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Kg==a— bV 28T 2 KL, 1970 FIC Davis 61k > T 6 /z, LL,
ZoBHNSHEON=a— U ERIHEERNIC TS h o L~ LicLinke s
wolz, LR, K== — bV 2 28HIT 2 RENISHTE 2o T 205, wWih
LbTRE T2 TH-7, ZOJRNEZFGIHT S0 LT, =a— M) JREINEZ
ENTELD, IEOMLLKE=2— MY ) ERoOMRIEL wWIhb=a— KU /RE)
DRGSR (LMA Large Mixing Angle Solution) % X§fL T\ 5, . JAfAi==a—
MU ZHW 2 KamLAND FEEATClE. LMA fECoRh=a— MY JIREMIEE 5 2 &A%
Do THOB A 2002 4F 12 H OFR TN =2 — MY ) oBHIENFAELZ TEb >
Tn5,

ZDEIWHERPS, Kg=a— Y EOMII=a— b Y VREITH S Z 2 131F
RL 2oz, LIPLRDS, ZNTABE=2— M) 2 DZ 23T XN b Tl
B, Ko RELNE=a— M) 2O I%E p+p — D+e +uv, CHRETD
pp=a2—hU ) THEM, ThEYCHEL EBTIE 220, ZoflE kil
Za— M) REIE WSz a— MY oWEHEZHLMMIL T NE T TR KEo
TRNF R L HRL Z N TELETOEEL D,

Za— MY 2REINT X —F1F, KamLAND EEIC & > THEICHE SN S Z & 23
FEINTVER, FEHRBDRNZ &S REMHTT 2N S, ZoHEICHEDY
WLizma— MY JJHOFRMEE LT B THEHEDDRNT SS9 I ATH LI EINETS
hd, 2T, BEAREIN 1%0METHESTHI SN TS pp=a— K~ OHl
ENER L7125,

F, BlE=a— RN 23EF=2—-MN) ) Sa—=a—-R ) FU=a—-KU )
DIMRNHL L HEZOENTHDEN, ThEFToLTo=a— M) ) EipEHIHT5I120T
INETTRREYT, 4FHO=2— VU ) A& (sterile) =2 — "V J Ou[BEMEEZ S
hTng, ZofEicii-& e Lkfinziaicd oo x v ¥—p=a— ) %
WETSHZ EAEHEET, pp=a— M OREBIGE HLD Z & T sterile RIAITDRMNS
JHEMEDYD B

IhETCOFERI. KB=a— M) ohoZ —HThHy, MmN ik #HEoK
ENSB=a— MU R EIHIEL Tz, (K& xR VX — 4 ToOHIEDRRICHR Y [ &
Sz o, HERICEENS U, Th 7z & HRTIIEE T 2 BUHE AR BREBLIU H
MEDNy I 759 RTHSD,

ZZT. KAFIOGd D=a— MY VIERICEAHT 2 2 2ic L. 2D EORIR
*LTC

(1) =2— MV JDZX VT =015,

(2) RIS 5.

(3) BHIHEE R =2 — RNV ) DT RN E—DL TEIME, (244keV)
(4) ==a— RV JHEEIRE N,

(5) 3 E[ERFFHHISRETH 5,
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MTEDL, ZOXNE, WfEHILVY NI TH LD, —a— M) ) DIZRXNVF—2AXY
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T5, Dbz s, 190Gd 2RHT 5 EREETH 5,
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B1E T

1.1 Kbp=a—bV JRZR

K32 D EBRNTHHKRELFRHIL TG TICASEZ V., [ERfIC=2— ) %
B L Ts, FURIEHOMITORTEZ Y, M1.1. 1.20&5 % ppF =1 > & CNO Y
AIND2LHNDL, ThokEewd e

4p — He + 2¢e™ + 2v, + 26MeV (1.1)

£7%%, ZOANS 26MeV DT RN F I L, 2 008 F=a— U OfGEAY
b5z ePnhrs, HEKE TRV F—130.86 x 10'2MeV /cm?/s TH L Z 6, M
HKCo=a2—htU /) T759 7 ZA036.6 x 1010, /cm? /s TH B LEIHEINDG, =a—F U/
IFEK P OBEMER T, MHEHOMEEHL LRV T, =a— Y OFAEJET
b5 KENEBZ BERBHIT S 2 et TE s, Zhid, BEoitbolGiicEE e EmiE 51
5L, F=a—h) ) oWHEZRNSL L CbERL RS, KE=a— ) XD k>
IRANRY N V% LTS3, Baheall 512 & S EEEKFGE 7V (Standard Solar Model
SSM) IZ & » THERNICEHH S T3 (1], (X1.3)

PIZE pp==2— MV MR XV F — (B, < 420keV DHEHLA XY b)V) TH 5 3,
HERCO 7Ty 7 2 K&E L HERN 2 REE NSV, (£1%)

p+p—D+et +u, (1.2)

F72"Be =a— MY JIFHATZX)VEX —T (B, = 861keV(80.7%), 383keV(10.3%)) TC.
HECTDT v 7 23 KREL, BN ARANENE S IR/~ E W, (£10%)

Be+e =" Lit v, (1.3)

ZDIFMIT, 8B, pep R EMBHLMWENY T T v 7 ZAWVNS L HERNBRANEE D KE W,
ZOKBGE=a— MY BT 55N, 1968 05 Davis HIC & - Tihiw 517z 2],
Z DF7iEIE. 130ton D 37C1 &2 5 T

ve(E,, > 814keV) +37 Cl — e~ +37 Ar (1.4)

D=a— MY BRI EZ Wb o T —EMRRICAr OEBA S Z LItk ->T
mEhlz, BERGETNVCELD=a— Y ) 7Ty 7 26 0FH TR, ZOEAD
3 5B, Be, pep =2 — kU BSENEN TT%, 14%, 5% T SilifERIE

bssy = 7.6712 SNU (1.5)



(1SNU = 1030 capture/atom /sec)
L ORI THAE SN TS 1], L. KHCH S

bobs = 2.56 £ 0.16 +0.16 SNU (1.6)

CHERMICTHI SN2 b 0D 1/3 BIEL RN L0572 3], 2 o & RV
WS, Kfg==a— MU BETH B,

p+p—D+e'+ v p+e+p D+ v,
99.75% 0.25%
l |

D+p—>*He+ v

*He+*He —~"He+2p *He+'He—'Be+ v

86%
1 v v

‘Be+e—~'Li+v ‘Be+p—*B+ 1

|

‘Li+p—2 @
14%
p-pll

‘B"Be+e'+ Vv _

‘Be —»2'He
0.015%
p-plil

1.1: ppF =4

Davis 5 DEEAD T3 )L X —EJEIL 814keV TH-72 DT, EENH L DIIFICSB=a—
MU THoTz, 1983 FEDSUGE - 2 IAH 07 FER (7] 13,

Vete — Vpgt+e (1.7)

DEFHEUC L VG S B Kb 2B SBNTBGET 5 Y VR F =L a TR
BHITH 0D TH-7z, DD, =a— K~V OREFEABIAYPELEDT=a— K M
KB SRTHD Z el s hlz, ZoFRBRLTHIE LY bIE (79 1/2) o7
Ze T KB=a— NV EPHEMERI N, Z0R. pp,"Be IS IS 5 KEANS
GALLEX[4]. GNO[5]. KU SAGE[6] 5827V — T2k > Trbhiz, ZHh 6 D FERT,
Ga ZHW

ve(E,, > 233keV) +71 Ga — e™ +7 Ge (1.8)

DIUBIC &> TEB I, T Ge OBEMA S Z & THIH T pp =a— b U/ OBHIAIHE

oz, Fe, ZOFRMTYH, FEREETVOTHILY bR EZRL 7,
BEECoRB=a2— M) ) KROFMEZE1LLICE LD, Iff— SNO ® NCKED

BUIE O ARG 2 1315 —FL T 528, 2 oHfE 13 A ISR 5,



Flux at 1 AU (cm_2 s_lMeV_l) [for lines, cm ™2 s_l]

—

=

Y <E ==0.707MaV

v <E ==0988MeY

1.2: CNO ¥4 7 )V

= Gallium —= Chlorine |- SuperK

012 T T T 1T T W‘ T T T T T 1 ‘
010 PP, 1o
1080 BN
- 150/
6 _
10 17g
104
102
1 1
01 02

Neutrino energy (MeV)

M 1.3: Kp==2—hJ ) DOZRXNVFXF— AT MV



Kl BLHME PEGRAE (SSM[1]) B /P e
Homestake[3]

3701 —37 Ar(SNU) 2.56 +0.16 + 0.16 76113 0.34 4+ 0.06
GALLEX[4]

Ga —™ Ge(SNU) 77.5+0.62743 12879 0.61 + 0.07
GNO[5]

"1Ga — Ge(SNU) 65.8 79253 1289 0.51 4 0.09
SAGE[6]

Ga —T™ Ge(SNU) 67217235 12812 0.53+ 0.07
Kamiokande][7]

SBrflux(10%cm=2s71)  2.80+£0.19+0.33  5.05(1.00702%)  0.55+0.13
Super-Kamiokande|8]

SBuflux(10%cm™2s71)  2.32£0.03100%  5.05(1.00%53))  0.46 +0.09
SNOJ9]

cC

8BrAlux(10%em=2s71)  1.76 7005 0o 5.05(1.00792%  0.3540.07
NC

SBuflux(10%cm=2s71)  5.0970437045 5.05(1.00707)  1.01+0.24
ES

SBrflux(10%em=2s~1)  2.397023. 1, 5.05(1.00792%)  0.4740.11

® 1.1 Kg==a— NV 2 KoM HR, B3N,

WEtHE, RMHELRT,

SNO @ CC. NC. ESlXZhZh CC X, NCJXE. EFEELS.

1.2 —a— kYU JIRE

FZR YT, —a— N JI3=20fNH 5 Z L8300 - Tnb, KB THRE

TH=a—hY) JRTRTEF=2— ")/ (1) T @EMCIa—=a— b J (y,)

D=a— KU (v) BB, ZhbD=a— MY ONEFHOREHIRET., Z oikiED
ZEETUV—N=2IES, Za— N WHBROEFIRETRSNL LI E =a—
MY OGIBHICERE 7 V= N—ICH5 2 e TE 5 10, ZoBgE=a—- Y /IR
e, =a— M) ICHENRDH Y, o THEOEAIRIE & THE/EH OlEAIRIE)

ORNCEGMH 2 HEEITEZ 2, Zo=a— MY JREIM, KBEF==2— NV R# % S

TO2HRIRHmTH L HEA LN,



1.2.1 EBEZdhTon—a—bkY JiRE

SOMAEEFH OEAIRER v, (a = e, p, 7). HEDEHFIRELZ v,, HEFOBERGMA% 0
CEL, ZThEDREE. /MR- TIATH (CKM matrix) ISH 29 2 RE TV THA»H

Vg >=Vylvi > (a=e,pu,7 ,i=1,2,3) (1.9)
DEIITREND, YabT g yH-FTEANLY. HEEAIRIE Y, ORFHEIFEREIE
'i| >= By > (1.10)
Zdt v; >= b;|v; .
b, TETCEBy 032 V¥—2T5, T5&, WEEux
lvi(t) >= e *Eit|1;(0) > (1.11)

&5, FOMEERHOEARETIE, X (1.9)~(1.11) 2

z’im >= Vi BV, |vg > (1.12)
dt
Vo (t) >= Vaie VI |14 (0) > (1.13)

DEIICEKEND, BL oy, Dt=01ERE N T L e, Bt IcBOTy, BBHISh
5 HEFR I

Plrg — va) = | <va(0)|valt) > ? (1.14)
= | < val(0)|Vaie VL [va(0) > |2 (1.15)

MICT 272012, 27 —N=7FF%2 %27

V:< CO.SH sinH) (1.16)
—sinf cosf
IS &Y, v OEFEE REERPZHLZENREY
2
Py, = 1—sin22ﬁsin2<Am t) (1.17)
4p
4 i 20p w2 1.27Am?[eV?]L[m]
= 1 —sin”20sin ( EMeV] (1.18)
2
Py, = sin22ﬁsin2<Am t) (1.19)
4p
9o, . o 1.27Am%[eV?]L[m]
= sin”20sin ( EMeV] (1.20)

LB, ZZTAmE=|mi—mi. Lid=a— M) Bl ES LT 5,



1.2.2 YHEPTHO=Za— M) JiRE

Za— MY WEDEEIRT 2553, TORT UV VIRV X-DEZEHD L D

V3RS, Tk, =a— N IR HZSH 13RS T 5, 2 ORI %EZ MSW
BRI & v, Wolfensteln WK VIEE SN [11). ZTOHERIE Mikheiev £ Smirnov 12 & Y K
BN TO=a— kU 2 IRENC bR S N [12),

FCEF=a— M) ) ORF Yy VI ZOHEH L Y M kb =a— kY - B
flokzd, o7V —N—D=a—kKY )&V, =\2GrN, FIHk%, 22T, GplZ
Fermi FE &5 /ER. N, I HPOEFHEETH D, ZORT VU Y VORIRER (1.12) 1
MAT, WEBORESR 0, &

Vm:< CO.SHm sm9m> (1.21)

—sin@,, cos6,,

DEIITEFHRT DL 0, 1. HZEFOIREN 0 L RD & 5 2 BEHRAKRY 72,

Azm sin 260
tan 20,, = v (1.22)

Am?
5p -~ COS 20—V,

ZoNF. HZEFORSGAIWNILSTY, Lt %%#unz,mweﬁﬁtéhh‘
BEIFIKRELRY, =a— MY IRV KERIREI 72 0VHELZ 2 Z2/RLTN5,

1.2.3 3EATH=—a—hMY JiRE)

3MRD=a— N )2 EX GG, EF=oa— N OEFEERTEST O 13 ik
DHEGH 2 HBEZRTTR S0, 3K TORSITI VI, RokHickREhsb,

€12€13 512€13 s13e”%
vV = —812€23 — 61282381361"s C12€23 — 512823813€i6 523C13 ) (1-23)
S12823 — C12C23513€"°  —C12823 — S12¢23513€™  C3ei3
1 0 0 C13 0 813€_i5 cl2 s12 0
= 0 Co3 S$923 ) ( 0 1 0 ) ( —S12 C12 0 ) (1.24)
0 —s93 co3 —513€_i5 0 Cc13 0 0 1
= VazVizVie (1.25)

f:ffb\ Sij = Sinaij\ Cij = COSQZ']\ d=0TCP ﬁﬂ?ﬁ”i)‘ﬁibﬁ“)o }E?‘kﬁ;:’—" ~V
J e & CHOOZ FEATIE. sin? 2613 < 0.15 LW S FERBF SN (13, 2D
W v, DIRENE 013 ZHEGLL 72 2 RATHO =2 — MY VREITRIGEBLN,

1.3 Za—bMYUJRED/ISSA—4
1.3.1 —a—bhYJREMR
Za— MY IREICIE. KRE L DT TYEIREIE,. HZEREIED 2 0035 5,



YEIRENE. KBEANTRAEL 72 v, MSW RIRIC LV o =2 — MU JICE(LT 5
LENDLIREETH D, PHIREINHEZ 2 72 12id, FRIR 28 2 TR AVKEE h/ DR
(~100g/cm?) &V H/NE L RTFNIFZR 672200 GRIEFRMF)., £ HIBEEZ 72012
Za— kY DORT V¥ 2 VIR )VF = QEACDFINTHERD TRT TR 5 e (KRG
F)e SO DFRMELWITIHEG, NERRGH 0 TREREGEREI T Z & upEL 5,
INETOKRG=2— MU REDBIHIL 7250 63 SN DY EIREIAN D=2 — h Y
I RENNS A —F OIIE. LMA (Large Mixing Angle) ff. SMA (Small Mixing Angle)
fi#. Low(Low Am?) D 3 >TH 5,

H2REfEE, VEIREIZR L CRG==2— MY V2T 500 TH S, sin?20 ~
L,Am? ~ 10719(eV?) &9 i, Homestake DFERZ HELTE 2 (Just So ). X 1.41
KEGOHOEETRAEL 72 v, 3. BRI H O & & DAEGFERZ 4 D2D=a— K )
IRENE Z 21K, SMA f#TIE. PEIREIORNRIC & O /NS RESH THRERRGH
EETHNDZ N5, 2720 SK OMEHIEIC LY. SMA fE. Just-So fil. LMA ©
T % 0%DEFE THIR I TS [14]. (H1.5) &> T FRE 2 4iliiE LMA f#
D FoEY & Low fRO—TkE 725,



Survival Probability

Survival Probability

Survival Probability

Survival Probability
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M 1.4: 42D=2— Y 2 IREMICBY % v, EFEREER
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X 1.5: 4 2D==2— kY JREIFE (90%,99%C.L.) & SK TORFHHIEIC & 0 % (90%C.L.)
SN 5 itk



1.3.2 SNO

SNO(Subdury Neutrino Observatory) FEZEE 1X. Creighton #hilll DML Y 2000m 12
HbH, ZORETIE 1,000 b OEK (D,0) ZHWT, KD 32DBIC &> TEB K
bp=a— K~V ZRild 5,

ve+D—=p+p+e (CO) (1.26)
vy +D — p+n+ v, (NC) (1.27)
vy, +e — v, +e (ES) (1.28)

wWEA LY b (CO) BFEF=a— R~ J ORIIEEH L0, AL > b (NC) X
JGEETORERE=2— N ) (z=e,pu,7) IEEND 5,

2002 F 4 H. SNO TIENC KEZHWT, Ab=a— btV olkPB=a— MY /IR
Bck2b0THEZeRRLIZ 9, ZOMKE. M1.61TRT,

8\\\\‘\\\7‘\\\\\\\\\\\\\\\\

SNO
SNO | 0ce

2]
\THH‘HH

Pu (108 cm=2s71)

HH‘HH‘HH‘HH‘A

0, (108 cm 2s71)

X 1.6: SNO @ CC. NC. ESJXETOHIEL SSM TTHIE 5 SB Kbg==2—hV 7
T v 7 A (1o error). RfRE. WD S 68%. 95%. 99%C.L. THER S 1 5 4k

EHHEL (ES) 13, v WA v, ICBBEND L7, CC & NCOFNCH S, 30D
HAL, 1LATCRDY v vy, TREND T T 9 7 ARPWET B, Elz. DZa— U I8
JEM3% 5 NC ofiAid. SSM o TR B —HL Twb, NClid v, < v, DIRENC & >
TEL 22T Ty 7 ZARHETHDT, SSM & D EFEOHIRNTE S, Z DfHRIC &
D, SBICH LT SSM IZMlE->THB LT, v, WALV AL R ) k=2 —k
VR =2 - MY JRENCE s CHIEREZ ShizZ ed U TGEHS iz,
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1.3.3 KamLAND XE&

Kbg=a2—tV OB TRELY BP0 Kf==2— MY JRJEHIE. ==2—b
UIREIE VO BIGUC k> THATE S, LA L, KBE==a— NV 2 IZJERICE D &K
KT B0, TXNF—RHREOZETHT LT 3 (1.20) D 2 2D D sin DA DEALAS
WML <2, ZokORINTFEMESh, Am2 Ik BIREIOZ(THS 2 L 3T E2R0,
foT=a— Y VIREZEERSHET 21C1E. Am? ~ 2ok s &5 e g
T5,

KamLAND (Kamioka Liquid scintillator Anti-Neutrino Detector) FEEAFEE 1%, K HH
MRS O HL T 1000m 1< 5, KamLAND I&, 1,000 b ks v F L —% 2 HnT
TR, +p - et +n EHOURAFX=a— Y 2 2Rild 5, JRkF==2—hKV
JE. R e ooy, IV LR EPSRETHIE I N=a— )5, LT
JFAHF» S EhE, =a— MU 207 Ty 7 ZFJE TN ORRE O RRREIC & - T
2T 508, JRFFORBUL 122 &2 8 H 4 Z L IB% DR T THIMBETH 5.

2002 fF 12 H. KamLAND CIXEF=a—h VU D=a— M) JREIZ&EORET
MEES 2 2 LIS L 7z [15]. KamLAND Tl # 180km B 72 JHFAid & ok 2 v
F— (1.8MeV ~ 10MeV) D==a— kY ) ZHET 5720, Am?(~ 107%V?) £ TORSE
RO, 72720, 7 & v TRICIREINS A —% 2521813, CPT AEDENVETH 5,
145.1 HOHETCHifFEhd=a— Y 2 ofuci 7 aBHlchiz=a— MY ) oI,
0.61140.085(stat)40.041(syst)(E 5, > 3.4MeV) TH Y. CPT AZEDED Y & 95%C.L.
T LMA RN DT x — Z 4RI HER S N 5 (X1.7).

3
10 E
~ 4 i
>10 F
L C
™ B
S i
< 5
10 E [ Rate excluded
- te+Shape allowed
Il [ MA
| W92 Palo Verde excluded
6| L. hooz excluded
10 ]
0 0.2 0.4 ) 0.6 0.8 1

sin"20

[l 1.7 KamLAND EET Rate 2*5 95%C.L. THiFR S 24k & Rate+Shape 75
95%C.L. TFFAE SN D4, LMA 1% 95%C.L. TFFE S5 itk
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T2, EBIC=a— M) JDZRNVF—=ZARY MVOIEEITT5Z 212k D, 95%C.1.
THAWIBIRKE S, LMARTHENDHIRNT220H2D Z e W05, Sk, Hatz i
&, EHICHRIHELRD SELZ B TENIE. TRED NS X — 2 HENREL
5 Z e MiFFE NG,

1.4 EIRXNX—AB=a—bMU AR MLVEROES

AT CiNZz k212, K==a— MV VEIZ=a— MY 2RENC K > THIATE 5,
KamLAND EETlZ, LMA fIJEERH Y 7, — b, DIREINT X — 2 ZRERHET
5ZEeMTES, Ll Am? IKEEWRE RS> b oo, REMITH L UIHEI»S
BAZ e (THF 1 AN M) ITLYEENRL R, SNO KBTI, SB=a—hU /D
NC G e CCIICTOHETIREIEZ SSMICEHTHIETE LA, 8BB=a— bV /X
KEPSRAETDL=a2— K1 D 0.01% TLZODTHRED A TIER, ZDDH,
Ty 7 ANKE L HERNHEDNS O pp. "Be =a2— MV 2BHITS Z L IFEETH
%, GALLEX. GNO. &U'SAGE Tit, 2h oKz r V¥ —=a—h Y ) 2BHITE2
Mekb=a— MY ) OBNELPHETERY, 20k pp. Be=a— KU )& AN
7 NVCoHEEL TEIHI T E aMibdm e 725, BUE. AR Tpp. "Be==2—hK1
OBHZD I LR & DMBED SN TS, R12ICThEE LD/ (16].

Fhif i M

LENS V. 5Yb — e 6Luy 20 hUEYb R v F L —F

MOON v.'0Mo — e710T¢(— 3) 33 hV1OMo T A AN+TFTAF v I v FL—F
BOREXINO ve™ — ve~ 300 b VWHEIAY Y F L —% (TBe DH)

KamLAND  ve™ — ve~ 1,000 b VRS U F L —% (TBe DH)

CLEAN ve~ — ve~ 10 ~ >tk He or Ne

HERON ve~ — ve~ 10 b ) He

XMASS ve~ — ve~ 10 itk Xe vy v FL—4%

& 1.2: f9RD pp,"Be =2 — MV 2 Flip

EENIRKEL AT T, CCIREDARE WS Tk BIRELZ Wb ke n’H 5, &
FRELTIENC B2 EL DT, v WKMA Ty, BSOHFTFYMDS, &oT, WOl
EITEIHENTH Y. WHEH2 2T v, PENTNOWERADD, Flo 4
—a—kV DMy, + vur & SSM ZHIRT 2 Z &0k, N&E==2—h Y/ (sterile)v,
DIFEZREIETH 2N TEL, £=a— U BEBERDTSSM Z2MEET 5 2 213Kk
Yo Q5 EETH Y, BEoNIEIE 25 FR»y &b,
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1.4.1 2 RNMREN/SS A — 4 ORZRIE

INETCORE=2— Y EEE KamLAND EEOfEREZRET 5 &, LMA fio
QﬁﬁU@LnumEéﬂéaKMMANDﬁAm?K#ﬁmﬁwﬁﬁéﬁofméw_ﬁ
EAE:ﬂ?é%@ié’Ga%@SKmk%:;~bU/%%#&w%@T%éo
_ODzE':Aﬁa W BHIRE S I NS THDIE, 7Ty 7 AWK E L, Hami A E
EONS D pp =a— M) ) OBROHEET S Z 873‘4&%87&6 pp==2—hKU %H
WD R UL LMA IR RV F =BT Am2 1T e A CRBRE R Rl /e
D, ANV DORTREGAMVRDENDEZ L TH S, FFEMIKIE KamLAND O %
DEIREIIRDD Z LT85, pp==— MU JFEETINZ, KamLAND 2% Am? %K%

WCHEETE L Z &b, 25&%@#&%11/\"9} FIIINTHRETE LI LIIRD,

CC 5% Fn =Rl (2 2 TlE Gd) & EFHEELE -V 72985, #RE)722 L T 10000
«/b@ﬁ#iwa%®ﬁ%éﬂéh7x ?ﬁﬁ%.lSlQuTT 7272 L. best-fit
13 (sin? 20, Am?) = (0.8561,7.1x 10 %eV2) ICFIEL TH 5, [A|CHERTIE. v, , D
G300 CCXEE W= FEBDIZ S 2%, BWERELZER>, LaL, IRGAREICHTLT
uﬁ%ﬁﬁﬁgxﬁéwf\ﬁmﬁ@zw%¥ﬁﬂ%mwt%M®ﬁiw%ﬁ@f%ém
b Ly,

1.4.2 BEEKBGET VORI

Za—hk U759y 7 AFEERBGETVICE > TEHE SN TS, ZoBdRITkED
5 &, K&, HE, FMEBARMLEL L THREREZ RO T5, Zhicid, BT
Mo OSKTHRERe. KBEFRIAC O EFER R & ofRELEL L, MEEED KEW,
K2, 8B =2 — MU 23R FREUERT R o Mg EMESK E L (10,420%,-16%) . I=E)
NI RA=FOPEICHME e S TR, CC e NC % HIE L 72/ 3z,
KamLAND OfiR%E ERYT 5 & 6% DME CIEERGETNVOTET L7 5y 7 ZAMIEL
WZ MRS Nz,

CDEIT, RENSA—=FBRERLI AP >TELO T, K=a—t U D75y
ﬁlﬁEﬁuxwgﬂéoﬁf\ﬁ%fn*FU/@S%A@&%iH%&@TA?X*
BT BE 2RICHRNTRENWZD, "Be=a— N JE2HETWIT T v 7 2A0#HEE
INELTED, £, pps Be=a— M JIFINETZRIVEF—AXT MNUTHEEL T
HELZZE IR, Thobp=a— M) ) 2R 52 e HKWEEREREZ D, R,
pp SIS & > TRESND pp=a— M) 1. KBD»ORET 22— N) D 91%%
HOTNWEDT, ZOEREFEBRCHIET 5 2 & I13BHEKPG €T )V OMELIC KRS HR)T
H5,
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5
10

10°

]
0 01 02 03 04 05 06 0.7 0.8 0.92 1
sin“20

[ 1.8: pp ==2— b U/ Gd FEf (day D#. Nexp=10000event) T Rate(Nobs/Nexp=0.56)
M6 95% C.L. THEBRS N 54 (HEW) & LMA @ 95%C.L. TP S a4l (BY >

L)

5
10

10°

0 01020304 0506070809 1
sin“20

1 1.9: pp ==— bV B FHELFEER (Ey, = 50keV. day @&, Nexp=10000event) T
Rate(Nobs/Nexp=0.699) 7* 5 95%C.L. THikR S L4k (i) & LMA o 95%C.L. ©
RSN A (BYO&L)
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1.4.3 RNE=Za1— MY JDRENDREE

- LSND £l
1998 FFIC. A—=N—=H IFA AN VT (SK) ITFHMPKAQATERTE2=2— U ) (KK
Za— M) OBHIZELC T50 L LD TC=a— M) JREIZMRIEL, =2—1KV
JICEBND D Z LA E N [17), 2 ORED SR S b, SO =2— kY
) NOIRENNT A — 213
sin? 26 ~ 1.0 (1.29)

Am? ~ 2.2 x 107 3eV? (1.30)

BETH-, COHBEZ, KBE=a2— bV ERMTHIESIND v, DIREIE Am? ~
71x 107 4eV2 IO b D TH L Z L3N 5, BEEMGTII=a— MY 2iZ 3R
LTWT, RFECERN @ LEP (B FFaE FlrRAnER) Ikhid =a—~YJ 2 ofX
BUL 298 L WOMRTH S (18], ko T, 320W s HHBE>=a— Y )
2. Ka=a—hMV 0 KB==a— NV OIREBIGZFHTE S,

L ZAHH 2001 FFED LSND KM & 5 D 5, — 7, IRENOHERRIL. 30 DLEOERE
TR ZMIL L. ZoIREI/NNT X -2

sin? 20 ~ 0.003 (1.31)

Am? ~ 1.2eV? (1.32)

BETH-T- [19] o
bL, =a— MY M3 OBE., The o HEEZHSDITROR 2T,

Am3, + Am3; + Am2; =0 (1.33)

Lo 3MEfD=a— Y )T 3ODBEIA—F —OHEBEIFHTERW D, 48
Ho=a— U B REL25,

LEP OFGRM 6. =a—~ U ORI SHIBUI 3 TH L DT, 4 BHD =2 —
MU EFOMHEFHO Lsn=a— Y ) THI e ERA BN, Zhdd NE& (sterile)
=a— KMV THDB, ZDsterile =a— KU DIFFEDOU[BEMEIC & - T, #CTERME D it
MOELDHE QDT =)V IA  (goldstino) [20]. EHEHLER M BEGRIC BT 2287 |k
ECBIN G 7 =)V I 74 ¥ (modulino)[21]. E/JEIWHEET 5507 (bulk) L IFFIEN 54
BZEB PSR 24GEE=a— MY J [22] 72 L sterile =2 — ~ U 2T 5 O
g A Iz,

LSND O#EHIE 50 FHE Tld72 <. KARMEN EET—HD /5 X — & 4l % B
TENZAGRBFS N TUINS 23] LL. 2D LSND DAERIT sterile FERNDK & 72
BRSO & 28572, 2002 4F 8 H2 67— % 21XV 4@ 7z MiniBooNE FEATld LSND @
FRDEL W OPZREPD S Z ENTED [24],

LSND OfR%ZHHT 20D LT, ROEIREFADD S,

Am}, BMSW RIR ZHE 2 TR L 0+ K& WA, K== — NV 2 Fig»r 63K
EFONTRA—HITHALWEIMHATED, o &E 1 IBJS v, ORABEHTE

15



T ARAFRTCORGIZRD L STk EN 5,

1 = cosbia(cizve — s13V,) — sinfiav, (1.34)
vo = sinbia(cizve — s13V,) + cosB1av; (1.35)
vg = ci3V, + 813V (1.36)
vy = U, (1.37)

Vi vy = VT =, + /lvs WERT LRI TH L. —tiNayG e iey. v &

il/4 WA TBLT, 1, & v i I A TR, ZOHE. Amp K=o —

l\ U/ Amgg WRA=2— MU 0 Amyy(i = 1,2,3) WLSND IZBT 509072 v, O
Bz i d 5,

s Kbg==2— bV ) FEERE FTEL 2V sterile == — b U ) ANDIREIE TV

SNO 2 &5 8B ABF==— b U J @ sterile ~NDOIREIEOHE DR, sin’y < 0.13(v, —
cosnu, + sinnug) & TENBRATREZRL TS [25l, LA L. sterile & OB EE Am?, ¥
MSW RERZHEZ THERICH 217G, 8B Tl sterile DEEL 1T L A L3205 Z 8L, pp
Za— M DZR)VF 4K T sterile NOIRIIBFZ Y, pp=a2—NJ ) DTFv 7
AMRELHE NG Z 2 TET 2HKRERNET VDD 5 [26]

1. Ve-v, DIREIADS, LMA fEOMIRICH 5

2. ug ~ UL v FOB Am3, ~ 1078 RTHEL 1, L 1 ICASTL B, tan? iy ~
1073 & LT ve-v, DIRBIEDY. SMA EOWUIKICH 2

3. v M iTIT A - TI RN,

ZDEE, ABNFTRTORGITRD EIITEKRINS,

1 = cosbia(crave — S14V,) — sinbyov, (1.38)
vo = sinbia(cave — s14V) + cos b1ov, (1.39)
vy = ci3v, (1.40)
vy = cul, + s14le (1.41)

oYt KbE==2— M) 2IZBT 5 v, OIRENE Am?2, EHTITNETR Ami, D2 DD

HIEMEREZ R Z L ick b,

Am?, OFLIEIL, TERICKTBRE 2 W72 T DT E > TMeV THIERIFL 220 o, EE
FX0 HEFRIL. P ~sin?619 £7%2 5. E < 0.5MeV Tl HIEILEE 2 672000 THZERT) %
FEHEL 2 DI L <25, Zhud. LMA fRoSMH *Hé?é —Ji. Am2, ORIFIE
SMAﬁ]ZFJ M L. Am?, & tanf = tan? 014 /cos?010 1T & > THBTT 65, ZoRhEk

2k, pp=a—hU ) DZRVE—HIRT v, OA& R RIS S (F1.10).

F72. 05 < E<MeV TAm2, I L SRARIFRIRUTER & L TBIN DM, Am3, 1Tk -

THRHENTLEI DT, ZORRILSB o R F—HhlicidBihian, ko7, 2o
R EFRDICE pp =a— M) ) DZINF =AY MVOERPEETH D, iz,
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sterile RN B EZFINRBICIE, EHF=a2— MV J & active == — ~N U J Ol % L5 WEN
HH. Zhid CC E%E =55 & B FELEE O 7 Ko /7 247 b 722 hidis
BRVY,

pp ==2— MU oI & > T sterile =2 — b U 2RAT L 2 e TEIE, 2
NFE CoOBERET INHIEZNE L T 57200 Clde . R4 KoM E oMY 2L
ZiH5,

o o
Qo O
[T T

~

Py, - v,

Survival Probability
© o ©
(63} [}

0.4

0.3

1 2

10 1 10 10 10°
MeV

X 1.10: KFg==2— 1tV /v, ZHER ETBIIL 72 & S OIRENER P, ).v Po—vys Prooys
IRENNT X — 213 (sin? 2015, Am3,) = (0.8561,7.1 x 107 %eV?). (sin?2014, Am?2,) =
(0.004,1.0 x 107%V?2). sin® 2694 = 0.
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F2E RTI%YGA

2.1 0GdD=—a— MY JHEHERG

10GA JE % (HIAMEAEH 21.8%) IS L BT 2NV F — K== — ~ U/ #ribids v fEIE
M3 Ragahavan IZ & V2R SNz 27), 1OGA JE Fid==2— MU V2T 5 2. =53
¥— E, = FE,, — 244keV O % U L TCIRAE 10T NBRT 5, 160Th* JH k%
137370 Snsec TRV T — T5keV Dy AL L. S HICZ DR, 70 86.5nsec TTL %
VX — 63.7keV Dy fREHUL L CHIRIRIBICER T2, ZoMT%2R 2.1 1R,

¢ v E=E -244KeV

____________ e
420‘ 244 1 T =8ns /
pp l Two delayed Y
1y T=86.5n5 75 and 63.7 KeV
3-
160Tb\
B
160G d(21.8%) 7 =103d

B 2.1: 160Gd == — KV JHiERE

Z DEDRMEIT 244keV &KL, 862keV D "Be =2 — MU/ (BAT X)L —) L
KREFIVF = 420keV D pp =2 — b U J (HHEAN7 bV BBHITE 5, /2. M2.11
KT EDIC3 oD L L EFNE 6N 0T, RN = SRR REE 225, &
51T, Za— MY BN LV RS h2E P2 EFHETELZDT, =a—~U )
DIRNVE =200, FRUCRP3 05 D TRE=2— b OREF ORFFEC
LL Tna,

18



KIRITHFET 5 Gd,10ton Z FHW 2 BE8 % 5 EERN S & 7258, =a— Y IRE)
MRS NG BEL I pp =2 — MU 2 T 260 HBL. "Be ==2— KV )T 285
FLRLID, 176Yh, 10Gd d=2— MY JHiEREZE 2.1 1RT,

176y, 1601

=a—hkUJH | SNU event/year/10tonYb | SNU event/year/10tonGd
PP 550 76 200 52
"Be 448 62 218 57
CNO 106 15 52.4 14
pep 29.5 4.1 16.8 4.4
*B 14.8 2.1 10.7 2.8
total 1148 159 301 130

3+ 2.1: 16yp, 160Gd =2 — MV /xR

160Gd 1< & 0 RN 72 = E A REEHHIAS T BE & 722 % — /5. Z o[k 92Gd( HARTA(ELL
0.2%) D o FEEHEIRI 1.1 x 10Myear & W) R0 5T, 10tonGd W15
G 15kHz 2720 =a— kU AR ML T 1009 fFREN, 2ok GdHE» S D
Ny 2 70y RERLT oI, HIESRZMMEL 2 £ S SICERBEOHIER T %
PERDHDLEEZOND,

D B2Gd DHIETAEL D O T X NVE—IT E, = 2.14MeV THDEMW, o 7 TV F
YTICED 1/10 ~ 120 B B Z e TPRENG, ZDl® pp =a— kU 2IxT
Ny I TI Y RiZiedbHEZX6NEM, HERDNT A—=FITLk> TUE HMTNE
{CEBLZENMFFTE S,

D& DR 0G B S MBS EBT L, IKm RV — K== — ~ VU OB
Ik Y =a— MY ZIREIFICH LEEZERE G A TIND, ZoMmIBETlEnEh L
NEDREHSEZ DT, TV—=N—% 1, BEJIHETES, 20k, ol i
Bl W R RT3 2 & T MiEORW=a— M) JREINT XA -2 &RD 5
ZeBu[pEL 2B,

Bl T 160Gd o HiEA U > MEEZ HOW R 2 V¥ — K== — NV 2 Feitids
LT, WIn Y ENEZ 5N TS, WInldk, KIRFEEHN95.7% £ £2L. Fiilk
BT DETIEZR Y, LA, I HESEZ T BHENNy 7 7S50V R bz,
LDy ZAFEBUTEN TR, 1T0Yh 13 10Gd L [EkkIC. T HE D BRIV IEK
IRFIEHEDY 12.8% &7y, £/, —HEEREHHITH 5 7O M 28N O MY E YK &
Ny P TI Y RelpoTLED, Thbld, LENS ERTHANIED 5 Tns,
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2.2 Za—bMYUJEEROBIE

ATk ARz & Hic, 0GA JR AR T XV X — Kfg =2 — U o iEh 724
MEFf>Tnsd, LAL., =a— MU JHliRIIR 21 DL IITREH,. Zofild=a—
U BRI R 190Gd & 10Tb* DMEMW] D T 2 )V F— D AHEE ST & > TRERH
EuFfoTW5, ZoZlld, Za— N JHEENS KE=a— N ) T7F v 7 2D
WEEKRD L & EICH#EE 5,

LENS EEp 7 )V —FTlE, 176ynh, 160Gd @ 3He RS2 VT, Tl ik g
DR ZFEL < FNTz, FRER 221K [28).

176Yh(3He, t)'75Lu
J7 A (keV) B(GT) or B(F)

17 194.5 0.20 £ 0.04

15 338.9 0.11 4+ 0.02

15 3070 0.62 & 0.08
07 4s 16026 + 6 36

160Gd(3He, t)160Tb
J7 (Y (keV) B(GT) or B(F)

1 138.7 0.054 £ 0.009
15 232.8 0.014 4 0.002
15 478.2 0.160 £ 0.03
1f 573.0 0.021 % 0.004
175 664.7 0.031 £ 0.005
¢ 1120 ~ 0.034
15 1310 ~ 0.025
15 1500 ~ 0.043
g 1610 ~ 0.034
17 1670 ~ 0.051
11 1750 ~ 0.051
15 1900 ~ 0.056
13, 2040 ~ 0.259
07 4g 15019 + 6 32

K 2.2: [IEIRABDHEAL & KT I 2%

7z72L. B(GT). B(F)!% Gamow-Teller. Fermi EBOBITIERTHS, D kD
BARREE S DRETIIEZTCIIEHGNECD T, EOKG=2— MU BT
Za— N ZHWEBIEZLEE T4, Zhick-> T, MILEOMREZ ZO 7t
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DAMEES bR Z LW TE S,

JC T 3V —ME(G D IE R TH HEZ % R D B 720 1id, FEFICHRV AT 3L £ —
Za— RN ) ERZNZTHhOEMNZ L ICHE T OMNHEE Ly, L2L, 176yh, 160Gd %
Hg U 72856, T76YDb 1% IMeV BT OfifE = 2 )V X — #1232 D TH B DIk L. 160Gd
T 2bH LD TRIEICHWS =a— ) ) V-2 2HETL00WEEE 25,

176yh oG, 2 D DREEEMICHEH L 7e=2— N ) VY — A Cr(E, = 751keV(90%)).
5Se(E, = 465keV(96%)) 3% 573, 160Gd Tl Z offic b flo=a— K1 vV — 200
T eBZEAGNE, L. 17 ATHWEENWNEL (0 « |B?|). 1. 1 Fzxv
F—EHENE (0 < (B, — Egpre)?) O TUBKTAIRIE RN NS L BHEOKRESINZ
T EREE L R 6720 LRy,

Za— R )Y —=A %o ERIEHAR. Ga KT Cr ZHWTiThbhTns, HIRKRIR
AEHIE

0Cr:4.35% °2Cr:83.8% 2Cr:9.5% 5Cr:2.35%

ThHbd, 22T ZIOEZLINET 2018, SUTKITTIRO K E W 50Cr ot Fiific k-
TOCr G L. Bl 27.7day Tl

ler+e” =51 V41, (2.1)

W& D v MILXETH 5., RFF ORI 2 BT 513 E 712 Hhid K vo T,
TR ST Cr DB & flfI R IR Z L Su[REL 22 5,

0GAITIFZHEMIC L A S BD 5720, KOS5V WS R b bon, 176yh
A% 2 EERFEHHICTH 5 DIk L 160Gd Cid 3 EREIREHHIS [ BETCH 2720 Ny 7 75 >
R4 220w MIFEFEICHIF X 5,
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B3F ARUZOLEFBHRH®KIDVFL—HD
B

3.1 W UFL—4

Y UF U —F DOFEE. 1937 RIS Kallmann 2V RPIEICEME 2 H T 2B L
TLIR, HEFHGE OB L L DICREL TE /2, 1947, BT & SITKAER oML S
L1350, ARAERCHEE ZEN LA Z 21k Y, kY v F L —F BRI
52 LITRIIL 7z [29],

WK v F V=213, BEZHEIKEZASNS EIC, fFORTWH eI RERH 5, £7-.
TR FNTAHE., BRAAR] (Wave Length Shifter WLS) 72 & OB URAZL | Hiy i
HBICHRTE S, UL, JRFERSFWNS LR Y BBELRD Ty fRITR T Wi E o /Rd
vH b,

3.1.1 GSOf&g&BmkIVFL—4

160Gd Z W e K== — MU 2 #iidRoffie LT, GSO(GdaSiOs) filks »F L —
F3H 5 [30], GSO fililE. Gd AN 4% (ERK) THY. EHEE (6.71g/cm3) TH
5l OFEREZ /NS TED, £z, FOLEMKE (8,000photons/MeV) 7z DIk %
NE-THHIEL R TV, LA L., FOURER (FOLDORERE) DR E (1 =30 ~ 60nsec)
D7z —H[GREHH D 5 b D 2125 (1 =8nsec) T E T, N7 V50 N
RPN L 705, Ko THRAEF, bo b RERDORWY v FU—F 2HEEE L, 2Dk
I HINCHE L =M gsicigtksy F V=2 BB 5, Wik v F U — Z I3 snsec LI
DOFRARFERTHY. —HERFHHIO S bOF 2GF5% M CE 5 & 5 R ER I
fFex s, £z HRNZMMiZR 2 & 26 REoMIBEICHLThS, 22 Tfk4id, ik
YUF U= GALE RN Z 2T L,

3.1.2 BHROBE

FTWIRY VF U — BT 5 GAEEM 2 ES T hid sy, Zok, MREZH
RNCZDONRTA=FEHOWTEEORG % THZ ik HLEEL LotEELX b >
TOLRENSH L, T2 T, FARTIHEEY VFL—F2DNRT A= LT(K31DLD
mHESZ ED Tz,

—fIC Gd B oMy, FLRITRA L TL £ 9, Zhid GdEEYr= 2 ¥ —
M Z R 2202 C TRToYHIREZ I NNy o F v —Lind, (11
A RN BIH) ooz 21d, BIRT 29 A TRERFIRICR L Z e TRISh S, BfE
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Gd /a8 > 5%(Gd H& )

R > 2, 000photons/MeV
FEURER < B nsec
R R >50cm

3% 3.1: FARROHEE

[, FER, WERIZVWITNOREDI, KSSELRODLINTA-F LD, £ FE
BUISEESFar (1 =8nsec) & VU b RWIE & =E[E|RFHIORENE < 25,

3.1.3 YVFL—=8hoFN

WIRY VF U — 2B 280 L AL 0 ) Fiklid, A s IREHbE, Bie Bodk
EDRRR IR T CEANATDN TS, fToffia & UL, e RimdErEd 2z 2
Z T, BUKKE, Bt EBE S OWHbIEN T I N TEDL LIS LYY FL—FA
25 NVERHT LIk Tn 5,

ZZTKRAWFGY UF V=2 h 2T NVORHEZEZ, (RD 4 D% FEAITIEATZ,

- Scintisol EX-H (A Al)
- Scintisol 500 (Rt al)
- ULTIMA GOLD  (Packard tt)
- PICO FLUOR 15 (Packard )

Ih6IT, RS MESNT o Ga LG 2iahr L IAA TR, (5R3.2)

ULTIMA GOLD, PICO FLUOR 15 FH# L TL £ D F W - 7208 EX-H I
M Gd. R Gd 2 ThZh 5%, 3% i L. Scintisol 500 ® ZNE N 6%. 5% &
MWz eMTE,
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Gd Ef%)

—~

i)
- S =
% o 8 @)
& 3 =
2 2 S =
£ E® &8 8
.5 .5 )4 -
N N -] A~
Gd L&y Y=
GdCls - 6H,0 OAR (EEY < 1% <1% <1% < 1%
Gd(CH3COO0)3 - 4H,0 ﬁ&éﬁmaﬁmﬁ) <1% <1% <1% <1%
Gdy(SOy)3 - SH,O Ol (RS <1% <1% <1% <1%
Gd(NO3)3 - 5H,0 ﬁ&’éma Ry 5% 6% <1% <1%
Gd(Cl04)Cl3 - 8H,0 e (RS 3% 4% <1% <1%
Gd(C5H703)3 - Hy,O f‘ﬂi@n’*uaa BR <1% <1% <1% <1%
GdQ(C4H4OG)3 -5H50 MR R (ﬁﬁg) <1% <1% <1% <1%

3% 3.2: Gd LB DiEfrE

Kic, FAMBER 22 Y FUV—=F N7 TNOFERMECTH 2 REEER. Fok
YHE. BB ZE ST, oY v F V=2 h 7570 E0 b ESITHEED LW b D 2 1E
LZlRolz, TDIEHIN, FHALL TRBOHKY v F L -2 2FH L Xl 22D
[MTHRAVy RREVWEEZSND,

RIAEMERNT. KIT@ET 72 & & 0 FOfRRERIEIC & > TR NI 6 h b, (3%3.3)

FEH PEH

BaA A > RIENR) (4 >)  Ehild +

B2A 7 > RUAEYER] (7 = >) Bl -

JEA A VRETEER) (2 =A4 ) A A fREEL 2o
I SR i P ) Bl +,— AR

& 3.3: FUANEER O HR

INHDOHRT, =AU T TV VIS LN ETH S, HTEH, 7TIVF LT =
)= NVRDY DIFsRE. 7 IVAVICBHIMASNS, koT, Thb6OHNPHEST &I
L7z,

HAHAF T S T RO RHEVER % el & L 72 [31]. (X1 3.1)

HLB &1, Bkt glimttolifizH 6b L. ko bmnboz 1 & L. Bk
DR IRND DE 40 & L TW5b, FloEaieid, RHEHEH & Kiawicmn UnELL
e EICHEEL. AR L CH->TREBICR L EETHLE, o2 ERBLT. 202D
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- HS210 WAK. HLB : 13, 6. @Exi: 70~78C
RUARSZF VA TIFNT =) = VT —F)V)

CsHar- @ -O-(CH2CH20)nH

- NS210 WAK, HLB: 13. 3. 4By : 46~54C
(RIVAXVZF LY ) ZNT =) =V T—F)V)

CoHao- @ -O-(CH2CH20)nH

X 3.1: FRHEYER O GAl

BIEATZ,

F9. IS ORMERIN ENZT GALEN L a»T O &IN5 720, AR
IR EEMATITARRE 23\ Tz, Z OfHK, Ml Gd 23 HS-210 12Xt L 8%. itulEEE: Gd
PE5.1% T 7208, WiEZFAE Cd 1IFE A ERL TLE -, £/ NS-2101C b, Al Gd
8% a7z, Slulid. GdfE e L ThifE Gd. v F L —2h 75 )ve L CREEE
#) HS-210, HEEAEE PseudoCumene, 3 1 V& H PPO, i} 2 7aH Bis-MSB Z#ESZ 2L
oo RIMEMER & GREE O E (20/80),(40/60) & L CHIEE Gd 2Lz 2 A, %
NN 3%. 8% it 7=,
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3.2 RAEDAE
EHEZL Gd ZBE»T Z M TEAEE Gd 21> T, Gd BEICHT2REREOLL
ZHIEL 7=,

LS |:| — Nal PMT

My X —
oMT ) A —%

X 3.2: FIERHAE

3.2 D& 21T L T4.5cmpx6em DA 7 U 50ml Diai 2 Adv, 137Cs MR (662keVy)
DEITHEL (477keV) Z O THEKRY U F L= ZICZ R VX -2 F L THRA SR,

BIEELE IR 0 = 180° o a vy T R UlELlOZ e TH B, 2> T b UHELD R
BEFOZRIVX— E, 1T

E.=E,— = £y (3.1)
1+ =5(1 —cosb)
TREDLDT, BITHEL (0 = 180") Tl
E
E.=E,— —L— (3.2)
K 1+ 5522

Y705, Nal CHRIAHGELy $ (185keV) ZIAREHIT AT, BAHELL 21 Ry hoRrk
I 5, (I23.3)
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*coincidence with Nal

3.3: WK VU F U —F OO E N

ERFEFHIL 728 &, a v T h ooy VRIDIY &N T 477keV D BRRITHIT 5 & —
7. MREEVIEFICTAN D RT 0o Tnvd, RBME. BELH ORNEE S 72 & DR
Lo THEROWLEENRH L L LTEH, HEEX 22 61IFE -7 o MEDOEITIT L
AERY, koT. ZOE—7 OHMERNFERICHAIT S L BT 2N TE 5,
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CDEIBFEEHNT, BMARY VFU—2 R 7 F M LRI Gd 2TA LTz X
DFNBOBEEACL TNz, FREH 3.41TR7,

~10000 ; ;

(& -

= - ' - EX-H(Dojindo Co.)
s B i s-500(Dojindo Co.)
E 8000 __ ......... 444444444444444444444444444 .......................... APC/HSZlO(SO/ZO) 44444444444
=y B ‘ : ¥ PC/HS210(60/40)

- © Toluene/Gd(EH),
6000 1R VUSRS » ........................... ..........................
4000 4444444444 \ ........................... ..........................
2000k 444444444444444444444444444 ........................... o

0 1 | 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0 2 4 6 8 10
Gd wt%

B 3.4: Gd I8 & FAE o %

IMeV &7z Y @ photon . Borexino REATHHLN T 54tk > F L — 4% (Pseudoc-
umenel00%+PPO1.5g/1) L L TRD =, (No /NTV > 772 L THI 8, 630photons/MeV)
GdEE oML & IR L Tnd, Zhid Gd RE DR NN XV F— oD
REEZIIT T THIeEAONS, LoT TRTOWKY »F L —4 Tlilkko
B ohiRe 25 2 e RIS, GAd(EH)3 &1E. Gd[OOCCH(CoH;)CyHgls D Z &
T. LENS EMCAG==2— NV JRIEHICHT SO T b o TH 5, CA(EH); 13
b Gd 2L T 508 HiflE Gd+PC/HS210(60/40) DHIFROERMME VS TICH Y 2
ITHDH, DEVI[E—D GdIEFETHARANE, BZ 6 A Gd OFTAVERENRLZNES S,

ko THI#: Gd Z W ziitky v F U — 2 oFeiIE. +MCHBEREELZL WA 5,
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oINS, RADEALZT RV =g WMEEH). o F V=8 R 7 TNV OMBEER
ARV =7 MG

Gd(NO3); - 5H50

SUOFV—E T T

PseudoCumene(GREAEE) - -60%

NS210(F ik #]) - 40%
PPO(H 1 7&H) - -5g/1
Bis-MSB(# 2 iaH) .-0.1g/1

Gd(NO3)3 - 5HyO V&, 8%ETIET 5 Z &M Gd BEOHc b 7=
F. HOWELIC L 2FCR, BMEORI % FRL & UTR 6220,

FHEEMEHNIC HS210 CldZe < NS210 ZiBA ZHEHE, HS210 CTFHIL /2 iky > 7
V=W 4APHABEETEBLTLES NS TH L, RIHREMRZ. 4 XV Mlodian
Za— MY ) RHETS FTEEREZRTH S, NS21013H 1 FETEMAL A2 RN
W AL RTAEEDE® D 2 e SEE AN EICH 2 b b, RINEMkICD
W, KETCEHLLLEARSE Z 2127 5,
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3.3 RHATEMORER
3.3.1 BHMETR b

RO CYR A7z & 91, REEMH) & il Gd oflx Gb i X 2 &, ke v F 1 —
5 OFIR, BimKe COMEEL I TSR LHNICRS, 72 TRINEL® MR 572
WIT, 45° C IR - MR IR 2 E & Gt 217 5 72, HE1E. PseudoCumene
DOHIKF(54° C) B HRL THEL 7z, —ITKE A 10° ¢ L7 5 & AL¥EE0
3 2 f5c72 %, M2 2 mESILIcE < 2 & 2RAUET S &, SiLNTBORERITN 15° C
DT, 45° CICL GG, s fo/mdEik%: 2 2 icksd, ZofiR, fFRL 2iklk
VUF U= 2HEECANT 6 B, SR AICEBL 2, 2hidk HETEOT 20
o 2R A 1R HR L TniE 2 ZR L CL R TH - .

ZHEDJFN & LTCE, BRIk 21BN EZ 5NN, WA EEhTLE>Tw
LD EREL TBRENDH D, T2 T, &340 L BMAEETHAE (1mol/1) %
RET45° C OtEER T LT A N &iT5 72,

HS-210(20ml)+ FifE (10ml) 20 HcmtacEt
NS-210(20ml)+ FifH#E (10ml) 31 HcHtucE®
PseudoCumene(20ml)+PPO(0.1g)+ fifii#E (10ml) 28 HcHtucZ®
PseudoCumene(20ml)+Bis-MSB(0.01g)+ fiflf# (10ml) 28 H T U £
PseudoCumene(20ml)+fi i (10ml) EHEL R

3% 3.4: 45° ClaEM T ot A b

Zo ko, FmER. FOHE & vt TV 2R, HS-210 AYNS-210
FOVB LIS T VI i, 22 TChHBEIN:, Zo/ENS, iEGdNIhsD
YEEFH L, BEL T3 2 e Ex 65, ZhEFi< PR LT, RmiEHH %
HIEZ 72 DICER D Z 2, BLEH oM GALEWE T2 2 2. =
HIREACHIEFNC & > THHE R [T 2 R ERA N5,

3.3.2 FEAERALEA)

FRILEP OFHALTEL K. B ). @A A4 e L elgE e ofFIc L VAT 5L
FAETHY., ZOAN=ZALFT Y HNVESIETH L, Z 07D, BEHEBhEIC B
TR O EELZ DL, HEOYIHBH TS VR NVIEL ik L HEg 2322 T
H5,

BB 1L AN IRERENT 2> & 13— S, — KRR (52 hovsighittl) . — Rk,
15 GEES L AERD weABiEng, I U hVESEEFANE. ARG TAERL 72 ROO
ERDEIITIEL T, TV & FIE L T e oL 2 & 2D,

ROO + AH — ROOH + A (WEZ Y H)V) (3.3)
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ROOH I ARLERLEYTH Y., Be ik > TRO & OH IZfREE S h, BbHbe i
VHIEFEZT LD TH L5, ROOH & & HICRERLEY. FAIZROHICHHESES
e bMEMIE RN S FTEETHL, 20k iEERHT 5 b o2 R &
W AT T R ER R U O R BRI :ELTwé AT TFRRY VR
ZNHITR BT b HEIEZWHRNICPIET 2 2 LI3TE T, WH 7 =/ —VRD—K
B LR e S 6 h 5,

WK VF U —F AN, FEEER 23R EHOBLIC L5 b0 THS &4
Mo Tz DT, BALFiik#) BHT(2-6-Di-tert-butyl-4-methylphenol) O % it~ 7z, BHT
3K (-OH) 25> TBY. ZhMWETE 1 2BULL T YV HVRIBICR 2135 M EE
THDHID, FEFITELI NPTV EHTH S, BHT IESETOIEFICEL T, L
AR FE OB EIEIC A SN TE N Rl Uk ofahit» S BUETIEH F Y
FHINTBST. —HoiEHe I LFER OB EHI I s Tn5, it FEH
WCRZMTH V. 1kg D72V 200 ~ 400 HFEETH 5720, KBICHEHT2EGICHEL C
Wb,

BHT ORI N5 =012, fFKL ks »F L —#1Z 0g/l. 0.1g/l. 1g/1 ® BHT
ZIMATZEEZ 45° C MEEMICANT A MLz, /ol H6PLCO N, NXT U Z LT
BEBFBELREL - & EORR Y ARSIz, MRERK 351TRT,

BHT Og/l 6 HE&ITHWAT

BHT (Ngbubble) 0g/l 6 HEITHWAE

BHT 0.1g/1 6 HEICIEFHAE T
BHT(Nybubble)  0.1g/1 6 HE&ICIERH W E T
BHT 1g/l 13 HiRICIERICHOBEE

BHT(Nybubble) 1g/1 13 HERICIEFICHO A

% 3.5: 45° CMHIEM T T BHT I & 5 Bl EMDT A ~

Ny NT Y ¥ ZORPRIEH S gy o 72h%, BHT BBEEICHT U CIXEH & SRR AR S h
7o Ng NT VU Tk o TEDLRMP S22 NG, ZGEOBLITBFEREICES
LOTIEROE I 5Tz, 1g/1 O BHT Tl il b Ahehr -z e o 2 f5ERD
L7z, &7z 0.1g/1 £ bBLoBEEIIM A 6Nz, b Ahkene SHEIETH 1 ER
ZenS, INTEBLZ 2FMIEOEZAZONDE B2 6NEM, EHMIITHK 10
ERNIREE S NIHARY v F L — 2 2E0 120, ZD0. SBRITELRIER o' 2 1
L7z0, il & & OB 2 T ORI EE 2 AL T 2 eETH 2,
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3.4 BBXROAE
Gd WIS 5 Bl 0 2L 2 WIEL 7. WIS, Bobgdte vz, (H3.5)

<:> BVIARF YT VT

‘ Half-Mirror

‘ Si photo-diode
lcm

(-
(-

]

[T 5 ‘

ADC

\/

10cm

X 3.5: WRJE/ERZEr U2000F (HITACHI)

COHEEL. FUT AT T TINEDHN2DITAMNTSEN T, 1lem. 10cm DRIV
il - 1B OHDEDED S EMKERD 5, FEWFE /9em 1E. M 3.6 DLk IIT% -7k,

I
o
o

[e]
o

Transparency(%/9cm)

(o2}
(=]
T T

40

20| T — 10— TN . —

0
200 250 300 350 400 450 500 550 600
Wavelength(nm)

B 3.6: Gd IBEICHTT 5 B

ZDFGERD> 6. KR (Attenuation Length) 23K 5, ZZTEOMER LI Lo
S ENRC BN TTONDHED L BRI THL, B (ecm) KBTI HE T
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DFEWFIL, FHEE /9em D& H> TRE D,

>~
—~~
w
I
S~—

T’l(cm) =€

>|©
—~
o«
t
~—

T9(cm) =€
Zh o DR S
1
T’l(cm) = (T’Q(cm))9 (36)

225, FHARY MV, BIEOEZFNAOLWEWIATHAIT 2L, £ (cm) IZB
B RDHEENL [ spec(x) X Tyjem)(x)de £72%H DT

/spec(x) X Ty(em)(w)dz = et (3.7)

&5 I(cm) ZRONIT L NZ L3005, FHEAXT MVITH 2 WH D Bis-MSB 1< &
5LHEx6N05 (32, (X3.7)

80

==

2 _F

> 70__ 4444444444444444444444444 | e B R RELLEE

S F

F=IRON SRR SRR | WY S0 SR SRS SN S

<O
1) — T E— T— —
T N o .
30 :_ ......................... 44444444444444444444444 444444444444444444444444 ........................
P R — N — — ——
10 :_ ......................... ...................... 444444444444444444444444 ........................

C I S N =

300 350 400 450 500 550 600
Wavelength(nm)

X 3.7: Bis-MSB OFNIKE

INSERMF ST RERERDDLERD LIz, (3R3.6)

KOWMEDJRN L LT, wihky > F U — & HiZ Bis-MSB OFHANRT NVICER LK
WARY MRS FYEBEENTOHLE 2 ENET6NE, ZhhS, Gd B oM
EURIWEEOWRPOMETH L, /. BisMSB HHICLRAARY ML ERD
IX 2 X 27 BV DFRSY (<400nm) 235, Z D@, X 3.6 D & H I 400nm (ITOFE i
EKMELR5>TLED, LAL, BIEPMP & W) 2 h—2 237 RAJERITARE L, 1K
W FEEANRT MV OERY HVNSFEEEHE (1 7H) WRR SNz 33, Zhick->T,
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Gd R KRR

0% 90cm
2% T6cm
4% 45cm
5% 39cm
6% 29cm
8% 17cm

3% 3.6: Gd BE L IkEE B %

HOEEND L 20 TRV 5 L B bhb Ly, koT R4 otky v F
V=% O5BOWEROAME 2V F50%, SElEFEHL Tnien,

F o, Mtk R omRIPDEEZEELL LT v e I WEE RS, EFE. Gd EEN
6% ZHRZ 5 & AWITHROREZ FF2 L DI 5 2 DITHIE L T IRER b RSk L T
W5, ZOREPS, WEENZARITELL 2o TORWERE 5% 0b 0SB 2GS 2
2T L7z, HE®D 50cm \ITED 20 5 1208, ZoNFABPIKE VO TENT LR L
1372 6720,
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3.5 RAFEBDOAIE

BIFEL 72iiths > F U — % (G IRE 5%) ORAERFERETNL, £y b7 v F1IH 3.8
DEIITL,

22U v b
Cs
|:| LS lp.e. PMT
K
PMT

¥ 3.8: FARFERDOHIE

KARMT TDC D start Z & V. 1p.e.(photo electron) ] T stop Z & Nuid, FILDOKF
RIMIBRA 21T THS, 3.9 1p.e. ]l TDC & ADC DIEDMMIZ/RL Tz, 1p.e.

@ @ 500F
c c
> >
o o
(8] o
1000~
400~
800~
3001~
600~
F 2001~
200 overflow
I 100\
| \m\
G 1 I 1 J 1 LAJ. IJ 1 J L C' 1 1 I 1 1 I 1 I 1 I 1 I 1 I
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
ch(4096ch=118nsec) ch(charge)

X 3.9: 1p.e. fllo TDC & ADC

fHlo ADC DfET cut 2L TH 5, TDC D overflow & 1p.e. HliC p.e. WASRST2H
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DT, TP pe. MASTeb DE/RL TS, cut T HiH0lE pe MBA-LbDIZ
5.2% LIPSl TIEE AEN Ipe. THDLE HEABND, Fiz, FINKL 7z photon T
RRIESELTDITKEEMO ADC TY, cut Z L7,

KiZ, ZoFCRMMIE 7 1974 27T 5, — IS, REHRIT 2 > ofF KD
FICRT LN TED,

t

A _t _t
L(t) = %6 S + Ee L (38)
212U, A+ B =1 THIMEE T 5, ERIC KL OHAYY (Transit Time Spread TTS)

&R L T, Gauss BHE

LS

Gt) = (3.9)
12 L(t) OFEH%E & o 1=K
F@y:/mzﬁqau—ﬂmﬂ L) = 0(t < 0) (3.10)

T4y T4 7 ThiTEn, XTI RXA=FIE A 75, 700 0. to(L(t) DORI) D 5T,
Zh 6 Z AL (Maximum likelihood) %1 - TR&7z, (X 3.10)

2]
[
d
400— + ++
300 $
n ¢ ’
2001 ¢
i ¢
)
- 4 \
100 g\“
o o L)
ot |%‘| | I ! |~£_“‘ “mﬂ-ﬁ-: efefatioana.aces | 2os occaadoa
-5 0 5 10 15 20 25 30
nsec
X 3.10: FARHMTDT 49714 27
Z DFGHR.
0.91 0.09
L(t) = We_ﬁ-i-me_ﬁ (311)
TTS = 1.2 nsec (3.12)

Lo lz, TREHARE. KRR DY 2.0nsec. FRIAY 13.1nsec & 785 Tz, ERRMF TR 74
DT, Tb JEFIDHCIRIEDFFar 8nsec & U b ISl FEREER 2nsec BWF SNz, ko
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T R TH1IGT LB 2GETVNRTE S L HA 6N, —EERFHHIWEETSH
5 eifFcE s,

3.6 VI VFDRHIE

miffiofiRs» o, ZHERFHIoWEEE2S R A TE, LAl K3 V-4l Tl
WARY U F V= FICEEN RPN ES N 7 759 Reigb Z e EA 60
5, —IC, WY U F U — F OFOERITKF OB E TXNVF-ICk S TREDD, o
Kyola, PRT (BT)?D1/10 ~ 1/20 BEICZ =0 F (L) Shd, (4B /=
> F DJFEH BIH)

HWEZ. HoPCOBMTTRILF—F VTV —2 a3y &L TEE, Bi-Po XEOKE
WAL % afft (7.69MeV) DR NF— L HIRT L2 LT, 7T F23RD 7 [34] (114 C
JREERY) BI),

214Bi _ 214P0 N 210Pb
B :3.26MeV  «:7.69MeV
(214Po DFFin T = 236pusec)

Yy b7y AE H3.11DEDITL 7z, Rn source 2»6FAE L7z Rn ZEEICH] & A&,
Ran N7 VY V7 L7z,
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o -

LS ! f
I T
pump Rn
3 I/min

PMT :

Rn source

M 3.11: o 7 = FDHIE

Z @ Rn DA (Bi-Po ) T4 LU 5. prompt signal( B). & delayed signal( o) ZFEHE
[ERFEHHIL 7. prompt signal. delayed signal D TRV ¥ — 2 DD signal DFFHZE (214Po
DRI oM %2 X 3.12187~9, 1.5 < promptsignal < 2.5MeV. 30 < decaytime <
300usec D cut Z L 7=AGH. HEMC 214Po DFFim 7 = 236usec IC—B L7z, £->T. 2D
delayed signal l& o D =XV F— iz /RL T b,

ST P IFUT T I A—QEBIRDEIITERT S,

real « energy
_ 3.13
visible « energy ( )

AR ZR 3 TITIRT,

FEX real a energy(MeV) visible « energy(keV)  Q

Gd(5%) 7.69 1045 7.36
KamLAND 7.69 577 13.3

# 3.7 a7z FOHIE

Gd(5%) & KamLAND E#CHELN TWDHEKY > F L—F 2L 7=, Gd(5%) D5
. RN RWIRY U F U —F (Q =10 ~ 20) ITHIN, o 7 Z U F DRI 230
7z, ETCHIRRDHY, T Gl kB tzr v F & g i FOERE Y = 0 F O
FlC ko THETE D, KETIR, 2 CROLIZUVF U T Ty 2 2 —%fio>T, Ny
279 REHLIFRNREZ LITT 5,
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3.7 KT 5K REDRAIE

FIffiC. =a— MU 2 AXY MO LU HIED & D o Kif 238y 7 755 > Rl
52 kRN, ZZTIFEHIC. FADOKHHROKFIC L BB SRR %Z T 5
BIEF5 (Pulse Shape Discrimination PSD) IZ2WTikR5, ZdD PSDIC & - T, ifk
VUF UK ERBINTELRE/]Z PSDRELE S D, ZhiCkos TNy I 7I VR
ST eNTED,

aKiFe BRI LTI aMTFOHMNKET 5 DICRMB225, (118 A FOLKKS 5
1))

o, FHEFTUEL &) BREWIRERHZE 6N =3V X —#HK dE/de 13 o ki
FEY BN PSDEEIZ L VAL s Z 2Pl B,

PSD OHEICIE. [X3.13 D & D ITHIED total charge & tail charge # T ZHHE L
T ToHZER AITE > THIRT 2 & 5 5k % Fv 7z 356 initial delay & 13, B O7
L EROMEPATEDZ A IV T Ttall DF — b EFLPEFRL TV 5, initial delay <
k. ERICHIEL TR Y PSD 28R R EMRA S NS, o i, Fiffiz @t < Bi-Po
IEDFRCAE L Tz a kif. BRFIE OCoMmbDYDEES Tz,
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A %, Kl total charge. At tail charge @ 2 UL/ 1y b & Z DL (ratio=tail charge/total
charge) ® 1 JKILO A N 7T L TRY, (X3.14. K13.15) Z oK Z T, KRyl
REZEHIY 5. 9, AN =a— MY ANV MIRERDIF BRI FROT, BRTFOD
BRI Ry 23 90% & 725 KD cut 5, 2E0, K315 T220H T AMITT v
MEhEBHEEZThEN G G, & L.

Ry — /0 ™ o) /0  Ga(w)de = 0.9 (3.14)

&b cut BRDD, T cut LT, a K FORAEK R, I

Re = /0 ™ Gow)dz) /0 Y Go(2)dz (3.15)

Y5, Ry DMEIVRNIWEE, Ny s 7590 RARLIRD, Gd(5%) TIE Ry ~ 4% &
Mo Te S, —RINIREAR Y Y F U —F (0.1 ~ 0.5% FE) ISR 2 D L KEDDOETH
%, ZhiE HHOWKRY v F U—F TII/NS o oAtz s o F038, ANl o hilk Gd
WL g FOEREYZ T FICHIETHIELEDRESIIR D THDIL L EZBND,
DFY, qMAICkBERE Y =2 F 0N R0, KRR FoIBIALICL L
Holz, DI, a7 TUFWA ol & EEBICHEL, £ EEE R D I
SN0 THD, IR LSMOHETIE. E5IC/) A ZABRA Tz Clul&ici
HNH S u[BEE L H V. WETEL S L R R0V LNV VD THEOHRE L T 5,
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[ 3.12: Gd(5%) @ prompt signal. delayed signal D Tx)V X —. 2 DD signal DKFli=E
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/ scintillation pulse

gatel(total charge)

— gate2(tail charge)

" initial delay

¥ 3.13: PSD OHIE

N
o
(@]

A (%e(ch)
8 &
I I

tail char

N

o

o
I

200—

150[—

100[—

50—

0 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1

0 200 400 600 800 1000
total charge(ch)

[ 3.14: Gd(5%) ® o/ BEBAIABE (tail charge):(total charge) @ 2 JKJLZ H v b (initial
delay=>bnsec)
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counts

250—
- B efficiency = 90%
o contamination = 4.51%

200— cut = 0.3899
150—
100—

50—

IIIIIIIIII IIIIII IIIIIIIII J-._l-._lJ_lll_lI_ll_lI_

0.2 025 03 035 04 045 05 055 06 065 0.7
ratio(tail/total)

3.15: ratio(tail charge/total charge) ® 1 {XJLE A k 7'5 A
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BA4FE MREFHME

=TI, M Gd 2y Yy F L —2h Y7 TS 5%IED L T=ikY v F L — % oYEEER H
Rz, 22Tl ZONRTGA—T2F5TYIalb—Y gyl THAEEDH i Z T 5,

5

41 Il —Y3VODHETE
4.1.1 EEDKE

FT BEOKES2IDD, EEORE S 20L& &3, WKy v F L — 7 DlkE
REZT TR, Ny 2757 RYZERLRITNITR S0, 192Gd D o BT LB Ny
775y KT H0, EEERMMEL TERREEHIZKS THERH S, 22T
E Ix1x 1lm OEEZMEL 7, (M4.1) 2D &, 10tonGd TIHHY 200 fE 0 FEE % 2
He 95,

PMT i3, MK N =2 28D R1408(¢8 A > F. TTS~1.5nsec) ZHEH L. Kl D%
RAFED 50% %A N—LTW5 95, . HIRLT 100% L TREEHICT 7 ML,
EENOY 2 LIEHT 2002 T 5,

%

412 Za—bMUJESORERE

ZITRESE S a— MY ERIE. A DRAOHETH S pp. Be=a— kU
THbd, ZZTC, =a2a— M IEFOIZRXNVT—AXRY NVERD HLVERSH 5L, T,
K== Y ) DT Ty s R (F(E,) & ZONELH (0(E,) DHTHEES,

R(E,) = f(E,) x o(E,) (4.1)

JEFKD =2 — MY EKICOMEER-IE. RO LI ITEL Z LW TEL,

2
aﬂ%%z%FC%Q@E:MLPEJES—WﬁﬁFQlEJ (4.2)
IM;|2 = B(F) + ZAB(GT) (4.3)
gv
gv = Gpcosf, (4.4)

44



Grp Fermi # t3ELL

0 Cabibbo 4

| M| FATH 3

Me HHE

F(Z,E,) Fermi B

gA axial-vector i o E &
gy vector i 3 E XL

ZHZE 5T pp. Be =a— MU XEDTZR )NV F—AXT MUHSKRE S, ([X4.2)

=
- .

- o om
(LA AA

B 4.1: ¥ 2 b—3Y a3y CUEL - EEEE
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o
@
@

0.22

0.2
Z0.18
0.16

U/10keV

S

0.14
0.12

0.1
0.08
0.06
0.04
0.02

TTT]TTT[TTT[TTIT[TITT[TTIT[TTT[TTT[TTTTITT]TTIT]IX
R RN RN RERR RN RN LN ALY RERR AR B o

0 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1

600 ~ 800 1000
neutrino energy(keV)

o
™)
o
o
IN
o
o

X 4.2: pp. Be =2 — KMV I KED T X))V X —AXT Kb

ZOFRHEME ST, 2a- b Y JEFERES R, (M4.3) 2D pp. Be=a—hY
VI3 DD L 2 BEENRATHLZ W5, "Be=a— MV 2k B 1GES
DEFNE=DEIODT, pp=a— b U JIHAR 2EFHRAUT O L0045,
FROEOWY Y F L — 5 OfE, WRMHIC &> TROES. FICH 255 0wk
Thof, LinL, A OBRL ilifhy ¥ L — ¥ EIERAYE 20 3 D DFEF &4
BES 5 e AtalHRC A 5 7,
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p.e./ns

p.e./ns

pp neutrino

1} R |

o

0 20 40 60

80 100 120

ns

40
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10

Be7 neutrino

o

0 20

...|nn.ﬂ..nuﬂ-lLLL\ﬂ.n.|...
40 60 80

100 120

] 4.3: pp. "Be=a—hK VA1
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4.1.3 Za—bMUYJESOHEE

3ODEFNNETCELZ e RMEAL 2, 22Tk RBic=a - Y E5E2 719 b
LT, =a— M) RSPAMECESZ 2T 5, 2. 3MEFIE. i Fdnh386.5nsec
& FNREER 2nsec ITHANRF MWz DITITNEETE 5 DT, 2 Z TLEECIFar 8nsec
DF 1. 2RTONMIETEERD,

T4y T4 IR LEEH W, B 1. 2135 D% photon BUTXH T 5 H % Ei. Es.
W2 AT £ 95 & (BEy + By = 1 TRAE), XTI RXA=FIT Ey. ATD22THS, [
441 Cpp =a— KNV ) EFESET, 7149 MLERREZRT,

p.e./ns

M 4.4: pp =2— MY J{E5 D 2signal D7 £ v b
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4.2 Ny I T59 2 RKDIfE

Wtk v F U — 2 OMEER FHIET 2 LT Ny 2 75y RIIFEMICEETH S, BR
ENTHIRY VF UV —FBEHENZLONE DL, —a— M) JEFIHIL TN 2T
SOV RMEDEEL LMK > TRE S,

421 Za—bMYUJGESDNRyIITSOUR

Ny 7 75y R, Wiks v F U —7 WEBLIS & NNy 7 757 v R &gtk
VUFU—=ENEPSDONERNy 2 TS ReBH D, BNy 2 75 RoJR &
LCid, FH BB, RN EI o2, M2 FECEWZY, VETO ¥
VF V=BT LI CRIBRN LIRS, NENY 72 75 v R, ke >~
FU—FPCEENL UM ENREN 725, L, k4ld==a— NV 5% 3HE
[ERFEHH %2 3% o Tl oI e 2 5w, —a— MY JEFISHT LE#EE 25D
it BEOROCHECFFRNBE OS2 ETH L, TOLIBNy 27T Re LT,
FITRD 32038 5 [30).

(1) 192Gd @ a BN 2 D DEFICHATL £ 9,
(2) BU RO A E O B 5 Fiif
(3) I 2 —A T kBRI CA U 5 NI 0 8 % B 19Eu. 1"Eu

EFI () IKPWTHERT S, 520d 13, W45 IORT &I oL T 5., Zhid,
152G o KIRFEH R £ X2 5 & 10tonGd Tl 15kHz & KEE WIS OB L 25, o

12GGd(0.2%)
T=L6X10%y | y(2.14MeV)

1488 m

B 4.5: 192Gd O BN

AT T FICE ST, pp=a— M JOZRVE M CBHIShS, 7 F
BERD LD, MR CROILq 7TV F T 7775~ Q(7.69MeV) = 7.36 215,
—fiC. ERFOFRILR LI
dL  S(dB/dx)
dr 1+ kB(dE/dx)

THRES [36], (4B 7 = 7o)l BIN)
TN FX K dE/dx V3. AWK F ORI ROME L 25 D THIES I 2 V—Y 3 i

(4.5)
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FoT. KoL FLEMRESL, 5. E,=1769MeV TD Q M1 >TH5DT

Xo  S(dE/dzx),
A 1+ kB(dE Jdz)q d// S(dE/dz)gdz = ﬁzQ (4.6)

M6 kEBMWRE D, (X AHKFOREE)
kB = 0.732mg - cm 2 - MeV ™! (4.7)
2L, BRI FEESR ~ 5gmolt & L, Tk

o FREE -+ 9.23um /7.69MeV
BIREE - - -1.26cm/7.69MeV

Tholz, T Tl E, =214MeV TD Q ZRDI2NDT, 3\ (4.7) & (4.6) ITARAL T
Q =20.35 (4.8)

&5 7z, (105keV A1)

pp =a2— b U ) DFERIZRXNVE =D E, — Eypre = 176keV & L TBIHIS W DT, T
MESY pp=a— KU ART MOy 7 750 Releolz, TONy I TS
Uy R 2 FBe LT, REOMIME, —=H[EREHHL K A@BileeBEX6ns,
—H[AHFHNCBI Ny 7 7F7 7 Re LT, (RD32O0H 5,
(a) HIFRIEREGT
(b) (157& 2 EAZ5)+(1signal % 2signal & Had)
(c) lsignal % 3signal & &t

L2 L, BADNC (a). (o) 1 (b) ICHRTT 5 8 /NEWD T, 22T (b) BIF%E215
LicT 5,
HFE 2 EHE 5 oFRERIL

R = Ry X Ry x AT/Ny, (4.9)
&%, ZZ TR, R FZNZHH 1GT. B2 ETORAEE, AT IZEIREHIUTER
S5 RFR IR, Nieg FFEEEE ORI B TH S, Z 2 Tl gate width=200nsec
o 2 H[ERFEHAL. 20cme DIN oA E SMRBER VET 5 &

R ~ 5.94 x 10* /year (4.10)
&0, IHITKFERINIC K Y 5/100 ICIkHE 5 L IUEL
R ~ 2970/year (4.11)

ERED, COMA2ERFFITHLT, B1ETEHST 22 AL TLE SRR
1/10001CHIZ B Z M TED LIET S & (b) 1d3/year LT &5, Zhidk pp==a—
NU A XY 52/year ITHARFIMT/NE W,
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KT, (2) W20 THNRS, 20U, W 4.6 1RT &5 2B OH 2 HEE2 T 5,
305keV @ B HEICHE YT, S 65nsec T 84keV Dy ME UL T 2720, b pp =a—
N EFITN L TINY 2 7S5 R b,

23515(0.7 %)
@ (4.4MeV)

231Th I

T =37h B (305KeV)
65%

I3 =65nsl Y (841(9\7)

231Pgq

X 4.6: 235U DX

CO2EEFEFDILOWIETERAST 228 AL TL D MERER] & @RS, 1/1000
WA B Z W TEDLEIET B, ZDEE, Ny I T I K& 5/year LT &+
ST H7DITIE, 235U OFIEIE 5,000 /year ICHIZ 2T NITZR 6700, Zhhps, 235U
B2 107 BgU/g LT LRTNIZR SN Z LA 5, ZORURIKY v F L —# Bk
13107 18gU /g £ COMULDFIHNH V. MALTEL ML SN TS L FA 50, KA DAY
B Gd 2 BTk y v F U — 21 L Q3 aferspnEZ e vAlsh b,

BHRIC (3) TH DD, ZORIE fast 2 —A v =Bk B4 —7y b ORHE R
EL 72 NAS4A RENC L > THRON TS, ZOFRRICE D &, ~500/year FE/E T = H ]
ST HFMINES R BETH B,
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4.2.2 N2 T59 U RKDRE

FR3DPONY I 7Ty REHFNN bR S A= HEREHL KT
MR TC=a— MY 2 AR MO LTINS KRB Z BN rstc, LPLZD
DIV, B 1IMEF% 2signal Z & B L TLEDHERE 1/1000 §5 2 LRSS D, &
T Ny 2 7o K1) Do LR RAESET 2signal D7 4w & L., 2signal & AL
BRIHERE 1/10001CT 5 cut ZRD, ZD e ED=a— ) JEZFOMBYERERD 5,

FATRKDIz LI T, (1) TRELIZ g M FOTRNVE -1, 7T FITk 5T 105keV &
25, ZOMEMWT, 1signal ZFE ST 2signal D7 4y b2 L7, (K4.7)

E):I.O 0 10 20 30 40 50
4.7: P2GA M SRET B o K D135 D 2signal DT 4 b

ZOfEREZ R Jjicizpp =2 — N JEF L OENIHNTH 208 #atlad
SEICL>TENIRREAMNEGFICREZENHSH, 22Tl DL I%ME5% 1/1000
WK LRTER 620, ZoRE5e, =a— b JESERBICRESETCH 1G5 LR
2155 D pe WT2/LTay MLz, (M4.8) =R L. RTA—F E2. AT ORI

0< E2<0.38

2 < AT < 50nsec
L7,
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w
o
o
[]

A _
S My, Be7 = neutrino
— iy . v -
© 250:‘&5}:,.;..{':..11-'_ U I 2 o 1%2Gd
- ] .'-. LA -
3 '-,!‘-;’ N .}fl'-gf‘;.--r'.-.'- .
. Pl o .
2001 S “: -'_ﬁ...-'_-":-‘xf--'-'.:_ feal -
. P . (.
- L '
150—
100[—~
3
I 1 1 1 I 1 1 1

60 80 100
signal2(p.e.)

4.8 WIGEFEH2RETDpe B 20072y b

BR2Gd O RAET LM TFORETNpp =a— M) ) OWIRE D LERDLZ LD 5,
CORMNENYy I TSI RIZFEKS L. pp =2— bV 2T RIRNZ cut 2SS 72
Thidze b2, 9. B2 GE5Dpe. WTO cut E X 5720, 1Kt A NI LI
L7z, (4.9)
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n H H H H
c i H H H H
Za000f- A 2GH . — —
2500 I A E— N
8 i i i i
2000 %- ........................................................................................................................................................
N : : : :
1500F S T
Cut under 15 p.e. '
1000 : f

SO N S —
75keV y peak :

500

0 20 40 60 80 100
signal2(p.e.)

X 4.9: F 2MZ5 D pe. MDA KNI T L

pp=a— MU & B2GT5E2F27D 30p.e. HVICE—T Zffo T HDITHT L.,
BIEFT LR IRGAd DEF TR OMNIITICE e E - fit > T s, pp=a—
N B OMITITNS e E— 7 2R T A0, ZHiE 2 < AT < 50nsec DFEIFHICZR N &
& Isignal £ 5 7=DITHEZ 5 & HEX 6N 5, signal2 & 15p.e. 720 T cut THUE 152Gd
DR KIBICHY RS 2 &M TE D, D cutld, TRAVF—DRERR S Ity 7 7
IR L O AMTH S B2 6N, IEFICEETH S,

&C, signal2 Z 15p.e. 720 Tcut L72HGNy 7 757 2 B3 4.5% % Tliks A%, HEE
D 1/10001CF BITITE HIC cut WRE LR 5E, THZH, ¥ 1 DD signal 2 DIT signal2
WRERMEEFFOODEZER D, bL, M47DEI% 7 1y N THNIE signal2 1EZNIF
ERELIT RS, HEHNIC signal2 2 KELLTHEIRANRY MILLLE T
FEELROPSTHAL, L, M49%205L 40pe. M ETOARYEBH L, Z
TUIHCE N R HETIT R, T4 T4 V7D ST 1 ETFO %2 H 225 #H-T
RllzlzoicieE b2 ThdbeHEABNE, ZhITL 5T, signal2 DfEZKEL L
TLED, ZoORMEZRT 572901, signal2 > 15p.e. D cut Z L7 A XY MIXFL T
AT D 1KIL A NT T L%F- Tz, (X4.10)
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2] : : : :

E 700__. ............................... _. ............................... _ ..............................

> : : : :
o - : : : :
600__ 4444444444444444444444444444444 ............................... ..............................
L — T T — T
e U H— T — —
I

300 HHL MM e R e
; : Cut over 49 nsec A

200t & ................. e e I — —
L In goo CU G:lS%Gd |

100HH e , 4444444444444444444444444444444 444444444444 ., ............................... ..............................
0 q_l 1 1 l——_l_ L I L L L I L L L

0 20 40 60 80 100
time difference(nsec)

Bl 4.10: 1. 2135 DORHZEDOLE A KT T A

CDEIT. BILEENH D bnsec LTI 7 7S50 RWNEF 5 THA 2 L300
%, THT2signal DRIRANYNMEI, F1REFEH-> TR2BFLARLTLES Z
LilLoTHRZ B eMEPDONZ, SZTAT Ccut 23528 T, BTN I Y
IV RERGTIENTESL, BRI 50nsec TE— 7 MBHZ 5D, LEITBWT
NG = A= Z DR CEEPMPRE L R DB MR TEL, ZOoNy 2 759K
£ AT < 49 D cut TRIRMICHRETE LA, bnsec I Tl pp ==2— K~V DA XV b
HENDT, pp=a— MU JEIKS LT ERNEDICHEYR cut EH5RHLERD D, 7
2T, FHZED cut ZEA TV - 2 & EOMEBFBDMRBAIROE LTIz (K 4.11), T3
& nsec ffITCTNy 7 7507 RBERICIKA L TWhB 2 ennnsd, LT, Ny ”
777> RidH 3nsec @ cut THEZD 1/1000 1L T2, 7238 pp oML 60% L
FERSTHWBEDT, 2Ot I I 7o R LTV EL oo and, 72
ZL. pp=a— KV OMIBAEOFEDT, FEHZED cut 10T 2 IR & K2 o E
HEIC L > THALEN DL DT, D7 &b Insec DREDOKMEEINEL Shb, —7.
Ny 7275wy Rid, 2D cut Cpp =a— kU 2SR LM R b0, #Hil
EROMHETIHEY RELI RSN, LML, 20 cut IFRRICKELPET 20T, +
MTEFXY VT U= a e L TBLLILERD S,
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100

> ] )
o L :3'5 <
Q 80‘— . o)
E - —3 S
(] ] o
o B . a
= B —2.5 S
60— 4 8
_ —2
L —:1
20— ]
i —os
. background GOAL ]
0 1 1 1 1 I--;--I--T--I--I--I--T--I---I--r- ----------------------------- O
0 1 2 3 4 5 6

cut with time difference(nsec)

B 4.11: W2 cut OMNEZEX 2 XD pp. Ny 7 75 Koot

ZD &I, Ny 7Ty NIIFROCMEBR. Krai. mEREHL B 1E5 22
E5ONHHIC L o> THMTRS DL Z W0 o7z, FHS, B 1E5 28 235 00N
Ny 7 759 KOWRANTHEAIRE RIHT 5 2 e 2 TE 7, L2rL., Zhvb il
WIEEHEDME D 0T, MR Z R RO 5 I1ITEERIEOVERD 5, RAANE
WKL T, BEEZ O T AL X -2 Iy U T L= a v T 2 M TE S, ¥
fzo KPR a R EL s, # 4 I ZICE LT, & PMT ORMREEC
TSN B0, ETHRICENELHL0TL—HF—F» U T -V arTCHALI VTR,
GOELRVERDH D, ZOLIRMRIET, MIEMEEZELLHERLLZ N TELLHX
55,
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INETDEZAT, K- xVF—KG=a— U RibdE e L OFRICENEREZ f
TRV =T LEZHEERY »F V=B ONF kN, S S HITHTHNLLE
5 DI

o RITZEME DHER

o HFILOHIE

o VIal—¥ g Il kBIiER B
o 2ANDHE

mEMH DL,

FHIREMICOWTE, GRSz &5 IR TR 2 HS210 2> 6 NS210ICE A 72 2
TR HBRE COEE 2 BT 52 N TELM, NS210 bR 1ETEBLTLES 2
EWR o Tz, TRk, BERER BHT ofHICK O 2 G RIEb T2 2 L 2 EEEL 7=,
LU, TR o 2 80ET 5 KL Sngs, =a— Y ) FENIFEHRS D E Lo
THRIKTY 10 FEM DOHBED WER PRI L 721y, XRE L. BE2hfid 30 odfl
FlOWMPLEL S I S WRIATEER 2 EH T 22 EBET 65, S 612, BRI
EHL D S BRE ORI I A5 PPO O 5g/1 & U b 2V EFER O
Th¥Ens, £z BiEXE2 T2 b PEhs 0T BEMITZZIhD EoE
FEVIMEBES I D2 3B u[REMEDN S B, S tIE. BHEMIER o F e &k 2 HEREDZ LY &
D CRIMIER Z TR TH L DEDD B,

KITHRLTH DM, ZhT—ERAS NI v F L — & h & el ilfe THRE
WHICKRINE N THURET L DT, ZhiT & > THROHEITIRS DR, {7E D5
RAEZETHNICR Y Dk, I al—Ya y CIERAEE100%ICL TfT- 72D T,
KBTS 5 L AREEN R 25 L ibh B,

KIZ¥Ia b= a YISk DREREERGE 2 T2 ERH LB, Sy Ialb—va
YTCIIIC L x 1 x 1m DEEZFHEL LNRER., MENMEREOR»S bH E Y K&y
A REH 2T, 72 10tonGd(5%) THE 1 x 1 x 1m OFEEF 200 i, PMT £ 20,000
T3 e SNEH, BEZ/NSLS LT EBPBHMA T AMIKRELZ>TLED, ¥
Ral—vagrTCHEEDOY A XDNT A =2 2HEZ T, MILAER. il & oZ{bx [
IR A X e RKD B EDRDH 5,

F 7o, FE (BR). PMT. WAy v FL—% MBI R) =0 L2280 kazbo
HEWPEL 25, M R = 2220 TE, GdEEY @ hTlEZ g SR E
{72 < LENS EBpCbh Tz Gd(EH); £ HANTY 1/10 BEOMERTH 5 [37]. (K
5.1) WkY v F U —FonTd, FREE. FUE. RmEtkf 2 B CHFL 20T

Iﬂg_li
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Gd & Gdlg %72 Y Ok

Gd(NO3); - 5H,0 $1.43
Gd(EH)3 $19.7

7 5.1: Gd(NO3)3 - 5Hy0 & Gd(EH)3 Offif& dLbiR (A8 i AR: Efiff)

o b D k0 b2 b oMENT, T, KEREER. PMTEIEY I 2V —V 3
Vo TROENED, GAEREEZL IV LR T I LIk THRLLTHZLMNTE
Lb L, FfRINciE, MiADSBENR Y DnE D e Ry — V2T 2 T
SLizne S,
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BE FL®

Davis HICEBKBE=2— Y JEENII L E 5K == — MU BIEE. B0 X
FiRlE==a— MY VIRETOKESGH f# (LMA Large Mixing Angle Solution) % 3¢HF L T
%, —a— kU REINS X — 21X, KamLAND FEENC & > THEBICHES NS Z 28
HFFE T2, BEMOHT IS, ZOHEICKEROBEL =a2— MY JJJ
DFME LT, M THEDARNT S I ATHLIENETFT NG, T2 T, BEA
RECI 1% ORE THERTHIN TS pp=a— R DBEL TS, £/, pp.
Be=a—hU JIFINETCTZINF—2X7 MUVCHEEL THIEL ZEEITR L, 2h
ED=a— kY ) &REZ e BHERPEERERER > T5,

ZOEIBRHMIEL =2 — MY JMBHOE A% L LTI0Gd 2% Y. Fk4ldzo
ARV =0 L% RKE=a— MU LR OMFREL1T> TE /2, T E T GdyeSiOs fid
i O TNz, ZoFERERDO R S oo =HalREHHlo 5 6 0 23
FENETET. Ny 2750 RalRDBNEE L 225 72O RBEBHEL o 7z,

ZFZTHRAT, —BICEEERDYRORAY VF L= FICH R = L@ T e nd) |
FrebZ il Lk, RV =T MEEMMNET LSV F V—F T TV RIET,
BRI 2 A

RV =g M5
Gd(NO3)3-5H,0 - --5%(Gd Hizb)

SUOF V=BT T

PseudoCumene(HB¥AHE) - 60%

NS210(F iV H)) - 40%
PPO(i 1 i6H) -+ -5g/l
Bis-MSB(# 2 i&'H) --0.1g/1

OMBERTHMT 22 eV CE e, oL &, MEEZHIEL AR
o FELHE ~ 3,500photons/MeV
o JikE R ~39cm
o RF/E ~2nsec

e A ZTUF (Q~T7.36/7.69MeV
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o KiFERIBE (PSD) o~ 4%(8 = 90%)

ole, ZNHDEZES>TIx1Ix1m OREZNEL C=a— M) JEFINLYIa
V—=yarvklLikceZ s, —HERFHIAREL 25 EFBE 6Nz, 20D, GdySiOs
MR THEE o TNy 2 75 KD D 5 192Gd @ o B & 5 B 0B L O FH%
T & 5 199Eu. TR & &3, = HE[EREHINC & > THAMEW LN R 5 Z & 8
WEEL 7o 7z, BIUGEHORKRIMEOBH BNy 7 VS5 Y RIS LCE, B 1EE%2 9o
DT L MEA LR E LT 1/1000 2FET 2 &My I 750 0 FRIZT S/
DIIAMA L LTDT 5 v 82H 107 8gU/g LT & LRT TR 5202 23015,
BUEIE T+ © KamLAND. Borexino 7% & ODREATIZ 107 10gU /g ZERL TH Y, Zhic
HARTIFFITHE DGR T H % [38].

FRoBfEe L Cld, RINTEROmER. HFECOHE, ¥Iab—Yavilkdx
W EE G, a2 NORER EE2Th i ide sy, Mgy KV =L offiigic i
L T LENS KRl LG GA(EH); ISHAT1/10 LT TH 5,

Zo &I, HEE oM BOTHFMNIHEF OB LRI VT —=a - ) /D
WIS L 72 7 KU = WERWRIRY v F U —Z BRI LTz, &80, HREE. Mk,
WA — V& B E A 7o KRB BEME R B L T TETH 5,
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T 8% A FIChE

BERARIIEEIC & Bk y v F U — & OFRAITROMIE TR Z 5,
(1) BURRC & 2 LN

(2) BB o = 3 )V ¥ — (R

(3) AE-REB O XX —{rHE

(4) WHOFK

BBOE R ENT, BORR O T3V F =2 IR L THEL T, WHICZ Dfife= x 1 ¥ —
RLET L THD, FUTBETHIE 505 —BITEH & 0 b REORHEIE D
T, MERELIFNSEL 0 Filo ko Rz WEL § 5,

A FHORE LM I EFIE. ZOMEGOMLEHICL > T o B (AEER 0) & nEHT
(iR +£1) BB 2, Zho 0B eV BETHRE S h, FRICIT 7 B S EER
ez Rz g, n BRI G 2RO FHICH o720, Wky v F L —F DR
IARBIFIRS G & RO B EROWEMRY K <HVWSsN D,

BN T DN
AR AN B T & 7 o TRy v F L — Zh 207 % &, EICERAINZT
5N TEMET 5, ZoOME. (a)r EF—EIE. (b)r EF =HIEE. (c)o
B, (d) FEBRE. (o) MEEEANEZ 2. (a). (b). (d) IFFRRITEHFHT A (o) IFBT
FNVE—FTRY, (o) FHUHHERZ b2 6 7.

B BEHEE O T RIVX —GE
COTIXNF—REORME LT, MREEHe =7 %A ~—kairH 5, Rk e
i3 ERICBER T Mo FOE FHUEOE R VIS & 5 EF ORI AMFHIC K> T3
F—2MBI79 5, ZORMICE =3T3, GHORMERERICEHASD 0, K
PO TREED LHICE > TR VT R 5,

—Ji. T Y A<= i 2 D DRI FRCIRBIC BN TG L TTEZbD T, 2
DLy YA < — DFRRREZ RV T Z LIk Y 2NV T 5,

INSDTXNVF—FATIE. WD T ORCIREDOFar (—EAHECIRIETI 10nsec) &
O MO (< 1nsec) TEEZ 2 7= RETBEDRENEETH L, K> TEH DLW
MR UV FETIE TRV F-BAT20 IR T FOET 2EM ez, B
10nsec DFECDIKRE R Z 5o,

BEREREO T RIVE—{RE
KRE LT THFN 3L X —FAT L IRER N = 2NV T —-BATe BB 5, FREHN = 3V
F—MATIE. e, D XM P B TR 2 8 52 6 h T TR EERD
RENVEFEFERZIVRTV, —F, BN VX B HIEERESIEF I S v e
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FGIEZ VT L, JHIEN N T R VX — AT T E R0 o IR T RIRIBISE B /2
EEORNEWHPBINT L2 e TR 5, WHEEZELTE L, WHokoHD
Wic k7 2o F (BEZ T oF) R 0, KT &5 L FmoREWREN FIoT LA
PN LD TRINFE—HEOKSE L GADZ LITREDT, FERELZLT BITITEY
RISEIEENERE N,

BEDFE
S S NI IEENE. NSRRI, doiul, REEE,. ot & CHIRIRBICE D 5,
CHhEOWMREDREZ VXTSI ZTNEThOMBEOHRETH Y. ThTholFmizodlGg
EXET .

WEHRRE, SEOBUL 2 DR WER T, ~ 1071 BB o Fmz2 o,

SOEHUTEE. —EIFFCIRED & RIRENOBHB OB Z 0, ol zf#>, 7
I~ 109 BETH D, RAART MVFIZ DT RN F ML > THREDD, 2T
IRENC & B2 VRV ANDEB D=0, —fITILMBY 28 5 e ART ML e b,

R, —EIFEEIRAED & = EIRAEAN OB T, Kot 2 b T ~ 1078
M oFFMmeiio, FahHiNEVNDIL, 20BN Y o]iix fF 5 ik Sh /-8
BThbi-0TH5,

L, S EIAFGEIRAED & HREAN DB OBILZ LT 2 b DT, BB
IRNFE—ENKREL AV OUEEED DT, ~ 1074 PLEE IEFHICREWFME D,

PSD
—HIAEIRED 13, A¥ Y OXn% D BY CHRIKIRBICK L -0, —ficZ ol
IRy, 2ok, 2 > =E=HIHES FRETHEFH L. 2 >o—EIHiES 72 /F
5ZeH5, Zo—EIEY FITHEOCBUICE 5T 5 20, mefkiicid, —HFEEy
TRITOEHROMFHICKAI SN S &, FERERE O ROIANME 65,

a KD & 1T FROHEIFH & kC 3 2 K Folgs. —EIHT Y F OB L T2
o DN Flal L ONEEH ORI T /2012, BORD ORI Z S, £z, o KT
D K DITHEMRED KEWH T Tl WWRAPD I T FBREN (8B 7 =0 F D5
BIH) OT. & HITKERMOREWREL RS, ZOH FITk B IEORNERIF L T,
K% @09 23 2 BIEA (Pulse Shape Discrimination PSD) &5 2, Wifks > F L —
BT OROBHETH LD, PSDICHEL T3,
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ff 4B JIVFDRIE

P FTDENE LT, FITKDEI R ONH 5,

(1) ey zoF2 7
TR FRRIECIC & - TAEDHEL, T 3NV F—WEHIEI NS ¥ Tolaf
THRIAZAINXE—DIEER(EIT U F T EED, ZHITREORALIRICE
CAHBERT, FIWHAENEHIC L s THRE S,

(2) oo F2 7
IWHDOFHNANRY MCEET 5 & 572X ANRT NV E R OPE NIk T L —

FHIHHET B & ELTED—HPRKS W T 2o F U IR Z 5. 2h
TEHOFRELIEICTI Z B4 T, FEE 2 R0 E N> T D,

(3) ey oF 7
WK Y F U — 7 PHFET IR FRRCKRINT 2 2 2o F U TR F s 2V F
7eE D, BENFITROCE AR oI, e —EITREOEE Y1 &
IXRTT Uy 7 ALK L. ZoMBICBWTZR VT —-2%kbhb, TF
VT Vw7 AL, KDY LiECIRRED Y1 & iR 5 2y FoSGIT kS
TTCERL 2B RO THDLH, 2ok, HWhy v F L — 2 HoiEZELIY KL
T2, BEHART NI HATCATY 7T 5EOMNRBRONS,

(4) WE I oF07
WHOREZHEPL L TEL L, BOLEMBA L TLED, ZhITEEBFEEAX
7 NVICEET 2 &5 RIINARY M VRS & &0, WEHE0EE HCRIXL T
LEDOTHSD,

(5) EHy ~>F 7
TNV F —HEROK S (R ) Wik v F V=il 5 L & 2o
BANCITERE. FIES FOBEOIEICEN L 2 AWTE, 70 7= DMERIE AL
TTre@E I ZoF o TEED, 20D, HLZRXNVF—-THRFIZk-
TRAEBVBED S,

T OL R X— L FROBERT
dL dE
primkm
LRYEDL, —J7. ERFTIE 1951 FIC Birks 13T R V¥ — & FOLE o l{HH8
dL  S(dE/dx)
dr 1+ kB(dE/dx)

(B.1)

(B.2)
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D& D %Lz, T 2T kB(Birks constant) 13, HX FORERIC & 6720
ERTHL, 220RMS, ok, kT (R ) 223 gk (1K ) oFRL
ISR T FWRELRD Z N5,

IRIVF—HFK
W o ASPRF O T3 )V F —$HKIE. Bethe-Bloch /72N THRE 5,
E Z 11, 2m.c®B*v*Thnas

_((11_1: = z2Z@ [5 In 272e€ 6127 . g} (B.3)
M SR o B & MeV/c?
E ANPPREF D = 3 )V X — y M c? MeV
T TH]) T 0 )L ¥ — MeV
mec® ETOHER 0.510998902(21)MeV
Te SRR S e 2.817940285(31)fm
Ny T7RIRal 6.02214199(47) x 102*mol~*
Ze AR 1~ it
Z B LR F 85
A BH o E & gmol ™!
K/A 4nNarim.c?/A 0.307075MeVg ~lem?
I FEIEE T L X — Bev

5 EEOMECEY LEHET 3L X —HEOHMIE

L. B v XEEEDNSGEIH LN TH D, £/ Thee 21E—HOBGELCHHE
TICHET Z LW TE HIFRADOIEE) T X )V X — CHE M. & M3yec DR Tl

B 2mec? 5272
T = T M (V)2 (B4
2720, MBI XX =R E & (2ym. /M < 1) DITAlE LT
Tmaz = 2mec2ﬁ272 (B5)

2D ZLMTES,
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22T h %5

232
232 ™
1.405x10
MSI«N
228Ra 228 AcC 228Th
228 - —
5.75y 459| g15h [R127| 1913y

A/5520kev

224Ra
224
3.66d
Aﬂkev
220Rn
220
55.6s
MSkeV
216 Po
216
0.145s
Aﬂkev
212Ph 212 Bj 212 Po
212 . e
10.64h [573.7 60.55m [2254(0.299x10'3

35.9% 62 8954keV
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208 T ! P

3.053m (5001 stable

81 82 83 84 86 88 89 90
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Isotope Energy | BR Isotope | Energy | BR Isotope | Energy | BR
(keV) | (%) (keV) | (%) (keV) | (%)
23817 E, 226R g E, 214135 E7
(4.468 x 10%) | 4220 | 20.9 || (1600y) | 4685 5.55 609 | 43.7
4270 | 79.0 4871 | 94.45 665 1.45
E, E, 768 | 4.61
50 20.9 186 5.55 934 | 2.94
234Th Eg 22Rn E, 1120 | 14.9
(24.10d) 86 2.9 | (3.824d) | 5590 | 99.92 1155 | 1.65
106 7.6 28pg Eo 1281 | 1.46
107 19.2 || (3.10m) | 6115 |99.979 1377 | 3.77
199 | 70.3 || 2“Pb Eg 1402 | 1.55
E, (26.8m) | 184 2.35 1408 | 2.85
30 5.66 489 1.04 1416 | 1.00
63 4.89 671 46 1509 | 2.17
92 19.1 727 40.5 1661 | 1.06
93 2.79 1023 9.3 1730 | 2.90
113 | 2.19 E, 1847 | 2.06
234pa Es 242 1.07 2119 | 1.17
(1.17m) 386 1.55 295 39.5 2204 | 4.86
(6.70h) 415 8 352 46.5 214pg Eo
435 2.8 214pB;j Es (164us) | 7833 | 99.99
460 1.14 || (19.9m) | 790 1.45 210m Es
474 | 45.4 824 2.74 | (1.30m) | 1379 2
503 7.0 1068 | 5.54 1604 7
644 19.4 1153 | 4.14 1238 | 5.92
1002 1.1 1255 2.9 1859 24
1069 | 2.9 1261 1.66 2024 10
1106 | 1.12 1277 1.38 2414 10
1173 | 3.9 1382 1.59 4205 30
1208 | 4.8 1425 | 8.26 4386 20
234y E, 1508 | 16.9 210pp Eg
(2.455 x 10%) | 4805 | 28.42 1542 17.5 || (22.3y) 17 84
4858 | 71.38 1729 | 3.05 64 16
E, 1894 | 7.18 E,
53 28.42 3272 19.9 47 84
230y E, 210g; Ej
(7.538 x 10%y) | 4702 | 23.4 (5.013d) | 1163 | 100
4770 | 76.3 210pg Ea
E, (138.4d) | 5407 | 100
68 23.4

& C.1: B3U RS
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Isotope Energy | BR Isotope | Energy BR Isotope | Energy | BR
(keV) | (%) (keV) | (%) (keV) | (%)
232Th Ea 228AC E7 212Pb Eﬁ
(1.405 x 10'%) | 4018 | 22.1 58 74.1 (10.64h) 158 5.17
4083 | 77.9 99 3.71 335 82.5
E, 129 11.2 574 12.3
64 22.1 209 4.05 E,
22Ra Es 270 4.43 239 | 82.6
(5.75y) 39 100 279 1.37 300 4.88
E, 322 1.64 212Bj E,
7 100 338 11.7 || (60.55m) | 6167 |25.13
228 Ac Es 409 1.29 6207 | 9.75
(6.15h) 403 | 1.57 463 2.96 Egs
439 2.6 504 1.64 633 1.87
444 | 1.18 509 1.37 741 1.43
481 | 4.18 563 2.52 1527 | 4.36
489 | 1.15 755 1.07 2254 | 55.46
596 8.1 795 4.40 E,
959 | 3.54 836 1.49 40 25.6
974 5.6 911 24.1 328 4.02
1004 | 5.82 965 4.79 727 6.45
1104 | 3.0 969 4.79 785 1.13
1158 | 31.0 1631 1.97 1621 | 1.50
1731 | 11.6 228Th E, 212pg E.
1940 | 1.9 | (1.9131y) | 5436 28.2 (299ns) | 8954 | 100
2069 | 10 5520 71.1 208 Es
E, (3.053m) | 1040 | 3.09
84 28.2 1292 | 24.5
224Ra, Eo 1526 | 21.8
(3.66d) 5548 5.06 1803 | 48.7
5789 94.94 E,
E, 277 2.66
241 5.06 511 8.89
220Rn E, 583 30.0
(55.65) 6405 99.89 861 5.28
216pg E, 2616 | 35.3
(0.145s) | 6907 | 99.9981

& C.2: 22Th L0
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