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Abstract Magnetic reconnection jets in Earth's magnetotail are regions of electron heating and acceleration.
They are often associated with dipolarization fronts (DFs), which are characterized by sharp increases in the
northward magnetic field component Bz. Electrons can be accelerated at DFs mainly through the betatron and
Fermi mechanisms. We perform a statistical study of betatron and Fermi electron rate of energy change at
Earthward‐propagating DFs observed by the Magnetospheric Multiscale (MMS) spacecraft. Our results show
that betatron acceleration is dominant ahead of DFs, where suprathermal electron fluxes perpendicular to the
magnetic field are detected. Up to ∼20 ion inertial lengths inside the outflow, Fermi acceleration acts on the
low‐density electron population, potentially driving them to high energies (∼100 keV). Spatially in the
magnetotail, betatron acceleration is statistically larger near the most probable X‐line location, while Fermi‐
dominated events are observed closer to the Earth.

Plain Language Summary Magnetic reconnection in Earth's magnetotail is a process that
reconfigures the magnetic field topology and generates fast plasma outflows (jets). Electrons can be heated
and accelerated to near‐relativistic energies at the leading edges of these outflows, known as dipolarization
fronts (DFs). Electrons at DFs are accelerated mainly by the betatron and Fermi acceleration mechanisms,
perpendicular and parallel to the background magnetic field, respectively, though their relative contributions
are not fully understood. Using data from the Magnetospheric Multiscale (MMS) mission, we quantify the
rate of electron energy change due to these two mechanisms for a database of DFs, and study their spatial
distribution around the DF and in different regions of the magnetotail. We find betatron acceleration to be
important for locally accelerating electrons ahead of DFs, and significant early in the outflow's propagation
through the magnetotail. On the other hand, Fermi acceleration is acting inside the outflow, potentially being
responsible for the high‐energy electrons observed there, especially as the jets approach Earth's dipole field.
Our results suggest that betatron and Fermi acceleration can each dominate at different stages of the jet's
evolution.

1. Introduction
Magnetic reconnection is a fundamental process in astrophysical, solar, and laboratory plasmas, converting
magnetic energy to bulk flow kinetic energy and plasma heating. In Earth's magnetotail reconnection, plasma
heating and acceleration occur at the reconnection region (Birn et al., 2013), and during the outflow transport
(Ashour‐Abdalla et al., 2011; Xu et al., 2018). Transient reconnection outflows known as bursty bulk flows
(BBFs) (Angelopoulos et al., 1992) transport plasma and reconnected magnetic flux both Earthward and
tailward. BBFs are a result of unsteady reconnection (Sitnov et al., 2009) and often have sharp magnetic field
structures at their leading edges, called dipolarization fronts (DFs) (Nakamura et al., 2002). In spacecraft data,
DFs appear as steep increases in the magnetic field component normal to the neutral plasma sheet (PS) (Bz)

(Fu et al., 2012; Runov et al., 2011). They are ion‐scale boundaries (Schmid et al., 2011) generated when field
lines carried by the tenuous plasma in the reconnection jet pile up against the denser pre‐existing PS.
Electrons with energies up to ∼100 s keV (Fu et al., 2013; Runov et al., 2011; Wei et al., 2023), and waves
changing the electron distribution function through acceleration and/or scattering of electron pitch‐angles
(Khotyaintsev et al., 2011; S. Y. Huang et al., 2015) have been reported around DFs. These observations
indicate that DFs can be efficient converters of kinetic energy and Poynting flux into heating and electron
acceleration.
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Different mechanisms are known to contribute to electron acceleration at DFs. These mechanisms and their
contribution at different stages of the jets' evolution (Birn et al., 2004; K. Huang et al., 2021) are responsible for the
variety of observed pitch‐angle distributions (PADs) in the vicinity of DFs. The conservation of the magnetic
moment (μ = E⊥/B, where B = |B| is the magnetic field magnitude and E⊥ is the electron kinetic energy
perpendicular to B) as electrons encounter the increased magnetic field at the front leads to betatron acceleration
perpendicular to the field lines, and pancake‐like (electrons at ∼90° pitch‐angle) PADs (Fu et al., 2011; Wei
et al., 2023). Parallel Fermi acceleration (Birn et al., 2012; Northrop, 1963) occurs when the electron parallel
momentum, p‖, increases, as the second adiabatic invariant, J = ∮p‖ds is conserved in shortened field lines
(type A), or when electrons cross or bounce at the neutral sheet (type B). A result of Fermi acceleration is the
generation of cigar (electrons around 0° and 180° pitch‐angles) PADs (Fu et al., 2011). The combination of betatron
and Fermi acceleration can be associated with the more complex rolling‐pin (electrons around 0°, 90° and 180°
pitch‐angles) PADs that have been observed both ahead (Xing et al., 2023) and behind (Liu et al., 2017) DFs.

Both Fermi and betatron acceleration have been shown to be more important than acceleration by parallel to B
electric fields (E‖) at DFs (Dahlin et al., 2014, 2016; Ma et al., 2020, 2022). Betatron acceleration has been found
to occur in magnetotail dipolarizations associated with substorm onsets (Asano et al., 2010), accelerating elec-
trons up to∼100 keV (Malykhin et al., 2018; Turner et al., 2016). Field‐aligned electron populations during other
such dipolarizations have been interpreted as Fermi accelerated electrons (Smets et al., 1999). Other studies have
shown that both mechanisms are necessary to account for the observed high‐energy electron PADs (Pan
et al., 2012; Tang et al., 2021).

Even though the betatron and Fermi acceleration mechanisms have been quantified for individual DFs (Wei
et al., 2023), and in statistical studies (Ma et al., 2020), their spatial extent around the DF boundary, their
importance in different magnetotail regions, and their relative contribution to extreme electron acceleration up to
100 s keV (Fu et al., 2013; Wei et al., 2023) are still not fully understood. In this study, we quantify these two
electron acceleration mechanisms around DFs using data from the Magnetospheric Multiscale (MMS) mission
and compare them to observations of thermal and high‐energy electron fluxes and their anisotropies. We examine
their relative importance with respect to the DF boundary, therefore assessing the local contribution of betatron
and Fermi acceleration on electrons of the non‐reconnecting pre‐existing PS (ahead of the DF) and on those
convecting with the reconnection outflow (behind the DF). We also examine their spatial distribution in the
magnetotail as a function of distance from Earth and the center of the PS.

2. Data Sets
We use data from the MMS spacecraft (Burch et al., 2016) during the magnetotail seasons of May–August 2017
and June 2018. A database of BBFs with DFs characterized by single, sharp Bz increases, compiled by Richard
et al. (2022), is used. We use burst‐mode magnetic field (8 ms)measurements from the Flux Gate Magnetometer
(Russell et al., 2016) and electric field (0.1 ms) from the Electric field Double Probes (EDP) (Ergun et al., 2016;
Lindqvist et al., 2016). Ion bulk velocities are calculated by the Fast Plasma Investigation (FPI) (Pollock
et al., 2016) Dual Ion Spectrometer (150 ms) and the Hot Plasma Composition Analyzer (HPCA) (10 s)(Young
et al., 2016). The latter is used because FPI (up to 31.2 keV) often does not cover the energy ranges of ions
encountered in the PS, resulting in underestimated flow speeds, whereas HPCA detects ions up to ∼40 keV.
Electron omnidirectional fluxes, PADs, and moments are calculated from the FPI Dual Electron Spectrometer
(DES) measurements, with a cadence of 30 ms. We use partial electron moments for energies above 100 eV to
exclude photoelectrons from the spacecraft (Gershman et al., 2017). For high‐energy electrons, we use mea-
surements from the Fly's Eye Energetic Particle Spectrometer (FEEPS) (Blake et al., 2016), with a cadence of
300 ms, which we correct for sun contamination (Burch et al., 2024) (see text S1 and Figures S1 and S2 in
Supporting Information S1). All data used in this study are in the Geocentric Solar Magnetic coordinate system.

The separations between the MMS spacecraft (∼10 km) are comparable to typical electron gyroradii in the PS for
typical values of B = 10 nT and E⊥ = 1 keV, ρe =

mev⊥
eB = 11 km where me is the electron mass, v⊥ is the

electron velocity perpendicular to B and e is the electron charge. The measurements from the four spacecraft are
thus similar. Therefore, we can take four‐spacecraft averages and compute spatial derivatives of measured
quantities. For FEEPS, we combine the energy channels from the four spacecraft in the way shown in Figure S3 in
Supporting Information S1.
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3. Case Studies of Electron Acceleration
3.1. Acceleration in the Guiding Center Approximation

To quantify the rate of electron kinetic energy density change (units of power density) due to the Fermi (WF) and
betatron (Wb) mechanisms, the guiding center approximation is used (Dahlin et al., 2014; Northrop, 1963):

Wb =
P⊥

B
(
∂B
∂t

+ uE ⋅∇B)

WF = (P‖ + meneu2‖)uE ⋅ κcurv

(1)

where B and E are the magnetic and electric field, uE = (E × B)/B2 is the E × B drift velocity, κcurv = b ⋅∇b
is the curvature of B with b = B/B, me is the electron mass, ne is the electron number density, P⊥, P‖ are the
electron pressures perpendicular and parallel to B, and u‖ is the electron bulk velocity parallel to B. The un-
certainties in Wb and Wf are given by (Zhong et al., 2020):

δWb = (P⊥ + δP⊥)
b × (∇B + δ∇B)

B2
⋅ (E⊥ + δE⊥)

δWF = (P‖́ + δP‖́)

B × [
B ⋅ ∇B

B2
+
B ⋅ δ∇B

B2
]

B2
⋅ (E⊥ + δE⊥)

(2)

where P‖́ = P‖ + meneu2‖ andE⊥ is the electric field perpendicular to B. DividingWb andWF (Equation 1) by ne,
we obtain the rate of energy change (units of power) per electron, due to betatron (wb = Wb/ne) and Fermi
(wF = WF/ne) acceleration, respectively.

For the acceleration terms calculated using the guiding‐center approximation (Equation 1) to be applicable,
electrons must remain adiabatic, and therefore conserve their magnetic moment. The change in μ is
Δμ/μ ∼ exp (− 2κ2/3) (Birmingham, 1984), for κ ≫ 1, where κ is the adiabaticity parameter (Büchner &
Zelenyi, 1989):

κ =
̅̅̅̅̅̅̅̅̅rcurv
ρe

√

(3)

where rcurv = |κcurv|
− 1 is the magnetic field curvature radius. As κ decreases, Δμ/μ increases, and the electron

motion is no longer adiabatic when κ approaches 1. In this limit, Equation 1 is not applicable (Steinvall
et al., 2025).

3.2. Data Processing

Here, we present the details of the Fermi and betatron acceleration terms (Equation 1) and κ (Equation 3) cal-
culations. To calculate the gradient and curvature of the magnetic field in Equation 1, as well as rcurv in Equa-
tion 3, we use four‐spacecraft methods (Dunlop et al., 2002). To smooth B, we apply a moving average, with a
∼900 ms window, less than typical DF timescales ((Fu et al., 2012) and see Section 4.1). A five‐point stencil time
derivative is implemented to calculate ∂B

∂t . All quantities are resampled to the DES burst‐mode cadence (30 ms).
Using four‐spacecraft averages of quantities in Equation 1, we quantify wb and wF along the path of the MMS
tetrahedron.

3.3. Results

In Figure 1, we present overviews of twoDFs, characterized bymoderate (DF1, left) and high (DF2, right) electron
energization. Behind DF2, the omnidirectional differential particle flux as measured by FEEPS, is enhanced up to
energies ∼200 keV (Figure 1d2), while behind DF1 (Figure 1d1) the flux is enhanced only up to ∼100 keV. We
observe an increase inBz (Figures 1a1 and 1a2), a drop in electron density ne (Figures 1b1 and 1b2) around the time
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Figure 1. Overview of low (DF1, left) and high (DF2, right) electron energization DFs. (a1–a2) Magnetic field in geocentric
solar magnetic (GSM). (b1–b2) Electron number density. (c1–c2) Ion bulk velocity in GSM from fast plasma investigation
(FPI) (solid lines), Vi,x from hot plasma composition analyzer (blue circles), and the x–component of the E × B drift velocity
(dashed blue lines). (d1–d2) Electron omnidirectional differential particle fluxes from fly's eye energetic particle spectrometer
(FEEPS). (e1–e2) Electron omnidirectional differential particle fluxes from FPI, perpendicular (black) and parallel (blue)
temperatures. (f1–f2) FPI 0.1–3.6 keV electron pitch–angle distribution (PAD). (g1–g2) FPI 3.6–31.2 keV electron PAD.
(h1–h2) FEEPS 32.1–100 keV electron PAD. Trapped electron pitch–angles are within the areas marked with black lines in
panels (f1–h1) and (f2–h2). (i1–i2) Rate of electron energy change due to betatron (red) and Fermi (black) acceleration and their
uncertainties (Equation 2, shaded areas). (j1–j2) The adiabaticity parameter for thermal energy (black) and 100 keV (red)
electrons. The black dashed line indicates the threshold, above which electrons are adiabatic. Blue dashed lines indicate the time
of the maximum ∂Bz/∂t. The magnetic dip interval ahead of DF1 is marked with the blue shaded area.
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of maximum ∂Bz
∂t (blue vertical dashed line), as well as fast Earthward ion flows (Figures 1c1 and 1c2), which are

characteristic of DFs. AtDF1,we see amoderate increase in the flow speed (maximumof∼400 km s− 1) across the
DF, whereas in DF2, the flow speed reaches values of ∼1300 km s− 1 as indicated by the HPCA proton velocity
(blue dots) and uE,x (blue dashed line).

Electron temperatures both parallel and perpendicular to B, and suprathermal electron fluxes measured by FPI
(Figures 1e1 and 1e2) increase in the outflows behind both DFs, similar to the FEEPS observations. Behind both
DFs, electrons around thermal energies mostly move along the dipolarized field lines, as seen in the PAD
spectrogram in Figures 1f1 and 1f2. In contrast, at suprathermal energies, there is an increase in perpendicular
electrons, observed by both FPI (Figures 1g1 and 1g2) and FEEPS (Figures 1h1 and 1h2). We note that we cannot
compare the perpendicular and parallel fluxes from FEEPS, since the field‐of‐view of the detectors makes it
challenging to detect electrons along the MMS spin axis direction, which is near‐field‐aligned for large Bz.

Thermal energy electrons (Eth) are adiabatic (κ > 3, in Figures 1j1 and 1j2), corresponding to Δμ/μ < 2 × 10− 3.
Therefore, Equation 1 is applicable. Additionally, the uncertainties inwb andwF (shaded areas in Figures 1i1 and 1i2)
are small, particularly at the peak values of the two terms, suggesting the calculated values are reliable. Electrons at
100 keV are mostly adiabatic close to both DFs, but the guiding center approximation could break ahead of DF1,
where κmin ≈ 1.5 (Δμ/μ = 0.22).

Ahead of DF1, both betatron cooling (wb < 0) and heating (wb > 0) are observed (Figure 1i1) around the
magnetic dip (Runov et al., 2011), where the magnetic field magnitude decreases and subsequently increases.
Behind the DF, betatron cooling is observed, while wF is mostly positive. At high energies, fluxes of electrons
around perpendicular pitch‐angles increase in the same region (Figure 1h1), despite the betatron cooling, indi-
cating that their injection into perpendicular directions occurred earlier or somewhere else in the outflow.

In the magnetic dip region, there is an increase in flux of electrons around 90° pitch‐angle (Figure 1f1). This in-
crease could be due to the betatron acceleration of electrons trapped locally ahead of DF1. Assuming conservation
of the magnetic moment and energy, the change in pitch‐angle is given by (Baumjohann & Treumann, 2006):

θtr = sin − 1
̅̅̅̅̅̅
B
B0

√

(4)

for an electron that mirrors at B0. Suprathermal electrons (Figures 1f1–1h1) ahead of DF1 (at 09:23:54–09:24:04,
blue shaded area in Figures 1a1–1j1) are bounded by the predicted pitch‐angle variation, suggesting they are
trapped in this region. Here, wb has a negative (betatron cooling) peak of ∼− 0.5 keV s− 1 and becomes positive
(betatron heating) just before the DF. The mean acceleration terms over this interval are 〈wb〉 = − 0.1 keV s− 1

and 〈wF〉 = 0.04 keV s− 1. Therefore, trapped electrons ahead of DF1 would experience a deceleration in the
perpendicular direction (wb < 0) and field‐aligned acceleration (wF > 0).

For DF2, wb and wF are smaller ahead of the front than behind it. In the outflow, wb < 0 for most of the interval,
reaching values as low as ∼− 6 keV s− 1 for short durations and wF > 0, reaching values up to ∼2 keV s− 1

(Figure 1i2). The peak inwF coincides with the peak in∼200 keV electron fluxes (Figure 1d2). Fermi acceleration
and/or betatron cooling could therefore contribute to the observed energization in the outflow region behind theDF.

As presented above, the two DFs differ in typical features such as B and Vi, as well as the high‐energy electron
fluxes observed at them. Betatron and Fermi acceleration can also be dominant in different regions around the
front, evidencing a large variety of electron energization scenarios across different events, for electrons ahead and
behind the front. We therefore need to statistically study the contribution of the betatron and Fermi mechanisms
over a database of such DFs, for the pre‐existing PS and outflow electrons.

4. Superposed Epoch Analysis of Acceleration at Dipolarization Fronts
4.1. Selected Events and Processing

We study the Fermi and betatron acceleration for a set of DFs with a single, sharp Bz increase and Earthward ion
flows from Richard et al. (2022). We require burst‐mode data from all four spacecraft to calculate the acceleration
terms (Section 3.1). From a total of 250 events in the database, we find 78 DFs that fulfill our criteria.
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We rescale the time series with the DF time scale, estimated by fitting a hyperbolic tangent to the four‐spacecraft
average Bz (Fu et al., 2012; Richard et al., 2022):

Bz,fit =
a
2
tanh (

t − tDF
b/2

) + (c +
a
2
) (5)

where b is the time scale, tDF is the DF time, and a and c determine Bz behind and ahead of the DF, respectively.
We set boundaries |a| > 4 nT, b ≤ 8 s, similar to Fu et al. (2012), and initially choose tDF as the time of
maximum ∂Bz/∂t. The time coordinate of each DF is centered around tDF ( t̄ = t − tDF) and rescaled with b, for
the DF boundary to span the same time for all events. A rolling median window of ∼900 ms, shorter than the
database's mean time scale, 〈b〉 = (3.72 ± 2.21) s is applied to the DES data, to smooth out high‐frequency
variations.

4.2. Results

The superposed epoch analysis of the 78 DFs is presented in Figure 2. The median Bz (Figure 2a) shows the high
occurrence of magnetic dips preceding DFs, around t̄ = − 2b, also found in previous studies (Runov et al., 2011;
Z. Yao et al., 2013; Z. H. Yao et al., 2015). The median electron temperature anisotropy T⊥/T‖ (Figure 2b) is
approximately 1, suggesting that thermal electrons are mostly isotropic around the DF. Nevertheless, we find
events with perpendicular temperature anisotropy (T⊥/T‖ > 1) behind the DFs. As seen in Figure 2d, on average
κ > 3 for both thermal and 100 keV electrons, so Equation 1 is applicable for most cases. The medianwb (red line
in Figure 2e) increases in the magnetic dip ahead of the DF, and peaks at the steep‐Bz region. This is due to the
increase in the convective derivative ofB (Figure S4d in Supporting Information S1) just ahead of the DF. Around
the Bz maximum, wF (black line in Figure 2e) increases and retains its positive value (∼0.03 keV s− 1) behind the
DF, until t̄ ∼ 6 b. In the outflow region, even though κcurv is low, uE increases, resulting in the large wF (Figures
S4f–S4g in Supporting Information S1). Therefore, wb is dominant ahead of DFs, while wF increases in the BBF
behind the DFs, and on larger spatial scales.

The medians of normalized omnidirectional differential energy/particle fluxes from FPI/FEEPS (Figure 2f) show
distinct features between near‐thermal (1.1 keV) and suprathermal electrons. The 1.1 keV electron flux rapidly
drops across the DF, maintaining a low value in the outflow region. High‐energy omnidirectional fluxes start to
increase ahead of the DF and peak in the Fermi‐dominated region behind it, consistent with a similar increase in
>10 keV electrons found by Runov et al. (2011).

To evaluate median ratios of perpendicular‐to‐parallel electron fluxes from FPI, we calculate log10 F⊥/F‖, where
F⊥ = F90° and F‖ = (F0° + F180°)/2 (Figure 2g). Parallel (F0°), antiparallel (F180°), and perpendicular (F90°)
fluxes are defined between 0°–20°, 160°–180°, and 80°–100° pitch‐angles, respectively. Low‐energy, near‐
thermal electrons (1.1 keV in Figure 2g) are mostly moving along the magnetic field. Even though supra-
thermal electrons (16.1 keV and 27.5 keV) are mostly isotropic away from the DF, they exhibit a perpendicular
anisotropy in the magnetic dip ahead of it, and in the flux pile‐up region behind it.

5. Spatial Distribution of Acceleration Mechanisms and Energetic Electrons
For each DF from Section 4.2, we obtain median quantities in the PS and outflow intervals. We therefore need to
differentiate between the different plasma environments in the two regions. We define the crossing from the dense
pre‐existing PS to the tenuous outflow as the time tne of maximum ∂ne/∂t (vertical dashed black line in Figure 2).
We choose t̄ ∈ [− 2, tne] b and t̄ ∈ [tne, 6] b as the pre‐DF (ahead) and post‐DF (behind) intervals, respectively,
based on the median extent of wb and wF from Figure 2e.

The comparison between wb and wF ahead and behind the DFs (Figure 3b), shows that the pre‐DF region is
dominated by wb, while the post‐DF region is dominated by wF. This is consistent with our previous result in
Figure 2e. In the pre‐DF region, we observe events with large values of wF < 0, indicating Fermi deceleration of
pre‐existing PS electrons, although their number is small and thus do not contribute to the median wF in our epoch
analysis (Figure 2). This Fermi deceleration could be a result of the convecting BBF flow bending the flux tubes
encountered in the pre‐existing PS (uE ⋅κcurv < 0), previously shown in simulations (Chen & Wolf, 1999;
Ugai, 2009).
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We find thatwb andwF are dominant ahead and behind the DFs, respectively (Figure 3b). Therefore, we will focus
on the relative importance of wb and wF in their respective regions of dominance. We study the distribution of wb
and wF as functions of the DFs' distance from the center of the PS. To estimate the distance from the center of the

PS, we use Bxy/Blobe, as a proxy, where Bxy =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

B2x + B2y
√

and Blobe is the lobe magnetic field, calculated by the

pressure balance between the PS and the lobes (Asano et al., 2003). Near the lobe Bxy/Blobe ≈ 1, while
Bxy/Blobe ≈ 0 near the center of the PS. For each DF, we calculate the median Bxy/Blobe during the unperturbed
PS interval, t̄ ∈ [− 10, − 4]b, based on Figure 2. With a few exceptions, we find that wb and wF increase toward
the PS center (Bxy/Blobe ≤ 0.3), or equivalently, decrease toward the lobes (Figure 3a). The largest acceleration
terms close to the center of the PS correspond to betatron acceleration.

Figures 3c–3e show wb, wF, T⊥/T‖, and log10 (F⊥/F‖) for 27.5 keV electrons as functions of distance from the
Earth. Pre‐DF wb increases with distance (XGSM < –15 RE), while the post‐DF wF increases toward the Earth, at
XGSM > –21 RE (Figure 3c). The electron temperature (Figure 3d) ahead of the DFs is mostly isotropic and, in
some cases, shows parallel anisotropy, while behind (black dots) we observe perpendicular anisotropy in some

Figure 2. Superposed epoch analysis of 78 DFs. Gray lines in panels (a)–(d) show individual events. Solid lines represent
median values. In panels (a)–(e), interquartile ranges are shown as shaded areas. (a) Magnetic field Bz component in
geocentric solar magnetic. (b) Electron temperature anisotropy T⊥/T‖ and total temperature T (blue). (c) Electron number
density ne. (d) κ for thermal (black and gray lines) and median for 100 keV (red) electrons. Electrons are adiabatic above κ = 3
(dashed black line). (e) Medians of betatron (red) and Fermi (black) acceleration terms. (f) Medians of omnidirectional
differential energy fluxes (normalized with the mean in flux in each interval) for three fast plasma investigation (FPI) (1.1, 16.1,
and 27.5 keV) and differential particle fluxes for two fly's eye energetic particle spectrometer (40.4 and 115.4 keV) energy
channels. (g) Electron perpendicular to parallel flux ratios for the three FPI energies used in panel (f). The vertical dashed black
line indicates the time tneof maximum ∂ne/∂t.
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events at XGSM < –20 RE. However, there is no parallel/perpendicular temperature anisotropy that correlates with
the increase of the Fermi/betatron term. This is expected, as the two acceleration mechanisms are more efficient
for high‐energy electrons. Even though there is no near‐Earth apparent anisotropy for high‐energy electrons, the
perpendicular anisotropy becomes pronounced at large distances (− 25 RE ≤ XGSM ≤ –20 RE), as seen in
Figure 3e. This is correlated with the increase in wb ahead of DFs for XGSM < –15 RE, suggesting that betatron
acceleration is efficient at energizing electrons farther out in the magnetotail.

6. Discussion
Our analysis shows that wb is dominant ahead of the DF, from the magnetic dip (due to the local ∂B/∂t s 0) until
the DF encounter, where B increases (Figure 2e). This increase of wb at the DF has also been found by Ma
et al. (2020). We also showed that high‐energy perpendicular anisotropies are statistically present in the betatron‐
dominated region (Figure 2g). Gabrielse et al. (2016) found that drifting electrons in the pre‐existing PS can be

Figure 3. Spatial distribution of wb and wF and relative importance ahead and behind the DFs. Median quantities (transparent
points) and binned over spatial dimensions (opaque squares) ahead and behind of DFs. Error bars of data points are the
standard errors of the median. Error bars of binned values represent the standard deviation. The binning has been done such
that each bin contains at least 10 data points. (a) The median wb ahead (red) and wF behind (black) the DFs as a function of
distance from the center of the plasma sheet Bxy/Blobe. (b) Comparison between median wb and wF ahead (red) and behind (red)
the DFs. (c) Similar to (a) as a function of XGSM. (d) Electron temperature anisotropy ratio T⊥/T‖ and (e) electron flux
anisotropy for the highest fast plasma investigation energy channel as a function of XGSM. Vertical dashed gray lines indicate the
bins used.
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rapidly accelerated by the local ∂B/∂t > 0 encountered at the arriving DF. Additionally, it was shown by
simulations (C. Huang et al., 2015), that the most extreme electron acceleration in the pre‐DF region is
perpendicular to the magnetic field, facilitated by trapping of electrons by parallel electric fields, as the DF moves
Earthwards. Our results support this picture of local betatron acceleration of trapped electrons ahead of DFs.

Behind the DFs, wF is dominant, despite its small value, which is retained until t̄ ∼ 6 b. Using the mean ion bulk
speed, this timescale corresponds to a distance of ∼20 di in the outflow, where di is the ion inertial length
calculated behind the DFs. The high‐energy electrons observed behind the DFs could be attributed to Fermi
acceleration through multiple passes through this region. A thermal electron with T‖ ≈ 2 keV, has a parallel
thermal velocity of vth,‖ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2kBT‖/me

√
≈ 27 × 103 km s− 1. For a DF north‐south size of hDF ∼ 2 RE, typical

of BBFs (Nakamura et al., 2004), such an electron needs Δt ≈ hDF/ vth,‖ ≈ 0.46 s to cross the acceleration
region. With a constant kinetic energy change of wF ≈ 0.17 keV s− 1 (maximum of the upper quartile in
Figure 2e) over the crossing, the gain in parallel energy is ΔE‖ ≈ 0.1 keV. From Equation 1, it follows that
wF ∝E‖, therefore, electrons with suprathermal E‖ would experience larger wF (Equation 1), and reach much
higher energies after multiple passes through the acceleration region. This cumulative acceleration suggests that
Fermi acceleration contributes to extreme electron energization at DFs on large spatial scales.

We point out that the observed PADs are not necessarily a result of local acceleration at the DF alone, but also
processes taking place in the reconnection region and during transport toward the DF. Therefore, the calculatedwb
and wF only provide us with information about the local contribution of the betatron and Fermi acceleration
mechanisms. Even though our statistical results suggest that betatron and Fermi acceleration are dominant ahead
and behind DFs, respectively, individual events can exhibit different behaviors. For example, Vaivads
et al. (2021) interpreted large perpendicular electron fluxes in the flux pile‐up region behind DFs and parallel
fluxes ahead of them as the results of betatron and Fermi acceleration, respectively. Such events are also observed
(Figure 2b) in our study, although they are statistically less likely over our database.

We find that perpendicular electron temperature and high‐energy flux anisotropies in the outflow region behind
DFs are statistically present (Figures 2d and 2f). These anisotropies, previously observed behind DFs (Kho-
tyaintsev et al., 2011), are associated with a high occurrence of whistler‐mode waves (Viberg et al., 2014).
Because of the fast time‐scales at which the whistlers reduce the anisotropy and quench the instability, these
observations were interpreted as a signature of active betatron acceleration maintaining the anisotropy. We find
that wb is not significant behind DFs compared to wF (Figure 2e). Nevertheless, wb > 0 in a short time interval in
the outflow, up until the flattening of Bz. This could be a region of whistler wave generation. A detailed com-
parison between whistler waves generated behind DFs and the electron betatron acceleration will be conducted in
a future study.

The high wb and perpendicular fluxes at distances of XGSM < –20 RE are consistent with previous studies (Wu
et al., 2013), showing that due to large outflow velocities early on in the jet's evolution, there is increased flux tube
compression. Since the statistically most probable reconnection X‐line is beyond ∼–20 RE (Nagai, 2006; Nagai
et al., 2023; Richard et al., 2022), betatron‐dominated DFs at large XGSM distances in our study could be attributed
to more recently formed reconnection outflows. On the other hand, near Earth (XGSM > –20 RE), the jet is slowed
down in the more dipolarized region (Schmid et al., 2015); the field lines the outflow is convecting to are
becoming shorter, and therefore, Fermi acceleration (possibly of type A) increases. We note here that we do not
find a correlation between the outflow speed and the acceleration terms or XGSM in our data set (not shown).
Through simulations, K. Huang et al. (2021) showed that Earthward‐propagating DFs form pancake, rolling‐pin,
and cigar PADs in sequence, consistent with an early stage betatron acceleration and transition to a near‐Earth
Fermi acceleration. Similarly, Birn et al. (2014) found perpendicular electron anisotropies to be present farther
out in the magnetotail, while parallel anisotropies dominated near Earth. The findings of these simulation studies
are consistent with our results for the distributions of wb and wF with distance from the Earth.

The distributions of wb and wF with distance from the center of the PS suggest that betatron acceleration can be
more efficient near its center. Due to the magnetic field difference between DFs and the neutral sheet being larger
than that between DFs and the near‐lobe region, we expect wb to be greater near the center of the PS. Even though
a similar trend is found for wF, a few high‐wF events occur for larger Bxy/Blobe. Those could be a result of high‐E‖

(largewF ∝ E‖, from Equation 1) electrons having their mirror points farther away from the center of the PS. In DF
case studies, Runov et al. (2013) found pancake and cigar PADs near the neutral plane and away from it,
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respectively. Studying >40 keV PS electron fluxes, Åsnes et al. (2008) found a weak trend of perpendicular
electron anisotropies occurring near the center of the PS, while parallel ones are more likely to appear at larger
distances from the center. The results of Birn et al. (2014) show an increase in the occurrence of parallel electron
anisotropies for larger distances from the central PS, while parallel electrons at that region in Birn et al. (2022)
were found to originate from the PS boundary layer. Even though more cases with large Bxy/Blobe would be
needed to confirm these trends, our results show a similar distribution for wb and wF.

7. Conclusions
We studied the local betatron and Fermi electron acceleration in magnetotail reconnection DFs, using multi‐
spacecraft MMS observations. We conducted a statistical analysis of the rate of change of electron kinetic en-
ergy based on the guiding‐center theory (Dahlin et al., 2014; Northrop, 1963) and their spatial distribution at 78
DFs. Our conclusions are the following:

• The betatron rate is dominant ahead of DFs, where suprathermal perpendicular electrons (up to ∼30 keV) are
observed, suggesting local acceleration by the betatron mechanism. Fermi acceleration is dominant in the
outflow, up to ∼20 di behind the DFs, where the most energetic electrons (a few 100 s keV) are detected.

• Most events with large rates of energy change due to betatron and Fermi acceleration are situated near the
center of the PS. Events with significant Fermi acceleration can also be found closer to the lobes.

• Betatron acceleration and high‐energy perpendicular electron fluxes are intensified farther tailward, closer to
the most probable X‐line location, likely corresponding to DFs early in their evolution. Fermi‐dominated
events are observed more frequently closer to Earth, where field‐line shortening intensifies near Earth's
dipole field.
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