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Ionization sources in Titan’s deep ionosphere
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[1] We analyze a multi‐instrumental data set from four Titan encounters by the Cassini
spacecraft to investigate in detail the formation of the ionosphere. The data set includes
observations of thermospheric and ionospheric species and suprathermal electrons. A model
describing the solar and electron energy deposition is used as an organizing element of
the Cassini data set. We first compare the calculated secondary electron production rates
with the rates inferred from suprathermal electron intensity measurements.We then calculate
an effective electron dissociative recombination coefficient, applying three different
approaches to the Cassini data set. Our findings are threefold: (1) The effective recombination
coefficient derived under sunlit conditions in the deep ionosphere (<1200 km) is found
to be independent of solar zenith angle and flyby. Its value ranges from 6.9 × 10−7 cm3 s−1

at 1200 km to 5.9 × 10−6 cm3 s−1 at 970 km at 500 K. (2) The presence of an additional,
minor source of ionization is revealed when the solar contribution is weak enough. The
contribution by this non‐solar source—energetic electrons most probably of magnetospheric
origin—becomes apparent for secondary electron production rates, due to solar illumination
alone, close to or smaller than about 3 × 10−1 cm−3 s−1. Such a threshold is reached near
the solar terminator below the main solar‐driven electron production peak (<1050 km).
(3) Our ability to model the electron density in the deep ionosphere is very limited. Our
findings highlight the need for more laboratory measurements of electron dissociative
recombination coefficients for heavy ion species at high electron temperatures (especially
near 500 K).
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in Titan’s deep ionosphere, J. Geophys. Res., 115, A07312, doi:10.1029/2009JA015100.

1. Introduction

[2] Titan’s ionosphere was first detected by the Voyager 1
radio occultation [Bird et al., 1997] but whether it is produced
primarily by solar radiation or electron precipitation from
Saturn’s magnetosphere has been under debate for several
decades [e.g., Nagy and Cravens, 1998]. On the one hand,
Titan is located ten times further from the Sun than the Earth,
which implies a solar flux one hundred time less at Titan than
at Earth. On the other hand, Titan is, most of the time, within
Saturn’s magnetosphere where it undergoes intense bom-
bardment from energetic particles. In addition, the magne-
tospheric forcing at Titan is complicated by the variation of
the angle between the solar direction and the co‐rotating

plasma direction. Unlike at Venus, where the dayside iono-
sphere corresponds to the ram side of the induced magneto-
sphere, at Titan the magnetospheric ram location varies with
local time, as Titan rotates around Saturn. This yields a
complex and dynamic magnetospheric forcing and magnetic
field configuration for Titan’s ionosphere. It is therefore not
surprising that in the pre‐Cassini era, it was not clear which
source of ionization was dominant on the dayside. Additional
sources for the formation of ions in Titan’s atmosphere
include a fraction of the pickup ions freshly produced from
Titan’s upper atmosphere, which precipitate back especially
on Saturn‐facing side of Titan [Tseng et al., 2008] and deposit
their energy primarily above 1100 km [Michael and Johnson,
2005], meteorites contributing near 700 km altitude [e.g.,
Ip, 1990; English et al., 1996; Molina‐Cuberos et al., 2001]
and cosmic rays which cause ionization near 65 km [e.g.,
López‐Moreno et al., 2008].
[3] Besides remote sensing observations from radio occul-

tations [Kliore et al., 2008] and from UV imaging spectro-
graph [e.g., Ajello et al., 2008], the Cassini spacecraft has
provided a wealth of in situ measurements on Titan’s upper
atmosphere during close flybys of the moon. The data sets
that provide the best constraint on Titan’s ionosphere come
from the Langmuir Probe (LP), a subsystem of the Cassini
Radio and Plasma Wave Science (RPWS) experiment, the
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Ion and Neutral Mass Spectrometer (INMS), the Electron
Spectrometer sensor (ELS), a sub‐system of the Cassini
Plasma Spectrometer (CAPS), and the Cassini Dual‐Tech-
nique Magnetometer (MAG). For the first, close flyby TA of
Titan by Cassini, Cravens et al. [2005] calculated the elec-
tron density using a suprathermal electron transport model
combined with a photochemical, ionospheric model, both
driven by the INMS N2 and CH4 densities. They compared
the computed values with the RPWS/LP electron density
measurements [Wahlund et al., 2005]. They found that solar
radiation contributes to two‐thirds of the maximum electron
density on the inbound, dayside path and attributed the re-
maining contribution to electron precipitation. More
recently, Robertson et al. [2009] applied the same method to
T17 and T18 and found that solar photons are the main
energy source for solar zenith angles (SZA) up to 100°
above 1000 km. Furthermore, Galand et al. [2006] com-
bined data from INMS, RPWS/LP, and CAPS/ELS acquired
during TA with a suprathermal electron transport model and
an ionospheric model solving the thermal electron energy
equation. They demonstrated that for the two locations
studied (at altitudes of 1220 km (SZA of 82°) and 1350 km
(SZA of 74°)) the main energy source upon Titan’s iono-
sphere was solar radiation. Finally, Ågren et al. [2009]
analyzed a large sample of RPWS/LP electron density data
set and found that the observed ionospheric peak along the
Cassini trajectory is strongly dependent on the SZA. The
magnitude of the peak decreases and its altitude increases
with increasing SZA on the dayside and, as anticipated, well
beyond the terminator (up to 110° SZA).
[4] On the nightside, the analysis of T5 and T21 flybys by

Ågren et al. [2007] and Cravens et al. [2009] suggests that
precipitation by energetic electrons may be the main source of
Titan’s ionosphere. In particular, Cravens et al. [2009] found
a strong correlation between the suprathermal electron flux
and the short‐lived CH5

+ ion density during the T5 flyby. This
finding cannot however be generalized, as the magneto-
spheric electron and ion fluxes measured during T5 were
unusually high compared with all other encounters [Cravens
et al., 2009]. At lower altitudes, Cravens et al. [2008] and
Shah et al. [2009] suggested that precipitation of energetic
protons and oxygen ions from Saturn’s magnetosphere could
be a significant source of ionization, with production rate
peaking below 1000 km. Furthermore, Cui et al. [2009b]
proposed that transport and survival of ions from the day-
side ionosphere into the nightside contributed to the pro-
duction of heavy ions well into darkness. This scenario has
been supported by a multi‐instrumental study combining
INMS, RPWS/LP, and MAG data set from nine close en-
counters of Cassini with Titan [Cui et al., 2010]. This study
identified an ion outflow at the dayside and an ion inflow at
the nightside of Titan.
[5] While Titan’s dayside ionosphere, in particular the

main ionospheric peak, has been shown to be primarily
controlled by solar radiation, the goal of the present study is
to analyze in detail Titan’s ionospheric density profiles, to
identify the presence of any additional ionization sources and
to assess their contributions. Though we extend our analysis
up to 1600 km, the prime focus here is the deep ionosphere
below 1200 km where transport and diffusion can be
neglected [e.g., Ma et al., 2006; Krasnopolsky, 2009]. In
order to identify the sources of ionization, we derive electron

production rates and effective electron dissociative recom-
bination coefficients through different approaches applied to
a multi‐instrumental data set. This data set includes thermal
and energetic particle in situ measurements down to an alti-
tude of 960 km, minimum altitude reached by Cassini during
the selected flybys. An energy deposition model is used as the
organizing element for the data set. The Cassini flybys and
related data set are presented in section 2, followed by a
description of the model in section 3.1 and the approaches
applied to the data set in section 3.2. For solar‐controlled
ionospheric regions, the derived electron production rates and
the recombination coefficients are presented in sections 4.1
and 4.2, respectively, while section 5 focuses on magneto-
spheric‐controlled regions. Our findings are summarized and
discussed in section 6.

2. Cassini Data Set

[6] Four close flybys of Titan, referred as T18, T32, T39,
and T40 in the Cassini project terminology, have been
selected for the present study of Titan’s sunlit ionosphere.
The criteria of selection are driven by the multi‐instrumental
aspect of the study focusing on the deep (<1200 km), sunlit
ionosphere of Titan. As a result, they include the availability
of useable data sets from INMS, RPWS/LP, and CAPS/ELS
at SZA less than 110° for a large part of the flyby, and a
close flyby with a closest approach (CA) altitude less than
1100 km. The characteristics of the selected flybys are sum-
marized in Figure 1. Titan was moving away from southern
hemisphere summer solstice with a solar declination varying
from −15.6° for T18 (September 23, 2006), −11.8° for T32
(June 13, 2007), to −9.2° for T39 (December 20, 2007) and
−8.7° for T40 (January 5, 2008). All the Cassini measure-
ments used here have been reduced using standard techniques
previously described in the literature: Ågren et al. [2009] for
RPWS/LP; Yelle et al. [2008] for INMS neutral data; Cui
et al. [2009b] for INMS ion data; and Lewis et al. [2009]
for CAPS/ELS. The resultant data are displayed in Figures 2,
3, and 4. For science issues to be discussed, note from
Figures 2–4 the following:
[7] 1. The dayside electron density peaks show a strong

dependence in SZA (see Figure 2), as already pointed out by
Ågren et al. [2009]. For instance, the magnitude of the peaks
at T39 and T40 is significantly larger, and their altitude lower,
than those of the peaks observed at T18 and T32 and asso-
ciated with regions closer to the terminators (see Figure 1c).
At T18, the outbound path is associated with smaller SZA
values than the inbound path. This yields a larger magnitude
and a lower altitude for the electron density peak at outbound
than at inbound. However, the geometry of the flyby is critical
in interpreting the ionospheric data set [Cui et al., 2009b].
The electron density observed along the path can differ sig-
nificantly from the profile along the local vertical, especially
at large SZA, as attested by the difference between inbound
and outbound electron densities at T18.
[8] 2. Unlike the electron density in the peak region, the

electron temperature is not strongly correlated with SZA. It is
instead driven by the complex configuration of the magnetic
field lines [Galand et al., 2006]. We have derived a polyno-
mial of degree 1 which best fits in the least‐squares sense the
electron temperature data set associated with the four selected
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flybys, as shown in Figure 3a. This fit is used as input to the
suprathermal electron transport model (see section 3.1).
[9] 3. Figure 3b illustrates the increasing complexity of the

ionospheric composition with lower altitudes and the role that
Titan’s ionosphere is anticipated to play as the source for the
aerosols detected at lower altitudes [e.g., Coates et al., 2007;
Vuitton et al., 2008]. The mean ion mass values derived from
INMS should however be viewed as a lower limit in the deep
ionosphere. The INMS instrument cannot detect ions of
masses above 100 amu, which become increasingly abundant
towards lower altitudes with fraction reaching 50–70% of

Figure 2. Ionospheric electron density (triangles for
inbound and crosses for outbound) derived from RPWS/LP
observations for the four selected flybys plotted as a function
of the altitude along the trajectory. The ±10% uncertainty is
shown with horizontal, solid lines.

Figure 1. Characteristics of the four selected Cassini flybys. Altitude along the trajectory versus (a) lati-
tude, (b) longitude, and (c) solar zenith angle (SZA). The dashed lines correspond to the inbound part of the
trajectory, the solid lines, to the outbound part, and the filled square, to closest approach. Only T32 outbound
is considered, as the rest of the trajectory is on the nightside.

Figure 3. (a) Ionospheric electron temperature derived from
RPWS/LP data set for the four selected flybys, plotted in grey
as a function of the altitude along the trajectory. The ±15%
uncertainty is shown with horizontal, solid lines. The solid,
thick black line represents a linear fit to the data: Te[K] =
2.3 × z[km] – 1960, above 1070 km. Below, Te = 500 K.
(b) Mean ion mass derived from INMS ion observations
(positive ions with masses below 100 amu) for T39 outbound
(crosses) and T40 inbound (triangles) plotted as a function of
the altitude along the trajectory. Note that the mean ion mass
derived from INMS observations is sensitive to the spacecraft
potential VSC. Though VSC is observed by RPWS/LP, its
value at the location of INMS is uncertain. We therefore
only use the ion mass from the two paths for which VSC

derived from RPWS/LP have values within 20% of the
default −0.5 V. The error related to the counting statistics
(±1s) is shown with horizontal, solid lines which are often
smaller than the symbol size. It is less than 1.2%.
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the total plasma number density in the 950–1000 km range
[Wahlund et al., 2009; Crary et al., 2009].

3. Multi‐instrumental Approach

[10] An energy deposition model, described in section 3.1,
is used to link the multi‐instrumental data set presented in
section 2 and to calculate effective recombination coeffi-
cients, as illustrated in Figure 5. Three different approaches
are applied to derive values for the effective recombina-
tion coefficient, as explained in section 3.2. Comparison
of the results based on these three approaches is discussed
in sections 4 and 5.

3.1. Energy Deposition Model

[11] We have solved the Beer‐Lambert law for calculating
the absorption of solar photons for each of the four selected
flybys and solved the Boltzmann equation for calculating the
transport and energy degradation of suprathermal electrons,
using the model described by Galand et al. [2006]. The pri-
mary (by photoionization) and secondary (by electron‐impact
ionization) production rates are derived. The N2 electron
impact cross section has been updated based on Shemansky
and Liu [2005], Itikawa [2006], and Tian and Vidal [1998].
The ionospheric electron temperature and the atmospheric
neutral densities are derived from the RPWS/LP and INMS in
situ observations (see Figures 3a and 4).
[12] The solar flux at the top of the atmosphere is based

on the measurements of the Thermosphere Ionosphere
Mesosphere Energetics and Dynamics (TIMED)/Solar EUV
Experiment (SEE) extrapolated to Saturn [Woods, 2008;
Galand et al., 2009, and references therein]. For each case the
solar flux for the day of the flyby was used. The 2006–2008
period corresponds to low solar activity. At Earth, the solar
index F10.7 was below 100 with values ranging from 65 to 95
for a month around each of the flybys. The solar variability of
the solar flux extrapolated at Saturn between the different
flybys, using T40 as the reference, is plotted in Figure 6. The
square of the Sun‐Saturn distance accounts for less than 2.5%
of the variability. Above 40 nm the ratio is less than 20%
except around 60 nm. The latter is related to an instrumental
effect but does not affect significantly the ionization rates in
an upper atmosphere, as pointed out by Galand et al. [2009].
Larger variability is found shortward of 40 nm, in particular in
the soft X‐ray region as anticipated, reaching up to 70%.
[13] The calculation of the suprathermal electron transport

is performed along the local vertical. It is repeated for 14
locations of the Cassini spacecraft along the path for each of
the flybys. Assuming vertical magnetic field lines is valid
here as we are focusing on the total ionization rate under
sunlit conditions. Under such conditions with solar input

Figure 4. Altitude profile of the density of N2 (dashed lines
for inbound and solid lines for outbound) and CH4 (dotted
lines for inbound and dash‐dotted lines for outbound) derived
from INMS observations for the four selected flybys.

Figure 5. Schematic illustrating the assessment of the “model” and “ELS” effective recombination coef-
ficients, amodel and aELS, respectively, using Cassini multi‐instrumental data set binded by the energy depo-
sition model (see section 3).
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only, the transport of suprathermal electrons starts to have a
significant effect on the secondary electron production rate
only above about 1200–1250 km. At 1200 km (1250 km), the
solution of the Boltzmann equation assuming local approxi-
mation (no transport) yields a secondary electron production
rate which is less than 15% (40%) different from the one
derived with transport included. The difference in secondary
electron production rate between the two approaches reaches
smaller values at lower altitudes. For T39 and T40, the tra-
jectory of Cassini is actually such that photoionization is the
dominant ionization source over the whole flyby. For T18 and
T32 outbound, the primary production through photoioniza-
tion dominates the electron production above 1100 km, while
the secondary electron production rate difference between the
local approximation and the transport case is within 10%
below 1100 km (see section 4.1). Calculation of the transport
of the suprathermal electrons along the local vertical under
sunlit conditions is therefore justified for the present study
focusing on the recombination coefficient derived from the
total electron production rate.

3.2. Calculation of Effective Recombination
Coefficients

[14] We assume local photochemical equilibrium for
thermal ions and electrons. The production sources include
photoionization, suprathermal electron‐impact ionization,
and ion‐neutral chemical reactions. For light ions, the loss
processes are primarily reactions with neutral species yield-
ing the production of heavier ions, whereas for heavy ions
and a few atypical light ion species, such as NH4

+, the loss
processes are dominantly electron dissociative recombination
[Vuitton et al., 2007;Cui et al., 2009a]. Adding the continuity
equations for all ion species together yields:

Pe zð Þ ¼
X
i

�i zð Þ � Ni zð Þ � Ne zð Þ ð1Þ

with Pe, the production rate reduced to photoionization (or
primary ionization) and electron‐impact ionization (or sec-
ondary ionization)—keeping in mind that double or triple
ionizations are minor compared with single‐electron ioniza-
tion. Ni and Ne are the density of the ion species i and the
density of electrons, respectively, ai, the electron dissociative
recombination coefficient associated with the ion species i,
and z, the altitude. Equation (1) can be re‐written as follows:

� zð Þ ¼ Pe zð Þ � Ne zð Þð Þ�2 ð2Þ

with a, the effective recombination coefficient, defined as:

� zð Þ ¼
X
i

�i zð Þ � Ni zð Þ
Ne zð Þ ð3Þ

[15] We have applied three approaches for estimating the
effective recombination coefficient a from the Cassini data
set. The first two approaches are based on relation (2) and use
the electron density from RPWS/LP presented in Figure 2.
Figure 5 illustrates how the two recombination coefficients,
amodel and aELS, are derived. For the “model” approach,
both the primary and secondary electron production rates are
calculated using the energy deposition model described in
section 3.1. For the “ELS” approach, while the primary
production rates are derived from the Beer‐Lambert law (see
section 3.1), the secondary production rates are obtained from
the suprathermal electron intensities measured by CAPS/ELS
as follows:

PELS
e zð Þ ¼ 4�

X
n

Nn zð Þ
Z Emax

Eioni
n

�el
n Eð Þ � IELSe E; zð Þ � dE ð4Þ

with Nn, the INMS‐derived thermospheric density of species
n at altitude z, Ie

ELS, the ELS‐derived intensity of electrons at
energy E at altitude z, averaged over anodes 4 to 6—the least
affected by the wall effect [Young et al., 2004]—(in cm−2 s−1

eV−1 sr−1), En
ioni, the non‐dissociative single‐ionization

threshold, and sn
el, the total electron‐production cross section

for species n ionized by electrons of energy E.
[16] The third approach which assesses the effective

recombination coefficient aINMS is based on relation (3)
where the individual recombination coefficients ai are taken
from Vuitton et al. [2007]. Recombination coefficients for
CH3CNH

+ and C2H3CNH
+ have been updated with values of

8.1 × 10−7 cm3 s−1 [Vigren et al., 2008] and 1.8 × 10−6 cm3 s−1

[Vigren et al., 2009], respectively. The ion composition is
inferred from the INMS ion analysis (see section 2). We have
chosen this approach instead of using a recombination coef-
ficient based on a detailed ionospheric model [e.g., Vuitton
et al., 2007; Cui et al., 2009b] in order to reduce the num-
ber of uncertainties associated with the complex chemistry
occurring in Titan’s deep ionosphere.
[17] Finally, the individual recombination coefficients, ai,

are dependent on the electron temperature Te:

�i zð Þ ¼ �i0 zð Þ � Te zð Þ
Te0 zð Þ

� ��i

ð5Þ

where ai0 is the recombination coefficient of the ion species i
at the reference electron temperature Te0 and bi is taken from
Vuitton et al. [2007] with values close to −0.7 for most spe-

Figure 6. Solar variability between T18 (September 23,
2006) and T40 (January 5, 2008) (pluses), T32 (June 13,
2007) and T40 (squares), and T39 (December 20, 2007)
and T40 (circles). The solar variability is defined as the solar
flux ratio between two flybys minus one, that is, the relative
variation. The solar fluxes used are derived from the TIMED/
SEE extrapolated to Saturn. The square of the Sun‐Saturn dis-
tance contributes to less than 2.5% of the ratios. The vertical,
thick bar corresponds to the wavelength of the strong HeII
(30.4 nm) solar line.
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cies. We assume that this temperature dependence also holds
for the effective recombination coefficient a with b taken
equal to −0.7. In order to be able to compare recombination
coefficients derived from different flybys at a given altitude
or at a given mean ion mass, all the recombination coeffi-
cients presented in section 4 and section 5 have been adjusted
to the reference temperature of 500 K—representative of the
deep ionosphere, as shown in Figure 3a—from the value
observed by RPWS/LP at that location.

4. Solar Contribution to Titan’s Ionosphere

4.1. Electron Production Rates

[18] Figure 7 shows the calculated primary (thick lines)
and secondary (thin lines) electron production rates along

the trajectory from inbound (dashed lines) to outbound (solid
lines). Due to the extended nature of Titan’s upper atmo-
sphere, solar ionization occurs well beyond the solar termi-
nator—as seen at T18 inbound and at T32 outbound near CA
(<1150 km)—confirming earlier modeling studies [Mueller‐
Wodarg et al., 2000;Cravens et al., 2004] and recent findings
based on the analysis of RPWS/LP electron density [Ågren
et al., 2009]. In addition, photoionization is the dominant
ionization source for T39 and T40 over the whole trajectory
of Cassini which flies through regions of SZA smaller than
80° below 1300 km, while electron‐impact ionization rates
dominate photoionization rates near CA for T18 inbound and
T32 outbound, corresponding to regions of SZA larger than
80°.
[19] The secondary electron production rate becomes larger

than the primary electron production rate below the altitude of
penetration of 12.5 nm solar photons. Such a value is very
high compared with the value of 20 nm found at Saturn for
instance [Galand et al., 2009]. It is explained by the presence
of CH4 in a significant amount throughout Titan’s iono-
sphere. Solar photons in the 80–99 nm range cannot ionize
N2, but do ionize CH4. This contribution to the primary
production rate is non‐negligible, as the solar flux in this
spectral range reaches often values above 107cm2 s−1 in 1 nm
bins, due to the presence of the H continuum and solar lines
(e.g., OII/III (83.4 nm) and CIII (97.7 nm)). In addition, this
primary production peaks in the altitude region where solar
photons in the 12.5–20.0 nm range deposit their energy.
Below the altitude of penetration of solar photons of 99 nm,
the primary production rate decreases sharply, being reduced
to the ionization by solar photons of wavelength below
12.5 nm. This yields a secondary to primary electron pro-
duction rate ratio larger than 1.
[20] We have compared our electron production rates with

those published in Figure 6 of Robertson et al. [2009] for T18
outbound at 1208 km. The model used by these authors in-
cludes a two‐stream electron transport model coupled with a
photochemical ionospheric model in which no transport is
included. The neutral density profiles they used are from
INMS for T18 inbound. The solar flux is from SOLAR2000
(version 2.34) for the day of observation for wavelengths
exceeding 4.2 nm and from a solar corona collisional model
spectrum tuned to soft X‐ray observations made by the
Yohkoh observatory. At T18 outbound, the altitude of 1208 km
is located well above the ionization peak (see Figure 7b) and
corresponds to the altitude of deposition of solar photons in
the EUV range. Over this spectral range, SOLAR2000 is
based on TIMED/SEE observations, which we are using.
Therefore, the solar input in Robertson et al. [2009] and in
the present study is expected to be very similar. For the
comparison, we have rerun our model using the same neutral
density profiles as Robertson et al. [2009]. We found a value
of 7 × 10−1 cm−3 s−1 for primary production rate and 9 ×
10−2 cm−3 s−1 for secondary production rate of N2

+, to be
compared with 8 × 10−1 cm−3 s−1 and 7 × 10−2 cm−3 s−1,
respectively, from Robertson et al. [2009]. The primary and
secondary production rate values between both studies are
in good agreement within the difference in cross section set
and uncertainty in extracting the values from Figure 6 of
Robertson et al. [2009]. For a sanity check, we have also
done a run with a solar flux turned to zero above 10 nm,
keeping only the soft X‐ray component of the solar flux. This

Figure 7. Calculations of the primary (thick lines) and sec-
ondary (thin lines) electron production rates along the trajec-
tory of the Cassini spacecraft for the four selected flybys. The
inbound path is shown as dashed lines and the outbound, as
solid lines. For T18, the inbound and outbound paths are pre-
sented separately in Figures 7a and 7b for clarity. The triangle
(inbound) and square (outbound) symbols show the second-
ary production rates derived from the CAPS/ELS electron
intensities (see relation (4)). The range of the production
rate associated with each CAPS/ELS case corresponds to two
different upper limits for the energy cutoff (see text). The
CAPS/ELS cases are identified with a number from 1 to 12
allocated by chronological order (see Table 1). The open
symbols are associated with spectra exhibiting a sharp peak at
24.1 eV, while those filled with black are associated with
spectra for which this peak is absent (see Figure 8). For ref-
erence, the calculated vertical profiles of the total (primary
and secondary) electron production rates at CA are shown in
dotted lines and correspond to SZA of (a and b) 89°, (c) 107°,
(d) 61°, and (e) 38°. For these curves, the y‐axis represents the
altitude along the local vertical at CA and not the altitude
along the trajectory.
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yields to a photoelectron population energetic enough to be an
efficient source of ionization. From this run we have estimated
the energy loss per ion produced and found a value near 37 eV
on the dayside, in agreement with values found in the literature
for auroral precipitation in pure N2 atmosphere [e.g., Rees,
1989].
[21] The vertical profiles of the total electron production

rates at CA is shown with dotted lines in Figure 7. As ex-
pected, the peak altitude increases and its magnitude de-
creases with increasing SZA from 38° (T40) and 61° (T39) to
89° (T18) and 107° (T32). As pointed out in section 2, the
geometry of the flyby is critical for interpreting the iono-
spheric data set as the SZA varies over at least 20° below
1400 km during T18 and outbound T32 and over more than
40° during T39 and T40 (see Figure 1c). For large SZA
(>80°), Cassini reaches the region located below the main
ionization peak. In such a region, the ionization rate is
strongly dependent on the SZA, as illustrated by the dif-
ference in ionization rate between the inbound and outbound
paths at T18 (see Figures 7a and 7b). It is also clearly seen at
T32, for which the vertical profile of the total electron
production rate at CA significantly differs from the rates
calculated along the Cassini trajectory (see Figure 7c).
Above the main photoionization peak however, the electron
production rates are not too sensitive to the SZA, as illus-
trated in T39 and T40 (see Figures 7d and 7e).
[22] The secondary production rates (triangles (inbound)

and squares (outbound) in Figure 7) derived from the CAPS/
ELS suprathermal electron intensities (see relation (4)) are
compared with the model calculations. For each CAPS/ELS
spectrum, two values for the electron production rates are
derived. They correspond to two different upper limits for the
energy cutoff. The smallest production rate was obtained by
integrating the spectrum up to the energy where it reaches the
1‐count level averaged over 16 s (dashed line in Figure 8).
The largest production rate was obtained with an upper limit
for the energy cutoff associated with the largest energy bin of
CAPS/ELS. Such an approach provides two extreme cases
between which the “true” value is expected to lie (assuming
no significant flux beyond the ELS range). Each CAPS/ELS
case is characterized in Table 1 and is identified by a number
reported in Figures 7, 8, and 9c, for the sunlit cases (1–12) and
in Figure 9d for the darkside cases (13–15).
[23] In order to confirm our analysis of the penetration of

solar photons, we have checked for which cases the CAPS/
ELS spectra exhibit a sharp peak at 24.1 eV over the central
three anodes. The value of 24.1 eV corresponds to the energy
of photoelectrons produced by ionization of N2 by the dom-
inant HeII (30.4 nm) solar line yielding the production of N2

+

in the A state (threshold energy of 16.7 eV). Such a peak is an
unambiguous photoelectron signature and has been already
identified in Titan’s dayside ionosphere during the first close
flyby of Titan by Cassini [Galand et al., 2006]. In Figure 7,
the open symbols correspond to cases for which the HeII
photoelectron signature was detected, while the symbols fil-
led with black are cases for which the peak was not present
over the whole range of anodes. Figure 8a shows spectra
associated with the former group, while Figure 8b shows
spectra associated with the latter group. The vertical bar
represents the critical energy of 24.1 eV. For the cases for

which the CAPS/ELS observations occurred above the
altitude of penetration of the HeII (30.4 nm) solar line (given
in Table 1), the CAPS/ELS spectra always exhibit an HeII
photoelectron signature (cases 6–8 and 10–12) and the
dominant ionization source is photoionization (as illustrated
in Figure 7). For cases for which the CAPS/ELS observa-
tions occurred well below the altitude of penetration of the
HeII (30.4 nm) solar line—at least 100 km below—the
CAPS/ELS spectra consistently show no HeII photoelectron
signature (cases 2, 4, and 5). However, for cases for which
the CAPS/ELS observations occurred below but close to the
altitude of penetration of the HeII (30.4 nm) solar line—less
than 100 km below—the photoelectron signature is detected
(cases 1, 3, and 9). Calculations of the suprathermal electron
intensity confirm that the photoelectron signature is apparent
down to about 100 km below the altitude of penetration of
the HeII solar line. While the electron production rate
associated with the absorption of HeII solar line reaches a
maximum at the penetration altitude, the flux of 30.4 nm
solar photons is not equal to zero. Full absorption of the
solar flux at 30.4 nm occurs about 100 km below the pen-
etration altitude. It should also be noted that the penetration
altitude is sensitive to uncertainties in modeling input. For
instance, a reduction of the neutral density by 15% for case 1
decreases the altitude of penetration of the HeII solar line by
45 km. In addition, the CAPS/ELS spectra are the result of
measurements over 16 s which corresponds to a range of
altitudes, especially away from closest approach (e.g., 30 km
for case 1).
[24] Another interesting finding is that when the secondary

electron production rate Pe* calculated assuming solar input
alone is large enough, larger than about 3 × 10−1 cm−3 s−1

(cases 3, 6–12), the secondary electron production rate Pe
ELS

derived from CAPS/ELS spectra is close to Pe*. When Pe* is
below 3 × 10−1 cm−3 s−1, the secondary electron production
rate Pe

ELS derived from CAPS/ELS spectra can be signifi-
cantly larger than the total electron production rate calculated
with solar input alone, which is seen for cases 2, 4, and 5. In
summary, when the secondary electron production rate due to
solar radiation is large enough, above a certain threshold, no
other sources are detected. When it is below this threshold,
the presence of a non‐solar population of suprathermal
electrons, additional source of ionization, may be revealed. In
other words, there is a minor contribution to ionization, most
probably from magnetospheric electrons, that only becomes
apparent when the solar source is weak.
[25] Finally, we find that for cases 1, 3, 6, 7, 11, and 12,

the secondary electron production rate Pe
ELS is smaller than the

calculated Pe*, by 35 to 50% when the upper limit for the
energy cutoff for Pe

ELS is chosen to be the highest energy bin
of CAPS/ELS (26 keV), well above the energy of the pho-
toelectrons induced by soft X‐ray (0.1–10 nm) solar photons.
Such a discrepancy, not seen during T39 (cases 8–10) may be
due to several factors: (1) uncertainty in the solar flux at
Saturn estimated to be 20% at most in the EUV (10–100 nm),
spectral range most critical near the main production peak,
(2) uncertainty in photo‐ and electron‐impact cross sections
(15%) (3) uncertainty in the CAPS/ELS. The counting sta-
tistics error yields an uncertainty of 8% for T40 and up to 13%
for T32, while the uncertainty associated with the absolute
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calibration and the error associated with the uncertainty in the
spacecraft potential are estimated to be about 10% and up to
20%, respectively. We checked that the atmospheric neutral
densities do not play a significant role here, as they affect in a
similar way both the modeled and CAPS/ELS secondary
electron production rates. They however affect the absolute
values of the rates. If the neutral densities are multiplied by a
factor of 2, the electron production rate peaks move up. Their
magnitudes increase with a relative difference from 5% for
T18 to 20% for T32 for primary production rates and from
15% for T18 to 45% for T40 for secondary production rates.

4.2. Effective Recombination Coefficients

[26] The recombination coefficients, amodel, aINMS, and
aELS, derived as described in section 3.2, are presented in
Figures 9a–9c for sunlit conditions: Figures 9a and 9b on
the dayside (SZA < 85°) and in Figure 9c near the terminator
(85° < SZA < 110°). All the recombination coefficients
shown have been adjusted to an electron temperature of 500K
applying relation (5), as explained in section 3.2. The mean
ion mass derived from the INMS data set and presented for

T39 outbound and T40 inbound only should be viewed as
qualitative (see section 2). As a consequence, quantitative
information in section 4.2 is only provided for Figures 9a
and 9c.
4.2.1. Dayside Ionosphere
[27] On the dayside (SZA < 85°), amodel at low altitudes,

below 1200 km (or high mean ion mass, above 32 amu) is
well organized, independently of the flyby selected and SZA
(see Figures 9a and 9b). A fit to the data set provides the
following altitude dependence:

� zð Þ ¼ 10 8:82�10�6�z20�5:56�10�3�z0�5:405ð Þ ð6Þ

wherea, given at 500K, is in cm3 s−1 and z0 = z − 1000with z,
the altitude in km (970 < z < 1200 km).
[28] It is not surprising to find an effective recombination

coefficient in the dayside deep ionosphere independent of the
flyby selected and SZA. In this region, solar photons are the
main ionization source (see Figure 7). Furthermore, the
assumption of a photochemical regime is a good approxi-
mation [e.g., Ma et al., 2006]. In addition, the ion mass
increases with lower altitudes (see Figure 3b) yielding the
increasing abundance of heavier hydrocarbons (e.g., c −
C3H3

+, HC3NH
+), whose main loss is through electron dis-

sociative recombination [e.g., Vuitton et al., 2007; Cui et al.,
2009b].
[29] The same trend is found for the effective recombina-

tion coefficient in all three approaches, “model”, “INMS”, and
“ELS” in the deep ionosphere (z < 1200 km ormi > 32 nm): an
increase of the recombination coefficient with lower altitudes
(see Figure 9a) or with larger mean ion mass (see Figure 9b).
For clarity, aELS has not been added to Figures 9a and 9b,
owing to close values to amodel for SZA < 85° (see Figure 7).
The trend found fora is explained by a change in composition
from HCNH+ (28 amu) as dominant species to an increase in
the abundance of c‐C3H3

+ (39 amu), and HC3NH
+ (52 amu).

The former has a very low recombination coefficient of
2.8 × 10−7 cm3 s−1 at 300 K [Semaniak et al., 2001] (2.0 ×
10−7 cm3 s−1 at 500 K), while the two latter ion species have
a recombination coefficient of 8 × 10−7 cm3 s−1 [McLain
et al., 2005] (6 × 10−7 cm3 s−1) and 1.5 × 10−6 cm3 s−1

[Geppert et al., 2004] (10−6 cm3 s−1), respectively (applying
relation (5)).
[30] It is interesting to note that aINMS differs between T39

outbound and T40 inbound above 1250 km (see Figure 9a),
which corresponds to a region where the mean ion mass
between these two paths also differs (mi < 30 amu) (see
Figure 3b). However, when plotted as a function of mean ion
mass, aINMS for both paths have very close values.
[31] The values found for aINMS are however significantly

lower than those obtained for amodel, with a ratio between
amodel and aINMS ranging from 1.6 at 1200 km to 7.1 at
1000 km. The value of aINMS in the deep ionosphere may be
underestimated because heavy ion species of larger masses
than 100 amu become increasingly abundant in this region
[e.g., Waite et al., 2007; Wahlund et al., 2009; Crary et al.,
2009]. If we assume that all the species at 1000 km are
heavy hydrocarbons (>100 amu), the largest realistic value
for a recombination coefficient does not exceed 2 × 10−6 cm3

s−1 at 300K (W. D. Geppert, personal communication, 2009),
that is, 1.4 × 10−6 cm3 s−1 at 500 K, assuming a power index b
(see relation (5)) of −0.7. This would reduce the relative

Figure 8. (a) Electron intensity as a function of the electron
energy, observed by CAPS/ELS, for cases 3, 7, 10, and 12, as
defined in Table 1 and identified in Figure 7. (b) Same as
Figure 8a but for cases 2 and 4, as defined in Table 1 and
identified in Figure 7. The spectra shown here are the average
of 8 samples (16 s) over anodes 4 to 6. They have not been
corrected for the spacecraft potential which significantly
affects the spectrum primarily below 10 eV. The dashed line
is associated with the 1‐count level averaged over 8 samples
(16 s). The vertical, thick bar corresponds to an energy of
a photoelectron produced by the ionization of N2 by HeII
(30.4 nm) solar photons to produce N2

+ in the A state
(24.1 eV). A sharp peak, signature of HeII‐related photo-
electrons, is detected at this energy—within the energy res-
olution of the CAPS/ELS (17%) and uncertainty in the
spacecraft potential (near 0.5 eV for T39 and T40 and <2 eV
for T18 and T32)—in the spectra shown in Figure 8a but not
in the spectra shown in Figure 8b.
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difference between aINMS and amodel from 86% to 65%.
Uncertainties for the recombination rates are typically 20% at
300 K. In addition, the power index b is not well known. On
the one hand,McLain et al. [2004] suggest a switch in b from
−0.7 to −1.4 above 300 K, which would reduce even more
the above recombination coefficient at 500 K, down to 9.8 ×
10−7 cm3 s−1. On the other hand, an increase in the recom-
bination coefficient from 8 × 10−7 cm3 s−1 in the 200–300 K
range to 1.6 × 10−6 cm3 s−1 in the 450–500 K range have been
observed for c‐C3H3

+, though there is no clear explanation for
it at this stage [McLain et al., 2005]. More laboratory mea-
surements and further theory for extrapolating the recombi-
nation coefficient to heavy hydrocarbons near 500 K are
critically needed for providing a better constraint on aINMS.
Regarding amodel, it is proportional to the electron production
rate, which depends on the INMS neutral densities, the cross
sections, particularly photoabsorption and photoionization
cross sections which are known within 15%. If the neutral
densities are multiplied by a factor of 2, the recombination
coefficient at 1200 km increases with a relative difference by
88%. At 1000 km however, the variation is significantly less
with a recombination coefficient within 15% of the default
value. In addition, the ±10% uncertainty on the RPWS/LP
electron densities yields an uncertainty of ±20% on amodel.
Finally, negative ions have been detected in the deep iono-
sphere, with densities up to 10% of the negatively charged
population in the 950–1000 km range [Coates et al., 2007;
Wahlund et al., 2009]. Their presence yields a decrease of
23% in the electron recombination coefficient in this region.
[32] At higher altitudes (above 1200 km), the recombina-

tion coefficients amodel are spread over a large range of values
and no clear altitude dependence can be inferred. The spread
can be primarily explained by transport effect and diffusion,
which become dominant above 1300 km. Diffusion yields a
decrease in the electron density compared with the photo-
chemical regime, which implies an increase in recombination
coefficient [Ma et al., 2004, 2006]. Recently,Cui et al. [2010]
found that the globally averaged measured electron density is

smaller than the density calculated in diffusive equilibrium.
They concluded that there is a global ion escape from Titan
with a total ion loss rate of about 1.7 × 1025 s−1. They also
inferred ion outflow at the dayside and ion inflow at the
nightside occurring primarily between 1300 and 1400 km
and yielding a decrease and an increase, respectively, of the
electron density compared with the diffusive regime. Another
reason for the spread in amodel is additional sources of ioni-
zation, as discussed in section 5.1 for T39 inbound (open, red
triangles). It should be noted that, though the electron tem-
perature spreads over a large range at high altitudes (see
Figure 3a), the effect of this spread does not significantly
contribute to the spread in amodel, as attested by the moderate
spreading of aINMS (see Figure 9a).
[33] It is interesting to see a change in the slope of aINMS

around 1200 km (see Figure 9a) or 32 amu (see Figure 9b).
It is also clearly seen in amodel for some of the flybys, such as
for T39 outbound (red crosses), though the effect may be
more pronounced at high altitudes due to the contribution
of transport processes. This “elbow” shape is the result of
composition changes. Near 1200 km, the most abundant
species is HCNH+ which has the lowest recombination
coefficient (2.8 × 10−7 cm3 s−1 at 300 K) among the most
abundant species in Titan’s ionosphere. At higher altitudes,
C2H5

+ and CH5
+ become the dominant species, while at lower

altitudes, c‐C3H3
+ and HC3NH

+ become increasingly abun-
dant. All these species have recombination coefficients close
to 10−6 cm3 s−1 at 300 K, that is, significantly larger than the
coefficient for HCNH+.
4.2.2. Ionosphere Near Solar Terminator
[34] Near the solar terminator (85 < SZA < 110°), above

1050 km amodel—shown with open blue triangles for T18
inbound and green crosses for T32 outbound—has values
very close to those found on the dayside and represented by
the fit (black, solid line) (see Figure 9c). Though the SZA
reaches values from 95 to 100° for T18 inbound and from 85
to 95° for T32 outbound, this result is not surprising. Above
1050 km, the main ionization source is still photoionization

Table 1. CAPS/ELS Cases in the Deep Ionosphere Below 1200 km, Away From Regions Contaminated by Negative Ions [Coates et al.,
2007]a

Case
Flyby

(Inbound/Outbound)
Cassini Altitude

(km)
Cassini SZA

(deg)

Penetration Altitude
of HeII Solar Line

(km)

Primary Pe

(“Model”)
(cm−3 s−1)

Secondary Pe

(“Model”)
(cm−3 s−1)

Secondary Pe

(“ELS”)
(cm−3 s−1)

Sunlit Ionosphere (SZA < 110°) (See Figures 7 and 9c)
1 T18 (in) 1095 97 1127 6.5 × 10−1 3.1 × 10−1 3.6 × 10−2–2.0 × 10−1

2 T18 (in) 992 93 1095 2.4 × 10−1 3.2 × 10−1 5.6 × 10−1–1.5 × 100

3 T18 (out) 1051 84 1060 3.6 × 100 1.3 × 100 2.5 × 10−1–6.9 × 10−1

4 T32 (out) 971 104 1272 3.8 × 10−4 3.7 × 10−3 2.3 × 10−1–1.7 × 100

5 T32 (out) 1000 99 1186 4.6 × 10−3 3.6 × 10−2 2.2 × 10−1–1.0 × 100

6 T32 (out) 1105 91 1097 1.6 × 100 4.9 × 10−1 1.4 × 10−1–2.8 × 10−1

7 T32 (out) 1134 89 1086 1.6 × 100 4.0 × 10−1 1.5 × 10−1–2.6 × 10−1

8 T39 (in) 1116 74 1032 4.0 × 100 8.1 × 10−1 6.3 × 10−1–6.4 × 10−1

9 T39 (in) 973 63 1008 6.7 × 100 2.9 × 100 1.5 × 100–2.5 × 100

10 T39 (out) 1060 52 992 9.6 × 100 2.1 × 100 1.1 × 100–1.9 × 100

11 T40 (in) 1075 48 988 8.5 × 100 1.8 × 100 7.0 × 10−1–9.5 × 10−1

12 T40 (out) 1060 29 971 1.1 × 101 2.2 × 100 8.4 × 10−1–1.2 × 100

Dark Ionosphere (SZA > 110°) (See Figure 9d)
13 T32 (in) 1145 125 0 0 0 4.4 × 10−4–9.1 × 10−2

14 T32 (in) 1079 122 0 0 0 1.8 × 10−3–2.3 × 10−1

15 T32 (in) 1007 116 0 0 0 1.2 × 10−1–1.0 × 100

aShown are identification number, Cassini information at the time of ELS observations, deposition altitude of the HeII (30.4 nm) solar line, and electron
production rates Pe derived as explained in section 4.1.
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(see Figure 7a for T18 inbound and Figure 7c for T32 out-
bound). These cases are therefore similar to the dayside cases
presented in Figures 9a and 9b. Below 1050 km, amodel

departs from the dayside fit (solid, black line). This region for
which solar radiation is no longer the dominant ionization
source is discussed in section 5.1.

5. Magnetospheric Electron Contribution
to Titan’s Ionosphere

5.1. Sunlit Ionosphere

[35] Solar radiation is the main source of ionization on the
dayside (SZA < 85°). Due to large secondary electron pro-

duction rates (>0.3 cm−3 s−1) between 950 km and 1200 km,
no additional ionization sources have been detected in this
region during the selected flybys (see section 4.1). However,
at higher altitudes the effect of non‐solar forcing is seen. The
electron density profile at T39 inbound exhibits an increase
near 1350 km (see Figure 2). This “bump”, most probably
related to ionization by energetic particles (e.g., soft elec-
trons, pickup ions), yields very low values for amodel for
which solar radiation is assumed to be the only ionization
source (red triangles in Figure 9a).
[36] In the terminator region at low altitudes (below

1050 km) the contribution of solar photons yields a secondary
electron production rate below about 3 × 10−1 cm−3 s−1 and

Figure 9. (a) Altitude profiles of the modeled effective recombination coefficient, amodel, for the four
selected profiles for “dayside” conditions (sza < 85°) (T18 in blue, T32 in green, T39 in red, and T40 in
cyan). Open triangles correspond to inbound and crosses to outbound. The INMS‐derived effective recom-
bination coefficient, aINMS, is also shown with magenta for T39 outbound (triangles) and T40 inbound
(crosses). The ELS‐derived effective recombination coefficients, aELS, are not plotted for clarity, as they
are very close to amodel due to the dominance of the primary production rate compared with the secondary
rate for the SZA range considered here (see Figure 7). The thick, solid, black line represents the best fit of the
modeled effective recombination coefficient, amodel below 1200 km (defined as relation (6)) and is also
shown in Figures 9c and 9d. (b) Same as Figure 9a but using INMS‐derived mean ion mass instead of the
altitude along the trajectory. The thick, solid, black line represents the best fit of the modeled effective
recombination coefficient,amodel for ionmasses larger than 32 amu. The triangles are related to T40 inbound
and the crosses, to T39 outbound. (c) Altitude profiles of the modeled effective recombination coefficient,
amodel, for T18 (blue) and T32 (green) for “terminator” conditions (85° < SZA < 110°). The ELS‐derived
effective recombination coefficient is shown with filled symbols (triangles for inbound and squares for
outbound) for T18 (blue) and T32 (green), respectively. The range of a associated with each CAPS/ELS
spectra corresponds to two different upper limits for the energy cutoff (see text). Only cases 2 (filled blue
triangles), 4 and 5 (filled green squares), as defined in Table 1 and identified in Figure 7 and for which the
ELS‐derived secondary production rates are significantly larger than the modeled ones, are presented.
(d) ELS‐derived effective recombination coefficient, aELS, for cases 13, 14, and 15 as defined in Table 1
(green, filled triangles) for “nightside” conditions (SZA > 110°). All the recombination coefficients have
been corrected to a reference temperature of 500 K assuming a temperature‐dependence coefficient b of
−0.7 (see relation (5)). The error bars (colored, horizontal bars) shown for amodel are associated with the
uncertainty in RPWS/LP electron density, while for aELS they represent both the uncertainty in RPWS/LP
electron density and the counting statistics error associated with CAPS/ELS electron intensity.
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additional sources of ionization have been revealed (see
section 4.1). In the cases studied, this corresponds to a region
located below the primary electron production peak—asso-
ciated with the deposition of EUV (mainly HeII(30.4 nm)). It
corresponds to a region where solar soft X‐rays produce
energetic photoelectrons. In this region, the secondary pro-
duction rate (due to solar radiation only) dominates the pri-
mary production rate, as illustrated by cases 2, 4, and 5 in
Figures 7a and 7c. The ELS‐derived electron production rate
(filled triangles in Figure 7a and filled squares in Figure 7c) is
found to be larger than the secondary production rate due to
solar radiation only. This implies the existence of a non‐solar
source of energetic electrons, most probably electron bom-
bardment from Saturn’s magnetosphere.
[37] The analysis of effective recombination coefficients

supports the assumption of magnetospheric electrons as the
significant, additional source of ionization. Figure 9c shows
that, if solar radiation is the only ionization source, the
recombination coefficient amodel calculated for T18 (open,
blue triangles and blue crosses) and T32 (green crosses) has
significantly lower values than what is found on the dayside
(solid, black line). Furthermore, the range of values found for
the ELS‐derived recombination coefficient, aELS, derived for
T18 (filled, blue triangles) and T32 (filed, green squares), at a
given altitude is including (T32)—or very close to (T18)—
the value obtained in that altitude on the dayside (solid, black
line).

5.2. Nightside Ionosphere

[38] Though the present study focuses on the sunlit ion-
osphere (SZA < 110°), we examine here three additional
examples extending the study towards the nightside.
Figure 9d shows the ELS‐derived recombination coefficient
for T32 inbound (filled, green triangles) for cases 13, 14,
and 15, as defined in Table 1. The range of values for each ELS
case corresponds to two different upper limits of the integral
over energy. The largest value corresponds to the largest
energy bin of CAPS/ELS (with a central energy of 26 keV),
while the smallest value corresponds to the energy at which
the electron intensity becomes close to the 1‐count level. In
these cases, the energy corresponding to the ELS 1‐count
level is very small, 20 eV for cases 13 and 14 and 40 eV for
case 15. While the range of values derived for aELS for case
15 includes the dayside amodel value at that altitude (black,
solid line) (see Figure 9d), the aELS values for cases 13 and
14 are significantly lower than the values obtained on the
dayside. One possible explanation for this is the contribution
of transport from dayside to nightside [Cui et al., 2009b,
2010]. This scenario would imply an inflow of ions from the
dayside, which is not accounted for in aELS. However, no
definite conclusion can be drawn at this time due to the
small sample.

6. Concluding Remarks and Discussion

[39] We have analyzed a multi‐instrumental data set from
four close Cassini flybys of Titan originally combined using a
model for deposition of solar and electron energy and
assuming photochemical equilibrium. Solar radiation is the
dominant ionization source between 1050 km and 1200 km,
but we have unambiguously revealed the presence of su-
prathermal electrons of non‐solar origin below 1050 km for

85° < SZA< 110°. In this region located below the peak of the
photoionization production rate, the solar contribution to the
electron production rates becomes low enough to enable
the contribution by this additional, minor ionization source to
be revealed. The most probable origin for this additional
source of suprathermal electrons is Saturn’s magnetosphere
which closely interacts with Titan’s ionosphere. Another
possible source in this altitude region is solar flares, as it has
been seen at other planets [e.g., Mendillo et al., 2006]. The
solar flux in the soft X‐ray range which yields the production
of energetic photoelectrons is known to be highly variable
[Neupert, 2006]. It could have been significantly under-
estimated. However, extrapolating from Earth‐based obser-
vations, the flybys analyzed here and made during solar
minimum seem to be associated with periods of relative quiet
solar X‐ray activity. Energetic oxygen ions could also con-
tribute to the production of electrons and ions, especially
below 1050 km in the terminator regions [Cravens et al.,
2008; Shah et al., 2009]. However, the relatively good
agreement, within the error bars, between the recombination
coefficients on the dayside and those obtained from CAPS/
ELS electron fluxes for two different near‐terminator flybys
T18 and T32 (see Figure 9c) tends to show that, for those two
flybys at least, the main additional source is energetic elec-
trons from Titan’s magnetized environment.
[40] On the dayside (SZA < 85°) we have confirmed that

EUV solar radiation is the main ionization source for the
ionosphere between 970 km (imposed by Cassini closest
approach altitude for the selected, dayside flybys) and
1200 km. Above this altitude, non‐solar ion sources become
significant occasionally (e.g., T39 inbound). Such ion sources
may possibly be soft electron precipitation from Saturn’s
magnetosphere or freshly produced pickup ions. On the
nightside (SZA > 110°), due to low signal‐to‐noise ratio in
the cases analyzed here we cannot conclude with certainty
that magnetospheric electrons are important compared with
other sources of ions, such as the inflow of ions from the
dayside [Cui et al., 2009b, 2010]. A more systematic analysis
of the darkside ionosphere will be the focus of a future study.
[41] In the deep, sunlit ionosphere (below 1200 km altitude

for SZA < 110°), we found that the effective recombination
coefficient is independent of the SZA (see sections 4 and 5).
This includes regions where non‐solar sources dominate
ionization (see section 5). The effective recombination
coefficient however is a function of altitude, as illustrated in
Figure 9a, as a result of the altitude‐dependence of atmo-
spheric composition (including minor neutrals) which drives
a complex chemistry [e.g., Vuitton et al., 2007]. The values
obtained for the effective recombination coefficient vary
from 5.9 × 10−6cm3 s−1 at 970 km to 6.9 × 10−7cm3 s−1

at 1200 km for Te of 500 K (assuming relation (5) for the
Te‐dependance connected to Te = 500 K).
[42] We have derived a relation for the effective recombi-

nation coefficient as a function of altitude (relation (6) at
500 K combined with (5) for the Te‐dependance), which is
valid in the deep, sunlit ionosphere (below 1200 km altitude
for SZA < 110°). Applying the Beer‐Lambert law for cal-
culating the photoelectron production rate, it can be used for
a quick assessment of the electron density from 970 km to
1200 km on the dayside (SZA < 85°) and between 1050 km
and 1200 km in the terminator regions (85° < SZA < 110°).
Below 1050 km near the terminators, additional sources of
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ionization including magnetospheric electrons and secondary
electrons under solar illumination need to be included as well.
At high altitudes (>1200 km), beside additional sources of
ionization, transport processes and diffusion need also to be
taken into account for calculating the electron density.
[43] Comparison between amodel and aINMS in the deep

ionosphere highlights our limited knowledge of recombina-
tion coefficients and their dependence with electron temper-
ature above 300 K. At 1200 km, the ratio between amodel and
aINMS is found to be 1.6. This implies a relative difference
between the derived electron densities,NeINMS andNemodel, of
26%. Based on photochemical models, Cravens et al. [2005]
and, more recently, Krasnoplosky [2009] derived a value of
6 × 10−7 cm3 s−1 at 300 K and 2 × 10−7 cm3 s−1 at 680 K,
respectively, at 1200 km. These values correspond to 4.2 ×
10−7 cm3 s−1 and 2.5 × 10−7 cm3 s−1, respectively, at 500 K
(assuming relation (5) for the Te‐dependence). The 500 K
value based on Cravens et al. [2005] is very close to what is
found for aINMS (4.3 × 10−7 cm3 s−1), while the 500 K value
based on Krasnopolsky [2009] is even lower than these two
values. The 500 K values based on both photochemical
models yield an overestimation of the electron density com-
pared with the density derived from our best estimation of
the recombination coefficient, amodel (6.9 × 10−7 cm3 s−1).
At 1000 km, Krasnopolsky [2009] calculated a value of 6 ×
10−7 cm3 s−1 at 300 K, that is, 2.5 × 10−7 cm3 s−1 at 500 K
(assuming relation (5) for the Te‐dependence), to be com-
pared with the value of 3.9 × 10−6 cm3 s−1 for amodel. This
yields a ratio betweenamodel anda fromKrasnopolsky [2009]
of 10, while the ratio between amodel and aINMS is found to
be 7. This implies that the electron density derived from
Krasnopolsky [2009] and from aINMS are a factor of about
three larger than the electron density inferred from amodel.
It highlights our current, limited ability to model the electron
density in the deep ionosphere. More laboratory measure-
ments of the electron dissociative recombination rate of ion
species present at Titan are needed, extending towards high
temperatures (>450 K) and high masses (>100 amu).
[44] Though we have found regions where the main ioni-

zation source is magnetospheric electrons, we have not at-
tempted here to make an estimation of the expected electron
production rates induced by magnetospheric particles, which
requires the knowledge of the magnetic field configuration
(unlike calculations in the present study, as explained in
section 3.1). The reason is twofold. There is a poor constraint
on both the incident electron intensity and the configuration
of the magnetic field lines which cross the trajectory of
Cassini. Though CAPS/ELS measures the electron intensity
before penetrating (ingress) and after having flown through
(egress) Titan’s ionosphere, these twomeasurements may not
correspond to the incident intensity at each “end” of the
magnetic field line along which the magnetospheric electrons
are transported. Furthermore, while the MAG instrument
measures themagnetic field along the trajectory of the Cassini
spacecraft, the knowledge of the global magnetic field con-
figuration in Titan’s ionosphere requires modeling from
MHD [e.g., Backes et al., 2005; Ma et al., 2006, 2009] or
hybrid models [e.g., Modolo and Chanteur, 2008; Simon
et al., 2009]. Though some modeling outputs are available
for T32 [e.g.,Ma et al., 2009; Simon et al., 2009], calculations
of the configuration of the magnetic field near Titan are often

performed at a low spatial resolution and are not always
strongly constrained.
[45] The problem could however be reversed. It is possible

to derive the electron production rate associated with mag-
netospheric electrons from the CAPS/ELS derived rates
minus the contribution by photoelectrons and their second-
aries that we have calculated. For cases 4 and 5 (see Table 1
and Figure 7c), we find 2.3 × 10−1–1.7 cm−3 s−1, and 1.8 ×
10−1–9.6 × 10−1 cm−3 s−1, respectively. To this range of
values associated with the two extreme values for the energy
cutoff for integrating CAPS/ELS intensities, an uncertainty of
30% must be added to account for the uncertainty in abso-
lute calibration (10%) and spacecraft potential (up to 20%).
Additional uncertainties include those in cross sections
(15%), neutral densities, and solar flux. If the neutral density
is increased by a factor 2, on the one hand the solar flux
deposits its energy higher up and the resulting primary and
secondary production rates associated with solar deposition
are reduced. On the other hand, the CAPS/ELS‐derived
production rate which is proportional to the neutral density
(see relation (4)) is doubled. As a result, the value obtained for
the electron production rate associated with magnetospheric
electrons are more than doubled, increasing to 2.7 × 10−1–
3.4 cm−3 s−1 for case 4 and to 4.0 × 10−1–2.0 × 10−1 cm−3 s−1

for case 5. As for the solar flux, if it is increased by a factor of
2 in the soft X‐ray (<10 nm), the solar‐related primary and
secondary production rates are doubled. However, as they
only represent a small fraction of the ELS‐derived production
rates, the electron production rate associated with magneto-
spheric electrons are only reduced by 2% for case 4 and 24%
for case 5. Based on electron transport calculations for a
parabolic magnetic field line configuration, Cravens et al.
[2005] derived N2

+ production rates peaking above 1200 km
for incident electron characteristics at 200 eV and below. As a
result, the production rates they derived at 1000 km and
below, altitudes at which we observe the magnetospheric
contribution, are smaller than 10−2 cm−3 s−1. Even for a
vertical magnetic field configuration, 200 eVmagnetospheric
electrons deposit their energy primarily above 1100 km
[Cravens et al., 2005; Ågren et al., 2007]. The production rate
detected may therefore most probably be caused by magne-
tospheric electrons of energy larger than 200 eV. Recent
calculations by Cravens et al. [2009] applied to T5 and T21
nightside flybys confirm that such high rates in production
can be reached using as boundary conditions energy dis-
tributions based on CAPS/ELS fluxes measured in Titan’s
near environment and extending well above 200 eV.
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