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Radiation Effects on Superconducting Materials

Saburo TAKAMURA

Division of Physics, Tokai, JAERI
{ Received November 12, 1976 )

Superconducting magnets will be used in plasma confinement
of future fusion reactors. They will be subjected to neutron
irradiation at low temperatures, so information is required on
the effects of irradiation at low temperatures upon super-
conducting properties (critical current density, superconducting
transition temperature, etc.) of the superconducting materials,
electrical resistivity of the stabilizing materials such as Cu,
multifilamentary composite materials of the magnets, and me-
chanical and electrical properties of the electrical insulating
materials.

A review is made of the existing data of radiation effects
on the superconducting magnets. The superconducting transition
temperature of the elements, alloys and compounds decreases with
neutron irradiation, more in the compounds than in the alloys.
The critical current density JC of the alloys decreases with
fast neutron irradiation at low temperatures. In NbSSn, JC in-
creases by low temperature fast neutron irradiation below the
fluence of about 1018n/cm2, and the degradatioufof_JC appears at
over 1018n/cm2. Fast neutron irradiation causes resitivity
increase of Cu and Al. Radiation damage in the materials may
have large influence on stability characteristics of the compo-
site wires. Extensive studies are necessary to clarify the

problems, especially the irradiation effect at low temperatures.
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BEUREASHIE  EETERATH LY, HICE2BTH-TH AVERAEHRELDLER
5751 ABRKEL OBTREE S DL S HMERBS TECEBREREE b 2. ABHEERH %
23 EBFREGIIMEABICEALED S, BFRBIZEYEHINT EHHNBIZASL D
REXN2, BEROSHIBFEEOMAMRIC L - THRERICNG 2 1&Z20BERED e
D TOBRFREOE L/ IEHHEDEENTEE 5. BN STHEIARLOEHREEL TS, B
REOMTRENLLEMLTHF LU EANTEEDATHE, 09— L v VABE Y IEHHICERA
DB ECATIEMDE, MEROEGZ—E0HN (flux flow) K85, BERDEEI
I aLE—HEAE L&Y, WEREESEECETIT (flux jump), £0I & rF—HEBODK:
BIZEDOBIOBREMERL, PWCRBREERCZ A EMH D, BTRIRSOELE, i
BRTFRABTOREROL Y EHHE®ENIZE BREREEREG L5,

flux flow DIRETIE, RHOBLENRRBTE L. CHRBEROBERANTOEHICLD, 28
KEREHACET VBETENSTH L. LichaTV,/T =R O3 ERE S 2T LB, BT
RME(ES © &1L o TRERBHRLHICE L EEHEB~ANKOBRTS 5," Fig. 12
BANFC ook BmEL S tob0d, ThiE42°KTMILAbOEORE — LiEAthRER
Lz DTH B. BERMTICE - TEARBPEANET S, MLLAbDE MILBEVEDLEDNO
~2kOe OHORARED flux flowiCL s HEHORZEL . CRICHL THERRETO L
FEHOEZEBH T, Fig. 120EBEOALICHNT ZEICT N0, BFRESEEESTT
DI RE EEBERELTOALBDNS, BEE LIl 2BHELLREICRANIS, £0
SRICL D IBE - R MBOR Y ERBOEEOEFICHIELIENT, RUOSHIKEOLE
LB LT ERTH %o

34 EFRWREBEI .

BTFURIETIR, RARICE(o—LYY HE LY BB AEDSDAVAED 0. TRD S,
B-J .=F, | (13)
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CCTBRBMEEE F ENARSEL DO VLB HTE S,

ﬂ%ﬁ%HK%?éEV¢bﬁﬁ&Fﬂm®%QHH®%EK;OT@@K§m?%DHbmﬂ
BAGE - METEAEREAEZTHEORIESLLL, bW 5 scaling law DKL D. B
MEBOHFICE-TF ,Hor—-7soMBHELL, IV IEPAORBICILTF H O,
NinZ B L BRAEREEOBRBEKREESE ST 4,

RHHCL 5 F ,(H @& {6510 TI2 Wohlleben ™ i Nb — 50wt $Ti %25 °K T 3.1 Mev
OBFEE 10Yd o FTRELT, B4 OBETHELTV S, EViIbnHEKF, B, T) 3

Fp B, T)=F ppax (TI [ (b] (14

£ETF yugue (TI=C *Heg (M?, £ (b]=b (1-b), b=B/H, Ths, Fig. 13ICRTH

i€, FpDBKMEF jopax TREILLIE Fo/F ooy £bICHLTT 0 v P 5L, BeDRE

THRIEETR - THRACHBECD S TS, $/2 b 0= 055 TRAKLYD, COBRIAERE
LS. $7 BHELABROBROBRERBOHBLEZEALELS NI EpD, Nb~Ti &
SOEVIEBAOREBIESNE ST TLEBSNTNCEERLT 3,

Ullmaier ' @& v bd HICD W CTROBEHEA T - T B T PHIIRE R & DR EIEE
FEHLKRE Y EDRRICLS T2, BBEENORL - EBOEREE L THEREBH
HOHERAW=¢, AMT& 3, CCTAMRBZODEKEOBILDOENTHE, EVIEHALH
RSREOHEERANS LfBE L ET8E, BAORMCLABEROL Y EHHK, I,

K, =%, AMq./ 4 (15)
Thbo TLTqIRRREORKEITH S, H o DL T

M= (Hop— H) @M/AH)
(16)
(dM/dH)y =1/8(26%~ 1)

ThHbHDT,

Ko=(#,0/28) ( Hp—H /(26”1 = (Hp—H) /(267 1) ) (am
ik FI3EM, ¢'tHY BEROENLSHEETOR, Hy Dl Th b, 20DHEEBTOHIE
HxkO0,, OLEL, 0/= 0,tH0&ET 5. (8], D K& UAD Xh oM

Ko=D - /p./p* (18)
EEITZ, CCTDREMTHZ, HEEB, 2-o0ERTOREIRMBO,+0,, 20,10, TA0
REATZETHEREROK, 3
Kowire =DeAO/C 0, (140,,./0,)7) (19)
2B,

Ewwmﬁﬁméﬁxﬁbéorw%@ﬁﬁ%ﬁ&ﬁ&?ék%&@HEW%chfuummw”’
MBS T O rigidity DEZEFBOTHERESEOE Y EWAF &, Ex ORBRICE 5 BFER
@EV¢wﬂ®§kKnmﬂ&@%%§mew5o%nm;5&$m¢%5t©@5y¢wﬂm

% I
F,=Nq K2, .. 878, /(8T /C, Ce ) (20)
P

1 Be NERFBIEE, C,, &Cp BHEHEFOREEYTH S, Ullmaier V12 @) REFR
O UDHED D, BHIEBHEDO LV D ADKERDRTHLZ TIN5,

Fp-irr/Fp:'l—ﬁﬂirr/po (2n
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@ as anneaied
O deformed ot 4.2°K (AP=4.5x10"Ncm}
a onnealed of 25°K after deform.

m] s 40°K

[}
- v . 55°K 4
g L ’ 70°K [
G & L 1 1 OGK *
o . , Aa1FK ,
% + 442°K s

I L

2 3
H { kOe )

Fig. 12 V oinLai#kORE & ikin & DRk,

10— e s P —
* o * A
. ﬁ ' '.k
% o g*
0.9 }— o f * " —
. o ,:
. ¥a 4,
0.8p— * j . =
oy .
T 0.7 s "9 " —
LI | . -
LR ast -
K e ’ g
o $ |
05— -
v ® non-irradiated
04— : o 3at('%prot.fem? * ]
i # W07 prot fem?
] ol -
"
02— -
01— ' o
S S N N N T B B

-0 0.1 0.2 03 0.4 05 06 0.7 08 09 1.0
Reduced magnetic fiux density b ——»

Fig.13 NbTi 2BRTIIMeviEFHREBHLICLEDE LD,
LHREEORF. EVIEDHORAKMEF, n TEYIEH LR
HiRIL L7co bI2B/B s £&H T, ( Wohllebenic L5 )
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2L D, K0, ThHoT, BHIEE-TEY EDASBICESNENEREL TS, THb5
HFSEBETAXEAZY - FBfEORTBVESRIEENT S, Q) R b BB L -
TRLTECEERLTIN S, .

—%, Berndt &' iiF s RBEOBE: OBFELHE~, PEFREHICL-TE Y EHHIRBINY
EHEOBME & SITMT 223, HEHA 05000 QemA T & Y ILnANEBLT 2T EATRL
7o (Fig.14) . CNRBHICIL S TESNARBRIHEREL T, CVibvHEEEH oL
LIEFIBEL TV B, ciid AT 2 1o TREONI E ¥ b SOBRKICHET 2 4D TH 5o
F,OlP, Wiohids] OBRDIEBAESHLNDTT , Nb,S, A LTHELHHRBMIATY
. | -

F;fom")
4
0’

s _ .
0 0 150 1000
ApraQdem)

Fig. 14 Nb% 4.6 K THEFHTHH LA®O Ly i/ & i
EinEAe EOWF, (Berndt 5Tk )

3.5 BENBORREH)

CHEEHEARET DL SRR NN S NS LT, SR, P rl =y SHE
RS RL T E0E 2,

FEREE IBBEROEHICE T 3 — BATREWE b & CHATREL THHRAICEE
CHT LD TEXAERZEHRTORATREI D SEEALRLNINEEAREE D, rrA=V7
HELIBEBEREOHAEH AR~ TERARERL CEBEERE BT LEREHELH
FCEAE D, MARETEHE IHERBRSBISNIRECS 2 5, BHEVHEEBLESD TR
T2 E flux jump BT -T, BAN L - TREEFZERELTLES CLPHAHHEED
o |

CHORBEEEROEECEHEDR, TrIi=vanlosBLsRETLCLICLDBIETE 5,
CALDEBIHACHEERAAE THERSORTALH Y, (lux jump KL IWPDERBRET S
OMICENESERE, STERICL- THNOARLBEL 22 FELESBRELD, 851
MIAEIC LD, BT REBOMNE (quenching ) LT WH AR ELTHSE, 20
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REAE/NIBWLOUEIZ 2 KL, NDTi B8P NbSn BTRHERERBTAZREL G S
b, B TERRARE S DI EERT LM, HERBHET A LICLD, BELTSHL
E BRIz, . _

flux jump BRELTH, CABSKCEELETREIIVCDOTH-T, flux jump BEEiE
B DDEBIZROD LS TH 5, flux jump MR- TRESERTZ LY EDAHED L,
HASHEE | SRTHCES T 5, BEECATKEZERERFEREOLZILLEAT  LTHE,

D] =—AT« (=8] . /78T) (22)

Thd, FLOBREBEESHAICL - CERERSELL, BEAIBES xOBBHEONLEY -
TRBICBAT B0 ZORHICHEEMICEESFRIN, | LCORELLERKI-THAq =
J o AS/CHETECEICNE, BEEREOREIENBOLOT, BEMNKCAT KO RESERT
3, H#AES ETHERE ERE,

AT =J . A8/ (C+S) (23)

1B CDLDELICL-THE L BENERT 3, SHDOEBE LRSS 2 BENICIE - TETL
HNTETOREHICE, BMICEATAREEE BN TCTRE, RAREHIBEUTICHLSC
LTE 3, Hancox 2 RBEMEORE 00 8mmll Ficki 5, REEHAELBNTE
it L1, BESEHANEEES SHD ToTHEDR, CORHTH 5B, L ESKBHEELD
U ThHb, _
Stekly & ) BEHORTERLCEROBVETULE LSRN, BIICHEM S €2 TELHE
ERELI, COETOELFE, b LBEEGOHT flux jump B~ THBIICHERI
EELTH, SHRALEOBBEIC AR ENE, READEIIINSOOT, RETHHRIE
B~ v AT EON B, MAERNABH ] ICL2RMET LD IANEIDBENERET
5. THDE

1* 0,/ A<hP (Tg—T) (24)

THde CCTHORIERE O, A OHIEN ) T La~OREFERLh, HOBFOMERE A,
BIERES4AP, GBREMRL], BRABA T, &7 5. I, BEABHICHTERLBMEET

' WS EFig. 15 RT LI RBERER] T TREMO RMICREESELIL, (5, BFE

g G
H=56K0e
& Lo+
E
i . -
H 05 o
0 -
T H=68KQe
= 1.0r
E
Mol -
£ 0.5 -
0/ . 1 0 I i
50 100 150 200 250 300
W (A)

Fig. 15 #HARBSERCATERSBOMBCRET SEEL OBER.
(KBriLE TBIRERRE! L0 )
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Bl ., BREREER] . TEDLT. ) Ll, ChREOBERTREZTEREOBINE L TE
ERELE, COMOAHBEBRTHZ, IS5UERAEMIALTOC L ASTRARICIE-T,
TR S FESEMICEML, BAH»SREAARSEERREICS 5, BHERS LT E, BA
A@BETHERBORENNE A, DATRERRECRSZ., TORBEERBLEET 5, T 0OH
OEHRABDEER ], &3, VWEREEROEBIELNRE LALBCERKEBLSESATNE,
BHEBES O TOAESICREDCBESRECHET 2. chidl > OBE&T, CO&El
BFEBOBHRBEBEBEKOFIC [ 2L THENTS, TORBBIL 0, /ABHEROEZAEPH
LFOBNI NS, BRECBHNXNTVELHILRETH S, IUBTLEELDOEHTH 5. L
HLEBESBOBSESICAERE0T, BEBHAMKIE 10" ~10°A/cm’ CERERBES
boTTh, I/ LVLMETORREERIC~10A m?ilEbd. BEMERIETHILNT,
HEBRLBORLECITROTCLLNAETS 2 0RBELROBIERKOES LBE ST, SHROR
BTH5.
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4 HWEZSHOBRARIEBE

41 T, OE(L

Nb, NbZr, NbTi 442 EETHEIETH 2 RETHRTRHLE LSO T, OELAT, R
HETOE T, BLOBHBEAE 2K () ICRT. THMULOBRETEHA LS 5 DFEREH 2 Kb,
Nb,Sn, V,Ga % FDILENABEMALEE TRH L L 3ORREE 2 R(c), BAUEOR
FTRHELLEEORELE 2K TR,

BHETEE, TNTOMETT, RELT 3, Coffeyd® © 30 KERTHREHEROERI
L 2&, Nb, NbTi oT, 0P8R LEL, 300°KIKELEILTEE, BEASTOREK
B# LT3, NbySn TR T, DEABMSNDTI L0ARES, 300°KIKRIILLTHROE
BLTOH, NDTi 2EETHEFHABELALEEDO T, OFABELERIR ORIV, B
| B0 0, V& Fs s OB EBTRENE BBERTRE S Co0TRET 5 &, Coffey &
OEBTEHAE L1 X107d/cn BESBEPHEFTIX1 0 o’ oBERICEST 5, F7z,
Wohlleben ' ® 3 1Mev BT HRHEOBA L EDMEFREE 6 X1 0¥nen’ IKHYT 2, L7
ST 3%X10%nem’® 0P TFRNET, T, OEEBERMN-01KEEZ 6N 5,

Nb,Sn 1o TH, EETERETFHRE LxERIT 1 HE5750 TH5.502 Soell 5 iz
Nb,Sn %1 0°K THEBETFRHEL T, T, OHd & RHEEE OBEKEH 2, (Fig. 16)
10%n,/cm DEEEFITRT, OBASESNTNY, ThllEicissE 100 e ORHE %
RS EORK S T S HALT, 8T/ 8 ($t) =—4x107" Kenf OBHEIRD L0
Soell 512F7- 0.1 Mev Bl EohiFi e 1 Mev Bl EOEDPHTFHIZDWT, Munich 8FEF O
RHEFR RS bk RNT R ERTEL, KOBHEIERD:.

$ (E>01Mev) =176%(E>1Mev)

R0 B R RS BT OB ICHRET 31 NDTI D& & &RKICFHEAE
Besslein 52! @ 25Mev O4 4 v OREHE 10 /cnfii B 1 KD 04 V THIRT 5 & #Edhik 7 RA
B 100 o ICH%T B, cOEEDT, DHLRIZ2KTH-T, (Fig. 17) Soell 52
oEPHTFREOEEZOC T, OFLE 4%0D¥ﬁ?£50meB%ﬂdn%®aH®Tc®%%
BolEd 1 6°K TH Y, Soell SHBNLONT (D18 KIU/IIL, W SnREHIRER
572, BEE10ScfOBHBDO T 42 14°K TH-»T, Soell 5D 10¥nem’ BH#ED T, D
B14°K &1L A%T 5, —F Cotfey 5% D 15Mev EETFHBEE 10'7d em® ZFbik
FE3X10Mn ot iYL, ZorED T, DERERZ- L2°KTHY, Soell 5 n&(E
LhE—FHT B, SFIIT, OBMES—FE L LicdisT, ELVEEOLSICRE -
TH TR ER T RS0 ST A C ENRETHS D,

V,Ga It Ti2 Seibt 20 50 Mev BB FHEMERS S5, ¢ 1% Soell 5°° ONb, Sn
DEHFRHEREES KET 58, T, OEVBRIMEAS 25, Gubser 57 1260 CT
6% 100 ot (E > 1Mev) OhMFREAFE T8, T, DELER — 3°KTH-T,

Nb,Sn OfEEEAXBEMBERSN TS, V,Ga KD TRERASD L, SROKBRO
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7231 Bo

RICL SN RBEEKD S EBHERIC-L THB~3, Poate 512 Nb,Ge %50 C T 2 Mev
‘He BH#% LT3, (Fig.18), 8 1ED 0, V¥ 2Mev He LEHRIPBTFLICH0OTHR
$2ET, OSBRI Sweedler 53V OEPRTRIOERE L A5, Sweedler 57 1INbAL,
Nb,Sn, NbyGe , Nb,Ga, V,Si @ f- WEt&#HE LUV, Hf , PbMo,S, , NbSe, %#

140 CCEPMET A 5 x10%n e TTERHAL, T, T, PBHEOBEALFH TS, (Fig
10) o MU A —WELAHTEV,Si ©Nb, Ge (2 Nb, Sn L O BHOEESKE . @20
Kt 2EFORSREORENC L -» THRASREBSEZ B EEDLN 5,

Nb, Sn 2HSI L Th BN LATHL EIE-T T, DOEBREF~SC EHTS HoBett "4z
T0 CTHEPHEFEESX10n e ECRELTHS300~900CETHRALEZLELT S,

Fig. 19 BEEET2HMSOBAELLERO T, DEEORTFARLILEDTHE, T500T

6 AR T LA T2 LEAEET 5, CORETND,Sn OBRBEBINLSEC 2L F2 50
B 450CTIRT, 11 1°K LAEBELTOEOS, FMICE B8 TEROMMNG O 5 8 $EEL
TNBECEMLA50 CETHBRIRBEMEETSHFITT, OEICHEDEEBTEITHEOL
3CH bo

Bauer 5322 Nb,Sn, Nb, (A4 Ge), Nb,AL% 80 CTHAMTA 5x10"ncm® $TH
HLTB. 27 B, UARMLI b DL RIHETRHEL TS, ZOKE%E Fig. 20 1R
AT RS L7813 Sweedler 53 DR E AKR—RKL T B, 5% i Es, NbN, Nb

(C, N) (LA#Ic>nT OB, * UARML: b0 BFHFER 4 5% 100 /cnf, 10%n/crf
BELTODEY, T, DELEBOEREL TS, ~H NbySn i''B, **ULHMLIcbOTH
BULRHETL LA 1.7, 64 KORLME T 5, NDNEERI NaCeBaHmTHD, A -W
BLAYO CL T, SBEMEE CBELEEST 0N, H5ORBENT TEORERE 720
PR RETH B,

42 H_, OFIL
MeBOBAITE BEINRNSH o EEBREDS s illiiie, kAL TEMLTE Y, K

SHE &> T H ot it 20 Ullmaier V) REFHRFERICL-T CNERPH T E. 4
FOEAITIE, Coffey 519453 0 °K TER FREHEREFTH L, Hp 8BATELERELT
Do 300°KTHNELTAETORECREZ, COBPRRI 2HTRN LI ICFRIES —K
LT, '

Nb,Sn £ Ti2 Coffey 51 OERSH 5. BENCLS H oy OHLRRESFHBIOKREL,
Figi% 300 K IR 2 LA LTHRVEHL T, Nb, Nb& &, Nb,Sn D H , ORML
BAFEIZCR LY, CCTH B HHEOH,,, DETHY, AH , ZHEHFCL-TEMALE
BEXDLLT S,

+£3 V, NbJ_ 0%t |
Nb%4?Kf%%ﬁﬁ%bt%%ﬁummmr#”K;qfﬁbnfwéoit&ﬁKf$ﬁ

FHS U728 Berndt 51 & Brown ¥ itk THbONR T4, REHEHNHEMT 5 SHAOE
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19 T T 7 T T

K NbySn Diffusion Wire

18 & . % -
o~

%

4
-g 17 ] 124 sNbySa {1}
s ~ *NbgSn (2}
s 04  eNb3Sn 012)
= 18 A 1 g 8 - 'Nb3sﬂ {5}
g 1 * Nt 1
L 1 Typical Error Bar e _ijz :;:
T s b & — §
g ) + ty'pi_cul eror bor
= irradiation Temperature ~ 0K T4 for ali data points

it | Temperature Meosurement with - 24 T :

© Thermocouple | o .
a Thermocouple 2 ﬂJ A —y ”—v L) T LI T T
13 i L L ! I 0 2 0 0% 0%
0 2 A 6 8 0 =0%niemi _ stlem?] .

Fast Neutron Dose &+t [E>0. MeV]

Fig.16 NbsSn &#10 KGEIMFoSLImy 118+ 1T~ 25Mev O£ ¥ AL LROT. o
T, LFHE (E>01Mev) & 0B R4t E & %, (Besslein 5iCL5 )
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Couvach 5% INDbTi ®280adia. THOEX60 &, & NbTIi OEAH05OHLR
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Parkin 5 i3, Browno#sMu iz L ARGREEMNT, 60 CT6X10%n o OFDHET
BHEZLTE, B4 0kGCTOETHEL [  OBMERLLH,. (Fig.34) . SRERHO
B, BEEHEICESRTE Y B AOEBS S holtcbBbs, BEB10Pn /e D& s, 1,
21, DABIETREAL LTINS,

Spead 5 ZND,Sn DI9EDT 454 +DBEEE 60 CTH10"n,onf T TEPHET
BEAEZTIEY, 160kGETOBRETI , OFERHNTH 5, Fig. 35131, B LOBEFLE
HEEE T A -2 LT7ay b LAbDTHD, Fig- 36HBHELL ], t0BREES
ENRG =B LTRLIZOGDTH S, HBEMN40kGC TREHBEOHENICLS ]  OBMLE» T
DAL EEBICLAET5X10n e DITORBEET] . OFLEMNES. 10°n/cnf
PIFOBHBTIZ ] 8BLT 5, ], 0BAII5X10"n cnf ORHBTE-TT Browns
D 10%nenf &i3#oTl %o Snead & &) RApPRFROBEICHI AL F -1 Mev Ll EDS
DERNTED, Brownbid 01 Mev BlEDTAnF—-A2 28050 THAALERETFOT
FWF—ZRY PHIRIEE T EPRNAORRHCET A Y v L AOKOMEN EBERE BEbN
5o LictinT MBEOF—2oliRici #PETorrvFF—2-27 b, EREFOL R LF
— OB FE, RHEHO ], OEOR D FEE—LTELLLESDH 5.

Bauer &2 i3 80 C Tl TRHEREF > TV B, NbyAl, Nby (A4, Ge), Nb,Sn,
V,Sn & FEhit AR5 X 10%n/cnf (E >082Mev ) $ THHLTH2H Nb,Sn id 10"
n/cnt DEHBETI  OBADSE-TEYD 40kGTHI OHMBRLHE, (Fig.37(a)) .
BELAOLBERRLEEETHE O EEMHIEE IR TOE L, BRHIOERERER (L Brown
SDOESTThH B Nb,AZRR5X10"necnf ODBHETH . oRALRESNT, HEEDOEMIK
koTI  RBEMT2—5TdHs. (Fig. 37 b)) T4V,Si TRECEHE LI  BELT S
—5THb, (Fig.37(d) o Fig.37(c} iaNb, (AZ, Ge ) DERTH 3,

Nb,Sn 2T, Brown 5, Socell 5 DEEBHOERS L ERRHD Parkin 5, Bauer &
DEREF AWK LTHEE, CYIEhHO/NSHRETH, BREHBOL S J BELIBET S,
Ll COEmIRFELAA-—WIEEHD V.Si © Nb,AZ I T—HRILTI2ZLHELVLEDTHS,
FEHAMOE Y EBABFIRKNRICH S E &1L, HEICL-THAKE Y IEHEBESNT ) 2518
mTaH, BRECERZC IEDEABRICH I ZRMELTLCEITLaTE Y LD ESEEL
J . MBLT a0 TRIZORERDNZ,

IR FBRBEIZ DT~ 5, Nby;Sn 24 Tid, Wohlleben V1, 2, SMev BT, 3
Mev EBFEMBE, Ischenko 5% ®24Mev OA # v #5, Parkin 531 7 Mev BBFE
il 4 Mev FHETREERBS L, INOoOEBRERICHOVWT BeTLs | BEBERCLELIKH
HE(Pt) 2 TOBRHETERINAXKBOBE (8t ) 0q V BELUZORHBTDO IR/ ¥
A VETOIFNF—H510kev, 5kev DEEDRUSHLEEDOEE (Pt Jpax T4 (Pt Jpax
aq BT RICRLI, .

Parkin 53 12 14 Mev T2 BB 1 X 1 0%n enf TTRHLTB4, T, BELLTO
i, 1R/ v 74 VEFORERETRERTOLEBEOMAHA~<s vl THEE L X
10%n/cm? OEXLBIFELTH A/, S  cascade zone MEVIEDATHEET S, Erik
bﬁ@%ﬁ&i@ LTHB, L LERMOENEE R 14Mev hHFOBSGR 1T ERENDT
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FTHE HEECEI] . BROBHEEZTDOE TORMEARE

reference radiation type Jeo(A/cm®) (¢thaxl /em?) ($thaxod ot hnaxod (¢t maxod"”

‘Wohlleben®®) 1Mev protons 2x10° 2.3x1016 3.7x1073 2.1x1076 4.8x1076
2 " " 5 x1pl6é 4.5x10°% 2.6 " 6 "
3 " " 7 x1016 4.3x107% 2.5 " 5,5 "
n 3Mev deuterons " 3.2x1016 4.2x1073 2,5 " 5.1 "™
Ischenko®)  24Mev 0 ions 4x10° 3 x1ol® 3.3x1073 1.4 " 3 "
Parkin33) 17Mev protons 2108 3 x10!7 3.9x1073 2.1 " 4.2 "

60°C) '
10'8n/em? g

" 14.9Mev neutrons " Je EibrL (4T) 1.2x1072 ¢4 "4 "
Brown30) neutrons ~10% 10'8 1073 & "5 "
Sweedler3l) " 5%10° 5 x10l7 5 x107% 2 "o2,5
Bauer32) " 5x105 1018 1073 4 ™ 5
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T, DESHEL LD, EDROEFTKELT]  DEMLBR SN CTHRBEBETIRIIN,
Parkin s ) BEAELLES HREAHNTE0CTLTMey BFREREL T . ] BSEBK
Kﬁéﬁ%%ﬁleww/mﬁfﬁb,%®&§QSMme®:$W¥—®/yﬁﬁyﬁ¥®ﬁ
ﬁ(%7§®(N)mxmﬁmBmwn%ﬁﬁﬁfﬁﬂok¢ﬁ?ﬁ%%ﬁﬁ£WTJcﬁﬁkﬁﬁ
5%%%®&%@(M)mx0§®@&k$%~ﬁ?éubtﬁoffyibﬁﬁlﬁlwﬁiV@
FoxiaF-—0B skev LEDE XD cascade zone ThdHEEOLN 5.

BRer-1i aHHLJméévﬁﬂmowfnmotmmmmmnwiﬁ%’cowf B, T
{~3Mev BFE, 3Mev BEEFH4100C TNb,SniCBALT]. oZl, BEFLOBR
At BEPTD ], OEIZ2~4X10°Aem (50kOe THE) Thb. Fig- 38RIRBHEL
Aﬂcémﬁ%&mbméwf%éoAjcmﬂ%EALmXiﬁ%ﬁmixw#—.ﬁﬁmxofg
ofw5®ﬁbméocnewﬁ%ﬁﬁ%m;5(¢wmxadvm%7§meﬁf,aﬁﬁbfééo
RO L BAT, DRI 0, OFALR, ($1) g 04 VAT I LEZGNEHE, KT
ﬁ@:iw#—.ﬁﬁmgéTCJuz®£wmmwmfﬁ&égﬁ%ﬁ@ﬁﬁm;016v¢bﬂ
ﬁﬁ%?%@@HQ@ﬁ@BEVmwﬁwﬁﬁﬁﬁAﬁ}@ﬁ%ﬁﬁmﬁﬁ?éc&mﬁéo%7
EhoRTP) jax Od » (Pt )pax 0y HRIFALTH- TE VLD ADEERRDED SR
LEZOND, LLELRD T,iz1~3Mev BT, 3Mev EEFHROEFTAZLESTH
U.1&/yat7@¥K;of§ﬁénékﬁﬁé%®x%éﬁcmmﬁfké<mqf.Eym
mﬂﬁ@ﬂmméncnu,cwﬁ?ﬁmm%ﬂﬁké<ﬂ%&mﬁ%ﬁ%%%ﬁﬁ%mﬁ%f%
ba

Ischenko 5%) (2 24 Mev O 4 # »% Nb,Sn i 110 CUFTRALT J c OEMEH~<TL
&:(RQSQ)oﬁ%ﬁ@]cuﬁOkOeT@SXlWAﬂmf?ﬁof,ﬁ%%%%%éﬁ%&
Jcﬁ%MTéoWMHMEH@%%&~%Kbﬁ%@%ﬂﬁg40f%%°%liﬁéﬁf,041
VEBHEOBARZ T, BB TARSEL, ENIHESTIRS v 7 A VRFOFEZF v F - DBRELAT
b, 04 VHERZ. Wohileben 28U HFHE (8t ) a 04 BEALTS, O 14 VRPOE
B ($t) ,, 04 VHKRELS Tey 04 DB A& BB, LIchianT @D Rir 50 1 4 v R4
OA]  BBETFEH BEBETRIODLOEFALTI,

DEogBEE T End e, Evikpniidskey BED/ » 74 VIEFIC k> TR SN /zcascade
zone TH O, ZODzone HAXNEEE VY IEDRMRBRE, Lo L ARMRIBEMNAX {185 L3I
Tcﬁ%b<ﬁ¢b.p@w%m15ﬁwMAJCﬁﬁwﬁéc&mmao

wGaK%umi&wtmzﬁﬁ%infsmmVi%¥ﬂ%%ﬁum,ﬁ%%&Jﬂﬂm
&@%%%ﬁ«fvéo(mg41)cﬁ%%ﬁt@ﬂ/mﬁuLchﬁ%ﬁmﬁ¢bfwéoV
®¢tadu%BUMevE%?ﬁ&ﬁﬁ%¢&%momf+§bk??5 50Mev EEFHRD
1wm/mﬁ®ﬁ%auﬁﬁ%¢ﬁ%a5x1m%/m1mm%Ltw5°hbdrﬁmfmiﬁﬁ
BB THEL AROERBEN L.

47 BRAEFICHITIEWSRMOMER
HEET 7 X7 2 HEFEORICREOMRECHRTT 5 2SI BRI AL A 1 B A &

DABICT 7y B b — 5 ATD b v s BES RO HBREN T Bo BUER TICRRENIRA
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O RAF OB SR A RS & BERE 80~ 160kG OBMESRMED EALHE LTS

(B8 %) . MEMAFOHABES b~ 2> (Fod ) BROARKHATLIOT Hik
BREEELL.

At Fig. 42(a), DICRT LI FIX2OFLOARICT 7 v v b CEBAENESD,
2ONMICHEERL NS L. P77 BAKMOFOBSRFLEE a4 Fva i rD@HPICT
X BHRICHLTEEOHE HBEAMELLHITREO S 2 £ BT 578, CHHHE
BRTHEONGSY #o4 £ a4 viZRLERSEIA VEBBERB oA Vb T, BLEHES
A OBEEC LT 7 AvBREBREL, 77 AvERNFEMBETILS Ens s, LRT
X2 B — I BT B LA RE T 4 v OBHRAEL LS8 B, BEREIA VTS X
WBHKICLD, 7T ACEBMBEND D ETEOEFET LI UBBLIES DO EDTH S, BT
200 0 MWOEBAFEHE A 034036000 EBRRESEHKHELS 10 TERO & 14
2 kS5 nBEBE o EESRVES NS, BRARSEERECERBEIA TG, EEHMESE
AANTST6RKGER - TNd, ERBIAVEREABE A VELUT 7 AERICLZXEHT S
MOIBIC L T, FOAZ=F %y FCEERSHENS L BHBEE S0 5. <O REE
DU v PHECDEEHRECEBT A AEENS 2, CHIBESORHEALE Vo THADK
s, FABERICE - TELT 5o E, ARBBICERL TXRBELIMLABAEELL, DR
WREE h,, TORGME Y, HEGSS H, , BBOESL, BEVEL, EViIEHAEP &
Lizd 510, BHBEOAS NS RBERTH S BA L RHESEET 5 RAOFE S I
HOBEXLIThE~XT/hENEXTDELRQ I,

Q=4u,VHh, v./(3LP,) (ho<<J.L)
h, A BREEHRMABCERICALEE, Qi
Q=VLP,h, v H, (hy>J].L)

i1 A,
o TRRBIEINRNE X R E VIS ABENRE LA F —HEWNI 0N, TREBEHAE
(1B EREMEBIMICKREL LS, COLHKHFHEOIESHE THL REMBNERT 5581

4, EVIEBHP, KT BB EEIC ST Ao

wic, EFOBABINCE D EEEEORDUTHH 5 X 10" enfesec D& ¥, BEEBAR
70 0 1 Mev BLED BT HIZM 1 00 cmivsec iK1 T Ao #12 0 EMEMT 5 & R&ED
PEFHRIZ 100, ont KT 5o ERAHTFOTFNE — 27 PABEIRFOFLICET 560
CENESTH B _

McCracken 5% DEAZEHT 5 1 THEEE O TR B4 1 0 EMEREST 5 L LT,
L2 X 10%n /o OEEH LTS, LisLBIEo UWMAK THEAFOEIRI TR, A28
DEAFS 116 MW/ THY, BOKEORPMEFHITOX] 0" ICRET 2L LT, HEER
Mc Cracken 52K HEN 30090 1 @A TLEHEL T3, '

MEE A A BRATICE AT 2 BA0BRHHECOLT Kulcinski 523 L T3, 20
k2 EESMESL (a) SEERMORAEREE | SREBCE-THSTEC L, () RE

ot hic B 3 B REHOBEIERBNT AL ETH D, BOHICLD EDDEESASL
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ELTE. BREEDHBNE -7 & SICKEKN) VLKL RTENBREMM ORBBLD KRS
THhEEETH . bbb BRBRBKI 2,

[0+ 4/Weh <qWg
THi o b, L TqIARE, WREELAFOTOES, h3ZDEX, oy BREMFO2E
EHTH B 2K intrinsic 6WiEH 0,, MKER 0y, BHEICLSEIEN 0 O TH
n, REBRLELUEABRART CLB8HRLDHITE,

[2=qWh/(0,+0y) =q (W+L)*h (0, + P+ Og)

LT, FENC Lo TEAEMNT 257K, KECFOMEBARREC LR RIL L. &
FAZEBEITHELILTZLFADEMRIOBAEINZE LT, A0S T LT 2HME 1 FE
AT HBE, 1 0FBITNYB4E TR, ZEMMHOMmIIie20%, 100K LHEMEERIT
BN IS, D EOHERTHFEERS 20FEMTI0Yn o & LEBETH L, U,
Mills ™ GBEOBA 10Pn/ cnf KRB LAKOERATINE L &b ERENBLEND
3o BWICEHE LTOHRHBIRI/DE ES, BEPHEToRACL D EBMICK X GEHENSKED 55
CEATFRLTEL MNEREZ G E, BEEOHBEBBBIICE- THENRBEHFNLHSTH L.
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5 #F &

e OBERGH OB REE, SAME, BRERCET 2RHIREPE, 71T A0REN
et s 2 B 0EBC O T, BEEROCHT ARHSRHHITE LN S &, (a)LEL
Hicgt Lol TRMES 2X1 0% n/cm? 0 & EDO, T =Y A0LEROBMEDNE ~,
AEE 1077, 8x107 QemTH Ao MHBRERETHS LT LETHL WTRBOBUL, 7
W= AT 100%BEET 2, L LARMEESLEELLIUAGRBRCEETIEL LT,
o OEMSEELEOTE L, (D Nb TiA@THERTENEF4 4x1 0¥ n cm* BHET L &, .
Z10~20%H¢ H, BEICHEXL T LT HEMI0LTOMBICHET 5, T DR EEK 0.2
°K T& 4o (c) Nby SniBRETHIE-FHHAT S E 10 n/ m DEHE T TEREICL -T2
BT 5, BESAZEIE]. OENMZAS. BRETLOMNILAE, Jo dRBPTE L
LEANERESREERAXEONLENTR J, OBMBRVESTNE I THE S, Tl 4X
10 em® DR FREEE T LK RDT 5, V,GamBHEREIN,SnLDdRENL LS
Th LA, EBREHLE L, ABROERBEINE, ()L EOEENMMOB[IEROENZESO
REEUEDEECATOTAIUMEATS 2,

BEOBAFOEARC L5 BEERT ST AEAREREOEN 100 o’ BETHER
EELERAEAELLERIDLEL, Lo LBMCE - TRENLEORFH YT E2E6H57259
L, gnFLomsEEAEcET s RAETESTHOhich, BEEFHORAZHRIEFEIC
HNBCENUETH D BEEHGINEE~ Y v AHERECHEE >3 5% BEETOBY
EOREIMBLUELGHMOEMERBVETES, LELINERFILE SRFMCH~
BT SIOHIRRETH D, B BT » TERFEE TH AN EHESEDL SN TRTH A,
SRETE Tk TR IIESED ST A P 0T mmr it BIER S E
HEANT BERRNBEECHRESFECREOBRL2DH L,

# 23
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NEFHEE (B, ZRAAHELSKE) LCOBEECHOVTHRUAERLBHS TN & EL
hEREEERRE 2RERICE(CRFERLET,
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