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a b s t r a c t

Cassini results indicate that solar photons dominate energy deposition in Titan’s upper atmosphere.
These dissociate and ionize nitrogen and methane and drive the subsequent complex organic chemistry.
The improved constraints on the atmospheric composition from Cassini measurements demand greater
precision in the photochemical modeling. Therefore, in order to quantify the role of solar radiation in the
primary chemical production, we have performed detailed calculations for the energy deposition of pho-
tons and photoelectrons in the atmosphere of Titan and we validate our results with the Cassini measure-
ments for the electron fluxes and the EUV/FUV emissions. We use high-resolution cross sections for the
neutral photodissociation of N2, which we present here, and show that they provide a different picture of
energy deposition compared to results based on low-resolution cross sections. Furthermore, we intro-
duce a simple model for the energy degradation of photoelectrons based on the local deposition approx-
imation and show that our results are in agreement with detailed calculations including transport, in the
altitude region below 1200 km, where the effects of transport are negligible. Our calculated, daytime,
electron fluxes are in good agreement with the measured fluxes by the Cassini Plasma Spectrometer
(CAPS), and the same holds for the measured FUV emissions by the Ultraviolet Imaging Spectrometer
(UVIS). Finally, we present the vertical production profiles of radicals and ions originating from the inter-
action of photons and electrons with the main components of Titan’s atmosphere, along with the column
integrated production rates at different solar zenith angles. These can be used as basis for any further
photochemical calculations.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The photochemistry in Titan’s atmosphere begins with the dis-
sociation and ionization of the main atmospheric components, N2

and CH4. Reaction among the fragments produced and the back-
ground gas provides the plethora of organic species detected in
Titan’s atmosphere, both neutrals (Coustenis et al., 2007) and ions
(Vuitton et al., 2007) and eventually the optically dominating
organic haze (Porco, 2005; Tomasko et al., 2008).

The dominant energy source available for accomplishing this
dissociation in the upper atmosphere (above 500 km) is solar radi-
ation, which is able to dissociate and ionize the neutral species.
Moreover the energetic electrons produced during the photoioni-
zation have large enough energies to accomplish further dissocia-
tion and ionization. Magnetospheric electrons are another energy
source for Titan’s upper atmosphere. On the dayside, solar photons
ll rights reserved.

.

have been shown to be the dominant source of ionization (Galand
et al., 2006, 2010; Agren et al., 2009). On the nightside, the contri-
bution by magnetospheric electrons has been found to be domi-
nant at times (Cravens et al., 2009), but it is always much less
than solar ionization on the dayside. The lack of EUV emissions
from the nightside (Ajello et al., 2007, 2008) and the large day/
night variation in the thermal electron density (Agren et al.,
2009; Cui et al., 2009) suggest ionization and dissociation by mag-
netospheric electrons is weak or sporadic compared to solar EUV.
Along with magnetospheric electrons, energetic ions (H+, O+) can
also contribute to the dissociation of the neutral gases with their
impact located between 500 and 1000 km depending on the ion
mass. Yet, their contribution appears to be smaller than the impact
of solar radiation and photoelectrons under typical Titan condi-
tions; only flyby T5 had an enhanced magnetospheric signature
that could provide an important ionization rate (Cravens et al.,
2008). Between 700 and 500 km, the ablation of meteoroids pro-
vides a contribution to the ionization (Kliore et al., 2008), but this
is small compared to all other sources when integrated along an
atmospheric column, and furthermore mainly associated with
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ionization of the meteoroid material (Molina-Cuberos et al., 2001).
Finally, in the lower atmosphere, galactic cosmic rays (GCR) are
able to ionize the neutral gas species with a peak contribution close
to 65 km (Lopez-Moreno et al., 2008) and a magnitude comparable
to ionization by solar photons in the upper atmosphere. For a more
detailed discussion of energy sources in Titan’s atmosphere see
also Sittler et al. (2009, 2010) and references therein.

High quality Cassini observations of the distribution of photo-
chemical constituents have raised the bar for Titan photochemical
models. In particular most of the early models treated the initial
photodissociation and ionization of the atmosphere in an approxi-
mate or limited way. The discovery of a complex ionosphere (Vuit-
ton et al., 2007, 2008) as well as abundant N-bearing species (Yelle
et al., 2010) and isotopic anomalies (Liang et al., 2007), implies that
careful treatment of dissociation and ionization of the major con-
stituents is required for accurate photochemical models. Further-
more, Cassini instruments provide observations for the thermal
and suprathermal electron populations in the atmosphere and
their energy distribution, which can now be used for the quantita-
tive validation of the models and the investigation of the photo-
electron contribution in the atmospheric chemical processes. To
this end, we present here a detailed model for photodissociation
and ionization of N2 and CH4 incorporating the latest photoabsorp-
tion cross sections and including the contribution of photoelec-
trons to the dissociation and ionization.

UV emission rates also constrain energy deposition rates. Dur-
ing photoabsorption or in collision with suprathermal electrons,
nitrogen can be excited or dissociated providing atomic N in an
excited state. Spontaneous irradiation produces emissions in the
EUV and FUV spectral regions (airglow) that can be used to dis-
criminate the separate roles of photons and photoelectrons. The
analysis of the Voyager I EUV emissions demonstrated the impor-
tance of photoelectrons in the reproduction of the emissions by
optically forbidden transitions (e.g. the Lyman–Birge–Hopfield,
(LBH), band). Also they set constraints on the role of magneto-
spheric electrons by comparison of the relative day/night emis-
sions (Strobel and Shemansky, 1982; Strobel et al., 1991). Due
to the low resolution of the Voyager measurements and our
insufficient knowledge, at that time, of the transitions involved
in the predissociation of N2, the role of photoelectrons was over-
estimated. Improvement on the relative contribution of photons
and photoelectrons was achieved through theoretical calculations
(Stevens, 2001). The calculations are verified by the higher reso-
lution emission spectra measured by the Cassini UltraViolet Imag-
ing Spectrometer (UVIS). These high-resolution emissions can also
be used for the validation of the photoelectron degradation
calculations.

In this work we focus on the upper atmosphere and investigate
the role of photons and photoelectrons in the dissociation of the
main gas composition in Titan’s atmosphere. We present below de-
tailed theoretical calculations for the photodissociation and photo-
ionization of N2 and CH4 based on the most recent and accurate
photon absorption cross sections from both laboratory and theo-
retical investigations. The calculations include photoelectron en-
ergy degradation using a local energy deposition model. This
model was briefly described in Vuitton et al. (2009), but here we
provide a complete description of its derivation (Section 2). In
addition, we have updated our electron impact cross sections with
the most recently published results, and we report on the contribu-
tion of photoelectrons in the dissociation of N2 and CH4. We vali-
date our models against the recent Cassini measurements for the
suprathermal electron fluxes and the observed EUV and FUV emis-
sion spectrum (Section 3). Our results show that the contributions
of both photons and photoelectrons are required for the accurate
representation of the chemical precursors in Titan’s upper atmo-
sphere (Section 4).
2. Photolysis

Methane and nitrogen are dissociated by photons with wave-
lengths k < 1350 Å and k < 1000 Å, respectively. In our calculations,
we determine the atmospheric optical depth by integration along
the line of sight, assuming a spherical atmosphere. Here, we de-
scribe the N2 cross sections focusing on the new theoretical cross
sections for neutral dissociation, similar to those employed re-
cently by Liang et al. (2007) for the study of N-isotope anomalies
in HCN on Titan.

The dipole-allowed photoabsorption spectrum of molecular
nitrogen, which starts near 1000 Å, is due to transitions from the
ground state X1Rþg into strongly-coupled electronically-excited va-
lence and Rydberg states of 1Pu and 1Rþu symmetry. The resultant
spectrum consists predominantly of multiple narrow band sys-
tems, but coupling between the discrete and continuum states,
with only minor exceptions, results in widespread predissociation
which yields photofragments invariably with a high degree of
internal excitation. Here, we use N2 photoabsorption cross sections
computed using a coupled-channel Schrödinger equation (CSE)
quantum-mechanical model, which treats the interactions be-
tween the excited states explicitly. Aspects of the model, which
has been applied to the study of planetary-atmospheric problems
(Liang et al., 2007; Liu et al., 2009) have been described in detail
elsewhere (Lewis et al., 2005, 2008a,b; Haverd et al., 2005). The
CSE model is validated experimentally and the resultant cross sec-
tions are inherently of infinite resolving power. Furthermore, the
computation of self-consistent temperature-dependent and isoto-
pic cross sections is simple and reliable. Due to the highly struc-
tured nature of the N2 photoabsorption and the solar spectrum,
both of which are illustrated in Fig. 1, the correct calculation of
atmospheric penetration and N2 photolysis rates clearly require
very high spectral resolution.

The lowest three dissociation limits for N2, i.e., N(4S) + N(4S) at
1270 Å, N(2D) + N(4S) at 1021 Å, and N(2P) + N(4S) at 930 Å, are
not accessible via allowed predissociation mechanisms. Predissoci-
ation has never been observed to the lowest limit, N(4S) + N(4S)
(Walter et al., 1993), while the mechanisms accessing the other
two limits must necessarily involve spin–orbit coupling to triplet
states, as demonstrated by Lewis et al. (2005) for predissociation
of the lowest-energy 1Pu states. The present CSE model includes
spin–orbit and rotational couplings which provide a realistic treat-
ment of the N2 predissociation, including strong vibrational and
rotational variations, especially at the longer wavelengths. Qualita-
tively consistent with the detailed observations of Walter et al.
(1993), the computed dissociation branching ratios between the
N(2P) + N(4S) and N(2D) + N(2D) limits display a complex behavior,
predominantly favoring the lower limit for 1021 Å > k > 891 Å, and
the higher for 891 Å > k > 854 Å. The first allowed predissociation
channel for N2, i.e., involving singlet-singlet coupling, opens at
the N(2D) + N(2D) dissociation limit and branching to this limit
can be safely assumed to dominate for k < 854 Å. Because of
remaining uncertainties in the branching mechanisms at shorter
wavelengths, we have adopted the following simplified assump-
tions for the dissociation products:

1021 Å > k > 891 Å :Nð2DÞ þ Nð4SÞ
891 Å > k > 854 Å :Nð2PÞ þ Nð4SÞ

k < 854 Å :Nð2DÞ þ Nð2DÞ

Moreover, the lifetime of N(2P) is very small and rapidly de-exci-
tates to the longer lived N(2D) state (Zipf et al., 1980). In addition
N(2P) is chemically less active than N(2D) (Herron, 1999) and affects
the following chemistry to a smaller degree. Based on these argu-
ments, and also because the production of N(2P) relative to N(2D)
is not well constrained by measurements, both for photons and
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Fig. 1. The theoretically calculated cross sections presented here for N2 photoabsorption between 800 and 1000 Å (upper left panel) with a resolution of 0.05 cm�1

(corresponding to 3–5 � 10�5 Å) and the high resolution (0.04 Å) solar flux spectrum from the SOHO/SUMER instrument at 1 AU (lower left panel). The two small panels on
the right show the structure of the cross sections and solar flux in the narrow region between 920 and 930 Å.
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photoelectrons, we assume in the calculations that all N(2P) formed
results to N(2D).

The CSE cross sections are quantitative over the longer wave-
length region of the spectrum, but their accuracy is expected to
decrease at shorter wavelengths due to the omission of higher-
principal-quantum-number Rydberg states in the current model
(Liang et al., 2007). This is confirmed by comparison with labora-
tory measurements. In Fig. 2, we compare the experimental
Fig. 2. The high resolution photoabsorption cross sections of N2 from the present
work, convolved to the low resolution (10 Å) model spectrum (asterisks). The
thickness of the solid line presents the temperature variation of the cross section
between 50 and 500 K. The N2 photoabsorption cross sections from Samson et al.
(1989), convolved to the same resolution is presented by the diamonds.
room-temperature cross section of Carter (1972), as tabulated in
Fennelly and Torr (1992), with the relevant CSE cross section. Both
sets have been convolved to a resolution of 10 Å full-width at half-
maximum (FWHM) for the comparison. The two sets appear to be
in relative agreement for k > 845 Å, but for shorter wavelengths the
CSE cross section decreases sharply relative to the experimental
cross section. For this reason, we have used the computed CSE
cross sections for k > 845 Å, but experimental cross sections at
shorter wavelengths. The impact of the atmospheric temperature
on the computed CSE cross sections is also taken into account.

Before proceeding, it is important to note that the existing
experimental cross sections in the highly-structured regions of
the spectrum are compromised significantly by the effects of lim-
ited instrumental resolving power. In particular, the measure-
ments of Carter (1972) were taken at a resolution of
0.04 Å FWHM and the resulting cross sections are pressure depen-
dent, representing a lower limit to the true cross sections. The sys-
tematic difference between the computed and experimental cross
sections in the longer wavelength region of Fig. 2 is thus explained.
It follows that the biggest deficiency in our adopted cross sections
is the use of currently available experimental results in the struc-
tured spectral regions with k < 845 Å. It will be possible to extend
the CSE calculations to shorter wavelengths by the inclusion of fur-
ther Rydberg states, but this approach will only cover part of the
gap between 845 Å and the ionization limit at 796.8 Å. Therefore,
supplementary high-resolution absolute experimental cross sec-
tions will still be necessary to overcome the identified deficiency.
Such data is likely to become available through the use of a unique
EUV Fourier-transform spectrometer, recently installed at the SOL-
EIL synchrotron in France, with a resolution of �0.001 Å FWHM,
sufficient to define even the narrowest Doppler-limited lines in
the N2 spectrum.

The threshold for Nþ2 formation is at 796.8 Å (15.58 eV), and
at this energy Nþ2 is produced in its ground state (X 2Rþg ). Higher



Fig. 3. N2 cross sections for ionization and dissociative ionization. The diamonds correspond to the total ionization cross section, while the rest of the lines present partial
ionization cross sections to different states.
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photon energies lead to the production of the N2 ion at excited
states (Fig. 3). The analysis of the emerging photoelectron spectra
shows specific band formation that is correlated with the excitation
of the ions to specific states depending on the energy of the pho-
tons (see Table 1). For wavelengths smaller than 510 Å (24.3 eV)
the excited Nþ2 ions have enough energy to dissociate initiating
the dissociative photoionization. The ionization of the valence
electrons leading to the X, A and B bands leads to the formation
of Nþ2 , while the ionization of the inner-valence electron leads
to production of the C, F, E, G and H bands which are related to
the dissociative photoionization. The total ionization and disso-
ciative ionization cross sections have been measured by Samson
et al. (1987), while the cross sections for the excitation of the
Nþ2 ions at the different bands originating from the inner-valence
electrons have been reported by Krummacher et al. (1980) for the
C, F, E and the combined G + H bands. In the calculations we have
Table 1
Band nomenclature of the N2 ionization emerging photoelectrons and the threshold
energy. Data from Baltzer et al. (1992) and Krummacher et al. (1980).

Band Threshold energy (eV) Products

X2Rþg 15.58 Nþ2
A2Pu 16.926 Nþ2
B2Rþu 18.751 Nþ2
C2Rþu 25.514 See text

F2Rþg 28.8 N+(3P) + N(2D)

E2Rþg 33.6 N+(3P) + N(2D)

G + H 36.8 N+(3P) + N(2D)
normalized the cross sections of Krummacher et al. (1980) to the
total dissociative ionization cross sections reported by Samson
et al. (1987). The state of the dissociation fragments produced
depends also on the photon energy. This has been investigated
by Nicolas et al. (2003) for the C band and by Aoto et al. (2006)
for higher bands. For the C band, from the dissociation limit up
to 473 Å (26.19 eV) the products are N+(3P) + N(4S), while at
smaller wavelengths until 464.6 Å (26.68 eV) the yield for the last
channel drops to 40% and the rest 60% is in the N+(1D) + N(4S)
channel. The authors also report a narrow region between
26.275 and 26.3 eV where the two channels have equal yields.
At even lower energies the dissociation products are in the
N+(3P) + N(2D) states. For the other bands the measurements of
Aoto et al. (2006) suggest that the emerging dissociation products
can be at different states as the ionization energy increases. In the
calculations we consider production only in the N+(3P) + N(2D)
states.

The cross sections for the photolysis of methane are taken from
different laboratory investigations depending on the wavelength
region investigated (Fig. 4). Photoionization and dissociative pho-
toionization cross sections were measured by Samson et al.
(1989) between 110 and 950 Å and provide yields for all the main
dissociation products. The main ion fragments produced at all
wavelengths are CHþ4 and CHþ3 . CHþ2 production starts at
816.0 Å (15.2 eV) accompanied with a hydrogen molecule. Below
630.3 Å (19.67 eV) the hydrogen molecule can be further dissoci-
ated to atomic hydrogens, but whether this happens or not could
not be retrieved from the observations. In the calculations we as-
sumed that below 630.3 Å we have 50% yield for each of the two
processes. For all the other dissociation ion products we assume



Fig. 4. CH4 photolysis cross sections. The gray lines correspond to the total absorption (solid gray) and total ionization cross sections (dashed gray), while the numbers
present different ionization products summarized in the caption along with the adiabatic thresholds of each channel. For channels 3 and 4 the cross sections are the same for
energies larger than 20 eV.
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the neutral products to be those at the first threshold energy,
although further dissociation can produce different neutral frag-
ments at higher energies (see Table 5 in Samson et al., 1989).
The absorption cross section for wavelengths below the C K-edge
(43.68 Å) can be described by the functional:

ln r ðMbÞ ¼ 2:494� ln½kðÅÞ� � 9:307 ð1Þ

while the cross sections at lower energies are taken from other lab-
oratory measurements described in Samson et al. (1989). The yields
for the different channels below 110 Å are assumed to remain con-
stant to the measured values at 110 Å. At lower energies, neutral
photodissociation is assumed to provide fragments based on the
laboratory measurements of Wang et al. (2000) at Ly-a (Table 2).
The total photoabsorption cross sections above the ionization
threshold are taken from Lee and Chiang (1983) and Mount et al.
(1977).
Table 2
Methane photolysis products at Ly-a.

Products Yield

CH3 + H 0.291
1CH2 + H2 0.584
1CH2 + 2H 0.055
CH + H2 + H 0.070
3. Suprathermal electrons

The photoionization of a neutral species leads to the production
of a positive ion along with a free electron (photoelectron).
Depending on the energy of the ionizing radiation, the released
photoelectron can have energies varying from almost zero kinetic
energy for photons corresponding to energies very close to the ion-
ization threshold up to a few keV for X-ray photons. The suprather-
mal electrons collide with neutral species, producing secondary
ionization events (new electrons released are called secondary
electrons) and the cascade continues until the electrons have ener-
gies smaller than the ionization thresholds of the neutral species.
In order to calculate the contribution of suprathermal electron im-
pact in the ionization of the neutral atmosphere we first need to
know the production rate of photoelectrons at a specific energy
(E) and altitude (z) from the solar radiation, S�(z,E). This can be cal-
culated from:

S�ðz; EÞ ¼
X

k;j

U�ðz; kÞrhm
k;jðkÞnkðzÞ=DEk ð2Þ

with U�(z,k) the solar flux at altitude z and wavelength k;rhm
k;jðkÞ the

photoabsorption cross section of species k for photoionization pro-
cess j associated with an ionization potential Tj,nk(z) the neutral
density of species k, and DEk is the corresponding energy width in
eV of the wavelength spectrum. The energy of the produced photo-
electron is E = Ek � Tj. The sum extends over all ionization processes
j and neutral species k.



Table 3
Redistribution functions for different processes.

Electron impact process R(E,E0)

Excitation of neutrals d(E0 � (E + W))rext(E0)n(z)
Dissociation of neutrals Same
Ionization of neutrals rion(E,E0)n(z)
Secondary electrons rsec(E,E0)n(z)
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The degradation of photoelectrons is described by the Boltz-
mann equation (e.g. Rees, 1989):

l @Iðz;l; EÞ
@z

¼ S�ðz;l; EÞ þ neðzÞ
@½LðEÞIðz;l; EÞ�

@E

þ 2p
X

k;j

Z 1

E

Z 1

�1
dl0 dE0Rk;jðl0; E0; l; EÞIðz;l0; E0Þ

� 2p
X

k;j

Z E

0

Z 1

�1
dl0 dE0Rk;jðl; E; l0; E0ÞIðz;l; EÞ ð3Þ

where l is the cosine of the pitch angle and I is the electron inten-
sity (cm�2 s�1 sr�1 eV�1). The first term on the right hand side of the
equation is the photoelectron source function (cm�3 s�1 sr�1 eV�1),
the second term describes the energy transfer from suprathermal
electrons to thermal electrons through Coulomb collisions using a
stopping function L(E) discussed below, and the last term is the loss
of energy E electrons due to all inelastic collisions. The third term on
the right hand side describes the degradation of electrons of energy
higher than E through collisions with neutral species k that can lead
to production of neutrals in excited states, ionization and dissocia-
tion of neutrals and the production of secondary electrons (the j in-
dex discriminates among all these options). Rk,j(l0,E0;l,E) is the
redistribution function of species k for process j and is further ex-
plained below. Solving this equation for the energy, angle and alti-
tude distribution of electrons is not an easy task and requires multi-
stream discrete ordinate methods (see e.g. Galand et al., 1999 and
references therein).

In order to avoid this complexity we can assume that all locally
produced photoelectrons degrade in the same region (no transport
effects). Under this assumption (local approximation) the left hand
side of the Eq. (2) is zero. Integration over solid angles then gives:

0 ¼ S�ðz; EÞ þ neðzÞ
@½LðEÞUðz; EÞ�

@E

þ ð2pÞ2
X

k;j

Z 1

E

Z Z 1

�1
dldl0 dE0Rk;jðl0; E0;l; EÞIðz;l0; E0Þ

�

�
Z E

0

Z Z 1

�1
dldl0 dE0Rk;jðl; E;l0; E0ÞIðz;l; EÞ

�
ð4Þ

where U is the omnidirectional flux of electrons
U ¼ 2p

R 1
�1 Idl ðcm�2 s�1 eV�1Þ. If the redistribution function (R) is

isotropic the above reduces to an energy dependent only equation:

0 ¼ S�ðz; EÞ þ neðzÞ
@½LðEÞUðz; EÞ�

@E
þ
X

k;j

Z 1

E
dE0Rk;jðE0; EÞUðz; EÞ

�
X

k;j

Z E

0
dE0Rk;jðE; E0ÞUðz; EÞ ð5Þ

The last term of Eq. (5) can be replaced by the total electron colli-
sion cross section at energy E, rT

kðEÞ for each species k, giving
eventually:

0 ¼ S�ðz; EÞ þ neðzÞ
@½LðEÞUðz; EÞ�

@E

þ
X

k;j

Z 1

E
dE0Rk;jðE0; EÞUðz; E0Þ �

X
k

rT
kðEÞnkðzÞUðz; EÞ ð6Þ

In the above, S� is the production of photoelectrons integrated in all
directions. Assuming that the photoionization of neutral species
produces photoelectrons symmetrically:

S�ðz;l; EÞ ¼
1

4p S�ðz; EÞ ð7Þ

then S� ¼ S�ðz; EÞ. Below we discuss the remaining parameters re-
quired for the photoelectron degradation calculations and compare
our local approximation model results with detailed solutions of the
Boltzmann equation that includes the electron transport effects.
This allows us to validate the local approximation as well as to iden-
tify its limitations.

3.1. Collisions with thermal electrons

Electrons with energies larger than 10 eV are degraded mainly
through inelastic collisions with the neutral species. For smaller
energies the excitation of neutral species has small cross sections
and energetic electrons are degraded through collisions with the
ambient thermal electrons (Coulomb interactions). The collisions
between suprathermal and thermal electrons are described by
the stopping function, L(E) (Stamnes and Rees, 1983). The stopping
function is mainly controlled by the characteristic temperature of
the thermal electron population.

3.2. Inelastic collisions with neutral species

The redistribution function R(E0,E) describes the probability an
electron of energy E0, colliding with a neutral species, to emerge
with energy E. The possible processes affecting the energy
redistribution of the electrons are excitation, dissociation and
ionization with the latter coupled with the production of a
secondary electron. For each process the redistribution function
takes a different form (Table 3). In excitations, a collision (with
a cross section rext) leaves the neutral species in an excited state
and the electron loses only the energy required to excite the
molecule to a given state with energy W. Thus, the redistribu-
tion function is a delta function satisfying the energy balance
before and after the collision:

E0 ¼ EþW ð8Þ

If the neutral species is ionized by the incident electron then the
remaining energy of the primary electron after the collision de-
pends on the energy of the emerging secondary electron (Es), while
the total energy is again conserved:

E0 ¼ Eþ Esþ T ð9Þ

with T the ionization potential of the neutral species for a given
state. The energy distribution of the emerging secondary electrons
is described by the differential cross section, r(ES,E0) that must sat-
isfy the relationship:

rionðE0Þ ¼
Z E0

0
rðES; E

0ÞdES ð10Þ

where rion is the ionization cross section at the energy of the inci-
dent electron. For secondary electron production the differential
cross section has been analytically described by fitting experimen-
tal results (see Rees, 1989). Inclusion in the calculation of these
parameters and of the electron impact cross sections discussed in
Appendix A, allows the simulation of the electron degradation.



Fig. 6. Cassini spacecraft trajectory during T40 flyby (black thick dots). The time
corresponds to the spacecraft time in hours. The local time at closest approach was
14.3 h. The gaps correspond to the time intervals where the actuator was in the ram
direction and negative ions were detected. The blue and red shaded regions present
the time intervals for which CAPS measurements are compared with the model
results for the ingress (blue) and egress (red) parts of the flyby. The dotted lines
correspond to the average altitude for each set of measurements used. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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3.3. Local deposition – transfer equation comparison

In order to compare our local approximation model with solu-
tion of the complete Boltzmann equation we used the same input
parameters for the two simulations. The common neutral density
profiles and thermal electron populations correspond to the Titan
T40 flyby discussed in detail below. We used the same photoelec-
tron source distribution in the calculations avoiding the possible
differences in the photon flux attenuation processes (the solar ze-
nith angle was set to 37.5�). The resulting energetic electron flux
distribution as a function of energy at different altitudes and the
production rates for primary and secondary electrons are pre-
sented in Fig. 5.

The results show that there is very good agreement between the
two simulations for both the electron fluxes and production rates,
for altitudes below 1200 km. The electron flux energy distribution
is characteristic of the input photoelectron production. For ener-
gies larger than 50 eV the electron flux is dominated by the pro-
duction from X-ray deposition. These photons are able to
penetrate deep in the atmosphere of Titan reaching altitudes below
800 km and this is why their signature in the electron energy dis-
tribution can be seen on all spectra. The peak deposition of X-rays
is between 700 and 800 km, explaining the shoulder in the second-
ary electron production profile in this region. In mid energy range
between 10 and 50 eV the energy distribution is dominated by the
peak close to 24 eV. This is produced by the strong HeII solar line
(304 Å) which is able to ionize N2 providing Nþ2 ; it is further dis-
cussed below in the comparison with the Cassini data. The HeII line
is mainly absorbed close to 1000 km, thus, explaining the reduc-
tion of this feature at lower altitudes. Finally at lower energies
the energy distribution of the electrons is dominated by the N2

vibrational excitation between 2 and 3 eV present on all spectra.
The local approximation used in the current calculations has its

limitations. For high neutral densities the collisions between ener-
getic electrons and gas species are rapid enough to spatially con-
strain their energy deposition in the local region of photoelectron
production. As the atmospheric density decreases with altitude,
the collisions between the energetic electrons and the neutral spe-
cies become less frequent and the former can diffuse in the atmo-
sphere for large distances among collisions. This effect is evident in
the comparison between the electron fluxes calculated with the
two methods at altitudes above 1200 km. The same is also clear
in the altitude profile of the secondary electron production rate
(Fig. 5b) with the rate calculated by the local approximation being
larger than the transport solution rate above 1200 km. Such an
A

Fig. 5. Panel A: Comparison between local approximation model and transport calculatio
shifted downwards for clarity by the designated factors. Panel B: Primary and secondar
effect was also observed in electron transport calculations for the
Earth’s atmosphere (Cicerone et al., 1973). It is interesting to note
in the electron fluxes comparison that a small deviation between
the two solutions is seen for small energies at low altitudes as well.
This happens because the electron impact cross sections at these
energies are small relative to higher energies and thus a small con-
tribution by transport can emerge. This effect does not reflect in
the production rates due to the low energy of these electrons.

The transition region between the local energy deposition and
the transport-affected domain is also affected by the solar zenith
angle. For large l photons can penetrate to deeper altitudes, thus,
the photoelectron production is shifted to regions of high density
where the local approximation holds. As the solar zenith angle
increases the photoelectron production moves towards higher
altitudes and the relative contribution of transport effects can
increase.
B

ns at different altitudes. Note that the distributions for different altitudes have been
y electron production rates for the local approximation and transport calculations.



240 P. Lavvas et al. / Icarus 213 (2011) 233–251
4. Observational constraints

The Cassini spacecraft provided in situ measurements for the
suprathermal electron fluxes and EUV/FUV emissions in Titan’s
atmosphere which can be used for validation of our simulations.
These are presented below.
4.1. Cassini CAPS/ELS

The CAPS/ELS instrument measures the electron fluxes along
the spacecraft trajectory during each Titan flyby (Coates et al.,
2007, 2010; Lewis et al., 2010). We validate our electron fluxes
model against the T40 flyby measurements, which took place on
January 5, 2008, on Titan’s dayside with a solar zenith angle of
37.5� at closest approach (1014 km). We use the neutral densities
of N2 and CH4 measured by INMS for this flyby and scale them up-
ward by a constant factor of 2.6 which is found necessary in order
to have the INMS measured densities in agreement with the atmo-
spheric density derived by the HASI and the Cassini Attitude and
Articulation Control Subsystem (AACS) observations (Müller-Wo-
Fig. 7. Comparison between measured and calculated with local-approximation mode
corresponds to the model results for the altitude shown in each panel. The unidirectional
measured differential fluxes. The blue and red lines correspond to the average measured fl
combination of all available measured spectra ±5 km from the reference altitude. The
the uncertainty of the averaged spectra assuming Poisson statistics. The dashed line cor
the references to color in this figure legend, the reader is referred to the web version of
darg et al., 2008; Strobel et al., 2009). During this flyby CAPS also
detected the presence of negative ions, when the actuator of the
instrument was pointing in the ram direction of the spacecraft
(Fig. 6). Thus, we can compare the simulations with the measure-
ments only at altitudes not affected by the negative ions. The larg-
est number of spectra available for the averaging is found around
the closest approach.

The comparison between the model and observations can be
separated into three energy regions (Fig. 7): E < 5 eV,
5 eV < E < 15 eV, and E > 15 eV. The best agreement between the
model and the observations takes place in the second energy re-
gion (5 eV < E < 15 eV) where both the magnitude and energy
dependence of the differential electron flux are well reproduced.
The local peak close to 24 eV is due to the HeII (304 Å) solar line
which provides a strong photoelectron production at this energy
range. This feature is composed of three peaks (see Fig. 8) originat-
ing from the ionization of N2 in the three valence states (X, A, and
B), but these cannot be resolved by the energy resolution of the
CAPS instrument (DE/E = 16.7%).

For larger energies the model predicts a sharp decrease in the
electron flux, although the observations suggest a significantly lar-
l electron fluxes in Titan’s atmosphere during the T40 flyby. The solid black line
fluxes calculated by the local model are divided by 4p in order to compare with the
uxes for the ingress and egress parts of the flyby. The averaging is performed by the
available number of spectra is given in each panel. The error bars correspond to

responds to the one count level converted to differential flux. (For interpretation of
this article.)



Fig. 8. Comparison among measured and calculated differential fluxes at 1020 km.
The dotted and solid lines correspond to the model results for the high resolution
energy spectrum and the calculated spectrum convolved to the CAPS energy
resolution. The lines with error bars correspond to the measurements assuming a
spacecraft potential of �0.5 eV (solid line) and �1.2 eV (dashed line). The three
vertical lines mark the energy of photoelectrons produced by the photoionization of
N2 in the X, A and B states.

Fig. 9. Volume emission at different bands of N2 due to suprathermal electron
impact.
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ger flux of electrons that is decreasing rather slowly with increas-
ing energy. It is interesting to note that the structure of the ob-
served high energy fluxes is very similar to the variation implied
by a constant count rate of 1 Hz. Thus, this part of the observations
appears to be an instrument artifact (see also Arridge et al., 2009).
A contribution of magnetospheric electrons could also affect the
measurements in this energy range, but there is no reason why this
would be parallel to the instrument response curve.

For the lower energies measured by CAPS (E < 5 eV) the most
prominent feature observed is the maximum between 4 and
5 eV. The location of the nearby minimum based on the model re-
sults should be at 2.3 eV but the observations suggest a minimum
at a slightly smaller energy. In addition the magnitude of the flux is
different between the model and the observations between the
peak and the trough, especially with increasing altitude. The first
discrepancy is related to the value of the spacecraft potential used
in the retrieval of the electron fluxes. The results presented in Fig. 7
assume a �0.5 eV for the spacecraft potential but close inspection
of the location of the HeII photoelectron peak suggest a larger va-
lue which would bring the location of the minimum in the low en-
ergy in good agreement with the observations. This is
demonstrated in Fig. 8, where the retrieved differential flux assum-
ing a spacecraft potential of �1.2 eV is compared with the observa-
tions (for more details in the spacecraft potential see Lewis et al.,
2010). The depth of the minimum is affected by plasma instabili-
ties related to the shape of the suprathermal electron distribution
(Galand et al., 2006 and references therein). This has been observed
in Earth’s atmosphere as well, but no rigorous correction method
has been determined so far. Thus, in the energy range where the
observations are reliable, the model appears to be in good agree-
ment with them.
4.2. EUV/FUV emissions

The Cassini UltraViolet Imaging Spectrometer (UVIS) provided
measurements of the EUV and FUV emissions from Titan’s disk
(Ajello et al., 2007, 2008). The published emissions are from the
second Titan flyby (TB) on December 13th, 2004. We compare
the observed emissions with our model results for a solar zenith
angle of 60�, which is closest to the disk average observations.
For the case of suprathermal electron impact, the volume emission
rate for each line, at each altitude, Pk(z), is calculated from:

PkðzÞ ¼
Z

Uðz; EÞrem
k ðEÞnðzÞdE ð11Þ

with U(z,E) the electron flux at energy E and altitude z, rem
k the

emission cross section at wavelength k for electron impact at energy
E, and n(z) the N2 number density. The peak emission from electron
excitation is located close to 1000 km, thus, we can use the local
approximation model for these calculations. A similar expression
is used for the volume emission rates by photon induced transi-
tions. The emission cross sections used in the calculations are de-
scribed in Appendix B.

Some of the lines observed by UVIS are generated by both
photoabsorption and electron impact, while others are specific to
the processes generating them. Fig. 9 presents the volume emis-
sion rates from different excited states of Nþ2 due to electron im-
pact under solar illumination. The dominant emission from the
optically forbidden LBH band ða1Pg ! X1Rþg Þ is located in the
FUV region, while the other bands are observed in the EUV region.
The altitude dependence of the rates reflects the electron produc-
tion rates described above, with a peak just above 1000 km from
the production of primary photoelectrons and a shoulder close to
800 km due to secondary electron production. The corresponding
volume emission rates from the excited dissociation fragments of
N2 (N⁄ and N+⁄) are presented in Fig. 10 for both photo and elec-
tron-induced transitions, with the former having a significantly
larger contribution than the latter.

The emission observed by UVIS corresponds to the integrated
volume emission along the line of sight. They correspond to mea-
surements of Titan’s disk, thus we calculated the model intensity
for nadir viewing, taking into account the attenuation of the emit-
ted photons by N2 and CH4 absorption. The resulting FUV intensi-
ties are presented in Table 4 and compared with the observations.
Considering that the calculated emissions are an upper limit, due
to the specific nadir viewing relative to the disk average UVIS
observations and also due to the local approximation for the supra-
thermal electrons calculations, there is a very good agreement be-
tween observations and experiment. We note also that for
increasing wavelengths of emitted radiation, the agreement be-
comes better because the attenuation due to atmospheric absorp-
tion becomes smaller. The emissions at the EUV regions from the
excited Nþ2 states are subject to multiple scattering of the Car-
roll–Yoshino band c04

1Rþu ! X1Rþg
� �

and requires more compli-



Fig. 10. Volume emission by atomic N and N+ at the designated wavelengths (in Å) induced by photons (dashed line) and suprathermal electrons (solid line).
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cated calculations (Stevens, 2001; Ajello et al., 2007). These are be-
yond the scope of the current work where we only attempt to val-
idate our model calculations.

Thus, the validation of the model calculations against both the
UVIS and CAPS observations confirms an accurate reproduction
of the energetic processes in Titan’s upper atmosphere.
Table 4
Comparison between calculated and observed emissions from Titan’s disk. The
wavelengths for which results are provided are not affected by multiple scattering
and the impact of atmospheric attenuation by N2 and CH4 is taken into account. The
individual contribution of photons (Ph) and electrons (El) in the calculations are
reported, while the observed emissions with uncertainty, when available, are taken
from Ajello et al. (2007, 2008). All values are in Rayleigh.

Band/line (Å) Model UVIS (Rayleigh)

Ph El Total

1085 1.92 0.35 2.27 2.31
1135 0.88 0.09 0.96 1.33
1200 6.62 1.03 7.65 6.8
1243 0.75 0.26 1.01 0.6
1493 2.35 0.73 3.08 3.0
1743 0.90 0.87 1.77 1.6

Total NI 14.70 3.64 18.34 16
LBH (1250–2600) – 41.24 41.24 43 ± 7
5. Chemical production rates

Identification of the initial photolysis products and the rate at
which they are generated in the atmosphere is imperative in order
to have a correct description of the subsequent chemistry. For disk
average calculations (SZA = 60�) the resulting production rates of
radicals and ions from photon and photoelectron impact on N2

and CH4 are presented in Fig. 11. We note here that our results cor-
respond to diurnal averages, which means that the daytime calcu-
lations have been multiplied by 1/2.

For molecular nitrogen, photons have a peak contribution at
�1000 km (Fig. 11a), while the contribution of suprathermal elec-
trons becomes dominant between 700 and 900 km due to the pro-
duction of secondary electrons in this area by the solar soft X-rays
(Fig. 11b). Thus, both dissociation sources are required for the
description of the total N2 loss rate (Fig. 11c). Based on our calcu-
lations, the total column destruction rate of N2 by photons is
2.77 � 108 cm�2 s�1 (all column values are referred to the surface).
The photoionization of N2 accounts for 67% of this rate
(1.85 � 108 cm�2 s�1), while the rest of the loss rate is approxi-
mately equally divided between dissociative photoionization
(4.57 � 107 cm�2 s�1) and neutral photodissociation (4.61 � 107

cm�2 s�1). For electron impact the total column loss is 1.6 �
108 cm�2 s�1, with 66.9% corresponding to Nþ2 formation (1.07 �
108 cm�2 s�1), 24.6% to neutral dissociation (3.93 � 107 cm�2 s�1)
and 8.5% to dissociative ionization (1.36 � 107 cm�2 s�1).

Our calculations show that the use of the high spectral resolu-
tion cross section, along with a high resolution solar spectrum, pro-
vides a significantly different photolysis profile than the results
obtained with low resolution parameters (Fig. 12). The highly
structured cross sections above 800 Å allow for less absorption to
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take place at any altitude, compared to the resulting absorption
when a low-resolution cross section is used. In other words the
absorption by N2 is spread over a larger altitude range. This affects
the methane photoabsorption because its cross section does not
exhibit such a highly variable structure. As a result, photons not
absorbed by N2 at a specific altitude are absorbed by CH4, leading
to a lower destruction for N2 and a higher destruction rate for CH4,
relative to the rates calculated assuming a low-resolution cross
section for nitrogen (Fig. 12).

We get a different picture for the altitude dependence of the
destruction rates of methane because its absorption spectrum ex-
tends to longer wavelengths than that of N2. Ionization by photons
peaks at 1000 km, similar to N2, but neutral dissociation by pho-
tons extends to lower altitudes with a maximum at �800 km
(Fig. 11d). Photoelectrons dissociate methane at 1000 km (primary
a

c

b

Fig. 11. Productions rates of different dissociation products of N2 and CH4 due to photons
that the profiles have been multiplied by half in order to take into account the day leng
electrons) and at 700–900 km (secondary electrons), providing a
significant ion production in the latter region, but do not signifi-
cantly affect the total production of neutral fragments (Fig. 11e
and f). The column integrated loss rate of methane due to photons
is 3.08 � 109 cm�2 s�1, which is dominated by neutral dissociation;
the photoionization accounts to 3.22 � 107 cm�2 s�1. The impact
of suprathermal electrons provides a column loss of 2.69 � 107

cm�2 s�1 with 53.4% corresponding to neutral dissociation and
the rest to ionization.

The impact of the high-resolution cross section of N2 is more
prominent in the case of CHþ4 production. The cross sections for
the production of CHþ3 and CHþ4 are identical apart from their ex-
tent to the low energy region (see Fig. 4). The CHþ4 threshold is at
983 Å, while the CHþ3 threshold is at 870 Å. As a result CHþ4 produc-
tion is significantly affected by the use of the high-resolution
d

e

f

(top row), suprathermal electrons (middle row) and cumulative (bottom row). Note
th.
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nitrogen cross sections, since photons experiencing a smaller
absorption by N2 in this spectral region, are able to penetrate dee-
per in the atmosphere and ionize methane to CHþ4 at lower alti-
tudes close to 800 km (see Fig. 11d). For CHþ3 though, which does
not have significant cross section at this spectral region the pro-
duction has its peak at a higher altitude, close to 1000 km. The col-
umn production rates for each radical/ion produced are presented
in Table 5.

The above results are not altered if the contribution of isotopic
nitrogen is taken into account. Isotopic substitution results in small
shifts in the rotational and vibrational levels of the molecules,
which translates to small shifts in their photoabsorption cross sec-
tions. Thus, the presence of 15N14N in Titan’s atmosphere could af-
fect the penetration altitude of photons in the highly structured
spectral region of neutral dissociation. We included 15N14N in our
calculations with an isotopic ratio of 183, measured in the lower
atmosphere by the Cassini Gas Chromatographer Mass Spectrome-
ter (GCMS) (Niemann et al., 2005). Although in the upper atmo-
sphere, where N2 is photolyzed, the isotopic ratio will increase
due to diffusive separation we use this value as an upper limit of
the isotopic opacity contribution. The theoretical calculations pre-
sented above also provide high-resolution cross sections for isoto-
pic nitrogen, which we used for the simulation. Our results suggest
that the impact in the photolysis rates of N2 and CH4 is negligible,
although the photolysis rate (J value) of isotopic nitrogen is 30
times larger than the corresponding value for N2 at the photolysis
peak. This is similar to the results of Liang et al. (2007) for the pho-
tolysis rate of isotopic nitrogen.
A

Fig. 12. Photolysis and loss rates of N2 and CH4 for the high (solid line for N2 and dashed
for CH4) cross sections of molecular nitrogen in the spectral region between 800 and 1000
included.

Table 5
Column production rates for each fragment of the dissociation of N2 and CH4 from photon
different solar zenith angles. Values are given in cm�2 s�1 scaled to the surface. Day leng
methylene (a1A1). Read a(b) as a � 10b.

SZA 60� 0�

product P PE Total

Nþ2 1.85(8) 1.07(8) 2.92(8) 5.50(8)
N+ 4.57(7) 1.36(7) 5.93(7) 1.11(8)
N(4S) 2.41(7) 5.29(7) 7.70(7) 1.50(8)
N(2D) 1.13(8) 3.93(7) 1.53(8) 2.95(8)
CHþ4 2.32(7) 6.64(6) 2.98(7) 5.14(7)

CHþ3 7.07(6) 4.65(6) 1.17(7) 1.83(7)

CHþ2 6.88(5) 5.65(5) 1.25(6) 1.91(6)
CH+ 2.18(5) 1.99(5) 4.18(5) 6.40(5)
C+ 4.28(4) 5.08(4) 9.36(4) 1.45(5)
CH3 1.25(9) 1.29(7) 1.26(9) 2.35(9)
1CH2 1.61(9) 1.37(6) 1.62(9) 3.02(9)
CH 1.83(8) 4.05(5) 1.83(8) 3.42(8)
We also present the column integrated production rates (re-
ferred to the surface) at different SZA in Table 5, while we show
the variation of the production profiles with the SZA in Fig. 13.
The main effect of increasing SZA is to shift the production peaks
of each product to higher altitudes and provide an overall decrease
in the column rates. We include in the results the case of 50� SZA
which corresponds to the most representative annual average
equatorial conditions (Lebonnois and Toublanc, 1999).

6. Discussion and conclusions

We presented detailed calculations for the interaction of solar
photons with the main species of Titan’s atmosphere. Our calcula-
tions included the most recent measured cross sections for meth-
ane and nitrogen, as well as the high-resolution theoretical cross
sections for the neutral dissociation of N2 between 800 and
1000 Å presented here. The calculations demonstrated the impor-
tance of using high-resolution cross sections for N2, in the resulting
altitude dependence of the production rates for CHþ4 and the neu-
tral dissociation of N2. With the high-resolution cross sections,
photons are able to penetrate deeper in the atmosphere and en-
hance the ionization of CH4, relative to the corresponding results
when low-resolution cross sections are used.

Previously, Liang et al. (2007) have also used the high-resolu-
tion cross sections of N2 in their photochemical calculations. Their
work mainly focused on the impact of the cross sections on the
relative photolysis rate between N2 and its isotope (14N15N) and
they did not discuss the impact on the methane photolysis. We
B

line for CH4) and low resolution (dash-dotted line for N2 and dash-triple-dotted line
Å. The solar zenith angle for these calculations is 60�. No diurnal averaging has been

s (P) and photoelectrons (PE) at 60� solar zenith angle and total column production at
th scaling has been taken into account. 1CH2 correspond to the first excited state of

15� 30� 45� 50� 75�

5.33(8) 4.81(8) 3.98(8) 3.65(8) 1.72(8)
1.08(8) 9.73(7) 8.07(7) 7.41(7) 3.52(7)
1.45(8) 1.30(8) 1.07(8) 9.77(7) 4.30(7)
2.85(8) 2.56(8) 2.11(8) 1.93(8) 8.66(7)
5.00(7) 4.58(7) 3.90(7) 3.62(7) 1.84(7)
1.78(7) 1.66(7) 1.46(7) 1.37(7) 8.08(6)
1.87(6) 1.75(6) 1.54(6) 1.45(6) 8.86(5)
6.26(5) 5.83(5) 5.14(5) 4.85(5) 2.95(5)
1.41(5) 1.32(5) 1.16(5) 1.09(5) 6.58(4)
2.28(9) 2.06(9) 1.71(9) 1.57(9) 7.67(8)
2.92(9) 2.63(9) 2.19(9) 2.01(9) 9.80(8)
3.31(8) 2.99(8) 2.48(8) 2.28(8) 1.11(8)



Fig. 13. Production profiles for different product of N2 and CH4 photolysis at different solar zenith angles (SZA). The profiles include the contributions from both photons and
suprathermal electrons. Different curves correspond to different SZA: 0� thin solid line, 15� dotted line, 30� dashed line, 45� dash-dotted line, 50� dash-triple-dotted line, 60�
long-dashed line and 70� thick solid line.
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should note that their resulting photodissociation rate for wave-
lengths between 800 and 1000 Å has a different altitude structure
than ours (Fig. 12). We believe this is due to the spectral range over
which the high-resolution cross sections are used. Liang et al.
(2007) use these between 827 and 1000 Å, while in our calcula-
tions we set the lower boundary at 845 Å based on the comparison
of the theoretical cross sections with laboratory measurements
(see Fig. 2 and discussion above). As a result more photons in our
calculations are deposited close to 1100 km relative to Liang
et al. (2007). We should note that between 830 and 840 Å the solar



Table 6
Comparison of N2 loss rates among different photochemical models. See text for details.

Reaction Current work Krasnopolsky (2009) Lavvas et al. (2008b) Wilson and Atreya (2004)

N2 + hm ? N(2D) + N(2D) 2.52(7) – – –
N + N(2D) 2.09(7) 9.01(7) 1.5(8) �8.3(7) (total neutral)

Nþ2 þ e 1.85(8) 2.19(8) 2.05(8) 1.6(8) (total Nþ2 )
N/N(2D) + N+ 4.57(7) 5.49(7) 5.34(7) 4.7(7) (total N+)

N2 + e ? N + N(2D) + e 3.93(7) 1.1(8) –
Nþ2 þ eþ e 1.07(8) – –

N+ + N/N(2D) + e + e 1.36(7) – –
Total N2 loss 4.37(8) 4.74(8) 4.08(8) 2.9(8)

Table 7
Products and threshold energies for electron impact on N2 and CH4.

N2 state Threshold Products CH4 state Threshold Product

N2 Rotj = 0 ? 2 1.48 � 10�3 N�2 Vib 2–4 0.162 CH�4
N2 Vibv = 0 ? 1 0.289 N�2 Vib 1–3 0.361 CH�4
N2 A3Rþu 6.169 N�2 Dis 7.5 CH3 + H
N2 B3Pg 7.353 N�2 Dis 8.5 1CH2 + 2H
N2 W3Du 7.362 N�2 Dis 15.5 CH + H2 + H
N2 B

0 3R�u 8.165 N�2 Ion 13.844 CHþ4 þ e
N2 a0 1R�u 8.399 N�2 Ion 14.323 CHþ3 þ Hþ e
N2 a1Pg 8.549 N�2 Ion 19.890 CHþ3 þ Hþ 2e
N2 w01Du 8.890 N�2 Ion 21.11 CHþ3 þ Hþ 2e
N2 C3Pu 11.032 N(2D) + N(4S) Ion 15.21 CHþ2 þ 2Hþ 2e
N2 E3Rþg 11.875 N(2D) + N(4S) Ion 19.89 CHþ2 þ 2Hþ 2e

N2 a001Rþg 12.255 N(2D) + N(4S) Ion 21.11 CHþ2 þ 2Hþ 2e
N2 b01Pu 12.500 N(2D) + N(4S) Ion 22.41 CHþ2 þ 2Hþ 2e
N2 b01Ru 12.854 N(2D) + N(4S) Ion 28.20 CHþ2 þ 2Hþ 2e
N2 c04

1Rþu 12.935 N(2D) + N(4S) Ion 22.60 CH+ + H2 + H + 2e

Nþ2 X2Rþg 15.581 N+ + N(4S) Ion 28.50 CH+ + H2 + H + 2e

Nþ2 A2Pg 16.699 N+ + N(4S) Ion 27.00 CH+ + H2 + H +2e

Nþ2 B2Rþu 18.751 N+ + N(4S) Ion 23.53 Hþ2 þ CH2 þ 2e
Ion 28.90 Hþ2 þ CH2 þ 2e
Ion 23.70 H+ + CH3 + 2e
Ion 27.50 H+ + CH3 + 2e
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spectrum has a strong emission feature. Thus, detailed knowledge
of the N2 cross section in this region is necessary in order to con-
strain the altitude penetration of these photons. The use of differ-
ent cross sections is also reflected in the total N2 photoabsorption
rate, which for Liang et al. (2007) is 1.9 � 108 cm�2 s�1 compared
to 2.77 � 108 cm�2 s�1 in our calculations. On the other hand, Liang
et al. (2007) suggest that the total atomic nitrogen input at the top
of the atmosphere is in the range (1–2) � 109 cm�2 s�1 based on
Voyager estimations for the contribution of magnetospheric elec-
trons and cosmic rays. GCR deposit their energy in the stratosphere
therefore should not be considered as a source of atomic N in the
upper atmosphere, while their column integrated production of
N is in the order of 108 cm�2 s�1 (Molina-Cuberos et al., 1999). Fur-
thermore, in view of our analysis and the small contribution of
magnetospheric electrons this estimation also appears too large.

We have also presented a model for the energy degradation of
photoelectrons in Titan’s atmosphere based on the local deposition
approximation. The consistency of our results with the detailed
transport calculations suggests that this approximation, can be ap-
plied safely at altitudes below 1200 km but this transition region
can vary with the solar zenith angle. Our simulation of the photon
and photoelectron interaction with the main species of Titan’s
atmosphere reproduces very well the observed dayside electron
fluxes and EUV/FUV emissions measured by the Cassini CAPS/ELS
and UVIS instruments, respectively.

On the nightside of Titan’s atmosphere, energy is provided
mainly through the magnetospheric electrons. From the so far
observations, the contribution of magnetospheric electrons in the
energetic electron fluxes is small. The TB flyby observations did
not detect any nighttime EUV emissions related to atmospheric
processes (Ajello et al., 2007), while the FUV emissions indicated
a H Ly-a emission along with weak N emission, without any
detectable contribution from the LBH band (Ajello et al., 2008),
which is generated only by electron impact. In other flybys, night-
time EUV emissions are present while FUV emissions range up to
50% of the corresponding daytime emissions. Similarly, CAPS/ELS
spectra from Titan’s nightside during flybys T5 and T21 (Cravens
et al., 2009) are variable and at least an order of magnitude lower
than the corresponding spectra at similar altitudes of the day side,
as reported here and also in Galand et al. (2010). Thus, the contri-
bution of magnetospheric electrons always appears to have a smal-
ler contribution than photons. Similarly, the contribution of
magnetospheric energetic ions is inferred to be small under typical
Titan conditions (Cravens et al., 2008; Sittler et al., 2009), thus was
not included in our calculations. During high magnetospheric
activity periods, such as those observed during the T5 flyby, the
contribution of energetic ions could be comparable with the ioni-
zation rates by solar photons. Yet, the observations so far suggest
that these events are infrequent and thus cannot affect the photo-
chemistry over long time scales.

The dominance of photons and photoelectrons over magneto-
spheric electrons and ions as energy sources in Titan’s upper atmo-
sphere, suggests that the former suffice for the description of the
primary chemical precursors of the subsequent chemistry in the
upper atmosphere. In addition to the calculated destruction rates
for nitrogen and methane, the contribution from GCR must be in-
cluded in order to provide a complete description of the radicals
and ions produced. Due to their high energy, GCR are able to
penetrate deep in the atmosphere (Capone et al., 1983; Borucki
et al., 1987; Molina-Cuberos et al., 1999) and provide the only
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means for braking N2 molecules in the stratosphere, enhancing the
nitrogen chemistry at these altitudes (Molina-Cuberos et al., 1999,
2002; Lavvas et al., 2008b). The Huygens measurements for the
conductivity of the lower atmosphere reveal a peak in the density
of electrons and ions close to 65 km, consistent with the theoretical
results (Lopez-Moreno et al., 2008). On the other hand, the positive
(cations) and negative (anions and electrons) charged components
demonstrate a different variation in their vertical density profiles.
These differences are attributed to electron capture by aerosols
(Lopez-Moreno et al., 2008). Thus, in order to quantify the impact
of GCR in the lower atmosphere the current models must consider
the inclusion of heterogeneous processes at the surface of aerosols.

Since we have validated rates for the primary products of Ti-
tan’s upper atmosphere, we can compare our results with previous
calculations that did not have the privilege of the Cassini measure-
ments, presented here. We should note though, that a comparison
between different models is not a straight forward procedure since
apart from the different parameterizations of each, the different in-
put conditions and also the limitations of each model, should be ta-
ken into account. Table 6 presents a comparison among the N2 loss
rates calculated here for photons and photoelectrons and the cor-
responding rates from the models of Wilson and Atreya (2004),
Lavvas et al. (2008b), Krasnopolsky (2009) when available.
b

a

Fig. 14. N2 electron impact cross sections for excitation (upper panel) and ionization (low
given.
Wilson and Atreya (2004) calculated photon deposition in
their simulated atmosphere and used the electron deposition
models of Gan et al. (1992) and Keller et al. (1992), which were
based on the Voyager measurements for the photoelectrons and
magnetospheric electrons respectively. Lavvas et al. (2008b) con-
sidered only the neutral atmospheric chemistry, thus did not in-
clude the contribution of energetic electrons in their
calculations. Krasnopolsky (2009) included both photons and
energetic electrons, but the contribution of the latter was based
on empirical formulas and not calculated from the photon flux di-
rectly. Unfortunately, the published papers do not all provide
information for each process considered, thus, we only present
the available data. The values for the Wilson and Atreya (2004)
model correspond to the total Nþ2 and N+ by both photons and
energetic electrons taken from their Table 7, while we derived
their neutral dissociation rate based on the total N2 loss rate re-
ported. Overall the models agree in the total column loss rates
of N2 except for the Wilson and Atreya (2004) model. The total
loss rate for N2 reported in Krasnopolsky (2009) is 8.5% larger
than our value, while the corresponding rate in the Lavvas et al.
(2008b) model is 6.6% smaller (Table 6). In Wilson and Atreya
(2004), the suprathermal electron contribution is significantly
smaller than photolysis and their total N2 loss rate is 33.6% smal-
er panel). The possible transitions along with the threshold energy for each state are



Fig. 15. CH4 electron impact cross sections.

a

b

Fig. 16. Emission cross sections for photoelectron impact on N2. Upper panel is for de-excitation of Nþ2 states and lower panel for de-excitation of N and N+ states.
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ler than our result. The major differences among the models oc-
cur for the case of neutral photodissociation, which was not well
constrained in the past, while the resulting rates of ionization and
dissociative photoionization are in better agreement (Table 6).
Although, we cannot directly compare our suprathermal electrons
calculations with previous model results due to the lack of infor-
mation in them, we can note that the impact of this energy
source is comparable with the photon contribution regarding
the ionization of neutral N2 and should be included in calcula-
tions focusing in the investigation of the ion chemistry.

As explained above, the highly structured cross sections imply
less N2 neutral photodissociation compared to previous calculations.
Our result for the neutral dissociation rate of N2 is the smallest
among the models (4.6 � 107 cm�2 s�1), while the Krasnopolsky
(2009) and Lavvas et al. (2008b) models are 95% and 225% higher,
respectively. The value for the Wilson and Atreya (2004) model
(8.3 � 107 cm�2 s�1) corresponds to all loss processes but given the
dominance of the photon contribution in their results (see their
Fig. 17), it can be compared with our calculation. Also, it was a com-
mon approach in the past to consider production of N and N(2D)
products in equal amounts in the wavelength region 800–1000 Å.
Our new scheme, presented above, allows also for the production
of two excited nitrogen atoms. This yield is constrained to a narrow
wavelength region between the ionization limit and 850 Å, but it
overlaps with strong emission lines in the solar spectrum (Fig. 1) that
enhance the N2 dissociation and the relative production of N(2D).
Thus, although our total neutral dissociation is smaller than in previ-
ous calculations, the relative proportion of the highly reactive N(2D)
to the ground state N(4S) is larger in our results. Due to its high reac-
tivity relative to the ground state nitrogen, the N(2D) production rate
is an important parameter for the subsequent nitrogen chemistry in
Titan’s atmosphere. The overall N(2D) production in our calculations
from both photons and suprathermal electrons is 1.53 �
108 cm�2 s�1, which is very close to the value from Lavvas et al.
(2008b) (1.5 � 108 cm�2 s�1), although this model does not include
the contribution of photoelectrons. Wilson and Atreya (2004) have
a 45.8% smaller N(2D) production rate, while Krasnopolsky (2009)
have a 30.7% larger rate relative to our value. Photochemical models
depend on a large number of parameters apart the photolysis rates,
but given the above differences between the models used in the
comparison of the N2 photolysis rates, divergences in the model re-
sults could result even if all other parameters where the same.

The above calculated rates along with the contribution of the
galactic cosmic rays in the lower atmosphere are the basis for
the photochemistry in Titan’s atmosphere. We intend to update
our photochemical calculations (Lavvas et al., 2008a,b; Vuitton
et al., 2007; Horst et al., 2008; Yelle et al., 2010) with these results,
along with the retrieved contribution from aerosols based on the
DISR observations (Lavvas et al., 2010), in order to provide the
most representative chemical structure of Titan’s atmosphere.
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Appendix A. Electron impact

The electron impact cross sections for nitrogen and methane are
presented in Figs. 14 and 15. The measurements for the cross sec-
tions of N2 are taken from the latest review of Itikawa (2006),
which includes all the processes excited by electron impact (rota-
tional, vibrational, electronic excitations, and ionization). The state
specific ionization cross sections for N2 are taken from Shemansky
and Liu (2005). The cross sections for methane are based on the
electron impact ionization cross sections of Liu and Shemansky
(2006) and the scaling law from the theoretical work of Erwin
and Kunc (2005, 2008). The latter provides estimates for the elec-
tron impact dissociation cross sections of methane based on the
measured cross sections for ionization. The cross sections for the
vibrational excitation of methane are taken from Davies et al.
(1989). The products of dissociation are summarized in Table 7.
Appendix B. EUV and FUV emission

For Titan’s atmosphere the EUV and FUV emissions observed are
dominated by N2 features. Samson et al. (1991) and Meier et al.
(1991) used synchrotron radiation to measure the N2 fluorescence
at multiple wavelengths. They found that the observed emitted
radiation originated from the de-excitation of excited N and N+

fragments produced by the dissociative photoionization of N2. All
of the emission lines were correlated with N2 excitation in the H
band (see photoabsorption cross sections) which totally dissoci-
ates. Thus, it was possible to derive relative yields and emission
cross sections for each line emission based on measured cross sec-
tion for this band. This analysis assumes that there is no wave-
length structure of the emission cross section relative to the H-
band cross section. Also, emission at the observed wavelengths
can also originate from neutral dissociation (N(4S) + N⁄) or from
higher excited states (N+⁄ + N⁄ or N+⁄ + N+) but these processes
have very low efficiency and probability, respectively. Emissions
at wavelengths beyond the detection limit of Meier et al. (1991)
were also attributed to the same process. A complete list can be
found in Bishop and Feldman (2003). Electron impact on N2 pro-
vides also significant UV emissions, some of them not allowed by
photons such as the Lyman–Birge–Hopfield band. Reviews of emis-
sion cross sections for different transitions are reported in the lit-
erature (Itikawa, 2006; Tabata et al., 2006). A compilation of the
cross sections used is presented in Fig. 16.
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