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The Inner Proton Belt – Long lifetimes 

SA	  Wave	  Boundary	  No	  SA	  Waves	   No	  wave	  ac1vity	  at	  SAW	  
and	  EMIC	  branches	  

26	  years	  

L	  

South	  Atlan0c	  Anomaly	  



Injec0ng	  ELF	  Waves	  from	  the	  Ionosphere	  into	  the	  
Inner	  Belt	  	  

Major	  New	  Research	  Opportunity	  

Arecibo	  

South	  Atlan1c	  
Anomaly	  

RBSP	   Required	  ELF	  Frequencies	  for	  
protons	  
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Resonance 
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30 MeV 6-16 Hz 

50 MeV 5-15 Hz 

100 MeV 3.5-9.5Hz 

Required	  ELF	  Frequencies	  for	  
MeV	  electrons	  –	  EMIC	  waves	  



Techniques	  for	  Injec0ng	  1-‐40	  Hz	  Waves	  

1.	  Rota0ng	  Magne0c	  Fields	  (RMF)	  –	  PoP	  using	  UCLA/LAPD	  Chamber	  	  
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Ground	  

Ion	  

RMF	  Injec0on	  from	  Ground	  

Orbi1ng	  satellite	  carrying	  
superconduc1ng	  or	  
permanent	  magnet	  

Controlling	  its	  spin	  results	  in	  
injec1on	  of	  SAW	  in	  the	  RB	  

SAW	  

SAW	  

RMF	  Satellite	  Injec0on	  

Magneto-‐synchronous	  orbit	  

Karavaev	  et	  al.	  PoP,	  2010;	  Giglio1	  et	  al.	  PoP,	  2009	  
Shao	  et	  al.	  JGR	  2009	  



Techniques	  for	  Injec0ng	  1-‐40	  Hz	  Waves	  

2.	  Ionospheric	  Current	  Drive	  (ICD)	   Papadopoulos	  et	  al.	  GRL	  2011	  a,b	  

I-‐M	  SAW	  Coupling	  –	  Requires	  Ionospheric	  Heater	  –	  Available	  at	  Arecibo	  
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MS	  Wave	  

F-‐	  region	  cooling	  
response	  does	  not	  
allow	  frequencies	  
higher	  than	  60-‐70	  

Hz	  

Injects	  SAW	  upwards	  and	  ELF	  in	  
the	  Earth-‐Ionosphere	  Waveguide	  
	  

Concept	  reverses	  M-‐I	  SAW	  
coupling	  to	  I-‐M	  SAW	  coupling	  



Cylindrical	  Coordinates	  
MS	   SAW	  

ICD	  Modeling	  and	  PoP	  HAARP	  Experiments	  

Ver1cal	  B	  
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Secondary	  Antenna	  Current	  and	  
Ground	  Field	  
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Proof	  of	  Concept	  ICD	  Experiment	  –	  Conducted	  under	  DARPA/BRIOCHE	  

Chang-‐Lebinsky-‐Milikh-‐Papadopoulos	  

2.8	  MHz,	  O-‐mode	  



Low	  ELF	  Observed	  by	  Demeter	  Satellite	  

2010-‐11-‐06,	  06:15:00-‐06:34:30	  	  ELF	  11	  Hz	  modula1on	  (O-‐MZ)	  

•  11Hz	  showed	  along	  track	  near	  
HAARP,	  not	  before/ader	  

•  Dura1on:	  17s	  	  or	  	  130	  km	  
•  Peak	  Ey	  ~	  0.08	  (mV/m)2/Hz	  

BRIOCHE	  QPR4	  NOV	  2010	  12	  



Msonic	  Wave	  Injec0on	  

10	  sec	  oscilla0ons	  

.1	  Hz	  

DEMETER	  

Over	  700	  km	  distance	  



Implica0ons	  of	  ICD	  to	  RB	  and	  RBR	  –	  Poten0al	  Arecibo/RBSP	  Tests	  	  
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ICD	  -‐	  Arecibo	  

15	  



Ganguly-‐Gordon-‐
Papadopoulos	  PRL	  1985	  

ICD	  provides	  
explana1on	  
for	  puzzling	  
Arecibo	  
experiment	  



COMPLEMENTARY	  SLIDES	  



Inner	  Proton	  Belt	  

Typical	  inner	  belt	  proton	  life0mes:	  	  
10	  MeV	  –	  decades	  
50	  MeV	  –	  century	  

SA	  Wave	  Boundary	  No	  SA	  Waves	  



Proton	  Life1mes	  in	  the	  Inner	  Belt	  are	  
Long	  

Typical	  inner	  belt	  proton	  life1mes:	  	  
10	  MeV	  –	  decades	  
100	  MeV	  –	  centuries	  
1000	  MeV	  –	  millennia	  
	  



South	  Atlan1c	  Anomaly	  

Over	  the	  south	  Atlan1c,	  the	  inner	  proton	  belt	  is	  closest	  to	  the	  surface	  
Protons	  in	  this	  region	  are	  the	  largest	  radia1on	  source	  for	  LEO	  satellites	  



Frequency	  Selec0on	  for	  Protons	  
Example	  for	  L=1.5	  
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Frequency	  Selec0on	  for	  Resonance	  of	  
Protons	  with	  SAW	  

	  	  Fill	  tube	  with	  SAW	  

Frequency	  requirement	  for	  equatorial	  
resonance	  with	  SAW	  at	  L=1.5	  

Frequency	  range	  5-‐30	  Hz	  



Frequency	  Selec0on	  for	  Electrons	  EMIC	  

Summers	  et	  al.,	  1998,	  2000,	  2003	  	  

Outer	  Belts	  

For	  midla1tude	  MeV	  
electrons	  Helium	  

branch	  



Frequency	  Selec0on	  for	  Protons	  
Example	  for	  L=1.5	  
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Frequency	  Selec0on	  for	  Resonance	  of	  
Protons	  with	  SAW	  

SAW	  Injec0on	  

Frequency	  requirement	  for	  equatorial	  
resonance	  with	  SAW	  at	  L=1.5	  

Frequency	  range	  5-‐30	  Hz	  
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ENERGETIC	  ELECTRON	  WP	  INTERACTIONS	  DUE	  TO	  EMIC	  WAVES	  	  

Summers	  et	  al.,	  1998,	  2000,	  2003	  	  

Outer	  Belts	  

HELIUM	  BRANCH	  


