
The model sketched in Fig. 9a for the 
Jovian equatorial plane magnetosphere 
resembles in its plasma flow patterns the 
Jovian magnetosphere model discussed a 
decade ago by Brice and Ioannidis (12); 
that model, however, did not include ei- 
ther the wind or the hot plasma. We have 
not discussed the mechanisms for gener- 
ating a convection electric field, particu- 
larly if magnetic merging at the plasma- 
pause is not important, nor the effects of 
such a field. The shapes of possible Jo- 
vian current sheets have been discussed 
previously (4, 15, 18, 19). In view of our 
results, acceleration mechanisms pro- 
posed to date that are predominantly 
"single-particle" (20) are not capable of 
raising the bulk temperature of the mag- 
netospheric plasma to the values we 
have measured. 
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Voyager 2: Energetic Ions and Electrons in the 

Jovian Magnetosphere 
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Abstract. The Voyager 2 encounter has enhanced our understanding of earlier 
results and provided measurements beyond 160 Jupiter radii (Rj) in the magnetotail. 
Significant fluxes of energetic sulfur and oxygen nuclei (4 to 15 million electron volts 
per nucleon) of Jovian origin were observed inside 25 Rj, and the gradient in phase 
space density at 12 Rj indicates that the ions are diffusing inward. A substantially 
longer time delay versus distance was found for proton flux maxima in the active 
hemisphere in the magnetotail at Jovicentric longitudes Xlm = 260? to 320? than in 
the inactive hemisphere at Xlm = 85? to 110?. These delays can be related to the radi- 
al motion of plasma expanding into the magnetotail, and differences in the expansion 
speeds between the active and inactive hemispheres can produce rarefaction regions 
in trapped particles. It is suggested that the 10-hour modulation of interplanetary 
Jovian electrons may be associated with the arrival at the dawn magnetopause of a 
rarefaction region each planetary rotation. 
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The passage of Voyager 2 through the 
Jovian magnetosphere demonstrated 
that this magnetosphere is highly vari- 
able, even as close as 10 Jupiter radii (R,) 
from the planet. The cosmic-ray sub- 
system (CRS) measured the flux, ele- 
mental composition, and anisotropy of 
energetic particles. Its high sensitivity 
was particularly valuable during the long 
passage through the magnetotail, where 
particle fluxes were orders of magnitude 
less than in the inner magnetosphere and 
approached interplanetary values. The 
new data confirm earlier observations 
(1-4) that the Jovian magnetosphere is a 
giant accelerator of particles-electrons, 
protons, and heavy ions, including sul- 
fur. We observed both spatial and tem- 
poral changes in the magnetosphere as 
compared to prior observations with Pio- 
neer 10 and 11 (2, 3, 5) and Voyager 1 (1). 
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Energetic particle morphology. After 
final entry into the subsolar hemisphere 
at 61.5 Rj (6), proton and electron fluxes 
observed during the inbound pass (Fig. 
1) were in general consistent with earlier 
observations (1-3). One difference with 
Voyager 1 observations, both inbound 
and outbound, however, was the smooth 
change with distance of proton intensity 
maxima inside 35 Rj. These maxima oc- 
cur at magnetic equatorial crossings 
which fall alternately at Jovicentric lon- 
gitudes Xki, - 100? and - 300? (Fig. 1). In 
the case of Voyager 1, crossings in the 
active hemisphere (XAi, - 300?) (7) were 

substantially more intense (1) than in the 
inactive hemisphere (XAI, - 100?). 

As shown in Fig. 2, the proton flux 
(E > 2.5 MeV) was unusually variable 
between 17 and 13 Rj on the inbound 
pass, a period which falls within + 4 
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hours of the closest approach of Voyager 
2 to Ganymede. It is not clear whether 
this effect corresponds to a general mag- 
netospheric disturbance or is due to 
Ganymede's interaction with the am- 
bient medium. 

Voyager 2 went farther into the mag- 
netotail than earlier missions (2, 8). Be- 
tween 20 and 60 Rj the spacecraft re- 
mained within + 3? of the Jovigraphic 
equator. Thus the magnetic equator 
passed over the instruments approxi- 
mately every 5 hours and produced a 
regular intensity modulation of protons 
and electrons (Fig. 1). The modulation of 
protons (E > 2.5 MeV) between 20 and 
23 Rj, however, was only a factor of 10 
at midnight as observed on Voyager 2 in 
comparison with a factor of 200 observed 
near dawn during the outbound pass of 
Voyager 1 at the corresponding distance 
and latitude. Comparable differences 
were observed for electrons and protons 
at other energies. Therefore, relatively 
close to the planet, the particle trapping 
region near midnight extends over a 
greater latitude range than in the dawn 
region (1, 2). 

It is possible that the latitudinal extent 
of the energetic particle trapping region 
is controlled by the pressure balance be- 
tween the Jovian magnetic field, trapped 
thermal plasma, and solar wind pressure. 
When a section of the magnetosphere ro- 
tates from the subsolar hemisphere into 
the antisolar direction, the trapped ther- 
mal plasma can expand radially outward 
because the solar wind pressure is re- 
moved. However, the expansion speed 
is limited by the Alfven velocity, which 
falls in the range of 15 to 60 Rj/hour (300 
to 1000 km/sec) for reasonable densities 
and field strengths (3). Therefore, the lat- 
itudinal extent of the trapped energetic 
particle distribution is greater near mid- 
night, where the expansion of the mag- 
netosphere has progressed less far into 
the magnetotail, than at dawn. The thin- 
nest trapping region should occur just 
before the expanded region rotates into 
the dawn magnetopause. 

Figure 3 shows the time differences 
between crossings of the model magnetic 
equatorial plane (9) and the occurrence 
of proton flux maxima, which are gener- 
ally closely associated with crossings of 
the actual magnetic equatorial plane (6). 
This time delay is a measure of the out- 
ward speed of propagation of the mag- 
netic disturbance produced by Jupiter's 
rotating tilted magnetic dipole (10). In 
the range from 20 to 80 Rj, crossings in 
the active hemisphere at longitudes 
XIi, = 260? to 320? appear to be more reg- 
ular and occur with a greater time delay 
than crossings in the inactive hemisphere 
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Table 1. Elemental abundances (relative to oxygen 1) of energetic heavy nuclei at different 
radial distances from Jupiter. 

Ele- Energy Relative abundances* 
(MeV e 

nucleon-1) 25 to 70 Rjt 10.6 to 25 Rijt 10.1 to 10.6 Rjt 4.9 to 5.8 Rjt 

C 6.2 to 10.5 0.38 + 0.20 0.29 + 0.05 0.07 ? 0.03 - 0.14 

C 7.8 to 10.5 0.48 + 0.13 c 0.13 
C 7 to 14 < 0.03 

+ 0.13 + 0.02 N 6.2 to 10.5 0.13 + 0.07 0.06 + 0.02 0.02 + 0 
- 0.07 - 0.01 

N 7 to 14 < 0.07 
0 1 11 1 

Na 7 to 14 0.04 C 0.02 

S 7.8 to 10.5 <0.18 0.18 + 0.07 0.62 + 24 
-0.19 

S 7 to 14 0.76 + 0.09 

*Upper limits (<) are at the 84 percent confidence level. tVoyager 2. tVoyager 1. 

Table 2. Phase space densities of oxygen ions at magnetic equator crossings. Magnetic field 
values are from (16). 

Magnetic 
Radius Energy ent J( M) [ M)]/B Ra i (MeV Me (cm2 sec (cm2 sec 

(Rj) (MeV (I) {nucleon-') nsr)- srG)-1 nucleon-' G1') 

10.1 to 10.4* _ 7.8 2400 50t 0.14t 
11.7 to 12.5t 4.2 2400 240T 1.4t 
12.5 to 13.5? >4.2 3100 (2400)11 100o 0.8 (1.8)tll 

*Average of two magnetic equator crossings at day of the year (DOY) 190, 2120 to 2321, and DOY 190, 2331 
to DOY 191, 0130. tThe uncertainties are less than a factor of 2. tDOY 190 at 1245 to 1446. ?DOY 
191 at 0816 to 1014. IIWhen extrapolated down to M = 2400 MeV nucleon-1 G-', JJB = 1.8. 
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Fig. 1. Electron and proton fluxes (32-minute averages) observed during the Voyager 2 encoun- 
ter. Electron fluxes are 1/10 of the left scale. Proton flux maxima corresponding to magnetic 
equatorial crossings in the active hemisphere have been identified with tick marks. 

985 



19 18 17 16 15 14 13 
l l l l l I 

106 

105 

102 
O 3 6 9 12 

7/9 (D.O.Y. 190) 
TIME (1979) 

at Xi, = 85? to 110?. Data between 22 and 
82 Rj give radial velocities of 22 and 42 

Rj/hour for the active and inactive hemi- 
spheres, respectively. 

Since the expansion speed is slower in 
the active hemisphere, a rarefaction re- 
gion will develop ahead of the plasma 
expanding from the active hemisphere. 
This region would be characterized by a 
low flux of > 6-MeV electrons because 
of the near absence of field lines with feet 
at lower magnetic latitudes. If the inter- 
planetary Jovian electrons are preferen- 
tially released when the edge of the ex- 
panded plasma disk rotates into the 
dawn magnetopause at about 90 Rj, then 
a flux minimum and the softest electron 
spectrum would be observed when the 
rarefaction region reaches the magneto- 
pause. This should occur about 2 to 3 
hours after the feet of the field lines at 

Fig. 2. Approximate in- 
tensity of protons with 
energies above 2.5 MeV 
(3.2-minute averages) ob- 
served during the inbound 
pass between 19 and 11 Rj. 
Note the large intensity 
fluctuations at 15 + 2 Rj, 
which fall within + 4 hours 
of the closest approach to 
Ganymede. 

15 18 

the leading edge of the active hemisphere 
have rotated past the dawn meridian. 
When the rarefaction reaches the dawn 
magnetopause, the subsolar longitude is 
XII ~ 240?, consistent with the phase of 
the 10-hour modulation of Jovian elec- 
trons in interplanetary space and in some 
regions of the outer Jovian magne- 
tosphere (11). The soft spectrum and 
sharp minimum in the flux of > 6-MeV 
electrons is the most characteristic fea- 
ture of this modulation. A flux maximum 
would be expected when the transition 
from the active to the inactive hemi- 
sphere reaches the dawn magnetopause. 

Between 100 and 150 Rj, the proton 
flux maxima (> 2.5 MeV) become weak 
and poorly defined even though plasma 
sheet crossings are observed (6). Ener- 
getic electron fluxes in this region show a 
10-hour modulation. From 150 to 170 Rj, 

z 

o 
D 
0 

z 

o 

CO 

0 0 

/oL^-~ 6 8 10 12 14 15 18 
0- _ O oo - Z 

I 1 . Fig. 3 (left). Time differences (AT) between 

0 50 100 150 crossings of the model magnetic dipole equa- 
DISTANE ( R tor and occurrences of proton flux maxima. 

DISTANCE (JUPITER RADII) rossings between X = 260 and 320 are Crossings between XI,I, -260? and 320? are 
shown as A, crossings for Xil = 85? to 110? as 0, and crossings attributed to maximum dipole 
tilt away from the spacecraft (XIII = 21?) as *. Where multiple crossings were observed (with a 
16-minute time resolution), all points are shown. Multiple crossings occurred primarily in the 
inactive hemisphere. The straight lines constitute a fit to points between 22 and 82 Rj. Proton 
flux maxima observed in the inactive hemisphere [see also (1)] beyond 80 Rj appear to be 
associated with maximum dipole tilt away from the spacecraft. Fig. 4 (right). Measured 
element (Z) distribution in the energy range from 7.8 to 10.5 MeV per nucleon for heavy nuclei 
in the Jovian environment: (a) 10.1 to 10.6 Rj; (b) 10.6 to 25 Rj. 
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the periodic intensity modulation dis- 
appears (Fig. 1). A preliminary analysis 
of the first-order anisotropy of > 2.5- 
MeV protons at flux maxima indicates 
that the anisotropy beyond 150 Rj differs 
by about 180? from that observed inside 
100 Rj, with maximum flux now coming 
approximately from the dawn direction. 
During this period, either conditions in 
the tail must have been very disturbed 
or the well-organized Jovian equatorial 
plasma sheet does not extend this far. 

Energetic ions. The energetic particle 
composition (7 - E < 14 MeV per nu- 
cleon) observed with the Voyager 1 CRS 
(1) was reported for an inner region 
(< 5.8 Rj) and an outer region (> 11 Rj). 
Anomalous abundances of oxygen, so- 
dium, and sulfur were observed in the in- 
ner region, whereas in the outer region 
the composition was solar-like. From the 
preliminary analysis, the relationship be- 
tween the anomalous fluxes inside 5.8 Rj 
and the lower energy oxygen and sulfur 
nuclei in the outer magnetosphere (4) 
was not clear. 

In order to link the observations in the 
outer and inner magnetosphere, the Voy- 
ager 2 CRS was configured to maximize 
the data return for the anomalous fluxes. 
The observed abundances are summa- 
rized in Table 1 for three regions (25 to 
70 Rj, 10.6 to 25 Rj, and 10.1 to 10.6 Rj) 
and are shown for the inner two regions 
in Fig. 4. For comparison, Voyager 1 re- 
sults (4.9 to 5.8 Rj) are also given in 
Table 1. There is a systematic enhance- 
ment of oxygen and sulfur with respect 
to carbon and nitrogen with decreasing 
radial distance; this enhancement is also 
observed at lower energies (12). Thus, 
the Voyager 2 data evidently illustrate 
the gradual evolution of the high-energy 
nucleon composition from the solar-like 
character observed earlier in the outer 
magnetosphere to the anomalous compo- 
sition in the inner magnetosphere. 

In order to determine whether the 
anomalous species are diffusing inward 
or outward, a gradient in the phase space 
density of the oxygen nuclei has been de- 
rived from the Voyager 2 data. During 
radial diffusion, conservation of the mag- 
netic moment of a particle mirroring near 
the magnetic equator results in a particle 
energy E proportional to B, the local 
magnetic field intensity (13). In the ab- 
sence of losses, the flux J_ of particles 
with constant magnetic moment M var- 
ies directly with B; that is, the phase 
space density JiB is constant, and loss 
mechanisms such as pitch angle scatter- 
ing will result in a gradient in J/JB. The 
gradient will be larger for larger loss 
rates and smaller diffusion coefficients. 
Each time the spacecraft crosses the 
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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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