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Jupiter Revisited: First Results from the University 
of Chicago Charged Particle Experiment on Pioneer 11 

Abstract. During the December 1974 Pioneer 11 Jupiter encounter our experi- 
ment provided measurements of Jovian energetic protons and electrons both in 
the magnetic equatorial zone and at previously unexplored high magnetic latitudes. 
Many of the observations and conclusions from the Pioneer 10 encounter in 1973 
were confirmed, with several important exceptions and new findings. We report 
evidence from Pioneer 11 for protons (~ 1 million electron volts) of Jovian origin 
in interplanetary space. In the outer magnetosphere particle intensities at high 
magnetic latitudes were comparable to those observed in the equatorial zone, and 
10-hour variations in particle intensities and spectra were observed at both high 
and low magnetic latitudes. Therefore, confinement of particles in the outer 
magnetosphere to a thin equatorial magnetodisc is adequate neither as a descrip- 
tion of the particle distribution nor as a complete explanation of the 10-hour 
variations. Pioneer 11 data support a model in which the intensity varies with a 
10-hour period in phase throughout the sunward side of the magnetosphere and 
is relatively independent of position within the magnetosphere. Transient, highly 
anisotropic bursts of protons with energies of ~ 1 million electron volts observed 
near the orbit of Ganymede suggest local acceleration in some regions of the 

magnetosphere. In the inner core where particles are stably trapped, a maximum 
in the high-energy nucleonic flux was again found, corresponding to the Pioneer 
10 maximum at ~ 3.4 Jupiter radii (Rj), which is apparently a persistent feature of 
the inner radiation zone. In addition, Pioneer 11 data indicate two more local 
maxima in the nucleonic flux inside 3.4 Rj, one of which may be associated with 

absorption by Amalthea, and a maximum intensity at 1.9 RJ more than 20 times 
that at 3.4 Rj. The flux of relativistic electrons reached a maximum on the mag- 
netic equator at 1.8 Rj, only slightly less than that measured by Pioneer 10 near 
its closest approach at 3.1 RJ. 
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The first investigations of the Jovian 
magnetosphere by Pioneer 10 in No- 
vember-December 1973 yielded impor- 
tant new insights of general astrophysi- 
cal interest concerning the acceleration, 
trapping, and escape of protons and 
electrons in a large-scale, rapidly rotat- 
ing magnetic field (1, 2). Detailed 
studies of these observations (2) raised 
many new questions which could be 
investigated further only by measure- 
ments in regions of the magnetosphere 
outside the near-equatorial regions sam- 
pled by Pioneer 10. The choice of tra- 
jectory for Pioneer 11 shown in Fig. 1 
was made both to explore a high-lati- 
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tude region of the magnetosphere not 
traversed by Pioneer 10 and to provide 
the opportunity to direct the spacecraft 
toward a Saturn encounter in 1979 (3). 
This report is a preliminary account of 
our Pioneer 11 observations based on 
our first examination of the data, and 
many of the questions discussed here 
will receive more detailed treatment in 
later papers. The University of Chicago 
instrument on Pioneer 11 is essentially 
identical to the instrument on Pioneer 
10 described elsewhere (4, 5). Four 
sensor systems provide measurements 
over a wide range of energies and par- 
ticle species. For clarity and for direct 
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comparison with our preliminary Pio- 
neer 10 results (1) we show data from 
only a few channels from our instru- 
ment in this report, namely: (i) pro- 
tons in the energy range from 0.5 to 
1.8 Mev from the low-energy telescope 
(LET); (ii) electrons with energies of 
6 to 30 Mev from the main telescope 
(MT); (iii) electrons with energies 
> 3 Mev measured by the electron 
current detector (ECD); and (iv) pro- 
tons Z 35 Mev and high-energy heavier 
nuclei measured by the fission cell. 

Figure 2 displays an overview of the 
counting rate profiles for Pioneer 11 of 
the ~ 1-Mev protons and the 6- to 30- 
Mev electrons from before the first bow 
shock crossing until after the last bow 
shock crossing. There are several im- 
portant large-scale features which con- 
firm observations of Pioneer 10. 

1) In the nearby interplanetary me- 
dium, there are occasional sharp in- 
creases in the proton and electron flux 
which are associated with the planet. 

2) The magnetopause is a sharp 
boundary for confinement of energetic 
particles independent of its radial posi- 
tion. As in the case of Pioneer 10, the 
magnetopause was observed at radial 
positions from about 50 Rj to 100 Rj 
at various times as a result of compres- 
sion and relaxation in response to 
changes in solar wind pressure. 

3) Variations in the electron and 
proton intensity [and electron spectral 
index (6)] with a 10-hour period asso- 
ciated with Jupiter's 10-hour rotation 
period are found throughout the mag- 
netosphere (1, 7). 

4) Outside R - 20 Rj, the intensities 
of protons or electrons averaged over 
a 10-hour period do not depend strong- 
ly on radial distance from the planet. 

5) There is a central core region of 
very-high-intensity, stably trapped par- 
ticles. 

In addition to confirming results from 
Pioneer 10, our experiment on Pioneer 
11 has also provided significant new 
information important for understand- 
ing the physics of the Jovian magneto- 
sphere. For example, the Pioneer 10 re- 
sults from all of the charged particle 
experiments (1, 2) suggested a model 
in which electrons were highly concen- 
trated near a magnetic equatorial cur- 
rent sheet in the outer magnetosphere. 
The Pioneer 11 outbound trajectory 
was at high magnetic latitudes, how- 
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their inbound trajectories. The proton 
intensity at high altitudes also was 
found to be comparable to that mea- 
sured near the equator. As is apparent 
from Fig. 2, the particle intensity was 
high at high latitudes both for a com- 
pressed and for an expanded state of 
the magnetosphere. 

As a further example, the 1-Mev 
proton flux varied by approximately 
three to four orders of magnitude with 
a 10-hour period during the Pioneer 
10 outbound or "dawn side" pass [see 
figure 2 of (1)]. The intensity maxima 
were identified as being associated with 
the entry into the equatorial current 
sheet (8), but this effect was not dis- 
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Fig. 1. The trajectories of Pioneer 10 and 
Pioneer 11 in the Sun-Jupiter (SJ) sys- 
tem; XsT is in the ecliptic plane and is 
positive radially away from the Sun along 
the Sun-Jupiter line, ZsJ is positive toward 
the north pole and is perpendicular to 
the ecliptic, and YsJ completes a right- 
handed coordinate system. Magnetopause 
and bow shock crossings have been in- 
dicated, based on the data of Wolfe et al. 
(15) for Pioneer 10 and Smith (12) for 
Pioneer 11. The unit of distance is the 
Jovian equatorial radius (1 RJ = 71,372 
km), and distances are measured from the 
center of the planet. 

cernible in the Pioneer 10 inbound pass. 
We see, however, that on Pioneer 11 
this behavior in the particle flux emer- 
ged in the radial range 15 Rj to 
40 Rj for the inbound pass, on the 
sunward side of the planet, where a 
well-developed current sheet was not 
found on Pioneer 10. From this general 
comparison of observations alone it is 
clear both that the concentration of 
particles in a thin "magnetodisc" is not 
an adequate description of the particle 
distribution in the outer magnetosphere 
and that the spatial distribution of par- 
ticles changes with time over a period 
of many days. 

Two fundamentally different models 
have been proposed to account for the 
variations in the electron flux observed 
in Jupiter's outer magnetosphere (R x 

15 R j). In the first, whose most ex- 
treme form is the "magnetodisc" 
model, particles are confined primarily 
to the equatorial zone of Jupiter's mag- 
netic field, highly distended in the outer 

328 330 332 334 336 338 340 342 
(24Nov) Day of Year, 1974 UT (G.R.T.) 

Fig. 2. An overview of the 0.5- to 1.8-Mev proton and 6- to 30-Mev electron intensity 
profiles near Jupiter measured by Pioneer 11. Magnetopause crossings (M) and bow 
shock crossings (B) have been indicated. For R S 10 RK, the logic of the MT was 
saturated and no useful information concerning the flux of 6- to 30-Mev electrons was 
returned. The profiles are plotted as a function of the universal time (U.T.) of receipt 
of data on the ground (G.R.T.). 
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magnetosphere by centrifugal stresses 
from rapidly rotating magnetospheric 
plasma. As Jupiter rotates with its mag- 
netic dipole, which is inclined 11? to 
the rotation axis, the magnetic equato- 
rial zone alternately approaches and 
recedes from the spacecraft, so that the 
observed intensity variations are the re- 
sult of the latitude dependence of the 
particle flux. Strong support for this 
model was found in the association of 
particle intensity maxima with magnetic 
field minima, especially on the out- 
bound pass of Pioneer 10 (8, 9). Sev- 
eral authors have discussed this model 
and found that, for consistency with 
the observations, large distortions in 
the equatorial zone were required (9, 
10). 

Chenette et al. (7), on the other 
hand, argued that the intensity varia- 
tions observed in the outer magneto- 
sphere could be interpreted as time 
variations, the phase of which was ap- 
proximately independent of position in 
the outer magnetosphere. Support for 
this model came from the fact that (i) 
near the outer boundary of the mag- 
netosphere the 10-hour variations ob- 
served inbound and outbound on Pio- 
neer 10 were approximately in phase 
and (ii) variations in the intensity and 
spectral index of electrons from Jupiter 
in interplanetary space were in time 
phase with the variations observed near 
the magnetopause. A conclusive choice 
between these interpretations was not 
possible with the data from Pioneer 10. 

On the basis of the trajectory shown 
in Fig. 1, the latitude-dependent model 
with maximum particle flux in the 
equatorial zone predicts for the relative 
phase of the intensity variation inbound 
and outbound a phase shift of 180? 
(5 hours) as a result of changing hemi- 
spheres, plus 40? (~ 1 hour) as a 
result of the different Sun-Jupiter-probe 
angles in the ecliptic inbound and out- 
bound, so that the phase of the varia- 
tions observed outbound should lead 
the inbound phase by about 4 hours. 
In contrast, the time-dependent model 

predicts no phase change for inbound 
as opposed to outbound variations. 

The observations made with Pioneer 
11 are presented in Fig. 3, in which 
the times of observed flux minima and 

spectral index maxima have been re- 
lated to the times expected near the 
magnetopause based on Pioneer 10 
observations, Chenette et al. (7) showed 
that spectral index maxima are asso- 
ciated with flux minima for Pioneer 10 
near the magnetopause. The heavy line 
indicates the times expected for inten- 
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sity minima if minima were associated 
with maximum magnetic latitude. The 
data clearly favor the time-dependent 
model, in view of both (i) the main- 
tenance of approximate phase coher- 
ence over a period of 1 year and 
(ii) the absence of a 4-hour phase 
change between the inbound and out- 
bound passes. It appears, therefore, 
that the 10-hour variations in intensity 
and spectral index have the same phase 
in both hemispheres of the sunward 
side of Jupiter's magnetosphere. How- 
ever, since the correlation between high 
particle fluxes and magnetic field mini- 
ma appears to be well established for 
the outbound pass of Pioneer 10, it is 

likely that neither model is completely 
adequate to account for all the observa- 
tions and that both mechanisms may 
exist in the Jovian magnetosphere. 

On Pioneer 10, in the neighborhood 
of L = 40 [L is the magnetic shell pa- 
rameter (11)] large transient bursts of 
- 1-Mev protons were observed (1). 
On Pioneer 11, both inbound and out- 
bound LET data in the range 10 s L 
f 30 show the existence of numerous 

bursts of - 1-Mev protons with large 
anisotropies, both unidirectional and 
bidirectional, usually directed parallel 
to the magnetic field (12). In some 

ranges of L, bursts, each of which 

typically lasted less than 1 minute, 
were observed to occur continually over 
a span of several hours. For example, 
at L 15.5, near the orbit of Gany- 
mede, bursts were observed at four 

separate crossings of the L shell at 
various magnetic latitudes over a pe- 
riod of - 20 hours. Similar behavior 
was not observed in this L range by 
Pioneer 10. This behavior is strongly 
suggestive of nearby acceleration or 
injection for these particles. 

The discovery of relativistic electrons 
from Jupiter in interplanetary space (7, 
13) and the proof of their Jovian ori- 

gin (7) suggested a search for protons 
escaping from Jupiter's magnetosphere. 
Since the highly variable nature of the 

low-energy ( 1-Mev) proton flux in 

interplanetary space makes it difficult 
to identify Jovian protons with the use 
of the time intensity profile alone, 
another criterion is required. On Pio- 
neer 10, near the bow shock and mag- 
netopause, proton fluxes with extraor- 

dinarily steep energy spectra were 
observed (1), a result which suggests 
that the steepness of the energy spec- 
trum might be a useful criterion. 

Preliminary analysis of both our Pio- 
neer 10 and Pioneer 11 data has shown 
the existence of a number of ~ 1-Mev 
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Fig. 3. Times of occurrence of electron spectral index maxima and electron flux minima 
relative to the time expected based on the assumption of a strict periodicity of 9 
hours, 55 minutes, 33.1 seconds [Jupiter's synodic system III rotation period (16)] for 
the variations. The spectral index maximum observed by Pioneer 10 at about 0545 
U.T. (G.R.T.) on day 332, 1973, has been used as the reference, consistent with the 
analysis of Chenette et al. (7). In cases where two flux minima or spectral index 
maxima were observed within one 10-hour period, both have been plotted and are 
joined by a light dashed line. 

proton events in interplanetary space 
characterized by steep energy spectra, 
many, but not all, of which occurred 
in association with interplanetary elec- 
tron events of Jovian origin. The pro- 
ton energy spectra were significantly 
steeper than those observed in quiet or 
solar active periods, and the proton flux 
was often highly anisotropic, with the 
direction of arrival more consistent with 
a Jovian than a solar origin. 

In Fig. 4, we have plotted the spec- 

tral index of protons with energies of 
0.5 to 1.8 Mev for successive 2-hour 
intervals during a portion of the Pio- 
neer 11 inbound and outbound trajec- 
tory. Of the four interplanetary proton 
events (labeled a through d), events a 
and d were associated with Jovian in- 

terplanetary electron events. Note that 
the event d occurred approximately 70 

Rj beyond the last reported bow shock 

crossing (12). Proton spectra within the 

magnetosphere do not show the large 

Pioneer II Jovicentric Distance (Rj) 

(22Nov) Day of Year, 1974 UT (G.R.T.) 
Fig. 4. Spectral index of protons with energies between 0.5 and 1.8 Mev as a function 
of time. Interplanetary Jovian proton events are labeled a through d. [Events a and b 
are also identified in Fig. 2.] 
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spectral index characteristic of the inter- 
planetary protons identified as being of 
Jovian origin. For this reason it remains 
an open question whether the protons 
observed in these events are escaping 
from the magnetosphere via a highly 
energy-dependent escape mechanism or 
are accelerated in the region of the 
bow shock or magnetopause. 

The intensity profiles of energetic 
particles stably trapped in the dipole 
region of Jupiter's magnetic field (L % 

10) are shown as a function of L (11) 
in Fig. 5. For LET counting rates > 2 
X 104 sec-1, the response of the LET 

counting rate to changes in flux is non- 
linear. Nevertheless, the counting rate 
continues to give a qualitatively correct 
indication of the behavior of the par- 
ticle flux in spite of the nonlinearity (5). 

For the fission cell, whose nominal 

response is to protons x 35 Mev, we 
find a peak proton flux at L 1.9 of 
1.3 X 108 cm-2 sec-1. The ECD cur- 
rent measured in the sharp maximum 
at L -1.9 provides an upper limit of 
1.4 X 107 cm-2 sec-l for protons ; 30 
Mev, however. The source of this dis- 

crepancy is most likely background in 
the fission cell counting rate due either 
to detection by direct energy loss in 
the fission cell detectors of nuclei with 
atomic number Z> 1, as discussed by 
Simpson et al. (5), or, in the immedi- 
ate vicinity of L = 1.9, possible pileup 
of pulses from direct energy loss by 
high-energy protons in the detectors. 
We are quite confident that there is no 

appreciable contribution to the fission 
cell counting rate from electrons, so 
that the profile measured is that of 

high-energy trapped nuclei. 
A major discovery made during the 

Pioneer 10 encounter was the existence 
of a local maximum in the flux of high- 
energy nuclei at L- 3.4 (5). As can 
be seen in Fig. 5, data from Pioneer 11 
confirm the existence of this maximum 
as a persistent feature of the trapped 
radiation. It is also clear from the be- 
havior of the flux profile inside L 3 
that absorption by Amalthea (at L 
2.4 to 2.7) is not the cause of the flux 
decrease extending from L= 3 to 3.4. 

The profiles of the LET protons and 
ECD electrons show, as did similar 

profiles for Pioneer 10, the importance 
of absorption by Io in limiting fluxes 
of these particles for L < 6, and thus 
provide further conclusive evidence that 
the trapped radiation in Jupiter's inner 

magnetosphere is supplied and main- 
tained by inward diffusion from the 
outer regions. The intensity profiles 
also indicate a possible role for absorp- 
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Fig. 5. The intensity profiles of ; 3-Mev 
electrons, high-energy nuclei, and 1- 
Mev protons measured by Pioneer 11 as 
a function of magnetic shell parameter 
L in the dipole region of Jupiter's magnet- 
osphere. For comparison, inbound data 
from the Pioneer 10 ECD and fission cell 
have also been plotted as the dashed 
curves. The D2 magnetic field model of 
Smith et al. (8) has been used to com- 
pute L (11). The differential flux of 
0.5- to 1.8-Mev protons (per square centi- 
meter per second per million electron 
volts) may be obtained by multiplying the 
LET counting rate by 20 for counting rates 

i 2 X 104. For the ECD, multiplying the 
observed current by 1014 yields the in- 
tegral flux of electrons ;s 3 Mev (per 
square centimeter per second). For the 
fission cell, the integral flux of protons 
> 35 Mev (per square centimeter per sec- 
ond) is found by multiplying the counting 
rate by 4 X 104. See also the discussion 
in the text, however, concerning possible 
fission cell background. 

tion by Amalthea in determining the 
flux inside L _ 2.4, although this is not 

proved at the present time. The flux of 
> 3-Mev electrons measured on the 

magnetic equator at L 1.8 was 
1.6 X 108 cm-2 sec-1, somewhat less 
than the flux of 2.5 X 108 cm-2 sec-1 
measured on the Pioneer 10 mission on 
the magnetic equator at L 3.1, indi- 
cating a maximum in the electron flux 
as a function of L between L = 3.1 and 
L= 1.8. The fact that a generally 
higher flux was measured by Pioneer 
10 than by Pioneer 11 for L < 10 is 
most reasonably attributed to a latitude 
dependence of the flux, since in this 
region the Pioneer 11 trajectory was, 
for the most part, at high magnetic 
latitudes. Present evidence indicates that 
changes in the stably trapped flux 
with time were small in the interval be- 
tween the Pioneer 10 and Pioneer 11 

encounters. The correct determination 
of the electron flux profile as a function 
of L and magnetic latitude has great 
significance for astrophysics because of 
the possibility of comparing for the 
first time observed synchrotron emis- 
sion with that predicted by theory for 
a measured population of electrons. 

Although we have presented our 
data in this report in terms of the D2 

magnetic field model of Smith et al. 
(8), we have also analyzed our data 
in terms of the 03 magnetic field model 
of Acuna and Ness (14), which differs 
significantly from the D2 model. Neith- 
er model organizes all of the particle 
data for L I 10 in a fully satisfactory 
manner, and the basic conclusions in 
this report are unaffected by our choice 
of model. More detailed discussion will 
be given this question in a later paper. 

Our experiment on Pioneer 11 suf- 
fered no detectable damage or degrada- 
tion as a result of passage through 
Jupiter's radiation belts. 
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Pioneer 11 Observations of Energetic Particles 

in the Jovian Magnetosphere 

Abstract. Knowledge of the positional distributions, absolute intensities, energy 
spectra, and angular distributions of energetic electrons and protons in the Jovian 
magnetosphere has been considerably advanced by the planetary flyby of Pioneer 
11 in November-December 1974 along a quite different trajectory from that oJ 
Pioneer 10 a year earlier. (i) The previously reported magnetodisc is shown to be 
blunted and much more extended in latitude on the sunward side than on the 
dawn side. (ii) Rigid corotation of the population of protons Ep - 1 million 
electron volts in the magnetodisc is confirmed. (iii) Angular distributions of ener- 
getic electrons Ee > 21 million electron volts in the inner magnetosphere are 
shown to be compatible with the Kennel-Petschek whistler-mode instability. (iv) 
A diverse body of magnetospheric effects by the Jovian satellites is found. (v) 
Observations of energetic electrons in to a radial distance of 1.59 Jovian radii 
provide a fresh basis for the interpretation of decimetric radio noise emission. 
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A second body of in situ observations 
of the Jovian magnetosphere was ob- 
tained by instruments on the Pioneer 
11 spacecraft of the Ames Research 
Center of the National Aeronautics 
and Space Adminstration during No- 
vember-December 1974. Results of the 
predecessor mission of Pioneer 10, 
which flew by Jupiter 1 year earlier, 
have been reported in the 25 January 
1974 issue of Science and in the 1 Sep- 
tember 1974 issue of the Journal of 
Geophysical Research. 

We present here a preliminary re- 
port of observations of energetic elec- 
trons and protons with the University 
of Iowa instrument on Pioneer 11. 

The hyperbolic encounter trajectory 
of Pioneer 10 with Jupiter was pro- 
grade in a plane inclined 13.8? to the 
planet's equatorial plane and had peri- 
apsis at a radial distance of 2.85 RJ 
(1 R T= 71,372 km, the adopted value 
of the equatorial radius of the planet). 
The encounter trajectory of Pioneer 11 
was retrograde in a plane inclined at 
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51.8? and had periapsis at a radial 
distance of 1.60 Rj (Fig. 1). Thus the 
new observations spanned a consider- 
ably greater range of latitude and lon- 
gitude; extended inward much closer 
to the planet; and were obtained, of 
course, at a different epoch. 
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X15 m(957)2= 

Fig. 1. Trace of the Jo- 
vian encounter trajectory 
of Pioneer 11 on a mag- 
netic meridian plane for 
the centered dipole mod- 5 
el of Randall [see (1)] 
updated to December 
1974. Cross-hatched re- o0 0 

gions are those swept out 
by satellites JI through 
JV. The unit of distance 5 

is the equatorial radius of 
Jupiter, 71,372 km. 
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Pioneer 11 passed through periapsis 
at 0603 ERT (Earth received time) on 
DOY (day of the year) 337/1974 
(3 December 1974). Relative to a plane 
containing the Sun and the poles of 
the ecliptic plane, the local time of the 
spacecraft at a radial distance r of 100 
Rj was 9.2 hours inbound and 11.6 
hours outbound. The spacecraft crossed 
the reference plane of the sunward side 
of the planet at 0025 ERT/DOY 339 
at a radial distance of 36.4 Rj. 

The spin period of Pioneer 11 was 
11.89 seconds during Jovian encounter, 
and, as with Pioneer 10, the spin axis 
was pointed continuously at Earth 
to an accuracy of better than 1?. 

Our instrument on Pioneer 11 was 
considerably improved over that on 
Pioneer 10 by the replacement of one 
of the original Geiger-Muller tube de- 
tectors with a thin (29-.tm) single- 
element, solid-state detector for unam- 
biguous detection of protons 0.61 < Ep 
< 3.41 Mev and by modification of 
another detector so as to increase our 
sensitivity to low-energy electrons by 
increasing the geometric factor four- 
fold and by lowering the detection 
threshold from 60 to 40 kev. General 
characteristics of the instrument and 
other experimental details have been 
described in detail by Van Allen et al. 
(1). 

The first crossing of the bow shock 
was identified by the magnetometer 
and plasma analyzer experimenters at 
109.7 Rj on DOY 330 (26 November 
1974) at 0420 ? 05 ERT. After this 
event there were a miscellany of mag- 
netopause and bow shock crossings until 
a "final" durable crossing of the mag- 
netopause at about 65 Rj on DOY 333 
at 1345 ERT. Particle intensities on 
the inbound traversal of the magneto- 
disc were generally similar to those 
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