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m
a	
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er
	
  

•  System	
  of	
  charged	
  particles	
  (ions,	
  electrons,	
  and	
  neutrals),	
  
but	
  quasi-­‐neutral	
  overall	
  

•  Long	
  range	
  electromagnetic	
  forces	
  cause	
  collective	
  behavior	
  
	
  
	
  
	
  
	
  
	
  
	
  

Plasma	
  Density	
  [m-­‐3]	
  
	
  

Plasma	
  Frequency	
  
	
  
	
  

	
  	
  

Debye	
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Electron-­‐ion	
  collision	
  frequency	
  

•  A	
  plasma	
  is	
  a	
  collection	
  of	
  charged	
  particles	
  whose	
  motion	
  
is	
  governed	
  in	
  part	
  by	
  electromagnetic	
  forces	
  

•  Electromagnetic	
  forces	
  are	
  long	
  range	
  compared	
  to	
  
collisional	
  forces	
  in	
  a	
  gas,	
  leading	
  to	
  collective	
  behavior	
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•  Collisional	
  or	
  collisionless	
  depending	
  on	
  the	
  mean	
  
collision	
  time	
  relative	
  to	
  dynamic	
  time	
  of	
  interest	
  

•  Equilibrium	
  or	
  non-­‐equilibrium	
  describing	
  validity	
  of	
  
temperature/Maxwellian	
  distributions	
  or	
  change	
  in	
  
ionization	
  state	
  

•  Ideal	
  or	
  non-­‐ideal	
  depending	
  on	
  the	
  importance	
  of	
  three-­‐
body	
  collisions	
  

•  Electrostatic	
  or	
  electromagnetic	
  depending	
  on	
  the	
  
importance	
  of	
  the	
  magnetic	
  Zield	
  produced	
  by	
  the	
  plasma	
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  Spacecraft	
  Electrical	
  Anomalies:	
  Theory	
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   Characterizing	
   Hypervelocity	
   Impact	
   Plasma	
  
Dynamics.	
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  Thesis,	
  Stanford	
  University.	
  	
  	
  
	
  

Hypervelocity	
  Impactors	
  

~100	
  nm	
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Meteoroids	
   Orbital	
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Speed	
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  12	
  km/s	
  
Size	
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  0.3	
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Origin	
   Comets	
  and	
  Asteroids	
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Orbit	
   Any	
   Mostly	
  LEO	
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•  Hypervelocity	
  means	
  faster	
  
than	
  the	
  speeds	
  of	
  sound	
  of	
  the	
  
target	
  (~8	
  km/s)	
  

•  Creates	
  a	
  shock	
  wave	
  in	
  target	
  
and	
  impactor	
  

•  Enough	
  energy	
  to	
  ionize	
  
material,	
  forming	
  plasma*	
  

•  Tiny	
  but	
  fast	
  meteoroids	
  -­‐	
  speed	
  
is	
  the	
  dominant	
  parameter	
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•  Plasma,	
  radio	
  frequency	
  (RF),	
  and	
  optical	
  sensors	
  
•  6529	
  impacts	
  between	
  3	
  km/s	
  and	
  70	
  km/s	
  

Van	
  de	
  Graaff	
  Experiments	
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Electromagnetic	
  Radiation	
  Measurements	
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Close,	
  S.	
  I.	
  Linscott,	
  N.	
  Lee,	
  T.	
  Johnson,	
  D.	
  Strauss,	
  et	
  al.,	
  (2013)	
  Detection	
  of	
  electromagnetic	
  pulses	
  
produced	
  by	
  hypervelocity	
  micro	
  particle	
  impacts,	
  Phys.	
  Plasmas,	
  20,	
  doi:	
  10.1063/1.4819777	
  

•  No	
  plasma	
  below	
  8	
  km/s	
  &	
  no	
  RF	
  below	
  15	
  km/s	
  
•  0.4%	
  RF	
  detection	
  rate	
  overall	
  but	
  24.1%	
  above	
  15	
  km/s	
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Radiation	
  from	
  Plasma	
  Instabilities	
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•  A	
  plasma	
  instability	
  can	
  radiate	
  if	
  1/k	
  >~	
  L	
  

•  Vlasov	
  analytic	
  theory	
  with	
  renormalization	
  group	
  symmetry	
  
predicts	
  an	
  anisotropy	
  in	
  the	
  velocity	
  distribution	
  function	
  

•  After	
  plasma	
  becomes	
  collisionless,	
  distribution	
  function	
  along	
  
expansion	
  direction	
  is:	
  

•  Seeding	
  PIC	
  sampling	
  from	
  this	
  distribution	
  function	
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Why	
  is	
  this	
  hard	
  to	
  simulate?	
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•  Multi-­‐physics	
  
–  Continuum	
  dynamics	
  (solid,	
  
gas,	
  plasma,	
  etc)	
  

–  Elasticity	
  and	
  plasticity	
  
–  Non-­‐ideal	
  plasma	
  
–  Transition	
  regions	
  
–  Kinetic	
  behavior	
  
–  Electromagnetic	
  Zields	
  

•  Multi-­‐scale	
  
–  Length	
  scales	
  from	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
~1	
  micron	
  to	
  ~1	
  meter	
  

–  Number	
  density	
  scales	
  from	
  
~1020	
  m-­‐3	
  to	
  ~1029	
  m-­‐3	
  

–  Velocity	
  scales	
  from	
   	
   	
  	
  	
  	
  	
  	
  	
  
~1	
  km/s	
  to	
  speed	
  of	
  light	
  

è Split	
  computational	
  domain	
  into	
  two	
  regions	
  
	
  1	
  –	
  How	
  is	
  the	
  impact	
  plasma	
  formed?	
  
	
  2	
  –	
  What	
  is	
  the	
  radiation	
  mechanism?	
  



Smoothed	
  Particle	
  Hydrodynamics	
  (SPH)	
  

18	
  

Co
m
pu
ta
ti
on
al
	
  A
pp
ro
ac
h	
  

è	
  

How	
  are	
  hypervelocity	
  impact	
  plasmas	
  formed?	
  

•  Easy	
  to	
  add	
  additional	
  physics	
  
(…relatively)	
  

•  Can	
  handle	
  free	
  boundary	
  
•  Transitions	
  well	
  to	
  next	
  method	
  
•  Automatically	
  adaptive	
  to	
  

different	
  scales	
  (to	
  a	
  point)	
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Ionization	
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•  One	
  of	
  many	
  models	
  of	
  non-­‐ideality	
  (which	
  all	
  disagree)	
  
•  Results	
  in	
  double	
  1-­‐D	
  transcendental	
  equation	
  for	
  every	
  
particle	
  at	
  every	
  timestep	
  

Non-­‐ideal	
  Saha	
  Equation	
  
	
  
Change	
  in	
  ionization	
  energy	
  
	
  
Equation	
  of	
  State	
  

	
  
	
  
	
  
Characteristic	
  distance	
  

	
  
Electron	
  temperature	
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A	
  Stable	
  Particle	
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  Algorithm	
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1)   Split:	
  place	
  child	
  particles	
  near	
  
parent	
  with	
  random	
  orientation	
  

2)   Adjust:	
  treat	
  nearby	
  particles	
  
like	
  a	
  truss	
  force	
  

3)   Constrain:	
  limit	
  motion	
  so	
  
inZluence	
  of	
  child	
  doesn’t	
  extend	
  
past	
  parent	
  

4)   Interpolate:	
  Zind	
  child’s	
  
parameters	
  by	
  interpolating	
  
over	
  the	
  parent’s	
  neighbors	
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Is	
  there	
  a	
  radiation	
  mechanism?	
  What	
  is	
  it?	
  	
  

impact	
  point	
  

•  Unstructured	
  grid	
  adapts	
  to	
  
disparate	
  length	
  scales	
  

•  No	
  numerical	
  Cherenkov	
  
radiation	
  

•  Naturally	
  parallelizable	
  
•  Higher-­‐order	
  



Discontinuous	
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  (DG)	
  PIC	
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Weight	
  Particles	
  to	
  Grid	
  

Solve	
  (modigied)	
  Maxwell’s	
  Equations	
  with	
  DG	
  

Weight	
  Fields	
  to	
  Particles	
  

Step	
  Forward	
  in	
  Time	
  



Parallelization	
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•  Parallel	
  octree	
  construction	
  
•  Each	
  particle	
  traverses	
  tree	
  in	
  a	
  

separate	
  thread	
  
•  DG:	
  parallel	
  matrix	
  ops	
  
•  Plasma	
  state	
  stored	
  in	
  textures	
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A	
  microgram	
  hypervelocity	
  particle	
  	
  
traveling	
  18	
  km/s	
  striking	
  tungsten	
  

log10	
  plasma	
  density	
  [m-­‐3]	
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•  Weakly	
  ionizedèfully	
  ionized	
  at	
  an	
  impact	
  speed	
  of	
  ~18	
  km/s	
  

•  Van	
  de	
  Graaff	
  experiments	
  produced	
  the	
  same	
  abrupt	
  speed	
  
threshold	
  for	
  radio	
  frequency	
  emission	
  

Close,	
  S.	
  I.	
  Linscott,	
  N.	
  Lee,	
  T.	
  Johnson,	
  D.	
  Strauss,	
  et	
  al.,	
  (2013)	
  Detection	
  of	
  electromagnetic	
  pulses	
  
produced	
  by	
  hypervelocity	
  micro	
  particle	
  impacts,	
  Phys.	
  Plasmas,	
  20,	
  doi:	
  10.1063/1.4819777	
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•  Non-­‐ideality	
  causes:	
  
–  Very	
  high	
  charge	
  states	
  in	
  crater	
  and	
  at	
  expansion	
  boundary	
  	
  
–  Increased	
  crater	
  pressure	
  and	
  expansion	
  velocity	
  

•  Total	
  charge	
  produced	
  is	
  not	
  the	
  same	
  as	
  total	
  charge	
  
expanding	
  into	
  vacuum	
  

•  Multiple	
  temperature	
  measurements	
  in	
  different	
  regimes	
  
match	
  simulation	
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•  Nondimensionalized	
  electric	
  Zield	
  (x),	
  electric	
  Zield	
  (y),	
  and	
  
magnetic	
  Zield	
  (z)	
  from	
  50	
  km/s	
  nanogram	
  meteoroid	
  

•  Assuming	
  perfect	
  initial	
  conditions	
  (from	
  theory),	
  simulation	
  
produces	
  a	
  strong	
  EMP	
  

•  Large	
  initial	
  pulse	
  that	
  rapidly	
  decays	
  temporally	
  and	
  spatially,	
  
supports	
  theory	
  

Fletcher,	
  A.,	
  Close,	
  S.,	
  Simulating	
  hypervelocity	
  plasmas	
  and	
  their	
  effects	
  on	
  spacecraft,	
  Union	
  of	
  
Radio	
  Scientists	
  U.S.A.	
  National	
  Radio	
  Science	
  Meeting,	
  2014.	
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•  Nondimensional	
  electric	
  Zield	
  (x),	
  electric	
  Zield	
  (y),	
  and	
  magnetic	
  
Zield	
  (z)	
  from	
  50	
  km/s	
  nanogram	
  meteoroid	
  

•  Removing	
  ideal	
  initial	
  conditions	
  from	
  theory	
  
•  Add	
  1	
  kV	
  potential	
  to	
  impact	
  surface	
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•  Standing	
  waves	
  in	
  plasma	
  
couple	
  to	
  electromagnetic	
  
radiation	
  

•  Peak	
  electric	
  Zield	
  amplitude	
  
reaches	
  105	
  V/m	
  (!)	
  

•  Currently	
  spacecraft	
  are	
  
designed	
  to	
  ~10	
  V/m	
  (static)	
  
or	
  104	
  (transient)	
  

•  …	
  but	
  the	
  Zield	
  is	
  very	
  
spatially	
  localized	
  

•  Falls	
  to	
  	
  <	
  10	
  V/m	
  within	
  10	
  
cm	
  for	
  this	
  worst	
  realistic	
  
case	
  

•  ~1	
  catastrophic	
  event	
  per	
  22	
  
years	
  per	
  satellite	
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•  Hypervelocity	
  impact	
  plasmas:	
  
–  Created	
  the	
  Zirst	
  comprehensive	
  (multi-­‐physics	
  and	
  multi-­‐scale)	
  
computational	
  simulation	
  of	
  hypervelocity	
  impact	
  plasmas;	
  compares	
  
favorably	
  with	
  multiple	
  experiments	
  

–  Explained	
  a	
  mysterious	
  result	
  from	
  impact	
  experiments,	
  showing	
  that	
  
radio	
  frequency	
  emission	
  is	
  correlated	
  to	
  plasma	
  formation	
  

–  Showed	
  that	
  faster	
  impacts	
  (>30	
  km/s)	
  are	
  remarkably	
  similar	
  over	
  a	
  
large	
  range	
  of	
  parameters,	
  and	
  speed	
  is	
  the	
  dominant	
  parameter	
  

–  Supported	
  a	
  theoretical	
  model	
  of	
  radio	
  frequency	
  emission	
  from	
  impact	
  
plasmas	
  

–  Developed	
  particle	
  reZinement	
  algorithm	
  and	
  GPU	
  parallelism	
  for	
  SPH	
  
and	
  PIC	
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•  Simulate	
  other	
  materials,	
  understand	
  beta	
  factor	
  

•  Are	
  there	
  differences	
  in	
  predictions	
  of	
  non-­‐ideality	
  models	
  (that	
  are	
  
detectable	
  in	
  experiments)?	
  	
  	
  

•  Electrostatic	
  simulation	
  to	
  test	
  validity	
  of	
  theoretical	
  assumptions	
  
used	
  for	
  EMP	
  mechanism	
  

•  Understand	
  the	
  coupling	
  between	
  electrostatic	
  and	
  electromagnetic	
  
waves	
  that	
  is	
  observed	
  in	
  the	
  PIC	
  

•  Two	
  other	
  possible	
  mechanisms:	
  
–  Instabilities	
  (in	
  particular	
  the	
  Weibel	
  instability)	
  
–  MHD	
  EMP	
  from	
  expanding	
  charge	
  front	
  and	
  ringing	
  B-­‐Zield	
  
	
  

•  ReZine	
  estimate	
  for	
  damage	
  to	
  spacecraft	
  electronics	
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“Indeed,	
   the	
   plasma	
   has	
   taught	
  me	
   that	
   it	
   is	
   so	
   complicated	
   that	
   it	
   should	
   be	
  

regarded	
  as	
  a	
  living	
  being	
  than	
  a	
  dead	
  mechanical	
  system.	
  …	
  This	
  creature	
  does	
  

not	
   understand	
   differential	
   equations	
   and	
   vectors	
   and	
   tensors	
   and	
   does	
   not	
  

care	
   for	
   such	
  nonsense.	
   	
   It	
   always	
   Zinds	
  new	
  ways	
   to	
   cheat	
   the	
  mathematical	
  

physicist.	
  	
  This	
  means	
  that	
  unless	
  a	
  scientist	
  purges	
  his	
  brain	
  of	
  all	
  such	
  stuff	
  he	
  

has	
  little	
  chance	
  of	
  understanding	
  this	
  naughty	
  and	
  whimsical	
  child	
  who	
  loves	
  

to	
  revolt	
  against	
  what	
  the	
  theoreticians	
  have	
  prescribed	
  that	
  it	
  should	
  do.”	
  	
  	
  
-­‐Hannes	
  Alfvén	
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