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Why are energetic particles so important? 

These cosmic systems are “visible” because of emissions from energetic particles in magnetic fields 



“The	
  Moon	
  is	
  	
  a	
  harsh	
  mistress.”	
  –	
  Robert	
  Heinlein,1966	
  
“Space	
  is	
  a	
  hos&le	
  place.”	
  –	
  Dan	
  Baker,	
  Heliophysics	
  Summer	
  School,	
  2010	
  



Overview	
  
•  Principles	
  of	
  Radia&on	
  Protec&on	
  
•  Sources	
  of	
  Ionizing	
  Radia&on	
  

–  (Galac&c)	
  Cosmic	
  Rays	
  
–  Solar	
  Par&cle	
  Events	
  
–  Trapped	
  Energe&c	
  Par&cles	
  

•  Radia&on	
  in	
  Past	
  and	
  Current	
  Spaceflight	
  Opera&ons	
  
–  Apollo-­‐era	
  
–  Shu]le	
  and	
  ISS	
  

•  Radia&on	
  and	
  Future	
  Spaceflight	
  Opera&ons	
  
–  Moon	
  
–  Mars	
  and	
  beyond	
  

•  Characterizing	
  the	
  Radia&on	
  Environment	
  
–  Observa&ons	
  
–  Forecas&ng	
  

•  Summary	
  



Principles	
  of	
  Radia&on	
  Protec&on	
  
•  Radia&on	
  of	
  biological	
  concern	
  to	
  the	
  human	
  
spaceflight	
  program	
  is	
  primarily	
  “ionizing	
  radia&on”	
  

•  Ionizing	
  radia&on	
  is	
  produced	
  by	
  energe&c	
  par&cles	
  
(charged	
  and	
  neutral)	
  or	
  photons	
  with	
  sufficient	
  
energy	
  to	
  pass	
  into	
  and	
  through	
  human	
  &ssue;	
  for	
  
protons,	
  threshold	
  energy	
  is	
  ~10	
  MeV	
  
–  Protons,	
  α-­‐par&cles	
  (helium	
  nuclei),	
  heavier	
  ions,	
  β-­‐
par&cles	
  (electrons	
  and	
  positrons)	
  

–  Neutrons	
  
–  X-­‐rays,	
  γ-­‐rays	
  

•  These	
  sources	
  ionize	
  ma]er	
  as	
  they	
  pass	
  through	
  it,	
  
and	
  consequently	
  damage	
  human	
  &ssue	
  in	
  this	
  
interac&on	
  



Effects	
  of	
  Ionizing	
  Radia&on	
  
•  Charged	
  par&cles	
  loose	
  energy	
  by	
  ionizing	
  

the	
  ma]er	
  they	
  pass	
  through	
  
–  Rate	
  of	
  energy	
  deposi&on	
  dE/dx	
  (Linear	
  

energy	
  transfer	
  LET);	
  Vol	
  II,	
  Ch.3,	
  Eq.	
  3.11	
  
(the	
  Bethe-­‐Bloch	
  equa&on)	
  

–  Rate	
  of	
  energy	
  deposi&on	
  dE/dx	
  ∝	
  z2	
  
–  Also	
  nuclear	
  interac&ons,	
  fragmenta&on,	
  

showers	
  
–  Damage	
  ∝	
  LET	
  

•  Protec&ng	
  electronics	
  
–  Memory	
  corrup&on,	
  CPU	
  errors,	
  part	
  failure	
  

•  Protec&ng	
  humans	
  
–  Keep	
  risk	
  from	
  chronic	
  dose	
  low,	
  i.e.	
  life&me	
  

cancer	
  risk	
  due	
  to	
  integrated	
  dose	
  over	
  
mission(s)	
  below	
  mandated	
  level	
  

–  Protect	
  against	
  serious	
  injury	
  from	
  acute	
  
dose	
  due	
  to	
  prompt	
  radia&on	
  from	
  Sun	
  

6	
  Iron	
  ion	
  travelling	
  through	
  plas&c	
  



Radia&on	
  Units	
  
•  Gray	
  (Gy)	
  is	
  the	
  unit	
  which	
  characterizes	
  amount	
  of	
  
radia&on	
  absorbed	
  by	
  living	
  &ssues	
  

•  1	
  Gy	
  is	
  defined	
  to	
  be	
  1	
  Joule	
  of	
  radia&on	
  energy	
  
absorbed	
  per	
  kilogram	
  of	
  ma]er	
  (&ssue,	
  silicon,	
  
aluminum,	
  etc.);	
  1	
  rad	
  =	
  0.01	
  Gy	
  

•  Damage	
  to	
  ma]er	
  depends	
  on	
  type	
  of	
  radia&on	
  
(photon	
  versus	
  par&cle,	
  light	
  versus	
  heavy	
  ion,	
  etc.)	
  

•  “Quality”	
  factor	
  (Q)	
  used	
  to	
  quan&fy	
  degree	
  by	
  which	
  
absorbed	
  radia&on	
  produces	
  damage,	
  i.e.,	
  rela&ve	
  
biological	
  effec&veness	
  (RBE)	
  of	
  any	
  dose	
  of	
  radia&on	
  

•  Dose	
  equivalent	
  is	
  measured	
  in	
  sieverts	
  (Sv)	
  or	
  rem	
  	
  	
  	
  	
  
(1	
  rem	
  	
  =	
  0.01	
  Sv)	
  à	
  rem	
  =	
  Q	
  x	
  rad;	
  	
  Sv	
  =	
  Q	
  x	
  Gy	
  

•  Q	
  is	
  determined	
  empirically,	
  normalized	
  to	
  damage	
  
produced	
  by	
  γ-­‐rays	
  (Q=1.0),	
  for	
  the	
  same	
  dose	
  



Why	
  Characterize	
  Radia&on	
  Sources?	
  	
  	
  
To	
  understand	
  risks	
  to:	
  
•  Astronauts	
  

–  Radia&on	
  Poisoning	
  
from	
  sudden	
  events	
  

–  Heightened	
  long-­‐term	
  
risk	
  
• Cancer	
  
• Cataracts	
  

•  Spacecrap	
  examples	
  
–  Single	
  event	
  upsets	
  
–  Aqtude	
  (Sun	
  pulse	
  &	
  
star	
  tracker)	
  

–  Radia&on	
  damage	
  



Challenges	
  to	
  Radia&on	
  Protec&on	
  
•  Protect	
  astronauts	
  and	
  equipment	
  during	
  transit	
  

to	
  and	
  habita&on	
  of	
  lunar	
  surface	
  
–  Understand	
  the	
  lunar	
  environment,	
  op&mize	
  
shielding	
  design,	
  accurate	
  predic&ons	
  of	
  
biological	
  effect	
  

•  Primary	
  spectrum	
  of	
  radia&on	
  is	
  variable	
  (&me,	
  
energy,	
  composi&on)	
  

•  Effect	
  depends	
  on	
  proper&es	
  of	
  the	
  radia&on	
  
–  Total	
  energy	
  deposited	
  in	
  the	
  body	
  
–  Rate	
  of	
  radia&on	
  dose	
  
–  Par&cles	
  with	
  higher	
  rate	
  of	
  energy	
  
deposi&on	
  dE/dx	
  may	
  do	
  more	
  damage	
  (dE/
dx	
  ~	
  z2)	
  

–  Par&cles	
  fragment/sca]er	
  (focused	
  damage)	
  

(Courtesy,	
  Mark	
  
Weyland,	
  NASA	
  
Johnson	
  Space	
  Center,	
  
Space	
  Radia&on	
  
Analysis	
  Group)	
  

9	
  



Threats	
  of	
  Radia&on	
  –	
  “LNT”	
  
•  For	
  large	
  known	
  radia&on	
  doses	
  (i.e.,	
  Hiroshima	
  and	
  
Nagasaki	
  vic&ms),	
  linear	
  sta&s&cal	
  rela&onship	
  exists	
  
between	
  cancer	
  mortality	
  and	
  dose	
  

•  Cancer	
  occurs	
  also	
  naturally	
  without	
  specific	
  large	
  
radia&on	
  dose,	
  so	
  establishing	
  rela&onships	
  at	
  low	
  
dose	
  difficult	
  

•  ICRP	
  adopted	
  Linear	
  No-­‐Threshold	
  (LNT)	
  model	
  in	
  
1959	
  
–  Conserva&ve	
  model	
  which	
  extrapolates	
  low	
  dose	
  threats	
  
linearly	
  from	
  high	
  dose	
  effects	
  

–  Ignores	
  sta&s&cal	
  fluctua&ons	
  which	
  may	
  dominate	
  at	
  
low	
  dose	
  

– Underscores	
  the	
  point	
  that	
  any	
  amount	
  of	
  ionizing	
  
radia&on	
  poses	
  a	
  risk	
  



Threats	
  of	
  Radia&on	
  –	
  
	
  Hormesis	
  and	
  ALARA	
  

•  Hormesis	
  is	
  controversial	
  no&on	
  that	
  is	
  counter	
  to	
  
LNT	
  sugges&ng	
  that	
  some	
  low	
  doses	
  of	
  radia&on	
  are	
  
actually	
  beneficial	
  –	
  generally	
  not	
  accepted	
  

•  Radia&on	
  exposure	
  is	
  prudently	
  managed	
  through	
  
the	
  ALARA	
  	
  principle:	
  	
  As	
  Low	
  As	
  Reasonably	
  
Achievable.	
  
–  In	
  the	
  lab	
  this	
  means,	
  for	
  instance,	
  limi&ng	
  &me	
  of	
  
exposure,	
  providing	
  suitable	
  shielding,	
  and	
  maximizing	
  
distance	
  from	
  a	
  radioac&ve	
  source	
  

–  In	
  space,	
  this	
  might	
  mean	
  limi&ng	
  life&me	
  mission	
  &me,	
  
forgoing	
  an	
  EVA,	
  or	
  seeking	
  shielding	
  shelters	
  	
  

•  NASA	
  ALARA	
  program	
  seeks	
  to	
  prevent	
  short-­‐term	
  
flight	
  risks	
  and	
  long-­‐term	
  risks	
  to	
  astronauts	
  
balancing	
  moral	
  obliga&ons	
  and	
  financial	
  reali&es	
  



Threats	
  of	
  Radia&on	
  –	
  Na&onal	
  and	
  
Interna&onal	
  Regulatory	
  Structures	
  

•  ICRP	
  (Interna&onal	
  Commission	
  on	
  Radiological	
  
Protec&on)	
  

•  ICRU	
  (Interna&onal	
  Commission	
  on	
  Radia&on	
  Units)	
  
•  NCRP	
  (Na&onal	
  Council	
  on	
  Radia&on	
  Protec&on)	
  
•  IEEE	
  (Ins&tute	
  of	
  Electrical	
  and	
  Electronics	
  
Engineers)	
  

•  NRC	
  (US	
  Nuclear	
  Regulatory	
  Commission)	
  
•  DOE	
  (Department	
  of	
  Energy)	
  
•  OSHA	
  (Occupa&onal	
  Safety	
  and	
  Health	
  
Administra&on)	
  



Space	
  Radia4on	
  Environment 

Integrated	
  Risk	
  Projec&on	
  

Radia4on	
  Shielding 

Ini4al	
  Cellular	
  and	
  Tissue	
  Damage	
  
DNA	
  breaks,	
  	
  4ssue	
  microlesions 

DNA	
  repair,	
  Recombina4on,	
  	
  
Cell	
  cycle	
  checkpoint,	
  Apoptosis,	
  Muta4on,	
  

Persistent	
  oxida4ve	
  damage,	
  &	
  Genomic	
  Instability 

Tissue	
  and	
  Immune	
  Responses 

Risks: 
Acute	
  Radia4on	
  Syndromes	
  

Cancer	
  
Cataracts	
  

Neurological	
  Disorders 

Mi4ga4on:	
  
	
  
-­‐	
  Shielding	
  materials	
  
 

-­‐	
  Radioprotectants 

-­‐Pharmaceu4cals 

Riskj	
  
(age,sex,mission)	
  

Risk	
  Assessment:	
  
-­‐Dosimetry	
  
-­‐Biomarkers	
  
-­‐Uncertain4es	
  
-­‐Space	
  Valida4on 

Risks: 
Chronic:	
  Cancer,	
  Cataracts,	
  	
  
Central	
  Nervous	
  System,	
  

	
  Heart	
  Disease	
  
Acute:	
  Lethality,	
  Sickness,	
  

	
  Performance 



Hydrogen	
  (H)	
  	
  	
  	
  	
  	
  	
  	
  1	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  1.00 	
   	
  640	
  
	
  
Helium	
  (He)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  6.8	
  ×	
  10-­‐2 	
  94	
  
	
  
Lithium,	
  Beryllium,	
  Boron	
  	
   	
  	
  2.6	
  ×	
  10-­‐9 	
  1.5	
  
	
  
Carbon,	
  Nitrogen,	
  Oxygen	
  	
  	
   	
  1.2	
  ×	
  10-­‐3 	
  6	
  
	
  
Iron	
   	
  	
  	
  (Fe) 	
  	
  	
  	
  	
  	
  	
  26 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  3.4	
  ×	
  10-­‐5 	
  0.24	
  
	
  
All	
  heavier	
  atoms 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1.9	
  ×	
  10-­‐6 	
  0.13	
  
	
  

Element	
  
Atomic	
  

Number	
  (Z)	
  

Solar	
  System	
  
Composi4on	
  
(rela4ve	
  #)	
  

Primary	
  
Cosmic	
  Ray	
  

Flux	
  
	
  (#/m-­‐2	
  sec)	
  

50µm	
  

Energe&c	
  Charged	
  Par&cles	
  	
  



The	
  Cosmic	
  Ray	
  Energy	
  Spectrum	
  

FERMILAB’s	
  protons	
  

Bounced	
  
Superball	
  

Pitched	
  baseball	
  

Hockey	
  Puck	
  

The	
  highest	
  energy	
  Cosmic	
  
Rays	
  are	
  

SUBATOMIC	
  par&cles	
  
carrying	
  the	
  

energy	
  of	
  MACROSCOPIC	
  
objects!	
  

	
  
4	
  x	
  1021	
  eV	
  =	
  60	
  joules	
  

>10	
  MeV	
  p+’s	
  penetrate	
  
typical	
  s/c	
  shielding	
  and	
  
pose	
  energy	
  deposit	
  risks	
  
in	
  humans	
  and	
  machines	
  



Galac&c	
  Cosmic	
  Rays	
  in	
  the	
  Heliosphere	
  

Fisk,1979 

Proton	
  energy	
  spectra	
  observed	
  at	
  
1	
  AU	
  (1965,	
  solar	
  minimum	
  and	
  
1969,	
  maximum)	
  	
  	
  

High-­‐energy	
  ions	
  coming	
  
from	
  the	
  galaxy	
  (thought	
  to	
  
originate	
  in	
  associa&on	
  with	
  
supernovae	
  remnants)	
  
penetrate	
  the	
  inner	
  
heliosphere.	
  



Galac&c	
  Cosmic	
  Ray	
  Modula&on	
  

Interac&ons	
  with	
  solar	
  wind	
  and	
  interplanetary	
  magne&c	
  field	
  lead	
  to:	
  

• Radial	
  intensity	
  gradients	
  
• 	
  Temporal	
  varia&ons	
  

 



Galac&c	
  Cosmic	
  Rays	
  -­‐	
  
composi&on	
  

J ∼ E-γ   with γ = -2.5  

γ 

modulation 

Meyer et al., 1974 



•  Heliospheric	
  magne&c	
  field	
  helps	
  limit	
  access	
  of	
  cosmic	
  rays	
  to	
  inner	
  solar	
  system	
  
•  Some	
  studies	
  show	
  that	
  we	
  are	
  at	
  500-­‐year	
  maximum	
  of	
  field	
  strength	
  
•  Stronger	
  fields	
  provide	
  greater	
  shielding,	
  hence	
  500-­‐year	
  minimum	
  in	
  GCR	
  intensity	
  



•  Other	
  studies	
  based	
  on	
  ice	
  core	
  records	
  suggest	
  that	
  we	
  are	
  indeed	
  near	
  a	
  500-­‐year	
  
minimum	
  in	
  GCR	
  intensity,	
  with	
  historic	
  rates	
  more	
  than	
  20%	
  greater	
  than	
  present	
  



So	
  why	
  do	
  we	
  care	
  about	
  GCR?	
  
•  Space	
  radia&on	
  is	
  
much	
  more	
  
damaging	
  than	
  
radia&on	
  typically	
  
encountered	
  on	
  the	
  
ground	
  

•  Energy	
  spectrum	
  and	
  
different	
  species	
  
(heavy	
  ions)	
  ma]er	
  a	
  
lot	
  

(Courtesy,	
  Mark	
  Weyland,	
  NASA	
  Johnson	
  Space	
  Center,	
  Space	
  Radia&on	
  Analysis	
  Group)	
  



Sources	
  of	
  Ionizing	
  Radia&on:	
  	
  
Solar	
  Par&cle	
  Events	
  

•  Solar	
  Energe&c	
  Par&cles	
  
(SEPs)	
  are	
  energe&c	
  
par&cles	
  accelerated	
  by	
  
processes	
  associated	
  with	
  
a	
  solar	
  source	
  

•  SEPs	
  originate	
  from:	
  
–  accelera&on	
  near	
  a	
  solar	
  

flare	
  site;	
  and	
  
–  accelera&on	
  through	
  

interac&ons	
  with	
  
interplanetary	
  shock	
  waves	
  
propaga&ng	
  away	
  from	
  the	
  
Sun	
  

Sites	
  of	
  SEP	
  Crea4on	
  



Solar Heliospheric Observatory: SOHO 

Transformative solar sentinel 

Mission period:  
1995 - present 



SOHO-EIT, 2000/07/14 @ 07:00 UT 

SOHO: The Active Sun 

Solar Maximum:  
15 July 2000 

Halloween Storms  
October 2003 



Coronal	
  Mass	
  Ejec4on	
  -­‐	
  Earth	
  Impact	
  
C

ou
rte

sy
 o

f N
A

SA
 



The	
  &ming	
  of	
  the	
  peak	
  flux	
  
depends	
  on	
  when	
  the	
  observer	
  
connects	
  to	
  the	
  strongest	
  part	
  of	
  
the	
  shock	
  –	
  need	
  to	
  know	
  
physical	
  parameters	
  of	
  shock	
  
(ΘBN,	
  Mach	
  #,	
  plasma	
  beta)	
  

Time	
  of	
  
Arrival,	
  
Amplitude,	
  
and	
  Dura&on	
  
of	
  SEP	
  
cri&cally	
  
important	
  to	
  
users	
  



Solar	
  Radia&on	
  Storms	
  	
  
(Energe&c	
  Par&cles)	
  

Solar Radiation Storms 
Flux level of  >10 

MeV protons 
  

Frequency of 
Occurrence 

S 5  Extreme  Biological: unavoidable high radiation hazard to astronauts on EVA (extra-vehicular activity); high radiation exposure 
to passengers and crew in commercial jets at high latitudes (approximately 100 chest x-rays) is possible. 
Satellite operations: satellites may be rendered useless, memory impacts can cause loss of control, may cause serious 
noise in image data, star-trackers may be unable to locate sources; permanent damage to solar panels possible. 
Other systems: complete blackout of HF (high frequency) communications possible through the polar regions, and 
position errors make navigation operations extremely difficult.  
 

105  Fewer than 1 per cycle 

S 4  Severe  Biological: unavoidable radiation hazard to astronauts on EVA; elevated radiation exposure to passengers and crew in 
commercial jets at high latitudes (approximately 10 chest x-rays) is possible. 
Satellite operations: may experience memory device problems and noise on imaging systems; star-tracker problems 
may cause orientation problems, and solar panel efficiency can be degraded. 
Other systems: blackout of HF radio communications through the polar regions and increased navigation errors over 
several days are likely.  
 

104  3 per cycle 

   

S 3  Strong  Biological: radiation hazard avoidance recommended for astronauts on EVA; passengers and crew in commercial jets 
at high latitudes may receive low-level radiation exposure (approximately 1 chest x-ray). 
Satellite operations: single-event upsets, noise in imaging systems, and slight reduction of efficiency in solar panel 
are likely. 
Other systems: degraded HF radio propagation through the polar regions and navigation position errors likely.  
 

103  10 per cycle 

   

S 2  Moderate  Biological: none. 
Satellite operations: infrequent single-event upsets possible. 
Other systems: small effects on HF propagation through the polar regions and navigation at polar cap locations 
possibly affected.  
 

102  25 per cycle 

S 1  Minor  Biological: none. 
Satellite operations: none. 
Other systems: minor impacts on HF radio in the polar regions.  
 

10  50 per cycle 

 

(cm2 s sr)-1 

S1 

S2 

S3 

S4 

S5 



SOHO-EIT, 2000/07/14 @ 07:00 UT 

The	
  Ac4ve	
  Sun:	
  July	
  2000	
  



Background	
  Due	
  to	
  Solar	
  Par4cles	
  

SOHO – EIT, 2000/07/14 @ 13:28 UT 



D.N. Baker “How to Cope with 
Space Weather,” Science, 297, 
1486, 2002 

High-Energy Ion Effects 



So	
  What?	
  Powerful	
  Solar	
  Variability.	
  	
  	
  
•  Near	
  solar	
  minimum	
  

–  Few	
  sunspots	
  
–  Few	
  flares	
  
–  Quiet	
  corona	
  

•  Giant	
  sunspot	
  720	
  
–  Sudden	
  appearance	
  
–  Strong	
  magne&c	
  field	
  
–  Very	
  large	
  
–  On	
  west	
  limb	
  by	
  
January	
  20	
  

Image	
  credit:	
  J.	
  Koeman	
  
January	
  15,	
  2005	
  



Who	
  Cares?	
  Astronauts,	
  s/c	
  Operators	
  	
  
dt	
  <	
  30	
  minutes	
  



and	
  the	
  Vision	
  for	
  Space	
  
Explora4on	
  

Report	
  of	
  a	
  Workshop	
  
Ad	
  Hoc	
  Commi]ee	
  on	
  	
  

the	
  Solar	
  System	
  Radia&on	
  Environment	
  
and	
  NASA’s	
  Vision	
  for	
  Space	
  Explora&on:	
  A	
  Workshop	
  

	
  
Space	
  Studies	
  Board	
  

Division	
  on	
  Engineering	
  and	
  Physical	
  Sciences	
  
	
  

Na&onal	
  Research	
  Council	
  of	
  the	
  Na&onal	
  Academies	
  
	
  

Space	
  Radia4on	
  Hazards	
  



•  ISS:	
  1	
  REM	
  (Roentgen	
  Equivalent	
  Man,	
  1	
  REM	
  ~	
  1	
  
CAT	
  Scan)	
  	
  
–  Scin&lla&ons	
  
–  Hardened	
  shelter	
  

•  Spacesuit	
  on	
  Moon	
  50	
  REM	
  (Radia&on	
  sickness)	
  
–  Vomi&ng	
  
–  Fa&gue	
  
–  Low	
  blood	
  cell	
  counts	
  

•  300	
  REM+	
  suddenly	
  
–  Fatal	
  for	
  50%	
  within	
  60	
  days	
  

•  Also	
  
–  Two	
  communica&on	
  satellites	
  lost	
  
–  Airplanes	
  diverted	
  from	
  polar	
  regions	
  
–  Satellite	
  tracking	
  problems,	
  degrada&on	
  in	
  solar	
  panels	
  

Magnitude	
  and	
  Scope	
  of	
  Effects?	
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How	
  Big	
  is	
  Big?	
  	
  Poten&ally	
  Fatal.	
  
•  Apollo	
  16	
  in	
  April	
  1972	
  
•  Flare	
  on	
  August	
  7,	
  

1972	
  
•  Apollo	
  17	
  that	
  

December	
  
•  Derived	
  dosage	
  400	
  

REM	
  
•  Michener’s	
  “Space”	
  is	
  

based	
  on	
  this	
  event	
  
Big	
  Bear	
  Solar	
  Observatory	
  



SEP	
  event	
  occurrence	
  varies	
  with	
  the	
  solar	
  cycle	
  in	
  an&-­‐phase	
  with	
  
weaker	
  but	
  persistent	
  galac&c	
  cosmic	
  ray	
  fluxes	
  

When	
  is	
  it	
  safe	
  for	
  space	
  travel?	
  	
  Never!!	
  

(plot	
  courtesy	
  R.	
  Mewaldt,	
  Cal	
  Tech)	
  

SEP events 

GCR 

Solar 
Minimum 

At solar minimum: 
• Min SEP occurrence 
• Max GCR flux 
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Summary:	
  Radia&on	
  Hazards	
  
•  Galac&c	
  Cosmic	
  Rays	
  (GCRs)	
  

–  Steady	
  Background	
  
–  Career	
  limit	
  in	
  ~	
  3	
  years	
  
–  Some	
  predict	
  that	
  50%	
  of	
  an	
  

astronauts	
  DNA	
  would	
  be	
  
sha]ered	
  during	
  a	
  round-­‐trip	
  
mission	
  to	
  Mars	
  

•  Solar	
  Energe&c	
  Par&cles	
  (SEPs)	
  
–  Acute	
  Sources	
  
–  ESPs	
  versus	
  impulsive	
  

component	
  
–  Time-­‐dependent	
  response	
  
–  Difficult	
  to	
  predict	
  

 



Sources	
  of	
  Ionizing	
  Radia&on:	
  	
  
Trapped	
  Par&cles	
  

•  Planetary	
  magnetospheres	
  with	
  strong	
  dipolar	
  magne&c	
  fields	
  
(i.e.,	
  Earth,	
  Jovian	
  planets)	
  can	
  trap	
  charged	
  par&cles	
  (bo]le)	
  as	
  
well	
  as	
  deflect	
  them	
  (shield);	
  ordered	
  by	
  magne&c	
  field	
  geometry	
  

•  Trapped	
  	
  energe&c	
  par&cles	
  (principally	
  protons	
  and	
  electrons,	
  
but	
  also	
  heavy	
  ions)	
  fill	
  vast	
  regions	
  of	
  the	
  inner	
  magnetosphere	
  
in	
  the	
  Van	
  Allen	
  “Radia&on”	
  Belts	
  
–  Belts	
  are	
  not	
  “radioac&ve”,	
  rather,	
  they	
  contain	
  par&cles	
  
capable	
  of	
  producing	
  ionizing	
  radia&on	
  

–  Protons	
  dominate	
  inner	
  belt;	
  electrons	
  outer	
  belt	
  
•  Earth’s	
  offset	
  &lted	
  dipole	
  brings	
  radia&on	
  belts	
  closest	
  to	
  surface	
  

off	
  Brazil	
  and	
  produces	
  region	
  called	
  the	
  South	
  Atlan&c	
  Anomaly	
  
(SAA)	
  –	
  a	
  region	
  where	
  inner	
  belt	
  protons	
  affect	
  LEO	
  missions	
  

•  Beyond	
  LEO,	
  missions	
  going	
  to	
  Moon	
  and	
  beyond	
  pass	
  rapidly	
  
through	
  radia&on	
  belts	
  (ALARA)	
  ,	
  thus	
  minimizing	
  radia&on	
  risks	
  





 

Electron (left) and Proton (right)
Radiation Belt Models

Electron (left) and Proton (right)
Radiation Belt Models



Exploration of the 1970s: Amazing Era 

Pioneer 10 (and 11) to Jupiter, Saturn and Beyond 



High-Energy Electrons [Baker, Science, 2002] 



3.  Influx of electrons increases to levels higher than the leakage rate 

2.  Electrons slowly leak out of the insulator 

1.  Electrons bury themselves in the insulator 4.  Electrons build up faster than they leak off 

5.  Discharge (electrical spark) that damages or 
destroys the material 

Energetic Electrons: Deep-Dielectric Charging 



Prac&cal	
  Mo&va&on:	
  
Drivers	
  of	
  Space	
  Weather	
  

Solar X-Rays: 
• Arrive in 8 Minutes 
• Last minutes to hours 
• Increases ionosphere density 
• Systems Affected: 

• Radio Communications 
• Navigation 

Coronal Mass Ejections (CMEs): 
•  Arrive 1- 4 Days later 
•  Last a day or two 
•  Produce Geomagnetic Storms at 

Earth 
•  Systems Affected 

•  Radio Communications 
•  Navigations 
•  Electric Power Grids 
•  Pipelines 

Solar Energetic Particles: 
• Arrive in 30 Minutes to 24 hours 
• Last several days 
• Systems Affected: 

• Astronauts 
• Spacecraft 
• Airlines 
• Radio Communications 

High-Speed Solar Wind: 
•  Common During Solar Minimum 
•  Enhances Radiation Belts 
•  Systems Affected 

•  Satellite Charging 
•  Astronouts 



Part	
  2	
  

Energe4c	
  Par4cles	
  and	
  
Their	
  Impacts	
  



We	
  Live	
  in	
  the	
  Outer	
  Atmosphere	
  of	
  
a	
  Highly	
  Variable	
  Magne4c	
  Star…	
  



Understanding	
  Sun-­‐Earth	
  Connec4ons	
  



Radia&on	
  in	
  Past	
  and	
  Current	
  
Spaceflight	
  Opera&ons:	
  Apollo-­‐Era	
  



•  Apollo-­‐era	
  cosmic	
  
ray	
  detec&on	
  and	
  
human	
  effects	
  
experiment	
  

•  Buzz	
  Aldrin’s	
  
head-­‐gear	
  was	
  
used	
  for	
  assessing	
  
cosmic	
  ray	
  effects	
  
in	
  the	
  human	
  
head	
  

•  This	
  is	
  what	
  the	
  
astronaut	
  did	
  who	
  
rode	
  around	
  the	
  
Moon	
  in	
  the	
  CM	
  
while	
  the	
  others	
  
cavorted	
  on	
  the	
  
surface	
  



Radia&on	
  Measurements	
  for	
  
Lunar	
  Opera&ons	
  

Eddie	
  Semones	
  
Space	
  Radia&on	
  Analysis	
  Group	
  

Johnson	
  Space	
  Center	
  



Purpose	
  of	
  Radia&on	
  Monitoring	
  

•  Ac&ve	
  radia&on	
  monitoring	
  is	
  the	
  primary	
  means	
  for	
  
controlling/evalua&ng	
  crew	
  exposure	
  during	
  
missions.	
  

•  Provides	
  Flight	
  Control	
  Team	
  insight	
  to	
  radia&on	
  
environment	
  that	
  could	
  cause	
  acute	
  medical	
  effects	
  
that	
  would	
  impact	
  success	
  of	
  mission.	
  

•  Provides	
  data	
  for	
  post	
  mission	
  analysis	
  of	
  incurred	
  
risk	
  due	
  to	
  crew	
  during	
  mission.	
  
–  Forms	
  database	
  of	
  exposure	
  condi&ons	
  for	
  risk	
  analysis	
  
suppor&ng	
  future	
  missions	
  and	
  crew	
  medical	
  record.	
  



Radia&on	
  Monitoring	
  History	
  
•  All	
  human	
  spaceflight	
  programs	
  have	
  had	
  radia&on	
  monitoring	
  

hardware	
  
–  Mercury,	
  Gemini,	
  Apollo,	
  Shu]le,	
  ISS	
  

•  Typical	
  suite	
  included	
  passive	
  monitoring	
  of	
  crew/area	
  
loca&ons	
  and	
  ac&ve	
  monitoring	
  with	
  charged	
  par&cle	
  
spectrometers	
  and	
  dosimeters	
  (ion	
  chambers/&ssue	
  
equivalent	
  propor&onal	
  counters).	
  	
  	
  

•  Improvements	
  have	
  been	
  made	
  in	
  func&onality	
  and	
  
performance	
  of	
  the	
  types	
  of	
  monitoring,	
  but	
  physics/sensor	
  
solu&ons	
  are	
  similar	
  today.	
  	
  	
  



Apollo	
  Radia&on	
  Monitoring	
  (ac&ve)	
  
•  Nuclear	
  Par&cle	
  Detec&on	
  System	
  (NPDS)	
  

– 5	
  lbs,	
  83	
  in3	
  
•  Van	
  Allen	
  Belt	
  Dosimeter	
  (VABD)	
  

– 4	
  lbs,	
  60	
  in3	
  
•  Radia&on	
  Survey	
  Meter	
  (RSM)	
  

– 1.5	
  lbs,	
  27	
  in3	
  
•  Personal	
  Radia&on	
  Dosimeter	
  

– 0.44	
  lbs,	
  5.4	
  in3	
  (3X)	
  
– 2	
  units	
  integrated	
  integrated	
  into	
  area	
  monitor	
  

Total	
  =	
  11.8	
  lbs,185	
  in3	
  
	
  
NOTE:	
  Addi&onal	
  passive	
  hardware	
  and	
  flight	
  specific	
  measurements	
  were	
  

conducted.	
  

	
  





Personnel	
  Radia&on	
  Dosimeter	
  and	
  Passive	
  Dosimeter	
  Stack	
  



Personal	
  Radia&on	
  Dosimeter	
  
(Class	
  I)	
  



Radia&on	
  in	
  Past	
  and	
  Current	
  
Spaceflight	
  Opera&ons:	
  Shu]le/ISS	
  



Radia&on	
  Measurement	
  Requirements	
  
for	
  ISS	
  

	
  3.2.7.2.4 	
  Absorbed	
  Dose	
  Monitoring	
  
	
  The	
  vehicle	
  shall	
  provide	
  an	
  omnidirec&onal,	
  portable	
  system	
  that	
  can	
  
con&nuously	
  measure	
  and	
  record	
  the	
  absorbed	
  dose	
  from	
  charged	
  
par&cles	
  with	
  linear	
  energy	
  transfer	
  0.2	
  to	
  1000	
  keV/micrometer,	
  as	
  a	
  
func&on	
  of	
  &me,	
  at	
  a	
  &ssue	
  depth	
  of	
  >=2	
  mm.	
  	
  [HS3089]	
  
	
  	
  	
  	
  	
  	
  	
  	
  

	
  	
  	
  	
  	
  3.2.7.2.3 	
  Dose	
  Equivalent	
  Monitoring	
  
	
  
	
  	
  	
  	
  The	
  vehicle	
  shall	
  provide	
  an	
  omnidirec&onal,	
  portable	
  system	
  that	
  can	
  

con&nuously	
  measure	
  and	
  record	
  the	
  dose	
  equivalent	
  from	
  charged	
  
par&cles	
  with	
  linear	
  energy	
  transfer	
  0.2	
  to	
  1000	
  keV/micrometer,	
  as	
  a	
  
func&on	
  of	
  &me,	
  at	
  a	
  &ssue	
  depth	
  of	
  >=2	
  mm.	
  	
  [HS3088]	
  

Both	
  requirements	
  can	
  be	
  met	
  by	
  a	
  single	
  instrument	
  	
  	
  	
  	
  	
  
currently	
  are	
  on	
  ISS	
  



Measurement	
  Requirements	
  (con&nued)	
  
3.2.7.2.1	
  Charged	
  Par&cle	
  Monitoring	
  
	
  

The	
  vehicle	
  shall	
  con&nuously	
  measure	
  and	
  record	
  the	
  external	
  fluence	
  of	
  
par&cles	
  of	
  Z<3,	
  in	
  the	
  	
  energy	
  range	
  30	
  to	
  300	
  MeV/nucleon	
  and	
  par&cles	
  
of	
  3	
  ≤	
  Z	
  ≤	
  26,	
  in	
  the	
  energy	
  range	
  100	
  to	
  400	
  MeV/nucleon	
  and	
  integral	
  
fluence	
  measurement	
  at	
  higher	
  energies,	
  as	
  a	
  func&on	
  of	
  energy	
  and	
  &me,	
  
from	
  a	
  monitoring	
  loca&on	
  that	
  ensures	
  an	
  unobstructed	
  free	
  space	
  full-­‐
angle	
  field	
  of	
  view	
  1.1345	
  Radians	
  (65	
  degrees)	
  (TBR-­‐006-­‐023)	
  or	
  greater.	
  
[HS3086]	
  

Provides	
  different	
  capability	
  than	
  HS3088-­‐3099.	
  
	
  Not	
  redundant.	
  



Radia&on	
  and	
  Future	
  Spaceflight	
  
Opera&ons:	
  Moon,	
  Mars,	
  and	
  Beyond	
  



ConOps	
  Overview	
  
•  Opera4onal	
  awareness	
  during	
  mission	
  

–  Alarming	
  
–  Tracking	
  and	
  trending	
  of	
  mission	
  exposure	
  
–  Flight	
  rules	
  

•  Solar	
  par4cle	
  event	
  alarming	
  and	
  characteriza4on	
  
–  High	
  exposure	
  rates	
  in	
  the	
  CEV	
  possible	
  
–  Crews	
  most	
  vulnerable	
  to	
  acute	
  effects	
  during	
  lunar	
  phases	
  

•  Dynamic,	
  unpredictable	
  radia4on	
  environment	
  
–  No	
  rapid	
  crew	
  return	
  
–  Uncertain	
  modeling	
  capability	
  drives	
  need	
  for	
  monitoring	
  
	
  

•  Crew	
  exposure	
  records	
  (post	
  mission)	
  
–  Radia4on	
  Exposure	
  Histories	
  
–  Crew	
  selec4on	
  –	
  re-­‐flight	
  
–  Measurement	
  of	
  primary	
  fields	
  allows	
  for	
  changes	
  in	
  radia4on	
  protec4on	
  philosophy	
  over	
  4me	
  

	
  

In-­‐situ	
  radia4on	
  monitoring	
  is	
  the	
  main	
  input	
  to	
  
opera4ons	
  



CEV	
  ConOps	
  

•  Omnidirec&onal	
  system	
  will	
  be	
  used	
  to	
  provide	
  point	
  
measurements	
  of	
  the	
  ambient	
  exposure	
  quan&&es	
  (absorbed	
  
dose/dose	
  equivalent).	
  	
  Flight	
  Rules	
  and	
  Mission	
  limits	
  will	
  be	
  
based	
  on	
  these	
  quan&&es.	
  	
  	
  
–  During	
  quiet	
  condi&ons	
  the	
  measurement	
  will	
  be	
  made	
  at	
  a	
  fixed	
  loca&on	
  

in	
  habitable	
  volume.	
  	
  	
  	
  	
  
–  During	
  solar	
  par&cle	
  events	
  crew	
  would	
  be	
  survey	
  the	
  habitable	
  volume	
  at	
  

various	
  loca&ons	
  to	
  determine	
  lowest	
  dose	
  rate	
  areas.	
  	
  	
  
	
  

•  Charged	
  Par&cle	
  Monitor	
  will	
  be	
  used	
  to	
  characterize	
  the	
  primary	
  
charged	
  par&cle	
  radia&on	
  environment	
  that	
  can	
  be	
  used	
  to	
  
calculate	
  doses	
  at	
  any	
  loca&on	
  within	
  CEV-­‐>	
  	
  	
  	
  	
  human	
  body.	
  	
  
Omnidirec&onal	
  system	
  cannot	
  be	
  used	
  for	
  this	
  purpose.	
  
–  	
  This	
  includes	
  galac&c	
  cosmic	
  rays	
  (GCR),	
  trapped	
  belt,	
  and	
  SPE	
  radia&on	
  

field	
  measurements.	
  	
  This	
  provides	
  a	
  complete	
  record	
  of	
  crew	
  exposure	
  for	
  
the	
  dura&on	
  of	
  the	
  mission.	
  	
  	
  



CEV	
  ConOps	
  	
  	
  
•  SPE	
  Monitoring	
  

–  Events	
  can	
  last	
  several	
  days	
  	
  
–  The	
  intensity	
  of	
  the	
  radia&on	
  field	
  can	
  change	
  orders	
  of	
  magnitude	
  in	
  periods	
  of	
  

&me	
  less	
  than	
  1	
  hour	
  	
  
–  Ground	
  following/processing	
  of	
  the	
  telemetered	
  data	
  is	
  required	
  to	
  enable	
  

analyses	
  u&lized	
  in	
  the	
  decision	
  making	
  process	
  
–  Event	
  could	
  occur/con&nue	
  during	
  sleep	
  periods	
  	
  

•  Decision	
  to	
  wake	
  up	
  crew	
  would	
  be	
  aided	
  by	
  on	
  ground	
  analysis	
  of	
  cyclic	
  
data	
  	
  

–  Event	
  could	
  occur	
  during	
  cri&cal	
  phase	
  of	
  mission	
  that	
  would	
  limit	
  crew	
  
involvement	
  and	
  would	
  require	
  ground	
  only	
  evalua&on	
  	
  

–  Local	
  display/alarm	
  will	
  be	
  available	
  	
  
•  For	
  &mes	
  when	
  crew	
  is	
  LOS,	
  alarm	
  would	
  allow	
  for	
  autonomous	
  ac&on	
  by	
  
crew	
  

•  TLI	
  (Trans	
  Lunar	
  Injec&on)	
  
–  For	
  incomplete	
  TLI	
  burn,	
  CEV	
  could	
  be	
  in	
  orbit	
  that	
  is	
  in	
  an	
  intense	
  region	
  of	
  the	
  

trapped	
  radia&on	
  belts.	
  	
  High	
  dose	
  rates	
  would	
  be	
  possible	
  
–  Crew	
  would	
  need	
  to	
  survey	
  habitable	
  volume	
  to	
  determine	
  impacts	
  	
  



Characterizing	
  the	
  Deep	
  Space	
  
Radia&on	
  Environment:	
  Observa&ons	
  



CRaTER	
  Instrument	
  Summary	
  

“Luna	
  Ut	
  Nos	
  Animalia	
  Tueri	
  Experiri	
  Possimus”	
  
(“In	
  order	
  that	
  we	
  might	
  be	
  able	
  to	
  protect	
  and	
  	
  

make	
  trial	
  of	
  living	
  things	
  on	
  the	
  Moon”)	
  

Cosmic	
  Ray	
  Telescope	
  for	
  the	
  Effects	
  of	
  
Radia4on	
  (CRaTER)	
  Inves4ga4on	
  

(Spence	
  et	
  al.,	
  SSR,	
  2010)	
  



ESMD	
  Measurement	
  Goals	
  
To	
  characterize	
  the	
  global	
  lunar	
  radiaDon	
  environment	
  and	
  its	
  
biological	
  impacts	
  

•  Six-­‐element,	
  solid-­‐state	
  detector	
  and	
  &ssue-­‐equivalent	
  plas&c	
  (TEP)	
  telescope	
  

•  Sensi&ve	
  to	
  cosmic	
  ray	
  par&cles	
  with	
  energies	
  greater	
  than	
  ~10	
  MeV,	
  primarily	
  protons,	
  
but	
  also	
  heavy	
  ions,	
  electrons,	
  and	
  neutrons	
  	
  

•  GalacKc	
  cosmic	
  rays	
  –	
  GCRs	
  
•  Solar	
  energeKc	
  parKcles–	
  SEPs	
  

•  Measure	
  spectrum	
  of	
  Linear	
  Energy	
  Transfer	
  (LET	
  =	
  energy	
  per	
  unit	
  path	
  length	
  
deposited	
  by	
  cosmic	
  rays	
  as	
  they	
  pass	
  through	
  or	
  stop	
  in	
  ma]er)	
  behind	
  different	
  
amounts	
  of	
  TEP	
  

•  Accurate	
  LET	
  spectrum	
  is	
  missing	
  link	
  needed	
  to	
  constrain	
  radia&on	
  transport	
  models	
  
and	
  radia&on	
  biology	
  to	
  aid	
  safe	
  explora&on	
  



CRaTER	
  Concept	
  of	
  Opera4ons	
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  2010	
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H.	
  E.	
  Spence	
  	
  -­‐	
  K.	
  D.	
  Wood	
  Colloquium	
  



CRaTER	
  Performance	
  Specifica&ons	
  
CRaTER’s	
  design	
  has	
  thick/thin	
  detector	
  pairs	
  at	
  3	
  points	
  through	
  TEP:	
  
•  3	
  “low	
  LET”	
  thick	
  detectors 	
  (D2,D4,D6)-­‐	
  200	
  keV	
  to	
  100	
  MeV	
  
•  3	
  “high	
  LET”	
  thin	
  detectors 	
  (D1,D3,D5)	
  -­‐	
  	
  2	
  MeV	
  to	
  >300	
  MeV	
  
•  Energy	
  resolu4on	
  <0.5%	
  (at	
  max	
  energy);	
  GF	
  ~1	
  cm2-­‐sr	
  (typical)	
  
	
  

This	
  corresponds	
  to:	
  
•  LET	
  from	
  0.2	
  keV/μ	
  to	
  2	
  MeV/	
  μ	
  
•  Excellent	
  spectral	
  overlap	
  in	
  the	
  100	
  kev/μ	
  range	
  (key	
  range	
  for	
  RBEs)	
  
•  100	
  kbps	
  data	
  rate	
  –	
  telemeter	
  every	
  pulse	
  height	
  in	
  all	
  six	
  detectors	
  whenever	
  any	
  one	
  

detector	
  passes	
  its	
  detec&on	
  threshold	
  (i.e.,	
  no	
  inflight	
  coincidence	
  logic	
  required	
  as	
  is	
  
typical	
  with	
  most	
  experiments)	
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Civilian Spacecraft at Geostationary Orbit 

Estimated to be 
greater than $300 

billion in space assets 





The Solar, Anomalous, and Magnetospheric Particle 
Explorer: SAMPEX 



The SAMPEX mission played a 
key role in radiation belt studies 

[Baker et al.,Nature, 2004] 



	
  
"   May	
  22-­‐23,	
  2008	
  in	
  DC	
  
"   Approximately	
  80	
  aTendees	
  from	
  
academia,	
  industry,	
  government,	
  
and	
  industry	
  associaKons	
  	
  
"   Associa4on	
  reps	
  aggregated	
  data	
  
and	
  helped	
  avoid	
  concerns	
  about	
  
proprietary	
  or	
  compe44on-­‐
sensi4ve	
  data	
  

"   Analyses	
  in	
  specific	
  areas;	
  e.g.,	
  
GPS,	
  power	
  industry,	
  aviaKon,	
  
military	
  systems,	
  human	
  and	
  
roboKc	
  exploraKon	
  beyond	
  low-­‐
Earth	
  orbit	
  

"   Econometric	
  analysis	
  of	
  value	
  of	
  
improved	
  SpaceWx	
  forecasts	
  

The Societal and Economic Impacts of 
Severe Space Weather Events 

[ http://www.nap.edu/catalog.php?record_id=12507] 



The	
  Interdependencies	
  of	
  Society	
  



Transformer exit lead overheating Transformer winding failure 

Electrical	
  Power	
  Grid…	
  

“…blackouts could exceed even that of the 
very large blackout that occurred in August 14, 
2003. And there is no part of the U.S. power 
grid that is immune to this… we could impact 
over 100 million population in the worst case 
scenario.” John Kappenman - before U.S. House Subcommittee on 
Environment, Technology & Standards Subcommittee Hearing on “What is 
Space Weather and Who Should Forecast It?” 

The grid is becoming increasingly vulnerable 
to space weather events Future Directions in Satellite-derived 
Weather and Climate Information for the Electric Energy Industry – 
Workshop Report Jun 2004 



Extreme	
  Event:	
  Carrington	
  1859	
  
1859 Event	





Regional	
  Power	
  Grid	
  Disrup4ons	
  



Low	
  Frequency/High	
  Consequence:	
  
Increasing	
  Power	
  Grid	
  Vulnerability	
  

$1-2 trillion 
 

4-10 years 

Potential loss due to widespread power grid 
Blackout following severe geomagnetic storm 
 
Recovery time from a widespread power grid 
Blackout following severe geomagnetic storm 

“The grid is becoming 
increasingly vulnerable to 
space weather events” 

Source:  National Academy Workshop on the Societal and Economic Impacts of 
Severe Space Weather Events held in Washington, D.C., May 2008. 

Future Directions in Satellite-
derived Weather and Climate 
Information for the Electric Energy 
Industry – Workshop Report Jun 
2004 



Ionosphere disturbances impact vertical error limits, defined by the 
FAA’s Lateral Navigation/Vertical Navigation (LNAV/VNAV) 
specification to be no more that 50 meters.   
 

Commercial aircraft unable to use WAAS for precision approaches. 

Wide	
  Area	
  Augmenta4on	
  System	
  
(October	
  2003)	
  



Spacecran	
  Anomalies	
  and	
  Failures	
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Average # of failures/yr = 2.5 
Most events/failures are not attibuted to space weather, 
but 46 of 70 in 2003 occurred during Halloween Storm
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RBSP Science Definition Report 

Radiation Belt Storm Probes (RBSP) 
constellation 

RBSP addresses the scientific and programmatic goals of the NASA Living With a Star program. 

Mission Objectives: 
1.  Differentiate among competing processes 

affecting the acceleration and loss of 
radiation belt electrons; 

2.  Understand the creation and decay of new 
radiation belts; 

3.  Quantify the relative contribution of 
adiabatic and nonadiabatic processes; 

4.  Understand the role of “seed” or source 
populations; and 

5.  Develop and validate specification models 
of the radiation belts. 



EFW 
Spin Plane Booms 
      • all four at 50 m length 
 Axial Booms 
      • 12 m tip-to-tip (extendable to 14 m) 
  
EMFISIS 
Magnetometer Booms 
      • Extend 3 m from edge of spacecraft 

Van Allen Probes Spacecraft & Payload 

ECT Suite - HOPE , MagEIS, 
REPT 
(Energetic Particle, Composition, and Thermal 
Plasma) 

 • 20 eV-45 keV He+, O+, p+, e- 
 • 30 keV-20 MeV electrons 
 • 20 keV-100 MeV protons 

 
RBSPICE - ring current 
studies 
 • 50 keV-10 MeV electrons 
 • 0-75 MeV Protons 
 • 20-1000 keV Ion 

 
RPS - inner belt protons 
 • 50 MeV-2 GeV 

protons 
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RBSP	
  Launch—30	
  August	
  2012	
  



Re-entry on 13 November 2012 

Demise of SAMPEX 



Radia&on	
  Belt	
  Storm	
  Probes—REPT	
  A	
  &	
  REPT	
  B	
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4.0 – 5.0 MeV Electrons 

Slot 

Inner 
Zone 

“Storage 
 Ring” ! 

Outer 
Zone 
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REPT	
  Data:	
  High-­‐Energy	
  Storage	
  Ring	
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REPT	
  L-­‐shell	
  sorted	
  electron	
  flux:	
  	
  
	
  
-­‐Linear	
  &me	
  plot	
  (above)	
  	
  

-­‐Meridional	
  magne&c	
  la&tude	
  plot	
  
(lep),	
  3	
  days	
  at	
  a	
  &me.	
  

Radia&on	
  Belt	
  Evolu&on	
  

Baker	
  et	
  al.,	
  Science,	
  2013	
  





Remarkable	
  Radia&on	
  Belt	
  Discoveries	
  

[Courtesy	
  Andy	
  Kale]	
  

Science	
  	
  Express	
  Online	
  
28	
  February	
  	
  2013	
  
	
  
Science	
  	
  Issue	
  
12	
  	
  April	
  2013	
  

Baker	
  et	
  al.,	
  2013	
  



REPT	
  Data	
  Assimila4on:	
  Three	
  Radia4on	
  Belts	
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Courtesy	
  of:	
  Grant	
  Stephens	
  and	
  Sasha	
  Ukhorskiy	
  





“Radial”	
  versus	
  “Local”	
  Accelera4on	
  
•  (A)	
  Radial	
  accelera4on	
  by	
  

diffusion	
  inward	
  from	
  a	
  source	
  
popula4on	
  at	
  high	
  L*	
  creates	
  
monotonic	
  gradients	
  of	
  phase	
  
space	
  density.	
  	
  

•  (B)	
  In	
  contrast,	
  local	
  accelera4on	
  
of	
  electrons	
  by	
  resonant	
  
interac4on	
  with	
  VLF	
  waves	
  
creates	
  peaks	
  in	
  phase	
  space	
  
density	
  with	
  a	
  nega4ve	
  radial	
  
gradient	
  at	
  high	
  L*.	
  	
  

•  The	
  twin	
  RBSP	
  satellites	
  are	
  
designed	
  to	
  dis4nguish	
  between	
  
radial	
  and	
  local	
  accelera4on	
  
processes.	
  

	
  
From	
  Reeves	
  et	
  al.	
  (2013)	
  



Long-­‐Term	
  Electron	
  Data:	
  REPT	
  



The	
  Heliophysics	
  Observatory	
  Fleet	
  
NASA/Goddard	
  Space	
  Flight	
  Center	
  ScienKfic	
  VisualizaKon	
  Studio	
  



Addressing	
  Space	
  Weather	
  



STEREO	
  -­‐	
  A	
  



WSA-­‐ENLIL	
  Model:	
  Solar	
  Wind	
  Speed	
  



STEREO-­‐A	
  
IMF	
  Bz	
  

IMF	
  By	
  

IMF	
  Bx	
  

Solar	
  Wind	
  
Speed	
  

Solar	
  Wind	
  
Density	
  

Storm	
  Time	
  
(Ring	
  Current)	
  
Index,	
  Dst	
  

Largest	
  Storm	
  of	
  20th	
  Century	
  

Worst	
  case:	
  24	
  July	
  2012	
  



1859 Storm 1921 Storm 

•  Large geomagnetic storms can occur with smaller cycles 

•  The largest geomagnetic storms on record occurred   
   during lower than average cycles  



Solar	
  par4cle	
  events	
  (SPE)	
  (generally	
  associated	
  with	
  Coronal	
  Mass	
  Ejec&ons	
  from	
  the	
  
Sun):	
  

medium	
  to	
  high	
  energy	
  protons	
  
largest	
  doses	
  occur	
  during	
  maximum	
  solar	
  ac&vity	
  
not	
  currently	
  predictable	
  
MAIN	
  PROBLEM:	
  develop	
  realis&c	
  forecas&ng	
  and	
  warning	
  strategies	
  

Galac4c	
  Cosmic	
  Rays	
  (GCR)	
  
high	
  energy	
  protons	
  
highly	
  charged,	
  energe4c	
  atomic	
  nuclei	
  (HZE	
  par4cles)	
  
not	
  effec&vely	
  shielded	
  (break	
  up	
  into	
  lighter,	
  more	
  penetra&ng	
  pieces)	
  
abundances	
  and	
  energies	
  quite	
  well	
  known	
  
MAIN	
  PROBLEM:	
  biological	
  effects	
  poorly	
  understood	
  but	
  known	
  to	
  be	
  most	
  
significant	
  long-­‐term	
  space	
  radia&on	
  hazard	
  

Review:	
  	
  The	
  Space	
  Radia&on	
  Environment	
  

Trapped	
  Radia4on:	
  
medium	
  energy	
  protons	
  and	
  electrons	
  
effec&vely	
  mi&gated	
  by	
  shielding	
  
mainly	
  relevant	
  to	
  ISS	
  
MAIN	
  PROBLEM:	
  develop	
  accurate	
  dynamic	
  model	
  




