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Recent Hubble Space Telescope (HST) observations of the densi-
ties of neutral OH molecules that coexist with and are precursors of
the plasma ions have constrained models for the plasma sources. An
orbital simulation model of the evolution of H,O molecules emit-
ted from the satellites and the E ring is employed to put additional
constraints on the possible plasma/neutral sources in Saturn’s mag-
netosphere. We find that a large H,O source concentrated near the
orbit of Enceladus (of the order 10?7 H,O molecules/s) is needed to
account for the observed OH neutral cloud. We suggest that a large
amount of optically unobserved material near Enceladus could pro-
vide the “missing” H,O source. A Monte-Carlo collisional transport
code for sputtering of ice surfaces is developed and applied to the
E-ring grains. Grain lifetimes are found to be short (~50 years for
1-um grains and only a few years for 0.1-um grains), so grains
must be resupplied regularly to keep the E ring in the present state.
Orbital collisions between icy fragments, possibly remains of a dis-
rupted satellite near Enceladus, are the suggested mechanism for
replenishing the E ring.  © 2001 Academic Press

Key Words: magnetospheres, planetary rings, saturn; ices, Saturn;
magnetosphere, satellites of Saturn.

1. INTRODUCTION

tions, has initiated a number of recent modeling efforts (e.g
Horanyiet al. 1992, Hamilton and Burns 1994, Dikarev 1999).
Renewed interest in the E ring was stimulated by the excitin
discovery by Hubble Space Telescope (HST) of a neutral O
torus (Shemanskgt al. 1993, Hallet al. 1996, Richardsost al.
1998) and by the launch of Cassini spacecraft, which will mak
many passes through the E ring. Because this ring isimbeddec
the plasma trapped in Saturn’s magnetosphere (Krimangs.
1983, Lazarus and McNutt 1983, Richardson and Sittler 199(
the E-ring grains are eroded by the plasma in a process call
sputtering. Here we examine this process as a possible sou
of the OH neutrals that, roughly, coorbit with the E-ring grains
Panget al. (1984) contended that the observed “blue” E-
ring spectrum is most consistent with a narrow size grain dis
tribution, containing grains 1-1.2bm in radius. Contrary to
this “uniform-size” distribution, other known rings exhibit an
inverse-power-law grain-size distribution, which is the distribu:
tion that is expected from a collisional disruption process. |
addition to the main Saturnian rings, a power-law distributior
characterizes the G ring, which is spatially closest and most sir
ilar to the E ring (Throop and Esposito 1998). Showaéteal.
(1991) conducted a comprehensive study of all existing me;
surements of the E ring and found that none of the power-la

The E ring is a diffuse, tenuous ring of micrometer-size icdistributions used is consistent with the data, and that a ne
grains, which extends over a larger region than any other knowow, micrometer-size grain distribution appears to provide th
planetary ring. This ring has a sharp inner edge between Mimaesst match. Most recently, Nicholset al. (1996) also found
and Enceladus, expands azimuthally in latitude as it crosses tihat the spectrum has the best agreement with a narrow partic
orbits of Tethys and Dione, and fades away beyond Rhea'’s orize distribution with mean grain sizes between 0.3 apar3
The ring peaks at and appears to emanate from Enceladus;Hlogvever, their spectrum was less blue, providing latitude for
peak is coincident with the densest region of Saturn’s OH neutkabader grain-size distribution.
torus. This unique environment, which provides an excellent testNoise recorded by the Voyager 1 planetary radio-astronorr
for models of charged-grain dynamics and dust—plasma interagperiment (Meyer-Vernetet al. 1996) and plasma-wave
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experiment (Tsintikidigt al. 1995) was used to infer the particleits implications for existing E-ring models. We calculate bott
sizes at 6.1Rs. Both studies detected the dust peak southwatide ion and neutral mass flux to the charged E-ring grains al
(by about 0.1Rs) of the equatorial plane, and Tsintikidi al. show that grains smaller thanl um are eroded preferentially,
(1995) suggested that this dust may be either part of the E ridgpleting the submicrometer grain population. In addition, w
or alocalized ringlet associated with Dione. Meyer-Veetetl. calculate the supply rates to the neutral torus by sputtering
(1996) gave Jum as their best guess for the particle radii, ass-ring grains. The sputtered molecules are tracked until ionize
suming a particle concentration given by the model of Showaltend the resulting neutral cloud is compared with the observe
etal.(1991). Tsintikidiset al. (1995) found<5-um ice particles OH cloud (Richardsoet al. 1998, Richardson 1998). We con-
as the source of noise, but those authors suggest that multigilede that the existence of a large population of submicromete
impacts of smaller particles could also be responsible for tezed grains in the E ring would be consistent with observation
measured signal (the instrument detection threshold was abevalence. Before carrying out the new calculations, we briefl
0.7 um). The Voyager 2 PLS (Plasma science experiment) areliew the models for the sources of the plasma and neut
PRA instruments also recorded noise during the passage throtagfi.
the nearby G ring at 2.8 (Gan-Baructlet al. 1994, Tsintikidis
et al. 1994). Tsintikidiset al. (1994) estimated particles sizes1 1. Sources of Neutrals
of ~10 um and noted that if the instrument was able to detect™
all particles (i.e., those below the instrument threshold) the totalThe source of heavy ions, presumably,dn Saturn’s inner
impact density would be larger, yielding smaller particle radiimagnetosphere has been a topic of considerable interest since
A new exciting observation of a bright arc of particles orbitPioneer and Voyager spacecraft discovery of this plasma. Bas
ing Saturn (Roddieet al. 1998) might shed light on the existingon the Voyager measurements of the spatial distribution of tt
features and origin of the E ring. A rapidly expanding cloudylasma at Saturn, there has been debate on the importance of
seen in the vicinity of Enceladus’ orbit, disappeared in a matatellites and E ring as sources. Most recently, the spatial ov:
ter of hours. This cloud, consisting presumably of small grainisyp of the E ring with the heavy plasma torus was suggestive
was likely produced by a collision between orbiting icy objectslorfill et al.(1993), Hamilton and Burns (1994), and Ip (1997)
(Roddieret al. 1998). Based on its rapid disappearance, as ditat the E ring might be a source of the plasma. This plasma
cussed later, we believe that this cloud was predominantly cofarmed from water molecules that are dissociated and ionize
posed of submicrometer particles. producing the heavy ion component of the plasma (Richardst
Additional clues for a possible submicrometer E-ring graiat al. 1998). Morfill et al. (1993) proposed self-sputtering of
population come from orbital dynamics calculations. Hamiltothe E ring as a source of the plasma cloud. On the other har
and Burns (1994) simulated E-ring particle dynamics includingamilton and Burns (1994) suggested that charged micromet
collisions between E-ring grains and satellites. Their simulaize E-ring grains, which over time develop orbits with large
tion yielded a significant population of small submicrometezccentrities, collide with Enceladus and other satellites ejectir
grains. Horanyiet al. (1992) modeled the E-ring particle dy-a sufficientamount of vapor to account for the neutral productic
namics and showed that;dm charged grains launched fromrates (Hamilton and Burns, 1993).
Enceladus would spread more rapidly than smaller or largerEarly estimates of the relative source strengths of neutral w
grains. Although this mechanism could be responsible for mater molecules sputtered from the E-ring grains, from the su
of the observed E-ring features, Horamyial. (1992) contend faces of the icy satellites, or from particles in the main ring
that this process would not be able to filter the initial power-lamdicated that both Enceladus and the E ring were not very in
distribution and maintain a narrow, nearly uniform-size distrportant sources (e.g., Johnsenal. 1989). Rather>10 keV
bution in its collisional environment. Dikarev (1999) includeglasma-ion sputtering of the large icy satellites Tethys, Dione
the plasma drag force in the orbital dynamics calculation amtid Rhea (Cheng and Lanzerotti 1978, Eviatar 1984, Johns
showed that submicrometer grains would drift outward fastet al. 1989) and micrometeorite vaporization of the main ring
and spread out more rapidly than previously thought, but stdhrticles (Pospieszalska and Johnson 1991) were proposec
not fast enough to produce a uniform-size population (Dikar¢hre dominant sources. However, the direct observation of ne
1999, private communication). tral OH (Shemanskegt al. 1993) gave an OH concentration in
Finally, evidence for a large apsorbtion area near Enceladtis ring plane of 170 cr?, much larger than predicted. Re-
which cannot be accounted for by the optical observatioreently, Richardsoet al. (1998) considered the HST OH obser-
comes from Paranicas and Cheng (1997). Based on Voyagerfions and developed a 2-D plasma/neutral model. Their neut
observations of satellite signatures in the energetic particle paensities peak close to Enceladus, where the E-ring density
ulation, they found that an object 25 times the absorbing areaméximum, with a total neutral density of over 1200 TiriThey
Enceladus is needed in its vicinity to account for an observatso found that the total neutral source rates needed to maint
micro-signature. water-like neutrals in this region are at least an order of magr
Here we investigate the sputtering of ice grains, a processle larger than the source rates given byeshil. (1995) based
that preferentially erodes submicrometer grains, and examiresputtering of satellites and the E ring. Although this model i
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not yet fully self-consistent, it provides the strongest evidence
that more robust sources are needed.

Because the source of water products from sputtering of both
the icy satellites and the E-ring appears too small to explain the
density of neutrals, we examine possible enhancements to the
sputter-produced flux. These calculations require a reexamina-
tion of the sputter-flux produced from an individual grain and a
reexamination of the grain-size distribution. We show that the
total surface area of the E ring might be much larger than in-
ferred from the direct optical observations and that the missing
neutral/plasma sources could be accounted for by sputtering of
small grains that are resupplied from an active source.

2. SPUTTERING OF WATER-ICE SURFACES

Plasma ions entering a material collide with the constituent
atoms, initiating a cascade of collisions. This results in the ejec-
tion of atoms and molecules into the gas phase, a process called
sputtering. A schematic diagram of this process is shown in
Fig. 1. For a flat surface, indicated by the dashed line, an in-
cident ion (thick arrow) collides with target atom and creates
recoils (thin arrows), which in further collisions produce new
generations of recoils, and so on. Finally, when a recoil leaves
the target surface sputtering occurs (indicated by “a” in Fig. 1).
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The sputtering yield is then given as a number of sputtered atoms E V)

per incident particle.

FIG. 2. (a) The electronic and nuclear stopping cross sectiar(glotted
line) andS, (solid lines) versus incident O energy forH20 tabulated by SRIM
98. The figure shows that the nuclear cross section is larger at lower energi
while for the higher energies, the electronic stopping cross section dominate
(b) Measured sputtering yield for water—ice at normal incidence for semi-infinit
target versus incident O ion energy. Line indicates our model, while symbo
represent the compilation of the laboratory measurements of the sputtering yie
given by Shiet al. (1995).

Sputtering of ice is determined by the energy deposited by tt
incident ion. It occurs in response to both the momentum tran
fer and electronic excitations and ionizations produced near tl
surface of the solid. Therefore, for an ion incident on a solid, th
energy lost per unit path length in the solE/dx, is due to
momentum transfer to the atomic constituerd& (d x), (called
elastic nuclear or “knock-on” collisions), and due to ionizatior
and excitation of the moleculesl E/dX)e (€.9., Johnson 1990).
The total sputtering yieldy, is often written as a sum of nu-
clear and electronic contribution®,~ Y,, + Ye. For ion bom-
bardment of an ice, electronic sputtering)(is the dominate
contribution at high velocities and collisional, knock-on, sput:
tering (Y,) dominates at low incident velocities. As an illustra-
tion Fig. 2a shows nuclear and electronic cross sections Tor C

FIG.1. Schematic diagram of the cascade of collisions produced by ion Bicident on HO based on a model given by Ziegégdral. (1985).
atom on a material. As an incident ion collides with target atoms, it slows doWfhe nuclear cross secti@j (solid line) is larger at low energies,
and produces a recoil-cascade. When one of the recoils is set in motion in\Wﬁ"e for energies above30 keV the electronic cross section

surface layer with an energy greater than its binding energy and in the directign
of escape, it is ejected from the solid (a). For a spherical target sputtering

dominates.

enhanced due to more recoils reaching the surface. Grains are mainly destroyell! the nonlinear sput’Fering regime, which applies fF)r ice:
by sideward (b) sputtering and then finally by sputtering from the back surfag®id condensed gases is found to be roughly proportional

of a grain (c).

to (d E/dx)2. This dependence is consistent with the “therma
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spike” model for sputtering (Gibbat al. 1988, Johnson 1990), tion. A more detailed description of the code and the underlyin
although the thermal spike model has been questioned receaggumptions with an application to both planar and spherical t
(Bringaet al.1999a, 1999b). Here we model the sputtering fromets was given by Jurat al. (1998). To obtain the ejection, the

ice surfaces, accounting for both knock-on sputtering and thkectronic cross section was used to calculate the electronic ¢

electronically induced sputtering. ergy deposited by the incidention and all recoils in a Sufface
layer, corresponding roughly to the first two surface monolay
2.1. Sputtering Model ers of target material. The electronic sputtering yi¥ldwas

tH)en assumed to be proportional thE/dx)2. This “quadratic
uttering regime” is found to be valid for water below 100 K
g., Brownet al. 1982, Johnson, 1990). The total sputtering

To calculate knock-on sputtering we used a Monte Carlo
nary collision transport code, which calculates the trajecto
of an energetic ion or atom penetrating a material. Our progr S
principally follows the code known as TRIM (TRansport of IonéﬂeId for a flat sgrface at normal |nC|.dence was calculated as
in Matter) developed by Ziegler, Biersack, and Littmark at iBNUM of electrqnlwe and nucleary, yields, calibrated to pro-
Research (Zieglest al.1985) and described by Eckstein (1991)\/_|de the b_e_st flt_to the laboratory measurements for_a flat surfa
Each incident particle starts with a given energy, position, ara['ae" sem|-|nf|r_1|te target). Our code follows all recoils, not qnly
momentum and its trajectory is followed in the target, collisio 0s€ e.ner.get|c e.n.ou.g.h and close ef‘ough to surface to ind
by collision, until it loses so much energy that it can no long uttering in semi-infinite targets, which is necessary for sme

displace other atoms or it leaves the target surface. A knock- er!cal target's..By foIIowmg.a large number of the _recqﬂ:
collision with a target atom, described by a repulsive interag1ean|ngful statistics were obtained for a number of grain size

tion potential, initiates a sequence of collisions producing recgipg_for enzebrglre]zs Upttr? 200 ke_\I/. i  the laborat
atoms, whose paths are also tracked (Fig. 1). Igure 2b shows the compilation of the laboratory measur

In our calculation the “Universal” or “ZBL-potential” is usedments of the temperature independent part of the sputteril
li1eld for water ice vs incident energy (Sht al. 1995). Be-

Ziegleret al.1985) to describe the momentum transfer betwe . ) .
(Zieg ) E} ~100 K, the temperature region of interest for the E-ring

an energetic atom and a stationary atom in the solid. The tar the 1 ture-d dent tribution to the vield
structure is assumed to be amorphous in this model. Thatis, th jaihs, the temperature-dependent contribution to the yie

is no periodic structure, so the next collision partner is found %mall and is |gnored here. AI.SO _shown IS our fit to the data u:
a random selection process. The distance between collision %the descrlbed_quel (so-hd. line) for mmdenl*(]bns. Our

assumed to be the mean spacing of atoms in the solid and M el for normall incidence SN agree_ment .W'th the.measure
impact parameter for each collision is then chosen by a Mort d for the dominant sputtering energies of interest in Saturn

Carlo procedure. The scattering angle and energy transfer to %%gnetosphere, between 1 and 100 keV. Agreement degrade

recoil from a collision are found from the interaction potentia‘?nergles of the order of a few hundred electron volts, possib

using a parametrized analytic formula (so-called MAGIC fOIQ}Je to the uncertainties in the nuclear cross sections and |

mula, Ziegleret al. 1985) for a given incident particle energy,y'e'd measurements or to chemical changes0 khat are not
gicrlbed by the model.

impact parameter, and distance of closest approach. Duetot ) .
pactp PP s an example, Fig. 3 shows the enhancement in the spi

smaller mass, incidentHions are not nearly as efficient ag O tering yield vs incident angl&((E. 6), Y (E. 0), for energies of
in transferring their energy collisionally, so the ldontribution N h
! Ing thel gy corls! Y S, at&n%ev (dashed) and 200 keV (solid). These are compared to t

to the net sputtering rate is small. On the other hand, the H :
contribution to the stopping power o%B is not negligible, and measured yield for Heon CO at 1.5 MeV (crosses, Browetal.

the total nuclear and electronic cross sections fad kised here 1984), all normalized to the sputtering yield at normal incidence

is a sum of O and H cross sections. Because we calibrate ﬁ‘lgt to_tlhee'l.S[Me\I/ r;egsurt?]ments gl\]:en by \;oTtnsdon'g?QO) i
calculations to the data, we have treated water molecules in ﬁ‘?@e) is also plotted in the same figure (dotted). arge

transport code as single entities with mass 18 and atomic ndrq{z'dﬁ_nt 3”9'?5 the rgclgn cascades occur closer to the surfa
ber 10. This was found to be a more appropriate choice at low&pY'iNg In a farger yield. . .
Iso, as the incident ion energy increases, recoils from deep

energies with only a minor impact at larger energies, where t S
electronic component dominates the sputtering yield (Fig. 2 yers are able to reach the surface resulting in a larger enhan
ntfor larger energies. Although no measurements exist for t

This approach implies that the water molecule is sputtered a: X
PP P p lelevant energy range or for water—ice, our model for 200-ke’

whole, consistent with measurements, and not as three sepa hes the Hen CO ts data obtained
atoms (2H4+ O). Our approach accurately describes penetrati qgsw?g\eroac esthe Hen measurements data obtaned e

of the ions into ice, with penetration depths within 10% of those ) o . . .
P P 0 If 6 is the incident angle and(E, 0) is the yield as a function

tabulated by SRIM. .
The code was previously developed and applied to interstgr-angle' the average sputtered flux integrated over all angles
a given energy is given for isotropic incidence as

lar grain destruction (Juraet al. 1998) and was modified here
to model the electronic sputtering of ice. The nuclear contribu- /2

tion to the sputtering yieldy,, was obtained as a direct output (Y(E, 0))o = 2/ Y(E, 0) sin@) cosg) do. 1)
from the collisional transport code using an empirical fit for the 0

effective surface binding energy with spherical binding condirhe resulting yield, as seen in Fig. 4, which is twice the yield fo
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T to the semi-infinite (planar) target. The incident ion initiates :
: cascade of recoil atoms in the material and for a small grain tt
X Brown et al, 1.5 MeV . energetic recoils are more likely to reach the surface and indu
sl ~ =~ ~model, 1 keV sputtering (“b” in addition to “a” in Fig. 1). Surface curvature
model, 200 keV ; starts to play a role even when the penetration depth of an inc

------ fit cos(e)“f’ dention s afraction of the grain radius (Jued@l. 1998). More

recoils produced closer to surface also deposit more electror
energy in the near surface region than in the case of the ser
infinite target. Therefore, the sputtering from the “sides” (“b” in
Fig. 1) becomes the main contributor to the grain destructiol
For larger incident energies, when the penetration depth is larg
than a grain diameter, the ion completely penetrates the gre
and causes sputtering on exiting the surface (“c” in Fig. 1). Fc
example, for 100-keV O ions, for which the sputtering rate
peaks, the mean projected ion range (ion penetration depth p
jected to the incident ion direction) 180.4 um. Consequently,

relative yield Y(E,0)/ Y(0)

e T . most of the 100-keV ions would completely penetrate throug
°© 10 20 3 40 50 e 70 8 %  502,mgrain, resulting in a substantially increased sputterin
incident angle (0) rate.

The described transport code, calibrated to the measur
FIG.3. Modeled sputtering yield for water—ice vs incident angle on a semysie|ds for a flat surface (corresponding to the limit when grai
infinite surface. Our model for energies 1 keV (dotted) and 200 keV (dashq%?dius goes to infinity) is applied here to grains in the mi

and measured yield for He on CO at 1.5 MeV (crosses, Breinal. 1984), all d bmi In Fig. 5 h f
normalized to sputtering yield at normal incidence. Dotted line represents %ppmeter and submicrometer ranges. In Fig. 5, we show t

empirical fit to the data, cog)~%, previously assumed as the correct angula@nhancement in the sputtering yield as a function of the inc
yield dependence for all energies. dent ion energy for different grain sizes. The calculated yield:

o ) ) Y(E,a) = (Y(E, a, 0))y, are averaged over all incident angles,
normal incidence at100 eV and~2.5 times the yield at 2 keV, a5 in Eq. (1) for isotropic incidence, and normalized to the spu
slowly increases at I_arger energies. Thgse enhancements ar?eﬁHg yield for aflat surfac¥(E, a, 0) at normal (0) incidence.
smaller than that estimated earlier4, Shietal. 1995) based on  Te thick solid line represents the enhancementin the yield f
the mega electron voltion data. The calculated enhancementsig&sropic incidence as plotted in Fig. 4. The symbols connecte
applicable to smooth flat surfaces bombarded by isotropic p"i‘ﬁiathin line correspond to different grain sizes (crossesy

ma, like large grains in planetary plasmas, that is, whenever %ares 0.8:m: down triangles, 0.4m: up triangles, 0.Lim:
ion penetration depth is small compared to the size of the body.

2.2. Sputtering of Small Grains 104

When the penetration depth of the incident particle becomes 9_‘ —X—16L 0\0
comparable to the grain size, sputtering increases in comparison ] —0—0.8pu /
8- —V—0.4 o
3.0 . —A—o0du O/Z
> | —o—o001pn &
61 —0—0.005 /

Y (E)/ Y(E,0)

<Y(E,0)>,/ Y(E,0)

AN

\

|

N

W\

X

N

A
o
&
v

(=] 5
J 1 //A v/

25 -

2‘0 ] 1 T T T T

0.1 1 10 100
T T T T Energy (keV)
0.1 1 10 100
Energy (keV) FIG.5. Enhancement in the sputtering yield for ice grains as a function o

the incident O ion energy, given for different grain sizes. Yields are average
FIG.4. Angle averaged sputtering yield on water—ice versus incident O i@ver all incident angles and normalized to the sputtering yield for flat surface
energy normalized to the yield at normal incidence. normal incidence.
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10 L : : distribution to the ion distribution at each satellite’s radial dis
1 50 tance (Juraet al. 2001), while we interpolated values betweer
9 100 satellites. Writing ¥ (E, a) — 1] in Eqg. (2) accounts for the im-
1 planted incident particle. As seenin Fig. 2b, the energy at whic
89 20 the sputtering yield equals one+s650 eV implying that, if one
1 ignores the incident #, there is no net mass flux to the sur-
71 face. That is, for each incoming heavy ion one water molecu
g T is sputtered from the surface. Below that energy incoming ior
~ 6200 produce grain growth by implantation as the reflection probabi
LE 1 10 ityissmall. The factorf (E, U) =[1 — %],whereu represents
< 57 the grain potential ané& is the ion energy in electron volts, ac-
1 counts for the change in the geometrical cross section due
47 5 Coulomb attraction or repulsion. This factor is relevant only fo
1 energies<100 eV, since the estimated E-ring grain potential doe
31 » not exceedt10 V. The corresponding effective impact energy
] E in Y(E, a) for charged grains in Eq. (2) becomEs- eU.
2

"(')'61 T ""6'1 T 1' T For the E-ring grain potential we use valges from mel .
’ o (1995), which are found to be consistent with the E-ring orbite
grain size r () dynamics simulation (Dikarev, 1999). Total sputter flux per uni

FIG.6. Relative sputtering yield versus grain size for different incident imgram a_rea vgr_sus radial distance is given in Fig. 7. Beginnir
energies in keV. Yields are averaged over all incident angles and normalized¥@@" Mimas, itis seen that sputter flux decreases, becomes ne:
the sputtering yield for a flat surface at normal incidence. flat between Enceladus and Tethys, where most of the E-ril
material is concentrated, and decreases further away. This f

diamonds, 0.05:m; circles, 0.01xm). As seen in Fig. 5, for region is where the higher energy plasma population is deplet

50-keV Of ions impacting grains the yield increase as the graﬁ“Je to absorption by ring particles as observed by Voyager LEC

) : : L tectors.
size decreases; for a 1,80 grain the increase in yield due to thede ) . . ,
grain-size effect is less than 10%, for Qur grains it is about After being sputtered from a grain, the ejectegCHorbits

50%, while for 0.1um grains it is almost a factor of 3. GrainsSaturn (as O, OH, or O) until ionization occurs. The energy

larger than~2 um can be treated as a semi-infinite target foclii_stribution of neutrals sputtered f".)mZD was measured by
energies below 200 keV. Another interesting feature displaygdlemanrlet al.(1984) and can be written as

in Fig. 5, best seen for the smallest grains (Qu@%, 0.01.m), is 2UE

that as the energy of the incident ion increases the relative yield Fe(E) = ETU) 3)
goes through a maximum and decreases. This effect, previously s

observed in sputtering experiments on thin foils, results fromith Us = 0.055 eV as an effective “binding energy” (Johnson
the fact that, as the foil become much smaller than penetratibd90). The average velocity of water-like neutrals given i
depth of an ion, the total collisional energy deposited in the foil

(and, consequently, the sputtering yield) starts to decrease. In

this case, the incident ion zips through the grain (foil) without 6x10

inducing a major collisional cascade. In Fig. 6, we replot the . — 1 graf”

results from Fig. 5 as the relative sputtering yield versus grain 5x10° | Tm-- 0fn grain g

size for different incident ion energies from2to 200kev. & | . 77 0.01 u grain
ax10°

3. E-RING EROSION

The outgoing flux sputtered from a grain with radaygre- 3x10°
sumed to be primarily ED for the temperatures of interest at

Saturn, is calculated using

2x10°

Sputter flux (H,0 mol/cm’/sec)

Fs(@) =n / f(E,U)[Y(E, a) — 1]®(E)dE, 2

1x10° , , , ]
35 4.0 45 5.0 55 6.0
Radial distance (R,)

whereY(E, a) represents the angle averaged sputtering yield
(Y(E, @) given in Fig. 4 andd(E) is the differential flux of
incoming ions per steradian, which is assumed to be iSotropiCiG.7. sputter flux from E-ring grains for different grain sizes versus radia
For Of, ®(E) is obtained using a recent fit of an extended kappisstance in Saturn radii.
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Eqg. (3) corresponds to 4 energies of~0.5 eV. Since the a ‘ '
neutral densities near Enceladus are in excess of 1006 cm 40 | corotational velocity
(Richardsoret al. 1998), this “thermal” motion of the orbiting
neutrals can lead to impact on E grains and, possibly, a grain
growth (Johnsoet al.1989), a process that competes with sput-
tering. In addition to the “thermal speed” of water-like neutrals
resulting from Eq. (3), grains move relative to the dense neu-
tral cloud and sweep up the neutrals. The dynamics of smaller
grains, if sufficiently charged, are affected by the Lorentz force.
Very small grains with a high charge-to-mass ratio essentially
behave like plasma particles corotating with the magnetic field =~~~ |.keplefianyeloclty o
(Burnset al. 1980). Assuming circular orbits, the relative grain 10 | .
velocity with respect to Keplerian velocity is given by Burns ' :
1E3 0.01 0.1 1
et al.(1984) as

Grain radius a (p)
q BoR3 w
= — 1-— 4
"Tom R Q) @

with € as the orbital angular velocity the planet’s spin rate,
and By as magnetic field at Saturn’s surfaBe= Rs;. As an
example, in Fig. 8a we plot the grain velocity for different grain
sizes at Enceladus’ distance (3.B5) for a grain potential of
—5.5 V. Grains smaller than 0..m are subject to acceleration
by the Lorentz force while grains smaller than O 0t develop

a relative velocity larger than 10 km/s.

The calculated neutral accumulation on a grain, resulting from
the flux determined using Egs. (3) and (4), is given in Fig. 8b.
It is seen that 0.01em grains, due to their substantially larger-
than-Keplerian velocities, accumulate about four times more 25 4'0 4'5 5'0 s 50
neutrals than larger<{0.1 um) grains. However, the sputtered ' ' ’ ‘ ' ’
flux is always substantially larger than accumulated flux even Radial distance (R,)
in the most dense part of the neutral cloud. The eccentric orbits
are expected to develop over time (Horaefal. 1992), imply- -
ing non-uniform grain velocities that are not accounted for in T 'mooganm
Eq. (4). Although this will slightly influence the accumulated wo b g; 1”u g:::: ]
flux (Fig. 8b), an order of magnitude larger sputtered flux is -
seen in Fig. 7. We conclude that the accumulation of the neu-
trals cannot produce grain growth unless the average energy of
the neutrals is seriously underestimated.

Based on light scattering observations, Showaitei.(1991)
modeled the normal optical depth of the E-ring as

L 15
T = T0(3—95> for L <3.95

30
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with maximum optical depth at Enceladusﬁ(s Rs) 70 = 1.5 x FIG. 8. (a) Grain velocity for different grain sizes at Enceladus’ distance
107° (see also Nicholsoat al. 1996). For their assumeddm (3.95R) for the grain potential 0f-5.5 V. Larger grains, like satellites, move
grainsizewithp = 1 g/crr?, the peak density is 180 grains per With K(_aplerian velocity (dqtted). S_uffici_ently ;mall grains_ are picked_up by mag
square centimeter of the ring. Integrating the total net sputter flogtic field and.corotate with the field lines (|.g., corotational velocity, dasheo'L
over the surface area of the E ring as a function of radial distarf) Accumulation of the neutral flux on a grain, a process that competes wif

. . 9 6 % ttering. Very small grains (0.Q4m) accelerated by magnetic field “sweep”
L in Eq (5) gives a source rated® x 10?6 H,O molecules/s for up

) - ) ! ; neutrals. (c) Sputtering lifetimes for the E-ring grains at different radial dis
the assumed uniform-size/dm E-ring grain population. tances (in Saturn radii).
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Finally, in Fig. 8c we plot the lifetimes for different grain sizeit, a neutral was considered lost when its path intersected t
based on the sputtering flux given in Fig. 7 and our model fposition of one of the moons. For neutrals crossing the ma
enhanced sputtering of small grains (Figs. 5 and 6). It is impaings, a 0.9 collisional probability was assigned, while the prok
tant to note that this calculation gives only the lifetime againability for collision with E ring was based on this ring’s local
sputtering losses at a given radial distance. Over time, gragensity. The spatial profile of heavy neutral lifetimes agains
can attain eccentric orbits (Horangt al. 1992) and the total ion-, electron-, and photo-induced ionization was based on tl
time spent at each radial distance should be taken into acco2id plasma model given by Richardsen al. (1998). Those
to estimate the sputtering lifetime for a grain on a non-circuldifetimes determine the survival probability at each time step i
orbit. The lifetime of a 1xm grain is about 50 years betweera Monte Carlo procedure. A typical time step of 10 min wa:
Enceladus and Tethys, which is much shorter than previously eseded, since the distance a neutral travels over a longer til
timated sputtering lifetimes (1000 years, Heifall. 1983), while step could move it to a region with a substantially different life-
smaller grains disappear more rapidly: in year®.(L um) or time, especially when close to the equatorial plane. Beyond :

even months~0.01 um). Rs, rapid centrifugally driven transport of plasma begins an
the underlying plasma model starts to break down (Richardsc
4. NEUTRAL CLOUD MODEL 1998). Therefore, molecules straying beyondri are excluded

from our calculation and counted as lost. For simplicity, the co
H,O molecules sputtered from the satellites and E-ring graitisional momentum transfer between corotating plasmaions ai
are ejected into the magnetosphere, forming a neutral clotutrals is not included here. The estimated collisional lifetim
(Johnsoret al. 1989). To obtain the resulting densities of wateref OH near Enceladus is 178 days, compared to OH lifetim
group neutrals, we constructed an orbital simulation code whitg ionization loss of about 80 days (Richardson 1998). Thu
follows molecules in Saturn’s gravity field. The initial veloci-while most OH is ionized before it is collisionally scattered
ties for the neutrals ejected from the orbiting satellites or E-rirgpme small spreading of the neutral cloud will occur, which w
particles were selected randomly, using the energy distributida not yet account for in our simulation.
given in Eq. (3). The calculation was performed until an equilibrium betwee
The full, three-dimensional density of the E ring was used &ource and loss rates was achieved, giving a steady-state n
describe the ring source. In addition to Eq. (5), we use the verti¢gdl population. The resulting heavy-neutral densities are the
thickness as a function of radial distance given by Showaltégcorded as a function of the radial distance from Saturn and t

etal.(1991), vertical distance from equatorial plane. The OH fraction of th
water-like neutral population, given by Richardsairal. (1998)

1 wg\ 5 as a function of radial distance, was used to determine the |

o(L)= Q) w3<w—3> , (6) sulting OH density, for comparison with the OH cloud derivec

from the HST observations.

wherews = 5900 km represents the thickness at radial distanceTyplcally 50,000 particles were ejected from the E-ring an

L — 3R.. Forthe thickness at = 8R., we usays — 18000 km satellites randomly, one each time step, and followed over
- S+ - Sy —_ [

based on the recent HST measurements of Nichottoal period of 6-14 months until equilibrium was reached. The don

(1996). The source grains were randomly choosen on Keplerlglﬁnt loss mechanisms were lonization (90%), collision wit

orbits inside the E ring and each neutral in the simulation Wg&ain rings (5%), and escape beyondR$(4%), while colli-

emitted from a grain in a random direction. The submicrome;f‘Qns with the satellites and the E ring occurred less frequent

0
grains, which are presumably the principal source of plas zf,l/o of total losses).

are not expected to acquire significant eccentricity (contrary to
1-um grain) as found by Horanyt al. (1992) and Dikarev 5 RESULTS
(1999). For instance, for a 0/6m grain with a sputtering life-
time of about 10 years the eccentricity would progress only to Based on the calculated erosion rates, if the E ring is assum
0.05 (Dikarev 1999). to consist of 1u grains (Showalteet al. 1991), its source rate
The heavy neutrals consist 0§&, OH, and O molecules with is at most 45 x 10°® H,O molecules/s. The combined satel-
different ionization lifetimes. The fraction of the population fotite sputtering sources estimated earlier gave 0:8:#° H,O
each species was calculated locally by Richardstal. (1998) molecules/s (Juraet al. 2001). The total production by satel-
as afunction of the radial distance. The average lifetime of healitgs and E ring together is smaller tha® & 10°° or about order
neutrals was determined based on the lifetime and the fractimihmagnitude less than total source rate derived by Richards
of each individual species. et al. (1998) of 14 x 10?’. Although the calculated sputter-
The coordinates and velocity vector for each molecule weirgg rates are affected by the uncertainties in plasma paramet
recorded at each time step until the molecule was lost from thad surface properties of the satellites (Jurtal. 2001), this
population by ionization or by a collision with a satellite, maimiscrepancy is well beyond uncertainties in the calculated pr:
rings, or the E ring. As the moons were followed on their oduction rates.
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The grain-size distribution produced by collisional disruptionbservations, so we conclude that even if the satellite sputteril
of ice yields the inverse power-law grain size distribution,  is seriously underestimated, satellites alone could not produ
n the neutral/plasma torus observed in the Saturnian magne
N(@da=CaTda, (7) sphere. The same conclusion is reached for the case of the mic
wherea is a grain radius andN(a) da the number of parti- meteorite bombardment of satellites as the possible source, sir
cles betweem anda + da (Burnset al. 1984). The power in- the radial distribution of the neutral cloud substantially deviate
dexn for ice-on-ice experiments ranges from 2.9 to 3.7 (Kativom that observed. On the other hand, the sharp peak of the
et al. 1995, Arakawa 1999), essentially showing that collision$ng density and the overall spatial structure indicate that eithe
would produce much larger numbers of submicrometer-size thitne E-ring is the dominant source, or that the neutral cloud ar
micrometer-size particles. For such valuempsmaller parti- the E ring must have a common origin. Here we present tw
cles account for most of the surface area, while larger particlesses for which the closest fit to observations is obtained.
account for most of the mass. For the power size index3, Figure 9a shows a contour plot of the resulting neutral clou
the scattering cross section is dominated by small particles, fer the large E ring: the satellite sourcesx1L0?%) plus the
sulting in a reflected spectrum dominated by the blue wavE-ring source, giving a total.2 x 10?” H,O/s. Here the E ring
length (Throop and Esposito 1998). If the E-ring material is rés the dominant source of plasma with radial and vertical struc
supplied by collisions, either by the orbital collisions observetire given by Egs. (5) and (6), but with 25 times more surfac
by Roddieret al. (1998) or by the Hamilton and Burns (1994)area. In this hypothetical scenario we explore the possibilit
model, a significant submicrometer population should be intrttat a large population of “hidden” submicrometer grains is dis
duced in the vicinity of Enceladus. tributed throughout the E ring, which are not observed optically
A uniform-size (~1 um) E-ring population provided a betterAlthough the satellite sources are included here, they contribu
fit to the scattering observations (Showakeéirl. 1991) than a little to the cloud structure. The general morphology of the clou
power-law size distributions (Eq. (7)) with different indices (Fig. 9a) is similar to that of the cloud derived by Richardsor
Many possible distributions could satisfy the data (see, for iet al. (1998), shown in Fig. 9¢c. Due to the plasma-neutral colli
stance, Throop and Esposito 1998, Buetel.1984). The prefer- sions, not accounted for in our cloud model, the lower densit
ential sputtering of small grains will modify an initial power-lawcontours at larger radial distances from Saturn-( 6) are sub-
distribution, which may significantly differ from the fits chooserect to more uncertainties than at the higher densitiet fer 6.
by Showalteret al. (1991). Thus, the observed micro-signaturBesides the exact position of the peak density, the main diffe
in the Voyager 2 plasma data at Enceladus by Paranicas amde between Fig. 9a and Fig. 9bis that the high-density contot
Cheng (1997) may beorerepresentative of the total surfaceare more concentrated near the equatorial plane than those gi
area than the light-scattering observations. They found that 2p Richardsoret al. (1998) (Fig. 9¢).
times the surface area of Enceladus is needed to account fdfrigure 9b shows the combined neutral densities for the sate
the observed micro-signature in the Voyager data. The authbts sources (Ix 10°%) plus the “regular” E-ring source (® x
concluded that some of their assumptions might be incorret€?®) and, an additional large source near Enceladus’ orbit,
since such an object would certainly have been observed phataling 14 x 10?” H,O/s. That is, we assume a large source
tometrically. We believe that the observed signature is maintgar Enceladus, approximately 50 times its surface area cc
caused by a population of small grains orbiting at Enceladusined in small grains (@ «m). The morphology of the resulting
distance. As discussed later, the additional optically unobserv@#i cloud closely resembles the morphology of the OH clous
macroscopic material is also likely to be present as a sourcedefrived from HST observations (Richardsatral. 1998), espe-
those grains. cially for the high-density contours. This suggests that the mis:
Assuming 25 times the Enceladus’ surface area is junil- ing source is likely located near Enceladus rather than spre
(or larger) grains, the corresponding source rate5s8 x 10°%.  over the whole E ring. As a result we conclude that a large (c
This becomes 6 x 10?6 for assumed 0.}1:m grains or 73 x  the order 18" H,0O/s), concentratedsource is needed near the
10?8 molecules/s for 0.01em grains. This would bring the netorbit of Enceladus.
sputter source to 6—8 10°® molecules/s, still short of 14 This cloud (Fig. 9b) is characterized by high densities (witt
10°®molecules/s required by Richardsatral.(1998), but within - maximum approaching 800 cr#) extending verticaly above the
the range of uncertainty in the plasma model. Our estimate ieguatorial plane. The peak density is aR4 while the cloud
plies that for a source at the orbit of Enceladus about 50 timiegind by Richardsoet al. (1998) peaks at about 4. How-
the surface area of Enceladus is needed to give the suggestast, the neutral cloud densities were measured by HST only
14 x 10?® molecules/s. To put additional constraints on the lafistances of 2, 4.5, 6, and R}, leaving the exact position of
cation of the HO sources, we explore the morphology of théhe peak density uncertain. The outward drift of submicrome
neutral cloud resulted from our model and compare it with ther grains, which develops over time, may also contribute to th
cloud obtained from Hubble Space Telescope observations. shift of the peak density toward Tethys. Dikarev (1999) estimate
A number of simulation runs using satellites as the mathat the most rapidly drifting grains considered, @rh (smaller
plasma sources did not yield a cloud in agreement with the Qjtains exceeded the accuracy of the method used), can cross
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FIG.9. (a) Neutral cloud for a large E-ring source distributed through E ring. OH densities for the satellite souxcE®E{H,O molecules/s) plus a large
E-ring source, both totaling.4 x 10?”. (b) Neutral cloud for a large source concentrated near Enceladus. OH densities for the satellite soufd®8 H,0
molecules/s) plus E-ring source.§0< 10%%) plus a large source near Enceladu6lx 1077), which is about 50 times Enceladus’ surface area. Total sourc
rate is 14 x 10?7, equal to that in Figs. 9a and 9c for comparison. (c) Neutral OH cloud derived by Richadab(1998), based on Hubble Space Telsecope
observations with lines-of-sight shown.

E ring in about 15 years, while their sputtering lifetime is abouEnceladus but a strong signature was present in all electr
2 years (Fig. 8c). Consequently, the submicrometer grains ared ion channels upstream. They suggested that “clumping”
sputtered fast, and their contribution to the neutral cloud shoutte E-ring material might be responsible for the observed ph

remain localized between Enceladus and Tethys. nomenon. Paranicas and Cheng (1997) concluded that about
times the absorbing area of Enceladus is needed between Er
6. DISCUSSION ladus and its Lagrangiarslpoint to account for the observedion

micro-signature. Only a marginal optical evidence of additione
The orbital simulations presented here show that alarge sountaterial near the 4 point was reported by Bauet al. (1981).

of H,O neutrals is needed near Enceladus to explain the meaThis optically unseen “absorbing area” for ions is an effectiv
sured OH densities (Richardsenhal.1998). A number of other source of neutrals, since these ions missing from the local pc
peculiarities associated with the E ring show that there are signifation will sputter away a large amount 0@ neutrals when
icant gaps in the present understanding of that region. Carbanpacting icy material. If the sputtering is the principal mecha
et al. (1983) reported a “true anomaly” in the plasma microaism for H,O re-supply, then the surface area of the E ring mu:
signature measured by Voyager 2: no signature was obserbbedmore than an order of magnitude larger than that inferre
when the spacecraft was in the plasma wake downstreamfroim the optical observations. The surface area estimated frc
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light scattering observations (Showaltgral. 1991, Nicholson grain-size distribution is formed. The tiniest grairg@.1 pm)
etal.1996) is based on the assumption that the E ring consistsaoé small enough to be picked up and accelerated to the coro
a narrow-size Jtm grain population. For purpose of modelingional speed and remain in the neighborhood of Enceladus’ ort
those observations, a guess should be made about a grain{dkarev 1999). These grains move several times faster than t
distribution, and many possible distributions could satisfy theeplerian speed, thus frequently colliding with larger fragment
data (see review by Burret al. 1984). Also, the optical obser- and contributing to their further erosion.
vations are insensitive to the grains smaller thary0ri, which A recent observation of a bright arc around Enceladus b
scatter light inefficiently. Roddieret al. (1998) provides support for this scenario. Authors
We propose that a large population of submicrometer graiagyue that the observed arc consists of small (m) particles
near Enceladus could resolve the discrepancy between optmalduced by an orbital collision. Based on the observed sligl
and plasma observations. As discussed earlier, submicromatetination of the arc (1.8 degree) and its orbital radius, which i
grains have short lifetimes and must be replenished frequentirgerthan Enceladus’ (242,600 instead of 238,000 km), Roddi
If the E ring is the principal source of plasma, what possiblet al. (1998) speculated that a large ice block collided with ice
mechanism could be responsible for re-supplying E-ring grainka8gments trapped near the Lagrangian point. This collision,
Hamilton and Burns (1994) proposed a model in which thed&bserved by chance, was bright enough to be noticed. If tt
ring is self-sustained by grain collisions with Enceladus. In theinacroscopic material near Enceladus’s orbit was produced |
model, micrometer-size grains are driven to eccentric orbits bycatastrophic disruption as we suggest (i.e., follows a powe
the Lorentz force and solar radiation pressure, colliding witaw size distribution, with the predominace of smaller bodies)
the surfaces of icy moons and ejecting new grains. These hypeitarger number of smaller collisions are likely occurring anc
velocity collisions also evaporate some material, likely ejectimgmain unnoticed.
H,0 from the satellites and main rings (Ip 1997). Ice-on-ice col- From the rapid disappearance of the arc, Rodeliat.(1998)
lision experiments (Katet al. 1995, Arakawa 1999) have yetconcluded that the particles evaporated. Since any evaporati
to determine the efficiency of this production from grainy andiould have likely occurred immediately after the impact, we
porous surfaces, and the fraction of produce®Hhat would believe that a large amount of submicrometer particles was r
escape from the satellites. However, the grain—-moon collisioleased in that collision. They became negatively charged by t
would produce a large number of submicrometer grains, whishrrounding low-energy electrons (Juetal. 1995) and quickly
we have shown are preferentially depleted by sputtering. Thue;distributed by the corotating magnetic field. The brightnes
the power-law grain distribution expected to result from collief the arc decayed to about one-half of its original brightnes
sions would be driven toward a narrow-size distribution, in bettduring one hour of observations. The amount of extra electror
agreement with the observations by Showadteal. (1991). The necessary to develop a typical grain potential-& V around
sputter erosion of grains will also impact the orbital dynamidsnceladus is collected in about 20 min (Dikarev 1999), puttin
of the grains, which is very sensitive to the grain radius. Withoitton the same time scale as the arc’s dissapearance. As shc
a new orbital simulation, which includes mass loss over time,iit Fig. 8a, depending on their size, the charged submicromet
is hard to speculate on the further implications that small gragmains would acquire different orbital velocities, and the featur

erosion would have on the proposed model. would appear to fade away due to the spreading of the materi
We suggest an alternative explanation to the Hamilton and
Burns (1994) model: mutual collisions of icy fragments near 7. CONCLUSION

Enceladus, possibly remains of a satellite at tepaint that was

previously broken apart and subsequently fragmented. Smallemn this article, we created a detailed model of the sputtel
(~15 km) bodies exist near the Lagrangian points of two otharg of small ice grains by energetic plasma ions to examin
near-by satellites: Telesto aj land Calypso at & near Tethys, the sputtering effect on the E-ring grain population. We showe
and Helene at §.around Dione. If a similar object was presenthat the E-ring grain erosion occurs much faster than previous
around Enceladus, and was consequently disrupted, a large nastimated, in about 50 years fondn grains compared to previ-
ber of smaller bodies would be present. A similar scenario wasas estimates of £0years (Haffet al. 1983) and 6< 10° years
proposed earlier for the G ring: the largest remaining fragmer{tdorfill et al. 1983). This result places tight constraints on the
from the initial disruption become G-ring parent bodies, whicbrbital-dynamics calculations of the grain motion, as the grain
act as sources for the observed dust ring (Showalter and Cuea typically followed for hundreds of years when describing th
1993, Canup and Esposito 1997). Most of the mass would &eolution of the E ring. This result also shows that grains mu:
contained in larger (meter tekilometer size) objects, while be re-supplied much faster than previously thought to maintal
most of the surface area would be contained in smaller graitise E ring.

We suggest that the grains are re-supplied by orbital collisionsAn orbital simulation model of the evolution ofJ® molec-
between large icy fragments, and simulteneously sputtered awags emitted from the satellites and the E ring, although nc
forming the neutral/plasma population. Once a large fragmetly self-consistent, is employed to place constraints on th
is futher broken apart by a hard collision, an initial power-lawossible plasma/neutral sources in Saturn’s magnetosphere.
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concluded that an additional large source concentrated nearghes, J. A., M. R. Showalter, and G. E. Morfill 1984. The ethereal rings o
orbit of Enceladus is needed to account for the observed OHupiter and Saturn. IRlanetary Ring{R. Greenberg and A. Brahic, Ed.),
neutral cloud. We showed that a surface area 25 times larget 21-56- Univ. of Arizona Press, Tucson. _ _
than Enceladus, as implied by energetic particle signatures nga?up, R., and L. Esposito 1997. Evolution of the G ring and the population ¢
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the orbit of Enceladus (Paranicas and Cheng 1997), would pro—b 3 Fp S ,\ji_ - dWaH o 1083, £ ic particle microsi
- ary, J. F., S. M. Krimigis, and W.-H. Ip . Energetic particle microsig
dupe m_ore than _half of the n,e!'ltrals needed. S,m(,;e the plas tures of Saturn’s satellites. Geophys. Re88, 8947-8958.
micro-signature is most sensitive to the material in the space-

oL . (i,eneng, A. F., and L. J. Lanzerotti 1978. Ice sputtering by radiation belt protor
craft vicinity, it is possible that the actual amount of the absorb-,nq the rings of Saturn and UrandsGeophys. Re83, 2579-2602.

ing area spread over the ring region is larger than that detecteg)i ey, v. v. 1999, Dynamics of particles in Saturn’s E-ring: Effects of charge

asingle Voyager pass. We estimate that about 30—60 times of theyiations and the plasma drag foréestron. Astrophys346, 1011-1019.

Enceladus’ surface area, depending on the grain size choseRcigtein, W. 1991Computer Simulation of lon-Solid Interactior8pringer,

needed to account for the neutral production rate.4f110?7 Berlin.

H,O/s derived by Richardsoet al. (1998). A source of these Eviatar, A. 1984. Plasma in Saturn’s magnetosphk@eophys. Re89, 3821

grains, as argued earlier, may be the icy fragments near the orb#28.

of Enceladus (||ke|y contained around Lagrangian points), pdgan-Baruch, Z.,A. Eviatar, J. D. Richardson, and R. L. McNultt, Jr. 1994. Plasn

sibly remains of a disrupted satellite. Orbital collisions between®Pseérvations in the ring plane of SatudnGeophys. Res9, 11063-11077.

those fragments of ice are suggested as the production m f, P. K., A. Eviatar, and G. Siscoe 1983. Ring and plasma: The enigmae
Enceladuslcarus56, 426—439.

anism for a large submicrometer grain population needed as a
source Hall, D. T., P. D. Feldman, J. B. Holberg, and M. A. McGrath 1996. Fluorescer
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plasma and grain densities may be expected. In fact, time vaigniiton, D. P., and J. A. Buns 1993. OH in Saturn's rinlsture 365
tions in plasma densities may be the reason for the difficulty in49s-49s.

obtaining self-consistency between sputter sources and the nedianyi, M., J. A. Burns, and D. P. Hamilton 1992. The dynamics of Saturn’
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additional unobserved macroscopic material might be presémiv.-H. 1997. On neutral cloud distributions in the saturnian magnetosphet
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