
VOYAGER I, SEPT. 26 - DEC. 7, 1980 Fig. 8. The radio emission intensity at 56.2 
kHz as a function of the subsolar SLS longi- 
tude and the Dione orbital phase angle. 

by which this distortion could affect the 
radio emission is not clear. 

Although Saturn's rotation has a major 
effect on the radio emission process, 
other factors are also involved since the 
intensity of the events varies substantial- 
ly on time scales of days. Figure 7 shows 
a 16-day plot of the 56.2-kHz intensities 
centered on closest approach. In addi- 
tion to the basic rotational control an 
overall modulation of the intensities can 
be seen with a period slightly less than 3 
days. For instance, intense events are 
present on days 313, 316, 318 and 319, 
321, and 324. Because of the well-known 
control of Jovian radio emissions by the 
moon 10, an obvious explanation of this 
periodicity is that one of the moons of 
Saturn is influencing its radio emissions. 
Dione is the only moon with a suitable 
period, 2.74 days. The orbital phase an- 
gle of Dione is shown in the bottom panel 
of Fig. 7. The correlation appears to be 
quite good. A further analysis using all of 
the available data shows the radio emis- 
sion intensity at 56.2 kHz as a function of 
both the subsolar SLS longitude and the 
Dione orbital phase (Fig. 8). The signifi- 
cance of the combined control by these 
two parameters is best seen by compar- 
ing the relative intensities in the upper 
left and lower right quadrants. The larg- 
est radio emission intensities occur when 
the subsolar SLS longitude is near 90" 
and Dione is passing through the local 
morning region of the magnetosphere. 
The best correlation with Dione's posi- 
tion occurs during the few weeks around 
closest approach, when the intensities 
are largest. 

The apparent control of the Saturnian 
radio emission intensities by Dione sug- 
gests that this moon may be involved in a 
strong magnetospheric interaction, pos- 
sibly resembling the interaction of 10 
with the Jovian magnetosphere. Most 
likely this interaction would imply out- 
gassing and production of plasma by 
Dione, similar to the situation at 10. 
Although there is no evidence of volcan- 
ic activity, the photographs of Dione 
show white wispy features indicating 
the loss of volatile material (15). Further- 
more, the Pioneer 11 plasma measure- 
ments show a peak in the plasma density 
profile near Dione's orbit (7), suggesting 
that Dione is a source of plasma. If 
Dione is injecting plasma into the magne- 
tosphere, numerous mechanisms could 
account for the dependence on orbital 
position, including magnetospheric 
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dawn-dusk asymmetries, propagation ef- 
fects due to Dione-induced density varia- 
tions in the plasma torus, and phase 
variations in the outgassing rate due to 
surface asymmetries on Dione. 
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Planetary Radio Astronomy Observations from 
Voyager 1 Near Saturn 

Abstract. The Voyager 1 planetary radio astronomy experiment detected two 
distinct kinds of radio emissions from Saturn. TheJirst, Saturn kilometric radiation, 
is strongly polarized, bursty, tightly correlated with Saturn's rotation, and exhibits 
complex dynamic spectral features somewhat reminiscent of those in Jupiter's radio 
emission. It appears in radio frequencies below about 1.2 megahertz. The second 
kind of radio emission, Saturn electrostatic discharge, is unpolarized, extremely 
impulsive, loosely correlated with Saturn's rotation, and very broadband, appearing 
throughout the observing range of the experiment (20.4 kilohertz to 40.2 megahertz). 
Its sources appear to lie in the planetary rings. 

After the discovery of radio emissions 
from Saturn in January 1980 (I), the 
Voyager 1 planetary radio astronomy 
(PRA) experiment continued to record 
nonthermal radio emissions from the 
planet throughout the year. The data are 
the basis for our determination of a fairly 
precise rotation period representative of 
the internal convective regions of Saturn 
which generate the planetary magnetic 
field (2). 

This report discusses the major results 

obtained with the PRA equipment (3) 
during the Voyager 1 flight past Saturn in 
November 1980. The results fall into two 
categories, one the product of the ex- 
panded knowledge we have gained of the 
Saturn low-frequency emissions, and the 
other an unexpected and apparently 
unique broadband, impulsive radiation 
that appeared in our records within a few 
days of closest approach on 12 Novem- 
ber. 

Saturn kilometric radiation. Saturn is 
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Fig. 1. Dynamic spectra of SKR for three complete rotations of the planet. In each plot the 
darkness of the shading is proportional to signal intensity as a function of wave frequency and 
SLS. (a) Data for a 10.657-hour interval 2 days before closest approach to Saturn; (b) covers a 
full 360" SLS centered on closest approach and (c) shows spectra 1 day after closest approach. 
A type I11 solar radio burst appears in (a) at 281" SLS, beginning at the highest frequencies and 
drifting rapidly into the stronger Saturn emission at frequencies near 700 kHz. 

so strong a radio source at kilometer 
wavelengths that we detected Saturn ki- 
lometric radiation (SKR) when Voyager 
was still more than 3 astronomical units 
(AU) from Saturn. During the Saturn 
encounter period the very large increase 
in the sensitivity of the PRA observa- 
tions allowed us to examine the SKR in 
detail. 

Figure 1 shows three representative 
samples of SKR activity. The signal in- 
tensity at Voyager 1 is displayed in 
shades of gray as a function of frequency 
and time. Each panel corresponds to one 
complete rotation of the planet or a full 
360" range of longitude at Saturn's cen- 
tral meridian (2). We see a broad band of 
emission extending from the lowest PRA 
frequency channel (20 kHz) to - 1 MHz. 
The maximum intensity is usually ob- 
served at frequencies between about 100 
and 500 kHz, and the half-power band- 
width is typically 200 to 400 kHz. The 
high-frequency cutoff is particularly 
steep; no SKR has been detected above 
1200 kHz. A typical value for the isotro- 
pic equivalent total radiated power is 10' 
to lo9 W, but on some occasions we have 
observed power levels that exceed th.s 
value by more than an order of magni- 
tude. Although there appears to be some 
observable emission at all times, there 
are distinct variations in intensity levels 
on a time scale of a few hours and on 
much shorter scales. At times the emis- 

sion seems to be organized into relative- 
ly narrowband structures that drift sys- 
tematically in frequency as a function of 
time. Note the "open parenthesis" fea- 
ture at about 280" SLS in Fig la and the 
multiple "close parentheses" between 
about 90" and 120" SLS in Fig. lc. Such 
distinct, dynamic spectral features are 

DAY OF YEAR (1980) 

Fig. 2. Hourly averages of power flux density. 
A very strong modulation pattern occurs at 
the 10.657-rotation period of the planet. 

reminiscent of the arcs and drifting struc- 
tures commonly seen in Jupiter's radio 
emissions (4). 

Occasionally the SKR appears to be 
divided into several separate frequency 
bands. For example, in Fig. lb between 
90" and 210" SLS there is a narrow band 
of emission confined to frequencies be- 
low about 100 kHz. In the range above 
100 kHz, the SKR often tends to split 
into two bands-one centered near 200 
kHz and a second at or above 400 kHz. 
For example, note the interval between 
60" and 120" in Fig la  and the interval 
between 300" and 360" in Fig. lb. We do 
not yet know whether there are three 
distinct SKR components. 

In Fig. 2 are plotted hourly averages of 
the received power flux density, as mea- 
sured by the PRA receiver in three sepa- 
rate frequency bands during the 12-day 
period centered on closest approach. At 
all frequencies there is a strong periodic 
modulation of the emission due to the 
rotation of the planet (rotation period, 
10.657 hours). The amplitude of the mod- 
ulation is sometimes more than two or- 
ders of magnitude, suggesting that the 
radiation is very sharply beamed or that 
some aspect of the magnetospheric envi- 
ronment that corotates with the planet 
exerts a strong control over the times 
when SKR is generated. The intensity 
levels are variable on time scales longer 
than the rotation period, so there may be 
considerable differences in the flux den- 
sity at a given frequency from one rota- 
tion to the next. There is evidence, at 
frequencies up to - 200 kHz, of regular 
long-period modulation of the SKR in- 
tensity levels. For example, in the bot- 
tom curve in Fig. 2 the emission has 
relative minima at 2- to 3-day intervals 
centered at days 312.0, 314.6, 317.5, 
320.1, 322.0, and 323.2. Power spectral 
analysis of the interval from days 309 
through 328 confirms that, in addition to 
the 10.657-hour rotation modulation, 
there is modulation at - 65 hours (5). 
Within measurement accuracy, this cor- 
responds to Dione's revolution period 
about Saturn. This 65-hour modulation is 
particularly apparent for the interval 
within a few days of closest approach, 
but seems to diminish as the data span is 
increased. Analysis of more than 9 
months of SKR cruise data shows no 
significant modulation at this period. 

The dashed curves in Fig. 2 show how 
the flux density from a steady source at 
Saturn should vary during the encounter 
if it follows the dependence of intensity 
on distance (R)  stated by the inverse- 
square law. The curves have been arbi- 
trarily placed to fit the flux density maxi- 
ma observed away from the time of 
closest approach. The R* trend matches 



the data reasonably well except for the 1- 
to 2-day period near closest approach, 
where the flux densities fall short of the 
smooth curve by more than 10 dB. The 
flux density shortfall (compared to the 
R~ prediction) is most pronounced in 
the two lower frequency bands. This 
effect occurred as the encounter trajec- 
tory took Voyager 1 into the southern 
hemisphere down to latitudes below 
40"s. The data therefore suggest at least 
IO-dB asymmetry between sources in the 
northern and southern hemispheres. 

The PRA instrument operates as a 
polarimeter sensitive to circular or ellip- 
tical polarization. During closest ap- 
proach, the angle between the line of 
sight to Saturn and the plane containing 
the PRA antennas came close to 90; at 
this angle the polarimeter array is opti- 
mally oriented to measure the true axial 
ratio of the SKR waves. The signals in 
the two polarization channels were then 
different by more than 20 dB--close to 
the nominal performance limit of the 
PRA receiver electronics. It indicates 
that the wave axial ratio of SKR is > 80 
percent and corresponds to nearly pure 
circularly polarized waves. 

During the long series of observations 
of SKR in the first half of 1980, all events 
were right-hand (RH)-polarized. Begin- 
ning in early September 1980, left-hand 
(LH)-polarized emission was detected. 
The number of LH-polarized bursts 
steadily increased with time, and nearly 
equal levels of RH- and LH-polarized 
signals were detected as the spacecraft 
came within 1 Saturn radius (Rs) of 
the equatorial plane. When Voyager was 
- I Rs south of the equatorial plane the 
polarization became LH and remained 
so until Voyager was again + 1 Rs from 
the equatorial plane (northbound). The 
polarization then again became mixed. 
When Voyager was - 1 Rs north of the 
equatorial plane the polarization became 
exclusively RH. The situation we have 
summarized applies to the frequency 
range near and below the peak of the 
SKR spectrum (1 500 kHz). At higher 
frequencies the polarization did not be- 
come LH until the spacecraft was well 
below the equatorial plane. The other 
exception to the pattern of polarization 
reversal at southern latitudes was in the 
case of narrowband low-frequency com- 
ponents (5 80 kHz), which remained 
RH-polarized throughout the near-en- 
counter period. 

The simplest interpretation of the po- 
larization reversal at negative latitudes is 
a southern hemisphere source. That is, 
southern hemisphere extraordinary- 
mode emission propagating away from 
the planet is LH-polarized and northern 
hemisphere emission is RH-polarized. 
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During the approach to Saturn at a lati- 
tude of 8"N, Voyager was detecting pri- 
marily northern hemisphere RH emis- 
sion. The occasional weak LH events 
correspond to southern hemisphere 
emission. After closest approach, the 
spacecraft latitude increased to 25"N. 
The LH southern hemisphere events 
have not been observed at the high post- 
encounter northern latitudes. 

As we noted in connection with Fig. 2, 
the principal modulation of SKR is due 

Fig. 4. Dynamic spec- 
tral scans near closest 
approach. The raster 
scan of frequencies 
lies parallel to the fre- 
quency scale. The 
SED phenomenon ap- 
pears as short streaks 
parallel to the fre- 
quency scale. The du- 
ration of the dis- 
charges is proportion- 
al to the height of the 
streaks, the overall 
height being almost 
exactly 6 seconds. 
The streaks are dis- 
tributed quite ran- 
domly, from 20 kHz 
to 40 MHz, and last - 100 msec. 

Fig. 3. (a) Occurrence probability of SKR as a 
function of SLS, showing both pre- and post- 
encounter distributions. (b) Occurrence prob- 
ability of SKR for the entire encounter period 
(4 to 23 November 1980). plotted as a function 
of the subsolar SLS. Each histogram shows 
the relative occurrence of activity at 174 kHz 
at power flux densities > lo-*' W m-' Hz-' 
when normalized to a distance of I AU be- 
tween Saturn and the observer. 

to the rotation of the planet. Earlier we 
presented evidence that the detection 
probability is a maximum near 90" SLS 
(I). As is apparent in Fig. 3a, this is not 
the case after encounter: the preferred 
longitude for detection of SKR from the 
northern hemisphere shifted by nearly 
135" toward higher longitudes. During 
the encounter the spacecraft moved pro- 
grade around Saturn through a total Sat- 
urnocentric angle of - 225" with respect 
to the sun. For the present discussion the 
SKR shift of 135" in SLS is a retrograde 
angle that can be expressed as 225" in the 
prograde sense. It is about the same 
sense and magnitude as the change in the 
Saturn local time of the spacecraft be- 
tween the pre- and postencounter geom- 
etries. This result clearly indicates a 
source that may not rotate with the plan- 
et and that emits only when a preferred 
Saturn longitude coincides with a certain 
local time meridian (Fig. 3b). 

Saturn electrostatic discharges. To 
us, the biggest surprise of the Voyager 1 
encounter with Saturn appeared only 
during the days immediately preceding, 
during, and after closest approach. Fig- 
ure 4 shows typical dynamic spectra at 
closest approach. These are created by 
6-second step scans at 30 msec per step 
in 128 200-kHz-wide channels uniformly 
spaced from 40.2 to 1.2 MHz and 70 1- 



Total burst time 
in 6s interval (ms) 

Distance to planet 24.7 
(Saturn radii) 

Day of yearltime 

Distance to rings 23.2 11.2 2.5 11.7 
(Saturn radii) 

Fig. 5. Occurrence of SED as a function of time through closest approach. which occurs near 318:OO. 

kHz-wide channels uniformly spaced 
from 1.326 MHz to 20.4 kHz. SKR ap- 
pears in the frequency range 100 to 700 
kHz. In addition, at all frequencies short 
vertical streaks appear, each confined to 
a single 6-second scan. Note that in Fig. 
1, which fails to show the streaks, there 
is an integration over 48 seconds and a 
normalization designed to exhibit details 
at peak intensity. 

The spacecraft and its various subsys- 
tems apparently were operating normally 
during the interval covered in Fig. 4 and 
during our gathering of virtually all simi- 
lar data. The possibility of poor data 
quality seems to be ruled out by (i) the 
measured quality of the telemetry link, 
(ii) the rate of occurrence of the pulses 
compared to the nominal bit error rate, 
and (iii) the nonrandom occurrence of 
the pulses, which all display increases in 
the same bit position in several consecu- 
tive eight-bit telemetry bytes, each data 

Fig. 6. High-rate data in channels at 9.5 and 
9.8 MHz (14.4 x lo3 samples per second and 
200-kHz bandwidth) near closest approach. 
The two frequencies are sampled simulta- 
neously at intervals of about 140 psec. The 
channel polarizations lie in the two orthogonal 
circular states. The SED occur simultaneous- 
ly on the two frequencies and their appear- 
ance is identical in the two polarization states. 
The expanded time scale shows a single SED. 
This single event is thrice folded; each point 
represents a sample in the RH polarization 
state and is spaced 140 Ksec from its neigh- 
bors. This isolated discharge shows rapid 
fluctuations over 20 to 30 dB of received flux. 
Its fluctuations are essentialy constant; that 
is, its variability does not appear to define the 
beginning, end, or middle in any special way. 
Finally, to simplify the display, the points 
representing the LH polarization state are not 
displayed. The LH points are observed simul- 
taneously with the RH points and so do not 
improve the time resolution. However, there 
is no tendency of the points to "pair off"; 
even on this fine time scale, the SED is 
unpolarized. 

sample consisting of one byte. Further- 
more, the impulsive discharges are inde- 
pendent of the telemetry mode of the 
spacecraft. Such independence would be 
highly unlikely were the discharges gen- 
erated by a defect in the telemetry. 

Conditions near Saturn may have af- 
fected the spacecraft in such a way as to 
create discharges near it, on it, or in it. It 
was possible to examine many hours of 
PRA high-rate (1 15.2 kilobits per second) 
data from Jupiter for the presence of 
electrostatic discharges. A few were dis- 
covered, with time constants of the order 
of 5 100 psec. No Jupiter events lasting 
the equivalent of even one dwell time (30 
msec) were observed. If the discharges 
at Saturn were generated near the space- 
craft through deleterious environmental 
phenomena, such as are known to pro- 
duce electrostatic discharges on terres- 

trial spacecraft, why were the discharges 
not seen at Jupiter? This argument sup- 
ports the view that the source of the 
discharges was external to the space- 
craft. 

Another possibility is that these were 
discharges at the spacecraft but that they 
were generated through a different mech- 
anism than that underlying the classical 
spacecraft electrostatic discharge. Sat- 
urn's environment presumably is filled 
with a hierarchy of dielectric particles of 
all sizes. If they were charged, they 
might generate electrical events as they 
strike the PRA antenna booms. The time 
scale of the discharge against the PRA 
booms would be only a fraction of a 
nanosecond, however-much faster than 
we observe. 

There were some lo4 Saturn electro- 
static discharges (SED) during the 48 

. . 
. . 

LHC 
. , . . .  , . . . . .  

. : :  . .  . . .  . . .  . . ; . i : :  : ' !  . .  . . . 
i i 

9.8MHt 
: .  . . .  . . . : 1 : :  i ! :  j i 

. . .&-- "-- " ~ ~ . . ; - . ; . . L : ~ ~ s : ; * , ~ > - L ~  -L . . 
SOdB. .-==:fiif rTr= ""7?=*.7x....... .-.- --.-3 - : . i  - :  : . 

"~ ."". -. -- .-.......-, ~ .-...-.-- ~ - .  "/_I.:._:_i . . -  -- ---=---.--.- 
..,-.-,.~.we-.-. ,,._. ~ -...-. ..-.,,.> ,-" _... . -. ..... . .-=-;---ll-p?-eF?C%=Ew 

RHC 
9.5MHt 

background 
OdB 80dB 

background 
OdB 

4 120ms * 



hours centered around closest approach. 
Figure 5 shows the occurrence of these 
events as a function of time and distance 
from Saturn. SED occur most frequently 
near closest approach and also in a series 
of episodes about 5 hours long each, 
during which the SED occurrence rate 
rises from an initially low level to a peak 
and then back down again. These epi- 
sodes themselves repeat, with about five 
observable during the 48-hour interval 
centered near 0:00 hours on 13 Novem- 
ber 1980 (spacecraft event time). The 
repetition period is about 11 hours. Since 
a rough 11-hour periodicity is present 
(consistent with the 10.657-hour Saturn 
rotation) and the occurrence rate of SED 
is inversely correlated with distance 
from Saturn, it is likely that the SED 
sources are near Saturn. Furthermore, 
several SED episodes were observed be- 
yond the time span displayed in Fig. 5 
and when Voyager was outside Saturn's 
maghetosphere. They could not have re- 
sulted from the interaction of Voyager 
with the plasma or particulate environ- 
ment of Saturn. 

Figure 6 shows data from the two PRA 
high-rate frames recorded nearest clos- 
est approach. Two more such frames 24 
hours earlier and two 24 hours later still 
show SED, but weakly. SED occur 
simultaneously on channels spaced 307.2 
kHz apart. If SED drifted in frequency 
(like Jupiter's millisecond bursts), we 
would probably see systematic differ- 
ences between the two channels. Any 
drifts would have to be faster than = lo4 
MHz sec-', which is three orders of 
magnitude faster than the fastest drifts in 
Jupiter's emission. Since the two chan- 
nels measure opposite senses of polar- 
ization and the signals in the two chan- 
nels are virtually identical, we conclude 
that SED is unpolarized (6). Finally, the 
shortest time structures are of the order 
of 140 ksec, during which the flux densi- 
ty changes by a factor of 10. Using the 
customary criterion that source size can- 
not exceed the light travel distance cor- 
responding to the shortest pulse time 
scale, we deduce that the emission 
source is not larger than 140 psec x 
300,000 km sec-' = 50 km. 

Figure 4 shows that SED can occur 
anywhere in the PRA spectrum, from 20 
kHz to 40.2 MHz. Our interpretation is 
that we are observing broadband bursts 
lasting typically a few tens of millisec- 
onds but continuing sometimes as long 
as several hundred milliseconds. These 
bursts are observed in whichever PRA 
channel the receiver happens to be tuned 
when the SED takes place. Considering 
the lack of frequency drifts, the lack of a 
polarization signature, and the random- 
ness of occurrence throughout the PRA 

spectrum, we believe that the simplest 
interpretation of SED is that it is a broad- 
band (at least 40-MHz) phenomenon, 
identical in all these respects to the elec- 
tromagnetic emissions of terrestrial light- 
ning when it is observed at high and very 
high frequencies (7). 

The fact that SED appears even in the 
PRA lowband data below 100 kHz (Fig. 
4) demonstrates that there is no iono- 
sphere between Voyager 1 and the SED 
source. The peak Saturn electron density 
observed by the Voyager radio science 
team corresponded to a cutoff frequency 
of 1.370 MHz (8). This peak, of course, 
occurs at a level far above Saturn's 
clouds. Therefore, the source of SED 
probably lies outside Saturn's atmo- 
sphere. Its source clearly is not in the 
electrical discharges that might be ex- 
pected to occur in cumulonimbus clouds 
over Saturn. 

If we assume that SED are isotropic in 
their radiation pattern and uniform in 
flux density over 100 MHz of spectrum, 
then their total radiated power is lo7 to 
lo8 W. Viewed as a whole, Saturn emits 
these bursts about 1 percent of the time; 
the average SED power is therefore la5 
to lo6 W (9). 

The plasma environments of neither 
Jupiter nor Earth produce phenomena 
such as SED. The obvious distinction of 
Saturn lies in its well-developed ring 
system. We believe, therefore, that the 
most probable source of SED is Saturn's 
rings. Voyager 2 will fly past Saturn 
closer to the ring system than did Voy- 
ager 1 and should be able to test this 
conclusion. Terrestrial thunderstorms 
appear to involve dielectric particles, 
violent aerodynamic shearing motion, 
and an electric potential gradient (10). 
Saturn's rings certainly contain dielec- 
tric particles. The different orbital veloc- 
ities of the Keplerian particles making up 
the rings constitute a strongly sheared 
motion, in which any particle is always 
overtaking another and in turn being 
overtaken, In one revolution a given 
particle of the B ring has a strong chance 
of hitting at least one other particle; the 
impact provides a rapid exchange of 
charge between particles. Finally, the 
rings possess a very dilute atmosphere of 
hydrogen evaporated from the particles 
themselves (11). If we suppose corota- 
tion of the magnetic field lines of force 
throughout that region, then the differen- 
tial motion of ring particles and magnetic 
field will generate electric fields in the 
rings. From the corotation point at 
- 1.87 Rs near the outer edge of the B 
ring, the fields are inward inside 1.87 Rs 
and outward outside. The existence of a 
corotating magnetic field is strongly sug- 
gested by the fact that SED appears in 

episodes, with a periodicity of - 11 
hours. 

The localization to the vicinity of Sat- 
urn, the geometric dimensions, and the 
physical nature of SED suggest that elec- 
trostatic phenomena play a strong role in 
the fine structure of Saturn's rings. The 
appearance in SED of modulation con- 
trolled by solar time and the rotation of 
Saturn suggests that sunlit and shadowed 
portions of the rings play contrasting 
roles in the generation of electrostatic 
phenomena. It remains a mystery to us 
why the magnetic field of Saturn should 
manifest its asymmetries even in the 
rings. 
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