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Abstract. The Pioneer 11, Voyagers 1 and 2 encounters with Saturn provided a

wealth of information about its complex magnetosphere. The magnetic dipole

moment of Saturn is rotationally alligned and only one-fifth of teat expected

from pre-encounter modeling. The bow shock stand-off distance is about 22 RS

and varies with solar wind pressure proportional to p-1/6 . The satellites

Titan, Dione and Tethys are probably the primary sf,urces of magnetospheric

plasma. For < 10 keV thermal plasma, g < 1 in most of the magnetosphere, but

contributions from - 20 keV plasma may increase this value significantly.

Outside of -4 RS , energetic particles are energized by diffusing inward while

conserving their first and second adiabatic invariants. Particles are lost by

satellite sweep-out, absorption by the E ring and probably also by plasma

interactions, which produce a slot region betwen 4 and 9 RS . The inner

magnetosphere is characterized by a cold plasma population WO eV/charge),

which probably consists primarily of 0+ aid his a scale height from the

Equator of only 0.2 RS , Intense penetrating radiation exists in the inner

magnetosphere from 4Ry to 2.265 RS , which coincides with the outer edge of the

A ring. The energetic protons >50 MeV have approximately the spectrum

expected from a cosmic ray albedo neutron decay source. A proton component

below 0.5 MeV was also found, as well as an electron flux with energies

primarily above 1.5 MeV. Submicron charged dust grains constitute a new type

of magnetospheric part;cle and nheir properties may explain the evolution of

the 6 ring spokes and other B ring features.
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Introduction

Serious thought was given to the possible existence of a magnetosphere

at Saturn after the discovery in 1955 of de-ametric radio emission from

Jupiter. Between 1959 and 1962, it was shown that the decimetric emis,ions

were due to synchrotron radiation emitted by relativistic electrons tripped in

Jupiter's magnetic field. Saturn's magnetic field strength, when scaled from

Jupiter's field by the "magnetic Bode's Law", was strong enough to suggest

observable radiation from that planet as well. Both ground-based and pre-

Voyager space obscr •vations detected radio noise that could be attributed to

Saturn; but the attribution was uncertain at the time, and we now know from

Voyager observations that it was incorrect.

Modeles of a potential magnetosphere of Saturn (Kennel, 1973; Scarf,

1973; Siscoe, 1978) were developed to support planning of NASA missions to the

outer planets. These models were based on extrapolations from the terrestrial

magnetosphere but predicted also significant differences compared to the

Earth's magnetosphere, such as the presence of magnetospheric plasma out to

the magnetopause, corotation-induced distortion of the magnetic field, and

energetic particle sweep-out by the rings and satellites of Saturn. The

modeliny also s l3owed that reIdtively intense electron fluxes could exist near

Saturn without pre-icing strong enough synchrotron radiation to be detectable

at Earth.

The Pioneer 11 fly-by of Saturn on September 1, 1979 provided the first

definitive proof that a magnetosphere surrounded Saturn. Our present

knowledge is based entirely on the observations performed with Pioneer 11 and

Voyagers 1 and 2 (Fig. la). The three spacecraft entered the Kronian

magnetosphere near the subsolar point; Pioneer 11 and 7oyager 1 near the

Equator and Voyager 2 at a latitude of +l!°. The Pioneer 11 and Voyager 2

PRECEDING PAGE BLANK NOT FILMED
j



4

post-encounter trajectories were toward dawn or about -90' from the Saturn-Sun

direction, and Voyager 1 penetrated the pre-dawn magnetotail to exit the

magnetosphere at a solar clock angle of -140'. The Kronian latitude coverage

is shown in Fig. lb. It should be borne in mind that in-situ observations

were made only over a restricted region of the magnetosphere. Extrapolations

to other regions, even if based on sound principles, carry a substantial risk.

Most of the primary results have been published in special issues of

several journals. The following issues contain collections of Pioneer 11

results: Science_, 207, No. 4429, Jan. 25, 1980; and J. Geophys___Res., 85, No.

All, Nov. 1, 1980. The Voyager results are published in Science, 212, No.

4491, April 10, 1981; Science, 215, No. 4532, Jan. 21, 1982; Nature, 292, No.

5825, Aug. 20-26, 1981; 0. Geoph ,_s._Res., 87, No. 10, March, 1982; J. Geophys__

Res., 88, No. A2, Feb. 1 1183; and J. Geophys. Res. 88, the special Saturn issue

due in Sept.. 1983. Tan Geh rels, editor, is preparing a bock abcut Saturn to

be published in 1983 by the University of Arizona Press. With such a wealth

and diversity of new information, this review would have been unmanageable

without imposing rather arbitrary limits on its scope. In particular. WP will

discuss neither the optical radiations from the neutral gas and plasma in the

magnetosphere nor the waves generated in the energetic particle plasma

interactions. For an interdisciplinary summary of results, see Opp (1980) and

Stone and Minor (1981, 1982). Plasma wave phenow.n3 are covered in a companion

report by Anderson (1983).

As expected, Saturn's magnetosphere is intermediate between the magneto-

spheres of Jupiter and Earth. It resembles the terrestrial magnetosphere in

the magnetic field strength at the surface, the inward diffusion and

energization of trapped energetic particles and the importance of cosmic ray

albedo neutron decay (CRAND) as a source for inner belt protons. It resembles
1
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Jupiter's magnetosphere by the presence of relatively dense plasma in the

outer magnetosphere to the magnetopause. Titan and the inner satellites and

rings appear to be important sources of magnetospheric plasma. Absorption by

the rings and satellites greatly modifies the energetic particle population

and, in some respects, is even more important than at Jupiter.

The positions of the bow shock and magnetopause are determined by a

pressure balance between the solar wind pressure and the planetary dipole

field. The magnetopause was encountered between 17.3 and 23.6 R S 0 RS =
60,330 km) on the inbound passes and between 30.3 and 70 R S on the outbound

passes. The magnetosphere itself can be divided into four regions with

distinctly different characteristics (Fig. la):

(1) Outer Magnetosphere and Magnetotail (magnetopause to 9 R S ), This

region is populated by soft (< 1 MeV) electron and proton fluxes which become

more intense and harder closer to Saturn. Cosmic-racy protons above 2 MeV have

free access. Titan, ohich is generally inside the magnetosphere, is a major

source of thermal plasma with densities between 10- 2 and 500- 1 ions cm-3.

Plasma densities and energetic particle fluxes undergo large spatial and

temporal variations and particle acceleration occurs in the magnetotail.

(2) Slot Region (9 - 4 RS). The E-ring and the satellites Rhea, Dione,

Tethys and Enceladus control .he characteristics of this region (Fig. la and

Table 1). They are probably the source of a relatively dense, multicomponent

plasma of 0.5 - 3 ions cm- 3 (Fig. lb). Energetic protons, ions and low-energy

electrons are heavily absorbed in this region. Inward diffusion of particles

from the outer magnetosphere appears to s ,*op at Cnceladus.

(3) The Inner Magnetosphere (outer edge of the A ring to 3.9 R S ). The

temperature of both the ion and electron plasma decreases with radius and the

plasma is confined near the Equator. A source of high-energy protons (50-200
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MeV) exists in this region. These energetic protons are due to the decay of

neutrons resulting from the interaction of cosmic rays with the ring

material. High fluxes of energetic electrons (> 1.5 MeV) are also found.

(4) The Ring Region k 2.265 RS ). The only energetic particles

observed under the A, B and C rings are galactic cosmic rays and their

secondaries produced by interactiins with the ring material. Because of the

large energy loss in crossing the ring plane, their lifetime is 112 to a few

i	 bounce periods. An as yet little studied phenomenon in this region is the

motion of charged dust grains in a magnetic field. '..ie so-called spokes seen

superimposed on the B-ring appear to be one manifestation of this phenomenon.

The Magnetic Field

The magnetic field defines the size and shape of the magnetosphere (Fig.

2) and is made up of the following three components:

(1) the field generated in the interior of the planet;

(2) the field from magnetosoheric currents, specifically the Equatorial

ring curre:it and the cross-tail current; and

;3) the field of bound,ry currents at the magnetopause.

The proposed field models include primarily the planetary field and the

field due to an equatorial ring current. The model fields are derived from a

scalar- potential which can be specified uniquely only if the fie',d is known

over a spherical shell; thus, the scalar potential derived from a single fly-

by of Saturn is not unique. The Picneer 11 data are consistent with a

planetary dipole with a moment c'' 0.20-0.22 G-R S 3 (or 4.4x10 28 G-cm'),

aligned tc < 1° with the spin axis and offset by 0.04 RS toward north (Acu?(a

and Ness, 1980; Acutta et al, 1980; Smith et al., 1980a,b). These results

require a trade-off between the strength of the ring current and the magnitude
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of the dipole moment. A number of alternative harmonic expansions of the

potential function give a sat i sfactory fit (Smith et al., 1980b).

The Voyager 1 magnetic field data are consistent with a 0.8 0 dipole tilt

and no north-south offset (':ess et al., '1981). External ring current para-

meters were calculated by fitting data within 16 R S (Acuffa et al., 1981;

Connerney et al., 1981), and these were used in further iteration of the

planetary field. The best representation (Fig. 3) was a central dipole of

0.21 G-R S 3 with a tilt of 1.0 ` toward an SLS longitude of 340° (for a

definition of SLS longitude, see Desch and Kaiser, 1981). The internal field

should not change significantly betwe^n encounters; therefore, different

missions should give the same coefficients for the harmonic expansion of its

potential. Connerney et al. (1982) found that this is only possible for the

Voyagers 1 and 2 missions if octopole (9 30 ) and ring current terms were

included (Table 2). They refer to this field potential as the "Z 3 " model

(Fig. 4) which was constrained to be axisymmetric; however, the low value of

the residuals (3 nT r.m.s.) indicates that any asymmetric terms are small and

hard to separate from the effects of external currents (Acufla et al., 1983;

Connerney et al., 1983). The 9 30 term is very important for defining the

magnetic field over Saturn's surface (Fig. 5) and a f fects our interpretation

of ionospheric, auroral and ring plane phenomena.

Ener getic particle absorption signatures provide an independent check on

magnetic field models. Absorption by a satellite cccurs in the equatorial

plane, and particles on either side of the absorption feature follow field

lines to the latitude of the spacecraft. This fixes two poinCs on t`!e field

line and tests the ability of the model to predict the field at a location

where it was nut observed. The Rhea signature observed by Voyager 1 confirmed

the presence of a ring current (Vogt et al., 1981). The signatures of Tethys,

,7
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Enceladus and Mimas are consistent with both the spin axis-aligned offset

dipole model and the Z3 model but not with the otrcr field models (Acu jVa et

al., 1983; Chenette and Davis, 1982). The motion of energetic particles in

the distorted field has been studied by Birmingham (1982) who also evaluated

the line integrals needed in the calculations of bounce and drift periods.

Pre-encounter predictions of the intrinsic planetary field suggested a

moment of 1 G-R S 3 and a tilt of several degrees (Russell, 1980). Dynamo

theories of pianetary ' gilds require at least a small departure from axial

symmetry, but a tilt of only 1° may be adequate (Todoeschuck et al., 1981).

The high degree of axisymmetry and relatively small magnetic moment can be

explained by the model of Stevenson (1980) for the interior of Saturn. In his

model the metallic H - He is differentiated into an inner He-rich core and an

innomogeneous outer layer with differential rotation relative to the inner

core. The smaller .fze of the core explains the smaller magnetic moment and

the differential rotation of the outer conducting layer shields the outside

from the non-axisyrnetric terms of the dynamo field.

Axial symmetry of the overall planetary field leaves us without a ready

explanation for the observed longitudinal asymmetry of Saturn's kilometric

radio emission (Kaiser et al., 1981; Kaiser and Desch, 1982) and of auroral

radiation (Sandel and Broadfoot, 1981). A localized field asymmetry at a high

laiitude, missed by the magnetic field observations, could be the cause.

Solar Wind-Magnetosphere Interaction

Even though significantly different plasmrj conditions are involved, the	 i

solar wind interaction with Saturn's magnetic field resembles, in general,

that observed near Earth. All missions observed a well-defined bow shock,

sheath, magnetosphere and magnetotail. Multiple boundary crossings were

i
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observed by each mission, and the shock-to-planet distance was inversely

proportional to the 1/6 th power of the ram pressure of the solar wind (Bridge

et al., 1981, 1982). This implies -hat the pressure is balanced by the

planetary field rather than by magnetospheric plasma, as is the case at

Jupiter.

The bow shock normal is nearly perpendicular to the magnetic field of the

solar wind. The thickness of this quasi-perpendicular shock has been

estimated to be 1500 - 2 1 00 km (Smith et al., 1980b), which is a few times the

ion inertial length, much larger than the electron gyroradius and much sff.,Ier

than the proton gyroradius.

The shock-to-magnetopause stand-off distance at Saturn appears to be

proportionately thinner than at Earth (Bridge et al., 1981). The field

magnitude in the subsolar magnetosheath (Fig. 6) varies semi-periodically as

the magnetopause is approached (P'oneer 11 and Voyager 1). These large

changes in magnetic field are anti-correlated with the electron density in the

sheath and are consistent with slow mode magnetosonic waves (Leppirg et al.,

1981). The Voyager 1 inbound magnetopause crossings were unique in that the

average position of the magnetopause was almost stationary at that time. The

five observed magnetopause crossings (Fig. 6) have been interpreted by Lepping

et al. (1981) in terms of surface waves on the rt;.ignetopause with a 23-min.

period. The thickness of the magnetopause was found to be 5±3x10 3 km.

The magnetopause position can be represented by a paraboloid of

revolution around the Saturn.-Sun line (Fig. la). Typically, the nose of the

magnetosphere occurs at 22 RS and the tail diameter is 80 RS at 25 R S behind

Saturn with a typical field of 3 nT at 25 R S , This places the boundary

between the polar cap and the trapping region in the ionosphere between 75 and

78.5 0 (Ness et al., 1981) and agrees with the position of the southern auroral

f



10

zone which falls between 78 and 81.5° (Sandel and Broadfoot, 1981).

Magnetopause crossings observed by Voyager 2 during the outbound pass

indicated that, based on this model, the subsolar magnetopause position was at

32 RS . This extremely high value may be due to a^ unusually low solar wind

pressure or to tho possibility that Saturn entered the extended Jovian

magnetotail at that time.

The existence of a Kronian magnetotail is confirmed by the magnetic

field directions inside the magnetosphere. All the outbound passes (Fig. la)

were in the ddIdn direction (-90° to -140° from the Saturn-Sun line) and showed

the distinct onset of the *ail field. The near-Equatorial current sheet moved

past Pioneer 11 several times (Ness et al., 1981; Smith et al., 1980a,b). The

field observed with Voyager 1 in the pre-dawn tail has been modeled with a

dusk-to-dawn current sheet (Fig. 7; Behannon et al., 1981). The major field

fluctuations about the average field are believed to be induced by changes in

the solar wind and are indicative of a major solar wind influence on the

properties of the outer magnetosphere and magnetotail.

Titan-Magnetosphere Interaction.

The interaction between Titan and the partial ly-corotating magnetosphere

of Saturn is of special interest because it is a primary source of plasma in

the outer magnetosphere and because it involves a plasma regime which had not

been explored previously. The opportunity to study this interaction arose

when Voyager 1 passed 2.7 RT 0 RT = 2575 km) behind Titan i;i the sense of
corotation (Fig. 8). While the corotation velocity is 20G km/s, the actual

plasma velocity observed just outbide the interaction region was 80 - 150 km/s

with a 20 0 offset from the corotation direction toward Saturn. The plasma

velocity went to nearly zero behind Titan, (Hartle et al., 1982; Maclennan et
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al., 1982). The plasma parameters give both an Alfvenic and sonic Mach number

of	 0.5. Hn upper limit of 10 21 G-cm3 could be placed on a possible dipole

moment of Titan tNess et al., 1982). Because the inherent field of Titan is

so small, the interaction with Faturn's magnetosphere takes place in Titan's

ionosphere and, in that respect, resembles the solar wind-Venus interaction.

As would be expected with a Mach number below 1, no bow shock was

observed by either the plasma analyzer or magnetometer; instead, Saturn's

field-lines cannot pass in the ionopause of Titan's atmosphere (Fig. 9). As

these field lines are stretched out by the partially corotating plasma, they

drake around Titan and form a bipolar magnetic tail (Ness et al., 1981,

1982b). The plasma interaction was different on the side of Titan that faced

toward the Sun than on the other side which faced Saturn. On the sunlit side,

photoionization added to ionization by corotating magnetospheric plasma and

the corotational electric field (-V x B) pulled positive ions away from Titan

(between points 1 and 3 of Fig. 10). Ions on the dark side were intercepted

by Titan's atmosphere as shown by points 7 to 8 of Fig. 10 (Bridge et al.,

1981; Hartle et al., 1982). The hot magnetospheric plAtima disappeared in the

wake region and wa y r,,! placed by cold plasma from Titan (bite-out region of

Fig. 10). Electron densities were also derived from plasma waves observed in

this region (Gurnett et al., 1982; Neubauer et al., 1983). While these

densities agree with plasma cup data prior to entry into the bipolar tail,

they disagree in the tail where Gurnett et al. observed densities between 10

1	 and 40 electrons cm-3 , as compared to -4.5 cm -3 by the plasma cup (points 4 to
f

	

	 i
6 of Fig. 10). The apparent disagreement is due to the low electron

temperature of --830OK; at that temperature the plasma cup is insensitive to

I	 the bulk of the e l ectrons. The density in the tail can also be deduced from

the positive ion observations if the average ion mass is known. These
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measurements are consistent with densities of 3-7 for N + and —10 for N-, + or

H2CN+ (Hartle et al., 1982). These ion species were chosen because !',r.in's

upper atmosphere co ,,siF+^ primarily of N2 with atomic hydrogen becoming

dominant only above 5000 km.

If the interaction is subsonic, no magnetic signature should be

observable 145 RT from Titan; whereas, such a signature may have been ser,n by

Pioneer 11 when Titan was in the morning side of the magnetos phere (Jones et

al., 1980). A perturbation was observed at the same time in the angular

distribution of energetic particles ( Van Allen et al., 1980a;. If thcsr

effects were due to Titan then the plasma regime must have been quite

different from what it was during the Voyager 1 encounter; however, these

observations may have been due to another cause.

The absorption of energetic magnetospheric electrons (> 0.35 MeV) and

protons (> 0.43 MeV) by Titan is generally consistent with a spherical

absorber having a radius of 3800 km rather than 2575 km which is the radius of

Tian (Vogt et al., 1981). The larger absorption diameter is due to particle

absorption in the upper atmosphere. A detailed analysis of the absorption of

several electron and ion channels in the 26-100-keV range was made by

Maclennan et al. (1982). They derived the mean plasma velocity and showed

that the decrease in corotation speed on the illuminated side of Titan

introduced an asymmetry into the absorption of ions.

The Outer W_gnetosphere

The outer magnetosphere extends from the magnetopause to the urbit of

Rhea where ring and satellite absorption becomes important and where particle-

plasma interactions may also play a major role. Titan is believed to be the

primary source of plasma in the outer magnetosphere (Fig. 11); according to a
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conservative estimate, it releases into its wake on the order of 200 24 ions

s- 1 (Bridge et al., 1981; Eviatar et al., 1983). Titin is also responsible

for t,.,, broad neutral hydrogen torus (Fig. lb) with a density of 10-20 cm-3

(Broadfoot et al., 1981; Sandel et al., 1982) which is continuously being

Ionized by solar photons and energetic trapped particles. Based on the

composition of Titan's atmosphere, the primary components are believel to be

H+ and N+ ; however, the measurements cannot distinguish between N + and 0+ or

other constituents with a similar

1982; Frank et al., 1980; Wolfe e,

molecular pioht, the two species

centrifugal potential relative to

hardly detectable by Voyager 2 at

population did not change between

corresponds to an ion temperature

charge-to-mass ratio (Bridge et al., 1981,

t al., 1980). Beau se of their different

have different scale heights in the

the Equator; and the heavier component was

17° latitude (Fig. 12). Assuming the plasma

the Voyager missions, the scale height

of 160 eV for an H+ , N+ mixture.

The plasii.a convection is in the corotation direction (Krimigis et al.,

1981), but questions remain about the degree of corotation. The Voyager

observations give convection velocities (Fig. 13) between 80 and 100% of

corotation (Bridge et al.. 1981), while the plasma data from Pioneer 11 are

most consistent with 30 to 80% of corotation (Frank et al., 1980). Angular

distributions of energetic protons (0.5-2 MeY) observed with Pioneer 11 agree

with rigid corotaticn on the average (Fig. 14) but display significant

deviations (Simpson et al., 1980; Thomsen et al., 1980; Trainor et al., 1980).

For time-averaged electron densities, the quantity N E L 4 is almost

constant throughout the otter magnetosphere (Fig. 15) (— 5.5 x 10 3cm- 3 ) where

N E Is the electron density and L the magnetic shell parameter (McIlwain,

1961). As shown in Fig. 16, two distinct plasma regimes have been noted,

regions with high electron temperature and low density (> 60 eV and < 300-2
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cm-3 ), and other regions with a low temperature and high density (< 30 eV and

> 10 -1 cm-3 ). The high density regions have been attributed to passage

through recent plumes of Titan (Bridge et al., 1981; Eviatar et al., 1982x).

According to this picture, the plume is rapidly accelerated to nearly the

corotation velocity and encircles Saturn. For a reasonable dispersal time the

plume could keep its identity for several Saturnian rotations (-35 hours).

Almost complete disappearances of the plasma have been observed (Figs.

11, 16); simultaneous order of magnitude decreases are also seen in the

energetic particle population (Fig. 17, 18; Krimigis et al., 1981, 1982; Vogt

et al., 1981, 1982). Lazarus et al. (1982) have pointed out that a major ion

and electron density dropout was observed at the same dipole value at L = 14

-15 by all three missions and that a dropout at L = 19.5 was seen by both

Voyagers 1 and 2 (Fig. 19); however, because of the large ring current, the

dipole L value is only an approximate measure of the field-line distance at

the equator. Similar flux decreases were not seen in electron fluxes recorded

during the outbound passes of Voyagers 1 and 2. The large flux decreases have

been attributed to absorption by as yet unidentified material, to solar wind

changes, to escape of plasma bubbles or to a magnetospheric anomaly at a fixed

Kronian lnns;tude.

The magnetopause constitutes a boundary to magnetospheric protons below

0.5 MeV and t3 electrons (Figs. 17,18,"0), but interplanetary protons above

1.8 MeV appear to have free access to the outer magnetosphere (Figs. 18,21).

Since this energy is well below the Stormer cutoff for most of the outer

magnetos phere (Sauer, 1980), this access probably occurs via the magnetotail.

The proton spectrum has two components; a hard component above —1.5 MeV which

follows the interplanetary spectrum both in intensity and shape, and a soft

mdgnetospheric component above —0.2 MeV which follows a power law with y — 7



15

(McDonald et al., 1980; Simpson et al., 1980b; Vogt et al., 1981). The s;'ectrum

is less steep below 100 keV (Krimigis et al., 1982). The two components also

differ in the proton-to-alpha ratio which equals its interplanetary value at

higher energies but increases to 400 - 1500 at -0.65 MeV/n. A high p/a ratio

is indicative of magnetospheric origin because the magnetospheric plasma is

deficieit in helium.

A low flux of H 2 + and H3 + (Voyager 2 only), observed in the 0.6-1.1

MeV/n. range, was presumably due to magnetospheric acceleration of molecular

ions from the ionosphere of Satuon or Titan (Fig. 23). These molecular ions

had very steep spectra with y = 7 to 21 (Fig. 24). A flux of C, N, 0 ions in

the 0.2-0.4 MeV/n. range was also observed. Their soft spectra are indicative

of magnetospheric acceleraticn, but their flux relative to He, at equal energy

per nucleon, is consistent with solar wind composition (Hamilton et al., 1983;

Krimigis et al., 1981, 1982).

The low energy proton and electron flux increases on the average from

the magnetopiuse to --8 R S (Figs. 17,18,21), but large 1`11 1--tuations are

superimposed on this general trend. Duriig the Voyager inbound passes a

distinct flux minimum occurred at Titan's orbit (Fillius et al., 1980;

Krim;;{ ,; et al., 1981, 1982, McDonald et al., 1980; Simpson et al., 1980a,b;

Trainor et al., 1980; Van Allen et al., 1980a,b; Vogt et al., 1981, 1982).

The phase space density of protons with a constant first invariant u between

600 and 5000 MeV/G (Fig. 25) is almost constant throughout the outer magneto-

sphere. This holds true also for electeons with u = 525 MeV/G (Krimigis et

al., 1981; McDonald et al., 1980; Van Allen et al., 1980b). 	 The outer

magnc-tosphere and/or magnetotail are probably the source region for these

particles. The phase space density of protons with a first invariant above

104 MeV/G decreases inward as would be expected from their interplanetary

origin (Fig. 25).
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During the Voyagers 1 and 2 passes, substantial flux changes were

superimposed on the average trend which have been attributed to external

influences. Wtr!n Voyager 2 (inbound) was between 16.5 and 11 R S at a latitude

of —11', changes in the observed magnetic field suggested a major expansion of

the magnetosphere. The subsolar distance apparently moved from 19 R S to 32 RS

and the magnetic field became much more variable than during the Voyager 1

pass (Ness et al., 1982). At the beginning of this period, the low energy

electron flux increased by an order of magnitude (Fig. 26); then, at 15.5 RS,

it decreased for a few minutes to its former value. In contrast to earlier

passes, the flux peaked at a dipole L — 14 and then started to decrease well

outside the slot region (Krimigis et al., 1982). Previously, maximum fluxes in

this energy range occurred at — 10 RS and — 8 RS , respectively, for Voyager 1

and Pioneer 11. This example of large particle flux chanqes in the outer

magnetosphere, although larger than most, is by no means unique; and one has

to conclude that changes in solar wind characteristics have a major effect.

Angular distributions are available for both protons and electrons

(Bastian et al., 1980; Fillius et al., 1980; Krimigis et al., 1981, 1982;

McDonald et al., 1980; Trainor et al., 1980; Van Allen et al., 1980a). These

have been Fourier analyzed in the form

j (e) = jD D + Al Cos( e-e1 ) +

A2 cos2(e-e2 ) + A3 cos3(e-e 3 ) ...]

where e l , e2 ... are measured relative to the magnetic field projection into

the scan plane. The results of a typical analysis are shown in Fig. 27 which

gives angular distributions of 0.5-1.8 MeV protons (See also Fiq. 35). The
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spin averaged flux is given by Jo. The odd coefficients, Al and A 3 , reflect

the motion of the reference frame relative to the spacecraft as well as field-

aligned particle flow and gradients in the flux or ang0 ar distribution.

Prior to entry into the magnetosphere, A l — 0.6 represents field aligned flow

of solar protons, e1 — 0'. Inside the magnetosphere with e1 - - 90 0 , Al

reflects primarily the corotation velocity, but the fluctuations in A l are

.)robably due to flux gradients. The even terms, A2 and A 4 , give the pitch

anSle distribution. A2 represents a pancake distribution for e2 - 90 0 and a

dumbbell distribution of 92 = 0 0 . Because of the symmetry of particle

trajectories around field lines, e 2 is restricted to these two values.

Contribu`ions of A4 tend to make the distribution defined by A2, e2 more

ani sotrop-: c if 04 = 0° and produce "butterfly" distributions for e4 - 45*,

The proton distributions between 0.1 and 2 MeV are always pancake (Fig.

27) with larger anisotropies than those normally found in the terrestrial

magnetosphere. Pioneer 11 inbound observed increasing anisotropy from the

magnetopause to L = 11.8 then a decreasing anisotropy until the distribution

became isotropic at ' = 10. From there, the anisotropy increased to L = 7.5

but was almost isotropic again at L = 5.5. The same sequence of maxima and

minima in anisotropy was repeated during the outbound pass but 1 - 2 RS closer

to Saturn (Bastian et al., 1980; McDonald et al., 1980). Absorption by dust

rings coul d produce such changes in angular distribution, but the asymmetry

between the subs ,ilar and morning directions (0 and -90° from the Saturn-Sun

line) is hard '.o recunci'le with this interpretation.

In ge•teral, the angular distributions of electrons (0.1 - 2 MeV) were

dumbbell near the magnetopause, changed to pancake near the orbit of Rhea and

i^ecame even more anisotropic in the slot region (Figs. 28,29). Such a change

is qualitatively consistent with inward diffusion, which selectively increases
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the velocity component perpendicular to the magnetic field. The surprise was

that different energy bands deviate significantly from this average behavior

(Fillius et al, 1980; McDonald et al., 1980). For instance, at L - 9.3, the

angular distribution of 0.43 	 0.80-MeV electrons was pancake, while electron

channels on either side (0.16 - 0.43 and 0.8 - 1.1 MeV) had dumbbell

distributions. These selective modifications of the angular distribution may

be due to resonant interactions affecting only electrons over a limited energy

range and do not produce major flux changes.

The predawn magnetosphere beyond -10 R S is strongly affected by the

transition to the magnetotail. The field lines a few degrees above or below

the Equator start pointing away or towards Saturn (Fig. 7). Though the plasma

sheet itself has been observed only by its magnetic signature. This change in

field configuration is probably responsible for many of the differences

between particle fluxes on inbound and outbound passes. Outbound somewhat

_wer flux levels were observed at the same dipole L values (Fillius et al.,

^... VVI u1 1 un Un011ye5 utuurreu, ana major ai rrerences were seen

in the pitch-angle distribution.

Beyond -25 R S in the dawn direction, fluxes of > 0.4-MeV protons and

> 1-MeV electrons became quite low; however, low energy ion (0.05-0.08 MeV)

and electron (< 0.4 McVi fluxes were observed to the magnetopause (Krimigis et

al., 1981, 1982; McDonald et al., 1980; Simpson et al., 1930; Vogt et al.,

1981, 1982). Impulsive field-aligned flow of -0.4 MeV protons away f; •om Saturn into

the tail was observed by Voyager 1. Bursts of electrons, accelerated to above

1 MeV, were observed during the Voyager 2 outbound pass between 18 Rs and the

dawn magnetopause at - 50 R S (Fig. 30). All energies peaked almost

simultaneously, indicating that the acceleration occurred on the field lines

going through the spacecraft and may, therefore, have occurred in the plasma
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sheet of the tail. During the Voyager 2 outbound pass, a periodic modulation

was observed in the flux ratio between two energy channels of electrons [(22 -

35)/(183 - 500 ke W and of ions [(43 - 80)/(137 - 215)keV ]. About three
cycles were observed between 20 and 50 R S (Fig. 31). The ion period was 9h,

49m + 59m and the electron period was 10h, 21m + 48m (Carbary and Krimigis,

1982). One period of a similar modulation was observed by Voyager 1 in the

same SLS longitude range, 0 - 90 9 . It turns out that this is also the range

over which southern hemisphere radio emissions (SKR) have been observed

(Kaiser and Desch, 1982).

The Slot Region

This region received its name from the precipitous decrease of the

proton and low-energy electron fluxes between Rhea and Tethys (Figs. 20,21).

The decrease in phase space density in this region demonstrates that particles

are diffusing in from the outer magnetosphere and are lost locally. Particles

are absorbed by the satellites Rhea, Dione, Tethys and Enceladus, and by the E

ring (Fig. la, Table 1). They may also be lost through interactions with the

dense plasma found in this region. The relative importance of the different

loss mechanisms has not yet been established.

The near Equatorial plasma density rises by —100 between Rhea and Dione

(Fig. 32) and has local maxima at Dione and Tethys. It appears to drop again

inside the orbit of Tethys (Frank et al., 1980), but actually the plasma

temperature drops below the threshold of the instrument (Fig. 33), that is to

—10 eV (Bridge et al., 1982). The density is about 50 cm-3 at 4.9 R S and —100

cm-3 at 2.73 R S . The plasma has still two ion component, the lighter being H+

and the heavier most likely 0+ , although other ions like N + , 0 22+ and 02+

cannot be conclusively ruled out (Fig. 11). Results of the preliminary
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analysis of data taken at 2.73 R S with Voyager 2 are still contradictory.

Spectral measurements are best explained by an -10 eV 0+ plasma, but such a

plasma should have a scale height of 0.9 R S relative to the Equator and the

observed scale height was only 0.2 RS,

The plasma in the subsolar hemisphere reaches its highest temperature

(Fig. 32) of 500 eV at -7.5 R S where a - 1 (Frank et al., 1980; Eviatar et

al., 1983). If a newly ionized oxygen atom or molecule is picked up by the

magnetic field at this distance, its temperature would be equal to the

corotation energy that is 300 or 600 eV, respectively. Inside of 7.5 RS,

however, the temperature drops more rapidly than would be expected if the

plasma was ir equilibrium with the corotation energy. A similar situation

exists in the Io torus at Jupiter and is due to radiative cooling of the

plasma. Analogously, we may conclude that the plasma residence time in the

magnetosphere increases closer to Saturn and becomes long enough for radiative

cooling to be effective. The above observations were made in the subsolar

hemisphere. A similar analysis cannot be performed for the outbound pass on

the dawn side, because the unfavorable instrument aspect relative to the

corotation direction restricted observation to electron measurements.

A hot plasma torus with kT - 50 keV was observed in the region between l

= 7 and 13 (Fig. lb) (Krimigis et a)., 1982). Apparently, the plasma in this

region consists not only of multiple species (H + and 0+ ) but also has low and

high temperature components. As shown in Fig. 26, Voyager 2 also observed

major temporal changes in the low-energy electron flux (22 - 35 keV). In

analogy with phenomena in the terrestrial and Jovian magnetospheres, one would

expect that various interactions occur between this hot plasma and energet4c

particles above 0.1 MeV.
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The sources of the plasma are probably the icy satellites Tethys and

Dione; Saturn's ionosphere is another potential source. Photodissociation of

H2O and sputtering of their surfaces hale been suggested as the primary

mechanisms for producing the initial plasma ions or neutrals which at? then

ionized by Satuirn's trapped radiation (Frank et al., 1980). The inner

satellites and rings are other likely sources, but their i mportance remains to

be determined.

Extensive data are available about the behavior of energetic particles

in the slot region (Fillius et al., 1980; Krimigis et al., 1981, 1982;

McDonald et al., 1980; Simpson et al., 1980a,b; Trainor et al., 1980; Van

Allen et al., 1980a,b). As shown in Fig. 21, fluxes of electrons below 1 MeV

and of protons peak at L = 7 - 8 and then decrease smoothly inwards to the

orbit of Tethys at 4.88 R S . In contrast, fluxes of electrons above 1 MeV are

relatively unaffected. The flux maxima were not symmetric between inbound and

outbound passes of Pioneer 11, even though the spacecraft was at the same

latitude (-3.5°). The maxima in the low-energy flux may have occurred at

somewhat larger L values during the Voyager encounters (Figs. 17,18,26).

One can try to identify the major loss mechanism responsible for the

slot region by considering the differences in particle loss processes due to

interactions with a satellite, a dust ring or plasma. The Kronian satellites

probably absorb like black spheres. The micro-absorption features observed at

very close encounters with Titan and Tethys have been explained in terms of

geometric absorption (Fig. 34), and the somewhat more distant encounters with

Rhea and Enceladus are consistent with this picture (Krimigis et al., 1982;

Maclennan et al., 1982; Vogt et al., 1981, 1982). This is in marked contrast

to the behavior of the Jovian satellites Io, Europa and Ganymede, where other

interactions alter the particle flux (Burlaga et al., 1980; Thomsen, 1979).

kv
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Discussions of energetic particle absorption by "black sphere" satellites and

of significant parameters relavent for Saturn have been published (Thomsen et

al., 1911; Thomsen and Van Allen, 1979 and 1980; Hood. 1981 and 1983). Higher

energy protons are lost more rapidly because of their larger gyroradll and

faster drifts relative to the satellites. Absorption by a ring of dust grains

has quite different characteristics if the grain size 1s substantially less

than the particle range: lower energy particles are lost more rapidly and the

spectrum becomes harder. Because of the large surface area of the grains,

they would also affect the properties of the ambient plasma. Low-energy ions

an: electrons could attach themselves to the surface, while higher energy ions

and electrons would produce secondaries and sputter material off the grains.

As yet no overall explanation has been proposed. Hood (1983) concluded

on the basis of expected absorption lifetimes that satellite absorption

dominates. Others concluded that the stronger absorption of low-energy

protons favors absorption by the E ring. This interpretation is also

supported by the disappearance of superthermal electrons (< 6 keV) in the slot

region (Sittler et al., 1981). The major problems is that this interpretation

does not explain why profiles differ on inbound versus outbound passes.

Energetic particle interactions with this plasma are undoubtedly also

important in the slot region. This conclusion is based primarily on the

energy-dependent changes of the electron-pitch angle distributions (McDonald

et al., 1980). Many of these changes are inconsistent with satellite or E

ring absorption; for example, during the Pioneer 11 outbound pass between 4.9

and 7.5 RS , a large depletion of 1.1 - 2-MeV electrons was observed within +

22 1,^ Q of the magnetic field direction (Fig 29;. This depletion decreased

with energy and was small or absent below 0.8 keV.

L.
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The Inner Magnetosphere

The decrease in the energetic particle flux stops at —4 RS (Fig. 35).

Inside the orbit of Enceladus, a flux of penetrating radiation appears and

increases rapidly as L decreases. This radiation consists of at least two

cnwponents; one is heavily absorbed by the satellites Minas and the coorbital

satellites 1981 S1/S2 discovered by Voyager and originally classified as a

single satellite '979S2 by the Pioneer investigators. The other component

shows little or n3 absorption (Fig. 36). The first component was found to

consist of protons and the other of electrons with energies above —1.5 MeV

(Fillius et al., 1980; Fil:ius and McIlwain, 1980; Krinigis et al., 1982;

Schardt and McDonald, 1983; Simpson et al., 1980a,b; Van Allen et al., 1980b;

Vogt et al., 1982). Because many of the detectors had not been designed for

this environment, a clear-cut identification of the particle type and energy

was not always possible. Publications written before this problem was fully

realized way, therefore, give incorrect intensities or energies for protons

between 1;.5 and 5 MeV and electrons above 2 MeV. As yet, only Simpson et al.

(1981) 'nave issued a revised analysis.

Substantial progress has been wade in characterizing the energetic

proton component found in the inner magnetosphere. Its flux starts to

increase just inside the orbit of lethys at about 4.9 R S , It is heavily

absorbed by Enceladus, Minas, 1979S2 and the F ring (Figs. 36,37). Three-

point spectra show that the flux at 70 MeV is higher than at either 10 or 120

MeV. In addition, a soft proton component exists below 0.5 MeV (Fig. 38;

Krimigis and Armstrong, 1982).

The proton absorption features t.t Minas and 1979S2 are so strong that

all phase space analyses, regaFdiess of the assumptions made, show increasing

phase space density on either side (Fig. 39) (McDonald et al., 1980; McKibben
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and Simpson, 1980; Schardt and McDonald, 1983; Van Allen et al., 1980b). Two

explanations have been prop-;ed: a local Cosmic Ray Albedo Neutron Decay

(CRAND) source or energization by inward diffusion from the outer

magnetosphere in a process called episodal diffusion. The latter invokes

rapid transport past the satellites during interplanetary disturbances and

retrapping inside the satellite orbits. This process has been evaluated

quantitatively by McKibben and Simpson (1980) and was favored by them over a

CRAND source which would be too weak if their preliminary diffusion

coefficients are correct (Simpson et al., 1980a,b; Cooper and Simpson,

1980). However, the preliminary values may have to be revised in view of

further analysis (Simpson et al., 1981).

Calrilations of the strength of the CRAND source have shown that the

cosmic-ray interactions with the rings constitute a source _ 10 2 times

stronger than interaction with Saturn's atmosphere. The total neutron source

strength is comparable to that at Earth; and scaling the magnetosphere from

Earth radii to Saturn radii (10x) has no effect because the neutron lifetime

is long, compared to the transit time through either, magnetosphere. The 63-

160 MeV proton flux observe_ by Voyager 2 locally in the Mimas absorption slot

,an be maintained by a CRAND flux which falls into the range of expected

source strengths (Blake et al., 1983; Cooper and Simpson, 1980; Schardt and

McDonald, 1983). Based on this neutron flux, the residence time of > 63 MeV

protons is 30 years at 2.73 R S and is comparable to that found in the

terrestrial magnetosphere.

The energy spectrum of CRAND protons should be relatively flat between 10

and 100 MeV and drop rapidly above 100 MeV (Fig. 40), provided the rings'

particles consist of ice, rather than rocks such as olivine (Blake et al.,

1983). The limited data above 48 MeV agree with this prediction; and the e-
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folding energy for an exponential spectrum (j - exp -E/E o ) is between 20 and

50 MeV, in agreement with values found at Earth between L n 2 - 2.3 (Lavine

and Vette, 1970). The decrease at lower energies may be due to a higher loss

rate by absorption in the G and E rings. Pitch angle distributions are sin4o

to sin5j inside the orbit of Mimas except in the G ring where they are less

peaked (Krimigis and Armstrong, 1982; Schardt and McDonald, 1983; Van Allen et

a?., 1980). Depending on assumptions about neutron absorption at the source

in the ring plane, the theoretical angular distributiin varies from slightly

pancake to Sin6o (Blake et al., 1983). Due to preferential absorption of -90°

pitch angle particles by the G ring, a flatter angular distribution is expected

at 2.82 RS ; and Krimigis and Armstrong (1982) observed a "butterfly" distri-

bution peaked at an intermediate a for 28 - 43 keV protons (insert, Fig. 38).

Considerably less is known about energetic electrons in the inner

magnetosphere, in part, because it is difficult to identify them uniquely in

the presence of an intense proton flux above 80 MeV. No macro-absorption

features in the electron flux have been seen with detectors having thresholds

between 0.04 and 4.5 MeV; however, such features are seen at Mimas and 1979S2

in > 7-MeV electron channels (Krimigis et al., 1982; Simpson et al., 1980a,b).

At the orbit of Mimas, the electron flux below -1.5 MeV appears to be quite

small. The only phase space density analysis performed for electrons (Fig.

41) assumed a power law spectrum with I = 4 and shows an increase with
decreasing L for > 3.4-MeV and for 7-17-MeV electrons (McKibben and Simpson,

1980). This requires an internal source hnd would be consistent with the

episodal diffusion mechanism proposed by them. Other data giving an integral

flux rise less rapidly and are consistent with inward diffusion. The

resolution of this conflict depends on a definition of the electron spectrum
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in the inner magnetosphere and a careful estimate of the instrumental response

to bremsstrahlung, penetrating electrons and energetic protons.

Many micro-absorption features were observed, most of them in the

electron flux (Fig. 34). In addition to identifying pairs of points on the

same magnetic field line, these observations also made major contributions

toward the discovery of the smaller satellites (Fillius et al., 1980; Simpson

et al., 1980a,b; Van Allen et al., 1980a). Because these results are not

primarily of interest to magnetospheric physics, the reader is referred to

Marsden (1980) for a situation report after the Pioneer 11 mission and to Van

Allen (1982) for a review of his findings in light of the Voyager imaging

results.

The micro-absorption features observed at the orbit o f Mimas have no

clearly identified optical counterpart and their explanation is still

controversial. The processes involved in satellite absorption and in the

drift of micro-absorption signatures in longitude can be illustrated by a

discussion of the various interpretations of these features. The Pioneer 11

observation, shown in Fig. 42a, was attributed by Simpson et al. (1980b) to

diffuse matter concentrated at the Lagrangian point of Mimas. The reason for

invoking diffuse matter was that the depth a nd extent of the feature was

inconsistent with the absorption by a solid body on the same flux tube.

Relativ ,p to a satellite, the drift of high energy electrons is in the opposite

direction from that of protons, therefore, absorption on the same flux tube as

the observer is required to give simultaneous signatures in both rtes (Fig.

42a). Van Allen et al. (1980c) proposed that this feature was entirely due to	 j

a decrease of the electron flux (Fig. 42b) and that the proton feature

observed by Simpson et al. could have been due to a residual electron

se , isitivity. This rer oves the requirement that Pioneer crossed the flux tube
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of the absorber and raises the possibility that Mimas was the absorbing body.

Because Mimas has an eccentric orbit, the exact radial position of the micro-

signature depends on the absorption time. Mimas had been at the correct

radial distance 5 h 44 min. prior to the Pioneer crossin 	 For the signature

ti be observable this long after it was produced required a monoenergetic

electron flux of 1.59 MeV (•- 90 0 pitch angle) with an energy spread of no more

than 0.1 MeV. If the energy spread	 much larger, the absorption feature

would have been spread over a larger range in L and its depth correspondingly

decreased. This effect is produced by the radial component of the orbital

velocity of Mimas, coupled with the energy dependence of the electron drift

time and the broad energy window of the detector.

At the urbital location of Mimas, a peak in the electron energy spectrum

at 1.59 MeV is not unexpected. The electron drift velocity is in the opposite

direction to the corotation velocity; therefore, there is an energy at which
1

electrons have the same total drift velocity as the absorbing satellite. Most

of the electrons at this resonant energy can, consequently, diffuse freely

past the orbit of that satellite, while the absorption probability of higher

and lower energy electrons increases with departure from the resonance energy

(Fig. 43). 1.00-MeV electrons with 90 0 pitch angle are in resonance with

Enceladus and would be accelerated to 1.6 MeV by inward diffusion to Mimas.

Van Allen et al. (1980) conclude the required energy filtering would occur at

Enceladus if the electron diffusion coefficient is 1X10- 10 R S   s- 1 ; however,

there is no indication that electrons are heavily absorbed at Enceladus.

Micro-absorption features between 3.02 and 3.14 RS were also observed

with Voyager 2 (Vogt et al., 1982). The Voyager 2 encounter with a substan-

tially different geometry from the Pioneer 11 encounter made observations

which cannot be explained in terms of Van Allen's model (Vogt et al., 1982).

L
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A plausible explanation of the Voyager observations requires an object at a

longitude opposite that of Mimas; if this is the same object proposed by

Simpson, it would not be phase-locked with Mimas. A quantitative explanation

of these signatures is difficult because both the depth and radial extent

depend on the size of the object, the eccentricity and phase of the orbit, the

electron energy spectrum and the radial diffusion since the signature was

formed.

The Ring Region

The intense flux of penetrating radiation stops abruptly at the outer

edge of the A ring. Pioneer 11 explored the region under the ring plane as

close as 1.3 R S . As would be expected from the high Stormer cutoff, counting

rates of various detectors were considerably lower than in interplanetary

space; however, a small flux remained which consisted of electrons between 2

and 25 MeV and of protons above 67 MeV (Chenette et al., 1980; Simpson et al.,

1980a). Because the energy of most of these particles is below the Stormer

cutoff, they must originate as secondaries produced by primary cosmic-ray

interactions with Saturn's rings and atmosphere. The electrons are the result

of n + u + e decay. They have the expected spectrum, E -0.6 , and their intensity

increases proportionally to R 2•8 (Fig. 44) because the lower Stormer cutoff

means that more primaries hit the outer part of the rings. The differential

proton flux increases with energy above 67 MeV. About 1/6 of the flux is due

to primary cosmic rays.

Once created, the secondaries are trapped in the local magnetic field

but are absorbed by the rings within a few seconds. The secondary protons

will, however, contribute to the production of albedo neutrons and

significantly enhance the neutron flux over what is calculated exclusively

I
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from primary interactions. Because the albedo neutrons move both toward and

away from Saturn, it has been proposed that another trapped radiation belt

exists inside the C ring (Van Allen, et 0. 1980b). Voyager has confirmed the

existence of the D ring, whose inner edge fades out at 1.11 R S ; thus, there is

little room left for an "innermost" radiation belt unless the stopping power

of the D ring is low enough to permit an appreciable proton lifetime.

A rather new phenomenon in magnetospheric physics is the presence of

charged dust grains in the ring region of Saturn's magnetosphere. For these

particles, the gravitational, electric and magnetic forces are comparable. In

a corotating coordinate system the electric potential vanishes and charged

grains, as well as neutral grains, have the same Hamiltonian as a constant of

t;ie motion; but the simple laws applicable to the conservation of angular

momentum are modified for charged grains because they interact with the

Saturnian magnetic field. Charged grains, thus, obey the same energy

conservation rules as neutral grains; but their trajectories may be quite

different, and different orbit stability criteria apply. The Keplerian

velocity equals the magnetic field corotation velocity at 1.86 R S . Inside

1.86 RS , magnetic forces are required to keep charged grains from falling into

Saturn and beyond 1.86 R S they have to prevent charged grains from escaping.

The physical processes affecting the motion of charged grains, as

applicable to volcanic dust from Io, were discussed by Morfield et al.

(1981). Exact equations suitable for numeric integration and adiabatic

approximations describing the motion of charged grains have also been

developed (Mendis et al., 1982; Northrop and Hill, 1982b). These have been

applied to explain the evolution of radial spokes which have been observed

above the B ring (Thomsen et al., 1982). Their results are consistent with

L,	 J
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0.2 - 3-pm grains with a charge-to-mass ratio of —10 coul/kg (Fig. 45). A

scatter in spoke velocities is predicted by Hill and Mendis (1982a). The

field lines going through the spokes are rooted in the ionosphere in a region

with strong zonal winds (Carbary et al., 1982). These winds could produce a

substantial potential across the B ring, which would affect the alignment of

.	 nonspherical grains and modify the trajectory of charged grains.

The stability of negatively charged dust grains inside of synchronous

orbit has been investigated (Northrop and Hill, 1982a). A radius of marginal

stability exists, inside of which the trajectories intercept the atmosphere.

This distance depends on the charge-to-mass ratio and is 1.625 R S for infinite

q/m (submicron particles). Interestingly enough, the marginal stability limit

corresponds to a sharp boundary in the B ring (Fig. 46). The optical depth of

the B ring is considerably greater beyond 1.625 R S , and it has been suggested

that the stability of negatively charged submicron grains may be responsible.

Summary

Our knowledge about Saturn's magnetosphere has been acquired during the

last four years and further analysis should resolve many of the questions

raised to date. Other questions, such as the existence of an intense

radiation belt inside the D ring e. 1.11 RS. have to wait for future missions

into that region. A very promising interdisciplinary field of research has

emerged in the study of charged dust grains. Many interesting features of the

ring system have no ready explanation based on gravity alone, and it is likely

that plasmas and charged dust grains have played a significant role in the

evolution of the ring system.

CRAND is the source of energetic protons (>50 MeV) in the inner

magnetosphere. The required neutron flux is in the range expected from cosmic

ray interaction with the rings. However, the decrease in proton flux below 50
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MeV is not an inherent property of the source and requires modification of the

injection spectrum, most likely by absorption in the G and E rings. The

source of the proton flux below 0.5 MeV has not yet been identified. The

electron flux below —2 MeV can be explained in terms of inward diffusion

across the orbits of Tethys, Enceladus, Mimas and 1979S2. The intensities and

sources of > 7-MeV electrons in the inner magnetosphere arc uncertain.

Especially helpful would be a more quantitative understanding of the electron

absorption by the satellites and of the evolution of the micro-signature as it

drifts in longitude. This will involve a better definition of the electron

spectrum and a consistent set of diffusion coefficients at the inner

satellites. A unique interpretation of the various micro-absorption features

observed at the orbit of Mimas has yet to be proposed.

The models of Saturn's internal magnetic field are converging on an

axisymmetric field containing a dipole, quadrupole and octopole term. The

surprising axisymmetry has been explained in terms of different.il rotation

between the core and a conducting shell. Still to be found are the causes for

the longitudinal asymmetries found in the kilometric radio emission, the

auroral radiation, and the spectral index of low energy electrons and ion

spectra. If anomalies in the magnetic field are responsible, then measure-

ments close enough to Saturn are inadequate to define them. The presence of a

ring current has been established. As yet, no asymmetric model has been

proposed which properly describes the magnetic field in the outer

magnetosphere and slot region. Such a model is required for assessing the

role of shell splitting in producing the observed noon-dawn differences (0 and

-90° from the Saturn-Sun direction) in energetic particle population.

The overall properties of the magnetospheric plasma distribution are

emerging and the general agreement between Pioneer 11 and Voyagers 1 and 2 is

reassuring. Yet to be resolved are the plasma composition and the degree of

s
1
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+	 corotation in the outer magnetosphere. The sudden, very large decreases in

ion densities are very puzzling. Large temporal changes occur in the plasma

and energetic particle population which have no exact analogue at either

Jupiter or Earth. These are exemplified by the hot plasma torus near 7 RSO

the drastic decreases in energetic particle fluxes which last from minutes to

hours, and strong electro ► acceleration events which probably originated in

the magnetotail.

In spite of these and many other remaining questions, a surprisingly

coherent picture has emerged of a magnetosphere that is intermediate between

the terrestrial and Jovian magnetospheres, both in its size and in the

processes that shape it. The data analysis from the three Saturn missions is

still in a preliminary state and many of the outstanding questions will be

answered as more detailed calculations are performed. Clearly, the three

missions have not provided all the data required for answering some very

fundamental and puzzling questions such as the reason for longitudinal

asymmetry of the radio emissions. It is to be hoped that opp ,)rtunities will

arise in the future to revisit this interesting and intriguing magnetosphere.
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Table 1. SATELLITES AND RINGS
(From Stone and Miner. 1982)

OBJECT DISTANCE
( R S )1

DIAMETER

(km)

PERIO0

( h rs)

Titan 20.25 2,575 382.7

E Ri ng 2 3 - 8

Rhea 8.75 1,530 108.7

Dione 3 6.27 1,120 65.7

Tethys 3 4.88 1,060 45.3

Enceladus 3.94 500 32.9

Mimas 3 3.01	 -	 3.14 392 22.6

G.	 Ring 2.8

197951,	 1979S2
1980S1,	 1980S3 4 2.51 —190, —120 16.67

198OS26 2.349 —90 15.09

F Ring 2.326

1980S27 2.310

198OS28 2.282

A Ring 2.04 - 2.265

B.	 Ring 1.524	 -	 1.946

1 I R S = 60,330 km

2 A very tenuous ring with maximum density near 4R S (Baum et al., 1981).

3 Tethys has 2 co-orbital companions, Dione has one and Mimas -nary have one
or more companions.

" The following three designations probably apply to the same object:
1979S1, 1979S2, and 198053.

t
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Table 2. HARMONIC COEFFICIENTS OF SATURN'S MAGNETIC FIELD

VOYAGER 1 1	 VOYAGER 2 1 VOYAGER lb2 1	 PIONEER 11 2

PLANETARY FIELD.	 G

9 1 0 0.2158 0.2143 0.2154 0.218

92 0 0.0172 0.0164 0.0164 0.022

93 0 0.0269 0.0258 0.0274 0.028

EXTERIOR DIPOLE.	 nT

G 1 0 -11 -8 -10 -16.9

G 1 1 0 -1 -1 -1.7

Hi 0 -2 0 4.8

1 Axisymmetric models of Connerney et al. (1982).

The non-axisymmetric coefficien s of this motel are not listej above; 	 4

these are small k 0.002) except for h 2 = 0.012, h 3 - -0.004 and h 33 - 0.007.

The exterior quadropole terms of this model are also quite smal l . "JCIR 80
Model" of Smith et a - . (1980).



45

Fig. la. The spacecraft--Saturn distance and solar aspect are given for
Pioneer 11, Voyager 1, and Voyager 2. Also shown are the "average"
positions in the equatorial plane of the bow shock, magnetopause,
outer magnetosphere, slot region, and inner magnetosphere as well as
the radial positions of the rings and satellites. The change of
optical density with radius is indicated schematically for the E
ring. As shown, the orbit of Titan falls entirely inside the
magnetosphere; however, the magnetopause occurs at times inside the
subsolar part of Titan's orbit. Because of the high inclination of
the Voyager 1 trajectory, that spacecraft left the magnetotail about

45 R S in the predawn direction.
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Fig. lb. Meridional projections of the Pioneer 11, Voyager 1, and Voyager 2
trajectories (times are shown in hours from closest approach). The

sunward boundary of Saturn's magnetosphere, the neutral hydrogen

torus, the extended plasma sheet, the hot ion region, the inner 0*

plasma torus, and the magnetic field line going through Enceladus

are shown schematically (courtesy of Stone and Minor, 1982).
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Fig. 2.	 The magnetic field near Saturn as observed by Pioneer 11. A maximum
field of — 8,000 nT was reached at periapsis. The heavy smooth
curve gives the magnitude of a matched dipole field. The arrows
denoted by S and M identify the bow shock and magnetopause
crossings, respectively. The data gap Just after periapsis is due
to the occultation of the spacecraft by Saturn (courtesy of Smith et
al., 1980b).
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Fig. 3.	 Voyager 1 magnetic field model of a centered internal dipole (dashed
lines) plus external ring-current field (solid lines). Field lines
are drawn for 2° increments in colatitude. The position of the ring
current is shown by the shaded rectangle between 8.5 and 15.5 RS,
The current is distributed uniformly in Z and decreases inversely
proportional to the distance from Saturn's spin axis. The solid
dots at the Equator indicate (left to right) the positions of Mimas,
Enceladus, Tethys, Dione, and Rhea (courtesy of Connerney et al.,
1981) .
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Fig. 4.	 Comparison of field lines from an off-set dipole and the Z3 model.
Field lines were chosen which cross the ping plane at the same
distance from Saturn (courtesy of Aculra et al., 1983).
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Fig. 5.	 Comparison of Saturn's surface field predicted by different
models. The latitude dependence of the magnetic fielq intensity is
shown (a) for a centered dipole field with a 0.21 G-R moment,
dotted line; (b) for an off-set (— 0.04 R ) dipole fild, light
solid line for the northern hemisphere A light dashed line for the
southern hemisphere; and (c) for the Z 3 model in heavy solid and
dashed lines (courtesy of Connerney et al., 1982).
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fig. b.	 The magnetic field (9.bs averages) observed while Voyager 1
traversed the bow shock, ma(Inetosheath and entered the magnetosphere
of Saturn. Notice the absence of a systematic change of the field
direction (1 and ,^) at the how shuck and thc , major change In
direction that occurred at the magnetopause. The semi-periodic
changes in field intensity in the magnetosheath are anticorrelated
with the electron density and are consistent with slow mode
magnetosonic waves which originated at the magnetopause. The angles

and ,^ are expressed in a heliographic, spacecraft-centeVed
coordinate system, such that \ : tan - ` 11 1 /11 and d - sin	 11N /11.
The vector R is radially away from the Sun; 	 is parallel to the

Sun's equatorial plane, normal to R and positive in the direction of

Satu ► n's orbital motion; and N a R x T is within I' of being normal
to the ecliptic plane. The day numbers in the trajectory insert
refer to spacecraft positions at the start of the referenced day.
(courtesy of lepping et al., 1981).



U-)

Q- ui

O
ui

CD

0 Z

CD
0

1^

0

8C\j0

°O
0

ORIGINAL PAGE IS

OF POOR QUALITY

0

F-c

rl-

0000)

^ toZ) rlo

8Q
lVrq 0ob	 0	 b^ 0b tq o

0	 0
00	 a)

60



52

Fig. 7.	 Model of Saturn's magnetic field in the noon-midnight meridian plane
(solar magnetospheric coordinat , $). The model is based on a
cente.red dipole planetary field, an azimuthal ring current between
8-16 RS (stippled) and a cross-tail current extending from 16 to 100
R S which closes on the magnetopause boundary. Field lines are drawn
every 2 0 of invariant latitude, and the projections of the observed
magnetic field vectors (Voyager 1 outbound) are shown. The insert
illustrates the cross-tail current in the solar magnetospheric x-y
plane (courtesy of Behannon et al., 1981).
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Fig. 8. Geometry of the Titan encount
the y axis pointing radially

Saturn's rotation axis, and x

magnetosphere. The lower pan

field with sharp minima when

tail and the neutral sheet in

was observed at Li and L ? (co

er in Titan-centered coordinates with
away from Saturn, Z parallel to

"upstream" from the corotating

el shows the magnitude of the magnetic

Voyager 1 crossed the boundaries of the

the tail. The field in the tail lobes

urtesy of Ness et al., 1981).
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Fig. 9.	 Sketch of the magnetic field distortion caused by induced currents
in the vicinity of Titan. The field lines are "draped" around
Titan's ionosphere and form a bipolar magnetic tail which leads
Titan in its orbit around Saturn (courtesy of Ness et al., 1981).
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Fig. 10. Model of the flow of magnetospheric plasma past Titan. L1 and L2
refer to the lobes seen in the magnetic field, and the shaded bars
refer to local magnetic minima (see Fig. 8). Maximum electron
intensities were seen by the plasma wave experiment in the bite-out
region. The incoming flow was observed at 20° to the corotation
direction. The trajectories of H + ions on the sunlit side is
approximately to scale (courtesy of Hartle et al., 1982).
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Fig. 11. Average plasma electron densities observed with Voyager 2 are shown
in the lower panel, and the upper panel shows the height of the
Voyager 2 trajectory above the equatorial plane as well as dipolar
field lines. The darker region inside of 15 R s in the upper panel
represents 0+ plasma and the lighter region h + plasma. The
horizontal scale gives the distance from Saturn's spin axis (p in
cylindrical coordinates) in units of Saturn radii. The values of p
at which the spacecraft crossed the L shells of the different
satellites are indicated above the abscissa. R stands for Rhea, D
for Dione, T for Tethys, E for Enceladus and M for Mimas (courtesy
of Bridge et al., 1982).
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Fig. 12. Relative plasma distribution functions between 14-18 RS observed
during the inbound passes of Voyagers 1 and 2. The distribution
functions were derived from low resolution mode spectra of the side-
looking plasma cup (D sensor). P dKs appearing at a low energy per
charge (10-100 volts) are attributed to H+ and those at high values
(> 800 volts) are attributed to N+ . Note the higher temperature of
the H+ ions at the latitude of Voyager 2 dnd the near absence of N+
ions (courtesy of Bridge et al., 1982).
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Fig. 13. Hydrogenic velocities of resolvable peaks in the Voyager 1 inbound
spectra (see left panel of Fig. 12), which represent the component
of the corotation velocity that is normal to the D sensor. Also
shown are the expected values assuming rigid corotation for various
values of mass to charge ratio (M/Q). with M/Q = 7 for N + ions.
Values of the dipole L shells are indicated along the abscissa
(courtesy of Dr. A. J. Lazarus).
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Fig. 14. Corotation velocity calculated from the anisotropy of 0.61-3.4 1. MeV
protons under the assumption of a time-stationary magnetosphere.
The least squares fit to the data (dashed line) gives a corotation
velocity that is — 5 percent higher than rigid corotation (solid
line). The data have been smoothed by a 4 point running average.
Error bars have been estimated by adding contributions of various
experimental errors in ouadrature. Deviations from the average
could reflect changes in corotation velocity, but they are more
probably due to temporal changes in the flux gradient or in the
pitch angle distribution (courtesy of Thomsen et al., 1980).
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Fig. 15. Plasma electron data (15 minaverage) from Voyagers 1 and 2. The
product of the density with L 4 is plotted versus the dipole L
shell. The error bars represent extreme values of the density and L
during the averaging period. The value of N L 4 is almost constant
in the outer magneto'phere but decreases in the slot region
(courtesy of Bridge et al., 1982).
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Fig. 16. Electron densities and temperatures observed during the inbound pass
of Voyager 1. The high density and low temperature regions may be
interpreted in terms of a plasma plume from Titan. Density maximum
No. 1 corresponds to the most recent interaction with Titan, maxima
2, 3, and 4 would have been produced 1, 2, and 3 Saturn periods
earlier. Because of the variability of the solar wind pressure, the
plume is injected into different field lines and will then move
radially in and out with those field lines. The locations of
density maxima 2, 3, and 4 do, indeed, correlate with the solar wind
pressure 1, 2, and 3 periods prior to encounter. The absence of
points between enhancements number 3 and 4 around 0700 and about
0900 result from the absence of cold plasma rather than a data gap
(courtesy of Eviatar et al., 1982a).
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Fig. 17. Counting rates (1 hour average) of selected ion and electron
channels observed with Voyager 1. The positions of the bow shock,
magnetopause and dipole L shells of the satellites are marked
between the two panels. The lower panel shows the exponent of a
differential power law spectrum of the form E-Y as calculated from
two channels at different energies. The values of Y are unreliable
before day 317 and are uncertain for electrons from day 320 on
(courtes of Krimigis et al., 1981).
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Fig. 18. Curve 1 gives the counting rate of > 0.43 MeV protons from Voyager
1, and curve 2 gives a smiliar rate (> 0.55 MeV) from Pioneer 11
normalized to the geometric factor of the Voyager detector (left
scale). Curve 3 shows the Pioneer 11 1.6-5 MeV proton flux and
curve 4 the Voyager 1 1.8-8 MeV flux (right scale); the higher
Pioneer 11 flux (curve 3) was due to a solar proton event. On the
inbound pass, Voyager 1 crossed the magnetopause 3 times at L - 24,
and Pioneer crossed it at L - 17 (denoted by the circled KO). The
Voyager 1 latitudes are shown above the distance scale. Pioneer 11
remained with 5° of the Equator. The differential proton
spectra from Voyager l ;t shown in the inserts, are of the form
j = C E Y + C E	 exp - 3EJE- .	 The power law contribution
dominated at lo& energies and valBes of y and E are shown. Pre-encounter
spectra were almost indistinguishable from the ?ail spectrum at L = 29.
Note the decrease in proton intensity at L - 14 inbound and between L = 11
and 14 outbound in curve 1 (courtesy of Vogt et al., 1981).
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Fig. 19. Ion number densities observed in Saturn's outer magnetosphere with Pioneer
11 in September 1979, Voyager 1 in November 1980, and Voyager 2 in July
1981. The abscissa is the magnetic shell parameter of a centered dipole
field. Note the low ion densities at L - 14 observed by the three
spacecraft and at L - 19 observed by Voyagers 1 and 2. The constancy of
these features suggests the presence of particulate or gaseoijs structures
in Saturn's outer magnetosphere (courtesy of Lazarus et al., 1982).
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Fig. 20. Fully corrected counting rates (15-minute average) of the University of
Iowa Ce tectors during traversal of Saturn's magnetosphere. Curve G: The
solid state detector responded to 0.61-3.41 MeV protons outside of 4R S and
primarily to > 41 MeV protons inside cf 4 R S . Curve A: The GM tube
responded primarily to > 0.04 MeV electrons with possibly some contri-
bution from > 0.61 MeV protons. Curve B: The shielded GM tube resp07,ced
primarily to > 0.56 MeV electrons with possibly some contribution fr(on

MeV protons inside of 3 R S . Curve C: The shielded GM tube responded to
21 MeV electrons and > 80 MeV protons. Curve D: The heavily shielded C41
tube responded to electrons > 31 MeV and protons > 80 MeV. Note the large
..?crease of the low energy particle rates in the slot region (courtesy of
Van Allen et al., 1980b).
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Fig. 21. Low-energy (0.2-0.5 MeV) and high-energy (1-2 MeV) proton and electron
fluxes observed during the inbound and outbound passes of Pioneer 11. The
upper arrows indicate the position of Minas, Enceladus, Tethys, Dione,
Rhea, and Titan. The hatched regions mark the time spent in the dawn
magnetosheath. Inside of 4R S , the nominal 1.1-2.1 MeV proton channel
responded primarily to > 40 5 V protons (courtesy of McDonald et al.,
1980).
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Fig. 22. Spectral indices for proton power law spectre (32-minutes average) from
the inbound and outbound passes of Pioneer 11. Two values of gamma at the
same distance indicate a two component spectrum. The high energy
component, y - 2, was due to a solar proton event which was in progress
during the Pioneer 11 encounter. During the Voyager 1 encounter
(Fig. 18), the high energy component due to interplanetary protons was
only - 10 percent as intense as during the Pioneer 11 encounter and its
spectrum was an exponential in rigidity (courtesy of McDonald et al.,
1980).
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Fig. 23. Mass histograms of light and heavier ion species in the subsolar outer

magnetosphere. The histograms were derived from 2-dimensional pulse-

height matrices accumulated over 10h per'ods by Voyagers 1 and 2. Note

the nearly equal abundance of H 2 molecules and He ions and the presence

Of H3 molecules during the Voyager 2 encounter only. The flux of

medium weight nuclei was much higher during the Voyager 2 flyby. The
relative lack of nitrogen suggests solar wind origin rather than the

plasma torus in the outer magnetosphere (courtesy of Hamilton et al.,
1983).
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Fig. 24. Energy spectra of the most abundant ion species averaged over the same
10h period as Fig. 23. A single power law in energy fits the H, He and
Voyager 1 C ; N + 0 data. The H 2 spectrum (open circles) and Voyager 2
C + N + 0 spectrum (triangles) requires 2 compongrts with a cutoff
above 0.4 MeV which falls at least as fast as E- . The H 3 ions were
observed over such a narrow energy range that no spectrum could be
ar r ived. interplanetary intensities and spectra of H, He and C + N + 0
obse rved Ju!.t prior to encounter are shown with dashed lines (courtesy
of Hai;.i 1 for et al . , 1983) .
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10

Fig. 25. Relative phase space density profiles for protons with constant
magentic moment and near Equatorial mirror points. The curves were
calculated from a least squares fit to Pioneer 11 proton energy spectra
and the local magnetic field strength. Tie inbound pass is represented
by solid circles and the outbound pass by open circles (courtesy of
McDonald et al., 1980).
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Fig. 26. Counting rates (15 minute average) of selected electron and ion rates
observed with Voyager 2. The positions of bow shock and magnetopause
crossings are marked by BS and MP, respectively. Dotted lines indicate
crossings of the dipole I_ shells of the outer satellites (courtesy of
Krimigis et al., 1982).
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Fig. 27. Fifteen minute averages of flux intensity and anisotropy of 0.5-1.8 MeV
protons derived from the low energy telescope of the University of
Chicago on Pioneer 11. The angles o 1 to e4 are measured relative to
the projection of the observed magnetic field into the scan plane. The
inclination of the magnetic field relative to the spire axis, aB , is
shown in the top pan ,-I. Pitch angles in the range of 90 t aB are
scanned. Because of collimator penetration, angular distributions
inside of 4RSS are unreliable. The position of the bow shock crossing,
B. and magnetopause crossing. M, are indicated (courtesy of Bastian et
al., 1980).
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rig. 28. Th-'rty-two-minute averages of second-order anisotropies of electrons in
three energy intervals as observed w+i;h Pioneer 11. The pancake
(perpendi5ular to field) pitch angle distributions correspond to
1 + b sin a and the dumbbell (field aligned) distributions to

1 + b cos2 0, with b = 2A2/(1-A2 ). No corrections have been made for
the inclination of the magnetic field relative to the scan plane. The
positions of Saturn's satellites are indicated by arrows (cgurtesy of
McDonald et al., 1980).
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i1

Fig. 29. Polar histograms of sectored electron counting rates (32-minute
average) observed with Pioneer 11 during the outbound pass at -90° to
the Saturn-Sun line. The dashed circle gives the spin averaged rate.
The dashed arrow shows the projection of the magnetic field into the
scan plane, and the dashed line gives the direction of the second order
anisotropy (courtesy of McDonald et al., 1980).
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Fig. 30. Electron counting rates in the dawn side cuter magnetosphere observed
with Voyager 2 at a latitude of -29°. Curve A di:plays the rate of
0.14-0.4 NeV electrons (x 10); curve R, the rate of > 0.35 MeV

electrons; curve C, the rate of > 0.6 MeV electrons; and curve D, the

rate of 1-2 MeV electrons (x 0.1). Typically, the electron fluxes
increased by about an order of magnitude with a rise time of T - 5 min.

The decay time was energy dependent with T - 11 min. above 1. MeV and
20 min. at -- 0.4 Mel ( courtesy cf Vogt et a 1 . , !982).
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Fig. 31. Ratios of counting rates (15 minute average) in two energy channels
for electrons and ions. The dipole L shells of Rhea and Titan are
shown as dotted lines, and the tick marks identify the minima used
to determine the period. Times when the spacecraft was at an SLS
longitude of 0° are indicated at the top of the figure (courtesy of
Carbary and Krimigis, 1982).
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Fig. 32. Ion densities, temperatures, and dominant species as observed by
Pioneer 11. The oxygen torus was observed from — 4 to 8 R S . The
apparent decrease inside of — 4 R S is not real because the ion
energies decreased to below the 100 eV per unit charge threshold of
the plasma instruments. Ion temperatures within the plasma torus at
4-1 R S decreased monotonically with decreasing radial distance
(courtesy of Frank et al., 1980).
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Fig. 33. Sequence of ion spectra taken within 6 RSS- of Saturn by Voyager 2.
The magnitude of the Saturnian magnetic fie'd at the position of the

spacecraft is plotted on the hack panel (Ness et al., 1482). The
component into the sensor of the corotation velocity, Vpp, is shown
along one axis. The time of observation, the corresponding dipole L

shell, and the distance from the Fquatorial plane (Z in R S ) are also
shown. The plasma observed at the beginning of the period (0000 to
0130) was made up of protons most of which had energies below the
threshold of the instrument (— 5 cm -3 with T — 8 eV at L = 4.4
inbound). The peak near periapsis has been attributed to 0 + ions,

with the poak of the distribution below threshold (courtesy of
Bridge et al., 1982).
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Fig. 34. Microabsorption signatures of Titan, Rhea, Tethys and 1979 S2.
A. Voyager 1 observation of the microabsorption signature of Titan

as seen in > 0.43 MeV protons and > 0.35 MeV electrons. The
proton detector looked towards Titan in the direction shown by
the arrows. The heavy dashed curve superimposed on the proton
absorption feature is the expected signature of a 3800 km sphere
in an isotropic proton flux (courtesy of Vogt et al., 1981).

B. Voyager 1 observation of the microabsorption signature of Rhea
as seen in > 0.43 MeV protons at three different pitch angles.
Voyager 1 was — 1 R S north and V east (in the corotation
direction) of Rhea, and it took the protons — 3 minutes to drift.
from Rhea to Voyager 1. The 4,000 km width of the signature
would be expected from geometric absorption by Rhea (1,530 km)
and the — 3,500 km gyroradius of the protons. Protons mirroring
off the Equatorial plane have a substantial probability of
missing Rhea, and the details of the geometric relation between
Voyager and Rhea are believed to be responsible for the pitch
angle dependent fine structure.

C. Voyager 2 observation of the micruaoSurption signature cf Tethys
in > 2.2 MeV electrons. At the time, Voyager 2 was within 1° of
the longitude of Tethys but at -19 0 latitude. The Z3 model
Equatorial field line distance is given and the nominal position of
the orbit is indicated by the arrow. The width of the feature
is — 1100 km as compared to the diameter of Tethys of 1060 km.

D. Pioneer 11 observation of the microabsorption signature of 1979
S2 in electrons plotted versus Earth receive time. The width of
the signature is 170 km and is comparable to the diameter of
1980 S3 which is thought to be the same object (Van Allen, 1982;
courtesy of Van Allen et al., 1980a).
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Fig. 35. Counting rates of the Uni ,.ersity of Chicago 0.5-1.8 MeV proton

detector on Pioneer 11. It is now believed that the counts inside

of L = 4 are primarily due to > 30 MeV protons (Simpson et al.,
1981). Angular distributions relative to the magnetic field

direction are shown above (inbound) and below (outbound) the
counting rate curve. Note the macroabsorption features of
Enceladus, Mimas, and 1979 S2 (at L = 2.5) and the absence of such

features at the other satellites. The symmetry of the inner

magnetosphere is manifest by the agreement between the inbound and
outbound pass. The effect of shell splitting is noticeable between

the orbits of Enceladus and Dione (courtesy of Simpson et al.,

1980).
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Fig. 36. Electron (> 0.45 MeV) and proton (> 80 MeV) intensities in the inner
magnetosphere. To gain time resolution, data from three thresholds
on each of the detectors have been internormalized. If the spectrum
changes, this causes a modulatico that repeats every 4th point.
Absorption features due to Mimas, 1979S2 and the F ring are
observable in the > 80 MeV proton flux. The electron intensities
reflect the micro-absorption feature of 1979 S2 and absorption by
the F and A rings (courtesy of Fillius et al., 1980).
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Fig. 37. The flux of energetic protons in the inner magnetosphere, 48-63 MeV
and 63-160 MeV. The 48 63 MeV flux is not shown in the Mimas and G
ring absorption region because of uncertainties associated with
corrections for protons going through the sides of the counter
telescope. The dip near the G ring observed inbound just before
peak flux was due to a spacecraft roll maneuver. At low fluxes, the
error bars reflect statistical fluctuations and at high rates they
represent systematic errors. The top scale giving the Equatorial
distance of field lines and the position of satellite absorption
features are based on the B magnetic field model (Connerney et al.,
1982). The G ring, Mimas, and Enceladus are identified by G, M, and
Enc., respectively (courtesy of Schardt and I rk Donald, 1983).
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R3

Fig. 38. Proton energy spectra oDserved during the inbound pass of Voyager 2
at dipole L values of 7.80, 3.40 and 2.75 R s . The comparison with
Pioneer 11 data refers only to the 2.75 R curve (insert lower left
hand corner). Angular distributions of 2^-43 keV protons near the
G ring are shown in the upper right. The preferential absorption
near 90° pitch angle is clearly vi,ible between L = 2.75 and 2.835
(courtesy of Krimiqis and Armstrong, 1982).
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Fig. 39. Relative phase space density profiles for protons with constant
magnetic moment and 90° pitch angles. 	 the curves were calculated
for an exponential spectrum of the form J a exp - E/E CH , WITH ECH =
40 MeV for the 15 BeV/G curve and ECH = 33 MeV for the 60 BeV^G
curve. The pitch angle distribution used was of the form sin e,
with n reflecting the probable angular distribution. Typical error

bars are shown. It should be noted that the curve represents only
an upper limit beyond 5 RS because of the presence of a substantial
cosmic ray component (courtesy of Schardt and McDonald, 1983).
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Fig. 40. Spectra of protons injected by the decay of cosmic ray produced
neutrons. The spectra were calculated for 20 GeV primary protons

isotropically incident upon ice spheres of 5.5, 30 and 200 cm
radius. The solid curve results from the decay of neutrons moving
in the forward hemisphere relative to velocity vector of the

incident proton; the dashed curve is for backward moving neutrons.

Each set of spectra is normalized to unity at 12.5 MeV in the
forward direction (courtesy of Blake et al., 1983).
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Fig. 41. A. Counting rate of 7 to 17 MeV electrons and flux of > 3.4 MeV
electrons (right scale) in the inner magnetosphere.

B. The c$rresponding electron density in phase space calculated for
an E - spectrum. The reversal of the expected phase space
density gradient remains even for spectra as steep as E - .
Caution is required in interpreting the 7-17 MeV counting rate
because the counter telescope was near saturation, and its
response was almost certainly non-linear (courtesy of McKibbin
and Simpson, 1980).
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Fig. 42. A. Macro- and micro-absorption features of charged particles at

Mimas. The quasi-periodic variations in the counting rates are due

to ;canning through an anisotropic pitch angle distribution.
Outside the Mimas absorption gap, the proton counter responded

primarily to > 30 MeV protons (Simpson et al., 1981; courtesy of

Simpson et al., 1980b).
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Fig. 42. B. Normalized profile of the electron micro-absorption signature in
detectors A, B, and C observed in the Mimas gap. The solid
curve is the best fit result of a simple one-dimensional
diffusion model of satellite sweep-up and refilling process.
This model does not take into account dispersion due to the
energy dependence of the drift velocity (courtesy of Van Allen
et al., 1980c).
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Fig. 43. Calculated drift periods of electrons (upper two curves) and protons
(lower two curves) relative to Enceladus as a function of kinetic
energy of the particles. Of particular interest is the resonant, or
synchronous, energy for electrons of 1.00 MeV at 90' pitch angle and
1.21 MeV at 30'. Because protons drift in the opposite direction
from the satellite motion, they cannot be in resonance at any energy
(courtesy of Van Allen et al., 1980c).
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Fig. 44. Counting rate (20 minute average) of 7-10 MeV electrons under the
ring plane. The solid line superimposed on the observations gives
the expected L Z•8 dependence and counting rate if the electrons
result from then + u+ a decay of pions produced by cosmic ray
interaction with the rings (courtesy of Chenette et al.. 1980).
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N 11
II zz =
Z Ow
01,
CD >

Z 

= X^D
J

= L^

o
J

[>D

U

ORIGINAL PAGE f$
OF POOR QUALITY

I>

^ 1

W
WW NZ Z
O O

HU
W
..J
W

O
C^

Q
U_

S
U

LA-

O
F-

N

W

Z
D
WS

CDa

N

O
N

r

W
WO ZO O

N _

Q-
LA.

O
J

OUA

J °O

ss
.^F
w

O^
O0
O

in	 0o
o0	 6

(t_03S) 3148 WiNnoo

.



91

Fig. 45. The angular velocity of spoke features in the B ring taken from
Smith et al. (1981). The magnetic field corotation velocity of
810.76° per day is independent of radial distanc	 while the
Keplerian angular vel „ city is proportional to R ” I2 . The dashed
lines show the angular velocity for charged particles having the
indicated charge to mass ratios, coul/kg (courtesy of Thomsen et
al., 1982).
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Fig. 46. Voyager 1 picture of Saturn's rings in forward scattered light (132°
phase angle) from Smith et al. (1981). The increase in the optical
depth of the B ring at 1.63 R S has been explained in terms of the
stability limit of highly charged submicron dust grains (courtesy of
Northrop and Hill, 1982).
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