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Pioneer 11 traversed Jupiter's mag- 
netosphere almost exactly 1 year after 
its predecessor, Pioneer 10 (1). The 
outbound trajectory was farther from 
the equator than previous passes, and 

high particle fluxes encountered here 

challenge the original magnetodisk 
model of the outer radiation belts. 

Figure la illustrates the observations. 
The large peak spans the closest ap- 
proach to the planet at 0523 on 3 De- 
cember with the inbound leg to the left 
and the outbound leg to the right. The 
low latitude data inbound exhibit modu- 
lation at the Jovian rotation rate with 

intensity maxima near the expected 
position of the magnetic equator. Cross- 

ings of the current sheet, identified by 
the magnetometer experiment (2), were 
found to be in coincidence with some 
of the maxima. These observations are 
similar to those from Pioneer 10 and 
are consistent with the magnetodisk 
model. The outbound pattern is decep- 
tively similar to that near the equator, 
with strong modulation at the planetary 
rotation frequency and comparable in- 
tensities. However, there were no cur- 
rent sheet crossings (2), and the maxi- 
ma were higher even than recorded 
inbound. Such high intensities were not 
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visualized in the original magnetodisk 
model. 

According to the original model, the 

energetic radiation is contained in a 
disklike volume defined by nearly radial 
lines of force stretched outward by a 
current sheet at the equator. The tilt of 
the internal planetary field imparts an 

up-and-down motion to the current 
sheet at the planetary rotation frequen- 
cy, and the modulation of the trapped 
radiation is caused by this up-and-down 
motion in conjunction with a very 
sharp vertical gradient of the trapped 
radiation. Because the intensity was 
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radiation. Because the intensity was 

already reduced by one or two orders 
of magnitude only 10? from the equa- 
tor, we had expected very little radia- 
tion at higher latitudes. 

It may be that the configuration is 
altered by a local time difference. If 
so, however, the change must take place 
across only 45? in rotation from mid- 

morning to noon. Alternatively, if the 

high outbound fluxes are caused by a 
real time change, it would have to be 

synchronized coincidentally with closest 

planetary approach, and no such 
changes were recorded at other times 
when the spacecraft was in the mag- 
netosphere. If these possibilities are 
ruled out, it is still not clear that the 

magnetodisk model must be abandoned, 
for this model and the higher latitude 

phenomena may exist side by side. If 
this is the case, the Pioneer 11 data 

imply a latitude profile that initially 
decreases from a maximum at the 

equator, goes through a minimum, and 
then increases to a greater maximum at 

higher latitudes before dropping off 

again. The physical processes respon- 
sible for this latitude stratification and 
the interaction between these radiation 
zones are open questions. However this 

problem is resolved, it is clear that the 
new measurements at high latitude pro- 
vide indispensable information regard- 
ing the dynamics and configuration of 
the vast Jovian magnetosphere. 

It is natural to investigate the phase 
of the modulation for clues regarding 
the magnetospheric model and internal 

physical processes. The data in Fig. lb 
have been filtered to display frequen- 
cies near the planetary rotation cycle, 
and we have included tic marks syn- 
chronized to Jupiter's rotation. The tics 
on the lower border occur at intervals 
of one Jovian day (9 hours, 55 min- 
utes, 29.37 seconds); the marks on the 
bottom line indicate when the space- 
craft is aligned and antialigned with 
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Table 1. Zenocentric and magnetic coordinates for particle features in Fig. 3; L, magnetic 
shell parameter. 

Zenocentric coordinates Magnetic cordinates 

Feature ^Model D,* Model Oat 
in R Latitude Longitude 

Fig. 3 (R) (deg) ) L Magnetic 
(deg) L 

latitude L 

N1 1.76 - 38.6 315 2.79 - 36.2 2.48 
X1 1.62 - 24.3 342 2.15 - 27.0 1.72 
N2 1.60 - 18.0 352 1.99 - 22.7 1.61 
X2 1.63 1.0 18.0 1.77 - 8.3 1.61 
N3 1.75 13.2 35.1 1.84 2.0 1.79 
X3 1.82 18.5 43.3 1.92 6.8 1.93 
N4 2.13 31.8 68.7 2.47 20.5 2.56 

* See (8). t See (7). 
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Radiation Belts of Jupiter: A Second Look 

Abstract. The outbound leg of the Pioneer 11 Jupiter flyby explored a region 

farther from the equator than that traversed by Pioneer 10, and the new data 

require modification or augmentation of the magnetodisk model based on the 

Pioneer 10 flyby. The inner moons of Jupiter are sinks of energetic particles and 

sometimes sources. A large spike of particles was found near Io. Multiple peaks 
occurred in the particle fluxes near closest approach to the planet; this structure 

may be accounted for by a complex magnetic field configuration. The decrease in 

proton flux observed near minimum altitude on the Pioneer 10 flyby appears 
attributable to particle absorption by Amalthea. 
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the internal magnetic dipole. These 
would be the times of highest and low- 
est latitudes in a coordinate system 
fixed to a wobbly magnetodisk that was 
rigid and unwarped. Phase shifts be- 
tween this and the diurnal clock are 
caused by the angular swing of the 

spacecraft around the planet. For an 

unwarped wobbly magnetodisk the clos- 

Fig. 1. (a) The flux of 
electrons of energy > 5 
Mev recorded by the 
UCSD trapped radiation 
detector along the Pio- 
neer 11 trajectory through 
the Jovian radiation belts. 
The labels MPX-1, 
MPX-2, and MPX-3 
mark the times when the 
spacecraft entered or left 
the magnetosphere (10). 
(b) Running averages (1 
hour) of flux and a spec- 
tral ratio for electrons 
of energy near 5 Mev. 
The middle trace is iden- 
tical to the top trace 
except for the 1-hour 
filter. The bottom trace 
is the ratio of two chan- 
nels with energy thresh- 
olds above and below 5 
Mev. Higher ratios indi- 
cate harder spectra. 

est approach to the equator would be 
at 225? inbound, would change phase 
when the spacecraft crosses the equa- 
tor, and would be at 45? outbound. 
The phase change is the difference be- 
tween this model and one in which 
the maxima occur at a single longitude 
in both hemispheres. 

None of these timing marks predict 

the maxima with any precision. A phase 
change seems called for to describe the 
intensity modulation; however, the ratio 
is in phase with the intensity after 
closest approach although it is not in 
phase for several cycles before. 

Differences in phase between a mod- 
el and the observed peaks can be ex- 
plained in terms of spiraling of field 
lines caused by the angular momentum 
lag of an outward moving plasma, or 
warping of field lines from viscous in- 
teractions with the solar wind, or other 
mechanisms. Although these differences 
contain important information, unfortu- 
nately they allow different models 
enough freedom to be brought into 
agreement with the data. 

A comparison of Fig. la with Fig. 
b emphasizes the abruptness of the 

fluctuations. Without filtering, the data 
are very spiky and suggest large tem- 
poral changes. The prevalent angular 
distribution is isotropic. In these re- 
spects the Pioneer 11 data are similar 
to the Pioneer 10 data. 

The Pioneer 11 data confirm the 
major findings of Pioneer 10 in the 
high-intensity inner magnetosphere. Fig- 
ure 2 shows five channels of the Uni- 
versity of California at San Diego 
(UCSD) instrument plotted versus 
time. If these data were plotted versus 
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Fig. 2 (left). Integral fluxes of protons and electrons of kinetic energies greater than the values indicated. The uppermost trace 
shows the combined energy flux for electrons and protons above the threshold and below -0.1 Mev (electrons) and several 
Mev (protons). The right scale refers to the uppermost trace only; all other profiles should be measured with the left scale. The 
average positions of the orbits of the inner Jovian satellites are indicated hy dashed lines as calculated with the use of the D2 
magnetic field model (5). Particle fluxes corresponding to the two top profiles are not shown near closest approach to the planet 
because they are too low to be distinguished from the energetic particle background. Fig. 3 (right). Electron and proton fluxes 
measured near the closest approach of Pioneer 11 to Jupiter (1.6 R. from the center of the planet at 0523). The multiple peak 
structure may be accounted for by a higher-order spherical harmonic expansion of the magnetic field. 
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magnetic coordinates, the broad peak 
on 2 December and the minimum at 
0100 on 3 December would emerge 
as spatial effects associated with mag- 
netic latitude. As with Pioneer 10, the 
largest numbers of high-energy particles 
are found nearest the planet and there 
is a cavity of low-energy particles in- 
side the moons Europa and lo. With 
the Pioneer 10 data we demonstrated 
that these features are consistent with 
inward radial diffusion (3), and we 
derived diffusion coefficients from the 
loss rate at the moons (4). 

The peak fluxes of electrons experi- 
enced by the Pioneer 11 spacecraft 
were comparable to those experienced 
by the Pioneer 10 spacecraft. Since 
Pioneer 11 approached the planet more 
than 1 Jupiter radii (Rj) closer than 
Pioneer 10, this comparison shows that 
the radial gradient levels off. 

The Pioneer 11 electron fluxes at 
high latitude are significantly higher 
than those which would be extrapolated 
from the Pioneer 10 latitude depen- 
dence near the equator. This may be 
another manifestation of the same phe- 
nomenon discussed above for the outer 
magnetosphere. The Pioneer 10 and 
Pioneer 11 magnetic coordinates 
crossed each other in the inner region 
only between 10 and 13 Rj. At three 
crossover points the ratios of electron 
fluxes were near unity for energies 
from 0.2 to > 35 Mev, and we believe 
that the radiation belts are stable over 
the time period of a year. 

On 3 December Pioneer 11 had a 
near encounter with the magnetic flux 
tube containing lo. Between 0300 and 
0330 the spacecraft passed within 
probably 6000 km of the flux tube. 
[This distance is based on the Do mag- 
netic field model (5) and will differ 
for other models.] The flux of electrons 
of energy E > 0.46 Mev jumped sud- 
denly by an order of magnitude to the 
highest level encountered by either 
spacecraft (see Fig. 2). Just past the 
magnetic coordinate of lo these par- 
ticles disappeared below the minimum 
we can accurately extract from the 
high-energy background. Particle ac- 
celeration on this flux tube had been 
predicted (6) because of lo's remark- 
able control over the decametric radio 
noise from Jupiter. In the context of 
these models, a conservative estimate 
for the power in the particles near Io 
is ~ 013 watts, and this can easily 
supply the 108 watts of radio power 
observed. 

During its closest approach to the 
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planet, Pioneer 11 passed through mul- 
tiple peaks in the trapped particle fluxes 
at all energies. This region is shown in 
detail in Fig. 3. Three maxima and four 
minima are indicative of the time pro- 
file, and position coordinates for these 
features are given in Table 1. Minima 
N1 and N4 may reasonably be at- 
tributed to particle absorption by Amal- 
thea. However, since there are no more 
moons nearby, the other features re- 
quire another explanation. 

It might be that the field is con- 
voluted in such a way that the trajec- 
tory passed through the same features 
more than once; or it might be that 
asymmetries in the field cause certain 
particle drift surfaces to dip into the 
planetary atmosphere where the par- 
ticles would be absorbed. Such effects 
would not be predicted by a dipole 
representation of the field, but higher- 
order terms in the magnetic field ex- 
pansion are likely to become important 
at these close distances. One might then 
expect a magnetic field model which 
contains higher-order terms to be neces- 
sary to organize the particle data. It is 
not assured that the field mapping by 
Pioneer 10 and Pioneer 11 covered a 
sufficient range to determine all the 
possibly complex radial, longitudinal, 
and latitudinal irregularities near the 
planet. However, we do have the op- 
portunity to compare a preliminary 
octopole model with what is probably 
the best dipole representation possible 
(7, 8). Magnetic coordinates from 
these models are listed in Table 1, and 
times when the spacecraft crossed the 
magnetic equator and when it passed 
through the range of particle drift 
shells traversed by Amalthea are mark- 
ed for each model in Fig. 3. As we 
expect minima at Amalthea and maxi- 
ma on or near the equator, it is clear 
that a better correspondence is ob- 
tained with the octopole model. Further 
work is required to explain the multiple 
peaks, but it is encouraging that the 
first attempt at a higher-order field 
expansion brings about this much im- 
provement. We believe that further 
work in this direction will be fruitful. 

With regard to the absorption of par- 
ticles by Amalthea, it may be recalled 
that for Pioneer 10 there was a decrease 
in the proton flux near its closest ap- 
proach, but the reason for this behavior 
was not determined. The peaks ob- 
served for Pioneer 10 correspond close- 
ly to the relative maxima outside mini- 
ma N1 and N4 in Fig. 3, and those 
minima can be identified with the de- 

crease in the Pioneer 10 mission. The 
Pioneer 11 flux recovered inside this 
position and climbed by a factor of 

15 higher than the maximum of Pio- 
neer 10. It is now safe to conclude 
that, of the possibilities discussed for 
Pioneer 10, the absorption effect of 
Amalthea is dominant. 

Since absorption losses depend upon 
the radial diffusion velocity of the par- 
ticles, we can estimate the diffusion 
coefficient from the observed decrease 
in the particle fluxes across the region 
of Amalthea. We deduce the following 
preliminary values of the diffusion co- 
efficient D: for protons of - 100 Mev, 
D 3 x 109 sec--1 and for electrons 
of ~90 Mev, D 2 X 10-9 sec-1. 
These values are -1/20 of the 
value we derived for 14-Mev elec- 
trons at the orbit of lo based on 
Pioneer 10 data. However, spatial and 
energy dependences of the diffusion 
coefficient are expected (9). 

In conclusion, we note that the in- 
tegrated radiation dose received by 
Pioneer 11 was considerably smaller 
than that received by Pioneer 10, and 
there was no permanent radiation dam- 
age to the UCSD instrument. 
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Physics Department, University of 
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