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a b s t r a c t 

We investigate the feasibility of detecting water molecules (H 2 O) and water ions (H 2 O 

+ ) from the Europa 

plumes from a flyby mission. A Monte Carlo particle tracing method is used to simulate the trajectories of 

neutral particles under the influence of Europa’s gravity field and ionized particles under the influence of 

Jupiter’s magnetic field and the convectional electric field. As an example mission case we investigate the 

detection of neutral and ionized molecules using the Particle Environment Package (PEP), which is part of 

the scientific payload of the future JUpiter ICy moon Explorer mission (JUICE). We consider plumes that 

have a mass flux that is three orders of magnitude lower than what has been inferred from recent Hubble 

observations ( Roth et al., 2014a ). We demonstrate that the in-situ detection of H 2 O and H 2 O 

+ from these 

low mass flux plumes is possible by the instruments with large margins with respect to background 

and instrument noise. The signal to noise ratio for neutrals is up to ∼5700 and ∼33 for ions. We also 

show that the geometry of the plume source, either a point source or 10 0 0 km-long crack, does not 

influence the density distributions, and thus, their detectability. Furthermore, we discuss how to separate 

the plume-originating H 2 O and H 2 O 

+ from exospheric H 2 O and H 2 O 

+ . The separation depends strongly 

on knowledge of the density distribution of Europa’s exosphere. 

© 2016 Elsevier Inc. All rights reserved. 
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1. Introduction 

Jupiter’s moon Europa is thought to harbour a subsurface ocean

of salty liquid water that could potentially support life ( Hand

et al., 2009 ). The release of material from below the surface of Eu-

ropa, water molecules for example, has been hypothesized to ex-

plain geological features on the surface ( Hoppa et al. , 1999; Fagents

et al. , 20 0 0; Nimmo et al., 20 07 ; Quick et al., 2013 ). However, past

optical observations from Galileo and New Horizons have failed

to prove the existence of any such releases ( Philips et al., 20 0 0;

Hurford et al. , 2007; Roth et al. , 2014a ). On the other hand, dur-

ing the E12 Galileo flyby of Europa a significantly raised electron

density ( Kurth et al., 2001 ) was observed together with anoma-

lously strong magnetic fields ( Kivelson et al., 2009 ). These atypical

plasma conditions might be linked to active processes at Europa’s
∗ Corresponding author:. 

E-mail address: huybrighs@mps.mpg.de (H.L.F. Huybrighs). 
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urface, although they could possibly be explained the passing of a

old, dense blob of iogenic plasma as well ( Bagenal et al., 2015 ). 

Hubble Space Telescope observations in December 2012 of ul-

raviolet emission lines of oxygen (at the 130.4 nm and 135.6 nm

mission line) and hydrogen (Lyman- α) at Jupiter’s moon Europa

ere interpreted as the existence of water vapour plumes near

he south pole ( Roth et al., 2014a ). Plume activity persisted dur-

ng the 7 h of observation time. The height of the plume derived

rom these observations is ∼200 km. Furthermore the observations

ndicate a mass flux of 70 0 0 kg/s and source kinetic temperature

f the gas of 230 K. 

During similar Hubble observations in November 2012 and 1999

o plumes were observed. If a plume was present during these ob-

ervations the density would have been two to three times lower

 Roth et al. , 2 014a ). Results were ambiguous for Hubble observa-

ions made in June 2008 ( Saur et al. , 2011 ). Also, during repetitions

f the successful observation in January and February 2014 ( Roth

t al., 2014b ) and in the period between November 2014 until April

015 ( Roth et al., 2016 ) no plume signatures were detected. Such

bservations could imply that the plumes are not persistent or that

http://dx.doi.org/10.1016/j.icarus.2016.10.026
http://www.ScienceDirect.com
http://www.elsevier.com/locate/icarus
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2016.10.026&domain=pdf
mailto:huybrighs@mps.mpg.de
http://dx.doi.org/10.1016/j.icarus.2016.10.026
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Table 1 

JDC and NIM specifications. 

JDC 

G, geometric factor per bin [cm 

2 sr eV/eV] 5.58 × 10 −4 

Efficiency ε 0 .035 

Maximum number of energy bins 96 

Number of azimuth bins 16 

Maximum number of elevation bins 12 

Scan time per energy step [ms] 7 .8 

Full 3D scan (96 × 12 × 7.8 ms) [s] 9 

Energy range 1 eV–41 keV 

Azimuth range [deg] 360 

Elevation range [deg] 90 

Expected JDC noise rate at Europa [counts/s] 100 

NIM 

Conversion factor from count rate to density 1 particle/cm 

3 = 5 counts 

Expected background counts at Europa 

(instrumental plus penetrating radiation) 

35 counts, for 5 s accumulation 

per time of flight (TOF) bin 

Energy range < ∼5 eV 

Table 2 

Model parameters for neutral plume model. 

Parameter Value 

Source temperature [K] 230 

Source mass flux [kg/s] 1 

Particles bulk speed (perpendicular to local surface) [m/s] 460 

Mass per particle (mass H 2 O molecule) [kg] 2.987 × 10 −26 

Number of super particles for which trajectories are 

calculated 

8 × 10 6 

Time step length [s] 10 

Number of time steps 10 0 0 

Size of a grid cell [km 

3 ] 10 × 10 × 10 

Mass per super particle [kg] 8.75 × 10 −7 

Density in a super particle with the size of a grid cell 

(lowest density possible in the model) [#/cm 

3 ] 

29 
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he successful detection from December 2012 corresponded to an

xceptionally strong event. 

Nevertheless, the successful plume observation in December

012 ( Roth et al. , 2 014a ) implies the existence of a localized source

f neutral water molecules. The presence of the neutrals will re-

ult in the production of ions, mainly via electron impact ioniza-

ion. The plume-originating neutrals and ions might be a potential

ource of the hypothetical Europa torus ( Lagg 2003; Mauk et al. ,

0 03; Mauk et al. , 20 04 ) or plasma plumes ( Intriligator et al., 1982;

ussell et al. , 1998 and Eviatar et al. , 2005 ) in addition to the exo-

pheric particles sublimated or sputtered from the surface. 

At Enceladus, one of Saturn’s moons, ongoing plume activity is

aking place with a global production of about 93 kg/s ( Waite et al.,

006 ). In-situ plume sampling indicates the plumes are linked to

nceladus’ subsurface ocean ( Postberg et al., 2009; Postberg et al.,

011 ) and has allowed the study of Enceladus’ subsurface ocean

see for example Bouquet et al., 2015 ). This suggests that if Eu-

opa’s plumes are connected to its interior, sampling of the plume

asses could allow the study of the subsurface ocean. Some pre-

ictions have been made about the spreading of dust ( Southworth

t al., 2015 ) and bacteria-sized particles by Europa plumes ( Lorenz

015 ). 

In this work we investigate the feasibility of in-situ measure-

ents of Europa’s plumes, by modelling the trajectories of neutral

nd ionized plume particles and the respective measurements by

eutral and ion mass spectrometers. First, we use a Monte Carlo

article tracing method (also called test-particle method) to model

he trajectories. Then, we simulate the first planned Europa flyby

f the JUICE spacecraft that will take place on the 13th of Febru-

ry 2031. For this flyby we simulate the measurements conducted

y the instruments for ion and neutral detection, and determine

f they can detect the particles originating from the plume. We

how that these instruments can provide a sufficiently high signal-

o-noise ratio for plume-originating particles, even if we assume a

lume that is three orders of magnitude less dense than the one

eported in Roth et al. (2014a) . 

. Reference mission: JUICE 

As a reference mission case we investigate the feasibility of

lume particle detections by the Particle Environment Package

PEP) on-board of the ESA mission JUpiter ICy moon Explorer

JUICE). JUICE is scheduled to be launched in 2022 and will make

wo flybys of Europa in early 2031 ( Grasset et al., 2013 ). During the

ybys JUICE will approach Europa up to a height of ∼400 km. 

The PEP experiment is composed of six particle instruments

hat will study the particle environment at Jupiter. In this study we

imulate the observations of plume particles by the Jovian plasma

ynamics and Composition analyser (JDC) and the Neutral gas and

ons Mass spectrometer (NIM). JDC is a time of flight ion mass

pectrometer that covers the energy range 1 eV – 41 keV; it can

chieve a mass resolution (M/ �M) up to 30. It also gives the en-

rgy and directional distribution of ions. NIM is a high mass res-

lution (M/ �M > 1100) time of flight mass spectrometer, for low

nergy neutral and ionised particles ( < 10 eV), based on an earlier

ersion for lunar research ( Wurz et al., 2012 ). An overview of NIM

nd JDC features relevant to this work are shown in Table 1. 

. Neutral plume model 

We employed a Monte Carlo particle tracing method to model

he neutral environment due to the Europa plume. In our model

eutral plume particles are represented by super particles, a super

article (sometimes also called macro or meta particle) is a virtual

article that represents many (water) molecules travelling together

see for example Holmström 2007 ). The trajectories of the super
articles are calculated under the influence of Europa’s gravity by

umerical integration. Particle collisions are not taken into account

n our model, in the discussion section this assumption will be

nvestigated in more detail. Non-collisional Monte Carlo particle

racing approaches have been used to model plumes on Enceladus

 Burger et al., 2007; Smith et al., 2010; Tenishev et al., 2010; Dong

t al., 2011, Hurley et al., 2015 ) and Io ( Glaze and Baloga 20 0 0;

oute et al., 2002 ). The model parameters used in our plume mod-

lling are summarized in Table 2 and will be discussed in the fol-

owing paragraphs. 

From the trajectories of a large set of super particles (8 × 10 6 ),

he spatial profile of the water molecule’s number density is cal-

ulated. The number density is represented on an evenly separated

rid. The grid size is 10 ×10 × 10 km. A time step of 10 s is used for

he calculation of neutral particle trajectories, such that it is possi-

le to capture a particle with a velocity resolution of 0.5 km/s (ap-

roximately the assumed bulk speed) within the same or neigh-

ouring grid cell after a single time step. Then each particle will

ontribute to the density of every grid cell it passes through, with-

ut missing any cells. The reference frame used in this work is the

AU Europa centred reference frame ( Archinal et al., 2011 ). The z -

xis is perpendicular to the mean orbital plane of Europa, the pos-

tive x -axis is pointing in the direction of Jupiter and the y -axis

ompletes the right hand system (it is opposite to the sense of ro-

ation of Europa about Jupiter and the direction the corotational

lasma is flowing in). 

We conducted simulations with two different source distribu-

ion models (shown in Fig. 1 ). For the first case, the super par-

icles are launched from a single point. For the second case, we

ssume a series of 200 point sources to simulate the release of

ater vapour from a 10 0 0 km crack on Europa’s surface. Such a

rack corresponds to the Europa surface features typically referred
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Fig. 1. The location of the assumed plume sources together with the geometry of the Europa flyby. (a) ZY plane. (b) XZ plane. The red line shows the first JUICE flyby. The 

red dots are separated by four minutes in time. The biggest red dot indicates the closest approach. Indicated with a green dot is the location of a plume source directly 

below the closest approach. In blue is the location of a 10 0 0 km crack on Europa’s south pole. The grey surface indicates the area in which plume sources will be located to 

investigate how the NIM count rate will vary for different plume locations. The orange arrow shows the direction of Jupiter’s corotational plasma. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 
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to as ‘Lineae’ (see for example Doggett et al., 2009 ). In the ob-

servations reported by Roth et al. (2014a) the source location and

geometry cannot be identified because of the low spatial resolu-

tion of the images. However, they argue that the observed plume

could originate from cracks on Europa’s surface rather than a point

source. It can be expected that the spatial density distribution will

be different between the two cases, even when the mass flux be-

tween the two is the same, in particular close to the source. We

assume a total mass flux both at the plume point source and crack

of 1 kg/s. This is three orders of magnitude smaller than what was

suggested by Roth et al. (2014a) . Such a plume produces a neu-

tral particle density of ∼5 × 10 4 /cm 

3 at the altitude of the JUICE

closest approach (400 km), this value is five times higher than the

exospheric density at this height (see Section 6.3 ). Sources with a

lower mass flux will not be distinguishable from the exospheric

sources (see Section 6.3 ). Furthermore, as discussed in the intro-

duction, the event reported in Roth et al. (2014a) could be an ex-

ceptionally intense event. Rather, much smaller gas releases could

be more frequent. Moreover, to show the feasibility of the detec-

tion of plume-originating water molecules with confidence, it is

better to assume a low mass flux. 

Each particle has an initial velocity vector that is randomly pro-

duced from a Maxwellian velocity distribution corresponding to

the 230 K source temperature. A source temperature of 230 K is

assumed here based on the estimates made by Roth et al. (2014a ,

supplementary material). The temperature corresponds to a ther-

mal speed of 460 m/s. It should be noted that at a temperature of

230 K water is in fact frozen. A higher value is likely more realistic.

However, the results of our simulations do not change significantly

for changes in temperature of at least 100 K; therefore we continue

using this temperature. Furthermore, a bulk speed perpendicular to

the local surface is added. The bulk velocity accounts for the nar-

row shape a plume escaping from a surface crack presumably has.

The bulk speed is assumed to be equal (460 m/s) to the thermal

speed. With these initial conditions, the height of the plume will
e ∼100 km. This is close to the value (200 km) obtained from the

bservation ( Roth et al., 2014a ). 

With the chosen bulk speed (460 m/s), that is smaller than Eu-

opa’s escape velocity (2.025 km/s), the average particle will stay

ell within the Hill sphere of Europa with respect to Jupiter

1.35 × 10 4 km). Thus we neglect the influence of Jupiter’s gravity.

he average ballistic residence time of a particle with the chosen

elocity distribution is less than 10 0 0 s. During this time Europa

otates about 1 °. Therefore, we also neglect the centrifugal force. 

Each launched super particle is traced until the particle im-

acts on Europa’s surface. In this study we neglect any loss pro-

esses because of their small contribution. The expected major loss

rocesses of H 2 O are photo-reactions, electron impact reactions

nd ion-neutral interactions ( Johnson et al., 2009, Lucchetti et al.,

016 ). The typical lifetime of H 2 O due to photo reactions near Eu-

opa is 2.24 ×10 6 s ( Johnson et al., 2009 ). The lifetime due to elec-

ron impact reactions depends on the electron density and elec-

ron energy. Electron impact reaction rates are listed in Johnson

t al. (2009) for electron energies of 20 eV and 250 eV. The typi-

al electron energy at Europa is 100 eV ( Kivelson et al., 2009 ), but

n this estimation we will assume the 250 eV case as a worst case

stimate. For the electron density of 110 particles/cm 

3 (based on

ivelson et al., 2009 ), the total lifetime due to electron impact re-

ctions at 250 eV is 7 × 10 4 s. Lucchetti et al. (2016) also provides

n estimate for the lifetime due to ion-neutral charge exchange:

 × 10 6 s. Compared to the typical ballistic resident time of a parti-

le, about 10 0 0 s, the lifetime is much longer. During the selected

imulation time of 10,0 0 0 s, less than 1.5% of the total number of

articles (H 2 O) will be lost due to the combined effect of photo re-

ctions, electron impact reactions and ion-neutral charge exchange.

The obtained density profile at each spatial grid cell is then

onverted to the count rate that the NIM instrument reports. The

onversion is linear, represented by 1 particle/cm 

3 = 5 counts. The

ntrinsic NIM background noise (Poisson distributed) is 5 counts,

or 5 s accumulation time. At Europa background noise from
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Table 3 

Physical input parameters used for ionised plume particle simulation. Here refer- 

ence 1 refers to Table 1 in Johnson et al. (2009) , reference 2 refers to Table 2 in 

Kivelson et al. (2009) and reference 3 refers to Table 3 Lucchetti et al. (2016) . 

Parameter Value Reference 

Total ionization rate of H 2 O to H 2 O 
+ in 

the model [s –1 ] 

3.65 × 10 −6 1 ,3 

Electron density [particles/cm 

3 ] 110 2 

Electron energy [eV] 100 2 

Charge of H 2 O 
+ [Coulomb] 1.602 × 10 −19 

Magnetic field (B) components [Tesla] [0, 0,-415 × 10 −9 ] 2 

Bulk velocity of corotating plasma ( � v b ) 
[m/s] 

[0,-76 × 10 3 ,0] 2 

Electric field E [V/m] [-0 .0315,0,0] �
 E = −�

 v b × �
 B 

Table 4 

Technical input parameters for the plume ion simulation. 

Parameter Value 

Time step length �t [s] 0 .002 

Number of time steps 30 ,0 0 0 

Ionization rate per time step [ �t −1 ] 5.06 × 10 −9 

Grid cell size [km] 10 × 10 × 10 
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enetrating electrons is also expected, which adds ∼30 counts,

oisson distributed ( Lasi et al., 2016 ). The combined background

ounts are estimated to be 35. The plume signal will be ob-

ained by subtracting the background counts from the total

background + plume) counts. To be distinguishable from the in-

trument and background noise, the (plume) signal to noise ratio

hould be above one. 

We evaluate how the NIM count rate varies along the first JUICE

yby of Europa, for different positions of the plume source. To save

omputation time we move the trajectory relative to the neutral

ensity distribution obtained from the plume model, rather than

unning the plume model for each plume position. 

Europa’s tenuous exosphere also contains H 2 O that has been

puttered from the surface ice. Both the sputtered H 2 O and H 2 O

rom the plume will contribute to the same H 2 O signal that NIM

ill measure. Models of Europa’s exosphere ( Shematovich et al.,

005 and Smyth and Marconi 2006 ) show the density of H 2 O

rom 400 km (the altitude of the closest approach) to 10 0 0 km

s approximately constant at 10 4 particles per cm 

3 . The resulting

IM signal is 5 × 10 4 counts for 5 s integration time. The simu-

ated count rate corresponding to plume-originating particles will

e compared to this exospheric signal. 

The NIM instrument detects neutral particles with energy lower

han ∼5 eV. It should be noted the particle energy seen by the

nstrument is the resultant of the actual particle velocity and

he spacecraft velocity. The velocity of JUICE relative to Europa

s ∼4 km/s and the average particle velocity in our simulation is

0.5 km/s. The combined velocity of 4.5 km/s results in an energy

 ∼2 eV. This is below the upper detection limit; therefore we ig-

ore the effect of the velocity of the spacecraft relative to the neu-

ral particles. 

. Ionized plume model 

From the simulated spatial profile of the neutral density, we

aunch ionised super particles from each grid cell. The ion super

articles represent many ions travelling together. By calculating the

rajectories of the ions under the influence of the Lorentz force,

e determine the distribution of ion density and ion flux in each

rid cell in a three dimensional space. The directional and energy

istribution of the ions at each grid cell are determined as well,

hich are later used for the ion mass spectrometer detection as-

essment. Physical and technical simulation parameters are sum-
arised in Tables 3 and 4 and will be discussed in the following

aragraphs. 

At Europa photoionization and electron impact ionization with

 2 O can produce H 2 O 

+ , OH 

+ and H 

+ ( Johnson et al., 2009 ). Here

e focus on H 2 O 

+ ions, created by electron impact ionization and

harge exchange. The corresponding ionization rate for electron

mpact ionization is 2.3 × 10 −8 cm 

3 s −1 ( Johnson et al., 2009 ), for

0 eV electron energy. Johnson et al. (2009) also provides a rate

t 250 eV of 8 × 10 −8 cm 

3 s −1 . Here we assume the lower rate, as

 conservative estimate (the typical electron energy at Europa is

00 eV; Kivelson et al., 2009 ). For the assumed electron density

110 per cm 

3 ; Kivelson et al., 2009 ) the ionization rate of H 2 O to

 2 O 

+ will become 2.53 × 10 −6 /s. The photo-ionization rate of H 2 O

o H 2 O 

+ is 1.2 × 10 −8 /s. It is significantly smaller than the elec-

ron impact ionization rate, thus we ignore photoionization. Re-

ent work suggests the ionization rate of H 2 O to H 2 O 

+ due to

harge exchange with ionospheric plasma and corotational plasma

s about 1.12 × 10 −6 /s ( Lucchetti et al., 2016 ). The resulting total

onization rate in this work is 3.65 × 10 −6 /s. 

After ionization the particle trajectory will be determined by

he Lorentz force that depends on the electric and magnetic fields.

e assume homogeneous and perpendicular fields in this study.

he magnetic field in our model has a component along the ro-

ation axis of Europa with a magnitude of –415 nT ( Table 2 in

ivelson et al., 2009 ). We neglect the presence of Europa’s induced

agnetic field ( Khurana et al., 1998 ) for simplicity. The assumed

agnetic field configuration is closest to the situation when Eu-

opa is crossing the plasma sheet, at which point the perpendicu-

ar component of the induced magnetic field to the main field is

eakest ( ∼80 nT; Khurana et al., 1998 ). 

The electric field considered here is the convection electric field,

hich is expressed with the following relation: � E = −�
 v b × �

 B . Here

  b is the bulk speed of the corotational plasma (76 km/s from Table

 in Kivelson et al., 2009 ). In this work the magnetic field is as-

umed to align with the rotation axis and the corotational flow is

long the y -axis. 

The initial velocity of the neutral particle ( ∼1 km/s) is neglected

ecause it is insignificant compared to the velocity the particle will

ave as an ion ( ∼100 km/s). The influence of gravity is also ignored

ecause accelerations due to gravity are significantly smaller than

he acceleration caused by the Lorentz force. The gravitational ac-

eleration on the surface of Europa is 1.315 m/s 2 . The acceleration

y the corotation electric field is qE / m = 1.7 × 10 5 m/s 2 , where q is

he elementary charge (1.60 ×10 −19 coulomb, and m is the mass of

 water molecule 2.98 × 10 −26 kg). 

We take the JDC instrument as a reference case to assess the

etectability of the produced ions. First the distribution of water

ons for the viewing directions and energy range of the instrument

s simulated. This is converted to differential flux j(E, �) per energy

 E ) and directional bin ( �), in the unit of particles cm 

−2 sr −1 s −1 

V 

−1 . Subsequently this differential flux is converted into a count

ate r (in counts per second) using the JDC instrument characteris-

ics (given in Table 1 ). 

(E, �) = j(E , �) GE �tε (4.1)

ere G is the geometric factor, E the energy at the middle of the

nergy bin, �t the measurement time per bin and ε accounts for

dditional efficiencies. 

The viewing directions of the instrument are expressed in az-

muth and elevation. The azimuth angle is defined as the clock-

ise angle about the z -axis in the xy- plane of the reference frame

escribed in Section 3 . The azimuth angle ranges from −180 ° to

 180 °, where 0 ° azimuth corresponds to the x -axis and −90 ° to

he direction from which the corotational plasma is coming. The

levation angle is defined as the angle about the y -axis with re-

pect to the xy -plane. 0 ° elevation is parallel to the xy -plane and



274 H.L.F. Huybrighs et al. / Icarus 289 (2017) 270–280 

Fig. 2. Spatial neutral density distribution (H 2 O) around Europa resulting from a plume source at the south pole. (a) density distribution on the scale of Europa. (b) south 

pole close up. 
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90 ° elevation corresponds to a vector parallel and in the direction

of the z -axis. For the instrument simulations we translate this in-

strument reference frame to every location for which the JDC sim-

ulation is performed, without rotating the frame. 

It should be noted the plasma velocity seen by the instrument

is the resultant of the actual plasma velocity and the spacecraft

velocity. The velocity of JUICE relative to Europa is ∼4 km/s. This

value is rather small compared to the velocity of the plume ions

( ∼100 km/s). Thus we ignore the effect of the velocity of the space-

craft relative to the plasma. 

5. Results 

5.1. Neutral particles 

Fig. 2 shows the spatial distribution of the neutral H 2 O density

from the plume. The plume source in this case is located at the

south pole of Europa. Fig. 2 a shows the spatial density distribu-

tion on the scale of Europa, Fig. 2 b shows a close-up of the source

region. In Fig. 2 a a local elongated increase in density can be ob-

served at the north pole, exactly on the opposite side of the plume

source. In this simulation Europa functions as a ‘gravity lens’. The

gravity lens focusses particles along a focal line instead of on a sin-

gle focal point. 

Fig. 3 a shows how the maximum count rate along the orbit

depends on the position of the plume source. The plume posi-

tions considered are centred about the projection of the closest

approach to the surface of Europa and vary from –45 to + 45 ° in

latitude and longitude on Europa’s surface, the corresponding area

is shown in Fig. 1 . The spacing between the different positions is 1 °
in latitude and longitude. Here only plume-originating water par-

ticles are considered. The expected number of counts (over 5 s in-

tegration) is around 2 × 10 5 . Throughout the simulation the plume

signal is above the standard deviation of the expected NIM noise

rate ( ∼6). It should be noted the maximum count rate is not al-

ways obtained at the closest approach. In some cases when the

plume source is not directly below the closest approach, the max-

imum count rate is obtained at a different instant in the flyby.

Even if the plume source is located 50 ° away from the projection
f the closest approach on the surface, the NIM instrument can

till detect the neutral particles with 10 3 counts. Fig. 3 b shows the

imulated NIM count rate along the trajectory of the first JUICE

yby, resulting from the combination of the ambient exospheric

ater and the plume-originating water. A constant count rate of

 × 10 4 /5 s due to exospheric water is assumed ( Shematovich et al.,

005 and Smyth and Marconi 2006 ). Furthermore we assume the

lume is located directly below the closest approach of the JUICE

pacecraft to Europa ( Fig. 1 ). The presence of this small plume cre-

tes a bump of about one order of magnitude in the total water

ignal. 

The spatial density distribution resulting from the 10 0 0 km

rack, which is about perpendicular to the flyby trajectory, is

hown in Fig. 4 a. The crack position is shown in Fig. 1 . By com-

aring Figs. 2 and 4 a it can be seen that the peak density close

o the source is about two orders of magnitude smaller than in

he case of a single point source. At the altitude of the closest ap-

roach (400 km) the density varies between 10 4 and 10 5 particles

er cm 

3 . This value is similar to that of the single point source ( Fig.

 ) at 400 km altitude. Then we evaluate how the maximum count

ate along the orbit changes corresponding to changes in the po-

ition of the centre point of the crack. The result is shown in Fig.

 b. By comparing to Fig. 3 a it can be concluded that the maximum

ount rate is lowered for plume positions closer than ± 15 ° latitude

nd ± 30 ° longitude. Outside this area the count rate is very simi-

ar to the single point source case ( Fig. 3 a). 

Fig. 3 b shows the simulated NIM count rate along the trajectory

f the first JUICE flyby, resulting from the combination of the am-

ient exospheric water and the plume-originating water. Here it is

ssumed that the plume source is a crack of 10 0 0 km. The plume

ource is located along the meridian passing through the projec-

ion of the closest approach on the surface of Europa ( Fig. 1 ) and

s centred on the latitude of the projection of the closest approach.

 constant count rate of 5 × 10 4 /5 s due to exospheric water is as-

umed ( Shematovich et al . , 2005 and Smyth and Marconi 2006 ).

ompared with the case of a single point source the bump in the

ount rate caused by the plume is still recognizable, albeit lower.

he difference in the count rate is less than one order of magni-

ude, 66% at the maximum. 
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Fig. 3. (a) NIM maximum H 2 O count rate (plume only) along the JUICE flyby trajectory for different positions of the plume. The black line shows the projection of the 

spacecraft trajectory on the surface of Europa, the cross mark indicates the closest approach. The corresponding area is shown in Fig. 1 . (b) In blue: NIM H 2 O count rate 

(plume + exospheric) during the first JUICE flyby when the plume (point source) is directly below the closest approach of JUICE to Europa ( Fig. 1 ). The time of the closest 

approach, as currently planned, is 2031-02-13 13:40:00 UT. In green: NIM H 2 O count rate when the plume source is a 10 0 0 km crack. The crack is located along the meridian 

passing through the projection of the closest approach on the surface of Europa ( Fig. 1 ) and is centred on the latitude of the projection of the closest approach. 

Fig. 4. (a) Spatial neutral density distribution (H 2 O) around Europa resulting from a plume source crack at the south pole. (b) NIM maximum count rate along the JUICE 

flyby for different positions of the crack centre point. The black line shows the projection of the spacecraft trajectory on the surface of Europa, the cross mark indicates the 

closest approach. 
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.2. Ionized particles 

Fig. 5 a shows the spatial density distribution of H 2 O 

+ ions in

 plane that is located 50 km below (in the negative z- direction)

rom the plume source (and thus the south pole of Europa); note

hat the plane does not intersect with Europa. The ions are pro-

uced by a plume, of which the (point) source is located at Eu-

opa’s south pole ( Fig. 2 ). Fig. 5 b shows the corresponding spatial
istribution of the flux of H 2 O 

+ . The flux is obtained by multiply-

ng the ion density in each grid cell with the average speed of the

uper particles in each cell. The point in the centre of Fig. 5 a and

 is closest to the plume source, therefore the density of the neu-

ral particles is highest there. Thus, more ions will originate from

his point than areas further away from the source. By consider-

ng that all plume ions are transported along the y -axis, it can

e explained why we can recognize the signature of the cycloid
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Fig. 5. Ion density (a) and ion flux (b) in a plane 50 km below (in negative z-direction) Europa’s south pole. Both (a) and (b) are obtained from a single-point source neutral 

plume model ( Fig. 2 ). 

Fig. 6. (a) Count rate (H 2 O 
+ ) per direction and energy bin. The simulation corresponds to the closest approach of the first JUICE flyby (at 13:40). The elevation angle 

is zero. The plume source is located directly below the closest approach ( Fig. 1 ). (b) Count rate (H 2 O 
+ ) per energy bin versus time, for the azimuth bin −90 ° to –67.5 °

from (a), corresponding to the direction from which the corotational plasma flow is coming. The time of the closest approach, as currently planned, is 2031-02-13 13:40:00 

UT. 
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trajectories of the particles from close to the plume source in the

ion density and flux. Areas with high flux are of most interest for

ion observations with JDC, since the count rate will be highest

there. 

Fig. 6 shows the count rates expected to be observed by the

JDC instrument. A plume has been located directly below the clos-

est approach of the first JUICE flyby for this simulation ( Fig. 1 ). Fig.

6 a shows the count rate per energy and azimuth at the closest ap-

proach of the flyby. The elevation angle of the instrument is zero,

so it is looking in the xy plane, namely, the same plane as Fig. 5 .
ig. 6 b shows how the count rate varies over time during the flyby

or the looking direction from Fig. 6 a with the highest count rate.

his is the −90 ° azimuth angle, which is looking in the same di-

ection as the negative y -axis ( Fig. 5 ) and thus the direction from

hich the corotational plasma is coming. The plume ion signal is

3 × 10 3 counts at the maximum (assuming 1 s integration time).

his is bigger than the expected JDC noise signal ( ∼ 100 counts for

ne second integration time). Fig. 6 b also shows how the count

ate varies over time for the optimal looking direction (in terms of
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Fig. 7. JDC H 2 O 
+ count rate during the first JUICE flyby for three different cases. 

Blue line: count rate if there is an H 2 O exosphere and a plume. The plume (point 

source) is directly below the closest approach of JUICE to Europa ( Fig. 1 ). Red line: 

count rate if there is an H 2 O exosphere and plume. The plume source is a 10 0 0 km 

crack along the meridian passing through the projection of the closest approach on 

the surface of Europa ( Fig. 1 ). The crack is centred on the latitude of the projection 

of the closest approach. Green line: count rate if there is only an H 2 O exosphere. 

(For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 
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ount rate). It can also be seen that the count rate is asymmetrical

long the trajectory. 

In Fig. 7 the H 2 O 

+ count rate in the optimal viewing direc-

ion (corresponding to the maximum count rate) is shown for

hree different cases. The first case shows the count rate if there

s only an H 2 O exosphere present, thus no plume. The exospheric

ensity profile is obtained from Shematovich et al. (2005) ( Fig. 1

herein). This model is chosen over the one in Smyth and Marconi

2006) since the maximum H 2 O density, and therefore the result-

ng maximum H 2 O 

+ density, is higher in Shematovich et al. (2005) .

hus Shematovich et al. (2005) represents a worst case scenario.

he second case shows the total count rate if the plume ( Fig. 6 b)

nd the exosphere are present at the same time. Finally, the third

ase shows how the second case changes when the plume source

s not a single point source, but a source crack of 10 0 0 km. The

rack differs from the one shown in Fig. 1 in the sense that it is

riented along the meridian of the projection of the closest ap-

roach on the surface and centred on the latitude of the projec-

ion of the closest approach. At the maximum the presence of the

lume point source creates an increase in the H 2 O 

+ count rate of

 factor ∼2 and the plume crack an increase of a factor ∼1.75. 

. Discussion 

.1. Detectability of the plume particles 

It can be seen in Fig. 3 that the signal of neutral plume particles

s well above the noise level of the NIM instrument ( Table 1 ) for

he wide range of plume positions considered for this plot. In Fig.

 a it can be seen that the count rate is around 2 ×10 5 /5 s. Assuming

 s integration time and that the background is about 35 counts

 Table 1 ), the signal to noise ratio is ∼5700 at this point, therefore

lso allowing the detection of trace chemical species contained in
he water plume. Thus, we conclude that the NIM instrument can

etect the H 2 O molecules from the plume. 

From Fig. 6 it can be concluded that the signal from ionized

lume particles is distinguishable from the background noise due

o penetrating radiation in the JDC instrument. The plume ion sig-

al is ∼3 × 10 3 counts at the maximum, assuming 1 s integration

ime. The background is around 100 counts, also for or 1 s accumu-

ation time ( Table 1 ). We assume the background signal is white

oise. This results in a signal-to-noise ratio of ∼33. From Fig. 6 b it

an be concluded that the count rate is asymmetric with respect to

he closest approach; a higher count rate is seen after the space-

raft has passed the point of closest approach. The spacecraft is

oving in the same direction as the corotation plasma flow and

hus the direction in which the plasma ions are transported (as

an be seen in Fig. 5 ). 

The simulation results in this work are all performed for the

rst JUICE flyby of Europa. The second planned flyby is similar, but

ill happen at higher latitudes. It will approach Europa at a similar

losest distance ( ∼400 km) and will also fly along the direction of

he corotation plasma. In other words, the same conclusions can

e formulated for the second flyby. 

.2. Difference between a single source and a crack source 

In the case of a 10 0 0 km crack model, the spatial density distri-

ution of H 2 O close to the source can be more than one order of

agnitude lower than in the case of a single point source model

 Fig. 4 a). This will negatively affect the detectability due to a lower

ignal-to-noise ratio. However, at the altitude of the JUICE closest

pproach ( ∼400 km), the count rate is less than one order of mag-

itude lower ( Figs. 3 b and 4 b). The difference is limited to posi-

ions of the crack centre point ± 15 ° latitude and ± 30 ° longitude

rom the closest approach. Outside of this area the count rate is

omparable. At ± 20 ° latitude a small increase can even be ob-

erved. Regarding the detection of H 2 O 

+ , Fig. 7 shows that the dif-

erence in the H 2 O 

+ count rate between the crack source and the

ingle source is at most ∼35% for the optimal viewing direction.

hus, the source model will not impact the H 2 O or H 2 O 

+ detection

easibility significantly. 

.3. Separation with exospheric signal 

In the count rate corresponding to water particles ( Fig. 3 b) the

resence of the plume can be recognized as a local increase of

bout one order of magnitude. This suggests that the signature of

 2 O originating from small plumes (mass flux 1 kg/s) can be recog-

ized in the H 2 O signal measured by NIM. However, the modelled

xospheric density distribution should be confirmed with observa-

ions. This is even more important for plumes that are not posi-

ioned directly below the closest approach and for which the sig-

ature observed along the flyby is weaker. As currently planned,

UICE will make only two flybys of Europa. This offers the possi-

ility for only a limited number of in situ observations to under-

tand the density distribution in Europa’s exosphere. Complemen-

ary observations of the exospheric density distribution by the re-

ote sensing instruments on JUICE will be required to obtain the

ull exospheric particle population. 

In Fig. 3 a it can be seen that the plume particle count rate does

ot drop significantly for source positions that are 30 ° in longi-

ude and 10 ° in latitude away from the closest approach. It seems

lausible that these plumes will be detectable as well. The posi-

ion of the furthest removed plume that can still be separated from

he ambient water particles depends on the knowledge of the ex-

spheric density distribution. 

Models of Europa’s exosphere ( Shematovich et al., 2005; Smyth

nd Marconi 2006; Wurz et al. 2014 ) show the density of H O
2 
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peaks from about 10 4 to 10 6 particles per cm 

3 close to the sur-

face, and at the altitude of the closest approach of the JUICE flyby

(400 km) it drops to 10 4 /cm 

3 . In our model, the plume-originated

density close to the surface is ∼10 8 / cm 

3 , and a number density

of 5 ×10 4 / cm 

3 is expected at the altitude of the closest approach

( Fig. 2 b). The exospheric neutral particles are ionized in the same

way as the plume ions and will conduct cycloid trajectories as

well. Because of this the exospheric ions and the plume ions have

the same energy and directional distribution. Therefore they can-

not be directly separated. Distinguishing the plume and exospheric

signals can be aided by the difference in spatial distribution they

have ( Fig. 7 ). Plume ions form a collimated beam of ions (an ‘ion

plume’), while the exospheric ions are more globally distributed.

Secondly because the neutral plume particle density is bigger, the

signal of the plume-originating ions will be bigger than that of

the exospheric ions ( Fig. 7 ). However, the distribution of the am-

bient H 2 O 

+ density from observations is needed. A back-tracking

method can be used to trace particles back in time and determine

their point of origin, which in the case of a plume would be a con-

fined region. This method has been employed before at the Moon,

to trace back protons to the dayside of the Moon ( Futaana et al.,

2003 ), and in the vicinity of Mars to distinguish Phobos-originating

protons ( Futaana et al., 2010 ). 

6.4. Separation from corotational plasma 

Near Europa O 

+ and O 

++ are the dominant ions ( Johnson et al.,

2009; Rubin et al., 2015 ). JDC does not have sufficient mass res-

olution (M/ �M up to 30) to distinguish between O 

+ or O 

++ and

H 2 O 

+ . However there is a difference in energy and direction distri-

bution between H 2 O 

+ and O 

+ or O 

++ . The plume ions propagate

along cycloid trajectories, along these trajectories their direction

and energy changes, resulting in the direction and energy distri-

bution shown in Fig. 6 a. The corotational plasma particles are not

following cycloid trajectories and will not exhibit the same varia-

tion in direction and energy. They will rather be detected as parti-

cles coming from a single energy and direction that will coincide

with the bins with the maximum count rate in Fig. 6 a. Thus, the

difference in distribution can be used to distinghuish H 2 O 

+ from

the oxygen ions in the corotational plasma. 

6.5. Practical implications for ionized plume particle measurements 

Not all the azimuth, energy and elevation bins of the JDC in-

strument can be sampled simultaneously. Therefore, it should be

investigated if 1 s integration time per bin is realistic to accumu-

late the counts up a significant level. The JDC instrument has 12 el-

evation bins and 16 azimuth bins. The number of energy bins can

be changed, where 96 bins are the maximum. Sampling one en-

ergy step takes 7.8125 ms. The azimuth bins are sampled simulta-

neously. Fig. 6 a and b correspond to one elevation bin. Namely the

elevation bin that contains the plane that is parallel to the E × B

direction. If only this elevation bin would be sampled, 96 s would

be needed to provide 1 s of integration time per bin and accumu-

late the counts up to the level discussed in paragraphs 6.1 and 6.3.

Within 96 s JUICE will travel approximately 384 km. Plasma condi-

tions over such a distance can change strongly, in particular when

the spacecraft passes the trajectories of the particles originating

from close to the plume source ( Fig. 5 ). To decrease the time of

measurement different strategies can be employed. The number of

elevation bins that are scanned can be limited, since the plume

particles are propagating in the E × B direction. Differently the in-

tegration time could be lowered. If it is lowered to 0.1 s per bin,

the plume signal strength would be ∼900 counts, which is still a

significant number of counts. Alternatively the bins could be col-

lapsed. Furthermore, the JUICE spacecraft, as presently planned,
ill fly along the direction of the corotational flow. This is ben-

ficial for the measurements, since the plume ions are propagating

n the same direction (see Figs. 2 a and 5 ). Therefore the conditions

f the ion plume will not change as much as when the ion plume

ould be crossed perpendicularly. This allows the possibility to in-

rease the measurement time. 

.6. Model limitations 

In the model, the ion trajectories are solely determined by E × B

rift caused by a perpendicular electric and magnetic field. The

lectric field is calculated as follows: �
 E = −�

 v b × �
 B . In which 

�
 v b is

ssumed to be the bulk velocity of the corotation plasma. How-

ver, this is a simplification. In principle, � v b is the average of the

ulk velocity of the corotation plasma flow ( � v b cp ) and the plume-

riginating ions ( � v b plume ) : 

  b = 

n cp � v b cp + n plume � v b plume 

n cp + n plume 

hen the density of the corotation plasma ( n cp ) is higher than that

f the plume ions ( n plume ), � v b will be dominated by the bulk veloc-

ty of the corotation plasma. Then the electric field can be approx-

mated as: � E = −�
 v b cp × �

 B . For a single plume source with a mass

ux of 1 kg/s the plume ion density can exceed 10 particles per

m 

3 in the regions where the ions originate from near the source

see Fig. 5 a). This is rather close to the ion density at Europa, rang-

ng from 12 to 170 particles per cm 

3 (from Kivelson et al., 2009 ).

owever, in most of the simulation space the density does not ex-

eed 10 particles per cm 

3 . Using the equation above and assuming

hat n cp is 100 particles per cm 

3 , � v b cp is 76 km/s ( Table 3 ), n plume 

s 10 particles per cm 

3 and 

�
 v b plume is 1 km/s; gives a bulk veloc-

ty of 69 km/s. This value is not significantly different from 

�
 v b cp .

herefore we consider the assumption 

�
 E = −�

 v b cp × �
 B acceptable . 

The assumption is no longer satisfied if the density of the

lume ions becomes large compared to that of the ambient ions in

he corotation plasma flow ( ∼100 km/s). For example in the case

eported in Roth et al. , 2 014a . The bulk velocity of the plasma

ill be dominated by the velocity of the plume-originating ions

 ∼1 km/s). Significant slow down of the corotation plasma flow as-

ociated with plume activity has indeed been observed at Ence-

adus ( Tokar et al., 2006 ). The assumed convectional electric field

annot be calculated from the corotation flow anymore. The elec-

ric field and the resulting ion trajectories will become significantly

ifferent. Thus, the mass loading of the flow of corotating plasma

ill change the flow and distribution of plasma near Europa ( Rubin

t al., 2015 ). Such a situation cannot be handled by the model that

e used. Instead, a different modelling approach is needed, such as

ybrid or magnetohydrodynamic models. Furthermore, when the

ow of the ions is significantly slowed down the relative velocity

f the spacecraft becomes a factor of importance. 

The high-flux plumes also influence the ionisation. For an elec-

ron temperature of 100 eV ( Kivelson et al., 2009 ) the mean free

ath of an electron is ∼150 km, for a total H 2 O – electron scatter-

ng cross sectional area of 7 × 10 −16 cm 

2 (from Itikawa and Manson

005 ) and an H 2 O density of ∼10 8 particles per cm 

3 (from Fig. 2 a).

f the neutral density would be several orders of magnitude larger,

he plume will not be ionised equally everywhere, in particular an

rea close to the source will be free of plume ions. 

In our model, we neglect the neutral-neutral collisions. Close to

he source, the plume particles may experience multiple collisions,

ehaving more like a fluid. A collisional model should be used in

he vicinity of the plume source. On the other hand, in Hurley

t al. (2015) an Enceladus plume model was discussed that uses

he same approach for launching neutral particles as used in this

ork. Hurley et al. (2015) stated that a velocity distribution that

s a combination of a thermal velocity and a bulk speed (referred
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o as a drifting Maxwellian) is appropriate outside the collisional

egion of the plume. This collisional region is only a few kilome-

res high, in the case of Enceladus’ plumes ( Yeoh et al., 2015 ). Al-

hough the escape velocity is different between Enceladus and Eu-

opa (0.239 km/s and 2.025 km/s, respectively), the initial velocities

900 m/s and 450 m/s) and the mass fluxes (0.2 kg/s and 1 kg/s, re-

pectively) in the Enceladus plume model in Yeoh et al. (2015) are

imilar to the plume properties we assume. With a velocity of

.5 km/s it takes a particle about 20 s to reach 10 km altitude. Con-

idering that Europa’s gravitational acceleration is 1.314 m/s 2 , grav-

ty will decelerate the particle ∼25 m/s within this time. This is

mall compared to the initial velocity, thus in the first few kilo-

etres above the surface gravity has not significantly altered the

rajectories yet. Therefore we expect the difference in escape ve-

ocity to be unimportant. This suggests that the size of the colli-

ional region of the 1 kg/s Europa plume we assume is comparable

o the Enceladus case described just before. Therefore, at large dis-

ances from the collisional region, such as that of the JUICE flyby

 > 400 km), the plume model we assume is applicable. Further-

ore, by comparing analytical solutions for collision-less flow and

irect simulation Monte Carlo (DSMC) model results, Cai and Wang

2012) and Cai et al. (2013) suggested that collision-less flow solu-

ions can still be used to obtain a first order approximation of a

ollisional supersonic flow. They explained the models agree be-

ause the particles travelling downstream with a high bulk speed

o not have the time to collide and propagate in the direction per-

endicular to the bulk speed. 

In this work only H 2 O 

+ as an ionized product for H 2 O is con-

idered. However, Johnson et al. (2009) also lists ionization rates

f H 2 O that give OH 

+ and H 

+ . The electron impact reactions that

roduce OH 

+ and H 

+ have the same order of magnitude (10 −6 –

0 −7 /s) as the rate that produces H 2 O 

+ . Thus these species also can

e detected by JDC. 

. Conclusion 

We simulated the detection of H 2 O and H 2 O 

+ , by respectively

IM and JDC. The signal-to-noise ratios in the optimal cases, in

erms of plume position with respect to JUICE, are ∼5700 for NIM

nd ∼33 for JDC, if only a background due to penetrating radiation

s assumed. The results show that the particles of the low mass

ux plumes (1 kg/s) can be detected with large margins. By com-

aring the density distributions from a point source and a 10 0 0 km

rack, we conclude that the difference does not significantly influ-

nce the density distributions and detectability. 

Furthermore, we investigated the distinction of plume-

riginating H 2 O and exospheric H 2 O. The results suggest the

lume signal is recognisable as a temporal signal enhancement

f one order of magnitude in the H 2 O count rate during 6 min-

tes. However, the density distribution obtained from models has

till to be validated by observations. For the separation of H 2 O 

+ 

rom ambient H 2 O 

+ , the difference in spatial distribution can be

mportant. However, knowledge of the ambient H 2 O 

+ density is

eeded for this as well. Additionally a particle back-tracing model

s suggested as a data analysis tool to separate the signals. 

Some measures could be taken to increase the number of de-

ected counts with JDC. Sectors can be collapsed or neglected,

nd/or the integration time can be reduced. It is beneficial for the

DC observations that the flyby is along the direction of the coro-

ational plasma (and the plume ions) because the signal of plume

ons will persist longer and therefore a longer integration time can

e achieved. 

Several recommendations for future Europa plume particle

odels can be formulated. Future models that require more ac-

urate knowledge of the neutral particle distribution should con-

ider particle collisions. Also the effect of ionized plume models
n the electric field should be taken into account. To investigate

lume observations in more realistic magnetic field configurations

t is also needed to include the effect of Europa’s induced magnetic

eld. 
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