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1.	
  Introduc0on	
  –	
  Mo0va0on	
  
The	
   high-­‐energy	
   par,cles	
   of	
   the	
   Van	
   Allen	
   belts	
   coming	
  
from	
   cosmic	
   rays,	
   solar	
   storms,	
   High	
   Al,tude	
   Nuclear	
  
Explosions	
   (HANEs)	
   and	
   other	
   processes	
   represent	
   an	
  
obstacle	
   to	
   explora,on	
   and	
   development	
   of	
   space	
  
technologies.	
   The	
   emission	
   of	
   ULF	
   and	
   VLF	
   waves	
   from	
  
orbi,ng	
  antennae	
  is	
  a	
  problem	
  of	
  growing	
  interest	
  to	
  the	
  
scien,fic,	
   engineering	
   and	
   defense	
   community.	
   These	
  
emissions	
   will	
   create	
   a	
   pitch-­‐angle	
   scaCering	
   of	
   the	
  
energe,c	
   par,cles,	
   causing	
   a	
   por,on	
   of	
   them	
   to	
  
precipitate	
  into	
  the	
  atmosphere.	
  	
  

Recent	
   studies	
   [1]	
   have	
   concluded	
   that	
  wave-­‐par,cle	
   interac,ons	
  may	
   dominate	
   the	
   losses	
   of	
   these	
  
energe,c	
   par,cles,	
   sugges,ng	
   man-­‐made	
   control	
   of	
   the	
   Van	
   Allen	
   belts,	
   which	
   contain	
   energe,c	
  
electrons	
  and	
  ions	
  (protons	
  mainly),	
  with	
  similar	
  deleterious	
  effects:	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Radia0on	
   Belt	
   Remedia0on	
   (RBR):	
   Some	
   approaches	
   use	
   spaceborne	
   antennas	
   that	
   inject	
   ULF/VLF	
  
waves	
  in	
  the	
  belts	
  to	
  scaCer	
  and	
  precipitate	
  the	
  very	
  energe,c	
  par,cles	
  of	
  the	
  radia,on	
  belts.	
  
	
  
	
  

HANES	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  à	
  	
  	
  	
  Electron	
  injec,on	
  [11,44,45]	
  	
  	
  	
  	
  à	
  	
  	
  	
  Whistler	
  waves	
  	
  	
  à	
  	
  	
  	
  DSX	
  
	
  
Cosmic	
  rays	
  
Solar	
  wind	
   Electron/proton	
  injec,on	
  	
  	
  	
  à	
  	
  	
  	
  EMIC	
  waves	
  	
  	
  	
  	
  	
  	
  	
  à	
  	
  	
  	
  	
  ??	
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1.	
  Introduc0on	
  –	
  The	
  Magnetosphere	
  and	
  Trapped	
  Par0cles	
  
This	
   work	
   focuses	
   on	
   the	
   inner	
   magnetosphere	
  
(L<7):	
   dipole	
   magne,c	
   field	
   model	
   and	
   cold	
   and	
  
collisionless	
  bulk	
  plasma	
  in	
  diffusive	
  equilibrium.	
  
The	
   Van	
   Allen	
   belts	
   are	
   concentra,ons	
   of	
   high-­‐
energy	
   par,cles	
   trapped	
   in	
   the	
   plasmasphere.	
  
Two	
  belts	
  of	
  very	
  low	
  (<1	
  el/cm3)	
  density:	
  	
  
• 	
  Inner	
  belt	
  (L≈1-­‐2):	
  Eproton	
  ≤	
  400	
  MeV,	
  Eele	
  ≤	
  1	
  MeV	
  
• 	
  Outer	
  belt	
  (L≈3-­‐5):	
  Eele	
  	
  =	
  0.1-­‐10	
  MeV	
  
In	
  addi,on,	
  low-­‐energy	
  background	
  plasma.	
  Much	
  
higher	
  density	
  but	
  lower	
  energy.	
  
	
  

Proton 
drift 

Electron 
drift 

Flux tube 

Trapped particle 
trajectory 

Mirror point 

Trapped	
  par,cles	
  perform	
  three	
  basic	
  mo,ons:	
  
• 	
  Gyro-­‐mo,on	
  around	
  magne,c	
  lines	
  	
  
• 	
  Bouncing	
  mo,on	
  along	
  magne,c	
  lines	
  	
  
• 	
  Dril	
  mo,on	
  around	
  the	
  Earth	
  	
  
When	
  the	
  varia,on	
  B	
  is	
  sufficiently	
  slow,	
  there	
  is	
  
and	
  adiaba,c	
  invariant	
  for	
  each	
  mo,on.	
  	
  
But…	
   wave-­‐par0cle	
   interac0ons	
   can	
   perturb	
  
the	
  adiaba0c	
  mo0ons!	
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1.	
  Introduc0on	
  –	
  EMIC	
  Waves	
  (I)	
  
Electromagne,c	
   Ion	
   Cyclotron	
   (EMIC)	
   waves	
   are	
   plasma	
   waves	
   that	
   propagate	
   below	
   the	
   proton	
  
gyrofrequency:	
  
	
  
	
  
where	
  e	
  is	
  the	
  electron	
  charge,	
  B0	
  is	
  the	
  external	
  magne,c	
  field	
  and	
  mp	
  is	
  the	
  proton	
  mass.	
  In	
  this	
  study	
  
we	
  use	
  the	
  theory	
  of	
  cold	
  plasma	
  wave	
  propaga,on	
  as	
  a	
  first	
  approxima,on.	
  

! 

" < #p = eB0 /mp
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Dispersion relation in an electron − H+ plasma for " = 45 deg

 

 
L−mode
R−mode

The	
  dispersion	
  rela,on	
  has	
  two	
  branches	
  
with	
  lel	
  and	
  the	
  right	
  polariza,ons.	
  
In	
   an	
   electron-­‐proton	
   plasma,	
   the	
   lel-­‐
branch	
  is	
  guided	
  and	
  has	
  a	
  resonance	
  at	
  
Y	
   =	
   ω/Ωp	
   =	
   1.	
   The	
   unguided	
   right-­‐hand	
  
mode	
  remains	
  unaffected	
  by	
  the	
  proton	
  
gyrofrequency.	
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1.	
  Introduc0on	
  –	
  EMIC	
  Waves	
  (II)	
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Dispersion relation in an H+ − He+ − O+ plasma for nHe+ / ne = 0.20, nO+ / ne = 0.03 and " = 45 deg
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Class III
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!

YcrO+
!

YresHe+
!

YcfHe+
!

YcrHe+
!
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!

Stop band for L-mode!

Stop band for L-mode!

(L)!

(L)!

(R)!

(L)!

(R)!

(R)!

(L)!

(L)!

reversal!

reversal!

•  	
   Resonances:	
   For	
   θ=90°	
   resonances	
  
happen	
   at	
   the	
   bi-­‐ion	
   frequencies.	
   For	
  
oblique	
  propaga,on,	
  resonances	
  happen	
  
at	
   the	
   resonance	
   frequencies	
   (Yres),	
  
which	
   is	
   close	
   to	
   the	
   cyclotron	
  
frequencies.	
  	
  
• 	
   Cutoffs	
   (Ycf):	
   Reflec,on	
  of	
   the	
   L-­‐mode	
  
occurs	
   and	
   it	
   does	
   not	
   propagate	
  
between	
   the	
   cutoff	
   and	
   the	
   resonance	
  
frequencies.	
  
•  	
   Crossovers	
   (Ycr):	
   A	
   par,cular	
   branch	
  
changes	
   from	
   R	
   to	
   L	
   modes	
   through	
  
linear	
   polariza,on.	
   Lel	
   and	
   right	
  
polariza,ons	
   of	
   obliquely	
   propaga,ng	
  
EMIC	
   waves	
   in	
   a	
   mul,-­‐ion	
   plasma	
   are	
  
coupled,	
   while	
   they	
   are	
   decoupled	
   for	
  
parallel	
  propaga,on.	
  

The	
  propaga,on	
  of	
  EMIC	
  waves	
  is	
  strongly	
  affected	
  by	
  the	
  heavy	
  ions’	
  concentra,on	
  (H+-­‐He+-­‐O+	
  plasma)	
  
[3,36].	
  Heavy	
  ions	
  give	
  rise	
  to	
  polariza,on	
  reversals	
  and	
  spectral	
  slots.	
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1.	
  Introduc0on	
  –	
  Wave-­‐Par0cle	
  Interac0ons	
  
The	
  equa,ons	
  of	
  mo,on	
  of	
  the	
  energe,c	
  par,cles	
  in	
  the	
  presence	
  of	
  
the	
  wave	
  are	
  
	
  
	
  
	
  
Cumula,ve	
  change	
  of	
  energy	
  or	
  momentum	
  between	
  EMIC-­‐par,cle	
  

	
  
The	
  wave	
  vectors	
  as	
  seen	
  by	
  the	
  par,cle	
  must	
  be	
  sta,onary/periodic	
  

for	
  a	
  significant	
  length	
  of	
  ,me	
  
	
  

Doppler-­‐shiled	
  frequency	
  as	
  seen	
  by	
  the	
  par,cle	
  must	
  equal	
  its	
  
cyclotron	
  frequency	
  (mul,ple)	
  

	
  
	
  
	
  
where	
  ω	
  is	
  the	
  frequency,	
  γ	
  is	
  the	
  rela,vis,c	
  factor,	
  l	
  is	
  the	
  harmonic	
  
number	
  ,	
  k	
  is	
  the	
  wavenumber	
  vector	
  and	
  v	
  is	
  the	
  par,cle’s	
  velocity.	
  
	
  
L-­‐mode	
  with	
  protons	
  	
  	
  à 	
   	
  à	
  Opposite	
  direc,ons	
  
	
  	
  
L-­‐mode	
  with	
  electrons	
  à	
   	
   	
  à	
  Same	
  direc,on	
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2.	
  Research	
  Objec0ves	
  and	
  Contribu0ons	
  
This	
   study	
   aims	
   at	
   characterizing	
   the	
   ability	
   of	
   Electromagne,c	
   Ion	
   Cyclotron	
   (EMIC)	
   waves	
   to	
  
precipitate	
   the	
  energe,c	
  par,cles	
   trapped	
   in	
   the	
  Van	
  Allen	
  belts,	
  and	
  to	
   translate	
   these	
  findings	
   into	
  
engineering	
   specifica,ons	
   of	
   a	
   spaceborne	
   RBR	
   system	
   able	
   to	
   significantly	
   reduce	
   this	
   energe,c	
  
radia,on.	
  	
  

The	
  following	
  objec,ves	
  have	
  been	
  defined:	
  
• 	
  Determine	
  the	
  type	
  of	
  antenna	
  able	
  to	
  radiate	
  EMIC	
  waves	
  
in	
   the	
   magnetosphere,	
   which	
   is	
   a	
   largely	
   unexplored	
  
territory.	
  	
  
• 	
  Characterize	
  its	
  radia,on	
  impedance	
  in	
  the	
  far-­‐field	
  region.	
  

•  	
   Study	
   EMIC	
   cold	
   plasma	
   wave-­‐propaga,on	
   using	
   ray-­‐
tracing.	
  
•  	
   Characterize	
   the	
   interac,on	
   of	
   EMIC	
   waves	
   with	
   the	
  
energe,c	
  popula,on	
  of	
  par,cles	
  in	
  the	
  belts.	
  Similar	
  studies	
  
have	
   been	
   previously	
   developed	
   for	
   Whistlers	
   interac,ng	
  
with	
  electrons,	
  but	
  no	
  aCen,on	
  has	
  been	
  paid	
  to	
  the	
  lower	
  
frequency	
  and	
  its	
  interac,on	
  with	
  high-­‐energy	
  protons.	
  
•  	
   Characterize	
   the	
   feasibility	
   in	
   terms	
   of	
   power	
   levels,	
  
frequencies,	
   voltages,	
   currents	
   and	
   mass	
   of	
   a	
   poten,al	
  
spaceborne	
   RBR	
   antennae	
   capable	
   of	
   significantly	
   reduce	
  
the	
  energe,c	
  radia,on	
  in	
  the	
  belts.	
   Intercosmos	
  24	
  Satellite	
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Antenna	
  
Design	
  and	
  
Radia0on	
  

Balmain,	
  1964	
  
Wang	
  and	
  Bell,	
  1969	
  &	
  1972	
  

Bell	
  et	
  al.,	
  2006	
  
Chevalier	
  et	
  al.,	
  2008	
  

Takiguchi,	
  2009	
  
	
  

Song	
  et	
  al.,	
  2007	
  
Tu	
  et	
  al.,	
  2007	
  

Chevalier	
  et	
  al.,	
  2010	
  
	
  

Propaga0on	
  

Wave-­‐Par0cle	
  

Ris,c	
  et	
  al.,	
  1998	
  
Horne	
  et	
  al.,	
  2003	
  
Inan	
  et	
  al.,	
  2003	
  

Bortnik	
  et	
  al.,	
  2006	
  

Kulkarni	
  et	
  al.,	
  2008	
  

Dipole	
  

Sheath	
  

Wang	
  et	
  al.,	
  1972	
  &	
  1973	
  
Loop	
  

Observa0ons	
  

Correla0ons	
  
Imhof	
  et	
  al.,	
  1983	
  
Inan	
  et	
  al.,	
  1990	
  

QL	
  Theory	
  
Kennel	
  et	
  al.,	
  1966	
  
Lyons	
  et	
  al.,	
  1972-­‐74	
  
Abel	
  et	
  al.,	
  1998	
  
Albert,	
  1999	
  

Non-­‐linear	
  
Inan	
  et	
  al.,	
  1978-­‐82	
  

Bell,	
  1984	
  
Chang	
  et	
  al.,	
  1985	
  

	
  

DSX	
  

3.	
  Literature	
  Review	
  –	
  Whistler	
  Waves	
  

Helliwell,	
  1965	
  

Raytracing	
  
HOTRAY	
  

Stanford	
  raytracer	
  

Millan	
  and	
  Thorne,	
  2007	
  
(review)	
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3.	
  Literature	
  Review	
  –	
  EMIC	
  Waves	
  

Radia0on	
  

Balmain,	
  1964	
  
Wang	
  and	
  Bell,	
  1969	
  &	
  1972	
  

Bell	
  et	
  al.,	
  2006	
  
Chevalier	
  et	
  al.,	
  2008	
  

De	
  Soria,	
  2011	
  
	
  

Song	
  et	
  al.,	
  2007	
  
Tu	
  et	
  al.,	
  2007	
  

Chevalier	
  et	
  al.,	
  2010	
  
	
  

Propaga0on	
  

Wave-­‐Par0cle	
  

Dipole	
  

Sheath	
  
Wang	
  et	
  al.,	
  1972	
  &	
  1973	
  

Loop	
  

Correla0ons	
  
Erlandson	
  et	
  al.,	
  2001	
  
Meredith	
  et	
  al.,	
  2003	
  
Yahnin	
  et	
  al.,	
  2007	
  
Miyoshi	
  et	
  al.,	
  2008	
  

	
  QL	
  Theory	
  
Kennel	
  et	
  al.,	
  1966	
  
Lyons	
  et	
  al.,	
  1972-­‐74	
  
Jordanova	
  et	
  al.,	
  1996	
  

Albert,	
  2003	
  
Glauert	
  et	
  al.,	
  2005	
  	
  

Raytracing	
  
Stanford	
  raytracer	
  

HOTRAY	
   Observa0ons	
  
Anderson,	
  1992	
  
Fraser	
  et	
  al.,	
  1992	
  
Anderson,	
  1996	
  

Loto’aniu	
  et	
  al.,	
  2005	
  

Rauch	
  and	
  Roux,	
  1982	
  
Gomberoff	
  et	
  al.,	
  1983	
  
	
  	
  	
  	
  Thorne	
  et	
  al.,	
  1993	
  
	
  	
  	
  	
  	
  	
  	
  	
  Horne	
  et	
  al.,	
  1993	
  

	
  

Khazanov	
  et	
  al.,	
  2006	
  &	
  2007	
  
(RC	
  Protons)	
  

Albert	
  et	
  al.,	
  2009	
  
(electrons)	
  

Hamiltonian	
  

?	
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4.	
  Approach	
  –	
  The	
  Algorithm	
  

For every t 

For every ! 

For every resonance 

For every test particle 

Input magnetosphere 

Input f(!,v) 

Input radiation model Update wave 
front (ray tracing) 

Calculate vres 

Solve nonlinear 
equations of motion 

!new, vnew Calculate response 
h(",t) and f(!,v) 

new  

Precipitated flux: 

End? 

End? 

End? 

End? 

START 

END 

No 

No 

No 

No 

Yes 

Yes 

Yes 

Yes 

•  Engineering implications 
•  Comparison with natural fluxes 

Four	
  models:	
  	
  
• 	
  Magnetosphere	
  
• 	
  Antenna	
  radia,on	
  
• 	
  Propaga,on	
  
• 	
  Wave-­‐par,cle	
  interac,on	
  

	
  	
  
Magne,c	
  lines	
  are	
  discre,zed	
  in	
  la,tude.	
  For	
  every	
  ,me	
  and	
  la,tude	
  step	
  the	
  proper,es	
  of	
  the	
  wave	
  
are	
  updated	
  using	
  ray-­‐tracing.	
  
We	
  solve	
  the	
  non-­‐linear	
  equa,ons	
  of	
  mo,on	
  of	
  test	
  energe,c	
  par,cles	
  from	
  a	
  given	
  distribu,on.	
  The	
  
process	
   is	
  repeated	
  for	
  every	
  ,me	
  step	
  and	
  every	
   la,tude	
  and	
  the	
  precipitated	
  flux	
   is	
  calculated	
  as	
  a	
  
result	
  of	
  this	
  itera,on	
  (for	
  every	
  ray).	
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Electric	
  dipole	
  in	
  the	
  EMIC	
  band:	
  
	
  
	
  
	
  
Possible	
  solu0ons:	
  

1.  Plasma	
  contactors	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  à	
  Avoids	
  oscillatory	
  charge	
  accumula,on	
  
2.  Magne,c	
  dipoles	
  (loop	
  antenna)	
  	
  	
  	
  	
  	
  	
  	
  à	
  Inves,gate	
  different	
  configura,ons	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  Importance	
  of	
  near-­‐field	
  phenomena	
  
	
  

4.	
  Approach	
  –	
  The	
  Radia0on	
  Model	
  

à 	
  Favors	
  short	
  dipole	
  
à 	
  Favors	
  very	
  long	
  dipole	
  	
  

! 

La ",# " $ Rrad %

$ Xantenna & Xvac %%

! 

Q = Xantenna /Rrad " 5# 10
5!!

Electric	
  dipole	
  NOT	
  possible	
  

Require	
   	
  	
  Rrad	
  =	
  10-­‐5	
  Ω	
  
	
  	
  L	
  	
  	
  	
  	
  =	
  2	
  
	
  	
  Prad	
  =	
  100	
  W	
  

rloop	
  ≈	
  220	
  m	
  
Iloop	
  ≈	
  4.5	
  kA!!	
  
Single	
  loop	
  NOT	
  possible	
  
	
  

Loop	
  radiaCon	
  resistance	
  as	
  funcCon	
  of	
  frequency	
  in	
  mulC-­‐ion	
  plasma	
  [7]	
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f/fH, 

Fig. 1. Loop radiation resistance as  function of frequency for 
various  values of normalized radius ro and  density  ratio fo/fac. 
Two-specie plasma is assumed : electrons and protons. 

f/fee ix 1 5 ~ )  

Fig. 2. Loop radiation resistance as function of frequency for 
various  values of normalized radius yo and  density  ratio fo/fac. 
Two-specie plasma i s  assumed: electrons and protons. 

- 1  I 

f/fHP 

Fig. 3. Loop radiation  resistance as function of frequency in 
multi-ion plasma. Four-specie plasma is assumed: electrons, 
protons (70 percent.), Hei (20 percent), and O+ + (10 percent). 

the approximat,e  solutions (4) and ( l l) ,  both of which 
will be quite  accurate for ro 5 0.05. Equation (4) can be 
used to evaluate R a.t. the relative  minimum which occurs 
on t.he high-frequency side of fLH, while (11) can  be 
used to determine the peak  value. It is found that  the 
peak  value  varies  approximately as ~ ~ f o / f ~ ~ ,  while t.he 
minimum  value varies a.pproximately  as ya( f0/fHe)'; t,hus 
the relative height. of the peak  varies  as (rf0)-l ,  and  the 
peak  tends  to disappea.r as  eit,her t.he radius  or  density 
is increased. 

For w < ULH, R decreases monotonica.lly as  the fre- 
quency decreases. In  this  range a compa.rison of the 
approximate  solution  for R given in (8) \vitlth the  plotted 
curves show  that (S) is quite  accurate over  tlhe  range 
2 X 10-3fH, 5 f 5 O.98f~~ as  long as r O f o / f ~ .  5 0.1. 

Fig. 3 show a plot of R versus normalized frequency 
over the  range 7 X 5 jLfH, 5 1, where fH, is the 
proton  gyrofrequency.  Two  curves a,re plotted, one for 
T~ = 0.5 and one for r0 = 0.01; in each case it is assumed 
t.hat, fo/fHe = 10. The plasma. is assumed t.0 consist of 
electrom  and  three  ions:  atomic hydrogen,  atomic  helium, 
and  atomic oxygen. The composition of t.he plasma  is 
assumed to be 70-percent H+, 20-percent. He+,  and 10- 
percent Of +. The hydrogen and helium percenlages are 
in line n-it.h those that can  be  found in  the topside iono- 
sphere (-1000 km) at night. The doubly ionized at,omic 
oxygen is  included  for  numerical convenience and  not  on 
t,he basis of any model of the ionosphere. The effect.s on 
R due  to  the presence of multiple ions are clearly visible 
in  both curves of Fig. 3, but particularly so in  the curve 
for  the smaller  radius ro = 0.01. 

Both  curves  show  large resonance peaks  occurring a t  
the multiple-ion hybrid-resonance frequencies  (points  la- 
beled A and C on  the frequency  axis) and bot.11 curves 
show minima  near the crossover frequencies (points 
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Ray	
   path	
  à	
   trajectory	
   of	
   the	
   wave	
   energy	
  
(vg),	
   always	
   perpendicular	
   to	
   the	
   refrac,ve	
  
index	
  surface	
  (k).	
  
Geometric	
  op0cs	
  approx.	
  à	
  medium	
  slowly	
  
varying	
  within	
  one	
  wavelength.	
  	
  

Ray-­‐tracing	
  à	
   follow	
  the	
  ray	
  path	
  along	
   the	
  
belts	
   assuming	
   the	
   geometric	
   op,cs	
  
approxima,on	
  holds.	
  
	
  	
  
Updates	
  on	
  ray-­‐tracing:	
  

• 	
  Got	
  the	
  code	
  from	
  Stanford	
  
o 	
  2D	
  	
  
o 	
  WriCen	
  in	
  Fortran,	
  Matlab	
  interface	
  

o  	
   Dipole	
   geomagne,c	
   field,	
   diffusive	
  
equilibrium	
  plasma	
  	
  

o 	
  For	
  whistlers	
  
o 	
  No	
  Landau	
  or	
  cyclotron	
  damping	
  

• 	
  Modified	
  the	
  code	
  for	
  EMIC	
  

o  	
   Takes	
   into	
   account	
   heavy-­‐ion	
  
species:	
   cutoffs,	
   crossovers	
   and	
  
resonances	
  

	
  

4.	
  Approach	
  –	
  The	
  Propaga0on	
  Model	
  

  

! 

! 
k 

  

! 

! 
k ||

  

! 

! 
k "

! 

"

vg	
  
EMIC	
  resonance	
  cone	
  

Stanford	
  VLF	
  raytracer.	
  Video	
  by	
  F.	
  Foust.	
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4.	
  Approach	
  –	
  The	
  Wave-­‐Par0cle	
  Interac0on	
  Model	
  (I)	
  
Solve	
  the	
  Non-­‐Linear	
  Equa0ons	
  of	
  Mo0on:	
  
	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  

BR!

x!

 "!

y!

BL!

Bw
!

v|  
 - "!

 ! 

 #
! 

˙ p x = "eEx
w sin#+

e
mp$

py "Bz
w cos#+ B0z( ) " pz By

w sin#+ B0%y( )[ ]
˙ p y = eEy

w cos#+
e

mp$
"px "Bz

w cos#+ B0z( ) + pz Bx
w cos#+ B0%x( )[ ]

˙ p y = "eEz
w sin#+

e
mp$

px "By
w sin#+ B0%y( ) " py Bx

w cos#+ B0%x( )[ ]

1.  Express	
  in	
  
	
  coordinates	
  

1.  Gyroaverage	
  over	
  one	
  
gyroperiod	
  

2.  Apply	
  to	
  test	
  par,cles	
  
from	
  a	
  distribu,on	
  

3.  Integrate	
  	
  

! 

pz, p",#( )

z!

x!

 "!

B0 (Earth)!

k!

!!!y!

BR!

x!

 "!

y!

BL!

Bw
!

v|  
 - "!

 ! 

 #
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5.	
  Results	
  –	
  Preliminary	
  Whistlers’	
  Study	
  (I)	
  
First	
  step:	
  
Inan	
  et	
  al.,	
  1978	
  [28]:	
  Non-­‐linear,	
  non-­‐rela,vis,c	
  cyclotron	
  resonant	
  interac,on	
  between	
  electrons	
  with	
  
coherent	
  and	
  ducted	
  whistler	
  waves	
  in	
  steady	
  state.	
  
Parameters:	
  L	
  =	
  4,	
  neq	
  =	
  400	
  el/cm3,	
  f	
  =	
  5	
  kHz	
  
Energy	
  flux	
  of	
  precipitated	
  par,cles	
  (Figure	
  b)):	
  Q	
  =	
  0.2	
  J/(m2s)	
  

	
  	
   Single	
  par,cle’s	
  scaCering	
   Distribu,on’s	
  scaCering	
  

a)	
   b)	
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5.	
  Results	
  –	
  Preliminary	
  Whistlers’	
  Study	
  (II)	
  
Chang	
   and	
   Inan,	
   1985	
   [13]:	
  Transient,	
   non-­‐linear,	
   rela,vis,c	
   cyclotron	
   resonant	
   interac,on	
  between	
  
electrons	
  with	
  coherent	
  and	
  ducted	
  whistler	
  waves.	
  
Parameters:	
  L	
  =	
  4,	
  neq	
  =	
  400	
  el/cm3,	
  f	
  =	
  2.5	
  kHz,	
  Bweq	
  =	
  5	
  pT.	
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Transient precipitated energy flux at L = 4 for Bw = 5 pT  and E0 = 100 keV

Whistler	
  pulse	
  of	
  0.5	
  seconds	
  injected	
  at	
  1000	
  km 
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5.	
  Results	
  –	
  Preliminary	
  Whistlers’	
  Study	
  (III)	
  
Ris0c-­‐Djurovic,	
  1992	
  and	
  1998	
  [48,	
  49]:	
  Non-­‐linear,	
  rela,vis,c	
  cyclotron	
  resonant	
  interac,on	
  between	
  
electrons	
  with	
  oblique	
  whistler	
  waves	
  in	
  steady	
  state.	
  
Parameters:	
  L	
  =	
  4,	
  neq	
  =	
  400	
  el/cm3,	
  f	
  =	
  0.33	
  kHz,	
  S	
  =	
  133	
  pW/m2.	
  
Energy	
  flux	
  of	
  precipitated	
  par,cles:	
  Q	
  =	
  3.87	
  nJ/(m2s)	
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S = 8.1 pW/m2, test electrons of E = 0.1 keV and #wave = 60 deg (Jasna93)
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S = 8.1 pW/m2 and test electrons of E = 0.1 keV and #wave = 60 deg (Jasna93)
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Local	
  maxima	
  and	
  minima	
   in	
  electron	
   scaCering	
  occur	
  due	
   to	
  
construc,ve	
   and	
   destruc,ve	
   interference	
   between	
   the	
   two	
  
resonant	
  encounters. 
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9 April 2012 23 Thesis Proposal 

5.	
  Results	
  –	
  EMIC	
  (I)	
  

Cumula,ve	
   change	
   of	
   momentum	
  
with	
  the	
  par,cle	
  à	
  solu,on	
  to	
  the	
  
cyclotron	
  resonance	
  condi,on:	
  

Ω	
  +	
  kII	
  ·∙	
  vII	
  =	
  Ωp	
  /	
  γ	
  
Where	
  ω	
   is	
   the	
   frequency,	
  γ	
   is	
   the	
  
rela,vis,c	
   factor	
  and	
  kII	
  and	
  vII	
  are	
  
the	
   wavenumber	
   and	
   velocity	
  
parallel	
  to	
  B0,	
  respec,vely.	
  	
  	
  
The	
   Figure	
   shows	
   the	
   resonant	
  
energy	
   required	
   for	
   cyclotron	
  
interac,on	
   with	
   MeV	
   protons	
   vs	
  
resonant	
   la,tude	
  and	
  frequency	
  at	
  
L	
   =	
   2.	
   The	
   wave-­‐normal	
   angle	
   has	
  
been	
  taken	
  equal	
  to	
  ψ	
  =	
  60°.	
  
	
  

Resonant	
  proton	
  energy:	
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5.	
  Results	
  –	
  EMIC	
  (II)	
  
Proton	
  sheet	
  –	
  Equatorial	
  interac0on	
  with	
  E	
  =	
  14.4	
  MeV:	
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L = 1.5, S = 8.1e−06 W/m2, E = 14.395 MeV, #wave = 80 deg and "0eq = "lc
eq

a)	
  

b)	
  

Figure	
  a)	
  represents	
  the	
  RMS	
  scaCering	
  vs	
  wave	
  
power	
   flux	
   for	
   equatorial	
   interac,on	
   with	
  
ducted	
   EMIC.	
   It	
   shows	
   the	
   importance	
   of	
   the	
  
wave-­‐field	
   term	
   compared	
   to	
   the	
   basic	
  
geomagne,c	
   field	
   in	
   the	
   equa,on	
   for	
   the	
  
varia,on	
   of	
   the	
   phase.	
   The	
  wave	
   is	
   linear	
  with	
  
scaCering	
  for	
  power	
  flux	
  S	
  <	
  10-­‐4	
  W/m2.	
  
	
  

Figure	
  a)	
  shows	
  that	
  the	
  wave	
  term	
  in	
  the	
  equa,on	
  
for	
   the	
   phase	
   can	
   be	
   neglected	
   for	
   S	
   <	
   10-­‐4	
  W/m2.	
  
Figure	
   b)	
   presents	
   the	
   pitch-­‐angle	
   scaCering	
   vs	
  
la,tude	
  of	
  an	
  equatorially	
  resonant	
  sheet	
  of	
  protons	
  
interac,ng	
  with	
   oblique	
   EMIC	
   (ψ=80°)	
  with	
   8.1·∙10-­‐6	
  
W/m2.	
   ΔαRMSeq(80°)=0.06°,	
   one	
   order	
   of	
   magnitude	
  
smaller	
  than	
  for	
  ΔαRMSeq(0°)=0.5°.	
  	
  

Eres(λ=0)	
  =	
  14.4	
  MeV	
  

Eres(λ=0)	
  =	
  14.4	
  MeV	
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, L = 1.5, S = 8.1e−006 W/m2, $wave = 80 deg and "0eq = "lc
eq

Eres(λ=0)	
  =	
  100	
  MeV	
  
λ	
  =	
  ±30°	
  

Eres(λ=7°)	
  =	
  126	
  MeV	
  
	
  

Total	
   scaCering	
   between	
   λ=
±30°.	
   The	
   interac,on	
   does	
   not	
  
peak	
   for	
   equatorial	
   resonance,	
  
b u t 	
   a r o u n d	
   7 ° 	
   à	
   t w o	
  
resonances	
  

The	
   quasi-­‐periodic	
   varia,on	
   of	
  
the	
   scaCering	
   is	
   due	
   to	
   the	
  
phase	
   coherence	
   between	
  
resonance	
  points.	
  
	
  

Proton	
  sheet	
  –	
  Energies	
  for	
  maximum	
  scaiering:	
  
	
  

5.	
  Results	
  –	
  EMIC	
  (III)	
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5.	
  Results	
  –	
  Ray-­‐Tracing	
  Study	
  (I)	
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Rauch	
  and	
  Roux,	
  1982	
  [47]:	
  
EMIC	
  propaga,on	
   in	
  a	
  H+-­‐He+	
  plasma	
   for	
  
ω/Ωp_eq	
  =	
  0.55,	
  L0	
  =	
  6.6,	
  λ0	
  =	
  0°,	
  ψwave_0	
  =	
  0.	
  
	
  

As	
  the	
  wave	
  propagates	
  to	
  
higher	
   la,tudes	
   it	
   finds	
   a	
  
crossover	
   and	
   changes	
   to	
  
R-­‐hand.	
   It	
  bounces	
  back	
  at	
  
the	
   bi-­‐ ion	
   frequency,	
  
where	
  ψ	
  =	
  90°.	
  

The	
   ray	
   starts	
   with	
   ψ0	
  =	
   0	
  
and	
  as	
  it	
  bounces	
  back	
  and	
  
forth	
   it	
   increases	
   its	
  
wavenormal	
  angle	
  to	
  close	
  
to	
  perpendicular.	
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5.	
  Results	
  –	
  Ray-­‐Tracing	
  Study	
  (II)	
  

0
1

2
3

4
x 107

−1
0

1

x 107

−1.5

−1

−0.5

0

0.5

1

1.5

x 107

y [m]

Ray paths in 3D

x [m]

z 
[m

]

0
1

2
3

4
x 107

−1
0

1

x 107

−1.5

−1

−0.5

0

0.5

1

1.5

x 107

y [m]

Ray paths in 3D

x [m]

z 
[m

]

0
1

2
3

4
x 107

−1
0

1

x 107

−1.5

−1

−0.5

0

0.5

1

1.5

x 107

y [m]

Ray paths in 3D

x [m]

z 
[m

]

0
1

2
3

4
x 107

−1
0

1

x 107

−1.5

−1

−0.5

0

0.5

1

1.5

x 107

y [m]

Ray paths in 3D

x [m]

z 
[m

]

0
1

2
3

4
x 107

−1
0

1

x 107

−1.5

−1

−0.5

0

0.5

1

1.5

x 107

y [m]

Ray paths in 3D

x [m]

z 
[m

]



9 April 2012 28 Thesis Proposal 

Outline	
  

1.   Introduc0on	
  
2.   Research	
  Objec0ves	
  and	
  Contribu0ons	
  
3.   Literature	
  Review	
  
4.   Approach	
  
5.   Results	
  
6.   Schedule	
  and	
  Future	
  Work	
  
7.   Minor	
  



9 April 2012 29 Thesis Proposal 

6.	
  Schedule	
  and	
  Future	
  Work	
  

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May
Oblique propagation whistlers
EMIC and electrons, comparison 
with existing results
EMIC non-relativistic protons
Study of multiple resonances
EMIC with heavy ions

RADIATION Magnetic dipole solution and 
estimation of radiation impedance
Study EMIC dispersion in a multi-
ion plasma
Ray-tracing of EMIC waves

INTEGRATION OF 
MODELS

Translation to the same 
programming language and 
integration
Identification of test case
Test case results
Engineering implications
Count rates of particles' detector
Comparison of performance with 
natural precipitation
Proposal
Thesis

DEFENSE

SPRING 2013

WRITING

INTERACTION

SPRING 2012 SUMMER 2012
TASK

RESUTLS AND 
SCALING

FALL 2012

PROPAGATION

Stanford                                                                                                                        PROPOSAL                                                                                                       

May	
  2012	
  	
   	
  12th	
  Spacecral	
  Charging	
  Technology	
  Conference	
  (SCTC).	
  Kitakyushu,	
  Japan.	
  	
  
June	
  2012	
  	
   	
  Geospace	
  Environment	
  Mee,ng	
  (GEM).	
  Snowmass,	
  CO.	
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7.	
  Minor	
  –	
  Engineering	
  Project	
  Leadership	
  
• 	
  Minor	
  Advisor:	
  Prof.	
  Eppinger:	
  Management	
  Science	
  and	
  Engineering	
  Systems	
  

• 	
  Taken	
  classes:	
  

− 	
  16.89/ESD.352J	
  :	
   	
  Space	
  Systems	
  Engineering	
  (Spring	
  2011)	
  

− 	
  15.665:	
  	
   	
  Power	
  and	
  Nego,a,on	
  (Spring	
  2012,	
  now)	
  

• 	
  Next	
  year:	
  

− 	
  ESD.36:	
  	
   	
  System	
  Project	
  Management	
  (Fall	
  2012)	
  



Thank	
  you	
  
Ques0ons?	
  


