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Abstract Jupiter's moon Europa contains a subsurface ocean whose presence is inferred from magnetic
field measurements, the interpretation of which depends on knowledge of Europa's local plasma environment. A
recent Juno spacecraft flyby returned new observations of plasma electrons with unprecedented resolution.
Specifically, powerful magnetic field-aligned electron beams were discovered near Europa. These beams, with
energies from ~30 to ~300 eV, locally enhance electron-impact-excited emissions and ionization in Europa's
atmosphere by more than a factor three over the local space environment, and are associated with large jumps of
the magnetic fields. The beams therefore play an essential role in shaping Europa's plasma and magnetic field
environment and thus need to be accounted for electromagnetic sounding of Europa's ocean and plume detection
by future missions such as JUICE and Europa Clipper.

Plain Language Summary A recent Juno spacecraft close flyby of Jupiter's moon Europa revealed
the presence of powerful electrons beams. Based on previous observations and modeling of electron beams at
the moon Io, such beams were not expected to be observed so close to Europa. Overall, the proximity of the
beams to Europa indicates that the acceleration of these electrons takes place much closer to Europa than
anticipated and that these beams, therefore, stem from a new and previously unknown acceleration mechanism.
The beams are predicted to have an outsized influence on the ionization of the constituents of Europa's tenuous
atmosphere and are accompanied with large magnetic field perturbations. Hence, these electron beams are an
important ionization source that modify the moon's ionosphere, the electric current systems, and the magnetic
field environment. In particular, the presence of electron beams will affect plasma conditions that are used to
infer the extent of a subsurface ocean via the magnetic induction signal. These beams significantly impact the
space plasma environment around Europa which needs to be accounted for by future missions such as ESA's
(European Space Agency) JUICE (Jupiter Icy Moons Explorer) and NASA's (National Aeronautics and Space
Administration) Europa Clipper mission.

1. Introduction

Electron beams related to the interaction of a moon with its magnetized plasma were detected near Jupiter's
satellite Io in Galileo spacecraft measurements (Frank & Paterson, 1999; Williams et al., 1996). These electron
beams, observed in the downstream hemisphere and over the poles of lo, are likely a consequence of the coupling
between the space environment around the moon and its electromagnetic connection to the planet's atmosphere.
The electrons are accelerated within Io's Alfvén wings close to Jupiter (Szalay et al., 2018); some travel back
toward Io and the rest manifest as auroral emissions associated with the moon's magnetic footprint (Clarke
et al., 2002; Connerney et al., 1993). The beams near Io are an essential source of ionization, which can explain
why a moon's plasma wake, such as [o's, is not empty and thus alters the moon's magnetic field environment (Dols
et al., 2008; Saur et al., 2002).

The downstream location of electron beams is governed by timescales associated with the time for the plasma to
convect past the moon relative to the one-way Alfvén travel time along the moon's Alfvén wings (Jacobsen
et al., 2010). If the convection time is large compared to the Alfvén travel time, as is the case at lo, then the beams
are observed close to the moon. But if the convection time is relatively shorter, then the beams are observed far
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Figure 1. Flyby geometry and location of electron beams. Panels (a, b) show
two projections of Juno's trajectory on 29 September 2022 (Day of Year 272)
in the Europa-Phi-Omega reference frame where the x-axis points toward
Jupiter's co-rotation direction (and plasma disk flow), the z-axis is parallel to
Jupiter's spin axis, and the y-axis (approximately toward Jupiter) completes
the right-handed system. Closest approach (C/A) is at 1.23 R, (where Ry, is
Europa's average radius of 1560.8 km) at UTC 09:36:29. Magnetic field-
aligned electron beams are observed where the intensity (see the pitch angle
(PA) spectrogram and Figure 2e) is higher along the magnetic field direction
(F» which includes the parallel and anti-parallel flux) compared with the
perpendicular direction (F,). This is illustrated with the red part of the curve
where F/F — 50(r/k)> 1. We highlight two of the strongest beams (Beam
1 and Beam 2) that bound the region where most of the beams are observed,
which is within the geometric wake (gray dashed lines).

downstream. Europa's convection time is expected to be about a factor of
five smaller compared to that at Io (e.g., Saur et al., 1998), therefore it was
expected that electron beams, if present, should be shifted further down-
stream compared to Jo. The Galileo spacecraft had several Europa flybys
about 20 years ago—one similar (at 586 km) to this Juno pass - but no low
energy (~keV) electron data is available from those flybys and no electron
beams were reported in the higher energies (215 keV, which is the Galileo
Energetic Particles Detector (EPD) lower energy threshold (Williams
et al., 1992).

In this letter we present new plasma electron observations from the Juno
spacecraft close flyby of Europa. Specifically, these observations reveal bi-
directional, magnetic-field-aligned electron beams from a new source.

2. Observations of Electron Beams

On 29 September 2022, electron measurements taken with the Jovian Auroral
Distributions Experiment (JADE) (McComas et al., 2017) on NASA's Juno
mission (Bolton et al., 2017) revealed the presence of magnetically field-
aligned electron beams (~30-300 eV) near Europa. The flyby geometry is
illustrated in Figure 1. The two inserts plotted along Juno's trajectory show:
(a) a metric of how field-aligned the electron distributions are (= ratio of
electron flux parallel to the local magnetic field lines compared to the flux
perpendicular to the local magnetic field lines = F|/F ) and (b) the electron
pitch angle spectrogram. The pitch angle is calculated using the magnetic
field vector measured by the MAG experiment (Connerney et al., 2017). F),
comprises fluxes within 45° of the field-aligned direction and F', the fluxes
within 45° of the perpendicular direction. Field-aligned electron beams are
observed within a region that is slightly smaller than Europa's geometric
wake (indicated with dashed gray lines) where the following condition is met
F/F>1+ 50(5/) (red curve), o(x/g) being the uncertainty of the ratio from

propagated Poisson statistics of counts measured by JADE, a component due
to data compression, and a component from background subtraction. If the

ratio F/F is at least five times its standard deviation above one, then the distribution is considered field aligned.

This condition occurs over nearly the entire region and is referred to as “beams' region” flanked by the two strongest

beams highlighted as Beam 1 and Beam 2. Electrostatic solitary waves (<20 kHz and lower than the upper hybrid

band), which are indicative of electron beams, are also observed in the region (Kurth et al., 2023).

Figure 2 shows a timeline of the electron observations and the magnetic field. Panels (a) and (e) show the electron
energy and pitch angle spectrograms, respectively. The region of the bi-directional beams, that is, beams parallel

and anti-parallel to the direction of the magnetic field (pitch angle near 0° and 180°), is delimited by Beam 1 and

Beam 2, except for a less intense beam at closest approach (magenta dashed line at UTC 09:36:29). Panel (b)

shows the electron partial energy fluxes in the direction parallel (in orange) and anti-parallel (in blue) to the

magnetic field. This result only includes electrons with energies that are in the energy range of the JADE in-
strument and not the entire electron distribution (although the pitch angle coverage is complete). The partial

energy flux (EF) is calculated for electron energies between 32 and 300 eV, that is, where the beams are most

prominent with respect to ambient electrons (see calculation details in Supporting Information S1). The EF in

Beam 1 is a factor of up to 3.3 higher than in Europa's plasma environment prior to and post flyby (average of

~0.8 mW/m?). There is a slight asymmetry between the parallel and antiparallel fluxes at Beam 1 (Beam 2),
where the parallel energy flux is a factor of ~1.18 higher (~1.13 lower) than the antiparallel energy flux. In other
words, the energy flux for electrons traveling from north to south at Beam 1 (and south to north at Beam 2) is
~1.18 higher than that for electrons traveling in the opposite direction. Such asymmetries cause net electric

currents and contribute to the currents structuring the magnetic field. The sign of the electric current of Beam 1

derived from the magnetic field (Figure 2c) is not consistent with larger parallel fluxes for Beam 1 suggesting the
missing current is carried by electrons below 30 eV. Overall, the possible role of the beams in carrying electric
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Figure 2. Electron beams spectrograms and derived energy flux and densities as a function of time and distance from Europa.
(a) Electron intensity spectrogram, (b) electron partial energy flux in the range from 32 to 300 eV, (c) magnetic field
components in the EPhiO reference frame (see Figure 1), (d) electron partial density (black) from JADE and total density
(violet) from Waves (Kurth et al., 2023), and (e) electron pitch angle spectrogram. Beams 1 and 2 have more than 3.3 times
the energy flux and 2.6 times the density than the electrons in the surrounding plasma environment.

current and whether the associated current contributes to closure of currents within Europa's atmosphere/iono-
sphere or the role in current continuation within the Alfvén wings are issues that deserve further attention but are
beyond the scope of this observational report.

Perturbations in the magnetic field components (Figure 2c) are observed throughout the beams' region, suggesting
that the electron beams are contributing to those perturbations. Two of the largest perturbations are observed with
Beam 1 and Beam 2. Coincident with Beam 1, a jump in the B, component of ~50 nT occurs (Figure 2c). The
increase stretches over approximately 1 second when Juno is traveling in the y-direction (corresponding to a width
of ~20 km). From Ampere's law, this jump represents a current density of ~2-107® A/m? assuming that the current
density is uniformly distributed in a sheet along magnetic flux tubes advecting with the flow; larger current
densities would be required if the current was not uniform. Such large current densities are about a factor of 10
larger than field aligned currents predicted from modeling of Europa's interaction (Blocker et al., 2016; Saur
etal., 1998). An imbalance between the observed northward and southward going electron beams at Beam 1 in the
JADE data (Figure 2b) corresponds to a net electric current as high as ~5-107® A/m> This implies that the
observed electron beams might contribute to the electric current system connecting Europa's ionospheric currents
to its Alfvén wing system. As pointed earlier, an unmeasured amount of current might still be carried by electrons
below 30 eV, which are not resolved by the JADE instrument, and thus these observations represent a lower
bound. The magnetic field measurements obtained during the Juno flyby have been modeled with a hybrid model
by Addison et al. (2024). That study ascribed the primary drivers of the observed magnetic field structure to an
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asymmtery in Europa's atmosphere (by more than five orders of magnitude) and deviation of the magnetospheric
upstream plasma flow from the corotational direction.

The electron density in the beams' region is higher than in Europa's plasma disk environment, implying that the
potential for ionization of the beams in Europa's atmosphere is stronger than that from the electron distributions in
the nearby environment (e.g., before ~09:33). Figure 2d shows the electron partial density from JADE (in black)
and the total electron density (in violet) derived by the Waves investigations (Kurth et al., 2017, 2023). Details of
the calculation of the partial electron density with JADE are given in Allegrini et al. (2021) and in Supporting
Information S1. The electron distributions prior to and after the flyby (i.e., ~09:32 and ~09:38) are representative
of Europa's plasma disk environment with total electron densities of ~92 cm™ and ~104 cm™, respectively.
There is a clear change in the beams' region where the peak partial electron densities are ~258 cm™> (Beam 1) and
~274 ¢cm™ (Beam 2), which are more than 2.6 times the ambient electron densities in the nearby space envi-
ronment of Europa at the time of the flyby. The JADE's partial electron density agrees with Waves's total electron
density at Beam 1 (~236 cm ) but is higher by a factor of ~2 at Beam 2 (~130 cm ™). Kurth et al. (2023) caution
that the upper hybrid emissions used to derive the Wave's electron density appear sporadically during the flyby,
possibly due to variations in the electron distributions and polarization that may make them less visible depending
on the spin phase of the electric antenna. That could explain the difference in Beam 2.

The electron beams are energetically important as a source for Europa's ionosphere because electron impact is the
dominant ionization mechanism for creating Europa's ionosphere (Hall et al., 1995; Roth et al., 2014) and the
observed beam energies occur where the ionization cross sections are most efficient (~25-300 eV for H,, ~35—
650 eV for O,, e.g., Straub et al., 1996). In Figure 3a we show the total differential number flux (DNF or intensity;
calculation shown in Supporting Information S1) as a function of energy. The color coding of the different curves
corresponds to the horizontal color bar on top Figure 2a, where yellow and light blue are in the plasma disk
(Europa's environment at the time of the flyby), while dark blue and red are close to the center of Europa's
geometrical wake (~beams' region). The two bi-directional beams are in turquoise (Beam 1) and pink (Beam 2) as
in Figures 1 and 2. Beams 1 and 2 spectra have intensities about a factor of three to eight higher than the plasma
disk from ~30 to 270 eV. Hence, compared to the electrons in Europa's plasma disk environment, the electron
beams will ionize three to eight times more atoms and molecules in Europa's atmosphere. The other beams (dark
blue and red colors) are also enhanced at low energies but reduce below plasma disk intensities above ~300 eV.
These beams are energetically different than the beams at Io that were observed at higher energies from ~100 eV
to ~30 keV (Frank & Paterson, 1999; Williams et al., 1996). They are also energetically different from the
electron beams (that peak around 2-3 keV) that cause the Europa footprint aurora in Jupiter's atmosphere
(Allegrini, Gladstone, et al., 2020; Rabia et al., 2023).

The beams are observed along the Juno trajectory in a spatial region within the two strongest beams 1 and 2. We
however expect the beams to be also present upstream and downstream of the Juno trajectory. The electron beams
are ducted along the magnetic field. Thus, the electrons are advected downstream along with the rotating magnetic
field of Jupiter. This results in “sheets of beamed electrons.” A schematic visualization of the sheets associated
with the two strongest beams is presented in Figure 4. The extent of these sheets is unconstrained from these
observations until the source and acceleration mechanism is better understood. Future flybys, for example, on the
upstream side of the trajectory, are required for further characterization. The magnetic field measurements
(Figure 2c) support the idea of sheets of beamed electrons. A localized wire-like beam carrying an electric current
would not lead to large discontinuities in the Xgpp;o component of the magnetic field, but rather to magnetic field
perturbations falling off with the inverse of the distance from the beam.

We use the pitch angle distribution to constrain the likely origin of the beams. Figures 3b—3d show the intensity as
a function of pitch angle for the low- (~32-320 eV), mid- (~320-3,200 eV), and high-energies (~3,200—
32,000 eV). At energies below 320 eV (Figure 3b), the intensity in the pitch angle bin closest to the field-aligned
direction (0-15° and 165°-180°) compared to that perpendicular to the field (75°-105°) is a factor of ~2.2 (Beam
1) and ~4.4 (Beam 2) higher. The beams' distributions appear up to about 50° away from the field aligned di-
rection. If we approximate the magnetic field using JRM33 (Connerney et al., 2022) with a plasma disk model
(Connerney et al., 2020) and use the conservation of the first adiabatic invariant, then the electrons with a pitch
angle of 50° at Europa will have a pitch angle of 90° at the mirroring point at about 2.3 R; from the magnetic
equator (where 1 R, = 71,492 km is the equatorial radius of Jupiter). The mirroring point distance along the field
line is 1.9 R; = 87 Ry, from Europa in the north and 3.6 R, = 165 Ry, in the south. This estimate is inconsistent
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Figure 3. The field aligned electron beams have higher intensities than Jupiter's plasma disk in the near vicinity of Europa and
the angular width of the beams is about 50°. (a) 15-s averages of the omni-directional differential number flux (or intensity).
The color coding of the spectra is according to the distance from the center of the geometrical wake (scale on top of
Figure 2a). Dark red and dark blue are roughly within the geometrical wake and light blue and yellow are outside the
geometrical wake. (b—d) electron pitch angle distributions for low (32-320 V), medium (320-3,200 eV), and high (3,200—
32,000 eV) energy electrons. The two strong electron beams have intensities three to eight times higher than the electrons in
the nearby environment of Europa for energies up to ~300 eV.

with an origin close to Jupiter and thus makes the electron beams detected near Europa distinct from the electron
beams observed near lo, which originate close to Jupiter. The plasma disk scale height at the orbit of Europa are
likely time and local time dependent, but estimates range from H = 0.9 R, (Roth et al., 2014) to 1.7 R, (Bagenal &
Delamere, 2011). Therefore, the acceleration of these beams could take place within or near the plasma disk.

3. Discussion and Conclusion

Figures 2a and 3a show that >300 eV electrons are suppressed (by a factor of up to ~10 at 30 keV) in the beams'
region, while lower energy electrons (excluding the strong beams) are still at comparable intensities to the plasma
disk region. In Jupiter's magnetosphere, the electrons are trapped in a bounce motion back and forth between
Jupiter's north and south hemisphere. If the half-bounce time (the time it takes for electrons to travel from the
magnetic equator, i.e. roughly Europa's location, to Jupiter and back) is shorter than the time it takes the plasma
flow to pass Europa (the convection time), then the intensity at these energies is reduced because these electrons
impact the moon. This condition is observed here with field-aligned electrons above ~300 eV.

JADE observed electron beams at Europa that were not detected by Galileo. These beams were not expected close
to Europa but rather further downstream due to the faster (factor of ~5) convection speed at Europa relative to Io.
A possible explanation is that the beam's origin is closer than anticipated. For example, assuming an origin of the
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Figure 4. Visualization of the expected structure of the electron beams. The
electron beams travel along the magnetic field lines and interact with

Europa's atmosphere.

beams at ~1.9 R, from Europa along the M-shell (i.e., at the mirroring point in
the north of electrons that have a 50° pitch angle at Europa), the Alfvén travel
time from Europa to this distance is ~267 s), while electrons with 100 eV only
need about 23 s to return back to Europa (total of 267 + 23 =290 s). Similar
travel times are found for the mirroring point in the south (277 and 43 s,
respectively). For these estimates, we assumed that the ion density is equal to
the electron density (see Figure 2d), the scale height is given by Bagenal and
Delamere (2011), and the magnetic field magnitude is calculated from JRM33
and CON2020. Assuming an interaction strength of 0.55 = ratio of the
maximum change of the total flow speed to the unperturbed flow speed, see
Szalay et al. (2024), “PUI advection model” section and Saur et al. (1999,
2013), leads to a plasma travel time of ~340 s over Europa's interaction region
of 3 Rg, including its atmosphere. Thus, under those assumptions the
downstream (wake) side of Europa transited by Juno could be populated with
electron beams. A closer beam location compared to the 1.9 R, estimate from
the previous section, would imply a source pitch angle distribution smaller
than 50° suggesting that electrons are partially energized parallel to the
magnetic field. Further studies on the source of the electron beams are
required. Overall, the proximity of the beams to Europa is an indication that
the acceleration of these electrons takes place much closer to Europa than
anticipated. This acceleration process is thus distinct from the acceleration
processes in the moons' Alfvén wings occurring close to Jupiter such as for
Io's electron beams. The latter accelerate electrons to much higher energies
and cause the moons' footprints in Jupiter's atmosphere (Bonfond et al., 2017;
Clarke et al., 2002; Hess et al., 2011) and observed energetic electrons within
the wings and close to the moons for nearly standing flows (Allegrini,
Gladstone, et al., 2020; Krupp et al., 2023; Mauk & Saur, 2007; Rabia
et al., 2023; Williams et al., 1996). The observations of the electron beams reported here therefore reveal a new
and previously unknown mechanism of sub-Alfvénic moon magnetosphere interaction.

Europa's global atmospheric density and its plumes have primarily been derived from electron impact excited
ultraviolet (UV) emission (Hall et al., 1995; Roth, 2021; Roth et al., 2014) and imprints in the magnetic field
(Arnold et al., 2019; Jia et al., 2018). Large electron fluxes such as those in the beams observed by JADE affect the
interpretation of the UV emission. It will reduce the required neutral density globally and locally by nearly the
same factor if they go through the dense part of the atmosphere. The distribution of the electron beams away from
the Juno trajectory is uncertain; however, beams closer to Europa's surface passing through denser parts of its
atmosphere will have a significant influence on the emission, for example, they can possibly enhance the emission
up to a factor of 3.3 based on the fluxes of Beam 1.

Electron impact is the dominant process ionizing Europa's atmosphere (Saur et al., 1998) and producing its
ionosphere. The electron beam intensities are highest in the low part of the energy range, from ~30 to ~300 eV,
where the electron impact excitation and ionization cross sections are largest. Therefore, these electron beams
contribute to ionizing the neutral gas along their path. Ionization near Europa contributes to its atmospheric loss
which results in plasma mass loading (pick-up ions) to Jupiter's magnetosphere (Szalay et al., 2024). The wake
region sampled by Juno is filled with electrons (Figures 2d and 2e), contrary to predictions from several numerical
simulations without electron beams (e.g., Blocker et al., 2016; Saur et al., 1998; Schilling et al., 2008) that
typically show an empty or partially empty wake. This suggests that, similarly to o, the electron beams at Europa
play a key role in filling the wake with newly ionized plasma.

Ionization near Europa also contributes to producing its tenuous ionosphere, modifying the electric current system
and the magnetic field environment. In particular, the presence of electron beams will affect plasma conditions
that are used to infer the extent of a subsurface ocean via the induction signal (Khurana et al., 1998; Zimmer
et al., 2000). The spatial structure of the beams is likely time-variable. Induction signals from Europa's conductive
ocean on close flybys by Galileo are on the order of 50-100 nT (e.g., Khurana et al., 1998; Kivelson & South-
wood, 2003; Schilling et al., 2007; Zimmer et al., 2000). The magnetic field perturbations at the strong beams
from this flyby are of similar amplitudes as the induction signals. The spatial distribution of both magnetic field
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perturbations are different and the reported electron beams do not call into question the principal conclusion on
the existence of induced magnetic fields in Galileo spacecraft measurements. However, the electron beams clearly
affect the magnetic field environment and need to be accounted for in further precise magnetic sounding studies of
Europa's subsurface ocean.

The electron beams have more than three times the energy flux, more than two-and-a-half times the density, three
to eight times the intensity of the ambient electrons near Europa's orbit, and they are associated with large
variations in the magnetic field. These beams thus significantly shape Europa's space plasma environment
through emissions, ionization, and electric currents. All these resulting effects need to be anticipated and un-
derstood thoroughly for the data analysis of future missions such as ESA's (European Space Agency) JUICE
(Jupiter Icy Moons Explorer) and NASA's (National Aeronautics and Space Administration) Europa Clipper
mission.
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