
gion exceeds 12 GV from all directions of 
incidence, we conclude tentatively that 
these electrons are either the product of 
pion decay from cosmic-ray interactions 
with ring material, or the atmosphere of 
Saturn, or-more likely-trapped elec- 
trons that were first accelerated beyond 
the radius of the A ring and, sub- 
sequently, have been scattered in the 
magnetic field at high latitudes into 
L < 2.3. 

Conclusions. We have discovered that, 
as at Earth and Jupiter, the magneto- 
sphere of Saturn contains high-energy 
trapped nucleons and electrons and, as 
at Jupiter, radiation is absorbed by plan- 
etary satellites. Peak intensities of elec- 
trons and protons in these magneto- 
spheres are shown in Table 2, and it is 
clear that the maximum trapped radia- 
tion intensities observed for Saturn lie 
between those of Earth and Jupiter. For 
the Pioneer 11 trajectory the fluence of 
> 3.4 MeV electrons was 9.1 x 109 cm-2 
[corresponding to 290 radiation units 
(silicon)]. 

Our data contain evidence for a new 
satellite of Saturn with a semimajor axis 
of 2.51 Rs the first satellite to be dis- 
covered from analysis of energetic 
charged particle radiation. There also are 
absorption features, for example, at the 
orbit of Mimas and at the F ring, which 
may be accounted for by unknown satel- 
lites or clumps of ring material. The 
width and inbound-outbound symmetry 
of the observed absorption features are 
consistent with a spin-aligned dipole 
magnetic moment offset from the rota- 
tion axis by no more than 0.01 Rs. In 
some cases the radiation intensity profile 
appears to be inconsistent with predic- 
tions of a steady-state inward diffusion 
model for populating the inner-trapped 
radiation zones. 

We conclude that the inner Saturn 
magnetosphere, because of its near-axial 
symmetry and the many discrete radia- 
tion absorption regions, offers a unique 
opportunity to study the acceleration 
and transport of charged particles in a 
planetary magnetic field. These and oth- 
er questions, such as the strong and 
changing particle anisotropies that we 
have observed but have not discussed 
herein, will be discussed elsewhere. 
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sphere. Before Pioneer 11's flyby en- 
counter with Saturn (periapsis on 1 
September 1979) (1) there was only mea- 
ger observational evidence on the basic 
question of whether or not this planet is 
magnetized (2, 3). 

The University of Iowa instrument on 

sphere. Before Pioneer 11's flyby en- 
counter with Saturn (periapsis on 1 
September 1979) (1) there was only mea- 
ger observational evidence on the basic 
question of whether or not this planet is 
magnetized (2, 3). 

The University of Iowa instrument on 

0036-8075/80/0125-0415$01.25/0 Copyright ? 1980 AAAS 0036-8075/80/0125-0415$01.25/0 Copyright ? 1980 AAAS 

Saturn's Magnetosphere, Rings, and Inner Satellites 

Abstract. Our 31 August to 5 September 1979 observations together with those of 
the other Pioneer 11 investigators provide thefirst credible discovery of the magneto- 
sphere of Saturn and many detailed characteristics thereof. In physical dimensions 
and energetic charged particle population, Saturn's magnetosphere is intermediate 
between those of Earth and Jupiter. In terms of planetary radii, the scale of Saturn's 
magnetosphere more nearly resembles that of Earth and there is much less inflation 
by entrapped plasma than in the case at Jupiter. The orbit of Titan lies in the outer 
fringes of the magnetosphere. Particle angular distributions on the inbound leg of 
the trajectory (sunward side) have a complex pattern but are everywhere consistent 
with a dipolar magnetic field approximately perpendicular to the planet's equator. 
On the outbound leg (dawnside) there are marked departures from this situation 
outside of 7 Saturn radii (Rs), suggesting an equatorial current sheet having both 
longitudinal and radial components. The particulate rings and inner satellites have a 
profound effect on the distribution of energetic particles. Wefind (i) clear absorption 
signatures of Dione and Mimas; (ii) a broad absorption region encompassing the 
orbital radii of Tethys and Enceladus but probably attributable, at least in part, to 
plasma physical effects; (iii) no evidence for Janus (1966 S 1) (S 10) at or near 2.66 Rs; 
(iv) a satellite of diameter > 170 kilometers at 2.534 Rs (1979 S 2), probably the same 
object as that detected optically by Pioneer 11 (1979 S 1) and previously by ground- 
based telescopes (1966 S 2) (S 11); (v) a satellite of comparable diameter at 2.343 Rs 
(1979 S 5); (vi) confirmation of the F ring between 2.336 and 2.371 Rs; (vii) confirma- 
tion of the Pioneer division between 2.292 and 2.336 Rs; (viii) a suspected satellite at 
2.82 Rs (1979 S 3); (ix) no clear evidence for the E ring though its influence may be ob- 
scured by stronger effects; and (x) the outer radius of the A ring at 2.292 Rs. Inside 
of 2.292 Rs there is a virtually total absence of magnetospheric particles and a 
marked reduction in cosmic-ray intensity. All distances are in units of the adopted 
equatorial radius of Saturn, 60,000 kilometers. 
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Table 1. Energy ranges and geometric factors for Pioneer 11 detectors. 

Effective 
energy 
range 

(MeV) 

Effective inverse 
omnidirectional 

geometric factor* 
(l/Q), cm-2 

Type 

Electrons 
A - C 0.040 < Ee < 21 730 Directional 
B - C 0.56 < Ee < 21 785 Directional 
G Insensitive 
C Ee > 21 23 Omnidirectional 
D Ee > 31 63 Omnidirectional 

Protons 
A - C 0.61 < Ep < 80 650 Directional 
B - C 9 < E, < 80 650 Directional 
G 0.61 < Ep < 3.41 285 Directional 
C Ep > 80 8.2 Omnidirectional 
D Ep > 80 23 Omnidirectional 

*The absolute omnidirectional intensity J in (cm2 sec)- is approximated by the product of the s] 
counting rate by (1/Q). The absolute spin-averaged unidirectional intensityj in (cm2 sec sr)-' is a 
by the product of the spin-averaged counting rate by (l/4irQ). 

1.35 
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Fig. 1. General overview of 15-minute corrected counting rates of University of Iow 
A, B, C, D, and G [see Table 1 and (6)]. The vertical ticks in the upper center of t 
show the semimajor axes of previously identified satellites, starting with Titan on ea 
reading inward. 
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occurred these times. 

uccessive The major features of our subsequent 
ntified on data are as follows. 
a analyzer 1) The trapping boundary for energetic 
These (BS particles, as shown most clearly by our 
stances of low-energy electron detector (Ee > 40 
pectively. keV), is accurately coincident with the 

magnetopause as defined by data from 
the plasma analyzer and the magnetome- 
ter. The intensity of such electrons in- 
creases dramatically just inside the mag- 

1/4rrQ netopause on both inbound and out- 
(cm2 sr)-1 bound legs of the encounter trajectory. 

2) The radial distances to the magneto- 
pause (MP in Fig. 1) on both inbound 

58.1 (17.3 Rs) (local time 11.6 hours) and out- 
62.5 bound (30.3 to 39.8 Rs) (local time 6.3 

hours) legs of the encounter trajectory 
are compatible with simple theoretical 
expectations for a vacuum dipole of mo- 

51.7 ment 0.21 gauss RS3 (8, 9) and the pre- 
51.7 vailing solar wind pressure (7). Hence, 
22.7 inflation of the magnetosphere by 

trapped plasma is considerably less im- 
portant than in Jupiter's magnetosphere 

pin-averaged (4 5). 
pproximated pproxi d 

3) The rings and inner satellites of Sat- 
urn have a profound effect on limiting the 
increase in charged particle intensities as 
the radial distance diminishes. The ab- 

41 Rs sorption "signatures" in curves for par- 
ticle intensity plotted against time (or 

- radial distance) provide (i) very valuable 
- 102 diagnostics on magnetospheric process- 
- es (for example, diffusion coefficients 

and loss rates) and (ii) a new technique 
- (particle beam astronomy) for discov- 

ering previously unknown satellites and 
1 rings and for confirming or contradicting 

v:- reports of such objects based on optical 
evidence. 

4) The observed dimensions of Sat- 

1 0-2 urn's magnetosphere (perhaps - 50 per- 
- cent smaller than average because of 

markedly enhanced solar wind pressure 
- at the time of the Pioneer 11 encounter) 

are such that Titan's orbit lies in its outer 
fringe. 

5) No overall periodic modulation of 

particle intensities at the assumed 10 
hour 14 minute rotational period of the 
planet has been found. This result is 
compatible with the finding of both mag- 
netometer groups (8, 9) that the dipole 
axis is tilted less than 1? to the planet's 
rotational axis. 

6) Appreciable intensities of electrons 
,+ Ee > 21 MeV or protons Ep > 80 MeV, 

or both, exist only between about 5.8 
00 ERT and 2.292 Rs with a maximum at 2.66 Rs 1979 

both inbound and outbound. 
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7) There is a virtually total absence of lhe diagram 
Lch end and magnetospheric particles within a radial 
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the outer edge of the A ring. At this bound- - 

ary intensities decrease by a factor of 
- 1000 within a radial distance of 0.01 
Rs. Also, the intensity of galactic cosmic 
rays is markedly reduced within the in- 
ner void, presumably by the planet's 
general magnetic field. (Equatorial val- 
ues of the vertical Stoermer momentum 
cutoff for protons are pc = 24 BeV at 
2.0 Rs and 95 BeV at 1.0 Rs, using a 
magnetic moment of 0.21 gauss Rs3.) 

8) The fluence of electrons Ee > 0.56 
MeV integrated through the entire Pio- 
neer 11 encounter was 6.6 x 100 cm-2. 
This corresponds to about 2300 roent- 
gens. 

Absorption features. A portion of the 
curve for the (115.5-second averaged) 
counting rate plotted against time for de- 
tector G is shown on an expanded scale 
in Fig. 2 (inbound). The vertical arrows 
labeled Dione, Tethys, Enceladus, and 
Mimas are placed at radial distances 
equal to the semimajor axes of their well- 
established orbits. The energetic particle 
signatures (that is, dips in intensity) of 
Dione and Mimas correspond quite accu- 
rately to their orbits. The signatures of 
the particle absorption effects of Tethys 
and Enceladus are not resolved. The 
broad depression of proton intensity ap- 
pears to be attributable to a composite 
effect of these two satellites, though 
there may be important plasma physical 
effects in addition. The corresponding 
outbound curve is almost identical over 
the region shown. 

Figure 3 (115.5-second averaged data) 
shows both inbound and outbound 
counting rates for our two high-energy 
particle detectors. A clear and well-de- 
fined signature of Mimas is shown. By 
virtue of both Figs. 2 and 3 and using 
Mimas's signature as a calibration and 
validation of our technique, we identify 
the feature at 2.82 Rs as provisional evi- 
dence for a heretofore unknown satellite 
(1979 S 3). 

A further expansion of scale is given in 
Fig. 4 [individual frame-by-frame count- 
ing rates at our ultimate time resolution, 
as described in (6)]. In no one of Figs. 2, 
3, and 4 is there any evidence for the ex- 
istence of Janus (S 10 or 1966 S 1) at or 
near 2.66 Rs. 

There is a major absorption feature 
centered at about 2.52 Rs. The depressed 
value of the intensity of energetic parti- 
cles is approximately constant over the 
radial range 2.550 to 2.490 Rs. Within 
this range at 2.534 Rs inbound, we ob- 

the sequential sampling of the various 
detectors, it has been possible to con- 
struct a detailed profile of this fine-scale 
absorption feature, as shown in the 
lower portion of Fig. 4. The time width 
of the profile at l/e of its normalized am- 
bient intensity is 10 seconds. At this 
time, the radial component of the veloc- 
ity of the spacecraft was 16.82 km/sec, 
and the spacecraft was 2300 km south of 
the ring plane. Thus the apparent radial 
dimension of this feature is 170 km if it is 
bounded by two magnetic shells or 
> 170 km if it is bounded by a magnetic 
tube of force. The presence of this 
marked absorption (99 percent of the am- 

bient intensity) was discovered by R. L. 
Rairden while he was plotting the frame- 
by-frame Iowa data in nearly real time. 

Despite the brevity of these effects we 
have found no basis for not accepting 
them as valid. Two of the other Pioneer 
11 particle investigators subsequently 
found similar effects (10, 11). We inter- 
pret the deep absorption feature at 
1618:14 Earth received time (ERT) 
(2.534 Rs) as the particle shadow [see 
Van Allen and Ness (12) for particle 
shadows by Earth's moon] of a satellite 
of diameter > 170 km (1979 S 2). Be- 
cause of the combined effects of corota- 
tional motion and magnetic curvature 
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Fig. 2. Plot of 115.5-second averaged counting rates of G, inbound. Vertical arrows show semi- 
major axes of Dione, Tethys, Enceladus, and Mimas (the last two with horizontal bars showing 
eccentricity of their orbits) and other features of interest as described in the text. 

Fig. 3. Plots of 115.5- 
second averaged 
counting rates of en- 
ergetic particle detec- 
tors C and D, both in- 
bound and outbound. 
The time scales are 
matched so that the 
abscissa corresponds 
to the same radial dis- 
tance on all four 
curves. 

C) 

z 
0D 

0 
u 

served a dramatic and very brief reduc- 
tion in counting rates of detectors A, B, 
C, and D. (The counting rate of G, as 
shown in Fig. 2, was already too low to 
show this detailed feature.) By virtue of 
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and gradient drift, electrically charged 
particles in general have a net longitudi- 
nal velocity relative to an orbiting satel- 
lite. Thus the "hole" (a vacant magnetic 
tube of force) that is created in the distri- 

bution of particles when they a 
sorbed by the satellite will strete 
longitudinally relative to the satel 
the particles drift past. For electr 
2.534 Rs with energies above at 

Table 2. New information on satellites and rings (1 Rs = 60,000 km). 

Feature Radial distance* Remarks 

Outer-edge of the A ring 2.292 
Pioneer division 2.292 to 2.336 
Absorption feature 2.336 to 2.371 Confirmatory of the 
Satellite 1979 S 5 2.343 Firmly established 
Satellite 1979 S 6 2.350 May be longitudinally 

tended signature ol 
Satellite 1979 S 2 2.534 firmly established 
Satellite 1979 S 4 2.522 May be longitudinally 

tended signature of 
Both S 2 and S 4 absorption signa- 

tures may be attributable to opti- 
cally detected object 1979 S 1 
which in turn may be 1966 S 2 (S 11) 

Satellite 1979 S 3 2.82 Suspected but interpr 
of signature ambigi 

Satellite 1966 S 1 (S 10) is not 
confirmed at or near 2.66 

E ring is not confirmed but may be 
obscured by other stronger effects 

*All radial distances at point of observation are in units of planet's adopted equatorial radius with an c 
tional uncertainty of + 0.002. Interpretative uncertainties involve unknown offset of magnetic cent 
geometrical center of the planet and unknown eccentricities of satellite orbits. 
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re ab- MeV, this shadow region extends west- 
ch out ward (retrograde sense) from the satel- 
lite as lite. The longitudinal length of the ex- 
ons at tended shadow is dependent on the rate 
bout 1 at which it is refilled by radial diffusion. 

Our preliminary consideration of these 
effects suggests that the spacecraft 
crossed the orbital radius of the satellite 
within a few degrees of longitude west- 
ward of the satellite. If this is confirmed 
by more thorough analysis, it appears 
likely that 1979 S 2 is the same body as 

F ring 1979 S 1 observed 16 hours previously by 

y ex- the imaging photopolarimeter team (13). 
f S 5 A further absorption signature on our 

detector D (only) occurs at 2.522 Rs out- 
y ex- bound (Fig. 4) (probability of less than 1 

2 percent of being a statistical fluctuation). 
This may be caused by another satellite 
(1979 S 4) in an orbit similar to that of 
1979 S 2 or it may be the longitudinally 

retation extended shadow of 1979 S 2. The orbital 
uous radii of 1979 S 1, S 2, and S 4 are all con- 

sistent with the Fountain-Larson object 
1966 S 2 (also called S 11) (14). The en- 
tire broad absorption feature between 

bserva- 2.490 and 2.550 Rs may conceivably be 
ter from caused by a single satellite, with its radi- 

al width (0.06 Rs) being attributable to 
orbital eccentricity of the satellite and to 
offset of the magnetic center of the plan- 
et from its geometric center. An alterna- 
tive view is that there may be several or 
many small satellites (tens of kilometers 
or more in diameter) within this region as 
suggested by Aksnes and Franklin (15). 

Figure 5 shows another segment of the 
data at our highest time resolution. The 
sinusoidal variation of the rates of direc- 
tional detectors A and B is the result of 
sweeping their axes through an aniso- 
tropic (pancake) distribution of in- 
tensities; the 58-second periodicity is the 
"beat note" between the spin period 

y-frame 7.693 seconds and the sampling period 
d D, in- 8.250 seconds. The most striking feature 
The ab- here is the dramatic cutoff of intensity at 
Lours 18 the outer edge of the A ring-by a factor 
ERT is of 1000 within 0.01 Rs. The dashed scale in 
rdetec- curve, calculated for loss-free diffusion 
ounting with a perfect absorber at radius r~, fits 
lized to the upper envelope of either the A or B 

rates and provides a means of refining 
the value of r,. A value of r, = 2.292 
(+ 0.002) Rs or 137,520 + 120 km is 
found for the radius of the outer edge of 
the A ring. Inasmuch as our particle ab- 
sorption technique is probably more sen- 
sitive to diffuse matter than either the 
imaging photopolarimeter (13) or infrared 
instrument (16), the difference between 
the value, 2.27 Rs, obtained with those in- 
struments, and our value of 2.292 Rs for 
the apparent outer radius of the A ring 
places an upper limit on the equatorial 
plane offset of the magnetic center from 
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the geometric center of the planet, name- 
ly 0.02 Rs [see (8)]. 

Another principal feature of Fig. 5 is a 
marked absorption between 2.371 and 
2.336 Rs, centered at 2.35 Rs, accurately 
confirmatory of a ring of disperse scat- 
tering material reported by the imaging 
team (13). They have called this feature 
the F ring and the region between it and 
the outer edge of the A ring the Pioneer 
division. We also confirm the existence 
of such a division. In addition, we find 

significant effects on the angular distribu- 
tion of low-energy electrons (a relative 
absence of particles with mirror points 
near the equator) extending outward to 
at least 2.45 Rs, suggesting a tenuous dis- 
tribution of particulate matter. 

Also, we find (Fig. 5) within the F ring a 
strong narrow absorption signature in 
detectors A, B, and C at 2.343 Rs, char- 
acteristic of a satellite of diameter > 100 
km. We designate this as 1979 S 5. 

Feibelman's E ring (also called the D' 
ring) is defined observationally (17) to lie 
in the equatorial plane between about 3.3 
and 6.5 Rs. We are unable to confirm its 
existence, but-its influence on energetic 
particle distributions (18) may be ob- 
scured by the stronger effects noted 
above. 

On the outbound leg of the trajectory, 
the telemetry signal was not reacquired 
after occultation by the planet until 
1921:37 ERT (2.301 Rs). Hence, the rap- 
id recovery from background rates with- 
in the central void of the magnetosphere 
was not observed, but the signature of 
the F ring was reconfirmed. A further satel- 
lite signature was observed outbound at 
2.350 Rs, at the 99 percent confidence 
level (1979 S 6). This signature may be 
the longitudinally extended shadow of 
1979 S 5. 

After the spacecraft entered the cen- 
tral void, data were acquired continuous- 
ly in real time to 1756:30 ERT, that is, 
nearly to periapsis 1756:54.1 ERT (1.349 
Rs). Thereafter for 51.2 minutes, data 
were stored at a total spacecraft bit rate 
of 16 bits per second and played back lat- 
er over the telemetry link. The observed 
rates of all of our Geiger-Muller detec- 
tors within the void were slightly below 
the rates that we calculated for this 
epoch from the preflight data on the ra- 
dioactive background of the radioisotope 
thermal generators (RTG's) that supply 
the electrical power for the spacecraft. 
The rate of the solid-state detector G was 
accurately equal to the rate of its ameri- 
cium-241 calibration source. Thus, the 
A, B, and C rings provide a very ef- 
fective shield against magnetospheric 
particles. No particles were observed on 
the magnetic shell through Cassini' s divi- 
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Fig. 5. Plots of frame- 
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rates for A, B, and C, 
inbound. 
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sion. As remarked previously, the nearly 
complete absence of cosmic rays within 
the void is attributed to the general mag- 
netic field of the planet. 

Throughout this section the positions 
of observed features have been specified 
by their radial distances from the center 
of the planet. Ideally these distances 
should be projected along magnetic lines 
of force to the planet's equator. Within 
the especially interesting region between 
3 and 2.3 Rs the planetocentric latitude 
of the spacecraft lay between + 0.5? and 
- 1.5? both inbound and outbound. 
Hence the error associated with the ne- 
glect of such a correction is of the order 
of 0.001 Rs, comparable to the uncer- 
tainty in the basic ephemeris. 

Our findings on rings and satellites are 
recapitulated in Table 2. 

Angular distributions. Within a period 
of 115.5 seconds (14 telemetry cycles of 
our data at the usual spacecraft bit rate 
of 512 bits per second, spacecraft telem- 
etry format B/D) we acquire a nearly uni- 
form distribution of counting rate sam- 

pies over 360? of the spacecraft r 
(p, measured from the ascending 
the equator of the spacecraft on t] 
tic to the X-axis of the spacec 
rection of the axes of our directi 
tectors A, B, and G). At p= ] 
332?, the X-axis is parallel to ti 
torial plane of the planet. 

A least-squares (Fourier) anm 
the counting rates for each 115.5 
interval has been made to the 
form 

f(p) = M [1 + K, cos (p - A1) 

K2 cos 2 (,p - A2)] 

to obtain M, K1, A1, K2, and A 
local magnetic vector is perpend 
the planet's equator, A2 = 152? ft 
cake (PC) angular distributil 
A2 = 62? for a dumbbell (DB) 
tion. Whenever the spin axis 
spacecraft is nearly perpendicul 
local magnetic vector a nearly c 
pitch angle distribution is obtain 
erwise, the X-axis makes an 
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Fig. 7. The encounter trajectory of Pioneer 11 was in a plane inclined 6.55? to Satur 
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the dashed line south of that plane. The curved arrow for each of seven previous 
satellites shows its motion between the times that Pioneer 11 crossed its orbital radiu, 
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oll angle sweep through the pitch angle distribu- 
node of tion. Values of the first-order parame- 

he eclip- ters, K1 and A1, and the second-order pa- 
raft (di- rameters, K2 and A2, have been calcu- 
onal de- lated for the entire body of encounter 
152? and data. Whenever K2 and A2 are coherent 
ie equa- over several averaging periods, the val- 

ues of A2 are found to be accurately 
alysis of equal either to (PB, the roll angle of the 
5-second projection of the magnetic vector on the 
assumed spacecraft's equatorial plane, or to 

(PB ? 90?. (The values of pB were kindly 
supplied in preliminary form by E. J. 
Smith et al. of the Jet Propulsion Labo- 
ratory magnetometer team.) If A2 = PB, 
the distributions are DB and if 

2. If the A2 = B ? 90?, PC. 
icular to Figure 6 shows the time dependence of 
or a pan- the second-order parameters for detec- 
on and tors A, B, and G throughout the encoun- 
distribu- ter. The serial numbers 1, 2, ... 17 la- 

of the bel transitions of interest. Electrons 
ar to the Ee > 40 keV exhibit a succession of crisp 
omplete alternations in the basic form of the an- 
ed. Oth- isotropy on the inbound leg of the trajec- 
oblique tory as follows: MP to 1, PC; 1 to 2, DB; 

2 to 3, PC; 3 to 4, DB; and 4 to 5, PC. 
Electrons Ee > 0.56 MeV exhibit a quite 
different pattern: MP to 3, DB; 3 to 11 
(- 4), inconclusive; and 11 to 12 (= 5), 
PC. Protons 0.61 < Ep < 3.41 MeV ex- 
hibit a distinctively different pattern: MP 
to 15, PC; 15 to periapsis, inconclusive 
to DB. These results are presumably at- 

f18 tributable to plasma physical effects on 
pitch angle scattering or absorption ef- 

12 fects by tenuous distributions of particu- 
late matter or both. 

On the outbound leg of the trajectory 
SEPT the angular distributions are more or less 

similar in form to those on the inbound 
leg within about 7 Rs. Thereafter, there 
are marked differences. For example, for 
detector A there is a sharp shift from PC 
to DB at 6 followed by a gradual decline 
in A2 from 6 to 7, then an upward and 
then a downward trend of A2 between 7 

TITAN and 8. Between about 8 and 9 the angular 
distribution is chaotic. We tentatively at- 
tribute this chaos to a plasma wake of Ti- 
tan (20.36 Rs). Between about 9 and 10 
the angular distribution is PC, but with 

o A2 very different from 152?. The run of 
values of A2 on the outbound leg of the 
trajectory near the dawn meridian corre- 
sponds to the presence of an equatorial 
sheet of current having both radial and 
longitudinal components. A detailed mod- 
el is being developed. 

Our first-order anisotropy parameters 
Ai and K1 for detector G on the inbound 
leg of the trajectory between 13 and 

's equa- 7 Rs (near local noon) are coherent 
north and 
ly known and well determined, but we have not 

sinbound yet achieved a reconciliation between 
the values of the spectral index y = 
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-d(lnj)/d(lnE) implied by corotation and 
the values measured directly by multi- 
channel detectors of the Goddard Space 
Flight Center group (19, 20). 

Conclusions. In the interest of brevity, 
the various conclusions of the previous 
sections are not repeated here but an 
overview of them is given in the abstract. 
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tions of the magnetosphere of this giant 
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proton energy spectra and angular distri- 
butions from 0.2 to 22 MeV and electron 
energy spectra and angular distributions 
from 0.1 to 2 MeV. In addition, helium 
nuclei are measured in several intervals 

port summarizes our first direct observa- 
tions of the magnetosphere of this giant 
planet. The experiment provides detailed 
proton energy spectra and angular distri- 
butions from 0.2 to 22 MeV and electron 
energy spectra and angular distributions 
from 0.1 to 2 MeV. In addition, helium 
nuclei are measured in several intervals 

between 0.65 and 22 MeV per nucleon 
(1). The spacecraft approached the Sat- 
urn system near the subsolar point and 
exited toward the dawn meridian (2). An 
overview of the energetic particle data is 
provided by the proton and electron time 
histories for three different energies of 
each component (Figs. 1 and 2). This 
limited spatial survey suggests a tenta- 
tive division into three distinct regions: 

1) Outer magnetosphere [magneto- 
pause to 7.5 Saturn radii (Rs)]: this re- 

tgion is characterized by monotonically 
increasing fluxes and hardening of the 
spectra inward from the magnetopause. 
There are large and unusual changes in 
the angular distributions of low-energy 
electrons. 

2) Slot region (7.5 to 4 Rs): the proton 
flux decreases by a factor of 50 and the 
low-energy electron flux by a factor of at 
least 10. The Saturn moons Dione, Te- 
thys, and Enceladus, which orbit this re- 
gion, appear to play major roles in reduc- 
ing the fluxes. 

3) Inner magnetosphere (4 Rs to nomi- 
nal A ring edge): the proton fluxes in- 
crease rapidly inside the orbit of Encel- 
adus, with deep flux depressions ob- 
served near the orbits of Mimas, Janus, 
and possibly S 11. The rapid proton in- 
crease extends to energies greater than 
20 MeV and the proton energy spectra 
become complex. A sharp cutoff of all 
trapped particles was observed at the 
ring edge. 

Prior to the encounter, no measurable 
fluxes of energetic ions or electrons were 
detected that could be attributed to Sat- 
urn. Thus there is no indication that Sat- 
urn's magnetosphere is a source of inter- 
planetary electrons, as is Jupiter's (3, 4). 
A moderately sized solar cosmic-ray 
event was in progress during the encoun- 
ter period, and fluxes of 10- to 20-MeV 
protons were detected in the outer mag- 
netosphere. It is plausible that these 
were of solar cosmic-ray origin and had 
access to the magnetosphere via a Saturn 
tail region in the same manner that low- 
energy solar cosmic rays penetrate deep 
into Earth's magnetosphere (5). Studies 
are being carried out to determine how 
well the Saturn tail region can be defined 
by these observations. 

In the following discussion, the three 
regions of the Saturn magnetosphere are 
described in greater detail. 

Outer region. The time histories for 
0.2-, 0.7-, and 1.2-MeV protons and 0.1-, 
0.8-, and 1.1-MeV electrons in the outer 
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Observations of Energetic Ions and 

Electrons in Saturn's Magnetosphere 

Abstract. The passage of Pioneer 11 by Saturn provided a detailed view of a plan- 
etary magnetosphere that is intermediate between those of Jupiter and Earth in both 
scale and the complexity of its dynamic processes. It appears to have at least three 
distinct regions: (i) an outer magnetosphere, extending from 17 to 7.5 Saturn radii, 
that resembles that of Earth in many important aspects; (ii) a slot region, between 
7.5 and 4 Saturn radii, where a marked decrease in all protons and low-energy elec- 
trons is observed; and (iii) an inner region, extending from 4 Saturn radii to the ring 
edge, that features a sharp increase in the proton flux extending to energies greater 
than 20 million electron volts. A cutoff of both proton and electron fluxes occurred 
just beyond the nominal edge of the A ring. 
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