
magnetic equator, Jl can be determined 
with the low-energy telescope which is 
oriented nearly perpendicular to the 
magnetic field. 

The results in Table 2 show that the 
phase space density JJB at constant M 
decreases by a factor of - 10 between 12 
and 10 Rj. The positive radial gradient in 
JJB is a direct indication that the anom- 
alous oxygen (and probably the sodium 
and sulfur as well) is diffusing inward. 
In the mid-magnetosphere (B - 10-4 G), 
these particles would have energies E 
> 240 keV per nucleon. Substantial in- 
tensities of oxygen and sulfur ions at 
these energies were detected by both 
Voyager 1 and Voyager 2 in the outer 
and middle magnetosphere, but with 
lower intensities during the Voyager 2 
encounter (4, 12). 

The spectra of the oxygen ions with 
energies between 4.2 and 14 MeV per 
nucleon between 10 and 25 Rj can be 
well represented by dJldE ~ E-Y, with 
y = 4.5 ? 0.5. The value of the spectral 
index y changes little in the region from 
10 to 25 Rj and is similar to that observed 
near 220 keV per nucleon in the outer 
magnetosphere on Voyager 1 (4). A radi- 
al diffusion process would preserve such 
a power law spectrum, provided that the 
loss processes were energy-independent. 

The source of anomalous oxygen and 
sulfur in the outer magnetosphere or in 
the solar wind may be similar to that pro- 
posed by Eviatar et al. (14), who sug- 
gested that charge exchange between 
corotating sodium ions and neutral 
atoms in the Io sodium cloud could result 
in fast neutral sodium atoms which es- 
cape from lo's orbit and populate the 
outer magnetosphere and solar wind. 
The reionization of the sodium atoms 
was proposed as the source of sodium 
ions, which would then be subsequently 
accelerated through inward radial dif- 
fusion. Such high-energy sodium nuclei 
were observed by Voyager 1 (see Table 
1). The Voyager 2 results suggest a simi- 
lar source for low-energy oxygen and 
sulfur ions in the outer regions based on 
the reionization of fast neutral oxygen 
and sulfur atoms which may have been 
produced from the corotating oxygen, 
sulfur, and sulfur dioxide ions in the Io 
torus (15). 
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The Voyager 2 flyby of Jupiter, which 
occurred in July 1979, provided the sec- 
ond opportunity to study plasma waves 
in the vicinity of Jupiter (the first mea- 
surements were made by Voyager 1, 
which flew by Jupiter in March 1979). 
Because of the somewhat different tra- 
jectory and plasma conditions at Jupiter, 
the Voyager 2 mission provided new per- 
spectives for analyzing many of the phe- 
nomena detected by Voyager 1 and also 
revealed the presence of several new 
types of plasma waves. For a survey of 
the Voyager 1 plasma wave observations 
at Jupiter, see Scarf et al. (1). Starting 
about 6 months before the closest ap- 
proach of Voyager 2, intense radio emis- 
sions from Jupiter were detected by the 
Voyager 2 plasma wave instrument at 
kilometric wavelengths. Closer-to the 
magnetosphere, sporadic bursts of elec- 
tron plasma oscillations and ion acoustic 
waves were observed upstream of the 
bow shock for several weeks. Between 
about 99 and 62 Jupiter radii (RJ) a total 
of five crossings of the bow shock and 
three crossings of the magnetopause 
were identified in the plasma wave data. 
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At the magnetopause, a new type of elec- 
trostatic noise was observed with char- 
acteristics similar to those of Earth's 
magnetopause. Within the magneto- 
sphere continuum radiation trapped in 
the magnetospheric cavity, electrostatic 
waves at half-integral harmonics of the 
electron gyrofrequency, narrowband 
emissions at the upper hybrid resonance 
frequency, and whistler-mode chorus 
and hiss emissions were detected. On the 
outbound leg through the predawn tail 
region, strong low-frequency bursts of 
continuum radiation, modulated by the 
rotation of Jupiter, were observed; these 
observations indicated that the space- 
craft entered regions of extremely low 
plasma density, - 1.0 x 10-5 cm-3, ap- 
parently similar to the tail lobes of 
Earth's magnetosphere. We present here 
a survey of the initial results from the 
Voyager 2 plasma wave instrument, 
with emphasis on the new observations 
and comparisons with the Voyager 1 
results. The data base for the present 
discussion starts with the first detection 
of radio emissions from Jupiter about 6 
months before closest approach and ends 
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Plasma Wave Observations Near Jupiter: 
Initial Results from Voyager 2 

Abstract. This report provides an initial survey of results from the plasma wave 
instrument on the Voyager 2 spacecraft, which flew by Jupiter on 9 July 1979. Mea- 
surements made during the approach to the planet show that low-frequency radio 
emissions from Jupiter have a strong latitudinal dependence, with a sharply defined 
shadow zone near the equatorial plane. At the magnetopause a new type of broad- 
band electric field turbulence was detected, and strong electrostatic emissions near 
the upper hybrid resonance frequency were discovered near the low-frequency cutoff 
of the continuum radiation. Strong whistler-mode turbulence was again detected in 
the inner magnetosphere, although in this case extending out to substantially larger 
radial distances than for Voyager 1. In the predawn tail region, continuum radiation 
was observed extending down to extremely low frequencies, - 30 hertz, an in- 
dication that the spacecraft was entering a region of very low density, - 1.0 x 10-5 
per cubic centimeter, possibly similar to the lobes of Earth's magnetotail. 
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about 2 weeks after closest approach. 
The Voyager plasma wave instru- 

ments have been described by Scarf and 
Gurnett (2). The plasma wave sensor 
consists of a balanced electric dipole an- 
tenna with an effective length of 7 m. The 
signals from the antenna are processed 
by a 16-channel spectrum analyzer (10 
Hz to 56 kHz) and by a wideband receiv- 
er which provides detailed wave-form 
measurements over the frequency range 
from 50 Hz to 12 kHz. The Voyager 2 
plasma wave instrument operated per- 
fectly throughout the encounter. The on- 
ly anomaly which affects the data inter- 
pretation occurred shortly after launch 
when a failure in the spacecraft data sys- 
tem caused a distortion and shift in the 
calibration curve for the upper eight 
channels of the spectrum analyzers. A 
new calibration curve for these channels 
has been reconstructed on the basis of a 
ground simulation of the failure and 
appears to give good results. However, 
since a reconstructed calibration curve is 
used, one should exercise some caution 
when using electric field strengths from 
the upper eight channels of the spectrum 
analyzer. 

Starting in about November 1978, the 
plasma wave instrument began detecting 
radio emissions from Jupiter in the 10- 
Hz to 56-kHz channels. These same radio 
emissions were also detected by Voy- 
ager 1 (1, 3) and will be referred to as 
Jovian kilometric radiation, since the 
wavelengths are typically in the kilome- 
ter range. The Voyager 2 kilometric radi- 
ation observations differ markedly from 
the Voyager 1 observations in that the 
radiation is significantly more intense, 
and shows a much more regular 10-hour 
modulation due to Jupiter's rotation 
(Fig. 1). The maximum intensities occur 
when the spacecraft is at the highest 
magnetic latitude; this result suggests 
that the source is in the northern hemi- 
sphere. The increased intensity and 
more regular modulation are believed to 
be due to the fact that Voyager 2 ap- 
proached Jupiter at a latitude about 4? 
higher than Voyager 1. Evidently the ra- 
diation pattern of the Jovian kilometric 
radiation has a strong latitudinal depen- 
dence, with a narrow shadow zone near 
the magnetic equatorial plane. 

When the Voyager 2 spacecraft en- 
tered the low-density cavity inside the 
magnetosphere, electromagnetic contin- 
uum radiation trapped within the mag- 
netosphere was detected and was found 
to have characteristics similar to those 
observed on Voyager 1. Three magneto- 
pause crossings occurred on the inbound 
pass, at about 0003, 0100, and 1845 UT 
on 5 July. These magnetopause cross- 
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Fig. 4. Plasma wave electric field intensity near closest approach. The electron gyrofrequency 
profile,fg, was determined from the magnetometer instrument, and the electron plasma frequen- 
cy profile is based on our (tentative) identification of emissions at the upper hybrid resonance 
(UHR) frequency. The broadband burst of noise from about 0040 to 0155 UT on 10 July is 
caused by firing of the trajectory correction thrusters. 

ings, labeled MP, and the associated 
continuum radiation are shown in Fig. 2. 
The low-frequency cutoff of the contin- 
uum radiation is at the local electron 
plasma frequency (4), fp = 9(N)'12 kHz, 
which provides a direct measure of the 
electron density, N, per cubic centime- 
ter. The approximate density profile in 
the outer regions of the magnetosphere is 
shown by the dashed line in Fig. 2. The 
density decreases from about 2.0 cm-3 in 
the magnetosheath to about 5 x 10-3 
cm-3 inside the magnetosphere. 

Significant new results on the struc- 
ture of the magnetopause and the origin 
of the continuum radiation were ob- 
tained from the wideband wave-form 
measurements. Color-coded frequency- 
time spectrograms of the signals detect- 
ed near the first and second magneto- 
pause crossings at about 0003 and 0100 
UT on 5 July are shown in Fig. 3. The 
decreasing plasma density at the first 
magnetopause crossing, as indicated by 
the continuum radiation cutoff, is clearly 
evident at about 24 seconds (Fig. 3a). A 
brief broadband burst of electric field 
noise extending up to about 2 kHz oc- 
curs near the steep density gradient at 
the magnetopause. This broadband elec- 
tric field turbulence is very similar to the 
electric field turbulence that has recently 
been discovered at Earth's magneto- 
pause (5) and may play an important role 
in the diffusion and transport of particles 

across the magnetopause boundary lay- 
er. 

Later in this same spectrogram, at 
about 69 seconds and again at about 84 
seconds, a series of intense narrowband 
emissions occurs near the low-frequency 
cutoff of the continuum radiation. The 
frequency variation of these intense nar- 
rowband emissions is not continuous but 
consists of a series of discrete steps. Ini- 
tial comparisons with the magnetic field 
data (6) indicate that the frequency spac- 
ing between the emission lines is the 
electron gyrofrequency,fg. Although the 
e'missions occur nearfp, our preliminary 
interpretation is that these emissions 
occur when the upper hybrid resonance 
frequency, fUHR = (fp2 + fg2)1/2, is equal 
to a half-integral harmonic of fg, 

fuHR = (n + 1/2)fg. Intense electrostatic 
waves of this type, propagating per- 
pendicular to the magnetic field, are fre- 
quently observed in Earth's magneto- 
sphere (7). The significance of these nar- 
rowband electrostatic emissions is that 
these waves may be the source of the 
continuum radiation by means of a non- 
linear coupling mechanism. Evidence of 
such a coupling process can be seen 
in the continuum radiation spectrum, 
which frequently shows ill-defined lines 
and discrete features, such as from about 
50 to 96 seconds (Fig. 3b). Figure 3b also 
shows rather remarkable short-time- 
scale variations in the cutoff frequency 
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Fig. 5. The plasma wave electric field observations during the outbound pass through the pre- 
dawn tail region. The continuum radiation cutoff provides a clear identification of the magneto- 
plasmadisc which was encountered with a regular 10-hour periodicity. Outside of the magneto- 
plasmadisc, the electron densities are often extremely low, < 1 x 10-5 cm-3; these low values 
indicate entry into a low-density region, possibly similar to the tail lobes of Earth's magne- 
tosphere. 

of the continuum radiation, such as from 
about 20 to 40 seconds, in which the 
electron density varies by more than a 
factor of 4 in 20 seconds. The outer re- 
gion of the magnetosphere on the day- 
side of Jupiter often has substantial 
small-scale density variations, with den- 
sities ranging from about 3 x 10-3 to 1 x 
10-2 cm-3 (see Fig. 2). 

Within the inner regions of the mag- 
netosphere, whistler-mode waves resem- 
bling chorus and hiss were again detect- 
ed by Voyager 2. In contrast to Voyager 
1, which detected strong whistler-mode 
emissions only inside of 10 Rj, the whis- 
tler-mode emissions detected by Voy- 
ager 2 extended over a much broader 
region of the magnetosphere, out to 

beyond 20 Rj. The first detection of 
whistler-mode emissions occurred at 
about 1830 UT on 8 July, at a radial dis- 
tance of about 22.5 Rj. These emissions 
can be seen in the 10- to 100-Hz channels 
of Fig. 4, gradually increasing in in- 
tensity and extending to higher frequen- 
cies as the spacecraft approaches Jupi- 
ter. On the outbound pass, the whistler- 
mode emissions continue with sporadic 
intensity variations out to about 25 Rj. 
At closest approach the maximum elec- 
tric field intensities are about 0.1 to 0.2 
mV m-1, which are comparable to the 
maximum electric field intensities ob- 
served by Voyager 1 at the same radial 
distance. The much broader spatial ex- 
tent of the whistler-mode emissions on 
Voyager 2 is apparently an indication of 
a substantial change in the plasma distri- 
bution in the inner magnetosphere as 
compared to the case for Voyager 1. As 
discussed by Ness et al. (6), the magnet- 
ic field profile shows large depressions 
compared to the internal field model, 
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which indicates a high-pressure plasma 
distribution in the region where the whis- 
tler-mode emissions were observed. 

Other plasma wave emissions identi- 
fied in the inner region of the magne- 
tosphere include intense electrostatic 
emissions near half-integral harmonics of 
the electron gyrofrequency, 3fg/2, 5fg/2, 
and intense narrowband emissions at 

fuHR. These emissions can be seen at 
about 1330 and 2230 UT on 9 July, and at 
about 0915 and 1230 UT on 10 July (Fig. 
4). The 3fg/2 and 5fg/2 emissions occur 
just above fg, as determined from the 
magnetometer instrument (6). The upper 
hybrid emission in the 56-kHz channel at 
2230 UT, in the 31-kHz channel at 0915 
UT, and in the 17-kHz channel at 1230 
UT are very intense, with maximum 
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Fig. 6. A comparison of continuum radiation 
spectra on the dayside and nightside of Jupi- 
ter. The only essential difference is the low- 
frequency cutoff, which is much lower on the 
nightside. 

electric field intensities of 3 to 5 mV m-1. 
In every case the half-integral harmonic 
emissions and the upper hybrid emis- 
sions occur at the magnetic equator, as 
determined from the magnetic field data 
(6). 

A preliminary profile of the electron 
plasma frequency is shown by the 
dashed line in Fig. 4, which is based on 
our identification of emissions at fUHR. 
This profile is intended only as a rough 
guide for the electron density in the inner 
magnetosphere, since there are obvious- 
ly large gaps between the emissions. In 
most cases the identification of the upper 
hybrid emission is unmistakable. How- 
ever, the planetary radio astronomy 
team identifies another emission near 
2230 UT as an upper hybrid resonance 
emission (8). Nevertheless, in our opin- 
ion the 56-kHz emission has all of the es- 
sential characteristics of the intense up- 
per hybrid emissions observed in Earth's 
magnetosphere and we believe that this 
emission is atfuHR- 

After passing through the inner re- 
gions of the magnetosphere, Voyager 2' 
provided an extended series of observa- 
tions in the predawn taillike region of 
the magnetosphere. The plasma wave 
observations in this region were domi- 
nated by intense broadband emissions 
extending from as low as 31 Hz to about 
10 kHz. These emissions are closely con- 
trolled by the rotation of Jupiter. A 3-day 
period, which clearly illustrates the 10- 
hour periodicity of these emissions, is 
shown in Fig. 5. Similar broadband emis- 
sions of this type were also detected in 
the predawn region by Voyager 1, al- 
though at that time the interpretation 
was uncertain (1). After studying both 
the Voyager 1 and 2 observations of this 
noise, we now believe that the noise con- 
sists of electromagnetic continuum radi- 
ation in regions of exceedingly low 
plasma density which occur between en- 
counters with the high-density magneto- 
plasmadisc (9). This interpretation is 
supported by spectrum comparisons of 
the continuum radiation in the dayside of 
the magnetosphere with similar spectra 
of the broadband emissions in the pre- 
dawn region. Figure 6, for example, 
shows two such spectra, one at 2039 UT 
on 5 July during the inbound pass and the 
other at 0139 UT on 15 July during the 
outbound pass. The close similarity of 
the two spectra is obvious, the only es- 
sential difference being the position of 
the low-frequency cutoff. Because the 
continuum radiation trapped within the 
magnetosphere has access to all regions 
with f >fp (local), it is not surprising 
that the high-frequency portions of the 
spectra should agree, since essentially 
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the same radiation is being detected in 
both regions. 

If the continuum radiation cutoff does 
extend down to as low as 30 Hz in the 
predawn region, this cutoff would imply 
densities as low as 1.0 x 10-5 cm-3. 
Such low densities on the nightside of Ju- 
piter strongly suggest that the spacecraft 
is entering a region comparable to the tail 
lobe of Earth's magnetosphere, which is 
nearly devoid of plasma. In fact, com- 
parisons of dayside and tail-lobe spectra 
of continuum radiation in Earth's mag- 
netosphere (10) show a strikingly close 
resemblance to the spectra in Fig. 6, the 
only essential difference being that the 
continuum radiation is more intense at 
Jupiter and extends down to lower fre- 
quencies. Although the intense broad- 
band emissions detected on the out- 
bound pass through the tail almost cer- 
tainly consist of continuum radiation, 
other narrowband emissions are also 
known to occur near the low-frequency 
cutoff of the continuum radiation. At the 
time of this writing, we have not re- 
ceived sufficient wideband data to ade- 
quately investigate the origin of these 
narrowband emissions. 
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Planetary Radio Astronomy Observations 

from Voyager 2 Near Jupiter 

Abstract. The Voyager 2 Planetary Radio Astronomy experiment to Jupiter has 
confirmed and extended to higher zenomagnetic latitudes results from the identical 
experiment carried by Voyager 1. The kilometric emissions discovered by Voyager 1 
often extended to 1 megahertz or higher on Voyager 2 and often consisted of nega- 
tively or, less frequently, positively drifting narrowband bursts. On the basis of tenta- 
tive identification of plasma wave emissions similar to those detected by Voyager 1, 
the plasma torus associated with lo appeared somewhat denser to Voyager 2 than it 
did to Voyager 1. We report here on quasiperiodic sinusoidal or impulsive bursts in 
the broadcast band range of wavelengths (800 to 1800 kilohertz). A Faraday effect 
appears at decametric frequencies, which probably results from propagation of the 
radiation near its sources on Jupiter. Finally, we discuss the occurrence of decamet- 
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radiation near its sources on Jupiter. Finally, we discuss the occurrence of decamet- 
ric emission in homologous arc families. 

On 9 July 1979, Voyager 2 carried the 
second low-frequency radio receiver (1) 
to be flown into Jupiter's environment. 
The experiment was virtually identical to 
that carried past Jupiter by Voyager 1 (2) 
on 5 March 1979, notable differences 
being the higher zenomagnetic latitudes 
of the approach trajectory, and the more 
distant encounter with Jupiter of Voy- 
ager 2. Our purpose here is, once again, 
to present selected results related to 
these differences and to some of the 
many phenomena we could only mention 
in the earlier report (2). 

As our familiarity with radio Jupiter 
has grown in the months since the Voy- 
ager 1 encounter, we have found it nec- 
essary to review some of our preliminary 
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Fig. 1. Dynamic spec- 
trum of Jupiter's radio 
emissions observed by 
the Planetary Radio 
Astronomy (PRA) in- 
strument on Voyager 
2. The total received 
power in each of the 
198 frequency chan- 
nels is shown as a 
function of spacecraft 
event time (SCET) and 
sub-Voyager Jupiter 
longitude [system III 
(1965)]. Increasing 
power is indicated by 
increasing darkness. 
The PRA receiver is 
divided into (i) a 70- 
channel, low-frequen- 
cy (LF) band between 
1.2 kHz and 1.3 MHz 
with a 1-kHz band- 
width and (ii) a 128- 
channel, high-frequen- 
cy (HF) band between 
1.2 MHz and 40.5 
MHz with a 200-kHz 
bandwidth. Between 
0130 and 0500 SCET, 
a KOM event can be 
seen in the LF band 
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ideas, especially with respect to the 
source or sources of the kilometric 
wavelength (KOM) radiation. We con- 
cluded (2) that the coincidence of the ob- 
served wave frequencies of KOM with 
the plasma frequencies observed in the 
Io torus provided an argument in favor of 
the torus as the source of KOM. We 
have often seen on Voyager 1 and 2 in- 
stances of "KOM" radiation extending 
to much higher frequencies than the 500 
kHz of a typical event, often to 1 MHz 
and above. As we shall see, the Io torus 
was probably more dense than at the 
time of the Voyager 1 encounter, al- 
though it is not clear whether the in- 
creased torus density can support radia- 
tion as high as 1 MHz. Furthermore, at 
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extending from 0.04 to nearly 1 MHz. It is composed of numerous narrowband drifting struc- 
tures. In the upper two panels, flux density spectra are shown at two different times, illustrating 
the intensity behavior of the KOM emission. In the HF band, an Io-A or main-"source" event 
with characteristic arc structure can be seen centered on 240? longitude. 

0036-8075/79/1123-0991$01.00/0 Copyright ? 1979 AAAS 991 

extending from 0.04 to nearly 1 MHz. It is composed of numerous narrowband drifting struc- 
tures. In the upper two panels, flux density spectra are shown at two different times, illustrating 
the intensity behavior of the KOM emission. In the HF band, an Io-A or main-"source" event 
with characteristic arc structure can be seen centered on 240? longitude. 

0036-8075/79/1123-0991$01.00/0 Copyright ? 1979 AAAS 991 

A 0315 SCET 
A 

A 
A 

\ 

J 

THRESHOLD 

A 0315 SCET 
A 

A 
A 

\ 

J 

THRESHOLD 

.02 .10 .20 .30 .40 .02 .10 .20 .30 .40 
51 51 

_ _ 


