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Abstract The AMBRE experiment onboard the ocean topography mapper JASON-3 aims at measuring the
spacecraft potential as well as auroral particle precipitation using two top-hat analyzers for electrons and ions
in the 20 eV–28 keV energy range. The JASON-3 spacecraft has a nearly circular orbit at an altitude of
1,336 km with an inclination of 66°, at times probing the equatorward part of the auroral oval in a nearly
tangential manner upon leaving the outer radiation belt. In this region of space, during periods of enhanced
geomagnetic activity with small or moderate storms, AMBRE detected recurrent “microinjections” of ions with
energies in the 200 eV–28 keV range and which exhibit clear time-of-flight dispersion. Ray tracing using
single trajectory computations suggests that these ions are launched from a source located in the
8,000–12,000 km altitudinal range and subsequently propagate downward toward the ionosphere. Such
observations of quasiperiodic dispersed downflowing ions are new, and we argue that these structures could
be produced by ion-wave interactions at midaltitudes.

1. Introduction
Dispersed ion structures in the auroral zone have been reported in a number of observational studies. Some
key features may be extracted from these studies, most dispersions being interpreted as the result of either
the effect of the large-scale convection electric field or time-of-flight effects acting on particles ejected from
the equatorial vicinity. For example, in the cusp region near noon, the convection electric field transports low-
energy ions toward high latitudes when the interplanetary magnetic field points southward, which leads to
clear energy-latitude dispersion (e.g., Reiff et al., 1977; Rosenbauer, 1975; Shelley et al., 1976; Smith &
Lockwood, 1996). Sporadic and recurrent ion injections originating from the low-latitude boundary layers
have also been reported by Woch and Lundin (1992) and Stenuit et al. (2001) in the dawn and dusk sectors
of the aural oval.

In the nightside sector, time-of-flight effects have been invoked to explain repetitive dispersed ion structures
measured near the poleward boundary of the auroral oval during substorms, the source regions being
located in the nightside close to the equatorial plane (Sauvaud et al., 1999; Sergeev et al., 2000). These ions
subsequently drift in longitude, while bouncing between mirror points, which leads to further energy
dispersed structures (Hirahara et al., 1996, 1997). In the low-latitude dayside sector, multiple bands of ions
have been observed near the equatorial edge of the auroral zone by the DE 1 and DE 2 spacecraft (Frahm
et al., 1986; Winningham et al., 1984). Here it was proposed that the decreasing ion energy with decreasing
latitude was due to convective dispersion. More recent FAST observations of multi-energy events near local
noon at several thousand kilometers altitude were proposed to have originated in a temporally localized, spa-
tially extended, equatorial source (Boehm et al., 1999).

In the inner nightside magnetosphere, Mauk (1986) argued that some dispersed ion structures during
substorms may follow from impulsive energization and related breaking of the second adiabatic invariant
due to the short-lived electric field induced by magnetic field line reconfigurations. Close to the plasmapause
inside the diffuse aurora, the convection and corotation electric fields are at the root of energy structures for
ions of both magnetospheric and ionospheric origins. For example, Delcourt et al. (1999) showed how low-
energy ions extracted from auroral arcs in the high-latitude ionosphere can be transported to lower latitudes
and locally form a sub-keV population. In the morning side of the diffuse auroral zone, low-energy ion bands
are systematically detected and are presumed to be generated by drifting under the combined effect of
magnetic and electric fields after substorms (e.g., Hirahara et al., 1997; Kovrazhkin et al., 1999; Sauvaud
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et al., 1981; Yamauchi et al., 2014). More recently, during the strongest geomagnetic storms encountered by
FAST and DEMETER satellites, long-lasting energy-banded ions have been detected in the low-latitude
subauroral zone over L values ranging from ~2 to 3.5, in conjunction with banded very low frequency
emissions (Colpitts et al., 2012).

In this study, we report a new type of dispersive structures recorded in the 200 eV–28 keV energy range.
These structures were observed near the equatorward boundary of the diffuse auroral zone in the midnight
sector during episodes of small to moderate storms and enhanced electrojet currents. We will show that
these structures result from time-of-flight dispersion of ions propagating downward from a source located
not in the equatorial region but at altitudes of 1–2 Earth radii (RE). We find that the microinjections are related
to ultralow frequency (ULF) waves with quasi-periods on the order of 10 s as evidenced from pulsation mag-
netometers in the conjugate area of the satellite. We argue that the microinjections result from nonlinear
interactions of keV ions with electromagnetic ion cyclotron waves (EMIC) modulated by the ULF waves.

2. Instrumentation

The measurements reported in this study were obtained from the AMBRE instrument onboard JASON-3,
which is a three-axis stabilized spacecraft that was launched on 17 January 2016 on a nearly circular orbit
at 1,336 km altitude and 66° inclination. AMBRE consists of two coupled top-hat analyzers, one for ions
and the other for electrons in the 20 eV–28 keV energy range. The field of view of both spectrometers is
180° × 6° centered on the zenith. The 180° plane of view is divided into four anodes, the two central ones
(sectors 2 and 3) looking at precipitating particles while the two side ones (sectors 1 and 4) record nearly
trapped particles (note that the angular resolution of each anode is only ~35°). The geometries of both elec-
tron and ion analyzers are identical, except that the electron analyzer has an entrance grid with a transpar-
ency of 10% (Sauvaud & Payan, 2017). The AMBRE spectrometers provide particle spectra with 128, 32, or
16 energy steps with a time resolution that varies from 0.5 to 2 s. Most of the particle spectra presented in
this study are with 16 energy steps acquired in 2 s. The geometrical factor of a single anode is
1.7 · 10�3 cm2.ster.eV/eV for ions and 1.5 · 10�4 cm2.ster.eV/eV for electrons.

3. Data Presentation

To set up the framework of this study, Figure 1 shows the Dst index for the AMBRE data periods of interest,
indicated by red dotted vertical lines. It can be seen in Figure 1 that all the cases that will be discussed here
occurred during the recovery phase of small or moderate storms. Figure 2 shows a typical example of banded
ions observed by AMBRE during these passes. This figure shows measurements from 21:45:30 UT to 21:54:30
UT on 3 February 2017, which corresponds to a disturbed magnetic period within a small storm recovery
phase (Dst = �22 nT in Figure 1). The spacecraft reaches its maximum invariant latitude over Scandinavia
at this time, allowing us to use local auroral indices to further characterize the observational context. These
indices include IL and IU values (and equivalent AL and AU, respectively) deduced from the IMAGE magnet-
ometer chain. They are shown in Figure 3a, which reveals that the pass occurred during a period of strong IL
index (≈ �400 nT) at the beginning of the recovery phase of successive substorms starting around 19:45 UT
on the same day.

The top panel of Figure 2 displays the color-coded energy flux of electrons measured from 20 eV up to 28 keV
over 180°, while the middle and bottom panels of this figure are for ions in the same energy range but for
pitch angles of 55–90° and 10–35°, respectively. Note that, during this pass, JASON-3 was located close to
midnight. In Figure 2, banded ions are noticeable at invariant latitudes between 64° and 65.2°, which corre-
sponds to an L range of 5.2 to 5.68. The AMBRE electron spectrometer also detected plasma sheet electrons
around 10 keV and secondary low-energy electrons of ionospheric origin. Note that weak discrete arcs are
embedded inside the diffuse auroral zone, which is a known characteristic of this aurora (e.g., Lui et al.,
1977). In addition, note that at the beginning and at the end of the time interval in Figure 2, the satellite
was inside the outer radiation belt, as evidenced from the nearly uniform background fluxes detected over
the whole energy range.

Figure 2 shows a prominent correlation between the occurrence of trapped ion structures and the weak and
discrete structures of auroral electrons at energies below ~200 eV. In particular, while dispersed ion bands are
clearly noticeable in the energy spectrogram of nearly trapped ions (center panel), these bands are much less
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Figure 1. Dst indices for the six JASON-3 passes presented in this study. The dashed red lines indicate the times of the passes.

Figure 2. Color-coded particle spectrograms for the 3 February 2017 pass: (top) electrons from 20 eV to 28 keV measured over 180°, (middle) ions from 20 eV to
28 keV at pitch angles between 55° and 90°, and (bottom) ions at pitch angles between 10° and 35°.
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pronounced in the spectrogram of 10–35° pitch angle ions (bottom panel).
This is a quite general trend of the dispersion features reported in this
study, indicative of a prominent flux anisotropy in the 2–10 keV energy
range. The dispersion of precipitating ions resembles that of trapped ions
but spreads over a smaller energy range. In both cases, a low-energy cutoff
is noticeable at 200–300 eV.

Figure 4 provides another example of ion structures occurring two days
later on 5 February 2017 during the recovery phase (Dst = �18 nT in
Figure 1) of the same small storm. IL and IU variations for this latter case
are shown in Figure 3b. This JASON-3 pass occurs during a quiet period
that immediately follows some severe substorms with IL reaching
�500 nT. In Figure 4, the electron spectrogram (top panel) clearly shows
the outer radiation belt background as well as a two-component auroral
precipitation, one of these components reaching 10 keV while the other
is less energetic and extends from a few tens of eV up to ~5 keV. The equa-
torward boundary of the diffuse auroral zone is here encountered near
20:36 UT. The ion spectrograms in Figure 4 again display microinjections
with a maximum duration of ~25 s, some of these structures being
embedded within the outer radiation belt on the ascending part of the
orbit. As in Figure 2, the nearly field-aligned ions (with pitch angles
between 10° and 35°; bottom panel of Figure 4) exhibit much less clear
structures with the exception of one that begins at 20:40:30 UT and lasts
about 20 s. This isolated structure is associated with another remarkable
one in the trapped ion spectrogram (center panel). A main difference
between Figures 2 and 4 is that in the latter figure, there is no evidence
of discrete auroral electron structures associated with the ion bands.

In both Figures 2 and 4, it can be seen that microinjections begin at 28 keV,
which is the AMBRE highest energy channel so that these structures very
likely extend above this upper threshold. This suggests that the ions
involved in the observed structures could be protons since CRRES observa-

tions revealed that these ions may account for up to 60–90% of the total ion density in the 20–426 keV range
at L ≈ 5 during disturbed times (e.g., Daglis et al., 1995) and the low-energy component contributes most to
the density. Moreover, a statistical analysis of Cluster ion data between 1 and 40 keV/q indicates that the
mean proton density in the 7–8 L range always exceeds the O+ density by a factor 5 (Kp = 4) or even 7
(Kp = 2) (Maggiolo & Kistler, 2014).

Figure 5 provides three other examples of successive ion microinjections before and after midnight. These
passes occur on 9 and 16 September 2017 and on 15 October 2017 during the recovery phase of three
storm onsets occurring on 7 September, 14 September, and 11 October 2017 (see Figure 1). At the time
of the measurements, Dst values were �92 nT and �32 nT and �40 nT, respectively. In Figure 5, the
180° electron spectrogram and the nearly trapped ion spectrogram are plotted for each case. In the
two September cases, dispersed ion structures are detected without any counterpart in the electron spec-
trogram, while for the October case, weak discrete electron structures can at times be seen in conjunction
with the ion structures. Note here that these microinjections are detected at somewhat lower invariant
latitudes than in the preceding examples displayed in Figures 2 and 4 (viz., between 62° and 64° on 9
September 2017, between 61.5° and 62° on 16 September 2017, and between 58° and 62° on 15
October 2017). As in the preceding cases, the ion structures are much fainter (or even vanish) in the nearly
parallel direction (not shown). Altogether, Figures 2, 4, and 5 demonstrate that JASON-3 frequently
encounters quasiperiodic ion microinjections inside the diffuse auroral zone during the recovery phase
of storms. The cases presented above demonstrate that the observed microinjections start close to the
equatorward boundary of the diffuse auroral zone. However, in a few cases, JASON-3 encountered them
in various regions of the diffuse auroral zone, from the southward boundary of the discrete oval down
to the outer radiation belt.

Figure 3. (a) IL (AL) and IU (AU) indices for the 3 February 2017 pass.
(b) Identical to (a) but for the 5 February 2017 pass.
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4. Possible Origin of the Ion Energy Microinjections

To our knowledge, the ion structures presented above with dispersed ions that propagate downward near
the equatorward edge of the auroral zone have not been reported so far in the literature. For instance, in
the FREJA observations of Hultqvist (2002), downward acceleration of ions (up to 3 keV) was reported at aur-
oral latitudes but velocity dispersion effects were not considered of importance. The features described in the
present study are characterized by small time scales (typically, 10 to 20 s), which leads us to refer to them as
“microinjections.” It is unlikely that the ions involved in these features originate from the magnetospheric
equatorial region since the one-fourth bounce difference between 20 and 1 keV ions reaches more than
60 s at L = 5 and thus largely exceeds a single injection duration. A simple way to evaluate the altitude of gen-
eration of these ions is to check if the ion structures vary linearly while plotting 1/V as a function of time. Such
a fit is presented in Figure 6 for a selection of energy bands. It is apparent that the observed structures can be
reasonably well approximated by straight lines, yielding an injection distance from JASON-3 of ~1.2 RE. At this
distance, ions likely are accelerated by some process and they subsequently propagate downward, reaching
the spacecraft at distinct times depending upon their energy, hence, the observed dispersions. This linear
relationship holds for all the microinjections reported here, provided that they are clear enough to allow a fit.

To take into account pitch angle variations along the particle paths as they approach the ionosphere, single
particle tracing backward in time from JASON-3 position was performed using Tsyganenko (1989) magnetic
field model (with Kp level of 2 for the selected observation periods). Two examples of trajectory computations
are shown in Figure 7, considering distinct initial positions within the ion structures of 3 and 5 February 2017
(shown in blue and red, respectively). It can be seen in this figure that for nearly field-aligned ions (i.e., 25° at
JASON-3 altitude; trajectories shown in red), the ion paths converge near 8,100 km altitude (the local pitch
angle being of ~8°), while for trapped ions (i.e., 80° at JASON-3 altitude; trajectories shown in blue), ion path
convergence occurs above 10,000 km altitude (local pitch angle of 15°).

These calculations provide insights into the altitudinal region where microinjections are produced but the
question remains on the mechanism responsible for the production of such structures. In this regard, it is
not possible to thoroughly explore the physical process responsible for the observed injections using
JASON-3 data since AMBRE is the only instrument that measures plasma parameters. Several mechanisms
can be considered that invoke either direct wave-particle interactions and/or scattering by an impulsive

Figure 4. Identical to Figure 2 but for the 5 February 2017 pass.
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electric field. Here it should be stressed that the generation process must be short-lived and recurrent.
This excludes the possibility of a static electric field that would smear out the energy dispersions. After
the occurrence of a microinjection, another one of these acceleration structures must develop to
produce the subsequent microinjection that is observed by JASON-3 as it flies in longitude/latitude. In
other words, the very recurrence of the banded pattern recorded along JASON-3 pass contains
information on the physical mechanism at work at higher altitudes, although its exact nature cannot
be determined from the AMBRE data alone.

Figure 5. Color-coded energy flux for electrons measured over 180° and ions with pitch angles between 55° and 90° for passes occurring on (top) 16 September
2017, (middle) 9 September 2017, and (bottom) 15 October 2017 (see Figure 1).
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Various studies have shown that EMIC and fast magnetosonic waves can resonate with protons and favor
their precipitation via scattering toward the loss cone (e.g., Jordanova et al., 2007; Xiao et al., 2014).
However, linear calculations of the diffusion coefficients that require detailed knowledge of the amplitudes
and spectral properties of the waves generally consider bounce-averaged conditions and lead to interaction
times of at least 1 min to efficiently scatter protons. These processes can be at the root of the presence of the
ion reservoir at altitudes higher than about 10,000 km but cannot explain the formation of microinjections
toward low altitudes. In order to explain the present observations, the source process must be located out-

side the equator and acting over a time scale of at most several
seconds. Nonlinear interactions, which prevail off-equator where
particles have an increasing perpendicular velocity and where waves
have an increasing perpendicular component of the normal vector,
occur on such small time scales (e.g., Zhu et al., 2012) and thus appear
as good candidates to explain the observations.

As demonstrated in Figures 4 and 5, ion microinjections may be either
associated with discrete electron structures or not. To better demon-
strate this phenomenon, we searched for additional cases where the
ion dispersions can be related without any ambiguity with discrete
auroral structures embedded in the diffuse auroral zone (i.e., in con-
junction with an adjacent enhanced upward current). Figure 8
presents an example on 27 October 2016 in the evening sector during
a storm recovery period. In this case, more accurate particle energy
spectra (viz., 32 energy steps in 1 s) were acquired with the AMBRE
instrument. It is clearly apparent from Figure 8 that some ion disper-
sions are closely related with electron structures. Here again, the
maximum energy of the ion dispersions reaches the upper limit
(28 keV) of the detector so that the downflowing population likely
extends above this limit. For this case, the microinjections are nearly
periodic with a period of about 15 s. More generally, all observed
microinjections exhibit some quasiperiodicity with a recurrence time

Figure 6. 1/V versus time spectrograms for two events occurring on (top) 3 February 2017 and (bottom) 5 February 2017. For propagation dispersion of the ions, this
should be a linear relationship, with the slope determining the distance to the source location.

Figure 7. Particle tracing backward in time from JASON-3 position for two ion
microinjections: (top) altitude and (bottom) pitch angle versus time. The blue
and red trajectories correspond to ions that are trapped (80° pitch angle) and
nearly field-aligned (25° pitch angle) at JASON-3 altitude, respectively. The time
t = 0 corresponds to the detection time of the highest energy ions.
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varying from 10 up to 25 s. This recurrence time scale of microinjections is reminiscent of ground Pi1-ULF
pulsations, which consist of magnetic pulses spaced irregularly 1–40 s apart (Heacock, 1967). To check this
hypothesis, we performed a search of pulsations using conjugate rapid-run magnetometers in Scandinavia.
Figure 9 presents such magnetic field and ion data for the 9 March 2017 event. The satellite was flying over

Figure 8. Color-coded particle spectrograms: (top) electrons from 20 eV to 28 keV measured over 180°, (middle) ions from 20 eV to 28 keV at pitch angles between
55° and 93°, and (bottom) 1/V versus time spectrogram of ions with pitch angles between 4° and 32°.

Figure 9. Comparison of the pulsation magnetometer H component at Rovaniemi and recurrent microinjections measured on 9 September 2017. The Finnish
Rovaniemi ground station is located inside the spacecraft conjugate area.
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the Finnish Rovaniemi station located at 63.6° invariant latitude close to the JASON-3 field line foot when
recurrent microinjections were detected. The top of Figure 9 presents the corresponding pulsation magnet-
ometer H component. The bottom panel shows the ion data in the 50°–90° pitch angle range. There is a clear
relationship between the ion and magnetic Pi1 pulsations with a 10 s quasiperiodicity (with a superimposed
high-frequency signal, between 3 and 10 Hz). Two other microinjection events associated with micropulsa-
tion were detected on 3 and 5 February 2017 (see also Figures 2 and 4). These ion injections occurred again
in association with Pi1 magnetic pulsations (not shown) with superimposed higher frequency signals
between about 3 and 10 Hz. As shown by Arnoldy et al. (1992), Pi1 originate from local ionospheric currents,
magnetospheric waves, and resonant cavity modes.

This relationship between magnetic pulsations and microinjections leads us to propose that the injections
could be due to nonlinear interaction of ions with EMIC waves whose amplitude is being modulated by
ULF waves, as shown, for example, by Rasinkangas and Mursala (1998) and Usanova et al. (2010).

5. Conclusions

During weak and moderate magnetic storms, the AMBRE experiment onboard JASON-3 repeatedly recorded
recurrent dispersed ion structures on the equatorward side of the diffuse auroral zone, some of them in asso-
ciation with embedded small arcs. Because they occur on time scales of a few seconds, we refer to these
structures of downflowing time-of-flight dispersed ion structures as microinjection features, which to our
knowledge have not been reported so far in this region of space. Ray tracing of these injections suggests that
the particles propagate downward from a source located not in the equatorial region but at altitudes
between 8,000 and 11,000 km, with an upper limit near 2.2 RE. In some instances, up to 10 structures have
been recorded in the 200 eV–28 keV energy range at invariant latitudes between 61° and 65° (equivalently,
L parameter between 4.25 and 5.4). During such disturbed periods, the equatorward boundary of the diffuse
auroral zone is close to (or even adjacent to) the plasmapause and the ion ionospheric trough (Moldwin et al.,
2002; Yizengaw et al., 2005). A possible mechanism at the root of such dispersions is the acceleration and
angular scattering following nonlinear interaction of ions with EMIC waves at midaltitudes. The close associa-
tion of microinjection recurrence with Pi1 waves recorded close to the conjugate footprint of the spacecraft
suggests a causal relationship between microinjection recurrence and magnetic pulsations, which could
modulate EMIC waves. Still, thorough investigation of the mechanism responsible for these ion structures
and for the associated electron structures, which appears as an important element of the overall auroral elec-
trodynamics, clearly requests further studies and awaits a spacecraft with instrumentation fully dedicated to
auroral physics.
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