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INTRODUCTION
… to PHOTOCHEMICAL AEROSOLS in PLANETARY ATMOSPHERES

Titan

Trainer et al. 2005

Earth’s O2 Level Lyons et al. 2014

Cassini-Huygens



TITAN

          TITAN 
RADIUS:                                2575 km 
COMPOSITION:    N2 (95%), CH4(5%) 
GRAVITY:                             1.35 m/s2 

TEMPERATURE:                          94 K 
SURFACE PRESSURE:             1.5 atm 
ORBIT:                                      10 AU

EARTH 
6371 km 
N2 (78%), O2(21%), Ar(1%) 
9.81 m/s2 

288 K 
1 atm 
1 AU

Voyager 1 (1981) 
Visible wavelengths

Cassini (2005) 
Composite
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TITAN                                    THERMAL STRUCTURE



Observations
Research Project Molecules Aerosols

Analysis of observations can 
provide information for the gas 

and aerosol properties at 
different altitudes

These can be used to retrieve 
information for the particle 
growth at different stages 

INMS CAPS
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Figure 44: Calculated and observed mole fractions of C2H6 (upper left panel), C2H4 (upper
right panel) and C2H2 (lower panel). Solid line: nominal; dash-dot and long dash - double
short dash line: eddy mixing coe�cient K0 = 102 and 103 cm�2, respectively, section 2.4;
dotted and dashed lines: aerosol optical depth multiplied by 0.5 and 2, respectively, section
5.3.1; long dash-dot-dot line: no H heterogeneous loss, section 5.3.2. The data shown is from
CIRS (Vinatier et al., 2010); UVIS (Koskinen et al., 2011); INMS (Cui et al., 2009b) (circles
no error bars are uncorrected, circle with error bar is corrected) C2H2 joint with C2H4, (Waite
et al., 2007) asterisks.

Acetylene (C2H2), Ethylene (C2H4), Ethane (C2H6). The model3061

profile of ethane resulting from the chemistry described in section 3.2.1, is pre-3062

sented in the upper left panel of Figure 44. The C2H6 abundance at 1000-11003063

km in the model falls in between the uncorrected and corrected mole fractions3064

retrieved from the INMS observations (2 � 7 ⇥ 10�5). CIRS limb observations3065

favor a constant ethane mole fraction of ⇠15 ppm from 150 to 400 km (cf.3066

Vinatier et al. (2010)) and the di↵erence between these data and the model is3067

a factor of about 2.3068

All the models (Lavvas et al., 2008b; Krasnopolsky, 2014; Li et al., 2015;3069

Dobrijevic et al., 2016) are in fairly good agreement with each other and with the3070

observations, despite using quite di↵erent rate coe�cients for the recombination3071

of CH3 radicals above 800 km (cf. Figure A.3c). We note that Dobrijevic et al.3072

(2016) mention that for INMS data they applied a correction factor of 2.2± 0.53073

to the mixing ratios (cf. their Figure 7 for C2H6 but this applies to all their3074

figures). However, this correction applies to the absolute density of all molecules3075

and therefore cancels out for mixing ratios (Teolis et al., 2015).3076

Ethylene and acetylene are amongst the best constrained species with the3077

combination of INMS, UVIS and CIRS observations providing an almost unin-3078

127

Vuitton et al. 2018

INMS (Yelle et al. 2006, Waite et al. 2007, Vuitton et al. 2008, …)
UVIS (Koskinen et al, 2011)
CIRS (Coustenis et al., 2007, Vinatier et al., 2011, Teanby et al., 2007, …)

Cassini-Huygens



TITAN                               CASSINI BREAKTHROUGH

A large number of new species identified for the first time in 
Titan’s upper atmosphere with masses up to ~1000 Da.

Aerosol formation takes place in the upper atmosphere!

Vuitton et al. 2007, 2008 Coates et al. 2007, Crary et al. 2009

Muñoz et al. 2017

INMS CAPS



Photochemistry (first steps)
Models 

Strobel et al. 1978
Yung et al. 1984

Toublanc et al. 1995
Lara et al. 1996

Lebonnois et al. 2001
Wilson & Atreya 2004
Vuitton et al. 2007/8

Horst et al. 2008
Lavvas et al. 2008a,b

Krasnopolsky 2009/12
Yelle et al. 2010

Mandt et al. 2012
Vuitton et al. 2012
Loison et al. 2015

Vuitton et al. 2018 
+++

Immense efforts from 
experimental & theoretical 

investigations

100s - 1000s of reactions

CH3 + H

CH2 + H2

CH4+ + e-

CH3+ + H + e-


. . .

CH4 + hv > N2 + hv > N + N(2D)

N + N+ + e-

N2+ + e-


. . .

316 Galand, Coates, Cravens & Wahlund

neutral winds expected to reach such speeds (causing a neu-
tral wind dynamo process where the ions are collision dom-
inated while the electrons are still largely magnetized). A
possible alternative explanation is that the massive organic
ions in Titan’s lower ionosphere fall downward under the
action of gravity. The mass distributions of negative and
positive ions are likely different and therefore different ions
reach different fall speeds, and an induced electric field may
develop that cause the differentiated ion drifts.

Although no final conclusion exists regarding the origin
of the observed ion drifts, they have implications for how
magnetic fields evolve and are distributed in Titan’s iono-
sphere. In addition to magnetic field diffusion (due to Ohmic
resitivity), electric currents develop below 1400 km (Rosen-
qvist et al., 2009; Ågren et al., 2011) that will structure the
magnetic field by dynamo processes. Above that altitude the
magnetic field is “frozen into” the plasma flow, which thus
helps control the field topology (see discussion in Cravens
et al. (2010)). We leave a more detailed discussion of the
induced magnetic field to Chapter 12.

11.4 IONIZATION SOURCES IN TITAN’S
IONOSPHERE

Plasma within Titan’s atmosphere originates from the ion-
ization of atmospheric neutrals by energy sources of solar,
magnetospheric, and galactic origins. Such sources deposit
their energy and ionize atmospheric neutrals in different re-
gions of the atmosphere, as illustrated in Figure 11.25. In
addition, interplanetary (micro-)meteoroids and dust from
the Saturnian system undergo ablation in Titan’s low atmo-
sphere yielding the production of meteoroid ions (e.g., Si+,
Fe+) and electrons. Major ionization sources affecting the
region sampled in situ by Cassini, that is, primarily XUV
solar radiation and magnetospheric keV electrons, are the
focus of Section 11.4.1. Ionization sources depositing their
energy primarily below typically 900 km (sampled remotely
by Cassini with RSS), such as magnetospheric, hard elec-
trons and ions, galactic cosmic rays (GCR), meteoroids and
dust, are discussed in Section 11.4.2.

11.4.1 Ionization sources in regions sampled in situ
by Cassini

11.4.1.1 Solar and electron energy deposition models

We present two energy deposition models, one applied to so-
lar radiation and the other, to suprathermal electrons. En-
ergy depositions applied to other ionization sources, such
as energetic ions, are described in Section 11.4.2. Over the
XUV spectral range extending from 0.1–100 nm – which
corresponds to solar radiation energetic enough to ionize –,
photons do not undergo any significant scattering and at-
mospheric emission sources are negligible. Only absorption
of solar photons needs to be considered. For a given SZA χ,
the attenuated solar flux F , function of the altitude z and
the wavelength λ, is therefore given by the Lambert-Beer
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Figure 11.25 N+
2 production rates from different ionization

sources: XUV solar radiation with a SZA of 91◦ [representing
the sum of photo-ionization and ionization by photoelectrons
and their secondaries] (thick, solid line) (Cravens et al., 2008),
magnetospheric electrons (thin, solid line) (Gronoff et al.,
2009b) [driven by T5 Cassini measurements below 10 keV
(Cravens et al., 2009b) and TA draped magnetic field lines
(Modolo and Chanteur, 2008)], magnetospheric protons (dashed
lines) (Cravens et al., 2008) [driven by T5 Cassini measurements
(“T5 H+”) or for typical conditions (“H+”)], magnetospheric
oxygen ions (squares) (Cravens et al., 2008), and galactic cosmic
rays (GCR) (circles) (Molina-Cuberos et al., 1999). Note that
the production rate profiles from Cravens et al. (2008) and
Gronoff et al. (2009b) were calculated using neutral densities
from T5 and from Cui et al. (2009b), respectively, without the
recent adjustment for nn (Richard et al., 2011; Koskinen et al.,
2011) which would increase the altitude of deposition. The
production profiles peaking below 10−4 cm−3s−1 are associated
with meteoroid ablation. Water and silicate production via the
ablation of icy and rocky meteoroids for an average distribution
of meteoroid velocities (thick, solid lines) illustrates the region
of mass deposition (P. Lavvas, personal communication, 2011).
The profiles labeled Si+ (thin, solid line) and Fe+ (dashed line)
correspond to the production rates of these meteoroid ions from
the ablation of cometary (icy) meteoroids with an incoming
velocity of 18 km s−1 (Molina-Cuberos et al., 2001).

Law (Rees, 1989):

F (z,λ) = F∞(λ) exp (−τ (z,λ)) (11.14)

where F∞(λ) is the solar flux at the top of the atmosphere
at λ and τ (z,λ) is the optical depth, which is a function
of the neutral density nn(z) integrated along the line of
sight of the solar radiation in the atmosphere (dependent
on χ), and of the photo-absorption cross section of neutral
species n (corresponding to a probability of absorption of
photon at λ). The optical depth is usually calculated assum-
ing a spherically symmetric atmosphere. Photo-absorption
processes include ionization, excitation, and dissociation (or
a combination of them), such as:

N2 + hν → N+
2 + e−

or → N+ + N + e−

N2 + hν → N∗
2

(11.15)

The photo-ionization (or primary) production rate P prim
n,i (z)

of ion species i produced through the ionization of neutral

Galand et al. 2014

Cassini observations show that solar input  
has the dominant role in the upper atmosphere

Lavvas et al. 2011



Ion Neutral Chemistry
Positive Ions
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poorly at lower altitudes. They attribute this discrepancy
to missing chemistry leading to heavy ions and also to some
improper densities for minor neutrals. These papers mostly
focused on the ionospheric structure and its relation with
energy deposition, aspects that are extensively described in
Chapter 11.

Cui et al. (2009b) analyse the INMS-OSI data for eigth
encounters of the Cassini spacecraft with Titan and observe
a significant depletion of light ions and modest depletion
of heavy ions on the nightside compared to the dayside. In
order to interpret the data, they extend the Vuitton et al.
(2007, 2008) ion chemistry model in order to include diurnal
variations. The results suggest that light ions are primar-
ily lost by fast ion-neutral chemistry while heavy ions are
mostly lost through slow electron DR. Then, because heav-
ier ions have a longer lifetime, they can survive transport
from the dayside to the nightside, while lighter ions cannot.
Day-to-night ion transport is further supported by the elec-
tron distribution in the upper atmosphere (Cui et al., 2010).
The small density of the lighter ions on the nightside would
then be due to production by electron deposition. Further
analysis of diurnal variations of the ion densities should pro-
vide a good constrain for chemical processes, especially in
terms of loss.

Chemical schemes. The production and destruction
routes of ions can be retrieved from the models (Carrasco
et al., 2008b; Keller et al., 1998; Vuitton et al., 2007, 2008)
and are represented in Figure 7.6. Ion chemistry is initiated
by the impact of energetic particles on N2 and CH4, as
described in section 7.3. Direct photoionization or electron
impact ionization of minor neutrals is not an efficient source
of ions. Instead, major ions are mostly formed through
ion-molecule reactions that are generaly initiated by CH+

3
ions. CH+

3 and CH+
2 ions can be formed either by direct

ionization of CH4 or by the effective charge transfer reaction
between N+

2 and CH4:

N+
2 + CH4 → CH+

3 +N2

→ CH+
2 +N2 +H.

As molecular nitrogen represents about 98% of the neutrals
in the ionosphere, this second production route is extremely
important. N+

2 is obviously a main actor in the starting
reaction chains, so it could explain why a net increase of
the molecular growth was observed above the ionization po-
tential of N2, in laboratory experiments where the photon
energy could be continuously varied (Imanaka and Smith,
2007; Thissen et al., 2009).

CH+
5 is formed mainly by the reaction of CH+

4 and N2H
+

with CH4:

CH+
4 + CH4 → CH5

+ + CH3

N2H
+ + CH4 → CH5

+ +N2,

N2H
+ being produced in the reaction between N+

2 and H2:

N+
2 +H2 → N2H

+ +H.

Figure 7.6 Flowchart representing the major ion reactions in
Titan’s upper atmosphere as computed by models (Carrasco
et al., 2008b; Keller et al., 1998; Vuitton et al., 2007).

CH+
5 can then react with C2H2 to produce C2H

+
3 , which

is also produced by the reaction of N+
2 with C2H4:

CH+
5 + C2H2 → C2H

+
3 + CH4

N+
2 + C2H4 → C2H

+
3 +N2 +H.

C2H
+
4 , the only radical cation having a substantial den-

sity, is formed by reaction of CH+
2 with CH4:

CH+
2 +CH4 → C2H4

+ +H2.

C2H
+
5 is formed mainly by the reaction of CH+

3 with CH4
and that of CH+

5 with C2H4:

CH+
3 +CH4 → C2H5

+ +H2

CH+
5 + C2H4 → C2H5

+ + CH4.

C2H
+
3 and C2H

+
5 then react with CH4 and C2H4, respec-

tively to produce C3H
+
5 :

C2H3
+ + CH4 → C3H5

+ +H2

C2H5
+ +C2H4 → C3H5

+ + CH4.

The major sources of C3H
+
3 are via the reactions of CH+

3 ,
C2H

+
4 and C2H

+
5 with C2H2:

CH3
+ +C2H2 → c,l-C3H3

+ +H2

C2H4
+ +C2H2 → c-C3H3

+ + CH3

C2H5
+ +C2H2 → c-C3H3

+ + CH4.

Note that both the linear and cyclic isomers are produced
in these reactions. However, they exhibit a very different
reactivity as c-C3H

+
3 is not reactive with small hydrocar-

bons and assumed to be exclusively lost by electron recom-
bination. Nevertheless, very recent work from Mathews and
Adams (2011) showed that c−C3H

+
3 is very reactive with

nitrogen heterocyclic species, implying that it might be lost
by reactions with some of the heavy ions present on Titan.

Table 5: Classes of reactions included in the photochemical model.

Reaction class Chemical equation

Neutral Species
Photodissociation AB + h⌫ ! A+B
Electron dissociation AB + e�S ! A+B + e�

Bimolecular reactions A+BC ! AB + C
Termolecular association A+B +M ! AB +M
Radiative association A+B ! AB + h⌫

Positive ions
(Dissociative) photoionization AB + h⌫ ! AB+(A+ +B) + e�

(Dissociative) electron ionization AB + e�S ! AB+(A+ +B) + 2e�

Bimolecular reactions A+ +BC ! AB+ + C
Termolecular association A+ +B +M ! AB+ +M
Radiative association A+ +B ! AB+ + h⌫
Dissociative recombination AB+ + e�T ! A+B
Radiative recombination A+ + e�T ! A+ h⌫

Negative ions
Ion-pair formation AB + h⌫ ! A� +B+

Dissociative attachment AB + e�S ! A� +B
Radiative attachment A+ e�T ! A� + h⌫
Bimolecular reactions A� +BC ! AB� + C
Photodetachment A� + h⌫ ! A+ e�

Ion recombination A� +BC+ ! AB + C
Associative detachment A� +B ! AB + e�

e�
S

and e�
T

stand for supra-thermal and thermal electrons, respectively.

44

Charge transfer from species with low 
proton (hydrocarbons) affinity to species 

with higher proton affinity (nitrogen 
bearing species).

Figure 36: INMS observed during T40 (symbols) and modeled (lines) mass spectrum at 1100
km.

N+/CH +
2 , CH +

3 , CH +
4 , CH +

5 . The ion species in the model con-2733

taining one carbon atom are C+, CH+, CH +
2 , CH +

3 , CH +
4 and CH +

5 . The2734

production rate of C+ and CH+ is too small for these ions to be detectable by2735

INMS. CH +
2 at m/z = 14 has a similar abundance as N+, while CH +

3 , CH +
42736

and CH +
5 can be constrained by the observations.2737

110

Vuitton et al. 2018, Icarus 



Negative Ions

Ion Neutral Chemistry

Table 5: Classes of reactions included in the photochemical model.

Reaction class Chemical equation

Neutral Species
Photodissociation AB + h⌫ ! A+B
Electron dissociation AB + e�S ! A+B + e�

Bimolecular reactions A+BC ! AB + C
Termolecular association A+B +M ! AB +M
Radiative association A+B ! AB + h⌫

Positive ions
(Dissociative) photoionization AB + h⌫ ! AB+(A+ +B) + e�

(Dissociative) electron ionization AB + e�S ! AB+(A+ +B) + 2e�

Bimolecular reactions A+ +BC ! AB+ + C
Termolecular association A+ +B +M ! AB+ +M
Radiative association A+ +B ! AB+ + h⌫
Dissociative recombination AB+ + e�T ! A+B
Radiative recombination A+ + e�T ! A+ h⌫

Negative ions
Ion-pair formation AB + h⌫ ! A� +B+

Dissociative attachment AB + e�S ! A� +B
Radiative attachment A+ e�T ! A� + h⌫
Bimolecular reactions A� +BC ! AB� + C
Photodetachment A� + h⌫ ! A+ e�

Ion recombination A� +BC+ ! AB + C
Associative detachment A� +B ! AB + e�

e�
S

and e�
T

stand for supra-thermal and thermal electrons, respectively.
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C6H
+

5 (through reaction (Rcn465c)) and had to be set to the observation values2869

for the model to reproduce the abundance of C6H
+

5 . Here, the model matches2870

the C6H
+

5 observations, even though the C4H
+

2 predictions are about one or-2871

der of magnitude o↵. This is particularly interesting because both species are2872

important intermediates in the production of C6H6 (section 3.1.1.2 and Vuitton2873

et al. (2008)).2874

The signals at m/z = 91 and 93 are attributed to C7H
+

7 and C7H
+

9 and2875

are well reproduced by the model (cf. Figure 42).2876

4.1.2. Negative Ions2877

4.1.2.1. Observations. Although it was not designed to detect ions, CAPS-ELS2878

showed evidence for negatively charged ions up to ⇠ 10, 000 u including three2879

distinct low mass peaks (Coates et al., 2007). Because of the poor energy resolu-2880

tion of the analyzer, the exact mass-to-charge ratio of the negative ions cannot2881

be retrieved and only broad mass ranges giving the approximate location of the2882

peaks can be determined. The mass range of the three first mass groups are2883

provided in Table 10. Wellbrock et al. (2013) presented, for 34 Titan encounters,2884

the negative ion density trend versus altitude for each mass group. They found2885

that the average peak altitude for the three low mass groups is about 1060 km2886

and that the peak density varies by about one order of magnitude from flyby2887

to flyby, with densities reaching up to 112, 92 and 36 cm�3 for mass group 1,2888

2 and 3, respectively. The total negative ion densities inferred from the Radio2889

and Plasma Wave Science (RPWS) Langmuir Probe for 47 flybys (Shebanits2890

et al., 2013) are in general agreement with the values retrieved by CAPS-ELS,2891

although a specific comparison of both datasets is still warranted.2892

Table 10: Negative ions mass groups.

Mass group Mass range (u) Negative ions

1 12-30 H– , CH –
2 , CH –

3 , C2H
– , CN– , O– , OH–

2 30-55 C4H
– , C3N

–

3 55-95 C6H
– , C5N

–

4.1.2.2. Density Profiles. The calculated densities of the 11 negative ion species2893

included in our model are given in Figure 43. The 7 ions falling into mass group2894

1 are shown in panel a, while the ions falling into mass groups 2 and 3 are2895

shown in panel b (cf. Table 10). As in Vuitton et al. (2009), CN– is the most2896

prominent ion with a peak density of ⇠ 1 cm�3 at 1050 km and it contributes2897

almost entirely to the total density in mass group 1. H– , CH –
2 and CH –

3 reach2898

peak densities of 10�1 (at 1345 km), 2⇥ 10�2 (at 1260 km) and 10�3 cm�3 (at2899

1165 km), respectively. This H– density is a factor of about 200 higher than2900

that calculated in Vuitton et al. (2009), which is mostly explained by the much2901

higher CH4 dissociative electron attachment cross-section used in the current2902

study (cf. section 2.7.3.3). The C2H
– density reaches 3.6⇥ 10�2 cm�3 at 12702903

km, which is higher by about one order of magnitude compared to Vuitton et al.2904

119

an order or magnitude larger for negative ions (Peko and Stephen, 2000), and2951

calibration studies should be performed to confirm the densities published so2952

far. Although the total ion densities inferred from RPWS-LP (Shebanits et al.,2953

2013) support those provided by CAPS-ELS, heavy ions dominate over light2954

ions at the ionospheric peak, which implies that the RPWS-LP dataset does2955

not provide any constrain for the light ions.2956
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Figure 43: Calculated negative ion densities (upper left panel) H– , CH –
2 , CH –

3 , O– , OH– ,
(upper right panel) C2H

– , C4H
– , C6H

– , CN– , C3N
– , C5N

– and (lower panel) sum of the
ions constituting the three mass groups as defined in Table 10.
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an order or magnitude larger for negative ions (Peko and Stephen, 2000), and2951

calibration studies should be performed to confirm the densities published so2952

far. Although the total ion densities inferred from RPWS-LP (Shebanits et al.,2953

2013) support those provided by CAPS-ELS, heavy ions dominate over light2954

ions at the ionospheric peak, which implies that the RPWS-LP dataset does2955

not provide any constrain for the light ions.2956
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Figure 43: Calculated negative ion densities (upper left panel) H– , CH –
2 , CH –

3 , O– , OH– ,
(upper right panel) C2H

– , C4H
– , C6H

– , CN– , C3N
– , C5N

– and (lower panel) sum of the
ions constituting the three mass groups as defined in Table 10.
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are the signatures of negative ions rather than electrons because
ions have thermal velocities that are small compared to the
spacecraft velocity whereas electrons are more isotropic due to
their supra-thermal velocities and thus are detected from any
actuator position. Negative ions were detected for approximately
73.5 minutes around closest approach, corresponding to an upper
altitude of 1250 km.

The spacecraft ram velocity separates the masses of the cold
ions in detected energy per charge. The peak energy per charge,
once corrected for the spacecraft potential, can then be converted
to mass per charge knowing the spacecraft speed. For example, a
6 km s!1 flyby speed gives mamu/q ¼ 5.32EeV/q (Coates et al.,
2007a). It is assumed that ions are singly charged, which is
probably reasonable for the lighter ions (o100 amu). However,
this assumption may be questionable for high m/q, giving an even
higher m in the aerosol range in those cases (Coates et al., 2007a;
Waite et al., 2007).

As seen on the spectrogram in Fig. 2, two negative ion peaks
centered at 2274 and 4478 amu/q are clearly identified. A third
peak at 82714 amu/q may be present as well. Keeping in mind the
finite energy width of the detector (DE/E ¼ 16.7%), the peak width
is consistent with the presence of a single ion species per peak,
though the presence of multiple species cannot be rejected.

3. Chemistry

Various negative ions have been suggested as potential
candidates for the low mass peaks observed by ELS (Coates

et al., 2007a; Waite et al., 2007). In this section, we discuss the
ions likely present in Titan’s ionosphere based on their electron
affinity and gas phase acidity (Table 1). Production mechanisms
for negative ions include radiative and dissociative electron
attachment and ion-pair formation, while loss processes are
photodetachment, ion–ion recombination and ion–neutral
associative detachment. Chemical reactions such as proton

ARTICLE IN PRESS

Fig. 1. Energy–time spectrogram retrieved by ELS and the corresponding actuator/ram angle during the T40 encounter. The vertical spikes systematically occur at a 01 angle
between the actuator and ram and can consequently be attributed as negative ions.

- --

Fig. 2. Negative ions measured in each CAPS-ELS energy bin at an altitude of
1015 km during the T40 encounter. The attribution of the peaks is based on the
ionospheric chemistry model.

V. Vuitton et al. / Planetary and Space Science 57 (2009) 1558–15721560

Vuitton et al. 2009



Ion Neutral Chemistry
Neutrals

[30] The electron recombination rate of c-C6H7
+ has been

measured for electron temperatures of 300 to 800 K but
products are not known [McLain et al., 2004]. We assume
that benzene and H are the only products. This is a key
assumption in our model and laboratory measurements are
desperately needed. It is also possible that products other than
benzene would be quickly converted by subsequent reactions
to benzene. Other recombination of heavy ions may also lead

to benzene production, or to molecules that get converted to
benzene, but these possibilities are not considered here.
4.1.2. Results
[31] The calculated altitude profiles for some key ions in

benzene production are compared to the measured densities
from T17 inbound in Figures 9a–9b. For the lighter species
(Figure 9a), the model results are in good agreement with
the observations, suggesting that solar UV deposition and
primary ion chemistry are well described by the model. For

Table 2. Principal Ion Reactions for Benzene Formation

R# Reaction Rate Constanta Reference

k01 CH2
+ + CH4 ! C2H4

+ + H2 9.1 ! 10"10 [Anicich, 1993]
k02 CH3

+ + CH4 ! C2H5
+ + H2 1.1 ! 10"9 [Anicich et al., 2003]

k03 CH4
+ + CH4 ! CH5

+ + CH3 1.1 ! 10"9 [Anicich, 1993]
k04 CH5

+ + HCN ! HCNH+ + CH4 4.1 ! 10"9 estimate
k05 C2H4

+ + C2H2 ! C4H5
+ + H 1.9 ! 10"10 [Anicich, 1993]

k06 C2H5
+ + C2H2 ! C4H5

+ + H2 1.2 ! 10"10 [Kim et al., 1977]
k07 C2H5

+ + C4H2 ! C4H3
+ + C2H4 1.0 ! 10"9 estimate

k08 C2H5
+ + C6H6 ! C6H7

+ + C2H4 1.1 ! 10"9 estimate
k09 C2H5

+ + HCN ! HCNH+ + C2H4 2.7 ! 10"9 [Mackay et al., 1980]
k010 C4H2

+ + C2H4 ! C6H5
+ + H 7.2 ! 10"10 [Anicich et al., 2006]

k011 C4H3
+ + C2H2 ! C6H5

+ + hv 2.2 ! 10"10 [Anicich, 1993]
k012 C4H3

+ + C2H4 ! C6H5
+ + H2 1.2 ! 10"10 [Anicich et al., 2006]

k013 C4H3
+ + C6H6 ! C6H7

+ + C4H2 1.3 ! 10"9 [Deakyne et al., 1987; Lifshitz and Weiss, 1980]
k014 C4H5

+ + C2H4 ! C6H7
+ + H2 7.3 ! 10"11 [Anicich et al., 2006]

k015 C6H5
+ + H2 ! C6H7

+ + hv 6.0 ! 10"11 [McEwan et al., 1999]
k016 C6H5

+ + C2H4 ! C6H7
+ + C2H2 1.0 ! 10"10 [Anicich et al., 2006]

k017a N+ + CH4 ! CH3
+ + NH 5.8 ! 10"10 [Anicich, 1993]

k017b N+ + CH4 ! CH4
+ + N 5.8 ! 10"11 [Anicich, 1993]

k017c N+ + CH4 ! HCNH+ + H2 4.1 ! 10"10 [Anicich, 1993]
k018 N2

+ + H2 ! N2H
+ + H 2.0 ! 10"9 [Anicich, 1993]

k019a N2
+ + CH4 ! CH2

+ + N2 + H2 1.0 ! 10"10 [Anicich et al., 2006]
k019b N2

+ + CH4 ! CH3
+ + N2 + H 1.0 ! 10"9 [Anicich et al., 2006]

k020 N2H
+ + CH4 ! CH5

+ + N2 8.9 ! 10"10 [Burt et al., 1970]
k021 HCNH+ + C4H2 ! C4H3

+ + HCN 1.8 ! 10"9 [Petrie et al., 1991]
k022 HCNH+ + C6H6 ! C6H7

+ + HCN 1.1 ! 10"9 estimate
a1 C6H7

+ + e" ! C6H6 + H 2.4 ! 10"6 (300/Te)
1.3 [McLain et al., 2004]

aBimolecular rate constant (cm3 s"1).

Figure 8. Flowchart of the principal ion chemistry reactions for benzene formation.
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Diacetylene (C4H2), Butadiene (C4H6). The calculated vertical pro-3160

file of diacetylene is compared to the INMS, UVIS and CIRS observations in3161

the left panel of Figure 46. The observed mole fractions are close to 6⇥ 10�5 at3162

1050 km (corrected INMS value from Cui et al. (2009b) that merges nicely with3163

the UVIS data at lower altitude) and decrease gradually to 3⇥ 10�9 at 200 km,3164

where they exhibit some strong latitudinal variations. Photochemical models3165

have never been fully successful at reproducing the diacetylene observations.3166

The Lavvas et al. (2008b) vertical profile (their Figure 5c) underestimates the3167

INMS observations by more than one order of magnitude, the Krasnopolsky3168

(2014) profile (his Figure 2) has a significantly di↵erent altitude variation than3169

the UVIS retrieved profile, while the Hébrard et al. (2013) profile (their Figure3170

1) underestimates the CIRS observations by a factor 10 or more. Only the Do-3171

brijevic et al. (2016) profile is in good agreement with the stratospheric data. It3172

is unclear to us what improvement lead to such a di↵erent profile from Hébrard3173

et al. (2013) to Dobrijevic et al. (2016). The reactions related to the production3174

and loss of C4H2 (according to our model) are mostly the same in both versions3175

of the Dobrijevic et al. model and a change in the chemistry cannot explain3176

the di↵erence (unless some unexpected reaction controls the C4H2 abundance3177

in these models). Our calculated vertical profile of diacetylene falls short from3178

the INMS corrected values and the UVIS profile (Koskinen et al., 2011) by a3179

factor of a few and overestimates the mid-latitude CIRS data (Vinatier et al.,3180

2010) by a factor of about 5.3181

C4H6 has neither been detected on Titan or described in previous photo-3182

chemical models, with the exception of the mole fraction profiles given in Figure3183

19 of Dobrijevic et al. (2016). Our model profile (cf. right panel of Figure 46)3184

agrees with the INMS upper limit of 10�5 (Cui et al., 2009b).3185
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Figure 47: Calculated and observed mole fractions of C6H2 (left panel), and C6H6 and C6H5
(right panel). Solid line: nominal; long dash-dot-dot line: no H heterogeneous loss, section
5.3.2. The data shown for C6H6 is from CIRS (Vinatier et al., 2010); UVIS (Koskinen et al.,
2011); INMS (Cui et al., 2009b) (circles no error bars are uncorrected, circle with error bar is
corrected), (Waite et al., 2007) asterisks.

Triacetylene (C6H2), Benzene (C6H6). Presented in the left panel of3186

Figure 47, is the vertical profile of triacetylene, which exhibits a sharp peak at3187
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Vuitton et al. 2008



TITAN                               CASSINI BREAKTHROUGH

A large number of new species identified for the first time in 
Titan’s upper atmosphere with masses up to ~1000 Da.

Aerosol formation takes place in the upper atmosphere!

Vuitton et al. 2007, 2008 Coates et al. 2007, Crary et al. 2009

Muñoz et al. 2017

INMS CAPS
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Macromolecules
Recombination leads to  

mass transfer to macromolecules

Lavvas et al. 2013

Negative Ions Positive Ions



TITAN                                      MOLECULAR GROWTH

Ion chemistry drives a rapid formation of aerosol embryos  
but is not sufficient to explain the total mass flux of aerosols observed.

Aerosol Mass flux from DISR observations : ~3x10-14 g cm-2s-1 (Lavvas et al. 2010)
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 can provide a further addition to the aerosol mass flux 

as well as affect the gaseous abundances.

assuming 1% efficiency
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for some reason reduced, then the abundance of C3H6

would increase and by its photolysis an enhancement in the
methylacetylene profile would be observed. Yet, based on
our calculations, removing the above scheme, did not have
any significant effect on the structure and abundance of
propane or methylacetylene, rendering the above scheme
not important in our simulation. The reason for this is that
propane’s production is dominated by the methyl–ethyl
addition reaction in the total vertical range of Titan’s
atmosphere, with any secondary production mechanisms
having a negligible contribution. Since C3H8 is not
affected, C3H6 also remains the same and hence there is
no significant change in C3H4.

Photochemical loss processes for propane are limited.
Due to the overlap of propane’s absorption cross section
with that of methane, which is present in significantly
larger amounts, propane photodissociation is small. On the
other hand, as a saturated hydrocarbon it presents limited
reactivity with other species, of which the most important
is that with C2H. Hence, its vertical profile is balanced by
diffusion and loss to condensation. Reducing the eddy
mixing coefficient in the stratosphere - mesosphere, in
order to provide a better match, destroys the agreement
with ethane and argon, which are used as mixing tracers.
Increasing the mixing in the lower atmosphere, below the
stratopause, in order to increase the condensation flux,
leads to a strong underestimation of ethane and acetylene
in the lower atmosphere, since the condensation fluxes of
these species (along with all other condensing species)
increases also. Hence, we are currently left with the
possibility of an enhanced production of propane in the
lower atmosphere to explain our model overestimated
abundance in this region.

C4H2 and H, H2: Diacetylene is an important species
because it is directly related to haze production pathways.
In addition, since in the lower atmosphere the chemical loss
of C4H2 is dominated by reaction with atomic hydrogen,
the vertical profile of diacetylene can be used as a tracer for
the maximum abundance of atomic hydrogen allowed in
this part of the atmosphere. INMS (Vuitton et al., 2006b)
has measured the upper atmospheric abundance at 1!
10"5 mole fraction, while the CIRS retrieved vertical
profiles have constrained the mole fraction to #10"8 in
the vicinity of the stratopause (Vinatier et al., 2006). At
about 110 km, where the contribution function from nadir
spectra for this species peaks at mid-latitudes, CIRS gave a
mole fraction of 1:8þ0:6"0:5 ! 10"9 (Coustenis et al., 2007). In
Fig. 5c the dashed dotted line presents the calculated
vertical profile of C4H2. It is obvious that in the region of
400 km where the calculated atomic hydrogen abundance
presents a broad maximum (see Fig. 6c), C4H2 exhibits a
significant decrease below the lower limit set by the CIRS
equatorial profile (Vinatier et al., 2006), while for higher
and lower altitudes the agreement with the observed
abundances is better. The vertical profile of diacetylene
presents a dependence on the used eddy profile, something
which was also reported by Wilson and Atreya (2004). Yet,

ARTICLE IN PRESS

Fig. 6. The effects of heterogeneous transformation of atomic to
molecular hydrogen at the surface of the aerosol particles. (a) The
calculated production rate of H2, or equivalently loss rate for atomic H
due to this process, has two pronounced peaks related to the number
density of atomic hydrogen and size distribution of the aerosol particles
(see text). The impact of the PRM process on the resulting mixing ratios of
atomic (bottom scale) and molecular hydrogen (top scale) of the model (b)
is significant with a decrease in the H abundance between 300 and 800km,
which is more evident when viewed in terms of number density (c), and an
increase in the H2 mole fraction, giving better agreement with the observed
abundance in the upper atmosphere from Yelle et al. (2006).

P.P. Lavvas et al. / Planetary and Space Science 56 (2008) 67–99 75
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Fig. 9. Model vertical profiles for the main nitrile species observed in Titan’s atmosphere. Open circles correspond to the INMS derived abundances from Vuitton et al. (2006a, b), horizontal error bars
connected with dashed lines present the Marten et al. (2002) ground-based observations and the box represents the CIRS observations from Coustenis et al. (2007). The vertical line and the filled square
correspond to the upper limit-low latitude and high northern latitude retrieved abundance, respectively, for C2N2 from CIRS measurements by Teanby et al. (2006). In (a) the solid and dotted lines
present the sensitivity of the profile on the N2 dissociative ionization scheme. In (c) the solid and dash-dotted lines correspond to the model results with and without the PRM process, respectively. In (d)
solid and dashed lines correspond to the inclusion or not of the GCR impact, respectively.
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Particle ineption

Surface growth
Coagulation

Particle rounding due to surface growth

Heterogeneous reactions affect the particle shape  
and the transition from spheres to aggregates

TITAN                          HETEROGENEOUS CHEMISTRY

Need new input from laboratory studies

Lavvas et al. 2011



800 km due to the deeper penetration of X-rays (Lavvas et al.,
2011). The relative contribution of each energy source varies with
each state: for the b0- and e0-states photons and photoelectrons
have comparable contributions, while for the other singlet states
photoelectron excitation dominates for altitudes below
!1200 km. At higher altitudes photons provide the major contribu-
tion for all states, hence the use of the LED approximation for the
electrons does not affect significantly the accuracy of our calcula-
tions for these singlet states.

Population loss of excited singlet states is dominated by radia-
tive de-excitation. Their relatively low (compared to the other
states) excitation rate, combined with fast de-excitation and strong
pre-dissociation, results in these states having the lowest densities
among the simulated states (Fig. 22). Nevertheless, emission from
these states makes the highest contribution to Titan’s EUV airglow
(Ajello et al., 2008; Stevens et al., 2011; Heays et al., 2014).

3.4. The ground state

The ground state population is affected by all the other states,
thus we discuss it here separately. First we should note that for
the ground state two types of processes are at play: on the one
hand there are the production and loss rates that transfer mole-
cules to/from the ground state from/to other electronic states,
and on the other hand there are the processes that redistribute
the vibrational population within the ground state. A similar dis-
tinction can be made for a few of the other states as we saw earlier
(e.g. for the A-state and the ground ion state), but for the case of
the neutral ground state these two different mechanisms have sig-
nificantly different efficiencies.

The vibrational population of the N2 ground state is produced
by direct electron impact excitation, and by cascade from higher
lying states (Fig. 23). The major cascade contribution happens for
vibrational levels v > 7, while for lower vibrational levels direct
excitation has a predominant contribution (except for m = 0). All
other collisional processes of higher energy states that result in
production of ground state molecules have a minor role in the
overall production rates. On the other hand, among the redistribu-
tion processes the VV collisions are far more efficient than all other
processes and dominate the total production rate at 1000 km. The
VV rates depend quadratically on the vibrational population, thus

they decrease rapidly with decreasing altitude as the overall pop-
ulation of the excited vibrational levels of the ground state
decreases (see below and Fig. 24). At the same time the increasing
total density with lower altitudes enhances the chemical quench-
ing of the vibrational levels by CH4, which dominates for m > 12
over the VV rates. The same description applies for the loss rates
too, with the VV rates dominating the redistribution of the vibra-
tional levels at high altitudes, and the chemical reaction with
CH4 increasing its efficiency with decreasing altitude. Finally, due
to the lower temperature conditions, the VT rates are more than
four orders of magnitude weaker than the corresponding VV rate
for each level, thus they do not affect the vibrational distribution
of the ground state. Note that, for the loss processes, the electron
impact loss and radiative cascade also effectively redistribute the
vibrational population within the ground state for levels above
the ground level. Thus, we see that although the vibrational popu-
lation of the ground state depends on the rate of cascade from
higher states, the actual shape of the vibrational distribution will
be dominated by the far more efficient VV rates at high altitudes
and the energy transfer to methane at lower altitudes.

Our resulting vibrational distributions reflect these processes
(Fig. 24). At high altitudes (!1200 km) the VV transitions dominate
and the distribution is monotonically decreasing with increasing
level. As we move deeper, the efficiency of the VV collisions
decreases while the reaction with methane becomes progressively
more important. Thus, a local minimum appears in the distribu-
tions that separates the local production by direct excitation (low
m) from the production by cascade of higher states (high m).
Finally, the total population of excited levels decreases rapidly
below 900 km as reaction with CH4 efficiently de-excites all levels.

It is also important to demonstrate the role of diffusion in the
vertical profiles of the different levels. If diffusion is not included
in the calculations, the peak densities for the different levels are
above 1100 km and the slope of the profiles is not consistent with
the total density slope (Fig. 24). Diffusion redistributes all mole-
cules, lowering the peak density altitude and providing a slope
above the peak that is consistent with the observed atmospheric
density.

We turn our attention now to the reaction rate for the vibra-
tional energy exchange between N2 and CH4, which as we saw
has an important role in the resulting vibrational population. So

Fig. 24. Overview for the vibrational distribution and density of the ground state levels. Left: Vibrational distribution of the ground state population at different altitudes
(blue lines and numbers). The black crosses represent the anticipated Boltzmann distributions at different temperatures (black numbers). The orange and red lines represent
the sensitivity of the 800 and 1000 km distributions on the vibrational energy exchange rate with methane for kCH4 = 10"13 cm3 s"1 (orange) and kCH4 = 10"15 cm3 s"1 (red)
relative to the nominal case used (kCH4 = 10"14 cm3 s"1 for the blue lines). Right: Density profiles for the m = 0, 1, and m > 1 vibrational levels for the nominal case compared
with the total N2 (blue) and CH4 (red) density profiles. The thin gray lines represent the same results, but in the case that diffusion is not included in the calculations. (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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800 km due to the deeper penetration of X-rays (Lavvas et al.,
2011). The relative contribution of each energy source varies with
each state: for the b0- and e0-states photons and photoelectrons
have comparable contributions, while for the other singlet states
photoelectron excitation dominates for altitudes below
!1200 km. At higher altitudes photons provide the major contribu-
tion for all states, hence the use of the LED approximation for the
electrons does not affect significantly the accuracy of our calcula-
tions for these singlet states.

Population loss of excited singlet states is dominated by radia-
tive de-excitation. Their relatively low (compared to the other
states) excitation rate, combined with fast de-excitation and strong
pre-dissociation, results in these states having the lowest densities
among the simulated states (Fig. 22). Nevertheless, emission from
these states makes the highest contribution to Titan’s EUV airglow
(Ajello et al., 2008; Stevens et al., 2011; Heays et al., 2014).

3.4. The ground state

The ground state population is affected by all the other states,
thus we discuss it here separately. First we should note that for
the ground state two types of processes are at play: on the one
hand there are the production and loss rates that transfer mole-
cules to/from the ground state from/to other electronic states,
and on the other hand there are the processes that redistribute
the vibrational population within the ground state. A similar dis-
tinction can be made for a few of the other states as we saw earlier
(e.g. for the A-state and the ground ion state), but for the case of
the neutral ground state these two different mechanisms have sig-
nificantly different efficiencies.

The vibrational population of the N2 ground state is produced
by direct electron impact excitation, and by cascade from higher
lying states (Fig. 23). The major cascade contribution happens for
vibrational levels v > 7, while for lower vibrational levels direct
excitation has a predominant contribution (except for m = 0). All
other collisional processes of higher energy states that result in
production of ground state molecules have a minor role in the
overall production rates. On the other hand, among the redistribu-
tion processes the VV collisions are far more efficient than all other
processes and dominate the total production rate at 1000 km. The
VV rates depend quadratically on the vibrational population, thus

they decrease rapidly with decreasing altitude as the overall pop-
ulation of the excited vibrational levels of the ground state
decreases (see below and Fig. 24). At the same time the increasing
total density with lower altitudes enhances the chemical quench-
ing of the vibrational levels by CH4, which dominates for m > 12
over the VV rates. The same description applies for the loss rates
too, with the VV rates dominating the redistribution of the vibra-
tional levels at high altitudes, and the chemical reaction with
CH4 increasing its efficiency with decreasing altitude. Finally, due
to the lower temperature conditions, the VT rates are more than
four orders of magnitude weaker than the corresponding VV rate
for each level, thus they do not affect the vibrational distribution
of the ground state. Note that, for the loss processes, the electron
impact loss and radiative cascade also effectively redistribute the
vibrational population within the ground state for levels above
the ground level. Thus, we see that although the vibrational popu-
lation of the ground state depends on the rate of cascade from
higher states, the actual shape of the vibrational distribution will
be dominated by the far more efficient VV rates at high altitudes
and the energy transfer to methane at lower altitudes.

Our resulting vibrational distributions reflect these processes
(Fig. 24). At high altitudes (!1200 km) the VV transitions dominate
and the distribution is monotonically decreasing with increasing
level. As we move deeper, the efficiency of the VV collisions
decreases while the reaction with methane becomes progressively
more important. Thus, a local minimum appears in the distribu-
tions that separates the local production by direct excitation (low
m) from the production by cascade of higher states (high m).
Finally, the total population of excited levels decreases rapidly
below 900 km as reaction with CH4 efficiently de-excites all levels.

It is also important to demonstrate the role of diffusion in the
vertical profiles of the different levels. If diffusion is not included
in the calculations, the peak densities for the different levels are
above 1100 km and the slope of the profiles is not consistent with
the total density slope (Fig. 24). Diffusion redistributes all mole-
cules, lowering the peak density altitude and providing a slope
above the peak that is consistent with the observed atmospheric
density.

We turn our attention now to the reaction rate for the vibra-
tional energy exchange between N2 and CH4, which as we saw
has an important role in the resulting vibrational population. So

Fig. 24. Overview for the vibrational distribution and density of the ground state levels. Left: Vibrational distribution of the ground state population at different altitudes
(blue lines and numbers). The black crosses represent the anticipated Boltzmann distributions at different temperatures (black numbers). The orange and red lines represent
the sensitivity of the 800 and 1000 km distributions on the vibrational energy exchange rate with methane for kCH4 = 10"13 cm3 s"1 (orange) and kCH4 = 10"15 cm3 s"1 (red)
relative to the nominal case used (kCH4 = 10"14 cm3 s"1 for the blue lines). Right: Density profiles for the m = 0, 1, and m > 1 vibrational levels for the nominal case compared
with the total N2 (blue) and CH4 (red) density profiles. The thin gray lines represent the same results, but in the case that diffusion is not included in the calculations. (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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Chemical implications unknown
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population of hot molecules close to 1000 km relative to the lower
altitudes, the peak emission altitude of the CY(0,1) emission is
reduced compared to the thermal population case. On the contrary,
as photons from the CY(0,2) band are lost only due to methane
absorption, multiple scattering at a given altitude increases the
total loss due to methane and so the peak of emission shifts to
higher altitudes with increasing X(m = 2) population. For the
CY(0,1) band the emission peak altitude is lowered by up to
20 km relative to the peak altitude for the thermal case, while for
the CY(0,2) emission the peak emission altitude increases by
10 km. Thus, the excited ground state population tends to bring
the peak emission altitudes for these two bands closer together.

These variations in the observable emissions for the CY bands
demonstrate that the inclusion of the non-thermal vibrational dis-
tribution of the ground state, as calculated by our model, brings the
simulated airglow results into better agreement with the Cassini
observations with regard to the magnitude of the CY(0,1) emission
and its ratio with the CY(0,2) emission (Stevens et al., 2011). At this
point we should note that the absolute values of the limb radiances
and peak altitudes we calculate, although consistent, should not be
directly compared with the Stevens et al. (2011) observations as
they do not reflect the specific flyby conditions (geometry and
solar influx) and atmospheric properties (density profile) during
that time. Our purpose here is only to demonstrate that the high

vibrational population of the N2 ground state we calculate is sup-
ported by the airglow observations. Finally, we note that among
the different vibrational energy exchange cases we consider with
methane, the low rate cases (kCH4 = 10!15–10!14 cm3 s!1) provide
results that are more consistent with the observations relative to
the high rate case that tends to generate vibrational populations
that are closer to the Boltzmann distribution.

6. Heating efficiency and energy transfer

As the role of collisions in de-exciting or transforming one
excited state to another gradually increases with decreasing alti-
tude, the rate at which photon energy is transformed to thermal
energy increases as well. This process of energy transfer is critical
for the thermal structure evaluation in the upper atmosphere and
we discuss in this section the results of our study regarding this
parameter.

An evaluation of the overall heating efficiency from N2 states
needs to consider the rate at which the energy exchange during
each collision is transformed to heat. From the description of the
production and loss rates of each state we saw that only three neu-
tral and electronically excited states are significantly affected by
collisions, the A, W, and a0. Each state/level has a different depen-
dence on the collisional processes, therefore the overall heating

Fig. 33. Limb radiances for the CY(0,0), CY(0,1), and CY(0,2) transitions and the altitude profile of CY(0,1)/CY(0,2). Each panel presents the calculated emissions in spherical
geometry, assuming different N2 state vibrational distributions: solid lines correspond to a Boltzmann distribution at 150 K, while the broken lines correspond to the ground
state vibrational distributions calculated with our model for the three different values of the vibrational energy transfer rate assumed between N2 and CH4 (Section 3.4). Their
differences demonstrate the importance of the ground state population on the observable emissions. The error bar on the CY(0,1)/CY(0,2) plot is taken from Stevens et al.
(2011) based on Cassini/UVIS observations of Titan’s airglow. Note that the atmospheric density profiles assumed here and in the latter study are different. The hot N2

population decreases the simulated CY(0,1)/CY(0,2) ratio at the peak emission altitude to values that are more consistent with the observations.
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Conclusions

Titan’s atmosphere is the most complex organic laboratory in our Solar system

Ion-Neutral chemistry has a fundamental role in the formation of 
complex molecules and eventually to the birth of the photochemical 

aerosols in Titan’s atmosphere

Neutral chemistry generates the most abundant photochemical 
products and drives that growth of the photochemical aerosols through 

heterogeneous reactions 

Titan, through Cassini-Huygens, has provided valuable lessons on complex 
chemistry and photochemical aerosol formation and evolution that help us 

understand other environments (Pluto, Giant Planets, Exoplanets)


