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Abstract

A brief description is given to the composition of the thermal ions in the Saturnian magnetosphere with the neutral gas cloud
as the main source. It is predicted that, if the neutral cloud density peaks near Enceladus’ orbit with a total number density of
the water-group neutrals reaching 10* cm™>, the molecular ions like OH' and HyO" could be as abundant as O™ throughout
the Saturnian magnetosphere. At the same time, a significant amount of H;O" and O ions can be found in the region with
L < 5. The composition of the Saturnian plasma could therefore be far more complex than previously thought. © 2000 Elsevier

Science Ltd. All rights reserved.

1. Introduction

Even though the last closeup observations of the
Saturnian system were by the Voyager spacecraft in
1980 and 1981, there is a steady stream of exciting new
observations of the physical phenomena of this ringed
planet from ground-based and space-born observa-
tories over the last few years. In some areas, the new
measurements have completely supplanted our old
ideas. One example is the distribution of neutral gas
cloud which has now been found to be extremely
dense by the Hubble Space Telescope observations
(Shemansky and Hall, 1992; Shemansky, 1998). Its
impact on the composition and dynamics of the Satur-
nian magnetosphere is still to be carefully assessed. In
this work, we will examine several major ingredients in
the neutral cloud origin of the magnetospheric plasma.
These include source (Section 2), composition (Section
3), and configuration (Section 4).

2. Source

It is useful to compare the Saturnian magnetosphere
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with the Jovian magnetosphere. Both planets have
similar rotational periods (P =9 h 55.5 min for Jupiter
and 10 h 39 min for Saturn) so that for both of them
the corotational electric field tends to dominate the
solar wind convective electric field in shaping the mag-
netospheric plasma motions (Brice and Ioannidis,
1970; Mendis and Axford, 1974; Vasyliunas, 1983).
Jupiter’s large magnetic dipole moment (equatorial
magnetic field B.q = 4.2 Gauss) and the presence of a
large population of hot plasma help to inflate the
Jovian magnetosphere into a disc-like structure domi-
nated by a strong current sheet near the magnetic
equator (Acuna et al.,, 1983; Krimigis and Roelof,
1983). With a smaller magnetic moment (Beq = 0.22
Gauss) and much reduced level of energetic charged
particle population the Saturnian magnetosphere is
less dynamic. For example, the pronounced 10-h
periodicity observed in the particle fluxes of the Jovian
magnetosphere is absent in the Saturnian magneto-
sphere. This can be partly traced to the near-zero tilt
of Saturn’s dipole axis. Furthermore, because of the
absorption effect of the main rings between 1.3 and
2.27Rg (Saturnian radius) and its weaker magnetic
field, Saturn is not a strong emitter of synchrotron
radiation.

In spite of the large differences in the energetic par-
ticle populations, Jupiter and Saturn share the distinc-
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tion that their satellites are important sources of the
magnetospheric thermal plasma. Because of its active
volcanism, lo is emitting a large amount of neutral
and ionized (SO,) gas via ion sputtering at a mass loss
rate of M~1—2x 10° g/s into the Jovian magneto-
sphere (Bagenal, 1992). As a result of thermal sublima-
tion and surface sputtering by energetic ions, Europa,
Ganymede and Callisto are also sources of neutral gas
of water composition. Europa in particular could be a
second most important plasma source in the Jovian
magnetosphere with a mass loss rate of 2 x 10° g/s
(Johnson et al., 1982; Ip, 1996; Ip et al., 1998; Saur et
al., 1998).

In the case of the Saturnian satellites, it is not cer-
tain whether thermal sublimation (because of low sur-
face temperature) and ion sputtering (because of low
ion flux) could be as significant in ejecting gaseous ma-
terial into the Saturnian magnetosphere. Impact vapor-
ization by interplanetary meteoroids and/or collisional
effect of the E-ring dust particles could instead play
the leading role (Johnson et al., 1993; Shemansky et
al., 1993; Shi et al., 1995). In view of the large number
density (21000 cm™>) of OH radical detected inside
the orbit of Tethys by the Hubble Space Telescope,
Shemansky (1998) estimated that the corresponding
total number density of the water-group neutral gas

(e.g., H,O, OH, and O) could be as much as
3000 cm ™. This new observational finding gives cre-
dence to the idea that it is the impact process of the E-
ring particles at the rings, Enceladus and other icy sat-
ellites which produces such an extended neutral gas
cloud (Hamilton and Burns, 1994; Ip, 1997).

Fig. 1 shows the number densities of the neutral gas
molecules at the equatorial plane according to a neu-
tral cloud model (Ip, 1997). In the computation, the
parent molecule H,O is assumed to have been emitted
from the icy satellites as a result of E-ring particle
impact and ion sputtering. After injection into circum-
planetary orbits, the H,O molecules will be dissociated
or ionized by collisional interaction with the magneto-
spheric plasma and solar UV photons. The motion of
the dissociation products, OH and O, are then traced
so that the three-dimensional spatial extensions and
number density variations of the water-group neutral
gas can be constructed.

The relative abundance of H,O, OH and O are ap-
proximations from the neutral cloud model calcu-
lations. The H atom, dissociated from H,O is not
explicitly included because it has relatively large excess
energy and will hence not be confined in the same
volume as the heavy neutrals. One neutral species of
potential importance not discussed above has to do
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Fig. 1. A neutral gas cloud model derived by injecting H,O molecules from individual icy satellites into the Saturnian magnetosphere. The den-
sity peaks feature the orbital positions of Enceladus (L = 3.94), Tethys (L = 4.88), Dione (L = 6.25), and Rhea (L = 8.74). The curve is for total
number density at the equatorial plane averaged over all longitudes. The vertical scale height of the neutral cloud is assumed to be H,~0.5Rs.
The relative abundances are: [H,O]:(OH]:[O]:[H,]:[O5] ~ 0.10:0.30:0.50:0.05:0.10. The hydrogen atoms from Titan are assumed to have a constant

number density in the Saturnian system.
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with the oxygen molecule which can be effectively pro-
duced by ion sputtering of water ice or by recombina-
tion of the oxygen atoms at solid surface upon impacts
(Johnson, 1990). In summary, the relative abundance
of the neutral species from the icy satellites and ring
particles are:

[H20]:[OHJ:[O]:[O-]:[H]:[H]
= 0.10:0.30:0.50:0.10:0.05:0.0.

The ring system is supposed to produce an exo-
sphere of its own because of continuous meteoroid
impacts (Ip, 1984, 1995; Johnson et al., 1989; Pospies-
zalska and Johnson, 1991). The high Keplerian vel-
ocity in this radial interval (~1.3-2.27Rs) leads to a
flat disc-like structure with a very small vertical scale
height (~0.1Rs). Because of the effective absorption
effect at impacts, the number density of the neutral gas
emitted from the ring particles has a maximum value
of about 100 cm™> at the B ring (Ip, 1995). On the
other hand, the neutral gas cloud associated with the
icy satellites (i.e., Enceladus and Mimas) can support a
far denser gas cloud system extending to the outer
edge of the A ring, with the neutral particles in orbits
not intercepting the rings. Such a dynamical relation
can have important inference in the HST observations
of the OH emission (Hall et al., 1996; Shemansky,
1998).

In addition to the neutral gas emitted from the rings
and the icy satellites, Titan is also an important source
for H atoms and H, molecules (McDonough and
Brice, 1973; Broadfoot et al., 1981). We follow the
analysis of the ultraviolet spectrometer observations
on Voyager by Shemansky and Hall (1992) that the
whole Saturnian system including the region inside
8Rg is filled with atomic hydrogen at a level of about
10 atoms cm . The dispersal of Titan’s atomic hydro-
gen torus is probably in part caused by the long-term
dynamical effects of the solar radiation pressure and
the large oblateness of the planet (Smyth and Marconi,
1993; Ip, 1996). Because of the large number density
of the water-group neutrals in the inner magneto-
sphere, inter-particle collision will also facilitate orbital
trapping of the inward-moving hydrogen atoms (D. E.
Shemansky, private communication, 1998).

3. Composition

According to the Voyager observations of the ther-
mal plasma environment of the Saturnian system
(Bridge et al.,, 1981, 1982; Richardson and Sittler,
1990), the ion composition within SRg is dominated by
heavy ions. Because of the limitation in mass resol-
ution of the Voyager plasma instrument the exact com-

position of the corotating ions was not identified
except that they are likely to be ion species related to
the water group ions (i.e., O"). With the neutral cloud
composition model given above as input, we can in
principle derive the ion composition by including the
production rates and loss rates of different ions in a
one-dimensional radial diffusion scheme. The system
of photolytic reactions, electron impact ionization and
dissociation, and ion-molecule reactions was given in
Ip (1997). In addition, electron dissociative recombina-
tion processes are included in the present calculations.
The electron collisional impact rates are sensitive to
the ambient electron temperature (7.) which radial
variation is given in Fig. 2 according to Richardson
(1995). Note the drop in 7. to about 1 ¢V at L~3.5
which might be resulting from cooling effect of the
dense neutral cloud in this region (Shemansky and
Hall, 1992). It is possible that T falls even below 1 eV
in which case the electron impact ionization rates will
be significantly reduced while the electron dissociative
recombination rates can be correspondingly enhanced.
But before self-consistent thermal energy model calcu-
lations are carried out, the T, profile from the Voyager
measurements will be used as a general guide. By the
same token, the radial variation of the ion tempera-
tures (7;) from Richardson (1995) will be adopted as
input. The 7; values are in turn used to compute the
plasma scale heights

2kT; \ /2
Hi= <3m-92) M

where m; is the ion mass and Q the angular rotation
rate of Saturn. The vertical number density distri-
bution of the ions can be described by

.2
ni(z) = ng eXp([-]Z?) (2)

l

where ny is the ion number density at the magnetic
equator and z the corresponding vertical distance (Hill
and Michel, 1976). If N, is the number of the ith ion
species in a magnetic flux shell per unit L, it can be
defined as (Richardson and Siscoe, 1983):
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The ion species to be considered are the following:
H,O" H;0", OH", O;, H", Hy and H3 . Further-
more, the coupled radial diffusion equations of these
ions can be written as:
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where Q; and A; are the source and sink terms, respect-
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ively, for the parameter N;L°. The radial diffusion
coefficient Dyp is generally expressed in terms of
Dy = D, L™ with m=a2-3 if the magnetospheric diffu-
sion process is controlled by atmospheric dynamo
effect (Brice and McDonough, 1973; Mendis and
Axford, 1973). In an analytical model of loss-free dif-
fusion (i.e., A; =0), Barbosa (1990) found that a D,
value of 2 x 107 R%/s could provide a good fit of the
ion density profile if the source strength is taken to be
0;~10% ions/s. On the other hand, Richardson (1992)
preferred a slower diffusion process with Dy~ 1-3 x
10710 R%/s. Because the global variations of the ion
density distributions are sensitive functions of the
source and sink terms it is probably premature to
select a specific D, value in the model calculations.
What we have opted to do is to test the radial diffu-
sion model against a range of D, values varying
between 107 R3/s and 107'° RE/s. This is to demon-
strate how additional information on the diffusion rate
can be obtained from the number densities and chemi-
cal composition of the thermal ions.

The time-dependent coupled diffusion equations are
solved by the Crank—Nicholson scheme. One import-
ant assumption we have made in the computation is
that the neutral densities (which are largely produced
by meteoroid bombardment) and electron and ion tem-
peratures at different radial distances remain fixed and
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are always the same for all runs irrespective of the ion
and electron number densities (7). This is one limi-
tation of the present model which needs to be
addressed in future by updating the value of T, and T;
and neutral gas model in succeeding time steps by con-
sidering the energy budgets of the magnetospheric
plasma system. The results described here should
therefore be viewed as a quick look with several of the
important physical elements still to be implemented.
Even so, some useful features can be found already in
the present simplified models.

The quasi-stationary values of the flux tube content
parameters N;L> and ion number densities in the four
different cases are summarized in Fig. 3. The general
characteristic is that the Saturnian magnetospheric
plasma is proton-rich in the outer region because of
the Titan source. The radial distance (L.) for transition
to heavy-ion dominated composition depends on the
diffusion rate. It varies from L.~9 for Do~ 1070 to
L.~13 for D,~107%. The proton number density can
be seen to be reduced inside the boundary of the ion
temperature (scale height) jump. This is because of the
enhanced production rate of H;O™ via H™ +H,O ™" in
the neutral gas cloud. As with H;O ", the number den-
sity of the O5 ion also peaks inside the orbit of Ence-
ladus. This pattern is basically defined by the assumed
radial distribution of the neutral gas.
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Fig. 2. The radial variations of the thermal electrons (7.) and the ion scale height (H;) used in the model calculations. The T, values are from
the Voyager measurements (Richardson, 1995). The dashed portion of the T, profile is to indicate the presence of plasma bubbles. The disconti-
nuity of the H; value at L~ 7 is to mimic the ion temperature observed by Voyager.
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One important diagnostic feature has to do with the
abundance of atomic O™ ion relative to the molecular
ions like OH" and H,O™". For slow radial diffusion,
the molecular ions would be significantly depleted
inside the source region because of rapid electron dis-
sociative recombination. On the other hand, the O™
ions would not be as critically affected because of the
much smaller electron dissociative recombination rate
(e.g., a~2x 1077 em™3/s for H,O" and o~3 x 10712
cm3/s; see Schreier et al., 1993). As a consequence,
the inner magnetosphere would become enriched in
O" for D, <1071, However, the molecular ions
could be effectively purged to the outer magnetosphere
given a fast diffusion rate. Thus a large diffusion coeffi-
cient with D,~107°-10"% will tend to increase the
relative abundance of the molecular ions even though
the absolute value of the total ion number density
would become smaller because of diffusive loss.

It is to be understood that such theoretical models
are still at the early stage of development. Besides the
uncertainties in the radial transport rate and energy
budget, one major unknown is the detailed radial dis-
tributions of the neutral gas species. The issue on
whether ion sputtering or meteoroid impact is the
dominant source mechanism is still unsolved. In a
recent work, Richardson et al. (1998) has produced a
composition model using a somewhat different numeri-
cal approach. These authors favored a sputtering
source for the neutral gas cloud. The most important
difference from our present calculations is that a rela-
tively flat density profile [#(OH)~300 cm > at
L~3-50 cm > at L~10 and n(0)~ 100 cm ™ through
the same radial interval] is invoked in Richardson’s
model. The neutral cloud model used in the present
work has a peak number density (~10* cm™) at the
orbit of Enceladus because of the collisional impact
effect of the E-ring particles. This neutral density peak
is followed by a relatively steep curve with total num-
ber density of the water-group neutrals decreasing to
about 10 cm™ at Lax10. An intercomparison and,
possibly, combination of both approaches would
improve our understanding of the origin of the Satur-
nian magnetospheric plasma. For example, as will be
discussed later, the ballistic transport of the neutral
particles from electron dissociative recombination or
charge transfer in the inner plasma torus could redis-
tribute oxygen atoms and other neutrals to large radial
distances at L > 10.

4. Configuration

The formulation of the one-dimensional radial diffu-
sion equation is applicable to an azimuthally sym-
metric system. However, the measurements by Voyager
1 and 2 spacecraft showed that significant longitudinal

asymmetry existed in the structure of the plasma disc.
Firstly, both inbound passes near noon detected a
plasma density discontinuity at La15 (Sittler et al.,
1983). The plasma inside this boundary was character-
ized by a cold electron temperature (7. < 40 e¢V) and
high number density. On the contrary, the plasma out-
side had large electron temperature (7.~ 100 eV) and
low number density (Richardson, 1995). For L > 15,
several dense plasma clouds were found by Voyager 2
as if they had been detached from the outer edge of
the dense plasma disc.

Goertz (1983) suggested that these plasma clouds
might have been produced by the Kelvin—Helmhotz
instability at the turbulent boundary layer. Another
possibility is that these plasma clouds were torn away
from the plasma disc because of the time variation of
the solar wind convective electric field. An enhanced
interplanetary electric field could lead to a temporary
exchange of the thermal plasma from a corotational
flow configuration to a planetary wind outflow. Fig. 4
is a sketch of the different flow regimes by a simple
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Fig. 4. A schematic view of the two-dimensional structure of the cor-
otating plasma disc. The magnetospheric flow pattern is scaled from
the Vasyliunas model for the Jovian magnetosphere. The postulated
spatial shift of the plasma disc is caused by the presence of a dawn-
to-dusk electric field generated by a planetary wind in the magneto-
spheric tail.
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scaling of the Vasyliunas model for the Jovian magne-
tosphere (Vasyliunas, 1983) to the Saturnian case. It is
suggested here that the limitation of the extension of
the plasma disc on the sunward side could be related
to the bifurcation of the flow patterns in the nightside
magnetosphere.

The tailward escape of the magnetospheric plasma
should drive a dawn-to-dusk cross tail electric field
similar to what has been inferred at Jupiter (Barbosa
and Kivelson, 1983; Ip and Goertz, 1983). The drifting
of the corotating plasma in the displaced L shell could
in principle created an elongated plasma disc with the
apex pointing towards local dawn possibly reaching
the magnetopause. Such contact could also be conduc-
tive to the detachment of plasma clouds by way of
Kelvin—Helmhotz instability as proposed by Goertz
(1983).

The schematic picture depicted in Fig. 4 shows that
during its orbital motion around Saturn, Titan moves
through different plasma regions. Near the dawn side,
Titan is interacting with the dense plasma disc. But at
local noon and the dusk side, Titan is moving in the
area where effective mass loss will take place. Near the
midnight sector, Titan could be experiencing a tailward
flow at 90° from the corotational motion. As a result,
the ionospheric wake of Titan could swing by a large
angle in this region. Another important consequence is
that the ionospheric plasma emitted from Titan’s exo-
sphere will be lost for a large fraction of the orbital
time without being incorporated into the plasma disc.
The same might be true for the nitrogen ions created
in its gas torus.

5. Discussion

It is possible that the electron temperature at L < 4
is much smaller than 1 eV as a result of collisional
cooling by the dense neutral gas cloud (Shemansky
and Hall, 1992). Consequently, the ion number density
could be kept low in this region even though the neu-
tral gas density is relatively high (~10* cm™?). The
situation is somewhat similar to the structure of the
cometary ionosphere of Comet Halley in which the
inner region of cold electron temperature (7, ~ 500 K)
is surrounded by a plasma of high electron tempera-
ture (T.~3 x 10* K) at which boundary the ion num-
ber density varies by a factor of 3 to 4 (Eberhardt and
Krankowsky, 1995; Gan and Cravens, 1990; Ip, 1994).
The density jump is basically produced by the much
higher electron dissociative recombination rate of mol-
ecular ions in the inner ionosphere caused by the lower
electron temperature therein. At Saturn, it is very
likely that the innermost magnetospheric region
between the outer edge of the ring system and L~4 is
characterized by photoionization and the outer part

with L > 4 by electron impact ionization. As indicated
in Fig. 3, the ion composition of the photochemical
region should be dominated by molecular water-group
ions whereas the outer zone by atomic oxygen ions.

The collisional interaction of the corotating ions
with the neutral gas component and dissociative
recombination of the water-group ions also leads to
another interesting phenomenon. That is, depending
on the initial velocity at creation the recombined neu-
tral particles could be launched into circumplanetary
orbits without being immediately lost to interplanetary
space. Such ballistic transport effect could in principle
inject neutral atoms and molecules (O, OH and H,O)
into the outer magnetosphere where no significant
source of these neutral species is expected.

It is interesting to note that, because of our basic
assumption of constant neutral density distributions
and ionization time scales in all numerical runs, the
ion density and composition distributions are nearly
constant in the inner region of the Saturnian magneto-
sphere for a very wide range of the radial diffusion
coefficients (D,~1071°-10~%). This apparent discre-
pancy can be resolved by comparing the ionization
time scale of the neutral cloud and the corresponding
dynamical (e.g., diffusion) time of the magnetospheric
plasma within 4 Rg. At a temperature of about 1 eV,
the ionization effect of the water-group neutrals are
dominated by photoionization. At a solar distance of
10 AU the photoionization time of oxygen atoms is
B~2x 107 s7'. For a typical neutral density of
[0]~500 cm ™, the photoionization time is therefore
ti~1/B [O] or 10° s. Taking the diffusion time scale to
be t4~RZ/Dx~1/D,L? we have t4~1/9D, if L~3.
Thus for D, between 107! and 1078, 74~107-10° s.
Since #; > t4, the ion density and composition of the
magnetospheric plasma for L=~3—4 should therefore
be mainly determined by the photoionization and
chemistry instead of the radial diffusion effect. On the
other hand, because of the rapid decrease of the neu-
tral number density at L > 7, the diffusion process will
become more and more important in determining the
ion number density and ion composition. In other
words, changing the transport rate in the inner magne-
tosphere makes little difference to the profile since
transport is a minor loss mechanism compared to
chemistry in the inner Saturnian magnetosphere.

Finally, it is important to point out that in our sim-
plified treatment the scale heights of all ion species are
assumed to be the same in the calculation of the
source and sink terms. This scheme will be improved
by taking into consideration the effect of the polariz-
ation electric field on the magnetic field-aligned distri-
butions of different ions (Wilson and Waite, 1989;
Maurice et al., 1997). As a result of the corotational
centrifugal force, the heavy ions tend to concentrate
towards the magnetic equatorial plane while protons
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would be evacuated from the low-latitude region
because of the polarization electric field. Such a spatial
separation of the light (H* and H,) and heavy (OH ™"
and H,O™") ions might be significant in the ion chem-
istry. A two-dimensional plasma model is therefore
required to describe the full range of physical aspects
in the Saturnian magnetosphere.
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