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The same time domain structures (TDS) have been observed on two Magnetospheric Multiscale
Satellites near Earth’s dayside magnetopause. These TDS, traveling away from the X line along the
magnetic field at 4000 km=s, accelerated field-aligned ∼5 eV electrons to ∼200 eV by a single Fermi
reflection of the electrons by these overtaking barriers. Additionally, the TDS contained both positive and
negative potentials, so they were a mixture of electron holes and double layers. They evolve in ∼10 km of
space or 7 ms of time and their spatial scale size is 10–20 km, which is much larger than the electron
gyroradius (<1 km) or the electron inertial length (4 km at the observation point, less nearer the X line).
DOI: 10.1103/PhysRevLett.116.145101

Electron acceleration in space plasmas (Earth’s auroral
zone, magnetosphere, and magnetopause and at other
planets, the Sun, and other stars, etc.) is a persistent feature
that is not well understood and that has been poorly
measured. The Magnetospheric Multiscale Satellites
(MMS) were launched on March 12, 2015 [1] to measure,
with unprecedented spatiotemporal detail, local acceleration processes as part of a broader study of magnetic field
reconnection [2]. MMS consists of four closely spaced
satellites (∼10 km) equipped with high time resolution
(∼30 ms) measurements of electron distribution functions
and higher time resolution (0.1 ms) measurements of
electric and magnetic fields. MMS has flown through
reconnection events at the dayside magnetopause to
observe time domain structures (TDS) that are reported
in this Letter to accelerate electrons from ∼5 to ∼200 eV by
a single Fermi interaction of the charged particles reflected
by the potential barrier of the overtaking TDS. Such a fast
and strong acceleration process (corresponding to a factor
of ∼40 energy increase) may be one important new
component in the chain of phenomena associated with
reconnection and leading to global plasma heating [3,4].
Although the absolute energy of the accelerated particles in
this event is not very large, the acceleration factor of 40 is
impressive and it could lead to greater accelerated energies
for different plasma parameters. TDS are millisecond
duration pulses of parallel electric field that move along
the magnetic field line at thousands of kilometers per
second. They may be electrostatic or electromagnetic, and
0031-9007=16=116(14)=145101(5)

they represent electron holes, double layers, or more
complicated solitary waves. Because their potential structures are more complicated than the simple potential of an
ideal electron hole or an ideal double layer, they are
grouped into the generic category of TDS in this and
earlier papers. TDS of one type or another have been
theoretically studied in more than 250 articles dating back
more than 50 years [5,6], and they have been found in the
magnetosphere along auroral zone magnetic field lines on
the S3-3 satellite [7,8]. They were more thoroughly studied
on later auroral missions [9,10], and they have been seen in
the magnetotail [11–13], the plasma sheet [14,15], and the
plasma sheet boundary layer [16], at shocks [17], at
magnetic field reconnection sites [18–22], in the solar
wind [17,23,24], and at Saturn [25]. Interest in their
properties and their ability to accelerate electrons to
hundreds of keV has been enhanced by observations of
huge fluxes of TDS on the Van Allen Probes in Earth’s
radiation belts [26,27].
Observations.—Figure 1 presents 150 ms of high-passfiltered parallel electric field measurements made on the
four MMS spacecraft. MMS4 and MMS1 saw seven
correlated spiky parallel electric fields (the TDS), while
MMS2 may have seen the last three of these spikes and
MMS3 saw nothing. The parallel and perpendicular separations of the spacecraft are given in Table I. MMS1 and
MMS4, separated by 9.3 km perpendicular to the magnetic
field, saw the TDS pairs, while the other spacecraft,
separated by 22–27 km perpendicular to the magnetic
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FIG. 1. The electric field component parallel to the background
magnetic field measured on the four MMS spacecraft during a
150 ms interval.

field, may not have. This suggests that the perpendicular
scale size of these TDS was 10–20 km, i.e., much larger
than the thermal electron gyroradius (<1 km) or the
electron inertial length (4 km at the observation site, less
nearer the X line).
The electric fields of the second matching pair of TDS
observed on the two spacecraft are illustrated with higher
time resolution in the top panel in Fig. 2, with those
observed on MMS4 delayed by 7.9 ms. Because their
parallel separation was 29.2 km and their temporal separation was 7.9 ms, their speed along the magnetic field line
was about 4000 km=s. It is noted that the MMS4 and
MMS1 fields differed, with the positive electric field in the
earlier measurement (on MMS4) being about 3 times larger
than in the later measurement. This suggests that the
structures varied spatially or temporally on scales of several
electron gyroradii or gyroperiods. The bottom panel in
Fig. 2 is the electric potential obtained by integrating the
data in the top panel. The peak negative potential was about
−20 V with an estimated uncertainty of 30% related to
the variation of the response as a function of frequency of
the on-axis electric field antenna (that observed most of the
parallel electric field).
TABLE I.

1–2
1–3
1–4

The TDS all had positive and negative potential parts.
The positive potential parts of the TDS that overtake an
electron have little net effect on the electron, because the
fields in such potentials slightly decelerate and then
reaccelerate the electron as the TDS passes by. However,
the electric fields in the negative potential parts of a TDS
that overtakes an electron will accelerate the electron away
from the TDS in a process that looks like a moving wall
(the parallel potential) reflecting the slower electrons by the
electrostatic Fermi interaction [28,29]. This mechanism
will be discussed following the presentation of the electron
data. A similar acceleration mechanism has been suggested
for the generation of field-aligned electron fluxes in Earth’s
outer radiation belt [30].
The components of the magnetic field in geocentric
solar ecliptic coordinates, measured at the time of the
TDS (the vertical dashed line in the figure), are shown in
Figs. 3(a)–3(c). The change of the z component of the field
signified the magnetopause crossing, and the observations
were located approximately in the magnetospheric separatrix, as illustrated in Fig. 3(d). Previous observations
demonstrate that TDS often propagate away from the
reconnection region along the magnetic separatrix [31],
and such TDS have been discussed as being associated with
electron acceleration during reconnection [3].
The upper panel in Fig. 4 presents 400 ms of 131 eV
electron energy flux measured at three pitch angles during
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Parallel separation

Perpendicular separation

−15.4
−9.9
−29.2

21.7
26.9
9.3

FIG. 2. The electric field (top panel) and electric potential
(bottom panel) associated with a single TDS that passed spacecraft MMS4 and, 7.9 ms later, passed MMS1. The electric
potentials of the bottom panel were obtained by integrating the
electric fields of the top panel and by assuming that the distance
between successive data points was the TDS speed of 4000 km=s
and the data rate was 8192 points=s.
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FIG. 3. (a)–(c) give the three components of the magnetic field
on MMS 1 at the time of the TDS (the vertical dashed line), and
(d) illustrates the relative positions of spacecraft MMS1 and
MMS4 in the reconnection geometry.

the time interval when the TDS passed over spacecraft 1.
The TDS moved opposite to the magnetic field direction
and the 174° electron flux (which was moving in that
direction) decreased at the time of the TDS, suggesting that
the 131 eV flux was influenced by the TDS. A possibility is
that the TDS overtook low energy electrons and accelerated
them via the Fermi mechanism associated with the electrons bouncing off a moving barrier only once. If this
happened, the 174° electrons with velocities higher than the
TDS speed observed before the TDS crossed the spacecraft

FIG. 4. The upper panel gives the flux of 131 eV electrons at
three pitch angles as a function of time before and after the TDS
passage shortly after 0.6 s. The bottom panel gives the ratio of the
fluxes shortly before and after the TDS as a function of energy.
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were accelerated by the TDS, while the same energy
electrons measured after the TDS crossing were not.
Thus, the ratio of electron fluxes before and after the
TDS crossing can provide information on the TDS interaction, as is illustrated in the bottom panel in Fig. 4. The
vertical dashed line in this panel is the energy of an electron
moving at a speed of 4000 km=s. The before-to-after
electron flux ratio is about 0.8–1.0 for particle velocities
around the TDS speed, but it becomes significantly larger
than one (reaching ∼1.6) for velocities higher than the TDS
speed. Thus, it appears that electrons with field-aligned
velocities less than that of the TDS were accelerated to
200 eVor greater by the overtaking TDS. This conclusion is
supported by the before-and-after phase space densities
presented in Fig. 5 in which, for 174° electrons (the upper
panel), <100 eV electrons were apparently accelerated to
>100 eV by the TDS passage.
After TDS passage in Fig. 5 (when the observed
electrons have not encountered the TDS), the spectrum
was flat. Before TDS passage, the accelerated electrons
produced a positive slope in the phase space density. This
unstable situation may result in further wave-particle
interactions that remove the positive slope and affect the
energies of the electrons that created it. The plateau, at
energies comparable to the energy associated with the TDS
speed, may correspond to the relaxed beam that generated
the observed TDS.
Discussion.—A quantitative estimate of the Fermi acceleration is obtained by defining the parallel speeds in the
satellite frame of reference of the TDS as vtds and the
electron as ve . In the TDS frame, the TDS speed is 0 and
the electron speed is (ve − vtds ). After elastic collision with
the TDS, the electron velocity changes sign and becomes
(vtds − ve ). Thus, in the satellite frame, the final electron

FIG. 5. Distribution functions of electrons before and after TDS
passage for 174° pitch angle electrons (top panel) and 90°
electrons (bottom panel).
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FIG. 6. The top panel give the final electron energy versus its
initial energy resulting from Fermi reflection of the electron by
either a 4000 or 5000 km=s TDS. The bottom panel gives the
minimum initial electron energy that can be scattered by the TDS
as a function of the maximum negative potential in the TDS.

speed is (2vtds − ve ) and its energy is ½mð2vtds − ve Þ2 . A
plot of the electron final energy as a function of its initial
energy is given in Fig. 6(a) for a 4000 km=s barrier.
A limit that prevents low energy electrons from being
accelerated to the ∼180 eV maximum energy for a TDS
speed of 4000 km=s [Fig. 6(a)] is that the potential barrier
must be large enough to reflect an incident electron. Thus,
½mð2vtds − ve Þ2 must be less than the (negative) potential
of the TDS. A plot of the minimum potential barrier as a
function of the initial electron energy is given in Fig. 6(b).
In the case of interest, the potential barrier was about 20 V,
so incident electrons with energies less than about 5 eV
were not reflected by the barrier. Thus, the most energetic
Fermi accelerated electrons would have an energy of about
125 eV if the TDS speed were 4000 km=s.
There are two discrepancies between the analysis thus
far and the data. The first is that the measured upper
bound on the accelerated electron energy of ∼250 eV
(lower panel in Fig. 4) is much greater than the 125 eV
maximum energy obtained for Fermi acceleration by a
4000 km=s TDS [Fig. 6(a)]. The second discrepancy is
that the energetic electrons disappeared (upper panel in
Fig. 4) about 150 ms before the TDS arrived at the
spacecraft (Fig. 1). Both of these discrepancies are
resolved if the TDS earlier had a greater speed, as
the following estimate shows. Suppose that the TDS had
a speed of 6000 km=s when it was a distance d from the
spacecraft and that its speed decreased linearly to
4000 km=s during the time T that it moved the distance
d to the spacecraft. Furthermore, suppose that the
∼200 eV electrons were accelerated at the distance d
and arrived at the spacecraft after traveling (T − 0.15)
seconds. These two assumptions produce two equations
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in two unknowns, d and T, whose values are
d ¼ 1800 km and T ¼ 0.37 s, respectively. Thus, the
∼200 eV electron acceleration occurred a fraction of a
second before they crossed the spacecraft and at a
distance of 10–20 ion inertial lengths upstream. In this
way, the data provide additional evidence for the decay
of the TDS as they moved along the magnetic field
away from the X line.
It is interesting to consider what may happen to an
electron after undergoing the one-time Fermi acceleration.
As shown in Fig. 5(a), an incident 40 eV electron is
accelerated to 57 eV by this interaction. As this accelerated
electron moves into the converging magnetic field, its
parallel velocity is converted to perpendicular velocity
by conservation of the first adiabatic invariant. If the
magnetic field converges sufficiently and the TDS survives
over the convergence distance, the parallel speed of the
electron of interest will slow to the speed of the TDS and it
will undergo a further Fermi acceleration. In this way, the
electron can move into the converging magnetic field at a
roughly constant parallel velocity as its perpendicular
energy increases due to multiple Fermi interactions in
what amounts to a Landau resonance interaction between
the electron and the TDS. There is no evidence, yet,
whether a process like this is at work in reconnection
events. However, in the outer Van Allen radiation belts this
process has been shown to accelerate thermal (∼100 eV)
electrons to tens of keV [32] and even hundreds of
keV [33].
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