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Outline

* Introduction of Radiation Belt Particle Dynamics

e Recent Advances in Radiation Belt Studies based on Van Allen Probes
observations

» System Understanding of Radiation Belt Particle Dynamics through
Multi-Spacecraft and Ground-Based Observations and Modeling

* Summary
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g e s Earth’s Magnetosphere

Earth’s magnetosphere is a tear-
shaped region carved out of the
solar wind by Earth’s magnetic field.

Close to Earth, the Earth’s inner
magnetosphere is the region where
the geomagnetic field resembles
the dipole field. It includes the
plasmasphere, radiation belts, and
ring current.

The charged particles and current
systems existing in the Earth’s inner
magnetosphere pose potential
threats to the spacecraft and
human in the space and technical
systems on the ground.



% M=LASP Charged Particle Motions

Laboratory for Atmospheric and Space Physics
University of Colorado Boulder

, Trapped Particle
frajectory

From spenvis.oma.be

Electrons 1 ms 0.5s 10 min

Protons 0.6s 10 s 7 min
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% M=LASP Charged Particle Motions

Laboratory for Atmospheric and Space Physics
University of Colorado Boulder

! Trapped Particle Pitch angle
frajectory

From spenvis.oma.be

Electrons 1 ms 0.5s 10 min

Protons 0.6s 10 s 7 min
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Laboratory for Atmospheric and Space Physics A d e b e e
iabatic Invariants

First adiabatic invariant (corresponding to gyration):
P!
ZmoB

U= = const.

Second adiabatic invariant (corrgsponding to bounce motion):

Sm
J=2 Zmoﬂj VBm — B(s)ds = const.

(OrK = fSSm JVBm — B(s)ds = const.)

Third adiabatic invariant (corresponding to drift motion):
2nM

| ®|R,

CI)=j §-E=const.; L’
S

Phase-averaged phase space coordinates: (u, K, L")

Phase space density: f,, = #
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University of Colorado Boulder

e
7/
* When the timescale of magnetic/electric field fluctuation is /
shorter compared to the particle motion, the adiabatic f
invariant(s) can be violated. RCE | —= T EUSIoN
\
\
* Violations of the adiabatic invariants -> diffusion N PITCH ANGLE

DIFFUSION

» Radial diffusion: permits transport of the particles across field lines. . From Roederer [1970]
£

* Pitch angle diffusion: alters the particle pitch angle.
* Energy diffusion: changes the particle energy.

* Magnetospheric waves can cause the diffusion processes.
e ULF waves, chorus waves, hiss waves...

ENHANCED
EMIC WAVES

i ; WHISTLER-MODE
% J CHORUS

RING CURRENT DRIFTS [Thorne, 2010]
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nlversny Co

Outer radiation belt

Inner radiation belt

[From nasa.gov]
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Source and Loss Processes for Radiation Belt Electrons

University of Colorado Boulder

e Source processes
* |nward radial diffusion
e Local acceleration

* Loss processes
* Magnetopause shadowing
* Precipitation into the atmosphere
e QOutward radial diffusion

Inward radial diffusion

Local acceleration

(Reeves et al., 2013)
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@ MLASP  Long-Term Variations of Radiation Belt Electrons:
" Measurements Prior to the Van Allen Probes Era

University of Colorado Boulder

CRRES SAMPEX

oG CRRES /MEA

Sunspot numbers
Solar wind velocity

A DD

~N - a PO = N »
L value

-

-

: : 1993 1995 1997 1999 2001 2003
(Li and Temerin, 2001) (Baker et al., 2004)

* The outer radiation belt is very dynamic and radiation belt particles are subject to
significant influence from the solar wind.
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University of Colorado Boulder

EFW Axial Boom
(fwd and aft)™~_

"& - r'd:;-“\ .

Van Allen Prob‘es

EFW
Spin Plane Wire
Boom (4x)

[From nasa.gov]

(High and Medium 35)

ECT MagEIS
(Low 75 and Medium 75)

'\RPS ECT REPT

ECT HOPE Re-Spke (Baker et al., 2012)
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& \LASP Radiation Belt Electron Measurements of the Van Allen Probes

Laboratory for Atmospheric and Space Physics
University of Colorado Boulder

Van Allen A ECT/MagEIS
Differential Electron Flux, a=90 (background corrected)

"Storage Ring" - Remnant New Slot-Like Outeriimitof Ouiter Belt

evi . minimum o=
of previous outer belt the PlasmaSphere Re-energization

Tyg)lcal 2-Belt New 3-Belt Outer Belt
tructure Structure Dropout

Outer Electron B. = —
Radiation Belt ¥+ = | r N ‘ B
S i “ ( 'lh f: |K 'M \‘ ";\"“"
il mml\ w I AR A ]
M il il il

i ‘
\ {il M
Slot Region 4, = H'\ Al ‘I

.‘ l \ I ‘H' ’ il
D 1 umMm il W'W g

w2 LA

1.5
600. | '™ R
400. O T aha ST A N i

L* (TS04D)

“ D WPHPOTOO =~ NDNWPHPOOOO -~ DWW, -~ NDOWPHPOOTOO - NDWPHOOTO

L* (TS04D)

\\4 Mk vw,wﬂ”
I [

ol
cE
§x
O
39
o

Q.
Yen

L* (TS04D)
A8 IS | S, WD

20.
| 4 ‘ hh |
ST ﬂ"‘w‘\"jl]ﬂ HM"{\V\M‘\‘W‘“‘ A i i!“"wqw W\W‘W"'N'Wﬂ%wm’WJ r\ﬂ‘,’ ,,W*JMM ““_'u\ ‘W
0. = ' '

-50. 3
-100. 3

Bz
nT

L* (TS04D)
Dst Index
nT

2012-08-31  2012-09-10  2012-09-20  2012-09-30  2012-10-10
(Baker et al., 2013)
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e e sk electrons exist in the inner radiation belt;
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& \LASP Radiation Belt Electron Measurements of the Van Allen Probes

Laboratory for Atmospheric and Space Physics
University of Colorado Boulder
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e Abundant 100s of keV electrons but limited >MeV
electrons exist in the inner radiation belt;
 Three-belt structure of radiation belts is found.
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B \.LﬂSP Radiation Belt Electron Measurements of the Van Allen Probes

Lb atory for Atmo: ph and Spac!
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MagEIS Electron Fqu | o [80 100] | B/Beq < 1.1
i I

6
32 keV ) | | k !\‘ Wﬂ }|r 'IH?‘ |
Ml n m i .,
l!,l. 1 T "_ T .‘ [‘
l | \\l W illwullwr N MWNMM 1
W I
- from e e =
| A" U “ | | ‘, (LA — 8
| , il 4 s ks
| 2 v -
e — ben 1
0.7 d S
N :
A ‘?'5
- _IO % o
Ip-
f -;_»—2
- IO i8S  ANow.  ddan;  cifle  AMay Ay 1 Sep. iy, ia,  Akn, A
.3 2012 2012 2013 2013 2013 2013 2013 2013 2014 2014 2014
2
' i1 (Baker et al., 2014)
0
-1

01-Ap 13 01- Apr -2014  01- Apr 2015 31- Mar 2016 31 Mar 2017 31- Mar 2018

_ * Impenetrable barrier for multi-MeV electrons exists.
(Claudepierre et al., 2019)
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Laboratory for Atmospheric and Space Physics L- and Energy-Dependent Features Of Radiation BEIt EIECtrOnS

University of Colorado Boulder

Inbound Orbit 484 ~111kev 5] Inbound Orbit 492

Quiet Active D;1(BA)Y/S, /5

2 3,4 5 6 20 30 40 50 60
time = 10 \‘

2 3,4 5 6 2030405060

(Ripoll et al., 2016)

35 40 45 5! 55 60 B 23 30 5 40 45
L-Shell L-Shell

(Reeves et al., 2016)

* S-shaped structure in energy-L distribution is generally present during quiet times and disappears during
active times;

* S-shaped structure is formed as a result of plasmaspheric hiss wave scattering.
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@ NLASP Bump-On-Tail (BOT) Energy Spectrum of Radiation Belt Electrons

Laboratory for Atmospheric and Space Physics
University of Colorado Boulder
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(Zhao et al., 2019)
* Reversed energy spectrum of ~100s of keV — 2 MeV electrons is reported;

* BOT energy spectrum is actually the most prevalent energy spectrum inside the plasmasphere at L>~2.6;

* Plasmaspheric hiss wave scattering is responsible for the formation of BOT energy spectrum.
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University of Colorado Boulder
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* Multi-MeV electrons present clear energy-dependent behaviors;

* Solar wind speed is shown to be the most influential solar wind parameter causing multi-MeV electron flux
enhancements.
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&LHSP Acceleration Mechanism of Radiation Belt Electrons

University of Colorado Boulder
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{ut hh on 8 October 2012)

(Thorne et al., 2013)

* Local acceleration caused by whistler mode chorus waves is found to be the main acceleration mechanism
for ¥~2 — 7 MeV electrons in the outer radiation belt during the storm of Oct 2012.
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@LASP Acceleration Mechanism of Radiation Belt Electrons

Laboratory for Atmospheric and Space Physics
University of Colorado Boulder
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7 18 19 0 5 m m » ot e Inward radial diffusion is also a very important acceleration
. 2015 March . . .
(Li et al., 2016) 2015 March mechanism for radiation belt electrons.
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@ ANLASP System Understanding of Radiation Belt Particle
Dynamics through Multi-Spacecraft and Ground-Based
Observations and Modeling

e PR
* Single-point measurements have limitations in }
revealing underlying physical mechanisms on the L ”‘“
radiation belt particles due to spatial/temporal
ambiguities and limited coverage;

. . - *
* Through coordinated measurements from multi- 7S )

spacecraft and ground-based observations,
combining with theoretical and modeling efforts,

advanced understandings of radiation belt particle A & S
dynamics on both local and global scales can be ) |
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@J’ SLHSP Multi-Satellite Observations Provide Comprehensive
Understanding of Radiation Belt Electron Acceleration Mechanism

University of Colorado Boulder
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(Boyd et al., 2018)

 Using Van Allen Probes data only (L* up to ~5.5), ~30% radiation belt electron enhancements show clear local acceleration
dominant feature;

* Combining data from Van Allen Probes and THEMIS, most enhancements are found to be dominated by local acceleration.
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@T &LHSP Multipoint Measurements Provide Global Pictures
of Substorm Injections

University of Colorado Boulder
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@NLASP Multipoint Measurements Provide Important
Information of Electron Precipitation

University of Colorado Boulder
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 Both CSSWE and BARREL observed the same precipitation band structures of radiation belt electrons;

* Using data from CSSWE and BARREL, the precipitation regions can be better confined in L and MLT and the
electron precipitation can be better quantified.
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NLASP Multipoint Measurements Provide Better
Understanding of Radiation Belt Wave Properties

Laboratory for Atmospheric and Space Physics
University of Colorado Boulder

RBSP A: 09-May-2014

RBSP A: 06-May-2014
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* Using conjunctive measurements from the two Van Allen Probes, the spatial and temporal scales of chorus
waves and EMIC waves are revealed.
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Summary

* Radiation belt particles exhibit significant variations under the effects
of various source and loss mechanisms;

* Recent advances have been achieved on understanding the radiation
belt particle dynamics thanks to the unprecedented measurements of
the Van Allen Probes;

* Coordinated multi-spacecraft and ground-based measurements,
combining with theoretical and modeling efforts, will further deepen
our understanding of radiation belt particle dynamics.
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Thank you!
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@& \LASP System Understanding of Radiation Belt Particle

Dynamics through Multi-Spacecraft and Grourgd=:;
Based Observations and Modeling

SE

ENHANCED
EMIC WAVES

* The broad goal of this FG is to deepen understanding of
radiation belt particle dynamics through coordinate
multi-mission measurements, combining with theoretical

DRIFT PATH OF
RELATIVISTIC
ELECTRONS

WHISTLER-MODE
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and modeling efforts.

natural radiation belts

* Specific topics include:

* Improve the understanding of physical mechanisms related to

radiation belt electron acceleration and loss on short timescales
(minutes to hours);

. QuantifK the radiation belt electron precipitation into the
atmosphere and understand the related physical mechanisms;

: . . e L:;.f—nm b
* Improve the understanding of the properties and spatiotemporal | / \WW *
distribution of waves and their effects on the radiation belt g™\ e
particles; TR
* Advance the understanding of inner belt and slot region particle ="
dynamics.
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