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DEMES D bE DTS EE 2R A Fo gk
THHHbLEENL TS, LEZXBND,
Flo, LESTIL3HTHY ., FHifinET
6 FCTh otz FinEOWE T2 TNH
TMIER BT 28T FHOWE Th o7z,
5 TIX, &0 CTOMKBRIEZE DS HE
BT, T ORTITHEIESE O FH % 2
FTWa72d, 28T 95 Lo Tn oD,
TEREHEHNT, /8 2 IO R E
CHEpoTWD, THESIITE TIEMER
BEREOWIZ FHIORNTH D=, &T
[Zoft) ITEEND, LESETIE, IF
BT A T OBRIEEAR N FF 8 8 E ST
WD, R IR GERERR 2 BR N T A B T
X, MHERMERE CORBIOHLTHY | A
T AP OREREGIERE OPRIT < F
Bt ISR O X < B
WHRE SN TN D, FF 78R #E<
HHIEOHLEEDTEY, AvTF v
A R AT DA . bR K O
WREHRLE - BRI ER T O RS S5
DWENRZ,

R ThoTh, HEIZITDOH

#5 13- T FOH COBRBERDSIER

TEEX Sy T¥E FEh (0BRGN S OndaRhEEk)
AT UA 17(13) 6
AR X Tk 18(17) 3
By 19(17)
RS - Bl 19(17)
Z DA 3 10(7)
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HAVT T AEL T &) LXBIL, [
PRIZIES AT 5 DRRMESE) L LT
INDHOEEE L DX, IR xRS
AT TWD, BEIHRIEED R, #R1E<
ZHE N & 5 EEIA & E < REOE R I 4R
HRRENE, RIE CREANCHRGET 5.

(3) ROKBEKRORIGHE=4 )
% o 7 BUE N B E G O BR%E

ARBFZE T, BUR T A H A A RE 7R
Ry TR ANBREF D O B, BEAFD OSL
BESHE VT, IROKERR L ORIEE O
WXL T=F VU 7105 U= REF OBR%
TR T,
FREFHREIC 2 mm EOT 7 U VK% a5
LT, IROKBEFMBEEE=2V 7T
L7 EFHOBRE « B A T o7,

X3 Tix, FFEY I 2L —2 3 TRD
7. OSL #&EFHD y f o R /L F— S & Rl
OfEREZRT, FHHEIZ. EGS5 22— R&(f
FIL.ISO 2577 7 > k 2(30x30x15 cm®)
|2 OSL #rEFt 2 B0 (1 7k T, BT
il U7- OSL it 21 L | Aifiilc 7 2
U LA (10x10%2 mm3) D A 2> T,
lem FREMETL AR AL L7256
OFERTHD, K4lE, 70 mBRELET
VAR AL RDIFERTH B,

3 K ON4AIRTIEY | BREFHGE R
I%. 100 — 1250 keV O T 3 /L —iPH I %}
L. 2mmtD7 7 ULT 0 VHEED i
HZ LT, INEREEWNET D LN TE
7

10

n T

19
o m OSL
v ® OSL with 2 mm PMMA
ﬁ °
g
)
o [ ]
® N
— ° n
QE [ )
5\/ Y L I | L I
%1 * e o o @ L Ld
X
B
r ]
2
10 100 1000
ASty RIRILE— (keV)
M3 2HEII=zlL—v3aricks OSL
MEH DT R NLX—RE
(Hp(10) TOREH54E)
@
o m OSL
y ® OSL with 2 mm PMMA
b
w0
N n
1o L]
i T
] ® o
ﬁ [ )
50 o LI | [ I |
j‘il ! ® ¢ ¢ © L »
X
D
J; |
z
10 100 1000
Afty BIFRILF— (keV)
X4 FHEIzL—Y3z3ick?d OSL
L SIGES YRS
(Hp(0.07) TOIERtE)
D. &%

(1) RERERHRE & HR DK I & OV i 6
MR & OHBICBIT B Mt

LRI RTRICHE-> T, fHEYIa b —
va rROERTHEON, REHHREIC
K95 AR DK K O i 0 Al o D
FHBIZ DWW THEREED 5,

(@) REpERRE L U CRMli+ 2 E Y R
DUNT DL



KRG TIL, BFET 7> bz -4
L OFHER RN, RERE O R & 2 Mok
RIRE 10 mm CTOHM AR S BRH T2
OWILHRE & L, RO KIS AIREZ G
RS 3 mm NE T O BN K SRR 7=
D OWINFREZ RO, EI-> TS, K
WFFECHER L3 7 7 > b A & IR &
DOFH T E S, ICRP TN ICRU AR L
TWBIHANBREYEOERBY OFEEZIT
STEY, AP TITEAAR R E Y & L
LCTHY o T b, BATES Tk, [MEEg
HCHIESINZ lem XY 70 um BHEY
O bW TG ] &, IROKE
REMBROHEME LTHMTE 5,
DT, EEECOMEYEIX, ROKSEGE
SRR EOT =2 ) o OREY B AL &
L CHE %, Smm #REY & TOFE S A6
Thbd, ZTNHDOREBEL., K@l
EINHHEYE (lem. 3mm LXOV70 o
m BREYE) (O T, TRENDOHNLT
DRI OME Y a2 HWigHE0, RO
KEEFRETE =2 U T ~DEEIZONT
ER LT, TORESEITH ZE T, MAE
=2V 7K E LT, BITO lem KO
70 pm MEYBETORBHE=FY T
DHT, ROKBEHFEDOE=LY 7 &
LC, WY 5ETE S-SR E a2 HEE L
I BDMPNTONWTDFEMICET D, 72,
IROK IR EZRET D720, BITTH

BRI AT %A MR EFORIEE
B EOBRMNO L DERANDDN (BATT
1, lem XX 70 um BEYLEDLTH D
72O) OV TOHEMIZHETHHDTH
Do

6T, FHEYI=2L—varictds
FEAM 9 2 (R AR Y B A A b S E RO
RO KRB O il 2 oRmd, R o
FRENZDOWT, AN RS 10 mm, 3
mm &N 70 um CTOEN AR S -
D OWINFR R A RO, ZIE ORI &
(XD, RO KA & 2 JE [ R &
3 mm i {& TO A AF R 720 Ol
AR EDH AR > TV 5, BEILy B TH
D, TRV —ZEZ T L7z, v RO
ASHZ DWW TIE, BT — 1% 7 FRES
(AP FREIRMP) CRFITHEICBE SN D 4
PECEERE L,

y BRIBHHC T 5, IREpE I35
RO IREMREO X, F—RFED S
A, COBEMBEHATHRE REITA
bivigolo, o, Ay o rr¥—
T B DB HONT, AR E Y B
ALz d 5 Hld 20%F2 12U E - T b,
727201, 60 keV @ vy #RZxEd DR TIE,
lem, 3 mm &Y 70 um BFEYEOVWT
NOBELREICEDGE TS, KR E
(2T D RO KBRS EOIT 1 KV
INEV, BUTIES T, A CRIE S

#6 T IEBRBHELELTLERT-BHOROKEEBRELOLE (yH)
FRIR M OB B+ S0 AR
photon, parallel Bv7 7 b A
(MeV) Hy(3) / Hy(10) Hy(3) / Hy(3) Hy(3) / H,(0.07)
0.06 0.80+0.02 0.82+£0.01 0.87 £0.02
0.662 0.98 £ 0.02 0.94 +£0.02 0.97 £0.02
1.25 1.02 £0.01 0.99+0.01 1.01 £0.01
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K7 FHETIHERTHRELERL BN IEROIROKEERELOLE (BF)

BRI Y R

U S BT 7 b A

Electron,

parallel H,(3) / Hy(10) H,(3) / Hp(3) H,(3) / Hp(0.07)

(MeV)

1.0 - 0.96 +0.01 1.08 £0.02
1.5 - 1.01 £0.01 1.82 £0.03
2.0 414 +3.6 0.98 +0.01 1.68 £0.03
2.5 2.40+0.10 1.03 £0.04 1.56 + 0.06
3.0 1.09 £0.02 1.02 £0.02 1.38 £0.03

72 lem KOV 70 pm BREMED S BT
i) 72 75 ) % BROKEIEHREOHEE
EIZTX 20, BT ICFHEGT 5y ==
=R AT, RERERREN D D
IR KSR EOHEE 1, W/ NEHmIC 72 5
ZEIIEEBETRETH D, ZOHAE, K
HIZHT 2D 70 pm FRESEONEME A

RO 7K Eb AR S OHEEME & 35 508, /)
P OFIE NN 22D (LD EBEORIT

<HEINTELS 2D)., L EZ D,
#£7TlE, BEFBRERWES )

Vi;VHVa/Liéﬂﬁ¢5¢%%ﬁ
B A A S B OIR O K IR E
D AR~ BFITHEADE ﬁ%%w
TRNVX—5EZ T LTz, v D%
&ﬁﬁ_\%*#?mﬁ—&ﬁ%%um
e TR IcHEICRE S5 5&MH4T
FHE L=,

PRI 31T 5, KRR LT3
DR OKBEEMBEOLIL, FREYE
%&?k%<£%bto%’%%ﬁﬁ%@
%2 lem BREY B TIT - T2 8568 I CBAE I
%mr%@\mmwwmxw#~®% A
*F LT, 40 {52l Bl RIZie > T D, —fiR
FICHIA S 2 BHRIE Td 5 908r-90Y @ 9
5. 0Y O KT F L ¥ —2 2,28 MeV Th

12

LD, KB TO lem #RES ETO
B EAE A AR DK S R HR B OHEEM & LT
M2 01F, KRigEZs/ N & vWr 5, —
F5 T, IRERERRE A T0 1 m FREY %@Q‘iﬁ
. BROKBEBREOLZRDIZ5E, £
D HITFH L 7o =L F—&iFHN T 1 %i@
ATz ZOZEND, TOum REYKETO
HIE B 2 AR DK SRR OHEEE & LTl
MUTSE BREHEIC /2237 7 7 2 —2
DRI E D, REFZRHEEM TH D &
2%, MESECHIE S lem KT 70
pm FREMSEO S B\l e i) %
RO EOHEEE &+ 256, BlIR
TIX 70 pm HREYEZIROKEEGRE L
HEMETHONZYTH D,
RS F CEE( = 3 mm) THRIHR
BOFMEZIT > TVWDH 72D ARHEO 3 mm
PRE S RITKT D IRO K ARHRED T
%¥®IXW¥—’Wfﬁf F1 &0
oo 2O EML L RBEIZET S 70 o
mAREYEOREME Y b, 3mm fREY &
OREMD I, £V IEMEZRIR DK SR
EOHEEMIC /2D L F R D,

(b) THRBEGIEL ) IOV TOBEER
AWFFETIE, EEOBREE OB T



T 2 BRI < RUL T 2R L, R
HRER AR BT %3 B HR D 7K dil A Ky OV Wi i A5
AR EDOLEZRD D, Z ORE, HAHROMR
Fli, BRIROTGIR, TR O TS #REEF I
F DA F 0], TSRS TEEE DRSS,
JEAPHORDL, . AREERE & IR D KA K
J ORISR RN 2R 2R U S W15 5 EIX
IZDWTHAR, EDERPIRO KA KL O
KIGEHIE < MEBO TRIOBSICEE L 72 5
DRRET D, HHEAE MR T2 2 & %
WU, REEHCHIE S 72 lom FRECY &,
70 u m FREY B ORI EN S | RO
IR A K OV i B8 L S A R B 0 T JIE 7
NWERET D, ZOGE, [REENIL]
WILTO, (KRR ED D OIR DK A K
UK SRS MR B O THIN R CTH 5
EEZHND,

AN IBT D ARBERIT OEFZ L L
T, UTFD2oMRBZ b5, ¥, A
TROFT L, LEIEL T, ZOERDE
EZBBND BEIZONT, HENLOHE
W D,

O MAAPELS BMET=FV ZI2BW
T, #IE<BREFHmAI SR & 72 D860 T, K
ERI TR S N D B ORI 5 R
e & ASTHORBREE RICBE T D MR
(ZRE D RHED S ROV Ok < 34T 152
Ba b2 9 DRTFITSE D N S 2Nk L
T, FREBEOBREE NEE) Sl LA
BHDZENTERWIIEL 2. RSk
X< &S, )

@ MAANPES MET =XV L ZI2BW
T, EHICHS IR A 25 S0k
WTOIEL &, REEHRIL S LS, |

QDERITHED &2 &, THFITHITL
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Lawn] RIFETEENDZ &R D,
ZOLE . BEITDILTO DGR EZE,
B ZAXHRIE IR AR N B A U T2 B AR O i
= - HifE, BAETORE LIRS EmE
DOFRGFET, TR (GYR) (s
LI ENDL, ENLOIFFETE IR
BN Ok ) & End, —FT
B BRI N C O TE B 72 U R EZE LTI
WAL, ERIR 2R B — A1 | BRI
I P IRVMEE (EFFLXCEN I RE S
NS A MET 5, EMALT T 2%
179) Fix, IFEAERY T TIT T RE
F L~V T A 9D D) 55D BN #R % %I
F<ESNTWDZ &/, ICRP TE
FINDH ISO VA A MU XIE ROT A A
FUAZIEVIE S B THRIZ<S 210 5 5
W25,

SIHiZ, QDERDOLE. MREEHKITL
Wy chiut, &) Bme=41>r7
EITH. LWORSHAEED LT DL
KOBRBAEEITETEME=2 Y > 7B
BEpD, il LT, BRYEDOXG L 72515
YR DPREEDME S . BUHHBRAE SR I E T H
WHnd, TAFREMPREY ZHICES
L CHa#E RO B R RBO b b i
HLEDL LT, B TORMNBEBLEFEN
TLD #EFHEEHR LY v 723557
HEEICRY . IV R B B A O
MEES, MIELIBME=42V 7Dk
RO, BRI O, S SRS e FE
OOHEE (BT ~0R) SE2EE LT
b, HERREEBHE R OBIE < IR R &
U ChRaiD, MatORMITKs, ORI
DNT, FDBEDOIROKERYEIE < FHFl o
AR TE A ED TV AIIZEE L NBLLT
ZHIHT 2®]_ERH D,

(51, DREOETITBNT, KEED



MERENS X FTFoize LTH, HA
FREGHEE N NE L 72 DHEEFITIER IR
BNTND, 2O, KepfhofEs R
D72< 0 ITEWEZ S OFEERZICX LT
HE A BHAHT D LW o 72 IEA BLAY 22 55 B
Z2ATOOTIFRL, BEICAI L2 FETK
m RO ELTHTRETH D, [1]
—5. ODEHTIE. EBROODOEHT
b Z T T < RNz IROIK &
(KM O ORGSR B A [ &
AR LT, REpofaE s NIE) FL
W, ERIELDZENTE D HE. WS
WXL T2 E /AT e d, 0%
BlE. KSR EDOE=F Y T DI ELT
W, EZIE TR O /K b AR & VT8 O Kb
R SR & DOHEE 21T 5 2 &2 D,

HEE IR R B O HIEIE 2 WV D 1E 0,

TR RRVESE T O (EEBRBE DR B Y Bk
PSP L 72 DREHE, BAE, BRIROTEAR,
TESEE OLES (B 2 SRl AR 2P &
Blegt, B0y | IROKEERR T

PRERERRRE I D N9 %) | 1EZEBRBEOARDL,

HOBEWRITIARTHD, O OIEEREE
B OB E BT 215 T, 1F¥ETF
ANCAFARETH DL, ZNODOFHRND,
FANC BN BEBIEFEE OPIT < B, &
OMEERERIZ 63 2 MR D K db AR B J OV 45
DOARIGER R FERRE O S, Ll B HE
ETEIUT. & SICHET T < KR
SNRIIETHEZADBND,
REEWIEL #EBET D5 2 T L
LERICIT, oMz, IERTED L
T RREREE . T 2R EFEOREE, &
W, BE=4% U > 7Ol itEs N
BHINHMEBBZFET BN,
MREIREICOWCIE, BATOES (kg
FREEFRS IEHRIEE 4 RO 5 5) T, K
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B TOME (20T, NEHIEL
LARESND) 2N, 5 20 mSv (A
T50mSv) THDHDIZK L, IROKEEIASSE
MRS, 4EM 150 mSv, M OV & O %Ak
BRI 500 mSv 72> TWnd, (W
B R 2 844 AR COMERE) =
D &IE, AEBICEHh S SR Y 2B W
T, IRBEGIE < ) IR T, BETREEBE
FHEOEBEHRERE D OHEETO, R
D 7K il A4 2R i 15 568 filf o 2 D AT & 2538 L
2%, BlxiE, FEREKETORHITREN
KEREEC 10 u Sv AR EBEIC o> T D
AT, REETRR ISR B IR O K L A4
AR EOHEE N FEETH DG, T DM
10 f5 5 20 522> 72 LThH, IEST
EODHMEIREEZ BRI, HEENZ
BTHHRY , KO HLDE=HY 7
THATHD, LNLRRDL, %M
FREDOMEREIZET 2 RIALOSA, &
DIES R EFI A SN DA RETH D |
R DK fb ARSIl R x 3 BB ME=2 Y
YIUEARAIRE D, EHIZWD & RO
IKEB ARSI R B 4 5 4 20 mSv LA R T
DEFOLE . RS EIT T D RO K
PR EOHEEN ATRETH 72 L LT
b IROIK SR BRI R O A K&
WG, HEEORHEN SN RKEWVEE, K
ERTIAR DY 20 mSv [ZHET T 556, &,
BIE=% ) IRERINDGERHT
XBHEEZLND,
EANE=2 YV I S DM EFHT
DNTH, BETREENH D, HIZIE,
AT OWE TR L7 &g, OSL
RREGE L BV ERE & L CE T RURERH
A L7, Wb, SREskilike s 1A
MEEHLTEBY, A— I —HLHET 137Cs
Yy RRICHT L, ZNET 15% KL DN 20% & 72>



TW5, ZAbi, EWRERIZ X0
EERD T EITRRETH D, Fo, #IT
STEPHBEICHE SN TV D EHAITITZ O
AHENEH LV FEMCAED D Z &b AThE
Th D0, X IRDOERBDIRNGE,
FREF O MEITIZ L D K& 2 RN S M
o2 ATREMED & 5

BATOMANE=% U 7 TH, LB
CiBME=4%Y > 7 {ThbivTnb, [RIC
BB RS CE RV, RO
IR ERTZ2EE U, BURBEREICIE S IRD
KemffrE, & LTl b TS, K
WRFAGEICBW R, Bine=21U v
T RSB TS RRESE L. NEEIE < 0B
TNDOHLGENL L B EBNEEE
IXPtE~ R 7 B3 LTRLCIE(T 5 2
LD, ZOZ NS, v AT EHEERL
TREE T, MR A U AR O UK S AR
HHETE DAEICEETILERD D,
BEDOLZ A, BNTE=41 7 OfE:
X, S, B (FEEOER CICEESN
HEFINBHY, ZOZ EBRIROUTFICIEE
LTWRNT &I K DRl O AN S
BERL TV AEEERS S,

(© T REEHII< ) RBUTIBT D, e
FRENT T 5, BRO KSR RS 2 0O AH B

ATEOMERE R THR L@ Y | U
VT ORH N FE TP T DR

#£8 RRREHEMLZHBED,

AR L-FE S I 2 L— 3 U ROVER
B ZOMIE S TITARER R
LIROKEEERBRENMZITELL D TR
Enb, —H T, ARG I < PR (B
J) Z#EEr LR . DRIBREE D726,
EKEPROTEET D1, [—HREALb O
X< EEL BEICER A~ O RO X
SBRLARBH~OZNNER VG, 2
DX D7 TREERIELS ) RLT T, R
WA EIZRT T 5, BRO KSR IARZEARRR & DL
DE D IR D IFRNIFHE L THE S LENRH
D
8L, FHEY I 2L —v g v LER
(2 K B IRERE R BTk D IR DK AR AR &
D ZRT, BEEMHIL, WTILORFEIC
DNTH, REFRABEE D 137Cs
PR T 40 cm. 920Sr-90Y T 80 cm DNLEIZFX
BLIEEMTHD, OND@ODEMFIL, Al
IR LIS 7 7> AR OWE T 7
FNADFEMETH D, FFIZ 137Cs IR TORE
RizonTiE, O0b@0ETOLRETR
< —HLTWBEWz5bH, —FT, 98r-90Y
TIE OSL 7 5 O ELLEOFERIT, & DS
ThoTHIFFIZRS —HLTWD, —F
T, BE 7 7 v b ARG D BB 72 RN
LIXETFOTAR DL, ZoTHUX, 7
Ty hLEYHT 7 N AT, OSL OH
DAHILEICERRH D Z L ITRRT S
EEZLND, BMOBEFIZIHNT, HIR

HEYVI a2l —va v ERICLI2BBETBREICRNTS

IR DK SRR & b
PRI R ORG24 FHH 5
B¥r7 7 b S/ S NN
D Ideal ®@ OSL @ OSL @O0SL
Point BCs, 40 cm 237+0.04 225+007 220+005 2.17+0.16
Point 05/ 80cm  1.57+0.02 1.54+0.09 1.92+0.02 1.89+0.17
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W7 72 N AL TWAEA, BY
TALE DD L OZERN | MEHICTFE T 5,
FEEIC@D ST OSL OB (& % 5
em BEISE D & HEIT 1.92 06 1.40

L7 Y AHENE DHEPHNTO L —ET 5,
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WD,

B4 5 MO 6 Tl stz B0 3% 5 B
O, REEHREICT D IRO KRR ED
ORI BERE ISR T 2 2 kA R, 2 TEE
ByIal—ya lkoifisnizso
T, REEDOES 10 mm (KEE) K&
O3 mm (ERH) (BT 2WIUHREE KD
TWb, BFEOE ST, HOFLITKD &
B LT 21T > 72,

BICs ;MR D6 FrIFEERED 5 5127
DITHES T, AREERR R 6 2 AR DK &
FRREODN LIZIE SR B & e
STz, RERER R DR ARG AIC I T 5 &
X, REGRRIEOYE . Bt R
L7z TEET A LEEZBND, K
EIRDOKEROBELE T =2 T DAEICL
B W, AUARERES & IR O /K G IR E = & &
IOERELZ 20 cm &35 &, 40 em Tl
TR OB LRI 2.25, 100 cm Tl 1.44
LD, BIED D OBREE WSS, KE
RHEE TS, R R 2 RO K

A EOZ RS HETETWL T,

PRBEANE S D56, BREED M ZRITHE D
HEE Tl KRG & 22 DM 23 8 5, 7272
L. BRSFRIZRHEEICIZ 2R D728 TR E
ENE TR — y BRO FHIEZ B D
KO et IR RIS D AR DK R
EREDOLEHET 2 DIHEHE N Z D,
—J5C, OY BRRIROEGA . SRR EEE) =
FIZIR DI - T, REERR RIS T 5 AR
DK BRED A 1 ISV TV L 23,
FRIGERBE T WS v BOBGE & L

T, TRy ROGE LY 4 5RERE
KD EPHLNERST, v IRDY;
A, BB “RANC L2 o 72 HEE T,
BWiEBlZ B 22 Z ERRENTn, Bk
EO%E . BBt AN X D@ HHEE
Tk, EHRRE IR R D IR D
K A AR D bE A WS LB/ R L D D 2
EDIRENTZ, TORDD, FFIC B AR
BT PR & 72 0 15 2 556 O R &It
T HIROK AR ED L OF AR, K OZED
FABIICAR D MAHT, & SICFEMICAT O L3
NHsH9,

(@) FHFPHIE TN TOREA

ik (2) T3 - Ji17) - I EIC
BT D, BERESE & U EBIEFE O
BIE < RPUCBIT DA ICB W T, RO
BIX < FEHIR 1 2HE SN TWD, FiE
DARIFEAHIT < V&, BT PRICHERB L
TlHEdH Db OO EEEMT HEENBRE S
. F OBROEANR R LR T O E &
g L, RESERLrZ N THEIND T
. HROAKS BT < IR X5
BTH D, IROKEBIKFERIZ, Rl
(29D T O AR EAMAR = O MBI IS D
WT TR D725, WL OMNOFHHR KD
FBRAEAT o7,

FOWIX, FHHEYIaL—v 3 L FER
12 & 2 IRE R RSk 2 HR O /K AL AR
D& T, BRI, 0Co v #RIGH
IZBWNWT, OPDL@ODFEME, AiHEICRL
7 7 N AROWEE Y 7 o R ADS

£9 FHEVI=2V—va v L ERICISEBRMBREICKT 5 FHEOREEMBED L

BRI R ONHR 5+ S G TR
BT 7 b A W~ 7 > A

O Ideal @ OSL @ OSL @ OSL

6Co Parallel 1.02 +0.04 0.95+0.05 097 +0.03 0.98 +0.03
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fRLR—Thsd, R I 2L — 3 »
LEBRET, OLODETOEETRL
—HLTWDEWNWZ D, 5, 90Sr-90Y g #ij
FEIZOWTHIHEKOEREZITV, AF
EDIRO KSR D Fx 7 & FH8 O R HHR
B L THRE R Z 525 2 & &2
RET D MENR D D,

Fio, KRR E AR5 X5 ethiE <R
DEAR N Z R L7 FEFHE BT > TV 5,
FEAM L7200, 137Cs v BRFK O 90Sr-90Y 8
IR TH D, IR & AREER I & O PRt A
20 cm, FH5 & OEEAL 15 cm & L TR
L7z, (RERESHREZ T 2 Fhe O KR
BOHIZ, 2 37Csy T 2.41 +
0.04 TH Y, 90Sr-90Y BT 3.52+ 0.07
Llpol, [FERIZIEBED T kA TOHEE
TV 1.78 L7225 03, MAEICED S
TREL RO TWD, T2, BREHAVE
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Assessment of equivalent dose of the lens of the eyes and the extremities to
workers under nonhomogeneous exposure situation in nuclear and
accelerator facilities by means of measurements using a phantom coupled
with Monte Carlo simulation

Hiroshi Yoshitomi®", Masayuki Hagiwara®, Munehiko Kowatari®, Sho Nishino®, Toshiya
Sanami®, Hiroshi Iwase®

*Department of Radiation Protection, Japan Atomic Energy Agency, 2-4 Shirakata, Tokai,
Naka, Ibaraki 311-1195 Japan.

"Radiation Science Center, High Energy Accelerator Research Organization, 1-1 Oho,
Tsukuba, Ibaraki 305-0801 Japan.

Abstract. Proper assessment of the equivalent doses to the lens of the eye and extremities for radiation workers is
important to ensure that the dose limits are not exceeded. Homogeneity of the radiation field greatly impacts on
the assessment of eye lens and extremity doses. However, there has been no systematic approach to estimate (non-
) homogeneity in nuclear sector. The general aim of our project is to provide a comprehensive methodology to
identify nonhomogeneous exposure situations. To fulfil this purpose, an index that represents the correlation
between whole-body monitoring and eye lens or extremity monitoring was introduced for the screening of
nonhomogeneous conditions. In this study, the followings which are essential for the next investigations to apply
this method to the workplace field were carried out: (1) to establish the method to calculate the indices, (2) to
verify the calculated indices by the measurements using phantom. The geometrical factors that should be taken
into account for homogeneity in eye lens monitoring such as a distance and direction of face are also obtained in
the calculations of (1).

KEYWORDS: nonhomogeneous exposure, equivalent dose, eye lens dose, extremity dose, dose
assessment

1 INTRODUCTION

The equivalent doses to the lens of the eye and extremities for radiation workers should be assessed
properly to ensure that the dose limits are not exceeded. Additionally, the emerging two issues has been
demanding more appropriate evaluation of the equivalent doses of the lens of the eye and hands. One is
the new occupational dose limit for the lens of the eye from the recent ICRP statement [1]: i.e. the dose
limit for the lens of the eye for occupational exposure in planned situations was reduced from 150 mSv
per annum to 20 mSv per annum averaged over 5 consecutive years and 50 mSv in any single year. The
other is growing demand on the manipulation of highly activated materials in the maintenance works of
an accelerator [2] and contaminated materials during the decommissioning works of nuclear facility,
which increases the potential exposure risk to the extremities to a wider variety of radio-nuclides.

The equivalent doses to the lens of the eye and extremities from the whole-body monitoring can be
commonly assessed from the view point of the cost and workload, if appropriate. On the other hand, this
estimation might significantly underestimate the equivalent doses to the lens of the eye and extremities
in nonhomogeneous exposure situations in some exposure cases [3]. An additional monitoring near the
eye or extremities should be needed for the proper assessment. Therefore, homogeneity of exposure is
one of key factors for adequate estimate of the equivalent doses to the lens of the eye and extremities [4,
5]. However, there has been no quantitative scheme to systematically estimate (non-) homogeneity of
exposure.

Our project aims to provide a comprehensive and quantitative scheme to identify the nonhomogeneous
exposure situations. This will help with proper implications of radiation protection measures even under
nonhomogeneous exposure situation. Before starting radiation works, monitoring for radiation workers
could be easily but reasonably planned, including whether or not an additional monitoring of the eye or
extremities is required. For designing the scheme, the following issues have been investigated. (1)

“ Presenting author, e-mail: yoshitomi.hiroshi@jaea.go.jp
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Calculation platform for estimating the relationship between dose equivalent measured on the trunk and
the lens of the eye and the extremity is being prepared. (2) Classification of honhomogeneous exposure
situation under typical radiation works at nuclear and accelerator facilities is being processed. (3) From
reported radiation works, factors leading nonhomogeneous exposure are being drawn.

This work describes a proposal of introduction of quantitative index for nonhomogeneous exposure
situation and an attempt of the screening of nonhomogeneous exposure situation based on a proposed
“homogeneity index (HI)”. The proposed HI is defined by the ratio of eye lens or extremity dose to the
dose measured on the trunk. This also represents the correlation between whole-body monitoring and
lens of the eye or extremity monitoring. A set of the HIls obtained by Monte Carlo simulation
incorporated with a mathematical phantom for some simplified exposure conditions is calculated.
Verification of the HIs under both homogeneous and nonhomogeneous exposure situations is carried
out by the benchmark measurements using a physical phantom. Calculations changing exposure
conditions were also demonstrated, in order to identify the parameters that significantly impact on the
Hls.

2 MATERIALS AND METHODS
2.1 Homogeneity index (HI)
To identify the nonhomogeneous exposure conditions quantitatively, the Hlis defined as the ratio of

the personal dose equivalent for the eye lens monitoring or the extremity monitoring to that for the
whole-body monitoring are used:

Ieye _ Hp(3)head

= 1 for photon exposure to the eye lens,
0 H, 00) ® e ’
H (3
AN Hp B ) for electron exposure to the eye lens,
H p (3)trunk
. H_(0.07 :
Hextemy — o (00D iy (3) for photon and electron exposure to the extremity

H, (0.07) 0k

where, Hy(d) is personal dose equivalent at a depth of d mm (d = 0.07 mm, 3 mm, or 10 mm) below a
specified point indicated by a subscript on a mathematical phantom. The recommended depths d for
the respective points in monitoring were chosen [6, 7]. Hy(3)wunk Was used for electron exposure to the
eye lens to identify the nonhomogeneous conditions regardless of the evaluation depth although it is
not commonly evaluated using whole-body dosemeter. The required characteristics of the
mathematical phantom for the purpose is to simulate absorption and scattered radiation by the human
body and to change the posture easily. Hence, the geometry of the phantom was taken from the
reference [8, 9] with some modification as follows: (1) Shoulder, upper arms, elbows, lower arms and
hands were added to the phantom but legs were omitted. (2) Facial skeleton and ribs were only
considered as bone (p = 1.4 g/lcm®). (3) The medium of the phantom except for bones and eyes was
chosen to be ICRU 4-element tissue (p = 1.0 g/cm?). Fig.1 shows the geometry of the phantom.

2.2  MC Simulations

Personal dose equivalents, Hy(d), are directly calculated according to the definition [6] using Monte
Carlo code PHITS 2.7.6 [10] with standard atomic data libraries to obtain the HIs. The mathematical
phantom described in the previous section was set in a vacuum for parallel exposure or in a dry air for
other exposure conditions. As illustrated in the Fig.1, the scoring volumes for the evaluation of
Hp(3)heas and Hy(d)irunk Were located at 3 mm depth below the surface at the forehead (1.0 cm(L)%3.69
cm(W)x0.01 cm(D)) close to the eyes and at d mm depth below the left side of the chest (1.0
cm(L)x6.18 cm(W)x0.01 cm(D) for d =3 and 10 mm, 1.0 cm(L)x6.18 cm(W)x5 um(D) for d =0.07
mm), respectively. The Hy(0.07)exiemity Was evaluated from the maximum values among the absorbed
doses in four scoring volumes at 0.07 mm depth below the both palms (7.98 cm(L)%9.59 cm(W)x5
um(D)) and both thumbs (1.0 cm(L)x1.0 cm(W)x5 um(D)). These positions were corresponding to the
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common monitoring positions with personal dosemeters. The obtained absorbed dose gives Hy(d) as
quality factor is recommended to be equal to 1 for both photons and electrons considered in this study.

Figure 1: Three dimensional view of the mathematical phantom (right) employed in this work for the
calculations of the Hls and the physical phantom (centre: the modelling for calculations, left: the
picture of the phantom) for the benchmark. The scoring regions to evaluate the H,(d) are also indicated.

for Hp(3)head r

fOI‘ Hp(lo)trunk

-~ Head

/
—— Neck

—— Chest

I~~~ Dosemeter

| ____Abdomen

Hand

or H p(o -07)extremity

The HI is used for the screening purpose to find the nonhomogeneous exposure conditions at the first
step. Therefore, the exposure conditions to calculate Hls should be simplified as much as possible
rather than simulate a specific radiation work. Some parameters that would characterise radiation
works in the nuclear sector were categorised into three types: i.e. source-related, worker-related and
source-to-worker-geometry-related parameters. The simplified exposure conditions are then
constituted by the combination of these parameters. Some of the parameters used in this work are
listed in Table 1.

Table 1: Some parameters considered for the calculation of the HI®® in this work

Category of parameters Range of the parameter
Type of radiation Photon Beta
Source-related  Energy (Nuclides) 2 Am, ¥7Cs, %°Co 0G0y 106RH
Source distribution Parallel, Point, Planar(40 cm®)
Worker-related Direction of face Down, Up
Source-to-worker- Horizontal position: 40 ~ 110 cm in front of the body axis

Source position

geometry Height of the source: -20 cm ~ 60 cm above the eye level

2.3  Benchmark

For the benchmark of the simulation results, the irradiations were performed using a simple water-
filled physical phantom equipped with several dosemeters at the Facility of Radiation Standards (FRS)
of Japan Atomic Energy Agency (JAEA). The physical phantom consists of 6 parts: i.e. head, neck,
chest, abdomen and both hands. The position of the hands is able to change freely and the angle of the
head is adjustable. Fig.1 also shows the geometry of the physical phantom and Table 2 summarises the
specification of the phantom in detail. Small optically-stimulated luminescence dosemeters (OSLD)
with ALOz:C as a sensitive material (nanoDot™ manufactured by Landauer. Inc.) were used to
measure the dose at specified positions on the phantom. Except for the extremity measurements for
beta-rays, the OSLDs were covered with PMMA slab filter with 2 mm thickness so that the total mass-
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thickness over the sensitive region was around 300 mg/cm? [13]. OSL signals from the nanoDots™
were read using a microStar OSL reader (Landauer, Inc). Net OSL signals corrected for sensitivity
were then directly used for comparison in this study.

As described in 2.2, the HIs were calculated from the absorbed dose on the ideal receptors made of
soft tissue according to the definition of Hy(d), which is different from the OSLD for the benchmark
experiments. Therefore, four exposure conditions were chosen for the benchmark experiment so that
they include both homogenous and nonhomogeneous exposure conditions and the responses of the
OSLDs are identical to those of the ideal receptors from the view of the HI. To confirm this, another
set of calculations using the mathematical phantom with the OSLDs was made. The OSLDs were
precisely modelled according to the manufacturer data and placed on the surface of the mathematical
phantom at the same positions as scoring regions for the simulations of the HI. Furthermore, the other
set of calculations that fully simulates the experimental setup (see Fig.1) was made to ensure that
response of the OSLD was calculated properly.

Table 2: The specification of the physical phantom used for benchmark

Materials and shape Dimension
Head Water-filled cylinder with PMMA” walls 20 cm®x20 cm(H) [11]
Neck Water-filled cylinder with PMMA walls 12 cm®x8 cm(H)
Chest Water-filled slab with PMMA walls 30 cm(H)*30 cm(W)x15 cm(D) [12]
Abdomen Water-filled slab with PMMA walls 25 cm(H)*25 cm(W)x12 cm(D)
Hand Palm: PMMA cylinder Palm: 9 cm(H)x9.7 cm(W)x1.5 cm(D)
Fingers: PMMA rod Thumb:1.9 cm®x7 cm(L)

Other fingers: 1.9 cm®x10 cm(L)

" Polymethyl metaacrylate

3 RESULTS AND DISCUSSIONS

3.1  Framework of the method to identify nonhomogeneous exposure situations

The framework of the proposing methodology to identify nonhomogeneous exposure situations is
described in the Fig.3. At the initial step, the Hls to quantify the (non-) homogeneity were calculated
for simplified reference exposure conditions and then compared to the criteria level. Namely, an
exposure condition for which the HI is greater than the criteria level could be nonhomogeneous and
further investigation should be made in detail at the next step taking more specific information of the
radiation work into account.

The criteria level was tentatively set to 1.5 in this paper. This value corresponds to the expanded
uncertainty for assessed annual equivalent dose at or near the dose limit, 0.67 to 1.5 (factor 1.5),
specified in the ISO 15382. From a view of the conservative estimation, lower criteria level was not
considered. If the HI for a certain exposure situation is less than 1.5, the direct assessment from the
whole-body monitoring with ideal dosemeter for that exposure situation will not underestimate the
equivalent dose less than 0.67. It will be acceptable even though the dose level is near the dose limit
and no correction have been made.

3.2 Benchmark

The results of the benchmark calculations and measurements for the HIs under four exposure
conditions are summarised in Table 3. Good agreements within uncertainty between (a) and (b) shows
that the OSLD can be used to measure the HI under these conditions. Good agreement within
uncertainty between (c) and (d) indicates the successful modelling. Hence, the consistent values
between (b) and (c) indicate the calculated HIs (shown as (a) in the Table 3) were verified by the
experiments (shown as (d)). For the exposure conditions (1) to (3) and (5), these values were the same
within uncertainties, but there found to be a gap for the exposure condition (4). This is because the
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monitoring positions for head relative to those for the trunk were different between the mathematical
phantom and the physical phantom. This effect is considered to be remarkable for the exposure of
beta-rays with a short distance between the source and the phantom, which will increase the
uncertainty of the HI.

Figure 2: The framework of the proposed method to identify nonhomogeneous exposure situations

Step 1 Screening to find nonhomogeneous conditions

Simplified exposure

L Potentiall
conditions otentially

Nonhomogeneous

No
Homogeneous

Step 2 check nonhomogeneity for specific radiation work

Specific exposure

situation _| Check _ )
Specific geometry, ”| nonhomogeneity =
workload, dose level

Table 3: Comparisons of the HIs obtained by simulation using (a) the mathematical phantom with
ideal receptors, (b) the mathematical phantom with OSLD, (c) the physical phantom with OSLD and
experiment using (d) the physical phantom with OSLD. (1), (2) and (5) belong to the homogeneous
exposure condition while (3) and (4) belong to the nonhomogeneous exposure condition. Exposure
conditions of (1) and (5) are the same but (5) is related to the extremity. The associated uncertainties
are given fork = 1.

Exposure condition Simulation Experiment
(source shape, nuclide HI Mathematical phantom Physical phantom

and position” (@) Ideal (b) OSLD  (c) OSLD  (d) OSLD
(1) Parallel *°Co HI™ photon 1.02+0.01 0.97+0.01 0.97+0.03 0.98+0.01
(2) Point  'Sr/Y, 110 cm HIjecyron 125+0.04 1.28+0.09 1.29+0.04 1.29+0.05
(3) Point  *'Cs,40cm  HI™jo0n 2374004 225:0.07 220005 2.17+0.16
(4) Point  'Sr/Y, 80 cm  HI™jecyron 157+0.02 154£0.09 1924002 1.89+0.17
(5) Parallel *°Co HI*™ oon 1.02+£0.01 095005 0.97+0.03 0.98 +0.03

“Values indicate the distances between the source and the longitudinal body axis of the phantom. The
sources were placed at the same level of the eye.

3.3 Examples of the Hls

As for the equivalent dose to the extremities, the finger or palm dose monitoring has often been
conducted in nuclear-related works in which hand is empirically considered to be highly exposed than
trunk. Therefore, an attempt to calculate the HI for an obvious nonhomogeneous exposure situation for
the hands in nuclear sector was firstly carried out. Manipulation of the point source as illustrated in
Fig.3 has been considered to be the typical nonhomogeneous exposure situation for hands. The
HI®"™™Y for this exposure situation was calculated. The HIs for **'Cs photons and *°Sr/*®Y beta were
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determined to be 2.41 + 0.04 and 3.52 + 0.07, respectively. If the criteria level is set to 1.5, it will be
determined that both exposure situations are nonhomogeneous as expected.

Little study to investigate the nonhomogeneity exposure situations for the dose to the lens of the eye
has been found. Hence, the HI®® for **’Cs point source above eye level and **Sr/*®Y point source at eye
level were calculated as examples. The results are shown in Fig.4 (a) and (b), respectively, which
implies that these exposure conditions were considered to be nonhomogeneous based on the criteria
level of 1.5. Thirdly, the source positions where Hls are equal to 1.5 were determined both for **’Cs
and *°Sr/*°Y point source from the various calculations (Fig.4 (c)). If a point source is closer to the
body than it is on the boundary or above the boundary, the exposure is determined to be
nonhomogeneous. These results demonstrate that handling point-like source within arm’s reach above
the eye level is considered to be the nonhomogeneous exposure situations in terms of eye lens.

Figure 3: The assuming typical geometry for handling the point source

.Y
%~ Point source (**'Cs or *°Sr/’Y)

cm

Figure 4: The Hls from (a) **Cs point source 20 cm above the eye level and (b) *Sr/*®Y point source
at the eye level. The horizontal distance from the body axis is 60 cm for both case. (c) Boundary
between nonhomogeneous exposure and homogeneous exposure conditions in the case that the criteria
of 1.5 was selected. The longitudinal body axis of the phantom is aligned to the y-axis (the positive y-
direction indicates the height above the eye level). The front face of the phantom looks into the
positive x-direction.
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3.4 Important parameters for the Hls

In the previous section, the Hls for the point source are demonstrated. The Hls should be calculated
for the other simplified exposure conditions which is given by a combination of some parameters
listed in Table 1. However, not all of the parameters significantly impact on the HI (Table 4). Source
position is clearly impact parameters for the HI but some parameters such as wideness of the source
and energy are less important for photons. For beta-rays the HI are found to be sensitive to most of the
parameters.

Table 4: Influence of the parameters on the HI®®. The reference condition for comparison is **'Cs
point source 60 cm away from the body axis at eye level for photon (HI*yo0n = 1.55 + 0.03) and
%05r/*°Y point source 60 cm away from the body axis at eye level for beta (HI®eciron = 2.28 + 0.03).

Source distribution Energy Direction of face Source position
Photon Planar (40 cm®) Point Point, face down Point
HI® noton 60 cmateye level 60 cmateye level 60 cmateyelevel 100 cm at eye level
137 241 137 137
Cs Am Cs Cs
144 +0.04 1.33+£0.01 1.78 £0.02 1.15+0.02
Beta Planar (40 cm®) Point Point, face down Point
HI®eron 60 cmateye level 60 cm at eye level 60 cm at eye level 100 cm at eye level
QOSr/QOY lOGRh QOSI,/QOY QOSr/QOY
1.22 +0.03 1.91+£0.02 2.84+£0.10 1.43+0.03

4 SUMMARY

The proposed method would provide systematic methodology to identify the nonhomogeneous
exposure situations in terms of eye lens and extremity doses. For the initial screening of
nonhomogeneous exposure situations, the index, HI, to quantify the homogeneity of the exposure was
introduced. The method to obtain HIs was established using Monte Carlo simulations coupled with the
mathematical phantom. The calculated Hls reproduced the measured data regarding the homogeneity
in the monitoring of eye lens and extremity. These results and a set of the obtained HIs for some
simplified exposure conditions enable us to conduct further verification of this methodology, which is
to apply this method to some of the exposure situations encountered in nuclear sector.

This study also reveals that handling source within arm’s reach above the eye level may be
potentially nonhomogeneous exposure situations in terms of eye lens and it would be possible to
reduce parameters for the calculation of the Hls. It should be noted that further discussions regarding
the criteria level for the HI will be needed.
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