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Abstract

The Permittivity Wave and Altimetry system on board the Huygens probe
observed an ionospheric hidden layer at a much lower altitude than the main
ionosphere during its descent through the atmosphere of Titan, the largest
satellite of Saturn. Previous studies predicted a similar ionospheric layer.
However, neither previous nor post-Huygens theoretical models have been
able to reproduce the measurements of the electrical conductivity and charge
densities reported by the Mutual Impedance (MI) and Relaxation Probe (RP)
sensors. The measurements were made from an altitude of 140 km down to
the ground and show a maximum of charge densities of ~ 2x 10° m~2 positive
ions and ~ 450 x 10° m~3 electrons at approximately 65 km. Such a large
difference between positive and negative charge densities has not yet been
understood. Here, by making use of electron and ion capture processes in to
aerosols, we are able to model both electron and positive ion number densities

and to reconcile experimental data and model results.
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1. Introduction

The atmosphere and surface of Titan, the largest moon of Saturn, was
explored by the ESA Huygens Probe in 2005 (Lebreton et al., 2005). During
the three hours of descent and surface operations, the probe measured for the
very first time the physical properties of its deeper atmosphere and hidden
surface. The Permittivity Wave and Altimetry (PWA) subsystem, part of
the Huygens Atmospheric Structure Instrument (HASI), determined the at-
mospheric electrical conductivity by making use of two independent sensors:
the Mutual Impedance (MI) and Relaxation Probe (RP) and discovered an
ionized layer at approximately 65 km of altitude (Fulchignoni et al., 2005;
Grard et al., 2006).

This low ionospheric layer is thought to be produced by cosmic radiation
(Capone et al., 1976; Molina-Cuberos et al., 1999b), which is the most pen-
etrating kind of radiation and the only one able to ionize the lower portion
of the atmosphere. Cosmic rays ionize the neutral constituents of the atmo-
sphere, producing positive ions and electrons. The PWA data shows that,
for example, at the peak of electron density, the concentration of positive
ions is approximately four times higher than that of electrons, and the ratio
increases with altitude, reaching a factor of approximately 1000 at the top
of the sounding range, 140 km (Hamelin et al., 2007; Ldpez-Moreno et al.,
2008; Molina-Cuberos et al., 2010). In order to explain dissimilar concen-
trations of electrons and positive ions reported by the PWA sensors in the

lower ionosphere, either electrophilic molecular species, embryos or aerosol
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particles able to attain negative charge must be considered (Borucki et al.,
2006, 2008; Whitten et al., 2007; Mishra et al., 2015).

The existence of an upper ionospheric layer was known since the Voy-
ager 1 flyby (Bird et al., 1997). This layer extends up to approximagely
2200 km altitude (Galand et al., 2014) and it is produced by ultraviolet ra-
diation from the sun on the dayside (Cravens et al., 2005) and energetic
particle on the nightside(Cravens et al., 2009). Electrons trapped in the
Saturnian magnetosphere can also contribute to the ionization depending on
the Saturnian magnetosphere and the Saturn Local time of Titan (Edberg et
al., 2015). The dayside electron number densities deduced from the Radio
Plasma Wave Science/Langmuir Probe (RPWS/LP) measurements peak at
values ~ 2000 — 5000 cm ™ in the altitude range from 1000 to 1200 km ( Vi-
gren et al., 2015), and it results a factor of ~ 2 lower than the values derived
in the Cassini multi-instrumental study by Vigren et al. (2013).

Titan is the satellite with the densest atmosphere in the Solar System
and the only nitrogen-rich atmosphere aside from Earth’s. Its atmosphere
is mainly composed by nitrogen (97%) and methane (2.7+£1%), and lodges
trace amounts of a high variety of hydrocarbons such us ethane, diacety-
lene, methylacetylene, acetylene, and cyanoacetylene (Niemann et al., 2005;
Coustenis and Taylor, 2008). The atmosphere is characterized by dis-
tributed hazes of aerosol layers and the known Titan’s orange haze at alti-
tudes of around 500 km (Israél et al., 2005; Coates et al., 2009; Lavvas et
al., 2013). Solar radiation and energetic particles coming from the Saturnian
magnetosphere dissociate Ny and CHy, the major atmospheric constituents,

into radicals and ions, which trigger a complex organic chemistry (Cravens
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et al., 2006; Magee et al., 2009; Mandt et al., 2012) and subsequently leads
to the formation of aerosol particles (Niemann et al., 2005; Coates et al.,
2009; Lawvvas et al., 2013). Those particles can then become charged pos-
itively or negatively. At higher altitudes, just below the main ionospheric
peak above 950 km, negative and positive molecular ions and predominantly
negative charged nm-sized grains have been detected (Coates et al., 2007,
Waite et al., 2007; Shebanits et al., 2013, 2016). Several articles have shown
the significant role of physical aggregation and ion-neutral chemistry in the
production of aerosols (Sittler et al., 2009; Lindgren et al., 2017; Lavvas et
al., 2013). It is now widely admitted that studying the ionosphere of Titan
at all altitudes cannot be done without considering aerosols.

The models developed before the Huygens arrival predicted that the elec-
tron and ion abundances can be affected by attachment to aerosols, during
both nighttime and daytime (Borucki et al., 1987, 2006). The post-Huygens
models also included other species to decrease the concentration of electrons
and to reproduce the observations. Whitten et al. (2007) developed a time-
dependent model of the nightside ionosphere and found that the electrical
charging of aerosol particles is negative and the formation of negative ions
is of major importance at night. The presence of a very small abundance
(in the range between 107! and 10~ mole fraction) of electrophilic neutral
species in which electrons can be attached by the three-body process and
produce negative ions, can reduce appreciably the concentration of electrons
below 40 km (Molina-Cuberos et al., 2000).

Borucki et al. (2008) modeled the size and abundance distribution of

aerosols by assuming a constant mass flux with altitude and using the re-
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ported optical depth at the lower ionosphere by Tomasko et al. (2005) as a
constraint. Then, the obtained profiles were used to calculate the electron
and ion densities and conductivities for varios solar UV photoelectron emis-
sion thresholds, because of the Huygens’ descent took place during daytime
conditions, with a solar zenith angle of around 40°. The comparison with
PWA observations indicated that photoemission of electrons cannot be an
important source of ionization (Borucki et al., 2008), therefore the structure
of the lower ionosphere does not depend on the solar local time. In order
to find agreement with observation, they also find that both an additional
population of aerosol embryos above 50 km and a very low mole fraction of
electrophilic molecules at lower altitudes are needed. Embryos are very small
particles (& 7 x 10™* pum) that, at the atmospheric conditions of Titan, can
be fullerenes and polycyclic aromatic hydrocarbons (Sittler et al., 2009).

Mishra et al. (2015) solved the state equations for ions and electrons in
the presence of aerosols and embryos, allowing both particles to be positively
and negatively charged. In order to agree with the observations obtained
by the MI sensor (Hamelin et al., 2007), both the concentration of embryos
and the photoemission thresholds of aerosols/embryos were adjusted at each
altitude. In contrast with Borucki et al. (2008), the presence of aerosols
increases the conductivity due to electrons and their predictions at 140 km
differ approximately by four orders of magnitude with conductivity data
retrieved from the RP sensor (Ldpez-Moreno et al., 2008; Molina-Cuberos et
al., 2010).

In the present work, we take a step forward towards understanding the

physical process related with the charge distribution in Titan’s atmosphere
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below 140 km. Cardnell et al. (2016) recently revealed the fundamental role
that aerosols play in the photochemistry of the low ionosphere of Mars. Here
we follow a similar approach and find that the size and density distribution
of aerosols affects the concentration of both positive and negative charge car-
riers. By making use of electron and ion capture processes onto aerosols and
aerosol profiles from Huygens measurements (Tomasko et al., 2008; Lavvas
et al., 2010), we are able to reconcile experimental data and model results.
We also find that, unlike previous works, no additional population of small
embryo particles nor electrophilic neutrals are needed in order to attain a

reasonable agreement with the PWA observations.

2. Model

The lower ionosphere of Titan is modeled by considering the balance
equations for one kind of cations, electrons and aerosols. A similar treatment
was used by Cardnell et al. (2016) in the lower Martian ionosphere. Here we
make use of the same processes and formulation with the only difference being
neglecting electron photodetachment processes (Borucki et al., 2008) due to
the large distance to the Sun and the strong absorption of Titan’s dense
atmosphere (Lara et al., 1996). The photoemision of aerosols was taken into
account by Mishra et al. (2015) and they found that, in contrast with Borucki
et al. (2008), the production of electrons by the photoemission of aerosols is
an important process, particularly above 80 km. However, the inclusion of
this process increases the concentration of electrons and the obtained results
disagree with the observations above 80 km.

Transport phenomena can be neglected in the lower atmosphere because
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the transport time is several orders of magnitude larger than the chemical
lifetime (Molina-Cuberos et al., 1999a). Ions and electrons are produced
by cosmic rays and lost by ion-electron recombination and by attachment
to aerosols. Assuming steady-state conditions, the continuity equations for
positive ions, electrons and aerosols can be written as (Banks and Kockarts,

1973):

imazfl
q—antn® — Z BintN'=0 (1)
q— an+ne — Z BéneNi = 0 (2>
i:—imax+1
Birlpt Ni=1 4 Bitlpe N+l _ gip+ Ni=1 _ gineNi = (3)

where nt and n® are the cation and electron number densities, respectively,
N? is the number density of aerosols with i elementary charges, ¢ is the
production rate of cations and electrons due to cosmic rays, a the ion-electron
recombination coefficient, 8% and . are the attachment coefficients of cations
and electrons, respectively, to aerosols with i elementary charges, and =i,,4.
is the maximum number of elementary charges in an aerosol.

We make use of the atmospheric model reported by Coustenis and Taylor
(2008) and an adapted cosmic rays spectra for Saturn’s orbit and moderate
solar activity (Molina-Cuberos et al., 1999b) in order to calculate the ion-
ization rate by cosmic rays. Solar wind interacts with the cosmic particles
in the interplanetary medium and its variations related to the solar activity
produce changes in the spectrum of cosmic rays. However, due to the long
distance to the Sun and the strong absorption of the atmosphere, the effects

of the solar conditions on the ionization rate below ~ 150 km are quite low
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(Molina-Cuberos et al., 1999b), and, therefore, the results of our model do
not depend on the solar activity. The high amount of hydrocarbons and the
low temperatures of the atmosphere favour the production of cluster ions
(Capone et al., 1976; Borucki et al., 1987; Molina-Cuberos et al., 1999a),
which are composed of the electrostatic aggregation of one or several neu-
tral molecules into an ion and recombine with electrons more quickly than
the covalently bonded cations. The ion-electron dissociative recombination
rates for the most abundant ions are on the form asggy x (7. /300)7, with azg
being the rate coefficient at T, = 300 K and with (7./300)” describing the
electron temperature dependence of the reaction (Vigren et al., 2013). At
the lower atmosphere of Titan, the electron temperatature is equal to the
atmospheric temperature, T'. Experimental values for asgy and v range from
1 to 2 (in x107% cm?® s7!) and from 0.58 to 0.80, respectively (see Vigren
et al. (2013) and references therein), here we have adopted a mean rate of
a=1.5x1075300/T)°" cm? s~ .

Aerosols can become charged due to ion and electron attachment, both
positively and negatively up to several elementary charges. The more neg-
atively charged an aerosol is, the easier it is to capture a positive ion and
vice versa. The probability of electrons becoming attached to aerosols is

quantified with the electron attachment coefficient Gunn (1954):

~ eo(1 — exp(—2L))

% i,uee
(4)

where ¢ is the number of charges on the aerosol, u. the electron mobility, e is
the elementary charge, € is the vacuum permittivity, L = e*/(8megakpT), a
is the aerosol radius, and kp is the Boltzmann constant. Gunn (1954) derived

the above expression by considering the Coulomb forces at large separations

8
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between a spherical particle carrying ¢ charges and the electron or ion, and
by neglecting the induced image charges, which produce short range forces.
Since the ionic mean free path is short compared to the aerosol size, we
also make use of the method by Gunn (1954) to model the ion attachment
to aerosol particles. This approximation is not applicable within the low
collisional regime of the upper ionosphere. Aerosols are allowed to become
charged up to +1%,,,, elementary charges, which give rise to 2¢,,,, + 1 aerosol
balance equations. The maximum positive and negative charge the aerosols
are allowed to attain is set at i,,,, = 150, which was twice the minimum
value required to adequately represent the aerosol charge distribution.

The distribution of aerosols strongly affects the density of positive ions
and electrons. In the present work, the two aerosol density profiles reported
by Tomasko et al. (2008), with a constant aerosol size of 720 pm, where
used, see Fig. 1. These profiles were obtained using measurements from
the two channels of the solar aureole (SA) instrument onboard Huygens,
corresponding to the 491 and 934 nm wavelengths (Tomasko et al., 2008).
The results agree above 80 km, but differ sightly below this altitude. More
recently, Lavvas et al. (2010) presented a one dimension study of Titan’s
aerosol distribution. They considered a constant mass production of aerosols

2 s~ and modelled the evolution of the

in the thermosphere to 3 x 10~ g cm™
particles due to coagulation, sedimentation and atmospheric mixing. Lavvas
et al. (2010) obtained a lower number density and an aerosol size of 850 pm,
that can be considered constant at the altitude range of Hyugens, also plotted

in Fig. 1.

The aerosol charging processes do not alter the total aerosols number
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tmax

N:AZ N° (5)

i=—lmaz
The condition of charge neutrality requires that:

Z iN'+nt —n®=0 (6)

i=—imas

The concentration of cations, electrons and charged aerosols were cal-
culated by solving the system of algebraic equations (1)-(5), and using the
fsolve function provided by Matlab™. This technique iteratively minimizes
the sum of squares of the components from an initial guess and a range of
initial guess values were tested to ensure the final results. Once the charge
concentrations are calculated, the mobilities due to positive ions and elec-
trons are used to calculate the two branches of electrical conductivity, cor-
responding to the positive and negative charges. Assuming that electrons

mainly collide with molecular nitrogen, the electron mobility can be derived
as follows (Banks and Kockarts, 1973):

(&

e — 7
K =933 10-"N, T (7)

where p¢ is given in m? s=! V=1 and N, the neutral number density in
m 2. The ionic mobility depends on the ionic mass. Here we make use of a
functional equation (Meyerott et al., 1980):

<@) 1/3 - 0.3] 107 (8)

m™*

. T 101325
273 P

I

where P the pressure in Pa and the ionic mass m™ is expressed in amu.

Numerical models predict a mean ionic mass in the range between 50 and

10
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150 amu (Molina-Cuberos et al., 1999a), although more massive ions are not

excluded. Here, we make use of a mean value of m* = 100 amu.

3. Results and Discussion

Figure 2 compares the two components of the electrical conductivity re-
sults with our model and the measurements obtained from the RP and MI
data. The RP technique allows differentiation between the conductivity
due to positive and negative charges and, therefore, can provide informa-
tion about the densities of both charge carriers (Ldpez-Moreno et al., 2008;
Molina-Cuberos et al., 2010). However, this method requires long time peri-
ods, which decreases the spatial resolution. In contrast, the MI technique is
only sensitive to the total electrical conductivity and has a faster measure-
ment rate (Hamelin et al., 2007).

The RP provided the conductivity due to positive ions above approx-
imately 65 km; below this altitude the relaxation time was too long to be
measured (Lopez-Moreno et al., 2008). We observe that the calculated con-
ductivities are very similar for the three analyzed aerosol profiles. We have
found a very good agreement with experimental results and does not differ
too much from the results of the model not considering aerosols (also plotted
in Fig 2).

The most important improvement of this model is the resulting conduc-
tivity due to electrons. Without taking into account the role of aerosols
(non-aerosol case in Fig 2), the results show a very good agreement below
the peak at approximately 60 km. However, above this maximum, while

the non-aerosol model predicts an increase in conductivity with altitude, the

11
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measurements indicate an exponential decrease, reaching a disagreement of
four orders of magnitude at 140 km. We observe that the inclusion of aerosols
in the model strongly reduces the conductivity due to electrons, mainly at
higher altitudes, and allows the convergence between model results and ex-
perimental measurements. The best agreement is found with the aerosol
profile retrieved from the 930 nm channel, in fact, calculations also reproduce
the observed small decrease at around 80 km. MI reported conductivity mea-
surements down to the ground (Hamelin et al., 2007). However, the authors
intentionally limited the density profile to an altitude of 40 km because of
the lack of accuracy as the conductivity decreases. Our results also agree
with the MI data, even at this altitude range, which may also support the
measurements obtained by MI.

Figure 3 shows the densities of positive ions and electrons obtained by
our model and the retrieved ones from the RP and MI measurements. The
electron density, which obviously coincides with the positive ion density for
the non-aerosol case, is also plotted. The error bars associated with the
concentration of positive ions take into account the errors in the numerical
fitting and the uncertainties of the ionic mass (Ldpez-Moreno et al., 2008).
Again, we observe a very good agreement between model predictions and the
densities obtained from conductivity measurements. The presence of aerosols
reduces the concentration of both electrons and ions. The decrease in the
concentration of electrons is much greater and, therefore, the concentration
of electrons is not equal to that of positive ions, which means that an im-
portant amount of negative charge is accumulated on aerosols (Fig 4). In

fact, the amount of negative charge attached onto aerosols is similar to the

12
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number of electrons. The ratio ions/electrons decreases with altitude, from
approximately 350 at the top of our altitude range to a minimum of approxi-
mately 1.1 at = 70 km, then it remains almost constant down to the ground,
where the concentration of positive charge is twice that of electrons. Both
electrons and positive ions peak at approximately 62 km, roughly the same
altitude where ionization rate peaks (65 km).

Figure 4 shows the distribution of charged aerosols obtained in our sim-
ulation. Aerosols tend to become negatively charged due to the more effi-
cient attachment of electrons than that of positive ions. The mean num-
ber of electrons attached to aerosol particles depends on altitude and is in
the range between 30 and 50. FElectron trapping in aerosols leads to =
60 charges/radius (in pm), which is between the results obtained in tholin
material, 628 charges/radius for Titan-like aerosols particles by Pirim et al.
(2015) and the 7.5 charges/radius used by Larson et al. (2014) in a three di-
mensional general circulation model with microphysics treatment of aerosols.
At the maximum of the electron concentration, approximately 60 km, aerosol
particles lodge approximately 30 electrons and close to the surface slightly
more, approximately 35 electrons. The charged aerosol number density in-
creases with altitude from the ground up to approximately 40 km, where it

peaks at approximately 1.4x10° m~2 and then decreases.

4. Conclusions

The lower ionosphere of Titan has been modeled and the electrical con-
ductivity due to positive charges and electrons was calculated in order to

reconcile the experimental data obtained by the PWA system on board the
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Huygens probe. The main conclusions obtained in this work are as follows:

1. The presence of aerosols reduces the values of the two components of
the electrical conductivity. The used aerosol profile allows to reconcile the
model results with the experimental measurements obtained both by the MI
and the RP sensors in the whole altitude range, from 140 km down to the
ground.

2. The inclusion of aerosols decreases the concentration of both electrons
and ions. This reduction is greater for the case of electrons and, therefore,
the concentration of electrons is not equal to that of positive ions. The ratio
ions/electrons decreases with altitude, from ~ 350 at 140 km to a minimum
of ~ 1.1 at ~ 70 km.

3. Both electrons and positive ions peak at ~ 62 km, roughly the same
altitude where ionization rate peaks (65 km).

4. Aerosols are negatively charged and the main number of electrons

attached to aerosol particles is in the range between 30 and 50.
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Figure 1: Aerosol number density as a function of altitude for the three diffent models
used in this paper. All the models were developed for the Titan conditions during the

descent of Huygens, same as the present model.
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Figure 2: Electrical conductivity due to positive (left panel) and negative charges (right
panel), where the symbols are for MI and RP measurements (Hamelin et al., 2007; Ldpez-
Moreno et al., 2008; Molina-Cuberos et al., 2010), solid line for the non-aerosol case and

the other lines for the aerosol number densities shown in Fig. 1.
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Figure 3: Calculated electron (left panel) and ion (right panel) densities (lines) and re-

trieved from MI and RP measurements (symbols).
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Figure 4: Distribution of charges on aerosols at various altitudes, the aerosol number

density profile is from Tomasko et al. (2008) 930 nm, Fig. 1.
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