
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 
lo2' gauss-cm3, 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 (Rs) 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 Rs, 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, two 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 
Rs in which the density profile is nearlyjat for a distance i 1.8 Rs o f f  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 (1); 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 1 1  November 
1980 at 2326 [all times in this report are 
spacecraft event times in universal 
time; and distances given in units of 
Saturn radii (Rs) refer to a i  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 1 1  November 2326 26.1 
Magnetopause 12 November 0154 23.6 

0213 23.4 
0228 23.2 
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 

1 1  November: 420 kmlsec, 0.11 cmW3, flow from sun 
16 November: 460 kmisec, 0.16 cmW3, 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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INBOUND OUTBOUND 

Fig. 1. Plasma electron densities (cmW3) measured within Saturn's magnetosphere. The plotted 
points are 15-minute averages of electron measurements; p is the distance from Saturn's 
rotation axis. The upper panel shows the spacecraft position in the same coordinate system; Z is 
the distance from the equatorial plane. Dipolar field lines corresponding to indicated values of 
the flux tube parameter L are also shown. Values of p at which the spacecraft crossed the L 
shells of Titan, Dione (D), Rhea (R), and Tethys (2) are indicated above the abscissa of the 
lower panel. The last magnetopause crossing on the inbound portion of the trajectory and the 
first on the outbound are indicated by MP. 

I 
.D SENSOR I Fig. 2. The magneto- 

spheric portion of the 
spacecraft trajectory 
projected onto Sat- 
urn's equatorial 
plane. The meridian 
plane, which passes 
through the sun, con- 
tains the x axis, which 
is positive toward the 
sun. The projection 
onto the equatorial 
plane of the symme- 
try axis of the plasma 
sensors which face 
Earthward ( S )  is 
shown as is the pro- 
jection of the side 
sensor's look direc- 
tion (D). The orbit of 
Titan is shown and its 
motion during the 
magnetospheric pas- 
sage is indicated by 
the arrow. The lower 
panel shows the 
Kronographic latitude 
of the spacecraft. The 
upper panel shows 
the relative response 
of the D sensor and 
one of the Earthward- 
looking sensors to 
cold ions corotating 
with Saturn. 

bow shock crossing observed by Pioneer 
11 (4), and a shock distance proportional 
to P"~. The location of the shock also 
agrees with that predicted from the 
shock shape and location at Earth and 
the pressure balance between the solar 
wind and a magnetic dipole of the 
strength observed at Saturn. Thus, Sat- 
urn's magnetosphere appears to be much 
less inflated by plasma than is Jupiter's. 
Nevertheless, the first magnetopause 
crossing on the inbound pass occurred at 
23.6 Rs, considerably earlier than ex- 
pected from the location of the shock; at 
Earth, the ratio of shock to magneto- 
pause distance is - 413. This discrepan- 
cy implies either that the solar wind 
pressure decreased by about a factor of 3 
during the magnetosheath passage or 
that the ratio of shock to magnetopause 
distance is less than expected, perhaps 
because of large wave amplitudes in the 
magnetosheath or the presence of a Ti- 
tan plasma torus. 

Magnetospheric plasma observations. 
We used electron rather than positive ion 
densities to define quantitatively the 
density profile of low-energy magneto- 
spheric plasma at Saturn. Since low- 
energy electrons are essentially isotropic 
and constitute a single ionic species, this 
avoids complications that arise in inter- 
preting positive ion measurements, 
namely, the presence of different ionic 
species, deviations from the corotational 
flow direction, and the sensor response 
as a function of Mach number. Details of 
the electron analysis, which self-consist- 
ently corrects for variations in spacecraft 
potential while the spacecraft remains 
illuminated in varying plasma condi- 
tions, have been extensively discussed 
for this instrument in connection with 
the reduction of electron data at Jupiter 
(5). The ion densities are in reasonable 
agreement with the electron densities 
reported below. 

The close alignment of Saturn's rota- 
tion axis with its magnetic dipole axis (6, 
7) suggests that the plasma observations 
in the Saturnian magnetosphere be pre- 
sented in a cylindrical, Saturn-centered 
coordinate system aligned with the rota- 
tion axis, as done in Fig. 1 for the density 
data and spacecraft trajectory (upper 
panel). The principal features of the den- 
sity plot in Fig. 1 are (i) the changes in 
density associated with magnetopause 
crossings between 23 and 25 Rs inbound 
and beyond 39 Rs outbound; (ii) the 
density spike associated with the Titan 
encounter near 20 Rs; (iii) two regions of 
density enhancement during the inbound 
(20 Rs) and outbound (18 to 20 Rs) 
passes, which suggest the presence of a 
plasma torus associated with Titan and 
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extending at least halfway around Sat- 
urn; (iv) an equatorially confined plasma 
sheet surrounding Saturn, indicated by 
the two broad density enhancements (17 
to 6 Rs inbound and 3 to 11 Rs out- 
bound); and (v) a low-density region 
during the outbound pass from beyond 
20 Rs to the first magnetopause crossing 
outbound at 39 Rs. In that region, plas- 
ma densities range from cm-3 to a 
few times ~ m - ~ .  

In discussing the ion observations, it is 
necessary to keep in mind the orientation 
of the different look directions of the 
sensor during the encounter. Figure 2 
shows the spacecraft trajectory and the 
viewing directions of the instrument pro- 
jected onto Saturn's equatorial plane for 
the time interval covering the magneto- 
spheric portion of the encounter. 

The ion observations are character- 
ized by relatively broad spectra and 
varying densities, but with period? of 
temperature low enough to allow the 
resolution of distinct peaks in the energy1 
charge spectra. Figure 3 shows a se- 
quence of spectra measured by the D 
sensor, which looked nearly into the 
corotating flow during most of the in- 
coming portion of the trajectory. Well- 
resolved spectral peaks are obtained for 
many observations during this interval; 
with these spectra, it is possible to calcu- 
late the component of corotational veloc- 
ity along the D sensor normal; in the 
following discussion we refer to this 
component simply as "velocity." In Fig. 
4, these estimated velocities are com- 
pared with the velocities expected if the 
magnetosphere were rigidly corotating at 
the rotational period obtained by the 
planetary radio astronomy experiment- 
ers (8). We assume that the lower energy 
peak is hydrogen and that the upper peak 
has a mass-to-charge ratio, AIZ*, of 14 
(A is atomic mass number and Z* is 
effective charge number). These assump- 
tions should be viewed as setting the 
approximate range of AIZ* and not as 
identification of the ions. The velocities 
of the heavier and lighter components 
should coincide when proper identifica- 
tion has been made (9). Figure 4 shows 
generally good agreement in the veloci- 
ties, with some notable exceptions that 
need further study. For example, from 
- 13 to 10 Rs, the two velocities are 
brought into better agreement if A1 
Z* = 2 is used for the lighter mass; thus 
we cannot exclude significant variations 
in the composition of the lighter compo- 
nent in this region of the magnetosphere. 
The best preliminary statement that can 
be made is that from - 7 to - 15 Rs the 
corotation velocity is within 20 percent 
of that expected for rigid corotation 

[compare with similar observations at 14, the potential would be positive apd 
Jupiter (9)l. somewhat larger than that estimated by 

~ c c a s i o n a l l ~ ,  the density is high 
enough and the temperature low enough 
to allow analysis of the observed cur- 
rents with the narrower windows of the 
higher resolution mode. Figure 5 shows 
an example of such a spectrum and the 
analysis of the two peaks; a value of A1 
Z* = 1 is assumed for the lower energy 
peak. In this case, the choice of A1 
Z* = 16 for the heavier peak makes the 
resulting difference in velocities corre- 
spond to a slightly negative spacecraft 
potential, in disagreement with estimates 
of magnitude and sign from the electron 
analysis. On the other hand, if AIZ* were 

Fig. 3.  Sequence of 
ion spectra taken a $ from 0800 to 1216 on 

the electron analysis. Thus, at this pre- 
liminary stage in the analysis, it is possi- 
ble to say only that the heavy mass has 
an AIZ* in the range of 14 to 16 atomic 
mass units. 

Figure 6 shows a sequence of D sensor 
spectra taken after closest approach as 
the spacecraft rises up to reencounter 
the equatorially confined plasma sheet. 
(As shown earlier, the D sensor faces 
into an unfavorable direction until the 
spacecraft rolls at about 0100.) Just after 
the roll, the peak of the low-energy por- 
tion of the plasma appears to be below 
the threshold energylcharge of 10 V, but 

12 November. The 
relative distribution 
functions observed 
from low-resolution 
mode measurements 
made by the side- 
looking (D) sensor 
plotted against ener- 
gylcharge. The spec- 
tral points are inter- 
polated by use of a 
cubic spline fit. The 
peaks corresponding 
to ions with different 
AIZ* are clearly re- 
solved. 

0 
0) 
U) 
\ 

OBSERVED VELOCITY COMPONENT INTO SIDE SENSOR @ 

E 
Y 
V 

ASSUMED A / Z  * RLE$$LUT$&$ 
I ST PK z I . o 
2 N D  P K = 1 4  X + 

W 

DISTANCE FROM SATURN ( R s )  

Fig. 4. The component of corotational velocity along the D sensor normal plotted against radial 
distance from Saturn. Ion peaks such as those shown in Fig. 3 are fitted by a convected 
Maxwellian. The convection velocities are obtained by assuming that the lower energylcharge 
peak is hydrogen and that the upper has AIZ* = 14. A few points from analysis of higher 
resolution spectra are also shown. The velocities are compared with those expected for rigid 
corotation. 
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the higher resolution observations show 
the peak to be above that threshold after 
- 0200. Because the sensor normal is 
- 30" to the equatorial plane, the thresh- 
old corresponds to a corotation velocity 
of - 60 kmlsec for protons, well above 
the - 27 kmlsec expected for rigid coro- 
tation. Thus, these observations may in- 
dicate the presence of heavier ions or 
field-aligned flow from the ionosphere. 
As the equatorial plane is approached, 

the heavier mass peak becomes domi- 
nant, as would be expected if those ions 
were confined to the equatorial plane 
with a scale height of the order of 1 Rs. 

Conjiguration of the plasma sheet. 
The appreciable inclination of the Voy- 
ager 1 trajectory with respect to Saturn's 
equatorial plane permits exploration of 
the vertical as well as the radial distribu- 
tion of plasma within the region of the 
magnetosphere where the magnetic field 

FOR H +  
V.133 km/sec 
VTh=27 km/sec 

n = 0.13 cm-3 
A FOR -,= 16 z 

Fig. 6. Sequence of 
low-resolution ion 
spectra taken from 
0000 to 0416 on 13 
November. The rela- 
tive distribution func- 
tions are plotted as 
described for Fig 3.  
During this time inter- 
val the spacecraft 
rises from its lowest 
excursion in latitude 
almost to the equato- 
rial plane. Note the 
increase in relative 
importance of the 
heavier mass compo- 
nent as the equatorial 
region is approached. 
The lower peak is 
caused either by coro- 
tating ions heavier 
than hydrogen or pos- 
sibly by hydrogen of 
ionospheric origin. 

Fig. 5. A spectrum 
(0915, 12 November) 
in which analysis of 
the higher resolution 
mode, D sensor data 
is possible. The coro- 
tation velocity was 
153 kmlsec. The un- 
certainties in velocity 
are - i 2 kmisec. If 
the heavier peak 
were N +  , its velocity 
would be - 139 kmi 
sec. In all cases, the 
ions appear to be 
moving significantly 
slower than the 153 
kmlsec that the side 
sensor would be ex- 
pected to observe. At 
this stage of the anal- 
ysis, the fit to the 
higher energylcharge 
peak is consistent 
with either O+ or N +  
ions. 

is approximately dipolar. As a working 
hypothesis we assume that, within this 
region, the plasma distribution is at least 
approximately independent of longitude 
and local time, symmetrical about the 
equatorial plane, and without major tem- 
poral changes during the Voyager flyby. 

We now use the variation of electron 
density (n,) observed along the trajec- 
tory to investigate the dependence of n, 
on the magnetic L shell location of the 
spacecraft and its position relative to the 
equatorial plane. We use the 15-minute 
averages of the measured electron num- 
ber density shown in Fig. 1 and compare 
observations from the inbound and the 
outbound passes taken on the same L 
shell but at different distances (Z) from 
the equatorial plane. Figure 7A shows 
IZI versus L for the Voyager trajectory. 
(In view of the symmetry assumption, 
the absolute value IZ is shown; the 
actual trajectory prior in time to L = 6.4 
lies below the equator.) Figure 7B shows 
the observed values of neL3 as a function 
of IZI for different ranges of L identified 
by different symbols; the corresponding 
orbital locations in Fig. 7A are marked 
by the same symbols. (Observations of 
n, for L < 5 affected by solar occultation 
have not been included.) 

Although the L shell dependence can- 
not be uniquely determined, use of the 
quantity neL3 organizes the data well and 
is theoretically advantageous since the 
plasma content per unit flux of a magnet- 
ic flux tube is proportional to N:  

where the integral is taken along the flux 
tube, dl is an element of path length 
along the flux tube, B is the field, and Bs 
is Saturn's dipole suface field at the 
equator (= 0.2 gauss). Near the equato- 
rial plane, where most of the plasma is 
assumed to be confined, B is well ap- 
proximated by BslL3. Then 

N is related to NL,  the tube content per 
unit L used in radial diffusion studies, by 
27~N = L ~ N ~ .  

We note the following features in Fig. 
7B : 

1) Within the range 5 < L < 7, neL3 
shows no appreciable L dependence and 
has a Z dependence that is well approxi- 
mated by a Gaussian 

with Z in Rs and n, in ~ m - ~ .  
2) Within the range 7 < L < 12, neL3 

follows the Gaussian profile (Eq. 1) as 
long as IZi s 1.2 (the trajectory restricts 
these observations to 7 < L < 9) ;  at 
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greater distances from the equator, n , ~ ~  
is approximately constant, independent 
of both L and Z, up to IZI = 1.8, above 
which it undergoes a sharp decrease 
which may be approximated as expo- 
nential: 

n , ~ ~  = 500 
for lZl < 1.8 (2a) 

= 500 exp[- (IZI - 1.8)10.24] 
for IZi > 1.8 (2b) 

The constant value of neL3 given by Eq. 
2a becomes equal to the Gaussian (Eq. 1) 
at IZI = 1.2. (It should be noted that the 
inbound and the outbound trajectory 
both pass through IZI = 1.5, L = 9.7, 
and the two density values agree to with- 
in 20 percent, supporting the assumption 
of axial symmetry.) 

3) A nearly constant neL3, equal to the 
value given by Eq. 2a, appears to persist 
at least up to IZI = 0.8 in the range 
12 < L < 14.5, although here both the 
validity of the axial symmetry assump- 
tion and the use of a dipolar field are 
becoming questionable. 

Plots were made as a function of lati- 
tude and similar variables rather than 
iZI, but the extent to which the data 
points were organized was markedly in- 
-ferior. The dependence on Z rather than 
latitude is particularly evident in the 
change from a nearly flat to a rapidly 
decreasing profile, which is observed on 
both inbound and outbound passes at 
nearly the same IZI (= 1.8) but different 
L (8 and 10.5, respectively). On the other 
hand, over the limited ranges of L used, 
neL3 does not differ significantly from, 
say, neL4. 

A schematic model of the plasma sheet 
configuration consistent with the above 
results is sketched in Fig. 8. We identify 
two distinct structures, which we call the 
central plasma sheet and the extended 
plasma sheet. The central plasma sheet, 
observed between L = 5 and L = 8, has 
a density profile that decreases rapidly 
with distance Z away from the equatorial 
plane and can be represented as a Gauss- 
ian with a root-mean-square (RMS) 
width of 0.93 Rs, an equatorial number 
density n (estimated by extrapolating 
Eq. 1 to Z = 0) of = 20 to 7 at 
L = 5 to 7, and a flux tube content N of 
roughly 4 x lo3 Rs/cm3. The extended 
plasma sheet has a well-defined inner 
boundary at L = 7 and a density profile 
that is nearly flat to IZI = 1.8 and de- 
creases thereafter with a scale height of 
0.24 Rs. The equatorial density n and 
flux tube content N cannot be directly 
estimated, since Voyager observations 
of the extended plasma sheet do not 
reach below IZI = 0.8, but simple ex- 
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Fig. 7. Analysis of the plasma sheet electron data in terms of L shell location and distance from 
the equatorial plane. (A) Spacecraft L shell plotted against ZI, the absolute value of its distance 
above the equatorial plane; (B) n,L3 plotted against IZI. Data'from times corresponding to 
particular spacecraft positions are indicated by common symbols on both curves. 

trapolation of Eq. 2b to Z = 0 yields n 
ranging from - 1 cm-3 at L = 8 to - 0.3 
cmW3 at L = 12 and a roughly constant 
N = 2 x lo3 ~ ~ l c m ~ .  An outer bound- 
ary of the extended plasma sheet cannot 
be determined, since the symmetry and 
field geometry assumptions of the analy- 
sis become inapplicable, but the data 
contain no clear indication of a major 
change at least out to 17 to 18 Rs. 

Our crude estimates of the equatorial 
number density are reasonably consist- 
ent with the radial ion density profile 
observed near the equatorial plane by 
Pioneer 11 (10). We are thus encouraged 
to assume that the plasma sheet config- 
uration did not change drastically be- 
tween the Pioneer and Voyager flybys 
and to combine the results of both into a 
consistent picture. We identify the cen- 
tral plasma sheet with the torus of en- 
hanced ion densities observed by Frank 
et al. (10) between 4 and 7.5 Rs; accord- 
ingly, the radial extent of the central 
plasma sheet, not determined by Voyag- 
er because of trajectory limitations, is 
probably bounded by L = 4 and L = 8. 
The density decrease observed in the 
equatorial plane beyond L = 7 to 9 ap- 
pears to be due to a sudden increase of 
plasma sheet thickness with relatively 
little change of flux tube content. The 
L = 7 sheet, where the inner edge of the 
extended plasma sheet is located, also 
coincides or nearly coincides with the 
inner edge of the atomic hydrogen torus 
(11) and with several changes of energet- 
ic particle properties described as the 
transition from the outer magnetosphere 
to the slot region (12). 

At present, we can only speculate on 
the sources of plasma within the two 
plasma sheet structures. Their flux tube 
contents are sufficiently similar (the dif- 

ference of a factor of 2 is well within the 
observational uncertainties) that no pos- 
sibility can be ruled out on the basis of 
flux tube content arguments alone; either 
one may, in principle, be formed by 
diffusion from the other, or each may 
derive from a separate source. Sputter- 
ing from ring particle surfaces and possi- 
ble inputs from Dione and Tethys, as 
suggested by Frank et al. (lo), is a plau- 
sible source for the central plasma sheet. 
The extended plasma sheet may derive 
partly from Saturn's ionosphere, from 
ionization of the neutral hydrogen torus, 
or from inward diffusion of Titan-associ- 
ated plasma. Important aspects to con- 
sider in studying the source problem will 
be ion composition, radial variation of 
temperature, and relation of vertical con- 
finement distance to pressure anisotropy 
and temperature. 

Interaction between Titan and the 
magnetospheric plasma. Plasma obser- 
vations during the close approach of 
Voyager 1 to Titan are summarized in 
Fig. 9. The major observational features 
include the following. (i) The electron 
number density is enhanced to a mean 
value of about 0.5 ~ m - ~ ,  compared to an 
ambient density (observed in the magne- 
tosphere near Titan but away from the 
interaction region) of 0.07 to 0.1 ~ m - ~ .  
One measurement shows a number den- 
sity of 1.5 ~ m - ~ ,  but in view of the 96- 
second spacing between the 4-second- 
long individual measurements, it is not 
possible to determine from our data 
alone either the duration or the maxi- 
mum value of this localized enhance- 
ment. The overall density enhancement 
extends over nearly the full geometrical- 
ly predicted Titan wake in a corotating 
magnetospheric flow, is preceded by a 
slow density buildup and followed by a 



L= 7 - - - - - - - outside our instrument's field of view; 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  - - -  - - - however, if the interpretation given be- 

L= 4 - - - - - - - - - - - - low is correct, such a counterflow is 
- - Fig. 8. Schematic most improbable. 

- model of the plasma 
- - sheet configuration. The Titan wake displays an intrinsic 

- - C - - - - -  asymmetry and is not merely rotated 
from some expected orientation. The 

XTENDED PLASMA SHEET central structure of the wake, defined by 

somewhat faster density falloff, and is 
accompanied by a decrease of electron 
temperature. (ii) A sharp decrease or 
"bite-out" occurs in the intensity of 
electrons with energies above 700 eV. 
This region is indicated in Fig. 9, and the 
electron distribution functions through- 
out the interaction are shown in Fig. 10. 
The bite-out is considerably inside the 
position of the geometrical wake of Titan 
(that is, radially inward relative to Sat- 
urn) and approximately coincides with 
the location of the tail-like magnetic field 
structure observed by Ness et al. (13). 
(iii) The mean energyicharge of the plas- 
ma ions throughout the interaction re- 
gion is reduced well below the - 1 keV 
typical of the ambient magnetospheric 
plasma. As shown in Fig. 9, the ion 
energy begins to decrease with the begin- 
ning of the electron density enhance- 

Fig. 9. Plasma observations in 
the vicinity of Titan's magne- 
tospheric wake. The mean en- 
ergies of the ions are plotted at 
the times corresponding to the 
low-resolution mode observa- 
tions. Electron densities, n,, 
are plotted at times halfway 
between the times of observa- 
tion of the low- and high-en- 
ergy portions of the spectra 
(since the two portions are 
taken 48 seconds apart). The 
cycloidal paths of Nf and H+ 
ions from Titan's exosphere 
are shpwn at proper scale for 
magnetospheric plasma mov- 
ing 200 kmisec, if it is assumed 
that ions are picked up by a 
magnetic field of - 5 nT per- 
pendicular to the plane of the 
figure (13). (In reality, the 
slowing down of the plasma 
and the creation of a nonuni- 
form electric field will signifi- 
cantly modify the trajecto- 
ries.) The bite-out region, 
where the high-energy elec- 
trons are depleted (see Fig. 
lo), is indicated. Its bound- 
aries correspond to times of 
measurement of the higher-en- 
ergy portion of the appropriate 
electron spectra. The loca- 
tions of minima in the ob- 
served field (13) are also indi- 
cated. The dotted lines show 
the position of the geometrical 
corotational wake. 
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ment, becomes as low as some tens of 
electron volts within the bite-out region, 
and begins to increase again only when 
the electron density has decreased al- 
most to the ambient level. The region of 
low energies is approximately centered 
on the middle of the bite-out (and of the 
tail-like magnetic field structure), but 
extends significantly beyond it on either 
side. Within the bite-out, the ions are 
observed predominantly by the D sen- 
sor, which faces approximately toward 
Titan; their energy spectra show a sharp 
low-energy peak which, if interpreted as 
representing a bulk speed, implies a flow 
velocity away from Titan of approxi- 
mately 50 i f lkmisec .  Strictly speaking, 
this represents an upper limit to the 
velocity, since the tail-like magnetic field 
within the wake allows, in principle, a 
counterflow toward Titan that would lie 

COROTATION 
DIRECTION 

I 
EXOSPHERE BASE 

/' gyroradius exceeds the vertical scale 

the tail-like magnetic field and identified 
in our data by the > 700 eV electron 
bite-out, is displaced sideways relative 
to the increase in electron density; the 
electron density is enhanced primarily 
on the side of the wake away from Sat- 
urn. This asymmetry, as well as most 
other features of the plasma observa- 
tions, can (at least qualitatively) be ac- 
counted for by a model of the interaction 
between Titan and the magnetosphere in 
which exospheric neutral particles from 
Titan become ionized and are subse- 
quently accelerated in the V x B elec- 
tric field associated with the corotational 
flow of magnetospheric plasma; one 
speaks of atmospheric ions being 
"picked up" by the flowing plasma. 
Such models have been discussed by 
Cloutier et al. (14), Hartle et al. (15), and 
others, primarily in connection with so- 
lar wind flow past Venus and past a 
comet. 

Single trajectories of heavy (N +) and 
light (H') ions picked up by the corota- 
tional flow of - 200 kmisec at Titan are 
sketched (correctly scaled) in Fig. 9. The 
initial acceleration is along the corota- 
tional electric field, which points away 
from Saturn, but deflection by the mag- 
netic field soon leads to the familiar 
cycloidal motion. As long as the ion 

height of the exosphere, only on the 
outer side of Titan (facing away from 
Saturn) can an appreciable number of 
ions be picked up and carried away by 
the flow, Ions produced on the inner side 
are mostly intercepted by the atmo- 
sphere. Even on the outer side, the col- 
umn density traversed by the ions de- 
pends critically on the gyroradius and 
hence on the mass and energy of the ion. 
For example, a proton whose guiding 
center is near the exobase will traverse 
an amount of material at least equal to 
that determined by its Chapman distance 
(16): for a Titan exobase at 3900 km, a 
scale height of 80 km, and a neutral 
density at the exobase of 2 x lo8 
(11), the column density of nitrogen is 
- 1016 cmw2, comparable to the interac- 
tion length for the ions. The asymmetric 
electron density enhancement may be 
produced by addition of ions and elec- 
trons to the plasma through this process. 

As plasma flows past Titan, it is ex- 
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pected to slow down as a result of mass 
loading by the picked-up ions. The ob- 
served reduction of ion energy in and 
near the wake region presumably is relat- 
ed to this velocity decrease. A more 
detailed analysis of the complex spectra 
observed in all four sensors is needed to 
identify precisely the effects of velocity 
changes and of non-Maxwellian distribu- 
tions expected for ions picked up by the 
field. 

Finally, the bite-out region is associat- 
ed with magnetic field lines stretched out 
into a tail-like shape, presumably be- 
cause the plasma on part of such a line is 
greatly slowed down by interaction with 
Titan while the remainder of the line is 
still carried onward by corotation; the 
field line is thus connected to Saturn's 
magnetosphere and to Titan's iono- 
sphere. Magnetospheric electrons can 
move readily along these field lines and 
be lost to the atmosphere by scattering 
and absorption, which become more im- 
portant at higher energies. However, 
electrons lost from the magnetosphere 
must be replaced by cold ionospheric 
electrons, since the ions cannot be lost at 
a comparably high rate (the observa- 
tions, in fact, indicate an ion flow away 
from Titan in this region and, therefore, 
an ion source from Titan's ionosphere or 
atmosphere); the net result of this pro- 
cess is a reduction of the magnetospheric 
electron population at high energies and 
an increase at low energies. Similar ef- 
fects have been observed on magnetic 
field lines downstream of Venus (17, 18). 

The process described above, which 
acts preferentially to remove low-mass 
or lower energy ions, enhances the ef- 
fects of scattering and absorption for 
higher energy electrons on the outer side 
of Titan. Near the exobase, electrons of 
energy - 700 eV have gyroradii compa- 
rable to the local scale height. Since 
electrons move inward as they gyrate, 
those above this energy will be preferen- 
tially scattered or absorbed by Titan's 
atmosphere and replaced by cold iono- 
spheric electrons. Qualitatively at least, 
this mechanism appears to explain the 
bite-out. Although removal of high-ener- 
gy electrons is partially responsible for 
the large decrease in electron tempera- 
ture observed in the Titan wake, a signif- 
icant part of the temperature decrease 
must be associated with the addition of 
cold electrons to balance the charge of 
ions picked up at Titan. 

A conventional standing bow shock at 
Titan would certainly have been detect- 
ed by this experiment and by the magne- 
tometer. Nevertheless, no evidence for a 
fast-mode shock is found in the data, 
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Fig. 10. The observed electron distribution functions in the Titan wake region. Energy increases 
toward the viewer. In this figure, an individual distribution is plotted at a time corresponding to 
measurement of its lower energy portion. 

which are completely consistent with 
subsonic flow of the magnetospheric 
plasma around Titan. The flow is, how- 
ever, supersonic with respect to the ion 
sound speed, and some evidence for a 
slow-mode shock has been reported (19). 
In this case, the plasma temperature 
should increase across the discontinuity; 
our results show a marked decrease in 
electron temperature and probably a de- 
crease in ion temperature. Final resolu- 
tion of this question should be available 
after a more extensive analysis of the 
positive ion data. 

In the region of strong interaction, 
where ions newly picked up from the 
exosphere of Titan are an important 
component of the observed plasma, sig- 
nificant effects associated with the differ- 
ent gyroradii of electrons and positive 
ions might be expected. In particular, 
charge neutralization (time average) is 
likely to involve electron and ion plasma 
oscillations, which may have been ob- 
served by the plasma wave experiment 
(19). It can be shown that the ion plasma 
oscillations will not be damped over the 
time interval separating their origin and 
their measurement. Because of their 
gyro motion, these ions are warm and 
therefore produce a wide spectrum of 
frequencies reflecting their effective tem- 
peratures. If the composition of picked- 
up ions changes along the trajectory of 
the spacecraft, the average frequency of 
the ion oscillations will vary also. This 
effect may have been observed (19). 

Titan as a plasma source for the mag- 

netosphere. If the interpretation of Ti- 
tan wake observations given above is 
correct, Titan constitutes a significant 
source of plasma for the outer magneto- 
sphere. To obtain an order-of-magnitude 
estimate of the source strength, we ap- 
proximate the area of plasma injection 
by a circular disk whose diameter is 
equal to the width of the observed elec- 
tron density enhancement region (- 
9000 km = 1.6 Titan diameters) and take 
the mean number density (0.5 ~ m - ~ )  and 
assumed ion flow velocity (50 kmlsec) 
observed near the center of the Titan 
wake as representative. The resulting 
estimated source strength (total rate of 
ion injection from the Titafi wake into 
the magnetosphere) is approximately 
2 x sec-I. We emphasize again that 
this value is uncertain and should be 
treated as a representative order of mag- 
nitude only. 

The injected plasma is expected to 
contain hydrogen and heavier ions (in 
particular N +). Corotational motion will 
extend this plasma azimuthally into a 
toruslike structure. The detailed density 
distribution depends on the transport 
and loss processes, which are still poorly 
known. A potentially important loss 
process is escape of the torus plasma 
down the magnetotail as the corotational 
motion brings the flux tubes loaded with 
plasma into the nightside of the magneto- 
sphere, where the confining external 
pressure of the solar wind decreases and 
the magnetic tension may no longer be 
adequate to maintain the plasma in coro- 



tation. An analogous escape process has 
been extensively discussed for the mag- 
netosphere of Jupiter. This loss process 
may operate either as a more or less 
steady planetary wind (20-22) or as a 
time-dependent and intermittent occur- 
rence (23, 24). 

Initially, the plasma emitted by Titan 
is confined to a long and narrow wake in 
the magnetospheric flow that can be 
compared to the plume from a smoke- 
stack in the wind. This plasma plume, 
while remaining attached to Titan at one 
end, can acquire a highly contorted, me- 
andering shape as a consequence of sto- 
chastic radial motions of the magneto- 
spheric plasma associated, for example, 
with expansions and contractions of the 
entire magnetosphere in response to 
changing solar wind pressure. The plume 
may also, if it remains identifiable for a 
time longer than a planetary rotation, 
wrap itself around the entire magneto- 
sphere and return to the vicinity of Titan. 
It is thus conceivable that the spacecraft 
trajectory may intercept the plume more 
than once. In fact, within a distance of 
several Rs about Titan, we observe sev- 
eral localized enhancements of electron 
density accompanied by decreases of 
electron temperature, similar in charac- 
ter to the density enhancement observed 
on crossing the Titan wake, but of con- 
siderably reduced amplitude. That these 
density increases represent multiple 
crossings of the extended plasma plume 
from Titan is possible, but not yet firmly 
established. If they are plasma plume 
crossings, two models may be consid- 
ered: (i) the plume may be long-lived and 
identifiable after many planetary rotation 
periods, so that the multiple crossings 
are associated with multiple wrapping of 
the plume around Saturn and the relative 
radial distances carry a record of past 
radial motions of the magnetosphere; or 
(ii) the plume may be short-lived, and the 
multiple crossings result from localized 
distortions or motions, possibly analo- 
gous to similar effects observed in asso- 
ciation with the wake of Ganymede (25, 
26). '~urther analysis is needed to decide 
between these possibilities. 

Atomic hydrogen torus as a plasma 
source. An additional source of plasma 
for the magnetosphere is provided by 
ionization of neutral atoms gravitational- 
ly trapped in the Saturn system. A ring of 
atomic hydrogen around the orbit of Ti- 
tan was proposed long ago (27). The 
Voyager ultraviolet experiment observa- 
tions (11) have shown that there exists a 
torus of neutral atomic hydrogen much 
more extensive than was anticipated. 
Results of Lyman a scans indicate a 
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washer-shaped region of atomic hydro- 
gen extending from a radial distance of 
23 Rs inward to about 7 Rs, with an 
approximately constant vertical extent 
of rt 1 RS away from the equatorial plane 
and an approximately constant density 
of 10 ~ m - ~ .  To estimate a source 
strength, we adopt a photoionization 
time of 2 x 10' seconds, an electron 
impact ionization time of 3 x 10' sec- 
onds [for n, = 1 cm-3 and Te = 100 eV 
(28)], and a density model ne = 0.1 
+ ( 5 0 0 1 ~ ~ )  cm-3 (see previous discussion 
of extended plasma sheet). With the 
cited dimensions and density of the hy- 
drogen torus, we then calculate a total 
source strength of 6 x ions per 
second added to the magnetospheric 
plasma, with nearly equal contributions 
from electron impact and photoioniza- 
tion. This is of the same order of magni- 
tude as the Titan source. The hydrogen 
torus, unlike Titan, contributes only pro- 
tons (unless as yet undetected heavier 
species are present in appreciable 
amounts within the torus), and the 
source is spatially distributed rather than 
localized. The ionization rate per unit 
volume, calculated from our model, in- 
creases with decreasing radial distance 
and, relative to its value near Titan's 
orbit ( L  = 20), is five times and seven 
times larger at L = 10 and L = 7 ,  re- 
spectively. The volume contained be- 
tween L = 22 and L = 18 contributes 
30 percent of the total. 
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