Saturnian Trapped Radiation and Its Absorption by Satellites
and Rings: The First Results from Pioneer 11

Abstract. Electrons and protons accelerated and trapped in a Saturnian magnetic
field have been found by the University of Chicago experiments on Pioneer 11 within
20 Saturn radii (Rg) of the planet. In the innermost regions, strong absorption effects
due to satellites and ring material were observed, and from ~ 4 Rg inwards to the
outer edge of the A ring at 2.30 Rg (where the radiation is absorbed), the intensity
distributions of protons (= 0.5 million electron volts) and electrons (2 to 20 million
electron volts) were axially symmetric, consistent with a centered dipole aligned with
the planetary rotation axis. The maximum fluxes observed for protons (> 35 million
electron volts and for electrons > 3.4 million electron volts) were 3 X 10* and 3 X
108 per square centimeter per second, respectively. Absorption of radiation by Mim-
as provides a means of estimating the radial diffusion coefficient for charged particle
transport. However, the rapid flux increases observed between absorption features
raise new questions concerning the phystcs of charged particle transport and accel-
eration. An absorption feature near 2.5 Rg has led to the discovery of a previously
unknown satellite with a diameter of = 200 kilometers, semimajor axis of 2.51 Rg,
and eccentricity of 0.013. Radiation absorption features that suggest a nonuniform
distribution of matter around Saturn have also been found from 2.34 to 2.36 Ry, near
the position of the F ring discovered by the Pioneer imaging experiment. Beneath the
A, B, and C rings we continued to observe a low flux of high-energy electrons. We con-
clude that the inner Saturn magnetosphere because of its near-axial symmetry and the
many discrete radiation absorption regions, offers a unique opportunity to study the

acceleration and transport of charged particles in a planetary magnetic field.

The Pioneer 11 encounter with Saturn
on 1 September 1979 (/) provided the
first opportunity to determine whether
charged particles: are accelerated and
trapped in a Saturn magnetic field. This
is the primary objective of our experi-
mental investigation at Saturn, our pur-
pose being to extend our knowledge of
the physics of particle acceleration and
loss in planetary magnetospheres be-
yond that gained from our studies at
Earth, Jupiter @2, 3), and Mercury “@).
Prior to this encounter, the only reasons
for suggesting the presence of a magnetic
field and trapped radiation at Saturn
were first, the single set of observations
of nonthermal radio bursts from the di-
rection of Saturn made on the Earth sat-
ellite IMP-6 (5); and, second, the qualita-
tive argument that Saturn might have an
intrinsic magnetic field—since encoun-
ters with other planets having relatively
high angular momenta have shown that
they also have magnetospheres with
stably trapped radiation. Various models
for a Saturn magnetosphere have been
suggested 6, 7).

In this report we describe our initial
findings and conclusions derived from
the University of Chicago experiment on
Pioneer 11, which measures electrons,
protons, and heavier nuclei over a wide
range of energies and particle intensities.
Although we have examined only the
preliminary data and trajectory informa-
tion, we do not expect that our results
will change significantly when the final
data and trajectory are taken into ac-
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count. Dyer (/) has discussed details of
the mission profile, spacecraft operation,
and trajectory with respect to Saturn.
Our instrument, described elsewhere (3,
8), includes four charged particle sensor
systems (two especially designed for
trapped radiation studies) to identify
charged particle species and to measure
particle intensities and spectra for kinet-
ic energies = 1 MeV. The instrument
was functioning normally at encounter.

We present the data in terms of the
distance from Saturn in Saturn radii, Rg
(1 Rs=60,000 km), or in terms of the
magnetic shell parameter L = R cos™2)\,
where R 'is the distance from the center
of the dipole in Saturn radii and A is the
magnetic lagtude We have adopted a
model of the Saturn magnetic field that is
based on results from the magnetometer
experiment (9). It consists of a dipole
aligned with Saturn’s rotation axis but
offset ~ 0.04 Rg toward the north pole of
the planet. Our analysis shows that an
off-axis offset must be < 0.01 Ry to satis-
fy our charged particle observations.
Since the Pioneer 11 trajectory was near-
equatorial, L ~ R, except where other-
wise noted.

The outer magnetosphere. Figure 1
shows the counting rates of protons with
energies of 0.5 to 1.8 MeV, electrons
with energies of 7 to 17 MeV, and the
> 3.4 MeV electron flux (/0) obtained
over the period when Pioneer 11 was in-
side the Saturn magnetosphere. Out-
bound magnetopause and bow shock
crossings occurred first at 30.3 and 49.3

Rs (11), respectively, and are not shown
in Fig. 1. Pioneer 11 entered the magne-
tosphere at a time when it was com-
pressed by high-speed solar wind [~ 600
km/sec (11)] and when the interplanetary
fluxes of protons and electrons from
known solar flares were factors ~ 10* to
10® above interplanetary background lev-
els. Consequently, in the data so far
available we have not identified either
any radiation in interplanetary space as-
sociated with Saturn, or any accelerated
particles associated with bow shock
crossings such as we observed at Jupiter
(12, 13). ‘

Inside ~ 15 Rg, the intensity of 0.5 to
1.8 MeV protons as measured by the low-
energy telescope (LET) began to in-
crease inward as a result of trapping and
acceleration of particles in Saturn’s di-
pole field region. Outside 15 R, the
spectrum, intensity, and proton to heli-
um ratio measured by the LET were con-
sistent with the interplanetary flux, J, re-
sulting from solar flares. For a spectrum
of the form dJ/dE < E”, vy in this region
was found to be 2.0 = 0.3, and the pro-
ton to helium ratio was ~ 30. Inside 15
Ry, the spectrum steepened to a value of
vy = 4.5 = 0.3 over the region 13 to 5 Rg,
and the proton to helium ratio increased
to ~ 500, establishing that the dominant
nucleonic component of Saturn’s
trapped radiation consists of protons.

A large intensity decrease for low-en-
ergy protons took place between 7 and 4
Rs. Evidence of absorption of particles
by Dione and Enceladus is present, but
satellite absorption alone does not ap-
pear to account for the overall intensity
decrease. Although the flux of low-ener-
gy (~ 7 to 17 MeV) electrons was con-
siderably above background and inter-
planetary levels in the region where the
large proton intensity decrease was ob-
served, the electron intensity did not
show any decrease corresponding to that
for the protons. The rate of rise toward
lower L did, however, decrease. A pro-
per interpretation of this proton intensity
decrease must account for the differing
behavior of electrons and protons. The
existence of an E ring (/4) provides a
possible explanation for this decrease
through absorption by ring material. In
this case, as pointed out by Thomsen and
Van Allen (/5), the relative effectiveness
of absorption for electrons and protons
may be used to infer the size of ring par-
ticles. Alternatively, since evidence for a
hot plasma has been found in this region
(11), the proton intensity decrease may
result from scattering by wave-particle
interactions so that trapped protons are
lost to the atmosphere at high latitudes.
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The main differences in intensity in-
bound and outbound for R > 4 Rg may
arise from either time-dependent com-
pressions of the magnetosphere or the
appearance of tail-like current sheets
outbound (9), or both.

The inner magnetosphere. To demon-
strate the remarkable axial symmetry
and stability inside 4 Rs, we have over-
laid the inbound and outbound counting
rates of the protons from Fig. 1A to show
in Fig. 2 the nearly identical intensity
profiles inbound and outbound. This
symmetry reflects the alignment of the
dipole magnetic moment with the axis of
planetary rotation. Similar plots reveal
essentially the same symmetry for other
measured fluxes. The largest difference
found was a factor ~ 3 for the peak val-
ues of the intensities inbound and out-
bound within L ~ 2.8 for electrons > 3.4
MeV (Fig. 1B). Protons with energies
> 35 MeV, which were measured by the
fission cell detector (3, &), reach maxi-
mum flux levels of 3 X 10* protons cm™2
sec”! inside L = 4.

Radiation absorption by Mimas. A
clear example of trapped radiation ab-
sorption by a satellite of Saturn is that
observed at the orbit of Mimas. We show
in Fig. 3 an expanded view of the trapped

Table 1. Satellite parameters.

. Radius Semimajor  Eccen-
Satellite (km) axis (Rg) tricity
1979S2 > 100 2.51 0.013
Janus ~ 110*  2.65*%, 2.81% 0*
Mimas ~ 170* 3.09* 0.02*

*Earth-based observations.

radiation intensity profile near the orbit
of Mimas inbound. The outbound profile
is essentially identical. The study of this
absorption phenomenon is important
since it provides a means for determining
the parameters describing the inward dif-
fusive motions which we believe to be
responsible for the maintenance and ac-
celeration of the trapped radiation. The
method of analysis is similar to that car-
ried out at Jupiter using particle absorp-
tion by the satellite Io (3). For the proton
flux in Fig. 3 (and also on the outbound
pass) the width of the flux minimum cor-
responds almost exactly to the radial
range swept out by Mimas as a result of
the eccentricity of its orbit. This suggests
that the offset of the dipole moment in
the equatorial plane is small, since a sig-
nificant offset would tend to increase the
radial range over which absorption ef-
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Fig. 1. (A) Proton intensity measured by the LET (8). Interplanetary background level is ~ 2 X
1072 count/sec. Saturn satellite locations (26): 1, Mimas; 2, Enceladus; 3, Tethys; 4, Dione; 5,
Rhea; 6, Titan; and 10, Janus. BS, bow shock crossing; MP, magnetopause crossing. (B) Elec-
tron intensities: > 3.4 MeV energies measured by the electron current detector (ECD); 7- to 17-
MeV energies measured by the main telescope (3, 8). The 7- to 17-MeV electron intensity is a
nonlinear function of the counting rate inside L ~ 5.
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fects are observed. The nearly constant
counting rate observed in this minimum
suggests a residence time for particles in
the region much longer than the orbital
period of Mimas (22.56 hours). These ob-
servations set an upper limit on the in-
ward diffusion coefficient, D, at the orbit
of Mimas. Since the particles must sur-
vive for a period T > 23 hours, and since
Mimas’s known eccentricity (e = 0.02)
yields a AL for possible absorption of
0.12, we find from the relation
D ~ (AL)Y4T that D < 4 x 1078 Rg%sec.
In fact, consideration of the orbital mo-
tion of Mimas relative to the drift and
latitudinal bounce motions of the trapped
particles leads to a mean survival time
which is substantially longer than the
Mimas orbital period, so that, most
probably, D < 108 R¢%sec, at L = 3.1.

Figure 3 reveals that absorption ap-
pears more effective for protons than for
the high-energy electrons, possibly im-
plying a significantly different diffusion
coefficient for the two particle species.
Also apparent in Fig. 3 is a sharp in-
tensity decrease observed inbound only,
lasting approximately 1 minute, which is
observed for both protons and electrons
near ~ 1420 UT. This cannot be a direct
‘‘shadow’’ of Mimas since Mimas has
passed the point where Pioneer 11
crossed its orbit ~ 3 hours prior to the
arrival of the spacecraft.

Janus. Since we find no effect in our
data that can be attributed to an absorp-
tion by Janus at 2.65 Rg (Fig. 4), we sug-
gest that the intensity plateau observed
at ~ 2.8 Rg (1435 UT, Fig. 3) may result
from absorption of trapped radiation by
Janus if the orbital radius of Janus is 2.81
Ry, as determined by Franklin et al. (16),
rather than 2.65 Rg, as determined by
Dollfus (/7) and, more recently, by
Fountain and Larson (/8).

Evidence for a new satellite. We have
found near L = 2.5, inbound and out-
bound, an absorption-like feature (Fig. 4)
which is very similar to that observed for
Mimas—including a relatively constant
intensity interval at 2.49 = L = 2.55.
This feature also was seen for protons
> 35 MeV as measured by the fission
cell detector. Outbound, the absorption
effect was observed soon after the space-
craft finished transmitting data stored
during occultation. Furthermore, during
encounter operations, Rairden noted
[see (19)], and Fillius et al. (20) and our-
selves confirmed, that there was an
unexplained intensity drop for 10 to 12
seconds at ~ 2.5 Rg inbound. We then
went on to note and report (27) that this

‘disappearance of flux (shown in Fig. 4A)

was probably the result of the passage of
the spacecraft through the magnetic flux
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tube of a previously unknown satellite of
Saturn. We reported at that time that the
radial extent of the flux disappearance
was 170 to 200 km, which gives a lower
limit for the satellite’s diameter.

During the period when the electron
counting rate was near zero (Fig. 4A) our
instrument was still analyzing protons in
the energy range ~ 10 to 20 MeV. This
leads to two important conclusions: (i)
the instrument was functioning normal-
ly and (ii) since the 10-MeV proton gy-
roradius was ~ 300 km and the 3-MeV
electron gyroradius was ~ 10 km, the
large change in proton to electron ratio
implies that the scale size of the object
must be of the order of 100 km, consist-
ent with estimates obtained from the du-
ration of the event.

Because the opposite directions of the
azimuthal drift motions of electrons
(westward) and protons (eastward) in the
magnetic field would separate their initial
flux tube positions at the relative rate of
~ 30 km/sec, and since we observe the
decreases in proton and electron intensi-
ty to be coincident to within ~ 3 sec-
onds, we infer that the spacecraft must
have passed almost directly under the
suspected satellite. On other trajectories
a sharp decrease in only the proton or
only the electron flux would have been
observed. Any such satellite is probably
in, or very near, the equatorial plane
which then places it ~ 2500 km above
the spacecraft at the time of the dis-
appearance of flux in Fig. 4. As noted by
Anderson et al. (22), at this distance the
absence of perturbations in the trajec-
tory due to the mass of the object places
an upper limit on the radius of about 100
km for an assumed density of 1.5 g/cm?.
A narrow ring of matter could not ac-
count for our observations since no ab-
sorption feature corresponding to such a
ring was observed on the outbound pass.

If, as at Mimas, we equate the radial
width of the overall absorption profile
(0.064 Rg) to the radial excursion of the
new satellite in its orbit, and the center
of the absorption (L = 2.51) to the semi-
major axis of the orbit, we obtain an ec-
centricity of e = 0.013. As we note later,
the radial range of this absorption cannot
be accounted for by an offset dipole. Our
estimates for the various characteristics
of this satellite are summarized in Table
1. It is likely that this is the same satellite
whose existence was suggested by Foun-
tain and Larson (/8) and may also be the
new satellite observed by the Pioneer
imaging experiment (23). However, con-
sidering the large reported uncertainties
in the orbital parameters for Janus, we
cannot yet exclude the possibility that
the satellite we have identified is Janus.

25 JANUARY 1980

104

o
c
=3
o
o

c

3
[>%

102
Inbound

0.5-1.8 MeV protons

AL B L .

10°

Counting rate (sec-')

T
pond v vvwnd vl vl 3l

T

10201 | | | 1 |
L of Pioneer 11

Fig. 2. Inbound and outbound proton in-
tensities from Fig. 1A plotted against the mag-
netospheric trapping parameter L (=R),
which organizes the observations to show ax-
ial symmetry.

Radiation absorption by ring material.
In Fig. 5 we show the absorption effect
on 0.5- to 1.8-MeV protons and 7- to 17-
MeV electrons due to material in the re-
gion L = 2.34 to 2.36 Rg, which corre-
sponds to the position of the F ring dis-
covered by the Pioneer 11 imaging ex-
periment (23). For the magnetic field
model adopted, L and the radius of the
spacecraft, R, differ only by = 0.006 Rg
throughout the interval shown in Fig. 5.

The radial range of the F ring, as shown
in Fig, 5 between L = 2.337 and
L = 2.360, corresponding to ~ 1100 km,
was chosen to include the prominent,
variable absorption features visible in
the electron counting rates. That these

variable and rapid decreases of intensity
are not readily apparent in the lower pro-
ton counting rate is due, at least in part,
to greater statistical uncertainty. The ob-
served variable absorption of the elec-
trons is probably the result of a nonuni-
form radial distribution of matter in the F
ring. Furthermore, since three major in-
tensity minima are observed inbound,
but only two of these are reproduced in
the outbound data, it is probable that the
matter distribution in the F ring is not
azimuthally uniform and may include
one or more concentrations of matter.
The width of the absorption feature as-
sociated with the F ring allows us to
place an upper limit on the equatorial off-
set of the center of Saturn’s magnetic di-
pole. If the dipole were offset from the
rotation axis of the planet by a distance
r, then, in each half rotation of the plan-
et, the F ring would absorb trapped radi-
ation over a radial range 2r + w, where
w is the width of the ring. The ~ 1100-
km width of the absorption feature asso-
ciated with the F ring places.an upper
limit on the equatorial offset of the mag-
netic dipole, neglecting the width of the
ring, of r < 0.01 Rs. We find that all of
our observations are consistent with this
upper limit for the equatorial dipole off-
set, and thus are consistent with the
analysis of the magnetic field reported by
the magnetometer experiment group (9).
The range shown for the outer edge of
the A ring in Fig. 5 (L = 2.293 *= 0.017)
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Table 2. Maximum observed trapped radiation flux.

Protons Electrons
Planet (E =35 MeV) (E =3.4 MeV)
Flux* L Flux* . L
Earth (2, 3) 2 x 10* 1.5 ~ 10* 1.5,4
Saturn 3 x 10* 2.7 3 x 108 2.5
Jupiter (3, 10) 107 1.9 7 x 107 3.1

*Flux expressed as per square centimeter per second.

corresponds to the equatorial radius and
uncertainty quoted by Pollack (24) from
terrestrial observations. The apparent
difference in proton and electron count-
ing rate cutoffs appears to be due to the
fact that the electron counting rate was
~ 100 times greater than the proton
counting rate. Hence, the difference may
be purely statistical. On the basis of our
analysis of charged particle data and the
preliminary spacecraft trajectory -and
magnetic field data, we conclude that the
outer edge of the A ring is at a radial dis-
tance of 2.300 = 0.005 Rg.
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Between the F ring and the A ring [a
region called the Pioneer division (23)]
on the inbound pass, electron and proton
counting rates reach maxima at L = 2.32
to 2.33. The rate of intensity increase for
protons and electrons inward toward the
maximum within the Pioneer division (as
well as immediately inside the orbits of
Mimas and the new satellite) seems to
exceed predictions for acceleration by
steady-state inward diffusion. Indeed,
the flux increase toward decreasing L ap-
pears to be so rapid in these regions that
the density of particles in phase-space,

whose radial gradient ‘‘drives’’ the dif-
fusivg flux (25), appears to increase in-
ward rather than outward. If so, the
charged particles should be transported
outward rather than inward, and we are
left with the question of how the interior
region of the magnetosphere is populated
with energetic particles if we are observ-
ing steady-state conditions. This ques-
tion is under investigation.

Under the A, B, and C rings. The ab-
sorption of low-energy protons and elec-
trons inside the outer edge of the A ring
is so complete that the low-energy detec-
tor counting rates were comparable to
laboratory conditions—Dby far the lowest
level found anywhere during the mis-
sion. However, beneath the rings we find
a residual flux of electrons in the energy
range ~ 2 to 25 MeV with an extremely
flat spectrum (« E~°%) and with an in-
tensity that is about four to five times the
interplanetary quiet-time electron flux.
Because the Saturn magnetic rigidity
cutoff for galactic cosmic rays in this re-
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Fig. 4 (left). (A) Charged particle absorption during passage through the magnetic flux tube of a
previously unknown satellite. Counting rates are 3-second averages with 1o errors shown. (B)
Absorption ‘of trapped protons by the new satellite and by rings. The orbital eccentricity is
determined from the radial range of the minimum intensity. F indicates the region of absorption
by the F ring discavered by Pioneer 11; A indicates the outer edge of the A ring. The bars
correspond to the dashed lines shown in Fig. 5. (C) Outbound profile of the charged particle
absorption. The data gap (MR) is a result of the readout of data stored during occultation. The
scatter in the counting rates is consistent with being purely statistical. Fig. 5 (right). The
absorption effects of the A ring and the F ring on the energetic particle fluxes. (A) Twelve-
second averages of the 0.5- to 1.8-MeV proton counting rates and (B) 3-second averages of the
7- to 17-MeV electron counting rate, with outbound data offset vertically below the inbound.
The prominent absorption features visible in the electron counting rate associated with the F
ring are indicated. The position of the outer edge of the A ring reflects a 1000-km uncertainty
and is derived from terrestrial observations (24).
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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=23.

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 10° 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 Rg. 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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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 the first 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 (Rg), 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. We find (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 Rg;
(iv) a satellite of diameter = 170 kilometers at 2.534 Rg (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 Ry
(1979 8 5); (vi) confirmation of the F ring between 2.336 and 2.371 Ry (vii) confirma-
tion of the Pioneer division between 2.292 and 2.336 R; (viii) a suspected satellite at
2.82 R (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 Rg. Inside
of 2.292 R 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.

We report herein the discovery of the
magnetosphere of Saturn and a survey of
its characteristics. In addition, new find-
ings on the rings and inner satellites of
the planet are provided by the measure-
ments of energetic charged particle dis-
tributions within the inner magneto-
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sphere. Before Pioneer 11’s flyby en-
counter with Saturn (periapsis on 1
September 1979) (/) 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
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