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a b s t r a c t

Observations by several instruments onboard the Cassini spacecraft revealed the existence of heavy

hydrocarbon and nitrile species with masses of several thousand atomic mass units in the ionosphere of

Titan. These very large molecules are in fact aerosols. The goal of this paper is to compute the

concentrations of the charged aerosols in the upper atmosphere (950–1200 km) of Titan. The charging

of these aerosols has been studied using the charge balance equations, where positive ions, negative

ions, electrons, neutral and charged aerosols are included. Number concentrations of charged aerosols

are compared with those observed by the Cassini instruments. The present work estimates the aerosol

mass density as 1–10 kg/m3, which is within the predicted range. The results show that the aerosols

must be smaller than 10 nm in order to have reasonable agreement with observations by the Cassini

Plasma Spectrometer.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The thick haze layers in the atmosphere of Titan were detected
by infrared and ultraviolet terrestrial observations made about
three decades ago (Danielson et al., 1973; Veverka, 1973; Zellner,
1973; Trafton, 1975). Later observations by Voyager 1 and 2
revealed the existence of two principal haze layers (Smith et al.,
1981, 1982). The likely cause of the haze-forming aerosols was
recognized as photochemistry occurring in the upper atmosphere
of Titan (Danielson et al., 1973). Photochemical models by Wilson
and Atreya (2004) suggested that the formation of heavy hydro-
carbons such as benzene occurs primarily in the well-mixed
region of Titan’s atmosphere below the homopause, near
750 km. Ion-neutral reactions at higher altitudes were believed
to be weaker sources of complex hydrocarbons. Therefore scien-
tists were not expecting detectable amounts of complex hydro-
carbons at altitudes above 950 km, the region sampled by the
Cassini orbiter during its pass through the Titan’s upper atmo-
sphere. Nonetheless, the Ion and Neutral Mass Spectrometer
(INMS), Cassini Plasma Spectrometer (CAPS) sensors and Radio
and Plasma Wave Science (RPWS) instruments onboard Cassini
spacecraft detected a significant population of heavy hydrocarbon
ll rights reserved.
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and nitrile species, which are the precursors of tholins at altitudes
greater than 950 km. INMS observed ion and neutral molecular
masses up to 100 amu/e (Waite et al., 2005, 2007) and Ion Beam
Spectrometer (IBS) and Electron Spectrometer (ELS), both of
which are CAPS sensors, observed negative ions of mass/charge
(m/q) up to 13800 amu/e and positive ions up to 350 amu/e
(Waite et al., 2007; Coates, 2009; Coates et al., 2007, 2010; Crary
et al., 2009). RPWS also detected heavy positive ions of m/q
greater than 100 amu/e (Wahlund et al., 2005, 2009). The con-
centrations of these ions were found to be �10% as that of
electrons in the ionosphere (Coates et al., 2007). The heavy ions
are suggested to be aromatic hydrocarbons (Waite et al., 2007;
Coates et al., 2007), acetylene and nitrile polymers (Crary et al.,
2009) or fullerenes (Sittler et al., 2009).

The heavy molecular ions are believed to be aerosols (Waite
et al., 2009; Coates et al., 2009; Wahlund et al., 2009). The heavy
ions of mass greater than 100 amu/e observed at altitudes less
than 1200 km during T17, T18, T26 and T32 flybys (Crary et al.,
2009; Wahlund et al., 2009), have been suggested as precursors of
larger aerosols seen at lower altitudes (Tomasko and West, 2009).
Lavvas et al. (2008), using a radiative-photochemical-microphy-
sical model revealed a first peak in haze production rate between
100 and 200 km and a second peak between 500 and 900 km in
the atmosphere. Lavvas et al. (2009) after analyzing the observa-
tions of several Cassini instruments suggest that the aerosol size
in the detached haze layer is in the range of 40 nm. The source of
the detached haze layer (between 500 and 900 km) was not
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Fig. 1. Distribution of particles used in the model at 950 km in the atmosphere.
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clearly known until Cassini instruments detected the heavy ion
population in the ionosphere of Titan. The present work puts
constraints on the charges carried by the observed heavy ions
(hereafter referred to as aerosols).

Heavy ion concentration was originally reported as 50 cm�3 at
�1000 km by Waite et al. (2007) based on UVIS observations
and �100 cm�3 by Coates et al. (2007). The heavy ion concentra-
tion in the altitude interval of 950–1150 varies between
100–2000 cm�3 during Titan flybys at different magnetospheric
conditions and different locations in the atmosphere (Wahlund
et al., 2009). Liang et al. (2007) using UVIS observations suggested
that the heavy ion concentration for altitudes 800–1000 km is
about 100 cm�3. These very large molecules are considered as
aerosols in the present work and the calculations of the charging
of these aerosols have been done at altitudes of 950 and 1120 km
and are then compared to those observed by CAPS ELS during T16
(Coates et al., 2007) and T29. The present model attempts to
calculate the charge state of these aerosols, which are present at
950–1200 km in the atmosphere. The model also estimates the
size and mass density of the aerosol particles and compares them
with estimates available in the literature. The numerical scheme
used in the model, the processes considered and comparison of
m/q with observed data are presented in the following sections.
2. Input data and numerical scheme

Basic inputs for the model are pressure, temperature, neutral
concentration, aerosol concentration and aerosol effective radii.
The values of pressure, temperature and neutral concentration
measured during the entry of the Cassini–Huygens probe into the
atmosphere of Titan are used in the present study. Aerosols are
considered to be heavy ions with masses more than 100 amu/e
observed by INMS and CAPS. The concentrations of these aerosols
are taken from Waite et al. (2007, 2009), Coates et al. (2007) and
Wahlund et al., (2009). At 950 km, three aerosol concentrations of
50 cm�3, 100 cm�3 and 2000 cm�3 are considered while 30 cm�3

is used at 1120 km. Though the radius of the aerosols was
originally deduced as r260 nm (Waite et al., 2007), it was later
inferred that these aerosols can be as small as 38 nm (Waite et al.,
2009; Sittler et al., 2009). Therefore at each altitude, distribution of
aerosols (polydisperse distribution (Seinfeld and Pandis, 1998)) is
considered where the radii vary from 0.5 to 64 nm. Various cases of
aerosol distributions have been studied with mean radii varying
from 2 to 16 nm at all altitudes. The standard deviation was kept
constant at 1.7 for all the distributions. The distribution of aerosols
used at 950 km is shown in Fig. 1.

The concentrations of ions (nþ , n�), electrons (ne) and aerosols
(N) are found from the charge balance equations. These constitute
a set of (2sþ1)� kþ3 simultaneous differential equations, where
s is the maximum number of elementary charges allowed on an
aerosol and k is the radius index of polydisperse aerosols. The ion
and electron charge balance equations can thus be written as
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here q is the production rate of electrons and positive ions, a is the
ion–ion recombination coefficient and ae is the ion–electron
recombination coefficient, bi

mk is the charge transfer coefficient for
ions of polarity m (1 for positive and 2 for negative ions) to aerosols
with charge i and radius index k, bi

ek is the electron attachment
coefficient to aerosols with charge i and radius index k. Negative
ions are produced by the electron attachment to the neutrals and bj

is the electron attachment coefficient to neutral species nj and Ni
k is

the concentration of aerosols of charge i and radius index k. bj used
in the present study is 1�10�21 m3 s-1, estimated from the work of
Christophorou (1980) and nj is obtained from Vuitton et al. (2009).
The ion–ion recombination coefficient is calculated using the
method of Hu and Holzworth (1996).

The production rate of electrons estimated using the
CAPS ELS electron densities by Galand et al. (2010) for T18 is
used in the present study, which is 2�10-1 cm�3 s�1. The ion–
electron recombination coefficients (6�10�6 cm3 s 1 and
1�10�6 cm3 s�1 at 950 and 1120 km, respectively) are
obtained from Galand et al. (2010). This recombination coeffi-
cient is modeled assuming that the magnetoshperic electrons
are an additional source of ionization along with solar radiation
and is in agreement within error bars of the ELS derived
recombination coefficient Galand et al. (2010).

The ion charge transfer and electron attachment coefficients
are calculated using the method developed by Hoppel and Frick
(1986) and is shown in Fig. 2. This calculation is discussed in
Michael et al. (2007, 2008, 2009) and Tripathi et al. (2008).

Initially the concentrations of positive ions and electrons are
considered equal and estimated as (q/ae)0.5. Negative ions are
formed by the attachment of electrons to the neutrals. Ions and
electrons are lost by the ion–ion recombination, ion–electron
recombination and charge transfer to aerosols.

The differential equations are solved using the fourth-order
Runge–Kutta method. This method numerically integrates ordin-
ary differential equations using a trial step at the midpoint of an
interval to cancel out lower-order error terms. This approach is
used to solve the set of equations using the charge conservation
as a constraint on the calculations;

zpþnþ�n��ne ¼ 0 ð5Þ

Here nþ , n� and ne are the positive, negative ions and electron
densities, respectively, and zp is the total charge on the aerosols,
which is expressed as

zp¼
X

p

pNp ð6Þ



Fig. 2. Attachment coefficients of ions and electrons to aerosols of various sizes at 950 km in the atmosphere of Titan.

Fig. 3. (a) Probability of charging calculated at 950 km and (b) 1120 km in the atmosphere of Titan.
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where Np is the density of aerosols with charge state p. A similar
numerical method was used to estimate the aerosol charging in
the atmospheres of Mars (Michael et al., 2007, 2008; Michael and
Tripathi, 2008), Venus (Michael et al., 2009), Titan (Borucki et al.,
2006; Whitten et al., 2007) and Jupiter (Whitten et al., 2008).
3. Results and discussion

Fig. 3(a and b) shows the charge distribution in terms of
probability for aerosols of different sizes at 950 km and 1120 km.
Here the initial neutral aerosol concentration was taken to be
100 cm�3 for 950 km and 30 cm�3 for 1120 km with a mean
radius of 8 nm for the distribution of aerosols at both the
altitudes. The charge distribution probability is calculated as the
ratio of the concentration of aerosols in a charge bin to the total
concentration of aerosols. At 950 and 1120 km, aerosols of sizes
from 0.5 to 32 nm have not more than one charge. Because the
electrons are more mobile than the ions, the attachment coeffi-
cients of electrons are higher (more than two orders of magni-
tude) than those of ions and therefore negatively charged aerosols
have a higher concentration than positively charged aerosols. The
model predicts up to two charges for 64 nm aerosols with a
higher concentration of negatively charged aerosols similar to
that of the smaller aerosols. The probability of charging was
calculated keeping the initial aerosol concentration at 50 and
2000 cm�3. The results showed a maximum of 10% difference
from those with an initial concentration of 100 cm�3. The
mass/charge has been calculated so that the concentrations can
be directly compared with those measured by Coates et al. (2007)
Fig. 4. Mass/charge vs. concentration calculated with a particle density of 1 kg/m3 at (a

during the flyby of T16.
for 950 km. Though these aerosols are initially estimated to have
a density of 1�10�3 kg/m3 (Waite et al., 2007), later it was re-
estimated that solid particles have a characteristic density of
�1�103 kgm�3, whereas fractal particles have density of
1 kg/m3 (Sittler et al., 2009; Waite et al., 2009). To calculate the
mass of the aerosols, particle densities within the reported range
(1, 10 and 100 kg/m3) have been used. Though the calculations
were done for an aerosol density of 1000 kg/m3, the calculated
and the observed (Coates et al., 2007) concentrations were not in
agreement. As shown in Fig. 4a particle density of 1 kg/m3 was
used to calculate the mass of the aerosol and the resulting
concentrations of charged aerosols are compared with T16
(Coates et al., 2007) and T29.

Different polydisperse distributions have been used with mean
radii varying from 2 to 16 nm. At 950 km (Fig. 4a), the concentra-
tion of aerosols with mean radius of 2 nm is within a factor of five
of the observed concentration for m/q less than 200 amu/e.
Similarly, aerosol distributions with a mean radius 4 nm have a
concentration, which shows agreement to some extent with the
observed concentration for m/q up to 1000 amu/e. Aerosol dis-
tribution with mean radius of 8 nm have concentration, which is
within an order of magnitude of the observed concentration for
m/q greater than 100 amu/e. Aerosol distribution with mean
radius of 16 nm have concentration, which is in agreement with
the CAPS observation for m/q very close to 10,000 amu/e. Fig. 4b
shows a similar plot at 1120 km in the atmosphere. The calcu-
lated concentration using the aerosol distribution with a mean
radius of 2 nm shows agreement to some extent with that of the
observed concentration for the whole range of observed m/q.
The calculated concentration using the aerosol distribution with a
) 950 km and (b) 1120 km. CAPS ELS spectra is from Coates et al. (2007), observed



Fig. 5. Mass/charge vs. concentration calculated with a particle density of 10 kg/m3 at (a) 950 km and (b) 1120 km. CAPS ELS spectra was observed during the flyby of T29.

M. Michael et al. / Planetary and Space Science 59 (2011) 880–885884
mean radius of 4 and 8 nm show agreement to some extent with
that of the observed concentration for m/q less than about
200 amu/e. The distribution with mean radius of 16 nm does
not show any agreement with that of observation.

A particle density of 10 kg/m3 has been used in Fig. 5(a and b).
Fig. 5a and b shows the observed and calculated concentrations at
950 and 1120 km, respectively. At 950 km, the calculated con-
centration of aerosol distribution with mean radii 2 and 4 nm are
within an order of magnitude of the observed concentration for
m/q less than 200 amu/e. Calculated concentration of aerosol
distribution with mean radii 8 and 16 nm, show agreement with
the observed concentration only for m/q very close to 10000 amu/e.
At 1120 km, none of the calculated concentrations agree with those
of observed data except for distribution with mean radius of 16 nm
at a m/q very close to 1000 amu/e and for distribution with mean
radius 2 nm for m/q less than 200 amu/e.

Calculations made with a particle density of 100 kg/m3 show
no agreement at 950 km between the calculated and observed
concentrations. At 1120 km the observed and calculated concen-
trations show poor agreement, except at �1000 amu/e, where the
results using the aerosol distribution with 8 nm show a difference
of less than an order of magnitude with the observed concen-
trations.

The results presented here show that the particle density can
be limited to 1–10 kg/m3 similar to what has been reported by
Sittler et al. (2009). Though aerosol distributions with mean radii
2, 4, 8 and 16 nm have been used in the present study, it is clear
from Figs. 4 and 5 that the aerosol distributions with a mean
radius of 16 nm are not in agreement with those of the observed
data while distributions with mean radii of 2, 4 and 8 nm show
agreement to some extent. In addition m/q calculations that
assumed a single charge on the aerosols (Coates et al., 2007,
2009; Sittler et al., 2009) agree with our results and show that the
aerosols of less than 10 nm indeed have only a single charge.

As mentioned above, the charged aerosol concentrations
calculated in the present work have been compared with CAPS
ELS at 950 km for T16 (Coates et al., 2007) and T29. The ELS
detector is a microchannel plate (MCP) (Linder et al., 1998; Young
et al., 2004), which is subject to loss in efficiency and therefore
signal response for very massive ions (e.g. 41000 amu/e (Chen
et al., 2003). Though there are several reasons for this falloff,
the major one relevant for the ELS is detector charge saturation.
The MCP operates using secondary electrons generated from the
initial impact of the ion on the channel surface. The secondary
electrons are accelerated through the channel and impact the
channel wall, producing additional electrons leading to an elec-
tron cascade. The detector anode collects this electron cascade
and generates a signal resulting in a single count). Thus the
detector efficiency is directly related to the probability of produc-
tion of secondary electrons. The ELS MCP is operated in saturation
mode in which the electron cascade depletes the local channels
of electrons and regeneration requires a period typically
�milliseconds. Since local channels are temporarily disabled they
will not respond to subsequent ions or electrons collisions in the
same region until it is recharged. A single heavy ion event can
drive a detector into very hard saturation, making it slow to
recover for the next event. When the event rates are very high
(as is the case here) nearly all MCP channels can be affected in
this way, which tends to cause the detector to under-count the
number of events. Because the number of secondaries emitted
increases with increasing ion mass, charge saturation and loss of
sensitivity gets worse with an increase in aerosol mass. It should
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be emphasized that while this effect is known in laboratory mass
spectrometry studies of proteins and DNA, it has never before
been encountered in space and so it is not surprising that this
effect has not been fully taken into account in the studies
reporting the detection of heavy negative ions in the atmosphere
of Titan (Coates et al., 2007, 2009). The model results presented
here may require some adjustment when such a correction is
applied to the observations, however, it will not affect our
conclusions.
4. Summary

Heavy ions (4100 amu/e), which are precursors of the aero-
sols in the lower atmosphere have been observed by Cassini
instruments at altitudes of 950–1200 km in the atmosphere of
Titan. These heavy ions of mass greater than 100 amu/e are
considered aerosols and we have studied the charging of these
aerosols using a one dimensional model. This study shows that
aerosols of radius less than 32 nm should carry single charge
while aerosols of 64 nm carry a double charge. This constraint
that aerosol carries single charge is in agreement with the
assumption made for the CAPS ELS observation (Coates et al.,
2007, 2009). The present work estimates the particle density of
1–10 kg/m3, similar to what has been reported by Sittler et al.
(2009). The results show that aerosols must be smaller than
10 nm to get a reasonable agreement with observations by the
Cassini Plasma Spectrometer.
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