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Abstract

A 3-D Monte Carlo model is used to describe the ejection of N and N2 from Titan due to the interaction of Saturn’s magnetospheric+
ions and molecular pick-up ions with its N2 atmosphere. Based on estimates of the ion flux into Titan’s corona, atmospheric sputte
an important source of both atomic and molecular nitrogen for the neutral torus and plasma in Saturn’s outer magnetosphere, a
being studied by the Cassini spacecraft.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The flow of plasma onto the atmosphere of a plane
planetary satellite produces a series of energy transfer e
that can lead to atmospheric loss, a process often calle
mospheric sputtering (e.g.,Johnson, 1990, 1994). When an
energetic ion intersects Titan’s exobase and collides wit
atmospheric atom or molecule, a direct transfer of mom
tum occurs which initiates a cascade of collisions betw
atmospheric particles. During this process atoms or m
cules at the exobase can be knocked upward into bal
trajectories populating the corona or can have sufficient
mentum in the right direction in order to escape the gr
itational field. Atmospheric sputtering can be produced
impacting solar wind ions, pick-up ions or magnetosphe
plasma ions, and produces, for instance, the Io torus an
cloud(McGrath et al., 2004). Using Voyager 1 observationa
dataHartle et al. (1982)found evidence for mass loadin
* Corresponding author. Fax: +1-434-924-1353.
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of the Saturn’s magnetospheric plasma by material from
tan’s upper atmosphere. LaterNeubauer et al. (1984)showed
that the incident plasma interacts with the atmospher
Titan. The interaction of magnetospheric ions and pick
ions with the atmosphere of Titan, studied here, result
the escape of nitrogen atoms and molecules(Shematovich
et al., 2003). These neutrals form a toroidal cloud of nitr
gen that is a distributed source of heavy ions for Satu
magnetosphere(Barbosa, 1987; Lammer and Bauer, 19
Sittler et al., 2004; Smith et al., 2004).

Calculations of the atmospheric loss induced by the
rotating magnetospheric ions, with assumed energie
2.9 keV, showed that the atmospheric sputtering rate
much smaller than the photo-dissociation-induced esc
rate(Shematovich et al., 2001). However, taking in accoun
the slowing of the heavy, co-rotating plasma ions close to
tan (energies less than 750 eV) and the re-impact of he
newly created atmospheric pick-up ions (energies less
1.25 keV),Shematovich et al. (2003)used a 1-D model to

show that atmospheric sputtering could be as important as
or dominate the photo-dissociation-induced loss. This is crit-
ical as molecular nitrogen ejection only occurs efficiently by

http://www.elsevier.com/locate/icarus
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atmospheric sputtering. Therefore, the character of the
trogen plasma trapped in Saturn’s magnetosphere will d
depending on the relative importance of these atmosph
loss processes. A 3-D Monte Carlo model is developed
to describe the sputtering of Titan’s atmosphere by the
flected magnetospheric N+ and N+

2 pick-up ions. The flux of
escaping particles is typically formed over a wide transit
region in which the character of the gas flow changes fro
thermospheric collision dominated regime to an exosph
collision-less regime. In this paper we calculate the p
duction of suprathermal atoms and molecules, their es
and their supply to the nitrogen torus. The implications
these results for Saturn’s neutral clouds and magnetosp
plasma are discussed.

2. Monte Carlo model

A three-dimensional Monte Carlo model is developed
simulate the penetration of ions into Titan’s atmosphere.
cascade of collisions initiated by the incoming ions and
recoil atoms and molecules are described. In this sim
tion only suprathermal nitrogen with a kinetic energy ab
0.1 eV is followed in order to limit the computing tim
These particles move under Titan’s gravity and collide w
N2 in the atmosphere. The incident and recoil particles
followed from 1700 to about 1000 km above the surface
Titan. The domain is divided in such a way that the ce
are of altitude 10 km and there are 30 and 60 cells in
latitudinal and longitudinal direction respectively. Reco
generated below 1000 km will be thermalized quickly a
will have a small effect on the coronal population and
cape. The upper boundary is optimized for the best res
and minimum simulation time. Since the dominant spec
at Titan’s exobase is N2, a pure N2 atmosphere is considere
with a density profile described byKeller et al. (1998). Both
recoil N2 molecules and recoil N atoms from a dissociat
event are tracked.

The particle tracking is described using the algorithm
Bird (1994). If collisions of magnetospheric ions with am
bient N2 molecules are accompanied by the formation
suprathermal recoils, N or N2, with kinetic energies highe
than the cut-off energy, then these particles are create
the cell. This means that the numerical model evolves w
a variable number of modeling particles representing
suprathermal populations of atomic and molecular nitrog
In the same time step, the transport of each modeling par
in the transition region is calculated. The N and N2 parti-
cles are followed until they escape from Titan’s atmosph
until they collisionally lose energy and their kinetic ener
falls below the cut-off energy, or until they penetrate de
into the atmosphere. When recoil particles cross the u
boundary they become ballistic and are subject only to

gravitational attraction of Titan. These ballistic particles are
followed until they again cross the upper boundary of the do-
main and are reintegrated with the population of the collid-
75 (2005) 263–267

c

ing fast particles. Above a distance of 2RT from the surface
of Titan they are assumed to have escaped if they have
ficient energy. Increasing this altitude significantly has o
a few percent effect on the yield and the distributions p
sented. This procedure is carried out for each time ste
each cell. A similar simulation procedure was used to st
the solar wind interaction with Mars and more details
given inLeblanc and Johnson (2001, 2002).

In these calculations we use estimates of the incid
fluxes of ambient flowing N+ and molecular pickup ion
from Brecht et al. (2000). These are globally averaged flux
based on the statistics of individual ion trajectories that
tersect the exobase. The energy and angular distribution
given inShematovich et al. (2003). These spectra were use
to describe the distribution of angles for the incident io
with respect to the local vertical and the incident flux a
energy distribution.

The slowed and deflected co-rotating N+ have energies
that are much smaller than the co-rotation energy (2.9 k
(Hartle et al., 1982; Sittler et al., 2005), allowing them to in-
teract more efficiently near the exobase. The heavier pic
ions also have large cross sections for momentum transf
the atmospheric molecules and, therefore, are also more
cient at ejecting species near the exobase.Keller et al. (1992,
1998)andFox and Yelle (1997)suggested that the domina
ion close to the exobase is HCNH+ or C2H+

5 . Brecht et al.
(2000) used C2H+

5 (mass 29) in their model. Because t
heavy atoms in the molecular pick-up ions contribute m
more to the sputtering than does the attached hydrogen
effect of such ions can be described using energetic inci
nitrogen molecules. Since at very high altitudes (∼1500 km)
smaller carbon molecules, such CH+

4 , may be more impor
tant pick-up ions than the mass 28–29 ions above(Sittler et
al., 2005), their effect would be roughly approximated by t
incident N+ considered here.

Since many of the energetic atmospheric recoils ar
atoms, both N+ N2 and N2 + N2 cross sections are re
quired over a large range of energies. We constructed ta
of such cross sections using appropriate interaction po
tials and the results of molecular dynamics calculations
then interpolated. The calculated cross sections at high
ergies are fit to those inJohnson et al. (2002)and at low
energies to those ofTully and Johnson (2002)as corrected
(Tully and Johnson, 2003). InShematovich et al. (2003)we
used integrated momentum transfer and dissociation c
sections and mean energy transfers to estimate the r
energies, rather than true differential cross sections. H
the recoils are directly obtained from the differential cro
sections obtained from molecular dynamics calculations
cussed above.

3. Results and discussion
It was initially thought that the co-rotating N+ ions
(∼2.9 keV) would be the most efficient sputtering agents
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at Titan. However, the slowed and deflected N+ and the
newly created pick-up ions interact more efficiently w
atmospheric molecules and the area from which ions h
access to the atmosphere is larger.Hartle et al. (1982)pro-
vided observational evidence for pickup ions of mass
having velocity components towards Titan, where the
rection of electric field points towards Titan. In particu
the pickup ions are locally created in the surrounding
osphere. Those picked up in the hemisphere opposit
the E = −v × B corotation electric field direction are d
rected toward the exobase in that hemisphere. Moreover
do not travel far before they impact the exobase, and
deposit much of their obtained picked up energy near
exobase in agreement with the suggestion ofHartle et al.
(1982). The energy deposited by the co-rotating 2.9 k
N+ ions if they could reach the exobase would be, roug
2.1 × 109 eV cm−2 s−1 while the energy deposited by th
deflected N+ ions (50–750 eV) and the pickup ions (5
1250 eV) is, roughly, 4.8× 109 eV cm−2 s−1. The solar UV
photons carry an energy flux (∼2 × 1010 eV cm−2 s−1) that
is larger than that carried by the ions considered here
larger than the energetic magnetospheric ions(Luna et al.,
2003), but that energy is deposited at greater depths on
average. Using our 3-D Monte Carlo model the low e
ergy N+ ions and N+2 ions are allowed to collide with th
atmosphere of Titan and the atmospheric loss is studied.Fig-
ure 1presents the energy distributions for escaping nitro
atoms and molecules produced by the incident N+ and N+

2
ions. These distributions are globally averaged at the u
boundary independent of the location from where they
cape. The distribution is dominated by low energy atoms
molecules but with a high-energy tail typical of atmosphe
sputtering(Johnson et al., 2000). More than 70% of the es
caping particles are of energy less than 2 eV. However,
to the slow decay at the higher energies the mean ener
escaping nitrogen is much higher than the energies of
majority of the escaping particles and a significant fract
of the ejecta escape from Saturn’s system.

The inset picture ofFig. 1 shows the coronal density o
‘hot’ (>0.1 eV) N driven by the incident N+ ions in the
equatorialx–y plane. Here the incident flux is in the−x di-
rection. If the average flow was along the co-rotation dir
this would be onto the trailing hemisphere with thez-axis
Titan’s axis of rotation andy the radius vector from Satur
to Titan. Based on the gyro-motion, the mean flow is ac
ally onto a quadrant on the Saturn facing side(Brecht et al.,
2000). Since the atmosphere is spherically symmetric the
cident axis can be rotated to the appropriate flow direct
which will be measured by Cassini. It is seen that a frac
of the particles leave the corona where the flow directio
nearly tangential to the exobase. Some of these are ene
forward scattered nitrogen not included in the 1-D mod

Others are the incident ions that make weak collisions be-
fore leaving with very high energy. Ions with an angle of
incidence close to the normal to the exobase penetrate into
from Titan 265

f

c

Fig. 1. Energy Distribution of the escaping nitrogen atoms and molec
ejected by incident N+ and N+

2 ions. The picture in inset shows the e
hancement of density (log10 of cm−3) of hot N (>0.1 eV) in the corona
produced by incident N+ ions. A similar distribution is produced by th
incident molecular ions.

Fig. 2. Spatial distribution of the escaping particles averaged over th
imuthal angle about the direction of incidence.φ = 0 represent backsca
tered particles. Solid line represents ejected N and line with crosses r
sents ejected N2. Line with squares represent the incident N+ which escape
as ions and the solid line with circles represent the neutralized N+ ions
which escape as N atoms. The affect on the ion motion of the fields b
the exobase will be included in subsequent work.

the atmosphere and transfer energy to the atmospheric m
cules.

Figure 2 gives the direction in which nitrogen atom
and molecules are ejected by incident N+ ions. Integrating
over the azimuthal angle around the direction of inciden
φ = 0◦ describes back-scattered particles andφ = 180◦ the
forward scattered. It is seen that a major portion of the s

tered particles are back-scattered. The probability of neu-
tralization of the incident ions by charge exchange was also
studied. Those ions that enter closest to the normal and pen-
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Table 1
Escape flux of N and N2 by incident N+ and N+

2 ions

Incident ions Escape flux (×1025 s−1)

3-D Model 1-D Model(Shematovich et al., 2003)

N atoms N2 molecules TotalN N atoms N2 molecules TotalN

N+ 0.88 (0.19) 0.17 1.2 (1.4) 0.79 0.23 1.2
N+

2 1.6 0.46 2.5 0.14 0.59 1.3

+
Total N is estimated as the sum of the ejected N and twice the ejected N2. Brackets include those incident Nwhich are neutralized and escape as N in
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the case of 3-D model. Exobase area is∼2.1 × 1018 cm2 and the surfac
107 C2H+

5 cm−2 s−1 (treated as N+2 in the model)(Shematovich et al., 20

etrate into the atmosphere have a higher probability of n
tralization than the grazing incident ions. The neutrali
component is represented by the solid curve with squ
and those that exit as ions are represented by the solid c
with circles.

The local and integrated escape flux of N and N2 and the
altitude profile for the production of suprathermal N2 and
N in the thermosphere of Titan were determined earlier
ing a 1-D model(Shematovich et al., 2003). Although the
method of determining the outcome of individual collisio
differs here, we obtained comparable yields for the incid
N+ but somewhat different relative amounts of dissocia
and non-dissociated species for the incident molecular
Table 1presents the escape flux of N and N2 by N+ and N+

2
incident ions along with the results of 1-D model. Collisi
of the incident N+ and N+

2 with atmospheric N2 leads to
the formation, through momentum transfer and dissocia
collisions, of both N and N2 with relatively high kinetic ener
gies. Momentum transfer collision of N+2 pick-up ions with
the ambient N2 molecules are more efficient than collisio
of N+ ions because they are heavier and more energet
the average. It is seen that the loss rate is similar for our
and 3-D simulations except for the N loss driven by N+

2 ions.
The increase in N escape by the incident N+

2 ions can be at
tributed primarily to the difference in our treatment of t
dissociation of N2 molecules. However, the 3-D model al
better estimates the contribution from forward scattering
knock-out from the edges.

Ledvina and Cravens (1998), Kabin et al. (1999), Kopp
and Ip (2001), and Chiu et al. (2001)recently calculated
the mass loading near Titan using 3-dimensional magn
hydrodynamic models. Their estimates range from 1024 to
3.8× 1025 s−1. Our net atmospheric loss rate, including t
photo-induced loss, is∼4.6× 1025 N s−1 as either N or N2.
Based on the energies inFig. 1, ∼60% are on trajectorie
that will escape from the gravitational attraction of Satu
Therefore, the net nitrogen lost that is likely to be ioniz
in the magnetosphere is 1.8 × 1025 N s−1, which is within
the range suggested above. This does not include pick-
the corona and the ejected nitrogen atoms and molecule
scribed here are ionized over a large spatial region as sh

in Smith et al. (2004).

Earlier we showed that if the fluxes estimated fromBrecht
et al. (2000)are correct, sputter-loss is at least equivalent to
a is∼0.85× 1018 cm2. Incident flux is 1.1 × 107 N+ cm−2 s−1 and 1.4 ×

e

-

and may be more important than photo-induced loss at T
(Shematovich et al., 2003). The calculations here give a spu
tering rate that is 40–50% larger and a more accurate rat
N to N2. Therefore, a 3-D model with detailed dissociati
cross sections is required to obtain a good estimate o
spatial and velocity distribution of the sputtered N and2.
These ejecta generate Titan’s nitrogen torus. Calculation
morphology of the torus are described inSmith et al. (2004)
and the inward and outward diffusion of the resulting io
as well as the interactions with the inner icy satellites h
been reported inSittler et al. (2004).

4. Summary

We calculated the ejection of N and N2 due to the
bombardment of Titan’s atmosphere by slowed and
flected magnetospheric N+ and by the molecular pick-u
ions (C2H+

5 , HCNH+ or N+
2 ). The atmospheric recoils ar

set in motion by momentum transfer collisions and by c
lisional dissociation. Earlier we showed that the plasm
induced sputtering of Titan is an important contribution
the atmospheric loss rate. Using the 3-D model and a
plified description of the flow, it is observed the total e
cape flux of N, as either atomic or molecular nitrogen
about 40–50% larger than in our earlier 1-D model due
knock-out from the edges of the atmosphere, forward s
tering, and difference in treating dissociation of N2. The
ejected neutrals are characterized by low energies but
a very energetic tail. We described the spatial distribu
of suprathermal corona nitrogen relative to the incident
rection and we give the escape flux. Combining this w
earlier estimates of the photo-dissociation contribution
accounting for increased EUV flux in the early Solar Syst
only a few percent of Titan’s atmosphere would have b
removed in∼4 Gyr at present atmospheric sputtering ra
(Johnson, 2004). The ejected species are also the sourc
the N and N2 neutral tori in Saturn’s outer magnetosphe
(Sittler et al., 2004; Smith et al., 2004)so that a signifi-
cant fraction of the fresh nitrogen in Titan’s plasma to
will be molecular if atmospheric sputtering is importa
Therefore, Cassini measurements of the production of

at Titan’s orbit can determine to what extent atmospheric
erosion by the magnetospheric ions and pick-up ions is im-
portant. Here we described atmospheric loss, but this model
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can also describe the spatial distribution of plasma hea
near the exobase (e.g.,Johnson, 1994) once an accurate sp
tial distribution of the incident ions is available from Cass
measurements. Together the CAPS ion spectrometer an
ion neutral mass spectrometer (INMS) on the Cassini
biter will provide observations of the incident ions ener
and angle distribution, and the exobase composition, al
ing detailed comparison with our calculation in the next ye
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