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Space	
  Environment	
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Hypervelocity	
  Par8cles	
  
•  Meteoroids	
  
−  Speeds	
  

•  11	
  to	
  72.8	
  km/s	
  (interplanetary)	
  
•  30-­‐60	
  km/s	
  (average)	
  

− Densi8es	
  
•  ≤1	
  g/cm3	
  (icy)	
  or	
  	
  
	
  	
  	
  	
  	
  	
  	
  >	
  1	
  g/cm3	
  (rocky/stony)	
  	
  

−  Sizes	
  
•  <	
  0.3	
  m	
  (meteoroid)	
  
•  <	
  62	
  μm	
  (dust)	
  

	
  

•  Space	
  Debris	
  
−  Speeds	
  in	
  Low	
  Earth	
  Orbit	
  

•  <	
  12	
  km/s	
  
•  7-­‐10	
  km/s	
  (average)	
  

− Densi8es	
  
•  >	
  2	
  g/cm3	
  	
  

−  Sizes	
  
•  <	
  10	
  cm	
  (small)	
  

	
  

Probability	
  of	
  Impact?	
  	
  Effects	
  from	
  Impact?	
  



Sources	
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Meteoroids Space Debris 

50,000	
  
AU	
  

30-­‐100	
  
AU	
  



Characteriza8on	
  

•  Showers	
  
−  Specific	
  parent	
  body	
  
− Named	
  for	
  radiant	
  

•  Sporadics	
  
− Quasi-­‐con8nuous	
  
− Grouped	
  by	
  loca8on	
  
	
  

Meteoroids 

Space Debris 

Liou	
  et	
  al.,	
  2013	
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Flux	
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    Meteoroids and Debris 

NASA	
  “threat”	
  threshold	
  	
  

~	
  1	
  ng-­‐sized	
  par8cle	
  will	
  impact	
  1	
  m2	
  spacecraf	
  once	
  per	
  day	
  



Mariner	
  4	
  –	
  1967	
  
	
  

•  September:	
  	
  17	
  meteoroid	
  impacts	
  in	
  15	
  minutes	
  
–  Temperature	
  drop	
  
–  Aktude	
  changed	
  

•  December:	
  	
  83	
  meteoroid	
  impacts	
  over	
  the	
  course	
  of	
  1	
  day	
  
–  Aktude	
  perturba8ons	
  
–  Degrada8on	
  of	
  signal	
  strength	
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h@p://science.nasa.gov/science-­‐news/science-­‐at-­‐nasa/2006/23aug_mariner4/	
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Spacecraf	
  Anomalies	
  

Olympus	
  
1993	
  

ESA	
  

Landsat	
  5	
  
2009	
  

NASA	
  

JASON-­‐1	
  
2002	
  

NASA	
  

ADEOS	
  II	
  
2003	
  

JAXA	
  

ALOS	
  
2011	
  

JAXA	
  

NGDC	
  Database:	
  	
  Anomaly	
  Diagnosis	
  	
  

Electron	
  Caused	
  EM	
  Pulse	
  (Deep	
  Dielectric	
  Charging)	
  -­‐	
  490	
  

ElectrostaGc	
  Discharge	
  (Surface	
  Charging)	
  –	
  1072	
  

Single	
  Event	
  Upset	
  -­‐	
  822	
  

Radio	
  Frequency	
  Interference	
  –	
  8	
  

Unknown	
  -­‐	
  2587	
  
Goel	
  et	
  al.,	
  2006	
  



Space	
  Environment	
  and	
  
Hypervelocity	
  Impact	
  Plasma	
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•  Mechanical	
  damage:	
  	
  “well-­‐known”,	
  larger	
  (>	
  120	
  microns),	
  rare	
  
•  Electrical	
  damage:	
  	
  “unknown”,	
  smaller,	
  more	
  numerous	
  

-  ElectroSta8c	
  Discharge	
  (ESD)	
  
-  ElectroMagne8c	
  Pulse	
  (EMP)	
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  “Recommenda8on:	
  	
  The	
  NASA	
  meteoroid	
  and	
  orbital	
  debris	
  
programs	
  should	
  establish	
  a	
  baseline	
  effort	
  to	
  evaluate	
  major	
  
uncertain8es	
  in	
  the	
  Meteoroid	
  Environment	
  Model	
  regarding	
  the	
  
meteoroid	
  environment	
  in	
  the	
  following	
  areas:	
  
(1) 	
  meteoroid	
  velocity	
  distribu8ons	
  as	
  a	
  func8on	
  of	
  mass;	
  
(2) 	
  flux	
  of	
  meteoroids	
  of	
  larger	
  sizes	
  (>100	
  microns);	
  
(3) 	
  effects	
  of	
  plasma	
  during	
  impacts,	
  including	
  impacts	
  of	
  very	
  
small	
  but	
  high-­‐velocity	
  par8cles;	
  and	
  

(4) 	
  varia8ons	
  in	
  meteoroid	
  bulk	
  density	
  with	
  impact	
  
	
  velocity.”	
  

NRC	
  Report	
  
LimiAng	
  Future	
  Collision	
  Risk	
  to	
  SpacecraF	
  
Released	
  September	
  2011	
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Spacecraf	
  Threat	
  Characteriza8on	
  

Flux	
  
Mass	
  

Velocity	
  

Spacecraf	
  
Specifica8ons	
  

•  Par8cle	
  impacts	
  in	
  atmosphere:	
  	
  characterize	
  par8cles	
  

Electrical	
  
Damage	
  

+	
   RF	
  emission	
  

•  Par8cles	
  impacts	
  on	
  spacecraf:	
  	
  characterize	
  effects	
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Outline	
  

•  Introduc8on	
  
•  Impacts	
  in	
  Atmosphere	
  
•  Impacts	
  on	
  Spacecraf	
  
•  Conclusion	
  



Meteoroids	
  and	
  Meteors	
  

Hot	
  
Meteoroid	
  

meteoroid	
  atoms	
  neutral	
  air	
  molecules	
  electrons	
  ions	
  	
  

70	
  km	
  

140	
  km	
  

he
ig
ht
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  High-­‐power	
  large-­‐aperture	
  (HPLA)	
  meteor	
  observa8ons	
  
−  ALTAIR	
  

Ground-­‐Based	
  Radar	
  Data	
  

	
  

−  Arecibo	
  Observatory	
  

−  MIT	
  Haystack	
  

−  EISCAT	
  



(*Single	
  pulse	
  S/N	
  	
  for	
  1	
  square	
  	
  meter	
  	
  target	
  	
  at	
  100	
  km	
  range)	
  

ARPA	
  Long-­‐range	
  Tracking	
  and	
  
Instrumenta8on	
  Radar	
  (ALTAIR)	
  

Frequency 160 MHz 422 MHz 1320 MHz 2950 MHz 
Antenna Diameter 46 m 46 m 26 m 26 m 
Beamwidth 2.8° 1.1° 0.6° 0.3° 
Peak Power 6.0 MW 6.4 MW 2.0 MW 2.0 MW 
Xmit. Polarization RC RC RC RC 
Rec. Polarization LC, RC LC, RC LC, RC LC, RC 
Range Resolution 30 m 7 m 15 m 5.5 m 

Sensitivity* 64 dB 81 dB 69 dB 60 dB 
IPP .003 sec .003 sec .003 sec .003 sec 

	
  
	
  	
  	
  ALTAIR	
  	
  
	
  	
  	
  	
  	
  (VHF/UHF)	
  

	
  
•  High	
  sensi8vity,	
  well-­‐calibrated	
  
•  Dual	
  frequency	
  
•  Interferometric	
  capabili8es	
  
•  High	
  range	
  resolu8on	
  
•  Circularly	
  polarized	
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ALTAIR	
  Radar	
  Data	
  

Time	
  (sec)	
  

Al
8t
ud

e	
  
(k
m
)	
  	
  
	
  	
  

	
  	
  	
  
	
  	
  	
  
	
  	
  	
  
	
  S
N
R	
  
(d
B)
	
  

Meteors	
  
  Head	
  Echo	
  

–  Plasma	
  around	
  meteoroid	
  
–  Velocity	
  of	
  meteoroid	
  	
  

Head	
  
Echo	
  

Non-­‐Specular	
  Trail	
  

  Trail	
  
–  Plasma	
  behind	
  meteoroid	
  
–  Velocity	
  of	
  wind	
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• 	
  	
  Correlate	
  radar	
  signal	
  strength	
  (R)	
  with	
  meteor	
  plasma	
  density	
  

Sca@ering	
  Model	
  

€ 

σmeas =
λ2(n + 12)

2

π
⋅ Rn

2

n
∑

Pl
as
m
a	
  
De

ns
ity
	
  

Radial	
  Distance	
  from	
  Meteoroid	
  

	
  	
  	
  a 

meteoroid	
   head	
  echo	
  plasma	
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Meteoroid	
  Mass,	
  Radius	
  and	
  Density	
  

q Electron line density (m-1) 

µ Meteoroid molecular mass (gm) 

v Head echo velocity (m/s) 

β Ionization probability 

r Meteoroid radius (m) 

γ Dimensionless drag coefficient 

ρ Air density (gm/m3) 

χ Angle between path and zenith 

h Head echo altitude (m) 

δ Meteoroid density (g/m3) 

• Mass	
  from	
  sca@ering	
  model	
  

	
  

dtvqm ∫=
β
µ

•  Density	
  from	
  spherical	
  distribu8on	
  

	
  

	
  

34
3
r
m
π

δ =

•  Ballis8c	
  parameter	
  from	
  decelera8on	
  

	
  

dhdv
v

r
m

/
)sec(

2

χγρ
π

−=
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Methodology	
  

Al8tude	
  (km)	
  

An
gl
e	
  
(d
eg
)	
  

Al8tude	
  (km)	
  

Ve
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  (k

m
/s
)	
  

Data	
  

M
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eo
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  M
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s	
  (
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)	
  

Al8tude	
  (km)	
   Al8tude	
  (km)	
  

M
et
eo

ro
id
	
  R
ad

iu
s	
  (
cm

)	
  

Data	
  +	
  
Models	
  

Median	
  meteoroid	
  density:	
  	
  
1.5	
  gm/cm3	
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Outline	
  

•  Introduc8on	
  
•  Impacts	
  in	
  Atmosphere	
  
•  Impacts	
  on	
  Spacecraf	
  

-  Theory	
  
-  Space	
  Experiments	
  
-  Ground	
  Experiments	
  

•  Conclusion	
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Plasma	
  Genera8on	
  



22	
  

Charge	
  Produc8on	
  

48.302.0
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McBride and McDonnell, 1999 
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Characteris8c	
  Plasma	
  Parameters	
  

Density:	
   ne(t) =
ne,o

1+ cst ro( )
3

ξ (t) = − e
2neξ (t)
meεo
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ω 2

p,oξ (t)

1+ cst ro( )
3Dynamics:	
  

ξ (t) = − vth,e
ω p,0

1+ cst
ro

"

#
$

%

&
'

3/4

sin ω p,0
ro
cs
1+ cst

ro

(

)
*

+

,
-

−1/2"

#
$
$

%

&
'
'



24	
  

€ 

a =
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RF	
  Emission:	
  	
  EMP	
  from	
  Theory	
  

Close	
  et	
  al.,	
  2010	
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Low	
  Earth	
  Orbit	
  Dust	
  Detectors	
  

•  Long	
  Dura8on	
  Exposure	
  Facility	
  (LDEF)	
  
•  Mission:	
  	
  effects	
  of	
  space	
  environment	
  on	
  satellites	
  

– Meteoroids	
  and	
  debris:	
  
•  Lifespan	
  

–  Sent	
  into	
  LEO	
  by	
  Challenger	
  in	
  1984	
  
–  Returned	
  by	
  Columbia	
  in	
  1990	
  
	
  

h@p://space.skyrocket.de/img_sat/ldef-­‐1__1.jpg	
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Interplanetary	
  Dust	
  Detectors	
  

Srama et al., 2002 

“Surprisingly,	
  the	
  plasma	
  wave	
  experiment	
  on	
  board	
  the	
  Voyager	
  2	
  spacecraf	
  
picked	
  up	
  charge	
  signals	
  from	
  expanding	
  plasma	
  clouds	
  generated	
  by	
  dust	
  
impacts	
  onto	
  the	
  spacecraf	
  during	
  its	
  passage	
  through	
  Saturn’s	
  ring	
  plane”	
  

Gurne@	
  et	
  al.,	
  1983	
  



Lee	
  et	
  al.,	
  2012	
  
	
  

Ground-­‐Based	
  Facili8es	
  

28	
  

•  Advantage:	
  	
  controlled	
  experiment	
  and	
  knowledge	
  of	
  impactor	
  
•  Disadvantage:	
  	
  can’t	
  fully	
  reproduce	
  par8cle	
  parameters	
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Ground	
  Based	
  Tes8ng	
  

Colorado	
  Center	
  for	
  Lunar	
  Dust	
  
AcceleraAon	
  Studies	
  (CCLDAS)	
  

Max	
  Planck	
  InsAtute	
  (MPI)	
   NASA	
  Ames	
  VerAcal	
  Gun	
  
Range	
  (AVGR)	
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Chamber	
  

Plasma	
  sensors	
  

Op8cal	
  sensors	
  

Par8cle	
  beam	
  line	
  

	
  	
  RF	
  sensors	
  

•  1.4	
  m	
  diameter	
  
•  10-­‐6	
  to	
  10-­‐5	
  mbar	
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Sensors	
  

•  All-­‐op8cal	
  Photomul8plier	
  Tube	
  (PMT),	
  spectral	
  PMT	
  with	
  filters,	
  photodiode	
  
with	
  lens	
  

•  Plasma:	
  	
  Retarding	
  Poten8al	
  Analyzers	
  (RPAs),	
  16	
  channel	
  Transient	
  Plasma	
  
Analyzer	
  (TPA),	
  8	
  channel	
  TPA	
  

•  RF:	
  	
  165	
  MHz,	
  315	
  MHz,	
  916	
  MHz	
  patch	
  antennas	
  

Goel et al., 2015 
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Targets	
  

•  E-­‐field	
  target/sensors	
  developed	
  by	
  SRI	
  
•  Electrical	
  bias	
  applied	
  to	
  targets	
  to	
  simulate	
  spacecraf	
  charging	
  

Donated by J. Likar of Lockheed Martin 



+1000 V 

PosiAve	
  bias	
  on	
  target	
  

RF	
  
Sensors	
  

	
  
Plasma	
  
Sensors	
  

	
  

Op8cal	
  
Sensors	
  

	
  



–1000 V 

NegaAve	
  bias	
  on	
  target	
  

RF	
  
Sensors	
  

	
  
Plasma	
  
Sensors	
  

	
  

Op8cal	
  
Sensors	
  

	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  NegaAve	
  bias	
  on	
  target	
  

–1000 V 



0 V 

Neutral	
  bias	
  on	
  target	
  

RF	
  
Sensors	
  

	
  
Plasma	
  
Sensors	
  

	
  

Op8cal	
  
Sensors	
  

	
  

	
  	
  	
  	
  	
  	
  	
  	
  Neutral	
  bias	
  on	
  target	
  

0 V 
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Mul8-­‐Sensor	
  Data	
  

v	
  =	
  39.4	
  km/s	
  
m	
  =	
  1.45	
  x	
  10-­‐15	
  g	
  
Target	
  =	
  Tungsten	
  (grid)	
  
Bias	
  =	
  +1000	
  V	
  

Close et al., 2013 
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Sample	
  Plasma	
  Data	
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RPA	
  Data:	
  	
  Dependence	
  on	
  Bias	
  

Lee et al., 2013	
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RPA	
  Data:	
  	
  Dependence	
  on	
  Target	
  Type	
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Sample	
  RF	
  Data	
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RF	
  Data:	
  	
  Dependence	
  on	
  Frequency	
  

df
dt
= 30 MHz /µs

Volts/pixel	
  

Time	
  (μs)	
  

Fr
eq

ue
nc
y	
  
(G
Hz

)	
  



42	
  

Cumula8ve	
  Distribu8on	
  

RF	
  Data:	
  	
  Dependence	
  on	
  Speed	
  



Quan8ty	
   Ground	
  Based	
  Tests	
  	
  	
  
(1.4	
  fg,	
  40	
  km/s)	
  

Impact	
  in	
  Space	
  	
  
(1	
  ng,	
  60	
  km/s)	
  

Impact	
  in	
  Space	
  
(1	
  μg,	
  60	
  km/s)	
  

Electric	
  field	
  (V/m)	
   3.2	
  x	
  10-­‐3	
   2.0	
  x	
  105	
   3.0	
  x	
  107	
  
	
  

Peak	
  power	
  (W)	
   7.5	
  x	
  10-­‐7	
   2.7	
   2.7	
  x	
  103	
  

Total	
  kineGc	
  energy	
  of	
  
incoming	
  parGcle	
  (J)	
  

1.1	
  x	
  10-­‐9	
   1.8	
  x	
  10-­‐3	
   1.8	
  

Energy	
  (J)	
   3.8	
  x	
  10-­‐14	
   1.4	
  x	
  10-­‐7	
   1.4	
  x	
  10-­‐4	
  

Threat	
  to	
  Spacecraf	
  Electronics	
  

43	
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Outline	
  

•  Introduc8on	
  
•  Impacts	
  in	
  Atmosphere	
  
•  Impacts	
  on	
  Spacecraf	
  
•  Conclusion	
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Summary	
  
	
  
•  Hypervelocity	
  impact	
  physics	
  s8ll	
  poorly	
  understood	
  
•  Remote	
  sensing	
  of	
  plasma	
  provides	
  characteriza8on	
  of	
  par8cle	
  
•  Data	
  from	
  spacecraf	
  impacts	
  (both	
  space	
  and	
  ground)	
  provides	
  

characteriza8on	
  of	
  electrical	
  effects	
  
-  Mul8-­‐sensor	
  approach:	
  	
  op8cal,	
  plasma,	
  RF	
  
-  Strong	
  dependence	
  on	
  speed,	
  target	
  type,	
  biasing	
  condi8ons	
  
-  RF	
  associated	
  with	
  expanding	
  plasma	
  

•  Implica8ons	
  for	
  spacecraf	
  failure	
  s8ll	
  largely	
  unknown	
  

	
  
	
  



Thank	
  You!	
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BACKUP	
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Space	
  Experiments	
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RF	
  Characteris8cs:	
  	
  	
  
Dependence	
  on	
  Speed	
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Op8cal	
  Data	
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Op8cal	
  Emission	
  Model	
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PMT:	
  	
  Nega8vely	
  Biased	
  Target	
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Research	
  Goal	
  

•  Spacecraf	
  are	
  rou8nely	
  impacted	
  by	
  hypervelocity	
  par8cles	
  with	
  
possibility	
  of	
  damage	
  
– Mechanical:	
  	
  “well-­‐known”,	
  larger,	
  rare	
  
–  Electrical:	
  	
  “unknown”,	
  smaller,	
  more	
  numerous	
  

•  Electrosta8c	
  Discharge	
  (ESD)	
  
•  Electromagne8c	
  Pulse	
  (EMP)	
  

•  Goal:	
  	
  characterize	
  plasma	
  and	
  potenAal	
  radio	
  frequency	
  (RF)	
  
emission	
  from	
  hypervelocity	
  impacts	
  to	
  assess	
  possibility	
  of	
  
spacecraF	
  damage	
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Results	
  of	
  Hypervelocity	
  Impact	
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Effects	
  from	
  Hypervelocity	
  Impact	
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Possible	
  Failures	
  ?	
  


