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sections are not repeated here but an 
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energy spectra and angular distributions 
from 0.1 to 2 MeV. In addition, helium 
nuclei are measured in several intervals 
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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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electrons). A flux increase of about an 
order of magnitude was observed within 
1 Rs of the boundary. Inside the magne- 
tosphere, particle fluxes increase to a 
maximum at 7 Rs, with a systematic 
hardening of both proton and electron 
spectra. The differential spectra can be 
represented byj(E) ~ E-, where E is the 
kinetic energy of the particles. The spec- 
tral index y for protons changes from 5.8 
at 14 Rs to 4.1 at 7 Rs. Superimposed on 
this steep spectrum is a hard component 
observable above ~ 2 MeV with .y = 2. 
It decreases in relative importance and 
loses statistical significance inside 10 Rs. 
The spectral index and radial behavior of 
the higher energy proton component in 

the outer region suggest that this com- 
ponent is of solar origin. 

For both protons and electrons, there 
are departures from the monotonic flux 
increase with decreasing radial distance. 
These changes are particularly notice- 
able in the low-energy channels (Figs. 1 
and 2) and are more pronounced in the 
dawn direction (outbound pass). Varia- 
tions in solar wind conditions are prob- 
ably the primary cause. 

Further information about the outer 
region can be obtained by studying the 
angular distributions of the protons and 
electrons. For this type of study, count- 
ing rates are divided into eight 45? sec- 
tors for three proton channels from 0.5 to 

2.2 MeV and for four electron channels 
from 0.1 to 2 MeV. The detection system 
scans in a plane that is perpendicular to 
the spin axis of the spacecraft, which in 
turn points at Earth. This geometry de- 
termines which physical effects (such as 
corotation, field-aligned streaming, and 
so forth) can be observed. In the analy- 
sis procedure, the particle distribution 
J(O) is expressed as a Fourier series 
J(O) = n=O An cos n (0 - 0n). First-or- 
der anisotropies (that is, A1/Ao) can be 
produced by field-aligned streaming, co- 
rotation, or the effects of intensity gradi- 
ents. No significant first-order anisot- 
ropies were observed for electrons. Sig- 
nificant A /Ao values were measured 
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for the 0.5- to 2.2-MeV protons in the ex 
pected corotation direction. The corotz 
tion anisotropy is produced when the ot 
server moves relative to the appropriat 
rest frame, which can be either the mag 
netospheric plasma or the magnetic fielc 
The observed particles then have di 
ferent energies and directions than in th 
rest frame, producing an anisotropy. Th 
first-order anisotropy is given by th 
Compton-Getting effect (6) plus smalle 
corrections for the flux gradient and th 
"pancake" angular distribution. At 10. 
Rs, Al/Ao is 16.6 + 3.1 percent, leadin 
to a rotation velocity of 112 + 36 kn 
sec, a fortuitously close agreement wit 
the velocity of 110 km/sec expected fror 
the period (10 hours 14 minutes) of Sa 
urn's atmospheric markings (7). 

Because of the symmetry of particl 
trajectories around magnetic field line, 
the second-order anisotropy is eithe 
field-aligned, giving rise to "dumbbell 
distributions, or perpendicular to th 
field direction, resulting in pancake di 
tributions. Pancake distributions al 
generally found in Earth's magnet( 
sphere for particles that have bee 
trapped for a long time. The dumbbe 
distributions generally represent freshl 
injected particles or a situation in whic 
particles with mirror points near th 
equatorial plane have been selectivel 
removed by such a process as absorptic 
by one of the planetary moons or othl 
material. Dumbbell distributions can a 
so result from shell splitting (8). 

The second-order anisotropies of boi 
electrons and protons are relativel 
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Fig. 3. Second-order anisotropy of 0. 1- to 0. 
MeV and 0.8- to 1.1-MeV electrons (32-mil 
ute averages). The pitch-angle distributiol 
perpendicular to the field correspond 
1 + b sin2k, and field-aligned distributiol 
correspond to I + b cos2b, with b 
2 (A2/A) (1 - A2/Ao)-1. No corrections ha' 
been made for the inclination of the magnet 
field relative to the scan plane. Saturn sate 
lites are abbreviated as in Fig. 1. 
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and 8 Rs. 
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m large. Figure 3 shows values of A2/Ao for 
t- two electron energies, with dumbbell 

values plotted down from isotropy and 
le pancake values plotted up from isotropy 
s, (A2/Ao = 0). Near the magnetopause, all 
er electron channels (0.1 to 2 MeV) have 
" large dumbbell anisotropies. At 15 Rs, 
ie the 0.1- to 0.4-MeV electron distribu- 
s- tions approach isotropy and then be- 
re come distinctly pancake-shaped between 
o- 10 and 15 Rs. This channel again shows a 
n dumbbell distribution between 10 and 8 
11 Rs. The high-energy electrons (Fig. 3) al- 
ly so start with a dumbbell distribution near 
:h the magnetopause and progress first to- 
ie ward isotropy near 8 Rs and then in- 
ly creasingly toward a pancake distribu- 
n tion. This channel is typical of the trend 

er of angular distributions at other energies, 
j- all of which start as dumbbell distribu- 

tions and end as pancake distributions at 
th 5 Rs. Such a change in the distributions 

ly is qualitatively consistent with inward 
diffusion, which selectively increases the 
velocity component perpendicular to the 
magnetic field, thus concentrating the 
particles near the equator into a pancake 

s distribution. The same general trend is 
also evident during the outbound pass. 

The behavior of the electron channel 
of lowest energy is clearly anomalous 
and asymmetrical with respect to the 
outbound pass. This asymmetry, when 
considered together with changes in the 
proton distributions, appears to be tem- 
poral in nature (Fig. 4). Between 10 and 8 
Rs, the 0.4- to 0.8-MeV electrons have a 
normal or pancake distribution, while 
the energy intervals on either side are 
field-aligned. 

The angular distribution of protons is 
4- always pancake-shaped in Saturn's outer 
n magnetosphere. There is one period, 
to around 10 Rs, when A2/Ao decreases to 
ns 20 percent from its average value of-- 70 

percent. This is exactly the time when 
ve ic the low-energy electron distribution 
,1- changes directions. Both the low-energy 

electron and proton fluxes (Figs. 1 and 2) 

show small decreases at the same time. 
These changes are observed just outside 
the orbit of Rhea on the inbound pass 
and inside during the outbound pass, so 
it is likely that they are mainly temporal 
variations and not absorption features. 

Slot region. The proton flux at 
energies between 0.2 and 2.2 MeV is re- 
duced by a factor of about 50 inside 7.5 
Rs for a distance of < 2 Rs. At the same 
time, the angular distribution evolves 
from a normal pancake distribution to 
one that is isotropic. However, the spec- 
tral index y is almost constant, varying 
only between 3.8 and 4.1. Above 0.5 
MeV, the proton intensity in the slot re- 
gion was 'actually less than the inter- 
planetary value at the time Pioneer 11 
entered the magnetosheath region. 
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Fig. 5. Proton and alpha-particle fluxes in the 
inner magnetosphere during the outbound 
pass. The nominal orbits of Janus (J), Mimas 
(M), and Enceladus (E) are indicated by 
dashed lines. (Data for the inner region must 
be regarded as preliminary, since several im- 
portant corrections have not been made.) 
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The decrease of low-energy electrons 
(Fig. 2) closely follows that of the pro- 
tons both inbound and outbound. How- 
ever, as the electron energy increases, 
the maxima and minima move closer to 
Saturn and become less distinct, until no 
dip is discernible in the 1.1-MeV chan- 
nel. Thus the electron differential energy 
spectrum develops to a maximum be- 
tween 0.1 and 1.1 MeV, and the maxi- 
mum occurs at progressively higher 
energies as Saturn is approached. The 
shape of the electron spectrum inside 5 
Rs is such that the detector response to 
bremsstrahlung in the shielding is prob- 
ably the dominant contributor to the 
counts in the low-energy electron chan- 
nels. (These channels are not plotted in 
Fig. 2 in the region where the electron 
intensities become uncertain.) 

If the slot region is produced by the 

sweep-up effect of the satellites Dione, 
Tethys, and Enceladus, then the dif- 
ference in electron response with energy 
can be understood in terms of dif- 
ferences in drift speed (9). Near-equa- 
torial electrons with energies of 0.89, 
1.07, and 1.22 MeV are in resonance 
with these moons and are minimally af- 
fected. In contrast, protons and low-en- 
ergy electrons would be removed much 
more effectively. Such a mechanism 
would require symmetry between the in- 
bound and outbound passes. The rise 
and decay of the 1.1-MeV proton flux 
(Fig. 1) was well defined. Extrapolating 
from these curves, we find an inter- 
section at 6.5 Rs for the inbound pass 
and 6.35 Rs for the outbound pass. Dione 
is located at 6.3 Rs. The proton flux 
starts to increase again just within the or- 
bit of Enceladus. 

The boundary between the outer mag- 
netosphere and the slot region-that is, 
the intensity maximum of protons and 
low-energy electrons-is not as sharp. 
Furthermore, the positions of the maxi- 
ma and of the peaks in the differential 
electron energy spectra are about 0.4 to 
0.6 Rs closer to the planet on the out- 
bound pass than on the inbound. This 
asymmetry may indicate that other pro- 
cesses besides absorption are significant 
in this region. 

Inner region. Inside the orbit of Encel- 
adus, the proton fluxes increase at all 
proton energies from 0.2 to above 20 
MeV. The angular distributions are 
dumbbell-shaped, and well-defined ab- 
sorption features coincide with the orbit 
of Mimas but not that of Janus (Fig. 5). 
Important corrections for dead-time ef- 
fects, penetrating particles, helium nu- 
clei, and electrons have still to be ap- 
plied. These corrections could signifi- 
cantly alter the data shown in Fig. 5. 
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(The proton energy spectrum in this re- 
gion is still under study.) Below 2 MeV, 
the spectral shape is E-3-4, but it is 
much flatter above 2 MeV. The 1- to 2- 
MeV electron flux approaches a plateau 
region as a function of radius, with no 
major absorption features. 

An important clue to the origin of the 
particles in the inner region is provided 
by the presence or absence of heavier 
nuclei. A preliminary analysis of our 
data indicates an upper limit for the He/ 
H ratio of 0.01 for 10 to 20 MeV per nu- 
cleon (Fig. 5). At lower energies, this ra- 
tio appears to increase to - 0.1 

Several well-known mechanisms ap- 
pear to be responsible for the observed 
phenomenology. At the particle energies 
examined in this experiment, Saturn's 
outer magnetosphere resembles that of 
Earth. Below 2 MeV, the flux increase 
and energy spectra are those that would 
be expected if particles were injected 
near the magnetopause and then further 
accelerated by inward radial diffusion 
with conservation of the first and second 
adiabatic invariants. The strange behav- 
ior of the electron angular distributions 

(Figs. 3 and 4) indicates that resonant 
wave-particle interactions probably oc- 
cur, presumably with waves generated in 
the magnetosphere. More detailed analy- 
sis of the shape of the angular distribu- 
tions revealed deep notches in the distri- 
butions of I-MeV electrons, perpen- 
dicular to the magnetic field at 12 Rs in- 
bound and field-aligned at 8 Rs out- 
bound. These interactions are probably 
the cause for the difference in behavior 
of the second harmonic between the in- 
bound and outbound passes (Fig. 3). 

The direction of both the magnetic 
field and the trapped particle anisotro- 
pies during the outbound pass indicates 
that the magnetosphere is distended, 
possibly into a shape approaching that of 
a tail or plasma disk. Magnetospheric 
plasma was shown to be present between 
4 and 7 Rs (10), and it may be consid- 

erably more extensive. 
Dione, Tethys, and Enceladus appear 

to play major roles in establishing the 
slot region. However, the gyroradius of a 
1-MeV proton is 3.5 times the radius of 
Dione. For both Tethys and Enceladus, 
this gyroradius is comparable to the sat- 
ellite radii. If the particle diffusion coeffi- 
cient is large, then other processes may 
be involved. These might include the ef- 
fects of additional, as yet unobserved 
material orbiting Saturn in the slot re- 

gion, or interactions with the ambient 

plasma (10). The latter process could al- 
so explain the observed asymmetry be- 
tween the inbound and outbound passes. 

The inner magnetosphere may be very 

stable. Mimas appears to be effective in 
removing energetic protons; still, its 
radius (270 km) is not much larger than 
the 196-km gyroradius of I-MeV pro- 
tons. No comparable absorption feature 
was observed at the nominal orbit of 
Janus (2.65 Rs), even though the ratio be- 
tween proton gyroradius and satellite 
radius is only 10 percent smaller than for 
Mimas. We consider this strong evi- 
dence that Janus orbits inside 2.59 Rs or 
is much smaller than its nominal 150-km 
radius. A mean orbital position of 2.52 
+ 0.04 Rs corresponds to the center of 
the absorption slot observed during the 
inbound pass. A critical reexamina- 
tion of astronomical data by Aksnes 
and Franklin (11) showed that the orbit 
of Janus cannot be determined defini- 
tively from available data. They found 
two orbits (2.5222 and 2.5242 Rs) that are 
consistent with most of the observations, 
but have somewhat larger residuals. 
Data points for the present experiment 
were not taken often enough to deter- 
mine whether other objects, such as J-11, 
contributed to this absorption feature. 

If diffusion times are slow enough to 
permit effective sweep-out by a small 
satellite like Mimas, then the long life- 
time of particles between satellite orbits 
would permit the buildup of a substantial 
particle population even from a relative- 
ly weak source such as cosmic-ray al- 
bedo neutrons. Therefore, the two obvi- 
ous sources for these particles in the in- 
ner zone are (i) the inward diffusion of 
solar wind particles energized in the out- 
er region and (ii) protons from the decay 
of secondary neutrons that were pro- 
duced by primary cosmic rays incident 
on the surface of Saturn and the ring ma- 
terial. The dumbbell angular distribution 
is consistent with both processes. In 
fact, both processes are expected to con- 
tribute to the population of energetic par- 
ticles. The apparent presence of helium 
nuclei indicates that particles of solar 
wind origin represent an important com- 
ponent up to energies of at least 20 meV 
per nucleon. 

J. H. TRAINOR 
F. B. MCDONALD 

A. W. SCHARDT 
NASA/Goddard Space Flight Center, 
Greenbelt, Maryland 20771 

References and Notes 

1. J. H. Trainor, F. B. McDonald, B. J. Teegarden, 
W. R. Webber, E. C. Roelof, J. Geophys. Res. 
79, 3600 (1974). 

2. J. W. Dyer, Science 207, 400 (1980). 
3. B. J. Teegarden, F. B. McDonald, J. H. Trainor, 

W. R. Webber, E. C. Roelof, J. Geophys. Res. 
79, 3615 (1974). 

4. T. F. Conlon, ibid. 83, 541 (1978). 
5. M. Schuler, Space Sci. Rev. 17, 3 (1975). 
6. M. A. Forman,Planet. Space Sci. 18, 25 (1970). 
7. C. W. Allen, Astrophysical Quantities (Humani- 

ties, Atlantic Highlands, N.J., 1973). 

SCIENCE, VOL. 207 



8. J. G. Roederer, Rev. Geophys. Space Phys. 10, 
599 (1972). 

9. A. Mogro-Campero and R. W. Fillius, J. 
Geophys. Res. 81, 1289 (1976). 

10. See J. H. Wolfe, J. D. Mihalov, H. R. Collard, 
D. D. McKibbin, L. A. Frank, and D. S. Intrili- 
gator [Science 207, 403 (1980)] for plasma re- 
sults during encounter. 

11. K. Aksnes and F. A. Franklin, Icarus 36, 107 
(1978). 

12. We thank R. Finnel, C. Hall, J. Wolfe, and espe- 
cially R. Hogan for their attention and assist- 
ance in carrying out the successful Pioneer 11 

8. J. G. Roederer, Rev. Geophys. Space Phys. 10, 
599 (1972). 

9. A. Mogro-Campero and R. W. Fillius, J. 
Geophys. Res. 81, 1289 (1976). 

10. See J. H. Wolfe, J. D. Mihalov, H. R. Collard, 
D. D. McKibbin, L. A. Frank, and D. S. Intrili- 
gator [Science 207, 403 (1980)] for plasma re- 
sults during encounter. 

11. K. Aksnes and F. A. Franklin, Icarus 36, 107 
(1978). 

12. We thank R. Finnel, C. Hall, J. Wolfe, and espe- 
cially R. Hogan for their attention and assist- 
ance in carrying out the successful Pioneer 11 

On its historic flight past Saturn, Pio- 
neer 11 carried instrumentation for the 
measurement of magnetospheric parti- 
cles and fields. One of these instruments 
was a trapped radiation detector package 
designed and built at the University of 
California, San Diego (UCSD) (Table 1). 
Data obtained with this package are pro- 
viding (i) confirmation of the existence of 
a magnetosphere and trapped radiation 
belt at Saturn, (ii) greater understanding 
of that magnetosphere and measure- 
ments of trapped particle fluxes and 
energies, (iii) the opportunity to investi- 
gate particle acceleration processes un- 
der new conditions and to compare them 
with activity in other magnetospheres, 
and (iv) information about ring and satel- 
lite absorption effects, including the 
wake of what is probably a previously 
undiscovered object. 

Traveling to Saturn by way of Earth 
and Jupiter, Pioneer 11 crossed three 
magnetospheres and, with its sister 
spacecraft Pioneer 10, gathered excellent 
material for comparative studies. Figure 
1 shows the intensities and radial extents 
of particles in a common energy range at 
the three planets. Other comparative fea- 
tures that can be seen include the effects 
of moons and rings and the modulation 
of the radiation levels by planetary rota- 
tion. 

Earth's moon is well outside the ter- 
restrial magnetosphere and has no effect 
on it. However, many of the moons of 
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Jupiter and Saturn are inside the zone of 
trapped radiation and interact strongly 
with the trapped particles. In Fig. 1, the 
arrows at the orbits of Io and Amalthea 
point to dips caused by absorption of the 
radiation. There are analogous absorp- 
tion features at Saturn, too, but they are 
not shown distinctly in Fig. 1. The ring of 
Jupiter (1) produces an absorption dip 
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with the trapped particles. In Fig. 1, the 
arrows at the orbits of Io and Amalthea 
point to dips caused by absorption of the 
radiation. There are analogous absorp- 
tion features at Saturn, too, but they are 
not shown distinctly in Fig. 1. The ring of 
Jupiter (1) produces an absorption dip 

like that of the moons (2), but the rings of 
Saturn produce the most dramatic effect 
of all. The trapped radiation is complete- 
ly absorbed at the outer edge of the A 
ring and, on lines of force intercepted by 
the Saturn rings, cosmic rays fall to less 
than one fifth of their interplanetary lev- 
el. Our counting rates here were the low- 
est recorded in the entire flight. 

Modulation at the planetary rotation 
rate is visible only at Jupiter, where the 
gross intensity variations outside the or- 
bit of Io carry the 10-hour period of Jupi- 
ter's rotation. Earth's magnetosphere 
could produce a 24-hour modulation if 
an observatory could be held stationary 
at a chosen location. However, the near- 
Earth data shown here span only 1 hour, 
so there is no chance of seeing such an 
effect. Like Jupiter, Saturn has a rotation 
period of 10 hours, but if modulation oc- 
curs at this frequency, it is not readily 
apparent. It is natural to attribute this 
uniqueness to the remarkable symmetry 
of Saturn's magnetic field, which has a 
dipole moment with near-zero values for 
both tilt and offset (3). 

Figure 2, A to C, shows a time profile 
(4) of Saturn's magnetosphere as seen by 
several channels of the UCSD instru- 
ment. Refer to Fig. 3 for the encounter 
geometry and Table 1 for a description of 
the detectors. 

The outer region of Saturn's magneto- 
sphere extends from - 6 Saturn radii 
(Rs) (5-7) to the magnetopause. It is 
strongly influenced by the time-variable 
solar wind, and it contains particles of 
lower energy than the inner region. Pio- 
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Trapped Radiation Belts of Saturn: First Look 

Abstract. Pioneer 11 has made the first exploration of the magnetosphere and 
trapped radiation belts of Saturn. Saturn's magnetosphere is intermediate in size 
between Earth's and Jupiter's, with trapped particle intensities comparable to 
Earth's. The outer region of Saturn's magnetosphere contains lower energy radia- 
tion and is variable with time; the inner region contains higher energy particles. The 
pitch angle distributions show a remarkable variety of field-aligned and locally mir- 

roring configurations. The moons and especially the rings of Saturn are effective 
absorbers of trapped particles; underneath the rings, the trapped radiation is com- 
pletely absorbed. We confirm the discovery of a new ring, called the F ring, a new 
division, the Pioneer division, and a moon, called 1979 S 2. The latter has probably 
been seen from Earth. There may be evidence for more bodies like 1979 S 2, but at 
this stage the interpretation of the data is ambiguous. Using particle diffusion rates, 
we estimate that the cross-sectional area of the F ring is > 7 x 101 square centime- 
ters and that the opacity is > 10-5. Cosmic-ray albedo neutron decay should be 
looked into as a source of energetic particles in the inner magnetosphere of Saturn. 
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