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The origin and dynamics of the Van Allen radiation belts is one
of the longest-standing questions of the space age, and one that is
increasingly important for space applications as satellite systems
become more sophisticated, smaller and more susceptible to
radiation effects. The precise mechanism by which the Earth’s
magnetosphere is able to accelerate electrons from thermal to
ultrarelativistic energies (E >> 0.5MeV) has been particularly
difficult to definitively resolve. The traditional explanation is
that large-scale, fluctuating electric and magnetic fields energize
particles through radial diffusion’. More recent theories>
and observations*® have suggested that gyro-resonant wave—
particle interactions may be comparable to or more important
than radial diffusion. Using data collected simultaneously
by multiple satellites passing through the magnetosphere
at different distances from the Earth, we demonstrate that
the latter of these is the dominant mechanism responsible
for relativistic electron acceleration. Specifically, we identify
frequent and persistent peaks in equatorial electron phase
space density near or inside geosynchronous orbit that provide
unambiguous evidence for local wave—particle acceleration.
These observations represent an important step towards a more
complete physical understanding of radiation belt dynamics and
to the development of space-weather models.

Before the mid-1990s the proximate source of the radiation
belts was thought to be electrons in the Earth’s plasma sheet
(a region in the Earth’s magnetotail, extending from approximately
seven Earth radii, Rg, to many hundreds of R in the antisunward
direction). Fluctuations in the magnetospheric electric and
magnetic fields produce radial diffusion that will transport
electrons from the plasma sheet towards the Earth, where the
loss rates due to scattering into the atmosphere exceed diffusion
rates. The high scattering loss rates near the Earth (<2.5Rg)
act as a sink, forming the so-called slot region. As electrons
diffuse from the high-altitude source to the low-altitude sink they
gain energy through betatron/Fermi acceleration' as they move to
regions of higher magnetic field strength. Two characteristics of
diffusive betatron/Fermi acceleration in the inner magnetosphere
are that particles gain more kinetic energy in the component
perpendicular to the magnetic field and that the electron phase-
space density (PSD, the electron flux divided by the square of the
momentum) evolves towards a monotonic radial gradient from
source to sink. Spacecraft observations were generally consistent
with this theoretical framework until multisatellite studies probed
the structure and dynamics of the radiation belts with greater
spatial and temporal resolution.

Studies using NASA’s Polar satellite, along with ongoing
observations from geosynchronous and Global Positioning System
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(GPS) constellations, were among the first of the multispacecraft
investigations of the radiation belts. In particular, observations
during a large geomagnetic storm in January 1997 (ref. 6) showed
flux enhancements deep in the radiation belts that were more rapid
than expected, as well as evidence of outward radial diffusion from
the inner magnetosphere towards the plasma sheet. These and
subsequent observations stimulated development of a variety of
alternative theories for relativistic electron acceleration’. Leading
mechanisms include coherent drift-resonant interactions with
ultralow-frequency waves® and gyro-resonant interactions with
very-low-frequency (VLF) waves>’.

Electrons in the geomagnetic field undergo three periodic
motions: gyration, bounce and gradient/curvature drift’. Each
motion is associated with an adiabatic invariant and a characteristic
timescale. The conservation of all three invariants leads to constant
motion along a fixed ‘drift shell’ defined by the quantity L*. (The
Roederer L-parameter’, L*, is a function of the third adiabatic
invariant and measures the equatorial radial distance (in R;) of a
drift shell from the Earth’s centre when the drift shell is adiabatically
mapped back into a dipolar magnetic field.) Although flux is
not necessarily a conserved quantity of the particle motion, PSD
is conserved if the adiabatic invariants are conserved. During
dynamic changes, we use deviations from conservation of PSD
to investigate which adiabatic invariants are violated. Fluctuations
associated with radial diffusion have timescales greater than a
few seconds and can violate only the third, or drift, invariant.
VLF waves, with frequencies of kilohertz, will break all three
invariants and can produce energy and pitch-angle diffusion in
addition to radial diffusion. Because of the steeply falling electron
energy spectrum, energy diffusion will result in enhancement of
energetic electron fluxes (and PSD) at the location of the waves.
Therefore, whereas acceleration driven by inward radial diffusion
arises from PSD profiles that increase monotonically with radius
(Fig. 1a), energy diffusion can produce radial profiles with a local
peak of PSD (Fig. 1b). Striking evidence that this topic remains
controversial is seen in two recent papers that both examined a
large radiation-belt event known as the Halloween 2003 storm.
One study concluded that the electron enhancement was caused by
local acceleration from VLF chorus® and the other concluded that
the enhancement was caused by enhanced diffusion from ultralow-
frequency drift resonance'.

The first step in distinguishing between acceleration by
radial diffusion and acceleration by gyro-resonant wave—particle
interactions is to convert from spacecraft observations of flux at
fixed energy to PSD at fixed values of the adiabatic invariants'’ and
then examine the radial gradients. Polar observations showed the
first evidence for a localized, radial peak in PSD that developed
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Figure 1 The shape of equatorial PSD profiles as a function of L* differentiates between diffusive and local acceleration processes. Here L* approximately indicates
the radial distance of the drift shell in Earth radii (R:). The grey curve in each panel (labelled t) represents the PSD profile before acceleration and the black curve (labelled
1,) is the profile after acceleration. The ‘slot region’ at low L* is a sink, where interaction with VLF hiss scatters electrons into the atmosphere. a, Inward radial diffusion (the
blue arrow) from an increasing plasma-sheet source population (green arrow) produces gradients that increase monotonically with radius. In particular, the gradient in the
vicinity of geosynchronous orbit (at 6.6Rg) should always be positive. b, Local acceleration (red arrow) should characteristically produce radial peaks in PSD with negative
gradients outside geosynchronous orbit. Subsequent diffusion (blue arrows) will gradually flatten these peaks. ¢, Local PSD peaks can also be produced by a plasma-sheet
source population that first increases (green arrow at t,) and then decreases (black arrow at £;). In this scenario, peaks should be most common during times between
acceleration events.
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Figure 2 Equatorial PSD as a function of L* (radial drift shell) and time compared with magnetic activity (Dst). a,b, PSD distributions and magnetic activity (Dst) during
a ~6 month period. The colour-coded PSD data points are from GPS (at L* ~ 4), LANL GEO (medium L shells) and Polar (highest L shells), with first invariant

= 2,083 MeV G~ and second invariant K= 0.03 G'/2R. The unit of PSD is (c* MeV—3 cm~2). Negative values of Dst are a standard index of geomagnetic storm strength.
¢, PSD as a function of L* and time for October 16-22 (the time period boxed in a and b) showing in detail the rise of geosynchronous PSDs before any increases at lower L*
(GPS) or higher L* (Polar).

during the main phase of a moderate geomagnetic storm in but pitch-angle scattering were stronger at some radial distances
April 1998 (ref. 4). These observations did not definitively resolve  than at others, which would make more electrons observable off
the controversy, however, because the high latitude of the Polar  the equator in a limited region of L*, even though they are not
observations prevented determination of PSDs for electrons with  preferentially accelerated there.

equatorial pitch angles oo, 2 35°. It is possible to have a radial peak Very recent re-examination of data from the NASA/USAF
in PSD at small pitch angles measured well away from the magnetic =~ Combined Release and Radiation Effects Satellite (CRRES) in
equator but still with a monotonic radial gradient in PSD at the  geosynchronous transfer orbit confirmed the Polar observations of
equator. This situation would occur if the primary acceleration were ~ peaked profiles of PSD using near-equatorial observations of three
produced by radial diffusion (producing the monotonic gradient)  storms, but these observations were limited in energy (E < 600 keV
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Figure 3 A superposed epoch analysis that bins PSD as a function of L* and
geomagnetic storm phase during a two year period (2001-2002). Here the first
invariant .« = 2,083 MeV G, the second invariant K=0.03 G'/?R: and the unit of
PSD is (c® MeV—3 cm~3). a, Each geomagnetic storm is divided into the main phase,
when the Dst index is becoming more negative, and the recovery phase, when Dst is
returning toward zero. Minimum Dst is taken as the zero time for this superposed
epoch study. b, The radial PSD distributions for all geomagnetic conditions averaged
over available data from the two year period 2001-2002 (grey), during storm main
phases (red), during storm recovery phases (blue) and during times when Dst
indicated no geomagnetic storm activity (black). Here L* has a bin size of 1 and the
central-point value of the first bin is 3.5.

at L* = 6), spatial coverage (L* < 6) and time resolution (one
orbit & 10 h)*. That study left open the possibility that PSD peaks
formed as a result of a varying source population in the plasma
sheet (L* > 6). As the plasma-sheet population at large L* varies,
diffusion acts to move particles from regions of high PSD to lower.
If the timescale of variation of the source is fast compared with
diffusion then short-lived peaks in PSD can again be produced
without local acceleration* (Fig. 1¢).

To overcome previous ambiguities we investigated six months
of simultaneous observations of equatorial PSD obtained from
multiple satellites at a variety of radial distances: a GPS satellite with
equatorial crossings at R = 4.2Rg, geosynchronous satellites'>'* at
R =6.6R; and Polar"® at R > 7R;. Following the method of ref. 16,
we used the Tsyganenko 2001 storm-time magnetic field model"”
(TO1s), along with the measured electron fluxes, to calculate
the PSD for each measurement at fixed values of the first and
second invariants, i = 2,083 MeV G~! and K = 0.03G"?Rg. These
values correspond to relativistic electron energies (E = 1 MeV) and
near-equatorial pitch angles (cteq, ~ 40-80°). As radial diffusion
enhances the velocity component perpendicular to the magnetic
field, the resulting energization is strongest when observed near the
magnetic equator. Therefore, equatorial measurements provide the
key observations that were not previously investigated in this region
of space*'"'2.

In an asymmetric and time-variable magnetic field, spacecraft
at a fixed radial distance (such as geosynchronous satellites) will
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measure a range of magnetic drift shells that encompass varying
amounts of magnetic flux, the conserved third invariant. This effect
is particularly strong during magnetic storms, when diamagnetic
currents inflate the drift shells, creating large, but fully adiabatic,
changes in observed electron flux'®. As was the case for acquiring
equatorial measurements, accurate determination of radial PSD
profiles requires accounting for adiabatic changes due to the global
magnetic field. Here we used a specifically developed storm-time
field model and tested our calculations of PSD by comparing
simultaneous geosynchronous measurements obtained at different
local times (see the Methods section).

Once these requirements have been met, it becomes readily
apparent that peaks in the radial profile of PSD are a common,
and even typical, response to geomagnetic activity. In Fig.2a
the near-equatorial PSD as a function of L* and time for three
geosynchronous satellites, one GPS satellite, and Polar show that
the geosynchronous PSDs (at L* ~ 6) are frequently higher than
both those measured at GPS (L* ~ 4) and Polar (L* > 6). We note
that a maximum value of PSD observed at geosynchronous orbit
does not necessarily mean that the acceleration region is exactly
collocated as electrons accelerated at a different L* will subsequently
diffuse from the peak towards geosynchronous orbit if the gradient
is in the proper direction.

The largest changes in PSD and the strongest relative peaks
(Fig. 2a) are observed during periods of enhanced geomagnetic
activity as indicated by negative dips of the Dst index" (Fig. 2b).
Figure 2c demonstrates this in greater detail for the moderate storm
starting on 16 October 2002. On 17 October the geosynchronous
PSDs begin to rise above prestorm levels, while the Polar and
GPS PSDs remain essentially unchanged. Geosynchronous PSDs
continue to rise, peaking around 21 October. In contrast, Polar
PSDs actually decrease during the orbital pass on 18 October
before increasing above prestorm levels on subsequent orbits.
This particular storm apparently did not substantially affect the
radiation belts at GPS altitudes (L* &~ 4)—which is not the case for
all storms (Fig. 2a).

We emphasize the relative timing of the rises and decreases of
PSD at different L* because of its importance in distinguishing
between local acceleration (Fig. 1b) and the combined effects of
a variable source plus losses at high L* (Fig. 1c). For a variable
plasma-sheet source to produce radial peaks, it must first produce
an increase at high L* and a monotonic radial gradient, followed by
decreases at the outermost L*, which is contrary to the observations
shown here.

We have carried out the same analysis for energies that
give p values from 462 to 2,083 MeV G™' and found the same
general behaviour. At lower energies, we expect the dynamics of
the electrons to become increasingly affected by other processes,
such as E x B drift, and these results should not be generalized
to ;< 460 MeV G™'. Although we know that electrons in the
radiation belts can be accelerated to ultrarelativistic energies (for
example E > 10 MeV (ref. 20)), in this study we use p values that
correspond to E < 1MeV at Polar, E < 1.5 MeV at geosynchronous
orbit and E < 4MeV at GPS. We do not know whether the results
here can be generalized to higher energies.

We have also extended this analysis to a full two years using
the available observations during 2001 and 2002. We binned
all observations over these two years according to drift shell
(L*) and geomagnetic storm phase (Fig.3). The main phase of
a geomagnetic storm is defined as the interval when the Dst
index is decreasing towards its minimum value (maximum storm
intensity), and the recovery phase is the interval when the Dst index
returns towards values approaching zero (geomagnetic quiet), as
shown in Fig. 3a. We compared the average PSD radial profile
(Fig. 3b) for the full two year period regardless of geomagnetic
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activity, for the subset of storm main phases, for storm recovery
phases, and for non-storm times (that is, all times not identified as
main or recovery phases).

The superposed epoch analysis shows that PSD peaks in the
vicinity of L* & 5-6 are a common feature of the outer electron
belt and not an occasional or rare occurrence (Fig. 3b). Although
there is clear variation in PSD with geomagnetic activity (Fig. 2),
the average PSD profiles during the main, recovery and non-
storm phases are quite similar. The PSD increases at intermediate
distances (seen first here at the synchronous satellites) during the
storm main phase or early recovery phase (Fig. 2). Once the peak
is formed, the electrons are gradually redistributed through radial
diffusion but persist for times longer than the storm recovery times,
and hence are present even in non-storm times. It is interesting to
note that the PSDs at L* Z 5 are generally lower during storm main
phases, when electron losses are the strongest>”*!, than at other
times (Fig. 3b).

These observations, we believe, conclusively demonstrate that
local acceleration is the dominant mechanism for relativistic
electron acceleration in the radiation belts. Local acceleration
implies interactions on timescales of the electron gyro-period and
therefore must involve waves in the VLF frequency range. Five
possible wave modes® could potentially produce the acceleration
characteristics that we have identified. Although the effectiveness of
electron acceleration by each wave mode has not yet been examined
in detail, interaction with whistler mode VLF chorus is now
considered the most likely candidate for electron acceleration®’.
Recent observations’ have shown that VLF chorus is indeed
observed at the right phase of a storm, in association with
an extremely strong radiation-belt enhancement event, providing
evidence that is in concert with the prediction of this theory.

Although multisatellite observations of PSD peaks help
pinpoint the nature of the dominant acceleration processes and
regions, they leave significant unanswered questions regarding the
precise physical mechanisms for acceleration and losses and the
solar wind drivers that ultimately provide the free energy for
these processes.

METHODS

The differential electron-flux data are from the measurements of the Los
Alamos GPS energetic particle sensor (BDD-IIR), LANL GEO Synchronous
Orbit Particle Analysis (SOPA) instruments'* and Polar’s Comprehensive
Energetic Particle and Pitch Angle Distribution (CEPPAD) experiment'®. A
more detailed description of the data and the method of transforming fluxes to
PSD distributions are outlined elsewhere!'®?2. For a study of PSD distributions
from multisatellite observations, errors are mainly introduced from two
sources: one is instrument intercalibration, which can systematically change the
relative values of PSD from one satellite to another, and the other is the
imperfect magnetospheric magnetic-field model, which will put a PSD point at
the wrong phase-space coordinates. Here special measures have been taken to
constrain and estimate errors from both sources. For instrument
intercalibration, a two-step procedure is followed: first, continuous energy
spectra are obtained from the instrument count rates and energy-dependent
response functions during times when two satellites are in magnetic
conjunction to obtain improved calibration factors for each instrument??; then,
after PSD distributions are calculated, the PSD values with the same
phase-space coordinates of (u, K, L*) but measured by spacecraft at different
spatial locations are again compared during magnetic quiet times to verify and
adjust the intercalibration factors??. For the magnetic field, we chose the TO1s
model from a list of models (including the Tsyganenko 1996 model (T96;

refs 24,25)) because the TO01s statistically has the best performance of fitting to
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in situ magnetic-field measurements, especially during storm times®?. To test
the dependence on the magnetic-field model, we repeated the calculation of
PSD distributions during the same period shown in Fig. 2 and found that the
PSD radial distributions stay overall unchanged (see Fig. Al in the
Supplementary Information). Additionally, as the PSD radial shape heavily
depends on the calculation of the second phase-space coordinate K, we also
study the dependence of PSD values on K, as depicted by Fig. A2 in the
Supplementary Information, and conclude that potential errors in the
calculation of K change the absolute PSD values but continue to produce PSDs
that peak near geosynchronous orbit.
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