Bh 2 >O #J#L#C$NB,Dj4o 2.1 B,Dj4o$N354Q EE;R M[ EE ;R >W FM 2a Dx $O A4 =E ?4 7O %( %M %k %.!< $, H? 1~ $N AG 2a Dx $K ;H MQ $5 $l $k $? $a $K!" =* >u BV $N <1 JL $, MF 0W $G $" $j!" 3N <B$J ?7 N3 ;R C5 :w $d @: L)<B 83 $, $G $- $k $H $$ $& FC D’ $, $" $k!#$3 $l $K 2C $( $F!" JLC $N %( %M%k %.!< NN 0h $G $O %8%’%C %H $N %( %M %k%.!< =8Cf $, $^ $9$^ $9 82 Cx$K $J $j!" $^ $?%+ %m %j %a!<%?!< $N %( %M%k %.!< J, 2rG= $b NI $/$J $k $N $G!"%H%C %W 0J 30$N %/%)!< %/ $,1T $$%8%’%C %H $H $7$F 8+ $( $k$h $& $K $J $k$N $_ $J $i$:!" %8%’%C %H ITJQ <A NL K!$K $h $k %2!<%8 %\ %= %s$d %H%C %W %/%)!<%/ $N :F 9=@. $, 2D G= $H $J $k!# $D $^ $j!" JLC $G $O!" %U%! %$ %^ %s ?^ $r 8+ $k $, G! $/!" H? 1~ $N =*>u BV $r 4p K\ N3 ;R $9 $J $o $A %l %W %H %s!" %/%)!<%/!" %2!<%8 %\ %=%s $N C1 0L$G B* $($k $3 $H$, $G $- $k$h $& $K$J $k $N $G$" $k!# $3$l $O!" A4 $/?7 $7 $$2C B. 4o<B 83 $N Kk3+ $1 $G$"$k!#$3 $NFCI. $9$Y$- 2DG= @-$r8= <B$N$b $N$H $7!"2CB. 4o$N@x :_G= NO$r 100% 0z$-=P $9$?$a $K$O!" =*>uBV $K@8@. $5$l $k%K%e!<%H%j%N$r=|$/A4$F$NN3;R$r@:EY$h$/8!=P$9$k!"9b@-G=$NB,Dj4o$,I,MW$G$"$k!# >e=R$NB,Dj4o@_7WM}G0$K4U$_!" JLC B,Dj4o$NK~B-$9$Y$-4pK\@-G=$r0J2<$N$h$&$K@_Dj$9$k!# $^$:!"B,Dj2DG=$J 3QEYNN0h$r!"%S!< %‘%Q%$%W$H%P%C %/%0%i%&%s%I BP:vMQ$N%^%9 %-%s%0%7%9%F %‘$N@_CV$5$l $kA08eJ} NN0h$r =|$/ NN 0h!J j cos � j < 0.98 !K $H$9 $k!#9b %(%M %k %.!<$K $J$l $P$J $k $[$I!" ;0BN 0J>e $N =*>u BV$N 2aDx $, A}$9 $3$H!" $* $h$SD6 BP >NN3 ;R $NJx 2u $J$I $KFC D’ E*$J 2# 1?F0 NL 7gB; $NB, Dj @:EY $r 8~>e $5 $;$k $?$a $K!" $G$- $k $@$1 B? $/$N N)BN 3Q $rB, Dj 4o$GJ$ $& $3 $H$, =E MW$G $" $k!#$3 $l $O$^ $?!" %K%e!<%H %j %N$N $h $&$J D> @\8! =P ITG= $J N3 ;R$N 1? F0NL $N 4V@\ B, Dj$N 2D G=@- $r J]>Z$9$k$3$H$K$b$J$k!# <!$K!" W %\%=%s$H Z %\%=%s$O!"<gMW$JJx2u%b!<%I$G$"$k%/%)!<%/%8%’%C%H$X$NJx2u$K$*$$$F<1JL2DG=$G$"$k$3$H $rMW5a$9$k!# Z %\%=%s $O W %\%= %s$h$j 10 GeV DxEY =E$/!"$=$l $>$l 2.5 GeV $H 2.0 GeV $N Jx2u6R$r $b$D!#=>$C $F!" W $H Z $,#2%8%’%C %HITJQ <ANL$G J,N%2DG= $G$"$k $?$a$K $O!"$=$NJ, 2rG=$O $3$l$i $NJx2u6R $HF1Dx EY$G$J $1$l$P$J $i$J$$!# $^$?!"??$K=*>uBV $r4pK\N3;RC1 0L$G:F9=@. $7$h$&$H$9$k $J$i$P!"%/%)!<%/%8%’%C %H$N<oN‘$N<1 JL$r$bL\;X$9 $Y$-$G $"$k!# A0 >O $G6/ D4 $7 $? $h $& $K!"FC $K %A%c!< %‘ $d %\ %H %‘%/%)!< %/ %8%’%C %H $N <1 JL$O!" %R%C %0 %9 N3 ;R!" %H%C%W %/%)!< %/ $N :F9=@.$K$*$$$FK\<AE*$K=EMW$G$"$k!# :G8e$K!"FC$K=EMW$J7Z$$%R%C%0%9$N@8@.2aDx!’ e + e � ! Z H $K$*$$$F!" Z Jx2u$+$i$N%l%W%H%sBP!J ‘ 1 ; ‘ 2 !K$r;H$C $?<ANL7gB;K! 1 $K$h$k%R%C %0%9<ANL$N J,2rG=$,!"%S!< %‘%(%M%k%.!<$N 3H$,$j$N 200 MeV $HF1Ey$G $"$k$3$H$r I,MW>r7o $H$9$k!#A0>O$G=R$Y $?$h$&$K!"%R%C %0%9N3;R$N <ANL$, Z %\%= %s$N<ANL$H $[$\Ey$7$$ $H$-$K$O!"%8%’%C %HITJQ<ANLK! $K $h$k%R%C%0%9 N3;RC5 :w$K$O!" Z %\ %=%sBP @8@.H? 1~$+$i$N Bg$-$J %P%C%/%0 %i%&%s%I $,$"$k!# $7$+$7!" I8=‘LO7? $G4|BT $5 $l$k%R%C %0%9 $NJx 2u6R $O MeV DxEY $HHs >o$K >.$5 $$ $?$a!" <ANL J,2r G=$, ==J, >.$5 $1$l $P ITDj @-$N $J$$ %R%C%0 %9$N H/8+ $,2DG=$H$J$k$+$i$G$"$k!#$3$l$O%R%C%0%9N3;R$N6R$,<B:]>.$5$$$3$H$r3NG’$9$k0UL#$G$b=EMW$G$"$k!# $H$3 $m $G!" JLC $G $O?b D> J} 8~$K %J %N %a!<%? !J 10 � 9 m !K ?e J? J}8~ $K $= $NLs I4 G\ $H$$ $& D6 JPJ? %S!< %‘ F1;N $r >W FM$5 $;$k $?$a!" 0J A0$N %j %s %0>u $N %3 %i%$ %@!< $G$O $J $+$C $?Ld Bj $, @8$8 $k!# $9$J $o $A!" %S!<%‘ %9 %H%i!< %k %s %0$K $h $j @8$8 $k %P%C%/ %0%i %& %s%I $H >WFM %S!< %‘%( %M %k %.!<$, IT Dj$K $J $k$H $$ $&Ld Bj $G $"$k!# $= $N$? $a $K!">W FM E@2s $j $N @_7W $K $*$$ $F $O!"B, Dj4o $r %P%C%/ %0 %i%& %s %I$+ $i <i $k$? $a $N:G ?7 $NCm 0U $rJ’ $o $J $/$F $O $J$i $J $$$7!" %k %_%N %7 %F%#!< B,Dj $N ?7$7 $$ 1 <ANL7gB;K!$H$O!"=i4|>uBV $N=E?4%(%M%k %.!<!J E C M !K$,NI $/J,$+$C$F$$$k $H$-!"=*>uBV #2BN$N$&$A$N 0lJ}!J:#$N>l9g Z %\%=%s!K$N %(%M%k%.!< $d1?F0NL!J E Z ; p Z !K$+$i!"B>J}!J%R%C %0%9N3;R!K$N <ANL!J M h !K$r%( %M%k%.!<1?F0 NLJ]B8B’$h $j7W;;$9$kJ} K!$G$"$k!#$9 $J$o$A!" M 2 h = ( E C M � E Z ) 2 � p 2 Z !"$3$3$G!" ~ p z = ~ p ‘ 1 + ~ p ‘ 2 $G$"$k!# 121

J}K!$N3NN)$bI,MW$G$"$k!# ?^ 2.1: JLC B,Dj4o$N35G0?^ $3$N$h$&$JMW5a$r9MN8$7$F!" JLC B,Dj4o [1] $,Ds0F$5$l$?!#?^ 2.1 $K JLC B,Dj4o$N#3<!85$N35G0?^!"?^ 2.2 $K$=$N CGLL$r<($9!#$^$?!"B,Dj4o$N=t@-G=$rI= 2.1 $K$^$H$a$k!#A4BN$NBN@Q$O!"$[$\ 16 � 16 � 16 m 3 $NN)J}BN$G$"$j!"Am=E NL$OLs 15,000 %H%s$G$"$k!#%_%e!<N3;R8!=P4o$r=|$-!"%+%m %j%a!<%?!<$r4^$‘$9$Y$F$N8!=P4o$O!"D6EAF3EE<’ @P$G:n$i $l$k #2%F %9 %i$N %= %l %N%$ %I <’>l Cf $K@_ CV $5 $l$F $$ $k!#$3 $N $3 $H$O!" %+ %m%j %a!< %?!< $N%( %M %k%.!< J, 2rG= $r >e $2!"$G $- $k$@$17j!J$9$J$o$AB,Dj4o$NIT46NN0h!K$N$J$$B,Dj4o$rC#@.$9$k$N$KI,MW$G$"$k!# 0J2<$G$O!" JLC B,Dj4o$N8=:_$^$G$N3+H/>u67$r>\$7$/Js9p$9$k!# 2.2 %P!<%F%C%/%9B,Dj4o 2.2.1 35MW %P!<%F%C%/%9 B,Dj4o$O EE;R - M[EE ;R$N>WFM E@$N$9 $06a$/$K CV$+$l $F!"2YEE N3;R$NHt @W$r9b $$@:EY$G B,Dj$9 $k!#$=$& $7$F F@ $i $l $? Ht @W $N >p Js $+ $i %8%’%C %H $N Cf $N B Cf 4V ;R $d D Cf 4V ;R $N Jx 2u E@ $r 8+$D $1 =P $9 $3 $H $K $h$C $F!" $= $N %8%’%C %H$, b %/%)!<%/$d c %/%)!<%/$+$iH/@8$7$?$3$H$r<1JL$9$k ( %?%0$9$k ) $3$H$,$G $-$k!# JLC $K$*$$$F$O7Z$$%R%C%0%9N3 ;R$H %H%C%W %/%)!< %/ $O :G$b =E MW $J J*M} $N 8& 5f $NBP >] $G $"$k $,!" $I $A $i$N N3 ;R $b <g$H $7 $F b %/%)!< %/$K Jx 2u $9 $k$? $a!" %P!<%F%C %/%9 B, Dj 4o $K$h $k b %/%)!< %/ %8%’%C %H$N %? %0 $O %P%C%/ %0 %i %&%s %I $+ $i K\J* $N %$ %Y %s%H $r A* $S=P $9 :] $K 7hDj E* $K=EMW$JLr3d$r2L $?$9!#=>$C$F%P!<%F%C %/%9B,Dj4o $K$O b %/%)!<%/%8%’%C%H$N %?%08zN($r9b $/!"$+$D u !" d !" s $J$I$N 7Z$$%/%)!<%/$r8zN(NI$/GS=|$G$-$k$@$1$N9b$$6u4VJ,2rG=$,MW5a$5$l$k!# 2YEEN3;R$N1?F0NL$NB,Dj$K$*$$$F$b%P!<%F%C%/%9B,Dj4o$O=EMW$JF/$-$r$9$k!#Cf1{Ht@WB,Dj4o (CDC) $KHf$Y$F%P!< %F%C%/%9B,Dj4o$O$O$k$+$K9b$$6u4VJ,2rG=$r;}$C$F$$$k$?$a!" CDC C1FH$G1?F0NL$rB,Dj$7$?>l9g$KHf$Y$F!"%P!<%F%C %/%9B,Dj4o$+$i$N>pJs$r2C$($?>l9g$K$O!"Ls 2 G\$N1?F0NLJ,2rG=$rF@$k$3$H$,$G$-$k!# 122

?^ 2.2: JLC B,Dj4o$NCGLL?^ I= 2.1: JLC B,Dj4o$N=t@-G= 123

?^ 2.3: 1?F0NL$H3QEY$N4X?t$H$7$F$N%$%s%Q%/%H!&%Q%i%a!<%?J,2rG= JLC $K $* $1 $k<B 83 $G $O!" =E ?4 7O$N %( %M %k %.!< $, 9b $$$? $a $K!" %8%’%C %H $O 6/ $/%3 %j %a!< %H $5 $l $k!# $=$N $? $a >W FM E@ $N6a$/ $K CV$+ $l $F$$ $k %P!<%F%C %/ %9B, Dj 4o$G $O B,Dj $5 $l$k N3 ;R$N L) EY$, Hs >o$K 9b $$!#$3 $N $h$& $J >u67 $G $O%7 %j %3%s %9 %H%j%C%W%G%# %F%/%?!< (SSD) $N $h$& $J!"4pK\ E*$K 1 <!85 $N8! =P4o$r 8~$-$r JQ$( $FAH$_ 9g$o$; $k$3 $H$K$h$C $FB??t $NN3 ;R$N 2 <! 85J? LL Fb $G $NDL 2a 0L CV $r5a $a $k $3 $H$O IT 2D G=$G $" $k!# $5 $i$K!" %P!< %F%C %/ %9B, Dj 4o $N:G $b Fb B& ( r � 2 cm) $K$* $$ $F $O!" %S!<%‘ - %S!< %‘ Aj 8_ :n MQ $K $h$C$F @8 $8 $k Dc %( %M %k %.!<$N EE ;R !? M[ EE ;R $N%P%C %/ %0 %i %& %s %I $K $h$k %R%C %H $, 1 2s $N %S!<%‘ %H %l%$ %s $N >WFM Ev $jLs 100 = cm 2 $b $"$k $N $G!" SSD $r;H$C $? >l9g $K $O $[$H $s $I$9 $Y $F $N%9 %H %j%C%W $, %R%C%H $7$F $7 $^ $&!#$3 $l $i $NM} M3 $+ $i!" JLC $N%P!< %F%C %/ %9 B,Dj 4o $K $O SSD $G$O $J $/!" %T%/ %; %k 7?$N EE 2Y 7k9g AG ;R (CCD) $,MQ $$ $i$l $k!# JLC $K$* $1 $k%P!< %F%C %/%9 B, Dj4o $O >WFM E@ $N$^ $o$j $r F1?4 1_ E{>u $K $+$3 $‘ 2 AX $N CCD AG;R $+$i$J$k!#$3$N CCD $r1_E{7?$K#2AX$J$i$Y$?;~$N%$%s%Q%/%H%Q%i%a!<%?J,2rG= � b $O � b = � r out r out � r in � � r in r out � r in � 0 : 014 r in p� r X r sin 3 � $H=q $1 $k!#$3 $3 $G � $O%T %/ %; %k %5 %$ %:$G 7h $^ $k 0L CVJ, 2r G=!" r in !" r out $O$= $l $> $l Fb AX $*$h $S 30 AX $N H>7B!" X r $O J| <MD9$GB,$C$?FbAX$N8|$5!" p $ON3;R$N1?F0NL (GeV) !" � $ON3;R$N3QEY$G$"$k!#$O$8$a$N 2 9‘$OB,Dj8m:9$K$h$k$b$N$G!" :G8e $N9‘ $O Fb AX$G $N B? =E ;6Mp $K $h $k$b $N $G $"$k!# $3 $N <0 $+$i!" J, 2r G=$r NI $/ $9$k $K $O r in $r =P Mh$k $@ $1 >.$5 $/!" r out $r=PMh $k$@ $1Bg $- $/$H $k$N $,NI $$ $3$H $,J, $+$k $,!" r in $r$" $^ $j>. $5$/ $9$k $H%P%C %/ %0%i %&%s %I$, A} $($k ;v!" r out $r $"$^$jBg$-$/$H$k$H%3%9%H$,HtLvE*$KA}$($k;v$J$I$N@)Ls$,$"$k!#$3$N$h$&$J>r7o$r9MN8$7!" r in =2.5cm !" r out =7.5cm $H@_Dj$7$?!#$^ $? z <4J}8~$N D9$5$O j cos � j < 0 : 95 $rJ$$&$b$N $H$7$?!# CCD $N%T %/%;%k%5 %$%:$O 25 � m 3QDxEY$G $" $j!"FbAX $NJ* <ANL $H$7 $F$O 500 � m $N%Y %j%j %&%‘ $N%S!< %‘%Q %$%W $*$h $S 500 � m $N %7%j %3%s $r9M N8$9 $k!#$3 $l$i $N%Q %i%a!<%?$rMQ$$$k$H!"4|BT$5$l$k%$%s%Q%/%H%Q%i%a!<%?J,2rG=$O � b = 11 : 4 � m � 28 : 8 � m p� sin 3 = 2 � $H$J$k!# � b $O?^ 2.3 $K<($9$h$&$K!"$[$H$s$I$NNN0h$G 20 � m 0J2<$H$J$k!# 2.2.2 0EEEN.$HJ|<M@~BQ@- :#$^$G$K 9b%(%M %k%.!<J* M}3X$N <B83$G CCD $r %P!<%F%C%/ %98!=P 4o$K;H MQ$7$? Nc$O SLA C $N SLD <B83 $,$"$k $,!" SLD $G$O CCD $r � 80 � C DxEY $^$GNd5Q$7 $F;H$C$F$$ $k [2, 3] !# 0lJ}2f!9$O CCD $r >o296a$/ !J 0 � C IU6a!K$G;H $&$3$H 124

?^ 2.4: 0EEEN.$H29EY$N4X78!#FI$_=P$7;~4V$O 1 IC!# $rL\ ;X$7 $F R&D $r ?J $a $F$$ $k!# $= $NM} M3 $O!" Nd5Q MQ $N 9= B$J* $, 2Y EEN3 ;R $N B?=E ;6 Mp $N 860x $H $J$C $?$j!" %S!< %‘ %b%K %?!<7O$H43>D$9$k$3$H$rHr$1$k$?$a$H!"Nd5Q$K$h$kG.<}=L$K$H$b$J$&%H%i%V%k$rHr$1$k$?$a$G$"$k!# $7$+$7 0 � C $H$$$&!"Hf3SE*9b$$29EY$G;HMQ$9$k$3$H$K$h$j!"<!$N$h$&$JJL$NLdBj$,@8$8$k2DG=@-$,$"$k!# � 0EEEN.$NA}2C$K$h$jG.;(2;$,A}$(!" S= N Hf$,0-2=$9$k!# � J| <M@~ B; =}$N 1F 6A$O 29 EY$K 0M B8$9 $k $,!" 0 � C IU 6a $G<B MQ $KBQ $( $i$l $k $@$1 $N J|<M @~ BQ@- $r ;}$D $+ $I$& $+ $O<+ L@ $G$O$J$$!# $3$l$i$NLdBj$r2r7h$9$k$3$H$,EvLL$N R&D $NL\I8$G$"$k!# 0EEEN. CCD $N 0EEE N.$r M^ $($k J}K! $H $7$F!" :G 6a!" Multi Pinned Phase (MPP) %b!<%I $H8F $P $l$k %P %$%" %9EE 05 $N$+ $1 $+$?$, 3+ H/$5 $l $?!#$3 $N J}K! $r MQ$$ $k $3$H $K$h$C $F =>Mh $N J}K! $K Hf$Y $F 0EEE N. $r0l 7e 0J>e >. $5$/ $9$k $3 $H$, $G $-$k $h $&$K$J$C $?!# IM>> %[ %H%K %/%9 $N CCD !" S5466(512 � 512 %T%/ %; %k!"%T %/%; %k %5%$ %: 24 � m 3Q ) $r MPP %b!<%I $GF0 :n$5$;$?$H$-$N0EEEN. $N29EY0MB8@- $rB,Dj$7$?7k2L $r?^ 2.4 $K<( $9!#$3$N?^$+$i$o $+$k$h$&$K!" MPP %b!<%I $G$O 1 IC $NFI$_=P$7 ;~4V$N 4V$KC_ @Q$5$l $k0EEEN. $O 5 � C $K$*$$ $FLs 300 EE;R$G $"$k!#G. ;(2;$O C_@Q$5 $l$k0E EEN.$NE} 7WE*$f $i $.$G$"$k$+$i p 300 $H $J$j!"$3$NCM$O2YEE N3;R$KBP$9$k?. 9f$NBg$-$5!"Ls 2000 EE;R (25 � m DxEY$N M-46AX$N8|$5$r2> Dj ) $KHf$Y$k$H<BMQ>eLdBj$N$J$$DxEY$NBg$-$5$G$"$k!# $5$i$K CCD $NG.;( 2;$rM^$( $k$?$a$K $O0EEEN. $NC_@Q$5 $l$k;~4V$r C;$/$9$l $P$h$$!#$9 $J$o$A9b B.$NFI$_ $@$7$r9T $J$( $P $h $$!# 0E EE N. $N FI $_ $@ $7 ;~ 4V 0M B8 @- $N B, Dj 7k 2L $, ?^ 2.5 $G $" $k!# 0E EE N. $, FI $_ $@ $7 ;~ 4V $K Hf Nc $7 $F $$ $k $3 $H $, $o$+$k!# $3$N ?^$+ $i$o $+$k $h$& $K!"FI $_$@ $7;~ 4V$r 25 m IC DxEY $^$G B.$/ $9 $k$3 $H$, $G$- $l$P!" 5 � C $K$* $$$F 0EEE N. $r 10 EE ;R0J 2<$K $^$G M^$($k $3$H $,$G $-$k!# $3$N ?t$O 2YEE N3;R $+$i $N?. 9f$N Ls 2000 EE;R $KHf $Y$F L5;k $7$& $k$[ $I>.$5 $$!#$^$?!"FI$_=P $7;~4V$, 250 m IC$G$"$C$F $b!"0EEEN. $O 100 EE;R0J2< $G$"$j!"G. ;(2;$O0EEE N.$NJ?J} :,$GM?$( $i$l $k$N$G 10 EE ;R 0J2< $G $"$j!" $d$O $j L5;k $7 $&$k $,!"$3 $l $@$1 D9 $$FI $_ =P$7 ;~4V $, <B:] $N JLC $G $N<B 83$K $* $$$F 5v $5$l $k$+$I$&$+$O<+L@$G$O$J$$!# 0J>e$K=R $Y$F$-$? $h$&$K!" $3$l$^ $G$N R&D $K$h$C$F!" G.;(2; $K4X$7 $F8@$($P!" CCD $r <<29$K 6a$$29 EY$G;HMQ $9 $k$3$H$K$OBg$-$JLdBj$N$J$$$3$H$,L@$i$+$K$5$l$? [4] !# 125

?^ 2.5: F0:n29EY 5 � C $K$*$1$k0EEEN.$HFI$_=P$7;~4V$N4X78!# J|<M@~BQ@- CCD $r>o29 6a$/$G;H MQ$9$k:]$N!" $b$&0l$D $NLdBj$O J|<M@~HoGz $KBP$9$k BQ@-$G$" $k!#$9$G$K=R $Y$?$h$& $K!" JLC $K$* $$ $F $O%S!< %‘ - %S!< %‘ Aj 8_ :n MQ$K $h$C $F Dc %( %M %k %.!<$N EE ;R $* $h $S M[EE ;R $N %P%C %/ %0 %i%& %s %I $, Bg NL $K@8 $8 $k!# B,Dj4o Fb $K $O%S!< %‘ <4$H J? 9T$K <’ >l$, $+ $+$C$F $$ $k$? $a $K!"$3 $l $i$N Dc %(%M %k %.!< EE;R !? M[EE ;R $O<’ >l $K4, $- IU$/ $h $&$J 3J9% $K $J$C$F %S!< %‘ <4$+ $i N%$l $? =j$X $O C# $7$J $$ $,!"%P!< %F%C %/ %9B, Dj 4o$N :G Fb AX$N $h $&$J %S!< %‘<4 $K 6a $$=j $G $O$=$N6/EY $, 10 4 = cm 2 sec $K $bC#$9 $k!#$3$N $h$&$J %P%C%/%0%i %&%s%I $r 10 G/4VMa $SB3$1 $?$H$9 $k$H!"$= $NHoGz NL$OLs 100 krad $KC#$9$k!# CCD $N J| <M@~ Ho Gz $K $h$k B; =} $N 1F6A $O <g $H $7$F EE 2Y $N E>Aw 8z N( (CTE) $N Dc 2<$H $7 $F $" $i$o $l $k!# $3 $l$O J| <M @~ $K$h$C$F %7 %j %3%s $N %P%k %/ Cf$K :n $i$l $? 3J;R 7g 4Y$, %H %i%C%W %l %Y%k $r 7A@. $7!" $= $l$K $h$C $FE> Aw ESCf $N ?.9f EE 2Y$N 0l It$,Ja3M $5$l$F $7$^$& $3$H$K $h$k!# CTE $NDc 2<$O?. 9fEE2Y $NB;<: $r$b$? $i$7!" S= N Hf $rDc2< $5$;$k!# Nc$($P 512 � 512 %T%/%; %k$N CCD $N>l 9g!"=PNO C<$+$i :G$bN% $l$?%T %/%; %k$O 1024 2s$N E>Aw$N 8e$K=P NO$H$J$C $F$"$i $o$l$k $N$G!" 1 2s$N CTE $, 99.9% $G$b 1024 2s$NE>Aw$N8e$K$O85$NEE2Y$O 35.9% $K$^$G8:$C$F$7$^$&!# J| <M @~ $K $h$C $F %7 %j %3 %s Cf $K 7A @. $5 $l $k %H %i%C %W %l %Y %k $K $D $$ $F $O ?t B? $/ $N Js 9p $, $" $j!" CCD $N EE 2Y $N E> Aw $N 9T$o$l $k n 7? %7%j %3 %s$K 4X $7$F $O!" 0.17 eV $H 0.42 eV $N %l%Y %k $,FC $K 82Cx $G$" $k $3$H $, $o$+$C $F $$$k [5, 6] !#$3 $N $h$&$J%l%Y %k$,B8 :_$9$k $H$- $N CTE $r4JC1 $J%b%G %k$K4p $E$$$F %7%_%e%l!< %H$7$? 7k2L$, ?^ 2.6 $G$" $k!#EE2Y E>AwB; <: (CTI = 1 � CTE) $,$3$N?^$K8+$i$l$k$h $&$K%T!<%/$r:n$k$N$O0J2<$NM}M3$K$h$k!#%H %i%C%W$KJa3M$5$l$?EE;R$O$"$k ;~Dj?t � e $G $b$C $F:F $S EAF3 BS$K G. Ne5/ $5 $l$k!# $3$N ;~ Dj?t $O � e / exp(� E t =k T ) $H$$ $& 29EY 0MB8 @- $r;}$C $F $$$k!# $3$3$G � E t $O %H %i%C%W %l%Y %k $N%( %M %k%.!< =‘ 0L!" k $O %\ %k%D %^ %sDj ?t!" T $O@d BP 29EY $G$" $k!# $7$? $,$C $F29 EY$, 9b $$$[$I$3 $N;~ Dj?t $OC; $/$J$k!# $"$k M?$( $i$l $?%(%M %k%.!< =‘0L $KBP $7$F!"29 EY$, ==J, 9b$1 $l$P � e $, CCD $N%/ %m%C%/ $N%Q%k%9I} $h$j$:$C $HC;$/ $J$j!"Ja 3M$5$l $?EE;R$O $b$H$N >uBV$K G.Ne5/ $G$b$I $k$?$a $K CTI $O>.$5$/ $J$k!#0l J}!"29 EY$, ==J, Dc $1$l $P!" 0lEY %H %i%C%W $K Mn $A9~ $s $@EE ;R $O$$ $D $^$G $?$C $F $b$= $3 $+$i =P $i$l $J $/$J $j!" $= $N$& $A!" $[$H $s $I$N %H %i%C %W $, Kd $a ?T $/ $5 $l $F $7 $^$C $F!" ?7 $? $J Ja 3M $, 5/ $i $J $/ $J $j!" $3 $3 $G $b $^ $? CTI $O >. $5 $/ $J $k!# 7k 6I CTI $O$"$k29EY$K:GBgCM$r$b$C$?%T!<%/$r:n$k$3$H$K$J$k!# ?^ 2.6 $+$i<!$N$h $&$J$3$H$,$o $+$k!’ 1) FI$_=P$7<~GH ?t$,9b$$$[$I CTI $N%T!< %/$N9b$5$,Dc$/ $J$k!( 2) 0EEEN.$, B?$$ $[ $I %T!< %/ $N Dc 29 B& $N CTI $, >. $5 $/ $J $k!# $3 $l $i $N M} M3 $O <! $N $h $& $K @b L@ $G $- $k!# FI $_ =P $7 <~ GH ?t $, 9b $/ $J$C $F!"%/%m%C%/ $N%Q%k %9I}$, %H%i%C%W $K$h $kEE;R $NJa3M $N;~Dj ?t � c $h$j $bC;$/ $J$k$H!" EE;R$r Ja3M$G $-$J $$%H%i%C %W$, B?$/$J$C$F$-$F!" CTI $,>.$5$/$J$k!#$3$NMM;R$O?^ 2.7 $r8+$l$PL@$i$+$G$"$k!#FI$_=P$7<~GH?t$, 1 MHz 0J>e$K$J$k $H CTI $O<~ GH?t$K H?HfNc $7$F>. $5$/$J$C $F$$$k!# $^$?!"0E EEN.$, B?$$$H!" 29EY$, Dc$$>l 9g$K$O!" 0EEEN. $NEE;R $K$h$C 126

?^ 2.6: FI $_ =P $7 <~GH ?t $, a)1 MHz !" $* $h $S b)20 MHz $N >l 9g $K $* $1 $k!"EE 2Y E> Aw B; <: (= 1 � CTE) $N 29EY 0M B8 @- $N%7%_%e %l!< %7%g%s!# <B@~ $O 0EEE N.$, %T %/%; %kEv $j 10 EE ;R$N >l9g!" GK @~$O 0EEE N. $,%T %/%; %k Ev$j 400 EE ;R$N >l 9g$r $"$i $o $9!#:8$N%T!<%/$, 0.17 eV !" 1&$N%T!<%/ $, 0.42 eV $N%H %i%C%W%l%Y %k$K5/0x $9$k!#$=$N B>$N%Q%i%a!< %?$H$7$F $O!"?.9fEE 2Y $r 1000 EE;R!"%H%i%C%WL)EY$r 1 � 10 11 = cm 3 $H2>Dj$7$?!# $FKd$a$i$l $?$^$^ $N%H%i%C %W$,A} $($F!"?. 9f$NEE;R $rJa3M $G$-$k %H%i%C%W $,8:$C$F $7$^$$ CTI $r >.$5$/$9 $k$3$H $K$J $k!# %7%_%e%l!< %7%g%s$N 7k2L $+$i $O!"FI$_ =P$7 <~GH?t $r 20 MHz $K $7$F 0EEE N.$,?t I4EE ;R$"$l $P!" CTI $NA} 2C$r$+ $J $jM^ $( $k $3 $H $, $G $- $k $H M= A[ $5 $l $k!# 0E EE N. $, 400 EE ;R $"$C $F $b $= $l $K $h $k G. ;(2; $O 20 EE ;R $G $" $j 5v MF HO 0O Fb $G $" $k!#$7$+$7FI $_=P$7 <~GH?t$, 9b$$$H CTI $r M^$($k $N$K==J, $J0EEE N.$,C_ @Q$5$l $J$$$H9M $($i$l $k!#$=$N >l9g$K$O 30It $+$iEE5$E*$KEE2Y$rCmF~$9$k!#$3$NJ}K!$O F at Zero $H8F$P$l$F$$$k!# 2.2.3 :#8e$N2]Bj $3$l $^ $G $N R&D $K $h$C $F!" CCD $r JLC $N %P!< %F%C %/ %9B, Dj 4o $K ;H $( $k 8+ DL $7 $,$D $$ $F $- $? $,!" :# 8e!" $5 $i $K R&D $r?J$a$F$$$/I,MW$,$"$k$3$H$O8@$&$^$G$b$J$$!# $^$:!"9bB.FI $_=P$7$N $G$-$k CCD AG;R $J$i$S$K FI$_=P$7 !?6nF02s O)$r<B:] $K3+H/$7!" %N%$%:$r ==J,Dc$/ M^$($k$3 $H$,$G $- $k$3 $H $r<B >Z $7$J $1 $l$P $J $i$J $$!#FI $_ =P$7 B. EY$r B. $/$9 $l $PG. ;( 2;$, 8: $k$3 $H $O5? $$$J $$ $H;W $o $l$k $,!" $=$N$+ $o $j!"0E EE N.$H $O JL$N 86 0x$G $" $k!"FI $_ =P$7 %N %$%: $, A}2C $9 $k$3 $H $,CN $i $l$F $$ $k!#$3 $N A}2C $r :G>. 8B $KM^ $( $k$h$&$JFI$_=P$72sO)$N3+H/$,I,MW$G$"$k!# J|<M@~BQ @-$K4X$7 $F$O!"$$ $^$@$K%7 %_%e%l!<%7%g %s$NCJ3, $G$"$k!# 8=<B$N CCD AG;R $,%7%_%e %l!<%7%g%s$G <($5$l $?$h$&$J?6$kIq$$$r<($9$+$I$&$+$N<B83$r9T$J$&$3$H$O:G$b=EMW$J R&D 9‘L\$G$"$k!# 0lJ}!" JLC $G $NJ* M} $N8! F$$r 9T $&$? $a $N%7 %_%e %l!<%7%g %s$G $O!" 8=:_ $N $H$3 $m!" 40A4 $J1_ E{ 7A>u $r MQ$$ 8!=P 8z N( $b 100% $, 2> Dj $5 $l $F$$ $k!# :# 8e $O!" CCD AG ;R $N G[CV J} K! $N :G E, 2= $J$I $N 8= <B E* $J %P!< %F%C%/ %9 B, Dj 4o $N @_ 7W$d!" <B:]$NG[CV$K$b$H$E$/B,Dj4o%7%_%e%l!<%?!<$X$NAH$_9~$_$r$7$J$1$l$P$J$i$J$$!# 127

?^ 2.7: 29 EY $, 280 � K $K $*$1 $k EE 2YE> Aw B; <: $NFI $_ =P $7<~ GH ?t 0MB8 @-!# 0E EEN. $, %T %/%; %k Ev $j 10 EE;R $N >l 9g$r <B @~ $G!" 400 EE;R$N>l9g$rGK@~$G<($9!# 2.3 Cf1{Ht@W8!=P4o 2.3.1 35MW @a 1.2 $G=R $Y$i $l$F $$$k $h$& $K!" e + e � ! Z H 2a Dx$N B,Dj $G$O!" Z $N %l%W %H%s BPJx2u $KBP $9$k <ANL 7gB; K!$, =EMW $G$"$k!#<ANL7gB;K!$K$h$k%R%C%0%9<ANL$NB,Dj$G $O!"Cf1{Ht@W8!=P4o (CDC) $,Cf?4E*Lr3d$r2L $?$9!#%R%C%0%9<ANL$N J,2r G= � M h $O %l %W %H %s $N1? F0 NL J, 2r G= � P ‘ $K Hf Nc $7!" � M h ’ 2 P ‘ = M h � � P ‘ $H I= $9 $3 $H$, $G $- $k!# M h =100 GeV $KBP$9$k � M h =200 MeV $NMW5a $O!" P ‘ ’ 50 GeV $G $"$k$N$G!" � P ‘ =200 MeV $9$J$o$A 50 GeV $K BP$7$F 0 : 4% $N1?F0 NLJ,2r G=$,I, MW$H$J $k!#$3$l $r 2 %F%9%i $N%=%l %N%$%I <’>lCf!" B,DjE@ $"$?$j $N6u4V J,2rG= 100 � m $N8! =P 4o$G<B8=$7$h$&$H$9$k$H!" 2 m $K$o$?$C$F 100 E@$NB,Dj$,I,MW $G$"$k!#LsH>7B 30 cm $^$G$O:G=*<}B+EE<’@P$N$?$a$N ;Y;}1_E{$,@j$a$k$N$G!"B,DjE@$H$7$F$OH>7B 30 cm $+$i 230 cm $^$G$H$J$k!#$=$3$G!"%S!<%‘<4$+$i7W$C$F 45 EY0J>e $KBP$7$F 100 E@$NB,Dj$rJ]>Z$7$h$&$H$9$k$HHt@W8!=P4o$ND9$5$O 4 : 6 m $K$J$k!# $5$i$K!"%8%’%C%HITJQ <ANLK!$K$h$k 4pK\N3;R$N <ANLJ,2rG=$r 8~>e$5$;$k$? $a$K$O!"2YEEN3 ;R$NHt@W$H%+ %m%j!<%a!< %?$N%/%i%9%?!<$rBP1~$5$;$kI,MW$,$"$k$N$G!"%9%F%l%*%o%$%d!<$rMQ$$$?%S!<%‘<4J}8~ ( z ) $N0LCVJ,2rG=$H$7$F � z < � 1 mm $,IT 2D7g$G $"$k!# $^$?!" %8%’%C%HCf $N2Y EEN3 ;R$K BP$9$k 9b@: EY$J 1?F0NL B,Dj $r<B 8=$9 $k$K$O!" 1 mm Dx EY$^$G 6a @\$9$kHt@W$rFHN)$KB,Dj$G$-$J$/$F$O$J$i$J$$!# 0J>e$N9M;!$K4p $E$$$F!">.7? %8%’%C%H%;%k9=B$ $r;}$C$?1_E{7? %I%j%U%H%A%’ %s%P!<$,Bh0l8u Jd$H$7$FA*Br $5$l$?!# $^$?!"%A%’%s%P!<%,%9$H$7$F$O!"2YEEN3;R$NDL2a$G$G$-$?EEN%EE;R$,3H;6$9$k$3$H$K$h$k0LCVJ,2rG=$NNt2=$N>/$J$$!" C:;@%,%9$r<g@.J,$H$9$k%A%’%s%P!<%,%9$r;HMQ$9$k!# 2YEEN3;R$NDL2a 0LCV$O!"$=$NDL 2a;~4V$+$i7W$C $?3F%o%$%d!<$G $NEEN%EE;R$N E~C#;~4V$rB, Dj$9$k$3$H$K $h$C$FDj$^ $k!#EEN%EE ;R$N 0\F0 !J%I%j %U%H!K B.EY$O Ls 10 � m/nsec $J$N $G!"3F E@$" $?$j 6u4VJ, 2rG= 100 � m $N MW5a $O!";~ 4VJ,2r G= $K49;;$9$l$P 10 nsec $KBP1~$9$k!#=>$C$F!" 1 N3;R$NEv$?$j 10 nsec/ p 100 B,DjE@ = 1 nsec $N;~4VJ,2rG=$r;}$D$3$H $K$J$k!# JLC $G $O 150Hz $N 1 %Q%k %9 Cf$K 1.4 nsec 4V3V $G 85 %S!< %‘%P %s%A $,>W FM$9 $k $,!"$3 $l$i $NCf $K $O!"K\ J*$N ?.9f;v >] $NB> $K 8e@a $G=R $Y $k%S!< %‘!& %S!<%‘ Aj 8_:n MQ$K $h $k%P%C %/ %0%i %& %s%I ;v>] $, 5/$3 $j $&$k!# CDC $r;H $( $PN3 ;RKh $KH/ @8 $7$? %S!< %‘ %P%s %A $rF1 Dj $G$- $k $N $G!"%S!< %‘!& %S!<%‘ Aj 8_ :nMQ $K $h$k %P%C %/ %0%i %& %s%I ;v >]$, F1 $8 %P%s %A 128

$N>WFM$G5/$3$i$J$$8B$j!"$3$N%P%C%/%0%i%&%s%I$+$iMh$k2YEEN3;R$NHt@W$r<h$j=|$/$3$H$,$G$-$k!# ?^ 2.8: 4 : 6 m CDC %F%9%H%A%’%s%P!<$H%o%$%d!<0LCVB,DjAuCV $5$F!">e5-$N@_7W >r7o$rK~B-$9 $k$h$&$JBg7?Cf 1{Ht@W8!=P4o $N7z@_$K$*$$ $F$O!"G!2?$K$7 $F8!=P4o$N3F 9=@.MWAG!" $H$j$o $1B, DjE@ $N6u 4V4p =‘$H $J$k 4.6 m $H $$$& Hs>o $KD9 $$%o %$%d!< $r!"@: EY$h $/@_ CV$9 $k$+ $,Ld Bj$H $J$k!# =ENO $*$h $S@EEE5$NO$K$h$k%o%$%d!<$N$?$o$_!J%5%0!K$N$?$a!" 4 : 6 m $H$$$&Bg$-$J%A%’%s%P!<$G 100 � m/ %o%$%d!<$H$$$&$h$& $JJ,2rG=$r=P$9$N$OMF0W$J$3$H$G$O$J$$!# $=$3$G!"$^$:Bh0l $K=ENO$*$h$S @EEE5$NO$N$b$H $G$N%o%$%d!<$N 0LCV$r2DG=$J 8B$j@53N$KCN $kI,MW$,$G$F $/$k!#$H$/ $K!"$" $i$+ $8 $a B,Dj $5 $l $?%o %$ %d!< $ND% NO!" $=$N @~ L) EY!"%A%’ %s %P!< $NC< HD $N 7j0L CV!" $* $h$S 0u 2C EE05 $+ $i!" 9bEE 05 0z2C 8e$N %o %$%d!< 0L CV$r M= B,$G $- $k $+$I $& $+$, 80 $H$J $k!# BhFs $K %o %$%d!< 0L CV$, @5 3N$K J, $+$C$F $$ $l $P!"Bg $- $J%5 %0 $,$"$C$F$b!"L\I8$H$9$k 100 � m/ %o%$%d!<$,C#@.$G$-$k$3$H$r<($9I,MW$b$"$k!# $3$l$i 2 E@$r =EE@9‘L\ $H$7$F!" 8=:_ JLC $N $?$a$N CDC 3+H/8&5f $,?J$a $i$l$F$$ $k!#6qBN E*$K$O!"$^ $: 4.6m $N %F%9 %H%A%’ %s %P!< $r;n :n $7!" $=$N %o %$ %d!<%F %s %7%g%s!" =E NO!" @EEE %5 %0 $NB, Dj $r 9T$$!" M} O@ E*M= 8@ $H $NHf 3S $r 9T$& $3 $H!"$^ $?!"$3 $N %F%9 %H %A%’%s %P!< $N1’ Ch @~ %F%9 %H $r9T $$ 0LCV J, 2rG= $J $I $N4p K\ @-G= $r D4$Y $k $3$H $,!" $3 $N8& 5f 3+H/ $N 9|;R$G$"$k!# 0J2<$G$O!"<g$H$7 $F9‘L\0l$K$D $-$=$N35MW$r=R $Y$k!#8=:_?J9T Cf$N1’Ch@~%F %9%H$K$D$$$F $O!"$=$NESCf4V 7k2L$rJs 9p$9$k!# 2.3.2 %F%9%H%A%’%s%P!<$N9=@. @h$K=R$Y$? $h$&$JMW5a $rK~$?$9$? $a!"?^ 2.9-(a) $K<($9$h$& $J>.%8%’%C%H %?%$%W$N%; %k$r9M0F $7$?!#$b$7A4 $F$N%o %$%d!< $,F1 $8 =ENO %5 %0$r ;} $D$H $9 $k $J$i $P!" %A%’%s %P!< 3FIt $K $*$1 $k 6I =jE* $J EE>l $O!" =ENO %5 %0$, B8 :_ $7$J $$ $b$N $H $7$FMF0W $K6a ;w7W ;;$9$k $3$H $,$G $-$k [7] !#0l$D$N %;%k $K$O 1 cm 4V 3V$G #5K\ $N%; %s%9%o %$%d!< $,$" $j!" 2 : 5 kV $NEE 05$,0u 2C $5$l $F $$$k!# 3F %;%s %9 %o%$ %d!< $N2s $j $K$O!" $3 $l$i $N %;%s %9%o %$ %d!<$, :n $kJ? LL >e$K %0 %i%s %I %o%$ %d!< ( G 1 $+$i G 6) $, $"$j!" %0%i %s%I %o%$ %d!<$H 5 mm $N4V 3V$r 3+$1 $F � 0 : 5 kV $K 0u2C $5$l $?%0 %j%C%I %o%$%d!< ( GL 1 $+$i GL 6 $H GR 1 $+$i GR 6) $,G[CV$5 $l$F$$$k!#$^$?!"%;%s%9%o%$ %d!<J?LL$NN>C<$K$O 2 : 15 kV $K0u2C$5 $l$? 2 K\$N%@ %_!<%;%s%9%o%$%d!< ( D 1 $H D 2) $rG[ CV$7!">eC<!"$*$h $S2<C<$N%;%s %9%o%$%d!< ( S 1 $H S 5) $r0BDj$5$;$F $$$k!# 10 K\$N%U%#!<%k%I%o%$%d!< ( F 1 $+$i F 10) $O 0lMM%I%j%U%HEE>l$r7A@.$7!"%I%j %U%H5wN%$O:GBg$G 5 cm $H$J$C$F$$$k!# $3$l$i$N%U%#!<%k %I%o%$%d!< $K$O!"%;%k $NCf?4$+ $i:81&$N C<$^$G � 0 : 5 kV $+$i � 4 : 6 kV $^$G=g<! 0LCV$KHf Nc$7$?EE 05$,0u 2C$5 $l$F $$$k!# 3F %o%$ %d!<$N D>7B $O!"%; %s%9 %o%$ %d!<$, 30 � m $G!" $=$l 0J30 $O 125 � m $H $J$C$F $$ $k!#%o %$%d!< AG:‘ $O!" %; %s%9 %o %$ %d!<$, 6b %a%C %-%? %s %0%9 %F %s @=$G!" $= $N B>$N %o %$ %d!<$O 6b %a%C %-%" %k %_ %K%& %‘ @= $G$" $k!# $3$l $O!"7Z $$ %"%k %_ %K %&%‘ $r ;H MQ$9 $G %o%$ %d!< D% NO$r >. $5 $/$7!" %A%’ %s%P!< C< HD $rGv $/ $9$k $3 $H $K$h$C $F!" C< It%+ %m %j!<%a!< %?$N J, 2rG= $N Nt 2=$r Dc 8: $9$k $? $a$G $" $k!# $^$?!" 3F %o %$%d!< EE 05$O!" @E EE 5$NO $r :G>. $K $7!" E,Ev $J %, %9A} I} EY$rJ] $F $kHO 0OFb $G!" 2DG= $J 8B$j %I%j %U %HEE >l$, 0l MM$H $J$k $h $&$K @_ Dj$5 $l$F $$ $k!#?^ 2.9-(b) $O!" %I%j %U %H%A%’ %s %P!<$N%7 %_%e %l!<%7%g %s %W%m %0 %i%‘ GARFIELD [8] $r MQ $$$F EE N%EE ;R $N%I %j %U%H @~ $r7W ;; $7$? 7k 2L$G $" $k!#2f!9 $N %F%9%H%A%’%s%P!<$K$O!"$3$N$h$&$J9=B$$N%;%k$, 7 8D$"$k!#?^ 2.10 $K$=$N%;%k$NG[CV$r<($9!# :#8e!" FC$K CG $i$J $$ 8B$j!" 2f!9$, 07 $&%o %$ %d!<$O A4 $FCf ?4%; %k ( C 4) $N $b$N $H $9$k!# %o %$%d!< $rD% $k A0$K , #2 Kg $N %(%s %I%W %l!< %H$N 7j $" $1@: EY $rD4 $Y $?!#$= $N 7k 2L!"#2 Kg $N%( %s %I %W%l!< %H $O!"%o %$ %d!< $rDL $9 7j$N @_ 7W$H $N $: $l$O J? 129

?^ 2.9: (a) >.%8%’%C%H7?$N%;%k9=B$$H (b) $=$N%I%j%U%H%i@~!# 6Q$G 8 : 2 � m 0J2<$G$"$k;v$r3NG’$7$?!# ?^ 2.10: 4 : 6 m %F%9%H%A%’%s%P!<$K$*$1$k%;%k$NG[CV 2.3.3 %o%$%d!<%5%0$N7W;; %I%j%U%H%A%’%s%P!< Fb$N%o%$%d!< 0LCV$O!"=ENO!"@E EE5$NO$H!"%o %$%d!<D%NO$K$h $kI|85NO$H $N$D$j9g$$$G 7h$^$C$F $$$k!#$3$N%o%$%d!<$NJ?9U0LCV$K$*$1$kNO$N4X78<0$O!"0J2<$N$h$&$K$J$k!# T � d 2 ~ � dz 2 = ~ F e + ~ F g ; (2.1) $3$3$G!" T $O%o%$%d!<D%NO!" ~ � ( z ) = ~ � g + ~ � e $O%o%$%d!<$K?bD>J}8~$NJQ0L!" z $O%o%$%d!<J}8~$N:BI8$r<($9!#$^$?!" ~ F e $H ~ F g $O$=$l$>$l %o%$%d!<$K $+$+$k@EEE 5$NO!"=ENO $rI=$9!#$3$N <0$N@~7A@- $N$*$+$2 $G!"=ENO$K$h $k:nMQ$H @EEE5$ NO$K$h$k:nMQ$rFHN)$7$F9M$($k$3$H$,$G$-$k!#$^$:!"=ENO%5%0$O T � d 2 ~ � g dz 2 = ~ F g = � � ~ g ; (2.2) 130

$NMM$KI=$5$l$k!#$3$3$G!" � $O%o%$%d!<$N@~L)EY$r!" g $O=ENO2CB.EY$rI=$9!#$3$NJ}Dx<0$N2r$O!" ~ � g ( z ) = 1 2 � � � ~ g T � z ( z � L ) ; $H$J$k!#$?$@$7!" L $O%o%$%d!<$ND9$5 ( L =4.6m) $r$G$"$k!#$3$l$K$h$j!"%5%0$N:GBgCM$O z = L /2 $N;~$KM?$($i$l!" Y � j ~ � g ( L= 2) j = L 2 8 � � � � g T � !# (2.3) $h$C$F!" =E NO %5 %0 $r 7W ;; $9 $k $? $a $K $O!" @~ L) EY $H %o %$ %d!< D% NO $r B,$C $F $d $l $P $h $$!# <0 (2.3) $h $j!" =E NO %5 %0 $r >. $5 $/$9$k $? $a $K$O!" L) EY$N >. $5$$ AG :‘$r!" 6/ $$D% NO $GD% $k $N$, NI $$;v $, J,$+ $k!# $7 $+$7!" 5$ $rIU $1 $J$/ $F $O$J $i $J$$ $N $O!" Y $O %o%$ %d!<$ND9 $5$N #2>h $GA}$( $k$? $a!"D9 $$%o%$ %d!<$r ;}$C$? Bg$-$J %I%j %U%H %A%’%s%P!< $K$* $$$F $O!"=ENO %5 %0$NBg$-$5$O>o$KLdBj$H$J$k$3$H$G$"$k!#0lJ}!"@EEE%5%0$rI=$94X78<0$O0J2<$N$h$&$K$J$k!# T � d 2 ~ � e dz 2 = ~ F e = q ~ E ; (2.4) $3$3$G!" q $H ~ E $O!"$=$l$>$lC10LD9$5$"$?$j$NEE2Y$NNL$HB>$N%o%$%d!<$K$h$C$F:n$i$l$?EE>l$rI=$9!#$3$l$h$j!" ~ E $N z J}8~$N@.J,$rL5;k$9$k$3$H$K$h$C$FF@$i$l$k6a;w2r$O � � X � Y � = ~ � e ( L= 2) = L 2 8 � q T � E x E y � (2.5) $H$J$k!#$3$3$G!"JQ0L$*$h$SEE>l$N X , Y @.J,$r3F!9 (� X ; � Y ), ( E x ; E y ) $H$7$?!#$3$N<0$O!"4pK\E*$K$O (2.3) $N<0 $HF1 $87A $r $H$j!" $d $O $j!"Dc $$ EE 2Y$H Dc $$EE >l!" 8@ $$49 $( $k $J$i Dc $$0u 2C EE 05!"$K $9 $kJ} $, $h $$!#$5 $i $K!" %o%$ %d!< $ND%NO $K2C $(!" $3$N 8x<0 $K$O!" %o %$%d!< $NG[ CV!J%; %k $N9= B$!K$H 0u2C EE 05$K $h$C$F 7h$^ $k q $H ~ E $,I, MW $K$J$C $F$/ $k!#$b$7!" $3 $N<0 (2.5) $K$h$C $FM? $( $i$l $kJQ 0L $,Hs >o$K Bg $-$$ $h$& $J $i!"%o %$%d!< $, 85$N 0LCV $K $"$k ;~$N EE>l $N 7A $+$i Bg$$ $K $O$: $l $k$? $a!" %o%$ %d!< JQ 0L8e $N EE>l $r :FI> 2A $7!"%5 %0 $N :F7W ;; $r$9 $k I,MW $, $G$F $/ $k!# $b$7 I, MW$J $i!" $3$NJQ0L$,<}B+$9$k$^$G!"$3$l$r7+$jJV$5$J$/$F$O$J$i$J$$!# 2f!9$O!"$3$N$?$a $K7+$jJV$7%5 %0$r7W;;$9 $k%W%m%0%i%‘ $r3+H/$7!"%; %k9=B$!"%o%$ %d!<%F%s%7%g%s!"$= $7$F!"3F!9 $N%o %$%d!< $K 0u2C $5 $l $?EE 05 $+$i %o %$%d!< $N JQ 0L$r M= B,=P Mh $k $h$& $K $J$C$?!# $3 $N M=B, $r 3N$+ $a $k$? $a $K!" %o%$ %d!< %F%s%7%g%s$H%o%$%d!<$N0LCV$r@53N$KB,Dj$7$?!# 2.3.4 %o%$%d!<%F%s%7%g%s$NB,Dj 2f!9 $O!" <’ >l $r MQ $$ $F %o %$ %d!< $N 6& ?6 <~ GH ?t $G ?6 F0 $5 $; $F!" 0J 2< $N 4X 78 <0 $r MQ $$ $F %o %$ %d!< D% NO T $r 7h Dj $7 $? [9] !# T = 4 � � L 2 � f 2 ; (2 : 6) $3$3$G!" f $O4pK\6&?6<~GH?t$rI=$9!#2f!9$ND%NOB,DjK!$r ?^ 2.11-(a) $K<($9!#$^$:!"%o%$%d!<$KBP$7$F?bD>$K<’>l$r $+$1$?>uBV (B ’ 30Gauss) $G!"%o%$%d!< $K8rN.EEN. $rN.$9!#$9$k $H!"%o%$%d!<$K F/$/%m!<%l%s %DNO$K$h $j%o%$%d!<<+ ?H$K?6F0 $,@8$8 $k!#$3$l $K$h$j!" %U%!%i%G!< $NEE<’ M6F3B’ $K$h $kM6F3 5/EENO $,H/@8 $7!"EEN. $rJQ D4$9$k!# $=$3$G <~GH ?t$r A]0z $7 $F$3 $N JQD4 $r 8!=P $9 $k $3$H $K $h$j!" 6& ?6<~ GH ?t$r 5a $a $k$3 $H $,=P Mh $k!#0lHL E* $J%" %k %_ %K%& %‘ $N%U%#!< %k %I%o%$%d!<$K$*$1$kEEN.$H<~GH?t$N4X78$r?^ 2.11-(b) $K<($9!# $N$3$.$j?O>u$N GH7A$,4pK\6& ?6<~GH?t$H$= $N9bD4GH$KBP 1~$7$F$$$k!#6& ?6<~GH?t$O!"$3 $NGH7A$r3j$i $+$K%U%#%C%H $9$k$3$H$K$h$C$F7h$a$i$l!"$=$l$KBP1~$7$?D%NO$O!"<0 (2.6) $r;H$&$3$H$K$h$C$F7W;;$G$-$k!#$3$l$K$h$C$FF@$i$l$? 7k2L$r%U%#!<%k%I!"%;%s%93F!9$N %o%$%d!<$K$D$$$F ?^ 2.12-(a) $H (b) $K%o%$%d!<$rD%$C$?F| $+$i$N;~4V$N4X ?t$H$7$F <($9!# $3$N%0 %i%U $+$i!"6b %a%C%-%? %s%0%9 %F%s @=$N%; %s%9%o %$%d!<$G $O#1%v 7nDxEY $GD%NO Dc2<$, $*$5 $^$C$F$$ $k$,!" 6b%a%C%-%"%k%_%K%&%‘@=$N%U%#!<%k%I%o%$%d!<$G$OLs #2G/8e$G$b#1G/4V$K 10% $N3d9g$GD%NO$,$,Mn$AB3 $1$F$$$k$N$, J,$+ $k!#$3 $l $O!"%A%’ %s %P!<$N %; %k9= B$ $, ;~4V $H $H$b $K JQ$o $k $3$H $r 0U L#$9 $k :,K\ E* $JLd Bj $G$" $k!# :# 8e$N 3+ H/8& 5f $N:G=EE@9‘L\$H$7$F!"$h$jNI$$%o%$%d!<AG:‘$N8!F$$,I,MW$G$"$k!# 131

?^ 2.11: (a) %o%$%d!<D%NOB,Dj7O$N%V%m%C%/%@%$%"%0%i%‘$H (b) %U%#!<%k%I%o%$%d!<$N>l9g$N<~GH?t!"EEN.%0%i%U!# ?^ 2.12: (a) %U%#!<%k%I $H (b) %;%s%9%o%$%d!<$K$*$1$k%F%s%7%g%s$H;~4V$N4X78!# 132

2.3.5 =ENO$*$h$S@EEE%5%0$H$=$NHt@W:F9=@.$X$N1F6A %o%$%d!<$N0LCVB,Dj7O ?^ 2.8 $K<($9$h$&$K!"2f!9$O#2Bf$N CCD %+%a%i$rMQ$$$F%o%$%d!<$N?eJ?J}8~$H?bD>J}8~$N0LCV$rB,Dj$7$?!#$3$l $i$N%+%a%i$O!"%+%a%i$+$iLs 1 m N%$l$?$H$3$m$G!" 1 mm � 1 mm $N;kLn$r;}$A!" ’ 1 mm $N>GE@?<EY$r;}$D!#$3$N $h$& $K!";k Ln $H>G E@ ?<EY $, >.$5 $$ $? $a!"I8 E* $H$J $k %o%$ %d!< $rB* $( $k $N$O MF 0W$G $O $J$$!# B, Dj$7 $? $$ %o%$ %d!< $r$9 $P $d$/8+$D$1$k $?$a$K!"%9 %]%C%H7B 2 mm $N %l!<%6!<%]%$ %s%?!<$r#2 Bf$N%+%a%i 3F!9$K<h$j IU$1!"%+%a %i$N>GE@ $r>H$i $9$h$&$K$7$?!#$^$?!"#2 Bf$N%+%a%i$O@: L)$J2DF02MBf $K:\$;$i$l!"$=$N 0LCV$O!"%9%F%C%W %5%$%: 0 : 4 � m = %Q%k%9 $G %3 %s%T%e!<%?!< @)8f =PMh$k $h$& $K$7 $?!# CCD %+ %a%i $G7h $^$k 6I=j E*$J 0LCV J,2r G=$O 5 � m $G$" $k!#$7 $+$7!" %+%a%i $, $"$^$j $K D9 $$5w N% $rF0 $/ $H!"%+ %a %i$N >e 2<3Q $N JQ2= $K $h$j @d BP:B I8 $NB, Dj $K AjEv $N 8m:9 $, @8$8 $F $/$k!# $= $3$G!" %*!< %H%3%j%a!<%?!<$K$h$k>e2<3QJQF0$NB,Dj$K4p$E$$$?Jd@5$r2C$(!" ’ 10 � m $N@:EY$r=P$;$k$h$&$K$7$?!# ?^ 2.13: CCD $K$h$k%o%$%d!<A|$NNc!’ (a) 125 � m %U%#!<%k%I%o%$%d!<!" (b) 30 � m %;%s%9%o%$%d!<!# CCD %+%a%i$G8+$?%U%#!<%k%I!"%;%s%9N>%o%$%d!<$N2hA|$N#1Nc$r?^ 2.13-(a) $H -(b) $K<($9!# =ENO%5%0 ?^ 2.14 $O%o %$%d!<$N =ENO%5 %0$N B,DjJ} K!$N35 G0?^$G $"$k!# B,Dj$O 0J2<$N $h$&$K $7$F 9T$&!#$^ $::G=i $K!"?bD> J}8~ $N%+ %a%i $N <4$H Cm L\$9 $k %o%$ %d!< $H $r7k $s $@D> @~ $,%A%’ %s %P!<$N Ak $H 8r$o $k E@!J>e 2< Fs%+ =j!K $K4p =‘ $H $J$k 0u $rIU $1 $k ( ?^ 2.14 Cf$N Con�g.1 ;2>H ) !#$=$N8e!"%F%9%H%A%’%s%P!<$r 90 � 2sE>$5$;!"?eJ?J}8~ $N%+%a%i$r;H$$@h$KIU$1$?4p =‘E@$+$i$N%o%$%d!<$N$:$l$rB,Dj$9$k$3$H$K$h$j!"=ENO%5%0$r7hDj$9$k!J?^ 2.14 Cf$N Con�g.2 ;2>H!K!# 133

?^ 2.14: =ENO%5%0$NB,Dj86M} %o%$ %d!< $rD%$C $F $+ $i #1G/ H> 8e $KB, Dj $7 $?=E NO %5 %0 $NBg $- $5 $rI= 2.2 $K <( $9!# %U%#!<%k %I %o %$%d!< $H %; %s%9 %o %$ %d!<$=$l$>$l$N J?6Q=ENO %5%0$O 600 � m $H 353 � m $G $"$C$?!#$3$l $i$N=ENO %5%0$NB, Dj7k2L$H <0 (2.3) $rMQ$$$F 7W;; $7$?7k2L$r!"6&$KI= 2.2 $K:\$;$?!#N><T$OHs>o$KNI$$0lCW$r$7$F$$$k!# I= 2.2: =ENO%5%0$NB,DjCM$H7W;;CM Wire name Y(meas) ( � m) Y(calc) ( � m) S1 362 304 S2 334 312 S4 353 320 S5 363 310 G1 603 518 G2 607 562 G3 588 561 G5 621 560 G6 613 562 GR1 639 540 GR2 635 552 GR3 612 546 GR4 597 531 GL1 538 552 GL2 521 555 GL3 587 563 GL4 704 552 GL5 567 564 @EEE%5%0 @EEE%5%0 $NB, DjJ}K! $N35G0 ?^$r?^ 2.15 $K<( $9!#$^$: :G=i$K %o%$%d!< $X$N9b EE05 $rMn$H $7$?>u BV$G?e J?!"?bD> $NN> J}8~$K@_CV$7$F$"$k%+%a%i$rMQ$$$F!"%o%$%d!<$NMM;R$r<L$9!#<!$K!"%o%$%d!<$K9bEE05$r$+$1$F?eJ?J}8~$NJQ0L (�X) $H?bD> J}8~ $NJQ 0L (�Y) $r $=$l $>$l $N%+%a %i$r MQ$$ $FB, Dj$9 $k!#B, DjCf $O%+ %a%i $OF0 $+$5 $J$$ $N$G!" %$%a!< %8$N 2rA| EY$G %o%$ %d!< $N0L CV B,Dj $N @:EY $, 7h $^$k!# $3 $3$G $O!" %+%a %i $N>e 2< 3Q $K$h $k 1F6A $O $J$$!# =>$C $F@E EE %5 %0$N B, Dj$K $* $1$k@:EY$O!" 5 � m $K$J$k!# 134

@EEE>lFb$G$N%o %$%d!<$N0BDj@- $r3NG’$9$k$? $a$K!"0u2CEE05 $r?t2s$K$o$?$C $F>e$22<$2$7!" %o%$%d!<0LCV $NJQ0L$r 4QB,$7$?!#9bEE050u2C8e!"%o%$%d!<$O>o$KF1$8J?9U0LCV$KLa$k$3$H$,3NG’$5$l$?!# 2f!9$N @E EE%5 %0 $N B,Dj 7k 2L $r!"%; %s %9%o %$ %d!< $H$= $N 2s $j$N %" %k %_%K %& %‘ %o%$ %d!< $K $D$$ $F 7W;; CM $H 6&$K I= 2.3 $K<($7$?!# ?^ 2.15: @EEE%5%0$NB,DjJ}K! I= 2.3: @EEE%5%0$K$*$1$kB,DjCM$H7W;;CM Measurement Calculation 1-st iteration 2-nd iteration Wire name �X �Y R �X �Y R �X �Y R ( � m) ( � m) ( � m) ( � m) ( � m) ( � m) ( � m) ( � m) ( � m) S1 -117 49 128 1 -1 1 3 50 50 S2 61 111 127 2 85 85 0 160 160 S3 36 96 102 -1 76 76 1 147 147 S4 -10 80 81 -1 66 66 -4 132 132 S5 -110 37 116 0 43 43 0 80 80 GL1 593 -43 594 536 -10 536 596 -13 596 GL2 552 -18 552 519 -12 519 586 -16 586 GL3 556 -26 557 511 -11 511 567 -15 567 GL4 546 -33 547 521 -9 521 579 -14 580 GL5 561 -36 562 508 -6 508 563 -9 563 GL6 522 18 523 494 1 494 543 -0.3 543 GR1 -558 -1 558 -546 -11 546 -608 -14 608 GR2 -562 -36 563 -517 -12 517 -583 -16 583 GR3 -564 -21 565 -491 -10 491 -542 -13 542 GR4 -542 -23 543 -505 -9 505 -559 -12 559 GR5 -531 -10 531 -505 -6 505 -559 -9 559 GR6 -515 -14 515 -483 1 483 -529 0.2 529 F1UL 127 -14 128 54 -10 25 85 -55 101 F1UR -146 -51 154 -27 -23 36 -84 -54 100 F1DL 113 76 136 25 92 25 83 53 98 F1DR -129 91 158 -30 25 39 -83 53 98 ?^ 2.16 $H 2.17 $K%F%9%H%A%’%s%P!<$K$*$1$k%o%$%d!<$N=ENO%5%0$H@EEENO%5%0$K$h$kJQ0L$r<($9!#?^Cf$K$*$$$F!" 135

=i4|0LCV ( 5 ) $H$O %A%’%s %P!<$NC< HD$K $*$1$k %o%$ %d!<$N0L CV$N$3 $H$G $"$k!#0l J}!"=E NO%5%0 ( 2 ) $d @EEE%5 %0 ( ? ) $H $$$C$? 0u$O!" $= $l$> $l!" =E NO$K $h $k%o %$ %d!<$N 0L CV $NJQ 2=!" $5$i $K 9b EE05 0u 2C$N :] $N %o%$ %d!< $N0L CV $NJQ 2= $r <($7 $? $b$N$G$" $k!#:G =i$N;n 9T ( � ) $O!" <0 (2.5) $G7W ;;$5$l $k=E NO%5%0 $K$h $jJQ 0L$7$? B>$N %o%$%d!< $K$h $kEE >l$r9M N8$7 $F 7W;;$5$l$?%o%$%d!<$NCP$_$r<($9!##22sL\$N7W;;$G$O#12sL\$N7W;;$GF@$i$l$?%o%$%d!<0LCV$rMQ$$$F7W;;$7$?!# ?^ 2.16 $+ $iJ, $+$k $h$& $K!"%; %s%9 %o%$ %d!<LL $N:8 1&$K $"$k %0%j%C %I%o %$ %d!<$N %5%0 $K4X $7$F $O!"7W ;;CM $H<B 83CM $N0lCW$OCP$_$NBg$-$5J}8~$H$bNI9%$G$"$k!#$^$?#22sL\$N7W;;7k2L$G$ON><T$N0lCW$O$5$i$KNI$/$J$C$F$$$k!# 0lJ}!"?^ 2.17 $O!"%; %s%9%o %$%d!<$N S 1 $H S 2 $K$D $$$F!"B, DjCM$H 7W;;CM $rHf 3S$7$? $b$N$G $"$k!#$3 $3$G$O!" %; %s%9%o %$ %d!<LL $r 9M$( $? >l9g!" 7W ;;$K $O $J$$ :8 1&$N Hs BP>N @- $,8= $l $F$$ $k $3$H $K CmL\ $9 $Y$- $G $"$m $&!# B>$N %; %k$K $* $1$k %o%$ %d!< $ND% NO $,!"D% $i $l$? ;~ 4| $N0c $$ $K$h$C $F HyL/ $K 0[$J $k $3 $H$,!" $* $=$i $/!" $3$N $h $&$J Hs BP >N$N 86 0x$N 0l $D$G$"$k$H9M$($i$l$k!# ?^ 2.16: %( %s%I %W %l!<%H >e $K $*$1 $k %U%#!<%k %I %o%$ %d!< $N0L CV ( 5 ) !"=E NO %5%0 ( 2 ) !" @EEE %5 %0 ( ? ) $K $h$k JQ 0L$H 7W ;; CM 1( � ) !" 2 ( � ) !# $3$NHsBP>N@-$N Ht@W:F9=@.$N@: EY$KBP$9$k1F 6A$rD4$Y$k$? $a!"=ENO$*$h$S@E EE$NN>%5%0$K $h$kJQ0L8e$N %o%$%d!<$N 0LCV$NB, DjCM $H7W ;;CM $NAPJ} $KBP $7$F!" GARFIELD $rMQ$$ $F x - t $N 4X78 $r7W ;;$7!" Hf3S$7 $?!#?^ 2.18 $K%; %s%9%o %$%d!< S 1 $H S 2 $NEy %I%j%U%H ;~4V t $K $*$1$k x $K $D$$$F!"B, Dj$7$? %o%$%d!<0L CV$H7W;; $K$h$k 0LCV$rMQ $$$?>l 9g$N 0c$$ $r<( $9!# $^ $?!"#1 E@ :? @~$O %U%#!< %k %I%o %$ %d!<$N B, Dj 0LCV $r 7W ;;$K ;H$C $? >l9g $r <( $9!#F1 MM $K!" 0lE@ :? @~ $O%; %s %9%o %$%d!< $N B,Dj 0L CV$r 7W ;;$K ;H$C $? >l9g $r <($7 $F $$$k!# $3 $l$h $j!" $3 $NB, Dj CM$H 7W ;;CM $N $:$l $K $h $k!":B I8 B,Dj $N 8m:9$O!":G0-$G$b%o%$%d!< Ev$?$j 80 � m DxEY$HI>2A $G$-$k!#$3$l$O!"<B 5!$N1?E>$K$*$$$F!" <B:]$N<B83%G!<%? $rMQ$$ $?%o%$%d!<$N0LCV3S@5$d x - t 4X78<0$ND4@0$r9T$&$?$a$N=PH/E@$H$7$F==J,$J@:EY$G$"$k!# 136

?^ 2.17: :G$b0-$$%;%s%9%o%$%d!< ( S 1) $HE57?E*%;%s%9%o%$%d!< ( S 2) $NJQ0L$NHf3S!# ?^ 2.18: S 2 (a) $H S 1 (b) $K$*$1$kEy%I%j%U%H;~4V t $K$*$1$k x $N!"%o%$%d!<0LCV$H$7$FB,DjCM$H7W;;CM$rMQ$$$?>l9g$N 0c$$!J<B @~!K!#E@@~ $O!"%; %s%9 %o%$ %d!<$K6a $$%U%#!< %k%I %o%$ %d!<$r MQ$$$F 7W;; $7$? 7k2L $r<($9!# $^$?!" 0lE@ :?@~ $O%; %s%9 %o%$%d!<$r7W;;$KMQ$$$?7k2L$r<($9!# 137

2.3.6 1’Ch@~%F%9%H Cf1{Ht@W8!=P4o $N3+H/8&5f$NBh 0l9‘L\$G$"$k ==J,$J@:EY$r ;}$C$?%o%$%d!<0LCV $N7W;;$K$h$k M=B,$KL\=h$, $D$$$?$N $G!"0z$- B3$- 4 : 6m %F%9 %H%A%’ %s %P!<$r MQ$$ $?9‘ L\ Fs$N 8!F$ $K0\$C $?!# $3$3 $G$N L\I8 $O!" %o%$ %d!<$" $? $j$N 0LCV J,2r G=$H $7$F � x ’ 100 � m $, C# @.$G $- $k $3$H $r 1’ Ch@~ $r ;H$C $F <B>Z $9 $k $3$H $G $" $k!#$3 $N 8& 5f$O 8= :_ $bB3 $1 $i $l$F $$ $k $,!"$3$3$G$O!"$=$NCf4V7k2L$rJs9p$9$k!# %G!<%?<}=8 1’Ch@~%F%9%H$N%;%C%H%"%C%W$r?^ 2.19 $K<($9!# ?^ 2.19: 1’Ch@~%F%9%H$N%;%C%H%"%C%W!# %A%’%s%P!<Cf1{It$N>e2<$K 20cm � 20cm $N%7%s%A%l!<%7%g%s %+%&%s%?!<$rCV$-!"$=$N F14|?.9f$K$h$j%G!<%? <}=8 7O$r%H%j %,!<$9 $k!#0lJ}!" %A%’%s %P!<$+$i $N?. 9f$O!"A0 CJA} I}4o!&8e CJA} I}4o $r7P$F!" %/%m%C %/<~GH ?t 500MHz 256 %S%C%H $N %U %i%C %7%e ADC !J F ADC !K$G FI $_ 9~ $^ $l $k!# A0 =R $N %7 %s %A %l!< %7%g %s %+ %& %s %?!< $K $h$k %H %j %,!< ?. 9f $O!" Ls 10 � sec $N%G %8%?%kCY1d4o$rDL$C $?8e!"$3$N F ADC $N 6&DL%9%H%C%W?.9f$H $7$F$b;H$o$l$F$$$k!# $^$?!":#2sJs9p$9 $k1’Ch@~%F%9%H$G$O!"%A%’%s%P!<%,%9$H$7$F C O 2 100% $r;HMQ$7$? 2 !# ?^ 2.20 $K!" F ADC $GFI $_ 9~$s $@Cf 1{ %;%k $N 5 K\ $N%; %s%9 %o %$%d!< !J S1-S5 !K$K BP $9$k E5 7?E* $J1’ Ch @~%G!< %?$r <( $9!#2#<4 $O F ADC $N ;~ 4V %9 %m%C %H $K BP 1~ $7 $F $* $j!" 1 %9 %m%C %H $O 2 nsec $G $" $k!# $^ $?!" =D <4 $O ADC %+ %& %s %H !J 3 mV / %+%&%s%H!K$G!"?t$,>/$J$$$[$IIi$NBg$-$J?.9f$r0UL#$7$F$$$k!#$O$C$-$j$H!"1’Ch@~$NHt@W$,8+$F<h$l$k!# J,2rG=$KBP$9$kCf4V7k2L ?^ 2.20 $N2#<4$r5wN%$KJQ49$7!"1’Ch@~$NHt@W$KBP$9$k0LCVJ,2rG=$rD4$Y$k$?$a$K$O!"$$$o$f$k x - t 4X78<0$,I,MW$H $J$k!#$=$N$?$a$K!"A0 @a$G@bL@$7 $?%o%$%d!<%5%0 $N>pJs$rF’ $^$(!" Gar�eld $rMQ $$$F%;%s%9 %o%$%d!<Kh$K x - t 4X 78<0 $r7W;;$7$?!#?^ 2.21 $O$=$N0lNc$G$"$k!#$3$N<B83>r7o$G$O%I%j%U%HB.EY$,Ls 0 : 6 cm =� sec $G$"$k$3$H$,J,$+$k!# $5$F!" x - t 4X 78 <0 $, <j $K F~ $l $P!" $= $l $r MQ $$ $F%I %j %U %H ;~ 4V $r 0L CV >p Js $K JQ 49 $7 $? 8e!" D> @~ %U%#%C %H $r 9T $&$3 $H $K$h$j!" ;D :9$r 5a $a0L CVJ, 2r G=$r 7hDj $G $-$k!# ?^ 2.22 $O!" $" $k%; %s %9%o %$%d!< !J S1 !K $N;D :9 $r!J CCD %+ %a%i $G B,$C $?!K%5%0$N Jd@5A0 8e$G%W %m%C%H$7 $?$b$N $G$"$k!# %5%0$N Jd@5$K $h$j!";D :9$NCf ?4CM$+ $i$N $:$l$, $J$/$J $j!"0LCV J,2r G=$b2~A1$5$l$k$3$H$,J,$+$k!# %;%kA4BN$H$7$F$N0L CVJ,2rG=$r8+$k$? $a!"$3$N%5%0Jd@58e $K 5 K\$N%;%s%9%o%$%d!< $N;D:9$r$^$H$a$F 8+$k$3$H$K$9 $k!#?^ 2.23 $N Fs<! 85%W %m%C %H$O!" 5 K\ $N%; %s%9 %o%$ %d!< $N;D :9$r F1$8 %0%i %U $NCf $K%I %j%U %H5w N% $N4X ?t$H $7$F %W%m%C 2 <B5!$G;H$&M= Dj$N%, %9$O!" C O 2 - %$%=%V %?%s !J 90/10 !K$G$" $k!#:#2s Js9p$9 $k1’Ch @~%F %9%H$O!" %o%$%d!< %5%0B, DjD>8e $K9T $o$l$? $b$N$G $"$j!" $=$N$?$a$K %A%’%s%P!< Ak$K%^%$ %i!<%7!<%H $r;HMQ $7$F$$$?!# $=$N$? $a!"Ak$r DL$7$?%, %9O3$l $,$"$j!" 2DG3@-%, %9$G$" $k C O 2 - %$ %=%V%? %s!J 90/10 !K $N;HMQ$r:9$795$($?!#8=:_$O!"Ak$r%"%k%_%K%&%‘@=$N$b$N$K8r49$7!"<B5!$HF1$8%,%9$G$N1’Ch@~%F%9%H$r9T$C$F$$$k!# 138

?^ 2.20: E57?E*$J1’Ch@~;v>]$KBP$9$k F ADC %G!<%?$NNc!# ?^ 2.21: E57?E*$J x - t 4X78<0!# 139

?^ 2.22: %;%s%9%o%$%d!<!J S1 !K$N%5%0Jd@5A08e$G$N;D:9J,I[!# ?^ 2.23: E57?E*$J x - t 4X78<0!# 140

%H$7 $?$b $N $G$" $k!# F1 $8?^ $N Cf$K!" 0L CVJ, 2r G= !J;D:9 $N J,;6!K $r %I %j%U %H 5wN% $N 4X ?t$H $7 $F<( $7 $??^!" $^ $?!" Fs<! 85 %W%m%C%H $r;D:9 <4$X <M1F $7$? ?^$b <($7$?!# ?^$+ $iJ, $+$k $h$& $K!"J?6Q 0LCV J,2r G=$G 100 � m $, C#@. $5$l $?!#$3 $l$O!" %o%$%d!<0L CV$r@5 3N$K CN$C$F$$ $5$($9 $l$P!" 4 : 6 m %A%’ %s%P!< $G$b== J,$J 0LCVJ, 2rG=$, F@$i $l$k$3 $H$r<( $9$b $N$G$" $k!# 2.4 %+%m%j!<%a!<%? 2.4.1 35MW JLC $K $* $1$k $b$C $H $b =EMW $J L\ E* $N#1 $D $O Cf 4V<A NL $N %R%C %0 %9N3 ;R $N C5 :w$H 8& 5f $G $"$k!# $3 $N $h $& $J%R%C %0 %9 N3 ;R$O!"<g$H$7$F e + e � ! Z H $NH?1~$G@8@.$5$l$k!#$3$NH?1~$O Z N3;R$,%l%W%H%sBP$KJx2u$9$k%A%c%s%M%k$K$*$$$F:G $bMF0W$K 8!=P$5 $l$&$k!# $7$+$7 $3$N%A%c %s%M%k $OA4BN $N 7% $7$+$J $/!"E}7W @:EY$N 9b$$B, Dj$r9T $&$? $a$K$O 70% $b $N Jx2uHf$r $b$D Z N3 ;R$N %/%)!<%/ BP$X$N Jx2u $rB, Dj$9 $k$3$H!" $9$J $o$A %8%’%C%H $r@:EY NI$/ B,Dj $9$k $3$H$, IT2D 7g$G $" $k!# Z N3 ;R$, %8%’%C %H$K Jx 2u $9$k H? 1~$K BP $7$F $O!" W BP @8@. $d Z BP @8@. $, Bg $-$J %P%C %/%0 %i %&%s %I $H $J$j $& $k!# W BP@8@. $O%P!< %F%C%/ %9B, Dj4o $rMQ $$$? b %? %.%s %0$K $h$C$F 8zN( NI$/=| 5n$9 $k$3 $H$, $G$- $k$,!" Z BP @8@. %A%c%s %M%k $K $*$1 $k Z ! b � b $N Jx 2u $O!" 2 %8%’%C %H$N IT JQ <A NL J, I[ $K $h$C $F $N $_ H ! b � b $H 6h JL $9$k $3 $H $, $G $- $k!# $3 $N $? $a 2 %8%’%C%H$NITJQ<ANL$r9b@:EY$G:F9=@.$9$k$3$H$,$G$-$kB,Dj4o$,IT2D7g$G$"$k!# $3 $N MW 5a $r K~ $? $9 B, Dj 4o $H $7 $F !VI8 =‘ B, Dj 4o!W $r 9M $(!" $= $N R&D $r ?J $a $F $$ $k!# I8 =‘ B, Dj 4o $K $* $$ $F $O %+ %m %j %a!<%? ( 0J 2< CAL $HN, ) $O%W %j%7%c %o!<It (PS) !"%7 %j%3 %s%Q%C %IIt (Si) !"EE <’%+ %m%j %a!<%? It (EM) !"%O %I%m %s%+ %m %j%a!<%?It (HAD) $+$i9=@. $5$l$k!# CAL $OJd =~7?$H8F$P $l$k1t$H %W%i%9%A%C%/ %7%s%A%l!<%? $+$i$J$k %5%s%W%j%s %0 %+%m%j%a!<%? $G!" EM It$O 29 X 0 !" HAD It $O 5.6 � 0 $N 8|$5$r $b$D!# EM N3;R $KBP$7$F $KBP$7 $F 15% = p E � 1% !" %O %I%m%s$KBP$7$F 40% = p E � 2% $N%(%M%k%.!<J,2rG=$rC#@.$9$k$3$H$rL\I8$K$7$F$$$k!#$3$3$G � $O#2>hOB$r<($9!# Si B,Dj 4o $O 1cm � 1cm $N Bg $- $5 $r $b $D Si %Q%C %I $N %" %l %$ $G!" $[ $\ %7%c %o!< $N :G Bg 0L CV $K CV $+ $l $k!# PS B, Dj 4o $H Si B, Dj4o$NAH9g$;$K$h$j9b$$ e=� <1JLG=NO$H9b@:EY$N%7%c%o!<0LCVB,Dj!" 2 %/%i%9%?!<G’<1$r9T$&!# B,Dj4o$r%O!<%a%F%#%C %/$K$9$k$?$a CAL A4 BN$O#2%F%9%i $N%=%l%N%$%I Cf$K$*$+$l!" j cos � j < 0 : 98 $NNN0h$r7j $NL5 $$$h$&$KJ$$C$F$$$k!# 0J2<$N%;%/%7%g%s$G$O$3$N$h$&$J@-G=$NI,MW@-$d$=$N@-G=$rC#@.$9$k$?$a$N9=B$$K$D$$$F>\$7$/=R$Y$k!# 2.4.2 MW5a$5$l$k@-G= %R%C%0 %9 N3;R $K BP $9$k Z N3 ;R $N %P%C%/ %0 %i %&%s %I $r 8: $i$9 $H $$ $&>r 7o $+ $i$O!" =P Mh $k$@ $1 NI $/$H $$ $& 0lHL O@ 0J >e $K6qBNE*$JL\I8@-G=$rF3$-=P$9$3$H$OFq$7$$!#$=$3$G6qBNE*$JL\I8@-G=$rF3$/>r7o$H$7$F!" W N3;R$H Z N3;R$r$=$N 2 %8%’%C%HITJQ<ANL$GJ,N%$9$k$H$$$&>r7o$r9M$( $k!#$3$l$O%2!<%8N3;R$N7k9gDj?t$N B,Dj$N$?$a$K!" W BP@8@.H?1~$H Z BP@8@.H?1~$rJ,N%$7$FB,Dj$9$k$?$a$KI,MW$J>r7o$G$"$k!# e + e � ! Z H H? 1~$K $* $$$F!" Z N3 ;R$, � � � $K Jx2u $7$? %b!< %I$K $* $1$k %R%C%0 %9 N3;R $N 2 %8%’%C%H IT JQ<A NL $NJ, I[ $r?^ 2.24 $K <($7$?!# $3$3 $G%R%C %0%9 N3;R $N<A NL$O 80GeV !" p s = 400GeV $H$7 $F$" $k!#%7 %_%e%l!< %?$H $7$F $O fast- JIM $rMQ $$!"2> Dj$7 $? B,Dj 4o$N @-G= $O $$$o $f$k !VI8=‘ B, Dj4o!W %Q%i %a!<%? $G $"$k!# F@$i $l$? #2 %8%’%C%H ITJQ <ANL J, 2r G=$O , !"<c 43$NHs %,%& %9$N ?~$O $"$k $b$N $N � = 1 : 24 GeV $H W N3 ;R$N <+A3I} $KHf $Y$F ==J, >.$5 $/!" W N3 ;R$H Z N3 ;R $r<1 JL$9 $k $H$$ $& >r 7o$O == J,C# @. $G$- $F $$ $k!#C" $7 :F9= @. $5 $l$? <A NL$O <c 43 Dc$a $G!" %/%i %9 %?!<!&%H %i%C %/ %^%C%A %s %0$K2~A1$NI,MW$,$"$k!# $3$NH?1~$O:G$b <ANL:F9=@.$,MF 0W$J%A%c%s%M%k $G$"$j!"$h$jJ# ;($JH?1~$K$*$$ $F$b$3$N$h$& $JJ,2rG=$,C# @.$G$-$k $H$O4|BT$G$-$J$$!#$3$N$?$aH?1~$N<oN‘$d2r@O>r7o$H<ANLJ,2rG=$N4X78!"$=$3$+$i F3$+$l$k CAL $NJ,2rG=$X$NMW5a$K $D$$$F8!F$$9$kI,MW$,$"$k!# CAL 0J30$N4sM?$NI>2A %/%)!< %/ %8%’%C %H $N %( %M %k %.!< $r 9b J, 2r G= $G B, Dj $7 $h $& $H $9 $k ;~ $K $O!" %K%e!< %H %j %N $, %( %M %k %.!< $r ;} $A 5n $k 1F 6A$K$h $k%( %M%k %.!< $NMI $i$. 0J>e $K 9bJ, 2rG= $r5a $a$F $b L50U L#$G $"$k!# $3$N %K%e!< %H%j %N$K $h$k 1F6A $r ?^ 2.25 $K <($7 141

?^ 2.24: e + e � ! Z H H?1~$K$*$1$k%R%C%0%9N3;R$N 2 %8%’%C%HITJQ<ANLJ,I[!# $?!#1&?^ $O?^ 2.24 $H F1$8 $b$N $G!":8 ?^ $O$= $l$K BP $7$F %K%e!<%H %j %N$N 1?F0 NL$r %8%’ %M%l!< %?>p Js $rMQ $$$F 2C$( $? $N$A #2%8%’%C %HIT JQ <ANL $r 5a $a$? $b $N$G $" $k!#N> ?^ $r Hf3S $7 $FJ, $+ $k $h$& $K!" %K%e!<%H %j %N $,F( $2 $k$3 $H $K$h $j Dc <ANL B& $N?~ $O<c 43 3H$, $k $b$N $N %T!<%/ $N I} $N0- 2= $O$o $: $+$G $" $k!#$7 $? $,$C $F2> Dj $7$F $$ $k%( %M %k%.!< J, 2r G=$K $* $$$F $O!" $^$@%K%e!<%H%j%N8B3&$K$OC#$7$F$$$J$$$3$H$,$o$+$k!# CAL $N %(%M %k %.!<J, 2r G=$r CDC $N 1? F0 NLB, Dj @:EY $K Hf$Y $F I,MW 0J >e $KNI $/ @_Dj $9 $k$3 $H $b$^ $? L5 0UL# $G $"$j!" ITJQ <A NLJ, 2r G= $KBP $7 $F CAL $H CDC $, $I $N$h $& $K 4s M?$7 $F $$ $k $+$r 3N G’ $9 $kI, MW $, $" $k!#?^ 2.26 $O ?^ 2.24 $N H? 1~ $K$*$$$F CDC $NB,Dj$7$?1?F0NL $H CAL $NB,Dj$7$?%(%M%k %.!<$r$=$l$>$l%8%’%M %l!<%?>pJs$GCV$-49 $($F2r@O$7$?$b $N$G$"$k!#:8?^ $O CDC >pJs$r!"1&?^ $O CAL >pJs$rCV $-49$($F$$ $k!# CDC >pJs$rCV $-49$($F $b<ANLJ,2r G=$O$o$: $+ $K2~ A1 $9 $k$@ $1 $G $" $k $,!" CAL >pJs $r CV $- 49 $($k $3 $H $K $h $j <ANL I} $O Ls 1/2 $K $^ $G2~ A1 $9 $k!# $7 $?$,$C $F <A NL J, 2r G=$r7h$a$F$$$k$N$O CAL $G$"$j!"9b$$%(%M%k%.!<J,2rG=$r$b$D CAL $,K\<AE*$KIT2D7g$G$"$k$3$H$,$o$+$k!# $3$NB> $KJ, 2rG= $K4s M?$9 $kMW AG$H $7$F $O2r @O$N %"%k %4%j %:%‘!" FC$K CDC %H %i%C%/ $H CAL %/%i %9%?!< $N%^%C %A%s %0$,$" $k!# $3$N BP 1~IU $1 $N4V 0c $$$d 2Y EEN3 ;R $N%( %M %k%.!< $N 0z$- ;D $7$O <A NLJ, 2r G=$r 0- 2=$5 $; $k!#$3 $N 1F6A $r 8+$k $? $a%H%i%C %/$H %/ %i%9 %?$N BP 1~IU $1$K %8%’%M %l!< %?>p Js$r MQ $$$? 2r@O $b 9T$C$?!# $=$N 7k2L $r ?^ 2.27 $K <($9!# %"%k %4 %j%: %‘$K $h$k J, 2rG= $N 0- 2=$O 6O $+ $G$" $k $3$H $, J, $+$k!# C" $7 %8%’%M %l!< %?>p Js $r MQ$$ $k $H!"%T!< %/ $N 0LCV $O %8%’ %M%l!< %H CM$N 80GeV $K$h$j6a$$$b$N$K$J$k!# K\Mh$N!VI8=‘B,Dj 4o!W$N;WA[$O!"%H %i%C%/$H%/%i %9%?!<$r#1BP#1 $GBP1~IU$1$7 $h$&$H$$$&$b $N$G$"$k!#$3$N L\E*$N $?$a CDC $KBP $7$F $O 1mm $N Z 0L CVJ, 2rG= $r!" CAL $KBP $7$F $O Si-P ad $K$h $k @53N $J0L CVB, Dj $rMW 5a$7 $F$$ $k$,!" >e5- $N2r @O $K$* $$ $F$O $3 $N<j K! $O :NMQ $7 $F$$ $J $$!#>e 5- $N2r @O $K :]$7 $F MQ$$ $? %/%i %9 %?!<!&%H %i%C %/ %^%C%A %s %0$O B? BPB? %^%C%A %s %0!"$9 $J $o$A O" B3$7 $? J# ?t$N %/ %i%9 %?!< 72$K BP $7$F J# ?t $N%H %i%C %/$r BP 1~IU $1 $kJ} K! $G $"$k!# $3 $N$h $& $JJ}K! $r MQ$$ $F $b== J, $J<A NLJ, 2r G=$, F@ $i$l $k $3$H $+$i!" %/ %i%9 %? $N0L CV @:EY $K$D $$ $F$O $= $l$[ $I 87$7 $$MW 5a $r2] $9 I,MW$O$J$$2DG=@-$,$"$k!#$3$NE@$K$D$$$F$O:#8e$N8!F$2]Bj$G$"$k!# 0J>e $N $^ $H $a $H $7 $F!" ?^ 2.28 $K2r @O >r 7o $H #2 %8%’%C %H IT JQ <A NL J, 2r G= $H $N 4X 78 $r ?^ <( $7 $?!#%K%e!< %H %j %N %( %M %k %.!<!" CDC 1?F0NL!" CAL %( %M%k%.!<!"%H%i%C%/%/ %i%9%?%^%C%A%s%0 $9$Y$F$K%8%’%M %l!<%?>pJs$rMQ$$ $?$b$N$r2r@O >r7o #1$H $7!" $=$3 $+ $i0l $D $E$D %7 %_%e %l!<%7%g %s >pJs $K CV$- 49 $($F $$ $/ $K$7 $? $,$C$F <A NLJ, 2r G=$, $I $N $h$& $K 0-2= $7 $F$$ $/ $+ $r <( $7$? $b $N $G $" $k!# >r 7o 3 $+ $i 4 $G $N J,2r G= $N 0- 2= $, Bg $- $/!" CAL $N %( %M%k %.!< J, 2r G= $, ;Y G[ E* $G $"$k $3$H$,$o$+$k!# >e5-$NH?1~$K$* $$$F$ON3;R$O $9$Y$F#18D$N%R%C %0%9N3;R$K5/ 0x$9$k$?$a!":F 9=@.$K$*$$$F $ON3;R$N3dEv %(%i!<$,@8 $8$k $3$H $O $J$$!# $3 $l$K BP $7 $F e + e � ! W W $N $h$& $J H?1~ $K $* $$$F $O!" $I$N N3 ;R$r $I $A $i$N W N3 ;R$K 3d $j?6 $k $+ $H$$$& $h $&$J AH 9g$; $N LdBj $, @8$8 $k!# $3$N 1F 6A$r 3N $+$a $k $?$a W BP @8@. H? 1~$K $* $$$F!" N3 ;R$N 3d Ev$r JADE %8%’%C 142

?^ 2.25: ITJQ<ANLJ,2rG=$KBP$9$k%K%e!<%H%j%NMI$i$.$N1F6A!#:8?^$O%K%e!<%H%j%N%(%M%k%.!<$rJd@5$7$?$b$N!# ?^ 2.26: CDC $H CAL $NJ,2r G=$N<A NLJ,2r G=$X$N 4sM?!#:8 ?^$O CDC >pJs $r!"1&?^ $O CAL >pJs$r %8%’%M%l!< %?>pJs $GCV $-49$($F2r@O$7$?!# 143

?^ 2.27: CDC %H%i%C%/$H CAL %/%i%9%?$NBP1~IU$1$r%8%’%M%l!<%?>pJs$rMQ$$$F9T$C$?ITJQ<ANLJ,I[!# ?^ 2.28: e + e � ! Z H H?1~$K$*$1$k2r@O>r7o$H#2%8%’%C%HITJQ<ANLJ,2rG=$N4X78?^ 144

?^ 2.29: e + e � ! W W H?1~$K$*$1$k2r@O>r7o$H#2%8%’%C%HITJQ<ANL$N4X78?^!#:8?^$O%T!<%/$NI}$r!"1&?^$O%T!<%/$NLL@Q Hf$r%W%m%C%H$7$F$$$k!# %H%/ %i%9 %? %j%s %0 %" %k%4 %j %: %‘$K $h$C $F9T$C $? 2r @O$H!" %8%’ %M %l!<%? >p Js$r MQ $$ $F3d $j Ev$F $? 2r @O$N Hf 3S $r9T$C $?!# $=$N 7k2L $b 4^$a $? 2r@O $N $^ $H$a $r ?^ 2.29 $K <( $7$?!# W W BP @8@. H? 1~$N >l 9g <ANL J, I[$K $+ $J$j $N ?~ $,B8 :_ $9$k!# $3 $N $?$a <ANL J, I[$O #2 %, %&%9 %U%#%C %H $r9T$C $?!# :8?^ $O %U%#%C %H$N 7k 2L F@$i $l $?I} $r!" 1& ?^$O #2 $D$N %, %& %9$N LL @Q Hf$r <( $7$F$$ $k!# $3$N 7k 2L$+ $i 8m$C$? AH 9g$; $N 1F6A $OCf ?4 @.J, $N I}$h $j $b?~ $N %,%& %9 $NI} $d 6/EY $K Bg$- $/1F 6A $9$k $3 $H$, $o $+$k!#$^ $? J, I[$N Cf ?4It $N %T!<%/ $N I}$K $D $$$F $O Z H H? 1~ F1MM CAL $N %( %M%k %.!< J,2r G= $,;Y G[ E*$G $" $k$3 $H $,$o $+ $k!# 0J>e$N8! F$$+ $i$+$i $o$+$k $h$&$K !VI8=‘ B,Dj4o!W $K$*$$ $F$O<A NLJ, 2rG=$K $b$C$H$b 8z$$$F $$$k $N$O CAL $N%( %M%k %.!<J,2rG=$G$"$k!#$=$3$G CAL $N%(%M%k%.!<J,2rG=$H<ANLJ,2rG=$N4X78$r$b$&$9$3$7>\$7$/8!F$$9$k!# CAL $N%(%M%k%.!<J,2rG=$N1F6A <ANL J,2r G=$K BP $9$k CAL %( %M%k %.!< J,2r G=$N 1F 6A$r D4$Y $k $?$a!" CAL $N %O%I %m %s$K BP$9 $k %(%M %k%.!< J, 2rG= $N E}7W9‘$, 40% = p E !" 50% = p E !" 60% = p E !" 80% = p E $N>l9g$K$D$$$F%7%_%e%l!<%7%g%s$r9T$C$?!#MQ$$$?H?1~$O e + e � ! Z H ; Z ! � � � $G >r7o $O A09‘ $H F1 0l$G $" $k!#$^ $? 50 fb � 1 $N%k %_ %N%7 %F%#!< $K AjEv $9 $k 5000 ;v>] $r @8@. $7 $?!# F@$i $l $? #2 %8%’%C %H ITJQ <A NL $N J, I[ $r ?^ 2.30 $K <( $9!# ?^ 2.30 Cf $N <B @~ $O #2 %, %&%9 %U%#%C %H $N 7k 2L $G $" $k!#%U%#%C %H$NI} $= $N$b $N $O$[ $H $s$I 0l Dj$G $" $k$,!" J, 2rG= $, 0-2= $9 $k$K $D $l$F %F!< %k$N @. J,$, A} $($F $$ $/$3 $H $,$o $+ $k!#$3 $N %F!<%k$N 1F6A $r8+ $k $?$a!" ?^ 2.31 $N $h$& $K:F 9= @.$5 $l$? %T!<%/ $+$i N% $l$? $H$3 $m$K F1 0l7A >u$N %T!<%/ $,$" $k $H2> Dj$9 $k!#C" $7=E $M $i $l$? %T!< %/ $O$b $H $N %T!<%/ $K BP$7 $F %9 %‘!<%8 %s %0 $r9T$C $F $$ $k!#NY $N %T!< %/$N ?~ $+ $i$N 4s M? $r%P%C %/ %0%i%&%s%I!"%T!<%/$NItJ,$r%7%0%J%k$H8+Pv$7$F S= N $r7W;;$7$?$b$N$r?^ 2.32 $K<($7$?!# %T!<%/$,==J, ( � 4GeV) N%$l$F$$$k$H$-$K$O!"$O$J$O$@$7$/0-$/$J$$8B$j CAL $NJ,2rG=$O S/N Hf$K$O$[$H$s$I 1F 6A$r 5Z $\ $5 $J $$!# %T!< %/ $, @\ 6a $7 $F $$ $k ;~ $K $O ( � 3GeV) !" J, 2r G= $, 40% = p E $N ;~ $N S/N $O B> $N;~ $h $j $b $+ $J $j NI $/$J$C$F$$$k!#$?$@$7$3$l$,$I$N$/$i$$M-0U$G$"$k$+$rH=CG$9$k$?$a$K$O$h$j>\$7$$2r@O$,I,MW$G$"$k!# 0J>e$N7k2L$+$i!" CAL $N%(%M%k%.!<J,2rG=$KBP$7$F0J2<$N$h$&$JJ}?K$r:F3NG’$9$k!# 1) CAL $N%O%I%m%s%(%M%k%.!<J,2rG=$O 40% = p E $rL\;X$7$F R&D $r9T$&!# 2) 60% = p E $h$j0-$$J,2rG=$O5vMFHO0O30$G$"$k!# %O%I%m%s %(%M%k %.!<J,2r G=0J30 $K$b EM J, 2rG=$d %0%i%K%e %i%j%F%#!" e=� <1JL Ey8!F$ $9$Y$- 9‘L\$O B?$$ $,!"8=;~ E@$G $O$^$@6qBNE*$J7k2L$OF@$i$l$F$$$J$$!#:#8e0z$-B3$-8!F$$r2C$($F$$$/!# 145

?^ 2.30: CAL $N%(%M%k%.!<J,2rG=$rJQ$($?;~$N e + e � ! Z H H?1~$N#2%8%’%C%HITJQ<ANLJ,I[!# ?^ 2.31: #2%8%’%C %H<A NLJ, I[$r 6GeV 5Z $S 12GeV $:$i $7$F =E$M $?J, I[!#%P%C %/%0 %i%& %s%I $N1F 6A$r I>2A $9$k $N$KMQ$$$k!# 146

?^ 2.32: S/N Hf$N CAL %(%M%k%.!<J,2rG=0MB8@-!# 2.4.3 R&D $N7P2a 40% = p E $H$$ $&M% $l $?%O %I%m %s%( %M%k %.!< J,2r G=$O!" Jd=~ 7? $H8F $P$l $k9= @.$G $N $_C# @.2D G=$G $" $k!#$3 $l$O =E6b B0$H%W %i %9 %A%C%/ %7 %s%A %l!< %?$G 9= @.$5 $l $k%5 %s %W%j %s %0%+ %m %j%a!< %? $G$" $k $,!" $=$N =E 6bB0 $H 9=@. Hf $rE, @Z $K@_ Dj $9$k$3$H$K$h$j!"%O%I%m%s$KBP$7$F9b$$%(%M%k%.!<J,2rG=$rF@$i$l$k$h$&$K$7$?$b$N$G$"$k!#$3$N%?%$%W$N%+%m%j%a!< %?$O$3$l$^$G$b$$$/$D$+$N R&D $,9T$o$l$F$$$k$,!"$=$l$i$N7k2L$N0lCW$O$"$^$jNI$/$J$$ [10, 11, 12, 13, 14] !#Jd=~ 7?$N %+%m %j %a!<%? $r MQ $$$F L\ I8$H $9 $k %(%M %k %.!< J,2r G= $,C# @. $G $-$k $3 $H$r <B >Z $9$k $3 $H$O 6K $a $F=E MW $J R&D 9‘L\ $G$"$k!# I8=‘B,Dj4o$K$*$$ $F$O%O!<%a%F%#%7%F%#$r NI$/$9$k$?$a!"%+ %m%j%a!<%?A4BN$, 2 %F %9%i$N<’>lCf$K CV$+$l$k!#$3$N $?$a%7 %s %A%l!< %? $+$i $N 8w$r 6/ <’>l Cf $GB, Dj $9$k I, MW$, $" $k!#Jd =~ 7?$N %5 %s%W %j %s%0 %+ %m%j %a!< %?$O =P NO8w $, >/$J $$ $?$a PIN %@ %$%*!<%I Ey$O;H $($:!"%2 %$%s$N 9b$$8w 8!=P%G %P%$%9 $,I,MW $G$"$k!#$3 $N$h$& $J%G%P %$%9$r 3+H/$9 $k$3$H $b =EMW$J R&D 9‘L\$N0l$D$G$"$k!# 2f!9$N%0%k!<%W$G $O>e$N#2 E@$K=EE@$r CV$$$F R&D $r?J $a$F$-$F$$ $k!#$3$l$^ $G$N<g$J R&D $O0J 2<$N$h$&$K 9T$o $l$F$-$?!# � 1993 G/ %5 %s%I %$%C %A7? CAL !"%U%! %$ %P!<7? CAL !" PS B,Dj 4o!" Si B,Dj 4o $N%F %9%H %b %8%e!<%k $N@= :n $H%S!< %‘%F%9%H!# � 1994 G/ FMPMT, HPMT, V APD Ey$N8w8!=P4o$N6/<’>lCf$G$NF0:n%F%9%H!# � 1995 G/ Si B,Dj4o , :Y%5%s%W%j%s%0 EMCAL %F%9%H%b%8%e!<%k$N@=:n$H%S!<%‘%F%9%H!# � 1996 G/ 9bBQ 057? HPMT !"%^ %k%A%T %/%; %k HPMT $N<’ >lCf %F%9 %H!"5Z $SBg 7? HAD %F%9 %H%b %8%e!<%k$N @=:n $H%S!<%‘%F%9%H!# $3$l$i$N R&D $K$D$$$F0J2<$G>\$7$/=R$Y$k!# 147

2.4.4 %+%m%j!<%a!<%?!<$NJ,2rG=%F%9%H 35MW %O%I %m %s $, %+ %m %j %a!< %? $K F~ <M $7 $? ;~ $H EE ;R $, F~ <M $7 $? ;~ $G $O!" N> <T $N F~ <M %( %M %k %.!< $, F1 0l $G $"$C $? $H $7 $F $b %+%m %j%a!< %? $KM? $( $k %(%M %k %.!< $O%O %I %m%s $N J} $,>. $5 $$!# $3$l $O %O%I %m %s %7%c%o!< $K $*$$ $F $O!" 3KGK :U H? 1~$K $h$C $F3K $N7k 9g %(%M %k %.!<$N J, $@$1 %( %M %k%.!< $, >CHq $5 $l$k $3 $H$d Cf @- ;R$, %( %M%k %.!< $r$b$C $F F($2 $F $$ $/$3 $H $K$h $k!# %O%I%m %s%7%c %o!<$K $*$$ $F � 0 N3;R $,@8 @.$5 $l$k $H!"$3 $N � 0 N3;R $OEE <’%7%c %o!<$N 7A$G %+%m %j%a!< %?$K %(%M %k%.!< $r M?$( $k!#$3 $N $? $a%O %I %m %s%7%c %o!< $N B,Dj %( %M%k %.!< $O $=$N J, $@ $19b %( %M %k%.!< B& $K %F!<%k $r $R $/$3 $H $K $J$k!# %7%c %o!<H/ C# $N =i 4| $N CJ 3, $G $N � 0 N3 ;R $N @8 @. $N $U $i $D $- $O %7%c %o!< A4 BN $N %( %M %k %.!< $K Bg $- $J $U $i $D $- $r $R $- $* $3 $9!# =>$C$F F1$8 %( %M %k%.!< $N =c %O%I %m %s %7%c%o!< $H EE<’ %7%c %o!< $,F1 $8 %( %M%k %.!< $r %+%m %j %a!< %?$K M? $( $k$h $& $K $7$F $* $1$P!" � 0 @8@.$N $U$i$D$-$,%(%M %k%.!<B,Dj$N$U $i$D$-$r0z$-5/ $3$5$J$$$h$& $K$G$-$k!#$3$l$, Jd=~7?$N4pK\ ;WA[$G$" $k!# EM $H%O%I%m%s$KBP$9$k1~Ez$rB7$($k$K$O0J2<$NMM$JJ}K!$,$"$k!# � %7%c%o!<H/@8:‘$K1tEy$N=E85AG$rMQ$$$k$3$H$K$h$j!"3KH?1~$G$N%(%M%k%.!<>CHq$r8:$i$9!# � B,Dj:‘$K %W%i%9%A%C%/%7%s%A%l!<%?Ey $N?eAG86;R$rB?NL$K4^$‘ :‘<A$rMQ$$$k$3$H$K$h$j!" Cf@-;R$N%(%M%k%.!<$r F($,$5$J$$$h$&$K$9$k!# � %7%c%o!<H/@8:‘$NHfN($rA}$d$7$FEE<’%7%c%o!<$,B,Dj:‘$KM?$($k%(%M%k%.!<$r8:$i$9!# Jd=~ 7?$H $7 $FF0 :n $5 $;$k $K $O!":G 8e $N 9‘L\ $N 9= @.Hf N( $r$I $N $h $&$K @_ Dj$9 $k $N $,NI $$ $+!"$H $$ $& $N$, R&D $N =E MW$J %]%$%s%H$K$J$k!# 1t$H%W%i%9%A%C%/%7%s%A%l!<%?$+$i9=@.$5$l$k%5%s%W%j%s%0%+%m%j%a!<%?$K$O!"BgJL$7$F%5%s%I%$%C%A7? ( 0J2< SW $HN, ) $H%7 %s%A %U%!%$ %P!<7? (SF $HN, ) $H$, $"$k!# SF 7? $NJ}$, %5%s %W%j%s %0$, :Y$+$/ $G$- $k$? $a@-G= E*$K $OM%$l $F$$ $k$,!"@=:n$KMW$9$k%3%9%H$H<j4V$,KDBg$G$"$k!#$3$N$?$a>WFM7?<B83$NB,Dj4o$K$O$[$H$s$I SW 7?$,;H$o$l$F$$$k!# $3$N SW 7?$K$*$$$F $O!"%W%i%9%A%C %/%7%s%A%l!< %?$+$i$N8w $OGHD9JQ49 :‘ (WLS) $rMQ$$$FFI $_$@$9$N $,0lHLE*$G $"$k!#$3$N WLS $NG[CV$K$h$C$F$5$i$K$$$/$D$+$N<oN‘$KJ,$1$i$l$k!# CDF B,Dj 4o$N%P %l%k %+%m%j %a!<%? $d ZEUS B,Dj4o $K$*$$ $F$O!" %7%s%A %l!<%? $NB&LL $K WLS $NHD$d K@$r G[CV$7 $F 8w$r FI$_ $@ $7 $F $$$k!# $3 $N J} <0$O @= :n $,MF 0W $G %3 %9%H $b 0B $$$,!" WLS $N Av $k NN 0h$, %l %9 %] %s%9 $N FC 0[E@ $K $J $j $d$9 $$$H$$$&7gE@$,$"$k!#$3$l$KBP$7$F SDC 7?!" CDF-plug/CMS 7?!"%7%c%7%e%j%C%/7?Ey$OFI$_$@$7$K WLS $N%U%!%$ %P!<$rMQ$$$F$$$k!#$3$NJ}<0$G$O%l%9%]%s%9$NFC0[E@$O$G$-$K$/$$$,!"@=:n$N<j4V$d%3%9%H$O$+$J$jBg$J$b$N$K$J$k!# 2f!9$N %0 %k!<%W $G $O R&D $r ;O$a $k $K $"$? $j!" :G $b<j 4V $H %3%9 %H $N$+ $+ $i $J$$ ZEUS 7? $N SW %+ %m %j%a!< %? $H!" :G$b@-G=$,M%$l$F $$$k SF 7?$N%F%9%H %b%8%e!<%k$r@=:n $7$F%F%9%H $r9T$&$3$H$K $7$?!#C"$7 SF 7?$O%3 %9%H$,$+$+ $k$? $a#1%b %8%e!<%k $N$_ @=:n $7$?!# $^ $?I8 =‘B, Dj4o $r0l BN$H $7$F %F %9%H $9$k $?$a!" PS B, Dj4o $H Si B,Dj 4o$b @=:n $7 $?!#$3 $l$K$D$$$F$O<!$N9‘$G>\$7$/=R$Y$k!# Jd=~ 7? $N SW 7? EMCAL $K$* $$ $F 15% = p E $H$$ $& %( %M%k %.!< J,2r G= $r <B8= $9 $k$? $a $K $O!"%7 %s %A%l!< %? $N 8|$5 $O 1mm 0J 2< $G $" $k I, MW $, $" $k!# $3 $N $h $& $K Gv $$ %7 %s %A %l!< %? $r MQ $$ $? CAL $O $[ $H $s $I %F %9 %H $5 $l $? $3 $H $, $J $+$C $?!#$3 $N Hs >o $K Gv $$ %7 %s %A %l!< %? $r MQ $$ $? EMCAL $N <B 8= 2D G= @- $r D4 $Y $k $? $a!" ’95 G/ $K $O 4mm 8| $N 1t $H 1mm 8| $N%7%s%A%l!< %?$rMQ$$ $? EMCAL %F%9%H %b%8%e!<%k $r@=:n$7!" %S!<%‘%F %9%H$r 9T$C$?!#$3$N 7k2L$K $D$$$F$b 8e$N%; %/ %7%g%s$G>\$7$/=R$Y$k!# $3$l$i$N%F%9%H$N7k2L$rF’$^$(!" ’96 G/EY$O$h$jBg5,LO$J%O%I%m%s%F%9%H%b%8%e!<%k$r@=:n$7!"%S!<%‘%F%9%H$r9T$C $?!#$^$?$5$i$K2~B$$r2C$(!" ’97 G/EY$b0z$-B3$-%F%9%H$r9T$&M=Dj$G$"$k!#$3$l$K$D$$$F$b8e=R$9$k!# %F%9%H%b%8%e!<%k ’93 I8=‘B,Dj4o$N CAL $r9=@.$9$k%W%j%7%c%o!<!"%7%j%3%s%Q%C%I$r4^$a$? CAL A4BN$N R&D $r%9%?!<%H$5$;$k$?$a!" ’92 G/$+$i%F%9%H%b%8%e!<%k$N@_7W$r3+;O$7!" ’93 G/$K@=:n!"%S!<%‘%F%9%H$r9T$C$?!# CAL K\BN$H$7$F$O SF 7?#1%b%8%e!< %k$H SW 7?#4%b%8%e!<%k$r@=:n$7$?!#3F%3%s%]!<%M%s%H$N%G%6%$%s$O0J2<$NMM$K$J$C$F$$$k!# 148

?^ 2.33: %W%j%7%c%o!<B,Dj4o$N9=B$?^!# ?^ 2.34: %7%j%3%s%Q%C%I%\!<%I 1 Kg$N354Q?^!# %W%j%7%c%o!<B,Dj4o$N9=B$$O?^ 2.33 $NMM$K$J$C$F$$$k!# PS B,Dj4o$O 4mm 8|$N1t (4%Sb) $H 1mm 8|$N%W%i%9%A%C %/%7%s %A%l!< %? (BC404) $r 6 AX $E$D 8r8_ $K @QAX $7$? SW 7? $G!"8w $O B&LL $KCV $+$l $? 2 Kg $N WLS HD (Y-11) $G=8 8w$5 $l$k!# WLS HD $NN> C< $K$O PMT $, <h $jIU $1 $i$l!" 8w $O7W 4 K\ $N PMT $G FI$_ $@ $5 $l$k!# Bg $-$5 $O 20cm � 20cm $G 8| $5$O 4.3X 0 $G$"$k!# CAL K\BN$N>pJs$H$"$o$;$F e=� <1JL$r9T$&!# %7%j%3%s%Q%C%IB,Dj4o$O?^ 2.34 $NMM$J%\!<%I ( IM>>%[%H%K%/%9@= ) $r?^ 2.35 $NMM$KJB$Y$?$b$N$G$"$k!# 1 Kg$N Si %\!< %I$K$O 6 8D$N%Q%C%I$,:\$C$F$$$k!# 1 8D$N%Q%C%I$NBg$-$5$O 10 mm � 15 mm $G!"%7%j%3%s$N8|$5$O 300 � m $G$"$k!# $3$N%\!<%I$r Si %Q%C%I$K7d4V$,=PMh$J$$$h$&$K 6 � 6 KgJB$Y!" 18 cm � 18 cm $N%f%K%C%H$r9=@.$7$F$$$k!# %7%j%3%s%Q%C%IB,Dj4o$O%W%j%7%c%o!<B,Dj4o$N8e$m$KCV$+$l!" e=� <1JL$H%7%c%o!<0LCV$N9b@:EYB,Dj$r9T$&!# SW %b%8%e!<%k$O 10 mm 8|$N1t HD (4%Sb) $H 2.5 mm 8|$N %W%i%9%A%C%/%7%s %A%l!<%? (SCSN-38) $r 80 AX$E$D8r 8_$K@Q AX $7$? $b $N$G!" ?^ 2.36 $N MM $J9= B$$r $7 $F$$ $k!# Bg$- $5 $O 20cm � 40cm !" 8|$5 $O Ls 4.8 � 0 $G$" $k!#%7 %s %A%l!< %? $N8w$ON>B&LL$KCV$+$l$? 2 Kg$N WLS HD$G=88w$5$l$k!#3F!9$N WLS HD$N0lC<$K$O PMT $,<h$jIU$1$i$l$F$$$k!# SF 7?%b%8%e!<%k$O!" 1 mm � $N%7%s%A%l!<%F%#%s%0%U%!%$%P!< (SCSF-38) $r9B$r7!$C$?1tHD$KKd$a9~$s$@$b$N$G!" ?^ 2.37 $NMM $J 7A>u $r $7$F $$ $k!#1t $H %7 %s%A $N HfN( $O BN@Q Hf $G 4:1 $K$J$C $F $$$k!# Bg $-$5 $O 20cm � 20cm � 130cm $G!" Ls 6.2 � 0 $N8|$5$KAjEv$9$k!#%U%!%$%P!<$O 4 � 4 $N%;%0%a%s%H$r:n$k$h$&$KB+$M$i$l$F PMT $K@\Ce$5$l$F$$$k!# $3$l $i $N %b %8%e!< %k $N %S!< %‘%F %9 %H $O KEK-PS $N � 2 %S!< %‘%i %$ %s $G 9T $o $l $?!# MQ $$$? %S!< %‘ $O 1 � 4 GeV $N e � 5Z$S � � %S!< %‘$G$"$k!#%;%C%H %"%C%W$N35N, $r?^ 2.38 $K<( $9!#%S!<%‘$O 2 Bf$N %,%9%A%’%l%s %3%U%+%&%s %?!<$H 4 LL $N%I%j%U%H%A%’%s%P!<!" 2 LL$N%H%j%,%+%&%s%?!<$rDL$7$F%F%9%H%b%8%e!<%k$KF~<M$5$l$k!# %F%9%H%b%8%e!<%k$O PS B,Dj4o!" Si B,Dj4o!" CAL B,Dj4o$N=g$KCV$+$l$F$$$k!# CAL B,Dj4o$NG[CV$O!" SF %b%8%e!< 149

?^ 2.35: %7%j%3%s%Q%C%IB,Dj4o$NA4BNG[CV!# ?^ 2.36: %5%s%I%$%C%A7?%b%8%e!<%k$N9=B$!# 150

?^ 2.37: %7%s%A%l!<%7%g%s%U%!%$%P!<7?%b%8%e!<%k$N354Q!# %k$N%F %9 %H$N ;~$O ?^ 2.38 $NMM $KCV $+ $l$k!# SW %b %8%e!<%k $N %F%9 %H $N;~ $K$O SF %b %8%e!< %k$, 6y$K Mh $k$h $&$K AH $_BX $($i$l $k!# %F%9 %H%b %8%e!<%k A4 BN$O 2MBf $N >e$K :\$C$F $* $j!" x J}8~!" y J} 8~$N J? 9T0\ F0$H ?e J?LL Fb$G $N y <4 2s$j $N2s E>$,=PMh$k$h$&$K$J$C$F$$$k!#%b%8%e!<%kA4BN$N=ENL$OLs 3.5t $G$"$k!# B, Dj 9‘ L\ $O %( %M %k %.!< J, 2r G=!" e=� <1 JL!" e=� =P NO Hf 5Z $S 8w NL $G $" $k!# 0J 2< $= $l $i $N 7k 2L $K $D $$ $F =R $Y $k!# SF %b%8%e!<%k$N7k2L$K$D$$$F$O [14] $K!"$^$? Si B,Dj4o$N7k2L$K$D$$$F$O [15] $K>\$7$/Js9p$5$l$F$$$k!# %(%M%k%.!<J,2rG= SF %b %8%e!< %k$N EE ;R $K BP $9 $k%( %M %k %.!< J, 2r G=$r ?^ 2.39 $K <( $9!#EE ;R $N F~ <M 3Q$O 3 � $G $" $k!# A ?^ $O PS B, Dj 4o $,L5 $$ >l 9g$N J, 2r G= $N F~ <M %(%M %k %.!< 0M B8 @- $G!" B ?^ $O PS B,Dj 4o $, SF %b %8%e!< %k $N A0 $KCV $+ $l $? ;~ $N J, 2rG= $G $" $k!#?^Cf$N9u 4]$O<B 83%G!<%? $G<B@~ $O$=$N %U%#%C%H%+!< %V$G$"$k!# $^$?Gr $$;M3Q $O GEANT $K$h$k %7%_%e%l!< %7%g%s $N7k2L$G!"E@@~$O$=$N%U%#%C%H$G$"$k!#%U%#%C%H$N7k2L!"<B83$GF@$i$l$?%(%M%k%.!<J,2rG=$O2<$N<0$NMM$KI=$5$l$k!# � E E = (14 : 4 � 0 : 3) % p E (GeV) � (0 : 0 � 1 : 4) % PS B,Dj4o$J$7$N>l9g ; = (14 : 7 � 0 : 4) % p E (GeV) � (0 : 0 � 1 : 8) % PS B,Dj4o$"$j$N>l9g ; $3$3$G � $O#2 >hOB $rI= $9!#%7%_%e %l!<%7%g %s$H<B 83$N 0lCW $ONI$$!# $^$? $3$N J,2rG= $OI8 =‘B,Dj 4o$K 2]$; $i$l$? J,2r G= $rK~$?$7$F$$$k!# SF %b %8%e!< %k $N � F~ <M $K BP $9 $k %( %M %k %.!< J, 2r G= $r ?^ 2.40 $K <( $7 $?!# F~ <M 3Q $O 0 � $G $" $k!# >e ?^ $O PS B, Dj 4o $, L5$$;~!" 2<?^$O PS B, Dj4o $,$" $k;~ $NJ, 2rG= $G$" $k!#9u 4]$H <B@~$O <B83 %G!<%?!" Gr;M 3Q$H E@@~ $O GEANT %7%_%e %l!< %7%g%s$N7k2L$G$"$k!#F@$i$l$?J,2rG=$O2<$N<0$NMM$KI=$5$l$k!# � E E = (38 : 1 � 1 : 3) % p E (GeV) � (11 : 6 � 1 : 4) % PS B,Dj4o$J$7$N>l9g ; 151

?^ 2.38: %S!<%‘%F%9%H$N%;%C%H%"%C%W!# 152

?^ 2.39: SF %b%8%e!<%k$N EM %(%M%k%.!<J,2rG=!#9u4]$,B,Dj%G!<%?$G$"$k!# ?^ 2.40: SF %b%8%e!<%k$N%O%I%m%s%(%M%k%.!<J,2rG=!#9u4]$,B,Dj%G!<%?!# 153

?^ 2.41: SW %b%8%e!<%k$N%(%M%k%.!<J,2rG=!#:8?^$O EM $KBP$9$k!"1&?^$O%O%I%m%s$KBP$9$kJ,2rG=!# � E E = (37 : 2 � 1 : 6) % p E (GeV) � (15 : 8 � 1 : 4) % PS B,Dj4o$"$j$N>l9g ; � $KBP$9$k%( %M%k%.!<J,2rG=$NDj?t9‘$,Hs >o$KBg$-$$$N$O!"%7%c%o!<$N$b$l $N$?$a$G$"$k!# 60cm � 60cm � 5 � 0 $N%+%m %j%a!<%?$K$*$$$F$O2#J}8~$K 5% !"=DJ}8~$K 3% $N$b$l$,$"$k$H$5$l$F$$$k [16, 17] !# PS B,Dj4o$,A0$KCV$+$l$?;~$N SW %b%8%e!<%k$NEE;R$H � $KBP$9$k%(%M%k%.!<J,2rG=$r?^ 2.41 $K<($7$?!#?^Cf$N D> @~$O%U%#%C%H$N7k2L$G!"0J2<$N$h$&$J<0$GI=$5$l$k!# � E =E ( e ) = 24 : 0% = p E + 1 : 2% � E =E ( � ) = 41 : 9% = p E + 7 : 7% $3$N>l9g$b%7%c%o!<$N$b$l$N$?$a � $KBP$7$FBg$-$JDj?t9‘$,@8$8$F$$$k!# e=� <1JL PS B, Dj4o $H SF %b%8%e!< %k $rMQ $$$? e=� <1 JL$N 7k2L $r ?^ 2.42 $K <($7 $?!# PS B, Dj4o $O$= $N =PNO $N Bg$- $5$G!" $^ $? SF %b%8%e!<%k$O%7%c%o!<$N2#J}8~$N9-$,$j$G e $H � $rJ,$1$F$$$k!# SF %b%8%e!<%k$N C %Q%i%a%? (Containmen t) $O!"A4 CAL %b%8%e!<%k$N%(%M%k%.!<OB$KBP$9$kF~<MCf?4 9 %;%0%a%s %H$N 3d 9g $G $" $k!# $^ $? S %Q %i %a %? (Spread) $O 3F %b %8%e!< %k $K M? $( $i $l $? %( %M %k %.!< $r F~ <M Cf ?4 $+ $i $N 5w N% $N =E $_ $r $D$1 $F B- $7 $" $2!" A4 %(%M %k %.!< $G 3d$C $? $b $N $G $" $k!# C %Q %i %a%? $r MQ $$ $k $H!" e $K BP $9 $k B, Dj 8z N( $, 98% $N;~ � $r 1/118 $K =| 5n $G $- $k!#$^ $? S %Q %i %a %? $r MQ $$ $k $H e $N 8z N( $, 98% $N ;~ � $r 1/202 $K =| 5n $G $- $k$H $$ $& 7k 2L $, F@ $i $l $F$$$k!# Si B,Dj4o$rMQ$$$?;~$N e=� <1JL$N7k2L$r?^ 2.43 $K<($7$?!#:8?^$O 3 GeV $NN3;R$,F~<M$7$? ;~$NA4%7%j%3%s%Q%C%I $+$i $N ADC =PNO $N OB$r %W %m%C%H $7 $? $b$N $G $"$k!# e $K BP $9 $k1~ Ez $H � $K BP $9$k 1~ Ez$N 0c $$ $,$O$C $- $j$H $o $+$k!# $3 $NJ,I[$K %+%C%H $rF~ $l$? ;~$N e $H � $KBP $9$k%+%C %H$N DL2a N($r %W%m%C%H $7$? $b$N $,?^ 2.43 $N1& ?^$G $"$k!#F~ <M%( %M%k %.!<$, 3 GeV $N;~ e $N8!=P8zN($O 96.4% $G!"$3$N;~ � $rLs 1/10 $K=|5n$G$-$k$H$$$&7k2L$,F@$i$l$F$$$k!# B,Dj8wNL SW %b%8%e!<%k$K e $,F~<M$7$?;~$NB,Dj8wEE;R?t$r?^ 2.44 $K<($7$?!#%b%8%e!<%k$K$h$j<c43$N$P$i$D$-$O$"$k$,!" J?6Q 150 8wEE;R /GeV $G$" $k!#8e=R$N$h $&$K e $KBP$9$k=P NO$H � $K BP$9$k=PNO$O $[$\Ey$7$$ $N$G!"%O%I%m%s %7%c%o!< $KBP$7$F$b$[$\F1$88wEE;R=PNO$,F@$i$l$k!#$3$NCM$OL\I8$H$9$k%O%I%m%s%(%M%k%.!<J,2rG=$N 40 : 0% = p E $r 40 : 8% = p E $K0-2=$5$;$kDxEY$N1F6A$r$b$D!#L5;k$G$-$kDx>.$5$$1F6A$G$O$J$/2~A1$,5a$a$i$l$k$,!"?<9o$JLdBj$H$O$J$i$J$$!# 154

?^ 2.42: PS B, Dj 4o$H SF %b %8%e!<%k $r MQ$$ $? e=� <1 JL!# A ?^$O PS B, Dj 4o$N e $K BP$9 $k =PNO $G!" B ?^$O PS B, Dj 4o$N � $KBP$9$k=PNO$G$"$k!# C ?^$H D ?^$O$=$l$>$l PS B,Dj4o=PNO$H SF %b%8%e!<%k$N C %Q%i%a%?!" S %Q%i%a%?$H$N#2<!85%W%m%C %H$G$"$k!##43Q$NCf$r e $H$7$FA*$S$@$9!# ?^ 2.43: Si B,Dj4o$N e $H � $KBP$9$k=PNOJ,I[ ( :8?^ ) $H e=� <1JLG=NO ( 1&?^ ) !# 155

?^ 2.44: SW %b%8%e!<%k$GB,Dj$5$l$?8wEE;R?t ( :8?^ ) $H PS B,Dj4o$r � $,DL2a$7$?;~$N8wEE;R?t ( 1&?^ ) !# PS B,Dj4o$r � $,DL2a$7$?;~$N8wEE;R?t $b?^ 2.44 $K<($7$?!#Gr 4]$OA4$F$N � %$%Y %s%H$K$D$$$F5a$a$?$b$N$G$" $k!# $^$?Gr3Q$O PS B, Dj4o $H CAL K\BN$N =PNO$r MQ$$$F!" PS B, Dj4o$G %7%c%o!<$, 5/$-$? %$%Y%s %H$r=| 5n$7$? %5%s%W %k$K$D $$$F5a$a$? $b$N$G $"$k!#:G >.EEN% N3;R (MIP) $,DL 2a$7$? ;~!"J?6Q 32 8wEE;R /MIP/6 AX $N8wEE ;R$,B, Dj$5$l $?!#$3$l $r 1 Kg $N%7 %s%A%l!< %?Ev $?$j $K49 ;;$9 $k$H!" 5.3 8wEE;R /MIP/lay er $G $"$k $3$H$, $o$+ $k!#$3 $l$r 1 mm %7 %s%A %l!< %?$rMQ$$$?Jd=~7?$N EMCAL $K 49;;$9$k$H!" 660 8wEE;R /GeV $H$$$& CM$,F@$i$l $k!#$3$l$O 15 : 0% = p E $NJ,2rG=$r 15 : 5% = p E $K0-2=$5$;$kDxEY$N1F6A$r$b$D!# <B:] $N EMCAL $N =8 8w 8z N( $O PS B, Dj 4o $h $j $b 0- $$ $H ;W $o $l$k $N $G!" <B :] $K %b %8%e!< %k $r $D $/$C $F $N R&D $, I, MW$G$"$k!#$3$l$K$D$$$F$O<!9‘$G=R$Y$k!# e=� =PNOHf e F~<M$GB,Dj$5$l$?%(%M%k %.!<$H � F~<M$GB,Dj$5$l$? %(%M%k%.!<$NHf$+$i e=� =P NOHf$r7W;;$9$k$3$H$,$G$-$k!#@h $K=R$Y$? MM$K � F~<M $N;~$K $O%7%c %o!<$N$b $l$, $"$k $N$G!"$= $l$r Jd@5$9 $kI, MW$, $"$k!#$= $N7k 2LJd@5 8e$N e=� =PNO Hf $H$7$F!" e=� ( S W ) = 1 : 01 e=� ( S F ) = 1 : 19 $H$$$&CM$rF@$?!#$3$3$GB,Dj8m:9$OL5;k$G$-$kDx>.$5$/!"$3$NCM$N8m:9$O40A4$K$b$l$NJd@5$N8m:9$G;YG[$5$l$F$$$k!# $3$N8m:9 $rDj NLE*$K I>2A $9$k$3 $H$O Fq$7$$ $,!" +5% $NJd @5$, +10% $G$"$C $F$b IT;W5D $OL5 $$$H;W $($P � 0.05 Dx EY$N 8m:9$O$"$j$&$k!# 0lHL$K%5%s %W%j%s%0 $,:Y$+$$ Dx!"Dc%(%M %k%.!<$N e $d $, %7%s%A %l!<%?$GB, Dj$5$l$d $9$/$J$k!# SF %b %8%e!<%k$N J}$, e=� Hf$,Bg$-$$$N$O$3$N1F6A$b0l0x$K $J$C$F$$$k$H;W$o$l$k!#B>$N R&D $N7k2L$r8+$k$H!" ZEUS-T36 $N %0%k!< %W$G $O 1.15[11] !" INS %0 %k!< %W $G$O 1.20[12] !" SP A CAL %0 %k!< %W $G $O 1.10[10] $H $$ $& e=� Hf $r F@ $F $$ $k!# $3 $N$h $& $K e=� Hf$OB,DjCM$,$P$i$D$$$F$*$j!"$5$i$K7OE}E*$J R&D $,I,MW$G$"$k!# %F%9%H%b%8%e!<%k ’95 ’93 G/ $N PS B, Dj 4o $N 7k 2L $+ $i!" 1 mm 8| $N %7 %s %A %l!< %? $r MQ $$ $F $b $+ $J $j $N 8w EE ;R ?t $, F@ $i $l $k $3 $H $, $o $+$C $?!#$7$+$7 PS B, Dj4o $O 4 K\$N PMT $G8w $rFI $‘$J$I!" <B:] $N EMCAL $h$j$b $+$J $j9b$$ =88w 8zN($r $b$D $H9M$( $i$l $k!#$3$N$?$a 1 mm 8|$N%7%s%A%l!<%?$rMQ$$$?Jd=~7? $N EMCAL %F%9%H%b%8%e!<%k$r@=:n$7$F%S!<%‘%F%9 %H$r9T$$!" 8wEE;R?t$rB,Dj$7$?!# 156

?^ 2.45: ’95 G/%S!< %‘%F%9%H$N %;%C%H%"%C%W!# PS B,Dj 4o!" Si B,Dj4o!":Y%5 %s%W%j%s%0 EMCAL $r AH$_9g$o$;$F %F%9%H$7 $?!# @=:n$7$? EMCAL $O?^ 2.36 $HF1$8$h$&$J9=B$$r$b$D SW 7?$N%b%8%e!<%k$G$"$k!#Bg$-$5$O 20cm � 20cm $G!" 4 mm 8|$N1t HD (4%Sb) $H 1 mm 8|$N %W%i %9%A%C %/%7 %s%A %l!<%? (BC404) $r 35 AX $E$D 8r8_ $K@Q AX$7 $F 25 X 0 $N 8|$_ $H$7 $F $"$k!# 8w $O N> B& LL $K CV $+ $l $? WLS(Y-11) $N HD $G FI$_ $@ $5 $l $k!# 3F WLS $N HD $N #1 C< $K $O PMT $, <h $j IU $1 $i $l $F $$ $k!# ’93 G/$N Si B,Dj4o$O %N%$%:%l%Y%k$, 9b$/!"%*%Z%l!<%7%g%s$K $+$J$j$N?@7P$r ;H$C$?!#$=$3$G<g$K%N %$%:BP:v$r;\$7 $? Si B,Dj4o$r:F@=:n$7!" EMCAL $H$H$b$K%S!<%‘%F%9%H$r9T$C$?!# %S!<%‘ %F %9 %H $O ’93 G/ F1 MM KEK-PS $N � 2 %S!< %‘ %i %$ %s $G 9T$C $?!# F~ <M N3 ;R $O e � $H � � $G!" F~ <M %( %M %k %.!< $O 1 � 4 GeV $G$"$k!#%S!<%‘%F%9%H$N%;%C%H%"%C%W$O?^ 2.45 $N$h$&$K$J$C$F$$$k!#1t%,%i%9$O%S!<%‘$N?GCGMQ$G$"$k!# B,Dj$5$l$? e $KBP$9$k%(%M%k%.!<J,2rG=$r?^ 2.46 $K<($9!#F@$i$l$?J,2rG=$r%U%#%C%H$7$?7k2L$O � E =E = 15 : 4% = p E + 0 : 2% (2 : 7) $HI= $5 $l $k!# $^ $? B, Dj $5 $l $? 8w EE ;R ?t $b ?^ 2.46 $K <( $7 $?!# e F~ <M $K BP $7 $F J? 6Q 680 8w EE ;R /GeV $N 8w EE ;R ?t $, B, Dj $5$l $?!# $3$N CM $O ’93 G/ $N %F %9 %H$N 7k 2L $+ $i ?dDj $5 $l $? CM$H NI $/ 0l CW$7 $F $$ $k!# � F~ <M $K BP $9$k 8w EE ;R ?t$O!" � $, :G >.EEN% $G4S DL $7$? $H$7 $F7W ;;$7 $? CM$r %W%m%C %H$7 $F $"$k!# � $KBP $9$k 8wEE ;R ?t$, e $, F~<M $7$? ;~ $KHf $Y<c 43Bg $-$$ $N $O!" � $, EMCAL $NCf$G%7%c%o!<$r0z$-5/$3$7$?;v>]$,:.$8$C$F$$$k$?$a$H9M$($i$l$k!# $3$l$i $N7k2L $+$i!" 1 mm 8|$N%W %i%9%A%C %/%7 %s%A%l!< %?$r MQ$$$? Jd=~7? $N EMCAL $O== J,<B8= 2DG= $G$"$j!" 8w NL!"J,2rG=$H$b$K$[$\I8=‘B,Dj4o$KMW@A$5$l$k@-G=$rK~$?$9$3$H$,$G$-$k$3$H$,$o$+$C$?!# %F%9%H%b%8%e!<%k ’96 ’93 %F%9 %H%b %8%e!<%k $O$= $NBg $-$5 $,%O %I%m %s%7%c %o!<$r JD$8 9~$a $k$K $OIT ==J, $G$"$C $?!#$3 $N$? $aF@ $i$l $?J, 2r G=$K$OBg$- $JDj?t 9‘$,@8 $8$F$$ $?!#B>$N %0%k!<%W $K$h$k R&D[11, 12] $K$* $$$F$b %b%8%e!<%k $NBg$- $5$OF1 $8$h$& $J$b $N$G$" $j!"$3 $N$? $a8_ $$$N e=� Hf$N IT0l CW$K $D$$ $F$b 3NDj E*$J 7kO@ $r2< $9 $3$H $,=P Mh$J $$!#$3 $NLd Bj$r 2r7h $9$k $K$O %7%c%o!< $N$b $l $,L5 ;k $G $-$k 0L Bg$- $J %F%9 %H %b %8%e!<%k $r @=:n $7!" ?. MjEY $N 9b$$ %G!< %? $rB, Dj $9$k $3 $H$, IT 2D 7g$G $" $k!# $3$N $h $& $J 4Q E@ $+$i ?7 %F %9 %H %b %8%e!< %k $N7W 2h $r ?J $a!" ’95 G/ $+ $i %G %6 %$ %s $r %9%?!< %H $5 $;!" ’96 G/EY $= $N @= :n $r 9T$C$?!#$3 $N%b %8%e!< %k$O %O%I %m %s%7%c %o!<$K $D $$$F $=$N @5 3N$J Jd=~ E@ $rC5 $j!"%( %M%k %.!< J,2r G=$r $d e=� Hf $r @:EY NI$/5a$a$k$3$H$rBh0l$NL\E*$KCV$$$F$$$k!#$3$N$?$a!"0J2<$NMM$J>r7o$N$b$H$G%G%6%$%s$r9T$C$?!# � %O%I%m%s%7%c%o!<$rJD$89~$a$k$K==J,$JBg$-$5$r;}$D$3$H!# � Jd=~E@$rC5$9$?$a!"1t$H%7%s%A%l!<%?$NHfN($r:Y$+$/JQ$($i$l$k$3$H!# 157

?^ 2.46: EMCAL $K e $,F~<M$7$?$H$-$N%(%M%k%.!<J,2rG= ( :8?^ ) 5Z$SB,Dj8wEE;R?t ( 1&?^ ) !# � %l%9%]%s%9$NFC0[E@$r;}$?$J$$9=B$$K$9$k$3$H!# CDF-plug $N2~NI$d CMS B,Dj4o$N R&D Ey!"FI$_$@$7$K WLS %U%!%$%P!<$rMQ$$$k7?$N%+%m%j%a!<%?$K$* $$$F$O5^B. $J?JE8$,8+$i$l$k!# SW 7?$H SF 7?$K $D$$$F$O ’93 G/ $K4{$K%F%9%H$7 $F$$$k$3$H$+$i!" :#2s$N%F%9%H%b %8%e!<%k$OJd=~ E@$r8+IU$1$@$7$?8e$G WLS %U%!%$%P!<7?$K2~B$$9$k$3$H$,=PMh$k$h$&$J%G%6%$%s$K$9$k$3$H$b>r7o$N#1$D$H$7$?!# %O%I%m%s%7%c%o!<$N=DJ}8~5Z$S2#J}8~$N6u4VE*9-$,$j$O?^ 2.47 5Z$S?^ 2.48 $N$h$&$K$J$C$F$$$k!#$3$l$+$i%7%c%o!< $N 99% 0J >e $N JD $8 9~ $a $r C#@. $9 $k $? $a $K $O!" 2# J} 8~ $K $O 1m � 1m 0J >e!"=D J} 8~ $K $O 7 � 0 0J >e $N Bg $-$5 $, I, MW $J $3 $H $,$o$+$k!#$7$+$7$J$, $i$3$NBg$-$5 $N%F%9%H%b%8%e!< %k$r ’96 G/EY $G40@.$9$k$K $OM=;;E*$KIT B-$G$"$k$?$a!"=L >.$7$? 7A$G@= :n$7 $?!#2# J}8~ $NBg $-$5 $O8e $GBg $-$/ $9$k $3$H $,:$ Fq$G $"$k $?$a!" 1m � 1m $N Bg$- $5$G :n$k $3$H $H$7 $?!# =DJ} 8~$N 8| $_ $O ’93 G/ $N SW %b %8%e!< %k $r 8eJ} $K %P%C %/ %"%C %W %+ %m %j%a!< %? $H $7 $F CV $/ $3$H $G 2 � 0 $r 3NJ] $7!" %b %8%e!< %k K\BN$N8|$5$O 5 � 0 $K=L>.$7$?!#C"$71~Ez$K:9$,=P$k$3$H$OHr$1$i$l$J$$$N$G!"M>M5$,$"$l$P ’97 G/EY$K3HD%$9$k7W2h$G $"$k!# %7%s%A%l!<%?$H1t$NHfN($r:Y$+$/$+$DMF0W$KJQ$($k$3$H$,=PMh$k$h$&$K$9$k$?$a!"9=B$BN$O?^ 2.49 $NMM$JD_$j2<$2 7?$H$7$?!#F1MM$J %F%9%H%b%8%e!< %k$K$O SDC %0%k!<%W $,9T$C$? ’Hanging-File’ 7? %b%8%e!<%k$,$" $k [18] !#$7 $+$7$J$, $iH‘$i$,$3$N%b%8%e!<%k$G%S!<%‘%F%9 %H$r9T$C$?;~$K$O SDC %0%k!<%W$OJd =~7?$r:NMQ$7$J$$$3$H $K7h$a$F$$$?$?$a!" H‘$i$N%F%9%H$O1t : %7%s%A =4:1 6aK5$G$O$J$5$l$F$$$J$$!# %7%s%A%l!<%?$N8|$5$rJQ$($k$N$OMF0W$G$O$J$$$?$a%7%s%A%l!<%?$O 2 mm 8|$K8GDj$7!"1tHD$N8|$5$rJQ$($F1t / %7 %s%AHf$r%9%-%c%s$9$k%G%6%$%s$H $7$?!#D_$j2<$2$k1t$NHD $O 4 mm 8|$N$b$N$H 2 mm 8|$N$b$N$r@=:n $7$?!# 4 mm 8| $N$b$N$O$= $l<+?H$G %l!<%k$KD_ $j2<$2 $i$l$k!# 2 mm $N$b$N $O 4 mm $N1t HD$K%M %8$I$a$7 $F;H$&$h $&$K$J$C $F$$$k!# $3$NAH$_9g$o$;$K$h$j1t$N8|$5$O 2 mm 9o$_$GJQ$($k$3$H$,$G$-$k!# %7%s %A %l!< %? $O 1 m � 1 m � 2 mm- 8| $N Bg $- $5 $r $b $A!" ?^ 2.50 $N $h $& $K 6 K\ $N 9B $, @Z $i $l $F $$ $k!# 9B $N 7A >u $O CDF-plug $H F1 $8 $/ 80 7j 7?$r $7 $F $$ $k!# $3 $N 9B $K 1 mm � $N WLS %U%! %$ %P!< $r DL $7 $F =8 8w$7!" PMT $G N> FI $_ $9 $k!#<B :]$N %b %8%e!< %k$G $O!" 1t HD $d%7 %s %A HD$N :F G[ CV$N MF 0W @-$N $? $a %U%! %$%P!< $O D> @\ PMT $K$O $D $J $,$:!" ES Cf $K 8w%U%!%$ %P!< %3%M %/%? $r $O$5 $s$G C& Ce=P Mh$k $h $&$K $7$F $" $k!#%7 %s %A%l!< %?$O A4 It$G 110 Kg $"$j!" 5 Kg $E $D$^ $H$a $i $l 22 AH$r7A@.$9$k!#$3$l$K$h$j%7%c%o!<$N=DJ}8~$N%W%m%U%!%$%k$b@:EYNI$/B,Dj$9$k$3$H$,$G$-$k!# PMT $O TRIST AN $N VENUS B, Dj 4o $N TOF %+ %& %s %?!< $K MQ $$ $i $l $F $$ $? $b $N $r E> MQ $7 $?!# $3 $N PMT $O %? %$ %_%s%0 B, Dj @:EY $r 8~>e $5 $;$k $? $a%V %j!< %@!<$K <c 43$N 2~ B$$, 2C $($i $l $F$* $j 0E EEN. $b $+$J $j Bg$- $$ $,!"%O %I %m%s %7%c %o!<$NB,Dj$N@:EY$K$O1F6A$7$J$$DxEY$G$"$k!# $3$l $i $N 1t HD $d %7 %s %A %l!< %?!" PMT $O ?^ 2.51 $N MM $K 2M Bf $N >e $K AH $_ >e $2 $i $l $k!# $3$N 9= B$ A4 BN $r <W 8w $N $? $a $N %+%P!<$GJ$$&$h$&$K$J$C$F$$$k!#A4BN$NAm=ENL$OLs 10t $G$"$k!# 158

?^ 2.47: %&%i%s / %7%s%A%l!<%?%+%m%j%a!<%?$G$N%7%c%o!<$N=DJ}8~$N9-$,$j!# C.W. F ab jan and R. Wigmans, R ep. Pr o g. Phys. 52 (1989)1519 $h$jE>:\!# ?^ 2.48: SP A CAL $G$N%7%c%o!<$N2#J}8~$N9-$,$j!# D.Acosta et.al., CERN-PPE/91-223 $h$jE>:\!# 159

?^ 2.49: ’96 %F%9%H%b%8%e!<%k$N354Q!##2K\$N%l!<%k$N>e$K1t$NHD$H%7%s%A%l!<%?$NHD$rD_$j2<$2$k9=B$$K$J$C$F$$$k!# ?^ 2.50: %7%s%A%l!<%?$N%G%6%$%s!#9B$r7!$C$F 6 K\$N WLS %U%!%$%P!<$rDL$7!"=88w$9$k!# 160

?^ 2.51: %F%9%H%b%8%e!<%k$N@5LL$+$i8+$?AH$_>e$,$j?^!# %7%s%A%l!<%? $KKd$a 9~$^$l$? WLS %U%! %$%P!<$N %T%C%A$OHs >o$KAF$$ $b$N$K $J$C$F$$$k!# $3$l$OJd =~E@$N B,Dj$J$I 0lO"$N %F%9 %H$, 40 N;$7 $?$N $A!" CDF-plug 7?$N %U%!%$ %P!<FI $_ =P$7 %b%8%e!< %k$K 2~B$ $9$k $3 $H$r G0F, $K$* $$$F %G%6 %$ %s$7 $? $? $a $G $" $k!# 2~ B$ $O ?^ 2.52 $K <( $9 $h $& $K 20cm � 20cm $N %; %0 %a %s %H $r 5 � 5 $K G[ CV$9 $k $3 $H $r 9M $( $F $$ $k!# $3 $N$?$a 20cm 4V3V$G WLS %U%!%$%P!<$rKd$a9~$‘%G%6%$%s$H$J$C$F$$$k!# $3$N=88wJ} <0$G$O WLS %U%! %$%P!<$N%T%C %A$,AF$9 $.!"8wNLIT B-$dHs 6Q0l@-$N LdBj$,=P $F$/$k4m 81@-$, $"$k!#$3$N $?$a$" $i$+ $8$a 8w NLB, Dj$r 9T$C$F >e 5-$N E@$r 3NG’ $7$?!# %7 %s%A %l!<%? $K � @~ $rF~ <M$7 $F9T$C $?8w NL $N0L CV0M B8@- $N 7k 2L$r?^ 2.53 $K<( $9!# %9%-%c %s$N J}8~ $O $=$l $>$l %U%! %$%P!< $KD> 3Q $NJ} 8~$H J?9T $J J}8~ $G$" $k!# ?^$+ $i$o $+$k $h $&$K!" %U%!%$%P!< $N>e $G8w NL $,Bg $-$/ $J$C$F $$ $k!#8w NL$N @dBP CM$O J? 6Q$7 $F 2.4 8wEE ;R /MIP $G$"$C $?!#$3 $N8w NL$r 49;; $9 $k$H%F %9%H %b%8%e!< %k$G F@$i $l$k 8wNL $O 150 8w EE;R /GeV $H $J$k!# $3$N CM$O ’93 G/$N SW %b %8%e!<%k $HF1 $8$G $"$j!" 40.0% $r 40.8% $K0-2=$5$;$kDxEY$N1F6A$,$"$k!# 8wNL $N0L CV0M B8 @-$b $^$? J, 2rG= $N 0-2= $KD7 $M JV$k!# $=$3 $G B,Dj $GF@ $i $l$? 0LCV 0M B8@- $r GEANT $K <h$j 9~$s $G!" %7%_%e%l!< %7%g %s$r 9T$C$?!# $= $N7k 2L$r ?^ 2.54 $K <( $9!#?^ $+$i J, $+$k $h$& $K %+%m %j%a!< %? =PNO $N$f $i $.$K BP$9 $k 8wNL $N0LCV0MB8@-$N1F6A$O6K$a$F>.$5$/!"0LCV0MB8@-$,J,2rG=$KM?$($k1F6A$O==J,>.$5$$$H9M$($FNI$$!# 0J>e$NMM$JB, Dj$d%7%_%e%l!< %7%g%s$K$h$j$3 $N%G%6%$%s $G==J,L\E* $,C#$;$i$l $k$3$H$,3NG’ $G$-$?$N$G!" ’96 G/ 10 7n$h$j@=:n$K$H$j$+$+$C$?!# ’97 G/ 1 7nKv$+$iA4BN$NAH$_>e$2$KF~$j!" 2 7n2<=\$h$j 3 7nCf=\$^$G KEK-PS $N � 2 %S!< %‘%i%$%s$G%S!<%‘%F%9%H$r9T$&M=Dj$K$J$C$F$$$k!#?^ 2.55 $K%;%C%H%"%C%W?^$r<($9!# 1 mm 8|%7%s%A%l!<%?$N WLS %U%!%$%P!<FI$_=P$7 EMCAL $KMW5a$5$l $k%(%M%k%.!<J,2r G=$rC#@.$9$k $?$a!" EMCAL $O 1 mm 8| $N%7%s%A%l!<%?$G :n$i$l$k!#$3$N %b%8%e!<%k$NFC@-$K$D$$$F$O ZEUS 7?$N%b%8%e!<%k$K$D$$$F4{$K ’95 G/$K%F%9%H$r9T$$NI9%$J7k2L$rF@$F$$$k!# %O%I%m%s%F%9%H%b%8%e!<%k$r WLS %U%!%$%P!<FI$_=P$7$K2~B$$9$k$N$K$"$?$j!" EM %;%/%7%g%s$b WLS %U%!%$%P!< FI$_=P $7$G @=:n$7!" E}0l E*$K %F%9 %H$9 $k%* %W%7%g %s$b 8!F$ Cf$G$" $k!#$7 $+$7 $J$, $i$3 $l$^ $G!" 1 mm 8|$N %7%s %A%l!< %?$K 9B $r @Z$C $F WLS %U%! %$ %P!< $r Kd $a 9~ $s $@ %? %$ %k %U%! %$ %P!< $, %F %9 %H $5 $l $? $3 $H $O L5 $+$C $?!# $3 $N $? $a :# 2s!" 1 mm 8|$N%7%s%A%l!<%?$G%?%$%k%U%!%$%P!<$N%F%9%H%T!<%9$r;n:n$7$=$N8wNL$rB,Dj$7$?!#%?%$%k$NBg$-$5$O 10 cm � 10 cm $G$"$k!#$3$l$K ?’!9$J?<$5$N9B $r7!$C$F8wNL$r B,Dj$7$?!#%7%s %A%l!<%?$,Gv$$ $?$a!"9B$N7A>u $O807j7?$G$O $J$/D9 J}7A$G$"$k!#B, Dj7k2L$r ?^ 2.56 $K<( $9!#<c43$N $P$i$D $-$O$"$k $,!"J?6Q$7 $FLs 3 8wEE;R /MIP $N 8wNL$,F@ $i$l$?!#$3 $l$O EMCAL $K 49;; $9 $k$H Ls 380 8w EE ;R /GeV $K AjEv $9 $k!#$3 $N CM $O ’95 G/ $N EMCAL $N LsH> J, $G$" $j!" 2~ A1$N $? $a$N R&D $rB3$1$kI,MW$,$"$k!# 161

?^ 2.52: %7%s%A%l!<%?$N2~B$0F!# ?^ 2.53: %7%s%A%l!<%?$N8wNL$N0LCV0MB8@-!#:8?^$O WLS %U%!%$%P!<$HD>3QJ}8~$K%9%-%c%s$7$?B,Dj$G!"1&?^$O%U%!%$%P!< $HJ?9T$K%9%-%c%s$7$?B,Dj!# 162

?^ 2.54: 8wNL$N0LCV0MB8@-$,J,2rG=$KM?$($k1F6A!# ?^ 2.55: ’96 %b%8%e!<%k$N%S!<%‘%F%9%H%;%C%H%"%C%W!# 163

?^ 2.56: 1 mm 8|%7%s%A%l!<%?$N8wNL!#2#<4$O%5%s%W%k$NHV9f!# 2.4.5 8w8!=P4o I8=‘B,Dj4o$K$*$$$F $O!"%S!<%‘<4J}8~0J30 $NIT46NN0h$rL5 $/$9$?$a%+%m%j%a!< %?A4BN$O 2 %F%9%i$N<’ >lCf$KCV$+$l $k!#$3$N $?$a %7%s %A%l!< %?$+ $i$N 8w$O 2 %F %9%i $N<’ >lCf $G FI$_ =P$9 I,MW $,$" $k!#7k >=$r MQ$$ $?%+ %m%j %a!<%? $G$O PIN %@%$%*!< %I Ey $N<’ >l $N1F 6A $r<u $1 $J$$ 8w 8!=P 4o $rMQ $$ $k$3 $H $,$G $- $k!#$3 $l $K BP$7 $F %5%s %W %j%s %0 %+%m %j %a!<%?!" FC $KJd=~7?$N%+%m%j%a!<%?$K$*$$$F$O8wNL$,>/$J$$$?$a!"6/<’>lCf$GF0:n$7$&$k9bA}I}N($N8!=P4o$,I,MW$H$J$k!# <’>l Cf$G ;H$( $k A}I} N($N 9b$$ 8w 8!=P 4o$H $7 $F$O %U%!%$ %s%a%C %7%e 7?8w EE;R A} G\4I (FMPMT) $, $"$k!# $7 $+$7 $3$N 8!=P4o$ODL>o9b!9 1 %F%9%iKx$7$+;HMQ$KBQ$($J$$!# ’93 G/:" $+$i%O%$ %V%j%C%I 7?8w8! =P4o (HPMT) $H$$$& 8!=P4o $,;n:n IJ$H$7$F %F%9%H $5$l$O $8$a$F$? [19, 20, 21] !# $3$l$O 8wEE LL$N 8e$m $K5U %P%$ %"%9 $r$+ $1$? PIN %@ %$%*!< %I ( $^ $?$O APD) $r CV$-!" $=$N 4V$K ?t kV 0J>e $N9b EE05 $r$+ $1$?$b$N$G$"$k!#?^ 2.57 $K$=$N9= B$$r<($9!#8wEE LL$+$iHt$S=P $7$?8wEE;R$O 9bEE05$G2CB. $5$l$F PIN %@%$%*!<%I $KBG $A9~$^ $l$k!# $3 $NEE ;R$O 6uK3 AX$N $J $+$G EE;R %[!<%k BP $r:n $j$J $,$i %(%M %k %.!<$r <:$&!# 3.6eV Ev $?$j 1 8D $N EE;R %[!< %kBP$, :n$i $l$k $N$G!" Nc$( $P 10kV $N2C B.EE 05$r $+$1 $l$P Ls 3000 8D$N EE;R %[!<%k BP$, $G$-!" A}I} N($O 3000 $H $J$k!# ( <B:]$K$OI=LL$NIT46AX$N$?$a$3$l$h$j>.$5$/$J$k!# ) PIN %@ %$%*!< %I $r APD $KCV $- 49$( $? $b $N$O V APD $N8F $P $l!"@E EE 2CB. $K 2C $($F $5 $i$K APD $N A} I}N( $N J, $@$1 ?.9f $rA} I} $9$k $3 $H$, =P Mh $k!# APD $ODL >o 100 G\ DxEY $N A}I} N( $r ;}$C$F $$ $k$N $G 10 5 0J>e $N A}I} N( $rF@ $k $3 $H$, $G $-!" PMT $KI$E($9$k!# $3$l $i$N 8w 8!=P 4o $N JLC $X$N 1~MQ 2D G=@- $r D4$Y $k $?$a R&D $r 9T$C $F$- $? $,!"$= $N0l 4D $H$7 $F <’>l Cf $G$N FC @-;n 83$r ’94 G/ $H ’96 G/$N #22s 9T$C$?!# ’94 G/$K $O FMPMT !" HPMT !" V APD $N 3 <o N‘$r 2.5 %F%9 %i$^ $G$N 6/<’ >lCf $G%F %9%H$7$?!#$3 $N7k2L $K4p$E $- ’96 G/ $K$O HPMT $KE*$r 9J$C$F>\ :Y$J%F %9%H$r 9T$C$?!#0J 2<$3$l $i$N7k 2L$K$D $$$F=R $Y $k!# <’>lCf%F%9%H ’94 164

?^ 2.57: HPMT $N9=B$ ?’!9$J 8!=P 4o$K $D$$ $F$= $N D9=j $HC; =j$r L@$i $+ $K$9 $k$? $a!" FMPMT !" HPMT !" V APD $N 3 <o N‘$K $D$$ $F $N%F %9%H$r9T$C$?!#$3$N>\:Y$J7k2L$K$D$$$F$OO@J8 [22] $K>\$7$$!# %F%9%H$7$?%G%P%$%9$O!" HAMAHA TSU <R@= 24 CJ FMPMT H2611SXA(24) !" Delft <R@= HPMT PP350B !"5Z $S Adv anced Photonix <R @= V APD 748-73-75-631 $G$"$k!#%F %9%H$NG[ CV$O?^ 2.58 $N$h$&$K $J$C$F$$$k!# 0EH"$NCf $K 8!=P4o$H LED( @D ) $,G<$a$i $l!"A4BN$,<’ >l$NCf$KCV $+$l$F$$$k!# H"A4BN$O<’ >l$N30$+$i 2s$9$3$H$, =PMh$k$h$& $K$J$C $F$$$k!#8!=P4o$H LED $N0LCV4X78$O8GDj$5$l$F$*$j!"$=$N 4V$K$O8wNLD4@a$N$?$a$N8w3X%U%#%k %?!<$,F~$l$i$l$k$h$& $K$J$C$F$$$k!# LED $N8wNL$N$U$i$D$- $H8wNL$KBP$9$k<’>l$N1F6A$K$D $$$F$OJL$KB,Dj$7!"$=$l$>$l 0.7% 5Z$S 1.5% 0J 2<$H$$$&CM $rF@$?!#$3$l$i$NCM$N:#2s$NA}I}N(B,Dj$KM?$($k1F6A$OL5;k$G$-$k$/$i$$>.$5$$!# ?^ 2.59 $K<’ >l$H FMPMT $N<4 $N$J $93QEY $KBP $9$kA} I}N($N 0MB8 @-$r%W %m%C%H $7$?!# 2.5 %F%9 %i$N6/ <’>l $K$*$$ $F $b 10 5 $r1[$($kA}I}N($,$"$k$,!"3QEY$KBP$9$k0MB8@-$O5^$G$"$k!# HPMT $NA}I}N($H<’>l$H$J$93Q$N4X78$r?^ 2.60 $K<($7$?!# HPMT $NBQ05$,Dc$$$?$aA}I}N($N@dBPCM$O>.$5$$$,!" $+$J$j3QEY$r$D$1$F$bA}I}N($NDc2<$O>.$5$$!#$^$?<’>l$r6/$/$7$F$bA}I}N($OKX$IJQ2=$O$J$$!# V APD $N A}I} N( $H<’ >l$H $J$9 3QEY $N 4X78 $r?^ 2.61 $K<( $7$?!# V APD Cf$K <’ @-BN $,4^ $^$l $F$$ $? $?$a!" V APD $K $D$$ $F $O 9b$$ <’ >l $^ $G B, Dj $9$k $3 $H $, =P Mh $J $+$C$?!# HPMT $H $N N‘ ?d $+ $i $:$C $H9b $$ <’ >l $^ $G F0:n $9 $k $H ?d Dj $5 $l $k$,!"3NG’$,I,MW$G$"$k!#A}I}N(<+BN$O<’>lCf$G$b 10 5 $r1[$($k$N$G!"==J,$G$"$k!# %(%M %k %.!< %H %j %, $r F0 :n $5 $; $k >e $G!" 1 %A%c%s %M %k Ev $? $j $N %N %$ %: $r 2 � 3MeV $N %l %Y %k $K 0J 2<$K $7 $? $$!# CAL $N=P NO $r 150 8wEE ;R /GeV !"%W %j %" %s %W $N%N %$ %: $r 1500e � AjEv $H 2> Dj $9 $k$H!" $3 $l $r K~ $?$9 $? $a $K $O HPMT $N >l 9g 4000 DxEY$N A}I}N($,I,MW$G $"$k!#$3$NA}I} N($O 18kV DxEY$NBQ05$G <B8=$G$-$k7W;; $G$"$j!"FC$K:$ Fq$JCM$H$O;W$o $l$J$$!#$3$l$KBP$7$F FMPMT $OA}I}N($N3QEY0MB8@- $,Bg$-$/!"<B:]$NB,Dj4o$NCf$K AH$_9~$s$@>l9g@:EY$,$G$J $$2D G=@-$,9b$$!#$^$? V APD $O%3%9%H $,9b$/!"$^$? NL;:%l%Y %k$G9bIJ<A $r$?$b$D$N $OMF0W$G$O $J$$$H;W $o$l$k!#$3$N $h$& $J4QE@$+$i!"8uJd$r$r HPMT $K9J$C$F R&D $r?J$a$k$3$H$K$7$?!# HPMT %F%9%H 165

?^ 2.58: 8w8!=P4o$N<’>lCf%F%9%H$N%;%C%H%"%C%W!# ?^ 2.59: FMPMT $NA}I}N($N<’>l3QEY0MB8@-!# 166

?^ 2.60: HPMT A}I}N($N<’>l3QEY0MB8@-!#<B@~$O7W;;CM!# ?^ 2.61: V APD A}I}N($N<’>l3QEY0MB8@-!#<B@~$O7W;;CM!# 167

?^ 2.62: <’>l30$G$N PP0350F $NA}I}N($H HV $N4X78!# ’94 G/$N%F%9%H$N7k2L$rF’$^$(!"$=$N8e0J2<$N$h$&$J6qBNE*L\I8$r@_Dj$7$F R&D $r9T$J$C$F$-$?!# � 4000 $r1[$($k9bA}I}N($NC#@.!# � 0l8w;R?.9f$N8!=P!# � %^%k%A%T%/%;%k2= 0l8w ;R ?. 9f $N 8! =P $O PS B, Dj 4o $N8w $r HPMT $G B, Dj $9 $k $3 $H $r A@$C $? $b $N $G $" $k!# C" $7 <B:] $N PS B, Dj 4o $G $O MIP $NDL2a$KBP$7$F 10 8DDxEY$N8wEE;R$,4|BT$G$-$k$N$G!"I,$:$7$b0l8w;R?.9f$N8!=P$,$G$-$k$3$H$,@dBP>r7o$G$O$J$$!# %^ %k %A %T %/ %; %k 2= $O %7 %s %A %l!< %? $N WLS %U%! %$ %P!< FI $_ =P $7 $r G0 F, $K CV $$ $? $b $N $G $" $k!# HPMT $O FMPMT $KHf $Y <u 8wLL $, >. $5 $$ $N $,7g E@ $G $"$C $?!# %7 %s%A %l!< %? $+ $i $N 8w$r WLS %U%! %$ %P!< $G =8 $a $k>l 9g!" 8w 8! =P 4o $KF~ $k $N$O %U%!%$ %P!< $G$" $k $? $a<u 8w LL@Q $O $5$[ $I I, MW$H $7 $J$$!# $7 $? $,$C$F %^ %k%A %T %/ %;%k 2= $O%U%! %$ %P!<FI $_ =P $7$K BP $7$F6K$a$F<+A3$J2r$G$"$k!# >e5-$NL\E*$N$?$a!" Delft <R@=$N PP0350F $H PPD380D $N 2 <oN‘$N HPMT $K$D$$$FFC@-$NB,Dj$d%F%9%H$r9T$J$C $F$-$?!# PP0350F $O 9b BQ05 7? $N %7 %s%0 %k %T %/ %;%k 8! =P 4o $G!" 15kV $^$G $+ $1 $k $3 $H$, $G $- $k!# $3$N HPMT $K $D $$ $F B,Dj $7$?A}I}N($H HV $N4X78 $r?^ 2.62 $K<( $9!# 15kV $K$*$$$FA}I} N($OLs 3300 $G$"$j!" L\I8$N 4000 $^$G$O$" $H$b$&H>Jb $G$"$k!# PPD380D $O 7 8D$N%T%/ %;%k$r$b$D HPMT $G!" Cf?4$N 1 %T%/%; %k$r 6 8D$N%T%/ %;%k$,<h$j 0O$‘G[CV$r $7$F$$$k!# BQ05$O 10kV $H$"$^$j9b$/$O$J$$!#$3$N HPMT $K$D$$$FB,Dj$7$?8wEELL>e$N%l%9%]%s%9$N%9%-%c%s$N7k2L$r?^ 2.63 $K <($9!# %T %/%; %k 6- 3& $K $*$$ $F A} I} N($N Dc 2< $, 8+ $i$l $k $, WLS %U%! %$ %P!<$N FI $_ =P $7 $K;Y >c $, $" $k%l %Y %k $G $O $J$$!# %/%m%9%H!<%/$K$D$$$F$O$^$@B,Dj$7$F$$$J$$!# <’>lCf%F%9%H ’96 168

?^ 2.63: #7%T%/%;%k HPMT $N8wEELL$N%l%9%]%s%9!# PP0350F $H PPD380D $K$D $$$F <’>l Cf$G $N%l%9 %]%s %9$r B,Dj $7$?!# <g$J L\E*$O PP0350F $, <’>l Cf$G $b9b $$A} I} N($rJ]$D$3 $H$N3N G’$H HPMT $NF0:n FC@-$r EE5$NO 3X$G40A4 $KM}2r =PMh$k $3$H$N3N G’!"5Z$S ’94 G/$N%F %9%H$N ;~$K$O L$ 3NG’$G$"$C$?LdBjE@$N2r7h$G$"$k!# <’>l$r$+$1$k$H HPMT $NA}I}N($O?t % Bg$-$/$J$k!#$*$=$i$/$O8wEE;R$N<’NO@~$X$N4,IU$-$,860x$H;W$o$l$k$,!" A02s$N%F%9%H$G$O%G!<%?$,ITB-$7$F$$$F7kO@$r=P$;$J$+$C$?!#:#2s$N%F%9%H$G$O$=$NE@$rL@$i$+$K$9$k$Y$/>\:Y$J%G!< %?$r<} =8 $7$?!# $^ $?A0 2s $O6/ <’ >l$K <g 4c$r CV$$ $F $$$? $? $a!"Hy <e <’>l $K $*$1 $k FC0[ E@ E*$J ?6 Iq$K $D$$ $F >\$7 $/ D4$Y $k $3$H$,=PMh$J$+$C$?!#$3$N$?$a:#2s$OHy<e$J<’>l$K$*$$$F$b>\$7$/%G!<%?$rB,Dj$7$?!# %;%C%H %"%C%W $O ’94 G/$N %F %9%H $N $[$\ F1 0l$G $"!# $? $@$7 :# 2s$O %^ %k%A %T %/%; %k HPMT $K $D$$ $F 8wEE LL $N 0LCV 0M B8 @-$rD4$Y$k$?$a!" LED $r%9%i%$%I=PMh$k;EAH$_$r<h$jIU$1$F$*$$$?!# %G!< %? $O 8= :_ 2r @O Cf $G $" $k $,!" 0l It $N %W %l %j %_ %J %j $J 7k 2L $r <( $9!# ?^ 2.64 $O PP0350F $N A} I} N( $N <’ >l 6/ EY 0M B8 @-$G $"$k!# A} I}N( $K 8+$i $l $k%G%#%C %W $O!" 8wEE ;R $,<’ >l Cf$G %5 %$%/ %m %$ %I1? F0 $r$7 $J $,$i %7 %j%3 %s $K F~<M $9 $k;~!" Hs >o$K @u $$3Q EY $G F~ <M $9$k >r 7o $K Aj Ev$7 $F $$ $k E@ $G$" $k!# A0 2s %F %9%H $7 $? HPMT $h $j $b 3QEY $r JQ $( $? $H$- $N A} I} N( $N Mn$AJ} $, $O$d $$!# $3$l $O 9bBQ 05 $rF@ $k $?$a $K 9bEE LL $H%7 %j %3%s $N 4V3V $r 9-$2 $? $?$a $H ;W$o $l $k!#$3 $N E@$O 8= :_%7 %_%e %l!<%7%g%s$K$h$j8!>ZCf$G$"$k!# ?^ 2.65 $O PPD380D $N A}I} N( $N<’ >l 6/EY 0M B8@- $r 7 8D $N%T %/ %; %kA4 $F $K$D $$ $F<( $7 $?$b $N $G$" $k!# <’ >l$N 6/ $5$r JQ$($k$K$D$l$F%5%$%/%m%$%I1?F0$N50F;$,JQ$o$j!"?.9f$,=P$k%T%/%;%k$,0\$C$F$$$/;v$,$o$+$k!# $3 $l $i $N 7k 2L $K $D $$ $F %7 %_%e %l!< %7%g %s $H $N Hf 3S $r 9T $$!" HPMT $N FC @- $, EE 5$ NO 3X $G M} 2r $G $- $k $3 $H $r 3N N) $9 $k!#$3$l$K$h$C$FL\I8@-G=$rC#@.$9$k$?$a$K$O$I$N$h$&$J%G%6%$%s$r$9$l$PNI$$$N$+$rH=CG=PMh$k$h$&$K$J$k!# :#8e$NJ}?K A0=R$N 3 9‘L\$N$&$A!"9bA} I}N($H%^%k%A%T%/ %;%k$K$D$$$F$O $+$J$j$N?JE8$,$"$C $?!#$3$l$KBP$7$F0l 8w;R?.9f$NB, Dj$K$D $$ $F$O $^ $@6q BN E*$J @.2L $O F@$i $l $F$$ $J $$!#$3 $l$O 0l $D$K $O 9bA} I} N(Dc %N%$ %: $N%W %j %"%s %W $K$D $$$F $N 7P83 $, ITB-$7$F$$$k$3$H$K$h$k!#@lLg2H$N6(NO$r6D$.$J$,$i$3$NE@$r:GM%@h$K?J$a$F$$$/!# 169

?^ 2.64: HPMT A}I}N($N<’>l6/EY0MB8@-!# ?^ 2.65: 7-pixel HPMT $NA}I}N($N<’>l6/EY0MB8@-!# 170

2.5 >WFME@<~JU 0J2<$G$O!"EE;RM[EE;R$N=E?4 7O%(%M%k%.!<$, 500 GeV !"$7$?$,$C$F %S!<%‘%(%M%k%.!<$, 250 GeV $N%j%K%"%3%i%$ %@!< (JLC-1) $K $D$$ $F<g $K5D O@ $9$k!# @h$:!" %P%C%/ %0%i %&%s %I $NH/ @85! 9=!"$= $N@) 8f!J%^ %9 %/%7 %9%F %‘!K!"$= $7$F <B 83$KM?$($k1F6A$K$D$$$F@bL@$9$k!# 2.5.1 35MW <B83>eLdBj$H$J$k<!$N;M$D$N%P%C%/%0%i%&%s%I$r9MN8$9$k!# !J 1 !K%S!< %‘$O :G=* <}B+ 7O$N EE<’ @P 72$K $h$C$F >WFM E@IU 6a $^$G E>Aw $5$l!" :G=* <} B+;M 6KEE <’@P $NHs >o$K 6/ $$<’ >l$G 9J$i$l $k!# $= $N$H $- H/@8 $9 $k%7 %s %/%m %H %m%s 8w $,%P%C %/ %0%i %& %s%I $H $J$k!# $3 $N J|<M 8w $N6/ EY $O%S!< %‘ 6/EY $H F1Dx EY $G$"$j!"#1%P%s%AEv$?$j � 10 10 8D$N8w;R$,J|<M$5$l$k!#8w;R$N%(%M%k%.!<$O MeV $+$i KeV NN0h$^$GO"B3J,I[$r$7$F $$$k!#$b $7 $3$l $i $NJ| <M 8w$, >W FME@ IU 6a$N :G=* <} B+;M 6K EE<’ @P $N<’ 6K J*<A $d %S!<%‘ %Q %$%W $J $I$K Ev$? $j B,Dj 4o $NCf $K ;6Mp$5 $l $k$h $& $J$3 $H $,5/ $3 $k$H!" <B 83$N ?k9T $, :$Fq $H $J$k!# 2Y EEN3 ;R $N50 @W $rB, Dj $7$= $N 1?F0 NL$r 7h Dj$9 $k $N$K IT 2D7g$JCf?4Ht@W8!=P 4o$O!"C:;@%,%9Cf $G$N2YEEN3;R$K $h$k%$%*%s2= 2aDx$rMxMQ$7$F $*$j!" KeV NN0h$N8w;R $KBP$9$k46 EY$, 6K$a $F 9b$$!# $7 $?$,$C $F!" $3$N J| <M 8w$K $h$C $FB, Dj 4o$N A4 %7%0 %J %k $,J$ $$ ?T$/ $5 $l!"2Y EE N3;R $N 50 @W$N B, Dj$, $G $-$J$/$J$C$F$7$^$&$?$a$G$"$k!# !J 2 !K$3$NJ|<M8w$O%S!<%‘$N?~$NBg$-$5$K6/$/0MB8$7$F$*$j!"%S!<%‘$N3H$,$j$r?eJ?J}8~$K � 6 � � x !"?bD>J}8~$K � 35 � � y $G%3 %j%a!< %H $7$J $1 $l $P$J $i $J $$!#$3 $N %3%j %a!< %? J*<A $H %S!< %‘$H $N EE<’ Aj 8_ :nMQ $G H/@8 $9 $k %_%e!<%* %s $b %P%C%/ %0 %i%& %s %I $H $J $k!# %S!< %‘ $N ?~ $N H/ @8 5! 9= $O >\ :Y $K $O M} 2r $5 $l $F $$ $J $$ $,!" SLC <B 83 $N 7P 83 $+ $i M= A[ $5 $l $F $$ $k!# %3 %j%a!< %? $O >W FM E@ $+ $i 1 � 2 km $K @_ CV $5 $l $k!# $= $3 $G H/ @8 $7 $? %_%e!< %* %s $O 9b %( %M %k %.!< $G $" $k $? $a!" @Q 6K E* $K =| 5n$5$l $J $$ $J$i B, Dj4o $^ $GE~ C# $9$k!# $= $N>l 9g $K$O FC $K!"%+ %m %j%a!< %? $,J| <M 8w $N>l 9g $HF1 $8 $h$& $J 1F6A $r <u$1 $k!# $^$?!"%+ %m %j %a!<%? $K $h$k J* M};v >] $NH/ @8 $rCN $i $;$k %H %j%,!< $b 5!G= $7 $J$/ $J $k $G$" $m $&!#$3 $N 8e>\ $7 $/@b L@ $5$l $k %P%C%/%0 %i%& %s %II> 2A$K $*$$ $F!" %S!<%‘ 6/EY J,I[ $O ?eJ?!" ?bD> J}8~ $H $b$K � 3 � � x ( y ) $^$G $O%, %&%9 J, I[$r $b$A!" $3$l $r 1[$($F6/EY 1% $N0lMM$J?~$r;}$D$H2>Dj$7$F$$$k!# !J 3 !K%S!<%‘ � %S!<%‘>WFM$G!"EE<’Aj8_:nMQ$K$h$j@8@.$5$l$kEE;RM[EE;RBP5Z$S!" !J 4 !KNL ;R?’ NO3X 2a Dx$N %_%K %8%’%C %H$b $^$?!" %P%C %/%0 %i %&%s %I$H $J $k!#$3 $N>l 9g!" @8@. $5$l $? %P%C%/ %0%i %& %s%I N3;R$, D> @\B, Dj 4o$K F~ $j!"J* M} ;v>] $H =E$J $j 9g$C$? $H $-!"=* >u BV$N L@ 3N$J <1 JL$= $7 $F@: L) B,Dj $N K8$2 $H $J$k 2D G=@- $, $"$k!# $^$?!" A0 <T$N EE ;RM[ EE ;RBP $O $= $N@8 @. $NCG LL @Q$, Hs >o$K Bg $- $/!"$= $N ;6Mp 3Q $OA0 8e J}$K 1T $$ %T!<%/ $r ;}$D!# $= $N$?$a!" :G =*<} B+ ;M6K EE <’@P $N <’6K $H >WFM $7 $FB? $/ $N8w ;R $r8e J} $K;6 Mp $5$; $k!# $3$l $i $N8w ;R $,B, Dj 4o$K F~ $j%P%C %/ %0%i%&%s%I$H$J$kFs<!E*$J$b$N$b$"$k!# 2.5.2 %7%s%/%m%H%m%s8w JP8~EE<’@P ?^ 2.66 $K<($7$?$h$& $K!">WFME@$K0lHV6a$$JP 8~EE<’@P$O>WFME@$h $j 117.4m $K@_CV$5$l!"$=$NJP8~3Q EY$O?eJ?J}8~ $K 0.55 mrad $G$" $k!# %7 %s %/ %m%H %m %s8w $O !JM[!KEE ;R %S!< %‘$N 50 F;$N @\ @~J} 8~ $KJ| <M $5 $l$k $N $G!">W FM E@$G ?e J? LL Fb$K%S!< %‘<4$h $j 6.5cm $N3H $,$j $r$b $D!#$3 $NJP 8~EE<’ @P$+ $i>W FME@ $^$G $K$O ;M$D$N :G=* <}B+ #46K EE<’ @P$, @_CV$5 $l $k!#$=$l$i$K$O!">WFME@$h$j=gHV$K QC1 !" QC2 !" QC3 !" QC4 $HL>A0$,IU$1$i$l$F$$$k!# QC1 $N @hC<$O>WFME@$h$j 2.5m $G$"$j!"$= $N<’6K$H %S!<%‘<4$N 4V3V$O $o$:$+ 0.67cm $N$? $a!J?^ 2.69 !K!" J|<M8w$, D>@\$3$l $KEv$?$i $J$$$h$& $K <WJC$7 $J$1 $l $P$J $i$J $$!# $3$N $?$a!" JP 8~EE <’@P $h$j 61m $N =j $KFb 7B 0.3mm $N1_ E{ >u$N %^%9 %/ $,CV $+$l $k!# $3$N %^ %9%/ $O D9$5 21cm $N %? %s %0 %9%F %s $G :n $i $l$F $$ $k $? $a!" 1 � 2 MeV $N 8w ;R$K BP $7 $F 2x10 � 9 $N 8: ?j N( $r ;}$C$F $$ $k!# %^%9%/$NFb7B$O?eJ?!"?bD>J}8~$K%S!<%‘$N3H$,$j$N 22 � x !" 264 � y $KBP1~$7!"%3 %j%a!<%H$5$l$?%S!<%‘$G$OJ|<M8w$N$_ $,<WJC $5 $l$k!# $^ $?!"$3 $N %^%9 %/ $OJP 8~ EE<’ @P $@$1 $G $O$J $/!" $=$l $h $j>e N. $K$" $k $9$Y $F $NEE <’ @P$+ $i $NJ| <M 8w$r $b M-8z$K<WJC$9$k$3$H$,$G$-$k!# :G=*<}B+#46KEE<’@P %S!<%‘ $, QC1 � 4 $N ;M $D $N :G =* <} B+ #4 6K EE <’ @P $r DL 2a $9 $k $H $-!" B? NL $N %7 %s %/ %m %H %m %s 8w $r J| <M $9 $k!# FC $K >W FM E@6a$/$N QC1 $H $=$N NY$j $K@_CV $5$l $k QC2 $+$i $N$b$N $,B? $/!"J|<M 8w$N Fs<! ;6Mp$r KI$0 $3$H $,$G$- $J$$!# $3$N $?$a 171

?^ 2.66: <g%j%K%"%C%/=P8}$h$j%3%j%a!<%7%g%sItJ,$+$i>WFME@$^$G$N:G=*<}B+7O%S!<%‘%i%$%s %^%9%/ $K $h $k<W JC $OIT 2D G=$G $" $k!#$7 $? $,$C$F!" <! $K<( $9 :G=* <} B+8w 3X 7O$N :G E, 2=$K $h $kJ} K! $,M# 0l $N$b $N $G$" $k!# J|<M8w$N3H$,$j$NBg$- $5$O%S!<%‘<+?H$N 3H$,$j$KHfNc$9$k $N$G!"%S!<%‘$N%3%j %a!<%7%g%s!" QC1 $N@_CV0LCV $H$=$N<’ 6K4V 3V$, :G E,2= $9 $k!# $b$A $m $s!">W FM E@$G $N %S!< %‘%5 %$ %:$J $I $N %Q%i %a!< %?$O!" %P%C %/ %0%i %& %s%I $r :G>. $K $7 F1;~ $K %k%_ %N %7%F%#!< $, :G Bg $K $J$k $h $& $K :G E,2= $9 $k!# 6 � � x � 35 � � y $K %3 %j %a!< %H $5$l $? %S!< %‘ $K $h$k J| <M 8w $N3H $, $j !J?^ 2.67) $O!">WFM E@B&$N QC1 CG LL>e $G?^ 2.68 $N $h$& $K1T$$ C<$r;}$C $F$$$k!# $3$N ;~%S!<%‘ $N%3%j %a!<%7%g%s $O40 A4$G$" $k$H 2>Dj $7 $F$$ $k $,!" <!@a $G @bL@ $5 $l$k $h $& $K$3 $N 2>Dj $O <B :]>e $h $$6a ;w $H $J$C$F $$ $k!#$^ $?!" %3%j %a!< %7%g %s8e $N %S!<%‘ $H ;D N1 %,%9 $K $h $k %/!< %m %s ;6 Mp$K $h $k ?7 $? $J ?~ $N 7A @.3N N( $O 3 � 10 � 9 $G $"$j!" $3 $l $K $h $k J| <M 8w$O L5 ;k $G $- $k!# ?^ 2.67: >WFME@$K0lHV6a$$JP8~EE<’@P$h$j>WFME@$^$G$N 6 � � x � 35 � � y $K%3%j%a!<%H$5$l$?%S!<%‘$N?eJ?$H?bD>$N3H$,$j$rIA $$$?!#%7%s%/%m%H%m%s8w$N>WFME@IU6a$G$N:GBg$N3H$,$j$rLp0u$G<($7$?!# ?^ 2.69 $O!" QC1 $NN>C<$G$NJ|<M8w$N3H$,$j$r<($7$F$$$k!#D9 $5 2.4m $N QC1 $O$=$N@hC<$,>WFME@$h$j 2.5m $N0L CV$KCV$+ $l!"$= $N<’ 6K@hC< $H%S!< %‘<4 $H$N4V 3V$O 6.7mm $G $"$k!# F~<M$7 $F$/ $kJ|<M 8w$O QC1 $N Cf?4 $rDL$j!" >WFM E@ 172

?^ 2.68: >WFM E@B&$N QC1 CG LL>e $G$N J|<M8w $N?e J?!"?bD> $=$l $>$l$NJ}8~$X$N3H$,$j!#=D<4$O 1mm Ev$?$j$N 10KeV 0J>e$N%( %M%k%.!<$r;}$D8w;R$N?t!"2#<4$O%S!<%‘<4$+$i$N5wN%$r<($9!# 72 %P%s%AO"$N 1 %Q %k%9$9$J $o$ALs 10 12 8D $NEE;R$+ $iJ|<M $5$l$k$b $N$G!" MQRAD %3!<%I$K$h$C$F7W;;$5$l$?!# ?^ 2.69: F~<M 5Z$S =P<M $9$kJ| <M8w $N QC1 N>C<$N CGLL >e$G$N 3H $,$j!#Cf?4$KE@@~$GIA$+$l$?1_$O#4$D$N<’6KLL$KFb@\$9$k1_$G!" $=$N H> 7B$O 0.67 cm $G $"$k!# ;0 $D$N =DD9 $N BJ1_ $G <($5 $l$? $b $N $, J| <M 8w $N 3H $, $j $r 8= $7 $F $$ $k!# $= $l $> $l $N BJ 1_ Cf ?4 $O %S!< %‘ <4$G$b$"$k!# QC1 Cf?4$h$j $O$:$l$?$b$N$O!">W FM8e$KDL2a$9$k $b$N$G$"$k!# DL2a8e$O!"EE;R!" M[EE;R %S!<%‘$,8_ $$$K 8mrad $N3QEY $G8r:5$7 $F$$$k $?$a!"?^Cf 1&B&$N<’ 6K$N4V$N Fs$D$N BJ1_$G<( $5 $l$?=j$rF~=P<M$9$k!#$3$N ?^$h$j$o$+$k$h$& $KJ|<M8w$O QC1 $N<’6K $KEv$?$i$:$KDL$j H4$1$k$?$a!"%P%C%/%0 %i%&%s%I $H$7$FLdBj$H$J$i$J$$!# 0J>e$N>l9g$O%S!<%‘%Q%i%a!<%?$,@_7WCM$N$H$-$N7W;;$G$"$k!#2CB.4o1?E>$N=i4|$NCJ3,$G%(%_%C%?%s%9!J � x ( y ) !K $,@_ 7W CM 0J >e $K Bg $- $$ $H $- $O!" 50 F; >e $N %S!< %‘ $N J} 8~ 3Q EY $, p � x ( y ) =� x ( y ) $K Hf Nc $9 $k $? $a!" $h $j Bg $- $J %Y!< %? 4X ?t !J � x ( y ) !K$rMQ$$$J$1$l$P$J$i$J$$$G$"$m$&!#$3$N>l9g!"$$$&$^$G$b$J$/F@$i$l$k%k%_%N%7%F%#!<$O>.$5$/$J$k!# 2.5.3 %_%e!<%*%s 9b%(%M %k%.!< !J E e !K$N EE;R $K$h $k%3 %j%a!<%? Cf$G $N%_%e!< %*%s $N@8@. 3NN( !J N � !K $O!"0J 2<$N6a ;w<0 $G$h $/I= $9$3 $H$,$G$-$k!’ N � = 3 : 9(2 : 3) � 10 � 4 E e (GeV) = 250 $?$@$7 E � > 2(5)GeV !# (2.8) M=A[$5$l$k?~$KAjEv$9$k%S!<%‘6/EY 1% $NEE;R$,@8@.$9$k%_%e!<%*%s$NAm?t$O!" 72 %P%s%AO"$N 1 %Q%k%9Ev$?$j 2.8 (1.7) � 10 6 $H 8+@Q $b$i $l$k!# %_%e!<%* %s$N @8@. 3Q EY$O M � =E � Dx EY$G $"$j!" E � =100 GeV $N>l 9g 1 mrad $9 $J$o $A 2 km @h$N>WFM E@$G $O%S!<%‘ <4$h$j 2 m $N0L CV$K E~C#$9 $k!#<B :]$K!"%3 %j%a!< %?%;%/ %7%g%s $+$i>W FME@$^ $G$N 4JN,2= $5$l $? %H%s%M %k 9= B$$r 9M N8$7 $? %7%_%e %l!< %7%g%s !J MU-CARLO !K $N7k 2L $K$h $k $H!" 10 3 8D$N %_%e!< %* %s$, B, Dj4o $r DL2a $9 $k!#$3$N8D?t$r#10J2< $K$9$k$?$a$K $O!"%_%e!<%*%s%9%]%$ %i!< ( ?^ 2.70)[24], %_%e!<%*%s8:?j 4o ( ?^ 2.71)[23, 24] $NJ} K!$rMQ$$ $J$1$l $P$J$i $J$$!# A0<T $NJ}K! $O!"%3%j %a!<%7%g%s 8e%H%s %M%k $N;M%+ =j$K?e J?$^$? $O?bD> J}8~$K <’2=$5 $l$? E4$r!" %H%s %M %kCG LL $r Kd$a ?T $/$9 $h $&$K @_ CV $7!"%_%e!< %* %s$r B, Dj 4o$h $j 30$X D7 $M Ht$P $9 $b$N $G $"$k!# 8e <T $O!"3F %3 %j%a!<%?D> 8e$N %S!<%‘ %Q%$ %W$r D9$5 120m !"Fb7B 2 cm !"30 7B 31cm $NE4 %Q%$%W $GJ$ $$!"%_%e!< %*%s $rE4 Cf%$%* %s2= 2a Dx$K$h$k%( %M%k%.!<B; <:$G8:?j $5$;5[ <}$7$h$& $H$9$k$b $N$G$" $k!# JLC $G$O!"@h$: 8e<T$N J}K!$r%7 %_%e%l!<%7%g%s $G 8!F$$7$F$$$k!#$=$l$K$h $k$H!">WFME@$+ $i 2 km $K @_CV$5$l$k%3%j %a!<%?$G@8@.$5$l $k%_%e!<%*%s$KBP $7$F!" 10 � 6 $N 8:?j N($, C# @.$5 $l!" B, Dj4o $r DL2a $9 $k%_%e!< %* %s ?t$r #1 0J2< $K $G $-$k!# :# 8e!">e 5- $K #2$D J} K!$r AH $_9g $o $; $F!"$5 $i $K:GE,2=$,$*$3$J$o$l$k$G$"$m$&!# 173

?^ 2.70: %_%e!< %*%s%9%] %$%i!<!’ LC93 $G SLAC $N L.Keller $K$h$jDs 0F$5$l$?!# 3x3m 2 $N%H%s%M %k$O 1.5 %F%9%i$K <’2= $5$l$?E4@=$N%9%]%$%i!<$GK~$?$5$l$F$$$k!#$=$ND9$5$O 9.1m $G!"=ENL$O 750 %H%s$G$"$k!# ?^ 2.71: %_%e!<%* %s8: ?j4o!’ LC93 $G 9b%( %M8& $NGH8M ;a$K $h$j Ds0F $5$l $?!##2 $D$N E4%Q%$ %W$h $j@. $j%S!< %‘<4 2s$j $r$=$l $>$lH? BP8~ $-$K <’2= $5$l $F$$ $k!#$3 $l$O @5Ii $NEE 2Y$r $b$D %_%e!<%* %s$r $=$l $>$l E4%Q %$%W Cf$K <h$j AH$‘!# $=$N D9$5 $O 120m $G%_%e!<%*%s$N 250 GeV $N%(%M%k%.!<B;<:AjEv$G$"$k!# 174

G!2? $K1T $$C< $K%3 %j%a!< %H$5 $l$k $+$O!" EGS %3!< %I$r MQ$$$? %7%_%e %l!<%7%g %s$G I>2A $5$l $F$$ $k!#C< It$N %\%1 $O!"EE;R$N%3%j%a!<%?I=LL$G$NC<It;6Mp$HEE<’%7%c %o!<$NO3$l$K$h$j!"$=$N3NN($O 10 � 4 $G$"$j!" Fs=E$N%3%j%a!<%7%g %s$r 9T$& $3 $H$K $h $j L5;k $G $-$k $[ $I>. $5 $/ $J$k!# $^ $?!"%3 %j %a!< %7%g%s 8e %S!<%‘ %Q %$ %WCf $N ;DN1 %, %9J, ;R $H $N%/!< %m %s;6Mp $K$h $k?~ $N:F @.D9 $O!"<! $N$h $&$K 2r@O E* $K7W ;;$5 $l$k!# 50F; >e$N %S!<%‘ $NJ} 8~3Q EY$r � � ( � p � x ( y ) =� x ( y ) ) $H $7$?$H$-!"#1EE;R$,:G=*<}B+7O%S!<%‘%i%$%s$rDL2a$9$k4V$K n� � 0J>e$N3QEY$r;}$D3NN(!J P tail !K$O!" P x ( y ) tail = N g as 16 � n 2 2 (2 � Z r e ) 2 1 � x ( y ) Z F F � x ( y ) ds !"� (2 : 9) $GI=$5$l$k!#$?$@$7!" N g as = 3 : 5 � 10 22 � P (torr) = m 3 !# (2 : 10) N g as $O??6uEY P torr $N%S!<%‘%Q%$%WCf$N 1m 3 Ev$?$j$N;DN1%,%9J,;R?t$G!"$=$NB?$/$OM-8z86;R?t!J Z !K 14 $N0l;@2= C:AG ( C O ) $G$"$k!#$^$?!"8EE5EE;RH>7B ( r e ) $O 2 : 8 � 10 � 15 m $G$"$j!" $OEE;R<ANL ( m e ) $r%S!<%‘%(%M%k%.!< ( E beam ) $G3d$C$? %m!< %l%s %D78 ?t $G$" $k!#>e <0 $O%3 %j%a!< %7%g %s$+ $i>W FM E@$^ $G$N :G =*<} B+7O %S!< %‘50 F;$K 1h$C $? � 4X?t $N @Q J,$H$J$C $F $$$k!# ?? 6uEY $r P =10 � 10 torr !"%( %_%C %?%s %9 $r � x ( y ) = 7 : 2 � 10 � 12 (1 � 10 � 12 ) $K2> Dj$9 $k $H!" P x ( y ) tail $O 2 : 4 � 10 � 9 =n 2 (2 : 3 � 10 � 6 =n 2 ) $H$J $k!# 3 � x � 35 � y $N %3%j %a!< %7%g%s $N30 B& $K=P $k $b$N $O!" 10 12 8D$N EE;R $r 4^$‘ #1 %S!<%‘%Q%k%9Ev$?$j 100 (2000) 8DDxEY$G$"$j!"%P%C%/%0%i%&%s%I$H$7$FLdBj$H$J$i$J$$!# 2.5.4 EE;RM[EE;RBP %3%R!<%l%s%H2aDx $"$k0lJ}$N%S!<%‘ Cf$NN3;R$O!"8~ $+$C$F$/$k%S!< %‘$N:n$k<’>l $G6J$2$i$l%7 %s%/%m%H%m%s 8w$rJ|<M$9$k!# $3$N%S!< %‘ � %S!< %‘Aj 8_:n MQ$G :n$i $l$k J|<M 8w$N $3$H $rFC JL$K %S!< %‘%9 %H%i!< %k%s %08w $H$$ $&!#%S!< %‘6/ EY N !"%P %s%A D9 L $N H>7B R $N1_7A$NCGLL$r$b$D%S!<%‘$N:n$k<’>l H � $O%"%s%Z!<%k$NK!B’$K$h$j!" I H � d‘ = 4 � c I (2.11) $G7W ;; $5 $l$k!# $3 $3 $G I $O %S!< %‘ EE N. CM$G $" $j!" %P %s %A EE 2YNL $r >W FM ;~ 4V $G3d $k $H!" I = N e= ( L=c ) !" $G M? $( $i $l $k!#=>$C$F!"%P%s%AI= LL>e$G$N<’ >l$NCM$O H � = 2 N e=LR $H$J$k!# N = 10 10 !" L = 100 � m !" R = 1 nm $NI8=‘E* $JCM$r<h$k$H!" 10 4 %F %9%i$H$$$&Hs>o$K6/$$<’>l$,F@$i$l$k!#>WFM$^$G$NJ?6Q ;~4V$O!" � t = L= 2 c $J$N$G!"%m!<%l%s %DNO!J F = ec � H � !K$K$h$j6J$2$i$l$k3QEY$O 2 F � t=E beam = 2 N r e = R $H$J$k!J r e $O8EE5EE;RH>7B!K!#I8=‘E*$JCM $rMQ$$$k $H!" 10 � 2 rad DxEY$G $"$k!# JLC $G $O!"?e J?J}8~ $K 100 G\$N JPJ? %S!<%‘F1 ;N$r >WFM $5$;$k $?$a!" BP1~ $9$k<’ >l$NBg $-$5 $O 10 2 %F%9 %i$H $J$j!" 6J$2 3Q$O 10 � 4 rad $H$J $k!#$3 $l$O!" >e5-$N 1_7A %S!<%‘ $N7W ;;<0 Cf$N R $r � x + � y $KCV$- 49 $($k $3 $H$G F@ $i$l $k!#?^ 2.72 $K JLC $N >l9g $N%S!< %‘ %9%H %i!< %k%s %0 8w$N %(%M %k %.!<J, I[ $r<( $7 $?!# $3$N 8w ;R$NAm ?t $O %S!<%‘ 6/ EY$K $[ $\Ey $7 $$!#%S!< %‘ %9%H %i!< %k%s %0 8w;R $, >e5- $N 6/$$ <’ >l $HAj 8_ :nMQ $7 $FEE ;R M[EE ;R BP$r @8 @.$9$k!# $3 $l $r%3 %R!< %l%s %H 2aDx $K $h$k BP @8@. $H 8F$V!# $3 $N2a Dx $G@8 @. $5$l $k EE ;R$d M[ EE;R $O!" <’>l $N Bg$- $5 $K6/ $$ 0MB8@- $N $"$k %( %M%k %.!< $N$7 $- $$CM $r ;}$D!# $=$N Bg $-$5 $O @8@. $5 $l$k EE ;RM[ EE ;RBP $N @E;_ 7O $GD> 46E* $K 8+@Q $b $k$3 $H $,$G$-$k!#$3$N@E;_7O $G$O<’>l H � $O%m!<%l%s%DJQ 49$K$h$j!" E = ( ! = 2 m e ) H � $NEE>l$H $J$k!#$3$3$G!" ! $O<B83<< 7O$N8w;R%(%M%k %.!<$G$"$k!#$3 $NEE>lCf$r!"#1 EE2Y e $,#1EE;R %3%s%W%H%s GHD9 � e 0\F0 $7$?$H$-F@ $i$l$k%(%M %k%.!<$G #1EE;R $,== J, $K:n $i$l $k $3$H $,!"$3 $N%3 %R!< %l%s %H2a Dx $K$h $kBP @8@. $N 5/$3 $k>r 7o $G$" $k!#$9 $J$o $A eE � e = m e $G $"$k!#$3 $N ;~$N ITJQ <ANL $N #2>h $H<B 83 <<7O $G$N EE ;R!"M[ EE;R $N %(%M %k%.!< � � , � + $K $h$k $b$N $H $,Ey $7$$ $3 $H$+ $i<! <0 $,F3$+$l$k!# 2 e! H � � e = m 2 e ! 2 � + � � (2.12) >e<0$G � � = ! $N$H$-!"M[EE;R$O:G>.$N%(%M%k%.!<$r$b$D!#$3$N$H$-!"<!$NITEy<0$,@.$jN)$D!# � + E beam � 1 2� <B:]$K$O 1 5� (2.13) $3$3$G!" � = H � =H c $OL5<!85$N %m!<%l%s%DITJQNL$G!"%7%s%/%m %H%m%sJ|<M$rFCD’IU$1$kNW3& %(%M%k%.!< ! c $H � = 2 = 3 � h! c =E beam $NHfNc4X78$K$"$k!# H c � m 2 c 3 =eh $ONW3&<’>l$H8F$P$l!" 4.4 � 10 9 %F%9%i$NCM$r$b$D!#$^$?!" � $N 175

?^ 2.72: %S!<%‘%( %M%k%.!< 250 GeV $N JLC $G $N%S!<%‘ %9%H%i!< %k%s%0 8w$N%( %M%k%.!< J,I[!#=D <4$OG$ 0U$N%9 %1!<%k$N 8w ;R?t$G!"2#<4$O%S!<%‘%(%M%k%.!<$G3d$C$?8w;R%(%M%k%.!<$G$"$k!# CM$OEE;RM[EE;R>WFMCf0lDj$G$O$J$$$,!"$=$NJ?6QCM$O$h$/CN$i$l$?%S!<%‘%Q%i%a!<%?$G<!$N$h$&$KI=$o$5$l$k!# � = 5 6 N r 2 e � z ( � x + � y ) (2.14) E beam = 250 GeV $N%Q%i %a!<%?$G $O � = 0 : 2 DxEY $G$"$j!" $3$N 2aDx$K $h$C$F @8@.$5 $l$k !JM[!KEE;R $O!"$=$N %(%M %k %.!<$N $7$- $$ CM $O9b $/!" H � <’>l $K $h$C $F6J $2 $i $l$k 3Q EY $O>. $5 $/ %S!<%‘ %Q %$ %WCf $+ $i 30$K $G $k $3$H $, $J $$$? $a %P%C %/%0 %i%s %H $H $O$J $i $J $$!#$^ $?!" $3$N 2a Dx $N5/ $3 $k 3NN( $O � $N CM $KBP $7 $F 6/$$ 0M B8@- !J / exp( � 16 = 3�) !K $r;} $A!" #1EE;R!J%S!<%‘!KEv$?$j � � 0 : 3 $G$O 10 � 10 $G$"$j!" � ’ 1 $G$O 10 � 2 $H$J$k!# � $O<0!J 2.14 !K$h$jL@$i$+$K%S!<%‘ %(%M%k%.!<$KHfNc$7!"%k%_ %N%7%F%#!<$K$bHf Nc$9$k$?$a!"%S!<%‘ %(%M%k%.!<$, 500 GeV 0J>e$K$J $k$H$-!"#1$NCM$r 1[ $($k$3$H$,$"$k!#$3$N$H$-$O#1%P%s%A>WFM$K 10 8 $N%3%R!<%l%s%H2aDx$K$h$kEE;RM[EE;RBP$,@8@.$5$l$k$,!"<0!J 2.13 !K $N%(%M%k%.!<$7$-$$CM$N$?$a>e=R$N$h$&$KLdBj$J$$$G$"$m$&!# Hs%3%R!<%l%s%H2aDx EE;R M[EE ;R BP!J e + e � !K@8 @. $NHs %3 %R!<%l %s %H2a Dx $K$O!" :G =i$K $= $NCG LL @Q$r 7W ;;$7 $? ?M$N 8y @S$r ;> $($F!" !J#1!K BW (Breit - Wheeler): ! e + e � !" !J#2!K BH (Bethe - Heitler): e � ! e � e + e � !" !J#3!K LL (Landau - Lifshits): e + e � ! e + e � e + e � $H>N $9$k;0 $D$N$b $N$,$" $k!#$3$3 $G!" $O%S!< %‘%9%H %i!<%k%s %08w$G $"$k!#@8 @.$5 $l $k!JM[!K EE;R $N %(%M %k %.!< $K$O %3 %R!< %l%s %H 2aDx $K $_ $i$l $? $7 $-$$ CM $O$J $/!" $‘ $7$m Hs >o$K Dc %( %M%k %.!< $K %T!<%/ $r $b$A%S!<%‘%(%M%k%.!<$^$G O"B3$KJ,I[$9$k!# %S!<%‘%(%M%k%.!< 250 GeV $G$N$3$l $i$N@8@.?t$O!"#1 %P%s%A>WFMEv$? $j !J#1!K BW: 1 : 9 � 10 3 8D!"!J#2!K BH: 2 : 2 � 10 5 8D!"!J#3!K LL: 4 : 5 � 10 4 8D$G$"$k!#A0@a$G4JC1$K?($l$?$h$&$K!"Aj <jB& $N%S!< %‘ $N:n $k <’ >l$K $h$C $F 6J$2 $i $l$k 3Q EY $O!JM[!K EE ;R $N%( %M %k%.!< $K 5U HfNc $9 $k$? $a!" $3 $N>l 9g %P%C %/%0 %i %&%s%I$H$J$k$3$H$,M=A[$5$l$k!#$3$N2aDx$r?^ 2.73 $K4JC1$KIA<L$7$?!# EE;R $N >W FM Cf $N 1? F0 $O!" $3 $N $h $& $K %m!< %l %s %D NO $K $h $k $b $N $H 9M $( $i $l $k $,!" %P %s %A Cf $N EE ;R $9 $J $o $A EE 2Y J, I[ $GM?$( $i $l $k%/!< %m %sNO $G $b5- =R $5$l $k!# $[$\ 8w B.EY $G $N%S!< %‘ >WFM $N $?$a!" $3 $N 2aDx $K $OAj BP O@$, E5 7?E* $J 7A$G E, MQ$5$l $k!#Nc $( $P!";0 <!85 $N %/!<%m %sNO $O%m!< %l %s%D <}=L $K $h$j!" Hs>o $K $h$$ 6a;w $GFs <! 85NO $H$J $k!# ?^ 2.73 $N $h$& $K!":8$+$i!J + z !K$N%S!<%‘#1$H1&$+$i!J � z !K$N%S!<%‘#2$H$,F1B.EY v ’ c $G@5LL>WFM$9$k!#$3$N>l9g!"=E?47O$O<B83 176

?^ 2.73: :8 ?^!’EE;RM[ EE;RBP@8 @.$H>WFMCf $N<’>l$K $h$k6J$, $j!#Fs$D$NJP J?%S!<%‘$O ?^$NCf1{$K =E$J$j9g$C $?;f$N$h $&$KIA$+$l $F $$$k!#Aj<jB&$N%S!<%‘$HF1$8EE2Y$r$b$C$?$b$N$,6/$$@MNO$r<u$1Bg3QEY$K;6Mp$9$k!#1&?^!’@8@. $5$l$?EE;R!"M[EE;R$N;6Mp3QJ,I[$G 2#!"=D<4$O$=$l$>$l?eJ?!"?bD>J}8~$X$N;6Mp3Q$r<($9!# <<7O$G $b $"$k!# <B83 << 7O$G 4QB, $5 $l$k EE>l E ? $H <’>l H ? $O!"%S!< %‘ @E;_ 7O$N %/!< %m%s >l$K $h $kEE >l E 0 ? $h$j <!<0 $N %m!<%l%s%DJQ49$G7W;;$5$l$k!#$3$3$G%S!<%‘$N?J9TJ}8~$K?bD>$N@.J,$@$19M$($k!# E ? = E 0 ? ; H ? = v c � E 0 ? ; � E beam m e (2.15) $3$NEE>l$H<’>l$K$h$C$FEE2Y e $N<u$1$kNO!J F !K$O!" F = e ( E ? � v c � H ? ) ’ e (1 � v 2 c 2 ) E ? (2.16) $GI=$5 $l $k!# >e<0 $N %m!<%l %s %DNO $N Id9f $O EE2Y $N ?J$‘ J} 8~$r <( $7$F $$ $k!#%S!< %‘ $H F1$8 J} 8~$K ?J $‘EE ;R $N<u $1 $kNO $O %<%m$H $J$j!" @5 LL>W FM$N >l9g $K BP1~ $9$k H?BP J} 8~$K ?J$‘ $b$N $OEE >l E ? $N#2 G\$N NO $r<u $1$k!# $7$? $,$C $F!" dp=dt = F $h$j<!$N1?F0J}Dx<0$,F@$i$l$k!# d 2 x dt 2 = 4 N r e � 1 L @ � @ x (2.17) $3$3$G!" � $OEE;R $N%(%M%k%.!<$r%S!<%‘%(%M%k%.!<$G3d$C $?$b$N$G$"$k!# �( x; y ) $O%S!<%‘ @E;_7O$G$NFs<!85$N%/!<%m %s%]%F %s %7%c%k $G $"$k!# ?b D>@. J, $N y $K BP $7$F $b F1MM $J1? F0 J}Dx <0 $,@. $j N)$C$F $$ $k!#1& JU $N78 ?t $O%S!< %‘ @E;_ 7O $G $N z J}8~$N EE2YL)EY $G$"$j!"$3 $N@E;_7O$G <B83<<7O $N%P%s%A D9 L $,<u$1$k%m!< %l%s%D?- D9$O!" � $N<u$1 $k%m!<%l%s%D 78?t$rAj;&$7$F$$$k!#%,%&%9J,I[$9$k%S!<%‘$NCf?4IU6a!J j x ( y ) j � � x ( y ) !K$G$O!" �( x; y ) $O � = 1 2( � x + � y ) ( x 2 � x + y 2 � y ) (2.18) $HI=$5$l$k!# <B:]$K$O%S!<%‘Cf$NEE;R$O!">WFMCf>e5-$NNO$r<u$1?6F0$7$?$j!"<}=L!J pinch 8z2L!K!"$H$-$K$OJ4:U!J disrupt !K $5$l $k$J $I J# ;($J 1? F0 $r$9 $k!# $7 $?$,$C $F!" $3$l $i %S!< %‘%S!< %‘ Aj 8_:n MQ $O %7%_%e %l!< %7%g %s$H $$ $& ?tCM E* $J <jK! $K $h$C$F>\$7$/ D4$Y$i $l$F$$ $k!#0J2< $G$O!" ABEL !J Analysis of Beam-b eam E�ects in Linear colliders !K$H$$ $&%7 %_%e%l!<%7%g%s%W %m%0%i %‘$K$h$k $b$N$G $"$k!# ABEL $G$O!"Hs %3%R!<%l %s%H2a Dx$NEE;R M[EE;R BP@8@. $OEy2A8w ;R6a;w $G7W ;; $5 $l $F$$ $k [26] !# ;0 $D$N 2a Dx $O $9 $Y $F #28w ;R >W FM $K $h $k EE;R M[ EE ;R @8 @. !J ! e + e � !K $K 5" $9 $k$3 $H $, $G $- $k!# BW $N$H $-$O =i4|>u BV$N#2 8w;R$O %S!<%‘%9 %H%i!<%k %s%08w $G$" $j!" BH $G$O%S!< %‘%9%H %i!<%k%s %08w$H %S!<%‘$N 177

!JM[!KEE ;R Cf $N 2>A[ 8w ;R $G $" $j!" LL $G $O!" #28w ;R $O $= $l $> $l %S!< %‘$N EE ;R M[ EE ;R Cf $N2> A[ 8w ;R $G $" $k!# 2>A[ 8w ;R $N %(%M%k%.!<!J E !KJ,I[$O$h$/CN$i$l$F$*$j!" n v ( y ) = 2 � � 1 y ln( 1 y ) ; y = E =E beam (2.19) $GI=$5$l$k!#%S!<%‘%9%H%i!<%k%s%08w$N$b$N$KHf$Y$F0lHL$KDc%(%M%k%.!<$KB?$$%=%U%H$JJ,I[$r$7$F$$$k!#$^$?!" ABEL $O8w ;R $N 2> A[ @- (virtuality) $J $I $N NL ;R E* 8z 2L $b 9M N8 $7 $F $$ $k!# $3 $l $O IT 3N Dj @- 86 M} (� p � � r > h ) $K $h $j!" $" $k 1?F0NL $N N3 ;R$O 6u 4VE* 3H $,$j $r $b$D $3 $H$K $h $k!#$3 $N EE;R M[ EE;R @8 @.$G $O!" Dc %(%M %k %.!<$N 2> A[8w ;R $N4s M? $,B? $/!" H?1~$N%$%s %Q%/%H %Q%i%a!<%? !J>WFMH> 7B!K$,%S!< %‘%5%$ %:!"FC$K?b D>J}8~ $N$b$N $r1[$($k $?$a!"@8 @.3NN( $, 50% DxEY M^@)$5$l $k!#?^ 2.74 $O!"EE ;RM[EE ;R!JN3 ;R!K$N >WFM8e $N2# 1?F0NL !J P T !K $H;6 Mp3Q EY!J � !K $NJ,I[ $G$" $k!# ?^ Cf P T $K ?^ 2.74: %S!< %‘ %( %M%k %.!< 250 GeV $N JLC $G$N EE ;R M[EE ;R BP@8 @. $N N3 ;R J, I[!# =D <4 $O N3 ;R $N %S!< %‘ <4 $K ?b D> J} 8~ $N 2# 1? F0 NL$G!" 2# <4 $O >W FM 8e $N ;6 Mp 3Q EY $G $" $k!# $I $A $i $b BP ?t L\ @9 $G I= $7$F$$$k!# ?^ 2.75: %S!<%‘%(%M%k%.!< 150 !" 250 GeV $N JLC $G$NN3;R$N P T J,I[!#=D <4$O#1%P%s %A>WFMEv$? $j$NN3;R ?t$G!"2#<4$O N3;R$N P T $G$"$k!# 1h$C$F G; $$ 6- 3& $N $" $k $3 $H $, 8+ $( $k!# $3 $l$O N3 ;R $N @8 @. 3Q EY $O m e =E e Dx EY $G $" $j$= $N Bg It J, $O %S!< %‘ J} 8~ $G $" $k $3 $H!"$=$7 $F <’>l $K $h$k 6J $23Q $K :GBg 3Q $,$" $k $?$a $G $"$k!# $3 $N6- 3& $r1[ $( $kBg $- $J3Q EY NN0h $K $"$k N3 ;R$O!" @8 @.;~ $K $9$G$K Bg 3QEY $K ;6Mp $7 $F$$ $k $b$N $G $"$k!# $3$l $i $NN3 ;R $GD> @\ $KB, Dj 4o$K F~ $j%P%C %/ %0%i %s %H$H $J$k $b $N$O ;6 Mp3Q EY $, 150mrad $r1[$( $k$b$N$G!"$=$l$i$N P T J,I[$r ?^ 2.75 $K<($7$?!# $3$NJ,I[$K$OL@$i $+$K#2@.J,$"$k $3$H$,$o$+$k!# $=$l$i $O!"?^ 2.74 $K8+ $i$l $?6- 3& $KBP 1~$9 $k8* $r$b $DHs >o$K B?NL $N N3;R $h$j $J$k $b$N $H!"@8 @.;~ $KBg 3Q EY;6 Mp$7 $?$b $N$G$"$j!"8e<T$O;X?t4X?tE*$K8:>/J,I[$9$k!#<B:]$K$O!"Dc P T NN0h$K=8Cf$9$kA0<T$N N3;R$O!" 1.5 %F%9%i$NB,Dj4o$N %=%l%N %$ %I <’>l $G %S!<%‘ %Q %$%W $N 2s$j $K 4,$- IU $1$i $l $k!#$3 $l $i$N 0z $-5/ $3 $9 %P%C%/ %0 %i%& %s %ILd Bj $O8e $N %;%/ %7%g %s$G>\$7$/=R$Y$k!# $^$?!"$3$N$h$& $JEE;RM[EE;R $N6/$$%S!<%‘<’ >l$K$h$k;6Mp $O!"Aj<jB&$N%S!< %‘%5%$%:$J$I $N=EMW$J>p Js$r$b$C$F $$$k$3$H$, $o$+$C$?!#FC $K$=$N J}0L3QJ, I[$K!"%S!< %‘$NJPJ? EY$K$[$\ HfNc$9 $kHsBP>N @-$N$" $k$3$H$, ABEL $K $h$k7W ;;$GL@$i$+$H$J$C$?!#$3$N$3$H$rMxMQ$7$?%S!<%‘%5%$%:%b%K%?!<$bDs0F$5$l$F$$$k [27] !# <!$K 0JA0 $K$b ?($l$? $h$& $K!"A0 J}$K ;6Mp$5 $l$? B?NL $NN3 ;R$H QC1 $N<’ 6K$H $N>W FM$G @8@.$5 $l$k Fs<! E*$J %P%C%/ %0%i%& %s %I$r 5D O@$9 $k!# $3$3 $G LdBj $H $J$k $b $N$O!" 86 ;R3K $+ $i8w H/ @8$9 $k Cf@- ;R $=$7 $F 8eJ} ;6 Mp$5 $l $k8w ;R $G$" $k!# A0<T $O >W FM $9 $k N3 ;R $N A4 %( %M %k %.!< $K Hf Nc $7!" 7.7 GeV $N %( %M %k %.!< Ev $? $j 1 8D $N Cf @- ;R $, @8 @. $5 $l $k!# $7 $? $,$C $F!"#1%P%s%A!J%Q%k%9!K>WFMEv$?$j$NA4%(%M%k%.!<$O 6 � 10 4 (10 6 ) GeV $KC#$9$k$?$a!" 10 4 (10 6 ) 8D$NCf@-;R$,@8@.$5 178

$l$k!# $3$l$i Cf@-;R$N %(%M%k%.!< $O!"86;R3K $N%8%c%$%" %s%H6&LD $KFCD’E* $JCM$r$b $ALs 1.5 MeV $G$" $k!#?^ 2.76(a) ?^ 2.76: !J a !K1UBN%7%s%A%l!<%?!J NE213 !KCf$G$N%(%M%k%.!< 1.65 MeV $NCf@-;R$KBP$9$kB,Dj8zN(!#2#<4$O!"EE;R$N%(%M %k%.!<AjEv$K 49;;$7$? B,Dj4o $N%(%M%k %.!<$7$-$$ CM$G$" $k!#!J b !KF~<M %(%M%k %.!< 0.5 � 10 GeV $K 0lMM$KJ, I[$7$F$$ $kEE;R $H<’6KJ*<A!J F e-Co-V: 49-49-2% !K$N>WFM$K$h$C$F8eJ};6Mp$5$l$k8w;R$N%(%M%k%.!<J,I[!#$3$l$O!" EGS4 %3!<%I$K$h$k%7 %_%e%l!<%7%g%s$N7k2L$G$"$k!#!J c !K#1F~<MEE;REv$?$j$N8eJ};6Mp$N8w;R?t!#2#<4$O!"F~<MEE;R$N%(%M%k%.!<$G$"$k!# $h$jL@ $i $+$J $h $&$K!" B, Dj4o $, 1UBN %7 %s%A %l!< %?$N >l 9g!"$= $N %(%M %k%.!< $7 $-$$ CM 0.1 MeV $K BP $7$F $O 30% Dx EY$N B,Dj 8z N( $r $b $D $,!" $7 $- $$ CM $, >e $, $k $H 5^ 7c $K 8z N( $, 0- $/ $J $j!" 0.5MeV $G $O %< %m $K $J $k!# 10 4 (10 6 ) 8D $N Cf @- ;R $, $=$l$>$l 0.1 MeV $N%( %M%k%.!<$r 50% $N 8zN($G!"0l MM$K 20,000 %A%c%s%M%k $N%+%m%j %a!<%?!<$KM? $($k$H$9$k $H!"#1 %A%c%s %M%k Ev $? $j $N%( %M %k %.!<OB $O 0.025(2.5) MeV $G $7 $+ $J$$!# $= $N B>$N B, Dj 4o $OCf @- ;R $KBP $7 $F $N 46EY $, $J $$$? $a!"FC$KLdBj$O$J$$!#$3$l$KH?$7$F!"8eJ};6Mp$N8w;R?t$O?^ 2.76(c) $K<($7 $?$h$&$K>WFM$9$kN3;R?t$KHfNc$7!"#1EE;R Ev$? $j Ls#4 8D $G $" $k!# >WFM $9 $k N3 ;R?t $O #1 %P %s %A!J%Q %k %9!K Ev $? $j 3 � 10 4 (10 6 ) $G $"$k $? $a!" 10 5 (10 7 ) 8D$N 8w ;R $, 8eJ};6Mp$5$l$k!#$= $N;~$N8w;R $N%(%M%k%.!< $O?^ 2.76(b) $K8+$i$l $k$h$&$K!"$=$N BgItJ,$O 1 MeV 0J 2<$G$"$j!"EE<’ %7%c%o!<Cf$NM[EE;R >CLG$KFC M-$J%T!<%/$r 0.5 MeV $K$b$D!#$3 $l$i$N8w ;R$,8!=P4o $NCf$KF~ $j!"%P%C%/%0%i %s%H$H$J $k$N$rKI$0$N$K%^%9%/$rI,MW$H$9$k!#$3$l$O@a 2.5.6 $G>\$7$/=R$Y$k!# 2.5.5 %_%K%8%’%C%H :#$^ $G D4$Y $F $-$? EE ;R M[EE ;R BP $NBe $o $j$K %/%)!< %/ � H? %/%)!<%/ BP $b B??t @8 @.$5 $l $k!# $=$l $i $O � ; K Cf 4V ;R$J $I $N4v $D$+ $N %O%I %m %sN3 ;R $KJ, Nv $7 $?%8%’%C %H 9=B$ $r $b$A!" EE ;RM[ EE ;R >CLG 2a Dx$N $b $N$H Hf $Y$k $H!" $= $N%( %M %k%.!< $, >.$5 $$$? $a $K%_ %K %8%’%C%H $H 8F$P $l $k!# $3$N 8= >]$O %H %j%9 %? %s<B 83 $G =i$a $F 8!>Z $5 $l!"@: NO E*$K D4 $Y $i$l $F $$$k!# EE ;RM[EE ;R BP@8 @. $N>l 9g $H:] $@$C$? 0c $$$O!" 8w ;R$N %O %I%m %sE* 9= B$$, Hs >o$K =E MW$J Lr 3d$r $b$D $3 $H$G $" $k!#8w ;R $H � Cf 4V;R $J$I $N %Y%/ %H %k Cf4V ;R $H $O!"$= $l $i$N @- <A $r5- =R $9 $kNL ;R ?t!J%9 %T %s!" %Q%j %F%#!K $,Ey $7 $$!# $3$N $? $a!" 8w;R $r 4v$D$b $N %Y%/ %H %kCf 4V ;R$N OB $H9M $(!" $=$N %O %I%m %s E*Aj 8_ :nMQ $r $+$J $j $h$/ @b L@$G $- $k!#$3 $l $r8w ;R $N%Y %/ %?!<%a %> 179

%s%I %_ %J %s %9 %b %G %k !J VMD !K $H $$ $&!# $3 $N $h $& $K 8w ;R $r 0l $D $N %O %I %m %s $H 9M $(!" $= $N Fb It 9= B$ $r %/%)!< %/ $d %0 %k!< %*%sJ, I[ 4X ?t$G 5- =R$7!" %_ %K%8%’%C %H @8@. CG LL@Q $, 7W;; $5 $l$F $$ $k!#$3 $l $i$N J, I[ 4X?t $O <B83 $G $N$_ 7h Dj$5 $l $k$b $N $G!"8=:_$N$H$3$m!"FC$K%0 %k!<%*%s$KBP$7$F $+$J$jITDj@-$, $"$k!#$3$NITDj@- $O!"=E?47O%(%M%k %.!<$, 500 GeV $N %j %K%" %3%i %$ %@!<$G $O #3G\ Dx EY$G $" $k!# 0lHL $K %S!<%‘ %9 %H%i!< %k %s%0 8w ;R $O2> A[ 8w;R $N %(%M %k %.!<J, I[ $K Hf$Y $F 9b$$ %( %M%k%.!<$KB?$/J,I[$9$k!# $=$l$O%_%K%8%’%C %H@8@.$K:]$7!"=E ?47O%(%M%k%.!< 500 GeV $G$O2>A[ 8w;R$H$[$\F1$8 4s M?$r$b $D $,!" T eV NN 0h $G$N %j %K%" %3 %i%$ %@!< $G$O 0l HVFM =P $7$? 8w ;R8; $H $J$k!# ?^ 2.77 $K %_%K %8%’%C %H@8 @. CGLL @Q $r ?^ 2.77: =E?47O%(%M%k%.!< 58 GeV $N%H%j%9%?%s!" 300 GeV $H 500 GeV $N JLC $G$N DG %Q%i%a%H%j%<!<%7%g%s !J p t;min = 2 : 0 GeV !K$rMQ$$$?%_%K%8%’%C%H$N3QJ,I[!# 5<%i%T%G%#%F%#!<!J � � � ln tan( � = 2) !K $N4X?t$G<($7$?!#$3$3$G!" � = 45 � $O � =0.7 $KBP1~$7$F$$$k!# =E?47O%(%M%k %.!< 58 GeV $N%H%j%9%?%s <B83$KBP$7$F!" 500 GeV $N%j%K%"%3%i%$%@!<$G$OI4G\0J>e$NIQ EY$G%_%K%8%’%C%H$,@8@.$5 $l$k!#8=:_$N <B837k 2L$HL5 L7=b$J 8w;RFbIt 9=B$4X ?t$NFs $D$NBe I=E*$J %Q%i%a %H%j%<!<%7%g %s$N DG $H LA C1 $rMQ $$$? $H$-!"#1 %P%s %A>W FMEv $?$j $K @8@. $5$l $k%_ %K%8%’%C %H?t $O!" 0.061(DG) !" 0.20(LAC1) $H 7W;; $5$l $k!#$3 $N7W ;;CM $N 0c$$$O<g$K>e=R$N%0%k!<%*%sJ,I[$NITDj@-$K5/0x$7$F$$$k!# %_%K%8%’%C%H@8@. $,Hs>o$KB?$/ 6=L#$"$kJ* M};v>]$H=E$J$C $?$H$-!"$=$l$O %P%C%/%0%i%&%s %I$H$7$FLdBj $K$J$k!# $b$7 %P%s %A $4$H $N ;v >]$N J, N% $,$G $- $J$$ $H $- $3$N $3 $H $,== J, $K5/ $3 $j F@$k!# %7 %_%e%l!< %7%g %s $K$h $k $H!" %_%K %8%’%C %H$O j � j < 1.3 !J 30 � < � < 150 � !K$N3QEYNN 0h$G!"J?6Q#5$D$N 2YEEN3;R$h$j@.$k [28] !#Ha4QE* $J>l9g$H$7$F!" e + e � ! Z H 2aDx$N%R%C%0%9@8@.$KI,$:0l$D$N%_%K%8%’%C%H$,=E$J$C$?>l9g$rA[Dj$9$k!#%7%_%e%l!<%7%g%s$K$h$k$H!"<ANL 110 GeV $N%R%C %0%9 $NJx 2u$K $h$k #2%8%’%C%H ITJQ <ANL $NJ, 2rG= $O 3.9 GeV $+$i 5.3 GeV $H$J $k!#$3 $N>l9g $G$b!" %R%C%0 %9$NH/ 8+ $d<A NL $NB, Dj $K$O 2? $i;Y >c $O$J $$!# $7$+ $7 $J$, $i!" EE;R M[ EE;R >W FM$N FC D’$r $G $-$k 8B $jB; $J $o$J $$ $?$a $K!" B,Dj4o$H$7$F$O!"%P%s%A$4$H$N;v>]$NJ,N%$N2DG=$J$b$N$r:NMQ$7$J$1$l$P$J$i$J$$!# 2.5.6 %^%9%/%7%9%F%‘ B,Dj 4o$r QC1 $N <’6K $+$i8e J};6 Mp$5 $l$k B?NL$N 8w;R $h$j <WJC $9$k$? $a$K!" %^%9 %/$, I,MW$J $3$H $OA0 $K=R $Y$?!# ?^ 2.78 $K%^ %9%- %s%0 %7%9 %F%‘ $r 4JC1 $KIA <L$7 $?!#%^ %9%/ $O$3 $l$i $N 8w;R $r== J,$K 5[<} $9$k $?$a!" %?%s %0 %9%F %s$J $I$N Hs>o$K =E$$ J*<A $G :n$i $l$k!# %?%s %0%9 %F %s$O!" 0.5 MeV $N8w ;R$K BP$7 $F 5 cm $N 8|$5 $G 10 � 5 $N5[ <}78 ?t$r $b$D!# >W FME@ $h $j QC1 $* $h $S %^ %9 %/ $^ $G $N 5w N% $r 3F!9 L Q !" L mask $H $7!" %^ %9 %/ $N 3+ 8} It $N H> 7B $r R mask $H $9 $k $H!" QC1 180

$+$i%^%9%/$N3+8}It$r8+$k%"%/%;%W%?%s%9 � mask !JN)BN3Q$r 4 � $G3d$C$?NL!K$O!" � mask = R 2 mask 4( L Q � L mask ) 2 (2.20) $GDj5A $5 $l$k!# $3 $N4V 8} $rDL $j H4$1 $k 8w;R $NBg It J,$O H? BPB& $N %^%9 %/ $KEv $? $k!#$= $3 $G:F $S 8eJ} ;6Mp $9 $k8w ;R $N3N N( $O9b!9 10 � 2 $G $" $k!# $= $N Am ?t $r #1 %Q %k %9 >W FM Ev $? $j 10 2 0J 2< $K $9 $k $? $a $K $O!" � mask $O 10 � 3 0J 2< $G $J $1 $l $P $J $i $J$$!#$7$?$,$C$F!" L mask < 2 p � max mask L Q tan � mask + 2 p � max mask (2.21) $NITEy <0$, @.$j N)$D!# $?$@ $7!" tan � mask = R mask =L mask !" � mask mas $O � mask $N :GBg CM$G $"$k!# $3$3 $G!" L Q =2.5 m !" � mask =0.15 $N>r7o$r$$$l$k$H!" L mask < 0.74 m $NMW@A$,F@$i$l$k!#$^$?!"?^ 2.75 $K8+$i$l$k2#1?F0NLJ,I[$N8* $r7A@. $9 $k N3;R $O!" %^%9 %/ $N4V 8} $rDL $j H4$1 $J $1$l $P $J$i $J $$!#$= $& $G$J $$ $J $iB? NL $N%P%C %/ %0%i %& %s%I $, @8$8 $k!# 2f!9$O$$$m$$ $m$N0BA4 78?t$r9M N8$7!" L mask =0.44 m $N CM$r:N MQ$7$?!#$3 $N;~$NN3 ;R$N%S!< %‘<4$h$j H>7BJ}8~ $NJ,I[ $r$=$N%(%M%k%.!<$H$NAj4X$G?^ 2.79 $K%W%m%C%H$7$?!# ?^$h$jL@$i$+$K!"N3;R%(%M%k%.!<$, 90 MeV IU6a$G%S!<%‘<4$h ?^ 2.78: >WFME@!J IP !KIU6a$N%^%9%-%s %0%7%9%F%‘!#%^%9%/$r4^ $‘B,Dj4o$O!"#2%F%9%i$N0lMM$J%=%l%N%$%I<’>lCf$KCV$+$l$k!# ?^ 2.79: %S!<%‘%(%M%k%.!< 250 GeV $N JLC $G$NEE;RM[EE;RBP @8@.$NN3;RJ,I[!#=D<4 $ON3;R$N%(%M%k%.!<!J E !K$G!"2# <4$O>WFM E@$h$j 0.44 m $N=j$G$NN3;R$NH>7BJ}8~$N0LCV!J R !K$G$"$k!# $j:GBg$N5wN%$K$J$j!"$[$H$s$I$NN3;R$O!"%S!<%‘<4$+$i 5.2 cm 0J2<$rDL$jH4$1$k!#$3$N0LCV$G$N R mask $O 6.7 cm $G $"$k$N$G!">e5-$N%P%C%/%0%i%&%s%ILdBj$O$J$$!# 0J >e!" ABEL $K$h $k %7%_%e %l!< %7%g%s $K $h$k 7k 2L$r =R $Y$? $,!" A0J} $K ;6Mp $5 $l$k 2Y EEN3 ;R $KBP $7 $F!"G$ 0U $N>W FME@$+$i$N 5wN%!J ‘ !K $G$N:G BgH>7B R max $O!"%=%l %N%$%I <’>l!J B !K Cf$NH> 7BJ}8~ $N1?F0 J}Dx<0 $G$h$/ I=$9$3 $H$,$G $- $k!#%S!<%‘<4$+$i$N5wN%$r R !"%=%l%N%$%ICf$G$i$;$s1?F0$r$9$kN3;R$N50F;H>7B$r � ( � (m) = P T (GeV ) = 0 : 3 B ( %F%9%i )) $H$9$k$H!"<!<0$,@.$jN)$D!’ R = 2 � sin � 2 ; � = 0 : 3 B ‘ P Z !# (2.22) >e<0 $h $j!" � = � $N ;~!" R $, :G Bg $H $J $k $3 $H $, $o $+ $k!# $3 $N $H $-!" N3 ;R $N 1? F0 NL p $O!" p ’ p z $N $? $a!" P �’ 0 : 3 B ‘=� $G $"$k!# B =2 %F %9%i!" ‘ ’ L mask =0.44 m $H $9 $k$H!" P =84 MeV $H $J $j!"?^ 2.79 $G<( $5 $l$? %7%_%e %l!<%7%g%s7k2L$H$h$/0lCW$7$F$$$k!#N3;R$N:GBg2#1?F0NL$r P max T = P sin � max $H$9$k$H!"$=$N:GBgH>7B$O , R max = 2 � = 2 P max T 0 : 3 B ’ 2 ‘ sin � max � !" (2.23) 181

$G$"$k!# P max T $9$J$o$A � max $O!"%S!<%‘ � %S!<%‘Aj8_:nMQ$G$N;6Mp$K$h$C$FM?$($i$l$k$H$9$k$H!" � max ’ � ln( 4 p 3 D x � ) p 3 �D x � 1 = 2 � � p 2 (2.24) $H$J$k!#$3 $3$G!" � � P =E beam , D x � 2 N r e = � � z = ( � x ( � x + � y )) !" � � � D x � x =� z $G $"$k!# >e<0$O!" D x =� � 1 $N>l9g$N<0!J 2.17 !K$N6a;w2r$G$"$k!#<B:]$K!" E beam =250 GeV $N%S!< %‘%Q%i%a!<%?!’ N = 10 10 !" � x = 260 nm !" � y = 3 : 04 nm !" � z = 80 � m $K $h$j!" D x =0.14 !" � � =0.44 mrad $H$J $j!" 87 MeV $N N3;R $KBP $7$F � max =0.20 rad $H 7W;;$5 $l$k!#$7 $?$,$C$F!" <0!J 2.23 !K $h$j R max =5.5 cm $, F@$i$l $k!#$3$N CM$b %7%_%e%l!< %7%g%s 7k2L$H $h $/0l CW $7$F $$ $k!# $^ $?!" P max T =17 MeV $G $" $k$N $G ?^ 2.75 $h $j!" %^ %9 %/ I=LL $K >W FM $9$k N3 ;R ?t $O #1 %P%s %A !J%Q %k %9!K>WFMEv$?$j9b!9 10 !J 1000 !K8D$G$"$j!"FC$K%P%C%/%0%i%&%s%I$H$7$FLdBj$H$O$J$i$J$$$G$"$m$&!# 2.5.7 50@W8!=P4o$G$N%P%C%/%0%i%&%s%I 0lHL$K!"2YEEN3 ;R$N50@W$r8! =P$9$kB,Dj4o $O%S!<%‘<4$KJ? 9T$J%7%j%s%@!< >u$N7A$r$7$F $*$j!"$=$NH>7B J}8~$K4v $D$b$N B? AX9= B$ $r$7 $F $$$k!# 0l MM$J %= %l%N %$ %I<’ >l Cf!"2Y EE N3;R $, IA$/ 50 F;$N 6J N($r B, Dj$7!" $= $NN3 ;R $N1? F0 NL$r 7h Dj$9$k!#$3$l $iB,Dj 4o$KBP $9$kEE ;RM[EE ;RBP@8 @.$+$i $N%P%C%/ %0%i%& %s%INL $r8+$k $?$a!"?^ 2.80 $KN3;R $,H>7B 2 � 150 cm $N%7%j%s%@!< I=LL$rDL2a $9$k2s?t$r!"Fs $D$N3QEYNN 0h!J j cos � j < 0.7 !" 0.9 !K$G<( $7$?!# $3$l$i$N J,I[$K$b!"H>7B ?^ 2.80: EE;RM[EE;RBP@8@.$+$i$NN3;R$K$h$k%P%C%/%0%i%&%s%I!#N3;R$O!" 2 %F%9%i$N%=%l%N%$%I<’>lCf$r%X%j%C%/%950F;$r ?J9T$7!"H>7B R V T X $N%7%j %s%@!<LL$rDL 2a$9$kE@$N ?t$r=D<4 $K<h$C$F$$$k!# 2#<4$O$=$N H>7B R V T X $G!"!J a !K!"!J b !K$O!" $=$l$>$l j cos � j < 0 : 707 ; 0 : 9 $N3QEYNN0h$KBP1~$7$F$$$k!# 10cm 0JFb$GH>7B$NA}2C$H$H$b $K;X?t4X?tE*$K5^7c$K8:>/ $9$k$b$N$H!"Hs>o$K$f$C$/$j$H 8:>/$9$k#2@.J,$,$"$k!#%7%s %/%m %H %m%s 8w $N 3H $,$j $, >. $5 $$$? $a!" H> 7B 1 cm Dx EY $N%S!< %‘ %Q %$ %W $,;H MQ 2D G= $G$" $k!# $3 $N $H$-!" H? 1~ $N Fs<!!" ;0 182

<!Jx2uE@$r@:EY $h$/B,Dj$9 $k%P!<%F%C%/ %9B,Dj4o$O!" H>7B 2 � 10 cm $K@_ CV$5$l$k!#H> 7B 2 cm $G$NN3 ;RDL2a?t$O!" ?^ 2.80 $h$j#1%P%s%A!J%Q%k%9!K>WFMEv$?$j 100 !J 10000 !K8D$G$"$k!#%7%_%e%l!<%7%g%s$K$h$k$H!"#1N3;R$O?t2sDxEY%7%j %s%@!< I=LL $r DL2a $9 $k!#0l <! 85FI $_ =P $7$N B, Dj4o $O!" %R%C%H E@ $NA4 FI $_ =P$7 %A%c %s%M %k ?t$K BP $9$k @j M- N($, 9b 2a$. $k $?$a5!G= $7$J $$!#$7 $?$,$C$F!" CCD(Charge Coupled Device !K $J$IFs <!85 FI$_ =P$7$N B,Dj 4o$, $3$N$h $&$K %S!<%‘ <4 $K6a$$=j $G$OI, MW$G$" $k!#Cf ?4Ht@W B,Dj4o $O!"0l HL$KH> 7B 30 cm 0J>e %S!<%‘ <4$h$j N%$l$? >l=j$K CV$+ $l$k!#$3 $l$KBP $9$k %P%C %/ %0%i %& %s %I %R%C %H ?t$O!" ?^ 2.80 $h $j #1%P %s %A !J%Q %k %9!K >WFM Ev $? $j 1 !J 100 !K 8D Dx EY$G $" $k!# ?^ 2.75 $G$b L@$i $+$J $h $&$K!" $3 $l$i $N N3;R $N 2# 1?F0 NL $O>. $5 $/!"$= $N 1F6A $O >/ $J$$ $H 4|BT $5 $l$k $,!" %_%K %8%’%C %H $N=j $G =R$Y $? $h$&$K%P%s%A$4$H$NJ,N%$N2DG=$J$b$N$rB,Dj4o$H$7$FMQ$$$J$1$l$P$J$i$J$$!# 2.6 %k%_%N%7%F%#!<$NB,Dj 2.6.1 35MW JLC $K$*$$$F$O<B83$+$iMW5a$5$l$k==J,$J%k%_%N%7%F%#!<$rF@$k$?$a$K!">WFME@$K$*$1$k%S!<%‘%5%$%:$O%J%N%a!< %?!<DxEY$H$J$k!#$=$N$h$&$JBgJQHy>.$J%5%$%:$N7k2L!"%S!<%‘ � %S!<%‘8z2L$K$h$jEE;R5Z$SM[EE;R$N%(%M%k%.!<$,8:>/ $7!">W FM$N %( %M%k %.!< $O 0lDj $G $O$J $/ $J$k!# $7 $+ $b!":G =* <}B+ <’ @P $K$* $$ $FMM!9 $J 50 F;$r DL $k$3 $H $K$h $j @8 $8$k %S!< %‘%(%M%k %.!<$N9- $,$j$O 1% $K 5Z$V [1] !#%k%_ %N%7 %F%#!<J,I[ ( $b$7 $/$OEE ;R!"M[EE ;R>WFM $N=E ?47O%( %M%k%.!< $NJ, I[ ) $r>\:Y$KCN$k$3$H$O!"%H%C%W%/%*!<%/$NJ*M}$N8&5f$N$h$&$K$7$-$$CM$G9T$&<B83$G$OFC$K=EMW$G$"$k [29] !# 8=:_9T$o $l$F$$ $kEE;R � M[ EE;R>W FM<B83 $G$OAG 2aDx$K $*$1$k mU<MJd @5$r=| $$$F!">W FM$O0l Dj$N%( %M%k%.!<$G @8$8$k $H$$$&2>Dj $N$b$H$K!" >.;6Mp3Q $N%P!<%P!< ;6Mp2aDx $K$h$j%k %_%N%7 %F%#$rB,Dj $7$F$$ $k!#$7$+$7!" JLC <B 83$G$O$= $N 2>Dj$O>e 5-$N $h$& $K@. $jN) $?$J$$ $N$G!" =>Mh $NJ} K!$G $O==J, $JB, Dj@: EY$O F@$i $l$J$$!# Miller $i $O!"Bg ;6Mp 3Q$N %P!< %P!<;v >]$N %" %3 %j%K %" %j %F%#3Q J, I[ $rB, Dj $9 $k$3 $H $G %k%_ %N %7 %F%#J, I[ $r B,Dj $9 $k $3$H $r Ds 0F$7 $? [30] !#$3 $l $O EE;R $HM[EE;R$N>WFM$N:]$N%(%M%k%.!<$NAj0[$,%P!<%P!<;6Mp$N%"%3%j%K%"%j%F%#3Q$KH?1G$5$l$k$3$H$K4p$E$/!# 2f!9$O %j%K %" %3%i %$%@!< <B 83$G $N %k%_ %N %7%F%# J,I[ %8%’ %M%l!< %? $r3+ H/ $7!" JLC <B83 $K$* $$ $F>e 5- $NJ} K!$G %k %_ %N%7%F%#J,I[$rB,Dj$9$k8&5f$r9T$C$? [31] !# 2.6.2 %$%t%’%s%H%8%’%M%l!<%? 2# C+ $i $O %S!< %‘ %S!< %‘ Aj 8_ :n MQ $r >\ :Y $K 7W ;; $9 $k %7 %_%e %l!< %7%g %s %W %m %0 %i %‘!" ABEL[32] $H CAIN[33] $r 3+ H/ $7$?!#$3$l $i$OEE ;R � M[EE ;R>WFM $N$_ $G$O$J $/!"EE ;R � 8w;R>W FM!"8w;R � 8w ;R>W FMEy$N >WFM %(%M%k %.!<$NJ, I[$r $b>\:Y $K%7%_%e%l!<%7%g%s$9$k$3$H$,2DG=$G$"$k!#$=$l$i$rMQ$$$?7k2L!"EE;R � M[EE;R>WFM%(%M%k%.!<$NJ,I[$r$h$/:F8=$9$k 7P83 <0 $bDs 0F $5 $l $F $$$k [35] !# =E ?47O $N %( %M %k%.!< $, 500 GeV $N;~ $N!" CAIN $H 2# C+ $N 7P83 <0 $K $h $k%k %_ %N %7 %F%# J,I[$NHf3S$r?^ 2.81 $K:\$;$?!# $3$3 $G2> Dj$7 $? JLC $N 2CB. 4o$N %Q %i%a!< %? $OI= 2.4 $K$^ $H $a$i $l $F$$ $k!#<B 83 E*$K =EMW $J 450 GeV 0J>e $G 2#C+ $N7P83<0$O CAIN $N7k2L$rHs>o$K$h $/:F8=$7$F$$$k!# $3$N2#C+$N 7P83<0$K4p$E$-8zN( $N$h$$%$%t%’%s%H%8%’ %M%l!<%? E beam /GeV 250 � x /nm 260.0 N particl es /10 10 0.7 � y /nm 3.04 � x = 10 � 6 mrad 3.3 � z / � m 90 � y = 10 � 6 mrad 0.048 f r ep 150 � � x /mm 10.0 n bunch 85 � � y /mm 0.1 I= 2.4: JLC $N2CB.4o$N%Q%i%a!<%?!< $r3+H/ $7$? [36] !#?^ 2.82 $K<( $9$h $&$K $3$N %8%’%M %l!<%?!< $O2# C+$N 7P83 <0$K $h$k%k %_%N %7%F%# J,I[ $r$h $/:F 8=$9 $k!# %S!<%‘ � %S!<%‘Aj8_:nMQ$NB>$K!"%S!<%‘ %(%M%k%.!<$N3H$,$j$b%k%_%N%7%F%#J,I[$rJQ$($k!#$3$N%S!<%‘%(%M%k%.!<$N3H $,$j$N>\:Y$J4X?t$O$h$/J,$+$C$F$$$J$$$N$@$,!"$3$3$G$O%(%M%k%.!<$N4p=‘CM$N$^$o$j$K � 1% $NJ?C3J,I[$r$7$F$$$k $H2>Dj$7$?!#?^ 2.83(A) $K$=$N8z2L$r<($7$?!# 183

?^ 2.81: 2#C+$N7P83<0 ( %R%9%H%0%i%‘ ) $H CAIN( 9u4] ) $K$h$C$F@8@.$5$l$?%k%_%N%7%F%#J,I[$H$NHf3S!# ?^ 2.82: 2#C+$N7P83<0 ( 9u4]!K$H2f!9$N%8%’%M%l!<%? ( %R%9%H%0%i%‘ ) $K$h$C$F@8@.$5$l$?%k%_%N%7%F%#J,I[$H$NHf3S!# 184

?^ 2.83: (A) <B ( GK ) @~ %R%9%H%0%i%‘ $O%S!<%‘%(%M%k%.!< $N3H$,$j$r9M N8$7$J$$ ( $7$? ) ;~$N %P!<%P!<;6Mp$NCGLL @Q$N=E$_$r $D$1$? %k %_%N %7%F%# J,I[!# (B) <B ( GK ) @~ %R %9%H %0%i %‘$O %S!< %‘%( %M%k %.!<$N 3H $,$j $r9M N8 $7$J $$ ( $7 $? ) ;~ $N%P!< %P!< ;6Mp ;v>]$N%"%3%j%K%"%j%F%#3Q$+$iB,Dj$5$l$?%k%_%N%7%F%#J,I[!# ?^ 2.84: <B@~!"5Z$SGK @~!"E@@~$N %R%9%H%0%i %‘$O$=$l $>$l ’ 40 A4 ’ $JB, Dj4o!"5Z$S#3 mrad !" #5 mrad $N J,2rG=$r 2>Dj$7$? ;~$N%P!<%P!<;v>]$N%"%3%j%K%"%j%F%#3Q$+$iB,Dj$5$l$?%k%_%N%7%F%#J,I[!# %P!<%P!<;6Mp$N %$%t%’%s %H%8%’%M%l!< %?$O<+F0 ?6I}@8@. %W%m%0 %i%‘ GRACE[37] $*$h$S BASES/SPRING %W%m %0 %i%‘ [38] $rMQ $$$F :n @.$7 $?!#$3 $l$K $h $j!"$3 $N%8%’ %M %l!<%?!< $G$O =E$_ $, 1 $N %$%t%’ %s%H $,8z N( $h$/ @8@. $G $-$k!# 0l J}!"%P!<%P!< ;6Mp $N 7W;; $O:G Dc<! $K$H $I $^$C$F $$$k $,!"$3 $N 2aDx $KBP $9$k 9b <!Jd @5$O $h$/ 8&5f $5 $l$F $*$j [39] 9b <!8z 2L$r:9$70z$/$3$H$O$=$l$[$I:$Fq$G$O$J$$$H;W$o$l$k!# 2.6.3 %k%_%N%7%F%#J,I[$NB,Dj >WFM$9$kEE;R$HM[EE;R$N1?F0NL$N:9$O$D$.$N<0$G%"%3%j%K%"%j%F%#3Q$H4X78$,$D$/!" � P = � A P b sin � !# (2 : 25) $3$3$G!" � P $O >WFM$9$kEE ;R$HM[EE;R $N1?F0NL $N:9$r!" � A $O%"%3%j %K%"%j%F%#3Q $r!" P b $O8x>N $N%S!<%‘1? F0NL$r!" $=$7$F � � $O;6Mp$5$l$?EE ;R!"M[EE;R$N;6Mp3Q $NJ?6Q$r$=$l$> $l0UL#$9$k!#$D$^ $j!"$b$7!" P b $,JL$NFHN)$JB, Dj$G7hDj 185

?^ 2.85: =E?47O$N%(%M%k%.!<$, 495 GeV 0J>e$N%P!<%P!<;v >]$N%"%3%j%K%"%j%F%#3Q $rMQ$$$FB,Dj$5$l$?%k %_%N%7%F%#$HF~ NO%k%_%N%7%F%#$H$NHf$N3QEYJ,2rG=0MB8@-!#0[$J$C$?:G>.;6Mp3Q$rMQ$$$?$H$-$NHf$b<($5$l$F$$$k!# $5$l $k$J $i!" %P!<%P!< ;v >]$N %" %3%j %K %" %j%F%# 3Q $NB, Dj $K$h $j EE;R!" M[ EE ;R$N 1? F0NL $N :9$N J, I[$, F@ $i $l$k $3 $H$K $J $k!#$3$N1?F0NL$N:9$h$jB,Dj$5$l$?=E?47O$N%(%M%k%.!< , p s meas , $O<!$N<0$G$b$H$^$k : p s meas = p s nominal � � P !# (2 : 26) $3$3$G p s nominal $O!" P b $N B,Dj $K $h$j F@$i $l $k=E ?4 7O%( %M%k %.!< $G$" $k!# ?^ 2.83(A) $K <($5 $l$k MM $K%S!< %‘ %(%M %k %.!<$N3H$,$j $O p s nominal 0J>e $N=E?47O %(%M%k%.!< $r@8$8 $5$;$k$,!" ?^ 2.83(B) $NMM $K!"B,Dj$5 $l$? p s meas $O %"%3 %j%K%"%j%F%#3Q$N@5CM@-$h$j p s nominal 0J2<$G$"$k!#$3$NE@$O%"%3%j%K%"%j%F%#3Q$r;H$&J}K!$N8B3&$G$"$k!# B,Dj 4o $N 8m :9 $N 8z 2L $r %S!< %‘ %( %M %k %.!< $N 3H $, $j $N 8z 2L $+ $i 6h JL $7 $F 8& 5f $9 $k $? $a $K!" 0J 2< $N 5D O@ $G $O %S!< %‘ $N 3H$, $j $O L5 ;k $9 $k!# 2Y EE N3 ;R $N 3Q EY B, Dj $K 8m :9 $, $J $$ $H 2> Dj $5 $l $? ’ 40 A4 ’ $J B, Dj 4o $H!" 3Q EY B, Dj $K #3 mrad !" 5Z $S 5mrad $N 8m :9$r ;} $D $H 2>Dj $5 $l $?B, Dj 4o $r MQ$$ $? >l 9g$K F@ $i $l $k%k %_ %N %7%F%# J, I[ $r ?^ 2.84 $K:\ $; $?!# J,2r G= $K $h $k8z2L$O5?;w%P!<%P!<;v>]$N3F50@W$N3QEY$r%,%&%9J,I[$G$\$d$+$7$?!# ;6Mp3Q$, 45 EY $+$i 135 EY$N ;v>]$r Ls 1 G/4V<} =8$7$? $3$H$K AjEv$9 $k 10 fb � 1 $N %P!<%P!<;v >]$N2r @O$r!"$* $3$J$C $?!#J,2rG=$, 1mrad $N;~$N7k2L$O ’ 40A4 ’ $JB,Dj4o$N>l9g$H8+J,$1$,$D$+$J$$$N$G?^ 2.84 $K$O:\$;$F$$$J$$!#J,2rG=$, 3mrad $N >l9g$O!" B,Dj$5 $l$?J, I[$K0c $$$,$_ $F$H$l $k!#$7$- $$CM$G $N%H%C%W %/%*!<%/ $NJ*M} 8&5f$G $O8x>N %(%M%k %.!< $NA08e!"%H%C %W%/%*!< %/$NJx 2uI}Dx EY$NNN 0h$G$N %k%_%N %7%F%#J, I[$,=E MW$G$" $k!#%H%C %W%/%*!< %/$N<A NL$r 175 GeV $H$9$k$H!"I8=‘LO7?$G $O$=$NI}$O 1.55 GeV $G$"$k!#3Q EYJ,2rG=$N0c $$$K$h$k=E?4 7O$N%(%M%k%.!<$, 495 GeV 0J>e $N %k%_%N %7 %F%#J, I[ $r?^ 2.85 $K <($9!# ;6 Mp3Q 45 EY 0J >e$N %P!< %P!<;v >]$r MQ $$$? ;~ B,Dj 4o$N 3Q EYJ, 2r G=$, #3 mrad $h $j NI$1$l $P!" ==J, $J @:EY $G%k %_ %N%7 %F%# J,I[ $, B,Dj $G$- $k $3$H $, $o$+ $k!#Cm 0U $,I, MW $J$3 $H $O!"$3 $NJ} K! $G$O ’ 40A4 ’ $J B,Dj 4o $r MQ $$$? $H $7 $F $b 40 A4 $KJ, I[ $, :F 8= $5 $l$k $o $1 $G $O $J $$ $3$H $G $" $k!# %S!< %‘ � %S!< %‘ 8z2L $G EE ;R!" M[ EE ;R %(%M %k%.!<$, Ey$7 $/<:$o $l$? ;~!"=E ?47O $N%( %M%k %.!<$O p s nominal $+$i$: $l$F $$$k $K$b $+$+ $o$i $:;v >]$O %3%j %K%"!< $H$J $k!#?^ 2.85 $K$* $1$k ’ 40A4 ’ $JB,Dj 4o$N>l 9g$N 5% $: $l$O$3 $N$? $a$K@8 $:$k!# $3$N2r @OK! $G$OEE ;R!"M[EE ;R$, F1;~$K F1 $8$@$1%(%M%k%.!<$r<:$&3NN($,Dc$$$3$H$r2>Dj$;$6$k$rF@$J$$!# %P!<%P!< ;v>] $NCG LL@Q $O!" sin 2 � $G5^ 7c$K A}2C $7 E}7W E*$K M-Mx $H $J$k!# $b$7 45 EY 0J>e $N%P!< %P!< ;v>] $rMQ $$$k Be $o$j$K 20 EY 0J >e$N $b$N $rMQ $$ $k$H $9$k $H!" E}7W $, 10 G\$K $J $k!#$7 $+$7!" >. ;6Mp 3Q$N ;v>] $r MQ$$ $k$H $- $O!"B, Dj4o 8G M-$N J, 2r G= $K 99 $K <0 (2.26) $N 1 = sin � � $N 0x ;R $G B, Dj $N J, 2r G= $O 0- $/ $J $k!# ?^ 2.85 $G $O $3 $N 3Q EY 0x ;R $O 4^ $^ $l $F $$ $J $$!#$7$+ $7 $J $,$i!" >. ;6Mp 3Q $N;v >] $O$b $H $b$H $N %k%_ %N %7%F%# J, I[$r $+ $($F $7 $^ $&$3 $H $,$o $+ $k!#$= $l $>$l $N 3QEY J, 2rG=$K$*$1$k!";6Mp3Q$N:G>.3Q$rJQ2=$5$;$?;~$N8z2L$r?^ 2.86 $K<($9!#J,2rG=$r 1mrad $KJ]$D$3$H$,$G$-$l$P!":G>. ;6Mp3Q$r 20 EY$^$G$5$2$k$3$H$,$G$-$k!# 186

?^ 2.86: =E?47O$N%(%M%k%.!<$, 495 GeV 0J>e$N%P!<%P!<;v >]$rMQ$$$FB,Dj$5$l$? %k%_%N%7%F%#J,I[$N!":G>. B,Dj3QEY$rJQ 2=$5$;$?;~$N0MB8@-!# 2.6.4 %S!<%‘%Q%i%a!<%?$N:F9=@. %k%_%N%7%F%#J,I[$O<!$N%S!<%‘%Q%i%a!<%?$K$h$C$F$-$^$k!#B($A?eJ?!"?bD>5Z$S2#J}8~$N%S!<%‘%5%$%:!" ( � x ; � y ; � z ) $H%S!< %‘%P %s %ACf $N N3;R $N ?t!" N !" $G$" $k!# 2#C+ $N 7P83 <0 $O B � N = ( � x + � y ) $H � z $N 2 $D $NFH N) $J%Q %i %a!< %?$G I=$5$l $k!# $3$N 2 $D $N %Q%i %a!< %?$O :G L‘ K!$r MQ $$$k $3 $H$G B, Dj$5 $l $?%k %_ %N%7 %F%# J,I[ $+ $i7h Dj $G$- $k $O$: $G $"$k!# %P!<%P!<;v>] $rMQ $$$kA0 5-$N %"%3%j %K%" %j%F%# $N2r@O $K$h$C $FF@$i $l$? %k%_%N %7%F%# J,I[ $KBP$7!" %Q%i %a!<%? B $^ $? $O � z $N 1 %Q%i %a!<%? - %U%#%C%H $r9T$C $?!#2C B.4o $N%Q %i%a!<%? $H$7 $F$O!" =E?4 7O$N%( %M%k %.!< 500 GeV $GI= 2.4 $N 2CB.4o%Q%i%a!<%?$r4p=‘$H$7$?!# $^ $:!" A0 5- $N J} K! $K $h $j ’ <B 83 %G!< %? %5 %s %W %k (E- %5 %s %W %k )’ $H ’ :G L‘ 4X ?t %5 %s %W %k (L- %5 %s %W %k )’ $r @8 @. $7 $?!# E- %5%s %W%k $O 4p=‘ >r7o $G:G >. 3QEY 45 EY $N$b $N$r 10 fb � 1 AjEv $NE} 7W$G!" :G >.3Q EY 20 EY$N $b$N $r 1 fb � 1 Aj Ev$G!" MQ 0U$7$?!#B,Dj$5$l$? 50@W$N3QEY $O2>Dj$5$l $?3QEYJ,2r G=$G$\$d$+$5 $l!"%"%3%j%K %"%j%F%#3Q$N B,Dj$+$i E- %5%s %W%k$N %k%_%N %7 %F%#J, I[ $,F@ $i $l$k!# 0l J}!" L- %5%s %W %k$O 4p=‘ CM $N$^ $o $j$G %Q %i%a!< %? $r$: $i $7$F!" @8 @.$7 $?!# E- %5%s %W %k$NE}7W 8m:9$h $j L- %5%s%W %k$N$= $l$,== J,>.$5 $/$J$k $h$&$K!" L- %5 %s%W %k$G$O <B83>r 7o$+$i 4|BT$5 $l$k;v >]?t$N 10 G\0J>e $N;v >] ?t$, @8@. $5 $l$?!# E- %5 %s%W %k $HF1 MM$K B, Dj$5 $l$? 3Q EY$, $\$d $+$5 $l!" $=$l $>$l $N L- %5 %s%W %k$N %k %_%N %7%F%#J,I[$,F@$i$l$k!#$=$NJ,I[$O 50 %S%s$KJ,3d$5$l!"<!$N:GL‘4X?t$,Dj5A$5$l$k : L ( I ( p s ); B ; � z ) � N l ( I ( p s )) = N l � sample !" (2 : 27) $?$@ $7!" I ( p s ) $O B,Dj $5 $l $?=E ?4 7O $N%( %M %k %.!< p s $N J,3d $5 $l $?%S %s $N HV9f $r!" $^ $? N l ( I ( p s )) $O L- %5 %s %W %k$N I HVL\$N %S%s$N;v >]?t$r!" N l � sample $O L- %5%s %W%k$N Am;v>]?t $rI=$9!#BP ?t2=$5$l $?:GL‘ 4X?t$O!"0J 2<$NMM$K Dj5A$5 $l$?!# LL � N e � sample X j =1 ln L j !" (2 : 28) $3$3$G!" N E � sample $O E- %5%s%W%k$NAm;v>]?t$r!"$=$7$F L j $O E- %5%s%W%kCf$N j HVL\$N;v>]$N:GL‘4X?t$G$"$k!# %Q%i %a!<%? B 5Z $S � z $N4X ?t $H$7 $F$N BP?t 2=$5 $l $?:G L‘4X ?t$N J,I[ $r , ?^ 2.87 $K <($9!# :G>. 3QEY 45 EY $G3Q EY J,2r G=$, 1mrad $N;~!"%P!<%P!<;v>]$r 10 f b � 1 MQ$$$l$P (1 G/AjEv ) !"?t%Q!<%;%s%H$N @:EY$G%S!<%‘%Q%i%a!<%?$,5a$^$k$3 $H$,$o$+$k!#$b$7 $b$C$HIQHK $K%k%_%N%7 %F%#J,I[$N%b %K%?!<$rI, MW$H$9$k$J $i$P:G>. 3QEY 45 EY$N%P!<%P!< ;v>]$r;H$& $N$G$O IT == J,$G $" $k!#3Q EY J,2r G= $r 1% J]$A $D $D:G >. 3QEY $r 20 EY $K $9$k $J $i$P!" Ls 1 fb � 1 $N %P!< %P!<;v >] $G?t %Q!< %;%s%H$N@:EY$N3NJ]$O2DG=$G$"$k!# 0J>e 8+ $F $- $? MM $K!" %S!< %‘ %( %M %k %.!< $N 3H $, $j $, $= $l $[ $I Bg $- $/ $J $$ $H $$ $& M} A[ E* $J >r 7o $N $b $H $G!" Bg 3Q EY %P!< 187

?^ 2.87: 2CB.4o %Q%i%a!< %?!<!" B = N = ( � x + � y ) (A) $H � z (B) $NBP ?t2=$5 $l$?:G L‘4X?t J,I[!#$= $l$>$l $N%Q%i %a!<%? $r%N%_%J%k$JCM$+$i 10% JQ2=$5$;$F$$$k!#$^$?!"%N%_%J%k$JCM$GBP?t2=$5$l$?:GL‘4X?t$,%<%m$K$J$k$h$& $K5,3J2=$5$l$F$$ $k!# %P!<;v >]$N %" %3%j %K %"%j %F%# J,I[ $r B, Dj$9 $k $3$H $K $h$j!" %k %_%N %7 %F%# J,I[ $r B,Dj $9 $k2D G= @-$K $D $$ $F8! F$ $7$?!# $b $7I8=‘%S!<%‘%(%M%k%.!<$, B>$NFHN)$JB,Dj $K$h$j7hDj$5$l!" $^$? 1mrad $N3QEYJ, 2rG=$r;}$DB,Dj 4o$rMQ$$$k$J$i $P!" %k%_ %N%7 %F%# J,I[ $O == J,$J @: EY $G7h Dj $G$- $k $3 $H$, J, $+$C $?!#99 $K B,Dj $5 $l $?%k %_ %7%F%# $+ $i!" :GL‘ K! $K $h$k %U%#%C %H$K $h$j %S!< %‘%Q %i %a!< %?$b 7h Dj $G$- $k $3$H $, $o $+$C$?!# IQ HK $J%S!< %‘ %Q%i %a!< %? $N%b %K %?!<$N $? $a $K$O Dc $$ ;6Mp 3Q EY$^$G==J,$J%"%/%;%W%?%s%9$r;}$A!"NI$$3QEYJ,2rG=$NB,Dj4o$,I,MW$G$"$k!# $3$3$G$O!"%S!<%‘%( %M%k%.!<$N3H$, $j$rL5;k$7$? $,!"$3$N3H$,$j $H;O>uBV$NmU <MJd@5$r9MN8 $7$?;~$N%k %_%N%7%F%# B,Dj$O:#8e$N2]Bj$G$"$k!# 188

;29MJ88% [1] JLC group, JLC-I(the green b o ok), KEK Rep ort 92-16 (1992). [2] M.G. Strauss, et al. , SLAC-PUB-6686 (1994). [3] S. Hedges, et al. , SLAC-PUB-95-6950 (1995). [4] T.Tsuk amoto, et al. , Nucl. Instr. and Meth. A383 (1996) 256. [5] C. Claeys, et al. , Nucl. Instr. and Meth. A377 (1996) 244. [6] E. F ret wurst, et al. , Nucl. Instr. and Meth. A377 (1996) 258. [7] Z 0L CV$,M? $($i $l$? ;~$N EE>lJ, I[$O $?$H $(=E NO%5 %0$NBg $-$5 $,%o %$%d!< Kh$K0[ $J$C$F $$$F $b!"%( %s%I %W%l!<%H $G $O$J$/$F$=$N>l=j$G$N%o%$%d!<0LCV$r;HMQ$9$l$P7W;;$9$k$3$H$,$G$-$k!# [8] V een Hov e, A Drift Chamber simulation program GARFIELD, 1994. [9] T.Regan, Nucl. Inst. and Meth. , A219 (1984) 100; S.Bhadra, et al. , Nucl. Instr. and Meth. A269 (1988) 33; E.R.Mueller, et al. Nucl.Instr. and Meth. A281 (1989) 652. [10] D.Acosta, et.al. , Nucl. Instr. and Meth. A308 (1991) 481. [11] E.Bernardi, et.al. , Nucl. Instr. and Meth. A262 (1987) 229. [12] T.Hasegaw a, Master Thesis. [13] Y.F ujii, Pro c. of 2nd JLC W orkshop. [14] K.Ishii et.al. , to b e published in Nucl. Instr. and Meth. A . [15] F.Ka jino, et.al. , Nucl. Inst. and Meth. A383 (1996) 260. [16] C.W.F ab jan and R.Wigmans, Rep. Prog. Phys. 52 (1989) 1519. [17] D.Acosta et.al. , CERN-PPE/91-223 . [18] A.Beretv as, et.al. , Nucl. Inst. and Meth. A329 (1993) 50. [19] S.Basa, et.al. , Nucl. Instr. and Meth. A330 (1993) 930. [20] H.Arnaudon, et.al. , Nucl. Instr. and Meth. A342 (1994) 558. [21] P .Cushman and R.Rusak, Nucl. Instr. and Meth. A333 (1993) 381. [22] Y.F ujii et.al. , Nucl. Instr. and Meth. A366 (1995) 71. [23] E.A.Kushnirenko,proceedings of The International Workshop on Final F o cus and Inter action R e gions of Next Gener ation Line ar Col liders , May 2-6,1992, SLAC r ep ort SLA C-405 , p225. 189

[24] Pro ceedings of Fifth International Workshop on Line ar Col liders (LC93) , Octob er 13-21, 1993, SLAC r ep ort SLAC-436 , p383. [25] P .Chen and V.I.T elno v, Phys. R ev. L ett. 63 , 1796 (1997). [26] T.T auc hi, K.Y ok o y a and P .Chen, Part. A c c el. 41 , 29 (1993). [27] T.T auc hi and K.Y ok o y a, Phys. R ev. E 51 , 6119 (1995). [28] A.Miyamoto, pro ceedings of the Thir d Workshop on JLC ed. A.Miyamoto, KEK Pr o c e e dings 92-13 (1992) p389. [29] See, for example, articles in the pr o c e e dings of Physics and Exp eriments with Line ar Col liders , Moriok a 1995, ed.by A. Miyamoto et al., W orld Scien ti�c (Singap ore) (1996). [30] M.N. F rary , D.J. Miller, in: e + e � collisions at 500 GeV: the physics p otential, ed.by P . Zerwas, DESY rep ort 92-123A (1992) .379. [31] N. T oomi, J. F ujimoto, S. Kaw abata, Y. Kurihara and T. W atanabe, KEK-CP-051 . [32] K. Y ok o y a, KEK-Rep ort 85-9 (1985); ibid. Nucl. Instr. and Meth. A251 (1986), 1. [33] P . Chen, G. Horton-Smith, T. Ohgaki, A.W. W eidemenn, K. Y ok o y a, Nucl. Instr. and Meth. A355 (1995) 107. [34] T esla Collab oration, Conceptual Design Rep ort, in preparation. [35] K. Y ok o y a, P . Chen, ‘Electron energy sp ectrum and maxim um disruption angle under multi-photon b eam- strahlung’, Presented at the IEEE Particle A c c eler ator Confer enc e, Chic ago, 1989 , SLAC-PUB-4935 (1989). [36] N. T oomi et al., in preparation. Please contact to to omi@kekvax.kek.jp . [37] T. Ishik a w a, T. Kaneko, K. Kato, S. Kaw abata, Y. Shimizu, H. T anak a. GRACE manual, KEK rep ort 92-19 (1993). [38] S. Kaw abata, Comp.Phys.Comm. , 41 (1986) 127; ibid., 88 (1995) 309. [39] A. Arbuzov, et al. , Phys. Lett. B383 (1996) 238. 190