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Bh1 >O =xO@

1.1 E05-115 <B83

E05-115 <B83$H$O!"2009 G/2F$KJF9q%t%!!<%8%K%"=#$N%8%'%U%!!<%=%s8&5f=j( 0J2<JLab) $NHollC

$K$*$$$F9T$o$l$k!"(e,e'K

+

) H?1~$rMQ$$$?%O%$%Q!<3KJ,8w<B83$NBh;0@$Be<B83$G$"$k!#

(e,e'K

+

) H?1~$H$OEE;R$HM[;R$,EE<'Aj8_:nMQ$K$h$C$F%O%$%Z%m%s$HK Cf4V;R$r@8@.$9$k!"$H$$

$&%O%$%Q!<3K@8@.K!$G$"$k!#$o$l$o$l$O!"JLab $K@_CV$5$l$?CEBAF !JO"B3EE;R@~2CB.4o!K$+$i

$NEE;R@~$r%?!<%2%C%H$K$V$D$1!"(e,e'K

+

) $K$h$C$F@8@.$5$l$?K Cf4V;R$*$h$S;6MpEE;R$N1?F0NL

$r#2$D$N<'5$%9%Z%/%H%m%a!<%?$H8!=P4o72$rMQ$$$FB,Dj$7!"Missing Mass $rAH$`$3$H$G@8@.$5$l

$?%O%$%Q!<3K$N<ANL%9%Z%/%H%k$r5a$a$k!"$H$$$&<jK!$G2a5nFs2s$KEO$j<B83$r9T$C$F$-$?!#$3$N

<B83J}K!$NFC?'$H$7$F0J2<$NE@$,5s$2$i$l$k!#

� 0l<!%S!<%`$rMQ$$$kH?1~$G$"$k$3$H$+$i!"Fs<!%S!<%`$rMQ$$$k<jK!$N%O%$%Q!<3K@8@.<B83$h

$j$b9b$$%(%M%k%.!<J,2rG=$r<B8=$G$-$k!#

� 1?F0NL0\9T$,Bg$-$$( � 400 MeV/c) $N$G?<$$B+G{>uBV$N%O%$%Q!<3K$r@8@.$9$k$3$H$,$G$-$k

� spin-�lp !" spin-non-ip $N%O%$%Q!<3K$N@8@.CGLL@Q$,F1DxEY$G$"$k$?$a!"%9%T%s$K0MB8$7$?

%O%$%Q!<3K9=B$$r$_$k$3$H$,$G$-$k!#

� M[;R$r%O%$%Z%m%s$KJQ49$9$k$N$G!"(K

�

, �

�

) !" ( �

+

,K

+

) H?1~$K$h$C$FF@$i$l$F$-$?%O%$%Q!<

3K$N6@A|3K$r@8@.$9$k$3$H$,$G$-$k!#

$3$N<B83<jK!$OCEBAF $N7s$MHw$($k9b$$6/EY!"%(%_%C%?%s%9!"dut y factor $NNI<A$J%S!<%`

$K$h$j<B8=2DG=$K$J$j!"8=:_$K$*$$$F$b$3$N2CB.4o$rMQ$$$F$7$+<B83IT2DG=$G$"$k!#$o$l$o$l$O

(e,e'K

+

) H?1~$rMQ$$$?@$3&=i$N<B83$G$"$kBh0l@$Be<B83!JE89-009 !" 2000 G/!K!"9bJ,2r K Cf4V;R

%9%Z%/%H%m%a!<%?HKS $r?7@_$7Tilt K!$r:NMQ$7$?BhFs@$Be<B83!JE01-011 !" 2005 G/!K$K$*$$$F

(e,e'K

+

) <B83$NM-MQ@-$r<($9$H$H$b$K!"B,DjAuCV72!&<B83K!$K$D$$$F2~NI$r=E$M$F$-$?!#[1 ]

$=$7$FBh;0@$Be<B83E05-115 $K$*$$$F$O$h$j9-$$<ANL?tNN0h$NI8E*$K$*$$$F!"9bJ,2rG=!&9bE}

7W$N%G!<%?$r$H$k$3$H$rL\;X$7$F$$$k!#?^1.1 $K E05-115 <B83%;%C%H%"%C%W$N35N,?^$r<($9!#

%S!<%`%(%M%k%.!< 2.344[GeV]

2>A[8w;R%(%M%k%.!< 1.5[GeV]

;6MpEE;RB&Cf?41?F0NL0.967[GeV/c]

K

+ Cf4V;RCf?41?F0NL 1.2[GeV/c]

I= 1.1.1: E05-115 <B83%9%F!<%?%9

?^$N2<It$+$iEE;R@~$,%?!<%2%C%H$KF~<M$7!"H/@8$7$?N3;R$OSplitter Magnet $K$h$C$FEE2Y$N

@5Ii$K$h$j50F;$rJ,$1$i$l$k!#N3;R$O$=$l$>$l HES !J9bJ,2rG=;6MpEE;R%9%Z%/%H%m%a!<%?!K5Z$S
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?^ 1.1: E05-115 <B83%;%C%H%"%C%W

HKS !J9bJ,2r K Cf4V;R%9%Z%/%H%m%a!<%?!K$KF~<M$7!"PID 5Z$S1?F0NL!&TOF B,Dj$,$J$5$l$k!#%9

%Z%/%H%m%a!<%?$NMagnet $O$H$b$K>oEAF3<'@P$NQ-Q-D %7%9%F%`$G$"$k!#

K Cf4V;R!";6MpEE;R$N0LCV!&3QEY>pJs$+$i!"I8E*$K$*$1$k1?F0NL$NBg$-$5!&3QEY$rF3$/!#$=$N:]

$K$O!"3F<'@P$N8w3XE*@-<A$+$i$=$l$i$NJ*M}NL$KJQ49$9$k9TNs!"M"Aw9TNs$rMQ$$$k!#5a$a$i$l$?

1?F0NL%Y%/%H%k>pJs$HF~<MEE;R1?F0NL!&%(%M%k%.!<$K$h$jMissing Mass $r0J2<$N<0$K$h$j5a$a!"

@8@.$5$l$?%O%$%Q!<3K$N<ANL%9%Z%/%H%k$r5a$a$k!#M

T

$O%?!<%2%C%H<ANL$G$"$k!#

M

2

H Y

= ( E

e

+ M

T

� E

k

� E

e `

)

2

� ( ~p

e

� ~p

k

� ~p

e `

)

2

(1.1)

;6MpEE;RB&!&K Cf4V;RB&$H$b$K%"%/%;%W%?%s%9$ND6A0J}$G%P%C%/%0%i%&%s%IN3;R$,BgNL$K@8$8

$k!#$h$C$FHES !" HKS $OD6A0J}$rHr$1$?3QEY$GG[CV$5$l!"$+$DHES $O1tD>J}8~$K$bA4BN$r79$1

$k"Tilt K! " $r:NMQ$7$F%$%Y%s%H?t$r8:$i$7$F$$$k!#Tilt 3Q:GE,2=$K$D$$$F$O[2 ] $K>\$7$$!#$3$N<j

K!$OBhFs@$Be<B83$K$h$C$FMQ$$$i$l!"8z2L$rH/4x$7!"Bh0l@$Be<B83$G<B8=$5$l$J$+$C$?$h$j9b$$

%S!<%`6/EY$G$N<B83$r2DG=$K$7$?!#

1.2 HKS

HKS $K$OCf?41?F0NL1.2[GeV] $NN3;R$,HtMh$9$k!#<g$J%P%C%/%0%i%&%s%I$Oe

+ !" �

+ 5Z$SM[;R$G

$"$k!#$3$N$&$Ae

+ $OFC$K=E$$3K$rI8E*$K$7$?>l9gD6A0J}$KHs>o$KBgNL$KJ|=P$5$l$k$b$N$N!">e5-

$NTilt K!$K$h$j$"$kDxEYreject $G$-$k!#$h$C$FK Cf4V;R$H�

+ !&M[;R$H$N<1JL$,=EMW$H$J$k!#

?^ 1.2 $KHKS B&$N%;%C%H%"%C%W$r<($9!# %S!<%`>eN.!J:8B&!K$+$iHDC 1 , 2 !" HTOF1 !" A C

1 , 2 , 3 !" HTOF 2 !" W C 1 , 2 !" LC $rCV$/!#

0LCV8!=P4o$H$7$FHDC(HKS Drift Chem b er) !"8eCJ$K PID $NL\E*$GA C(Aerogel Cherenco v) !"

W C(W ater Cherenco v) !" LC(Lucite Cherenk o v) !" HTOF(HKS Time of Fligh t) $,CV$+$l$k!#A C
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?^ 1.2: HKS B&8!=P4o72

sensitiv e v olume[cm

3

] construction

Drift Cham b er

HDC1 120 !_ 30 !_ 14 xx',uu'(30[deg]),xx',vv'(-30[deg]),xx'

HDC2 120 !_ 30 !_ 14 xx',uu'(30[deg]),xx',vv'(-30[deg]),xx'

TOF coun ter PMT Hamamatsu H1949 (2")

HTOF1Y 120 !_ 30 !_ 2 3.5

W !_ 9 segmen ts

HTOF1X 120 !_ 30 !_ 2 7.5

W !_ 17 segmen ts

HTOF2X 170 !_ 35 !_ 2 9.5

W !_ 18 segmen ts

Aerogel Cherenk o v coun ter Silica Aerogel ,PMT:photonis (5")

A C1 169 !_ 46 !_ 31 20

W !_ 7 segmen ts

A C2 169 !_ 46 !_ 31 20

W !_ 7 segmen ts

A C3 169 !_ 46 !_ 31 20

W !_ 7 segmen ts

W ater Cherenk o v coun ter W ater,PMT:Hamamatsu H7195 or H7195-UV (2")

W C1 187.5 !_ 35 !_ 8 15.6

W !_ 12 segmen ts

W C1 187.5 !_ 35 !_ 8 15.6

W !_ 12 segmen ts

Lucite Cherenk o v coun ter Lucite,PMT:photonics (3")

LC 189 !_ 35 !_ 8 13.5

W !_ 13 segmen ts

I= 1.2.2: HKS B&8!=P4o$N<g$J;EMM
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$O( �

+

,K

+

) <1JL!" W C !& LC $O(K

+

,p) <1JL$NL\E*$GCV$+$l$F$$$k!#%H%j%,!<CJ3,$G$OA C !& W C !&

LC $K$h$j k aon 0J30$N%P%C%/%0%i%&%s%I$rM^@)$7!"o� line $G$O$3$l$i$N8wNL>pJs$HTOF $K$h$k

Ht9T;~4V>pJs!" HDC $K$h$k1?F0NL>pJs$rAH$_9g$o$;$k$3$H$G$h$j87$7$/k aon $rA*$S=P$9!#

1.3 K\9F$NL\E*

2005 G/$K9T$o$l$?BhFs@$Be<B83E01-011 Ev;~!" HKS B&Detector 72$NIU6a$GPMT 4,<4J}8~$K

5[G] DxEY$NO3$l<'>l$,H/@8$7!"PMT $N%7%0%J%k$,Cx$7$/8:>/$9$k!"$H$$$&;vBV$,5/$3$C$?!#BP

:v$H$7$FPID Detector 72$rJq$`$h$&$KE4$NJ$$$$r$D$/$j2 !A 3[G] $^$G30<'>l$r8:$i$7$?$b$N$N!"

A C MQPMT $H$7$FMQ$$$i$l$F$$$?5" 4I$O0MA31F6A$,?<9o$G$"$C$?$?$a!"2f!9$O%P%C%-%s%0%3%$

%k$r;HMQ$7$?!#$=$N8z2L$K$h$C$F5" 4I$N%2%$%s$r2sI|$5$;!"A C $Ne�ciency $rI|3h$5$;$k$3$H$K

@.8y$7!"<B83$r9T$&$3$H$,$G$-$?!#

?^ 1.3: E01-011 <B83$GA C5" 4I$K4,$+$l$?%P%C%-%s%0%3%$%k

Bh;0@$Be<B83E05-115 $G$NHKS B&$NJQ99E@$O:G2<N.$KLucite Cherenco v %+%&%s%?!<$r?7@_$7

$?E@$N$_$G$"$k$N$G!"A02s<B83F1MM$NO3$l<'>l$,H/@8$9$k$3$H$,M=A[$5$l$k!#$^$?!"%S!<%`$K$h$k

J|<M2=$,7c$7$+$C$?$?$a$KE4$N<'5$%7!<%k%I$O;\$5$J$$$3$H$,7hDj$7$F$$$k!#$h$C$FA02s?<9o$J

LdBj$H$J$i$J$+$C$?W C MQPMT(2" 4I ) $N@-G=0-2=$bL5;k$G$-$J$/$J$k$HM=A[$5$l!":#2s?7$?$K

W C $K$D$$$F$b%P%C%-%s%0%3%$%k$r;\$9$3$H$H$J$C$?!#<'>lBP:v$r$7$J$$>l9g!"6qBNE*$K$OW C

$NNPE ?t$N8:>/!"$9$J$o$A (K

+

,p) J[JLG=NO$N?<9o$J8:>/$,M=A[$5$l$k!#

K\8&5f$N%F!<%^$O>e5-$N$h$&$K=EMW$JAuCV$G$"$k%P%C%-%s%0%3%$%k$G$"$j!"W C MQPMT $K$D$$

$F%P%C%-%s%0%3%$%k$,5!G=$9$k$+!"$^$?%P%C%-%s%0%3%$%k$=$l<+BN$,$I$N$h$&$J@-<A$r;}$D$+$r

8&5f$7!" E05-115 <B83$K$*$1$k;HMQ$KLrN)$F$k$3$H$rL\;X$7$F9T$C$?!#

$^$?!" E01-011 <B83$N$h$&$K!V<'>l$NPMT $KM?$($k1F6A!W$O<B83$NK8$2$K$J$k$3$H$NB?$$%F!<

%^$G$"$k$N$G!"<'>l$HPMT $K4X$9$k4pAC%G!<%?$r$H$k$3$H$bL\E*$H$7$F9T$o$l$?!#
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?^ 1.4: 2>AH$_N)$F$NCJ3,$G$NW C 72$N%;%C%H%"%C%W!#12 %;%0%a%s%H!"#2AX$+$i$J$k!#<B83;~$K$O

$3$NA08e$KA C $HLC $,CV$+$l$k!#
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Bh2 >O %P%C%-%s%0%3%$%k86M}

2.1 PMT 86M}

?^ 2.1: PMT 9=B$35G0?^

PhotoMultiplier( 0J2< PMT) $H$O!"0J2<$NCJ3,$r7P$FHy<e$JF~<M8w$rA}G\$5$l$?EEN.$H$7$F=P

NO$9$kAuCV$G$"$k!#

1. 8wEELL$K8w$,F~<M$7!"30It8wEE8z2L$K$h$C$F8wEE;R$,J|=P$5$l$k

2. 8wEE;R$O=8B+EE6K$K$h$C$FM6F3$5$l$k$H$H$b$KEE0L:9$G2CB.$5$l$F!"A}G\It( Bh0l%@%$%N!<

%I) $K$V$D$+$jFs<!EE;R$rJ|=P$9$k

3. Fs<!EE;R$O$^$?<!$N%@%$%N!<%I$K$V$D$+$j!"3F%@%$%N!<%I4V$GEE;R?t$,A}G\$7$F$$$/

:G=*E*$KM[6K$+$iEEN.$r<h$j=P$9$3$H$K$h$j!"PMT $KF~<M$7$F$-$?8w$rEEN.$H$7$F8!=P$9$k$3$H

$,$G$-$k!#

=PNOEEN.I

p

$H8wEELL$+$i$NF~NO8wEE;RN.I

k

$NHf$H$7$FDj5A$5$l$k%2%$%s( EEN.A}G\N() � $NCM

$O!"8wEE;R$,Bh0l%@%$%N!<%I$NA}G\M-8zItJ,$KF~<M$9$k3NN(!J<}=88zN(� !K$HBhn %@%$%N!<%I$N

Fs<!EE;RJ|=PHf�

n

$G7h$^$k!#

� =

I

p

I

k

(2.1)

= � � �

1

� �

2

� � � �

n

(2.2)

= � � G (2.3)

Bh;09T$G%@%$%N!<%I4V$G$NA}G\N($r$^$H$a$FG $HCV$$$?!#<}=88zN($ODL>o60 !A 90 !s$G$"$j!"%@%$

%N!<%I4VA}G\N(G $O0u2CEE05$K$h$jJQ2=$9$k!#

8wEE;R!"Fs<!EE;R$r%@%$%N!<%I$K$h$j8zN($h$/=8$a$k$?$a!"FbItEE6K$OEE;R50F;2r@OK!$K$h$j

:GE,$J0LCV$HG[CV$K@_7W$5$l$F$$$k!#$7$+$7<'>l$+$+$C$?>l9g1?F0EE;R$O%m!<%l%s%DNO$r<u$1!"A[
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Dj$5$l$?50F;$+$i30$l$F$7$^$&!#$f$($K PMT $O<'>l$K6K$a$FIR46$G$"$k!#

IM>>%U%)%H%K%/%9<R$N;qNA[3] $h$j!" 1" 8wEE;RA}G\4I$N<'>l0MB8@-5Z$S%7!<%k%I%1!<%98z2L$N

%G!<%?$r:\$;$k!#Hf3SE*4I7B$N>.$5$J1"PMT $K$*$$$F$b!"<'5$%7!<%k%I$r4,$$$?>e$G?t%,%&%9

DxEY$N%*!<%@!<$G<'>l1F6A$,8=$l$k$3$H$,J,$+$k!#

%"%C%;%s%V%j7?$NPMT $K$O<'5$<WJC$N$?$a$K9bF)<'N(:`NA&L%a%?%k$G:n$i$l$?<'5$%7!<%k%I

%1!<%9$,IUB0$7$F$*$j!"CO<'5$%l%Y%k$G$N<WJC8z2L$OBg$-$$!#$7$+$7$J$,$i%0%i%U$KI=$l$F$$$k

$h$&$K30It<'>l$,4I<4J}8~$N>l9g%7!<%k%I$,<'5$$r5[$($J$$$?$a$K<WJC8z2L$,Dc$/$/$J$k!"$H$$

$&7gE@$,$"$k!#$^$?!"FbIt9=B$$N2sE>HsBP>N@-$+$i!"4I<42sE>3QEY$K$D$$$F$N0MB8@-$,B8:_$7$F

$$$k!#

?^ 2.2: [3 ] $h$j!" PMT %7!<%k%I%1!<%98z2L5Z$S<'>l3QEY0MB8@-$N%G!<%?!#%7!<%k%I%1!<%9$N8z2L

$H%2%$%s$N<'>l3QEY0MB8@-!#

2.2 %P%C%-%s%0%3%$%k86M}

%P%C%-%s%0%3%$%k$H$O!"PMT $N%1!<%9$^$o$j$KF3@~$r4,$$$FEEN.$rN.$9$3$H$G6I=j<'>l$r:n$j!"

30It<'>l$r%-%c%s%;%k$9$k$H$$$&<'5$1F6A7Z8:J}K!$G$"$k!#<'>l$N8z2L$,8:$k$N$G!"EE;R$O$b$H
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$I$*$jA[Dj$5$l$?50F;$rIA$-A}G\$5$l!"%2%$%s$,2sI|$9$k!#H/@8$9$k<'>l$O4I<4J}8~$G$"$j$=$N

J}8~$N<'>l$KBP$7%-%c%s%;%k8z2L$,9b$$$N$G!"<'5$%7!<%k%I%1!<%9$N7gE@!"46$8$/$N$rJd$($k!#

E05-115 <B83$N>l9gPMT 4I<4J}8~$N<'>l$G$"$k$3$H$H3FPMT $N<~0O$K$5$i$J$k<'5$%7!<%k%I

$r;\$9$N$,%8%0$N@_7W>eIT2DG=$G$"$k$3$H$+$i!"<'>lBP:v$H$7$F%P%C%-%s%0%3%$%k$,8!F$$5$l$?!#

?^ 2.3: <B:]$K4,$+$l$?%P%C%-%s%0%3%$%k

$3$N<jK!$O9-$/CN$i$l$F$$$k$b$N$N!">\$7$/8&5f$5$l$?$3$H$O$J$+$C$?!#PMT $NFbIt9=B$$NJ#

;($5$d%P%C%-%s%0%3%$%k<'>l$NPMT $KBP$9$kIT6Q0l$5$r9M$($?>l9gM-8z$G$"$k$3$H$O<+L@$G$O

$J$/!"8z2L$O;HMQ$9$kPMT $d4,$-J}!J4,$/>l=j!&4,$-?tEy!K!"$5$i$K$O%P%C%-%s%0%3%$%k<'>l$,

30<'>l$H$J$93QEY$K$D$$$F0MB8$9$k$3$H$OL@$i$+$G$"$k!#
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Bh3 >O <B83%;%C%H%"%C%W

3.1 PMT

%F%9%H$9$kPMT $O!"IM>>%U%)%H%K%/%9<R@=%i%$%s%U%)!<%+%97?%"%C%;%s%V%j%?%$%W$NPMT !"

Hamamatsu7195( &U=2" !"0J2< H7195) $HHamamatsu6527( &U=5" !"0J2< H6527) $N#2<oN`$G$"$k!#

?^ 3.1: %F%9%H$7$?PMT $N@~?^!"2sO)?^!#:8$, H7195 !"1&$, H6527 !#

H7195 H6527

K\BN R329-02 R1250

<'5$%7!<%k%I E989-62 E989-29

4I7B [mm] 60.0 142.0

!!!! A4D9 [mm] 215 360

%@%$%N!<%ICJ?t 12 14

%2%$%sT yp. 3.0E+6 1.4E+7

I8=`0u2CEE05[V] 2000 2000

:GBg0u2CEE05[V] 2700 3000

I= 3.1.1: PMT %9%F!<%?%9
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H7195 $O:#<B83$K$*$$$FW C Lo w Momen tum B&$G;HMQ$5$l$kPMT $G$"$k!#High Momen tum

B&$NW C $K;HMQ$5$l$kH7195-UV $O8wEELL$NAk$,UV %,%i%9!J46EYGHD9!d185[nm] !K$G$"$j!" H7195

$NAk:`bobk;@%,%i%9!J46EYGHD9!d300[nm] !K$HHf3S$7$FC;GHD9NN0h$K46EY$,9b$$E@$N$_0c$$$,$"$k

$,FbIt9=B$$OF1$8$G$"$k$N$G!"H7195 $HF1$8<'>l0MB8@-$r<($9$HM=A[$5$l$k!#$h$C$FK\<B83$N7k

2L$OA4$F$NW C MQPMT $K$D$$$FE,MQ$G$-$k$H9M$($i$l$k!#

H6527 $OE01-011 <B83$NEv=iA C $K;HMQ$,M=Dj$5$l$F$$$?PMT $G$"$k!#%P%C%-%s%0%3%$%k$K$h

$k%2%$%s2sI|N($,K'$7$/$J$$$HH=CG$5$l$F;HMQ$r95$($i$l!"<B83ESCf$Gphotonis <R@=$NXP-4572

$KBe$($i$l$?!#

K\9F$G$O%5%$%:$K$h$k<'>l5Z$S%P%C%-%s%0%3%$%k$N8z2L$N0c$$$r3N$+$a$kL\E*$G!"$3$NPMT $K

$D$$$F$b<'>l0MB8@-$H%P%C%-%s%0%3%$%k$N%G!<%?$r$H$C$?!#

3.2 <'>lAuCV

I= 3.2.2 $K%7%e%_%l!<%H<'>l$H$7$F@=:n$7$?%X%k%`%[%k%D%3%$%k$N%9%F!<%?%9$r:\$;$k!#>\$7$/

$OAppindex $K$^$H$a$?!#

D>7B 81[cm]

%3%$%k4V5wN% 41[cm]

%3%$%kCf?49b$5 46[cm]

%3%$%k4,?t 3F!9114 4,

Dq93 2.5[ &8]

F3BNCGLL@Q 4.0[mm

2

]

I= 3.2.2: %X%k%`%[%k%D%3%$%k%9%F!<%?%9

%3%$%k4V$K!"%3%$%kCf?4$N9b$5$K9g$&PMT $rCV$/Bf$rMQ0U$7!"NMR %W%m!<%V$rMQ$$$F<'>lB,

Dj$r9T$$!"FbIt<'>l$N%3%$%kEEN.CM$H$N@~7A@-!"$*$h$SFbIt<'>l$N6Q0l$5$r3NG'$7!"%3%$%kEEN.

BPH/@8<'>l$N9;@5<0$r5a$a$?!#EEN.8;$H$7$F$OKIKUSUI <R@=D>N.0BDj2=EE8;16-30A $rMQ$$$?!#

9;@5<0$rMQ$$$F%3%$%k$KN.$l$kEEN.CM$+$iH/@8<'>l$r49;;$7$?!#

3.3 8w8;

0lDj$JF~NO8wEE;RN.$rF@$k$?$a$KLED $rMxMQ$7$?!#LED $rDl$NCf?4$K@\Ce$7$?8|;f$N1_E{$r

PMT $KHo$;!" LED $KClo c k Generator $+$i$N TTL ?.9f$rF~NO$7$?!#8wEELL$KBP$76Q0l$J8w$rF@

$k$?$a$K!"LED $NF,$K$O8w3H;6%-%c%C%W$r$D$1!"1_E{FbB&$K$OH?<M:`$H$7$F%7!<%k%F!<%W$rE=$C

$?!#$^$?!"1_E{<~$j$K$O<W8w%7!<%H$rFs=E$K4,$$$?!#

LED $OST ANLEY 3889S Y ello w !JGHD9690[nm] !"I8=`;EMM 4[mCd] !K$rMQ$$$?!#

?^ 3.2 $N$h$&$J=PNOGH7A$G<B83$r9T$C$?!#MQ$$$?B,Dj7O$G$O8w$k;~4V(TTL $Nwidth) $HLED $K

$+$+$kEE05$NJQ2=$K$h$j8wNLD4@a$,2DG=$G$"$C$?$,!"LED $, Threshold $rD6$($d$9$$$h$&$J$k$@

$19bEE05!"C;width(25 !A 30[ns]) $H$7$?!#<B83;~$K$O%/%l!<%HEE05Ey$NMI$i$.$K$h$jB?>/%Q%k%9$N

=PNO$,JQF0$7$?$,!"A4$F$NB,Dj$G!A220 $N8wNL$H$J$k$h$&width $rHyD4@a$7$?!#
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?^ 3.2: LED $N8wF~NO$K$h$kPMT $N=PNOGH7A!#@D$,F~NO%Q%k%9!"2+?'$,PMT $+$i$N=PNO$G$"$j!"

!A 220NPE DxEY8w$C$F$$$k!#

3.4 <B83J}K!

?^ 3.3 $K<B83A4BN$N%;%C%H%"%C%W$r<($9!#%3%$%k$N4V$KCV$$$?LZ$NBf$N>e$K$5$i$KGv$$HD$rCV

$-!" LED 1_E{%-%c%C%W$rHo$;$?PMT $r8GDj$7$?!#PMT $r>h$;$?Bf$HHD$N3QEY$rJQ$($k$3$H$G!"

<'>l$H PMT 4I$H$N3QEY&H$rJQ$($k$3$H$,$G$-$k!#

?^ 3.3: <B83$N%;%C%H%"%C%W$HH/@8<'>l

<B83<<4D6-$G$O!A0 .3 [G] $N%P%C%/%0%i%&%s%I<'>l$,>2J}8~!JPMT 4I<4?bD>!K$KBf>e$I$N0LCV$K

$*$$$F$bB8:_$7$?!#$^$?!"E46Z$N>2$dB>$N<'2=J*$J$I<~0O$N$b$N$N<'2=$O%3%$%k<'>lB,Dj;~$K%R

%9%F%j%7%9$,B8:_$7$J$+$C$?$3$H$K$h$j==J,L5;k$G$-$k$H9M$($i$l$k!#

$^$?!"?^ 3.4 $,&UJ}8~$NDj5A$G$"$k!#PMT 8wEELL$rGA$-$J$,$iBh0l%@%$%N!<%I$K?bD>$^$?$OJ?

9T$K$J$k$h$&4I<4$N<~$j$K90 !k$4$H$K@~$r0z$-!"LED 1_E{%-%c%C%W$rHo$;$?>uBV$G$=$N@~$H%"%/

%j%k$G@=:n$7$?;Y;}6q$r9g$o$;$k$3$H$K$h$j&U$r9g$o$;$?!#8wEELL$N3QEY$OPMT <'5$%7!<%k%I

$r$D$1$?>uBV$G$O@53N$KJ,$+$i$J$$$?$a!"@dBPCM$N?.MjEY$ODc$$!#$"$/$^$G&UJQ2=$N8z2L$rBg$^

$+$K8+@Q$b$k$3$H$rL\E*$H$7$?!#

=PNOJQ2=$NB,Dj$K$OLeCro y 12Channel ADC $rMQ$$!"LED $X$NTTL =PNO$KF14|$7$?Clo c k
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?^ 3.4: &UDj5A

Generator $NNIM =PNO$+$i%2!<%H$r:n$j!"%H%j%,!<$H$7$?!#%7%0%J%k$,A4$F%2!<%H$K$$$l$k$h$&!"

ADC $N%2!<%H$O==J,9-$/!J!A500[ns] !K$H$C$?!#

<B83;~$OTTL <~GH?t$O1[kHz] !" D A Q $N%+%&%s%H?t$Op edestal run $r4^$a>o$K40000 %+%&%s%H

$H$7$?!#
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Bh4 >O <B837k2L5Z$S9M;!

4.1 PMT =PNO<'>l0MB8@-

4.1.1 H7195 !J 2" 4I!K

?^ 4.1 $OH7195 $K$D$$$F4I<4J}8~$N<'>l$rA}2C$5$;$F$$$C$?$H$-$NADC J,I[JQ2=$G$"$k!#

h1
Entries  40000
Mean    140.3
RMS     29.35

ADC channel    
0 200 400 600 800 1000 1200 1400 1600 1800 2000

C
ou

nt

1

10

210

310

h1
Entries  40000
Mean    140.3
RMS     29.35

ADC ch1

?^ 4.1: 4I<4J}8~$N<'>l$K$h$k ADC J,I[JQ2=!#30<'>l$NBg$-$5$O1&$+$i=g$K0,5,10[G] $G$"$k!#

!A 220NPE DxEY$rF~NO$7$F$$$k$N$G%A%c%s%M%k$O%,%&%9J,I[$H$J$j!"<'>l$NA}2C$KH<$$Cf?4CM

$HI}$,JQ$o$C$F$$$/$N$,J,$+$k!#

F~NO8wEE;RN.I

k

$,0lDj$G$"$k>l9g!"<0 (2.1) !A (2.3) $h$j<'>l$N$"$k>l9g$H$J$$>l9g$N%2%$%sHf!"

AjBP%2%$%s$O

� ( B )

� ( B = 0)

=

� ( B ) � G ( B )

� ( B = 0) � G ( B = 0)

!!!!!!!!!!!!!!!!!!!!!!!!!! (4.1)

!!!!!! =

I

p

( B )

I

p

( B = 0)

(4.2)

$GM?$($i$l$k!#

ADC $N%G!<%?J,I[Cf?4E@$OF~NOEEN.J?6QCM$r$"$i$o$9$N$G!"<'>l#0$N$H$-$NADC Cf?4CM$H30<'

>l B $N$H$-$NADC Cf?4CM$H$NHf$K$h$jAjBP%2%$%s$r7W;;$G$-$k!#Cf?4CM$r5a$a$k:]$O!"%,%&%94X

?t$r%U%#%C%H$7$?!#H6527 $N>l9g$O%2%$%s$N>.$5$$$H$3$m$G$O%]%"%=%s%U%#%C%H$b;H$C$?!J4.1.2 !K!#

H7195 $K$D$$$F!"&H=0,30,60,90 !k$K$*$1$k<'>l6/EYBPAjBP%2%$%s$N%0%i%U$O?^4.2 $N$h$&$K$J$C

$?!# HV CM$O2000[V] !"&U=0 $G$"$k!#
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Magnetic field[G]

Magnetic field vs Normalized Gain (H7195,HV=2000)

theta=0
theta=30
theta=60
theta=90

&H[ !k] 1.0[G] 3.0[G] 5.0[G] 10.0[G]

0 0.99 0.76 0.38 0.11

30 0.99 0.84 0.49 0.14

60 0.98 0.96 0.83 0.35

90 0.98 0.97 0.95 0.90

?^ 4.2: H7195 <'>l0MB8@-!#&H=0,30,60,90 !k$=$l$>$l$N>l9g$K$D$$$F$N<'>l6/EYBPAjBP%2%$%sCM!#

CO<'5$%l%Y%k!J!c#1[G] !K$G$O$I$N3QEY$G$b1F6A$O$J$$$b$N$N!"E05-115 <B83$GA[Dj$5$l$k5[G]

DxEY$K$J$k$H4I<4J}8~$N<'>l$KBP$7#4!A#53dDxEY$^$G%2%$%s$,Mn$A9~$`$3$H$,J,$+$C$?!#0lJ}!"4I

<4$K?bD>$J>l9g$O<'5$%7!<%k%I$,Bg$-$/8z2L$rH/4x$7!"C<Kv8z2L$,$"$k$b$N$N10[G] $G#13d$N8:

>/$G$9$`!#$9$J$o$A!"PMT $K2C$o$k<'>l$N$&$A4I<4J?9TJ}8~$N@.J,$,<'5$%7!<%k%IFb$KF~$j!"%2

%$%s$KBP$71F6A$7$F$$$k!#

<!$K!"%2%$%s8:>/$N860x$K$D$$$FD4$Y$?!#%2%$%s8:>/$N860x$O<04.1 $h$j<}=88zN( � $^$?$O

%@%$%N!<%I4V%2%$%sG $NJQ2=$G$"$k!#0l8wEE;R$,%@%$%N!<%I4V$GA}G\$5$l$?7k2L@8$:$kEE2YCM

=OnePhotonElectron !J0J2< OPE !K$NCM$O!"%;%k%U%H%j%,!<$GOPE $NH/@8EEN.$NADC J,I[$r$_

$k$3$H$G5a$a$k$3$H$,$G$-$k$N$G!"G JQ2=$r8+$k$?$a$K<'>l$rJQ2=$5$;$D$DOPE $NCM$NJQ2=$rD4

$Y$?!#? 4̂.3 $K<'>l$r$+$1$?$H$-$NOPEADC J,I[$HCf?4CMJQ2=$N%0%i%U$r$N$;$k!#HV $O2300[V]

$G$"$j!"4I<4J}8~$K<'>l$r2C$($F$$$C$?!#

h1
Entries  40000

Mean    10.04
RMS     2.501

Constant  48.5±  7189 
Mean      0.013± 9.883 

Sigma     0.011± 2.068 

ADC channel    
0 5 10 15 20 25 30 35

C
ou

nt

1

10

210

310

410

h1
Entries  40000

Mean    10.04
RMS     2.501

Constant  48.5±  7189 
Mean      0.013± 9.883 

Sigma     0.011± 2.068 

ADC ch1

 0.8

 0.85

 0.9

 0.95

 1

 1.05

 1.1

 0  2  4  6  8  10
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Magnetic field[G]

Magnetic field vs Normalized OPE (H7195,HV=2300[V]

?^ 4.3: <'>l$K$h$k OPE JQ2=!#:8$O<B:]$NJ,I[ ( 9u 0[G], @V10[G]) !"1&$O<'>lBP#0<'>l$N$H$-$NCM

$G5,3J2=$7$?AjBPOPE CM!#

?^ 4.3 Cf!" OPE $OF1$8HO0O$G%,%&%9%U%#%C%H!J?^$G$O9u=0[G] $K%U%#%C%H!K$7!"$=$NCf?4CM$GDj
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5A$7$?!#OPE $O5[G] $G2 !s!" 10[G] $G4 !s$NA}2C$,8+$i$l$?!#$3$NHyA}$O%m!<%l%s%DNO$K$h$j%@

%$%N!<%I$K$V$D$+$k:]$N1?F0%(%M%k%.!<$NJQ2=$+$H?dB,$5$l$k!#$H$O$$$(!"AjBP%2%$%s$NJQ2=NL

$KHf$Y$l$PHy>.$JJQ2=$G$"$j!"<'>l$KBP$7$F%@%$%N!<%I4V$NA}G\N($O$[$\JQ$o$i$:!"%2%$%s8:>/

$N<gLr$O<}=88zN($NDc2<$H7kO@$G$-$k!#

$3$N<}=88zN($N$_8:>/$9$k$H$$$&9M;!$O!"?^4.1 $K8=$l$k$h$&$JADC Cf?4CM$HJ,I[I}$H$N4X78

$+$i$bFI$_<h$l$k!#Bh0l%@%$%N!<%I$KEv$?$C$?EE;R8D?tm $NG G\$K$h$C$F=PNOEE2Yx[C] $,7h$^

$k$H$7G $,JQ2=$7$J$$$H$9$l$P!"x[C] $NJ,I[$O m $NJ,I[$N$_$K0MB8$7!"x $NJ?6QCM�x $HI8=`JP:9

�

x

$Om $NJ?6QCM�m $rMQ$$$F

�x = e � G � m = O P E � m ( O P E � e � G ) (4.3)

�

x

= O P E � �

m

=

p

O P E �

p

�x (4.4)

$H$+$1$k!#$9$J$o$AI8=`JP:9$OJ,I[Cf?4CM$NJ?J}:,$KHfNc$9$k!#

HV2300 !"4I<4J}8~$K<'>l$r$+$1$F$$$C$?$H$-$NCf?4CM$HI}JQ2=$rCf?4CMBPI}$G%W%m%C%H$7f ( x ) =

a

p

x $G%U%#%C%H$7$?$N$,?^4.4 $G$"$j!" G 0lDj$N2>Dj$,@5$7$$$3$H$,J,$+$k!#
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?^ 4.4: H7195ADC J,I[Cf?4CMBP� 5Z$Sf(x)=a

p

x $N%U%#%C%F%#%s%07k2L!#<'>l0 $NE@( 1&>e) $+

$i 10[G] $NE@( :82< ) $^$G!#$9$k!#

E05-115 <B83$K$*$$$F$OM?$($i$l$?EE2YCM$rOPE $NCM$G3d$C$F$=$N$H$-$N8wNLNPE $rDj5A$9

$k$N$G!"OPE $,0lDj$GEE2YCM$N$_8:$k>l9gK\Mh$h$j$b>.$5$$NPE CM$rF@$k!#$9$J$o$A!"<'>l$N

2<$G$O7k2L$H$7$FNPE $,8:>/$7$F$7$^$&!#

$^$?!"?^ 4.5 $O0[$J$kHV $G%2%$%s8:>/$r$_$?$b$N$G$"$k!#<'>l$N8~$-$O4I<4J}8~$G$"$k!#

%0%i%U$N7A>u$OF17?$H$J$k$b$N$N!"HV CM$,9b$$$[$I%2%$%s8:>/N($O>o$K>.$5$$$H$$$&7k2L$,=P

$?!#Nc$G$"$k$,5[G] $G$O1700[V] $H2300[V] $G11 !s$HBg$-$J:9$,@8$8$?!#$3$l$O<!$N$h$&$K9M$(

$i$l$k!# HV $NEE05$,J,05$5$l$F3F%@%$%N!<%I$K$+$+$C$F$$$k$N$G!"HV $r>e$2$l$P3FEE;R$N<u$1

$k%/!<%m%sNO$OBg$-$/$J$k!#8wEE1"6K$rHt$S=P$7$F$+$iBh0l%@%$%N!<%I$KFO$/$^$G!"EE;R$K$O<'

>l$K$h$k%m!<%l%s%DNO$H%@%$%N!<%I4V$NEE0L:95/0x$N%/!<%m%sNO$,6%9g$9$k$N$G!"%/!<%m%sNO$,
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?^ 4.5: HV $rJQ$($?$H$-$N<'5$0MB8@-JQ2=!#<'>l6/EYBPAjBP%2%$%s!#HV $,9b$$$[$IF1<'>l6/EY

$G$N%2%$%s8:>/N($,>.$5$/$J$C$F$$$k

Bg$-$/$J$l$P$=$l$@$150F;$X$N%m!<%l%s%DNO$N1F6A$,>.$5$/$J$j!"=>$C$FHV $r>e$2$k$[$I<}=8

8zN($NDc2<$,M^$($k$3$H$,$G$-$?!#

4.1.2 H6527 !J 5" 4I!K

H6527 $K$D$$$F$bH7195 F1MM$K<'>l$H3QEY$rJQ2=$5$;$F%2%$%sJQ2=$r8+$?!#HV CM$O1700[V] !"

&U=0 $G$"$k!#
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Magnetic field vs Normalized Gain(H6527,HV=1700) 

theta=0
theta=30
theta=60
theta=90

&H[ !k] 1.0[G] 2.0[G] 3.0[G] 5.0[G]

0 0.56 0.11 0.05 0.02

30 0.66 0.17 0.06 0.02

60 0.88 0.48 0.20 0.06

90 0.97 0.83 0.70 0.48

?^ 4.6: H6527 <'>l0MB8@-!#&H=0,30,60,90 !k$=$l$>$l$N>l9g$K$D$$$F$N<'>l6/EYBPAjBP%2%$%sCM!#

?^ 4.2 $HHf3S$9$k$3$H$K$h$j!"H6527 $,Hs>o$K<'>l$KBP$7IR46$G$"$k$3$H$,J,$+$k!#!A#1[G] $G

90 !k$K$*$$$F$b<'>l1F6A$,82Cx$G$"$j!"4I<4J}8~ 5[G] $N<'>l$,0u2C$5$l$?:]$N=PNO$O2 !sDxEY$H

$J$C$?!#

H7195 $HF1MM$K<}=88zN($N8:>/$,5/$3$C$F$*$j!"FC$KH7195 $KHf$Y4I8}%5%$%:!&8wEELL- %@%$

%N!<%I4V$N5wN%$,Bg$-$$$N$G!"Ht$S=P$7$?8wEE;R$,%m!<%l%s%DNO$G50F;$,$:$l$d$9$$$?$a$K<'>l

18



$KBP$7$h$j@H<e$G$"$k!"$H9M$($i$l$k!#&H=90 !k$G$NJQ2=$rHf3S$9$k$H!"4I7B$,Bg$-$$$3$H$K$h$j

H6527 $NJ}$,C<Kv8z2L$N1F6A$bBg$-$$$3$H$,J,$+$k!#

$J$*!"=PNO$,10 !s$r@Z$k<'>l$G$O%@%$%N!<%I$K$V$D$+$kJ?6QEE;R?t$,>.$5$$(220 !_ 0.1 !A 20 8D)

$r@Z$C$F$$$k$H9M$($i$l$?$N$G!"ADC J,I[$KBP$7$F%,%&%9J,I[$G$O$J$/%]%"%=%sJ,I[$r%U%#%C%H

$7$FCf?4CM$r5a$a$?!#

H6527 $K$D$$$F$b!"J,I[$NCf?4CM$HI}$N4X78$r$_$F$_$?!#?^4.7 $,4I<4J}8~$K<'>l$r$+$1$F$$$C

$?$H$-$NCf?4CMBPI}$NJQ2=$G$"$j!"H6527 $N>l9g$bf(x)=a

p

x $K$h$/%U%#%C%H$9$k!#$9$J$o$Ah7195

F1MM<}=88zN($NDc2<$N$_5/$3$C$F$$$F!"%@%$%N!<%I4VA}G\N($O0lDj$G$"$k!#
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?^ 4.7: H6527ADC J,I[Cf?4CMBP� 5Z$Sf(x)=a

p

x $N%U%#%C%F%#%s%07k2L!#<'>l0 $NE@( 1&>e) $+

$i 5[G] $NE@( :82< ) $^$G!#:82<$N4 E@$O%]%"%=%s%U%#%C%H$GCf?4CM$H� $r5a$a$?!#

H6527 $K$D$$$F$O&U2sE>$N8z2L$,82Cx$@$C$?$?$a$K$3$N8z2L$K$D$$$F$bD4$Y$?!#<'>l$KBP$9$k

%m!<%l%s%DNO$N8~$-$r9M$($k$H!"&H$,>.$5$$$[$I&U$K$h$k0c$$$O>.$5$$$H9M$($i$l$k$N$G!"<'>l

$NJ}8~$r&H=90 $H$7$F3F&U$G<'>l$r$+$1$?!#?^4.8 $K:G$b0c$$$,$"$C$?&U=0 $H&U=90 $N%G!<%?$r

$N$;$k!#

:GBg8BN><T$N:9$,8+$i$l$?$N$O5[G] $NE@$G$"$j!"8 !sDxEY$N0c$$$,$_$i$l$?!#Am$8$F&U=0 !JBh

0l%@%$%N!<%I$,1tD>>e8~$-!K$N>l9g$NJ}$,F1<'>l6/EY$G%2%$%s$,Dc$$!#$3$l$O!"LO<0E*$G$O$"$k

$b$N$N?^Cf$KI=$7$?4I<4J}8~$K?J$`EE;R( 8~$-&B) $N<u$1$k%m!<%l%s%DNOF $N8~$-$K$h$j@bL@$G$-

$k!#$9$J$o$A!" F $G50F;$,0o$l$F$b&U=90 $N$[$&$,Bh0l%@%$%N!<%I$,<u$1;_$a$d$9$$$N$G!"M-8z

It0L$K$"$?$k3NN($r9b$/J]$F$?!"$H9M$($i$l$k!#

$^$?!"&U$K$h$j%2%$%s8:>/$N%0%i%U$N7A>u$bJQ2=$9$k$3$H$,J,$+$k!#?^4.6 $K$b8=$l$F$$$k$h$&

$KH6527 $O&U=0 $G!c 1[G] $N$H$-<'>l$r$+$1$k$H$H$b$K%2%$%s$,>e>:$7#0<'>l;~$N%2%$%s$r1[$(

$?!#%P%C%/%0%i%&%s%I$H$7$FH/@8$7$F$$$?>28~$-!A0.3[G] $N30<'>l$N1F6A$b9M$($i$l$k$,!"&U0M

B8@-$N%0%i%U$h$j!"FbIt9=B$$,4X78$7$F$$$k$H;W$o$l$k!#

$J$*!"&U8z2L$OH7195 $K$D$$$F$OEE5$E*MI$i$.$K1#$l$kDxEY$N:9$7$+8+$i$l$:!"L5;k$G$-$k$H

9M$($i$l$?$N$G3d0&$9$k!#
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phi=0
phi=90

?^ 4.8: H6527 &U0MB8@-!#&H=90 !k$K$*$1$k&U=0,90 $=$l$>$l$N>l9g$G$N<'>l$K$h$k%2%$%sJQ2=!#

4.1.3 <'>l0MB8@-$^$H$a

<'>l0MB8@-$K$D$$$F$N7k2L$r$^$H$a$k!#

1. %2%$%s8:>/$N860x!#%2%$%s8:>/$N<g$J860x$O<}=88zN($NDc2<$G$"$j!"<'>l$N$b$H$G$ONPE

$N8:>/$,5/$3$k!#

2. <'>l1F6A$NBg$-$5!#5[G] $,%/%j%F%#%+%k$J8~$-( 4I<4J}8~ ) $KF/$$$?>l9g H7195 $O40 !s!"

H6527 $O2 !sDxEY$N=PNO$H$J$j$($k!#

3. &H!"&U!"HV 0MB8@-!#&H!"HV $,>.$5$$$[$I<'>l1F6A$OBg$-$/$J$k!#&U8z2L$O5" 4I$G$O$C$-

$j8=$l$k!#

4. PMT %5%$%:0MB8@-!#5" 4I$O 2" 4I$HHf3S$7$F<'>l$KIR46$G$"$k!#

<B837k2L1,2 $+$i E05-115 <B83$GA[Dj$5$l$k5[G] DxEY$N<'>l2<$K$*$$$F$OW C 8wNL$NDc2<$OLH

$l$J$$$3$H$,J,$+$C$?!#
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4.2 %P%C%-%s%0%3%$%k

<!$K!"K\8&5f$N%a%$%s%F!<%^$G$"$k%P%C%-%s%0%3%$%k$K$D$$$F$N8&5f7k2L$r=R$Y$k!#

%P%C%-%s%0%3%$%k$OF3BNCGLL@Q4[mm

2

] &U4.4[mm] $NF3@~!"EEN.8;$H$7$F%9%$%C%A%s%0<0D>N.0B

Dj2=EE8;$rMQ$$$?!#%3%$%k$NDq93CM$O0.2[ &8] $G$"$C$?!#? 2̂.3 $N$h$&$K7d4V$J$/4,$-!"4,$$$?C<

$O%F!<%W$G;_$a$?!#$^$?!"4,$-?t$O>o$K20 $H$7$?!#<W8wMQ$N;f1_E{$N>e$+$i4,$$$?!#

4.2.1 H7195 !J 2" 4I!K

?^ 4.9: %P%C%-%s%0%3%$%k$K$h$k%2%$%s2sI|!#4I<45G $N<'>l$N%P%C%-%s%0%3%$%kEEN.5[A] $G$N

%-%c%s%;%k!#

?^ 4.9 $K%P%C%-%s%0%3%$%k$K$h$C$F2sI|$7$?ADC $NJ,I[$r<($9!#J,I[$,$[$\=E$J$C$F$$$k$3$H

$+$iJ,$+$k$h$&$K!"%P%C%-%s%0%3%$%k;HMQ$K$h$j=PNO$r40A4$K2sI|$9$k$3$H$,$G$-$?!#4.1 $G5DO@

$7$?$h$&$K%@%$%N!<%I4V%2%$%s$OJQ2=$7$J$$$N$G!"EvA3J,I[$NI}$b85$KLa$k!#

%P%C%-%s%0%3%$%kEEN.CMBPAjBP%2%$%s$N%0%i%U$r?^4.10 $K<($9!#A[Dj$5$l$k<'>l$NBg$-$5$G$"

$k 5[G] IU6a$N<'>l$r4I<4J}8~$K2C$($F$*$j!"%P%C%-%s%0%3%$%k$O%+%=!<%I>e$+$i4,$-;O$a!"$=$NH/

@8<'>l$,30<'>l$KBP$7$FH?J?9T$K$J$k8~$-$K0.5[A] 9o$_$GEEN.$rN.$7$?!#PMT $NHV $O2000[V] !"

&U=0 $H$7$?!#

$I$N30<'>l6/EY$G$b100 !s$N2sI|$,2DG=$G$"$C$?!#%0%i%U$N6J@~$OBg$^$+$KEy4V3V$G$"$j!":G

Bg$K2sI|$9$kEEN.CM$H0u2C<'>l$H$N4V$K@~7A@-$,$"$k$3$H$,J,$+$k!#%P%C%-%s%0%3%$%kEEN.CM$H

H/@8$5$;$k<'>l$H$N4V$K$O%"%s%Z!<%k$NK!B'$h$jHfNc4X78$,$"$k$N$G!"30<'>l$,Bg$-$$$[$I%-%c

%s%;%k$K$O$h$jBg$-$J<'>l= EEN.$,$$$k$H$$$&$N$OEvA3$N5"7k$G$"$k!#$^$?!"100 !s2sI|$7$?8e$b

EEN.CM$r>e$2$F$$$1$P%P%C%-%s%0%3%$%k$N<'>l$K$h$C$F%2%$%s$,2<$,$C$F$$$/$3$H$,J,$+$k!#

3F@~$N2#$N4V3V$O1[G] $N:9$G!A0.8[A] DxEY$G$"$C$?!#$9$J$o$A!"$3$N4,$-J}$G$O%P%C%-%s%0%3

%$%k$,1[A] $GH/@8$5$;$k<'>l$,<'>l$K<e$$ItJ,$K$D$$$F4I<4J}8~1.3[G] $N<'>l$KAjEv$7!"N><T$,

%-%c%s%;%k$9$k$3$H$K$h$j%2%$%s$,2sI|$7$?!"$H9M$($i$l$k!#

0lJ}!"%+%=!<%I$+$i 4[cm] N%$7$?0LCV$+$i4,$-;O$a$?$H$-$N7k2L$,?^4.11 $G$"$k!#W C $N%8%0

$N9=B$$K$h$j2<B&$NPMT $K$D$$$F$O8wEELL$+$i4[cm] $N0LCV$+$i$7$+4,$1$J$$$?$a!"$=$N>l9g$r

A[Dj$7$F9T$C$?!#? 4̂.10 $HF1MM$K%0%i%U$N6J@~$OBg$^$+$KEy4V3V$G$"$k$,!"Hf3S$9$k$H2sI|$KI,

MW$JEEN.CM$OBg$-$/!"$=$N$+$o$j2sI|$G$-$kEEN.CM$N!VI}!W$O9-$$!#6J@~4V3V$h$j!"$3$N4,$-J}$G
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Bucking Coil Current vs Normalized Gain (HV=2000,theta=0,around cathode)
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?^ 4.10: %P%C%-%s%0%3%$%k$K$h$kH7195 $N%2%$%s2sI|!#%P%C%-%s%0%3%$%kEEN.CMBPAjBP%2%$%s$N

%0%i%U$r30<'>l4,5,6[G] $N$=$l$>$l$N>l9g$GIA$$$?!#
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?^ 4.11: %+%=!<%I$+$i[4cm] $+$i4,$$$?$H$-$N%P%C%-%s%08z2L!#30<'>l6/EY4,5,6[G] $=$l$>$l$N

>l9g!#
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$O1[G] $O1.1[A] AjEv!"$9$J$o$A 1[A] $G0.9[G] $H35;;$G$-$k!#

?^ 4.10 $H? 4̂.11 $r8+Hf$Y$l$P!"EEN.CM$N!VI}!W$,9-$$J,!"%+%=!<%I$+$i1s$$$[$&$,30<'>l$NBg

$-$5$,B?>/JQ$o$C$F$bF1EEN.$G$N2sI|N($,9b$$$3$H$,J,$+$k!#

$h$j$o$+$j$d$9$/4,$/0LCV$N1F6A$r8+$k$?$a!"%+%=!<%I$N5UB&$+$i4,$$$?>l9g$K$D$$$F$b%G!<

%?$r$H$C$?!#!J4,$-;O$a$N%+%=!<%I$+$i$N5wN%x[cm]=13 !#!K>e5-$7$? x=0,4 $=$l$>$l$N4I<4J}8~

5[G] $N<'>l$r%-%c%s%;%k$7$?$H$-$N%0%i%U$H=E$M$F!"?^4.12 $K<($9!#%0%i%U$+$i!"$?$H$(%+%=!<

%I$NH?BPB&$+$i4,$$$?$H$7$F$b!"%/%j%F%#%+%k$JItJ,$KH/@8$7$F$$$k<'>l$5$(BG$A>C$;$l$PEEN.

CM$OI,MW$H$J$k$b$N$N2sI|$O2DG=$G$"$k$3$H$,J,$+$k!#
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?^ 4.12: %P%C%-%s%0%3%$%k8z2L$N4,$-0LCV0MB8@-!#4I<4J}8~5[G] $N<'>l$r%+%=!<%I$+$i$N4,$-;O

$a0LCV!Jx[cm] !K$rJQ$($F%P%C%-%s%0$7$?!#

8wEELLIU6a$K6a$$B&$K4,$$$?$[$&$,F1EEN.$G$N2sI|8z2L$,9b$/!">/$J$$EEN.CM$G2sI|$G$-!"EE

N.CM$N!VI}!W$O69$/$J$C$?!#$3$&$J$kM}M3$O!"%2%$%s$K4X78$9$k$N$O<'>l$K<e$$ItJ,$KH/@8$9$k<'

>l$G$"$k$N$G$=$3$KH/@8$5$;$l$k<'>l$,Bg$-$$$[$IDcEEN.$G30<'>l$r%-%c%s%;%k$G$-$k0lJ}!"EE

N.CMJQ2=$KBP$7$F$O%2%$%sJQ2=$,IR46$H$J$C$F$7$^$&$?$a!"$H9M$($i$l$k!#

$^$?!"%2%$%s2sI|$N3QEY0MB8@-$K$D$$$F$bD4$Y$?!#?^4.13 $,!" 5[G] <'>l$KBP$73QEY&H$rJQ$($F

$$$C$?$H$-$N$N%P%C%-%s%0%3%$%k$K$h$k%2%$%s2sI|6J@~$G$"$k!#4,$-;O$a$N0LCV$O%+%=!<%I$+$i

4[cm] $G$"$k!#

&H=90 $N>l9g%-%c%s%;%k$9$k<'>l@.J,$,$J$$$?$aEvA3EEN.$rN.$9$[$I%P%C%-%s%0%3%$%k<'>l$K

$h$C$F%2%$%s$O8:>/$9$k$b$N$N!"E,@Z$JEEN.CM$rMQ$$$l$P$I$s$J3QEY$G$b85$N95 !s0J>e$N%2%$%s

$rF@$k$3$H$,$G$-$k$3$H$,J,$+$C$?!#$^$?!"EEN.CM$N!VI}!W$N8z2L$K$h$j!"&H$,0[$J$C$F$bF1EEN.

$G$"$kDxEY2sI|$G$-$k!#$3$N4,$-J}$G$OI=3.5[A],0 !c&H!c 60 !k$G 96 !s$N%2%$%s$rF@$k$3$H$,$G

$-$k$3$H$,%0%i%U$+$iJ,$+$k!#$^$?!"&H$,>.$5$$$[$IF1EEN.$GBg$-$J2sI|N($rF@$i$l$k!#

:GBg2sI|$KI,MW$JEEN.CM$,5.5 cos &H $K6a$$?tCM$G95 !A 100 !s$K2sI|$9$k$3$H$O!"$3$N4,$-J}$G

$O%P%C%-%s%0%3%$%kEEN.1.1[A] $GH/@8$9$k<'>l$H4I<4J}8~30<'>l1[G] $,Ey2A$G$"$k$H$$$&@h$[$I

$N?dO@$H!"?^4.2 $G<($7$?4I<4J}8~$N<'>l$,%2%$%s$K4X78$9$k!"$H$$$&$3$H$H9g$o$;$F9M$($k$3

$H$G@bL@$G$-$k!#$9$J$o$A!"3QEY&H$K$*$$$F4I<4J}8~$N<'>l5 cos &H $K$D$j$"$&<'>l$rH/@8$5$;
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Bucking Coil Current[A]

Bucking Coil Current vs Normalized Gain (HV=2000,B=5.0[G])

theta=0
theta=30
theta=60
theta=90

&H[ !k] I

max

[A] 2sI|N( [ !s ]

0 5 100

30 4.5 98

60 2.5 97

90 0 95

?^ 4.13: %P%C%-%s%08z2L$N3QEY0MB8@-!#

$kEEN.CM$O5.5 cos &H$G$"$j!"$=$NEEN.CM$G:GBg8B2sI|$7!"4I<4?bD>J}8~$N<'>l$,;D$k$?$a$K100

!s2sI|$9$k$3$H$,$G$-$J$+$C$?!"$H9M$($i$l$k!#$3$N9M$($N2<&H=30,60 $G:GBg2sI|;~$KPMT $K

$+$+$C$F$$$k$H9M$($i$l$k$N$O4I<4?bD>J}8~2.5[G],4.3[G] $G$"$j!"?^ 4.2 $GMQ$$$?&H=90 $N%G!<

%?$G$[$\$=$N>r7oDxEY$N%2%$%s99 !s ,97 !s$H$J$C$F$$$k$3$H$,J,$+$k!#
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Bucking Coil Current[A]

Bucking Coil Current vs Normalized Gain (theta0,B=5.0[G])

HV2300[V]
HV2000[V]
HV1700[V]

?^ 4.14: %P%C%-%s%08z2L$NHV 0MB8@-!#

$^$?!"0[$J$k HV $G%P%C%-%s%0$r;n$7$?$N$,?^4.14 $G$"$k!#HV $rJQ$($?>l9g$G$b!":GBg2sI|

$KI,MW$JEEN.CM$K:9$O8+$i$l$J$+$C$?!#$9$J$o$A!"%P%C%-%s%0%3%$%k$K$h$k<'>l$,4I<4J}8~$N<'

>l$H$D$j$"$&:]$K:GBg2sI|$9$k$N$G!"EE;R$KF/$/%/!<%m%sNO$NBg>.$O2sI|$K$O4X78$7$J$$!#

4.2.2 H6527 !J 5" 4I!K

A02s<B83;~$K2sI|$7$J$$$3$H$,LdBj$H$J$C$?H6527 $K$D$$$F$b%P%C%-%s%0%3%$%k$O@.8y$7$?!#F3

@~!"EEN.8;$OH7195 $HF1$8$G$"$k!#?^4.15 $K!"?^ 4.10 $HF1>r7o!"$9$J$o$A%+%=!<%I>e$+$i9[cm]
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$NI}!" 20 4,$G4,$$$?$H$-$N%P%C%-%s%0%3%$%kEEN.CMBPAjBP%2%$%s$N%0%i%U$r<($9!#PMT $NHV $O

<'>l0MB8@-$rB,$C$?$H$-$HF1MM$K1700[V] !"&U=0 $H$7$?!#$^$?!"<'>l$N8~$-$O4I<4J}8~$G$"$k!#
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Bucking Coil Current[A]

Bucking Coil Current vs Normalized Gain (H6527,B=3~5[G])

3[G]
4[G]
5[G]

<'>l [G] I

max

[A]

3.0 3.2

4.0 4.2

5.0 5.4

?^ 4.15: %P%C%-%s%0%3%$%k$K$h$kH6527 $N%2%$%s2sI|!#30<'>l3,4,5[G] $N$=$l$>$l$N>l9g$GIA

$$$?!#

H6527 $K$D$$$F$bH7195 $HF1MM$K4I<4J}8~<'>l$K$D$$$F$O%P%C%-%s%0%3%$%k$G100 !s$N2sI|$,

2DG=$G$"$k$3$H$,$o$+$j!":GBg$K2sI|$9$kEEN.CM$H0u2C<'>l$H$N4V$N@~7A@-$b8+$i$l$k!#6J@~$N

4V3V$+$i!"$3$N4,$-J}$G$OBg$^$+$K1[G] !A 1.1[A] $G$"$j!"$3$NEEN.CM$N%*!<%@!<$OH7195 $K6a$$!#

$7$+$76J@~$NI}$OH7195 $N>l9g$HHf3S$7$F69$$!#$3$l$O!"H6527 $NJ}$,%P%C%-%s%0%3%$%k<'>l$K

BP$7$F$b1F6A$r<u$1$d$9$$$?$a$G$"$k!#

H7195 F1MM$K4,$-J}$K$h$k2sI|$N0c$$$r8+$?!#H6527 $K$D$$$F$OA4$F%+%=!<%I$+$i4,$$$?>e$G

$=$N4,$/NN0h$rJQ$($?$H$-$N8z2L$r$_$?!#?^4.16 $O3[G] $r4I<4J}8~$K$+$1$?$H$-$N!"0[$J$k4,$-

NN0h$G$N2sI|$N0c$$$G$"$k!#%+%=!<%I$+$i%3%$%kC<$^$G$N5wN%$rL[cm] $H$7$FL=3,5,9 $G%G!<%?

$r$H$C$?!#L=5 $OL=9 $HF1$8F3@~$r%+%=!<%I$K=8Cf$7$FFs=E4,$-$K!"L=3 $O&U1[mm] DxEY$N:Y

$$F3@~$r%+%=!<%I$K=8Cf$7$F0l=E$K4,$$$?!#A4$F20 4,$-$G$"$k!#

?^ 4.16 $+$i!"%+%=!<%I$K=8Cf$7$F4,$/$[$I2sI|$KI,MW$JEEN.CM$O>/$J$j!"EEN.CM$N!VI}!W$,69$/

$J$k!"$H$$$&H7195 $K$D$$$F4,$/>l=j$rJQ$($?$H$-$HF1MM$N8z2L$,8+$i$l$?!#$9$J$o$A!"%+%=!<

%IIU6a$G$b$H$/$K%+%=!<%I$N$4$/6a$/$N<'>l$,%2%$%s$K4sM?$7$F$*$j!"%+%=!<%IIU6a$K4,$/$[$I

<'>l%-%c%s%;%k$,MF0W$G$"$k$3$H$,J,$+$k!#
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Bucking Coil Current[A]

Bucking Coil Current vs Normalized Gain (B=3[G],L=9,5,3)

L=9
L=5
L=3

L[cm] I

max

[A]

9 3.2

5 2.7

3 2.3

?^ 4.16: %P%C%-%s%0%3%$%k8z2L$N4,$-NN0h0MB8@-!#%+%=!<%I$+$i4,$/NN0h!JLcm !K$rJQ$($F%P%C

%-%s%0$7$?!#

4.2.3 %P%C%-%s%0%3%$%k$^$H$a

%P%C%-%s%0%3%$%k$K$D$$$F$N7k2L$r$^$H$a$k!#

1. %P%C%-%s%0%3%$%k$O$$$:$l$NPMT $G$b8z2L$,$"$j!"30<'>l$,4I<4J}8~$N>l9g 100 !s%2%$%s

$r2sI|$G$-$k!#

2. %+%=!<%I$K6a$$ItJ,$K4,$/$[$IDcEEN.$G%P%C%-%s%0$G$-$k!#

3. %P%C%-%s%0$KI,MW$JEEN.CM$O$+$+$C$F$$$k<'>l$KHfNc$9$k!#

4. %-%c%s%;%k8z2L$,Dc$$4,$-J}$[$I>r7o!JEEN.!"<'>l6/EY!"&H!K$,JQ$o$C$F$b2sI|N($NJQ2=$,

>/$J$$!#

5. 30<'>l$KBP$7H/@8<'>l$,40A4$KJ?9T$G$J$/$F$b!"4I<4J}8~$N<'>l$rBG$A>C$;$kJ,%2%$%s$O2s

I|$9$k!#

#5$N&H0MB8@-$K$D$$$FH6527 $K$D$$$F$O3N$+$a$F$$$J$$!#4I<4$,Bg$-$$J,!"4I<4J}8~<'>l$5$(BG

$A>C$;$P$h$$$H$$$&C1=c$JM}O@$G$O$9$^$J$=$&$G$"$k$,!":#2s$O$"$/$^$GW C MQ$NH7195 $N%F%9

%H$,<gL\E*$J$N$G3d0&$7$?!#$7$+$7A02s<B83$GH6527 $K%P%C%-%s%0%3%$%k$,$"$^$j5!G=$7$J$+$C

$?$H$$$&Js9p$+$i?dB,$9$k$H!"30<'>l$,4I<4J?9T$G$J$$>l9gH6527 $O%P%C%-%s%0%3%$%k$N8z2L$O

<e$/!"$^$?!"Ev;~ A C 72$NNN0h$GH/@8$7$?<'>l$O4I<4J?9T$G$O$J$+$C$?2DG=@-$,$"$k!#

#1!A#5$N7k2L$O$H$F$bM}2r$7$d$9$$$b$N$G$"$k$,!"PMT $K2C$o$k%P%C%-%s%0%3%$%k<'>l$,6Q0l

$G$b40A4$K4I<4$KJ?9T$G$b$J$$$3$H$+$i<+L@$J$3$H$G$O$J$$!#

#3!$#5$K4p$E$1$P!"<!$N$h$&$K=R$Y$k$3$H$,$G$-$k!#

!V:GBg8B2sI|$9$kEEN.CM$O!"<'>lB[G] $N2<$G4I<4J}8~1[G] $KAjEv$9$k%P%C%-%s%0%3%$%kEEN.CM

$r a[I/G] $H$*$$$F

I

max

= a � B cos &H

$G$"$j!"$+$D$3$N$H$-4I<4J}8~$KBsin &H$+$+$C$?$H$-DxEY2sI|$9$k!#!W

Bg;(GD$J<0$G$"$k$,!">/$J$/$H$b? 4̂.11 $d?^ 4.13 $O$3$N%7%s%W%k$J<0$G@bL@$G$-$k!#$9$J$o$A!"
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PMT $K2C$o$k30<'>l$H%P%C%-%s%0%3%$%k<'>l$N6%9g$NIAA|$,3d9g%7%s%W%k$G$"$k$3$H$,J,$+$k!#

$3$l$i$N7k2L!"FC$K#1$H#5$h$j!"%P%C%-%s%0%3%$%k$,?t[G] %l%Y%k$N<'>l!"E05115 <B83$G$N30

<'>l%*!<%@!<$K$*$$$F$OM-MQ$G$"$k$H8@$($k!#

Bh5 >O$G<B:]$N#W#C$K$D$$$F$N%P%C%-%s%0%3%$%k;HMQ$K$D$$$F6qBNE*$K9M;!$9$k!#
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K\9F$N<9I.$K$"$?$jB?$/$NJ}$N$4=uNO$r$$$?$@$-$^$7$?!#?4$h$j46<U?=$7>e$2$^$9!#

66K\<#65<x$K$OE05115 <B83$H$$$&ATBg$J<B83$K;22C$9$k$-$C$+$1$rM?$($F$$$?$@$-!"?7$7$$J*

M}3X$K4X$o$k5!2q$r2<$5$C$?$3$H$r$3$N$&$($J$/46<U$7$F$$$^$9!#$"$j$,$H$&$4$6$$$^$7$?!#Cf

B<E/=Z65<x$K$O<(:6$KIY$s$@%"%I%P%$%9$H;~$K$O<8S#!"Ne$^$7$r$$$?$@$-$^$7$?!#@h@8$N$*$+$2

$G8&5f$NJ}8~$,8+$(@.8y$r<}$a$k$3$H$,$G$-$^$7$?!#$"$j$,$H$&$4$6$$$^$7$?!#EDB<M5OB65<x$K

$*$+$l$^$7$F$O%;%_%J!<$d<x6H$rDL$7$FJ*M}$N3Z$7$5$H86;R3K$NK\<A!"2J3X$N1|?<$5$r4vEY$b65

<x$7$F$$$?$@$-$^$7$?!#86;R3KJ*M}$K?J$`$-$C$+$1$rM?$($F$/$@$5$C$?$N$O@h@8$G$9!#F#0fM%=u65

$K$O:Y$+$J%"%I%P%$%9$+$i%b%8%e!<%k$N;H$$J}$^$G!"K\Ev$K?<$/LLE]$r8+$F$$$?$@$-$^$7$?!#$"

$j$,$H$&$4$6$$$^$7$?!#

5;41$N@i2l?.9,;a$K$O%3%$%k$N@):n$K$"$?$jHs>o$K$*@$OC$K$J$j$^$7$?!#@_7W$+$i:`NA$N@Z$j

=P$7AH$_N)$F$^$G!";a$,$$$J$/$PK\8&5f$O@.N)$7$F$$$^$;$s!#?4$+$i46<U$7$F$$$^$9!#Hk=q$N@n

B<D>;R;a$K$O:Y$+$J;vL3<jB3$-$dO"Mm$N$_$J$i$:IaCJ$+$i$+$1$F$/$@$5$C$?M%$7$$$*@<$,$J$K$h

$jNe$_$K$J$j$^$7$?!#$"$j$,$H$&$4$6$$$^$7$?!#

:G8e$K!"%9%?%C%U$N3'MM!"@hGZF1GZ$N3'MM!";d$KBg$-$J3X$S$N>l$rM?$($F$/$@$5$j$^$7$F!"K\

Ev$K$"$j$,$H$&$4$6$$$^$7$?!#
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