
the basis of their Voyager 1 measure- 
ments, Warwick et al. (20) and Kaiser et 
al. (21) conclude that the source of the 
strongest Saturnian kilometric radiation 
is located in the northern hemisphere. If 
there is a connection between such radi- 
ation and the particle dropouts, it may 
not be surprising that the dropouts were 
not observed by Voyager 2 since the 
outbound trajectory was in the southern 
hemisphere. 

The north-south asymmetry in Satur- 
nian kilometric radiation calls to mind 
the asymmetric electron pitch-angle dis- 
tributions (Fig. 5 ) ,  which represented a 
deficiency of - 60- to 200-keV electrons 
returning from the southern high latitude 
regions. Why were they not measured by 
Voyager l ?  Comparing Fig. 7, A and B, 
we see that wherever Voyager 2 saw 
asymmetric pitch-angle distributions, in- 
bound or outbound, Voyager 1 saw bidi- 
rectional cigar-shaped distributions. 
Thus the Voyager 1 cigar distributions 
may be manifestations of the same 
source, but with different boundary con- 
ditions near the polar regions. 

In summary, if we allow for plausible 
differences in the dynamic state of Sat- 
urn's magnetosphere, the Voyager 1 and 
Voyager 2 energetic particle measure- 
ments complement each other and lead 
to a reasonably consistent global picture 
of a novel magnetosphere. 
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Energetic Charged Particles in Saturn's Magnetosphere: 
Voyager 2 Results 

Abstract. Results from the cosmic-ray system on Voyager 2 in Saturn's magneto- 
sphere are presented. During the inbound pass through the outer magnetosphere, 
the 2 0.43-million-electron-volt proton flux was more intense, and both the proton 
and electron fluxes were more variable, than previously ob.served. These changes are 
attributed to the influence on the magneto~phere of variations in the solar wind 
conditions. Outbound, beyond 18 Saturn radii, impulsive bursts o j  0.14- to > 1 .O- 
million-electron-volt electrons were observed. In the inner magnetosphere, the 
chargedparticle absorption signatures of Mimas, Enceladus, and Tethys are used to 
constrain the possible tilt and offset of Saturn's internal magnetic dipole. At  - 3 
Saturn radii, a transient decrease was observed in the electron,flux which was not 
due to Mimas. Characteristics of this decrease Juggest the existence of additional 
material, perhaps another satellite, in the orbit o f  Mimas. 

The Saturn encounter trajectory of 
Voyager 2 provided a novel perspective 
from which to study the structure and 
dynamics of the Saturnian magneto- 
sphere. Although Voyager 2, Voyager 1, 
and Pioneer 11 all entered the magneto- 
sphere near the noon meridian, the Voy- 
ager 2 entry was at  a latitude of 17", 
significantly higher than either of the 
other spacecraft. As it approached Sat- 
urn, Voyager 2 traveled to - 30" latitude 
at  4 Saturn radii (Rs, 1 Rs = 60,330 km) 
before descending through the ring plane 
within the orbit of Mimas at  2.77 Rs. 
Outbound, the spacecraft left Saturn 
near the dawn meridian at  a local time 
similar to that traversed by Pioneer 11 
but a t  -30" latitude. The large latitude 
range and the close approach to Saturn 
are among the unique features of this 
trajectory which were exploited in this 

study of data obtained by the cosmic-ray 
system (I). 

The outer magnetosphere. Voyager 2 
entered Saturn's magnetosphere during a 
disturbed period when the solar wind 
pressure was highly variable (2). The 
fluxes of both energetic protons and 
electrons (Fig. 1) rose sharply - 15 min- 
utes before the magnetopause crossing at  
18.5 Rs (2, 3).  Perhaps this precursor in 
the particle flux was related to the high 
latitude of the crossing or to magneto- 
pause motion which may have kept Voy- 
ager 2 in the vicinity of the magneto- 
pause for 15 minutes before the space- 
craft finally crossed that boundary. Just 
inside the magnetosphere, the proton 
and electron intensities, and changes in 
these intensities, resembled those mea- 
sured by Voyager l (4);  however, start- 
ing at  0920 spacecraft event time (SCET) 
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on 25 August (day 237), at a distance of 
16.5 Rs, the 2 0.43-MeV proton flux 
observed on Voyager 2 suddenly in- 
creased by an order of magnitude and 
became much more variable than the 
Voyager 1 flux at similar energies and 
distances. This disturbance lasted until 
1630, day 237 (- 11 Rs) and was accom- 
panied by fluctuations in the magnetic 
field (5). The factor of - 40 decrease at 
15.5 Rs [corresponding to a magnetic L 
coordinate of - 17 ( 6 ) ] ,  is visible in both 
the proton and electron fluxes displayed 
in Fig. 1. It was suggested (4) that similar 
decreases observed outbound beyond 
L = 10 on Voyager 1 at a latitude of 
- 20" in the predawn direction resulted 
from variations in the solar wind pres- 
sure. Thus these Voyager 2 observations 
support earlier interpretations (4, 7) that 
solar wind conditions have a major influ- 

Nominal dipole L 

ence on the energetic particle fluxes in 
the outer magnetosphere. They further 
suggest that this effect may be stronger 
at higher latitudes. 

The 2 0.43-MeV proton flux reached 
a plateau between L = 15 and L = 11 
and then started decreasing toward the 
orbit of Rhea (I, = 8.8) and the "slot" 
region (L = 7.5 to 4) (7). Despite the 
higher latitude of the Voyager 2 trajec- 
tory, the 2 0.43-MeV proton flux at 
L = 15 was an order of magnitude higher 
than the Voyager 1 flux at the same L, 
and was comparable to the peak Voyager 
1 flux observed inbound at L = 10. 

During the outbound pass in the dawn 
direction at -29" latitude, both proton 
and electron fluxes decreased relatively 
smoothly out to - 18 Rs, except for 
several decreases lasting less than a few 
minutes in the r 0.43-MeV proton flux. 

The proton flux showed only minor vari- 
ations beyond 15 Rs and reached inter- 
planetary values near 25 Rs. In contrast, 
the 0.14- to 0.40-MeV electron flux re- 
mained well above interplanetary values 
(Figs. 1 and 2) and was highly variable 
beyond 18 Rs. The time-intensity pro- 
files of the events observed in this region 
suggest an impulsive injection and expo- 
nential decay of the electron flux. In 
general, a small magnetic field depres- 
sion or increased field fluctuations ac- 
companied the injections (5). These 
events, which were visible only in the 
energetic electron flux, were observed 
throughout the outer dawnside region 
from 18 to 70 Rs. 

Figure 2b shows an event observed at 
1336 on 27 August. In this case, the 
injection occurred in two stages, separat- 
ed by 7 minutes. The rise time of the 

Distance from Saturn ( R s )  

Distance f rom Saturn (Rs) 

Day 23911961 Day 24011961 

Fig. 1 (top left). Voyager 2 proton and electron counting rates at Saturn (17). Curve 1 displays 
the rate for 0.43-MeV protons (X 10); curve 2, the rate of 0.14- to 0.4-MeV electrons ( X  0.1); 
curve 3, the rate of > 0.6-MeV electrons (X 0.1); and curve 4, the > 2.5-MeV electron rate. 
The L coordinates on the upper scale were calculated on the assumption of a centered dipole 
magnetic field with no tilt relative to Saturn's axis of rotation. The tick marks at L = 3.1 and 
L = 3.9 indicate the positions of Mimas and Enceladus. R ,  D, and Tmark the positions of Rhea, 
Ilione, and Tethys, respectively. MP indicates the position of the inbound magnetopause 
crossing (2, 3). The z 0.43-MeV proton rate is not displayed in the inner region where this rate 
may include some contribution due to electrons. The 0.14- to 0.4-MeV electron rate was 
measured only outside L - 12 because of a commanded change in the instrument gain, and the 
> 2.5-MeV electron rate is interrupted inside Mimas' orbit because Voyager 2 approached 
Saturn to only 2.67 Rs. Fig. 2 (top and bottom right). (a) Electron counting rates (17) in the 
dawnside outer magnetosphere at latitude -29". Curve A displays the rate of 0.14- to 0.4-MeV 
electrons ( X  10); curve B, the rate of > 0.35-MeV electrons; curve C,  the rate of > 0.6-MeV 
electrons; and curve D,  the rate of 1- to 2-MeV electrons ( X  0.1). (b) A detail of the energetic 
electron event starting at 1335 on day 239 (27 August). Curves B and D of part (a) are shown 
without offset. These data were obtained with two identical 2-mm-thick detectors which had 
different thresholds and which were oriented in different directions. Characteristic rise and 
decay times are indicated. 

Minutes from start  of event 
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larger increase was 5 to 6 minutes. The 
decay time was clearly energy depen- 
dent, and was - 19 minutes near 0.35 
MeV and - 11 minutes for 1- to 2-MeV 
electrons. Most of the injection events 
appear to be quite similar, with an almost 
simultaneous rise at energies between 
0.35 MeV and 1 to 2 MeV and decay 
times of 10 to 40 minutes, with the high- 
er energy flux decaying faster. No regu- 
lar periodicity is evident in these events; 
however, the typical time between 
successive events was 30 to 70 minutes. 

It is significant that fluxes of electrons 
with such different energies peaked al- 
most simultaneously. Such time coinci- 
dence is only possible if the electrons 
that we observed were accelerated on or 
very near to field lines passing through 
the spacecraft. Since the direction of the 
magnetic field observed throughout this 
region was roughly parallel to Saturn's 
equatorial plane, consistent with the 
sweeping-back of field lines to form the 
magnetotail (3),  these electrons may 
have been accelerated in the magnetotail 
and then propagated along the field to 
the dawn meridian where they were ob- 
served. Also, since these events were 
observed to have such similar character- 
istics throughout this region, it is likely 
that the acceleration was occurring 
throughout a large spatial region, per- 
haps across the magnetotail, and that the 
discrete events that were observed re- 

sulted from discrete, impulsive accelera- 
tions of these electrons rather than from 
spatial variations. 

The inner magnetosphere. As ob- 
served during previous Saturn encoun- 
ters (4, 7-10), the electron flux continued 
to increase through the slot reglon, 
reaching a maximum in the Inner magne- 
tosphere. The energy spectrum of the 
electrons that we observed became hard- 
er with decreasing L. The electron flux at 
energies below several million electron 
volts does not show the deep, long-term 
absorption effects of the inner moons of 
Saturn, the macroabsorption features; 
only microabsorption features are ob- 
served, and then only when the space- 
craft passes the moon's orbit close to the 
longitude of the moon (4, 8-11). 

The energetic proton fluxes observed 
in the inner magnetosphere (L < 6) are 
shown in Fig. 3. These fluxes were cal- 
culated from counting rates which have 
been corrected for accidental coinci- 
dences and dead time effects. These cor- 
rections were small outside the orbit of 
Mimas but they became large inside, 
where accidental coincidences amounted 
to 40 to 50 percent of the observed 
counting rates and only 10 to 15 percent 
of the incident particles were counted. 
Our preliminary results for the maximum 
proton fluxes observed on Voyager 2 at 
2.75 Rs are 560 and 920 cm-2 sec-' sr-' 
for the energy intervals 63 to 160 MeV 

and 48 to 160 MeV, respectively. The 
flux of protons > 80 MeV reported at 
this distance by Pioneer 11 investigators 
(8, 10) was in the range of 900 to 1200 
cm-2 sec-' s f 1 .  In view of the uncer- 
tainties associated with the effects of the 
angular distributions of these protons 
and the absolute calibrations of these 
different detector systems, these data 
may be consistent with no significant 
change in intensity during the 2-year 
interval between the Pioneer 1 1  and 
Voyager 2 encounters. 

Absorption regions (macroabsorption 
signatures) at the orbits of Enceladus 
and Mimas are clearly visible in Fig. 3. 
The considerable width of the Mimas 
absorption region in the high-energy pro- 
tons, the Mimas gap, is due to the large 
orbital eccentricity of Mimas. Further 
analysis is needed to identify the parti- 
cles responsible for the residual flux in 
the Mimas gap, but the 63- to 160-MeV 
proton flux decreased in the gap by a 
factor of over 2000. With further analy- 
sis, this factor will yield an upper limit on 
the radial diffusion coefficient for the 
high-energy protons in this region. 

The absorption effect of the G ring was 
observed at L = 2.8 during the outbound 
pass (Fig. 3). The much larger decrease 
apparent inbound near L = 2.8, just be- 
fore the maximum in the proton flux, 
occurred during a spacecraft roll. The 
minimum of this decrease occurred when 
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(A )  I ' I i ( B )  

1 ' 1 ' , I  ' 
I I 

Inbound Outbound I I 
I I 

lo5- B 2  B 2 I I  
I I 

3.3 3.2 3.1 3.0 '  3.0 3.1 3 .2  
Nominal dipole L 

- 2  . . - 1 . -  - - Fig. 3 (left). The energetic proton flux in the inner magnetosphere. 
0 1 2 3 4 5 6 7 Curve A displays the flux of 27- to 160-MeV protons and is not shown 

SCET on day 238 [8/26/813 within L = 4 because of electron contamination in this rate. Curves B 
and C d~splay the proton flux in the energy intervals 48 to 160 MeV and 63 to 160 MeV. respectively. Curve B is not disolayed in the Mimas gap 
where the correction factors required to calculate this flux were unreliable. The L scale and the satellite positions were calculated on the 
assumption of a centered dipole magnetic field aligned with Saturn's axis of rotation. ENC and M indicate the orbits of Enceladus and Mimas. 
The sharp dip inside the orbit of Mimas inbound just before the peak flux was due to a spacecraft roll. The shoulderjust after the peak flux reflects 
absorption of these protons by the G ring. The inbound G ring signature was obscured by the roll. Fig. 4 (right). Counting rates of four 
detector configurations versus L during the inbound (A) and outbound (8) passages across the orbit of Mimas. The time scale (SCET) is shown at 
the top of the figure. BS2 labels a fourfold coincidence rate corresponding to > 63-MeV protons. The large decrease in this rate is due to 
absorption by Mimas. BS4 labels a twofold coincidence rate between detectors with nominal thresholds of 2.2 MeV and 5.3 MeV. In this region 
this rate is dominated by accidental electron coincidences. TAN labels a counting rate of a shielded detector which responds to > 3-MeV 
electrons (with some response down to - 1 MeV). The B2 curve shows the response of a nearly unshielded detector with a 2.2-MeV threshold. 
This rate may include a substantial contribution from the pile-up of lower energy electrons. The expected L coordinates of the outer, 0, and 
inner, I. edges of the Mimas absorption region are based on a centered, untilted dipole model of Saturn's magnetic field. The vertical dashed lines 
in (B) indicate a microabsorption signature due to an object in the approximate orbit of Mimas. As described in the text, Mimas was not 
responsible for this signature. 
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the acceptance cone of the instrument 
rolled through the direction nearly paral- 
lel to the magnetic field. Thus the pitch 
angle distribution of these protons had a 
minimum along the field direction. If the 
equatorial pitch angle distribution of 
these particles is of the form sinn(6), 
then the value of n can be calculated at  
L = 3.5 from the flux ratio between the 
inbound (24" latitude) and outbound 
(-11" latitude) passes. Our value of 
n - 6 is somewhat larger than the n - 4 
deduced by Van Allen et al. (10). 

A microabsorption signature near Mi- 
mas. During the outbound passage of 
Voyager 2 through the Mimas gap 
(L = 3.02 to 3.14), a transient decrease 
was observed in the local electron flux at 
0445 to 0449 SCET (Fig. 4B). The simi- 
larity between this feature and microab- 
sorption signatures attributable to  other 
satellites of Saturn (4, 7-11) suggests that 
it resulted from the absorption of elec- 
trons by material in the orbit of Mimas. 
No absorption feature of comparable o r  
greater magnitude was observed in these 
rates during the spacecraft's passage in- 
bound through this region (Fig. 4A), al- 
though in the higher energy TAN and 
BS4 rates several smaller fluctuations 
were observed. As we will demonstrate, 
these data are not consistent with the 
assumption that Mimas produced the 
outbound signature. Alternatively, they 
can be understood if another absorber is 
assumed to be at  a longitude much 
nearer to  the spacecraft than was Mimas. 
Thus there is probably additional materi- 
al, perhaps a small satellite, sharing the 
orbit of Mimas. 

The longitude relative to Mimas of the 
inbound and outbound legs of the Voyag- 
er 2 trajectory across the orbit of Mimas 
and the longitudinal drift rate of elec- 
trons relative to  Mimas can be used to 
determine the conditions under which 
Mimas could have produced the ob- 
served signature. At 0448 SCET, when 
the outbound absorption signature was 
observed, Voyager 2 was at a longitude 
(Saturn longitude system, SLS) (12) of 
337" and Mimas was 147" west of the 
spacecraft (that is, clockwise as viewed 
from the north) at 124". Inbound, Voyag- 
er 2 crossed the orbit of Mimas at  321" 
SLS when Mimas was at  89" SLS,  128" 
west of the spacecraft. Assuming that 
Mimas was the absorbing body responsi- 
ble for this signature, the time elapsed 
since absorption of these electrons by 
Mimas, the "age of the hole," can be 
calculated from this difference in longi- 
tude, the average angular velocity of 
Mimas, Saturn's rotation period, and 
the energy- and pitch-angle-dependent 
angular drift velocity of the electrons 
in Saturn's magnetic field. The result- 

0 I 0 0 3 

Electron energy (MeV) 

Fig. 5. The elapsed t ~ m e  between the forma- 
tion of an absorption feature (hole) in the 
electron population and its observation at 
Voyager 2 plotted against electron energy, 
assuming Mimas is the absorbing body at a 
mean radial distance corresponding to 
L = 3.08. Curves for both the inbound and 
outbound trajectories are shown for the equa- 
torial pitch angles which mirror at the latitude 
of the spacecraft. Rigid corotation of the 
magnetosphere was assumed in this calcula- 
tion. 

ant "hole age" is displayed in Fig. 5. 
If one assumes that Mimas had pro- 

duced the outbound absorption signa- 
ture, the calculation for the hole age 
(Fig. 5) provides two important predic- 
tions concerning the characteristics of 
the absorption signature which are in- 
consistent with our observations. First, 
except near the - 1.1 MeV resonance 
energy, where the electron drift velocity 

tool& 

I 

2 5  3 0 3 5 40 

Minute of hour  6 ,  day  2 3 8  

Fig. 6. Counting rates of electrons in nearly 
unshielded (B2)  and shielded (TAN) detectors 
plotted against SCET near the orbit of Tethys 
as the spacecraft passed within 1" longitude of 
that satellite. The width of the absorpt~on 
feature at 0630 corresponds to - 1100 km 
which is nearly equal to the 1050-km diameter 
of Tethys. The vertical dashed lines show the 
expected (L  = 4.89) and observed (L  = 4.80) 
coordinates of the absorption feature as calcu- 
lated from a centered, untilted dipole model of 
Saturn's magnetic field. If the effect of the 
ring current suggested by Voyager 1 observa- 
tions (8) had been included in this calculation, 
the absorption feature would have been ex- 
pected at 0632 (16). 

is equal to the orbital velocity of Mimas, 
the required hole age inbound would 
have differed from the outbound age by 
< 20 percent. The energy dependence of 
the electron drift velocity causes any 
absorption feature observed with a de- 
tector sensitive to  a broad energy range 
to refill by an amount that is inversely 
proportional to the age of the hole. Thus, 
if Mimas had produced the outbound 
signature, a signature of simllar depth 
should have been observed in the in- 
bound data. As shown in Fig. 4, in each 
rate the outbound signature is more than 
twice as  deep as any of the features 
observed inbound. Thus the absence of a 
similar signature inbound argues that the 
signature observed outbound could not 
have been due to Mimas. 

Another satellite, however, close to  
the outbound longitude of the spacecraft, 
could produce a signature that was much 
deeper outbound than inbound, because 
any object orbiting Saturn at  L = 3.1 
which was east of the spacecraft would 
have been - 20" closer to  the spacecraft 
in longitude during the outbound pass 
than it would have been inbound, and 
because the hole age is proportional to 
this longitude difference. For  example, if 
the new satellite were 20" east of the 
spacecraft on the outbound pass, and 
hence 40" east on the inbound pass, 
inbound the signature would have been 
twice as old as  outbound. If the object 
were even closer to the spacecraft out- 
bound, the ratio of the hole ages inbound 
to outbound and hence the ratio of the 
depths of the signatures outbound to 
inbound would be even larger. 

The second prediction that results 
from assuming that Mimas produced the 
observed signature concerns the charac- 
teristics of the electron spectrum neces- 
sary to produce a localized signature. 
The radial width of the observed signa- 
ture was AL - 0.02 or - 1200 km. At 
this position in its orbit, near its maxi- 
mum radial excursion, Mimas traverses 
this distance in - 2 hours. Thus if Mi- 
mas had produced this signature, all of 
the electrons that were absorbed to form 
the signature must have been absorbed 
within - 2 hours, that is, across the 
signature the age varied by only - 2 
hours. Since this was the only signature 
observed outbound, all of the electrons 
in this region must have been confined to 
an energy range that was narrow enough 
so that the hole age varied by only - 2 
hours over that range. This constraint on 
the width of the electron spectrum be- 
comes particularly severe near the reso- 
nance energy of - 1.1 MeV. Alterna- 
tively, if another satellite is assumed 
which is nearer the outbound position of 
the spacecraft, then the hole age plotted 



in Fig. 5 is reduced by a factor that is 
roughly the ratio of the longitude differ- 
ences from Voyager of the presumed 
satellite and of Mimas. If, for example, 
the new satellite were 20" from the out- 
bound position of Voyager, then for the 
outbound curve of Fig. 5 the age scale 
should be multiplied by - 0.1. In this 
case a 2-hour variation in hole age would 
cover all energies except very near the 
resonance. Thus a broad energy spec- 
trum can easily be accommodated by 
assuming the existence of another satel- 
lite. 

Information on the character of the 
electron spectrum in this region can be 
obtained from the double minimum 
structure evident in the BS4 rate dis- 
played in Fig. 4B. This double minimum 
probably results from the response char- 
acteristics of the BS4 rate. The BS4 rate 
is a coincidence rate between two detec- 
tors (B2 and C4) with nominal energy 
thresholds of 2.2 MeV (B2) and 5.3 MeV 
(C4). During the period displayed in Fig. 
4 this rate included accidental coinci- 
dences between these two detectors 
(which produce a rate proportional to  the 
product of the single detector counting 
rates) as well as any true coincidences. 
The first minimum, which occurred 100 
to 110 seconds before the minimum ob- 
served simultaneously in the B2 singles 
rate (and other rates with thresholds 
below 2 MeV), is thus probably due to a 
minimum in the C4 rate which has a 
higher nominal energy threshold. Since 
the absorption signature is different in 
the counting rates of detectors with dif- 
ferent energy thresholds, the ambient 
electron flux must be distributed over a 
broad energy range. Thus our data are 
inconsistent with a monoenergetic elec- 
tron spectrum. 

A microabsorption signature was also 
observed within the orbital range of Mi- 
mas by charged particle detectors on the 
Pioneer 11 spacecraft when Mimas was 
- 60" east of Pioneer 1 I .  Van Allen et al. 
(11) attributed that signature to Mimas, 
and concluded that the electron spec- 
trum was sharply peaked at 1.6 MeV. 
The absorption signature observed on 
Pioneer 11 would have had an age of 6.44 
hours if it were due to the absorption of 
electrons by Mimas (11). From t h ~ s  age 
and the characteristics of the signature, 
Van Allen et al. (11) estimated that the 
width of the electron spectrum was 
5 0.1 MeV. For these Voyager 2 obser- 
vations, however, the I .6-MeV absorp- 
tion signature due to Mimas would have 
been - 30 hours old. Thus the con- 
straints on the width of the electron 
spectrum necessary to obtain a localized 
absorption signature for the Voyager 2 
observations would be more severe than 

Table 1. Positions of magnetospheric absorption features. 
~ 

Observed position 
- - - - - 

Name of Expected Inbound Outbound 
feature position - .- 

L 
L X" L A" 

(degrees) (degrees) 
-. .. - -. 

Mimas I t  3.02 3.07 19 3.00 -4 
Mimas Of 3.14 3.19 21 3.12 - 6 
Enceladus 3.95 4.00 27 3.91 -. 14 
Tethys 4.89 4.80 - 19 

-- -- - 

*Spacecraft latitude rteasured from Saturn's equatorial plane. +I and 0 refer to the inner and outer edges 
of the Mimas absorpt~on region. 

they were in the Pioneer 11 case, and, as 
argued above, a similar signature should 
have been observed inbound. Thus the 
mterpretation of Van Allen et al. (11) 
does not satisfy our observations. How- 
ever, Simpson et al.  (9) interpreted the 
Pioneer 11 signature as evidence for ad- 
ditional material at a trailing Lagrangian 
point in Mimas' orbit. The object that is 
inferred from the analysis presented 
here, we suggest, must have been at a 
longitude roughly on the opposite side of 
Saturn from Mimas near the time the 
Voyager signature was observed. Thus 
either we have seen an absorption signa- 
ture due to an additional satellite, or, if it 
is the same object, it shares the orbit of 
Mimas but is not phase-locked in longi- 
tude to Mimas. 

Magnetic jield geometry. The absorp- 
tion signatures of the satellites and rings 
of Saturn provide information not only 
on the existence of these absorbers and 
the dynamics of the charged-particle flux 
distributions, but also on the geometry of 

the magnetic field, since charged parti- 
cles closely follow magnetic field lines 
during their latitudinal bounce motion. 
The trajectory of Voyager 2 with its high 
latitude passage through the inner mag- 
netosphere provides a particularly sensi- 
tive measure of any tilt of the internal 
magnetic dipole relative to Saturn's axis 
of rotation or any north-south offset of 
the center of the equivalent dipole. 

Using a model of Saturn's internal 
magnetic field which consists of a cen- 
tered dipole aligned with Saturn's rota- 
tion axis, we find significant deviations 
between the expected and observed po- 
sitions of the various absorption features 
observed in the inner magnetosphere 
(Table 1). A striking example of this 
deviation is shown in Fig. 6 which illus- 
trates the microabsorption signature ob- 
served at Tethys. Similarly, on the as- 
sumption of a centered dipole aligned 
with Saturn's rotation axis, the high- 
energy proton minimum at Enceladus 
and at the inner and outer edges of the 

Encelodus 

- Tethys 
-3 - j - T e t h y s  

- - Tethys + r n g  cu r ren t  - - Tethys + r n g  current  
1 / / , 1 / 1 1 1 1 1 1 1 l 1 1 1 1  l I I l I 1 1 1 1 1 ~ 1 1 1 1 1  

8 0  120  160 2 0  0 2 4 0  8 0  120  160 2 0 0  241 

Til t  direction (degrees  SLS longitude) 

Fig. 7. The orientation of Saturn's magnetic dipole required to account for the observed 
positions of the absorption features at Enceladus, Mimas, and Tethys. Two positions were 
assumed for the dipole: (a) Saturn-centered, and (b) offset 0.04 Rs north. The cross-hatched 
bands indicate the range of values consistent with the uncertainties in the positions of the 
Mimas and Enceladus features. The corresponding uncertainty for Tethys 1s small. The dashed 
curve shows the result of including the effect of the Voyager 1 model ring current (8, 16) for the 
Tethys feature. 



Mimas absorption region (Fig. 4, A and 
B) occur antisymmetrically at magnetic 
L coordinates which are larger than ex- 
pected inbound, in the northern hemi- 
sphere, and smaller than expected out- 
bound, in the southern hemisphere. 
Thus, on the basis o f  the energetic 
charged particle data, a simple centered 
dipole aligned with Saturn's rotation axis 
is not a satisfactory description o f  the 
magnetic field even in the inner magneto- 
sphere. The deviations observed require 
a modification o f  the field from the cen- 
tered, untilted model which is antisym- 
metric between the northern and south- 
ern hemispheres, thus suggesting a 
north-south offset o f  the dipole center, 
or, since our data cover a narrow longi- 
tude range, a tilt o f  the dipole. An equa- 
torial ring current would produce a dis- 
tortion which is symmetric between the 
northern and southern hemispheres, and 
thus cannot account for these observa- 
tions. 

Models o f  Saturn's magnetic field ob- 
tained from analyses o f  magnetometer 
data on the Pioneer 11 (13) and the 
Voyager 1 (14) spacecraft indicate that 
the internal field is dipolar. These mod- 
els have also suggested that the dipole 
may be slightly tilted relative to Saturn's 
rotation axis or offset along that axis 
from the center o f  the planet. According- 
ly, we have reanalyzed our data to deter- 
mine the tilt and offset which are consist- 
ent with the positions o f  the absorption 
features that we observed in the inner 
magnetosphere. In this analysis (based 
on the predicted spacecraft trajectory) 
two positions for the dipole were consid- 
ered: planet-centered and offset 0.04 Rs 
north. At each o f  these positions the 
dipole tilt required to align our observa- 
tions inbound and outbound was calcu- 
lated as a function o f  the longitude direc- 
tion of  the tilt. The results o f  this analy- 
sis ( F i g .  7, a and b) indicate that i f  the 
dipole were centered on Saturn, the ori- 
entation that provides the best descrip- 
tion of  our data has a tilt o f  - l o  toward 
longitude (SLS)  o f  120" to 200". Alterna- 
tively, i f  the dipole were offset 0.04 Rs 
north as suggested by Smith et al. (13), 
our data are consistent with no tilt 
(< O.SO), provided that a ring current is 
included in the model for the Tethys 
observation (15, 16). 

These observations are biased, how- 
ever, since all were obtained over a 
narrow range of  Saturn longitudes (-45" 
to + g o  SLS) .  Thus these data are less 
sensitive to any component o f  the tilt 
normal to the direction from Saturn to 
the spacecraft, that is, toward SLS longi- 
tudes of  45" to 100" and 225" to 280". In 
addition. the nondipoiar distortions in- 

duced by currents in Saturn's magneto- 
sphere (15), which may be expected to 
have the greatest effect in these data at 
Tethys, have only crudely been taken 
into account. With these caveats, our 
results are inconsistent with the 0.7" to 
1.77" dipole tilt toward 324" to 3.52" SLS 
deduced from Voyager 1 magnetometer 
observations (14), since for a centered 
dipole our results suggest a tilt o f  this 
magnitude toward the opposite hemi- 
sphere. 

The most recent, but preliminary, Sa- 
turnian magnetic field analysis, obtained 
by combining Voyager 1 vector and Voy- 
ager 2 magnitude data (3) ,  yields a cen- 
tered dipole tilted by 0.8" toward 280" 
SLS (equivalent to -0.8" toward 100" in 
Fig. 7, a and b). For this dipole orienta- 
tion our results suggest a significant 
northward offset o f  the dipole (> 0.04 
Rs). Clearly, a definitive determination 
of  the structure o f  Saturn's magnetic 
field will require a synthesis o f  these data 
with the magnetometer observations and 
must include better estimates o f  the e f -  
fects o f  any current systems operating 
within Saturn's magnetosphere. 
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Planetary Radio Astronomy Observations from 

Voyager 2 Near Saturn 

Abstract. Planetary radio astronomy measurements obtained by Voyager 2 near 
Saturn have addedjurther evidence that Saturnian kilornetric radiation is emitted by 
a strong dayside source at auroral latitudes in the northern hemisphere and by a 
weaker source at complementary latitudes in the southern hemisphere. These 
emissions are var~able because of Saturn's rotation and, on longer time scales, 
probably because of injuences of the solar wind and Dione. The electrostatic 
discharge burstsJirst discovered by Voyager 1 and attributed to emissions from the B 
ring were again observed with the same broadband spectral properties and an 
episodic recurrence period of about 10 hours, but their occurrence frequency was 
only about 30percent of'that detected by Voyager 1. While crossing the ring plane at 
a distance of 2.88 Saturn radii, the spacecraft detected an intense noise event 
extending to above 1 megahertz and lasting about 150 seconds. The event is 
interpreted to be a consequence of the impact, vaporization, and ionization of 
charged, micrometer-size G ring particles distributed over a vertical thickness of 
about 1500 kilometers. 

The Voyager 2 planetary radio astron- during the encounter with Saturn on 26 
omy (PRA) instrument ( I )  made observa- August 1981. W e  describe here three o f  
tions of  several radio wave phenomena the phenomena: Saturn kilometric radia- 
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