RBFN534F 3 ARFT

WEHERTE= =, 25

RADIATION CHEMISTRY
B &8t #¥R1E2¥2 =  JAPANESE SOCIETY OF RADIATION CHEMISTRY




8

“Amateurism” @ ¢ 9 ¥

FERED DI RATERLOBDHEINTHRENE
[HOHEHIZBIEF LWL DORH 5, Letter & 4 —F 1,
Weekly > v — 7 A 0\EEONES TR FME Y AR 5
THhoH. WEFX, BHBEHREDRSFELZ I THC L
2%, & 2T RIN Lood b, EHREE b FiIst
Tkl ¥, SMAHRS: L0 AR IRICEHR
ZOKLWEMULOOH 5 X5 TH 5D, = OBEGLFHA
K5, FEFICicofctcdTH h, FEMESO—EE L
TESREZLTHAH Y. MRKEREERTI, R
¥, alHRETEHT A LB BN, £ TOR
%, HRCRIEHMFIZOWTRT . L, M
CREHES, Lol b ERbiciit&, XHE@ET
EHZ LML, #E05EE, FRETORRIL
HMIRDOEE O TH Y, HHDKRK X, Background %
HETHRLELH - T, Jargon THRELFELES X
Sicieh, ThMNIFEHMROSIAD LT HLL LT
%, o, HHEEHBROR 2BEOREER, H5
WX EE R FE T A TIRRE S ST Ui LT
W ETHAH5. FLT, LELEEFRTHISK,
TES B EERZ ), THRSIVBEL] L HEHR
ETHZ L, HMRELTOHALHGEDF->TE
boleKBTLH A5, FoiciiEic 7réLTOK
LELEUBRS,

oL, FAIR & o THRDBH 2R3 BRI 2 B &\
Sfcly 7AERE S b—H L. BEAFO¥ER ST
L bbhd, FuRMERE, FROR LI ¥ ISR
DLONOFATH b, HHTH S, filxBLV5D
N7rELTOHARBIE, ST =F 27 DBET
$H%. Profession & LT ¥ R% L%, Mo XL
THEDHEAKRII KRS Kb TLE S X5 IELbh
5. BARFEOFEAXFHLTHY, MO FHOE
Amateurism {23 5 DTIXIL A 5 D,

HK SR ek o & &, Burton & HEkLIcZ &

* Jeml R LA

1

G =

M

2H5H. WIGHEEWIHEXEAL, Thixffidic
DIXAFIEELEE > Tie, BEfXmbaw. Losl, #
M DA - eI HR LR L o Fic 7
BtE LT LT ot 22T, b3 Fik
T, BHRTOE B ShAEEEL, RFIERIC
4T 2 e B EA L, Ch2iGIETH
%. YRETIERY r TRHOTHEELRD - 1O Tricx
BT 577 VXFEGR ZOHEADIES L LTHWE
W5 ZETHot., 2 TO Burton ORBEEE MR
bR o B7RBE cikinl, HEH#E¥D Amateur
L LTHIRE DTS, 2D X 5k & LT
VIR TOHERHEE LTRDHAAWE A TH

D, FZTOWRETFEIC Amateur ThHh 5.

[ ADOEITLTHEZ T &\ 5 BT Perkinson
OB 5. F Perkinson d:HlO—I1Z [k
TR TENE L OMEROEIMIET T 5] &5
DB ol LB T D, COBEKRT S L2 AMAEKE L
TEB LI S ik JiTiy, A4 L LIcER,
Al kbhbsZ Liedh b, e, FRGHEL
THEL IR ZWIE~Y 2 ) RARMED B s &
LIt T b 00H 5. [HGHRE] L L ]
(b2t L BB AN DL L &, IR RE L TOHREX
BRI ELATLE 5 DTIRIeHSH S 5. FRODIR
WAEFD DM\ [{E¥] OWETH A S, HEFCT
1257t i, Amateur Dl %>+, Routine DFF
REELRD. T, bhbhiiPiEL LTUX7 =T
e bisv, ZIX T rE LTOBLWMEM &
HEHH?RDBID., ELTHFIEL DR, HICD
W eBRgR s s i Bisu, K, BT — <%
FE5 kX, Amateur b L TCORTHT LWEE & Fresh
OB DTIX /A 5 A, © LT, Amateur
REEBSTLE2E, MANTE Tl /eh. MbitnC
ERHMFCHIEIE WS D B XH - KT
76%. O Amateurism OFFi%, Fio, OLEHN
MAHTFELS LI blTA. CAMEEEL-ELD
LSBT b5 2 L BE, A OPREREES Routine 1k
L, V3 VMEL TV AT IEnA S LB, A
WEDH DT, TOBRHSOEXRICIETHEET.



(4 RIHE R

HE—RREE

BE—EEA . Z Ol O L mE A T bhic, fkH
L RE ORI O —KHEEE TH bh D RETI
FxDENI—BTHA. ¥ LRBHCKLEWED
ATHbh, BABSHLES 2« B—RO0 b I P H
Lk,

B SRR H BEOE S FALFEDOERDH
THbh, FoIHEREREEES FILFERThHic o T
3. SN ESTEEIZ DR T bR IR,
RO = AT AR = AT LDy LRIETH D,
EIERER = A T AN B 7 T VRS EREAN VR
D =270 E TS TR o TV 5., HEHAR
CEEDAEISFCIIERC 5 DOfRHERH I h T
5.

BHEELEDES FHER T T 5 PRI, Houwink-
Mark-Sakurada OFiERE LTHRANCHATDS.
1o, BHTHROEBEBHRET T OIS
R O3 TR OV CRERHEREY 5 2 5 L3t
o, BT HOMHEOR AR OV CTRE R
B A 5 2 .

FEHZEAT KA Y BT b XRERITET R D Fik
YIGALUTHHMESR, »M Y, R E=ATAa—Lig
EOSFREMECOWTEELCBIRL, #on0XEZ R
WX hte, &Il Eris TThl LROMNTI L
¢, MHESHICEER LRI AR D35 2Bk Licilnis
U,

BEEEDOES FERIGET s BRI, Hhiedk
A AR O BRI IALE ST IR % B Eah I & it
R T WA OMRT, Wb, WEOBFChI - TTh
Nict- DI RECETOTIND - T fc b3k EOTERR
23 ¢ hte. #i#Ei: Mayo-Walling-Sakurada D3EH
%Eﬁ&Lfitﬁﬁﬁﬁiﬁmo%?wtbféﬁf

* ERLxfE « BUMBEERSEET - BART NV

FEPEA

SALB R % 2T S h ok — RS
— BB R AL D — K i —

MoK =T

FhbHEHTHA.

SN BRSO SR C = » v OELOBT
H5HC LR EEMCE CERCLERTH S, MIHER
THEL LT 2 3 DL 7 £ 7 — MBRHEDOBIEDL
h BETHDTHA » v OMEBERAY Shblcd Ak
IZDWTOBFED %\,

BAE —ER S AR X R E C D UMM LB IR D L B A
CHIBX R, ¥ PFHAHRES FHRBSORIL, KT
AARREF HPRFAC ORI 2 EL 2 L RN
i, RAEZCHETHRAERES, 757 +EA, ek
SMROEFECOWTHR S hic, & CiZlFloeF
2 Tg U LOBEBRTDZ 57 FESCOWTH LA
L, ®%AY <— 05 TilBike OBIFREHL 2 IC S h
to. TR IE B AR F BT ABRBZE AT st iR
HEEARE L, SEERT ORI 2WTEN
HHEEFT TEbhS, L CEBRERERTOAF VY
DOMSHEEA TR RROMINTH F4 vEAOFS
PN B 24 3 EBAMER SR TW e T Ui h TH
D, EBHTFOEALRTERTS LLOFSI—ETH D
c L, ThbbaF4 vERL T O NEE LR
DEEIBRERC L > TRETH D Z EHPALMT SR
Twb, DX 57 TREL] XESHR&ES T
BAKXALLDE LTHEAIATVS,

T, Bl TRRE] Lo SEYHCTHEEIH
%, Fio TREFRH) oFEEHSHEHAIN TS, B
2 MRS AR ¥R ohef b TREFH] O
HEE R LB biiicETh b, CDLHRFEY
Exleh D, WEEED SEKEFERL TS L THH
DOEHE L) OB WHERAEETE B X5 & T
5.

B — BRI 4 BTERCHR DD, Ficlx
HABAHG S 2 BOTcdflix SWIERE 2 & 5 BI
WELET.



BHBMT L 2@3 B OHAL
— R B SMER h0E LT —

1) EANE

B TR SR OFERF T CHEAIhBEEL LT
FERFFED 5\ 3« DRSHROBS R e E 2B b,
FRSHEFHRETOBEI LR, F I A Db
FBFeie EAXETC OIS A ML TRD L D EEADL
h5, BrTHERCO X5 KB THEAIhDBAIK
I RTE DR O BUHRIT X BB MER DT, it
ERIE RN L TROBEE TR LS.

BUfER S TR C oBEFEE L TESEETRTH
%, OFERCH LTI LWLESHEhTHW 5D
FRFAFEO—KIBNBEBRRTE T, F—DHEHDOEC
RERTHRTH VAT ACACLRABETHS. KE
DESFLSIIVIFCERFESHBLELTIDOY AT A
VGBS BESHEBRROBR Y — 7 A B oW THERE
DREL L KRG HEH RELTWH1D, ZOFT h
b OB RARBULIRFI7 O FF fy O Rl Rt B & 283
HZE, RUTHGIHASEROBRETC S THMEL X
NAMEERT5 & & ORFENEFHF IR T 5. RO

B JI [i=A &
R OWTR-S, R R R O BRI
DWTHRRG,

2) B FHE OB R

S5 TRl R D\ Tk Sisman & Boppd)
DRI Z D % L ORI TIebh, T DA
BINTWS, RleXR)=Fr v, =Frv7/ry
vaa (EPR) RO'YY 2 —vITARDWT Tlebh
Tk RATRTY, BB OBSHES L BRI R
OHMRAEE DI X D i I R 528, D5 bk
DAV DHENE LL, TR (GINHE
R) H100 BIAETT5 ETHBERAHRAREE LTH
5. #ABHL 2 x10° rad/hr~ 2 x 108 rad/hr OFFREHRE
FTa L+ 60D r—fRT FREH I hI=b OTH 5.
ZOEBTEAEY=F1rv v, EPRED 108 rad
TOFRANRETH B, BV =Frv voflcRbR% X
5 I FEHHI R OVRINFI DR E L MG K\ . Schonba-
cher + Van de Voorde |3nERCHEHAINLZED
BRI RO AR DOFEM 2T ie AR Y =F v v

AT DWTIEEITR N2 2%, &
FHRHEBIC IO H T, B 5

it

Moo ke M & (R)
3 5 10° 2 3 5 10°

H D\ IKKRIR E L RAHR A
bISBRECHLIRS,

KY)xFL >~

—REAR) T FL

T T

DX 5B LT TR
iit % B RS R AIRL, Fhok (B
B L SER I L DTS @
FICEEME OB\ B 2 L LT
i BT @arFoRtsHit
OWFRDOEBENLETHDH, 22T |M

® EEASRIER) T FL

TERAABIER) = F 1L >~

BRI TR T FL

WEER) T FL v

TFLy7uLyTh
3% EPDM (i&#/1)

EPDM (3 — 2H)

EPM

2 ) =2ty

1 E LTESHEEME E LTHW
LR BMEHCOWT, RO iR
BT RS X WA DR i

i

AWMz a—-raa

ity ) a— T4

iy

BRI OWT, ki kiAo v RAEES
Mg ROWBET 3 Hleolttso T e

0 2 3 5 10 2 3 5 10

Bl1  BRMaADROM ARl

Degradation of Polymeric Materials Induced by Ionizing Radiation

* Naohiro HAYAKAWA [RBFERBF B8

CGRREE) PRRIS3ERERAFEEMA, MFEL 0B, (') &5 FoRSHRRM, Bk gy, Ax—,

ERTTARNT1233  BRWRGETBE  GERE 0273—46—1211 (P3R) 386

Gdig%e) T 370—12



TFEME Ui 40 ORI D 5 B, 1 %108 rad O
SHCHOA100 BT ETIETFLTLE 5 L DA15H,
EPRTIX10fED 5 % 5 FliAMHOS 100 % LA T {E T3
Bz ERRLTWAY, 20X 5 @ms TR OB
i X aH iz Y = —FH LS, MERO W
N TR, HINFILS M B 5L TS EE
~bh%b.

2 O TR L DIREIR TV D SRR TR T
eI dERTH 505, HBTHRND X 5ITEBD DK
G L HEHEN RS & 5 L BEED D\ T
W RO MSHRIC X h 287 £ TIR S h bR
B EELTHRIOFMZTe5  ENBETH 5.

3) WBsRERER

BT iR b s Es TARRC L TR it
BOWBEEET LI D HDFELE LT—RENE
mCHEAIhD L OTH S, BAHRORERITF O
X, BWAEBRNTHELRABINC L > ThRicd. HiE
KB ORETFIFRPICHS &, S EIER OB L~
V% 74555 50~100 rad/hr, FipETFA31.8 X 10° n/erf sec
BETH D, & O—UENEEATHY bh 2 E A H
momEy — 7 AEDS b, RTFROREEIER SR
B~ E OB 2 B 13 5 DL ETg b DI
WL, MR X - THAREDRERTIeH Z &8
FEEIRTWAH, & OUEOEECIWT, kxR
AR LT\ 5 DA~z IEEE-std 323 % 1°383
THDH, 2—r v H5VIEEIE

*1 AN ARG TR E R D
R D REHL
Vil KA HHEKEY
(1) JgHR (rad)  2.6x107 1.5%108
(2) AF—ni
g CC 170 150
E (kg/ed) 4.9 4.4
3) AFv4 JK FIANLATUAL*

* H3BOs DKW

L v TR 121 °CC 168 Wil k) Lo 405D 2R
RN YT A R A 1 x 108 rad/hr AT OfEEET
W5, O X5 & SR X b HLLicEehy
U EIR S A i L - BREDIC I 3. DR
SRR O X b Bie s, £ 1 CibgREE & m
FEABFE ORI, RTIXRE, AF—aELbKE
HE2RLTHHA, EEECITHEE ORI A g L7
B 7 7 4 MEHE - TRKIET 5. B ROFKERIC
FUF AR E, AT — ACHETRTS B WIXFEFT N
%5, MZ ORBECIT RO T AR EERT
W5,

Z oRELET, EiCd L CGRAET Tfiitbh s
M ZTE—flE LT=FrvFrEVvYF.—, /R
ALK /ALEY =F U v ROEREEY) =F v v ER
& LIcBBME D 7 4 v sieonwTTinbh ik R x
£ 21RTY), r-fERAHL 5.2 x10° rad/hr Tfiisbh

®2 F) - HRoRENEROLL

CROWTTKEOBR#ESEDL DI —

zFLyY—FRr srRrALT x HELEEY=F

ERADEHI RO T r S5 S MEEY=FL LV
ARESS D, 1 TR O G =AM (=AM
BT kEORBICH » TiTlebh T - BliEh X, Psi 1148 1950 1454
W5 ENRELDT, ZOREDORN oo % 454 400 264
.y ©121°C, 7 HIHEE(LE
ORI EMIERIN S 3D EE, Psi 1180 1974 1518
I EEE std 323 R0'383 D5 % oo 9% 420 312 230
MZ I EL SR OMAEREICD 5 x107 Rad, R4
W, FRBBREEs — 7 A Flak R, Psi 925 2106 2862
- R . oo % 226 202 96
HUTHIBREDTDOBRRIE 1000 (1 %108 Rad
BWohoTb, FOHNEE, O B A4 1)
FEFFEo#HFmOM @FELIRT gl DX, Psi 493 1465 1632
%), EEEECA U S BbrE v % 74 50 40
%, ke offokmc it o5 }10 Red oI
’ - ~. —nXn " &
Py, I TRHAMRHEEEE  sEgoms, Psi 791 1208 1336
ATWS, OBRETCHLICHED o % 100 50 35
HaFML D, EITERD Pt LOCA % _
BRI ASET v =y 2l O h R U 556 1074 -
(]

kB R Bk BlEr AT —

50 40 35




TW5b, N5 x107 rad OBHTHE b DIE T AR
L, iUl (LOCA) LTz
DR, OBt RMIET L5,

ZORBEITER I DT/, Mk R % n
2 bR T - Tk b, BEL WL OhORE
MORREIh, ZTOMEBRENINRT V5., T ORI
ERHPEROBE PR E Vol 2 EOBRBIOE A
B OB 5.

4) HEDRE

TR O—KIEMNBEBATHER IR 5 &S TR,
404E &\~ it otz 5T 100 rad/hr F2EE D Bt
LINBLABERINADT, ZOHDOHILCEH %
{LIRAEE X AR T 2 LB D 5. i~ Aol Tl
BEALE RS bR a7 LB & LTk, R
EEEEX D EWRER AV, s SmERe v
THIEERIEL T 5. EERCES FHRRERI RS
DRI FETHRETH H, HERIBIHTE
DB OIRHEBIS e 812 X HFRERG T+ 5 R
HECI D, BE AR EH L% & ic b REI A
BHR > THET LB AHADEN AT HHEML D
D, ML UABERE LTRSS & LIi3BEvInid 5. ¥
1o 2 OB R RFFC I B xRS 2 H AT T
L EERR OIS LEETH 5.

1) BERHR

BERHRCOVLTULE L OB A IR T 59,
K2 B X 5mmO bERER Y =F v v A RREREYE 2
1wF }

5 X10° R /h

0 1 2
2 100~ {
* Ly
110C
FAEt® 1 X10' R /h
50{-
(1) S ) N O S P B
0 1 2
#ifi o 5 O R

B2 rrsrRolE s imo%Zet
(4fE 0 1 x108R)

T, BEXHED 5 AGROBEE RS, Mg+t T
4fE 1 X108 rad ¥ TR TV A, (EF4HEX R

5

TeiREHCH B0 b X VG ROWA IR ST X B 0T
SEOYMIRIEANE 5 T B 2 EBR LTV 5, FEERY
BIBELMRCR OGRS, F721 x104 rad/hr OFFERIC
FUT S EAD S 1 mfREE OVER Ty AV FROET I
Rohhd, MRKIGER» bERICis 51 2h @i
YT 5 Easbnns., RUELHETRES Lic 1 nnED
RO 5 % 10° rad/hr OFREROMBETIX 400 %
L BHBHAS, 1 %104 rad/hr TIZS0% LA TFIAET LTu
A, =FULVTREVVIA—, HELEE)=FULVYR
VZmrr7L vy AROWTHBERGHENFAILGIT
WA, BHEEY =F L vz E KERBRET Rbhitun
S, HEIREME, AREE & OREREKFEIES
F ORI X b i h MR TF AR LT 510, Zik
FY =F U OV TRERNBEIE - & A THEERH
fitelh T B, EERO. dnn Dz Ze & T 446 rad
/hr 735 2 x10° rad/hr ¥ TOFER TR LB AT
RO ODSRIBHZRI D (Ot D e 53 10 le D & DR
fird LT 2 x10°% rad/hr OfFEHRT1.6 x 107 rad, 4.3
%108 rad/hr ¢ 3.6 x 108 rad, RFIEDKRIEHK 4,46 %102
rad/hr 1.4 x 108 rad &\ 5 {HEH T3, EE0.4
m D HHEC F\ T 5,000 rad/hr &\ 5 EFERICES
WTHLBEREKFESROh 2 ZLXERTNETH
53, ZZT4.46 x 102 rad/hr DfFER TR I
ARt FREIZBIE & & b TEROTHEI L, 9 X
106 rad % THWE4HT 5 & RBHEUR D5 FEMa=92,500
DHTFD—IET LT 5, ¥ TR s BaE
DRiAIRL, HOROE |5 D HMEORIhT X KT i
SFEEOTMNT X B E LTWwA, —J 1 x108 rad/hr ©
BOHRERTBRAINCHETHOIMRIEHNECRE S
BENH DB, oL U bIEMMELICEMNEY =F v
v DMK ERZEFHT 1 x108 rad/hr OFFFERT 1 x108
rad ¥ TIRHLTH YL O4ERIZEL BT, GPC
FHOTHFRONMEN FIRETH H, RBHAKTIL.8
%104 (Mn) THotcdb DA%, 1 x107 rad DRHT1.1
x10412, 71 x108rad ©3.1x10% ¥ CIETFT 5.
Z TRV BRI X 5 IR T R X 0 &S RNER
WK Lc 5 2 h MidkERORE DI TRIGT 3 &
EALRTE Y, ZOFED X5 IR TIIIRR
s TR Ze SR O & B TR L8 B 7ok b
CXAYUMNEE LTS EEADRS.

RY =F v vie L OFESFIROBAHRE LIXEER ©
FEECKEL S h, FRINCEEE Ofia FTETciThbhs
IR OBETH B L &, HHVILEREROBSG
DEEOTP IR &b BRI b RicH AT
T5. ZOZ LI HBIRNCBE 2BHC a3
CER XD ESTHROS LR RETE HATREM LR L



e g EPR 2mm Film
20 Mrad
o) & 1x10%rada/nr
5%10°
- 5
O 3x10

0.5 A
o
2 \\
o + Na
4]
: N
ELORNN
8 L \\\%
, N
0 0.5 1 145

0, pressure JP(atm)
B3 rABROMBEEC L 5% L

TW5, 3 ii=FLr v 7rEL vYF3—DEX 2mD
7 4V ADOWT 2 X107 rad B LB A D ¥ A5 R
C5- 2 HBEEDOH BRI b OTH AW, FRER
& LBBEEOFEHRTH L LT 7 A5 EKaid LR
X AEMPEML T WD ERRLTWD, Shnb
fRFEAINEST S Z LT X hfRER 1 x 108 rad/hr iz
T3 3 x10° rad/hricdsid % & D & Efli7eHbx 7o b
L85 Z Eavbhh, Hlbof@tko—okL LTHAT
X HAHEM AR LT 5.

4-2) BEAVR

B L RS FRRC B AR Iz i & O%h
B MRofiE, #ERO L L i ESh
5., BLAIBRTWAIICAEY) =F L vy bDKED
Rt D GAEIZ20°CHfE AL TR EE & St igind5 23,
TFULVTREL VI A-DBEERND 150 CE T
LAEBT LI, Fiok 7 AR EAEE T 51R
ERCH 2EEWTIEAY AF LV VICR bR S X 5 1ICiEfL
BE#ITEAT YN L E2BOGHEN Wi 2581 H
510, LEEHOY—ACHbhS /7 re v vigd
D = AFBHC oW, Bk & SRS LR B RITe 5
BE, FOIEFEIr X TR >R T2 L, &
DFHEM ORI X ) T ORENF L RIND T LAVR
IhTW58, ¥l B8 b e BUHRSbx BRI 1%
A LA IcHE DKL fTisbh TR HID, ZC
TLESFRIOMEIC X b, HROBEDHIEGFifwm
PHEV BRI H D ENRVWHIRTWA, DX
REAMREYER LT, HbrREL, HaOiHilizrT
75 5 HEE R WL AR EEED S\ 2 BUEB A D B
hTunb,

5) BAFHEOmMBSHREDR L
Bete X AV = F Ly, =FLrv TRV Y
S A= KT, HMAHROR FET HREETIR D x 108
rad Ll E OB EOMEHRICES S h T AT X 2 H
BiHs., L LETHEO—KEMAERNTHC-bRS
BAD X 5 ICB— AR — K EZ A S S - IR
ETOERCN 2 Bk E B fe DI B R
A T ALERD D, BRI Ol BRI D[ i
w7 == AEEGROVY) a - v T ACRbhALOCE
STt OFEM it iR R 1) X 5 T & BUER
AEXRTW B2 AWT, REDHAEEDIER, H
DU R 2 -3 % X 5 feiiRingl & nz % J7ik
MNhbH, BHEIEE LTEBEC L > TThhbh T 5.
Van de Voorde 93 h—HK v 75 v 27, 7AXA}
BBHWE 2 VA 1o E OHGHIO TR B D) L
CRIRNH D L, IV BROBEEYE DM B
AT EARLTWA, F I bORENSE
FHEMOMBEIC L > TRy, flxdzrrartvmt
AV=zFUrViRiZF e FY VA, FhR)=FL VT
373V, HELEMRO 7 = / — VR{EBWHYERT
BB ERRLTND, —HABRFILEMIRERD R %
RTCEIRBLMBRAT VLAY, &2 TREMDORES
L - & b Roh e SER ki v Tl bh
Tk RA R, RICEHEFR Y =F v i Zoilizhn
=3 Fr T AR T O h M AERERIC

X3 % U DR A
L/ R ADGHE T E*
0 (Phr) 3.5 1.0
1 C7) 2.1 0.79
3.6 C7) 1.7 0.75

7 C7) 1.7 0.77

* SR IO EC 3 % A
ZIBED R H AD GEDO B LW TIT°KTESR
BHWTELETAFALT SHLDARY b A OMESL
28, Fe A A DRIEEX 2.5%107 rad, ESRIX 1.5
x107 rad JR4 L= sbhe oW T Febh T g, &0
BERES AL BB ENKETH D, FETADG-
fili, 7o hADAREE SITHBRIRGTEFRMOETMT X
DAL, R4S ADGHHEIL 3.5 phr DFRIMC X H
EHERT S, Fh=FLrvyrrEr vy I A— ol
Nt BE, MEMRETIL 5 X107 rad ORSHT
L ERD92% TH -1 b DAY, 5 phr FEinL i UHCix
T6 %A LT\ D, FIcer, 515k 0 g7 & DK
ME DL LIRS R Hhie.

=D X 5 it s EI A G, BlEREIRT S 2 L




Zxh, {LFRERY=FLr v, HERILEYV=F1 Vv
HNE=F UV T e EL VI A- g PRERCAVS
RTWHHREEM & L TR~ Bciit 2 5 B
72 E DBARLMEA T B,

(B DR EELDHICY D, REOHTEZIE
TSR, ARBEK, #HEYEHC KRBT
REEBKE, BURRCH LUELSHREELLET.

X ik
1) IEEE Standard 323-1974
2) IEEE Standard 383-1974
3) O. Sisman & C. D. Bopp ORNL-928 (1951)
4) B, §)I, i JAERI-M 6751 (1976)
5) H. Schénbacher & M. H. Van de Voorde
CERN 75-3 (1975)
6) Bl JRFIFSE 20 No.1 21 (1978)
7) RIE MusEbORBRE SR EIM-77-52 (1977)
8) T. H. Ling & W. F. Morrison IEEE PES
Winter Meeting C74, O45-1 (1974)
9) F. A. Makblis “Radiation Physicsand Chemi-

stry of Polymers” John Wiley & Sons (1975)

10) &L, FJI, /e, Wk BRI AR
EIM-76-66 (1976)

11) H. Wilski Kolloid-Z. Z. Polym., 251 703
(1973)

12) N. Hayakawa & I. Kuriyama J. Polm. Sci.
Polym. 14 1513 (1976)

13) G. N. Patel & H. H. Keller J. Polym. Sci.
Polym. Phys. 13 303 (1975)

14) #im, #I, % eEepadst EIM-
77-58 (1977)

15) #l, FII, L JAERI-M 7244 (1977)

16) W. W. Parkinson & R. M. Keyser “The
Radiation Chemistry of Macromolecules”
M. Dole Ed. Academic Press. (1972)

17) F.]. Cambell IEEE, Trans. Nuclear Sci. 11,
123 (1964)

18) BERY, FRI, BRI, FEL AR AR
EIM-76-36 (1976)




Electron tunnelling in Radiation Chemistry :

Recent advances in theory and experimental evidence.*

INTRODUCTION
Dear Colleagues,

It is a very special pleasure for me to participate
in your meeting. First of all I want to take this
opportunity to give you on behalf of the Polish Ra-
diation Research Society by the name of M. Sklodo-
wska-Curie our very best wishes for successful work
and many further important achievements in Japa-
nese radiation chemistry.

I want also to express my appreciation and
thanks to the Japan Society for the Promotion of
Science for enabling me to visit your country and
to professor Hiroshi Yoshida and Organising Com-
mitee for inviting me to present this lecture.

It has been almost ten years now since active
research on electron tunnelling in radiation chemi-
stry started.

For aqueous glasses, for which the evidence for
tunnelling is perhaps most convincing and abundant,
first publications appeared in the years 1970-72 ow-
ing to the research of two independent groups. In
Soviet Union Ershov et al. (1) as well as Zamara-
ev, Khairoudtinov and Mikhailov (2) suggested
that e; decay in alkaline ice subjected to large do-
ses of y-rays or in the presence of electron acceptors
may be due to electron quantum mechanical tunne-
lling.

In Poland, independently, the accumulation cur-
ves of e; in the presence of various electron scaven-
gers in alkaline ice were interpreted with help of
secondary reaction e; + scavenger proceeding via
tunnelling (3). For organic systems, whose behavi-
our in respect to tunnelling is still somewhat doubt-

ful, the idea of subbarrier electron transfer was

Jerzy Kroh**

introduced a little earlier. It is my pleasure to point
out here that one of the very first papers on tunne-
lling was published in Japan in 1965 by Tsujikawa,
Fueki and Kuri (4) and concerned electron migra-
tion in methyl tetrahydrofuran glass.

The idea of such approach may be traced back
to middle fifties when Dexter (5) used this type of
calculations to describe behaviour of F-center elect-
rons in alkali halides.

As it is well known in the last decade electron
tunnelling has become a fairly well accepted idea
in radiation chemistry. In contrast to the lecture on
tunnelling which I gave four years ago at the Miller
Conference there is no need now to convince the
audience as to the occurence or importance of this
process. On the contrary, my feeling is that some-
times the idea of tunnelling is used in a little exce-
ssive and careless manner without sufficiently sound
experimental evidence.

On the other hand I would like to point out in
the very beginning of this presentation that tunnell-
ing by its very nature may be applied to a very
wide variety of phenomena and in the extremely
wide time scale of events.

The rate constant of tunnelling, k, may be ex-
pressed as:

oo 2 - (v£))
where: v is frequency factor, a,barrier width, V-E,
qarrier height, m-electron mass and h, Plan-
ck constant.
The above equation shows exponential dependence
of k on barrier width. When the latter changes
from several to several tens of A the tunnelling

times increase from picoseconds to minutes, hours

* Lecture given at the annual meeting of Japanese Radiation Chemistry Society in Sapporo, October

6, 1977.

** Institute of Radiation Chemistry, Technical University Lédz, Poland
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and days.

Indeed most of the evidence for tunnelling comes
from two extreme ends of the time scale. In low
temperature glasses for typical scavenger concentra-
tion the tunnelling ranges are of the order of 20-60
A and electron transfer may be easily measured by
conventional spectrophotometric or EPR methods.
On the other hand in concentrated liquid solutions
or in intraspur processes the ranges may be much
shorter than 10 A and then tunnelling may take
place in nano- or picoseconds.

Obviously the idea of tunnelling is most useful
when diffusion kinetics does not work. In rigid
media, especially at very low temperature both tra-
pped electrons and acceptor molecules are immobile
and can not diffuse.

We know also numerous extremely fast reactions
(6) whose rate constants are higher than those for
diffusion controlled processes. This means that
reactions radii must be larger than the crystallogra-
phic ones and reaction probably proceeds via quantum
mechanical interaction.

BASIC EXPERIMENTAL FEATURES OF
TUNNELLING
Time dependence

The electrons trapped in irradiated aqueous gla-
sses at 77 K decay spontaneously in the presence of
scavengers. The decay proceeds over very wide time
range and does not obey any simple kinetic equa-
tion. The first interpretations of the time depen-
dence were given by zamaraevet al. (2 )and Miller

(7), both predicting linear decrease of e; concen-
tration with logarithm of time. As may be seen
from fig. 1, this relationship is fairly well fullfilled
in respect to electron decay in its middle part.
However, this dependence is obviously incorrect for
initial and final stage of electron tunnelling, as it
was pointed out (8,9) on the basis of integration of
the rate constant over all possible e; - scavenger
separations. Indeed the time dependence presented
in fig. 2 has a fairly linear middle part of the
curve, but in a wide time-scale it has a shape of a
reverse S letter.

We have obtained many such curves for various
processes of electron transfer at 77 K. A typical

example for isothermal luminescence believed to

2 20 28 36 Lh
log T,min

Fig. 1. The decrease of total electron concentra-

02

tion measured as the area under the
optical density curve, [ O.D.dy,
during the 77 K storage of irradiated
frozen aqueous matrices containing 2.5
x 1072 mol/l NOg;

O — 50% ethylene glycol, x — 5 mol/l
K:COj3,

[J — 8 mol/l HCOONa, + — 8 mol/I
NaOH,

A — 15 mol/l LiCl, V¥ — 8 mol/l Na
Ci0,.

The glassy samples were 7 —irradiated
at 77 K and stored at 77 K in the dark.

th

Fig. 2.

-0 -6 2 2 6 10 ¥ B
log 7,sec

The theoretically predicted dependence
of [e;] in alkaline ice on logarithm of

time for the following nitrate concen-
trations :

1 — 1072 mol/I

2 — 2.5 x 1072 mol/I

3 — 5 x 1072 mol/l

4 — 0.1 mol/I

5 — 0.2 mol/l.



proceed via tunnelling is shown in fig. 3.
Jdr
yic
10 \
0sf
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Fig. 3. The dependence of integrated relative
isothermal luminescence intensity of -
irradiated iso-octane measured at 77 K
(O) and iso-octane containing 102 mol
/1 benzene (x) on logarithm of time.

The integrated luminescence intensity is supposed
to be proportional to the number of electrons which
have reacted.

It should be stressed, however, that the S-type
curve can not be the only evidence for electron tun-
nelling. Similar curves may be simulated by other
complex kinetics. Generally, however, if a reaction
proceeds over many time decades and in each decade
the concentration change is similar, then tunnelling
seems to be a probable mechanism.

Concentration dependence

It has been noted that for low temperature gla-
sses the dependence of the yield of trapped electrons,
G (e;), vs. scavenger concentration does not obey
competition kinetics (2,3,10). On the basis of very
simple tunnelling model Miller (10) has predicted
the linear decrease of log G (e;) with the scavenger
concentration. This relationship has been experimen-
tally observed for many systems(10,11)and is exem-
plified in fig. 4. Also Tachiya and Mozumder (12)
justified the semilog dependence on the basis of
more refined tunnelling calculations. Nevertheless,
the concentration dependence alone, without any
additional measurements of the changes of e; con-

centration in time, is a very poor proof for tunne-

AN

N 2
005 010

(s]

Fig. 4. The logarithm of normalized optical den-

sity of e; in 50% ethylene glycol-water

at 585 nm plotted against the concentra-
tion of the scavenger added:

O—Hz0z, x—NOj, A—NO;
[—S:05®

The glassy samples were irradiated and
examined at 77 K.

lling. It must be kept in mind that the same type
of semilog graph was introduced by Hunt (13) to
describe the scavenging of electrons prior to their
solvation (dry electrons). In the course of our work
with alcohol glasses (14) we observed the semilog
dependence in respect to trapped electrons and sca-

venging product. This is illustrated in fig.5 presen-

x

00g, x

* G2
OD". *€g, %G
x

In(1+
X

25 s 15 10
[Bzcl] 100

Fig. 5. The test of semilog equation describing
the scavenging of dry electrons in alco-
hol glasses. OD, G and ¢ denote optical



density, radiation yield and extinction
coefficient, respectively. BzCl and Bz
denote benzyl chloride and benzyl radical.
(O — iso-propanol, x — ethanol, A —
methanol, [] — ethylene glycol.

The glassy samples of alcohols contai-
ned 5% (by volume) water. The tempe-
rature of irradiations and measurement
was 77 K.

ting the relationship between the ratio of the yields
of benzyl radical (scavenging product) and trapped
electron and benzyl chloride concentration. We also
observed the slow decrease of e; concentration with
time. But the rate of this decay is very slightly
affected by the scavenger concentration and the yield
of benzyl radical remains constant during pulse and
gamma radiolysis experiments. This observation led
us to the conclusion that the main process observed
in alcohol glasses is the scavenging of dry electrons
though the concentration dependence formally might
indicate tunnelling. The scavenger plays probably
only a secondary role in recombination of trapped

charges.

Wavelength dependence

The broad spectrum of e; in aqueous glasses
decreases nonuniformly in the presence of scavenger.
The decay of the red part of e absorption band is
faster than at absorption peak or in the blue part
(15). Let us presume that there exists certain dis-
tribution of the trap depths, which is reflected in
the spectrum of trapped electrons. The shallow tra-
pped electrons give rise to the red part of the spec-
trum while the deeper electrons contribute to the
absorption at maximum and in the blue part of e
band. We have shown that the nonuniform decay
of e[ spectrum is consistent with tunnelling model
under this assumption(15). Furthermore, the depen-
dence of the rate of decay on the wavelength at
which the decay is monitored is in good agreement
with that predicted by tunnelling (see fig.6). The
log k 2 vs. 2-172 is linear in such different media
as alkaline ice and 3-methylpentane-n-propanol glass
(8).

Another complementary evidence of distribution
of the trap depths was obtained from the concentra-

tion dependence. The steeper slope of the semilog

x

ooof”  (soo/® ooyt
AP am#
Fig. 6. Correlation between the rate constant of
e; decay, k, and the wavelength, 1 ;

(O — 3-methylpentane,
x — 8 mol/l NaOH with 2.5 x 1072

mol/l NOj.
The rate constant, k, was measured as
initial slope of semilog plot of the decay

of optical density of e measured at the

wavelength 2.

plot of absorption vs. scavenger concentration is
observed for the red part of e; spectrum than at
its maximum (16). This effect becomes more pro-
nouced at long times. The modified expression of
Tachiya and Mozumder (12) allowed us to calculate
the effective potential barriers which electron “sees”
between the trap and scavenger ion in alkaline ice
at 77 K (16). These effective heights of energy
barriers are plotted against the energy of optical
transition in fig. 7a. It is seen that there exists
certain distribution of the heights of energy barrier.
Moreover, the height of the barrier seems to depend
on the scavenger nature. This fact could be expla-
ined on the basis of theoretical calculations of
Tachiya (17), who suggested that effective height
of the potential barrier, E, corresponds to an average
energy in the region of overlap of energy spectra
for donor and acceptor. Even very simple assump-
tion that E is the mean value of energy needed to
ionize the trap, (E!), i. e. the trap depth and
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Fig. 7. The energy barriers, calculated from the
slopes of log O.D. vs. scavenger concent-
ration, plotted against the energy of opti-
cal transition.

O — for NO3, @ — for Fe (CN)473,

x — for CrO;?

a — height of effective potential barr-
ier, E, vs. energy of optical transi-
tion,

b — ionization potential of e, Ezt-, vs.
the energy of optical transition.

The measurements and calculations we-

re performed for e; in y — irradiated 8

mol/l NaOH at 77 K.

absorption threshold of a scavenger ion in UV,
(EL), allows one to calculate the trap depth with
reasonable accuracy. The fig. 7b represents the trap
depth, Eé;, calculated on this assumption, plotted
against the energy of optical transition. It is seen
that the mean trap depth is c.a. 1.5 eV and the
trap distribution extends from 1.1 eV to 2 eV and
probably to higher values. This conclusion is in
good agreement with the photobleaching and photo-

conductivity measurements (18).

Isothermal luminescence (ITL)
It has been generally accepted that Bagdasary-
an equation (19):
Io/1 (t) =14a (t—to),
where: I, and I (t) denote the intensities of ITL at
times to and t respectively and a is an experimen-
tal constant, is consistent with tunnelling (20-26).

For example the decay kinetics of ITL for 3-me
thylpentane ( 3 MP)-Naphtalene (Nph) system at 77
K can be very well described by this equation at
least in the time range up to 30 min after the end
of irradiation (25) (fig.8).

.}9_
{0y
ls
203
10f iz
50+10°
5
60 L 28 7 4
e % oo % B

Fig. 8. The influence of [Nph] on the decay
kinetics of ITL for the 3MP-Nph system.
(@) — phosphorescence band ;
(O) — fluorescence band ;

to = 2 min.

Numbers indicate concentration of Nph.

The decay is faster for higher [Nph] as found
previously in the case of biphenyl (Bph) (27).

In the presence of Nph the ITL of 3MP glass
at 77 K consists of fluorescence (300-360 nm) and
phosphorescence (445-600 nm) of the solute.  The
fluorescence and phosphorescence intensities at first
increase with [Nph] and then for [Nph] =~ 2.5 x
1073 mol/l start to decrease passing a minimum at
~ 7.5 x 10°% mol/l (fig.9) (25). For higher [Nph]
the intensities of both bands sharply increase. The
traces of excimer emission (365-430 nm) can be obser-
ved only for [Nph] > 102 mol/l. It has been found
that in the presence of CCl, the intensity of ITL
for 3MP-Nph system increases steadily with [Nph]

(fig.9).
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Fig. 9. The dependence of ITL intensity as a
function of [Nph], without and in the
presence of 5 x 1074 mol/dl-3 CCl,.
(@, A) — phosphorescence band;

(O, A) — fluorescence band.
The dose is 9.0 x 1016 eV g1
(@, O) — 3 MP + Nph;
(A, ) — 3 MP + Nph + CCly;
to = 4 min.
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Fig. 10. The influence of sample treatment on

the dependence of ITL intensity on
[Nph];

P — phosphorescence band ;

F — fluorescence band.

The dose is 9.0 x 106 eV g1,

(@) P, (O) F, no treatment ;

(A) P, (A\) F, kept at 85 K for 2.5

min;
(=) — excimers kept at 85 K for 2.5
min ;
D) P, (A) F, photobleaching at 1300
nm ;
to = 4 min.

A curve without maximum can be also obtained
after annealing the irradiated sample at 85 K before
ITL examination at 77 K or after photobleaching of
irradiated sample with infrared light (25) (fig.10).

The infrared light as well as the storage of the
sample at 85 K (the temperature of the first RTL
peak of 3MP) cause the disappearance of trapped
electrons in 3MP glass.

The above results strongly suggest that there
are two different reaction paths responsible for ITL
in 3MP glass. According to the first one, which
explains the maximum, the luminescence is caused
by trapped electron - cation recombination whereas
the residual emission is due to charge transfer bet-
ween Nph~ and Nph* most probably by tunnelling.
Such explanation seems to be reasonable because the
highest intensity of ITL is observed at 2.5 x 1072
mol/l Nph in 3MP, where no trapped electrons
are found by spectrophotometric examination (25).

The recent results on ITL for y-irradiated
methylcyclohexane (MCH)-Nph system indicate that
only the second type of reaction is involved in ITL

emission (28).

Temperature dependence

It has been commonly assumed that basically
tunnelling rate is temperature independent. However
practically the trap parameters such as barrier height
and shape are temperature sensitive and weak tempe-
rature dependence of tunnelling might be expected
(29,30).

The temperature dependence of ITL decay stu-
died from 14 to 100 K for 7 -irradiated MCH, ace-
tone (Ac) and di-isobutyl ketone (DIBK) is shown
in fig.11 (26).

For MCH glass ITL decay fulfills Bagdasaryan
equation in the whole temperature range. For poly-
crystalline samples i. e. for Ac and for DIBK the
negative deviations are observed at temperatures
above 40 K. The higher the temperature of the mat-
rix the shorter is the time range within which the
experimental data satisfy Bagdasaryan plot. This
indicates that at longer times the process leading to
the formation of luminescent entities is slowed down.

In the whole temperature range 14-100 K the

positive activation energy Eac:. for radiative recom-
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Fig. 11. The temprature influence on ITL decay
for organic pure matrices.
The dose 150 krad ; to = 7 min.
(a) — acetone
(O 15 K, (A) 40 K, (x) 60 K,
» 77 K, (B 100 K
(b) — DIBK
(O 14K, (A) 40 K, (x) 50 K,
» 77 K, (@) 100 K
(c¢) — MCH
(A) 4K, (@ 40 K, (O) 60 K,
) 77 K

bination processes was observed. Its values ranging
from 0.001 to 0.06 eV were slightly higher for ket-
ones in comparision with MCH samples. Eact. found
in the cooling cycle was lower than for heating one.
For MCH a slight decrease of ITL intensity was
observed even below 40 K indicating that Eact. of
recombination process is not equal to zero even at
temperatures as low as 14 K (26). Coﬂtrary to this
the earlier Kieffer’s et al. results (31) indicate that
the ITL intensity observed for MCH - Bph system
decreases with temperature down to 62 K and rema-
ins constant at lower temperatures. Taking into acc-
ount the weak temperature dependence of tunnelling
one can postulate that in MCH glass (26) as in the
MCH-Bph system (23,31) the quantum mechanical
tunnelling of trapped electrons to cations is most
likely responsible for the ITL decay.

For ketones the results seem to imply that there
are two superimposed processes. The faster part of

ITL decay is probably due to geminate recombination

of the ketone molecular anions K; with the ketone

molecular cations K*, the K anions being correlated
with their own cations. The slower part of ITL is
connected with the reactions of non-correlated Kj;
with K*. Electron transfer from both types of mole-

cular anions K- to K* occurs via tunnelling (26).

Possible role of tunnelling in spectral
shifts of et

Another class of phenomena, in which the ele-
ctron tunnel transfer mechanism seems to take part,
is the electron trap relaxation observed in glassy
polar matrices as the optical spectrum shift.  This
shift was attributed to deepening of the electron
trap due to the rotation of the trap constituting dipo-
lar molecules (32, 33).

liquid but it fails for temperatures at which matri-

Such model works well for

ces become glassy solids. The mechanism assuming
the tunnel transfer of electrons from occupied sha-
llow unrelaxed traps to the slightly deeper preexist-
ing traps was proposed by Bartczak and the present
author (PA) (34).

followed by fast rotation of the trap dipoles on

The tunnel transfer process is

account of the local “heating” of the matrix. This
“heating” is the effect of the conversion of the exce-
ss energy of electron after tunnelling to deeper trap
into the local vibrations of the trap neighbourhood.
The tunnel transfer model predicts the relaxation
times which, in contrary to previous models, are in
good accordance with experimental data both for
liquid and glassy matrices.
ADVANCES IN TUNNELLING THEORY

The first publications on theoretical models of
stabilized electron tunnelling to scavenger molecu-
les appeared almost simultaneously : Miller (7,10),
PA et al. (3,15), Ershov et al. (1,35), Zamaraev
et al. (36-38,27).

models are:

The common features of these

1. The problem is treated as one-dimensional

2. The potential barrier has rectangular shape

3. The electron is situated in a one-dimensional,
rectangular potential well

4. The electron is treated as a free particle both
before and after the transition through the barr-
ier.

In order to obtain a better fit of the theoretical and

— 14 —



experimenta] results an attempt was made to const-
ruct the theoretical model without oversimplificati-
ons 1-4 included in the previous considerations (39,
40). The model taking into account such factors as
the three-dimensionality of the problem, a realistic
model of electron trap and the distribution of trap
depths was recently worked out by Bartczak, Strado-
wski and PA (9). The calculations of the tunnel
decay of electrons stabilized in alkaline ice 8 mol/l
in NaOH in the presence of NOj or CrO;2 ions as
electron scavengers were performed. The electron
trap was assumed as described by the semicontinuum
model (41).

the three-dimensional, spherically symmetric rectan-

The scavenger was represented by
gular potential well. The nonrectangular shape
of the potential barrier is deduced from the model
of trapped electron. The rate constant calculations
based on the theory of quasistationary states have
led to the following equation for the rate constant
treated as a function of the distance between centres
of trap and scavenger

k =FAD
where F represents the frequency of electron colliss-
ions with the trap walls, A the geometric factor due
to the three-diemnsionality of the model and D is
the tunnel transfer probability. The dependence of
the rate constant k on the electron-scavenger dista-
nce a is shown in the fig.]12 and compared with
the rate constants given by the models of Miller
(7) and Brocklehurst (39).

20

30
a,A
Fig. 12. The tunnelling rate constant k vs. trap-

scavenger separation a: —— calculated
from ref. 9, - calculated from ref. 7
(height of barrier 1.1 eV and pre-expo-
nential factor 2.14 x 1017 s71), —+—-
— calculated from ref. 42(height of barr-

ier 2.5 eV and pre-exponential factor
1.47 x1019 s71).

In the system containing trapped electrons and
scavenger the parameter a varies with certain proba-
bility distribution p (a). Thus the rate of tunnell-
ing must be averaged over the distribution p (@)
assumed in the following form.

p (@) =cs exp (—4 7 a3 cs/3).

On the other hand, in the glassy sample the depths
of electron traps and, consequently, the energy levels
E. have a statistical distribution G (Ee).Thus the
corrected equation for the amount of the electrons
surviving after time z, P (z), must include the ave-
raging over energies Ee. The distribution function
G (Ee) assumed in (9) has the gaussian form.

The next problem considered in (9) is the
scavenging of dry electrons. This process obeys the
following equation

Ge; / Go = exp (-cs/c3q)

where Go is the yield of dry e~ generation, Ge;
is the yield of trapped electrons and cs; denotes
the scavenger concetration lowering Ge; to 37% of
the initial yield.

Final equation for P (z) has the form

E, )
P (0) = exp (-eo/car) [ GCES) [
E; Rs+Re
4ma?p (a) exp (—pk(a,Ee)r) dadEe
where Rs, Re denote the radii of scavenger molecule
and electron trap respectively and p is the density
of available levels in the scavenger molecule.

Comparison of the values given by the final

05

log 7,5

Fig. 13. The comparison of the theoretical decay
curves calculated from equation for P(z)
with the experimental data obtained
from pulse and stationary radiolysis of
alkaline ice (8mol/l NaOH) at 77 K for

the following NOj scavenger concentra-

tions :
O — ¢s=0.05mol/l, @ — cs=0.1mol/l,
X — cs=0.2mol/l.



expression for P (r) with the experimental values

obtained from pulse and stationary p-radiolysis is

shown in the fig.13 for NOj treated as an electron

scavenger. The good fit between experimental data

and their theoretical simulation strongly supports

the tunnel decay hypothesis.

10.
11,

12.

13.

14.

15.

16.

17.
18.
19.

20.

References

B. G. Ershov and E. L. Tseytlin, Khim. Vys.
Energij, 4, 186 (1970).

R. F. Khairoutdinov, A. Y. Mikhailov and K.
J. Zamaraev, Dokl. Akad. Nauk SSSR, 200,
905 (197D).

J. Kroh, and Cz. Stradowski, Proceedings of
the Third Tihany Symposium on Radiation
Chemistry, 10—15 May 1971, ed. J. Dobo, P.
Hedwig, Akademiai Kiado, Budapest (1972),
p. 1173.

H. Tsujikawa, K. Fueki and Z. Kuri, Bull.
Chem. Soc. Japan, 38, 2210 (1965).

D. L. Dexter, Phys. Rev., 93, 985 (1954).

M. Anbar and E. J. Hart, Am. Chem. Soc. Adv.

Chem. Ser., 81, 79 (1968).

J. R. Miller, Chem. Phys. Letters, 22, 180
(1973).

J. Kroh, Cz. Stradowski, Int. J. Radiat. Phys.
Chem., 7, 23 (1975).

W. Bartczak, J. Kroh, and Cz. Stradowski, J.
Chem. Phys., 66, 2737 (1977).

J. R. Miller, J. Chem. Phys., 56, 5173 (1972).

Cz Stradowski, Radiochem. Radioanal. Letters,
29, 267 (1977).

M. Tachiya and A. Mozumder, Chem. Phys.

Letters, 28, 87 (1974).

J. W. Hunt, R. K. Wolf and M. J. Bronskill,
J. Chem. Phys., 53, 4211 (1970).

J. Kroh, E. Romanowska and Cz. Stradowski,
Chem. Phys. Letters, 47, 597 (1977).

J. Kroh, and Cz. Stradowski, Int. J. Radiat.
Phys. Chem., 5, 243 (1973).

J. Kroh, and Cz. Stradowski, to be published
in Radiochem. and Radioanal. Letters.

M. Tachiya, private information.

L. Kevan, J. Phys. Chem., 25, 3830 (1972).

Kh. S. Bagdasaryan, R. I. Milyutinskaya and
Yu. V. Kovalev, Khim. Vys. Energij, 7, 127
(1967); 6, 47 (1972).

C. Meyer, Thesis, Université de Paris-Sud,
Centre d’ Orsay, (1972).

21.

22,

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

F. Kieffer, C. Meyer and J. Rigaut, Chem,
Phys. Lett. 11, 359 (1971).

J. Kroh, and J. Mayer, Int. J. Radiat. Phys.
Chem., 6, 423 (1974).

F. Kieffer, C. Lapersonne-Meyer and J. Rigaut,
Int . J. Radiat. Phys. Chem. 6, 79 (1974).
A. J. Doheny and A. C. Albrecht, Can. J.
Chem. 55, 2065 (1977).

J. Mayer, M. Szadkowska and J. Kroh, in press,
Chem. Soc. Farad. Div. Gen. Discussion No 63,
23—25. III. (1977).

J. Kroh and M. Wypych, to be published in
Radiochem. and Radioanal. Letters.

J. Kroh, J. Mayer and M. Szadkowska, Procee-
dings of the IV Symposium on Radiation
Chemistry (Keszthely, Hungary, 1976).

J. Mayer, private communication

for refs see W. M. Bartczak, J. Kroh, E. Roma-
nowska and Cz. Stradowski, Current Topics
in Radiation Research Quarterly, 11, 307
Q97D).

G. V. Buxton and K. G. Kemsley, J. Chem.
Soc. Faraday Trans 1., 72, 466 (1976).

P. Cordier, F. Kieffer, C. Lapersonne-Meyer
and J. Rigaut, Radiation Research Biomedical,
Chemical and Physical Perspectives, Academic
Press, p. 426 (1975).

K. Fueki, D. F. Feng, and L. Kevan, J. Phys.
Chem., 78, 393 (1974).

M. Tachiya, and A. Mozumder, J. Chem.
Phys., 63, 1959 (1975).

W. M. Bartczak and J. Kroh, to be published
in J. Phys. Chem., (1978).

B. G. Ershov and E. L. Girina, Izv. Akad.
Nauk. SSSR, 2, 278 (1972).

K. J. Zamaraev, A. Y. Mikhailov, R. F. Khai-
routdinov and W. T. Goldanski, in: Proceedings
of the Third Tihany Symp. on Radiation
Chemistry, 10—15 May 1971, ed. by J. Dobo,
P. Hedwig, Akademiai Kiado, Budapest,
(1972).

K. J. Zamaraev, R. F. Khairoutdinov, A. Y.
Mikhailov and W. T. Goldanski, Dokl. Akad .
Nauk SSSR, 199, 640 (1971).

K. J. Zamaraev and R. F. Khairoutdinov, Chem.
Phys., 4, 181 (1974).

B. Brocklehurst, Chem. Phys., 2, 6 (1973).

F. S. Dainton, M. J. Pilling and S. A. Rice,
J. Chem. Soc. Faraday Trans. II. 71, 1311
(1975).

K. Fueki, D. F. Feng and L. Kevan, J. Phys.
Chem., 74, 1976 (1970).



(g #t)

K B Al T B 1 % [ R

1. FCHIC

BENECR LT Az e s W TERBHFOHRATE
KBRS 2T CRB TR BbABY DT, 22T
FRBEE T OB Tl L O r MBS BT 5
i 2 OB DEE L B S h 5 KRR 31 5 %
BOMER T E xRl %, H4 OXRFEREED
BRI oW TH iBISR <52, FELVABEAEI A
ROTFE O KGENENRZASH [ R RFERANE
Bl D @E;rh T\ 5,

PEK 7 OB FROBMFIH A XTR & Uik aHilits
3FE & LTBEHRERS T TORRCIE ST, &
DHEFTIIEE  DIRBERe KRR & T—E DS AN
A ¥R LTI, HRBHHOBELBEIh TS,
C D7, FHEFHNE L —EDRS v A T AR ERTE
{ZEIRI-T, BEINCHEMALAANTELXDZ LM
TEfe, L LBIER LU TED D DRGREBI D5
Bouk, BHEHK, SR OMK, HEWIRE, IR
FIOREIILENLHERTH 5 DT, KEENES
BOTIA < EH T & BEFHEE A B I h e R TH
DT ETHEL.,

AR D, KEEIHICB L TxE < OBE
1 & DFRINTE ST L—E DRSS T DRI D
HRCREIRTLE ST, EBEO BHEM (BHH
%, RS E) OB oOWTL, HEVBERESh
Tlepsotens, 5RO —#R i RRIE D
FEETHED 2 LEZ bR T, COMELER LK
LT s W BN, KEREHIE TR EREDIRS &
[F—4HTHEI R T EWEENS L, MOBEU LA
BE LS VCBH AN T coMERKRLEHT258603%
Wi TH A, BB L LOFEEILIIT I ENS
BEIIED, Pled LB REIFFMOGEE RS E 7o
BHEE, BHAHEOHESCOWTHIEEET L0
FhHDH, WP S in situ method DEFEH BT
X, MENEBEOBEY LA EFTL, BHEMN
DERZMHELTLE » UL b 7e bigw

Several Problems on the Evaluation of Large Radiation Source

* Ryuichi TANAKA [RBFE&HF P58

S

DX BIbFT, &2 TIHERENESENOBIRP
Ey 2 ARBATHENDZE LD, fERBBEDR
TEIOBEFOBTHB R L O r SR 2 5T
i FsiF % WGt &t B EhrxAbR®b I LIl
1o,

2. BFROVRBIFMS T IRFARGEORE

AR N TALERFH O FE AR DR 25 X R A I e
NTHIE ) BF=FAF— RNEV DT, BFREIE
<, MOBELMTARAKRZ W 2RI D, DS
ENB AT X » TRES PP EI LT RBIE
HElssT b,

B AR DR E - 5 BT RS (B MeV LA
T) LT, 1RO L5 7 X aSh i s
oA (Flor=3 A F WD) 152 bhTWw5,

0% R &R =

® g
EAR ETRIGINC X 2 SN AR RS

Z OB AR OIEI—E LI b O TIX/e L, BFhcfRb
2 W IRIH R E ORI X - TSRS X 5 7l
2 DY BRZT 5.

EFORBICOWTIE, WAWA - TREBIDE
INRTEHY, ThEhTH5RAI L T#Rbilis bicu.
F e —DETL R UBENESRE RWBELH
. Bl EIHERERex 13 & & TIRFEBH RS R L
THOBRATWAS, TTREBETFEREFRCE LTER

(RRIE) MARBOER GRS THEMAE, MFE X 0 Bk (4D KOAHRMmE, S, Bk (74, S F/hl, Gligk) F370—12

HETTARIART1233  RBF SRR W3S 0273—46—1211 (AR 311



ThTWie, WERR—DE T L, HHHRESN
DRex DFARRLA X Iflix b2, BF=F ¥ —DHf
ER LT SRS A2 B3 bhd Rex PRAMRE
Rmax 23X S VBB H, AFEFO=F ¥ —51,
FARES AR, BB OFERIC X » TR D DO TIEMESIX
T E 7w, Lo LIBEHEA2VEUL L TW 5388 DO
MEEF=F L ¥ —DFiEE LTXEELES. &
BHTRER ot IXVEBER R AR O TR B\ CHEIA
BELFAUMEC/AES L LTERS K, Bty
EDBIHD—ODERLTE L THCBhTE K, H#R
HHI~NDAHBEFNE—D = L F =2 b, H—lE
D ¥ — ANEEART 5HEE, Ret/RexWVEF=F v
Fet ko THhE W ELRWERRTA, ThbOFH
Ao & Aule W —fi& O FRS R hndE 2 TIR IS R X -
THRIgH., FCRHBTORELL K EWHELDs GEH
595 /Dmax GRAFE) (X1 DOT, Rer OF
iz bhb, AL 5 CRHEHEENSHE LI
B TLL Ree IRE AT /o,

Dmax 23 UBRERIL, a brF7c& @ Bragg fiRDK
WHETOREFTOWT LR U TH 523, EHEMICIRK
DX CERT S E X\, PERE S —REOET
WOASTT 288, — I TRETHEAIE T EARIC
o THEMNEL D & ELIMEL TN, Fcfth)y
TIXEE LTHEER 0L EHRAE LT, EFOIHME
AE R bR T SRS, FHILABIE=F L+
— WL LML, ChCX-T1ETFHCY, B
MEX Bl b D=k 0¥ —HEFREIHEEORI VT &
ELIRMA LT, GEFRES I EBRE L LitD
HRBEOEDO L5 e LTHEL DR, HEDHM
ERTZOWMARIHAT HES L0 LRVEIRTEE T
Hoted, HHEIRC BT Dmax BAELDHZ LT
5. ZOBEIBOREDHEI=FNVF—A LT Y
v 7Y ORE L UTREEECHE Blibh 2%, S1hie
R LT &,

G5 AR B LTk Spencer 1 X % fEHTHYZSAH
BEERO v T L REICEBHEED 252 bh
Fhicxh+ 5 EHNEBRRSD b 52 bhTwb, L
»ULAHBEF I HES ML=V F—5Mikdb 2L 57k
FEEED IR LTI IEM /s R RS T
X DB E] 5 T,

R R e By 5 2 % R4S AN 2318 4 D 4B
PR, BHE, 258, ©-2EE0FETH .
¥ PFRHBERCELC X 5= x 1 F— IO T
13, BETIHREBRNE 2 bhT\\50, MEECES
B X AEELOEEC OV TR RBI ATV, HiEL
BOGANENBIZE, BRI 5 RAS O E

ARELLD, Dl R mL s & FRFC
Dmax 5% BIEZIIHL L5,

ASHEEED AR DIEA 0 13— P~ FEL A 02 1
IoTREIRDA, 02 IBHARL ZEELRHEVE
SIgwds, HAVIEEF=RALF 03B F H/PhI L
P (=500KeV) TIRi#/EEA 52 bh Tk D,
ChEAOCTIRHTOBTFREESMEMET 52 &8
TE B, - AEE T CRRHAT OREERE DAL
AESANLEE— KT v AGHTEbIRG, —HR
R T € — aEREHACHACEBT 2WECL 5T
EASHAESARIRE RITEHT v AGHTEUTE 5.
ZOBEHED 02 XHEOH 2 fEOMER 52 HDT
W% D H R TCIEFREDMILFR—T <, BEDHAM
EHHEHEEIEL S, —BCE=R L ¥-BT OB/
ETBDETKE .

R B AV EIC X » TR AHEHAC W T X
LHIBRTWA XS 2RSS NS, #Elilik IMeV
DEFI 1 cddich 1 HAST 5 EET 30T 5 RIGRE

8

0% 42 ¥ B (radx10®)

ol 0‘2 03 04 05
A & (g/cm?)

B2 1BT/ D AREFEEC KT 5 EWEDHE
R ES M (BF=x1¥—1MeV) |
<Hbh, WFhi Spencer d Tabled 75 {5,
Dmax %52 5EINFEFHEFT L LI/ LTIeh, H
ORMHENEL b0, HREMAERELRE? (mass
angular scattering power, 1 ¢/cdd?=b ® 62+ LT
EFHIND) NETHESE EDVCHTDTHL, K
REIWEHIC X > THE L ELLVEEL, EBREFHES
OYETIXERAEREAT NSV, U CEREMIE
AR EL, BREFEFOWETILDMLIL> T A
T THBD. FlHMOHA0.3 ~3MeV FE O
TEFO=FAF-CHE VEKF LW EEL, 2EK
T BT Vo2 HBREBTF D=5 1 F — I BT 2
B D DG LT, BFOREBLAGEFO=F L
Fo P HEALH B ED T EDEFTE 5.
B eI ERERTHSC, N, O, H%x*E
Bor &3 A B EE OB CIRETR RS M ORI S
WS, FoihbbosTR—ERSEDEETLRV.



KBRF &% | HOMBRE
Q#yzsvy 529 (0143
OMYAENAT Y=} 626 |0.08
AMIFLIINENZFLY 828 |0

© MMty =n 1201 | o048

TRILARE (HAXHiE)

02 04 06 08 1.0

TIRFy VHDFEE (g/em?)
EBIM HMES5AF v 7P TOFTRESH (ET=
FAF—F2MeV) . Tr—xwe7 v HE
AP AVCTHIE S R, AEORIEWECK
THLEPETHES L AkFEOERILEYRT.
33y 2 MeV DBFRRCHG I hic BED 75 A+
y 7 R OYETRES M OENGITH 5. HSHAHOMHRL
BRAEREAEDIRE L It 2 WHEOFERFETHS L HR
BHIEBEDIREL & e 2 KFEOERIIC X » THHTE 3.
fek 2EAR Y =5 v EEIEEES R E V0T, RE
2L, FRHTOMEIIEBIAZ VL, RHETH
BHRRLNDICOT, RAREY 52 HEIRLE
W B RN R LT A BE, BT T A
F v 7 FEFE AT AR YRR ST RIE X
R, OGO FfEO HEC LT #HHIhS
2, HIRCRTREOHEN DS Z LEBBANTE
RERBH D, b LIEHERS IR WHEE, s
LCWBWED BRI D = DD EEAVEU LTV %
WyBE O DFETRER I A AN L DHDHED T L - TH
T2 0LERH 5.

HichEzOZ Epbihicns, F1RDO X5y
2V C 5 AR &I EP COBF RO SR DILL
h X b RV EIROBHEIC 1 » TR RA—D B &
BRI TWDHZ ETH - T, fs 2 EBFRECH
AT TSR IRIC 7 5 T & — AREEAE— L R
LRI VB EIRYRE 5T B, WH OB AmESC
LIEN T XD 3270 b /NS WHEICK LTI o ol
CHEBTHLERS S, B IIREL D LT
TG ERITWEOEEYZFTH L VBT L
ERH 5.

Mg L O EMERDRELEZ R Lis T b
. 7 I AF v 210 & ORI OEF RS T
BRI OIDITHFRIEI D Z Lix X < Mmbh
TWAHR, b xFhETREbWE LT, BRE
TOWB S5 B HABHC L > TEFOBBHA §5F
n, REOEMHEIES. 0 LIRSRETGES D

TbE 7t o TELND., & OEAIIERARE VAR
FROBHEZRE IR TV, FhkbiEEDT S
LG5\ 1072 A /ot BEDOBFIMEE, H 5\ ik 10%rad
BEOHETLRHEINS Z E0bh e, 4RI

1.8 MeVDOEF =L F—, 0.15pA/ et DEHEBET
1.0

0
1.8MeV 015 pAlcm?
a STACK

> » ®
T T T

RELATIVE DOSE

~
T

DEPTH IN PMMA (mm)

BAR FEVKREFEHOPMMA (15mmE) hOGERE
B3 5 AT ERRORE.  (BESRH
BT =FAF—1,8MeV, BTHHEE 0,15
pA/ad) 2 X#WCTA 7 4 4 %A ER
BETH D, b~ f IIBHEEAHE LT »
fo b EORTHRBSHTH 5.
B+ 5 PMMA B R OB EST, 3 XO=FR+
ra—2x (CTA) 7 1 L 2DBEIC X > TH LR
FERES (S OBETBERHEROPEILEL W)
kT, PMMAHFOEFORBIZBEERINAET & &
LI 5. REDEMHOEEIZBH T TR 51
Yrh o IR BN (RSHRBREIN 2VhIvizd k&
<, THXEEOBRR, i HE, SIOBEFO=%
NF = ERAET D, BN & LB EA T O
IERRAL, BEEYIE U ORGEA L2 RE$ 5
WFEIIANZ ETH B, ZhHrA DI PMMA
GRE) 70 & ORBRBIRETTH B, LIt T—
BONCITBREREOHED Y L L1 UTHEET 2 B4t
WCHEMNIL WD, FHEMERIREOM D &2 7eh L
B35 2 &b o T 5,

3. EFROKBRATEELCONT

EEAOEHEROE =V F—BTF R LTILE
RS 7 ) vy REGTA AL LT AL bBRTWS
2%, BEHEMTAOBTFHRC LT, BEDLIAH
mY oAb Y REREE L, ERRETE LTREES (LY
FIALIc T 5 AF v 7 REHEZ A2 00 EETH 5.
Hm ) x—2Z2TiX, I CRU Reportd TiRIL
BROKIEMEIN2%E LTS, ZhERAD
ETHRCH LTULEATETY, B TAOETR
WXt UCEAT 21 ER 7 Rithd Hasis h BEETH
5. BULARENEL BRERTH D & & Ahd LIl
e LBINE H v Y 2 — 2D X 5T+ 5 BBREDKIE



BEYEECKSW AR WEELDbRD. ICRUT
¥ radiation processing IZXf LTIk +3 %2 &HE L\
LLTWAR, Zhidr B TIXATHETDH % 1 EFHRICKS
LTStz ALV EBbh 5.

3MeV LUTFORHHAMEIRHAD » v ) 2 — 2 Ti3e
WIRB A X 2% 2, ZOHETBRCE
3284, HNHET B DT RS A iR O
SR AR ) A—ZXsTHBR =T AL F -7 1
v AC normalize T 5¢fFx LELT5H. D% H 55
WECHCIARBIHOKERTS S Eiied. Lich»
THe Y 2= Z2DZTIHREORELTE T, HilHE
DHDPNETE D ZRFRERT O FEN HE e BElR L
2, THEFOTE B UdRET (FRRED 2%
HE, BT Hh e Y 2 — 2 OFEIFEETII /L eD, K
PG RS OIEN L D ¥ ¥R REERTL. Tieb
HEMIGE Y KT L0 BFIZRXT S Lo BHH X
5.

BFHAOEAFE N, BETRE EWC v
3oL, v— rRBEBVIET — FROEBR B DK
SRS R FIH LicEabE L, Bkt o hlhe X
WHENRB I DI, ZORDEEL DT FAF v 7
HBHWE dyed film % fvic HEN FRTI O TE
1o, BEEACHEAEE EVWLOLLTIE, CTAR
B, Fr—+xrw7 7y vigEil, Clear- PMMA &
#, S FAS—EEI HVv=Frvirzazr— i
Bt E2d 52, BED L & ARECEERIzD D23
RHEEhTsbY, ThTh—R—fEHL Vot AT
Hb, FHEvH—ET BRI - Ty FESE
THHERXELELTHH, FETHEDOHEIFIFRS
hTwb, ZoZikrfAC 2 WTLEkTHS. &
o0 5 BLXETHE SR, & TV %Radiochro-
mic Dyed Film" 23 [yt H 2 b0 & LTH%ET]
<.

75 AF vy 7 BREFHEFEE L EFIHLTWS 2 &
CRET 5\ 000 EORIFExR L - T b, bt
BOWINEE OARZER:, JFEMAIEE, FREREEE,
RAHEEERAEYE, 3y FRIDRREEE, PR REHiEE
HER—BOERTH D, ZhbD 5 BLIRS R R
RERTWBA, SEAERICITIEEFE . Zhic B
L CERABREHTR L TIRIER R OBESHRBI R X <
HRINTWA I ENERINT VDD, 7IAFv 7
BEIHOBEMR, 7=—F 1 VIHE FOMOEEEC
DWTHERNRBAH E D ShTWwisl., ZOZLH
FFERCTINE BT LIRME TR, 7TAF
v 7 R oMb OB A L CEE RN 35 BT
DEE LIt -T W5,

CTABREIHT DL TR SR EREFHS 10~108rad
/MOFHECTRIEIhTWAR, Zhh\Baticisir 5
FED7 4L AR X » THET, RERREERTH:
PR DILHCHEEE DIREARFHICHIE LTV 5 2 & 238
BT 5T A, L LERICW e 2IEFRUEHH
ELTWABDOWTEbh» Thich, §H%IE7 75 A
F v 7 BRI OB OB & OB A E L TREE
DRMEEID RO IH LW HEX RE LT 2 ErE
FLL.

BT HROBHFATBESHCIEL > THH, HEN
ERNIESHE S DI TENCHifE L HENERSI D, K
B E LTRRBNUEERH S Lo Lkt
KHVBRTW7 7 5 F -k eBROMEITAH
TH 5, BFREEDOHMABECIIARETH H1END
T BEECLRELSD D, BERDE Y VBT
Wigls, ZhIEK L TRSHRICE Lk s — 7y b
2 X B BEHEBAGECOWTIE, RRZEEFOA A+ v BA
DRI DI DTFERENZ L E Ih T, Ll
=%y F ORBAOESAFCESIAE Ui X 5 A illERE
EAE, A4 VERMOBIUIEHRTE S Z L8 b
e h, X BDIHASES et AGHE T O®ITHEL,
2=y b OFRERE, HERMECE, x—4 v O
FRAEOMEREET Lz Lk, EEEOHHE
FREBERENTTREL IR > TETW5H), ZDkkod
FRFISIE ZTOME I H 525, FERN Flas LT
13, AHBTFOFEH=ALF—HFFHILICLD =F
AN¥F—7 =V A Jled) ,» HAIE=FNF-FEE
(/ch.sec) BB ENTEBZ L, THLEETFOA
SHERE AR H o0 P RS D KR B U TR
MHLHEE LB D Z LA BT OIS, ChbOFELEE
T5E, pe) A b)) X LBEBFRBEERDOSTAN
AMCEATE Y, TENNECERTHD. M
EoRHHERDOE =2 - LTLHEATHS. L
LE=% L ¥ —BEFHROEKUEE W HEOEFMECS
WTIXE Do T,

4. T ROBRBFMCHTIMPRGEOXE

60Co—y Tt % EIHI oLk, ERbEAES
FrelWwTTT r—F v kI hic FENR L HhTEk
D, BEIBGHY ORI R A SR 5 AN E X T T
TIREZ BRATWA, Lo LKEREO BHFIH TRz
DR, B+ 4 Y, BREHOMEE, KX,
WisEkaTH Y, REEORBIFAGD S HELA RS SR
CERBEINRDBENS . T I TIRERY &It
T AHHEMOEWERE LT, MEX D &I LTHE
w3 5 B & ORMERC OV TN D



Relative dose
8 8
-

0 100 200 300 200 500
Thickness of PET(mglanz)

H5E °Corficks75A2Fv 2 (PET) 7 40
LT ORI T T O e BIER 25346 D
WEF. dEE» >OE#YRT. @, OH
EBFE 5 BHE TOREREE, +EXXER
PHRHE TOMERZRTH 5.

F PEFEH ORI O TR IE O HRE 7%
EEIEE LTI ABRTWAHA, —iCi3dh ¥ h HfE
TRTWEWE2RH S, #5Kic 69Co—r fRiIC X % #iR
S R OISR RS % m3. +HOfhiLER
BRCHEbLh T2 X 5 RIBHFOFIR I TV 258
THbH, @F IOOHDHFRTBHE2 4 = T
> THPR TV —BOKBRIFERFOHETH S, T
NOBELFHEE te LA EDOWHITIX 1 HROMERFIC
o THREIIDP S DD TH., L LLh X hkWEH
BCRHEDSMIIEH TR > T 5, BEHEF IR
IRTWEEEIE, KUEFOEL F7 v 7HEERM
Lt TELALA, FIRIhTWIWHEE, RED
BE, 2%, MIEASRENDOREMDS L, FELT
ava iy PEF UETFOKELSID 28R Y
OERMPECRINE L, FKEifE Ds (2B TP
BRI E De CRBELH AL Th LD LEW
iz 7R3, Dy/De (LEED oA 2 + Y, BEWE A
SHpORERET X X o TRIDA, FHET X 5Tk Dy/
De~2ETAHIEIDHAD. TORDBREINE TILZ
D EHEEB LI LTV EREREEYETDIR
HEiesh., —IT PR LR X OFiiE 2# 5
RETHDHEIRTWAA, BEMEOREYRD 5
Ay, PEELPCH LT HE KeV BEOEBETHRO
R RS MR DD LR L X 5 e HENERI RS,

BFEHOMBELIOE 5 & 2 AWHEDOMEELCHE DR
s BB REC BT A RES A OMECRE TS, #Rst
HORTIZETIHE L DEER L5 12T, ZKkHE
FORE L H LB LN L LTRABOBEWE L O
ERBE LR LTWS, Lich - THREHRECIZHIR
BOBEMISRTFIEETL. ¥ FHETFESOEEE

M E W IcBABRNOEBRFESORMED X 5 IcEKHE
WHEO 1 BRSTIE, 5 LB RBFEIKORIE &
R E 7o BT, BEFMIEETHS. BRFESD
7AN AREH R E AV TERTES OMEP A

L TR R A RUE T BT b & h & R 4
U%. Zhiz—{t X iz cavity theoryl®) THEETX
L0 FHEEIEVENTH D, —BERAECZ LY
OHMETH 5. +HCHCEGRE 2B BEDE O
WEEIT L =9 ATRANI0%, SATRAHNS0%E
ETHBH. Lo LHEL r ST DFFEEC X - T T DfEk
LTS LT HCERTHILEND S.

— A DOFFRATMTIE, BHER/L LT X o TR DM
HHERENE 2 bR T3 BHFC R ELZ 2y P L
T A OBGHRRE X 2> DRIR & RD ~ DL RAHIC
DETHDH, ZOFBRHLTLS FVERER Kk (k=
0.869% (engt/ P)m,/ (enpt/ Pair) D3 & < AL BB, k
NEDEFHATEX 500, BECIIX 2 BBSHH D
e LTV 2 HOBHRERTH HHECTRONS.
LA LEBRCIZZ DL TORELHE L ds, B DRI
BITH B b, BRADBEHRERI ML LI LTH
RS DFLHE & 70 5 sH OBMR B OFFM LI L 72 5.
Z OB EHIBH Y E R X B 4O disturbance %
EE LI Tk bigu,

Z @ disturbance 1% L TIXBFEIE LWWAIER X5 2
HRTWEWA, AT OOERNH D, —2i#
BEHEEC XD r BOBETH 5. KETFOREBIC
HARTHH RS e B BRCEERTWD X 57
TA ALY TIREHEL D HTO r HOBRIEMETH
5. L LIRS 5 IR £ X - THIBHY
D—FH DN bORIBETB o4 2 b )Tk, BIFCH
THEBEHYORELE; CPEECHEYS TR D)
AR IR _ b oD FEHE S A T IUE, AST r SREREE DWE
B LDT, XbDAOEHTTTRETH 5. R4
W1 C O i B A oD B E\ RIS T DR IAR B D
W, BEASTLEFTRD 60Co—r BOBE, HiE
SR OMAEREMCH® > Tkh, TLAHRE=
FF —RINERE (E RIS RE OO ZirilfE
ELTHATRETHS.

b 5 —HOERI BB OFP THRAT HEKEL r RO
WETH By, °Cor BROBE, WRHHREED
HAESTORIGERIC S X 5 EE X, %< OBEE%
UFTHsH. LA 2 b YVIRE > TEI0% B B
T5. CHILERBERCRE W TOIBRER TS
BH0%, ZOENKRES BUTTH % OXBHEFOKE X
NHR IR T WA LD TH S, FRBHENFRINT
R\ KERTIF RS 52 D b 0> 78 b D BASHIR BRI 1380 %



BBV EOBFELND bOBEL r ROF S 2 &
ATED, BREYWOELELZ OBEL r B2 kT 5%
BrL 5 Tw5b, Lichis TEBEORIGEREADOE BT
BHTH D, HIRGHY OBRIGR BT F HRRBELS 2 5
DEEBOFLEIITEAETARBRT UL L,

Bl kD BZEGHR DX 5 D ~OEHBERIE k' = k -
f1ef2 (f 1 3EREHYPTOWEMERE, 238
HPCTAMERE L LTHEX TR LENHB.
5 FEBRER kICOWTXEE =5 L F —RIRFROF
»rHEbh52, $°Cor OHE, H, C, N, O,
F, P, S, Cl MoK el ALENH S
WIERAHEH LTiE, k =0.869+0.859fn — 0.049 fr
—0.037fp—0.007fs+0.036fc1 (fu, fr 1% HHERTC
FKOERLERT) Lo fiinfir@HTcEs. C,
H, ODEREHOHIZ, ZhbDTHED 6°Cor FTxt
THER=F A F -RIREZER L2 E A EFA—TH
A0OT, HEIRS.

5. r MRORBAEECONWT?

Kig R cORRETI, HREELT7 Y Y i
HEWBRTE R, LarL7 Y Y7y fEEiHE 105 rad
PRt Ui S RE ST I b Tl
<, BENBHNTH BT, KAEMITHS., —HHE
R IR B A BRI B FE TR\ Y, BRI
flifETHH, —EDLRHET CIRRIEEANDOE B KA
BREETOKIEICHE S HEXDLTHTH S, BEFO—K
X 10°R/h BLEK LTIRS ¥ TH 2 bR T ieh
oteh, MHRERETORELENR-THH L, 7
ER I BHTER D W OMBEIT A X It o TES
Lis L OEELH LARE (R oRiEXHECT L &
NEGFEIhD X5 » TE e, BHERC X 2 &R EER
BECDWTIE, BIEBERY LR L OfFT, WEED
FRES DA & HEOBEAUED BTl H1819), 50
5 BIC R R REHOWEE S EELIh D TEL 8-
Twb., I AEARHK TS processing level OfR i
HWORIEYH Y B A HECe > TV 52, OB TI
BARDHEN—HHEAILEVSAVEH D EE X D.

79 Y rig@Eiheon T, T EBEEORIETE
A RERBE 5RO JEREEEC X 5 HIR D7
12, 5x103~2 x10% rad & TR TV 52, REHEOF
e Fe2* R OHINC X » T 10° rad £ ¥ TORE
ATRETH B Y, KBREHERLE LT +5 T, &
HIC EREIRT 55 & L CERAMC X - Tk
B, GEZETIRZHELRLILHIBER LTS,
FEEMEET Ty, Bk TS LR R coWT
ISCHEINTEY, 7V ¥y iR CuSO, 23

LHECRE ) v AR 108 rad LA TS H
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7 AR, PEARERE, BAOLREIIRELH
Whh T3,

20 VY S ABERIE T T AT v 7R E RIRRC
7 x2=T 4 VIRHEHN, BHRREXHCTHIETETH
20, F5AFy 7 BREIC AL A RESCTFHAOKY
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1. F

AR (solvated electron) O EICEIT % BliG
e TFLORBERXBEELEINCHED TH D L, ROmERE
ETRELLICE TR E 5\ 5 BB ) TRERT S
PRI 7e 5 7c. Jortnerl (I < mbiIbR T %
Landau2¢ polaron D& %2 EH L T, BEL=F L F
—XAREMCRELLICEFORE Y OFEERCEE,
O AT & EEF ORI B OB L
self-consistent (LT UL bis &R L. K
DEFET, WHMEFOBRINARZ AL EREEE S
NESDR, T NDEBEAHNTH—D>DREL
Sl WLE—= 7 =FfAF—iEhh Tla faxigt— £
VB ASLYERRL L LS W AABHT VA,
Z DL TR A < 7 b A PSF ORBRICHE & BT
T NOEMMERBRET Lo,

9z Landau-Jortner - 7 /L (LB LS\,
DI OB TEFARELTIUE, ZTOEO T
BUFAEEE L b UCTRERIZE D EF 2L ELT 5 &
WHDIE, bold bLWETHS. ALIXLDHDOR/FE
ENES LTRD DML L5 bigus, Mottb iz Z Dk
i super-natural agency 2385% L DTV A, XU
DOELDRTEE Jic L Th, BEE#FCiX Landau ©
polaron 2 RHIEALBFIC/L D &5 Fabikien7, —>
DR/FELLIC BB BED O BN EF1BEH L XD
Franck-Condon factor 23543 /N& < 7eu&, EF DU
BEED R BT » TRELE IR/ brigu,

J AL BT DS =+ v ¥ — (binding energy) 2[4
LTH AR kI TW5, FRELET (deloca-
lized electron) DFED =F L F— 1< (FFEE V,)
235 ORMEBRETIIIES ShTuwicw L, EBTh
5o Tnig DT, FECIRES. 9101 % 54 5 L 2220 T
i, B AAF -G BIRVETH 5.

BEREFOREC, FEENSAE {FVTWD
LW SR EFFT 5 ERBEFL, Tra—aAhTOR
A7 bR & SR ob s DR RLTIC RS D & 5

i ow ®

Z L TH o112, RLUILD Baxendale-Sharpeldd Sl
12 XU @ spectral relaxation (¥, B\ F T v 7T
ASTcBFVHE OBBEXBERML T > BT » 7
KIELD T BTFHERNE T vy 7HBHEC T v 7T
BANLTHD LS wmNAHTWS.

Landau-Jortner €5 D fAANTYL, RELET Vv
CYNUNRAL—AT s —w VRIDL DT, ClHk
WE E2 bRLHHN, fBals FREE LWL LTARS
L, BEREFOREMMLFEREMET TIRETTH
HZEEIPNTHS.

5 FPEE & 1, Landau-Jortner o ¥ LA 44,
short range DA F v~ v LIC X % EFDmFE(LH Ho-
Istein® I X » T FHRINT V5D, ZDETFVOEREM
feaiy, EFOBERE A Tightbinding FLUTIEA L
A4 4 v DL (deformation) 23FE5 K X\ IFEFILHE
BRI T A WD L TH D, FTFHEREETDH)
ELIRfE6 21 weak interaction DY I Y b T—DODH5F
CRTETAE WS L BlDL D THS. Holstein
o shortrange force (%, BT &7 FMIRE)E DHELIE
ATH T, T FABEROIRBINELT S C & o3
it oTld, & ORBILEEMET ¥ BT LErc i
ofc B £ F AN A>Tt CICERSh
#-\~, Holstein @ 7L ROMME:D BT 230> H
THTULEFHEXTTH 5.

Holstein @& 57428 Ji4HR (L E DT &0 ZAh
bhichofc D =2 LT, KO ENELLR
5. K, Tra—rLEO5FIKHETRERAL 4 VIC
7e b7c\ T, Tight-binding JTlZF D DHREYL T
HHENS L. RLKHTREERAA A+ V5%, B,
ARG T RELT D Rk, COz vy,
E7x=AFERbhb, B &Eﬁgﬂﬁ@ Bloch LV
Wanm)er B FETHHLID Holstem D%T/b;b;
K, 7ra—nlEg@Rmir <L TiE, HTEESTLH
WWETHD.

KRR O L HRm T 50, EFOMEEVS
sk, JERAERINE S & RELIRE~ © B HER YT

* Koichi FUNABASHI, / — kA # & K2 RO B ERTAT L.

(BRIE) FRFIERRA TR, #lks, B nBIERTREET, PRRIS8EN B / — b & A KFHAGHEFIEATATA. - OBFRKE =
FAXF—HKOBYHC LD LD TH S, / — b4 7 AMAHEPIERT 88%HFS NDRL 1841



(radiationless or non-radiative transition) T35 &
EREBL Tr oy, BB HEMETF OIBR O sca-
venger & DALERILD EHSEBDOICATH T, £
BB &L ERMICIE, COERCTELTIE
7t big, —HMOBEHRLFEZEDETEAR LR TV
BF P VRIS, EEGHEBERO FELELL
TWBiED D Tigl, #il$ 5% X5 CRFNFHCEE
BRI TH 5. BRI D AT ERARIR B 7 it
BALFHEA O A §, 5 —>DFIiL preexisting trap
WSS THH. preexisting trap A EE X HhT
WA XA, bFy FHEEOS TR A RS BT AT
BTELRWLDTHEHLETHE, £DL5t Ty T
TIXETF LER & OMEIFAN /RN L2 ERT 50
b, RER (radiative transition) ZERIIIHRRIX
R BETHSH. BHIC preexisting trap (X, b
5PV LEMICERT HLERD L. BhT2I5C, B
ELBEFOBIBHTOPLE= x NV F—EEZ L AR
5&, WMIRENERTHKE 7B HE AT
HEL 725,

2. BFORKEBHEOREER

A TR~ X 5, BFOMROMBITIET &%
MBI OHEIEAOWE X BT S LEARENTHS.
I AR—ERO BT % BEIhICL. ZO/T
X, EREENED XS HEEAZRERL TV A%
E2THD.

2.1 PR OREKREME

K, 7na—Ah TORERMET OGRS 20 AR
BB (~1078F) BIET S &, BiC150K) TiLinE
L3t ERT 5, KR TIHBA SEECKFE L
BIRTORERFET R E, BFHREY activated
process THAHZ EH/RLTWA, HROBBOIZIh
i, BT Lo HEERD, 7—rvBo Lk
activation energy #37c<, HHE{EAS short-range
DRI IE—C = F L F— 3 ) YFET S, FIHIOE
FHIRSF BRI I ERRLT WA, HIC
KN 5 2 DA 150 KT T, REKRFHEL e
A3, Jortner DFE2 %5 & HEFHEZLTWA45F
REORTHAME0.13 eV e b 3 FORIEEE TIX /L
W EERLTW S,

WiT, WILARYHiREcET v o v A TE L TAH
5. BIRTRXBEFEBHEOL =1 L¥ - HEIEH
LTCWABGFHEEBEORKE LTEIR TV, il
BAXEBTFVIEREDR, HEBILETFL—2DFFD
FRCRELEZDOET Vv A= R F —C YT
5.

ENERGY

NORMAL COORDINATE

1R JRAELRIEA & REELIRED & OMO+ 7
v 7=z AF -, HBCIHERTDH
HIEROFH BT CORELRBET v~ 7
T R F—

HEEHOAMBABDORT oYL i =<ALEH

IREENY, —BCRIEEDL > TV 5. AR—EBROE
FNC X, EIRTX Ea A% activation energy & 7¢
h, KR TIXA? BB~DEBRIIRERFEI L e
5. (F VR ALHE

SRR OB ETIRA, B O AL BB
IC X o TE LW, THAROBERELCRED = +
LE—ZBC L > TEDDT, Ea 3REFTONT
—E T I8 h, FCZODMRDOZE L P HHFRA O£
aEIRBIOMONICAS & 2L (HIFRC), REEKFML
R Th/hE Ly, BRENERTLEDRVZ &
WS h s, - TTBAETOET OMILERL, &
{H¢1, activated + activationless O;EEAINELET S =
LMEIRETH b, Fril preexisting trap (X C D X
5 7c354 (Jortner?l M Z; 5 pathological transition) i
Y420 THewhEE2LbhS. REERE= L
F—oPLERIEBTS X5, RELEFD hopping
motion DFEROMFZ L, AEMBEL L > T %.

2.2 74 b=THR

JRFEALETF L5 FRIRE L DOHEERAEZRERTSH 5

—DDOERIT AV b —THRTHB. FEFHFAT
DI BB OB DM TW5 2 &1, PIHHRE
LIRBE DD =2 L F -2 1 XD 4E) 2M4EH)
=R AF =T HRTHRGREVRL, FEKEEPA—B
DEBRE NS T, MRAPIIREOEFIUIIF
CERVWHLEDORT VYUY AR LT vy 7 Ih-BTFOR
B RY 3% & T, HaseKawabata %223 D,0O
BT % KERDEM 7 FARII K S, Hamill %24 3
CgH0D o dry electron @ life-time 73 CoHsOH
TOFRCHRTREVZ EXBE LTV 5.



Ulstrup & Jortner?5 ¥, & F#E)(electron transfer)
DT, dE RMEBEFICHERTHRI KEL LVWEE
X, BEARRER Y EBREY KEL{THL FELL.
Razem? % #i51c L huE, C.H;OD rhToORHME
FoxvEv i o RnEE, C:HOH To ikt
NRXTKAkEX\, Zo Inverse isotope effect |T-~Xv+ [
Mizd, SHT electron affinity A37c\ s IEBIC/NE
WAFRLBIIX TS,

2.3 Photo-bleaching DR

7N a— LR TORKEME T photo-bleach 3% &
KFERFH OH &2 B TFh TR He AR
LT ENMBRAT A . 272829 gRISFNTEF 2306 % WX L
7oWf, [FRRC OH ofREIDINR IS L5 2 i, )
RSB FINE OOH LB HEFHLTWS LW
LTS B, FLEIET £ 7 v s BiESF oRlEEEH
RIhHETHA.

29V

LRLD X5 e RBRROELELN D, BEFEF O
DREL, ZEFHOEY OFFRIMIC X 5 b DT,
DFFHELOLDDOEH=FAF-BIZL5LDTHD
LiEmEhD, il eFAL L LT, BB LESTOA
1A vEzxbhd, JiwmETOWEREE AT
—DODFFIFHEL TS LI1XEL BhVWDT, ES
R ® hyperfine structure & & UL HFE LSV, —
BAA & v2rIHENE, 0B THEBEREFNE > THR
BT, LORBHEERSL > & D Ligw, 2
MiX 4520 Jortner £ 540 popularity s HATHL
NEZLETHS. HEVZ LI, Mottb (X405 HIT K
DFffc a2 A~ b LTW5, It is surprising that there
is no experimental evidence that trapping of this type
(Landau %)) takes place.
BRECAKOFTOREHEMET (e ) (1 RROHs RIET
5T ENRHILR T3, 303

e;+e;—>20H +H: (1)
e ;—OH +H (2)

@QDINET A 7 P =TFHREA BB 5 EbMbR T
5. LU B ORI E T B84 % 5k
NEDRIGREFCR bR T b, BEMETF 20
[8] O il Lichr F Ofd%d & 5 LixEX e o 1cDT
Xiewn RS, BL e AL F vic LIXFDDRIG
VBB HHOR S

H/O\ ' / c\H B H/O O\H
H H

H—H

3. BRAMEFORK

EIRAKEEY T AR TOBEREFORIIA 2 b LR
B, BT O scavenger RFFET AR, JEHICWP < b
T5.18 A7 bSO ML IS, RElo
ABORBCRLR RS & 3G > TwAh, SORITIE,
Z OFHIZEE, THRARTO RFFELEF D hopping
motion 2 b3 BEAMESL Z LRT. I TEZXLTWAS
KiEH 7 A &5 DIZF10MD NaOH (Ziix KOH) %
BARKBETH - C, HHROBILETLTERD L,
—DODBEFHYODOELAGFFTRERTZHZ LiLie-T
WAHD, FRAEDFix Nat & OH™ opsiEFmc i
RTWBZELERL:S.

EF L scavenger & D RIGH @D HIAMWLHKAT
#5 &, BFOIKAROMECH1H LT, A7 b
PSS, logt T—HIDHPEANTRICT » T, FERHRoOENK:
RS D DB Sk 7c s, Miller18 (3, Z OFEMND,
TTKMBE TR B FOIKBCEBN I\ & X, A7 b
HREEHNT A DX EF A scavenger LEHECEF PV F
NHRTRIETHHTH S E L. Miller F0E 2z T
W5 b VYR ABERIL a-fiFo decay I FEH TS
Barrier-penetration model CA {f#—H#ROERFTCH T
R BEBD b v AN HREIREDLDTHAHZ LI
& X hic\>. Barrier-penetration model ¥, &k
BOBF=F L ¥ —D@ifi 227  ALVEIRERBD = %
LV — L5 TWARHE, —D2DF v+ kA& LTHRE
TH 5. MR EHRELH HIERELEFOLOT
By, ZOoORMBENCKELBF=FLF—2£25H5 L
X3, BTFHFEHCARERL SR TH 5.

ERE oD RFELEFREEOEFBTOMER, A
fR—E RO/ 1\ 7o Jortner FEDFRHI2-B5IFEE
ThTWab, FC BfTO RERFES MBI/ & &
ik, BT LKEBOHEIEAOFMARENRT, &
F b v A A RER LTI ERR >, 20X
75 FRERTL R DN E T OILEL A e L &\ 5 i L ek
wFT 5. Miller OFRBRABL S HNTHRD &, B
BT ORILA 27 + 1O HAEL ] & 3t Blue shift
LTWhWABZ &b,

ZhRAiRo X 5, @d T, RELEFOBED O
AR SRR DEN T, BFIXBTEE L
TREMT2 &2 bhte. RALTHARORKHELEFD
ZEALF—IIPC L > TPHEFL - TWAHL, T
BIREAA & VO THET H7e o1F, BFIXRH & 36
=R AF—DENFREB-ThEhLLKW. B
KEH 5 AT, KR 7 v 2 — L TO spectral
relaxation (IR D X 5 B F DI L BFRH H Z &



PRI TNS.B
THARTORFELEF OB & I - e & LT
1%, effective medium theory32} »: percolation model33
03B B0 TR BIXSh b ERIRE T OB O BRI
FRTH-T, ~VARYRD LS IeIFEFIRBTOE
FHEB) DN T TV, & ORIEZR TR - 7cDht
Scher-Montroll3¢ ¢ Continuous-time-random-walk
(CTRW) =513 TH5, TOEFALTIE, BEBFO
hopping time = 1%, AHAIRT kO TimE, ¢
(®), H-TW25,

g~ [Attera-o]”, 0<a<t @

EXTARER, 'y v~@mEThs, blioiicifib
DYLEEIC YT 5 SR

o (r)=we w7 (4)
THx bh’n. Wik hopping rate TH H, JKEFHRED
X owa? Ligs (a ljump OFEED. RO,
HHRTO + 5 » 7OBEE, jump DD D HEDI
%, hopping time NPT L > TAE RS L5
ETHDH. FIDRBTHERNET vy 7CLENNF v 7
CL—HRICGH LT 5 ET5 &, R & EDIEE
HE (transient current) (X FITHE\W 5 v TOEF
kb, BHIECENE 7y 7OEFHSMLIE LD
LEWOHEMETH B, S-M £ 57 L OfjEc IS E LT
Hamill & %:3%3% 13 ki 5 Adh OBIERETF O decay
DRYEHE 2 1c.

Scavenger DXL EFORICH XTI AMITKEL,
Scavenger 3, [XUSEFOMD IH—THMHLTS
LT 5. Wt TORBBEREF O n (ORKRATE 2
bhb.

n(t)=no exp[—cfk(t)dt] (5)

no  FROOWHMETF DO

¢ . Scavenger DR

k(t) : HfH t 1= Scavenger IZF|F 3 % E 0 flux
(3 & CTRWZ i » T k() Z5HH$% &3

k() =pBAt* Y/ I'(a)=Bt*"! (6)
ELigh, BT OB L s TEB AT 4 — & — T
s.C.c. 78 BHiX0.65946 TH 5. (6)2GNRA LTy
LheE

lnla(no/n(®))=1n (BC/a)+alnt (7)
FICIEHFETF OBA BRI A~ 27 b AREC HHIT 5 &
LT

laln(A°/A) =1, (BC/a) +alnt (8)
A° L AiTH)DTROWE t TOWIL A7 F L ORRET
» 5. ADftix Miller DEBRABLE D, @R &M T
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Miller DEEAE, HE#T Scher-Montroll »
EFARIECTHREYET.
ey b LTHRSE, X2 ORI FERDEA, a=0.1
TEHE2 DhHBERBEFR DL, 23780 5 FES.
RF A= 2 =BIXRITECEZIL, AHEE Lisith
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