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Abstract

The contribution of exothermic ion and neutral chemistry to Titan’s corona is studied. The production rates for fast neutrals N, CHy, H, H,
3CH,, CHj3, CoHy, CpHs, CoHg, N(#S), NH, and HCN are determined using a coupled ion and neutral model of Titan’s upper atmosphere. After
production, the formation of the suprathermal particles is modeled using a two-stream simulation, as they travel simultaneously through a thermal
mixture of Ny, CHy, and Hj. The resulting suprathermal fluxes, hot density profiles, and energy distributions are compared to the N, and CHy
INMS exospheric data presented in [De La Haye, V., Waite Jr., J.H., Johnson, R.E., Yelle, R.V., Cravens, T.E., Luhmann, J.G., Kasprzak, W.T.,
Gell, D.A., Magee, B., Leblanc, F., Michael, M., Jurac, S., Robertson, I.P., 2007. J. Geophys. Res., doi:10.1029/2006JA012222, in press], and are
found insufficient for producing the suprathermal populations measured. Global losses of nitrogen atoms and carbon atoms in all forms due to
exothermic chemistry are estimated to be 8.3 x 10%# Ns~land 7.2 x 1024 cs~ L.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Suprathermal mechanisms play an important role in heating
Titan’s upper atmosphere as well as in regulating the escape
flux, which is a source of neutral atoms and molecules in Sat-
urn’s magnetosphere. Solar radiation and energetic electrons
and ions from Saturn’s magnetosphere constitute the two main
sources of energy for Titan’s upper atmosphere. The energy car-
ried by solar photons or magnetospheric electrons penetrating
into Titan’s atmosphere is absorbed by the main atmospheric
constituents, nitrogen and methane. Dissociations and ioniza-
tions of Np and CH4 follow, initiating a cascade of exother-
mic neutral-neutral and ion—neutral reactions, leading to the
formation of complex hydrocarbon and nitrile species. These
exothermic reactions produce suprathermal particles, which can
heat the thermosphere, or penetrate the exosphere and either
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escape or contribute to Titan’s corona. The ions incident into
Titan’s upper atmosphere originate either from Saturn’s mag-
netosphere or from local pick-up ions, i.e., neutrals in Titan’s
corona that are ionized and re-impact the exobase. Those ions
penetrating into Titan’s neutral atmosphere lose their energy via
momentum transfer collision producing energetic atmospheric
neutrals. A fraction of these neutrals travel upward and either
follow ballistic trajectories and contribute to Titan’s corona, or
have sufficient energy to escape from Titan’s gravitational field,
a mechanism referred to as atmospheric sputtering.

Recent observations by INMS onboard Cassini, comparing
atmospheric and exospheric data, showed the presence of sig-
nificant N and CHy suprathermal populations in Titan’s upper
atmosphere (De La Haye et al., 2007). From the analysis of
the data recorded during the first close flybys of Titan, Ty,
Tp, and Ts, the suprathermal density and energy density at
the exobase were estimated to be 4.4 +5.1 x 10° cm™> and
1.14+0.9 x 102 eVem™3s™! for the hot nitrogen molecules,
and 1.14+0.9 x 10° cm™3 and 3.94+3.5 x 10" eVem™3s~! for
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the hot methane molecules. No suprathermal population was
detected in the ingress-Ts5 data, although the temperature at
the exobase was highest for this pass. These observations con-
firmed the importance and the spatial complexity of the heating
mechanisms taking place in Titan’s upper atmosphere, probably
involving interactions with Saturn’s magnetosphere.

The production of non-thermal neutrals directly induced by
energetic particles or photons penetrating into Titan’s upper
atmosphere have been studied by several groups. The pro-
duction of hot N atoms through dissociation and dissociative
ionization of molecular nitrogen by solar UV radiation, pho-
toelectrons, and magnetospheric electrons were described in
Lammer and Bauer (1991), Strobel et al. (1991), Gan et al.
(1992), Shematovich (1998). And the production of hot N and
N, particles through atmospheric sputtering by energetic mag-
netospheric ions (H" and NT), pick up ions (N3, CoHY), or so-
lar wind protons were described in Lammer and Bauer (1993),
Shematovich et al. (2001), Shematovich et al. (2003), Michael
et al. (2005), Michael and Johnson (2005).

The complex chemistry involving neutrals and ions in Ti-
tan’s upper atmosphere represents a significant source of en-
ergy, and is also likely to constitute an important source of non-
thermal neutrals. Cravens et al. (1997) examined the production
of 19 non-thermal neutrals involved in 47 chemical processes.
They calculated the hot particles’ production rates and heat-
ing using the ionospheric model of Keller et al. (1992), and
found a global loss of nitrogen and carbon atoms in all forms
of 2.5 x 102 and 1.7—4 x 10% s~!, respectively. In Cravens et
al. (1997), ion—neutral and dissociative electron recombination
reactions were taken into account as sources of suprathermal
neutrals. Neutral-neutral reactions, however, were not consid-
ered. In addition, they integrated the production rate profiles be-
tween the exobase and 2500 km to estimate the escape rates, but
suggested that calculating the distribution function, including
collisions with the background neutrals, would provide more
accurate results.

In the present study, a two stream model is constructed to
model the fate of 12 suprathermal particles (N>, CH4, H, Hp,
3CH,, CH3, CoHy, CoHs, CoHg, N(*S), NH, and HCN) travel-
ing through a background mixture of cold N, CHy, and Hy, the
three major species in Titan’s upper atmosphere. A coupled ion
and neutral model of Titan’s upper atmosphere is used to cal-
culate the production rates of the hot particles between 600 and
1450 km, the altitude of the exobase as estimated in De La Haye
et al. (2007). The production rate profiles, suprathermal density
profiles, and energy distributions are calculated and compared
to the INMS exospheric data presented in De La Haye et al.
(2007).

2. The two stream model

The present two stream model is built on the principles
described in Nagy and Cravens (1981, 1988). The hot par-
ticles are assumed to be produced solely through chemi-
cal reactions, using production rates determined from the
coupled ion and neutral model of Titan’s upper atmosphere
mentioned in the following section. The energy loss of the

suprathermal particles is considered to occur solely via col-
lisions with the cold ambient neutral gas. The possibility
of energy gain for the suprathermal particles through mu-
tual collisions is neglected, but events such as a cold target
particle becoming suprathermal after a collision are taken
into account. Considering the low energies that are dealt
with, inelastic processes are neglected, and the neutral-neutral
collisions are described by the hard sphere approximation.
This approximation is justified since collisional cross-sections
vary slowly at these energies, and since uncertainties intro-
duced by the isotropic assumption are no larger than those
of the various collision processes. Heat loss mechanisms,
such as collisional excitation and subsequent radiation, are ne-
glected.

As suggested in Nagy and Cravens (1981, 1988), the flux
of suprathermal particles is divided into two components, an
upward stream @ and a downward stream @~ (Schunk and
Nagy, 2000). This approximation is justified given the uncer-
tainties usually associated with the differential cross-sections.
Considering that electric and magnetic fields can be neglected
since neutral particles are modeled, and assuming steady state
conditions, the two stream equation can be expressed by the
following:
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where @7 (E) and @ (E) are the upward and downward fluxes
of suprathermal particle s carrying kinetic energy E, (cosf) is
the mean angle with respect to the vertical chosen to be 3/8
as suggested in Nagy and Banks (1970), oy is the rigid sphere
collisional cross-section of suprathermal particle s encounter-
ing target particle k of the cold background atmosphere, Pchem
is the production term due to exothermic chemical reactions,
assumed to be isotropic, and Pt (E) and P&~ (E) are the
cascading production terms from higher energy levels resulting
in upward and downward particles, respectively.

As suggested by the term ), nkaskd?s'h_(E) in Eq. (1),
a suprathermal particle with energy E is considered lost from
its energy bin E — §E /2 to E + § E /2 whenever a collision oc-
curs with the background gas. After the collision, the energy of
particle s is degraded to a value lower than E, and its direction
is modified such that in some cases an upward moving particle
can be directed downward and vice-versa. This possible change
of direction is taken into account by the variable pfk(E ), the
backscattering probability. The cascading production terms can
therefore be expressed as follows:
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where 8¢ (E’, E) is equal to 0 by default and to 1 if the energy
of suprathermal particle s, initially carrying energy E’, is de-
graded to energy E after collision with background gas k. This
quasi-linear approach is valid as long as the hot component is
a small fraction of the net atmosphere in the exobase region,
which is the case with chemistry-induced production.

In addition, if a particle of the thermal background gas is
hit with sufficient energy, it can itself become suprathermal.
Therefore, particles from the background atmosphere that gain
sufficient energy after a collision with a hot particle must also
be taken into account. This component can be modeled with
Egs. (1) and (2), but a production term must be added corre-
sponding to the rate at which the initially thermal background
particles become suprathermal:
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where 8, (E’, E) is equal to 0 by default and to 1 if the tar-
get thermal particle k is hit by suprathermal particle s, initially
carrying energy E’, and gains the suprathermal energy E as a
result. Since the initial velocity of the target particle is zero rel-
ative to the bulk gas, the direction of its velocity after the ener-
getic hard sphere collision is upward if the initial suprathermal
particle was moving upward, and downward if it was moving
downward.

Two cases were considered for the upper boundary condi-
tion. First, if the energy of the particle reaching the exobase in
the upward direction is greater than the escape energy, the par-
ticle escapes from Titan’s atmosphere. As a consequence, the
downward flux in that energy bin at the exobase is zero. Second,
if the energy of the particle at the exobase is lower than the es-
cape energy, the particle is assumed to start a ballistic trajectory
in the exosphere. This trajectory will lead it back to crossing
the exobase a second time, but in the downward direction. Al-
though particles crossing the exobase upward at one particular
point in latitude and longitude have little chance to come back
and cross the exobase again through the exact same point, it
is assumed that the process is occurring uniformly: each parti-
cle crossing the exobase upward at one point is replaced by a
second particle, moving downward, that follows in reverse the
ballistic trajectory of the first particle. In other words, for all
energy bins lower than the escape energy, the upper boundary
is reflective and the rate of particles crossing the exobase up-
ward is equal to the rate of particles coming back. The upper
boundary condition can be expressed as follows:

E > Eee —> @, =0, )
E<Eee— O =0, 5)

Fig. 1. Energy transfer and angular scattering during an elastic hard sphere col-
lision.

where the subscript ¢ refers to the altitude of the exobase,
Eese = % is the escape energy, G is the gravity constant,
MTitan and Rriean are the mass and the radius of Titan, and m is
the mass of the suprathermal particle. At the lower boundary, it
is assumed that collisions are sufficiently frequent for suprather-
mal particles to both be created, through exothermic chemistry,
and thermalized, through elastic collisions with the background
gas, essentially at the same location. In other words, transport
becomes negligible and the flux of suprathermal particles is as-
sumed to become isotropic at the lower boundary. In the two
stream approximation, this condition is expressed as follows for
all energy bins:

oy =0 (6)

The mechanisms of energy transfer and angular scattering
occurring during elastic collisions were studied between two
particles approximated as two hard spheres. The conservation
of momentum and conservation of kinetic energy can be ex-
pressed with:
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where a suprathermal particle with mass m, traveling with
velocity v and kinetic energy E encountered a motionless back-
ground particle with mass my (Fig. 1). After collision, if the
distance between the centers of the two particles is <rj + r2,
the suprathermal particle m travels with velocity v; in a di-
rection deflected by angle ¢, and target particle m, is put into
motion with velocity v, in a direction parallel to the line be-
tween the two particles’ centers at the moment of the impact,
also characterized by angle y. The post-collision energies E
and E; and the deflection angle ¢ can be expressed as:

m% + m% — 2m1my cos(2y)
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The condition ¢ > /2 must be verified for particle m to

be backscattered after collision with particle m,. Therefore,
when mj > my, no backscattering is possible. However when
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m1 < my, the backscattering condition can be re-written using
Eq. (12)as y < % arccos(%), and the backscattering probabil-

ity p%’z can be expressed as:
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where sin(2y) dy is the probability for a collisional impact to
occur between y and y + dy. When m| > m», the average
post-collision energies can be determined in a straightforward
manner from Eqgs. (10) and (11) for both the incoming and the
target particles:
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However, when m < m», two cases must be considered. First,
when m is backscattered, the average post-collision energies
can be expressed with:
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Second, when m is not backscattered but forward-scattered,
the average post-collision energies become:
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In the present model, the fluxes of suprathermal particles are
calculated per energy bin (in cm—2s~!). The width of the en-
ergy bins are chosen to be 1072 eV between the thermal energy
(Eqy >~ 3.2 x 1072 eV) and 0.1 eV, 2 x 1072 eV for the en-
ergy range 0.1-0.2 eV, 5x 1072 eV for 0.2-0.5 eV, 0.1 eV for
0.5-2 eV, 0.2 eV for 24 eV, and 0.5 eV between 4 eV and
the maximum energy that particles could acquire from exother-
mic chemical mechanisms or background excitation. This max-
imum energy is as high as 9.5 eV for atomic and molecular

hydrogen. The problem is solved in the form of a matrix equa-
tion for all the species simultaneously, using a column vector
including all species and all energy bins. A first estimate of the
downward stream is calculated assuming @+ = 0. This initial
estimate accounts for the contribution of half of the chemical
production. The upward stream is then calculated from bottom
to top, accounting for the second half of the chemical produc-
tion. Since most of the flux at low altitude comes from chemical
production and not transport, only one update of the down-
ward stream, this time shutting down the chemical production,
is found necessary to compute the same lower boundary values
as in the initial run.

3. Production terms for the hot particles modeled

In order to determine the production rates of hot N, CHy,
H, H,, 3CH», CH3, CoHy, CoHs, CoHg, N(*S), NH, and HCN,
a one-dimensional composition model was built, describing in-
terdependent ion and neutral densities for altitudes between 600
and 2000 km. 36 neutral species are modeled, undergoing ver-
tical transport below the exobase. The temperature and eddy
coefficient profiles are taken from De La Haye et al. (2007).
The neutral density profiles are extended into the exosphere
using a method based on the Liouville theorem (De La Haye
et al., 2007; Schunk and Nagy, 2000). Dissociation and ion-
ization schemes of the atmospheric neutrals by incoming solar
photons and magnetospheric electrons are included, using an
electron flux separately determined with the model of Gan et
al. (1992). The neutral-neutral chemical mechanisms are based
on Lebonnois et al. (2001) [updated in Lebonnois et al. (2003)
and Lebonnois (2005)] and Wilson and Atreya (2004), and
take into account revisions of the acetylene photodissociation
scheme (Vuitton et al., 2006) and of the reaction rate of the

main production mechanism for ethane, CH3z + CH3 M) CyHg,
as suggested by Vuitton and Yelle (2005). At 600 km, the lower
boundary, the mixing ratios were assumed to be fixed for all
neutral species with a lifetime larger than one percent of a Titan
rotational period—the lower boundary densities were adjusted
to match adequately the INMS density measurements at higher
altitudes (De La Haye et al., 2007) and mixing ratios were
taken from Lebonnois et al. (2001) when no INMS data were
available. For species with shorter lifetimes (for example N*S)
and NH), photochemical equilibrium was assumed as boundary
condition.

The ion—neutral reactions involved in the present model are
based on Keller et al. (1998). The ion species modeled (47)
are assumed to be in photochemical equilibrium throughout
the altitude range of the study. This assumption is justified
since plasma transport effects only start being important above
~1450 km, the altitude of the exobase (Cravens et al., 1998;
Ma et al., 2004). In addition, Ma et al. (2004), who presented
results from a 3D global MHD model of the interaction of
Saturn’s magnetospheric plasma with Titan’s atmosphere, in-
cluding 7 generic ionospheric species and some basic ion—
neutral chemistry and ion—electron recombination, showed that
the flow was primarily non-radial in the ionosphere due to the
draping of the magnetic field lines around Titan.
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The hot populations selected for investigation in the two
stream model, were initially identified among the species result-
ing from the most energetic chemical reactions. These species
include H, Hz, 3CH2, CH3, C2H4, C2H5, C2H6, N(4S), NH, and
HCN. The rigid-sphere collisional diameters of these species
were determined with the formula of Hirschfelder et al. (1954),
that gives a first-order approximation of the viscosity of a pure
gas:

n x 107 =266.93 —M, (20)

2R)?

where 7 is the viscosity of the gas (gecm™'s™!), M is the
molecular mass (amu), 7 is the gas temperature (K), and R
is the rigid-sphere molecular radius (A). When viscosity data
were accessible, the rigid-sphere collisional radii were deter-
mined with Eq. (20) and listed in Table 1. Values corresponding
to 150 K were chosen when they were available. For atomic
species H, C, and N, the atomic radii were taken from ACS
(ACS, 2005. Chemistry.org, the website of the American Chem-
ical Society. On the Web. http://center.acs.org/periodic/tools/
PT.html). No viscosity data were found for the radical species
listed above, and approximations had to be made: the rigid
sphere radius of CHy was attributed to CH3 and 3CH,, and
the sum of the radii of atomic nitrogen and hydrogen was used
for NH.

In order to estimate the influence of the uncertainty on rigid
sphere radii, a sensitivity study was conducted on the value cho-
sen for the main constituent: molecular nitrogen. The study was
performed by modeling hot hydrogen, nitrogen and methane
molecules traveling through a background mixture of nitrogen
and methane. Three nitrogen molecular radii were chosen as
successive parameters to the two stream model: 2.07 A, the
value calculated with Eq. (20), 1.88 A, the value correspond-
ing to a diameter of 3.75 A as sometimes listed in the literature
(Hirschfelder et al., 1954), and 1.97 10\, an intermediate value.
The variation obtained using three different rigid sphere radii
of molecular nitrogen was found to be lower than 5% for the
logarithms of the densities. It was therefore concluded that the
influence of the molecular nitrogen radii is negligible compared
to other uncertainties such as more accurate angular differential
cross-sections (Shematovich and Johnson, 2006) or the reac-
tion rates, in particular, the electron recombination rates. In the
end, the values listed in Table 1 are assumed sufficient to ob-
tain meaningful estimates of suprathermal fluxes and density
profiles.

For each selected hot particle, the production term Pchern is
determined using all chemical reactions involved in the coupled
ion and neutral model. The enthalpy of formation used to deter-
mine the exothermicities are taken from Chase (1998), Burcat
(2001), Lias et al. (1988), and McEwan and Phillips (1975). The
exothermic energy of each reaction is assumed to be shared be-
tween the produced particles in the form of kinetic energy only,
divided inversely with their mass. Therefore, the present calcu-
lations represent an upper-bound estimate of the corona induced
by exothermic chemistry. Since the number of mechanisms that
can be presented is constrained, the focus is placed on detail-
ing the reactions producing large amounts of one specific hot

Table 1
Hard sphere radius for major species present in Titan’s upper atmosphere
Species Viscosityb Hard sphere
(107 gcrn*l sfl) radius (cm)
H - 7.8 x 1079
H, 554.85 (150 K) 1.44 x 1078
C - 7.7 x 10792
CHy 592.89 (150 K) 2.35 x 1078
CoHy 571.37 (170 K) 2.84 x 1078
C,Hg 470.92 (150 K) 3.08 x 1078
N(*s) - 0.74 x 1082
N» 1011.8 (150 K) 2.07 x 1078
HCN 257.57 (300 K) 4.83 x 1078

4 ACS, 2005. Chemistry.org, the website of the American Chemical Society.
On the Web. http://center.acs.org/periodic/tools/PT.html.
b Rowley et al. (2003).

species, and the reactions producing hot particles with large ki-
netic energy. In particular, the cases of hot N, CHy4, Ha, H,
C,Hg, and HCN are examined below.

The production rate profiles of the main mechanisms pro-
ducing hot Nj are presented in Fig. 2 for the T4 conditions,
at noon local time, latitude 38° North, zenith angle 61.7°. In
this figure, as well as in the following production rate plots,
the neutral bimolecular mechanisms are represented with solid
lines, the ion—neutral production rates with large-dotted lines,
the electron recombination rates with a variety of dashed lines,
and the neutral termolecular mechanisms with triangles. The
processes most efficient at producing a large amount of hot N»
below 1250 km, involve quenching by nitrogen of the excited
species ICH, and N(ZD):

ICH, + N, — 3CH, + N; (0.11 eV), 1)
N(D) + N> — N(*S) + N, (0.79 eV), (22)

where the energies in parenthesis are the kinetic energy at-
tributed to the nitrogen molecule as a result of these reactions,
and knowing that process (21) disappears on the night side. At
altitudes above 1250 km, the following ion—neutral process be-
comes dominant:

NoH' + CH4 — CHY + N3 (0.23 eV). (23)

The hottest nitrogen molecules produced by chemistry reach
a kinetic energy of 2.02 eV, and result from the ion—neutral
process:

N + CoHy — CoHy + Ny (2.02eV). (24)

The production rate of this mechanism is about two to three or-
ders of magnitude lower than the previous ones. Higher energy
(5-5.5 eV) may be gained by the cold nitrogen molecules of the
background atmosphere after they are hit by other suprathermal
molecules traveling through Titan’s upper atmosphere.

Among the exothermic chemical mechanisms producing hot
CH4 molecules (Fig. 3), the higher production rates are found
to be attributed to the four following mechanisms:

CHY 4+ e~ — CH + CHy4 (0.46 eV), (25)
CoHY + CoHy — C3HI + CH4 (0.63 eV), (26)
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Fig. 3. Production rate profiles for hot methane molecules, resulting from a selection of the most important exothermic chemical reactions—the kinetic energy given

to CHy is indicated for each reaction.

ICH, + CH4 — 3CH; + CH4 (0.15 eV), 27

CH; + H X CH, 451 eV), (28)

which dominate above 1150 km for process (25), between 700
and 1150 km for process (26), except for the altitude range
800 to 900 km where process (27) prevails, and between 600
and 700 km for process (28). The hottest chemistry-produced
methane molecules are found to reach 6.10 eV and to be pro-
duced by the ion—neutral reaction:

N* + C2Hg — H,CN* + CHy (6.10 eV). (29)

The production rate of this mechanism, however is about five
orders of magnitude lower than the peak production rates of
mechanisms (25) to (28).

The production rates of hot molecular hydrogen by exother-
mic chemical reactions (Fig. 4) are dominated by two processes,
the first involving neutral chemistry and the second dealing with
ion—neutral chemistry:
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H,CN + H — HCN + H; (3.11 eV), 30) (31). The critical exothermic reaction for producing hot hydro-

i n gen molecules is:
CH; + CHy — CHS + Hp (1.13 eV), (€29)

+ +
which alternatively dominate below and above 1050 km, re- N+ CHg — HyCN™ + Hy (8.32 eV), (33)

spectively. The reaction producing the hottest hydrogen mole-

which produces hot hydrogen molecules with an energy only
cules is found to be:

1.15 eV lower than process (32), but with a production rate

Czng + e — CyHy + Hy (947 eV), (32) four o.rders of magnitude larger. Smc§ molecular hydrogen is
the third most abundant species in Titan’s upper atmosphere
but here again with a production rate about five orders of magni- after nitrogen and methane, it was also considered as a back-

tude lower than the peak production rates of processes (30) and  ground species in the model. The collisions of the hot modeled
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particles with these cold H, molecules are found to represent
a production process for hot H, comparable to chemistry over
the altitude range of the study.

Hot hydrogen atoms are produced by a large number of
chemical reactions, dominated by neutral chemistry mecha-
nisms at low altitudes and electron recombination mechanisms
at high altitudes (Fig. 5). The reactions with the most important
production rates below ~1100 km are:

N(*S) + CH3 — H,CN + H (1.62 eV), (34)

CH 4 CHy4 — CoHy + H (2.48 V), (35)
and above ~1100 km:

H,CN* 4 e~ — HCN + H (5.94 eV), (36)
CHY + e~ — CH4 + H (740 eV), (37)
CHI + e~ — 3CH, + H(4.76 eV). (38)

The other mechanism of importance is the reaction producing
the hottest hydrogen atoms (8.34 eV), whose production rate
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competes with the peak production rates of the afore-mentioned
reactions within two orders of magnitude at 800 km:

CoHI + e~ — c-CgHg + H (8.34 eV). (39)
Hot C,Hg molecules are produced with a high energy and a

large production rate by the termolecular mechanism (Fig. 6):

CH3 + CH3 M CyHe (3.84 V). (40)

However, the mechanism producing the hottest CoHg mole-
cules is another termolecular process involving CoHs, but its
production rate is about five orders of magnitude lower than re-
action (40):

CoHs + H X CoHg 4326V, 1)

Mechanism (40) dominates the production rates for all hot
ethane molecules up to 950 km. Above this altitude, the process
taking over involves electron recombination:

C3HY + e~ — CH + CoHg (1.17 eV). (42)

Finally, the production rate profiles of the exothermic reac-
tions leading to the formation of suprathermal HCN molecules
are plotted in Fig. 7. The two mechanisms dominating the pro-
duction rates of hot HCN are found to be:

H,CN*t + e~ — H+ HCN (0.22 V), (43)
H>CN + H — Hy + HCN (0.23 eV), (44)

which dominate above and below ~1075 km, respectively.
The hottest hydrogen cyanide molecules reach the energy of
2.86 eV and are produced by the following exothermic ion—
neutral mechanism:

CNC* + CoHy — c—C3H§r + HCN (2.86 eV). (45)
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4. Results and discussion local time), and taking into account both photo- and magne-
tospheric electrons as energy inputs for the chemical ion and

The hot flux, density and energy distribution presented in ~ neutral coupled model.
this section were calculated using the T4 solar and latitudinal The total suprathermal fluxes resulting from the two-stream
conditions (latitude 38° North and zenith angle 61.7° at noon calculation, i.e., the sum of the upward and downward fluxes
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Table 2
Density of the hot populations produced by exothermic chemical reactions at the exobase, and comparison with results obtained by fitting the INMS exospheric data
Species Hot density Escape flux Species Hot density Escape flux
(em™) G (em™) )
N, This model 24 x 103 2.1 x 1024 H, 1.5 x 10! 2.8 x 1025
De La Haye et al. (2007) 44451 %100 8.5+7.0 x 102 H 4.0 1.5 x 105
3CH, 1.2 x 10! 1.9 x 10%
CHj3 1.6 x 10! 1.1 x 10%
CHy This model 1.9 x 102 2.5 x 102 CoHy 1.2 x 10! 5.1 x 1083
De La Haye et al. (2007) 1.140.9 x 103 59453 x 10% C,Hs 1.6 x 1072 2.8 x 108
C,Hg 12 x 1073 42 x 1022
N 8.4 2.2 x 10%
NH 9.9 1.1 x 1024
HCN 4.1 7.5 x 1023

Notes. The values in De La Haye et al. (2007) are the averaged suprathermal density and escape fluxes derived from fitting the exospheric T4, T, and T5 INMS
data. The globally averaged escape fluxes are estimated here using an exobase area of ~2.1 x 10'8 ¢m?, where the altitude of the exobase is assumed to be 1450 km.

with all energy bins added, are plotted as a function of alti-
tude for hot species N, CHy, H, Hp, 3CH,, CH3, CyHy4, CyHs,
C,Hg, N(4S), NH, and HCN in Fig. 8. The large N, and CHy
hot fluxes are due, in particular, to the high density of their
thermal component, which becomes suprathermal through ex-
citation of the background gas. The fluxes of suprathermal H
and H», are found to be larger than the flux of suprathermal
CHy4, but weaker than the flux of suprathermal N>. They are
critical because they carry most of the kinetic energy due to
their low mass. For all suprathermal species except CoHg and
C,Hs, a similar trend increasing with altitude and plateauing
between 1000 and 1200 km, is observed. The fluxes of hot CoHg
and CyHs are found to be significantly smaller than the other
species at high altitudes, their production being mainly due to
termolecular reactions below 900 km.

The density profiles of the hot components were calculated
below the exobase using:

nho= Y (ST (E) + &7 (E)) /Zﬂ. (46)

E

Knowing the energy distribution at the exobase, the hot den-
sity profiles were then extended between 1450 and 2000 km
using a method based on the Liouville theorem described in De
La Haye et al. (2007) and Schunk and Nagy (2000). The hot
density profiles are plotted and compared with the particles’
thermal components in Fig. 9. The hot components are found
to be several orders of magnitude smaller than the thermal pro-
files throughout the altitude range of the study. At 2000 km, the
fraction of the hot versus thermal density for each species is:
1.3% for Ny, 0.15% for CH, 1.3 x 1075 for Hp, 5.0 x 1073
for H, 2.3 x 10~* for C,Hg, 2.5 x 103 for NH, 1.5% for CHs,
3.2% for 3CH,, 9.0% for HCN, 13% for N, 14% for CyHy,
and 60% for CaHs. Therefore, except for neutral species CoHs,
the production of suprathermal particles by exothermic chem-
istry does not alter significantly the neutral density profiles of
Titan’s upper atmosphere and lower exosphere.

The suprathermal density and global escape fluxes obtained
at the exobase are reported in Table 2. The global loss of nitro-
gen atoms in all forms due to exothermic chemistry is found
to be ~8.3 x 10%* Ns~ !, mainly due to the escape of N,
N, and NH. This value is >~3 times smaller than the nitro-

gen escape rate (2.5 x 10> Ns~!) reported in Cravens et al.
(1997). The global loss of carbon atoms in all forms is found
to be ~7.2 x 10%* Cs™!, with the largest contribution com-
ing from escaping CH4 molecules, followed by 3CH,, CH3;,
and CyHy. This value is two to six times smaller than the
range 1.7-4 x 10% s~! estimated in Cravens et al. (1997). In
addition to electron recombination and ion—neutral reactions,
which were taken into account as hot production mechanisms
in Cravens et al. (1997), the present model takes into account
the heating contribution of exothermic neutral-neutral reac-
tions. The lower escape rates inferred in the present work must
therefore be explained by factors other than the choice of chem-
ical production mechanisms. These factors probably involve the
use of a two-stream calculation compared to the integration of
the production rates performed in Cravens et al. (1997), and
the use of different solar incoming fluxes, i.e., solar maximum
(Voyager flyby in November 1981) in Cravens et al. (1997),
compared to solar minimum (Cassini 74 flyby in October 2004)
in the present work. Overall, the global losses of nitrogen and
carbon atoms due to exothermic chemistry are found to be con-
sistent with those estimated by Cravens et al. (1997).

The contribution of exothermic chemistry to Titan’s corona,
initiated by incoming photons and magnetospheric electrons, is
found to be significant with respect to that of sputtering. The
escape rate of nitrogen atoms in all forms due to exothermic
chemistry is found to represent about a quarter of the maximum
escape 3.6 x 10%> Ns~! inferred by Shematovich et al. (2003)
when taking into account sputtering and photodissociation, or
the sputtering-induced escape 3.7 x 10% Ns~! estimated by
Michael et al. (2005) using the Nt and N; fluxes of Brecht et
al. (2000).

As shown in Table 2, the N, and CHy4 suprathermal densi-
ties induced by exothermic chemistry are about two and three
orders of magnitude smaller, respectively, than the average val-
ues estimated in De La Haye et al. (2007) from the fit of the
INMS T4, Tg, and Ts data (4.4 £ 5.1 x 10° cm ™3 for hot N
and 1.1 £ 0.9 x 10° cm™3 for hot CHy4). The suprathermal
populations produced by exothermic chemistry are therefore
insufficient to justify the INMS observations, and in particu-
lar the change of slope observed above 1600 km in the Nj
and CHy density profiles. The modeled N, and CHy4 escape
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Fig. 10. Energy distribution of the hot Np and CHy particles produced by exothermic chemistry in Titan’s upper atmosphere and modeled using the two stream
model. Profiles are shown at altitudes 600, 800, 1000, 1200, and 1450 km (the altitude corresponding to the exobase). On each graph, the Maxwellian distribution
is plotted for comparison with a red dashed line, and the escape energy at the exobase is indicated with an arrow. The gray areas correspond to the range of INMS
data fits obtained in De La Haye et al. (2007) using two different energy distribution functions at the exobase, an analytical function, and a kappa function.

fluxes are found to be about 40 and 25 times smaller, respec-
tively, than the average values estimated in De La Haye et al.
(2007) by multiplying the energy deposition rates inferred from
the INMS data, by the ratio of the escape rate in Michael et
al. (2005) to the energy deposition rate in Michael and John-
son (2005). The N, escape flux value is however ~15 times
greater than the averaged lower bound estimated in De La Haye
et al. (2007) by using a kappa function as exobase energy dis-
tribution (i.e. ~1.5 x 10>3 N?s~! assuming an exobase area of
2.1 x 108 cm?).

The energy distributions of chemistry-induced hot N, and
CHy are plotted in Fig. 10 for altitude levels 600, 800, 1000,
1200, and 1450 km (the altitude of the exobase). These profiles

are compared to the data fit results of De La Haye et al. (2007),
the gray areas representing the range of values obtained from
the T4 ingress and egress, Tp egress, and T5 egress distributions
at the exobase, using either an analytical model or a kappa func-
tion. The escape energies are represented on the x-axes with a
vertical arrow, and the Maxwellian distributions are plotted, al-
lowing to gauge the extent of the suprathermal tails. At high
energy (E > 1 eV), the energy distribution induced by exother-
mic chemistry is found to lie within the range predicted by the
study of INMS data. The main difference between model and
data-fit appears at lower energy, £ < 0.3-0.4 eV. Both mod-
eled N, and CHy distributions depart from the Maxwellian at
energy >0.2 eV, where the number of particles is ~103 cm ™3
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On each graph, the Maxwellian distribution is plotted for comparison with a red dashed line, and the escape energy at the exobase is indicated with an arrow.

for Ny and ~10? cm™3 for CHy. By comparison, the distri-
butions inferred from the fit of INMS data depart from the
Maxwellian at lower energy, corresponding to a number of par-
ticles of ~10% cm™3, three orders of magnitude larger. So the
source of suprathermal neutrals induced by exothermic chem-
istry appears insufficient to justify the high number of low
energy suprathermal particles detected in the INMS observa-
tions.

The energy distributions of hot H, H», 3CH2, CHj3;, CoHy,
C,Hs, CyHg, N(4S), NH, and HCN, resulting from exother-
mic chemistry, are plotted in Fig. 11. Comparisons with the
Maxwellian profiles show the presence of significant suprather-
mal populations throughout Titan’s upper atmosphere. The es-
cape energy values (indicated with a vertical arrow on each
x-axis), suggest that Titan’s corona is populated by a variety of
neutrals resulting from the complex neutral and ion chemistry
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that takes place in the upper atmosphere. The energies of the
hot N and N; are lower when produced by exothermic chem-
istry as compared to sputtering: in the present study, neutrals N
and N are found to reach maximum energies of 3 and 5.5 eV,
respectively, whereas Shematovich et al. (2003) calculated av-
erage energies of 6.43 and 6.90 eV for hot N, and 2.21 and
6.9 eV for hot N», due to sputtering by magnetospheric ions
N7 and C2H5+.

5. Conclusions

In the present work, the contribution of complex neutral—
neutral and ion—neutral chemistry to Titan’s corona was stud-
ied. Detailed production rate profiles were calculated using a
coupled ion—neutral model, and a two stream model was con-
structed to model the fate of 12 suprathermal particles trav-
eling through a background mixture of cold N, CHy4, and
H;. We found that Titan’s corona is populated by a variety of
hot neutrals induced by exothermic chemistry, with suprather-
mal density and escape fluxes that are significant with respect
to sputtering. The nitrogen loss represents about a quarter of
that produced by estimates of pick-up ion sputtering (Michael
et al., 2005). The global loss of nitrogen atoms in all forms
is ~8.3 x 10** Ns~! and the global loss of carbon atoms
~7.2 x 10%* Cs~!. These values are in average 3 and 4 times
smaller than those estimated in Cravens et al. (1997), mainly
due to differences in methods (two-stream calculation vs pro-
duction rate integration) and solar inputs.

The consideration of the energy released by exothermic
chemical reactions alone is shown to be insufficient for pro-
ducing the significant N and CH4 suprathermal populations
observed by INMS in the exosphere, particularly due to an
insufficient population of close-to-thermal particles. The hot
N> and CHy4 populations induced by exothermic chemistry are
found to have densities 2 to 3 orders of magnitude smaller than
those estimated from INMS data, and escape fluxes more than
an order of magnitude smaller than those obtained by estimat-
ing the average energy deposition required to produce the hot
corona by pick-up ion sputtering (De La Haye et al., 2007). Fur-
ther investigations are required to justify the INMS exospheric
observations. It is proposed that these studies place the focus on
sputtering, especially that induced by pick-up ion heating, and
on heating by repeated charge exchanges between atmospheric
neutrals and magnetospheric or pick-up ions.
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