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SIFSFBSFNBOZQFPQMF XIPIBWFTVQQPSUFENF EVSIJOHUIF QSFQBS
XPVME MJLFUPFYQSFTTNZHSBUJUVEF UP UIFN

'JSTUMZ *BN HSBUFGVM UP NZ UIFTJT TVQFSWJTPS 1SPG %S
PQQPSUVOJUZUPDPNQMFUFNZNBTUFSRTUIFTITJIO *OGPSNBUJPC
4DJFODFT %PSUNVOEBOE GPSBSSBOHJOHNZJOUFSOTIJQBU $&3/ ).
IBWFCFFOJOWBMVBCMFJO TIBQJOHNZ XPSLBOEFOTVSJOHJUT RVE

'VSUIFSNPSF *XPVME MJLFUPUIBOL $PMPHOF $1JQ GPS QSPWJEJC
UIF SFBMJ[BUJPO PG UIJT QSPKFDU *O QBSUJDVMBS *XPVME MJLF
UISPVHIPVUUIF'1("EFTJHO QSPDFTTIFMQFE NFJIJNNFOTFMZ XIFO EF

*XPVMEBMTP MJLFUP FYUFOENZBQQSFDJBUJPO UP UIFGBDVMUZ N
NF XJUIBDPOEVDJWF FOWJSPONFOU GPS MFBSOJOHBOEDPOEVDUJO
PGTUVEZIBTCFFOJOTQJSJOH BOE*BNGPSUVOBUFUPIBWFIBE UIFF
UP %S 3VEZ'FSSBSP %S 4BMWBUPSF %BO[FDBBOE "OUPOJP 4DJBN\
EVSIJIOHNZJOUFSOTIJQ *XPVMEBMTP MJLFUPTIPXNZHSBUJUVEF
SFOEFSJOHNZJOUFSOTIJQBO FYDJUJOHBOE VOGPSHFUUBCMF FYQ

*BNEFFQMZJOEFCUFEUPNZQBSUOFS GBNJMZBOEGSJFOET GPS UI
TVQQPSU UISPVHIPVU NZ BDBEFNJD KPVSOFZ 5IFJS TBDSJ9DFT BO
JOTUSVNFOUBMJONZTVDDFTT

3JDIBSE +VOH
,SFV[UBM .BSDI



Abstract

*OUIJTUIFTIT UIF SBEJBUJPO TFOTJUIJWJUZ PG UIFOPWFM $PMPH
HBUF BSSBzZz '1(" JT FWBMVBUFE "OJOJUJBMJOUSPEVDUJPO PG SI
FMFDUSPOJDTJT HIWFO GPMMPXFECZBCSJFGPWFSWIFX PG SBE.
QSFTFOU JO '1("TBSFEJTDVTTFE XI1JDIJT GPMMPXFE CZ EFUBJMT
EFTDSJQUJPO PG UIFTPQXBSFEFTJHO :PX "QFSXBSET UIFEFWFMPQ
CPBSE 1%$# GPS SBEJBUJPO UFTUT XJUIUIF (BUF.BUF'1("JTEFUBJM
'PVS DPNQPOFOUTPGUIF (BUF.BUF IBWFCFFOUFTUFE EVSJOH UIS
CFODINBSLDJSDVJUUPDPNQBSFUIF SBEJBUJPO QFSGPSNBODF PG |
UIF &VSPQFBO 0OSHBOJ[BUJPO GPS/VDMFBS 3FTFBSDI $&3/ 5IFUFT
VOEFSUFTU %65 '"1("BOEB5&45&3'"1("XIPTFUBTLJTUP QSPWJEF .
JUT SFTQPOTF 5IF %65 BOE 5&45&3 EFTIHOTEFWFMPQFE GPS BMM U
SFTVMUT PCUBJOFE EVSJOH UIFJSSBEJBUJPO DBNQBJHOT BSF QS
QFSGPSNTTIJNJMBSMZ UP PUIFS "1 ("TVTJOHUIFTBNF QSPDFTT UFDI
OPU90OBMJ[FE BTJIJNQMFNFOUBUJPO QSPCMFNT QSFWFOUFE JUTDPN
DPODMVEFT XJUIBDPNQSFIFOTIWFTVNNBSZBOEPVUMPPL

*OEJFTFS"SCFJU XJSEEJF4USBIMVOHTFNQY9OEMJIDILFIJUEFT OFVBSES
VOUFSTVDIU ;VOeDITU XVSEFFJOF &JO+%ISVOHJO 4USBIMVOHTFS8FL
JTDIF ,PNQPOFOUFO HFHFCFO HFGPMHU WPO FJOFNLVS[FO &®CFSCM
%JF YaCMJIDIFO &MFNFOUF JO "1("T XFSEFO EJTLVUJFSU HFGPMHU \
&MFNFOUFO TPXJF FIJOFT ceCFSCMJDLT “CFSEFO 4PQXBSF %FTJHO '
*N"OTDIMVTT XJSEEJF &OUXJIJDLMVOH FJIJOFT 1$#T +¥%S #FTUSBIMVOH
7JFS ,PNQPOFOUFO EFT (BUF.BUF XVSEFO XalISFOE ESFJ 4USBIM?
FIOF #FODINBSL 4DIBMUVOH VNEJF4USBIMVOHTFNQOY9OEMJDILFJL
HFUFTUFUFO "1 ("T[VWFSHMFJDIFO %JF5FTUBSDIJUFLUVS CFTUFIU |
'1(" EFTTFO "VGHBCF FTJTU &JOHBCFO BO EBT %65 [V MJFGFSO VC(
%IF+%SBMMF5FTUT FOUXJDLFMUFO %65 VOE 5&45&3 %FTJHOT XF
XFSEFO EJF XelISFOEEFS #FTUSBIMVOHTLBNQBHOFO FS[JFMUFO &SH
(BUF.BUF '1("=®IOMJDIF XJFBOEFSF'1("TNJUWFSHMFJDICBSFS 1SP|
EFS#FODINBSL 5FTU XVSEF OJDIU 90BMJTJFSU EB 1SPCMFNF CFJ EFES
WPSHFHFCFOFO ;FJUSBINFO WFSIJOEFSUFO %JF"SCFJUTDIMJFYU N
VOE FIOFN"VTCMJDL BC

,FZXPSET1(" SBEJBUJPO RVBMJ9DBUJPO $&3/ -)$ (BUF.BUF
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|l ntroducti on

3BEJBUJPO UPMFSBODF QMBZT BO JNQPSUBOU SPMFJO UIF VTF PG
FOWJSPONFOUT TVDI BT PVUFS TQBDF OVDMFBS SFBDUPST PS QB
DPNQPOFOUTJTUIFSFGPSFBDSJUJDBMUBTL XIFOEFTJHOJOHTZTUF
SBEJBUJPO IBSEFOFEEFWJDFTBSFBWBJMBCMF JUJT NPSFDPTU F8F
DPNQPOFOUT XIFOVTJOHEFWJIJDFTJO IJHI RVBOUJUJFT 5IFSFGPSF
MJGFUJNF PG $054 DPNQPOFOUTBMMPXT FOHJOFFSTUP FTUJNBUF
FOBCMFQSFWFOUJWF SFQMBDFNFOU JOUFSSFTUSJBM BQQMJIDBUJF
5/F GPDVT PG UIJTNBTUFSRTUIFTIJT MJFTPOUIFQBSUJDMFBDDFMF
QIZTIJDT MBCPSBUPSZ 'JHVSF TIPXTBMMBDDFMFSBUPST PQFSBU

Neutrino |
Platiorm

'
'
:

LHC

TT42

SPS

AWAKE
T2 E
HiRadMat
ET TT66
b MEDICIS
AD
ISOLDE
[ preene e,
" REX/HIE- :  FEast Area
o : ISOLDE :

H
- i

2001/2015 ; /-|—C H

: :

} .

TOF / H T .
2001 | o S : ]
) 1959 (626 m) | A !

LEIR
2 '

P H (hydrogen anions) p ions P RIBs (Radioactive lon Beams) } P (antiprotons b e (electrons) P p (muons)

LHC - Large Hadron Collider /# SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator // CLEAR - CERN Linear
Electron Accelerator for Research // AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnlLine // REX/HIE-ISOLDE - Radioactive
EXperiment/High Intensity and Energy ISOLDE // MEDICIS / LEIR - Low Energy lon Ring /# LINAC - LINear ACcelerator //

/! HiRadMat - High-Radiation to Materials // Neutrino Platform

'"JHVSFOWFSWIFX PG UIF $&3/ BDDFMFSBUPS DPNQMFY JO <



5IFTF BDDFMFSBUPST QSPEVDFB NJYFE SBEIBUBPO B ANWVEPDANQP T
A< OFVUSGPQIPOTQIPUP®BODE QSMUROT 5IF NBJO GPDVT PG $&3/JT Ul
PG QBSUJDMFT XIJDINBLFVQUIFVOJWFSTF UIFJSPSJHJOT BT XFM
QBSUJDMF BDDFMFSBUPSTNFOUJPOFEBCPWFBSFVTFE "TUIF OBNF "
PG QBSUJDMFT FH QSPUPOT UPBDFSUBJO TQFFECFGPSFJOJUJ
CFUXFFO UXP CFBNT PSCFUXFFOBTJOHMF CFBN BOE BUBSHFU

5/F NBJO BDDFMFSBUPS JOVTFUPEBZJTUIF-BSHF)BESPO $PMMJEF
QSPUPO CFBNT POFDMPDLXJTFBOE POFDPVOUFS DMPDLXJTF BSF |
IJHI FOFSHJFT SFTVMUJOH GSPN TVDIBDPMMJTJPO SFQMJDBUF Ul
CBOH 5P QSPWJEF UIF -)$ XJUI B QSPUPO C)FB NZ OFRHBRO W R RE SRIM
BOFYUSBFMFDUSPO BSF 9S7TADBOBFMFSBIBEENPMFSBUPS -JOBD
TFOU JOUP UIF 1SPUPO 4ZODISPUSPO #PPTUFS 14# 51JTBDDFMFSE
IZESPHFO BUPNT MFBWJOH POMZBCFBN PG QSPUPBDEIPKFBNHRE L
JOUPUIF1SPUPO 4ZODISPUSPO 14 "OBEEJUJPOBMBDDFMFSBUJF
FOFSHZ(FGCFGPSF GFFEJOH UIF CFBN JOUP UIF4VQFS 1SPUPO 4ZODIS
JTTQMJUVQ GPS JOKFDUJPO UP UIF -)$(FAC ZTUGK & U4 F'SOBWIF F V- SB B
QSPUPOT VOEFSHP B 90 B BEDOFAGFSBRINM MOEJFOH BBBAPPBMEGFSH
UIFGPMMPXJOH GPVS FYQFSJNFOUT

e"-BSHF *PO $PMMJEFS &YQFSJNFOU "-*$& " EFUFDUPS EFTJHC
NBUUFS BUFYUSFNFFOFSHZEFOTJUJFT RVBSL HMVPO QMBTNB

e"5PSPJEBM-)$"QQBSBUV4 "5-"4 "HFOFSBM QVSQPTFEFUFDUPS
EJBFSTGSPN $PNQBDU .VPO 4PMFOPJE $.4

e$.4 "HFOFSBM QVSQPTFEFUFDUPS XIPTFUFDIOJDBM IJNQMFNF(

€-BSHF )BESPO $PMMJEFS CFBVUZ -)$C "EFUFDUPSEFTJHOFE UP
FYQMBJO UIF TMJHIU EJBFSFODFT CFUXFFO NBUUFS BOEBOUJNB

"TBOPUFXPSUIZFYBNQMF UIF"5-"4 BOE $.4 FYQFSJIJNFOUT CPUI E

< >< > 51JTQBSUJDMFJT SFTQPOTJCMFGPS HIWJOH NBTT UP Ul
*OBEEJUJPOUP UIF QSPDFTT EFTDSJCFEBCPWF PUIFS GBDJMJU
GSPNUIFWBSJPVT BDDFMFSBUPST 5I1JTJTFYQMPJUFECZUIF $&3/)
$)"3. GBDJMJUZ BOJSSBEJBUJPOJOGSBTUSVDUVSFEFEJDBUFE UP L
JOUFOEFE GPSVTFJOUIF -)$

"1("TBSFLFZDPNQPOFOUTPG $&3/RTBDDFMFSBUPS FMFDUSPOJDT
JOUFHSBUFE DJSDVJUT *$T XIPTFGVODUJPODBO CFDPO9HVSFE Ul
NBJOMZ PG DPO9HVSBCMF MPHJD CMPDLT $-#T JOQVU PVUQVU *
3".T #3".T BOEDMPDLJOH SFTPVSDFT QIBTF MPDLFE MPPQT 1--T
TUSVDUVSF 51JTBMMPXTBDVTUPN EJHJUBM DJSDVJUUP CFEFTJHOI
BOBQQMJIJDBUJPO TQFDJ9D JOUFHSBUFE DJSDVJU "4*$ XIJMF SFUB
DJSDVJU

OOFPGUIFCIJHHFTUUISFBUT UP FMFDUSPOJDT JO BO FOWJSPONF
%FQFOEJOHPOUIFUZQFPG SBEJBUJPOBOEUIFFMFDUSJDBM DPNQ
'PSFYBNQMF B NFUBM PYJEF TFNJDPOEVDUPS 9FME F8FDU USBOT
QBSUIJDMFJOUIFJOTVMBUJPO MBZFS CFUXFFOUIFHBUFBOE UIF TV
UIF DJSDVJU DPOOFDUFE UP JU .FNPSJFT PO UIF PUIFSIBOE DBO F
TUPSFEJOGPSNBUJPO *OBEEJUJPO UIFCFIBWIPSPGDPNQPOFOUT



FYQPTVSFUP SBEJBUJPO XIJDIDBO MFBEUP QSFNBUVSF GBJMVSF
UZQFTPGFSSPST JUJTBMTPJIJNQPSUBOU UP VOEFSTUBOE UIFIBSE>
"U$&3/ UIJT SBEJBUJPO IBSEOFTTBTTVSBODF 3)" QSPDFTTDVTULI
NFOUFEJO< >BOEDPOTIJTUT PG TFWFO QIBTFT 'JHVSF

'JHVSF3)"QSPDFTTVTFEBU $&3/GPSDVTUPN CVIMUFMFDUSPOJD TZT
GSPN< >XJUINJOPSDIBOHFT

*O1lIBTBIFUPQ MFWFM SFRVJSFNFOUTBSFFYUSBDUFE GSPN UIF T2
TUBSUJOH QPJOU GPS UIFB)JFQSPOBFT$SBISBIPFTINVMBUJPOT UP DBM
FOWJSPONFOU *OQBSBMMFM UIFNBYIJNVNBMMPXBCMFDPNQPOF
UIFSFRVIJISFE MJGFUJNF BS5SHBREIMEIEY BMBOFNQPOFOUT PG UIF TZT!
GPSEJ8B8FSFOUNFUSJDT UPUBMJPOJ[JOHEPTF 5*% EJTQMBDFNFC
FUD JO1BFRFFUFTUT BSF QFSGPSNFEBU JOUFSOBMBOE FYUFSO
1BVM 4DIFSSFS *OTUJUVUF 14* GPS UIFDPNCJOFES*®DP®VI TALI&T U
PGUFTUJOHUIF FOUJSFTZTUFNJO B NJYFE 9FME BT DBOCF GPVO
QBSUJDMF TQFDUSVN PG UIJT 9FME JT TINJMBS UP UIBU PG UIF -)$
DPNQMFUFE TVDDFTTGVMMZ UIFFMFDUSPBOE UZF SFE VM BEG £CG EFNBAP
CFNPOJUPSFEJO 1IBTF

'"PSUFTUJOHUIF SBEJBUJPOTFOTJUJWJUZ PG '1("T UIFDMBTTJD NF
JO< > &BDIJOEJWJEVBM QBSUPGBO '1(" FH UIF:JQ :PQT "'T J
UFTUFE XJUIBTQFDJ9D UFTUEFTJHO TP UIBUUIFDPNQPOFOU XJTF
I JMFUIFTFUFTUT HIJIWFBO JOEJDBUJPOPGUIFTFOTJUIJWJIUZ PG Ul
SFBMJTUIJD PWFSWIFXPGUIFQFSGPSNBODF XIFOJNQMFNFOUJOHBO
BMTPBVHNFOUFE XJUICFODINBSL CBTFEDIBSBDUFSJ[BUJPOT #FOL
JO< > DBOCFVTFEGPSUIJTUBTL BTUIFZSFQSFTFOU SFBM XPSM
CFUXFFO '1("TGSPNEJ8B8FSFOUWFOEPSTPSWBSZJOHJNQMFNFOUBU

51JT NBTUFSRT UIFTJT EPDVNFOUT UIF SBEJBUJPO RVBMJ9DBUJP
'1(" EFWFMPQFE CZ $PMPFHOE $STINBOVGBD DWS¥ER® P X 1PXFS 4-1
(MPCBM'P\DPENSJMFNFOUBSZ NFUBM PYJEF TFNJDPOEVDUPS $.04 Q
BOEDPOTJTUT NBJOMEWBHOFTISBEMMFEIOHXMBNRAOU B GE&T-T
QJOTDBOCFVTFEUP JOUFSGBDF XJUIUIF'1(" TVQQPSUJOH TJOHMF
TZOUIFTJTJT QFSGPSNFEWJBUIFPQFO TPVSDGESBNEX®SE OB E WIF

I[UUQT DPMPHOFDIJQ DPN
IlUuuQT HMPCBMGPVOESJFT DPN
I[UUQT HJUIVC DPN :PTZT)2 ZPTZT



JNOMFNFOUBUJPOJTEPOFVTJOHBDVTUPN 1MBDFBOE 3PVUF 1 3

45"

'JSTU UIFSBEJBUJPO NBUUFSJOUFSBDUJPO NFDIBOJTNT BSF QST
USPOJD EFWJDFT 5IF(BUF.BUF "1("JTBQFSXBSETQSFTFOUFE CPU
TPOQXBSFEFTJHO :PX 51 JTJTGPMMPXFEVQCZUIFEFWFMPQNFOU PG
GPS SBEJBUJPO UFTUT 5IF1$#JTCBTFEPO UIF $&3/RBT $)"3. SBEJB!
JOUFOEFEGPSVTFJOUIF $)"3. SBEJBUJPOUFTUJOH GBDJMJUZ "O
BVHNFOU UIF (BUF.BUF FWBMVBUJPO CPBSE XJUIBO '1(".F[[BOJOF $B
UIFUFTUNFUIPEPMPHZVTFE GPS UIF SBEJBUJPOUFTUTJTEJTDVTTFE
DBNQBJHOTBSFQSFTFOUFE



Radi ati on Mechani sms an
on El ectroni cs

51 JTDIBQUFS JOUSPEVDFT BOE EJTDVTTFT UIFJOUFSBDUJPOT PG (
FMFDUSPOJD EFWJDFT *OQBSUJDVMBS UIFGPDVTMJFTPONFUBM P
%65'1("JTCBTFEPO $.04 UFDIOPMPHZ

*OUIF SBEJBUJPO DPNMWYRDW2ZITDVABEIN EFTDSIJICFUIFBNPVOU PG Q
UISPVHIBOBSFB QFS VORQSRINFOYASHF DVSSFOUMZ PCTFSWFE UZQ
QSPUPIFIUOUFHSBM PG UIF:VY PWFS B HIWRO/E ONBfeQ+F SUPEIFERPSEGFE E
UIFBCTESTGHFES JPOJ[JOH SBEJBUJPO QFSVOJUNBTTJT NFBTVSFE JO

2.1 ParticlelnteractionswithMatter
8IFONBUUFSJTTUSVDLCZB QBSUJDMF WBSJPVTUZQFTPG JOUFSI
EFQFOEPOUIFUZQFBOE FOFSHZPG UIFTUSJLJOH QBSUJDMF BT XF
JOUFSBDUJPO DBO CF EJW UFEWFBEOESBHE B IPEEEFNDQ/BRATOT| BSF EFTDSJCFI
JONPSFEFUBJMJOUIFGPMMPXJOHTVCTFDUJPOT

2.1.1 Phot ons

l1IPUPOT DBOJOUFSBDU XJUIBOBUPNWJBUISFFEJSB8FSFOUUZQFT P
VSF

'JHVSF*MMVTUSBUJPO PG QIPUPO NBUUFS JOUFSBDUJPO™



< / * 1

1IPUPFMFDUSJD FtFDU
*G UIF FOFSHZ PGsUTFTQNPIWPB®S UP UIF CJOEJOH FORSHZ BGIBO PSC
UIF QIPUPORT FOFSHZJTUSBOTGFSSFE UP UIF FMFDUSPO 5IFF
XJUI B LIOFUUDF OF SHE jox< >

$PNQUPO FtFDU
*GUIF FOFSHZPGUIFQIPUPO JTNVDIHSFBUFSUIBO UIFCJOEJO
QIPUPO DBO DPMMJEF XJUIUIF FMFDUSPO 5IF QIPUPO USBOTGF
SFTVMUJOHJOBO JODSFBTFJO UIF QIPUPORT XBWFMFOHUIBOE J
IBOE JT FKFDUFE GSPN UIF BUPN

1BJS QSPEVDUJPO
51JT JOUFSBDUJPO OFDFTTJUBUFT UIBU UIFUSBKFDUPSZ PG UIF Q
BOE UIBU UIF QIPUPOBT FOFSHZJT BAP WFSFI U ISIFINBMEP G BO
FMFDUSPO < > *OUIJTDBTF UIFQIPUPODBO MPTFBMM PG JUT F
QBJS

2.1. 2 Neutrons

#FDBVTF OFVUSPOTBSFFMFDUSJDBMMZ OFVUSBM UIFIJSPOMZ JOUF
TIPXOJO 'JHVSF SIFTFDBOCFTQMJUVQJOUPUIFGPMMPXJOH G

'"JHVSF*MMVTUSBUJPO PG OFVUSPO NBUUFS JOUFSBDUJP(

IFVUSPOBCTPSQUJPO
8IFOB OFVUSPO NBJOMZ UIFSNBM OFVUSINFTXDBCHE®G FOFEBZ B(
OVDMFVT UIFFOFSHZPGUIFOVDMFVTJODSFBTFT XIJDI MFBWFT
TUBUF UIFOVDMFVTNVTUMPTFFOFSHZ WJB QIPUPO FNJTTJPO
'‘JTTIPO
8IFOBOFVUSPOJTBCTPSCFECZBWFSZIFBWZBUPNJD OVDMFVT L
OVDMFJ BNTPIPBEOMMHEBHNF@QIPDFTT BMTP SFMFBTFT FOFSHZ JO U
*OFMBTUJD TDBUUFSJOH
4IJNIJMBS UPUIFBCTPSQUJIJPO QSPDFTTEFTDSJCFEJO UIF9STU QS.
CZUIFOVDMFVT S5IFOVDMFVTUIFOFNJUTBOFVUSPO PG MPXFS F
CFDPNFTFYDJUFE 51JTFYDJUBUJPOTUBUFJTUIFOMFQ WIJIBOQIP

&MBTUJD TDBUUFSJOH

"QFSDPMMJEJOH XJUIBOBUPNJD OVDMFVT UIFOFVUSPO USBOT
#PUIBSFBEEJUJPOBMMZ TDBUUFSFE
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2.1.3 ChargedParticles

$IBSHFE QBSUJDMFT TVDIBT QJPOT QSPUPOT LBPOT NVPOTFUD
DIBSHF $ "TBSFTVMU UIFGPMMPXJOH $PVMPNCJBO JOUFSBDUJPO
QBSUJDMFT DPMMIJEF XJUINBUUFS

'JHVSF*MMVTUSBUJPO PG DIBSHFE QBSUJDMF NBUUFS JOUF.

#SFNTTUSBIMVOH
8IFOB MJHIUQBSUJDMF GPSFYBNQMFBO FMFDUSPO QBTTFT Of
DIBSHFPGUIFOVDMFVTDBO EF:FDUUIFFMFDUSPORT USBKFDUP S
FMFDUSPO HFUT SFEVDFE XIJDISFTVMUTJOUIFFNJTTJPO PG B C

*POJ[BUJPO
8IFOBQBSUJDMFUSBWFMTOFBSBOPSCJUJOHFMFDUSPO BOE JUT
PGUIFPSCJUBM FMFDUSPO UIFPSCJUBM FMFDUSPOJT FKFDUFE

&YDJUBUJPO
8IFOBQBSUJDMFDMPTFUPBOPSCJUJOHFMFDUSPOBOEJUT FOF
Ulr PSscCJuB™Mm FMFDUSPO UIFPSCJUBM FMFDUSPOJT FYDJUFE U
FMFDUSPO XJMM MFBWF UIJT TUBUF PG FYDJUBUJPO DBVTJOH JL

*OBEEJUJPOUPUIF $PVMPNC JOUFSBDUJPOTNFOUJPOFEBCPWF DI
JOUFSBDUJPOT XIFOJOUFSBDUJOH XJUINBUUFS

2.1.4 Energy Lossthroughlnteractions

*OUIFDBTFPGJPOJERSGFPW JREMBEER® EFTDSJCF XIFOUIFJPOJ[B
CZUIFJOQR$ERBBZ QBSUUDPOBESUIJDMFT HFOFSBUFE CZ UIF JOJUJBM
FOFSHZ UIFOUIFFBPPEBYMM@®OSBIMDMBEBVTF GVSUIFS JPOJ[JOH JO
DBMINOFEEJSFDU JP@OUIBWBEBSHFU NBUUFS UIFQSJIJNBSZ QBSUJDMFRT JC
FOFSHZ PG UIFQBSUJDMFJTUIFIJHIFTUBUUIJT TUBHF < > 5IFFO
HSPVI®DJ[JOH FOFSBHXBWRTIP©&8{JOH FOFEHDVPBD CREJTUJOHVITIFE
GPMMPXJOHDIBSBDUFSJTUJDT

*POJ[JOH FOFSHZ MPTT
&OFSHZMPTUUPJPOJ[JOHJOUFSBDUJPOT FH QIPUPFMFDUSJI
/PO JPOJ[JOHFOFSHZ MPTT

&OFSHZ MPTU UP OPO JPOJ[JOH BOE OVDMFBS JOUFSBDUJPOT
FYDJUBUJPO BCTPSQUJPO 9TTJPO JOFMBTUJD BOE FMBTUJD TI
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8JUIFBDIJOUFSBDUJPO FOFSHZPGUIFJODJEFOU QBSUJDMF JT SF
BNPVOU PG FEEQRZ HMFPTTWB O EFJTSBWBROWHEE MB CZBBFOFSHZ USBOTG
X1JIJbl JOJUTHFOFSBM GPSN JTEF90OFE CZ

EG LF7.

E' DN

5|lF SBUFPGUIFQBSUJDMFRT FOFSHZMPTTEVFUPUIFWBSJPVTJOU|
{PGUIFTUSVDLNBUFSJBM 5I1JT SFTVMBT EGUYOFEBDOT TUPQQJOH QP

a

b - 5 F7.

a. E'jrg. HDRN

1BSUJDMFT UIBUBSFBS8FDUFECZUIFTUSPOH OVDMFBS GPSDF J F
FOEPGUIFJS QBUIUISPVHI NBUASBSI KKKPBUT DBMMFE UIF
%FQFOEJOH PO UIFUZQF PG JOUFSBDUJPO UXP UZGFJ®96 EBNBH

8l JMF GPS DIBSHFE QBSUJDMFT UIF $PVMPNCJBO JOUFSBDUJPOT
OFVUSPOT NBJOMZDBVTFEJTQMBDFNFOU EBNBHF < >

2.2 Radi ationEffectsonEIl ectronics

SIJTTFDUJPOJOUSPEVDFTUIFF8FDUTUIBU QBSUJDMFT DBO IBWF PO
JODNNVMBUIBERIESOIWT UIFGPMMPXJOH DIBSBDUFSJTUJDT

$VNVMBUJIWF FtFDUT
"TUIFOBNFJNQMJFT DVNVMBUJWF F8FDUT BSFBDDVNVMBUFE VQ
BSFDBVTFECZ %% BOE5*% "MUIPVHI OPUJNNFEJBUFMZ WJTJCMI
PGUIFDPNQPOFOURTJOUFSOBM QBSBNFUFST GPSFYBNQMFB TI
PGB .04'&5

4JOHMF FWFOU FtFDUT

"TIJOHMF QBSUJDMF JOEVDJOH BO *&-DBO MFBE UP 4&&T XIJDI
OPO EFTUSVDUJWFF8FDUT SIFTFEPOPUDIBOHFUIFDPNQPOFOU|

4JODFUIF %65 JTCBTFEPO $.04 UFDIOPMPHZ UIFGPMMPXJOH FYC
UZQF PG EFWJDF

2.2.1 TIDEffect s

5/F 5*% BCTPSCFECZBNBUFSJBM XIFO IJU RZUJRISE YOM B DPTOBFRDTFEP I
N "®(ZH.F7
(z

Ugeog (z+”—{”h{ 0 Eu (2
5IF 5*% F8FDUT JO .04'&5T BSF DBVTFE CZ #BORYJIGH VMBUFSE PGB
USBOTJTUPS BOEUIFTQFDJ9D MBZFS BS8FDUFEEFQFOET PO UIFVTEF
HBUF PYJEF UIJONOWIDI BT UIPTFVTFEBT* OUSBOTJTUPSTJO "1("T Ul
CFUXFFOUIFHBUGMRBOBBSFGBDF < > .PEFSO $.04 QSPDFTTFT PO UIF P
HBUFPYJEFUIJDLOFTT SFTVMUJOHJOBIJHIFS FMFDUSPO IPMF NP
FSFDUTJO UIF HBUF PYJEF < > )PXFWFS UIFZBSFTVCKFDU UP 5%%
45* PYJEF S51JTPYJEFJTVTFEBUUIFTFQSPDFTTOPEFTUPJTPMBUF
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BMBSHFPYJEFUIJDLOFTT< > *OUIFPYJEFPGB.04'&5 VQPO HFUUJ
FI1 QBIJSTBSFHFOFSBUFE 51JT SFTVMUTJOBDIBSHF CVJME VQ J(
BGPSFNFOUJPOFE EFHSBEBUJPO PG EFWJIDF QBSBNFUFST
$POTJEFSJOHBO/ DIBOOFM .04'&5BTBOFYBNQMFPGUIFF8FDUTPO
BOFMFDUSJD 9FME JT4B Q(UBVFFREEBISIPOHTIAAENBM PQFSBUJPO 51IF GPMN
BQFSBOJPOJ[JOHJOUFSBDUJPO 'JHVSF

'JHVSF4USVDUVSFPGBOO DIBOOFM .04'&5 VTFE WPOEBODEFSCBDIFF 5*% F &
XIJDIJTTIPXOJO UIFNBHOJ9FEWJIJFX PO UIFMFQ BOEI&EXWBEFSTBSFB C

FI1QBJSTBSFHFOFSBUFECZUIFJNQBDU

4PNFF IQBJST SFDPNCJOFBQFSBTIPSUBNPVOUPGUJNF XIJM
BOQMJFEFMFDUSJD 9FMEBOE UIF SFTVMUJOHESJQ QSPDFTTFT 5
SFGFSSPEBIFHEFTZIFME

SIFTFQBSBUFE FMFDUSPOT EVFUPUIFIJSIJHINPCIMJUZ FTDBQI
UIFTMPXFSIPMFT ESIQMBISPSHPYBSEIOUIF TVCTUSBUF
A4PNFIPMFTDBOCFUSBQQFE POYUEFRSEFT MFBEJOH UP

JPMFT USBWFMJOH UISPVHI UIF PYJEF BMTP SFMFBIDB4AQSPUPOT
JOUFSGBDF SIHRGFRESKGBBRMNMESBQT

#PUI USBQT TIJQ UIF WPMUBHF UISFTIPME PG UIF EFWJDF *O BE
SFEVDUJPOJO UIFNPCIMJUZPGUIFDIBSHF DBSSJFSH® XIJDIJO
DVSWF < >

B"QIPUPO IJUT QBSU PG USFHMBMFDUSPO USBWFMTDEBBRQRHABUFMFT GPSN PYJEF US
PYJEF DSFBUJOHBO FMFDIUBFQ IP MVPAVMEFEEISIQT UP O)F XJIIMPUIFUSBQQFE QSPUPOT
JOUFSGBDF SFMFBTJOH @GBB®SOGBDE USBQT

'JHVSF5*% FBFDUTJOBO O DIBOOFM .04'&5
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S5IF5*% F8FDUTJOUIFHBUFPYJEFTPGCPUIQ.04BOEO.04USBOTJTUI

Q.04
)JHIFS WPMUBHF SFRVJSFE UP DSFBUF BO JOWFSTJPO DIBOOF!
USBOTJTUPSJTIBSEFSUP UVSOPOUXPSTUDBTF USBOTJTUPS T
0.04
-PXFS WPMUBHF SFRVJSFE UP DSFBUF BO JOWFSTJPO DIBOOFN
USBOTJTUPSJTFBTJFSUP UVSO PO UXPSTUDBTF USBOTJTUPS "

OOF UIJOH UP OPUF IFSFJT UIBUUIF WPMUBHF UISFTIPME PG UIF |
QSF JSSBEJBUJPOWBMVFJG UIFBDDVNVMBUFE EPTFJT IJHI FOPVHI
PDDVSTBQFS B E2LUFLRB

SIFBGPSFNFOUJPOFE F8BFDUT PG UIF WPMURBHFR MRQBROEMA FESFENVOTU
UIJDLHBUF PYJEFT OO UIFPUIFSIBOE UIF5*% FS8FDUT JO NPEFSO .
JOUFSGBDF CFUXFFO UIF 45* PYJEF BOEUIFDIBOOFM )FSF UIFDIBSH
45* DBOMFBEUPBDVSSFOU :PXCFUXFFO ESBJOBOE TPVSDF PG UIF I
PG MFBLBHF DVSSFOU 'JHVSF

'JHVSF-FBLBHF DVSSFOU JOEVDFECZ5*% FS8FDUT JO UIF 45* P

2.2.2 DDEffect s

60OMJILF5*% FBFDUT EJTQMBDFNFOU EBNBHFJTDBVTFECZ/*&- BOE T
FOUJSFEFWJIJDF EJTQMBDFNFOU EBNBHFJTBMTP B WPMVNFUSJD F8F
OVDMFVTJOUIF TENJDPOEVDUPS MBUUJDF EJTQMBDJOH JU GSPN JU"
JOUIF MBUUJDF SFTVMUJOHJOBTZNNFUSJFT UIBUDIBOHF UIF CFI
EBNBHFEPTF %9%% JT DBMDVMBUFE VTJOH

10
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a u
l:l%% p—{h l:l (<Z>
'"JHVSF JMMVTUSBUFT UIF GPVS UZQFTPGEFGFDUWNBRIDBODBO C
EFGFDUJT XIFSFBTIJMJDPO BUPNJT NJTTJOH GSPN UIF MBUUJDF
EJWBDB®BEZIJTQMBDFEBUPNJT MPDBUFECFUXFFO UIF MBUUJDF J F
JOUFSTUOOBMBWN B DPNCJOBUJPOPGBWBDBODZOBEMEXBJIJOUFSTUJUJ

'"JHVSFOWFSWIFX PGUIFEJTQMBDFNFOU EBNBHF EFGFDU UZ

SIFEJTQMBDFE OVDMFJDSFBUFUSBQTUIBUEFHSBEF QSPQFSUJFT
BOEUSBOTQPSUBUJPO *OBCJQPMBS KVODUJPO USBOTJTUPS #+5 (
SBUF MFBETUPBOJODSFBTFJOUIFCBTFDVSSFOU "TUIFDPMMFDU
HBJO PG UIF #+5 JT SFEVDFE < > .04 EFWJDFTBSF HFOFSBMMZ MFT
FS8FDUT CFDBVTFUIFIJSBDUIJWF SFHJPO J F UIFBSFBCFUXFFO UI
51JT SFTVMUT JO B WFSZ TNBMM BDUJWF WPMVNF JO XIJDI UIF EJTC
*OBEEJUJPO EJTQMBDFNFOU EBNBHFNBJOMZB8FDUT NJOPSJUZD
EFWJDFT POUIFPUIFSIBOE BSFCBTFEPONBKPSJUZDBSSJFST 5I1F
UPUIJTUZQF PG EBNBHF

2.2.3 Single-Event Effects

$PNQBSFEUPUIFDVNVMBUJWF F8FDUTEFTDSJCFEBCPWF XIJDIBDD
4&&T PDDVSJOTUBOUBOFPVTMZ 51IFPVUDPNFPG TVDIBO FWFOUD
SFTVMUJOH JO VOEF9OFE CFIBWJPS B:JQQFECJUJOBNFNPSZ PSF
EFWJDF "TBQBSUJDMFQBTTFTUISPVHINBUUFS JUXJMM MPTF B C
EFTDSJCFEJO 4FDUJPO 5FIJPOJ[JOHJOUFSBDUJPOT MFBE UP B
MFBET UP JOUFSOBM USBOTJFOUDVSSFOUTEVFUPESJQ QSPDFTTI
IBQQFOTJOBDSJUJDBM SFHIPOTTVDIBTBQ OKVODUJPO EFTUSVDL
EFTUSVDUJWF 4&&T BSF

4JOHMF FWFOU MBUDI VQ 4&-
"MPX JIJNQFEBODF QBUI JT DSFBUFE JO UIF EFWJDF CFUXFFO QI
PXUISPVHIUIJT QBUIFYDFFETUIF SBUFEDVSSFOUEFOTJUZ F
DPOEVDUJWF FMFNFOUTPS UIF FOUJSFEFWJDF OQOUIFSXJTF UIFM
CZBQPXFS DZDMF

11
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4JOHMF FWFOU CVSOPVU 4&#

"DIBSHFE QBSUJDMF DBO DBVTF B TFDPOE CSFBLEPXO JO UIF .0

UISPVHIUIFUSBOTJTUPS *GUIJTGBVMUJT OPUDMFBSFE UIF USE
EFTUSPZFE

4JOHMF FWFOU HBUF SVQUVSF 4&(3
"DIBSHFE QBSUJDMF DSFBUFT B MPX SFTJTUBODF QBUIJO UIF F
DIBSHFTQSPQBH®ORBBE®BEOF UIVT JODSFBTJOHUIFFMFDUSJD 9
UIF9FME TUSFOHUIJTIJHIFOPVHI JUDBO MFBEUP UIF EFWJDFR®

S5IFOPO EFTUSVDUJWF 4&&T BSF

4JOHMF FWFOUVQTFU 4&6

5IFMPHID TUBUF PG BNFNPSZDFMMDBOCFJOWFSUFECZBO JOD.
FSSPSDBOCFDPSSFDUFECZ SFXSJUJOHUIFNFNPSZ

.WVMUJQOMF FWFOU VQTFU .&6
.&6TBMTP B8FDUNFNPSZDFMMT #VUJOTUFBE PG IJUUJOH POF NI
DFMMT TJEF CZ TIEFBOEJOWFSUUIFIJSTUBUFT S5IJTJTBMTP DE
4JOHMF FWFOUUSBOTJFOU 4&5
"CSIJFGWPMUBHFTQJLFJTJOEVDFEJOUPUIFTZTUFN %FQFOEJO
UIJTFBFDUNBZOPUBMXBZTCFWJTJCMF GPSFYBNQMFJGJUJT OI
4JOHMF FWFOUGVODUJPOBM JOUFSSVQU 4&'*
"QBSUJDMF TUSJLFDBVTFTUIFTZTUFNUPHPJOUPBOPO GVODL

BOFSSPS NBZPDDVSBQFS TPNFUJNF NPTUTZTUFNT SFRVJISF FY
PSQPXFSDZDMF < >

2.3 CharacterizationStandards

5|FDIBSBDUFSJ[BUJPO PG SBEJBUJPO F8FDUTJTUIFTVCKFDUPGTFW

BOQMJIJDBUJPOT 'PSFYBNQMF UIF &VSPQFBO 4QBDF"HFODZ &4" EFU
JO< >

AJTTIPOBOBMZTIT %F90OJUJPO PG UIFNJTTJPO FOWJSPONFOU B
'"FBTJCIJMJUZ 1SFMJIJNJOBSZ SBEJBUJPO DIBSBDUFSJ[BUJPO UP |
1SFMIJNJOBSZEF90JUJPO %F90OJUJPO PG FMFDUSPOJD EFTJHO
%FUBJMFE EF90OJUJPO 1FSGPSNJOHPG SBEJBUJPO DIBSBDUFSJ
UvBMJ9DBUJPO BOE QSPEVDUJPO 3BEJBUJPOUFTUT PO :JHIU MF

5lFUFTU QSPDFEVSFTVTFEGPS UIFBGPSFNFOUJPOFE SBEJBUJP!

&VSPQFBO 4QBDF $PNQPOFOUT $PPSEJOBUIBO® BR&4$S$ < > XIJDI
EFBM XJUI 4&&T %% F8S8FDUT BOE 5*% F8E8FDUT SFTQFDUJWFMZ S5IFTF EF
WBMVFTUIBUFMFDUSJDBM EFWJDFTNVTUNFFUGPSVTFJOBO &4%$$ DI
UISFTIPMET EJBFS EFQFOEJOHPO UIFDVSSFOUNJTTJPO *OTUFBE U
UPRVBMJGZDPNQPOFOUT "TBOFYBNQMF &4%$$ EFUBIMT UIF GPM
DPNQPOFOUT SFHBSEJOHS5*% JOBTQBDFDPOUFYU

12
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4FSIJBMJ[FUIFUFTUTBNQMFT
.FBTVSFFMFDUSJDBM EFWJDF QBSBNFUFSTBU SPPNUFNQFSBUYV
*SSBEJBUFUIFTBNQMFTBUB QSFEFUFSNJOFE EPTF SBUF UP UIF

.FBTVSFFMFDUSJDBM EFWIDF QBSBNFUFSTBU SPPNUFNQFSBUVS
FYQPTVSFTBSFTQFDJ9FE SFTUBSUJSSBEJBUJPO TUFQ

"OOFBM EFWJDFTBU SPPNUFNQHFS\BUIVSF VOEFS CJBT GPS
.FBTVSFFMFDUSJDBM EFWJIJDF QBSBNFUFSTBU SPPNUFNQFSBUYV
4JNVMBUF BHJOH CZ BOOFBVOEHEEWIPEBES U

.FBTVSFFMFDUSJDBM EFWJIJDF QBSBNFUFST BU SPPNUFNQFSBUV!
BDDFQU UIF MPU

&4%$$ GPDVTJOH PO 4&& RVBMJ9DBUJPO EPFT OPU IBWF B EF!
TUBOEBSE TQFDJO9FT UIF SFRVIJSFNFOUT OFDFTTBSZ GPS UIF 4&& UF
'PSUFTUJOH FJUIFS QSPUPOT XFUBBE FEFPISZIEBWXRPOT XJUI B SB
PGBUMGEBIIQWTIMIDPO TIBMMCF VTFE 5IF %965 NVTUBMTP CF EFMJEE
GPSUIFCFBN S5IFUFTUIBSEXBSF GPS 4&6T TIBMM NPOJUPS CJTUB
QPTTIJICIMIJUZUPWBSZUIFEBUBTUPSFEJOUIFUFTUFE NFNPSZ DFMI
BMM FWFOUT BT XFMMBTUIFJSUJNFBOE MPDBUJPO 5P NJOJNJ[F U
TFUVQ TIBMMJEFOUJGZ 4&-TBOE QSPUFDU UIF %65 GSPN EFWJDF E
QPXFSDZDMF "MM EFWJDFPQFSBUJOHDPOEJUJPOTBSFUPCFUFT
TPQXBSFTIBMM EFUFDU MPHBOEDPSSFDUUIFTFGBVMUT 5FTUDPO
EFWIJDFUZQF PSBQQMJDBUJPO TQFDJO9D

'PSUFSSFTUSJBMBQQMJDBUJPOT +PJOU&MFDUSPO %FWJDF &0HJO
QSPWIJEFTHVJEFMIJOFT GPS QFSGPSNJOH SBEJBUJPO UFTUT GPS 4¢
DPTNJD SBZT *UBMTPJODMVEFTUFTUQSPDFEVSF SFRVIJSFNFOUT
UFTUJOH NVTU UPMFSBUF TUSBZ SBEJBUJPO FJUIFS UISPVHI TIJF
TIJFMEFEMPDBUJPO 3FDPNNFOEBUJPOTBSFBMTP HIWFO PO XI1JDI
BOEEFTDSJCFTUIFWBSJPVT NFUIPETIPX UP UFTU TQFDJO9D FMFNF
TIPVMECFBCMFUP EFUFDUUIF GPMMPXJOH F8B8FDUT

€e4&6TJOUIFDPO9HVSBUJPO 3". $3". UIF* OCMPDLT UIF:JQ :PQ
NFNPSZ 3". DFMMT

@4&5TJOUIF:JQ :PQT
24&'*T JOUIF MPHJD CMPDLT UIF* 0OCMPDLTBOEJO UIFDPO9HVSE
84&-TJOUIFFOUJSFEFWJDF

'PVSUZQFTPGUFTU QSPDFEVSFTBSFEFTDSJCFEJO UIF TUBOEB S
QBSUJDMFUFTU BOBDDFMFSBUFE IJHI FOFSHZ OFVUSPO UFTU BOE
PGUIFTF MJTUFEUFTUTJTVTFEUP FWBMVBUF UIFSFTQPOTF PG UIF
JOEVDUJPO WFDUPS

SIF9STUNFUIPE SFBM UJNFUFTUJOH JTUIFNPTUEJSFDU XBZ UP R\
SIFEFWJDFJTQMBDFEVOEFSOPSNBMPQFSBUJOHDPOEJUJPOTBOEN
TIHOJ9DBOU OVNCFS PG GBVMUTJOB SFBTPOBCMFBNPVOU PG UJNF
EFWIJDFTJO QBSBMMFM TJODFUIFOVNCFSPG GBYVMUT TDBMFT MJOI

%VSJOHNBOVGBDUVSJOHPGFMFDUSPOJD EFWJDFT NBUFSJBMTDP
6 BOEUIPSIV® QBDLBHJOH NBUFSJBMIPR® YFBEBOMNTPMEFS UJO D
4&&TJIJOUIFTFEFWJIJDFT 5PEFUFSNJOFUIFEFWJDFRT TVTDFQUJCJI

13
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QBSUIJDMFUFTUJT SFDPNNFOEFE 51JTUFTU SFRVJSFTUIBUUIF TVS(
UIFBMQIBQBSUJDMF TPVSDF

$PTNJD SBZTPSJHJOBUJOH GSPNPVUFSTQBDFDBO FOUFS UIF &BSU
UIFBJS 51JTJOUFSBDUJPO QSPEVDFT B DBFBH8ETFWS: 8 KRDIAINNIDHSEE
DPOTJTUNBJOMZPGOFVUSPOT CVUBMTP QSPUPOTBOEQJPOT 8IFO
EFWJIJDFTVTJOHUIF NFDIBOJTN EFTDSJCFEJO 4FDUJPO 4&&T DBO
UFTUJTTQFDJ9DBMMZ EFTIJHOFEUPBDRVJSFUIFTFOTJUIJWJUZ PG U
SBZT 5IFTUBOEBSEDPOTJEFST BMMQFs¥Y SF OB TXHU | BADFS®IZ SHRZVRIG P (
%FEJDBUFE IJHIFOFSHZ QBSUJDMF CFBN GBDJMJUJFT DBO QSPWJEF
GPSTVDIBUFTU

/IFVUSPOT XJUI BO FO INSHE SWRY/BRMWWEREB M O B VRZSPP®IJHIJOBUF GSPN DP
SBZT UIBU IBWF SFBDIFE UIFSNBM FRVIJMJCSJVN XJUIUIFJS FOWJSP
DBVTF 4&&T EJSFDUMZ CVU OFVUS# ®BOMVFBEWPOWIZIAASPO JOUP I3}

QBSUJDMFT BT TIPXOJO < > 5IFTFJPOJ[FEQBSUJDMFTDBO UIF
O #7/B -J .F7 )F .F7 m F7
O #7/B -J .F7 )F .F7

5SBDFEPBO CFQSFTFOUJO UIFQPMZTJMJDPO BOE TVCTUSBUF EP

TPVSDFT UIBUNBZCFJO UIF EFWJDF< > 5IFSNBM OFVUSPO TPVSI
QBSUJDMF BDDFMFSBUPST PS EFEJDBUFE OFVUSPO HFOFSBUPST
TVCTEFRVFOUMZ SFEVDFE JO FOFSHZ "MUFSOBUJWFMZ OVDMFBS SF
UFTUJOH QVSQPTFT

*OBEEJUJPO +&%&$IBTQVCMITIFEUIF+&4% "< >BOE +&4% < >
UIFTBNFNFUSJDBT +&4% # JF UIFDSPTT TFDUJPO GPS 4&&T CVU
OFVUSPOT "TXJUIUIF &4$$ TUBOEBSETEJTDVTTFEBCPWF OP NBYJN'
EPDVNFOUTEFUBIJMUIFTUFQT BOE QSPDFEVSFTUPCF GPMMPXFE '
JODMVEJOHUFTUQSFQBSBUJPOBOEBOBMZTJT PG SFTVMUT 5I1F "4
BMTP QVCMJTIFE UFTU TUBOEBSET GPS SBEJBUJPO F8FDUT "45."
: < >GPS4&&T

14



GateMate FPGA

"O'1("JTBO*$ XIPTFJOUFSOBM GVODUJPOBMJUZJTEF90OFECZBOB
$PNQBSFE UPPUIFS FNCFEEFEEFWJDFT TVDIBTDFOUSBM QSPDFT
VOJUT (16T NJIJDSPDPOUSPMMFSTPS "4*$T "1("TTUSJLFBCBMBODF (
'FYJCIMJUZBOE VOJU DPTU < > 5IF POMZ NBKPS ESBXCBDL JT UIF |
HFOFSBM JU UBLFT NPSF F8PSU UP EFTJHO BO '1("BQQMJDBUJPO L
PS NJDSPDPOUSPMMFST < > #FDBVTF PG UIFBEWBOUBHFT EFTDSJ
DPNQVUBUJPOBMMZJOUFOTIJWFO9FMET S5IFTFJODMVEF CVUBSFOPU
> NBDIJOF MFBSOJOH < > EBUBDFOUFSBQQMJIJDBUJPOT <
5[1JTDIBQUFSEFTDSJCFTUIF $PMPHOF $1JQ (BUF.BUF $$(. " '1("JO
XI1JDIJTNBJOMZCBTFEPO "NBOP < > DPOTJTUTPGBOJOUSPEVDU.
5|F TFDPOETFDUJPO GPDVTFT PO UIF (BUF.BUF TQFDJ9D IBSEXBSF >
(BUF.BUF FWBMVBUJPO CPBSE

3.1 FPGAPri mer

"O'1("JTBO*$UIBUBMMPXTUIFVTESUPEF90FBDVTHEPRNJEAINDHEM DJ ¢
BIBSEXBSFEFTDSJQUJRIOTWE OMIBHF )BBEXBSF %FTDSJQUJIPO -BOH\
XJUI7)4*$ TUBOEJOH GPS 7FSZ)JHI4QFFE *OUFHSBUFE $JSDVJUT 5P E
JOBNBUSJY XJUIQSPHSBNNBCMF JOUFSDPOOFDUT UP SFBMJ[F UIF
5/[FUZQJDBM DPNQPOFOUTPGBO '1("DBO CFEJWJEFE JOUP UIF GPMI

4P CMPDLT
5/F$-#T DPRBRBUQQ UBCAFPSTDPONCIOBUR QIBRRFIARRYFOUJBM MPHJ
TPNFUGNMM BEEGBS BEEJUJPO SIFTF TREPOMBBIWFAIBMMFD JOD
GVODUJPOJTOPUTFUJOIBSEXBSF CVUJTEF90OFE EVSJOHUIFE
)BSECMPDLT
5IFGVODUJPOBMJUZPGUIFTFCMPDLTIJTO9YFEJO TIMJIDPO XJUI
BSFPQUJINJ[FEGPSUIFJSTQFDJO9D BQQMJDBUJPE 1EAMVBANNFNDRITT P C
FNCFEEFE3HI TQROFEMPDDT
$MPDLJOH SFTPVSDFT
5|FTFDPNQPOFOUTL-GPCSBRYBANGQWFTJ[F EJ8S8FSFOU DMPDL GSFR\
GSFRVFODZ BOEBMTP SFEVDF KJUUFS PO UIFDMPDL MJOFT
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"TNFOUJPOFEBCPWF UIFEFTJHOUPCFMPBEFEJOUPUIF"1("JT9:
SFDFOOHMAMFWFM TZQUPBTIIIFO-40 UIF DBTF PG BTZDA-IEFFDHOT UIF
DPOWFSWHUTRFS USBOHKHSSM QW FRO I-UP B HBUF MFWFM OFUMJTU >
OP WFOEPS QSIJNJUJWFTBSFVTFE BOEDPOUBJOTUIF XJSJOH JOGPSI
BEEJUJPO UIFJOGPSNBUJPO GSPNUIFQSFWIJPVTMZHFOFSBUFE OF
IBSEXBSF 51JT JUBMIT®PPIVBAVHENDSB QG YOHRQWB@ FIBOXISPVUBLFT UIF
PVYVUQVUGSPNUIFUFDIOPMPHZ NBQQJOH QSPDFTTBOE QMBDFT BMM |
'1("BTGBCSJDBOE SPVUFTUIFOFDFTTBSZDPOOFDUJPOT 5IF90BM T
EFTIJHOJOUPBCCOBSUS®NENDIBFO CF VQMPBEFE UP UIF "1("

3.1.1 ConfgurationMemory

S5IFEFTIHOVQMPBEFEUPUIF'1("JTTUPSFEJOJUTDPO9HVSBUJPO NF!I
GPS KIBTI NFNBPGUZIBGHUWFBUJID NFNPSZ

'"MBTINFNPSZ
'"MBTINFNPSZJTBUZQFPG OPO WPMBUJMF NFNPSZ UFDIOPMPH
TUSVDUVSFUP B .04'&«5 CVUJOTUFBEPGBTJOHMF HBUF JU DP!
MPXFS :PBUJOH HBUF %VFUPUIFJTPMBUJPO PG UIF:PBUJOHH
DPMMBQTFBQFS UIFHBUF WPMUBHFJT SFNPWFE DBVTJOH UIF
OFYUBQQMJDBUJPOPGBO FMFDUSJD 9FME

"OUJGVTF
"OBOUJGVTFJTBUZQF PG TXJUDIUIBUJTBOJOJUJBMMZ PQFO
BOUJGVTFCVSOTPVU SFTVMUJOHJOBDMPTFE TUBUF #Z TFMFD
DPO9HVSFE

4UBUJD NFNPSZ
"TUuBUJD 3". 43". DFMM DPOTJTUT PG UXP JOWFSUFST DPOOFD
BEEJUJPOBMUSBOTJTUPSTVTFE UP SFBEGSPNBOE XSJUF JOUP I
UPUIFNFNPSZ UIFTUBUFPGUIFGFFECBDL MPPQJT TUPSFE

SBCMF QSPWJEFTBDPNQBSJTPOPGUIFEJBFSFOUUZQFTPGDPOY9
UPEBZJNQMFNFOUBO 43".CBTFEDPO9HVSBUJPO NFNPSZ

5BCMF$PNQBSJTPO CFUXFFO UIF EJBFSFOU '1("DPO9HVSBUJPO NFNPSZ |
UIFSPXMBCFMFENFNPSZBSFBTUBOET GPSUSBOTJTUPS

.FUSJD '"MBTINFNPSZ "OUJGVTF 4UBUJD NF
/IPOWPMBUJMF FT FT /P
3FDPO9HVSBCJIJMJIUZ FT /P FT
.FNPSZBSFB .JE 58S 4NBMM OPOF -BSHF 5
1SPDFTT '"MBTI $.04 "OUJGVTF $.04
-JGFUJNF 5JNFT *O090JUZ

SIFCJUTUSFBNJTVQMPBEFEUPUIF'1("WJBB+PJOU"DUJPOS5FTU (SF
QSPHSBNNFS 8IFODPOTJEFSJOHBO 43".CBTFE '"1(" UIFCJUTUSEFB!
GBTIJPOCZVUJIJMIJ[JOHBO FYUFSOBM :BTINFNPSZNPEVMF *OUIJT DB
GSPNNFNPSZWJB 4FSJBM1FSJQIFSBM *OUFSGBDF 41* BOE EPFT OP
FYUFSOBM NFNPSZJT OPU SFRVJSFECZUIF:BTICBTFE '"1(" XIJDI CZ
NFNPSZ PO DIJQ
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3.1.2 LogicBlocks

5lFNPTUJNQPSUBOU FMFNFOUPGBO '1("JTUIF $-# 4VDIBCMPDL DI
PVUQVUNVMUJIJQMFYFS "-65JTDPNQPTFEPGB CJUXJEFNFNPSZ
SFTQPOTJCMF GPS UIF SFBMJ[BUJPO PG DPNCJOBUPSJBM MPHJD 5IF
PGBCJUJOUIFQSFWIJPVTMZNFOUJPOFENFNPSZ BOEJUTPVUQVUJIT
MPDBUJBOQVU-65JT DPNNPNITFEZPIBF M MTB@\EBNVMUJIJQMFYFS .69 4VI
DBO SFQSFTFOUBMPHQED"@\AUIF[N\Q:’I\OBFB(Z'CJV[PDL EJBHSBN PGB S$-#JT TI

'JHVSF&YBNQMF CMPDL MFWFM PWFSWIJFXPGBTIJNQMF $-#

"QFS UIF-65 UIF:JQ :PQTBSFSFTQPOTIJCMFGPSUIFTFRVFOUJBM I
DMPDLBOE SFTFUMJOFT UIBUBSF SPVUFEUISPVHIPVUUIF'1("GBCSJ
90BMPVUQVU .69 TFMFDUT XFBUIFSUIFMPHIJD CMPDLPVUQVUTUIF -6
EFEJDBUFEDBSSZMJOFTBSFBMTP PQFO QSFTFOU UP JODSFBTF UIF

3.1.3 Routing Structure

5/1F SPVUJOH TUSVDUVSFJOBO '1("JT SFTQPOTJCMF GPS DPOOFDUJO
UIF9OBMEFTJHO 5IFSFBSFUXPEJSB8FSFOUUZQFTPG SPVUJOHTUSVD
BOEUIFMPDBM SPVUJOHTUSVDUVSF FBDI XJUIBEJBFSFOUQVSQPT
5IFHMPCBM SPVUJOH TUSVDUVSFJT SFTQPOTJCMF GPS DPOOFDL
'1(" &JUIFSBOJTMBOEPSBIJFSBSDIJDBM MBZPVUJTVTFE UP JNQN
MBZPVU NVMUJOQOMF MFWFMT PG JOUFSDPOOFDUTBSFVTFE XJUIFBD
USBDLTUIBOJUT QSFWJPVT MFWFM "OFYBNQMFPGUIJT MBZPVUJT "
TFWFSBM MPHJD CMPDLT BSF XJSFEUPHFUIFS UP GPSN BNWMWIRSTS 5
JOPOFEJSFDUJPOPGUIFGBCSJD XIJMFUIFUIJSEMFWFMJIJT VTFE GP
UIJTUZQF PG SPVUJOHDBO QSPWJEF B IJHI TQFFEDPOOFDUJPO CHI
BEWBOUBHF EJNJOJTIFT BT TPPOBTDMVTUFST OFFEUPDPNNVOJDB
IBOE JOUIFJTMBOE MBZPVU TFF'JHVSF UIFJOEJWJEVBM MPHIJI
XJSFT IFODFUIFUFSNJTMBOE "EKBDFOU MPHJD CMPDLTDBOCF JOU|
QSPQBHBUJPO CFUXFFOUIFTFCMPDLT XIJMFNPSFEJTUBOUCMPD
QSPDFTTFTTIJQUIFEPNJOBODFPGTJHOBM QSPQBHBUJPO EFMBZ GS|
UIFJTMBOE MBZPVUJT OPX QSFGFSSFE< > BTUIFQBSBTJUJD DBQB
XJUIUIFJTMBOE MBZPVU
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5/lFJOEJWJEVBM MPHJD CMPDLT BOE SPVUJOH XJSFTBSFDPOOFD
DPOOFDUJPOCPYFTDPOOFDUUIFMPHIJD CMPDLTUPUIFSPVUJOH TUS
POUIFPUIFSIBOE BSFQMBDFEJOUIFJOUFSTFDUJPO PG UIFIPSJ[PC
UZQFT PG TXJUDICPYFTBSFTIPXOJO 'JHVSF UIFEJTKPJOU VOJW

'"JHVSF%JTKPJOU VOJWFSTBMBOE 8JMUPO UZQFTPG TXJUDICPYFT GP
IPSJ[POUBM BOE WFSUJDBM MJOFT 5I1JT9HVSFJT BEPQUFE GSPN <

*OBEJTKPJOUUZQFPG TXJUDICPY POMZDIBOOFMT XJUIUIFTBNFELC
VOIWFSTBM TXJUDICPYUZQF DBODPOOFDU UXPDIBOOFM QBJST PG |

UZQF UIFDBSEJOBMJUZ PG FBDIDIBOOFMJT JODSFBTFE CZ POF BC
SFBDIFEBHBJO

3.1.4 1/ 0OPads

5P DPOOFDUUIFGBCSJDPGBO '1("XJUIUIFPVUTJEF XPSME * OCMPDI
UIFDIJQUIBUDBOCFDPOOFDUFEUP UIFMPHIJD CMPDLT UISPVHIUIF .
DBOPQFSBUFBTVTFSEF90OFE* OT DMPDLJOQVUTPS GPSTVQQMZJO
TVvDI BT UIFDPSFPS UIF1--T S5IF* 0QJOTDBO PQFSBUF BU EJ8B8FSF
"1("BTDPSFWPMUBHF BOE UP SFEVDF UIFOVNCFS PG QJOTSFRVJSFE
CBOLTFCBTJD GFBUVSFTPG* OCMPDLTBSFMJTUFE CFMPX

e$PO9HVSBCMF QVMM VQBOE QVMM EPXO SFTJTUPST
e0OVUQVU CV8FS XJUIFOBCMFPQFSBUJPOT
e-BUFODZ BEKVTUNFOU XJUI:JQ :PQT

e0VUQVU CVB8FS TMFX SBUF DPOUSPM

"EEJUJPOBMMZ DFSUBJO* OCMPDLTTVQQPSUEJSB8FSFOUJBM TJHOB!
TIHOBMT XJUIPVU SFRVJSJOHBEEJUJPOBM MPHJD
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