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Abstract

Molecular oxygen produced by the decomposition of icy surfaces is ubiquitous in Saturn’s magnetosphere. A model is described for the toroi
O, atmosphere indicated by the detection affOand OF over the main rings. The £ring atmosphere is produced primarily by UV photon-
induced decomposition of ice on the sunlit side of the ring. Becayséad a long lifetime and interacts frequently with the ring particles,
equivalent columns of @exist above and below the ring plane with the scale height determined by the local ring temperature. Energetic particle
also decompose ice, but estimates of their contribution over the main rings appear to be very low. In steady stategltirarCdensity over
the rings also depends on the relative efficiency of hydrogen to oxygen loss from the ring/atmosphere system with oxygen being recycled on
grain surfaces. Unlike the neutral density, the ion densities can differ on the sunlit and shaded sides due to differences in the ionization rate.
quenching of ions by the interaction with the ring particles, and the northward shift of the magnetic equator relative to the ring plane. Altthough C
is produced with a significant excess energy,fGs not. Therefore, @ should mirror well below those altitudes at which ions were detected.
However, scattering by ion—molecule collisions results in much larger mirror altitudes, in ion temperatures that go through a minimum over t
B-ring, and in the redistribution of both molecular hydrogen and oxygen throughout the magnetosphere. The proposed model is used to desc
the measured oxygen ion densities in Saturn’s toroidal ring atmosphere and its hydrogen content. The oxygen ion densities over the B-ring ap
to require either significant levels of UV light scattering or ion transmission through the ring plane.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction ~2.12-2.Rs, whereRs (~60,300 km) is a Saturn radius. Both
sets of measurements occurred north of the ring plane with the
The Cassini Plasma Spectrometer (CAP®ung et al., sun 23.8 south of the ring planelokar et al. (2005showed
2005 and the lon Neutral Mass Spectrometer (INMBJajte  that G extends into the magnetosphere inside the G-ring
et al., 2005 detected thermal ©and Q" over Saturn’s main  and energetic & was observed throughout the magnetosphere
ring shortly after Cassini’'s orbit insertion. CAPS detected thgKrimigis et al., 2005. Based on these measurements! @
O* and @ on July 1, 2004 over aradial distance range of 1.79yesent in densities greater than expected in all regions of Sat-
to 2.10Rs (Fig. 1) and INMS detected the ©and Q" from  ry's magnetosphere. Therefore, in addition to the hydrogen
(Shemansky and Hall, 19920H (Jurac et al., 2002and nitro-
" Corresponding author. Fax: +1 434 924 1353, gen toroidal atmosphereSifith et al., 2004 molecular oxy-
E-mail address: rej@virginia.edyR.E. Johnson). gen torii are important components of Saturn’s magnetosphere.
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2005) Whereas water molecules and their fragments stick or
react on grains with nearly unit efficiency, any @Ghat is
formed does not. Therefore ,@an accumulate over the rings,
similar to its accumulation over the surfaces of Europa and
Ganymede$hematovich et al., 2005Although G can be pro-
duced from dissociated water fragments by gas-phasag
and McElroy, 197y and surfacelp, 1995 processes, at Eu-
ropa and GanymedeOs a signature of the decomposition of
ice by incident energetic ions and electrons, a process often
called radiolysigJohnson et al., 2003, 2004pecomposition
refers to the break down of water intoo@nd H. Therefore,
like the observation of an ‘ozone’ feature on Dione and Rhea
(Noll et al., 1997, the observation of molecular oxygen ions
in Saturn’s magnetosphere is a marker for radiation-induced
decomposition of the ice grains and the icy bodies that orbit
a ) ) . ) ) ) ) within the magnetosphere. Unlike at Europa and Ganymede,
1.85 1.90 1.95 2.00 2.05 the energetic ion and electron flux onto the main rings is small
R (R (Simpson et al., 1980; Cooper, 1983; Chenette et al., 1980;
p( s) Young et al., 2005; Krimigis et al., 2005) herefore, we pro-
(@) pose that UV photons decompose ice by photolysis, producing
Z(R)) a toroidal @ atmosphere over the rings that is more robust than
S that predicted.

Because the neutrals in the oxygen torus are confined to a
region closer to the ring plane than where CAPS detected ions,
in our model we describe the heating of the freshly formed ions
by ion-molecule collisions. We also account for the effect of
4 the northward displacement of the magnetic equator. Although
] the Cassini Orbiter will not fly over the main rings again during
its prime mission, it will pass reasonably closeX5Rs) to the
edge of the main rings. Because the oxygen from the toroidal
ring atmosphere can populate this region and more distant re-
gions of the magnetosphere, a good model of this atmosphere
somen 1 will be needed in order to interpret Cassini plasma data.
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6o . 2. Oxygen atmosphere

Oxygen atmospheres were predicted to be present on the
icy satellites of Jupiter produced by the photolysis of water
Rp(RS) vapor (Yung and McElroy, 197yand due to the radiolytic de-
() composition of ice Johnson et al., 1982; Johnson, 1R9Chin
oxygen atmospheres were eventually detedttdl gt al., 1995;
Fig. 1. &+ and OF densities and temperatures vs distance along the equatoMcGrath et al., 2004that were formed, not by photolysis in
rial planeR;, in Rg: the O can contain some OH [adapted froniTokar et the gas-phase, but by the radiolytic decomposition of ice by
al. (2005]. (a) Ot (solid) and @ (dashed) densities at the spacecraft altitude tha energetic charged particle flufopinson et al., 2004Al-

meas_ured by CAP_S. Over the B-ring the ion den;lty was less than the _electr%ough decomposition of ice also produces molecular hydro-
density as determined by the plasma wave experiments. (b) Measured ion tem-

peratures for & (squares) and ©" (dots) VSR, Lines are the corresponding gen, it readily escapes Europa’s gravitational field Wh”.e 'T_‘Qle'
model temperatures + £,. cular oxygen does not. Therefore, Europa creates a significant

hydrogen torus in Jupiter’s magnetosphesaématovich et al.,

A toroidal ring atmosphere consisting of water molecules2005 but not a very robust molecular oxygen tor{Burger
produced by meteoroid impactip( 1984; Pospieszalska and and Johnson, 2004; Hansen et al., 20Q%)like the jovian icy
Johnson, 1991or photosputteringGarlson, 198phad been satellites, the icy Saturn satellites and ring particles have rela-
predicted and the resulting plasma was thought to accourively small gravitational effects. Therefore, radiation-induced
for the transient ‘spokes’ seen over the main rings by Voy-decomposition of these icy bodiesrectly populates Saturn’s
ager Grun et al., 1983 Ip (1995)proposed that the gas-phase magnetosphere, forming toroidal oxygen atmospheres in which
photo-dissociation of the ejected water molecules producethe molecules co-orbit with these sources (dg.2009. Al-
fragments that resulted in a tenuoustorus (~10° cm—3) and  though Q is not the dominant ejecta produced by the incident
that " was present in the inner magnetosph@ps 2000, radiation, it does not condense at the surface temperatures in

[ 1 L 1 n Il L 1 " L " ]
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Saturn’s system and has an ionization potential smaller thamable 1
the other water products. Therefore, decomposition of ice is thBata for ring atmosphere
principal source of @in Saturn’s magnetosphere and™s a  vield (100 K) (Lymane) 0.0003Q/photon
relatively stable species throughout the magnetosphere. S0, {SHy/2} ~10° O, /c?/s
That electronic excitations in ice can decompose water moley, 18.5(1.85Rs/R)Y/2 km/s

cules has been known for over 50 yealsh{nson et al., 2003 1, (=7 R/v,) 1.1x 10*s (2Rs)
Brown et al. (1982)evived interest in this process by measur- tco 39x10%s
ing the decomposition induced by energetic ions like those iHvr) = BT /zm)Y/? 0.26 knys for 7" = 100 K
Jupiter's magnetosphere, a process often referred to as rad(©z (*R(vr)/vo) {+HH2/ 4 1600 km (Xs)

) . ) Tio (O2 +hv — O +¢) 11x108 2
olysis (Johnso.n and Quickenden, 199$ubsequently, it was tin (Ha + hv — Hot +¢) 10x10°
shown that Q is also produced from ice by Lymanphotons ., 0, + i — 0+ 0% +¢) 4.0 x 18 £[~0.5 eVP
(Westley et al., 1996and low energy (6—100 eV) electrons iy, (Hy +hv — H+H* +e) 6.2 x 10° &
(Sieger et al., 1998 In these laboratory experiments, the for- zgo (O2 + v — O+ 0) 17 x 107 s[0.8 eVP
mation of @ follows the prompt loss of hydrogen from ice. h (H2+/v—H+H) 6.7x 10’ s[2.5 eV
Therefore, after a small initial dose, the irradiated layer of thefo, = [T40 + Tido + Tio 1 14x10" &
ice becomes slightly oxidizing, which favors the formation of %, = [tan + Tign + in 1+ 38x 108
0, and oxygen-rich species in the icy surfadel{nson et al., ‘i ~20x10%s
2003. drgi (kiono) ™2 (30; X11(3914/ce) s (outer edge of B-ring)

.0 X S

Although the fluxes are very low, cosmic ray and energeticef“‘
particles at MeV to GeV energies are the dominant sourcesa Photoionization and dis;ociation [mean_excess energy of O ddtbner
for ionization in the main ring particles. Any Oproduced ﬁftezlrhélsg(?)avierna(?;c;f quiet Sun and active Sun. Primes: upper bounds to
in the bulk by_p_enetrating radiatiqn can, in principal, be re-p | - et'gl'.' (gooslfnéan excess energy of Q.
leased by collisions and meteoroid bombardment. However.c ayerage bounce time for £ produced near ring plane, mirroring and re-
the energy deposition rate0.3 GeV/cn?/s based on Pio-  turning Luhmann et al., 2005
neer 11 dataGooper et al., 1985gives an upper limit to the ¢ Time for collision of an @* ion with an G near the ring plane obtained
steady state cosmic ray production of (Cooper et al., 2001; using onver limit to the Qdensi_ty,no, Wh_erece, is the enhancement factor dis-
Johnson et al., 2093nat is an order of magnitude smaller than CUssed in text¥10). The reaction rate isio = (ciov) = 2rla(ze)2/m]"/2 =

. L. . . 7.4 x 10 cm3/s whereoijq is the Langevin cross section aadhe polariz-

UV-induced decomposition. Energetic magnetospheric partizpiiy of 0,.
cles interact at rapidly declining flux levels with icy bodies at e ;4 saturn rotation period (ion co-rotation time).
the outer edge of the A rin(Simpson et al., 1980; Eviatar et

al., 1983; Paranicas et al., 19%Md with bodies in the F and jcals might make tcSo, would also be by UV photon-induced
G rings at higher flux levelsMaurice et al., 2004 partially  gesorption from the surfaces of the ring particles. Since most

accounting for @™ observations inside the G ringdkar €t f the solar UV is absorbed by the ring particles, and not in an
al., 2009. However, the low plasma temperatures and densitieg pient gas, in the following calculations we use the Lyraan-

over the main rings suggest that photolysis of ice is the pPrinCisquced production rate ada@wer limit to the G source rate.

pal source of @gas above the main rings. Since the ring particles are not pure water ice, we write the

hTthe yield for the prgductign oftg)l;rngg:SeTb)l/JlLymaSa net source rate of ©from the sunlit side of the icy rings as
photons was measured byestley et al. ( {Table 3. Us- [cice(1 — f)So,]. Here f is the fraction of the sunlight trans-

ing the Lymane flux at Saturn, the source rate for production mitted through the ringsf = exp(—& / cosd), wheret is the

of O, from ice is: So, = 10° Oz/cn?/s (Johnson et al., 2003 ) : A .

We have assumed that the yield varies nearly inversely on thl%pt'fj?/l th'Ck?e‘:‘; of _the ”In g s th((ad-angletﬁf 'nC'dfnC? of S0-
incident angle (e.gJohnson et al., 2003oughly canceling the tir fux Of the mt]tg par;e, an 'tc.ells .(g Ice tri‘jc 'O.?hm
projection effect on the ring plane. Since photons with lower en- € surface of the attenualing particles 15 ejecte ZW'_ a
ergies can also produce molecularf@®m ice (~6 eV;Orlando slightly non-thermal energy distribution-U/(E + U)* with

and Grieves, 2005; Orlando and Sieger, 20@4is is alower U = 0.015 eV;Johnson, 1990However, over the A- and B-
limit to So,. Additional measurements are in progress to mordNgs the ejected Phas a high probability of adsorbing onto
carefully examine these issues. and desorbing from a ring particle in one bounce perigd,
Using available G-valuesJohnson et al., 2003; Cooper et (~10*s), which is about half the orbital period for a neutfd{
al., 200, the energetic secondary particles produced fronPle 1. Since the photo-dissociation lifetimey, (~2x 107 ), is
the rings by galactic cosmic rays, and observed by Pionedhree orders of magnitude larger thgnand the residence time
(Simpson et al., 1980; Maurice et al., 20pdoduce more than (<seconds) of an @molecule on a grain is much shorter than
an order of magnitude less,@han does the flux of inner radia- 7, the G atmosphere is thermally accommodated to ring par-
tion belt ions impacting the edge of the main rings. Water vapoticles. Therefore, the gas-phase @ill not be hot as assumed
produced by meteoroid impacts or UV desorption, or wateby (Ip, 1999 but will have a mean energy2 kT, whereT is
coming from regions outside the rings is also photo-dissociatedverage surface temperature of ring particte8@—100 K).
by UV radiation. However, the resulting radicals rapidly stickto  Since an @ molecule is, on the average, absorbed by the
the ring particle surfaces. Therefore, any contribution such radking particles and re-emitted randomiyl0® times during its
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lifetime, the @ atmosphere populatémth the shadowed and 3. lon column densities
sunlit sides of the rings. Using the source rate for the sunlit
side kiceSo,(1 — f)] and an Q lifetime, to,, then the average Although the G densities are assumed to be similar on the

neutral column densities on either side of the rings is sunlit and shaded sides of the ring plane, the ion densities are
not. Photo-ionization of @ which produces both £ and O
No,(R) % ciceSo,10,[ (1 — f)/(1+ f)]. (1)  (Table 2, is reduced on the shaded side by the optical thick-

ness of the rings. Unlike £the ion lifetimes are short due to
. : . collisions with ring particles, leading to neutralization or sur-
(rjiﬁstrulzt:]c;n éztsaﬁl;?g);r?g Slﬁglt'é.?j?fss?;ﬂﬁﬁ s:cdrgs i(cj)lf the face reactions. The newly formed ions attempt to move between
gp S . P . QUEAPIG — irror points that are symmetric with respect to the magnetic
adsorb onto ring particle surfaces, the ring-atmosphere is prléquator which is shifted north of the ring plane, affecting the
marily molecular. Based on the values gfin Table 1 and asymmétry '
ignoring differences imice, this atmosphere is most dense over The obsérved ions have small gyro-radj, (<0.1 km for
the B-ring a}nd least dense over the_(_:assm| gap and C'.“.n%) *) and have a probabilityf;, for surviving passage through
These densities are somewhat insensitive to the solar conditio e rings. The column densities on the sunlit;, and shaded
. K] ’
ﬁﬁ)c(:ause both the source and loss processes depend on the shi,» Sides of the rings can be described by two rate equations:
The escape probability for thermap®om the region of the  dng/dr ~ No, /7 — Nsi/7si + Nshif;/Tsi. (3a)
rings is small so that the vertical distribution can be roughly

The quantity[(1 + f)/70,] in Eq. (1) is the average photo-

described by dNghi/dt & No, f/Ti + Nsifi/Tshi — Nshi/ Tshi- (3b)
The first terms describe the ionization of the neutrals where
no,(z, R) ~ no(R)eXp[—(z/Hoz)Z], 7 < Rs, (2) s the ion formation time, eitheti, for O>* production orzig

for O* production. Values are given ifiable 1 The second
and third terms on the right are due to transport across the ring
plane, wherersi and tsp; are the times spent on either side be-
fore crossing the ring plane. In this model, ion loss is assumed

neutrals isHo, &~ R(vr)/v,(R), where(vr)[= (8kT /mm)*/?] 9 : . ; . _
. ) . _to occur primarily by interaction with the ring particles through
and v,(R) is the Keplerian orbital spee{lohnson, 1990; (1— f:). Ignoring the dipole offset, thenzs; ~ zsp ~ o, where

Ip,l 01(? §:<5) (:):o)r iznoazv g rsrgn?s r;ggrg gzarti'rflivﬁilégagzséinpeiaturerbi is the average bounce time, about half the time between mir-
~ ' T . ’ Oy ™~

1600 km at Rs and varies roughly aB —%/2. Therefore, in the for points (€.g.Luhmann et al., 2005 .
absence of additional heating processes, the atmosphere lies be_SoIvmg Eas(3), the steady state column densities are
low the magnetic equator, located2500 km north of the ring N ~ No, (wi/w) (X + f£) /(1 — £?), (42)
plane, and well below the spacecraft altitudes at which CAP N . 2
detected oxygen ions (I6—Q25Rs corresponding to~9000— %’s“iw No, (wi/T) (fi + 1)/ (1= f7). (4b)
15,000 km). where, again is the fraction of light penetrating the rings.
Using an Q lifetime determined by ionization and dissoci- The singular behavior af; = 1, resulting from our neglect of
ation [ro, ~ I/OZ: Table 1, lower limits to No, can be obtained loss processes other than ring absorption, is not a problem be-
(Table 2. Such estimates ignore edge effects due to the high incause in practicef; < 1 over the main rings. Insertingyo,
clination of the Sun during Cassini SOI, and radial transportfrom Eq.(1), the ion column densities above and below the ring
These would smooth over the variations in the optical thick-plane are proportional to the ratio of the lifetime fop @e-
ness and density, particularly at the Cassini gap which is onlgtruction to the ionization lifetimezp,/z;], which is, roughly,
~3 scale heights wide. Recycling of,®, O™ and O on the independent of solar conditions. In addition, if the ion transmis-
grain surfaces increases, as shown below. Since the ring at- sion efficiency,f;, and the ion bounce timey;, are similar for
mosphere was not directly detected, ion production and loss a@™ and G, then the ratio of the ®to O,* column densities

where z is the height above the ring plane amt is the
distance from Saturn. The density in the ring plang, is
~[(2/7Y/?)(No,/Ho,)], and the centrifugal scale height for

first described. on either side of the ring plane is equal to thranching ratio
Table 2

Ring atmosphere parameters: solar zenith angié®

Rings (extent) A (27-203Rs) Cassini (203-195Rs) B (1.95-153Rs)
Area (130 cnm?) 0.55 018 097

£(H? 0.6 (0.23) 0.12(0.74) 1.6 (0.02)

[1— f1/[1+4 flxf)P 0.63(0.14) 0.15(0.11) 0.96 (0.019
No, (1012 0p/cmP)e >0.4c.Cice >0.1cccice >0.7¢ceCice

@ Rough average optical depth,and, brackets, transmission factgr,using 66 zenith angle.

b Factor in Eq(1); brackets: factor in Eq4b)for f; =0.

¢ 0, column density using Eq1) with T0, =Ce r(/32 at mean solar activity where is the ratio of the escape efficiency of H relative to O apd is the fraction
of the ring particle composition that is ice: this is lower for the particles in the Cassini division and the C-ring than either the A- or B-rings.
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for ionization, which is~0.24—-0.30 depending on solar activity
(Table 1.

The ratio of the steady state column densities is determined
by the optical thickness of the rings to both ions and UV-
photons: 2

Nshi/ Nsi~ (fi + )/(L+ ff). 5)

The ability of the ions to wend their way through the rings,
is determined roughly by, the ion’s pitch angle and gyrora-
dius, and, possibly, the charging of the ring particles. If all ions 1
are absorbed on crossing the ring plane, thfea- 0 and the
column density ratio is~ f, the photon penetration efficiency.
Ignoring scattered light, the oblique incidence [cb®) = 2.5
at SOI] causesf to be very small over the B-ring so the . TR TN . -
density ratio,~(f; + f), can be dominated by ion trans- 0 1 2 3 4
mission. Note that, iff; for ion transmission is also small,
then the column density over the Cassini gap on the shaded E/Ep
side of ring would belarger than that over the B-ring, op-
posite to the neutral density. Scattered light and oblique infig: 2- Distribution functionyp, of energies following an @ + O; collision

. L . . . . in which orbiting occurred. Exiting ion energies are given in the rotating frame
cidence throth the Ca55|_n| gap, allowmg illumination of _the(solid) and neutral energies in the Kepler orbit frame (dashed line). Both are
gas above the A- and B-rings, can smooth over these diffefgien as a fraction of the pick-up gyro-energy,. Note: these essentially
ences. Since Cassini was also in Saturn’s shadow during th®fine an ion/neutral ‘temperature’ which is of the size @fo(— v,) hence

CAPS measurement period, simulations will eventually be reindependent oR. (The insert shows the pitch angle distributign,as a func-
quired. tion of cof a,: average cdix), is 0.23; loss cone located at, éas, ~ 0.8
near the inner edge of the B-ring and.95 near the outer edge of the A-ring.)

T ===
®

c.0 0.2 0.4 06 08 Ho

L - - - l====

4. Dipole offset and ion-molecule collisions ) ] ) .
ion attains a new velocity equal to the velocity of the center of

The ion energy in the corotating frame is, roughly,+ £,, ~ Mass in the inertial frame le_Js a ve!opity in a random directiop
where E* is ion energy at formation and, is the pick-up that is gqual to h_alf_ the relative collision sp_eed. For-such colli-
gyro-energy,~m; (veo — vo)2/2. E} is the initial thermal en- sions, |t_|s seen mFlg. 2_that the sc_attered ions atta|_n a broad
ergy, E;, plus the energy it attains due to formation off the distribution of energies in the rqta_t_lng ;ystem, but with a ‘ther-
equator. Whereas Ois formed ‘hot’ (£; ~ 0.5 eV at peak), ex- mal’ energy about equa! to the initial plck-up energy. $|nce th.e
hibiting a range of pitch angles and mirror altitudes, the newlyneutral Q can also attain quite large energies, as indicated in
formed Q* (E; ~ 2 kT) has pitch angles-z/2. Therefore, Flg. 2 itcan t_)e scattered_mto regions outS|d(_e of_the main rings
accounting for the off-set dipole, 0 will initially have north-  (Fig. 3), possibly accounting for the£ detection just beyond
ern mirror points in the vicinity ot,, ~ 0.08Rs ~ 5000 km.  the mainrings byfokar et al. (2005) .
This results in a vertical scale much larger than that for neutral Becauseco andv, are not very different over the ring plane,
O,, but well below the region measured by CAPS-9000— the average energy of the scattered ions in the rotating frame is
15,000 km north). Therefore, the dipole offset alone cannofomparable to the initial gyro-energlt,, (Fig. 2). This is re-
account for the CAPS measurements. The @ns must have markably consistent with the measured ion temperatUiaef
been either scattered, heated or affected by electric fields prigt al., 2003. However, energies larger than the initial pick up
to detection. Here we show that ion-molecule collisions aloné€nergy, £, and pitch angles very different from/2 occur
can give mirror latitudes sufficiently large to account for the@s seen irFig. 2 These results are independent of the rela-
CAPS measurements. tive collision speed and, hence, are independe® @&lthough

Over the A- and B-rings, where the neutral density is largethe focus above is on £, O* can also be scattered in ion—
the ion-molecule collision timez(;), obtained using estimates molecule collisionsLuhmann et al. (2005imulated the ion
of ¢, below, is short compared to the ion bounce timg(Ta-  motion in the presence of the dipole field with gravity, and in-
ble 1). Therefore, newly formed ions can be scattered ppp@®  cluded the scattering of both,® and O".
fore they leave the formation region. After mirroring, these ions Here we note that, ignoring centrifugal confinement, the
can again be scattered as they move obliquely through the netragnetic latitude of the mirror poing,,, for an ion formed
tral cloud. At these distances from Saturn, the relative collisiorait A with a pitch anglex,, can be approximated by, ~ A2 +
speed is low, so that the ion and molecule can orbit each othé2/9) cos o, when,, anda are small. This corresponds to an
before separating. The cross section for such a collision is dealtitude for the northern mirror poing,, ~ [0.04Rs+ A, L Rs].
termined by the polarizability of © This results in a collision In regions where the scattering probability is smaJl,is ~ /2
time, 1¢j, that is independent of the relative velociiobinson, andz,, ~ 0.08Rs (~5000 km) as discussed above. On the other
199Q Table 1. For &* + O, collisions, elastic scattering and hand, for scattered £, the average value of c%sp in Fig. 2
charge exchange are indistinguishable. Therefore, the scatterexd~0.23. This corresponds to a mirror latitudg ~ 0.22 ra-



398 R.E. Johnson et al. / Icarus 180 (2006) 393-402

T T T T T T T T T T T T T

5. Oxygen recycling and hydrogen atmosphere
0.04 -

L —-H 1 Atomic oxygen produced by photo-dissociation has an av-

erage energy~0.8 eV (Table 1. This is much smaller than

the orbital energies near the inner edge of the C-ring and the

outer edge of the A-ring [2.6 and 1.4 ¢amu, respectively].

Therefore, most of the O produced from the principall@ss

processes returns to the surfaces of the ring particles. In addi-

tion, O and O" can neutralize or react on these surfaces, so

that atomic and molecular oxygen ions and the oxygen atoms

can,in principle, be recycled into @ on a ring particle sur-

face. Although the oxygen chemistry at the surface is complex,

_____ ] the rate for adsorbed oxygen to be eventually recycledzas O

8 10 12 14 controlled by the ratio of H to O in surface layers of ring parti-
Rp(Rs) c!es. It has been shown, howevgr, thgt t.his ratio is only slightly
different from 2:1 for ice under irradiatiorRfe et al., 1978;

Fig. 3. Snapshot of the distribution of O (solid) and H (dashed) from dissociated®OWN et al., 198) Thereforejn steady state, the chemical de-

0, and H respectively and the distribution of,drom O, + O, collisions.  tails can be ignored and the recycling of adsorbed oxygen back

These are formed close to the ring plane and a snap shot of the instantaneaigs O, is determined by the relative efficiencies for the net loss

distribution is given as a column density normalized_to one vs _dist_ﬂp:e of hydrogen and oxygeftiom the ring/atmosphere system.

a_llong the equator. The production ra_te over each region of the ring is propor- In laboratory experiments on fresh ice samples, hydrogen

tional to the factor{(1 — f)/(1+ f)] in Table 2and cjce is assumed to be . !

the same in each region. The probability of hitting the rings is proportional tolS 10St preferentially creating a surface which is very slightly

(1 - f). The fractions of each of the particle populations outside the ring re-oxygen rich, after which bland G are produced in a-2:1 ra-

gion (R > 2.27Rs), including escape, for the H, O, andg @istributions are  tjg (e.g.,Johnson et al., zoogsmce the energy spectrum for

~0.9,~0.6, and~0.4. The ratios are smaller than the simple modek(£,) = 16 desorbed plis close to thermal, bidoes not directly es-
in the paper because the particles are produced close to the ring plane. Simu-

lations are in progress to account for the differences in the vertical distributiorF@P€ from the ring atr_n-osphere. Assuming anddurce rate
for hydrogen and oxygen. twice that for Q, densities for H, H, Ho*, and H" can also

be estimated using the model above. That is, H atoms, like O,
dians so that ions can attain altitudes well above the Cassitick to the grain surfaces, whereagtepidly desorbs with unit
trajectory. efficiency and accumulates in the atmosphere. Using only the

The effect of centrifugal confinement can be estimated usingjfetimes inTable 1, the H, column density would be about an
the ion scale height. This is written & ~ [2kT; /3m; $2%1Y/2, order of magnitude larger than that fop @nd the K+ column
whereT; andm; are the ion temperature and mass &his the  density would be comparable to that of,0. However, the H
angular velocity Kill and Michel, 197§. Even though the ve- scale height is about four times that fop @nd the relative loss
locity distribution of the scattered ions is not fully isotropic, rates differ. Because of the long lifetimes fog @nd H, these
their mean kinetic energy is close to the initial gyro energyloss rates, although small, are important.
(Fig. 9 so thatkT; ~ E} + E,, which roughly fits the mea- The loss of hydrogen and oxygen to Saturn’s atmosphere and
sured temperatures Fig. 1. Therefore H; increases as{(1 — to the inner magnetosphere can be roughly estimated from the
v,/vco)R] for R greater thank,, which is the equatorial ra- average excursion distance outside the ring system. This dis-
dius where the Kepler orbit speed equals the co-rotation speetgnce is roughly given bAR ~ [AE/E,]R, whereAE is the
To roughly account for the effect of the electrons and otheenergy given to an atom or molecule which had an orbital en-
ions via the electric field8agenal and Sullivan (1981yrite  ergy E,. Hydrogen is more weakly ‘bound’ in the ring system;
m; — (m; —m*) wherem* is a function of the electron and thatis, itsE, is smaller than that for oxygen at the same orbital
ion temperatures and densities. Due to their frequent intera¢adius. In addition, the average energy of H following dissoci-
tion with the ring particles, the electron temperature is smalftion of H is three times larger than that for O derived from
over the dense regions of the main rings. If the electron tem©> (Table 1. Therefore, the average value ®f £/ E,] for hy-
peratures are comparable to or larger than the ion temperaturesogen is more than an order of magnitude larger than that for
thenm* £ 0 and the fields affect the ion motion. Assuming, ini- oxygen at the same orbital radius. Using the mean dissociation
tially, thatm™* ~ O then theH; for O, and O" are~0.18 and  energies, the cloud of hot H from dissociation is seen to ex-
0.22Rs respectively atR ~ 2.05Rs, the end of the CAPS data tend farther into the magnetosphere than the cloud of hot O
(Fig. 1) and go to a minimum aR,. Since the scale heights from dissociation of @ (Fig. 3) leading to a higher probability
are smaller than the average mirror altitudes estimated abovwd escape and loss to the outer magnetosphere. Therefore, even
over most of the measurement region, the vertical distributiotthough B and G are initially produced stoichiometrically (2:1
of ions for R > R, is primarily determined by centrifugal con- ratio), steady state is achieved when the oxygen density in the
finement consistent with simulationkuhmann et al., 2005 ring atmosphere builds up until its loss rate becomes about half
Bouhram et al., 2005 the hydrogen loss rate.
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If ¢, is the ratio of the loss rate for two hydrogen to the In steady state the molecular oxygen atmosphere builds up un-
loss rate for one oxygen, we can roughly account for recytil the loss of hydrogen and oxygen are, roughly, stoichiometric
cling of oxygen on the ring particle surfaces. That is, the ef{2:1). When that is the case, the size of the escape ratisig-
fective lifetime for oxygen in the toroidal ring atmosphere be-gests that the i~ column density is at least an order of magni-
comesto, ~ cetéz. Based on the loss rate estimates abovetude smaller than the £ column density, consistent with the
ce > 10. This indicates that the steady stateddd Gt col- CAPS data.
umn densities and £ scattering rates are at least an order Since the neutral atmosphere peaks close to the ring plane,
of magnitude larger than the lower boundsTable 1 The ra-  newly produced @' ions would have northern mirror points
tio of O»* to Hot content of the ring cloud in steady state is, about twice the altitude of the northern offset of the magnetic
roughly, c. divided by the ratio of ionization times. Therefore, equator £-0.08Rs). This is larger than the neutral scale height,
the Q" number density over the main rings is at least an ordeput is much smaller than the altitude over the B-ring where
of magnitude larger than theof number density, consistent CAPS detected ions. We propose here that these ions are scat-
with the non-detection of j* by CAPS {oung et al., 2005; tered by collisions with @ Although the temperatures of the

Tokar et al., 200B scattered ions do not differ significantly from the pick-up tem-
peratureFig. 2), the ions acquire a component of velocity along
6. Summary and comparison to CAPS data the field lines resulting in pitch angles that can differ signif-

icantly from 7 /2 (see insert inFig. 2). Therefore, the @'

CAPS and INMS instruments on the Cassini spacecraft medemperature at the spacecraft altitude is reasonably well de-
sured the ionic component of the ring atmosphere vs distancgcribed by~(E} + E,) (Fig. 1b; Tokar et al., 200p E} is
from Saturn at one altitude. Here we developed a model for-0.1 eV due to the initial thermal energy-0.02 eV) and the
the neutral and ion ring atmosphere structure consistent witenergy associated with being formed off the magnetic equator
those measurements. Because the energetic particle flux over0.08 eV). The observed ion temperature exhibits a minimum
the main rings is small, a molecular oxygen ring atmospher@earR,, where the Keplery,) and corotation«c,) speeds are
is primarily produced by the solar UV flux. This flux is more equal, and grows asn (veo — v,)2/2 for larger and smaller
efficiently absorbed by the ring particles than by the transienR. The temperature of the Oions is also reasonably well de-
water vapor produced by impacts. Therefore, we propose tha&cribed by ¢E} + E ;) (Fig. 1b; Tokar et al., 200p SincekE; is
the decomposition of ice on the surfaces of the ring particles by-0.5 eV for O, pitch angles different fromr/2 occur at allR.
the solar UV is primarily responsible for the ring atmosphere Therefore, in the region arouni,, the measured O density
Dissociation of transient water vapdp(1999 and cosmic ray is larger than the @ density at the spacecraft altitude as seen
and energetic magnetospheric particleggrice et al., 2004  in Fig. 1a. ASR increases and altitude decreases, the measured
will be smaller additional sources subject to the same physic®™ to O;" density ratio over the edge of the A-ringig. 1a)
and chemistry described here. Therefore, the available data fapproaches the branching ratio for ionizatidalgle 1), consis-
the photo-production of ©from ice was used to describe the tent with the INMS data\Waite et al., 200p We ignore here
production of an oxygen torus over Saturn’s main rings with thethe ‘oscillations’ inFig. 1a, which could be real and, possibly,
ring particles surfaces are assumed to have an ice fragtion  related to the ring structure.

Although freshly formed and ejectedb®@as a non-thermal The Ot density inFig. 1a is seen to grow rapidly ned,
energy distribution, @ adsorbs and desorbs from the surfaces(v, & veo). The peak occurs at an altituded.23Rs, requiring
of the ring particles many times during its lifetime. There- mirror latitudesky, 2 0.1 that can be achieved by ion—-molecule
fore, the atmosphere B surface boundary layer atmosphere  scattering. The ion density is seen to decrease in going from
(Johnson, 2002with an average temperature determined pri-the peak density over the B-ring to over the inner edge of the
marily by the temperatures of the ring particles. The neutraA-ring even though the spacecratft altitude is slowly decreasing.
component of the atmosphere is only weakly dependent on sd-his follows the trend for neutral source rate in our model, but
lar conditions and is similar above and below the ring planenot for the ion densities as discussed below. Rot R, the
with the largest column densities over the B-ring. lon-moleculedensities inFig. 1a are small. This is due, in part, to the higher
collisions and photo-dissociation produce a hot component, agpacecraft altitudes, but is also due to the fact the gravitational
is the case for Europa’s £atmosphere§hematovich et al., perturbation causes ions to precipitate with high efficiency into
2009. This acts to redistribute oxygen, which smoothes theSaturn’s atmosphere whéh> R, (Luhmann et al., 2005Be-
differences between the regions and populates the inner magniew we discuss the regioR > R, .
tosphere (e.gkig. 3, possibly accounting for the Cassini UV Because the ion densities are only measured at one altitude,
observations of oxygerE§sposito et al., 2005 As discussed, assumptions about their distribution withare needed to com-
the surfaces of the ring particles, which are slightly oxidiz-pare to the model. Two estimates of the ion scale heights are
ing, can act to recycle the oxygen atoms and ions produced kyiven in Fig. 4a calculated using the ion temperaturgs, in
photo-dissociation and ionization 05O Fig. 1b. Over most of the region these scale heights are smaller

Molecular hydrogen is also producetbfinson et al., 2003 than the mean altitudes of the mirror pointsQ(22R) so that
but with a scale height about a factor of four larger than thatentrifugal confinement primarily determines the vertical dis-
of Oo. Although the H lifetime against ionization and dissoci- tribution of the ions. Therefore, the iatensities and column
ation is longer than that for £)it is also lost more efficiently. densitiesat the magnetic equator can be estimated from the data
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for m™* at each position on the magnetic equator. Usirig O
results in the larger scale heightshig. 4a and smaller den-
sities inFig. 4b. Therefore, the presence of electric fields (via
m*) has a large affect on our estimate of thg"@olumn den-

sity over the B-ring inFig. 4b, but a small effect in the Cassini
gap and near the inner edge of the A-ring where the spacecraft
altitudes are lower and the ion temperatures are larger. Over the
region 1.91 to 95Rs, the estimatedn™® varies from~0.4 to
~0.1 times the mass of anp@olecule, considerably reducing
our estimate of the & column density over the B-ring.

The ion column density on the shaded side of the ring plane,
Ngshiin Eg.(4b), is determined by the ring compositiafe, the
00 ) ) ) ) L enhancement factor for escape of hydrogen relative to oxygen,

191 193 195 197 199 201 203 ce, and the transmission through the rings for both ighsand
R (R UV photons, f. Comparing the column densities fig. 4b to
prs the expression foNgp; in EQ. (4b), the ratio of the escape ef-
ficiency of hydrogen to oxyger,, is greater than unity at all
L 2 positions along the magnetic equator. This is consistent with
. ] our earlier discussion. Although the ion density at the magnetic
e ] equator is very sensitive to the extrapolation in the vicinity of
L E the Cassini gap, the column density is much less sensitive. Us-
1 - ] ing the rough average ion bounce timerable 1and assuming
] fi is small, the column density extrapolated in the center of the
Cassini gap irfFig. 4b implies thatc, cice in our model is~10. If
fi ~ f,thenc.cice ~ 2.3. Therefore, even one allows ion trans-
] mission (f; # 0), the recycling of oxygen on the surfaces of
R ] grains, indicated by,, considerably extends the effective oxy-
] gen lifetime in the ring system.

Because the scale heights are a significant fraction of the
width of the Cassini division, the variation in the ion column
density though this region is smooth, unlike the simple model
in Eq. (4b). lllumination through the Cassini gap also smoothes

R.(Rs) the variations in ion density over the B-ring on Saturn’s sun-
() ward side and over the A-ring on the night side of Saturn. The
Fig. 4. (a) Estimates of centrifugal scale height;, plotted VSR, in Rg decreas? In 1on .denSIty over the _Cassm| gap would appear to
for ions OF (solid) and QT (dashed).H; is calculated using temperatures be consistent with the decrease in molecular oxygen column
in Fig. 1b, fit to kTi ~ Ei + Ep (Tokar et al., 2005 and the expression density in thlS I’egion'(ab|e a HOWeVer, the |aCk Of attenua-
H; ~ [2kT; /3(m; — m*)221Y/2. Lower estimates: assume* = 0 (i.e., ig-  tion of the UV flux in the Cassini gap results in more efficient
nore ambipolar fields); upper estimates'( 0): m* chosen so that the ratio  jonization north of the ring plane. If we use the nominal opti-
of 0" to (|)+ Co'c‘;m”_?e”Sitiles :Stazpro?‘im;:e'y equal “(’j the Zmd;f“,‘:lr;raﬁo cal thickness and assume that ions are quenched when crossing
e e e 1 o e ing plane,; = O, then the ion density on the shaded side
O (solid) and @ (dashed) vsR,, in Rs. Obtained using the scale heights Of the ringshould be larger over the Cassini gap than over the
in (a) and the densities iFig. 1a. Lower curves:#* # 0) and upper curves B-ring. Since the ion density in the shaded region depends on
(m* =0). Insert: corresponding ion densities at the magnetic equator. (fi + f), the relationship between these regions can be reversed
if ion transmission occurs through the B-ring. Based on(Ey)
in Fig. 1a using exp—(z/H;)?] for the variation with altitude. and assumingfi2 is small, the estimated column density at
If we first assume that the ions act independenity - 0 in R, ~ 1.92Rs in the B-ring region using:* # 0 in Fig. 4b im-
H; ~ [2kT; /3(m; —m*)$22]11/?), the lower curves iffig. 1laare  plies thatc.cice(f; + f) ~ 10. Since the optical thickness is
obtained. These values of the scale height determine the uppef0.02, either the scattered light levels are significant, increas-
curves inFig. 4b. Itis seen that the £ column density is larger  ing the effectivef, or significant ion transmission occurs in this
than that for O, consistent with the photo-ionization branch- region (i.e.,f; # 0).
ing ratio. However, the @ column density becomes very large A number of effects other than ion transmission might ac-
with decreasingr over the B-ring due to the very small values count for the observed relative ion densities near the Cassini
of H;. If the electron temperature is not negligible, teh£ 0,  gap. The extrapolation of the column density to the magnetic
modifying the ion altitude profile. To estimate’, we constrain  equator can be in error. However, at the spacecraft altitude the
the ratio of @7/O* column densities to be about equal to theion density is also seen to decrease in going through the Cassini
production ratio from @ (~4; Table J). This gives an estimate gap. The size of the ratio of hydrogen to oxygen escape&an
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vary across the ring plane, so that a global description of th@ouhram, M., Johnson, R.E., Berthelier, J.-J., llliano, J.-M., Tokar, R.L.,
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