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Cassini Magnetometer Observations During
Saturn Orbit Insertion

M. K. Dougherty,1* N. Achilleos,” N. Andre,2 C. S. Arridge,1 A. Balogh,1 C. Bertucci,” M. E. Burton,®
S. W. H. Cowley,* G. Erdos,” G. Giampieri,’ K.-H. Glassmeier,® K. K. Khurana,” J. Leisner,” F. M. Neubauer,®
C. T. Russell,” E. J. Smith,? D. ). Southwood,® B. T. Tsurutani’

Cassini's successful orbit insertion has provided the first examination of Saturn’s
magnetosphere in 23 years, revealing a dynamic plasma and magnetic environment
on short and long time scales. There has been no noticeable change in the internal
maghnetic field, either in its strength or its near-alignment with the rotation axis.
However, the external magnetic field is different compared with past spacecraft
observations. The current sheet within the magnetosphere is thinner and more
extended, and we observed small diamagnetic cavities and ion cyclotron waves of

types that were not reported before.

The first in situ observations from Saturn’s
magnetosphere in 23 years were obtained
during Cassini’s Saturn orbit insertion on 30
June 2004. The magnetometer instrument (/)
(MAG) obtained data on upstream waves,
bow shock, magnetosheath, magnetopause,
magnetospheric currents, and waves, as well
as the planetary magnetic field. These data are
consistent with measurements made on earlier
missions, provide more detail of some param-
eters such as the planetary magnetic field,
including its possible secular variation, and
reveal some features in the external field not
previously reported.

The solar wind controls the size of the
magnetosphere and the dynamics of its outer
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reaches. Because the solar wind speed is
supersonic, the deflection of the solar wind
occurs via a standing bow shock that com-
presses and heats the solar wind, forming the
magnetosheath. The inner edge of the magne-
tosheath, the magnetopause, marks the outer
boundary of the region controlled by the
planetary magnetic field. Saturn’s bow shock
is of intrinsic interest because it is expected to
be much stronger than that of Earth. The
magnetopause is important because it con-
trols the coupling of the solar wind flow to
the magnetosphere, principally, we expect,
through the process known as reconnection
(2). The locations of both boundaries are
determined by the dynamic pressure of the
solar wind and the combined plasma and
magnetic pressure of the magnetosphere.
The boundaries were observed to be very
dynamic. We measured a total of 17 bow
shock and 7 magnetopause crossings (Fig. 1)
on the inbound and outbound passages. Bow
shock crossings were identified by abrupt in-
creases in the magnetic field magnitude where
the solar wind was compressed and deceler-
ated. As Cassini approached Saturn near 08:00
local time (LT), it crossed the bow shock on
seven separate occasions, starting at 09:45
universal time (UT) on 27 June 2004 at a dis-
tance of 49.15R [1 Ry = 60,268 km (3)]. The
last inbound bow shock crossing occurred at

05:38:30 UT on 28 June 2004 at a distance of
40.5Rg. At least 10 crossings of the bow shock
were observed on the outbound leg in the mag-
netometer data, with the earliest bow shock
crossing observed on 7 July 2004 at a radial
distance range of 56Rg and the final bow
shock crossing occurring on 14 July 2004 at
85R. Saturn’s bow shock is expected to be a
strong quasi-perpendicular shock. A large over-
shoot in the magnetic field magnitude is a
consistent feature of the shock crossings and is
a typical feature of supercritical planetary bow
shocks (4). These observations afford us the
opportunity to study bow shocks at high Mach
numbers, which are rarely observed on Earth.
Indeed, the Mach number can be inferred from
the amplitude of the overshoot 8B/B, (5).
The average value for the bow shocks observed
is ~1.5, consistent with a fast magnetosonic
Mach number as high as 8.

On the Saturnian side of the bow shock
lies the magnetosheath, where the magnetic
field is very turbulent and dominated by wave
activity. The entrance into the magnetosphere
was preceded by multiple crossings of the
magnetopause on 28 June and 29 June 2004.
On the outbound pass, the spacecraft exited
the magnetosphere near 05:00 LT. The first
excursions into the inner magnetosheath were
characterized by the presence of mirror mode
structures. The multiple crossings of these plas-
ma boundaries reveal the dynamic character
of Saturn’s outer magnetosphere in response
to variations in the solar wind ram pressure.

Before the Cassini arrival at Saturn, there
had been three previous flybys: Pioneer 11
(6) and Voyager 1 and 2 (7, 8). The spatial
coverage of these flybys was limited, with the
inbound trajectories all being in the noon sec-
tor and outbound Pioneer 11 and Voyager 1
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exiting in the dawn meridian (Fig. 2). The in-
bound Cassini trajectory occurred at an earlier
local time, and its outbound passage was
similar to that of Voyager 2, exiting at high
southern latitudes. A measure of the variability
in the position of the different plasma bound-
aries can be assessed by comparing the lo-
cations of the Cassini crossings with their
nominal position as deduced from the previous
observations (9, /0). The Cassini inbound
crossings occurred further from Saturn than
their average expected locations, revealing an
expanded magnetosphere at the time of the
inbound encounter (Fig. 2) with the first mag-
netopause crossing occurring a day earlier
than expected. The state of the magneto-
sphere during the outbound part of the orbit
was very different. The magnetopause and
bow shock crossings were located inside their
respective average surfaces, in agreement with
a magnetosphere in a compressed regime. This
regime is consistent with predictions (/1)
from upstream magnetic observations during
the approach to Saturn. The entry into the
magnetosphere was identified from the drap-
ing of the magnetic field, which is compatible
with a dipole. In addition, an expansion of the
magnetosphere occurred during the outbound
passage of Cassini, with the magnetopause
moving back out over the spacecraft and
with the last bow shock occurring close to
the expected nominal distance at 85Rg.

In situ measurements of the internal mag-
netic field at Saturn have been obtained from
the three previous flyby missions. The Cassini
mission as an orbiter will provide a much more
complete three-dimensional sampling of the
magnetic field over the next 4 years. Until more
complete measurements of the Saturnian mag-
netosphere are obtained during future orbits,
the insertion observations (Fig. 3) can essen-
tially be treated as a single flyby. In particular,
for the inversion of the internal field we used
only data within 8Rg and assumed an axisym-
metric field configuration up to degree 3. Ex-
ternal terms were also included by adding an
axisymmetric ring current whose presence
was revealed by analysis of previous data. Pre-
vious analyses led to the SPV and Z3 models
(12, 13), which included terms corresponding
to a uniform external field in a source-free
region. However, we have found that such a
uniform field is not adequate for describing the
field in and near the ring current, and therefore
we have used the more realistic Connerney
model adapted to Saturn (/4, 15).

Precise knowledge of the gain and point-
ing of the magnetometer is important for the
accurate inversion of the measurements to ob-
tain the internal magnetic field. We performed
extensive ground calibrations before launch,
checked the calibrations during the Earth flyby,
and monitored the calibrations since launch
with the magnetic field produced by coils both

remote from and near the sensors. We estimate
the uncertainty is presently 0.1% in gain and
0.1° in pointing. The magnetic field data were
analyzed by using a standard singular value
decomposition of the inversion matrix. Only
zonal terms up to degree 3 are included in
addition to the four disk parameters (namely,
total current, inner and outer radii, and thick-
ness). The internal field coefficients are shown
(Table 1) alongside those from past models.
The quantity g,,/(2g,,), where g, is the
quadrupole moment and g, , the dipole moment,
can be interpreted as a northward displacement
of the dipole by 0.037R,. The comparable
results for the SPV, Z3, and GD (15) mod-
els are 0.037Rg, 0.038R, and 0.037Rg, respec-
tively. The implication is that the magnetic
and rotational equators do not coincide. How-
ever, the relatively large octupole moment
cannot be explained by this offset. After ac-
counting for the uncertainties associated with
the estimated parameters, we were not able to
determine any secular change in the internal
field zonal coefficients. Also, we noticed that
the azimuthal field component was barely
visible near closest approach, which confirms
the near-axial symmetry of the field. Al-
though we have not considered the azimuthal
component in our analysis because of the
limited spatial sampling of the insertion tra-
jectory, a previous study (/5) has revealed
the likely presence of a small azimuthal field
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Fig. 2. (A) Trajectories through Saturn’s magnetosphere for the Cassini Saturn orbit insertion flyby
(blue curve) and the previous encounters: Pioneer 11 (dotted curve), Voyager 1 (dashed curve), and
Voyager 2 (dashed-dotted curve). These are presented in noon-midnight meridional (left) and
equatorial projections (right) in KSM coordinates. Also overlain are nominal magnetopause (in
magenta) and bow shock (red) boundaries computed with use of the Slavin model (9). (B) The
trajectory of the Cassini spacecraft in KSM coordinates (cylindrical) with the projection of the
magnetic field vectors (between 27 June and 14 July 2004) overlain. The nominal positions of the bow
shock (red) and magnetopause (magenta) are shown for reference as are the actual Cassini crossings
(bow shock as red crosses and magnetopause as magenta triangles).

of internal origin, in accordance with theo-
retical constraints.

In the inner magnetosphere, the largest
contribution to the external field was from the
ring current, whose magnitude was as large as
~20 nT at the point where Cassini crossed the
inner boundary of the disk (r ~ 6Ry). The
estimated inner radius and current density of
the disk are in very good agreement with our
previous estimates; however, there are indica-
tions that the disk is thinner (half-thickness <
2R,) as well as more elongated (outer radius >
20Rg) than in the past.

As in the case of the Earth and Jupiter, the
magnetic field at Saturn is generated by three
different current systems: in the core, in the
magnetospheric plasma, and from the solar
wind interaction with the planetary magnetic
field. Subtracting the planetary magnetic field
model allows us to examine the contribution
of the various currents flowing inside the
magnetosphere and on its boundaries. This
differenced field (AB = B, — B, ) shown at
radial distances greater than 4R can be seen
in Fig. 4 in the black trace. Overlain on this
figure are two different models of the exter-
nal field in Saturn’s magnetosphere. The blue
trace is the best fit Connerney disk as de-
scribed above, and the red trace is a new
global magnetospheric model that models the
external field, i.e., considering the internal
field to be a fixed, known quantity.

In this global model, we retain the Con-
nerney current disk to model the equatorial
azimuthal current and used parameters obtained
from the Voyager 1 flyby. The model also in-
cludes fields to represent the effect of mag-

Table 1. Zonal harmonics from Saturn orbit
insertion compared with past models (25). All
coefficients are in reference to Rg = 60, 268 km.

The first three models are axially symmetric up to
degree 3; the fourth one includes also nonaxial
terms up to the same degree.
Multipole -

term Cassini SPV Z3 GD
910 21,084 21,225 21,248 21,232
S 1544 1566 1613 1563
930 2150 2332 2683 2821

netopause currents, which are modeled by
the source-surface method (/6) used in the
Tsyganenko models of the terrestrial magneto-
sphere (17-19). We shield the magnetic field
so that it is tangential to the magnetopause
boundary at all points over that surface, which
is represented by a prolate hemi-ellipsoid (20)
for the nose region and a cylinder for the tail.
The field due to the shielding of the dipole is
represented with use of cylindrical harmonics
and that due to the shielding of the disk with
use of Cartesian harmonics. These representa-
tions allow the model to have an analytical
dependence on the tilt angle between the di-
pole axis and the solar wind flow and on the
solar wind dynamic pressure. The magneto-
pause stand-off distance, a function of the
dynamic pressure, was set to be consistent
with the location of the final inbound magne-
topause crossing.

The global model does not fit the observed
data well, and the current disk model suggests
that the current disk field has changed com-
pared with that of the Voyager 1 epoch. The
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Fig. 3. The fluxgate magnetometer data from

the closest approach (CA) period, with the

three components and magnetic field magni-

tude shown.

magnitude of the azimuthal field in the outer
magnetosphere caused by magnetopause cur-
rents is larger than that estimated from the
model. This has also been seen in the previous
flyby data sets (2/) and may hint at further
dynamical processes. At present, the model does
not include a magnetotail current, which means
we are underestimating the field in the tail
region. Neither model accurately accounts for
both the inbound and outbound observations
simultaneously. This feature of the Saturnian
magnetosphere has been noted in modeling
studies and indicates an equatorial current disk
that has local time structure and asymmetry.
However, the compression of the magneto-
sphere during the Cassini flyby probably also
altered the equatorial current distribution.
When Cassini was immersed within the
plasma sheet, changes in the magnetic field
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configuration occurred with an enhanced lev-
el of small-scale magnetic fluctuations. Out-
side of these regions, the Cassini spacecraft
was located in the outer higher-latitude mag-
netosphere, a region with less plasma that is
similar to the lobe regions of the Earth’s
magnetosphere. The plasma sheet crossings
occurred at planetocentric distances of 15Rg
inbound and 12Rg outbound and are associ-
ated with sharp transitions in the azimuthal

Universal Time June 30, 2004

field. The observed field fluctuations reveal a
dynamic region associated with plasma sources,
transport processes, and related wave gener-
ation. Closer to the planet the field is more
dominated by the internal source. Outbound
from about 16R and coincident with the Titan
far encounter, the spacecraft may have again
crossed the plasma sheet at high latitude, pos-
sibly caused by a dynamic solar wind—driven
motion of the sheet. The field at these lati-

CASSINI AT SATURN

tudes and distances is also tail-like, with a
more stretched-out configuration.

On both the inbound and outbound legs
of the pass, near but inside the orbit of Dione
at 6.27R;, MAG encountered diamagnetic
depressions in which some of the magnetic
pressure was replaced by increased plasma
pressure. On each leg the innermost depres-
sion was the largest. Such diamagnetic cavi-
ties were not reported for the Voyager and
Pioneer flybys.

The largest of the depressions occurred at
21:05 UT on 30 June 2004 at a radial distance
of 5.93R, a local time of 09:45 LT, and a
latitude of —9.5° (Fig. 5). Dione was at 15:08
LT. The maximum depth of the magnetic de-
pression in the 95-nT background field was
produced by a plasma with an energy density
of 500 eV ¢m 3. If produced by 1 keV elec-
trons, a plasma density of about 0.5 electrons
cm3 would be required. On the outbound leg
at 08:02 UT, 5.5Rg, 01:53 LT, and —9° lat-
itude, a similar depression was seen in a 115-nT
background field corresponding to a plasma
energy density of 300 eV cm 3. If this is the
outer boundary of a cold plasma torus, we
would expect that the source of the cold ions
would be the E ring and the hot electrons out-
side the cold torus region would be produced
close to the ionosphere, where the field-aligned
current system needed to enforce corotation
of the plasma closes. Surrounding the two
largest depressed field regions were relatively
strong waves polarized in the direction trans-
verse to the magnetic field. There was essen-
tially no compressional component above the
noise level of the instrument. Pioneer 11 (22)
also saw transverse waves but beyond the
orbit of Dione. The transverse Cassini waves
are accompanied by a narrow band of left-
hand cyclotron waves propagating very close
to the direction of the magnetic field at the
H,O" gyro-frequency. Although seen on both
sides of the depressions and on both legs, this
narrow band of ion cyclotron waves makes
very little contribution to the total wave power.
The water group ion cyclotron waves are
presumably associated with ion pickup from
the E ring, but we do not have an obvious
source for the strong linear transverse waves
that surround the cavity. These are associated
with the cavities because their amplitudes de-
crease with distance from the cavities.

At greater distances from the planet, the
ratio of depressed to enhanced flux tubes in-
creased until the field strength appeared to be
continually depressed. The phenomenon in
the Jovian magnetosphere that most nearly
resembles these diamagnetic depressions is at
the outer edge of the Io torus, at the boundary
between the cold dense torus plasma and
hotter magnetospheric plasma where flux tube
interchange appears to take place (23). Alter-
natively this region may be where corotation
of the magnetospheric plasma can no longer
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be maintained by the ionosphere. The re-
sulting slippage in the ionosphere heats the
ionospheric electrons, producing high beta
conditions along the entire flux tube.

Quite distinct from the waves surrounding
the cavities was a 100-min-long burst of ion
cyclotron waves (from 06:10 to 07:50 UT on
30 June 2004) unlike any seen on Voyager
and Pioneer that appeared 5 hours after the
Cassini engine stopped firing. These waves
were limited to the frequency band expected
for the singly ionized products of the engine
exhaust H,O, N,, CO, and CO,. We do not
expect these waves to be present (except for
H,O" that may be associated with the icy
satellites’ environments) in the natural plas-
ma. We note that Cassini’s engine deposited
over 850 kg of fuel in the Saturnian mag-
netosphere and, as it ionized and traversed
the magnetosphere, it would produce a cloud
of ions with energy predominantly transverse
to the magnetic field, that is, a ring beam.
The energy of these pickup ions at the loca-
tions where the waves were seen is compa-
rable to that of the pickup ions in the Io
torus. This may be the first detection of

REPORT

artificially induced plasma waves in a mag-
netosphere other than that of Earth.
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Dynamics of Saturn’s Magnetosphere from
MIMI During Cassini's Orbital Insertion
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The Magnetospheric Imaging Instrument (MIMI) onboard the Cassini spacecraft ob-
served the saturnian magnetosphere from January 2004 until Saturn orbit insertion
(SOI) on 1 July 2004. The MIMI sensors observed frequent energetic particle activity
in interplanetary space for several months before SOI. When the imaging sensor was
switched to its energetic neutral atom (ENA) operating mode on 20 February 2004,
at ~103 times Saturn’s radius R, (0.43 astronomical units), a weak but persistent
signal was observed from the magnetosphere. About 10 days before SOI, the mag-
netosphere exhibited a day-night asymmetry that varied with an ~11-hour perio-
dicity. Once Cassini entered the magnetosphere, in situ measurements showed high
concentrations of HT, H,*, O*, OH', and H,0" and low concentrations of N*. The
radial dependence of ion intensity profiles implies neutral gas densities sufficient to
produce high loss rates of trapped ions from the middle and inner magnetosphere.
ENA imaging has revealed a radiation belt that resides inward of the D ring and is
probably the result of double charge exchange between the main radiation belt and

the upper layers of Saturn’s exosphere.

The magnetosphere of Saturn was discovered
by Pioneer 11 in 1979 (I, 2) and was in-
vestigated in detail by Voyager 1 in 1980 (3)
and Voyager 2 in 1981 (4). The primary
science objectives of MIMI (5) are to de-
termine the global configuration and dynam-
ics of hot plasma in the magnetosphere of
Saturn through energetic neutral particle

imaging of the ring current, radiation belts,
and neutral clouds; to study the sources of
plasmas and energetic ions through in situ
measurements of energetic ion composition,
spectra, charge state, and angular distribution;
to search for, monitor, and analyze mag-
netospheric spatial and time variations; to de-
termine through imaging and composition

studies the magnetosphere-satellite interac-
tions at Saturn; to understand the formation
of clouds of neutral hydrogen, nitrogen, and
water products; and to study Titan’s comet-
like interaction with Saturn’s magnetosphere
and the solar wind. The MIMI instrument (5)
comprises three sensors that measure particles
in specific energy ranges: (i) the lon and Neu-
tral Camera (INCA), which measures ion and
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