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Preface

A symphony of Space, Radiation and Electronics
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CHAPTER 2

Overview on Space
Radiation in
Electronics
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2.1 Near-Earth Radiation Environment
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6B;m 2 kARMBxBM; T 'iB+H2 +QHHB/BM; rBi? bBREXQM b2KB
bm++2bb7mHHV T 2/B+ii?2 #2? pBQm Q7 ~ /B iBQM QM Mv bTZ

Yl b3LC,RNONn,jRac- bCN<I3 29g3Nj2{3,jc

Cmbi HBF2 i?2 " /B iBQM 2MpB " QMK2Mi Bb M ""Qr2//QrMiQ i? i
i?722z2+ib Q7" /B iBQM QM 2H2+i'"QMB+ /2pB+2brBHH HbQ #2 M
2z2+ib-rBi?Qmii FBM; BMIiQ +QMbB/2" iBQM +mKmH iBp2 2z2+
i?72 i2+?MB[m2b /2THQV2/ BM H i2° +? Ti2 b QMHvV T Qi2+i ; BM
BKT +ib- HbQ FaMBQFMi2blp2MidTb2-ibM/ MQi i?2 hQi H AQMBbBM;
UhA.V "2bTQMbB#H2 7Q  bQK2 Q7 i?2 TQbbB#H2 T2 'K M2Mi 2" "¢

g?2M bim/vBM; i?2 2z2+ib Q7 BQMBxBM; T "iB+H2b +QHHB/B
Bib BKTQ i Mi iQ 7Q+mb QM i?2B" KQbi # bB+ +QKTQM2Mi- i?2
J2i H PtB/2 a2KB+QM/m+iQ" 6B2H/@Pab4dihvh rMBBRIQ m2 W22 M
/IQKBM Mi BM i?2 7 # B+ iBQM Q7 BMi2;" i2//B;Bi H+B +mBibX
BKT +ibi?2 b2KB+QM/m+iQ" "2;BQM Q7 i?2i° MbBbiQ BiHQb2b
Q77 222H2+i'QM@?QH2T BybBMKEMBRh? DRIAMAL (Q7 2H2+i QM(
TB'bBbT ' QTQ'iBQM HiQ i?2/2TQbBi2/2M2 ;v #v i?2 T "iB+H?Z
T QTQ'iBQM HiQi?2T "iB+H22M2 ;viQQX .2T2M/BM; QM i?2 Q
Q ?QH2b T°Q/m+2/-i?2 2H2+i'B+ H+m "2Mi BM i?2i° MbBbiQ"
biQTT2/X h?Bb KB;?i + mb2 i?2 Q"B;BM HHv BMi2M/2/ #27? pB(
+? M;2-BM im™M z2+iBM; i?2 2H2+i " QMB+ /2pB+206b #2? pBQm"~
T?2MQK2MQM Bb 27211/ iQ b

h?2°2 "2irQ ivBRaAb-@Zbi m+iBp2 Q° MQM@/2bi m+iBp2-# b2/ C
i?72v + mb2 iQ i?2 2H2K2Mi i BKTa#ilXr B2 H2+iBE2? / 2°"Q b i?
rBHH T2 'K M2MiHv z2+ii?2 2H2K2Mi mMiBH Bi Bb "2T B 2/ Q" °
allrBHH H2 / iQ i MbB2Mi 7 mHib i? i KB;?i "TBTTH2 i?2°'Qm;? i
2H2K2Mi "2bB/2b-i?BbBb FMQrM b bQ7l1A" "Q KQLD M@K RBIMM +
M/ /2T2M/BM; QM i?2 /2pB+2 i?2B" 2z2+ib rBHH pIThb;BMiHvX
6S: b? p2p2°vT "iB+mH ~2z2+ibi? i K F2i?BbivT2 Q7 /2pB+2b
bim/v- ?22M+2 i?27Q+mb Q7 i?2 i?2bBb b T '2b2Mi2/ BM i?2 M2ti






+?Ti2‘k
fT: cCNDbU <
UUIC, jCR

b K2MiBQM2/BM i?2BMi"Q/m+iBQM-i?2"2Bb ;2M2° HBMi2 2b
iQb22*Pha6S: b +?B2p2 ?B;?H2p2Hb Q7 "2HB #BHBivX h?Bb B!
i?727Q+mb Q7 i?2i?2bBb M/i?2 2 bQMr?vi?2/2pB+2 Q7 +?QB+
rBHH #2 Ma_J@# b2/6S: -bT2+B}+ HHvi?2xv#Q@xdykyX h?B
T2 7Q°K M+2- ~2tB#BHBiv M/ b+?2/mHBM; #2M2}ib iQ bvbi2K /Z
iQ Qi?2° KQ'2 "Q#mbi 6S: b bm+? b i?2 Tmb2 @)% b2i#HRFES:
HH bi iB+ K2KQ v +2HHb-a_ J@# b2/ +QM};m” iBQM +2HHb mb
bmb+2TiB#H2 iQ/ i +Q mTiBQM 7' QK RREX?@2 M2 KQ /B iBRM
?2Qri?2 MmK#2° Q7 +QM};m® iBQM +2HHb BM 6S: b "2 BM+" 2 bB]
[2MbBiv- b T'2pBQmbHV K2MiBQM2/- mTb2ib rBi?BM i?72 +QM};
BM+'2 bBM;X h?Bb FBM/ Q7 mTb2ib-r?2M Q++m > "BM; BM 2@ + Q]
"22bT2+B HHVviIi " Qm#H2bQK2 bBM+2 i?2b2 +2HHb bT2+B7vi?2 C
7 #B+ M/i?mbi?2 "+?Bi2+im"2Q7i?2/B;Bi H+B +mBi/2bB;M2
p "B2iv Q7 7 mHi iQH2® M+2 i2+?MB[m2b rBNHRrB2?2/ BO2mBb2/ B
+QMbB/2° iBQM #22M i F2M 7Q" i?2 2z2+ib Q7 all BM 6S: b b /:
b2+igRM

kYS /3U3NO $CICjw NO b3,naCjwCN j@3 7 ,3

ai i2@Q7@iI?2@+2AMQHQ;B+ H /p M+2K2Mib BM 7 # B+ iBQM i2
BM; JQQ 26bH r- 2T Q; 2bbBp2HVv K FBM; 2H2+i " QMB+ /2pB +?2
/IBbim # NWRB QK i?2b2- BQMBxBM; ~ /B iBQM Bb Q7 bT2+B H BI
M/ 7Q° K Mv v2 "b- b?B2H/BM; r b i?2 K BM T 2p2MiBQM b2+m"
+° 7i bvbi2Kb- b i?Bb bQHMIBQMr b 2MQm;? iQ pQBR¥X Q' b 7"
LQr / vb- /m2 iQ i?2 7Q 2K2MiBQM2/ i2+?MQHQ;B+ H /p M+2K
HQM;2  bm{+B2Mi b bBM;H2 K2 Mb Q7 /2T2M/ #BHBivX h?Bb |
KQp Hi2+?MB[m2b "2 #2BM; /2p2HQT2/BM Q' /2 iQ pQB/ 7 mHi
#Q '/ bT +2+° 7ibX +H bbB}+ iBQMKKRD?QBQHEMVQ7 /IQKIQ Q ; M
i?2b2 bi i2@Q7@i?2@ "ii2+?MB[m2b,
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R mHi T'2p2MiBQM- bm+? b,

VITBi tB H*JPa T Q+2bb2b
#VIp M+2/ T Q+2bbaBHHPBHQM QMaRMX¥mMH iQ" U
+\Va?B2H/BM;

kX6 mHi hQH2™ M+2- bm+? b,

V.2i2+iBQM i2+?MB[m2b,
BX “/r "2 2/mM/ M+v
BEBBK2 "2/mM/ M+v
BBBXQ  .2i2+iBQM +Q/2 Ul.*V
BpxX2H7@+?2+F2  i2+?MB[m2b

VJIBiB:; iBQM i2+?MB[m2b,
BX'BTH2 JQ/mH ~ _2/mMMNM+v U
BEIXMTHIBTH2 “2/mM/ M+v rBi? pQiBM;
BBBXQ  .2i2+iBQM M/ *Q  2%iBQM *Q/2 U
BpX /2M2/ K2KQ v +2HHDb

jiX M/ _2+Qp2°v h2+?MB[m2b U TTHB2/iQ T'Q; KK #H2 HQ;B+ Q|

V_2+QM};m’ iBQM
#VS "iB H+QM};m” iBQM
+V.2 HHQ+ iBM; /2bB;M

h?2 }"'bi Q7 i?2b2 ;" QmTb-i?27 mHiIi T 2p2MiBQM i2+?MB[m2b- B
i?Bb i?2bBb b Bi BKTHB2b 2Bi?2° 7 # B+ iBQM T ' Q+2bb@# b2/ i2
rBHH 7Q+mb QM *Pha 6S: b- b K2MiBQM2/ 2 "HB2 - bQ Mv i2+?N\
7 # B+ iBQM rBHH MQi #2 /Bb+mbb2/X a?B2H/BM; Bb M 2ti2°"M H
MQi #2 /IBb+mbb2/ 2Bi?2 X h?2b2+QM/ + i2;Q'v Q77 mHiiQH2  Mi
KBiB; iBQM-rBHH #2 i?2 K BM 7Q+mb Q7 i?2 i?2bBbX G biHv-i?2"
"2 HbQ Q7 ;2 iBMi2 2biiQ mbX h?Bb FBM/ Q7 K2i?Q/QHQ;v Bb C
HBF2 /2pB+2b M/ TH vb ;72 i "QH2BM i?2 HQM; i2 'K "Q#mbiM2bb
HQ;B+ # b2/ /2bB;MX

6 mHi iQH2" Mii2+?MB[m2b "2 # Q /Hv mb2/7Q" aA* /2bB;M /m
i ;2i/2bB;M "+?Bi2+im 2 rBi?Qmi "2[mB'BM; bT2+B H 7 # B+ iB(
K MvQ7i?27 mHiIiiQH2  Mii2+?MB[m2b 2K /27Q°  MQM "2@T Q;’
aA*b M/ /Q MQii F2BMiQ ++QmMii?2bT2+B H2z2+ib Q7 /B iB¢
iQH2® M+2 i2+?MB[m2b + M #2 2KTHQV2/ 7Q" 7 mHi /2i2+iBQM U/2
MQ K HHv i?2v "2 TTHB2/iQ #Qi? /2i2+i M/ +Q "2+i bvbi2K 2°°Q
Q7 allb Q' alhb UKBIiB; iBQM i2+?MB[m2bVX h?2 K BM T°'BM+BT
MB[m2b Bb i? i Q7 "2/mM/ M+v- BM i?2 7Q°K Q7 ? “/r "2 "2/mM/ M
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+QKTQM2Mib Q" BMi?27Q°KQ7iBK2 "2/mM/ M+v-r?B+? BKTHB:
/IBz22Mib KTHBM; " i2b7Q /i X JQbi 7 '2[m2MiHv +QK#BM iB
Q7 "2/mM/ M+B2b Bb TTHB2/ 7Q°  QTiBK H "2bmHib- v2i r2 rBHI
2/mM/ M+vX

kYSYS 7nll ? a0Os a3 "30nNO N,w

JBiB; iBQMi2+?MB[m2b "2- bi?2B°"M K2 BKTHB2b-i2+?MB[m2
all? b H'2/v? TT2M-T 2p2MiBM; Bi 77 QK /Bbim #BM; i?2 MQ "k
+B"+mBiX b bm+? i?2vi2M/ iQ #2 TTHB2/ rBi? 7Q+mb QM 2{
QMHvV + ' BiB+ H2H2K2Mib M/ b pBM; "2bQm +2b- 7mHH ? “/r "2~
h?BbivT2 Q7 "2/ mM/ M+v+ M#2 bmKK "Bb2/ bHQ;B+ "2/mM/ M+
+QKTQM2Mib Q™ 2ti° T i?bi? i HHQr /2bB;MiQ +QMiBMmM2 QT2
Q7 i?2 HQ;B+ 7 BHbX AM Q'/2  iQ T 'Qi2+i /2bB;Mb7 K i?2 2z
althb QM2 Q7 i?2 i2+?MB[m2b THhIDHR2AHNBDb i?2 I@@;B+ Bb i BTHB+
M/ pQi2'b "2 TH +2/ BM i?2 QmiTmi iQ B/2MiB7v M/ b2H2+i i?
KQbi # bB+ 7QIJK B i? i Q7 /2gB+2b b22M BMjXRnh2Bb FBM/
Q7 BKTH2K2Mi iBQM Bb MQi "2bQm +2 QTiBKBb2/ M/ HHQrb C
MmK#2° Q7 7 mHib BM bBM;H2 "2THB+ X

AM };mXk #2ii2° BKTH2K2Mi iBQM Q7 hJ_ Bb b?QrMX >272 i
TTHB2/ KQ 2 2{+B2MiHv #v 7Q+mbBM; QM b2MbBiBp2 2H2K2Mi
K2KQ v +266M{-h?Bb ivT2 Q7 BKTH2K2Mi iBQM T ' Qi2+ibi?2 /2bB;
b2[m2MiB HHQ;B+- 7"QK i?221l4tbXnKMHriBQMBO Bb BMi2M/2/ iQ r
Bb 7Q i?72 K DQ'BivpQi2'bUJ CViQ/2i2+i Mveeb @2br22M 2MB |
+HQ+F +v+H2b- +Q "2+i i?2K M/ b2M6b 72 # 22K i@ i#2 H i+?22/)
h?Bb K2i?Q/ QMHvV HHQrb 76 QMIBHKZK2i T2

AMRYy hJ_ /2bB;M Bb T°'QTQb2/iQ T'Qi2+i #Qi? +QK#BM iBQM
HQ;B+ r?BH2 biBHH T '2p2MiBM; i?2 ++mKMH?BOQQMKEBK TIiBDik- t

6B;m 2 jXRpB+2 S Qi2+i2/ #:RyKJ_ (
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6B:m 2 j>ak[m2MiB H *QmMi2° S QiRyi®/ #v hd_ (

HQ;B+ Bb i BTHB+ iPhHVBTHRAIQ VW I® i rBHH 2Mbeb Bl ii42? 1?2

+Q "2+ip HM2X MWB2H2+i #2ir22Mi?22QmiTmi Q7 i?2pQi2°'bQ i?22 +(
HQ;B+ #v K2 Mb Q7 b2H2+iBMTmi HBM2 +QMi " QHH2/ #v +HQ+F 7
/2bB;M2 X h?Bb T 2p2Mib 2°"Q b i? i ? TT2M #2ir22M +HQ+F +v+H
bBM+26BD2BHH ? p2 2Bi?2° M2rp Hm2 7 QK i?2 +QK#BM iBQM H H(
+Q "2+ip HmM2 7°QK i?2 pQi2 X u2i ; BMi?Bb ivT2 Q7 hJ_? b bQK
rBHH QMHvV T 2p2Mi 7 BHm 2 b HQM; b QMHvV QM2 Q7 i?2 # M+?
b K2 iBK2X

6B;m 2 jXjJ_7Q *QK#BM iBQM H M/ a2 RyXMiB H GQ;B+ (



kYS /3U3NO $CICjw NO b3,naCjwCN j@37 ,3R8b2m SS

kYSY2/ +

1.*b "2 MQi?2 7Q°K Q7 KBiB; iBQM i2+?MB[m2b i “;2i2/ i b
2H2K2MibX h?2B° Tm TQb2 Bb iQ 2M+Q/2 i?2 BMTmi Q7 i?2 K2
T "Biv #BibX h?2b2 T "Biv #Bib 2 i?2M +QKT "2/ iQ b2+QM/ :
2M2° 02/ ii?2QmiTmi Q7 i?2 K2KQ v 2H2K2MiX "v /QBM; i?Bb b
T Q/m+2/i? i HHQFIPQ /2i2+i B7i?2°2r b M2 Q BMi?2/ i bi
i72 K2KQ 'V 2H2K2MiX " b2/ QM i?2b2*+ *2MFH 2BBA22B+? / i #Bi

M22/b +Q "2+iBQM- +? M;BM; Bib p Hm2 iQ i?2 QIB*BM MHv BMi
[2i2+i M/ +Q "2+i QM2 2°°Q" i iBK2rBi?BM i?2 K2KQ v 2H2K 2\

h?2i?2Q v #2?BMYiP20+ B#2/Bb# b2/ QMi?2B/2 QRPXKKBM;
h?2b2 +Q/2b mb2 i?2 7Q 2K2MiBQM2/ T “Biv #Bib iQ 2T 2b2Mi
#V i?2 K2KQ VvV 2H2K2MiX h?2 KQmMi Q7 T “Biv #Bib "2[mB 2/ /2"
Q7 /i #BibiQ T Qi2+i-rBi? “2H iBQM b?QrM BM i?2 7QHHQrBM

2" Dp+Py+1 UjXRV

q?2 DKWV 2T 2b2Mib i?2 MmK#2  QPJ/Vi i2ZBMmMKM#2 Q7 T "Biv #B
h?2 +QK#BM iBQM Q7 T "Biv M/ /i #Bib 7Q Kb r? i Bb "272° "2/
h?Bb +Q/2rQ /7QHHQrb +2°i BMbi'm+im 2-rBi? T “Biv #Bib TH
# b2/ QM i?2 TQEP2QXRX- rBi? i?2 H2 bi bB;MB}+PyN BE2BM; #Bi- |
TH +22°iM/i?2 KQbi bB:MBY+ MiXUh?mb i?2 bi'm+im 2 Q7 Rk #B]
rQ /T Qi2+iBM; M 3 #Bi 2;Bbi2 - r?B+2*M324h19=T16" Bib8¥Bib U
rBHH #2 HBF2 i?2 QM2 HX®rM BM };m 2

1 +? Q7 i?2 T "Biv #Bib 2T 2b2Mib +2°i BM MmK#2" Q7 / i
TQbBIiBQMX 6Q° BMbiPy\ 2BIHHB12 FRib2 MD{ -D1 #BsiD D X X XV X
h?2r vQ7HQQFBM; ii?BbHQ;B+ HHv Bb #v biPiBWMEBITIPBMQDbE

MmK#2" Q7 #Bib 2[m HiQ Bib TQbBiBQM M/ i?2Mi FBM; BMiQ
HbQ 2[m HiQ Bib TQbBIiBQMX R, BIRIB®2 BN T QBBHBIQM R r2 rQm
R #Bi- i?2M i F2 R #Bi- i?2M bFBT R #Bi-XXX2i+- mMiBH i?2 2M/ (
PM+2 ; BM mbBM; i?2 Rk #Bi +Qj29iQ2 BBi3;AT2Z22b2Mi2/ #v T "I
#BiBoWV rBHH #2 b b?QrNXEM };m" 2

h?Bb "2H iBQM #2ir22M T "Biv #Bib M/ / i #BtibHabbBP2 Pi2 B
WP _V #2? pBQm X aQ i?2 2[m iBQMb 7Q 2 +?2 Q7 i?2 T 'Biv #Bib

6B:m 2 | X®/2 qQ / 7Q1. M URk-3VX
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6B;m 2 jX8, "Bib 2T 2b2Mi2/ #v S "Biy."BilbRM3 WX

"2 b7QHHQTrb,

Po=Dg D; D3 D4 Dsg
Pr=Do D2 D3z Ds Deg
P2 = Dl D2 D3 D7
P;=D4s Ds Dg Dy

PM+2 i?2 T "Biv #Bib "2 ;2M2" i2/ i #Qi? i?2 BMTmi M/ i?2 QmiTm
2H2K2Mi- i?2v "2 +QKT “2/iQ ;2M2" i2i?2 +?2+F #BibX h?Bb +QK"
sP_#2? pBQm X

Cnh = Pa(in) Pp(out) UjXkV
IbBM; i?2 +?2+F #Bith+iM2/2i2+i2°"Q b BMi?2/ i #Bib 7TQHHQrBM;

i #H2 b?QrM BMKE; m?Bb Bb i?2M mb2/iQ /2+B/2r?B+?/ i #Bib M22/
7TmHH /B ;7 K 2T 2b2MiBM; i?2 2MiB 2 bvbi2Kd+ M #2 b22M BM };r

6B;m 2 jXle,Q b BM . i "Bib .2i2+i2/ #v *?2+F* BIRkB 8V M



kYli@3 T3,nIC a2{3,jR8  0C JCRNRNDb" KA$ c307T; c Sk

6B:m 2 j%HQr /B ;> K 70 *MWRk-3VX

kYSYk "3,RN~<na jJCRN NO 3 IIR, JCRN

_2+Qp2°'vi2+?MB[m2b 7TQHHQr +QKTH2i2HvV /Bz2 '2Mi TT ' Q +7?
r?2M +QKT “2/iQ KBiB; iBQM i2+?MB[m2bX _2+Qp2'v- b i?2 M
Mv i2+?MB[m2 i? ii F2b TH +2 QM+2i?222 "Q  ?2 b Q++m "2/ M
i?72bvbi2KiQ "2+Qp2  7°QKBiX AMi?2+ b2Q7MQM2}2H/@T Q;"
roOmH/ BKTHv "2TH +BM; / K ;2/ T "ib Q +QKTQM2Mib 7Q" M2r Q
/2pB+2b b8? b- i2+?MB[m2b HBF2 "2 HHQ+ iBQM + M #2 /2TH
Bb i2+?MB[m2 i? ii ;2ibi?2 /2bB;M B&I:H2KRHW 22 BBH2MV Bi?
BMi2MiBQMb Q7 "2@BKTH2K2MiBM; Bi QM MQi?2 T "i Q7 i?2
z2+i2/ #v T2 K M2Mi 7 mHibX MQi?2" bBKBH " i2+?MB[m2 i?
bvbi2K "2+Qp&Sv B-MBF2 /2pB+2b- Bb i? i Q7 "2+QM};m” iBQMX
rQmH/ #2 "2T°Q;° KK2/ BM Q /27 iQ }t2°"Q b i? i + M6i #2 KBiB;
T2'K M2MiX h?2/2i BHb QM "2+Qp2'Vvi2+?MB[m2jXOBHH22 /2b+"
KQ'2BM@/2Ti? # +RBSQrM/Q#R2M T QpB/2/ 7Q  T°'QT2  mM/2°
Q7 bm+?i2+?MB[m2bX

kYl i@3T3,nIC a2{3,jR8" 0C jCRNRN D KA.

7T; C
IMHBF2 BM aA*b- allb ? p2 T2+mHB "~ 2z2+i BM 6S: bX g?2M
+QK#BM iBQM HHQ;B+ BM M aA*- BiBb BMi2 T '2i2/ b i MbE

QM Bib /m® iBQM Bi KB;?i Q" KB;?i MQi #2 H i+?22/ #v biQ" ;2 +
Q++m'b BM i?2 b2[m2MiB H HQ;B+- Bi Bb 272 "2/ iQ b #Bi@-
biQ ;2 +2HHb z2+i2/ MMIBHRY2Z2B?MPBZzRI@M+t2 rBi?BM 6S: b HE
HH i?2 b2[m2MiB H M/ +QK#BM iBQM H H®QBW #m2 B ¥H B EDHR K 2
"HQ+EG'W #v +mbiQKBXx #H2 HQ;B+ K2KQ'v +2HHb-a_ J +2HHbX
+QM};m’ iBQM K2KQ'vX rv Q7 HQQFBM; ii?Bb Bb #v b2;K2MiE
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6B;m 2 jX®M+2Tim HG v2'b Q3)XM 6S: (

Hv2'b-i?2 TTHB+ iBQMH v2 -i?2+QM};m” iBQMH VvRXEM/i?27 #
"Qi?i?2 TTHB+ iBQMH v2®™ M/i?2 +QM};m’ iBQM H v2" "2 #bi  +
i?72} bi#2BM; i?2/2bB; M2 "B#2bBMBTIiBQM G.BYMM2i32
b2+QM/i?2 +QM};m" iBQM 2bi #HBb?BM; i?Bb /2bB;M BM i?2 7 #'B
"2 HT?vbB+ HH v2 - +QMi BMBM; i?2 *G"b THmb HH i?2 Qi?2" 2H
M6S: "+?Bi2+im'2X q?2M M mTb2iQ++m b BMi?2 +QK#BM iBQM
/2bB;M2/BMi?2 TTHB+ iBQMH v2'-BirBHHBM "2 HBiv z2+ii?27
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