Photolysis of the CH, observed in
Titan’s atmosphere should give a pre-
dictable source of H,; this was estimated
by Hunten (/9) from the photochemical
results of Strobel (36). Itis 9 x 10° cm™
sec™!, referred to aradius of approximate-
ly 3000 km. The total escape rate is
therefore E(H,) = 3.4 x 10%7 sec™.

The source of the H actually observed
in the torus is probably less than the H,
source. Strobel (36) included an ‘‘iono-
spheric source” of 10° H atoms cm™
sec™!, most of which probably would es-
cape. The model predicts an escape rate
of 6 x 10° cm™ sec™! from methane
photolysis. We should also examine the
ionospheric source. At the subsolar
point, N,* is presumably being pro-
duced at a column rate of 4 x 10® cm™

ec™!. It reacts with H, by

N2+ + H,—> NzI"I+ + H N

1\121'1+ +e—> N, + H 2)

to produce two H atoms for each N,

Most of the H atoms will escape ther-
mally. The globally averaged escape rate
is = 1.4 x 10*7 sec”! for the ionospheric
and methane sources (37), just the quan-
tity required by the torus. Additional H
atoms may be supplied from ionization
of H, in the torus region followed by

I‘Iz+ + H,— H3+ + H 3)
and subsequent dissociative recombina-
tion of Hy™*
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Magnetic Field Studies by Voyager 1: Preliminary

Results at Saturn

Abstract. Magnetic field studies by Voyager 1 have confirmed and refined certain
general features of the Saturnian magnetosphere and planetary magnetic field
established by Pioneer 11 in 1979. The main field of Saturn is well represented by a

dipole of moment 0.21
kilometers), tilted 0.7° =

+ 0.005 gauss-Rg® (where 1 Saturn radius, Rs, is 60,330
0.35° from the rotation axis and located within 0.02 Rs of

the center of the planet. The radius of the magnetopause at the subsolar point was
observed to be 23 Rg on the average, rather than 17 Rg. Vovager 1 discovered a
magnetic tail of Saturn with a diameter of approximately 80 Rg. This tail extends
away from the Sun and is similar to type Il comet tails and the terrestrial and Jovian
magnetic tails. Data from the very close flyby at Titan (located within the Saturnian
magnetosphere) at a local time of 1330, showed an absence of any substantial
intrinsic satellite magnetic field. However, the results did indicate a very well
developed, induced magnetosphere with a bipolar magnetic tail. The upper limit to
any possible internal satellite magnetic moment is 5 x 10°' gauss-cubic centimeter,
equivalent to a 30-nanotesla equatorial surface field.

The Voyager 1 magnetic field instru-
mentation system (/) operated normally
throughout the Saturn encounter. This
report describes preliminary results of
data obtained from the multiple range,
dual low-field triaxial fluxgate magne-
tometers mounted on the 13-m boom.
For this study, vector measurements at
60-msec intervals were averaged over
1.92, 9.6, and 48 seconds, 16 minutes,
and 1 hour. The ranges of the sensors
were changed automatically by an on-
board system so that the maximum sen-
sitivity of £ 0.0044 nanotesla (nT), while
in the lowest range of = 8.8 nT, de-
creased to = 0.513 nT in the = 2100 nT
range near closest approach.

The maximum field measured was
1093 nT, at 6 = — 40.3° latitude and
& = 184.4° longitude, just before clos-
est-approach of 3.07 Rg (1 Rs = 60,330
km). It was somewhat larger than the
value of 1010 nT expected on the basis of
planetary magnetic field models derived
from Pioneer 11 results (2, 3). The axis of
the magnetic dipole representing the
main field of Saturn is almost aligned
with the rotation axis (2, 3). Thus, Voy-
ager 1 crossed the magnetic equatorial
plane only once within 20 Rg, the orbit of
Titan, as the spacecraft left the Saturnian
magnetosphere at a local time of 0400
and a latitude of 20° to.25°.

One of the most exciting phases of the
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Saturn encounter was the close flyby at
Titan, at a minimum distance of 6969 km
from its center. Because of Titan’s size,
the existence of a substantial atmo-
sphere, and the spacecraft trajectory,
this event must be considered as a major
planetary encounter in its own right.
Two major problem areas were of inter-
est: first, does the plasma, either of solar
wind or Saturnian magnetosphere origin,
flowing toward Titan interact with an
internal magnetic field of Titan (4) or
with its ionosphere? Second, what are
the magnetic field and plasma character-
istics of the interaction at Titan, which
might occur at different values of the
Alfvénic and sonic Mach numbers, as
compared with the solar wind interaction
at Venus or the Jovian magnetosphere
interaction at Io (5)?

Bow shock, magnetopause, and mag-
netosheath. Voyager 1 crossed the bow
shock of Saturn only once during its
inbound leg toward the planet. The tra-
versal occurred at 2327 SCET (space-
craft event time-Universal Time) on 11
November (day 316) 1980, at a planeto-
centric distance of 26.1 Rg. Five inbound
magnetopause crossings occurred from
0154 to 0248 UT on the next day, that is,
shortly after the bow shock crossing (see
Table 1 and Fig. 1). The apparent width
of the magnetosheath near the subsolar
point, relative to the distance from the
planet, was less than that observed at
Earth or Jupiter. This may be a true
spatial feature of the solar wind interac-
tion with Saturn or may be caused by the
motion of the bow shock or magneto-
pause. There were also five outbound

Fig. 1. The observed BS
magnetic field during
the interval encom- '

Table 1. Saturn bow shock (BS) and magneto-
pause (MP) boundary crossings by Voyager 1.

Type

. Dis-
of Center time
Cross- Day UT) tance
ing (Rs)
Inbound
BS 316 2327 26.1
MP 317 0154 23.7
MP 317 0214 23.4
MP 317 0229 23.1
MP 317 0242 23.0
MP 317 0247 22.8
Outbound
MP 319 1729 43.1
MP 319 1807 43.7
MP 319 2029 = 12™ =~ 46.0
MP 319 2100 + 8™ ~ 46.5
MP 319 2152 47.2
BS 321 0618 = 1™ 77.9

magnetopause crossings, the first occur-
ring at 1729 UT on day 319 while the
spacecraft was at 43.1 Rg; only one out-
bound bow shock crossing occurred at
about 0618 UT on day 321 at 77.9 R (see
Table 1).

The boundary normals of the five in-
bound magnetopause transitions (dura-
tions from 18 to 135 seconds) were deter-
mined from the 1.92-second average data
by using the minimum variance methods
of Siscoe et al. (6) (method A) and Son-
nerup and Cahill (7) (method B). The
methods gave essentially identical re-
sults for the minimum variance direc-
tion, assumed to be the magnetopause
normal direction; that is, for method A:
34 = —1° Ap = 196°, and for method
B: 8z = 0°, Ag = 193°. This agreement

MP
—"\
bbbl

passing the inbound
bow shock (BS) and
magnetopause (MP) 3l
crossings, in terms of
48-second averages.
iBI is the magnitude 2+
of the field in nano-
teslas (1 nT = 107°
gauss), and the longi-
tude (A\) and latitude
(8) are defined in 0

}
IB| nT

i

a spacecraft-centered 360°
coordinate frame
such that A is mea-
sured azimuthally in a
plane parallel to the 0°

Hin
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ecliptic (A = 90° in 90°
the direction of plane- 0°
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tary motion since -9(|)°‘ LA-T“TUDE
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normal to the ecliptic plane). The RMS, also given in nanoteslas, is the Pythagorean mean root
mean square deviation based on the 48-second averaging periods.
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between the two methods is consistent
with the magnetopause being a tangential
discontinuity, rather than a rotational
discontinuity. Method B indicated that,
in each case, the magnetopause was a
tangential discontinuity within approxi-
mately 12°; that is, B ranged between 78°
and 89°, where B = cos™' (<Bz>/B) and
is 90° for an ideal tangential discontinu-
ity; <Bz> is the average normal compo-
nent of the field and B is its average
magnitude across the discontinuity. Pre-
liminary minimum variance analyses of
the outbound magnetopause crossings
yielded less conclusive results, because
in almost every case the change in field
direction across the boundary was too
small to yield accurate normal direc-
tions.

Figure 2 shows the trajectory of Voy-
ager 1 for 7 days around closest ap-
proach (2345 UT of day 317) to the
planet; in these coordinates X, and ¥,
are in the orbital plane of Saturn with
— ¥, approximately in the direction of
planetary motion, X, is sunward, and Z,
is “‘northward.”” To illustrate the high
latitudes that the spacecraft reached af-
ter closest approach, the trajectory is
shown in cylindrical coordinates, X, ver-
sus D = (Y2 + Zp»)Y2. The model mag-
netopause and bow shock boundaries, as
shown in Fig. 2, are based on a parabola
and hyperbola, respectively, coincident
with average crossing positions, inbound
and outbound, expressed in cylindrical
coordinates, that is, D(X,) versus Xj,
and shown for the X,-Y, plane. The X¢-
Y, projection of the average magneto-
pause normals, determined by the mini-
mum variance analyses discussed above,
is shown as the vector Nyp. This normal
direction is consistent with that expected
from the model parabolic magnetopause
with a subsolar point at about 23 Rs. The
crosshatched region extends from the
average outbound magnetopause posi-
tion to the outbound bow shock and
therefore represents the average out-
bound magnetosheath.

Also shown for comparison is the
“nearest’” inbound and outbound Pio-
neer 11 magnetosheath regions. We de-
fine nearest magnetosheath as that re-
gion between the nearest magnetopause
and the nearest bow shock, for either
inbound or outbound legs of the trajec-
tory. The specific boundaries for Pioneer
11 were taken from Table 1 of Wolfe et
al. (8). If a corresponding ‘‘farthest’’
Pioneer 11 magnetosheath were plotted
in Fig. 2, it would lie far outside the
figure. Their last bow shock was identi-
fied at a radial distance of 102 Rg! The
large difference between the Pioneer and
Voyager boundary positions is due to
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differences in the ambient solar wind
momentum flux (8, 9).

Encounter overview. Figure 3 presents
an overview of the encounter from prior
to the inbound bow shock to beyond the
outbound bow shock. The field magni-
tude, Pythagorean root-mean-square
(RMS) component deviation, bow
shock, and magnetopause crossings are
shown. Notice that during the outbound
magnetosheath traversal the spacecraft
latitude is 24°, whereas near closest ap-
proach it is —40.3°. The asymmetry in
the field magnitude with respect to clos-
est approach is due to a latitude effect
and a longitudinal asymmetry of the field
as a function of local time. ‘

The increase in the RMS as the space-
craft nears closest approach is due to the
spatial gradient of the planetary field and
not to temporal changes, as finer time-
scale data reveal. However, in the re-
gions bordering the inbound and out-
bound magnetopause, the enhanced
RMS is indeed due to temporal changes,
evidently generated by varying external
conditions. An example is the increase in
the ratio of RMS to the magnetic field, B,
for the interval from 1100 to 1807 UT of
day 319, where the last 40 minutes or so
consists apparently of boundary layer
plasma (10) just outside the magneto-
pause (see Table 1).

The closest approach to Titan (at 0540
UT of day 317) occurred within Saturn’s
magnetosphere, but observable effects
lasted less than 16 minutes and are there-
fore not readily evident in this overview
figure. However, for approximately 2
hours around this region (R ~ 20 Ry), the
RMS is moderately enhanced and B is
variable, indicating that at the time of

closest approach to Titan the back-

ground field was not steady (compare
this region to that at 20 Rg outbound).

We also noticed differences in the pre-
and pcstencounter interplanetary mag-
netic fields with respect to RMS level
and variations in B. At 10 AU the field is
expected, on average, to be nearly
aligned with the + ¥, axis of Fig. 2.
Thus, the field will not generally connect
the spacecraft to the bow shock from the
inbound trajectory but will do so out-
bound from the planet. It is therefore not
surprising that the outbound data, not
shown, give evidence of the presence of
Saturn in terms of upstream disturbances
via this field-line connection to the bow
shock.

Magnetosphere and tail. The average

magnetic field geometry observed by
Voyager 1 in the Saturnian magneto-
sphere is shown in Fig. 4. Given are the
hourly averaged X-Z (Fig. 4a) and X-Y
(Fig. 4b) vector component projections
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along the trajectory. The coordinates are
solar magnetospheric (SM), with X to-
ward the sun, Z positive northward and
oriented such that the planetary magnet-
ic dipole axis always lies in the X-Z
plane. In this analysis it was assumed
that there was no angular offset between
the magnetic dipole and rotation axes.
Therefore, the SM coordinates are a
fixed system. Also shown in the figure
are curves giving the cylindrically sym-
metric model magnetopause boundary
already described.

The vector data of Fig. 4 clearly illus-
trate several features of the large-scale
Saturnian magnetospheric field. The first
is the distinctly southward orientation of
the field in the sunward magnetosphere.
This is consistent with the Pioneer 11

Fig. 2. Voyager 1's trajectory near
Saturn in orbital (solid curve) and cy-

observations near noon in the outer mag-
netosphere (3). Also, the field remained
approximately in meridian planes
throughout the inbound approach to Sat-
urn. Nearer the planet, the average vec-
tor field observed by Voyager 1 rapidly
changed direction and magnitude as the
spacecraft traversed the southern lati-
tude regions of the inner, chiefly dipolar,
field in a relatively short time.

On the nightside of the planet, the
geometry of the field changed from prin-
cipally dipolar, lying in meridian planes,
to tail-like. The field approached an ori-
entation generally in the antisolar direc-
tion and parallel to the model magneto-
pause until Voyager 1 left the magneto-
sphere at the relatively high SM latitude
of about 23° at a radial distance of 46 Rg

lindrical coordinates (dashed curve). Yo
Also shown are model bow shock and
magnetopause boundaries, projected
into the orbital {(X,=1Y,) plane. Dis-
tances in Saturn radii (1 Rg = 60330
km).

MAGNETOSHEATH :

& ® PIONEER Il "NEAREST"

AVERAGE VOYAGER
8S BS
MP MP
100 : S :
F VOYAGER 1! \ :
E N~ e
B(nT) E ~ E
E SCALE g
g \CHANGE E
0.l :
10 —

| 36 317
Rs=60 40 20 3l
LAT= 6° 5° 0° -40°

3I8|

31 l9 32|O 3'2I ?22
20 4|O 6|O 810 IO|O
18° 22° 24° 24° 25°

Fig. 3. An overview of the magnitude and Pythagorean mean RMS of the magnetic field for 8
days around closest approach to Saturn. Shown are 16-minute averages. The bottom two scales
denote Rg, the planetocentric radial distance of the spacecraft in units of Saturnian radii and

latitude (LAT) with respect to Saturn’s equator.
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(Xspm = — 25 Rg). No tail current sheet
traversals appear in the Voyager obser-
vations, in contrast to the polarity rever-
sals observed at near equatorial latitudes
by Pioneer 11 when the spacecraft was
outbound near the dawn terminator (3).
However, some variation in the field can
be seen in the data during the traversal of
the northern tail lobe. This may repre-
sent a temporal change in tail orientation
in response to external (solar wind)
changes. The field vectors in the tail near

'SMT

the outbound magnetopause in Fig. 4
that have orientations significantly dif-
ferent from the others represent hours in
which the magnetopause was observed.

From the outbound field intensity
measurements and the position of the
outbound magnetopause crossings, it is
estimated that the Saturnian magnetic
tail diameter is approximately 80 Rs with
an average field of ~ 3 nT at X5y = — 25
Rg. To estimate the size of the polar cap
region one can assume that the magnetic
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field in the tail lobes connects directly to
the polar caps. Using conservation of
flux, we may write

Bt = 4 By (Rs/Ry)* sin® 8,

where By is the average field in the tail
lobes, Ry is the tail radius, and 6, is the
colatitude of the polar cap (/7). Taking
By =25 — 3.5nT and Rt = 36 Rs to
40 Rg, one obtains 6, = 11.3° to 15.0°,
or a latitude range of 78.7° to 75°. This
suggests that Saturn has a smaller polar
cap auroral zone than that of Earth
(6,c = 18°). Observations of austral po-
lar aurora by the Voyager 1 ultraviolet
spectrometer experiment yields a loca-
tion that is in agreement with this smaller
auroral zone (12).

Inner magnetosphere and intrinsic
planetary field. In contrast to the Pio-
neer 11 encounter trajectory where the
spacecraft remained within 6° of the
equatorial plane, the Voyager 1 trajec-
tory provided a unique opportunity to
sample relatively high latitudes (—40°) at
close radial distances (3.07 Rs). The
maximum measured field near closest
approach to the planet was 1093 nT,
somewhat larger than anticipated based
on the magnetic field models derived
from the Pioneer 11 observations (2, 3).

In the inner region, R < 10 Rg, the
observations do not show any large and
significant temporal variations. The ob-
served field can be attributed to sources
residing in the interior of the planet plus
a relatively small contribution from an
external current system.

The traditional method of representing
planetary magnetic fields by means of
orthogonal spherical harmonic expan-
sions assumes that the field is derivable
from a scalar potential, implying that no
currents flow in the region where the
measurements are obtained. This condi-
tion is rather well satisfied within the
radial range R < 6 Rs. The analyses re-
ported here utilize 48-second averaged
field values and preliminary spacecraft
attitude data, and may be revised subject
to improvements in engineering informa-
tion. The planet-centered longitude of
the spacecraft was derived from the ra-
dio-determined Saturn longitude system
(SLS) proposed by Desch and Kaiser
(13) using a planet rotation period of 10
hours 39.4 minutes.

Using data within 6 Rs, we find a
primarily dipolar internal field, with the
dipole axis nearly parallel with the plan-
et’s rotation axis, as suggested by Pio-
neer 11 studies (2, 3). The dipole axis tilt,
however, is definitely nonzero, ~ 0.7°,
tilted toward an SLS longitude of 331°.
The best fitting (RMS = 2.7 nT) spheri-
cal harmonic model, assuming 1 internal
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order and 1 external order (I1E1), has
the following Schmidt normalized coeffi-
cients: g;° = 0.209 gauss, g,' = 0.00220
gauss, and h;' =0.00124 gauss; external
G" = - 88nT, G! = — 4.2 nT, and
Hi! = 3.3 nT. Second-order (quadru-
pole) models do not provide a significant
reduction in the residuals compared to
dipolar models incorporating an external
field. Derived quadrupole terms are
small and may not be adequately re-
solved” with Voyager 1 observations
alone. We estimate the dipole displace-
ment to be less than ~ 0.02 Rs. Although
Pioneer 11 went much closer to Saturn
(1.35 Rg), the axial offset inferred [A =~
0.04 t0 0.05 Rg (2, 3)] is derived from the
most poorly determined quadrupole term
(22%). This can be understood by recall-
ing that Pioneer 11 made a near equatori-
al pass through the Saturnian magneto-
sphere.

Figure 5 displays the magnitude of the
observed field compared with that of a
centered dipole with a moment of 0.21
gauss-Rs’, for radial distances less than
15 Rs. The dipolar nature of the field is
clearly illustrated by the excellent fit to
the simple model. These data also show
clear evidence of a large-scale, azimuth-
al current system extending radially
throughout much of Saturn’s equatorial
magnetosphere. The observed field mag-
nitude at radial distances of less than 10
Rs is significantly reduced by the largely
solenoidal field of the (eastward) azi-
muthal currents; the discontinuity in
slope of the observed field magnitude at
about hour 17 on day 317 occurs as
Voyager 1 emerges from the current-
carrying region while inbound to periap-
sis. Analyses suggest a magnetodisk cur-
rent sheet similar to Jupiter’s (/4) ex-
tending from about 8 to about 16 Rg in
the equatorial plane and with a total
thickness of approximately 4 Rs. Current
densities are an order of magnitude less
than those observed at Jupiter.

Thus Saturn is similar to Earth in
terms of its average surface magnetic
field strength. Its magnetosphere is simi-
lar to Jupiter’s in that each possesses a
large-scale azimuthal current system
confined to an equatorial annular disk.
But Saturn appears to be unique with
respect to the near alignment of magnetic
and rotational axes. The small tilt of the
dipole axis (~ 0.7°) is the only longitudi-
nal asymmetry that we have identified. A
comparison of Pioneer 11 and these Voy-

ager 1 results for the dipole term describ- .

ing the main field of Saturn is shown in
Fig. 6. The small tilt of the dipole of
Saturn now appears certain but is, at
present, not a plausible source of the
magnetic anomaly in the northern hemi-
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sphere responsible for the modulation of
radio emission (13).

Encounter with Titan. As noted by
Acuna et al. (2), Titan’s orbital distance
of 20 Rg is equal to that of the average
magnetopause stagnation point distance,
so that Titan can be immersed in the
magnetosheath or even the interplane-
tary medium when near local noon. The
Titan encounter occurred during the in-
bound passage of Saturn’s magneto-
sphere at a local time of 1330 (see Fig. 2).
From the discussion of the multiple mag-
netopause crossings and the general vari-
ability of the magnetic field, it follows
that appreciable dynamical variations
occurred in the outer magnetosphere.
Therefore, no simple assumption can be
made concerning the direction and mag-

nitude of the plasma velocity and mag-
netic field vectors of the flow incident on
Titan. Even the assumption of constancy
of the incident flow during the half hour
centered on closest approach cannot be
justified a priori.

The trajectory of Voyager 1 relative to
Titan is shown in Fig. 7, a and b. Closest
approach occurred at 0540:20 UT and
the orbital plane of Titan was crossed at
0543:07 UT from north to south. The
inclination of the trajectory with respect
to the orbital plane of Titan was 8.7°,
while the flyby speed of Voyager 1 rela-
‘tive to Titan was 17.3 km/sec. The trajec-
tory was therefore an almost ideal dia-
metrical passage through Titan’s geo-
metrical wake, in the sense of corota-
tional flow of the Saturnian magneto-

PIONEER 11 VOYAGER 1}

Fig. 6. Comparison of dipole
moment and tilt angle (relative
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Fig. 8. Sketch of distorted Saturn magnetospheric field in vicinity of Titan, caused by induced
currents in the ionosphere and tail wake of Titan. Bipolar magnetic tail field formation is seen to
be due to *‘draping’’ of field lines around Titan’s ionosphere, forming the tail, which leads Titan

in its orbit around Saturn.

sphere. The magnitude of the magnetic
field as a function of time during the
encounter is shown in Fig. 7c. Also
shown is a sketch of the magnetic field
directions along two projections of the
spacecraft trajectory relative to Titan.

It is obvious from the magnitude plot
that an- apprecjable internal magnetic
moment is excluded by the data. As a
conservative estimate, a dipolar field of
30 nT on Titan’s equator [1 Titan radius
(Rr) = 2570 km] would have been ob-
servable near closest approach. A more
refined analysis in the future is expected
to lead to more accurate limits on an
internal field. Direct application of
Busse’s law would lead to a core size of
less than 700 km for a dynamo-active
metallic convecting region (#).

Since Titan has no appreciable intrin-
sic magnetic field and associated magne-
tosphere, there is a direct interaction
between the Saturnian magnetoplasma
and the ionosphere-atmosphere system
of Titan. No obvious fast shock signa-
ture can be identified in our data. This
implies that the magnetohydrodynamic
fast Mach number cannot be much great-
er than one, that is, Vs < (V> + a2
Here we have used the Saturnian corota-
tion plasma velocity Vg, ~ 200 km/sec,
the local Alfvén speed V4, and the sonic
speed a, respectively, as well as the
assumption that the flow does not devi-
ate too much from perpendicular flow
(the consistency of the latter assumption
will be shown later). Hence, at least one
of the Mach numbers M, or Ms must be
less than one, from the absence of a fast
shock alone.

Recently, Jones et al. (15) discussed
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Pioneer 1! magnetic field observations
near Saturn’s dawn meridian, which
were made at about 145 Titan radii (Ry)
approximately along the corotation di-
rection. They suggested that a superson-
ic interaction of Saturn’s magnetosphere
with Titan was observed, which pro-
duced a relatively strong magnetoacous-
tic shock with an asymptotic shock cone
angle of 20.5°. Since the Voyager 1 data
show no evidence for such a shock, as
observed by Pioneer 11, either condi-
tions were different when and where
Voyager 1 passed Titan or the Pioneer 11
signature may be unrelated to Titan.
They noted that the signature may have
resulted from near penetration of several
possible current systems detected in Sat-
urn’s magnetosphere.

Physically, an atmosphere-plasma in-
teraction leads to an induced magneto-
sphere with a draping of field lines
around the ionopause, as sketched in
Fig. 8. The directions in Fig. 7 are con-
sistent with this draping. On its passage
through the wake region from north to
south, the spacecraft first observes field
lines directed toward Titan and after the
deep minimum in magnitude C at
0542:30, the field lines point away from
Titan. This dip C corresponds to the
current sheet separating the northern
and southern lobes of the induced bipo-
lar magnetic tail. In agreement with this
interpretation, the tail neutral sheet oc-
curs very close to the crossing of the
orbital plane of Titan, as expected for a
corotational flow, and an upstream field
of “‘vertical”” orientation. The induced
voltage across this ‘‘unipolar inductor,”
developed as the Saturnian magneto-

spheric plasma sweeps past Titan, is
approximately 6000 V. This drives an
induced current system whose magnetic
field distorts the background field and
leads to the magnetic field configuration
that we qualitatively describe as draped
field lines. '
Having identified draping and the
presence of a tail neutral sheet, the other
features in Fig. 7 have béen interpreted
as follows. The dips B at 0539:30 and D
at 0544:30 UT are the inbound and out-
bound crossings of the boundaries of
Titan’s induced magnetic tail. The tail
width is determined by the transverse
width of the field draping region and
finite gyroradius effects. The broad fea-
ture A, from 0532 to 0537 UT, may be a
consequence of the dayside hydrogen
corona (12), possibly combined with
some temporal variations in the Saturni-

an magnetosphere. The dip around 0529

is probably not due to the deflected flow
pattern observed around closest ap-
proach. It may be a remanent of the
wake of Titan one or more Saturn rota-
tions previously (9).

Returning to the induced tail, we note
two interesting features in Fig. 7. The tail
is deflected from the corotation direction
and it is asymmetric. The simplest expla-
nation for the deflection is a deviation of
plasma flow from corotation. Also, we
expect contributions due to the longitu-
dinal asymmetry of the atmosphere-ion-
osphere of Titan, finite gyroradius ef-
fects, or the Hall effect. Even a weak
internal magnetic field may marginally
influence the plasma flow. The asymme-
try may be explained by an atmospheric
east-west or north-south asymmetry, the
influence of a weak internal field, the
plasma effects mentioned above, or a
combination of these factors. For exam-
ple, the atmospheric asymmetry provid-
ed by the sun’s radiation would lead to
stronger plasma-loading of the field lines
observed before the crossing of the tail
neutral sheet. The associated pressure of
the plasma will force the plasma to ex-
pand to adjust approximately to the sur-
rounding total pressure. This expansion
may explain the reduced field in the first
observed lobe (). It would be expected
to be absent in the second lobe (L,), as
observed. The total inward and outward
magnetic flux in the induced magnetic
tail lobes are approximately equal, as
expected for an induced tail field. If one
assumes an extension of about one Ry
perpendicular to the orbital plane, flux
conservation leads to a semiannular pile-
up region of about 600 km thickness
ahead of Titan. This estimate will be
modified when the asymmetry is taken
into account.
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We conclude that the Saturnian mag-
netoplasma interacted with the iono-
sphere-atmosphere system of Titan,
leading to the formation of an induced
magnetosphere and bipolar magnetic
tail. This induced magnetosphere was
observed to be deflected from the coro-
tational flow direction and was also
asymmetric with respect to the tail neu-
tral sheet. Possible explanations include
asymmetries of the atmosphere, finite
gyroradius effects for the deflection, and
a deviation from corotational flow. The
upper limit for the magnetic moment of a
possible internal magnetic field is 5 X
10%! gauss-cm?, consistent with at most a
small convective, metallic core. This is,
again, in agreement with the mean densi-
ty and composition arguments.
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Plasma Observations Near Saturn:
Initial Results from Voyager 1

Abstract. Extensive measurements of low-energy plasma electrons and positive
ions were made during the Voyager 1 encounter with Saturn and its satellites. The
magnetospheric plasma contains light and heavy ions, probably hydrogen and
nitrogen or oxygen; at radial distances between 15 and 7 Saturn radii (Rg) on the
inbound trajectory, the plasma appears to corotate with a velocity within 20 percent
of that expected for rigid corotation. The general morphology of Saturn’s magneto-
sphere is well represented by a plasma sheet that extends from at least 5 to 17 Rg, is
symmetrical with respect to Saturn’s equatorial plane and rotation axis, and appears
to be well ordered by the magnetic shell parameter L (which represents the
equatorial distance of a magnetic field line measured in units of Rs). Within this
general configuration, rwo distinct structures can be identified: a central plasma
sheet observed from L. = 5 to L = 8 in which the density decreases rapidly away
from the equatorial plane, and a more extended structure from L. = 7 to beyond 18
Rg in which the density profile is nearly flat for a distance = 1.8 Rg off the plane and
falls rapidly thereafter. The encounter with Titan took place inside the magneto-
sphere. The data show a clear signature characteristic of the interaction between a
subsonic corotating magnetospheric plasma and the atmospheric or ionospheric
exosphere of Titan. Titan appears to be a significant source of ions for the outer
magnetosphere. The locations of bow shock crossings observed inbound and
outbound indicate that the shape of the Saturnian magnetosphere is similar to that of
Earth and that the position of the stagnation point scales approximately as the
inverse one-sixth power of the ram pressure.

This is a preliminary report of the
observations made by the plasma sci-
ence experiment on Voyager 1 during the
Saturn encounter period. The relevant
instrument characteristics are discussed
briefly in a report of the Jupiter encoun-
ter (I); a detailed description is available
in (2). We discuss here (i) the bow shock
and magnetopause crossings; (ii) the spa-
tial distribution, composition, and flow
of the magnetospheric plasma; (iii) the
configuration of the plasma sheet; (iv)
the interaction between Titan and the
magnetospheric plasma; and (v) Titan
and the atomic hydrogen torus as
sources of plasma.

Boundary crossings. As Voyager 1 ap-
proached Saturn, a single bow shock

crossing was observed on 11 November
1980 at 2326 [all times in this report are
spacecraft event times in universal
time; and distances given in units of
Saturn radii (Rg) refer to an equatorial
radius of 60,330 km]. Five magnetopause
crossings occurred between 0154 and
0248 on 12 November. The spacecraft
remained inside the magnetosphere until
14 November, when it again crossed the
magnetopause boundary five times and

“then reentered the interplanetary wind

on 16 November (Table 1). The times of
bow shock crossings (both inbound and -
outbound) compare well with those ex-
pected on the basis of a bow shock shape
observed for Earth (3), the solar wind
ram pressure (P), the position of the first

Table 1. Bow shock and magnetopause crossings and external wind parameters.

Boundary Time* Distance (Rs)

Inbound crossings

Shock 11 November 2326 26.1

Magnetopause 12 November 0154 23.6

0213 23.4

0228 232

0242 22.9

0248 22,7
Outbound crossings

Magnetopause 14 November 1729 42.7

1806 43.4

2034 45.7

2115 46.1

2140 46.9

Shock 16 November 0619 77.4

External solar wind parameters
11 November: 420 km/sec, 0.11 cm™, flow from sun
16 November: 460 km/sec, 0.16 cm™, flow from 4° above ecliptic

*Times are approximate entries into and exits from the magnetosheath and do not reflect the boundary layer

phenomena which are observed.
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