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Discovery of the Radiation Belts
First discovery of the Space Age!
Explorer I (first US satellite)
- launched January 31, 1958
- carried Geiger counter for 

cosmic ray studies
- James Van Allen credited with 

discovery. 
Sputnik 2 was first to detect the 
particles but the data weren’t 
immediately available for analysis.

NASA image
Left to right: William Pickering,  James Van 
Allen, Wernher von Braun

Launch of Explorer 1

Спутник-2



Earth’s Radiation Belts

Toroidal region extending from near Earth’s surface to just beyond 
geosynchronous orbit (~7RE)
Energetic (~100 MeV) protons are concentrated near Earth. 
Electrons (up to ~10MeV) are found in two “zones” - inner and outer
Magnetic field is nearly dipolar in this region
=> energetic particles (>200 keV) are trapped

JHU APL

©          Nature Publishing Group1959

[Van Allen and Frank, 1959]



Particle Motion in a Magnetic Field

charged particle motion in a non-uniform magnetic field 
exhibits three types of motion
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charged particle motion in a non-uniform magnetic field 
exhibits three types of motion
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I

net upward force pushes 
current loop towards 
region of weaker field



Particle Motion in a Magnetic Field

charged particle motion in a non-uniform magnetic field 
exhibits three types of motion

e�

B

Gyration Bounce Drift 

Radius of gyration 
smaller where B is larger 



Particle Motion in a Non-uniform Field

From plasma group webpage at UCLA 

http://www.physics.ucla.edu/plasma-exp/beam/

Electron Beam in non-
uniform magnetic field

reflection at mirror point
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Particle Motion in the Geomagnetic Field

Courtesy A. Ukhorskiy



Particle Motion in the Geomagnetic Field
K=1 MeV, m=20 me

Courtesy A. Ukhorskiy



Timescales of Motion in a Dipole Field
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Characteristic timescales of three quasi-periodic motions in a 
dipole magnetic field are separated by ~3 orders of 
magnitude:

fc ~ 1 kHz
fB ~ 1 Hz

fD ~ 1 mHz

Gyrofrequency:
Bounce frequency:
Drift frequency:



Adiabatic Invariants
For periodic motion, adiabatic invariants are the action integrals taken 
over period of motion or area in phase space:

What happens when we 
slowly shorten the string?

Lichtenberg and Lieberman

Example: Simple Pendulum

where

conserved!

What happens when we 
slowly shorten the string?



� =

I
A · dl

Adiabatic Invariants in the Radiation Belts
At Earth: three periodic motions with very different timescales => 
three adiabatic invariants
As long as field varies slowly relative to the period of motion (e.g. 
gyroperiod), the adiabatic invariant is approximately constant.

e�

B

Gyration 
1st invariant

Bounce 
2nd invariant

Drift 
3rd invariant

µ =
p2?

2mB
J =

I
pkds = pI; I =

I s

1� B(s)

Bm
ds

Recent review: Ukhorskiy and Sitnov, 2012 (Space Science Reviews)



Source of Relativistic Electrons

Potential external Sources
Jupiter 
-when IMF lines connect Earth and Jupiter, particles 
can enter Earth’s magnetosphere

-not an important source!
Solar Wind
-not enough MeV electrons there!

Internal acceleration of “seed” particles

Earth is a particle accelerator!



Summary plot from Van Allen Probes Science Gateway

Variability of the Radation Belts



Three Radiation Belts?

Credit:  D. Baker (LASP), Grant Stephens and Robin Barnes (JHU/APL)



Rapid compression of magnetic field due to solar wind (dB/dt)
    => induction electric field (azimuthal)

Drift-resonant electrons see nearly constant E-field
    => transported radially inward and energized to 10-15 MeV

Fast Radial Transport (τ≲TD) 

195 A

Drift-resonant 
electron

[Kress et al., 2007]

Ef



Fast Transport: Simulation

195 A

Ef

electrons

Test particle simulation 
shows how electrons move 
inward and gain energy

Electric field due to 
compression of magnetic 
field by solar wind

Courtesy B. Kress



High Frequency Plasma Waves

[Meredith et al., 2004]

where o is the wave frequency, k is the wavenum-

ber, and ope ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pNe2=m

q
is the plasma frequency.

Combining this dispersion relation with the reso-
nance condition (1), and with the approximation
that the wave frequency can be ignored compared to
the electron gyrofrequency, we can derive an
approximate expression for the electron kinetic
energy resonant with hiss:

Eres

mec2
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

a#Oe

o cos2 a

r
$ 1, (4)

where a is the electron pitch-angle and

a# ¼ ðOe=opeÞ2. The parameter a# can also be
written as

a# ¼ 2
B2

8pN
1

mec2
(5)

which is proportional to the magnetic energy per
particle divided by the electron rest energy. This
dimensionless parameter which controls the reso-
nance condition, depends on the magnetic field
strength and cold plasma density, N. There is an
abrupt decrease in a# to typical values between 0.05
and 0.1 on entry into the dense plasmasphere. The

decrease in a# leads to a lowering of electron
resonant energies and a corresponding increase in
wave amplification (Church and Thorne, 1983).
The waves subsequently propagate into lower L
(Thorne et al., 1979), allowing resonance with
'MeV electrons below L'3.

Pitch-angle scattering by plasmaspheric hiss is a
primary mechanism responsible for the formation
of the slot region (Lyons et al., 1972; Lyons and
Thorne, 1973). Lightning-generated whistlers and
VLF transmitters also contribute to losses at lower
L-values, but hiss is expected to dominate through-
out the outer portion of slot region (Abel and
Thorne, 1998a,b) (but see also Bortnik et al., 2003).
This region can be partially filled with relativistic
electrons during large magnetic storms (Frank,
1966; Baker et al., 2004), and the flux at '1MeV
decays over '10–100 days due to resonant interac-
tion with hiss (Selesnick et al., 2003; Meredith et al.,
2006a). This loss timescale is much longer than the
strong diffusion timescale (Kennel and Petschek,
1966), thus leading to a well defined loss cone
distribution (Spjeldvik and Thorne, 1975).

Electron lifetimes computed with quasi-linear
diffusion codes (Lyons et al., 1971, 1972; Albert,

ARTICLE IN PRESS

Fig. 4. Wave spectrogram from CRRES showing plasmaspheric hiss emission below a few kHz confined to the plasmasphere, and
whistler-mode chorus at frequencies 1–5 kHz observed outside the plasmapause (red line). ECH waves and VLF transmitter emission are
also visible in the plot (reproduced from Meredith et al., 2004, Copyright 2004 American Geophysical Union).

R.M. Millan, R.M. Thorne / Journal of Atmospheric and Solar-Terrestrial Physics 69 (2007) 362–377368
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Electrons encouter a variety of plasma waves as they drift around 
Earth - seen here in this wave spectrogram from the CRRES satellite. 



Gyro-resonant interaction

Can lead to energization of particles 
Can also cause electrons to be scattered into the atmosphere

Stanford VLF Group

See e.g. Reeves et al, 2013 (Science),  Thorne et al., 2014 (Nature)



Acceleration of Particles to High Energies in Earth’s Radiation Belts 125

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

Millan and Baker,  2012

Radiation Belt Processes



Summary plot from Van Allen Probes Science Gateway

Radiation Belt Dropouts

Where do the electrons go?



(Green et al., 2004)

•Superposed epoch analysis during 
dropout events

•Increase in SAMPEX precipitation
•Selesnick 2006: strong precipitation 

during main phase

Loss to the Atmosphere

Sketch of radiation belt dynamics 
from Roederer, 1967 



Ohtani et al., 2009 found dropouts 
occur during compression events
 Millan et al., 2007 POES 
precipitation confined to low L 
Turner et al., 2012: no precipitation  
observed during depletion event. 
 See also Turner et al., 2014

POES	  Trapped:	  α	  =	  90	  deg	  at	  850	  km	  alt. POES	  Precipita;ng:	  α	  =	  0	  deg	  at	  850	  km	  alt.

L	  
[R

E]

No	  enhanced	  precipita.on	  
during	  main	  phase	  dropout

LPP

THEMIS-‐A	  track

Magnetopause	  subsolar	  pt.	  (radial	  distance)

[Turner et al., 2012]

	  Large	  pressure	  pulse	  from	  HSS

Non-‐adiaba.c	  dropout	  of	  outer	  belt	  electrons	  
(E	  >	  300	  keV)

Can magnetopause lossesaccount for loss deep in inner magnetosphere (L~4)?

Observational Evidence of Magnetopause Loss



Simulation of Magnetopause Losses

Courtesy Sasha Ukhorskiy

Magnetopause shadowing
Diamagnetic Effect
Drift orbit bifurcation 
Radial transport

Four Effects

(Ukhorskiy et al., 2006, 2011, 
2014; Hudson et al., 2013)



Electron Trajectories in the Compressed Field

Pdyn=3 nPa; r0=(-8,0,0)

magnetopause 
loss: αeq=80o

stable: αeq=20o

unstable (DOB): αeq=59o

[Northrop and Teller, 1960] 

Dayside & Nightside Profiles of B-field

Ukhorskiy and Sitnov,  2012



Science Questions
1. What fraction of radiation belt loss is due to atmospheric 
precipitation vs. magnetopause loss?

2. What fraction of precipitation losses are due to microbursts 
versus duskside precipitation vs. something else?

3. What causes relativistic electron microbursts, duskside bursts?

4. What causes observed ULF timescale modulation of precipitation?

5. How does precipitation evolve in space and time? What role 
is played by magnetospheric boundaries (e.g. plasmapause)? 



The BARREL configuration is optimized for obtaining conjunc-
tions with the RBSP spacecraft and for studying both duskside
and microburst precipitations. Duskside precipitation has been
observed to extend across an hour of local time (Section 1), and
the statistical microburst region covers ! 6 h of local time,
though the instantaneous spatial distribution is not currently
known.

3. Early results from the BARREL piggyback test flight

On December 27, 2008, the Columbia Scientific Balloon Facility
(CSBF) launched a test flight of the Superpressure Balloon (SPB)
from McMurdo Station, Antarctica. The SPB is being developed by
the NASA Balloon Program to provide ULDB (Ultra Long Duration
Balloon) flights lasting 4100 days. BARREL will utilize the more
standard zero-pressure balloons, but a prototype of the BARREL
instrumentation flew ‘‘piggyback’’ on this ULDB flight which
lasted 54 days (Fig. 4). Solar activity was quite low during this
interval, however, BARREL detected relativistic electron precipita-
tion in February 2009 during the ‘‘Valentine’s Day’’ storm. The
storm was small (minimum Dst!"36 nT on February 14 at
1600 UT), but was highly geo-effective for enhancing the radia-
tion belt electron population. The flux of relativistic electrons
measured by GOES increased significantly, particularly at the
higher ð42 MeVÞ energies (Fig. 5), where the flux during the
recovery phase was roughly 1000 times larger than its pre-storm
value. Because the storm was so isolated in time (Kpr2 for one
week before and after the storm), it provides a unique opportu-
nity to isolate and understand both the acceleration and loss
processes acting in the radiation belts.

Fig. 6 (top) shows BARREL observations from February 14–16,
2009. Weak precipitation was first observed in the lowest energy
channel ðo180 keVÞ starting at 0600 UT (0200 MLT). A sharp
increase in precipitation was observed at 1245 UT (0715 MLT) in
association with an increase in THEMIS AE (bottom), when
BARREL was located near L! 7:8 (T89). Similar observations were
made on February 15 with the strongest precipitation observed
near 1215 UT (! 0630 MLT, L! 7:4) in association with an
increase in THEMIS AE, but in this case the precipitation extends
into the 180–450 keV BARREL energy channel. Observations from
THEMIS during this time indicate an increase in the average
plasma sheet temperature throughout this period (Fig. 6, second

panel) which is correlated with the increase in energy of the
observed precipitation.

Precipitation at relativistic energies ð4550 keVÞ was not
observed by BARREL until late in the recovery phase, possibly
because the trapped electron flux was initially so low and
increased slowly over several days (Fig. 5). On February 17–18,
2009 the X-ray count rate increased in the two highest energy
channels (550–840 and 840–1500 keV). The precipitation was
observed in the dusk sector on February 17 at 0345 UT (2320
MLT) at L¼6.7, and 0020 UT (2030 MLT) at L¼6.5 on February 18
(Fig. 7), and show similar characteristics to the duskside relati-
vistic precipitation discussed in Section 1, including modulation
of the precipitation at ULF frequencies.

The observations during this geomagnetic storm show a
progressive increase in energy for the plasma sheet, ring current
electrons (as indicated by increasing energy of observed precipi-
tation at energies o550 keV), and ultimately the trapped radia-
tion belt electrons.

Further analysis will be presented in a later paper, but this
summary of the BARREL test flight observations serves to illus-
trate the kind of data that BARREL will obtain and the value in
combining such measurements with spacecraft data. The multi-
point measurements obtained during the BARREL science cam-
paigns combined with other ILWS missions will provide a rich
data set for investigating the complex structure of precipitation
and advancing our quantitative understanding of loss processes in
the radiation belts.
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Duskside (DREP)

[Lorentzen et al., 2001]
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Figure 1. Electrons >1 MeV microbursts on October 19, 1998
(red). The satellite was in zenith-pointing mode at this time, so
the instrument was looking approximately along the field lines at
the microburst precipitation. The black dashed line shows our
estimate of the locally trapped population and the blue dotted
line shows the position in L shell.

Distribution of Microbursts

Figures 2c and 2f show histograms of the number of
passes during which SAMPEX observed relativistic electron
microbursts in the outer radiation belts each day in 1997
and 1998. The relativistic electron microburst events were
selected automatically by comparing the average count rate
in a 100-ms period with a 500-ms running average. Ra-
diation belt passes for which the difference exceeded ten
times the standard deviation were identified as containing
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Figure 2. Correlation of microburst events with Dst and Kp for 1997 and 1998.

microbursts. Since the satellite passes through the radiation
belt four times on each 96-min orbit, the maximum number
of microburst events is 60 per day. Figures 2a and 2d show
Kp and Figures 2b and 2e show Dst for this period. There
is a clear association between microburst events and the ge-
omagnetic indices. When the number of microburst events
are cross-correlated with daily averages of these indices, the
correlation coefficients are found to be 0.75 for Kp and -0.72
for Dst in 1997. In 1998 the correlation coefficient for Kp is
0.80 and for Dst is -0.76. Both the number of microbursts
and the indices show that 1998 was more active than 1997.
Some care must be taken in comparing microburst occur-
rence between periods when the satellite was in spin mode
and zenith-pointing mode, however. In spin mode the satel-
lite spends less time sampling precipitating particles.
Figure 3 shows Kp and Dst for each of the three GEM

storms, along with the position in L where the bursts were
observed. The bursts tended to start during the main phase
of the storm and continue into the recovery phase. The
bursts also moved to lower L shell during the storm. The
location of the inner plasmapause boundary was also cal-
culated from the formula Lppi = 5.6 − 0.46Kpmax, where
Kpmax is the maximum Kp value in the preceding 24 hours
[Carpenter and Anderson, 1992]. The inner edge of the
bursts generally followed the plasmapause location. In both
the May 1997 and October 1998 storms, the largest mi-
croburst events began during the storm recovery phase, al-
though some smaller events were seen during the storm main
phase. This pattern is similar to the 1993 storms examined
by Nakamura [2000]. However, the September 1998 storm
looked different because the microbursts started well before
the storm main phase, in association with an enhanced Kp.

~200 ms

Microbursts

Courtesy T. P. O’Brien

Types of Energetic Precipitation
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Types of Energetic Precipitation



Balloon Array for Radiation belt Relativistic Electron LossesBalloon Array for Radiation belt Relativistic Electron Losses



BARREL Collaboration

UC Berkeley-SSL 
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University of Washington 
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Dartmouth College 
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Magnetometer 
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MOC/SOC

CSBF 
Phase B Flights 
Launch Training

NASA/GSFC + Balloon  
Program Office 
Programmatic, Management 
oversight

NSF 
Antarctic logistics, coordination

Campaign and science 
support

BARREL Collaboration



Platform - Balloon Array

- 5-8 balloons aloft at a time
- Avg. flight duration: 12 days
- 20 balloons each in 2013 & 2014

Two Antarctic launch sites:
- Halley (UK)
- SANAE IV (South Africa)

BARREL is a multiple-balloon experiment designed to study 
radiation belt electron loss to the atmosphere

[Millan et al., 2013]



Balloon Observations of Electron Loss

Bremsstrahlung X-rays are produced as electrons collide with 
atmospheric neutrals.

~70 km

~35 kmUT on January 17 2013 
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Relativistic electron precipitation event 
detected during 2013 BARREL campaign  



BARREL Science Instruments
X-ray spectrometer
- 3” x 3” sodium iodide scintillator
- Energy range: 20 keV - 6 MeV
- Effective area: 16cm2 (photopeak)
- Energy resolution: 10% at 1 MeV
- Time resolution: 50 ms in 4 energy bands

 25 

crystal is sensitive to thermal and mechanical shock, it has become the standard material 

for routine x-ray and gamma-ray spectroscopy as a consequence of its nearly linear 

electron response.  MINIS recorded zero failures in its 1000+ in-flight hours of operation. 

 

X-ray events are binned into 208 channel photon spectra with logarithmically increasing 

width between 20 keV and 6 MeV.  This collection method increases timing precision 

between payloads, enables ample spectral resolution to deduce energy and flux of 

precipitating electrons from the bremsstrahlung x-ray spectrum, and maintains a data rate 

of 194 bytes/s through a 2400 baud channel while providing high-resolution timing for 

fast variation (microburst) examination.  The spectrometer data analyzed in this study 

comes from the following four fast (50 ms resolution) energy channels:  Channel 1: 10-

180 keV; Channel 2: 180-550 keV; Channel 3: 550-840 keV; Channel 4: 840-1500 keV.   

(Note that these are rough values applicable at room temperature.  As the detector 

response shifts with temperature so do the nominal energy channels.  More calibration 

should be done to increase the accuracy of these numbers.)  

 

When an x-ray encounters the NaI crystal, the spectrometer interrupts the digital signal 

processor (DSP), allowing the arbitrary arrival times to be read whenever required.  In 

less than 30 seconds, the detector compiles a full spectrum on timescales comparable to 

the variability of MeV duskside events.   

 

(a)  

18 Mar 2010 BARREL PDR 2

Outline

! Performance validation

! Hardware description

! Design status

18 Mar 2010 BARREL PDR 5

Performance (3/6): check source

Tests intrinsic
spectrometer
resolution

DC Magnetometer
- Bartington fluxgate
- Sensitivity: 0.1 nT
- Sampling at 4 Hz



BARREL Payload Design
Supporting Instrumentation
- GPS time and position: Trimble Lassen SQ
- Custom data acquisition system
- Telemetry: Iridium satellite network ~2 kbits/s

Payload 
- Suspended mass: ~20 kg
- Power: ~5W supplied by PV panels
- Hand-launched on 300,000 ft balloon



Van Allen 
Probes

The Plan: Conjunctions 
with Van Allen ProbesThe Plan: Conjunctions with Van Allen



Halley 
Balloons

The Plan: Conjunctions 
with Van Allen ProbesThe Plan: Conjunctions with Van Allen



SANAE 
Balloons

The Plan: Conjunctions 
with Van Allen ProbesThe Plan: Conjunctions with Van Allen





BARREL Balloon TrajectoriesBARREL 2013 Balloon Trajectories



BARREL 2014 Balloon Trajectories



Investigation of EMIC Wave Scattering as the 
Cause for the BARREL January 17, 2013 Relativistic 
Electron Precipitation Event

Figure courtesy: Leslie Woodger

BARREL Observations of 
Relativistic Electron Precipitation

Li	  et	  al.,	  in	  prep.	  

Investigation of EMIC Wave Scattering as the 
Cause for the BARREL January 17, 2013 Relativistic 
Electron Precipitation Event

Figure courtesy: Leslie Woodger

GOES EMIC Waves

BARREL X-rays

Associated with a magnetospheric 
compression
EMIC waves observed during 
precipitation event



Comparison of simulation with observation
Simulated Precipitation Electron Flux Comparison of simulated X-ray Counts with 

BARREL observation (e.g. 600 sec)
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Quasi-linear diffusion model to 
simulate wave-particle interaction
Calculate diffusion coefficients
- GOES wave parameters
- plasma and energetic particle 

parameters from RBSP

Quantitative Test of EMIC Scattering

Time variation of the energy spectrum of precipitation

BARREL Observation Simulation
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Conjunction with Van Allen on Jan. 26, 2013



BARREL	  X-‐ray	  
Observa;ons

Van	  Allen	  (MagEIS)	  
300	  keV	  electrons

Halford,	  et	  al.,	  in	  prep.	  

Drift Echo Modulation



~2 sec

~0.5sec

~6 sec

Payload 1H sees microbursts. 



EMFISIS Jan 26

24 seconds

~2 sec ~6.5 sec ~6 sec

EMFISIS Whistler Waves



Jan. 3, 2014: Precipitation and Hiss
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Correlation between plasmaspheric hiss amplitude and precipitation



Conclusions
Earth’s Radiation belts are an accessible 
region for studying particle acceleration
Provide a laboratory for understanding 
physics of trapped particles
Lack of comprehensive measurements 
thus far
=> variability is still a mystery
=> processes are not well understood

Van Allen and BARREL provide a unique 
opportunity to study the physics
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http://www.dartmouth.edu/~barrelBARREL Project Website: 
BARREL Blog: http://relativisticballoons.blogspot.com

Summary Plots and Data Access:

Websites

http://soc2.ucsc.edu
http://earthweb.ess.washington.edu/mccarthy/BARREL/

http://www.dartmouth.edu/~barrel
http://www.dartmouth.edu/~barrel
http://barrelscience.pbworks.com/
http://earthweb.ess.washington.edu/mccarthy/BARREL/

