
1. Introduction
Plasma jets are ubiquitous phenomena in the universe (Masuda et al., 1994; Phan et al., 2000; Pudritz et al., 2012). 
In particular, in Earth's magnetotail, jets take the form of high speed (V > 400 km s −1) transient Earthward plasma 
flows referred to as bursty bulk flows (BBFs) (Angelopoulos et al., 1992, 1994). These BBFs play a crucial role in 
magnetotail activity (Sitnov et al., 2019). BBFs are seen as short living narrow flow channels which last 10–100 s 
(Baumjohann et al., 1990) and extend over ∼2–3 RE in the dawn-dusk direction (Nakamura et al., 2004). At the 
leading edge, BBFs are accompanied by a sharp dipolarization (i.e., increase of the northward magnetic field 
Bz) of the magnetic field called dipolarization fronts (DFs) (Nakamura et al., 2002; Ohtani et al., 2004; Runov 
et al., 2009; Sergeev et al., 2009).

DFs are thin ion-scale boundaries similar to vertical current sheets (Liu et al., 2013; Runov et al., 2011), which 
separate the lower temperature dense plasma ahead of the DF from the hotter tenuous plasma behind the DF (Fu, 
Cao, et al., 2013; Khotyaintsev et al., 2011). DFs are the leading edge of the dipolarizing flux bundles (DFBs) 
which extend over ∼1–3 RE azimuthaly (Liu et al., 2015; Sergeev et al., 1996). Various mechanisms are thought to 
be responsible for the formation of DFs, such as the kinetic ballooning/interchange instability (Panov et al., 2020; 
Pritchett & Coroniti, 2010; Pritchett et al., 2014) and unsteady magnetic reconnection (Fu, Cao, et al., 2013; 
Sitnov et al., 2009).

Electron acceleration associated with DFs has been widely observed using Cluster (Apatenkov et  al.,  2007; 
Fu, Khotyaintsev, et al., 2013), THEMIS (Runov et al., 2009), and Magnetospheric Multiscale (MMS) (Turner 
et al., 2016). The two main mechanisms responsible for the acceleration of electrons are the betatron acceleration 
due to Earthward transport of electrons in the increasing magnetic field (Birn et al., 2013) and Fermi acceleration 
due to shrinking of the magnetic field lines during the Earthward convection (Fu et al., 2011). In particular, Fu 
et al. (2011) showed that betatron acceleration dominates in the growing flux pileup region, while Fermi accelera-
tion dominates in the decaying flux pileup region. On the other hand, Malykhin et al. (2018) showed that changes 
in the spectral index of electrons is sometimes associated with high-frequency waves. Malykhin et al.  (2018) 
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suggested that the spectral index changes are due to non-adiabatic wave-particle interaction, which results in 
electron acceleration and/or scattering.

Ion acceleration at DFs has been extensively studied by means of numerical simulations and observations (Fu 
et al., 2020). In particular, test particle simulations in assumed or simulated electromagnetic field pulses carried 
out by Birn and Hesse (1994) and Birn et al. (1997, 2000, 2013, 2015, 2017), showed that the ions get acceler-
ated by the motional cross-tail electric field, while gyrating inside the E × B Earthward-convecting structure. 
Since the magnetic field increased during the Earthward convection, they concluded that the ions undergo a 
quasi-adiabatic betatron-like acceleration. On the other hand, observations and the particle simulation by Zhou 
et al. (2010, 2011), showed the formation of an energized ion population ahead of the DF due to ion reflection 
from the DF similar to that at shocks (Gosling et al., 1982). Zhou et al. (2011) showed that in the presence of 
a finite northward magnetic field, the energized population is confined to an ion-scale region ahead of the DF. 
Similarly, Ukhorskiy et al. (2013) showed that the negative magnetic dip observed in the soliton-like magnetic 
field structure (Runov et al., 2009) is bounded by two magnetic null points, which are local maximum and mini-
mum of the effective potential energy, and hence creates a potential well. The potential well leads to trapping of 
the ions between the DF (local potential maximum) and the reconnection point (local potential minimum) ahead 
of the DF. Recently, Ukhorskiy et al. (2017, 2018) showed that ions can be stably trapped in the inverse magnetic 
field gradient and gain energy through persistent interactions with the motional electric field.

Moreover, Ukhorskiy et al. (2017, 2018) showed that the acceleration enabled by stable trapping in the inverse 
magnetic field gradient is charge-state-dependent and mass independent. Similarly, the test particle simulation of 
ion acceleration in stochastic electromagnetic perturbations carried out by Catapano et al. (2017), showed that the 
energization is linearly dependent on the charge state, while only weakly mass dependant. Mitchell et al. (2018) 
showed using the Van Allen Probes at 5 < L < 7 and a simple model of Earthward flow limited in azimuthal 
extent, that the energization is adiabatic or quasi-adiabatic and therefore, the particle trajectories and energization 
depends only on ion charge state and not on the ion mass. Using, the Energetic Ion Spectrometer (EIS) on the 
MMS spacecraft, Bingham et al. (2020) found a case of ion energization in the magnetotail ordered by charge 
state.

Nevertheless, due to their larger gyroradii, ion acceleration is much more complicated than electron acceleration. 
Thus, detailed observations of ion acceleration at DFs are still lacking with respect to those of electron accel-
eration. In particular, the identification of the different acceleration mechanisms acting at scales smaller than, 
comparable to, and larger than the scale of the magnetic field structures and the adiabaticity of the acceleration 
mechanism at the aforementioned scales are still open questions. Here, we investigate the ion acceleration at 
plasma jet fronts in order to advance our understanding of these questions.

2. Observations
We use magnetic field measurements from the Fluxgate Magnetometer (FGM) (Russell et al., 2016), the electric 
field measurements from Electric field Double Probe (EDP) (Ergun et al., 2016; Lindqvist et al., 2016), and ion 
and electron distributions and their moments from the Fast Plasma Investigation (FPI) (Pollock et al., 2016), the 
Hot Plasma Composition Analyser (HPCA) (Young et al., 2016), the Fly Eye Energetic Particle Spectrometer 
(FEEPS) (Blake et al., 2016) and the EIS (Mauk et al., 2016). The FPI instrument measures the ion and electron 
distributions in the thermal energy range K ∈ [0.01–30 keV] assuming that the ion flux is fully dominated by 
the protons. We note that due to penetrating radiation effects, we correct the FPI-DIS moments according to 
the procedure described in Gershman et al. (2019). The HPCA instrument measures the ion flux over a broader 
energy range K/q ∈ [0.01–40 keV/q] with a mass resolution m/q ∈ [1–16 a.m.u/e] (i.e., H +, He +, He 2+, and O +) 
using a carbon-foil based time-of-flight analyser. The FEEPS instrument measures ions, with no mass resolution, 
and electron flux in the energy ranges Ki ∈ [40–1,000 keV] and Ke ∈ [20–1,000 keV], respectively. The EIS 
instrument measures ion flux in the energy range K/q ∈ [20–1,000 keV] with time-of-flight based mass resolution 
(H +, He n+, and O n+). For all instruments, we used both Fast Survey and Burst data.

We investigate a series of BBFs observed by the MMS spacecraft on 23 July 2017 between 16:10:00 and 18:10:00 
UT. For this time period, the spacecraft were located in the magnetotail at (−24, 7, 4) RE in Geocentric Solar 
Magnetospheric (GSM) coordinates, where RE is Earth's radius, as shown in Figures 1a and 1b. The black lines in 
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Figure 1. Overview of the event. (a–b) Location of the Magnetospheric Multiscale (MMS) spacecraft in Geocentric Solar Magnetospheric (GSM) coordinates with 
the earth's bow shock (green), the Earth's magnetopause (blue) and the magnetic field lines computed using the T89 model (black). (c) MMS tetrahedron configuration 
in GSM coordinates. (d) Magnetic field in GSM coordinates. (e) FPI-DIS ion bulk velocity in GSM coordinates. (f) FPI-DIS ion number density. (g) Hot Plasma 
Composition Analyser (HPCA) ion (H + and He 2+) plasma parameter β. (h) Fly Eye Energetic Particle Spectrometer (FEEPS) omni-directional ion differential particle 
flux. (i) FPI-DIS omni-directional ion differential energy flux and FPI-DIS ion temperature (blue). (j) FEEPS omni-directional electron differential particle flux. (k) 
FPI-DES omni-directional electron differential energy flux. The purple dots in panel (d) are the energization times defined in Equation 1. The black dotted lines indicate 
the BBFs-associated DFs (panel j).
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Figure 1b show Earth's magnetic field lines computed using the T89 model (Tsyganenko, 1989). During the time 
interval of the observations, the substorm activity was moderate with the AE index reaching ∼400 nT.

During the event, the spacecraft separation shown in Figure 1c, was ΔR ∼ 10 km ∼ 0.01di, where the ion iner-
tial length di = 740 km is the typical thickness of a DF (Runov et al., 2009). As we are interested in energetic 
ions, which have gyroradii much larger than the spacecraft separation scale, the fields measurements from FGM 
and EDP, and the ion moments from FPI-DIS are computed at the center of mass of the tetrahedron formed by 
the MMS spacecraft. Taking advantage of the small spacecraft separation, the FEEPS instruments onboard all 
spacecraft are combined together to provide a larger instantaneous field of view and better counting statistics. 
The combined spacecraft (MMSX) FEEPS omni-directional flux is obtained by averaging the ion fluxes across 
the four spacecraft on a common timeline. The same method was applied to EIS. Because of small discrepancies 
between the spacecraft, data from HPCA were taken from the MMS 2 spacecraft, which offers the best agreement 
with other instruments.

2.1. Overview

An overview of the event is shown in Figure 1. Initially, the magnetic field (Figure 1d) is predominantly tail-
ward (large negative Bx) which indicates that the MMS spacecraft were located southward of the magnetotail 
neutral sheet. Using the ion moments from HPCA, we plot in Figure 1g, the ion plasma beta βi = Pi/Pmag, where 

𝐴𝐴 𝐴𝐴𝑖𝑖 = 𝐴𝐴𝐻𝐻+ + 𝐴𝐴𝐻𝐻𝐻𝐻2+ is the ion plasma pressure and Pmag = |B| 2/2μ0 is the magnetic pressure. Using the criteria by 
Haaland et al. (2010) to classify the regions, we observe that, consistent with the T89 model shown in Figure 1b, 
the MMS spacecraft were initially in the plasma sheet boundary layer (PSBL, 0.01 ≤ βi < 0.2) and then went 
into the central plasma sheet (CPS, βi ≥ 0.7). We note two excursions into the lobe (βi < 0.01) at 16:25:00 and 
16:40:00 UT, suggesting a global north-south motion of the plasma sheet. Furthermore, we see that the Earth-
ward magnetic field Bx observed in the lobe at 16:40:00 UT is weaker than the one initially observed in the PSBL 
∼20 nT at 16:10:00 UT, which suggests a global north-south motion of the magnetotail current sheet.

The MMS spacecraft observed a quasi-steady Earthward jet with Vix ∼ 1,000 km s −1 lasting until 16:40:00 UT, 
which is followed by 5 Earthward BBFs (Figure 1e). In particular, we note that the last BBF at 17:20:00 UT, 
exhibits oscillations of the Earthward ion bulk velocity with a period of ∼2 min. Similar observations of brak-
ing of the BBF in its Earthward course for −40 to −6.6 RE have been reported by Sergeev et al. (2000) during 
a conjunction of five magnetospheric spacecraft. At the leading edge of the BBFs, we observe large drops in 
the ion density (Figure 1f), increases in the ion temperature (Figure 1i), and dipolarizations (increased Bz) of 
the magnetic field (Figure 1d). Based on these properties we identify these structures as DFs. We marked the 
BBF-associated DFs by the black dotted lines. Associated with the DFs, we observe in the FPI omni-directional 
ion and electron energy spectra plotted in Figures 1i and 1k respectively, strong sharp energization of the thermal 
ions and electrons. Associated with the energization of the thermal particles, we observe a flux increase of the 
supra-thermal ions and electrons in Figures 1h and 1j respectively. We note that energetic ions and electrons are 
also seen outside of the BBFs but since the BBFs are the primary subject of the paper, we focus on those observed 
at the leading edge of the Earthward flows.

In order to focus on ion energization processes, we select intervals based on the supra-thermal ion flux at 200 keV. 
Using the FEEPS omni-directional ion energy spectrum (Figure 1h), which does not separate between the differ-
ent ion masses, we identify the energization times as:
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where J 200 is the ion flux at 200 keV, 𝐴𝐴 𝐽𝐽
200 its mean value over the 2 hr interval 16:10:00–18:10:00 UT and N 

the number of time records. The condition defined by Equation 1 corresponds statistically to a 95th percentile 
threshold in a normal distribution. The marked times at the top of Figure 1d, reveals three clusters with two 
clusters that are associated with a high speed Vix > 500 km s −1 jet. Since the third cluster is not associated with a 
BBF, we focus only on the two first intervals henceforth refered to as event I (16:54:14–16:59:26 UT) and event 
II (17:17:04–17:22:36 UT). These two intervals are indicated by purple shading in Figures 1d–1m. In the rest of 
the paper, we focus on the ion acceleration during these two intervals.
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2.2. Ion Composition and Charge-State-Dependent Acceleration

In order to characterize the ion acceleration, it is important to know the composition of the supra-thermal ions. 
We plot in Figure 2d the time series of the Fast Survey Mode proton flux at different energies. At low (thermal) 
energies Kp < 40 keV, we use the proton H + flux from the HPCA instrument. At higher energies Kp > 20 keV 
we use the proton H + flux from the EIS instrument. We also plot in Figure 2e the Fast Survey Mode helium 
flux. At low energies 𝐴𝐴 (𝐾𝐾𝐻𝐻𝐻𝐻𝑛𝑛+ < 80 keV) we use the He 2+ flux from HPCA, which offers both mass and charge 
state resolution. At supra-thermal energies, we use the He n+ flux from the EIS instrument which, unlike HPCA, 
does not provide charge state resolution. We note that, although HPCA also provides the He + flux, for this event 
no significant He + flux was observed at energies <40 keV. The O n+ ions also measured by the EIS instrument 
are not treated in this study due to low statistics (i.e., large errors 𝐴𝐴 𝐴𝐴𝐴𝐴∕𝐴𝐴 = 1∕

√

𝑛𝑛 , with n the number of counts 
assuming that the counting statistics are described by Poisson's statistics) in the EIS energy range. Finally, we 
plot in Figure 2f the Fast Survey Mode electron flux, where the low energies (Ke < 30 keV) are measured by the 
FPI-DES instrument while energies Ke > 30 keV are measured by the FEEPS instrument.

At energies K < 10 keV, the electron flux (Figure 2f) dominates the ion (proton and heavy ions) flux (Figures 2d 
and 2e). Similar intensity dominance of <10 keV electrons, has been observed by Runov et al. (2015) using the 
THEMIS spacecraft. At energies 10 keV < K < 150 keV, the flux is dominated by the proton flux, while at higher 
energies K > 150 keV the flux is dominated by the helium flux. This result is consistent with observation at 
6 < L < 16.5 by Cohen et al. (2017), who showed the intensity dominance for K > 150 keV of multiply-charged 
heavy ions in the magnetosphere.

In order to identify the charge state of the observed He n+ ions from EIS measurement, we use the correlation tech-
nique introduced by Mitchell et al. (2018) for Van Allen Probes RBSPICE measurements, and later employed for 
MMS EIS measurements by Bingham et al. (2020, 2021). From the bounce-averaged guiding center description 
of particle motion (Kistler et al., 1989),

d𝐱𝐱

dt
= 𝐯𝐯𝐄𝐄×𝐁𝐁 +

𝐾𝐾⟂

𝑞𝑞𝑞𝑞
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𝐁𝐁2
+

2𝐾𝐾
‖

𝑞𝑞𝑞𝑞

𝐑𝐑𝐜𝐜 × 𝐁𝐁

𝐑𝐑
2
𝐜𝐜𝑞𝑞

 (2)

where x is the position of the guiding center, vE×B = E × B/|B 2| is the drift velocity and Rc is the radius of curva-
ture of the magnetic field, it follows that the ions with the same K/q follow the same trajectories and are energized 
in a charge-state-dependant manner. Due to the charge state dependence of the second and third terms of Equa-
tion 2, Schulz and Lanzerotti (1974) showed that the temporal flux changes are ordered by K/q. Using this result, 
Mitchell et al. (2018), used the correlation of the temporal changes of the Van Allen Probes RBSPICE meas-
urements of the proton and heavy ion fluxes to infer the charge state of the heavy ions. A large cross-correlation 
coefficient between the proton flux at the energy 𝐴𝐴 𝐴𝐴𝐻𝐻+ and the flux of the specie s at the energy 𝐴𝐴 𝐴𝐴𝑠𝑠 = 𝑞𝑞𝑠𝑠𝐴𝐴𝐻𝐻+ , 
would suggest that the most likely charge state of the species s is qs.

On large scales, we observe that the flux changes of the protons (Figure 2d) and the helium ions (Figure 2e) are 
qualitatively well correlated. In Figure 3 we plot the cross-correlation coefficient between the changes in the 
Burst mode H + and He n+ fluxes during the time interval 16:10:00–18:10:00 UT. The total length of the Burst 
data is about 1 hr (∼180 omni-directional spin-averaged points) with some gaps. In order to guide the eye, we 
mark with yellow boxes the energies that satisfy the relation 𝐴𝐴 𝐴𝐴𝐻𝐻𝐻𝐻𝑛𝑛+ = 𝑞𝑞 ∗ 𝐴𝐴𝐻𝐻+ where q = 1 corresponds to He + 
and q = 2 to He 2+. We observe a ridge of high correlation which falls within the yellow boxes corresponding to 
q = 2, indicating that on large scales the dynamics are ordered by K/q, and that the dominant charge state of the 
helium is likely He 2+, consistent with the aforementioned observation of He 2+ and no He + at thermal energies 
(K/q < 40 keV/q). This result indicates that during our event in the magnetotail, the heavy ions are of solar wind 
origin, consistent with the MMS observations by Bingham et al. (2020, 2021).

To investigate whether the dynamics are ordered by K/q on local scales, we compare the flux enhancement for 
H + and He n+ as a function of the energy per charge K/q for the two selected intervals. To do so, we assume that 
the source population is upstream of the DF. Indeed, as shown in the combined MHD/test particle simulations 
by Birn et al. (2013, 2015), the main source of accelerated ions is the central plasma sheet. Furthermore, we can 
assume that the plasma sheet is rather homogeneous in the dawn-dusk direction on the scale of the flow channel 
(2–3 RE). Hence, we assume that the source population is the plasma sheet at rest far ahead of the acceleration site 
(i.e., the DF). We emphasize the importance of using a source region far from the DF, at least a few ion gyroradii, 
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Figure 2. Ion (H + and He n+) and electron flux changes. (a) Magnetic field in Geocentric Solar Magnetospheric (GSM) 
coordinates. (b) Dawn-dusk cross-tail electric field from Electric field Double Probe (EDP) (green), FPI-DIS Vi × B (blue) 
and Hot Plasma Composition Analyser (HPCA) 𝐴𝐴 𝐕𝐕𝐇𝐇+ × 𝐁𝐁 (cyan). (c) Ion bulk velocity from FPI-DIS and HPCA. (d) H + flux 
time series from combined FPI-DIS and Energetic Ion Spectrometer (EIS). (e) He n+ flux time series from combined HPCA 
and Energetic Ion Spectrometer (EIS). (f) Electron flux time series from combined FPI-DES and EIS. The black dotted lines 
indicate the BBFs-associated DFs (Figure 1).
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because of possible contamination by the DF-reflected ions ahead of the DF (Zhou et al., 2010, 2011). On the 
other hand, the energized distribution is taken at the time of peak of the proton flux at Kp ≈ 70 keV.

For event I (16:54:14–16:59:26 UT), we observe large-amplitude magnetic field fluctuations in Figure 4a. We 
plot the EIS proton and combined HPCA/EIS helium omni-directional energy spectra in Figures 4b and 4c respec-
tively. The time interval where we take the source and energized ion distributions are marked as “s.” and “e.”. 
We plot in Figures 4d and 4e the source omni-directional proton flux (orange), the energized omni-directional 
proton flux (green), the source omni-directional helium ion flux (red) and the energized omni-directional helium 
ion flux (black) as a function of the ion energy K and ion energy per charge K/q, respectively. We plot the proton 
(blue) and helium ion (cyan) ratio of the energized to source fluxes in Figures 4f and 4g. As already mentioned, 
at energies >150 keV the helium flux dominates the proton flux (Figure 4d).

We perform a linear fit of the proton and helium ion flux at energies >50 keV, using a Levenberg-Marquardt 
method of minimization of the χ 2 cost function. The spectral slope of the flux as a function of the energy per 
charge plotted in Figure 4e, differs significantly between the species. In particular, at energies >50 keV/q, the 
helium (He 2+) spectrum is harder (i.e., has a smaller spectral slope |γs| = 3.7, |γe| = 2.6), than that of the protons 
(|γs| = 4.6, |γe| = 4.8). To compute the energy per charge ratio, we assumed that the helium is in the alpha charge 
state He 2+, based on the above charge state analysis. When plotted as a function of the energy K, we observe that 
the flux ratio of the He 2+ agrees with the one of the protons (Figure 4f). On the other hand, when plotted as a 
function of the energy per charge K/q, we observe that the flux ratio of the He 2+ ions does not agree with the one 
of the protons (Figure 4g). This results indicates that at constant K/q, the flux changes of the He 2+ ions differs 

Figure 3. Cross-correlation coefficients between the time series of H + and He n+ from Energetic Ion Spectrometer (EIS) measurements at different energies taken 
between 16:10–18:10 UT on 23 July 2017. The yellow boxes indicate 𝐴𝐴 𝐴𝐴𝐻𝐻𝐻𝐻𝑛𝑛+ = 1 ∗ 𝐴𝐴𝐻𝐻+ (lower left diagonal) and 𝐴𝐴 𝐴𝐴𝐻𝐻𝐻𝐻𝑛𝑛+ = 2 ∗ 𝐴𝐴𝐻𝐻+ (upper right diagonal).
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Figure 4. H + and He n+ source and energized flux spectra for event I (a) Magnetic field in Geocentric Solar Magnetospheric 
(GSM) coordinates. (b) Energetic Ion Spectrometer (EIS) H + omni-directional flux energy spectrum. (c) EIS He n+ 
omni-directional flux energy spectrum. (d–e) Source omni-directional proton flux (orange), the energized omni-directional 
proton flux (green), the source omni-directional helium ion flux (red), the energized omni-directional helium ion flux (black) 
as a function of the ion energy K (d) and the ion energy per charge K/q (e). (f–g) Proton (blue) and helium ion (cyan) ratio of 
the energized to source fluxes as a function of the ion energy K (f) and the ion energy per charge K/q (g).
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from those of the protons, and thus the flux changes are not ordered by K/q, meaning that the energization does 
not depend solely on the ion charge state.

For event II (17:17:04–17:22:36 UT), a large scale magnetic field structure (17:18:54–17:19:21 UT) precedes 
the DF (Figure  5a). The spectral slopes of the H + and He 2+ ions are similar for both source and energized 
ions (Figure 5e). Such alignment of the spectral shapes of different species have been observed using MMS by 
Bingham et al. (2020). Moreover, the flux ratio of the two species shows a very good agreement when plotted as 
a function of K/q in Figure 5g. This indicates that the energization likely depends solely on the charge state, which 
suggests direct acceleration of ions by the inductive electric field which is mass independent.

2.3. Acceleration of Protons

We now investigate the acceleration mechanisms responsible for the energetic ion enhancement for both events. 
Here, we focus on the proton acceleration mechanism since as shown in Figures 4 and 5, the larger statistics 
that is, smaller errors are measured for protons. We plot in Figure 6d the source (orange) and energized (green) 
omni-directional proton phase space density energy spectra in the spacecraft frame. The phase space density fp is 
computed from the proton flux measured by EIS using the standard relation between differential flux and phase 
space density (non-relativistic case)

𝑓𝑓𝑝𝑝 =
𝑚𝑚

2
𝑝𝑝

2𝐾𝐾𝑝𝑝

𝐽𝐽𝑝𝑝, (3)

where mp is the proton mass, Kp is the effective energy of the EIS energy channel and Jp is the flux measured by 
the EIS instrument. We observe that the two spectra are nearly parallel with some minor discrepancies.

To account for the effect of the bulk motion of the ion jet, we transform the proton velocity distribution into 
the proton bulk frame. To do so, we interpolate the proton distribution defined on the 3D spherical velocity 
space grid onto the same grid translated along the proton bulk velocity measured by FPI-DIS. Figure 6e shows 
the omni-directional phase space density energy spectra in the reference frame of the proton bulk flow. We 
observe  good agreement between the source and energized distributions at energies <50 keV, which suggests that 
the energization of the low energy protons is due to the bulk flow.

The energy gain δKp at the same phase space density level highlighted by the cyan-shaded region in Figure 6e and 
the purple-shaded region in Figure 6f are plotted in Figure 6g (cyan and purple squares) as a function of the initial 
energy Kp0. We observe that the energy gain δKp oscillates as a function of the initial energy 𝐴𝐴 𝐴𝐴𝑝𝑝0

(

𝜎𝜎𝛿𝛿𝐴𝐴𝑝𝑝
∕⟨𝛿𝛿𝐴𝐴𝑝𝑝⟩ = 0.91

)

 . 
In particular, at energies <50 keV, δKp = 6.8 ± 4.8 keV which corresponds to |Vp| = 1,139 ± 407 km s −1, consist-
ent (within 0.74σ) with the average proton bulk speed 𝐴𝐴 ⟨|𝐕𝐕𝐩𝐩|⟩e. = 830 ± 110 km s−1 observed during the interval 
of ion energization in Figure 6d.

In the proton bulk frame for energies >50 keV we observe a significant energy gain in Figure 6g. In particu-
lar, we observe a peak of the energy gain δKp in the proton bulk frame (purple squares) at Kp0 ∼ 140 keV in 
Figure 6g. However, the large errors in the proton phase space densities fp at energies Kp0 > 140 keV yield large 
uncertainties on the energy gain δKp, so that it is difficult to conclude if the energy gain at Kp0 ∼ 140 keV is a 
real physical enhancement. On the other hand, we observe a bulge in the energy gain between 50 and 100 keV in 
Figure 6g. This energy range corresponds to gyroradii of 1.18 RE ≤ ρp ≤ 1.66 RE, where ρp = mpvthp/e〈|B|〉e. with 
〈|B|〉e. = 4.3 nT is the average magnitude of the magnetic field during the interval of ion energization. Using the 
average proton bulk speed 𝐴𝐴 ⟨|𝐕𝐕𝐩𝐩|⟩e. = 830 ± 110 km s−1 during the interval of ion energization, it yields that the 
corresponding frequency range is 0.08 Hz ≤ f ≤ 0.11 Hz. We plot the wavelet transform of the magnetic field in 
Figure 6a. We observe that the magnetic field is a superposition of magnetic field fluctuations with time scales 
from 1.5 to 20 s. In particular, we observe large magnetic field power in the 0.08 Hz ≤ f ≤ 0.11 Hz range which 
suggests that the scale of some of the magnetic field fluctuations is comparable with the initial gyroradius of the 
energized protons.

Figure  7 shows data for event II (17:17:04–17:22:36 UT) in a similar format as Figure  6. We observe in 
Figure 7d that at energies <50 keV, the energy gain δKp in the spacecraft frame is rather constant and does not 
depend on the initial energy Kp0. This result is also seen in Figure 7f, where we observe a constant energiza-
tion δKp = 8.4 ± 1.9 keV (cyan squares) at energies Kp0 < 50 keV. This constant energization corresponds to 



Journal of Geophysical Research: Space Physics

RICHARD ET AL.

10.1029/2022JA030430

10 of 17

Figure 5. H + and He n+ source and energized flux spectra for event II. (a) Magnetic field in Geocentric Solar Magnetospheric 
(GSM) coordinates. (b) Energetic Ion Spectrometer (EIS) H + omni-directional flux energy spectrum. (c) EIS He n+ 
omni-directional flux energy spectrum. (d–e) Source omni-directional proton flux (orange), the energized omni-directional 
proton flux (green), the source omni-directional helium ion flux (red), the energized omni-directional helium ion flux (black) 
as a function of the ion energy K (d) and the ion energy per charge K/q (e). (f–g) Proton (blue) and helium ion (cyan) ratio of 
the energized to source fluxes as a function of the ion energy K (f) and the ion energy per charge K/q (g).
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|Vp| = 1,268 ± 143 km s −1, which is larger than the 20 s (17:19:20–17:19:40 UT) average of the ion bulk speed 
𝐴𝐴 ⟨|𝐕𝐕𝐩𝐩|⟩e. = 765 ± 82 km s−1 , and comparable to the maximum ion bulk speed max(|Vp|) = 1,001 km s −1.

To account for the effect of the bulk flow, we transform the proton distribution into the proton bulk frame using 
the 20 s (17:19:20–17:19:40 UT) average bulk velocity measured by FPI-DIS and plot the omni-directional phase 
space density energy spectrum in Figure 7e. We observe good agreement between the source (orange) and the 
energized (green) spectra at low energies <50 keV, and a negligible energy gain δKp in the proton bulk frame 
shown in Figure 7f. This result suggests that, similar to event I (16:54:14–16:57:25 UT), the energization of 
the  low energy proton <50 keV is due to the proton bulk flow.

On the other hand, for protons with initial energy >50 keV (i.e., ρp ≳ 0.81 RE where ρp = mpvthp/e〈|B|〉e. is esti-
mated using the average 〈|B|〉e. = 6.2 nT during the interval of ion energization (green)), we observe a significant 
energy gain in the proton bulk frame in Figures 7e and 7f, which suggests that protons with a gyroradius ρp ≲ 0.81 
RE have a zero net energy gain in the proton bulk frame, while protons with a gyroradius ρp ≳ 0.81 RE gain energy. 
This zero net energy gain suggests that, for protons with a gyroradius ρp ≲ 0.81 RE the energy gained from the 

Figure 6. Proton flux energy spectrum in the spacecraft and proton frame for event I. (a) Magnetic field spectrogram. (b) Magnetic field in Geocentric Solar 
Magnetospheric (GSM) coordinates. (c) Dawn-dusk cross-tail electric field from Electric field Double Probe (EDP) (blue) and −Vi × B (green). (d) Ion bulk velocity in 
GSM coordinates. The orange and green shaded regions in panels (a–c) show the source and energized regions. (e) Source (orange) and energized (green) proton phase 
space density energy spectrum in the spacecraft frame. The cyan area emphasize the difference between the two lines. (f) Source (orange) and energized (green) proton 
phase space density energy spectrum in the proton bulk frame. The purple area emphasize the difference between the two lines. (g) Energy increase in the spacecraft 
frame (cyan) and proton bulk frame (purple).
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cross-tail electric field during the duskward part of the gyration is compensated by the energy loss during the 
dawnward part of the gyration. On the other hand, for a proton with a gyroradius ρp ≳ 0.81 RE part of the decel-
erating dawnward part of the proton gyration is outside of the electric field region, and thus does not compensate 
the energization during the duskward part of the orbit. Preferential acceleration of protons with ρp ≳ 0.81 RE 
indicates that the electric field structure, which is the acceleration region, is localized and spatially limited.

Artemyev et al. (2015) suggested that the acceleration can result from strong Earthward gradients of the dawn-dusk 
electric field Ey on scales smaller than the ion gyroradius (i.e., finite gyroradius effect). In particular, as shown 
in their Figures 3 and 4, interaction of ions with the localized electric field pulse during part of the ion gyration 
will result in a net energy gain. Here, we identify the localized electric field pulse ahead of the DF. In particular, 
we estimate the time scale of the electric field pulse using the duration of the 𝐴𝐴 𝐴𝐴𝑦𝑦 > 2 ∗ 𝜎𝜎𝐴𝐴𝑦𝑦

 pulse, where 𝐴𝐴 𝐴𝐴𝐸𝐸𝑦𝑦
 is the 

standard deviation of the cross-tail electric field computed during the source interval (orange). This yields the 
pulse duration of 27s (17:18:54–17:19:21 UT). Then using 𝐴𝐴 ⟨|𝐕𝐕𝐩𝐩|⟩e. = 765 ± 82 km s−1 , we obtain the Earth-tail 
scale of the electric field pulse of Lx = 3.24 ± 0.35 RE. Furthermore, the average cross-tail electric field associated 
with the pulse is 𝐴𝐴 ⟨𝐸𝐸𝑦𝑦⟩e. = 2.92 mV m−1 .

We plot the energy gain predicted by a model proposed by Artemyev et al. (2015), of the acceleration of protons 
in a spatially limited electric field pulse 𝐴𝐴 𝐴𝐴𝐴𝐴𝑝𝑝 = 2𝑒𝑒𝑒𝑒𝑦𝑦𝜌𝜌𝑝𝑝 ∝

√

𝐴𝐴0 (black dashed line) (Figure 7f). We observe that at 
energies Kp0 > 70 keV, the model agrees with the measured energy gain, but at energies 50 keV < Kp0 < 70 keV, 

Figure 7. Proton flux energy spectrum in the spacecraft and proton frame for event II. (a) Magnetic field in Geocentric Solar Magnetospheric (GSM) coordinates. (b) 
Dawn-dusk cross-tail electric field from Electric field Double Probe (EDP) (blue) and −Vi × B (green). (c) Ion bulk velocity in GSM coordinates. The orange and green 
shaded regions in panels (a–c) show the source and energized regions. (d) Source (orange) and energized (green) proton phase space density energy spectrum in the 
spacecraft frame. The cyan area emphasize the difference between the two lines. (e) Source (orange) and energized (green) proton phase space density energy spectrum 
in the proton bulk frame. The purple area emphasize the difference between the two lines. (f) Energy increase in the spacecraft frame (cyan) and proton bulk frame 
(purple). The black dash-dotted line shows the model δK = 2eEyρp.
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because the proton motion in the acceleration region is much more complicated than a simple half gyration 
described by Artemyev et al. (2015), the model overestimates the energy gain.

3. Discussion
We found that for both events, at energies <50 keV the proton energization is of the order of the proton bulk 
energy δKp ∼ mp|Vp| 2/2 in the spacecraft frame, so that δKp ∼ 0 in the proton frame. This suggests that protons 
with energies <50 keV gyrate inside the E × B earthward convected magnetic field structure with no net energy 
gain. In this scenario, the energy gain due to the interaction with the cross-tail motional electric field during 
the first half (duskward) of the gyration, is suppressed during the second half (dawnward) where the particle is 
slowed down by the same electric field. So that, over one gyration no net energy is gained by the ion. Hence, we 
conclude that ions with a gyroradius ρp < Ly with Ly is the dawn-dusk scale of the structure, are E × B drifting 
without gaining energy from the interaction with the electric field.

For event I (16:54:14–16:57:25 UT), we found that the ion flux changes associated with the acceleration are not 
ordered by K/q, which implies that the energization is non-adiabatic. Indeed, the ion motion is adiabatic when 
the scales (both temporal τ and spatial Lx, Ly) of the electromagnetic fluctuations are larger than the ion scales 
(gyroperiod 𝐴𝐴 𝐴𝐴

−1
𝑐𝑐𝑐𝑐  and gyroradius ρp). In such case Equation 2 implies that the energization is ordered by K/q. For 

event I, we observe that the flux changes are not ordered by K/q. Hence, the energization process does not depend 
solely on the charge state, which implies that the energization is non-adiabatic.

The later result is also supported by our observation of electromagnetic fluctuations on temporal scales compa-
rable to the ion gyroperiod, which contributes to the violation of the first adiabatic invariant. For event I 
(16:54:14–16:57:25 UT), we observe that only the ions with gyroradius of ρp ∼ Lx, where Lx is the Earth-tail 
scale of the electromagnetic field structure, experience significant energization. This preferential energization 
suggests that the electromagnetic energy injected in the form of large scale structures (BBF) cascades down to the 
ion scales where it dissipates in the form of particle acceleration. Using Cluster, Malykhin et al. (2018) observed 
a similar bulge in the proton energy spectrum in the 70 − 90 keV energy range. They explained the formation 
of  such bulge by the non-adiabatic resonant interaction of thermal protons with the DFs (Artemyev et al., 2012). 
Using the analytical model of non-adiabatic resonant interaction proposed by Artemyev et al.  (2012), we can 
infer the “hidden” dawn-dusk scale of the DF as Ly = Kp/|qEy|. Using the energy Kp0 of the peak of energy gain 
δKp for 50 keV ≤ Kp ≤ 100 keV, we estimate the dawn-dusk scale of the DF to be Ly = 2.93 ± 0.50 RE, consist-
ent with the typical dawn-dusk scales of the DFBs (Liu et al., 2015; Sergeev et al., 1996). This prediction, and 
the underlying model, are valid under the assumption that the acceleration time ∼

√

��∕������ , where vϕ is the 
DF velocity assumed to be equal to the bulk velocity, must be shorter than the characteristic time scale τ of the 
magnetic field changes (i.e., the background magnetic field is assumed to be constant). Here we obtain the condi-
tion τ > 10.4 ± 1.12 s or f < 0.1 ± 0.01 Hz. Using the magnetic field spectrum (Figure 6a), the maximum power of 
the magnetic field is obtained at f ≤ 0.1 Hz (i.e., τ ≥ 10 s). It follows that the condition 𝐴𝐴 𝐴𝐴 𝐴

√

𝐿𝐿𝑦𝑦∕𝑣𝑣𝜙𝜙𝜋𝜋𝜋𝜋𝑐𝑐𝑐𝑐 is likely 
satisfied. Hence, we conclude that the ions energization is due to the resonant interaction of the 50–100 keV ions 
with the inductive electric field associated with the DF.

For event II (17:17:04–17:22:36 UT), we found that the ion flux changes are well ordered by K/q. We note that 
the charge-state-dependent energization is a necessary condition but it does not necessarily imply adiabaticity 
of the energization process (Catapano et al., 2017; Ukhorskiy et al., 2018). We observed that at energies above 
the threshold energy of 50 keV (i.e., ρp ≳ 0.81 RE), the energization depends on the initial proton energy. Pref-
erential acceleration of protons with ρp ≳ 0.81 RE indicates that the electric field structure (i.e., the acceleration 
region) is spatially limited. Since the accelerating force is the cross tail motional electric field, the characteristic 
acceleration scale is thus the dawn-dusk scale Ly of the DFB. The energy dependence of the acceleration above 
50 keV suggests that the characteristic dawn-dusk scale is comparable to the gyroradius at this threshold energy 
∼0.81 RE. We conclude that the dawn-dusk scale of the acceleration region is Ly ∼ 0.81 RE. This is consistent with 
the typical dawn-dusk scales of the DFBs (Liu et al., 2015; Sergeev et al., 1996).

Using the model of the spatially limited electric field structure proposed by Artemyev et al. (2015), we showed 
that at energies ∼100 keV the model can explain our observation while for lower energies, the observed energy 
gain is lower than the predicted one. This overestimation of the energy gain by the model is likely due to simpli-
fied proton orbits in the model proposed by Artemyev et al.  (2015). Indeed, in the model of spatially limited 
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electric field pulse, the ion is assumed to interact with the dawn-dusk electric field during its complete duskward 
half gyration. However, this scenario is valid if the ion interacts with the electric field pulse during the duskward 
half gyration only, and that the dawn-dusk scale of the acceleration region is larger than the ion gyroradius. In 
particular, this model does not take into account the case of interaction of the ion with the electric field pulse 
during the dawnward gyration which leads to deceleration of the ion, or the case of an ion which leaves the accel-
eration before the completing the dawnward half gyration.

Furthermore, we observed that the energy gained by protons with initial energy 50 keV < Kp < 100 keV, repre-
sents a significant fraction of the initial energy up to ∼50%. This result indicates that protons with gyroradius 
comparable to the dawn-dusk scale Ly ∼ 0.81 RE of the acceleration region (i.e., dawn-dusk scale of the DFB), 
gain energy from the motional electric field in a non-adiabatic manner. On the other hand, as mentioned by 
Artemyev et al.  (2015), for protons with gyroradius ρp ≫ Ly of the electric field structure, the approximation 
Ly ∼ 2ρp used in the model is no longer valid, so that the energy increase becomes δKp = eEyLy. This means that 
the energy gain does not depend on the initial energy, and hence δKp/Kp0 ∝ 1/Kp0 or 𝐴𝐴 𝐴𝐴𝐴𝐴𝑝𝑝∕𝐴𝐴𝑝𝑝0 ∝ 1∕

√

𝐾𝐾𝑝𝑝0 . For 
protons with high initial energy, the energy gain during interaction with individual electric pulses, represents only 
a small fraction of their initial energy, thus their behavior is close to adiabatic. Hence, we conclude that protons 
with gyroradius comparable with the dawn-dusk scale of the electric field pulse ρp ∼ Ly are non-adiabatically 
accelerated, whereas protons with gyroradius much larger ρp ≫ Ly are accelerated in an adiabatic manner.

We showed that the energization occurs for protons with gyroradius comparable with the scale of the acceleration 
region. So that, 𝐴𝐴 𝐴𝐴 ∼ 𝜌𝜌𝑖𝑖 =

√

𝛼𝛼𝜌𝜌𝐻𝐻+∕𝑞𝑞 , where α = mi/mp, and the corresponding ion energy 𝐴𝐴 𝐴𝐴0 = 𝑞𝑞
2
𝐴𝐴0,𝐻𝐻+∕𝛼𝛼 . In 

particular, for He 2+ α = 4 and q = 2, which yields that H + and He 2+ ions with equal energies 𝐴𝐴 𝐴𝐴0,𝐻𝐻𝐻𝐻2+ = 𝐴𝐴0,𝐻𝐻+ 
have equal gyroradii. However, we showed that, especially for event II (17:17:04–17:22:36 UT), the flux changes 
are well ordered by K/q similar to that found in Catapano et al. (2017) and Ukhorskiy et al. (2018). This result 
suggests that the acceleration of heavier ions occurs at scales larger than that for protons. On the other hand, 
preferential acceleration of heavier ions (mi/mp > 1) may result from interaction with electromagnetic fluctuations 
with time scales on the heavier ion gyro-periods (Keika et al., 2013). In particular, preferential acceleration of O + 
ions was suggested to be caused by the dipolarization-associated magnetic fluctuations excited by the drift-driven 
electromagnetic ion cyclotron instability (Nosé et al., 2014), temperature increase due to non-adiabatic heating 
and effective trapping inside the DFB (Keika et al., 2022). In addition, selective acceleration of heavier ions by 
electromagnetic fluctuations results in the decrease of the spectral indices for heavier ions (Ono et al., 2009). In 
such a scenario, the protons with gyroradius smaller than the scale of the structure have a zero net energy gain. 
At the same time, heavier ions with gyroradius smaller than the scale of the structure but gyroperiod on the time 
scale of the fluctuations are accelerated through interaction with the inductive electric field.

To summarize, we showed that in both cases the acceleration is due to Earthward moving electric field pulses. 
We provide a summary of the temporal τ, Earth-tail Lx and dawn-dusk Ly scales in Table 1. The protons with 
gyroradius smaller than the dawn-dusk scale of the electric field pulse have no net energy gain due to compen-
sation of the energy gain during the duskward half of the gyration by the energy loss during the dawnward half 
of the gyration. We showed that when the temporal scale of the electromagnetic fluctuations is much larger than 
the proton gyroperiod (second time interval), protons with gyroradius larger than the scale of the electric field 
pulse gain energy through crossing of the electric field pulse. On the other hand, when the temporal scale of the 
electromagnetic fluctuations is of the order of the proton gyroperiod (first time interval) trapped protons with 
gyroradius of the order of the scale of the electric field pulse gain energy through resonant interaction with the 
inductive electric field. We note that the non-adiabatic acceleration by spatially limited electric field pulses is 
much more efficient than the non-adiabatic acceleration by resonant interaction with the inductive electric field.

τ [s]𝐴𝐴 ⟨|𝐕𝐕𝐢𝐢|⟩𝑒𝑒𝑒 [km s −1] 〈|B|〉e. [nT] Lx [RE] Ly [RE]

Event I (16:54:14–16:57:25 UT) ≥10 830 ± 110 4.3 ≥1.30 ± 0.17 2.93 ± 0.50

Event II (17:17:04–17:22:36 UT) ∼27 765 ± 82 6.2 3.24 ± 0.35 ∼0.81

Table 1 
Summary of the Temporal and Spatial Scales
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4. Conclusion
We have presented observations of ion acceleration related to plasma jets (bursty bulk flows) in the Earth's 
magnetotail during a moderate substorm activity. We observed that the >100 keV ions consist primarily of solar 
wind helium He 2+, while the <100 keV ion flux is dominated by the protons consistent with that observed by 
Cohen et al. (2017).

We study in detail two jets fronts with different characteristics. We find that for event I (16:54:14–16:57:25 UT) 
with a chain of small-scale magnetic field structures, protons with gyroradius comparable to the scale of the 
structure gain energy through resonant acceleration (Artemyev et al., 2012). We showed that the interaction of the 
protons with electromagnetic fluctuations on proton scales leads to a gain of energy in a non-adiabatic manner.

For event II (17:17:04–17:22:36 UT) with a larger scale magnetic field structure, the protons with a gyroradius 
larger than scale of the structure, gain energy via interaction with the cross-tail motional electric field during the 
duskward part of their orbit. We find that the energy gain for protons with gyroradius of the order of the scale of 
the structure is proportional to their gyroradius and represent a significant fraction of their initial energy.

In both cases the energization occurs for protons with gyroradii of the order of the scale of the structure or larger. 
Protons with smaller gyroradii have no net energy gain from the electric field, so that their energy gain in the 
spacecraft frame is due the earthward convection of the magnetic structure.

Data Availability Statement
All data used in this paper are publicly available from the MMS Science Data Center https://lasp.colorado.edu/
mms/sdc/. Data analysis was performed using the pyrfu analysis package available at https://pypi.org/project/
pyrfu/. The codes to reproduce the figures in this paper are available at https://github.com/louis-richard/ionacc 
and additional data are available at https://doi.org/10.5281/zenodo.6320624.
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