
decreases without a large change in di- 
rection. Comparison with the magnetom- 
eter data is necessary to confirm this in- 
terpretation. The fact that Xm < 9.6? in- 
dicates that the current sheet is distorted 
away from the magnetic equator toward 
the rotational equator in the way sug- 
gested by Smith et al. (11). However, in- 
side 85 Rj the distortion must be small 
because the peaks are well separated in 
time. Beyond 85 Rj the current sheet ap- 
parently seldom moves up to latitudes in 
excess of 5?. This cannot be explained 
simply by the effects of centrifugal 
forces. For a centrifugally dominated 
magnetosphere the current sheet should 
reach at least a latitude of km = 6.4? (12) 
and thus cross the spacecraft twice per 
rotation. A more plausible explanation 
for the confinement of the current sheet 
to small latitude excursions might in- 
volve control by the solar wind; that is, 
formation of a tail-like structure, which 
could prevent the current sheet from 
reaching latitudes in excess of 5?. 

Finally, although the current disk 
model is strongly supported by the ob- 
servations, the existence of a once-per- 
rotation asymmetry in the observed re- 
gion of the disk (R < 85 Rj), which 
would be indicative of significant effec 
ts caused by a magnetic anomaly as sug- 
gested by Dessler and Vasyliunas (3), 
cannot yet be ruled out without a closer 
examination of the data. However, the 
fact that beyond 85 Rj the peak in- 
tensities do not occur in what Dessler 
and Vasyliunas called the active hemi- 
sphere (the region in which the plasma 
source associated with the anomalies 
should lie) is inconsistent with the sim- 
plest form of the magnetic anomaly mod- 
el unless large time delays are involved. 

The high intensities of penetrating ra- 
diation belt particles found in the inner 
Jovian magnetosphere are potentially 
troublesome for a plasma experiment 
(13). The modulated grid Faraday cup, 
however, measures an a-c signal from 
which the background (which is a d-c sig- 
nal) is automatically excluded. There re- 
mains a small a-c background, which is 
proportional to the square root of the in- 
tensity of penetrating particles. We esti- 
mated this effect to be - 10-13 A at 5.0 
Rj (1, p. 267); the background actually 
measured agrees with the prediction. As 
a result, clean ion signals were obtained 
directly from the Voyager plasma in- 
strument, and the ion measurements 
could be immediately processed without 
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It was also anticipated by some (14) 
that the high intensities of radiation belt 
electrons could result in a high negative 
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spacecraft potential, which would shift 
the positive ion- signals to apparent high 
energies and possibly completely out of 
the range of the plasma instrument. This 
did not occur. Within the inner magneto- 
sphere, significant ion currents were ob- 
served down to the lowest-energy win- 
dows of the instrument, indicating that 
the magnitude of the negative spacecraft 
potential (if any) did not exceed about 
10V. 
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Jupiter Plasma Wave Observations: 

An Initial Voyager 1 Overview 

Abstract. The Voyager 1 plasma wave instrument detected low-frequency radio 
emissions, ion acoustic waves, and electron plasma oscillations for a period of 
months before encountering Jupiter's bow shock. In the outer magnetosphere, mea- 
surements of trapped radio waves were used to derive an electron density profile. 
Near and within the Io plasma torus the instrument detected high-frequency elec- 
trostatic waves, strong whistler mode turbulence, and discrete whistlers, apparently 
associated with lightning. Some strong emissions in the tail region and some impul- 
sive signals have not yet been positively identified. 
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The Voyager 1 mission provided the 
first opportunity to examine directly 
wave-particle interaction phenomena 
within the magnetosphere of Jupiter and 
in the extensive region of disturbance 
upstream from the planet. This report 
contains an overview of encounter mea- 
surements from the Voyager 1 plasma 
wave investigation for the period starting 
with initial detection of Jupiter phenome- 
na and ending a few days after closest 
approach. During this time, the magneto- 
sphere was strongly affected by a dense 
plasma torus associated with lo (1) and 
perturbed by changing interplanetary 
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conditions (2). Some interactions in the 
lo plasma torus resembled those found in 
Earth's plasmasphere. This region con- 
tained strong whistler mode turbulence 
(chorus, hiss, and impulsive signals that 
appear to be associated with lightning). 
Electrostatic emissions related to the 
electron gyrofrequency harmonics and 
upper hybrid resonance were also de- 
tected beyond the boundary of the torus 
and near the magnetic equator crossings. 
Radio waves trapped between the outer 
torus region and the dayside magneto- 
pause (continuum radiation) allowed us 
to determine electron density profiles, as 
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at Earth (3). The wave-particle inter- 
actions at the inbound bow shock and in 
the upstream region were also structural- 
ly similar to those detected near Earth. 
In addition, the Voyager 1 plasma wave 
instrument discovered several important 
Jupiter wave phenomena that have no 
certain analogs at Earth, such as strong 
radio emissions in the range 10 to 56 
kHz, very intense low-frequency (a few 
hundred hertz) wave levels at high lati- 
tudes in the tail, impulsive electrostatic- 
type emissions in the inner magneto- 
sphere, and possible signals directly as- 
sociated with lo. 

The plasma wave sensor is a balanced 
electric dipole with a 7-m effective 
length. In the normal encounter format 
the ambient signals are processed with a 
16-channel spectrum analyzer (10 Hz to 
56 kHz) that provides a full spectral scan 
every 4 seconds. The Voyager high-rate 
telemetry (115 kilobits per second) is 
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Fig. 1. (a) A radio burst from Jupiter detected 
on 22 February 1979 at a range of 173 Rj. The 
lower cutoff of the radio burst was at 10 kHz, 
and the observations at 3.1 kHz represented 
electron plasma oscillations. Spacecraft event 
times (SCET) are used throughout this report. 
(b) Distribution of radio burst events with 
System III longitude for the interval 12 De- 
cember 1978 through 22 February 1979. The 
peaks near 210? and 30? are presumably con- 
nected with tipping of the north and south 
magnetic poles of Jupiter toward the space- 
craft. 
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used at selected times to record com- 
plete wide-band data over the frequency 
range 50 Hz to 12 kHz. Scarf and Gur- 
nett (4) gave a detailed account of the in- 
strument design and operating character- 
istics. 

A new type of radio emission from Ju- 
piter was first detected in the 10- to 56- 
kHz channels on 1 October 1978, when 
Voyager was at 4.27 AU (heliocentric). 
At large distances, these radio bursts 
typically lasted for 1 hour or less, and the 
emission was often sporadic with much 
fine structure. As Voyager 1 approached 
Jupiter, the signal level increased and the 
duration of the detectable emission be- 
came longer. Figure la shows one event 
from 22 February 1978 (radius R = 173 
Rj, where Rj is the Jupiter radius) that 
exhibited a drift down to lower frequen- 
cies. (About 20 percent of these Jupiter 
radio bursts have appearances generally 
similar to type III solar radio bursts, and 
they may be generated by fast electron 
streams.) Since weak electron plasma 
oscillations were present in the 3.1-kHz 
channel, this shows that the 10-kHz 
lower limit of the radio burst is not re- 
lated to the local plasma frequency cut- 
off. It appears that the lower limit is as- 
sociated with the magnetosheath density 
barrier, which traps radio waves of fre- 
quency f -< the magnetosheath electron 
plasma frequency (generally about 5 kHz 
for Jupiter). These emissions are also de- 
tected by the planetary radio astronomy 
investigation at frequencies comparable 
to ours and at higher frequencies; the 
radio measurements show that these 
waves are not related to the familiar 
decametric radio emissions. The histo- 
gram of Fig. lb summarizes the distribu- 
tion of events detected between 12 De- 
cember 1978 and 22 February 1979, and 
it shows that these low-frequency bursts 
were most likely to be detected when 
one of the Jovian magnetic poles was 
tipped toward the spacecraft. These in- 
tense radio bursts (up to 109 W of radiat- 
ed power in each of our 15 percent band- 
width channels, assuming isotropy) are 
also distinctive in that they do not exhib- 
it any obvious lo control (5). 
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In addition to the radio waves and the 
electron plasma oscillations in the up- 
stream region, occasional bursts of ion 
acoustic waves were found. Figure 2 
shows a short segment of wide-band data 
from 20 February (R = 198 Rj) in which 
intense ion acoustic waves were clearly 
present (6). 

Jupiter's bow shock was first encoun- 
tered near spacecraft event time (SCET) 
1433 on 28 February, when Voyager 1 
was at a range of 85.6 Rj; the wave ob- 
servations in the shock region are shown 
in Fig. 3. Before 1430, upstream elec- 
trons produced electron plasma oscilla- 
tions at 3.1 kHz, and no other significant 
precursors were detected (the signals in 
the 100- and 178-Hz channels are inter- 
ference tones from the stepper motor of 
the low energy charged particle in- 
strument). This bow shock was well de- 
fined (peak turbulence levels in the 30- to 
300-Hz channels, of duration 2 to 3 min- 
utes) and surprisingly low noise levels 
were detected in the magnetosheath, in 
contrast with the Earth and Venus obser- 
vations. The 178- to 560-Hz channels had 
barely perceptible postshock wave level 
enhancements, and the magnetosheath 
levels in the 10- to 56-Hz channels were 
actually lower than those detected up- 
stream. 

The shock surface moved out past 
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Fig. 3. Measurements of wave amplitudes at 
the first bow shock crossing. Interference ap- 
pears in the 100- and 178-Hz channels, and the 
upstream enhancements at 3.1 kHz represent 
detection of electron plasma oscillations. 
Note the very low noise levels in the magneto- 
sheath after 1435. 
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Voyager 1 at 1953 on 28 February, and it 
moved in again at 1228 on 1 March. In 
both cases the plasma wave measure- 
ments were similar to those shown in 
Fig. 3, the main differences being that 
the second and third crossings were nar- 
rower and the upstream electron plasma 
oscillations now appeared in the 5.6-kHz 
channel. Throughout the interval from 
1433 on 28 February until 1950 on 1 
March, the magnetosheath plasma wave 
turbulence remained exceptionally low. 

Figure 4 shows wave observations in 
the region of the initial magnetopause 
crossing. Before entry into the magneto- 
sphere the characteristic low magneto- 
sheath wave levels were measured, and 
the magnetopause detection was marked 
by the onset of strong continuum radia- 
tion (3). Between about 1950 and 2015, 
the lower limit of the continuum noise 
decreased smoothly from 5.6 kHz to be- 
low 1 kHz. We identify the low-frequen- 
cy bound of the noise band as the local 
electron plasma frequency, fp = 9000 
\/NV Hz (N is the electron density in 
cm-3). This identification leads to deter- 
mination of an electron density profile, 
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Fig. 5. Plasma wave observations near closest approach, along with preliminary estimates of the 
electron plasma frequency [determined by the plasma probe (PLS) and the planetary radio 
astronomy instrument (PRA)] and a preliminary electron cyclotron frequency plot [from the 
magnetometer (MAG)]. The lo torus (entered at about 0500) contains strong whistler mode 
turbulence (chorus and hiss) and some signals that appear to be lightning whistlers (for instance, 
near 0948). Other observations are discussed in the text. 
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such as the one represented by the 
dashed curve of Fig. 4 (density scale on 
the right), which shows large fluctua- 
tions and an enormous total range of var- 
iation. Our analysis indicates that N was 

:38 near 0.4 cm-3 just within the magneto- 
pause and fell to below 4 x 10-4 cm-3 
just after 2130. 
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Fig. 4. Detection of continuum radiation after 
the first magnetopause crossing. The dashed 
curve is a density profile constructed by as- 
suming that the spectrum is bounded by the 
electron plasma frequency (see scale on 
right). The frequency-time diagram at the top 
shows how the complete wave-form record is 
used to obtain a precise lower bound for the 
spectrum, and this gives a very accurate den- 
sity value. 
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The wave-form observations have 
helped to confirm this mode identifica- 
tion and to resolve questions about the 
density profile in regions where large 
variations were present. For instance, 
near 2030, Fig. 4 shows large changes in 
the 1-kHz wave level, and the 16-channel 
data could be interpreted in various 
ways. Fortunately, the wide-band rec- 
ords, such as the one displayed at the top 
of Fig. 4, show precisely how to draw the 
density profile. Specifically, the ob- 
served change in the lower edge of the 
continuum noise band in Fig. 4 tells us 
that the electron density fell from 2.8 x 
10-2 cm-3 at 2036:02 to 7.9 x 10-3 at 
2036:38. This type of analysis provides 
an unambiguous and accurate determina- 
tion of the electron density. Moreover, 
since it is based on study of character- 
istics of a propagation cutoff for radio 
waves with wavelengths of many kilome- 
ters, sheath effects associated with the 
presence of the Voyager spacecraft with- 
in the plasma cannot affect the density 
evaluation. 

This capability is especially important 
in regions, such as the outer magneto- 
sphere, where the plasma temperature is 
high. The low energy charged particle in- 
strument found a mean ion temperature 
of several tens of kilovolts near 2015, 
with an energetic ion density comparable 
to the value indicated on Fig. 4 (7), and it 
is probable that here the plasma was 
completely described by the energetic 
particle population. 

Voyager continued to traverse the out- 
er magnetosphere-magnetosheath-solar 
wind region for the next few days, as 
changing interplanetary conditions 
strongly perturbed Jupiter's magneto- 
sphere. The magnetopause swept inward 
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Fig. 6. Example of an impulsive, relatively 
undispersed signal that has the characteristic 
form of a lightning whistler. This noise burst 
was detected as Voyager crossed an apparent 
density duct, as indicated by the PRA mea- 
surement of electron plasma frequency. 
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Fig. 7. Intense low- 
frequency noise de- 
tected at high magnet- 
ic latitudes (> 10?) 
during the outbound 
pass. 
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at about 0740 on 2 March, and Voyager 
was actually back out in the solar wind 
between 0950 and 1310 later that day. At 
about 0230 on 3 March, when Voyager 
was near 46 Rj, the spacecraft reentered 
the magnetosphere. Shortly after 1000 on 
3 March the density appeared to increase 
significantly as Voyager may have been 
close to (or even within) the magneto- 
sheath again; however, a data gap ending 
near 1440 (R - 38 Rj) obscured the situa- 
tion in this region. After this data gap, 
Voyager remained within the outer mag- 
netosphere, and during the next 24 hours 
the plasma wave instrument continued to 
detect radio emissions, continuum radia- 
tion, and increasing levels of low-fre- 
quency turbulence similar to electromag- 
netic hiss. 

Clear detection of wave phenomena 
associated with strong wave-particle in- 
teractions did not start until 1400 on 4 
March, when Voyager was at a range 
of 21 Rj. At 1400, 1900, and 2400, the 
spacecraft crossed the magnetic equator 
and fairly strong (maximum electric field 
strength Emax up to 1 mV/m) emissions at 
f 3 and 5 f/2 were detected (the local 
electron gyrofrequency fc equals 28 B in 
hertz, when the magnetic field strength B 
is expressed in gammas). These elec- 
trostatic waves have been found to be 
concentrated near the equator beyond 
Earth's plasmasphere, and at Earth the 
associated wave-particle interactions are 
thought to produce the diffuse aurora (8). 
This type of wave-particle interaction at 
large Jovian distances could contribute 
to the polar aurora detected by the Voy- 
ager ultraviolet spectrometer (1). 

The plasma conditions, the energetic 
particle distributions, and the wave ac- 
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tivity in the inner magnetosphere were 
all highly complex and nonuniform, and 
a full discussion cannot be attempted 
here. It is useful, however, to point out a 
few of the main types of observed phe- 
nomena, using a compressed plot as a 
guide. Figure 5 contains 48-second aver- 
ages (black areas) and peaks (fine lines) 
for each of the 12 upper plasma wave 
channels, along with preliminary profiles 
of the plasma frequency [derived from 
the PLS plasma probe (2) and the PRA 
radio receiver (5)] and the cyclotron fre- 
quency [derived from the magnetometer 
data (9)]. The wave plots in Fig. 5 are 
calibrated in that the top of each panel 
corresponds to a field strength of 10-2 V/ 
m, with additional scale marks shown on 
the right. 

One outstanding open problem in Jupi- 
ter's inner magnetosphere involved the 
concept that the intensities of energetic 
electrons would be self-limiting because 
of a whistler mode plasma instability 
(10). The Pioneer 10 and 11 measure- 
ments of "hat-shaped" pitch-angle dis- 
tributions had been cited as indirect evi- 
dence that strong whistler mode turbu- 
lence was present (11), especially in the 
region of the lo orbit, and it is gratifying 
that Voyager did find these waves within 
the lo plasma torus, which is clearly de- 
fined in Fig. 5 by the broad increases in 
the fp curve (rises centered about 6 Rj). 
We identify the whistler mode waves as 
the relatively steady signals that are 
strong and persistent at low frequencies 
(extending from 0415 to about 1800 in the 
310-Hz channel, with Emax up to 0.1 and 
1.0 mV/m) and that come in two groups 
at higher frequencies (from 0600 to 0930 
and from about 1400 to 1700, at 5.6 kHz). 

These signals resemble chorus and hiss, 
and they have high intensities across a 
broad spectral band when fp >?>f 
(note the brief period with increased 
noise at 0140). The decreased levels de- 
tected near the inner edge of the lo torus 
may be associated with the fact that fp /fc 
became small here (the continued ap- 
pearance of noise below 1 kHz could be 
related to cross-field propagation for 
waves with f below the lower hybrid 
frequency). The observed whistler 
waves appear to be generally capable of 
producing the predicted pitch-angle scat- 
tering and diffusion (10). 

Electrostatic emissions are frequently 
impulsive rather than steady, and many 
of the series of bursts shown in Fig. 5 
have a structure of this type. In particu- 
lar, we call attention to the bursty ap- 
pearance of the 18-kHz noise observed 
in the lo flux tube (=- 1500 to 1530) and 
the strong 1- to 10-kHz emissions detect- 
ed on the boundary of the lo plasma 
torus (0400 to 0600, and 1800 to 1930); 
the sporadic nature of the emissions sug- 
gests that they could be electromagnetic 
or electrostatic waves. It is also very evi- 
dent that intense electrostatic waves 
havingf > fc were detected in the inner 
magnetosphere. Near 0000, 0630, 1700, 
and 2000, some of the large-amplitude 
waves appear to be gyrofrequency har- 
monics with f 3 f,/2, 5fc/2, and so on. 

Near closest approach we carried out 
a search for lightning whistlers, and a 
number of isolated noise spikes were 
identified as signals that do have suitable 
dispersive characteristics. One example 
of such an impulsive signal with relative- 
ly low dispersion is shown in Fig. 6. Ap- 
proximately 40 whistlers of this type 
have been detected in the small amount 
of wave-form data analyzed to date, and 
we interpret these as lightning whistlers 
from sources in Jupiter's atmosphere 
(12), although we cannot yet rule out the 
possibility that some of the impulsive 
signals detected in the lo flux tube were 
generated close to lo. The detection of 
low-frequency radio signals from atmo- 
spheric lightning supports the lightning 
interpretation of the bright spots detect- 
ed by the imaging system on the night- 
side of Jupiter (13). 

After closest approach Voyager head- 
ed out in a predawn direction (sun-Jupi- 
ter-probe angle near 245?) and the space- 
craft traversed a fairly regular tail-like 
region for several days. During this time, 
intense low-frequency (f < 1 kHz) plas- 
ma waves were detected whenever the 
spacecraft was at high magnetic lati- 
tudes. Several examples are shown in 
Fig. 7, which contains a compressed 16- 
channel plot for a 30-hour interval start- 
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ing soon after closest approach. The 
peak plasma wave amplitudes were quite 
high (for example, near 1815 on 6 March, 
the 56- and 100-Hz wave levels ranged 
up to about 4 mV/m), and these waves, 
which have no analogs in Earth's tail 
region, are presently unidentified. The 
waves have some characteristics that 
suggest a relationship with continuum ra- 
diation. 

This brief report touches on only a few 
aspects of the plasma wave observations 
near Jupiter. At the time of writing we 
had only received data records for a very 
small fraction of the actual wave-form 
observations, and the complete analysis 
of Jovian plasma physics will naturally 
involve study of all of these samples, as 
well as detailed correlations with mea- 
surements from other Voyager in- 
struments. 
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Voyager 1 Planetary Radio Astronomy Observations Near Jupiter 
Abstract. We report results from the first low-frequency radio receiver to be trans- 

ported into the Jupiter magnetosphere. We obtained dramatic new information, both 
because Voyager was near or in Jupiter's radio emission sources and also because it 
was outside the relatively dense solar wind plasma of the inner solar system. Exten- 
sive radio spectral arcs, from above 30 to about 1 megahertz, occurred in patterns 
correlated with planetary longitude. A newly discovered kilometric wavelength radio 
source may relate to the plasma torus near Io's orbit. In situ wave resonances near 
closest approach define an electron density profile along the Voyager trajectory and 
form the basis for a map of the torus. Detailed studies are in progress and are out- 
lined briefly. 
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Low-frequency radio emissions from 
Jupiter have been observed from Earth 
for nearly three decades. These emis- 
sions showed that Jupiter had a strong 
magnetic field, that highly variable and 
intense waves were omnipresent near Ju- 
piter, and that the satellite lo interacted 
strongly with Jupiter's magnetosphere. 
Nevertheless, the emission mechanisms, 
the locations of the sources, and detailed 
properties of the magnetospheric plasma 
are still unknown. The planetary radio 
astronomy (PRA) experiments on the 
Voyager 1 and 2 spacecraft were de- 
signed to study the low-frequency radio 
emissions from Jupiter both at a distance 
and in situ. The purpose of this report is 
to present selected results from the Voy- 
ager 1 PRA experiment near Jupiter 
closest approach on 5 March 1979. 

The PRA instrument (1) consists of a 
radio receiver that steps in frequency 
from 40.5 MHz to 1.2 kHz and an ortho- 
gonal pair of 10-m monopole antennas 
connected to provide right-hand (RH) 
and left-hand (LH) polarization. The re- 
ceiver is a superheterodyne in each of 
two bands, from 1.2 to 40.5 MHz (high 
frequency) and from 1.2 kHz to 1.3 MHz 
(low frequency), respectively. In 6 sec- 
onds the receiver step tunes at intervals 
of 307.2 and 19.2 kHz through the high- 
and low-frequency ranges, respectively; 
the corresponding bandwidths are 200 
and 1 kHz. Each step alternates in polar- 
ization between RH and LH. The receiv- 
er operated in several other data modes 
under Voyager computer control, but 
most of the results reported here used 
the stepping mode. 

In the high-frequency band, the most 
striking observation is the ubiquitous 
presence of nested families of arcs on the 
frequency-time plot (Fig. 1). Almost 
without exception, all of the observed 
emissions resolve into arcs or portions of 
arcs. A considerable fraction of this fre- 
quency range is covered in ground-based 
observations of Jupiter, but these arcs 
have not been seen before. The reason 
undoubtedly lies in the strong communi- 
cations interference and ionospheric ef- 
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fects that typically plague almost all ra- 
dio observations made at frequencies 
lower than 20 or 25 MHz. Above 20 
MHz, only the high-frequency portion of 
the greatest arcs would be visible from 
the ground. The sense of frequency drift 
at high frequencies is a function of Jupi- 
ter longitude. The same functional rela- 
tionship has previously been observed 
from the ground. The greatest arcs, cov- 
ering the widest frequency range (over 
30:1 at maximum), are consistently RH 
in polarization. The sense of curvature of 
the arcs reverses near longitudes 20? and 
200? close to south and north dipole tip. 

Below 12 MHz, emission appears 
quasi-continuously at all Jovian longi- 
tudes. The curvature of the arcs whose 
vertices are in this range is larger than 
those at higher frequency. The polariza- 
tion appears to vary with longitude, in 
the sense that RH waves are most com- 
mon when the northern tip of Jupiter's 
magnetic dipole is tilted toward the 
spacecraft, and LH, when the southern 
tip is. 

Some of the arc structure extends into 
the low-frequency band, although be- 
cause our receiver functions here in a 
greatly expanded frequency scale and 
with much greater sensitivity, it is more 
difficult to recognize. Voyager first de- 
tected Jupiter in this band in late 1977 
(2). 

Near closest approach, the emissions 
in all bands changed dramatically. Below 
1 MHz, where the local plasma frequen- 
cy may exceed the observing frequency, 
the changes may be associated with 
wave propagation effects. Above 10 
MHz, however, another explanation is 
required. Perhaps source directionality 
or shadowing of the source is respon- 
sible. The similarity of the data before 
and after encounter, with essentially no 
changes in signal levels, suggests that ra- 
dio emissions do not depend on the solar 
phase angle within the source regions. 

A few months before encounter, we 
began to observe a distinct new radio 
emission from Jupiter and generally in 
the kilometric band. These emissions 
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