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[1] Some of the secrets of the atmosphere of Titan have
been unveiled by the Huygens Probe. The Permitivity Wave
and Altimetry system detected a hidden ionosphere much
below the main ionosphere, that lies between 600 and
2000 km. Theoretical models predicted a low altitude
ionosphere produced by cosmic rays that, contrary to
magnetospheric particles and UV photons, are able to
penetrate down in the atmosphere. Two sensors: Mutual
Impedance (MI) and Relaxation Probe (RP) measured the
conductivity of the ionosphere by two different methods and
were able to discriminate the two branches of electrical
conductivity due to the positive and negative charges. The
measurements were made from 140 to 40 km and show a
maximum of charge densities �2 � 109 m�3 positive ions
and �450 � 106 m�3 electrons at around 65 km. Here we
present the altitude distribution of the concentration of
positive ions and electrons obtained from the RP and MI
sensors. Citation: López-Moreno, J. J., et al. (2008), Structure of

Titan’s low altitude ionized layer from the Relaxation Probe

onboard HUYGENS,Geophys. Res. Lett., 35, L22104, doi:10.1029/

2008GL035338.

1. Introduction

[2] Titan, the largest satellite of Saturn (and the second
largest in the Solar System) was discovered by Huygens in
1655. Titan, similarly to the Earth, has a dense atmosphere
that is mainly composed of molecular nitrogen. On 14
January 2005, the ESA Probe Huygens entered Titan’s
atmosphere with the objective of determining the physical
properties of its atmosphere and surface. Huygens houses
the Permittivity Wave and Altimetry (PWA), a subsystem of
the Huygens Atmospheric Structure Instrument (HASI)
devoted to the investigation of the electric properties and
electromagnetic phenomena in the atmosphere below 170 km
and on the surface [Fulchignoni et al., 2005].

[3] The structure of the ionosphere of Titan has intrigued
planetologists for a long time. The possibility of electrical
discharges in the atmosphere has also been of great interest
from before the Voyager encounters with Titan [Gupta et al.,
1981]. The ionosphere was detected by the radio occultation
experiment during the Voyager 1 encounter in 1980 [Bird
et al., 1997] and it has been sounded several times since
the first Cassini Orbiter encounter on October, 2004
[Mahaffy, 2005], where the ionospheric electron densities
and temperatures were measured [Wahlund et al., 2005].
The ionospheric composition has been measured by the
Ion and Neutral Mass Spectrometer (INMS) instrument
[Cravens et al., 2006], the total ion density agrees quite
well with the electron density obtained by the Radio and
Plasma Wave Science (RPWS) instrument. Coates et al.
[2007] revealed the existence of negative ions with densi-
ties up to �100 cm�3. The Radio Science (RSS) Experi-
ment on board Cassini shows the presence of intermittent
ionospheric layers with electron densities up to 2000 cm�3

between 500 and 900 km [Kliore, 2007]. The RPWS
instrument on board Cassini has not detected any radio
signal of lightning after 35 close Titan flybys [Fischer
et al., 2007].
[4] Three sources contribute to the ionization of Titan’s

atmosphere: ultraviolet radiation from the Sun, charge
precipitation from Saturn’s magnetosphere, and galactic
cosmic rays. The first two mechanisms are not efficient at
altitudes below 400 km and their role is therefore not
appreciable in the range covered by PWA. Electricity in
the chemistry of the Titan atmosphere is of main impor-
tance. Ions involved in the reactions controlling the com-
position and evolution of the atmosphere can give rise to the
formation of complex polymers [Vuitton et al., 2006].
[5] Theoretical models [Borucki et al., 1987;

Molina-Cuberos et al., 1999a, 1999b] predict that cosmic
rays can penetrate the lower atmosphere and induce an
ionosphere below 400 km. Borucki et al. [1987] calculated
a peak electron density of 1600 cm�3 at 95 km and
showed that aerosols could appreciably reduce the density.
Molina-Cuberos et al. [1999a, 1999b, 2000] modeled the
ion-neutral chemistry of the lower ionosphere and calculated
the concentrations of electrons and positive and negative
ions depending on factors such as the electron recombina-
tion rate, the modulation of cosmic rays by the solar wind,
the nature of the major cations and the concentration of
electrophilic species. The ionospheric models have recently
been updated. Using improved aerosol density profiles
Borucki and Whitten [2008] found the peak of electron
density at 80 km.
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[6] The upper ionosphere of Titan was explored by
Voyager and, more recently, by Cassini. However no
information was available about the lower ionosphere
before the descent of Huygens. In this paper we report the
concentration of electrons and positively charged particles
derived from the conductivity measurements obtained by
the Mutual Impedance (MI) and Relaxation Probe (RP)
sensors of HASI below 140 km.

2. Electrical Conductivity and Charge
Concentrations

[7] The PWA subsystem consists of a four-electrode MI
probe and a double RP including two sensors RP1 and RP2
that measured the permittivity and conductivity of the envi-
ronment, detected electromagnetic waves, and static electric
fields [Grard et al., 2006]. The instrument was tested in the
atmosphere of the Earth during several balloon campaigns
using a mock-up of the Huygens Probe. The results obtained
during these campaigns confirmed the validity of the exper-
iment and the functionality of the instrument [López-Moreno
et al., 2001, 2002].
[8] The relaxation technique for measuring the small ion

polar conductivities, known also as the ‘‘transient response
method’’, depends only on the determination of a time
constant and not on calibration [Ogawa, 1985]. The exper-
imental set-up consists of an electrode exposed to the
ionized medium that is momentarily biased at a negative
or positive potential with respect to a reference level, that of
the Huygens Probe structure. The sensor subsequently
returns to its initial equilibrium by collecting positive or
negative ambient charges. The sequence of measurements
consists of four relaxation cycles of 56 s, where the source
potential is successively set to +5, 0, �5 and 0 V. When
space charge effects are neglected and the reference level
is stable, the potential difference between the RP electrode
and the Huygens Probe follows an exponential law of
the type:

V ¼ V0 � Vf

� �
exp �t=tð Þ þ Vf ; ð1Þ

where V0 and Vf are the initial and floating potentials,
respectively. The time constant, t, is related to the
resistance, Re, and capacitance, Ce, of the electrode in the
plasma by t = ReCe.
[9] The slope of the potential decay, or time constant t,

provides the polar components of the electrical conductivity
s = �0/t, where �0 is the permittivity of vacuum [Grard
et al., 2006; López-Moreno et al., 2001]. A discrete capacitor
Cp = 352 pF is connected in parallel with the RP2 sensor, in
order to reduce the speed of decay for a given conductivity,
thus extending the range of measurements towards larger
conductivities by a factor of (Ce + Cp)/Ce.
[10] When the ratio of the electrode dimension over the

Debye length is large, the neutral medium approximation
is no longer valid. It is necessary to take into account the
fact that the resistance and capacitance of the electrode are
not constant and depend upon electrode potential, charge
density and Debye length. In this situation, the potential
around the sensor does not obey a Laplace field, but a
Poisson field is obtained by solving the continuity, flux
and Poisson equations for repelled and attracted charges.

The potential difference between the RP electrode and the
Huygens Probe satisfies the differential equation [Godard,
2007]:

I ¼ V

R
¼ � dQ

dt
¼ � d

dt
CVð Þ ¼ � dC

dt
V � C

dV

dt
; ð2Þ

where I is the collected current, Q is the charge of the
electrode and C is capacitance of the electrode. Equation (2)
is solved with an implicit scheme: first the signal is
simulated numerically; then the electric conductivity and the
number density of the charged species are deduced using
optimization techniques. The minimization function is
unimodal and forms a cusp near the global minimum,
which makes all standard minimization routines ill condi-
tioned. From this very careful analysis, we have obtained
almost perfect fits between experimental and simulated
signals. However, very minor discrepancies at large
potentials, and for short periods of time, were sometimes
observed. They absolutely did not affect data processing.
We do not know exactly the cause of these minor
discrepancies. They may be explained in terms of interac-
tions between the electrode, the boom, and the gondola, or
could reflect the fact that the reference potential was not
stable at large potentials.
[11] The Huygens Probe sent the measurements collected

with the two relaxation probes to the Cassini Orbiter
through Channel A (RP1) and Channel B (RP2). Unfortu-
nately Channel A was not recorded and only the measure-
ments performed with RP2, the electrode designed for large
conductivities, are available. The first RP data package was
stored into the onboard Huygens memory at an altitude of
�139 km, and the instrument collected and transmitted
subsequent data set during the whole descent, until impact.
We present the analyses of 11 data set with V0 = 5 V and
5 data set with V0 = �5 V, covering the altitude ranges
130–40 km and 130–65 km, respectively. Outside these
ranges, the ambient electric conductivity was lower than
5 � 10�13 Sm�1, too low to be measured with RP2.
[12] Several relaxation curves show an anomalous

behaviour with the occurrence of ‘‘plateaus’’ in the V(t)
characteristics, i.e., intervals of times during which the
potential of the probe with respect to Huygens displays no
variations in time. The probe potential thus remains within
the range of one digital step (0.1 V) during 6 to 32 s, at
altitudes of 99.7 ± 1.3 km, 71.9 ± 0.3 km and 57.76 ±
0.07 km, for example [see Grard et al., 2006, Figure 3].
The nature of such plateaus is uncertain. They could
reflect the presence of small clouds, with typical dimen-
sions of 140 to 600 m, where the aerosol concentration
is such that the electrical conductivity lies below the
instrument sensitivity threshold (�5 � 10�13 Sm�1). The
longest plateau is seen at altitudes between 101 and
97 km when the voltage changes by merely 0.2 V in 56 s.
The plateaus are ignored in the calculation of the electrical
conductivity, because they are anomalies in an otherwise
continuous and homogeneous ionosphere. The probe descent
speed varies from changes from 70 m/s at 100 km to 30 m/s
at 65 km.
[13] Figure 1 shows the polar components of the electri-

cal conductivity as functions of altitude. We observe that
s� 	 s+, which is due to the presence of electrons, that
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were predicted as the most abundant negative charges in
the atmosphere, and corroborate the results independently
obtained with the MI probe [Hamelin et al., 2007]. Figure 1
also shows the results that two models give for the two
branches of the conductivity. The model byMolina-Cuberos
et al. [1999a], does not consider the presence of aerosols and
shows an ionospheric layer mainly formed by covalently
bound ions. The model by Borucki and Whitten [2008]
includes the presence of aerosols and photoelectron emission.
For the plot we have selected the profile obtained by using the
parameters which better fits the measurements obtained by
HASI, i.e., a constant mass flux of aerosols of 2.0� 10�12 kg
m�2 s�1, a particle density of 420 kg m�3 and a photoemis-
sion threshold of 7.2 eV, see reference for details. Aerosols
affect the conductivity by decreasing the electron and ion
concentration due to capture process. Simultaneously the
concentration is increased by UV photoelectron emission.
We observe that below 65 km the conductivity due to
electrons is inside of a band limited by the theoretical models,
however above �70 km the observed conductivity is much
lower than the predictions. The positive branch of conduc-
tivity was measured above 65 km and we can observe that
the measured conductivity is smaller than those obtained by
both models.
[14] The electrical conductivities due to positive and

negative charges are related to the concentration and
mobility of the ions and electrons. Neglecting the conduc-
tivity of negative ions compared to the electron conduc-
tivity and assuming that electrons mainly collide with
molecular nitrogen, the electron density can be derived
from an explicit relation [Banks and Kockarts, 1973]. The
ion mobility depends upon the ion mass. Numerical models
predict a mean ionic mass in the range 50–150 amu
[Molina-Cuberos et al., 1999a], although more massive

ions are not excluded. We use a functional equation for the
ion mobility [Meyerott et al., 1980] to calculate the relation
between the positive ion concentration and the related
conductivity.
[15] Figure 2 shows the densities of positive ions and

electrons. The concentration of electrons is not equal to that
of positive ions and the ratio ions/electrons decreases with
altitude, from 300 (at �135 km) to 5 (at �70 km). There are
no measurements of s+ below 70 km. The error bars
associated with the concentration of positive ions, were
calculated by considering the error in the numerical fitting
and the uncertainties in the mass of ions, in the range 50–
150 amu. The concentration of electrons at each altitude has
been determined by the average between the determination
obtained from the MI and RP techniques. The error bars
include the range of variations between the two independent
methods of measurement.

3. Discussion

[16] The negative branch of the conductivity measured by
the RP2 is driven mostly by electrons, whose mobility is
several orders of magnitude larger than that of negative
ions, and can be compared with the conductivity measured
by MI that is also driven by electrons [Hamelin et al.,
2007]. However, the peak conductivity measured by MI is
twice as large as that measured by RP. The reason for such a
discrepancy is manifold.
[17] 1. The MI and RP measurements are not simulta-

neous. MI is operated during 2 s every 60 s, whereas a
relaxation cycle of a given type lasts 56 s and is repeated
every �4 min. A sharp conductivity peak is therefore not
seen with the same resolution by MI and RP.
[18] 2. The Probe descent velocity influences the MI

results; this effect has been taken into account to some
extent by Hamelin et al. [2007]. Due to the complexity of
the MI probe configuration, the residual error in the deter-
mination of the electron density could be of the order of
20%.
[19] 3. Space charge effects are most important at 60 km,

where the Debye length is of the order of only 3 cm, and

Figure 1. The two components of the conductivity of the
atmosphere of Titan between 40 and 140 km altitude:
positive charges (empty squares) and negative charges
(empty circles) measured by RP2, and negative charges
measured by MI (solid circles). Lines show the conductivity
predicted by Molina-Cuberos et al. [1999a], dotted (s+) and
solid, (s�) and by Borucki and Whitten [2008], dash-dotted
(s+) and dashed (s�).

Figure 2. Density of positive ions (squares) and electrons
(circles).
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have been taken into account in the derivation of the RP
results. The Probe descent velocity should not affect the
relaxation response, because it is much less than the electron
drift velocity associated with the relaxation electric field.
[20] 4. In spite of its relatively large surface area, the

Huygens vehicle body is not a stable voltage reference, due
to the large difference between the ion and electron con-
ductivities. Interactions between the body and the RP1 and
RP2 electrodes tend to negatively bias the potential of the
former, which in turn repels the electron population in the
vicinity of the relaxation sensors.
[21] In summary, the factor of 2 difference between the

RP and MI electron conductivity measurements is compat-
ible with the approximations made in the analyses of the
two data sets. It is concluded that this fair agreement
validates the determination of the conductivity peak altitude
and amplitude, and the derivation of the electron density
profile, down to an altitude of 40 km, by two totally
different experimental approaches.
[22] The electron concentration is much lower than the one

predicted by theoretical models and also lower than the ion
concentration. The altitude of the electron density peak lies at
around 60–70 km, not far from the theoretical prediction for
maximum ionization rate by cosmic rays byMolina-Cuberos
et al. [1999b] or K. O’Brien (personal communication, 2007)
[Borucki and Whitten, 2008, Figure 6]; however, the peak
density is (460 ± 110) � 106 m�3, about 4 times lower than
that predicted by most models. Above 65 km, the electron
density decreases with altitude much faster than predicted
by theoretical models. The distribution of positive ions
shows a concentration decreasing with altitude, with a
maximum concentration of (2 ± 1) � 109 m�3 at around
65 km. Below this level the conductivity falls under the
sensitivity threshold of the RP. Between 65 and 80 km the
concentration of positive ions is in agreement with an
ionosphere mainly formed by cluster ions [Molina-Cuberos
et al., 1999a]. However, above 80 km the concentration of
cations decreases with altitude much faster than expected
with electron recombination. It is therefore necessary to
include in the models other cation removal processes, such
as aerosol capture.
[23] The lower value of the electron concentration com-

pared with that predicted by theoretical models can be
explained if an important fraction of the negative charges
is attached to massive species (such as molecules and
aerosols), which are less mobile than electrons and bring
a negligible contribution to the conductivity. Ionospheric
models take into account various processes that reduce the
electron concentration. Negative ions can be produced by
three body electron capture, with a rate that increases with
density and is important at low altitude, below �70 km
[Molina-Cuberos et al., 2000]. The presence of small
embryos reduces the conductivity above 50 km [Borucki
and Whitten, 2008] and thus the electron density. Monomers
and polymers of poly-aromatic hydrocarbons are electro-
philic species that could be very abundant above 120 km
[Bakes, 2002]. Aerosols are abundant in the Titan atmo-
sphere [Israël et al., 2005]. The effect on the electron
concentration is to be reduced by electron capture and to
be increased by daytime photoemission. The results
obtained here show that the production of photoelectrons

should be very small, and aerosols reduce the concentration
of electrons and positive ions.

4. Conclusions

[24] The relaxation technique has been used to determine
the electrical conductivities due to positive and negative
charges in the lower part of the atmosphere of Titan. The
results obtained by the RP sensors are in agreement with the
ones measured by the MI sensor using an independent
method. Both sets of sensors indicated an ionised layer
between 40 and 140 km. Here we present the number
density profiles of positive ions and electrons. The distri-
bution of positive ions, derived from the positive branch of
the conductivity, shows a concentration decreasing with
altitude, with a maximum of �2 � 109 m�3 at �65 km,
below this altitude the conductivity falls under the sensitiv-
ity threshold. The electron density, derived from RP and MI
measurements, is much lower than the positive ions density,
which indicates that some negative charge is attached into
more massive species, probably aerosols. Electron density
peaks at �65 km, with a density of �450 � 106 m�3, and
decreases with altitude much faster than positive ions. The
electron and positive ions profiles are not in full agreement
with existing models, the discrepancies could be explained
in terms of aerosols physics, atmospheric chemistry and
cloud dynamics.
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