During the Saturn encounter, the car-
rier signal strength margin was only
about 18 dB above threshold. For this
reason, the signal could only be followed
to a level at which the closest approach
distance of the ray corresponded to a
pressure level of less than 120 mbar. It
may be possible to extend the depth of
penetration somewhat but certainly not
to a great extent.

A profile of the temperature in the at-
mosphere of Saturn for. 8 hydrogen frac-
tion by number of 94 percent is shown in
Fig. 3. The three separate curves repre-
sent initial temperatures at the top of the
measurenient of 50, 100, and 150 K. It is
apparent that the depth of signal pene-
tration was-: sufficient to' carry measure-
ments below the temperature minimum
at the tropopause and slightly into the
convective reglon of the atmosphere.
The reason for choosmg a hydrogen frac-
tion of 94 percent becomes clearer upon
examination of Fig. 4. The temperature-
pressure structure of the Saturn atmo-
sphere as determined from the Pioneer
Saturn exit data is plotfed alongside the
temperature structure obtained from the
Pioneer Saturn infrared radiometer ex-
periment (9), as well as several models
produced from Earth-based observations
(10). The dots surrounding the Pioneer
Saturn occﬁltation profiles represent the
effects of different assumptions with re-
spect to the initial temperature. It should
be noted that these are not error bars
and should not be so interpreted. The
actual error bars or uncertainty limits
have not yet been established and they
depend more on the subtleties of drift
function fit than on the initial temperature
assumptions.

The profile derived from the Pioneer
Saturn radio occultation with the as-
sumption of 94 percent hydrogen and 6
percent helium practically overlies the
profile determined from the infrared ra-
diometer measurements. The infrared ra-
diometer profile has been derived assum-
ing a helium fraction of 15 percent, and it
will change somewhat as the helium frac-
tion is varied. The location of the tem-
perature minimum in the radio occul-
tation profile is highly dependent on the
composition. For instance, for 15 per-
cent helium that minimum occurs at a
temperature of about 91 K, and for 100
percent hydrogen it moves to about 79
K. This sensitivity to composition will
eventually allow a good estimate of the
ratio of hydrogen to helium to be made
after several iterations with the Pioneer
Saturn infrared radiometer results. Al-
though it is premature at this stage of
analysis to derive a helium fraction, it is
obvious that the percentage of helium by
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number cannot be higher than about 10
percent or loweg than about 4 percent.
Such a helium fraction is also consistent
with the modeling of the interior struc-
ture of Saturn based on the mass and
gravity coefficients derived from the ce-
lestial mechanics experiment (¢). The
structure in the temperature profile
above the minimum is probably real, and
the ledge at 10 to 30 mbar may represent
heating by a layer of particles.

The analysis of data from the Pioneer
Saturn radio occultation is continuing,
and more information on the structure of
the ionosphere and upper neutral atmo-
sphere will be provided from the analysis
of entry occultation data. These results
will provide further clarification of the
preliminary findings reported here, and
in November 1980 radio occultation re-
sults at two frequencies will become
available from the Voyager 1 flyby of
Saturn. These results will most likely
provide a deeper penetration into the
neutral atmosphere.
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Pioneer Saturn Celestial Mechanics Experiment

Abstract. During the Pioneer Saturn encounter, a continuous round-trip radio link
at S band (~ 2.2 gigahertz) was maintained between stations of the Deep Space
Network and the spacecraft. From an analysis of the Doppler shift in the radio car-
rier frequency, it was possible to determine a number of gravitational effects on the
trajectory. Gravitational moments (1, and 4) for Saturn have been determined from
preliminary analysis, and preliminary mass values have been determined for the Sat-
urn satellites Rhea, Iapetus, and Titan. For all three satellites the densities are low,
consistent with the compositions of ices. The rings have not been detected in the
Doppler data, and hence the best preliminary estimate of their total mass is zero with
a standard error of 3 X 107® Saturn mass. New theoretical calculations for the Sat-
urn interior are described which use the latest observational data, including Pioneer
Saturn, and state-of-the-art physics for the internal composition. Probably liquid
H,0 and possibly NHz and CH 4 are primarily confined in Saturn to the vicinity of a
core of approximately 15 to 20 Earth masses. There is a slight indication that helium
may likewise be fractionated to the central regions.

A continuous round-trip coherent ra-
dio link at S band (~ 2.2 GHz) was main-
tained between the Pioneer spacecraft
and stations of the Deep Space Network
(DSN) during the period from 17 August
to 4 September 1979. When the space-
craft passed behind Saturn, which
started about 62 seconds after closest ap-
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proach on 1 September, radio contact
with Pioneer was lost and consequently
there is a 97-minute gap in the round-trip
data shortly after closest approach. Nev-
ertheless, by analyzing the Doppler shift
in the radio carrier frequency outside of
occultation, one can measure trajectory
perturbations on the spacecraft and de-
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Table 1. Ring model used in the preliminary
analysis of Pioneer Saturn data. Values of GM
correspond to a total mass of 10~¢ Saturn
mass. Other values of total mass are obtained
by scaling each GM proportionately.

Inner Outer GMt

Ring radius* radius* (km?®

(km) (km) sec™?)
C 72,600 91,800 1.3
B 91,800 98,406 2.4
B 98,406 105,746 6.1
B 105,746 117,000 20.9
A 121,800 129,356 4.8
A 129,356 137,400 2.5

*Radii are derived from a review by Cuzzi (8).
tMasses are derived from surface densities which
are assumed proportional to the optical thicknesses
of Cook et al. (7).

termine values for various gravitational
parameters (/). This is the essence of the
celestial mechanics experiment.

Time variations in the solar electron
density along the ray path, as Pioneer
Saturn approached conjunction on 10
September, produced an increasingly
noisy S-band Doppler signal. The sun-
Earth-spacecraft angle at encounter was
about 8° of arc. After conjunction, when
the spacecraft was far enough from the
sun in angular separation, more precise
Doppler tracking was resumed, but we
have not analyzed these later data in suf-
ficient detail to report on them at this
time. Instead, preliminary results are
given for a trajectory which fits the re-
duced Doppler data from 1 July to 4 Sep-
tember 1979 in a weighted least-squares
sense.

Before 17 August the tracking was not
continuous, but the amount of data is
sufficient for an accurate determination
of the trajectory. During the period when
the data were continuous, the DSN re-
ceived Doppler tracking data at 64-m an-
tennas in California (Goldstone), Austra-
lia, and Spain. The raw data are in the
form of accumulated phase measure-
ments from a cycle counter. The data re-
duction consists of a conversion of the
phase measurements to frequency data
by differencing two successive phase
readings and then dividing by the time in-
terval between readings. For data taken
near Saturn encounter, we used a sample
time of 10 seconds to construct frequen-
cy data. Outside of the encounter region,
the sample time was increased because
there are no high-frequency components
of interest in the gravitational field once
the near-encounter region has been sam-
pled.

The noise on the data can be charac-
terized by the unbiased estimate of the
standard error on the Doppler residuals
after the fit. This varies from day to day
but is typically 0.05 Hz (3 mm/sec) at the
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10-second sample rate near encounter.
Outside of the conjunction region, the
Pioneer data are more accurate by about
one order of magnitude than near con-
junction. Unpredictable plasma varia-
tions produce low-frequency compo-
nents (~ 107* Hz) in the power spectrum
of the data (2), and they represent the
most important error sources in the grav-
itational results from Pioneer Saturn.
Our evaluation of these errors is in-
complete, and therefore relatively. large
error estimates have been attached to the
preliminary results. Improvements are
expected with subsequent analysis, but
plasma effects will remain as the limiting
error source.

Gravitational field of Saturn and its
rings. The close approach of Pioneer
Saturn to a distance of 1.35 equatorial
radii (Rs) from the center of the planet
provides an excellent opportunity to de-
termine the character of the external
gravitational field. The higher order mo-
ments, in particular, J, and J, in the usu-
al Legendre expansion of the planetary
field, yield important boundary condi-
tions on the interior mass density distri-
bution (3), and knowledge of the mass of
the rings can contribute to an under-
standing of their constituents. Pioneer
Saturn offers the first dynamical data on
a body that actually penetrates the
sphere defined by the outer ring bound-
ary, in contrast to the satellites which are
all outside of this sphere as expected
from a calculation of Roche and accre-
tion limits for low-density material (¢).
Indeed, Pioneer Saturn penetrates well
within the sphere defined by the inner
boundary of the B ring, so that, if the
rings are sufficiently massive, they
should be detectable in the Doppler data
taken on the day of encounter. In fact,
the rings are not detectable in the follow-
ing sense. If the rings are ignored, then it
is possible to fit the Doppler data with
the remaining gravitational model for the
planet, satellites, and solar perturba-
tions, such that there are no systematic
Doppler residuals after the fit that could
be attributed to the rings. As a result, the
best preliminary estimate of the total
mass in the rings is zero with a standard

error of 3 X 107% Saturn mass (M5).

The only recent attempt to determine
the mass of the rings from satellite dy-
namics is that of McLaughlin and Talbot
(). They found that it is impossible to
disentangle the ring mass from the high-
er order planet harmonics, particularly
Js, but by imposing a theoretical depen-
dence between J, and J, based on a
polytropic interior for Saturn they were
able to determine a total ring mass of
(6.2 £2.4) x 100 Mg. However, as

Table 2. Determinations of Saturn gravitation-
al harmonic coefficients J, and J, normalized
to an equatorial radius of 60,000 km. All un-
certainties are standard errors.

Source Jy X 102 Jy X 103
Jeffreys (9) 1.651 = 0.002 —1.00 = 0.07
Kozai (10) .1.6445 + 0.0013 —1.05 = 0.07
Pioneer 1.646 =+ 0.005 —0.99 + 0.08

Saturn

(prelim-

inary)*

*Determined with J; fixed at a value of 0.84 x 104,
Jg fixed at —0.11 x 107, and the total mass of the
rings fixed at 1077 Ms.

they point out, this result is highly mod-
el-dependent. Nevertheless, their con-
clusion that the satellite data contain in-
formation on the ring mass is important.
Because of the different orbital charac-
teristics for an inner satellite and the Pio-
neer Saturn flyby, there are probably or-

_thogonalities in information from the two

sources. We would expect that a future
combination of Pioneer data and results
from satellite dynamics will decrease the
current ring mass uncertainty by more
than 1/2'2. By the same argument, even
better results should become available
when Voyager flyby data are added in
the next few months.

Because the rings are so fundamental
to a description of the gravitational field
of Saturn, we include here a brief de-
scription of the model being used in the
Pioneer analysis. It is a series of annuli
of constant areal density in the equa-
torial plane of Saturn, with each annulus
defined by an inner and outer radius and
by a mass M multiplied by the gravita-
tional coefficient G. The acceleration on
the Pioneer spacecraft is determined for
each annulus by differencing the attrac-
tion from two disks having respective
radii equal to the inner and outer radii of
the annulus. The accelerations are eval-
uated with elliptic integrals, which avoid
the singularities of the usual Legendre
expansions on the spheres defined by
ring boundaries (6). For the preliminary
analysis we have divided the rings into
six annuli in accordance with the optical
thicknesses given by Cook et al. (7). It is
assumed that the surface density of each
annulus is proportional to the optical
thickness. Then one determines the mass
of each annulus by multiplying the sur-
face density by the surface area. The re-
sults, normalized to a total mass of 1076
Mg, are given in Table 1. The radii of the
inner and outer boundaries of the A, B,
and C rings are taken from a review by
Cuzzi §).

With the preceding model for the
rings, we have obtained a number of
least-squares solutions for the harmonic
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coefficients J; and J;. The total mass in
the rings has been varied from 0 to 10~¢
Mg, and in addition solutions for the ring
mass have been attempted with one de-
gree of freedom (total mass) and two de-
grees of freedom (total mass plus the ra-
tio of the mass in the B ring to the mass
in the A ring). In this way, a correlation
between J, and the total ring mass has
been found which must be taken into ac-
count in assigning error estimates to J,.
In addition, uncertainties in the ephem-
eris of the Saturn system with respect to
the sun and Earth are significant in deter-
minations of J, and J,. Therefore, the
current estimate of the two harmonics is
affected systematically by both the ring
mass and the planet ephemeris. Values
for the two coefficients and realistic error
estimates are given in Table 2 along with
other determinations from satellite dy-
namics (9, /0). Because of the systematic
errors in the Pioneer Saturn determina-
tion at the present time, the assigned er-
rors are comparable in magnitude to
those from satellite dynamics. In the fu-
ture, this situation will change and the
spacecraft results, particularly with the
addition of Voyager data, will be superi-
or. This is especially the case for J,,
which is the parameter to improve for
purposes of limiting the class of accept-
able interior models. The solutions in
Table 2, exclusive of Pioneer Saturn, as-
sume a zero ring mass. The Pioneer de-
termination is based on an assumed ring
mass of 1077 Mg, or on values of GM for
the six annuli that are ten times smaller
than given in Table 1. The Pioneer values
of the Saturn harmonics are determined
with fixed values of Jg and J, of 0.84
X 10 and — 0.11 x 104, respectively
(I1). All other harmonics are assumed
zero, consistent with hydrostatic equilib-
rium. The mass of the planet is a free pa-
rameter in the solution. The satellite
masses are fixed at the values given in
the next section except for lapetus,
Rhea, and Titan, which provide three
more free mass parameters.

Satellite masses. Masses for a number
of satellites can be determined from their
gravitational attraction on Pioneer Sat-
urn. The closest approach distances are
shown in Table 3 along with estimates of
the masses of the satellites from studies
of their mutual perturbations (/2) and
from Pioneer Saturn. A good determina-
tion of the masses of Titan, Rhea, and
Iapetus is possible with Pioneer Saturn.
The other satellite masses cannot be im-
proved, and their masses are fixed in the
fits to the data.

A preliminary fit to the Doppler data
yields a value of GM for Rhea of
143 += 50 km® sec™2, whereas the GM of
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Table 3. Closest approach distances of Pioneer Saturn from satellites along with estimates of
radius (I3), mass, and density. Masses for Rhea, Iapetus, and Titan are from this work. Other
satellite masses are from Kozai (12). All uncertainties are standard errors.

Closest

Satellite approach R(i?:l‘;s (Ms%aslso*‘) (lgil;sll_?;
(km)

Mimas 103,400 180 0.066 = 0.002 1.5
Enceladus 225,200 300 0.13 = 0.06 0.7
Tethys 331,700 520 = 60 1.10 = 0.03 1.1 £04
Dione 291,100 500 = 120 1.85 =+ 0.06 20 =14
Rhea 345,600 800 + 100 38 =13 1.0 0.5
Titan 363,073 2,900 = 200 237 +3 1.32 + 0.27
Hyperion 674,000 112 = 15 ? ?
Iapetus 1,039,000 725 = 100 50 =13 1.8 0.9
Phoebe 9,453,000 120 ? ?

Iapetus is 188 = 50 km® sec™2. The re-
spective values of the masses are (3.8
+ 1.3) x 10~%and (5.0 = 1.3) X 1075 M,
and the corresponding mean densities,
including radius uncertainties (/3), are
1.0 0.5 and 1.8 =0.9 g cm™3. The
uncertainties in the mass determina-
tions are realistic and reflect consid-
erations of systema{ic error from the
gravitational field of Saturn and its rings,
as well as uncertainties in the planetary
and satellite ephemerides. Future im-
provements will be made both from addi-
tional analysis of Pioneer Saturn data
and from the upcoming Voyager encoun-
ters. Our preliminary mass of Rhea is in
good agreement with the determination
of McLaughlin and Talbot (5), who give
a value of (4.8 = 0.8) X 107® Mg from
satellite dynamics.

The preliminary value of the GM for
Titan is 8989 = 100 km® sec™? or
(2.370 = 0.027) x 107* Mg. The value
differs significantly from the most recent
1958 value of Message (I14) of (2.4622 =
0.0013) X 10™* Mg, but it is consistent
with some older determinations which,
like those of Message, use the motion of
Hyperion. In particular, the 1911 analy-
sis of Eichelberger yields a value of
(2.397 £ 0.049) x 10* Mg (I5). Also,
our value is barely consistent with the
1953 determination of Jeffreys [(2.412
+ 0.019) X 104 M) from the motion
of the orbital plane of Iapetus (I6).
Subsequent Pioneer analysis may yield
a more accurate mass for Titan, but
it is more probable that data from a sec-
ond flyby by Voyager will be needed be-
fore the discrepancies between various
determinations are resolved. In view of
the preliminary nature of the Pioneer re-
sult, it is premature to adopt an updated
mass for Titan at this time. The best cur-
rent estimates of densities for the Saturn
satellite system are given in Table 3. The
overall low densities of the satellites,
taken together with an indication of low
total mass in the rings, suggest that ices

comprise most of the material surround-
ing Saturn. ,
Because of the sensitivity of the Pio-
neer Doppler system, it is reasonable to
ask whether the satellite 1979 S 2, which
was detected by three separate particle
experiments (/7-19), might also be evi-
dent in terms of its gravitational effect on
the Pioneer trajectory. The gravitational
perturbation in velocity by a small body
of this type is given by the formula (20)

Av=*GM'

vr
where v is the flyby velocity at distance
r. Because of the near coincidence of the
decrease in respective proton and elec-
tron intensities as the spacecraft prob-
ably passed through the satellite’s mag-
netic flux tube, Simpson et al. (I8) infer
that the spacecraft encountered the sat-
ellite at a distance of ~ 2500 km. At the
time of the disappearance of flux, the ge-
ometry of the encounter was such that
the spacecraft flyby velocity with respect
to the satellite was 17 km sec™! and the
velocity perturbation occurred at an
angle of 46° of arc with respect to the
Earth-spacecraft line of sight. Certainly,
any perturbation of magnitude 0.1 Hz
(twice the root-mean-square noise or 6.7
mm sec™') would have been discernible
in the Doppler data. However, no obvi-
ous anomalous effect appears in the data.
Using the formula above and accounting
for the cosine of 46°, we conclude that
the mass of the satellite is less than 6.2 X
10*! g, if it was at a distance of ~ 2500
km at closest approach. If 1979 S 2 has a
density of 1.0 to 1.5 g cm™3, which is typ-
ical of the Saturn system, then the upper
limit on its mass implies an upper limit
on its radius of 100 to 115 km. This is
near the lower bound of the radius esti-
mates from the particle data (/17-19), and
hence the radius of 1979 S 2 is probably
in the range of 85 to 115 km. An alterna-
tive explanation of our failure to detect
the satellite is that the spacecraft passed
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Fig. 1. Calculated val-
ues of the equatorial
radius and gravita-

tional harmonics J, 0.3
and J4, normalized to
an equatorial radius
of 60,000 km for a 0.2
series of Saturn inte-
rior models with total
core mass (in Earth 0.1
masses) as independ-
ent variable. Results gx
are shown for a, so- g
lar composition helium 2
o
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abundance by mass
(Y = 0.22) and a heli-
um-poor abundance
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a few degrees of longitude to the west of
the satellite at a considerably greater dis-
tance (~ 12,500 km), as suggested by
Van Allen (/7) and Blume @2/).

Saturn interior. Although the develop-
ment of interior models for Jupiter and
Saturn has progressed in parallel (22),
more observational and theoretical diffi-
culties exist for Saturn than for Jupiter.
A major theoretical problem is the uncer-
tainty in the equation of state for a mix-
ture of molecular hydrogen (H) and heli-
um in the envelope. For Saturn, this re-
gion comprises almost one-half of the
outer radial dimension of the planet,
whereas for Jupiter, where it is less im-
portant, this region comprises less than
20 percent of the same dimension. The
first detailed Saturn models which used a
sufficiently accurate equation of state in
the molecular region were those of Slat-
tery in 1977 (23), and hence any models
published prior to this should be consid-
ered rough approximations.

Pioneer Saturn can resolve some of
the observational difficulties with Sat-
urn, and current interior models can be
improved from the theoretical point of
view. We are in the process of comput-
ing new Saturn models which fit the ob-
servations and which use the most recent
equations of state for the interior (24).
The models consist of a hydrogen-helium
envelope, a liquid outer core of ices
(H;0, CH4, NH,), and a liquid or solid,
or both, inner core of rock (MgO, SiO,,
FeS, FeO). For preliminary models, the
hydrogen and helium are assumed to be
well mixed by convection at all levels in
the envelope. The equation of hydro-
static equilibrium is solved for the rotat-
ing planet, and the planetary figure and
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gr'avitatiorial moments are calculated to
the third order in the ratio of the centrifu-
gal-to-gravitational acceleration. Fourth-
order calculations are in progress.

The observational constraints on the
models are the following:

1) The temperature T, at the 1-bar lev-
el in the atmosphere, which from the Pio-
neer Saturn infrared data is ~ 140 K (25),
the starting temperature for the adiabatic
models.

2) The mass of the planet, which is
known to one part in 10* from planetary
and satellite dynamics (26).

3) The equatorial radius of Saturn,
which is assumed equal to 60,000 km at
the 1-bar level 27).

4) The -gravitational moments J, and
Js from the Pioneer Saturn flyby, which
are important because they provide ob-
servational constraints on the interior
mass distribution through the rotational
response, of the planet (3). The third-or-
der theory which we presently use for
models calculates J; to an accuracy of
~ 2 percent and the so far undetected Jg
to ~ 15 percent. _

5) The period of rotation of the body
of Saturn. Unfortunately, visual and
spectroscopic observations of Saturn tell
us little about the rotation of the body of
the planet. Moreover, the fact that the
axis of the magnetic dipole of Saturn is
aligned closely with the spin axis (28)
means that a rotation rate will be difficult
or impossible to extract from the Pioneer
magnetometer data. The rotation period
must be considered a;free parameter in
the Saturn models within reasonable un-
certainty limits of 10P30™ = 30™.

The two important independent vari-
ables in the interior models are (i) the

amount of heavy elements in the enve-
lope dnd (ii) the total mass of material in
the core. The gravitational momients are
sensitive to the total core mass but rela-
tively insensitive to how it is distributed.
Thus the ratio of ices to rock is not deter-
mined by observation but by the esti-
mated relative abundances in the solar
system (29).

A series of preliminary Saturn models
are shown in Fig. 1 for various values of
the core mass (in Earth masses) and two
helium mass fractions Y, which corre-
spond to a solar composition model (Y =
0.22) and a helium-poor model (Y =
0.10). The calculations assume a rota-
tion period of 10"30™ and a temper-
ature at 1 bar of 140 K. Values of J, and
Ji, normalized to an equatorial radius of
60,000 km, are plotted versus the phys-
ical equatorial radius of the models. The
zero line corresponds to the preliminary
values of J, and J; from Pioneer Saturn.
Although the determination of J; and the
calculation of models, especially for a
helium-poor envelope, are preliminary
and subject to later revision, we never-
theless conclude that the envelope of
Saturn may be depleted in helium rela-
tive to the solar abundance. We can pro-
duce an acceptable model which has a
solar hydrogen:helium fraction in the en-
velope, but only by assuming adiabatic
temperatures in the interior which corre-
spond to an initial temperature of 160 K
at 1 bar. This higher value does not ap-
pear to be consistent with the Pioneer in-
frared radiometer value of ~ 140 K.
However, a low helium abundance is
consistent with results from the radio oc-
cultation experiment (27).

A major conclusion that we draw from
this initial study is that H,O and possibly
NH; and CH, are primarily confined in
Saturn to the vicinity of the ~ 15 to 20
Earth mass core, if they are present in
solar proportions to rock. If, on the con-
trary, this core were composed mainly of
rock, then the solar composition com-
plement of water, = 15 Earth masses,
would have to be distributed in the outer
layers of Saturn, contrary to observa-
tion. We cannot yet conclude that helium
is likewise fractionated to the central re-
gions, although there is a slight in-
dication that this may be so.
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