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PLANETARY SCIENCE

A source of very energetic oxygen located in

Jupiter’s inner radiation belts

Elias Roussos'*, Christina Cohen?, Peter Kollmann®, Marco Pinto?, Norbert Krupp',

Patricia Gongalves®, Konstantinos Dialynas®

Jupiter hosts the most hazardous radiation belts of our solar system that, besides electrons and protons, trap an
undetermined mix of heavy ions. The details of this mix are critical to resolve because they can reveal the role of
Jupiter’s moons relative to other less explored energetic ion sources. Here, we show that with increasing energy
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and in the vicinity of Jupiter’s moon Amalthea, the belts’ ion composition transitions from sulfur- to oxygen-
dominated due to a local source of 250 MeV/nucleon oxygen. Contrary to Earth’s and Saturn’s radiation belts,
where their most energetic ions are supplied through atmospheric and ring interactions with externally accelerated
cosmic rays, Jupiter's magnetosphere powers this oxygen source internally. The underlying source mechanism,
involving either Jovian ring spallation by magnetospheric sulfur or stochastic oxygen heating by low-frequency
plasma waves, puts Jupiter’s ion radiation belt in the same league with that of astrophysical particle accelerators.

INTRODUCTION

Radiation belts are a major component of all large-scale magneto-
spheres of our solar system (1, 2). They occupy the region near each
planet where a strong dipole-like magnetic field can trap and accu-
mulate high intensities of charged particles that are produced or
accelerated to very high energies through a variety of processes (3).
These processes and their synergies can differ substantially among
the various planets, which is why the study of different radiation
belt systems offers unique insights on the range of possibilities that
exist for generating cosmic particle radiation in our solar system
and beyond.

Among the five strongly magnetized planets in our solar system
(Earth, Jupiter, Saturn, Uranus, and Neptune), Jupiter is host to the
largest and most energetic radiation belts, trapping electrons and
protons with energies in excess of 70 MeV and 1 GeV, respectively
(4-6). Different from Earth and Saturn, the ion radiation belts of
which are dominated by protons (Z = 1) and contain trace abundances
of heavier ions up to oxygen (2 < Z < 8) (7-10), Jupiter’s heavy ion
radiation belt is composed of high fluxes of ions as heavy as oxygen,
sodium, and sulfur (Z < 16) (6, 11-20). This belt occupies a large
fraction of the planet’s magnetosphere, with its highest intensity re-
gion located inward of Europa’s M-shell at M < 9.5 (the M-shell, M,
is defined as the distance that a field line based on a Jovian magnetic
field model crosses the magnetic equator, normalized to a planetary
radius of 1 Ry = 71,492 km; see Materials and Methods, subsection
“M-shell and pitch angle estimates”). Sulfur and oxygen are the
belt’s most abundant heavy ions, dominating at least up to 50 MeV/
nucleon for M > 4.5. The existence of these two species has been
linked to Io’s volcanic activity and to the sputtering of Europa’s
surface, but neither their acceleration pathway is fully resolved nor
the action of additional non-moon-related energetic particle sources
has been excluded. Inward adiabatic transport from a distant
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magnetospheric source contributes, at least in part, to the energization
of oxygen and sulfur down to M = 4.5 (14, 16, 18).

In the heart of the heavy ion radiation belt (M < 4.5), the situation
is less clear, especially for ion energies above 10 MeV/nucleon.
Measurements from Pioneer 11, the Galileo Probe, and Juno show
that >>10 MeV/nucleon ions have several large intensity peaks and
dropouts in their radial distribution. The dropouts are located at the
M-shells of Jupiter’s main ring at M ~ 2 and at the Jovian moons
Amalthea and Thebe, at M ~ 2.6 and M ~ 3.1, respectively. The
energy distribution of the heavy ions, which comprises an undeter-
mined mix of species like helium, carbon, oxygen, and sulfur,
extends well above 100 MeV/nucleon. These observations are difficult
to reconcile by invoking energetic ion source mechanisms that
explain the presence of the most energetic protons or heavier ions at
Earth and Saturn. The cosmic ray albedo neutron decay (CRAND), a
process where secondary neutrons from galactic cosmic ray (GCR)
collisions with planetary atmospheres or rings B-decay into trapped
magnetospheric charged particles (8, 21), may only generate protons
and electrons. The presence of very energetic heavy ions at Earth
has been linked to the capture of anomalous cosmic rays (ACRs)
through their charge stripping in our planet’s atmosphere (22), but
this mechanism has been convincingly rejected for Jupiter (20)
because ACRs do not have enough energy to reach its atmosphere
at latitudes mapping to M< 4.5.

Alternative theories that may explain the presence of very en-
ergetic heavy ions in Jupiter’s inner radiation belts involve the
adiabatic inward transport of oxygen and sulfur, which have been
resolved at <50 MeV/nucleon and M > 4.5 as mentioned earlier, or
the direct release of energetic heavy ions through spallation reactions
between Jovian ring grains and trapped relativistic protons (13, 16, 23).
The lack of observations that constrain the composition and the
distribution function of heavy ions in the inner radiation belts,
however, precludes any conclusion on the validity of the aforemen-
tioned theories.

In this work, we address these open issues through the analysis
of energetic heavy ion observations from Jupiter’s radiation belts that
were obtained during the periapses of the first and the two last orbits
of the Galileo spacecraft around Jupiter, namely, orbit JO (day 341/1995
15:30 to 23:44), A34 (day 308/2002 21:48 to day 309/2002 06:35),
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and J35 (day 264/2003 06:58 to 18:15). During these periapses, the
only ones of the mission reaching considerably deeper than Io’s
M-shell (M ~ 5.9), Galileo collected measurements down to M ~ 2.2.
The data that we analyze originate primarily from Galileo’s heavy
ion counter (HIC) (24), occasionally complemented by observa-
tions from the composition measurement system of the energetic
particle detector (EPD/CMS) (25). Both instruments contain
solid-state detector (SSD) stacks that allow to resolve the composi-
tion, the energy spectra, and the angular distribution of heavy ions
(Z > 4 for HIC and Z > 2 for EPD/CMS), together covering an
energy range starting from 0.1 MeV/nucleon and reaching above
100 MeV/nucleon (see Materials and Methods, subsection “Instru-
mentation and datasets”).

OBSERVATIONS

M-shell distribution and long-term temporal variations

of energetic heavy ions

Figure 1 shows the M-shell profiles of heavy ion count rates recorded
in four HIC energy ranges (>5 MeV/nucleon) during the three
aforementioned Galileo periapses. The different spread of the count
rates is a feature of the varying time resolutions of the raw measure-
ments. Although the comparison between the three orbits, which

are separated by about one or several years, shows that weak changes
in the count rates of several HIC channels do occur, especially near
or outside Io’s M-shell, overall the heavy ion radiation belt profiles
and intensities at M < 6 appear quasi-stable over long time scales.
Further supporting this is that the M-shell profiles resemble those
obtained by Pioneer 11, Voyager 1, and the Galileo Probe (13, 14, 23).
For this reason, we focus on the continuous high-time resolution
observations of orbit A34 (Fig. 1, black points), which we treat as
representative of the steady-state configuration of the system.
Unless otherwise stated, time variability will be considered a sec-
ondary effect.

All the M-shell profiles in Fig. 1 display significant count rate
dropouts at Io, Thebe, and Amalthea, reminiscent of the proton
radiation belts of Saturn, where its large moons efficiently sweep out
megaelectronvolt protons from their M-shells (26-28). The moons
in Saturn’s radiation belts form impenetrable barriers to the radial
transport of megaelectronvolt protons that lead to negligible proton
intensities around their orbits (21). On the other hand, HIC
measurements at Jupiter shown in Fig. 1 (A to C) indicate that the
intensity of heavy ions is decreased, but it is not negligible near the
moon orbits. A question arising from this observation is whether
the heavy ions transmitted and heated adiabatically across the
moon sweeping corridors are sufficient to account for the strong
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Fig. 1. M-shell distribution of energetic ion count rates. All panels show the M-shell distribution of heavy ion count rates at four energy ranges. The color coding of the
data indicates different time periods. Measurements are obtained from four HIC channels, denoted as LETB, TRPL, WDSTP, and WDPEN, with their energy responses for
oxygen and sulfur provided in the plot titles (see also figs. S1 and S2 and table S1 and the HIC description in Materials and Methods, subsection “Instrumentation and
datasets”). The approximate M-shells of Amalthea (AM), Thebe (TH), and lo (I0); the Amalthea and Thebe rings; and the cold and warm components of the lo torus are
marked. The Amalthea and Thebe rings are also commonly referred to as Jupiter’s Gossamer rings. The dashed lines for the Thebe ring indicate its low-density, diffuse
outer extension (37). All data are shown at their original time resolution. The minimum count rate threshold for high-time resolution measurements (B to D) corresponds
to the single-count level with a sampling interval of 2 s. For orbit J35, the sampling interval was 4 min, explaining the much lower count rate threshold, especially in (D).
In (A), measurements for orbit J35 inward of M=5 are missing because the channel LETB malfunctioned, while for orbit JO, the corresponding measurements are not
shown because of frequent calibration changes (75). The slightly lower rates at M~4.5 in orbit JO, mostly visible in channel WDSTP (C), are due to the higher magnetic
latitude of Galileo for that orbit compared to orbits A34 and J35. Data from a close Amalthea flyby on day 309/2003 (06:18:40 UTC) last less than a minute and occupy an
M-shell range lower than 0.01 at M ~ 2.58. They are not resolved in the scale of these plots and do not affect our follow-up analysis.
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signal measured in the innermost radiation belts, in particular, appreciable signal along the carbon track indicates that the denser
the two- to five-order-of-magnitude count rate increase inward of  event cloud in the regime where tracks overlap (LE3 energy loss <
Amalthea developing over a M~ 0.3 (Fig. 1, B to D). To inter- 100 MeV) is due to oxygen ions. By using the species tracks to
pret all these signatures, in the following sections, we break down convert these energy losses to ambient ion energies in the magneto-
the M-shell profiles shown in Fig. 1, which mix contributions from  sphere (see Materials and Methods, subsection “Processing of HIC
multiple species, pitch angles and energies, to their different measurements”), we estimate that radiation belt oxygen and sulfur

components. reach at least up to ~300 and ~100 MeV/nucleon, respectively.
After selecting the oxygen and sulfur events (see fig. S3), we
Heavy ion composition construct profiles of their ratio (O/S) for different M-shells and

Ion composition can include key signatures on the ion source and  energies (Fig. 2C). The general trend of the O/S ratio is to increase
acceleration processes. Naively, one might expect an O/S ratio of ~ with energy. This is valid even when we consider heavy ion observa-
two, assuming that all ions are sourced from SO, released by Io. A tions below 7 MeV/nucleon and in the EPD/CMS energy range,
larger O contribution may indicate a significant role of H,O from  which show that sulfur can be more abundant than oxygen (fig. S7).
Europa or that lighter ions are more efficiently accelerated. The Toward 100 MeV/nucleon, oxygen becomes dominant, with typical
three panels of Fig. 2 display estimates of the energetic heavy ion  values for O/S > 5. The ratio is quasi-constant between Io and
composition inward of Io’s M-shell during Galileo’s A34 orbit, in- Thebe, except for the 7 to 18 MeV/nucleon range where it reduces
cluding samples of raw data based on which these estimates were  slightly toward Thebe. Inward of Thebe or Amalthea (depending on
derived. The left panels of Fig. 2 show that the coincident ionizing energy), O/S increases significantly. For M < 2.5, sulfur events are
energy losses of heavy ions on different combinations of HIC’s  only observed up to ~30 MeV/nucleon, meaning that, for 30 to
SSDs cluster around the energy loss regimes expected for oxygen 100 MeV/nucleon, the ratio should greatly exceed the values observed
and sulfur (see Materials and Methods, subsection “Instrumenta-  at larger M-shells (O/S > 10). The increase is significant also for
tion and datasets,” and fig. S1). 7 to 18 MeV/nucleon ions. This indicates that there is a preferential
Without distinguishing yet for energy or location, oxygen is  acceleration or production of oxygen and/or strong sulfur losses at
overall more abundant than sulfur. On the basis of the HIC events =~ Amalthea and Jupiter’s rings. By constructing the M-shell profiles
clustering in the regime where species tracks are separated, oxygen of phase space density (PSD) for oxygen and sulfur, the case of a
and sulfur reach at least up to ~80 and ~100 MeV/nucleon, respec-  local oxygen source gains stronger support.
tively. Above those energies, the characteristic energy loss tracks of
ions fold back and overlap (Fig. 2B) such that relevant HIC events M-shell profiles of heavy ion phase space densities
cannot be unambiguously assigned to a specific ion species. Still, the ~ PSD profiles at constant values of adiabatic invariants are the basis
large number of lower energy oxygen events and the lack of any for quantitatively understanding the physical processes acting in a
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Fig. 2. Energetic ion composition inward the M-shell of lo (M < 6). (A and B) Pulse height analyzed (PHA) events from the two particle telescopes of HIC (LET-B and
LET-E) for orbit A34. Each data point corresponds to coincident energetic ion energy losses on different SSDs of the telescopes, described in more detail in Materials and
Methods (subsection “Instrumentation and datasets”and fig. S1). Orange, blue, and red curves mark the simulated tracks of carbon, oxygen, and sulfur, respectively. Thin
lines are for normal ion incidence on the HIC SSDs, while the thick line is for the maximum incidence angle allowed through HIC's aperture. Clusters of O and S events
spread beyond the area occupied by each pair of curves mostly due to random fluctuations of ion energy losses (straggling) (60). The numbering on each curve corresponds
to oxygen'’s (black) and sulfur’s (red) ambient kinetic energy in the magnetosphere in MeV/nucleon. (A) Double and triple coincidence events (channel LETB), with ions
stopping at detector LB2 or LB3 of telescope LET-B. (B) Triple coincidence events, with ions stopping in SSD LE4 (channel WDSTP, 3£, gs~0) or traversing LE4, leaving some
energy in LE5 (channel WDPEN). Note that for channel WDPEN, HIC was storing the sum of LE4 + LE5 losses and did not downlink data from these two detectors separately.
Figure S3 shows PHA events and species classification for all four channels of HIC, separated. (C) Evolution of the O/S ratio as a function of energy and M-shell. The energy
ranges in Fig. 2C are chosen from regimes where HIC is equally sensitive in detecting oxygen and sulfur. For the highest energy range, sulfur events are absent inward of
Amalthea. The arrows indicate that because of that, the O/S ratio should significantly increase compared to M > 2.6.
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radiation belt. A key diagnostic is the profiles’ M-shell gradient,
with PSDs falling toward a planet (positive gradient) indicating a
steady diffusive inward transport. Planetward rising PSDs (negative
gradient) hint the presence of local sources. Figure 3 shows M-shell
profiles of oxygen and sulfur PSDs at constant first adiabatic invariant
(u). Their derivation is described in Materials and Methods (sub-
section “Processing of HIC measurements”). A key step was the
calculation of oxygen and sulfur differential flux spectra (fig. S6),
using observations from both HIC and EPD/CMS.

For most 1 ranges and between Io and Amalthea, we find PSD profiles
with a positive or nearly zero M-shell gradient (3.5 <M< 5.5). A
flattening of oxygen PSD profiles between Io and M ~ 4.5 has been
reported also in an earlier study (16). Losses, evident in regions
where positive PSD gradients become steeper, are seen for both species at
Io’s, Thebe’s, and Amalthea’s M-shells, as anticipated from observa-
tions shown in Fig. 1, fig. S6, and earlier works (13, 16). These gradients
become stronger with increasing pt (or energy) for a fixed M-shell.

A strong case of negative oxygen PSD gradient is observed inward
of Amalthea: ~300 MeV/(G nucleon) PSDs increase sharply by near-
ly two orders of magnitude, with evidence that an increase is pres-
ent also at lower p. This suggests that a source is locally accelerating
or producing very energetic oxygen. The minimum energy where
this source is clearly resolved is at ~50 MeV/nucleon, but given the
HIC energy resolution and uncertainties in flux and PSD determi-
nations, this limit may go as low as 30 MeV/nucleon. Another notable
increase of PSD toward Jupiter is seen for L = 900 MeV/(G nucleon),
inward of Io’s M-shell, but relevant uncertainties in that region are

larger. We cannot exclude that a small but nonnegligible time variabil-
ity near Io’s M-shell (Fig. 1) and instrumental effects contribute to
this feature. Similarly, shallow negative gradients in oxygen or sulfur
PSD profiles at M ~ 4.7 and for >180 MeV/(G nucleon) sulfur are in-
significant given the systematic and statistical uncertainties involved
(see fig. S6 and Materials and Methods, subsection “Uncertainties
in HIC spectra”). For this reason, in the follow-up sections, we focus
on the potential local oxygen source near Amalthea.

M-shell dependence of energetic heavy ion

pitch angle distributions

The inspection of PSD gradients alone is not always sufficient to
evaluate the presence of particle sources or sinks. For instance, in
the presence of a local particle source, a PSD M-shell gradient could
still be positive depending on competing local and nonlocal sink
and radial transport processes. Key complementary information is
provided through the ions’ equatorial pitch angle distributions
(PADs). Figure 4 shows M-shell versus equatorial pitch angle (0.q)
spectrograms for the four energy channels of HIC shown in Fig. 1.
In this plot, the count rate of each HIC channel at any M-shell bin
has been normalized to its maximum count rate such that the color
coding reveals the shape of the PAD at that M-shell. While these
four channels do not separate ion species, we can assume that their
shape is most representative for oxygen that dominates for most
energy and M-shell ranges considered (Fig. 2), especially for the
region of interest near Amalthea, where the potential local ion
source resides.
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Fig. 3. Energetic oxygen and sulfur phase space densities as a function of M-shell and first adiabatic invariant. (A and B) PSD M-shell profiles are shown for six
selected p values and K= 0 (equatorially mirroring particles) based on orbit A34 data. Numbers along each curve in the oxygen panel show the ion energy in MeV/nucleon
for each curve’s p value for an M-shell indicated in the parenthesis. The color coding of the curves and the corresponding energies (in MeV/nucleon) are similar for sulfur.
Moons, rings, and the lo torus are marked as in Fig. 1. The lack of phase space density (PSD) estimates for M > 6.2 and u < 450 MeV/(G nucleon) for oxygen and M > 6.2 for
sulfur is due to the lack of EPD measurements and/or a low number of sulfur events recorded by HIC (fig. S6). Dashed lines indicate the envelope for the uncertainties.
When a lower dashed line is absent, it is because the uncertainty is equal or larger than the corresponding PSD. Details on how the PSDs have been obtained are given in

Materials and Methods (subsection “Processing of HIC measurements”).
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(0ieq) for four channels of the HIC instrument based on A34 orbit observations. The

highest value at each panel and M-shell bin shows the pitch angle where the signal maximizes. For an improved visual appearance of the data, PADs were constructed
assuming pitch angle symmetry, i.e,, the signal at oeq is the same as at 180"~ aeq. Note that the outward extension of each panel is different, as beyond the selected
M-shells, the signal for constructing PADs was too low. Moons, rings, and the lo torus are marked as in Fig. 1. White shaded areas denote equatorial pitch angle ranges

that were not sampled. The white band in (D) appears narrower due to the larger binni
and Methods (subsection “M-shell and pitch angle estimates”).

Excluding the >50 MeV/nucleon oxygen channel, measurements
at all other energy ranges (Fig. 4, A to C) show trapped distributions
typically peaking toward oq = 90° (pancake PADs). PADs near the
Io torus (M > 5) and the moon M-shells change their shape as a
function of energy. This is possibly related to losses on equatorially
confined material (e.g., moons and rings) that tend to reduce the
signal of equatorial mirroring ions (29, 30). At low energies (5 to
27 MeV/nucleon), this removal only makes the trapped PADs more
isotropic, but with increasing energy, the depletion becomes in-
creasingly deeper until the distribution converts to field-aligned at
the highest energies (>50 MeV/nucleon). Inward of Amalthea, HIC
resolves an additional PAD broadening at all energies that we only
track down to M ~ 2.2. We note that because of the offset of
Jupiter’s dipole from the planet’s rotational axis by about 10°,
depletions by equatorially confined material should have a shift
from 0,.q = 90° to about 10° to 15° (29, 30), but this shift is too small
to be resolved given HIC’s angular resolution and uncertainties in
pitch angle estimations. We therefore refer to equatorial ion deple-
tions by material as “losses toward 0,q = 90°.”

Roussos et al., Sci. Adv. 8, eabm4234 (2022) 12 January 2022
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Contrary to the observations at Thebe and Io, the <50 MeV/nucleon
PADs at 2.55 < M < 2.64, within Amalthea’s observed sweeping cor-
ridor, show neither a depletion toward o.q = 90° nor a PAD isotro-
pization. Instead, these PADs peak toward oq = 90°, which is unusual
for a region where material losses are expected. A minimum toward
Oleq = 90° at Amalthea is only seen for the >50 MeV/nucleon measure-
ments (Fig. 4D). Despite their negligible signal at Amalthea, however,
equatorially mirroring >50 MeV/nucleon ions still evolve into a
pancake PAD for M < 2.6, as mentioned above. In the context of the
lower energy observations, the properties of >50 MeV/nucleon PADs
at larger M-shells, which show a field-aligned shape at M > 4 that
evolves into a pancake distribution within a 8M ~ 0.4 inward of that,
are also unusual.

DISCUSSION

In situ energetic particle observations by the Galileo spacecraft pre-
sented here reveal that oxygen and sulfur persist as the dominant
Z > 4 species in the largely uncharted region of Jupiter’s inner heavy
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ion radiation belt at M < 4.5 and at >10 MeV/nucleon. Positive PSD
gradients observed across wide M-shell and energy ranges (Fig. 3)
indicate that adiabatic inward transport continues to be an impor-
tant heavy ion acceleration process for both species, similarly to
what has been resolved for larger M-shells and/or lower energies
compared to what we analyze here (6, 14, 16, 18). Adiabatic heating
is limited by losses at Io, Thebe, and Amalthea as indicated by a
variety of ion flux dropout signatures and their corresponding steep
positive PSD M-shell gradients at or near the moon M-shells (Figs. 1
and 3 and fig. S6). The fact that these dropout signatures are spatially
discrete and become more prominent with increasing energy and
toward oeq = 90° indicates that losses at Amalthea and Thebe are
primarily driven by ion absorption on their surfaces rather than on
the broadly distributed material of the gossamer rings (31, 32).
Losses at Io may also have contributions from pitch angle scattering
by electromagnetic ion cyclotron (EMIC) waves generated by S O}
and SO" ions in its plasma torus (33-35).

Adiabatic heating and losses largely determine the evolution
of oxygen and sulfur distributions toward Thebe and Amalthea.
Inward of those moons’ M-shells, however, the oxygen abundance
relative to sulfur increases considerably, at least up to 100 MeV/
nucleon. This change in composition is accompanied by a planet-
ward increase of oxygen PSDs, pointing to a local source of 250 MeV/
nucleon oxygen (Fig. 3). Pancake, instead of isotropic or field-aligned,
PADs within the observed Amalthea’s sweeping corridor also indicate
that there is a process acting to replenish the anticipated oxygen
losses. All these signatures complement each other in suggesting
that there is a source accelerating or producing very energetic oxygen
in the inner radiation belts. The source is best resolved for energies
250 MeV/nucleon, whereas at much lower energies this source, if
present, is overwhelmed by competing processes such as adiabatic
transport and losses. Most evidence points to this source residing
inward of Amalthea’s M-shell, but several indications (e.g., O/S at 7
to 18 MeV/nucleon; Fig. 2C) hint that it could extend as far out
as Thebe.

The topology of the source is key for identifying its underlying
physical process. For instance, Galileo plasma wave measurements
from the A34 orbit show that wave intensities between 5.6 and
~500 Hz increase considerably inside the orbits of Thebe and Amalthea
(36). This coincidence is noteworthy given that plasma waves with
frequencies lower than the oxygen cyclotron frequency (~30 to
300 Hz at Amalthea depending on the oxygen charge state) could,
in principle, accelerate oxygen ions through energy diffusion, espe-
cially if they are left-hand polarized (EMIC). Wave growth could be
the result of charged particle anisotropies associated with their
pitch angle-dependent losses at the moon sweeping corridors
(7, 37, 38). It is unclear why a broadband enhancement of wave
intensity observed by Galileo (36) would preferentially accelerate
oxygen over sulfur, because the sulfur cyclotron frequency (~15 to
300 Hz) lies in the same range as that of oxygen. An answer to this
question is difficult to obtain given the limitations of Galileo’s wave
measurements in terms of frequency resolution below 300 Hz and a
lack of information on the oxygen and sulfur charge states. We can
also not exclude that acceleration is controlled by waves below
5.6 Hz, the properties of which are currently unconstrained. For
instance, Alfvén waves in Earth’s inner magnetosphere are considered
to be the source of perpendicular ion acceleration, albeit effective
only up to ~50 keV (39). The anticipated measurements of the
plasma, magnetic field, and low-frequency wave environments of
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the inner radiation belts by Juno would thus offer crucial informa-
tion for establishing the nature of local heavy ion sources near
Amalthea’s M-shell.

Another topological coincidence is that of the inferred oxygen
source location with Thebe’s and Amalthea’s rings. Spallation of
ring dust may thus be a relevant source process. In the case of ener-
getic ions observed along Jupiter’s main ring, it has been proposed
that the spallation agents could be trapped gigaelectronvolt protons
(23). Our simulations (see Fig. 5A and Materials and Methods,
subsection “Simulations of ring grain spallation”) indicate that while
oxygen can be released by proton collisions with 1 to 5 um of icy
dust at Amalthea (31), its energies are lower than 1 MeV/nucleon,
well below the ~50 MeV/nucleon range indicated by HIC. When
the primary spallation agent is 10 to 100 MeV/nucleon sulfur, sup-
plied to the rings through adiabatic transport, oxygen secondaries
can have energies as high as 100 MeV/nucleon (Fig. 5B). These
secondaries take the form of a broad spectrum of stable (15~ 180
and unstable isotopes. The most abundant unstable isotope is 'O,
which decays into nitrogen within minutes. Unfortunately, HIC
does not have the mass resolution to separate ions at neighboring
Z-values in its highest energy measurements.

The spallation simulations indicate that ions heavier than
oxygen are also released. HIC measures Z > 8 ions at >50 MeV/
nucleon (events in red dashed line box in fig. S3), but their mass
distribution cannot be determined. Some of these predicted second-
aries may have a mass similar to sulfur (Z ~ 16). However, because
a primary magnetospheric sulfur particle can only transfer a lower
total energy to its spallogenic products, there is no effective gain for
Z ~ 16 ions, possibly explaining why the local source seen with HIC
is most prominent for ions lighter than sulfur (e.g., oxygen or Z ~ 8).
Generally, spallation makes the case for the value of energetic
particle instruments with high mass resolution, beyond the distinc-
tion of protons, helium, oxygen, and sulfur that is a minimum
standard at Jupiter.

A caveat of the spallation scenario is that it appears to be much
more efficient for generating low-Z ions than oxygen (e.g., helium),
as only about 107%% of the ion-dust collisions would release a Z ~ 8
ion with the right energy in the magnetosphere. The low probability
of sulfur ions colliding with dust in Jupiter’s tenuous rings (31, 35)
would reduce this efficiency even further. Oxygen itself may also act
as a spallation agent for lower mass secondaries and is subject to
ring losses. What could balance the low secondary ion production
efficiency is that the fluxes of magnetospheric sulfur, e.g., at
50 MeV/nucleon (fig. S6), are up to seven orders of magnitude
higher than the GCR and ACR fluxes that power Earth’s and Saturn’s
proton and heavy ion radiation belts through material interactions
(e.g., CRAND) (8, 22, 40). Oxygen ring losses could be balanced
through ring spallation by multiple species heavier than oxygen
besides sulfur, such as sodium (15). Long lifetimes against radial
transport [more than 20 years at Amalthea based on estimated radial
diffusion rates (35)] could potentially allow spallogenic products to
accumulate to the observed flux levels.

In conclusion, Galileo observations by its HIC and EPD instru-
ments provide us with one of the most detailed descriptions of
Jupiter’s inner heavy ion radiation belt to date in terms of radial
profile, ion composition, energy spectra, and angular distributions.
We find that the distribution of its dominant heavy ion species,
oxygen and sulfur, is in part shaped by adiabatic heating and material-
driven losses, processes that are known to act in all outer planet
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Fig. 5. Simulation of secondary ions and isotopes released from the irradiation
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of water ice grains with gigaelectronvolt protons and sulfur. Both plot panels

show the simulated isotopic and energy distributions of Z > 2 secondary ions following the irradiation of water ice grains with a radius of 2.5 um by protons (left) and
sulfur (beams). Z=1 isotopes and neutrons are also produced but were not tracked. Oxygen isotopes are highlighted, with those in a red box corresponding to the stable
ones. The color scale indicates the probability (in percentage) that a certain isotope is released from a grain per collision. The insets show the energy distribution of all

secondary oxygen isotopes.

radiation belts. In addition, excess oxygen PSDs and an increased
abundance of oxygen show that a source of 250 MeV/nucleon
oxygen located planetward of Thebe’s or Amalthea’s M-shell is also
acting. Candidate physical processes driving this local source are
different from the known ion sources at Earth and Saturn. If oxygen
derives from the spallation of Jovian ring grains, it could classify
Jupiter’s heavy ion belt as a self-sustained radiation belt system
where the primary spallation agent is generated internally to the
magnetosphere in the form of adiabatically heated gigaelectronvolt
sulfur. Such a configuration is fundamentally different to an ion
radiation belt system that is being supplied externally through pre-
accelerated GCRs or ACRs (22, 41). A similar process has been in-
voked to explain the presence of trapped heavy ions in astrophysical
radiation belts that enclose orbiting material within their volume
(42). If the source is instead driven by turbulent oxygen heating, this
would be the first time that an observational baseline is established
for understanding stochastic ion acceleration to gigaelectronvolt
energies in a stable magnetospheric environment, a process that is
otherwise believed to occur in stellar magnetic field environments
[e.g., solar flares (43, 44)]. Irrespective of the exact process respon-
sible for the observed ion acceleration, the colocation of the oxygen
source with the orbits of Thebe and Amalthea and/or their rings
and hints of a similar >10 MeV/nucleon source within the boundar-
ies of the dense Io torus suggest the existence of additional path-
ways through which magnetospheres containing significant amounts
of neutral material within their volume can generate particle radia-
tion with cosmic ray energies.
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MATERIALS AND METHODS

Instrumentation and datasets

Heavy ion counter

The primary dataset used in the present work comes from the HIC
instrument of the Galileo mission (24). HIC data, excluding the
time-dependent (pitch angle) pointing of HIC, the calculation of
which is described in the “M-shell and pitch angle estimates”
subsection of Materials and Methods, are provided through the
Planetary Data System (PDS) (https://pds-ppi.igpp.ucla.edu/mission/
Galileo/GO/HIC). HIC was designed to measure the composition
of Z > 6 ions (carbon or heavier), but under certain configurations,
it could also detect Z > 4 ions (lithium or heavier). HIC comprised
two particle telescopes named as LET-B and LET-E. LET-B mea-
sured the composition and the spectra of energetic heavy ions
between about 5 and 25 MeV/nucleon. It consisted of a stack of four
SSDs named as LB1 to LB4 and arranged on a cylindrical assembly
with conical aperture of a 25° half-angle upstream of the LB1
SSD. The LET-E telescope has the same configuration as LET-B but
contains five SSDs (named LE1 to LE5), and it was sensitive to
>15 MeV/nucleon ions. The LET-E detectors were assembled in a
stack with an effective aperture of 25° to 75° half-angle, depending
on the combinations of SSDs used and the energies of the particles
considered (fig. S1). Both telescopes used coincident energy losses
of ions on multiple SSDs to resolve different ion species and their
energies through the AE x E technique (45). The channels are named
(from lowest to highest energies) LETB, DUBL, TRPL, WDSTP,
and WDPEN. Here, only the first and the last three channels are used
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(e.g., Fig. 1 and table S1), with LETB belonging to the LET-B
telescope and the rest to LET-E.

The coincidence channels of HIC return two types of measure-
ments: the rate data, where particle events satisfying the coincident
logic of a channel were counted over intervals that depend on the
time resolution that HIC operates (Fig. 1), and the pulse height
analyzed (PHA) data, where for a small subset of the aforemen-
tioned events the ionizing energy losses on three selected HIC SSDs
(or sum of SSDs) were downlinked (table S1). PHA data are necessary
to distinguish the relative contributions of the different ion species
and energies, but their low counts mean that multiple directions
and times (locations) have to be averaged together to create statisti-
cally significant spectra. The rate channels provide a more statistically
significant signal to derive high spatial and pitch angle resolution
observations, but mix multiple species and energies. PHA and rate
data are linked through a livetime (Tvry), which normalizes the
small data sample of PHA events to the larger sampling of the rate
channels (46, 47). The DUBL channel of telescope LET-E returned
PHA but not rate data for most of the A34 orbit, which is why it was
not used.

Composition measurement system of the energetic particle detector

The EPD of Galileo (25) consisted of multiple sensor modules,
distributed on two instrument assemblies, the low-energy magneto-
spheric measurement system (LEMMS) and the CMS. Only CMS
has ion composition capabilities, which is why it was used here.
EPD/CMS alone comprised two ends, separated by 180° in point-
ing. The one end of CMS had a single-particle telescope using time-
of-flight (TOF) and energy loss measurements on an SSD (TOF x E
technique) to obtain the spectrum of protons and heavy ions. Its
measurements were saturated for most part of the A34 orbit, and
they were not used. The opposite end contained two telescopes,
each with a double SSD stack, using the same measurement principle
as HIC (AE x E) and were sensitive to Z > 2 ions of = 0.27 MeV/nucleon.
From these two telescopes, one was switched off in 1997.

Because of data rate limitations, the telescopes operated only
during selected high-time resolution intervals of the mission, and
their data have not been used as extensively as the TOF x E measure-
ments of CMS, excluding one case (48). Because the A34 orbit was
one of these high-time resolution intervals, AE x E measurements
by CMS are available, albeit for shorter intervals compared to HIC
(only inward of M ~ 6.2 for A34). Similar to HIC, these CMS tele-
scopes returned both PHA and rate data, but in addition, the rate
data were further binned onboard EPD in multiple channels to pro-
vide a rough separation at least between several major species like
sulfur, oxygen, helium, and sodium/magnesium and energies. We
directly used the measurements of these channels here, which were
recently reprocessed (49). A minimal additional processing, specific
to orbit A34, is described below.

Oxygen channels used are CM1 and CM3 to CM5 (0.29 to
5.6 MeV/nucleon), while for sulfur, we used CH1, CH3, and CH4
(0.27 to 0.93 MeV/nucleon). A visual definition of these channels is
shown in fig. S7. A fourth sulfur channel (CH5: 4.4 MeV/nucleon)
was not used because its corresponding fluxes were considerably
lower from those of HIC at neighboring energy ranges and more
than a factor of 10 below past estimates for similar energies (16). We
attribute this mismatch to possible issues with the CH5 calibration
parameters rather than to HIC. We consider HIC as more reliable
because it has ~40 times larger geometry factor than EPD at similar
energies. The reason we use EPD/CMS despite its limitations is
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primarily for extending the M-shell and magnetic moment ranges
over which PSD profiles could be constructed and for validating the
HIC pitch angle and flux estimates at neighboring energy ranges of
the two instruments.

Processing of HIC measurements

HIC ion flux and PSD estimates

To convert HIC count rates to fluxes, we followed the procedure
described in earlier investigations where HIC data were used to
derive heavy ion spectra beyond Io’s orbit (47). Starting from the
PHA data, we estimate the events that correspond to our species of
interest (oxygen or sulfur) and assign an energy to them based on
our calibration that we describe below. We then group the PHA
events in predefined energy and M-shell bins, where for each
combination the flux is estimated as

oy N 1
JEL)= X0, NG(E;) AE Ty v

Here, we bin particles in M-shell and in ambient energy within
the magnetosphere. Ey,i, and Ep,x are the bin boundaries. E is geo-
metric mean of a predefined energy bin, with E = Epin Emax and
AE = Epax — Emin. The conversion between the ambient ion energy
in the magnetosphere, E, and the energies deposited in various SSDs
is discussed below. We sum over every N time tag within the respec-
tive bin. Last, G(E;) and Tyry(; are the energy-dependent geometry
factor (discussed in the “HIC calibration updates” subsection of
Materials and Methods and shown in fig. S2) and the livetime
(provided in the archived HIC dataset) of the “ith” valid PHA event,
respectively. The way that M-shell and energy bins were selected
was based on a balance of counting statistics and also the uncertain-
ties in energy determination. For example, because for the highest
energy measurements by the WDPEN channel of the LET-E tele-
scope (>>50 MeV/nucleon oxygen) the uncertainty in energy deter-
mination was typically >50%, we decided to use a single energy bin
for the regime reaching 100 MeV/nucleon. Our spectra are in good
agreement with those obtained by the Voyager spacecraft and/or
Galileo/HIC for the JO orbit (16), as well as with spectra estimated
slightly outward of Io (46, 47).

Phase space densities are estimated directly from the spectra
at the geometric mean energies of the corresponding magnetic
moments, i. For intermediate E and p values, we use linear interpo-
lation in the (log(E),log(j)) space. Because the orbit of Galileo was
close to the magnetic equator and almost all equatorial pitch angles
were sampled and the pitch angle contrast of the signal is small, we
estimated PSDs at constant p1 by assuming that the omnidirectional
spectra are representative for equatorially mirroring ions (0ieq = 90°),
similar to earlier studies (14, 16).

HIC calibration updates

The HIC PDS dataset provides energy and species information for
each PHA event, but we did not use it here for several reasons. The
first is because the method used to invert the PHA event data
(14, 16, 45, 50) requires that particles are stopped in the SSDs, a case
that does not apply for the WDPEN channel (fig. S1). The second
reason is that the PDS inversions relied on the calibration of HIC at
the beginning of the mission, which is not fully applicable for the
last Galileo orbits: Because of the exposure of HIC’s detectors on the
radiation environment of Jupiter, the upstream SSDs of LET-B
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(LB1 and LB2) and LE1 of LET-E developed dead layers by the time
of the A34 orbit, making their effective thickness over which ionizing
energy losses are recorded smaller. The development of dead layers
has also been reported for the TOF X E system of EPD/CMS (51)
and also affected its AE X E telescope (fig. S7). Because dead layers
are not considered in the PDS calibration, inversions of PHA data
that clearly belong to oxygen and sulfur events assign masses of
~14 and ~27 atomic mass units (amu) instead of 16 and 32 amu,
respectively (fig. S4). This also induces systematic errors in the
ambient energy determination of each event.

To account for the dead layer, we used range-energy tables to
calculate energy tracks deposited in the detectors for sulfur and
oxygen. The tables were generated through the SRIM software (52).
Required information on HIC’s geometric characteristics and de-
tector sizes was obtained from www.srl.caltech.edu/galileo/SRD/
srd2.html and the instrument description paper (24). By varying
detector (and dead layer) thicknesses and by comparing the energy
loss curves with HIC’s PHA measurements, we estimated that SSDs
LB1, LB2, and LE1 have dead layers comprising 25, 2.5, and 10% of
their original thickness, whereas all other detectors were unaffected.
On the basis of the resulting simulated energy loss curves for differ-
ent incidence angles (Fig. 2, A and B), we specified the regimes for
each ion species and defined which events could be classified as
oxygen or sulfur (fig. S3).

After the species were defined, we used the simulated energy loss
curves per SSD (or sum of SSDs) to convert the measured energy
losses into the ambient ion energy per nucleon in the magneto-
sphere. Where possible, we used multiple SSD combinations and/or
multiple ion incidence angles to minimize the errors in species and
energy determination. For the highest energy events of HIC that are
recorded with channel WDPEN, which measures ions that can fully
penetrate all detectors of the LET-E telescope, it was necessary to
rely on assumptions about which species dominates, as discussed in
the context of Fig. 2.

For the estimation of the energy-dependent geometry factor
[G(E)], we performed simulations using GEANT4 Monte Carlo
simulations, as in (10). The simulations were performed only for
the LET-E telescope, because for LET-B a uniform geometry factor
of 0.429 cm” sr across its energy response (passband) was found to
be sufficient (46, 47). PDS provides energy-independent values of
G, which are a good approximation except at the edges of the LET-E
channel responses. Furthermore, it does not take into account
instrument penetrating heavy ions captured mostly by channel
WDPEN. The aluminum shielding of the HIC model was based on
an inspection of the telescope’s drawings (24, 46, 47). For a higher
efficiency in the calculations and for better particle statistics, no
spacecraft shielding was considered. The spacecraft shielding pri-
marily reduces the ions accessing the SSDs from the backside of
HIC, but even when this is neglected, backward penetrating ions
have little contribution to the geometry factor of its channels.
GEANT4 simulation results also validated the energy loss curves
simulated with the simple range-energy tables.

M-shell and pitch angle estimates

Magnetic field estimates were used for the magnetic mapping of
HIC’s and EPD’s measurements, the estimation of y, and the
conversion of local to equatorial pitch angle. For that purpose, we
used a Jovian magnetic field model (JRM09) coupled with a model
for a current sheet (CAN) (53). Hence, the term “M-shell” was used
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(as introduced for Juno mission investigations), instead of “L-shell.”
Galileo magnetometer data were not used because they saturate
approximately inward of M ~ 3. For M > 3, we only used the
magnetometer data to verify that differences between a data and a
model-derived pitch angle were insignificant.

Both HIC telescopes had a fixed mounting on Galileo’s rotating
platform (rotor) and thus were sampling different directions as the
rotor was spinning with a period of 20 s. The pointing of HIC was
reconstructed on the basis of rotor data available in https://pds-ppi.
igpp.ucla.edu/search/view/?id=pds://PP1/GO-]-POS-6-REDR-ROTOR-
ATTITUDE-V1.0 and information for the fixed HIC pointing on
rotor coordinates. Information on the exact pointing was obtained
directly from HIC team members, as the vector provided through
NASA’s Navigation and Ancillary Information Facility (NAIF) is
invalid (see table S1). For obtaining the pitch angle pointing of HIC,
we used only the highest time resolution intervals, where the spin of
Galileo’s rotor is resolved. Another important correction was ap-
plied by subtracting the buffering time (transmission time between
data accumulation from the sensor and onboard processing stor-
age), which is not taken into account in the measurement time tags
available in the archived PDS dataset (see table S1). A buffering time
correction of 2.5 s was chosen on the basis of the HIC documenta-
tion. Without this correction, pitch angle values would have a sys-
tematic offset up to 22.5°. Validated pitch angle values of EPD/CMS
are provided directly through the reprocessed EPD dataset, with a
caveat that data from certain pointing directions have been re-
moved because of spacecraft obscuration and/or contamination by
a radioactive calibration source on EPD (49). Construction of EPD/
CMS PADs (figs. S8 and S9) serves the additional purpose of validat-
ing the HIC pitch angle estimates, by showing how PADs of these
instruments are similar at their overlapping energy ranges.

Uncertainties in HIC spectra and phase space densities

The uncertainty ranges in fig. S6 are primarily controlled by
Poisson statistics, i.e., the value of N. Most of the M-shell and energy
bins contained at least 15 valid PHA samples, with few exceptions
for the highest energy measurements of sulfur and oxygen by the
WDPEN channel. In total, we classified 4580 valid oxygen and
953 valid sulfur PHA events, resulting on an average of 60 and
20 events per M-shell and energy bin, respectively, for the spectra of
fig. S6. Smaller and relatively negligible contributions arise from
uncertainties in the livetime normalization (Tv).

Systematic uncertainties are not only more significant but also
difficult to quantify. The number of events identified as oxygen and
sulfur may have been overestimated. Because of ion scattering on
the HIC SSDs, the energies of the PHA events spread out of the
ranges defined by the simulated energy loss curves (Fig. 2). For this
reason, we manually enlarged these ranges (fig. S3). To account for
a possible overestimation of the number of valid PHA events we
assign to a given species, we made the extreme assumption that our
statistical sample per energy and M-shell bin can be up to 30% lower,
i.e., 30% of the events have been mistagged. Even in that case, the
error bars remain small compared to the variability of the radial
profiles, with an exception of the region near Io and the energy
regime near 100 MeV/nucleon. Another systematic feature with
uncertain interpretation is that of large count rate spikes, most
clearly seen in channels TRPL and WDSTP (Fig. 1, B and C). The
fact that they are seen in later orbits rather than the first one (J0)
and only in LET-E channels suggests that they may be a feature
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associated with either the aging of LET-E or a different operation
mode of that sensor. The spikes are very prominent for M > 5 and
may lead to some flux overestimations in that region, which is one
more reason we refrain from conclusively interpreting planetward
PSD rises near Io in the present study.

Another source of error may be the estimation of the ions’ energies
from our calibration curves. By using PHA measurements to con-
vert the energy loss of an ion on at least two SSDs, we find that the
energy uncertainty for channels LETB, TRPL, and WDSTP is typically
below 30%, but for WDPEN, it can be as large as 70%. To minimize
the impact of these uncertainties, we defined only four energy bins
for estimating oxygen and sulfur spectra from HIC. Using smaller
energy bins, with a width as low as the energy uncertainty, did not
offer any advantages and, at the same time, decreased the available
events per M-shell and energy bin. This uncertainty in energy deter-
mination also affects how well we can constrain the energy regime
of the local oxygen source. The planetward oxygen PSD rise is clear
above 50 MeV/nucleon. Below that range, HIC oxygen measure-
ments come from the WDSTP channel, for which the oxygen energy
determination uncertainty is small. Thus, the 30 MeV/nucleon lower
limit for the source is determined mostly by monitoring at which p
the PSD rise becomes insignificant.

Inspection of the cluster of WDPEN (oxygen) events below
LE3 = 100 MeV (points enclosed in the green dashed line and the
blue solid line boxes in fig. S3D) shows that the events deviate from
the expected energy loss tracks (black curves) at low LE3 energy
losses (LE3 below about 50 to 60 MeV). Events spread over a
quasi-constant LE4 + LE5 energy loss range. We have compared the
shown cluster of WDPEN events from the radiation belts with
measurements taken at large distances from Jupiter, including time
periods close to the A34 orbit, when WDPEN was dominated by
penetrating GCRs instead of (potential) radiation belt ions (54).
These events distribute parallel to the energy loss curves (fig. S5), as
expected, suggesting that the clustering of event data at quasi-
constant LE4 + LE5 energy seen at A34 is not an artifact of the
channel that always existed or resulted from degradation of the
LET-E telescope.

The main difference between the GCR and the radiation belt
response is the much higher ion flux in the latter. We also note that
WDPEN uses quadruple coincidence and no anticoincidence. In a
high flux environment, it is not unlikely that one of the four detec-
tor hits is accidental. This means that one of the four detectors is
triggered by a separate particle than the one that triggers the other
three SSDs. However, we cannot be certain on which detector the
accidental event occurs. Simplified simulations of accidental co-
incidences using random event selections from our GEANT4
simulation results suggest that the most affected detector is likely
LE5, meaning that the stronger contrast in LE3 energy losses can be
used to map the ambient oxygen energy associated with each
WDPEN PHA event. With that in mind, we estimate that oxygen
ions may have energies as high as 300 MeV/nucleon. Despite that,
we choose to be conservative and assume that all events that signifi-
cantly deviate from the tracks (LE3 < 55 MeV) are accidentals and
ignore them. The reason is that because in a high flux region a single
accidental hit on LE5 may be enough to trigger a WDPEN signal, the
effective geometry factor of the channel is much higher than its nominal
one, especially for the most efficiently penetrating ions (2140 MeV/
nucleon oxygen or LE3 < 50 to 60 MeV). We thus keep only the
LE3 2 55 MeV events for spectral analysis (<140 MeV/nucleon).
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The plotted uncertainties in PSD (Fig. 3) propagate directly from
the uncertainties in fluxes. Our assumption that PSDs are represent-
ative for equatorially mirroring ions is not inducing any appreciable
errors that could affect sharp PSD gradients, given the low pitch
angle contrast of the HIC signal. If PADs are considered, they would
actually make our case for a local oxygen source inward of Amalthea
stronger because >50 MeV/nucleon PADs at Amalthea’s sweeping
corridor peak in the field aligned direction, whereas inward of that
they peak at aeq = 90°. Generating pitch angle-dependent PSDs
requires to separate the mixed energies and ion species in the high
spatial resolution PAD profiles (Fig. 4) and the mixed pitch angle
information in the low spatial and angular resolution spectral pro-
files (fig. S6), a task that is not free of assumptions.

Processing of EPD measurements
Because EPD measurements were used here mostly for providing
additional context to the highest energy ion observations of HIC,
the processing steps applied were simpler. We obtained the differ-
ential number fluxes of oxygen and sulfur by binning the count
rates of the CM and CH channels in the same M-shell bins as HIC
and then applying

HEL)= eyl @
For the ith channel of EPD at an M-shell, M, R;is the corresponding
count rate and AE; is the channel’s passband. The geometric factor,
g, was taken to be 0.008 cm? sr for all channels (49).

The constant ¢; is a correction factor used to account for the
spread of sulfur counts into neighboring channels due to the
dead-layer buildup on EPD’s SSDs for orbit A34 (fig. S7). We esti-
mated this factor by generating PHA count histograms and by
calculating the fraction of the sulfur peak that spreads outside a
CH-channel box boundary. For channels CH3 and CH4, ¢; is 1.15
and 1.4, respectively. For oxygen channel CM3, this factor is 0.85,
because sulfur counts drift into the channel’s regime, increasing its
count rate. For other channels, ¢; = 1, because PHA count statistics
were not sufficient to make an evaluation (CM1, CH1, CH5), or
because they were negligibly affected by dead-layer effects (CM4,
CMS5). The correction factor ¢; only shifts the absolute number of
counts in a channel at a given time, and it is not dependent on
particle pitch angle. Note also that the values of ¢; provided here are
applicable only for orbit A34, and they should converge toward unity
for earlier phases of the mission.

Scattered counts in PHA boxes that clearly do not belong to
oxygen or sulfur (most visible at CM3) are mostly due to instrument
penetrating radiation, for which a correction is already provided in
the archived EPD dataset (49). The uncertainty range in the fluxes
of the EPD channels is basically controlled by the Poisson error on
their counting rate, R;.

Simulations of ring grain spallation

Simplified simulations of ring grain spallation were set up and per-
formed with GEANT4 (55). The goal was to principally understand
what type of heavy ion secondaries and with what energy are
released for different spallation agents. In Fig. 5, spherical grains
with a radius of 2.5 um and an ice composition were defined as the
targets to be irradiated by a unidirectional, point source (beam) of
protons or sulfur. These ion beams had uniform energy distribu-
tions, with energies ranging between 1 and 4 GeV for protons and
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0.32 and 3.2 GeV (10 to 100 MeV/nucleon) for sulfur. Varying the
radius of the grains between 1 and 5 um does not affect our conclu-
sions. The assumptions for the ring grain size are based on their
measured distribution during the A34 and J35 orbits by Galileo’s
dust detector (31). No detailed information exists on the grains’
composition, which is why we assumed here that they comprise
pure ice, on the basis that the gossamer rings derive from collisional
ejecta of Amalthea and Thebe (56) and that the dominant constituent
of Amalthea is ice (57). Other studies, mostly focused on Jupiter’s
main ring, have used a rocky composition [e.g., (58)], whereas
certain investigations indicate that Amalthea also likely has non-ice
admixtures on its surface (59). A varying composition for the spall-
ation target was beyond the scope of our simulations but should be
considered in follow-up works.

A single grain target was used in each simulation. The total ion
energy was chosen such that there is the possibility to knock out a
secondary oxygen with at least 10 MeV/nucleon (or 160 MeV)
kinetic energy, if there is significant energy transfer from the primary.
The simulation was configured so as to allow the generation of all
types of secondaries, including photons, electrons, neutrons, and
Z > 1 isotopes. For the output, we tracked only Z > 2 isotopes to
improve the processing speed, because the number of protons and
neutrons generated could be more than 30 times higher than that of
any other secondary. The secondaries were registered only when
they escaped the icy grain. After the secondaries were registered,
they were immediately deleted; thus, the decay process of unstable
isotopes was not simulated. In proton beam simulations, we injected
50 billion primaries, whereas 300 million primaries were used for
sulfur. The primary particle inducing the spallation reaction typi-
cally penetrated through the icy grain, excluding the few times it
transferred much of its energy to the secondary ions. The GEANT4
simulations do not offer information on the charge state of secondary
ions. For the estimation of the percentage of secondary ions escap-
ing the grain (Fig. 5), we assumed that all secondaries are charged.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm4234
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