Table of Contents

I OVEIVIBW ...ttt sttt ettt seese e e seeneeseesse s e s eaneens 11
1.1 The origin of space radiation..............coceeriiiiiiiniiiie e 11
1.2 Observation spacecraft and their instruments............cccoeeeereneeeeiei e 14

T.2.1 0 SOHO .ttt ettt e e e e 14
1.2.2 0 WIND ettt et e ne e sre e 15
123  ACE. ettt 16
124 GOES ...ttt sttt b et b 17
125 SDOcc ettt 19
1.2.6 STEREO.....ciiiiiie ettt sttt seen 20

2 BaSIC PRYSICS. i ettt e r et ettt e ae et e eaeaeteenessreetenrens 22

2.1 Particles and fields........c..coooriiiriii s 22
2.1.1 The duality ofiwaves and particles...........cccoeiirieniniiiiieciee e, 22
2.1.2  Mass and eNergy UNItS.........ccoviieiiriinieriieieeteeeeette e eteseeesaaesaeeeeeeeeeeneeens 24
2.1.3  Relativistic KINETICS.....cocuiiiiiieiieiiece ettt 24

2.2 TRE PATtICIE Z0O.. .. i ettt ettt ettt a e e naesse s 28
2201 ClassHICAtION. .....coiiiriiriiiteiee ettt e eneeens 28
2.2.2 0 HAAIONS..c..ciiiiiiiiieicen sttt et ettt 28
2.2.3  ThE NUCIEUS. .. ettt ettt e se e s eneas 29
2.2.4  LBPIONS.c.ciiiiieieeeiee ettt ettt ettt et e s e s e et e etbae e earaeeearreaan 31
2.2.5  The PROLON....coiiiieiee ettt eaneas 32

2.3 The fundamental fOrCeS........cooviiiiiiiiieieee ettt 34
2301 FOUT fOTCES.....coutiiiiianiciie ettt ettt ettt et e e ssesteaansaneas 34
2.3.2  GravIitAiON...coouerieiieicecie ettt ettt s e e st e et a e et e aeeeeeneaens 34
2.3.3  The Weak fOTCE.....cccoireiiiieecec et e e e e a e b e s raa e ssbe s e seveeens 35
2.3.4  The StroNg fOrCE.......c.uiiiieiiieitieiee et sttt be et aasaennas 38
2.3.5 The electromagnetic fOrce........oooviiiiiiiiieeeee e 41

2.4 Radiation UNIES.......cc.eoiriiiieniintiiietiec ettt ettt ettt ennas 44
2.4.1  Measuring radiation............cocuevuiruerieneierienenientest e e ce s e e srenens 44
2.2 FIUX ittt et ettt e s e tebanbennas 44
243 Sectoral fTUX......coiiiieieiieieee e e 46
2044 FIUBIICE. ..ottt ettt et e e e e ena e neen 47
2,45 CroSS SECLIOM. ..c..iiiieiieieeteetteeiesieeae e te ettt esat et e st ebe st e e eaeeameesessnessaesensees 47
B I 011 15) 1 11 2SO URUUURUUUPUUI 48
20477 ACHIVITY ettt ettt ettt st et eeteeeneeneeareens 49
248 DIOSC..cueieiitet ettt se e eeea 50
2.4.9 Linear Energy Transfer........c.cocooiiriiiinieineeeeee e 50
2.4.10 Equivalent dose and biological weighting............cccocovivirrieneniciereen, 53

3 Cosmic MagNetic fIldS........ceoiiiiiiiririe et 55
3.1 MaXWeIl'S thEOTY ... oot 55

3.1.1 Magnetic fields and CUITENLS...........ccccoiirriviieiriece e 55
3.1.2  Charged particle MOtION........coocieeieiiiiiiiienteieeere et ens 57

|
Bibliografische Informationen digitalisiert durch E [ HLE
http://d-nb.info/1074111745 WB IOTHE



http://d-nb.info/1074111745

3.1.3  Fields and charges.........cccoveivivecieooiieeee ettt e e 58

3.2 Magnetic properties Of Plasma.........c.ccoooeiieiiiieii e 59
3.2.1 Magnetohydrodynamics.......c.cooviiiieiieniieiie et 59
3.2.2  Magnetic flux freezing...........c.coooiiiiiiiiiii 61
3.2.3  Plasma WaVES.....coceriiiiiieiiinii ettt ettt et et 64
3.2.4  Magnetic reCOMNECTION. . .. iiiiieieeiee e et eite et e e eeite e etee e ssee e saaeesneee s 67

3.3 Geomagnetic field models...........ccoeriirnriiioiiiieiee e 69
3.3.1 Stellar and planetary dynamos..........coccceeeieviriiiieeieeeieee e 69
3.3.2  Dipole fields.....cooiriiiiiieie et 69
3.3.3  Multipole fields.......cooveiiriiiiiiiiii e 76

3.4 The solar wind and the interplanetary magnetic field .............ccccocniiniiiinnnees 79
3.4.1 Parker's solar Wind Model.............ocovovuiureeiveieereeeeeeeeeeeeeeee e saenes 79
3.4.2  Observation data.........c..coiieiieiiiieeee ettt e 91

3.5 The galactic magnetic field...........oooiiiiiiii e 94

4 THE SUN .t et b et e b e st e bt e st e e e e sob s e st e e e nr e s enanes 95

B.1T SEITUCKUTC.....cetieeiiiiee ettt ettt e e e e s e e en e e s e e s saas s s nia s e s sasesaaes 95
4.1.1 Heliographic COOrdinates...........c.eeeeeiraiiirerieenie et eee et eseeee e 97
4.1.2  Fusion in the Core......cooiiiiiiiiii e 98
4.1.3 Radiation and CONVECION........ccouiiiiiiiieiiiiie ettt 100
4.1.4 Solar electromagnetic radiation............ccocerviiiriiniieeniin e 100

4.2 DYNAMIC PIOCESSES. . .eeuveereutereteaereteereeeseeseeareenseeeesseeaeeereasessessesaneeenmeesanessmseesas 105
4.2 1 SOIAr CYCIES...eiiiiiiieieeeee ettt 105
4.2.2  Solar surface STrUCTUTES. .......coveireiriieiieiitet ettt 106

4.3 Solar energetic particle eVents........coccoeciiiiiriiiiienne et 109
4.3.1 The magnetic disease of the Sun.........cccoociiiiiiiiii 109
43,2 FIar@S.. oottt sttt 111
4.3.3 Coronal Mass Ejections and interplanetary shocks.............ccccccccoiin 114
4.3.4 Historic energetic particle eVents..........cocevevverieiiiincicrciiiiiiniciens 124
4.3.5 Energy dispersion analysis and impulsive SEPs.........c...cccoccccviiiiiiennn. 130

4.4 SEP StAtISICS. cetriiieeiiiriiie ettt ettt ettt sttt et eenee e 133

5 Galactic COSIMIC TAYS.....eitiiiaeteeeiertietert ettt eteetes e e te st eete e et eeeesneeseeeaeeeteeenteesaneeanes 137

5.1 History and definition..........ccooveiiiiiiierec et e 137

5.2 GOR detECLOTS. ... .eeeeeieieeieeeei ettt ettt et en e e e eneenes 138
521 Cerenkov deteCtOTS. .......ov.vurveeveieeeereesereeseeeeeseessae e sae et sesesenanas 138
5.2.2  Path detectors. ..ottt 140
5.2.3  NEULrON MONITOTS....ccouteiuiiiiieieeteeieeete ettt et e e et e eee e raesan e seeeeneee 142

5.3 Geomagnetic shielding of GCR........cccccoiviiiiiicii e e 147
5.3. 1 RIGIAILY . ceieiiieeeiieieereeees ettt eve ettt 147
5.3.2 The Starmer model...........coocoriiiiiiiiiiiieecee e 148

5.4 GCR flux and pOWEr SPECIIUM........cccuiiiiiriiriiinteeiterte et e eee e reee e e 153

5.5 GOR OTIZIN. ettt ettt st ettt e st es s e eaeeneeenenns 157

5.6 The Milky Way as a magnetic container of GCR...........c.ccoiiniiiiiniininieeeen. 160

5.7 Anomalous CoSmMiC RAYS.......ccccririeiirriieieeie ettt tee e e e s 161

6 The Earth's radiation ENVIFONMENL..........cooiviiiiiiiieieieeiceieieeeeeeeeeeeeeeererrereesieeeseressans 162



6.1 The Earth's magnetosphere. ...t 162

6.2 The radiation belts...... ..o e s 164
6.2.1 Trapping in the Earth's magnetic field............c.occoiiiiiii, 164
6.2.2 Radiation belt energies and fTUXeS........c.cccueoveriniriienenicnicninicrerenc e 176

6.3 GEOMAZNELIC SLOTMIIS. ...eeuvetirrirreeitereerreeeescee e e s e ene s sre e e eenneesrneceaneemeeennee 189

7 Interaction with the spacecraft...........coccovieviriiiiiniiniice e 192

7.1 Interaction MeEChANISINS. .. ....iiiiiiiiiiiii ittt s 192

7.2 Spacecraft Charing......cocoooiiiiiiiici ettt 194

7.3 ShIEIAING..ccueiiiiieii ettt st s 196
7.3.1  Mission CONSIAErations.........cocveviiiriiiinitincteeiee et 196
7.3.2  Radiation tranSPOIT........ocvveriieeeieeieeeieaeiieeeiteeeeeesibreateeeseeeeeabeeeeaebeeaanneaas 197
7.3.3  The SHIELDOSE model..........c.zoiiiiiiiiiiiiieiiiiieieieenieecceeeeiee e 200
7.3.4 The Dose Depth Curve for a geostationary mission.........ccccceceeveencecreene 205
7.3.5 LEO MISSIONS. oottt ettt sttt et ettt et e 207
7.3.6 Sector shielding and ray tracing analysis.......cccccceccenvuiirierenenicnneenieenane 208

8 Interaction of space radiation with electronic devices........ccccevoirniiiiiiinnieniiinnenen. 210

Bl OVEIVIEW ..ottt st sttt et st e 210

8.2 lonization in semicondUCtOr deVICES.......ccceeriieiiiiiriiiii et 210

8.3 TID induced gradual degradation..............coccoiiiiiiiiiiiniei e 214
8.3.1  HoOIE trapping.......coveiiiiiiiieiec ettt e 214
8.3.2  Bipolar deviCes.......ccoviiieiniiiiieieeitce et e e 215
8.3.3  CMOS deVICES....eoouiiriiieiietie ettt ettt ettt 218

8.4 NIEL and displacement damage...........ccoooeeriiriiiiinieii e 220

8.5 Single Event EfTects......ccooviiiiiiiiicee e 226
8.5.1  ClassifiCatiON. .....oociieiiiiii ittt 226
8.5.2  Single Event Latch-Up.......cocooeiiiiiiiiiiinterece e 226
8.5.3 Single Event Snap-Back..........coooiiiiii e 228
8.5.4 Destructive effects in power MOSFETS........ccoooiiiiiiiniiiiie e 229
8.5.5 Single Event Dielectric RUPtUTE............ccoviiiiiniiiiicicieiiceiccecce e 229
8.5.6  Single Event Transients ........ccooiieiiiiniiiiiieie ettt 231
8.5.7  SENSOT NMOISE...coii ittt ettt ettt et e b e et srer e e se et esaeenneesreemeeneen 231
8.5.8  Single Event UPSets......cocccoieveirienineenirieeirieneesenieeee e creenes 231
8.5.9  Mitigation teChNIQUES.........cccceuiruieuiiiiniiiieeieiciceeeeeerete e 232

8.6 SEE rate asseSSMEeNt........ccceriiiiiiiiiiiiiieiiceie ettt e e 233
861 GeNEral.cc..coiiiiiiiiiiic e e 233
8.6.2 Assessing the Linear Energy Transfer in the target............ccooccenneennc. 234
8.6.3 Deposited Charge.......cccccoiiiiiiriiieiiie sttt e 237
8.6.4 LET flux spectrum for GCR........cccoiiiiii e 238
8.6.5 LET for Solar Energetic Particles............ccocooceeiiiinininniceeee 243
8.6.6 Heavy 10N teSHNEZ....ccciiiiiiiiiiiee et sttt 246
8.6.7 lon upset rate analysis: The RPP and IRPP methods.........ccooccoconnnnie. 248
8.6.8 Proton and neutron UPSEL FAteS..........ceveeverreeneerrerneeenrerereenrerereeenneeneees 255

ACKNOWIBAZIMENTS. ..co..eiiiiiiiiiiiiite ettt et 259

Acronyms and abbreviations...........cccviiiiiiiiiiie e 261



Physical UANTITIES......oc.eriiiiiiiiiiet ettt et et e sae s 264

Physical CONSTANTS. ... ..cooiiiiii ettt 266
Astronomical parameters and UNItS........cocoeriiiriiiiiiecriiiien e 266
AbOut the AULMOT.......ooii e e 267



