
small tilt makes it difficult to explain the 
origin of the field in terms of classical dy- 
namo theory (5). The absence of tilt 
coupled with the lack of surface detail al- 
so makes it difficult to determine an ex- 
act rotational period for Saturn. The 
magnetic field measurements and the ce- 
lestial mechanics results are consistent 
with a model for the interior of Saturn 
that has a small inner core of about 0.2 
Rs, consisting of rocky material such as 
MgO, SiO2, FeS, and FeO, surrounded 
by an outer core of metallic hydrogen ex- 
tending from 0.2 to 0.5 Rs, and that in 
turn surrounded by a liquid hydrogen-he- 
lium outer envelope. The 0.5-Rs core is 
considerably smaller than the 0.75-RJ (1 
RJ = 71,400 km) core at Jupiter. 

Magnetosphere. The magnetic field of 
Saturn has created a magnetosphere in- 
termediate in size between the magneto- 
spheres of Earth and Jupiter. The bow 
shock wave was first encountered near 
24 Rs. The bow shock was again crossed 
at 23.1 and at 19.9 Rs before the magne- 
topause was crossed at 17.3 Rs. Solar ac- 
tivity in late August increased the solar 
wind pressure on the magnetic field, re- 
sulting in compression of the magneto- 
sphere to less than its quiet time standoff 
distance. Pioneer entered the magneto- 
sphere near the noon meridian and ex- 
ited along the dawn meridian. The ef- 
fects of the solar disturbance had largely 
passed by the time Pioneer exited the 
magnetosphere. As a consequence, mag- 
netospheric boundaries were moving 
much more rapidly than they do during 
periods of high solar wind pressure. 
On the outbound leg, the magneto- 
pause was crossed five times between 
30.25 and 39.81 Rs and the bow shock 
was crossed nine times between 49.26 
and 102 Rs. 

The magnetosphere itself can be di- 
vided into four parts: the outer magneto- 
sphere, the slot, the inner magneto- 
sphere, and the rings. The outer magneto- 
sphere contained, at the time of the 
encounter, an inflated corotating plasma. 
The ions O+ or OH+ have been tentative- 
ly identified. This is a strong indication 
that the low-energy particles originated 
from dissociated ring material rather 
than from the penetration of solar wind 
ions into the magnetosphere. Low-ener- 
gy trapped charged particles were found 
inside 17 Rs and extended inward to 
about 7.5 Rs. The outer magnetosphere 
is characterized by large, time-varying 
fluxes of trapped particles, with large 
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ly identified. This is a strong indication 
that the low-energy particles originated 
from dissociated ring material rather 
than from the penetration of solar wind 
ions into the magnetosphere. Low-ener- 
gy trapped charged particles were found 
inside 17 Rs and extended inward to 
about 7.5 Rs. The outer magnetosphere 
is characterized by large, time-varying 
fluxes of trapped particles, with large 
variations in their angular distribution. 
During the outbound leg beyond 8 Rs a 
chaotic particle distribution and a rapidly 
changing magnetic field polarity was en- 
countered. This has been attributed to 
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the development of an equatorial current 
sheet or the detection of a magneto- 
spheric tail current sheet. The outer 
magnetosphere is terminated sharply at 
7.5 RS by a sudden drop in both the pro- 
ton and electron fluxes. The slot region 
resulting from the reduction in particle 
flux is attributable to strong particle ab- 
sorption by the satellites Dione, Tethys, 
and Enceladus. The slot extends in to 4 
Rs. The charged particle data contain 
evidence that plasma processes, as well 
as satellite absorption, are sweeping 
charged particles out of the magneto- 
sphere in the slot region. 

Inside 4 Rs, particle fluxes and ener- 
gies increase and the spectra become 
much harder and more complex. Maxi- 
mum flux for protons with energies 
greater than 35 MeV is 3 x 104 cm-2 
sec-l and for electrons with energies 
greater than 3.4 MeV is 3 x 106 cm-2 
sec-'. The charged particles trapped in 
the inner magnetosphere show strong 
symmetry between the inbound and out- 
bound legs of the encounter. This is a di- 
rect consequence of the coincidence of 
the magnetic axis with the rotational axis 
of the planet. A distinct absorption fea- 
ture in the particle fluxes was found as- 
sociated with the satellite Mimas at 3.1 
Rs. Particle absorption features were al- 
so used to discover one and possibly 
more previously known Saturn satellites 
and to place an upper limit on the dif- 
fusion coefficient for trapped particles in 
that region of the magnetosphere. The 
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The Pioneer 11 spacecraft, launched 
on 6 April 1973, passed at a distance of 
1.35 Rs (Saturn radii; 1 Rs = 60,000 km) 
from the center of the planet at 1631 UT 
(spacecraft time) on 1 September 1979. 
The Ames Research Center plasma ana- 
lyzer experiment on Pioneer 11, identical 
to that on Pioneer 10 (1), utilizes dual, 
90?, quadrispherical electrostatic ana- 
lyzers for measurements of the energy 
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magnetospheric environment of the rings 
is characterized by the virtually com- 
plete absence of any charged particle ra- 
diation. Inside 2.3 Rs, the outer edge of 
the A ring, there is a nearly complete 
dropout of particles. Searches for the 
photon radiation resulting from the high- 
energy particle absorption have yielded 
negative results. 

Summary. The spacecraft and in- 
struments all survived passage through 
the rings of Saturn. Pioneer established 
that subsequent missions to the outer 
planets, such as those of Voyager 1 and 
Voyager 2, will be able to survive an out- 
side crossing of the Saturn rings as well 
as the trapped radiation environments. 
Pioneer Saturn continues to provide sci- 
entific data on the interplanetary medi- 
um. The spacecraft is presently traveling 
in the direction of the apex of the solar 
wind interaction with the interstellar me- 
dium. Spacecraft power and tracking ca- 
pability are adequate to continue data ac- 
quisition into the middle 1980's. 
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and direction of motion of the charged 
particles that comprise the incident 
plasma. The experiment includes a medi- 
um-resolution analyzer that incorporates 
five current collectors and attendant 
electrometer amplifiers for charged par- 
ticle detection, and a high-resolution an- 
alyzer that has 26 Bendix-type CEM 
4012 detectors operated in the pulse 
counting mode. The plasma analyzer ex- 
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Preliminary Results on the Plasma Environment of Saturn 

from the Pioneer 11 Plasma Analyzer Experiment 
Abstract. The Ames Research Center Pioneer 11 plasma analyzer experiment pro- 

vided measurements of the solar wind interaction with Saturn and the character of 
the plasma environment within Saturn's magnetosphere. It is shown that Saturn has 
a detached bow shock wave and magnetopause quite similar to those at Earth and 
Jupiter. The scale size of the interaction region for Saturn is roughly one-third that at 
Jupiter, but Saturn's magnetosphere is equally responsive to changes in the solar 
wind dynamic pressure. Saturn's outer magnetosphere is inflated, as evidenced by 
the observation of large fluxes of corotating plasma. It is postulated that Saturn's 
magnetosphere may undergo a large expansion when the solar wind pressure is 
greatly diminished by the presence of Jupiter's extended magnetospheric tail when 
the two planets are approximately aligned along the same solar radial vector. 
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periment covers the energy range from 
100 to 18,000 eV for protons and approx- 
imately 1 to 500 eV for electrons. The ex- 
periment views back toward Earth along 
the spacecraft spin axis, so that as the 
spacecraft rotates (approximately 7.8 
rev/min during the Saturn encounter) the 
azimuthal angle of incidence of the solar 
wind is measured by the spacecraft roll 
position, while the angle with respect to 
the spin axis is measured by the multiple 
detector system of the instrument. 

After the Pioneer 11 encounter with 
Jupiter on 3 December 1974 (2), an in- 
flight interference test was conducted on 
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, during which the plasma on and other commands was sent to the 
riment was turned off for 4 experiment and it returned to nominal 
rument was reactivated on operation on 3 December 1977. Since 
)ut failed to provide a valid that time, and all through the Saturn en- 
rhe early attempts to cor- counter, the experiment has operated 
unction were not success- normally in all respects. 
vas performed in which it Observations. As the Pioneer 11 
d that the malfunction was spacecraft approached Saturn, the first 
)cated in the digital logic indication of the interaction of the solar 
instrument and was prob- wind with the planet occurred at 1209 
combination of radiation UT, Earth received time (ERT) on 31 

piter and the low temper- August 1979. At that time the spacecraft 
during the period when the was 24.1 Rs upstream from the center of 
is turned off. Finally, in the planet, approaching in the late morn- 
977, a series of power off- ing quadrant (3). Here, within one cycle 

time of the plasma analyzer experiment 
(approximately 3.5 minutes), the plasma 
ion spectrum changed from a typical in- 
terplanetary appearance (Fig. la) to that 
characteristic of a postshock or mag- 

_- netosheath flow (Fig. lb). The solar wind 
speed was observed to decrease from 

o 470 to less than 140 km sec-, with a cor- 
day 244, 1351-1402 UT, ERT I day 244135 2 responding increase in temperature from 

o'r^~~~ \30,000 to nearly 5 x lOj k (although the 

o- distribution function does not appear to 
(c) be Maxwellian). At the same time, the 

o 1 -2000- 3000 4000 5000 density increased by at least a factor of 
E/q, v 3. Coincident with these changes in 

tm and (b) downstream from plasma ion parameters, the flow direc- 
r 11 past Saturn. (c) Spectrum tion was observed to change from ap- 
Saturn's magnetosphere. proximately antisolar to an angle of 

about 30? with respect to the sun-space- 
craft line. This well-defined transition is 

70 90 s Ridentified as the presence of a detached, 
strong, bow shock wave standing off 
from Saturn's magnetosphere. 

The example of the magnetosheath 
spectrum shown in Fig. lb reveals the 
low velocity and high temperature pro- 
file typically observed behind Saturn's 

-\ bow shock throughout the encounter. 
This spectrum was obtained at a distance 
of 17.6 Rs during the inbound pass of 
Pioneer 11. The ragged appearance of 
the peak of the spectrum may be due to 
sample aliasing caused by fluctuations in 
the parameters of the plasma flow in Sat- 
urn's magnetosheath. Detailed examina- 
tion of a number of these spectra sug- 
gests increased fluctuations in the low- 

,,-^~ _energy range. The spectrum presented 

S SS S may also show a nonthermal tail or 
i U 1 heated solar wind helium, or both. 

-u~_ ~ At the magnetopause boundary be- 
tween the magnetosheath flow field and 
Saturn's magnetosphere, the postshock 
convecting plasma was observed to 
cease; the exclusion of the magneto- 

PT- S'ET. 7'ET 8 sheath flow from Saturn's magneto- SEPT. 6 SEPT. 7 SEPT. 8q sphere appears quite similar to the cases 
at Earth and Jupiter. Within Saturn's 

r the closest approach of Pio- 
rlah- bl sed oupeli magnetosphere, a new plasma regime n bulk speeds or upper limits 

and magnetopause (M) cross- was encountered, whose flow appears 
consistent with corotation with Saturn's 
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magnetic field. An example of an ion Table 1. Sat 

spectrum was obtained by the high-reso- experiment. 
lution analyzer at 4.9 Rs on the inbound 

leg. The bifurcated appearance near the 
peak and the low apparent speed of this 
peak were repeated in many of the Shock 1 
spectra for the corotating plasma. Shock 2 

During the Pioneer 11 encounter, Sat- Shock 3 
urn's bow shock was crossed three times Magnetopau 
on the inbound pass and at least nine 

Magnetopau 
times outbound. The magnetopause was Magnetopau 
crossed only once inbound but at least Plasma burs 
five times outbound. Table 1 gives the Magnetopau 
Earth received times (UT) and distances Magnetopau 
from the center of Saturn of the various Magnetopau 

Shock 1 
boundary crossings (shock and magneto- Shck 2 
pause) observed in the plasma analyzer Shock 3 
data. Inbound bow shock crossings are Shock 4 
detected by a pronounced shift of the Shock 5 

plasma flow direction and an increase in Shock 6 
Shock 7 

temperature, so that the outermost chan- Shock 8 Shock 8 
nel multiplier of the high-resolution ana- Shock 9 
lyzer begins to have appreciable count *Possible mul rates. Magnetopause crossings are gen- 
erally detected as a location with mag- 
netosheath plasma on one side and no 
detectable plasma on the other. This de- Voyager 2 
scription must be modified in the case of third outb 
the inbound magnetopause, as corotat- crossing, t 
ing magnetospheric plasma is detected the basis ( 
immediately after the magnetosheath over very I 
plasma disappears. Such a situation has ly observe( 
also been reported at Jupiter from the hour. The 
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Fig. 3. Hypothetical bow shock and magne- 
tosphere boundary surfaces for a gas dynamic 
analog for solar wind interaction with a plan- 
etary magnetic field. The locations of the sur- 
faces correspond to the outermost and in- 
nermost locations, indicated by crosses, at 
which Saturn's bow shock was observed. Ab- 
erration is accounted for. The view is from the 
north, onto the plane defined by the Pioneer 
11 location, Saturn, and the upstream solar 
wind direction. 
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turn bow shock and magnetopause crossings as detected by the plasma analyzer 

Date Earth received time 
(1979) (UT) 

Inbound 
31 August 1207:54-1209:30 24.1 
31 August 1324 ? 30 seconds 23.1 
31 August 1813:55-1816* 20.0 

ise 31 August 2208:55 17.3 

Outbound 
ise 1 3 September 0916:19-0927:19 30.25 ? 0.06 
ise2 3 September 1406:55-1412:31 33.24 ? 0.03 
st 3 September -1627 34.7 
lse 3 3 September 1828:43t 35.9 
ise 4 3 September 2334:07-2335.31 39.0 
lse 5 4 September 0048:56-0103:31 39.81 ? 0.07 

4 September 1653-1655 49.26 + 0.01 
5 September 0557-0609 56.8-56.9 
5 September 1119-1124 59.9 
5 September 1521--1825 62.2--63.9 
5 September 1911--1954 64.3--64.8 
7 September 0120 81.2 
8 September 0154:07-0207:19 94.7-94.8 
8 September 0213:55-0403:18 94.9-95.9 
8 September 0416:30-1530 96.0-102.1 
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results (4). In the case of the 
>ound Saturn magnetopause 
he assignment was made on 
of an increase of plasma flux 
ow, sporadic values apparent- 
d during at least the preceding 
observation of corotating mag- 
c plasma was not expected on 
und trajectory because the 
Ilyzer aperture was not orient- 
favorable direction. There are 
rtainties in the time of obser- 

some of the final outbound 
ssings because of decreased 

telemetry bit rates and in- 
oise in the ground receiving 
e to the approach of superior 
n. Such uncertainties imply 
onal outbound shock crossings 

occurred that could not be 
in the plasma analyzer data. 
shows hourly averages of pro- 
speeds (uncorrected for aber- 
)served number densities, and 
emperatures, both before and 
?losest approach of Pioneer 11 
Bow shock and magnetopause 
are indicated with S and M, re- 
. The two days (1 and 2 Sep- 
'79) during which Pioneer 11 
n Saturn's magnetosphere are 
om the time scale. The solar 
imic pressure on the inbound 
was quite high, ranging up to 
dyne cm-2 before the final in- 

v shock crossing, compared to 
pressure of less than 2 x 10-10 
expected for this heliocentric 

These pressures followed the 

onset of an interplanetary disturbance 
(corotating interaction region) that oc- 
curred at Pioneer 11 on 28 August 1979. 
The data also indicate that a temporary 
solar wind dynamic pressure increase 
that peaked just after 1200 UT, ERT, on 
31 August 1979 produced a recession of 
Saturn's bow shock back past Pioneer 11 
at 1324 UT, ERT, so that the spacecraft 
was within the free-stream solar wind 
again. These dynamic pressures appear 
much reduced on the outbound trajec- 
tory of Pioneer 11, reaching 1 x 10-1? 
dyne cm-2 late on 6 September 1979. 

Figure 2 also shows a few estimates of 
proton bulk speeds (uncorrected for ab- 
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Fig. 4. Peak electrometer currents due to 
plasma observed from the direction of corota- 
tion within Saturn's magnetosphere. The 
Saturn-centered distance of Pioneer 11 and 
the radial distances of the moons Dione (D), 
Tethys (T), Enceladus (E), and Mimas (M) 
are also given. 
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erration) and temperatures in Saturn's 
magnetosheath. For the temperature es- 
timates a Maxwellian velocity distribu- 
tion function was assumed; however, the 
reader is cautioned that the observed ve- 
locity distribution functions usually ap- 
pear to be non-Maxwellian. The proton 
bulk speeds appear to lie below the lower 
limit of the plasma analyzer energy range 
(corresponding to approximately 140 km 
sec-') for the first and most of the sec- 
ond, or final, inbound traversal of Sat- 
urn's magnetosheath. Estimated proton 
bulk speeds during some of the outbound 
traversals lie in the range 220 to 270 
km sec-. These higher magnetosheath 
speeds are generally consistent with the 
spacecraft location along the flank of the 
magnetosphere. 

Figure 3 shows minimum and maxi- 
mum bow shock and magnetopause loca- 
tions, with hypothetical shapes for a gas 
dynamic analog, based on the bow shock 
crossings observed nearest to and far- 
thest from Saturn during the Pioneer 11 
encounter. The locations of these bow 
shock crossings are indicated with cross- 
es. The ratio of magnetosphere scale siz- 
es for these two extremes is about 3.2 to 
1, which corresponds roughly to a factor 
of 103 difference in upstream dynamic 
pressure between the two cases. The dis- 
tance of about 65 Rs to the nose of the 
bow shock for the lowest-pressure case 
(farthest out) is close to the value pre- 
dicted by Dryer et al. (5), based on a 
much higher dipole moment for Saturn 
than was actually observed (6). 

Figure 4 is a plot of peak current ver- 
sus time of one of the outermost elec- 
trometer detectors of the medium-reso- 
lution analyzer for the period when con- 
vecting plasma ion currents were ob- 
served within Saturn's magnetosphere. 
The resulting profile has multiple maxi- 
ma. The apparent decline of these fluxes 
inside 4.7 Rs may be associated with the 
continuing decrease of the corotation 
speed with radial distance from Saturn. 
Throughout the radial distance range of 
Fig. 4, the corotation speed is below 80 
km sec-', whereas the lower limit of the 
experiments' energy range corresponds 
to 140 km sec-l for protons. Since this 
experiment measures energy per unit 
charge, E/Q, response to corotation 
seems more compatible with ions of 
higher mass. Nevertheless, the locations 
of individual maxima appear to corre- 
spond roughly to the radial distances of 
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primarily to a single-component, corotat- 
ing, isotropic Maxwellian, and the best 
fit of the data to the three parameters 
above is found by numerically in- 
tegrating the sensor responses over the 
two half-cones as functions of ion veloc- 
ity and for various species, M/Q. 

An example of these measurements 
and analyses is shown in Fig. 5 for 1219 
UT, ERT, on 1 September 1979. The 
corresponding Saturn-centered radial 
distance of the spacecraft is 6.3 Rs. Fig- 
ure 5a shows the positive-ion phase 
space densities as a function of ion ve- 
locity if the dominant responses of the 
analyzer are due to. protons. These mea- 
surements are indicated as solid dots and 
the measurements for the two half-cones 
are indicated by 7r/2 < ) < 37r/2 and 37r/ 
2 s 4 < 27r, 0 < ) < 7r/2, respectively, 
where 4 denotes the ciock roll angle of 
the spacecraft. In general, the velocity 
distribution function n(v) is a monoton- 
ically decreasing function of velocity 
within the range sampled by the ana- 
lyzer. Background counting rates were 
subtracted from the analyzer responses 
in computing the velocity distribution. 
Peak analyzer responses are approxi- 
mately a factor of 80 above background 
rates. For the half-cone 3rr/2 < 4) < 27r, 
0 < 4 < 7r/2 the average responses for 
three energy passbands are used to im- 
prove counting statistics. 

Also shown in Fig. 5a are the results of 
the fit of these data to a'corotating Max- 
wellian distribution of protons. The cor- 
responding temperature and density are 
2 x 106 K and 24 cm-3. The method for 
finding the best fit requires that the half- 
cone with best counting statistics, 7r/ 
2 4) < 37r/2, be used to determine T 
and N at low velocities, < 4 x 107 cm 
sec-1. It'is easily seen that the assump- 
tion of protons (MIQ = 1) provides a 
poor fit to the entire set of measure- 
ments. This procedure is repeated for 
each species MIQ = 2, 4, 8, 16, and 32. 
The best fit for this series of observa- 
tions is MIQ = 16 with T and N equal to 7 
x 105 K and 51 cm-3, as shown in Fig. 5b. 
In fact, considering that this is only a 
three-parameter fit to the observations, 
the agreement is excellent, excluding on- 
ly the high-velocity tail of the distribu- 
tion, which may'be due to either a non- 
thermal component of the distribution or 
another species. The current accuracy 
for assessing the MIQ value of these ions 
is + 4-that is, 16 + 4-in our prelimi- 
nary analysis. Although we have labeled 
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tion, which may'be due to either a non- 
thermal component of the distribution or 
another species. The current accuracy 
for assessing the MIQ value of these ions 
is + 4-that is, 16 + 4-in our prelimi- 
nary analysis. Although we have labeled 
these ions O+, any positive ion, such as 
OH+, within this M/Q range can be 
equally well identified as the dominant 
ion. The elimination of H+ as the ion spe- 
cies would seem to preclude the solar 
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wind or the Saturn ionosphere as the 
main source of magnetospheric plasmas 
at 6 Rs. The O+ or OH+ could be pro- 
duced by dissociation of ice on the rings 
or satellites. Heavier ions such as S+ and 
Na+, found in the magnetosphere of Ju- 
piter and presumably associated with the 
Io volcanoes (7), do not appear to be a 
dominant constituent of the Saturn 
plasmas examined to date. This prelimi- 
nary analysis will be followed by a com- 
prehensive report covering the entire se- 
ries of measurements of Saturn magneto- 
spheric plasmas. 

Conclusions. It is concluded that, like 
Earth and Jupiter, Saturn has a de- 
tached, strong, bow shock wave and a 
magnetopause. From the preliminary re- 
sults it appears that Saturn's magneto- 
sphere, like that of Jupiter, is very re- 
sponsive to changes in the solar wind dy- 
namic pressure, but on a scale size per- 
haps one-third of that at Jupiter. Also, 
Saturn's outer magnetosphere, like Jupi- 
ter's, is inflated by corotating plasma. 
The corotating plasma was not observed 
by this experiment during either of the 
Pioneer Jupiter encounters, presumably 
because of the much less favorable view- 
ing directions and much higher back- 
grounds resulting from the more intense 
energetic charged particle environment 
at Jupiter. 

It is interesting to note that the charac- 
ter of Saturn's magnetosphere should be 
drastically altered (expanded because of 
the reduction in solar wind dynamic 
pressure) when Saturn is near solar 
alignment with Jupiter such that Jupiter's 
long magnetospheric tail, observed by the 
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Pioneer 10 plasma analyzer at the orbit 
of Saturn in March 1976 (8, 9), engulfs 
Saturn. This may be just the situation for 
the Voyager 2 encounter with Saturn in 
August 1981 (10). 
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Saturn's Magnetic Field and Magnetosphere 

Abstract. The Pioneer Saturn vector helium magnetometer has detected a bow 
shock and magnetopause at Saturn and has provided an accurate characterization of 
the planetary field. The equatorial surface field is 0.20 gauss, a factor of 3 to 5 times 
smaller than anticipated on the basis of attempted scalings from Earth and Jupiter. 
The tilt angle between the magnetic dipole axis and Saturn's rotation axis is < 1?, a 
surprisingly small value. Spherical harmonic analysis of the measurements shows 
that the ratio of quadrupole to dipole moments is < 10 percent, indicating that the 
field is more uniform than those of the Earth or Jupiter and consistent with Saturn 
having a relatively small core. The field in the outer magnetosphere shows system- 
atic departures from the dipole field, principally a compression of thefield near noon 
and an equatorial orientation associated with a current sheet near dawn. A hydro- 
magnetic wake resulting from the interaction of Titan with the rotating magne- 
tosphere appears to have been observed. 

The similarity of Saturn to Jupiter and of only 23.7 Rs before the first bow shock 
the somewhat tentative observations of crossing was observed. This is shown in 
decametric radio bursts from Saturn led Fig. 1, which presents an overview of the 
to the expectation that the planet would encounter as evident in the magnitude of 
have a relatively strong magnetic field. the ambient magnetic field. Knowledge 
However, Pioneer 11 reached a distance of the solar wind pressure (1), which was 
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