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Introduction--One of the most interesting 
geophysical discoveries of recent years was that 
made with the early United States satellites 
Explorer I (satellite 1958e,) and Explorer III 
(satellite 19587). It was found [Van Allen, 
1958; Van Allen and others, 1958] that an im- 
mense region around the earth is occupied by 
a very high intensity of charged particles (pro- 
tons and electrons), temporarily trapped in 
the geomagnetic field. The detailed study of 
this radiation has been a major endeavor of the 
past year and a half by a group at the State 
University of Iowa in the United States, and 
by IGY workers in the Soviet Union. Important 
additional information at relatively low alti- 
tudes has been obtained in rocket experiments 
flown by other workers. Although knowledge of 
the trapped radiation is still incomplete, very 
substantial progress has been made in observing 
and interpreting this new phenomenon [Coleman 
and others, 1959; Gold, 1959; Kellogg, in press; 
Rosen and others, 1959; Singer, 1958a and b; 
Van Allen and Frank, 1959a; Van Allen and 
others, 1959; Vernov, 1958; Vernov and others, 
1959a and b]. 

The reader is referred to Van Allen and others 

[1959], Van Allen and Frank [1959a], and Vet- 
nov and others [1959b] for the most complete 
accounts available in print. 

Understanding of the dynamics of the trap- 
ping of charged particles in the geomagnetic 
field has also been considerably advanced by the 
Argus experiments of August-September 1958. 
These experiments comprised the artificial in- 
jection of beta-decay electrons from the fission 
fragments produced by small nuclear explosions 
at high altitudes and the subsequent observation 
of geophysical effects by Explorer IV (satel- 
lite 1958e), by sounding rockets, and by other 
techniques of the geophysical effects produced 
[National Academy o/Sciences, 1959]. 

Figure 1 gives an over-all view of the in- 
tensity structure of the two principal radiation 
zones (or belts) around the earth as derived 
from our Geiger-tube observations [Van Allen 
and others, 1959; Van Allen and Frank, 1959a] 
with Explorer IV and with Pioneer III. Gener- 
ally confirmatory results have been obtained 
by the Soviets with radiation instrumentation 
on Sputnik III and Mechta [Vernov, 1958; 
Vernov and others, 1959a and b]. 

An immense amount of more detailed infor- 
mation at the lower altitudes is available in 
the full gamut of Explorer IV observations with 
a variety of detectors [Van Allen and others, 
1959]. These observations are still under in- 
tensive study. 

The most recent data [Van Allen and Frank, 
1959b] from Pioneer IV on March 3, 4, 5, and 
6, 1959, again confirm the general structure of 
the region of trapped radiation but show a very 
great enhancement of intensity and a consid- 
erable expansion of the outer zone following 
the great M-region event on the sun on Febru- 
ary 25, 1959 (Fig. 2). In addition these data 
provide information on the absorptivity of the 
radiation in both inner and outer zones and 
give a new determination of the cosmic-ray 
intensity in interplanetary space. 

Nature o/ the trapped radiation--On the 
basis of the extremely rapid increase of inten- 
sity with altitude above some 1000 km, it was 
immediately evident [Van Allen, 1958] that the 
newly discovered radiation must consist of 
charged particles constrained by the earth's 
magnetic field, since the additional atmospheric 
absorption between altitudes of, say, 1000 and 
2000 km was several orders of magnitude less 
than the wall thickness of the detectors used 

in 1958a and 1958),. There is now a wealth of 
evidence supporting this conclusion in full de- 
tail, and we regard it as established beyond 
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Fzo. 1--Intensity structure of the trapped radiation around the earth. The diagram is a geomagnetic 
meridian section of a three-dimensional figure of revolution around the geomagnetic axis. Contours of 
constant intensity are labeled with numbers 10, 100, 1000, and 10,000. These numbers are the true count- 
ing rates of an Anton 302 Geiger tube carried by Explorer IV and Pioneer III. The linear scale of the 
diagram is relative to the radius of the earth, 6371 km. The outbound and inbound legs of the trajec- 
tory of Pioneer III are shown by the slanting, undulating lines. The intensity structure is a function of 
detector characteristics. (See text.) 

all reasonable doubt that the observed radia- 
tion consists of charged particles trapped in 
the earth's magnetic field in the manner vis- 
ualized by Poincar•, StSrmer, and Alfv•n in 
classical theoretical studies. 

The nature of the particles and their detailed 
energy spectra are much more difficult to estab- 
lish conclusively. We originally reasoned as 
follows: 

On the grounds of their universality in nature 
it is reasonable to suppose that electrons are 
present. Among the many nuclear possibilities, 
protons are likely dominant because of the pre- 
ponderance of hydrogen as an atomic constitu- 
ent of matter. The simplest working hypothesis, 
then, is that the trapped radiation consists of 
electrons and protons. If this assumption is 
granted, the problem becomes one of measuring 
the absolute differential energy spectrum of 
each of the two components as a function of 
position in space, direction, and time. 

It is immediately evident from the extensive 
Explorer IV observations [Van Allen and others, 
1959] that there is no simple, universal answer 
to the above problem. The intensity of the 

radiation and its composition vary strongly 
with position in space, direction, and time. A 
thoroughly satisfactory study of the problem 
must await more elaborate experimental obser- 
vations. 

5Ieanwhile, the available observations, ob- 
tained with equipment relatively rudimentary 
by laboratory standards, have served to pro- 
vide a good reconnaissance of the nature of the 
trapped radiation. Indeed, it is my opinion that 
the present state of knowledge is such that the 
nature of the radiation, when finally determined, 
will prove to be of interest and value but prob- 
ably will not be markedly different from the 
following sketch' 

(a) The observations with the diversity of 
detectors carried by Explorer IV, Sputnik III, 
Pioneer IV, and Mechta demonstrate conclu- 
sively that the nature of the radiation (its com- 
position and the energy spectra of its com- 
ponents) in the inner zone is quite different 
from that in the outer zone. 

(b) The integral range-spectrum of the radi- 
ation in the inner zone falls by two orders of 
magnitude from 1 mg/cm' to about 140 mg/cm s, 
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F•o. 2--A comparative plot of the radiation intensities as measured with nearly identical Anton 302 
Geiger tubes in Pioneer III and Pioneer IV. The trajectories were not identical, the most important 
difference being that Pioneer IV cut through the inner zone several degrees closer to the equator, at a 
radial distance of about 10,000 kin. 

and then trails out more gradually toward 
greater stopping powers. Of the radiation which 
penetrates 140 mg/cm = a fraction of i per cent 
also penetrates several grams per square centi- 
meter. On the basis of crude range and specific 
ionization measurements in Explorer IV, the 
more penetrating component is tentatively iden- 
tified as consisting of protons having energies 
of the order of magnitude of 100 Mev. The less 
penetrating radiation has a low specific ioni- 
zation and hence quite likely consists of elec- 
trons. These electrons may have energies rang- 
ing up to about I Mev, and a spectrum rising 
strongly (though not as rapidly as that of the 
auroral soft radiation) toward lower energies. 
Energy fluxes as high as 100 ergs/cm"/sec/stera- 
dian have been found beneath an absorber 1 
mg/cm • in thickness at altitudes of 2000 km 
near the geomagnetic equator. As measured with 
a thin (0.92 g/cm •) CsI crystal [Van Allen 
and others, 1959], more than 0.95 of the energy 
flux is in the less penetrating electronic com- 
ponent. 

(c) The outer zone has a quite different na- 
ture. All evidence is consistent with an exclusive 
electron content, as far as the characteristics 
of detectors thus far used permit observations. 
The smallest value of absorber used in these de- 
tectors is i mg/cm •. The energy spectra appar- 
ently resembles that of the auroral soft radia- 
tion, rising sharply toward low energies from 
an upper limit of about 100 key. The omnidirec- 
tional flux of electrons of energy greater than 
20 kev is of the order of 10 • particles/cm"/sec 
in the heart of the outer zone, on the basis of 
the simplest interpretation, though not conclu- 
sively the only possible one. [Van Allen and 
Frank, 1959b; Vernov and others, 1959b]. 

(d) The inner zone is relatively stable as a 
function of time during the period of available 
observations. 

(e) There are marked temporal fluctuations 
in the 'slot' between the two zones, and varia- 
tions of very great magnitude in both intensity 
and spacial structure in the outer zone. These 
fluctuations are apparently associated with 

Electrons & Ions trapped in 
Earth’s magnetic field

Energies that penetrate shielding
MeV Electrons (i.e. relativistic)
100s MeV Protons

Early observations did not resolve 
energy or species



The Radiation Belts are important as a 
‘local laboratory’ for acceleration physics
and as a source of satellite ‘Anomalies’

image: Henderson & Reeves, LANL



We depend on satellites for  
all sorts of day-to-day activities



Internal Charging & Discharges  
are the #1cause of premature satellite failure



Radiation Belt
Structure & Dynamics



The Standard Electron Radiation Belt Model

Outer Electron
Belt

Inner Belt

Slot



The Near-Equilibrium Model
• Radial diffusion transports electrons 

Earthward
• In the process they gain energy through 

betatron & Fermi acceleration
• Radial diffusion slows down dramatically 

closer to the Earth
• Plasmaspheric ‘Hiss’ pitch angle scatters 

electrons into the atmospheric loss cone
• When losses are faster than diffusion a 

‘slot’ forms
• The few electrons that get far enough in 

form an ‘inner belt’ where lifetimes get 
long again
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Fig. 2. Equilibrium electron differential flux 
profiles obtained by using a large-scale electric 
field fluctuation with amplitude E _-- 0.10 mv/m 
and wide-band whistler mode turbulence with 
amplitude Bw ---- 10 my. Curves on the left are 
for electrons of constant t•. Curves on the right 
are converted to electron flux profiles at constant 
energy by prescribing the source energy spectrum 
atL ----5.5. 

At low /• (and consequently at low electron 
energy throughout the outer plasmasphere) the 
rate of inward diffusion DLL exceeds that of tur- 
bulent loss r -• (see Figure 1). The differential 
flux in the outer plasmasphere therefore begins 
to approach the loss free diffusion solution, 
j ~ L -8. For t• = 3 Mev/gauss the pronounced 
flux reductions below L = 2 result from the 
dominance of Coulomb scattering over inward 
diffusion. At higher electron energies, slot region 
turbulent loss predominates over inward diffu- 
sion in the outer plasmasphere, thus producing 
a marked decrease in flux with decreasing L 
(e.g., t• = 300 Mev/gauss). At still higher 
energies (e.g., t• = 3000 Mev/gauss) the rate 
of turbulent loss diminishes [Lyons et •., 
1972], resulting in a slightly increased penetra- 
tion of these electrons from the outer zone 
source. 

The theoretical results of Figure 2a have 
been converted in Figure 2b to profiles of j 
versus L at constant electron energy by pre- 
scribing the energy spectrum at L -- 5.5. The 
curves exhibit a well-pronounced two-zone 
structure, particularly at energies exceeding a 
few hundred key, inner zone fluxes being .con- 
siderably larger than those in the outer zone. 
There is also a systematic inward displacement 

of both She outer zone (above 500 kev) and 
inner zone flux maximums with increasing 
energy. 

The marked decrease in energetic electron 
flux at medium L is simply the manifestation 
of pronounced slot region turbulent loss. One 
might therefore be 'puzzled by the fact that 
inner zone fluxes can be considerably enhanced 
over those in the outer zone. This, however, 
can readily be explained by characteristics of 
the source energy spectrum and the increase in 
electron kinetic energy during inward diffusion. 
As an example, 500-kev electrons at the inner 
zone peak, which is near L -- 1.5, have/• -- 8 
Mev/gauss. As is shown by Figures I and 2a, 
8-Mev/gauss electrons suffer only minor loss 
during their inward transport from the plasma- 
pause. However, 500-kev electrons at L -- 5.5 
have /• -- 400 MeWgauss, and these particles 
are rapidly depleted as they diffuse inward 
through the slot region. Furthermore, electrons 
•with 8 Mev/gauss correspond to 15-kev elec- 
trons at the plasmapause, and the average flux 
at the plasmapause of 15-kev electrons is well 
above the flux at 500 kev. 

The theoretical profiles are compared in Fig- 
ure 3 with quiet time data during solar mini- 
mum conditions taken from Pfitzer et al. [1966]. 
The agreement is good, in fact embarrassingly 
so, in view of the simplistic nature of many of 
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Fig. 3. Theoretical flux profiles for B -- 0.10 
mv/m and Bw -- 10 my are compared with quiet 
time solar minimum observations [Pfitzer et al., 
1966]. 

Lyons, JGR, 1972 & Lyons & Thorne, JGR, 1973



We thought that…
The radiation belts change  

slowly over time so the 
equilibrium model should be 

approximately correct



The Revolution Begins…

CRRES: a GTO satellite 1990-1991

The time scale for this plot is 15 min!

≈1 min injection of >24 MeV 
electrons at <1.5 Re altitude



L-shell & the Dynamic Belts

L

March 1991 Event



The “New” Dynamic Belts
The Radiation Belts vary on time scales from minutes to years

Data Visualization from NASA’s Polar Satellite
1 frame = 18 hours

image: Henderson & Reeves, LANL



The “New” Dynamic Belts
The Radiation Belts vary on time scales from minutes to years

Data Visualization from NASA’s Polar Satellite
1 frame = 18 hours

image: Henderson & Reeves, LANL



We thought that…
Stronger geomagnetic storms  

will produce stronger  
radiation belt response



Storms and Electron Flux

Reeves, Geophys. Res. Lett, 1998

Stronger
Storms

Radiation Belt Intensity



Quantifying the Radiation Belt 
Response to Storms
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The Unexpected Result Was…
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These and other studies
showed that we really didn’t 
understand the physics of the 

radiation belts after all



The Van Allen Probes



The Van Allen Probes
Primary Science Objectives

• Relativistic Electron Acceleration

• Relativistic Electron Losses

• Wave Particle Interactions

• Coupling of the Ring Current - Magnetic Field - Radiation Belts

• (The Role of the Plasmasphere)



Classic Theory: Radial Diffusion

Earthward Radial Diffusion 
produces betatron & Fermi 
acceleration as electrons move 
to regions of higher B

Perpendicular energy gain 
enhances the flux of 90° pitch 
angles.
Magnetic moment,µ,  is 
conserved



There are models that show how this works

Elkington et al., JGR, 2003, 2004
Degeling et al., Adv. Space Res., 2006

12 A REVIEW OF ULF/RADIATION BELT INTERACTIONS 

Plate 1. Radial diffusion solution (left) compared with an MHD/particle solution (right), for the September 1998 geomagnetic storm
[Fei et al., 2006]. They find effective solution of the radial diffusion equation requires detailed knowledge of the driving diffusion
coefficients, and hence, ULF activity.

Plate 2. keV electrons in the plasmasheet may be convectively injected into the inner magnetosphere, gaining energy through con-
servation of the first invariant in the process [Elkington et al., 2004]. The plasmasheet population acts as a boundary condition on the
trapped particles undergoing diffusion in the inner magnetosphere.

GM01069_Ch12.qxd  11/9/06  8:52 PM  Page 12



New Theory: Wave-Particle Interactions

VLF Chorus is produced by 
injected hot electrons.

Doppler-shifted cyclotron 
resonance can produce both 
pitch angle diffusion (losses) and 
energy diffusion (acceleration).

We know that radial diffusion is 
important but determining 
whether wave-particle 
interactions are also important 
was a major challenge

Reeves, Space Weather, 2009 (after Summers et al., JGR, 1998 )



Electron motion in the Earth’s 
magnetic field

North Magnetic
Field Line

L

~0° Pitch Angles
cover the entire
magnetic field line

~90° Pitch Angles
are confined to the
magnetic equator

Magnetic
Mirror Points

A B

Electrons “gyrate” around the magnetic field
They “bounce” along the field line between magnetic mirror points
They “drift” around the Earth on a drift shell
A critical consideration is that the magnetic field is constantly changing



Flux & Phase Space Density
Flux is the number of particles passing through a given 
area in a given time. 
particles/cm2/s  or  particles/cm2/s/sr  or particles/cm2/s/sr/keV

Flux is not a conserved quantity

Phase space density (PSD) is conserved as a particle 
moves provided the motion is adiabatic (reversible)

2p
jf =

PSD (f) equals flux (j) divided by the momentum squared



Magnetic Adiabatic Invariants
Each periodic motion of an electron in the geomagnetic 
field has an adiabatic invariant. If all three invariants are 
conserved then PSD is conserved

• The first invariant is defined by gyration

• The second invariant, J (or K) is defined by 
bounce

• The third invariant, Phi (or L*) is defined by 
drift



To first order, non-conservation 
of the invariants can be described 

by Fokker-Planck Diffusion
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Competing Acceleration Theories
Radial / Diffusive Acceleration
• The source of electrons is the magnetotail at 

high L-shells
• Electrons are betatron accelerated to 

relativistic energies
• Transport is the essential feature

Local Wave-Particle Interactions
• Wave-particle resonances accelerate electrons 

to relativistic energies 

• Characteristic signatures are growing radial 
peaks in phase space density

• Changes happen locally without significant radial 
transport



 Radial diffusion smooths 
out gradients

It can go both directions

If the source of particles is 
time-varying then radial 
peaks in PSD can form from 
radial diffusion only

Temporal Variations complicate 



There are models that show how both work

Selesnick et al., JGR, 1998 

Radial / Diffusive Acceleration
• A source at high L diffuses inward
• If that source shuts off the “hole” also diffuses inward
• Radial gradients change in time

Local Wave-Particle Interactions
• Electrons are accelerated locally while waves are present

• Even the initial distribution has a radial peak

• Radial diffusion is both outward and inward

Peak

Peak

Missions like CRRES or POLAR 
could not resolve these time scales



Dual-Satellite, GTO, 9 hr orbit







Schematic & Observed PSD

Reeves et al., Science, 2013



October 2012 - MagEIS Electron Flux and Solar Wind



















Resolving Space-Time Ambiguity
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Simulations Confirm Physics

Weichao Tu et al., GRL, 2014



A Fundamental Change in our 
Understanding of Radiation Belt 
Physics is the Key Role of Waves



However No One Process
Ever Acts in Isolation

Reeves, Space Weather, 2009 (after Summers et al., JGR, 1998 )





Rapid internal acceleration events
also didn’t fit the classic picture

Reeves et al., JGR, 1998 

January 1997 Event



Pitch Angle Scattering
and electron ‘precipitation’

Pitch Angle, α, is defined as the angle between V and B

Equatorial pitch angle is that value at the magnetic equator



Reeves et al., Science, 2013



Thorne et al., Nature, 2013

Data

Simulation


