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Oxygen lons Observed Near Saturn’s A Ring

J. H. Waite Jr.,’ T. E. Cravens,?* W.-H. Ip,®> W. T. Kasprzak,* J. G. Luhmann,® R. L. McNutt,® H. B. Niemann,*
R. V. Yelle,” I. Mueller-Wodarg,8 S. A. Ledvina,’ S. Scherer’

lons were detected in the vicinity of Saturn’s A ring by the lon and Neutral Mass
Spectrometer (INMS) instrument onboard the Cassini Orbiter during the spacecraft’s
passage over the rings. The INMS saw signatures of molecular and atomic oxygen
ions and of protons, thus demonstrating the existence of an ionosphere associated with
the A ring. A likely explanation for these ions is photoionization by solar ultraviolet radi-
ation of neutral O, molecules associated with a tenuous ring atmosphere. INMS neutral
measurements made during the ring encounter are dominated by a background signal.

A tenuous atmosphere in the vicinity of the
saturnian rings was predicted to exist as a
consequence of the sputtering of atoms and
molecules from ring particles resulting from
collisions with energetic ions, with micro-
meteoroids, or with solar photons (/, 2), al-
though the energetic ion fluxes observed
over the rings were very small (3). The ring
particles are thought to primarily consist of
water ice (4), indicating that sputtered or
photoproduced material should consist of
water molecules or species formed from water
molecules. In particular, it has been suggested
that O, should be the main constituent of a
ring-plane atmosphere, and O, is known to be
a product of the radiation-induced decomposi-
tion of ice (/, 3, 6). A tenuous ring ionosphere
was also predicted to be present at Saturn (7).

The INMS (8) has two different inlets:
the open source, which allows ions or neutral
species to enter the analyzer, and the closed
source, in which neutral species enter an
antechamber before being ionized. For open-
source-ion (osi) mode, the incident ions are
deflected by quadrupole switching lenses, set
to appropriate voltages, and then guided to
the radio-frequency quadrupole mass analyz-
er, which selects the mass-to-charge ratio.
The ions are then detected with a secondary
electron multiplier. For the closed-source-
neutral (csn) or open-source-neutral (osn) mea-
surements, electrons generated by heating of
the W filaments are used to ionize some frac-
tion of the neutral particles, and the resulting
ions are then analyzed (8, 9). The instrument is
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tuned to specific incident particle speeds, and
this compensation speed was set to 15 km/s for
the time period of 4:00:00 to 4:06:30 coordi-
nated universal time (UTC) on 1 July 2004 (day
183 of the year). The compensation speed just
before this time period was 20 km/s and just
after this time period was 5 km/s. At 4:06:30
UTC, the instrument switched from osi to osn
mode. The switching lens transmission is sensi-
tive to speeds within =10% of this compensa-
tion speed (8, 9) for both open-source modes.
The open-source field of view (FOV) is close
to 6° (full width). The instrument detects ions
that are present in a small volume in velocity
space centered at the compensation velocity (10).

A mass-time plot for the INMS open-
source signal (Fig. 1) shows a high count rate
for mass numbers 1, 16, and 32, which can
be interpreted as a result of H*, OF, and O, "
ions, respectively. The count rate before 4:00
UTC was low. For O" and O, " ions, the count
rate was greatest between 4:00 and 4:01 UTC

and between 4:02 and 4:06 UTC. At later
times, the instrument switched to neutral
mode. For H* ions, the count rate was highest
between 4:02 and 4:06 UTC. During this time
period, the spacecraft was about 7000 km
above the outer part of the A ring at a radial
distance of 2.2 Saturn radii (R ). The peak O, ™
count rate was ~200 counts per second at 4:05
UTC. During the total of =2 s of the observing
period from 4:00 to 4:06:30 UTC, devoted to
measuring mass-32 ions, the total number of
counts was about 150 (/7).

The mass spectrum (Fig. 2) created from
osi observations (Fig. 1) shows noticeable
peaks at masses 1, 16, and 32, confirming the
presence of H*, O*, and O,*, respectively.
Other mass peaks with smaller signals relative
to the statistical uncertainty also are evident
(Fig. 2) at mass 17 (perhaps OH™), mass 18
(perhaps H,0O "), mass 23 (perhaps Na™), and
several mass numbers near 40 to 45 (perhaps
CO,* with poor velocity compensation).

The count-rate time variations (Fig. 1)
could conceivably be due either to the spatial
distribution of the ions (in this case, the scale
size is on the order of 1000 km) or to the
variations in INMS pointing, which resulted
from changes in the spacecraft attitude (or a
combination of these). If we assume the lat-
ter as a working hypothesis, then the INMS
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Fig. 1. Cassini INMS osi count rate (the color scale bar) versus mass number on the ordinate and
Universal Time (scet) on the abscissa. Radial distance from the center of Saturn (in units of Saturn

radii) is also shown. Da/Z, daltons per charge.

25 FEBRUARY 2005 VOL 307 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on March 1, 2011


http://www.sciencemag.org/

CASSINI AT SATURN

measurements can provide information on
the ion distribution function over the A ring.
The mass 16 and 32 data points used for
Figs. 1 and 2 were averaged over 30-s inter-
vals and placed in velocity space with the use
of information on the INMS compensation
velocity and pointing versus time. The INMS
only observed a small region of velocity space
(10), but within the observed region, the high-
est count rates were found for low vertical
velocities (i.e., with respect to the ring plane)
and for horizontal velocities (i.e., parallel to
the ring plane) of about 5 km/s with respect to
corotation. These measurements are consistent
with either shell or ring distribution functions
(12), but the existence of ions with smaller
velocities with respect to corotation cannot be
excluded on the basis of the INMS measure-
ments. Indeed, measurements made by the
Cassini Plasma Spectrometer (CAPS) instru-
ment over the A and B rings (/3) were con-
sistent with co-rotating oxygen ions with a
0.75-eV temperature, suggesting the existence
of ions with speeds closer to corotation than a
few kilometers per second.

The count rate can be used to determine the
ion flux into the INMS open-source inlet (/4).
We found that the average fluxes for masses
1, 16, and 32 (Fig. 2) are 3900 cm2 s !,
900 cm™ s7!, and 2900 cm2 s7!, respectively.
The peak count rates, and hence ion fluxes, for
the time period near 4:04 UTC are about a factor
of 2 higher than these average values (Fig. 1).
The ion densities detected by the INMS near the
compensation speed (/5) can be found by
dividing the fluxes by the compensation speed
and are 0.0047 cm™3 (H*), 0.0013 cm™3 (O™),
and 0.004 cm= (O,*). The peak densities are
about twice these values and can also be used
to determine peak ion distribution function
values (16). The ratio of O* to O, is about
0.3, and the ratio of H* to O,* is about 1.

Estimating absolute and total ion densities
from the INMS data is difficult, because the
INMS only sees a small fraction of the total
ion velocity distribution. For a ring distribu-
tion function (/2), the INMS would detect
about 10% of the total distribution, whereas for
a filled-in spherical distribution, INMS would
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Fig. 2. INMS osi mode mass spectrum showing

the number of counts versus mass number for

times between 3:54:41 and 4:06:26 UTC. The

1o statistical error is shown.

detect about 1% of the total. Our estimated
total ion number densities for these two as-
sumptions are 0.1 and 1 cm3, respectively, for
both H* and O,* and 0.03 and 0.3 cm, re-
spectively, for O". The total electron density is
then about N, = 0.2 to 2 cm3. However, if a
much colder component is also present, as sug-
gested by CAPS (/3), then the INMS might
have observed an even smaller fraction of
the total ion distribution than 1%, suggesting
total densities greater than the above values.
The electron density measured by the Cassini
Radio and Plasma Wave Science (RPWS)
experiment (/7) increased from 6 to 25 cm—
during the INMS observation period.

The INMS also operated in its csn mode
during 3:54:41 and 4:06:26 UTC. The INMS
is much less sensitive to neutral species be-
cause of the small fraction that are ionized in
the instrument. A further complication was that
the instrument cover had just been jettisoned
about an hour earlier and some of the gas
trapped in the instrument throughout the 7-
year-long cruise phase of the mission was
still present, resulting in a background count
rate for all observable mass channels (/8).

Photoionization of ring atmosphere neu-
trals by solar extreme ultraviolet or soft x-ray
radiation seems the most likely explanation
for the A-ring ions measured by the INMS,
because the fluxes of energetic particles are
negligible, probably because of absorption of
the energetic plasma by the rings (3, 13). The
spacecraft was in Saturn’s shadow at the time
of the INMS observations; however, the outer
A ring had been exposed to sunlight only an
hour or so previously, which is considerably
less than the ion lifetime (probably several
hours, on the order of the ion bounce and
mirror time). Cassini flew on the shady side
of the rings; however, the optical depth of the
A ring is =0.5 and considerable solar radiation
can make it through the ring (4). Adopting a
box model of the atmosphere-ionosphere en-
vironment over the ring in which ion production
resulting from photoionization is balanced by
transport loss of ions to the ring (after mag-
netic mirroring), we found the following ap-
proximate equation relating the ion density to
the molecular oxygen density:

N(0:7)/N(02) = Tooueel = 107° (1)

where I is the ionization frequency for O,
(19, 20) and T, ... is the ion lifetime (21).
Similar relations for the H* and O+ densities
and the electron density can also be derived.
The main source of O* ions is probably disso-
ciative photoionization of O,, although ioniza-
tion of O could also make a contribution (20).
Given our earlier estimate of the O," density
N(O,") = 0.1 to 1 cm, Eq. 1 suggests that the
neutral O, density is about 10* to 10° cm,
consistent with Ip’s 3000 cm= O, density
prediction (/). These densities are near the
threshold of detection of the neutral mass

spectrometer. The high values of the electron
density measured by RPWS (77) imply either
a neutral oxygen density substantially exceed-
ing 10° cm™ or an ion lifetime significantly
greater than the bounce time.

The INMS, CAPS (/3), and RPWS (17)
instruments have revealed the existence of an
atmosphere and an ionosphere/plasma in the
vicinity of Saturn’s A ring. The icy rings of
Saturn generate a molecular oxygen-dominated
atmosphere rather than one containing other
water products (e.g., OH, OH*, H,O", and
H,0"), which have shorter lifetimes as a re-
sult of sticking on the ring particle surfaces.
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in Saturn’s Magnetosphere
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During Cassini's initial orbit, we observed a dynamic magnetosphere composed
primarily of a complex mixture of water-derived atomic and molecular ions. We
have identified four distinct regions characterized by differences in both bulk plasma
properties and ion composition. Protons are the dominant species outside about 9
R (where R is the radial distance from the center of Saturn), whereas inside, the
plasma consists primarily of a corotating comet-like mix of water-derived ions with
~3% N*. Over the A and B rings, we found an ionosphere in which O, and O+ are
dominant, which suggests the possible existence of a layer of O, gas similar to the

atmospheres of Europa and Ganymede.

Most of what was known about Saturn’s mag-
netosphere before Cassini’s arrival was de-
rived from the Pioneer 11 and Voyager 1 and
2 encounters from 1979 to 1981 (/-5) and from
models based on that data (6—8). The mea-
surements reported here were made with the
Cassini plasma spectrometer (CAPS) (9-11)
during the initial passage of the Cassini space-
craft through the near-equatorial regions of
Saturn’s magnetosphere. The CAPS instrument
is made up of three plasma sensors.The first is
the ion mass spectrometer (IMS), which mea-
sures ion energy per charge (£/Q) between 1 V
and 50 kV with a resolution of AE/E = 0.17. It
simultaneously measures ion mass per charge
(M/Q) from 1 to ~100 atomic mass units
(amu) per charge, e, with a mass resolution
M/AM = 60. The second sensor is the elec-
tron spectrometer (ELS), which measures elec-
tron energy from 0.6 eV to 28 keV with AE/E =
0.17. The IMS and ELS are able to detect ion
and electron densities as low as ~103 m™3.
The third sensor is the ion beam spectrometer
(IBS), which measures ion E/Q with a very

high resolution of AE/E = 0.017, which is ap-
propriate for narrowly beamed distributions.

The energy-time spectrogram (Fig. 1) and
bulk plasma parameters (Fig. 2) give a broad
overview of structures and events found 24
hours on either side of Cassini’s closest ap-
proach to Saturn [02:39 universal time (UT)
on 1 July 2004]. Within this time period on
both inbound and outbound trajectories, we
observed four regions with different physical
and chemical characteristics: (i) The outer, or
high-latitude, magnetosphere contains tenuous
hot plasma dominated by H™. (ii) A region we
term the outer plasmasphere consists of highly
variable, partially corotating plasma that con-
tains a mixture of H*, O, and water-group
ions (denoted as W and defined as a com-
bination of OH*, H,O", and H,O™). (iii) The
inner plasmasphere is less variable and closer
to rigid corotation than the outer plasmasphere,
and is made up primarily of O and W+. (iv)
A layer of plasma consisting of O+ and O, * is
located directly over the A and B rings. The
boundaries separating these four regions are

distinguished by changes not only in bulk plas-
ma properties but also in chemical composition.

On the spacecraft’s inbound trajectory,
Saturn’s magnetopause crossed over the
spacecraft nine times between 34.6 and
30.6 R (1 Ry = 60,330 km). Just inside the
magnetopause, plasma densities fell below
the detection limits of the IMS. In particular,
N+, which might have been expected in the
region of Titan’s orbit (20.25 Ry), was not
detected on either the inbound or outbound
legs, possibly because the spacecraft was

Southwest Research Institute, San Antonio, TX 78238,
USA. 2Centre d’Etude des Environnements Terrestre et
Planétaires, Observatoire de St. Maur, 94107 St. Maur,
France. *Observatoire Midi-Pyrenées, 31400 Toulouse,
France. “Jet Propulsion Laboratory, Pasadena, CA
91109, USA. 5University College London, Mullard
Space Science Laboratory, Holmbury Saint Mary,
Dorking, Surrey RH5 6NT, UK. ®Rutherford Appleton
Laboratory, Chilton, Didcot, Oxfordshire OX11 0QX,
UK. "Department of Physics and Astronomy, Rice
University, Houston, TX 77251, USA. ®Engineering
Physics, University of Virginia, Charlottesville, VA
22904, USA. °VTT Industrial Systems, 02044, Finland.
"°Department of Physical Sciences, University of Oulu,
90014 Ouly, Finland. ""Goddard Space Flight Center,
Greenbelt, MD 20771, USA. "?Division for Electronics,
Norwegian Defense Research Establishment, N-2027
Kjeller, Norway. ">KFKI Research Institute for Particle
and Nuclear Physics, H-1525 Budapest, Hungary.
"Space and Atmospheric Science Group, Los Alamos
National Laboratory, Los Alamos, NM 87545, USA.
">Department of Physics and Astronomy, University
of Montana, Missoula, MT 59812, USA.

*To whom correspondence should be addressed.
E-mail: dyoung@swri.edu

25 FEBRUARY 2005 VOL 307 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on March 1, 2011


http://www.sciencemag.org/

