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Abstract

Using ion–electron fluid parameters derived from Cassini Plasma Spectrometer (CAPS) observations within Saturn’s inner

magnetosphere as presented in Sittler et al. [2006a. Cassini observations of Saturn’s inner plasmasphere: Saturn orbit insertion results.

Planet. Space Sci., 54, 1197–1210], one can estimate the ion total flux tube content, NIONL2, for protons, H+, and water group ions, W+,

as a function of radial distance or dipole L shell. In Sittler et al. [2005. Preliminary results on Saturn’s inner plasmasphere as observed by

Cassini: comparison with Voyager. Geophys. Res. Lett. 32(14), L14S04), it was shown that protons and water group ions dominated the

plasmasphere composition. Using the ion–electron fluid parameters as boundary condition for each L shell traversed by the Cassini

spacecraft, we self-consistently solve for the ambipolar electric field and the ion distribution along each of those field lines. Temperature

anisotropies from Voyager plasma observations are used with ðT?=TkÞWþ�5 and ðT?=TkÞHþ�2. The radio and plasma wave science

(RPWS) electron density observations from previous publications are used to indirectly confirm usage of the above temperature

anisotropies for water group ions and protons. In the case of electrons we assume they are isotropic due to their short scattering time

scales. When the above is done, our calculation show NIONL2 for H+ and W+ peaking near Dione’s L shell with values similar to that

found from Voyager plasma observations. We are able to show that water molecules are the dominant source of ions within Saturn’s

inner magnetosphere. We estimate the ion production rate SION�10
27 ions/s as function of dipole L using NHþ , NWþ and the time scale

for ion loss due to radial transport tD and ion–electron recombination tREC. The ion production shows localized peaks near the L shells

of Tethys, Dione and Rhea, but not Enceladus. We then estimate the neutral production rate, SW, from our ion production rate, SION,

and the time scale for loss of neutrals by ionization, tION, and charge exchange, tCH. The estimated source rate for water molecules shows

a pronounced peak near Enceladus’ L shell L�4, with a value SW�2� 1028mol/s.
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1. Introduction

Using Voyager 1 and 2 plasma observations Richardson
and Sittler (1990) presented the first 2D maps of the
ion–electron densities within Saturn’s magnetosphere and
computed such quantities as the ion total flux tube content
NIONL2 within Saturn’s inner magnetosphere for dipole
Lo12. To do this, they used the ion–electron fluid
parameters derived by Richardson (1986) and Sittler
et al. (1983), respectively. Here, we repeat that effort using
the ion–electron fluid parameters presented in Sittler et al.
(2005, 2006a), using Cassini Plasma Spectrometer (CAPS)
plasma observations acquired during the Saturn Orbit
Insertion (SOI) approach trajectory (3.4oLo10). The
advantage of this particular data set is that the instrument’s
field-of-view (FOV) is fixed (i.e., non-actuating), the
instrument’s FOV intersects the equatorial plane, and the
instrument is operating at a high telemetry rate, �8 kbp,
with coincidence ion data. Therefore, we are able to sample
the data with 32 s resolution or better, and the use of
coincidence data is less susceptible to the contaminating
effects of Saturn’s penetrating radiation belt particles, the
coupling within the instrument for protons and water
group ions is less than 5% (i.e., 100% for non-coincidence
singles data) and the coincidence ion data is less susceptible
to the effects of scattering within the instrument (i.e., cross-
talk effects). Furthermore, in the case of Cassini we have
composition measurements which show protons and water
group ions dominating the ion composition (Young et al.,
2005; Sittler et al., 2005). The main disadvantage of this
data set is that we must assume the temperature anisotropy
of the ions and electrons. Here, we use the values inferred
by Richardson and Sittler (1990). Sittler et al. (2005, 2006a)
have also presented indirect evidence for our assumed ion
temperature anisotropies, and further evidence is provided
in this paper. We are in the process of measuring in situ the
ion temperature anisotropies from later orbits within
Saturn’s inner magnetosphere when actuator motion was
enabled and temperature anisotropies can be measured.
This analysis is not yet complete.

In this paper, we solve for the ion densities of protons
H+ and water group ions W+ (O+, OH+, H2O

+, H3O
+)

along dipole field lines, by solving the field-aligned force
balance equations with ambipolar electric field EJ as
described in Maurice et al. (1997). We use the case of bi-
Maxwellian distributions for both ions and electrons as a
simplification of the Maurice et al. equations. The Maurice
et al. (1997) results can also be applied to the more general
case which includes ring current corrections to the
magnetic field lines and the use of non-Maxwellian
distributions for ions and electrons, such as kappa
distributions or shell distribution for ions. We also derive
approximate expressions for the neutral production and
ion production as a function of dipole L, which can be used
in the place of the self-consistent but more complex
modeling done by Richardson et al. (1998). Our approach,
which uses the radial transport timescales estimated by
Richardson et al. (1998), is thus not self-consistent, but
allows the physical concepts and parameterizations to be
more easily realized. Due to instrument errors, uncertain-
ties in our field-aligned extrapolations and uncertainties in
various reaction rates, we consider our results accurate to
within a factor of 2 in an absolute sense.
Cassini observations have revealed that the icy moon

Enceladus is highly active with plumes or jets of water
vapor and condensed water (i.e., dust particles) emanating
from its south polar region (Porco et al., 2006; Hansen
et al., 2006; Waite et al., 2006; Tokar et al., 2006; Brown
et al., 2006; Spencer et al., 2006; Spahn et al., 2006;
Dougherty et al., 2006; Jones et al., 2006). From these
observations, Johnson et al. (2006) and Burger et al.
(2007) have inferred the presence of a narrow neutral cloud
of water vapor extending all around Saturn as a torus
centered on Enceladus’ L shell. Johnson et al. (2006) has
shown that charge exchange reaction collisions between
the rotating ions and this neutral water cloud will produce
the neutral OH cloud originally discovered by Shemansky
et al. (1993) using Hubble Space Telescope (HST)
observations if the Enceladus source rate is �1028mol/s.
Burger et al. (2007) showed that Enceladus’ plumes are
consistent with emitting water molecules at the rate
SW�10

28mol/s, and Hansen et al. (2006) inferred a rate
�(0.5�1)� 1028mol/s using UVIS stellar occultation data
at Enceladus and assumed ejecta speeds. Richardson
et al. (1998) originally estimated a source rate
SW�10

27mol/s, but more recently, Jurac and Richardson
(2005) estimate a source rate SW�10

28mol/s. Our results
provide an independent estimate of the neutral source term
SW�2� 1028mol/s, which supports the recent estimates.
A major finding of Cassini is that molecular water

group ions dominate over atomic oxygen ions near
Enceladus’ L shell (Young et al., 2005) where electron
temperatures Te�1 eV (Sittler et al., 2005, 2006a). Because
of this, ion–electron recombination reaction time scales
are very short within Saturn’s inner magnetosphere,
tREC�2� 105 s, accounting for our higher neutral produc-
tion rates SW�10

28mol/s than originally estimated by
Richardson et al. (1998), SW�10

27mol/s, where atomic
oxygen was thought to dominate. Our model is not self-
consistent and we must use the neutral cloud model by
Johnson et al. (2006), which includes both the Enceladus
water cloud and the OH cloud or torus.
The outline of the paper is the introduction, followed by

description of the 2D plasma density model of Saturn’s
plasmasphere and results, derivation of the equations used
to estimate ion production rates and neutral production
rates within Saturn’s plasmasphere, results of ion–neutral
production rate calculations, discussion section and con-
clusion section.

2. 2D ion density model of Saturn’s plasmasphere

In this section, we present the field-aligned force balance
equations derived by Maurice et al. (1997) in the limit of
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a dipole magnetic field and assumed bi-Maxwellian
distributions for the ions and electrons. This is a
simplification of the more general case which includes ring
current corrections and the possibility that the ion–electron
particle distributions are not described by bi-Maxwellian
velocity distribution functions (VDF). The equations are
solved by using the ion–electron fluid parameters along the
spacecraft trajectory as a boundary condition for our
ion–electron density solutions along dipole field lines. We
then show examples of our solutions for various dipole L

values and then show 2D maps of the ion densities and
electron densities for 3.4oLo10. We provide fluid
parameters in 2D for protons, H+, water group ions,
W+, and electrons, which are derived from our solutions.
When there are three or more species, which is the case
here (i.e., H+, W+, e�), we must solve the equations
numerically. The equations are integrated using the IMSL
Fortran routine DDASPG which uses the Petzold-Gear
BDF Method for first-order differential-algebraic system
of equations.

2.1. Ion–electron field-aligned dipole force balance equations

The basic equations as derived by Maurice et al. (1997)
are as follows:X

i

Zini ¼ 0 with Zi ¼ þ1 & Ze ¼ �1, (1a)
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The first equation, Eq. (1a), enforces charge neutrality
for all arc lengths, s, along a dipole field line L. Eq. (1b) is
three separate equations for protons, water group ions and
electrons. The above set of equations give the balance of
forces along a dipole field line with the first term on the
right being the magnetic mirror force, while the second
term, as shown by Eq. (1c), includes the ambipolar electric
field EJ, centrifugal force and gravitational force, respec-
tively. The last equation, Eq. (1d), gives the ambipolar
electric field EJ. Along the Cassini trajectory the spacecraft
intersects a range of dipole L values (3.4oLo10), for
which we have the fluid parameters, electron density, nec,
electron perpendicular temperature, T?e, proton density,
nHþ , proton perpendicular temperature, T?Hþ , water
group ion density, nWþ , water group ion perpendicular
temperature, T?Wþ , cylindrical radial flow velocity, VR,
and azimuthal flow velocity, Vf, at a particular (r, z) for
each L value. The magnetic field magnitude is given by
B(s), O is the angular velocity of the flow, R is the
cylindrical radius, mi is the ion mass, G is the gravitational
constant, e is the electric charge, qi ¼ eZi and ni is the ion
or electron density. We then assume that ðT?=TkÞWþ ¼ 5,
ðT?=TkÞHþ ¼ 2 and (T?/TJ)e ¼ 1 at equator for all L

values. It is the ion–electron field-aligned temperatures, TJi,
which determine the thickness of the plasmasphere relative
to the ring plane. The assumed temperature anisotropies
come from Richardson and Sittler (1990) and the indirect
inferences by Sittler et al. (2005, 2006a). We show further
observational evidence for the assumed ion–electron
equatorial temperature anisotropies, by combining Cassini
radio and plasma wave science (RPWS) UHR observations
from Moncuquet et al. (2005) and Persoon et al. (2005,
2006), CAPS ion densities from Sittler et al. (2006a) and
our 2D ion density solutions presented here. This is done in
Section 2.3. The parallel component of the temperature,
TJi, is assumed to be constant along dipole field lines and
the perpendicular temperature T?i is assumed to obey the
following relationship as described in Maurice et al. (1997)
and Huang and Birmingham (1992) where the first
adiabatic invariant is conserved:

kTk ¼ kT jj;eq, (2a)

kT jj

kT?
¼ 1�

Beq

BðsÞ
1�

kT jj;eq

kT?;eq

� �
. (2b)

This equation shows, for fixed L, that the ions and
electrons become isotropic at high magnetic latitudes with
T?i-TJi as the latitude l-liono where lionoEp/2-arcsin
(1/OL) is the latitude of the dipole field line at Saturn’s
ionosphere.
Sittler et al. (2005, 2006a) presented the thermal electron

temperatures. As discussed in Rymer et al. (2006), the
electron population is composed of thermal (cold) and
suprathermal (hot) components. The cold component tends
to dominate the electron density, while the suprathermal
component may contribute significantly to the electron
temperature. Both components, in general, will be im-
portant for electron impact ionization rates for neutrals.
The cold component, especially when cold, Tec�1 eV, will
be important for ion–electron recombination rates. For our
field-aligned force balance calculations, it is most desirable
to use both the thermal and suprathermal electron
populations. Parameters for the separate populations are
not yet available, but we do have estimates of the total
electron temperature Te which is shown in Fig. 1. As can be
seen, the total electron temperatures for dipole L outside
Dione’s L shell, are significantly greater than those for the
thermal electrons (Tec�30 eV and Te�100 eV at 1600 SCET
for day 182 2004). At the Enceladus–Tethys transition
region where Te�1–3 eV, the electron impact ionization
rates can be a strong function of electron temperature. In
this region the hot electrons will tend to dominate the
ionization rates relative to the thermal electrons. In this
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Fig. 1. Total electron temperature plotted as function of spacecraft event

time (SCET). The satellite L shells are indicated, with M ¼Mimas,

E ¼ Enceladus, T ¼ Tethys, D ¼ Dione and R ¼ Rhea.

Fig. 2. Field-aligned solution of ion and electron densities plotted along

dipole field line as function of latitude for L ¼ 10. H+ density indicated in

red, W+ density indicated in blue and electron density indicated in green.
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inner region, Te can be significantly contaminated by
penetrating radiation and estimates of the hot electron
component can be very uncertain. Tokar et al. (2006) did
report hot electron densities Neh�0.12 el/cm

3 and tempera-
tures Teh�12 eV during Cassini’s close encounter with
Enceladus on 14 July 2005. But, one would prefer
parameters for SOI epoch and here we refer to the
estimates by Moncuquet et al. (2005) who give Teh�50 eV
in the Enceladus–Tethys region, but give no hot electron
density estimates. From Voyager 1 electron plasma
observations reported by Sittler et al. (1983), they estimate
Teh�100 eV in the Enceladus–Tethys region. They also give
hot electron densities Neh�1.0 el/cm

3 at L�5.0 and
Neh�0.1 el/cm

3 at L�4.0. We use Voyager 1 outbound
data when spacecraft is closest to ring plane. Both the
Moncuquet et al. (2005) and Sittler et al. (1983) hot
electron estimates are not contaminated by the effects of
penetrating radiation. The Moncuquet et al. (2005) and
Sittler et al. (1983) are reasonably close in hot electron
temperature and the Tokar et al. (2006) hot electron
temperatures may be low due to the spacecraft’s close
proximity to Enceladus. So, we choose the Moncuquet
et al. (2005) results for Teh since occurred during SOI epoch
and use Sittler et al. (1983) results for Neh. We then
combine our SOI measured thermal electron densities and
temperatures (i.e., single Maxwellian fits) from Sittler et al.
(2006a) with the hot electron paprameters just noted, to
compute total electron temperatures inside Tethys’ L shell
or Lo5.0. Outside this distance, L45.0, we use the
moment estimated total electron temperatures noted
above, which do include the hot electron component. The
results are shown in Fig. 1 where we see a smooth
transition at L�5.0, which indicates our estimates for Te

inside L�5.0 are approximately correct. For our calcula-
tions of Te, we only use electron measurements for energies
Eo1 keV. This was done since most of the electron density
is confined to the thermal electron population and most
contributions to electron impact ionization rates of
neutrals is confined to electron energies less than 1 keV.
This approach also tends to minimize the effects of
penetrating radiation.

2.2. 2D solutions of the ion–electron densities for Saturn’s

plasmasphere

The Cassini SOI trajectory approached Saturn at
l��121, L�10 and then dipped toward the ring plane as
it approached Saturn such that at L�3.4, l��21. After
that time, at L�3.4 inbound, the CAPS Ion Mass
Spectrometer (IMS) high voltage was turned off, in order
to safe instrument during orbit insertion burn over Saturn’s
rings. In Figs. 2–4, we show solutions of the ion–electron
densities along dipole field lines for L�10 (outside Rhea’s
L shell�8.74), 6.3 (Dione L shell) and 4.0 (�Enceladus L

shell), respectively. The solution at L�10 was at sufficiently
high latitude, l��121, where the proton densities approxi-
mately equaled the water group ion densities, nhþ � nWþ .
At L�6.3, the spacecraft latitude l��51 was low enough
that nWþ � nHþ at the observation site. At L�4.0 the
spacecraft is very near the ring plane, l��21, so that the
proton densities are negligible relative to the water group
ion densities, nWþ � nHþ . The solutions also show that
protons dominate at high latitudes.
In Figs. 5–7, we show 2D contour maps of the proton

densities, water group ion densities and electron densities,
respectively. Dipole field lines are super-imposed. The 2D
maps were derived from a continuum of solutions as shown
in Figs. 2–4 as the spacecraft moved from L�10 to L�3.4.
Fig. 5 shows the protons peaking off the equatorial plane,
which is due to the field-aligned ambipolar electric field.
The protons are significantly affected by the ambipolar
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Fig. 4. Same as Fig. 2, except now near Enceladus’ L shell with L ¼ 4.0.

Fig. 3. Same as Fig. 2, except now at Dione’s L shell with L ¼ 6.3. Fig. 5. 2D contour plot of proton density as function of equatorial radius

REQ and vertical distance Z for Saturn-centered coordinate system. Dipole

field lines super-imposed and contours labeled in cgs units or protons/cm3.

Fig. 6. Same as Fig. 5, except now we have 2D contour plots of water

group ion density. Dipole field lines are super-imposed. Contours labeled

in units of ions/cm3.
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electric field since, as shown in Sittler et al. (2006a) the
proton temperature approximately equals the thermal
electron temperature, THþ � Tec. Furthermore, since the
thermal proton temperature THþoT e (total electron
temperature), the field-aligned solutions for protons will
be sensitive functions of electron temperature anisotropies;
(T?/TJ)e41.0 will confine protons nearer the equatorial
plane while dumbbell distributions, (TJ/T?)e41.0, will
cause protons to move to higher latitudes. Fig. 6 shows the
heavy water group ions being centrifugally confined near
the equatorial plane for all L. Here, we note that if
ðT?=TkÞWþ�1:0, the water group ion density scale height
would be �3 times greater than derived here and violate
observations (see Moncuquet et al., 2005). The electron
density, nec ¼ nHþ þ nWþ in Fig. 7 shows centrifugal
confine of the plasma plus the presence of protons at
higher latitudes. This can also be seen in Figs. 2–4. We are
now in a position to numerically integrate along magnetic
field lines to compute the total ion flux tube content
NIONL2 for protons and water group ions.
As an example of what can also be achieved from

such calculations, we show 2D maps of the plasma
beta, b ¼ ðneTe þ nHþTHþ þ nWþTWþÞ=ðB

2=8pÞ, in Fig. 8
and the Alfven Mach number, MA ¼ Vf/VA with VA ¼

B=
ffiffiffiffiffiffiffiffi
4pr
p

the Alfven speed and r ¼ nHþmHþ þ nWþmWþ the
mass density of the plasma, in Fig. 9. The solutions show,
that within the equatorial plane, the plasma beta can be
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Fig. 7. Same as Fig. 5, except now we have 2D contour plots of electron

density. Dipole field lines are super-imposed. Contours labeled in units of

el/cm3.

Fig. 8. 2D contour plot of plasma beta as function of equatorial radius

REQ and vertical distance Z for Saturn-centered coordinate system. Dipole

field lines are super-imposed.

Fig. 9. Same as Fig. 8, except now we have 2D contour plots of Alfven

Mach number MA. Dipole field lines are super-imposed.

E.C. Sittler Jr. et al. / Planetary and Space Science 56 (2008) 3–188
greater than 1 and the Alfven Mach number can be greater
than 1 with peak values near Rhea’s L shell. As shown in
Sittler et al. (2005), the ring current will be important when
b41 or MA41 or both are satisfied. The ring current
model by Connerney et al. (1983) showed the presence of a
ring current confined between L�8 and L�16, using
Voyager magnetometer observations within Saturn’s mag-
netosphere. We must stress, that due to the ring current,
the magnetic field lines will be more extended and result in
a larger equatorial confinement of the plasma ions due to
centrifugal and magnetic mirror forces. This will result in
higher plasma b and MA values near the equator for
L48.74 than estimated here. Therefore, the drop in these
values outside L�8.74 may not occur and the ring current
will extend to L�16 as observed by Connerney et al.
(1983). Furthermore, there is evidence that the plasma-
sphere outer boundary was at L�10 for SOI period,
while it is more typically at L�15 (see later discussions).
From such 2D maps, one can estimate the ring current
corrections, repeat our field-aligned calculations, then
calculate the ring current again and repeat this process
until convergence occurs. Here, comparisons with magnet-
ometer data will play a critical role in this calculation. As
stated above, the Maurice et al. (1997) equations do allow
for ring current corrections to be implemented. Eventually,
we need to extend our analysis to L415 and include
the pressure contributions of the hot plasma for E450 keV
to provide a more definitive estimate of the plasma
pressure. We do note, that Sittler et al. (2006b), using
Voyager 1 ring plane crossing observations at Dione’s L

shell, showed that the ions dominated the plasma pressure
and that a majority of the plasma pressure was confined to
ion energies Eo10 keV. They also showed that the heavy
ions dominated the plasma pressure when compared to the
protons. The fluid results by Sittler et al. (2005, 2006a),
were moment calculations that covered the energy range
1VoE/Qo50 kV for the water group ions (but signal was
generally not detected for E/Q420 kV).

2.3. Further evidence for assumed temperature anisotropies

of plasma ions and electrons

As discussed in Sittler et al. (2005, 2006a), the ion
densities are over-estimated by the ratio

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T?=T jj

p
since the

instrument’s observations were confined to a plane
perpendicular to the magnetic field during the Cassini
spacecraft SOI approach trajectory. Also, during this
same time period, the RPWS instrument measured UHR
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emissions as reported in Moncuquet et al. (2005) who used
these observations to estimate the local electron density
along the spacecraft’s trajectory. Using the following
expression, one can estimate a correction factor, CFWþ to
the assumed temperature anisotropy for water group ions
at the spacecraft location:

CFWþ ¼ ½nWþðCAPS;T?=T jj ¼ 5Þ=ðneðUHRÞ

� nHþðCAPS;T?=T jj ¼ 2ÞÞ�2, ð3Þ

where ne(UHR) is the UHR estimate of the electron
density, nHþðCAPS; ðT?=TkÞEQ ¼ 2Þ is the CAPS estimated
proton density with assumed equatorial ðT?=TkÞHþ ¼ 2
and nWþðCAPS; ðT?=TkÞEQ ¼ 5Þ is the CAPS estimated
W+ density with assumed equatorial ðT?=TkÞWþ ¼ 5. By
CAPS we mean the fluid parameters presented by Sittler
et al. (2006a). We use Eq. (2) to estimate the temperature
anisotropies of protons and water group ions at the
spacecraft position from the assumed equatorial values.
The results are shown in Fig. 10 with error bars. The
error bars are dominated by the uncertainty in the
absolute calibration of the CAPS IMS geometric factor
for protons and water group ions. As can be seen,
corrections are less than a factor of 2 in most cases, so
that the equatorial temperature anisotropies range between
5oðT?=TkÞWþo10. This is an independent confirmation
of our assumed temperature anisotropies. A more direct
approach could be used, but we prefer this iterative
approach since it has less scatter and thus more accurate.

Persoon et al. (2006) performed a comprehensive
analysis of RPWS electron density estimates derived from
observed UHR emissions for �20 passes through Saturn’s
inner magnetosphere. From this study they obtained a
single ion scale height estimate of the plasmasphere
as a function of dipole L with functional relationship
H ¼ (0.047)RSL1.8 with Saturn radius RS ¼ 60,268. In their
analysis they pointed out that they could not exclude the
Fig. 10. Plot of CAPS/RPWS correction term for temperature anisotropy

ðT?=TkÞWþ as function of SCET time. See text for details.
presence of protons for their higher latitude points and did
not have sufficient latitude coverage to see protons if
present. Using the relationship H2

¼ 2kTJ,i/3miO
2 for a

single ion plasmasphere and making assumption only due
to water group ions, we can derive a relationship for the
water group ion temperature anisotropy as follows:

ðT?=T jjÞWþ ¼ 2kT?;WþðCAPSÞ=ð3mWþO
2Þ=½ð0:047ÞRSL1:8�2,

(4)

where O ¼ Vf(CAPS)/R, Vf(CAPS) is the plasma azi-
muthal velocity measured by CAPS, mWþ ¼ the mean
water group ion mass � 16� 18 amu measured by CAPS
and T?;WþðCAPSÞ is the water group ion perpendicular
temperature measured by CAPS. The results are shown in
Fig. 11, which shows very little temperature anisotropy at
L�10 and gradually increases to ðT?=TkÞWþ�5:0 at
L�3.8. The large rise near L�3.4 is partially due to
spacecraft maneuver with IMS only seeing hot ion
component with TWþ�100 eV (see Sittler et al., 2005).
Furthermore, Persoon et al. (2006) observe a larger-scale
height H than used above for Lo3.8 and if we used the
actual measured scale height we would estimate lower
temperature anisotropy for this inner region than that
estimated using Eq. (4).
The lower ðT?=TkÞWþ�1 for L46 does not necessarily

contradict our original assumption that ðT?=TkÞWþ�5:0 at
ring plane for 3.4oLo10. For example, Fig. 2 shows that
for L�10, where the spacecraft is at l��121, the protons
contribute �1

2
the ion density. As shown in Figs. 2–7, the

proton scale height is very large and dominates the ion
density at high latitudes. Therefore, the approach by
Persoon et al. (2006) will tend to over-estimate the scale
height of the water group ions if we assume the water
Fig. 11. Plot of derived ðT?=TkÞWþ as function of dipole L shell. We used

inferred TJ from the RPWS density scale height measurements from

Persoon et al. (2006) and the perpendicular measurements T?measured by

CAPS and reported by Sittler et al. (2006a). Icy satellite L shells indicated.
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group ions dominate the ion density at all observed L, l
values. They did not see evidence of proton contamination
since they see no evidence of a change in slope of ne to less
negative values with increasing latitude. We will address
this issue below.

Using our 2D map of ne presented in Fig. 7 and
repeating the analysis by Persoon et al. (2006) for all
the trajectories used in their study, we can essentially
Fig. 12. Plot of simulated variations of ln(ne) versus 1�cos
6 l. Random noise �

height as done by Persoon et al. (2006) who used RPWS electron densities. F
reproduce their results as shown by Fig. 12a–e. In fact, our
simulations give the appearance of a larger ðTkÞWþ than
that estimated by Persoon et al. (2006). For our simulations
we added random noise �720% of the local electron
density similar to the variances in the Persoon et al. (2006)
data. When we do this, the variations in the simulated data
tend to hide any evidence of a change in scale height or
slope as one move from low latitude where water group
720% is super-imposed. Linear fits are done to get measure of single scale

ig. 12a–e are for dipole L shells of 4.0, 5.0, 6.0, 7.0 and 8.0, respectively.
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ions dominate to higher latitudes where protons dominate.
This change in slope is evident if we turn the noise off.
Since our simulations infer a larger scale height than that
by Persoon et al. (2006), it could indicate that protons are
less important at higher latitudes than estimated by our
simulations. The distribution of protons with latitude is
sensitive to the electron temperature used and its tempera-
ture anisotropy. For example, using cold–hot electron
components (not yet available), using (T?/TJ)e41 and/or
using ðT?=TkÞHþ42, may bring our simulations in better
agreement with the results by Persoon et al. (2006). The
analysis of the CAPS electron observations presented by
Rymer et al. (2006) show that the thermal or cold electrons
are isotropic, while the hot electron component can be
anisotropic. So, the electron temperature anisotropy may
not be an important effect for our proton calculations. It is
important to note, that both the electrons and protons can
be used as an accurate probe of the ambipolar electric field
EJ. The proton issue is not expected to make an important
correction to our results presented here, but will be
addressed in a later study.

As another check of our calculations, if our field-aligned
solutions are correct, our predicted equatorial electron
densities should approximately equal RPWS measured
equatorial electron densities from later equatorial orbits
within Saturn’s inner magnetosphere. This comparison is
made in Fig. 13. As can be seen, our predictions are very
close to that measured by RPWS inside Rhea’s L shell and
confirms our assumption that ðT?=TkÞWþ�5:0 for the water
group ions. Between Dione and Rhea our estimates are
somewhat lower, but there is evidence that this region is
highly turbulent (Sittler et al., 1983; Rymer et al., 2006).
Inside Dione’s L shell they are within RPWS uncertainties
Fig. 13. Here we have plotted equatorial electron densities extrapolated

down to the equatorial plane from our 2D model using diamond (B)

symbols and average equatorial electron densities measured by RPWS

using asterisk (�) symbols, which have been summed over many

equatorial passes of Saturn’s inner magnetosphere. For the RPWS

densities their one sigma error bars are indicated.
where the plasma is deep within Saturn’s magnetosphere
and more stable. Outside Rhea’s L shell our SOI equatorial
densities are much less than the RPWS equatorial densities.
Our electron densities for SOI along spacecraft trajectory
are in good agreement with RPWS. This discrepancy is
probably due to enhanced loss of plasma from the plasma-
sphere outer boundary during SOI, relative to the later
equatorial orbits when the plasmasphere extends to larger
radial boundaries. Fig. 13 does confirm that the temperature
anisotropy we are using for water groups ions is correct. If
one used Fig. 11 as being correct, then our densities would
not be consistent with the RPWS UHR estimated densities,
as shown in Fig. 10, since the ion geometric factors cannot
change in time and space. Fig. 10 could not exclude using
ðT?=TkÞWþ�10:0, but when we compute equatorial den-
sities using this anisotropy for water group ions, one gets a
poor comparison with the RPWS equatorial densities,
generally greater by factors of 2 inside L�8, with exception
around L�4.0. When we repeated the same exercise for
ðT?=TkÞWþ�2:0, we did get a good match inside L�8.0, but
when considering Fig. 10 we got total ion densities well
above locally measured RPWS electron densities along the
Cassini trajectory. Therefore, ðT?=TkÞWþ�5:0 gives the best
representation of all the data sets.

3. Computation of ion total flux tube content NIONL2, ion

production SION and neutral production SW within Saturn’s

inner magnetosphere

3.1. Compute ion total flux tube content NIONL2

We need to estimate NIONL2 which is the total number of
ions on a dipole L shell. This L shell, under steady state,
will extend all around the planet at a particular L value and
radial extent DL�1. Since the cross-section of the magnetic
field goes like 1/B(s) with

BðsðyÞÞ ¼
BS

R3
pL3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 3cos2 y
p

sin6 y
, (5)

the volume of the flux tube per unit length decreases with
increasing latitude and the contribution due to protons, for
example, is not as large as one might think from their
relatively higher densities at high latitudes as shown in
Figs. 2–4. Then using the relation between arc length s(y)
and y as shown below:

qs

qy
¼ RpL sin y

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 3cos2 y

p
(6)

one gets the integral equation for NF as shown in Eq. (7),
which is the total number of ions on a unit flux tube:

NF ¼ 2RS=BSL4

Z p=2

ym

nIONðL; yÞsin
7ydy. (7)

Therefore, NFdL is the total number of ions between L

and L+dL. The factor of 2 is used since the integral only
covers, for example, northern latitudes (i.e., co-latitude
y ¼ p/2�l, l is the latitude). The lower limit of the
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Fig. 14. Total flux tube content for protons, NHþL2 (red), and for water

group ions (blue), NWþL2, and the sum of protons and water group ions

(black) plotted as a function of dipole L. Icy satellite L shells are indicated.

Fig. 15. The relative abundance of the water group ions (O+, OH+,

H2O
+ and H3O

+) plotted as function of time with icy satellite L shells

indicated.
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integrand, ym is the co-latitude point of the field line at
Saturn’s ionosphere. The sin7 y term is due to the increase
in the dipole field strength as one move along the field line
to higher latitudes. In order to get the total number of ions
on an L shell then we must multiply this expression by
2pLRSDLRS/DAF where DAF ¼ L3/BS is the area of a unit
flux tube in Maxwells at the equator in cm2 and BS ¼ 0.2
Gauss. Therefore, this factor represents the number of unit
flux tubes within an L shell that extends all around the
planet. We will call this quantity the number of ions on a
unit L shell

NION ¼ 4pR3
SL2

Z p=2

ym

nIONðL; yÞsin
7ydy. (8)

Finally, we get the quantity NIONL2 by multiplying
Eq. (8) by L2

NIONL2 ¼ 4pR3
SL4

Z p=2

ym

nIONðL; yÞsin
7ydy (9)

which has the same functional relationship as NF within a
constant factor. This is the expression we used to compute
the total flux tube content for protons and water group
ions. Since, NION represents the total number of ions on a
unit L shell, it is the quantity to use when estimating the
ion production and neutral production rates. NIONL2 is the
quantity that is preserved when outward diffusive transport
occurs. This follows from the approximation that the
plasma remain confined to a flux tube and the magnetic
flux is conserved during flux tube interchange motions. We
have a plot of NIONL2 in Fig. 14. This figure shows a peak
at Dione’s L shell where NWþbN

Hþ
in most cases. For

L48 NHþ�NWþ or larger. This result is similar to that
originally found by Richardson and Sittler (1990) and later
by Richardson et al. (1998) who found H+ to be low
relative to the heavy ion component which they thought
was dominated by O+. At the time it was thought there
was a deficit of H+ relative to O+ if the source was
dominated by the ionization of water molecules. The
Voyager results by Richardson and Sittler (1990) also
showed a broader distribution for NIONL2 with no
discernable peaks, but did show sharp drop-off inside L�4.

This apparent discrepancy in protons can be explained
by the ion composition data of CAPS originally shown by
Young et al. (2005), Tokar et al. (2006) and shown here in
Fig. 15 using the latest calibration results of the IMS. These
results show that water ions were primarily molecular and
that in the vicinity of Enceladus, the hydronium ion H3O

+

dominates. Then if we use the following expression:

omion4 ¼omWþ4þNHþ=NWþ (10)

with

omWþ4 ¼ po � 16:0þ poh � 17:0þ pw � 18:0

þ ph3o � 19:0, ð11Þ

and po, poh, pw and ph3o being the fractional abundance
of O+, OH+, H2O

+ and H3O
+, respectively, for water
group ions as shown in Fig. 15, we can determine if H+ is
under abundant for a water source. The results of this
calculation is shown in Fig. 16 where it shows
omion4E18.0 except for the period around L�10 where
protons can dominate. Note, that Eq. (10) uses the total
number of ions on a unit L shell, so the results are to first-
order independent of how the ions are distributed along
field lines. But, since Eq. (11) uses local compositional
values of the water fragments and we are at higher latitudes
for L�10, we could be over-estimating the importance of
protons at L�10. Furthermore, from our previous
comparison with the RPWS UHR electron densities by
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Fig. 16. Mean ion mass in amu, is plotted versus dipole L shell. Icy

satellite L shells are indicated. This plot shows that the source molecule

has mass�18 amu, and since composition data clearly indicates that the

ions are water group ions, the source cloud must be dominated by water

molecules.
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Persoon et al. (2006), we could be over-estimating the
proton densities at higher latitudes in this outer region, so
that our results could still be consistent with water clouds
being the primary source of ions for L�10. Therefore,
within experimental uncertainties, our results are consistent
with water molecules being the dominant source of ions for
Saturn’s inner magnetosphere and with most of the
hydrogen ions locked up in the molecular water ions and
there is no deficit of H+ ions as originally thought
(Richardson and Sittler, 1990).

3.2. Compute ion production rate SION as function of dipole L

The fundamental equation governing the transport of
plasma within Saturn’s magnetosphere, while also account-
ing for its various sources SION and loss terms LION is given
by the radial diffusion equation

q
qL

DLL

L2

qðNIONL2Þ

qL

� �
þ SION � LION ¼ 0 (12)

as originally derived by Dungey (1965). We will not solve
this equation here, but is shown in order to see how the
various terms interact and how the diffusion coefficient
DLL provides radial transport. One can estimate the time
scale for radial transport using Eq. (12) as derived in Cheng
(1986) under the condition of no sources and sinks as
follows:

q
qL

DLL

L2

qðNIONL2Þ

qL

� �
¼ �

NION

tD

. (13)

Siscoe and Summers (1981) derived an explicit expres-
sions for DLL in the case of centrifugally driven radial
transport. The diffusion coefficient, which is normally
parameterized as DLL ¼ KLm with m�3, is shown to be
proportional to the mass-loading rate. In our case, we use a
characteristic radial transport time scale tD � 1=DLL ¼

tD0
ðL0=LÞ3 to provide a local time scale for ion loss via

radial transport. We use a characteristic time scale tD0
�5

days at Dione’s L shell, L0 ¼ 6.3, from Richardson et al.
(1998) for our model calculations presented here.
The recent results by Sittler et al. (2006a) showed

observational evidence for convective radial transport
super-imposed on radial diffusive transport. In the paper
by Andre et al. (2006), they have made detailed correlations
of magnetic field fluctuations with respect to the fluid
velocity fluctuations from Sittler et al. (2006a), which
includes the radial velocity component VR. The correla-
tions are consistent with flux tube inter-change motions
and give support to the radial velocities and azimuthal
velocities estimated by Sittler et al. (2006a). If the results by
Sittler et al. (2006a) are correct, then Eq. (12) will also need
convective terms in addition to radial diffusion terms.
The convective transport could also be due to non-linear
effects in the centrifugally driven radial diffusion coefficient
as derived by Siscoe and Summers (1981) which is
pdNL2/dL. At Dione’s L shell VR�2 km/s, which for
transport over DL�1 gives residence time tD�3� 104 s or
8–9 h which is 14 times faster than that estimated by
Richardson et al. (1998) tD�5 days at same L shell. If so,
the magnetosphere is an order of magnitude more dynamic
than originally thought and ion production an order of
magnitude larger than estimated here in the vicinity of
Dione’s L shell. It could also be true, that transport is
outward for longitudes sampled by Cassini during SOI
approach and inward at other longitudes. Then residence
time scales could be longer. Finally, the radial diffusion
equation will be used when a more comprehensive analysis
of our results is provided.
In order to estimate the ion production rate we use the

following expression:

dSION

dL
¼ NION=tLoss ¼

NWþ

tWþ;Loss
þ

NHþ

tHþ;Loss
, (14)

for which we have assumed steady state with tLoss
representing the characteristic loss time scale of ions due
to radial transport tD and recombination tREC. Note, that
in Eq. (8) for NION we have retained DL term, which was
previously set to 1, divided both sides of Eq. (14) by DL

and then took the differential limit as DL�4dL. One can
then integrate this expression over DL to get the local ion
production. One usually sets DL ¼ 1. Charge exchange is
not used, since it does not produce or remove ions from the
system. Protons, H+, could charge exchange with water
molecules or water group ions, W+, could charge exchange
with hydrogen atoms and produce protons, etc. Therefore,
we combine all neutral atoms and molecules as a single
species with N ¼ NH+NO+NOH+NH2O, along with the
assumption that the original source of neutrals is water
molecules. Furthermore, the neutral clouds will be confined
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Fig. 17. Ion and neutral loss time scales plotted versus dipole L shell. Icy

satellite L shells are indicated. We used the neutral cloud model in

Johnson et al. (2006) and Burger et al. (2007). Neutral charge exchange

loss time scale indicated in red, neutral ionization loss time scale indicated

in blue and ion transport plus ion recombination loss time scale indicated

in turquoise.

Fig. 18. Plot of ion production per unit L shell versus dipole L. Icy

satellite L shells are indicated. The plot shows peaks near Tethys, Dione

and Rhea L shells.
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near the ring plane where the ion composition is dominated
by water group ions (i.e., small correction due to protons).
The loss time scale can be expressed as

1

tLoss
¼

1

tD

þ
1

tREC
(15)

with tD ¼ tD0
=ðL=L0Þ

3 as described above. tREC symbo-
lizes the time scale for recombination which will be
important for molecular ions such as OH+, H2O

+, and
H3O

+. This will especially be true in the vicinity of
Enceladus where the electrons are relatively cold, Tec�1 eV,
and molecules dominate (Young et al., 2005) and shown in
Fig. 15 above. For atomic ions such as H+ and O+

recombination is negligible. We estimate the time scale for
recombination by performing the volume integral of the
recombination rate coefficient weighted by the ion density,
say for water group ions, along a flux tube. We then divide
this integral by the volume integral of the ion density along
a flux tube to get a weighted mean of 1/tREC. In order to
compute this quantity correctly, we use the relative
abundances of O+, OH+, H2O

+ and H3O
+ shown in

Fig. 15. We then sum up the various contributions as
follows:

1

tREC
¼
X5
j¼1

1

tREC;j
¼

P
j

R
njðsðyÞÞnREC;jðsðyÞÞsin

7 ydyP
j

R
njðsðyÞÞsin

7 ydy
; (16)

with j ¼ 1–5 for H+, O+, OH+, H2O
+ and H3O

+ ions.
The recombination rate nREC;jðsðyÞÞ is a function of
electron density ne(s(y)) and thermal electron temperature
Tec(s(y)) which are both a function of co-latitude y along
dipole L shells. In the case of protons and atomic oxygen
ions, recombination time scales are very long, and
transport dominates. The transport and ion recombination
time scales as a function of dipole L are shown in Fig. 17.
This figure shows recombination dominating inside
Dione’s L shell and transport dominating outside Dione’s
L shell.

The ion production SION for water group ions and
protons added together, using Eqs. (14)–(16), is shown in
Fig. 18. The ion production SION�10

27 ions/s shows
a very broad radial dependence with peaks at Tethys
and Dione. The peak near Rhea’s L shell will probably
be coincident with Rhea when one takes into account
ring current corrections. We see no peak at Enceladus’
L shell.

3.3. Compute neutral production of water molecules SW as

function of dipole L

In order to estimate the neutral production rate, we need
to know the ionization loss time scale for neutrals tION and
the charge exchange loss time scale for neutrals tCH, in
addition to the ion loss time scale tLoss presented in the
previous section. We estimate these time scales similar to
that in Eq. (16), except we weighted the integrals by an
assumed neutral cloud model and then divided by the flux
tube integral of the neutral cloud model. We then get

1

tION
¼
X3
j¼1

1

tION;j
¼

P
j

R
njðsðyÞÞnION;jðsðyÞÞsin

7 ydyP
j

R
njðsðyÞÞsin

7 ydy
, (17)

for which we used neutral clouds [O], [OH], and [H2O] for
j ¼ 1–3. For charge exchange we used the expression

1

tICH
¼
X3
j¼1

1

tICH;j
¼

P
j

R
njðsðyÞÞnICH;jðsðyÞÞsin

7 ydyP
j

R
njðsðyÞÞsin

7 ydy
, (18)
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with neutral clouds [H], [O], [OH] and [H2O] for j ¼ 1–4
used. For each index j, for example, we would perform the
integral for say, [OH], times the appropriate charge
exchange rate parameter over a unit flux tube and then
divide this integral by the volume integral of just the
neutral density over a unit flux tube. The above integrals
are evaluated using the neutral cloud model by Johnson
et al. (2006), which includes the Enceladus torus and the
OH torus. For [H] and [O] we use the neutral cloud model
by Richardson et al. (1998). This neutral cloud model,
shown in Fig. 19, shows a large spike at Enceladus’ L shell.
For comparison, we have super-imposed the Richardson
et al. (1998) neutral cloud model on top of that for Johnson
et al. (2006). The expression we use for each neutral
component is

njðyÞ ¼ nEQ;j expð�ðð1� cos6 yÞLRS=H2
j ÞÞ. (19)

For the OH component of the neutral cloud originally
determined from HST observations by Richardson et al.
(1998) we used the scale height Hj�0.45RS. For the water
cloud due to Enceladus modeled by Johnson et al. (2006)
the scale height Hj�0.1RS or less and was variable with
dipole L. Most of the reaction rates for charge exchange,
electron impact ionization and photoionization can be
found in Sittler et al. (2004) Tables 1–3 or Burger et al.
(2007). An exception is the electron impact ionization rates
for water molecules where we have used the review article
by Itikawa and Mason (2005). The charge exchange
reaction rates are a function of the relative velocity
between ions and neutrals and are proportional to the
Fig. 19. Vertical neutral cloud column density by Johnson et al. (2006)

and Burger et al. (2007) plotted as function of dipole L shell. Here we see

dominant peak centered on Enceladus’ L shell. We have also super-

imposed the vertical neutral cloud column density by Richardson et al.

(1998) in red for purposes of comparison. Outside of Tethys the

Richardson et al. (1998) column densities are higher due to fact that

Johnson et al. (2006) model gives lower water densities in this outer region

and those by Richardson et al. (1998) are derived from OH cloud

measurements, Voyager plasma measurements and model calculations.
ion density. Both can vary along dipole field lines. Ions
tend to co-rotate with the planet, while neutrals follow
Keplarian velocities. These affects are taken into account
by our calculations, where we do neglect corrections due to
finite thermal speeds of both neutral and ion VDF. This is
a fairly good approximation since Sittler et al. (2005,
2006a) found the sonic Mach number for both protons and
water group ions to be �2.0. The electron ionization rates
are functions of the electron temperature and electron
density, for which we have used the total electron
temperature shown in Fig. 1 and the total electron density
ne ¼ nHþ þ nWþ , respectively.
Fig. 17 shows a plot of all the relevant time scales. Inside

of Enceladus’ L shell the ionization time scale saturates at
tION�10

8 s which is just photoionization. In this region the
electrons are so cold Tec�1 eV, electron impact ionization
is extremely small. The time scale is slightly shorter due to a
minor hot electron component as noted above.
In order to estimate the neutral production rate we first

use the following relationship:

NW

tION
�

NWþ

tLoss
. (20)

In steady state, this equation assumes the rate of
ionization of water neutrals within a unit L shell, is equal
to the loss of water ions within the same unit L shell. As
argued above, charge exchange does not contribute to ion
production and that most of the ions close to the equatorial
plane where the neutrals are located, is dominated by water
group ions. This expression allows us to estimate NW

NW�NWþðtION=tLossÞ. (21)

In steady state the neutral production is given by the
following expression:

dSW

dL
�NW

1

tION
þ

1

tCH

� �
. (22)

We then substitute Eq. (21) into Eq. (22) and we finally
get

dSW

dL
�

NWþ

tLoss

tION

tCH
þ 1

� �
. (23)

As can be seen, except for our estimate of the indicated
time scales in Eq. (23), we can compute the production rate
for neutrals without detailed knowledge of the neutral
populations. As for the ion production, we retained the DL

term and took the differential limit in Eqs. (22–23). We did
have to use the radial transport time scale estimated by
Richardson et al. (1998), but in the vicinity of Enceladus,
Fig. 17 shows that recombination dominates, so that the
estimate of SW within the inner magnetosphere is not
sensitive to the ion transport rate. Eq. (23) shows that the
neutral production is boosted by the short recombination
time scales within the inner magnetosphere where mole-
cular water ions dominate. Fig. 17 also shows that the
charge exchange time scale has a significant localized
minimum at Enceladus’ L shell. This results in a localized
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Fig. 20. Neutral production rate per unit L shell plotted versus dipole L

shell. Icy satellite L shells are indicated. We used the neutral cloud model

in Johnson et al. (2006) and Burger et al. (2007). It shows large peak

centered on the L shell of Enceladus with total source SW�2� 1028mol/s.
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maximum in the ratio of tION/tCHb1 at Enceladus, which
will further boost the neutral production at Enceladus.
A plot of Eq. (23) is shown in Fig. 20.

As expected from our previous discussion, Fig. 20 shows
a large peak dSW/dL�3� 1028mol/s, which is centered on
Enceladus’ L shell. If, we integrate the results in Fig. 20 at
L�4.0 and DL�1, we estimate the large-scale neutral
production rate SW�2� 1028mol/s. As stated previously,
our calculations are correct to within a factor of 2 in an
absolute sense.

4. Discussion and conclusions

One of the main science objectives of the CAPS
instrument is to measure the distribution and composition
of the plasma within Saturn’s magnetosphere, to measure
the sources and sinks of plasma and neutrals, and to study
the transport, dynamics and energetics of the plasma
within Saturn’s magnetosphere. The papers by Sittler et al.
(2005, 2006a) defined the fluid and compositional proper-
ties of the plasma along the SOI approach trajectory and
set the stage for this paper to define the 2D distribution of
the plasma within Saturn’s inner magnetosphere. From our
2D maps of proton density, water group ion density and
electron density we were able to compute the total flux tube
content NIONL2 as a function of dipole L for protons and
water group ions. Then by knowing the lifetime of ions
against recombination and transport, one was able to
compute the ion production, SION, as a function of dipole
L. We then used this information plus the timescale for loss
of neutrals due to charge exchange reactions, electron
impact ionization and photoionization, to compute the
production of neutrals within Saturn’s inner magneto-
sphere as a function of dipole L. This latter step was done
using the neutral cloud model by Johnson et al. (2006). The
neutral production showed a broad peak near Enceladus’ L

shell with source strengths SW�2� 1028mol/s. Therefore,
our model calculations provide an independent estimate
of the neutrals being poured into Saturn’s magnetosphere
by Enceladus as the likely source. Our estimates are
very close to those by Jurac and Richardson (2005)
based on HST data, by Johnson et al. (2006) who
reproduced the HST cloud from a south polar Enceladus
source of SW�10

28mol/s, by Hansen et al. (2006) who
used UVIS stellar occultation measurements to estimate
SW�0.5–1� 1028mol/s and the modeling of the
plumes detected by Cassini by Burger et al. (2007).
SW�0.8–1.0� 1028mol/s, who combined the observations
by ISS, UVIS, INMS and CAPS. Here we note that
Enceladus may have contributions to the smaller neutral
production rates at Tethys, Dione and Rhea due to low
energy charge transfer collisions at the Enceladus torus as
discussed by Johnson et al. (2006) who was able to explain
the OH cloud using this mechanism and shown in Fig. 19.
Therefore, one must consider this correction when estimat-
ing the neutral and ion production rates for these other icy
satellites.
In the earlier works by Richardson and Sittler (1990),

and Richardson et al. (1998), it was thought that atomic
ions (H+, O+) dominated the plasma composition and
recombination was thought to be less important. Richard-
son and Sittler (1990) estimated total flux tube content
NOþL2�1034 ions and NHþL2�5� 1033 ions, while here we
found peak values NWþL2�3� 1034 ions and NHþL2�5�
1033 ions. The model results by Richardson and Sittler
(1990) found a flat variation of NL2 with dipole L from
L ¼ 4 to L ¼ 12 with sharp drop inside of Enceladus’ L

shell. In our case we see a broad peak centered on Dione’s
L shell. But, in a qualitative sense their results are
equivalent. Furthermore, the equatorial densities displayed
in Richardson and Sittler (1990) and Richardson et al.
(1998) are very similar with ours, but are closer to the
results of Persoon et al. (2005, 2006) than ours for L�8–10
where we expect the plasma to be more time dependent,
Sittler et al. (1983) and Rymer et al. (2006). As shown in
Eqs. (14) and (23), Richardson et al. (1998) would tend to
underestimate the ion production and neutral production
within Saturn’s inner magnetosphere where they found
neutral production rates peaking at SW�10

27mol/s. More
recently, Jurac and Richardson (2005) revised their original
estimates with neutral production near Enceladus’ L shell
to SW�10

28mol/s. Here, they used a Monte Carlo
calculation for neutrals and ions and solved both popula-
tions in a more self-consistent manner. In their model they
use a source rate of neutrals from the icy moons as a free
parameter in their model calculations and do not say how
the neutrals are emitted from the icy moons. This more
recent result did have more molecular water group ions in
their calculations which resulted in higher neutral produc-
tion rates as discussed here. The composition results by
Young et al. (2005) and those presented here are supportive
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of their calculations, but their model calculations did not
include hydronium ions (H3O

+) which turned out to
be dominant at Enceladus. Ip (2000) did consider the
composition issues of water molecular ions within the
inner magnetosphere and showed that water molecular
ions, including the hydronium ion, could result if neutral
densities in the vicinity of Enceladus exceeded 104mol/cm3.
Ip also discussed the importance of radial transport rates,
which if faster resulted in more molecular water ions
relative to atomic O+. If transport rates were low, then
recombination via electron impact, Te�1 eV, would deplete
the plasma of molecular ions.

We have compared our 2D maps of electron density with
the RPWS electron densities by Persoon et al. (2005, 2006)
and have shown them to be consistent within experimental
errors. These comparisons, three in all, confirm usage of a
nominal equatorial temperature anisotropy ðT?=TkÞWþ�5
for water group ions and confirms the accuracy of our 2D
maps. We also assumed ðT?=TkÞHþ�2 and (T?/TJ)e�1 for
protons and electrons, respectively. Since THþ�T ec, the
proton distribution along field lines is sensitive to the
ambipolar electric field and thus the electron temperature
and its temperature anisotropy. Our comparisons with
RPWS electron densities do favor larger anisotropies for
both protons and electrons. This will be a subject for future
work, since we can use protons to probe the ambipolar
electric field.

Our 2D maps have many future applications, such as
the calculation of wave propagation within the magneto-
sphere, making 2D maps of plasma beta and Alfven
Mach number, estimating the magnetosphere’s stability
against various MHD modes such as centrifugally driven
flux tube interchange motions, and the trajectories of
charged dust particles within Saturn’s magnetosphere, just
to name a few.

The results presented in this paper, lay the ground work
for future work. We discuss several possibilities here. First,
we need improve our 2D mapping of plasma populations
by directly integrating CAPS moments, RPWS electron
densities, hot plasma parameters from MIMI and magnetic
field observations, into a common set of force balance
equations. These calculations will include corrections due
to the ring current first identified by Connerney et al.
(1981) to be confined between 8 and 15RS within Saturn’s
magnetosphere. We extend this study to include equatorial
and non-equatorial orbits with good compositional in-
formation. Our 2D maps we based on the approximation
that the ions were well described by bi-Maxwellian velocity
distributions. Other possibilities are Kappa distributions
and partially filled shell distributions. So, work in this area
needs investigation.

Secondly, we need to study the radial distribution of
plasma sources by a full resolution of the transport
equations. We need to study transport model(s), relevance
of radial diffusion approach and correct diffusion coeffi-
cient(s) in the different regimes of transport. The results by
Sittler et al. (2006a) indicate that outward convective
transport is super-imposed onto diffusive transport and
convective terms may need to be added to the transport
equations. The observed radial velocities indicate that
Saturn’s magnetosphere is much more dynamic and time
dependent than originally thought. Using the 2D distribu-
tions one can study the stability of the magnetosphere
against centrifugally driven flux tube inter-change motions
and is this a non-linear process (i.e., radial diffusion
coefficient a function of the mass-loading rate).
Thirdly, we need to couple the transport model to a full

neutral cloud production, transport and loss model. Initial
attempts in this area have been made by Richardson et al.
(1998) and Jurac and Richardson (2005) using Voyager
plasma observations. But future models will include the
more comprehensive Cassini observations, inclusion of ring
current corrections, consideration of non-bi-Maxwellian
VDF, measurements of ion temperature anisotropies, ion
composition measurements and more comprehensive fluid
parameters over many orbits (low and high inclination)
around Saturn.
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