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We have solved a stationary Boltzmann transport equation to
describe the ionosphere of Titan in two simple cases. The first one
deals with the satellite being outside the Kronian magnetosphere
on the dayside of Saturn, which happens under strong solar wind
conditions. In that case, the main energy source of ionization is the
solar photons. We show the effect of the photoionization and the
secondary ion production for a solar zenith angle of 45◦. The elec-
tron production peaks at 25 electrons s−1 cm−3 around 1000 km.
We estimate the electron density from a comprehensive chemical
code. This electron density is then compared with the one computed
from a simple recombination model. Finally, we determine the in-
tensity of nitrogen emissions, which are compared to the Voyager 1
measurements.

In the second case, the satellite is inside Saturn’s magnetosphere.
We show the effect of the ionization due to electron precipitation at
night, above the polar regions. The input electron flux is measured
by the Voyager probes, gathered from several instruments on board.
A simple Kappa distribution is given to model a mean electron flux
precipitating on Titan. We show that the electron production ranges
between 1 to 5 electrons s−1 cm−3 between about 550 and 650 km.
The electron production due to the photoionization above the pole
is evaluated and compared to the effect of the kronian electron
precipitation. c© 1999 Academic Press

Key Words: ionosphere; photochemistry; photometry; satellite of
Saturn; Titan (atmosphere).

1. INTRODUCTION
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1997 with a primary objective of studying Titan’s environment;
in support of this mission, it is necessary to develop a model
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The atmosphere of Titan is mainly composed of nitrogen,
Earth’s. The NASA/ESA Cassini spacecraft was launched
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of Titan’s ionosphere. Earth’s modelers are fairly well equipp
for such a study. Many tools have been developed, that s
transport, continuity, momentum, and energy equations. H
ever, the magnetic conditions are drastically different in Tita
and Earth’s environments: Earth’s magnetic field lines act
natural guide to drive the ionized particles. On the other ha
Titan is presumably not magnetized, but orbits around Sat
which is a magnetized planet. Different cases are possible (
and Neubauer 1982): Titan may be outside the Kronian m
netosphere when the solar wind pressure compresses the
netopause inside 20 Saturn radii; or it may be fully immer
within the magnetosphere of Saturn.

Among these situations, we present two cases of special i
est for Titan’s ionosphere. The first case deals with the sate
being outside the Kronian magnetosphere and with the pho
as the only source of ionization. The solar wind is not taken
account: the density of the solar wind at Titan is only 0.05 p
ticle per cubic centimeter. The effect of the solar electrons
protons on Titan’s ionosphere is therefore expected to be m
smaller than the effect of the solar photon flux and is negle
in this study. We perform our computation near the equator f
solar zenith angle of 45◦. The second case deals with Titan bei
within Saturn’s magnetosphere, without photoionization du
the solar photons. Titan has a diurnal rotation period of 16 d
equal to its period around Saturn, so that part of the satelli
always at night for several days. The particle precipitations o
inating in the magnetosphere of Saturn are an effective sour
energy upon Titan’s darkside atmosphere, as attested by Voy
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THE IONOSPHERE OF T

emission observations (Hallet al. 1992). The single energ
source we consider for the nocturnal case is the magnetosp
electron precipitation. Moreover, we perform our computat
at the polar regions, where a simple magnetic model is adop

For these two extreme cases, we study the degradatio
an energetic flux interacting with Titan’s atmosphere; this fl
is either the EUV solar flux or the Kronian electron precip
tation. The Boltzmann transport equation is solved provid
the stationary electron flux in altitude, energy, and angle. T
we deduce parameters such as the ion and electron produc
and the excitation rates for each constituent of the atmosph
Using a comprehensive chemical model, we also determine
electron and ion densities.

The transport of electrons in Titan’s ionosphere has alre
been studied by Ganet al. (1992) and Kelleret al. (1992, 1994).
In addition to the electron transport equation, they have so
the electron energy equation and used a photochemical i
spheric model (Kelleret al. 1992) which gives access to th
characteristics of the thermal population. Moreover, Kelleret al.
(1994) have included MHD effects for the ramside of Titan,
satellite being located within the Kronian magnetosphere. T
have evaluated the effect of the different energy sources in
ionosphere of Titan, with the Kronian magnetic field lines drap
around Titan. The originality of the present study is that, usin
similar approach (although the energetic electron transport c
is here based on a multistream method (Lummerzheimet al.
1989)), we propose a simple recombination coefficient to
trieve the dayside electron density from the electron product
allowing modelers to get a rough idea of the electron den
from the computation of the production. In the nightside,
propose an incident Kronian electron flux based on Voya
particle measurements from different instruments. The gat
ing of these different experiments makes it possible to d
an experimental spectrum and to study its influence on Tita
ionosphere.

The transport equation at Titan is presented in Section 2.
first case illustrating the dayside configuration is described
Section 3. First, the electron and ion production rates are
posed and compared. Then we present the results of a che
scheme which computes the ion and electron densities from
production. The electron density computed with this mode
then compared with a density computed with the effective
combination coefficient method, and a coefficient is propo
that allows a fast estimate of the electron density from the e
tron production. Moreover, from the computed electron flux
deduce the intensity of different nitrogen emissions and co
pare them with Voyager 1 observations. The results obta
in the second case dealing with the nocturnal configuratio
presented in Section 4. We propose a model of the suprathe
electron precipitation, based on a detailed analysis of Voya
particle measurements. In Section 5, the different results
summarized and discussed; the electron production due to
photoionization above the pole is evaluated, too, and comp

to the effect of the Kronian electron precipitations.
ITAN: TWO IDEAL CASES 93
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2. THE TRANSPORT MODEL AT TITAN

The transport equation has been detailed in several pa
on Earth’s ionosphere (Oran and Strickland 1978, Stamnes
Rees 1983). A brief theoretical background is proposed in
Section. The EUV solar flux (<102.7 nm) produces electrons b
ionization of neutral particles. These photoelectrons with e
gies smaller than 248 eV, as well as the suprathermal precipi
electrons of the Kronian magnetosphere, are called “prim
electrons; they collide with the ambient atmosphere, produ
heating, excitation, and ionization. That last reaction lead
the production of “secondary” electrons. The transport equa
that describes the production of electrons governs a steady
electron flux in the ionosphere. On Earth, the transport of
electrons is predominantly along the magnetic field lines. T
physical constraint allows us to consider axial symmetry aro
the field line and simplifies the solution of the equation. Suc
symmetry can be applied also at Titan. In the diurnal case, s
the atmosphere is locally plane, horizontally stratified and s
the primary photoproduction is isotropic, we assume that
particle flux is locally independent of the horizontal coordina
Therefore the plane parallel symmetry is valid about the vert
direction. Thezaxis is vertical and the term “angle” refers to t
one between the particle velocity and the vertical direction
the nocturnal case, the Kronian magnetic lines penetrate Ti
ionosphere, at least at the polar regions (see Section 4), an
plane parallel symmetry is valid around these lines. Thus tz
axis is directed along the Kronian magnetic lines and the t
“angle” refers to the pitch angle. With the plane parallel symm
try, the transport equation can be written (Oran and Strickl
1978):

µ
∂8(τ, E, µ)

∂τ (z, E)

= −8(τ, E, µ)+ S(τ, E, µ)

+ ne(z)∑
k nk(z)σ T

k (E)

∂ (L(E)8(τ, E, µ))

∂E

+
∑

l

nl (z)σ T
l (E)∑

k nk(z)σ T
k (E)

∫ +1

−1
dµ′

×
∫ Emax

E
d E′Rl (E

′, µ′ → E, µ)8(τ, E′, µ′) (1)

8(τ, E, µ) = stationary electron flux (cm−2 s−1 eV−1 sr−1)
z = altitude

τ (z, E) = electron scattering depth
E, E′ = energies (eV) of scattered and incident electro
µ,µ′ = cosines of scattered and incident electron ang

Rl = redistribution function describing the degrada
from a state (E′, µ′) to a state (E, µ) for the
neutral speciesl

σ T
k (E) = total elastic and inelastic collision cross sectio

for the neutral speciesk colliding with one

electron at energyE
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94 GALAND

nk(z) = density of the neutral speciesk
ne(z) = electron density at altitudez.

The second term on the right-hand side of (1) is the prim
photoelectron source (in units of cm−2 s−1 eV−1 sr−1) caused
by the solar EUV (when taken into account),

S(τ, E, µ) = 1

4π
∑

k nk(z)σ T
k (E)

∑
k,i

qk,i (z, E), (2)

with the primary photoelectron production (cm−3 s−1 eV−1)
equal to

qk,i (z, E) = nk(z)ωion
k,i (Ehν)F∞(Ehν)

× exp

{
−
∑

m

ωT
m(Ehν)Ch(χ )

∫ +∞
z

nm(z′) dz′
}
,

(3)

E = Ehν − Ik,i ,whereIk,i is the ionization threshold
for speciesk, statei , andEhν is the energy of
the incident photon (corresponding to a UV
line wavelength).

ωion
k,i (Ehν) = photoionization cross section for speciesk, state

i , writtenω in order to avoid any confusion
with the collision cross sections.

F∞(Ehν) = solar flux on the top of the ionosphere at energ
Ehν , in photons cm−2 s−1 eV−1.

ωT
m(Ehν) = photon absorption cross section of the neutral

speciesm.

To obtain the primary production along a vertical colum
a Chapman functionCh(χ ) is used, as a function of the sola
zenith angleχ (Rees 1989). Indeed, the photon beam can cr
a large region in longitude and the curvature of the satellite
then to be considered.

The third term on the right side of (1) represents the los
due to frictional processes (collisions between photoelectron
precipitated electrons and thermal electrons). The stopping c
sectionL is a function ofE as well as of the ambient electro
density, as described in Oran and Strickland (1978). Frictio
processes become important at low energies (less than the io
tion threshold) and do not influence the secondary electron
duction. The last term represents the electron production du
degradation of higher-energy fluxes through collisions betw
suprathermal electrons and neutral particles (Mantas 1973,
and Strickland 1978, Stamnes 1981).Rl is defined as the ratio
of the sum of differential cross sections (sum over the differ
reactions (inelastic and elastic) between the electrons and
trals) to the total cross sectionσ T

l (Lummerzheim and Lilensten
1994, and references therein).

The primary photoelectron production can be found by in
gratingqk,i in energy: ∑∫
Pp(z) =
k,i

qk,i (z, E) d E. (4)
ET AL.
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The secondary electron production is deduced from (1) a

Ps(z) =
∑

m

nm(z) 2π
∫ +1

−1
dµ

∫ Emax

Emin

d Eσ ion
m (E)8(z, E, µ),

(5)

σ ion
m (E) being the ionization collision cross section f

speciesm.
The programs solving (1) and (3) are described

Lummerzheim and Lilensten (1994) and Lilenstenet al. (1989)
and will therefore not be redescribed here. The transport sch
is in a multistream discrete ordinate. It was first developed
terrestrial studies and widely tested versus experiments and
models. One of the tests is based on a comparison with a
oratory experiment. In 1976, Barrett and Hays shot beam
electrons at collimated energies through a box filled with2.
A photometer analyzed the intensity of the N+2 1N emissions
all along the box. We could reproduce this emission with
kinetic code with an accuracy of better than 5% (Lummerzh
and Lilensten 1994). Another test consisted of using the
tionary electron flux to compute a plasma line frequency fr
80 to 300 km, which could fit the measured plasma line.
results were satisfying both at night and during the
(Nilssonet al. 1996). More recently, we used this code coup
with a fluid one including a chemical scheme to compute
electron density in Earth’s ionosphere. The results were suc
fully compared to incoherent scatter radar measurements
daytime conditions as well as nighttime conditions during e
tron precipitation events (Blellyet al. 1996). Finally, we could
also reproduce a statistical model of ionospheric conductiv
based on three years of measurements (Lilenstenet al. 1996).

We only recently adapted this code to Titan’s ionosph
To do so, the parameters to change are the neutral atmosp
the absorption and collision cross sections, the magnetic
model, and the solar photon input flux. The neutral atmosp
used here is the Yelle model (Yelleet al. 1997) including some
argon. This model is shown in Fig. 1. The N2 and CH4 densities
are the same as proposed by Fox and Yelle (1997). The
spheric temperature is 175 K. We performed our computat
from 600 km (where the N2 density is about 7.4× 1012 cm−3)
to 1600 km. The photon absorption cross sections are show
Fig. 2. The set comes from Torr and Torr (1985) and Fenn
and Torr (1992) for N2, from Samsonet al. (1989) for CH4 and
from Berkowitz (1979) and Marr and West (1976) for Ar. T
set of collision cross section for N2 is detailed in Lummerzheim
and Lilensten (1994) and includes 12 excitation states. It co
from Davieset al. (1989) for CH4 (with 6 excitation states) an
from a very complete set including 49 excitation states for
provided by Bretagneet al. (1986). Elastic and total inelast
(excitations plus ionization) cross sections between elect
and neutral species are plotted in Fig. 3. The ion species
sidered are N+2 , CH+4 , and Ar+ produced through simple ion
ization of N2, CH4, and Ar, respectively; N+ and CH+3 are ob-

2+
tained through dissociative ionizations and Arthrough double
ionization.
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THE IONOSPHERE OF T

FIG. 1. Density height profiles (left) for N2 (right curve), CH4 (middle
curve), and Ar (left curve) and neutral temperature height profile (right
Titan’s upper atmosphere (Yelleet al. 1997).

FIG. 2. The photoabsorption cross sections for N2 (Torr and Torr 1985,
Fennelly and Torr 1992), CH4 (Samsonet al. 1989), and Ar (Berkowitz 1979
Marr and West 1976) in Titan’s upper atmosphere. The solid lines are for the
absorption cross sections, which include the total ionization cross sections (
dashed line), divided in the nondissociative (medium-dash line), and dissoc

or double ionization (small-dash line) cross sections.
ITAN: TWO IDEAL CASES 95

in

total
long-
ative

FIG. 3. The collision cross sections for electron impact with N2

(Lummerzheim and Lilensten 1994), CH4 (Davieset al. 1989), and Ar (Bretagne
et al. 1986). The solid line represents the total collision cross sections, w
include the elastic (dashed line) and the inelastic (dashed-dotted line)
sections.

3. FIRST CASE: THE DIURNAL IONOSPHERE

For this case, Titan is located in the interplanetary mediu
the only energy source being the solar EUV; the model is app
near the equator. The solar EUV flux is interpolated in terms
decametric index, from measurements obtained from the At
sphere Explorer satellites during solar minimum and maxim
conditions (Hinteregger 1981, Hintereggeret al. 1981). The val-
ues used are those parametrized and modified by Torr and
(1985) into 37 energy values from 248 down to 12.02 eV, tha
from 5 up to 103 nm (17 discrete solar EUV lines and 20 ene
intervals, with averaged fluxes). Following Tobiska (1993), t
values have been added at 2.327 and 3.750 nm to take int
count ionization due to high energetic photons. Thef10.7 values
used in our simulation correspond to the ones that prevailed
ing the Voyager 1 encounter of Titan:f10.7= 256 with a 3-month
average value of 211 (Kelleret al. 1992). The resulting photon

flux is shown in Fig. 4.



e

s
l

i

e
c

ry
per

he
-
that
that

are

ver
e.
rved
and

o
for

tmo-
n’s
ore
un-
nly
effi-
ary.
fer

om-
a-

o-
The
the
ac-
ot
the
96 GALAND

FIG. 4. Solar photon flux shown in 39 wavelength intervals or lines
photons cm−2 s−1 nm−1; the stars represent the integrated values in units
photons cm−2 s−1 (Torr and Torr 1987, Tobiska 1993). The solar flux valu
refer to the location of Titan (≈10 AU).

3.1. The Ion Production

Following Lebonnois and Toublanc (1999), we have take
solar zenith angle of 45◦. The computed ion production rate
deduced from (4) and (5), are shown in Fig. 5. The total e
tron production rate integrated over the altitude is equal to 7.0×
108 cm−2 s−1. The electron production profile exhibits a
F-like region with a maximum around 1000 km, and an E-l
region peaking around 750 km, two regions produced by
solar photons and the electrons produced. In the former reg
the primary production is larger than the secondary one b
factor of about 6 (only 3 at Earth). In the latter however, t
secondary production becomes preponderant. The electron

FIG. 5. Ion productions computed for the diurnal case, with solar zen
angle equal to 45◦. The bold lines are for the primary production. The thin lin
show the secondary production. The thick solid line represents the total ele

production.
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FIG. 6. Primary efficiency (bold line, referring to lower axis) and prima
(full line)/secondary (dashed line) electron productions referring to the up
axis.

duction peaks from about 4 (in the E-like region) to 25 (in t
F-like region) electrons s−1 cm−3, much less than the thou
sands in Earth’s ionosphere, in accordance with the facts
the distance from Titan to the Sun is 10 times larger and
the atmospheric environments (species, optical depth, ...)
different.

Figure 6 shows the ratio of the secondary production o
the primary production (or primary efficiency) versus altitud
Similar ratios between primaries and secondaries are obse
in Earth’s ionosphere and have been described by Richards
Torr (1988) and Lilenstenet al. (1989). They have proven t
be dependent on the solar activity level. However, a reason
this dependence is the change of the terrestrial neutral a
sphere under different activity levels. The change of Tita
atmosphere is not known for the moment, and it is theref
not possible to study the change of the primary efficiency
der different solar conditions. We checked that changing o
the solar input flux (for a constant atmosphere) keeps the
ciency approximately constant, although the productions v
Therefore, the efficiency plotted in Fig. 6 can be used to in
a rough estimate of the secondary production from the c
putation of the primary production (solely due to photoioniz
tion).

Finally, Fig. 7 shows in color plate the evolution of the t
tal electron production rate versus the solar zenith angle.
computation is valid for the same conditions as defined in
beginning of Section 3, that is near the equator, for a solar
tivity f10.7 of 256 with a 3-month average value of 211. N
surprisingly, the altitude for the maximum increases when
Sun sets, going from about 1000 km at a solar angle of 5◦ to
1150 km for a solar angle of 85◦. The production rate (with the

active solar conditions described above) is less than 2 cm−3 s−1.
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FIG. 7. Total electron production in cm−3 s−1 as a function of altitude and solar zenith angle.
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3.2. The Electron Density

3.2.1. The chemical model.In order to compute the electro
density we have combined the photochemical model of Toub
et al. (1995) and the ionosphere model of Kelleret al. (1992).
We will not describe here in detail those two models. Star
with the neutral photochemical model of Toublancet al. (1995),
four primary reactions involving nitrogen, methane, and e
trons are added in the chemical scheme. The dissociation
ionization of these compounds in the thermosphere as the r
of interactions with energetic photons and electrons prod
N(4S), N+2 , N+, CH+4 , and CH+3 (see Fig. 5). These production
are included in the model as a net altitude dependent produ
for these atoms and ions. We have then included the chem
scheme described in Kelleret al. (1992). We should note that th
neutral or ion chemistry is driven by the dissociation or ioni
tion of nitrogen and methane. We have made our computa
with a solar zenith angle of 45◦, the continuity equation is the
solved for each species from the surface up to 1600 km.
ondary electrons are produced when primary electrons io
trogen or methane. These electrons are not very energetic
nc

ng

c-
and
sult
ce

s
tion
ical

a-
ons

ec-
ize

they more or less recombine rapidly with ions. Previous mod
have shown that the major ion is H2CN+ or heavy hydrocar-
bon ions. We should, however, note that H2CN+ could react
with some other heavy hydrocarbons or nitriles to produce l
chains: H2CN+ may not be the major ion, confirming the co
clusion found by Fox and Yelle (1997). We do not follow a
these heavy ions generically called Z+. There is also a recom
bination of these heavy ions with electrons giving back neu
heavy molecules. Our model also takes into account the
mation of aerosols; their production rates have been estim
around 10−14 g cm−2 s−1 (e.g., Rannouet al. 1995). Kelleret al.
(1992) have two important recombination reactions involv
these species and estimated a rate. As our model showed
electron density is mainly sensitive to theZ+ recombination
and depending upon the rate this density could vary in a la
range. As Voyager I gave an upper limit of ionospheric elect
density, we can adjust the rate so that the density is lower
what was measured. Having in mind all these problems wh
need further studies we have, however, attempted to comp
distribution of electrons. This model also reproduced the mix

andratio of all major hydrocarbons and the size, distribution, number
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density, and production rate of the aerosols. The reactions
sociated with the neutral (photo)chemistry and their rates u
in this study are given and discussed in Table III of Toubla
et al. (1995) and in Tables I and II of Laraet al. (1996). The
ion-neutral reactions and their rates can be found in Table II
 tal

le.
Keller et al. (1992). Note that recently Kelleret al. (1998) pro- ion (or electron) density exhibits a familiar Earth shape profi
FIG. 8. (a–e) Ion densities plotted on the same scale for the diff
ET AL.

as-
sed
nc

I of

posed newly kinetic rates. The details of the calculations will
presented in a future paper.

3.2.2. Density results. The ion density results are presente
in Figs. 8a to 8e and the electron density in Fig. 9. The to
erent ion species. The “heavy ions” refer to the group called Z+ in the text.
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THE IONOSPHERE OF T

FIG. 9. The full line shows the electron density computed from a comp
hensive chemical code. The dashed line is the approximation computed fr
recombination coefficient method.

Moreover, it is close to that in Kelleret al. (1992), at least in the
shape of the height profile. The maximum in electron densit
reached at a height of about 1050 km in both approaches. E
though those two studies have been performed for two diffe
solar zenith angles (45◦ here and 60◦ there), Fig. 7 shows that thi
change has only a slight effect on the altitude of the maxim
production. As for comparison with observations, the heigh
the peak electron density computed is in agreement with V
ager 1 data: an altitude between 900 and 1100 km was de
from the radio occultation measurements during egress (mor
terminator) (Lindalet al. 1983) and an altitude of 1180± 150 km
was obtained for ingress (evening terminator) (Birdet al. 1997).
It should be noted that, even though the observations are as
ated with day/night terminator, “the upper ionospheric heig
sounded by the radio signal at egress would have been subj
to ionization by solar EUV radiation for about two days pri
to the occultation” and “the atmospheric layers at 1000 km
titude [sounded by the radio signal at ingress] would not h
been shadowed by the limb for almost two days” (Birdet al.
1997).

The electron density profile we obtain reaches a maximum
about 2×103 electrons per cubic centimeter. Kelleret al. (1992)
found a value 50% greater than ours. This could be explaine
the differences in the cross sections and reaction rates. An u
limit of 5× 103 electrons cm−3 during egress (Lindalet al. 1983)
and a maximum of 2.4× 103± 1.1× 103 electrons cm−3 during
ingress (Birdet al. 1997) have been deduced from observatio
they are of the order of our computation value.

Concerning the ion compositions, the fact that we introdu
a sink for H2CN+ leads to a larger density of the heavy ions Z+

(see Fig. 8a). A test of our chemical model lies in the comp
son of the aerosol distribution and density inferred from Voya
observations. A microphysics code is included in our program
order to produce aerosols by coalescing and condensing h

molecules. Photochemistry and ionochemistry are then resp
ITAN: TWO IDEAL CASES 99
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sible for the net production of these heavy molecules. The to
amount of aerosols produced this way is roughly 10−14 g cm−2

s−1 which is the value currently admitted by several autho
(Rannouet al. 1995). This part will be further described in
future paper.

3.2.3. Effective coefficient calculation.The determination
of the electron density from the electron production require
comprehensive chemistry code. A simple approach consist
considering that the only recombination phenomenon is the
combination between N+2 and electrons. The stationary chemic
equation leads to

Ne =
√

P(z)

αeff
, (6)

whereP(z) refers to the total electron production (sum of th
primary and the secondary ones) andαeff to the effective recom-
bination coefficient (Oranet al. 1981). In our case, this coef
ficient reduces to the chemical reaction rateζ of the recombi-
nation between N+2 and electrons. This coefficient depends o
the electron temperature:ζ = 6.06× 10−6√

Te
in cm3 s−1. In order to

take into account the complex real chemical scheme of the io
sphere of Titan, we let our effective recombination coefficie
be a multiple of this recombination rate:αeff=a · ζ.

This method gives very good results in the terrestrial E
gion and can give only a rough idea of what to expect in Tita
ionosphere. Due to the lack of data, the electron temperatu
taken equal to the neutral temperature. Were the electron tem
ature twice as large as the neutral temperature, the result w
be multiplied only by 0.71, which would not much change o
estimate.

With this simple approach, we find thata= 15, or in other
words:

Ne =
√

P(z)

15× 6.06× 10−6√
Te

. (7)

The height profile of the estimated electron density (dash
line, Fig. 9) is very close to the height profile computed wi
the comprehensive chemical code, above the maximum of
F-like region (solid line, Fig. 9). At lower altitude, there appea
a slight discrepancy. One could compute an altitude depend
correction factora, but to the present stage of our knowledge
the neutral atmosphere in Titan, this would be a useless c
putation. Instead, this simple formula (7) makes it possible
compute a rough estimate of the electron density from the t
electron production. In addition, it should be recalled that t
total electron production may be deduced from the primary el
tron production through (3) and (4) and from the secondary e
tron production determined in applying the primary efficienc

on-plotted in Fig. 6, to the primary production.
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3.3. The Nitrogen Emission Intensities and Comparisons
with Observations

Another output of the transport equation is the excitat
rate. Equation (5) can be applied, with the excitation cross
tions in place of the ionization ones. Many of the excited io
and atoms return to equilibrium via the emission of elec
magnetic waves. As far as N+2 is concerned, the Meinel ban
(640–800 nm) is due to the deexcitation of the A25u state.
The first negative band (391.4 nm and 427.8 nm) com
from the deexcitation of the B26+u state. For predissociativ
states, the statec′146

+
u −X16+g lead to thec′4 Rydberg band (with

(0,0) at 95.8 nm, (0,1) at 98.1 nm, (0,2) at 100.3 nm, (3,0
90.4 nm, (3,2) at 94.4 nm, (3,3) at 96.4 nm, and (4,0) at 88.7 n
and the stateb′16

+
u to NII (63–109 nm). Both of them may em

in the NI (85.5–149.3 nm) range. The excitation and dissocia
excitation states lead to the second positive band (320–380
the first positive (red–IR), the Vegard–Kaplan (340–378 nm),
LBH (127.3–210 nm), and the BH (95–170 nm) bands and s
others of smaller intensity (Watson–Koontz, Janin, Gayd
Herman bands).

Some of those emissions have been measured by the
ager 1 ultraviolet spectrometer (UVS) (Broadfootet al. 1981).
By the time of the observation, Titan was exposed to the s
light, but also to Kronian particle precipitations, which are n
taken into account in this section. Up to now, a comparison w
the unique observations by Voyager 1 is certainly the only w
to validate our computation. The results are shown in Tab
with intensities in Rayleigh; in the first column the type of n
trogen emission lines or bands is specified. The second co
shows the measured intensities (disk averaged) as publish
Strobel and Shemansky (1982) and Strobelet al. (1991) with
new calibration of the UVS for some of the emissions. “Er
bars on bright spectral features of±50% would not seem unrea
sonable,” as quoted from Strobelet al. (1992). The third column
of Table I displays our results, using the neutral atmosph

TABLE I
Intensities in Rayleigh of Nitrogen Emissions

Voyager 1 With Without
Type UVS Ar Ar f<25.7nm∗ 2 f<25.7nm/2

391.4 nm 21.6 21.7 43.2 10.8
427.8 nm 6.7 6.8 13.4 3.3
Meinel 118.7 118.7 237.3 59.3
Second positive 31.6 31.7 63.1 15.8
First positive 71.3 71.7 142.7 35.7
Vegard–Kaplan 190.8 291.0 381.7 95.4
LBH 96a,b 69.6 70.0 139.1 34.8
BH 15.2b–25.3a 25.5 25.7 51.0 12.7
N I 77.5a 45.0 45.3 89.9 22.5
N II 8.6b–14.4a 4.8 4.8 9.6 2.4
Rydberg 24.1b–40.2a 38.8 39.1 77.6 19.4

a
 Strobel and Shemansky 1982.
b Strobelet al.1991, new calibration of the UVS.
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plotted in Fig. 1. The excited atoms are due both to photoe
tation and to collision excitation with secondary electrons. T
agreement between observations and computation is reaso
when considering the omission of the particle precipitations a
all the uncertainties on the actual solar flux and those on
composition of the atmosphere.

To estimate the influence of the atmospheric model, the2

density is increased or reduced by a factor of two at all altitu
levels: the nitrogen emission intensities undergo changes lo
than 8%. However, significant variations on emission intensi
occur when the uncertainties of the solar flux are taken into
count. For wavelengths smaller than 25.7 nm, a fudge factor
or 1

2 can be applied to the photon flux. Even though the phys
process is not linear, the response is almost linear; the resu
intensities are increased or reduced by the same factor 2
columns 5 and 6 of Table I and compare with column 3). Mo
over these extreme values of the nitrogen intensities, taking
consideration the uncertainties of the photon solar flux, enc
the measured values obtained from Voyager.

A similar computation was performed by Ganet al. (1992)
with a two-stream simulation. Their cross sections are sligh
different from ours. They used a solar index of 256, with the r
erence spectrumSC#21REFW(Hinteregeret al. 1981): in order
to compare with their results, we have chosen the same solar
in our computations. Their study includes the effect of mag
tospheric electron precipitations. Since this effect accounts
a few percent in their results, we compare our computati
without precipitations. The two computed LBH band intensit
are close to each other (65R in Ganet al. (1992), 69.6R in
the present work), and far from the observations (96R). BH
band proposed by Ganet al. (1992) is 81R, much larger than
ours (25.5R) and than that observed (15–25R). The NI line
in Gan et al. (1992) concerns three states and is 4.0R. For
the same states, the observation is 45.9R. Our estimate for all
states is 45R, also smaller than the observed value (77.5R).
Finally, the Rydberg value forc′4(0, 0) is 26R (Ganet al. 1992).
The observation for this only state is 8R. The observation for
all states is in the 24- to 40-R range. Our computed value i
38.8 R. One difference between the two computations (exc
for the two/multistream approach) is that Ganet al. (1992) do not
take into account photodissociative excitation of N2, but this is
not sufficient to explain the discrepancies. Both transport co
have been widely tested under different conditions, so tha
this point, we can only see here an effect of the different cr
section sets used.

There is a debate going on the presence of argon in Tita
ionosphere after the nondetection of its resonance li
(Strobelet al. 1992 and references therein). Strobelet al. (1992)
constructed four different models of atmosphere (with differe
mixing ratios of CH4 and Ar) and then compared the relativ
intensities of the Ar resonance lines with a N+ multiplet; this
comparison makes it possible to evaluate the upper limit of
argon abundance in Titan’s atmosphere: the Ar mixing ratio

limited to 0.1 at the tropopause. Here we check if it would be
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possible to evaluate the presence of argon using the nitro
emissions computed above. Indeed, the emissions are in
enough so that one could expect to observe them from an E
orbiting spacecraft. In Table I, column 4 shows the estimat
of these emissions (in Rayleigh) without argon in the neu
model. This percentage varies from 0 to 1.3%. Therefore,
method does not make it possible to conclude from the ob
vation of the nitrogen emission spectra on the presence of a
in Titan’s atmosphere.

4. SECOND CASE: THE NOCTURNAL IONOSPHERE

This second case deals with Titan inside Saturn’s magn
sphere. The study is applied to polar regions on the nights
the considered source of energy is the Kronian electron pre
itations. Our understanding of the magnetic field geometry
the vicinity of Titan is mainly based on Voyager 1 observatio
(Nesset al. 1982, Kivelson and Russel 1983): Titan’s ionosph
created initially by photoionization interacts directly with th
flow of charged particles trapped in Saturn’s magnetosph
The ionospheric plasma loads the incident flow, slows it do
and causes the field lines to drape around Titan. This interac
is extremely complex as shown by Neubaueret al. (1984) and,
to our knowledge, has not been modeled in a usable form.
main issue for our purpose is the knowledge of the form of
field lines when they penetrate the ionosphere, which depe
on the thermal ionospheric pressure. When the ionosphe
produced by electron impacts only, it is weak enough tha
merely disturbs the field lines (Kelleret al. 1994). Therefore,
for simplicity, we assume that the field lines are perpendicu
to the satellite at its poles, as shown in Fig. 10.

4.1. The Precipitated Electron Flux

The electron precipitations that are considered in our mo
come from the Voyager measurements. Voyager 1 and 2
tered the magnetosphere of Saturn in the early afternoon l
time and exited in the dawn hemisphere, about two days la
Titan was the prime target of Voyager 1’s encounter and
magnetic shell crossing occurred inbound at magnetic latit
λ≈ 0.1◦, whereas the standoff distance of the magnetopaus
which is the distance from the magnetopause to the planet in
solar direction—was atRsub= 24 Rs (Behannonet al. 1983).
Using a three-dimensional model of Saturn’s magnetosph
(Maurice and Engle 1995), we estimate the outbound Titan m
netic shell crossing atz≈ 6 Rs (altitude above the equatoria
plane) andλ≈ 18◦. The Voyager 1 encounter took place und
quiescent conditions in the outer magnetosphere, but Voyag
found highly disturbed conditions. For Voyager 2, the sta
off distance of the magnetopause wasRsub= 19 Rs (Behannon
et al.1983) inbound; therefore, Titan’s orbit was in the magn
tosheath. During the outbound path, the standoff distance
varying aroundRsub= 40 Rs. Using the 3D model of Saturn’
magnetosphere, we estimate an average magnetic crossin

Voyager 2 outbound atz≈−9 Rs andλ≈−30◦.
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FIG. 10. The simple model of magnetic field used in this study, tha
vertical filed line at the poles.

Two instruments onboard the Voyagers have measured e
tron fluxes near Titan’s orbit. The plasma science (PLS) exp
ment (Sittleret al. 1983) has covered the 10 eV to 6 keV ener
range. However, the signal above about 1 keV was frequently
low the detection level of the instrument. The low energy char
particle (LECP) experiment (Krimigiset al. 1983) made mea
surements from 20 to 200 keV on Voyager 1, and from 20 k
to 1 MeV on Voyager 2. Mauriceet al. (1996) have gathered
these data sets on a unique 15-min time scale inside 18.5Rs.
Figure 11 is a continuation of this work at 20Rs. From 10 eV to
1 MeV (with a large data gap between 1 and 20 keV), the e
tron fluxes, in cm−2 s−1 keV−1 sr−1, extend over eight order
of magnitudes. On this figure all the measured electron flu
at Titan (Voyager 1 and Voyager 2, inbound and outbound)
into the shaded area.

Measurements at Titan magnetic shell crossings span
about one order of magnitude. The reasons of this dispersio
a lack of accuracy of the magnetic field model which is used
detect the Titan shell crossings, the time variability of the trap
electron populations in Saturn’s outer magnetosphere, and
latitudinal effects. We model a mean electron flux precipitat
on Titan by a single kappa isotropic distribution:8(E, µ)=
6×108E(1+17E)−2.9 in cm−2 s−1 keV−1 sr−1, where8(E, µ)

is the electron precipitated flux withE, the energy in keV and
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FIG. 11. Electron observations at Saturn when crossing Titan’s magn
shell. Measurements by the PLS (10 eV to 6 keV) and LECP (20 keV to 1 M
instruments are gathered for Voyager 1 and 2 inbound (in) and outbound
paths. Data were log-log extrapolated across the energy gap. A simple k
distribution function is used to model the mean flux (see text).

µ, the cosine of the pitch angle. This distribution is overplot
in Fig. 11.

4.2. The Stationary Electron Flux and Ion Production Rate

Using this precipitating electron flux as an input (i.e., sou
function of (1)), Fig. 12 displays the computed stationary el
tron flux in Titan’s ionosphere at four different altitudes. T
fluxes have been integrated in angle over each hemisphere
projected perpendicularly to the magnetic field (taken verti
above one pole), providing the total flux; they are given a
function of particle energy (cm−2 s−1 eV−1),

flux(z, E) = 2π

∣∣∣∣∫ 1

0
dµ · µ ·8(z, E, µ)

∣∣∣∣
+ 2π

∣∣∣∣∫ 0

−1
dµ · µ ·8(z, E, µ)

∣∣∣∣,
wherez represents the altitude and8 the stationary electron flux
computed from (1). As they propagate in Titan’s ionosphere,
electrons degrade their initial energy in many inelastic scatte
processes, among which ionization and predissociative ion
tion. Through the values of associated cross sections, the d

ent collisional processes contribute to the structure of the cur
for example, the dip between 2 and 4 eV is caused by the exc
ET AL.
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tion of vibrational levels in N2 (Rees 1989 and references therei
The ion and electron production rates are deduced from this
tionary electron flux and shown in Fig. 13. The ionization cro
sections being of about the same magnitude for the 3 neu
species, the different ion production rates follow the same or
as the neutrals in density. The electron production rate is t
mostly due to the ionization of the dominant neutral speci
that is nitrogen; it peaks at 650 km with a value of about 2 el
trons s−1 cm−3.

The uncertainties and the variability of the precipitated fl
modeled in Section 4.1 hardly exceed an order of magnitu
(Maurice et al. 1996). Therefore, we estimate the maximu
excursion that the electron production rate may have, by m
tiplying or dividing the Voyager electron flux by 10. Such a
operation leads to a variation of the production rate by ab
the same factor of 10 above 600 km. Another way to estim
a frame for the electron production rate in Titan’s ionosphe
is to compute it using maximum and minimum measured in
fluxes. This computation is shown in Fig. 14 in addition wi

FIG. 12. Total projected electron fluxes at different altitudes. The comp
ita-
tation was performed on 16 angles and 200 energies. The altitude of the incident
flux is 1300 km.
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FIG. 13. Ion production computed for the nocturnal case. The thick so
line represents the total electron production. As no photoelectrons are produ
no primary production is generated.

the electron production rate previously discussed. The us
a precipitating flux made out of the upper border of the shad
area in Fig. 11 leads to a production rate peaking at about 550
with a value of about 5 electrons s−1 cm−3. When the input flux
is the minimum one, made from the lower border of the shad
area in Fig. 11, we find a maximum production rate of 1
2 electrons s−1 cm−3.

5. SUMMARY AND DISCUSSION

We have computed the electron and ion production rate
Titan for two different configurations. For the diurnal equator
conditions, with Titan outside Saturn’s magnetosphere, the g

FIG. 14. The total ion production for three precipitating electron fluxe
in the nocturnal case; the fluxes are (from left to right) a flux made from
minimum border of the shaded area in Fig. 11, the kappa model, the u

border. The thin line shows the expected additional electron production du
the superimposition of photoionization at solar angle of 64◦.
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properties of Titan’s ionosphere are similar to those of Ear
with E- and F-like regions. We have compared the primary
secondary electron production rates: the deduced primary
ciency is not significantly dependent on the zenith angle if
neutral atmosphere is assumed constant. This efficiency ca
used to deduce the secondary electron production from the
mary one which can be easily computed from (3) and (4). Mo
over, we have proposed an effective recombination coeffic
by comparison of the electron density computed from a com
hensive chemical model and a simple recombination appro
Such a coefficient makes it possible to easily compute the e
tron density profile from the total electron production rate w
a reasonable accuracy. We have also shown that the analy
nitrogen emission spectra does not provide any constraint o
presence of argon in Titan’s atmosphere.

We have performed a comparison with the UVS measu
ments of nitrogen emission spectra from Voyager 1 observati
This comparison is twofold. (1) The calculated N2 emission in-
tensities are consistent with the UVS observations (detaile
Section 3.3). Although Voyager 1 was inside the Kronian m
netosphere during these measurements, we cannot conclud
the electron precipitations have no effect on Titan’s ionosph
structure. The emissions we present are indeed primarily
to photoexcitations. Uncertainties on the input parameters
lar flux, neutral atmosphere, cross sections) may hide the
nor) contribution of the electron precipitation to these emissio
(2) With a comprehensive chemical model, we have comput
maximum electron density of 2× 103 electrons cm−3, peaking
around 1000 km. An upper limit of 5× 103 electrons cm−3 be-
tween 900 and 1100 km was derived from the Voyager 1 ra
occultation measurements during egress (morning termina
(Lindal et al. 1983). The ingress data associated with even
terminator have been reexamined by Birdet al. (1997): they are
consistent with a maximum electron density of 2.4× 103± 1.1×
103 electrons cm−3 at an altitude of 1180± 150 km. Therefore
values between computations and observations are consis

For the nocturnal polar conditions, we present the degra
tion of precipitating electrons in Titan’s atmosphere and the
sociated ion production. The incident flux was modeled b
kappa distribution from all Voyager measurements near T
magnetic shell. This nocturnal case study is very prospec
and offers no immediate validation. We have adopted a cr
approximation for the field line geometry. The “vertical fie
model” is strictly valid for the brief period of time when Titan
in Saturn’s shadow (5h40 per 16 days when the ring inclina
is <2.9◦); this duration is expected to be much larger than
lifetime of H2CN+, usually the major and last ion constituent
Titan’s ionosphere. At other times, this geometry gives an
per limit of the contribution of the precipitating electrons to t
formation of the ionosphere, since the ionization is maxim
under the normal incidence. Other authors have used other
representations applying to the wakeside of Titan (Ganet al.
1992, Kelleret al. 1994). The originality of our study is that

makes use of precipitating electron fluxes as measured at Titan.
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The total ion production in the diurnal case is, at its ma
mum, about one order of magnitude larger than the produc
in the nocturnal case (see Figs. 5 and 13). Keeping in m
the restrictions we have set on the magnetic field geometry
superimpose a EUV photon flux to the electron precipitat
at Titan’s pole. We use a solar zenith angle of 64◦ which is
the minimum one at Titan’s poles; this leads to a maxim
value for the vertical component of total photon energy flux
3.8× 10−3 erg cm−2 s−1. Our model of the electron precipitatio
gives 6× 10−3 erg cm−2 s−1. Figure 14 displays the additiona
ion production due to the UV light. As expected, this produ
tion is very effective between 1000 and 1200 km. It drops be
800 km because of the large solar angle, where the produc
due to the precipitating electrons becomes dominant.

Evidently, future developments of this work must include
better definition of the field lines draped around Titan and
precipitations of Kronian ions as an extra ionization source. T
oretical studies of the interaction between Titan and the Kron
magnetic field are going on in several places (Cravenset al.1998,
Ledvina and Cravens 1998, Kabinet al.1999). Moreover, in the
vicinity of Titan, ion species are probably N+ and H+, which
may interact with Titan’s atmosphere. Nevertheless, a real
description of the proton or ion penetration path in Titan’s ion
sphere is not easily feasible: the ions are fast enough that
gyroradii are roughly the size of Titan (Cravenset al. 1992).
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