
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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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 
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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Fig. 1. The observed 
field magnitude near 
Saturn. The field is 
plotted on a logarith- 
mic scale as a func- 
tion of time with dis- 
tance in planetary 
radii at the top. Mul- 
tiple shock crossings 
(S) and a single mag- 
netopause crossing (M) 
are seen inbound and 
multiple magnetopause 
crossings outbound. 
Outbound shocks are 
not shown. 
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exceptionally high, and comparing the 
bow shock location for Earth and Jupiter 
with that for Saturn, suggested an equa- 
torial surface field of approximately 0.3 
gauss, very nearly the field strength at 
the Earth's surface. After a pair of addi- 
tional shock encounters, Pioneer crossed 
the Saturn magnetopause at 17.4 Rs, a lo- 
cation that was also consistent with a 
planetary field of the same magnitude. 
The field just inside and throughout the 
magnetosphere had a southward orienta- 
tion at the equator, establishing that the 
polarity of the field was the same as Jupi- 
ter and opposite that of the Earth. As 
Pioneer proceeded inward to periapsis, 
the observed field strength increased 
from 10 to 8200 nT (10-5 gauss = 1 na- 
notesla). The field strength then gradu- 
ally decreased as the spacecraft traveled 
outbound until multiple magnetopause 
crossings were observed between 30.1 
and 40.3 Rs, followed by multiple bow 
shock crossings which began at 49.4 Rs 
and continued to beyond 65 Rs. The es- 
sential features of the prograde Pioneer 
trajectory are that the inclination was 
low (essentially equatorial within + 6? 
latitude) with periapsis at 1.35 Rs, and 
that the inbound and outbound legs oc- 
curred near the noon and dawn merid- 
ians, respectively. 

The increase in field magnitude, B, 
with decreasing distance provided clear 
evidence that the field was that of a di- 
pole. Figure 2 is a log-log plot of B 
against r, which shows very clearly the 
inverse cube (straight line) dependence 
that extended both inbound and out- 
bound from 10 Rs to periapsis. Extrapo- 
lation of the inverse cube straight line to 
Saturn's surface implies an accurate val- 
ue for the equatorial field of 0.2 gauss. 
Beyond 10 Rs, Fig. 2, especially the por- 
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tion representing the inbound trajectory, 
shows the characteristic enhancement of 
the field above the dipole field value as- 
sociated with compression of the mag- 
netosphere by the solar wind. The field 
gradually increases to a value that is 
about two times the dipole field strength 
at the magnetopause. Close inspection 
of Fig. 2 shows that, inbound, the field 
between 6 and 10 Rs was slightly low- 
er than the dipole field value, a result 
that presumably indicates the presence 
of a ring current in the middle magneto- 
sphere. There is a data gap between 
1.35 Rs inbound and 2.28 Rs outbound 
caused by an occultation of the space- 
craft. Data were stored in an onboard 
memory during approximately half of 
this interval but they require special data 

100 101 
Radial distance (RS) 

Fig. 2. The logarithm of the field magnitude 
plotted as a function of the logarithm of radial 
distance. Inside 10 Rs, both inbound and out- 
bound, the measurements coincide with an in- 
verse cube decrease characteristic of the di- 
pole field. Beyond 10 Rs, significant depar- 
tures can be seen. 

processing and are not yet available. 
The measurements acquired within 8 

Rs of Saturn were analyzed to obtain a 
precise description of the planetary field 
and its equivalent multipole source. If 
such an analysis is to be successful, 
stringent requirements must be imposed 
on the accuracy with which the vector 
components of the field are determined. 
Throughout the Pioneer mission we have 
taken great care to preserve the accuracy 
of the measurements. The vector helium 
magnetometer is an ultrastable instru- 
ment capable of achieving a relative ac- 
curacy of better than 1 percent (2). The 
sensor is mounted at the end of a long 
boom to eliminate the influence of mag- 
netic fields associated with the space- 
craft and other experiments. The in- 
strument operates on one of eight ranges 
with full-scale values from ? 4 nT to 
+ 1.5 gauss. It upranges and down- 
ranges automatically and avoids a signifi- 
cant digitization uncertainty at the low 
end of the range. Large numbers of mea- 
surements are available since, at the 
nominal encounter bit rate, field mea- 
surements were obtained 2.7 times each 
second. One advantage of this high rate 
is that it allows complete reconstruction 
of the sinusoid generated on two magne- 
tometer axes as the spacecraft rotates, 
and therefore provides an inflight deter- 
mination on each operating range of any 
magnetometer zero offsets that might ad- 
versely affect the absolute accuracy. Fi- 
nally, an inflight calibration was activat- 
ed by ground command approximately 
every 2 weeks for the 61/2 years between 
encounter and the launch in April 1973. 
The calibration data showed no evidence 
of change and established that the rela- 
tive error remained smaller than 1 per- 
cent from the beginning to the end of this 
interval. 

In our preliminary analysis we in- 
verted each field measurement to obtain 
the equivalent dipole source vector that 
would have produced that field (3). A 
particularly interesting aspect of the re- 
sults was the apparent absence of any 
evidence of rotation of these source vec- 
tors. Since Saturn is known to be rotat- 
ing fairly rapidly, this result implied that 
the tilt angle between the magnetic di- 
pole and the rotation axis of Saturn must 
be very small compared to the value of 
about 10? which is characteristic of 
Earth, Jupiter, and Mercury. 

Subsequently, the measurements were 
used to carry out a spherical harmonic 
analysis of the type that has convention- 
ally been used to characterize the mag- 
netic fields of Earth and Jupiter (3). The 
computer program allows a choice of the 
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order of the harmonics both internal and 
external to the spherical shell in which a 
least-squares fit is obtained to the data. 
For most purposes, it appears that the 
most useful analysis is based on two in- 
ternal orders (dipole plus quadrupole) 
and one external order (equivalent to a 
uniform field in the spherical shell), de- 
noted as (2, 1), which is presented be- 
low. In Fig. 3 the model is compared 
with the observations and shows very 
clearly the high level of agreement be- 
tween the two that was achieved. The 
cronographic longitude system that was 
used is based on a rotation axis, period, 
and zero meridian provided by the proj- 
ect (4). 

The interior spherical harmonic coeffi- 
cients (in gauss) corresponding to the fit 
are: gO = 0.203, gl = 0.000, h} = 0.000; 

o = 0.015, g = 0.000, hi = 0.001, 
g9 = 0.000, hi = 0.002. The exterior 
terms (in nanoteslas) are: g0 = 0.0073, 
g = 0.000, h} =0.071. These values 
are sufficiently small to be consistent 
with zero. 

These results indicate that Saturn's 
field has a surprisingly high degree of ax- 
ial symmetry. The results imply a dipole 
moment, M, of 0.2 gauss R s and a sur- 
prisingly small tilt angle consistent with 
0.0?. The ratio of the quadrupole to di- 
pole moment is 0.07, a value that is 
smaller than those for Earth and Jupiter. 
The components of the quadrupole mo- 
ment associated with an axial quad- 
rupole can be eliminated by computing a 
magnetic center or offset from the center 
of Saturn (3). The offset so derived has a 
magnitude of 0.04 Rs, principally in a po- 
lar direction. Although there is some un- 
certainty as to the magnitude and direc- 
tion of the offset, it is likely that Saturn's 
field has an offset, that is significantly 
different from zero. 

The values of M, the offset, and the 
oblateness of Saturn (the polar radius is 
0.9 times the equatorial radius) can be 
used to compare the surface field 
strength at the equator (0.20 gauss), the 
north pole (0.63 gauss), and the south 
pole (0.48 gauss). The last two values are 
significantly different than would be im- 
plied by the usual doubling at the poles 
of the equatorial field for a simple cen- 
tered dipole and a spherical planet. 

The dipole moment, which is 600 times 
larger that the dipole moment of Earth 
and 30 times smaller than that of Jupiter, 
is substantially smaller than had been an- 
ticipated. Various methods that are 

urn provides a useful check of the so- 
called "magnetic Bode's law" which at- 
tempts to relate the magnetic moments 
and angular momenta of the planets (6, 
7). On this basis, Saturn's moment is 
about five times smaller than would be 
predicted by this model. However, the 
field strength is reasonably consistent 
with values inferred from radio emis- 
sions thought to originate at Saturn (8, 
9), particularly if those estimates are 
taken to refer to the polar rather than the 
equatorial regions. 

The most surprising result is undoubt- 
edly the small angle of tilt between M 
and Saturn's rotation axis. It has gener- 
ally been supposed, on the basis of ob- 
servations of the other planets, that a tilt 
angle of 10? to 20? might be fundamental 
to planetary dynamos. Thus, Saturn pro- 
vides a first and excellent counter ex- 
ample showing that such a tilt angle is 
not required. Clearly, any dynamo theo- 
ries that require a tilt or a precession of 
the dipole moment around the spin axis 
are in serious difficulty. Another aspect 
of this property worth commenting on is 
the difficulty it poses for investigators at- 
tempting to measure accurately the rate 

0__ 

m6 m 

of rotation of Saturn's interior using the 
magnetic field observations. Absence of 
a tilt angle supresses evidence of the ro- 
tation, although some evidence may re- 
main and this objective will be pursued 
in subsequent analyses. 

The relatively small ratio of quad- 
rupole to dipole moments implies that 
Saturn's magnetic field is also very regu- 
lar or uniform compared to the other 
planets. In fact, much of the irregularity 
can be removed by displacing the dipole 
from the center of the planet, in which 
case a very uniform dipole field is ob- 
tained. It is customary to relate the de- 
gree of field irregularity to the relative 
size of the core within which the dynamo 
is operating. The weakness of the quad- 
rupole moment at Saturn is consistent 
with the source being well below the vis- 
ible surface. This result agrees with re- 
cent models of the interiors of Saturn 
and Jupiter that reveal that the metallic 
hydrogen core, within which the dynamo 
is presumed to operate, extends only 
from about 0.2 to 0.5 Rs inside Saturn as 
compared to the corresponding values of 
0.2 to 0.75 Rj for Jupiter (10, II). The 
reason is that the pressure at which me- 
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Fig. 3. A comparison of 
the measured field (dots) 
with the field computed 
from a spherical harmon- 
ic fit (curve). In general, 
there is excellent agree- 
ment between the mea- 
sured and computed field 
components which are, 
shown here in chrono- 
graphic coordinates. Note 
that the discrepancies in 
the upper panel are ac- 
tually very small, typi- 
cally 10 nT or less. 

based on scaling the magnetic fields of 
the planets consistently lead to moments 
corresponding to an equatorial surface 
field of - 1 gauss (5). In particular, Sat- 
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tallic hydrogen forms occurs at signifi- 
cantly greater depths inside Saturn. The 
smaller dimension of Saturn's core is al- 
so qualitatively consistent with the sig- 
nificantly weaker dipole strength (12). 

Beyond about 10 Rs, both inbound and 
outbound, the observed field shows sys- 
tematic departures from the dipole field 
associated with plasma currents either 
interior to the magnetosphere or at the 
magnetopause. This departure inbound 
is distinctly different from that outbound 
(Fig. 4). Such differences are to be ex- 
pected because of major differences in 
local time, with the inbound observa- 
tions being made near local noon and the 
outbound measurements near the dawn 
time sector. With only a single space- 
craft it is difficult, if not impossible, to 
distinguish spatial variations, that is, 
magnetospheric structure, from time 
variations, that is, magnetospheric dy- 
namics. 

The principal features of the outer 
magnetosphere near noon, as mentioned 
above, are a compression of the dipole 
field and the apparent presence of a dis- 
tributed ring current. There is no evi- 
dence in these data for a magnetodisk or 
current sheet similar to that seen in the 
Jovian dayside magnetosphere by both 
Pioneers 10 and 11 (3). Near dawn, in 
contrast, the field in the outer magne- 
tosphere departs from being principally 
north-south to being equatorial. Accom- 
panying this change in orientation is the 
observation of polarity reversals, with 
the field switching abruptly from out- 
ward to inward and vice versa. Several 
such reversals are seen and are a clear 
indication that the spacecraft has pene- 
trated an extended current sheet lying in 
or near the magnetic equator. 

One possible explanation for this cur- 
rent sheet is that it is associated with the 
formation of a magnetotail much like 
those associated with Earth and Jupiter 
(13). An alternative possibility is that, at 
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Fig. 4. A schematic rep- 
resentation of the magne- 
tospheric field along the 
inbound (noon) and out- 
bound (dawn) portions of 
the flight path. In the out- 
er magnetosphere, the di- 
pole field is compressed 

Solar wind near noon and swept 
back more or less parallel 

Pioneer to the equator and the 
in magnetopause near the 

dawn meridian. 

the time it was observed, the current 
sheet extended from dawn around into 
the dayside magnetosphere and was part 
of a magnetodisk encircling Saturn. 
Since no such structure was seen when 
Pioneer was inbound, this interpretation 
would require a major change in the 
structure of the magnetosphere between 
the inbound and outbound observations. 
However, such a hypothesis should be 
given serious consideration since there is 
evidence that the magnetosphere was, in 
fact, inflated during the outbound pas- 
sage. By analogy with Jupiter, it would 
be expected that a decrease in the ex- 
ternal pressure as the solar wind stream 
passed Saturn would allow the magne- 
tosphere to expand and would be favor- 
able to the formation of a magnetodisk 
current (14). 

In the two time zones, significant dif- 
ferences were also observed in the field 
and plasma properties on the two sides 
of the magnetopause. On the basis of 
pressure balance calculations in which 
we assumed that the inward pressure, p, 
of the shocked solar wind in the magne- 
tosheath was equal to B2/8rr, we deter- 
mined that inbound, the field strength 
was clearly adequate to withstand p. 
Outbound, however, the first few magne- 
topause crossings revealed that the mag- 
netic field in the magnetosheath was 
comparable to what it was inside the 
magnetosphere, a situation that has been 
observed near dawn at Earth. Such ob- 
servations imply that the major contribu- 
tion to the pressure inside is associated 
with plasma internal to the magneto- 
sphere. In other respects, the magneto- 
pause crossings at Saturn appear to be 
very similar to those typically observed 
at Earth and at Jupiter with the field ro- 
tating as the boundary is crossed from its 
orientation in the magnetosheath to an 
orientation characteristic of the plan- 
etary field or vice versa. 

Finally, a hydromagnetic wake associ- 

ated with Titan appears to have been ob- 
served just prior to the near approach of 
Pioneer to the satellite. A disturbance 
consisting of waves of relatively large 
amplitude was observed for an interval 
of about 2 hours centered approximately 
on the time at which Pioneer crossed the 
Titan L shell. This timing is to be ex- 
pected because the interaction of Titan 
with the corotating magnetosphere 
would tend to curve the wake so as to 
conform approximately to the circular L 
shell. 
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