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First Discovery of the Space Age

o Electrons & lons trapped In
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- Energies that penetrate shielding
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- Early observations did not resolve
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| he Radiation Belts are im
local laboratory’ for acceleration physics
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as a source of satellite ‘Anomalies’
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VWe depend on satellites for
all sorts of day-to-day activities

® UHF

* MSS

® Ku-band
® C-band
@ Hybrid
# Ka-band
2 L-band

® S-band
R www.stk.com




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

/

Internal Charging & Discharges

Single Event Effects (SEE)
Upsets (SEU) and Latchups

0‘\00‘\ e False Commands & Signals
00 : Semiconductor Malfunctions
Electrical System Failures

Altered Commands
Altered Memory States
Computer Errors or Failure

Total Dose Effects
Reduced Satellite Lifetimes







T he Standardg
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[ he Near-Equilibrium Model

Radial diffusion transports electrons
Farthward

In the process they gain energy through
betatron & Fermi acceleration

Radial diffusion slows down dramatically
closer to the Earth

Plasmaspheric ‘Hiss' prtch 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

Sror-RecioN ErLecTroN Losses
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Fig. 3. Theoretical flux profiles for E = 0.10
mv/m and By = 10 my are compared with quiet
time solar minimum observations [Pfitzer et al,,
19661.

Lyons, JGR, 1972 & Lyons & Thorne, |GR, 1973



VVe thought that...

I he radiation belts change
slowly over time so the
equilibrium model should be
approximately correct



| he Revolution Begins...
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L-shell & the Dynamic Belts
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Ihe "New' Dynamic Belts

The Radiation Belts vary on time scales from minutes to years

Data Visualization from NASA's Polar Satellite
Sirane = S el

image: Henderson & Reeves, LANL



Ihe "New' Dynamic Belts

The Radiation Belts vary on time scales from minutes to years

Data Visualization from NASA's Polar Satellite
Sirane = S el

image: Henderson & Reeves, LANL



VVe thought that...
Stronger seomagnetic storms
will produce stronger
radiation belt response



1.8-3.5 MeV Electron Flux

(cm?-s-sr-keV)”

- Storms and Electron Flux
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Quantitying the Radiation Belt
Response to Storms

151 181 212
Day of Year, 1997

Reeves et al., GRL, 2003



1 he Unexpected Result VVas...

Storms Can Increase Fluxes

Electron Flux
vs Earth Radii

01/01 01/09 01/17 01/25 02/02 02/10 02/18 02/25
Storms Can Decrease Fluxes

Electron Flux
vs Earth Radii

04/30 05/03 05/06 05/09 05/12 05/15 05/18 05/21  05/25

Reeves et al., Geophys. Res. Lett, 2003



| hese and other studies
showed that we really didn't
understand the physics of the
radiation belts after all



1heVan Allen Probes

Extremes

Van Allen
Probes




teractions

Coupling of the Ring Current - Magnetic Field - Radiation Belts

(The Role of the Plasmasphere)
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Perpendicular energy gain

Earthward enhances the flux of 90° pitch

Radial Diffusion
angles.
\ Magnetic moment,y, is
Plasmasheet Sources conserved




| here are models that show how this works

07:05 UT e
03/31,/2001 - 03/31/2001°
_ -
Energy (MeV) 1.0 e, Wo=60 keV

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

Elkington et al., JGR, 2003, 2004
Degeling et al,, Adv. Space Res., 2006
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important but determining
whether wave-particle
electrons | | .
interactions are also iImportant

was a major challenge

Plasmasheet Sources

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




Flectron motion In the Earth's
magnetic field

P S, )
Vi N - ""
o . t/
~0° Pitch Angles
cover the entire

magnetic field line

Electrons “gyrate” around the magnetic field
They “bounce™ along the field line between magnetic mirror points
‘hey "drift " around the Earth on a drift shell

A critical consideration Is that the magnetic field is constantly changing



Flux & Phase Space Density

Flux 1s the number of particles passing through a given
area In a given time.
particles/cm?/s or particles/cm?/s/sr or particles/cm?/s/srikeV

Flux 1s not a conserved guantity

°hase space density (PSD) I1s conserved as a particle
moves provided the motion Is adiabatic (reversible)

PSD (1) equals flux ()) divided by the momentum squared




Magnetic Adiabatic Invariants

—ach periodic motion of an electron in the geomagnetic
fleld has an adiabatic invariant. If all three invariants are
conserved then PSD Is conservec

_ P,
2m,B

il e [he first invariant is defined by gyration

J=¢pds e The second invariant, ] (or K) is defined by
bounce

® = § Ayl

onk, ® The third invariant, Phi (or L*) is defined by
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lo first order, non-conservation
of the Invariants can be described
by Fokker-Planck Diffusion

J
f ===
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o 5. W af Lo e el
Vi (D”’L )Jr i (p (P (1) ]JFT(y)y3Y(T(y)y<D”(y’p)>3y) T

oL oL ) p’op ap
Radial (L) Momentum Prtch Angle
or Energy y = sin(Q)

these two are linked



Competing Acceleration [heorles
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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

L ocal Wave-Particle Interactions

*  Wave-particle resonances accelerate electrons
to relativistic energies

e Characteristic signatures are growing radial
peaks in phase space density

e Changes happen locally without significant radial
transport



Phase Space Density

lemporal Variations complicate
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¢ Radial diffusion smooths
out gradients

It can go both directions

o[t the source of particles Is
time-varying then radial
peaks In PSD can form from
radial diffusion only



| here are models that show how both work

7 i e —— A : : .
Radial / Diffusive Acceleration
6L E * A source at high L diffuses inward
T % * If that source shuts off the “hole” also diffuses inward
c S
| @ X5  Radial gradients change in time
-l =)
Local Wave-Particle Interactions
— . e Electrons are accelerated locally while waves are present
q) 1l
5 o e Even the initial distribution has a radial peak
- X e Radial diffusion is both outward and inward

0 5 10 15 20 25 30

Time (hrs)
T — Missions like CRRES or POLAR
log(Phase space density, f) could not resolve these time scales

Selesnick et al,, JGR, 1998



Dual-Satellite, GO, 7 hr orbit




Phase Space Density
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Schematic & Observed PSD
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October 2012 - MagElS Electron Flux and Solar Wina
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Phase Space Density
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Phase Space Density
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Phase Space Density
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Phase Space Density

Oct 9
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Phase Space Density

Oct 9
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Phase Space Density
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Phase Space Density
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Phase Space Density
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PSD

PSD
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all the time
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Weichao Tu et al. GRL, 2014 |




A Fundamental Change In our
Understanding of Radiation Belt
Physics 1s the Key Role of Waves

THE UNIVERSITY OF IGOWAR/AFGL
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Rapid Internal acceleration events
also didn't fit the classic picture

1-6.6

Electron Flux [cm?-s

Electron Flux [cm?-s-sr] '

January 1997 Event

1 04

1 0%

1 0%

GPS NS 33 |
GPS NS39

Ly |

vvvvv

vvvvvvvvvvvvvvvvvvvvvv

Day, January 1997

Reeves et al., JGR, 1998



Pritch Angle Scattering
and electron ‘precipitation

> Prtch Angle, , Is defined as the angle between V and B

> Equatorial pitch angle 1s that value at the magnetic equator



Phase Space Density

Oct 9-12
Post Acceleration Phase

1=3433 MeV/G
| K=0.11Re G

3.5 4 4.5

L* Reeves et al, Science, 2013
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