanied by a significant enhancement of the
electric field perturbation, and BL became a large value of − 10 nT (Figure 1e). These observations meant that
MMS2 crossed the SR in the tailward side of the X‐line. The large positive BM field was observed in tailward SR,
which was consistent with the Hall magnetic field in the third quadrant of the quadrupolar field (Pritchett, 2001;
Sonnerup, 1979; Terasawa, 1983). In this tailward SR, the electrons with positive velocity in the L direction
(VeL > 0) corresponds to the inflowing electrons, as described by Yu et al. (2019) and Yu, Lu, Wang, Gao,
et al. (2021). Based on the above analysis, the satellite trajectory of MMS2 was displayed in Figure 1a, and the SR
and EDR crossed by MMS were marked with blue and purple boxes, respectively. Remarkably, the enhancement
of the electron flux with energy up to 150 keV were observed in the tailward SR (blue colorbar) and the boundary
region of EDR (purple colorbar), as illustrated in Figure 1f.

Figure 2 shows the pitch‐angle distributions of electrons in and around the EDR, and there are significant dif-
ferences at different energies. During 22:34:00–22:34:02 UT, the electrons exhibited anti‐sunward velocities
(Figure 2b), and the corresponding magnetic field measurements were negative, reaching a minimum of − 2.5 nT
(Figure 2a), implying that MMS2 was located at the tailward boundary region of EDR. In this region, the electron
parallel temperature can be up to ∼1,700 eV, much larger than its perpendicular temperature (Figure 2c).
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Meanwhile, electrons with energies of 1–10 keV displayed a bi‐directional distribution with a remarkable
enhancement of the energy flux in the ∼0° and ∼180° directions (Figures 2f and 2g), and the energy flux in the
parallel direction (∼0°) was slightly greater than that in the anti‐parallel direction(∼180°). Combined with the
local magnetic topology, the electrons with the pitch‐angles of∼0° were moving toward the EDR, consistent with

Figure 1. Overview of the magnetic reconnection. (a) Schematic illustrations for the reconnection diffusion region, where the
blue and purple boxes represent the separatrix region and electron diffusion region crossed by Magnetospheric Multiscale
mission. (b) Magnetic field components. (c) Ion velocity components. (d) Electron velocity components. (e) Electric field
components. (f) Energetic electron (47–250 keV) omnidirectional differential flux. (g)–(h) Electron and ion energy
spectrum, respectively.
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previous observations and simulations of the SR (Q. Lu et al., 2010; Retinò et al., 2006; R. Wang et al., 2013,
2014).

During ∼22:34:02‐22:34:06 UT, the MMS entered the EDR with the reversal of the electron flow VeL and
magnetic field BN, and the − (Ve × B)M was deviated from the measured electric field E⊥M (Figure 2d). In the
EDR, the electron perpendicular temperature gradually increased and was comparable to its parallel temperature
(Figure 2c). The energy dissipation J ⋅Ε′ was significantly enhanced and dominated by the perpendicular
component (J ⋅Ε′)⊥ (Figure 2e), which can be up to ∼1.0 nw/m3. At the same time, the energy flux of electron
with energies of 1–2 keV was enhanced between 90° and 180° (Figure 2f), and the energy flux of electron with
energy of 3–10 keV was mainly concentrated in the perpendicular direction (Figure 2g). These observations

Figure 2. Observation of the electron distribution in/around the electron diffusion region (EDR). (a) Magnetic field
components. (b) Electron velocity components. (c) Electron temperature. (d) The electric field E⊥M and − (Ve × B)M. (e) The
energy dissipation. (f)–(g) The electron pitch angle distribution with energies of 1–2 keV, 3–10 keV and 69–139 keV,
respectively. The purple colorbar at the top represents the EDR.
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suggested that the change of electron perpendicular energy dominates the energy enhancement process in the
EDR (e.g., L.‐J. Chen et al., 2016).

After 22:34:05 UT, MMS2 crossed the EDR into the earthward boundary region, where electron flow VeL was
positive (Figure 2b), and the pitch‐angle distribution of electrons with energies of 1–10 keV gradually tended to
be isotropic (Figures 2f and 2g). Distinctly, electrons with energies up to 150 keVwere observed during 22:34:05‐
22:34:09 UT. The electron flux with energies of 69–139 keV was shown in Figure 2h, and it was enhanced in the
antiparallel direction (∼180°) at ∼22:34:05 UT, and then gradually spread to other directions except ∼0°.
Considering the local magnetic topology, it is inferred that the electrons with a pitch‐angle of∼180° located at the
earthward boundary region of EDR were moving away from the EDR.

Figure 3 presents the characteristics of electrons in the tailward SR, highlighting notable differences in electron
properties on each side of the separatrix. On the left side of the separatrix (22:33:25‐22:33:28.8 UT), electrons
exhibited positive velocities with the parallel velocity component prevailing, reaching speeds of approximately
104 km/s (Figure 3b). Concurrently, the electron parallel temperature increased significantly (Figure 3c), and the
energy dissipation J ⋅Ε′was positive, which was mainly contributed by the parallel component (Figure 3f). In this
region, the energy flux of electron with energy of 2–10 keV was primarily intensified in the ∼180° direction
(Figure 3g), consistent with the characteristics of the inflowing electrons within the SR. The synthesis of these
observations suggested that the inflowing electrons were accelerated and heated in parallel directions, and a net
positive parallel electric field, pointing away from the direction of EDR, was likely to facilitate the acceleration of
these electrons in this region (Figure 3d). However, on the right side of the separatrix (22:33:28.8–22:33:30 UT),
the electron velocity VeL became negative (not shown), and the perpendicular component of electron velocity Ve⊥
increased (Figure 3b). Moreover, the pitch‐angle distribution of electrons with energies of 2–10 keV exhibited a
tendency toward isotropy (Figure 3g). Additionally, during 22:33:28.8–22:33:29.7 UT, the electron frozen‐in
condition was disrupted (Figure 3e), accompanied by significant energy dissipation (J ⋅Ε)′⊥ in the perpendic-
ular direction (Figure 3f). The observation was consistent with the presence of non‐ideal electric fields and energy
dissipation within the SR reported with Yu et al. (2019), suggesting enhanced electron scattering and localized
heating (Figure 3c).

The energetic electrons with energies up to 150 keV were also observed in this tailward SR. Figure 3h shows the
electrons flux with energies of 63–139 keV in this region. Analysis of the pitch‐angle distribution revealed an
initial increase in the electron flux along the magnetic field lines (pitch angle ∼0°) at approximately 22:33:25 UT,
and this flux then gradually broadened toward perpendicular direction (pitch angle∼90°), with a notable spread at
22:33:28.5 UT. Given the magnetic topology within the tailward SR, it was possible to deduce that the energetic
electrons, characterized by a pitch angle near 0°, were moving away from the EDR. This observation was
consistent with the dynamics reported at the earthward boundary of the EDR, suggesting a commonality in the
behavior of energetic electrons in these regions.

Notably, a complex magnetic structure was observed inside SR at ∼22:33:28.8 UT (marked by the vertical dotted
line in Figure 3), which displayed a bipolar BN diverging from the background magnetic field value of − 3 nT,
accompanied with a small peak of BM (Figure 3a). This signature was consistent with a magnetic flux rope or Flux
Transfer Event structure. For this magnetic structure, the center of the magnetic field reversal was precisely
located on the separatrix, which divided regions with different electronic characteristics on either side. However,
the spatial scale of the observed magnetic structure was significantly smaller than the distribution region of the
energetic electrons. Consequently, it is still unclear whether this magnetic structure is related to the generation of
energetic electrons in this region as observed previously (R. Wang et al., 2024; R. Wang, Lu, Du, &Wang, 2010).

Figure 4 shows the observed electron flux spectra of different regions in the reconnection diffusion region by the
diamond symbols, including the EDR (black), the earthward boundary region of EDR (blue), the tailward SR
(red) and the outflow region (green). The yellow dash‐dotted line represents a Maxwellian distribution with a
plasma density of 0.085 cm− 3 and an electron temperature of 1 keV. It was clear that the electron distributions
observed in all regions for energies greater than 6 keV exhibited deviations from the Maxwell distribution,
suggesting the presence of non‐thermal electrons. Above this energy threshold, the spectra align more closely
with a power‐law distribution of f ∝ E− γ, indicating that the electrons were accelerated multiple times. Due to the
extremely low flux of electrons with energies greater than 30 keV in the EDR, only the distribution for energies
between 6 and 30 keV in this region was fitted. The spectral indexes corresponding to each region were given at
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the top of Figure 4. These measurements found that the power law index γ had an apparent local maximum (4.42)
of the EDR region, with a trend of gradual hardening of the power‐law index from the EDR region to the outflow
region.

4. Discussion and Conclusions
In this article, we investigated the dynamics of energetic electrons in the magnetic reconnection focusing on
electron populations with energies extending to 150 keV as detected in both the tailward SR and the earthward

Figure 3. Observation of the electron distribution in the tailward separatrix region (SR). (a) Magnetic field components.
(b) Electron velocity components. (c) Electron temperature. (d) The parallel electric field. (e) The electric field E⊥M and
− (Ve × B)M. (f) The energy dissipation. (g)–(h) The electron pitch angle distribution with energies of 2–10 keV and 69–
139 keV, respectively. The blue colorbar at the top represents the SR.
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boundary of the EDR. Within the EDR region, electron energies have been
observed to reach up to 10 keV. There was a notable increase in the electron
flux at a 90° pitch angle, indicating that the electrons could be accelerated by
the reconnection electric field in the EDR. Further analysis has shown that in
the two regions where energetic electrons were detected, the pitch‐angle
distribution of electrons exhibited complexities that arose from the in-
teractions of local magnetic and electric fields. The low‐energy electrons
(with energies of < ∼10 keV) exhibited field‐aligned distributions in the
tailward SR and isotropic distributions in the earthward boundary of the EDR,
with the field‐aligned electrons in SRmainly moving toward the X‐line, while
the high‐energy electrons (with energies of 69–139 keV) in these two regions
exhibited field‐aligned distributions that gradually spread out to the perpen-
dicular direction, with the field‐aligned electrons mainly moving away from
the X‐line. Therefore, we hypothesized that the energetic electrons observed
in these two regions originated from the EDR, despite the lack of observed
enhancement in electron flux within higher energy bands (greater than
30 keV) in the EDR. Given that the MMS satellite traversed only a very small
portion of the EDR, it was plausible that it could miss regions where energetic
electrons were present within the EDR.

Previous studies showed that the energy spectra can be represented by the
power law distribution in the reconnection diffusion region (Cohen
et al., 2021; X. R. Fu et al., 2006; Øieroset et al., 2002; Pritchett, 2006a).
Øieroset et al. (2002) found that the fluxes of energetic electrons up to
∼300 keV peak near the center of the diffusion region, and the electron flux
spectra obeys a power law with an index of 3.8 above ∼2 keV. Cohen
et al. (2021) compared the spectral indexes of energetic (50–200 keV) elec-

trons from six magnetotail EDR candidates encountered by MMS with those from “quiet‐time” plasma sheet
crossings, and found that EDR events tend to have a more significant population of energetic particles, corre-
sponding to harder energy spectra with the spectral indexes typically in the range of 3–5, which provides evidence
that the energetic electrons are in fact coming from the reconnection site. In our event, the non‐thermal electrons
in the EDR region exhibited a power law distribution with an index of about γ ∼ 4.42, which was consistent with
the observations of other EDR regions in Cohen et al. (2021) and further confirmed the importance of the EDR
region for energetic electron generation in this event.

It remains unrevealed that how the energetic electrons are produced in such a limited EDR region. Many studies
showed that the reconnection electric field plays an important for electron acceleration. Pritchett (2006a) sug-
gested that the reconnection electric field can accelerate electrons to relativistic velocities via the two‐ and three‐
dimensional particle‐in‐cell simulations, which leads to an electron power‐law spectrum with a slope of 5–6,
comparable to our observations. However, it is still unclear that why the electrons can be trapped in the EDR for
the persistent acceleration. The strong magnetic field in the SR and the weak magnetic field in the EDR can form a
natural magnetic mirror type. Therefore, electrons can be trapped near the X‐line and move back and forth along
the magnetic field by the electrostatic potential (Egedal et al., 2005, 2008, 2012) and the magnetic mirror effect
(R. Wang, Lu, Huang, & Wang, 2010). Subsequently, these electrons were trapped into the EDR, and undergone
acceleration to gain energy by the reconnection electric field multiple times.

Recently, Li et al. (2022) observed energetic electrons up to 300 keV in the X‐line region, although the non‐
thermal, power‐law tail was soft with the power‐law index of ∼8, and they found that the X‐line region has
evolved into turbulence with a complex filamentary current network. The results suggested that the non‐ideal
electric field in such filamentary current sheets can effectively accelerate electrons while the electrons were
trapped in the filamentary current network. In our event, the electron current sheet observed by MMS for 2 s was
still nearly laminar. Therefore, the electrons cannot stay in the EDR for a long time, which could be the reason
why no energetic electrons were detected therein. Alternatively, MMS only passed the boundary of the whole
EDR in this event and thus did not observe the energetic electrons which could have been created inside the EDR.

Figure 4. The electron energy spectrum at different reconnection region. The
yellow dash‐dotted line represents a Maxwellian distribution. The diamonds
indicate the observed electron distribution, and the dotted lines are the fitted
power law distributions, where blue indicates the boundary region of
electron diffusion region (EDR), red represents the tailward separatrix
region, Green is the outflow region, and black denotes the EDR. The spectral
indexes are given in the upper right of the figure.
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After ejected away from the EDR, the electrons could experience other acceleration processes. In this event, the
presence of a parallel electric field in the SR pointing away from the EDR direction can provide a net parallel
potential, and therefore lead to the flux enhancement along the magnetic field. In addition to the field‐aligned flux
enhancements, the high‐energy electrons (69–139 keV) around the perpendicular directions relative to the
magnetic field were observed in this event. The flux enhancements around the perpendicular directions were
related to the increase of BN both at the boundary of the EDR (∼22:34:06.5‐22:34:07.6 UT) and in the SR
(∼22:33:26‐22:33:29 UT) and could be caused by the betatron acceleration at the so‐called magnetic field pile‐up
regions (Hoshino et al., 2001). And the special magnetic structure existed in the tailward SR in this event, can also
effectively trap electrons, leading to localized acceleration of electrons in the SR (S. Y. Huang et al., 2019).

In summary, these observations suggest that EDR is a critical region for electron acceleration during magnetic
reconnection. Further study of these phenomena will help us to better understand the mechanisms and processes
of electron acceleration during magnetic reconnection.

Data Availability Statement
All the MMS data used in this work are available at the MMS data center (https://lasp.colorado.edu/mms/sdc/
public/about/browse‐wrapper/). The data have been loaded, analyzed, and plotted using the SPEDAS software
(Version 5.0) (Angelopoulos et al., 2019), which can be downloaded via the Downloads and Installation page
(http://spedas.org/blog/).
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