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Bh1>O =x>O

1.1 <'5$C16K;R

Maxwell J}Dx<0$O!"EEN.$bEE2Y$b$J$$>l9g$OEE>l$H<'>l$rF~$lBX$($F$b$^$?F1$8J}Dx<0

$KLa$k(<+8JAPBP) $H$$$&0UL#$GBP>N@-$,NI$$$,!"EEN.$HEE2Y$,$"$k$H$=$NBP>N@-$,Jx$l

$k!#$=$l$O<'5$C16K;R$r2>Dj$7$J$$$?$a$G$"$k!#1885G/$KHeaviside$O<'5$C16K;R$,<+A3

3&$KB8:_$9$k$H$7$?>l9g$NMaxwell J}Dx<0$rF3$$$?!#$3$N$H$-4pK\J}Dx<0(SI C10L7O) $O

r � D = � e; r � E + _B = � Jm ; r � B = � m ; r � H � _D = Je (1.1)

$N$h$&$K6K$a$FBP>N@-$NNI$$J}Dx<0$K$J$k1!#$3$3$G� e $OEE2YL)EY!"Je $OEEN.L)EY!"� m

$O<'2YL)EY!"Jm $O<'5$$NN.$l$NL)EY$rI=$7!"<'2Y$,EE2Y$HF1MM$KJ]B8$9$k!"$D$^$jO"B3

$NJ}Dx<0_� m + r � Jm = 0 $,@.N)$9$k$H2>Dj$7$?!#

1.1.1 Dirac <'5$C16K;R

1931G/!" Dirac $O<+M3<'5$C16K;R$,1'Ch$K1 8D$G$bB8:_$9$l$PEE2Y$NNL;R2=$,@bL@$G$-

$k$3$H$r<($7$?[1]!#6qBNE*$K$O!"AGEE2Y$re!"<'5$C16K;R$N<'2Y$rg $H$7$F!"

eg
~

= 2 �n (1.2)

$N4X78<0$,@.$jN)$D(F3=P$OIUO?;2>H)!#$3$3$G!"n $O@0?t$G!"n = 0 ; � 1; � 2; � � � $G$"$k!#

$3$NDirac <'5$C16K;R$N<ANLmM $OM=A[$,$G$-$J$$$,!"2>$K!"Dirac <'5$C16K;R$NH>

7B$,8EE5EE;RH>7B$KEy$7$$$H$9$k$H!"rM = g2

mM c2 = re = e2

mec2 $h$j!" mM = g2me
e2 '

n4700me ' n2:4GeV=c2 $H8+@Q$i$l$k!#

1931G/0JMh?7$7$$2CB.4o$,7z@_$5$l$kEY$KDirac <'5$C16K;R$rC5:w$9$k<B83$,9T$o$l$F$-

$?!#:G6a$N7k2L$H$7$F$O!"2006G/$KFermilab collider (CDF) $G
p

s = 1 :96TeV, 35.7pb� 1

$NM[;RH?M[;R$N@5LL>WFM$N:]$KBP@8@.$5$l$kDirac <'5$C16K;R$rC5:w$7!"<ANL360GeV/c2

0J2<$NDirac <'5$C16K;R$rGS=|$7$F$$$k[2]!#

1.1.2 BgE}0lM}O@<'5$C16K;R

1974G/!" t !GHooft!" Polyakov Ey$O!">l$NM}O@$NHs@]F02r$H$7$F!"$"$k<o$N0LAjE*%=%j

%H%s(%(%M%k%.!<$,69$$NN0h$K6I:_$7$F$$$kGH) $,B8:_$7!"$=$l$,<'5$C16K;R$H2r<a$G$-$k

1$3$N>l9g!"EE>l$H<'>l$@$1$G$J$/!"EE2Y(EEN.) $H<'2Y(<'5$$NN.$l) $b8r49$9$k!#$^$?!" � m ; Jm $r4^$`
J}Dx<0$O6u4VH?E>$H;~4VH?E>$NBP>N@-$rGK$C$F$$$k!#
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$3$H$r<($7$?2 [3, 4]!#$=$7$FDirac $N;~$H$O5U$K!"EE2Y$NNL;R2=$,F3$1$k$h$&$JAGN3;R$N

BgE}0lM}O@(GUT) $K$O<'5$C16K;R$,I,A3E*$KB8:_$9$k$3$H$,J,$+$C$?!#

BgE}0lM}O@<'5$C16K;R$O=i4|1'Ch$K$*$1$kAjE>0\!"$D$^$jBgE}0lM}O@$r5,Dj$9$k%2!<%8

72$,J#?t$NItJ,72 3$K<+H/E*$KGK$l$k:]$K0LAjE*7gB;$H$7$F8=$l$k(IUO?;2>H)!#
BgE}0lM}O@$r5,Dj$9$k%2!<%872$r2>$KSU(5) $H$9$k$H!"=i4|1'Ch$G$O0J2<$N$h$&$JE>0\

29EY$GAjE>0\$,5/$3$k:

SU(5) 1015 GeV�����!
10� 35 s

SU(3)C � [SU(2)L � U(1)Y ] 102GeV�����!
10� 9s

SU(3)C � U(1)EM (1.3)

$3$3$G!"Lp0u$N>e$N?tCM$O3FAjE>0\$NE>0\29EY!"2<$N?tCM$O1'Ch$N3+os$r86E@$K<h$C$?>l

9g$N3FAjE>0\$,@8$8$k;~9o$rI=$9!#

$3$N:]<'5$C16K;R$OEv;~$NCOJ?@~(0x2LNN0h) $"$?$j 1 8DDxEY@8@.$5$l$k$H$7$F!"$5$i$K

>e$N<0$K<($5$l$kE>0\29EY$r2>Dj$9$k$H!"I8=`E*$J1'ChO@$K$h$l$P8=:_$N<'5$C16K;RL)EY

$O� M � 5 � 10� 18g=cm3 $H$J$k$,!"$3$NCM$O1'Ch$NNW3&L)EY� c � 10� 29g=cm3 $rMZ$+$K

>e2s$C$F$*$j4QB,$HL7=b$9$k(<'5$C16K;R$N2a>j@8@.LdBj)!#
1981G/$K%$%s%U%l!<%7%g%s1'ChO@[5, 6]$,8=$l!"8=:_$N1'Ch$K<'5$C16K;R$,>/$J$$M}M3

$r@bL@$7$?$,!"<'5$C16K;R$N%U%i%C%/%9$OmM $d:F2CG.429EY$J$IJ#?t$N%Q%i%a!<%?$K6/

$/0MB8$9$k$?$a!"%U%i%C%/%9$NITDj@-$O0MA3$H$7$F;D$C$F$$$k!#<B:]!"AGN3;R$N%b%G%k$N

B?MM@-$N$?$a!"<!@a$G<h$j>e$2$kParker %j%_%C%HDxEY$N<'5$C16K;R%U%i%C%/%9$H6&B8$G

$-$k%b%G%k$b$"$k[7, 8]!#

1.1.3 Rubakov 8z2L

3K;R$,BgE}0lM}O@<'5$C16K;R$N%3%"$HX,Y %\%>%s$rDL$7$FAj8_:nMQ$9$k$H!"M + p !
M + e+ + � 0 (M : <'5$C16K;R) $N$h$&$J3K;RJx2uH?1~$,@8$:$k$,!"%3%"$NCGLL@Q$,Hs>o

$K>.$5$$(� � 10� 56cm2) $?$a!"$3$NH?1~$ODL>o$N%(%M%k%.!<2<$G$O!"$[$H$s$I5/$3$jF@

$J$$$h$&$K;W$o$l$k!#

$7$+$71983G/!" Rubakov!" Callan Ey$OBgE}0lM}O@<'5$C16K;R$K$h$kM[;RJx2u$N?(G^8z

2L$NCGLL@Q$,<'5$C16K;R$N<ANL$K0M$i$:!"E57?E*$J6/$$Aj8_:nMQDxEY$NBg$-$5(� 0 � 1mb)
$K$J$k$3$H$r<($7$?(IUO?;2>H) [9, 10]!#$3$l$r Rubakov 8z2L(0?$$$ORubakov-Callan
8z2L) $H8F$V!#

1.2 BgE}0lM}O@<'5$C16K;RC5:w$N8=>u

BgE}0lM}O@<'5$C16K;R$OBgE}0l%9%1!<%k$NHs>o$KBg$-$J<ANL$r;}$D$H9M$($i$l$k$N$G!"

?M9)$N2CB.4o$G$O>-MhE*$K$b@8@.$G$-$k8+9~$_$OGv$$!#BgE}0lM}O@<'5$C16K;R$O=i4|1'Ch

$K$*$$$F$N$_@8@.$,2DG=$G$"$k$?$a!"C5:w$O<g$K1'Ch@~$+$i$N%7%0%J%k$K8B$i$l$k$,!"8=

:_$^$G4QB,$K$O;j$C$F$$$J$$[13]!#
2B>$N<oN`$N0LAjE*%=%j%H%s$H$7$F$O!"%I%a%$%s%&%)!<%k!"%9%H%j%s%0!"%F%/%9%A%c!<$J$I$,$"$k!#
3$3$l$i$NItJ,72$N0l$D$O U(1) $G$J$1$l$P$J$i$J$$!#
4%$%s%U%l!<%7%g%s$r0z$-5/$3$9%(%M%k%.!<(%$%s%U%i%H%s$N%(%M%k%.!<) $,J|<M$N%(%M%k%.!<$KE>2=$9$k

$3$H$K$h$j1'Ch$,:F$S2CG.$5$l$k8=>]$r;X$9!#$3$N8e!"J|<MM%@*$N1'Ch$K$J$j!"DL>o$N%S%C%0%P%s1'ChO@$K$D
$J$,$k$H$5$l$k!#
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0J2<$G$O!"8=:_$^$G$K9T$o$l$F$$$kBeI=E*$JBgE}0lM}O@<'5$C16K;R$N%U%i%C%/%9$N<B83

E*!"M}O@E*C5:w$r$$$/$D$+5s$2!"$=$NC5:wK!$HF@$i$l$?%U%i%C%/%9$N>e8BCM(%j%_%C%H) $r

<($9!#

1.2.1 EE<'M6F3$rMQ$$$?<B83$+$i$N%j%_%C%H

$b$7<'5$C16K;R$,%3%$%k$NCf$rDL2a$9$l$P!"<'2Y$N1?F0$GM6F3$5$l$?5/EENO$G%j%s%0$K

1J5WEEN.$,N.$l$k[14, 15]!#$3$NJ}K!$O<'5$C16K;R$NB.EY$K0MB8$7$J$$$N$G!"9-HO0O$N� $K

BP$7$F%j%_%C%H$r$D$1$k$3$H$,2DG=$G$"$k!#0lJ}$G!"Hy>/$J%7%0%J%k$r8!=P$7$J$1$l$P$J

$i$J$$$N$G!"%N%$%:$r==J,$K2<$246EY$r>e$2$kI,MW$,$"$j!"0lHL$KD6EAF3$N%j%s%0$rMQ$$

$k$?$a$KBgLL@Q$N8!=P4o$r:n$k$N$O:$Fq$G$"$k!"Ey$NLdBj$,$"$k!#8=:_$N%j%_%C%H$NCM$O

F < 2 � 10� 14 cm� 2s� 1sr� 1 (1.4)

$H$J$C$F$$$k5 [16]!#

1.2.2 EEN%B;<:$rMQ$$$?<B83$+$i$N%j%_%C%H

%W%i%9%A%C%/Ht@W8!=P4o

<'5$C16K;R$,%W%i%9%A%C%/$J$I$N8GBN$rDL2a$9$k$H!"J,;R4V$N=E9g$,2u$l!"Ht@W$K1h$C

$FJ|<M@~B;=}$,@8$8$k$N$G!"2=3X=hM}$r$7$F<'5$C16K;R$NHt@W$rC5$9$3$H$G!"%j%_%C%H$r

$D$1$i$l$k!#%W%i%9%A%C%/$O0B2A$GBgLL@Q$N8!=P4o$r:n$j$d$9$/%j%_%C%H$r87$7$/=PMh$k

H?LL!"$3$NJ}K!$O<'5$C16K;R$,86;R$rEEN%$9$k$3$H$rMQ$$$k$?$a$K!"<'5$C16K;R$NB.EY$K

0MB8$7$F$7$^$&!#8=:_$N%j%_%C%H$O?@2,9[;3CO2<$GBgLL@Q$N%W%i%9%A%C%/CR39$rMQ$$$?

<B83$K$h$jF@$i$l$?$b$N$G!"10� 2 < � < 1 $NNN0h$G

F < 3:2 � 10� 16 cm� 2s� 1sr� 1 (1.5)

$H$J$C$F$$$k[17]!#

%7%s%A%l!<%7%g%s%+%&%s%?!<

<'5$C16K;R$,1UBN$d5$BNCf$rDL2a$9$k:]$K86;R$dJ,;R$,Ne5/$5$l!"$=$l$i$,4pDl>uBV$K

La$k$H$-$KH/$;$i$l$k8w(%7%s%A%l!<%7%g%s8w) $rC5:w$9$kJ}K!$G!"8=:_$N%j%_%C%H$NCM$O

F < 6:6 � 10� 14 cm� 2s� 1sr� 1 (1.6)

$H$J$C$F$$$k[18]!#

5B.Cabrera $N<B83[14] $G$O<'5$C16K;R$N8uJd$,4QB,$5$l$?$HJs$8$F$$$k$,!"$3$N<B83$G$OD6EAF3%j%s%0
$r 1 $D$7$+;H$o$J$+$C$?$N$G!"6vA3$N%N%$%:$G$"$C$?2DG=@-$rH]Dj$G$-$J$$!#<B:]!"$=$N8e%j%s%0$r3 $D0J>e
$K$7!"M-8zLL@Q$r2 7eA}$d$7$?AuCV$rMQ$$$?<B83$G$O?7$?$K$O8+$D$+$i$:!"$=$3$+$i%j%_%C%H$,$D$1$i$l$?!#
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HfNc7W?t4I

<'5$C16K;R$K$h$jEEN%$5$l$?%,%9Cf$NEE;R$rE,Ev$J9bEE05$r3]$1$?%o%$%d(%"%N!<%I) $K

0z$-4s$;!"%"%N!<%I6aK5$G2CB.$5$;$k$H$3$l$i$N1 <!EE;R$,%,%986;R$rEEN%$9$k$3$H$K$h

$j 2 <!EE;R$r@8@.$9$k$N$G!":G=*E*$KEE;R$N@cJx8=>]$,5/$-$F%7%0%J%k$,A}I}$5$l$k$N$G!"

%7%0%J%k$r<h$j=P$7$d$9$/$J$k!#$3$NJ}K!$K$h$k8=:_$N%j%_%C%H$NCM$O

F < 8:7 � 10� 15 cm� 2s� 1sr� 1 (1.7)

$H$J$C$F$$$k[19]!#

1.2.3 M}O@E*C5:w$+$i$N%j%_%C%H

1'Ch$N<ANLL)EY$+$i$N%j%_%C%H

$3$N%j%_%C%H$O8=:_$N<'5$C16K;R$N<ANLL)EY$,1'Ch$NNW3&L)EY� c $h$j>.$5$$$H$7$FF@

$i$l$k!#<'5$C16K;R$N<ANL$rmM !"B.EY$r �c $H$7$F!"CM$O!"

F =
nM �c

4�
< 3 � 10� 14h2

�
�

10� 3

� �
1016GeV

mM

�
cm� 2s� 1sr� 1 (1.8)

$H$J$k!#$3$3$GL5<!85%Q%i%a!<%?h $O8=:_$NHubble %Q%i%a!<%?H0(� 70kms� 1Mpc� 1)
$rMQ$$$Fh � H0=100kms� 1Mpc� 1 $HDj5A$5$l$k!#

$3$N%j%_%C%H$O<'5$C16K;R$,1'Ch$K0lMM$KJ,I[$7$F$$$k$H$-$NCM$G!"6d2OFb$G%/%i%9

%?!<$r$J$7$F$$$k>l9g$O$3$l$h$j$O$k$+$K4K$/$J$k[20]!#

6d2O<'>l$+$i$N%j%_%C%H

6d2O7O$K$*$1$k3� G $N<'>l$O124,$->u$NOSJ}8~$K?-$S$F$$$k$,!"$3$l$O6d2O$N0lMM$G

$O$J$$2sE>$N$?$a$G$"$k!#$3$N5!9=$K$h$j;~4V%9%1!<%k$,6d2O$N2sE><~4|� G � 108yr $K

$[$\Ey$7$$<~4|$r;}$C$?<'>l$,@8@.$5$l$k!#<'5$C16K;R$O6d2O<'>l$G2CB.$5$l$k$?$a$K%(

%M%k%.!<$rF@$k$,!"$=$NJ,$N%(%M%k%.!<$OC_@Q$7$?<'>l$N%(%M%k%.!<$+$i;}$A5n$i$l$k!#

<'5$C16K;R$,6d2O$rDL2a$9$k$3$H$K$h$j<:$o$l$k<'>l$N%(%M%k%.!<$O

E � = �r 2
G

r
rG

`
(gB`)4�F � G (1.9)

$GM?$($i$l$k!#$3$3$G!"rG(� 30kpc)$O6d2OH>7B!"`(� 300pc)$O0lMM$J<'>l$,B8:_$9$kNN

0h$N:9$7EO$7!"g $O<'5$C16K;R$N<'2Y!"B(� 3� G) $O6d2O<'>l$G$"$k!#$3$N$H$-$b$7<'5$

C16K;R$,F@$k1?F0%(%M%k%.!<$,6d2O$N2sE>$K$h$k%@%$%J%b8z2L$K$h$C$F@8@.$5$l$k<'>l$N

%(%M%k%.!<

E+ =
B 2

2
4�r 3

G

3
(1.10)

4



$rD6$($F$7$^$C$?$i6d2O<'>l$O>CLG$7$F$7$^$&$3$H$K$J$k!#<B:]$K$O8=:_$N6d2O<'>l$O>C

LG$7$F$$$J$$$N$G!"E � < E + $+$i<'5$C16K;R%U%i%C%/%9$K%j%_%C%H$,$D$1$i$l$k!#$3$N

CM$r!"0lHL$KParker %j%_%C%H[21]$H8F$S!"CM$O!"

F < 10� 15
�

B
3� G

� �
rG

30kpc

� 1=2 �
300pc

`

� 1=2 �
30Myr

� G

�
cm� 2s� 1sr� 1 (1.11)

$G$"$k!#

6d2O7O30<'>l$+$i$N%j%_%C%H

6I=j6d2O72Fb$K$*$$$F!"<'>l$NBg$-$5$,B IG � 3 � 10� 8G $G!":F@8;~4V$,� IG � 109yr
$G$"$k$h$&$J6d2O7O30<'>l$r9M$($F$_$k!#$3$3$K>e$N5DO@$rE,MQ$9$l$P!"$h$j87$7$$@)8B

$,F@$i$l$k!#$?$@$7!"6d2O7O30<'>l$O$h$/CN$i$l$F$$$J$$$?$a!"%j%_%C%H$N%(%i!<$,$=$N

J,Bg$-$/$J$k!#

Cf@-;R@1$+$i$N%j%_%C%H

Rubakov 8z2L$rMQ$$$k$H!"Cf@-;R@1$N%(%M%k%.!<J|=P$+$i$b<'5$C16K;R%U%i%C%/%9$KBP

$9$k%j%_%C%H$,$D$/!#

3H;6FpX @~GX7J$N4QB,$K$h$j!"6d2O7O$N8E$$(1010 G/) Cf@-;R@1$NJ?6QI=LL29EY$KBP$7

$F$O49eV!"J?6QE*$J8w;R$N%k%_%N%7%F%#$KBP$7$F$O1032ergs s� 1 $N%j%_%C%H$,F@$i$l$F

$$$k6 [22]!#
$b$78E$$Cf@-;R@1$,<'5$C16K;R$N3K;RJx2u$K$h$C$F9b29$KJ]$?$l$F$$$k$H2>Dj$9$k$H!"

J?6QE*$J8w;R$N%k%_%N%7%F%#$+$i<'5$C16K;R$KBP$9$k87$7$$%j%_%C%H$r$D$1$i$l$k!#$D$^

$j8w;R$N%k%_%N%7%F%#$KBP$9$kCf@-;R@1$NA4%k%_%N%7%F%#$rr ( � L tot =L
 ) $H$7$?;~$K

F
� � 0

1mb

�
< 3r � 10� 23

�
�

10� 3

� 2

cm� 2s� 1sr� 1 (1.12)

$H$J$k!#$3$3$G!"Rubakov 8z2L$NCGLL@Q$,� = � 0� � 2 (� 0 $O$3$NH?1~$,8wB.EY$G5/$3$C$?

>l9g$NCGLL@Q$G!"6/$$Aj8_:nMQDxEY$NBg$-$5� 0 � 1mb $G$"$k) $H=q$1$k(IUO?;2>H) $3$H

$r9MN8$7$?!#

%j%_%C%H$OA4BN$N%(%M%k%.!<J|=P$r$[$H$s$I8w;R$,C4$C$F$$$k>l9g(r � 1) $K:G$b87$7

$/$J$k!#0lJ}$GCf@-;R@1$,� $N6E=L>uBV$G$"$k>l9g$K$O!"$[$H$s$I$N%(%M%k%.!<J|=P$r0J

2<$N� $NJx2uH?1~

� � + n ! n + e� + �� e (1.13)

� � + n ! n + � � + �� � (1.14)

$d5U2aDx$N

n + e� ! n + � � + � e (1.15)

n + � � ! n + � � + � � (1.16)
6CO>e$K$*$1$kA4HyJ,%(%M%k%.!<%U%i%C%/%9$O!"8E$$Cf@-;R$N?tL)EY$r10� 4pc� 3 $H2>Dj$7!"$3$l$i$NCf@-

;R@1$NJ|<M$r29EYT� 105K $N9uBNJ|<M$H8+$J$7!"@14VJ*<A$K$h$k5[<}$r2>Dj$7$F7W;;$7$F$$$k!#
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$G@8@.$5$l$k%K%e!<%H%j%N$,C4$$!"8w;R$N%(%M%k%.!<J|=P$OA4BN$N10� 4 DxEY$7$+$J$$(r
� 104) $N$G%j%_%C%H$OBgI}$K4K$/$J$k!#

LZ@1$NG.$+$i$N%j%_%C%H

$3$l$b Rubakov 8z2L$rMQ$$$?%j%_%C%H$G$"$k!#

E72&@1$r=|$/LZ@17?OG@1(LZ@1!"EZ@1!"3$2&@1Ey) $K$OFbH/E*$JG.$,B8:_$9$k$3$H$,@V30

J,8wJ,@O$dOG@1$N%"%k%Y%I$NB,Dj$K$h$C$FCN$i$l$F$$$k!#LZ@1$dEZ@1$NFbH/E*$JG.$OCO5e

$N$=$l$KHf$YC10L<ANLEv$?$j2 7eDxEYBg$-$$!#$7$+$7$3$l$i$NOG@1$,CB@8$9$k;~$K=ENO%(

%M%k%.!<$K$h$C$F@8@.$5$l$?86;OE*$JG.$,=y!9$K2rJ|$5$l$F$$$k$H$$$&%7%J%j%*$G$O$3$N

FbH/E*$JG.$NBg$-$5$r3FOG@1$KBP$7$F0l4S$7$F@bL@$9$k$3$H$,$G$-$J$$!#

$=$3$G$3$NLZ@17?OG@1$KC_@Q$7$?<'5$C16K;R$,Rubakov 8z2L$K$h$jM[;R$rJx2u$5$;$k

$3$H$K$h$C$FH/@8$7$?G.$,!"$3$NLZ@17?OG@1(FC$KLZ@1) $NFbH/E*$JG.$r>/$J$/$H$bItJ,E*

$K$O@bL@$9$k$H2>Dj$9$l$P!"<'5$C16K;R%U%i%C%/%9$N%j%_%C%H$H$7$F

F
� � 0

1mb

�
< 1 � 10� 23 cm� 2s� 1 (1.17)

$,F@$i$l$k [23]!#$?$@$7$3$N%j%_%C%H$rF@$k:]$K$O!"<'5$C16K;R$OLZ@1$N6/$$<'>l� 1000G
$N$?$a$K!"LZ@1$N%3%"(Rc � 0:2R) $KA4$FD@$`$3$H$O$J$$$3$H$r9MN8$KF~$l$F!"A4$F$N<'

5$C16K;R$,%3%"$K$$$k>l9g$H!"5U$K$[$H$s$I$N<'5$C16K;R$,%3%"$N30$K0lMM$KJ,I[$7$F$$

$k>l9g$NN>J}$G7W;;$7!"<B:]$O$=$l$i$NCf4V$N>l9g$G$"$k$H$7$FCM$r;;=P$7$F$$$k!#

1.3 %9!<%Q!<%+%_%*%+%s%G$K$h$kC5:w

K\O@J8$G$O!"B@M[$KJa3M$5$l$?BgE}0lM}O@<'5$C16K;R(0J2<!"<'5$C16K;R) $, Rubakov
8z2L$K$h$jB@M[Fb$rDL2a$7$?Ht@W$K1h$C$FM[;RJx2u$rH/@8$5$;$k:]$KJ|=P$5$l$k%K%e!<%H

%j%N$NC5:w$r9T$$!"8uJd%$%Y%s%H?t$N>e8B$+$i<'5$C16K;R%U%i%C%/%9$K%j%_%C%H$r$D$1$?!#

Rubakov 8z2L$O!"M[;R$dCf@-;R$KBP$7$FH?1~CGLL@Q$,Bg$-$/$J$k8z2L$G$"$k$,!"6v3K$K

BP$7$F$O<'5$C16K;R$H3K;R$H$N4V$K@MNO$,$O$?$i$/$?$a5/$3$j$K$/$$[40]!#$7$?$,$C$F!"

CO5e$N$h$&$J6v3K$NB?$$E7BN$+$i<'5$C16K;R$N%U%i%C%/%9$K6/$$%j%_%C%H$r$D$1$k$3$H$O

4|BT$5$l$J$$$,!"<+M3M[;R$d<+M3Cf@-;R$,BgNL$KB8:_$7$F$$$kB@M[!"LZ@17?OG@1$dCf@-;R

@1$KBP$7$F$O5U$K4|BT$G$-$k!#

$^$?Rubakov 8z2L$OM[;RI8E*$KBP$7$FH?1~CGLL@Q$,� � 2 $N0MB8@-$r$b$D(IUO?;2>H) $N

$G!"DcB.EY$N<'5$C16K;R$[$I8zN($h$/5/$3$k!#

Rubakov8z2L$K$h$C$FM[;R$O<!$N$h$&$KCf4V;R$H2YEE%l%W%H%s$N%b!<%I$K$OJx2u$9$k$,!"

p ! (� 0; !; �; K + ; � � � ) + e+ (or � + ) (1.18)

<+H/E*$JM[;RJx2u$H$O0[$J$j!"

p ! �� + � + (1.19)

$N$h$&$KD>@\%K%e!<%H%j%N$KJx2u$9$k$3$H$O6X$8$i$l$F$$$k[9]!#
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<0(1.18) $G@8$8$?Jx2uCf4V;R$,@5EE2Y$N� + $KJx2u

(� 0; !; �; K + ; � � � ) ! � + (1.20)

$9$l$P!"$=$N� + $,Jx2u$9$k$H$-$K%K%e!<%H%j%N� � ; � e; �� � $,=P$k:

� + ! � + � � (1.21)

� + ! e+ + � e + �� � (1.22)

0lJ}IiEE2Y$N � � $OB@M[Fb$GJ*<ACf$K5[<}$5$l$F$7$^$&$N$G4sM?$7$J$$(IUO?;2>H)!#
$3$l$i$N%K%e!<%H%j%N$OCO5e$KFO$/$^$G$K%K%e!<%H%j%N?6F0$K$h$C$FA4<oN`$N%K%e!<%H

%j%N� e; � � ; � � ; �� e; �� � ; �� � $K?6F0$9$k!#$=$7$F$3$l$i$N6 <oN`$N%K%e!<%H%j%N$O$9$Y$F<!>O

$G>\@b$9$k?e%A%'%l%s%3%U8!=P4o$G$"$k%9!<%Q!<%+%_%*%+%s%G$GEE;R;6Mp$K$h$C$F8!=P$9

$k$3$H$,2DG=$G$"$k!#
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Bh2>O %9!<%Q!<%+%_%*%+%s%G

%9!<%Q!<%+%_%*%+%s%G(Super-Kamiokande 1,SK) [24] $O!"?e%A%'%l%s%3%U8!=P<B83Au

CV$G$"$k!#8!=P4o$OD>7B39m!"9b$5 42m$N1_E{7?$N%9%F%s%l%9?eAe$G!"Cf$K$O50,000m3

$ND6=c?e$,F~$C$F$$$k(?^ 2.1)!#FbLL$K$O8wEE;RA}G\4I(PMT) $,5,B'@5$7$/G[CV$7$F$*

$j!"?eCf$rAv$k2YEEN3;R(e,�; � Ey) $,H/$9$kHy<e$J8w$G$"$k%A%'%l%s%3%U8w$r$H$i$($k$3

$H$,$G$-$k!#$3$N8!=P4o$O1'Ch@~%_%e!<%*%s$J$I$N%P%C%/%0%i%&%s%I$r8:$i$9$?$a$KCO2<

1,000m (2,700m.w.e.)$N>l=j$KCV$$$F$"$k2!#

1991G/$K7z@_$,3+;O$5$l!"1996G/ 4 7n$K4QB,$,3+;O$5$l$?!#8=:_$N<g$J4QB,BP>]$H$7

$F$O?eAe?eCf$G5/$3$kM[;RJx2u0J30$K!"B@M[!"D6?7@1GzH/!"CO5e$NBg5$$+$iMh$k%K%e!<%H

%j%N$dD94p@~%K%e!<%H%j%N(K2K <B83,T2K <B83) $,$"$k!#

K\>O$G$O%9!<%Q!<%+%_%*%+%s%G$NB,Dj86M}!"8!=P4o$r9=@.$9$k?eAe$d8wEE;RA}G\4I!"=c

?eAuCV!"6u5$$N=c2=AuCV!"$*$h$S%G!<%?<}=8%7%9%F%`$K$D$$$F@bL@$9$k!#$?$@$7!"K\O@J8

$N2r@O$G$O8e=R$9$k$h$&$K!"SK $N%U%'!<%:$H$7$F$OSK-I(1996 G/ 4 7n-2001G/ 7 7n) $H

SK-III(2006 G/ 7 7n-2008G/ 8 7n) $N%G!<%?$N$_$rMQ$$!"$=$l0J30$N%G!<%?$O;HMQ$7$F$$$J

$$$N$G!"0J2<$N@bL@$NCf$GSK $N%U%'!<%:$K$h$C$FFbMF$,0[$J$k>l9g$O!"FC$KCG$i$J$$8B

$j!" SK-I $HSK-III $N>l9g$K@bL@$r8BDj$9$k!#

2.1 %K%e!<%H%j%N8!=P86M}

2.1.1 %A%'%l%s%3%UJ|<M

2YEEN3;R$,M6EEBN$NCf$rAv$k$H$-$K!"B.EY$,8wB.EYc/n (n $OM6EEBN$N6~@^N($G!"c $O??

6uCf$G$N8wB.EY) $rD6$($?$H$-$K$O!"%A%'%l%s%3%U8w$rJ|=P$9$k$3$H$,CN$i$l$F$$$k!#%A%'

%l%s%3%U8w$ON3;R$N1?F0J}8~$KBP$7$F3QEY� ch $NJ}8~$K1_?m>u$KJ|=P$5$l$k!#?2̂.2$K%A%'

%l%s%3%UJ|<M$N35G0?^$r<($9!#

$3$3$G� ch $O0J2<$GDj5A$5$l$k!'

cos� ch =
1

n(� )�
(2.1)

$3$3$Gn(� ) $OM6EEBN$N6~@^N($G!"GHD9� $K0MB8$9$k!#� $Ov/c $G$"$k!#

18lHx$Nnde $O%K%e!<%H%j%N4QB,(neutrino detection experiment) $*$h$S3K;RJx2u4QB,(nucleon decay
experiment) $NN,!#

24tIl8)HtBM;T?@2,D.CS$N;3(El7P 137� 18'!" KL0^ 36� 25') ;3D:2<$G!"$3$N>l=j$G$O1'Ch@~%_%e!<%*%s$N
%U%i%C%/%96/EY$OCO>e$KHf$Y5 7eDx>.$5$$!#%9!<%Q!<%+%_%*%+%s%G$K$*$1$k%_%e!<%*%sIQEY$O$*$h$=2Hz $G
$"$k!#
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1000m

LINAC room

20" PMTs

water system

control room

electronics hut

Mt. IKENOYAMA

?^ 2.1: %9!<%Q!<%+%_%*%+%s%G8!=P4o$NA4BN?^

q

direction of
Cherenkov photons

direction of
charged particle

?^ 2.2: %A%'%l%s%3%UJ|<M$N35G0?^
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$^$?!"$"$k2YEEN3;R$,%A%'%l%s%3%U8w$rJ|=P$9$k$N$KI,MW$J:G>.$N%(%M%k%.!<E th $O>e

$N<0$h$j!"

E th =
nmc2

p
n2 � 1

(2.2)

$H$J$k!#$3$3$G!"m $O2YEEN3;R$N@E;_<ANL$G$"$k!#$3$NCM$r%A%'%l%s%3%UogCM$H8F$V!#

?eCf$G$O6~@^N($,1.33$J$N$G:GBg(� = 1 $N$H$-) $GLs42� $GJ|=P$5$l$k!#$^$?!"?eCf

$G$N<g$JN3;R$N%A%'%l%s%3%UogCME th $O!"I= 2.1$NDL$j$G$"$k!#

N3;R %A%'%l%s%3%UogCM[MeV]

e� 0.767

� � 157.4

� � 207.9

K � 735.5

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

C10LD9$5dL Ev$?$j$KJ|=P$5$l$k%A%'%l%s%3%U8w$N8w;R?tNphoton $O!"0J2<$GM?$($i$l$k:

d2Nphoton

dLd�
=

2��
� 2

�
1 �

1
n2� 2

�
(2.3)

$3$3$G!"� $OHy:Y9=B$Dj?t(' 1/137) $G$"$k!#$3$N<0$+$iSK ?eAe?eCf$rAv$k2YEEN3;R

(e,�; � Ey) $,AjBPO@E*(� � 1) $H8+$J$;$k$H$-!"SK $NM-46NN0h$G$"$k� = 300nm �
600nm$NHO0O$GJ|=P$5$l$kA48w;R?t$O!"C10LD9$5Ev$?$j3708DDxEY$G$"$k!#

2.1.2 8!=PJ}K!

%9!<%Q!<%+%_%*%+%s%G$G$O%K%e!<%H%j%N$,?e$NCf$NEE;R$d86;R3K$HH?1~$7$F=P$F$/$k2Y

EEN3;R$N%A%'%l%s%3%U8w$r?eAeFb$KG[CV$5$l$?PMT $G8!=P$9$k!#3F%R%C%HPMT $N;~4V>p

Js$+$iH?1~H/@8COE@(%P!<%F%C%/%9) $r!"%R%C%H%Q%?!<%s$+$i2YEEN3;R$N?J9TJ}8~$r!"K\?t

0?$$$OAm8wNL$+$i2YEEN3;R$N%(%M%k%.!<$r:F9=@.$9$k!#2YEEN3;R$N<1JL(e,�; � Ey) $O%A%'

%l%s%3%U%j%s%0$N%H%]%m%8!<$K$h$C$F9T$&!#

2.2 8!=P4o$N>\:Y

%9!<%Q!<%+%_%*%+%s%G$N?eAe$O8w3XE*$K2 $D$N%Q!<%D$+$i$J$j!"$=$l$>$lFb?eAe(ID) !"

30?eAe(OD) $H8F$P$l$k!#

2.2.1 Fb?eAe

Fb?eAe$OD>7B33.8m!"9b$5 36.2m$G$"$j!"A4 50,000m3 $N?e$NFb!"32,000m3 $N?e$,$3$N

Cf$KF~$C$F$$$k!#$=$7$FFbB&$r8~$$$?Ls11,000K\$N20%$%s%APMT $,A4$FFb?eAe$r8~$/
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$h$&$KG[CV$5$l$F$$$k!#A4$F$NID PMT $O%9%F%s%l%9@=$NOH$K<h$jIU$1$i$l$F$$$k!#$3

$N%9%F%s%l%9@=$NOH$N0l$D0l$D$O%9!<%Q!<%b%8%e!<%k$H8F$P$l!"FbB&$K128D$NID PMT !"

30B&$K2 8D$NOD PMT $r;Y$($F$$$k!#?^ 2.3$K%9!<%Q!<%b%8%e!<%k$N35G0?^$r<($9!#

�$�N�C�E�M���U�J�G�G�V

?^ 2.3: %9!<%Q!<%+%_%*%+%s%G$N%9!<%Q!<%b%8%e!<%k

$3$l$i$N PMT $K$h$k8wEEHoJ$N($O$*$h$=40%$G$"$k!#Fb?eAe$NJI(PMT $HPMT $N

4V) $O!"30?eAe$H8w$N=PF~$j$,$J$$$h$&$K%7!<%H$GJ$$o$l$F$*$j!"H?<M$K$h$C$F%$%Y%s%H

$,:F9=@.$7Fq$/$J$i$J$$$h$&$K%7!<%H$K$O%V%i%C%/%7!<%H$,MQ$$$i$l$F$$$k!#
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2.2.2 30?eAe

30?eAe$O1'Ch@~%_%e!<%*%s$N%$%Y%s%H$rveto $7!"<~0O$N4dHW$+$i$N%,%s%^@~%P%C%/%0

%i%&%s%I$r8:$i$9$?$a$K@_$1$F$"$k!#A0<T$NL\E*$K$h$j!"30B&$NPMT $NA0$K$O8w460h$r

9-$2$k$?$a$KGHD9$rJQ49$G$-$kHD$rCV$$$F$"$k!#$^$?!"8w$N8!=P8zN($r$5$i$K>e$2$k$?$a

$K!"30It8!=P4o$NA4JILL$OH?<MN(Ls80%$NGr?'%?%$%Y%C%/%7!<%H$GJ$$o$l$F$$$k!#

2.2.3 20 %$%s%A8wEE;RA}G\4I

%9!<%Q!<%+%_%*%+%s%G$GFb?eAe$NJILL$KG[CV$5$l$F$$$k20%$%s%A8wEE;RA}G\4I(?^ 2.4)
$O!"5l%+%_%*%+%s%G;~Be$KIM>>%[%H%K%/%9(3t ) $H6&F13+H/$7$?8wEE;RA}G\4I$r2~NI$7$?$b

$N$G$"$k!#$=$N2~NI$r7P$F;~4VJ,2rG=!"1p.e.%T!<%/J,I[$J$I$,Bg$-$/2~A1$5$l$?!#8wEELL

$OBialkali(Sb-K-Cs) $G=PMh$F$$$F!"M-46NN0h$O300nm� 600nm!"NL;R8zN($OGHD9390nm
$G:GBg(� 22%)$H$J$k(?^ 2.5)!#

?^ 2.4: 20%$%s%A8wEE;RA}G\4I$N9=B$

$^$?8wEE;RJ,I[$O%@%$%N!<%I$N2~NI$K$h$j1p.e.%T!<%/$,$O$C$-$j$H3NG'$G$-$k(?^ 2.6)!#
3F%U%m%s%H%(%s%I$N%(%l%/%H%m%K%/%9$K$*$1$kogCM$O!"1/4p.e. $H$J$C$F$*$j!"J,I[$NC+$K

AjEv$9$k!#$3$NogCM$r1[$($F%R%C%H$9$k0EEEN.$NIQEY$ONc$($PSK-I $G$OJ?6QE*$KLs3:5kHz
$H$J$C$F$$$k!#

Dc%(%M%k%.!<%$%Y%s%H$N:F9=@.$K$O3FPMT $N;~4V>pJs$,=EMW$JLr3d$r@j$a$k!#$=$3$G

1p.e.J,I[$N$_$J$i$:!";~4VJ,2rG=$b5l%+%_%*%+%s%G;~Be$KHf$Y$F2~NI$,2C$($i$l$?!#DL

>o!"Bg8}7B$N8wEE;RA}G\4I$G$O8w;R$,8wEELL$N$I$3$KEv$?$k$+$G%@%$%N!<%IE~C#$^$G$N;~

4V:9$,@8$8$F$7$^$&!#$3$N;~4V:9$r8:$i$9$?$a$KPMT Fb$NEE>l9=B$$N2~NIEy$,9T$o$l!";~

4VJ,2rG=$O1p.e.$N?.9f$GLs3ns$H5l%+%_%*%+%s%G;~Be$KHf$YBg$-$/2~A1$5$l$?(?^ 2.7)!#
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?^ 2.5: 20%$%s%A8wEE;RA}G\4I$NNL;R8zN($H%A%'%l%s%3%U8wGHD9J,I[

?^ 2.6: 20%$%s%APMT $N1p.e.%T!<%/ ?^ 2.7: 20%$%s%APMT $N;~4VJ,I[
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8wEELL 50cm

8wEEJ*<A Bialkali (Sb-K-Cs)

%@%$%N!<%IVenetian blind 7? 11CJ

NL;R8zN( 22% @390nm

%@!<%/%l!<%H 3:5kHz

;~4VJ,2rG= 3ns RMS @1p.e.

I= 2.2: 20%$%s%A8wEE;RA}G\4I$NFC@-

2.2.4 >W7bGHKI;_%1!<%9

PMT $OJ|EE$rKI$0$?$a$H8wEE;R$N2CB.$r8zN(E*$K9T$&$?$aFbIt$,??6u$N>uBV$K$J$C$F

$$$k!#$=$N$?$a30B&$N%,%i%94I$,GKB;$9$k$HGz=L$,5/$k2DG=@-$,$"$k!#2001G/$K2aH>?t

$NPMT $,0l@F$KGKB;$9$k;v8N$,5/$-$?$,!"$3$l$ODlLL$K<h$j$D$1$i$l$?PMT $N0l$D$,

GKB;$7$=$N:]$K@8$8$?>W7bGH$,<~0O$NPMT $rGKB;$7!"$3$l$,O":?H?1~E*$K5/$C$?$?$a$H

9M$($i$l$F$$$k!#$=$3$G;v8N8e$NSK-II $+$i$OA4$F$NPMT $K>W7bGH$,H/@8$9$k$N$rKI;_

$9$k$?$a$K%1!<%9$,<h$j$D$1$i$l$?!#$3$N>W7bGHKI;_%1!<%9$OA0LL$K$OF)2aN($N9b$$%"%/

%j%k!"$=$l0J30$NItJ,$K$OBQ5W@-$KIY$`FRP (Fiber Reinforced Plastics) $,MQ$$$i$l$F

$$$k!#

8wEELL<~$j$rJ$$&%"%/%j%k$O?bD>F~<M$N%A%'%l%s%3%U8w$KBP$7$F95%0J>e$NF)2aN($,$"

$k3!#

2.2.5 SK $N%U%'!<%:

%9!<%Q!<%+%_%*%+%s%G8!=P4o$O$=$N4QB,;~4|$K$h$C$FPMT $NK\?t!"EE;R2sO)Ey$,0[$J

$j!"8=:_ (2009G/ 1 7n) $^$G$KSK-I $+$i SK-IV $^$G$N4 $D$N%U%'!<%:$,B8:_$7$F$$$k!#0J

2<$K$=$N6hJL$N$b$H$H$J$k7P0^$r=R$Y$k!#

SK-I $O1996G/ 4 7n$K4QB,$r3+;O$7$?!#A4It$G11146K\$NPMT $rFb?eAe$KMJ$78wEEHo

J$N($O40%$G$"$C$?!#5 G/4V$N4QB,$N8e!"2001G/$KIT6q9g$NPMT( %@!<%/%l!<%H$,9b$$!"

J|EE$r5/$3$7$d$9$$Ey) $r8r49$9$k$?$a$NIU$1BX$(:n6H$,9T$o$l!":n6H=*N;8e$K?eAe$KCm

?e$r$7$F$$$k:GCf$N117n12F|$K;v8N$,5/$-!"0l$D$N PMT $,GKB;$7$?$3$H$+$iO":?E*$K

6777K\$NFb?eAePMT $H1100K\$N30?eAePMT $,<:$o$l$?!#

$=$N8e!";D$j$NPMT A4$F$K>W7bGHKI;_%1!<%9$r<h$j$D$1$F?eAeFb$KG[CV$7$J$*$5$l$?!#

5182K\$NFb?eAePMT $G8wEEHoJ$N($OSK-I $KHf$YH>J,$K$J$C$F$7$^$C$?$,30?eAe$O85$N

?t$KLa$7!"2002G/ 107n$+$i SK-II $H$7$F?7$?$K4QB,$r3+;O$7$?!#

$=$7$F2005G/107n$+$i 2006G/ 67n$N4V$K<:$o$l$F$$$?PMT $r85$KLa$7:F$S9b46EY$N

<B83$r9T$&$?$a$N40A4:F7z:n6H$,9T$o$l$?!#:n6H$O=gD4$K9T$o$lSK-I $H$[$\F1?t$N11129
K\$NPMT $,Fb?eAe$K<h$j$D$1$i$l$?!#$3$l$K$h$j8wEEHoJ$N($O40%$KLa$j!"8!=P4o$NJ,

2rG=!JFC$K%(%M%k%.!<J,2rG=!K$b85DL$j$K$J$C$?!#$=$3$G$3$l0J9_$rSK-III $H8F$V!#

3$3$l$K$h$k1F6A$b%7%_%e%l!<%7%g%s$K$O<h$jF~$l$F$$$k!#
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$5$i$K 2008G/ 9 7n$K$O%(%l%/%H%m%K%/%9$r;O$a$H$9$k!"%G!<%?<}=8%7%9%F%`$,0l?7$5

$l$?$N$G!"$=$l0J9_$rSK-IV $H8F$V!#

I= 2.3$K3F%U%'!<%:$K$*$1$kSK $N%9%Z%C%/$r<($7$?!#$?$@$7%i%$%V%?%$%`$O<'5$C16K

;R$N2r@O%(%M%k%.!<NN0h(18 - 55MeV) $KBP$9$k$b$N$r;X$9!#

%U%'!<%: SK-I SK-II SK-III SK-IV

%G!<%?<hF@3+;O 1996G/ 4 7n 2002G/ 107n 2006G/ 7 7n 2008G/ 9 7n

%G!<%?<hF@=*N; 2001G/ 7 7n 2005G/ 107n 2008G/ 8 7n �

%i%$%V%?%$%` 1496F| 791F| 425F| �

KIGz%1!<%9$NM-L5 L5 M- M- M-

ID PMT $N?t 11146 5182 11129 11129

OD PMT $N?t 1885 1885 1885 1885

8wEEHoJ$N( 40% 19% 40% 40%

%(%M%k%.!<J,2rG=@10MeV 14% 21% 14% 14%

0LCVJ,2rG=@10MeV 87cm 110cm 2r@OCf 2r@OCf

3QEYJ,2rG=@10MeV 26� 28� 2r@OCf 2r@OCf

%(%M%k%.!<ogCM 5MeV 7MeV 4.5MeV(L\I8 ) 4.0MeV(L\I8 )

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

2.3 =c?eAuCV

SK $GMQ$$$i$l$k50,000m3 $ND6=c?e$O?@2,9[;3Fb$NK-IY$JCO2<?e$+$i:n$i$l$F$$$k!#CO

2<?eCf$K$O:Y$+$$?P!"%$%*%s!"%P%/%F%j%"$J$I$NIT=cJ*$,4^$^$l$F$$$k!#$3$l$i$OHy<e$J

%A%'%l%s%3%U8w$r5[<};6Mp$7!"?e$NF)L@EY$rDc2<$5$;$k!#0lJ}!"CO3L4dHWCf$KB?NL$K4^$^

$l$kJ|<M@-85AG222Rn $J$I$O?e$KMO$1$d$9$/!"222Rn $NJx2u7ONs(%&%i%s7ONs) $r?^ 3.4$K

<($9!#F17ONs$N2<N.$K$"$k214Bi $J$I$O� Jx2u$K$h$jQ� � = 3.27MeV $NEE;R$rJ|=P$9$k

$,!" SK $NM-8B$N%(%M%k%.!<J,2rG=$N$?$a$K!"5MeV 0J>e$K^z$_=P$7F@$k!#$7$?$,$C$F$3

$l$i$ODc%(%M%k%.!<%$%Y%s%H$N%P%C%/%0%i%&%s%I$H$J$jF@$k!#$3$N$?$a$KSK $G$O?eAeFb

$K?e$rCmF~$9$kA0$K=c?eAuCV$K$h$C$F2DG=$J8B$jIT=cJ*$r<h$j=|$$$F$$$k!#

?^ 2.8$KSK $N=c?eAuCV$N354Q$r<($9!#$3$NAuCV$G30� 70ton/hour $G?eAeFb$N?e$r=[4D

$5$;$F$*$j!"?e$O0J2<$N$h$&$J2aDx$r7P$k:

1. 1� m %U%#%k%?!<(Water Filter)

Hf3SE*Bg$-$J?P!J� 1� m!K$r<h$j=|$/!#F1;~$K?P$KIUCe$7$F$$$k222Rn $b=|5n=PMh$k!#

2. G.8r495! (Heat Exchanger)

%]%s%W$d8wEE;RA}G\4I$OG.$rH/$9$k$?$a!"$=$N$^$^$G$O?e29$,>e>:$7!"0EEEN.$NA}

2C$d?eAeFb$NBPN.$N860x$H$J$j!"$^$?%P%/%F%j%"$N@.D9$b=uD9$9$k!#$=$l$i$rKI$0

$?$a$KAw$j?e$N?e29$r12 � 13� C DxEY$G0lDj$K$J$k$h$&$K$9$k!#
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3. %$%*%s8r49<y;i(Ion Exchanger)

3 <!85E*$JLVL\9=B$$N9bJ,;R$K%$%*%s8r494p$,$D$$$F$$$k<y;i$G?eCf$N6bB0%$%*%s

(Fe2+ ,Ni2+ ,Co2+ Ey) $d222Rn $NL<3K$G$"$k218Po %$%*%s$r=|5n$9$k!#

4. ;g30@~>H<MAuCV(UV sterilizer)

;g30@~$r>H<M$9$k$3$H$G%P%/%F%j%"$r;`LG$5$;$k!#

5. L5%i%I%s6u5$MO2r%7%9%F%`(Rn-less-air dissolving system)

2<N.$N??6uC&5$$G$N%i%I%s%,%9=|5n8zN($r>e$2$k$?$a!"%i%I%s$r4^$^$J$$6u5$$r=c

?e$KMO2r$5$;$k!#

6. 5U?;F)Kl (Reverse Osmosis �lter)

9b@-G=$N?;F)Kl$rMQ$$$F_I2a$r9T$&!#J,;RNL$,100DxEY$NM-5!2=9gJ*$b=|5n$G$-$k!#

7. ??6uC&5$AuCV(Vacuum Degasi�er system)

?eCf$KMO$1$F$$$k5$BN(%i%I%s%,%9$N96%!";@AG$N99%)$r=|5n$9$k!#

8. %+!<%H%j%C%8<0%$%*%s8r49<y;i(Cartridge Ion Exchanger)

$h$j9b@-G=$N%$%*%s8r49<y;i$G!"%$%*%s$rA*BrE*$K=|5n$G$-$k!#$3$l$K$h$k%$%*%s

=|5nN($O99%$G$"$k!#

9. %&%k%H%i%U%#%k%?!<(Ultra Filter)

10nm$NBg$-$5$NHy>.?P$r=|5n$9$k!#

10. KlC&5$(Membrane Degasi�er)

?eCf$KMO$1$?%i%I%s$d;@AG$rKlC&5$$K$h$j<h$j=|$/!#

$3$N=c?eAuCV$K$h$j?eCf$N%i%I%sG;EY$r10� 3Bq/m 3 %l%Y%k$^$G8:$i$9$3$H$,$G$-$k!#

$3$&$7$F=PMh$?D6=c?eCf$G$N8w$N8:?jD9$O80 � 90m$G$"$k!#

2.4 6u5$$N=c2=AuCV

SK $O9[;3$NCf$K$"$k$N$G!"222Rn G;EY$,9b$/!"6u5$Cf$N%i%I%sG;EY$O50� 2000Bq/m3

DxEY$G$"$k4!#=>$C$F!"SK ?eAe$N>e$N4dHW%I!<%`$O%^%$%s%,!<%I(%]%j%&%l%?%s) $GJ$$C$F

$"$j!"4dHW$+$i=P$k%i%I%s%,%9$,<B83<<$XF~$i$J$$$h$&$K$7$F$$$k!#$5$i$K<B83<<$NF~$j

8}$OFs=E%I%"$K$J$C$F$*$j!"$^$?%I!<%`Fb$N5$05$r9b$/$9$k$3$H$G9[;3$N6u5$$,Cf$XF~$k

$N$rKI$$$G$$$k!#$5$i$K%i%I%s$,>/$J$$9[;3$N30$N6u5$$r$*$h$=10m3/min $NN.NL$G<B83

<<$KAw$j9~$s$G$$$k!#

$=$N8e6u5$$O?2̂.9$K<($5$l$k$h$&$J2aDx$r7P$FDcG;EY$,J]$?$l$k!#$3$3$G3F%3%s%]!<

%M%s%H$O0J2<$N$h$&$JLr3d$r2L$?$7$F$$$k:
45(@a$K$h$C$F9#Fb$rDL$k6u5$$NN.$l$O0[$J$k$,!"E_$O@WDE9#8}$+$i?7A/$J6u5$$,C;$$F;$N$j$r7P$F$d$C$F

$/$k$N$GSK $N<~JU$N%i%I%sG;EY$ODc$$$,!"5U$K2F$O6u5$$,9#30$KH4$1$k:]$K9#Fb$N?<$$$H$3$m$+$i%i%I%s
$NK-IY$J6u5$$r1?$s$G$/$k$?$a$K!"%i%I%sG;EY$,9b$/$J$k!#
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?^ 2.8: SK$N=c?eAuCV
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1. 05=L5! (Compressor)

6u5$$r7� 8.55$05$K05=L$9$k!#

2. 0.3,0.1,0.01� m 6u5$%U%#%k%?!<(Air Filter)

6u5$Cf$NT<$r<h$j=|$/!#

3. =|<>!&=| CO2 AuCV(Air Drier, CO 2 extraction equipment)

<>EY$HCO2 $r=|$/ 5!#

4. 3h@-C:%+%i%`(Carbon Column)

3h@-C:$G%i%I%s$r5[<}$9$k!#

5. Nd5Q3h@-C:(Cooled Charcoal)

� 40� C $K$^$GNd$d$7$?3h@-C:$G%i%I%s$r5[<}$9$k!#

0J>e$N2aDx$r7P$F� 99.98%$N%i%I%s$,<h$j=|$+$l$k!#:G8e$N6u5$(2� 3mBq/m 3) $O

18m3/hour $GSK ?eAe$N>e$N4dHW%I!<%`$KAw$j=P$5$l$k!#%I!<%`Fb$N6u5$$NJ?6QE*$J%i%I

%sG;EY$O40Bq/m 3 $G$"$k!#

?^ 2.9: SK$N6u5$=c2=AuCV

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

K\O@J8$N2r@O$G$OSK-IV 0J9_$N%G!<%?$O;HMQ$7$F$$$J$$$N$G!"0J2<$G$O!"SK-III $^$G

MQ$$$i$l$F$$$?%G!<%?<}=8%7%9%F%`$K$D$$$F@bL@$9$k!#

5$b$76u5$Cf$K?eJ,$,;D$C$F$$$k$H2<N.$NNd5Q3h@-C:$NI=LL$,E`$jIU$$$F%i%I%s$,5[Ce$5$l$J$$$N$G!"$3$3
$G6u5$$r4%Ag$5$;$F$*$/!#
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2.5.1 ID $N%G!<%?<}=8%7%9%F%`

?^ 2.10$KID $N%G!<%?<}=8%7%9%F%`$N35N,?^$r<($9!#3FPMT $OAnalog Timing Module
(ATM) $H8F$P$l$k%U%m%s%H%(%s%I$K@\B3$5$l$F$$$k!#ATM $OADC (Analog-to-Digital
Converter) $HTDC (Time-to-Digital Converter) $NN>J}$NLr3d$r7s$M$F$*$j!"PMT $N;~

4VEE2Y>pJs$r%G%8%?%k2=$9$k!#3FATM $O12K\$NF~NO%A%c%s%M%k(PMT %7%0%J%k) $r07$$!"

20Kg$NATM $, TKO (Tristan-Kek-Online) %\%C%/%9$K4^$^$l$F$$$k!#$=$7$FA4It$G948
Kg$NATM $, 488D$NTKO %\%C%/%9$KJ,G[$5$l$F$$$k!#$=$l$i$NTKO %\%C%/%9$OSK %?%s

%/$N>eIt$K$"$k4 $D$N%(%l%/%H%m%K%/%9%O%C%H$KCV$$$F$"$k!#$^$?!"TKO Super Control
Header (SCH)%b%8%e!<%k$b3FTKO %\%C%/%9$NCf$KF~$C$F$$$k!#SCH$OATM $N%G!<%?

$r Super Memory Partners (SMPs)$HGONG (GO-NoGo) %b%8%e!<%k$KAw$kLr3d$r2L$?

$7$F$$$k!#SMP $OVME (Versa Module Europe) %/%l!<%H$NCf$K$"$j!"%G!<%?$r0l;~E*

$K3JG<$9$k!#GONG %b%8%e!<%k$O%0%m!<%P%k%H%j%,!<%7%0%J%k$H%$%Y%s%H$NID %J%s%P!<

$r3F ATM $KJ,G[$7$F$$$k!#VME %/%l!<%H$O3F%(%l%/%H%m%K%/%9%O%C%H$K2 $D$:$D$"$j!"

3FVME $K6 $D$NSMP $,F~$C$F$$$k!#

PMT %7%0%J%k$O%9%W%j%C%?$G4 $D$NJL!9$N%7%0%J%k$KJ,3d$5$l$k!#0l$D$O!"%G%#%9%/%j

%_%M!<%?$KAw$i$l$k$,!"3F%A%c%s%M%k$KBP$9$kogCM$O� 1mV $G!"$3$l$O1/4p.e. $KAjEv$9

$k!#PMT %7%0%J%k$,ogCM$rD6$($k$H!"I}200ns6!"9b$5 � 11mV/channel $NHITSUM %7

%0%J%k$,ATM %U%m%s%H%Q%M%k$K=8$a$i$l$k!#$=$7$FA4HITSUM %7%0%J%k$,3F%(%l%/%H

%m%K%/%9%O%C%H$N@lMQ%b%8%e!<%k$GB-$7>e$2$i$l$?8e$K!"%;%s%H%i%k%O%C%H$N%H%j%,!<%(

%l%/%H%m%K%/%9$KAw$i$l!"SK $KBP$7%0%m!<%P%k%H%j%,!<$r@8@.$9$k!#?^2.11$K%H%j%,!<

@8@.$N35N,?^$r<($9!#

F1;~$K!"$b$&0l$D$N%Q%i%l%k%7%0%J%k$,QAC (Charge to Analog Converter) $HTAC
(Timing to Analog Converter) $KAw$i$l!"DjEEN.$r@QJ,$7;O$a$k!#$b$7%0%m!<%P%k%H%j

%,!<$, 1.3� s70JFb$K$+$+$i$J$1$l$P!"QAC/TAC >pJs$O%/%j%"!<$5$l$k$,!"$b$7$+$+$l$P

QAC/TAC >pJs$OADC $GAD JQ49$5$l!"FbIt%a%b%j$K3JG<$5$l$k!#TAC $N@QJ,$O3F%A%c

%s%M%k$NPMT %7%0%J%k$K$h$C$F;O$a$i$l$k$N$G!"TAC $K$h$C$F@QJ,$5$l$?EE2YNL$O%7%0

%J%k$N%?%$%_%s%0$N4p=`$K$J$k!#AD JQ49$K$O� 5.5� s $+$+$k$N$G!"%G%C%I%?%$%`$r8:$i

$9$?$a$KTAC $HQAC $O3F%A%c%s%M%k$KA !" B $N2 $D$:$D$"$j!" AD JQ49Cf$OA4$F$N%R%C

%H%A%c%s%M%k$,B>J}$K@Z$jBX$($i$l$k!#$^$?$=$N$?$a$K%_%e!<%*%s$H$=$NJx2uEE;R$N$h$&

$JO"B3$9$k%$%Y%s%H$b<}=8$G$-$k!#AD JQ49$5$l$?%7%0%J%k$OATM Fb$NFIFO (First In
First Out) $KC_$($i$l$k!#

ADC/TDC $N%G!<%?$O12bit (4096channel)$h$j$J$k!# ATM $N%@%$%J%_%C%/%l%s%8$O

� 450pC(J,2rG= 0.2pC)!" � 1300ns(J,2rG= 0.4ns)$H$J$C$F$$$k!#;~4VEE2Y>pJs$r9b$$@:EY

$GF@$k$?$a$K!"3F%A%c%s%M%k$NJQ49I=$rMQ$$$F!"ADC $HTDC $N%+%&%s%H$r$=$l$>$lpC
$Hns$KJQ49$7$F$$$k!#$^$?ATM $O0.6pC/C � !" 0.8ns/C� 0J2<$N29EY0MB8@-$r;}$D$N$G!"

$3$l$rJd@5$9$k$?$a$K%Z%G%9%?%k%G!<%?$,SK-I $N>l9g$O30J,$K 1 2s!" SK-III $N>l9g$O2
;~4V$K1 2s$H$i$l$F$$$?!#

68w;R$, SK ?eAe$rD>@~E*$K2#@Z$k>l9g!":GBg(1_E{$rBP3Q$K2#@Z$k>l9g) $G200ns$+$+$k$?$a!"%3%$%s%7
%G%s%9$O$3$N;~4VFb$G$H$k!#

7>/$J$/$H$b200ns0J>e$G!"$5$i$KH?<M8w$b9MN8$7$F$3$NCM$H$J$C$?!#
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20-inch PMT

ATM

x 240

x 20

ATM

GONG

SCH

interface

SMP

SMP

SMP

SMP

SMP

SMP

TRIGGER

HIT INFORMATION

x 6

Analog Timing Module

Ultra Sparc

VME

online CPU(slave)

online CPU(slave)

online CPU(slave)

online CPU(slave)

online CPU(slave)

online CPU(slave)

online CPU(slave)

Ultra Sparc

VME

online CPU(slave)

Analog Timing Module

TKO

TKO

Ultra Sparc

Ultra Sparc

Ultra Sparc

Ultra Sparc

Ultra Sparc

Ultra Sparc

Ultra sparc

Ultra Sparc

interface

online CPU(host)

online CPU
(slave)

VME

FDDI

F
D

D
I

TRIGGER

Super Memory Partner

Super Memory Partner

SMP x 48 online CPU(slave) x 9

PROCESSOR

TRG

interrupt reg.

20-inch PMT

ATM

x 240

x 20

ATM

GONG

SCH

20-inch PMT

ATM

x 240

x 20

ATM

GONG

SCH

20-inch PMT

ATM

x 240

x 20

ATM

GONG

SCH

interface

SMP

SMP

SMP

SMP

SMP

SMP

PMT x 11200 ATM x ~1000

?^ 2.10: ID %G!<%?<}=8%7%9%F%`$N35N,?^
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?^ 2.11: %H%j%,!<@8@.$N35N,?^
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2.5.2 OD $N%G!<%?<}=8%7%9%F%`

OD $N%G!<%?$O0[$J$k%(%l%/%H%m%K%/%97O$+$i<}=8$5$l$k!#PMT %1!<%V%k$OCharge-
to-Time (QTC) %b%8%e!<%k$K@\B3$5$l$F$*$j!"$3$l$GPMT $+$i$N%7%0%J%k$r%G%#%9%/%j

%_%M!<%H$7$F$$$k!#$b$7%Q%k%9$N9b$5$,25mV(� 0.5p.e.)$rD6$($?$i!" QTC $O200nsAk

Fb$GPMT %7%0%J%k$NEE2Y$r@QJ,$7!"Emitter-Coupled-Logic (ECL) %Q%k%9$r@8@.$9$k!#

$3$N%Q%k%9$OLeCroy 1877 Time-to-Digital converter (TDC) $KAw$i$l$k!#$3$NTDC %b

%8%e!<%k$,=i$a$H=*$o$j$N%(%C%8$N%?%$%_%s%0$r5-O?$7!"$=$3$+$iPMT %7%0%J%k$N;~4V

EE2Y>pJs$rCN$k$3$H$,=PMh$k!#3FTDC %b%8%e!<%k$O3F%(%l%/%H%m%K%/%9%O%C%H$K5 $D$:

$D$"$j!"3F TDC %b%8%e!<%k$O96K\$NF~NO%A%c%s%M%k$r07$&!#

3FTDC %b%8%e!<%k$O8 $D$NQTC %Q%k%9$r32� s4V%P%C%U%!$G$-$k!#$b$7%0%m!<%P%k%H

%j%,!<$,$+$+$l$P!"A4$F$NTDC %A%c%s%M%k$,F1;~$K%G%8%?%k2=$5$l%j!<%I%"%&%H$5$l$k!#

OD $N;~4VAk$NI}$O16� s(%0%m!<%P%k%H%j%,!<$NA010� s8$H8e6� s) $G!"J,2rG=$, � 0.5ns$H

$J$C$F$$$k!#

2.5.3 %H%j%,!<%7%9%F%`

8D!9$NATM $+$iMh$k6k7A$NHITSUM %7%0%J%k$O@h$:3F%(%l%/%H%m%K%/%9%O%C%H$GB-

$7>e$2$i$l$F!"$5$i$K$=$N8eCf1{%O%C%H$GB-$7>e$2$i$l$FA4HITSUM %7%0%J%k$r@8@.$9

$k!#HITSUM %7%0%J%k$,%G%#%9%/%j%_%M!<%?$NogCM$rD6$($k$H!"%0%m!<%P%k%H%j%,!<$,

$+$+$k!#

ID $K$OHE (High Energy) %H%j%,!<!"LE (Low Energy) %H%j%,!<!"SLE (Super Low
Energy) %H%j%,!<$N3 <oN`$N%H%j%,!<$,$"$k!#<'5$C16K;R%K%e!<%H%j%N$N%G!<%?2r@O$K$O

LE %H%j%,!<%$%Y%s%H($3$l$K$OHE %H%j%,!<%$%Y%s%H$b4^$^$l$k) $rMQ$$$?!#LE %H%j%,!<

$NogCM$O� 320mV$G!"$3$l$O%@!<%/%R%C%H%l!<%H$NJ?6QCM$r:9$C0z$/$HID PMT 29 K\$K

AjEv$9$k9!# LE %H%j%,!<$Ne�ciency $ODT %-%c%j%V%l!<%7%g%s[25]$K$h$C$FB,Dj$5$l!"

6.5MeV $G100%$G$"$k!#LE $N%H%j%,!<%l!<%H$OBgDq11Hz$G0lDj$G$"$k!#

QTC $+$i$NHITSUM %7%0%J%k$bFHN)$KB-$7>e$2$i$l$F!"OD $KBP$7$FA4HITSUM %7

%0%J%k$r@8@.$9$k!#$"$k200nsAkFb$G!"QTC ogCM$rD6$($?OD PMT $, 19K\0J>e$"$l$P

OD %H%j%,!<$,$+$+$k!#OD %H%j%,!<$,$+$+$C$?>l9g!"%0%m!<%P%k%H%j%,!<$,$+$+$k$N$r

100nsCY$i$;$k!#$3$l$O ID %H%j%,!<$N%3%$%s%7%G%s%9$r8+$k$?$a$G!"$b$7100ns$N4V$K

ID %H%j%,!<$,$+$+$i$J$1$l$P%0%m!<%P%k%H%j%,!<$,$+$+$k!#

A4$F$N%H%j%,!<$O?^2.10$K<($5$l$k$h$&$K!"TRG %b%8%e!<%k$KF~NO$5$l$F$$$k!#%H%j

%,!<%7%0%J%k$,1 8D$G$b=8$a$i$l$l$P!"TRG %b%8%e!<%k$O%H%j%,!<%?%$%W!"%H%j%,!<$N

%?%$%_%s%0(20ns$N@:EY)!"%$%Y%s%H%J%s%P!<$r5-O?$9$k!#TRG $b%0%m!<%P%k%H%j%,!<%7

%0%J%k$H16bit $N%$%Y%s%H$NID %J%s%P!<$r$=$N%U%m%s%H%Q%M%k$K@8@.$9$k!#$3$l$i$O8=

:_$N%$%Y%s%H$r%H%j%,!<$9$k$?$a$KA4%(%l%/%H%m%K%/%9$KJ,G[$5$l$k!#TRG %b%8%e!<%k

Fb$K3JG<$5$l$?%H%j%,!<%G!<%?$OJL!9$N%*%s%i%$%s%3%s%T%e!<%?$GFI$^$l!"PMT %G!<%?

$HAH$_9g$o$;$k$?$a$K%*%s%i%$%s%[%9%H%3%s%T%e!<%?$KAw$i$l$k!#

8%_%e!<%*%s$N<wL?� 2� s $h$j$b==J,D9$$;~4V!#
9HE %H%j%,!<$NogCM$O� 340mV $G!"$3$l$OID PMT 31 K\$KAjEv$9$k!#J|<M@-F10LBN5/8;$N%P%C%/%0%i

%&%s%I$N$?$a$K%R%C%HPMT $, 29 K\0J>e$H31 K\0J>e$H$G$O%$%Y%s%H%l!<%H$,$+$J$j0[$J$k!#
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Bh3>O SK-III $K$*$1$k%i%8%&%`G;EYB,Dj

3.1 %i%8%&%`G;EYB,Dj$NF05!

$3$N@a$G$O!"%9!<%Q!<%+%_%*%+%s%G$N<g$J4QB,BP>]$N0l$D$G$"$kB@M[%K%e!<%H%j%N$H!"

B@M[%K%e!<%H%j%N4QB,$N<g$J%P%C%/%0%i%&%s%I$K$D$$$F4J7i$K@bL@$7$?8e!"%i%8%&%`G;EY

B,Dj$NI,MW@-$K$D$$$F=R$Y$k!#

3.1.1 B@M[%K%e!<%H%j%N$H%9!<%Q!<%+%_%*%+%s%G

B@M[FbIt$G$O?eAG$,%X%j%&%`$KJQ49$5$l$kG.3KM;9gH?1~$NI{;:J*$H$7$F%K%e!<%H%j%N$,

@8@.$5$l$k!#B@M[$N%X%j%&%`@8@.$N<g$J%W%m%;%9$Opp-chain $H8F$P$l$F$*$j!"0J2<$K<(

$9$h$&$KJ#?t$NH?1~2aDx$+$i9=@.$5$l$F$$$k!#%K%e!<%H%j%N$N86%$O<!$Npp-I chain $G@8

@.$5$l$k!#

� pp I

p + p ! d + e+ + � e (� 0:420MeV)

p + e� + p ! d + � e (1:442MeV)

d + p ! 
 + 3 He
3He +3 He ! 4 He + p + p (3.1)

3g8L$K<($7$?%(%M%k%.!<$O$=$NH?1~<0$G@8$8$k%K%e!<%H%j%N$N%(%M%k%.!<$G$"$k!#

$^$?14%$,<!$K<($9 pp-II chain $G@8@.$5$l$k!#

� pp II

3He +4 He ! 7 Be + 

7Be + e� ! 7 Li + � e (0:861MeV(90%); 0:383MeV(10%))
7Li + p ! 4 He +4 He (3.2)

B>$K$bpp-III chain $H8F$P$l$kH?1~2aDx$K$h$jA4%K%e!<%H%j%N$N1:5 � 10� 4 $,@8@.

$5$l$k!#

� pp III

7Be + p ! 8 B + 

8B ! 8 Be� + e+ + � e (� 14:06MeV)
8Be� ! 4 He +4 He (3.3)
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$5$i$K � 10� 7 $NJ,4tHf$@$,

� hep
3He + p ! 4 He + e+ + � e (� 18:77MeV) (3.4)

$H$$$&H?1~$b$"$j!"hep chain$H8F$P$l$F$$$k!#0J>e$r$^$H$a$k$H?^3.1 $N$h$&$K

$J$k!#

pp-chain $NB>$K0J2<$K<($5$l$k$h$&$JCNO cycle $H8F$P$l$kH?1~2aDx$K$h$C$F$b

%K%e!<%H%j%N$,J|=P$5$l$k!#

� CNO cycle

12C + p ! 13 N + 

13N ! 13 C + e+ + � e (� 1:2MeV)
13C + p ! 14 N + 

14N + p ! 15 O + 

15O ! 15 N + e+ + � e (� 1:73MeV)
15N + p ! 12 C + �
15N + p ! 16 O + 

16O + p ! 17 F + 

17F ! 17 O + e+ + � e (� 1:74MeV)
17O + p ! 14 N + � (3.5)

?^ 3.2$O$3$NCNO cycle$r?^<($7$?$b$N$G$"$k!#$3$Ncycle$O29EY$,1:8 � 107K $r

D6$($k$Hpp-chain $h$j;YG[E*$JH?1~2aDx$K$J$k!#$7$+$7B@M[$G$O$3$N>r7o$OK~$?$5

$l$:!"$3$N cycle$O%K%e!<%H%j%N@8@.A4BN$N1.5%$7$+C4$o$J$$!#

$7$?$,$C$F%K%e!<%H%j%N$O3KH?1~$N>\:Y$K$b0M$k$,!"$[$H$s$I$,?tMeV 0J2<$N%(%M%k

%.!<NN0h$NCf$K$"$k$3$H$,J,$+$k!#B@M[$N%3%"$NL)EY$O$*$h$=100g/cm3 $G$"$k$,!"E57?

E*$J � ee $N;6MpCGLL@Q$OLs10� 43cm2 $J$N$G!"%K%e!<%H%j%N$NJ?6Q<+M39TDx$O1017cm $N

%*!<%@!<$H$J$j!"B@M[$NH>7B(7 � 1010cm) $h$j$b$O$k$+$KD9$$!#$=$N$?$a$K%K%e!<%H%j%N

$O8w;R$H$O0[$J$j!"%(%M%k%.!<$r<:$&$3$H$J$/B@M[$N30$XF($2=P$9$3$H$,=PMh$k!#B@M[$+

$i$N%K%e!<%H%j%N%U%i%C%/%9$OCO>e$G$O6 � 1010 cm� 2s� 1 $H8+@Q$b$i$l$k1!#$=$7$F$3$l

$i$N%K%e!<%H%j%N$OB@M[$+$iJ|=P$5$l$kA4%(%M%k%.!<$NFb$NLs2� 3%$r;}$A5n$k!#I= 3.1
$K3FH?1~$+$i$/$kB@M[%K%e!<%H%j%N$N%U%i%C%/%9$r<($9!#

$=$l$>$l$Nchain $+$iMh$kB@M[%K%e!<%H%j%N%U%i%C%/%9$N7W;;$O!"B@M[FbIt$K$*$1$kN.

BNNO3X0J30$K$bB@M[29EY!"85AG$NB8:_Hf!"3KH?1~N($N$h$&$J%U%!%/%?!<$K:81&$5$l$k!#

?^ 3.3$KB@M[%K%e!<%H%j%N$N%(%M%k%.!<%9%Z%/%H%k$r<($9!#$3$l$i$NMM!9$J3KH?1~$+$i

@8$8$k%K%e!<%H%j%N$NCf$G!"%9!<%Q!<%+%_%*%+%s%G$G4QB,$NBP>]$H$J$kB@M[%K%e!<%H%j%N
14 He $NA4B+G{%(%M%k%.!<$r2 8D$N%K%e!<%H%j%N$,C4$&$N$G!"1 8DEv$?$jBHe =2 $N%(%M%k%.!<$r;}$D!#$7

$?$,$C$FB@M[$N%k%_%N%7%F%#$rL ' 3:8 � 1033 erg s� 1 !" 4He $NB+G{%(%M%k%.!<$rBHe ' 28 MeV!"B@M[$+
$iCO5e$^$G$N5wN%$rd ' 1:5 � 1013 cm $H$7$F� = L=(4�d 2 � (BHe =2)) ' 6 � 1010 cm� 2s� 1 $H8+@Q$b$i
$l$k!#
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(1) p + p ! D + e+ + � e

(99.75%)

(2) p + e � + p ! D + � e

(0.25%)
?

D + p ! 3He + 


? ? ?
3He + 3He ! � + 2p 3He + 4He ! 7Be + 
 (5) 3He + p ! 4He + e+ + � e

(0.00002%)(p-p I : 86%)

? ?

(3) 7Be + e� ! 7Li + � e

?
7Li + p ! 2�
(p-p II : 14%)

7Be + p ! 8B + 


?

(4) 8B ! 8Be� + e+ + � e

?
8Be� ! 2�

(p-p III : 0.015%)

?^ 3.1: pp-chain

N13

C12 C13

N15 N14

O15

O16 O17

F17

<E >=0.707MeV

<E >=0.999MeV

<E >=0.997MeV

He4

p p

p p

p p

e+

e+

e+

He4

?^ 3.2: CNO cycle.
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chain H?1~ CO>e$G$N%U%i%C%/%9(cm� 2s� 1)

pp 5:97� 1010

pep 1:41 � 108

pp hep 7:90 � 103

7Be 5:07 � 109

8B 5:94 � 106

13N Jx2u 2:88 � 108

CNO cycle 15O Jx2u 2:15 � 108

17F Jx2u 5:82 � 106

I= 3.1: MM!9$J3KH?1~$+$i$/$kB@M[%K%e!<%H%j%N$N%U%i%C%/%9(BPS08(GS))

$O!"<g$K8B $+$i@8$8$k%K%e!<%H%j%N$G$"$k!#$=$NM}M3$O!"?^3.3 $r8+$k$H8B $Hhep$h

$j%(%M%k%.!<$,Dc$$$H$3$m$K%9%Z%/%H%k$r;}$D%K%e!<%H%j%N$OA4$F2MeV 0J2<$G$"$k$,!"

%A%'%l%s%3%U8w$NAuCV$G$OAm8wNL$,>/$J$9$.$F$H$i$($k$N$,Fq$7$$$?$a$G$"$k!#$^$?hep
$+$i$N%K%e!<%H%j%N$K$D$$$F$O!"8B $+$i$N%K%e!<%H%j%N$KHf$7$F%U%i%C%/%9$,t#$+$K>/

$J$$$N$G!"$3$l$b4QB,$,:$Fq$G$"$k!#

SK-III $N2r@OogCM$O5MeV $@$,!"$3$l$O?eAe30It$+$i$N%,%s%^@~$dFRP $dPMT %,%i

%9Ey$K4^$^$l$kJ|<M@-85AG226Ra $NL<3K$G$"$k214Bi $N%Y!<%?Jx2u(?^ 3.4) $K$h$k%P%C%/%0

%i%&%s%I$,0l0x$H$J$C$F$$$k!#214Bi $N%Y!<%?Jx2u$OQ� � =3.27MeV $G$"$j!"%(%M%k%.!<

J,2rG=$b9M$($k$H7MeV IU6a$^$G^z$_=P$9$3$H$,J,$+$C$F$$$k!#$^$?!"0J>e$O%&%i%s7ONs

$G$"$k$,!"%H%j%&%`7ONs$K4X$7$F$b228Th $NL<3K$G$"$k208Tl $N%Y!<%?Jx2u$d%,%s%^Jx2u

$+$i$NEE;R!"%,%s%^@~(Q � � =5.00MeV) $,%P%C%/%0%i%&%s%I$K$J$k!#$3$N$?$a%i%I%sF1Dj

($5$i$K$O=|5n) $,%9!<%Q!<%+%_%*%+%s%G8!=P4o$K$h$kB@M[%K%e!<%H%j%N4QB,$K$H$C$F$O=E

MW$JLdBj$H$J$k!#

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

?^ 3.5$KSK-III $NM-8zBN@QFb$G!"B@M[%K%e!<%H%j%N4QB,$N%(%M%k%.!<NN0h(> 5MeV) $K

$*$1$k%$%Y%s%HH/@8>l=j$rE,Ev$J%0%j%C%I(3F%0%j%C%I$NBN@Q$OF1$8) $KJ,$1$F%W%m%C%H$7

$?$b$N$r<($9!#F1?^$G!"R,Z $O$=$l$>$lSK ?eAe$NCf?4$+$iB,$C$?F07B[m]!"9b$5 [m] $r

I=$9!#

?^$N1&C<$K%9%1!<%k$r<($7$?$,!"$3$3$G3F?'$O%$%Y%s%H%l!<%H(events/day/grid) $KBP

1~$7$F$*$j!"%$%Y%s%H%l!<%H$,9b$$$[$I?'$NGHD9$,D9$/!"5U$KDc$$$[$IGHD9$,C;$/$J$k$h

$&$KIA$$$F$"$k!#

F1?^$GB&It!"DlIt$K%$%Y%s%H$,B?$$M}M3$O!"Bh2 >O$G=R$Y$?$h$&$K!"SK $G$OD6=c?e$,

30� 70ton/hour $G=[4D$7$F$$$k$,!"$=$l$K2C$(?eAeFb$K$O29EY8{G[$,$"$k$?$a$K!"PMT
6aK5$GBPN.$,@8$8$F$$$k$?$a$G$"$k!#$D$^$j$=$NBPN.$K$h$C$FPMT $+$iM/$-=P$9%i%8%&

%`$d%H%j%&%`Ey$NL<3K$,F1?^$NDlIt6aK5$^$G4,$->e$2$i$l$F$7$^$&$?$a$G$"$k!#$^$?!"$h

$jBg$-$J?e05$KBQ$($i$l$k$h$&$K?eAe$NB&It!"DlIt$K$O>eIt$KHf$Y$F8|$$FRP $rMQ$$$F
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?^ 3.3: B@M[%K%e!<%H%j%N$N%(%M%k%.!<%9%Z%/%H%k[26]
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?^ 3.4: >e$,%&%i%s7ONs$G2<$,%H%j%&%`7ONs$G$"$k$,!"3FLp0u$N>e$KJx2u$N<oN`$H$=$N%(

%M%k%.!<!"2<$KH>8:4|$r<($9!#%(%M%k%.!<$K$D$$$F$O:#2s$NB,Dj$K4X78$,$"$k$b$N$@$1$r

<($9!#%H%j%&%`7ONs$K$D$$$F$O212Bi $NJx2u%b!<%I$K$h$C$F208Pb $K;j$k7PO)$,0[$J$k$N

$G!"$=$l$>$l$N7PO)$r$=$NJx2uJ,4tHf$H$H$b$K<($7$?!#

$"$k$N$G!"$=$NJ,FRP Fb$NJ|<M@-F10LBNNL$bB?$$$,!"M-8zBN@QFb$K%_%9%U%#%C%H$5$l$k

%$%Y%s%H$,$=$l$KHfNc$9$k$?$a$G$"$k$H9M$($i$l$k!#

0J>e$N$3$H$,$"$k$?$a!"Dc%(%M%k%.!<;v>](� 5.5MeV 0J2<) $N2r@O$K$O!"R2 < 180m2,
� 7:5m < Z < 16:1m $N13,300m3 $N$_$r;HMQ$7$F$$$k$,!"$3$NA*$s$@NN0h$K$O$^$@%P%C%/

%0%i%&%s%I$,B8:_$9$k$N$,J,$+$k!#$3$N%P%C%/%0%i%&%s%I$N860x$rC5$k$N$,!"K\8&5f$NL\

E*$G$"$k!#

$3$N%P%C%/%0%i%&%s%I$N@5BN$H$7$FEv=iM-NO;k$5$l$F$$$?$N$O<g$K2 $D$"$j!"0l$D$O$d

$O$j8!=P4o$NJI:]$G@8$8$?%$%Y%s%H$@$,%P!<%F%C%/%9$N%_%9%U%#%C%H$N$?$a$KM-8zBN@QFb

$G@8$8$?$h$&$K8+$($F$$$k$H$$$&2DG=@-$G$"$k!#$b$&0l$D$O?eCf$KMO$1=P$7$?226Ra $d
224Th $,M-8zBN@QFb$GJx2u$7>e=R$7$?$h$&$J%i%I%s0J9_$NH?1~$,M-8zBN@QFb$G@8$8$F$$$k

$H$$$&2DG=@-$G$"$k!#K\O@J8$G$O8e<T$N2DG=@-$r8!>Z$9$k$?$a$KM-8zBN@QFb$N%i%8%&%`G;

EYB,Dj$r9T$C$?!#

$3$3$G2?8N?eCf$KMO$1=P$7$?%i%I%s<+BN$O5/8;$N8uJd$K$J$i$J$$$N$+$H$$$&$3$H$r@bL@

$7$F$*$/!#SK ?eAeFb$N?e$NN.$l$O?e29$rB,Dj$9$k$3$H$K$h$j%b%K%?!<$G$-$k$,!"29EYJ,

I[$+$i Z . � 10m$NDlIt$G$OBPN.$,$"$k$,!"$=$l$h$j>e$G$OAXN.2$K$J$C$F$$$k$3$H$,CN

$i$l$F$$$k (?^ 3.6)!#?eAeFb$N?e$NN.$l$rM}2r$9$k$?$a$K!"?e$N=[4D$r;_$a$?>l9g$K$I$N

$h$&$JN.$l$,@8$8$k$+$r;n83$7$?!#$=$N7k2L!"JI:]$G$OPMT $J$I$NG.$K$h$jCH$a$i$l$k

$?$aZ <4@5J}8~$NN.$l$K$J$C$F$*$j!"5U$K?eAe$NCf1{IU6a$G$OZ <4IiJ}8~$NN.$l$K$J$C$F

2$3$3$G$OAX$K$J$C$?N.$l$rBPN.$H6hJL$7$FAXN.$H8F$s$G$$$k!#
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?^ 3.5: SK-III M-8zBN@Q(ID $NJI$+$i 2m 0J>eN%$l$?NN0h$G!"� 16:1m < Z < 16:1m, R
< 14:9m $GDj5A$5$l$k) Fb$N5MeV 0J>e$N%$%Y%s%H%l!<%H!#2#<4!"=D<4$O$=$l$>$lSK ?eAe

$NCf?4$+$iB,$C$?F07B($N<+>h)!"9b$5$G$"$k!#3F%0%j%C%I$NBN@Q$O$9$Y$FEy$7$/' 14.0m3

$G$"$k!#
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$$$k$3$H$,J,$+$C$F$$$k!#$3$N;~!"Cf1{IU6a$G$NAXN.B.EY$O%i%I%s$rF~$l$?;n833$K$h$j

0.72m/day $HB,Dj$5$l$F$$$k!#$7$+$7DL>o$OSK $G$O?e$r=[4D$5$;$F$$$k$N$G!"<B:]$NAX

N.B.EY$O0[$J$k!#$D$^$j!"6qBNE*$K$OSK $G$O?eAe$NDlIt$+$iD6=c?e$r6!5k$7!">eIt$+$i?e

$rGS=P$7$F$$$k!#$7$?$,$C$F!"?eAeCf1{IU6a$N=[4D?e$O5U$KZ <4@5J}8~$KN.$l$h$&$H$9$k

$O$:$G$"$k!#<B:]!"=[4DB.EY$,Ls 35ton/hr $N;~$K$OPMT G.$K$h$kBPN.$H=[4D?e$NN.$l$,

D`$j9g$C$F!"?eAeCf1{$N%i%I%s$,$=$N>l$GDdBZ$9$k$3$H$,;n83$N7k2LJ,$+$C$?!#8=:_$G$O

Ls70ton/hr $G?e$r=[4D$5$;$F$$$k$N$G!"?eAeCf1{IU6a$G$OZ <4@5J}8~$NAXN.(0.54m/day)
$K$J$C$F$$$k4!#

0J>e$N?e$NN.$l$K4X$9$k9M;!$K$h$l$P!"222Rn $NH>8:4|(3.824F| ) $+$i9M$($F!"Cf1{IU

6a$N%$%Y%s%H%l!<%H$OZ <4@5J}8~$K8~$+$C$F;X?t4X?tE*$K8:>/$9$kJ,I[$K$J$k$O$:$@$,!"

?^ 3.5$O$[$\0lMM$JJ,I[$K$J$C$F$$$k!#$3$N$3$H$O%i%I%s$,M-8zBN@QFb$N%P%C%/%0%i%&%s

%I$N5/8;$G$O$J$$$3$H$r<($7$F$$$k!#

$7$?$,$C$F!">e=R$7$?%P%C%/%0%i%&%s%I$,J|<M@-F10LBN5/8;$@$H2>Dj$9$k>l9g$O!"Jx2u

7ONs$K$*$$$F214Bi $h$j>eN.$G$+$DH>8:4|$,==J,D9$$226Ra $,8uJd$H$J$k(%H%j%&%`7ONs

$N>l9g$OF1MM$N5DO@$K$h$j!"228Th $,Bh0l8uJd) $3$H$,$o$+$k!#

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

$3$N@a$G$O!"%i%8%&%`G;EYB,Dj$N35MW$r@bL@$7$?8e!"B,Dj7O$N3F%3%s%]!<%M%s%H$K$D$$

$F@bL@$9$k!#

3.2.1 %i%8%&%`B,Dj7O$NA4BN?^

?^ 3.7, 3.8, 3.9$K%i%8%&%`B,Dj7O$NA4BN?^$r<($9!#=i$a$KB,Dj7O$r?e=[4DMQ(?^ 3.7) $K@Z

$jBX$($F$*$/!#F1?^$G?e$NN.$l$O@D$$Lp0u$G<($5$l$k!#SK ?eAe$N%-%c%j%V%l!<%7%g%s%[!<

%k$+$i� 100ton$N?e$r5[$$>e$2$F!"8e=R$9$kMnOx %+%i%`$KDL$9!#?eCf$KMO$1$F$$$k%i

%8%&%`$N95%0J>e$,$3$l$GCj=P$G$-$k!#<!$K7O$r%Q!<%8MQ(?^ 3.8) $K@Z$jBX$($F!"MnOx

%+%i%`Fb$K%i%I%s%U%j!<%(%"$rN.$7!"7O$r4%Ag$5$;$k!#F1?^$G6u5$$NN.$l$O?e?'$NLp0u$G

<($5$l$k!#4%Ag;~4V$OB,Dj$K$h$j0[$J$j!"3 ;~4V$+$i 1=54VDxEY$G$"$k!#:G8e$K7O$r6u5$=[

4DMQ(?^ 3.9) $K@Z$jBX$($F!"7OFb$N6u5$$r=[4D$5$;$k!#F1?^$G6u5$$NN.$l$O?e?'$NLp0u$G

<($5$l$k!#$3$N:]$K%+%i%`$+$iJ|=P$5$l$k%i%I%s$r@EEEJa=87?%i%I%s8!=P4o$G8!=P$9$k!#

G[4I$O?e=[4DMQ(?^ 3.7) $K$OFb7B1 inch $N1v2=%S%K!<%k4I(D6=c?e;EMM)!"6u5$=[4DMQ

(?^ 3.9) $K$O%9%F%s%l%94I$rMQ$$$?!#?^$K<($5$l$k$h$&$K!"?e=[4DMQ$H6u5$=[4DMQ$O%P%k

%V$N$_$G@Z$jBX$($k$3$H$,=PMh$k!#$=$NM}M3$O$b$7?e=[4DMQ$H6u5$=[4DMQ$H$N4V$GMnOx

%+%i%`$rKh2s@Z$jN%$7$F0\F0$5$;$k$H$J$k$H!"$=$N:]$K>o$K7O30$+$i$N%i%I%s$N1x@w$N4m

81$,H<$&$?$a$G$"$k!#

32007 G/ 5 7n 24 F|$K 9.2Bq $N 222 Rn $r?eAeCf1{ ((X,Y,Z)=(0.35m,-0.7m,9.45m)) $H%(%C%8IU6a
((X,Y,Z)=(+12m,-0.7m,5.45m)) $KF~$l$?<B83!#

4<B:]$K$OZ <4@.J,$@$1$G$O$J$/!"F07BJ}8~308~$-$NN.$l(0.32m/day) $b$"$k!#
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?^ 3.6: SK-III ?eAeFb$N?e29$NZ J,I[ (2007G/ 4 7n23F| )!# Z . � 10m0J2<$NDlIt$G$OBP

N.$,$"$k$?$a$K?e29$O$[$\0lDj$H$J$C$F$$$k$H9M$($i$l$k!#
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?^ 3.7: %i%8%&%`B,Dj7O$NA4BN?^(?e=[4DMQ)!#G[4I$K$OFb7B1 inch $N1v2=%S%K!<%k4I(D6

=c?e;EMM) $rMQ$$$?!#N.NL7W$GN.B.!"AmN.NL$H$b$K%b%K%?!<$9$k$3$H$,2DG=!#
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?^ 3.8: %i%8%&%`B,Dj7O$NA4BN?^(%Q!<%8MQ)!#G[4I$K$O307B1/2 inch $N%9%F%s%l%94I$rMQ

$$$?!#%i%I%s%U%j!<%(%"$O%7%s%U%l%C%/%9%A%e!<%V$rDL$C$F7OFb$KF~$j!"%i%I%s8!=P4o$X

F~$kA0$K0.5� m %U%#%k%?!<$rDL$k!#O*E@29EY7W!":9057W!"N.NL7W$G!"7OFb$N<>EY!"5$05!"

N.B.$,%b%K%?!<$G$-$k!#
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?^ 3.9: %i%8%&%`B,Dj7O$NA4BN?^(6u5$=[4DMQ)!#7O$,JD$8$F$$$k$3$H0J30$O!"%Q!<%8MQ$H

F1$8!#

3.2.2 MnO x %+%i%`

MnOx %+%i%`$O%+%J%@$NSNO <B83$G:#2s$NB,Dj$HF1MM$NL\E*$N$?$a$K3+H/$5$l$?!"%i

%8%&%`Ja=8MQ%+%i%`$G$"$k[27]!#%+%i%`Fb$K$OMnOx $G%3!<%F%#%s%0$5$l$?%S!<%:$,5M

$^$C$F$*$j!"$=$3$K?eCf$KMO$1$F$$$k%i%8%&%`$,5[Ce$5$l$k!#%S!<%:$OD>7B600� m $N5e

>u$N%"%/%j%k%S!<%:$G!"NO3XE*$K4h>f$G!"?e$r$[$H$s$I5[<}$;$:!"J|<M@-85AG$N1x@wEY$,

Dc$/!"HyN3;R$r@8$_$K$/$/!"$+$D%i%I%s$NJ|=P8zN($,9b$$!#MnOx $OMnO2 $H0[$J$jIT40

A4$K;@2=$5$;$k$3$H$K$h$jF@$i$l$k$,!"MnO2 $h$j%i%I%s$NJ|=P8zN($,9b$$!#@53N$J2=3X

NLO@$,ITL@$J$N$GMnOx $H5-$7$F$$$k!#

%3!<%F%#%s%0$OI=LL$KJ?9T$J4p=`AX$HI=LL$K$[$\?bD>$J0.3 - 0.5� m $N%H%2$+$i$J$C$F$$$k

$3$H$,EE;R82Hy6@$K$h$j3NG'$5$l$F$$$k[28]!#J?6QE*$J%3!<%F%#%s%0L)EY$O0.45� 0.1gMn/m 2

$G$"$k!#$"$k%3!<%F%#%s%0$5$l$?%S!<%:$N%5%s%W%k$KBP$7!"J|<M@-%P%C%/%0%i%&%s%I$O%2

%k%^%K%&%`8!=P4o$K$h$k%,%s%^@~B,Dj$G90ng Th/g beads0J2<$G!"$+$D29� 14 ng U/g
beads0J2<$HB,Dj$5$l$F$$$k[29]!#$^$?%+%i%`$rDL$9?e$NN.NL$,20̀ /min $rD6$($J$$8B$j!"

%+%i%`$+$i%i%8%&%`$,N.$l=P$J$$$3$H$bF1MM$N%,%s%^@~B,Dj$GJ,$+$C$F$$$k[27]!#
%3!<%F%#%s%0$5$l$?%S!<%:$OB,Dj$N4V>o$K%]%j%W%m%T%l%s@=%+%i%`Fb$K$"$k!#%+%i%`$N

FbItBN@Q$O� 950cm3 $G!"$=$NCf$K700.0� 0.2g$N%S!<%:$,F~$C$F$*$j!"$3$l$O$*$h$=3.5g
$NMn NL$KAjEv$9$k!#

I= 3.2$KSNO$GB,Dj$5$l$?MnOx %+%i%`$N3F8zN($NCM$r<($9!#$3$NI=$G!"� extraction $O

%i%8%&%`$NCj=P8zN($G!"?eCf$KMO$1$F$$$k%i%8%&%`86;R$,%+%i%`$K5[Ce$5$l!"?e$rN.$7=*
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?^ 3.10: @EEEJa=87?%i%I%s8!=P4o

$($k$^$G%+%i%`$K;D$C$F$$$k3NN($HDj5A$5$l$k!#� emanation $O%i%I%s$NJ|=P8zN($G!"%i%I

%s86;R$,MnOx $N%3!<%F%#%s%0$+$iF($l!"5$Aj$KF~$k3NN($HDj5A$5$l$k!#

Factor %H%j%&%`7ONs %&%i%s7ONs

� extraction 0.95� 0.05 (224Ra) 0.95� 0.05 (226Ra)

� emanation 0.30� 0.07 (220Rn) 0.75� 0.10 (222Rn)

I= 3.2: %+%i%`$N3F8zN($NCM

3.2.3 @EEEJa=87?%i%I%s8!=P4o

8=:_%9!<%Q!<%+%_%*%+%s%G$GMQ$$$i$l$F$$$k@EEEJa=87?%i%I%s8!=P4o$OSK-I $N;~4|$K

3+H/$5$l$? [30, 31, 32]!#%i%I%s8!=P$O222Rn $NL<3K$r@EEEJa=8$7$F!"PIN %U%)%H%@%$%*!<

%I(PD) $G� Jx2u$N%(%M%k%.!<$rB,Dj$9$k$3$H$G9T$o$l$k!#222Rn $NL<3K$N0l$D$G$"$k%]

%m%K%&%`218Po 86;R$N90%0J>e$,@5$KBSEE$7$F$$$k$3$H$,CN$i$l$F$$$k[33]!#?^ 3.10$K

<($5$l$kDL$j!"@EEEJa=87?%i%I%s8!=P4o$O%9%F%s%l%9@=$GD>7B50cm!"9b$5 35cm!"8!=PM-

8zBN@Q68.7̀ $N1_E{7?$NMF4o$G$"$k!#

MF4o$NDlLL$H>eLL$ODL>o$NEE5$MO@\$G@\9g$5$l$F$$$k!#$^$?!"%P%C%/%0%i%&%s%I$rM^$(

$k$?$a$K!"MF4o$NFbJI$K$OEE2r8&Ka$,;\$5$l$F$$$k!#8!=PIt$OPD!"%;%i%_%C%/@=%U%#!<

%I%9%k!<!"%"%s%W%b%8%e!<%k!"9bEE05J,3d2sO)$+$i$J$C$F$*$j!"Cf1{>eLLItJ,$K<h$jIU$1

$i$l$F$$$k!# PD $HMF4o$O!"%;%i%_%C%/%U%#!<%I%9%k!<$H%"%/%j%kHD$GEE5$E*$K@d1o$5$l

$F$$$k!#Ii$N9bEE05(� 1500V) $, PD $Np AX$K$+$1$i$lMF4o$N<~JUItJ,$G@\CO$9$k$3$H$K
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?^ 3.11: %i%I%sL<3K$+$i$N� N3;R$NE57?E*$J%Q%k%99b(%(%M%k%.!<) %9%Z%/%H%k

$h$jMF4oFb$KEE>l$,:n$i$l$k9=B$$K$J$C$F$$$k!#$3$N$?$a$K@5EE2Y$rBS$S$F$$$k%i%I%s$N

L<3K<o(218Po,214Pb,214Bi) $r PD I=LL$K<}=8$G$-!"218Po,216Po,214Po,212Po $+$i$N� @~$N

%(%M%k%.!<(GH9b) $,B,Dj$5$l$k!#

PD $O!"� @~8;$rJ[JL$9$k$N$K==J,$J%(%M%k%.!<J,2rG=$r;}$C$F$*$j!"<B:]K\<B83$GMQ

$$$?%i%I%s8!=P4o$N%(%M%k%.!<J,2rG=$O!"%(%M%k%.!<7.69MeV $GH>CMI}$,Ls0.5%$G$"

$k!#E57?E*$J%Q%k%99b(%(%M%k%.!<) %9%Z%/%H%k$H$=$l$>$l$N%7%0%J%k$K3d$jEv$F$?%(%M

%k%.!<NN0h$r?3̂.11$K<($9!#%7%0%J%k$K$D$$$F$O%F!<%k$N=E$J$j$O$J$$$H2>Dj$7!"3F%(%M

%k%.!<NN0h$G$N%+%&%s%H$OA4$F%7%0%J%k$H8+$J$7$?!#%&%i%s7ONs$N%i%8%&%`G;EY$rB,Dj$9

$k:]$K$O4pK\E*$K$O214Po $+$i$N%7%0%J%k$rMQ$$$?!#$=$l$O214Po $N%(%M%k%.!<NN0h$K$O

%P%C%/%0%i%&%s%I$,>/$J$/!"B>$N%7%0%J%k$H$N=E$J$j$b>/$J$/!"218Po $HHf3S$7$F<}=88z

N($,9b$$$+$i$G$"$k!#F1MM$NM}M3$G%H%j%&%`7ONs$N%i%8%&%`G;EY$rB,Dj$9$k$N$K$O212Po
$+$i$N%7%0%J%k$rMQ$$$?!#

9bEE05J,3d2sO)!"PD!"%"%s%W2sO)$O$=$l$>$l%b%8%e!<%k2=$5$l$F$*$j!"<h$j30$7$F4J

C1$K8r49$9$k$3$H$,=PMh$k!#9bEE05J,3d2sO)$OPD $K5U%P%$%"%9EE05(< 150V) $r$+$1$k
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$?$a$N$b$N$G!"9bEE05EE8;AuCV$+$i6!5k$5$l$kEE05$rDq93J,3d$7$Fn AX$Kp AX$h$j$b9b$$

EE05$,$+$1$i$l$k$h$&$K$J$C$F$$$k!#$=$&$9$k$3$H$G!"@EEEJa=8MQ$N9bEE05$HPD $N5U%P

%$%"%9EE05$,F1;~$KF1$8EE8;$+$i6!5k$G$-$k!#

3.2.4 8!=P4o$N<>EY0MB8@-

>e$K=R$Y$?$h$&$K!"222Rn $NL<3K218Po 86;R$O90%0J>e$,@5$KBSEE$7$F$$$k$3$H$,CN$i

$l$F$$$k!#$?$@$76u5$Cf$G$O218Po+ $O;@AG$HB(:B$KH?1~$7$F218PoO+
2 $N>uBV$GB8:_$9$k!#

$7$+$7$3$l$i$NM[%$%*%s$O8!=P4oFb$KB8:_$9$k?e>x5$$dB>$NMM!9$JJ*<A$K$h$C$FEE5$E*$K

CfOB$5$l$F$7$^$&!#8e<T$K$D$$$F$O!"218PoO+
2 $,$h$j%$%*%s2=%(%M%k%.!<$NDc$$J*<A$H>W

FM$7$FEE;R$r$b$i$&$+!"$b$7$/$O?e>x5$$NJ|<M@-J,2r$K$h$C$F@8@.$5$l$k?e;@4pOH� $J

$I$NIi%$%*%s$H7k9g$9$k$3$H$K$h$jCfOB$5$l$k$H9M$($i$l$k!#$=$7$F$3$l$i$NCfOB8=>]$O

L@$i$+$K@EEEJa=8$NJa=8$N8zN($K1F6A$r5Z$\$9!#

%i%I%s8!=P4o$N3S@5Dj?t(CF) $r

CF [(counts=day)=(mBq=m3)] �
%+%&%s%H%l!<%H[counts=day]

%i%I%sG;EY[mBq=m3]
(3.6)

$GDj5A$9$k$H$-!"214Po $N3S@5Dj?t$N<>EY0MB8@-$O?^3.12$N$h$&$K$J$k[31]!#2#<4$,@dBP

<>EY!"=D<4$,3S@5Dj?t$G$"$k5 !#<>EY0MB8@-$O@dBP<>EY$,$*$h$=1.6g/m3 $h$jDc$$$H$3$m

$G82Cx$K$J$k!#5U$K$*$h$=2g/m3 $h$j9b$$NN0h$G$O$[$\0lDj$H$J$k!#$3$NB,Dj;~$KF@$i

$l$?3S@5Dj?t$NJ?6QCM$O@dBP<>EY$,0.08g/m3 $N$H$-$K2.2� 0.2 (counts/day)/(mBq/m 3)
$G!"@dBP<>EY$,11g/m3 $N$H$-$O0.86� 0.06 (counts/day)/(mBq/m 3) $G$"$C$?[31]!#

3.2.5 %G!<%?<}=8%7%9%F%`

%i%I%s8!=P4o$+$i$N%7%0%J%k$O!"50m%1!<%V%k$r7P$F%"%s%W%b%8%e!<%k(4429) $GA}I}

$5$l$k!#C<;RBf TNS-6855B$r7P$?8e!"PIC ADC LPC-320910 (10bit) $GAD JQ49$5$l$F

LINUX %o!<%/%9%F!<%7%g%s$X$HAw$j9~$^$l$k!#

$3$NADC $G8+$($kE57?E*$J218Po $NJx2u� (6.0MeV) $N%7%0%J%k$r?^3.13$K<($9!#GH

7A$r8+$J$,$i:G=*E*$K%H%j%,!<%l%Y%k$O250mV!"%5%s%W%j%s%0<~GH?t$O40MHz!"%i%I%s

%G!<%?$N;~4VAk$NI}$O9,000%S%s(%H%j%,!<A03,000%S%s!"8e6,000%S%s) $H$7$?!#

A4EE2Y$H%Q%k%99b$O2?$l$b� @~$N%(%M%k%.!<$KHfNc$9$k$,!"F10LBN$N<1JL$K$O!"%T!<

%/$,$h$j%/%j%"$G$"$k$H$$$&M}M3$G%Q%k%99b$rMQ$$$k$3$H$K$7$?!#$^$?!"%Q%k%99b$H$7$F

$O!"O"B3$9$k40%S%s(40MHz $J$N$G1� sAjEv) $N%Q%k%99b$NJ?6QCM$r%H%j%,!<A010� s$+

$i%H%j%,!<8e80� s(A4It$G3,600%S%s) $^$GA4$F7W;;$7!"$=$NCf$G:GBgCM$r5a$a!"$5$i$K$=

$3$+$i%Z%G%9%?%k$r:9$C0z$$$?$b$N$r%Q%k%99b$H$7$FMQ$$$k$3$H$K$7$?!#%Z%G%9%?%k$H$7

$F$O? 3̂.13$G<($7$?$h$&$K%H%j%,!<A010� 40� s$NCM$rMQ$$$?!#

5?^$NCf$K3 <oN`$N%G!<%?E@$,$"$j!"5-9f$G6hJL$5$l$F$$$k$,!"$3$l$i$O<B:]$K3S@5Dj?t$N<>EY0MB8@-$,
B,Dj$5$l$?:]$N<>EY$N@)8fK!$r3 DL$j;n$7!"7k2L$,$=$l$i$N@)8fK!$K$O0M$i$J$$$3$H$r3N$+$a$?$3$H$KBP1~
$7$F$*$j!":#$N5DO@$K$OFC$K1F6A$,$J$$!#
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?^ 3.12: %i%I%s8!=P4o$N3S@5Dj?t$N<>EY0MB8@-(0u2CEE05$O-1500V)

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

$3$N@a$G$O!"<B:]$K9T$o$l$?%i%8%&%`B,Dj$N<j=g$K$D$$$F@bL@$9$k!#

@h$:!"SK ?eAe$N?e$r%+%i%`$KN.$9A0$K!"%i%8%&%`B,Dj7O$r6u5$=[4DMQ(?^ 3.9) $K@Z$j

BX$($F$*$$$F!"%P%C%/%0%i%&%s%I%i%s$r==J,9T$C$?!#

<!$K%i%8%&%`B,Dj7O$r?e=[4DMQ(?^ 3.7) $K@Z$jBX$($?8e!"F1?eAe$NZ=13m,R=11m $N

COE@6$+$i?e$r:N<h$7$?!#4|4V$O2008G/ 1 7n9 F|$+$iF1G/F17n15F|$^$G!"$=$N4V$O?e$N

N.NL$,%M%C%H%o!<%/7PM3$G>o$K%b%K%?!<$G$-$k$h$&$K$7$?!#N.NL$O13̀ /min $G?e$,=[4D$7

$F$$$k4V$[$\0lDj$G$"$C$?7 !#:G=*E*$J?e$NAmN.NL$O108m3 $G$"$C$?!#=[4D$,=*$o$C$?8e!"

%+%i%`$r4%Ag$5$;$k$?$a$K7O$r%Q!<%8MQ(?^ 3.8) $K@Z$jBX$(!"7OFb$K%i%I%s%U%j!<%(%"$r

N.$7$?!#%i%I%s%U%j!<%(%"$ON.NL$r10̀ /min DxEY$KD4@a$7$?!#

3.3.1 Run1

$3$N8e3 ;~4V%Q!<%8$rB3$1$?$,!"$3$N4V30J,$K0lEY%I%l%$%s$r3+JD$7$F!"7OFb$K;D$C

$F$$$k?e$r30$KGS=P$7$?!#$3$3$G!"4%Ag;~4V$r3 ;~4V$HC;$/$7$F$$$k$N$O!"%H%j%&%`7ONs

(?^ 3.4) $N%i%8%&%`224Ra $NH>8:4|$, 3.66F|$HC;$$$?$a!"Cj=P$7$?224Ra $NG;EY$rE}7WE*

6X,Y :BI8$O$=$l$>$l X=10.958m,Y= � 0.707m!#
7%+%i%`$NBe$o$j$K%P%$%Q%9(B>$HF1$81 inch $N1v2=%S%K!<%k4I) $rDL$7$?>l9g$O� 30̀ /min $G$"$C$?!#$3

$N$3$H$+$i%+%i%`$,Bg$-$JG[4IDq93$r$b$D$3$H$,J,$+$k!#
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?^ 3.13: 218Po $NJx2u� (6.0MeV) $NE57?E*$J%7%0%J%k!#%Z%G%9%?%k$KMQ$$$?NN0h$rE@@~$H

Lp0u$G<($9!#
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$K==J,$J@:EY$G8+@Q$b$k$?$a$K$O=PMh$k$@$1B.$d$+$K%i%I%s8!=P$K0\9T$9$kI,MW$,$"$k$?

$a$G$"$k!#

<!$K7O$r%Q!<%8MQ$+$i6u5$=[4DMQ(?^ 3.9) $K@Z$jBX$($F!"N.NL$r3.0̀ /min $KD4@a$7$?

$,!" 3 ;~4V$N%Q!<%8$@$1$G$O4%Ag$,B-$j$J$+$C$?$?$a!"N.NL7W$K?e$,?;F~$7N.NL$,0BDj$;

$:!"$7$P$i$/7P$D$HN.NL7W$NL\@9$j$,3� 7`/min $N4V$r?6F0$9$k$h$&$K$J$C$?!#$3$N4V%]

%s%W$N05NO$O0.008MPa$G0lDj$G$"$C$?!#

%i%I%sB,Dj$O$[$\0l7n$K$o$?$jB3$1$i$l$?$,!"$3$NB,Dj$r0J8eRun1 $H8F$V!#

3.3.2 Run2

Run1 $K0z$-B3$$$F!"2 7n18F|$K7O$r%Q!<%8MQ$K@Z$jBX$($F!"$3$3$G$OF17n25F|$^$G

$N0l=54V$K$o$?$j%+%i%`$r4%Ag$5$;$?!#4%Ag$N4V$ORun1 $HF1MM$K!"N.NL$r10̀ /min DxEY

$KD4@a$7$?!#

<!$K7O$r6u5$=[4DMQ$K@Z$jBX$(!"%i%I%sB,Dj$r:F3+$7$?!#$3$3$G$bRun1 $HF1MM$K!"%i

%I%s%U%j!<%(%"$NN.NL$O3.0̀ /min $KD4@a$7$?$,!":#EY$O==J,$K7O$,4%Ag$7$F$$$k$?$a!"N.

NL$O0lDj$G$"$C$?!#

%i%I%sB,Dj$O:F$S$[$\0l7n$K$o$?$jB3$1$i$l$?$,!"$3$NB,Dj$r0J8eRun2 $H8F$V!#

3.3.3 Run3

Run1 $N;~4V%9%Z%/%H%k(?^ 3.15)$OM}O@6J@~$+$i>/$7$:$l$F$$$k!#$3$N860x$rC5$k$?$a

$K!" 4 7n1 F|$KB,Dj$rCfCG$7$F!"%j!<%/%F%9%H$r9T$C$?!#$=$7$F<B:]$K%9%F%s%l%94I$H1v

2=%S%K!<%k4I$N@\9gIt$G2 2U=j!"6u5$MQ%]%s%W$N=P8}ItJ,$G1 2U=j$N7W3 2U=j$G%j!<%/$,

8+$D$+$C$?!#%j!<%/%F%9%H$O7O$r%Q!<%8MQ$K@Z$jBX$($?8e!"%U%m%s%,%9$r7O$KN.$9$3$H$K

$h$j9T$o$l$?!#$=$7$F%j!<%/E@$r%"%i%k%@%$%H$GJ$$&$3$H$K$h$j=$M}$r9T$C$?!#$3$N:]6u

5$MQ%]%s%W$G8:05$7$J$,$i9T$$!"%"%i%k%@%$%H$NHoJ$$,$h$j40A4$K$J$k$h$&$K$7$?!#

%j!<%/$r=$M}$7=*$o$k$H!"0lC67OFb$r%Q!<%8$7$?8e$K!"%i%I%sB,Dj$r:F3+$7$?!#$3$l0J

9_$NB,Dj$r0J8eRun3 $H8F$V!#
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?^ 3.14: 214Po $N;~4V%9%Z%/%H%k(%P%C%/%0%i%&%s%I%i%s)

3.4 2r@O$*$h$S7k2L

$3$N@a$G$O!"F@$i$l$?%G!<%?$N2r@O<jK!!"$*$h$S7k2L$K$D$$$F$N9M;!$r=R$Y$k!#

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

%P%C%/%0%i%&%s%I%i%s!"Run1!" Run2!" Run3 $NB,Dj$GF@$i$l$?214Po(%&%i%s7ONs) $N

;~4V%9%Z%/%H%k$r$=$l$>$l?^3.14, 3.15, 3.16, 3.17$K<($9!#2#<4$O%Q!<%88e$KB,Dj7O$r?e

=[4DMQ$K@Z$jBX$($?;~E@$+$i$N7P2aF|?t!"=D<4$O0lF|Kh$K8!=P$5$l$?214Po $N;v>]?t$G$"

$k!#3F%G!<%?E@$K$D$1$?=D<4J}8~$N8m:9$OE}7W8m:9$N$_$G!"7OE}8m:9$O4^$^$l$F$$$J$$!#

?^ 3.15$K$O3 <oN`$N%U%#%C%H6J@~$,IA$-9~$s$G$"$k$,!"$3$l$K$D$$$F$O8e$G@bL@$9$k!#
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?^ 3.15: 214Po $N;~4V%9%Z%/%H%k(SK ?eAe?e$NRa G;EYB,DjRun1)
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?^ 3.16: 214Po $N;~4V%9%Z%/%H%k(SK ?eAe?e$NRa G;EYB,DjRun2)
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?^ 3.17: 214Po $N;~4V%9%Z%/%H%k(SK ?eAe?e$NRa G;EYB,DjRun3)
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?^ 3.18: 212Po $N;~4V%9%Z%/%H%k(%P%C%/%0%i%&%s%I%i%s)

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

%P%C%/%0%i%&%s%I%i%s!"Run1!" Run2 $NB,Dj$GF@$i$l$?212Po(%H%j%&%`7ONs) $N;~4V%9

%Z%/%H%k$r$=$l$>$l?^3.18, 3.19, 3.20$K<($98!#2#<4$O%Q!<%88e$KB,Dj7O$r?e=[4DMQ$K@Z

$jBX$($?;~E@$+$i$N7P2aF|?t!"=D<4$O0lF|Kh$K8!=P$5$l$?212Po $N;v>]?t$G$"$k!#3F%G!<

%?E@$K$D$1$?=D<4J}8~$N8m:9$OE}7W8m:9$N$_$G!"7OE}8m:9$O4^$^$l$F$$$J$$!#?^3.19$KIA

$-9~$^$l$? 3 <oN`$N%U%#%C%H6J@~$K$D$$$F$O8e$G@bL@$9$k!#

3.4.3 2 2sL\$N%Q!<%83+;O8e$NO*E@29EY$N;~4VJQF0

?^ 3.21$K2 2sL\$N%Q!<%8(Run1 $HRun2 $N4V) 3+;OD>8e$+$i$NO*E@29EY$N;~4VJQF0$NMM

;R$r<($9!#2#<4$O7P2aF|?t$G$"$k$,!"3 F|8eJU$j$+$i5^7c$KO*E@29EY$,2<$,$j!"=[4D$9$k
8%H%j%&%`7ONs$G$O8e=R$9$k$h$&$K!"224 Ra $NH>8:4|(3.66 F| ) $,C;$$$N$G!"%+%i%`$G:N<h$7$?224 Ra $O

Run1(� 30 F|4V) $N4V$KA4$FJx2u$7$F$7$^$&$H9M$($i$l$k!#$7$?$,$C$FRun2 $G$O228 Th $+$i$N%P%C%/%0%i
%&%s%I$,B,Dj$5$l$k$3$H$K$J$k!#
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?^ 3.19: 212Po $N;~4V%9%Z%/%H%k(SK ?eAe?e$NRa G;EYB,DjRun1)
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?^ 3.20: 212Po $N;~4V%9%Z%/%H%k(SK ?eAe?e$NRa G;EYB,DjRun2)
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?^ 3.21: 22sL\$N%Q!<%83+;OD>8e$+$i$NO*E@29EY$N;~4VJQF0!#Run2 3+;O;~$rE@@~$G<($9!#

6u5$$,4%Ag$7;O$a$k$N$,J,$+$k!#$3$l$ORun1 $G7OFb$K:.F~$7$F$$$??eE)$,$3$N;~E@$GA2

$/A4$F>xH/$7$?$?$a$K6u5$$,K0OB>x5$05$rN%$l$?$?$a$G$"$k$H9M$($i$l$k!#

$^$?!" Run2 3+;O;~ (7 F|L\ ) $K$O0lC62<$,$C$?O*E@29EY$,$^$?>e>:$7;O$a$k!#$3$l$OG[

4IFb$K$D$$$F$$$k?eJ,$,<h$j$-$l$F$$$J$$[35]!"0?$$$O%Q!<%8$KMQ$$$k%i%I%s%U%j!<%(%"

$KHy>.$J?P$,4^$^$l$F$*$j!"$=$l$i$N?P$,C_$($F$$$k?eJ,$,!"<>EY$,Dc$$$H$3$m$G$O6u5$

Cf$K2rJ|$5$l$k$?$a$G$"$k[36]!"$J$I$$$/$D$+$N2DG=@-$,9M$($i$l$k!#
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3.4.4 2r@O<jK!

0lHL$NJx2u7ONsN1 ! N2 ! N3 ! � � � N i ! � � � $r9M$($k!#$3$3$GN i $Oi HVL\$NF10L

BN$N8D?t$rI=$9$H$9$k!#$3$N$H$-!"3FN i $N;~4VJQ2=$O

dN1

dt
= � � 1N1; (3.7)

dNi

dt
= � i � 1N i � 1 � � i N i (i > 1) (3.8)

$K=>$&!#$3$3$G� i $Oi HVL\$NF10LBN$NJx2uDj?t$H8F$P$l$k!#=i$a1 HVL\$NF10LBN$@$1$,B8

:_$7$F$$$?$H$9$k(N1(0) 6= 0 ; N i (0) = 0( i > 1)) $H!";~4V t $,7P$C$?8e!"i HVL\$NF10LBN$N

8D?t$O>e$NO"N)J}Dx<0$r2r$$$F

N i (t) =
N1(0)

� i

iX

j =1

e� � j t � j

iY

k=1 ;k6= j

� k

� k � � j
(3.9)

$H5a$^$k!#

$3$l$h$j i HVL\$NF10LBN$N$"$k;~4V6h0h[tB ; tE ] Fb$K$*$1$kJx2u?tdi $O

di (tB ; tE ) =
Z tE

tB

� i N i dt = N1(0)
iX

j =1

(e� � j tB � e� � j tE )
iY

k=1 ;k6= j

� k

� k � � j
(3.10)

$H=q$1$k!#<B:]$K8!=P$5$l$k%$%Y%s%H?t$N4|BTCMmi $O$3$l$K8!=P8zN(� i $r>h$8$?$b$N$K

$J$k!#$5$i$K!"F1$8;~4V6h0h[tB ; tE ] Fb$G<B:]$K8!=P$5$l$?%$%Y%s%H?t$rl i $H$9$k$H!"0J

2<$N$h$&$Ki HVL\$NF10LBN$KBP$7$FL`EY4X?t$,Dj5A$G$-$k:

L i �
Y

e� m i (tB ;tE ) mi (tB ; tE ) l i (tB ;tE )

l i (tB ; tE )!
(3.11)

$3$3$G!"@Q$OA4$F$N;~4V%S%s9$K4X$7$F$H$k!#$=$7$F$3$NL`EY4X?t$,:GBg$K$J$kN1(0) $r

C5$9$3$H$K$h$j!"%U%#%C%H$r5a$a$k$3$H$,$G$-$k!#

3.4.5 %9%Z%/%H%k$N2r<a

%&%i%s7ONs

>e$N5DO@$G$O=i$a$KB8:_$7$F$$$?$H2>Dj$5$l$F$$$kF10LBN$O1 <oN`(N1 $N$_) $G$"$k!#

$7$+$7<B:]$NB,Dj$G$O%&%i%s7ONs$K4X$7$F$O226Ra $H222Rn $N2 $D$NF10LBN$,=i$a$+$iB8

:_$7$F$$$k$H9M$($i$l$k!#$=$3$G<B:]$K$O!"$3$l$i2 $D$NF10LBN$+$i$N214Po %$%Y%s%H?t

$X$N4sM?$rFHN)$K7W;;$7!"$=$l$>$l$rB-$7>e$2$?$b$N$r>e$N<0$Nmi $H$7!"L`EY4X?t$,:GBg

$K$J$k2 $D$NN1(0)($D$^$j NRa(0); NRn (0)) $rF1;~$K5a$a$?!#$3$3$G!"L`EY4X?t$rDj5A$9

$k:]$N;~4V%S%s$NI}(>e$N<0$GtE � tB ) $O3 ;~4V$H$7$?!#? 3̂.15$K$O!"226Ra $H222Rn $N

$=$l$>$l$+$i$N4sM?$H$=$l$i$rB-$7>e$2$?$b$N$N3 <oN`$N%U%#%C%H6J@~$,IA$$$F$"$k!#?^

90J2<$N2r@O$G$O%S%sI}$r224 Ra $NH>8:4|(3.66 F| ) $h$j==J,C;$$$,!"3F%S%s$K$*$1$k%+%&%s%H?t$,%<%m$K
$J$i$J$$DxEY$K$OD9$$;~4V$H$7$F3 ;~4V$H$7$?!#
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$N<B@~$,B-$7>e$2$?$b$N$G!";~4V$,7P2a$9$k$K$D$l$=$N<B@~$K<}B+$9$kE@@~$,7O$r%Q!<%8

MQ$+$i6u5$=[4DMQ$K@Z$jBX$($?D>8e$KB8:_$7$F$$$?226Ra $+$i$N4sM?$G!"5U$K8:?j$7$F%<

%m$K<}B+$9$kE@@~$,7O$r%Q!<%8MQ$+$i6u5$=[4DMQ$K@Z$jBX$($?D>8e$KB8:_$7$F$$$?222Rn
$+$i$N4sM?$G$"$k!#<B@~$,J?$i$K$J$j!"B>$NE@@~$,<}B+$9$k$N$O!"226Ra $+$i 214Po $^$G

$N$9$Y$F$NF10LBN$,J|<MJ?9U$KC#$9$k$3$H$r0UL#$9$k!#M}O@>e$OJ|<MJ?9U$KC#$9$k$N$K
226Ra $N>l9g$O10F|0J>e$+$+$k$3$H$,J,$+$k!#

=i$a$K 222Rn $N4sM?$rI=$96J@~$N0UL#$r2r<a$9$k!#222Rn $OH>8:4|$, 3.824F|$G$"$j!"

6J@~$Oe� � 222 t ($3$3$G� 222 $O222Rn $NJx2uDj?t) $KHfNc$9$k!#t=0 $K$*$1$k$3$N6J@~$NCM

$O!"3FRun $r9T$&A0$K$I$NDxEY%i%I%s$,7OFb$+$i%Q!<%8$5$l$?$+$rH?1G$7$F$$$k10 !#

<!$K 226Ra $N4sM?$K$D$$$F$O!"?e$+$iCj=P$7$?J,$@$1$G$J$/!"1v2=%S%K!<%k4I$d%9%F%s

%l%94I!"%S!<%:!"MnOx $N%3!<%F%#%s%0!"%+%i%`!"8!=P4o$NB&LL$J$I!"7OFb$N1x@w$+$i$/

$k$b$N$b4^$^$l$F$$$k!#$7$+$7!"8e<T$N4sM?$O%P%C%/%0%i%&%s%I%i%s$GB,Dj$5$l$?%i%8%&

%`G;EY$r:9$C0z$/$3$H$K$h$j<h$j=|$/$3$H$,2DG=$G$"$k!#226Ra $N6J@~$O1 � e� � 222 t $K$[

$\HfNc$9$k!#

$^$??^3.16$K$O!"%U%#%C%H6J@~$OIA$-9~$^$l$F$$$J$$!#$3$l$O?^3.12$H?^3.21$+$iJ,

$+$k$h$&$K!";~4V$H6&$K%i%I%s8!=P4o$N8!=P8zN((CF) $,JQF0$9$k$?$a!">e$N!V2r@O<jK!!W

$G<($7$?$h$&$J<j=g$K=>$C$F%U%#%C%H$r$9$k$N$,:$Fq$J$?$a$G$"$k!#Run2 $N;~4V%9%Z%/

%H%k$ORun1 $N$H$O0[$J$j!"=i$a$K%+%&%s%H%l!<%H$,9b$/!";~4V$,7P$D$K$D$l$F!"J?6QE*

$K$ODc2<$7$F$$$/$N$,8+$F<h$l$k!#$3$l$ORun2 $N3+;OD>8e$K$O7OFb$N<>EY$,==J,Dc$$$?

$a$K!"%i%I%s8!=P4o$N8!=P8zN((CF) $,?^ 3.12$K<($5$l$k$h$&$K9b$/$J$k(F1?^$h$j:GBg

$G%U%!%/%?!<2 DxEYJQ$o$k) $?$a$G$"$k$H9M$($i$l$k!#$^$?!"J|<MJ?9U;~$N%+%&%s%H%l!<

%H$,0[$J$k$N$O%j!<%/$,0l$D$N860x$H$7$F9M$($i$l$k!#%+%i%`3S@5<B83$N@a$G%j!<%/0J30

$N860x$K$D$$$F9M;!$9$k!#

%j!<%/=$M}A0$N%$%Y%s%H%l!<%H(?^ 3.14)$H%j!<%/=$M}8e$N%$%Y%s%H%l!<%H(?^ 3.17)$H

$rHf3S$9$k$H!"%j!<%/=$M}A0$NJ}$,%$%Y%s%H%l!<%H$,9b$+$C$?$3$H$,J,$+$k!#?^3.15$r8+

$k$H!"%G!<%?E@$OJ|<MJ?9U$KC#$9$k$H$3$m$G%U%#%C%H6J@~$h$j6O$+$K9b$$J}$X0oC&$7$F$$

$k$,!"$3$N$3$H$b%j!<%/$K$h$C$F@bL@$G$-$k2DG=@-$,$"$k!#

%H%j%&%`7ONs

%H%j%&%`7ONs$N>l9g$b%&%i%s7ONs$N:]$K9T$C$?<j=g$G226Ra $H222Rn $N2 $D$NF10LBN$r
228Th $H224Ra $N2 $D$NF10LBN$KCV$-49$($l$P$[$H$s$IF1$8$G$"$k!#?^3.19$K$O!"228Th
$H224Ra $N$=$l$>$l$+$i$N4sM?$H$=$l$i$rB-$7>e$2$?$b$N$N3 <oN`$,IA$$$F$"$k!#?^$N<B

@~$,B-$7>e$2$?$b$N$G!";~4V$,7P2a$9$k$K$D$l$=$N<B@~$K<}B+$9$kE@@~$,7O$r%Q!<%8MQ$+

$i6u5$=[4DMQ$K@Z$jBX$($?D>8e$KB8:_$7$F$$$?228Th $+$i$N4sM?$G!"5U$K0lC6A}2C$9$k$,

$=$N8e8:?j$7$F%<%m$K<}B+$9$kE@@~$,7O$r%Q!<%8MQ$+$i6u5$=[4DMQ$K@Z$jBX$($?D>8e$KB8

:_$7$F$$$?224Ra $+$i$N4sM?$G$"$k!#E@@~$,<}B+$9$k$N$O!"228Th $+$i 212Po $^$G$N$9$Y

$F$NF10LBN$,J|<MJ?9U$KC#$9$k$3$H$r0UL#$9$k!#M}O@>e$OJ|<MJ?9U$KC#$9$k$N$K228Th $N

>l9g$O10F|0J>e$+$+$k$3$H$,J,$+$k!#

10 <B:]$K$O>eN.$K$"$k214 Pb $NH>8:4|(26.8 J, ) $H214 Bi $NH>8:4|(19.9 J, ) $,>/$78z$/$N$G!"87L)$K$O
t > 0 $K$"$k%T!<%/(?^$G$OH=JL$7Fq$$$,) $N0LCV$+$it = 0 $K6J@~$r30A^$7$?CM!#
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=i$a$K224Ra $N4sM?$rI=$96J@~$N0UL#$r2r<a$9$k!#224Rn $OH>8:4|$,3.66F|$G$"$j!"6J

@~$Oe� � 224 t ($3$3$G� 224 $O224Ra $NJx2uDj?t) $KHfNc$9$k!#<B:]$K$O1.5F|DxEY7P2a$7$?

$H$3$m$G%T!<%/$KC#$7$F$+$i!"224Ra $NH>8:4|$K=>$C$F8:?j$9$k!#=i$a$KN)$A>e$,$k$N$O

>eN.$K$"$k212Pb $NH>8:4|(10.64;~4V) $NJ,$@$1212Po $NJx2u$,CY$l$k$?$a$G$"$k!#$7$?

$,$C$F$3$N6J@~$G%T!<%/$r2a$.$?$H$3$m$+$it=0 $K30A^$7$?CM$O!"100ton %i%s$G$I$NDx

EY%i%8%&%`$,%+%i%`$KJa3M$5$l$?$+$rH?1G$7$F$$$k!#

<!$K 228Th $N4sM?$K$D$$$F$O!"7OFb$N1x@w$+$i$/$k$b$N$NB>$K?e$+$iCj=P$7$?J,$b6O$+

$K4^$^$l$F$$$k!#228Th $N6J@~$O1 � e� � 224 t $K$[$\HfNc$9$k$,!"$3$l$b 212Pb $r7P$k$?$a

$KN)$A>e$,$j$,CY$l$k!#

%+%i%`$N<>EY0MB8@-$K$D$$$F

SNO$N<B83$G$O%+%i%`$K60� C $N%,%9$r� 25m3 DL$7==J,4%Ag$5$;$?8e$K%i%I%s$N%+%&

%s%H$K0\9T$9$k[27]$N$G!"SNO$,8xI=$7$F$$$kMnOx %+%i%`$N8zN(CM(I= 3.2) $O%+%i%`

Fb$N?eJ,$,$[$H$s$I=|5n$5$l$?>u672<$G$NCM$G$"$k$3$H$KCm0U$7$J$1$l$P$J$i$J$$!#$D$^

$j 100ton%i%s$N%i%I%s%+%&%s%H;~$N%+%i%`$N<>EY$OSNO<B83$G$N;HMQ<>EY$h$j$bt#$+$K

9b$$$H9M$($i$l$k$?$a!"$b$7%i%I%s$NJ|=P8zN($,%+%i%`Fb$N<>EY$K0MB8$9$k>l9g$K$OI=3.2
$K=q$$$F$"$k%i%I%s$NJ|=P8zN(CM$O$=$N$^$^:#2s$N<B83$KE,MQ$9$k$3$H$O$G$-$J$$!#$7$?

$,$C$F!"%i%8%&%`G;EY$N>e8BCM$OMnOx %+%i%`$N%i%I%sJ|=P8zN($N3S@5$r9T$C$?>e$G8+@Q

$b$i$J$1$l$P$J$i$J$$!#
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?^ 3.22: SK=c?hAuCV$HB&9B?e(80`) $N:N<hE@(2<J}$N@D$$Lp0u)

3.5 MnO x %+%i%`$N3S@5

3S@5$r9T$&$?$a$K$O!"@53N$K%i%8%&%`G;EY$,CN$i$l$F$$$k?e$N%5%s%W%k$rMQ0U$9$kI,MW

$,$"$k!#$=$3$G!"2008G/ 8 7n8 F|$K?^3.22$N@D$$Lp0u$K<($5$l$k$h$&$KSK =c?eAuCV$N

Cf$GB&9B?e$,1 %_%/%m%s%U%#%k%?!<$rDL$C$?D>8e$N0LCV$+$i20̀ %]%j%?%s%/4 4L$,A4$F$[

$\0lGU$K$J$kDxEY(Ls 80̀ ) $N?e$r:N<h$7$?!#$=$NG;EY$+$i40̀ $b$"$l$P6bBtBg3X$N8&5f%0

%k!<%W11$,3+H/$7$?6&D@K!$H%2%k%^%K%&%`$K$h$k%,%s%^@~J,8wJ,@O$rAH$_9g$o$;$?G;EYB,

DjK!$K$h$jB,Dj$9$k$N$K==J,$JNL$N%i%8%&%`$,4^$^$l$F$$$k$H4|BT$5$l$?!#$=$7$F<B:]$K

6bBtBg3X$N8&5f%0%k!<%W$K6(NO$rMj$s$G!"$=$NFb$N40̀ $r6&D@K!$GB,Dj$7!";D$j$N40̀ $r

MnOx %+%i%`$NJ}K!$GB,Dj$9$k$3$H$K$7$?!#

3.5.1 6&D@K!

$3$NJ}K!$O6bBtBg3X$N8&5f%0%k!<%W$,3+H/$7$?J}K!$G!"3$?e$KB8:_$9$k7Be!" 137Cs!"
210Pb!"%i%8%&%`F10LBN$d%H%j%&%`F10LBN$J$I$NJ|<M@-3K<o$rBaSO4!" Fe(OH)3 $*$h$S

AMP 12$H6&$KD@EB(6&D@) $5$;!"J,N%$9$k$b$N$G$"$k[34]!#?^ 3.23$K6qBNE*$JJ}K!$r<($9!#

0J2<$G<B:]$K9T$C$?<B83<j=g$r@bL@$9$k!#
11 6bBtBg3XM}3XItIUB0Dc%l%Y%kJ|<MG=<B83;\@_!#
12 %j%s%b%j%V%G%s;@%"%s%b%K%&%`!#
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?^ 3.23: $3$N?^$O6bBtBg3X$G3+H/$5$l$?6&D@K!$NDL>o$N<B83<j=g$r<($7$?$b$N$G!":#2s$N

3S@5<B83$N<j=g$O$3$N?^$K<($5$l$F$$$k$b$N$H$O<c430[$J$k!#>\:Y$OK\J8$K=q$$$F$"$k!#)
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?^ 3.24: 40̀ $NB&9B?e$,F~$C$?%P%1%D$KG;>K;@$r2C$($k$H$3$m!#

@h$:?e$r%]%j%?%s%/$+$i==J,Bg$-$J%P%1%D$KF~$lBX$($?!#$?$@$78e$G%P%j%&%`Ey$r2s<}

$7$d$9$$$h$&$K!"M=$a%P%1%D$K$O?7$7$$F)L@$J%S%K!<%k$r2<$KI_$$$F$*$$$?!#G;>K;@$K

$h$C$F?e$rpH1 DxEY$KD4@a(?^ 3.24)$7$F$+$i!"%i%8%&%`$N:.F~$,>/$J$$%P%j%&%`%-%c%j%"

(20mg/m` $NBaCl2 ?eMO1U48m`) $r?eMO1U$K2C$($?!#1 ;~4V6a$/YxYB5!(F1? )̂ $GYxYB$7$?

8e!" SO2�
4 (5%$NNa2SO4 ?eMO1U200m̀ ) $r2C$(!"?eMO1U$r$5$i$K1 ;~4VDxYxYB$7N2;@%P%j

%&%`$G%i%8%&%`$r6&D@$5$;$?!#<!$KE4%-%c%j%"(100mg/m` $NFeCl3�6H2O ?eMO1U16m`)
$r2C$(!" 1 ;~4V6a$/YxYB$7$?13!#$3$N8eNH4OH $K$h$C$F?eMO1U$NpH $r 7 DxEY$KLa$7!"$5

$i$K 2 ;~4VYxYB$9$k$3$H$GFe(OH)3 $,D@EB$7$?!#$3$l$iD@EBJ*$O$=$N$^$^0lHU?2$+$;$?!#

>e@!$_1U$N$[$H$s$I$r%5%$%U%)%s$G<h$j=|$$$?8e!"BaSO4!" Fe(OH)3 $r1s?4J,N%(?^

3.25)$K$h$jJa=8$7!"$=$l$+$i 200 � 300m̀ $N>xN1?e$G@v>t$7$?!#4%Ag$5$;$?8e$K;D$C$F

$$$kBaSO4!" Fe(OH)3 $KNaCl $N%Q%&%@!<$r4u<a:^$H$7$F2C$(A4BN$G5g$K$J$k$h$&$KD4

@a$7$?!#

$3$&$7$F=PMh$?:.9gJ*$r$5$i$K05=L$78e!"%2%k%^%K%&%`8!=P4o$G%,%s%^@~$rB,Dj$7$?!#

3.5.2 %2%k%^%K%&%`8!=P4o$K$h$k%,%s%^@~J,8wJ,@O$H$=$N7k2L

%,%s%^@~J,8wJ,@O$ODc%P%C%/%0%i%&%s%I;EMM$NJ?HD7?%2%k%^%K%&%`8!=P4o(?^ 3.26) $G
214Pb $N%,%s%^@~(295keV $H352keV) $r4QB,$9$k$3$H$K$h$j9T$o$l$?!#%2%k%^%K%&%`8!

13 E4%-%c%j%"$O7Be,210 Pb $*$h$S234 Th $rD@EB$5$;$k$?$a$K2C$($k$b$N$G$"$j!"K\<B83$H$OD>@\$N4X78$O
L5$$$,!"$3$3$G$OK\Mh$N<j=gDL$j2C$($?!#
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?^ 3.25: 1s?4J,N%4o

=P4o$OHx>.2014$NCO2<8&5f;\@_$KCV$$$F$"$k$b$N$rMQ$$$?$,!"$3$N>l=j$O?e?<49;;270m
$N0LCV$K$"$j!"CO>e$G?x$(IU$1$F$"$kE57?E*$J%2%k%^%K%&%`8!=P4o$h$j$b%P%C%/%0%i%&%s

%I$, 2 7e$b>.$5$$!#<B:]$NB,Dj$O107n8 F|$h$j9T$o$l$?!#@h$[$I$N6&D@<B83$+$i0l7nDx

7P$C$F$$$k$N$O!"A0@a$G=R$Y$?$h$&$K!"$=$NDxEYBT$?$J$1$l$P!"%&%i%s7ONs>e$G226Ra $H
214Pb $,J|<MJ?9U$KC#$7$J$$$+$i$G$"$k!#

0J>e$N<B83$GF@$i$l$?0?$$$OMQ$$$?%G!<%?$rI=3.3 $K5-$9!#%i%8%&%`$N<}N($O69%$G

$"$C$?!#$^$?%P%j%&%`%-%c%j%"$@$1$rB,Dj$7$?>l9g($9$J$o$A%P%C%/%0%i%&%s%I%i%s) $O

0.45mBq$G$"$C$?!#

%,%s%^@~$N%(%M%k%.!<%+%&%s%H%l!<%H[s� 1] Jx2uJ,4tHf 8!=P8zN(

295 keV 1.36� 10� 3� 6.24� 10� 5 0.185 0.149

352 keV 2.15� 10� 3� 7.61� 10� 5 0.365 0.125

I= 3.3: %2%k%^%K%&%`8!=P4o$K$h$k214Pb $N%,%s%^@~J,8wJ,@O$N7k2L

0J>e$h$j!" 40̀ $NB&9B?e$K4^$^$l$F$$$k226Ra $NG;EY$O1.62� 0.05 Bq/m3 $H8+@Q$b$i

$l$?!#

3.5.3 MnO x %+%i%`K!

>e=R$7$?$h$&$K;D$j$N43̀ $NB&9B?e$N226Ra G;EY$OMnOx %+%i%`$NJ}K!$K$h$C$FB,Dj$7

$?!#97n26F|$K100ton%i%s$N;~$HF1MM$N<j=g$G!"43̀ $NB&9B?e$r%]%j%?%s%/$+$iD>@\$/$_

>e$2$F%+%i%`$KDL$7$?!#N.NL$ON.$7;O$a$O5`/min DxEY$@$,!"<!Bh$K@*$$$,A}$7$F20̀ /min
14 @P@n8)>.>>;T$NHx>.209[;3!#
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?^ 3.26: :#2s$NB,Dj$GMQ$$$?%2%k%^%K%&%`8!=P4o!#Cf1{$N%5%s%W%k$K?@2,9[;3$NB&9B?e$K

4^$^$l$F$$$?%i%8%&%`$,F~$C$F$$$k!#

DxEY$K$J$k$H$3$m$GN.$7=*$o$C$?!#$?$@$7:#2s$O43̀ J,$rM>$9$H$3$m$J$/<h$l$k$h$&$K15!"

%+%i%`$+$i=P$F$-$??e$rJL$N%]%j%?%s%/$K2s<}$7!"$b$&0lEYF1$8<j=g$r7+$jJV$7$?!#

%+%i%`$N4%Ag$K4X$7$F$O!"100ton%i%s$N;~$HF1$8>r7o$K$9$k$?$a$K!"$^$:$ORun1 $N;~

$HF1$8;~4V!"$D$^$j3 ;~4V$@$1%Q!<%8$7$FB,Dj$7$?!#$3$N;~$b%i%I%s%U%j!<%(%"$NN.NL$O

$*$h$=10̀ /min $K$7$?!#<!$K7O$r?e=[4DMQ$K@Z$jBX$($FN.NL$r3`/min $K9g$o$;$?!#$=$N

8e!"N.NL7W$K$OA02s$NRun1 $N$H$-$HF1MM$K?eE)$,8+$i$l!"N.NL$b5� 10̀ /min $N4V$r1 J,

DxEY$N<~4|$G?6F0$9$k$h$&$K$J$C$?!#0J9_!"$3$N%i%s$bRun1 $H>N$9$k!#Run1 $N%9%Z%/

%H%k$r?3̂.27$K<($9!#

$^$?Run2 $KBP$7$F$bF1$8>r7o$rF@$k$?$a$K!"Run1 $N8e$K1 =54VDxEY%Q!<%8$7$?8e$K!"

7O$r?e=[4DMQ$K@Z$jBX$($FN.NL$r3`/min $K9g$o$;$?!#Run2 $N%9%Z%/%H%k$r?^3.28$K<(

$9!#$3$N?^$K%U%#%C%H6J@~$r=q$-9~$^$l$F$$$J$$$N$O100ton%i%s$NRun2 $N$H$-$HF1MM$N

M}M3$K$h$k!#

3.5.4 MnO x %+%i%`$NJ|=P8zN(

%i%8%&%`G;EY$r8+@Q$b$k<jK!$d8zN($N8m:9$NCM$K$D$$$F$N@bL@$O<!@a$K2s$7!"$3$3$G$O

%+%i%`3S@5<B83$NRun1 $HRun2 $N%i%8%&%`G;EY$K$D$$$F$N7k2L$@$1$r<($9!#

@h$:Run1$KBP$7$F$OB,Dj$5$l$?%+%&%s%H%l!<%H$,341.0� 7:2counts/day $G$"$C$?$N$G!"

[226Ra]calib =
(328:0 � 9:47) counts=day � 0:069 m3

0:86 [(counts=day)=(mBq=m3)] � 0:98 � � emanation � 0:95 � 0:043 m3

=
0:63 � 0:06
� emanation

Bq=m3 (3.12)

15 I= 3.2 $K$"$k$h$&$K%+%i%`$NCj=P8zN($O$[$\100%$G!"?e$O0l2sDL$;$P==J,$G$"$k$,!"0l=d$@$1$G$O%+%i
%`$rDL$i$J$$?e$,7OFb$K>/$7;DN1$7$F$$$k2DG=@-$,$"$C$?$?$a!#
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$H$J$C$?!#

Run2 BP$7$F$OB,Dj$5$l$?%+%&%s%H%l!<%H$,200.0� 3.5counts/day $G$"$C$?$N$G!"

[226Ra]calib =
(200:0 � 9:47) counts=day � 0:069 m3

0:86 [(counts=day)=(mBq=m3)] � 0:98 � � emanation � 0:95 � 0:043 m3

=
0:38 � 0:04
� emanation

Bq=m3 (3.13)

$H$J$C$?!#

$3$3$GRun1!" Run2 $N%P%C%/%0%i%&%s%I$NCM$H$7$F$O2?$l$b100ton%i%s$NRun3 $K$*

$1$k%+%&%s%H%l!<%H9:47 � 0:37counts/day(8e=R) $rMQ$$$?!#

$3$l$i$N7k2L$H6bBtBg3X$GF@$i$l$?CM1:62� 0:05 Bq/m 3 $H$rHf3S$9$k$3$H$K$h$j!"SK
?eAe?e$N%i%8%&%`G;EYB,Dj$GMQ$$$?MnOx %+%i%`$NJ|=P8zN($O8m:9$b4^$a$F!"

� emanation = 0 :39 � 0:04 @Run1 (3.14)

$H8+@Q$b$i$l$k!#

Run2 $K$D$$$F$bF1MM$K$7$F!"

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

$H8+@Q$b$i$l$k!#

%j!<%/%F%9%H$H9M;!

%+%i%`3S@5<B83$N;~4V%9%Z%/%H%k$r8+$k$H!"%G!<%?E@$K$O!"0J2<$N$h$&$J$U$k$^$$$,8+

$i$l$k!#

1. =*$o$j$NJ}$K6a$E$/$K$7$?$,$C$FM}O@6J@~$h$j>eJ}$K0oC&$7$F$$$k!#

2. ?^ 3.27$H? 3̂.28$r8+Hf$Y$k$H!"J|<MJ?9U;~$K$*$1$k%+%&%s%H%l!<%H$ORun1 $NJ}$,

Run2 $h$j$bM-0U$KB?$$!#

3. Run2$N;~4V%9%Z%/%H%k$O=i$a$NJ}$K%T!<%/$,$"$j!";~4V$N7P2a$H$H$b$KJ?6QE*$K%+

%&%s%H%l!<%H$O2<$,$C$F$$$k!#

$3$l$i$,%j!<%/$K$h$k$b$N$G$O$J$$$3$H$r3N$+$a$k$?$a$K!"?^3.29$N$h$&$K6u5$=[4D

MQ$N%i%8%&%`B,Dj7OA4BN$r%S%K!<%k$GJq$_!"=PMh$?%S%K!<%k%F%s%HFb$K%i%I%s%U%j!<%(%"

$rDL$7Cf$N%i%I%sG;EY$r1Bq/m 3 0J2<$K$7!"$=$N:]$N%+%&%s%H%l!<%H$NJQ2=$r8+$k$3$H$K

$h$j!"%j!<%/%F%9%H$r9T$C$?!#DL>o$O� 40mBq$G$"$k(Bh2 >O;2>H) $+$i!"30It$N%i%I%s

G;EY$r1/40 6a$/JQ2=$5$;$?$3$H$KAjEv$9$k!#%S%K!<%k%F%s%HFb$N%i%I%sG;EY$N;~4VJQF0

$r?^ 3.30$K<($9!#$?$@$7!"%i%I%sG;EY$O;THN$N%i%I%s%,%9B,Dj4o(RGD-PS3) $K$h$jB,Dj

$7$?!#

7OFb$N%i%I%sG;EY$N;~4VJQF0$r?^3.31$K<($9!#%S%K!<%k%F%s%HFb$r%i%I%s%U%j!<%(%"$G

%Q!<%8$7;O$a$?;~E@$rE@@~$G<($7$?!#E@@~$NA08e$G$[$H$s$I:90[$,8+$i$l$J$$$3$H$,J,$+

$k!#<B:]E@@~$NA08e$G$=$l$>$l%+%&%s%H%l!<%H$NJ?6QCM$r7W;;$9$k$H!"%Q!<%8A0$KHf$Y$F
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?^ 3.29: %i%8%&%`B,Dj7O$rJ$$&%S%K!<%k%F%s%H!#%i%I%sG;EY7W$O%7%s%U%l%C%/%9%A%e!<%V

$N=P8}$+$i$O==J,$KN%$l$?$H$3$m$K$"$k!#

%Q!<%88e$N%+%&%s%H%l!<%H$O8:6 � 6:0 counts/day (90% C.L.) $7$+2<$,$C$F$$$J$+$C$?!#

$D$^$j!"%j!<%/$,$"$k$H$7$F$b$=$N3d9g$,0lDj$G$"$k$H2>Dj$9$l$P!"F|Kh$K9b!910%+%&%s

%H$NJQF0$7$+5/$3$i$J$$!#

0J>e$NB,Dj7k2L$+$i!";~4V%9%Z%/%H%k$K$*$$$F%G!<%?E@$,M}O@6J@~$+$i0oC&$9$k860x$O

%i%8%&%`B,Dj7OFb$K$"$k$3$H$,$o$+$k!#

>e=R$7$?Cf$G1. $N860x$H$7$F$O!"%i%I%s8!=P4o$N3S@5Dj?t$N;~4VJQF0$,9M$($i$l$k$,!"

$3$l$G$O2. $N0l=54V$N%Q!<%8$N8e(Run2) $K%+%&%s%H%l!<%H$,Cx$7$/Dc2<$9$k8=>]$r@bL@

$G$-$J$$!#B>$N860x$H$7$F$OMnOx %+%i%`$N%i%I%sJ|=P8zN($N;~4VJQF0$,9M$($i$l$k$,!"

$3$l$K$D$$$F$OSNO $N8xI=$7$F$$$k%+%i%`$N%i%I%sJ|=P8zN($NCM(I= 3.2) $KHf$YK\O@J8

$N3S@5<B83$K$h$kCM(<0(3.14),(3.15)) $,M-0U$KDc$$$3$H$+$i!"<>EY$,9b$$($"$k$$$O%+%i

%`Fb$K?eJ,$,;D$C$F$$$k) >r7o2<$G$O%+%i%`$N%i%I%sJ|=P8zN($ODc$/$J$k$H9M$($i$l$k16 !#

$7$+$7!"Run1 $GB8:_$7$??eE)$rA4$F>xH/$5$;$?8e$NRun2 $K$*$$$F!"G+$m%+%&%s%H%l!<

%H$,Dc2<$7$F$$$k$3$H$+$i!"$3$N$3$H$b2. $N@bL@$K$O$J$i$J$$$H9M$($i$l$k!#

$^$?!">e=R$7$?$h$&$KO*E@29EY$N;~4VJQF0(?^ 3.21)$,?P$,;}$D?eJ,$K$h$C$F@bL@$5$l$k

>l9g!" Run2 $G==J,;~4V$,7P2a$7$?8e$K$O!"7OFb$K$OB?NL$N?P$d?e>x5$$,4^$^$l$F$$$k$H

9M$($i$l$k!#?P$K5[Ce$7$?$j!"?e$KMO$1$?%i%I%s$O8!=P4o$G%+%&%s%H$5$l$k$3$H$O$J$$$N

16 >e=R$7$?$h$&$K!"SNO $G$O%+%&%s%H$r;O$a$kA0$K60� C $N%,%9$r� 25m3 %+%i%`$KDL$7!"==J,$K4%Ag$5
$;$k [27]!#
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?^ 3.30: %S%K!<%k%F%s%HFb$N%i%I%sG;EY$N;~4VJQF0!#2#<4$O7P2a;~4V$G!"%S%K!<%k%F%s%H

Fb$r%i%I%s%U%j!<%(%"$G%Q!<%8$7;O$a$?;~E@$rE@@~$G<($9!#!#
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?^ 3.31: 214Po $N;~4V%9%Z%/%H%k(%j!<%/%F%9%H)!#%S%K!<%k%F%s%HFb$r%i%I%s%U%j!<%(%"

$G%Q!<%8$7;O$a$?;~E@$rE@@~$G<($9!#E@@~0J9_$bFC$KJQ2=$,8+$i$l$J$$$N$G!"%j!<%/$N2D

G=@-$OH]Dj$5$l$k!#
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$G!"$3$l$i$O8!=P8zN($K1F6A$rM?$(F@$k$H9M$($i$l$k!#$?$@$7!"?e>x5$$K$D$$$F$ORun1
$K$*$$$F$bB?NL$KB8:_$7$F$$$k$?$a!"2. $ND>@\$NM}M3$K$O$J$i$J$$!#

$^$?3. $N$U$k$^$$$O100ton%i%s$NRun2 $N;~4V%9%Z%/%H%k(?^ 3.16) $H9s;w$7$F$*$j!"

=i$a$N%T!<%/$O100ton %i%s$N;~4V%9%Z%/%H%k$K$D$$$F9M;!$7$?$h$&$K7OFb$N<>EY$,Dc$$

$?$a$K8!=P8zN($,(%U%!%/%?!<2 DxEY) 9b$$$?$a$G$"$k$H9M$($i$l$k$,!";~4V$N7P2a$H$H

$b$K%+%&%s%H%l!<%H$,Dc2<$9$k860x$ODj$+$G$O$J$$$,!"100ton%i%s$NRun2 $N$U$k$^$$$b

%j!<%/$N$?$a$G$O$J$/!"F1MM$N5!9=$K$h$C$F@bL@$5$l$k2DG=@-$b9M$($i$l$k!#

$7$+$7!"K\%+%i%`3S@5<B83$,100ton%i%s$HF1$8>r7o2<$G9T$o$l$F$$$k$J$i$P!"3F8zN(

CM$NJQF0$K$h$k1F6A$O%i%8%&%`G;EY$r;;=P$9$k:]$K$OAj;&$5$l$k$H4|BT$5$l$k!#
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3.6 SK ?eAe?e$N%i%8%&%`G;EY

K\%i%8%&%`G;EYB,Dj$K$*$$$F!"%i%8%&%`G;EY$O0J2<$N$h$&$K8+@Q$b$i$l$k!#

[Ra] =
(meq � mbg) � VRn

CF � � vol � � emanation � � extraction � Vwater
(3.16)

0J2<!"J*M}E*$J0UL#$r@bL@$9$k!#<B:]$KB,Dj$5$l$?J|<MJ?9U;~$K$*$1$k%+%&%s%H%l!<%H$NCM

meq [counts/day] $+$i8+@Q$b$i$l$?%P%C%/%0%i%&%s%I$NCMmbg [counts/day] $r:9$70z$-!"

CF(<0(3.6)) $G3d$k$3$H$G!"%i%I%s8!=P4oFb$N%i%I%sG;EY$,[mBq/m 3] $NC10L$G5a$^$k17!#

$3$l$K%i%I%s8!=P4o$NBN@QVRn [m3] $r>h$8$k$3$H$G!"%i%I%s8!=P4oFb$N%i%I%s$NJx2uN($,

[mBq] $NC10L$G5a$^$k18!#$=$7$F%i%I%s86;R$,7OA4BN$K$[$\0lMM$KB8:_$9$k$H2>Dj$9$k$H!"

7OA4BN$N%i%I%s$NJx2uN($O%i%I%s8!=P4oBN@QFb$N%i%I%s$NJx2uN($KBP$7BN@QHf$NJ,CM$,Bg

$-$$$N$G!"� vol = 0 :069=(0:069+0:001) = 0:98� 0:01$G3d$i$J$1$l$P$J$i$J$$($3$3$G%i%I

%s8!=P4o0J30$NBN@Q$H$O%9%F%s%l%94I!"%+%i%`Fb$N4V7d$NItJ,$r;X$9$,!"A4It$GLs1` $H8+

@Q$b$i$l$k)!#7OFb$N%i%I%s86;R$O=i$a$+$iB8:_$7$F$$$?$b$N$r=|$1$PA4$FMnOx %+%i%`$G

Cj=P$5$l$?%i%8%&%`86;R$,Jx2u$7$F@8$8$?$b$N$J$N$G!"� emanation (I= 3.2$GDj5A) $G3d$k$3

$H$GMnOx %+%i%`Fb$K$*$1$k%i%8%&%`$NJx2uN($,5a$^$k19!#$=$7$F$3$l$i$N%i%8%&%`86;R

$OMnOx %+%i%`$KDL$7$??e$+$iCj=P$5$l$?$b$N$J$N$G!"$5$i$K� extraction = 0 :95� 0:05(I=
3.2$GDj5A) $G3d$k$3$H$K$h$C$FN.$7$??e$NCf$G$N%i%8%&%`$NJx2uN($,5a$^$k($3$NCM$+$i

N.$7$??e$NCf$K4^$^$l$kA4%i%8%&%`86;R?t$b0l0U$KDj$^$k)!#$=$7$F:G8e$KN.$7$??e$NNL

Vwater [m3] $G3d$k$3$H$K$h$C$F!"N.$7$??e$K4^$^$l$k%i%8%&%`$NG;EY$,[mBq/m 3] $NC10L

$G5a$^$k$3$H$K$J$k!#

%&%i%s7ONs

0J>e$rF'$^$($F@h$:%&%i%s7ONs$N%i%8%&%`G;EY$r8+@Q$b$k!#?^3.14, 3.15, 3.16$r8+Hf

$Y$k$HRun1(?^ 3.15)$NJ|<MJ?9UCM$O%P%C%/%0%i%&%s%I%l%Y%k(?^ 3.14)$H$[$H$s$IJQ$o$i

$:!" Run2(?^ 3.16) $NJ|<MJ?9UCM$O%P%C%/%0%i%&%s%I%l%Y%k$h$j$bDc$$$3$H$,J,$+$k!#$=

$3$G!"Run1,Run2,Run3$NJ|<MJ?9UCM$rA4$F%7%0%J%k$G$"$k$H2>Dj$7$?>l9g$N%i%8%&%`G;

EY$N>e8BCM$r8+@Q$C$?!#

@h$:Run1 $O!"B,Dj$5$l$?%+%&%s%H%l!<%H$,30.1� 2.0 counts/day $G$"$C$?$N$G

[226Ra]SK =
30:1 counts=day � 0:069 m3

0:86 [(counts=day)=(mBq=m3)] � 0:98 � 0:39 � 0:95 � 108 m3

= 0 :061� 0:013 mBq=m3

< 0:078 mBq=m3 (90%C:L:) (3.17)

$3$3$G!"CF $NCM$H$7$F$O!"%i%I%s7OFb$N<>EY$O%+%&%s%H$r$7$F$$$k4VCf==J,9b$$$H$7$F

?^ 3.12$+$i 0.86� 0.06 (counts/day)/(mBq/m 3) $H$7$?!#$^$?%i%8%&%`$NCj=P8zN($H$=$N

8m:9$OI=3.2$N%&%i%s7ONs$NCM$rMQ$$!"%i%I%s$NJ|=P8zN($OF1$8<>EY>r7o$N2<$G5a$a$i$l

17 $?$@$7mbg $NJ}$, meq $h$jBg$-$$>l9g$O0BA4$r8+$Fmbg $r%<%m$H$7$F0J2<07$&!#
18 %i%I%s8!=P4oFb$NA4%i%I%s86;R?t$O$3$NCM$KHfNc(A Rn = � Rn NRn ) $9$k!#
19 MnO x %+%i%`Fb$K4^$^$l$kA4%i%8%&%`86;R?t$O$3$NCM$KHfNc(A Ra = � Ra NRa ) $9$k!#
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$?<0(3.14) $NCM$rMQ$$$?!#?e$NN.NL$K4X$7$F$O?e$rN.$7$?4|4V(Ls 5 F|4V) $G$OH>8:4|$N

D9$$226Ra $NB8:_NL$O$[$H$s$IJQ2=$7$J$$$N$G!"FC$KJd@5$r$;$:$K<B:]$KN.$l$?NL$G$"$k

108� 1m3 $NCM$r$=$N$^$^MQ$$$?!#

Run2 $K$D$$$F$bF1MM$K!"B,Dj$5$l$?%+%&%s%H%l!<%H$,16.3� 1.0 counts/day $G$"$C$?

$N$G

[226Ra]SK =
16:3 counts=day � 0:069 m3

0:86 [(counts=day)=(mBq=m3)] � 0:98 � 0:23 � 0:95 � 108 m3

= 0 :057� 0:012 mBq=m3

< 0:071 mBq=m3 (90%C:L:) (3.18)

$H8+@Q$b$i$l$k!#$?$@$7!"CF $NCM$O?3̂.12$+$iFI$_<h$l$k$,!" Run2 $G$O3+;OD>8e$O

?^ 3.21$N$h$&$J7OFb<>EY$N;~4VJQF0$,$"$k$?$a$KIT0BDj$G$"$k$,!"%&%i%s7ONs$,J?9U>u

BV$KC#$7$F$$$k$H9M$($i$l$k10F|8e0J9_$K$*$1$k%i%I%s7OFb$N<>EY$O==J,9b$+$C$?$N$G

0.86� 0.06 (counts/day)/(mBq/m 3) $H$7$?!#$^$?%i%I%s$NJ|=P8zN($OF1$8<>EY>r7o$N2<$G

5a$a$i$l$?<0 (3.15) $NCM$rMQ$$$?!#

Run3 $K$D$$$F$OB,Dj$5$l$?%+%&%s%H%l!<%H$,9:5 � 0:4 counts/day $G$"$j20!"<>EY$O

Run2 $N=*N;;~$HJQ$o$i$J$$$N$GCF $NCM$OF1$8$G!"

[226Ra]SK =
9:5 counts=day � 0:069 m3

0:86 [(counts=day)=(mBq=m3)] � 0:98 � 0:23 � 0:95 � 108 m3

= 0 :032� 0:007 mBq=m3

< 0:042 mBq=m3 (90%C:L:) (3.19)

$H$7$?!#%i%I%s$NJ|=P8zN($O$d$O$j<>EY$,Run2 $N=*N;;~$HJQ$o$i$J$$$3$H$+$i<0(3.15)
$NJ}$NCM$rMQ$$$?!#

$3$l$i$N>e8BCM$O?3̂.5$G!"SK ?eAe$+$i$N?e$N:N<hE@(z=13m,R=11m) $K$*$1$k%$%Y

%s%H$rA4$F226Ra 5/8;$@$H$7$?>l9g$K8+@Q$b$i$l$kG;EY� 0.5mBq/m 3 $h$j$bM-0U$KDc$$!#

%H%j%&%`7ONs

0J2<$G!"%H%j%&%`7ONs$N%i%8%&%`G;EY$r8+@Q$b$k21!#?^ 3.18,3.19$r8+Hf$Y$k$HRun1(?^

3.19)$NJ|<MJ?9UCM$O%P%C%/%0%i%&%s%I%l%Y%k(?^ 3.18)$H$[$H$s$IJQ$o$i$J$$$3$H$,J,$+

$k!#Run1$+$i%+%&%s%H3+;O;~$K$*$1$k224Ra$+$i$N%+%&%s%H%l!<%H$,7:9� 0:5 counts/day
$H5a$^$k$+$i!"

[224Ra]SK =
7:9 counts=day � 0:069 m3

0:56 [(counts=day)=(mBq=m3)] � 0:98 � 0:16 � 0:95 � 64:1 m3

= 0 :10 � 0:04 mBq=m3

< 0:16 mBq=m3 (90%C:L:) (3.20)

$3$3$G!":#2sMQ$$$?%i%I%s8!=P4o$K4X$7$F$O212Po(%H%j%&%`7ONs) $NCF $NCM$OCN$i$l$F

$$$J$$$N$G!"214Po(%&%i%s7ONs) $NCM$G$"$k0.86 (counts/day)/(mBq/m 3) $KBP$7$FSNO
20 %+%i%`3S@5<B83$N%P%C%/%0%i%&%s%I$NCM$H$7$F$O$3$N?tCM$rMQ$$$?!#
21 SK ?eAeFb$G$OJ|<MJ?9U$,@.$jN)$C$F$$$k$H9M$($i$l$k$N$G!"[224 Ra] = [ 228 Th] $G$"$k!#
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$K$*$1$kF1N`$N<B83[27]$K$*$1$k214Po(%&%i%s7ONs) $H212Po(%H%j%&%`7ONs) $N8!=P8zN(

$NHf(0.64) $+$i 0:86 � 0:64 = 0:56� 0:09$H8+@Q$b$C$?22!#$^$?%i%8%&%`$NCj=P8zN($H$=

$N8m:9$OI=3.2$N%H%j%&%`7ONs$NCM$rMQ$$$?!#%i%I%s$NJ|=P8zN($K$D$$$F$OCF $HF1MM$K

SK $G$OB,Dj$5$l$F$$$J$$$N$G!"F1$8<>EY>r7o$N2<$G5a$a$i$l$?<0(3.14) $NCM$KBP$7$F!"

SNO$K$*$1$k214Po(%&%i%s7ONs) $H212Po(%H%j%&%`7ONs) $NJ|=P8zN($NHf(0.30/0.75=0.4)
$+$i 0:39� 0:4 = 0:16� 0:05$H8+@Q$b$C$?23!#$^$?%H%j%&%`7ONs$N>l9g$O!"2<$N<0$K<($5

$l$k$h$&$K?e$rN.$7$F$$$k4V(Ls 5 F|4V) $K$bH>8:4|$, 3.66F|$N224Ra $OJa3M$5$l$k0lJ}

$GBg$-$/8:>/$7$F$$$/:

dN224

dt
= � extraction C224F � � 224N224(t)

N224(t) = � extraction C224e� � 224 t 1
� 224

F(e� 224 t end � e� 224 t begin )

� � extraction C224� 224(t) (3.21)

$3$3$G!"N224(t) $O;~9ot $K$*$$$F%+%i%`Fb$KB8:_$9$k224Ra 86;R$N8D?t!"F $O%+%i%`$rDL

$k?e$NN.B.[`/min] !" C224 $O?eCf$N224Ra $NG;EY[m� 3] $G$"$k!#$^$?tbegin $Htend $O$=$l

$>$l?e$r%+%i%`Fb$KN.$7;O$a$?;~9o$HN.$7=*$($?;~9o$G$"$k!#� 224(t) $O;~9ot $^$G$KN.

$7$??e$N49;;BN@Q[m3] $rI=$7!"%+%&%s%H$r3+;O$9$k;~9o$rtsoc $H=q$/$H$-!"%+%&%s%H3+

;O;~$K%+%i%`Fb$KB8:_$9$k224Ra 86;R$N8D?t$ON224(t soc) = � extraction C224� 224(t soc) $H$J

$k!#:#2s$NB,Dj$G$O!"%H%j%&%`7ONs$KBP$7$F!"� 224(t soc) =64.1m3 $H$J$C$?24!#

$3$N>e8BCM$O?^3.5$G!"SK ?eAe$+$i$N?e$N:N<hE@(Z=13m,R=11m) $K$*$1$k%$%Y%s%H

$rA4$F228Th 5/8;$@$H$7$?>l9g$K8+@Q$b$i$l$kG;EY� 0.07mBq/m3 $KHf$Y$k$H%U%!%/%?!<

2 DxEYBg$-$$!#$=$N$?$a!"%P%C%/%0%i%&%s%I$r:9$70z$$$?$h$j>\:Y$J2r@O$,I,MW$K$J$k$,!"

E}7W8m:9!"7OE}8m:9$,Bg$-$9$.$k$?$a$K5DO@$,:$Fq$G$"$k!#

0J>e$r$^$H$a$k$HI=3.4$N$h$&$K$J$k!#%&%i%s7ONs$+$i$N4sM?$,0.5mBq/m 3 $KHf$YM-

0U$KDc$$$3$H$+$i!"B@M[%K%e!<%H%j%N2r@O$NSK $NM-8zBN@QFb$G$N<g$J%P%C%/%0%i%&%s%I

$O?eCf$KMO$1=P$7$?H>8:4|$ND9$$J|<M@-F10LBN$G$"$k226Ra 5/8;$G$O$J$$$3$H$,7kO@$5

$l$k!#

22 SNO $G$b%+%i%`$G%i%8%&%`$rJa3M$7$?8e!"F1MM$N@EEEJa=8K!$K$h$j%]%m%K%&%`F10LBN$N%"%k%U%!Jx2u$r
%7%j%3%s%U%)%H%@%$%*!<%I$G8+$k!#8!=P8zN($O214 Po(%&%i%s7ONs) $H212 Po(%H%j%&%`7ONs) $H$G!"$=$l$>$l
0.407� 0.018!" 0.264� 0.034 $H$J$C$F$$$k!#

23 %H%j%&%`7ONs$N%+%i%`$NJ|=P8zN($,%&%i%s7ONs$KHf$Y%U%!%/%?!<$b>.$5$$$N$O!"%i%8%&%`$,Jx2u$7$F=PMh
$k%i%I%s$N<wL?(55.6 IC) $,%&%i%s7ONs$N%i%I%s$N<wL?(3.824 F| ) $KHf$Yt#$+$KC;$$$?$a$G$"$k!#

24 %& %i %s 7O Ns $K BP $7 $F $O !">e =R $7 $? $h $& $K !"226 Ra $N H> 8: 4| $, B, Dj ;~ 4V $K Hf $Y == J, D9 $$ $? $a !"
� 226 (t soc ) ' Vwater =108m 3 $G$"$k!#
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%i%8%&%` 226Ra (U) 224Ra (Th)

BG %l!<%HAjEv 0.5 mBq/m 3 0.07 mBq/m3

Run1 < 0.078 mBq/m3 < 0.16 mBq/m3

Run2 < 0.071 mBq/m3 �

Run3 < 0.042 mBq/m3 �

I= 3.4: %P%C%/%0%i%&%s%I$N%$%Y%s%H%l!<%H$r3FF10LBN$,5/8;$G$"$k$H$7$?>l9g$KI,MW$J

G;EY(BG %l!<%HAjEv) $H3F%i%s$K$*$$$F8+@Q$b$i$l$k%i%8%&%`G;EY$N90%>e8BCM$r<($9!#

%&%i%s7ONs$+$i$N4sM?$O!"0.5mBq/m 3 $KHf$YM-0U$KDc$$$3$H$,$o$+$k!#0lJ}%H%j%&%`7O

Ns$K$D$$$F$O0.07mBq/m3 $KHf$Y%U%!%/%?!<2 DxEY9b$$CM$G$"$k!#$?$@$7!"%+%i%`$K?eAe

?e$rN.$9A08e$G%+%&%s%H%l!<%H$,F1DxEY$G$"$C$?$?$a$K!"%P%C%/%0%i%&%s%I$r:9$70z$+$:

$K8+@Q$b$i$l$?!"95$(L\$J%j%_%C%H$G$"$k$3$H$K$bCm0U$rMW$9$k!#

3.7 Am3g$H>-Mh$N2]Bj

:#2s!" SK ?eAe$NZ=13m,R=11m $NCOE@$+$i?e$r100tonDxEY:N<h$7$F%i%8%&%`G;EY$r

8+@Q$b$C$?$,!"$=$NCOE@$K$*$1$kDc%(%M%k%.!<%$%Y%s%H$,$=$3$KMO$1$F$$$k226Ra $,5/8;

$G$"$k$H$7$?>l9g$K4|BT$5$l$kG;EY(� 0.5mBq/m 3) $KHf$Y$FM-0U$KDc$$$3$H$,J,$+$C$?!#

0lJ}$G!" 228Th $K$D$$$F$OE}7W8m:9!"7OE}8m:9$,Bg$-$9$.$k$?$a$K5DO@$G$-$J$$!#

$7$?$,$C$FB@M[%K%e!<%H%j%N2r@O$NSK $NM-8zBN@QFb$G$N<g$J%P%C%/%0%i%&%s%I$O>/$J

$/$H$b?eCf$KMO$1=P$7$?H>8:4|$ND9$$J|<M@-F10LBN$G$"$k226Ra 5/8;$G$O$J$$$3$H$,<B>Z

$5$l$?!#

0J2<$K!"0J>e$rF'$^$($?>e$G9M$($i$l$k>-Mh$N2]Bj$r5s$2$k!#

Run2 $N$U$k$^$$$K$D$$$F$O!"?P$d?e>x5$$,860x$G$"$k$H?dB,$5$l$k$,!"$3$l$i$NFb8!

>Z2DG=$J$3$H$K$D$$$F$O:#8eD4$Y$kI,MW$,$"$k!#Nc$($P%i%I%s%U%j!<%(%"$K4^$^$l$k?P$,

860x$G$"$k$H$9$k>l9g$K$O!"%Q!<%8$r7+$jJV$9$3$H$K$h$j!"%+%&%s%H%l!<%H$,Dc2<$9$k$+

$r8+$k$3$H$K$h$j8!>Z$G$-$k!#

%H%j%&%`7ONs$NG;EY$N8+@Q$b$j$K$D$$$F$O224Ra $NH>8:4|$,C;$$$?$a$K7OE}8m:9$,Bg$-

$/!"$^$?%i%I%s8!=P4o$N3S@5Dj?t(CF) $J$I$OSNO$N%i%I%s8!=P4o$NCM$rMQ$$$F7W;;$7$F

$$$k$N$G!"5DO@$,:$Fq$G$"$k!#%H%j%&%`7ONs$rF1B,DjK!$K$h$j@53N$KDjNL$9$k$?$a$K$O!"
212Po $KBP$9$k%i%I%s8!=P4o$N3S@5Dj?t(CF) $N@:L)B,Dj$r9T$&I,MW$,$"$k!#$^$?212Po $N

E}7W$bA}$d$9I,MW$,$"$k!#:#2s100ton%i%s$N?e$NN.NL$O13̀ /min $G$"$C$?$,!"%+%i%`$N

95%0J>e$NCj=P8zN($,J]$?$l$k%+%i%`Fb$NN.NL$N8B3&$O20̀ /min $G$"$k!#$7$?$,$C$F!":#

2s$O1 K\$N%+%i%`$7$+MQ$$$J$+$C$?$,!"J#?t$N%+%i%`$rJBNs$KG[CV$9$l$PA4BN$H$7$F$NG[

4IDq93$O>.$5$/$G$-!"F1$8;~4V$G$h$jB?$/$N?e$r%+%i%`$KN.$9$3$H$,2DG=$H$J$j!"E}7W$r

?tG\$KA}$d$9$3$H$,2DG=$G$"$k25!#

0lJ}$G!"M6F37k9g%W%i%:%^(ICP) <ANLJ,@O$K$h$k232Th B,Dj$b9M$($i$l$k!#M-8zBN@QFb

$G232Th $H208Tl $,J|<MJ?9U$K$"$k$H$9$k$H!"%U%!%$%J%k%5%s%W%k$N%$%Y%s%H%l!<%H$+$i

M-8zBN@QFb$N232Th $NG;EY$O� 2� 10� 14 g/gH 2O $H8+@Q$b$i$l$k!#$3$l$OICP $GB,Dj2D

25 %+%i%`$rD>Ns$KG[CV$7$F$7$^$&$HCj=P8zN($O$[$H$s$IJQ$o$i$J$$>e$K!"$h$jG[4IDq93$,Bg$-$/$J$j!":#2s
$NB,DjCM$G$"$k13̀ /min $h$j$bN.NL$,$5$i$KDc2<$9$k$N$G!"BP:v$K$O$J$i$J$$!#
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G=$J%l%Y%k$G$"$j!"MnOx %+%i%`K!$h$j$b87$7$$%j%_%C%H$,$D$1$i$l$k2DG=@-$,$"$k!#
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Bh4>O SK-I $K$*$1$k<'5$C16K;RC5:w

$3$N>O$G$O!"BgE}0lM}O@<'5$C16K;RC5:w$N2r@O<jK!$r=R$Y!"$=$3$GF@$i$l$?7k2L$K$D$$

$F9M;!$9$k!#$3$N2r@O$KMQ$$$?%G!<%?$OSK-I !"$9$J$o$A1996G/$+$i 2001G/$^$G$N$b$N

$G!"%i%$%V%?%$%`$H$7$F$O1496F|AjEv$G$"$k!#Bh2 >O$G=R$Y$?%G!<%?<}=8%7%9%F%`$G<}

=8$5$l$?%G!<%?(%$%Y%s%H) $+$i<'5$C16K;R%K%e!<%H%j%N$N%7%0%J%k$rCj=P$9$k$?$a$K$O!"

$^$:A4$F$N%$%Y%s%H$r:F9=@.$7$F!"%P!<%F%C%/%9!"J}8~$d%(%M%k%.!<$J$I$N>pJs$rF@$?8e

$K!"<'5$C16K;R%K%e!<%H%j%N%$%Y%s%H$KBP$9$k%P%C%/%0%i%&%s%I%$%Y%s%H$r=|5n$9$k$3$H

$G8uJd$r9J$C$F$$$/(%j%@%/%7%g%s)!"$H$$$&<j=g$rF'$^$J$1$l$P$J$i$J$$!#

4.1 %$%Y%s%H$N:F9=@.

%$%Y%s%H$N:F9=@.$H$7$F$O!"@h$:%R%C%HPMT $N;~4V>pJs$rMQ$$$F%P!<%F%C%/%9$r:F9=

@.$7!"<!$K%R%C%HPMT $N%Q%?!<%s$rMQ$$$F%$%Y%s%H$NJ}8~$r:F9=@.$9$k!#$3$N8e$K<B<A

E*$J%R%C%HPMT $NK\?t Ne� $r7W;;$9$k$,!"$3$N Ne� $OLINAC %-%c%j%V%l!<%7%g%s[37]
$GF@$i$l$?JQ494X?t$rMQ$$$F%(%M%k%.!<$KJQ49$5$l!"%(%M%k%.!<$N:F9=@.$,$J$5$l$k!#0J

2<!"3F:F9=@.$K$D$$$F6qBNE*$K=R$Y$k!#

4.1.1 %P!<%F%C%/%9:F9=@.

%P!<%F%C%/%9$r:F9=@.$9$k$K$O!"%R%C%HPMT $N;~4V>pJs$rMQ$$$l$P$h$$!#K\Mh%P!<

%F%C%/%9$O2YEEN3;R$N50@W$N$O$8$^$j$NE@$G$"$k$,!"K\2r@O$GMQ$$$k%(%M%k%.!<NN0h(18 -
55MeV) $G$OH?D7EE;R$O?eCf$r30cm$bAv$i$J$$$,!"$3$l$O SK-I $N0LCVJ,2rG=$NLs100cm
$h$j==J,>.$5$$$N$G!"50@W$=$N$b$N$rE@$H$_$J$7$F$h$$$3$H$K$J$k!#$^$?!"Dc%(%M%k%.!<

%$%Y%s%H$OAm8wNL$,>/$J$$$N$G%P!<%F%C%/%9$N:F9=@.$K$O%R%C%HPMT $NAjBP;~4V$N$_$r

MQ$$$k!#

SK $NDc%(%M%k%.!<;v>]2r@O$G$O!"SK-I $N;~4|$+$i$$$/$D$+$N%P!<%F%C%/%9:F9=@.K!

(%P!<%F%C%/%9%U%#%C%?!<) $,3+H/$5$l$F$-$?!#0J2<$G$O<'5$C16K;R%K%e!<%H%j%N2r@O$K

MQ$$$?:G?7$N%P!<%F%C%/%9%U%#%C%?!<$G$"$kBONSAI (Branch Optimization Navigating
Succesive Annealing Iterations)$K$D$$$F4J7i$KMWE@$r@bL@$9$k1 !#

$"$k%$%Y%s%H$N;DN1;~4Vt res;i $Oi HVL\$N%R%C%HPMT $,<B:]$K%R%C%H$7$?;~4Vt i $+$i

%A%'%l%s%3%U8w$,M?$($i$l$?%P!<%F%C%/%9(x; y; z) $+$i$=$NPMT ( x i ; yi ; zi ) $KE~C#$9$k

1BONSAI $O$=$l$K;j$k$^$G$K<B:]$K;H$o$l2~NI$5$l$F$-$?<g$J%P!<%F%C%/%9%U%#%C%?!<$G$"$kKai-�t !"
Clus�t !" Hayai Ey$N2~NIHG$H$7$F:_$k$N$G!"BONSAI $r$h$jM}2r$9$k$?$a$K$=$l$i$N%U%#%C%?!<$K$D$$$F$O
BONSAI $H$H$b$KIUO?$K>\:Y$r:\$;$?!#
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$^$G$NHt9T;~4V(Time-Of-Flight,TOF) $r:9$70z$$$?8e$K;D$k;~4V$H$7$F0J2<$N$h$&$KDj

5A$5$l$k:
t res;i � t i �

n
c

p
(x � x i )2 + ( y � yi )2 + ( z � zi )2 (4.1)

$3$3$G!"n $O?e$N6~@^N($G!"c $O??6uCf$N8wB.EY$G$"$k!#M}A[E*$K$Ot res;i $OA4$F$N%R%C%H

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

BONSAI $G$O%P!<%F%C%/%9$N0LCV$r7hDj$9$k$?$a$K%$%Y%s%H$NA4$F$N%R%C%HPMT $H

$=$N;DN1;~4V$rMQ$$$k!#%@!<%/%R%C%H$OLINAC %-%c%j%V%l!<%7%g%s$N%G!<%?$+$iF@$i

$l$k;DN1;~4V$NJ,I[$N7A$r5-=R$9$kL`EY$r7W;;$9$k$3$H$G9MN8$KF~$l$k!#$3$3$GL`EY$O

� t i (~x) = t res;i (~x) � t0 (t0 $Ot res;i J,I[$NJ?6Q;~4V$rI=$9!# ) $rMQ$$$F0J2<$N$h$&$KDj5A$5

$l$k :

L (~x; t0) �
NhitX

i =1

log(P(� t i (~x))) (4.2)

$3$3$GP(� t i (~x)) $O� t i $N3NN(L)EY4X?t$G$"$k!#?4̂.1$KLINAC %-%c%j%V%l!<%7%g%s$N

%G!<%?$KBP$9$kBONSAI $NL`EYJ,I[$r<($9!#

?^ 4.1: LINAC %-%c%j%V%l!<%7%g%s$N%G!<%?$KBP$9$kBONSAI $NL`EYJ,I[!#2#<4$O� t i (~x) =
t res;i (~x) � t0 $G$"$k(?^$N� $OTOF $rI=$9 )!#

:G=i$N8uJd%P!<%F%C%/%9$rA*Br$9$k:]$K$O!"A4%R%C%HPMT $NCf$+$i7W;;$KMQ$$$k%R%C

%HPMT $N%;%C%H$r0J2<$N$h$&$KA*Br$9$k!#$D$^$jG$0U$N2 K\$N%R%C%HPMT(i, j) $KBP$7

8w;R$NE~C#$7$?;~4V:9� t ij $,

� t ij <
j~hi � ~hj j

c
(4.3)

$K$J$k$h$&$J@)8B(0x2LN') $r2]$9$k!#$3$3$G~hi $Oi HVL\$N%R%C%HPMT $N0LCV%Y%/%H%k

$rI=$9!#%@!<%/%N%$%:$dH?<M8w!";6Mp8w$r<h$j=|$/$?$a$K!":G$b6a$$%R%C%HPMT $H$N5w
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N%$,1250cm0J>eN%$l$F$$$k%R%C%HPMT $H!"%R%C%H;~4V$,35ns0J>eN%$l$F$$$k%R%C%H

PMT $r<h$j=|$$$?8e$G!">e$N;03QITEy<0$rK~$?$92 K\$N%R%C%HPMT $NAH$,:G$bB?$/$J

$k$h$&$J%;%C%H$r!"%R%C%HPMT $N%;%C%H$H$7$FA*Br$9$k!#

<!$K$3$N%;%C%H$NCf$+$i4 K\$N%R%C%HPMT $NAH$_9g$o$;$rA*$V$H%P!<%F%C%/%9$,0l0U

$KDj$^$k$N$G!"MM!9$J4 K\$N%R%C%HPMT $NAH$_9g$o$;$H$=$N%P!<%F%C%/%9$KBP$7$FL`EY

$r7W;;$9$k!#L`EY$,:GBg$N%P!<%F%C%/%9$,8+$D$+$C$?$i!"$=$N%P!<%F%C%/%9$rCf?4$H$7$?

4V3V7.8m$NC5:w%0%j%C%I$rMQ$$$F<~JU$N%P!<%F%C%/%9$rI>2A$9$k!#$=$7$FC5:wH>7B$r=L

$a$J$,$iF1MM$NC5:w$r7+$jJV$7!"%Y%9%H%U%#%C%H$NC5:wH>7B$,1cm0J2<$G!"$+$DL`EY$N>e

8B$, 0.010J2<$K$J$C$?$iC5:w$r;_$a!"$=$N;~E@$G:GBg$NL`EY$r;}$D%0%j%C%IE@$r:F9=@.$5

$l$?%P!<%F%C%/%9$H$9$k!#

4.1.2 J}8~:F9=@.

%$%Y%s%H$N%P!<%F%C%/%9$,7h$^$k$H!":#EY$O%A%'%l%s%3%U%j%s%0$K$h$C$F$D$/$i$l$k%R%C

%HPMT $N%Q%?!<%s$rD4$Y$k$3$H$K$h$C$FJ}8~$,:F9=@.$G$-$k!#M}A[E*$K$O!"%$%Y%s%H$N

%Q%?!<%s$OEE;R$NJ}8~$KBP$742� $N3QEY$r$b$D%/%j%"$J%j%s%0$K$J$k$O$:$G$"$k!#$7$+$7

<B:]$K$OEE;R$OB?=E;6Mp$r<u$1$k$N$GEE;R$N50@W$OD>@~E*$G$O$J$$!#$^$?8w;R$b?eCf$G;6

Mp$5$l!"PMT $d%V%i%C%/%7!<%H$GH?<M$5$l$k!#$3$l$i$N8z2L$K$h$C$F%A%'%l%s%3%U%j%s

%0$OITA/L@$K$J$k!#

J}8~$r:F9=@.$9$k$N$K;H$o$l$k%R%C%HPMT $OTOF(Time-Of-Flight) $r:9$C0z$$$?8e$N

%R%C%HPMT $N;~4VJ,I[$K$*$$$F50nsAk$r3+$$$FA*Br$5$l$k!#J}8~( ~d) $O:GL`K!$rMQ$$$F

7hDj$5$l$k!#L`EY4X?t$O0J2<$N$h$&$KDj5A$5$l$k:

L ( ~d) =
NhitX

i =1

log(Pi (cos� dir )) �
cos� i

a(� i )
(4.4)

� i � arccos(~di � ~pi ) (4.5)

$3$3$G!"Pi (cos� dir ) $OH?D7EE;R$N1?F0NL$KBP$9$k!"%A%'%l%s%3%U8w$NJ|=P3Q$N3NN(L)EY4X

?t$G!"%b%s%F%+%k%m(MC) $G7h$a$k!#~d $O1&JU$G$O� dir $K$N$_4^$^$l$F$$$k!#� i $Oi HVL\

$N%R%C%HPMT $KBP$9$k%A%'%l%s%3%U8w$NF~<M3Q$G$"$k!#~pi $O:F9=@.$5$l$?%P!<%F%C%/%9

$+$i i HVL\$N%R%C%HPMT $NJ}8~$NC10L%Y%/%H%k$G$"$k!#~di $Oi HVL\$N%R%C%HPMT $,8~

$$$F$$$kJ}8~$NC10L%Y%/%H%k$G$"$k!#a(� i ) $O� i $N4X?t$H$7$F$N8wEELL$N%"%/%;%W%?%s%9

$G$"$k!#

%0%j%C%IC5:wK!$K$h$C$FL`EYCM$N:GBgCM$r5a$a$k!#C5:w$9$k%0%j%C%I4V3V$O20� ; 9� ; 4� ; 1:6�

$G$"$k!#EE;R$NB?=E;6Mp3Q$NJ?6QCM$O10MeV $G27� $G$"$k$+$i!"$3$N%0%j%C%I4V3V$ODc

%(%M%k%.!<EE;R$NJ}8~$r:F9=@.$9$k$N$K==J,>.$5$$!#SK-I $NLINAC %-%c%j%V%l!<%7%g

%s[37] $K$h$jB,Dj$5$l$?J}8~:F9=@.$NJ,2rG=$OH?D7EE;R$N%(%M%k%.!<$,10MeV $N$H$-

� 27� $G$"$C$?!#

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

%A%'%l%s%3%UogCM$rD6$($?2YEEN3;R$,J|=P$9$k%A%'%l%s%3%U8w;R$N?t$O2YEEN3;R$N%(%M

%k%.!<$K$[$\HfNc$9$k!#SK $G$O%R%C%HPMT $NA48wEE;R?t$bJ|=P$5$l$k%A%'%l%s%3%U8w
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;R$N?t$KHfNc$9$k$,!"K\2r@O$G$O%(%M%k%.!<$r7W;;$9$k$N$K%R%C%HPMT $NA48wEE;R?t$O

MQ$$$:$K!"%R%C%HPMT $NK\?t$rMQ$$$k!#M}M3$O0J2<$N$h$&$J$b$N$,$"$k:

� Dc%(%M%k%.!<%$%Y%s%H$K$*$$$F$O!"J|=P$5$l$k%A%'%l%s%3%U8w;R$N?t$O>/$J$$(16MeV
$GLs2,6008D) $N$G!"3F%R%C%HPMT $N%A%'%l%s%3%U8w;R$N?t$OJ?6Q$9$k$H$[$H$s$I

1 8D$G$"$k!#

� PMT $N8wEE;R?tJ,2rG=$O1p.e.%l%Y%k$G$ONI$/$J$$!#

� %R%C%HPMT $NK\?t$OA48wEE;R?t$H$O0[$J$jPMT $NMxF@$K$[$H$s$I0MB8$7$J$$!#

%(%M%k%.!<$N7W;;$K$Ot res $, 50ns$N;~4VAk$K4^$^$l$k%R%C%HPMT( N50) $@$1$rMQ$$$k!#

$3$NA*Br4p=`$K$h$jPMT Cf$N%@!<%/%N%$%:$+$iMh$k6vA3$N%R%C%H$O<h$j=|$+$l$k!#$7$+

$7!" N50 $O?e$NF)2aN($d3F%R%C%HPMT $N%"%/%;%W%?%s%9$J$I$NMM!9$J%U%!%/%?!<$K0MB8

$9$k!#$7$?$,$C$F!"<B<AE*$J%R%C%H?t(Ne� ) $r7W;;$9$k$K$O!"0J2<$N$h$&$K$$$/$D$+$NJd

@5$r2C$($J$1$l$P$J$i$J$$!#

Ne� =
N50X

i=1

�
(X i + � tail � � dark ) �

Nall

Nalive
�

Rcover

S(� i ; � i )
� exp

� r i

�

�
� G(i)

�
(4.6)

0J2<$G!"Ne� $N7W;;<0$NCf$K$"$k3FJd@50x;R$K$D$$$F=R$Y$k!#

� X i : B?=E8wEE;R%R%C%H$NJd@50x;R

$b$7%$%Y%s%H$N%P!<%F%C%/%9$,M-8zBN@Q$NC<IU6a$G!"$+$DJ}8~$,:G$b6a$$JI$K8~$$

$F$$$l$P!"%A%'%l%s%3%U8w$N1_?m$,%Q%?!<%s$H$7$FB*$($i$l$kA0$KJI$KE~C#$9$k$N

$G!"4QB,$5$l$k%R%C%HPMT $NK\?t$,>/$J$/$J$k0lJ}$G!"$$$/$D$+$N PMT $K$OJ#?t

$N8w;R$,%R%C%H$9$k2DG=@-$,$"$k!#3FPMT $K%R%C%H$9$k8wEE;R?t$N4|BTCM$O$=$N

PMT $r0O$`8 $D$NPMT $N@jM-EY$G8+@Q$b$i$l$k!#i HVL\$NPMT $r0O$`PMT $N

K\?t N i $H%R%C%HPMT $NK\?t n i $rMQ$$$F!"Jd@5$O0J2<$N$h$&$K=q$1$k!'

X i =

(
log[(1� � i ) � 1 ]

� i
(� i < 1)

3 (� i = 1)
(4.7)

$?$@$7%]%"%=%sJ,I[$H3 � 3 $NPMT $KBP$7$F8w$,0lMM$G$"$k$3$H$r2>Dj$7$?!#

� � tail : H?<M$NJd@50x;R

50ns$N;~4VAk0J9_$K@8$8$k%R%C%H$KBP$9$kJd@5$G!"50nsAkFb$N%R%C%HPMT $NK\?t

N50 $H100nsAkFb$N%R%C%HPMT $NK\?t N100 $rMQ$$$F!"

� tail =
N100 � N50

N50
(4.8)

$H$J$k!#

� � dark : %@!<%/%N%$%:$NJd@50x;R
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PMT Cf$N%@!<%/%N%$%:$K$h$C$F0z$-5/$3$5$l$k%R%C%H$KBP$9$kJd@5$G!"

� dark =
Nalive � Rdark

N50
(4.9)

$H$J$k!#$3$3$G!"Nalive $OID $K$*$1$k@5>o$JPMT $NK\?t!" Rdark $O$"$kFCDj$N%i

%s$K$*$1$k%@!<%/%l!<%H$NJ?6Q$G$"$k2 !#

� Nall
Nalive

: ITNI PMT $NJd@50x;R

ITNI PMT $NK\?t$N;~4VJQF0$rJd@5$9$k$?$a$K$"$k!#

� Rcover
S(� i ;� i )

: 8wEEHoJ$$NJd@50x;R

Rcover $OID $N8wEEHoJ$N($G!"0.4041$KEy$7$$!#S(� i ; � i ) $Oi HVL\$N%R%C%HPMT $r

(� i ; � i ) $NJ}8~(8w;R$NF~<MJ}8~) $+$i8+$?$H$-$N8wEELL$NM-8zLL@Q$G$"$k3 !#

� exp
� r i

�

�
: ?e$NF)2aN($NJd@50x;R

?eCf$N%A%'%l%s%3%U8w$N8:?j$NJQ2=$rJd@5$9$k$?$a$K$"$k!#r i $Oi HVL\$N%R%C%HPMT
$+$i:F9=@.$5$l$?%P!<%F%C%/%9$^$G$N5wN%$G$"$k!#� $O3F;~4|$K$*$$$FB,Dj$5$l$?

?e$NF)2aN($G!"%_%e!<%*%s$,M-8zBN@QFb$G@E;_$7$?>l9g$K@8@.$5$l$kJx2uEE;R$+$i

$N%A%'%l%s%3%U8w$GB,Dj$9$k!#

� G(i) : 5l PMT $NQE $NJd@50x;R

ID $GMQ$$$i$l$F$$$kPMT $NFb3758D$NPMT $OB>$N<gN.$NPMT $NA0$K@=B$$5$l

$?$b$N$G!"QE $,$=$l$i$KHf$Y$F9b$$!#<gN.$NPMT $r4p=`$K$7$?$H$-!"3758D$N

PMT $KBP$9$kJd@50x;R$OQE $N5U?t$NHf$r<h$C$F!"0.833$H$J$k!#

%(%M%k%.!<$ONe� $K$h$j0l0U$K7h$^$k!#SK-I $NLINAC %-%c%j%V%l!<%7%g%s$K$h$jB,Dj

$5$l$?%(%M%k%.!<:F9=@.$NJ,2rG=$OH?D7EE;R$N%(%M%k%.!<$,E $N$H$-� 14%=
p

E=10MeV
$G$"$C$?!#

2%@!<%/%R%C%H$O50ns$GPMT1 K\$N%*!<%@!<$G$"$k!#
3 � $,Bg$-$$$H$3$m$G$O!"<~JU$NPMT $N1F$N1F6A$G� J}8~$KHsBP>N$,@8$8$k!#
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4.2 %G!<%?$N%j%@%/%7%g%s

<!$K<'5$C16K;R%K%e!<%H%j%N%$%Y%s%H$G$O$J$$$H9M$($i$l$k%$%Y%s%H$N=|5n(%j%@%/%7%g

%s) $K$D$$$F=R$Y$k!#

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

1st %j%@%/%7%g%s$OB@M[%K%e!<%H%j%N2r@O$dD6?7@1GX7J%K%e!<%H%j%N2r@O$J$I$NDc%(%M

%k%.!<2r@O$G9-$/MQ$$$i$l$F$$$k0lHLE*$J%j%@%/%7%g%s$G$"$k!#

Am8wNL%+%C%H

%$%Y%s%H$NAm8wNL$,1000p.e.0J>e$N%$%Y%s%H$O%+%C%H$7$?!#$3$l$O1'Ch@~%_%e!<%*%s$r

Mn$9$?$a$K$+$1$i$l$k!#1000p.e.$OH?D7EE;R$N%(%M%k%.!<$K$7$F100MeVAjEv$G$"$j!"$3

$N%+%C%H$K4X$7$F<'5$C16K;R%K%e!<%H%j%N$N8zN($O100%$G$"$k!#

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

ID $NJI$N9=@.J*(PMT %,%i%9$dFRP $J$I ) $d4dHW$+$i$/$k%,%s%^@~$K$h$C$F0z$-5/$3

$5$l$k%$%Y%s%H$r:o8:$9$k$?$a$K!"%P!<%F%C%/%9$N0LCV$,ID $NJI$+$i 2m 0JFb$K$"$k%$

%Y%s%H$O%+%C%H$7$?!#<'5$C16K;R%K%e!<%H%j%N2r@O$K$*$1$kSK $NM-8zBN@Q$O$3$N%+%C%H

$GDj5A$5$l!"D>7B$,28.9m!"9b$5$, 32.2m!"BN@Q$,22.5kton $H$J$k!#

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

1'Ch@~%_%e!<%*%s$NJx2uEE;R$rGS=|$9$k$?$a$K!"A0$N%$%Y%s%H$+$i;~4V$,50� s0J2<$N

%$%Y%s%H$O%+%C%H$7$?!#$3$N%+%C%H$G@8$8$k%G%C%I%?%$%`$O1.8� 10� 4 $G$"$k!#

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

%$%Y%s%H$NAm8wNL$,1000p.e.0J2<$N1'Ch@~%_%e!<%*%s$rGS=|$9$k$?$a$K!"OD %H%j%,!<

(200nsAk$G%R%C%H$7$?OD PMT $, 20K\0J>e) $,N)$C$F$$$k%$%Y%s%H$O%+%C%H$7$?!#

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

%(%l%/%H%m%K%/%9$N%N%$%:5/8;$N%$%Y%s%H$rGS=|$9$k$?$a$K!"%$%Y%s%H$N%N%$%:%R%C%H

$N3d9g(Rnoise) $r7W;;$9$k!#Rnoise $ORnoise � Nnoise/N total $GDj5A$5$l!"Nnoise $O%R%C%H$7

$?PMT $G$+$D8wNL$,0.50J2<$NPMT $NK\?t$G!"Ntotal $O%R%C%H$7$?A4PMT $NK\?t$G$"

$k!#Rnoise $, 0.4 $h$jBg$-$$%$%Y%s%H$O%+%C%H$7$?!#$^$?%N%$%:%$%Y%s%H$O0l$D$NATM
%\!<%I$K8G$^$C$F$$$k$3$H$,B?$$!#$=$3$G!"$"$kATM %\!<%I$G95%0J>e$N%A%c%s%M%k$,

%R%C%H$7$F$$$?$i!"$=$N%$%Y%s%H$O%+%C%H$7$?!#
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goodness%+%C%H

:F9=@.$5$l$?%P!<%F%C%/%9$Ngoodness$, 0.40J2<$N%$%Y%s%H$O%+%C%H$7$?!#goodness
$,Dc$$%$%Y%s%H$O$=$N:F9=@.$5$l$?%P!<%F%C%/%9$,IT@53N$G$"$k$3$H$,B?$$!#

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

2nd %j%@%/%7%g%s$G$O0J2<$G@bL@$9$k$h$&$K!"<'5$C16K;R%K%e!<%H%j%N2r@O$N$?$a$NFC

<l$J>r7o$r@_$1$F$"$k!#

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

?^ 4.9$K<($5$l$k$h$&$K!"<'5$C16K;R%K%e!<%H%j%N(� + $NJx2u%K%e!<%H%j%N) $N%9%Z%/

%H%k$O%(%s%I%]%$%s%H$,55MeV $J$N$G!"%(%M%k%.!<$,55MeV 0J>e$N%$%Y%s%H$O%+%C%H

$7$?!#$^$?!"2<8B$K4X$7$F$O!"0J2<$G@bL@$9$k3KGK:U%$%Y%s%H$N$?$a$K18MeV 0J2<$N%$

%Y%s%H$r%+%C%H$7$?!#

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

SK ?eAeFb$rDL$k1'Ch@~%_%e!<%*%s$NCf$K$O0J2<$NH?1~<0$N$h$&$K!";@AG86;R3K$rGK:U

$7$FJ|<M@-85AG$r@8@.$9$k$b$N$,$"$k!#

� + 16O ! � + X + � � � (4.10)

$3$3$G!"X $OJ|<M@-86;R3K$G$"$k!#I=4.1$K>e$NH?1~$G@8@.$9$k2DG=@-$,$"$kJ|<M@-86;R

3K$r$^$H$a$?!#Jx2u<wL?$O0.001s$+$i 10s0J>e!"%(%M%k%.!<$O?tMeV $+$i 20MeV 0J>e

$^$G9-$,$C$F$$$k!#$=$N$?$a3KGK:U%$%Y%s%H$O<'5$C16K;R%K%e!<%H%j%N%$%Y%s%H$KBP$9$k

<g$J%P%C%/%0%i%&%s%I$N0l$D$G$"$k!#

3KGK:U%$%Y%s%H$rF1Dj$9$k$N$K$O:GL`K!$,MQ$$$i$l$k!#L`EY4X?t$N%Q%i%a!<%?$O!"8u

Jd%$%Y%s%H$N%P!<%F%C%/%9$H$=$NA0$N%_%e!<%*%s%$%Y%s%H$N:F9=@.$5$l$?50@W$H$N5wN%

�L !"8uJd%$%Y%s%H$H$=$NA0$N%_%e!<%*%s%$%Y%s%H$H$N;~4V:9�T !"$=$7$F0J2<$GDj5A$5

$l$k%_%e!<%*%s%$%Y%s%H$NQres $G$"$k!#

Qres = Q tot � Qunit � L � (4.11)

$3$3$G!"Qtot $O� %$%Y%s%H$NAm8wNL!"Qunit $OC10L5wN%Ev$?$j$K%_%e!<%*%s$,Mn$H$98wNL

(2000p.e./m)!" L � $O:F9=@.$5$l$?%_%e!<%*%s$N50@W$ND9$5$G$"$k!#$b$7%_%e!<%*%s$N50@W

$,:F9=@.$G$-$J$1$l$P!"�T $HQres $@$1$rMQ$$$k!#3KGK:U%$%Y%s%H$O<'5$C16K;R%K%e!<%H

%j%N%$%Y%s%H$KHf$Y!"�L $H�T $,>.$5$/!" Qres $,Bg$-$$!#

3KGK:U%$%Y%s%H%+%C%H$G$O!"A0100s$NCf$K$"$kA4$F$N%_%e!<%*%s$KBP$7L`EY$r7W;;$7!"

$=$N:GBgCM(L max ) $rM?$($k%_%e!<%*%s$rA*$V!#3KGK:U%$%Y%s%H$r=|5n$9$k>r7o$O50@W$,

:F9=@.$G$-$?%_%e!<%*%s$KBP$7$F$OLmax > 0.98$G!":F9=@.$G$-$J$+$C$?%_%e!<%*%s$KBP

$7$F$OLmax > 0.92$H$7$?!#? 4̂.2$KLmax $NJ,I[$H%/%i%$%F%j%"$r<($9!#$3$N%/%i%$%F%j

%"$O<'5$C16K;R%K%e!<%H%j%N%7%0%J%k$Nsigni�cance $,:GBg$K$J$k$h$&$K7h$a$k!#
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Isotope � 1
2
(s) decay mode Kinetic Energy (MeV)

8
2He 0.119 � � 9.67 + 0.98(
 )

� � n 16%
8
3Li 0.838 � � � 13
8
3B 0.77 � + 13.9
9
3Li 0.178 � � 13.6 (50.5 % )

� � n (� 50 % )
9
6C 0.127 � + n 3� 15

11
3 Li 0.0085 � � 16� 20 (� 50 % )

� � n � 16 (� 50 % )
11
4 Be 13.8 � � 11.51 ( 54.7 % )

9.41 + 2.1 (
 ) ( 31.4 % )
11
4 Be 0.0236 � � 11.71
12
5 B 0.0202 � � 13.37
12
7 N 0.0110 � + 16.32
13
5 B 0.0174 � � 13.44
13
8 O 0.0086 � + 13.2 16.7
14
5 B 0.0138 � � 14.55+6.09 (
 )
15
6 C 2.449 � � 9.77 ( 36.8 % )

4.47+5.30 (
 )
16
6 C 0.747 � � n � 4
16
7 N 7.13 � � 10.42 ( 28.0% )

4.29+6.13 (
 ) (66.2% )

I= 4.1: 3KGK:U@8@.J*$N0lMwI=
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?^ 4.2: 3KGK:U$NL`EYJ,I[!#:8?^$O50@W$,:F9=@.$G$-$?%_%e!<%*%s$KBP$9$kL`EYJ,I[$G!"1&

?^$O50@W$,:F9=@.$G$-$J$+$C$?%_%e!<%*%s$KBP$9$kL`EYJ,I[$G$"$k!#%/%i%$%F%j%"$rE@@~

$G<($9!#

3KGK:U%$%Y%s%H%+%C%H$K$h$k%G%C%I%?%$%`$O%i%s%@%`$K%$%Y%s%H$r%5%s%W%k$7$F!"21.1%$H

8+@Q$b$i$l$i$k!#%G%C%I%?%$%`$OSK ?eAe$N0LCV$K$h$C$FCM$,0[$J$k!#$3$N0LCV0MB8@-$O

MC %7%_%e%l!<%7%g%s$K9MN8$KF~$l$?!#

0J>e$N%+%C%H$O:GL`K!$K$h$k$b$N$G$"$k$,!":#C5:w$K$*$1$k2r@O%(%M%k%.!<NN0h$N2<8B

$O18MeV $G$"$j!"I= 4.1$r8+$k$H!"$3$NNN0h$KFC$K4X78$N$"$k3KGK:U$O%(%M%k%.!<$N9b

$$ 11Li !" 12N!" 14B $G$"$k$N$,J,$+$k!#$3$l$i$O%(%M%k%.!<$,9b$$0lJ}$G!"H>8:4|$,C;$$

$H$$$&6&DLE@$,$"$k!#$=$3$G3KGK:U$K$h$k%P%C%/%0%i%s%I$r$5$i$K=|5n$9$k$?$a$K1'Ch@~

%_%e!<%*%s$+$i0.15s0JFb$K5/$3$C$?%$%Y%s%H$OA4$FGS=|$7$?!#?^4.3$K%_%e!<%*%s$+$i

$N;~4V:9J,I[$H%/%i%$%F%j%"$r<($9!#

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

Bh2 >O$G@bL@$7$?$h$&$K!":#C5:w$K$*$1$k2r@O%(%M%k%.!<NN0h$N2<8B$O18MeV $G$"$k

$+$i!"EE;R$O� � v=c ' 1 $G6a;w$G$-$k$N$G!"M}A[E*$K$OEE;R$N%A%'%l%s%3%U3Q$OLs42�

$K$J$k$,!"<B:]$K$OEE;R$,B?=E;6Mp$r<u$1$k$?$a$K?^4.4$N$h$&$KLs42� $rCf?4$H$7$?9-

$,$j$r$b$C$?J,I[$H$J$k 4!#$^$?F1?^$K$OLs42� 0J30$K%T!<%/$,2 $D$"$k$N$,J,$+$k$,!"Dc

$$J}$O%_%e!<%*%s$K$h$k$b$N$G!"%_%e!<%*%s$O2r@O%(%M%k%.!<NN0h(< 55MeV) $G$Op� <
350 MeV $G$"$j!"$3$l$O%A%'%l%s%3%U3Q$K$7$F� ch < 38� $H$J$k$?$a$G$"$k!#9b$$J}$N

%T!<%/$O%,%s%^@~$K$h$k$b$N$G!"Bg5$%K%e!<%H%j%N$H;@AG86;R3K$H$NCf@-%+%l%s%HH?1~$G

4J,I[$,9-$,$j$r;}$DM}M3$H$7$F$OB>$K!"%P!<%F%C%/%9$NJ,2rG=$,M-8B$G$"$k$3$H$d%A%'%l%s%3%U3Q$N7W;;
$KMQ$$$kPMT $NK\?t$,M-8B$G$"$k$3$H$,5s$2$i$l$k!#
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$O!"86;R3K$rNe5/$7$FJ#?t$N%,%s%^@~$,J|=P$5$l$k$3$H$,$"$k!#J#?t$N%,%s%^@~$OEyJ}E*

$KJ|=P$5$l$k$N$GJ|=P3Q$H$7$F$_$k$H590� IU6a$K%T!<%/$r$b$D$3$H$K$J$k!#

<!$K6qBNE*$J%A%'%l%s%3%U8w$NJ|=P3Q$N7W;;J}K!$r@bL@$9$k!#

1. TOF(Time-Of-Flight) $r:9$C0z$$$?8e$N%R%C%HPMT $N;~4VJ,I[$KBP$7$F15nsAk$r

3+$$$F%R%C%HPMT $NK\?t N15 $,:GBg$N$H$3$m$rC5$9!#

2. N15 $NCf$NPMT $r 3 K\ 1 %;%C%H$NAH$r:n$j!"$=$l$>$l$NPMT $KBP$7$F:F9=@.$5$l

$?%P!<%F%C%/%9$+$i$NC10L%Y%/%H%k$r5a$a$k!#

3. C10L%Y%/%H%k$ND:E@$H:F9=@.$5$l$?%P!<%F%C%/%9$+$i0l0U$J1_?m$,IA$1$k$N$G!"$=

$3$+$i%A%'%l%s%3%U8w$NJ|=P3Q$r7W;;$9$k!#

4. 2$N:n6H$rN15 C3 DL$j$NA4$F$NAH$_$KBP$7$F9T$&!#

5. %A%'%l%s%3%U3QJ,I[$NJ?6Q$r$=$N%$%Y%s%H$N%A%'%l%s%3%U8w$NJ|=P3Q$H$7$F!"38� $+

$i 50� $^$G$r8uJd%$%Y%s%H$H$7$F!"$=$l0J30$r%+%C%H$9$k!#

$3$3$GN50 $J$I$h$j>/$J$$ N15 $rMQ$$$kM}M3$O<g$KH?<M$K$h$k%R%C%HPMT $r=|$/$?$a

$G$"$k!#

?^ 4.4$OSK-I1496F|J,$N%G!<%?$G$NJ,I[$G!"%A%'%l%s%3%U3Q%+%C%H0JA0$N%+%C%H(1st
%j%@%/%7%g%s!"%(%M%k%.!<%+%C%H4^$`) $r;\$7$?8e$N$b$N$G$"$k!#

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

%5%V%$%Y%s%H$H$O8uJd%$%Y%s%H$N;~4VE*6aK5$N%$%Y%s%H$G$"$k!#$3$3$G%+%C%H$5$l$?%5

%V%$%Y%s%H$O0J2<$N$h$&$J>l9g$K4G2a$5$l$k%_%e!<%*%s%$%Y%s%H$H%_%e!<%*%s$NJx2uEE;R

%$%Y%s%H$G$"$k!#

1. %@!<%/%R%C%H$K$h$k%H%j%,!<(SLE %H%j%,!<) $ND>8e$K1'Ch@~%_%e!<%*%s$,Mh$?>l9g!"

$=$N%_%e!<%*%s$NJx2uEE;R%$%Y%s%H$O1st %j%@%/%7%g%s$N;~4V:9%+%C%H(LE 0J>e$N

%$%Y%s%H$N4V3V$,50� s0JFb$N%$%Y%s%H$N=|5n) $G$OMn$A$J$$!#

2. Bg5$%K%e!<%H%j%N$N� � $OSK ?eAeFb$N3K;R$H0J2<$N$h$&$JH?1~$r5/$3$9!#

� � + N ! � � + N 0

� � ! e� � �� (4.12)

$3$3$GN' $O3K;R5Z$S$=$NNe5/>uBV$rI=$9!#$3$N:]@8@.$7$?%_%e!<%*%s$O1'Ch@~%_%e!<

%*%s$H$O0[$J$j!"OD %H%j%,!<$ON)$?$J$$!#$=$7$F$3$N%_%e!<%*%s$O!"%A%'%l%s%3%U

ogCM$rD6$($+$D:#$^$G$N%+%C%H$GMn$A$F$$$J$$2DG=@-$,$"$k6 !#

5J#?t$N%,%s%^@~$r1 8D$N2YEEN3;R$+$i@8$8$?$H$7$F7W;;$7$F$$$k$3$H$KCm0U!#
6$3$N>l9g%_%e!<%*%s$,2r@O%(%M%k%.!<NN0h(18 � 55MeV) $NCf$KF~$k$K$OA4%(%M%k%.!<$,160MeV DxEY

$N%_%e!<%*%s!"$9$J$o$A1?F0%(%M%k%.!<$,<ANL$HHf3S$7$FHs>o$K>.$5$$%_%e!<%*%s$K8B$i$l$k!#
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3. Bg5$%K%e!<%H%j%N$N� � $OSK ?eAeFb$N16O $H0J2<$N$h$&$JH?1~$r5/$3$9!#

� � + 16O ! (� � ) + 
 + X

(� � ) ! e� � �� (4.13)

$3$3$G(� ) $O%A%'%l%s%3%UogCM0J2<$N%_%e!<%*%s$rI=$9!#$3$N>l9g$b>e$HF1$8M}M3

$G:#$^$G$N%+%C%H$G$OMn$A$F$$$J$$2DG=@-$,$"$k!#

0J>e$rF'$^$($?>e$G!"$^$: PMT $N%R%C%H;~4VJ,I[(t window =1400ns)$K2 $D0J>e$N%T!<

%/$,N)$C$F$$$k%$%Y%s%H$O=|5n$7$?!#$=$l$K2C$(!"1. $N>l9g$KBP$7$F$O!"BgDq$N%_%e!<%*

%s$NAm8wNL$,1000p.e.$rD6$($F$$$k$3$H$+$i!"8uJd%$%Y%s%H$h$jA050� s0JFb$KAm8wNL$,

1000p.e.0J>e$N%$%Y%s%H$,$"$l$P$=$N8uJd%$%Y%s%H$O=|5n$7$?!#2. $N>l9g$KBP$7$F$O!"8u

Jd%$%Y%s%H$h$j8e50� s0JFb$K%P!<%F%C%/%9$I$&$7$,500cm0J2<$N%$%Y%s%H$,$"$l$P$=$N

8uJd%$%Y%s%H$O=|5n$7$?!#3. $G$O!"%_%e!<%*%s$,8+$($J$$>l9g$b%,%s%^@~$GH=CG$9$k$3$H

$,$G$-$k!#8uJd%$%Y%s%H$NA08e50� s0JFb$K%P!<%F%C%/%9$I$&$7$,500cm0J2<$N%$%Y%s%H

$,$"$l$P$=$N8uJd%$%Y%s%H$O=|5n$7$?!#

0J>e$N%+%C%H$G$b2.$G%A%'%l%s%3%UogCM0J2<$N%_%e!<%*%s$K$h$kJx2uEE;R(Michel EE;R)
$OMn$H$;$J$$$N$G7OE}8m:9$KF~$l$?!#

JI:] 
 @~%$%Y%s%H%+%C%H

M-8zBN@Q%+%C%H8e$bJI:]%,%s%^@~%$%Y%s%H$O$^$@B?$/;D$C$F$$$k!#$=$3$GM-8zBN@Q%+%C

%H$K2C$($F!"$5$i$KJI:]%,%s%^@~%$%Y%s%H$r8:$i$9$?$a$K!"%P!<%F%C%/%9$H$=$3$+$i%$%Y

%s%H$N:F9=@.$5$l$?J}8~$rAL$C$FJI$H8r:5$9$kE@$H$N5wN%$,450cm0J2<$N%$%Y%s%H$b=|

5n$7$?!#

4.2.3 3F%j%@%/%7%g%s$N7k2L

?^ 4.5$K3F%j%@%/%7%g%s$G%$%Y%s%H$,$I$N$h$&$K8:$C$?$N$+$r<($9!#$3$3$^$G$N%j%@%/

%7%g%s$G18� 55MeV $N4V$K163%$%Y%s%H(/1496 F| ) $,;D$C$?!#

?^ 4.6$K;D$C$?163%$%Y%s%H$NB@M[J}8~J,I[$r<($9!#:#O@J8$GC5:w$9$k<'5$C16K;R%K%e!<

%H%j%N$O!"B@M[$+$iMh$k%K%e!<%H%j%N$G!"$+$D?eAeFb$G$OEE;R;6Mp$r5/$3$9%K%e!<%H%j%N

$G$"$k!#$=$3$G?^$K<($5$l$kJ,I[$NCf$+$i<'5$C16K;R%K%e!<%H%j%N%7%0%J%k$@$1$rCj=P$9

$k$?$a$K$O!"$^$:<'5$C16K;R%K%e!<%H%j%N%7%0%J%k$,>e$HF1$8%j%@%/%7%g%s$r$+$1$?8e$K

$I$N$h$&$JB@M[J}8~J,I[$r$7$F$$$k$+$rCN$j!"$=$l$KBP$7$F2?$,%P%C%/%0%i%&%s%I$K$J$j

F@$k$+$rCN$kI,MW$,$"$k!#

$=$3$G0J2<$G$O!"MC %7%_%e%l!<%7%g%s$HM-$jF@$k%P%C%/%0%i%&%s%I$D$$$F=R$Y$k!#
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4.3 <'5$C16K;R%K%e!<%H%j%N$N%7%_%e%l!<%7%g%s

MC %7%_%e%l!<%7%g%s$G$OB@M[Fb$G� + $,Jx2u$7!"$=$3$G@8$8$?3 <oN`$N%K%e!<%H%j%N

$,%K%e!<%H%j%N?6F0$r7P$FCO5e$KFO$-!"6 <oN`$N%K%e!<%H%j%N$OA4$FSK ?eAeFb$G$OEE;R

;6Mp$N$_$r5/$3$9!"$H2>Dj$7$?!#0J2<$G$O!"$=$l$>$l2>Dj$7$?<0$J$I$K$D$$$F@bL@$9$k!#

0J2<$K!"<'5$C16K;R$,B@M[$KJa3M$5$l$F$+$i%K%e!<%H%j%N$,H/@8$9$k$^$G$N2aDx$r6qBN

E*$K=R$Y$k!#

==J,1sJ}$+$i<'5$C16K;R$,B@M[$KF~<M$7$?$H$9$k$H!"B@M[Cf$N<'5$C16K;R$N?tNM $O

NM = �R 2
�

 

1 +
�

� esc

� M

� 2
!

4�F M t � (4.14)

$G$"$k(F3=P$OIUO?;2>H)!#$3$3$G!"R� (=7 � 1010cm) $OB@M[$NH>7B!"� esc (=2 � 10� 3) $O

B@M[$+$i$NC&=PB.EY!"� M $O1sJ}$G$N<'5$C16K;R$NB.EY!"FM $O<'5$C16K;R$N%U%i%C%/%9!"

t � (=4.57 � 109yr) $OB@M[$NG/Np$G$"$k!#B@M[Cf$KF~<M$7$?<'5$C16K;R$O!"B@M[Cf$N%W%i

%:%^$N1F6A$G%(%M%k%.!<B;<:$r7+$jJV$7!":G=*E*$K$OB@M[$N%3%"$KC#$9$k[38, 39]!#$^$?!"

B@M[%3%"Cf$G$OH?<'5$C16K;R$H$NBP>CLG$OL5;k$G$-$k(IUO?;2>H)!#

4.3.1 B@M[Fb$G$NH?1~

0J2<$G$O!"$9$Y$F$N<'5$C16K;R$OB@M[%3%"Cf$KB8:_$9$k$H2>Dj$9$k!#<'5$C16K;R$OM[;R

$dCf@-;R$KBP$9$k?(G^8z2L$,Bg$-$$$N$GB@M[Cf?4$G$N?eAG$NL)EY$GM[;R$NJx2uIQEY$,7h$^

$k!#$^$?B@M[Cf$G:G$bB?$$85AG$G$"$k%X%j%&%`$KBP$7$F$ORubakov 8z2L$O$[$H$s$I5/$3

$i$J$$ [40]!#$h$C$F<'5$C16K;R$K$h$kM[;RJx2u$NIQEY$O!"

f p =
Z

nM �v rel � H NA d3x = NM �v rel � H NA decay=s (4.15)

$H$J$k!#$3$3$G!"nM $OB@M[Cf$N<'5$C16K;R$N?tL)EY$G$"$j!"NM $OB@M[%3%"A4BN$N<'5$

C16K;R$NB8:_NL$G$"$k!#� $ORubakov 8z2L$NCGLL@Q$G$"$j!"vrel = � rel c(=2 � 10� 3c) $O<'

5$C16K;R$HM[;R$H$NAjBPB.EY$G$"$k!#� H (=50.4g/cm 3) $OB@M[Cf?4$G$N?eAG$N<ANLL)EY$G

$"$k!# NA $O%"%\%,%I%m?t$G$"$k!#:G8e$N<0$K0\$k:]$K!"Bh2 <0$NHo@QJ,4X?t$,>l=j$K0M

$i$J$$$H$$$&6a;w$rMQ$$$?!#

CO5e$K$*$1$k<'5$C16K;R%K%e!<%H%j%N$NA4%U%i%C%/%9I 0(cm� 2s� 1) $OB@M[Cf$G$NM[;RJx

2u$NIQEY$KBP$7$F<!$N$h$&$J4X78$,$"$k:

I 0 = 3 �
f pR� e

4�d 2 cm� 2s� 1 (4.16)

$3$3$G!"d = 1 :5 � 1013cm $O!"B@M[$+$iCO5e$^$G$NJ?6Q5wN%$G$"$k!#R� e $OM[;R$,B@M[Cf

$GJx2u$7$?8e!"� + $,Jx2u$7$F� e $,@8@.$5$l$k3NN($G!"

R� e = B � + (1 � A � + ) (4.17)

$H=q$1$k!#$3$3$G!"B � + $O!"M[;R$,Jx2u$7$F� + $,=PMh$kJx2uJ,4tHf$G!"0.519$H$7$?[49]!#
A � + (=0.2) $O!"B@M[Cf$G� + $, He 86;R3K$K5[<}$5$l$k3NN($G$"$k[41]!#0lEY$NM[;RJx2u
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$G� e $HF1?t$N� � $H�� � $,@8@.$5$l$k$N$G!"I 0 $N<0$K$O%U%!%/%?!<3 $,3]$+$k!#$^$?8e=R

$9$k%K%e!<%H%j%N?6F0$r7P$?8e$bI 0 $NBg$-$5$OJQ$o$i$J$$!#

M[;R$,Jx2u$7$F$+$i%K%e!<%H%j%N$X$NH?1~7ONs$r$^$H$a$k$H0J2<$N$h$&$K$J$k:

p ! (� 0; !; �; K + ; � � � ) + e+ (or � + ) (4.18)

(� 0; !; �; K + ; � � � ) ! � + (4.19)

� + ! � + � � (4.20)

� + ! e+ + � e + �� � (4.21)

:G8e$K!"3F%K%e!<%H%j%N$N@8@.;~$K$*$1$k%9%Z%/%H%k$K$D$$$F=R$Y$k!#@h$:!"� + $NJx2u

$GD>@\@8$8$k� � $O2 BNJx2u$G@8@.$5$l$k$N$G29.79MeV$NC10l$N%(%M%k%.!<$r$b$D!#

dN (E � � )
dE� �

= � (E � � � 29:79) (4.22)

0lJ}!"F1;~$K@8$8$k� + $OB@M[Fb$G@E;_$7$F$+$iJx2u$9$k$H9M$($i$l$k$N$G!"$=$3$GJ|=P

$5$l$k%K%e!<%H%j%N$OEyJ}E*$G!"$7$?$,$C$F%(%M%k%.!<%9%Z%/%H%k$O!"

dN (E � e )
dE� e

=
96(m� c2 � 2E � e )

(m� c2)4 E 2
� e

(E � e �
1
2

m� c2) (4.23)

dN (E �� � )
dE �� �

=
16(3m� c2 � 4E �� � )

(m� c2)4 E 2
�� �

(E �� � �
1
2

m� c2) (4.24)

$3$3$G!"m� $O%_%e!<%*%s$N<ANL(105.6MeV/c2) $G$"$k!#$3$l$i$N%9%Z%/%H%k$OA4$F5,3J

2= (0 � E � � 1
2m� c2 $NHO0O$G@QJ,$9$k$H1) $7$F$"$k!#?^ 4.7 $K$3$l$i$N%9%Z%/%H%k$r

<($9!#<B:]$K MC %7%_%e%l!<%7%g%s$r9T$&:]$K$O� � $N%9%Z%/%H%k(%G%k%?4X?t) $r%(%M%k

%.!<I} 1MeV $N6k7A7$G6a;w$7$?!#

4.3.2 %K%e!<%H%j%N?6F0$N8z2L

B@M[$N%3%"$G@8@.$7$?3 <oN`$N%K%e!<%H%j%N� e; �� � ; � � $OCO5e$KFO$/$^$G$K%K%e!<%H%j

%N?6F0$r7P$k$N$G!"8!=P4o$G8+$k%K%e!<%H%j%N%(%M%k%.!<%9%Z%/%H%k$N7A$O?^4.7$H$O0[

$J$k!#

0lHLE*$J?6F08x<0$OIUO?$GF3$$$F$"$k$N$G!"$3$3$G$O$=$N7k2L$@$1$rMQ$$$k$3$H$K$9$k!#

K\2r@O$G$O!"%K%e!<%H%j%N?6F0%Q%i%a!<%?$H$7$F[45]$N2007G/EY$N%Y%9%H%U%#%C%HCM$G

$"$k sin2 � = 0 :32; � m2 = 7 :6 � 10� 5eV2=c4 $rMQ$$!"� 13 $OK\2r@O$G$O$[$H$s$I8z$+$J$$

$H$7$F%<%m$H$*$$$?!#B@M[$+$iCO5e$^$G%K%e!<%H%j%N$,EAGE$9$k4V$N?6F03NN($OCGG.6a;w

(IUO?;2>H) $rMQ$$$F

P(� e ! � e) =
1
2

(1 + cos 2� cos 2~� ) (4.25)

P(� � ! � e) =
1
4

(1 � cos 2� cos 2~� ) (4.26)

P(�� � ! �� e) =
1
4

(1 � cos 2� cos 2~�� ) (4.27)

7$h$j@53N$K$O(29.29MeV,30.29MeV) $N%(%M%k%.!<6h4V!#
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$G$"$k!#$3$3$G!"~�; ~�� $O$=$l$>$l%K%e!<%H%j%N!"H?%K%e!<%H%j%N$NB@M[Cf?4$G$NM-8z:.9g

3Q$G$"$k!#

<!$K@bL@$9$k$h$&$KEE;R$H$NCF@-;6Mp$NCGLL@Q$O� � $H� � (H?%K%e!<%H%j%N$N>l9g$O�� � $H

�� � ) $H$GJQ$o$i$J$$$N$G!"$3$l$i$OK\2r@O$G$O$^$H$a$F� h(H?%K%e!<%H%j%N$N>l9g$O�� h) $H

=q$/$3$H$K$7$?!#$3$N;~!">e$G=q$$$??6F03NN(0J30$N?6F03NN($K$D$$$F$O!"P(� e ! � h) =
1 � P(� e ! � e) Ey$rMQ$$$FMF0W$K7W;;$G$-$k!#

$3$l$i$r>e$K=q$$$?3<oN`$N%K%e!<%H%j%N$N%(%M%k%.!<%9%Z%/%H%k$KE,MQ$9$k$H!"?^4.8
$N$h$&$J%9%Z%/%H%k$,F@$i$l$k!#
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?^ 4.8: %K%e!<%H%j%N$NSK 8!=P4oE~C#;~$N%(%M%k%.!<%9%Z%/%H%k

4.3.3 ?eAeFbEE;R$H$NCF@-;6Mp

K\2r@O$G$O%9!<%Q!<%+%_%*%+%s%G8!=P4o$KF~<M$7$?%K%e!<%H%j%N$,?eCf$NEE;R$HCF@-;6

Mp$r$9$k>l9g$@$1$r9M$($k!#$3$N$H$-%K%e!<%H%j%N$HEE;R$H$N;6MpCGLL@Q$O!"0J2<$GM?$(
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$i$l$k :

d�
dy

=
G2

F E � mec2

2�
[A0 + B0(1 � y)2 + C0ymec2=E� ]; y �

Ee � mec2

E �
(4.28)

$3$3$G!"GF $O%U%'%k%_7k9gDj?t!"me $OEE;R$N@E;_<ANL!"E� $OF~<M%K%e!<%H%j%N$N%(%M

%k%.!<!"Ee $OH?D7EE;R$N%(%M%k%.!<$G$"$k!#$^$?A0; B0; C0 $NCM$O$=$l$>$l$N%K%e!<%H

%j%N$GI=4.2$GM?$($i$l$kCM$r$H$k!#

%K%e!<%H%j%N$N<oN` A0 B0 C0

� e (g'A +g' V )2 (g'A - g'V )2 g'2A - g'2V
� h (h = � or � ) (gA +g V )2 (gA - gV )2 g2

A - g2
V

�� e (g'A - g'V )2 (g'A +g' V )2 g'2A - g'2V
�� h (h = � or � ) (gA - gV )2 (gA +g V )2 g2

A - g2
V

I= 4.2: 3F%K%e!<%H%j%N$NEE;RCF@-;6MpCGLL@Q$K4^$^$l$k78?t

$?$@$7!"$3$NI=$G

g0
A = gA + 1 =

1
2

(4.29)

g0
V = gV + 1 = 2 sin 2 � W +

1
2

(� W : weak mixing angle) (4.30)

$G$"$k!#$3$l$i$rMQ$$$F!"H?D7EE;R$N%(%M%k%.!<%9%Z%/%H%k$,5a$^$k(?^ 4.9)!#

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

MC $N%G!<%?$K$O<B:]$N%G!<%?$HF1$8%j%@%/%7%g%s$r$+$1$F3F%j%@%/%7%g%s$Ne�ciency
$r8+@Q$b$k$Y$-$@$,!"3KGK:U%$%Y%s%H%+%C%H$K$D$$$F$OD>A0$N%_%e!<%*%s$,B8:_$7$J$$$N

$G!"MC $G:G8e$K;D$C$?A4$F$N%$%Y%s%H$K%G%C%I%?%$%`J,$N=E$_$r$+$1$k$3$H$K$7$?!#

?^ 4.10,4.11$K%j%@%/%7%g%s$G;D$C$?%$%Y%s%H$N%(%M%k%.!<J,I[$HJ}8~J,I[$r<($9!#

88



0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0 10 20 30 40 50 60 70

ne+n
±

e+nh+n
±

h

ne

nh

n
±

h

n
±

e

Ee (MeV)

?^ 4.9: H?D7EE;R$N%(%M%k%.!<%9%Z%/%H%k(A4$F$N<oN`$K$D$$$FB-$7>e$2$?%9%Z%/%H%k$r

4^$`)!#$?$@$7$3$N?^$G$OSK $N%(%M%k%.!<J,2rG=$K$h$k1F6A$O9MN8$7$F$$$J$$!#$*$h$=

30MeV $N$H$3$m$GBg$-$/%9%Z%/%H%k$,JQ2=$9$k$N$O� � $,C10l$N%(%M%k%.!<$r;}$D$?$a$G

$"$k (?^ 4.8 ;2>H)!#
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?^ 4.10: 3F%j%@%/%7%g%s8e$N%(%M%k%.!<%9%Z%/%H%k(MC) !#=D<4$O%$%Y%s%H?t$G!"%j%@%/

%7%g%sA0$NA410017%$%Y%s%H$NFb!"%j%@%/%7%g%s8e$K;D$C$?%$%Y%s%H?t$O1976.8%$%Y%s

%H$G$"$k!#
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?^ 4.11: MC $K%j%@%/%7%g%s$r3]$1$?8e$NB@M[J}8~J,I[!#2#<4$N8+J}$O?^4.6$HF1$8!#$3

$N?^$O<'5$C16K;R%K%e!<%H%j%N$NA4%U%i%C%/%9$rK\O@J8$GF@$i$l$?90%C.L. $N>e8BCM$G

$"$k 3:9 � 102 cm� 2s� 1 $H$7$?$b$N$G$"$k!#
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4.5 %P%C%/%0%i%&%s%I

A4%j%@%/%7%g%s$r3]$1$?8e$K$bA4$F$N%P%C%/%0%i%&%s%I$,Mn$A$k$o$1$G$O$J$/!"<B:]$K

$O;D$C$?%$%Y%s%H$NBgH>$O%P%C%/%0%i%&%s%I$G$"$k$H9M$($i$l$k!#$7$?$,$C$F!"$3$N;D$C

$?%P%C%/%0%i%&%s%I$rM}2r$7@5$7$/<h$j=|$/$3$H$G!"$5$i$K8uJd%$%Y%s%H$r9J$k$3$H$,2D

G=$G$"$k!#

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

B@M[%K%e!<%H%j%N$N%(%M%k%.!<%9%Z%/%H%k(?^ 3.3) $r8+$k$H!"<'5$C16K;R%K%e!<%H%j%N

$N2r@OogCM$G$"$k18MeV IU6a$^$G%9%Z%/%H%k$,?-$S$F$$$k$N$O8B $Hhep$+$i$N%K%e!<

%H%j%N$G$"$k!#$3$l$i$N%K%e!<%H%j%N$OSK $NM-8B$NJ,2rG=$r9M$($k$H!"18MeV 0J>e$K^z

$_=P$7$+$M$J$$!#

SK-I $N%i%$%V%?%$%`$G$"$k1496F|$N4V$K18MeV 0J>e$N%$%Y%s%H$O1.8%$%Y%s%H$H8+

@Q$b$i$l$k!#$?$@$7K\O@J8$N<'5$C16K;R%U%i%C%/%9$N%j%_%C%H$r=P$9:]$K$OB@M[%K%e!<%H

%j%N$+$i$N%P%C%/%0%i%&%s%I$O9MN8$KF~$l$J$+$C$?!#$3$l$r:9$C0z$1$P$5$i$K%j%_%C%H$,

87$7$/$J$k$H9M$($i$l$k!#

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

0l<!1'Ch@~(Ls 9 3d$,M[;R$G!";D$j$O%"%k%U%!N3;R$d$=$l$h$j=E$$86;R3K) $,Bg5$Cf$GJ,

;R$H>WFM$7$F%+%9%1!<%I%7%c%o!<$,@8@.$5$l$k!#$3$N%+%9%1!<%I$K$h$C$F2 <!N3;R$H$7$F

Cf4V;R$,@8@.$5$l!"$3$NCf4V;R$,Jx2u$9$k:]$KBg5$%K%e!<%H%j%N(� e; �� e; � � ; �� � ) $,0J2<$N

$h$&$J7ONs$r7P$F@8@.$5$l$k:

� � � $d �� � $X$O

� + ! � + � � ; � � ! � � �� � (4.31)

K + ! � + � � ; K � ! � � �� � (4.32)

K 0
L ! � � � + � � ; K 0

L ! � + � � �� � (4.33)

� + ! e+ �� e� � ; � � ! e� � e�� � (4.34)

� � e $d �� e $X$O

K 0
L ! � � e+ � e; K 0

L ! � + e� �� e (4.35)

� + ! e+ �� e� � ; � � ! e� � e�� � (4.36)

$3$l$i$N%K%e!<%H%j%N$+$i$N%P%C%/%0%i%&%s%I$O1 <!1'Ch@~$,$[$H$s$IEyJ}E*$KCO5e$N

Bg5$$KF~<M$9$k$3$H$+$i!"B@M[J}8~J,I[$r8+$k$H$[$H$s$IJ?$i$JJ,I[$r$7$F$$$k$H9M$($i

$l$k!#$=$3$G!"<!@a$G@bL@$9$k$h$&$J!"EyJ}E*$J%P%C%/%0%i%&%s%I$r2>Dj$7$FB@M[J}8~$N

%$%Y%s%H$+$i:9$C0z$/$H$$$&J}K!$K$h$C$F$3$l$i$O<h$j=|$1$k!#
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4.5.3 Michel EE;R$+$i$N%P%C%/%0%i%&%s%I

I= 2.1$K<($5$l$k$h$&$K!"157.4MeVDxEY$+$=$l$h$jDc$$%(%M%k%.!<$r;}$C$?%_%e!<%*

%s$O%A%'%l%s%3%U8w$rJ|=P$7$J$$$+!"0?$$$OJ|=P$7$?$H$7$F$b6K6O$+$J$N$GSK $G$O8!=P

$5$l$J$$!#$3$N%_%e!<%*%s$H$=$NJx2uEE;R$O<!$N$h$&$J%W%m%;%9$G@8@.$5$lF@$k$,>e=R$7

$?%5%V%$%Y%s%H%+%C%H$G$bMn$A$:$K8uJd%$%Y%s%H$NCf$K@x$s$G$$$k2DG=@-$,9b$$!#

� � + N ! (� � ) + N 0 (4.37)

(� � ) ! e� � �� (4.38)

$7$+$7!"$3$N%$%Y%s%H$bB@M[J}8~J,I[$H$7$F$O$[$H$s$IJ?$i$JJ,I[$r$7$F$$$k$H9M$($i$l

$k$N$G!"$d$O$jBg5$%K%e!<%H%j%N$HF1MM!"EyJ}E*$J%P%C%/%0%i%&%s%I$NCf$K4^$a$k$3$H$,

$G$-$k!#
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4.6 <'5$C16K;R%K%e!<%H%j%N%7%0%J%k$NCj=P

?^ 4.5$N163%$%Y%s%H$+$i<'5$C16K;R%K%e!<%H%j%N%7%0%J%k$rCj=P$9$k$?$a$K!"$^$:J}

8~J,I[$r 20%S%s$KJ,$1!">e$GF@$?MC $N6J@~$r5,3J2=$7$?(LL@Q$r1 $H$7$?) $b$N$H!"J?

$i$J%P%C%/%0%i%&%s%I(LL@Q$r1 $H$7$?$N$G3F%S%s$GCM$O1/20) $NN>J}$r=E$M9g$o$;$k$3

$H$G%U%#%C%H$7$?!#$=$7$F!"0J2<$GDj5A$5$l$k� 2(�; � )( �; � $O<B?t) $G3F� $KBP$9$k:G>.

CM� 2
min (� ) $r5a$a$?($D$^$j � $r8GDj$7$F� $N$_$rF0$+$9)!#

� 2(�; � ) �
20X

i =1

f N real (i ) � �N f lat (i ) � �N MC (i )g2

� 2
i

(4.39)

$3$3$G!"N real (i ); N f lat (i ); NMC (i ) $O$=$l$>$l i HVL\$N%S%s$K$*$1$k4QB,$5$l$?%$%Y%s%H

?t!"J?$i$J%P%C%/%0%i%&%s%I!"MC $K$h$k%7%0%J%k($r5,3J2=$7$?$b$N) $NCM$G$"$k!#$^$?

� i $OK\Mh

� 2
i � � 2

stat;i + � 2
sys;i (4.40)

$G$"$k$,!"K\2r@O$G$O� sys;i $NJ}$O8+@Q$b$kM>M5$,$J$+$C$?$N$G!"$3$3$G$O4^$a$J$+$C$?!#

<!$K!" expf� � 2
min (� )=2g $r � $N4X?t$H$7$F%W%m%C%H$7(?^ 4.12)!" � $,@5$NNN0h$N(A4)

LL@Q$KBP$7$F0 $+$i@QJ,$7$FLL@Q$,90%$H$J$k� $r5a$a!"$=$NCM$r<'5$C16K;R%K%e!<%H

%j%N%U%i%C%/%9$N90%C.L.$G$N>e8BCM(� 90) $H$7$?!#$3$N$H$-� 90 $NCM$O11.5$G$"$C$?!#

?^ 4.13$K%U%#%C%H$N7k2L$r<($9!#$3$l$OJ*M}E*$K$O1496F|$N4V<'5$C16K;R%K%e!<%H%j%N

%U%i%C%/%9$,SK ?eAe$NCf$rDL2a$9$k:]$K!"90%C.L.$G11.52s$N%$%Y%s%H$b@8$8$J$$$H$$

$&$3$H$r0UL#$7$F$$$k!#

$^$?!"J?$i$J%P%C%/%0%i%&%s%I$@$1$r2>Dj$7$F%G!<%?$NJ?6QCM$KBP$9$k� 2 CM$r7W;;$9

$k$H!"� 2/d.o.f = 20.4/19 $G$"$C$?!#$3$NCM$O37%C.L.$KAjEv$7!"%j%@%/%7%g%s8e$NJ,I[

$O==J,J?$i$H8+$J$;$k$3$H$,<($5$l$?!#
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4.7 <'5$C16K;R%U%i%C%/%9$N>e8BCM

>e$K=P$F$-$?<'5$C16K;R%K%e!<%H%j%N$NA4%U%i%C%/%9$rI 0 $H$9$k$H!"A4%$%Y%s%H?tN total

$O0J2<$N$h$&$K$J$k:

N total = N target

Z
dT

Z
dEe

Z
dE� � det(T)

X

i;j

I 0

3

�
� i (E � )P(� i ! � j )

d� j

dEe

�
(4.41)

$3$3$G!"� det(T) $O;~9oT $K$*$1$k8!=P8zN(8 !" N target (= 1 :07� 10348D) $OSK Fb?eAe$K4^

$^$l$kA4EE;R?t$rI=$9!#Ee; E � $O$=$l$>$lH?D7EE;R!"%K%e!<%H%j%N$N%(%M%k%.!<$rI=$9!#

$^$?!" � i $O<oNì $N%K%e!<%H%j%N$N5,3J2=$5$l$?%(%M%k%.!<%9%Z%/%H%k$G$"$k!#$3$3$GT
$OA4%i%$%V%?%$%`$K$o$?$C$F@QJ,$9$k!#N total $r>e$G5a$a$?� 90(= 11 :5) $KEy$7$$$H$*$/

$3$H$G!"%K%e!<%H%j%N$NA4%U%i%C%/%9$O0J2<$N$h$&$K5a$^$C$?:

I 0 < 3:9 � 102 cm� 2s� 1 (90%C:L:) (4.42)

$h$C$F!"<0(4.16) $K$h$j!"B@M[Cf$G$NM[;RJx2u$NIQEYf p $O

f p < 9:0 � 1029 s� 1 (90%C:L:) (4.43)

$H8+@Q$b$i$l$k!#$3$3$+$i!"<0(4.15) $rMQ$$$F!"B@M[Cf$N<'5$C16K;R$NB8:_NLNM $,

NM

� � 0

1mb

�
< 1:6 � 1018 (90%C:L:) (4.44)

$HJ,$+$k$N$G!"� M � � esc = 2 � 10� 3 $KBP$7$F!"1'Ch$K$*$1$k<'5$C16K;R%U%i%C%/%9FM

$N>e8BCM$O<0(4.14) $h$j!"

FM

� � 0

1mb

�
< 1:5 � 10� 23

�
� M

10� 3

� 2

cm� 2s� 1sr� 1 (90%C:L:) (4.45)

$H5a$^$k!#$h$j0lHL$N� M $KBP$7$F$O!"

FM

� � 0

1mb

�
< 6:0 � 10� 23

 

1 +
�

� esc

� M

� 2
! � 1

� (mM ; � M )� 1 cm� 2s� 1sr� 1 (90%C:L:)

(4.46)
$H=q$1$k!#$3$3$G� (mM ; � M ) $O!"B@M[$K<'5$C16K;R$,Ja3M$5$l$k3NN($KBP$9$k$=$N<ANL

mM $N0MB8@-$rI=$7$F$$$k!#mM � 1015GeV/c 2 $J$i$P!" � (mM ; � M ) ' 1$G$"$j!" mM �
1015GeV/c 2 $J$i$P!" � M $,Bg$-$/$J$k$H� (mM ; � M ) < 1 $H$J$k!#� M > � esc = 2 � 10� 3

$K$*$$$F!"<'5$C16K;R$N<ANL$,Bg$-$/$J$k$H!"B@M[$KF~<M$7$?$H$-$N%(%M%k%.!<B;<:$,1?

F0%(%M%k%.!<$KHf$Y>.$5$/$J$j2a$.$F!"<'5$C16K;R$rJa3M$9$k3NN($,B.EY$H$H$b$K5^7c$K

>.$5$/$J$k!#

8 ;~9o$H$H$b$K?e$NF)2aN($,JQ2=$9$k$?$a!#
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4.8 Am3g$H>-Mh$N2]Bj

:#2s SK-I $N1496F|$N%G!<%?$rMQ$$$F!"1'ChGX7J<'5$C16K;R%U%i%C%/%9$r8+@Q$b$C$?!#

7k2L$O0lHL$N� M $KBP$7$F!"

FM

� � 0

1mb

�
< 6:0 � 10� 23

 

1 +
�

� esc

� M

� 2
! � 1

� (mM ; � M )� 1 cm� 2s� 1sr� 1 (90%C:L:)

(4.47)
$G$"$j!"$3$NCM$O5l%+%_%*%+%s%G$N%G!<%?$+$i8+@Q$b$i$l$?%j%_%C%H[49]$h$j$b$5$i$K0l

7e87$7$$%j%_%C%H$G$"$j!"$^$?8=:_$KF@$i$l$F$$$k:G$b87$7$$%j%_%C%H(Cf@-;R@1$+$i$N

%j%_%C%H) $HF1DxEY$K87$7$$%j%_%C%H$G$b$"$k!#?^4.14$K3F<B83$K$h$C$F:#$^$G$KF@$i$l

$F$$$k%j%_%C%H$H:#2s$N2r@O$GF@$i$l$?%j%_%C%H(@V@~) $r<($9!#

?^ 4.14: 3F<B83$K$h$C$F:#$^$G$KF@$i$l$F$$$k<'5$C16K;R%U%i%C%/%9$N%j%_%C%H$H:#2s$N

2r@O$GF@$i$l$?%j%_%C%H(@V@~)

:#2r@O$N2~NI$9$Y$-E@$K$D$$$F0J2<$K%j%9%H%"%C%W$9$k$H!"
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1. 7OE}8m:9$N8+@Q$b$j$b=*$o$i$;!"$h$j?.Mj$G$-$k%j%_%C%HCM$r=P$9!#

2. SK-II,SK-III(,SK-IV) $N%G!<%?$b2C$($FE}7W$rA}$d$9!#

$H$J$k!#
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Bh5>O Am3g

K\8&5f$G$O$^$:SK-III $K$*$$$F%i%8%&%`G;EYB,Dj$r9T$C$?!#SK $NM-8zBN@QFb$K$*$1$k

B@M[%K%e!<%H%j%N$N%P%C%/%0%i%&%s%I$OH>8:4|$ND9$$J|<M@-F10LBN$G$"$k226Ra,228Th $K

5/8;$r;}$D$H9M$($i$l$k$,!"$=$l$,M-8zBN@QFb$KB8:_$9$k226Ra,228Th $K$h$k$b$N$J$N$+!"

$=$l$H$bJI:]$GH/@8$7$?%P%C%/%0%i%&%s%I;v>]$N%_%9%U%#%C%H$N$?$a$KM-8zBN@QFb$GH/@8

$7$?8=>]$H$7$F$$$k$N$+$OJ,$+$C$F$$$J$+$C$?!#

$=$3$G!"A0<T$N2DG=@-$r8!F$$9$k$?$a$K!"SK $NM-8zBN@QFb$K$*$1$k%i%8%&%`226Ra,224Ra
$NG;EYB,Dj$r9T$C$?!#$=$N7k2L[226Ra] � 0.078 mBq/m3 (90%C.L.), [228Th] � 0.16
mBq/m 3 (90%C.L.) $N%j%_%C%H$rF@$?($?$@$7SK ?eAeFb$G$OJ|<MJ?9U$,@.$jN)$C$F$$

$k$H9M$($i$l$k$N$G!"[228Th] = [ 224Ra])!#$3$l$i$NCM$r%P%C%/%0%i%&%s%I$N%$%Y%s%H%l!<

%H$r3F%i%8%&%`F10LBN$G@bL@$9$k$?$a$KI,MW$H$5$l$kG;EY[226Ra] = 0.5 mBq/m 3, [228Th]
= 0.07 mBq/m 3 $HHf3S$9$k$3$H$K$h$j!"M-8zBN@QFb$K$*$1$kB@M[%K%e!<%H%j%N$N%P%C%/

%0%i%&%s%I$,?eCf$KMO$1$@$7$?226Ra $K5/8;$r;}$D2DG=@-$OGS=|$5$l$?!#0lJ}!"228Th $K

4X$7$F$OE}7W8m:9!"7OE}8m:9$,Bg$-$9$.$FK\<B83$G$O7kO@$,=P$;$J$+$C$?$?$a!":#8e$5$i

$J$k%9%?%G%#$rI,MW$H$9$k!#6qBNE*$K$O%+%i%`$H%i%I%s8!=P4o$rMQ$$$?F1MM$N<B83$G$h$j

E}7W$rA}$d$;$k$h$&$K9)IW(%+%i%`$NJBCV$J$I) $9$k$3$H$,9M$($i$l$k$,!" 224Ra(%H%j%&%`

7ONs) $N<wL?$,226Ra(%&%i%s7ONs) $J$I$HHf3S$7$F6K$a$FC;$$$?$a$K!"E}7W8m:9$rA}$d$7

$F$b7OE}8m:9$,8:$i$J$$$?$a$K$3$N$d$jJ}$K$O8B3&$,$"$k!#B>$NJ}K!$H$7$F!"%H%j%&%`7O

Ns$G224Ra 0J30$NJ|<M@-F10LBN$r8!=P$9$k$3$H$K$h$C$F$h$j6/$$%j%_%C%H$,F@$i$l$k$h$&

$JJ}K!$rC5$9$3$H$J$I$,9M$($i$l$k!#Nc$($PICP <ANLJ,@OK!$K$h$C$F232Th $N<ANL$rB,

Dj$9$k$3$H$,9M$($i$l$k$,!"$3$NJ}K!$G$O10� 14g/g %l%Y%k$N232Th $NB,Dj$,2DG=$G$"$k

$,!" SK-III %U%!%$%J%k%5%s%W%k$N%$%Y%s%H%l!<%H$rJ|<MJ?9U$r2>Dj$7$F232Th G;EY$K49;;

$9$k$H� 2� 10� 14g/g $H$J$k(?eAeFb$N0LCV$K$h$j%U%!%/%?!<DxEY0[$J$k) $N$G!"ICP <ANL

J,@OK!$K$h$j232Th $rB,Dj$9$kJ}$,%+%i%`$K$h$j224Ra $rB,Dj$9$k$h$j$b 208Tl $KBP$9$k

6/$$%j%_%C%H$,F@$i$l$k2DG=@-$,$"$k!#$?$@$7!"$"$/$^$GB,Dj$NL\E*$OM-8zBN@QFb$N%P%C

%/%0%i%&%s%I$r@bL@$G$-$k$+$I$&$+$r8!>Z$9$k$3$H$G$"$k$+$i!"$=$N$?$a$KI,MW$J@:EY$,

F@$i$l$J$1$l$P0UL#$,$J$$$3$H$O8@$&$^$G$b$J$$!#

$^$?SK-I $N1496F|J,$N%G!<%?$rMQ$$$?BgE}0lM}O@<'5$C16K;R$NC5:w$r9T$C$?!#B@M[$,

<'5$C16K;R$rJa3M$7B3$1$F$$$k$H$9$k$HC_@Q$7$?<'5$C16K;R$,?(G^8z2L(Rubakov 8z2L)
$K$h$C$FM[;RJx2u$r0z$-5/$3$9$3$H$K$h$j%K%e!<%H%j%N$,J|=P$5$l$k!#K\O@J8$G$OH?D7EE

;R$N%(%M%k%.!<$,18MeV $+$i 55MeV $N%K%e!<%H%j%N$rC5:w$7!"<'5$C16K;R$N%U%i%C%/

%9$H$7$F!"FM (� 0=1mb) < 1:5 � 10� 23(� M =10� 3)2cm� 2s� 1sr� 1 (90%C.L.) $N%j%_%C%H$r

F@$?!#$3$NCM$O8=:_$^$G$K9T$o$l$?<B83$NCf$G$O:G9b46EY$N%j%_%C%H$G$"$k!#
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IU O?A <'5$C16K;R2r@O$NJdB-

$3$NIUO?$G$O!"K\O@J8$G0E$K2>Dj$7$?<'5$C16K;R$NMM!9$J@-<A$dB@M[Cf$G$N=tH?1~Ey$r

4pACE*$J4X78<0$+$i6qBNE*$KF3$-!"<'5$C16K;R2r@O$NM}2r$r?<$a$k!#

A.1 Dirac <'5$C16K;R

0J2<!" SI C10L7O$GEE2Y$NNL;R2=$rF3$/!#

<'>lCf$NEE2Ye $N2YEEN3;R$N:nMQ$O

S = S0 + e
Z 2

1
A � dx (A.1)

$G$"$k!#$3$3$GS0 $O<+M3N3;R$KBP$9$k:nMQ$G$"$k!#$7$?$,$C$FN3;R$,JD$8$?7PO)� $r0l

<~$9$k?6I} A $O

A / exp
�
i
e
~

I

�
A � dx

�
= exp

�
i
e
~

Z

�
B � dS

�
(A.2)

$H=q$1$k!#$3$3$G� $O� $G6-3&$E$1$i$l$k6JLL$G$"$k!#A $,0l2A$G$"$k$?$a$K$O!"<'5$

C16K;R$r0O$`JD6JLL$r2#@Z$kA4<'B+$On $r@0?t$H$7$F

e
~

I
B � dS = 2 �n (A.3)

$rK~$?$5$J$1$l$P$J$i$J$$!#

0lJ}!"JD6JLL$r2#@Z$k<'B+$,%<%m$G$J$$$H$-$O!"JD6JLL$NFbIt$K<'5$C16K;R$,$J$1$l$P

$J$i$J$$!#<'5$C16K;R$N<'2Y$rg $H=q$/$H$-!"@EEE5$3X$K$*$1$k%,%&%9$NK!B'$HF1MM$K!"
I

B � dS = g (A.4)

$,@.N)$9$k!#2 $D$N<0$rHf3S$7$F
eg
~

= 2 �n (A.5)

$N4X78<0$rF@$k1

1$3$l$r C.G.S. C10L7O$G=q$1$P!"eg = n ~c
2 $H$J$k!#g = ngD $H=q$/$H$-!"gD ' 68.5 e$ODirac <'2Y

$H8F$P$l!"e=4.80� 10� 10 esu$KBP$7$F!"gD =3.29� 10� 8 esu$H$J$k!#$7$?$,$C$F!"<'5$C16K;R$rF3F~$7$F$b
Maxwell J}Dx<0$O40A4$K$OBP>N$K$J$i$J$$$3$H$,J,$+$k!#
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A.2 BgE}0lM}O@<'5$C16K;R

%2!<%8BP>N@-G(H>C1=c$GC1O"7k$H$9$k) $r;}$C$?BgE}0lM}O@$+$i=PH/$7$F$=$l$,<+H/E*

$KGK$l$F!"$h$j>.$5$JBP>N@-H $,@8$-;D$C$?>l9g!"0LAjE*7g4Y(topological defect) $N0l

<o$G$"$kC16K;R(monopole)$O=LB`$7$???6u2$NB?MMBNM =G/H $,2D=L$G$J$$Fs<!85LL$r

4^$`3$H$-$K@8$8$k!#$D$^$j>l$NG[0LA4BN$N%(%M%k%.!<(� C16K;R$N<ANL) $,M-8B$G$"$k$?

$a$K$O!"(6u4VE*) L58B1sJ}$GHiggs >l � $,??6u$NCM$r$H$i$J$1$l$P$J$i$J$$$,!"$3$N$H

$-$b$7??6uB?MMBN$,4^$`Fs<!85LL$,2D=L$G$J$1$l$P!"� $N6u4VE*O"B3@-$N$?$a$K$I$3$+$G

Higgs>l$,??6uB?MMBN$+$iN%$l$J$1$l$P$J$i$J$$$N$G!"$=$3$G$OBP>N@-$,2sI|$7$FBg$-$J

%]%F%s%7%c%k%(%M%k%.!<$r$b$D%3%"$,B8:_$9$k$3$H$K$J$k!#

C16K;R$OGK$l$F$$$J$$BP>N@-$N@8@.;R$KBP1~$9$kF07BJ}8~$N<'>l$r;}$D$?$a$K!"Dirac
$,M=A[$7$?<'5$C16K;R$HF1N`$N$b$N$G$"$k$3$H$,J,$+$k!#<'5$C16K;R2r$r5v$9%b%G%k$NNc

$H$7$F<!$N$h$&$JSO(3) %b%G%k$,$"$k!#

L =
1
2

D � � aD � � a �
1
4

F a
�� F ��a �

�
4

(� a� a � � 2)2; (A.6)

D � � a = @� � a � e�abcAb
� � c; (A.7)

F a
�� = @� Aa

� � @� Aa
� � e�abcAb

� Ac
� (A.8)

$3$3$G� abc (a; b; c= 1 � 3) $O40A4H?BP>N%F%s%=%k$G$"$k!#SO(3) $O<+H/E*$KU(1) $KGK

$l!"??6uB?MMBN$OM �= S2 $G$"$k!#$^$?!"GK$l$F$$$J$$U(1) $O� a $N<~$j$N2sE>72$G!"EE

<'Aj8_:nMQ$r5,Dj$9$k%2!<%872$HF10l;k$G$-$k!#

$3$N;~!"<'5$C16K;R2r$O0J2<$N$h$&$K=q$1$k!#$D$^$j<'5$C16K;R$OHiggs >l � $,<!$N

<0$N$h$&$KF07BJ}8~$r8~$$$?0LAjE*$K<+L@$G$J$$>l$NG[0L$NCf$G:G$bC1=c$JG[0L$KBP1~$9

$k!#$3$3$G!"%2!<%8>l$,B8:_$7$J$$$HHiggs>l � $N%(%M%k%.!<$OF07B5wN%$H6&$K@~7A$KH/

;6$9$k$3$H$,<($5$l$k!#

� a = � (1 � H (r ))
xa

r
(A.9)

Aa
i = � (1 � K (r )) � aij x j

er2 (A.10)

(6u4VE*) L58B1sJ}$G$O� $O??6u$NCM$K6a$E$/(� a(r ) ! � r̂ a) $N$G!"� $N6&JQHyJ,$OL58B1s

J}$G>C$($k!#$7$?$,$C$FH (r ) $O86E@$G$O@5B'$N$?$aH (0) = 1 $G$"$j!"86E@$+$i==J,N%

$l$?E@$G$O0 $K<}B+$9$k(H (1 ) = 0) $h$&$J4X?t$G$J$1$l$P$J$i$J$$!#$^$?K (r ) $bF1MM

$KK (0) = 1 $+$DK (1 ) = 0 $rK~$?$9I,MW$,$"$k!#

0J>e$+$i1sJ}$N<'>l$,

B a
i =

1
2

� ijk F a
jk =

r̂ i r̂ a

er2 (A.11)

$H5a$^$k$N$G!"$3$N<'5$C16K;R$,<'2Y4�=e (<+A3C10L7O) $r$b$D$3$H$,J,$+$k!#$3$l$O<0

(A.5) $Gn = 2 $N>l9g$G$"$k!#

20J2<??6u$r>l$N:G$b%(%M%k%.!<$NDc$$>uBV$N0UL#$GMQ$$$k$3$H$K$9$k!#
3r ! 1 $+$i G/H $X$N<LA|$N%[%b%H%T!<72� 2(M ) $,<+L@$G$J$$!#
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A.2.1 BgE}0lM}O@<'5$C16K;R$N<ANL

<'5$C16K;R2r$O2$D$ND9$5r s; r v $GFCD'$E$1$i$l$k!#$3$l$i$O$=$l$>$l>e=R$7$?%9%+%i!<

>l � a $H%Y%/%H%k>lAa
i $,$=$l$i$N r ! 1 $K$*$1$kA26aE*?6Iq$$$+$iM-0U$KN%$l$?NN0h$N

H>7B$HDj5A$5$l$k!#$3$N$H$-!"@EE*$J<'5$C16K;R$N%(%M%k%.!<$O0J2<$N$h$&$K=q$1$k:

mM =
1
2

Z
d3x

�
B a � B a + D � a � D � a +

1
2

� (� a� a � � 2)2
�

(A.12)

$3$3$G!"B ai = 1
2 � ijk F a

jk $G$"$k!#$3$N<0$r@QJ,$7$F%*!<%@!<I>2A$9$k$H!"r v > r s $r2>Dj

$7$F

mM � 4�
�

1
e2r v

+ � 2(r v � r s) + �� 4r 3
s

�
(A.13)

$H$J$k!#Bh1 9`$OH>7Br v $N<'2Y$rBS$S$?5e$N%(%M%k%.!<!"Bh2 9`$Or s < r < r v $NNN0h$G

$N%9%+%i!<>l$N8{G[%(%M%k%.!<$G!"r s > r v $N;~$O$3$N9`$OB8:_$7$J$$!#Bh3 9`$Or < r s

$NNN0h$G$N??6u%(%M%k%.!<$+$i$N4sM?$G$"$k!#

$7$?$,$C$F%(%M%k%.!<$Or s � (
p

�� )� 1 = m� 1
s $+$Dr v � (e� )� 1 = m� 1

v $N;~:G>.$H$J

$k!#$3$3$Gms; mv $O$=$l$>$l%9%+%i!<N3;R!"%Y%/%H%kN3;R$N<ANL$G$"$k!#$3$l$i$N4X78

<0$r>e$N%*!<%@!<I>2A$N<0$KBeF~$9$k$H

mM � 4�
� mv

e2 + � 2(m� 1
v � m� 1

s ) + �� 4m� 3
s

�
�

4�m v

e2 =
4��

e
� 10� (A.14)

$H$J$k!#$3$N4X78<0$Or s > r v $N;~$b@.N)$9$k$3$H$,<($;$k!#$7$?$,$C$F!"Nc$($PAjE>0\

$NE>0\29EY$,Tc ' � � 1015GeV $J$i!"<ANL mM � 1016GeV $N<'5$C16K;R$,@8@.$5$l$k

$3$H$,J,$+$k4!#

$^$?$3$N4X78<0$+$i<'5$C16K;R$N%3%s%W%H%sGHD9(� C ) $O%3%"$N%5%$%:(r v) $h$j$b 2 7e

DxEY>.$5$$$3$H$,F3$+$l!"

� C �
e2

4�
m� 1

v � m� 1
v = r v (A.15)

<'5$C16K;R$ONI$$6a;w$G8EE5E*J*BN$H8+$J$;$k$3$H$,J,$+$k!#

BgE}0lM}O@<'5$C16K;R$O6L$M$.$N$h$&$J9=B$$r$7$F$*$j!"$=$NCf$KBgE}0lM}O@$N$"$i$f

$kAj8_:nMQ$,4^$^$l$F$$$k!#? Â.1 $KBgE}0lM}O@<'5$C16K;R$N2DG=$J9=B$$r<($9!#

%3%"(H>7B� 10� 29cm) $G$OBgE}0lM}O@$NBP>N@-$,2sI|$7$F$*$j!"X,Y %\%>%s5$,Aj8_:n

MQ$G$-$k!#$=$N30B&$K$OEE<eNN0h(� 10� 16cm) $,$"$j!"$3$3$G$O W � ,Z0 %\%>%s$,Aj8_:n

MQ$9$k!#$5$i$K30B&(� 10� 13cm) $OJD$89~$aNN0h$K$J$C$F$*$j!"8w;R$H%0%k%*%s$+$i9=@.

$5$l$F$$$k!#?t fm $h$j30B&$K$O%U%'%k%_%*%s-H?%U%'%k%_%*%s(�qq, e+ e� Ey) 6E=LNN0h6$,

$"$k!#?t fm $h$j==J,1sJ}$+$i8+$k$H!"BgE}0lM}O@<'5$C16K;R$O<'>l(A.11) $r@8@.$9$k

Dirac <'5$C16K;R$N$h$&$JE@N3;R$H$7$F?6$kIq$&[12]!#

41016 GeV ' 10� 8g $h$j!"BgE}0lM}O@<'5$C16K;R$O%P%/%F%j%"DxEY$N<ANL$rM-$9$k!#
5>e=R$7$?SO(3) %b%G%k$GBP>N@-$,GK$l$?8e$K!"<ANL$r3MF@$7$?2 $D$N%Y%/%H%k>l!#
6$3$NNN0h$O4-%U%'%k%_%*%s$N%P%j%*%s?t$rGK$k9`$,4^$^$l$F$$$k2DG=@-$b$"$k!#
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?^ A.1: <'5$C16K;R$N2DG=$J9=B$

A.2.2 BgE}0lM}O@<'5$C16K;R$N2a>j@8@.LdBj

Tc ' � $NAjE>0\$G<'5$C16K;R$,Ev;~$NCOJ?@~Ev$?$j1 8DDxEY@8@.$9$k$H2>Dj7$9$k$H!"

$=$N?tL)EYnM $H%(%s%H%m%T!<L)EYs $NHf8$O

nM

s
' 102

�
�

M pl

�
' 10� 10

� �
1015

� 3
(A.16)

$GM?$($i$l$k!#<'5$C16K;R$O$O$8$anM =s > 10� 10 $G$J$$8B$j!"BP>CLG$O$[$H$s$I5/$3$i

$J$$!#$7$?$,$C$F!"$O$8$a$K@8@.$7$?<'5$C16K;R$O$[$H$s$I$=$N$^$^@8$-;D$k$3$H$K$J$k!#

0lJ}!"8=:_$N1'Ch$N%(%s%H%m%T!<L)EY$O1'ChGX7JJ|<M$,C4$C$F$*$j$=$NCM$Os � 103cm� 3

$G$"$j!"0lJ}NW3&L)EY$O� c � 10� 29gcm� 3 $G$"$k$+$i!"<'5$C16K;R$N%(%M%k%.!<$,� c $r

D6$($J$$$?$a$K$O!"
nM

s
. 10� 24

� mM

1016GeV

� � 1
(A.17)

$G$J$1$l$P$J$i$J$$!#$7$?$,$C$F!"<0(A.16) $H<0(A.17) $rHf3S$9$k$H!"=i4|1'Ch$G<'5$

C16K;R$O8=:_$N%(%M%k%.!<L)EY$K$h$k@)8B$h$j$b147e$b2a>j$K@8@.$5$l$?$3$H$K$J$k!#

A.3 Rubakov 8z2L

A.3.1 Rubakov 8z2L$N86M}

0J2<$N5DO@$G$O<+A3C10L7O$r:NMQ$9$k!#

71 8D$N<'5$C16K;R$,@8@.$5$l$k%I%a%$%s$NBg$-$5� 3 $OAjE>0\;~$NHiggs >l$NAj4X5wN%� $G7h$^$j!"$3$N
CM$OAjE>0\$NNO3X$K$h$j0[$J$k$,!"0x2LN'$G7h$^$kCOJ?@~$h$j$O>.$5$/$J$1$l$P$J$i$J$$!#Nc$($P>e$K5s$2
$? SO(3) %b%G%k$G??6uB?MMBNM $, S2 $N>l9g$O72O@E*9M;!$+$i%I%a%$%sEv$?$j1/8 8DDxEY$H$J$k[42]!#

8AjBPO@E*N3;R$NE}7WE*=E$_N $rMQ$$$Fs = 2 � 2NT 3=45 $G$"$j!" nM =s $O1'ChKDD%$K$h$C$FJQ2=$7$J$$
CGG.ITJQNL$G$"$k!#

104



3K;R$,BgE}0lM}O@<'5$C16K;R$N%3%"$HAj8_:nMQ$9$k$H!"M + p ! M + e+ + � 0 $N$h$&$J3K

;RJx2uH?1~$,@8$:$k!#$3$NH?1~2aDx$NCGLL@Q$rC1=c$K%2!<%8%\%>%s$N<ANL$rmv = 1014GeV
$H$7$?$H$-$N%3%"$NBg$-$5� � 10� 56cm2 DxEY$@$H2>Dj$9$k$H!"$3$NH?1~$O<B:]>eL5;k$G

$-$k!#$7$+$7<B:]$ORubakov 8z2L$K$h$j?(G^2aDx$NH?1~CGLL@Q$OE57?E*$J6/$$Aj8_:nMQ

DxEY$NBg$-$5DxEY(� 0 � 1mb) $H$J$j!"B.EY0MB8@-$b9MN8$9$k$H

� �
� 0

� rel
(A.18)

$H=q$1$k!#$3$3$G� rel $H$O3K;R$H<'5$C16K;R$H$NAjBPB.EY$G$"$k!#

Rubakov 8z2L$H$O!"%U%'%k%_%*%s($3$3$G$O3K;R) $NGHF04X?t$NsGH@.J,$,<'5$C16K;R

$N%3%"IU6a$G5^7c$K9b$a$i$l$k$H$$$&8=>]$G$"$k!#$D$^$j!"M-8B$J3Q1?F0NL$r;}$DGHF04X

?t$,%3%"IU6a$G6/$/M^@)$5$l$k$N$KBP$7!"sGH@.J,$@$1$O%3%"$H8z2LE*$KAj8_:nMQ$G$-$k!#

H>8EE5E*$K$O!"sGH$OF07BJ}8~$N1?F0$G$"$j!"%U%'%k%_%*%s$KBP$7$F%m!<%l%s%DNO$O$O$?

$i$+$J$$ (%U%'%k%_%*%s$NEE2Y$re$H$7$Fev � B = egv � r =r3 = 0) $,!"%U%'%k%_%*%s$N

;}$D<'5$%b!<%a%s%H$H<'5$C16K;R$K$h$k<'>l$H$NAj8_:nMQ$+$i

F = r (� � B ) (A.19)

$NNO$,%U%'%k%_%*%s$K$O$O$?$i$/$N$G!"JP6K$K$h$C$F$OsGH$N<'5$%b!<%a%s%H$OF07BJ}8~

$r8~$-!"$=$NNO$O0zNO$K$J$jF@$k!#$7$?$,$C$F%3%"$N6aK5$G$OD95wN%$N0zNO$N$?$a$KsGH

@.J,$,7`E*$K9b$a$i$l$k$3$H$K$J$j!"$=$N7k2LCGLL@Q$O>e$K=R$Y$?$h$&$JHs>o$KBg$-$JCM

$H$J$k!#

A.3.2 Rubakov 2aDx$NCGLL@Q$NB.EY0MB8@-

<'5$C16K;R$NB.EY$r� $H$9$k!#<'5$C16K;R$N?(G^:nMQ$K$h$kM[;RJx2u$NA4CGLL@Q$O!"$^

$:M[;RJx2u$,H/G.H?1~$G$"$k$3$H$+$i!"� � 1 $NB.EY0MB8@-$,$"$k$,!"86;R3K$,@5$N0[>o<'

5$G=N($r;}$D>l9g$O$5$i$K9SA%!"J!Mh$K$h$C$F;XE&$5$l$?� � 1 $N0x;R[40]$,3]$+$k$3$H

$G!":G=*E*$K� � 2 $NB.EY0MB8@-$r$b$D$3$H$K$J$k!#0J2<$G$O!"8e<T$N� � 1 $N0x;R$,3]$+

$k$3$H$r3N$+$a$k!#

<'5$C16K;R$H86;R3K$N7O$N%O%_%k%H%K%"%s$r

H =
1

2mA
(p � ZeA )2 � � �

�
gr̂
4�

�

=
1

2mA

�
�

d2

dr2 �
2
r

d
dr

+
L 2

r 2

�
(A.20)

$H$H$k!#1 9TL\$G� = ( eZ=2mA )2s(1 + � ) $O3K<'5$G=N(!"� $O0[>o<'5$G=N(!"s $O3K%9%T

%s!"mA = Am N (A $O86;R3K$N<ANL?t!"mN $O3K;R$N<ANL) $O86;R3K$N<ANL!"g $O<'5$C16K

;R$N<'2Y$G$"$k!#$^$?2 9TL\$GL 2 $Or $dH $H2D49$J1i;;;R$G

L 2 = [ r � (p � ZeA )]2 � 2qs � r̂ (1 + � ) (A.21)

q = ( eg=4� )Z = Z � (� 1=2; � 1; � � � ) (A.22)

$G$"$k!#$3$3$GZe $O86;R3K$NEE2Y$G$"$k!#
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$3$N;~!"L 2 $N:G>.CM$O

L 2 = jqjf 1 � 2(1 + � )sg (A.23)

$H$J$k$N$G!"L 2 $N8GM-CM$r� (� + 1) $H=q$/$H$-!"

� = �
1
2

�
�

1
4

+ jqjf 1 � 2(1 + � )sg
� 1=2

(A.24)

$H$J$k!#

0lJ}$GF07BGHF04X?t$rr = 1 $G5,3J2=$9$k$H!"GHF04X?t$O1?F0NL$rk $H=q$/$H$-!"r $,

>.$5$$$H$3$m$G$O(kr )� $+(kr )� � � 1 $N$h$&$K?6$kIq$&(5eBessel4X?t$N2r) $N$G!">e$N5D

O@$rRubakov 2aDx$KE,MQ$9$k$H!"?(G^8z2L$,@8$8$k3NN($K$O0J2<$K<($5$l$k$h$&$J3Q1?

F0NL>cJI$N$?$a$NM^@)0x;R$,3]$+$k$3$H$,J,$+$k!#

F (� ) = ( kr )2Re� =
�

�
� 0

� 2Re�

(A.25)

$3$3$Gr $O86;R3KH>7B$N%*!<%@!<$G!"� 0 � 1=rmA � 1=r0A1=3mA � 10� 3 � 10� 4 $G$"$k!#

$^$?Re� $O� $N<B@.J,$rI=$9(GHF04X?t$N@dBPFs>h$r<h$k:]$K5u@.J,$OAj;&$9$k)!#
$H$3$m$,Nc30E*$K!"86;R3K$,@5$N0[>o<'5$G=N((� > 0) $r;}$C$F$$$k>l9g$K$O!"<0(A.23)

$K$h$j L 2 $N:G>.CM$O>o$KIi$G$"$j!"Re� = � 1=2 $H$J$k$N$G!"F (� ) $OM^@)0x;R$G$O$J

$/A}I}0x;R$H$J$k9!#$7$?$,$C$F!"$3$N>l9gRubakov 2aDx$NCGLL@Q$OH/G.H?1~$KM3Mh$9$k

� � 1 $N0x;R$H!"$5$i$K� 2Re� = � � 1 $N0x;R$,3]$+$k$3$H$G!":G=*E*$K$O� � 2 $NB.EY0MB8@-

$r$b$D$3$H$K$J$k!#

A.4 <'5$C16K;R$NB.EY

<'5$C16K;R$,<'>l B $K$h$j3MF@$9$k%(%M%k%.!<W $O

W = n(cgD B )` ' n20:5
�

B
1G

� �
`

1cm

�
keV (A.26)

$G$"$k!#:G8e$N<0$rF3$/:]$K1G = 10� 8V � s � cm� 2 $Hc ' 3 � 1010cm � s� 1 $rMQ$$$?!#%3

%R!<%l%s%H$J6d2OD9$r` ' 1kpc ' 3 � 1021cm; B ' 3� G $H$9$k$H!">e$N<0$K$h$j!"<'5$

C16K;R$,F@$k%(%M%k%.!<$Og = gD (n = 1) $N;~W = 1:8 � 1011GeV $H8+@Q$b$i$l$k!#$3

$N$3$H$+$i!"1'Ch6u4V$K$*$1$kDirac <'5$C16K;R$OAjBPO@E*B.EY$K$^$G2CB.$5$l$k$,!"Bg

E}0lM}O@<'5$C16K;R$O$=$N<ANL$,Bg$-$$$?$a$K2CB.$5$l$F$b10� 7 < � < 10� 4 DxEY$NB.

EY$7$+$b$?$J$$($?$@$7<ANL$O1016 < m M [GeV] < 1017 $r2>Dj) $3$H$,4|BT$5$l$k!#$5

$i$K!" mM > 1017GeV $N>l9g$K$O!"6d2O<'>l$NNO$h$j$b6d2O$N=ENO$NJ}$,6/$/$O$?$i$-!"

B.EY$O6d2OFb$N@1$N$h$&$KE57?E*$K$O� � 10� 7 $K$J$k$H9M$($i$l$k!#

9<B:]Nc$($P � � 10� 3 $N?eAG86;R$KBP$7$F$O!"$3$N0x;R$OF (� ) = 1 :7 � 102 $NA}I}0x;R$H$J$k!#
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A.5 B@M[Fb$G$N%(%M%k%.!<B;<:

<'5$C16K;R$,$"$kE7BN$K>WFM$7$?8e$K@E;_$9$k$+$7$J$$$+$O<'5$C16K;R$NB.EY$H<ANL$N

B>$KE7BN$NFbIt9=B$$K$b0MB8$9$k!#

K\O@J8$GLdBj$H$J$kB@M[Cf?4$K$D$$$F$O!"<+M3EE;R%,%9$N6a;w$,NI$$$?$a!"EE;R;6Mp$K

$h$k%(%M%k%.!<B;<:$N7W;;$,Hf3SE*?.Mj$G$-$k!#1 2s$N>WFM$GEE;R$KM?$($k%(%M%k%.!<$,!"

EE;R$NB.EY$rvF $H$7$Fv � vF $J$i

� E �
1
2

me(vF + v)2 �
1
2

mev2
F � mevF v (A.27)

$G$"$k!#$^$?;6Mp$K4sM?$9$kEE;R$N?t$N$&$A%U%'%k%_E}7W$G5v$5$l$k$b$N$One $rEE;R?t

L)EY$H$7$F� ne � ne(v=vF ) $G$"$k$N$G!"C10L;~4V$K;6Mp$9$kN3;R?t$O!"AjBPB.EY$rvF !"

CGLL@Q$r� � 1=m2
e $H6a;w$7$F� ne�v F $H$J$k!#$h$C$F!"C10LD9$5Ev$?$j$N%(%M%k%.!<B;

<:$O

�
dE
dx

= �
1
v

dE
dt

= � ne�v F � E � ne�m evF v (A.28)

$H$J$k!#$7$?$,$C$FB@M[Cf$N<+M3EE;R$K$h$C$F0z$-5/$3$5$l$k<'5$C16K;R$N%(%M%k%.!<B;

<:$O!"$h$j>\$7$$7W;; [43]$K$h$k$H!"B@M[Fb$N>l=j$K$b0M$k$,

�
dE
dx

= (15 � 40)GeVcm2g� 1� (A.29)

$G$"$k!#$3$3$G� = v=c$O<'5$C16K;R$N==J,1sJ}$G$NB.EY!"� $OB@M[Cf$N?eAG86;R$N<ANLL)

EY$G$"$k!#0lJ}$GRubakov 8z2L$N%O%I%m%s$rH<$&2aDx$K$h$k%(%M%k%.!<B;<:$O� � 10� 3

$KBP$7$F$O!"<+M3EE;R$K$h$kB;<:$h$j>/$J$/$H$b0l7e0J>e>.$5$$!#0J>e$h$j!"K\O@J8$G2>

Dj$5$l$k<'5$C16K;R$NB.EY� . 10� 3 $G$O!"5wN%$K$7$F` � 0:1R� $bAv$k$3$H$J$/@E;_$9

$k$3$H$,J,$+$k!#

A.6 B@M[$N<'5$C16K;R$KBP$9$kM-8zCGLL@Q

<'5$C16K;R$,B@M[H>7BFb$KF~$l$PJa3M$5$l$k$H$$$&6a;w$rMQ$$$k!#==J,1sJ}$+$i<'5$C1

6K;R$,Mh$?>l9g!"Ja3M$5$l$k>WFM%Q%i%a!<%?� $N8B3&$OB@M[I=LL$K@\$9$k50F;$rIA$/;~$N

$=$l$G$"$k!#==J,1sJ}$G$N<'5$C16K;R$NB.EY$r� M !"B@M[H>7B$rR� !"<'5$C16K;R$N<ANL

$r mM !"=ENODj?t$r GN !"B@M[<ANL$rM � $H$9$k$H!"$3$N;~%(%M%k%.!<J]B8B'5Z$S3Q1?F0

NLJ]B8B' (� max � � M c = R� � v) $+$i2<5-$N$h$&$K5-=R$G$-$k:

mM (� M c� max )2

2R2
�

�
GN mM M �

R�
=

mM (� M c)2

2
(A.30)

$3$3$GBhFs9`$rB@M[$+$i$NC&=PB.EY$NDj5A

mM

2
(� escc)2 �

GN mM M �

R�
(A.31)

$rMQ$$$F=q$-49$($?8e$K@0M}$9$k$H!"<'5$C16K;R$NJa3MCGLL@Q

�� 2
max = �R 2

�

 

1 +
�

� esc

� M

� 2
!

(A.32)

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

<'5$C16K;R$OE7BNFb$G%*!<%@!<

ra ' 2 � 105cm
�

TM

1eV

� � 3=4

(A.33)

$NH>7BFb$K6E=8$7$F$$$J$$8B$j!"H?<'5$C16K;R$H$NBP>CLG$OL5;k$G$-$k[44]!#$3$3$GTM

$O<'5$C16K;R$,46$8$k29EY$G$"$j!"TM � Tth � 1eV $G$"$k!#

$H$3$m$GE7BN<'>l$K$h$j3F!9$N<'5$C16K;R$O3F6K$K0z$-4s$;$i$l$k$,!"$3$N$H$-<'5$C1

6K;R$HH?<'5$C16K;R$N$=$l$>$l$N=ENO$HEE<'NO$,D`$j9g$&E@$O!"8_$$$K0J2<$K<($5$l$kDx

EYN%$l$F$$$k:

r � 7 � 107cm
�

B
100G

� � mM

1016GeV

� � 1
�

�
10gcm� 3

� � 1

(A.34)

$7$?$,$C$F!"2 $D$NCM$rHf3S$9$k$H!"<'5$C16K;R$NBP>CLG$OL5;k$G$-$k$3$H$,J,$+$k[23]!#

A.8 � � $NB@M[Cf$G$N5[<}

�; �; ! $NJx2u$+$i$O� � $,@8@.$7F@$k$,!"$3$NCf$G:G$b@8@.$9$k%b!<%I$O! ! � + � � � 0 $G

$"$k!#� � $NM[;R$KBP$9$kCGLL@Q$O� � $N1?F0NL$,100 MeV/c � 1GeV/c $N>l9g!"10mb� 20mb
$G$"$k$N$G!"B@M[Cf$G� � $,5[<}$5$l$k;~4V$O

� � 1 = < n p�v > (A.35)

$3$3$G!"np(' 50mol=cm3) $OB@M[Cf$G$NM[;R$N?tL)EY!"� (� 10� 26cm2) $O�p H?1~$NA4CG

LL@Q!"v(' 3 � 1010cm=s) $OM[;R$H� � $NAjBPB.EY$G$"$k!#M[;R$H� � $O6&LD$7$?8e!"H>J,

$OCf@-;R$H� 0 $XJx2u$9$k!#0J>e$h$j!"J?6Q5[<};~4V$O!"

� � 10� 10s (A.36)

$H$J$k!#� $N<wL?(2:6 � 10� 8s) $r9M$($k$H!"� � $NJx2u$+$i$N%K%e!<%H%j%N$OL5;k$G$-$k

Dx>/$J$$$3$H$,J,$+$k!#
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IU O?B %K%e!<%H%j%N?6F0

B.1 0lHLE*$JI=<0

0J2<$GG^<A$d@$Be?t$K0M$i$J$$0lHLE*$J?6F03NN($NI=<0$r(<+A3C10L7O$G) 5a$a$k!#%K%e!<

%H%j%N$N%U%l!<%P!<8GM->uBVj� ` i $H<ANL8GM->uBVj� i i $O0J2<$N$h$&$KN � N $N%f%K%?%j

9TNs(:.9g9TNs)U $G7k$S$D$$$F$$$k:

j� ` i =
NX

i =1

U`i j� i i (B.1)

$3$3$GU`i $O!":.9g9TNs U $N(`, i) @.J,$G$"$k!#

3F<ANL8GM->uBV$N;~4VH/E8$O%K%e!<%H%j%N$N%(%M%k%.!<$rEi $H$7$F!"

j� i (t)i = exp( � iE i t)j� i (0)i (B.2)

$J$N$G!"3F%U%l!<%P!<8GM->uBV$N;~4VH/E8$O!"$3$N<0$r>e$N<0$KBeF~$7$F

j� ` (t)i =
NX

i =1

U`i exp(� iE i t)j� i (0)i

=
NX

i =1

U`i (U
y) i` 0 exp(� iE i t)j� `0(0)i (B.3)

$H$J$k!#$7$?$,$C$F%U%l!<%P!<8GM->uBV` $+$i%U%l!<%P!<8GM->uBV`0$K?6F0$9$k3NN($O

h� `0j� ` (t)i =
NX

i =1

U`i (U
y) i` 0 exp(� iE i t) (B.4)

$h$j!"

P(� ` ! � `0) = jh� `0j� ` (t)ij
2

=
NX

i;i 0

U`i U
�
`0i U

�
`i 0U`0i 0 expf� i (E i � E i 0)tg

=
NX

i;i 0

U`i U
�
`0i U

�
`i 0U`0i 0 exp

�
� i

� m2
ii 0

2E
t
�

(B.5)

$H5a$^$k!#:G8e$N9T$X$N7W;;$G$O%K%e!<%H%j%N$N<ANL$,Hs>o$K>.$5$$(< 1eV) $3$H$r9M$(

$F!" E i $KBP$70J2<$N$h$&$J6a;w$rMQ$$$?!#

E i =
q

p2 + m2
i ' p +

m2
i

2p
' E +

m2
i

2E
(B.6)
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$^$?!" � m2
ii 0 $OFs>h<ANL$N:9m2

i � m2
i 0 $G$"$k!#

$5$i$K!" U`i U �
`0i U

�
`i 0U`0i 0 $, i $Hi' $rF~$lBX$($?8e$KJ#AG6&Lr$r$H$l$P85$KLa$k$3$H$rMQ

$$$F!"

P(� ` ! � `0) =
NX

i;i 0

Re(U`i U �
`0i U

�
`i 0U`0i 0) cos(

� m2
ii 0

2E
t)

+
NX

i;i 0

Im(U`i U
�
`0i U

�
`i 0U`0i 0) sin(

� m2
ii 0

2E
t)

= � `` 0 � 4
X

i>i 0

Re(U`i U
�
`0i U

�
`i 0U`0i 0) sin2(

� m2
ii 0

4E
t)

+ 2
X

i>i 0

Im(U`i U
�
`0i U

�
`i 0U`0i 0) sin(

� m2
ii 0

2E
t) (B.7)

$rF@$k!#

Nc$($P2 @$Be$N%K%e!<%H%j%N$N$_$N>l9g!":.9g9TNsU $O

U =

 
cos� e � i� sin �

� ei� sin � cos�

!

(B.8)

$G$"$k!#$3$3$G!"0LAj� $O%K%e!<%H%j%N$,%^%h%i%J$N>l9g$N$_%<%m$G$O$J$$!#<0(B.7) $KBe

F~$7$F!"� ` $,5wN%L($3$3$G$O%K%e!<%H%j%N$OAjBPO@E*$J$N$GL � t) Av$C$?8e$K� `0(`0 6= `)
$KA+0\$9$k3NN($O!"

P(� ` ! � `0) = sin 2 2� sin2
�

� m2L
4E

�

= sin 2 2� sin2
�

1:27� m2[eV2=c4]L [km]
E[MeV]

�
(B.9)

$H5a$^$k!#:G8e$N<0$G<+A3C10L7O$+$iSI C10L7O$K0\$C$?!#0LAj� $O?6F03NN($N<0$K$O8=

$l$J$$$3$H$,J,$+$k ($D$^$j%K%e!<%H%j%N$,%G%#%i%C%/N3;R$G$"$k$+%^%h%i%JN3;R$G$"$k

$+$O?6F08=>]$K$O4X$o$j$,$J$$)!#

B.2 0lMM$JJ*<ACf$NEAGE

0J2<$G$O2 @$Be4V$NA+0\$N$_$KOC$r8BDj$9$k!#$^$?!"$3$3$G$O%K%e!<%H%j%N$,DL2a$9

$kJ*<A$,0lMM$JL)EY$r$b$D$H$$$&2>Dj$N2<$G5DO@$9$k!#$5$F%K%e!<%H%j%N$,J*<ACf$rEAGE

$9$k$H$-$O!"%K%e!<%H%j%N$,EE;R!"M[;R$dCf@-;R$J$I$NN3;R$HCF@-;6Mp$9$k$?$a$K%K%e!<

%H%j%N$NM-8z<ANL$,JQ2=$9$k!#$5$i$K%K%e!<%H%j%N$K:nMQ$9$k%]%F%s%7%c%k$O$=$N%U%l!<

%P!<$K$h$C$F0[$J$k!#Cf@-%+%l%s%H(NC) Aj8_:nMQ(Z N3;R$N8r49) $OA4$F$N%K%e!<%H%j%N$G

Ey$7$$1$,!"2YEE%+%l%s%H(CC) Aj8_:nMQ(W N3;R$N8r49) $NJ}$OJ*<ACf$K�; � $,B8:_$7$J

1K\O@J8$G$OFCNC $O9M$($J$$!#
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$$2$N$G!"EE;R%K%e!<%H%j%N$K$@$1@8$8$k$3$H$K$J$k!#$3$N5!9=$OWolfenstein $K$h$j;XE&

$5$l!" Mikheyev $HSmirnov $K$h$jH/E8$5$;$i$l$?$N$G!"MSW 8z2L$H8F$P$l$k[47, 48]!#
0J2<!"J*<ACf$NEE;R?tL)EY$rne!"M[;R?tL)EY$r np!"Cf@-;R?tL)EY$r nn !"$=$7$F%U%'%k

%_7k9gDj?t(1:16637� 10� 11MeV� 2) $r GF $H=q$/!#$^$?CC!" NC Aj8_:nMQ$K$h$k%]%F%s

%7%c%k$r$=$l$>$lVCC !" VNC $H=q$/!#

CC Aj8_:nMQ$K$D$$$F$O!"CF@-;6Mp$K$D$$$F$O>e=R$7$?$h$&$K� ee ;6Mp$@$1$r9M$($l$P

NI$$$N$G!"M-8z%O%_%k%H%K%"%s$H$7$F$O

H e� =
GFp

2
f �e(p1)
 � (1 � 
 5)� e(p2)gf �� e(p3)
 � (1 � 
 5)e(p4)g

=
GFp

2
f �� e(p3)
 � (1 � 
 5)� e(p2)gf �e(p1)
 � (1 � 
 5)e(p4)g (B.10)

BhFs9T$K0\$k:]$K%U%#%k%DJQ49$rMQ$$$?!#p2 = p3 = p $G$"$k$h$&$JA0J};6Mp$K$D$$$F$O!"

� e $NEAGE$K0J2<$N$h$&$J4sM?$r$b$D:
p

2GF �� eL (p)
 � � eL (p) h�e
 � (1 � 
 5)ei (B.11)

$3$3$GEE;R>l$NAP@~7A$N9`$K4X$7$F$OGX7J$K$o$?$C$FJ?6Q$r$H$C$F$$$k$,!"EE;R$OHsAjBP

O@E*$H8+$J$;$k$N$G!"<4@-%+%l%s%H(%9%T%s) $d%Y%/%H%k%+%l%s%H$N6u4V@.J,(EE;R$NJ?6Q

B.EY) $OL5;k$G$-$k!#7k6I%Y%/%H%k%+%l%s%H$N;~4V@.J,


�e
 0e

�
=



eye

�
= ne $@$1$,;D$j!"

M-8z%O%_%k%H%K%"%s$KBP$7$F$O
p

2GF ne�� eL 
 0� eL $N4sM?$,;D$k$3$H$K$J$k!#$3$3$+$iCC
Aj8_:nMQ$K$h$k%]%F%s%7%c%kVCC $,!"

VCC =
p

2GF ne (B.12)

$HFI$_<h$l$k!#

NC Aj8_:nMQ$K$D$$$F$b!"F1MM$K

VNC =
p

2GF

X

f

nf

h
I (f )

3L � 2 sin2 � W Q(f )
i

(B.13)

$H$J$k!#$3$3$Gf $O%U%'%k%_%*%s$rI=$7!"$3$3$G$OEE;R!"M[;R!"Cf@-;R$G$"$k!#Q(f ) $Of
$NEE2Y$G!"I (f )

3L $Of $N:8%+%$%i%k<M1F$N<e%"%$%=%9%T%s$NBh;0@.J,$G$"$k!#$D$^$j!"M[;R

$G$OQ = 1, I 3L = 1=2 $G!"EE;R$G$OQ = � 1, I 3L = � 1=2 $G$"$k!#$H$3$m$GDL>o$NCf@-

$NJ*<A$G$O!"ne = np $,@.$jN)$D!#$=$N$?$aEE;R$N4sM?$HM[;R$N4sM?$O8_$$$KAj;&$9$k$N

$G!"VNC $K$OCf@-;R$N4sM?$@$1$,;D$k$3$H$K$J$k!#$7$?$,$C$F!"NC Aj8_:nMQ$K$h$k%]%F

%s%7%c%kVNC $O!"

VNC = �
p

2GF nn=2 (B.14)

$H$J$k!#

0J>e$h$j!" � e $H� h (h = � or � ) $r4pDl$K<h$k$H!"%O%_%k%H%K%"%sH $O0J2<$N$h$&$K=q

$1$k:

H = E +
m2

1 + m2
2

4E
�

1
p

2
GF nn +

0

@ � � m2

4E cos 2� +
p

2GF ne
� m2

4E sin 2�
� m2

4E sin 2� � m2

4E cos 2�

1

A (B.15)

2K\O@J8$GLdBj$H$J$kB@M[$dCO3LDxEY$N29EY2<$G$OB8:_$7$J$$!"$H$$$&0UL#!#
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$3$3$G� $O??6uCf$G$N:.9g3Q$G$"$k!#Bh4 9`$+$i!"J*<ACf$G$NM-8z:.9g3Q~� $,

tan 2~� =
2H12

H22 � H11
=

� m2 sin 2�

� m2 cos 2� � 2
p

2GF neE
(B.16)

$H5a$^$k!#

$^$?H?%K%e!<%H%j%N$KBP$7$F$O>e$HF1MM$N5DO@$G!"

tan 2~�� =
2H12

H22 � H11
=

� m2 sin 2�

� m2 cos 2� + 2
p

2GF neE
(B.17)

$H$J$k!#

B.3 CGG.6a;w

$3$N@a$G$b2@$Be4V$NA+0\$N$_$KOC$r8BDj$9$k!#A0@a$G$OJ*<A$,0lMM$JL)EY$r;}$D$3$H$r

2>Dj$7$?$,!"$3$3$G$O$h$j0lHLE*$KHs0lMM$JL)EYJ,I[$r;}$DJ*<ACf$rDL2a$9$k%K%e!<%H%j%N

$N?6F03NN($K$D$$$F5DO@$9$k!#%U%l!<%P!<8GM->uBV$N;~4VH/E8$O!"$3$N>l9g!"A0@a$GF3$$$?%O

%_%k%H%K%"%s(B.15) $GEE;RL)EY$N9`$rx $K0MB8$9$k4X?t$KCV$-49$((2
p

2GF neE ! A(x))
$k$H!"

i
d

dx

 
� e

� �

!

=

0

@ � � m2

4E cos 2� + A
2E

� m2

4E sin 2�
� m2

4E sin 2� � m2

4E cos 2�

1

A

 
� e

� �

!

(B.18)

$H=q$1$k!#$3$3$GC10L9TNs$KHfNc$9$k9`$O5DO@$K4X78$J$$$N$GL5;k$7$?!#$3$l$KBP1~$7$F

J*<ACf$G$NM-8z:.9g3Q$N<0(B.16) $,

tan 2~� =
2H12

H22 � H11
=

� m2 sin 2�
� m2 cos 2� � A(x)

(B.19)

$H$J$k!#

$7$?$,$C$FJ*<ACf$K$*$1$k<ANL8GM->uBV$N;~4VH/E8$O!"(B.19) $rMQ$$$F(B.18) $N%U%l!<

%P!<8GM->uBV$r<ANL8GM->uBV$KCV$-49$($F

i
d

dx

 
�� 1

�� 2

!

=

0

@
~m2

1
2E i d~�

dx
� i d~�

dx
~m2

2
2E

1

A

 
�� 1

�� 2

!

(B.20)

$H$J$k!#$3$3$G!"<ANL8GM->uBV$r�� 1; �� 2 $H=q$$$?!#

$b$7L)EY$,Hs>o$K$f$C$/$j$H$7$+JQ2=$7$J$1$l$P!"(B.20) $NHsBP3Q9`$O$=$NJ,>.$5$/$J

$k!#$h$j87L)$K$O(B.20) $NBP3Q9`$N:9$KHf$Y$FHsBP3Q9`$,L5;k$G$-$l$P:
�
�
�
�
�
d~�
dx

�
�
�
�
�

�
�
�
�
�

~m2
2 � ~m2

1

2E

�
�
�
� (B.21)

<ANL8GM->uBV$O$[$H$s$IF1$8%U%l!<%P!<8GM->uBV$NHf$rJ]$C$?>uBV$GHs0lMMJ*<A$r2#@Z$k

$3$H$,$G$-$k!#$3$N6a;w$rCGG.6a;w$H8F$V!#
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IU O?C %P!<%F%C%/%9%U%#%C%?!<

$3$NIUO?$G$O!"K\O@J8$GMQ$$$?:G?7HG$N%P!<%F%C%/%9%U%#%C%?!<$G$"$kBONSAI $H$=$l

0J30$N%U%#%C%?!<(Kai-�t !" Clus�t !" Hayai) $K$D$$$F2r@b$9$k!#$3$l$i$N%U%#%C%?!<$rM}2r

$9$k$3$H$G!"BONSAI $KBP$9$kM}2r$r?<$a$k!#

C.1 Kai-�t

:F9=@.$NA0$K!"PMT $N;~4V>pJs$rI>2A$7$F!"%i%s%@%`%N%$%:$HH?<M8w$K$h$C$F@8$8$?

%R%C%H$r<h$j=|$/!#%P!<%F%C%/%9:F9=@.$KMQ$$$kPMT $rA*Br$9$k$?$a$K!"0J2<$N$h$&$J

;~4VAkK!$,MQ$$$i$l$k:

1. %R%C%HPMT $r;~4V=g$KJB$Y!"%R%C%HPMT $NK\?t$,:GBg(Nsg) $H$J$k$h$&$J200ns1$N

;~4VAk$rC5$9!#

2. %@!<%/%N%$%:%R%C%H$N?t(Nbg) $r0J2<$N$h$&$K8+@Q$b$k:

Nbg �
(t3 � t2)

(t2 � t1) + ( t4 � t3)
(Nhit (t1 � t2) + Nhit (t3 � t4)) (C.1)

t1 $Ht4 $O$=$l$>$l!"3+$$$?A4;~4VAk$N;O$a$H=*$o$j$N;~4V$G!"t2 $Ht3 $O$=$l$>$l!"

>e$G7h$a$?200ns$N;~4VAk$N;O$a$H=*$o$j$N;~4V$G$"$k!#

3. ;~4VAk$NI}$r 19ns$:$D=L$a$F$$$C$F!"%7%0%J%k$Nsigni�cance $,:GBg$K$J$k$h$&$J

;~4VAk$rC5$9!#signi�cance(S) $O0J2<$GDj5A$5$l$k:

S �
Nhit (t2 � t3) � Nbgp

Nbg
(C.2)

$=$7$F%P!<%F%C%/%9:F9=@.$K$O!"signi�cance $,:GBg$H$J$k;~4VAkFb$K$"$k%R%C%H

PMT $N$_$rMQ$$$k!#

%P!<%F%C%/%9E@$O%0%j%C%IC5:wK!$K$h$C$FC5$9(?^ C.1)!#%P!<%F%C%/%9:F9=@.$NBh0lCJ

3,$G$O!"%0%j%C%IE@$Ox-y J?LL$G$O%0%j%C%I4V3V$,397.5cm$G578D!"$=$7$Fz J}8~$O%0

%j%C%I4V3V$,380cm$G9 AX$+$i$J$k!#$=$7$F3F%0%j%C%IE@$K%P!<%F%C%/%9$,$"$k$H$7$?>l

9g$N%P!<%F%C%/%9:F9=@.$Ngoodness$rA4$F$N%0%j%C%IE@$KBP$77W;;$9$k!#goodness$O0J

2<$GDj5A$5$l$k:

goodness(x; y; z) �
1

NhitX

i =1

1
� 2

i

�
NhitX

i =1

1
� 2

i
exp

�
�

(t res;i (x; y; z) � t0(x; y; z))2

2� 2
i

�
(C.3)

1Bh2 >O$N5SCm$K$"$k$h$&$K!"8w;R$,SK ?eAe$rBP3Q$K2#@Z$k$N$K$O200ns$+$+$k!#
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?^ C.1: Kai-�t $HClus�t $G%P!<%F%C%/%9:F9=@.$KMQ$$$i$l$kC5:w%0%j%C%I(:8$Ox � y J?

LL$G!"1&$Oz J}8~)!#<P@~$NNN0h$,SK $NID $G$"$j!"E@@~Fb$,M-8zBN@Q(ID $NJI$+$i 2m)
$G$"$k!#Gr$$@1(Gr@~) $OKai-�t $G;H$&%0%j%C%IE@$G!"9u$$1_$OClus�t $N%P!<%F%C%/%9:F

9=@.$GMQ$$$k!#
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$3$3$G(x; y; z) $O%0%j%C%IE@$N:BI8$G$"$j!"Nhit $O>e$GA*Br$7$?%R%C%HPMT $NK\?t$G$"

$k!#$^$? � i $O3F%R%C%HPMT $N;~4VJ,2rG=$G!"A4$F$NPMT $G10ns$H$9$k!#t res;i $Oi HV

L\$N%R%C%HPMT $N;DN1;~4V$G!"<B:]$K%R%C%H$7$?;~4Vt i $+$i8w;R$NHt9T;~4V(Time-Of-
Flight,TOF) $r:9$C0z$$$?8e$K;D$k;~4V$H$7$FDj5A$5$l$k:

t res;i � t i �
n
c

p
(x � x i )2 + ( y � yi )2 + ( z � zi )2 (C.4)

$3$3$G!"(x i ; yi ; zi ) $Oi HVL\$N%R%C%HPMT $N:BI8$rI=$7!" n $O?e$N6~@^N($G!"c $O??6uCf

$N8wB.EY$G$"$k!#$^$?!"t0 $Ot res;i J,I[$NJ?6Q;~4V$G$"$k!#M}A[E*$K$Ot res;i $OA4$F$N%R%C

%HPMT $GEy$7$/$J$k!#

<!$KBh0lCJ3,$Ggoodness$,:GBg$G$"$C$?%0%j%C%IE@$rCf?4$H$7$?%0%j%C%I4V3V$,156cm
$G3� 3� 3 $NN)J}BN$N3F%0%j%C%IE@$Ggoodness$r7W;;$9$k!#$3$N>l9g$O� i $OA4$F$NPMT
$G5ns$H$9$k!#

$b$7:GBg$Ngoodness$r;}$D%0%j%C%IE@$,=i$a$NCf?4E@$H0lCW$7$J$$>l9g$O!"$=$N:GBg

$Ngoodness$r;}$D%0%j%C%IE@$rCf?4$H$7$FF1$8A`:n$r7+$jJV$7!"Cf?4E@$Ngoodness$,:G

Bg$K$J$k$^$GA`:n$rB3$1$k!#0lCW$7$?>l9g$O!"N)J}BN$NBg$-$5$r0.37G\$K=L>.$5$;$k!#$3

$l$i$NA`:n$r7+$jJV$7!"%0%j%C%I4V3V$,5cm$r@Z$k$H$3$m$GC5:w$r;_$a!"$=$N;~E@$G:GBg

$Ngoodness$r;}$D%0%j%C%IE@$r:F9=@.$5$l$?%P!<%F%C%/%9$H$9$k!#

C.2 Clus�t

Clus�t $K$h$k%P!<%F%C%/%9$N:F9=@.$G$O%R%C%HPMT $NA*BrK!$HC5:w%0%j%C%I$,Kai-�t
$H0[$J$k!#

2 K\$N%R%C%HPMT(i,j) $KBP$7!"8w;R$NE~C#$7$?;~4V:9� t ij $r

� t ij <
j~hi � ~hj j

c
(C.5)

$K@)8B$9$k(?^ C.2)!#$3$3$G~hi $Oi HVL\$N%R%C%HPMT $N0LCV%Y%/%H%k$rI=$9!#

%@!<%/%N%$%:$dH?<M8w!";6Mp8w$r<h$j=|$/$?$a$K!":G$b6a$$%R%C%HPMT $H$N5wN%$,

1250cm0J>eN%$l$F$$$k%R%C%HPMT $H!"%R%C%H;~4V$,35ns0J>eN%$l$F$$$k%R%C%HPMT
$r<h$j=|$$$?8e$G!">e$N;03QITEy<0$rK~$?$92 K\$N%R%C%HPMT $NAH$,:G$bB?$/$J$k$h$&

$J%;%C%H$r!"%R%C%HPMT $N%;%C%H$H$7$FA*Br$9$k!#

$3$3$GA*Br$5$l$?%R%C%HPMT $N%;%C%H$rMQ$$$F!"Kai-�t $HF1MM$N%0%j%C%IC5:w$r9T$&!#

%P!<%F%C%/%9:F9=@.$NBh0lCJ3,$G$O!"%0%j%C%IE@$Ox-y J?LL$G$O%0%j%C%I4V3V$,397.5cm
$G608D!"$=$7$Fz J}8~$O%0%j%C%I4V3V$,380cm$G9 AX$+$i$J$k!#$^$?� i $OA4$F$NPMT
$G9.35ns$H$9$k!#%Y%9%H%U%#%C%HE@$O:GBg$Ngoodness$r;}$D%0%j%C%IE@$+$iFbA^$9$k$3

$H$G7hDj$9$k!#

<!$KBh0lCJ3,$G$N%Y%9%H%U%#%C%HE@$rCf?4$H$7$?1_E{>e$NA4278D$N%0%j%C%IE@$Ggoodness
$r7W;;$9$k!#=i$a$O%0%j%C%I4V3V$r147.1cm$H$9$k!#$3$N>l9g$O� i $OA4$F$NPMT $G5ns
$H$9$k!#

$3$N8e$NA`:n$OKai-�t $HF1MM$K!"$b$7:GBg$Ngoodness$r;}$D%0%j%C%IE@$,=i$a$NCf?4

E@$H0lCW$7$J$$>l9g$O!"$=$N:GBg$Ngoodness$r;}$D%0%j%C%IE@$rCf?4$H$7$FF1$8A`:n$r
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?^ C.2: %R%C%HPMT BP$KBP$9$k;~4VE*@)8B!#;03QITEy<0cti + � x > ct j = cti + c� t ij $h

$j � t ij < � x=c = j~hi � ~hj j=c$,=>$&!#

7+$jJV$7!"Cf?4E@$Ngoodness$,:GBg$K$J$k$^$GA`:n$rB3$1$k!#0lCW$7$?>l9g$O!"N)J}BN

$NBg$-$5$r0.37G\$K=L>.$5$;$k!#$3$l$i$NA`:n$r7+$jJV$7!"%0%j%C%I4V3V$,5cm$r@Z$k

$H$3$m$GC5:w$r;_$a!"$=$N;~E@$G:GBg$Ngoodness$r;}$D%0%j%C%IE@$r:F9=@.$5$l$?%P!<

%F%C%/%9$H$9$k!#

C.3 Hayai

Hayai $OSK-I $N;~Be$K;H$o$l$F$$$?%P!<%F%C%/%9%U%#%C%?!<$G$"$k!#

B@M[%K%e!<%H%j%N8uJd%$%Y%s%H$KBP$9$k%P%C%/%0%i%&%s%I$N$[$H$s$I$OPMT %,%i%9$K

4^$^$l$k%i%8%&%`!"%H%j%&%`$K5/8;$r;}$D2!#SK $G$O7MeV 0J2<$N%$%Y%s%H%l!<%H$O$3$l

$i$N%P%C%/%0%i%&%s%I$N$?$a$K%(%M%k%.!<$,Dc$/$J$k$K$D$l$F5^7c$K9b$/$J$k!#$=$3$GM=

$a%*%s%i%$%s$N%P!<%F%C%/%9:F9=@.$G$3$l$i$N%P%C%/%0%i%&%s%I$r=|5n$9$kI,MW$,@8$8$k

$,!" Kai-�t $dClus�t $G$OC5:w$,CY$9$.$F$3$N$h$&$J9b$$%l!<%H$G@8$8$k%$%Y%s%H$r=hM}

$G$-$J$$!#

Hayai $OKai-�t $dClus�t $[$I@53N$G$O$J$$$,!"t#$+$KC5:w$N<}B+$,B.$$3$N$G!"$"$k%$

%Y%s%H$,PMT 5/8;$+H]$+$rI>2A$9$k$N$K;H$($k!#Clus�t $HF1MM$K!"@h$:%@!<%/%N%$%:$d

H?<M8w!";6Mp8w$r<h$j=|$/$?$a$K!":G$b6a$$%R%C%HPMT $H$N5wN%$,1000cm0J>eN%$l$F

$$$k%R%C%HPMT $H!"%R%C%H;~4V$,33.3ns0J>eN%$l$F$$$k%R%C%HPMT $r<h$j=|$/!#$=$N

8e$G@dBP%T!<%/;~4V$,!"4^$^$l$k%R%C%HPMT $NK\?t$,:GBg$K$J$k$h$&$J16.7ns$N;~4VAk

$+$i7h$^$k!#$=$7$F$=$N@dBP%T!<%/;~4V$KBP$7$F(-33.3ns,100ns)$N6h4VFb$K$"$k%R%C%H

PMT $,A*Br$5$l$k!#

2SK-III $G$O!"PMT $N>W7bGHKI;_%1!<%9$K;H$o$l$F$$$kFRP $NJ}$,%i%8%&%`!"%H%j%&%`$rB?$/4^$s$G$$
$k!#

3$3$3$+$i%U%#%C%?!<$NL>A0$,$D$$$?!#
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=i$a$N%P!<%F%C%/%9$OA*Br$5$l$?%R%C%HPMT $N0LCV$NC1=cJ?6Q$+$iSK ?eAe$NCf?4$K

2m8~$+$C$?COE@$H$9$k!#Hayai $O%$%Y%s%H$N%P!<%F%C%/%9$N;~4V$b%U%#%C%H$9$k$,!"$3$N;~

4V$O@dBP%T!<%/;~4V$h$j$bA0$G!"$+$D117ns0JFb$G$J$1$l$P$J$i$J$$!#$=$3$G%P!<%F%C%/%9

$N;~4V$O=i$a@dBP%T!<%/;~4V$N58.3nsA0$K$H$k!#$=$7$F$3$N;~4V$KBP$7$F(-133.3ns,200ns)
$N6h4VFb$K$"$kA4%R%C%HPMT $N;DN1;~4V$NJ?6QCM(>e$GDj5A$7$?tcenter ) $r=i4|CM$K2C$(

$?;~4V$,%P!<%F%C%/%9$N;~4V$H$J$k!#

Hayai $O<!$N<0$GDj5A$5$l$kHsEyJ}@-$rM?$($k%Y%/%H%k~a(0J2<!"HsEyJ}%Y%/%H%k) $NBg

$-$5$b7W;;$9$k:

~a �
P

selected hits qi (~hi � ~v)=j~hi � ~vj
P

selected hits qi
(C.6)

$3$3$Gqi $Oi HVL\$N%R%C%HPMT $NEE2Y$rI=$7!"~v$O%P!<%F%C%/%9$N0LCV%Y%/%H%k$rI=$9!#

<!$K Hayai $O=i$a$N%P!<%F%C%/%9$N<~JU$N18E@$r? Ĉ.3 $K<($5$l$kH>7B8m $NC5:w%0

%j%C%I$GI>2A$9$k!#$=$7$Fgoodness$OHsEyJ}%Y%/%H%k$NBg$-$5$r9MN8$7$F7W;;$5$l$k!#

=i$a$OHsEyJ}0x;Re� 0:5((a� a0 )=� a )2
$r goodness$K>h$8$k!#C5:w$,?J$`$K$D$l!"$3$N0x;R$K

4^$^$l$k%Q%i%a!<%?(a0; � a) $OI=C.1 $GM?$($i$l$k?tCM$KJQ99$5$l$k!#3F%P!<%F%C%/%9$N

;~4V$O>e=R$7$?$N$HF1MM$N$d$jJ}$G7hDj$5$l!"$=$N%P!<%F%C%/%9$N;~4V$N6aK5$GDj5A$5$l

$k6h4V(twin ) Fb$K$"$k%R%C%HPMT $@$1$,goodness$N7W;;$K;H$o$l$k!#I=C.1 $KC5:wH>

7B!";~4V$N%7%U%H!";~4VJ,2rG=!"HsEyJ}%Q%i%a!<%?$H;~4V4V3V$r<($9!#

Step Size [cm] t0 � � t [ns] a0 � � a twin [ns]

1 800 2.1 � 10.2 0.534 � 0.134 (-66.7,100.0)

1 2.7 � 6.1 0.534 � 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 1.5 � 4.7 0.1g for a < 0.2, a � 0.9 (-20.0, 33.3)
2 200 2.2 � 4.5 g for 0.3 � a < 0.85 (-20.0, 33.3)

3-5 1.1 � 4.1 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!<%?!#g $Ogoodness!" a $OHsEyJ}%Y%/%H%k~a$NBg$-$5$r

I=$9!#

C.4 BONSAI

Hs>o$KDc$$%(%M%k%.!<$NEE;R(5MeV) $KBP$7$F$O!"Clus�t $N%P!<%F%C%/%9J,I[$G$bBg$-

$$%F!<%k$r$b$D!#BONSAI (Branch Optimization Navigating Succesive Annealing Iter-
ations) $O:GL`K!$K$h$j%R%C%HPMT $N;DN1;~4V$r%U%#%C%H$9$k!#$3$l$O:G$bCY$$%P!<%F%C

%/%9:F9=@.K!$G$"$k$,!"J,2rG=$O:GNI$G!"%_%9%U%#%C%H$N3d9g$b:G>.$G$"$k!#B>$N%P!<%F%C

%/%9%U%#%C%?!<$H$O0[$J$j%P!<%F%C%/%9:F9=@.$KMQ$$$kPMT $rFC$KA*Br$7$J$$!#=>$C$F!"

B>$N%U%#%C%?!<$G$OA*$P$l$k%R%C%HPMT $NK\?t$,>/$J$9$.$F%U%#%C%H$K<:GT$9$k$h$&$J%$
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?^ C.3: Hayai(:8 ) $HBONSAI( 1&) $G%P!<%F%C%/%9:F9=@.$KMQ$$$i$l$kC5:w%0%j%C%I!#Hayai
$G$OF~NO%P!<%F%C%/%9$N<~$j$N18E@$rI>2A$9$k$,!"%0%j%C%I$O?^$N8~$-(?^$K=q$-9~$s$G

$"$k x; y; z $OSK ?eAe$N:BI8$r$"$i$o$9) $K8GDj$7$F$*$/!#%0%j%C%I$NBg$-$5$O1� 8m $G

$"$k (I= C.1)!#0lJ} BONSAI $G$OF~NO%P!<%F%C%/%9$N<~$j$N12E@$rI>2A$9$k$,!"%0%j%C

%I$O$=$N8~$-$,%A%'%l%s%3%UJ}8~(8w1_?m$NCf?4<4J}8~)dc $H$=$NJ}8~$K?bD>$JJ?LL>e$NHs

EyJ}%Y%/%H%kde $K0lCW$9$k$h$&$K2sE>$5$;$5$l$k!#%0%j%C%I$NBg$-$5$O0.01� 15.6m$G

$"$k!#
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%Y%s%H$KBP$7$F$b%U%#%C%H$,2DG=$H$J$k!#LINAC %-%c%j%V%l!<%7%g%s(IUO?;2>H) $N%G!<%?

$KBP$9$kBONSAI $K$h$kL`EYJ,I[$r?^ C.4 $K<($94!#$3$3$GL`EY$O� t i (~x) = t res;i (~x) � t0

$rMQ$$$F0J2<$N$h$&$KDj5A$5$l$k:

L (~x; t0) �
NhitX

i =1

log(P(� t i (~x))) (C.7)

$3$3$GP(� t i (~x)) $O� t i $N3NN(L)EY4X?t$G$"$k!#BONSAI $O3F%P!<%F%C%/%9$KBP$7$F$3

$NL`EY$r:GBg2=$9$k$h$&$K%T!<%/;~4V$r%U%#%C%H$9$k!#<!$K$3$N%7%0%J%k$KBP$9$kL`EYJ,

I[$K%@!<%/%N%$%:$NJ?$i$J@.J,$r2C$($k!#3F%P!<%F%C%/%9$KBP$7$F!"%@!<%/%N%$%:$N%l%Y

%k$OBg$-$J;DN1;~4V$r$b$D%R%C%HPMT $NK\?t$G7h$^$k!#

?^ C.4: LINAC %-%c%j%V%l!<%7%g%s$N%G!<%?$KBP$9$kBONSAI $NL`EYJ,I[!#2#<4$O

� t i (~x) = t res;i (~x) � t0 $G$"$k(?^$N� $OTOF $rI=$9 )!#

Hayai $HF1MM$K!"BONSAI $O%P!<%F%C%/%9$NHsEyJ}%Y%/%H%k$r7W;;$9$k$,!"<0(C.6) $N

$h$&$K3FPMT $NEE2Y$r%&%'%$%H$H$9$k$N$G$O$J$/!";DN1;~4V$NL`EY$HHsBP>N%,%&%90x;R

$N@Q$r$H$C$?$b$N$r%&%'%$%H$H$9$k!#$3$3$GHsBP>N%,%&%90x;R$O3FPMT $KBP$7;DN1;~4V

$,@5$N>l9g$O3.5ns!"Ii$N>l9g$O 2.0ns$K$H$k(?^ C.5)!#
BONSAI $O$^$?HsEyJ}%Y%/%H%k$N8~$-$r%A%'%l%s%3%U%j%s%0$NJ}8~$H$7$FMQ$$$k$3$H$G

%j%s%0$N%(%C%8$r7hDj$9$k:$D$^$j>e$GDj5A$5$l$k%&%'%$%H$Ncos� J,I[$r@QJ,$9$k!#$=$7

$F%j%s%0$N%(%C%8$rB-$7>e$2$i$l$?%&%'%$%H$N95%$r4^$`J}8~$H$7$FDj5A$9$k!#cos� ch(<0

(2.1)) $OHsEyJ}%Y%/%H%k$NBg$-$5$H%j%s%0$N%(%C%8$+$i:F9=@.$5$l$k!#3F%&%'%$%H$OHsEy

J}%Y%/%H%k$NBg$-$5$H%j%s%0$N%(%C%8$H$N:9$K0MB8$9$k!#$3$N:9$,0.050J2<$N>l9g$O%j

%s%0$N%(%C%8$N$_$,;H$o$l$k!#5U$K0.25$h$jBg$-$$$H$-$O!"HsEyJ}%Y%/%H%k$NBg$-$5$N

4 :GBg$N%T!<%/$N8e$K2 $D8+$($k%T!<%/$O8wEE;R$,%@%$%N!<%I$K$h$C$FCF@-;6Mp$5$l$F8wEELLJ}8~$KLa$j
%@%$%N!<%I$K:FF~<M$7$?$b$N!#
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?^ C.5: HsBP>N%,%&%90x;R

$_$rMQ$$$k!#$=$7$F0.05$H0.25$N4V$K$"$k$H$-$O!"HsEyJ}%Y%/%H%k$NBg$-$5$H%j%s%0$N

%(%C%8$NN>J}$+$i@~7A$KFbA^$9$k!#3F%P!<%F%C%/%9$NL`EY$KBP$7$F$O!"Hayai $NHsEyJ}0x

;R (e� 0:5((a� a0 )=� a )2
) $HF1MM$K%A%'%l%s%3%U0x;R$,3]$1$i$l$k!#$3$N0x;R$KBP$9$k%Q%i%a!<

%?$Oa0 = 0 :71$NB>$K!"4|BT$5$l$kcos� ch $h$jBg$-$$$H$-$O� a+ = 0 :05!">.$5$$$H$-$O

� a� = 0 :11$G$"$k!#

<!$KF@$i$l$?%P!<%F%C%/%9$NL`EY$,:GBg$H$J$k%P!<%F%C%/%9$N0LCV$rC5$9!#:G=i$N%P!<

%F%C%/%9$rA*$V:]$K$O@h$:Clus�t $GA*Br$5$l$?%R%C%HPMT $rMQ$$!"$3$l$i$r@dBPPMT
;~4V$N=g=x$KJB$SBX$($k!#$3$N%;%C%H$NCf$+$i4 K\$N%R%C%HPMT $NAH$_9g$o$;$rI>2A$9

$k!#$3$N:]%P!<%F%C%/%9$O4 K\$N%R%C%HPMT $+$i0J2<$N$h$&$K$7$F0l0U$KDj$^$k!#$D$^

$j%P!<%F%C%/%9$N:BI8$r4 85%Y%/%H%k$Gv� = ( vx ; vy ; vz; ct) $HI=$7!"4 K\$N%R%C%HPMT
$N:BI8$K$D$$$F$bF1MM$Kx1� ; x2� ; x3� ; x4� $N$h$&$KI=$9$H!"8w;R$,massless$G$"$k$3$H$+

$i!"M}A[E*$K$OG$0U$Ni (i HVL\$N%R%C%HPMT) $KBP$7$F

(x i� � vi� ) � (x �
i � v�

i ) = 0 ( i = 1 ; 2; � � � ; 4) (C.8)

$,@.$jN)$?$J$1$l$P$J$i$J$$!#$?$@$77WNL$Odiag(� 1; � 1; � 1; +1) $K$H$k!#%P!<%F%C%/%9

$N:BI8$O4 <!85$J$N$G!"$3$l$i%R%C%HPMT $N:BI8$,@~7AFHN)$J$i$P>e$N<0$O0l0U$J2r

$r;}$D (%P!<%F%C%/%9$O0l0U$KDj$^$k)!#%;%C%H$K4^$^$l$kPMT $, 10 K\0J2<$N>l9g$O!"

A4$F$NAH$_9g$o$;$K$D$$$FI>2A$9$k!#$=$&$G$J$$>l9g$O!"4 K\$N%R%C%HPMT $N2?K\$+$O

@dBPPMT ;~4V>e$GO"B3$9$k$H$$$&>r7o$r2]$7$F!"I>2A$9$kAH$_9g$o$;$N?t$r@)8B$9$k!#

BONSAI $O$^$?$=$l$>$l$NA*Br$5$l$?PMT $NA0J}20cm$K0LCV$9$k%P!<%F%C%/%9$K$D$$

$F$bI>2A$9$k($b$7Clus�t $, PMT $r 1 K\$bA*Br$7$J$+$C$?$i!"?eAe$NCf?4$GI>2A$9$k)!#
BONSAI $O? Ĉ.3(2 $D$N$&$A1&) $N$h$&$J%0%j%C%I$rMQ$$$F$=$l$i$N%P!<%F%C%/%9$N6aK5

$rC5:w$9$k!#=i$a$O7.8m4V3V$G$"$k(?eAe$NCf?4$GI>2A$9$k>l9g$O15.6m4V3V$G$"$k)!#
%0%j%C%I$O%A%'%l%s%3%U$NJ}8~dC $H$=$NJ}8~$K?bD>$JJ?LL>e$NHsEyJ}%Y%/%H%k$K1h$C$F

$$$k!#?7$7$/%P!<%F%C%/%9$rC5:w$9$kEY$KC5:wH>7B$O0.36G\$K=L$a$i$l$k!#BONSAI $O
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B>$N%U%#%C%?!<$H$O0[$J$j!"%U%#%C%H$N4V;~4VJ,2rG=$rD4@a$7$J$$$N$G!"3F%0%j%C%IE@$N

L`EY$O>o$KF1$8CM$r$H$k!#$7$?$,$C$F0LCV$N4X?t$H$7$F$NL`EY$OB?$/$N6KBg$r;}$D!#$=$N

$?$a!"L`EY$,:GBg$G$J$$%P!<%F%C%/%9$b<N$F$:$K!"L`EY$,0?$kHO0OFb$K$"$k%P!<%F%C%/%9

$OA4$F;D$7$F$*$/!#L`EY$NBP?t$N5vMF%l%s%8$O;O$a32($D$^$jL`EY$N5vMF%l%s%8$H$7$F$O

327e) $G!"L`EY$N?<$5d $H6&$K;X?t4X?tE*$K8:>/$5$;$k(>F$-$J$^$7K!)!#$3$3$GL`EY$N?<

$5$H$O$=$N;~E@$K$*$1$kL`EY$N:GBg$H:G>.$N:9$N$3$H$G$"$k!#6qBNE*$K$Oe� 0:03d $N;X?t

0x;R (Boltzmann 0x;R) $r>h$8$F5vMF%l%s%8$r69$a$k!#$^$?5vMF%l%s%8$K$On $rI>2A$9$k

%P!<%F%C%/%9$NAm?t$H$7$Fe� 0:015n $N0x;R$r3]$1$k$3$H$K$h$C$FC5:w;~4V$rD4@a$9$k!#%$

%F%l!<%7%g%s$O:GBg$G152s$^$G$G$"$k!#$b$7%Y%9%H%U%#%C%H$NC5:wH>7B$,1cm0J2<$G!"$+

$DL`EY$N%l%s%8($N>e8B) $, 0.010J2<$K$J$C$?$i!"C5:w$r;_$a$k!#
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IU O?D MC %$%Y%s%H$N@8@.J}K!

$3$NIUO?$G$O!"MC %$%Y%s%H(H?D7EE;R$N%(%M%k%.!<!"J}8~!"%P!<%F%C%/%9) $r$I$N$h$&

$K@8@.$7$?$+$r6qBNE*$K=R$Y$k!#

@h$:!"%K%e!<%H%j%N$,SK ?eAe$KFO$$$?;~E@$K$*$$$F!"$=$N%K%e!<%H%j%N$N<oN`i $r7h

$a$k$?$a$K!"

N i �
Z

dE�

Z
dEe

X

j

�
� i (E � )P(� i ! � j )

d� j

dEe
(E � ; Ee)

�
(D.1)

$r3F i (i,j $OH?%K%e!<%H%j%N$b4^$`) $KBP$7$F7W;;$7!"$=$l$i$NHf$K=>$C$FMp?t$rH/@8$5

$;!" i $r7h$a$k!#$3$3$G� i $O%K%e!<%H%j%N@8@.;~$N5,3J2=$5$l$?%(%M%k%.!<%9%Z%/%H%k$G!"

P(� i ! � j ) $O%K%e!<%H%j%N$N?6F03NN($G!"B@M[Fb$G@8@.$7$?;~E@$G� i $G$"$C$?$b$N$,SK
?eAe$KFO$$$?;~E@$G� j $H$J$C$F$$$k3NN($G$"$k!#

<!$K!"%K%e!<%H%j%N$N%(%M%k%.!<$r7h$a$k!#

N i (E � ) �
Z

dEe

X

j

�
� i (E � )P(� i ! � j )

d� j

dEe
(E � ; Ee)

�
(D.2)

$r3FE � (0.1MeV 9o$_) $KBP$7$F5a$a$F!"$=$N:GBgCM$rN i;max $H$9$k!#<!$KL5:n0Y$K%K%e!<

%H%j%N$N%(%M%k%.!<$r0MeV� 55MeV $NNN0h$+$iA*$S!"$3$NCM$rE 0
� $H$9$k!#$=$7$F0� 1

$^$G$NMp?tr $rH/@8$5$;$F!"r � N i;max $HN i (E 0
� ) $H$rHf3S$9$k!#$b$7A0<T$NJ}$,>.$5$1

$l$P!" E 0
� $r%K%e!<%H%j%N$N%(%M%k%.!<$H$7$F:NMQ$7!"5U$KBg$-$1$l$PL5:n0Y$KE � $rA*$V

$H$3$m$+$i$d$jD>$9!#$D$^$j!"%K%e!<%H%j%N$N%(%M%k%.!<$NA*$P$l$d$9$5$,%9%Z%/%H%k$N

3FE � $G$NCM$KHfNc$9$k$h$&$K$7$?!#

$3$&$7$F%K%e!<%H%j%N$N%(%M%k%.!<$,7h$^$k$H!"<!$KH?D7EE;R$N%(%M%k%.!<$r7h$a$k$3

$H$K$J$k$,!"$3$l$O

N i (E � ; Ee) �
d� i

dEe
(E � ; Ee) (D.3)

$rMQ$$$F!">e$G%K%e!<%H%j%N$N%(%M%k%.!<$r7h$a$k;~$HF1MM$N<jB3$-$G7hDj$7$?!#

H?D7EE;R$NJ}8~$K$D$$$F$O!"%K%e!<%H%j%N$N%(%M%k%.!<$HH?D7EE;R$N%(%M%k%.!<$,7h$^

$k$H!"%(%M%k%.!<!"1?F0NLJ]B8B'$+$iF3$+$l$k0J2<$N<0$K$h$j;6Mp3Q$O0l0U$K7h$^$k:

cos� =
1 +

me

E �r

1 +
2me

Ee � me

(D.4)

$3$3$Gme $OEE;R$N@E;_<ANL$G$"$k!#

$3$N;~E@$G$^$@J}0L3Q$N<+M3EY$,;D$C$F$$$k$N$G!"$3$l$bMp?t$rH/@8$5$;$F7h$a$?!#

H?D7EE;R$N%P!<%F%C%/%9$K$D$$$F$OM-8zBN@Q%+%C%H$Ne�ciency $r8+@Q$b$k$?$a$KSK ?e
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