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ABSTRACT

Energetic particles in the magnetospheres of the solar system originate from various different sources, such as
the solar wind, the planetary ionospheres as well as the moons and rings of the planetary systems. Important
acceleration sites are the auroral regions, the magnetotail, and the equatorial regions of the magnetospheres where
electric fields, wave-particle interactions and magnetic pumping are among the major acceleration mechanisms
proposed. Over the last decade mass- and charge-sensitive particle spectrometers on satellites and space probes
have collected a wealth of information about the relative contribution of the various particle sources and the
major acceleration processes to the energetic particle populations. Emphasis will be put on recent studies of the
source populations and the acceleration processes in the Earth’s auroral zones and magnetotail. Furthermore, the
Jovian system with the largest magnetosphere and its unique mixture of particle sources with strong contributions
from moons will be highlighted in some results from Ulysses.

Subject headings. acceleration of particles — planets and satellites: general

1. INTRODUCTION

Planetary magnetospheres play a central role in the context
of astrophysical particle acceleration mechanisms. First, it is
well-known since the early days of space flight that the Earth’s
magnetosphere is a powerful source of energetic particles. This
view has been widened to include all magnetospheres in the
solar system by a variety of successful planetary missions. Sec-
ondly, the Earth’s magnetosphere is the most intensely studied
astrophysical laboratory, because of its proximity and the rela-
tively easy access by means of Earth-orbiting satellites. Finally,
planetary magnetospheres constitute models for more remote
and exotic objects, such as the magnetospheres of pulsars,
which can only be studied through their emission of electro-
magnetic radiation. Therefore, a closer look at the planetary
magnetospheres in the solar system with special emphasis on
the Earth seems to be a very helpful introduction for the dis-
cussion of the variety of conditions under which the accelera-
tion of particles is observed in space.

In order to streamline the presentation in this review the
discussion will be restricted to magnetospheres of planetary
bodies with an intrinsic magnetic field. Therefore, this paper
will be limited to the magnetospheres of the Earth, Mercury,
Jupiter, Saturn, Uranus, and Neptune. Most emphasis will be
put on the Earth and Jupiter, since significantly more informa-
tion is available on these magnetospheres. The very recent
flyby of the Ulysses spacecraft through the Jovian system has
provided new exciting data (Smith, Wenzel, & Page 1992). We
will ignore systems, such as Venus and comets, in which the
solar wind interacts directly with the atmospheric environ-
ment. There will also be no discussion of acceleration at plane-
tary or cometary bow shocks. This field will be covered in
separate papers by Sagdeev, Jones, and Krimigis in this issue.
Furthermore, we will concentrate mainly on ions and will only
turn to electrons where they tell an additional unique story.
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In this contribution the acceleration and the sources of ener-
getic particles will be discussed together. The reason for this
choice is threefold:

1. To deduce the amount of acceleration produced by a
specific physical process it is necessary to establish the initial
source distribution of the particles as a baseline.

2. It has been widely observed that the injection into the
acceleration process and the subsequent acceleration itself can
be highly selective of particle species and energy.

3. The variety of different particle species offers samples of
particles with a wide range in energy/charge ( E/Q), energy/
mass (E/M), and magnetic rigidity {(2m£E)/ Q, parameters
which play an important role in different acceleration mecha-
nisms. Thus ion composition provides an excellent tool for the
study of their relative importance.

In § 2 we will define the major magnetospheric regions and
give a rough scaling of the different magnetospheres. A tour
through the main regions of the Earth’s magnetosphere will
follow in § 3 with a description of the principal magnetospheric
acceleration mechanisms and the observed energetic particle
distributions. Some important observations in other magne-
tospheres will be added in § 4. The energetic particle observa-
tions in the Jovian system including some of the recent results
from the Ulysses mission will be presented in § 5. Section 6 will
be devoted to a comprehensive discussion of the commonali-
ties and differences of the sources, acceleration mechanisms,
and related dynamics in the various magnetospheres. Finally,
we will conclude with a brief summary of the present knowl-
edge and an outlook towards space missions in the foreseeable
future. Due to the broad scope the paper must be selective in its
coverage of detailed observations and physical mechanisms.

2. THE STRUCTURE AND SCALING OF MAGNETOSPHERES

The dynamics of magnetospheres is controlled by the inter-
action of the solar wind with the magnetic field of a planetary
body. Because the solar wind constitutes a highly conductive
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plasma it is mainly excluded from the realm of the planetary
magnetic field. The volume of exclusion of the solar wind is the
magnetosphere. By this relatively restricted definition we disre-
gard planets with no magnetic field or with a field so weak that
it does not reach beyond the atmosphere of the planet, as in the
cases of Venus and Mars. A schematic view of the various
regions of the Earth’s magnetosphere is given in Figure 1. The
solar wind flow is diverted around the obstacle of the magne-
tosphere and makes contact at the magnetopause, the magne-
tospheric boundary. Because the solar wind flows at supersonic
speed, a shock wave, the bow shock, is formed at a certain
distance in front of the magnetopause. The particle accelera-
tion observed at the bow shock due to the interaction with the
solar wind is discussed in other contributions in this issue. On
the downwind side of the Earth the magnetosphere forms the
elongated magnetotail which contains regions with substantial
particle acceleration due to induced electric fields and with
storage of hot plasma in the plasma sheet. The most energetic
particle populations in magnetospheres are found trapped in
the dipole magnetic field configuration of the ring current and
the radiation belts. The regions with significant injection of
ionospheric plasma into the magnetospheric system and sub-
stantial precipitation of energetic particles into the atmosphere
are the polar regions of the magnetosphere, in particular, the
auroral zones.

These regions are typical for most of the planetary magne-
tospheres in the solar system. However, the sizes of these re-
gions and their relative importance for particle acceleration
and storage vary substantially with

1. The distance from the Sun, i.e., with the solar wind dy-
namic pressure, and

2. The dipole moment of the planetary magnetic field.

The size of a magnetosphere can be estimated in the most
simple way at the subsolar point of the magnetopause by in-
voking a balance between the dynamic pressure of the solar
wind and the local magnetic pressure:
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FIG. 1.—Schematics of the Earth’s magnetosphere with the key regions
for particle acceleration and transport as mentioned in the text.
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where ng, and v,, are the solar wind density and velocity and
B, Ry, and Ry,p are the surface magnetic field strength, plane-
tary radius and distance of the magnetopause from the center
of the planet. An increase of the local magnetic field by a factor
of 2 over the original dipole value at the magnetopause due to
the induced current in the boundary has been taken into ac-
count in the pressure balance. This leads to a scalirg of the
magnetopause distance, which may be adopted as a general
determination of the size of the magnetosphere:

RMP Y 6/ 2B§ (2 2)
RPl - I"'Ompnswvfw ' '

The sizes of the various magnetospheres in the solar system
and the relevant parameters are compiled in Table 1. The larg-
est entity in our solar system is the Jovian magnetosphere,
whereas Mercury’s magnetosphere barely extends to 50%
beyond the surface of the planet. The Earth’s magnetosphere is
clearly a representative magnetosphere.

3. A TOUR OF THE EARTH’S MAGNETOSPHERE

Let us start with the study of the Earth’s magnetosphere, at
our front doorstep. Numerous spacecraft missions have gath-
ered material about energetic particle populations and their
composition in the magnetosphere, with the most detailed ob-
servations from spacecraft such as ISEE, DE, AMPTE, and
VIKING. From these observations it has been well established
that

1. The energetic ions are of solar wind and ionospheric
origin.

2. The energy spectra of the ions generally can be best repre-
sented in terms of energy per charge.

3. The closer to the earth the more energetic are the particle
populations with the exception of some transient events.

Figure 2 shows a sample of energy spectra of ion distribu-
tions in the ring current during a magnetospheric storm as
taken by the AMPTE CCE CHEM experiment (Gloeckler et
al. 1985). Shown is the differential energy density as a function
of energy per charge (¢ = E/Q). The ring current contains
particles which are clearly of solar wind origin (He?*; C, N,
0%") as well as those of ionospheric origin (O*). In addition,
charge exchange with the exosphere plays a role in contribut-
ing ions such as He* and O%*. Charge exchange processes have
also been found to be important for the radial transport, dy-
namics and particle loss in the ring current (Spjeldvik & Fritz
1978; Hamilton et al. 1988), and they may produce either

TABLE 1
SIZE OF MAGNETOSPHERES
BSurfm RPI RMP
Planet (T) (km) (Rp)
Earth ......... 30x 1073 6378 10
Mercury ...... 2.6 X 1077 2440 [.5
Jupiter ....... 9.6 x 107* 68700 55
Saturn ........ 49x107° 57550 25
Uranus ....... 9.1 X 107° 25050 18
Neptune ...... 1.8 x 1073 24700 26
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FiG. 2.—Differential flux of different ion species vs. energy /charge (E/
Q) as measured in the ring current during a magnetospheric storm by the
AMPTE CHEM instrument (Gloeckler et al. 1985).

singly charged ions from multiply charged solar wind ions or
vice versa. However, the observed charge state distribution
cannot be explained with only one source present (Kremser et
al. 1988). Both, the ionosphere and the solar wind, have to
contribute simultaneously, although their contribution may
vary significantly with solar and magnetospheric activity
(Stokholm et al. 1989). It can be clearly seen that the spectra
are similar in energy per charge, i.e., their peak is at the same
energy per charge. At L = 6-7, i.e., in the magnetic shell
around the Earth whose distance from the center is 6-7 Ry at
the equator, a peak in energy per charge at around 60 keV /e is
observed with the peak shifting to =~100 keV /eat L = 3.7-4.7.
The complement of sources and acceleration processes in the
magnetosphere will have to satisfy these observations. We will
present several key processes the presence of which has been
established by observations and modeling.

3.1. Extraction of Ionospheric Ions

Ionospheric ions have to be lifted out of the upper layers of
the Earth’s atmosphere and accelerated from energies of less
than 1 eV in the beginning to several ten or even hundred keV
in their final particle distribution. This requires several consec-
utive steps in which the ions first have to be extracted out of the
ionosphere and then accelerated. A schematic view of the pro-
cesses involved in the auroral zone and the typical particle
distributions is presented in Figure 3.

The sources of these ions are found in the auroral zones and
the cusp region over the polar ionosphere (e.g., Chappel 1988;
Moore 1991). In the ionosphere the ions are generally gravita-
tionally bound (especially O*), and therefore are unable to
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escape to higher altitudes. Because no significant electric fields
can be maintained in the ionosphere alternate energization
processes have to be employed here. Observations in the top-
side polar ionosphere have revealed many examples of so-
called ““conics.” These ion velocity distributions feature a coni-
cal shape centered around the magnetic field direction, which
indicates that the original thermal distribution of the iono-
sphere must have undergone a heating perpendicular to the
magnetic field B with part of the energy transferred into the
upward direction parallel to B. The latter part of the process
may be understood in terms of upwelling in the inhomo-
geneous polar magnetic field due to the grad B force, in which
the parallel energy of the ions will adiabatically increase at the
expense of their perpendicular energy. As a result of these pro-
cesses fairly flat “conics” emerge from the ionosphere at rela-
tively low altitudes, the so called transversely accelerated ions
(TAI), which were first observed by Sharp, Johnson, & Shelley
(1977). As the dominant free energy source for the production
of these ion distributions lower hybrid waves driven by auroral
energetic electrons have been proposed (e.g., Chang & Coppi
1981; Retterer, Chang, & Jasperse 1986). Recently the con-
nection between TAI distributions and bursts of lower hybrid
waves has been established observationally by Vago et al.
(1992) at altitudes between 500 and 1000 km in the nightside
auroral zone. The observations show wave activity in thin fila-
mentary density cavities oriented along the magnetic field
lines. This process may be seen as the ion feeder into the fur-
ther acceleration in auroral arcs at higher altitudes which leads
to more energetic ion “conics” with a much steeper cone angle
than the TAIs.

3.2. Acceleration Parallel to B in the Auroral Zones
From the observation of “Inverted V” electron distribu-
tions below an auroral arc and more energetic ion conics as

Hybrid Conic
lIon Beam

Transverse

Heating K
TA|\
: V- Shaped
Potential Structure

\Ion Feeder
\ Electron Inverted V

FiG. 3.—Schematic overview of the magnetic field configuration and
the physical processes operative in the auroral zone (Shelley & Collin
1991).
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well as ion beams above the auroral arc, the presence of a
confined (V -shaped) potential structure along the magnetic
field lines has been suggested (e.g., Shelley & Collin 1991, and
references therein). Ions flowing out of the ionosphere in the
way described above will enter the potential structure and then
be accelerated by the electric field along the magnetic field
lines. As a result ion beams with energies of a few keV are
observed above auroral arcs.

That the energy is gained in a specific potential drop is con-
firmed by the observation of mixed H* and O* ion beams.
During solar maximum, when the abundance of oxygen is
high, both species reach the same total energy. During solar
minimum when O% occasionally is only a minor species,
plasma waves tend to accelerate O * towards the velocity of the
H* ions, which still maintain the total energy provided by the
potential drop underneath (Collin, Peterson, & Shelley 1987;
Reiff et al. 1988).

After this acceleration in the auroral zone ion beams are
injected into the magnetotail, traveling along the magnetic
field lines at the plasma sheet boundary where they merge with
ions from the solar wind. Such ion beams have been reported
as a quite frequent phenomenon. In particular, beams with
ions of ionospheric and solar wind origin have been observed
(Candidi, Orsini, & Ghielmetti 1984) which flow in the same
direction, but with slightly different velocities and cone angles.

3.3. Acceleration in Magnetic Neutral Line Configurations

The plasma sheet is one of the large storage regions of hot
plasma and energetic particles in the magnetosphere. The en-
ergy spectra of energetic ions in the plasma sheet indeed reveal
the presence of.both, ionospheric and solar wind ions, as can
be seen in Figure 4 for quiet times (Gloeckler & Hamilton
1987). The spectra of ion species within each group are identi-
cal; comparing the two groups, they are still very similar in
energy per charge. lonospheric ions show a somewhat harder
slope and increased flux at low energies (<5 keV). H* is a
mixture of both populations. Figure 5 shows a hardening of the
energy spectra of both ionospheric and solar wind ion species
in the plasma sheet in the course of a magnetospheric substorm
(Mobius et al. 1987). The observed flux increases are best
organized in energy per charge. These observations require an
acceleration process which works in increments of energy per
charge, before the ion population is injected into the plasma
sheet. This again seems to suggest an acceleration through a
finite electric potential.

As indicated above, a mixed population of 1onospheric and
solar wind ions flows along the magnetic field lines at the
plasma sheet boundary in the tail. With the convection of these
magnetic field lines toward the neutral sheet these ions enter
also the magnetic neutral line region at the tailward edge of the
plasma sheet. Here the ions become unmagnetized, and the
cross-tail electric field, which is induced by the inward convec-
tion of the magnetic field lines, leads to a substantial energiza-
tion of these ions (e.g., Speiser 1965, 1967; Biichner & Zelenyi
1987). Finally, they are ejected again along the magnetic field
lines into the earthward direction. A simple-minded descrip-
tion of this process seems to suggest an energization which
adds increments of energy per mass due to the finite gyroradii
effects involved. Based on an MHD simulation of magnetic
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Fig. 4.—Differential flux of different ion species vs. energy/charge (E/
Q) as measured in the plasma sheet during quiet times by the AMPTE
CHEM instrument (Gloeckler & Hamilton 1987).

field reconnection in the tail (Scholer 1987) Sachsenweger et
al. (1989) could reproduce energization which is organized in
energy per charge. The temporal variation of the electric field
during the reconnection process seemed to play an essential
role in the acceleration to make it appear dependent on E/Q.

Various modeling approaches of the energization in the tail
(see also Martin & Speiser 1988) all seem to explain the ener-
getic ion beams which are observed at the plasma sheet bound-
ary (Mobius et al. 1980; Williams 1981). Scholer & Jamitzky
(1989) also simulated the energetic ion beams which are
ejected from the neutral line into the tailward direction at the
boundary of the plasmoid which leaves the tail after a sub-
storm. However, the major shortcoming of these simulations
still seems to be that none of them is able to reproduce the
almost isotropic particle distributions observed in the central
plasma sheet during both quiet and active times. It may be that
additional scattering during the reconnection process, for ex-
ample, in the possible case of turbulent reconnection (Ambro-
siano et al. 1988) has not been included adequately.

The energetic particle population in the plasma sheet is the
major source for the most energetic distributions in the inner
magnetosphere. During magnetospheric substorms substantial
numbers of energetic particles are injected onto dipolar field
lines (Mcllwain 1974). The ions then drift in the combined
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FiG. 5.—Ratios of the ion fluxes after and before substorm onset for H*, He?", He*, O, and CNO with Q > 2 as a function of rigidity (/¢ff),

energy/mass (center), energy /charge (right) (Mobius et al. 1987).

magnetic and electric fields to form the ring current. The inter-
connection between the tail and the ring current during sub-
storms is discussed in more detail by Lopez (1994).

3.4. Energization by Radial Diffusion in the Magnetosphere

In the dipole field of the ring current regime the energetic
particles are magnetically confined in a very efficient way.
Therefore, this region of the magnetosphere is an excellent
storage ring for energetic particle populations. Once on these
field lines the particles tend to maintain their energy. Without
any temporal disturbances the particles perform strictly adia-
batic trajectories. For a detailed description of the particle be-
havior the reader is referred to the comprehensive presentation
by Schulz & Lanzerotti (1974), however, a brief overview is
presented here.

The ions perform three basic motions which are connected
to separate invariant quantities:

Gyration.—The ions gyrate about the magnetic field. For
variations on time scales longer than the gyration time the first
adiabatic invariant

ri
“TomB> (3D

i.e., the magnetic moment of the particle, is conserved.

Bounce motion.—The ions are reflected back and forth in
the increasing magnetic field at lower altitudes, the altitude
depending on the pitch angle of the particle trajectory. For
variations with timescales longer than the bounce time of a
particle the second adiabatic invariant

szp,,ds,

i.e., the average momentum parallel to the magnetic field, is
conserved.
Drift motion.—Due to the curvature and the gradient of the

(3.2)
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magnetic field the energetic particles drift around the Earth in
fixed drift shells in the dipole regime. The third adiabatic in-
variant associated with this motion is the total magnetic flux ¢
enclosed by the drift orbit of the particle. For variations of the
configuration on time scales longer than the drift time, the
total magnetic flux and therefore the average total energy of
the particle remains constant.

In response to variations of the kinetic pressure of the solar
wind the magnetosphere reacts with quasi-static deformations
of its magnetic field configuration. Because of asymmetries in
these deformations and their short variation time in compari-
son with the drift time, particles will switch to a different drift
shell. As a consequence the total magnetic flux seen by the
particle will change. Since the magnetic moment of the particle
remains conserved, its momentum p, perpendicular to the
magnetic field will follow the field strength B and thus the total
energy of the particle will vary. The pressure pulses from the
solar wind can be described as a randomized change of the
third adiabatic invariant and thus lead to a random walk of the
ring current particles. The major source of the particle distri-
bution is the magnetotail, i.e., it is found at the outer boundary
of the ring current. Therefore, a radial gradient of the particle
density which points outward is maintained which causes an
inward diffusion of the energetic ions in the presence of any
magnetic irregularities. As a net result the particle population
gains energy during the inward diffusion approximately pro-
portional to the local magnetic field strength.

In logarithmic representation the shape of the energy spectra
remains unchanged throughout this transport process, and the
relative energization is the same, no matter whether described
in E£/Q, E/M, or E. Therefore, the ordering in £/(Q, which is
observed in the plasma sheet, is not altered after transport and
further acceleration on the way into and within the ring
current. In addition, the drift motion (gradient and curvature
drift), which does alter the spectra, scales with E/Q itself. This
scenario also holds true in the most energetic regime, the radia-
tion belts.
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3.5. Additional Sources for Energetic Particles in the
Inner Magnetosphere

Despite the efficiency of the magnetospheric transport of
ions the process described above is not the major source of the
most energetic (E > 30 MeV) particle population in the inner
radiation belt. The majority of the radiation belt protons in
this energy regime are injected through a process known as
Cosmic Ray Albedo Neutron Decay (CRAND) (e.g., Freden
& White 1960; Lavine & Vette 1970). In collisions of cosmic-
ray particles with atoms of the Earth’s upper atmosphere neu-
trons are produced which then decay with a half-life of ~10
minutes into protons, electrons, and neutrinos. The protons
are captured in the Earth’s magnetic field and then undergo the
adiabatic and nonadiabatic transport described above, thereby
forming the most energetic population of the inner radiation
belt.

Recently the contribution of yet another source to the ring
current and radiation belt population, i.e., the anomalous cos-
mic rays (ACR), has been reported (Grigorov et al. 1991).
These particles penetrate into the magnetosphere because of
their high magnetic rigidity as singly ionized particles, undergo
charge exchange to higher charge states, and then are stored for
a long time.

4. COMPARISON WITH OTHER MAGNETOSPHERES

The basic characteristics of the ring current particle popula-
tion are similar in all magnetospheres. It has been established
that the energy spectra of all observed species can be best orga-
nized in terms of energy per charge in the Jovian (Hamilton et
al. 1981) and the Saturnian magnetosphere (Hamilton et al.
1983). Furthermore, a similar positive radial gradient is ob-
served in the phase space densities of energetic ions in the ring
currents of Earth, Jupiter, Saturn, and Uranus. Figure 6 (from
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Cheng et al. 1987) shows the phase space densities of p = 100
MeV G !ions as a function of the distance L in planetary radii
from the planet. In all magnetospheres the density levels at a

‘certain maximum beyond a distance of several planet radii,

typically 5 for the Earth and about 8-9 for the other planets.
Although the almost exponential decrease of the flux toward
the planet seems to suggest a simple radial diffusion, it was
shown (Haerendel 1968) that such profiles can only be recon-
ciled by a combination of radial diffusion and a loss process
which depends on the local phase space density of the particles.

The absolute values given in Figure 6 have been determined
under the assumption that the vast majority of the ions are
protons. This assumption is appropriate for the Earth and Ura-
nus. However, Jupiter’s magnetosphere contains a majority of
heavy ions and Saturn’s magnetosphere is thought to have a
major contribution of heavy ions at high energies (Cheng et al.
1987). This leads to a significant upward correction of the
phase space densities for Jupiter and Saturn which scale with
m?/?. The density in the Jovian system turns out to be the
highest followed by the Earth and Saturn, while the Uranian
magnetosphere seems relatively depleted of energetic ions
(Krimigis et al. 1986).

These observations support the idea that the basic scenario
of the particle acceleration and transport is similar in all mag-
netospheres of the solar system. However, there are three
aspects which modify this simple picture:

1. While the loss of energetic particles from the terrestrial
ring current is dominated by charge exchange with exospheric
atoms ( Hamilton et al. 1988 ) with some contribution by wave
particle interactions (e.g., Cornwall, Coroniti, & Thorne
1970), the presence of moons in the inner magnetospheres of
Jupiter, Saturn, Uranus, and Neptune add distinct sinks for
the energetic particle distributions which lead to marked signa-
tures in the radial profiles (Schardt & Goertz 1983; Schardt &
McDonald 1983; Mauk et al. 1987; Mauk et al. 1991).

2. The moons and rings within these magnetospheres con-
stitute additional important sources for the particles in these
magnetospheres.

3. The extension of particle populations corotating with the
planetary magnetic field to larger distances from the planet
alters the transport and acceleration patterns in some of the
magnetospheres in comparison with the Earth’s.

The latter two results will be discussed in more detail in the
next section with reference to the Jovian magnetosphere.

5. ENERGETIC PARTICLES IN THE JOVIAN MAGNETOSPHERE

As already mentioned above, the energy spectra of all species
in the inner Jovian magnetosphere are similar in energy per
charge. Therefore, all spectra could be compiled into a single
composite spectrum, assuming a reasonable charge state ac-
cording to the origin of each ion species and after adjusting for
the individual abundance ratios. This spectrum is seen in Fig-
ure 7 from Hamilton et al. (1981). Basically a similar sequence
of acceleration and transport processes may be assumed for the
Jovian magnetosphere as has been presented for the Earth.
However, in addition to ions from the solar wind (He?*, C®*)
and the Jovian ionosphere (H*, HY), ions such as O?* and S*
indicate that Jupiter’s moons, in particular lo, are a very strong
ion source. These ions are accelerated to high energies within
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FiG. 7.—Energy spectra of various ion species in the inner magneto-
sphere of Jupiter as measured by the LEMPA and LEPT sensors on
Voyager 1 and 2. The spectra have been displayed as a function of energy
per charge assuming charge states of H*, He?*, HI, C%*, 0>, Na**, $*",
and Fe'?* (Hamilton et al. 1981).

the magnetosphere, probably in the same way as those of solar
wind and ionospheric origin.

It is important to note that no variation in the abundance
ratios of the energetic particle population with distance from
Jupiter has been observed throughout the inner magneto-
sphere. New time-of-flight instrumentation on the Ulysses
spacecraft has now revealed that the composition of the source
plasma on the contrary is highly variable throughout the mag-
netosphere. As can be seen in Figure 8, the H*/He?*" ratio has
its maximum closest to the planet (Geiss et al. 1992), which
can be interpreted as the variation of the relative importance of
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the solar wind and ionospheric source with distance from Ju-
piter.

The combination of the observations that ( 1 ) the abundance
of the energetic particles is constant while the plasma sources
vary with distance and (2) the phase space density of the ring
current distribution shows a positive radial gradient leads to
the conclusion that the ions of all sources must already be
accelerated in the outer magnetosphere and then transported
inward with further acceleration through radial diffusion. This
can be readily understood in the same way as for the Earth’s
magnetosphere for the ionospheric and solar wind ion compo-
nents, but it seems to pose a problem for ions from Jupiter’s
moons. The major sources of these ions, €.g., the moon lo, are
located within the inner magnetosphere itself.

Although some of the sources are well inside the inner mag-
netosphere, a substantial flux of energetic ions from all poten-
tial sources is found at the outer boundary. This requires either
a transport of a sufficient amount of plasma out into the outer
magnetosphere and an acceleration of all ions in this regime,
e.g., by reconnection electric fields (Carbary, Hill, & Dessler
1976) as in the Earth’s magnetotail, before they are trans-
ported inward again, or a recirculation of more energetic parti-
cles back into the outer magnetosphere ( Nishida 1976). A way
to preserve most of the energy they have gained on their in-
ward diffusion would be to let these particles move to higher
L-shells, e.g., close to the polar ionosphere under the influence
of increased electric field fluctuations. An alternative way to
bring material from the inner moons into the outer magneto-
sphere is charge exchange of corotating ions with stationary
neutral gas in the vicinity of the satellites ( Eviatar, Mekler, &
Coroniti 1976). The resulting fast neutrals will reach the outer
magnetosphere basically unimpeded, where a large fraction
will be reionized in the presence of energetic particles. Most of
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FiG. 8.—H*/He?" ratios vs. distance from Jupiter during the Ulysses
fly-by (Geiss et al. 1992).
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these suggestions to enhance the energization of the ion popula-
tion in the Jovian magnetosphere in principle involve the same
physical processes for acceleration as already discovered in the
Earth’s magnetosphere. No new process is added, except per-
haps magnetic pumping (Goertz 1978), which may be seen as
a more organized way to increase the energy of particles. While
the particles drift around the planet they experience a sudden
increase of the magnetic field once every rotation when enter-
ing the more compressed sector of the Jovian magnetosphere.
The strong contribution of corotation in Jupiter’s magneto-
sphere is another significant difference when compared with
the Earth. In the Earth’s magnetosphere the plasma is corotat-
ing up to the plasmapause, beyond which the plasma motion is
convection controlled driven by solar wind induced convec-
tion electric fields. However, in the Jovian magnetosphere the
corotating regime reaches out to the magnetopause, because
the electric field E_,, induced by corotation is much stronger
throughout the Jovian magnetosphere, than the solar wind in-
duced convection field E,, at the distance » of Jupiter from the
Sun (Brice & loannidis 1970). The corotation electric field:

E.. = B(R)wR (5.1)

depends on the planetary magnetic field B at the distance R
from the planet and the planet’s rotation frequency w. There-
fore, the strong magnetic field and the fast rotation of Jupiter
enhances the effects of corotation. The convection electric
field:

Eoon = aB (r)vy (5.2)

depends on the local interplanetary magnetic field B,, and
solar wind velocity v,,. The factor o denotes the efficiency
with which the interplanetary magnetic field couples to the
magnetosphere. Generally « = 10% is taken as a good approxi-
mation. This significant modification of the magnetospheric
transport pattern by corotation in the Jovian system makes
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possible more efficient combinations of the basic acceleration
mechanisms, the quantitative effect of which still needs to be
explored in future investigations.

This corotation presumably is also the background for the
still unresolved clocklike modulation of the energetic electron
population in the Jovian magnetosphere (McKibben & Simp-
son 1974) and in interplanetary space. The modulation of the
electron flux and of the slope of the electron spectrum is main-
tained precisely at the synodic rotation period of Jupiter, as has
been reemphasized recently by the observations of the Ulysses
spacecraft (Simpson et al. 1992). The phase of the variation
matches precisely the extrapolation from earlier missions such
as Pioneer 10, and 11 and the Voyagers. Dessler & Hill (1975)
proposed the so-called magnetic anomaly model as an explana-
tion. In this model a magnetic anomaly leads to enhanced
precipitation of energetic particles into a certain region of the
ionosphere where the ionospheric conductivity is increased as
a result. In turn this creates a more active sector of the magne-
tosphere with a profound influence on the magnetotail, where
periodically—when the active sector points toward midnight
—magnetospheric plasma and energetic electrons may be re-
leased.

6. PARTICLE AND ENERGY SOURCES FOR ENERGETIC
PARTICLE POPULATIONS IN MAGNETOSPHERES

Let us now summarize the various aspects of particle acceler-
ation and try to generalize them for all planetary magneto-
spheres. It was demonstrated that various plasma sources con-
tribute to the energetic particle populations and that a
sequence of acceleration processes is needed to produce the
observed energy spectra. The observed and potential particle
sources and acceleration processes are compiled in Table 2 for
all planetary magnetospheres in our solar system. All particle
populations finally undergo radial diffusion as a combined
transport and acceleration process which ultimately deter-
mines the distributions in the ring current and radiation belts

TABLE 2
ION SOURCES AND ACCELERATION MECHANISMS IN PLANETARY MAGNETOSPHERES

PLANET
SOURCE ACCELERATION REGION M E J S U N
Tonosphere ...... E|B Aurorae X I [ I I
Reconnection Tail x I [ X [
Radial diffusion Inner magnetosphere X X X X X
Solarwind ...... Reconnection Tail X X 1 1 X 1
Radial diffusion Inner magnetosphere X X X X X
CRAND ........ Radial diffusion Inner magnetosphere X X
ACR ............ Radial diffusion Inner magnetosphere X
Moons .......... Reconnection Tail I | 1
Radial diffusion Inner magnetosphere X X X
Rings ........... Reconnection Tail 1

Radial diffusion

Inner magnetosphere

>

NoTEs.—*x” indicates direct observational evidence of the particle source and/or acceleration process; “I’” indicates infer-

ence.
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of the inner magnetospheres. Only the particles injected by
CRAND or from the anomalous component of cosmic rays
are energetic enough at the beginning that no additional accel-
eration process in the magnetosphere is required. The
CRAND source seems to be consistent with the most energetic
proton distribution in the Earth’s magnetosphere (e.g., Hess
1968; Lavine & Vette 1970), and Schardt & McDonald (1983)
have shown that a CRAND production at the rings is compati-
ble with the observed proton distribution in the Saturnian
magnetosphere. ACR ions have recently been reported in the
Earth’s magnetosphere (Grigorov et al. 1991). The remaining
sources require initial acceleration in the outer magnetosphere
which scales in E/Q in order to explain the observed energy
spectra. For most of the magnetospheres this step is indirectly
inferred (marked with an “I”” in Table 2) from the inability of
pure radial diffusion to reproduce the observations. Only in
the Earth’s magnetosphere the individual steps have been
tracked with measurements in all key regions.

As far as the energy sources for the acceleration processes are
concerned, two different actors come in mind: ( 1) the convec-
tive electric field of the solar wind and (2) the corotation elec-
tric field due to the planetary rotation.

In Table 3 the effects of these two potential energy sources
are expressed in terms of electric fields according to equations
(5.1) and (5.2) for all magnetospheres. In addition, the total
convective potential over the polar cap and the total energy
achieved by corotation are given. While the magnetospheres of
the Earth and Mercury are mostly convection dominated, Ju-
piter’s and Saturn’s are completely corotation dominated. In
the Uranian and Neptunian magnetosphere both energy
sources seem to contribute significantly. The relative impor-
tance of both depends strongly on the coupling coefficient «
between solar wind and magnetosphere. Yet in terms of the
total energy which may be achieved by applying the full poten-
tial, the solar wind is the dominating energy source. A pulsar
magnetosphere has been added for comparison, in which case
only rotation plays a role for particle transport and energiza-
tion. There is no important external flow like the solar wind. In
a pulsar magnetosphere the particles can in principle be acceler-
ated up to the light cylinder. Therefore, the limitation of their
energy gain is determined by relativistic effects, which are not
part of this review. The entity closest to a pulsar magneto-
sphere in our solar system is the Jovian magnetosphere, where
some of the features expected at pulsars may be studied in situ.
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7. FUTURE PERSPECTIVES IN MAGNETOSPHERIC
PARTICLE ACCELERATION

Much progress has been made in understanding magneto-
spheric acceleration and transport processes with satellites and
spaceprobes. To date these studies have been limited even in
the Earth’s magnetosphere to single or two spacecraft measure-
ments. The simultaneous determination of the large-scale
transport of particle populations and the synoptic view of the
important plasma processes with adequate spatial resolution
have been hampered by the lack of coordinated satellite net-
works. The other magnetospheres in the solar system have
been visited in short fly-bys which could only provide snap-
shots. Future studies of magnetospheric acceleration and trans-
port will expand our understanding by removing these limita-
tions.

The investigation of the Earth’s magnetosphere will be set
on a much broader base within the internationally coordinated
approach of the ISTP (International Solar Terrestrial Pro-
gram) which is being implemented over the next 4 years. Satel-
lites will simultaneously monitor key regions of the magneto-
sphere: GEOTAIL (already in orbit ) is devoted to the deep tail,
the input into the magnetosphere from the solar wind is
scanned by WIND and the polar magnetosphere is explored by
POLAR (both to be launched in 1994). This program will be
complemented in Summer of 1994 by the launch of the FAST
(Fast Auroral Snapshot explorer) spacecraft, which will study
the auroral zones with very high time and spatial resolution. In
late 1995 or early 1996 the four CLUSTER spacecraft will start
to focus on the three-dimensional structures of small-scale ( sev-
eral 100 km) to medium-scale (several 1000 km) structures in
the magnetosphere and at its boundaries. Both FAST and
CLUSTER, by emphasizing high time resolution (and thus
high spatial resolution) and simultaneous observations at four
locations, respectively, will enhance our understanding of the
detailed particle acceleration processes in the aurorae, in the
magnetotail, and at the magnetospheric boundaries.

With the Galileo probe, which will reach Jupiter in 1994, the
first systematic long time study of the Jovian magnetosphere
becomes possible with a trajectory which includes multiple
encounters with Jovian satellites. These repeated visits to the
interaction regions with moons will also further our under-
standing of the injection of material from these satellites. A
similar long time study of the Saturnian magnetosphere will

TABLE 3
ENERGY SOURCES FOR PARTICLE TRANSPORT AND ACCELERATION

SOLAR WIND PLANET ROTATION
BSurface PERIOD EConv UMax ECorot WMax(Cor) If(‘or/E(‘cmv

PLANET (T) (hr) (Vm™) (kV) (Vm) {keV) MAGNETOPAUSE
Earth ......... 3.0 x 1073 24 5.0x107* 9.6 1.4 x 1074 44 x 107 0.3
Mercury ...... 2.6 X 1077 1406 1.3X 1073 1.4 3.4 x 107 4.1 x 107'° 0.0
Jupiter ....... 9.6 X 107 9.5 9.6 X 1073 114.2 42x 1073 11 43.7
Saturn ........ 49 x10°° 10.1 5.3 % 107° 23.7 8.2 x 107 1.4 15.6
Uranus ....... 9.1 X 107° 17.1 2.6 X 107° 3.7 7.5 x107° 4.7 X 107? 29
Neptune ...... 1.8 X 1073 16.3 1.7 % 1073 33 7.0 x 1073 1.0 x 107! 4.2
Pulsar ........ 1.0 X 10*8 2.8 x107° 0.0 0.0 2.8 X 10%8 v (Only Rotation!)
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follow with the arrival of CASSINI at Titan, probably in the
year 2003.

By expanding the scope of investigation in Earth’s magne-
tosphere with comprehensive and coordinated studies as well
as the first long time investigation of the important Jovian and
Saturnian magnetospheres, the door will be open to more de-
tailed comparative magnetospheric studies. The knowledge ac-
quired on acceleration processes over a wide parameter range
will finally lead to a quantitative extrapolation of these results
and to understanding particle acceleration in pulsar magneto-

spheres and other astrophysical objects with strong intrinsic
magnetic fields.
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