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Abstract Discovered in 1958, Earth’s radiation belts persist in being mysterious and un-
predictable. This highly dynamic region of near-Earth space provides an important natural
laboratory for studying the physics of particle acceleration. Despite the proximity of the ra-
diation belts to Earth, many questions remain about the mechanisms responsible for rapidly
energizing particles to relativistic energies there. The importance of understanding the ra-
diation belts continues to grow as society becomes increasingly dependent on spacecraft
for navigation, weather forecasting, and more. We review the historical underpinning and
observational basis for our current understanding of particle acceleration in the radiation
belts.
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1 Introduction

1.1 Motivation

Shortly after the discovery of Earth’s radiation belts, the suggestion was put forward that
processes occurring locally, in near-Earth space, might be responsible for the high energy
particles observed there. Efforts were also carried out to search for an external source that
could inject multi-MeV electrons into Earth’s inner magnetosphere where they could then
be trapped by the magnetic field. Energetic electrons are in fact observed in interplanetary
space, originating at both Jupiter and the sun. However, the electron intensity in Earth’s
radiation belts is not correlated with the interplanetary intensity, and a significant external
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source for radiation belt electrons has not been identified. All evidence supports the idea that
Earth is a powerful accelerator of particles. We now know that Earth is even more efficient
at accelerating particles than previously thought; observations indicate that this region of
space is regularly depleted and replenished of relativistic electrons on timescales as short as
a few hours.

How are electrons rapidly accelerated to relativistic energies in a seemingly benign en-
vironment such as Earth? Many of the acceleration mechanisms that are currently being
studied in detail were actually proposed decades ago. However, our knowledge of the inter-
play between these mechanisms has been limited by the small number of observations made
with modern instrumentation. Processes proposed on theoretical grounds have not been ade-
quately tested with data. Because of the harsh radiation environment, spacecraft missions to
the radiation belts are technically difficult, thus the radiation belts have been under-explored
since their discovery in 1958. In August 2012, NASA launched the first spacecraft mission
to the heart of the radiation belts in over 20 years. The Radiation Belt Storm Probes (RBSP)
mission includes two identical spacecraft, heavily instrumented with state-of-the-art particle
and field instruments, to provide multi-point measurements in the radiation belts (Ukhorskiy
et al. 2011b). Other missions are currently being planned by Japan and Europe.

Today, we are in a position to take on new challenges to resolve the long-standing mys-
teries of the radiation belts. Strong variations in Earth’s magnetic field have a significant
effect on particle dynamics which can now be investigated with test-particle simulations on
modern computers. The recent discovery of very large-amplitude whistler waves in the mag-
netosphere raises questions about the validity of the quasi-linear treatment of wave-particle
interactions in the radiation belts. Over the next decade, radiation belt missions will pro-
vide detailed measurements of plasma waves and particle distributions, and theoretical tools
will provide the interpretation needed to advance our understanding of particle acceleration
occurring right on our doorstep.

The purpose of this review is to provide an overview of particle acceleration in Earth’s
radiation belts, with an emphasis on the observational characteristics of this region. Re-
cent review papers have given extensive overviews of radiation belt modeling (Shprits et al.
2008a, 2008b), the solar wind influence on the radiation belts and different acceleration
mechanisms (Hudson et al. 2008), and electron loss processes (Millan and Thorne 2007).
A concise discussion of the importance of wave-particle interactions was recently provided
by Thorne (2010). The present review will focus on observations of electrons and protons
in the MeV energy range and how these observations relate to current models of acceler-
ation. We do not attempt to address energization of the lower energy (≤100’s keV) ring
current population or acceleration occurring in the plasma sheet. We first provide a histor-
ical overview in order to put into context our current understanding of the radiation belts
and address the origin of radiation belt particles (Sect. 1). In Sect. 2, the physics of parti-
cle trapping is briefly reviewed and particle lifetimes discussed. Section 3 gives a detailed
overview of our modern view of the radiation belts based on fifty years of collected observa-
tions. In Sect. 4, we give a brief review of acceleration mechanisms, and in Sect. 5, provide
a summary and briefly discuss applications to other planetary systems.

1.2 Discovery of Earth’s Radiation Belts

In the late hours of January 31, 1958, the first U.S. Satellite, Explorer I, was launched into
an elliptical orbit with 2500 km apogee. The spacecraft carried three science experiments
including a Geiger–Müller counter designed to measure the cosmic ray intensity as a func-
tion of magnetic latitude. Data were periodically downlinked when the spacecraft was over
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Fig. 1 1959 sketch of the
intensity structure of the
radiation belts based on
Pioneer III measurements. The
numbers represent contours of
constant counting rate from the
Geiger–Müller counter.
Reprinted by permission from
MacMillan Publishers Ltd:
Nature (Van Allen and Frank
1959a), copyright 1959

an available ground station and it was observed that the Geiger counter worked sometimes,
but the count rate dropped to zero at other times. The experimenters suspected that the in-
strument was saturating due to excessively high count rates, and this was soon confirmed
when Explorer III was successfully launched on March 26, 1958 (Explorer II had failed on
launch). Explorer III carried the same Geiger–Müller counter plus a tape recorder, reveal-
ing what had happened on Explorer I. At low altitude, cosmic rays were measured at the
expected count rate of ∼30 counts/second. As the satellite rose, the count rate began to in-
crease, but then fell abruptly to zero as the instrument saturated due to an extremely high
rate of incident radiation (Stern 1996). This marked the discovery of Earth’s radiation belts.

Slightly ahead of the U.S. efforts to launch artificial satellites, the Soviet Union launched
Sputnik 1 on October 4, 1957, and less than a month later, Sputnik 2 was launched on
November 3, 1957. Sputnik 2 carried a radiation detector similar to that of the Explorer
satellites. The increased radiation levels of the radiation belts were detected by the instru-
ment before Explorer I was even launched, but only when the satellite was near apogee at
high enough altitude and over Australia. Because the Soviets could not directly downlink
the high altitude data, the data were not immediately analyzed. After Van Allen reported
the discovery from Explorer III, the Sputnik data were examined and the presence of the
radiation belts confirmed by Vernov (Dessler 1984).

Geiger–Müller tubes were subsequently carried on Sputnik 3 (Vernov et al. 1959b), Ex-
plorer IV (Van Allen et al. 1959a), and Pioneer III (Van Allen and Frank 1959a) which
measured the radiation to a radial distance of 107,400 km, establishing the existence of two
distinct zones separated by a region devoid of particles (Fig. 1). A comprehensive bibliog-
raphy of the earliest papers through May 1959 is given in Van Allen (1959a). Van Allen
summarized his early observations in Van Allen (1959c), and also wrote a popular account
in Scientific American (Van Allen 1959b).

Within a few years after the discovery, a picture of the radiation belts had emerged which
is surprisingly similar to our current understanding. The basic structure and composition
of the belts was relatively well understood, including the fact that the inner zone is rela-
tively stable in time while the outer zone varies in relation to solar activity. The first hint of
this variability was based on Pioneer IV measurements obtained in March 1959 following
a period of intense auroral activity. The outer zone intensity was significantly higher than
that observed during geomagnetically quiet times by Pioneer III in December 1958 and the
Soviet Cosmic rocket in January 1959. The inner zone was observed to be relatively stable
during this time (Van Allen and Frank 1959b). A more thorough analysis of Explorer IV
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data showed that both the average energy and intensity in the outer zone increased following
magnetic storms. The increase was often preceded by a large decrease in the intensity (Roth-
well and McIlwain 1960). A nice review describing the state of the field in 1965 is given in
Hess et al. (1965). Their Table 1 (Hess et al. 1965) lists parameters of both American and
Russian experiments conducted between 1957–1964.

1.3 Origin of Radiation Belt Particles

Data from Explorers I and III revealed that the intensity of radiation rises abruptly above
1000 km altitude in a way that is inconsistent with cosmic rays. Although the identity of the
radiation was initially uncertain, Van Allen interpreted this altitude profile as evidence that
the radiation was affected by Earth’s magnetic field and therefore must consist of charged
particles (Van Allen et al. 1959a). Although natural radiation belts weren’t expected at the
time, the theory of particle motion and confinement in a magnetic field was well understood
based on early work by Alfvén (1939) and Størmer (1955) among others (e.g., Spitzer 1952;
Rosenbluth and Longmire 1957). In 1957, prior to the discovery of the natural radiation
belts, Christofilos had proposed an experiment to detonate several small atomic bombs in
the upper atmosphere in order to study the trapping of the beta decay electrons from fission
fragments (Christofilos 1959a, 1959b). The Argus experiment was carried out in 1958 and
is discussed in more detail in Sect. 2 below.

Early observations suggested that the nature of radiation in the inner and outer zones
is different both in terms of the composition and temporal variability (Van Allen 1959c).
As mentioned previously, the outer zone varies with solar activity while the inner zone
is relatively stable, and this was interpreted as evidence for different sources for the two
populations (Van Allen and Frank 1959b; Rothwell and McIlwain 1960). When considering
the energetic particle population, the two-zone structure of the radiation belts (Fig. 1) holds
for electrons, but protons are distributed radially in a more continuous fashion. Additionally,
the energy properties of both electrons and protons differ between the inner and outer zones.

1.3.1 Inner Zone

Protons with energies extending above several hundred MeV are concentrated within about
one Earth radius from the surface of Earth. In this region, the bulk of electrons has energies
below 1 MeV, but electrons can be found with energy as high as 5 MeV. The lack of vari-
ability in the inner zone indicates a steady source and long particle lifetimes which lead to a
relatively stable equilibrium distribution of particles.

Cosmic Ray Albedo Neutron Decay (CRAND) was first proposed independently by
Singer (1958), Vernov et al. (1959a), and Kellogg (1959) as a possible source for the trapped
radiation, and further developed by Hess (1959) and Freden and White (1960), among oth-
ers. The average incident galactic cosmic ray flux reaching Earth is roughly 2 particles/cm2s
(e.g. the International Organization for Standardization ISO-15390 GCR model), which
could potentially contribute to the trapped population in several ways. Quasi-trapping of
the cosmic ray protons, direct production of charged particles by cosmic ray interaction in
the atmosphere, and decay of π mesons produced in the atmosphere were all shown to be
insufficient sources (e.g., Hess 1962). However, cosmic ray protons also produce neutrons
when they collide with oxygen and nitrogen in the atmosphere. Selesnick et al. (2007) have
calculated the vertical neutron flux as a function of energy using a Monte Carlo approach
and find general agreement with observations from Kanbach et al. (1974) and Preszler et al.
(1976) made over a limited energy range (see Fig. 6 of Selesnick et al. 2007).
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When a neutron escapes the atmosphere, it is free to move on a ballistic trajectory unaf-
fected by the magnetic field. However, the neutron will decay into an electron, a proton, and
an anti-neutrino with a mean lifetime of just under 15 minutes. The proton has kinetic en-
ergy approximately equal to the neutron energy. The electrons produced will have a typical
beta-decay spectrum. Both electrons and protons can be trapped in the magnetic field. For
protons, the trapping efficiency was estimated to be ∼30 % since some protons will have
small pitch angles and be immediately lost to the atmosphere (Lenchek and Singer 1962).

Comparison of observations with CRAND theory shows that CRAND alone has serious
deficiencies, predicting too few protons with low magnetic moments (i.e. energies less than
∼50 MeV) (e.g., Farley et al. 1970). Further work by Farley and Walt (1971) combined
the CRAND source with atmospheric losses and radial diffusion from an outer boundary at
L = 1.7 (a radial distance of 1.7 Earth radii from the center of Earth). They adjusted the dif-
fusion coefficient to obtain the best match with observations and found that this model could
reproduce the observed profiles. More recently, Selesnick et al. (2007) have produced a com-
prehensive model of the inner radiation belt protons. The proton intensity below 100 MeV
was found to be dominated by solar protons for L > 1.3, while the CRAND source is suffi-
cient at higher energies. Above 100 MeV, particle lifetimes can exceed 1000 years, thus the
long-term variation of Earth’s magnetic dipole moment was also investigated.

The first solid evidence for heavy ions trapped in Earth’s magnetic field was obtained
in the early 1990’s (Grigorov et al. 1991). Heavy ions are observed near L = 2 with ener-
gies greater than 10 MeV/nucleon, and the source is anomalous cosmic rays—interstellar
particles that have been energized in the heliosphere (e.g., Mewaldt et al. 1996).

The energy spectrum expected for CRAND electrons is a beta decay spectrum weighted
by the energy-dependent particle lifetime which is determined by Coulomb collisions in the
atmosphere. The maximum energy of a beta decay electron is 780 keV, however, electrons
with energies above 1 MeV have been observed in the inner zone (Hess 1962). Moreover,
at lower energies, the spectrum is not consistent with CRAND (Singer 1962). CRAND may
still provide a source for electrons but some acceleration mechanism must be acting to en-
ergize them. Alternatively, electrons may be moved into the inner zone from larger radial
distances.

1.3.2 Outer Zone

Moving radially outward from Earth, the intensity of protons in the outer zone is much
higher than in the inner zone yet the neutron albedo is weaker, thus the CRAND mechanism
is not sufficient to explain their origin (e.g., Hess et al. 1965). Average proton energies are
also much lower in the outer zone because the gyro-radius of protons becomes quite large as
the magnetic field strength decreases with distance from Earth. For example, even at 2 RE ,
the maximum trappable energy of protons is ∼75 MeV (Lenchek and Singer 1962) and it
decreases at larger distances as the field becomes weaker.

However, the outer zone is dominated by electrons (e.g., Cladis et al. 1961) and distin-
guished by a high degree of variability (Fig. 2). It has long been known that the magnetic
field of Earth becomes severely disturbed due to solar activity (e.g., Crawford 1959), with
periodic geomagnetic activity recurring roughly once per month due to high speed solar
wind streams that emanate from coronal holes, and episodic activity due to coronal mass
ejections (CMEs). Thus, the persistence of the outer zone requires an unabating source. Im-
mediately after the radiation belts were discovered, Gold (1959) considered direct injection
of particles by magnetic clouds from the Sun as a potential source of electrons. Kellogg
(1959) further investigated direct injection of solar particles, with subsequent radial diffu-
sion leading to their adiabatic energization. A comprehensive early review of energization
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Fig. 2 SAMPEX 19–27.4 MeV inner zone proton intensity (top) and outer zone 2–6 MeV electron inten-
sity (bottom), along with window-averaged sunspot number (top) and Dst index (bottom), shown over solar
cycle 23. Reproduced from Li et al. (2001), copyright 2001, American Geophysical Union

by radial diffusion was provided by Tverskoy (1969). Acceleration of an existing particle
population, for example by Fermi acceleration, was also considered early on (e.g., Crawford
1959).

Before discussing acceleration mechanisms in detail, it is first essential to establish
whether the particles are accelerated internally from very low energies or whether they are
directly injected from an external source. Electrons with energies below ∼40 MeV are ob-
served in interplanetary space near Earth and were originally thought to be secondaries
produced by higher energy cosmic rays. However, measurements by Pioneer 10 showed
that the spectral shape of electrons (0.2–8 MeV) within 1 AU of Jupiter was remarkably
similar to that inside Jupiter’s magnetosphere. Measurements of 3–12 MeV electrons with
IMP-3,4, and 5 near Earth showed a 13-month periodicity expected for a favorable mag-
netic connection between Earth and Jupiter (Teegarden et al. 1974). The same periodicity
was observed between 0.2–2.5 MeV (Mewaldt et al. 1976) and 1–6 MeV (Krimigis et al.
1975) with IMP-7 and IMP-8. Thus the relativistic electron population below ∼25 MeV in
interplanetary space near Earth is comprised of Jovian electrons, as well as solar electrons,
and magnetospheric electrons (below 1 MeV) that were accelerated in the magnetotail.

These interplanetary electrons, then, are an obvious potential source of particles for the
radiation belts. This was first suggested by Baker et al. (1979a) who examined geosyn-
chronous electron data between 200 keV–2 MeV over a period of two years and found
some evidence of a 13-month periodicity in the trapped flux. They suggested that the Jovian
electrons could gain access to the magnetosphere and become part of the plasma sheet popu-
lation where they could subsequently be injected into the radiation belts. A later study com-
pared the 6–10 MeV interplanetary electron flux with the 0.2–7 MeV flux at geosynchronous
orbit over a longer time interval of eight years and found no clear correlation (Christon et al.
1989). This study concluded that, although the interplanetary electrons could be a reservoir
for particles that contribute to the trapped population, the rapid enhancements observed at
geosynchronous orbit are not due to increases in the interplanetary electron flux, and the en-
hancements must therefore be due to internal processes. Baker et al. (1996) provide a review
of external sources and conclude that the bulk of relativistic electrons is accelerated within
the magnetosphere.
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Acceleration of a lower energy source population is thus required to explain the rapid
variability of radiation belt electrons, but what is that lower energy source? Li et al. (1997)
considered the solar wind high energy tail or “super-halo” (Lin 1998), and showed that
it did not have sufficient phase space density to account for the radiation belt electrons,
assuming adiabatic acceleration by radial diffusion. It is now widely believed that the
source of electrons is in Earth’s magnetotail. Particles from the ∼keV plasma sheet pop-
ulation are energized and injected into the inner magnetosphere during substorm dipo-
larization events (e.g., Baker et al. 1981; Apatenkov et al. 2007; Dubyagin et al. 2011;
Runov et al. 2011). Substorm injections extending above a few hundred keV are rare and
the appearance of high energy electrons at geosynchronous orbit is typically delayed by 2–3
days following the main phase of a goeomagnetic storm (Baker et al. 1986). Thus, additional
acceleration is required to explain the existence of energetic electrons which can extend to
energies exceeding 10 MeV.

In summary, protons in the inner zone (below L ∼ 1.3) are consistent with the CRAND
source, while solar protons are an important source at larger radial distances at energies be-
low 100 MeV. CRAND likely contributes to the electron population in the inner zone, but is
not sufficient to explain either the intensity of electrons or the existence of electrons above
800 keV. In the outer zone, the rapid variability of relativistic electrons and the lack of an
established external source implies an efficient acceleration mechanism acts on magneto-
spheric electrons, accelerating them to multiple MeV energies on a timescale as short as a
few hours. Possible acceleration mechanisms are discussed in more detail in Sect. 4 below.

2 Particle Trapping and Lifetimes

In order to understand the context in which particles are accelerated to high energies in the
radiation belts, we must first understand the basic physics of trapping and the processes that
govern the lifetime of particles in this region. Particle lifetimes place important constraints
on acceleration mechanisms that produce the trapped radiation. In principle, even a weak
or inefficient acceleration mechanism could explain the presence of high energy particles in
the magnetosphere if the particle lifetimes are long enough. In addition, the non-dipolar and
dynamic nature of the magnetic field places constraints on the region in which particles can
be stably trapped. Improvements in available computational tools have allowed for recent
advances in our understanding of particle dynamics in a realistic magnetic field. This section
provides a brief review of these topics.

2.1 Trapped Particle Motion and Adiabatic Invariants

The confinement of particles in a dipole magnetic field was first discussed by Størmer and
further explored by Alfvén, who looked in detail at particle trajectories (e.g., Elliot 1963).
The dynamics of charged particles in a quasi-dipole magnetic field can be formulated in
terms of adiabatic theory, first applied by Northrop and Teller (1960). Here we provide a
brief overview, but the reader is referred to e.g., Schulz and Lanzerotti (1974) for a detailed
discussion.

In a dipole magnetic field, charged particles undergo three types of periodic motion: gy-
ration, bounce along the field line between mirror points, and azimuthal gradient-curvature
drift. For each of these motions, the trajectory of a particle in phase space is closed, and the
action variable is defined by the area of the orbit in phase space

Ji =
∮

Pidqi (1)
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Fig. 3 Frequencies of gyration, bounce, and drift motion as a function of energy for equatorially mirroring
electrons in a dipole field at Earth. Adapted from Schulz and Lanzerotti (1974)

where Pi is the canonical momentum, and qi is the generalized coordinate. For a slowly
varying system (relative to the frequency of motion), the action is an adiabatic invariant,
approximately conserved.

In the radiation belts where the field is quasi-dipolar, the three periodic motions have
timescales that are typically separated by orders of magnitude (Fig. 3), and are thus decou-
pled. The first action variable is given by

J1 = c

e

πp2
⊥

B
(2)

where e is the charge, c is the speed of light, p⊥ is the momentum perpendicular to the local
magnetic field, and B is the magnetic field strength. Making use of the constancy of c, e,
and the particle rest mass, m, the related quantity, μ, is defined to be the “first adiabatic
invariant”

μ = p2
⊥

2mB
(3)

which is related to the magnetic moment of the particle. In a static magnetic field, the particle
energy is also conserved which, together with constant μ, implies that the particle motion
satisfies

sin2 α

B
= constant (4)

Here we have defined the pitch angle, α, to be the angle between the velocity vector of
the particle and the local magnetic field direction. Note that the pitch angle increases as
the particle moves along the magnetic field line away from the equator, reaching 90° at the
mirror point. Throughout the remainder of this paper, “equatorial pitch angle” will refer to
the pitch angle of the particle as it passes through the equatorial plane.

The second adiabatic invariant is given by

J =
∮

p‖ds (5)

where p‖ is the momentum parallel to the magnetic field, s is the coordinate along the mag-
netic field line, and the integration is carried out along the bounce trajectory. Conceptually,
the second adiabatic invariant is related to the length of the field line between mirror points.
More precisely, one can show that, together with constant μ and p, the length

J

p
= 2

∫ s′
m

sm

ds

√
1 − B(s)

Bm

(6)
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is constant as the particle drifts in longitude, where Bm is the magnetic field strength at the
mirror point, and sm and sm′ are the coordinates of the two mirror points.

Finally, the third adiabatic invariant is

J3 = e

c
Φ (7)

where Φ is the magnetic flux enclosed by the drift shell

Φ = −2πB0R
2
E

L
(8)

Here L is the distance from the dipole center to the location where the field line on which the
particle bounces crosses the equator, measured in units of Earth radii, RE . B0 is the magnetic
field strength at the surface of Earth. In the real magnetic field which deviates from a perfect
dipole, it is useful to recast the third invariant in terms of a generalized L-value (Roederer
1970)

L∗ = 2πB0R
2
E

|Φ| (9)

where the magnetic flux through the drift orbit can be numerically calculated, assuming the
drift path is known. L∗ is physically interpreted as the radial distance at which a particle
would cross the equator if all non-dipole components of the magnetic field were adiabati-
cally turned off.

The three adiabatic invariants describe the unperturbed motion of a particle in a quasi-
dipolar magnetic field. The observed variability of the trapped population suggests that one
or more of the adiabatic invariants is frequently violated in the radiation belts. Nevertheless,
it is useful to organize data in terms of the three invariants in order to study deviations
from adiabatic motion. In particular, particle acceleration implies violation of one or more
invariants, which is further discussed in Sect. 4.

2.2 Particle Dynamics in a Realistic Magnetic Field

The magnetic field in the radiation belt region is often approximated by a dipole field or a
model such as the International Geomagnetic Reference Field which includes higher order
multipole terms but does not include external current systems. Under typical conditions, this
approximation is quite good near the surface of Earth where the field is strong, for example
within a few Earth radii. However, the field can deviate from a dipole quite substantially;
at geosynchronous orbit, the effects are important even for quiet-time conditions. The non-
dipolar effects become substantial well inside of GEO during periods of strong geomagnetic
activity. An increase in solar wind dynamic pressure causes a significant compression on the
dayside, while momentum transferred from the solar wind stretches the nightside field into
a tail-like structure. A buildup of hot plasma pressure in the inner magnetosphere, called the
ring current, contributes significantly to the field during magnetic storms, causing a decrease
in the field strength as measured by ground-based magnetometers. Finally, the magnetic field
can be very dynamic, responding to changes in the solar wind driver. The non-dipolar and
dynamic nature of the magnetic field in the radiation belts has important implications for the
particle motion.

Drift shell splitting occurs when stably trapped particles with different pitch angles fol-
low different drift trajectories due to the asymmetry in the magnetic field. Figure 4 shows
the full trajectories for an equatorially mirroring (90° pitch angle) particle (red) and a
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Fig. 4 Drift shell splitting is illustrated in this test particle simulation. Looking almost directly down at the
equatorial plane, trajectories for a 90° (red) and small equatorial pitch angle (blue) particle are shown. Noon
is towards the bottom of the figure along the positive x-axis. Figure courtesy A.Y. Ukhorskiy

particle with small equatorial pitch angle (blue). To conserve the first and second adia-
batic invariants, the equatorial particle must follow a contour of constant magnetic field
strength: J = 0 = constant implies α = 90° = constant (no parallel momentum), thus we
see from Eq. (4) that B must also be constant on the particle trajectory. Because the mag-
netic field is stronger on the dayside where it is compressed, the particle moves outward.
Particles with smaller equatorial pitch angle, on the other hand, mirror close to the Earth
where the field is stronger and less distorted by the solar wind. The mirror points (where
p2

⊥ = p2) for this particle also lie on a contour of constant B in order to conserve the first
adiabatic invariant. This trajectory (Fig. 4) is more symmetric and nearly circular, due to
the fact that the field is less distorted near Earth. This is a conceptual picture to explain
the origin of the drift-shell splitting effect, but in general particles will move on trajec-
tories that conserve μ and J , and these trajectories turn out to be dependent on μ and
J for a non-symmetric field. This effect has important implications for spacecraft mea-
surements of pitch angle distributions. The two particles shown in Fig. 4 pass through the
same equatorial location near noon. In this example, a spacecraft measuring the pitch an-
gle distribution would measure both particles at noon, but would not measure the same
two particles on the nightside where their drift shells have separated substantially. This
is one explanation for observed butterfly pitch angle distributions (e.g., Roederer 1967;
Schulz and Lanzerotti 1974).

Another effect of the dayside compression of the field was first recognized by Northrop
and Teller (1960), and later discussed by Roederer, Shabansky, and others (e.g., Roederer
1970; Shabansky 1971). In a dipole field, particles exhibit bounce motion which is sym-
metric around the equator where there is a local minimum in the magnetic field strength.
In the compressed field at large enough equatorial distance, there are two local minima
that occur at higher latitude, off of the equator. Particles drifting into the dayside will
start to bounce around one of these minima rather than bouncing symmetrically around
the equator. This occurs because they reach their mirror field strength and are reflected
before reaching the equator. Since there are two of these minima, the drift orbit bifur-
cates such that a particle may bounce about the minimum in the northern hemisphere or
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the minimum in the southern hemisphere, depending on its bounce phase when it first en-
counters this compressed region. The so-called “drift orbit bifurcation” is pitch-angle de-
pendent, affecting particles with larger pitch angles more strongly. Although this effect
has been known for a long time, the extent to which the field is distorted was not appre-
ciated. Development of empirical models such as the Tsyganenko magnetic field models
(e.g., Tsyganenko and Sitnov 2005), based on decades of observations, has allowed for
recent test particle simulations to further explore these effects (Öztürk and Wolf 2007;
Ukhorskiy et al. 2011a). The effects are important; the periods of the bounce and drift mo-
tions are no longer well-separated, thus the second adiabatic invariant is not conserved.
Moreover, since the particle no longer moves on a closed drift path, the third invariant is no
longer well-defined. This effect can be important inside geosynchronous orbit for a range of
particle pitch angles, even for moderately active conditions.

Finally, the dynamic nature of the magnetic field has significant effects on particle mo-
tion. Variations that occur on the timescale of the particle periodic motions (i.e. gyration,
bounce, drift) violate one or more adiabatic invariants. These variations can be plasma waves
at a range of frequencies, extending from mHz (drift timescale) to kHz (gyration timescale)
and beyond. Such variations can lead to energization of particles as is further discussed in
Sect. 4, or pitch angle scattering, briefly discussed in the next section. Much slower vari-
ations in the magnetic field cause particles to move adiabatically. For example, when the
hot plasma pressure builds up in the inner magnetosphere during a storm, the magnetic field
strength is reduced, and particles move outward to conserve the magnetic flux through their
drift orbit (third invariant). Called the “Dst effect”, this can lead to perceived changes in par-
ticle intensity as measured by a spacecraft at fixed location and energy, which are reversed
when the field returns to its pre-storm value. The Dst effect can also lead to real changes
in the trapped particle intensity. If particles move outward far enough, they may find them-
selves on open drift paths and be lost to the magnetopause (e.g., Ukhorskiy et al. 2006b).
The effects of the dynamic field on particles in the bifurcation region are not yet known
and are only now being explored with fully three dimensional test particle simulations in
realistic fields based on empirical models or MHD simulations.

2.3 Loss Mechanisms and Particle Lifetimes

Loss processes help define the structure of the radiation belts. Losses are responsible for
the characteristic slot region between the inner and outer electron zones, and the lack of the
highest energy protons in the outer zone where the gyro-radius is comparable to the field
line curvature. Loss timescales are location- and energy-dependent and generally difficult
to measure in-situ since the measured particle flux is the combined product of accelera-
tion, transport, and loss. Particle lifetimes are controlled by several different mechanisms,
including Coulomb scattering by the atmosphere at low altitudes, pitch angle scattering into
the atmospheric loss cone by plasma waves, curvature scattering where the gyro-radius is
comparable to the field-line curvature, and loss through the magnetopause boundary.

Coulomb scattering is important for particles mirroring at low altitudes (below a few
hundred km) where they can interact with Earth’s atmosphere. Coulomb collisions can lead
to pitch angle scattering and energy loss. Modification of the pitch angle distribution has
been calculated by solving the Fokker–Planck equation (e.g., MacDonald and Walt 1962;
Walt and MacDonald 1962) and using a Monte Carlo approach (e.g., Selesnick 2004).

For particles mirroring at higher altitudes where Coulomb collisions are not impor-
tant, pitch angle diffusion into the loss cone is dominated by wave-particle interactions.
Recent reviews of pitch angle scattering by plasma waves were given by (e.g., Millan
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and Thorne 2007; Shprits et al. 2008b; Thorne 2010). Shklyar and Matsumoto (2009)
discuss interactions between charged particles and oblique whistler-mode waves. The
slot region between the inner and outer electron zones is due to scattering by whistler
mode waves that are generated by a range of mechanisms, including magnetospheric
processes, lightning and VLF transmitters (Lyons et al. 1972; Lyons and Thorne 1973;
Abel and Thorne 1998). Other waves that may be important for pitch angle scattering include
electromagnetic ion cyclotron waves and plasmaspheric hiss. The dynamic and non-dipolar
nature of the real magnetic field may significantly reduce the lifetime of particles in the outer
parts of the radiation belts, since particles may also be lost to the magnetopause.

For the most part, loss rates have not been sufficiently well quantified with experiments
except perhaps in the inner zone and slot region. A unique opportunity to directly measure
the particle lifetimes was presented in the 1960’s when high altitude nuclear explosions
were carried out by both the United States and the Soviet Union. The first of these was
the Argus experiment, specifically designed to study the trapping of relativistic electrons.
Three small atomic bombs were detonated over the south Atlantic, injecting a host of fission
fragment particles into the slot region at an altitude of about 1 RE . The hypothesis was that
electrons with 1–2 MeV energy would survive several hours or more, losing energy only
due to Coulomb collisions with the atmosphere. The lifetime was measured by satellite and
rocket experiments. The new belt of trapped electrons was found to be remarkably stable
spatially, remaining at the same location and not spreading radially. However, the lifetime
was found to be shorter than expected from Coulomb scattering alone, and this prompted the
suggestion that magnetic variations were contributing to the loss. A rapid drop in intensity
was also observed in association with a magnetic storm (Van Allen et al. 1959b). More
recently, decay rates were measured after the injection of a new radiation belt in the slot
region between L = 1–2 during the 2003 Halloween Storm period. The loss rate for electrons
between 2–6 MeV was found to be highly L-dependent, ranging from 180 days at L = 1.5 to
∼8–35 days at L = 2 (Baker et al. 2007). Prior to the formation of the new radiation belt in
the slot region, the radiation belts were first rapidly depleted across all L-shells during this
storm. The radiation belts were then re-populated to very high intensity, but deep inside the
slot region (Baker et al. 2004). Thus, extreme events can completely wipe out the radiation
belts, allowing us to observe the acceleration timescale over which the belts are re-formed.

In the outer zone, losses during less extreme events can also be quite rapid. Estimates
have been made based on observations, for example, Selesnick (2006) analyzed data from
the SAMPEX satellite and found that atmospheric losses during the main phase of a storm
can deplete the radiation belts in about 1 hour. Other estimates range from hours to days
(e.g., Lorentzen et al. 2001; Millan et al. 2002). On the other hand, Turner et al. (2012)
recently concluded that loss through the magnetopause was responsible for large decreases
in the trapped population during the main phase of storms. The relative role of atmospheric
loss versus magnetopause loss is currently not known.

3 Characteristics of Earth’s Radiation Belts

In this section we summarize the observed characteristics of the trapped radiation including
the radial profile, energy spectra, pitch angle distributions, and temporal variability. Any
viable models of acceleration, transport, and loss must be able to explain these observed
features.
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3.1 Spatial Distribution

A number of empirical models of the radiation belts have been developed based on space-
craft data collected over many years. These are primarily used for operational/engineering
purposes to define radiation levels, but can also provide an average picture of the gen-
eral characteristics of the radiation belts. An overview of the trapped electron and pro-
ton distributions is shown in Fig. 5 based on the AE-8 and AP-8 solar minimum mod-
els (from Elkington et al. 2004). AE-8 and AP-8 are empirical models of electrons and
protons in the radiation belts, providing electron and proton fluxes over a wide range of
energies and radial distances, and include versions for solar minimum and solar maxi-
mum (Vette 1991). Model outputs can be obtained at the Space Physics Data Facility
(http://modelweb.gsfc.nasa.gov/models/trap.html). These models were completed in 1983
and are based on earlier models (e.g. AE-5 in the inner zone and AE-4 in the outer zone)
and data from multiple spacecraft, including GRS-A, OV1-19, OV3-3, and ATS 5 and 6.
An effort is currently underway to develop the next generation models AE9/AP9 based on
more recent data from a wide range of spacecraft including CRRES, Polar, LANL GEO,
SCATHA, and others. Later versions will also include data from the RBSP and DSX mis-
sions.

In Fig. 5, the two zone structure of electrons is apparent with the slot region occurring
near L = 2.5 and becoming more prominent at higher energies. Protons do not show evi-
dence of a slot, rather they are narrowly peaked around L = 1.5 at the highest energies, and
more broadly distributed at lower energies, with the peak shifting to higher L as the energy
decreases. Protons with energy above 100 MeV are confined to L ≤ 3, while protons with
energy less than ∼1 MeV can be found out to distances of ∼7 RE . The distribution of par-
ticles along the field lines is governed by the pitch angle distribution, discussed in Sect. 3.3
below.

3.2 Energy Distribution

3.2.1 Inner Zone

The energy spectrum of protons between 80–700 MeV was measured by Freden and White
(1962), and found to be in general agreement with the CRAND theory, which predicts a
power law spectral shape. The proton flux in protons/cm2/s/MeV is given by (Hess 1962)

φ = 110E−0.72 for 10 < E < 80 MeV

and

φ = 4.2 × 106E−2.54 for 80 < E < 700 MeV

where the energy, E, is measured in MeV. Electron energies extend to ∼5 MeV in the inner
zone, significantly higher than expected from CRAND.

3.2.2 Outer Zone

Electrons are oftentimes observed with energies above 10 MeV in the outer zone (e.g., Baker
et al. 1986), and electrons with energies as high as 50 MeV have been reported in association
with very strong CME-driven geomagnetic storms (Blake et al. 1992). Below about 300 keV,
the spectrum has been well fit by an exponential with e-folding energy around 50 keV for
both electrons and protons (Baker et al. 1982). These particles are thought to be a seed

http://modelweb.gsfc.nasa.gov/models/trap.html


116 R.M. Millan, D.N. Baker

Fig. 5 Integral electron (top) and proton (bottom) fluxes on a relative scale as a function of energy and radial
distance (L-parameter) as calculated using the empirical radiation belt models AE-8 and AP-8. Reprinted
from the Journal of Atmospheric and Solar-Terrestrial Physics, Vol. 66, by Elkington et al. (2004), “Physical
models of the geospace radiation environment”, pp. 1371–1387, copyright (2004), with permission from
Elsevier
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population for the higher energy radiation belt particles. Baker et al. (1979b) examined the
spectrum of protons up to ∼1 MeV during large enhancements of the >0.3 MeV proton
flux and found it was well fit by very steep power law distributions with power law index
between ∼−5 and −10.

In general, particle distributions in the magnetospheres of Earth and the outer planets
have been successfully represented by a modified kappa distribution which consists of a
Maxwellian core with additional power law tails at higher energies (Mauk and Fox 2010).
In this representation, the differential intensity (in /cm2/sr/s/keV) is given by:

I (E,α) = CE[kT (γ1 + 1) + E]−(γ1+1)

1 + ( E
E0

)γ2
sin2S(α) (10)

where E is the energy in keV, the constants C, E0, kT , γ1, and γ2 are fitting parameters for
the energy distribution, and S is the anisotropy parameter for pitch angle, α. The denomina-
tor characterizes a break in the spectrum near the energy Eo (Mauk et al. 2004).

In the outer zone between L = 4–6, CRRES data show that kT ∼ 0 for 0.1–5 MeV
electrons, whereby Eq. (10) reduces to (for equatorially mirroring particles)

I
(
E,α = 90◦) = CE−γ1

1 + ( E
E0

)γ2
(11)

with γ1 ∼ 0.9–1.3, E0 ∼ 1.3–1.7 MeV, and γ2 ∼ 5.7–7.0 (e.g. Mauk and Fox 2010, Table 1).
In other words, the energy spectrum for outer zone electrons is a power law that goes roughly
as 1/E at low energies, becoming significantly steeper at a transition energy between 1–2
MeV. The characteristic E−1 spectral shape at low energies was also found by Meredith et al.
(2002) during a single geomagnetic storm and in the earlier work of Davidson et al. (1988).
The E−1 spectrum is consistent with the trapping limit discussed by Kennel and Petschek
(1966) (e.g., Mauk and Fox 2010). The spectral break near ∼1 MeV, where the spectrum
becomes much steeper was predicted by Schulz and Davidson (1988). Similar power law
spectra with a break near 1 MeV were used by Vampola (1996), but they point out that not
all energy spectra are well fit with this model. In an earlier report, Vampola (1971) showed
examples of spectra near L = 3.5 that were not simple power laws, and comment that a more
complex energy spectrum was the result of a longer electron lifetime at higher energies.

3.3 Pitch Angle Distribution

Electron pitch angle distributions in the inner zone are primarily peaked near 90°. When
high energy particles are injected into the slot region following a storm, the pitch angle
distributions are typically flat except for a well-defined loss cone. In the outer zone, observed
pitch angle distributions are strongly dependent on local time (Fig. 6). This is thought to be
largely due to asymmetries in the magnetic field discussed above. In the pre-noon sector,
distributions are peaked near 90°, and more strongly peaked for higher energy electrons.
In the afternoon and pre-midnight sectors, butterfly distributions that are peaked near 30°–
40°, are observed. In the early morning sector, a variety of distributions can be observed,
ranging from peaked near 90° to isotropic (West et al. 1973). A flattening of the pitch angle
distribution in association with electron energization events in 2002 was reported by Kanekal
et al. (2005). The isotropization in these events was attributed to local acceleration by wave-
particle interactions.
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Fig. 6 Summary of equatorial
pitch angle distributions observed
by Ogo 5. Reproduced from West
et al. (1973), copyright 1973,
American Geophysical Union

Equatorial pitch angle distributions are often modeled using the function sinn α. Mauk
and Fox (2010) recently found n often increases with energy at geosynchronous orbit, rang-
ing from ∼0.5–2.5. This obviously is not a good model when butterfly distributions exist,
but otherwise is a fairly good parameterization. Vampola (1996) reported very similar values
for n between 1–2 for the bulk of the outer zone, but as high as 5 between L = 3–4.

3.4 Temporal Variability

As mentioned previously, the outer zone is highly variable, and particle intensities can
change by several orders of magnitude on timescales as short as minutes. More typically,
the relativistic electron intensity gradually increases in the 2–3 days following a geomag-
netic storm (e.g., Baker et al. 1990). Only about 50 % of storms lead to an overall increase
in intensity (Reeves et al. 2003). A significant number of studies have tried to determine the
conditions that drive these enhancements. Paulikas and Blake (1979) found a strong corre-
lation between solar wind speed and the geosynchronous energetic electron flux, with the
electron flux peaking 1–2 days after the arrival of a high speed solar wind stream. The delay
was found to be energy dependent, at roughly one day for 140–600 keV particles, and ∼2
days for >3.9 MeV particles. More recently, Reeves et al. (2011) conducted a follow-up
study, examining geosynchronous data over a twenty year period, spanning nearly two solar
cycles. They also found a clear relationship between electron intensity and solar wind speed,
but one that is not linear and is dependent on the solar wind speed.

Comparison of simultaneous data from multiple satellites shows that the time variations
in the trapped electron intensity are coherent across the outer zone. The temporal variability
is also strikingly similar at high and low altitudes, suggesting that the acceleration process
leads to an isotropic pitch angle distribution or that some other scattering occurs very quickly
after the particles are accelerated (Kanekal et al. 2001).
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4 Particle Acceleration in the Radiation Belts

4.1 Introduction

In the heart of the radiation belt where the field is a quasi-dipole and characteristic timescales
of the particle motion are well separated (Fig. 3), acceleration in the radiation belts can
be divided into two categories dubbed “global mechanisms” and “local mechanisms”. The
former refers to global (radial) transport of electrons, while the latter refers to acceleration
occurring at a fixed radial location (e.g. due to wave-particle interactions). Radial transport
across magnetic L-shells violates the third adiabatic invariant while conserving the first and
second invariants (Sect. 2), as long as it occurs much more slowly than the particle bounce
motion. Local acceleration by wave-particle interactions may violate the first and/or second
adiabatic invariants, leading to a change in particle energy and/or pitch angle.

The relative importance of the “global” versus “local” mechanisms is not yet firmly es-
tablished, though it is now believed that the combined effects of “global” and “local” mech-
anisms working together give rise to the observed enhancements of radiation belt electrons.
Williams et al. (1968) first suggested this dual process, where acceleration occurs deep in-
side the radiation belts by violation of the first or second invariant. The energized electrons
then diffuse radially inward and outward to populate other L-shells. Horne (2007) renewed
this idea, suggesting that 1–300 keV particles injected from the magnetotail excite plasma
waves that can further energize electrons to higher energies. The ∼MeV electrons can then
be diffused both outward and inward to populate the rest of the outer zone (Fig. 7). In this
section, we briefly review acceleration by both radial transport and by wave-particle inter-
actions. Recent reviews written by Shprits et al. (2008a, 2008b) address both of these, in
particular focusing on modeling of these effects using a quasi-linear diffusion approach.
Here we also briefly consider the importance of non-diffusive and non-linear effects.

Fig. 7 Cartoon showing a possible scenario for the production of relativistic electrons in Earth’s radiation
belts. Reprinted by permission from Macmillan Publishers Ltd: Nature Physics (Horne 2007), copyright
(2007)
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4.2 Radial Transport

Electric or magnetic field variations that occur on the timescale of a particle’s gradient-
curvature drift violate the third adiabatic invariant, driving the particle in the radial direc-
tion. Since the field variations are still slow relative to the gyration and bounce motion, the
first and second adiabatic invariants are conserved. In particular, conservation of the first
invariant (Eq. (3)) implies that the particle’s perpendicular energy must increase as it moves
to a region of stronger magnetic field (radially inward). For equatorially mirroring particles
(J = 0), conservation of the second invariant (Eq. (5)) ensures that the parallel energy re-
mains zero, thus one can easily see that the total energy of the particle increases in this case.
This is essentially betatron acceleration; acceleration occurs when the particle drift motion
is in phase (resonant) with variations in the induction electric field produced by the changing
magnetic field. More generally, the particle pitch angle will increase with decreasing L in
order to conserve μ and J (Schulz and Lanzerotti 1974), so the energy gained is less than
that for equatorial particles where the energy gain is directly proportional to the ratio of ini-
tial and final magnetic field strengths. It is for this reason that radial transport is expected to
lead to pancake-like pitch angle distributions (peaked near 90°).

Radial transport in the radiation belts occurs on two timescales relative to the drift mo-
tion, τD , which is ∼10 minutes at MeV energies (Fig. 3). Rapid radial transport (τ ≤ τD)
moves particles across several L-shells on the drift timescale or faster. The first evidence of
this occurring was during a large geomagnetic storm in March 1991. In this unusual event,
electrons were rapidly (within minutes) transported all the way into L = 2–3, producing a
new radiation belt with energies peaking above 15 MeV and possibly extending to 50 MeV
(Blake et al. 1992). The observed features were reproduced with a test particle simulation
using a simple model of the electric field based on observations from the CRRES space-
craft (Li et al. 1993). The storm was caused by a Coronal Mass Ejection (CME) when the
associated interplanetary shock encountered Earth’s magnetic field, causing a rapid com-
pression. The azimuthal induction electric field due to the compression propagated rapidly
inward. Particles in drift-resonance, moving along with the wave, were swept inward, gain-
ing energy through the betatron acceleration mechanism. Because of the long lifetimes of
highly energetic electrons at L ∼ 3, the new radiation belt persisted for more than 10 years.
More recently, Kress et al. (2007) successfully modeled similar events (Fig. 8) during the
“Halloween Storms” of October-November 2003 by following test particles in the fields
computed from the Lyon–Feder–Mobarry (LFM) MHD code (Lyon et al. 2004). They point
out that this type of event is not as rare as previously thought. Therefore such events have the
potential for significant impacts on spacecraft systems, since particles can be accelerated to
such high energies so quickly. However, they are rare enough that this mechanism probably
doesn’t account for the majority of relativistic electron enhancements.

Slow radial transport (τ 	 τD) moves particles inward over a period of days or longer.
Variations in Earth’s magnetic field can be driven by both fluctuations in the solar wind
dynamic pressure (e.g., Takahashi and Ukhorskiy 2007, 2008) and the Kelvin–Helmholz
instability as the solar wind sweeps past the flanks of the magnetosphere (e.g., Claudepierre
et al. 2008). These drive global Ultra Low Frequency (ULF) waves in the magnetosphere
with mHz frequencies, comparable to the electron drift frequency. Such variations can again
violate the third adiabatic invariant of trapped particles. Historically, the inward transport
of electrons due to these variations has been treated as a diffusion process, satisfying the
Fokker–Planck equation.

Radial diffusion was first suggested as an acceleration mechanism by Kellogg (1959)
who considered the diffusion of solar electrons as a source for inner zone electrons. Parker
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Fig. 8 Test particle trajectory
(black line) moving in the
simulated azimuthal electric field
(color bar), looking down onto
the equatorial plane, following
the October 29, 2003
interplanetary shock arrival. The
electron shown was energized
from 5 to 15 MeV as it was
transported inwards. Reproduced
from Kress et al. (2007),
copyright 2007, American
Geophysical Union

(1960) developed the diffusion theory, considering sudden compressions of the magnetic
field that might occur, for example, upon arrival of an interplanetary shock. Davis and Chang
(1962) first applied the Fokker–Planck equation rather than the heuristically derived diffu-
sion equation of Parker, obtaining slightly different results. Fälthammar (1965) first con-
sidered the more general case of fluctuating magnetic and electric fields over a range of
frequencies. The theory was further developed by many others; reviews of these early de-
velopments are given in e.g. Fälthammar (1968) and Tverskoy (1969).

A significant amount of work has been carried out to both model the effects of diffusive
transport and to experimentally test whether the mechanism can reproduce observed fea-
tures of the radiation belts. Lanzerotti et al. (1970) used data from Explorer 15 to estimate
diffusion coefficients and electron lifetimes. They also provide a nice summary of results
by other authors around that time in their Table 1. A textbook discussion of diffusion in the
radiation belts and some early observational evidence can be found in Schulz and Lanzerotti
(1974).

A multitude of computer simulations have been carried out over the last decade to further
investigate radial diffusion. For example, Elkington et al. (1999) investigated the importance
of toroidal-mode ULF waves and the convection electric field for equatorially mirroring
particles. Shprits et al. (2005) considered a variable lifetime parameterized by geomagnetic
activity and were able to reproduce the gross features observed by the CRRES satellite.
See Shprits et al. (2008a) and references therein for a more comprehensive discussion of
modeling results.

Observational tests of the radial diffusion mechanism have included analysis of both ULF
wave data and energetic particle data. Several studies have found a correlation between ULF
wave power and the rise in relativistic electron flux in the radiation belts (e.g., Baker et al.
1998; Rostoker et al. 1998; Hudson et al. 2000). The correlation does not necessarily imply
causality, since both the ULF power and electron flux are correlated with increases in solar
wind velocity, but it is suggestive.

Brautigam and Albert (2000) carried out a detailed study of one storm using data from
CRRES and a radial diffusion model employing time dependent diffusion coefficient and
outer boundary. They concluded that the observed increase in the high energy electron in-
tensity was inconsistent with radial diffusion, and suggested energization by whistler-mode
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chorus waves as an alternative mechanism. Several studies have examined the radial gra-
dient in the electron phase space density as a test for the radial diffusion mechanism (e.g.,
Green and Kivelson 2004; Iles et al. 2006; Chen et al. 2007). Because the energy increases
as particles are transported inward, such studies require conversion of the measured particle
intensities in fixed energy channels to phase space density at fixed values of the adiabatic
invariants. Net inward diffusion of a source at large distances requires a radial gradient for
fixed μ and J . However, these studies have generally found a peak in the phase space density
near L = 4–5, suggesting that the acceleration is occurring closer to Earth. Some uncertainty
in these results is introduced because the calculation of the third invariant requires knowl-
edge of the magnetic field around the entire particle drift orbit, thus these studies rely on
models of the magnetic field. Additionally, other processes exist which may lead to peaks in
phase space density (e.g., Degeling et al. 2008). Moreover, recent work showed that particle
drift orbits are not closed for a range of equatorial pitch angles, even at geosynchronous
orbit, implying that the third invariant is not defined for part of the population (Ukhorskiy
et al. 2011a). Thus, examination of the phase space density radial gradient at or beyond
geosynchronous orbit may be problematic.

Slow radial transport is not necessarily diffusive. Large deviations from diffusive trans-
port can lead to spikes in phase space density due to phase correlations in the electron motion
that do not have time to decay (Ukhorskiy et al. 2006a; Ukhorskiy and Sitnov 2008). This
suggests another reason why peaks in phase space density may not provide a conclusive test
of the radial diffusion mechanism. Such effects may also explain the very different outcomes
for different magnetic storms that are otherwise similar (Reeves et al. 2003). These results
imply that the behavior is only diffusive in an average sense, suggesting that the outcomes
for a particular storm can only be predicted probabilistically.

Finally, one must consider whether radial transport alone, whether diffusive or not, is
sufficient to account for the observed enhancements in the radiation belts. Fox et al. (2006)
considered a source in the magnetotail beyond 10 RE and determined that adiabatic ra-
dial transport, conserving the first and second invariants, could not explain the intensity of
>1 MeV electrons observed at smaller radial distances (L = 5–7). This does not rule out the
magnetotail as a source of radiation belt electrons, but does imply that further non-adiabatic
acceleration is required.

More recently, Ukhorskiy et al. (2011a) investigated particle motion in the drift orbit bi-
furcation region, including three dimensional dynamic effects, and noted that these particles
can be transported outward since the second adiabatic invariant is not conserved. An im-
portant feature of this outward radial transport is that it conserves the particle energy. Thus,
one can envision a scenario in which particles that are transported inward, gaining energy
through the betatron acceleration mechanism described above, are subsequently transported
back out, conserving their recently gained energy. They can then be again transported in-
wards, gaining additional energy. Through this “recirculation” process, some particles were
shown to gain a factor of two more energy than through radial transport alone. This work
considered only a simple model for radial diffusion in a static magnetic field, and the impor-
tance of the process for the bulk of radiation belt particles in the real system is not yet clear.
But, it does serve as a reminder that the particle dynamics in this region are quite compli-
cated and can lead to new effects that must be considered. In particular, the dynamic nature
of the magnetic field is likely to prove important in ways yet unknown.

Although radial transport probably does occur in the radiation belts, evidence now sug-
gests that some other mechanism must also be acting to explain the rapid energization of
electrons. The mechanism currently favored is acceleration through gyro-resonant interac-
tion with plasma waves.
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4.3 Wave-Particle Interactions

Resonant wave-particle interactions can violate the first and second adiabatic invariants,
causing a change in particle energy and/or pitch angle. A recent review of the quasi-linear
approach to this problem, and the plasma waves relevant for radiation belt acceleration is
given by Shprits et al. (2008b). Resonant interactions between a particle and a wave allow
for exchange of energy and occur when the Doppler-shifted wave frequency matches the
gyration of the particle:

ω − k‖v‖ = nΩe

γ
(12)

where ω is the wave frequency, k‖ is the component of the wave vector parallel to the mag-
netic field, v‖ is the parallel particle velocity, Ωe is the non-relativistic electron cyclotron
frequency, γ is the relativistic factor, and n is a positive or negative integer corresponding to
the order of the cyclotron resonance. The interactions of the particle with multiple waves is
usually modeled as a diffusion in phase space, in accordance with quasi-linear theory. En-
ergy diffusion and pitch angle diffusion are generally treated separately, though some work
has been done to investigate the importance of cross-diffusion terms (Albert 2009). Diffu-
sion coefficients are calculated using prescribed waves fields, typically based on statistical
estimates of wave spectral power in the inner magnetosphere (e.g., Glauert and Horne 2005;
Summers et al. 2007). These can then be used to numerically solve the Fokker–Planck equa-
tion. Most treatments have assumed parallel propagation of the waves, although obliquely-

Fig. 9 Example of very large
amplitude whistler waves as
measured by the Wind spacecraft.
Reproduced from Wilson et al.
(2011), copyright 2011,
American Geophysical Union
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propagating whistler-mode waves are often observed off of the equator (e.g., Santolík et al.
2009; Agapitov et al. 2011; Li et al. 2011). Test particle simulations have been carried out
to investigate the contribution of higher order resonances (Roth et al. 1999). Recent work by
Artemyev et al. (2012) shows that the effects of higher-order resonances contribute signifi-
cantly to the pitch angle diffusion coefficients in the case of nonparallel wave propagation.

Gyro-resonant interaction with whistler mode waves was first suggested as a loss
mechanism for radiation belt particles, through pitch angle scattering into the atmo-
spheric loss cone (e.g., Dungey 1963; Cornwall 1964; Kennel and Petschek 1966). How-
ever, it has since been shown that whistler-mode chorus (e.g., Horne and Thorne 1998;
Summers et al. 1998) and magnetosonic waves (Horne et al. 2007) can lead to significant

Fig. 10 Energetic electron
intensities versus energy and time
for planets with strong magnetic
fields as measured by ISEE (top
panel) and Voyager (other
panels). The intensity color scale
is the same for each panel and the
“M” on each panel represents a
magnetopause crossing.
Reproduced from Mauk and Fox
2010), copyright 2010, American
Geophysical Union
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energization. As mentioned in the previous section, local scattering by wave-particle inter-
actions provides one explanation for observed peaks in phase space density.

The recent discovery of very large amplitude whistler waves in the magnetosphere (Cat-
tell et al. 2008) raises new questions about particle acceleration in the radiation belts. The
wave amplitudes are so large (Fig. 9) that particles can gain significant energy during a
single interaction with a wave. In this case, quasi-linear theory is not applicable and the
wave-particle interaction can lead to non-linear phase trapping, first considered by Karp-
man et al. (1975) and more recently discussed by e.g., Bortnik et al. (2008), Shklyar and
Matsumoto (2009), and Kellogg et al. (2010).

5 Summary

The radiation belts are a rich environment for investigating particle dynamics, with impor-
tant applications to other astrophysical systems. It was recognized very early on that ra-
diation belts might exist at other planets (Van Allen 1959c). We now know that all of the
strongly magnetized planets in our solar system have radiation belts (Fig. 10). Earth’s ra-
diation belts are the most accessible and can be used to test the hypothesized acceleration
mechanisms discussed in this review. Meanwhile, the JUNO mission is on its way to Jupiter
with an expected arrival in 2016. Perhaps the next mission will visit Uranus to investigate
particle acceleration in its radiation belts. The ability to do comparative studies provides us
an opportunity to test our understanding for differing environments.

Although Earth’s radiation belts are relatively accessible, there are many important ques-
tions so far unanswered. The radiation belts are a complex system in two respects. Particles
trapped in this region are subjected to a multitude of different processes as they drift around
the earth (Fig. 11). For example, they may interact with whistler-mode waves on the dayside
and EMIC waves on the nightside, they may encounter the bifurcation region near noon and
the stretched, highly curved field lines of the tail on the nightside. Large scale variations of
the magnetic field, such as ULF waves or the build-up of the ring current, affect them in a
global sense. The cumulative effect of these different mechanisms can rapidly move parti-
cles in phase space, and the interplay between different mechanisms cannot be ignored. On

Fig. 11 Schematic of important
processes and mechanisms
controlling the trapped
population
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the other hand, even a single mechanism acting on the particles can be non-linear in terms
of the response to a given input. It’s not yet clear which of these is more important. We don’t
yet know if the variety of responses that we observe is due mainly to the interplay between
mechanisms or the complexity of a single dominant mechanism. Or perhaps the dominant
mechanism is quite simple, but the output response is complex because the driver (the solar
wind) is itself complex.

These questions add a new dimension to our understanding and our approach for studying
radiation belt physics. How do we search for the simple rules that give rise to the complex
behavior? It may turn out that the system is not deterministic, but we may still find patterns
that emerge and reveal the underlying physics.
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