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Highlights

In-situ detection of Europa’s water plumes is harder than previously
thought.

Rowan Dayton-Oxland, Hans L. F. Huybrighs, Thomas O. Winterhalder, Ar-
naud Mahieux, David Goldstein

e An internal shock caused by particle collisions reduces the radial extent
of the model plume, resulting in a decrease in plume density as detected
by a simulated flyby by as much as three orders of magnitude.

e This can halve the area of the Europan surface over which plumes can be
differentiated from the HoO atmosphere (region of separability), making
plume detection more difficult.

e We recommend Europa flybys pass below the plume canopy altitude, e.g.
300 km, to maximise the chance of detecting a plume.

e Lowering the altitude of the flyby by 100km can increase the chance of
detecting a plume by increasing the region of separability by as much as
32%.

e If the flyby passes close to the plume, a neutral mass spectrometer could
resolve the structure of the canopy shock - allowing us to probe the plume
physics.
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Abstract

Europa’s subsurface ocean is a potential candidate for life in the outer solar
system. It is thought that plumes may exist which eject ocean material out
into space, which may be detected by a spacecraft flyby. Previous work on
the feasibility of these detections has assumed a collisionless model of the plume
particles. New models of the plumes including particle collisions have shown that
a shock can develop in the plume interior as rising particles collide with particles
falling back to the moon’s surface, limiting the plume’s altitude. These models
also assume a Laval nozzle-like vent which results in a colder plume source
temperature than in previous studies, further limiting the plume’s extent. We
investigate to what degree the limited extent of the shocked plumes reduces the
ability of the JUICE spacecraft to detect plume HyO molecules. Results show
that the region over Europa’s surface within which plumes would be separable
from the HoO atmosphere by JUICE (the region of separability) is reduced by
up to a half with the collisional model compared to the collisionless model.
Putative plume sources which are on the border of the region of separability for
the collisionless model cannot be separated from the atmosphere when the shock
is considered for a mass flux case of 100kgs™!. Increasing the flyby altitude
by 100km such that the spacecraft passes above the shock canopy results in
a reduction in region of separability by a third, whilst decreasing the flyby
altitude by 100 km increases the region of separability by the same amount. We
recommend flybys pass through or as close to the shock as possible to sample
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the most high-density region. If the spacecraft flies close to the shock, the
structure of the plume could be resolvable using the neutral mass spectrometer
on JUICE, allowing us to test models of the plume physics and understand
the underlying physics of Europa’s plumes. As the altitude of the shock is
uncertain and dependent on unpredictable plume parameters, we recommend
flybys be lowered where possible to reduce the risk of passing above the shock
and losing detection coverage, density and duration.

Keywords: FEuropa; Satellites, atmospheres; Atmospheres, dynamics;
Volcanism; Jupiter, satellites; Satellites, composition

1. Introduction

Europa is thought to have a subsurface water ocean with the potential to
support life, making it one of the most intriguing places in the solar system
to astrobiologists. The physical and chemical characteristics of this ocean are
poorly constrained, but it is thought that tidal heating from Jupiter sustains a
liquid ocean around 100km deep, which could contain the essential ingredients
and energy for life (Nimmo and Pappalardo, 2016; Schubert et al., 2004). Sev-
eral observation methods have hinted at the possibility of water plumes erupting
from the surface, potentially ejecting ocean material into space and providing
an opportunity to study its composition (Hand et al., 2009; Chyba and Phillips,
2002).

Europa’s plumes were first detected by Roth et al. (2014), who reported
evidence of excess UV emission (in the Hydrogen Lyman-a and Oxygen OI
130.4 nm spectral emission lines) above the southern hemisphere from analysis
of Hubble images, consistent with a 200km water plume near Europa’s south
pole. Sparks et al. (2016, 2017, 2019) investigated limb-darkening effects in far
ultra-violet Hubble images and also found cases of possible plume activity, al-
though this has since been contested by Giono et al. (2020) who showed that at
least one of these detections could also be explained by statistical fluctuations.
Recently, studies of Europa’s magnetic field and plasma wave observations by
Jia et al. (2018) and Arnold et al. (2019) have reported features consistent with
interaction between Jupiter’s co-rotating plasma and plumes, giving indepen-
dent evidence to support their existence. Low-albedo geographical regions have
also been linked to cryovolcanic activity by Fagents et al. (2000). Paganini
et al. (2020) has shown possible evidence of a plume through IR spectroscopic
measurements with the Keck telescope. Recent work by Huybrighs et al. (2020)
shows that energetic proton depletion during Galileo’s flyby of Europa is con-
sistent with charge exchange with a plume, providing evidence from an inde-
pendent method and data set from previous examples. However, an artefact in
the energetic proton data prevents a definitive conclusion on the presence of a
plume (Jia et al., 2021; Huybrighs et al., 2021).
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The potential to study the Europan ocean for signs of life has encouraged
scientific and public interest in a spacecraft flyby of Europa’s plumes. It is pro-
posed that spacecraft flybys could investigate the ocean’s composition, search
for organic molecules and perhaps sample microbial life directly (Lorenz, 2016).
In this paper ESA’s JUpiter Icy Moons Explorer (JUICE) mission is used as an
example mission (Grasset et al., 2013); the spacecraft’s Particle Environment
Package (PEP) (Barabash et al., 2013) has been predicted to be able to de-
tect molecules from the plumes during its two planned flybys of Europa in the
early 2030’s (Huybrighs et al., 2017; Winterhalder and Huybrighs, 2022). The
spacecraft may be capable of ‘tasting’ trace gases and compounds in the plume
using the Neutral Ion Mass spectrometer (NIM) instrument in the PEP pack-
age. Europa Clipper’s MAss SPectrometer for Planetary EXploration/Europa
(MASPEX) instrument is also intended to analyse the composition of Eu-
ropa’s atmosphere and possible plumes (Teolis et al., 2017), when the spacecraft
reaches Europa (Brockwell et al., 2016).

Collisionless models have been used to model plumes on Europa (South-
worth et al., 2015; Lorenz, 2016; Teolis et al., 2017; Huybrighs et al., 2017;
Vorburger and Wurz, 2021; Winterhalder and Huybrighs, 2022) and Enceladus
(Smith et al., 2010; Tenishev et al., 2010; Dong et al., 2011). Specifically in
Huybrighs et al. (2017) and Winterhalder and Huybrighs (2022), a simple col-
lisionless model using Monte Carlo particle tracing was used to simulate the
trajectories for neutrals and ions under Europa’s gravity, Jupiter’s electric field,
and the conventional electric field, for several possible plume source mass fluxes.
These studies show that HoO molecules could be detected by the NIM instru-
ment from a plume anywhere on the surface. However, simulations by Berg
et al. (2016a) and more recently by Tseng et al. (2022), which included particle-
particle collisions between HoO neutrals resulted in a canopy shock forming
within the plume, as particles falling back to the surface collide with rising ma-
terial. This limits the altitude and extent of the plume. The models presented
in Berg et al. (2016a) assume a Laval nozzle-like vent which results in a colder
plume source temperature than in previous studies, further limiting the plume’s
extent. The canopy shock and the lower source temperature suggest that in
reality a spacecraft’s ability to detect plume molecules will be poorer than pre-
viously thought.

While the structure of Europa’s plumes, including the presence of a canopy
shock, has not been determined from the currently available observations, the
presence of canopy shocks has been observed at Io (e.g. in Morabito et al. (1979);
Geissler and McMillan (2008)) and predicted by models (e.g. in Zhang et al.
(2003); McDoniel et al. (2015, 2019)). The plumes on Enceladus do not exhibit
the canopy shape observed at Io and predicted at Europa. This is because the
exhaust velocity of the plumes exceeds the escape velocity of the moon. The
plume particles are therefore not strongly affected by gravity and thus the col-
lisions between rising and returning particles are not frequent enough to form
the canopy shock (e.g. Yeoh et al. (2017)). Estimates of plume mass flux range
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from 5kgs™! (Southworth et al., 2015) to 7000 kgs~! (Roth et al., 2014).

In this study the extent to which using a collisional model with a canopy
shock reduces the potential of detection compared to a collisionless case is in-
vestigated. We determine the effect of particle collisions and the formation of a
canopy shock on the region of separability (i.e. the surface area of Europa that
can be probed by a flyby), and on the peak density detected by the simulated
flyby. The feasibility of detecting particles from previously observed potential
plumes by Roth et al. (2014); Sparks et al. (2016, 2017, 2019); Jia et al. (2018)
and Arnold et al. (2019) are investigated. Flybys at different altitudes are mod-
elled to determine if a lower flyby would significantly improve the area over
Europa’s surface where plumes would be separable from the atmosphere (the
region of separability) and the peak density of particles encountered.

2. Method

The density distribution of the plumes is here simulated using the Direct
Simulation Monte Carlo (Bird, 1994) code PLANET developed at The Uni-
versity of Texas at Austin. The PLANET code was run with different vent
conditions listed in Table 1, varying the mass flux and turning particle colli-
sions on and off. Subsequently, the simulated plume densities are used as an
input for simulations of the measurements with the neutral mass spectrometer,
NIM, on JUICE.

2.1. Plume Model

PLANET has been previously used for a wide variety of atmospheric applica-
tions, including plume simulations for Europa (Berg et al., 2016a), Io (McDoniel
et al., 2019) and Enceladus (Mahieux et al., 2019; Yeoh et al., 2017). In this
work we simulate the plume HoO molecule number density, velocity, and kinetic-
and rotational-temperature fields using the same approach as the one described
in Mahieux et al. (2019); the reader can find an extensive description and justi-
fication of the computation method in that paper. A summary is provided here.

A single plume source with a circular vent aperture is considered, pointing
normal to the surface of Europa, outgassing a pure water vapour flow. In DSMC,
the time-dependent movement and collisions of numerical particles, which rep-
resent a large number of real molecules, are computed on a 3D spherical grid.
The grid is defined by collision cells, in which the collisions of the particles are
computed probabilistically. However, only 1/360 of the flow in a 1-degree wedge
needs to be simulated because of the cylindrical symmetry of the problem. The
computation is done in stages (see Figure 1), whose sizes increase as a geometric
progression, and such that each stage encompasses the previous ones. Thus, the
cell size is defined such that it resolves the local flow mean free path. Likewise,
the time step needs to resolve the mean collision time. There are seven stages
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Figure 1: Panel A: DSMC domain geometry. The vent is the white circle at the centre. The
grid represents the domain that is simulated using the code PLANET. Panel B: Representation
of the staged calculation. The collision cells are shown in Stage 1 only for clarity.

in the computation. PLANET is run in each stage until steady state is reached,
i.e. that the number of numerical particles is constant. When steady state is
reached, the flow is sampled over a large number of time steps to reduce the nu-
merical noise, and the numerical particles crossing the right and top boundaries
in Figure 1 are counted. They are used as initial conditions for the next stage.

We note that, in the present DSMC simulations, the particles can only travel
from a lower stage to an upper stage. This introduces a small error below when
considering Furopan plumes, as the particles from the outermost stage that
should fall back to stage 6 are not counted. Note, in our simulations the outer
stage (stage 7) extends from 40-700 km from the plume source, and so fully con-
tains the region where the canopy shock forms at an altitude of ~ 400 km. As
shown in Berg et al. (2016a), this error can be neglected. The stage parameters
for the Default case are given in the Appendices, Table 5.

The collisional model we use has an artefact along the symmetry axis (Figure
1 A) (or z-axis in Figure 1 B), where the density is lower at the centre of the
plume than would be expected. This is because there is a statistically small
proportion of simulation particles that have the exactly z-aligned velocity needed
to populate the region along the central axis. None of the conclusions of this
paper are affected by the artefact. The results of Figure 4 and 6 are not affected
because we use the maximum density along the entire trajectory and not the
value at closest approach (where the artefact could occur). In Figure 5, panel
B, the density at closest approach is an underestimate of less than an order of
magnitude compared to panel A. This does not affect the conclusions of the

paper.
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2.2. Simulation cases

For this study, four different DSMC plume simulations were run: a Default
case, a second case with 10 times lower mass flux (1.04kgs™!), a third case
with 10 times larger mass flux (104kgs~!) and a fourth case with no collisions.
All cases have the same size vent and the same water vapour speed and tem-
perature at the vent exit. An overview of the simulations is shown in Table 1.
The first line refers to the Default case, with collisions turned on. The speed
and temperature parameters were taken from Berg et al. (2016a). The stage
sizes and grids are the same for all runs. In the Low Flux case, the expanding
flow in the neighbourhood of the vent remains collisional only in stage 1 and
reaches nearly the same vertical speed as the collisionless case within a few vent
diameters above the surface. In the High Flux case, the expanding flow remains
collisional up to stage 4. The High Flux plume extends to the same altitude
as the Default case. The Default, Low Flux, and High Flux cases plumes all
rise to approximately the same altitude. As described in Section 1, estimates
from observations show mass fluxes up to ~ 1000kgs~?, so the ’high flux’ case
is high relative to the other models we considered, rather than high relative to
the mass fluxes of the observed of plumes.

A collisionless plume model was also run. The collisionless plume can be
similarly scaled linearly for different mass fluxes. The collisionless case we ex-
pect to be similar to a slightly collisional low-mass flux plume since the flow is
so rarefied that collisions between particles hardly occur at any altitude. There-
fore, descending particles do not collide with rising particles and a shock wave
does not form. Without the canopy shock, the collisionless plume rises higher
and spreads more broadly than a collisional, shock-constrained plume would.
We expect that the geometric (canopy or no-canopy) nature of Europan plumes
is based simply on the mass flow rate and its influence on whether or not a
canopy shock forms. Examples of the plume model for a collisional and colli-
sionless 100 kgs~! plume are shown in Figure 2.

The plume model can be scaled linearly in either the non-shocked (essen-
tially collisionless) regime (Huybrighs et al., 2017), or in the collisional shocked
case (Berg et al., 2016a). However, during the transition from non-shocked to
shocked (roughly between 1 and 10kgs™!) the scaling of the model is not linear
as the structure and height changes from fountain-shaped to the dome-shaped
canopy shock. A ~ 1000kgs~! plume simulation would yield essentially the
same result as a ~ 100kgs~! plume, just with a density scaling of ~ x10.

The lifetime of a plume particle is sufficiently short such that only a small
fraction of the plume particles are ionised by the radiation environment (in-
cluding e.g. solar UV-C and the Jovian plasma torus). We therefore assume
the ion component does not affect the outcome of this study and it is neglected
(Huybrighs et al., 2017).



Run Mass Vent ra- | Water Water Angle Particle
Name Flux in | dius in | vapour vapour of the | Colli-
kgs™! m exit temper- | Flow sions
speed in | ature in | to the
ms~! K normal
at the
vent in
Default 10.4 10.2 902 53 0 ON
High 100.4 10.2 902 53 0 ON
Flux
Low Flux | 1.04 10.2 902 53 0 ON
No Colli- | 100.4 10.2 902 53 0 OFF
sions

Table 1: Parameters of the vent and of the flow at the vent for the different cases

NoCollision H»0 density [m™-3] HighFlow H,0 density [m~-3]
2750 10" 2750 10
2500 2500
1
2250 1 2250 100
£ 2000 £ 2000 8
N 1017 N 101
1750 1750
1500 10° 1500 10°
1250 1250
T T T T T 107 T T T T v 107
-1000 -500 0 500 1000 -1000 -500 0 500 1000
x [km] X [km]
(a) Collision-less (b) Collisional
Figure 2: H2O neutral density in the zz plane of two simulated 100kgs~! plumes. The

coordinate system is centred on the centre of Europa with the z-axis passing through the
plume source. (a) is a collisionless plume showing a large fountain-like shape, (b) is a collisional
plume showing the canopy shock. The empty disk segment at the bottom of the figures is the
surface of Europa, with the plume source at 2 = REuropa- The canopy shock forms at around
z = 2100 km corresponding to an altitude of ~ 500 km above the surface.
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2.3. Instrument Simulation

The example JUICE mission flybys are the baseline 3.0 flybys' originally
planned to take place in October 2030. At closest approach the spacecraft will
have an altitude of ~ 400km. Note that since this study is primarily illustra-
tive and the flybys are still planned to pass over each hemisphere with a closest
approach at 400 km, the conclusions of this paper are unaffected by the updates
to the flybys thereafter. In this study the southern flyby is taken as a reference
trajectory, as it passes over the southern hemisphere where most of the putative
plume locations lie. The JUICE spacecraft’s PEP package contains the NIM
instrument; a high resolution time-of-flight mass spectrometer, capable of de-
tecting low energy (<10eV) neutrals and ions. PEP also contains the ion mass
spectrometer, Jovian Dynamics and Composition Analyzer (JDC), which covers
the 1eV - 41keV range.

A 1D model of Europa’s atmosphere is assumed, with a constant water
density of 10* cm ™3, which is based on densities above 100 km in model D in
Shematovich et al. (2005b), which is the same atmospheric model as used in
Huybrighs et al. (2017) and Winterhalder and Huybrighs (2022). The Shema-
tovich et al. (2005b) model is a 1D collisional Monte-Carlo model that includes
sublimation and sputtering as sources of HyO.

Since we are only looking at altitudes at or above 300km we ignore the
variations in atmospheric density closer to the surface. This assumption and
simplification of the atmosphere is described in Shematovich et al. (2005b); a
summary of the main arguments is as follows. Firstly lateral density gradients
have been predicted and observed between the day and night side of Europa
(Teolis et al., 2017; Plainaki et al., 2010; Roth, 2021) as HyO is sublimated
from the surface during the day and re-adsorbed at night. These modelled
and observed asymmetries are hemispheric and so are at a much larger scale
than the local density increase caused by the plume, meaning that plumes can
be separated from this lateral asymmetry. The atmospheric simplification also
ignores secondary effects playing a role in the distribution of plume particles
caused by interaction with the surface, atmosphere, and radiation environment
such as sputtering/resputtering, bouncing, adsorption/desorption and photon
or electron-impact ionisation, modelled for example in Teolis et al. (2017). Fur-
thermore, these secondary plume features are ignored as they are less dense
than the primary erupted particles. Since this paper focuses specifically on the
effects of collisions in the plumes, we do not attempt to simulate all secondary
effects.

In this paper a plume detection is defined as the plume signal exceeding
NIM’s noise level. The noise level is determined from instrumental effects and
background radiation represented as a density of 7cm ™3 following Huybrighs

Thttps://www.cosmos.esa.int /web /spice/spice-for-juice
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Figure 3: JUICE trajectory through the model 100kgs—! collisional plume, with closest
approach at an altitude of 400km (at z = 2000 km). The section of the spacecraft trajectory
that we see here covers approximately 15 minutes, and approximate time ticks are shown in
white.

et al. (2017). The density of trace gases, organic molecules, and HyO molecules
must surpass this noise limit to be detected by NIM. To separate the plume
from the background water atmosphere we require the plume HyO density to
exceed the background atmospheric HoO density (at an altitude of >100km)
of 10* cm™=3, and define this point as the atmospheric threshold (Shematovich
et al., 2005b). Trace gases and organic molecules are separable from the atmo-
sphere providing they exceed both the instrument noise limit and their species’
own atmospheric background density.

The 2D plume models were converted into a 3D map of HoO neutral density
in Europa’s vicinity by rotating the single slice by 360° via an interpolation
algorithm. The density of particles encountered along the spacecraft trajectory,
as shown in Figure 3, was calculated using the same software tools as Winter-
halder and Huybrighs (2022).

3. Results and Discussion

8.1. Detected density reduced and concentrated around closest approach

The ability of the spacecraft to detect plumes over the Europan surface is
displayed as detected density maps, showing the peak density detected along
the spacecraft trajectory at the instrument as a function of plume location on
the map. The maps are generated by considering a plume located at any lo-
cation on the surface, and determining the peak density by a simulated flyby
through the resulting 3D HyO density map of Europan space for each possible
plume location. To compare the collisional and collisionless plume cases, the
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two detected density maps shown in Figure 4 are produced.

The collisional model results in a reduced peak detected density, with in-
creasing effect the further away from the location of the closest approach. For
example, by inspecting Figure 4, a collisional 100kgs~! model plume located
at the position of the putative plume detected in Jia et al. (2018) would lead
to a maximum detected density of 10! cm ™ encountered by the instrument
during flyby, while a collisionless model would suggest a detected density of
10*em™3, a difference of three orders of magnitude. For plumes not located
directly below the closest approach, the flyby will detect orders of magnitude
lower HoO molecule density than was previously predicted from collisionless
models. Therefore, plume models that do not include collisions such as the
feasibility studies in Huybrighs et al. (2017) and Winterhalder and Huybrighs
(2022) lead to over-predictions of the plume HyO density for mass fluxes above
1kgs™!. Teolis et al. (2017) also use a collisionless model for a plume with a
mass flux of 500 kgs~!. Our models predict a strong canopy shock effect at this
mass flux, and as such the predicted HoO density by Teolis et al. (2017) from a
plume along a spacecraft flyby trajectory is an over-prediction, for flybys with
altitudes of several 100 km that will likely pass over the canopy shock.

The highest density (> 10° cm~3) region is more restricted to the area of the
surface around the closest approach (Figure 4), indicating that the relationship
between density detected and instrument altitude is stronger in the collisional
case. Figure 5 shows how the density changes with altitude as the spacecraft
follows its trajectory in time. The gradient of the change of density with alti-
tude is steeper in the collisional case as expected. The density scale factor is
defined as the change in altitude at which the density drops by a factor of e.
For the 100kgs™! mass flux plume, the density scale factor is ~36 km using a
collisionless model, and is reduced to just ~28 km for a collisional model. This
represents a reduction of 23%, indicating that the density drops off significantly
more quickly when the limiting effect of the shock is considered.

These two effects of the collisional model, the reduction in peak detected
density and density scale factor, hold for each of the three mass fluxes studied,
but is strongest for the high mass 100kgs~! plume, see Appendices, Figure 9.

3.2. Limitation for plume observation time

The plume observation time is defined as the period during the flyby when
the plume density exceeds the atmospheric threshold. For a 100kgs™! plume
located directly below the closest approach, the plume observation time for a
collisionless model is 10 minutes. This is reduced to 6 minutes for a collisional
plume, a reduction of 40%. This is a result of the altitude limiting effect of the
canopy shock, as there is a shorter period where the spacecraft is at low enough
altitude to detect plume HoO molecules at a density above the atmospheric

10
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Figure 4: Maps illustrating the peak HoO density detectable at the spacecraft trajectory as a
function of plume location over the surface of Europa. For a plume located at any point on the
surface, the colour at that point corresponds to the peak detected density at the flyby from
that plume. The collisionless (a) and collisional (b) models with a mass flux from the source
of 100kgs~! are compared. Approximate locations of putative plumes from the literature are
plotted and labelled in the legend. The white background on Europa’s surface indicates the
regions where the density is less than 10' cm—3. This plot illustrates that the density detected
by the spacecraft for a plume not located at the closest approach is orders of magnitude lower
when a collisional model is used, see section 3.1.

11



304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

threshold.

JUICE’s NIM instrument will only be able to make measurements during
the approach to Europa. When JUICE enters the outbound phase of the flyby,
incoming neutral gas will be blocked from the NIM instrument entrance by the
body of the spacecraft (Galli et al., 2022). Applying the halved NIM time to
our results, the plume time is reduced to 5 minutes for a collisionless model, and
only 3 minutes for the collisional model. Recall that this is for a plume located
below the closest approach and represents a best case scenario; the plume time
will be even shorter for plumes not in this ideal location. This paper does not
fully explore the impact of this restriction on NIM, for example by calculating
the detection from only the first half of the flyby. We consider an optimal flyby
to illustrate the potential of the instruments and mission. Note that the halved
instrument time is a restriction for JUICE specifically and does not necessarily
apply to other spacecraft such as Europa Clipper, to which this study is also
relevant.

The plasma instruments such as the JDC and Energetic Neutral atom im-
agers in the PEP package do not have the same limitation and will make mea-
surements during both phases. JDC may detect HoOV pickup ions (Huybrighs
et al., 2017) created by electron impact ionisation of plume neutral HoO. We
expect that the collisional model plume will also limit the physical extent of the
region from which pickup ions can be generated as it follows the density distri-
bution of the neutral component, and therefore would also cause a reduction in
plume detection time for JDC.

8.8. Collisional model gives reduced region of separability

The region of separability can be defined as the area over the surface of Eu-
ropa where the HoO density from a model plume (in said area) detected by the
flyby exceeds the atmospheric threshold and is therefore identifiable as separate
from the moon’s atmosphere. Maps showing the region of separability consid-
ering the atmospheric threshold are shown in Figure 6.

Comparing the collisional and collisionless cases there is a reduction in the
area of the region of separability (note that the difference in the extent of the
simulated particles, visible in Figure 2, does not affect the size of the region of
separability). In the high mass flux case of 100kgs™!, the area of the region
of separability is reduced by 43% for the collisional case compared to the colli-
sionless case. Table 2 shows the area of the region of separability for each case
in km?. These data show the region of separability is reduced in each case,
and that higher mass flux plumes suffer greater area reduction. For the 1kgs™!
mass flux plume the area is reduced only by 3%. Hence, at low mass fluxes the
detected density is not as greatly affected by the presence of the shock; this is
a result of the shock effect being less strong and limiting at low mass flux (see
Section 2). Therefore, a collisionless model as used in Huybrighs et al. (2017)
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Figure 5: Variation of H20 density with time during the flyby, with closest approach at
400km. The plot shows the density of HoO molecules (blue) detected by the spacecraft in
time as it flies through a plume located directly under the point of closest approach, with the
atmospheric limit (the approximate water density from ~ 100km to at least 600 km in the
atmosphere from Shematovich et al. (2005b)) and NIM noise limit indicated. The red line
gives the spacecraft’s altitude above the surface in km, the green line gives the NIM instrument
noise limit in particles per cubic centimetre; the yellow line indicates the atmospheric HoO
density below which plume H2O molecules are not discernible. The density detected by the
spacecraft drops off 23% more quickly with altitude for a collisional plume, see sections 3.1
and 3.2.

Mass Flux | Region of separability as % Ratio
in kgs™! of Europan surface %
Collisional ‘ Collisionless
100 9.34% 16.50% 0.57
10 7.07% 11.53% 0.61
1 717% 7.40% 0.97

Table 2: Comparison of the region of separability for a collisional and collisionless model at
different plume mass fluxes, where the region of separability is defined as the surface area
where the spacecraft is capable of differentiating plume water molecules from the atmospheric
water molecules. In the 100kgs—! case the region of separability is reduced to 57% of the
collisionless model, see section 3.3. In the 1kgs—! case the collisional and collisionless models
agree with only 3% difference.

and Winterhalder and Huybrighs (2022) is a useful approximation for mod-
elling plumes with mass fluxes < 1kgs™!. Note 1kgs™! plumes are detectable
by JUICE according to Huybrighs et al. (2017); Winterhalder and Huybrighs
(2022). See Appendices, Figure 10 for region of separability plots for each mass
flux.

Due to a lack of measurements, uncertainties exist in the atmospheric profile,

so better understanding of the atmospheric profile is needed to separate plumes
from the atmosphere with high accuracy.

13



Region of Separability for 100kg/s Collisional Plume
75°

10°

-75°

o
L)

Region of Separability for 100kg/s Collisionless Plume
75°

Density [ﬁ-l 1
cm

-
3

10°

10*

-75°

Figure 6: Maps illustrating the HoO molecule density detected in the region of separability,
defined as the region in which the detected H2O density exceeds the atmospheric threshold
of 10% molecules per cm3. These maps show the area of the surface of Europa over which
JUICE could separate a plume from the moon’s atmosphere (colour), where the greyed out
area is everywhere a plume would not be separable by a this flyby. Approximate locations of
putative plumes from the literature are plotted on the surface and labelled in the legend. The
region of separability is reduced in the collisionless case to about a half of the collisional case,
see section 3.3.
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8.4. Implications for detecting putative plumes

To illustrate the implications of the reduction in area of the region of sepa-
rability, the possibility of detecting putative plumes from the literature is pre-
sented in Table 3. Considering the case of a 100kgs™' plume, this table shows
whether the putative plumes lie within, on the border, or outwith the region
of separability. Putative plumes that lie touching the border of this region are
marked as marginal.

Plume sources Collisionless | Collisional
Sparks et al. (2016)(A)
Sparks et al. (2016)(B)
Sparks et al. (2017)(A)

Roth et al. (2014)
(B)
)

Sparks et al. (2017)

Sparks et al. (2019
Jia et al. (2018)

Arnold et al. (2019)

L H | EEEE
EEEEEEEN

Table 3: [y Separated from atmosphere ; m marginally separated ; . not separable.

This table illustrates how plumes which were considered separable using a collisionless model
are not separable when a collisional model is used, for 100kgs~! plumes being measured
during the southern flyby over the southern hemisphere, see section 3.4.

There are putative plumes that would be considered to have marginal pos-
sibility of separation using a collisionless model, which are not detectable when
a collisional model is used. This is an illustrative example of the concrete effect
collisional models have on whether these putative plumes are detectable.

8.5. Lowering altitude of flyby increases region of separability

Trajectories at closest approach altitudes of 300 km and 500 km were tested
in addition to the planned JUICE flyby trajectory at 400 km. This set of trajec-
tories coincidentally aligns with the spacecraft passing under, over, and through
the top of the canopy shock. Atmospheric models from Shematovich et al.
(2005a) show that the HoO density in Europa’s atmosphere increases below
300km. We do not consider altitudes below 300km in our analysis, so it is
therefore not necessary to consider this atmospheric density increase.

Table 4 and Figure 7 show the result of different trajectory altitudes on the
region of separability, see Figure 8 in the Appendices. When the spacecraft flies
lower, under the shock canopy altitude, the region of separability is increased
by 32% compared to the 400km trajectory. Similarly, when the altitude is
increased and the spacecraft passes above the shock canopy the region of sepa-
rability is reduced by 27%. The density along the trajectory is affected by an
order of magnitude between the 400 and 500 km cases, and the width of the
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Altitude at closest Region of Separability as a Ratio to

approach in km fraction of Europa’s surface area | 400km case
300 12.4% 1.32
400 9.3% 1
500 6.8% 0.73

Table 4: Comparison of the region of separability at different altitudes, based on a collisional
100kgs~! case. Increasing or decreasing the altitude by 100km affects the region of separa-
bility by roughly 30% each way, see section 3.5.

density-time peak is reduced indicating a shorter time period where detections
can be made. Wherein during a 300 km flyby the spacecraft may detect plumes
within a 14 minute window, this is reduced to 9 minutes for a 500 km flyby.

The height of the canopy shock of potential plumes is currently poorly con-
strained, as previous plume detections have all had high uncertainties associated
with the size of the plume. Simulations for different source mass fluxes, differ-
ent vent geometry, or different temperature and velocity parameters suggest a
height somewhere in the 100’s of kilometres range. In the simulations studied
in this paper, the spacecraft trajectory at 400km is sufficient to pass through
the plume shock, but this only represents one possible set of plume parameters.

3.6. Effect of low temperature plume compared to previous studies

Comparing the models presented in this paper to those in Winterhalder and
Huybrighs (2022) and Huybrighs et al. (2017) the collisionless model in this
work (e.g. Figure 6) predicts a smaller region of separability for the same mass
flux. This implies that the model plume in this work has a smaller physical
extent to that used in Winterhalder and Huybrighs (2022); Huybrighs et al.
(2017). Because this discrepancy in plume extent is visible for even low mass
flux and collisionless models where there is no canopy shock, and because the av-
erage velocity in this work is higher (902ms~!) than in (Huybrighs et al., 2017;
Winterhalder and Huybrighs, 2022) (460ms~!) we attribute the difference to
our plume source temperature (53 K), which is colder than in previous studies
(230K (Huybrighs et al., 2017; Winterhalder and Huybrighs, 2022) and 150 K
Teolis et al. (2017)). At cooler source temperatures, plume molecules ejected
have a lower velocity spread as per their Maxwell-Boltzmann distribution, and
thus fewer of them reach distances further away from the source, reducing the
extent of the plume.

The low plume temperature (53K) is due to the following physical argu-
ment, as shown in Berg et al. (2016b). According to Berg et al. (2016b), plume
material leaving the vent will be subject to the Laval nozzle effect. This means
that the material will be cooled as it erupts out into space, dependent on the
vent properties. The plume simulation in this study has a source temperature
of 53 K, based on physical arguments considering a high speed plume starting
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at 230K in the vent, then being cooled by the nozzle effect (Berg et al., 2016a)
to 53 K. Note that the temperature and exit velocity used in our simulations is
the coldest case put forward by Berg et al. (2016a) i.e. a worst case scenario in
terms of detectability.

Plumes may be colder than expected in previous feasibility studies, making
them more difficult to detect by spacecraft flyby. Plume temperature should
be considered by JUICE and other Europa in-situ missions, as less energetic
plumes will have a smaller physical extent and therefore be less likely to be
detected by spacecraft flyby.

8.7. Discerning plume structure

The plume canopy shock is a large structure in comparison with the path
of the spacecraft, and may intersect the trajectory for around 500km (in z,
see Figure 3) before and after the closest approach. This translates to several
minutes of plume observation time (see subsection 3.2) which is much longer
than the NIM integration time (5 seconds), giving good temporal (and there-
fore spatial) resolution of samples of plume material. Presence of a plume would
dominate the HyO density detected during in-situ detections during the flyby for
a plume located near the closest approach, meaning that any changes in density
throughout the plume would be due to the structure of the plume itself rather
than the background atmosphere. This suggests that the structure of the plume
could be discernible from the density of plume molecules encountered during the
flyby. Measurements of the structure of the plume would provide an empirical
constraint on plume models, by which we can investigate the underlying physics
and typical characteristics of Europan plumes. This would allow us to investi-
gate yet unknown properties of plumes such as the temperature, exit velocity,
mass flux, and vent characteristics.

4. Recommendations for future missions

We recommend that missions such as JUICE and Europa Clipper consider
low flyby altitudes for Europa. For the best chance of detection of any plume,
including those not yet detected, the flyby should take place below the shock
altitude e.g. 300 km, to give the highest chance of flying through or below some
part of the canopy and making a positive plume detection (i.e. maximising the
region of separability). However, if a specific active plume is targeted, we rec-
ommend to target the shock itself as it is an extended, high density region which
is difficult to miss (as opposed to the dense region directly above the source,
which is a fraction of the size of the shock and therefore easier to miss).

Putative plume locations from the literature are present primarily around

Europa’s southern hemisphere, close to the track of the southern flyby. The pu-
tative plume detected in Roth et al. (2014) shows the greatest chance of being
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detected by JUICE as it is positioned close to the planned closest approach for
the southern flyby. The estimated mass flux of this plume is 1 — 7 x 103 kgs™!;
our models predict that this mass flux would easily lead to a canopy shock which
would constrain the extent of the plume and therefore the region of separability
and plume density (at altitudes above the canopy).

The JUICE flyby over the southern hemisphere is the better candidate (of
the two planned flybys) for plume detection as it covers more putative plume
candidates, see Winterhalder and Huybrighs (2022). If lowering any of the fly-
bys is possible the southern flyby should be chosen, as flying low over putative
plumes increases the chance of a positive detection.

Winterhalder and Huybrighs (2022) showed that when using a collisionless
model, lowering the flyby altitude would not result in a significant increase in
the region of separability, so the benefit of a lowered altitude flyby was only
in the increase in density of the detected plume HoO molecules. However, this
study using a collisional model shows that the reduced extent of the plume due
to the canopy shock can lead to a large (43%) reduction in the area of the re-
gion of separability, which can only be offset by lowering the flyby altitude by
100 km. Hence, the case study presented in Winterhalder and Huybrighs (2022)
must be re-assessed. In contrast to their results, we find that lowering the flyby
trajectory would increase the likelihood of separating putative plumes from the
atmosphere, when we account for particle collisions.

Teolis et al. (2017) predicts the HoO atmosphere will be suppressed on the
night side due to surface condensation, but enhanced on the day side due to sub-
limation, which was observed in Roth (2021). As the night-side will therefore
have a lower atmospheric water density at the flyby altitude, the atmospheric
threshold will be lower leading to a larger region of separability. Plumes would
therefore be easier to detect by spacecraft flyby from their HoO signature on
the night-side of Europa. The JUICE mission’s proposed imaging for Europa
requires optimal imaging illumination conditions i.e. a S-angle (angle between
the orbital plane and the sun) of > 50°. This means it is likely that most of
the JUICE trajectory will be on the dayside — however the proposed orbits by
Europa clipper should sample the nightside thoroughly (Dougherty et al., 2011;
Bayer et al., 2019).

The canopy altitude of the plume will depend on various parameters, such
as the mass flux, temperature of the flow, exit speed, and spreading angle at
the vent, as well as vent geometry. All of these are poorly constrained on
Europa. Full exploration of the possible canopy altitudes is beyond the scope
of this paper, though a full parameter sweep would be a useful study. Though
the plume height is difficult to constrain, the recommendations presented in
this work would apply to any plume of 100s km scale - the most plausible case.
Models presented by Zhang et al. (2003) and McDoniel et al. (2015) explore the
dependence of canopy height on vent temperature and exit velocity, but without
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further constraints on the plume physics it is not currently possible to give a
height range beyond the 100s km scale discussed here.

5. Conclusions

The predicted probability of detecting plume HoO molecules is reduced when
considering a collisional plume model compared to collisionless, for mass fluxes
exceeding 1kgs™!. For the low mass flux plume (1kgs™! or lower) the colli-
sional model approximates the collisionless model. In the high mass case for a
plume with flux of 100kgs™!, the useful region of separability is reduced by as
much as half when compared to the collisionless model, and the peak particle
density detected at closest approach can be reduced by as much as an order of
magnitude. Previously suggested putative plume locations that were thought
to be detectable with the southern JUICE flyby may lie outwith the region of
separability when collisions are considered.

Model-based predictions for detecting Europa’s plumes from a spacecraft
flyby must consider particle collisions, as the results obtained using a colli-
sional model show differences as large as order of magnitude lower density, 23%
steeper altitude density gradient, and 43% reduced region of separability in the
high mass flux (100kgs™!) case. The nozzle effect results in much colder plume
temperatures than have been used in previous feasibility studies. Since this
limits the extent of the plume, it should also be considered in future plume
modelling - particularly for plume detection where the physical extent of the
plume is vital for a positive detection/separation.

If a flyby is low enough to pass through or under the plume shock, for a
model 100kgs™! case, the region of separability is improved by 32%. Con-
versely, increasing the flyby altitude to 500km reduces the region of separability
by 27%. For a spacecraft aiming to detect plume molecules, a lower altitude is
recommended to improve the likelihood of passing through plumes originating
from the widest possible area of the surface. The alternative scenario where
the spacecraft passes over the shock altitude, results in a region of separability
reduced by almost a third, and peak density reduced by an order of magnitude.

A flyby passing through the plume shock could give a plume observation
window of 3 minutes (for a model including particle collisions). Compared to
JUICE’s neutral mass spectrometer (NIM) observing cadence of 5 seconds, we
see that the structure of the plume could be resolved, allowing us to probe the
underlying physics of Europa’s plumes. Resolving the structure of the plume
would allow us to compare the observation to plume models and infer plume
parameters such as mass flux, vent characteristics, or plume temperature.
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Comparison of the region of separablity
for a 100kg/s plume at different latitudes

High Flux 100 kg/s 300km

High Flux 100 kg/s 400km

Density [#]

High Flux 100 kg/s 500km

Figure 8: Comparison of the region of separability at difference trajectory altitudes at closest
approach. The region of separability for the 500km case (bottom) above the plume is reduced

by a third compared to the default 400km (middle), where in the 300 km case (top) the region
of separability is improved by a third.
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Peak plume H20 density at the NIM instrument
as a function of plume location w
Collisionless Collisional

Low mass
1 ka/s

Density IF; ]

Default
10 kg/s

S

High mass
100 kg/s

Figure 9: Plot of the peak H2O density detected by the NIM instrument during the flyby
as a function of the plume location on the surface, for different plume models consisting of
the collisional and collisionless model of a low mass 1kgs—!, 10kgs—!, and 100kgs—!. For
a low mass plume the effect of the particle-collisions is lesser, so the collisional map is more
similar to the collisionless case than in the high mass plume case, where the collisional and
collisionless plume density maps are drastically different. This figure illustrates how higher
mass flux plumes are more affected by the addition of particle collisions as the canopy shock
effect is stronger.
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Region of Separability Maps
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Figure 10: Region of separability maps for different plume models including the collisional and
collisionless cases for low 1kgs—!, default 10kgs~!, and high 100kgs~! mass flux plumes.
The region of separability is defined as the area over the surface of Europa where a plume
located at that point would be separable from the atmosphere i.e. it exceeds the atmospheric
threshold. This plot illustrates that the region of separability is reduced for a collisional plume
model, for a low mass plume only by a small amount, but for a high mass plume the potential

region of separability is reduced by a half.
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