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Abs~ract. ('i-- s.ystematic study of energetic ion trajectories in Jupiter's plasma sh~et region
predicts a significant role for both regular and stochastic types of motion and reveals several
asp~cts .of the ion dynamics that aid in the interpretation of Galileo observations. The
motion is ~enerally confined to ~he vicinity of the current sheet in a way that is proportional
to the vanable current sheet thickness as seen in the particle and field data. The radial
exten~ ~f the trajectories ir.icreases with rigidity and initial radial distance from the planet,
explam~n~ ~e corr~spon~m~ lack of high-rigidity ions and decreasing radial gradients at
lower rigidity. Ion mtensity mcreases associated with changes in current sheet thickness
sug.gest. an acceleration regi~n at ""25 to 30 R1 . Energy dispersion in ion events at larger
radial distances can be explamed by such a source combined with elastic ion scattering.

1. Introduction
Models of Jupiter's magnetic field based on data from the
Pioneer and Voyager spacecraft showed that the planetary
dipole is distorted by current flowing in the extended plasma
sheet that is the dominant feature of Jupiter's magnetosphere
[Goertz et al., 1976; Connemey et al., 1981]. Observations of energetic particles showed that, beyond the inner
radiation zone, they are also substantially confined to the
vicinity of the plasma sheet [e.g., Vogt et al., 1979]. More
recent results from the Galileo orbiter have confirmed these
essential properties and also shown that the magnetosphere
is highly dynamic, with substantial variability in both fields
and particles on timescales of hours and days [Louam et al.,
1998; Woch et al., 1998; Russell et al., 1999; Mauk et al.,
19.99].
The composition of energetic, several MeV/nucleon, ions
in Jupiter's inner magnetosphere (largely oxygen and sulfur)
and their low ionization states imply that their origin is
the moon Io, while their composition in the plasma sheet
region (largely oxygen and carbon) implies a solar origin
[Vogt et al., 1979; Garrard et al., 1996; Cohen et al., 2000].
Ionization of neutral gas from Io produces a plasma that
is transported radially outward [Belcher, 1983], but radial
gradients of the energetic ions show that they are transported
inward toward Io [Gehrels and Stone, 1983]. Therefore ion
acceleration must occur outside this region, possibly in the
plasma sheet beyond radial distances of ,..., 15 R1 [Barbosa
et al., 1984]. Galileo has provided an opportunity to directly
Copyright 2001 by the American Geophysical Unlon.
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identify the acceleration site by making ion measurements
on multiple passes through the plasma sheet region, but reliable interpretation of these data requires an understanding
of the ion dynamics.
Jupiter's distended plasma sheet magnetic field configuration is similar to that of the Earth's magnetotail for which
the ion dynamics have been studied in detail by numerical trajectory computations (see review by Chen [1992]).
The trajectories at Jupiter can therefore be classified in a
similar way [Cheng and Decker, 1992]. Previous studies
of ion motion in Jupiter's plasma sheet have emphasized
local aspects such as pitch angle diffusion [Birmingham,
1984] and the interpretation of measured ion anisotropies
[Cheng and Decker, 1992; Drolias et al., 1996]. However,
interpretation of the dynamical nature of the Galileo ion
observations requires a systematic study of ion trajectories
emphasizing their large scale properties. In this work we
begin such a study following a brief survey of some Galileo
ion data.

2. Observations
Data from the Galileo heavy ion counter (HIC) [Garrard
et al., 1992] are shown in Figure 1. They were taken in 1997
during the ninth and tenth Galileo orbits (C9 and ClO). The
12 days of data from each orbit are centered approximately
on the closest approach to Jupiter and shown as a function of
spacecraft event time (SCET), radial distance from Jupiter
in planetary radii (R1 ), and local time (LT). Two singledetector count rates, LB2 and LB3, respond to all species
of energetic ions; and a multidetector detector count rate
LEIB, responds only to heavy ions (Z > 5). The respons;
characteristics to significant ion species are summarized in
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Figure 1. Energetic ion counting rates versus time measured by the heavy ion counter (HIC) on Galileo
from consecutive orbits in 1997. The rates from top to bottom are LB2 (mostly 2 to 6 MeV protons), LB3
(mostly 5 to 11 MeV protons), and LETB (mostly 4 to 18 MeV/nucleon oxygen). The horizontal bars
labeled Dl to 04 and the dotted lines highlight the dispersive events described in the text.

Table 1. The count rates shown in Figure 1 are generally
proportional to ion intensity (except for rates ~ 104 counts/s
where some saturation occurs).
Several significant properties of the plasma sheet energetic ions .are evident from the figure. First, it is clear that
planetward of at least "'20 R1 the ion intensities generally

increase toward Jupiter. This is the typical radiation belt
observation by a detector with a fixed energy threshold resulting from adiabatic heating as particles are transported
planetward. We are primarily concerned with ions observed
in the plasma sheet region beyond ""20 R,. In this region
the data are not clearly organized by radial distance. An
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Table 1. Heavy Ion Counter Geometry Factors G and
Approximate Energy Ranges for Selected Elements

G, cm2 sr
H,MeV
C, MeV/nucleon
0, MeV/nucleon
S, Me V/nucleon

LB2

LB3

LETBa

0.42
2-6
>3.5
>4
>5

0.57
5-11
>4
>5
>6

0.42

MAG 5 min averages

3.5-15
4-18
5-25

104

Galileo/HIC C10 orbit
LB2
LB3

LETS

1o2
a The LETB rate requires a two-detector coincidence and
has a lower energy threshold. than the nominal three-detector
coincidence requirement [Garrard et al., 1992].

obvious feature is the 5-hour periodicity in the ion intensities
resulting from the Galileo orbit being crossed by the plasma
sheet twice per IO~hour Jovian rotation period as a result of
the 10° tilt of Jupiter's dipole axis. The periodicity shows
that the ions are concentrated at the center of the plasma
sheet, but the amplitude of the modulation, and therefore
the characteristic thickness of the sheet in which the ions
are concentrated, is variable. The sheet is thinner on both
inbound orbits, which occur in the morning sector, than on
the outbound orbits, which occur in the late evening sector.
This trend is seen in most, but not all, of the other Galileo
orbits, but the HIC data were most complete in the C9 and
CIO orbits. Transitions in sheet thickness can be sudden, as
on days 176 and 257 when the sheet thickness increased in
association with increases in ion intensities. Close-ups of
the data from these two periods, along with data from the
Galileo magnetometer [Kivelson et al., 1992], are shown in
Figures 2 and 3.
Changes in the current sheet thickness
are seen in the magnetic field magnitude, as are nearby field
fluctuations indicative of plasma turbulence. The magnetic

MAG 5 min averages
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Figure 2. Energetic ion and magnetometer data from the C9
orbit.
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Figure 3. Energetic ion and magnetometer data from the
CIO orbit.

field components (not shown) confirm that Galileo continued
to cross the current sheet throughout the periods shown in
Figure 1.
Ion intensity increases, such as those on days 184 and 265
(Figure 1), typically occur quickly (hours) and decay slowly
(days). The decay of similar events on the inbound orbits,
such as beginning on days 176 and 257, can be obscured
by the generally increasing ion intensities with the approach
to Jupiter, and their overall shape can be obscured by the
modulation from the thinner inbound current sheet. Smaller
such events can be seen in the thiri current sheet on days 172
and 174, but the intensity increases appear less rapid.
The events on days i84 and 265 (Figure 1) show clear
energy dispersion, in which high energies appear sooner,
suggestive of particles arriving from a distant source. The
day 174 event also shows some energy dispersion if only
the envelopes of the modulated intensities are considered.
The horizontal bars in Figure 1 labeled 01, 02, and D4
show the time periods between the arrival of the peak highenergy (LB3) arid low-energy (LB2) rates for these dispersive events. The dotted lines show the envelopes of
the modulated rates for the events where the dispersion is
defined only by those envelopes. Such dispersive features
at lower particle energies have been associated with quasiperiodic reconfigurations of the magnetosphere .[Woch et al.,
1998]. Some intensity increases in the HIC data, such as
the one on ,day 176 (Figure 2) that is closer to Jupiter,
do not show energy dispersion. The increase on day 257,
labelled 03 in Figure 1 and also shown in Figure 3, has a
nondispersed peak intensity but, excluding that peak from
the intensity envelopes as shown by the dotted lines, may be
dispersive on a longer timescale. In general, the dispersive
features can be observed only on timescales longer than
5 hours because of the modulation in the data due to the
current sheet crossings.
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Much of the above discussion is based on the particle and
The combination of magnetic field and energetic ion data
(Figures 2 and 3) shows that a change in current sheet thick- field data in only a qualitative way. The primary goal in this
ness causes a corresponding change in the ion confinement. work is to characterize the energetic ion trajectories in the
Associated energy-dispersed changes in ion intensity sug- plasma sheet region by numerical calculation. A secondary
gest that the changes were initiated at a location remote from goal is to determine whether they support or refute our interthe observation site. Lack of dispersion in the ion features pretations of the ion data.
seen in the . . . . 25 to 30 R1 region (day 176 in Figures 1 and 2
and similar features in other orbits not shown) suggests that 3. Magnetic Field Models
this region is the site of the changes in sheet thickness and
j\n accurate magnetic field model is critical to obtaining
the primary ion acceleration site.
realistic
ion trajectories. The results of the last section
Many features seen in the LB2 and LB3 rates are not apshowed
that
the model should include a variable current
parent in the LETB rate (Figure 1), so those features must be
We have adopted the Euler potential model
sheet
thickness.
formed primarily by protons, although they could be present
in the heavy ions at energies below the LETB threshold. A of Khurana [ 1997] using the parameters derived from both
subset of the counts that form the LETB rate can be analyzed Voyager and Pioneer data, but with some modifications.
for composition [Cohen et al., 2000]. Plasma sheet features The model includes a parameter d1 = 2 R1 that represents
in these rates, such as the enhancements on days 176 and the characteristic thickness of the current sheet. We have
257, have a solar composition, with comparable oxygen and changed this to values of 1 and 3 R1 to represent the thin and
carbon abundances, in agreement with previous composition thick current sheets, respectively. Most of our calculations
measurements in this region [Vogt et al., 1979]. The nearly are done with the 1 R1 value. The magnetic field data
constant background rate seen in the multidetector LETB show that when the sheet thickness changes, the total current
rate is caused by cosmic rays that are not trapped in the flowing in the sheet remains approximately constant. The
total sheet current is maintained at the original model value
magnetosphere.
While the composition of the accelerated heavy ions is by changing the model parameter B1 by the same factor
solar as described above, plasma sheet ions observed by as the change in the sheet thickness parameter d 1. Some
Voyager and Galileo at lower energy (. . . . 10 keV to 1 Me V representative field lines with the thin sheet model are shown
total kinetic energy) [Kane et al., 1999] have an Io-like in Figure 4. The sweepback of the field lines due to Jupiter's
composition (S and 0). Their acceleration at the sites of rotation, the dipole tilt relative to the rotation axis, and the
plasma sheet thinning and subsequent inward radial diffu- hinging of the current sheet due to the solar wind flow are
sion may be the source of the energetic sulfur and oxygen evident.
An additional modification of the magnetic field model
ions observed in the inner magnetosphere. Ionization of
that
simplifies the interpretation of ion trajectories is to asfast neutral atoms produced by charge exchange in the Io
torus can also provide a seed population for accelerated
ions [Barbosa et al., 1984]. Smaller-scale nondispersive ion
features concurrent with plasma sheet thinning and magnetic
field fluctuations are observed beyond 30 R1 (e.g., day 257.6
in Figures 1 and 3), suggesting that acceleration sites may
be transported by outward plasma flow from their more
common location.
The plasma sheet thinning may be caused by an outward
release of plasma [Russell et al., 1999] in a similar way to
the thinning of the terrestrial plasma sheet following plasmoid release during a magnetic substorm. Unlike terrestrial
substorms the plasma sheet thinning events do not appear to
be initiated by reconnection across the plasma sheet [Russell
et al., 1999], nor do they appear to be related to the smallscale flux tube interchange events [Kivelson et al., 1997] that
are thought to transport plasma outward from the Io plasma
torus. They may represent a decoupling of the plasma from
the magnetic field, caused by anomalous resistivity, that
allows the plasma to move outward across the field and
returns the field to a less distorted and more dipolar state
[McNutt et al., 1987]. These events may be quasi-periodic
with an intrinsic timescale of .......,3 days, as suggested by Woch
et al. [1998]. Jovian energetic events seen in plasma waves
with a similar period [Louam et al., 1998] may be related to Figure 4. Perspective view of selected magnetic field lines
with the full magnetic field model and thin current sheet in
the same phenomenon. Particle injections, associated with
system III coordinates. The field lines are also projected on
such field dipolarizations in the terrestri,al case, have been the X-Y, X-Z, and Y-Z planes (dotted lines). Jupiter's spin
observed at Jupiter throughout the radial distance range of phase is such that the magnetic dipole is tilted toward the
. . . . 10 to 25 R1 [Mauk et al., 1999], although no association direction of the solar wind flow. Note the expanded scale.in
the Z coordinate.
has been made with the plasma sheet thinning events.

SELESNICK ET AL.: ENERGETIC ION DYNAMICS

~;''::--.\

<:·<:._

··- ...•

_,o

Figure 5. Similar to Figure 4, but with the simplified field
model.

·

sume that Jupiter's internal magnetic field is a simple dipole
whose moment is aligned with Jupiter's rotation axis and
perpendicular to the solar wind flow. Representative field
lines in this case, again with the thin sheet model, are shown
in Figure 5. Now the magnetic field is azimut}Jally symmetric with respect to the rotation axis and there is no hinging of
the current sheet. We call this the simplified field model and
use it for most of the ion trajectory calcul11.tions. Although
the magnetic field configurations represented in Figures 4
and 5·are quite different, the local magnetic field properties
at similar locations relative to the current sheet are not. This
justifies the use of the simplified model for calculating ion
trajectories, as we demonstrate later.
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A sample ion trajectory in the simplified magnetic field
model with thin curreµt sheet is shown in Figure 6. This is
a regular, or integrable, trajectory that executes a relatively
simple oscillatory motion across the cµrrent sheet of the type
first describecl by Speiser [1965). It orbits the planet three
times in the 1.23-hour simulation time shown and never
exits the current sheet region. The oscillatory motion can
be understood as gyration about the radial component of the
magnetic field, but before a gyro-orbit can be completed, the
trajectory crosses the neutral sheet into the opposed radial
field where it begins to gyrate in the opposite sense. This
is combined with azimuthal drift around Jupiter cau&ed by
gyration about the weak magnetic field component perpen·
dicular to the neutral sheet.
Another ion trajectory is shown in Figure 7. This had
the same initial conditions, at the equatorial plane, as the
trajectory in Figure (), but the thick current sb.eet field model
was µsed. The general characteristics of the two trajectories
are the same, with the second one having a larger radius
of curvature owing to the weaker field of the thick current
sheet. This similarity between trajectories in the simplified
field model with different sbeet thicknesses is generally valid
because the normal component of the magnetic field at the
neutral sheet does not vary with the sheet thickness. In fact,
it also does not vary with changes in the total sheet current,
so that increasing or decreasing that current has a similar
effect on the ion motion to increasing or decreasing the sheet
thickness. In reality, however, the normal component of the
magnetic field, which depends largely on the radial gradient
of the sheet current, clearly can vary, so that the calculated
ion trajectories should be considered as only representative.
We now compare the trajectory of Figure 6 with a similar
one in the full magnetic field model. Here it is difficult to

zO

4. Trajectory Simulations

,o

We solve the equation of motion for a charged particle in
Jupiter's magnetic field Bin the form
·

dt

1{.ds =txB,

0

&
,...

(1)

where t = dr/ ds is the tangent to the trajectory at position r,
sis the path length along the trajectory, and 1{. = p/q is the
particle's rigidity or momentum p per charge q. Electric field
and other forces are not included, as is valid for sµfficiently
high particle speeds, so the shape of the trajectory depends
only on 1{.. The equation of motion (l) is· solve<l numerically
by a fourth~order Runge~:Kutta method with adaptive step
sizes. The conservation of energy in (1) is monitored by
verifying !ti l to ensure the accuracy of the integration.
In the case of the simplified Qiagnetic field model, which is
independent of azimuth, the component along the symmetry
axis of the generalized angular momentum is also conserved
by (1) and its conservation in the numerical iQtegration is
also verified.

=

,.,.

Figure 6. Perspective view of a regular ion trajectory in
the simplified magnetic field model with thin current sheet.
The trajectory is also projected on the X-Y, X-Z, and Y-Z
planes (dotted lines). The rigidity a(. and simulatioµ time
t correspond to a 4 MeV/nucleon o+ iOn. The angular
momentum Z-component per charge is L = 864 GV R1.
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Figure 7. Similar to Figure 6, but with the thick current
sheet.
determine an equivalent set of initial conditions because of
the warped current sheet. We chose to start the trajectory
at the minimum magnetic field location on a field line with
the same cylindrical distance from the rotation axis and
with the same pitch and gyrophase angles relative to the
field direction as were used in the simplified field at the
neutral sheet. The resulting trajectory is shown in Figure 8.

Figure 8. Similar to Figure 6, but in the full magnetic field
model with thin current sheet, a longer simulation time, and
shown in system Ill coordinates. At the beginning of the
simulation the magnetic field was in the same orientation as
shown in Figure 4.

Figure 9. Perspective view of a stochastic ion trajectory in
the simplified magnetic field model with thick current sheet
The rigidity !/( and simulation time t correspond to a 2 MeV
proton. The angular momentum Z component per charge is
L 806 GV R1.

=

The trajectory is again confined to the vicinity of the
current sheet, which is now warped as shown in Figure 4.
The important points are that the trajectories again have
the same basic characteristic, oscillation across the current
sheet, and are confined to the same radial range. The full
magnetic field model is not azimuthally symmetric, so that
there is no second integral of the motion equivalent to the
generalized angular momentum component that is conserved
in the simplified ca8e. However, the trajectory in Figure 8,
which was followed for eight full orbits, shows that there is
no essential difference from the simplified field model case.
The same result is obtained from trajectories with different
initial conditions. Therefore we can. take advantage of the
extra integral of the motion in the simplified case to describe
the ion trajectories. This conclusion is a result of the similar
local properties of the two field models on scale size of the ·
trajectory, which is determined by the ion rigidity. The value
of the rigidity is the largest one we will consider, so the same
conclusion applies to all of the cases discussed below.
A final example of a single ion trajectory is shown in
Figure 9. In this and all subsequent calculations the sim~
plified field model is used. The initial conditions correspond
to a lower rigidity than in the previous cases, resulting in a
smaller scale size. The trajectory, which was followed for
a quarter of an orbit, includes segments where it oscillates
across the current sheet as in the previous cases and other
segments where it moves out of the current· sheet into the
stronger field region above or below until it is eventually
reflected back by the increasing field strength. Because the
direction of motion is randomized each time the ion enters
the current sheet, the segment lengths are variable, and this
is an example of a stochastic trajectory.
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Figure 10. Poincare surface-of-section maps for energetic ions of high rigidity 1{_ and three different Z
components of angular momentum per charge L.
We are now in a position to provide a more systematic
description of the ion trajectories. We make use of the
property that the significant trajectory characteristics can be
inferred from numerical integration in the simplified field
model. Then the trajectories are organized by two integrals of the motion for which we choose the rigidity !!(. and
the component of the generalized angular momentum per
charge along the Z axis L = R(A, + !l(.sina.sinl3), where
R is cylindrical radius, A, is the azimuthal component of
the magnetic vector potential, a. is the pitch angle, and 13 is
the gyrophase angle. The extent and general properties of
the trajectories can be most easily inferred from Poincare
surface-of-section maps [Lichtenberg and Lieberman, 1983;
Chen, 1992], which show the intersections of the trajectory
with a given plane in phase space. Poincare maps in the R,
dR/ds plane at Z 0 and the R, Z plane at dZ/ds 0 for
selected!!(. and L values are shown in Figures 10, 11, and 12.
Each map contains several trajectories, each followed for
many orbits around the planet, with equal !!(. and L values
but different initial conditions. The initi&l conditions were
selected at Z = 0, at equally spaced radii R, and at gyrophase
angles 13 of 90° and 270° relative to the radial direction. The
required initial pitch angle a. for each trajectory was then
calculated from the !!(. and L values. For each !!(. and L
value there is a range of allowed radial locations that can be
calculated directly from the definition of L. To facilitate a
comparison of the ion trajectory results with the data shown
in the last section, we show in Table 2 some examples of

=

=

the relationship between rigidity and energy per nucleon for
ions of different charge states.
Several properties of the ion trajectories can be inferred
directly from the Poincare maps. Both regular and stochastic
trajectories are evident at each rigidity. The regular trajectories, confined to surfaces in phase space that appear as closed
curves on the Poincare maps, are more prevalent at higher
rigidities !!(. and lower angular momentum Z components
L. Each of the concentric closed curves represents a single
regular trajectory, while each sequence of closed curves
around the outer edge of the concentric ones in Figure 10
(lower L values) also represent a single trajectory. They
remain in or near the current sheet because they consist only
of the oscillatory motion, an example of which is shown in
Figure 6. The bounding curve around each map in the R,
dR/ds plane is a special regular trajectory that is confined
to the equatorial (Z = 0) plane. The stochastic trajectoTable 2. Energy per Nucleon E for Selected Ions of
Given Rigidity
Rigidity,

H+ E,

MV

MeV

61.3
173.5
1387.0

16.
725.

2.

0 8+ E,
MeV/nucleon
0.5
4.
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o+ E,
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0.063
4.
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Figure 11. Poincare surface-of-section maps for energetic ions of inedium rigidity !I{. and three different
Z components of angular momentum per charge L.
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ries, that densely fill volumes of phase space appearing as If the number of degrees of freedom in the integration were
bounded areas on the Poincare maps, are more prevalent at increased from 2, as in the simplified magnetic field model,
lower ']{ or higher L. They generally include both outer to 3, as in the full field model, then the surfaces over which
current sheet segments and inner field-aligned segments, as the particles move in phase space are no longer separated and
shown by the example in Figure 9. The stochastic regions trajectories can move between them in a process known as
usually surround the regular trajectory regions, although in Arnold diffusion [e.g., Lichtenberg and Lieberman, 1983].
the high ']{ (Figure 10) and high L example they are sep- However, calculations of the type represented in Figure 8
arated. The stochastic regions can be filled by a single show that this process is too slow to account for the <lisper- .
trajectory, although several are included because in some sive features and something else is required.
Scattering from magnetic field fluctuations is one process
cases it may take a long time for a single trajectory to reach
that
can change the angular momentum component value L
less densely filled areas (as seen by variations in density
and
cause
enhanced radial transport. It can be effective at
']{
values).
Only
one
stochastic
trajectory
was
at lower
included at L = 816 GV R1 in Figure 12 to clearly show changing the radial access of the ion trajectories because of
the transient regions [Chen, 1992] near the outer edge, but the significant overlap in the radial extents of the trajectories
these are not a significant feature in most of the trajectories. with different L values, as shown in the last section. We
The regular trajectories are less clearly apparent in the R, can illustrate this by a Monte Carlo simulation. The events
Z plane where they overlap with the stochastic trajectories. are typically observed near 50 R1 from Jupiter (Figure 1).
The regular and stochastic regions are always separated in By determining the radial range where a given L value is
the R, dR/ds plane. The radial extent of each Poincare map, allowed, it is easy to show that the minimum radial distances
which was determined prior to the trajectory calculations as at which 2 and 6 MeV protons have direct access to 50 R1 are
described above, increases with ']{ and decreases with L, . 38 and 34 R1, respectively. Therefore the source region must
as does the thickness of the sheet to which the trajectories be planetward of 34 R1 . For the Monte Carlo simulation we
are confined. The field-aligned trajectory segments, where assume a source location of 30 R1 in the equatorial plane,
the stochastic regions separate above and below Z = 0 in start ion trajectories from that location by sampling from an
the R, Z maps, are generally confined within ,..,,.40 R1. The isotropic distribution, and count the number of trajectories
radial excursions of the stochastic trajectory current sheet crossing 50 R1 as a function of time. Elastic scattering is
segments decrease with L, so that at the highest L values included by modifying both the polar and azimuthal angles
the motion consists only of field-aligned segments and pitch of the ion direction with angular changes sampled from a
angle randomization in the current sheet. Pitch angle diffu- Gaussian distribution of mean cr. Trajectories can cross
sion coefficients for these type of trajectories were calculated 50 R1 multiple times but are removed from the simulation
if they go beyond 80 R1 . Results from a 24-hour simulation
analytically by Birmingham [1984].
Many of the results from the trajectory simulations can be with 300 trajectories each of 2 and 6 MeV protons with a
related directly to features in the ion data. However, before mean square angular scattering rate of cr2 /'&t = 10-3 s- 1 ,
discussing such comparisons, we consider the dispersive ion where 8t = 10 s is the simulation time between scattering
events with another type of simulation.
events, are shown in Figure 13. They show that the 2 MeV
proton intensity at 50 R1 rises a few hours later than the
6 MeV proton intensity, as seen in the dispersive events.
5. Dispersive Event Simulation
This is a result of the greater radial excursions of the 6 MeV
The dispersive events seen in the HIC data are most simply interpreted as due to time-of-flight differences from a
remote ion source. The events are seen in the single-detector
rates that respond primarily to 2 and 6 MeV protons. Ac1000
curate values for the flight time differences are obscured
somewhat by the 5-hour modulation, but they are generally
a few hours. The event that begins on day 184 is perhaps
r£
0
the clearest because the 5-hour modulation is minimal owing
LO
100
to a thick current sheet (the sheet thickened at the start of
"'c:
·u;
the event). In this case the maximum 6 MeV proton rate
arrived at Galileo ""2.5 hours before the maximum 2 MeV
"Qj
.c
proton rate. This time difference corresponds to a total path
E
::J
length from a common source of 6000 R1 and total flight
z
times of 3.5 hours for the 6 MeV protons and 6 hours for
the 2 MeV protons. Comparing with Figure 9, we see that
these times generally are sufficient for a few complete orbits
1"-"--"-'---~~~~~~~~~~~~~~~~
of Jupiter and many traversals between the inner and outer
12
18
24
6
0
Hours
radial extent of each trajectory. Therefore the timescale of
dispersive events is too long for them to have been formed
Figure 13. Simulated number of 2 and 6 Me V protons
by direct access to an ion source with the type of trajectories
crossing 50 R1 in each 0.4-hour period after 300 of each
we have considered so far. That is, the different speeds of were started at 30 R1 with isotropic distributions. Elastic
ions moving along their trajectories from a remote source scattering and losses at 80 R1 are included as described in
could not create the amount of dispersion seen in the data. the text.
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proton trajectories between scattering events. During the 24hour simulation, 67 of the 300 2 MeV protons and 253 of the
300 6 MeV protons reached 80 R1 and were lost. Clearly,
these loss rates are not realistic and comparison with the data
shows that a more equal loss rate between the two proton
energies is perhaps required. Other details, such as the 5hour modulation and changes in current sheet thickness, can
also change the real shape of these events. However, the type
of energy dispersion seen in the data can be reproduced by
the simulation.

6. Conclusions
To aid in the interpretation of energetic ion data from
Jupiter, we have made some numerical calculations of energetic ion trajectories in the plasma sheet region. We showed
that a simplified magnetic field model is sufficient for describing the general trajectory characteristics and supports
the use of Poincare maps to aid in their classification. The
trajectory simulations lend support to several aspects of our
interpretation of the Galileo energetic ion observations:
1. The simulations show that the· ions should be substantially confined to the vicinity of the current sheet for all
initial conditions in agreement with the observations from
Galileo and other spacecraft. The confinement scale height
increases in proportion to the current sheet thickness.
2. The ion trajectories beyond ""30 R1 from Jupiter cover
a large radial extent, particularly at the higher rigidities.
Therefore radial transport in this region is rapid and approximately conserves energy, in contrast to the adiabatic heating that accompanies radial transport planetward of at least
""20 R1. This can account for generally decreased radial
gradients observed in the energetic ion intensities beyond
""20 to 30 R1.
3. High rigidity ions, such as 4 MeV/nucleon o+, can
be trapped on either stochastic or regular trajectories inside
""30 R1, but beyond this radial distance the trajectories cover
a large radial extent and ions on such trajectories are likely
to be rapidly lost in the distant magnetosphere. This can explain why stably trapped high rigidity ions are observed only
within ""30 R1 and why the plasma sheet ion composition
is different at high and low energies. It appears likely that
the singly ionized energetic ions observed in Jupiter's inner
magnetosphere with an Io-like composition were accelerated
from a lower energy plasma sheet component in the ""25 to
30 R1 region and then diffused inward.
.
4. At lower rigidities, such as 4 MeV/nucleon 0 8+ and 2
Me V protons, the radial extent of the trajectories decreases,
so that loss rates should be lower and stable trapping may
extend farther from Jupiter. This can contribute to the predominance of solar energetic ions, which have higher ionization states than those from Io, in Jupiter's.middle and outer
magnetosphere.
5. The data beyond ""30 R1 include many transient events,
and energy dispersion in the more distant ones suggests that
the source of these events was also in the ""25 to 30 R1 region. The dispersion timescales are too long to be formed by
direct access from a remote source. Monte Carlo simulations
of ion count rates at 50 R1, with a source of ions at 30 R1,

show that such dispersion can be produced if a specific rate
of elastic scattering is included.
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