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Abstract. The Jovian Energetic Neutrals and lons (JENI), part of the Particle Environment Package (PEP), on the Jupiter Icy
Moons Explorer (JUICE) spacecraft is a state-of-the-art detector, capable of analyzing the energy and direction of incident
Energetic Neutral Atoms (ENAs) from planetary magnetospheres. Our analysis focuses on 2.86-85.5 keV Hydrogen ENA
measurements between 21 to 24 August 2024 when JUICE performed the Lunar and Earth Gravity Assist (LEGA). During
the LEGA, JENI had a unique opportunity to obtain continuous, 7.5-minute accumulation time global images of the
terrestrial magnetosphere as the spacecraft moved outward from ~17 to 150 Earth Radii. Although there were no indications
of substantial geomagnetic storms developing during that time, substorm activity was observed based on eight distinct dips
of the SuperMAG AL (SML) index down to ~-250 nT for the four last ones and even down to ~-400 nT for the four first
ones. Our results indicate increased ENA emissions associated with the onsets of these events, suggesting direct responses to
the increased energetic ion activity during those substorm events. Unlike the periods of intense geomagnetic storms, during
which proton intensities build up the ring current evolving from an asymmetric distribution during the main phase to a
roughly symmetric distribution during the recovery phase, the images from JENI during this interval show non-uniform
ENA emissions in the plasma sheet, suggesting transient processes, such as a series of repeated nightside injections. The
nightside ENA intensities are generally brighter than those from the dayside, possibly reflecting magnetotail processes

associated with energetic ions being injected.

1 Introduction

Energetic neutral atom (ENA) imaging has emerged over the years as a powerful means to diagnose the global, underlying
ion distributions of the terrestrial magnetosphere (e.g. Brandt et al. 2021; 2022) and the magnetospheres of the outer planets
together with moons exospheres (e.g. Krimigis et al. 2002, Mauk et al., 2003, 2004; Mitchell et al., 2004, Barabash et al.,
2006; 2007, Orsini et al., 2010, Brandt et al., 2008; 2010; 2012, Dialynas et al. 2013). As a magnetically trapped ion in the
magnetosphere exchanges charge with a stable, cold neutral particle, the ion is thereby neutralized and becomes an ENA.
Sufficiently energetic ENAs, i.e. exceeding their escape energies (e.g. E>1 eV at Earth) travel in straight lines from their
origin, maintaining their direction, energy, and species. Thus, ENA imaging provides global images of the underlying
plasma distributions together with valuable compositional and spectral information, being the only technique capable of
imaging the dynamics of the ion population over large parts of a magnetosphere simultaneously, e.g. the Earth’s plasma
sheet and ring current.

From reconstructed ENA images based on IMP-7/8 measurements (e.g. Roelof et al. 1985) to the first ENA images
of the terrestrial ring current from MEPI/ISSE-1 (e.g. Roelof, 1989), or subsequent ones from Cassini/INCA in 1997 (e.g.
Krimigis et al. 2004) and the Low Altitude Emissions from Astrid (e.g. Brandt et al., 1997), the modern ENA cameras, like
the Imager for Magnetopause-to-Aurora Global Exploration (IMAGE; Burch, 2000) and the Two Wide angle Imaging
Neutral-atom Spectrometers (TWINS; McComas et al. 2009), have provided detailed ENA observations of the plasmasheet
(e.g. Brandt et al. 2002) and the global state of the ring current during geomagnetic storms (Mitchell et al. 2003).
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Substorm injections have been observed with the IMAGE/HENA ENA camera [Brandt 2021; Mitchell 2003].
However, HENA’s spin duty cycle and low sensitivity only allowed for tens of minutes time-averaged measurements.
Keesee et al. (2021) used TWINS ENA data to develop ~3-min averaged (i.e., during 2 sweeps of the actuator that rotates to
provide the second spatial dimension) “effective” temperature maps. They presented localized regions of increased ion
temperature by projecting the pixels to the magnetic equator. Those regions were associated with a dipolarization front with
bursty ion flows measured by the in-situ MMS mission (Burch et al. 2016). However, due to low sensitivity of the ENA
camera onboard TWINS (due to very small geometric factor and duty cycle; McComas et al. 2009), only limited energies
can be used (2-32 keV), assuming Maxwellian distribution, to retrieve those temperatures.

Injections at Earth are a complex phenomenon, but the storm-time vs non storm-time cases exhibit some clear
signatures in particle dynamics that can easily be identified in ENA images. In brief, storm-time substorms include a gradual
increase of hydrogen ENA intensities in both the plasmasheet and the ring current, together with a very sudden
intensification of oxygen ENAs related to non-adiabatic acceleration of ions during rapid magnetic field reconfigurations
(e.g. Mitchell et al. 2003). Similar characteristics have been reported at Saturn using Cassini measurements (e.g. Mitchell et
al. 2005, Dialynas et al. 2009). Injection events that are not related to geomagnetic storms show weak, or no intensification
of oxygen ENAs due to the lack of significant amounts of singly ionized oxygen in the plasma sheet (e.g. Nose et al. 2010).
Whatever the mechanism responsible for plasma transport and acceleration in the magnetosphere, the injections occur
consistently with substorm auroral activity (e.g. Liou et al. 2000).

In the present analysis we employ Hydrogen ENA observations from the Jovian Energetic Neutrals and Ions (JENI)
instrument on the Jupiter Icy Moons Explorer (JUICE) spacecraft to discuss substorm dynamics of the ENA emissions
around Earth from vantage points much further away from the Earth than any other previous mission. Section 2 describes the
measurement techniques, Section 3 describes our analysis of the measured ENAs, whereas sections 4 and 5 provide a short

discussion of our results and a short summary, respectively.

2 The Jovian Energetic Neutrals and Ions (JENI) Instrument

We use ENA measurements from the Jovian Energetic Neutrals and Ions (JENI) instrument (Mitchell et al. 2016), part of the
Particle Environment Package (PEP) suite on board the Jupiter Icy Moons Explorer (JUICE) mission to Jupiter. JENI is a
combined ENA and ion detector with a large field of view (=92°x120.6°) that builds on the heritage of the High-Energy
Neutral Atom (HENA) camera (Mitchell et al. 2000) on board the IMAGE mission and the Ion and Neutral Camera (INCA)
on the Cassini spacecraft (Krimigis et al. 2004) that operated between 1997 to 2017, and it is almost an identical copy to the
IMAP-Ultra detector (Gkioulidou et al. 2026), taking high signal-to-noise images of Energetic Neutral Atoms (ENAs).

JENI is capable of alternating between ion and ENA modes. During the observation period analyzed here, JENI was

operated in ENA mode, where its thin conductive plates were held at a relatively low voltage about 1 kV deflecting charged
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particles up to about 20 keV/q, but will be run at a higher voltage during its prime mission at Jupiter. A variable aperture slit
can accommodate different geometric factors (0.001 - 1.85 cm? sr) and effectively filter Ultraviolet (UV) light when the Sun
is in the detector’s field of view (FOV). The detector can analyze separately the gross composition, velocity and direction of
the incident ENAs, based on the time-of-flight (TOF) technique and defines several energy channels within the energy range
of ~1 to ~110 keV. The nominal angular resolution of JENI is ~10° FWHM at ~5 keV incident energy for hydrogen, ~10° at
~20 keV incident energy for Oxygen (~20° at 10 keV total energy), but can be energy dependent, increasing toward lower
energies. More details about JENI can be found in Brandt et al. (2026).

3 Energetic Neutral Atom Observations

In order to direct its trajectory towards Venus, the JUICE spacecraft performed the so-called Lunar and Earth Gravity Assist
(LEGA) during the time period between 19 and 23 August 2024. As depicted in the left panel of Figure 1, the spacecraft
entered Earth’s magnetosphere from the tail and approached Earth at 21:16 UTC on 19 August 2024. At the outbound leg of
this trajectory, between 21 August 2024 (~00:15 UTC) and 23 August 2024 (~22:50 UTC) JENI was set to ENA mode,

providing remote observations of the terrestrial environment (middle and right panels of Figure 1).

Juice Trajecory (GSE) 2024/08/19-24 2024/08/21, 8:56 UTC (28 Rg) | 6.5-15.1 keV 2024/08/21, 8:56 UTC (28 R) | 15.1-85.5 keV
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Figure 1: (left) The trajectory of JUICE between 19 and 24 August 2024 in the Geocentric Solar Ecliptic (GSE) coordinate system, in
which the X-axis is pointing towards the Sun, the Z-axis points toward north (perpendicular to the ecliptic plane), and the Y-axis
completes the right hand system, pointing towards dusk. In this projection, JUICE approaches from the left. A small trajectory deflection is
observed at the moon flyby. Markers along the trajectory are spaced every 6h. (Middle) Characteristic, 7.5-minute accumulation time, high
energy resolution images of 6.5-15.1 keV ENAs from JENI, after JUICE crossed the magnetopause. The Earth is shown in the middle of
these images, whereas its dipole L-shell lines at L=4 and L=8 at local times 00:00, 06:00, 12:00, and 18:00 are also included for reference.
(Right) The corresponding high angular resolution images of 15.1-85.5 keV ENAs from JENI. In both data plots, the flipped appearance of
the Earth’s magnetosphere is due to the projection of the observations in the instrument frame.1.1.2 Equations
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During the time period where JENI was set to ENA mode, JUICE was surveying the equatorial plane and traveling
away from Earth, through a radial distance of about 17 Rg and beyond, resulting in a series of more than 500 continuous 7.5-
minute accumulation time images up to ~150 RE (1 Rg ~ 6,378 km). The images in the right panels of Figure 1 provide first
observations from JENI regarding the variation in the Hydrogen ENA emission from the terrestrial ring current and
plasmasheet. The bright, predominantly night-side emission in Figure 1, where JUICE was close to Earth at ~19 Rg is
slightly diminished about 4 hours later, as it moved further away by ~9 Rg. The fainter emissions from dayside exhibit a
similar variability, although they look less prominent. These images can be considered to be representative of the Hydrogen

ENA emissions around Earth beyond~ 6.5 keV.
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Figure 2: (top left) Hydrogen ENA counts for different energies between 2.86 and 85.5 keV, summed over selected pixels
around Earth that include the entire magnetosphere (both the dayside and nightside) and plotted as a function of JUICE’s
distance to Earth. Each datapoint corresponds to a 7.5-minute accumulation time image. The R? lines (red lines) are drawn
for reference, whereas the gray lines indicate events of increased geomagnetic activity according to the SML index. (bottom
left) One minute resolution SMU and SML indices provided by the SuperMAG collaborators (Newell and Gjerloev 2011)
that correspond to JENI’s observation period (21 to 24 August 2024) plotted as a function of time. The time periods where
SML suggests substorm activity are indicated with dashed gray lines. (Right) A series of 7.5-minute accumulation time,
15.1-35.6 keV Hydrogen ENA images before and during the periods of increased geomagnetic activity, slightly smoothed to

aid interpretations.
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Figure 2 provides a more comprehensive view of the variability of the ENA emissions from Earth during the
LEGA. The summed counts in the top left panel of Figure 2 indicate that the 2.86-85.5 keV ENA emissions are decreasing
with increasing spacecraft distance. Notably, the overall ENA signal strength falls off as the spacecraft moves away from the
ENA source roughly following a R line (e.g. Mitchell et al., 2004). However, as clearly shown in Figure 2, the rough R
trend is interrupted by slight enhancements (Ei, i=1-8) in the total counts, apparent throughout the 2.86-85.5 keV energy
range (although the changes in the 2.86-6.5 keV channel are somewhat less pronounced) which roughly coincide with the
time periods where the SuperMAG AL (SML) index (e.g. Newell and Gjerloev 2011), a generalization of the AL index
capturing the magnitude of substorms (bottom left panel in Figure 2), is minimum. In fact, the histories of total ENA counts
around Earth shown in the top panel of Figure 2 reveal enhancements up to at least 135 Rg.

Albeit the interplanetary magnetic field (IMF) did not display any noteworthy magnitude and/or direction changes
and there were no indications of any substantial geomagnetic storm developing during the time period where JENI was
imaging the terrestrial magnetosphere, the SML index shows clear substorm activity. While ENAs are considered to be long
distance communicators of the processes that their parent ion distributions undergo, we conclude that these increased ENA
emissions are a direct response to the increased energetic ion activity during those substorm events. The series of 15.1-35.6
keV Hydrogen ENA images in the right panel of Figure 2 further corroborate this conclusion, showing that ENA emissions
around Earth broaden and increase in intensity during each substorm event (here we only focused on the three first substorm
events, E1-E3).

Studying the terrestrial plasma sheet (or the ring current) with ENA images requires excluding pixels that can be
attributed to LAEs. LAEs are due to mirroring ions that undergo charge exchange with the ambient singly ionized oxygen at
the top layers of the terrestrial atmosphere (e.g. Roelof 1997, Brandt et al. 2001, Goldstein et al. 2018) and can substantially
dominate the ENA emissions compared to those from the plasmasheet. To roughly differentiate between ENAs that are due
to Low Altitude Emissions (LAE) and those that originate from the plasmasheet, Figure 3 shows the intensities of 2.86 - 85.5
keV ENAs using selected pixels from the dayside and the nightside, away from Earth.

Clearly, the nightside plasmasheet is more pronounced and the ENA flux decay is somewhat less steep as a function
of distance than the ENA flux associated with the dayside. Most importantly, unlike the dayside ENA intensities that keep
decreasing, the ENA flux on the nightside increases right after the E1 event. This suggests that we are likely looking at
transient processes, such as a series of repeated nightside injections that are not necessarily related to a global process, e.g. a
global geomagnetic storm, where the Hydrogen ENA flux would be enhanced nearly symmetrically around Earth, with

associated O" enhancements in the ring current region (e.g. Daglis, 1997; Daglis et al., 1999, Mitchell, et al., 2003).
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Figure 3: Color coded ENA flux as a function of distance produced by averaging, high energy resolution, 2.86-85.5 keV Hydrogen ENA
intensities over selected pixels from the (top) nightside and (bottom) dayside magnetosphere, avoiding pixels close to Earth that could be
attributed to Low Altitude Emissions (LAE). The spectrogram is slightly smoothed in the energy-direction to enhance visibility. As JUICE
moves away from Earth, the process of avoiding pixels including LAEs becomes increasingly difficult and the ENAs from the plasmasheet
can be fairly resolved up to ~50 RE, and this is why E3 (>60 RE) is not plotted here. The use of high angular resolution images would
extend this range to longer distances, but would not allow resolving the energies in four discrete energy channels between 2.86-85.5 keV,
as shown here. The dashed black lines correspond to the first two substorm events identified via the SML index in Figure 2. During the
imaging period, the voltage at JENI’s deflection plates was set to relatively low values, i.e. ~1.0 kV, but was adequate to sweep out
protons from the detector up to about 20 keV. Given that JUICE is mostly outside Earth’s magnetosphere, the foreground ion intensities

are substantially lower than the ENA intensities.

A closer investigation of the ENA enhancements for E1 is shown in Figure 4 (E2 and beyond show similar
signatures). The image on the top left panel of Figure 4 (12:03 UTC) exhibits relatively enhanced ENA emissions close to
Earth, roughly around the L=8 line, followed by a large intensification of the night side emissions (13:03 UTC) consistent
with E1 identified in Figure 2. The ENA emissions on the nightside remain high beyond about 2 hrs (15:11 UTC) after the
onset of E1. The dayside ENA emissions do not show the same variability as the nightside, but remain nearly constant

throughout the E1 event.
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Figure 4. (left) A series of 82.5-minute accumulation time, 15.1 - 85.5 keV high angular resolution images of Hydrogen ENAs (top) right
before E1 (middle) right after E1 and (bottom) as E1 progresses (details about E1 and other events are shown in Figure 2). The images are

slightly smoothed to better aid interpretations. (right) The corresponding energy spectra of 2.86-85.5 keV Hydrogen ENAs from the

measurements shown in Figure 3.
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These characteristics are very consistent to other “non-storm” time injection events identified previously by the
IMAGE/HENA at Earth (e.g. Brandt P. C. 2021). In addition to the nightside enhancements, the images after the onset of E1
show a distinct enhancement in ENA intensities at low altitudes (compared to the one before E1), possibly indicative of
LAEs. While particles of ~10 keV to a few 100s of keV dominate most of the total current density (e.g. Daglis et al., 1999),
it is possible that a fraction of the same particles injected from the plasma sheet forming the ring current are charge
exchanging and being lost as LAEs (e.g. Mackler et al. 2016). However, our preliminary analysis of these ENA emissions
cannot resolve these effects and conclude whether these low altitude ENA enhancements are a direct response to the E1.
Such questions can be addressed via forward models or other inversion techniques (e.g. Roelof and Skinner 2000;
DeMayjistre et al. 2004; Brandt et al. 2022), a task that would be performed in a future analysis.

The 2.86-85.5 keV ENA intensities deviate from a standard power law form in energy (Right panel in Figure 4).
The ENA energy spectra seem to develop a slight roll off below ~6.5 keV. Albeit the nightside intensities are persistently
higher than those from the dayside, we do not observe changes in the slopes or the peaks of the distributions, at least not for
the ENA energy spectra surrounding E1. Notably, most of the change between the pre and post-event spectra occurs at
energies between 6.5 keV and 55 keV whereas the higher energy ENA intensities are higher before the E1 event. Although
this may be part of the standard ENA intensity variation/fluctuation at this energys, it is also not inconsistent with the fact that
during injections, ions with energies below about a few tens ofkeV contribute more significantly to the ring current and
plasma sheet than those with higher energies (e.g. >100 keV). Higher-energy protons usually dominate during quiet times,
and although not specific to our analysis- also during the recovery phase following a geomagnetic storm (e.g. Gkioulidou et

al. 2016). However, it is still puzzling why the 35.6-85.5 keV channel is low in intensities during the event.

4 Discussion

Our analysis indicates that the overall morphology of the 2.86-85.5 keV ENA emissions during LEGA is not consistent with
a global process, such as a global geomagnetic storm, but transient processes, such as a series of repeated nightside
injections. This is further corroborated by the fact that during the LEGA there are no indications of a storm, but only changes
in the SML index that point toward non-storm injections from substorm auroral activity. The correlation between ENA and
the non-storm time substorm activity has been documented before (e.g. Brandt et al. 2018 and references therein), not only
for Earth, but also Saturn (e.g. Mitchell et al. 2005). Apparently, even localized magnetospheric processes, such as the
nightside injections, produce pressure driven currents that trigger the aurora, and ENA imaging is a very efficient way to
capture the dynamics of the system.

There are still two issues concerning our results, requiring further analysis in the future. The first is that the low
energy ENA channel (2.86-6.5 keV) is less responsive to the injection events than higher energies (6.5-85.5 keV). For
example, although the 2.86-6.5 keV ENA emissions increase after each nightside injection episode, they do so with a slight
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time lag (e.g Figure 1). This may be due to the fact that the total current density at Earth’s plasmasheet is dominated by
particles of ~10 keV to a few 100s of keV (e.g. Daglis et al., 1999). The second issue is that between ES and E6 we see ENA
enhancements which may correspond to a very small change in the SML index, meaning that ENA variability at Earth is
complex and may not be uniquely attributed to those nightside injections.

The fact that the LEGA observations demonstrated the capability of JENI to achieve a continuous survey of a much
weaker ENA emitting system, gives us confidence that JENI observations, combined with those by the other PEP ENA
imager (Jovian Neutrals Analyzer), will also allow us to identify and disentangle variability components also in a complex
system like Jupiter. JENI was able to provide a detailed view of the entirety of the nightside injection events during the
LEGA, even (possibly) resolving at the same time finer structures such as LAEs (although this would be discussed in a
future analysis), demonstrating its unique capabilities. For example, although previous analyses (e.g. Runov et al., 2011)
have shown that the full width at half maximum of injections is rather small (~1 Rg), JENI proved to be capable of imaging
the ENA variability of the terrestrial environment continuously from a vantage point of ~17 Rg even up to ~150 Rg. This
argues for the expected performance of JENI at the Jovian environment where the scale sizes of important targets are far
greater than Earth’s, e.g. the o torus have a diameter of ~12 Ry (1 Ry ~ 69,911km), the Europa gas torus has a diameter of
about 25 R, whereas Jupiter itselfis ~11 R,

5 Summary

We employed a set of 7.5-minute accumulation time images of 2.86-85.5 keV Hydrogen ENAs obtained from the JENI
detector on board the JUICE spacecraft during the LEGA, to discern substorm dynamics around Earth. During the imaging
period, the spacecraft moved away from Earth through ~17 Rg to ~150 Rg, providing images of Hydrogen ENAs from the
terrestrial ring current and plasmasheet. The observations are consisted with previous observations of ENAs around Earth,

during similar conditions (e.g. IMAGE/HENA) and can be summarized as follows:

e The overall ENA signal strength throughout the 2.86 - 85.5 keV energy range falls off as the spacecraft moves away
from the ENA source roughly following a R line.

e The rough R? trend is interrupted by enhancements in ENA emissions, apparent throughout the 2.86 - 85.5 keV
energies, which roughly coincide with time periods where the SML index becomes minimum, indicating enhanced
substorm auroral activity.

e  The nightside ENA emissions around Earth broaden and increase in intensity during each substorm event, whereas
the dayside emissions do not show a similar behavior, indicating that the overall ENA morphology around Earth is
consistent with transient processes, such as a series of repeated nightside injections and not a global process, such as
a global geomagnetic storm, where the Hydrogen ENA intensity would be enhanced nearly symmetrically around

Earth, with associated O" enhancements in the ring current region.

10
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The ENA images around the substorm events also show clear enhancements at low altitudes, that are possibly indicative of
LAEs from plasma sheet injected particles forming the ring current that are charge exchanging and being lost as LAEs. This

would be addressed in a future analysis.
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support of CNES for the Juice mission.

Data availability

The JENI data acquired during the JUICE Moon-Earth flyby in August 2024 are currently under the mission’s cruise-phase
proprietary period. These data will be made available through the ESA Planetary Science Archive following the first Cruise
Archive Delivery, which is currently scheduled for six months after Earth Gravity Assist #3 in 2029.
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