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The saturnian system is subject to constant bombardment by interplanetary meteoroids and irradiation
by solar UV photons. Both effects release neutral molecules from the icy ring particles either in the form
of impact water vapor or gas emission in the form of H2O, O2 and H2. The observations of the Cassini
spacecraft during its orbit insertion have shown the existence of molecular and atomic oxygen ions. Sub-
sequent modeling efforts have led to the picture that an exospheric population of neutral oxygen mole-
cules is probably maintained in the vicinity of the rings via photolytic-decomposition of ice and surface
reactions. At the same time, ionized products O+ and Oþ2 ions move along the magnetic field lines and,
depending on the optical local thickness rings, can thread through the ring plane or impact a ring particle,
the ion principal sink. In addition, collisional interactions between the ions and neutrals will change the
scale height of the ions and produce a scattered component of O2 molecules and O atoms which can be
injected into Saturn’s upper atmosphere or the inner magnetosphere. The ring atmosphere, therefore,
serves as a source of Oþ2 ions throughout Saturn’s magnetosphere. If photolysis of ice is the dominant
source of O2, then the complex structure of the ring atmosphere/ionosphere and the injection rate of neu-
tral O2 will be subject to modulation by the seasonal variation of Saturn along its orbit. In this work, we
show how the physical properties of the ring oxygen atmosphere, the scattered component, and the mag-
netospheric Oþ2 ion source rate vary as the ring system goes through the cycle of solar insolation. In par-
ticular, it is shown that the magnetopheric Oþ2 ions should be nearly depleted at Saturn’s equinox if O2 is
produced mainly by photolysis of the ring material.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Because of its icy water composition, the saturnian ring system
has been suggested to be a source of a neutral atmosphere due to
photosputtering (e.g., Carlson, 1980) and the bombardment of
interplanetary meteoroids (Ip, 1984a). The photosputtering rate
is �109 H2O/cm2/s (Westley et al., 1995) and the impact vapor pro-
duction rate is 5 � 1027 H2O s�1 using a meteoroid mass impact
flux �6 � 104 g s�1 (Ip, 1984a), although much larger impact rates
have been suggested (e.g., Morfill et al., 1983). Although H2O, OH
and O are the principal products, molecular oxygen was seen to
be a principal component of the ring ionosphere (Tokar et al.,
2005) suggesting that oxygen molecules dominate the tenuous
ring atmosphere (Johnson et al., 2006). This is the case because
O2 can form via surface chemical reactions of the water-dissociated
products like O and OH (Ip, 1995) and O2, along with H2, can be di-
rectly emitted from the ring particle surfaces via photolytic-
decomposition of ice (e.g., Johnson and Quickenden, 1997). Since
H2O molecules tend to recondense on the ring particles during
re-impact and H2 escapes more readily from the ring system (John-
ll rights reserved.

Tseng).
son et al., 2006), O2 is the main composition of the ring atmo-
sphere. It has also been shown that the ions and charged grains
created in the vicinity of the ring plane are subject to both the
gravitational force of Saturn and electromagnetic force possibly
leading to large-scale mass transport effect (Connerney et al.,
1983; Ip, 1984a,b). In this paper we re-examine the morphology
of and particles dynamics occurring in Saturn’s ring atmosphere
and ionosphere, as well as the rate at which this atmosphere sup-
plies oxygen to the thermosphere of Saturn and molecular oxygen
ions to Saturn’s magnetosphere beyond the outer edge of the main
rings.

When Cassini spacecraft flew over Saturn’s main ring system on
1 July 2004, both the Cassini Plasma Instrument (CAPS) and the Ion
Neutral Mass Spectrometer (INMS) detected O+ and Oþ2 ions above
the main rings (Young et al., 2005; Tokar et al., 2005; Waite et al.,
2005) as well as a comparable component of electrons (Coates
et al., 2005). These detections confirmed the existence of the ring
atmosphere and ionosphere providing the first definitive number
densities for the spatial distribution and composition of the plas-
ma. Using these ion densities, initial assessments of the neutral
densities were made by Ip (2005) and Johnson et al. (2006). In
addition, from Cassini RPWS measurements, Farrell et al. (2008)
found locations where plasma mass from the ring-ionosphere is
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possibly loaded at 1–2 kg s�1 onto field lines near the Cassini Divi-
sion. Since molecular oxygen from the ring atmosphere is scattered
into the magnetosphere (Johnson et al., 2006), Martens et al.
(2008) suggested that the Oþ2 detected by CAPS, with a density ratio
� 0:003Oþ2 =H2O for L = 4.5–8, may have originated from the ring
atmosphere.

This wealth of data has led to important revisions in our picture
of the ring atmosphere. For example, in the absence of ion–mole-
cule collisions, the neutral O2 would be confined to the ring region
with a very small scale height (�1000 km) determined by the local
ring temperature. Therefore, the photoionized products of O2, such
as Oþ2 and O+, would form near the ring plane with velocities sim-
ilar to the local Keplerian velocities plus small thermal velocities.
These ions would have pitch angles near 90� and low mirror alti-
tudes. But such a spatial distribution could not account for the Cas-
sini observations of a significant ion density well above the ring
plane. Johnson et al. (2006) suggested that the ion–molecule colli-
sions between the newly formed ions Oþ2 and O+ and neutral O2

could have important effects. First, the scattered Oþ2 and O+ ions
can attain velocity distributions with much larger mirror altitudes,
consistent with the Cassini detections. Second, the scattered O2

could also impact into Saturn’s atmosphere and be injected into
the magnetosphere. Luhmann et al. (2006) modeled the ring iono-
sphere taking into consideration of the offset of the dipole field and
of the charge-exchange scattering of ions. They showed that an
asymmetry above and below the ring plane should exist in the in-
ner ring ionosphere. As a result, ions precipitate into Saturn’s
atmosphere mainly on the southern hemisphere due to the north-
ward offset in the dipole filed. Subsequently, Bouhram et al. (2006)
used a test particle model with a Monte-Carlo method to simulate
the ring atmosphere/ionosphere system confirming the general
spatial variation in the densities of Oþ2 and O+ and the enhance-
ments in the Cassini gap seen by CAPS.

Previous works of Luhmann et al. (2006) and Bouhram et al.
(2006) have focus on the ions in the main ring, and Johnson et al.
(2006) used a simple analytic model to describe the distribution
of neutral O2. A model of the co-existence of the ring atmosphere
and ionosphere requires a self-consistent treatment of the dynam-
ical coupling of the ions and neutrals. Therefore, in order to de-
scribe the spatial distributions and transport of the ring ions and
neutrals, especially those produced by ion-molecule interactions,
we have developed a Monte-Carlo method to simulate the test par-
ticle motion of both the neutrals and ions. As in Bouhram et al.
(2006), Saturn’s gravity, the corotation electric field and the dipole
field with northward offset to 0.04RS (Connerney et al., 1983) are
all taken into account in the computation of ion trajectories. In
addition, chemical processes, such as photolytic reactions and
ion-neutral reactions, are considered. Details of these simulations
are given in Section 2. In Section 3, we give the results specific to
the Saturn Orbit Insertion (SOI) trajectory when the Sun was below
the ring plane with a solar insolation angle of 24�. The main fea-
tures of this new steady state model will be compared to previous
simulation results. Because of the importance of oxygen in Saturn’s
thermosphere, we estimate the injection rate of oxygen from the
ring atmosphere into Saturn’s upper atmosphere by ion–molecule
collisions. In order to help describe the composition of Saturn’s
magentospheric plasma, we also determine the injection rate of
the neutral O2 molecules of ring origin into the inner magneto-
sphere which could be a significant source of both the Oþ2 ions de-
tected by CAPS in the inner magnetosphere as well as a source of
the energetic Oþ2 ions detected by the MIMI instrument (Krimigis
et al., 2005). These estimates will be reported in Section 3. As Sat-
urn orbits around the Sun, the solar insolation angle varies be-
tween 0� (i.e. edge-on illumination of the rings) and 25� above
and below the ring plane. Therefore, the physical conditions of
the ring atmosphere and ionosphere should exhibit seasonal vari-
ations. This is only true if photolytic decomposition of ice is the
main source of the O2 molecules. The possible seasonal-variations
will be discussed in Section 4. A discussion will be given in Section
5 to be followed by a summary in Section 6.
2. Model descriptions

2.1. A model of the O2 atmosphere

We first simulate the situation with the Sun at 23.6 degrees
south of the ring plane when Cassini flew above the ring plane
on 1 July 2004. It is assumed that O2 production is dominated by
the decomposition of ice by radiolysis as proposed in Johnson
et al. (2006). This would imply that H2 is also ejected in a two to
one ratio. Here we examine the distributions of both oxygen ions
and neutrals. This is done in an iterative manner as outlined in
the flow chart in Fig. 1.

The UV photons are subject to the absorption effect of the ring
particles, and the flux on the sunlit side is modified by a factor of
(1 � f) and f = exp(�s/cosc) which is determined by the optical
thickness of the ring s and c = 66.4� is the incident angle of UV pho-
tons to the ring plane normal. For simplicity, we set the optical
thickness s to be 0.5, 1.0 and 0.01 for the A, B and C ring, respec-
tively (Esposito et al., 1983). The neutral O2 production rate is then
given as Q(O2)*(1 � f)*A* cosc where A is the area of the rings. In
this work, we use Q(O2) = 106 molecules cm�2 s�1 (Johnson et al.,
2006). In this simulation O2 is injected in a random direction from
the ring plane with an initial weighting factor according to the ring
optical thickness. From our numerical calculations, it is found that
the columns of O2 above and below the ring plane are nearly the
same because the O2 has a long lifetime and interacts frequently
with the ring particles during its multiple orbits (Johnson et al.,
2006). The initial ejection velocity of O2 test particle is the local
Keplerian velocity of the ring particle plus an ejection velocity in
a random direction with a non-thermal energy distribution de-
scribed by F(E) � U/(E + U)2 where U = 0.015 eV (Johnson et al.,
1983).

As shown in Fig. 1, the ejected O2 is tracked in its orbit until it is
either destroyed photolytically, scattered by an ion or, most often,
returns to the ring plane and impacts a ring particle. The O2 mole-
cules moving across the ring plane can be absorbed by a ring par-
ticle with the probability of P = 1 � exp(�s/cosa), where s is the
optical depth at the point of impact and a is the incident angle be-
tween the O2 velocity in the rotating frame of the ring and the nor-
mal to the ring plane. In the A and B ring regions, the absorption
probability is high (P > 0.5). Unlike H2O, the O2 molecules do not
permanently stick on the icy ring particles at the expected low
temperature (�100 K). Therefore, the temporarily absorbed O2 will
accommodate to the ring particle temperature and be subse-
quently ejected with a Maxwellian distribution of velocities deter-
mined by the local surface temperature of the ring particles. The
ejected O2 test particle is again tracked until it is destroyed, scat-
tered or re-impacts a ring particle.

In order to account for photolytic loss, the weighting factor of
each test particles is reduced by a value of exp(�Dt/TLoss) in an
integration time step (Dt) where TLoss is the photolytic destruction
time scale. Direct loss of neutral O2 by scattering into Saturn’s
atmosphere or injection into orbital motion outside a radial dis-
tance of 20RS is also accounted for.

We also model the structure of the oxygen atomic component
of the ring atmosphere. Neutral O is produced from the photodis-
sociation of O2 at a rate K = 5.88 � 10�8 s�1 (Huebner et al.,
1992). The main difference between O2 and O is that each O frag-
ment is formed with the velocity of the parent O2 plus a large ex-
cess energy �0.8 eV in random direction (e.g., Johnson et al., 2006).
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Fig. 1. (a) The flow chart of the Monte-Carlo procedure on the trajectory calculation of neutral O2. (b) The flow chart of the Monte-Carlo procedure on the trajectory
calculation of Oþ2 ions.
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Therefore, the O component of the atmosphere has a much larger
scale height than that of the O2 component.

The neutral production is simulated by injection of 20,000 O2

test particles randomly from the main ring regions between 1.24
and 2.4RS. The source strength vs different radial distance is repre-
sented by assigning weighting factors with initial values deter-
mined by the local optical depth. Their subsequent Keplerian
motion is calculated using a Runge–Kutta integration routine with
a fixed time steps (Dt = 0.8 s). The ions are assumed to be produced
predominantly by photoionization of the neutral ring atmosphere.
Immediately after production, the new ions will be subject to the
electromagnetic force as described below. The trajectory calcula-
tions of the neutrals are stopped when they are lost to the plane-
tary atmosphere or when they move outside a radial distance of
20RS. The numerical computation of a test particle will also stop
if the corresponding weighting factor is less than 0.01. By the same
token, ions are lost via ring absorption according to the local opti-
cal depth or by precipitation into Saturn’s atmosphere as discussed
further below. As discussed before, the ring neutrals and ions are
coupled via relatively low energy ion-neutral collisions which turn
out to play an important role in redistributing their orbital motions
(Johnson et al., 2006). In calculating the source rates and the neu-
tral and ion densities, the 3D-grid system is divided into
120 � 200 � 160 grid points with Dh = 3�, DR = 0.05RS and
DZ = 0.02RS. As mentioned above, the computations are done iter-
atively until equilibrium is reached as described in the flow chart
of our computation in Fig. 1a and b. In our modeling, the real num-
ber density is obtained by scaling the simulated number density by
a conversion factor of the total number of test particle employed to
the photoproduction rate, which was proposed by Ip (1995).

Note that most of the O atoms and the atomic and molecular
oxygen ions are absorbed by impact on the ring particles. Since
these are reactive they can induce chemistry on the surface of
the ice grains and be recycled into O2. In order to account for



W.-L. Tseng et al. / Icarus 206 (2010) 382–389 385
recycling of O2 into the ring atmosphere, we can use a factor Cr,
which is the fraction of returned ions and O atoms which are ab-
sorbed by the ring particles. Since we do not track O+ we use Cr

are 0.4 and 0.85 for Oþ2 ions and O atoms, respectively. The would
be to increase the oxygen number density by a factor of 4.5 (fi + fo),
with f = 1 + Cr/(1 � Cr) for the ion and the neutral. Because recy-
cling as O would be limited by the return of hydrogen, Johnson
et al. (2006) estimated the ratio of the loss rate for two hydrogen
to the loss rate for one oxygen to be >�10. These estimates would
imply that the steady state O2 and Oþ2 column densities and Oþ2
scattering rate in our results could be probably multiplied by a fac-
tor of about 5–10.
Fig. 2. The trajectories of the Oþ2 ion motion in different radial distances from
Saturn. The ions are created with the local Keplerian velocity on the ring plane
(Z = 0). (Black dash horizontal line: the ring plane; orange dash-dotted horizontal
line: the magnetic equator.)
2.2. Ion production and transport

Oþ2 and O+ are formed from photoionization and photodissocia-
tion of O2 at a rate Ki = 9.1 � 10�9 s�1 and Kd = 2.5 � 10�9 s�1,
respectively. Because of the ring shadow effect, ionization rates
in the sunlit and sunshade sides of the ring plane differ as deter-
mined by the local optical thickness. That is, the ionization rates
in the shadow zone will be reduced by a factor of exp(�s/cosc).
At production and prior to pick-up acceleration, the new Oþ2 ions
will have the same velocity of the O2 molecules which is small.
However, the O+ ions will have an additional random velocity
due to the excess energy of about 0.5 eV from the photodissocia-
tion process of O2 + ht ? O + O+ + De (e.g., Johnson et al., 2006).
When ions form in the vicinity of the ring plane, they are picked
up by Saturn’s magnetic field in a time fast compared to the inte-
gration time step. The local corotational electric field at pick-up
is E = �VCO � B where VCO is the corotational velocity and B is
the local magnetic field. This is treated as a dipole field with a
northward shift of 0.04RS (Connerney et al., 1983). The equation
of motion of the ions is determined by the gravitational force
and the Lorentz force,

mdV=dt ¼ �GM=r2 þ qðEþ V � BÞ ð1Þ

where V is the ion velocity, is solved by using the Runge–Kutta
method. A new Oþ2 ion is formed initially with the local Keplerian
velocity plus the thermal velocity in random direction. On pick-up
the ions are accelerated by the corotational electric field so that,
in the absence of Saturn’s gravity they gyrate about the magnetic
field at a speed �VK � VCO and orbit the planet at VCO. However,
as the distance from Saturn decreases the relative importance of
the Lorentz and planetary gravitational forces changes affecting
the subsequent motion along the local magnetic field line. If Sat-
urn’s gravity is ignored these ions that are not formed at the mag-
netic equator should move along the field lines and oscillate
about the magnetic equator. As will be described in more detail la-
ter, Saturn’s gravitational force tends to pull the ions down from the
magnetic equator towards the planet. In Fig. 2, it is shown that Oþ2
ions created close to the ring plane and within a radial distance,
RC � 1.7RS, inside of which VK < VCO, precipitate with near unit effi-
ciency into Saturn’s southern atmosphere (Connerney et al., 1983;
Ip, 1984c; Luhmann et al., 2006). Ions created outside RC can mirror
and be lost to by ring collision with ring particles before precipitat-
ing into Saturn’s atmosphere as described earlier (Luhmann et al.,
2006; Bouhram et al., 2006).

In tracking the Oþ2 ions we have ignored electron-recombination
producing two energetic O atoms, since the computed electron
densities are very low. This is also consistent with the Cassini mea-
surements above the ring plane at SOI (Young et al., 2005; Krimigis
et al., 2005; Coates et al., 2005). In addition, we have also ignored
neutralization of the ions on the surface of the grains which would
directly recycle them as neutrals into the ring atmosphere.
2.3. Ion–molecule charge exchange reactions

In describing motion of the ions about the magnetic equator,
their interaction with the neutrals is treated iteratively. In addi-
tion, since the ion-neutral collisions speeds are low (energies �
eV/amu), ion–molecule reactions are important. The scattering
cross-sections for Oþ2 þ O2 ! Oþ2 þ O2 and O�2 þ Oþ2 have values
roughly determined by the Langevin rate constant 7.4 � 10�10

cm�3 s�1 (Johnson et al., 2006). After a collision, each species has
a new velocity in the inertial frame, the initial velocity of the center
of mass plus a velocity in a random direction that is equal to half of
the relative collision speed. The out-going velocity after the scat-
tering is written in the form of

vx ¼ VCM X þ ðm=MÞ � vrel � cosðaÞ � sinðhÞ ð2Þ
vy ¼ VCM Y þ ðm=MÞ � vrel � sinðaÞ � sinðhÞ ð3Þ
vz ¼ VCM Z þ ðm=MÞ � vrel � cosðhÞ ð4Þ

where VCM is the velocity of the center of mass, vrel is the relative
velocity between the ion and the neutral, m is the O2 mass and M
(=2m) is the total mass. In the Monte-Carlo calculation, the relative
velocity is given randomly (a: azimuthal angle; h: polar angle).
Therefore, neutral O2 can attain a velocity very different from its ini-
tial Keplerian velocity and be scattered into Saturn’s upper atmo-
sphere or into the magnetosphere where it can be a source of
magnetospheric Oþ2 detected by Cassini (Martens et al., 2008). Due
to the low O+ density we do not take into account the momentum
transfer collision O+ + O2 � > O+ + O2 with a rate (K = 6.17 � 10�10

cm�3 s�1; Johnson et al., 2005).
3. Saturn orbit insertion conditions

During the SOI the sunlit side was below the ring plane with the
incidence angle of UV photons to the normal of the ring plane
about 66�. The spatial distribution of the O2 molecules assuming
steady state condition is shown in Fig. 3. These results are in gen-
eral agreement with those in Johnson et al. (2006) and Bouhram
et al. (2006), but the details differ in a number of ways, as de-
scribed in the following.

It can be seen in Fig. 3a that the neutral gas is concentrated in a
flat disk with a total vertical thickness of about 0.08RS (�4800 km).
The bulk of the atmosphere is confined between the outer edge of
the A ring (2.28RS) and extends to the inner edge of the C ring
(1.24RS). There are a number of noteworthy features resulting from
the ballistic transport of the O2 molecules across the ring plane
which can be best described by examining the radial distribution



Fig. 3. (a) The neutral O2 number density. The color is the density (#/cm3) in Log10
scale. (b) The O2 column density with variation of radial distance (solid line). The O2

number density in the equatorial plane (dash-dotted line). (c) The O2 number
density along the Z-direction in the different radial distances. (d) The neutral O2

scale height in the radial distances in the equatorial plane.
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of the column density (solid line) and the number density in the
equatorial plane (dash-dotted line) given in Fig. 3b. First, the col-
umn density is much smoother than would be predicted by the
simple analytical model in Johnson et al. (2006) where the local
column is roughly proportional to the local source rate. Note that,
there is a depletion of the column density at the Cassini Division.
However, due to ballistic transport into this region from the A
and B rings, this depletion is much less severe than expected from
the decrease in the local source rate. At the boundary between the
B and C rings, we find the existence of a density peak. This is caused
by the sharp discontinuity at this location which permits the O2

molecules moving from the B ring to accumulate (Ip, 1983). The ra-
dial distribution of neutral O2 number density in the equatorial
plane also follows in this trend. Fig. 3c shows the neutral O2 equa-
torial number density corresponding to the vertical distances as a
function of radial distance. It is seen that the scale heights in-
creases slightly with increasing radial distance in the main ring re-
gion consistent with a decrease in the gravitational confinement
(as shown in Fig. 3d).

Even though the column number density falls sharply outside
the outer edge of the A ring, an extended distribution exists to be-
yond 10RS. This external population is generated by scattering due
collisions between O2 and Oþ2 as described in the previous section.
This scattered contribution agrees with that calculated by Johnson
et al. (2006) and shown in Martens et al. (2008). However, here the
statistics are considerably improved showing a smooth decay in
the column density vs. distance from the outer edge of the A ring.
We have an approximate fit to the variation of column density,
NO2, outside 3.0RS: with increasing radial distances in the equato-
rial plane, Rp, NO2 = NO2(3RS) � exp(�Rp/Reff) with NO2(3RS) = 3.0 �
1010 molecules/cm2 and Reff = 1.62RS. The total population of the
scattered O2 is about 17% of the main ring atmosphere. This com-
ponent is primarily lost by re-impact with the ring particles but
may be a dominant source of the Oþ2 ions detected outside of the
rings by the CAPS instrument (Young et al., 2005; Tokar et al.,
2005; Martens et al., 2008) and MIMI instrument (Krimigis et al.,
2005).

Fig. 4a shows the two-dimensional cross-section of the azi-
muthally symmetric spatial distribution of the Oþ2 ions produced
by photoionization and scattering by O2. It is important to note
that because of the vertical shift of the dipole moment, the ring
plane is below the magnetic mid-plane by 0.04RS. As a result,
new ions created in the thin disk of neutral O2 on both sides of
the ring plane will lead to a vertically asymmetric pattern of mag-
netic field-aligned motion. In the absence of gravity those created
on the shadow side (or upper side) can oscillate about the mag-
netic equator and accumulate until they are scattered, but, as
shown in Fig. 2 the addition of Saturn’s gravity skews the ion mo-
tion so that impacts with the ring particles are important. In addi-
tion, since photo-ionization is the dominant ion formation process
in our simulations, the ion formation rate on the shadow side is
much less than that on the illuminated side except in the Cassini
division. For these reasons fewer ions are found above the ring
plane.

The motion of the pickup ions is controlled by the gravitational
force and the electromagnetic (Lorentz) force. Therefore, it is seen
that the inner region is roughly divided along the field line near
RC � 1.7RS. Molecular oxygen ions created close to the gravitational
equator and inside this radial distance primarily fall into the upper
atmosphere of Saturn as indicated in Fig. 2. On the other hand,
those created outside RC have a probability of being absorbed by
the ring particles except in those divisions in the ring in which
the ring particle density is very small as in the Cassini Division at
2.0RS. Because of the small material content in the Cassini Division,
the Oþ2 ion density reaches the maximum value of 250 cm�3. It is
also seen in Fig. 4a that there is a thin plasma disk just above the
A ring plane with a vertical thickness of about 0.08RS consistent
with a small gravitational effect so that ions formed above the ring
plane oscillate about the magnetic equator.



Fig. 4. (a) The Oþ2 ion number density in Log10 scale. (b) The Oþ2 ion number density
at 0.01RS below the ring plane and at 0.01RS above the ring plane. (c) The Oþ2 ion
column density above the ring plane and below the ring plane.

Fig. 5. (a) The neutral O2 column density (molecules/cm2) in four situations. (b)
From top to bottom, the Oþ2 ion density for the solar incident angle �24� south of
the ring plane (top-left), �24� north of the ring plane (top-right), �14� north of the
ring plane (bottom-left), �4� north of the ring plane (bottom-right). The color is the
number density (#/cm3) in Log10 scale.
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The Oþ2 ion number density and column density above and be-
low the ring plane are shown in Figs. 4b and c, respectively. There
is a much bigger difference above and below the ring plane in the
B-ring region shown in both figures. This difference results from
much less photoproduction of ions above the ring because of the
large B-ring optical thickness. The large ion density in the Cassini
Division is seen as is a density peak appears at �1.8RS. The ions cre-
ated below the ring plane between �1.7 and 1.8RS can survive ring
absorption because their oscillating centers are below the ring
plane due to Saturn’s gravity. In the A-ring region, the ion density
above the ring plane is larger than below since ions created below
the ring plane are subject to ring absorption when they move up-
ward along the field lines.
Photoionization of the scattered neutral O2 outside the main
ring system produces a diffuse component of Oþ2 ions moving to
higher altitudes. On the average, the lifetime of O2 against photo-
dissociation (time scale �162 days) and charge exchange colli-
sional scattering (the average time scale �155 days near the ring
plane) is about 79 days. Besides being scattered to escaping trajec-
tories or large orbits outside the ring system, most of the scattered
O2 will re-impact the rings and recycled to the thermal population.
In addition, a small fraction of the O2 will be scattered into the Sat-
urn’s atmosphere. For the SOI condition, for a production rate of
9.7 � 1025 O2 s�1, the atmospheric injection rate of O2 is about
1.4 � 1025 molecules s�1 while the magnetospheric injection rate
is about 2.4 � 1025 molecules s�1. Heating and acceleration of
these ions will contribute to the energetic Oþ2 ions in the
magnetosphere.
4. Seasonal variations

As Saturn orbits the sun, the solar incidence angle on the rings
will change from illumination below the ring plane at a maximum
angle of 25� to illumination above the ring plane at the same max-



Fig. 6. The Saturn impact injection rates and the magnetospheric injection rates
with variations of solar incident angles.
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imum angle. Near equinox the incidence angle will become small,
so that the ring atmosphere and ionosphere can change dramati-
cally change as a function of the solar incidence angle.

The radial variation of the corresponding neutral O2 column
density is shown in Fig. 5a. Because of dependence of the solar flux
on the insolation angle, the O2 product ion rate from photosputter-
ing should be proportional to cosc. Therefore, our simulations give
ring ionospheric column densities that becomes smaller and smal-
ler as Saturn approaches equinox. Fig. 5b shows the 2D spatial dis-
tribution of the Oþ2 ions when the solar incidence angle is 24�
below the ring plane and 24�, 14� and 4� above the ring plane. It
is interesting to note the ion density enhancement along the mag-
netic field line connected to the boundary between the B and C
rings. This occurs because that the ions formed above the ring
plane initially move downward and are absorbed by ring particles.
As a consequence, the collisional scattering effect between the
neutral O2 and Oþ2 will also decrease in importance, producing a
somewhat less (by a factor or about 2) magnetospheric injection
and atmospheric precipitation. Fig. 6 shows the injection rates of
Saturn impact and magnetospheric injections with variations of
the solar incident angles. Both injections rates decrease with
decreasing value of the solar incident angles.
5. Discussions

Johnson et al. (2006) proposed that the molecular oxygen atmo-
sphere is primarily produced by the solar UV flux because the ener-
getic particle flux over the main ring is small. In this situation, we
show that the ion and neutral densities go through a minimum
when Saturn’s ring is edge-on. Because the scattering of O2 into
the magentopshere is a supply of Oþ2 , such a variation in this heavy
magentospheric molecular ion should be detectable by the CAPS
and MIMI instruments. If this is found not to be the case, then
either the ring atmosphere is not a dominant source of magneto-
spheric Oþ2 or another source mechanism for the ring atmosphere
must be important. One such model is the formation of O2 by
chemical reactions on the surfaces of ring particles of the photodis-
sociation products for the transient water vapor produced by
meteorid impact (Ip, 1995). If the meteorite bombardment is a
dominated mechanism, the neutral source rate will not vary with
the solar insolation cycle. Ring surface chemistry is also important
in determining the fate of the O, O+ and Oþ2 that re-impact the ring
particles and are absorbed. They can be recycled to O2 by chemical
reactions on the surface of ring particles (Ip, 1995). Johnson et al.
(2006) also suggested that recycling of oxygen on the grains was
important. However, the chemical state of these surfaces will also
depend on the fate of the hydrogen atoms and molecules ejected
(Johnson et al., 2006). This aspect will be considered in a subse-
quent paper.

In our present modeling, we ignore the electrostatic charge
state of the icy grains. Since the ring particle surface are likely to
be charged the emission of the photoelectrons, not considered
here, planetary ionospheric plasma, and impact plasma generated
by meteoroid impact are likely affected (Ip, 1984b). Charging
would also affect the ion motion and the electrodynamic coupling
of the rings with the planetary ionosphere (e.g., Graps et al., 2008;
Goldreich and Farmer, 2007). For example, when the ions leave the
ring plane in positive charging potential, the acceleration effect
should be considered. Such effects affect the estimate of their
atmospheric precipitation rate. Since only photoionization was in-
cluded, the plasma-neutral atmosphere interactions outside of the
ring plane were not considered in our modeling. Although the O2

density distribution over the rings will only be marginally affected,
the Oþ2 source rate in the magnetosphere depends directly on this
interaction as electron impact and charge exchange are the domi-
nant ionization mechanisms beyond 2.3 RS.

Cassini observations show that the brightness changes across
the ring increase with the radial distance to a maximum at the out-
er edge of the A-ring (Esposito, 2005). It has been suggested that
the outer edge could have more icy material. Jurac and Richardson
(2007) proposed that the outer rings may show a brightening due
to Enceladus-originating water deposition (see also Farrell et al.,
2008).

Smith et al. (2007) have mentioned that models of solar heating
of Saturn’s upper atmosphere could not explain the high tempera-
ture (�400 K) observed independently in the polar regions and at
30� latitude. They speculated that an important candidate for the
heat source is the magnetosphere, which injects energy into Sat-
urn’s upper atmosphere. Our work and the result of Luhmann
et al. (2006) both showed that ions originated from the main rings
mostly precipitated into Saturn’s upper atmosphere at around 30�
latitude, though with an enhancement in the southern hemisphere.
It would be interesting to further study the relations between the
temperatures in Saturn’s atmosphere and the ring ion precipita-
tions. Furthermore, precipitation into Saturn’s upper atmosphere
of ring-originated O2, O and O+, Oþ2 could also change the photo-
chemical products. ISO observations (Feuchtgruber et al., 1997;
de Graauw et al., 1997) have revealed the presence of water in Sat-
urn’s atmosphere. But these water molecules cannot originate
without an external source as oxygen containing molecules are
confined to the deep troposphere.

Moses et al. (2000) investigated the effect of an influx of oxygen
on atmospheric chemistry. Their thermospheric model required a
globally averaged oxygen influx of (2–4) 106 O atoms cm�2 s�1.
Using the nominal photo-decomposition source rate of �106O2/
cm2/s our simulations give a net oxygen influx in the form of O2

that is about one order of magnitude smaller. However, as de-
scribed earlier, the fate of the atomic oxygen absorb onto the ring
particle surfaces was not considered in these simulations, but can
change the result significantly. For instance, in order to explain the
Cassini ion density data, Johnson et al. (2006) required an O2

source rate large than that estimated from by photodecomposition
data. Assuming this was due to recycling of oxygen on the ring par-
ticle surfaces their enhancement factor was �>10. Prior to Cassini
data Ip (1995) estimated a recycling rate that would result in an
enhancement factor �5. Therefore, in the absence of other effects
our densities should be scaled upward by a factor of �5–10. If such
increases are correct then the ring atmosphere source rate for oxy-
gen precipitation into Saturn’s atmosphere will approach that re-
quired by Moses et al. (2000). Simulations of the chemistry of
the returning oxygen on the ring particle surfaces are in progress.
Since these surface also contain contaminants which compete for
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the oxygen (Cuzzi et al., 2009—chap in Cassini book), the best con-
straint is a detailed comparison of the ring atmosphere model to
the CAPS ion density data. Of course, alternative oxygen source
have been proposed such as the injection of charged small dust
grains into Saturn’s atmosphere could play a role in this context
(Connerney and Waite, 1984).
6. Summary

In this paper we carried out new simulations of the neutral and
ion components of Saturn’s ring atmosphere with emphasis on
molecular oxygen neutrals and ions. These simulations confirm ba-
sic picture developed by the earlier models but are carried out in
greater detail. It is shown that:

1. The neutral O2 atmosphere is similar above and below the ring
plane but is strongly dependent on Saturn’s orbital position. We
show that the neutral O2 density goes through a minimum
when Saturn’s rings are edge-on, if the radiolysis decomposition
of ices by solar photons is the main source mechanism.

2. Inside of �1.7RS, there is a very dramatic asymmetry of the ring
ionosphere between the northern and southern hemispheres,
with a much larger southern hemisphere density. The ion scale
height increases with increasing radial distances outside of
�1.7RS.

3. The neutral O2, that are scattered into the outer magnetosphere,
can be ionized by photons and magnetospheric electrons and
ions and, therefore, are a source of magnetospheric Oþ2 detected
by Cassini CAPS and MIMI. We also have shown that measured
variations in the net magnetospheric Oþ2 content over Saturn’s
seasons can help determine whether the proposed model is
valid.

4. The ring atmosphere is also a source of neutral oxygen for Sat-
urn’s atmosphere. In the absence of recycling of oxygen on the
surfaces of the ring particles, we obtain a minimum source
strength of 2.8 � 1025 O s�1 at maximum illumination. There-
fore, either recycling is important or another source of oxygen
is required to explain the presence of oxygen containing mole-
cules in Saturn’s thermosphere.
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