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SK $0B@M[%K%e!<%H%j%N4QB, $KSHESHSNO (Sudbury Neutrino Observatory) $,
B,Dj$7$?%K%e!<%H%j%NSNG/EY$rHF3SSISkSISHSKShSCSF!" %K %e!<%H%j%N?26F0Sr3NN)$7$ 2145
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Bh1>0 =x>0

1.1 <'5%C16K;R

Maxwell J}Dx<0$O!"EEN.$bEE2Y$b$I$$>I9g$OEE>I$SH<">I$rF~SIBXS($FSb$ $?F1$8I}Dx<0
$KLa$k(<+8IJAPBRBHS$$$&O0UL#$GBP>N@-$,NI$$$,!"EEN.SHEE2Y $,$"$k$SHS=SNBP>N@-$,Ix$|
BkI#$=3I$O<'53C16K;R$r2>Dj$7$I$$37$a$G3 "$KIB885G/$KHeaviside$SO<'5$C16K;R$,<+A3
3&$KB8:_$9$kSHS7$?>19gdaxwell I}Dx<0$rF3$$$?1#$3SNSHS-4pK\J}Dx<SI C10L7PFO

r- D= ¢ r E+B= Jn, r B= o1 H D=J¢ (1.2)

$N$h$&SKEK$a$FBP>N@-SNNISSIIDX<0SKEBENBSG  SOEE2YL)EYS, $OEEN.L)EY!"
$O<2YL)EY!I 1y $O<'5$SNN.SISNL)EYSrI=$7!"<'2Y$,EE2YSHFIMM$KJI]BSSI$K!"$D$ $jO"B3
$NIIDX<O_m + I I = 0 $,@.N)$9Sk$H2>Dj$7$21#

1.1.1 Dirac <'5$C16K:R

1931G/!" Dirac $0<+M3<'5$C16K;R$,1'Chi8DSGSbB8:_$9$ISPEE2YSNNL;R2=$, @bL@$CS$-
Sk$3BHIr<($7$71]#6qBNE*$KSO!"AGEE2¥$I<'5$C16K;REN<'2Y$Srg $SHS7$F!"

D=2 (1.2)
$N4X78<0$,@.$jN)$F3=P$OIUO?;23H$3$3$G!"n SO@0?t$GH =0; 1; 2,  $G$"$ki#

$3$NDirac <'5$C16K;R$N<ANhy $OM=A[$,$GC$-$I$$$,!"2>$K!Dirac <'5$CL6K;R$NH>
7B$,8EE5EE;RH>7BSKEY$7$$SHSIShHH !~ mgzcz = re = meezcz $hgj" my = gzezﬂ '
n4700ne ' n2:4GeV=c? $H8+@Q$i$I$k!#

1931G/0IMh?7$7$$2CB.40%$,7z@_$5$ISKEDBHEC <'5$C16K;R$rC5:wH9$k<B83$,9TS0SISFS-
$?1#:G6a$N7k2L$HS7$FSQUO6G/$KFermilab collider (CDF) $Gp s=1:96TeV, 35.7pb !
$NM[;RH?M[;R$N@5LL>WFM$N:]1$KBP @8 @DBESIRIESC16K;RSrC5:w$7!"<ANBGOGEeV/c?
0J2<$NDirac <'5$C16K;R$rGS=|$7$F$$HR]!#

1.1.2 BgE}OIM}O@<'5$C16K;R

1974G/!" t 1GHooft!" Polyakov Ey$O!">I$SNM}O@$NHs@]F02r$H$7$F!"$"$Sk<o$SNOLAJE*%=%j
%HY(6(%M%K%.!<$,69$SNNOhSK6EI:_$7SF$IFKBBE_$7!"$=3I$,<'5$C16K;RSH2r<a$G$-$k

1§3$N>I9gI"EE>ISH<'>IS@$1$G$ISI"EE2EEN) SH<2Y(<'5SSNN.$I) Sb8rA9$ISKIASAS2!" 1 I $rAAG
J}IDx<0$06uU4VH?E>$H;~4VH?E>SNBP>N@-$rGKSCIF$SSk!#

1



$3$HSr<($7$? [3, 4]#$=$7$FDirac $N;~$HSO5US$KI"EE2YSNNL;R2=$,F3$1$k$h$&SIAGN3;R$N
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$F$02eAe?eCI$G5/$3$kM[;RIX2u0J30$K!"B@M[!"D6?7@1GzH/"CO5e$NBg5$$+$iMh$k%K%be!<%H
%j%N$dD4p @~%K%e!<UHRHYMBEIT2K <B83 $,$"$k!#

K\>0$G$0%9!<%Q!<%+%_%*%+%s%GSNB,Dj86M}!"8!1=P40$r9=@.$9%k?eAe$SdBWEE;RA}G\4I!"=c
2eAUCV!I"6US$SN=C2=AUCV!"$*$h$S%G!<%?<}=8%7%9%F% $KSD$S$SF @bL @$9$KI#$?$@$7!"K\O@J8
$N2r@0$G$08e=R$ISkShSEKEN%U%'<%: $HS7S$FHO1(1996 G/ 4 7n-2001G/ 7 7r) $H
SK-111(2006 G/ 7 7n-2008G/ 8 7n) $N%G!<%?$N$_SrMQ$$!"$=$I0J30$N%G!<%?$0;HMQS7$F$$$J
$SENSG!"0J2<$N@bL@SNSISENYUY%' <%:$KShSCSFFOMF$,0[$I$k>I9g$0!"FCSKCG$i$I$$8B
$jI" SK-1 $HSK-111 $N>I9g$K @bL @3$r8BDj$9$k!#

2.1  %K%e!<%H%j%N8!=P86M}
2.1.1 %A% %I%s%3%UJ|<M

2YEENS3;R$, MGEEBNSNCI$rAVSk$HS-$K!"B.EYS,SvinEYi $OMBEEBNSNG~@ N(EBD??
BUCTSGSNBWB. ESrD6S($?$HS-$KSO!"96A%%1%s%3%USWSII|=P$ISk$3SHS, CNSISISFSSSKI#%6AY
%1%5%3%USWSON3;R$N1?F0J)8~$KBPS7$FBRES~SK1_2m>usKJ|=P$5$ISKI#2:2 $KY%A%'
%1%5%3%UJ|<M$SN35G0?/$r<($O1#

$3$3$G o $O0J2<$GDjSAS5SISK!"

_1
n( )
$3$3$G1( ) SOMBEEBNSN6~@"N($G!"CHHBMBBSISKI#$OV/C $GS$"$k!#

COS ¢h = (2.2)

18IHx$NNde $0%K%e!<%H%|%NG@Brino detection experiment) $*$h$S3K;RIx2u4QEnucleon decay
experiment) $NN, 1#

24tII8)HIBM; T?@2,D.CS$N;ZEI7P 137 181" KLO® 36 25') ;3D:2<$GI"$3$N>I=j$G$O1'Ch@~%_%e!<%*%s$N
%U%i%C%/%96/EY$OCO>eBKIIDN>. $555!#%69!<%Q!<%+%_%*%+%s%GCIKS*$1$k%_%e!<%*%s| QEYHIH*Sh$=
$"ki#
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M 2.2: %A% %I%s%3%UJ|<M$N35G0?"



$7$?1"$"Sk2YEEN3;R$,%A%'%1%5%3%UBWSrI|=P$9SkSNSKI,MWSJI: G>. SN Y% (ol BRHe! <
$N<OShSj!"

nc 1

SHSISKI#$3$3$G!M SO2YEEN3:RIN@E; <ANLSGS"$kI#$3SNCMSrY6A% %1%s%3%U0gCMSHEFSVI#
2eCi$G$06~@ NEHBI3SISNSG:GBY = 1 SNSH$) $GLA2 $GJI|=P$5$ISkI#$"$?1"2eCf
$SGEN<gSIN;RENY6AY'%I%S%3MEJoGOMI= 2.1 SNDLS$GS Sk

| N3;R| %A% %I%s%3%UdNEM] |

e 0.767
157.4
207.9
K 735.5

I= 2.1: 2YEEN3;R$N%A%'%1%s%3%UogCM

C10LD9$8L Ev$?7$j$KI|=P$5%I$k%A%'%1%s%3%UBWSNEN R, $O!'0J2<SGM?$($iSISk

d2Nph0ton _ 2 1
dLd = — 1 72 (2.3)

$3$3$G!" $OHy:YO=B$SDj?f 1/137) $G$"SkI#$3SN<0$+$BK 2eAe?eCISrAVSk2YEENS;R
(e,; Ey $ABPO@EF 1) $H8+$J$;$k$HS-I'SK SNM-46NNOh$SGS$"$k= 300nm
600NM$INHO00$GI|=P$53I1$kA48w;R?t$O!" C10LDISSEBFTDDXEY $G S "Sk!#

2.1.2 8I=PJK!

%9!<%Q!<%+%_%*%+%s%GSGC$O%K%e!<%H%j%NS$, ?7eSNCISNEE;R$d86; RSKSHH?1~$7$F=P$F$/$k2Y
EEN3;R$N%AY%'%1%5%3%UBWSr?e AeFhSKG[ Wb EEB!=P$ISKI#3F%R%EMMA $N;~4V>p
Js$+$iH?1~H/@8CORMP'<%F% Ch/$9%RY%CY%HY%Q%?!<%s$+$i2YEEN3I;REN?JOTI}8~$r!"K\?t
0?$$SOAMBWNLS+3$i2YEENI; RENY(%M%kK%.!<$r:FO=@.$98k!#2Y EEN8,RENEYIEO %A%’
%1%5%3%U%j%s%0$N%H%]%m%8!<$KShSCEFIT$&!#

2.2  8!=P40$N>\1Y

%9!<%Q!<%+%_%*%+%s%G$N?eAe$OBEBIMRIPR! <% DS+$i$I$|!" $=$I$>$IFb?e D) "
307eAqOD) $HBF$P$ISK!#

2.2.1 Fb?eAe

Fb?eAe$OD>38.8m"9b$5 36.2m$G$"$j!"A4 50,000nF $N?e$NFb32,000nT $N2e$,$3$N
CISKF~$CEF$$3K!I#$=$7SFFbB&Sr8~$$EPLO00K\SN20 %$%seMT $,A4$FFb?eAedr8~$/
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$hS&SKG[CVI5SISFSSSKI#FAASHENPMT $0%9%F%s%1%9 @=$NOHSK<h$jlUS1$iSISFSSSK!#$3
$N%9%F%s%I%9@=$NOHSNOI$DOISDSO%9!<%Q!<%b%8%e!<%k$HARBIINELB&FHK !
30B&$KR 8DSNOD PMT $r; YS(SFS$SK!I#? 2.3 $K%9!<%Q!<%hb%8%e!<%k$NI5G0?"$r<($9l#

Tyvek

$NCEM U

20" PMT

Bottom

27 2.31 %9!<%Q!<%+%_%*%+%s%GIN%9!<%Q!<%hb%8%e! <%k

$38I$iISN PMT $K$hSkBWEEHOJISN($OS*SHBYHBGS $k!I#Fb?eAeSNIPMT $HPMT $N
4\) $0!"30?eAe$HBWIN=PF~$j$,$I$$$h$&IK%7!<%HSCI$S0SISF$*$j"H?<MSKSh$C$F%$% Y Y%s%H
$,.F9=@.$7Fq$/$I$i$IS$ShS&SK% 7! <U%HSKSO%V %i%C%/%7!<%HS, MQS$SiSISFSSBK!#

11



2.2.2 307eAe

307eAe$01'Ch@~%_%e!<%*%s$N %S0t $HE-00SNAdHWS+SiISN %, %s% @~%P%C%/%0
%i%&%5%I13$r8:3i$9$7%a$K@_$1SFS$"SkI#AO<TENL\E*$SKSh$j!" 30BMIFINENAOSKSO8w460hSr
9-$2$k$?$a$KGHDISrIQ49$G$-SkHDSrCVESSFS "Ski1#$ $?1"8WSN8!I=P8zN ($r$5$i$K>e$2$k$?$a
$K!"301t8!=P40$NA4JILLSOH?<MN(BOYEBENGr?'%?%$% Y % C%/%7!<%HICISS0SISFSSK!#

2.2.3 20 %$%s%ABWEE;RA}G\4I

%91<%QI<%+%_%*%+%s%GSGFb?eAeSNIILLSKG[CVIBERESHASWEE; RAIGMI2.4)
$O!"51%+%_%*%+%s%G;~Be$KIM>>% [V kBEKIHBEF 13+H/$7$28WEE; RA}G\AI$r2~NI$7$?$h
SNSCS SKIES=SN2~NISI7PS$F; ~4VJI, 2rGAIp. €. % T1<%/J, [$I$I$,Bg$-$/2~A1$5$I$2#BWEEL L
$OBialkali(Sb-K-Cs) $G=PMh$F$$$F!"M-46NNOBSM 600nm"NL;R8zN($SOGHIEDONM
$G:GBY 22%) $SH$ISK 2" 2.5)1#

cable

i
I

glass multi-seal

cable length
~70000

< 520

i

Javater proof structure

photosensitive area > ¢ 460
I
°F
I
|
|
|
[
|
[
|
[
|
I
T
0254 10
0822

(610+20)

~T720 i)

" 2.4: 20%$%s%ABWEE;RA}G\4I1$N9=B$

$"$28WEE;RJ,I[$0%@%$%N!<%I$N2~NISK$RH6 TI<06/$, $O$CS-SISHING $GSEK: 2.6)1#
3F%U%MY%s%HY%(%s%I$NY6(%61%/%HY%MY%K %/ % IS K H1E pekoBIaSISOBFS $iI"J, I[SNC+SK
AJEVS9$KIHS3SNogCM$rL[$($FI6RUCYHHSISKOEEEN.SNIQE Y SBNEEHDI 76 QE*$KB:SKHZ
SHBISCHFSSPK!#

DCY%(%M%k%. 1<%$%Y %s%HSN: FO=@MRSERFAV>pIs$, =EMWSILr3d$r@j$aski#$=$3$G
1p.e.J,[$NS$_$ISi$:1";~4VI, 2rG=$b51%+%_%*%+%s%G;~BeSKHISY$F2~NI$, 2C$($i$I$?1#DL
>0!"Bg8}7BSNSWEE;RAIGVISGSO8W; RS, BWEELLSNSISISKEVS?$k$+$G% @ %$%NI<I E~CHS SGSN;~
4V:9%,@8$8SFS7H S&IHSISN; ~4V:0$r8:$i$9$?$a$HVIT FhSNEE>I9=BS$SN2~NIEYS$,9T$0$II";~
4VJ,2rG=$Ap.e.$N?.9$GLsINS$H5I%+%_%*%6+%6s%G;~BeSKHISY Bg$-$/2~A1$BEF) #
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Counts / bin

Relative Cherenkov Spectrum
through Pure Water

100 [

Quantum Efficiency [%]
&
=]

Quantum Efficiency

Relative Cherenkoy Spectrum through Pure Water[%)]

300 400 500 600
Wavelength [nm]

7 2.5: 20%$%s%ABWEE;RA}G\4I$SNNL;R8zN($H%A% ' %I%s%3%UBWGHD9J,I[

150

100H

50

M 2.6:

T TITT

250p
] 200}
150

100F

Counts / bin

50F

500 1000 1500 2000 0 10 20 30 40 50
ADC count Relative transit time (ns)

20%3$%s%MT $N1p.e.%T!<%/ 7 2.7: 20%$%s9PMT $N;~4VJ,|[
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8WEELL 50cm
SWEEJ*<A Bialkali (Sb-K-Cs)
%@%%$%N!<%Venetian blind 7? 11 CJ

NL;R8zN( 22% @390nm
%@!<%/%l!<%H 3:5kHz
~4VJ,2rG= 3ns RMS @1p.e.

= 2.2: 20%$%s%A8BWEE;RA}G\4ISNFC@-

2.2.4 >WT7bGHKI; %1!<%9

PMT $OJ|EE$rKI$0$?$a$HBWEE;R$SN2CB.$r8zN(E*$KIT$&$?$aFbit$, ??6uSN>uBVIKSISCSF
$BBKI#S=N$?$a30B&IN%,%i%941$,GKB;$9SkSHGz=L$,5/3k2DG=@-BBEKGI SK2aH>2t
SNPMT 3$,0l@F$KGKB;$9%k;v8N$,5/$3-$73,!"$38ISODILLEK<h$j$DS1SiSISPMT $NOISDS,
GKB;$7$=$N:]$K@8%$8%$?>W7bGHS$,<FIMDBENIGKB;$7!"$3$1$,0": ?H?1~E*$K5/$C$?$?$a$H
IMS(SiBISFSIKI#$=$33G;v8N8eI8K-II $+$i$OA4SFSRMT $K>W7bGHS,H/@8S9$kSNSrKI;_
$95k$?$a$K%1!<%9%,<h$$DS1FiBI$?1#S3EN>W7bGHKI;_%1!<%9SOA0LLIKSOF)2aN($N9bSF%" "%/
%;j%k!"$=$I0J30$NItJ,$KSOBQSW@-$KIF¥RP (Fiber Reinforced Plastics) $,MQ$$$iSISF
SEPK!#

BWEELL<~$j$rI$$&%"%/%j%k$SO?bD>F~<MSN%AY%'%I|%s% 3%  SBREKBESNET2aN ($,$"
$K31#

2.2.5 SK $N%U%'<%:

9%9!<%Q!<%+%_%*%+%s%G8!=P40$0$=$N4QB, ;~4 MFh$AERt!"EE;R25O)Ey$,0[$J
$jI"8=:_ (2009G/17n) $"$GHKSK-1 $+3$i SK-IV $"$GIM $DSN%U%'<%:$,B8:_$7$F$S$k!#0J
2<PK$=3N6hILENSbSHSHSISK7PO"Sr=R$Y $k!#

SK-1 $01996G/ 4 7Tn$K4QB,$r3+;0$7$?1#A41t$G1146K\ENPMT $rFb?eAe$SKMIS78WEEHO
JSN(SAHA0YBGS"$CS?!1B G/4VENAQB,$NBe2001G/$KIT6qIgINPMT( % @!<%/%I!<%H$,9b$$!"
JIEESr5/$3$7$dS9$SEY $r8r49593k$?$aSNIUSLIBXS(:n6HS, 9TS0S$!!":n6H=*N;8e$K?eAe$KCm
?2e$r$7SF$$Sk:GCIENL 7n 12 F|$K;vBNS,5/$-1"0ISDSN PMT $,GKB;$7$?$3$HS+$I0":?E*$K
6777K\$SNFb?eA@MT $H1100K\SN30?eAEMT $,<:$03I$?1#

$=$N8e!";.D$SNPMT A4$FSK>W7bGHKI;_%1!<%9%$r<h$j$DS1$F?eAeFbSKG[CVS7SIS*$53I$?!1#
5182K\$NFb?eA@MT $GBWEEHOJSN(FR-1 SKHIFYH>J, SKSISCIF$7$$C$?$,307eAe$O85$N
?tSKLa$7!"2002G/ 10 7n$+$i SK-I1 SH$7SF?73$?3K4QB,$r3+;057$?!#

$=$7$R2005G/ 10 7n$+3$i 2006G/ 6 7TnSNAVSK<:$0SISFSSIPMT $r855KLa$7:FSSOb46EYSN
<B83%r9T$&$?$aSN40A4:F72:n6H$,9TS0$I$?1#:n6HSO=gD4$KOBEOSISHS[$\F1?tSN11129
K\SNPMT $,Fb?eAe$K<h$i$D$1$isI$?1#$33ISKShSIBWEEH0ISN @OV/BKLas$(!"8!1=P40$NJ,
2rG=1JFC$K%(%M%k%.!<J,2rG=IK$b85DL$j$KSISCH?1#$=$3$GC$3$IGIO- fir SHBF$V!#

3$3$ISKShSKIFEASD% 7% _%e%lI<%7%g%s$K$O<hSiF~$ISFSSPk!#
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$53i$K 2008G/ 9 7TnSKSO%(%l1%/%H%mM%K%/%9$r;0$a$HSISK!" %G !<%?<}=8%7%9%F% $,01?7$5

SI$?ENSG!"$=$I0J9_%$r SK-IV $HBF$VI#

I= 2.3 $K3F%U%'1<%:$K$*$1SK SN%O%Z%Co%/$r<($7$?!1#$7$3@$7%i%$%V%?%$% $O<'5$C16K

'REN2r@ 0%(%M%k%.!<(UI80h55MeV) SKBPSISKShSNS; XSO

| %U%'1<%: | SKI | skl | skl | SKV
%GI<%?<hF@3+0 | 1996G/ 47n | 2002G/ 107n | 2006G/77n | 2008G/97n
%G!<%?<hF@=*N; | 2001G/ 7 7n | 2005G/ 107n | 2008G/87n
%i%$%V%?%$%’ 1496F| 791F| 425F|
KIGZ%1!<%69$NM-L5 L5 M- M- M-
ID PMT $N2t 11146 5182 11129 11129
OD PMT $N?t 1885 1885 1885 1885
BWEEH0J$N( 40% 19% 40% 40%
%(%M%k%.1<],2r@10MeV|  14% 21% 14% 14%
OLCVJ,2rG=@10MeV 87cm 110cm 2r@OCf 2r@OCf
3QEYJ,2rG¥@10MeV 26 28 2r@OCf 2r@OCf
%(%M%k%.!<0gCM 5MeV 7MeV | 4.5MeV(L\8) | 4.0MeV(L\8)

I= 2.3: SK$N3F%U%'1<%:$K$*$1$kFCD

2.3 =c?eAuCV

SK $GMQ$$3$i$1$50,000n? $ND6=c?e$0?@2,9[;3FbSNK-1Y$ICO2<?e$+$i:n$iSISFSSSkI#CO
2<?2eCEK$O: Y$+$$?P!"%$%*%0s! "% P%/%F%j%"$ISISNIT=cJ*$,4 S SISFSSSkI# $3$ISiSOHy <e$J
%AY%'%I%s%3%UBWSI5[<};6Mp$7!"2e$NF)L@EY$rDc2<$5%$;$k!#013}"CO3LAdHWCISKB?2NLSKA$N
$I$kI|<M@-85AE?Rn $J$I1$0?e$KMO$1$d$9$7#2Rn $SNIX2u7ONS6&%i%Ss7Qs?™ 3.4$K
<($9H#F17ONSSN2<N.$K$"K'Bi $ISI$O  Ix2u$K$h$jQ = 3.27MeV SNEE;R$rI|=P$9$k
$,!" SK $NM-8BSN%(%M%%k%.!<J,2rG=$N$ 7Y 0J>e$K z$_=P$7TF@SKk!#$7$7$,$CSF$3
$I$iSODCYo(%M%k%.!1<%$%Y %s%HSINYPY%C%/%0%i%&%s %I SHSIS|F QHK! S GIEDZRP Sl
$K2e$rCmF~$9$kA0$K=c?eAuCVSKShSCSF2DG=$I8B$|I T=cI*$r<h$j=|SSSF$SBk!#

21 2.8 BKSK $N=c?eAuCVIN354Q%$r<($9'1#$3SNAUBY$Eton/hour $G?eAeFbSN?e$r=[4D
$5%;$F$*$jl"2e$00I2<SN$h$&$I2aDx$r7P$k

1. 1 m %U%#%k%(Mater Filter)
Hf3SE*Bg$-$J?7P1J 1 mIK$r<h$j=|$/1#1,~$K?P$KIUCe$7$F$$$k>?RN $h=|5n=PMhS$k!#

2. G.8r495! (Heat Exchanger)

%]%s%WSABWEE;RA}G\4I$OG.$rH/$98k$?%al" $=$N$"$"$GC$0?e29%,>e>:$7!"OEEEN.SNA}
2C$d?eAeFbSNBPN.SN860X$HSIS|!" $$?%P%/%F%j%"SN@.DI$b=uD9$9$k!# $=$I$i$rKI$0
$?7$aSKAWS?e$N?e2932 13 C DXEYSGOIDjSKSISkSh$&SKSOBK!#
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3. %$%*%s8r49<yfilon Exchanger)
3 <I85E*$ILVL\9=BIINIbJ,;RIK%F$%*%s8r494pP,$DSSIFSSIk<y;i$G?e CISN6bB0%$%* %S
(Fe2* Ni2* ,Co?* Ey) $d222Rn $NL<3K$GS$"$KEP0 %$%*%s$r=|5n$9$k!#

4. ;g30@~>H<MAUQV sterilizer)
;030@~$r>H<M$OSk$3SHSGYPY%/%6F%]%"$r;" LG5S, $k!#

5. L5%i%I%s6u5$MO2r% 7% 9RRAUESS-air dissolving system)
2<N.$N??6UC&5$$GIN%i%I%Ss%,%9=|5n8zN($r>e$28k$?$al" %i%I%s$r4 $"$I$$6uS$Sr=c
?e3KMO2r$5%;$k!#

6. 5U?;F)KI (Reverse Osmosis lter)
9b@-G=3$N?;F)KISrMQ$$$F _12a$roT$&!#J,;RNIBODXEYSNM-512=9gJ*$b=|5n$G$-Sk!#

7. ??6UC&5%Au@Vacuum Degasi er system)
?2eCfSKMO$1$F$SSKEHBH%1%65%,%98804"; @ AGINI%0) $r=|5n$OBkK!#

8. %+!<%H%j%C%8<0%$%*%s8rdOaytiidge lon Exchanger)

$h$9b@-G=5N%$%*%s8r49<y;i$G!"%$%*%sIrA*BrE*$K=|5n$G $-$k!# $3SISK $h$k%0$%*%0s
=|5NN($O99UBGS " $KI#

9. %&%k%H%i%U%H#YgkMr2l<Filter)
10nm $NBg$-$5SNHy>.?P$Sr=|5n$9$k!#

10. KIC&5%(Membrane Degasi er)
2eCISKMO$1$?7%i%I1%s$d; @ AGSrKIC&5$$K Sh$i<h$j=|$/1#

$3$N=c?eAuCV$K$h$j?eCIEN%i%I%sG;BY$Bg/m 3 %1%Y %k$ " $G8:$i$9$3$HS, $G$-$k !#
$3$&$7$F=PMh$?D6=c?eCf$GSNBWSNS8: 2HDI$OQ0mM $G$"$k!#

2.4  6uUS$IN=c2=AuCV

SK $09[;33NCI$K$"$SkSNSGF2?Rn G;EY$,9b$/!"6USSCIEN%i%I%sG;EYSO 2000Bg/m?
DXEY$G$"Skt=>$CS$FI"SK 2eAe$N>eSNAdHW%I!<% $O%"%$%$%]H46Hh& %1% IBE ISSCSF
$"$j!"4dHWS$+$i=P$k%i%1%5%,%9$,<B83<<SXF~$i$I$$$h$&IK S 7SFSSSKI#$5$iSK<BB3<<INF~$
8)$OFS=E%I|%"$SKSISCIF$*$j!"$"$7%I!<% FbSN5$05$r9b$/$9$k$3SHSGI[;3$N6USSS, CISXF~$K
SNSrKISSSCSSSKI#S5SISK%i%I%s$,>/$ISSI[;3SNI0SN6USSSr$*SHBm/min SNN.NL$G<B83
<<$KAWS9I~$sPCHSPk!#

$=$N8e6uU5$$0 29 $K<($5$I$k$h$&$I2aDx$r7PSFDCG;EY$,J1$ 2315k #$3$3$G3F%3%s%]!<
%M%s%H$O00I2<SNSh$&SILr3d$r2L$?$7SFSSSKk

45(@a$K$h$CSFIHFLSIDLEKBUSSFNN.SISO0[$ISKS,I"E_$O@WDEI#8)$+$i?7A/$I6USSS,C;$$F SNS|$r7PSFSASCHF
$/SKENSGSK $N<~JUSN%I%1%SG;EY$SODCS$S,!"5USK2F$O6USSS, 9#30SKHAS 1K ] SKIHFOSN?<S$SHE3SmMS+$i%i%I| %s
SNK-1Y$I6uS$$r1?$s$GCH/$k$?$asK!"%i%I|%sG;EY S, 9b$/SISK!#
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VAC LM
DEGASIFIER PUMP

CARTRIDGE
POLISHER

ULTRA MEMERAMNE
FILTER DEGASIFIER
(81
STERILIZER

HEAT HEAT PLUIMP

EXCHANGER EXCHANGER

'-------. L1 1 1 | ] I----“-------L-

[ |
|
= ] s -*----1
R PUWP
O }
LS e

BUFFEH
REVERSE MK
OSMOSIS

AN-LESS-AIR ﬂv

RN-LESS-AIR REVERSE
DISSOLVE TANK SK TANK

QOSMOSIS

FILTER
{1pm MNom.)

" 2.8: SK$N=c?eAuCVvV

17



1. 05=L5!(Compressor)
6u5$$r7 8.55$05$K05=L$9$k!#

2. 0.3,0.1,0.01 m 6u5$%U%#%k %Al Filter)
BUSSCISNT<$r<h$j=|$/1#

3. =|<>1&=| CO2 AuC\Air Drier, CO » extraction equipment)
<>EYS$IEO, $r=|$/ O1#

4. 3h@-C:%+%iYCarbon Column)
3h@-C:$G%i%I|%s$r5[<}$9Bk!#

5. Nd5Q3h@-QCooled Charcoal)
40 C $KS"$GNd$d$7$?3h@-C:$G%i%I%sSr5[<}SOBk!#

0J>e$N2aDx$r7P$F 99.98%8N %i%I|%s$, <h$j=|$+SI$k!#:G8e$N6USR 3mBg/m3) $0
18m3/hour $GSK 2eAe$N>e$NAdHWYb!!<% SKAWSj=P$53I5k!#%1!<% Fh$N6USSSNI 26 QE*$I%i%I
%sG;EY$SMB/M 3 $G$"$k!#

CARBON CARBON AR FILTER
s B#X,EER COLUMN COLUMN (0.01um)
AR FILTER AR DRIER HEAT AIR FILTER COOLED
(0.3um) EXCHANGER (0.1um) CHARCOAL

(-40°C)

QLMY

N 2.9 SKSN6U5$=c2=AuCV

2.5 %G!<%?<}=8%7%9%F%"

K\O@J8SN2r@O$6HRaAV 0J9_$N%G!<%?$O;HMQ$7$F$SSISSINSG!" 0I2<HGHD$"$G
MQ$$BiSIBFS$S?%GC!<%?<}=8%7%9%F% $SKSDS$SF@bL @ $ISK!#

*$b$76uUS$CI$K?ed,$,; DSCIFS$SkSH2<N.SNNA5Q3h@-C:$NI=LL$,E $jlUSSSF%i%I%s$,5[Ce$5$I$ISSSNSG!"$3$3
$GOUSSSra%AgSSS;SFS* S/
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251 ID $N%G!<%?<}=8%7%9%F%"

27 2.1038KID $N%G!<%?<}=8%7%9%F% $N35N,?"$r<(BUHE3IBOANnalog Timing Module
(ATM) $HBF$P$ISk%U%mMo%bs%HY%(%s%I$K @\B3$5$IBFBBESKMADC (Analog-to-Digital
Converter) $HTDC (Time-to-Digital Converter) $NN>J}$NLr3d$r7s$M$F$*$jPMT $N;~
AVEE2Y>pJs$roeG%8% ?%k2=39BHBFEO1 2 K\SNF~NO%AYcY%seMIbk/ 7% 0% JBKO 733!
20Kg$NATM $, TKO (Tristan-Kek-Online) %\%C%/%9$K4 S SISFSSSK!#$=37SFA4086
Kg$NATM $, 488DSNTKO %\%6C%/%9$KJI,G[$5SISFSSKIHS=SI$ITHO %\%C%/%IBR %?%s
%/SN>elt$K$"$kd SDSNY%(%61%/%H%M%K%/%9% 0% CY%HSKCVSSSHKEK SGHEP!Control
Header (SCH)%b%8%e!<%k3$A3t0 %\%C%/%ISNCISKF~SCIFSFERHSOATM SN%G!<%?
$r Super Memory Partners (SMPs)$HGONG (GO-NoGo) %b%8%e!<%k$SKAWSKLr3d$r2L$?
$7SF$SSKIHBSMP $SOVME (Versa Module Europe) %/%|!'<%HSNCISKS"$j!"%G!<%?$r0l;~E*
PK3IG<PI$KIBONG %hb%8%e!<%k$0%0%m!<%P%k%H%j%,!<%7%0%J%kiEH%3% P43 HEN
$r3FATM $KJ,G[S7SFSSSKIME %/%|1<%HSO3F%(%I%/%HY% M%K%/ %9 XEDIS GBI
3FVME $K6 $DSNSMP $,F~$CSFS$SK!#

PMT 9%7%0%J%k$0%9%W%#SCHIBBEOSN%7%0%I%k$KI,3dS5$I$k!#0ISDSO! "% G%#% 9%/ %)
%_%MI<%?2$KAWSISISKS, " 3F%A%CYs%M%kSKBPSISROGE BSOS3SISO 1/4p.e. SKAJEVSO
$kI#PMT %7%0%J%k$,09CM$rD6S(Sk$HUONS!"9b$5  11mV/channel SNHITSUM %7
%0%J%kBHTM %U%mM%s%H%Q%M%k$K=8%a$iSISk!# $HI BN %7%0%I%k$, 3F%(%6l%/%H
%mM%K%/%9% 0% C%HIN@IMQ%b%8%e!<%k$GB-$7>e$23i$1$?8eSK!"%;%s%HY%i%k% 0% CY%HSNY%HY%|%, <
%I1%/%H%mM%K %/%9SK AVEISHK BP$7%0%m!<%P%k%H%]%,!<$r@8 @ . 3IBkEKZHH %)%, <
@8@.8N35N,?"$r<($91#

F1;~$K!"$b$&O0I$SDSN%Q%i%I%k%7%0%QIMRHCharge to Analog Converter) SHTAC
(Timing to Analog Converter) $KAwS$i$I!"DJEEN.$r@QJ,$7;0%a$k!#3b$7%0%m!<%P%k%H%
%,!<$, 1.3 S’0JFb$K$+$+3i$I$1SISPIQAC/TAC >pIs$O0%/%;j%"I<$5$ISkS,"Sh$7$+$+SISP
QAC/TAC >pJs$QADC $GAD JQ493$5%1"Fblt%a%b%j$K3IG<$5SISKIAC SN@QJ,$O3F%A%C
%S%M%KEEMT %7%0%J%kSKShSCHF;0$a$iSISkSNBG! "SKShSCSF@QJI,$53I1$?EE2YNLS$O%7%0
%J%k$N%?%$%_%S%0SN4p="SKBIFIAISKSO5.5 S$+$+PkINSG!"%C%C%I%?%$% $r8:$i
$9$7%a$KTAC $HQAC $03F%AY%Cc%s%MRAKBKENZ $D$:$D$"$j!" AD JQ49CISOA4$FSNYR%C
%HY%AY%CY%s%MY%kS,B>I}$K @ ZSBXS(SiSISkI#$ S 2$=SNS?$a$K%_%e!<%*%s$HS=$NIX2UEE;RSNShS&
$JO"B3$9$k%$%Y %s%HSb<}=8$CBIBkHDA49$551$?7%7%0%IYAKBIA FbSNFIFO (First In
First Out) $KC_$($isIsk!#

ADC/TDC $N%G!<%?$2bit (4096channel)$h$j$I$k!# ATM $N%@%$%JI%_%C%/%I%s%8$0

450pC(J,2rG=0.2pC)!"  1300ns(,2rG= 0.4ns)$HSISCIF$S$k!#,~4VEE2Y>pIs$rob$s@:EY
$CGF@Pk$?$a$K!"3F%A%CYs%MAPbKINIQA9I=SMUBHEFTDC $IN%+%8&%s%HSr$=$I$H|
$HNS SKIQ49$7SFS$SSkI#S ATM $00.6pC/C " 0.8ns/C 0J2<$N29EYOMBB@-3r;}$DINSG!"
$3351$rId@5598k$?$a$K%Z% G % 9% ?%0k YeEH<PEI$>19g$CB0 J,$K 1 2s!" SK-111 $N>I9g$C2
;~4V$K1 2sSHSIBISF$SH?!#

8W;R$, SK 2eAe$rD>@~E*$K2#@Z$k>190!": GCBE{SrBP3QSK 24 @ ZSk I SE200Ns $+$+$k$?$al"%63%$%s% 7
%G%s%9$0$3SN;~4VFhSGSHSK!#
7>/$3$/$H$b 200ns 0J>$G!"$5$iSKH?<MB8WSbIMNSES7SF$ISNCMSHSISCS?1#
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20-inch PMT

SCH
—=|  ATM
—|
N )
X 240 . oo
GONG
20-inch PMT
SCH
—=|  ATM
— interface 9 Ulas
. : X 20 ra Sparc
X 240 - oy SMP
GONG SMP online CPU(slave)
. j SMP
. SMP
. SMP
. =
" y6 SMP Super Memory Partner
.
.
. VME
20-inch PMT
.
SCH
[ 9 Ultra Sparc | se—
= ATM L
= e online CPU(slave)
. © x20 .
X240 —=" ATM * 9 Ultra Sparc | me—
- 4 online CPU(host)
GONG Analog Timing Module . -
° online CPU(slave)
TKO °
9 —_— FDDI
: Ultra Spare E Ultra sparc
N ] online CPU(slave)
.
.
: DS e |
* o
] ° online CPU(slave)
.
. E
. N
. . .
* . online CPU(slave) o]
. ° @)
° ~
° ° 9 Ultra Sparc
L] .
° online CPU(slave)
e interface 9 online CPU
[ ] — Ultra Sparc
. (slave)
E—— SMP
.  E— . Ultra Sparc
. —_— SMP online CPU(slave)
: — SMP
. I SMP
[ ] —_— SMP
[ ] SMP Super Memory Partner interface
VME
VME interrupt reg.
20-inch PMT TRG
SCH
= AT™M TRIGGER
. . 2 TRIGGER
. roXx
X 240 . . HIT INFORMATION PROCESSO!
—=| ATM
GONG Analog Timing Module
TKO
(PMT X 1120(3 ( ATM x ~100(3 ( SMP x 48 ) ( online CPU(slave) x Q

21 2.10: ID %G!<%?<}=8%7%9%F% $N35N,?"
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PMT analog signal
------- V—-- ATM threshold

1 5
200nsec width HITSUM
]
1
start stop ;——— TDC startand stop
1 1
1 400nsec width : ADC gate
Sum of HITSUM
Trigger threshold

Global trigger

27 2.11: %H%j%,'<@8@.$N35N,?"
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2.5.2 OD $N%G!<%?<}=8%7%9%F%"

OD $N%G!<%?$00[$ISk%(%1%/%HY%M%K %/ %97 O$+$i<}BEERISKI# %6\ %k Ebarge-
to-Time (QTC) %b%8%e!<%k$K@\B3$5$ISFS*$j!" SITBT $+$iSNY%67%0%I%k$r%G%#%9%/%]
%_%MI<%H$7SF$S$k!#SbS7%Q%k%IS$NSNHBE, 0.5p.€.) $rD6$($?$i!" QTC $0200nsAk
Fb$EPMT %7%0%JI%k$SNEE2Y $r@ QEyditter-Coupled-Logic (ECL) %Q%k%9$r@8@.$9%k!#
$35N%Q%k%R8Oroy 1877 Time-to-Digital converter (TDC) $KAwSiSISk!I#$3SNTDC %b
%8%e!<%k$,=i$aSH=*$0FjSN%(%C%8N%?%3$% _ %s%0$r5-O?$7PHIBIBFE0%I%KSN;~4V
EE2Y>pJs$rCNSk$3$HS,=PMhSKIFBIC %h%8%e!<%k$O3F%(%1%/%H%mM%K%/YBDS3/HCLHHSK
$D$"$j!"3F TDC %b%8%e!<%RBK\SNF~NO%AY%Cc%SsY%M%K$rO7$&!#

3FTDC %b%8%e!<%IBEDSNITC %Q%k% B2 s4V%P%C%U%!$CS-Sk!#$bS7%0%m!<%P%k%H
%j%,!<$,5+3+3ISP!I"A4SFSNIDC %A% Cc%s%M%k$,F1;~$K%G%8% ?%k2=3$5%1%!<%I%"%&YHS5 SISk ! #
OD $N;~4VAKSNI}$Q6 S(%60%m!<%PY%k%6HY%j%, 1 EONKBHBB S) $GI"J,2rG=$, 0.5ns$H
SISCHFSSPK!I#

2.5.3  %H%]%,!<%7%9%F%"

8D!9SNATM $+$iMhSk6k7ASNITSUM %7%0%J%k$O @h$:3F%(%1%/%H%m%K%/%9%0%C%H$GB-
$7>e$23i$I$F!"$5$i$K$=3N8eCf1{% 0% CUHICB-$7>e$2$i$IHFPRIUM %7%0%JI%k$r@8@.$9
SkI#HITSUM %7%0%J%kS,%G%#%9%/%]%_%M!<%?$NogCMIrD6S(SkSH!"%0%m!<%P%k%H%|%,!<$,
$+$+3k!#

ID $KSCHE (High Energy) %H%j%,!<!LE (Low Energy) %H%j%,!<!SLE (Super Low
Energy) %H%;j%,!<$BI<oN $N%H%j%, |<$,$"$kI#<'5$C16K;R%K%e!<%H%|%N$SN%GI<%?2r@0$K$O
LE 9%H%;j%,!<%$% Y $SBHEKSCHE %6H%j%,!<%$%Y%s%HSbA S BIRQSSS?ILE %6HY%j%, 1<
$NogCM$CB20mV $G!"$3$1$0% @!<%/%RY%CY%HYl!<Y%HINI?6 QCMSr: 9BCREEFTSED K\$K
AJEVS9$KR1# LE %H%j%,!<$dlciency $ODT %-%c%;j%V%Il!<%7%GHSKSh$CSFB, Dj$5$!!"
6.5MeV $G100%$G$"SkI#LE $N%HY%j%,!<%l!<%HSOBGMHY $GOIDj$G$ "$k!#

QTC $+$iSNHITSUM %7%0%J%k$bFHN)$KB-$7>e$23i$BBI'SKBP$7$SFA4ITSUM %7
%0%J%k$r@8@ .$9$k!#RBRNSAKFLSGIQTC ogCM$rD6$($@D PMT $, 19K\0I>e$"$ISP
OD %H%;j%,!<$,$+$+SKBD %HY%j%,!<$,$+$+$C$?>19g!" %0%mMI<%PYok%6HY%j%, 1<$,$+5+SKENSr
100nsCY$i$;$k!#$3$I$0 ID %HY%)%,!'<IN%3%$%s% 7% G %Ss%IPr8+$k$ ?$aRBNISHNAVSK
ID %H%j%,!<$,$+$+$i$ISLSISPY%0%mM!<%P%k%H%j%,!<$,$+$+Sk!#

A4SFSN%HY%j%,!<$QT0 K< ($53I8k$h$&SKITRG %hb%8%e!<%k$SKF~NOSSSISFSSSk!#%HY0]
%,!1<%7%0%J%RIBDSGCIb=83aBiSISISPI'TRG %h%8%e!<%k$SO%HY%|%,!<%?%$%W!"%HY%j%,!<$N
%7%3$%_%E200SSN@:BY'%$% Y %s%H%JI%s%P!<$r5-O?FFER!I$Bb%0%m!<%P%k%H%j%,!<%7
%0%J%k3EBbit $N%$%Y %s%BEENI%s%P!<Sr$=$N%U%mM%s%H%Q%M%k$K @8@.$9%k!#$33$I$i$08=
. $N%$%Y %s%HSrY%HY%j%, I<$9$k$?$aSKA4%(%1%/%HY%M%K %/%ISKRG [SasseRIse <Yk
Fb$K3IG<$5$I1$?%HY%j%,!<%G!<%?$OILI9ENY%*%s%i%$%s%3%Ss% TYoe | <OAPS Qb (HPH?
$HAHS$_9g$0$;$k$?$a$K %*%s%i%$%s%[%9%H%3%s% T%e <% ?SKAWSI$ISK!#

896_9%e!<%*%sSN<w? s $h$j$b==J,D9$$;~4V!#
*HE %H%j%,!<$NogCM$RA0mMV $GI"$3$1$01D PMT 31 K\SKAJEVSISK!#I|<M@-F10LBN5/8;$N%P%C%/%0%i
%8&%5%I$SN$?$a$K U RPACTLH, 29 K\0J>e$H31 K\0J>e$HSGS0%S%Y %s%HYlI<%HS, $+$IS0[$IBK #
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Bn3>0 SK-llII $K$*$1$k%i%8%&% G;EYB,D]

3.1 %i%8%&% G;EYB,Dj$NFO5!

$3EN@a$G$0!"%9!<%Q!<%+%_%*%+%s%GIN<g$J4QB,BP>]$NOI$SD$GS"$kB@M[%K Y%e!<%H%]YoNSH!"
B@M[%K%e!<%H%j%N4QB,$N<g$I%P%C%/%0%i%&%s%I$KSDS$$F4I7iISK@bL@$7$?8e!"%i%8%&% G;EY
B,Dj$NI,MW@-$KSD$S$F=RSY Sk!#

3.1.1 B@M[%K%e!<%H%j%NSH%I!<%Q!<%+% _%*%+%s%G

B@M[FbIt$G$O?eAGS,%X%]%8&% $KIQA9$53I$kG.3KM; 9gH?1~$NI{;: J*SHS7SF%K%oe! <%HY%j %NS,
@8@.$5$I$k!#B@M[SN%X%]|%&% @8@.SN<g$I Yy amanBEBESPSISFS*$jl" 0J2<$K<(
$93h$&SKIH?tENH?1~2aDx$+$i9=@ . $5$ISF$SSKI#96KYoe! <% HBBFATENGNop-I chain $G@8
@ .$58I8k!#

pp |

p+p! d+e + o( 0:420MeV)

pte +p! d+ ¢ (1.442MeV)

d+p! +3He

SHe +3He! *He+p+p (3.1)
308LIK<($7$2%(%M%k%.!<$O$=$NH?1~<0$G @8$85k%K%oe!<%H%j%NSNY6(%6M%bk%.|<$G$"$ki#
$1$? 14%$,<!$K<($9 pp-1l chain $G@8@.$53I$k!#
pp Il

SHe+%He! "Be+

‘Be+e ! "Li+ o (0:861MeV(90%) 0:383MeV(10%))
Li+ p! *He+%He (3.2)

B>$K$pp-111 chain $HBF$P$ISkH?1~2aDx$K$h$jA4%K%el<%H%BoNSIR * $ @8@.
$5$ISKI#

pp I
‘Be+p! 8B+
881 8Be +e" + o ( 1406MeV)
8Be | *He+%He (3.3)
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$5$i5K 10 7 $NJ,AtHIS@$,

hep
SHe+p! *He+e" + o( 1877MeV) (3.4)

PHE$$&H?1~$b$"$jhep chain $HBF$PSISFS$SKk!#0I>e$r$ " $HPa$k$HI L SNSh$&SK
$IBk!#

pp-chain $NB>$K0J2<$K<($53I$k$h$&ENO cycle SHBF$P$I$SkH?1~2aDXx$KSh$CSF$h
%K%e!<%HYj %NS, J|=P$5S$ISKI#

CNO cycle

12C+p! 13N +
BN Bec+et + o ( 1L2MeV)

13C+p! 14N+

14N+p! 150+

POl BN+ e + o( 1L73MeV)

15N+p! 12c+

15N+p! 160+

160+p! 17F+

YE1r 70+ 6"+ o ( L74MeV)

Yo+ p! MN+ (3.5)

21 3.230%$33NCNO cycle $r27<($7$?SbSNSGSH "$kl# 5330l cle SO29EY$]1:8 10'K $r
D6$($k$Hop-chain $h$j; Y G[E*$IH?1~2aDx$KSISKI#$7$+$7B@M[SGSO$3SN>70$0K~$7$5
$I$:1"$3$N cycle $0%K%e!<%H%j%N@8@ ASBISBHHCAS05I$S!#

$7$2%$, $CIF%K%e!<%H%%NSOIKH?1~SN>\: Y SKSbOMSKS, " S[SHBASNE (PI2<SNYb(%6M%bk
%.1<NNOh$NCi$KS$"$k$3$HS,J, $+$k#B@M[$N%3%"$SNL)EY$QADRIEM® $G$"$k$,!"ES7?
E*$J ee $N;6MpCGLL@QHMLE3cm? $ISNSG!"%K%e!<%H%j%NSNI?6Q<+MIATH axSSN
%*1<%@!<$H$IS|!"B@M[SNHF7B 10'°cm) $h$j$b$O$k$+SKDISS#S=$N$?$a$K%K%e!<%H%j%N
$08w; RSH$O0[$IFj!" % (%M%k%.!<$r<:$8&$3$HSI$/B@M[SN30$XF($2=P$9$3$H$,=PMh$kI#B@M[$+
$ISNYK%e!<%bH%|%NY%U%i%C%/%I$COLE$CH0 2s 1 $HB+@QShSisISkS=$7$F$33I
$IBNYK %e!<%H%|%N$OB@M[$+$iJ|=P$5$I$kA4%(%M%k%. |23 SHBNEASNSKI# 1= 3.1
$KBFH?1~$+$i$/$kB@M[%K %be!<%H%j%NSNYU%i%C%/%9Sr<($9!4#

$=$1$>$I$N chain $+$iMh$kB@M[%K%e!<%H%j%N%U%i%C%/%ISN7W;;$0!"B@M[FbItSK$S*$S1SKN.
BNNO3X0J30$K$bB@M[29EY!"85AG$NBS:_Hfl"3KH?1~N(SN$h$&$I%U%!%/%?1<$K:818&$5$ISk!#

2/ 3.3 $KB@M[%K%e!<%H%j%NSNY(%M%K%b.!<%9%Z %/%HY%ok$r<($91# $3SISISNMMIISIZKH?1~$+$i
@8$8$kYK%e!<%HY% %NSNCISG!"%91<%QI<%+%_%*%+%s%G$GAQB, SNBP>]$SHSISKB@M[%K%e!<%HYo%

 He $NA4B+G{%(%M%k% 2<FDSN%K%be!<%H%|%NS, CASEBRBEYS?$iB ve =2 SNY%(%6M%kK%.I<$r;}$DI#$7
$7$,$CSFB@M[$N%K%_%N%7ROFYB:8r 10% erg s 11" “He $NB+G{%(%M%k%.Bfe ' 28 MeV!I"B@M[$+
$iICO5e$"$GSNSWNUSr 1:5 10 cm $H$7SF = L=(4d? (Bue=2))' 6 10° cm 2s ! $H8+@Q$bSi
SISk
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| )p+p! D+e* + o | @Qp+te +p! D+ ]

(99.75%) | | (0.25%)
b
D+p! 3He+
|
b b b
3He + 3He! +2p SHe + 4He! 7Be + | (5)°He+p! *He+e' + . |
(p-p | : 86%) | (0.00002%)
‘? \?
| ®Be+e ! 7Li+ . | ‘Be+p! 8B+
b b
Li+p ! 2 [ (4)®B1 %Be +e' + ,
(p-p I1: 14%)
b
8Be | 2

(p-p 1l : 0.015%)
?7 3.1: pp-chain

e+
Y <E ,>=0.707MeV

P

|

¥
He*
)\ \ /
om Y <E ,>=0.997MeV [O7]
/ /Kv
v <E ,>=0.999MeV

?7 3.2: CNO cycle.
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chain H?1~ | CO>e$GEN%U%I%QUISs 1) |

pp 597 10%

pep 1:41 10

pp hep 7:90 10°
Be 507 10°

8B 594 10°

13N Jx2u 2:88 10°

CNO cycle | 150 Jx2u 215 10°
7E Jx2u 582 1C°

I= 3.1: MMI9$J3KH?1~$+$i$/$kB@M[%K%e!<%H%j%NSN Y% (BRBOSEES))

$0!"<g$K®B $+3$i@8$8$k%0K%e!<%HYj%NSGS $k!#$S=$NMIMIBHPA$k$HEB $Hhep $h
$j%(%M%k%.!<$,DcSSSHS3SMSK%69%Z %/%HYok$r; }$D%K Yoe! <V HIRANSRASES Sk, "

%A% '%I|%s%3%UBWSNAUCVSGSOAMBWNLS,>/$I$9$. SFSHSIS(SKINS, Fq$7$$$7Sas oSk #$1$?
$+SISNYKYe!<%HY%|%NSKSDSSEBEIBISN YK Yoe ! <%HY%j%NSKHIS7SF%U%I%C%/%9$, tH$+$K>/
SISSENSG!"$35I$b40QB,$,: SFqSG$"Sk!#

SK-I1l $N2r@OogCMibeV $@$,!"$3$I$0?eAe301t$+$iSNY%,%s% " @FRP $dPMT %,%i
%9EY$KA S $ISkI|<M@-85%ERa SNL<3K$GS$"$R*Bi SN Y!<%62Ix22" 3.4) $K$Sh$k96P%CY%/%0
%i%&8%5%I$,010xSHSISCIFSSERMBI SN%Y1<%?2Ix2uRD =3.27MeV $G$"$j!"%(%M%k%.!<
J,2rG=$bIM$($k$SHMeV 1U6a$"$G"z$_=P$9$3$HS,J, $+SCF$SSk!#$"$2!"0I>e$0%&%i%Ss7ONS
$G$"$kS, I"%H%|%8% 7TONSSKAXS7EETh SNL<BKSGS"FRETI SN Y!1<%2Ix2u$d%, %s% Ix2u
$+SISNEE;R!"%,%s% @ =5.00MeV) $,%P%C%/%0%i%&%s%I$SKSISkI#$3ENS?$a%i%I|%sF 1Dj
($5$iSKSO=[50 $,%69!<%Q!<%+%_%*%+%s%G8!=P40$K$h$kB@M[%K%e!<%H%|%N4QB, $KSHSCSF$SO=E
MW$JILABjSH$ISK!#

3.1.2 M-8zBN@QFbIt5/8;$N%P%C%/%0%i%&%s %l

27 3.5$KSK-111 $NM-8zBN@QFb$G!"B@M[%K%e!<%H%j%NAQB, SNY%(MIBRIENIKO
$*$15K%$%Y %s%HH/@8>I=i$rE, EVSI%0%RRTIN 6% Co%ISNBN @ QP SRI$ASFI6W%mY%6CUHS7
$PSOSNSr<($IHF127$GIR,Z $0$=$I$>$I SK 2eAe$SNCI24$+$iB,$CS?FOTM]"9b$5 [m] $r

I=$01#

M $N1&C<SK%9%1!<%k$r<($7$7$, " $3$3$G3F?'$0%$%Y Yosypiftitsdeldy/grid) $KBP
1~$7SF$*$j"%6$%Y %s%HY%l!<%HS, 9b$$$[$1?' SNGHDI$, DIS/"SUSKDCSSS[$IGHDIS, C;$/$I$k$h
SESKIASSSFS SKI#

F12°$GB&It!"DIItSK%$%Y %s%HS, B2$$MIM3SQISBISG=R$Y $7$h$&IBK $G$OD6=C?€$,

30 70ton/hour $G=[4D$7SF$SSKS, " $=$ISK2CH(?eAcFb$SKSO29EY8{G[$,$"$k$?SaBKIT
6aK5$GBPN.$, @8$8SF$$Sk$?$a$CS " $SKI#SDS $j$=SNBPN. SKBMT S $iM/$-=P$9%i%8%&

% $d%H%[%68&% Ey$NL<3K$,F1?"$NDIIt6ak5$"$G4,$->e$23iSISFS7$/$8$7$a$GS $kI#$ $?!"$h
$iBg$-$J2€05$KBQS(SiSISk$hSESK 2e AeSNB& It DIISKSO> tSKHISYSF8|TRP $rMQSSSF
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1011% BPS(GS98) 2008
E PP =>| £0.5% Neutrino Spectrum (+10)
1010E
o[ "Be—> |£5.8%
10 E
:13Nﬁ+15% ,,"——_,—-:‘V~\
108 -14%_ - 7 1-- \ N
_ - - \
1;’ ’1&7’ ] peil)eil‘.l%
< T+ %
1()7 0= 15% | |I
e L
- - |
6L 17p—> *19% -=" N *B—>+11.3%
10 -1ve - 7 1 \
-7 |
S “Be —> L+
10 +5.8% //
I
10* '
|
|
103 : hep >+15.5%
|
10? bl
/I/
1 /
10 1 1 1 1 I 1 1
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Neutrino Energy in MeV

27 3.3: B@M[%K%e!<%H%j%NSNY(%6M%bk%. | <YBEE %/%HY%ok
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U chain

226 * o * 18 - Mevuzm P 214 P 214 7 Mevazm
Ra— “Rh—> “"Po — Pb > “"Bi—> “""Po — Pb
1600y 3.824d 3.10m 26.8m 19.9m 164.3p
Th chain
228 * 2o ® 220 * 216 SRNENE p
Th — Ra - “"Rn—>"Po0o — Pb —
1.912y 3.66d 55.65 0.145s 10.64h
212 " 212 - Mevazos
Bi —> **Po — *Pb  (36%)
60.55m 299ns
212 6'Wlevmzos By 208
Bi — Tl — ®pp (64%)
60.55m 3.053m

27 3.4: >e3$,%8&%i%s7ONS$G2<$,%H%j%&% 7ONs$G$"$k$, I" 3FLPOUSN>e$KIX2uSN<oN $HS=$N%5(
%M%Kk%.!<!"2<$KH>8:4|$r<($9!4#9%(%M%k%.!<$KSDS$SF$O:#25$NB, Dj$KAX78$,$"SkSbSNS@$1$r
<($911%H%[% &% 7ONs$KSDSEERFBIOBNIX2U%b!<%I$SKShSCHEPD $K;j$k7P0O)$,0[$ISkSN
$GI"$=$I$>$ISN7PO)Sr$=$NIx2uJ AtHISHSHSbSK<($7$?1#

$"$kSNSG!"$=$NJIFRP Fb$NJI|<M@-F10LBNNL$bB?$$$,!"M-8zBN@QFb$K%_%9%U%#6C%HS5SISk
%$%Y%s%H$,$=$I$KHFNCcSI$k$?$a$C$"SkSHIMSB($i$Ik!#

0J>e$N$3$H$,$"$k$?$al" DcYb(%6M%k%.I<:(>F.5MeV 0J29) $N2r@O$K$M? < 180n¥,

7:5m < Z < 16:1m $N13,300n% $N$_$r;HMQS7$F$$$kS,!"$3SNA*$SsS@NNOh$SKSO$ " $@%PY%C%/
%0%i%&%s%I$,B8:_ $ISKkENS,J, $+SkI#$3SNY%P%C%/%0%i%E&%s%I$NBEOXSrCSSkENS, " K\S&SFSNL\
E*$G$"$k!#

$3$N%PY%C%/%0%i%8&%s%I$SN@5BN$HS7$FEV=iM-NO;k$5$I$SF$SSTENSORIGES O$d
$0$j8!1=P40$NJI:]$G @8$8$?%$%Y %s%HS@$,%P!<%F%CY%/%ISNY%_%9%U%H6CY%HINS?$a$KM-8zBN@Q
$G @8$8$7$h$&$K8+H(SFSSSkSHS$$&2DG=@-$G$"$k'#$b$&0I$DS$O 7€ CISK MEREPS7$?
224Th $,M-8zBN@QFb$GJIx2u$7>e=R$7$?$h$&$I%i%I%s0J9_$NH?1~$,M-82BN@QFb$G @8$8SF$$$k
$H$$$&2DG=@-$G$"$kI#K\O @I8$G$08e<T$N2DG=@-$r8!>Z$9$k$?$a$KM-8zBN@ QFbSN%i%8%&% G;
EYB,Dj$roT$C$?1#

$3$3$G2?78N?2eCISKMO$1=P$7$7%i%|%s<+BN$O5/8;SNBuIdSK$ISiSISSSNS+SHS$S&S3SHSr@bL@
$7$F$*$/1# SK 2eAeFbSN?2eSNN.$I$0?e29%rB, Dj$9$k$S3SHIK$h$j%b%K % 21<$GS-$k$, 1" 29EYJ,
I[$+3i Z. 10M$NDIItSGSOBPN.$,$"$kS,!"$=$I$h$j>e$GSOAXREKSISCSF$SSk$3ISHS,CN
SISISFSSSk (27 3.6)1#2eAeFbSN?eSNN.$ISrMI2r$osk$?$asK!" 2e$N=[4D$r;_$a$?>19g$K$ISN
$h$&SIN. SIS, @8$8Sk$+$r;n83$7$21#S=SN7Kk2L!"JI:]$GSPMT $ISISNG.$K$h$jCHSa$i$ISk
$?%aZ <4@5J}8~SNN.SISKSISCHF$*$j"5USK ?2eAeSNCFL{IUaSGSMII}8~SNN.SISKSISCHF

2$3$33GSOAXSK$ISCS?N.$ISrBPN.SHENILS7TSFAXN.SHBF$sSCSS$K!#
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Events/day/grid

n 1 | |
80 100 120 140 160 180 200 220
RZ[m?]

27 3.5: SK-1ll M-8zBN@D $NJI$+$i 2m 0J>eN%$I$?NNOh$GI61m < Z < 161m, R
< 14:9m $GDj5A$5$ISK FhSNEMeV 0J>e$NY6$%Y %s%H bl <U6HIH2#<41"=D<4$0$ SHPShe
SNCI24$+$iB, $CS?FOTEN<+>J1"9b$5$GS"$kI#3F%0%j%CYISNBN@QSO$9$Y SFEYSE0HF

$GE"$k!#
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$SSKS3SHS, I, $+SCHFSSSKI#SISN; ~1"Cf1{IUBaSGSNAXN.B.EYS0%i%|%s$rF~$ISHKBBS]
0.72m/day $HB,Dj$53ISF$$$kI#$7$+$7DL>08K $G$0?2e$r=[4D$5$;$FSSSkINSG!"<B:]SNAX
N.B.EY$O0[$I$kI#$D$"$j"6qBNE*$KIEK $G$0?eAe$NDIIt$+$iD6=c?e$r6!5k$7!">elt$+$i7e
$rGS=P$7SF$$KI#$7$2$,SCSF!"2eAeCF1{IU6a$N=[4D?e$OFULHD 5J}8~SKN.$ISh$&SHSISK
$0$:$G$"$k!#<B:]I"=[4DB.EY$,Ls 35ton/hr $N;~$K$S®MT G.$K$h$kBPN.$H=[4D?e$NN.$I$,
D $j9g$CSF!"2eAeCI1{3N%i%|%s$,$=$N>I$GDdBZ$I$k$3$HS$,;n83$N7k2LJ,$+$CH?!1#8=:_$G$O
Ls 70ton/hr $G?e$r=[4D$5%:$F$$SkENSG!"?eAeCf1{lU6a$E@5J}8~$NAX(0.54m/day)
SKSISCIFSSEk
0J>e$N?2e$NN.$ISKAXSISKOM; I$KShSISB#2RN SNH>8:4|(3.824F|) $+$iOM$S($F!"CF1{IU
6a$N%$%Y %s%HY%| <ZokB@5J}8~$K8~$+$CHF; X 214X HE*$K8:>/$9$kJ, [$KSISk$0$:$@$,!"
2/ 3.5 $0$[$\0IMM$IJ, [$KSISCSFSSSKI#SISNSISHS0%i%I%s$,M-82ZBN@ QFb$NY%PY%C%/%0%i%&E %S
%I$N5/8;$G$0$I$$$ISHSr<($7SFSSSK!#
$7$7$,$CHFI">e=R$7$?2%P%C%/%0%i%&%s%I$,J|<M@-F10LBN5/8;$@$H2>Dj$9%k>I19g$0!" Ix2u
70Ns$K$*$$$#Bi $h$j>eN.$G$+$DH>8:4|$,==J,D9$F°Ra $,8uJd$HSISK %H%|%&% 7ONS
$N>I9g$OF1IMMSNSDO@$KEHEM $,Bh0ISuld) $3$HS,$0$+Sk!#

3.2 %i%8%&% G;EYB,Dj$N86M}

$3IN@a$GHO!"%i%8%&% G;EYB,DjSN3SMWSr@bL@$7$78e!"B,Dj7O$N3F%3%s%]!<%M%s%HSK$SDSS
SF@bL@$OSK!#

3.2.1 %i%8%&% B,Dj7O$NA4BN?"

21 3.7, 3.8, 3.9BK%i%8%&% B,Dj7OSNAABN?"$r<($9'#=i$a$KB,Dj70$r?e(2DBID $K@Z
$BXS(SF$*$/1#F 126G ?e$NN. SISO @ DSSLpOuSG<($53IBK2eAe$N%-%c%j% V%I <% 7%g%sYo[!<
%k$+$i  100ton $N?e$r5[$$>e$2$F!"8e=REIKNO « %+%i% $KDL$I#?e CIEKMOS1$F$S$K%0i
%8%8&% 9BYNI>e$,$3BI$GCj=P$GS$-$k!#<I$K7O0$r%nQ!<%EMQ.8) SK@Z$BXS($FNMNO
%+%i1% Fb$K%i%I1%s%U%j!<%(%"$rN.$7!"703r4%Ag$5%;Sk!#F1?"$GOUSSSNN.SI$O?e?'SNLpOU$SG
<($5$ISKIH#4%AY;~4VSOB, DiSKShS0[$I$]!"3 ;~4V$+$i 1 =54VDXEYSGS$"$kI#: G8e$K7O$r6uS$=[

ADMQ?" 3.9) SK@ZS$BXS($F!"7OFbSNEUSSSr=[4D$5$;$kI#F 12 $GOUSSSNN.$I$02e?' SNLPOUSG
<($53IBkI#S3BN:1$K%+%i% $+$iJ|=PF53I$k%i%1%s$r@EEEIa=877%i%I|%s8!=P40$G8!=P$Ik!#

G[41$0?e=[4ADM(P" 3.7) $K$SOFb7B inch $N1v2=%S%K!<%KBb=c?e;EMM6U5$=[4DMQ
(?" 3.9) $K$O0%9%F%s%I%941$rMQ$$$?1# 2/ $K<($5$I8k$h$&SK!" ?2e=[4DMQSH6U5$=[4DMQ$O% P %k
%VENS_ $C@Z$iBXS(SKS3SHS,=PMhSKI#$=$NMIM3$0$b$72e=[4DMQSHEUSS=[4DMQEHSNAVSG
%+%i% $rkh2s@Z$jN%$7$FO\FO$5$; SkEHSISkSH!"$=$N:]$K>0$K7030$+3$i$N%i%I%sENIx@WSN4m
81$,H<$&$?$a$G$"Sk!#

32007 G/ 5 7n 24 F|$K 9.2Bq $N ??Rn $r7eAeCf1{ ((X,Y,2)=(0.35m,-0.7m,9.45m)) $H%(%C%8IU6a
((X,Y,2)=(+12m,-0.7m,5.45m))  $KF~$I$?7<B83!#
4<B:]$K$0Z <4@.J,$@$1$G$O$I$/N"FO7BI}8~308~$-SNNGEB2m/day) $h$"$ki#
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?7 3.6: SK-11l ?7eAeFb$N?e298NJ,I[ (2007G/47n23F|)1#Z .  10m0J2<$NDIIt$G$OBP
N.$,$"$k$?$a$K?e29$03$[$\0IDj$HSISCIF$SSKEHOMS(SiIk!#
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Y
-®

MnOx
column

Flow Meter

SK tank

Water
Pump

VWater purification
system

2 3.7: %i%8%&% B,Dj7O$NAARRELA4DMIHG[AISKSOFD7E inch $N1v2=%S%K!<%26
=c?e;EMMBIMQ$$$?1#N . NL7WSGN.B.I" AMN. NLSHSb$KI6b%K %21 <$9$k$3$HS, 2D G=!#
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MnOx
column

Pressure
Gauge
M

Diaphragm
Pump

Drain

Flow
Meter

Rn-free air

Dewpoint

Rn
detector

Filter c

\J

®

27 3.8: %i%8%&% B,Dj7OSNALBKDN <%SMEG[41$K$SO307H/2 inch $N%9%F%s%I%941$rMQ
$$B?1#%i%1%s%U%j!<%(%"$O0%7%s%U%I%C%/%9%A%e!<%VSrDLSCSF7OFbSKF~$j!"%i%I|%s8!=P40$X
F~$kA0$K.5 m %U%#%k%?!<$rDLSKI#O*E@29EY7W!":9057W!"N.NL7W$G!"7OFb$N<>EY!"5$05!"

N.B.$,%b%K%?!<$GS-$k!#
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?
®

MnOx
column

Pressure Diaphragm ]
Gauge Pump Filter C)

Dewpoint

Rn
detector

27 3.9: %i%8%&% B,Dj7O$SNAABBIB$=[4DMB70$,IJD$8$F$$$k$3I$H0I30$0!"%Q!<%8MQSH
F1$8!#

3.2.2 MnO , %+%i%"

MnOy %+%i% $O%+%JBEONBE3$G:#2s$NB,DjSHFIMMSNL\E*SN$?$a$K3+H/$551$?!" %i
%8%&% Ja=8MQ%+%i% $(2FBI6+%i% FhSKIMNO , $G%3!<%F%#%s%0$551$7%S!<%:$,5M
S SCHF$*3jI"$=$33K?e CISKMOS1$F SISk %i%8%&% $,5[Ce$53I8k!#%S!<%:60MDRYBN5Se
>USNY"%/%]%K%S!<%:$GI"NOSXE*$SKAh>I$GI"2e$r$[$HSSSI5[<)$;$:"I|<M@-85AGSNIX@WEYS,
Dc$/I"HYN3:R$r@8%_$K$/$/1"$+$D%i%|%sSNI|=P8ZN($,9b$BHO , SOMNO » SHO[$IS${IT40
A4SK; @2=$5%;$k$3SHSKSS|F @ SiSISKIMNO » $h$i%i%I%s$NI|=P8ZN($,9b$$!# @53N$I2=3X
NLO@S,ITL@SISNGBO , $H5-$7SFSSSK!I#

%3!<%F%#%5%0$0I=LLSKI?9TSI4p="AXSHI=LLSKS[$T2BDH3 m $NY%H%2$+$iSISCIFSSSK
$3$H$,EE;R82Hy6 @$KSh$|3NG 5515 FHRR# 26 QE*$J% 3! <% F6#%6s% 0L JE¥BC0. 1gMn/m 2
$GH"Sk!I#$"$k%3!<%F%#%s%0$551$7%S!<%: SN%5%s%WI%HK$KBPS7!" J|[<M@-%P%C%/%0%i%&%s%1$0%2
%k%"%K%&% 8!=P40$K$h$k%,%s%"@HBj$B/g beads0J2<$G!"$+$29 14 ng Ul/g
beads0J2<$HB, Di$5$ISFS$SSH29] 45 $2%+%i% $rDL$I?eSNN.NRS, /min $rD6S($I$SBS;!"

%+%i% $+$1%i%8%&% $,N.$I=P$I$$$3SHSLFIMMSNY,%s%@~B,Dj$GJ, $2FBHF$SSK

%3!<%F%#%5%03$5%31$7%S!<%:$0B,Dj$N4V>03K%]%j%W%mM% T%I|%s @=%+%i% FbSK$"Sk!#%+%i% $N
FhItBN@Q$M50cn? $G!"$=$NC{$K700.0 0.2g$N%S!<%:$,F~$CSF$*$jl"$3$1$0$*$h$3:5¢
SNMn NLSKAJEVSOSK!#

I= 3.2 KSNO $GB,Dj$5$1$3?MNnOy %+%i% $N3F8ZN(SNCM$r<($91#$33NI=$G@kiction $O
%i1%8%&% $NCj=P8zN($G!"?eCIEKMOS$1IF$$Sk%i%8%&% 86;RP,%+%i% $K5[Ce$53I!"?2e$rN.$7=*
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air inlet high voltqge diyidgr ——
+ and amplifier circuit *
|-| | , I | |-|
| | y— \l y— | |

ceramic field through
acrylic plate

PIN photodiode

stainless steel
vessel

Volume:68.7liter

4— 350mm ——p

500mm ¢

A

?/ 3.10: @EEEJa=87?%i%I|%s8!=P40

$(SkP"$G%+%i% $K;DSCIF$SSKINN($HDj5AS5SIbkitation $O%i%I%sENI|=P8zN($G!"%i%I
%s86;R$MNO x $N%3!<%F%#%s%0$+$iF($I!"5$A]SKF~Sk3NN($SHDSASSSISK!#

Factor %6H%[%&% 7TONS  %&%i%s7ONS
extraction | 0.95 0.05 (?*Ra) | 0.95 0.05 ?°Ra)
emanation | 0.30 0.07 ??°Rn) | 0.75 0.10 (?°Rn)

1= 3.2: %+%i% $N3F8ZN(SNCM

3.2.3 @EEEJa=87?%i%I%s8!=P40

8=:_%9!<%Q!<%+%_%*%+%s%G$CMQ$$$i$ISF$$Sk @ EEEIa=877%i%0Res HNPLYSO
3+H/$5$1$? [30, 31, 32W%i%I%s8!=P$&F°Rn $NL<3K$r@EEEJa=8$7HHN %U%)%H%@%$%*!<
%I(PD) $G Jx2u$N%(%M%k%.!<$rB,Dj$9$k$3$HSGITSoFIFKRN SNL<3KSNOISDSGS $k%)]
%m%K%EHP0 86;R$NI0% 0J>e$, @5$KBSEES7SF$SSkS3ISHS, CNSiSISFEEIK>" 3.10$K
<($5$I$kDL$]!" @ EEEJa=872%i%I%s8!=P40$0%9%F%5%|%9 GEGAIEH8 35cm"8!=PM-
8zBN@6E3.7 $N1_E{7?$NMF40$GS$"$k!#

MF40$NDILL$H>eLL$ODL>0$NEES$SMO@\$G @\9g$5$ISFS$SSKI#S$2!"%P Y C%/%0%i%E& %Sl SrMAS(
$k$?$a$K!"MF40SNFhIISKSOEE2r8&Kas$, \$5$ISF$$$k!#8!=PItBO "%;%i%_%C%/@=%U%#!<
%1%9%Kk!<!1"%"%s%W%h%8%e!<%k!"9bEE05J,3d2s0)$+$i$ISCSF$*$jl"CF1{>eL LIt], $K<h$jlU$1
$iSISF$$SKI# PD SHMF40$0!"%;%i%_%C%/%U%H<%I1%9%kI<$HY%"%/%j%kHDSGEES$SE*$SK @d10$5$!
SFSSSKI#ISNODEEOY  1500V) $, PD $Np AX$K$+$1$i$IMF40$N<~JUIt), $G@\CO$I$kSISHSK
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27 3.11: %i%I1%sL<3K$+$iISNN3;RENES7?E*$I%QY%k¥88GHM%K%9. %% 9%Z %/ %H%kK

$h$|MF40FbSKEE>I$, :n$iSISko=BSSKSISCEFS$SKI#$3SNS?$aSK @SEE2YSrBSSSSFS$K%6i%1%SEN
L<3K<?8P0,21*Pb,2Bi) $r PD I=LL$K<}=8$G$-I'218P0,%16P0,214P0,212P0 $+$iSN  @~$N
%(%M%k%(&HIp$,B,Dj$5$ISk!#

PD $0O!"  @~8;$rJ[JLSISkSNSK==J,$3%(%M%k%.!<J,2rG=3r;}$C$F$*$j!"<B:]K\<B83$GMQ
$$$2%i%1%s8!=P40$N%(%M%k%.!<J,2rG=$0"" % (% NRAMIEY $GH>CMI}$,LE.5% $GS$"
$KIHES7 ?E*$I% QY%K %6 0BEYM %k %), 869%Z %/ % HY%KkSHS=$I$>SISN%7%0%I%k$K 3d$ EVEF$?%(%M
%k%.!<NNOh$r?3.11$K<($9'#%7%0%I%k$KSDS$SF$O%F ! <%k SN=E$I$$O$I$$SH2>Dj$7!"3F% (%M
%k%.1<NNOh$GSN%+%8&%SY%HSOALSF%7%0%I%kSHE+$IS7$?1#%8%i%s7ONsSNY%i%8%&% G;EY$rB,Dj$9
$k:I$KSO4pK\E*$SK$BP0 $+$iSN%7%0%I%k$rMQS$$?1# 52550 $NY6(%M%k%.!<NNOh$KSO
%P%C%/%0%i%&%s%I$,>/$I$/1" B>$N%7%0%I%kSHEN=ESIS| SRS IHI3S$7$F<)=882
N($,9b$$$+$i$G$"$k1#FIMMSNMIM3B$GY%HY%j%8&% 7ONs$N%i%8%&% G;EY$rB, BIEPBKSNSKSO
$+$IBNY7%0%I%KSMQSSS 214

9bEE05J,3d2s0)!'PD!"%"%s%W2s0)$0$=$I$>$1%b%8%e!<%k2=$5$I$F$*$j!"<h$j30$ 7$F4J
C1$K8r49$9%5k$3$HS,=PMh$k!#9bEE05J,3d2sPBBK5U%P%$%" " %IREMS0V) $re+$1$k
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$?7$aSNSbSNSG!"IbEEOSEES;AUCV$+3i6!5k$5$ISKEE0S5$rDq93J, 3abAREBHO AX$h$j$hobss
EE05$,$+$13i$ISkSh$&IKSISCSF STk #$=$&$9$k$3$HSG!"@EEEIa=8MQSNBPHEFNSHI6P
%$%"%9EE05$,F1;,~$KF1$8EES;$+$i6!5k$GC$-$k!#

3.2.4 8!=P40$N<>EYOMB8@-

>e$K=R$Y$?$h$&$RIZRN SNL<3K8P0 86;R$MD0%0J>e$, @5$KBSEES7SFSSSkS3SHS, CNSi
BISFSSSKIHS P @$76USSCISCHOPO" $O;@AGSHB(:B$KH?1~$78P00; $N>UBVSGBS:_$98k!#
$7$+$7$33ISIBNM[%$%*%s$O8!=P40Fb$KBS:_$9$k?2e>Xx5$$dB>SNMM!9$II*<ASKSh$CSFEESSE*SK
CfOB$5$ISF$7$"$&!#8e<T$KSDS$$SFEEIP00; $,$h$j%0$%*%s2=9%(%M%k%.!<SNDCc$$I*<ASH>W
FM$7$FEE;R$r$h$is&$+!"$b$7$/$0?2e>x5$$NI|<M@-J,2r$K$h$CSF@8@ . $5$I$KEL @b
$ISNI1%$%*%s$H7kIg$I$k$3SHSKShS|CTOBSESISkSHIMS(SiSISK!#$=$7$F$3SISISNCFOB8=>]$0
L@$i$+$K@EEEJa=83NJa=8$N8zN($K1F6ASr5Z$\$9!#

%i%I%s8!=P40$N3S@5Q2F) $r

%+%8&%Ss%HY% | fithts=day]
%i%I%sG;EfmBg=m?3]
$GDj5A$9SkSHS-1214Po $N3S@5Dj?t$N<>EYOMBS @ BIPINSh$&SK$ISB 1] #2#<4$, @dBP
<>EY!"=D<4$,3S@5Dj?t$GC$Bk<>EYOMB8@-$0@ABP<>EY$, $tBHm3 $h$DcSSSHS3SmM
$G82CxX$K$ISKI#5USKS*$hsg/m 3 $h$j9bSSNNOhSGSOS[S\0IDj$HSISKI#$3SNB, Dj;~SKF @i
$1$23S@5Dj?t$NI?6QCM$SO@dBPC:B8GMS $N$HS-$KR.2 0.2 (counts/day)/(mBg/m 3)
$G!"@dBP<>EY$]g/m° $N$H$-$0.86 0.06 (counts/day)/(mBg/m 3) $G$"$C$731]#

CF [(counts=day)=(mBg=m?3)] (3.6)

325  %GI<%?<}=8%7%9%F%"

%i%)]%s8!=P40$+$iSN%7%0%JYdEID % 1<%V %k$Sr7P$F%"%s%W%b % RM42)%HE A}
$53I$k1#C<;RBf TNS-6855B $r7P$?8e!"PIC ADC LPC-320910 (10bit) $GAD JQ49$53I$F
LINUX %0!<%/%9%F!<%7%g%s$X$SHAWSj9~$ SISk !#

$3$NADC $G8+$($SkE57?E*$38P0 $NIx2u (6.0MeV) $N%7%0%I%kBAS$K<($HGH
7A$r8+$3$,$i:G=*E*$K%H%]%, <%I% Y YakSDN VI"%5 %S %W %] %S % 0<~G HIaKIBZ! " %i%| %s
%G1<%?$N;~4VAKSNIB000%S%S6HY%j%, 1<AB,000%S%s!"86,000% S SHS7$ 214

A4EE2YSHY%Q%k%99bSO2? FEEEN % (%0 M%k%. |<SKHINCSISKS,!" FLIOLBNSN<1LILIKSO!"%T!<
%/$,$h$j%/%j%"$G$" SkSHSSSEMIMI$G%QY0k%I9bSrMQSSSkSISHSKS7$21#$7$2!"%Q%k%69IbSHS 7$F
$0I"0"B3$9$KI0 %SUAOMHZ $ISNSQA s AJEV) $N%Q%k%9I9bSNI?6QCMSro%HYE|Th, 5B
$i%H%j%,!<880 S(A4It$G 3,600%SPS$ $GAASF7W;;$7!"$=$NCI$G:GBgCM$r5asal"$5$isK$=
$3$+3$i1%2%G%9%?%k$r:9$C0z$$$?$bSNSrY%Qok%99b$SHS7SFMQSSSKSISHIKS7$214%Z% G % 9% 2%k SHS7
$F$0?/3.13$G<($7$7$h$&SK%6HY%|%, 148040 SSNCMIrMQSS$?!#

S2AENCI$K3 <ON'$N%G!I<%?E@$,$"$j!"5-9f$GBhILSSSISF$$$KS, " $331$i$O<B:1$K3S@5Dj?t$N<>EYOMBB@-$,
B,Dj$5$I1$?:]SN<>EYSN@)8fK!$13 DL$j;n$7!"7k2L$,$=$I$iSN@)BfKI$SKSOOM$i$I$$$3SHSr3INS+$a$?$3$HSKBP 1~
$7$F$*$jI" #SNSDO@IKSOFCEKIFEAS, $I$$!#
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21 3.12: %i%I1%s8!=P40$N3S@5Dj?t$N<>E Y ONBR@EE05$TH00V)

3.3 %i%8%&% G;EYB,Dj$N<j=g

$3SN@a$G$O!"<B:]$KITS0$I$?%i%8%&% B, Di$N<j=g$SKSDSSSF @bL @SSk #

@h$:1I"SK 2eAe$N?2e$r%+%i% $KN.$9A0SK!"%i%8%&% B, Dj7O$r6usKSA BISK @ Z$j
BXS$(SF$*SSSFI"%P%CY%/%0%i%E&%S%I|%i%s$r==J,9TSC$?!#

<I$K%i%8%&% B, Dj70$r2e=[4IMG.7) SK@Z$|BX$($?8e!"F17eAe@N13m,R=11m $N
COE®+$i7e$r:N<h$7$?1#4|4V$CR008G/ 1 7n 9 F|$+$iF1G/F17n15 F|$"$G!"$=$NAVSO?e$N
N.NL$,%M%C%H%0!<%/7PM3$G>0$K%b%K %21 <$G$-SkShS&SKABMHN . BCHOS,=[4D$7
SF$S$KAVE[S\0IDISCS SCHP1#: G=*E*$I2eSNAMN.NLEOBNE $G$"$C$?14=[4D$,=*$0$C$?8e!"
%+%i% $ra%Ag$5S;$k$?$a$K70$r%QITHEBIR) SK@Z$BX$(!"7OFbSK%i%I%s%U%jI<%(%"$r
N.$7$21#%:i%I%s%U%j!<%(%"$ON.NDHmin DXEY$KDA@a$7$21#

3.3.1 Runl

$3$N8E3 ;~4V%Q!<%8$rB3$1$?7$,!"$3$N30 I, $KOIE Y %I1%I%$%s$r3+IDS$7$F!"7OFb$K; D$SC
$F$SSk?2eSr30$KGS=P$7$?1#$33$3$G!"4%Ag;~BVSVSHC,;$/$7$FSSSkENSO! " %H%j%8&% 7ONS
(?" 3.4) $N%i%8%&F'Ra SNH>8:4|$, 3.66 F|$HC; $$$?%a!l"Cj=P$7$?>*Ra $NG;EYSrE}7TWE*

6X,Y :BI8$O$=$I$>$l X=10.958m,Y= 0.707mi#
" %+%i% $NBe$o$i$KY%PY%IBEBHT 158 inch SN1v2=%S%KI<WKADLS7$?>19g$0 30 /min $G$"$C$?14$3
SNS3SHS+$i%+%i% $,Bg$-$IG[41Dq93$r$bSDS3SHS, I, $+$k!#

38



450 T T T T T

400 | ]

Volt (mV)

350 | -

>0 Pedestal AR U

0O i T T e L S

-50 -40 -30 -20 -10 0 10
Time (1rs)

21 3.13: 218pg $NJIx2u (6.0MeV) $NE57?E*$J%7%0%J%k!#%Z%G%9%?%k$KMQ$$$?NNOh$rE@ @~$H
LpOu$G<($9!#
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$K==J,$)@:EY$G8+@Q$b$k$?$a$K$SO=PMh$kS@$1B.$d$+$K%i%I%s8!I=P$SKO\ITSISKI, MWS,$"$k$?
$a$GSH"$ki#

<ISK70$r%Q!<%8MQ$+$i6US$=[4ADMR9) SK@Z${BXS($F!"N.NLS.0'/min $KD4@a$7$?
$,I" 3:~4VSN%QI<%8$@$1SGSO4%AgS, B-$i$I$+$CS?$2%al"N.NL7WS$K?e$,2;F~$7N.NLS$, 0BDj$;
$:1"$7$PSiS/7PSDSHN.NL7WSNL\@9S$, 7°/min $NAVSr26F0$9SkShS&SKSISCS2IHSISNAV Y]
%s%WSNOSNDOABMPa$GOID$GS $CH?1#

%i%1%sB, DiSOS[$\0I7n$K$0$2$iB3$1$i$I$?2$, 1" $3SNB, Dj$roJ8eRuUN1 SHBFSVIH#

3.3.2 Run2

Run1 $K0z$-B3$$SFI2 7n 18 FISK70$r9%6Q!<%8MQSK @Z$iBXS(SF!"$3$3$CROFIFISG
SNOI=54VSKS0$2$06+%i% $ra%Ag$5$:$?1#4%AgSRAVEGHF IMMSK!"N.NLSD /min DXEY
$KDA@a$7$21H

<I$K70$r6U5$=[4ADMQSK @Z$BXS$("%i%I|%SB, Dj$r:F3+$7$?1#$3$ FHBHLSHF LIMMSK!"%%i
%I1%5%U%j!<%(%"$SNN.NLBTMINn $KDA@a$7$2$, " #EY$0==] $K70$,4%Ag$7$F$$Sk$?$al"N.
NL$SOOIDj$G$"$C$1#

%i%1%sB, Dj$0:F$S$[$\017n$K$0$?$B3$1$i$I$?$,!" $3$NB, Dj$roI8eRUN2 SHEFSVIH

3.3.3 Run3

Runl $N;~4V%9%Z%/%f?968.15) SOMIO @6J@~3$+3i>/$7F: SISFSSSK!#S3ENB60XxSrC58k$?$a
$K!"47n1 F|$KB,Dj$rCfCG$7SF!"%j!<%/%F%9%HIroTSCS?1#$=373$F<B:]$K%9%F%s%I%941$H1v
2=9%S%K!<%k4I$SN @\9gIBZL=j!"6u5SMQ%]%s%WSN=PS}HIREI=j$N7\8 2U=j$G %! <%/$,
8+3DS+ICH?!#%:j!<%/%F%9%HSO703r%Q!<%8MQIK@Z$BXS($78e!"%U%mM%s%,%9%r7 O$SKN.$9$3SHSK
ShSjOTSOSIS?1#S=$7$F %! <U/E @$r%"%i%k% @ %$%HSCISSESISHKShS=SMISroTSCS?1#$3$N:]6u
58MQ%]%s%W$G8:05$75I%,5i9TSS!" %" %i%k% @ %$%HENH0I$S, $h$j40A4SKSISkSh$&SKS75?1#
%:i!<%/$r=3M}$7=*$0$k$H!"0IC670OFbSronQ!<%8$7$?78e$K!"%i%I%sB,Dj$r:F3+$7$?!1#$3310J
9 $NB,Dj$r0J8eRun3 $HBF$V!#
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27 3.14: 214Po $N;~4V%9%Z %/ Yof985/6 CY%/%0%i%&%S5Y61%i%s

3.4 2r@0%$*$h$S7k2L

$3N@a$GHO!"F@$i$I$?%GC!<%?SN2r@O<jK!" $*$h$S7k2LSKSDSSSFSNIM; ISr=R$Y $k!#

3.4.1 %&%i%s7ONs$NY%9%Z%/%H%k

%P%C%/%0%i%&%s%IRiE!" Run2!" Run3 $NB,Dj$GF@$i$I$314P0o(%&%i%s7QNN
~AV%9%Z%/%HY%KSr$=$I$>B 21, 3.15, 3.16, 3.1BK<($9#2#<4$0%Q!<%88e$KB,Dj70$r?e
=[4DMQS$K@Z$iBX$($?;~E@$+$iSN7P2aF |2t!"=D<4$00IF|Kh$K8!=PEESBBN;v>] 2t$GS$"
$KI#3F%GI<%?E @$KSD$1$?7=D<4J}8~$N8mM:9$OE}7W8mM:9$N$_$G!" 7OE}8M:9$04" S SISFS$SIS$!#
27 3.15$K$B <oN"$N%U%#6C%HEI@~$,IAS-9~$s$GS"$kS, I" $3$ISKSDSSSF$08e$G @bL @$I$k!#
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72/ 3.16: 214Po $N;~4V%9%Z%/%ufBHk?eAe?e$NRa G;EYB,DjRun2)
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2/ 3.18: 212P0 $N;~4V%9%Z %/ Yof985/6 CY%/%0%i%&%5Y61%i%s

3.4.2  9%H%j%&% 7ONs$N%9%Z%/%H%k

%P%C%/%0%i%&%s%IRiME!" Run2 $NB,Dj$GF@3$i$I$212P0(%H%j%&% 7\0hi; ~4V %9
%Z%/%H%KSr$=$I$>$3718, 3.19, 3.2K<($P1#24#<4$0%Q!<%88e$KB,Dj70$r?e=[4DMQSK@Z
$iBX$($?;~E@$+SiSN7P2aF|?t!"=D<4$00IF|Kh$K8!=P$5$RBP0 $N;v>]2t$G$ " SkI#3F%G!<
%?E@$KSD$1$?7=D<4J}8~SN8mM:9SOE}7W8mM:9$N$S_$G!"70E}8m:9$04"$"SISF RIS KA
$-9~$"$1$? 3 <oN"SN%U%#6C%HBI@~$KSD$$SF$08e$G@bL@ SISk #

3.43 2 2sL\$N%Q!<%83+;08e$NO*E@29EY$N;~4VIQFO

27 3.21$K2 2sL\$N%Q!<%RUNL $HRUN2 $N4Y 3+;0D>8e$+$iSNO*E@29E Y$N; ~4VIQFOSNMM
R$I<($OMH2#<4$07P2aF|2t$G$"$k$, "3 F|8eJUSi$+$i5 7cSKO*E@29E Y $,2<$, $jl" =[4D$9$k

896H%j%&% 7TONs$G$O8e=R$ISkSREEBHBNH>8:4(3.66 F|) $,C;$$INSG!"%+%i% $G:N<h$78?Ra $0O
Runl( 30 F[4V) $NAVSKAASFIX2uSTSFS7$ " $&SHIMS(SISISk!#$7$2$, FRGF2 $G$G?8 Th $+$iISNYPY%CY%/%0%i
%&%5%I$,B,Dj$5$ISk$3SHIK SISk !4
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2/ 3.19: 212Po $N;~4V%9%Z%/YofBHk?eAe?e$NRa G;EYB,DjRun1)
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2/ 3.20: 212Po $N;~4V%9%Z%/YofBHk?eAe?e$NRa G;EYB,DjRun2)
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21 3.21: 22sL\$N%Q!<%83+;0D>8e$+$iSNO*E@29EY$N;~4RIQER#;O;~$rE@ @~$C<($9'#

6uU5$$,4%A0$7,0$a8k$N$,J, $+BkI#S3SIFRUNT $G7OFbSK: . F~$7$F$$$7?eE)$,$3$N;~E@$GA2
$/AASF>XH/$7$?7$?$a$K6uS5$$,KOOB>X5$058rN%$I$?$7$a$C S " SkSHIMS(SisISk!#

$"$?!" Run2 3+;0;~ (7 FIL\ ) $K$O0IC62<$,$C$?O*E@29EY$,$"$?>e>:$7;0%a$k!# $3$I$OG[
4IFb$K$DSS$FS$Sk7ed,$,<h$j$-$ISFSSSISF35]"0?7$$$0%Q!<%BSKMQSS$k%i%1%s%U%j!<%(%"
$SKHy>.$J?P$,4"$"SISFS*$j!"$=$ISIEN?P$,C_$($F$$Sk?e],$,!"<>EY$,DcS$SHSISMSGSO6USS
Ci$K2rJ|$53I18k$?$a$G$"$k[36]"$I$I$S$/SD$+IN2DG=@-$, 9IMS($iSISk!#
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344 2r@O<K!

OIHLSNJIX2u7ON¢; ! No! Na'! N; ! SrOM$(SKI#$3$3SAN; $Oi HVL\SNF10L
BNSNSD2t$ri=$9$HSOSKI#SISNSHS-"BF $N:~4VIQ2=$0
dN
d—tl = Ng (3.7)
dN; .
d—tI: i 1Ni 1 Ny (i> 1) (3.8)

$K=>$&1#$3$3$G $O HVL\SNFLOLBNSNIX2uDj?t$HEF$PSISk!#=156VL\SNF1OLBNS@$1$,B8
._$7SF$$S?$HSISKN 1(0) 6 0;N;(0) = 0(i > 1)) $H!"~4V t $,7P$C$?8e!l HVL\SNF1OLBNSN
8D2t$0>e$NO"N)JI}DX<0$r2r$$$F

N1(0) X o it Y K

Ni(t) = —= j . (3.9)
I k=1 kej <
$H5a$"$k!#
$33I$h$j | HVL\SNF1O0LBN$NS$"$k;~4VeHth; te | Fb$K$*$1$kIx2u?d; $O
Z te Xl YI K
di(tg;te) = iNidt = N1(0) (e '8 e 1F) - (3.10)
ts j=1 k=1:kg] K 1

$SH=0$13k!#<B:]$K8!=P$53$I$k%$% Y %s%H?tENA BT COB3SISKB!=P8zN(; $r>h$8$?$bSNSK
$ISKI#PEBISK!I"F1$8;~4V6hOh[tg ; te ] FO$G<B:]$K8!I=P$5$I$?%$% Y %sY%H?E$ISk$H!"0J
2<$N$h$&SKHVL\SNF1O0LBNSKBP$7$FL EY4X?t$,DjSA$GS-$k

Y miene Miteite) e ite)
li(tg; te)!

$3$3$G!" @QSOALSFSN;~4\VIBBUKS 7SFSHEKIHS=S7SFSISNL EYAX2tS$,: GBgSKBIER) $r
C5$9$3$HSKSh$j!"%U%#bCIHSr5aSask3ISHS, SGS-$k!#

Li (3.11)

3.45  %9%Z%/%H%k$N2r<a
%&%i%s70ONs

>e$N5DO@$GSO=i$a$KB8:_$7$F$$$?$H2>Dj$5$I$F$SSKFIDEBNEN  SN$) $G$"$k!#
$7$+$7<B:]$NB,Dj$G$0%&%i%s7ONs$KAXF7HREGH??2Rn $N2 $DSNF10LBNS,=i$a$+$iB8

. $TSFSSSKSHIMSB(SiBISk#$=$3$G<B:]$K$O!"$3$I$2 SDSNF10LBN$+$i$NPo %6$%Y%s%H?t
$XSNASM2SrFHN)SK7W;;$71"$=$I$>$I$rB-$7>e$2$2$bSNSr>eSNAQPHS 7I"L EYAX?t$,:GBg
$K$ISK2 SDSNN 1 (0)($D$"$j NRa(0); NRn (0)) $rF1;~$K5a$a$?1#$3$3$G!"L EYAX2t$rDj5AS9
$k:]SN;~4V%S%sSN(eSN<0$G  tg) $O3;~4VSHS7$?1#7/3.15$K$0!"226Ra $H?2?Rn $N
$=3I$>$I$+$iSNASM2$SHS=3I$i$rB-$7>$2$?SbSNBNON " SN%U%#6CUHEI@~$,IASSSFS " Sk!# 21

°0J2<$N2r@0$G$0%S%&fRa SNH>8:4|(3.66 F|) $h$j==J,C;$$$,!I"3F%S%sSK$*$1$k%+%&%s%H?tS,%<%mSK
$J$i$ISSDXEY SKSODISSH; ~4VSHIT SHVSHS7$ 21
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$N<B@~$,B-$7>e$2$?7$bSNSG!";~4V$,7P2a$9$kSKSDSIS=$N<B@~$K<}B+$ISkE @ @~$,70$r%Q!<%8
MQ$+$i6u5$=[4DMQIK@Z$|BX$($?D>8e$KB8:_$7EREES+$iSNAsM?$GI"5USK8: 2j$7$F%<
%m$K<}B+$ISKE @ @~$,70%$r%Q!<%8MQ$+$i6u5$=[4ADMQIK @ Z$BX$($?D>8eSRBRNS7SF$$$?
$+$iISNASM?$G$"$ki#<B@~$,J?$iSKSIS " B>SNE @ @~$,<}B+$9SkERIRaIS+$i 214P0 $7$G
$N$ISYSFSNFLOLBNS,I|<MI?9USK C#$ISkSISHSrOUL#$ISKI#MIO @ >e$0J|<MI?9USK CHSISKSNSK
226Ra $N>I9g$AL0 F|0J>e$+$+$k$S3SHS,J, $+Bk!#

=i$a$K 222Rn $N4sM?$r1=$96J @~SNOUL#$r2r<a$9$kHRN $OH>8:4|$, 3.824F|$G$"$j!"
6J@~$0 222'($3$3$G 220 $O???Rn $NIx2uDj?h) SKHINCSISKIA=0 $K$*$1$k$3EN6I@~SNCM
$0!"3F Run $roT$&A0SKSISNDXE Y %i%I%s$,70Fb$+3$i%Q!<%8$53152$+$rH?1 GETEF Sk

<I$K 226Ra $N4SM?$KSDS$SSFSO!" 2e$+$iCi=P$7$2J,$@$1$G$I$/N" 1v2=%S%K!<%k4I$d%9%F%s
%I1%9411"%S!1<%:'MNO , $N%3!<%F%#%S%0"%+%i% I"81=P40$SNB&LLSISI"7OFbSNIX@WS+$i$/
$kSbSNSbANS SISFSSSKI#S 7S +$71"8e<TINASM2$0%PY%CY%/%0%i%E&Y%s%|%i%s$GB, Di$5$I$7%i%8%&
% G;EY$r:9$C0z$/$3$HSK$h$j<h$j=|$/$3$H$,2DG=3$G3$"$Ra IN6I@~FD e 222! $K$
$\HfNc$I$k!#

$1$2273.16 $K$O!"%U%#6C%HB6I@~$OIAS-9~$ SISFS$$ SIS # SBPHRBMP3.21 $+$iJ,
$+SkShS&SK!";~4VSHBE&SK %i%1%s8!=P40$N8!=PERY $,JQF0$9$k$?$al">e$NIV2r@O<jK!I\W
$G<($7$?2$h$&$I<j=gSK=>$CSF%U%#CY%HIr$OSkENS, :SFq$IS?SaRBR SRI#4V%9%Z %6/
%H%kFUNL SNSHSOO0[$I$j"=i$a$K %+%&%s%HYII<%HS,0b$/";~4V$, 7PSDSKSDSISF!" I 2?6 QE*
$KSODC2<$7SFSSS/SNS,8+SF<hSISkI#S3SIRON2 $N3+;0D>8e$K$O7OFbSN<>EY$,==J,Dc$$$?
$a$K!"%i%|%s81=P40$N8I=P8ZKLF) $,7" 3.12$K<($55I$k$h$&SKIbS/SISKF1 2" $h$j:GBg
$G%U%!%/%2BXEYJIQ$0$16?$a$GS " SkSHIMS(SiSISk!#$$?!" | <MI?9U;~$NY%+%&%s%H%I <
%HS$,0[$IBKENSO%j!<%/$,01$DSNS60XSHS7SFIMS(SiBISk!#%+%i% 3S@5<B83SN@a$G%ij!<%/0J30
$N8BOXSKSDSSSFIM;I$O$k!I#

%j1<%/=$M}AOSNY%$%Y %Y HUPEB ) SHY6j!<%/=$M}BeSN%$%Y Yos%HYANB4LY ) $H
$rHF3SSISKSH!"%j!<%/=$SMIAOSNJI}S, %$%Y %s%H%II<%HS,9b$+$CS?$3$HS, J, $3-SEFBY
$kSH!"%GI<%?E@$0JI|<MI?9USK C#SISkSHS3SMSG%U%#H6CY%HEI@~$h$j60$+$KIb$SI}$X00CE&STSFSS
$k$,1"$3SNS3SHSH%j!<%/$SKShSCSF@bL@$GS-$k2DG=@-$,$"$k!#

%H%j%&% 7ONs

%H%j%&% 7ONs$N>I9g$b%&%i%s7ONs$N:]$KITSCEOREGHE RN $N2 SDSNF10LBNSr
228Th $H??*Ra $N2 $SDSNF1OLBNSKCVS-49$($ISPS[SHSSSIF1$8$GSH"$kBERISKSO!'228Th
$H??*Ra SN$=$I$>$I$+$iSN4SM2$HS=S$I$i$rB-$7>e$2$?$bSNBRON " $,IASSSFS Sk 1#2 $N<B
@~$,B-$7>e$2$7$bSNSG!";~4V$,7P2a$9Sk$KSDSIS=$SN<B@~$K<}B+$9ISKkE@ @~$,70$r%Q!<%8MQ$+
$i6u5$=[4ADMQIK@ZS$jBX$($?D>8e$KB8:_$7SPIHRIP $+$i$N4SM?2$G!"5USKOIC6A}2CSISKS,
$=$N8e8:?|$7$F%<%mMIK<}B+$9I$KE @ @~3$,70$r%Q!<%8MQ$+$i6u5$=[4ADMQIK @ Z$BX$($?D>8e$KB8
. $7$F$$$7°%*Ra $+$iSN4sM?$GS $KIHE@ @~$,<}B+SISKSREDH $+3i 212Po $ $GSNSI$Y
$FSNF10LBNS$,J|<MJI?9USK C#$ISkS3SHSrOUL#SISKI#MIO @>e$0J|<MI?9USK CHRRISIPNSK
>19g$010 F|0J>e$+$+$k$3$HS,J, $+Bk!#

0<B:]$K$O>eN.$K$"$R Pb $NH>8:4/(26.8 J,) $H?*Bi $NH>8:4/(19.9 J,) $,>/$78z$/$NSG!"87L)$K$O
t> 0 $KS"Sk%TI<U? " $GSOH=ILS7Fq$PENOLCVS+E = 0 $KEJ@~$r30ANG7$?CMI#
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=i$a$K 22*Ra $N4sM?$ri=$96J@~$NOUL#$r2r<a$9$KRN $OH>8:4|$, 3.66F|$GS$"$j!"6J
@~$0 24Y($3$3$G 224 $O??*Ra $NIx2uDj?h) $SKHINCSI$k!#<B:]$K$Q.5 F|DXEY7P2a$7$?
$HS3IIMSGUTI<%/SKCHSTSFSFIRa SNH>8:4|SK=>$CHF8:?j$9%k ! #=i$a$KN)$A>e$, SkENSO
>eN.$K$"$k?12Pb $NH>8:4|(10.64;~4V) $NJ,$@$11°Po $NIx2u$,CY$ISk$?$a$GS SkI#$7$?
$,$CSF$3IN6I@~$G%T!<%/$r2a$. $?$SHS3 S BK30A$7$?CM$SQD0toN %i%s$SGSISNDX
EY%i%8%&% $,%+%i% $KIa3M$5$1$2$+$rH?1GS7SFSSSK!#

<I$K 228Th $N4SM?$K$SDSSSFSO!"7OFbSNIX@WS+$i$/SkSbSNSNB>$K 2e$+3$iCj=P$7$2J,$b60%+
$KAS BISFSSSKIHF28Th SNBI@~KD e 224! SK[S\HINCSISKS,!"$3$I$b 212Pb $r7P$k$?$a
$KN)$A>e$,$i$,CY$ISk!#

%+%i% $N<>EYOMB8@-$K$SDS$SF

SNO $N<B83$G$0%+%i%HBK $NY%,%9%r 25m3 DL$7==J,4%Ag$5%;$?78e$K%i%|%sEN%+%&
%s%H$SKO\9TSIET] SNSGI'SNO $,8xI=$7SF$SSKkMNO . %+%i% SN8ZN((IM 3.2) $0%+%i%"
Fb$N?eJ,$,$[$HSsSI=[5n$53I1$?>u672<$GCGINCM$GH "$k$3SHSKCmMOUS7$I$1$ISPSISi$ IS S #$DPN
$j 100ton %i%sSNY%i%1%s%+%E&%s%H;~SNY%+%i% SNEEBERIGSN; HMQ<>E Y $h$j$Sht#S+$K
9b$SSHIMS(SiSISkS ?$al"$h$7%i%I%sSNI[=P8ZN($,%+%i% FbSN<>E Y SKOMBBSISK>IRIBKSOI=
SK=g$$SF$"$k%i%I%sENJI|=P8ZN(CMPO$=$N$"$":#2s$N<BB3SKE,MQ$I$k$3$HSO$GC$-$I$$!#$7$?
$,3CHF!"%i%8%&% G;EY$SN>e8BNMINMPQ %+%i% SN%i%1%sI|=P8zN(SN3S@53$r9T$C$?>e$G8+@Q
SbSiSI$1BISPSISISISS!#
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Circulation 62t/h
e ®

VAGUUM
Temp DEGASIFIER PUMP
CARTRIDGE

cntl 38yh 1
POLISHER ULTRA MEMBRANE
FILTER DEGASIFIEER
uv
STERILIZER

o 11l

o IlPHING
New Heat PUMP :

Exchanger 24t/h

- --.-------L
/\‘

New Heat

FILTER
I Exchanger

{1nm Nom.)

b e
1

B4

{

REVERSE
OSMOSIS

lv'
A

BUFFER

PUMP e
] e
L

35t/ o
RN-LESS-AIR MEVEASE
DISSOLVE TANK @SMOSIS

I RN-LESS-AIR

SK TANK

I 27t

Ditc 80 L sampled

B e o e o ]

21 3.22: SK=c?hAuCV$HB&IHEBE') $N:N<hE@<J}$N@D$$LH0u

3.5 MnO y %+%i% $N3S@5

3S@5$r9T$&$?$a$KSO!" @53N$K%i%8%8&% G;EY S, CNSISISF$SSk?2e SNY65%s%W%kSrMQOUSISKI, MW
$,$"$kI#$=$3$G!" 2008G/ 8 7n 8 F|$K?" 3.22 SN @D$$L pOuSK <($5$1$k$h$&BK=c?eAUCV$N
C$GB&IB?eH, %_%/%mY%s%U%#%k%?!<$rDLSCS?D>8e$IR0L OY%hi%i?%s%AL S A4SFS[
$\OIGUSKSISKDXEN S 80') SN?e$r:N<h$7$?1#$=SNG;EY$+4D $bS$"$I$P6bBBgIXSNB&5%60
%kI<VMB, 3+H/$7$76&D @KISHY2%K% %K %E&% $K$Sh$k%, %% @~J 8w, @O$rAH$_9g$0$;$?G;EYB,
DiKI$K$h$iB, Dis9SkSNSK==J, $INLEN%i%8%&% $,4°$ SISFSSSkSHA|BTSE SIS ?1#$=$7$F<B:]$K
6bBtBg3X$NB&S5{%0%kI<%WSKE(NOSIM|$s$G!"$=GRF$ER. D @K!ISGB, Dj$7!";D$j$MO” $r
MNOy %+%i% $NJI}KISGB, Di$9Sk$ISHEKS7$ 214

3.51 6&D@K!

$33NJIIKI$SO6bBtBg3XSNB&S5%0%kK!I<%WS,3+H/$7$2I}KISG!" 3$2e$K B8* BRISKS'Cs!"
210Pp1"%4i%8%&% F10LBN$d%H%|%&% F10LBN$JI$ISNI|<M BaSiGit$Fe(OH) 3 $*$h$S
AMP 2$H6&$KD @BRDES5S;!"],N%$ISkShSNSGS $[B4]#2" 3.23$K60BNE*$IIIK!ISr<($9'#
0J2<$G<B:]$K9T$C$?<B83<j=g$r@bL @ $Ik!#

1 6bBtBg3XM}3XItIUBODC%I%Y %kJ|<MG=<B83\@_!#
12 9j9%5%b %%V %G %s; @ %" %S %bY%K %6& % 1#
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coastal ;Jvater (18 L)

Sitrration (0.5 pun)
HNO, 6 pH 1)
CsCi0.26 2
AMP 4 &

stir (1 hr)
(ppt.) {supernatant)

*— Be carrief | gz
= Ph carrier ! mg
+—NH NO, +—Ba carrier 480 mg

stir (1 hr, 40 °C}
Evaporation to +—S0,* (100 mL of 5% Na,SO, sol.)
dryness stir (1 hr, 40 °C)
*— Fc¢ carrier 800 mg
stir (0.5 hr, 40 °C)
AMP/Cs «—NH,OH {-* pH 7)
stir (2 hr, 40 °C)
ppte) owssessse conasi(SUR.)
1

wash with distilfled water
I
¢vaporation to dryness waste
I
adjust to 5 g with NaCl
followed by compression
I

BaSO,, Fe(OH),
i

Low-background y-spectrometry

21 3.23: $3$N?"$06bBIBg3X$G3+H/$581$?76&D @KISNDL>0$N<B83<j=g$r<($7$?$bSNSG!":#2s$N
3S@5<B83$N<j=g$O$3EN?"$K<($5$ISF$SLkIDSNSHSO<c430[$IBk!#>\: YSOK\IBSK=q$HPFS"$k!#
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27 3.24: 40 $NB&IB?e$,F~$C$?%P%1%D$KG;>K; @$r2C$($kSH$3$m!#

@h$:2e$r%)] %)% ?%s%/$+$i==J,Bg$-$I%P%1%DSKF~$IBX$($?1#$7$@$78e$G%P%j%&% Ey$r2s<}
$75d$93$$h$&$K!"M=$a%P%1%DIKSO?7$7$IF)L@$I%SYK!<%kIr2<$KI_$$$FF*$$$?1#G;>K; @K
$h$CSF2e$pH1 DXEYSKDAE@a 3.24) $7SFS+$il"%i%8%8% $N:.F~$,>/$I$$%P%]%8% %-%CY%6j%"
(20mg/m"” $NBaCl; ?eMO14Bm’) $r7eMO1USK2CSH($2#4V6a$/YXYBS(F1?) $GYXYB$7$?
8el"SOZ (5%$NNay SO, 2eMO1R00m') $r2C$(1"2eMO1USI$ESISK. ;~4VDXYXYBS7N2;@%P%j
%&% $G%i%8%&% $r6&D@$5$;$?1#<I$SK E4%¥00vigsn "~ SNFeClz 6H,O 2eMO1LBM’)
$r2C$(1" 1;~4V6a$/YXYBS7$P1#$3$N8eNH 4OH $KSh$CSF2eMOLPHNGr 7 DXEY$KLa$7!"$5
$i$K 2 :~4VYXYB$ISk$3ISHEE(OH) 3 $,D@EB$7$?1#$3$I$ID@EBI*$O$=$N$ $ 0IHU?2$+$;$?1#

>e@!$_1USNS[SHSS$I$r%65%$%U%)%s$G<h$j=|$$Ba8EY!" Fe(OH)3 $ris?4J,No%( 27
3.25) $K$h$jJa=8$7!"$=$I$+3i 200 300mM $N>XN1?e$GC@Vv>t$7$?'1#4%Ag$5%;$78e$K;DSCHF
$$$kBaSO,!" Fe(OH)3 $KNaCl $N%Q%&%@!<$rau<a:"$H$7SF2CH(ABBEMIEISkShS&SKD4
@a$7$?'#

$33&$7$F=PMh$?:.99I*$r$5$i$K05=L$78e!" %2%k%"%K%&% 8!=P40$G%,%s%" " @~$rB,Dj$7$?!#

3.5.2  %2%k%"%K%&% 8!=P40$K$h$k%,%s%"@~J,8wI, @O$H$=$N7k2L

%,%s%"@~J,8WJ, @ 0$0DCc%P%C%/%0%i%8%s%|;EMM$NI?HD 7 2% 2% /A6y 8856 81=P40
214ph $N%,%s%" @95keV $H352keV) $r4QB, $9Sk$ISHSKSh SO T S0$I$?1#%2%k% %K %E& %' 8!

13 E49%-%c%]%"$Be,?'° Pb $*$h$S%%* Th $rD@EB$5%;3k$?$a$K2CH(SkSbSNSGS $jI"K\<B83SHSOD>@\$N4AX78$0
L53$$,!"$3$3$GSOK\Mh$N<j=gDL$j2CH($?1#
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?n 3.25: 1s743,N%40

=P40$0Hx>.26$NC0O2<8&5f,\@_$KCVSSSFS SkShSNSrMQ$$$?$,!" $3SN>I=j$0?e 2787
$NOLCVSKS"$j!"CO>e$G2x$(IUS1SFS$ "SKES7 ?E*$I%2%k% %K %&% 8!=P40$h$j$b%P%C%/%0%i%&%s
%I1$, 2 7e$b>.$5$$!1#<B:]$NB,Dj$OL0 7n 8 F|$h$j9 T$0$I$?1# @hS[$ISN6&D @<B83$+$i0I7nDx
7P$CSF$SSkENSO!"A0@a$G=R$Y$?$h$&$K!"$=$NDXEYBT$?$I$1$I$P!"%& %I ASFNEEH$G
214pph $,J|<MJI?9USKCHS7SISSS+$ISCS " Sk!#

0J>e$N<B83$GF@3$i$I$?0?$SSOMQS$$?%G I <Bo3MHS-$9!1#%i%8%& % SN<IN GRS G
$"$SCH?1#$$2%P %j%8& % %-%C%j%"$@$1$rB, Dj$ 7 $894$0$A%P Y% C%/%0%i%& %6996 %S
0.45mBg$G$"$C$?!#

%,%s%"@~$N%(%MYokIBA<%6&%6s%HYIISYH | Ix2ud AtH | 81=P8zN( |
295 keV 1.36 10 3 6.24 10 5 0.185 0.149
352 keV 2.15 10 3 7.61 10 ° 0.365 0.125

1= 3.3: %2%k%"%K%&% 8!=P40$KEREKSNY,%s%"@~J,8wJ, @ O$N7k2L

0J>e$h$j" 40" $NB&IB?e$KA S $ISF$$ERRa SNG;EY$SD.62 0.05 Bg/m3 $H8+@Q$hSi
$IS?1H

3.5.3 MnO , %+%i% K!

>e=R$7$?7$h$&$K; D$E8’ SNB&IB?eFRPRa G;EY$SMINO, %+%i% $NIIKISKShSCSFB,Dj$7
$?1#9 7n 26 F|$K 100ton %i%sIN;~SHFIMMSN<j=g8&! SNB&IB?e$r%]%j% ?%s%/$+$iD>@\$/$_
>e$2$F%+%i% SKDL$7$?1#N.NLSON.$7,(Babid DXEY$@$,!"<!Bh$K@*$$$,A}$ 736 /min

14 @P@n8)>.>>; T$NHx>.209[;3!#
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21 3.26: :#2s$NB,Dj$GMQ$$$?%2%k %" %K%&% 8!=P40!#CF1{$N%5%s%W%k$K?@2,9[;38NB&IB?e$K
AN $BISFSP$?%i%8%8&% $,F~SCSFSSPK!#

DXE Y$SK$ISk$HS3SMSGN.$7=*$0$C$?1#$?$@$ 742 HEEM>$ISHS3$MSIS/<h$ISkShS&ABK!
%+%i% $+$i=PSF$-$22e$rILEN]%j%2%s%/$K25<}$7!" ShS$&OIEY F1$8<j=g$r7+$jIVS7$?1#

%+%i% $NA%AgSKAXS7SEBOION %i%SEN;~SHF1$8>r70SK$9SkS?$aSK!"$ RO 1 $N;~
$HF1$8;~4VI"$D$"$B ;~4VS@$1%Q!<%8$7$FB, Dj$7$?1#$3SN; ~$b%i%I%s%U%;j!<%(%"$NN.NLSO
$*$h$=10"/min $K$7$?1H4<I$K70$r?e=[4ADMQSK@Z$|BXSSFNNIBin $KIg$0$;$?1#$=$N
8e!"N.NL7W$KSOA02<BNN 1 SNSHS$-$HF IMM$K?eE)$,8+$i$I"N.NLBb 10" /min $NAVS$L J,
DXEY$N<~4|$G?6F0$9$k$h$E&SKSISCS?1#0J9_1"$3$NIARBATSH>NSISKIRUNT $N%69I%Z%/
%HYK$I 2327 SK<($9#

$7$?RuN2 $KBPS7$FSbF1$8>170$rF @$k$?$alKiti 1 $N8e$KL =54VDXEY%Q!<%8$7$?8e$K!"
70$r2e=[4DMQS$K@Z$iBXS(SFN.ISLANIN $KIg$0$;$?14RUN2 SNI6I%Z%6/%HYKSIZBSK<(
$HSISN P $K % U%16CUHBEI@~$r=0$-9~$"$ISFSSSISBEOIPBI%sSIRUN2 SNSHS-SHF IMM$SN
MIM3$KShSKI#

3.5.4  MnO y %+%i% $NJ|=P8zN(

%i%8%&% G;EY$r8+@QSbIk<jK!$Sd8zN(SN8M:9SNCMSKIDISSFSN@bL@$0<!@a$K2s$7!"$3$3$G$0O
%+%i% 3S@5<B8BANL SHRUN2 $N%i%8%&% G;EY$SKSDSSSFSN7k2LS@S1$r<($9'#
@h$Run1$KBP$7$F$0B,Dj$531$7%+%&%s%H%IBALHS, 7: 2counts/day $G$"$CH?SNSG!"

(3280 9:47) countssday 0:069 n?
0:86 [(counts=day)=(mBg=m3)] 0:98  emanation 0:95 0:043 m?

0:63 0:06
= — ~ " Bg=m° (3.12)
emanation
1= 3.2 BKS"BkSh$&SK%+%i% SNCj=P8zN(SAFHVHG!"?2e$0012sDL$;$P==J,$G$"$k$,!"0I=dS@$1$GC$0%+%i
% $rDLSI$I$$?e$,70FbIK>/$7;DNIS7$F$$Sk2DG=@-$,$"$CH?$?Jal#

[**°Ralcaiib
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Count rate (events/day)

450

400
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300

250

200
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100

50

21 3.27: 214P0 $N;~4V%9%Z %/ Yof9866i% 3S @5<BBB 1)

10 15 20 25 30

Time after start of counting (days)
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SHPISCH?!#
Run2 BP$7$F$0B,Dj$5%I1$?%+%&%s%H%I!206HS, 3.5counts/day $G$"$C$?$N$G!"

(2000 9:47) countssday  0:069 n?

0:86 [(counts=day)=(mBg=m3)] 0:98  emanation 0:95 0:043 m?

_ 038 004, (3.13)

emanation

[**°Ralcaiib

SHPISCS?1#
$3$33Run1!" Run2 $N%P%C%/%0%i%&%s%I$NCMIHS7SAR0RRHIBI0sSRUN3 $KS*
$15k%+%&%s%HY%I%AGH 0:37counts/day(8e=R $rMQ$$$?!#
$33I$iSN7k2L$SHELBIBgIX$GF@$iSI$AB2  0:05 Bg/m 3 $HSrHF3S$ISkSISHSKShSIBK
?eAe?e$N%i%8%&% G;EYB,Dj$GMOD$BE0+%i% $NJI|=P8zN($O8m:9$b4 $a$F!"

emanation = 0:39  0:04 @Runl (3.14)

$H8+@Q3h$iSISk!#
Run2 $K$D$$SFSHFIMMSKS7SF!"

emanation = 0:23  0:02 @Run2 (3.15)

$HB8+@Q$bSiSISk!#

%j!<%/%F%9%H$HIM:;!

%+%i% 3S@5<B83$N;~4V%9%Z%/%H%k$r8+$k$H!"%G!I<%?E@SKSO!"0J2<N$h$&SISUSKS"$$$,8+
SidISk!#

1. =*$0$j$NI}SK6aSES/SK$7$2$, SCSFMIO @6 @~$h$j>eJ}$KO0CESTSFSSSK!#

2. " 3.27$H?"3.28$r8+HISYSk$H!"I|<MI?9U;~$K$*$1$k%+%0&%s%H Yol RUHTENI}$,
Run2 $h$j$bM-0USKB?$$!#

3. Run2$N;~4V%9%Z%/%H%k$O=i$a$NI}$K%T!<%/$,$"$j!";~4VEN7P2a$HSHSbSKI?6 QE*$K %0+
%&%5%H%I!1<%H$O2<$,$CEFSSPK!#

$3BIBIB, %j!<%/SKSSKSbSNSCSOSISSSISHSr3NS+$ask$?$a$K3 29 SNSh$&SK6USS=[4D
MQ$N%i%8%&% B, Dj7OA4BNS%S%KI<%k$GIq$_I"=PMh$?%S%K!I<%k%F%s%HFDSKY6i%I%s%U%;! <% (%"
$IDLS7CIEN%I%I1%SG;EVIBG/M 3 0J2<$K$71"$=$N:]SNY6+%68965%HY%l!<UHSNIQ2=$r8+$k$3$HSK
$hS$il"%6j1<%/%F%9%HS$rOTSCS?HDL>0$MMB $G$"$k(Bh2 >0;2>H $+$il"301t$N%i%I%s
G;EY$r1/40 6a$/JQ2=$5%;$?$3$HSKAJEVSISKI#%SI6K! <k FI6s%HFOSNYi%I%SG;EY$SN;~4VIQFO
$r2" 3.30$K<($AHS?$@S7!"%i%|%SG;EY$0; THNSN%i%1%5%, % OREME S3) $KS$h$iB,Dj
$7$214

7OFb$N%i%I%SG;EY$N; ~4VIQFBRBLSK<($91#96S%K! <%k FI6sY%HFb$r%i%I%s%U%|I<%(%"$G
%Q1<%8$7;0$a$?;~E @$TE @ @~$G<($7$?HE @ @~SNA0B$SGH[$HSsS$I:90[$,8+$i$I$ISSSISHS, I, $+
$KI#<B:]E @ @~$NA0OBESGS=$I$>$1%+068965%H%II<%HSNI?6QCMSI7W;; $9SKSH!"%6Q!<%BA0SKHISY SF
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21 3.29: %i%8%&% B,Dj70$rI$$& % S%K!<%k%F%s%H#%i%1%sG;EY 7W$O0%7%s%U%I%C%/%9%A%e! <%\
SN=P8}$+3i$0==J, $KN%SI$?$HS3ISMIK$"$k!#

%Q!<%88e$N%+%&%s%H%B:B6HGO counts/day (90% C.L.) $7$+2<$,$CSFS$$IS+SCH?!#
$D$$j!"%j!<%/$,$"Sk$HS7SF$b$=$N3d9g$,0IDj$G$"$k$H2>Dj$9$I$P!" F|KhSKIHIO %+%6&%6S
%HSNIQFO$7$+5/$3$i$IS!#

0J>e$NB,Dj7k2L$+$il";~4V%9%Z%/%HYKkSKS*$$SF%GI<%?E @$,M}O@6J@~$+$i00C&$ISk860x$O
%i%8%&% B,Dj7OFb$KS"$k$3$HS, $0$+Sk!#

>e=R$7$?CI$G $N860XSHS7SF$O!"%i%|%s8!=P40$SN3S@5Dj?t$N;~4VIQF0$,IMS($i$I$ks,!"
$35I$GS@. SNOI=54VEN%Q!I<%8SBen2) $K%+%8&%s%HY%l!I<%HS,Cx$7$/Dc2<$9$k8=>]$r@bL@
$G$-$I$$1#B>SNB60XSHS7SALOO , %+%i% $N%i%I|%sI|=P8ZN($N;~4VIQFOS, IMS(SiSISks, !
$3SISKSDSSSFSSONO SNBXI=$7SFSSSk%+%i% $N%i%|%sI|=P8zN(ENGN) SKHI$YK\O@J8
$N3S@5<B83$KShSANB.14),(3.15)) $,M-0USKDCcS$SISHS+$il"<>EY$,9b % ' Sk$$$0%+%bi
% Fb$K?eJ,$,;D$CSF$$Ior702<$G$0%+%i% $N%i%I%sI|=P8zN($ODCcH/$ISkSHIMSPHiBISk
$7$+$7!"Runl $GB8:_$7$??eE)$rA4$F>xH/$5$;$78eRN2 $K$*$$$F!"G+$m%+%8%s%H%I!<
%H$,Dc2<$7SFSSSkSISHS+$il" $ISNSISAMN @bL @ SKSO$ISISISSSHIMS($isISk!#

$1$71">e=R$7$?7$h$&SKO*E@29EYSN;~4(20BR1) $,7P$,;}$D?eJ, SKShSCSF@bL @$5$I5k
>[9g!" Run2 $G==J,;~4V$,7P2a$7$?8e$K$0!" 7OFbSKSOB?NLEN?PSd2e>Xx5$$,4$"$I$FS$SKSH
IMS($iBISkI#?PSK5[Ce$7$?$]!" 2eSKMOS1$?%i%|%s$08!=P40$G%+%8&%s%HS5SISkEISHSOSISSSN

16>e=R$7$?$h$&SKENO $G$0%+%8%s%HSr;0$a$BA0SIENY,%9$r 25m° %+%i% $KDL$S7!"==J,$K4%Ag$5
$;$k [27]#
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21 3.30: %S%K!<%k%F%s%HFb$N%i%I%sG;EYSN;~4VIQFO#2#<4$07P2a;~4V$G!" % S%K! <%k FY%s%H
Fb$r%6i%I%s%U%j!<%(%"$G%Q!<%8$7,0%a$?;,~EQIrE@ @~$C<($9!##
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21 3.31: 214P0 $N;~4V%9%Z %/ Yof 98k %6/ Yo F %6 OPlF6 S Yo K <%k % F %5 % HF b $r6i%| %s % U %! <%o(%"
$G%QI<%8$7;0$a$?;~E@$rE@ @~$G<($IMHE@@~0J9_$bFCIKIQ2=$,8+3$iSISISSENSG!"%j!<%/$N2D
G=@-$OH]Dj$5$I$k!#
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$G!"$33I$i$08!=P8zN($K1F6ASrM?$(F@SkSHOMS($iBISk!#$?$@$7!"?e>x5$$KSDHRHAEO
PKS*$SSFSbB?NLSKBS:_$7$F$$$k$?RaBND>@\SNMIMISKSOSISiSI$$!#
$1$7? 3. SNSUSK$"$$$D00ton %i%sSMRUN2 $N;~4V%9%Z%/%(TPR. 16) $HIs;wH7$FS*S$j!"
=i$a$NY% T!<%/$000toN %i%sEN;~4V%9%Z%/%HY%K$KSDSSSFIM; I$7$?7$h$&SK7OFbIN<>EY$,DcS$
$?7$a$K8!=P8zN($(%U%!%/%?2<DXEY 9b$$$?$a$C$"SkSHIMS($iSISks,!";~4VEN7P2a$HSH
$b$K%+%&%s%HYl!'<%HS$,Dc2<$9$k860x$OD|$+$CIQBOBRSAGi%sSRUN2 SNSUSKS $$$b
%j!<%/SN$?$a$G$O$IS/N"' FLIMMSENS!9=3KSh$CIF@bL @I5$I$k2DG=@-$bOMS(SiISk!#
$73+37!"K\%+%i% 3S@5<B8BBOtoN %i%s$HF1$8>r702<$GITS0BISFSSSkSIBISP!"3F8zZN(
CMINIQFOSKSh$k1IFE6A$O0%Ii%8%&% G;EY $r;;=P$ISk: [ SKSOA|;&$5$ISkSHA | BTS5 SISk #
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3.6 SK ?eAe?e$N%i%8%&% G;EY
K\%i%8%8&%’ G;EYB, Di$K$*$$SF!" %i%68%&% G;EY$00I2<$N$h$&$KS+@ QSh$iISk!#

(Meq  Mpg) VRn

CF vol emanation extraction Vv water

0J2<I"I*M}E*$IJOULH#Sr@bL @$9$k!#<B:]$KB,Dj$5$1$?J|<MI?9U; ~$K$*$1$k%+%&%s%HY%l!<%HENCM
Meq [counts/day] $+$i8+@Q$b$iSI$S?%P%C%/%0%i%&Yos¥hi$OMNts/day] $r:9$70z$-!"
CF(<0(3.6)) $G3d$k$3$HSG!"%i%I%s8!=P40FbSN%i%|%sGEEFmM 3] SNC10L$G5as Fh
$331$K%i%I%s8!=P40$SNBN@IM?3] $r>h$8Sk$ISHSG!"%i%1%s8!=P40FbSN%i%I1%sSNIX2UN($,
[MBQ] $NC10L$G5a$ $UH#S=3$7$F%i%|%586;R$, 7OA4BNSKS[S\OIMMSKBS:_$9$k$H2>DjSISkSH!"
70A4BN$N%i%I%sENIX2uN($0%i%I1%s8!=P40BN @ QFb$N%i%I|%sSNIx2uN($KBP$7BN@QHfSNJI,CM$,Bg
$-$BENSG!"o = 0:069=(0:069+0:001) = 0:98 0:01$G3d$iSI$1SISPSIBISISH $3$35G%i%l
%58!=P400J30$NBN@ Q$HFSO%9%F%s%I%941!"%+%i% FbSNAV7dSNItI, $r; X$9$, I'AGHBEL s
@QIbSiSISK#7 OFbSN%i%I%s86;R$O=i$a$+3$iB8:_$7SFS$S?SbIENSr=|S1SMMDBE; %+%i% $G
Cj=P$5%I1$?7%i%8%&% 86;R3$,Ix2u$7SF@8$8$?SbINSIENSGion (1= 3.23GDj5A $G3d$k$3
$HSAMNO %+%i% FhSKS*$1$k%i%8%&% SNIX2UN($, SHBBIG 7SFS3BISIBN%6i%8%8&% 86;R
$OMNO %+%i% SKDLS7$?7e$+BiCiI=PS53I$?SbSNSISNSG!"$58i$keion = 0:95 0:05(1=

3.23GDj5A $G3d$kS3ISHIKShSCHFN.$7$??7eSNCIEGINY%i%8%E& % SNIX2UN($TRSCIhS +$i
N.$7$??eSNCISKA$ SISk A4%i%8%&% 86;R?tSh0I0USK DS 7$F:G8e$SKN.$7$??7e SNNL

V water [M3] $G3dSkSISHSKShSCHFI"N.$7$22e$KA S SISk %i%8%&% SNiEBY SN 3] SNC10L
$G5a$"$k$3SHIK$IPk!#

[Ra] =

(3.16)

%&%i%s70ONs

0J>e$rF'$"$($SF@hP:%&%i%s7ONsEN%i%8%8&% G;EY $r8+@ @EbskB: 25, 3.165r8+Hf
$YSKSHRUNL(? 3.15) $NJI|<MI?9UCM$SO%PY%C%/%0%i%& YT BIVEY SHS[$HSsSIIQB0Si
$:!I" Run2(?" 3.16) $NJ|<MJI?9UCM$O%P%C%/%0%i%&%5%I1%I%Y %k$h$jSbDc$$$3SHS, I, $+3k!1# $=
$33$G!"Runl1,Run2,Run3$NJ|<MJI?9UCMSrA4$F%7%0%JI%k$GS$ "$Sk$H2>Dj$7$?7>19gSN%i%8%&% G;
EY$N>e8BCM$r8+@Q$CH?!#

@h$Run1 $0!"B,Dj$53$1$7%+%&%s%H%I!<%88%, 2.0 counts/day $G$"SCS?SNSG

30:1 countssday  0:069 n?
0:86 [(counts=day)=(mBg=m3)] 0:98 0:39 0:95 108 n?

0:061 0:013 mBgm®
0:078 mBgEm?  (90%CiL:) (3.17)

[**°Ralsk

N

$3$3$G!'CF SNCMIH$7$FSO!"%i%1%s7OFbIN<>EYSO0%+%&%s%HSr$7$F$$Sk4VCT==J,9b$$SHS7$F
?273.12%+%i 0.86 0.06 (counts/day)/(mBg/m 3) SH$7$?14#$"$?%i%8%&% $NCj=P8zN($H$=$N
8m:93$01=3.2 $N%E&%i%Ss7ONSSNCMSrMQ$S$!"%i%I1%sINJI|=P8zN($OF1$8<>EY>r70$N2<$G5a$asisl

7 $28@%$Mpg SNIYS, Meq $h$Bg$-$$>19g$00BAASI8+HMLy Sroo<UmSHS7$F0I2<07$81#
1895i%1%s8!=P40Fb$NA4%i%|%s86;R2tSOSISNCMBGAINC  rn Nrn ) $OBKI#
YMNOx %+%i% Fh$KA S $ISkA4%i%8%8&% 86;R?SOSISNCISKHINC ra Nra ) $OSKI#
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$7<0(3.14) SNCM$rMQ$$$?!1#?eSNN.NLSKAXS$7SF$O?2e$rN.$7§24 BIF|4V) $GSOH>8:4|$N
D9$¥?5Ra $NB8:_NLSOS[$HSs$IIQ2=$7$I$SSNSG!"FC$KIA@5%r$;$:$K<B:]$KN.$I$?NLSGS"$k
108 1m3 $NCM$r$=$N$"$"MQ$$$2!#

Run2 $K$D$$SFSbFIMMSK!" B, Dj$5$I$7%+%&%s%H%I8BHS,0 counts/day $G$"$C$?
SNSG

16:3 countssday  0:069 n?

[°Rajsk =
0:86 [(counts=day)=(mBg=m3)] 0:98 0:23 0:95 108 m?
= 0:057 0:012 mBg=m®
< 0:071 mBFm®  (90%C.L:) (3.18)

$HB+@Q$h$iSISk #$?2$@$TF SNCMSOB12 $+$iFI$_<h$I$ks,!" Run2 $G$03+;0D>8e$0
2/ 3.21 $N$h$&$I7OFb<>EY$N;~4VIQF0$,$"$k$?$a$KITOBDj$GS "$k$, " %&%i%s7ONs$,J?9U>u
BVSKCH#$7SFSSSkSHIMS(SiSIBR F|8e0J9_$K$*$1$k%i%I%s7OFbSN<>EYS$0==J,9b$+$C$?$NSG
0.86 0.06 (counts/day)/(mBg/m 3) SH$7$?14#$"$?%i%I%s$NI|=P8zN($OF 1$8<>EY>r70$N2<$G
5a$a3$i$l$?<0 (3.15) SNCMSrMQ$$$2!1#

Run3 $K$DSSSFSOB, Dj$5$1$7%+%&%s%H%IIEBHHE):4 counts/day $G$"$j201"<>EY$O
RUN2 $N=*N;;~$HIQ$0$i$I$SSSNIT SNCMSOF1$8$G!"

9:5 countssday  0:069 n?
0:86 [(counts=day)=(mBg=m3)] 0:98 0:23 0:95 108 n?
0:032 0:007 mBegm?®

; mBgEm oC.L: .
0:042 mBEM®  (90%CiL:) (3.19)

[*°Ralsk =

N

SHE7$?1#%i%1%s$NI|=P8ZN($0$d$0$j<>RYB2 SN=*N::~$HIQ$0$i$I$$$3SHS+$i<B8.15)
SNIISNCMSIMQ$$$ 214

$3$ISISN>e8BCMSOAS $GI"SK 2eAe$+$isN?e$N:N<hE@@13m,R=11m) $K$*$1$k%$%Y
%s%H$rA4$RRa 5/8;$@$HS$7$?>19g$K8+@ QSb$i$ISkG;ED.5mBg/m 3 $h$j$bM-OUSKDCS$!#

%H%j%&% 7ONs

0J2<$G"%H%[%&% 7ONSs$N%i%8%&% G;E Y $EH@QSHE(3.195r8+HISY SkSHRUNL (27
3.19) $NJ|<MI?9UCMSO%PY%CY%/%0%i%8YoSTABIVBY SHS[SHSsSIIQS0SiISISSSISHS, I, $+
$KkI#RUN1 $+$i1%+%8%5%H3+;0;~$K$* FLFRa $+$IBNY6+% &Y% HY% | <UB$0:5 counts/day
$H5a$"Sk$+$i!"

7:9 countssday  0:069 n?
0:56 [(counts=day)=(mBg=m3)] 0:98 0:16 095 641 m?3
0:10 0:04 mBg=m?®
0:16 mBg=m®  (90%C:L:) (3.20)

[***Ralsk

N

$3$3$G!":#2sMQ$$$?%i%1%s8!=P40$KAX$7HEHO(%HY%j%8% 7OBNCF SNCMSOCNSISISF
$$$I$$ENSGPL4P0(%8%i%S7QNCMSGS 8k86 (counts/day)/(mBg/m ) SKBP$7$ENO

200/0+96i% 3S @5<B83$N%PY%C%/%0%i%8&%S%ISNCMSHS7SF$O$3SN2CMSrMQSS$S 2 1#
ZLSK 2eAeFb$G$OI[<MI?9US$, @ . $iN)SCIFSSSKSHIMS(SiSISkSRE®RA] = [ 222 Th] $G$"Sk!#
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$K$*$1SKFIN $N<BFR7] $K$*$18Kk214P0(%8%i%s7Q M2 2P0o(%H%|%&% 705188 =P8ZzN(
$NHf(0.64) $+$i 0:86 0:64 = 0:56 0:09 $H8+@QSbSEBRS"$7%i%8%&% $NCj=P8zN($H$=
$N8M:9$0I13.2 $N%H%j%&% 7ONSSNCMSrMQS$$?1#%i%I%sSNI|=P8zN (SE S HIGISK
SK $G$OB,Dj$5$I$F$$$I$SSNSG!"F1$8<>EY>r70$N2<$G5a$a$iiB2t0) SNCMSKBPS7S$F!"
SNO $K$*$1$K214P0o(%&%i%s7 Q812 12P0 (% HY%j%&% 705 |=P8zN($NH0.30/0.75=0.4)

$+$i 0:39 0:4=0:16 0:05$H8+@QIbSEBRS"$?%H%]%&% 7ONSSN>I9g$O!" 2<$N<0$K<($5
$ISk$h$&SK2e$rN.$7SFSSSkALs 5 F|4V) $K$bH>8:4|$, 3.66 F|$N ??*Ra $0Ja3M$5$I$k01J}
SGBg$-$/8:>/$7SFS$SL

dN224
dt = extraction C224F 224N224(t)
1 .
Nooa(t) = extraction C224€ 22“—':(9 224tend g 224Tbegin )
224
extraction C224  224(t) (3.22)

$3$3$GI'Noo4(t) $O;~90t SKE*$$SF%+%i% FhSKBS:_$8¥Ra 86;RSNSD?tI'F $0%+%i% $rDL
$k?e$NN.BJ'/min] I" Cp24 $0?eCi$N?**RaSNG,EYM 3] $G$"$KI#$"$?t pegin $Hteng SO$=$|
$>312e$r%+%i% Fh$KN.$7;0$a$?2;~90$HN.$7=*$($?;~90$G$"Ski4(t) $0O;~90t $"$SGSKN.
$7$772e$N49;;BN@D3] $r1=$7!"%+%8&%s%HSr3+;0$9%$k;~90$5: SH=q$/SHS$-1"%+%&%s%H3+
:0;~$K%+%i% Fh$KB8:_$FBRRa 86;RSNSD?tSM224(tsoc) =  extraction C224 224(tso0) SHSJ
$ki#:#2sSNB, Dj$GSO!" %H%j%&% 7TONSSKBPS7HE(t soc) =64.1m3 SHSISCEP 1#

$3$N>e8BCM$BB $G!"SK 2eAe$+$iSN?2eSN:N<hEZE13m,R=11m) $K$*$1$k%$%Y%s%H
$rA4$F??8Th 5/8;3@3$H$7$?2>19g$K8+@ Q$b$iSISkG;EV.07mBa/m3 $SKHISYSkSH%U%!%/%?!<
2 DXEYBg$-$$1#$=$N$?$a!"%P%C%/%0%i%&%s%I$r:95702$$$2$h$j>\: Y$I2r@ 0%, |, MWSKSISKS, "
E}7W8m:9!"7OE}8m:9%$,Bg$-$9$.$k$?$a$K5D0O@$,: $FqSG S $ki#

0J>e$r$"$HSaSkSHIS.4 SNShSESKSISK!#%8%:i%s7ONs$+SiSNAVBBB/M 3 SKHISYM-
OUSKDC$$$ISHS+$il"B@M[%K%oe!<%HY%6 %52 @ND$zBN @ QFb$GSN<g$I%P%CI6/960%i%&%s %!
$07?eCI$KMO$1=P$7$?H>8:4|$NDI$$J| <M @-F 10L BNIRE BKS; $GSO$I$$$3$HS, 7kO@$5
$SIgki#

22 SNO $G$b%+%i% $G%i%8%&% $rJa3M$7$?8e!"FIMMSN @ EEEJa=8K!$K$h$j%]%mo%K%&% F10LBNSN%"%k%U%!Ix2u$r
%7%j%3%s%U%)%H%@ %$%* <% $G8+ Sk IH#SHABaURD6i%s 7 QN 212 Po(%H%|%&% 7OBIS$G!"$=$I$>$!
0.407 0.018" 0.264 0.034 $H$ISCSFSS$KI#

2 0hH%j%8% 7TONSSENY%+%i% $NI|=P8ZN($,%8&%i%s 7TONSSKHISY %6 U%I%/%?1<$b>. $5$$SN$O!"%i%8%&% " $,Ix2u$7$F=PMh
$k%i%I%sSN<W(E5.6 IC) $,%8%i%s7ONSENY%i%I%sSNRBLE F|) SKHISYH$+$KC;$$52$a$GS Ski#

240/& %i %s 70 Ns $K BP $7 $F $0 I">e =R $7 $? $h ¥ RaI"$N H>8: 4| $, B, Dj;~ 4V $SK Hf $Y ==J, D9 $$ $? $a I"

226 (t SOC) " Vwater =108m? $GS$"$ki#
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%i%8%8&8% 6Ra (U) | ?Ra(Th) |

BG %lI<%HAJEV 0.5 mBg/m?3 0.07 mBg/m3
Runl < 0.078 mBg/m? | < 0.16 mBg/m?3
Run2 < 0.071 mBg/m?3
Run3 < 0.042 mBg/m?

1= 3.4: %P%C%/%0%i%&%s%ISN%$%Y %s%HY%I!I<%HSr3FF10LBNS,5/8:$G$ "$k$HS7$2>19g$KI, MW$J
GEY(BG %l!<%HAJEN$H3F%i%s$K$*$$SF8+@QSb$iSISk6i%68%8% EB¥EBBCMSr<($9H#
%8%i%s7ONS$+$iSNASMABOIBG/M 3 $KHI$YM-0USKDCS$S3SHS, $0$+SKI#01T}%H%j%E&% 70
Ns$K$SD$SSFRID7MBg/m3 $KHISY%U%!%/%62BXEY Ob$SCMSGS SKI#$2$@$7!"%6+%i% $K2eAe
2e$rN.$9A08e$GY%+%8%65%H%|!<%HS, F1DXE Y$G$"$SCH?$?$a$K!"%PY%C%/%0%:i%&%S%I$r:9$702$+$:
$KB+@QSbS$iSI$?!"95$(L\$I%]%_%CY%HSGS " $k$3SHSKSOCMOUSIMWSOISK!#

3.7 Am3g$H>-Mh$N2]B]

#2s!" SK 2eAe$NC=13m,R=11m $NCOE@$+$i?efd0ton DXEY:N<h$7$F%i%8%&% G;EY$r
8+@Q$b$CS?3,!I"$=SNCOE @$K$*$1$kDCcY%(%M%k%.!1<%$%Y %s%HS, $=$FERRACHAFESSSK
$G$"$kSHS7$7>19g$KA|BTS5SISKGEY 0.5mBa/m 3) $KHI$YSFM-0USKDCS$S3SHS,J, $+SCH21#
01J}$G!" 228Th $K$DSSSFSOE}7W8m:9!"7OE}8mM:9%$,Bg$-$9$.$k$?$a$K5DO@$GS-$I$$!#

$7$7$,$CSFB@M[%K%e!<%H%|% NEKBRBNSZBN @ QFb$GSN<g$I%PY%C%/%0%i%&%Ss%I$0>/$J
$/$H$b?eCISKMO$1=P$7$?H>8:4|$NDI$$I|<M@-F10LBNEFRIEHS; $GS0$I$$$3$HS,<B>Z
$531$21#

0J2<$K!"0J>eSrF'$"$($?7>eSGIMP(SiSISk>-MhSN2]Bj$r5sS2$k!#

Run2 SNSUSK$ $SSKSDSSSFSO!" 2P $d?2e>Xx5$$,860x$GS "Sk$H?dB, $55I5kS, " $3$I$iSNFb8!
>Z2DG=$J$3$HSKSDSSSFSO:#8eDASY kI, MW$,$"$KkI#NCS($P%i%I%Ss%U%j!<%(%"$K4 $ SISk ?P$,
860x$G$"Sk$HSI$k>I9g$K$O!"%Q!<%8$r7+$jIVEISISHSKSS]!" %+%&%s%HY%I!<%HS$, Dc2<$I$k S+
$r8+$k$3$HSKSh$j8!>Z$G$-Sk!#

%H%j%&% 7ONSSNG;EYSNS+@ Q$h$jSK S FESBERBI>8:4|$,C;$$$2$a$K7OE}8mM:9$,Bg$-
$N"$"$2%i%|%s8!1=P40$NI3S@5D[BF) $ISISOSNO $N%i%I%s8!=P40$SNCMSrMQSSSF7W;:$7$F
$$$kSNSG!"5DO@$,: $Fq$SGS " $k!#%H%[%&% 7ONs$rF1B, DjKI$SK$h$j@53NSKDjNLSI$KkS?$a$K$O!
212pg $KBP$9$k%i%I%s8!=P40$N3S@FORX SN@:L)B,Dj$roT$&I, MWS,$"$kI#$"$212Po $N
E}7W$bA}$d$91, MWS,$"$k!#:#2400ton %i%s$SN?eSNN.NLED/min $G$"$C$?$,!"%+%i% SN
95%0J>e$NCj=P8zN($,J]$?$I$k%+%i% FhSNN.NLSNSB2E&HDIN $G$"$kI#$7$2$,$CF!"#
25$01 K\$N%+%i% $7$+MQSSSIS+SCH?$, 1" I#2tSN%+%i% $rIBNs$SKG[CVSISISPAABNSHS7SFSNG|
41Dg93$0>.$5%/$G$-"F1$8;~4VSGSh$iB2$/$N?e$r%+%i% $KN.$9$3$HS,2DG=$HS$I$!"E}7W$r
2tG\$KA}$d$9$3$HS,2DG=$G$ Bk

0lJ}$G!"MBF37k9g%W%i%2P) <ANLJ,@O$K$HERTh B,Dj$hoM$($isIsk!#M-8zBN@QFb
$G?32Th $H2P8T| $,J|<MJI?9UBK$"SkSHSISKSH!"%U%!%$%I%k%5%s%W%k$N%$% Y %s%H%I 1<% HS+$i
M-8zBN@QFIEERTh $NG;EY$02 10 4 g/gH ,0 $H8+@Q$b3$isISk!#$3$I$CP $GB,Dj2D

25 04+96i% $rD>NSSKG[CVSTSF$7$ S&SHCI=PSZN(SOS[SHSSSIIQB0$ISISS>$KI"$h$iG[4IDqI3$, By$-$/$IS " #2s
$NB,DJCM$GS'H3 /min $h$j$hN.NL$, $5$i$KDc2<$9SkENSGI"BP:vEKSOSISiSISH!#
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G=$J%I%Y%k$GS$"WINO x %+%i% K!$h$j$h87$7$$%j%_%C%H$,$D$1$i$ISk2DG=@-$,$"$k!#
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B >0 SK-I $K$*$1$k<'5$C16K;RC5:w

$3$N>0$G$0!"BgEI0IM}O@<'5$C16K;RC5:WSN2r@O<jKI$r=R$Y!"$=$3$GF @$i$I$?7k2LSKSD$$
$FOM;1$9$KI#$3SN2r@ OSKMQ$$$2% G SKABPISIS0$A 1996 G/$+$i 2001G/$"SGSNSHSN
$GI"%i%$%6V%2%$% $HS 7BFIBF|AJEVSGS " $kI#Bh2 >0$G=R$Y$?%G!<%?<}=8%7%9%F% $G<}
=8$5$I$7%GI<%6$%Y %3%HBi<'5SC 16K; RY%6KI6e!<%HY%%NSNY% 7%0%I%k$rCj=P$I$k$ ?$a$K$O!"
$°$: AASFSNYSI6Y%SYHSIFI=@.$7SF!"%PI<06F%CY%/%9!" J}8~$d%(%6M%K%.!<$ISISN>pIsSIF@$?8¢e
$KI"<'B$C16K;R%K%e!<%bH%j%N%$%Y %s%HSKBP$ISkU6PYCY/%0%i%8%65%|%$%Y %6s%HSr=|5n$9$k$3$+H
$G8uIdSroISCIFS$%L0j%@%/%79YS$$$S&<j=gSrF'$"$I$1SISPSISISISS!#

4.1 %$%Y%s%HIN:FO=@.

%$%Y%s%HSN:FI=@.$H$7$F$O!" @ hSEMRVENHIV>pIsSrMQS$SF %P <%F% C%/%9$r:F9=
@ .$7!"<I$SK%RYCPMIT $N%Q%?1<%sSrMQIS$F%$%Y %s%HINI}8~Sr:FI=@.$9$k!#$3SN8e$SK<B<A
E*$J%R%CPMT SNK\?tNe $r7W;;$9$kS$,!"$38N Ne $OLINAC %-%c%j%V%l!'<%7%{8%ds
$GF@$i$I$?IQ494X?tSrMQIS$F% (%M %k %.1<$KIQ49$5%1!" % (%M%k%.I<EN:FI=@.$,$I$55I$k!#0J
2<I"3F.F9=@.$KSD$$SFEQBNE*$SK=R$Y $k!#

41.1 %P!<%F%C%/%9:FO=@.

%P!<%F%C%/%9%r:F9=@.$9$kSK$O " URATT BN ~4V>pIsSrMQI$SISP Sh$$!1# K\Mh%P!<
%F%C%/%9$02YEEN3;RSNS0@WSNSO$8$ $|SNE @GS "$k$,!"K\2r@ O$GMQ$$SkibB6M%k%.!<NNOh
55MeV) $G$OH?D7EE;R$0?eCGRrm$bAVSi$I$SS,!"$3$I$O SK-1 SNOLCVJI,2rG=$NI1H0cm
$h$j==J,> $5$$SN$G!"50@W$=SNS$hSNSIE@SHS$_$I$7$FSh$$$3SHSKSISK!#$"$?1"DcYo(%M%k%o.!<
%%$%Y %s%HSOAMBWNLS,>/$ISSENSGY%P!<%F%C%/%9SN: FO-RVIK SN2GBPCINENS  $r
MQ$$$k!#

SK $NDCc%(%M%k%.!<;v>]2r @ O$CHOI"$N; ~4|$+$i$$$/SDS+SNYPI<%F%CY%/%9:FI9=@.K!
(%P!<%F%C%/%9%U %P IS SISFS-$?1#0I2<$GFO<'5$C16K;RY%K%e!<%H%j%N2r@ O $K
MQ$$$?:G?7$N%P!<%F%C%/%9%U%#0CBRANSAS$ @ranch Optimization Navigating
Succesive Annealing Iterations)$K$D$$$FAI7iISKMWE @ $r@bLL@$9$k

$"$k%$%Y %s%HSN; DN I;z4 VSO HVL\SN%RYWEMH $,<B:]$K%RUCYHHS7$?;+4%+$i
%A% '%I|%S5%3%UBWS, M2$($iSI$ 2% P <% FGBOPEpS+SiS=SNPMT ( Xi Vi zi) SKE~CH#$ISK

IBONSAI $0$=$I$K;j$k$"SGSK<B:I$K;H$0$I2~NIS5SISF$-$7<g$I%PI<06F%CI6/%69%U%HCURMKECS Sk
Clust I" Hayai Ey$N2~NIHGSH$7$F:_SkSNBERINSAI $reh$iM}2rsosks2$asK$=$ISISNY%U%#H6C%2I<SKSDSSSFSO
BONSAI $HSHSbSKIUO?SKS\:Y$r:\$:$21#
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SNSGENHLIT;~4Time-Of-Flight, TOF) $r:9$702$$$?8e$K;D$k;~4VSHS7$SF0I2<IN$h$&SKD)

5A$53$I$k D
tres;i § % (X Xi)2+(y Yi)2+(z Zi)2 (4-1)

$3$3$G!'n $0?e$N6~@ N($GHO??6UCTIENSWB.EYSGCS "SkI#MIA[E*SKSD SOA4$FENYRY%C%H

PMT $GEy$7$/$I$k!#

BONSAI $G$0%P!<%F%C%/%9$NOLCV$r7hDj$9sk$?$a$K%$%Y %sY%oHSNRUFF FHHPOR Y C%H
$=3N;DN1;~4VSrMQISSk!#% @ <%/ % RO TIO06-%C %] %V %l!<%7%g%s NG 1<% ?$+JiF @ i
$ISKk;DNL;~4VENJ, I[SN7ASr5-=RSISKL EYSr7W;;$9Sk$3SHSGIMNESKF~$ISk!#$3$3$GL EY$O

ti (%) = tres;i (%) to (to $Otres;i JISNI?6Q;~4VSrI=$91# ) SrMQS$$F0I2<EN$h$&SKDj5AS5
ISk :

Nt
L (%; to) log(P( ti(x)) (4.2)
i=1
$3$3BAP ( ti(%)) $O t; SNINN(L)EYAX?t$GS"$k!# A1 SKLINAC %-%c%]%V%I!1<%7%g%s$N
%G!<%?$KBPSEERNSAI $NLEYJ, [[$r<($9!#

At=t-t-t,

H

T LR

I I

=<

10

T IIIHIW
| IIIJ!II}

10

T IWIIHI]
| IJII[II}

10

T IIIHIW
| IIIHII[

10'4 L1

IIIlIllIIIIIIIIIIIIIllIlIllI

50 100 150 200 250 ns

|
0

27 4.1: LINAC %-%c%j%V%I!<% 7%g%sSN% G!<% ?BBRSFFKENL EYJ | [#R2#<430 tj(%) =
tresi (%) to $GH"Sk(?"$N $OTOF $rI=$9)!#

:G=i$N8uJd%P!<%F%C%/%9$rA*Br$o$k:1$KSO!" A4 VIR ERCTS+$i7W;; SKMQ$SSk%R%C
%HPMT $N%;%CY%HSr0I2<$N$hS&SKA*Breo$Sk!#SDS SiGHBRISBIORY OB (i, j) $KBPS$7
8wW,RSNE~C#$7$?,~4V.9t;; $,
jn o nj

C
$K$ISkSh$&SI@)EBX2LN) $r2]$98k!#$3$3$GH; $OI HVL\SN%RY%EIH $NOLCVY%Y %/%H%k
$ri=$91#% @'<%/%N%$%:$dH?<M8w!";6Mp8wSr<h$j=|$/$?$asK!": GEb6a$$ I8 R CEHIBNSW

(4.3)
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N%%$.1250cm0J>eN%SI$SFS$SSkYRYERAH $H!"%R%C%H;~48%ns0J>eN%$I$F$$Sk%0R % C%H

PMT $r<h$j=|$$$78e$G!">e$N;03QITEy<0$rK~$?BK\SN%RY%CIMHT $NAHS,:G$bB?$/$J

$kSh$&$I%;% C%HSr!"%RBEPLHENY; % CUHSHE7SFA*BrsoOSk!#
<I$K$3BN%; % CYHSINCIEHBBENY%RY% AT SNAHS 99$03;$rA*$VSHYP!<%F%C%/%93$,010U

$SKDj$ " $kSNSG!"MMI9BUK\SN%RYCAMT $NAHS_99$0$;$H$=SN%P!<%F%C%/%I$KBPS7SFL'EY

$r7W;;$98kI#L EYS,:GBgSNYP!<%F%C%/%9%,8+3D$+FCH?$i!" $=3N%P!<%F%C%/%I$rCf?4$HS7$?

4V3V7.8m SNC5:w%0%j%C%ISrMQSSSF<~IJUSNY%P!<%F%C%/%9BrI>2A$9Sk!# $=$7SFC5:wH>7BSr=L

$a3$J3$,$iIFIMMSNCE:wWSr7+3$jIVS7!"%Y%9%H%U%#0CY%HINCEmBIZAEE ! "$+$DL EY$SN>e

8B$, 0.010J2<BKSISCS?SiC5:wsr;_$a!"$=3N;~E@3SG.GBgSNL EY$r;}$D%0%|%CHIE@$r:FI=@.$5

$1$?2%P1<%F%C%/%9$HSISK!#

412 J)8~F9=@.

%$%Y %s%HPINYP!<%F%C%/%9%, 7h$ $kSH!":#EY $O%A%'%l%Ss% 3% U%j%s%0$KShSCIFSDF/$isI$k%RY% C
%HPMT $N%Q%?!<%s$rDAPY $k$3$SHIKShSCSFI}8~$,:FI=@.$G-SkI#MIA[E*SKSO!"%$%Y %sYHEN
%Q%?!<%Ss$OEE;R$NJI}8~SKEPFNIQEY $r$b$D%/%)%"$I%j%s%0SK$ISk$O$: $CH "$ki#$7$+$7
<B:]$K$OEE;R$OB?=E;6MpPr<uS1$k$NSGEE;RENS0@WS$OD>@~E*$G$0$I$$!1#$"$?78w;RSb?eCi$G;6
Mp$5$II"PMT $d%V%i%C%/%7!<%HSGH?<M$5ISk!# $3$I$iSN8z2L $KSh$CIFY%AY%'%1%Ss%3%U%j%s
%0$OITA/L@SKSISK!#

J}8~$r:F9=@.$9$k$NSK; H$0$I$k%RYIERAH $OTOF (Time-Of-Flight)  $r:9$C0z$$$?8e$N
%R%WCHPMT 3IN;~4VJ], [[SK$*$SSF 50NsAkSr3+S$SFA*Brs$ISk!#I}18~(d) $O:GL KISIMQS$SSF
7hDj$5$I$k!#L EYAX?t$00I2<INSh$&SKDj5A$5$ISk

X cos ;

L(d) = log(Pi(cos ir))
- ‘ a( i)

i arccos@ p) (4.5)

$3$3$G!'P; (COS gir ) SOH?D7EE;R$N1?2FONLSKBP$ISKI"%6A%'%I%5%3%USWSNI|=P3QSNINN(L)EY4X
2t$G!"%b%s%F%+%IAEN $G7h$ask!E SOL&IUSCHG $SKENS A4S $ISFSSSK!I# $OI HVL\
$N%RY%EMT $KBP$I$kY6AY%'%1%5%3%UBWSNF~<M3QHES BRH@ . $551$?%P!<06F%C%/%9
$+$i | HVL\SN%RY%EMH $NII8~SNCLOL%Y%/%HY%KSGH SOk HVL\SNY%R%ECHH $,8~
$SPFSSBkI}B~SNC10L%Y %/%HYKSGAISRIBO | SNAXtSHS7SFSNSWEELLSNY"%/%; %W %?%S%9
$G"$k!#

9%60%6C%IC5:WKISKSh$CSFL EYCM$N:GBgCMS$r5a$a$ki4C5:wS9$ko60%0 GBI 3\
$G$"$kI#EE;RSNB?=E;6Mp3QSNI 26 QUINELY $G27 $G$"$k$+$il" $38N%0%;j%C%I4V3V$ODC
%(%M%K%.!1<EE;R$NJI}8~$r:FI=@.$9SkSNSK==J,> $SESHENLINAC %-%C%j%V%I!1<%7%g
%s[37] $K$h$jB, Dj$5$I$2J}8~:F9=@.$NJ,2rG=$0H?D7EE; R$N%(%M%KLOMEY SNSHS-

27 $G$"$C$?!#

(4.4)

4.1.3 %(%M%k%.!<:F9=@.

%A%'%l%s%3%UogCM$rD6$($?72YEENS;R$,J|=P$9$k%A%'%1%5%3%UBW;REN?t$O2YEEN3;R$N% (%M
%k%.!1<SKS[S\HINCSISKIBK $GS$O0%RHWCUHIHA $NA4BWEE;R?t$bI|=P$5$I$k%A%'%1%Ss%3%UBW
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;REN?tSKHINCSISKS, !"K\2r@O$G$0%(%M%k%.!1<$r7W;; $OSkSNSKEARD &N 8WE E;R?t$O
MQ$$$:$K!"%RUWEUMWH SNK\?t$rMQS$Sk!#MIMISO0I2<EN$h$&SISOSNS, $ Sk

DcY%(%M2%k%.1<%$% Y %Ss%HSKS*$SSFSO!"I [=P$5$I5kY6A% %6l%S% 3% USwW; REBIAESD>/$I$$
$GL2,6008D) SNSG!I"3F%RYEMH SNI6AY%'%I%s%3%UBW;REN S0 I?6QSISKSHS[SHSSS!
18D$GH"$k!#

PMT $NBwWEE;R?tJ,2rG=$0p.e. %I%Y%k$GSONI$/$I$$!#

%RUWCHAT SNK\?tSOA48WEE;R?tSHSOO0[STIMT SNMxXF@IKS[SHSsSIOMBES7$IS$!#

%(%M%k%.1<EN7W;;$KSH, S50NSEN;~4VAKSKA$"$I$k%RYCUIM( N5o) $QS1SrMQS$SSk!#
$3$NA*Brdp="$KShSPMT CI$N%@!<%/%N%$%:$+S$iMh$k6VA3ISNIOR%CIHHSO<hS$)=|$+$ISkI#$7$+
$7!" N5g $0?e$NF)2aN($d3F%RYGDITHSN %" %/%; % W% ?%s%9$ISISNMM!9$I%U%!%/%?!<SKOMBS
$IBKI#$75?5,$CSF!"<B<AE*$I%RICHUINZT) Sr7W;;$9BkSKSO!"0I2<ENSh$&IKSSS/SDS+$NId
@5%$r2CH($I$13ISPSISISISS!#

X0 N

R ri .
Ne = (Xi+ @il dark) N 3 E- exp — G (4.6)
i=1 alive ( i |)

0J2<$G!I'Ne $N7W;;<OSNCI$K$"$k3FId@50x;REKSDSSSF=RS$Y SK!#

Xi : B?=E8B8WEE;R%R%C%H$NId@50x;R

$h$796$9%Y %SUHSNIGPI<UF%CY%/%9$, M-8ZBN@QENC<IUBaSG!" $+$DJ)8~$, GShoassIISKE~$$
SESSHISPI"06AY% 619659 3% UBWSNL_2MS,%Q%?1<0bsSHS7SFB$(SISISKAOSKIISKE-CHSOBKSN
$GI"4QB $5SISKUORYCIT SNK\2(3,>/$I$/SIBKOIT}SGI"SSSISDS+EN PMT $KSOI#2t
SNBW;RS, %RUCUHHSISK2DG=@-5,5" SWBFSKIR%CIHSISKBWEE; R2SNA[BTCMSOS$=5N
PMT $100$ 8 SDSNPMT SN@JM-EY$SGE+@QSbSISIBKVL\SNPMT $r00$ PMT $N
K\2t N; SHOGROGCPART SNK\2tn; $rMQSS$$FI"Jd@5$00J2<SNSh$&SK=$13k!"
( 31
xi= e Giey 4.7)
3 (i=1)

$2S@$7%]%"%=%sJ,I[BH 3SNPMT $KBP$7$F8WS,0IMMSGCS $kS3SHSr2>Dj$7$?1#

tail . H?<M$NJId@50x;R

50ns$N;~4VAKOJ9_$K@8$88k%RY%CY%HSKBPSISKIA@DBREHSNYRYCHMH SNK\?t
N50 $H100NSAKFbSN%RY%GMMA $NK\?t N 100 SIMQSSSF!"

Nioo Nso

Neo (4.8)

tail =

SHPISK!#

dark | %@!<%/%N%$%:$NId@50x;R
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PMT Cf$N%@!<%/%N%$%:$KSh$CSF0z$-5/$3$58I$k%R%CUHHSKBP$ISkId@5$G!"

N aii R
dark = alive dark (4.9)
Nso

$HSISKI#$3$3SGIN give $OID SK$*$LSK@5>0BMT SNK\2t!" Ryark $O$"SKFCDjSNY%i
%sSK$*$1$k% @!<%/%I!<%HSNI?6 QSES Sk

Nai_ - 1 TNI PMT $NJd@50x:R

N alive

ITNI PMT $NK\?t$N;~4VIQFO0$rJd @5$98k$?$asK$ "$k!#

—SREC‘_"_’G'_) : BWEEH0J$$NJId@50x%;R

Rcover $OID SNBWEEH0JSN($G!2041$KEY$7$$14B( i; i) $O HVL\SN%R%EHH $r
(i i) SNJ}8~(8W;RENF~<MJI}B$+$i8+$?$HS-SNSWEELLSNM-8zLL@ QE®S"$k

exp © : 2e$NF)2aN($NJd@50x;R

2eCI$NYAY%%1%5%3% UBWSNS: 2j$NIQ2=$rId@5$9SkS ?S A B/ \SNY6 RV CHFT
$+$i:F9=@.$531$2%P!<%F%C%/%9$ $GSNEWNYSCROBRA 4| SK$*$$$FB, Dj$5$51$?
2e$NF)2aN($G!"%_%e!<%*%s$,M-8zBN@QFh$G@E; $7$7>19g$K @8@.$5$I$kIX2UEE;R$+$i
$NYAY%'%1%5%3%USWSGB, Dj$o$k!#

G(i) : 51 PMT $NQE $NJd@50x;R

ID $GMQ$$SiISISFSSIRMT SNFIB758DSNPMT $OB>SN<gN.$MMT $SNAOSK@=B$$53l
$?$bINSGIQE $,$=3I$i$KHISYSFIb$S#<gN.SNPMT $rdp="$K$7$?$H$-"3758D$N
PMT $KBP$9$kJd@50x;ROE $NSU?tSNHSr<h$SCSFO.833$HSISK!#

%(%M%K%.!1<KMIQ $KSh$0I0USK7h$ $kIBK-1 SNLINAC %-%C%j%\V%I1<%7%g%s$SK$h$iB, Dj
$551$2%(%6M%K%.!<:F9=@.$NJ,2rG=$0H?D7EE; RSN (% MkMEHS, 14%= E=10MeV
$GI"$CH?1#

206 @!<%/%R%CEMHEIGPMTL K\SN%*I<%@!<$GC$"Sk!#
3 $,Bg$-$S$HSIIMSCSO!"<~JUBMT SNIFSNIF6ASGII8~$KHSBP>NS, @8$8%$k!#
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4.2 %GI<%?$N%|%@%/%7%g%s

<I$K<'5SC 16K; R%6K%e!<IH%j%NY6$%Y %sY%HSGSOSISSSHOMS(SiSISKI6 ST Yo EoHISOEEN
%3 SKSDSSSF=RSY$k!#

4.2.1 1St %j%@%/%7%g%s

1st %j%@%/%7%g%s$OB @M[%K%e!<%H%j%N2r@0$dD6?7@1GX7J%K%e!<%H%j%N2r@0$J$I$NDCc%
%k%.!<2r@0$G9-$/MQI$3i$ISF$SIKOIHLE*$I%]j% @ %/%7%g%s$CH "Sk!#

Am8wNL%+%C%H

%$%Y%sY%HSNAMBLOACH). € 0J>e$NI6$I6Y96sYHSOY+96CUHST$?1#$3$ISO1'Ch@~%_%be!<%e*%s$r
Mn$9$2$a$K$+$1$i$I$k!Z000p.e SOH?D7EE: RSNY6(%M%k%b. I<SKANHEV AJEVSGS$j"$3
SNY6+%CIHSKAXSTSF<'5$C16K; RIKIbe! <I6HY6j/IEIEDH IR

M-8zBN@Q%+%C%H

ID $NJISN9=@.J(PMT %,%i%9$BRP $I$I) $d4dHWS+3$i$/$k%,%s%"@~$K$h$CSFO0z$-5/$3
$53$I1$k%$%Y %s%HPr:08:$98k$?$a$K!" % P!<%F%C%/Y%IHNOENWS+$i 2m 0IFbSKS"$k%$
%Y %s%H$O0%+%CY%HS7$?!1#<'5$C16K;R%KYe!<%HY%j%NSHIBDHKE ARSI QSO$3$N%+%C%H
$GDj5A$5$!!"D>7B$.28.9m"9b$5%, 32.2m"BN@QHK22.5kton $H$IBK!#

:~4V:9%+%C%H

1'Ch@~%_%e!<%*%s$NIX2UEE;R$rGS=|$9$k$?$a$K!" AO$SN%S%Y %s% iRt SiPIPLSN
%$%Y %s%H$SO%+%C%HS7$?1#$3SN%+%C%HSG @ 8$8$kT6 V0% BBSESRHSO

OD %H%j%,!<%+%C%H

%3$%Y%s%HSNAMSEDAR.€ 0J2<$N1'Ch@~%_%e!<%*%s$rGS=|$9SkS ?RABIREHY6|%, <
(200NSAk$G%RICHHOTSPMT $, 20K\0J>e) $,N)$CSF$$Sk%$%Y %s%HSOY%+%CIUHSTS?1#

%N%$%:%$%Y %s%HY%+%C%H

%(%61%/%H%MIbK %/ %ISNINY6$%6:5/8: SN%$%Y %s%HSIG S=|$9%k$ 2$a$K!"%6$% Y %sUHENIONY6$Y6: %6 RY6(
$N3AIYR noise) $r7W;:$9SKI#R noise $ORnoise  Nnoise/N total $GDJ5AS5$!" Nioise SO%RUCIHST
$?PMT $G$+SDBWNLS,50J2<$NPMT $SNK\2LSG!"Nigrar SO%RICUHHSTBRR SNK\2($GS"
$kI# Rnoise $, 0.4 Sh$iBg$-$$%6$%Y %sY%HS0%+96CUHST$? 1S $2%N%$%: %$% YATHHSOOISDSN
%\I<06I$KEGS SCHFSSSKSISHS, B2SSIHS=S3$GI"HBN %\I<06I$E5%0I>e$NIbA%CISIM%KS,
%RYCUHSTSFSSS2$il" $=SNUSYoY %osYHSO%+06CUHS TS24
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goodness%+%C%H

F9=@.$5%I$7%P!<%F%C%/%G0sNnesss, 0.40I2<$N%$%Y%s%HSO%+%CYbIRisss
$,Dc$$%$%Y%s%HSO$=$N:FO=@.$5$1$?%P!<%F%C%/%9%,I T@53N$GSH"$k$3$HS, B?$3!#

4.2.2  2nd %j%@%/%7%g%s

2nd %j%@%/%7%9%s$G$00J2<$GC @bL@$9$k$h$&$K!"<'5$C16K;R%K%e!<%H%j%N2r@O$N$?$a$NFC
<I$I>r70$r@_$1$F$"$k!#

%(%M%k%.!<%+%C%H

21 4.9 $K<($53I$kSh$&SK!" <'5SCL6K;RUKYoe! <% HY6j 06 MINIX2Uu%K e <% HY6EM9% 2%/
%HYk$OYo(%6s%1%]%$VEBINeY, SISNSG!"96(%M%K%.!SEMeV 0J>e$N%$%Y %s%HS$0%+96CI%H
$7$21H$ $?1"2<8BSKAXS7SFS$O!"0J2<$G @bL@FISKIKGK: U%$%Y %svUISINSPEABKINY6S
%Y %s%HSr%+96CUHST$?1#

3KGK:U%$%Y %s%H%+%C%H

SK ?eAeFb$rDL$Kk1L'Ch@~%_%e!<%*%s$NCISKSO0J2<$NH?1~<0$N$h$&SK!"; @AG86;R3K$rGK:U
$7$RII<M@-85AGH @8@.$9PkSLINS, $"Bk!#

+ %01 +X+ (4.10)

$3338G!'X $0J|I<M@-86;R3K$GH"$k!#E1 $K>eINH?1~$C@8@.$9$k2DG=@-$,$"$kI|<M@-86;R
3KBr$"$HSa$?!#Ix2u<wL?%8001s$+3$i 10s0J>e!"%(%M%k%.!<$AAeV $+3$i 20MeV 0J>e
$"3G9-$,SCEF$BKI#S=NS?$a3KGK:U%$% Y %s%HIO<'53C16K;R%K%e!<%H%j%N%$% Y %6s%HSKBPSISk
<g$I%P%C%/%0%i%&%s%ISNOISDSGS$"Sk!#

3KGK:U%$%Y %s%HS$rF1Dj$ISkINSKSO:GL KIS, MQP$SisI$kI#L EY4X?t$N%Q%i%al<%?$0!"8u
Jd%3$%Y %s%HSNY%P!<%F%C%/%9SH$=SNAOSN%_%e!<%*%s%$%Y %s%HIN:FI=@.$531$?50 @ WSHSNS5v
L 1"8uJd%$%Y %s%HSHS=3NAOSN%_ %e!<%*%s%3$%Y %s%HIHSMNE7EVD2<SGDj5AS$5
$I$ko%_%e!<%*%s%$%Y % EYaH BS S Ski#

Qres=Qtot  Qunit L (4.12)

$3338G!I"Qior 3O %3$%Y %s%HINAMEWNLISOCLOLSWNIEVS?$jSKY%_%e!<%*%sS,MnSHSO8WNL
(2000p.e./m)!I" L $0:F9=@.$531$?%_%e!<%*%sENS50@WSNDIS5$GSH "$k!#$b$7%_%e!<%*%sSNS0@W
$,.FO=@.$G3$-$IB1BISP!"T  $HQes S@PLIrMQIIBk!I#IKGK:U%F% Y %s%HFO<'5$C16K;R%KY%e!<%H
%j%N%$%Y %s%HSKHISHH T $,>.$58/1" Qyes $,Bg$-$$1#

3KGK:U%3$%Y %s%H%+%CY%HEEBONAMKS SKAASFEN%_%e!<%*%s$KBPS7L EYSr7W;;$7!"
$=3$N:GBgQM max) SrM?$($k%_%e!<%*%sPrA*$VI#3KGK:U%$%Y %s%HSr=|5n$9$k>r70$050@W$,
FIO=@.3G3-$7%_%e!<%*%sSKBPSLEREC 0.983G!":FI=@.$G$-$I$+$CS?%_ %e!<%*%s$KBP
S7TIFBQ max > 0.928HS7$?21#24.2 SKL max SNI,I[$HY/%i1%$%F%j%"$r<($9!#$3B5N%/%i%$%6F %]
%"$0<'5$C16K;RY%K%e!<%HY%j%NY% 7% £gnl %aBde $,:GBgSK$ISkSh$&SK7hSask!#
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Isotope %(s) decay mode| Kinetic Energy (MeV)

8He | 0.119 9.67 + 0.98( )
n 16%

8Li 0.838 13

B 0.77 * 13.9

L 0.178 13.6 (50.5 % )

( 50 %)

ac 0.127 ¥ 3 15

3L | 0.0085 16 20 ( 50 %)
n 16 ( 50 %)

i'Be | 13.8 11.51 (54.7 %)

9.41+21()(314%)

i'Be | 0.0236 11.71

B | 0.0202 13.37

2N | 0.0110 * 16.32

£#B | 0.0174 13.44

$20 | 0.0086 ¥ 13.2 16.7

B | 0.0138 14.55+6.09 ()

&C 2.449 9.77 (36.8 %)

4.47+5.30 ()
€c | 0.747 n 4
N 7.13 10.42 ( 28.0% )

4.29+6.13 () (66.2% )

I= 4.1: 3KGK:U@8@.J*$NOIMwI=
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250 | ! ! LT T T ) N R SR LT) 3 T 114
Entrles 10303
i Mean -0.8021
250 B RMS 0.9764 "
F UDFLW 28.00
200 L OVFLW 0.000 |
! 200 |
150 | I
150 ]
100 |-
i 100 |
50 = 50 ]
0 I N T ] Y PRI . . . . : s o b PR Y
-6 -4 -2 0 2 4 6 4 6
Spallation likelihood Spallation likelihood

™ 4.2: BKGK:USNL EYJ,I[1#:8?27°3050@W$,:FO=@.$G$-$?7%_%e!<%*%s$KBPSISKL EYJ,I[$G!"1&
?2"$050@W$,:FI9=@.$GC$-$I$+$C$?%_%e!<%*%sSKBPSOSKL EY J,I[$G$"$k!#%/%i%$%0F%|% " "$SrE@ @~
$G<($9'#

3KGK:U%$% Y%Ss%H%+% CYHSKSh$kob GY% CY%I%2%$% $0%i%s% @% $KU$YR1%MHBHSr%65%s% Wk 7SF!"
8+@Q$b$iSISiSk!#%G%C%I%?%FU BEASNOLCVIKSh$CSFCMS,0[$ISk!#$3$NOLCVOMBE@-$O
MC %7%_%e%I|!<%7%g%sSKOMNBSKF~$I$ 2!

0J>e$N%+%C%HS$O:GL KISKShSkShSNSG$"SkS, " #C5:wSK$*$1$k2r@ 0% (%M%k%.!<NNOh$N2<8B
$018MeV $G$"$j!"I= 4.1 $r8+SkSH!"$3SNNNOhSKFCSKAX78SNS"$k3KGK:USO%(%M%k%.!<$N9b
$$LILII" 12NI" 4B $G$"SkINS,J, $+3kI#$33I$iI$0%(%M%k%.!<$,9b$$01I}$G!"H>8:4|$,C;$$
$H$$S&E&DLE @3, $"$k!#$=$3$G3KGK: USKSh$k%6PY%CY%/%0%i%s%I$r$5$i$K=|5n$9$k$?$a$K1'Ch@~
%_%e!<%*%s$HBIL5S0IFbSKS/$3$CH?%$%Y %s%HIOAL4SFGS=|SABHKD_%e!<%*%sS+Si
$N;~4V:9J, [$HY%/%i%$%F %% " $r<($Ol#

%A% '%1%s%3%U3Q%+%C%H

Bh2 >0$G@bL@$7$?$h$&SK!":#C5:WSK$*$1$k2r@ 0% (%M%Kk%. |<NN BN SBHBK

$+SI"EER$SO  v=C' 1$G6a;Ww$GS-SkENSG!"MIA[E*$KSOEE; RENY6AY'%1%s%3%A3QS$OLS

SKSISKS, I"<B:]$KSOEE;R$,B2=E;6Mp$r<us1$k$?$a$ka SNShSESKLE2 $rCI24$HST7$29-

$,$i$rSb$CS2J, [[SHSISK 4145 $PF12°$KSOLE2 0J30$K%TI<%/E $D$"SKSNS,J,$+$k$,I"Dc
$31$0%_9%6e!<%6*%sSKShSKSbSNSG!"%_%be!<96*%6s$02r@ 0% (%NBEMNNIBSP <

350 MeV $G$"$j"$3$I$0%A% %I%s%3%U3QSKERSE 38 SHSISKS?$a$GS $kI#9bSSIISN

% TI<%/$0%, %s%" @~$KShSKSbSNSG!"Bg5$%6KYoe!<Y6HY%j%NSH; @AGS6: RIKSHINCI@-%+%1%s%HH?1~$G

43,1[$,9-$,$j$r;}$DMIM3SH$7SFSOB>$KI "% P1<%F%CY%/%9ISNI, 2rG=$,M-8B$G$"$k$3$HSd%A% %1% %3%U3QSNTW:;
SKMQSSIRMT SNK\?t$,M-8BSG$"$SkS3SHS,55525isISk!#
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450 Frro T B T T ]
i : Entries 10303
i Mean 0.4979

400 : RMS 0.4918
i ' UDFLW 0.000

350 i : OVFLW 57.00 ]

300 F | i .

250 | || i ]

200 [ | -

150 [

100 |

50

0

0 0.5 1 1.5 2 2.5
Dt (sec)

M 4.3: % _%el<%*%s$+S$ISN;~4V:9J, I[#%/%i%$%F%]%"$IE@ @~$G<($9!#
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$0!"86;R3K$rNe5/$7$FIH#?tENY%,%s% @~$,J|=PS5$ISk$3$HS,$"$k!#I#?tSNY,%s%" @ ~$OEYI}IE*
$KJI|=P$5$I$k$NSGI|=P3Q$H$7$F$_BIEkH 1U6a$K % T!<%/$r$b$DSISHSK SISk #
<I$K6BNE*$I%A%'%I|%s%3%UBWSNI|=P3Q$N7W;;J}K!Sr@bL @$9$k!#

1. TOF(Time-Of-Flight) $r:9$C0z$$$?8e$N%R%EMM $N;~4VJ,I[$KBP$7$FL5NSAkSr
3+$$$F%R%EUH $SNK\?t N 15 $,:GBgSNSHS3SMSrC5$9!#

2. N15 SNCISNPMT $r 3K\ 1 %;%C%HINAHSI:NS)!"$=$I$>SIFNMT $KBP$7$F:FO=@.$5$!
$?%P!<%F%C%/%9%$+$iISNC10L%Y %/%H%k$r5a$a$k!#

3. C10L%Y%/%H%k$ND:E@S$H:FI=@.$5$1$?7%P!<%F%C%/%9$+$i0I0U$IL_?m$,IASISKSNSG!"$=
$3$+$i96A%'%1%5%3%UBWSNI|=P3Q$r7W;; $9Sk!#

4. 2$N:n6HS$ry,; C3 DLESNA4SFSNAHS_SKBPS7$FITH&!#

5. %A% '%1%s%3%U3QJ,I[$NI?6Q$r$=$N%$% Y %s%HEN%AY'%I%s%3% USWENBI |$P3QSHS7SF!"
$i 50 $"$G$r8uld%$%Y%s%HSHS7SF!"$=$10J30$r%+%C%HSISK!#

$3$3$CN 50 $IBISN$)>/$I$$ N 15 SIMQSSSKMIM3ISO<gSKH2<MSKShSKIBRI6 CreHis/$2$a
$GP"Bk!#

2 4.4 $0SK-11496 F|J, $N%G!<%?$GSNI, [$G!"06A% ' %I%s%3%U3Q%+%C%HOIADSINYo+%C%H
%j%@%/%T7%g%s!"%6(%MY%k%. 1<%6+Y B ABTH B SNSOSNSGS Sk

%5%V%$%Y %s%H%+%C%H

%5%V%$%Y%s%H$H$O8uId%$%Y %s%HSN;~4VE*6aK5$N%$% Y %sY%HSGCS " $kI#$3$3$G%+%CUHSESIS?
%V%$%Y %s%HPO0I2<PNSh$&$I>19g$KAG2a$55I$k%_%e!<%*%s%$%Y Y%s%HSHY %e!<%*%s$NIX2UEE;R
%$%Y%s%HSGCS$ " $k!#

1. %@!<%/%R%CY%HSKShSKo kBB YsHY%%, KSND>8e$K1'Ch@~%_%e!<%*%s$,Mh$?>19g!"
$=$N%_%e!<%*%s$NIX2UEE;R%$% YRSEWIRD %6/%7%g%sSN; ~4V: 9%t B OTore SN
%$%Y %s%HSNAVEYS 0JFbSN%$%6Y %sUHINSEBOMNSASISS!H#

2. By5$%K%e!<%H%j%NS$SRSK 2eAeFh$N3K;R$H0I2<SNSh$&SIH?1~$r5/$3$91#
+ N ! + N°

e (4.12)

$3$3$0N' $O3K;R5Z$S$=$NNe5/>UBVSII=$91#$3$N:|@8@.$7$7%_%e!<%*%s$01'Ch@~%_%el<
%*%s$HSOO0[$ISOD %H%[%,!<SON)$?$I$$14$=$7SFSIENY%_%el<%6*%s$O!"%A% %I %s%3%U
0gCM3$rD6$($+$D:#$"$GENY%+%CU%HSGMNSASF$$$I$$2DEH@-$,$ "Bk

5 J#2t$N%, %% @-ABDSN2Y EEN3; R$+$i@8$8$?SHS7TSF7W;; $7$FSSSKSISHSKCmOU#
S$3$N>19g%_%e!<%*%6s$,2r@0%(%MIKI(IBNNBEMeV) SNCISKF~$KkSKSOAL%(%M%koaBe8leV DXEY
$N%_%el<%*%6s!"$9$IS0$AL?F0%(%M%K%.1<$, <ANLSHHI3S$7$SFHS>0$K> $5$$%_%be!<%*%sSKBBSISISKI#
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400
300 — —
250 | o :
200 | F :
100 | :

| . 5
50 |- booEt -

- o - .+. o N .+.’E~.'. o |o.~.+....|'.*.+. ]

O 10 20 30 40 50 60 70 80 90
Cherenkov opening angle (deg)

M 4.4: %A% %1%s%3%UBWSNI|=P3QSNI?6QCMSNJ,I[
%A% '%1%5%3%UBWSNJI|=P3QSNI?6QCM$SNJ, I[1#%/%i%$%F%j%"$rE@ @~$G<($91#
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3. Bg5$%K%e!<%H%j%N$RSK 2eAeFb$RCO $HOI2<$NShS&SIH?1~$r5/$3501#

+%01 ( )+ +X
( ) e (4.13)

$3$3$Q ) $O%A%'%I%S%3%U0gCMOI2<SNY%_%6el<%*0bs$ri=$01#$3$N>I9g$h>e$SHF1$8M}IM3
$G:#$*$GIN%+%CUHIGSOMNSASF$$SISS2DG=@-$,$"$k!#

0J>e$rF'$ $($2>e$G!"$"$: PMT $N%R%CY%H;~4V{ lfindow =1400NnS) $K2 $D0I>e$SNY% T!<
%I/%$,N)SCSFS$$k%$%Y %s%HSO=|5n$7$ 214 $=$ISKREH(HI9gSKBPS7$SF$O!"BgDaSN%_%%bel<%*
%s$SNAMBWNILBO0p.e $rD6S($F$$SkS3FHS+Si!"8uJd%$%Y Y%0sYoHSERIAO0IFbSKAMBWNLS,
1000p.e.0J>e$N%$%Y%s%HS,$"SISPS=$N8uId%$%Y Y%s%HSOZ| SNFISGEKBPS7$FFO!"8u
Jd%$%Y %s%H$h$Bes 0IFbSKY%P!<%F%C%/%9$I$SHEMOI2<IN%$% Y %s%HS,$"SISPS=$N
8uJd%$%Y%s%HSO=|5n$3BES0!"%_%e!<%*%s$,8+$($I$$>19g$b%,%s%*@~$GCGH=CGC$I$k$3$H
$,$G$-$k!#8uJd%$% Y %sYHINBD D IFb K% P! <% F%C%/%95I$&REMO0I2<EN%$% Y Y%os%H
$,$"$ISPS=N8uId%$%Y %s%HSO=|5n$7$?1#

0J>e$N%+%CY%HBCHBY0AY'%|%Ss%3%UogCM0J2<$N%_%oe!<%*%sSKSHBHiTkR HE R
$OMNEHS; $ISSINSG7OE}BM: 9SKF~$I$?!1#

J]  @~%3$%Y%s%HY%+%C%H

M-8zBN@ Q%+%C%H8e$bJI:]%,%s%"@~%$%Y %s%H$O$"$@B?$/;DSCIFS$$k!#$=$35GM-8zBN@ Q%+%
%HSK2CH(SF!"$5FiBKII:]%,%s% @ ~%F$%Y %s%HSr8:$i$9$?$a$K!"%P!<%FA%C%/%IHS=$35+$i1%$%Y
%s%HSN:FO=@.$531$?J}8~SrALSCSFIISHBI:5$9$KkE @ SHINBBHOEEE) J2<SN%$%Y %s%HSb=|
5n$7$?1#

423  3F%%@%/%7%g%s$NTK2L

2 4.5 $K3F%j%@%/%7%g%s$G%$%Y %s%HS, SISNShSESKS: SCS?ENS+$r<($9#$3$3$ SGSNY%|% @ %%/
%7%g%s$6 55MeV SNAVSH63%$%Y%sYaM96 F|) $,,D$CS?1#

21 4.6$K; DSC$L63%$%Y%s%HSNB@M[J}8~J, I[$r<($914#:#0 @I8SGC5:W$9Sk<'5$C 16K;RY6KYbel<
%H[%NS$O! B@M[$+$IMh$ko6K%e!<%Hj0NSG!" $+$D?2eAeFb$GSOEE; R; 6Mp$r5/$3$9%K %e!<%H%j%N
$G$"SKI#S=$35G P SK<($5$I$kJ, [SNCIS+$i<'5$CL6K;RUK%e!<%H%j%NY%7%0%I%k$ @$1$rCj=P$9
$k$?$a$KSO!"$$:<'5$C16K;RIK%e!<%H6j06NY7%0%I%kS, > SHF 1$8%[% @%/%7%g%s$r$+$1$78e$K
SISNShSESIB@M[JI}8~J, I[$r$7SFSSSKS+SICNSj!" $=SISKBPS7$F22$,%P%C%/%0%i%&%S %I SKSIS]
F@S$K$+SrCNSKI, MWS, $"$k!#

$=$3$G0J2<$GSDIC %7%_%e%l!<%7%g%s$SHM-$iF @$kbP%C%/%0%:i%E%6s%ISDSSSF=RSY $k!#
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10

10

10

=+ after ultimate spallation cut

+ after 1st reduction
after spallation cut

+

after goodness cut

after Cherenkov angle cut
after effective wall cut |
after subevent cut ]

+ + + +

-

i

|

1

Il
1 Il
l Il
l|ll
I||
T

1

!

!
| T
Il

il
o
1

20 25 30 35 40 45 50 55
Energy (MeV)
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10 H + .

Events / 1496 days / 22.5 kton

-1 -08-06-04-02 0 02 04 06 08 1
COS (g,

M 4.6 :G=*E*$K;:D$C$263%$%Y%s%HSNB@M[JI}8~J, I[#2#<4$0%$%Y %s%HSN:FI=@.$5$I$?J}
8~$HB@M[J}EB@M[$+$i8!=P40$SNIIBSHINSISIBZQE Y $G$ Skl
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4.3 <'53C16K;R%K%e!<%H%j%NSN%7%_%e%l!<%7%g%s

MC %7%_%e%l|!<%7%g%s$G$SOB@MBEBEZuS7!" $=$33G @8$83P<0N " $N%K%oe!<%HY%j%N
$,9%K%e!<%H%j%N?6F0$r7P$FCO5eSK-@BIBNIK %6el<%H%j% NSO K AR Fh$GSOEE; R
;6MpENS_$r5/$3$9!"$H2>Dj$7$?1#0J2<$G$O!"$=3$I$>$12>Dj$7$?<0$IFISKSDS$SF @ bL @SBk !#

0J2<$K!I"<'5$C16K;R$, B@M[$KIa3MS5SISF$+$i%KI6e!<%HY%j%NS, H/@8$9$k$ " $GSN2aDx$r6gBN
E*$K=R$YS$k!#

==J,1sJ}$+$i<'5$C16K;R$,B@M[$KF~<M$7$?$H$I$k$H!" B@M[CISN<'5$C 16 HIRSHOL
|
!
Nm = R? 1+ =2 4F gt (4.14)
M

$G$"$k(F3=P$OIUO?;23H$3$3$GI"R (=7  10%cm) $SOB@M[$NH>7RL: (=2 10 3) $O
B@M[$+$ISNC&=PB.EY}" $01sJ}$G$N<'5$C16K;RSNB.EF}i $O<'5$C16K;RSN%U%i%C%/%9!"

t (=457 10%r) $OB@M[SNG/Np$GS$"$ki#B@M[CI$KF~<M$7$?2<'5$C16K;R$O!"B@M[CIEN%W%bi
%:%"$N1F6ASG%(%M%k%.!<B;<:$r7+$jIV$7!":G=*E*$K$SOB@M[$SN%3Yd FK SRS ?!"
B@M[%3%"CI$G$OH?<'5$C16K;R$HSNBP>CLGSOL BEERSKII#

431 B@M[Fb$SGSNH?1~

0J2<$G3$O!"$9$YSFSN<'5$C16K;R$OB@M[%3%"CfSKB8:_$93k$H2>Dj$9$k!#<'5$C16K;RSOM[;R
$dCf@-;R$KBP$I$Kk?(G"822L$,Bg$-$$ENSGB@M[C?4$GSN?eAGSNL)EYSGM[;RENIX2UIQEY S, 7h$
Skl#$"$?B@M[CISG:GSbB?$$85ACEGH"Sk%X%|%& % $SK BRHARBEEBz2L $OS[$SHSsFHI5/$3
$i$J$$ [40]#Sh$CHF<'5$CLEK;R$KShSKM[;RIX2uSNIQEYS$O!"
Z
fo=" Nm Vi HNad®x= Ny Ve nNa decays (4.15)

$HSISKI#$3$3$G !Ny $OB@M[CISN<'5$SC16K;RSN?LL)EYSGHNS)' SOB@M[%3%"A4BNSN<'5$
C16K;R$NB8: NL$G$"$kIBORuUbakov 822L$NCGLL@QSGSGLi= reiC(=2 10 3c) $O<'
5$C16K;R$HM[;RSHSNA]BPB.EY$GS"$k(#50.4g/cm %) $OB@M[CI?4$GSN?eAGSN<ANLL)EYS$G
$"$k# N o $0%"%\%,%1%m2t$GS"$k!#:G8eSN<0$KO\$k:]$KPZBASNHOo@QJ,4X ?t$,>I=j$KOM
FiSISSSHSSS&6a,WSrMQFSH?!#
CO5e$K$*$1$k<'5$C16K;R%KY%e!<%H%j%NSNAL% T IF%Y $OB@M[CISGSNM[;RIX
2uSNIQEYSKBPS$7$F<ISNSh$&$IAXT78%:$"$k
f:';; cm %s t (4.16)
$3$3$G!I'd = 1:5 103cm $0!"B@M[$+$iICO5e$"$GSNI?6Q5WN%SES SROM[;R$S,B@M[CT
$GIx2u$7$78e!" * $,Ix2u$7IF o $,@8@.$5SISKINN($G!"

|o=3

R.=B-(1 A-) (4.17)

$H=SLSKIHS3$3$GB + $OI'M[R$,IX2U$7SF * $,=PMh$kIx2ud 4tHISG!0.519$HS7$749]#
A . (=0.2) $O"B@MICI$G" $, He 86;R3K$K5[<}$5$ISkINN($GS $K4LJ#O0IEYSNM[;RIx2u
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$G ¢ SHF1?tSN $H $,@8@.$5%I$kENSGIH SN<OSKSO%U%!%/9BHB]$+Sk!#$"$?8e=R
$IBk%K%e!<%H%j%N?6FO0Sr7 PSPE8RBg$-$5$0IQS0$iSIS!#
M[;R$,Ix2u$7$F$+$i1%K%e!<%HY%jYoNSXSINH?1~7ONsSr$ " $HSa$k$HOI2<ENSh$&SKSISK

p! (%K "5 )+ eor ) (4.18)
(%LK * oy ! (4.19)
oot (4.20)
Tloet+ o+ (4.21)

:G8e$K!"3F%K%e!<%H%|%NSN@8@.;~$K$*$1$k%9%Z %/%H%k$KSDSSSF=RS SR h$:!"
$GD>@\@8$8$k$02 BNIx2u$G@8@.$5$I1$k$RSEIMeV $NC10I$NY%(%M%k%. !<$r$b$D!1#

dN(E ) _

i (E  2979) (4.22)

OM"F1;~$K@8$8%k * $OB@M[Fb$G@E; $7$F$+$iIXx2uSISKSHIMS(SISISKSNSG!" $=$3$GJ|=P
$5$I$k%K%e!<%H%|%NSOEYIIE*$G!"$7$2$, SCSF%(%M%K%.1<%9%Z %/%H%K$O!"

dN(E ) _ 96(m & 2E.)_, 1

£ - @ EZ (E, 5m ) (4.23)
dN(E ) _ 16(Bm ¢ 4E ) _, 1

£ @ E? (E 5m A) (4.24)

$3$3$G'M  $0%_%e!<%*%sSN{R08.6MeV/c?) $G$"$kI#$33ISISNY9%Z%/%HYKkSOALS$FS,3]
2=(0 E im ¢ $NHO0O$G@QJ, $ITRIBTSFS"$k1# 2" 4.7 SKS3BISISN%69%Z %0/ YoHIok$r
<($9H<B:]$K MC %7%_%e%l!<%7%g%s$roT$8: ] SKED69%Z %o/ %6 (IkYok %o 2AXBtY6(%M%bk
%.I<I} 1MeV $N6k7A$G6a;w$7$?!#

4.3.2 9%K%e!<%H%j%N?6FO$N8z2L

B@M[$N%3%"$G @8 @B K0BP SNUK%e!<%H%%N;  $OCO5e$SKFOS/$ SCSK YK Y%e!<%H%]
%N?6F0$r7P$kSNSG!"8!1=P40$G8+$k%K%e!<%HY%j%NYo(%M%k%.!1<%9%Z YAVRSURBINF ASO 27
$IBKI#

OIHLE*$J?6F08x<0$0IUO?$GF3$$SF$"SkENSG!"$3$35G$0$=$N7k2L S @$1SrMQISSkSISHSKSI$kK!#
K\2r@O0$G$O!" %K %e!<%H%|%N 26 F0%Q%i%a! <STHEIEI7 G/EY $N%Y %9%H%U%H6C%HCM$G
$"$ksin® =0:32 m2=7:6 10 SeV?=c* $rMQ3$$!" 13 SOK\2r@O0$GSOS[$SHSSSI8z$+$I$$
$HS7$F%<%MIHS*$$$?1#B@M[$+$ICO5e$ $GUK%e! <%H%j%N$S, EAGESISkaVEN?6FO3NN($OCGG.6a;w
(IUO?;2>H $rMQ$$$F

P(e! o= %(l+c052 cos 2) (4.25)
P( ! o= %(l cos 2 cos 2) (4.26)
P( ! o= %(l cos2 cos?) (4.27)

7$h$j@53N$KH@9.29MeV,30.29MeV) $N%(%6MIbK%.1<6h4V!#
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$GS$"SkI#$3$3$G!"T T SO$=$I1$>$1%KY0e!<%H%|%N"H?%K%e!<%H%j%oNSNB@M[Cf?4$GSNM-8z:.9¢
3Q$G$"sk!#

<I$K@DbL @$9$k$h$&SKEE;RSHENCF@-;6Mp$NCGEH@ Q0K %e! <%H%j%NSN>19 gD

) $H$GIQ$0$i$I$SINSC!"$33I$iI$OK\2r@ O$GSO$ " $HHESPU K Y0e! <% HYj %oNSN>I9gHBI
=$/$3SHIKS7$?1#$3SN; ~!">e$C=q$$$??6FO3NN(0IJ30$N?6FOSNN($KSDHEBLFSO!" 1) =
1 P(e! ) EySrMQ$$SFMFOWSK7W; $G$-Sk!#

$33I$i$r>e$K=0$$$?3 <oN $N%K%e!<%HY%j%NSNY(%M%k%.!<%9%Z %/%HYkSK EANBQSISKSH! "2
SNSh$&$I%9%Z%/%HYkS, F @ SiSISk!#

05 ——r——— 7T T T
0.45 | =
04 | -

035 [ 1

025 F e ]

0.2

-+

0.15

0.1

R AL IR

0.05

40 50 60 70
En (MeV)

7 4.8 %K%e!<%H%|¥BISR!I=P40E~C#;~$N%(%M%k%.!<%9%Z%/%H%kK

4.3.3 7?eAeFbEE;R$HSNCF@-;6Mp

K\2r@0$G$0%91<%Q!<%+% _%*%+%s%G8!=P40$KF~<M$7$2%K%e!<%H%|%N$, 2e CISNEE;R$HCF@-;6
Mp$r$9$k>19g$@$1roMS(SkI#S3SNSHS-%K%e! <% HY%j%NSHEE: R$HSN;6MpCGLL@Q$O!"0I2<$GM2%$(
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$isIsk :

d _ GZE mec?

d Ee mec
dy 2

[Ag+ Bo(1 y)?+ Coymec®=E |; y =

(4.28)
$3$3$G!'Gr $0%U%'%k%_7k9gDjatly SOEE;RSN@E; <AMLI"'SOF~<M%K%e!<%H%j%N$NY% (%M
%k%.!<I"Ee $OH?D7EE;RSN%(%M%k%.!<$G$"SkIkgB3; Co SNCMSO$=$I$>$ISN%K %e!<%6H
%j%N3$GI4.2 $GM?$($iSISKCMSreHBK!#

| %K%e!<%H%j%NSNKON" Ag | Bo | Co |
e (@a+g'v)? | (@A -0'V)?2 | 0% - 02
hh= or ) | (@a+9v)? | (@a-ov)? | & - &
e (@a-0v)? | (@a+g'v)? | g% - 0?2
hh= or ) | (@a-ov)? | (@a+gv)? | & - &%

I= 4.2: 3F%K%e!<%H%j%NSNEE;RCF@-;6MpCGLL@Q$K4"$"$I$k787t

$?23@$7!"$3BNI=$G
R =on+1= (4.29)
9\9 = gv +1=2sin 2w+ % ( w : weak mixing angle) (4.30)

$GS$"$k!#$3BIBiISrMQPSSF!"H?D7EE; RENY (% M%k%.!1<%9%Z %6/%HYoKB, Za)ek

4.4 MC %G!<%?$N%|%@%/%7%g%s

MC $N%G!<%?$KSO<B:]$N%G!<%?$HF1$8%j% @%/%7%g%s$r$+$1$FIFYH@AEH6 7%g%sSN
$r8+@QSbSKSYS$-$@$, " 3KGK:U%$%Y %s%H%+%CUHSKSDSSSFSOD>A0$NY%_%e!<%*%s$,B8:_$7$I$$SN
$GI"MC $G:G8e$K;DSCS?AISFEN%$%Y %s%HSKY%G%CY%1%2%$% I, SN=ES$_S$r$+$1kS3SHSKS7$21#

27 4.10,4.11$K %% @%/%7%g%s$G; DSCS?%$%Y %s%HSNY6(%6M%k%.1<J, [$HI}8~J, I[$r<($9H
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N 4.9: H?D7EE;R$N%(%M%k%.!<%9%ZAASASHI<ON $KSD$SSFB-$7>$2$7%69%Z%/%HY%k$r
478" ) #5273 @$TSIEN 2" SGSR SNI6(%6MYok6.1<J, 2rG=$KSh$k IFEASOIMNSS7SFSSSISSH$*$h=
30MeV SNSH$3SMEGBYS-$/%9%Z%/%6H0kS, JQ2=$ISBBESMENY6(%MI6k%.I1<$r:}$D$?$a$G
$"$k (77 4.8:25H)1#
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27 4.11: MC $K%j%@%/%7%g%s$r3]$1$78eSNB@M[J}8~J, |[!#2#<4SNS-AIBREDI1 $81#$3
SN?7$0O<'53C16K;R%K%e!<%H%j%NSNA4%U%i%C%/%95rK\O @ 88T R $iRI$e8BCM$G
$"$k 3:9 107 cm 2s 1 $HS7S?$bSNSGS Skt
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4.5 %P%C%/%0%i%&%s%l

Ad%|%@%/%7%g%s$r3]$1$?8eSKSbAASFSN%P % C%/%0%i%&%s%I$, MNSASKkS0$1$G$O$I$/1"<B:]$K
$O;D$C$?%$%Y %s%HINBgH>$0%PY%C%/%0%i%&%S%ISCH " SkEHIMS(Si$ISk!#$7$?$,$CHF!"$3$N; DSC
$?%P%C%/%0%i%&%s%I$rM}2r$7 @5$7$/<h$j=|$/$3SH$G!"$5$i$K8uId%$% Y %s%HSroI$Sk$3$HS, 2D
G=$G$"sk!#

4.5.1 B@M[%K%e!<%H%j%N$+$iSN%P%C%/%0%i%E&%s%]

B@M[%K%e!<%H%j%NSNY(%M%k%. ! <9%{IMZ By BBk SH!"<'5$C16K;R%K%e! <%H%j%N
$N2r@00gCMSGHBMeV 1U6a$ " $G%9%Z%/%H%kS, ?-$SSFS$SHRBSDep $+SiSNUK%e!<
%H%j%NSGS" $kI#$3FISISNYKYbe! <% HIGROBI$IA-8BSNI, 2rG=3$rOM$(Sk$SHBMeV 0J>e$K"z
$ =P$7$+SM$ISSIH#

SK-I $N%i%$%V%2%$% $ASIBE|$SNAVSKL8MeV 0J>e$N%$%Y %sVaHBHES%Y %s%HSHS+
@Q$b$iSISKI#S?$@S$7TK\O@IBSN<'5SC16K;R%U%I%C%/%I$NY%j%_%CY%HSr=P$9:]$K$SOB@M[%K%e!<%H
%j%N$+$ISNY%PY%CY%/%0%i%&%s%ISOIMNESKF~SI$IS+$CH21#$3$I$r:9$C0z$1$PS5S$ISK %% _%CU%HS,
87$7$/$ISkSHIMS(SiSISk!#

4.5.2 Bg5%%K%e!<%H%j%N$+$i$N%P%C%/%0%i%&%s %l

0I<!1'Ch@~(Ls 9 3d$,M[;R$G!";D${$0%"%k%U%IN3;R$d$=$I$h$j=E$$86;BBG5S$CISGJ,
R$H>WFM$7$F%+%9%11<%1%7%c%0!<$, @8@ . $5SI$KI#S3SNY6+%69% 1 R EHBHRHG BEF
Cf4V;R$,@8@.$5%I!" $3SNCFAV;R$,Ix2u$$k: ]SKBg5$%6K%e!<%H %% ;) $,0J2<$N
$h$&$I7ONS$I7PSF@8@.$5$I5k

$d  $X$0
S (4.31)
K*1 % K ! (4.32)
KO ! oK (4.33)
T1oet o I e (4.34)
e $d ¢ $X$0
KQ ! e o K2 Te o (4.35)
Toet e l e (4.36)

$3BIBiISN%KY0e!<%HY0j%oNS+SISNYP Y% CY%/%0% i H&WENEB B, $[SHSSIEYTIE*SKCO5e$N
Bg5$$KF~<M$I$k$3$HS+$i!"B@M[I}8~J,I[$r8+SkSHE[SHPs$II?$i$II, I[$rE$7SFSSSKkSHOMS($i
$IPk!#$=3$33$C!"<|@a$C@bL @$9$k$h$&$I!"EYIIE*$I%P%C%/%0%i%E&%s%I$r2>Dj$7$FB@M[I}8~$N
%$%Y %s%H$+$i:9$C0z$/$HS$S&IIKISKShSCHFS3$I$i$O<h$j=|$1$k!#
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4.5.3 Michel EE;R$+3$i$N%P%C%/%0%i%&%s%l

I= 2.1 $K<($55I1$k$h$&$K!"157.4MeV DXEY $+$=3$I$h$Dc$$% (%M %k%.!1<$r; }$C$?%_%e!<%*
%5$0%AY%'%1%5%3%UBWSrI|=P$7$I$$$+!"0?$$$0J|=P$7$?$HS$ 7 $F b6 K 68IS FEHDIHSP
$59I1$I$S#$3BN%_%e!<%*%s$HS=$NIX2UEE; RSO<ISNSh$&$I%NW%mM%;%9$C@ 8@ .$5$IF @ $k$,>e=R$7
$?%5%V%$%Y %s%HY%+%CY%HSGCEbMN$AS: $K8uJId%$%Y Y%sY%HENCISK @x$s$GS$Sk2DG=@-$,9b$$!#

+N! ( )+ NO (4.37)
( )! e (4.38)

$7$+$7I"$3BN%S%Y %s%HSOB@M[JI}8~J, [$HS7SFSOS[SHSSSII2$i$IJ, I[$rS7SFSSSKSHOMS(SiSl
SKSNSG!"$d$O$iBg5$%K%e!<I%bHY%NSHF LMM!" EyJ}E*$I%P%CI6/%0%i%&%s%ISNCISK A $a$k$3SHS,
$GS-Bk!#
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4.6 <'53C16K;R%K%e!<%H%j%N%7%0%J%k$NCj=P

M 4.53N163%3$%Y %s%HS+$i<'5$C16K;RY%K%e!<%H%|%N%7%0%JI%k$rCj=P$9$k$?$a$K!"$7$:J}
8~J,I[$r 20%S%s$KJI,$1!">e$CGF@E2 IN6IJ@~$r5,3I2=37KRL@QE SHS7SP ShSNSH!"J?
$i$J%P%C%/%0%i%& Pt QSL SHS7$?$NSG3F%S%s$GIRIFSNN>I}$r=E$MIg$0$;$k$3
$HEG%U%HOCYHST7S21#S=$7$FI"0J2<$GDjSASESISK( ;  $O<B?I $G3F $KBP$ISk:G>.

CM 2, () $r5a$a$?($D$"$] $r8GDj$7SF $N$_S$rFO$+9p#
R tNreal (i) N giac (i) N wc ()P

2(; ) . (4.39)
i=1 |

$3$3$G !N rea (i): Nijar (1): Nmc (1) $0$=$I$>$1i HVL\SN%S%s$K$*$1$kAQB, $5$1$2%6$%Y %s%H
2" I2$i$I%PYCY6/%0%i%8YodUD SKShSKY67%60% 658, 32=$7$2$bS)N SNCMSGS $KI#$$?
| $OK\Mh

i2 gtat;i + gys;i (4-40)

$G$"$kS,I"K\2r@0$G$Qys;i SNIJ$O8+@QSb$KkM>M5$,$I$+$CS?SNSGI"$3$3$G$04 $a$I$+ECS?1#
<ISKI"expf 20 ( )=2g%r  SNAXASHSTSFIWImU%eCMIZ)"  $,@5SNNNOhENY
LL@QS$KBPSTHE+$i@QJ,$7$FLL@@RYSHSISk $roasal"$=$NCM$r<'5$C16K;R%6K%e!<%H
%j%N%U%i%C%/ HBHIT. L. SGEN>e8BCMo) SHE7$?#$3SNSHS-00 SNCMSLL.5$GS $CH?1#
27 4.13$K%U%H6C%HSN7K2L$r<($91#$3$IS0I*MYEL4BERISNAV < 5$C 16K;RY6K %6e!<I6H6j%N
9%U%i%CI6/%SE, 2eAeSNCISrDL2a$I$k 1$KI90%C. L. $G11.525$N%$%Y %s%HS$b @8$8$I$$$HSS
$&$ISHSOULHSTSFSSSKIH#
$1$21"I2$i$%P % CY%/%0%i%E&Y63%I$@S$1$r2>DiS 7$F%G!<%?$NI?6 QCRIGKEBPRISHO
$k$H!" 2/d.0.f = 20.4/19 $G$"$CH?IHSISNCMBIVC. L. SKAJEVSTI"%[%@%/%7%g%s8e$NJ, [
$0==0,J7$I$H8+$I$; SkS3HS, <($5$1$21#
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x 10

0.1 r N
0.09 — exp(-C;,2/2)
0.08 — /\
0.07 — R
0.06 —
0.05 — ;
0.04 — . i
0.03 —
0.02 —

0.01

7412 exf 2, ( )=2g$H 9o SNOLCV
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B

12 e —— —0—-

10 H + .

-1 -08-06-04-02 0 02 04 06 08 1

COS (g,

21 4.13: MC $HJI?$i$I%P%C%/%0%i%E&%s%I$N=ESMIgSostBHFh Sk
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4.7 <'5$C16K;R%U%i%C%/%9$N>e8BCM

>e$K=P$F$-$7<'58C16K;R%KY%e!<%HY%j%NSNA4% U JSEWBDBREA! "A4%$% Y Yos M2
$O0JI2<ENSh$&SKSISK
Z Z Z X
Ntotal = Ntarget dT  dEe dE get(T) §O
isj

. NEENCE
(EPCit g (4D

$3$3$G!" get(T) $O;~90T $K$*$1$k8!=P8ZN{!" Niarget (= 1:07  10°48D) $OSK Fh?eAe$kar
$MSISKAAEE;RSrI=$94Eo; E  $0$=$I$>$IH?D7EE;R!" %K %e!<%H%|%NSNY%(%6M%bk%.!1<$rI=$91#
$1$2!" | $O<oNi $N%K%oe!<%HY%j%NSN5,3I2=$5%1$7%(%M%k%.!<%9%Z%/%H%KkSGS"$k1#$3$3$G
$0A4%i%$%V%?%$% $KS0$?$CSF @ YU Shi#e$SG5a$a$? go(= 11 :5) SKEYS7$$SHS*$/
$3SHSG!"%K %e!<%HY%NSNAL%U%i%C%/%9$00I2<$N$h$&SK5a$ " $C$?

lo< 39 10 cm 2s ! (90%C.L:) (4.42)
$ShSCHF!"<0(4.16) $K$h$|"B@M[CISGSNM[;RIX2uSNIQE SO
fp< 90 107 s ! (90%CL:) (4.43)

$HB+@Q$bSiSISk!#$3$3$+3i!"<(4.15) SrMQ$$SF!"B@M[CIEN<'5$C16K;RENBSN MLS,

_ 0
1mb

$HI, $+SkSENSG!" v esc=2 10 8 $KBP$7SF!"1'Ch$K$*$15k<'5$C16K; R%U%i% E4%9
$N>e8BCM$CA0L4) $hsjl"

Nwm < 1:6 10 (90%CiL:) (4.44)

2

= Kob <15 10 2 WMi*» cm 2s sr 1 (90%CL:) (4.45)
$H5a$ SKI#ShSIOIHLSN y SKBPS7$FS$O!"
2! 1
Fum R"b <60 108 1+ &€ (mm; wm) tem 2s tsr 1 (90%CL:)
M
(4.46)

$H=q$1$kI#$33$3$G(My ; M ) $OI"B@M[$K<'5$C16K;R$,Ja3M$55I$k3NN(SKBPSISkS=SN<ANL
my SNOMB8@-$ri=$7$F$$Skt;  10°GeV/c2 $ISISP!" (My; m) ' 1$G$"'$|" mym
105GeV/c? $I$iSP!" v $,Bg$-$/$ISkSH (M m) < 1$HSISKI# y > esc=2 10 3
SKE*$SSFI"<'5$C16K;RIN<ANLS, Bg$-$/$I$k$H!"B@M[SKF~<M$7$?$HS-SNY(%6M%k%.!<B;<:$,1?
FO%(%M%K%.I1<$KH$Y> . $5$/$I5j2a$.$F!"<'5$C16K;R$rJa3MSISk3NN($,B.EY SHSHSbSKEA7cSK
> $5$/$IBk!#

8.~90$H$H$hSK?e$NF)2aN($,JQ2=$95k$?$al#
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4.8 Am3g$H>-Mh$N2]Bj

#2s SK-1 $N1496F|$N%G!<%?$rMQP$$F!" 1'ChGX7I<'5$C16K;R%U%i%C%/%9$r8+@QSb$CH?!#
7k2L$SOO0IHLSN) $KBP$7$F!"

% <60 102 14+ =€ (mm; wm) tem 2s tsr 1 (90%CL:)
1mb M

Fm
(4.47)
$G$"$]"S3SNCMBO5I%+%6_%*96+96s%GENIGI<9%2$+$i8+@ QSb$isI SROMSRETAHEKO!
7e87$73$%]%_%C%H$GS"$j!"$7$78=:_SKF@$i$I$F$$3k:G$b87$7$$%jlef@CRE L$+$i$N
%j%_%CPAHIF1DXEY$K87$7$$%]%_ %C%HSGCIhHFENIF<BE3ISKShSCHF #S"SGIKF @ $id!
SFSS$KY6%_%CYHSH:#2sSN2r@OSGF @S$iSI$ 29480 BHoc9!

NMonopole Flux Limits
e e e B
10-12 |
: Combingd Induction_
MACRO(1989)
- ,é‘—(‘f UCSD 11 {
10—14 - \—J o

g / \ Soudan-2 3

Parkcr Bound — ! X Kolar

o-13 L

1o—15

Baksail N — =
—-18 L Kamioka(Track Etch)
e = Mica
F
T 10— 17
T 10 " :
o 4 i ;
G _is oo = 1mb
o Lo g—
g E
;xo— 12 =
g 3
il =
4 3 1019
e
o2t |
- L ”
Gio-22 [ W
E
§ P 5

10— Kamiokande- I(274day)

SK-1(1496days)

Kamiokande- -III(3 19day)

10—24

10—25

10-26 |

10—27
i i J | 1
to—4 10—3 10— = 10— 1
Monopeole velocily/c

27 4.14: 3F<B83$KShSCHF:#$ " SGSKF @$iSISFSSSk<'5$C16K;RY%U%I%CY0/969$N%]%_%CIHSH:#25$N
2r@O$GF@$i$I$?%]%_%@WED~

#2r@O$N2~NI$I$Y $-E@SKSDSS$F0I2<$K %)%9%H%"%CLHWSISKSH!"
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1. 7OE}8m:9$N8+@Q$h$j$b=*$03$i$;!" $h$j?. Mj$G$-$k%]j%_%CUHCMSr=P$9l#

2. SK-IL,SK-II(,SK-IV) $N%G!<%?$b2CS(SFE}7WSrA}$d$oI#

SHPISK!#
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Bnh5>0 Am3g

K\8&5f$GSO$ $SK-111 $K$*$$F%i%8%&% G;EYB,Dj$roTSCHREINM-8zBN@ QFb$K$*$1$k
B@M[%K%e!<%H%j%NSNY%PY%C%/%0%i%&%s%ISOH>8:4|$NDI$$J | < VS Fra BLEMNSSS " Sk
5/8;$r;}$DSHIMS($iSISkS, I"$=$I$,M-8zBN@QFb$KBS8:_$9$KORa,228Th $KShSkSbSNSISNS+!"
$=$ISH$bII:]$GH/@8%$7$?%P%C%/%0%i%&%s%I;v>]$N%_%9%U%#HoC%HSN$?$a$KM-8zBN@QFbS$SGH/@8
$7$78=>]SHS7SFSSSKSNS+$OI, $+SCF$$$IS+ECH?!1#

$=$3$GI"AO<T$N2DG=@-$r8!F$$9$k$ 2SS BNM-8zBN@ QFb$K$*$1$k%iv8RaF > Ra
$NG;EYB,Dj$roT$C$?1#$=$N7kP2°Ra]  0.078 mBg/m® (90%C.L.), [**®Th]  0.16
mBg/m 3 (90%C.L.) $N%j%_%C%H$rA@ERA$BK 2eAeFb$G$OI|<MI?9US$,@.$jN)SCSF$S$
SkSHIMS(SISISKSNSGIZ28Th] = [ 224Ra]) #$3BISISNCM$BroePY%C%/%0%i%&%s%I$N%$% Y Y%os%HYel!<
%H$r3F%i%8%&% F10LBN$SG@bL@$9$k$?$a$KI, MWSHESHREKG: BYS mBg/m 3, [228Th]
= 0.07 mBg/m 3 $HHF3S$ISkSISHSKSh$j!" M-8zBN@ QFb$KS*$1$kB@M[%K %be!<%H%j%NSNY%PY%C%/
%0%i%&%5%I$, 7€ CISKMOS$1$BRABKS/8;$r;}$D2DG=@-$0GS=|$5$I$?!#013}1#28Th $K
AX$7SFSOE}7WSBmM:9!" 7OE}8M:9$,Bg$-$9$.$FK\<B83$GSO7kO @$,=P$;$I$+$CH?$?%al" :#8e$5$i
$ISk%9% 2% GY%#$Sr MWSHSISK!#6BNE*$K$O%+%i% $HY%i%I%s8!=P40$rMQ$$$?F1IMMSN<BE3SGSh$j
E}7WS$rA}$d$; $kSh$&SK)INP0+%i% SNIBCVHI$OSkS3ISHS, IMS(SiSISks,!" 22 Ra(%H%j%E&%"
70N} $SN<wL?$226Ra(%&%i%s7QNS$ISHHI3S$7$F6K$a$FC;$$$2$asK!"E}7W8mM: 9$rA}$d$7
$F$b70E}8mM:9$,8:$i$I$$$2$aSK$3SNSASjI}SKSO8B3&S,$"$kI#B>SNIIKISHS7SF!"%HY%j%&% 70
Ns$G2*Ra 0J30$NJ|<M@-F10LBN$r8!=P$9$k$3$HSKShSCSF$h$j6/$$%j%_%C%HS,F@$iISISkSh$&
$JIIKISrC5$9$3$HSISIS, IMSB($iBISKI#NCS(SPICP <ANLJ, @OK!I$K$h$CHTh SN<ANLSIB,
Dj$9$k$3$HS, IMS($iBISkS, " SISNIIKISGSAL0 14g/g %I%Y%kERFTh $NB,Dj$,2DG=$G$"$k
$,I" SK-11 %U%!%$%J%k%5%s%Wo%KkSN%$%Y %s%HY%l!<%H$rI|<MFFEUSIG DRI
$9$k$H 2 10 Mg/g $H$ISK 2eAeFb$NOLCVSK$h$j%U%!%/%?!<DXE YORSER!TCP <ANL
J,@OKI$K$h$32Th $rB,Dj$9$kJI}$,%+%i% $K$h$F2*Ra $rB,Dj$9$ksh$ish 298TI $KBP$I$k
6/$$%j%_%C%HS$,F@3$i$ISk2DG=@-$,$"SkI#$?$@$7!"$"$/$"$GB,Dj$NL\E*$OM-8zBN@QFb$N%P%C
%/%0%i%8&%S%I$r@bL @$C$-$k$+$IS&S+$r8!>Z$I$k$ISHSGS Sk $+$i!"$=SN$?$a$KI, MWSI@:EY$,
F@$i$I$IS1SISPOUL#S,$I$$$3SHSO8@$&S SGSh$ISS!#

$1$? SK-1 $N1496F|J,$N%G!<%?$rMQ$$$?BgE}0IMIO @<'5$C16K;RENC5:wHroT$SCS?#B@M[S,
<'5$C16K;R$rJa3M$7B3$1$F$SSkSHSISKSHC @Q$7$?<'5$C16K;R$,?(BukmKov 822L)
$KShSCSFM[;RIX2u$r0z$-5/$3$9$3$HEK $h$j%6K %e!<%HY6j %NS, J|=P$5$I$kI#K\O @I8$GSOH?D7EE
‘RSN (%M%k%.!ABMeV $+$i 55MeV $N%KY%be!<%H%|%N$rC5:w$7!"<'5$C16K;REN%U%i%CY%/
%ISHS7SFEN ( 0=1mb) < 1:5 10 23( =10 3)%cm 2s lsr 1 (90%C.L.) $N%j%_%C%HS$r
F@$?'#$3SNCM$08=:_$"$GSKIT$0$I$?<B83SNCI$GSO:GIbA6GEYSN%|%_%CUHHSCS"$K!#
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IU OA <'5$C16K;R2r@O$NJIdB-

$3$NIUO?$G$0!"K\O @JI8$GOESK2>Dj$7$?7<'5$C16K;RSNMM!9$I@-<A$dB@M[CISGSN=tH?1~Ey$r
ApACE*$J4X78<0$+$i6qBNE*$SKF3$-!"<'5$C16K;R2r@ O$SNM}2r$ro<$aski#

A.1 Dirac <'5%$C16K:R

0J2<!"SI C10L7O$GEE2Y$NNL;R2=$rF33$/1#
<">|Cf$NEE2Ye SN2YEEN3;R$N:nMQ$O
Z 2
S=Sy+e A dx (A.1)
1
$G$"$kI#$3%$3$®o $O<+M3N3;R$KBP$ISk:nMQSCS"$k!#$7$?$,$CSFN3;R$,ID$8SFTEIO)
<~$9$k?6|}A $0 | Z

Al exp i A dx =exp i~ B dS (A.2)

SH=0$18k!#$3$3$G $O $G6-3&PES1SISISK6ILLEGS SkIA $,012A$GS"$k$?$a$K$O!"<'5$

C16K;R$r00$ ID6ILLSr2#@Z$kA4<'BREDQ@0?tSHS7$F

|
€ B ds=2n (A.3)

$rK~$2$5$I$1SISPSISISISHI
OJ}"IDBILLSr2H@ZSK<'B+$,%<%MSGSISSSHS-$0!" ID6ILLENFbItEK<'5$C16K;R$,$I$1$ISP
$ISIBISS#<ESC16K;REN<'2Y$rg SH=q$/$HS-I" @ EEE5SIXSK$*$1$k%6,%&%ISNKIB'SHFLMMSK!"
|
B dS=g (A.4)

$,@.N)$93k!#2 SDSN<0$rHf3S$7$F
e_g =2n (A5)

SN4X78<0$rF @Sk

1$33I$r C.G.S. C10L70$G=q$1$RY = 03¢ $H$ISKIH = ngp $H=q$/$H$-I"gp ' 68.5 e$ODirac <'2Y
$HBF$P$II"e=4.80 10 P esu$KBP$7$FY> =3.29 10 CesuSHSISKI#$7$?7$,$CHFI"<'5$CL6K;RSrFIF~$7$F$h

Maxwell J}Dx<0$040A4$K$SOBP>N$K$ISi$IS$SISHS, I, $+$k!#
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A.2 BgE}OIMJO@<'5$C16K;R

%2!<%8BP>NG{H>C1=c$GC10"7k$H)HKISCS?BgE}OIM}O @$+$i=PH/$7$F$=$I$,<+H/E*
SKGKSISF!"$h$j>.$5$IBP>N@t $,@8%-;D$C$?>19g!"OLAJE*7g4topological defect) $NOI
<0$G$"$kC16K;Rnonopole) $0=LB $7$???6SNB?MMBN=G/H $,2D=L$G$I$$Fs<!85LLS$r
4% SFHS-SK @8$8$kI#$DS $j>ISNG[OLA4BNSNY%(%6MYbkTBI6K; RSN<ANE,M-8BSG$H"$k$?
$a$K$0!'(6u4VEY L58B1sJ}$Higgs>l  $,??6USNCMSr$HSISISLSISPSISi$ISSS, " $S3SNSH
$-$b$72?6uB?MMBN$,4$ Fs<!85LL$,2D=L$G$I$1$I$BN6U4VE*O"B3@-SN$?$asK$I$3$+$G
Higgs>I$,??6uB?MMBNS$+$iN%$I$IS1SISPSISiSISSINSG!"$=$3$GSOBP>N@-$,2s1|$7$FBg$-$J
%] %F%s%7%C%k%(%M%k%.!<$r$b$D%3%"$,B8:_$9SkSISHSK$ISK!#

C16K:R$OGKSISF$$$I$$BP>N@-SN@8@.;R$KBP1~$9$kFO7BI}8~SN<">I$r; ) S DBREaSK!"
$,M=A[$7$?<'5$C16K;RSHFIN SNSbSNSGS $k$3$HS,J,$+SkI#<'5$C16K;R2r$r5v$9%b%GoUkSNNC
SHS7SF<ISNSh$&ITO(3) %0h%G%kS,$"$k!#

1 1

- = a a ~pa a _( a a 2\2.
L=5D °D iF°F 7 )% (A.6)
D 2= @ a g abcAb c; (A.7)
F2 = @A @A? e APA° (A.8)

$3$3$G2C (a;b;c=1  3) $O40A4H?BP>N%F%s%=%k$SHERISO<+H/E*$KI(1) SKGK
$I"226UB?MMBNSD = S2 $G$'$k!4#$"$?I"GKSISF$$SISRI(1) $O 2 SN<~$j$N2SE>72$G!"EE
<'Aj8_:nMQ$r5,Dj$9$k%2!<%872$HF 10;K$G$-$KI#

$3$N;~!"<'5$C16K;R2r$00I2<$N$h$&$K=q$1$k #$D$"$j<'5$C16KRBOS > $,<!$N
<O$N$h$&SKFO7BI}8~$r8~$$$20LAIE*$K<+L @$G$I$$>ISNG[OLSNCI$G:G$hC1=c$IG[OL$KBP1~$9
$kI#$3$3$G!"%2!<%8>I$,B8:_$7$I$$SHIggs >l  SNY6(%M%k%.!<$SOF07B5WNYSHE&SK@~7ASKH/
6S9Sk$3SHS, <($5$ISk!#

"= @ HO)- (A9)

a — aij X!
A= (1 K(r) ¥ or? (A.10)
(6U4VEY L58B1sJ}$G$O $O??76uSNCMSKBasER(r) ! £2) SN$SG!" $N6&JIQHYJ,$OL58B1s
JI$G>CH($k!#$7$7%,$CSH (r) SOBE@SGSO@5B'SNGPBa= 1 $G3$"$j!"86E@$+$i==J,N%
SIS?E@SCHDBK<}B+$9$KH (1 ) = 0) $h$&$IAX?tSCSISLSISPSISiI$ISS!I#S MR (r) $SbFIMM
SKK (0) =1 $+$DK (1 ) = 0 $rK~$?$91,MW$,$"Sk!#

0J>e$+$i1sIISN<">I$,

Ba = % ik £a

e
"~ er2
$H5a$"$kENSG!"$3$N<'5$C16K;R$,<'A¥=e (<+A3C10LTFr$b$D$3$HS,J,$+3k!#$33I1$0<0

(A.5) $Gn = 2 $N>19g$G$"sk!#

a2 (A.11)

20J2<?26u$r>I$N:G$b%(%M%k%.!<$NDCc$$>UBVSNOUL#SGMQSSSKSISHSK $ISK!#
P11 $+$i G/H $XSN<LA|SNY6[%b%H%TIS(E ) $,<+L@$CSISS!#
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A.2.1 BgE}IM}IO@<S5$CL6K:R$N<ANL

<'5$C16K;R2r$Q@ $DSNDIHG; r, SGFCD'SESLSiSISKI#S3SISISOS=$I$>FI>e=R$7$?%9%+%i!<

>l 2 $HY%Y%/%HYARS,$=SISISN r 1 1 $K$*$1$kA26aE*?61g$$$+$IM-OUSKNY$IS?NNOhSN

H>7B$HDj5A$5$I$k!#$3SNSHS-I" @EE*$I<'5$C16K;RENY6(%6M%k%.!<$O0I2<$N$h$&$K=$1$k
Z

1 @x B2 B2+D @D 4 (223 22 (A.12)

Mv = 3 2

$3$33GIB? = 5 K F $G$"$kI#$3EN<0Sr@QJ,$7$F%*<%@!<I>2A$9Sk$HHT 5 $r2>Dj
$7$F

43 (A.13)

1
m 4 + 2(ry 1)+
M ezrv (v s)

$H$ISk!#BHL 9°$OH>7B, SN<'2YSrBS$S$?5eSNY%(%M%k%.!2'BROrs <r <r , SNNNOh$G
$N%9%+%:i!<>I$NB{G[%(%M%k%.!x$G!¥ |, $N;~$O$3ENI $OB8:_$7$I$$!#BR$Or <r ¢
$NNNOh$G$N??6u%(%M%k%.!<%+$i$N4SM?$G$"$k!#

$7$7$,$CIF%(%M%k%. 10 () 1= m 1$+$Dry, () 1= m, ! $N;~:G>.$H$J
$KI#$3$3$AMNs; My $OS=3I$>$12%69%+%i!<N3;R!" %Y %/%H%KN3I;REN<ANLSGS"SkI#$3SI$iSN4X78
<0$r>eSN%*1<%@!<I>2ASN<0$KBeF~$9$k$H

mm 4 %"' 2(mv ms 1)+ 4m53 4212V 4?
SHPISKI#SIBNAXT78<0%9> 1, $N;~$b@ .N)$ISkS3SHS,<($;$k!#$7$2$, SCHF!"NcS(SPAJE>0\
$NE>0\29EY$T, ' 1015GeV $J$i"<ANL my ~ 10'8GeV $N<'5$C16K;R$, @8@.$5I$k
$3$HS$,J, $+SK 1#

$7$7$33N4X78<0$+$i<'5$C16K;RENY63%s% W% I %ICHADEBY% "SNY%5%H9p $h$ish 2 7e
DXEY>.$5%$$$3%H$, F3$+$I1"

1

10 (A.14)

c —m,t myl=r, (A.15)

4
<'5$C16K;R$ONI$$6a;WSGSEESE*J*BNSHE+$I$; Sk$3SHS,J, $+Bk!#

BgE}OIM}O@<'5$C16K;R$O6LEMS.SNSh$&$IO=BS$r$7SF$*$jl"$=SNCISKBgE}OIMIO @ SN$"$isf
$KAj8_:NMQ$, 473 SISFSSSKI# 2.1 $KBEJOIMIO @<'5$C16K;R$N2DG=$J9=B$$r<($9'#
%3%(H>7B 10 2°cm) $G$OBYE}OIM}O@$NBP>N@-$,2s!|$7SFISH" %\%>%$,Aj8_:n
MQ$G$-$kI#$=$N30B&SKSOEE<¢NNI 6cm) $,$"$j"$3$3$GSOW ,Z° %\%>%s$,Aj8_:n
MQ$9$k!I#$5$iSK30B& 10 13cm) $0ID$89~$aNNOhSKSISCSFS*$jl"8w;RSH%0%kK%6*%s$+3$i9=@.
$5$ISF$$SK!I#2t fm $h$j30B&SKSO%U%' %k % -PP%6E % %k%_%tihse™ e Ey) 6E=LNNGS,
$"$k1#2t fm $h$j==J,1sJ}$+$i8+$k$H!"BgE}0IM}IO@<'5$C16K;R$O<'$A.11) $r@8@.$9%k
Dirac <'53C16K;R$NSh$&SIE@N3;RSHS7SF?6 S I

410 GeV ' 10 g $h$j"BgE}OIMIO @<'5$C16K;R$O%PY%/%F%]% " DXEY SN<ANLSrM-$OSk!#
°>e=R$7$B0O(3) %b%GUk$GBP>N@-$,GK$I$?8e$K!"<ANLSr3NFRDSKBBY %/%HYok>I1#
6$3SNNNOhSB%UY%'%k%_%*%sSNY%P%%*%s?tSrGKSkI $,4°$ SISF$$Sk2DG=@-$b$ " $ki#
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v porerane e |
10°2* 107t o1

HE lem)

M Al <'58C16K;R$N2DG=$J9=B$

A.2.2 BgE}OIM}JO@<'5$C16K;R$N2a>j@8@.LdB]

Te'  $NAJE>0\$G<'5$C16K;R$,EV;~$NCOI?@~EVSBEIDXEY @8@.$9SKSHSIHKSH!"
$=$N?tL)EVy $HY%(%s%H%M%TI<LIEHUPSO

v ' 10 3
-~ 107 Wy 10 1o (A.16)
$GM?2$($iSISkI#<'5$C16K;R$O$0$8H7 =s > 10 10 $G$I$$8BS|!"BP>CLGSOS[$HSSSI5/$3Si
$I$$14$7$2$,$CHFI"$0$8$a$K @8@.$7$?7<'5$C16K;REOS[SHSSSIS=$N$"$ @ 8$-; DSKkSISHSK SISk #
0IJ}1"8=:_$N1'Ch$N%(%s%H%mM%TI<L)EY$O1'ChGX7JJ|<M$,CA$CSF$*$i$sSNCHBD 3
$G$"$i"0ITINW3EL)EY$O, 10 2°gcm 2 $G$"$k$+$il"<'5$C16K;RENY6(%M%0k%o.!<$$r
D6$($I$$$7$a$K$O!"
n_'V'_ 10 24 _Mm !
106GeV
$GSIS1SISPSISiISISSI#S7$2$,SCHFI"<QA.16) $H<O(A.17) $rHFISSISk$H!"=i4|1'Ch$G<'5$
C16K;R$08=:_$N%(%6M%k%.!<L)EYS$K$h$k@)SBRHAHSN2a>$K @8@ . $5315?$3SHSK SISk #

(A.17)

A.3 Rubakov 8z2L
A.3.1 Rubakov 8z2L$N86M}

0J2<$N5DO@$G$O<+A3C1O0L70$r:NMQSIBk!#

"1 8D$N<'5$C16K;R$, @8@.$551$k%1%a%$%sSNBgSHS E>0\;~SNHiggs >ISNAjAX5WNY%SG 7h$ $j"$35N
CM3$OAJE>0\SNNO3X$KShS0[$ISKS,!" OX2LN'SG7h$"SKCOI? @~$h$j$O>.$55/$I$1SI$PSISi$I$S!# NCH(SP>e$K55$2
$? SO(3) %b%G%k$G??26uB?MMBNS? $N>I9g$0720 @E*IM;!1$+$i%I%a%$%s EUB?BDDXE Y SHSIPA2]1#

S AIBPO@E*N3;RSNE}7TWERESIMQS$SE = 2 2NT =45 $G$"$j!" nw =s $01'ChKDD%$KSh$CIFIQ2=$7$I$$
CGG.ITIQNLSGS"$K!#
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3K;R$,BgEJ0IMIO@<'5$C16K;R$N%3%"$SHAJ8_:nMQ$IBkeIHIT M + et + O SN$h$&$I3K
:RIX2UH?1~$,@8%:$kI#$35NH?21~2aDx$NCGLL@ Q$rC1=c$K%2!<%8%\%¥Pros SNEONRIGE
$H$7$?2$HS-$N%3%" "SNBg$-$510 6cm? DXEY$S@S$H2>Dj$9$k$H!"$3$NH?1~$0<B:]>eL5:k$G
$-$k1#$7$+$7<B:]$ORuUbakov 8z2L$K$h$j?(G2aDx$NH?1~CGLL@Q$OES7?E*$I6/$$A|8_:nMQ
DXEY$NBg$-$5DXEY,  1mb) $H$I$j!"B.EYOMB8@-$b9MN8$ISk$H

. (A.18)

rel

SH=q$15k!#$3$3$Gre SHEO3K:RSH<'5SC16K:RSHSNAJBPB.EYSGS k!4

Rubakov 822L$H$O!"%U% %k%_YSIBSSGSOKIBNGHFOAXAMNGH@.J,$,<'5$C16K;R
$NY%3%"IU6a$G5"7cSKIbSasiSISkSHS$$&B=>]$GS$ " $kI#$D$ $jI"M-8B$I3Q1?FONLSr; }$DGHF04X
21$,%3%"1U6a$G6/$/M @)$53ISkSNSKBPSBH@.J,$@$1$0%3%"$SHE8Z2LE*$KAJS_:nMQSG$-$k!#
H>8EESE*$K$CGIGHSOF07BI}8~$N1?2F0$GS $iI"%U% %K% _%*%s$SKBPS7$SF%m!<%I1%s%DNO$SO$OS$?
$IS+EISS (%U%'%k%_%*%sSNEEBHMT7SRY B = eqv  r=r3 = 0) $,"%U%%k%_%*%s$N
1$D<'5$%b!<%a%s%HSH<5$CLEK;REKShSk<>ISHENAJS_:nMQS+Si

F=r( B) (A.19)

SNNOS,%U%'%k%_%*%s$KSO$0$?$i$/SNSG!" IPEKSKS NS BB %0b! <%a%s%H$OF07BJI}8~
$r8~$-"$=$NNOSO0zNOSK$I$|F @$k!#$7$7$,$SCEF%3%"$N6aK5$GSODISWNY%SNZEBSNS?$a$K
@.J,%,7 E*$K9b$aSi$I$kS3ISHIK$IS|!"$=SN7k2LCGLL@ Q$O>e$K=R$Y$?$h$&$IHS>0$KBg$-$ICM
SHPISK!#

A.3.2 Rubakov 2aDx$NCGLL@Q$NB.EYOMB8@-

<'5$C16K;R$NB.EYS$r $HSI$k!#<'5$C16K;REN?(G:NMQIKShSKM[;RIX2u$SNAACCGLL@Q$O!"$"
$:M[;RIX2u$,H/G . H?1~$G$"$k$3$HS+$i!" 1 SNB.EYOMBS@-$,$"$k$,!"86;R3KS$,@5$NO[>0<'
5$G=N($r;}$D>19g$0$5$i$KISA%!"IIMhSKShSCSF; XE&S$5$I$?2$NOX;R[40] $,3]$+$k$3$H
$G!":G=*E*$K 2 $NB.EYOMB8@-$r$b$D$3SHSKSISk!#0J2<$G$0O!"8e<T$NOX;R$,3]$+
Sk$3SHPr3NS+Sadk!#

<'5$C16K;R$H86;R3KEN7OSN%O%_%k%HY%K%"%s$r

- 1 2 of
H = m(p ZeA) 1
1 > 2d  L?

= = = S—_+= A2
2Ma drz rdr r2 (A.20)

$HSHSKIA 9TL\SG = (eZ=2ma)2s(l + ) $O3K<'5$G=N("" $O0[>0<'5$G=N(I"s $O3K%9%T
%s!"ma = Amy (A $086;R3KSN<ANL?tHN $O3K;REN<ANEO86:R3KSN<ANQI$O<'5$C16K
REN<'2Y$GCH"$kI#$ S 2 OTL\SGL 2 $Or $dH $H2D49$J1i;:;:R$G

L2=[r (p ZeA)? 205 f1+ ) (A.21)
q=(eg2 )Z2=2z2 ( 1= 1, ) (A.22)

$G$"$k!#$3$33E e $O86;R3KSNEE2Y$GS "Sk!#
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$3$N;~!"L2 $N:G>.CM$O
L?2=jgfl 21+ )sg (A.23)

SHBISKENSGL' 2 SNBGM-CM$¢  + 1) $H=q$/$H$-!"

1 1=2
= = Z+jqu1 2(1+ )sg (A.24)

SHBISk!#

0lJ}$GFO7BGHF04X?t3r= 1 $G5,3J2=$9$k$H!"GHF04X?t$O1?FONLSH=qS/$HS-!"r $,
> $5$SSHSIIMSGED) $+(kr) L SNSh$&SK?6SKIqHBe BesseUX 2t$N2) SNSG!">e$N5D
O@3%$Rubakov 2aDx$KE,MQ$I$k$H!"?(G"8z2L$, @8F8SkINN($KSO0I2<$K<($5$I8k$h$&$I3Q1L?
FONL>CJI$SN$?$asNM @)0x;R$,3]$+Sk$3$HS, I, $+Bk!#

2Re
F()=(kr)?Re = — (A.25)
0

$3$3$G $086;R3KH>7BSN%*I<%@!<$G!"1=rma  1=rpA1=ma 10 3 10 4 $G$"$k!#

$7$?Re $0 $N<B@.J,$rl=39 GHFO4X?t$N@dBPFs>h$r<h$k:]$K5u@.J,$OA]; §89%$k
$H$3$M$,NCc30E*$K!"86;R3KS$, @5$NO[>0<'5$G=N( 0) $r;]$CIF$$$k>19g$K$O!"<QA.23)

$K$h$j L2 $N:G>.CM$O>03KIi$GH"$jRe =  1=2 $HIISkSNSGF ( ) $OM @)0x;R$GSO$J

$/IAI0X; RSHSIBK °1#$7$2$,$CHF!"$33N>I9gRubakov 2aDx$NCGLL@Q$OH/G.H?1~$KM3Mh$9$k
LSNOX;RSH!I"$53i$K 2Re = 1 $NOX;R$,3]$+$k$3$HSG!":G=*E*$K$O 2 $NB.EYOMBS@-

$rebSDSISHIKSISK!#

A4 <'5$C16K;R$NB.EY
<'5$C16K;R$,<">| B $K$h$j3MF@$I$k%6(%6M %Mo $O

B
W = n(cgpB) ' n205 —

6 Tom kv (A.26)

$G$"$k!#:G8eSN<OSrF3$/]$KIG =10 8V s cm 2$Hc' 3 10%m s 1 $rMQ$$$?!1#%3
%R!<%I%s%H$I6d20D9%rkpc’ 3 10%cm; B ' 3 G $H$I$kSH!">e$N<O$KS$h$j!"<'5$
C16K;R$,F@$k%(%M%k%d<$Qp (n =1) $N;~W =1:8 10'1GeV $H8+@Q$b$isISk!#$3
$NS3SHS+$il"1'Ch6udVSKS*$19RIrac <'5$C16K;R$OABPO@E*B.EY$K$ $G2CB.$5$I$k$,!"Bg
E}0IM}O@<'5$C16K;R$O$=$N<ANL$,Bg$-$$$?$a$K2CB.$5818F%k < 10 * DXEY$NB.
EY$7$+$b$23I$H?$@$7<ANLSBC < my [GeV] < 10V $r2>Dj) $3$H$,4|BTS5$I$kI#$5
$i$K!" my > 107GeV $N>I9g$K$0!"6d20<">I$NNO$h$j$b6d20$N=ENOS$NJI}$,6/$/$0$?$is-!"
B.EY$06d20Fb$N@ 1$NSh$&SKES7?2E*$SKBD ’ $KSISKSHIMS(Si$I$k!#

9<BINC$($P 10 ° $N?eAG86;R$KBPS7SFSOI"SISNOXIREQ = 1:7 107 SNAH}OX;RSHSISK!#
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A5 B@M[Fb$GPIN%(%M%k%.!<B;<:

<'53C16K;R$,$"SkE7BNSK>WFM$7$78eSK@E; $9$k$+37$I$3$+30<'5$C16K;RENB.EYSH<ANLSN
B>$KE7BNSNFbIt9=B$$K$SbOMB8$9$k!#

K\O@J8$GLABj$SHSISkB@M[CI?4$K$D$SSFSO!"<+M3EE;R%,%95N6a;wS,NI$$$?$a!l"EE;R;6MpISK
$h$k96(%M%Kk%.!<B;<:$N7W;;$,HI3SE*?. Mj$G$-8RESN>WFMSGEE; RSKM2$($k%(%M%k%.!<$,!"
EE;RSNB.EYSrr $HS7$RV Vg $ISi

E %me(vp + v)? %mevé MeVE V (A.27)

$GF"SkI#$"$?;6MpSKASM?SISKEE ;RSN ?tENS&SA%NUY%'%0k% _E}7WSGE5vS5SEKBERBS
LEYSHS$7$F e Ne(V=Ve ) $G$"$kSNSGI"CLOL;~4VSK;6MpSISKN3;R?t$O!"AjBPB. BN St
CGLL@QS$r l=m§ $H6a;,WS7SF ne v E SHBISKI#ShSCSFI"C10LDISSEVS?$j$NY%(%oM%k%.!<B;

<:$0
dE _ 1dE

dx ~ vdt
SHBISK!I#$7$735,$CIFB@M[CIEN<+M3EE; R$KSh$CIF0z$-5/$3$5$I1$k<'5$C16K;RIN%(%6M%k%.!<B;
<$OI"$h$>\$7$$7W;; [43] SKShSkSH!"B@M[FbSN>I=j$KSbOM$SKS,

(;—')E( =(15 40)GeVcnPg ! (A.29)
$GH"$kI#$3$33G = v=cPO<'58C16K;REN==J,1sJ}$GINB.EYSOB@M[CISN?eAG86;REN<ANLL)
EY$G$"$k!#01J}$GRubakov 822L $N%O0%I%m%s$rH<$&2aDx$KSh$k%(%6M%ok%.!<BL:8:$O
$KBP$7$F$O!"<+M3EE;RSK$Sh$kB;<:$h$j>/$I$/$H$b0I7e0I>e>.$5$$!1#0J>e$h$j"K\O @ I8$G 2>
Dj$53I$k<'5$C16K;R$NB.EY . 10 3 $G$O!I"BWN%SK$S7SF 0:1R $bAVSkS3SHSIS/@E;_$9

Sk$3$HS,J, $+3k!#

A.6  B@M[SN<'5$C16K;R$KBP$ISkM-8zCGLL@Q

<'5$C16K;R$,B@M[H>7BFb$KF~$I$PIJa3M$5$ISkEHS$$&6a,wSrMQS$Sk!#==],15J}$+$i<'5$C1
6K;R$,Mh$?>19g!"Ja3M$5$I$k>WFM%Q%i%a! $HBB3&SOB @M[I=LLSK @\$9$k50F; $rIAS/,~$N
$=3I$GH"Bk!#==J,1sI}$GIN<'5$C16K;R$NB.EYSHy "B@M[H>7BIR !"<'5$C16K;REN<ANL
$r my "=ENODj?t$r G\ "B@M[<ANLEV SHSISKSH!"$3$N;~%(%M%k%.!<J]B8B'5Z$S3Q1?F0
NLJI]B8B'( max mc=R V) $+8i2<5-$N$h$&$K5-=R$G$-$k

MM( MC max)? GnmMuM  _ my( m0)?
SR = = 5 (A.30)

$3$3$GBhFs9 $rB@M[$+$i$NC&=PB.EY$ND]5A

m Gnmy M

S esct)® T (A.31)
$IMQS$$F=0$-49%($?8e$K@OM}$9SK$H!" < 5$C 16K R$NJaSMCGLL@Q

!
2 = R2 1+ = (A.32)

M

SrF@$k!#
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A.7 <'5%C16K;:R$NBP>CLG

<'5$C16K;R$OE7BNFb$G%*!<%@!<
T,

ra' 2 10°cm Tev (A.33)
$NH>7BFb$SKEE=837$F$$$I$$8B$j!"H?<'5SC16K;R$SHSNBP>CLGSOL5 [UEHEEBB3SGT
$O<'53C16K;R$,46$83k29EYSGS "SIy T 1leV$GH'Ski#
SHI3IIMSGE7BN<">I$K$h$j3FI9EN<'5$C16K;RIO3IFEK$K0z$-45%;5iBIBkS,"$3SNSHS-<'5$C1
6K;REHH?<'5$C16K;RENS=3I$>SISN=ENOSHEE<'NO$,D $|9g$&E@3$0!"8_$$$K0J2<$K<($53I$kDx
EYN%S$I$SF$$SK

B My 1

7 —_—
r7 10cem i55G6  10%Gev  10gem 3

(A.34)

$7$7$,$CHF!"2 SDSNCMSrH3S$I$kSH!"<'5$C16K;RENBP>CLGSOL5;k$CS-Sk$3SHS[2 bk

A.8 SNB@M[CI$GSN5[<}

;1 SNIX2u$+$iIS0O  $,@8@.$7F@$KS,I'$3SNCI$G:GSb@8@.$9$k%6B!<PLI$SO 0%G
$'8kl#  $NM[;R$KBPSISKCCLL@QHN1?FONLE,00 MeV/c  1GeV/c $N>19g!"10mb 20mb

$GH"$kSNSG!"B@M[CI$G $,5[<}$5%18k;~4VS0O
l=<n,v> (A.35)

$3$3$G!'p("  50mokcm?®) $OB@M[CI$GSNM[;RSN?L)EY!" 10 25cm?) $Op H?1~$NALCG
LL@QVW(' 3 10%m=s)$OM[R$H $NAJBPB.EY$GS"SkI#M[;R$H $O6&LD$7$?8e!"H>J,
$OCF@-;R$H $XIx2u$9Sk!#0I>e$h$j"J?26Q5[<};~4V$O!"

10 1% (A.36)

SHEISKIH# SN<WLP2:6 10 8S) SrOMB(SKSH!"  SNIX2uS+SISNI6KI6e!<%H%j%NSOL5;K$G$-$k
DX>/$I$SSISHS, I, $+$KI#
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IU OB  %K%el<%H%|%N?6FO0

B.1 OIHLE*$JI=<0

0J2<$GG"<A$d@$Be?tSKOMSiISISS0IHLE*$I?6FO3NN (SNK=+<AIC 10L 7 OpEasadk!#%0K%el <
%H%j%N$N%U%I!<%P!<8GNI-SIUBN<ANLBGM->UBY $00J2<$N$hS&BK N $N%f%K%?%
9TNS(:.999TNS)U $G7k$SSD$SSFSSSK
. - w - -
] 1= U] i (B.1)
i=1
$3$33$CJ+; $0!":.999TNs U $N(, i) @.J,$G$"$k!#
3F<ANL8GM->uBV$N;~4VH/E8$0%K%e!<%H%j%NSN Y (B NHR VR Sr

(0 =exp( iEit)] i(0)i (B.2)
$ISNSG!"3F%U%I!<%P!<8GM->UBVSN;~4VH/EB$O!"$3$N<0$r>e$N<0$KBeF~$7$F
X

i~ U exp( iEit)j i(0)i

1

U (UY)ioexp( iE it)j ~o(0)i (B.3)
i=1

SHSISKIHS7$2$, SCHF%U%II<%PI<EGM-SEBBI%U%II<%PI<8GM->UBHK 26 FO$ISKINN($O
X
heo ()i = Uj(UY)poexp( iE;t) (B.4)
i=1
$hjl"

ih o ()i} ?
X

P(-! o

U U.qUs0Uqoexpf i(E;i  Ejo)tg
;i 0
X m2,
Uy U‘oi U‘i oU-gjo exp i i

i;i 0

t (B.5)

$H5a$"$k!#:GB8eSNITSXENTW;;$G$0%K%e!<%HYj%oNSN<ANLS, HsEoSKeAJTREHSroMS(
$F!" E; $KBP$70J2<$NSh$&$I6a;,wSrMQSSS?1#
q 2

: 2
Ei= p2+ m? p+r;—F'J' E+r2n_E,

(B.6)
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$'$?I" m?Z,$OFS>h<ANLSN®?  m7 $GS$"$k!#
$5$i$K!" Uy U.qU. oU-g0 $, | $HI' $IF~SIBXS($?8e$KIH#AGOELISI$HSISPE5SKLaSk$3SHSrMQ
$SSF!"

X
P(-! ) = Re(U+ U- U-; oU+g0) cos( "°t)
;i 0
X
+ Im(U U.g Uy 0Ur olo)SIn( " t)
;i 0
X 20
= ~o 4 ReUjUy U‘ioU‘oio)Sin ( ” t)
i> 0
X
+ 2 Im(U U Uy 0U- oio)Sln( ” t) (B.7)
i> 0

SrF@$k!#

NC$($P2 @$Be$SNYK%e!<9bHIb%NSNS SN>I9g!" . Qg FTNs
!
cos e | sin
U= } B.8
€ sin cos (B:8)

$G$"BkI#$3$3$GI"0LA] $O%K%bel<%HY{%NS,%"%6h%i%ISN>I9gNS_%<%mSEOBIERE<0
F~$7$F!" - $,5WN% ($3$3$G$0%KI6e!<%HY%NSOABPO GE*$IFNSGCS?8e$K o 06 )
SKA+0\$9BK3NN($O!"

2
. . L
P(-! - = sin?2 sin? ;nE
: 2[a\/2 =4
_ sin22 sin? 1:27 m<[eV-=c*]L [km] (B.9)

E[MeV]

$H5a$"$k!#:G8e$N<0$G<+A3C1LOL7OSHGILOL7O$KO\SCH?!#0LA]SO?6FO3NN($N<O$K$O8=
$I$IS$S3SHS, I, $+3k ($D$"$j%0K%e!<%HY%j%NS$,%GC%#%i%C%/N3;R$G S "$k$+%"%hn %i%IN3;R$GS"$k
$+$076F08=>]$K$04X$0%|$,$)¥%

B.2 OIMM$JJ*<ACISNEAGE

0J2<$G$Q @$Be4VENA+O\ENS_$KOCSr8BDjSISKIHS $21"$3$3$G$O%K%be!<%H%|%NS$, DL2a$9
$kI*<AS$,0IMMSIL)EY $r$b$DSHSS$$&2>Dj$N2<$G5D0 @$ISK! #$5SFY6KY0e! <%HIbjNS, J*<ACISIEAGE
SOSKSHS-$O!I" %K %e!<%HIj%NS, EE;R!"M[;R$ACI@-;R$ISISNN3;RSHCF @-;6Mp$I$k$ ?$a$K %K Yoe!l<
%HY6%NSNM-82<ANLS, JQ2=$9$KI#$5SISKIKIbe! <UbHY6j%NSK:nMQSISKY6]%F%6s%7%cok$O$=$N%U%II<
%PI<$KShSCSFO[SISKIHCT@-%6+%6IMSTHAS_:NMQZ N3;R$NSrADSOAISFSNYKY6e!<%HY%%NSG
Ey$7$$$,1"2YEE%+%I%SYEC) Aj8_:nMQW N3;RSNSr4PSNIISOI*<ACISK  $,B8:_$7$J

TK\O@JIBSGFTENC $OIMS($IS$!#
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$FINSG!"EE;R%K%e! <%H%j%NSKS@$1@8$8Sk$SISHSK SISk I#SBBNENS SO SKShSj; XE&
$58I!" Mikheyev $HSmirnov $K$h$jH/E8$5$;$iSI$?SNSGI'MSW 8221 $HEBFSPSISK4 7, 48]#
0J2<!"J*<ACT$NEE;R?tL)EY$n!"M[;R?tL)EYS$r np!"Cf@-;R?L)EYS$r N, !"$=$7$F%U%' %k
%_7k9gDj?(1:16637 10 MeV 2) $r Gr $H=q$/#$"$?CC!" NC Aj8_:nMQ$K$h$k%6]%F%s
%7%C%k$r$=$I$>$lcc " Ve $H=q$/#
CC Aj8_:nMQ$KSD$$SF$O!" CF@-;6MpSKSDS$SFSO>e=R$7$?$hEAHPHS Q@ S1SroMS(SISP
NIS$SNSG!"M-82%0%_%k%HY%HK%"%s$HS7SF$O

He g%fe(pl) (1 5) e(P2)df e(ps) (1 s)e(pa)g

g%f e(Ps) (1 s5) e(P2)ofe(pr) (1 s)e(pa)g (B.10)

BhFsOT$KO\$k:[$K%U%#%k%DJIQA9SrMQp$$ 8 = p $G$"$k$h$&SIA0T},6MpSKSDSSSFSO!"
e SNEAGE$K0J2<$N$h$&$I4sM?$r$b$D

"26e o) ale @ o (B.11)

$3333GEER>ISNAP@~7ASNG $KAXS7SFSOGX7ISKS0$2$CIFI26QSrSHECHFIS3KS, I'EE;RSOHSABP
O@E*$H8+$I$; SkSNSG!"<4@-%+9(%EWHYB0% Y %6/%HYok%6+%1%s%HSN6(BERENI?6Q

B.EY) $OL5;k$G$-$kI#7Kk61%Y%/%H%k%+%I%s%HSN;~eVi@.J= &e = n. $@$1$,;D$j!"
M-82%0%_%k%H%K%"%sSKBPEGHI®OeL 0 el SN4SM?$,;DSkSISHEKSISK!#$3$3$4SC
Aj8_:nMQ$KSh$k6]%F%s%% 7%tk "

Vee = 'OEGFne (B.12)

$HFI$_<h$ISk!#
NC Aj8_:nMQ$K$D$$$F$b!"FIMMSK

P X Mo 0
Vnec = 2GE  nf 1y’ 2sii® wQM) (B.13)
f
SHSISKIHS$3S3$E $O%UY%'Yk%_%6*%6s$r=$7!"$3$3$GSOEE;R!"M[;R!"Cf@-; RSGIPkSOF
SNEE2YSGI ) $OF $N:8%+96$%i%6k<M1F$N<e%"%$%=%9%T%s$NBh;0@.J, $GS$"$kI#$D$"$jI"M[;R
$GA = 1, I3 = 1=2$GI'EE;R$GHQ = 1,13 = 1=2 $G$"$kI#$H$3$MSGDL>0$NCI@-
$NI*<A$GSOH, = Ny $,@.$jN)SD#$=$N$?$aEE;RENASM?SHM[;R$NASM?$08_$SSKA];&$ISkSN
$G!"Vnc $K$OCI@-RENASM?$@$1$,;DSkSISHSKSISKIH$7$2$ SEBAIS_NMQSKSh$k96]%6F
%s%7%cCUic $O!"
Vne = pEGF Np=2 (B.14)

SHPISK!#
0J>e$h$j!" ¢$H p (h = or ) $r4pDI$K<h$k$H!"%0O%_%k%HIKBOOI2<SN$h$&SK=q
$1%k

0 1
2 p_ 2
m2+m2 1 —M"c0s2 + 2Ggne —sin2
H=E+ 14E 2 psGena+ @ 4B T e 4, A (B.15)
2 - sin2 - c0s2

2K\O@J8$GLABj$H$ISkB@M[$ACO3LDXEYSN29EY2<$GSOBS:_$7$I$$!"SHESSE0UL#1#
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$3$33$G $0??6uCISGEN:.9g3Q$GCH " $k!#BA $+3i!"I*<ACISGINM-82:.993Q™$,

2H 2sin2
tan27= 12 - m Smp — (B.16)
Ho, Hig m2cos2 2 2GgneE
$H5a$ $k!#
$"$?H?%K%e!<%H%j%N$KBP$7$F$0O>e$SHFIMMSNSDO@$G!"
- 2H 2sin2
tan2” = 2 M She (B.17)
Ho, Hig m2cos2 +2 2GgneE

SH$ISK!#

B.3 CGG.6a;w

$33N@a$CHDSBe4VINA+O\SNS_$SKOCSIBBDj$ISKIHAO@a$GS0I*<AS, 0IMMSIL)EY$r;}$DSISHS
2>Dj$7$73,"$3$3$GSOShS0IHLE*$SKHSOIMMSIL)EYJ, I[$r;}$DI*<ACISDL2a$9$k%6KI6e! <06 HY6{%N
$SN?6FO3NN(SKSD$SSFSDO @$ISK!IH/6U%II<06PI<8GM->UBVSN;: ~4VH/ESSOI'$3SN>19gI'A0@a$GF 3$$$2%60
%_%k%HY%KYBYS) SGEE;RL)EY$SNO SreKOMBESISkAXtSKCVS-488( 2GE neE | A(X))
SkSH!"

Y 5 A 5 1 !
m m R
4 e _@ EE OS2t ZE SN2 A e (8.18)
dx - sin2 —p-cos 2

$H=gP13k!#$3$35GC1O0LITNSEKHINCSISkI $O5DO @ FIKAX78SISIENSGLS;k$7$?!1#$3SISKBP1~$7$F
J*<ACf$GINM-82:.993QSN(B.16) $,
2H 12 m2sin 2

tan27= = B.19
Ho, Hip m2cos2 A(x) ( )

SHSISK!#
$7$7$ $CIFI*<ACIPK$*$1$k<ANLBGM->uBVSN;~4VH/EBAO) '$rMQ$$$EB. 18) SN%U%I!<
%P!<8GM->uBV$r<ANL8GM->uBV$KCV$-49$($SF

I S !
4 1 _e@ Z® 'ga (B.20)
dx 2 | ~ M3
dx 2E

SHPIBK!#$3$3$CG!"<ANLEGM->uBVir » SH=q$$$?!#
$b$7L)EYS,HS>0$KSI$CH/$j$HS7$+IQ2=$7$I$1$I$H:20) $NHSBP3Q9 $0$=$NJ,>.$5%/$J
$kl#$h$j87L)$KSO(B.20) SNBP3QI $N:9$KHI$Y$FHSBP3QI $,L5;k$GC$:$ISP

d- m5  mi
dx 2E

(B.21)

<ANL8GM->uBV$O$[$HPSs$IF1$8%U%I!<%P!<8GM->uBVINHISrI]$C$?>uBVSGHSOIMMI*<A$r2#@ Z$k
$3BHS, $GH-$k!#$3BN6a;WSrCGG.6a;,WSHBF$V!I#
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IU O %PI<%F%C%/%9%U%#6C%?!<

$3$NIUO?$G$O!I"K\O@I8$GMQ$$$?: G2 7THGSNYPI<%F%CY%/%9% UBBICIADN SHSSHK
0J30$N%U%#6CYR t 1" Clus t I'" Hayai) $KSD$$SF2r@bSOSKI#S3SISISNY6U%6C%21<$rM}2r
$OSKS3SHSGBONSAI SKBPSISKMI2r$ro<$askls

C.1 Kai-t

‘F9=@.SNAOSKPMT $N;~4V>pIs$Sri>2A$7SF!"%i%s% @% %N%$%: SHH?<MB8WSKSh$SCSF@8$8%$?
%R%C%H$r<h$j=|$/'#%P!<%F%C%/%9:FI9=@ . SRMQ 3Pk Br$9sk$?$asK!"0J2<SNSh$&$J
;~4AVAKKIS,MQ$$SisISk

1. %RYCPMT $r,~4V=g$KIBSY!'"%6RUGEHH SNK\?t$,:GBg(N sg) SH$I$k$h$&IA00N SN
~4VAKSrC5$91#

2. %@!<%/%N%$%S%R%C€NM§W@J2<$N$h$&$K8+@Q$b$k
(tz t2)
(tz t))+(ts t3)

t; $Ht4 $OS=$I$>3I!"3+$$$?7A4;~4VAKSN; OSa$sH=*$0%j$N;~4VHG $Ht 3 FOS=$I$>SI!"
>e$G7h$a$200ns$N;~4VAKSN; O$a$H=*$0$jSN;~4VSGS$"$k!#

(Npit (tz t2) + Npje (tz ta)) (C.1)

3. ;~4VAKSNII$r 19ns$:$D=L$a$F$S$CHF!"%7%0%I%ikINcance $,:GBgSKSISk$h$&$J
;~4VAk$rC539signi cance(S) $00J2<$GDj5A$5$I$k
Nhit (t2. t3) Npg
p—==
$=$7SF%P!<%F%C%/%9:FI9=@. &P Lance $,:GBgSHSIBk;~4VAKFb$KS$"$k%R%C%H
PMT $N$_$rMQ$SSk!#

%P1<%F%C%/%9IE @$0%0%;j%C%IC5:WKISK (TP CHERBEP <06 F%C%/%9:F9=@.$NBhOICJ
3,$G$0!"%0%;j%C%|E@$O?LLSGSO%0%|%C%I|4V3VB5cmSG57 8D!"$=$7$Fz J}8~$0%0
%j%C%I4V3V380cM$GO AX$+$iSISKI#S=$7S$F3F%0%j%CI6IE @SKI6PI<%F%C%/%9%$,$"SkSHS7$72>|
9g$NYPI<%F%C%/%9: FOT@UBNesSrA4SFSNY%60%{%C%IE @$SKBP$77W;dghasitesss00J
2<$GDj5A$5$ISk

S (C.2)

1 X 1 oo (tresi (%;Y;2)  to(x;y;2))?
Nt 1 2 2 |2
2

goodnesgx;y; z) (C.3)

i=1
i=1
1Bh2 >O$N5SCmM$KS"$k$h$&SK!"8w;BE, 2e AeSrBPIQSK2#@ ZSkSNBRBAS $+$+$k!#
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27 C.1: Kai-t $HClus t $GY%PI<%F%C%/%9:FI9=@.$SKMQS$$SISISKC5:WIHOBHROC Yol J?
LL$GI"1&$Q J}8~)1#<P@~$NNNOMSK $NID $G$"$j"E@ @~Fb$,M-8zBN@BNJII$+$i 2m)
$GS"SKIHGI$SSAGr@)-$0Kai- t $G;H$EI60%j%CIIE@$G!"IUSEIUSO SNI6PI<%F%CI6/%9:F
9=@.$GMQ$$SK!#
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$3$3$GX; Y; 2) $O%0%]%C%IE@SN:BIBSGNEG]" $O>e$GA*Br$7$2%RUDATHENK\2tSCS"
SKIH$'$? | SO3FWRYEIH $N;~4VJ,2rG=$G!"A4SFSRMT $G10NSSHSISK!# resi $OI HV
L\SNYRY%CPOT $N;DN1;~4V$G!"<B:]$K%RICIHS7$P; $4Bi8W;RSNHIOT; ~4YTime-Of-
Flight, TOF) $r:9$C0z$$$?8e$K;D$k;~4VSHS7$FDj5AS5HISK

tresi 1 %p (x xi)2+(y Vvi)?+(z z)2 (C.4)

$3$3$G!'(Xi; Vi; zi) $OI HVL\SNYR%EIH $N:BI8SrI=$7!" n $0?e$N6~@" N($G$O??6uCf
SNBWB.EYSGH SKI#S $AE SOt res:i J,I[BNI?6Q;~4VSGS SKIHMIAIE*$KSOesi SOALSFSNIRY%C
%HPMT $GEy$7$/$IBk!#
<I$KBh0ICJI3,$3&00dnesss,:GBg$GH "$CH?%0%]% CYIE@SrCi?4$HS7$?7%0%j% CREBE VS,
$G3 3 3$NN)JIIBNSN3F%0%[%CYF@Bmesshr7W;;$9SKkI#$3EN>19g$0 | SOALSFSRMT
$G5NSSHPIBK!#
$b$7:GBg$oodnesssr;}$D%0%j%CHIE@S$,=i$a$NCI?4E@$HOICWS7$I$$>19g$0!"$=$N:GBg
$Ngoodnesssr; }$D%0%j%CY%IE@$rCi?4SHS7SFF1IS8A :n$r7+$jIVS7!"CHRAG@ENess$,.G
Bg$K$ISk$"SGA :n$rB3$1$k!#0ICWS$7$7>19g$0!"N)I}BNSNBg$-8537 G\SK=L>.$5%;$k!#$3
BISISNA":nSr7+$jIV$E7!"%0%j% C%I4VIVECM $r@Z$k$HS3ISIMSGCE:wr;_$al"$=$N;~E@$G:GBg
$Ngoodness$r;}$D%0%[%CLHIE@$r:FI=@.$551$?%P!<%F%C%/%ISHSISK!#

C.2 Clust

Clust $K$h$k%P!<%F%CY%/%9I$N:FI=@ .$G$OUMRIBEIHBrKISHCS:w%0%j% CHEH; t
$SHO[$IBK!#

2 K\$SNYRYCPAT (i,j) $KBP$7!"8W;R$NE~C#$7$?2;~4V:9; $r
i My (C.5)
SK@)8BFIHR" C.2)!1#$3$35GN; $Oi HVL\SNYR%EIMH SNOLCVI%Y %/%HY%k$ri=$9!#

%@'<%/%N%$%:$dH?<M8w!";6Mp8w$r<h$j=|$/$?$as$K!":G$b6asSPIRTeSHENSWN%S,
1250cm0J>eN%3$ISFSSSkYRYEIAH $H!"%R%C%H;~483Ns0J>eN%SISF$ESk%0RYGENLH
$r<h$j=|$$$78e$G!">e$N;03QITEYy<0$rK~$?$OK\SNY%R Y%A $NAHS,:GSbB?$/$I$k$h$&
$J%;%C%HSr!"%RYMH $N%; % CY%HSHS7SFA*Breosk!#

$3$35GA*Br$53I1$?%R% UMM $N%;%6CL%HIMQIBREE'"t $SHFIMMBN%0%j%C%IC5:WSroTS&!#
%P!<%F%C%/%9:F9=@.$NBhO0ICJ3,$G$0!"%0%;%PaE@$SCI0%0%]%C%I4VIYVHES5cm
$G608D!"$=$73Fz J}8~$0%0%]%C%I4VRE)CMBCO AXS+BiSISKI#$$? | SOALSFIRMT
$G9.35ns$HSISK!#%Y %9%HY U %6 CY%HE @ OB 8K }$D % 0% % C%IE@$+SiIFbANSISkS3
$HSG7hDj$oSk!#

<I$KBhOICJI3,$GENY Y% 9%HY%UY6e# 6 CYHE @$rCi?4$HS 7R 7B EENSS DAL CYolHORIm ess
Br7W;;$98k!#=i$a$0%0%j%C%I4V3VEY . 1cmSH$I$KI#S3SN>19g$0; $OA4$FSRMT $Gbns
SHBOk!#

$3BNBeSNA":n$Rai-t SHFIMMSK!"$b$7:GBgHdddnesssr;}$D%0%j%CLIE@$,=i$asNC?4
E@$HOICWS$7$I$$>19g$0!" $=3N:GBgdnesss$r;}$D%0%j%CY%IE@$rCi?4$HS7$SFFLS8A :n$r
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)

PMT j

?7 C.2: %R%CMT BPSKBP$9$k,~4VE*@)8B!#,03QITEgKG Xx>ctj = ctj + ¢ tj $h
$ tj < x=c=jhi hjj=c$,=>$&!#

7+$jIV$7!"CI24E@$Noodnesss$,:GBg$K$ISk$ $GA :n$rB3$1$k!#0ICW$7$7>19g$0!"N)J}BN
SNBg$-$58510.37 G\SK=L>.$5%;Sk!#$3SISISNA " :n$r7+3jIVE7!" %0%j%C%I4V3IVEcmM Sr@Z$k
SHE3IIMIGCE:wIr;_$a!"$=3N;~E@$G:GBgdNNnessHr;}$D%0%|%CYIE@Pr:FI=@.$53I1$7%P!<
%F%C%/%9SHSISK!#

C.3 Hayai

Hayai $OSK-1 $N;~Be$K;H$0SISF$$$?%PI<96F%C%/%9%U%#H6C%2!1<$G$ Sk

B@M[%K%e!<%H%j%N8uJd%$Y%Y %s%HSKBP$ISKI6PYCY6/%0%i% SD0d% I SHBHIRISI SO
S SIBKY61%8%6&% 1"Y%6HY6[96&% $K5/8:$RIEBK $GSTMeV 0J2<$NY6$Y%Y%s%H%II<%HS$OS$3$!
SISNYOPYCY6/%60%i%8%6S%ISNS?$a$K%6(%6M%k%. I<$, DcS/SISkSKSDSISF5A7 cHKOb$/$ISKI#S=$3$GM=
$a%*%5%i%$%SSNY6PI<%FI6C%/%9:FI=@ . $G$3$ISiSNUPYCY6/%0%i%&%6s%I$r=|5n$9$KI, MWS, @ 8$8$k
$,!" Kai-t $dClust $G$OC5:wS$,CY$9$.$SFSISNSh$ESIOD$S%II<%HSG @8$8SKI6$Y6Y %s%HSr=hM}
$G$-$I$$I#

Hayai $OKai- t $dClus t $[$I@53N$GSO$I$SS,"tH#S+SKC5:WEN<IB+$, B SHSG!"S " $ko6$
%Y%SUHIMT 5/8;$+H]$+$rI>2A$9$kENSK;HS(SKHEIUS t SHFIMMSK!"@h$:%@!<%/%N%$%:$d
H?<M8w!";6Mp8ws$r<h$j=|$/$?$a$K!":G$b6a$$%RYMTHSHSNSWNUE)O0CMOI>eN%6S$ISF
$$SkURYCOPAMT $H!"%RY%6CYH;~493,3n50J>eNI6SISFSSSKI6RUIIVEH $r<h$j=|$/1#$=$N
8e$G@UABPYTI<%/;~4V$, "4"$"$I$kU RIBOVEHENK\?t$,: GBgSK$ISkSh$&$T6. 7ns$N; ~4VAK
$+$I7Th$ SKIHS=$7SF$=$N @dBP % T!<%/;~4VSK BRBAEBNS, 100nSBN6hAVFbSKS $K%R%CIH
PMT $,A*Bre5$igk!s

2SK-11l $GSOIPMT $N>W7bGHKI; %1!1<%9$K;HS0SISFERR SNIYS,%i%8%8% 1"%H%|%&% $rB?2$/47$s$GSS
ki
3$3$3$+5i%U%HAC%?I<SNL>A0S, SDSSS?1#
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=i$a$N%P!<%F%C%/%9$OA*Brs53I$?URAICINILCVENC 1=cI?6Q$3Ei ?7eAeSNCT?4$K
2m 8~3$+$C$?COE @SHSBERYAI $O%$% Y Ys%HINYP!<%F% C%/%9SN;~4VEh% U%#H0CY%HSI$KS,"$3SN;~
4V$0@dBPY%T!<%/;~4V$Sh$j$bA0SG!"$1PBs0IFb$G SIS 1SISPSISiISISS!#S=$35 G P! <%F%C%/%9
$N;~4V$0=iSa@dBP%T!<%/;~BBBBNSAOSKSHSK!#S=$7SFS3SN; ~4VSKBPFAE3.3ns,200NnS)
$NBh4VFbSKS"SKAA%RIBBATHSN: DN 1;~4VSNI 26 QCMSGDj5AS7$Renter ) $r=i4|CMSK2CH(
$?;~4V3$,%P!<%F%C%/%9SN;~4VIHSISK!#
Hayai $O<!$N<0$GDj5A$5$I$kHSEYI}@-$rM?$($k% Y Yok(IZsK "HSEYJ}% Y %/%H%BKBg
$-$58b7W;;$93K b
a selecteqphits g(Mi V=N v
selected hits %
$3$33@ $O HVL\SNY%R%EMH SNEE2Y$rI=$7H $O%P!<%F%C%/%9SNOLCVY%Y%/%HYkSrI=$9!#
<I$K Hayai $0=i$a$N%P!<%F%C%/%9$N<EIBEESr 2.3 SK<($53I$kH>7Bm $NC5:w%0
%j%C%I$GI>2A$9$KI#$=$ 1F0dNeSSBOHSEYJ}%Y %/%H%K$SNBg$-$5$rOMNBS7SE7W;; $5$I$K #
=i$a$OHSEyJ)ox;Re 05((a 20)= 2)* $r goodnesssK>h$8SKIHCE:w$,2J$ $SKSDSI!"$3$NOX; R$K
Ar$A$ISkI6Q%I%al<Yed; o) $OI=C.1 SCM?$($iSISktCMSKIQIISESISK!I#3FY6PI<I6F%C%/%ISN
;~4V30>e=R$7$?INSHFIMMENSAS}IISG7hDjS53!"$=$NY%P!<%F%C%/%ISN;~4VEN6aK5SGDj5A$53I
$k6hAV(tyin ) FO$KS"$k%REMT $@3$15goodnessEN7W;;$K;HSo$I$k!#1=C.1 $KC5:wH>
7B!";~4AVEN%7%U%H!";~4VJ,2rG=!"HsEyJ}%Q%i%a!<%?$H;~4V4AV3IVIr<($9\#

(C.6)

Step | Size [em]| to  ¢[ns] a a twin [NS]
1 800 |21 102 0534 0.134 (-66.7,100.0)
1 27 6.1 0534 0.134 (-40.0, 66.7)
2 400 2.3 6.0 0.534 0.134 (-33.3, 50.0)

3-5 2.3 6.0 0.534 0.134 (-25.0, 33.3)
1 15 47 |0lgfora<02,a 09| (-20.0, 33.3)
2 200 | 22 45| gfor03 a< 085 | (-20.0, 33.3)

35 11 41 0.5g otherwise (-20.0, 26.7)
1-8 100 0.6 3.2 none (-13.3, 16.7)

I= C.1: Hayai $G;H$&C5:w%Q%i%a!<fsHBgoodness’ a SOHSEYJI}%Y %/%a%KBgS-$55r
1=$91#

C.4 BONSAI

Hs>0$KDc$$%(%M%k%.!<$NEMIEY) $SKBPS7SFSOTIUS t SN%PI<%F%C%/%9J,1[$G$hBg$-
$$%F!<%kSrsb$DBONSAI (Branch Optimization Navigating Succesive Annealing lter-
ations) $0O:GL K!$K$h$j%R%EWH $N;DN1;~4VIrdoU%#6CY%HSISK!#$3BISO:GShCY$$%P!<%F%C
%/%9:F9=@ .K!$G$"$k$,!"J,2rG=$0:GNI$G!"%_%9%U%#6C%HSN3d9g$h:G>.$G$"$k!#B>$N%P!<%F%C
%/%9%U%#/0C%?!<$HSO0[$I$|%0P!<%F%C%/%9:FO=BMKNPEIHKA*Bre 7$I$$!1#=>$CSF!"
B>$N%U%#0C%?!<$GSOA*$PSISKINRVEBIE?tS, >/$I$9$. SFY%U%#CUHSK<:GTSISkSh$&$I%S
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27 C.3: Hayai(:8 ) SHBONSAI( 18) $G%P!<%F%C%/%9:F9=@ $KMQ$SSISISkC5:WIb BapaCo !l
$GSOF~NOY%PI<%F%C%/%9$N 8 BRBSHI>2A$9$KS, I"%60%]%C%ISO? " SNEMBK=($-9~$5$G
$"$k X;y; z SOSK ?eAeSN:BI8Sr$"$iS0$9 SKBGD|$7SFS*$/1#%0%j%Co%ISNBgS-455INn $G
$"$k (I= C.1)!#0lJ} BONSAI $G$OF~NO%PI<%F%C%/%9$N2 ERBS!I>2A$9$KS, "960%j%C
%ISO$=$NS~$-$,%6A% %I1%s%3% (BB~ ?MSNCI?24<4I )Rk $HS=$NI}8~$K?bD>$JI?LL>e$NHs
EyJ}%Y %/%HelalsK0ICWSISkSh$&SK 2SE>$55;$5$I$KI#%60%j%C%ISNBgS-03$05.6M $G
$"$ki#
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%Y%S%HSKBPS7$F$h%U%#6CYHS, 2D CHEMSIRKYSCY61%\ %l <%6 79449672, 2>Hl SN%GI<%?
$KBP$ISBONSAI $KSh$KL'EYJ,I[$r?" C.4 $K<($F14$3$3SGLEYSO 1 (%) = tresi (%)  to
SIMQS$SSFOI2<SNSh$&SKD]5AS5SISK

Nt
L (%; to) log(P( ti(x)) (C.7)
i=1
$3$3$P ( ti(%)) $O t; SNINN(L)EYAX?t$GCS"SKBONSAI $O3F%P!<%F%C%/%9$KBP$7$F$3
SNL EY$r:GBg2=$9$k$h$&SK % T!<%/;~4VSr%U%#HoCU%HSISK!#<I$KS3$NY% 7%0%I%kSKBPSISKL EYJ,
[[$K% @!<%/%N%$%:$NI?$i$I@ ., $r2CH(Sk!#3F%P!<%F%C%/%I$SKBPS7SF!" % @!<%/%N%$%:$N%I%Y
%k$0OBg$-$J;DN1;~4VIr$h$DYRRBRUIENK\?tSG 7h$ $k!#

At=t-t-t,

1

T LR
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T IIIHIW
1 IIIJ!II}
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|
0

?" C.4: LINAC %-%c%j%V%I!<%7%g%s$SN%G!<%? $SHEMESAk SNL'EY J, I[1#2#<430

Hayai $HF1IMM$KBONSAI $0%P!<%F%C%/%9$SNHSEyYJI}%Y %/%H%kSr 7W;; SOBKE) 1$4D
$h3&SKIPMT SNEE2Y$r%8&% ' %$%HIHSISKENSGSO$IS/!";DN1;~4VINL EYSHHSBP>N%,%&%90%;R
SN@QIr$HICH?SbSNSrY&%'%S%HSHSISK! #$3S3$GHSBP>NY%, YaRBAD OBHBIRIIEDN 1;~4V
$,@58N>19g$3.5nd"li$N>19g$0 2.0nsIKSHSK?" C.5)!#

BONSAI $0$"$?HSEyJ}%Y%/%H%KSNS~$-$r%A%'%1%5%3%U%|%s%0$NI}8~$HS 7SFMQSSSKSISHSG
%j%S%0SNY(%CY%8$r7 hDIEDSRS|>e$G DjSAS5SISk%68%6'%$YaaSNI, |[$r@QJ, $ISKIH$S=$7
$F%j%S%0SNY6(%CY8S$IB-$7>e$2$i$1$ 2% 8% VGBS J}8~$HS7SFDJSASI$KIZ0S o (<0
(2.1)) SOHSEYJI}%Y%/%H%KSNBg$-$5$H%j%Ss%0SN%(%C%8$+$i:F9=@.$5$I$k!# 3F%&Y%'%$%HSOHSEY
J)%Y %/%H%kSNBgS$-$5$H%j%s%0SNY(%C%S$SHSN: 9$KOMBESIEKOERBEN SIS > 9g$O %]
%5%03$N%(%C%83NS_3$,;HP0$ISk!#B.25KNFBg$-$SSHS-$O!"HsEYI}% Y %/%HY%kSNBgS-$58N

4:GBgSN%TI<%/$SNBeBEDB+$($k% TI<%/$SOBWEE; RS, % @%$%N!<%I$KSh$CSFCF@-;6Mp$5$ISFBWEELLI}8~$KLas|
%@%$%N!I<%6I$K:FF~<M$S7$?$bSNI#
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?" C.5: HsBP>N%,%&%90x;R

$_$rMQ$$Sk!#$=$79F05$HO.25 SN4VSKS"SkSHS-$O!" HSEyI}% Y %/%HYKSNBg$-$5$HY6j%s%0$N
%(%CY%8SNN>J}$+$i@~7ASKFOANSISKI#3F%P <% FY%C%/%ISNL E Y $KBRABSHFBEYI}0X
R (e 25(a 20)= 2)%) $HFIMM$K%A%'%I%s%3%U0x; R$, 3]$1$iISKI#S3SNOX; RSKBP$I$k%Q%i%al <
%7?%@p = 0:71 $NB>$K!"4|BT$53I$kcos ¢ $h$BgS-$$$HSP-$O o+ = 0:09">.$53$$HS-$0

a =0:113G$"$k!#

<ISKF@$i$I$?7%P!<%F%C%/%ISNL EYS$,:GBgSHSISk%P!<%F%C%/%ISNOLCVSrC5$91#: G=i$NY%oP!<
%F%C%/%9SrA*$V:I$KSO@hts t $SGA*Bre5$I$?%R%EMT $SrMQ$S$!"$3$I$isr@dBPMT
~4VIN=g=x$KIBSSBXS($K!#S3ENY%;%CUHSNCIASHIVRY AT SNAHS_9g$0$;$r1>2A%$9
$KI#$3SN:]%P!<%F%CY%/YBBTBENYRYCPAMT $+3$i0J2<$N$h$&SKS7$SFOIOUSKDj$ $kI#$D$"
$j%P!<%F%C%/%9$N:BIBBEYY %/%HWKSG (Vy; Vy; Vz; Ct) SHI=$7!" 4 K\SNYRYCROHT
$N:BISSKSDISPFSOFIMMSPK X5 X3 ;Xa PINSh$&IKI=$OSH!"8w;RInassles$GS "$k$3$HS+
Si"MIA[E*SKSOGSOUSN(i HVL\$SNY%RY%EIMH) SKBP$7$F

(X vi) (X, v)=0 (i=21;2, ;4 (C.8)

$,@.$iN)$?2$IS1SISPSISISISSHS?S@S7T7TWNIR( 1, 1; 1;+1) SKSHSKI#%PI<%F%C%/%9
$N:BIB$O4 <I85$ISNSGI"$3$I$i%RWUCRMT $N:BI8S,@~7AFHN)$I$I$SP>e$N<0$00I0USI2r
$r;1$D (%P!<%F%C%/%9$00I0USKD|BIBRECUHSKANS SIBMT $, 10 K\0J2<$N>I9g$O!"
A4SFSNAHS_99$0$;SKSDSSIFI>2A$9$K #$=3$&$C$I$$>IPRBNYRYCOAHT $N2?K\$+$0
@ABPMT ;~4V>e$GO"B3$ISkSHS$S&>I70$r2]$7$F!"[>2A$9$KAHS_9g$0$;SN2t$r@)8BSISK!#
BONSAI $0$"$7$=$I$>$ISNA*Br$5$I$SPMT $NA0JR20cm$KOLCVSISk%PI<%F%6CI6/%ISKSDSS
$F$DI>2A$9$KSbS7Clus t $, PMT $r 1 K\$bA*Br$7$I$+$CS?$i"2eAeSNCI24$GI>2A$IRK
BONSAI $02°C.3(2 $D$NS$ESALENShSESIV60%j%C%ISIMQSSSFS=$ISiSNY6P!<%F%C%/%I$N6aK5
$rC5:W$IBk!#=i$a$07.8m 4V3VSGS$"$k?e AeSNCI24$GI1>2A$9$k>19g$6.6M 4V3VSGS it
9%0%j%C%I$SO%A%'%I%Ss%3%d$HB=SNI}8~$K?2bD>$II?LL>eSNHSEYJI}%Y %/%HYK$K Lh$CSF
$SSKIH27$7$/%PI<YFICI6/%I$rC5:WSISKE Y $K C5: WOl SBEREK =L $as$isI$kI#BONSAI $O
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B>$N%U%#6C%?!<$SHSO0[$I$j!" %U%#6CUHINAV;~4VI, 2rG=$rD4@a$7$I$$SNSG!" 3F%0%j%CLIE@S$N
L EY$0>0$KF1$8CMSrHSk!#$7$2$,$CSFOLCVENAX2tSHS7SFSNL EYSOB?$/$SNEKBgS$r;}$D!#$=$N
$7%al"L EY$,:GBg$G$I$$%PI<%F%C%/%ISb<NSF$:$K!I"L EYS,0?$kHO0OFb$K$"$k%PI<%F%C%/%9
$OALSF; DSTSFS*$/1#L EYSNBP2tSNSVMF%I%s% 8RB $|L EY SNSVMF%I%s%8SHS7SF$O

327€) $G!"L'EYSN?<$8 $HE&SK; X2tAX 2tE*$K8:>/$53; S >F$-$I$"$7K) 1#$3$3$GL EYSN?<
$5$HSOS=$N;~E@SKS*$1SkL EYSN:GBgSH:G>.$N:9SN$3SHSG$"$k!# 60 BNEIFKEHD X 7t

0x;R (Boltzmann 0x;R) $r>h$83F5vMF%I%s%8%$r69$ask!#$"$?5vMF%I%s%8HKEASISK
%P!1<%F%C%/%ISNAM 2SR SNOX;RSr3]$1SkS3SHSKShSCSFCE:w;~4VErDA@a$9sk!#%$
%F%I!<%7%g%s$0:GBERED $GSGS"$kI#$b$7% Y %9%HYU%#/6CY%HSNAEWBIZRE!"$+

$DL EY$N%I%s$8I>e8BS, 0.010J2<$K$ISCH?$il"C5:whr;_ $ask!#
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IUOD MC %$%Y%SYHIN@8@.J}K!

$3ENIUO?SGIMIC %35% Y %HRD7EE; RSN%(%M%k%0.!<!"J}18~1"%P!<%FY S%HIBHEENS &
SK@B8@.$7$?$+$r6qBNE*SK=RSY $k!#
@h$:1"%K%e!<%H%| Y56 2e AeSKFO$$$?;~E @ SK$*$S$F!" $=$N %K %e!<%H%jo%b NfM<oN"
$ask$?$asK!"
Z X d
Ni  dE  dE. (EDPCit ) g (E SEe) (D-1)
j e
$r3F i (i,j $OH?%K%e!<%H%j%NJRKBPS7SF7W;:$7!"$=$I$iSNHISK=>$CSFMp?t$rH/@8$5
$;1" i $r7h$ask!#$3$3$G | $O%KY%e!<%H%|N@ 8@ .;~$N5,3I12=$531$?7%(%M%k%.!<%9%Z%/%HY%KSG!"
P(;! j)$O%K%e!<%H%j%N$N?6FO3NN($G!"B@M[Fb$G@8@.$'$53$1$1@$$J$N$K
?2eAe$KFO$$$?;,~E@PSHSISCSFSSSKINN($GS "Sk!#
<!$K!"%K%e!<%H%j%N$ZN%(%M%k%.!<$r7h$a$k!#

X dj .
Ni(E ) dEe i(E)P( ! j)d—Ee(E ;Ee) (D.2)

J

$13FE (0.1MeV 90$ ) $KBP$7$F5a$a$F!"$=$N: GBgCNIGrax SHPISKI#<ISKL5:N0YSK%K%el<
%H[%NSNY%(%M%KIBMEY  55MeV SNNNOhS+$IA*SS!"$3SNCME? SHEOSKI#$=$7$P 1
$SGSNMpSrH/@8$5$:$F!T  Nimax SHN; (EO) SHSrHI3S$ISKI#SbS7AO<TINI}S, > $551
$ISP!" E© $r96K%e!<%HY%j%NSNY%(%M%k%.|<$SHS7$F:NMQ$7!"SUSKBg$-$1$IEP LEATNBEK
SHS3ISMS+$iSA$|D>$HSDS $j"%6K%0e!<%H%%NSNY(%M%k%. I<SNA*SPSISASIS5S, 2%69%Z%6/%HIKSN
3FE $GSNCMSKHNCSISKShSESKS7$214

$3$8$7SF%K%be!<Y6H%%NSNY6(%6M%k%.!<$, 7Th$ $k$H!"<ISKH?D7EE;RSNY%(%6M%kK%.1<$r7h$ask$3

SHEKSIBKS,!"$3$I$0 g
i

dEe
SrMQSISF!">e$G%K%e!<%HY%j %oNSNY%(%M%K%.!<$r7h$ask;~$HFLMMIN<|B3$-$G7hDj$7$?!#
H?D7EE;R$NJI}8~SKSD$SSFFO!"%K%e!<%HY%j%NSNY6(%6M%k%.|<$HH?D7EE;R$NY%(%M%k%.!<$, 7h$"

$k$H!"%(%M%k%.!<!"1?FONLJI]B8B'$+$iF3$+$I$k0I2<EN<0$K$h$j;6Mp3Q$O0I0USK7h$" Sk

Me
1+ —
E

Cos = ¥ ——— (D.4)
1+ _Me

Ee me

Ni(E ;Ee)

(E ;Ee) (D.3)

$3$3$Gn $OEE;RSN@E;_<ANL$GS"$k!#
$3SN;~E@$CH"$@JI}OL3QIN<+M3EYS,; DSCIFSISKINSG!" $3$I$bMp?tSrH/@8$5%;$F7h$a$?!#
H?D7EE;R$N%P!<%F%C%/%9$KSD$$SSF$OM-8zBN @ Qetrep BreHENQSh$k$ ?$aBiK 2e
Ae$SNAABN@Q$GMp?terH/@83$5%;$F 7h$a$?!#
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K\O@J83$r0IDL$j=q$-=*$($k$3$HS,=PMh$?$NSO!"B?$/SNI}H 9$+$iSN$4; XF3!I"8fNOE:$($,$"$C
$?7$+3iISCHOH
;XF36541SNCH*2m9T@h@83KSO!"K\B&5TEN>ISrM?$($FD:$-$"$7$?1#5"$?1"K\B&5SK8BSi%:!"
=$;N2aDx$R G/4VSrDLI7SFSSSDSb295+$/;XF3$7$FD:$-$"$7$? 1 #K\EVIKA6<US7SFS IS $9I#NK
LZMNOIO:@h@83KS0!"%9!<%Q!<%+%_%*%+%s%G<B83$K;22C$93$k5!12q$rM?$($FD:$-$"$73$?!1#%3%i
%\%I1<%7%0%s!&%_<%F%#%5%0$dCLOC2qEY$rDLS7$F$SSDSD5.=ESI$40U8+$rD:$-$"$7$?1#C]Fb
9/M:@h@8%$K$0%i%8%&% B,DjAAHLIGH* @O CIKSI$|$$7$?1#$"$?DcY%(%M%k%.!<2r@O$G$h$7$PS7
SPS <[ ASr$+$1$"$7$21#>.<. M32p@h@BSKSO!"2A(@D%_%e%|1<%7%g% S i? @2, $GSN@8
3h$K;j$k$ SCB24t$KS$0$2$j$* @SOCSK$I$i$ $7$?1#B>$K$b?9;3LP1I@h@8!"CJEDFX@h@8!"4XC+
MNG7@h@8!"55ED=c@h@8!"1v_7???M@h@8!"Aa8MNI@.@h@8!";32<@h@8!"0BIt9R@h@8!";01:??@h
@8!"BgNSM3>0@h@8!">.NS7s9%@h@8!";3ED8g@h@8!"E0JU=(<y$5$s$K$OCLOC2q$d%3%m%-%E&% $r
DL$7$F<B833KI,MWS$ICN<1$r65$($FD:$-$"$735?1#
2@2,$N3X@8$NJI}9$K$bBgIQ$* @SOCSKSI$|$ $7$?H#FNLN>49($5$s!">eEgIMB@3$5$s!"HSED?r
;K$5$s!"CSEDOIF@$5%s!"F14|$NCTEgM&GH7/"8eGZ$N2# 79'>07/$d>e:IM45#7/$K$O0$3$3$K46
<USNOUSrI=$7$"$91#$_$I$5$SK\EVIKS"$i$, SHE& 456555 $7$2!#
1'Ch%K%e!<%H%j%N4QB,>pJsM;99%,;%s%?!<$NI}HISKSb!"F~3X$7$?Ev=i$+$iISH$F$bS* @ SOCHK
$J33j$7$7$?1#3aEDNA>0@h@8!"6b9T7r<#@h@8$K$0%3%mM%-%&% $ISISG%"%I%P%$%9$rD: $$$23)!"
8&5f@83h$KI,MWSICN<1$r65$($FD:$$$7$$7$"$7$?1#CF;3>M1Q@h@8!"1|B<8x9(@h@8!"C+K\F’
Ji$53s!"@67eM:51$5%s!"3aM5;V$5$s$K$0%3%i%\%I! <% 7%g%s! &% <% F%#%s%0$dCLOC2qEy$rDL
$7$FMMI98JJ,LNENCN<1$r65$($FD:$$$?$3$HBr46<US7$"$9l#
Gp$N@hGZJI}$K$hBgIQ$*@$OCSKSI$|$ $7$21# pDIMAH~;R$5$s!"; 0DM3Y$5$s!"@>LNn8<5-$5$s!"
@P86@iDa;"$5%$s!"F14|$N694V=S2p7/$K$b$3$3$K46<USNOUSrI=$5$;$F$$$?$ @ $-$"$9!#
Dc%(%M%k%.!<2r@0%0%k!<%W$NJI}9$K$bBgIQ$*@$O CSK US| SRINERH: Vagins @h
@8!'Michael Smy @h@88ai Martens @h@83K$O0%_!<%F%#%s%0$GE, @Z$JI; XE&Sr$$$?$@$-BglQ
:29M$K$IS|$ $7$?1#B>SK$b%=2%8%kBg$NNBYEONgsuU Yang)$5$s!"EI3$Bg3X$SNSE@%M:
01$5%$s!"2,;3Bg3X$N:nED@?@h@8!"=P86M35,$5%s!"5\>k650iBg3XSNI EDA LG 7SN
Bassam@h@8!"4tlIBg3X$NED:eLP<y@h@83$K$O5.=E$I0UB+SrD:$-$"3j$, SHS&S4$6$$S S 75214
6bBtBg3XM}3XItIUBODCc%I%Y%kJ|<MG=<B83;\@_$NJI}9$K$OB&IB?e$N%i%8%&% G;EY$rB,Dj$7
$FD:$-$"$7$?1#3$3$35KA6<USNOUSI=$7$"$9!#
$7$?L>8E20Bg3X$NOKF#9%9'@h@8!"EDCN4G7!"EI3$Bg3XSN@>Eh63;J@h@8!"2# 72BL@7/!"K\
LZBg;q7/$K$01aCISN@83h$d%7%U%HSN; ~$K$*@SOCSK$I$i$ $7$21#
B?$/SN@h@8$dM'?MSK; YS($iSISF?@2,!" GpREBAVSO3Z$7$SSShSNSHEIS| S S 75214
$7$?1"5;418N?eH*$5$s!"7'4]$58s!"? @ [tS5$sEKSOF~=PI#IN: | SKS* @ SO CIKSI$|$"$75?1#$"
$?9#Fb$GEN<BB3$bEY!9<|EASCSFD:$-BgIQ46<US7SF$$$ 91
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2@2,$N;VL3SN3$DES5$sSKSONIHG$I$I;VL3<|B3$-Ey$GSHSFShS*@SOCSKSISi$ $7$21#Hk=g$N
BgAR$53s!"2, ED$5$s!"AOED$5%s!"@67e$53s!"@>@n$5$sSKSONIHGINS3SH! "=I<KSNSISH!"$=$7SF
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