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a b s t r a c t 

Europa, Jupiter’s innermost icy satellite, is embedded well within Jupiter’s magnetospheric plasma, an 

intense flux of ions and electrons that approximately co-rotate with Jupiter. The plasma can be thought 

of as consisting of two populations: The cold, thermal plasma containing charged particles with energies 

ranging from 1 eV to 1 keV, and the hot, energetic plasma containing charged particles with energies 

ranging from 10 keV to 100 MeV. When the charged particles interact with Europa’s surface, they not 

only chemically and physically alter the icy surface, but also liberate material from the surface through a 

process called sputtering, which in turn forms a tenuous atmosphere. 

In this paper we calculate the sputter contribution to the atmosphere by modeling the formation of 

Europa’s ice-sputtered atmosphere ab initio. We consider the species H, H 2 , O, OH, H 2 O, O 2 , HO 2 , H 2 O 2 , 

and O 3 , all of which are related to the water–ice surface. Whereas the ice sputter yields of H2O, H2, and 

O2 have been well established, the ice sputter yields (and the resulting density profiles) of H, O, OH, HO 2 

and O 3 are small and largely unknown. As model input we use available plasma ion and electron energy 

spectra as well as available water-ice sputter yields. Based on first principles, i.e., without applying any 

scaling to observed data, we calculate atmospheric densities ab initio. 

Our results match available observational data and previously published modeling effort s well. Eu- 

ropa’s exosphere is dominated by thermally accommodated O 2 close to the surface (below a few 100 km), 

and the much lighter H 2 molecules at higher altitudes. The water-ice related species that stick to the sur- 

face (freeze out) are liberated by cold and hot plasma sputtering in about equal amounts. In addition, in 

the case of H 2 , O 2 , and H 2 O 2 , electrons contribute almost as significantly to the sputter yield as ions do. 

© 2018 Elsevier Inc. All rights reserved. 
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. Introduction 

Europa’s orbit is located at an average distance of 9.38 R J from

upiter (where R J is Jupiter’s radius, or 71,400 km) and nearly co-

ncides with Jupiter’s equatorial plane. The moon’s orbit thus lies

ell inside the jovian magnetopause, which is typically located at

0–100 R J ( Joy et al., 2002 ), and at the outer edge of the Io plasma

orus. Jupiter’s magnetospheric plasma approximately co-rotates

ith Jupiter, lagging only marginally behind Jupiter’s rotation pe-

iod of ∼ 10 h, thus traveling at an average speed of ∼ 90 km/s

t Europa’s orbital distance. Europa’s orbital speed of ∼ 14 km/s

s substantially lower than the azimuthal plasma velocity, resulting

n the plasma flowing over the moon from it’s trailing hemisphere

nd sweeping ahead of it in its orbital motion with a relative speed

f ∼ 76 km/s. Whereas the main part of the Jovian plasma consists

f this cold, thermal plasma, there is a second population, termed

he hot, energetic plasma. This plasma has been accelerated to en-
∗ Corresponding author. 
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rgies surpassing 10 keV, and, while it is quite sparse, it contains

ost of the overall energy flux. 

As the Jovian plasma encounters Europa’s surface, two impor-

ant processes are induced: radiolysis and sputtering. Radiolysis

s the dissociation of molecules into fragments by ionizing radia-

ion inside the ice. Since the resulting fragments are mostly radi-

als they are chemically reactive, and will recombine to form new,

ore stable, species in the ice. The second process, sputtering, is

he ejection of particles from a solid surface due to its bombard-

ent by energetic particles. The number of ejected particles de-

ends on the plasma flux, the plasma energy, the plasma composi-

ion, the plasma charge state, the plasma incidence angle, and the

urface temperature. 

In the theoretical formulation, the sputter yield is a function

f an ion’s stopping power, i.e., the energy per length that is de-

osited as the ion passes through a solid ( Betz and Wehner, 1983 ).

t higher energies, the stopping power linearly increases with ve-

ocity up to ∼ 300 keV/nuc, above which it starts to decrease again.

everal sputter experiments on ice have been conducted to deter-

ine the sputter yield of water ice (the number of ejected H 2 O

olecules per incident ion) for various ion species at various ener-

https://doi.org/10.1016/j.icarus.2018.03.022
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gies. See Cassidy et al. (2013) , Fig. 3, for a compilation of available

water sputter yield data and theory. Recently, first sputter yield

measurements for electrons sputtering water ice were presented

by Galli et al. (2017) . 

In this paper we calculate ab initio the contributions to the ex-

osphere by sputtering of water ice by cold and hot plasma ions

and electrons. Available observations of Europa’s water ice related

atmosphere are presented in Section 2 . The Monte Carlo model,

including plasma parameters and sputter yields, are presented in

Section 3 . The results of our Monte Carlo simulation are presented

in Section 4 , and a comparison with available observations and

previous models is given in Section 5 . Section 6 , the conclusion

section, completes this paper. 

2. Available observations 

Very little is known about the chemical composition of

Europa’s atmosphere from observations (see recent review by

McGrath et al., 2009 ). The only presently confirmed exospheric

constituents consist of its main component O and O 2 , the alkali

metals Na and K, H 2 O (in form of plumes), and, detected most re-

cently, a H corona. Whereas O 2 and H 2 O was not directly observed,

their presence was inferred from O and H observations. The follow-

ing subsections give an overview of present-day available observa-

tions of Europa’s water ice related atmosphere. 

2.1. O and O 2 

Hall et al. (1995) detected O I 1304 Å and O I 1356 Å air-glow

emissions in Europa’s exosphere using the Goddard High Resolu-

tion Spectrograph (GHRS) on the Hubble Space Telescope (HST)

during six consecutive spacecraft orbits in June 1994. Their mea-

surements yield an O I 1356 Å–1304 Å atmospheric emission ratio

of 1.9, implying electron dissociation excitation of O 2 as the re-

sponsible emission process, since this is the only process known to

produce a brighter 1356 Å than 1304 Å line. Through atmospheric

modeling the authors derive an O 2 column density of N C (O 2 ) =
(1.5 ± 0.5) ·10 15 cm 

−2 and a 2.5 σ upper limit for the O column

density of N C (O) < 2 ·10 14 cm 

−2 . 

Three years later, Hall et al. (1998) presented two more sets of

HST/GHRS observations of Europa’s exosphere made in June 1996

and July 1996. Complete analysis of HST/HGRS observations yield

air-glow emission ratios between 1.3 and 2.2. Assuming both a

uniform atmosphere and a spatially uniform electron impact ex-

citation rate, the authors derive O 2 column densities of N C (O 2 ) =
(2.4–14) ·10 14 cm 

−2 and 3 σ upper limits for the O column density

of N C (O) < (1.6–3.4) ·10 13 cm 

−2 . 

In 1999, McGrath et al. (2004) obtained 9 images of Europa’s

trailing hemisphere from the Space Telescope Imaging Spectro-

graph (STIS) on board HST. Surprisingly, the O I atomic emission

1356 Å peaks within the disk and not at the limb of the satellite,

as would be expected from plasma interaction with an optically

thin atmosphere. In addition, the images include a brighter region

on the antijovian hemisphere, i.e., the emission is spatially inho-

mogeneous, probably due to the surface not being icy to the same

degree everywhere. 

Hansen et al. (2005) observed the O multiplet of lines with

Cassini’s Ultra-Violet Imaging Spectrograph (UVIS) on two different

dates in January 2001. Their measurements are best fit by a bound,

near-surface O 2 atmosphere with a scale height of ∼ 200 km and

an O atmosphere consisting of a loosely bound component show-

ing the spectral character of a point source and a diffuse compo-

nent, which overfills one pixel ( ∼7 R E , where R E is equal to Eu-

ropa’s radius of 1569 km). From their measurements the authors

derive atomic and molecular oxygen densities and column densi-

ties, and an O/(O + O ) ratio of 0.02. 
2 
Four more sets of UV observations of Europa were taken in

pring 2007 by the HST Wide-Field Planetary Camera 2 (WFPC2),

y the HST Advanced Camera for Surveys (ACS), and by New Hori-

ons’ Alice UV imaging spectrograph ( Retherford et al. (2007) .

ee also McGrath et al. (2009) and references therein). While the

FPC2 images do not reveal any measurable atmospheric emis-

ions, the ACS images contain emissions at 1304 Å and 1356 Å on

he subjovian hemisphere. Unfortunately, the latter images are dif-

cult to interpret due to detector dark noise and due to the uncer-

ainty of Europa’s location within the images. The Alice measure-

ents also cover emissions at 1304 Å and 1356 Å, confirming the

alue of ∼2 for the 1356 Å to 1304 Å ratio, again suggesting an O 2 

ominated atmosphere. 

In 2011 Saur et al. (2011) presented five previously unpublished

ST/ACS measurements taken in June 2008. While the authors

id not find any asymmetry in the atmospheric emission with re-

pect to the sub-Jovian/anti-Jovian side, they did find a surplus of

mission near 90 ° west longitude. Making similar assumptions as

all et al. (1995) , Saur et al. (2011) derive a lower limit of the

 2 column density of N C (O 2 ) > (6–10) ·10 14 cm 

−2 . These measure-

ents are generally compatible with previous observations, being

lightly smaller than the fluxes obtained with HST/STIS by McGrath

t al. (20 04, 20 09) but in the range or slightly larger than previous

ST/GHRS observations. 

Most recently, Roth et al. (2016) presented a comprehensive set

f HST observations of Europa’s far ultraviolet oxygen aurora. The

easured O I 1356 ̊A to 1304 ̊A flux ratio of 1.5–2.8, with a mean

f 2.0, agrees well with previously published ratios, supporting the

onclusion that Europa’s bound atmosphere is dominated by O 2 .

enerally, the oxygen ratio decreases with increasing distance from

he surface, with O 2 prevailing over O up to ∼ 900 km. The authors

ivided the data into three regions (near-surface up to 1.25 R E ,

igh altitude from 1.25 R E to 1.5 R E , and corona from 1.5 R E to

.6 R E ) and derive O/O 2 mixing ratios of 0.01–0.06, 0.13–0.15, and

.27–0.35, for the three altitude regions. Considering various as-

ects of the variable plasma environment and the atmospheric dis-

ribution, the authors derive O 2 column densities of N C (O 2 ) = (3–

) ·10 14 cm 

−2 . The variable mixing ratio is suggesting largely differ-

nt scale heights for the O and O 2 exospheric components. 

.2. H 

Recently, Roth et al. (2017) reported on the first observations

f an atomic hydrogen corona extending up to several moon radii

bove the limb of Europa. The observations were taken by STIS

nboard the HST on six occasions between December 2014 and

arch 2015. The observations agree well with a radially escaping

 corona with maximum densities at the surface of N(H) = (1.5–

.25) ·10 3 cm 

−3 , with an average of N(H) = 1.8 ·10 3 cm 

−3 , and a

ine-of-sight 1/ r profile. The fitted densities vary by ± 20% for the

ix observations, which exceeds the obtained uncertainties. The au-

hors thus concluded that an intrinsic variability of the H corona

ust exist. 

.3. H 2 O 

In 2014 Roth et al. (2014) reported on statistically significant co-

ncident excess of hydrogen Lyman- α and oxygen 1304 Å emissions

bove Europa’s southern hemisphere measured by HST/STIS. These

ighly variable emission excesses suggest a local atmospheric H 2 O

nhancement, most probably a 200 ± 100 km high water plume

ocated on the anti-Jovian southern hemisphere. The authors de-

ive average H 2 O and O 2 column densities using measured cross

ections for electron-impact dissociative excitation and standard

lasma parameters for Europa. Their analysis yields an O 2 column

ensity of N (O ) ∼ 5 ·10 15 cm 

−2 and a H O column density of
C 2 2 
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 C (H 2 O) = 1.5 ·10 16 cm 

−2 . This signal is by a factor of 100–1000

arger than in the regular atmosphere. 

. Modeling approach 

Europa’s atmosphere presented herein is modeled ab initio, i.e.,

o fitting to observations of the exosphere was applied. The calcu-

ation starts at the exobase that we assume to be Europa’s surface.

o assumption on the sputtered neutral particle flux or on neutral

olumn densities are made. Instead, the only inputs required are

he parameters describing the plasma particle flux onto the sur-

ace (presented in Section 3.2 ) and the parameters describing the

ce-related neutral sputter yield (presented in Section 3.3 ). 

.1. Monte Carlo model 

The exospheric density profiles presented herein were calcu-

ated with a Monte Carlo code originally developed for studying

ercury’s exosphere ( Wurz and Lammer, 2003 ). In this model, the

rajectories of a large amount of particles are computed indepen-

ently (i.e., the model is collision-free) ab initio. Each sputtered

article starts its trajectory at the exobase (which in this case is

ssumed to be Europa’s surface), with an energy E sampled ran-

omly from the energy distribution for sputtered particles: 

f (E) = 

6 E b 

3 − 8 

√ 

E b /E c 

E 

( E + E b ) 3 

( 

1 −
√ 

E + E b 
E c 

) 

, (1) 

here E b is the surface binding energy, and E c is the maximum en-

rgy that can possibly be transferred in a binary collision between

he impacting particle and the surface atom. 

Each sublimated, or thermally accommodated, particle also

tarts its trajectory at the exobase, but with an energy sampled

andomly from a Maxwellian distribution around the thermal en-

rgy E T = k B T : 

f (E) = 2 

√ 

E 

π

(
1 

k B T 

)3 / 2 

exp 

( −E 

k B T 

)
(2) 

here k B is the Boltzmann constant, and T is the surface tempera-

ure. 

Similarly, the particle’s ejection angles from the surface are

btained by randomly sampling two angular distribution func-

ions, one for the polar angle and one for the azimuth angle.

or the polar angle ( θ ) dependence we use a cosine function,

hich was found to best describe sputtering from a porous regolith

 Cassidy and Johnson, 2005 ). For the azimuth angle ( φ) we use a

niform distribution over 2 π . 

Having obtained an initial velocity vector, a particle’s ellip-

ic or hyperbolic trajectory is calculated according to Equations

 through 17 in Hodges (1994) . Whereas we compute the veloc-

ties in 2D (i.e., in the radial and tangential direction), we only

onitor the particle’s position in the radial direction. Trajectories

re computed until the particle either leaves the calculation do-

ain (which in our model is given by Europa’s Hill radius, or

2,084 km), gets ionized (see Section 3.4 ), is fragmented (upon

hich the fragments are traced instead, see also Section 3.4 ), or

alls back to the surface. Particles that return to the surface are as-

umed to be either completely sticking (H, O, OH, H 2 O, HO 2 , H 2 O 2 ,

 3 ) or completely non-sticking (O 2 and H 2 ). 

From the calculated trajectories we derive exospheric neutral

ensity profiles and radial column densities by multiplying the

imulated profiles with the exobase density. For each species ( i )

nd each release process ( p ), the exobase density N 

p 
i 

(in ( m 

−3 )) is

btained by dividing the process specific surface release flux �p 
i 

in ( m 

−2 s −1 )) by the particles’ mean initial velocity 〈 v p 
i 
〉 (in (m/s)):
 

p 
i 

= �p 
i 
/ 〈 v p 

i 
〉 . (3)

The mean initial velocity is computed from the energy distri-

ution given in Eqs. (1) and (2) , whereas the surface release flux

s computed from the energy dependent plasma flux �plasma ( E ),

he species dependent surface fraction f i , and the energy depen-

ent sputter yield Y ( E ): 

sp 
i 

= 

∫ 
�plasma (E) · f i · Y (E ) dE , (4)

n the case of sputtered particles, and from the vapor pressure in

he case of sublimated and thermally accommodated particles: 

th 
i = f i ·

p 0 
k B T 

·
√ 

8 k B T 

πm 

, (5) 

here f i is the surface fraction of species i, p 0 is the temperature

pecific water vapor pressure, k B is the Boltzmann constant, T is

he surface temperature, and m is the particle mass of species i . 

.2. Jovian plasma 

The jovian plasma can be thought of as consisting of two pop-

lations: The cold, thermal plasma, and the hot, energetic plasma.

hereas the two plasma populations are described in detail below,

n overview of the relevant plasma parameters and a depiction of

he plasmas’ spectral shapes can be found in Table 1 and Fig. 1 ,

espectively. 

The cold, thermal plasma has been described extensively in

ivelson et al. (2009) and Bagenal et al. (2015) . The ion com-

osition mainly includes oxygen, sulfur and hydrogen, with rel-

tive abundances of H 

+ :O 

n + :S n + = 1:3:1.7 ( Bagenal et al., 2015 ).

hese relative abundances result in an average ion mass of

8.14 amu, which agrees well with the value of 18.5 amu given

y Kivelson et al. (2009) . The electron density is slightly higher

han the ion density, with average values for electrons of 150 cm 

−3 

nd for ions of 130 cm 

−3 . Plasma modeling has shown that due to

he electro-magnetic field conditions in the vicinity of Europa the

old, thermal plasma is to a significant extent deflected around Eu-

opa, decreasing the flux of particles impinging onto the surface

see e.g. Saur et al., 1998 and Rubin et al., 2015 ). Based on the re-

ults from model calculations, we implement a reduction of the

old plasma flux onto the surface by 80%. The energy spectrum of

he cold plasma exhibits roughly the shape of a Maxwellian distri-

ution, with a mean drift velocity of 90 km/s, an ion temperature

f ∼100 eV, and an electron temperature of ∼20 eV. With Europa

rbiting Jupiter at an orbital velocity of 14 km/s, the plasma’s ve-

ocity relative to the moon is reduced by 14 km/s, i.e., the plasma

weeps over Europa’s trailing hemisphere at a relative speed of

6 km/s. Since the plasma temperature is of the same order of

agnitude as the plasma bulk speed, it is non-negligible and has

o be taken into account when modeling the plasma interaction

ith Europa’s surface. For this study the cold plasma was thus

odeled by a drifting Maxwellian distribution, with a 1D drift ve-

ocity of 76 km/s, and a temperature of 100 eV and 20 eV for the

ons and electrons of the cold plasma, respectively. 

Characteristics of the hot plasma ions have been presented

n detail in Divine and Garrett (1983) , Cooper et al. (2001) ,

aranicas et al. (2002) and Mauk et al. (2004) , while char-

cteristics of the hot plasma electrons were presented in

aranicas et al. (2001) . As already implied by the term ‘hot’, the

emperature of the electrons and ions of this plasma group is

uite high, ranging from a few keV to a few MeV. The energy

pectrum of the hot ions is generally modeled by a kappa distri-

ution with characteristic energies of a few tens to hundreds of

eV, and a power-law tail representing the radiation belt ions. For
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Table 1 

Characteristic parameters for the cold and hot plasma. Given are rounded mean values assembled from 

Bagenal et al. (2015) ; Paranicas et al. (2002) ; Mauk et al. (2004) . 

Density (cm 

−3 ) v drift (km/s) v kT (km/s) E char (eV) E kT (eV) Flux (m 

−2 s −1 ) 

Cold plasma 

e − 150 76 30 0 0 0.016 20 1.2 ·10 13 

i + 

H 

+ 23 76 139 30 100 1.7 ·10 12 

O n + 68 76 35 479 100 5.2 ·10 12 

S n + 39 76 25 958 100 3.0 ·10 12 

Hot plasma 

e − 50,0 0 0 10 0 0 1.5 ·10 12 

i + 

H 

+ 250,0 0 0 30,900 7.5 ·10 10 

O n + 140,0 0 0 17,200 4 ·10 10 

S n + 120,0 0 0 17,200 8 ·10 10 

Fig. 1. Measurements and fits for the cold and hot plasma ions and electrons (top) and water sputter yields (bottom) as a function of energy (left) and velocity (right). Ion 

intensity measurements (top; red, blue, and green diamonds) were taken from Ip et al. (1998) whereas electron intensity measurements (top; black diamonds) were taken 

from Paranicas et al. (2001) . The energy spectra of the cold plasma were fitted with drifting Maxwellian distributions (top; dashed lines) whereas the hot plasma energy 

spectra were fitted with Kappa distributions (top; solid lines). Also shown, for comparison, is the electron spectral shape as presented in Paranicas et al. (2001) (top; dotted 

black lines). The sputter yield measurements combine results collected in Cassidy et al. (2013) (H 

+ and O + ) and experimental results from Galli et al. (2017) (electrons). The 

ion sputter curves are a combination of the equations published by Famá et al. (2008) and Johnson et al. (2009) , whereas for the electrons we show the sputter yield curve 

as given by Teolis et al. (2017) (bottom; black dashed lines) and as implemented herein (bottom; black solid lines). All sputter yield curves were computed for a surface 

temperature of 125 K. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

b  

f

3

 

c  

u  

s  

c  

f  

t  
this analysis we used the spectral shape and spectral parameters

given by Eq. (1) and Table 1 (E6 encounter) in Mauk et al. (2004) .

The shape of the electron energy spectrum in the energy range

10 keV to 10 MeV was presented by Paranicas et al. (2001) . The

problem with the used mathematical formulation, though, is that

the energy spectrum would steadily increase with decreasing en-

ergy if extrapolated to energies below their measurements. In-

tegrating over the complete energy range would thus result in

an infinitely large energy flux, which is physically impossible.

We thus decided to fit the measurements presented in Fig. 1 of

Paranicas et al. (2001) with a kappa function, as was already done

for the energetic ions. Fig. 1 contains both the equation presented
t

y Paranicas et al. (2001) (dotted, black line) and the fitted kappa

unction (solid, black line). 

.3. Sputter yields 

Since Europa’s icy surface is under constant bombardment by

old and hot plasma ions and electrons, chemical reactions contin-

ously occur within the top layers of the ice. In our model, we as-

ume that the water radiolysis species are sputtered stoichiometri-

ally with respect to their abundance within the surface ice. In the

ollowing two subsections we separately describe our implementa-

ion of the sputter yields associated with ion bombardment and of

he sputter yields associated with electron bombardment. 
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Table 2 

Ice surface composition resulting from radiolysis. 

Species H H 2 O O 2 O 3 OH H 2 O HO 2 H 2 O 2 

Surface fraction 0.01 0.20 0.01 0.10 0.01 0.01 0.66 0.001 0.001 

Table 3 

Molecular reaction rates for O 2 and H 2 . 

Process Reaction Cross section 100% flux 20% flux Rate 100% flux Rate 20% flux 

(10 −16 cm 

2 ) (cm 

−2 s −1 ) (cm 

−2 s −1 ) (10 −6 s −1 ) (10 −6 s −1 ) 

Photo-dissociation O 2 + h ν → O + O 0.15 0.15 

Electron-dissociation O 2 + e − → O + O 0.60 J e − = 4.0e10 J e − = 8.0e9 2.40 0.48 

Photo-ionization O 2 + h ν → O + 
2 

+ e − 0.02 0.02 

Electron-ionization O 2 + e − → O + 
2 

+ 2e − 0.60 J e − = 4.0e10 J e − = 8.0e9 2.40 0.48 

H 

+ charge exchange O 2 + H 

+ → O + 
2 

+ H 15 J H + = 3.6e8 J H + = 7.3e7 0.54 0.11 

O + charge exchange O 2 + O + → O + 
2 

+ O 13 J O + = 5.7e8 J O + = 1.1e8 0.74 0.15 

S ++ charge exchange O 2 + S ++ → O + 
2 

+ S + 15 J S ++ = 3.1e8 J S ++ = 6.2e7 0.47 0.09 

H 

+ 
2 

charge exchange O 2 + H 

+ 
2 

→ O + 
2 

+ H 2 0.8 J H + 
2 

= 1e6 J H + 
2 

= 1e6 1e −4 1e −4 

O + 
2 

charge exchange O 2 + O + 
2 

→ O + 
2 

+ O 2 14 J O + 
2 

= 1e8 J O + 
2 

= 1e8 0.14 0.14 

Photo-dissociation H 2 + h ν → H + H 0.003 0.003 

Electron-dissociation H 2 + e − → H + H 0.42 J e − = 4.0e10 J e − = 8.0e9 1.68 0.34 

Photo-ionization H 2 + h ν → H 

+ 
2 

+ e − 0.002 0.002 

Electron-ionization H 2 + e − → H 

+ 
2 

+ 2e − 0.45 J e − = 4.0e10 J e − = 8.0e9 1.80 0.36 

H 

+ charge exchange H 2 + H 

+ → H 

+ 
2 

+ H 2 J H + = 3.6e8 J H + = 7.3e7 0.07 0.01 

O + charge exchange H 2 + O + → H 

+ 
2 

+ O 4.5 J O + = 5.7e8 J O + = 1.1e8 0.26 0.05 

S ++ charge exchange H 2 + S ++ → H 

+ 
2 

+ S + 4.5 J S ++ = 3.1e8 J S ++ = 6.2e7 0.14 0.03 

H 

+ 
2 

charge exchange H 2 + H 

+ 
2 

→ H 

+ 
2 

+ H 2 7.9 J H + 
2 

= 1e6 J H + 
2 

= 1e6 0.001 0.001 

O + 
2 

charge exchange H 2 + O + 
2 

→ H 

+ 
2 

+ O 2 10 J O + 
2 

= 1e8 J O + 
2 

= 1e8 0.10 0.10 
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.3.1. Sputtering by ions 

Much work has been done to determine water-ice sputter yields

uring ion bombardment since the very first experiments in the

arly1980 ′ s. These measurements have shown that the absolute

putter yield for impacting ions depends on the mass of the tar-

et particle, the mass and the energy of the impactor, the angle of

ncidence, and the surface temperature ( Betz and Wehner, 1983 ).

or the absolute sputter yields of water ice we used the equa-

ions presented in Famá et al. (2008) and Johnson et al. (2009) ,

hich are the most commonly used water ice sputter yield equa-

ions to date. These equations distinguish between two regimes,

ne where nuclear stopping dominates, and one where electronic

topping dominates. In the nuclear stopping regime (at smaller en-

rgies) the momentum of the impactor is passed on to the target

article, whereas in the electronic stopping regime (at higher en-

rgies) electrons are responsible for the excitation. A depiction of

he energy dependent water-ice sputter yields for impinging H, O,

nd S ions are shown in Fig. 1 , bottom row. 

In addition to water molecules, sputtering by ions also releases

ater radiolysis products, with the same stoichiometric abundance

s they are present in the water ice. For our model we compiled

ater ice radiolysis related data presented in Bar-Nun et al. (1985) ,

oll et al. (1997) , Carlson (1999) , Bahr et al. (2001) , Spencer and

alvin (2002) , Baragiolla (2003) , Teolis et al. , Zheng et al. (2006) ,

hi et al. (2011) and Teolis et al. (2017) , and implemented

heir relative abundances as presented in Table 2 . These val-

es agree well with sputter yields used by other modelers, e.g.

lainaki et al. (2012) and Cassidy et al. (2013) . One caution to men-

ion here, is that whereas the ice sputter yields of H 2 O, H 2 , and O 2 

ave been well established, the ice sputter yields of H, O, OH, HO 2 

nd O 3 are small and largely unknown. 

.3.2. Sputtering by electrons 

Water–ice sputter yields for irradiation with electrons were

ecently presented by Galli et al. (2017) . These measurements

howed that most particles are released from the water ice as

 2 and O 2 molecules, with an observed ratio of 2:1. In addition,

0.3% of the sputtered particles are H 2 O 2 molecules. No sput-

ered H, O, OH, H 2 O, HO 2 , or O 3 was discernible in the recorded

ass spectra. With the H , O , and H O values presented in
2 2 2 2 
able 2 also fulfilling the electron sputter conditions, the same

bundance ratios were used when simulating electron sputtering,

hile all other values were set to 0. 

For the absolute sputter yields we used the analytic equa-

ion determined by Teolis et al. (2017) . Contrary to said equa-

ion, though, the measured sputter yields by Galli et al. (2017) did

ot decrease with energy for energies higher than a few hun-

red eV, but remained constant at Y O 2 
= 2. We thus modified the

eolis et al. (2017) equation to level out at Y O 2 
= 2 at ∼ 300 eV.

he water equivalent sputter yield (i.e., twice the O 2 sputter yield)

f the equation presented by Teolis et al. (2017) and of the mea-

urements presented by Galli et al. (2017) are also shown in the

ottom row of Fig. 1 . 

.4. Particle ionization and dissociation 

Besides escape and return, neutral particles can be removed

rom the neutral atmosphere through ionization and through dis-

ociation (which results in two dissociation products being added

o the neutral atmosphere). There are several particle popula-

ions that can lead to ionization of neutral particles in Europa’s

xosphere. For ionization to be effective these particles need to

e within a certain energy range (usually a few ten to hundred

V), though, and we thus accordingly only consider solar pho-

ons, cold plasma electrons, cold plasma ions, and ionospheric

 

+ 
2 

and O 

+ 
2 

when modeling ionization. Additionally, photons and

old plasma electrons can lead to the dissociation of molecules.

able 3 presents all ionization and dissociation processes consid-

red in our Europa model, in the top part for atmospheric O 2 

olecules, and in the bottom part for atmospheric H 2 molecules.

or photo-dissociation and photo-ionization we use published rates

y Huebner et al. (1992) and from http://phidrates.space.swri.edu

iven for a solar photon flux at 1 AU, and scale them to Eu-

opa’s distance to the Sun. To determine the electron- and ion-

onization rates, we multiply the effective flux (which includes

he particles’ temperature) with the interaction specific cross sec-

ion. The cross sections presented in Table 3 were assembled from

arrett et al. (1985) , Tawara et al. (1990) , Kanik et al. (1993) ,

eutsch et al. (20 0 0) , Riahi et al. (2006) , Straub et al. (1996) and

cConkey et al. (2008) . For the ionosphere we estimate the O ion
2 

http://phidrates.space.swri.edu
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Fig. 2. Simulated density profiles. Solid lines denote species that are directly released from the ice surface, whereas dashed lines denote species that are only present as 

fragments. The bottom, right plot shows the sum of all processes (note the linear x -axis). 
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flux from the O 2 column density and the O 2 ionization rates, and

get f O 2 
+ ∼ 1 · 10 12 m 

−2 s −1 , . This agrees well with the ionospheric

flux given by Sittler and Strobel (1987) of f O 2 
+ < 3 · 10 12 m 

−2 s −1 

and with the ionospheric flux given by Rubin et al. (2015) of

f O 2 
+ ∼ 1 · 10 12 m 

−2 s −1 . With the thermal speed of the O 2 ions

we obtain an O 

+ 
2 

density of about 40 0 0 cm 

−3 at the surface,

which is well within the range of observed ionospheric densities

( McGrath et al., 2009 ). 

Similarly, for the H 2 ionosphere, we estimate the H 2 ion flux

from the H 2 column density and the H 2 ionization rates, and get

f H + 
2 

∼ 1 · 10 10 m 

−2 s −1 . For comparison with other modeling results

in the literature, we show in Table 3 the reactions rates for a cold

plasma flux of 100%, and the reaction rates for a cold plasma flux

reduced to 20% (used herein). For the water radiolysis products not

shown in Table 3 , we compute electron reaction rates for a cold

electron flux reduced to 20%, and multiply them with a factor of

1.5 to account for all other ionization contributions. 

4. Results 

For this study, we simulated the release of 10 5 particles per

surface ice species (H, H 2 , O, O 2 , O 3 , OH, H 2 O, HO 2 , and H 2 O 2 ),

per plasma type (cold and hot), and per electron and ion type

(e −, H 

+ , O 

n + , S n + ). The surface temperature was set to 125 K,
uropa’s mean dayside surface temperature as determined from

pencer et al. (1999) . The angle of plasma incidence was taken to

e 90 ° (sub-plasma point). In the calculations performed for this

tudy, step sizes vary from ∼ 300 m at the exobase to ∼ 3,0 0 0 km

lose to the Hill radius. 

The resulting density profiles are shown in Fig. 2 . The top,

eft panel shows the exospheric density profiles associated with

he cold plasma ions, whereas the bottom, left panel shows the

xospheric density profiles associated with the hot plasma ions.

he contributions of the three ion types (H 

+ , O 

n + , and S n + ) are

ummed up to one curve in each plot. The electron sputter contri-

utions are shown in the center panels, with the top panel show-

ng the contribution from the cold electrons and the bottom panel

howing the contribution from the hot electrons. Note that as de-

ermined by Galli et al. (2017) , only H 2 , O 2 , and H 2 O 2 molecules

re directly liberated during electron sputtering. The O, H, and OH

ensity profiles in the electron sputter plots result from fragmenta-

ion of H 2 , O 2 , and H 2 O 2 induced by photons and electrons within

he exosphere. 

In addition, at a given ice surface temperature, for some species

he vapor pressure is high enough for sublimation to occur. In this

tudy, we assume that all molecules generated through radiolysis

re formed below the surface and are trapped within the water ice.

hus, the radiolysis products sublimate with the water molecules,
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xcept for O, H, and OH, the recombination rates of which are too

igh for the sublimation rates to be effective. We show the subli-

ation density profiles for H 2 , O 2 , O 3 , H 2 O, HO 2 , and H 2 O 2 in the

op right panel of Fig. 2 . 

Since H 2 and O 2 do not freeze out on the surface of Europa,

heir density in the atmosphere increases, until a balance be-

ween the returning neutral flux and the atmospheric loss via neu-

ral escape, ionization, and fragmentation is reached. These non-

ticking particles interact with the surface repeatedly, whereby

hey are quickly thermalized to the surface temperature. For the

on-sticking particles we thus model an additional atmospheric

ource (termed recycled particles), where the source flux from the

urface is equal to the returning fraction of the sputtered and sub-

imated neutral flux divided by the loss rate (ionization, fragmen-

ation, and escape). Since the particles are thermalized to the local

urface temperature, we again model a population with an energy

pectrum represented by a Maxwellian distribution around 125 K.

he density profiles resulting from 1 million modeled particles per

pecies is also shown in the top right panel of Fig. 2 . Note again,

hat only H 2 , and O 2 were directly released from the surface; the

 and the O density profiles belong to fragments born in the exo-

phere. 

As a summary, the sum of all atmospheric sources is shown in

he bottom right panel of Fig. 2 (note that the x -axis is linear in

his panel). Complementing this plot, the exobase number densi-

ies and column density values for each surface species and source

rocess are listed in Table 4 . 

As mentioned in the previous section, each exospheric particle

eets one of the following fates: (i) escape, (ii) return, (iii) ion-

zation, or (iv) fragmentation. Knowing the surface sputtered and

urface sublimated release flux, as well as the fraction of escap-

ng and ionized particles, one can compute the global neutral and

he global ion escape rate. Since the fate of a newly ionized par-

icle cannot be determined in our model, we assume that half

f the generated ions return to the surface, whereas the other

alf escapes from Europa’s atmosphere. The sputtered and sub-

imated/recycled surface fluxes computed by our simulations are

isted in Table 5 . To compute the global neutral and ion escape

ates we multiply the sputtered fluxes with the area of the sub-

lasma hemisphere in the case of cold plasma sputtering, and with

uropa’s complete surface area in the case of hot plasma sputter-

ng. In addition, we multiply the cold plasma result with cos (30 °),
he cosine of the average plasma impact angle. For the sublimated

pecies, we assume that particles only sublimate from the dayside

emisphere. Since our simulations already use a surface temper-

ture of 125 K (the average dayside surface temperature), no fur-

her averaging is necessary, and we can directly multiply our re-

ults with the area of the dayside hemisphere. The resulting global

eutral and ion escape rates are presented in Table 6 . 

Having determined that Europa’s atmosphere is dominated by

n O 2 atmosphere close to the surface, we can estimate the

mount of collisions among the O 2 molecules to check if our as-

umption of a collision-less exosphere is valid. From the van der

aals radius of O 2 of 152 pm we get a geometrical cross section

f σO 2 
= 7 . 26 · 10 −16 cm 

2 , which we use for the collisions of ther-

al oxygen molecules. With an O 2 surface density of N0(O 2 ) =
 ·10 7 cm 

−3 we get a mean free path of λO 2 
= 197 km. Thus, even

t Europa’s surface, the mean free path of the oxygen molecules

s much larger than the O 2 scale height of 27 km and the prob-

bility of an O 2 –O 2 collision in the exosphere is about p coll ≈
 − exp (−NC · σ ) = 12%. The approximation of a collision-free ex-

sphere starting at the surface is thus justified. 

A second check we performed was to determine whether the

emaining 20% of cold plasma that is not deflected around Europa

y the electro-magnetic field can in fact reach Europa’s surface un-

indered. For the passage of the O ions through the O 2 atmosphere
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Table 5 

Surface fluxes listed for each surface release process separately. 

Species F cold ion sputtered F hot ion sputtered F cold electron sputtered F hot electron sputtered F recycled sputtered F sublimated F total 

(cm 

−2 s −1 ) (cm 

−2 s −1 ) (cm 

−2 s −1 ) (cm 

−2 s −1 ) (cm 

−2 s −1 ) (cm 

−2 s −1 ) (cm 

−2 s −1 ) 

H 1.15E + 07 4.97E + 07 – – – – 6.12E + 07 

H 2 2.35E + 08 1.01E + 09 1.49E + 08 5.99E + 08 4.36E + 09 1.65E + 08 6.52E + 09 

O 1.15E + 07 4.97E + 07 – – – – 6.12E + 07 

O 2 1.17E + 08 5.06E + 08 7.44E + 07 3.00E + 08 1.87E + 12 8.27E + 07 1.87E + 12 

O 3 1.15E + 07 4.98E + 07 – – – 1.65E + 06 6.30E + 07 

OH 1.15E + 07 4.97E + 07 – – – – 6.12E + 07 

H 2 O 7.57E + 08 3.27E + 09 – – – 4.11E + 10 4.51E + 10 

HO 2 1.16E + 06 5.02E + 06 – – – 4.13E + 05 6.59E + 06 

H 2 O 2 1.17E + 06 5.06E + 06 4.46E + 05 1.80E + 06 – 8.27E + 05 9.31E + 06 

Table 6 

Global neutral and ion escape rates. 

Species Q neutral (s −1 ) Q ion (s −1 ) 

H 6.61E + 25 2.95E + 24 

H 2 5.46E + 26 1.57E + 25 

O 3.02E + 25 2.75E + 25 

O 2 9.12E + 25 9.65E + 25 

O 3 8.04E + 22 1.25E + 23 

OH 4.20E + 25 5.35E + 24 

H 2 O 4.90E + 26 5.52E + 25 

HO 2 4.71E + 23 8.78E + 22 

H 2 O 2 5.61E + 23 1.03E + 23 
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(  
we consider two cross sections for the O–O 2 collision. First we as-

sume that a collision occurs when the distance between the center

of the two reactant particles is less than the sum of their radii

( Atkins, 20 0 0 ), which yields σO 2 −O = 3 . 62 × 10 −16 cm 

2 . For the

second check we apply a collision cross section of σ ≈ 1 × 10 −15 

cm 

−2 , a value commonly used for a variety of collisions, which

also approximates the value for O–O collisions ( Tully and John-

son, 2001 ). Using these cross sections we get mean free paths for

the O ions in the O 2 atmosphere of 395 km and 143 km, and colli-

sion probabilities between 6% and 16% for O 

+ –O 2 collisions. Since

the mean free path of the ions is larger than the O 2 scale height,

the flux of magnetospheric ions will hardly be attenuated when

passing through the exosphere before they hit the surface. 

To better quantify the interaction probability of magnetospheric

ions passing through an O 2 exosphere we additionally performed

SRIM calculations ( http://www.SRIM.org ), where we simulated the

passage of O 

+ ions with an energy of 479 eV through an O 2 at-

mosphere with a column density of NC(O 2 ) = 1.75 ·10 14 cm 

−2 . The

resulting 99.9% transmission, the less than 2% energy loss, and the

less than 5% collision probability agree well with our computa-

tions above, and confirm our assumption that the cold plasma that

is not deflected around Europa reaches the surface almost unhin-

dered. In addition, the SRIM calculations show that sputtering of

atmospheric particles by magnetospheric ions has a sputter yield

of less than 1%, and that almost no ions ( ≤ 3 · 10 −4 ) are backscat-

tered from the atmosphere as energetic neutral atoms. 

5. Discussion 

5.1. Comparison to observational data and previously published 

models 

Table 7 compares our results to available observations and re-

sults from previously published models. In general, our results

agree well with observational values and previously published

model values, with the notable difference that our results are

based on first principles and are not scaled to fluxes or densities of

observed data. As in many previously published models, our calcu-

lations result in a bound thermalized O atmosphere with an ex-
2 
ended corona of light H 2 molecules. The origin of the exosphere

s sputtering by cold and hot ions, to about equal amounts. Addi-

ionally, electrons are an important contributor for O 2 and H 2 . 

Whereas our modeled O 2 surface particle and column densities

gree very well with previously published values, our atomic O

ontent (which mainly comes from dissociated O 2 ) is somewhat

ower than the 2005 observation, while it is in agreement with

he 1995 and 1998 observations (from which only 3 σ upper lim-

ts could be determined) and previously published model results.

here are several possibilities for the discrepancy between the ob-

ervational values published by Hansen et al. (2005) and the val-

es resulting from modeling: (1) the oxygen emission model used

y Hansen et al. (2005) is inaccurate, which leads to inaccuracies

n the determined O content, (2) O 2 dissociation was exceptionally

ffective during the 2005 observation, i.e., the electron flux respon-

ible for the O 2 dissociation was much higher than on average, or

3) the modelers in general underestimate the O 2 electron dissoci-

tion rate. Without any further observational data, it is impossible

o say which of these three assumptions (or combination thereof)

s valid. It is also noteworthy, that in our model the electron flux,

hich is the main dissociation agent, has been drastically reduced

ased on plasma modeling results ( Sittler and Strobel, 1987; Rubin

t al., 2015 ). If we had assumed zero plasma deflection around Eu-

opa, our O surface density would increase by at least a factor of

, and would accordingly agree much better with previously pub-

ished surface density values. Finally, note that there is a ‘tail’ in

he O 2 curve that starts at approximately 600 km. This ‘tail’ is a

esult of the dissociation of O 3 molecules, which contain quite a

igh dissociation energy. 

While our calculated H 2 surface density and column density

lso agree well with previously published data, again, the result-

ng dissociation product, H is lower by almost two an orders of

agnitude than the observational value. Another source for H is

issociation of H 2 O. In our model, we simulated profiles for an

verage dayside surface temperature of 125 K, which gives a low

ater sublimation flux, whereas the observations are on the sun-

lluminated side, where the average surface 

No observational data exists for atmospheric OH or H 2 O (except

or a plume observation), but again, our modeled surface density

nd column densities agree very well with previously published

odeling data. 

.2. Cold and hot plasma contribution 

In general, sputter yields of water ice increases dramatically

or higher energies (see Fig. 1 ), therefore, the hot plasma popu-

ation, although of much lower density than the thermal plasma,

ontributes significantly to the total sputter yield. Concerning the

ifferent ion types, for the cold plasma the largest sputter contrib-

tor are the O ions (57.47%), followed by the S ions (40.42%) and

nly a minor part of the sputtered flux is attributed to the H ions

2.11%). For the hot plasma, the contribution by the three ion types

http://www.SRIM.org


A. Vorburger, P. Wurz / Icarus 311 (2018) 135–145 143 

Table 7 

Comparison between observations, previously published models, and the results published herein. Note that all observations were accomplished through spec- 

troscopy, i.e., column densities (NC) were obtained through calibration and surface densities (N0) were obtained through modeling. 

Species N0 (cm 

−3 ) NC (cm 

−2 ) Method Instrument Comment Ref. 

O – < 2e14 Observed HST/GHRS – Hall et al. (1995) 

– < 2.3e14 Observed HST/GHRS – Hall et al. (1998) 

– < 3.4e14 Observed HST/GHRS – Hall et al. (1998) 

– < 1.6e14 Observed HST/GHRS – Hall et al. (1998) 

(8.5–15)e5 (1.7–3.1)e13 Observed Cassini/UVIS Extended (7 R E ) component Hansen et al. (2005) 

– (0.09–260)e12 Modeled See paper for different scenarios Shematovich et al. (2005) 

– (3.8–4.2)e12 Modeled See paper for different scenarios Shematovich et al. (2005) 

– 1.2e12 Modeled Sputter; day–night average Smyth and Marconi (2006) 

1.91e3 1.04e11 Modeled Sub-plasma point This work 

O 2 – 1.5e15 Inferred HST / GHRS – Hall et al. (1995) 

– (2.4–12)e14 Inferred HST / GHRS Scale height 20–300 km Hall et al. (1998) 

– (3.7–14)e14 Inferred HST / GHRS Scale height 20–300 km Hall et al. (1998) 

– (3.5–11)e14 Inferred HST / GHRS Scale height 20–300 km Hall et al. (1998) 

(3.7–6.2)e7 (7.4–12.4)e14 Inferred Cassini / UVIS Scale height ∼ 200 km Hansen et al. (2005) 

– > 6e14 Inferred ACS / UV – Saur et al. (2011) 

– (3–6)e14 Inferred HST / STIS – Roth et al. (2016) 

1e3 1e11 Modeled Sputtered O 2 with scale height ∼ 200 km Ip et al. (1998) 

(1–19)e8 – Modeled Thermal O 2 with scale height ∼ 20 km Ip et al. (1998) 

– 5e14 Modeled Sputtered O 2 with scale height ∼ 145 km Saur et al. (1998) 

1e8 – Modeled Sputtered O 2 with scale height ∼ 100 km Johnson et al. (1998) 

– (0.9–13)e15 Modeled See paper for different scenarios Shematovich et al. (2005) 

– (7.8–9.9)e14 Modeled See paper for different scenarios Shematovich et al. (2005) 

– 4.4e14 Modeled Sputter; day-night average Smyth and Marconi (2006) 

1e8 1e15 Modeled Assumed background atmosphere Leblanc et al. (2005) 

(1.5–3.3)e7 (3–15)e14 Modeled Subpolar hemisphere and anti-subsolar hemisphere Plainaki et al. (2012) 

– (1.5–4.6)e15 Modeled Sputter at different orbital configurations Plainaki et al. (2013) 

∼ 1e7 1.58e14 Modeled Global average and day-side equator, respectively Teolis et al. (2017) 

7.00e7 1.75e14 Modeled Sub-plasma point This work 

OH – (1.4–5.5)e10 Modeled See paper for different scenarios Shematovich et al. (2005) 

– 1.9e11 Modeled Sputter; day–night average Smyth and Marconi (2006) 

3.42e2 2.91e10 Modeled Sub-plasma point This work 

H 2 – 7.7e13 Modeled Sputter; day–night average Smyth and Marconi (2006) 

(4.0–14)e4 – Modeled Subpolar hemisphere and anti-subsolar hemisphere Plainaki et al. (2012) 

∼ 1e6 2.51e13 Modeled Global average and day-side equator, respectively Teolis et al. (2017) 

4.26e4 1.93e12 Modeled Sub-plasma point This work 

H (1.5–2.25)e3 – Observed HST / STIS intrinsic variability observed Roth et al. (2017) 

– 7.6e10 Modeled Sputter; day–night average Smyth and Marconi (2006) 

7.33e1 7.22e9 Modeled Sub-plasma point This work 

H 2 O – 1.5e16 Inferred HST / STIS plume with scale height 200 ± 100 km Roth et al. (2014) 

– (9.2–87)e11 Modeled See paper for different scenarios Shematovich et al. (2005) 

– 2.30e12 Modeled Sputter; day–night average Smyth and Marconi (2006) 

2.7e4 Modeled Sputter Plainaki et al. (2010) 

1.5e5 – Modeled Average over both hemispheres Plainaki et al. (2012) 

∼ 1e5 7.94e14 Modeled Global average and day-side equator, respectively Teolis et al. (2017) 

1.12e6 6.02e12 Modeled Sub-plasma point This work 
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s even more imbalanced, with H contributing only 0.15%, O con-

ributing 16.09% and S contributing 83.76% to the overall sputtered

ux. 

The sputter yield of electrons is high already at low electron

nergies. Thus, even though the cold electrons have a low mean

nergy related to their average movement with the co-rotation ve-

ocity, their temperature of ∼ 20 eV is sufficient for a substantial

putter contribution to the exosphere. In fact, electrons and ions

ontribute almost equally to the overall sputter flux, with an elec-

ron to ion sputtered flux ratio of 0.6:1 for both H 2 and O 2 and

.4:1 for H 2 O 2 . Given the discrepancy between the sputter yields

or electrons in the literature ( Teolis et al., 2017; Galli et al., 2017 ),

ur calculation of the hot electron contribution to the exosphere

ight be over-estimated. Since the contribution by hot electrons to

puttering is almost an order of magnitude smaller than the contri-

ution by cold electrons, though, this does not significantly affect

he overall density profiles, and we judge our approach as justified.

n addition, surface charging can limit the flux of cold ions reach-

ng Europa’s surface. Having already accounted for a cold plasma

lectron diversion of 20%, though, and considering the uncertainty

ssociated with this diversion rate, we are confident that this value

ppropriately represents all significant reduction contributions. 

a

.3. Ion and neutral particle escape 

Table 6 shows that the global neutral escape rate is dominated

y the light H 2 molecules, which escape Europa’s gravity to form

uropa’s torus. Other species with high neutral escape rates in-

lude the abundant but heavier molecules H 2 O and O 2 . Global ion

scape rates are dominated by sputtered O 2 , H 2 O, O, and H 2 , with

ost ions generated by electron-impact-ionization (cf. Table 3 ).

ver time, the escaping exospheric particles will become part of

upiter’s magnetospheric plasma. This again results in (1) mass

oading of the magnetospheric plasma by ion pick-up, (2) induced

urrents in the ionosphere (if present), and in (3) the pile-up of the

agnetospheric magnetic field in front of Europa. These plasma-

urface and plasma-exosphere interaction processes will all occur

ear the moon, at lengths scales commensurate with the scale

eight of the dominant exospheric species, thermal O 2 , and will

esult in a reduction of the magnetospheric plasma reaching the

urface. 

. Conclusion 

In summary, the most important findings of our calculations are

s follows: 
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– Europa’s atmosphere is dominated near the surface ( < a few

100 km) by a bound, recycled O 2 atmosphere with a column

density of N C (O 2 ) ∼ 2 ·10 14 cm 

−2 and is sustained by a surface

source rate of ∼ 2 ·10 12 cm 

−2 s −1 

– Further out ( > few 100 km), Europa’s atmosphere is dominated

by an extended corona of recycled, light H 2 molecules with a

column density of N C (H 2 ) ∼ 2 ·10 12 cm 

−2 and a supply rate of

∼ 7 ·10 9 cm 

−2 s −1 

– The hot and cold plasma populations contribute about equally

to the overall sputtered flux, with a flux ratio of 1:4.3 

– Both ions and electrons play an important role in the gener-

ation of Europa’s ice sputtered atmosphere, with surface flux

ratios of 1:0.4–0.6 

– Magnetospheric S ions are by far the most important sput-

ter agents (inducing 76% of the sputtered flux), followed by O

(24%), and with only a minor contribution by H (0.5%) 

– H 2 dominates the global neutral escape rate (5.46 ·10 26 s −1 ), fol-

lowed by H 2 O (4.90 ·10 26 s −1 ), and O 2 (9.12 ·10 25 s −1 ) 

– The global ion escape rate is dominated by O 2 (9.65 ·10 25 s −1 ),

followed by H 2 O (5.52 ·10 25 s −1 ), O (2.75 ·10 25 s −1 ), and H 2 

(1.57 ·10 25 s −1 ) 

All atmospheric observations to date were obtained from re-

mote sensing spectroscopy, i.e., the observed quantity is the line-

of-sight brightnesses of optical transitions, which had to be con-

verted to column densities through calibration, and in a second

step to surface densities by making certain assumptions (e.g. on

atmospheric density profiles or electron impact excitation rates) or

by using exospheric models. No direct measurements, i.e., in situ

measurements of Europa’s exosphere, are available so far. 

This will change with the upcoming JUpiter ICy moons Explorer

(JUICE) mission ( Grasset et al., 2013 ), though, a mission which is

currently in implementation by the European Space Agency (ESA).

JUICE will investigate Europa, Callisto and Ganymede, with par-

ticular emphasis on Ganymede. Among the planned scientific in-

vestigations of JUICE are explorations of the chemical composi-

tion of the Galilean moons and of their exospheres. The Particle

Environment Package (PEP) suite, one of the scientific payloads

of JUICE, contains instruments for the comprehensive measure-

ments of electrons, ions and neutrals in the Galilean moons’ vicin-

ity ( Barabash et al., 2013 ). The Neutral and Ion Mass spectrome-

ter (NIM), which is part of the PEP instrument suite, will mea-

sure the neutral and ion composition of Europa’s exosphere dur-

ing two dedicated flybys ( Wurz et al., 2014 ). In addition to the

NIM measurements, the ion and electron instruments of the PEP

suite will fully characterize the plasma and energetic particle en-

vironment at Europa. Moreover, there are several other instrument

on JUICE that will be performing exospheric measurements, along

with other science objectives, which are MAJIS ( Langevin et al.,

2013 ), SWI ( Hartogh et al., 2013 ), UVS ( Gladstone et al., 2013 ), and

RPWI ( Wahlund and the JUICE-RPWI team, 2013 ). 
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