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Abstract. Electron radiation belts can change dramatically in a few seconds or slowly over
years. Important issues in understanding such changes are: 1) What is the source of electrons
in the radiation belts? 2) How important is radial diffusion compared to other radial trans-
port mechanisms? 3) What are the detailed changes in the magnetosphere that produce radial
diffusion? 4) Why is the response of the electron radiation belt to changes in the solar wind
different from that of substorms and of the ring current? 5) Are processes other than radial
transport, such as wave-particle interactions, important in energizing electrons in the radiation
belts?
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1. Introduction

An electron radiation belt is a population of energetic electrons trapped on
fairly stable orbits within a magnetosphere’s magnetic field. Earth’s electron
radiation belt is usually divided into the inner belt, centered near 1.5 Earth
radii (RE) from the center of the Earth when measured in the equatorial plane,
and the outer radiation belt which is most intense between 4 and 5RE. The
‘slot’ region separates the two radiation belts. Such a description gives a false
impression of permanence. In fact, the electron radiation belts are constantly
decaying and episodically reforming and each reformed belt may have an
extent, center location, and intensity different from its predecessor. There is
also a inner radiation belt region, L=1.2-2.5, consisting of energetic protons
(>100 MeV), which are stable over scales of the solar cycle or longer. This
belt is thought to be produced by the CRAND (comic ray albedo neutron
decay) process, that is, it is due to neutrons, produced by the interaction
of cosmic rays with the atmosphere, that decay to protons. This decay also
produces an energetic electron but the process is far too weak to produce the
electron belts.

The main question concerning the electron radiation belts is why do they
exist at all. Electrons within Earth’s magnetosphere come from two main
sources: the solar wind and the ionosphere. The typical temperature of elec-
trons in the ionosphere is less than 1 eV and the typical temperature of solar
wind electrons is about 10 eV. Yet the Earth has radiation belts whose elec-
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trons range in energy from 400 keV (a somewhat arbitrary lower limit to be
considered a radiation belt electron) to above 15 MeV. How these electrons
come to be energized is the main theme of radiation belt research. The ac-
celeration of charged particles is also of cosmic significance. From pulsars to
galaxy clusters, magnetic fields pervade the universe and trap energetic parti-
cles. Much of what we know of the universe comes from energetic particles,
mostly through their local interactions that produce gamma-rays, X-rays, and
radio emissions. The study of charged energetic particles in magnetic and
electric fields thus provides a unifying theme over a vast range of scales.

The motion of charged particles in magnetic and electric fields is well
known in principle and can be calculated from the Lorentz force law. These
calculations show that charged particles can be trapped by magnetic fields.
In a quasi-dipole magnetic field such as that of the Earth, trapped particles
conduct three distinctive motions: gyration, bounce, and drift. Electrons drift
eastward around the Earth as they bounce between the stronger magnetic
fields in the northern and southern hemispheres and gyrate around the local
magnetic field. More energetic particles bounce and drift faster. These three
motions usually have well separated time scales. For example, for an 1 MeV
electron with an equatorial pitch angle of 60� at r=6RE, the gyration, bounce,
and drift periods are about 10�3, 100, and 103 seconds, respectively.

There is an adiabatic invariant associated with each of these motions. As
long as the magnetic field changes slowly over the respective time-scale, the
corresponding invariant remains constant (Northrop, 1963). The conservation
and violation of these invariants is central to understanding the energization
and loss of electrons in the radiation belts. The first invariant is proportional
to the magnetic flux within a gyro orbit; the second invariant is proportional
to the magnetic field integrated along the bounce orbit; and the third invariant
is proportional to the magnetic flux within the drift orbit. The energy of a par-
ticle increases for the same first and second adiabatic invariants as a particle
moves inward into stronger magnetic fields which violates the third adiabatic
invariant. Such violations can occur if the magnetosphere within the drift orbit
fluctuates on a time scale of the drift orbit. Thus energization will occur if a
particle moves inward while preserving its first and second adiabatic invari-
ants. Actually the first and second adiabatic invariants are sometimes violated
by waves that scatter particles in pitch angle. But pitch-angle scattering often
nearly conserves energy. Thus a particle, even though it may not conserve its
first and second adiabatic invariants, will still gain energy as it moves inward
into stronger magnetic fields. Pitch-angle scattering can also scatter particles
onto orbits that intersect the atmosphere resulting in loss of particles from the
radiation belts.

After the discovery of the radiation belts at the beginning of the space
era, an impressive amount of research was done during the 1960’s and early
1970’s. Models of the average properties of the radiation belts, such as AE-8
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model (Vette, 1991) were developed; radial diffusion was established as the
dominant energization and radial transport mechanism (Schulz and Lanze-
rotti, 1974); and wave-particle interactions were established as an impor-
tant loss mechanism responsible, in part, for the slot region (Lyons et al.,
1972). By the end of 1970’s, radiation belt research had mostly moved from
Earth to Jupiter and the other major planets. The Pioneer and Voyager mis-
sions revealed that all of the major planets, Jupiter, Saturn, Uranus, Neptune,
have well developed magnetospheres and trapped radiation belts. The Jovian
trapped radiation is the strongest. The other three planets have radiation belts
comparable in intensity to Earth.

Research into the radiation belts of the Earth was revived by the startling
and detailed results from the CRRES satellite, which gathered data in the
years 1990-1991. CRRES had a geosynchronous transfer orbit in the equa-
torial plane with a period of 10 hours ideal for investigating the radiation
belts. Figure 1 shows electron differential fluxes as a function of time and
L, measured by the CRRES/MEA instrument (Vampola et al., 1992) and the
corresponding geomagnetic indices for the whole CRRES period. The data
are characterized by abrupt electron enhancements and decreases extending
across L-values from L�2 to�7. All energies often rise and fall coherently
but lower energy electrons show more frequent variation, associated with sub-
storms as indicated by AE, while higher energies vary more with geomagnetic
storms as indicated by Dst. All the CRRES/MEA channels can be contami-
nated by penetrating energetic protons (>100 MeV) and highly relativistic
electrons (>5 MeV). This contamination is most evident in the inner belt
region where it’s due to penetrating inner belt ions and in the slot region after
March 24, 1991 (day number 448 and orbit number 587). The ‘contamina-
tion’ after March 24 is due to a new electron belt of>13 MeV electrons
that formed in less than one minute. The CRRES satellite was fortunate to
be able to see directly the formation of this belt. On March 24, 1991, as the
CRRES satellite moved toward perigee, it measured the injection of greater
than 13 MeV electrons as illustrated in the left column of Figure 2 (Blake et
al., 1992). The subsequent peaks are drift echoes due to the reappearance of
the electrons after a complete drift around the Earth. The differences in the
count rates of the different energy channels shown in Figure 2 are due solely
to differences in the detector’s respective geometric factors, indicating that
nearly all injected electrons were above 13 MeV in energy.

The injection can be traced back to the Sun. Activity on the sun about
a day before resulted in a fast interplanetary shock traveling>1400 km/s.
The shock compressed the magnetosphere and produced an inductive electric
field which energized electrons by bringing pre-existing�1-2 MeV electrons
from L�8 to L�2.5 as shown by the test particle simulation (right column in
Figure 2) that Li et al. [1993] used to model successfully the effects of this
shock. This simulation used an analytical model of the electric and magnetic
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fields produced by the interplanetary shock . Later Hudson et al. [1997] used
fields generated by global MHD simulations to get similar results.

As can be seen from Figure 1, the>13 MeV electron belt lasted until
the end of the CRRES mission. Subsequently the belt was detected by the
SAMPEX satellite and, as can be seen from Figure 3, traces of the belt still
remain (year 2000) while the belt slowly decays and diffuses inward. Thus
an electron radiation belt, formed in less than a minute, has lasted nearly a
decade. The creation of this electron radiation belt did not fit the dominant
model (radial diffusion) that had been thought to explain the evolution of
radiation belts nor was it clear whether the other abrupt electron enhance-
ments seen in Figure 1 were best explained by radial diffusion acting much
faster during magnetic storms or whether such enhancements could be better
explained by injections like the one that created the March 24 belt or some
other fast process. On the other hand recent data have also confirmed pre-
dictions of the radial diffusion theory. The slow inward radial motion of the
>13 MeV electrons seen in Figure 3 is consistent with radial diffusion theory
(Schulz and Lanzerotti, 1974) as are changes seen in the outer radiation belt
by the Polar satellite during quiet times and recently modeled by Selesnick et
al [1997]. These considerations have led to somerethinking of radiation belt
dynamics.

2. Understanding the Electron Radiation Belts

2.1. SOURCE OFELECTRONS IN THERADIATION BELTS

The energy that can be gained by radial transport, whether in the form of
radial diffusion or fast injections, through the violation of the third adiabatic
invariant is limited by the ratio of the magnetic field magnitudes within the
region of radial transport. Thus radial transport as an energization mecha-
nism through the violation of the third adiabatic invariant normally requires
a source population of electrons that is already hot compared to the average
temperature of electrons in the possible sources: the solar wind (Te�10 eV),
the magnetosheath (Te�30 eV), the central plasmasheet (Te�500-2000 eV),
or the ionosphere (<1 eV).

Though the average temperature of solar wind electrons is relatively small
(Te�10 eV) the solar wind also contains a much hotter ‘halo’ and an even
hotter ‘superhalo’ population of electrons (Lin, 1998). This ‘superhalo’ pop-
ulation varies with solar and solar wind activity and has a temperature (Te�5
keV) whose high energy tail is conceivably sufficient to produce some of the
electrons in the radiation belt if energized within the magnetosphere solely by
radial transport. However, recently Li et al. [1997a] examined this hot ‘super-
halo’ population and showed that it did not have sufficient phase space density
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to supply the radiation belts without additional heating processes within the
magnetosphere. This result implies that the source population for the electron
radiation belts must be created within the magnetosphere.

Various mechanisms have been suggested for creating the source pop-
ulation of electrons on which radial transport may act to produce the ra-
diation belts. Some of these possible mechanisms and source regions are
reconnection in the magnetotail, additional heating within the magnetotail,
heating within the cusp region (Sheldon et al., 1998), or the acceleration of
ionospheric electrons out of the auroral zone into the outer magnetosphere.
Reconnection in the magnetotail may be important not only because recon-
nection may accelerate electrons directly but also because it takes place in
regions of weak magnetic fields favorable for further acceleration through
conservation of the first two adiabatic invariants or through generation of
waves that may heat electrons by violating their first adiabatic invariant near
the reconnection region. Recent FAST satellite data have also shown that
parallel electric fields and related wave turbulence in the auroral acceleration
region can heat ionospheric electrons to keV energies and inject them into the
magnetosphere (Carlson et al., 1998). In any case, the normal population of
electrons in the plasmasheet is characterized by a Kappa distribution which
has a high energy tail compared to a Maxwellian distribution. It is not known
how such distributions are formed (though the above mentioned mechanisms
are possibilities) and though it appears that the phase space density of the av-
erage Kappa distribution in the current sheet of the magnetotail has sufficient
phase space density to be the source of the electron radiation belt it is not as
clear that these electrons can be transported inward efficiently enough.

Thus electron phase densities and heating mechanisms in the outer mag-
netosphere are important unresolved issues whose eventual resolution will
tell us whether the outer magnetosphere is the source region for the electron
radiation belts.

2.2. MECHANISMS OF RADIAL TRANSPORT MECHANISMS

The classic mechanism for forming the electron radiation belts, given a suffi-
cient source population in the outer magnetosphere, is radial diffusion. Radial
diffusion was thought to proceed slowly but CRRES, SAMPEX (Baker et al.,
1994), Polar (Selesnick and Blake, 1997), and multiple satellite data (Li et al.,
1997b; Reeves et al., 1998) have confirmed that much of the variation occurs
quickly during magnetic storms. The question is whether these variations are
best described by radial diffusion acting much more quickly during magnetic
storms or whether these variations are best described by a single event like
on March 24, 1991 or another heating process. The formulation of radial
transport as radial diffusion makes sense if change in the fluxes of radiation
belt electrons are slow on the time scale of the drift period. In the case of
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the March 24, 1991 event, the radiation belt formed in less than one drift
period and so radial diffusion is not a good description of the process. During
most magnetic storms the typical pattern of energetic electron flux changes
is different. Typically, the relativistic electron flux drops rapidly during the
main phase of the storm. The electron flux stops decreasing as Dst reaches its
minimum and then in few hours, as Dst recovers, the electron flux increases
and usually reaches values larger than before the storm. The reformation of
the radiation belts during the recovery phase of magnetic storms thus seems to
occur on an intermediate scale of hours. So the increase during a drift period
(�10–20 minutes for 0.4–1 MeV electrons in the outer zone) is not small but
neither does most of the increase occur in less than one drift period. Com-
plicating the above analysis is that much of the decrease in the electron flux
during a storm and some of the increase is due to a fully adiabatic response
(conserving all three adiabatic invariants) of the radiation belt electrons to
the change in the magnetic field as indicated by the Dst index (Li et al.,
1997b; Kim and Chan, 1997). Unfortunately to take into account properly
the adiabatic response, which in principle is understood, we need to know the
total magnetic field response so as to calculate the magnetic flux within the
drift orbit for which Dst gives but a poor proxy.

2.3. DETAILED MECHANISMS OF RADIAL DIFFUSION

The basic idea of the radial diffusion formulation, as of other diffusion for-
mulations, is that the individual fluctuations that produce the diffusion can
be ignored and only their average properties need be considered. But this
need not hinder us from looking into details and asking about the individual
fluctuations that drive radial diffusion. To be effective in producing radial
transport, radial diffusion requires that there be variations in the electric or
magnetic fields within the magnetosphere on a time scale of a drift period.
Such variations can be due to pressure pulses in the solar wind, to ULF waves
generated at the magnetopause or within the magnetosphere, or to changes in
the electric and magnetic fields driven by substorms and magnetic storms.
Recently Baker et al. [1998] and Elkington et al. [1999] have argued that
specific ULF waves are important in driving radial diffusion. Elkington et al.
[1999] have been able to use MHD simulations to determine the response of
the magnetosphere to the solar wind and to use test particle simulations to
determine the response of the radiation belt electrons to such magnetospheric
changes. Thus they were able to produce radial diffusion using the actual
details of the electric and magnetic field fluctuations. Rowland and Wygant
[1998] have shown on the basis of CRRES electric field data that during
magnetic storms large electric fields penetrate deep into the magnetosphere.
Such fields must be important in creating the ring current but their effects in
creating the electron radiation belts have not been specifically analyzed.
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2.4. ELECTRON RADIATION BELT RESPONSE TO THE SOLAR WIND

Paulikas and Blake [1979] showed that there is a very good correlation be-
tween the solar wind velocity and the MeV electron flux at geosynchronous
orbit. Since geomagnetic activity and substorms are known to be controlled
more strongly by the polarity of the interplanetary magnetic field, the better
correlation of the radiation belt electrons with solar wind velocity is mysteri-
ous.

Recently we have reexamined this issue using several years of almost
continuous solar wind data from the Wind satellite and confirmed the results
of Paulikas and Blake [1979]. We also found that velocity fluctuations in
the solar wind are strongly correlated with the velocity itself (see Figure 4
for an an example of this correlation). Perhaps such velocity fluctuations in
the solar wind drive radial diffusion and thus can explain this correlation.
Larger solar wind velocities may also drive fluctuations at the magnetopause,
perhaps through the Kelvin-Helmholtz instability, which may produce ULF
waves within the magnetosphere. Currently we know that there is a good
correlation between the solar wind and radiation belt electrons but we do not
know the physical mechanism that produces this correlation.

2.5. WAVE-PARTICLE INTERACTIONS AS AN ENERGIZATION PROCESS

Wave-particle interactions are thought to be important in precipitating elec-
trons from the radiation belts by pitch-angle scattering (e.g., Kennel and
Petschek, 1966; Lyons et al., 1972). It is also known from recent SAMPEX
satellite data that the strongest precipitation occurs during the recovery phase
of magnetic storms when the radiation belt electron flux is increasing most
rapidly. Some of the loss occurs in microbursts (Blake et al., 1996) or in
precipitation bands (Nakamura et al., 1995). This implies that the energiza-
tion mechanisms that replenish the radiation belt electrons during magnetic
storms must be even more effective than they appear since they must build
up the electron flux in the face of this enhanced loss. However, wave-particle
interactions also involve some energy change. If the wave-particle interac-
tions occur within the plasmasphere, the energy change is small but if they
occur outside the plasmasphere, where the plasma density is small and thus
the phase velocity of the waves may be large, a substantial energy change can
occur and thus heat the electrons. Recent data have shown that the phase space
density gradient of the more energetic portion of the radiation belt electrons is
sometimes negative with respect to radial distance and thus the enhancement
of these electrons cannot always be explained by radial transport (Li et al.,
1999; Brautigam and Albert, 2000). It has been suggested that wave-particle
interactions of electrons with chorus whistler waves outside of the plasma-
sphere can heat trapped radiation belt electrons (Temerin et al., 1994; Roth
et al., 1998; Summers et al., 1998; Horne and Thorne, 1998) and might thus
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provide an explanation for the creation of the higher energy portion of the
radiation belt electrons.

2.6. DISCUSSIONS

Particle distributions often have features that give clues as to the acceleration
mechanism that produce them. Thus, Li et al. [1993] were able to infer the
mechanism that produced the March 24, 1991 electron belt from the details
of the drift echo (Figure 2). Since during magnetic storms the electron fluxes
can increase fairly rapidly, one would think that the processes that produce the
increase would imprint themselves as specific features in the electron distri-
bution. For a variety of reasons, which may be both physical and instrumental,
such detailed features in the electron distribution have usually been difficult
to see or difficult to interpret when seen. Perhaps a scarcity of distinctive
features in the energy spectra and pitch angle distribution of radiation belt
electrons is due to wave-particle interactions, which would tend to diffuse
electrons in energy and pitch angle and thus smooth out any distinctive fea-
tures. In addition many electron radiation belt detectors have been placed on
satellites as radiation monitors and lack good energy, pitch angle, or magnetic
field resolution. Other detectors, such as the those on the CRRES or the Polar
satellites, have had fairly good resolution but pass through the radiation belts
too quickly and so are confounded by the spatial-temporal ambiguities that
often make analyzing satellite data a challenge. The basic conclusion here is
that despite 40 years of radiation belt research, correctly instrumented satel-
lites in the right orbit for studying the electron radiation belts have yet to be
flown and the basic acceleration mechanisms are still uncertain.
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3. Figure Captions

Figure 1: CRRES/MEA electron differential fluxes (#/cm2-s-sr-keV), sorted
by L-value (in bins of 0.1 L), and geomagnetic indices for the CRRES period
are plotted vs time (in orbit number, the orbital period:�10 hours).
Figure 2: (Fig. 1 of [Li et al., 1993a]) (a) Data from the CRRES satellite at the
time of the March 24, 1991 SSC. Top panel shows count rates as a function of
time from four energetic electron channels measuring integral counts above a
threshold energy indicated, and also between 10-50 MeV. Middle and bottom
panels show the measured electric fieldEy in a co-rotational frame and the
Bz magnetic field component with a model magnetic field subtracted, in GSE
coordinates over the same time interval. (b) Simulated results in the same
format as (a) measured at a spatial location corresponding to the trajectory of
the CRRES satellite.
Figure 3: Color-coded countrate of 10-20 MeV electrons measured by SAM-
PEX since its launch on 3 July 1992, into a polar orbit with an altitude of
about 600 km and inclination of 82�. The averaging period varies from 1-3
months to remove instrument and spacecraft pointing-mode artifacts. (Adapted
from Fig. 1 of M. Looper et al. [1999]).
Figure 4: Various parameters plotted vs. time for the first half of 1995. The
panels are (from top): differential flux of electrons (#/cm2-s-sr-MeV) in the
solar wind (every 15 minutes); solar wind velocity (every 12 minutes),Vsw;
solar wind velocity fluctuation directly calculated from theVsw and then with
a 10 hour averaging window; daily averages of the integral flux of electrons
(electron/cm2-s-sr) measured by SAMPEX for>0.4 MeV at L=10; and for
(2-6 MeV) at L=6.6; daily averages of the differential flux (electron/cm2-s-sr-
MeV) of electrons measured by the LANL sensor onboard geosynchronous
satellite (1989-046);Dst index.
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