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Jupiter’s moon Europa has a predominantly water-ice surface that is modified

by exposure toits space environment. Charged particles break molecular
bondsinsurfaceice, thus dissociating the water to ultimately produce H,
and O,, which provides a potential oxygenation mechanism for Europa’s
subsurface ocean. These species are understood to form Europa’s primary
atmospheric constituents. Although remote observations provide important
global constraints on Europa’s atmosphere, the molecular O, abundance has
beeninferred from atomic O emissions. Europa’s atmospheric composition
had never been directly sampled and model-derived oxygen production
estimates ranged over several orders of magnitude. Here, we report direct
observations of H,"and O," pickup ions from the dissociation of Europa’s
water-ice surface and confirm these species are primary atmospheric
constituents. In contrast to expectations, we find the H, neutral atmosphere
is dominated by anon-thermal, escaping population. We find12 + 6 kg s™
(2.2+1.2x10*s™) 0, are produced within Europa’s surface, less than
previously thought, with a narrower range to support habitability in Europa’s
ocean. This process is found to be Europa’s dominant exogenic surface
erosion mechanism over meteoroid bombardment.

Europa’sinteraction withits space environment, notably charged parti-
cles, ultraviolet light and meteoroid impacts, modifies its surface chem-
istry, leading to erosion and deposition of exogenic material. Charged
particles dissociate H,O in the surface ice (breaking molecular bonds),
which subsequently recombine predominantly into molecular H,and
0, (refs.1,2). These molecular species are expected to be dominantly
released from the surface by thermal desorption®*. Thermal desorption
along with sputtering from electrons’ orions®’ can liberate these mol-
ecules fromthe surfaceinto Europa’s atmosphere. This atmosphereis
understood to comprise H (ref. 8) and H,, O and O, (refs. 9-12),and H,0
(refs.12-14). Atmospheric neutrals can becomeionized as pickup ions

(PUls) thatare incorporated intoJupiter’s magnetospheric plasma* %,
Atmospheric sputtering, in which a plasma exchanges momentum
with and erodes the neutral atmosphere, was originally proposed to be
the dominant loss mechanism of neutral O,”. Subsequently, electron
impact ionization® and symmetric O," > O, charge exchange'® have
also been proposed as the primary drivers of O, loss. H, loss has been
lessinvestigated theoretically; however, electronimpactionizationis
proposed to be its dominant loss mechanism®.

The atmosphere is understood to consist of thermally desorbed
molecules. It is governed by the surface temperature® as well as a
directly sputtered source?. Although Galileo’s E4 and E6 fly-bys at
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Fig.1|Overview of Europa fly-by and plasma observations. a,b, Density of

H,' PUIs directly picked up from Europa’s neutral atmosphere for X, (@) and
Zeonio (b). Velocity arrows indicate the plasma velocity vector as determined from
proton observations, with the rigid corotation 0f 104 kms™. R, =1,560.8 km is
Europa’s radius. Streamlines and associated wake are from an analytic model
(Methods). c-e, Fluxes of O,"and S* (c), H," (d) and H* (e) from JADE’s TOF
product. Horizontal dashed lines indicate the ram energy for O," (¢) and cutoff

energies (c-e) for PUls assuming rigid corotation (Methods). f, Densities of
individual species (orange, black and blue), allions (dashed black) and electron
impactionization rates (purple, right axis). The altitude is shown underneath c-f.
Theboundaries of the geometric wake are shown with horizontal grey bars above
or below each panel. Juno’s close approach (C/A) was on 2022-272 9:36:29. Each
horizontal tick corresponds to 1 min. avg., average; imp., impact.

close-approach altitudes of 692 and 586 km inferred the presence of
PUIs near Europa, instrumental limitations prevented acompositional
deconvolution of the measured plasma into magnetospheric and
Europa-genic material®. Additionally, several species of PUls were
inferred fromion-cyclotron emissions during the E11and E15 fly-bys®.
Constraints on the relative abundances of Europa’s atmospheric
neutral and plasma species were previously derived primarily from
remote-sensing ultraviolet observations. As there had been no direct
in situ particle observations of Europa-genic material composition
in the moon’s vicinity, the composition of Europa’s atmosphere, how
muchofitislostand how much plasmaEuropa contributes toJupiter’s
magnetosphere remained unresolved™.

Observations and PUI characteristics

The Juno mission® is equipped with the Jovian Auroral Distributions
Experiment (JADE)*, which includes several electron analysers and
a time-of-flight (TOF) ion mass spectrometer. JADE’s ion instrument
measures the energy and angle distributions of positively charged parti-
cleswith anenergy per charge (E/q) of 10 to 46 keV/q.Juno performed a
fly-by of Europaon 29 September 2022 (day of year 272), with its closest
approachat 9:36:29 UTC atanaltitude of 353 km and a radial distance of
1.2 R;, where1R;=1,560.8 km. Relevant orbital parameters are givenin
Extended Data Table 1. Figure 1a,b shows the fly-by trajectoryin Europa
phiorbital (EPhiO) coordinates, where +zis aligned with Jupiter’s rota-
tion axis, +y is the direction of the component of the Europa-Jupiter
vector perpendicular to +zand +x completes the right-handed system,
whichis aligned with the rigid corotation direction.

Juno transits the geometric wake from 9:34:06 to 9:36:48 UTC
withaspeed relative to Europaof23.6 km s ™. Figure 1c-f shows plasma
observations fromJADE. The fluxes are derived by integrating the TOF
datatoidentifyH*,H,",and O,"/S" (Methods) to focus on Europa-genic
PUIspecies. The upstream densities of ~100 cm™ at Europa during this

fly-by are within the 25-50% range of densities observed over Galileo’s
tour”. This plasma density contrasts with Galileo’s E4 fly-by, which
had asimilar fly-by geometry, but with much lower upstreamtotalion
densities of -20 cm™ (ref. 22). It also contrasts with Galileo’s E12 fly-by
when Europawas near the plasmasheet. Its plasmawaves spectrometer
observed large densities >600 cm™ before the transit, and <200 cm™
after. However, this enhancement may have been due to activity at
Europa®, and the E12 density profile is markedly different than that
observed during Juno’s Europa fly-by.

The expected PUI cutoffs (Methods) for rigid corotation of
104 kms™atJunoare 0.3,0.5and 8 keV for H*,H,"and O,", respectively,
asshown in the horizontal dashed lines in Fig. 1c-e, which also shows
theramenergy for O," of 90 eV.Ram energies for the hydrogen species
are below JADE’s 10 eV/q lower limit for ions. Most notably for H," and
0,", the cutoff in fluxes at the higher-energy range matches almost
identically to the expected PUl cutoff (for rigid corotation) outside the
Europatransit. Just after crossing into the wake, Juno transits aregion
withavarying PUl cutoffenergy, indicating these ions were picked up at
speeds differing fromrigid corotation. This corresponds to the speed
increasing around the flanks of Europa and the slowing and deflection
of plasmawithin its wake.

Several species from distinct plasma populations have been
observed near Europa.JADE can discriminate these with its TOF obser-
vations (Fig. 2). MagnetosphericH*, 0%*,S*,0"/S* and S*are observed
consistently throughout the encounter above afew kilo-electronvolts,
withadepletion below these energies within Europa’s wake. Notably, S**
atM/q=10.67 (atomic mass unit per elementary charge) isanimportant
tracer for magnetospheric plasmaasthereis no appreciable source of
sulfur from Europa compared to the lo-genic plasma dominating the
magnetosphere.Incontrast, H," of Europa-genic origin is more promi-
nently observed closer to Europa where the magnetospheric plasma
populations are depleted. For O*, both Europa-genicions near the PUI
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Fig.2|lon composition for eight periods along the fly-by. a-h, Average ion
countrates as a function of energy per charge and mass per charge. The diagonal
line on each shows the cutoff for locally picked up ions assuming that they are

picked up atarigid corotation speed of 104 km s relative to Europa (Methods).
The corresponding 30 s intervals are indicated on the top of i.ij The same as
showninFigs. 1c (i) and 1e (j).

cutoffenergy and lo-genic O* near the corotation speed are observed.
For example, Fig. 2a shows both O* populations separated by energy.
The expected Europa plasma torus H," densities at Europa’s orbit are
0.2-0.3 cm(ref. 29), which are negligible compared to the H," densi-
ties of -2-60 cm™ observed here.

Near Europathereare two distinction populationsinthe M/qg =32
fluxes that separate in energy. We attribute the lower-energy popula-
tionto magnetosphericions and the higher-energy populationto O,"
PUIs. Before and after the encounter, there is a quasi-steady-state
population peakingin differential energy flux between1and 10 keV.
These fluxes probably contain a mixture of both magnetospheric
S*"ions originating from lo as well as Europa-genic O," PUlIs near the
PUI cutoff energy observed inside and outside Europa’s orbit. They
may also contain a lower level of false coincidences from O*and S**
with longer TOFs on the lower end of this energy range. Within the
wake, an enhancement is observed in M/q = 32 fluxes. The magne-
tospheric 0" and S™ are all slowed within the wake and observed
with lower energies. The higher-energy population in the wake,
notably -2-3 keV/qwith M/q = 32, follows very closely to the H," PUI
population. If both species were picked up in identical locations
and transport conditions, the O," PUIs would have a similar energy
distribution upscaled by afactor of 16 in energy for the difference in
mass between O, and H,, with the exception of additional gyrotropic
effects discussed below. As the M/q = 2 fluxes are unambiguously H,"
PUIs from Europa, we can use their temporal and energy distribu-
tion to constrain Europa-genic O," (Extended Data Fig. 1). Figure 1f
shows the range of derived O," densities during the period when the

M/q =32 energy-per-charge spectrogram (Fig. 1c) is distinct from the
upstream conditions, specifically from 2022-272 9:34:20 to 9:37:15.
As densities derived for the full M/q = 32 product would contain
contributions from several species, we isolate and show only the O,"
densities we can derive in this data-driven way. Unlike at Ganymede,
where H," was observed®®, probably being a direct by-product of a
relatively dense H, atmosphere, no appreciable signatures of H;"
were observed during this Europa transit. These observations also
provideinsitu constraints on PUl currents, the subtraction of which
isnecessary to better constraintheinduced current due to Europa’s
subsurface ocean®.

Some of the differences between the H,"and O," energy distribu-
tions may be due to gyrotropic effects®. For an average upstream mag-
netic field magnitude of -440 nT using theJRM09 internal field model*
and current sheet model** and assuming pickup atarigid corotation of
104 kms™, the gyroradius for H," is -5 km whereas the O," gyroradius is
~80 km. With a speed relative to Europa of 23.6 km s™, Juno transits a
full 0," gyroradius every 3-4 s, or two ion measurement periodsat2 s
each suchthatJADE may not be sampling a fully gyrotropic population
atanygiven period, particularly near a close approach where these ions
would be the most freshly picked up.

Withinthe geometric wake, the dominant Europa-genic species are
H,"and O,", with both densities peaking ~30 s before close approach.
This confirms that the primary atmospheric neutral constituents are
H, and O,. With the exception of when Juno was most central to the
wake at -9:35, the O," densities are lower than those observed for H,".
However, Juno may have missed the densest core of O, in Europa’s
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Fig.3 | Altitude profile for H," PUls. H," density coloured by Xgp,;o such that
densities observed upstream from the centre of Europa are blue and are red or
orange downstream. The outbound portion of the trajectory, ‘Fit’in the inset,
iscompared to a PUl advection solution (Methods). Overlaid curves show PUI
densities corresponding to the advection solution for a PUl population from:

(1) anionized neutral atmosphere varying as exp(-h/A)r?where

A1=6,090 + 890 km (grey), (2) scaled from acomprehensive DSMC atmosphere
model (blue)®and (3) scaled from a sputtered-only model (purple)®’. The grey
region at the bottom shows the expected density of Europa-genic H," PUls
already incorporated into Jupiter’s magnetospheric plasma®.

wake'® duetoits fly-by trajectory and three-dimensional nature of the
streamlines carrying PUls.

Juno encountered a diverse and mixed plasma environment with
Europa-genic PUIs and magnetospheric plasma at all altitudes visited.
Therelative ratios of the various constituents vary substantially, such
that this convection-driven ionosphere is compositionally stratified.
Thus, ameaningful scale height cannot be derived from a single elec-
trondensity observation®. This finding also hasimportantimplications
for upcoming Europa Clipper and Jupiter Icy moons Explorer (JUICE)
fly-bys. Specifically, the energy-per-charge observations with Clipper’s
Faraday cup® will need to be carefully interpreted given the overlap of
0O," PUIs with magnetosphericS.

Atmospheric properties

The observed PUIs can be used to infer atmospheric neutral densities.
Todo so, we focus ontimes when Juno was on the Jupiter-facing side of
the geometric wake (Fig. 3 inset). This location is where Juno transits
streamlines that have the nearest access to the densest portions of
the neutral atmosphere, which reduces additional effects due to the
complexwake dynamics and enables us to estimate total atmospheric
neutral densities upstream along streamlines connected toJuno using
asmall number of realistic assumptions (Methods). We calculate the
electronimpactionization rates (Methods and Extended DataFig. 2) for
allJADE datanear Europa’s orbit (Extended Data Table 2 and Extended
Data Fig. 3) and during the fly-by (Extended Data Fig. 4), finding this
mechanism to be the dominantionizing process for these neutrals at
Europa (Extended Data Table 3), as shown in Fig. 1f. From these rates,
we compare modelled PUI densities from an advection model (Meth-
ods and Extended Data Figs. 5 and 6) for three specific atmospheric
neutral profiles to the H," densities in Fig. 3: (1) an analytic modified
power-law distribution, (2) scaled to the published densities from a

direct simulation Monte Carlo (DSMC) simulation that comprehen-
sively simulates the entire thermal and sputtered neutral atmosphere’
and (3) scaled to a solely sputtered source®.

We find that a neutral atmospheric H, density profile
n(r) = ng exp(—h/A)r-2(ref.37) is able to reproduce the observed PUI
density profile. Using a x? fit, we find that the surface density
ny,=1.8+0.05x10°cm>andA=6,090 + 890 kmfit theJADE PUl observa-
tions. Both the DSMC full-atmosphere simulation and sputtered-only
simulation, when scaled with the JADE data to their peak expected
densities, underpredict the radial profile of observed H," PUls. This
findingisinsensitive to areasonablerange of streamline model param-
eters (Methods). In addition to being the dominant ionizing process,
electron impact ionization is found to be the overall dominant loss
mechanism for H, at Europa’s orbital distance within Jupiter’s magne-
tosphere. Using these neutral profiles with our derived electronimpact
ionization rates, we find the total atmospheric loss rate as PUls (Meth-
ods)tobe0.16 + 0.04 kg s (4.8 + 0.1 x 10 s!). Comparing with previous
H," ion observations in Jupiter’s magnetosphere®, we infer 6-41% of
Europa’s escaping H, neutrals are directly lost from the atmosphere as
H," PUIs (Methods). Much of the remaining atmospheric losses will be
in the form of neutrals, which populate a neutral toroidal cloud
co-orbiting with Europa®*****°, This process should also be occurring
tovarying degrees at Ganymede* and Callisto*’. An even smaller fraction
would leave the Jovian system as unbound energetic neutral atoms®®,

In the dawn-side region, we estimate Juno to be connected to
streamlines that probe toless than 250 km altitude (inset axis in Fig. 3).
H, neutrals with a thermal speed distribution driven by Europa’s
86-132 K surface temperatures* would have scale heights of 270-
415 km. Hence, we can assess from our advection analysis the total
content of the neutral atmospheric H, population withinasingle ther-
mal scale height. The finding that a profile of n (r) = ny exp(—=h/A)r=2
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is dissociated by radiolysis to form O, and H,. These gases can migrate both
inwards towards the subsurface ocean or escape the surface by thermal
desorption or direct sputtering to form its atmosphere. The lighter H, occupies
amore extended region than heavier O,, which remains closer to the surface.
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Aportion of the neutrals in the atmosphere are ionized and picked up by the
magnetospheric plasma. Juno observes these PUIs, with the relative abundances
driven by the various processes described here. The radiolysis dissociation inset
was adapted from ref. 2. Particles shown are O, (blue), H, (pink) and H," (grey).

canfit the observed PUIs suggests the atmospheric neutral population
is not thermalized. This is also supported by comparison with the
full-atmosphere DSMC simulation from ref. 3, which is dominated by
thermalized neutrals and is not consistent with the observations. Such
afinding is contrary to the prevailing understanding before the Juno
fly-by that H, neutrals in the atmosphere would have all three of the
following properties: (1) They predominantly leave the surface with a
thermal speed distribution closely matching the local temperature of
the surface’. (2) They have small scale heights ~270-415 km. (3) Their
speed distribution is not further modified. Additionally, the compari-
soninFig.3withasputtered-only model* shows the observed popula-
tionisalso not consistent witha completely sputter-driven population.
Theradial profile we find, which is steeper than r?, indicates that there
is a predominantly escaping neutral population, which would follow
r? thatisalso beingionized and depleted to steepen the radial neutral
profile, as discussed in the next section.

The vertical neutral atmospheric column density (Methods)
along the radial direction from the centre of Europais calculated to
be 1.8 + 0.1 x10" cm™for H, from the inferred non-thermal neutral
population. Before Juno’s fly-by, this value had not been observationally
constrained’. The H, column densities derived here are a factor of -4
smaller than those estimated fromref.3 0f 7.7 x 10" cm, comparable
to the value from ref. 21 of 2.5 x 10" cm™ and an order of magnitude
higher than the sputtered-only value from ref. 20 0f 1.9 x 10 cm ™.

Unlike for H,, for which the thermal neutral scale heights are com-
parabletojJuno’s fly-by altitudes, the expected scale heights for O, are
tens of kilometres (refs. 4,20). Due to this, we do not derive the total loss
rate of O, directly from the O," observations as we have done for H,. PUIs
from the denser thermal O, atmosphere may be highly concentrated
inthe most central portion of the wake and Juno may not have directly
observed PUIs from this portion of the atmosphere. Therefore, we do
notderive properties of the O, neutral atmosphere. However, the Juno
fly-by still revealsimportantinformation about the evolution of neutral
0,.Electronimpactionization rates of 1.9 x 10® s have been previously
used to calculate modelled O, losses”. The electron impactionization
rates derived here of 4.9 x 107 s upstream from 9:37 t0 9:39 during the
fly-by are a factor of -3 larger, and those in the wake 0f 3.3-8.1 x 10 ®s™*
areafactor of 2-4 times larger (Methods and Extended Data Table 3).
Therateis proportional to the1,356 A O 1emission rate used to derive
the neutral column densities, which implies that this rate, at least for

the time of the Juno fly-by, is also afactor of 2-4 larger. Consequently,
tobe consistent with brightness values measured remotely, we expect
the O,atmosphere tobeafactor of -2-4 times less dense compared to
estimates using pre-Juno electronimpactdissociationrates. Hence, the
Juno fly-by observations are consistent with a lower O, loss rate, both
inthe O,electronimpactionizationratesand the H, loss rates thatare
atracer for total O, production.

Discussion and conclusions

Fromacombination of Juno’s Europa fly-by and several transits through
Europa’s orbit, we estimate Europa’s total neutral H, loss rate to be
1.5+0.8kgs™(4.5+2.4 x10%*s™). H, is an effective tracer for the evo-
lution of Europa’s surface ice. Observations of H," PUIs during Juno’s
single fly-by of Europa and of H," PUIs throughout Jupiter’s magneto-
sphere taken over several years provide very similar loss rate estimates
(Methods). Assuming that all oxygen produced by the radiolytic dissoci-
ation of H,0 inthe surface forms molecular O, (ref. 1) and that the same
process creating H, produces O, in a 2:1ratio, we expect 12 + 6 kg s™
(2.2+1.2x10%s™) of O, to be produced in the top layer of Europa’s icy
surface. This puts direct observational constraints on the pathways
for O, produced in the surface, such as the total loss rate of O, from
the atmosphere and O, accessible to the subsurface ocean. Figure 4
and Table 1 summarize the surface processes and Juno observations
made during its fly-by of Europa.

Due to radiolysis, the loss rates of H, we derive require 13 + 7 kg s™
of water ice to be dissociated, which erodes Europa’s surface by
1.5+ 0.8 cm Myr™(95+ 52 Myr m™). Galileo’s observations of impact ejecta
fromits Europa fly-bys* were consistent with animpact ejectamass loss of
0.2kgs™, correspondingtoanerosionrate of 0.2 mm Myr ™, assuming that
pureiceisejected, whichis morethananorder of magnitude lower than
thatfromtheradiolysis-driven dissociation of surfaceice calculated here.
Additionally, as the top 30 cm of the surface is anticipated to be impact
gardened over tens of millions of years (ref. 45), even with the modest
H,0 loss rates derived here, the radiolysis-driven erosion of the surface
iscomparable to, if not the dominant driver of, Europa’s surface erosion
and modification. These updated constraints also affect the preservation
of potential biosignatures in Europa’s near-surface ice layers*.

Historically, the neutral H, atmosphere was understood to be
dominated by athermalized population with aspeed distribution like
thatof thelocal surface temperature*. In contrast to expectations, we
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Table 1| Relevant parameters derived from Juno data

Parameter Value

Europa’s surface ice

15+0.8kgs™ (4.5£2.4x10%s)
12+6kgs™ (2.2+1.2x10%°s™)
13+7kgs™ (4.5£2.4x10%s™)

H, production

O, production

H,O dissociation

Surface erosion 1.5+0.8cmMyr™ (95+52Myrm™)

Europa’s H, atmosphere
H, profile n@r) = noe—h//lr—z
H, surface density ny=1.8£0.05x10°cm™

H, ionization scale height A=6,090+890km

58+34ms™
1.5+0.8kgs™ (4.5+2.4x10%s™)
0.16+0.04kgs™ (4.8+£0.1x10%s™)

H, outflow speed

H, loss

Direct H," loss

In the H, profile relation, h is the altitude above the surface and r is the radial distance from
Europa’s centre.

find the neutral H,atmosphere is dominated by anon-thermal popula-
tion with a radial dependence of n (r) = ny exp(—h/A)r2, as has been
employed for lo’s atmospheric escape”. Such a radial distribution
would arise from an outflowing, escaping neutral population (r—2
dependence) that incurs losses (exp(—h/A) dependence), which is
directly observed for the H, + e” > H," + 2e” pathway as PUIs. From this
altitude profile (Fig. 3), we find the average neutral outflow speed is
58 +34 ms™. Weindependently estimate the total neutral outflow loss
(Methods), which nearly identically matches the values derived relying
primarily on Europa-genic H," PUl observations far from Europa®.
Therefore, the H, neutral altitude profile and the total derived H, loss
rates are independently consistent, giving further confidence that the
H, population is non-thermal and has been heated after release from
the surface by anadditional mechanism. Although we cannot address
the heating mechanism for such a population with this current analysis,
it may be the result of atmospheric sputtering®, direct surface sput-
tering?®?, Joule heating® or acombination of these effects. Joule heat-
ingisafavourable candidate, as such a process is most efficient when
theinteraction strength (Methods) @ = 0.5(ref. 48), and we have found
a = 0.55torepresent the observations well.

The overall budget of 12 + 6 kg s total O, producedin the surface
is partitioned into atmospheric loss and potential sequestration into
the surface ice. The loss of neutrals from the surface is often termed
the‘sourcerate’intheliterature, whichis equal tothe productionrate
ifall neutrals eventually make their way to the surface orisless thanthe
productionrateif an appreciable fraction of neutrals are transported
downward away from the surface. Before Juno’s transit of Europa,
model-driven estimates for the total Europa-genic O, source extended
over two orders of magnitude*”?**° from 5t0 1,100 kg s™. Here, we
constrain this value to less than 12 + 6 kg s™, as the production rate is
an upper limit on the atmospheric source rate and is in the very low-
est range of previous estimates. Previous modelling efforts provide
context to the relative magnitude of oxygen production. Amodelling
study investigating the physics of O, production and ejection from the
surface found production rates of 8-26 kg s to be consistent with O,
forming a thin layer near the surface, compared to 430-1,100 kg s™
forathicklayer, for whichthe oxygenreservoirs exist deeper than the
penetration depth of magnetosphericions’. As the thin-layer hypoth-
esis and corresponding modelled production rates are similar to the
observational constraints found here, these results are consistent with
the notion proposed by ref. 7 that oxygen could residein anarrow layer
near the surface. A separate modelling parameter study' showed that
with upstream densities of 100 cm like those observed on the Juno

fly-by, our production rates of 12 + 6 kg s ™ are consistent with Europa
having asmall height for neutral O, of approximately tens of kilometres.

Withrespect to potential transport downward and away from the
surface, radiolytically produced O, retained in Europa’s ice may work
itsway into the oceanas a possible source of metabolic energy for life®.
Estimates of current O, delivery from the oxygenated ice to the liquid
ocean range from 0.3 to 200 kg s™ (ref. 51) up to 300 kg s™ (ref. 52).
Unless Europa’s oxygen production was significantly higherinthe past,
the O, productionrates found here of less than the 18 kg s " available to
beretainedin Europa’s surfaceice provide anarrower range to support
habitability than previous model-driven estimates.

Methods

PUl energy

PUIs are injected at a velocity in the corotating frame of
Vputcor = Veor — Vorb» Where v, = wrcos 6 is the corotational speed, ris
theradial distance, v,,, = y/u/r isthe orbital speed, w =1.757 x10™*sis
Jupiter’s angular rotation frequency (period of 9.93 h),
1=1.267 x10” m*s*is Jupiter’s standard gravitational parameter and
fisthelatitude.Inareference frame centred onJupiter but notrotating
with the planet, PUls have aspeed in the range from vpy; inj = [2Veor — Vorb|
O Upyimin = Uorb-JUNO’s relative motion plays arole in the detected PUI
energies. Hence, the peak observed speed expected in the spacecraft
frame for PUIS is vpyijuno = [VeuLini — Yjuno| = [Viuno — 2Veor + Vorn| » Where
Viunois the velocity vector of the Juno spacecraft with respect toJupiter’s
centreinanon-rotating frame.

Density determination from TOF data by mass range

AlthoughJADE’s TOF product does not have directionality information,
it does observe the full sky each ~30 s spin. We calculate partial numeri-
caldensities from the countrates asafunction of energy over the JADE
energy band-pass for each sample period of 2 s and apply a sliding
average over afull 30 s spin. After all foregrounds and backgrounds are
subtracted (see Supporting Informationinref. 29), we sum count rates
over all TOFs corresponding to M/q between the mass ranges 1.5-2.5
for H,"and 26-70 for O," and S to determine a total count rate R, as a
function of energy. Countrates for H" are derived from existing proton
foreground removal methods used toisolate H,". For all species-specific
count rates, we subtract the average count rates per energy in the M/q
range of 2.75to 5.1to remove the long TOF tail from O* and S™ ions that
areforeground to other mass ranges (Supporting Informationinref. 29).

JADE instantaneously observes an angular range of 270° extending
from the anti-sunward spin axis, such that for each spacecraft rotation,
itrecords counts fromatotal angular extent of 61 sr, double-counting
halfthe sky. We must reduce R, by an appropriate factor to determine
the‘true’average countrate R = R, corresponding to the 41t sr full sky.
Duetotheinstrument mounting and orbit geometry, for each observa-
tion by JADE, the plasmaincident onJADE is predominantly observed
on the hemisphere where JADE double-counts incident populations,
which also gives improved counting statistics. Following previous
analyses”, weusen=0.5.

We then convert count rate R into phase space density fusing
flv) = RI(GY,, (v) v*), where G, = GE./2is the energy-dependent geomet-
ric factor®’, with a factor of two between the energy geometric factor
and velocity geometric factor®, and v is the measured energy per
charge converted to speed for each given species mass. In turn, the
number density derived from a one-dimensional phase space density
iS Npum = 41/ f(v)v? dv . For JADE data with count rates in discrete
energy bins, the numerical partial number density is given by
Mpum = (411/3) Y, (v;’:max - U?,min)f(ui) , where i indicates each energy bin

that spansin velocity space from v; i, t0 U; mayx AN U; oy = Vist mine

Electronimpactrates
TheJADE electron observations duringJuno’s Europa transit are taken
with two 120° x ~5° field-of-view electron sensors (JADE-E), covering
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atotal of 240° along the plane perpendicular to Juno’s spin axis. They
canelectrostatically deflect up to 35° towards the direction of the local
magnetic field direction to capture field-aligned electrons. Electron
intensities (cm™sr s keV™) asafunction of energy Eand pitchangle 6,
I(E,0), are derived from count rates. The total reactionrate yis given by

g Ermax
y= /]. I(E,0)0(E)dEdS2 = 271/ sin BdB/ I(E, 0)o(E) dE,
0 E,

min

where the differential solid angle is from assuming gyrotropy.
For JADE-E’s energy range during the Europa fly-by, £, =30 eV
and E,,, =40 keV. We estimate these reaction rates using the
energy-dependent cross-sections o(E) for each reaction and species
(Extended Data Table 3).

Since JADE-E does not measure electrons below ~-30 eV, it misses a
small portion of the relevant ionizing electron population below this
energy. We extend the intensities below JADE-E’s energy range by fitting
kappadistributionsto the electronintensity spectra (example givenin
Extended Data Fig. 2), following results from an empirical model that
reproduced previous electron observations atJupiter®. Integrating the
above equation from £, = 0 eV using the empirical model intensities
below 30 eV, we find reaction rates that are 10-30% larger than those
solely using JADE-E’s lower-energy limit of £, =30 eV.

0," density determination

The JADE instrument cannot isolate species with the same mass per
charge, hence the M/q =32 data product contains fluxes from S* and
0," and may also contain false coincidences from O" and S™ on the
lower-energy end of the observed flux enhancements. We isolate and
extract the signature of fresh O," PUls using a data-driven method
described below. Although modelling the specific instrument response
to different species can be used to extract composition ratios®, we
apply astrictly data-driven approach to estimate O," densities. Since
the H," ions are unambiguously local Europa-genic PUIs, their energy
spectragive a data-driven representation of anominal PUIL. We assume
0O," PUIs will have a similar distribution, scaled up by a factor of 16 in
energy duetotheirmassratiotoH,". Therefore, we use the shape of the
H,'PUldistribution to apply amask to the O," data and derive densities
from this mask.

We derive amask from the H," spectrogram by finding contoursin
the H," flux that occur within a certain percent of the peak for eachtime
step. Extended Data Fig. 1b shows this mask. The rates below those of
20%,40% and 60% from the peak flux have been masked out. From this
masked data, we calculate the H," density again, finding it to be lower
than that derived for the entire distribution. We then calculate the
correction factor that we would need to scale the mask-derived densi-
tiestoreach the correct values, as shown in Extended Data Fig.1d. We
then apply the mask to the O," dataset, scaled up in energy by a factor
of 16 (Extended Data Fig. 1a), calculate the density for the masked O,"
dataset and then apply the same correction factor. Finally, we subtract
the derived density using this method upstream of Europa at 9:39 to
remove the contribution from foreground magnetosphericions not of
Europa-genicorigin. The dashed orange lines in Extended Data Fig. 1c
show the range of O," densities we derived for values 20-60%.

As shown in Extended Data Fig. 1a,d, the higher-energy M/q =32
populationvery nearly tracks the energy distribution expected based
onH,'PUls. Therefore, we attribute the higher-energy ions at M/q = 32
to fresh O," PUIs from Europa’s atmosphere picked up in similar loca-
tions and conditions to H,". The range of densities for O," found with
this technique is shown in Fig. 1f.

PUladvection model

ThePUIdensity atanylocationis determined by the net pickup upstream
alongthe streamlineintersecting that point. We employ asimple stream-
linemodel originally developed forlo’s plasmainteraction. The original

formulation determined the velocity field as a function of the Peterson
conductance x; and Alfvénic conductance ¥, (Appendix A2 inref. 56
and Section 2.1.2 inref. 48). Here, we reformulate the velocity field to
depeng on two unknown parameters: (1) the interaction strength

a=—21 - %and(2) ionospheric distance R;, where v, is the unper-
21423, Vo

turbed flow speed and 6vis the maximum change of the total flow speed.
The plasma flow velocity vector is then given by:

1-a
vg=0vg| O

0

242 2
for Xy +Yg <Ry,

1- aR202 - y2)/08 +32)°

— 2 2
Vg = U —‘RIZZXByB/(X§+yZB)2 for x2+y3>R?,

0

where vy isinacoordinate system with -z aligned with the magnetic
field axis (at Europa, the magnetic field is predominantly in the —zgp,io
direction), +x; is aligned with the flow direction (as in xpp0) and +yg
completesthe right-handed system, as shown in Extended Data Fig. 5.
Thevelocity inthe EPhiO coordinate system requires asingle rotation
about the +x; axis by angle ¢ with a rotation matrix, such that
Vephio = Mvg, where

1 0 0
M=|0 cosg sing
0 —sing cos¢

DuringJuno’s fly-by, that angle is approximately ¢ = 12°using the
JRMO9 internal field model** and current sheet model**. However, the
resulting velocity field values are not very sensitive to changes in this
angle of -5-10°. Note that this streamline model neglects the Hall effect,
which has aminor effect on the ion flow in Europa’s ionosphere™~.

Extended Data Fig. 6 compares this two-parameter model with
the in situ speeds measured by JADE for & =(0.4,0.55,0.7) and
H; = R, — Rgyr = (30km, 100 km, 300 km). Three model curves are shown
in each time series, corresponding to rigid corotation at 104 km s with
respect to Europaalong withsub-corotationspeeds of 100 and 95 km s™
as reasonable possibilities”. Overall, we find this model successfully
replicates the flow speeds and trends observed by JADE. Specifically,
the model predictsadepletioninspeed asJuno transits near the centre
ofthe wake, followed by aspeed enhancement as Juno encounters the
sub-Jovian flank where streamlines are compressed (leading to
increased plasmaspeed) to divert around Europa. We choose the value
of H, = 30 km here in our analysis as the dominantly O, atmosphere is
understood to have a scale height of tens of kilometres**°, but note
that theresults are not very sensitive to this choice, as discussed below.
Fortheinteractionstrength, we find that lower values of @ = 0.4 under-
predict the observed speed variations, whereas a = 0.7 overpredicts
them. Hence, we use anintermediate value of @ = 0.55for our analysis,
but as discussed below, the results are relatively insensitive to the
specific choices of @ and H,.

To determine the PUl density for aspecific set of plasma flow and
neutral atmosphere conditions, we solve the continuity equation for
an advecting plasma with a source, M L V. (nv) = P,where nis the PUI

ot
density, vis the plasma flow velocity from the model described above
and Pisthe PUlinjectionsourceterm. Let P = yn,(r), where ris the radial
vector from the centre of Europa, y is the ionization rate and n,(r) is
the atmospheric neutral density assuming a radially symmetric profile.
Assuming the flowisin one dimensionsalong the streamline and that
the density profile is not explicitly dependent on time, then we can
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solve u‘;—" = yn,(r) for the PUl density at Juno’s location using finite dif-
ferences alongastreamline,suchthat n;,; = n; + Yasty () Assuming the
neutral density ny = 0far upstream and using a constant step size As,
the local PUI density at Juno’s location for a given species is then

givenby:

n=yAsy, naT(r,)
i L

We use asmallstep size of As = 0.05 Rg, such that the results are not
sensitive to this choice. The atmospheric profile considered is
n,(r) = ny exp(=h/H)r-% , where h is the altitude above the surface
accounting for Europa’s oblateness (it has an equatorial radius of
1,560.8 kmanda flatness coefficient of 1.98 x 10~), His the atmospheric
scale height, and ris the radial distance from Europa’s centre. Two
additional published atmospheric profiles are also included for com-
parison®*°, We apply this advection model to the period after Juno exits
Europa’s geometric wake starting at 2022-272 09:36:29. The fit shown
in Fig. 3 is derived using @ = 0.55 and H, = 30 km. However, we tested
the sensitivity of these results to changesin the two componentsin the
model in the range discussed above. In this sensitivity investigation,
we found the overall interpretation and extraction of atmospheric
profile was highly insensitive to the choice of either parameter, with
the exception of H, = 300 km. For large scale heights like 300 km, the
flow would be appreciably slowed near Juno’s close approach leading
toasubstantial perturbationin PUl densities that JADE did not observe.
Hence, overall the derived results are robust to changes in the plasma
interaction within areasonable parameter space.

Atmospheric profile calculations

The column density along the radial direction for an atmospheric
density profile n,(r)is f n,(r)dr. For an exponential altitude with scale
height H=kT/mg, the thermal energy per kilometre scale height is
4.4x10™*eVkm™ or 5.1 K km™ for Europa’s surface gravity of
g=1.315ms?and Boltzmann’s constant k=1.38 x 10 ® m?*s2K'=8.6
2x10eVK™

Determination of H, and O, production rates

Since H, is more readily released from Europa’s surface and gravita-
tional well, the total H, production rate allows us to directly estimate
the total O, production rate within Europa’s icy surface. The O, mass
productionrateis assumed to be 8 times the H, production rate from
the stoichiometric ratio of hydrogen and oxygenin H,0. We determine
thetotal H, productionratein Europa’sicy surface usingJuno’s Europa
fly-by data, Juno measurements of the electron characteristics in the
vicinity of Europa’s orbitand Juno observations of H," produced from
Europa’s neutral H, loss.

The previous estimate of total H, loss rate from Europa® did not
account for PUIs directly lost from Europa and relied on Voyager/
Galileo electron characteristics to determine loss rates in the vicinity
of Europa’s orbit. Previous reaction rate estimates*’ found that 86-91%
of all reaction pathways for neutral H, were due to electron impacts.
Therefore, we focus on updating these reactions with Juno measure-
ments, as they are the overwhelmingly dominant reaction pathways.
The recent fly-by along with Juno measurements in the vicinity of
Europa’s orbit allow for a direct determination of the electronimpact
ionizationratesinboth environments. We use Juno/JADE observations
toimprove theelectronimpact rate estimates and separately estimate
the total losses from Europa’s atmosphere versus within the neutral
toroidal cloud.

First, we determine the electrondistribution function for all times
Juno was within 9 to 10 R, and within 2 R, from the magnetic equator
(Extended Data Table 2). An example set of spectrais shownin Extended
Data Fig. 2. We then fit the electron intensity profile as discussed in
the ‘Electronimpactrates’in Methods and determine electronimpact

ionization rates for all time periods. We bin these rates by magnetic
latitude (Extended DataFig. 3) and perform a weighted average for each
latitude bin by the time Europa spends ineach magnetic latitude. In this
way, we can determine the average electron conditions experienced
by neutralsin Europa’s orbit (Extended Data Fig. 4 and Extended Data
Table 3) using all relevant reaction cross sections***% %,

To directly estimate the total PUI loss rate from Europa’s neutral
atmosphere, JADE must transit streamlines that sample the majority
ofthe neutral H, column density. AsJuno transits streamlines down to
200-300 kmwithin asingle thermal scale height, it will sample nearly
the entire neutral atmosphere. A single population with a radial
dependence of n(r) = ny exp(—h/A)r-2 (ref. 37) is capable of completely
fitting the observed PUls. By comparison, the comprehensive neutral
DSMC model® of the atmosphere dominated by thermal neutrals under-
predicts the total PUI content. Hence, we find that a thermally domi-
nated population of neutral H, is not the dominant producer of the
observed H," PUIs. Given this, we conclude that the observed PUls
represent the dominant losses, enabling us to estimate the total H, loss.

Given the dawn-side observation we use to infer global atmos-
pheric characteristics, weinvestigate two cases to bound this estimate:
(1) a radially symmetric atmosphere and (2) a case where the neutral
H, dawn/dusk asymmetry is a factor of 2, which is the upper limit of
the dawn/dusk column densities observed in O, by the Hubble Space
Telescope*". We use the time range of 9:37 to 9:39 as representative
upstream conditions, such that the average upstream electronimpact
ionization reactionrateis 3.4 x 107*s™. We further assume that half of
the H, neutrals in the downstream hemisphere experience a median
reaction rate of 5.2 x 107® s from the wake (Extended Data Fig. 4).
Combining these two rates, we derive alocal-time-averaged reaction
rateof 4.3 x 107 s, Using our derived electron impactionizationrates
tointegrate over Europa’sentire atmospherein these cases, the result-
ing estimateis 0.14 + 0.03 kg s of direct H,* PUl loss.

From our updated electron reaction rates, along with existing
non-electron-related rates*’, we find that electron impact ionization,
H,+e > H," +2e", leads to 41-58% of total H, losses in Europa’s orbit
away fromthe moon, whereas 54-58% of H, losses occur in the immedi-
ate vicinity of Europa. A production rate of 0.7 + 0.3 kg s™ of charged
H,"wasderived from H," observations throughout Jupiter’s magneto-
sphere”. We now discriminate between H," directly lost from Europa’s
atmosphere exposed to higher electron impact ionization rates with
those picked up from Europa’s neutral H, toroidal cloud. From the
Europa fly-by, we estimate 0.16 + 0.04 kg s of these PUIs are directly
picked up in the immediate vicinity of Europa from its atmospheric
neutral H,. This leaves 0.54 + 0.34 kg s of ions to be produced from
Europa’s neutral toroidal cloud. Using the relative fraction of impact
ionization found here, 0.29 + 0.09 kg s of neutral H, is lost directly
fromthe Europa’s atmosphere due to H, reactions, whereas the majority
of neutral loss is from the torus and estimated tobe 1.20 + 0.72 kg s .
Thetotal estimated loss rate for H,isthen 1.5 + 0.8 kg s, Using stoichio-
metric ratios for water, the total O, productionrateisthen12 + 6 kg s™.

Independently, the altitude profile of n(r) = ny exp(—h/A)r-2canbe
used to estimate the total neutral H, outflow. The length scale over
which neutrallosses occur canbeinterpretedtobe A = w/L, where wis
the average neutral outflow speed and L is the total reaction rate for
H,. For the total reaction rate, we follow a similar analysis as above.
Averaging the upstream and wake electron impact ionization rates
gives an average value that is ~80% of the wake value. Therefore, we
sumallreactionrates derived for the H, in the third column of Extended
Data Table 3 for the wake and multiply by 80% to determine the average
value of these electron-driven rates to be 3.8-11 x 10 s™. We addition-
ally estimate from the second column in this table that
non-electron-driven rates can contribute an additional 20%, so we
estimate atotal H, reaction rate of4.6-13 x 10° s, The outflow speed
isthen w =58 + 34 ms™. To estimate the total loss rate with this outflow
approximation, we similarly assume that the surface density is either
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azimuthally symmetric with n,=1.8 + 0.05 x 10° cm™ or has a dawn/
dusk asymmetry of 2 with an average surface density of
ny,=2.7+0.08 x 10° cm™. The total neutral loss rate estimate is then
4nR%now =1.5+1.1kgs™, which is remarkably similar to our
higher-fidelity estimate of 1.5 + 0.8 kg s ' above, which was estimated
in a completely different way using years of Juno observations of
Europa-genic H," PUls throughout the magnetosphere.

Data availability

The JNO-J/SW-JAD-3-CALIBRATED-V1.0 data presented in this manu-
script, https://doi.org/10.1007/511214-013-9990-9, can be obtained
from the Planetary Data System (PDS) at https://pds-ppi.igpp.ucla.
edu/mission/JUNO/JNO/JAD. Source data are provided with this paper.
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Extended Data Fig. 1| Masking analysis for O, density estimation. Panels (a)
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observed above the background magnetospheric heavy ions. Panel (c) shows the
densities derived solely from the masked data (dotted lines) and those corrected
for the missing portion of the distribution (dashed lines) using the correction

factor shownin panel (d) fromH,".
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of magnetic latitude. The purple histogram shows these values derived when
Juno was within Europa’s geometric wake. Widths of the blue and purple bars at
the bottomindicate the 10% and 90% percentiles with the median value shown
inthe central vertical line. Previous estimates in the vicinity of Europa’s orbit are
showningrey**®,
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Extended Data Fig. 5| Coordinate systems used to calculate streamlines. Orange axes show the coordinate system where -z is aligned with the magnetic field
direction and the component of B out of the page is considered negligible. This coordinate system differs from EPhiO by a rotation by angle ¢ about the x direction.
The ionospheric altitude H,and radius R, are also indicated.
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Extended Data Fig. 6 | Comparison of JADE plasma flow speeds with
streamline model. Each time series panel shows the Juno/JADE derived mean
local speed using JADE proton measurements along with the 1o uncertainties
summed in quadrature from values within the JADE data files. The three curves
show model predictions for this speed for corotation speeds 0f 104 km s™
(orange, rigid corotation), 100 km s (red), and 95 km s (purple). The panel

to the right of each time series shows the corresponding streamline model
along with Juno’s trajectory and observed velocity vectors. The light grey circle
corresponds to Europa and the dark grey annulus corresponds to the modeled
ionospheric height H,. Nine different model cases are shown for interaction
strength a = (0.4,0.55,0.7) and H,= (30 km, 100 km, 300 km). We use values of
a=0.55and H,=30 throughout the analysis (middle row, left column).
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Extended Data Table 1| Relevant orbital and plasma parameters at close approach

C/A Time 2022-272 9:36:29
C/A Distance 1.2 Rg
C/A Altitude 353 km
Assumed upstream |B| 440 nT
Rigid corotation speed 117 km s™
Orbital speed 13.8 km ™
Rigid corotation speed wrt. Europa 104 km s™
Juno speed wrt. Europa 23.6kms”
H," PUI gyroradius 5 km

O," PUI gyroradius 80 km
Sys. III W. Longitude 136°
Centrifugal latitude 2.8°

Magnetic Latitude 4.1°

All parameters calculated at Juno's close approach on 2022-272 9:36:29.

Nature Astronomy


http://www.nature.com/natureastronomy

Article

https://doi.org/10.1038/s41550-024-02206-x

Extended Data Table 2 | Times used for the electron rates derivations

Perijove

Start time (UTC)

Stop time (UTC)

36
37
38

2021-245T14:23:50
2021-289T08:54:43

 2021-333T05:54:43

2021-245T15:32:46
2021-289T10:03:39
2021-333T07:03:29

39
41
42
43
44
45
46

2022-012T02:14:18
2022-099T07:30:38
2022-142T17:57:07
2022-186T00:58:37
2022-229T06:26:47
2022-272T08:51:24
2022-310T13:18:26

2022-012T03:23:03
2022-099T08:39:24
2022-142T19:06:02
2022-186T02:07:23
2022-229T07:35:42
2022-272T10:00:30
2022-310T14:27:42
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Extended Data Table 3 | Electron reaction rates determined by Juno/JADE observations

Reaction Europa’s Orbit (s') Europa’s Wake (s”) Cross Section
H,+e — Hy +2¢ | 1.0-3.4x 10° | 3.3-8.1x10° Ref. 58
Hy+e > H +H+2¢e 0.46-1.7 x 107 1.4-3.8x 107 Ref. 58
H,+e >H+H+e 0.37-20x10° | 1.4-5.0x 10 Ref. 59
H; reactions not involving 0.23-1.2x10° -- Ref. 40
electrons

O, +te >0, +2¢ 1.3-4.6x 10° | 4.5-10.8x10° Ref. 60
0,+e —>0"+0+2¢ 0.22-1.9x 10° 1.2-3.9x10° Ref. 60
O;+e—>0"+0+3¢ 0.054-1.8x 10° 0.79-2.3x 10 Ref. 60
0,+te—>0+0+¢ 0.56-2.6 x 10°® 2.4-6.3x10° Ref. 62
O; reactions not involving 1.2-5.4x 10 -- Ref. 40
electrons

Rates calculated both in the vicinity of Europa’s orbit and within Europa’s wake during Juno’s Europa flyby.
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