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Cassini Measurements of Cold Plasma
in the lonosphere of Titan

J.-E. Wahlund,’ R. Bostréom," G. Gustafsson," D. A. Gurnett,> W. S. Kurth,? A. Pedersen,> T. F. Averkamp,?
G. B. Hospodarsky,? A. M. Persoon,? P. Canu,* F. M. Neubauer,® M. K. Dougherty,® A. I. Eriksson,’
M. W. Morooka,’ R. Gill," M. André," L. Eliasson,” I. Miiller-Wodarg6

The Cassini Radio and Plasma Wave Science (RPWS) Langmuir probe (LP) sensor
observed the cold plasma environment around Titan during the first two flybys.
The data show that conditions in Saturn’s magnetosphere affect the structure and
dynamics deep in the ionosphere of Titan. The maximum measured ionospheric
electron number density reached 3800 per cubic centimeter near closest approach,
and a complex chemistry was indicated. The electron temperature profiles are con-
sistent with electron heat conduction from the hotter Titan wake. The ionospheric
escape flux was estimated to be 102> ions per second.

The giant planet Saturn and its magnetosphere
rotate with a period of ~11 hours, which can
be inferred from radio measurements (/). At
the distance of the large moon Titan [20 Sat-
urn radii (Rg)], this corotation causes a
magnetospheric plasma flow of several hun-
dred kilometers per second that affects the
upper ionized part of the thick atmosphere of
Titan. Atoms and molecules in the upper
atmosphere are ionized by solar ultraviolet
(UV) radiation and by impacts of energetic
particles that originate mainly from the
magnetosphere. The aeronomic and electro-
dynamic processes involved in the inter-
action further produce a complex organic
chemistry within the nitrogen- and methane-
rich atmosphere of Titan as well as a loss of
atmospheric constituents, providing in turn a
source of plasma for the magnetosphere of
Saturn (2).

The two first flybys of Titan (T, and T})
on 26 October and 13 December 2004 were
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very similar. Both occurred at 10.5 Saturn
local time (LT) near the front side of Saturn’s
magnetosphere, and both approached inbound
from the sunlit side and through the wake of
Titan (Fig. 1). The outbound passes partly
traversed a shaded region caused by Titan’s
thick atmosphere at a latitude of 30° to 40°N.

The structure and thermal state of the iono-
sphere of Titan were affected by the saturnian
magnetosphere all the way down to closest
approach (1176 km) during both flybys (Figs.
2 and 3). The general shape of the two main
number density maxima near closest approach
in Fig. 2 is broadly consistent with photoion-
ization by UV light from the Sun and impact
ionization by magnetospheric electrons (3, 4).
However, the plasma density was otherwise
very structured and could be related to similar
structures in the magnetic field data. The
density data in Figs. 2 and 3 were collected
at a high time resolution (20 samples/s) and are
derived from the probe current at a constant
bias voltage (~ +10 V), corrected for electron
temperature and adjusted to fit the potential
sweep data points for density. The LP sensor
(5) samples the total electron number density
surrounding the spacecraft, which includes the
naturally occurring plasma electrons as well as
a nearly constant level of photoelectrons around
the spacecraft. The spacecraft-generated photo-
electrons dominated the magnetospheric part of
the flyby. According to measurements by the
Cassini Plasma Spectrometer (CAPS), the mag-
netospheric electron density near Titan was just
below 0.1 cm ™3 during T, (6).

The calculated magnetic pressure (8%/2u,)
of the magnetosphere and the electron
thermal pressure (n.k,T,) of the ionosphere
(where B is magnetic field strength, p, is
magnetic permeability, n_ is electron num-
ber density, k, is the Boltzmann constant,
and T, is electron temperature) were largely
of the same order of magnitude during the
T, flyby (Fig. 2B). Both flybys traversed
the wake of Titan, and the effect of the
magnetospheric dynamic pressure (n,m,v2/2,
where 7, is ion number density, m;, is average
ion mass, and v, is ion ram velocity) should
therefore be small near closest approach. The
ionopause, the region where the ionospheric
thermal pressure balances the magnetospheric
pressure, covered an extended region on both
the inbound and outbound trajectories (yel-
low area in Fig. 2). The close relationship
between cold plasma density signatures and
magnetic field fluctuations and comparable
values of ionospheric electron thermal and mag-
netospheric magnetic field pressures confirms
the view that the saturnian magnetosphere is
important for the structure and dynamics in
Titan’s ionosphere.

The Titan wake “neutral” sheet, where the
magnetic field sharply rotates and relates to an
electrical current, was identified by the Dual-
Technique Magnetometer (MAG) near 15:35
UT (7). At this time, the RPWS LP detected a
sharp peak in both electron number density
(850 cm™3) and electron thermal pressure
(900 eV/cm?). The altitude thickness of the
compressed plasma sheet was 60 km, which
is on the order of the ion gyroradius.

The LP provides estimates of n, and T, but
under some circumstances, values can also be
obtained for m,, v,, n,, ion temperature (T;),
solar UV intensity, and spacecraft potential.
An estimate of the effective ion temperature
(T, oq)> which is the sum of the thermal ran-
dom ion temperature and the ram ion directed
flow energy [T, . = T; + (m,v*/2e), expressed
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as electron-volts], can be obtained from the
slope of the ion current-bias voltage charac-
teristic. If the total ion current to the LP is
dominated by the ram contribution, the ion cur-
rent for a given bias voltage is proportional to
n, vl/m and T, . gives a value of my?2. Thus,
by using the condmon that the plasma must be
electrically neutral (n, = n,), it is possible to
estimate the ion mass and ram velocity. This

asymmetry in the induced magnetosphere
around Titan.

During the inbound pass of the Ty flyby
(Fig. 3), plasma of ionospheric origin, as
indicated by the enhanced number density of
10 to 100 cm™3 and slowed ion ram speed,
was found as far as 9 R (20,000 km) from
Titan. Thus, the MLB was located at nearly 9

R, inbound, whereas a sharp increase in the

spheric conditions, as suggested from theoretical
predictions (/7, 12). During other conditions,
the ionospheric plasma is concentrated closer to
Titan (e.g., 15:18 to 15:40 UT during T ). Data
from further flybys and comparison with data
from other instruments are needed to infer the
degree of control that the saturnian magneto-
spheric conditions exert on the structure of the
induced space environment around Titan.
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method only works if there is an ion current  ion ram velocity occurred closer to Titan on The tail or wake region is an outflow region
signature to the LP and T, << my?2e. The  the outbound pass. The RPWS LP data during  where plasma escapes a planet or moon. A non-
maximum ion velocity that can be measured  the T flyby therefore confirm the existence of ~ magnetized (or almost nonmagnetized) object
with reasonable certainty is 100 km/s, and  an extensive mass-loading region on the anti-  such as Titan is directly exposed to the external
larger ion ram velocities may become under-  Saturn side of Titan under certain magneto-  (corotating magnetospheric or solar wind) flow.
estimated (gray areas in Figs. 2 and 3).
The ion velocity during T, (Fig. 2C) Start Date: 2004.10.26 CA
decreased from ~100 km/s near 15:14 UT T T T T T T T T T T T T T T T T T
to the spacecraft ram velocity (black line) of A N / * 2
~6 km/s near 15:24 UT. This is the mass- jobL ® J Titan™ \lll .
loading region, and the boundary near 15:14 i / lonosphere‘\’V ]
UT [1.7 Titan radii (R;) from Titan] is called ER f"\ fﬁ ]
the mass-loading boundary (MLB) (8). In the E 10%L A iy 5
mass-loading region, heavy ions from the - A Iy Iﬁ’A ]
ionosphere are accelerated (picked up) down- la S/ic P,..h°t°elect_[?:': A |or|opause I'I \ S/C Photo-
stream by the magnetospheric v x B induced 10'L \ 1 l electr nid
electric field (around 1 to 2 mV/m). At the E . o . . W L L . -, .
same time, the magnetospheric ion flow slows p &p
down b f i B T
own because of the heavy loading of matter by MLB S 1« MLB
the ionosphere. A corresponding mass-loading — | . /ﬁ N A LY \\'\\ |
region and MLB were detected on the outbound % o s v, WU W 9|
pass between 15:34 and 15:40 UT. Magnetic § 102'.‘/-\“‘5‘-?‘5'{»/ "-r/\_ﬂ’h"“'\f : ks I|‘l'| ‘ W~ -""f:
enhancements (pileup) were detected inside 2, | TS \ Iu, 3 "‘"""I"‘
both the MLBs as seen from Titan, which ; | . N LT ‘,I,e-i,'.N'T‘f“hpL
S AN IWs Y Y )
suggests that the magnetic pileup boundary W A NS i !
(MPB) (9) was colocated with the MLB. 10"k V8 1 I 1
No large asymmetry of the mass-loading 'VI { I: g —— Pt | ——— I: —
region could be detected between the inbound C L Vi,ram | I
and outbound passes during T ,, in stark con- 10P L N l : .
trast to the findings of the Voyager 1 flyby o AN | SR
(10) and the T flyby. An extended pickup ‘-E 5 } : {
region was expected on the side of Titan fac- =2 L ' i
ing away from Saturn because the gyroradii 10°F Ve 3
of the heavy ionospheric ions should be in b
excess of 1000 km. Gyrating ions would I
to a large degree be absorbed by collisions T M S S SN S|
in the dense atmosphere of Titan on the D u
side that faces Saturn, thereby causing an 0 “sc 7
2B ¥ 4
\Cassml E 4 - 4
Saturn -
BE 4
8} |
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
- —> LAT1 3:110 1256%0 115‘:1370 115550
C%'lgrf;‘g LT 128 138 167 205
LAT 4.06 16.5 382 37
Fig. 2. Cold plasma characteristics during T,. The data reveal a rather symmetric but dynamic
\ interaction with the magnetosphere of Saturn. The peak in the measured electron number density
* Sun N, is shifted inbound from closest approach because Cassini traversed the dayside hemisphere on
‘ ‘ ‘ ‘ ‘ ‘ ‘ its inbound pass. The MLBs, magnetic wake neutral sheet (NS), and extended ionopause regions
Fig. 1. The T, flyby trajectory. Titan's surfaceand  (yellow shading) are indicated. The displayed parameters are (A) N; (B) electron thermal pressure
approximate ionopause boundary are indicated.  (p,, red), magnetic pressure (p,, green), and the sum (black); (C) ion ram speed (V; ram) @nd
The flyby occurred within the magnetosphere  spacecraft speed (v, ); and (D) spacecraft potential (u_). The gray shaded areas in (C) indicate
at 10.6 Saturn LT. The T, flyby was similar. possibly underestimated ion ram speeds.
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Consequently, the erosion of the atmosphere
of Titan may be quite substantial. A total plasma
outflow of 1.2 x 10%* ions/s was estimated
from Voyager 1 observations in the far Titan
wake with the use of simple pressure balance
considerations (/0). The RPWS instruments on
Cassini are able to monitor the ion outflow
(and related processes) more directly. An order
of magnitude estimate can be calculated for the
ion outflow during T, (Fig. 2) from the product
ny, if we assume that the geometry of the
wake region is cylindrical. The density around
15:22 UT was 100 cm—3 and the ram velocity
was 10 km/s, giving a flux of ~10'2 ions m~2
s~ 1. A similar flux is inferred between 15:18
and 15:24 UT (or over a distance of 1000 km
across the tail). For the assumption of a cylin-
drical geometry, the resulting total escape flux
amounts to 102 ions/s. This number will most
likely vary with magnetospheric and illumina-
tion conditions as well as orbit position of
Titan, but it is in rough agreement with theo-
retical predictions (/3).

Figure 4 shows the inbound (red) and
outbound (black) altitude profiles of the elec-
tron density and temperature as well as the
averaged ion mass during the T, flyby. The
maximum densities near 1250 km were
3800 cm 3 (inbound) and 2000 cm 3 (out-
bound). During T, the maximum number den-
sity was 3200 cm~3. The inbound pass
traversed the more sunlit dayside, whereas
the outbound pass traversed the shaded region
behind the atmospheric terminator. Photo-
ionization and ionization by magnetospheric
electrons could explain the overall ionospheric
shape (3, 4), whereas the detailed plasma den-
sity features most probably were related to the
electrodynamic interaction with the magneto-
spheric flow. The altitudes 1750 km (inbound)
and 1400 km (outbound) were associated with
changes in ion composition (Fig. 4), whereas at
lower altitudes the averaged ion mass stayed
above 20 to 30 amu. The ionopause was not
sharply defined but rather smeared over an ex-
tended region from 1750 to 2150 km (inbound)
and from 1400 to 1700 km (outbound). This
smearing can be expected in Titan’s wake, and
it is similar to the ionopause characteristics at
Mars (14) and in contrast to the sharp ionopause
boundary near Venus. On Titan the ionopause
will vary, as it did during T,, with magneto-
spheric and illumination conditions.

An intriguing result is the sharp increase in
averaged ion mass (up to 60 to 70 amu) near
closest approach on the outbound pass, which
traversed a region that was less illuminated by
the Sun. The ion mass is derived under the
assumptions that the ion thermal energy is
negligible and that quasi-neutrality applies so
that n, = n_. If the ion temperature becomes
larger than 1 eV, or if negative ions become a
fair part of the total plasma number density,
then the derived ion mass must be modified
accordingly. The CAPS instrument has de-
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Fig. 3. Cold plasma characteristics during T;. The data reveal a large and asymmetric interaction
where the magnetosphere of Saturn picked up ionospheric plasma as far out as 9 R, inbound from
Titan. The outbound (Saturn-facing) MLB was much closer to Titan and similar to the T, flyby. The
displayed parameters are (A) electron number density, (B) electron temperature (7,), (C) ion ram
speed and spacecraft speed, and (D) spacecraft potential. The gray shaded areas in (C) indicate

possibly underestimated ion ram speeds.

tected negative ions near Titan (6). Therefore,
this increase in averaged ion mass might be
due to the presence of some negative ions
(and/or very hot ions, which seems unlikely
in the dense atmosphere that exists here). In
any case, it points to a situation where very
complex organic ion-molecule chemistry oc-
curs in the lower ionosphere.

The closest approach T, electron temper-
atures (Fig. 4) were 1200 to 1400 K and in-
creased from these values with altitude. The
magnetic geometry was rather complicated
during the outbound pass, and it was hard to

justify an estimate of the electron heat con-
duction. However, the magnetic geometry did
not change considerably during the inbound
pass, and the estimated electron temperature
gradient (0.1 to 0.8 meV/km) is more reliable.
We conclude that the ionospheric electron
energy balance is controlled mostly by elec-
tron heat conduction from Titan’s wake into
the atmosphere, which is in qualitative agree-
ment with theoretical predictions (15, 16). The
derived electron temperatures near closest
approach during the T, flyby were lower
(110 to 1200 K, Fig. 2). Future studies will use
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Fig. 4. Altitude profiles ’ g .
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the LP in a mode that provides better accuracy
for low-temperature values.
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Energetic Neutral Atom Emissions from Titan
Interaction with Saturn’s Magnetosphere

D. G. Mitchell,’* P. C. Brandt, E. C. Roelof,’ ). Dandouras,? S. M. Krimigis," B. H. Mauk’

The Cassini Magnetospheric Imaging Instrument (MIMI) observed the interaction of
Saturn’s largest moon, Titan, with Saturn’s magnetosphere during two close flybys of
Titan on 26 October and 13 December 2004. The MIMI lon and Neutral Camera (INCA)
continuously imaged the energetic neutral atoms (ENAs) generated by charge exchange
reactions between the energetic, singly ionized trapped magnetospheric ions and the
outer atmosphere, or exosphere, of Titan. The images reveal a halo of variable ENA
emission about Titan's nearly collisionless outer atmosphere that fades at larger dis-
tances as the exospheric density decays exponentially. The altitude of the emissions
varies, and they are not symmetrical about the moon, reflecting the complexity of the
interactions between Titan’s upper atmosphere and Saturn’s space environment.

Interactions between charged particles and
neutral gases are ubiquitous throughout much
of the solar system, the Galaxy, and the uni-
verse. In the magnetosphere of a magnetized

www.sciencemag.org SCIENCE VOL 308

planet, charge exchange between energetic ions
and the exosphere of the planet or any of its
moons can modify the rate of erosion of the
gravitationally bound atmosphere. This pro-

cess also results in the loss of energy and
material from the magnetosphere. A fast ion
exchanges charge with a cold neutral atom,
becomes an ENA, and freely escapes its pre-
vious magnetic confinement as a newly born
neutral. Left behind is the former cold neu-
tral gas atom, now a cold ion, which is then
typically picked up in the planetary magnetic
and electric fields and swept out of the exo-
sphere where it originated.
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