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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 of
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 E,~ 1 million
electron volts in the magnetodisc is confirmed. (iii) Angular distributions of ener-
getic electrons E, > 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.

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 Ry
(1 R;=171,372 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 Ry (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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CENTERED DIPOLE

A (1957) =233

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
Ry 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-Miiller tube de-
tectors with a thin (29-um) single-
element, solid-state detector for unam-
biguous detection of protons 0.61 < E,
<341 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 Ry 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 R; on DOY 333
at 1345 ERT. Particle intensities on
the inbound traversal of the magneto-
disc were generally similar to those

gions are those swept out
by satellites JI through 1
JV. The unit of distance 51
is the equatorial radius of
Jupiter, 71,372 km.
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Fig. 2. Absolute, spin-averaged unidirectional intensities of electrons in several energy
ranges as labeled and protons 0.61 = E, = 3.41 Mev as a function of time during
traversal of the central magnetosphere. Arrows in upper part of the diagram show
traversal of magnetic shells through satellites as derived from Fig. 1.

observed on the Pioneer 10 mission
and again showed a 10-hour periodicity
corresponding to the wobbling magne-
todisc model. In detail, however, the
observations differed markedly from
those of Pioneer 10, thus emphasizing
the strong temporal variability of the
outer magnetosphere. Data on the out-
bound traversal of the outer magne-
tosphere near the noon meridian at
high latitudes (Fig. 1) demonstrated
conclusively that the sunward magne-
todisc is blunted and much thickened
in latitude in contrast to its relative

From the magnetopause at R;
inward to at least 30 Ry, protons 0.61
=E,=3.41 Mev exhibit corotational
streaming, as revealed by Fourier anal-
ysis of the angular distribution data
with an equation of the form

fl¢) = M [1 + K cos(p — 4)]

with the roll angle of the detector’s
axis ¢ measured from the ascending
node of the spacecraft’s equator on the
ecliptic. The phase angle A is about
180°, and K is approximately a linear
function of radial distance r with a

thinness in latitude near the dawn value of 0.32 at r = 65 R;. These find-
meridian (Pioneer 10). ings correspond to corotational stream-
SRy T T T T T T I T ] I T
3
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ing of protons E,~1 Mev with a
spectral index y =~ 1.8 in a differential
energy spectrum of power law form,
the index being approximately inde-
pendent of r over the range 65 > r > 30
R;. This result confirms the Pioneer 10
observations of Trainor et al. (2).

The spin-averaged unidirectional in-
tensities of electrons in several energy
ranges as labeled and of protons 0.61
< E, < 3.41 Mev are shown in Fig. 2
as a function of time during traversal
of the central magnetosphere. The great
complexity of the curves presumably
results from a combination of effects:
(i) the geometric nature of the tra-
jectory as shown in Fig. 1; (ii) satel-
lite sweeping effects; (iii) the changing
angle between the spin axis of the
spacecraft and the local magnetic vec-
tor; (iv) the likely nondipolar nature
of the close-in magnetic field; (v) the
effects of plasma instabilities, both
spontaneous and induced by the motion
of the several satellites through the
magnetospheric plasma; (vi) large-scale
electric fields induced by fluctuating
solar wind pressure; and perhaps (vii)
other effects, such as instabilities
in ionosphere-magnetosphere coupling.
Each of these matters is the subject of
further study.

In our paper on Pioneer 10 results
(1), we gave tentative results on the
intensities of low-energy electrons in-
terior to the magnetic shell of Io and
described the difficulties of assuring
their validity. The problems have been
alleviated by our Pioneer 11 results,
mainly because of the considerably
enhanced sensitivity of the modified
electron detector (see above). In Fig.
2, we have omitted portions of the
curves for E, > 40 kev and E, > 560
kev near periapsis, pending fuller anal-
ysis. However, it is already reasonably
certain that our earlier, tentative in-
tensities of these components were too
great by as much as a factor of 10.
Hence, we no longer have a serious

Fig. 3. Iso-counting rate contours for ener-
getic electron detector C. Omnidirectional
intensities of electrons E.>21 Mev are
found by multiplying the counting rate
by 23. This figure shows combined obser-
vations from the Pioneer 10 and Pioneer
11 missions based on the use of a centered
dipole model with a tilt of 9.5° toward
system III longitudes of 230° and 233°,
respectively. Circles and triangles are ob-
served points for Pioneer 10 and Pioneer
11, respectively; times signs and plus signs
are corresponding reflections in the mag-
netic equatorial plane.
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disagreement with the intensities re-
ported by Fillius and Mcllwain (3) for
similar energy ranges.

The intensities of electrons E, > 21
Mev and E,> 31 Mev are relatively
smooth functions of time. In Fig. 3 are
shown iso-counting rate contours in a
magnetic meridian plane, based on both
Pioneer 10 and Pioneer 11 observations
with nominally identical detectors (E, >
21 Mev). In one region of approximate
overlap of the respective trajectories,
the counting rates of the two detectors
agree to within 20 percent or better. An
equatorial profile of absolute intensities
of electrons derived from Fig. 3 shows
a clear maximum with omnidirectional
intensity J = 3.8 X 107 (cm? sec) —1 at
r=2.5 Rjy. Also from Fig. 3 we have
derived values of J versus (B,/B) at
constant L values, where B is the local
scalar value of the magnetic field and
B, is its equatorial value on the same
dipolar magnetic shell specified by the
Mcllwain parameter L (Fig. 4). A pre-
liminary interpretation of these results
in terms of resonance interaction be-
tween whistler-mode noise and high-
energy electrons is as follows. Kennel
and Petschek (4) show that magne-
tospheric electrons with energies above
a critical energy

E. = B*/[8xNA(1 + 4)%]

are pitch angle-scattered by whistler
noise [for definitions of these quantities,
sec Kennel and Petschek (4)]. Elec-
trons with energies below E_ are not
affected by this mode. Using the mag-
netic field values of Smith et al. (5)
and the plasma number densities N
determined by Frank et al. (6), we
find that B2/8zxN is 11 Mev at L = 3.
In the inner magnetosphere it is prob-
able that weak pitch-angle diffusion
prevails. Then the anisotropy factor A4
is of the order of 0.2, and E, at L =3
is 38 Mev and thus above the threshold
of detector C. This detector will thus
count particles that are unaffected by
the whistler noise (21 Mev < E < E,)
as well as particles that are affected
(E > E,). For particle energies above
E, the equilibrium pitch-angle («)
distribution at the equator was pre-
dicted by Kennel and Petschek as

J(E>E) ~In (S,i“"‘)
Sin ac

where «, is the loss cone angle at the
equator. The adiabatic pitch angle
transformation allows us to calculate
the unidirectional intensity j and hence
the omnidirectional intensity J (E > E)
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as a function of (By/B) along a par-
ticular field line, treating o, as a free
parameter whose value is chosen for
best agreement with the observations.
The resulting calculations for several
values of L are shown as solid lines in
Fig. 4. The circles are the observed
values on an arbitrary scale of inten-
sity, different for each L. The agree-

Fig. 4. Dependence of the omnidirectional
intensity of electrons E.>21 Mev on
(Bo/B) as derived from Fig. 3. The circles
are the observed points; solid lines are
according to the Kennel-Petschek theory
of whistler-mode, pitch-angle scattering.
The vertical scale is arbitrary and different
for each set of data (see text).

ment is satisfactory for (B,/B) = 0.6.
For (B,/B) > 0.6 the observed values
of J increase much more rapidly with
(By/B). These rapid increases (dashed
curves in Fig. 4) are consistent with
pancake distributions at the equator
of the form j~sin"a. We attribute
these dashed portions of the curves to
particles with energies below E, which
are unaffected by the whistler noise.
The complete set of data points is
consistent with an equatorial distribu-
tion of the form

sin

J = A(E) sin"a 4+ B(E) In (sin p”
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with A(E) =0 for E>E, and B(E)
=0 for E < E,. Values of m for low
L values are. 6 to 10. The observed
data exhibit a smoothly changing char-
acter from L =2 to L =10 with the
noteworthy exception of L =6 (Fig.
4). The more isotropic component of
the angular distribution is absent at
L =6. It is tempting to associate this
anomaly with the satellite Io (JI). Io
can conceivably inhibit the development
of whistler waves in a number of dif-
ferent ways.

Among the various satellite effects
that can be identified in the Pioneer
10 and Pioneer 11 data, the most clear-
cut and dramatic effect is that caused
by Io as shown in Fig. 2 and in larger
scale in Fig. 5. The intensities of pro-
tons 0.61 = E,, = 3.41 Mev are reduced
by a factor of about 100 interior to Io’s
magnetic shell and the intensities of
electrons E, > 40 kev and > 560 kev
are reduced by a factor of about 10
(inbound), whereas the intensities of
electrons E, > 21 and > 31 Mev are
only slightly affected.

Full analysis of satellite effects is
the most promising technique for under-
standing the physical dynamics of the
magnetosphere of Jupiter, a technique
that is not available for the magne-
tosphere of Earth.
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Jovian Protons and Electrons: Pioneer 11

We present here a preliminary ac-
count of the Pioneer 11 passage through
the Jovian magnetosphere as viewed by
the particle detector systems of the
Goddard Space Flight Center and the
University of New Hampshire. The
detector systems and their operation
have been described elsewhere (I, 2).
In this report we will restrict our com-
ments almost entirely to the region
well within the Jovian magnetosphere,
using data from the low energy tele-
scope (LET-II). This detector system
measures the proton flux from 0.2 to
21.2 Mev in seven energy intervals
and the electron flux from 0.1 to 2
Mev in four intervals. It is well shielded,
has a small geometric factor (0.015
cm?-ster), and has an extended dynamic
range allowing flux measurements to
~3 X 107 em—2 sec—!. Representative
electron and proton rates (up to ~2
Mev) are sampled over eight angular
sectors to study particle anisotropies.

In an earlier Pioneer 10 paper (2)
we described the Jovian magnetosphere
in terms of certain characteristic re-
gions: the region outside the magneto-
sphere where large fluxes
electrons and protons are observed to
be coming from the magnetosphere;
the outer Jovian magnetosphere ex-
tending from bow shock crossings to
~ 50 Jupiter radii (Rj;), a region of
quasi-trapping and diffusion; a transition
region between ~ 50 and ~ 25 Ry, for
example, between the outer diffusion
zone and the region where the magnetic
field rigidly rotates with the planet;
and the region inside ~25 Ry, which

of Mev

is the really stable trapping region. This
is a tentative morphology and is similar
to that advanced by the other Pioneer
10 particle experimenters (3). The to-
pology of this magnetosphere which
emerges from the results of the particle,
magnetic field (4), and plasma (5) mea-
surements is very complicated: it con-
sists of a rapidly rotating, giant mag-
netosphere which is easily deformed,
where the physics is often dominated by
a hot plasma inferred but not directly
measured by Pioneer; the offset and
tilted magnetic field results in a com-
plicated, floppy motion of the mag-
netic field and the particles within it;
and Pioneer 10 results showed quite a
different character for this magneto-
sphere inbound on the sun side, as
opposed to the outbound trajectory
near the dawn meridian where the
electrons and protons were much more
concentrated near the equator.

On Pioneer 10, increases of low-
energy Jovian electrons (0.2 to 8 Mev)
were observed more than 1 astronomi-
cal unit (A.U.) away from Jupiter (6).
On Pioneer 11 these increases were
first observed in January 1974, when
the spacecraft was ~2 A.U. from the
planet. These electron increases per-
sisted over =5-day periods and tended
to recur at 27-day intervals. Further-
more, during the first half of 1974,
many of these electron increases were
readily detected at 1 A.U. by a more
sensitive detector on Interplanetary
Monitoring Platform 7. Because of
space limitations, these observations will
be presented elsewhere. They further
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Fig. 1. Fluxes are shown for protons (0.5 to 2.1 Mev and 1.2 to 2.1 Mev) and electrons
(0.1 to 2 Mev) for the period 24 November to 8 December 1974. The locations of
crossing of the bow shock (B) and magnetopause (M) are noted (12). The relatively
high background in this electron measurement from the LET-II telescope amounts to
~ 2 count sec™ and is due to gamma rays from the radioisotope power supply.
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