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Bh1>O $O$8$a$K

?eAGMM86;R$K4X$9$k8&5f$O!"NL;RNO3X$NCB@80JMh!"MM!9$J7A$G!"J*M}3X$NH/E8$K=EMW$J

Lr3d$r2L$?$7$F$-$?!#%\!<%"$N86;RLO7?$K;O$^$j!"%7%e%l%G%#%s%,!<$K$h$kNL;RNO3X$NDj<0

2=!"%G%#%i%C%/$NAjBPO@E*NL;RNO3X$H%9%T%s!&50F;Aj8_:nMQ$K$h$kHy:Y9=B$$N2rL@!"QED
(Quantum ElectroDynamics; NL;REE5$NO3X) $K$h$k%i%`%7%U%H$N2rL@$J$I!"$=$N8y@S$O7W

$jCN$l$J$$!#$=$l$i$O!"%]%8%H%m%K%&%`!"%_%e!<%*%K%&%`$J$I!"AjBPO@E*$J2 BNB+G{7O$K

$h$k!"B+G{7OQED $N@:L)8!>Z$X$HH/E8$7$?!#

B+G{7OQED $O!"<+M3N3;R$N$=$l$H0[$J$j!"Hs@]F0O@E*$K$J$k$?$a!"9b@:EY$N7W;;$,Fq

$7$$!#$7$+$76aG/!"HsAjBPO@E*$JM-8z>l$NM}O@$rMQ$$$k$3$H$K$h$j!"9b<!$NJd@5$r7W;;$9

$k<jK!$,3+H/$5$l$F$-$?!#$3$l$O Non-Relativistic Quantum ElectroDynamics (NRQED)
$H8F$P$l!"B+G{7OQED $N8&5f$r?d$7?J$a$k$-$C$+$1$H$J$C$F$$$k!#?eAG86;R$N%i%`%7%U

%H$dD6Hy:Y9=B$!"%]%8%H%m%K%&%`$d%_%e!<%*%K%&%`$N%(%M%k%.!<=`0L!"Jx2uN($,@:L)$KB,

Dj$5$l!"B+G{7OQED $N@:L)8!>Z$,3hH/$K9T$o$l$F$$$k!#$^$?!"NL;R?6F0$N8z2L$d!"%(%-

%>%A%C%/$JJx2u%b!<%I$NC5:w$rDL$8$F!"I8=`M}O@$rD6$($??7$7$$J*M}$NC5:w$b@Q6KE*$K9T

$o$l$F$$$k!#

1.1 %]%8%H%m%K%&%`

?eAGMM86;R$NCf$G$b!"%]%8%H%m%K%&%`$O!"EE;R(e� ) $HM[EE;R(e+ ) $N$_$G$G$-$?!":G$b

7Z$$B+G{7O$G$"$k!#%l%W%H%s$N$_$G$G$-$?%/%j!<%s$J7O$G$"$k$?$a!"NL;R?'NO3X$K$h$k8z

2L$,Hs>o$K>.$5$/!"B+G{7OQED $N@:L)8!>Z$,9b@:EY$G9T$($k!#$5$i$K!"%]%8%H%m%K%&%`

$ON3;R!&H?N3;R7O$G$"$k$?$a!"?7$7$$J*M}8=>]$NC5:w$K$bE,$7$F$$$k!#

%]%8%H%m%K%&%`$O!"B>$N?eAGMM86;R$HF1MM!"<gNL;R?tn, 50F;3Q1?F0NLL , A4%9%T%sS, <'

5$NL;R?tm $K$h$C$FFCD'$E$1$i$l$k!#%]%8%H%m%K%&%`$N4pDl>uBV(n = 0, L = 0) $O!"A4

%9%T%sS $K$h$C$F!"S = 0 ( %9%T%s0l=E9`) $N%Q%i%]%8%H%m%K%&%`(p-Ps, 11S0) $H!"S = 1
(%9%T%s;0=E9`) $N%*%k%=%]%8%H%m%K%&%`(o-Ps, 13S1) $N2 >uBV$KJ,$1$i$l$k!#p-Ps$O??

6u$HF1$8NL;R?t$r$b$A!"o-Ps$O8w;R$HF1$8NL;R?t$r$b$D$?$a!"??6u$N9=B$$d!"L$CN$NN3;R

C5:w$KBP$9$k46EY$,9b$$!#

2YEE6&Lr1i;;;R C $KBP$9$k8GM-CM$O!"

C = ( � 1)L + S (1.1)

$G$"$k!#%]%8%H%m%K%&%`$ON3;R!&H?N3;R7O$G$"$k$?$a!"<B8w;R$KJx2u$9$k$,!"8w;R$OC = � 1
$G$"$j!" n 8D$J$iC = ( � 1)n $G$"$k!#QED $K$*$$$FC $OJ]B8$9$k$?$a!"p-Ps$O6v?t8D$N



1.2 $O$8$a$K 2

I= 1.1: %]%8%H%m%K%&%`$N5)Jx2u%b!<%I!#

Jx2u%b!<%I Jx2uJ,4tHf J88%

p-Ps ! 4

� p-Ps! 4


� p-Ps! 2


= 1 :30(30) � 10� 6 [3]
= 1 :50(11) � 10� 6 [4]
= 1 :48(17) � 10� 6 [5]
= 1 :19(26) � 10� 6 [6]
= 1 :14(39) � 10� 6 [7]

o-Ps ! 5

� o-Ps! 5


� o-Ps! 3


�
= 2 :2+2 :6

� 1:8

�
� 10� 6 [8]

= 1 :7(11) � 10� 6 [7]

o-Ps ! � �
� o-Ps! � �

� o-Ps! 3


< 5:8 � 10� 4_(90% CL) [9]
< 2:8 � 10� 4_(90% CL) [10]

8w;R$KJx2u$7!"o-Ps$O4q?t8D$N8w;R$KJx2u$9$k!#$9$J$o$A!"

p-Ps ! n
; n = 2 ; 4; 6; 8:::; (1.2)

o-Ps ! n
; n = 3 ; 5; 7; 9:::: (1.3)

p-Ps$NJx2uN(� p-Ps, o-Ps$NJx2uN(� o-Ps$O!"$=$l$>$l!"

� p-Ps = 7 :990 9(17) ns� 1 [1]; (1.4)

� o-Ps = 7 :040 1(7)� s� 1 [2] (1.5)

$G$"$k!#p-Ps$NJx2u$O!"p-Ps ! 2
 $,$[$H$s$I$G$"$j!" o-Ps$NJx2u$O!"o-Ps ! 3
 $,$[

$H$s$I$G$"$k!#B>$NJx2u%b!<%I$K$D$$$F$O!"I=1.1$K<($7$?$h$&$K!"MM!9$J<B83$,9T$o$l

$F$$$k$,!"6K$a$F>.$5$$!#

1.2 %]%8%H%m%K%&%`$ND6Hy:Y9=B$

%]%8%H%m%K%&%`$dB>$N?eAGMM86;R$K4X$9$k!"@:L)8!>Z$K$D$$$F$O!"[11] $K$^$H$a$i$l

$F$$$k!#$=$N$J$+$G!"9b$$@:EY$G8!>Z$5$l$F$$$k$b$N$N0l$D$,!"%]%8%H%m%K%&%`$N1S D6

Hy:Y9=B$(HyperFine Splitting; HFS) $G$"$k!#$3$l$r � HFS $H=q$/$3$H$K$9$k!#$3$l$O!"

p-Ps$Ho-Ps$N4V$N%(%M%k%.!<=`0L:9(o-Ps $NJ}$,!" p-Ps$h$j%(%M%k%.!<=`0L$,9b$$) $G

$"$j!"Bg$-$5$OLs 203 GHz (0.84 meV)$G$"$k!#D6Hy:Y9=B$$O!"%9%T%s!&%9%T%sAj8_:nMQ

$H!"NL;R?6F0$K$h$C$F0z$-5/$3$5$l$F$$$k!#%]%8%H%m%K%&%`$N>.$5$$<ANL$K$h$C$F!"%9%T

%s!&%9%T%sAj8_:nMQ$OBg$-$/$J$k!#$^$?!"o-Ps! 
 � ! o-Ps$NNL;R?6F0$N4sM?$b3 3dDxEY

$r@j$a$k!#FC$K!"$3$NNL;R?6F0$OL$H/8+N3;R$KIR46$G$"$j!"s� %A%c%M%k$,M-8z$J$?$a!"7Z

$$N3;R$KBP$7$F$O� N3;R$Ng � 2 $HF1DxEY$N46EY$r;}$D!#



3 1.2 $O$8$a$K

I= 1.2: %]%8%H%m%K%&%`D6Hy:Y9=B$$NB,Dj$NNr;K!#$3$l$i$NCf$K$O!"2a5n$N<B837k2L$KJd

@5$r2C$($?$@$1$N$b$N$d!"2a5n$N7k2L$H9g$o$;$?CM$b4^$^$l$k!#

G/ � HFS 8m:9
J88%

(@>Nq) (GHz) (ppm)

1952 203.2(3) 1500 [12]
1954 203.38(4) 200 [15]
1955 203.35(5) 250 [15]
1957 203.33(4) 200 [16]
1970 203.403(12) 58 [17]
1972 203.396(5) 24 [18]
1975 203.387 0(16) 8 [19]
1977 203.384(4) 20 [20]
1977 203.384 9(12) 6 [21]
1983 203.387 5(16) 8 [14]
1984 203.389 10(74) 3.6 [13]

1.2.1 <B83E*GX7J

%]%8%H%m%K%&%`$ND6Hy:Y9=B$$O!"1952G/!" Deutsch$HBrown $K$h$C$F=i$a$FB,Dj$5$l

$? [12]!#$=$N8e!"@:L)B,Dj$O!"FHN)$7$?2 $D$N%0%k!<%W$K$h$C$F$J$5$l!"8=:_!":G$b@:EY

$N$h$$<B83$O!"

� HFS = 203:389 10(74) GHz (3:6 ppm) [13]; (1.6)

� HFS = 203:387 5(16) GHz (8 ppm) [14] (1.7)

$G$"$k!#$3$l$i 2 $D$NCM$O!"$=$l$>$l$N%0%k!<%W$K$*$1$k!"2a5n$N<B837k2L$b4^$s$G$*$j!"

2 $D$NCM$rJ?6Q$9$k$H!"

� exp
HFS = 203:388 65(67) GHz (3:3 ppm) [13] (1.8)

$G$"$k!#D6Hy:Y9=B$$NB,Dj$NNr;K$r!"I=1.25Z$S? 1̂.1$K$^$H$a$?!#

1.2.2 M}O@E*GX7J

8=:_J,$+$C$F$$$k!"%]%8%H%m%K%&%`$ND6Hy:Y9=B$$NCM$O!"M}O@E*$K$O0J2<$N$h$&$K=q$+

$l$k [22]!#



1.2 $O$8$a$K 4

 (GHz)HFSD
203.3 203.32 203.34 203.36 203.38 203.4 203.42

mg

#15Phys. Rev. 94, 758 (1954)

#15Phys. Rev. 98, 223 (1955)

#16Phys. Rev. 106, 934 (1957)

#17Phys. Rev. A2, 707 (1970)

#18Phys. Rev. Lett. 29, 1059 (1972)

#19Phys. Rev. Lett. 34, 246 (1975)

#20Phys. Rev. A15, 241 (1977)

#21Phys. Rev. A15, 251 (1977)

#14Phys. Rev. A27, 262 (1983)

#13Phys. Rev. A30, 1331 (1984)

?^ 1.1: %]%8%H%m%K%&%`D6Hy:Y9=B$$NB,Dj$NNr;K!#$3$l$i$NCf$K$O!"2a5n$N<B837k2L$KJd

@5$r2C$($?$@$1$N$b$N$d!"2a5n$N7k2L$H9g$o$;$?CM$b4^$^$l$k!#@VBS$O!"(1.10) $G=R$Y$k

M}O@CM!#$J$*!":G=i$N[12]$NB,Dj$O!"8m:9$,Bg$-$$$?$a!"<($7$F$$$J$$!#
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� th
HFS = � th

HFS 0

�
1 �

�
�

�
32
21

+
6
7

ln 2
�

+
5
14

� 2 ln
1
�

+
�

�
�

� 2 �
1367
378

�
5197
2016

� 2 +
�

6
7

+
221
84

� 2
�

ln 2 �
159
56

� (3)
�

�
3
2

� 3

�
ln2 1

�
+ C

� 3

�
ln

1
�

+ D
�

�
�

� 3

+ :::

)

; (1.9)

$?$@$7!"me $OEE;R<ANL!"� $OHy:Y9=B$Dj?t!"C, D $ODj?t!#

:GDc<!9` � th
HFS 0 = 7me� 4=12 $O!"J. Pirenne$K$h$C$F1947G/$K7W;;$5$l [23]!"$=$N8e

3N$+$a$i$l$? [24, 25]!#
O(� ) $NJd@59`$O!"1952G/$K!"Karplus $HKlein $K$h$C$F7W;;$5$l$?[26]!#
O(� 2) $NJd@59`$O!"$=$N8e2000G/$K$+$1$FMM!9$J8z2L$N7W;;$,$5$l$?[27, 28, 29, 30,

31, 32, 33, 34, 35, 36, 37, 38, 39, 40]!#

O(� 3) $NJd@59`$O!"1993G/$KO(� 3 ln2 � ) $N9`$, Karshenboim$K$h$C$F7W;;$5$l$?$@$1

$G$"$C$?$,[41]!" 2000G/Be$KF~$C$F$h$&$d$/O(� 3 ln � ) $N9`$,7W;;$5$l$k$h$&$K$J$C$?!#

$^$: Kniehl $HPenin $K$h$C$F7W;;$5$l[22]!"$=$N8e3N$+$a$i$l$F$$$k[42, 43]!#8=:_$^$G

$K7W;;$5$l$F$$$k$H$3$m$G$O!"

� th
HFS = 203:391 69(41) GHz (2:0 ppm) [22] (1.10)

$G$"$k!#$J$*!"8m:9$NI>2A$H$7$F!"$3$3$G$O!"Kniehl $i$K$h$k$b$N$r:NMQ$9$k!#

1.2.3 <B83CM$HM}O@CM$N$:$l

<0(1.6) $N<B83CM, (1.8) $NJ?6QCM5Z$S<0(1.10) $NM}O@CM$r!"?^1.2$KHf3S$7$F<($7$?!#?^

$+$i$bL@$i$+$J$h$&$K!"M}O@CM$H<B83CM(J?6QCM) $N4V$K$O!"3.04(79) MHz (15 ppm, 3.9� )
$N$:$l$,B8:_$9$k!#

$:$l$N860x$H$7$F!"<!$N3 $D$,9M$($i$l$k!#

M}O@7W;;$N8m$j

M}O@7W;;$N8m$j$H$7$F$O!"2 <oN`9M$($i$l$k!#

� NRQED $N<jK!$,!"9b<!$G$OE,MQ$G$-$J$$2DG=@-$,$"$k!#o-Ps$N<wL?B,Dj[2] $G$O!"

O(� 2) $^$G3N$+$a$i$l$F$$$k$,!"O(� 3) $G$N@:L)8!>Z$O$^$@$J$5$l$F$$$J$$!#

� C1$J$k7W;;4V0c$$$N2DG=@-$b$"$k!#$7$+$7!"0[$J$kJ}K!$N7W;;$GF1MM$N7k2L$,F@$i

$l$F$*$j!"$3$N2DG=@-$ODc$$!#
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HFS [GHz]
203.385 203.387 203.389 203.391 203.393 203.395

Experimental
average

Theory
(Kniehl et al., 2000)

Mills et al., 1983

Ritter et al., 1984

?^ 1.2: %]%8%H%m%K%&%`D6Hy:Y9=B$!#%(%i!<%P!<IU$-$NE@$O!"<0(1.6) $N<B83CM$r<($7!"NP

BS$O<0(1.8) $NJ?6QCM!"@VBS$O<0(1.10) $NM}O@CM$r<($9!#

2a5n$N<B83$K6&DL$J7OE}8m:9$NB8:_

2a5n$N<B83$K6&DL$7$?7OE}8m:9$,$"$j!"$=$l$,8+F($5$l$F$$$?>l9g!"$:$l$,@8$8$k!#

I8=`M}O@$rD6$($??7$7$$J*M}$NB8:_

I8=`M}O@$rD6$($??7$7$$J*M}$,B8:_$7$?>l9g!"$:$l$,@8$8$k!#Nc$($P!"O(MeV) $N<ANL

$r$b$A!"<e7k9g (� � 10� 8) $9$k5<%9%+%i!<N3;R$,B8:_$9$l$P!"$3$N$:$l$,@bL@$G$-$k!#
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$3$N>O$G$O!"<B83$N86M}$K$D$$$F@bL@$9$k!#%]%8%H%m%K%&%`$ND6Hy:Y9=B$$,<B83$HM}O@

$G$:$l$F$$$kLdBj$N860x$rC5$k$?$a!"2a5n$N<B83$G9M$($i$l$k7OE}8m:9$r8:$i$7!"?7$7$$

<jK!$r:N$jF~$l$?<B83$r9T$&!#

$^$:!"%<!<%^%s8z2L$rMQ$$$?4V@\B,Dj$N86M}$K$D$$$F=R$Y$k!#<!$K!"2a5n$N<B83$G9M$(

$i$l$k7OE}8m:9$K$D$$$F=R$Y$k!#:G8e$K!"$=$N7OE}8m:9$r8:$i$9$?$a$NJ}K!$K$D$$$F@bL@

$9$k!#

2.1 %<!<%^%s8z2L$rMQ$$$?4V@\B,Dj$N86M}

%]%8%H%m%K%&%`$N%9%T%s8GM->uBV$K$D$$$F!"A4%9%T%sS, <'5$NL;R?t mz $rMQ$$$FjS; mz i
$N$h$&$K=q$/!#$^$?!"EE;R!"M[EE;R$N%9%T%s$KCeL\$7!"j "*i $N$h$&$K$b=q$/!#$9$J$o$A!"

j1; 1i = j "*i ; (2.1)

j1; 0i =
1

p
2

(j "+i + j #*i ) ; (2.2)

j1; � 1i = j #+i ; (2.3)

j0; 0i =
1

p
2

(j "+i � j #*i ) : (2.4)

?^ 2.1$K!"4pDl>uBV$N%]%8%H%m%K%&%`$N%(%M%k%.!<=`0L$r!"<'>l$K$D$$$F$N4X?t$H$7$F<(

$9!#@E<'>lCf$G$O!"j1; 0i $Hj0; 0i $O:.9g$7!"%]%8%H%m%K%&%`$N%(%M%k%.!<8GM->uBV$O!"j+ i ,
j�i $H$J$k!#$3$l$O%<!<%^%s8z2L$G$"$j!"%(%M%k%.!<J,Nv� mix $,%<!<%^%sJ,Nv$G$"$k!#

D6Hy:Y9=B$$NB,Dj$K$D$$$F!"� HFS $rD>@\A+0\$5$;$k$N$O!"5;=QE*$KFq$7$$!#$=$3$G!"

� mix $rA+0\$5$;$F!"4V@\E*$KD6Hy:Y9=B$$r5a$a$k!#$3$l$O!"2a5n$NA4$F$N@:L)B,Dj<B83

$G:N$i$l$?J}K!$G$"$k!# � HFS $H� mix $N4X78$O!"<!$NBreit-Rabi J}Dx<0$GI=$5$l$k1!#

� mix =
1
2

� HFS

� p
1 + 4x2 � 1

�
; (2.5)

$?$@$7!"x = g0� B B=h� HFS . $3$3$G!"g0 = g
�
1 � 5

24� 2
�

$O!"%]%8%H%m%K%&%`Cf$NEE;R!"

M[EE;R$Ng 0x;R [44]!" � B $O%\!<%"<';R!"B $O@E<'>l!"h $O%W%i%s%/Dj?t$G$"$k!#

1$3$l$O6a;w<0$G$"$j!"87L)2r$O$3$l$h$j 10 ppm DxEY>.$5$$!#$?$@$7!":G6a$N2 <B83$G$O!"%O%_%k%H%K%"
%s$+$iBh0l86M}7W;;$G5a$a$?A+0\6J@~$r;H$C$FJd@5$r$+$1$F$*$j!"$=$N:]$K$3$N6a;w$H$N$:$l$b2r>C$5$l$F
$$$k$O$:$J$N$G!":G=*7k2L$K$O1F6A$7$J$$!#
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DHFS

Dmix

-> Hmz=0L

+> Hmz=0L

­Ý> , ¯ß> Hmz=±1L

0.0 0.2 0.4 0.6 0.8 1.0
- 207

- 206

- 205

- 204

Ep- Ps
- 203

0, Eo- Ps

1

2

3

4

B @TD

E
@G

H
zD

?^ 2.1: 4pDl>uBV$N%]%8%H%m%K%&%`$N%(%M%k%.!<=`0L!#



9 2.1 86M}

%]%8%H%m%K%&%`$K� mix $N<~GH?t$r$b$C$?RF $r0u2C$9$k$H!"mz = � 1 >uBV$Hj+ i >uBV

4V$NA+0\$,5/$-$k ($h$j@53N$K$O!"j1; � 1i $Hj+ i $NCf$Nj0; 0i 4V$NA+0\)!# j1; � 1i >uBV$,

3
 Jx2u$r$9$k$N$KBP$7!"j0; 0i >uBV$O2
 Jx2u$r$9$k!#$=$N$?$a!"A+0\$,5/$-$k$H2
 Jx2u

3NN($,Bg$-$/$J$j!" 3
 Jx2u3NN($O>.$5$/$J$k!#$3$NJQ2=$r4QB,$9$k$3$H$G!"%<!<%^%sA+0\

3NN($r5a$a$k$3$H$,$G$-$k!#

8GDj<'>l$GMM!9$JRF <~GH?t$G%<!<%^%sA+0\3NN($r5a$a!"A+0\6J@~$r:n@.$9$l$P!"Cf?4

CM$+$i(2.5) <0$K$7$?$,$C$F� HFS $r5a$a$i$l$k!#$9$J$o$A!"

� HFS =
g02� 2

B B 2

h2� mix
� � mix (2.6)

$NB $K<'>l$r!" � mix $KCf?4<~GH?t$rBeF~$9$l$P$h$$!#

$7$+$78=<B$K$O!"RF $N<~GH?t$rJQ$($J$,$iB,Dj$9$k$N$O!"%-%c%S%F%#$d%"%s%W$NFC@-

$+$i!"Hs>o$K:$Fq$G$"$k!#$=$3$G!"RF <~GH?t$r8GDj$7!"MM!9$J<'>l$G%<!<%^%sA+0\3NN(

$r5a$a!"A+0\6J@~$r:n@.$7!"Cf?4<'>l$+$i � HFS $r5a$a$k!#

2.1.1 A+0\6J@~

%<!<%^%sA+0\6J@~$NF3=P$r9T$&!#6a;wE*$K$O!"%V%i%$%H!&%&%#%0%J!<$N6&LD6J@~(%m!<

%l%s%D6J@~) $G$"$k$,!"%<!<%^%sJ,Nv$OC1=c$K<'>l$KHfNc$7$J$$$?$a!"%V%i%$%H!&%&%#%0

%J!<$N6&LD$+$i$O$:$l$k!#<B:]$K%G!<%?$r%U%#%C%H$9$k:]$K$O!"87L)2r$r9MN8$7$J$1$l$P

$J$i$J$$!#

%]%8%H%m%K%&%`$N4pDl$r!" 0

B
B
B
B
@

j0; 0i
j1; 0i
j1; 1i

j1; � 1i

1

C
C
C
C
A

(2.7)

$H$H$k!#p-Ps$Ho-Ps$NCf4V$N%(%M%k%.!<$r4p=`$K$H$k$H!"Jx2u$r4^$a$?%O%_%k%H%K%"%s

H0 $O!"

H0 =
�h
2

0

B
B
B
B
@

� 2� � HFS � i � p-Ps
2� � HFS � i � o-Ps

2� � HFS � i � o-Ps
2� � HFS � i � o-Ps

1

C
C
C
C
A

(2.8)
$H=q$1$k!#0u2C$9$k<'>l~B = ~B(t) $O!"

~B(t) = B~ez + B0~ex cos (!t ) (2.9)

$G$"$k!#$?$@$7!"~ez, ~ex $O!"$=$l$>$l z <4!" x <4J}8~$NC10L%Y%/%H%k$G$"$j!"B0 $O%^%$%/

%mGH$K$h$k?6F0<'>l$N?6I}!"! $O$=$N<~GH?t$G$"$k!#<'>l$K$h$k:nMQV $O!"V = � ~� � ~B
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$G$"$k$+$i!"

V = g0� B ~B �
�

~S� � ~S+

�
(2.10)

=
g0� B

2
~B � (~� � � ~� + ) (2.11)

=
g0� B

2
f B (� z� � � z+ ) + B0 cos (!t ) ( � x� � � x+ )g (2.12)

$3$3$G!"~S� , ~S+ $O$=$l$>$lEE;R!"M[EE;R$N%9%T%s1i;;;R!"~� $O%Q%&%j9TNs$rI=$7!"%9%T

%sNL;R2=<4$rz <4$K$H$k$H!"

� x =

 
0 1
1 0

!

; � y =

 
0 � i
i 0

!

; � z =

 
1 0
0 � 1

!

: (2.13)

$7$?$,$C$F!"

V =

0

B
B
B
B
@

0 x � y y
x 0 0 0

� y 0 0 0
y 0 0 0

1

C
C
C
C
A

h� HFS : (2.14)

$?$@$7!"

y = Cy
g0� B B0

h� HFS
cos (!t ) : (2.15)

$3$3$G!"Cy = a=
p

2 $G$"$j!"$3$3$G$OJX59>e!"B0 $H$7$F%-%c%S%F%#!<Fb:GBg<'>l?6I}$r

MQ$$!"<B8z<'>l (A4$F$N%]%8%H%m%K%&%`$,<'>l:GBg$N$H$3$m$K$$$k$o$1$G$O$J$$$N$G!"A4

BN$H$7$F$$$/$i$+<e$$<'>l$,$+$+$C$F$$$k$H9M$($l$P$h$$) $N%U%!%/%?!<$ra $H$9$k!#

$^$H$a$k$H!"A4%O%_%k%H%K%"%sH = H0 + V $O0J2<$N$h$&$K$J$k!#

H =

0

B
B
B
B
@

� 1
2 � i

2 
 s x � y y
x 1

2 � i
2 
 t 0 0

� y 0 1
2 � i

2 
 t 0
y 0 0 1

2 � i
2 
 t

1

C
C
C
C
A

h� HFS : (2.16)

$?$@$7!"x = g0� B B=h� HFS , y = Cy
g0� B B 0
h� HFS

cos (!t ), 
 s =
� p-Ps
2� � HFS

, 
 t =
� o-Ps
2� � HFS

.
$5$F!";~4V$K0MB8$7$?%7%e%l%G%#%s%,!<J}Dx<0$+$i!"L)EY9TNs� (t) $N;~4VH/E8J}Dx<0$O!"

i �h _� = H� � �H y (2.17)

$HI=$5$l$k!#M[EE;R$NJP6KN($rP, JP6K%Y%/%H%k$Nz <4$H$J$93Q$r� , JP6K%Y%/%H%k$Nxy
J?LL$X$N<M1F$,x <4$H$J$93Q$r� $H$9$k!#M[EE;R@~8;$+$i=P$?M[EE;R$H!"%,%9$J$I$NJ*<A

Cf$NEE;R$+$i%]%8%H%m%K%&%`$r@8@.$9$k>l9g!"EE;R$OL5JP6K$H9M$($i$l$k$N$G!"

� (0) =

0

B
B
B
B
@

� 00(0) � 01(0) � 02(0) � 03(0)
� 10(0) � 11(0) � 12(0) � 13(0)
� 20(0) � 21(0) � 22(0) � 23(0)
� 30(0) � 31(0) � 32(0) � 33(0)

1

C
C
C
C
A

(2.18)
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=

0

B
B
B
B
B
@

1
4 � P cos�

4
P sin �e i�

4
p

2
� P sin �e � i�

4
p

2

� P cos�
4

1
4

P sin �e i�

4
p

2
P sin �e � i�

4
p

2
P sin �e � i�

4
p

2
P sin �e � i�

4
p

2
(1+ P cos� )

4 0

� P sin �e i�

4
p

2
P sin �e i�

4
p

2
0 (1� P cos� )

4

1

C
C
C
C
C
A

(2.19)

$G$"$k!#$3$N2r� (t) $+$i!";~9o t0 � t1 $K$*$1$k2
 Jx2u3NN(S2
 $r5a$a$k$K$O!"

S2
 = � p-Ps

Z t1

t0

� 00(t)dt (2.20)

$r7W;;$9$l$P$h$$!#F1MM$K!"3
 Jx2u3NN(S3
 $O!"

S3
 = � o-Ps

Z t1

t0

(� 11(t) + � 22(t) + � 33(t)) d t (2.21)

$r7W;;$9$k!#$?$@$7!"Bh3 >O$G=R$Y$k$h$&$K!"DcB.M[EE;R$K$h$k1F6A$b9MN8$9$kI,MW$,$"

$k!#S2
 $K$D$$$F$N$_!"%]%8%H%m%K%&%`@8@.N($HDcB.M[EE;RJx2uN($+$i5a$^$k!";X?t4X?t

E*$JJx2u3NN(6J@~$r2C$($k!#%<!<%^%sA+0\$K$h$kJQ2=$O!"RF-ON (B0 6= 0) $+$i RF-OFF
(B0 = 0) $r0z$/$3$H$GF@$i$l$k!#$J$*!"Bh5>O$G=R$Y$k$,!"K\<B83$G$O!"%G!<%?$rS2
 =S3


$GD>@\%U%#%C%H$9$k!#$A$J$_$K!"2a5n$N<B83$G$O!"6&LD6J@~$r%m!<%l%s%D6J@~$G%U%#%C%H

$7!"$5$i$KM}O@CM$b%m!<%l%s%D6J@~$G%U%#%C%H$7!"$=$NCf?4CM$rHf3S$9$k$3$H$G!"%m!<%l

%s%D6J@~$+$i$N$:$l$rI>2A$7Jd@5$7$F$$$k!#

2.2 2a5n$N<B83$G9M$($i$l$k7OE}8m:9

2a5n$N7OE}8m:9$H$7$F$O!"0J2<$N2 <oN`$,9M$($i$l$k!#

2.2.1 <'>l$NHs0lMM@-

2a5n$N<B83$G$O!"<'>l$rMQ$$$FD6Hy:Y9=B$$r5a$a$F$$$k!#$3$N<'>l$NITDj@-!"Hs0lMM@-

$O!"$=$N$^$^7OE}8m:9$K$J$k$?$a!"<'>l$NHs0lMM@-$rO(ppm) $N@:EY$GF@$kI,MW$,$"$k!#

2a5n$N<B83$G$O!">oEAF3<'@P$rMQ$$$F<'>l$r:n$C$F$$$k$,!"?tcm $K$b5Z$V%]%8%H%m%K%&

%`@8@.NN0hFb$G!">oEAF3<'@P$GO(ppm) $N<'>l0lMM@-$rF@$k$N$OHs>o$KFq$7$$!#<'>l$KIT

Dj@-$,B8:_$7$?2DG=@-$,$"$k!#

2.2.2 %]%8%H%m%K%&%`$NG.2=

??6uCf$G$ND6Hy:Y9=B$$NCM$r5a$a$?$$$N$@$,!"<B83$O??6uCf$G9T$($J$$!#$J$<$J$i!"%]

%8%H%m%K%&%`$r@8@.$9$k$K$O!"M[EE;R$r8:B.$5$;!"EE;R$r6!5k$9$k$?$a$NJ*<A$,I,MW$@$+

$i$G$"$k!#EE;R6!5kJ*<A$,:n$kEE>l$K$h$k%7%e%?%k%/8z2L$K$h$C$F!"D6Hy:Y9=B$$O??6uCf

$NCM$+$i$:$l$F$7$^$&!#
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$3$N8z2L$K$h$k1F6A$r9MN8$7!"??6uCf$NCM$r5a$a$k$?$a$K!"2a5n$N<B83$G$O!"MM!9$JJ*

<A ($3$3$G$O%,%9) L)EY$K$*$1$kD6Hy:Y9=B$$rB,Dj$7!"$=$l$r??6u$K30A^$7$F$$$k!#$3$N

$H$-!"D6Hy:Y9=B$$N$:$l(J*<A$N8z2L) $O!"L)EY$KHfNc$9$k$H$$$&2>Dj$r$7!"@~7?$K30A^

$7$F$$$k!#

J*<A$N8z2L$O!"%]%8%H%m%K%&%`$HJ*<A$N>WFMIQEY$KHfNc$9$k!#>WFMIQEY$O!"J*<A$N?tL)

EYn, CGLL@Q� , %]%8%H%m%K%&%`$NB.$5v $rMQ$$$F!"n�v $HI=$5$l$k!#$7$?$,$C$F!"v $,;~4V

E*$K0lDj$G$"$l$P!"J*<A$N8z2L$OL)EY$KHfNc$9$k!#$7$+$7!"v $,;~4VE*$KJQF0$7!"$=$l$,L)

EY$K4X$7$F0lDj$G$J$1$l$P!"D6Hy:Y9=B$$N$:$l$,L)EY$K4X$7$FHs@~7?$K$J$k8z2L$r@8$`!#

%]%8%H%m%K%&%`$O!"@8@.$5$l$?$H$-$K$O1 eV DxEY$N1?F0%(%M%k%.!<$r;}$C$F$$$k!#$=

$l$,!"<~$j$NJ*<A$H>WFM$9$k$3$H$G%(%M%k%.!<$r<:$$!"G.J?9U>uBV(<<29� 1=30 eV) $K

C#$9$k!#$3$N2aDx$rG.2=$H$$$&!#G.2=$,B.$d$+$K5/$3$l$P!"B.EY$O;~4V$K0MB8$7$J$$$H9M

$($F$h$$$,!"FC$KDcL)EY>r7o2<$G$O!"$J$+$J$+%(%M%k%.!<$,<:$o$l$J$$$?$a!"G.2=$K;~4V

$,$+$+$k!#$=$N7k2L!"L)EY$,>.$5$$$[$I!"%]%8%H%m%K%&%`$NG.2=$K$h$k1F6A$r<u$1$k$3$H

$K$J$k!#$3$l$OHs@~7?$N8z2L$r@8$`!#

$3$N$h$&$J8z2L$,?<9o$J7OE}8m:9$H$J$k$3$H$O!"4{$K!V%*%k%=%]%8%H%m%K%&%`$N<wL?Ld

Bj!W$K$*$$$F<($5$l$F$$$k[2]!#D6Hy:Y9=B$$N>l9g$K$b!"$3$l$,?<9o$J7OE}8m:9$H$J$j$&

$k!#0J2<$G<B:]$K!" [45, 46]$K1h$C$F$3$N8z2L$r7W;;$7$F$_$k!#

;~9o t (t = 0 $,@8@.;~9o) $K$*$1$k%]%8%H%m%K%&%`$NJ?6Q%(%M%k%.!<$rEav(t), G.2=$NCG

LL@Q$r� m , J*<A$N?tL)EY$rn, J*<A$NJ,;REv$?$j<ANL$rM , %]%8%H%m%K%&%`$N<ANL$rmPs,
%\%k%D%^%sDj?t$rkB , 29EY$rT $H$9$k$H!"

dEav(t)
dt

= �
q

2mPsEav(t)
�

Eav(t) �
3
2

kB T
�  

8
3

r
2

3�
2� m n

M
+ �

�
Eav(t)
kB T

� �
!

(2.22)

$H$J$k!#$3$3$G!"� $N9`$O!"HyN3;R$N8z2L$J$N$GL5;k$9$k!#$3$NHyJ,J}Dx<0$N2r$O!"

Eav(t) =

 
1 + Ae� bt

1 � Ae� bt

! 2
3
2

kB T : (2.23)

$?$@$7!"

b =
8
3

r
2

3�
2� m n

M

p
3mPskB T (2.24)

$G$"$j!" A $O=i4|>r7o$G7h$^$kDj?t$G!"t = 0 $K$*$1$k%]%8%H%m%K%&%`$NJ?6Q%(%M%k%.!<

$r!" Eav(0) = E0 $H$*$/$H!"

A =

p
E0 �

q
3
2kB T

p
E0 +

q
3
2kB T

: (2.25)

Nc$H$7$F!"E0 = 1 eV, T = 273:15 K $N$H$-$rD4$Y$k!#[13]$G;HMQ$7$F$$$k5$BN$OCbAG$G

$"$j!"CbAG$N� m $NCM$O!"J88%[47, 48, 46]$+$i!"$*$*$h$= � m (N2) = (28 � 19)� 10� 16 cm2

$G$"$k!#0.1, 1, 2 atm$N$H$-!"(2.23) <0$K$h$C$FJ?6Q%(%M%k%.!<$r7W;;$9$k$H!"?^2.2 $N

$h$&$K$J$k!#



13 2.3 86M}

TIME (ns)
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?^ 2.2: %]%8%H%m%K%&%`$NJ?6Q%(%M%k%.!<$NJQ2=!#=i4|1?F0%(%M%k%.!<1 eV, 273.15 K$N

CbAG$G$NCM!#@D$,0.1 atm, 9u$, 1 atm, @V$,2 atm $r<($9!#

$5$F!"%7%e%?%k%/8z2L$K$h$k1F6A$O!"n�v $KHfNc$9$k$N$G!"nv $rD4$Y$k!#vav(t) =q
2

mPs
Eav(t) $Gv(t) $O5a$a$i$l$k!#$^$?!"%]%8%H%m%K%&%`$N?t$O!"exp

�
� � o-Pst

�
$G8:

>/$9$k$N$G!"7k6I!"G.2=$K$h$k8z2L$O!"nv(t) exp
�
� � o-Pst

�
$r t = 0 � 1 $G@QJ,$7$?$b

$N$K$J$k!#<wL?$N=E$_$,$D$$$?v
�
v(t) exp

�
� � o-Pst

��
$r!"?^ 2.3$K<($9!#

?tCM@QJ,$NET9g>e!"t = 1 � 500 ns$G@QJ,$7!"G.2=$K$h$k8z2L$r05NO$KBP$7$F%W%m%C%H

$7$?$b$N$r!"?^2.4$K<($9!#L@$i$+$K!"Dc05B&$GHs@~7?$K$J$C$F$$$k!#

$3$NHs@~7?8z2L$,!"6qBNE*$K$I$NDxEYD6Hy:Y9=B$$K1F6A$9$k$N$@$m$&$+!#[13]$N%G!<%?

$rMQ$$$F!"8!F$$7$F$_$k!#[13]$N%G!<%?$HF1$8L)EY$K$*$$$F!"%(%i!<%P!<$rJ*<A$N8z2L$N

Bg$-$5$G%N!<%^%i%$%:$7!"?^2.4$N6J@~>e$K%W%m%C%H$9$k!#$=$l$r!"0l<!4X?t$G%U%#%C%H$7

$?$H$-!"@ZJR$N0$+$i$N$:$l$,!"G.2=$K$h$k$:$l$NBg$-$5$H$J$k!#%U%#%C%H$7$?$b$N$r!"?^

2.5$K<($9!#%U%#%C%H$N7k2L!"79$-$O0.759(92) /atm, y @ZJR$O0.211(66)$H$J$C$?!#[13]$K

$h$l$P!"%,%9L)EY0MB8@-$O!"� 33(4) ppm=atm $G$"$k!#$7$?$,$C$F!":#2s$N0.759(92) /atm
$,$3$l$KAjEv$9$k!#<B:]!"%(%i!<%P!<$b4^$a$F9g$C$F$$$k!#$=$3$G!"0.759$, 33 ppm$KAj

Ev$9$k$3$H$+$i!"y @ZJR$NCM$rD6Hy:Y9=B$$KLa$9$H!"9:2 � 2:9 ppm $H$J$k!#$^$?!"<B:]$N

J*<A$N8z2L$NJ}$,D>@~%U%#%C%H$h$j$bBg$-$$$3$H$r9MN8$9$l$P!"$3$N$:$l$N8~$-$O<B83CM

$rM}O@CM$K6a$E$1$k8~$-$H$J$k!#<B:]$K$O!"� m $NITDj@-$,Bg$-$/!"$^$? E0 $b1 � 6:8 eV
$N4V$NITDj@-$,$"$k$?$a!"$=$l$i$r9MN8$9$l$P!"4 � 20 ppm$N1F6A$H$J$j!"$3$l$O$:$l

$r@bL@$7F@$k!#
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TIME (ns)
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?^ 2.3: %]%8%H%m%K%&%`$N=E$_$D$-J?6QB.$5$NJQ2=!#=i4|1?F0%(%M%k%.!<1 eV, 273.15 K$N

CbAG$G$NCM!#@D$,0.1 atm, 9u$, 1 atm, @V$,2 atm $r<($9!#<wL?$K$h$k=E$_$,$D$$$F$$$k!#

$3$N?^$NLL@Q$,!"3FL)EY$G$NJ*<A$N8z2L$KAjEv$9$k!#

C)oPRESSURE (atm @ 0
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THERMALIZATION EFFECT

?^ 2.4: %]%8%H%m%K%&%`$NG.2=$K$h$k1F6A$NBg$-$5!#273.15 K$NCbAG$G$NCM!#=D<4$O!"1 atm
$G1 $K$J$k$h$&!"%N!<%^%i%$%:$7$F$"$k!#



15 2.3 86M}

C)oPRESSURE (atm @ 0
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 / ndf 2c  0.1095 / 18

Prob       1
Intercept  0.0658± 0.2115 
Slope     0.09245± 0.7588 

 / ndf 2c  0.1095 / 18

Prob       1
Intercept  0.0658± 0.2115 
Slope     0.09245± 0.7588 

THERMALIZATION EFFECT

?^ 2.5: %]%8%H%m%K%&%`$NG.2=$K$h$k1F6A!#273.15 K$NCbAG$G$NCM!#=D<4$O!"1 atm $G1 $K

$J$k$h$&!"%N!<%^%i%$%:$7$F$"$k!#@V$,[13]$N%G!<%?$r<($7!"@D$O?^2.4$HF1$87W;;7k2L!"

9u@~$O0l<!4X?t$K$h$k%U%#%C%H7k2L$r<($9!#y @ZJR$N86E@$+$i$N$:$l$,!"G.2=$K$h$k$:$l

$NBg$-$5$KAjEv$9$k!#

2.3 7OE}8m:9$r8:$i$9J}K!

7OE}8m:9$r8:$i$9$?$a!"0J2<$K<($93 $D$NA4$/?7$7$$J}K!$rMQ$$$k!#

2.3.1 Bg7?D6EAF3<'@P

1. <'>l$NHs0lMM@-$K$h$k7OE}8m:9$r8:$i$9$?$a!"Bg7?D6EAF3<'@P$rMQ$$$k!#%\%"7B

80 cm, D9$52 m $NBg7?D6EAF3<'@P$G!"?tcm $K5Z$V%]%8%H%m%K%&%`@8@.NN0hFb$G$N

O(ppm) $N<'>l0lMM@-$r3NJ]$9$k!#

2. 1J5WEEN.%b!<%I$G1?E>$9$k$3$H$K$h$j!"<'>l$N;~4VJQF0$r� 1 ppm 0J2<$KM^$($k!#

2.3.2 ;~4V>pJs$N<hF@

1. %]%8%H%m%K%&%`$,@8@.$7$F$+$iJx2u$9$k$^$G$N;~4V>pJs$r<hF@$9$k!#$3$l$K$h$j!"%]

%8%H%m%K%&%`$NG.2=4X?t$rD>@\B,Dj$7!"G.2=$K$h$k7OE}8m:9$r8:$i$9!#

G.2=4X?t$NB,Dj$K$O!"picko� $rMQ$$$k!#Picko� $H$O!"%]%8%H%m%K%&%`$,<~$j$NJ*<A

$H>WFM$7$?:]!"M[EE;R$,J*<ACf$NEE;R$HBP>CLG$r5/$3$7!"2
 Jx2u$9$k$3$H$G$"$k!#
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Graph

?^ 2.6: 2
 Jx2u3NN((S2
 )!#@V@~$,!"P = 409 W, QL = 14700, a = 64 mm, l = 100 mm
$N$H$-$NM}O@CM(RF-ON) $G$"$j!"NP@~$O!"B0 = 0 (RF-OFF) $G$NM}O@CM!#

$3$l$O$^$5$K>WFMIQEY$HHfNc$9$k$?$a!"2
 /3 
 Jx2uHf$r!";~4V$K$D$$$F@:L)$KB,Dj

$9$l$P!">WFMIQEY$N;~4V0MB8@-$rD4$Y$k$3$H$,$G$-$k!#

2. ;~4V>pJs$r;H$&$3$H$G!"S/N $rBg$-$/8~>e$5$;$k$3$H$,$G$-$k!#2a5n$N<B83$G$O!"

A+0\$K4X78$N$J$$!"%W%m%s%W%H%$%Y%s%H$d%"%/%7%G%s%?%k%$%Y%s%H$b2r@O$7$F$$$?!#

;~4V>pJs$r;H$($P!"$3$l$i$NL5BL$J%$%Y%s%H$r<h$j=|$/$3$H$,$G$-$k!#

M}O@<0(2.20) $K=>$C$F!"3F;~9o$G$NS2
 $r7W;;$7$F$_$k!#<B83$K9g$o$;!"B =
0:866 120 74 T$H$9$k!#IUO?A $N$h$&$K!"B0 $OP, QL , a, l $rMQ$$$FI=$5$l$k$,!"IU

O?A $K$b=q$$$F$"$k$h$&$K!"P = 409 W, QL = 14700, a = 64 mm, l = 100 mm $H

$9$k!#$3$N$H$-!"S2
 $O!"?^ 2.6$N$h$&$K$J$k!#2
 Jx2u3NN($NRF-ON, OFF $G$NJQ

2= (2
 A+0\NL) $K$9$k$H!"? 2̂.7$N$h$&$K$J$k!#?2̂.7$+$iJ,$+$k$h$&$K!";~4V>pJs

$r;H$C$F!"%?%$%_%s%0%&%#%s%I%&$r$+$1$l$P!"8zN(E*$KA+0\%$%Y%s%H$rA*$V$3$H$,

$G$-$k!#

%?%$%_%s%0%&%#%s%I%&$r$+$1$:$K(t = 0 � 1 )!"<'>l$KBP$7$F S2
 $r%W%m%C%H$9$k

$H!"?^ 2.8$N$h$&$K$J$k!#A+0\6J@~IU6a$G$b!"%P%C%/%0%i%&%s%I$,B?$$$3$H$,FI$_

<h$l$k!#0lJ}!" 35{155 ns$N%?%$%_%s%0%&%#%s%I%&$r$+$1!"2
 Jx2u3NN($r<'>l$KBP

$7$F%W%m%C%H$9$k$H!"?^2.9$N$h$&$K$J$k!#%?%$%_%s%0%&%#%s%I%&$K$h$C$F!"7`E*$K

%P%C%/%0%i%&%s%I$,>/$J$/$J$C$F$$$k!#$3$N$h$&$K!";~4V>pJs$r;H$($P!"%<!<%^%s

A+0\$N%$%Y%s%H$r8zN(E*$KA*Br$9$k$3$H$,$G$-!"S/N $,Bg$-$/8~>e$9$k!#
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Graph

?^ 2.7: 2
 A+0\NL!#A+0\$r$&$^$/A*$V$K$O!"%?%$%_%s%0%&%#%s%I%&$r$+$1$J$1$l$P$J$i$J

$$$3$H$,J,$+$k!#
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WITHOUT TIMING WINDOW

?^ 2.8: %?%$%_%s%0%&%#%s%I%&$J$7$G$N2
 Jx2u3NN(!#@V@~$,!"P = 409 W, QL = 14700,
a = 64 mm, l = 100 mm $N$H$-$NM}O@CM(RF-ON) $G$"$j!"NP@~$O!"B0 = 0 (RF-OFF)
$G$NM}O@CM!#%?%$%_%s%0%&%#%s%I%&$,$J$$$H!"%P%C%/%0%i%&%s%I$,B?$/$J$C$F$7$^$&!#
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MAGNETIC FIELD (T)
0 0.2 0.4 0.6 0.8 1

 A
N

N
IH

IL
A

T
IO

N
 P

R
O

B
A

B
IL

IT
Y

g2

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14
WITH TIMING CUT 35­­155 ns

?^ 2.9: 35{155 ns$G$N2
 Jx2u3NN(!#@V@~$,!"P = 409 W, QL = 14700, a = 64 mm,
l = 100 mm $N$H$-$NM}O@CM(RF-ON) $G$"$j!"NP@~$O!"B0 = 0 (RF-OFF) $G$NM}O@CM!#

%?%$%_%s%0%&%#%s%I%&$r$&$^$/@_Dj$9$k$3$H$G!"$[$\%P%C%/%0%i%&%s%I%U%j!<$JA+0\6J@~

$,F@$i$l$k!#

2.3.3 9b@-G=%,%s%^@~8!=P4o

1. %,%s%^@~8!=P4o$H$7$F!"LaBr3(Ce) $H$$$&!"?7$7$$L55!7k>=%7%s%A%l!<%?$rMQ$$$k!#

9b$$%(%M%k%.!<J,2rG=$r@8$+$7$F!"back-to-back $N>pJs$rMQ$$$:!"%(%M%k%.!<>pJs

$N$_$G2
 Jx2u%$%Y%s%H$r<1JL$9$k!#$3$l$K$h$j!"E}7W$rHtLvE*$K9b$a$k!#C;;~4V$G

B,Dj$9$k$3$H$G!";~4VJQF0$J$I$N7OE}8m:9$r8:$i$9$3$H$,$G$-$k!#

2. B.$$;~Dj?t$r$b$D$?$a!"9b$$@~8;6/EY$G$N<B83$b9T$&$3$H$,$G$-$k!#
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Bh3>O <B83

$3$N>O$G$O!"Bh2.3@a$G=R$Y$?J}K!$r<B8=$9$k$?$a$N!"<B83AuCV$K$D$$$F!"6qBNE*$K=R

$Y$k!#K\<B83$N:G=*L\E*$O!"O(ppm) $GD6Hy:Y9=B$$rB,Dj$7!"<B83$HM}O@$N$:$l$r8!>Z$9

$k$3$H$K$"$k!#:#2s!"$=$NA0CJ3,$H$7$F%W%m%H%?%$%WB,Dj$r9T$$!"L\E*$rC#@.$9$k$?$a$K

==J,$J<B83AuCV$,AH$a$k$+$I$&$+$rD4$Y$?!#0J2<$G$O!"%W%m%H%?%$%WB,Dj$G$N<B83AuCV$K

B($7$F=R$Y$k!#$^$:!"A4BN$N354Q$K$D$$$F=R$Y$?8e!"3F9=@.ItJ,$K$D$$$F>\=R$9$k!#

3.1 %W%m%H%?%$%WB,Dj$N<B83AuCV354Q

?^ 3.1$K!"%W%m%H%?%$%WB,Dj$G$N<B83AuCVA4BN?^$r<($9!#$^$?!"Bg7?D6EAF3<'@PFbIt$r

3HBg$7$?$b$N$r!"?3̂.2$K<($9!#$5$i$K!"<'@P<~$j$N<B83AuCV$N<L??$r?^3.3$K<($9!#<'

>lCf$K@_CV$9$kAuCV$O!"<'>l$rMp$5$J$$$?$a!"A4$FHs<'@-$G$"$k!#:#2s$N%W%m%H%?%$%W<B

83$G$O!"RF 7O$J$I0lIt$r=|$-!"Ls 3%v7n$N4|4VCf!"<B83AuCV$NBg$-$JJQ99$O9T$C$F$$$J

$$!#<B83$NN.$l$O!"0J2<$NDL$j!#

1. M[EE;R@~8;$+$iM[EE;R$,J|=P$5$l$k!#

2. � %?%07O$,!"J|=P$5$l$?M[EE;R$r<1JL$7!"M[EE;R$,DL2a$7$?;~9o>pJs$r<hF@$9$k!#

3. <B83AuCV$,<'>lCf$K$"$k$?$a!"M[EE;R$O<'>l$K4,$-IU$-$J$,$i!"RF %-%c%S%F%#!<$N

Cf$K?J$`!#

4. RF %-%c%S%F%#!<$NCf$O!"%,%9$GK~$?$5$l$F$$$k!#M[EE;R$O!"%,%9Cf$G%(%M%k%.!<$r

<:$&!#

5. 8:B.$5$l$?M[EE;R$O!"%,%9J,;R$NEE;R$r0z$-Gm$,$7!"$"$k3NN($G%]%8%H%m%K%&%`$r

@8@.$9$k!#

6. @8@.$5$l$?%]%8%H%m%K%&%`$N$&$A!"<wL?$ND9$$j1; � 1i @.J,$O!"%,%9Cf$GG.2=$9$k!#

7. %<!<%^%sA+0\$r8+$k$H$-$O!"RF %-%c%S%F%#!<$K!"RF $r0u2C$7$F$"$k!#$3$NRF $K

$h$C$F!"j1; � 1i @.J,$Hj+ i @.J,$N4V$GA+0\$,5/$3$k!#

8. j1; � 1i @.J,$O!"Ls140 ns$G3
 Jx2u$r$7!" j+ i @.J,$OLs8 ns$G2
 Jx2u$r$9$k!#A+0\

$r5/$3$7$?%]%8%H%m%K%&%`$O2
 Jx2u$7!"A+0\$r5/$3$5$J$+$C$?%]%8%H%m%K%&%`$O

3
 Jx2u$9$k$3$H$K$J$k!#
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?^ 3.1: %W%m%H%?%$%WB,Dj$N<B83AuCV354Q!#
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?^ 3.2: Bg7?D6EAF3<'@PFbIt$N%;%C%H%"%C%W(J?LL (CGLL) ?^)!#B,Dj7O$OA4$F@E<'>lCf$KCV

$+$l$F$$$k!#

9. Jx2u$K$h$C$F@8@.$5$l$?
 @~$O!"
 @~8!=P4o$G8!=P$5$l$k!#<'>l$NCM$rJQ$($J$,$i!"

2
 , 3
 Jx2u3NN($rB,Dj$9$k$3$H$G!"HFS $NCM$rB,Dj$G$-$k!#

0J2<$N@a$G!"<B83AuCV$N3FItJ,$K$D$$$F@bL@$9$k!#

3.2 @E<'>l

K\<B83$N80$H$J$k$N$,!"%<!<%^%sJ,Nv$r5/$3$9$?$a$N!"@E<'>l$G$"$k!#<'>l@8@.$K$O!"

Bg7?D6EAF3<'@P$rMQ$$$?(?^ 3.3(a))!#$3$l$K$O!"0J2<$N2 $D$NMxE@$,$"$k!#

� MQ$$$?<'@P$O!"KEK Dc29%;%s%?!<$K$"$k!"%\%"7B800 mm, D9$5Ls2000 mm$NBg7?

D6EAF3<'@P$G$"$k!#$=$NBg$-$J%\%"7B$K$h$j!"0lMM$J<'>l$r!"10 cmDxEY$K$b5Z$VBg

$-$J!"%]%8%H%m%K%&%`@8@.NN0h$K0u2C$9$k$3$H$,2DG=$G$"$k!#$3$l$K$h$j!"<'>l$N

Hs0lMM@-$+$i@8$:$k7OE}8m:9$r!"M^$($k$3$H$,$G$-$k!#

%W%m%H%?%$%W<B83;~$N!"<'>lJ,I[$r!"?^3.4 $K<($9!#<'>lB,Dj$K$O!"M[;R$N NMR
$rMQ$$$?@:L)<'>lB,Dj4o(ECHO Electronics EFM-150HM-AX) 5Z$S!"%/%m%C%/%7

%s%;%5%$%6(NF Corporation CK1615 PA-001-0312) $rMQ$$$?!#8=;~E@$G$O!"RF
%-%c%S%F%#!<FbItNN0h$G!"23.1 ppm (RMS) $N0lMM@-$,F@$i$l$F$$$k!#:G=*E*$K$O!"

O(ppm) $N0lMM@-$,MW5a$5$l$k$?$a!":#8e!"Jd=~<'@P$rMQ$$$F!"0lMM@-$r9b$a$k7W

2h$G$"$k!#$=$l$K$D$$$F$O!"Bh8.2@a$K$F!">\$7$/=R$Y$k!#

� 1J5WEEN.%b!<%I$GF0:n$5$;$k$3$H$K$h$j!";~4VJQF0� 1 ppm 0J2<$K0BDj$7$?<'>l$r

@8@.$G$-$k!#
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(a) Bg7?D6EAF3<'@P!#MRI MQ$K3+H/$5$l$?$b$N$G!"%\%"7B800 mm, A4D9Ls2 m
$G$"$j!"1J5WEEN.%b!<%I$G1?E>$G$-$k!#%O%$%Q%o!<RF $O!"F3GH4I$rDL$C$F%-%c
%S%F%#!<$XF~$k!#

(b) <'@PFbIt$N%;%C%H%"%C%W!#Cf?4$KRF %-%c%S%F%#!<$,$"$j!"$=$N<~$j$r

@~8!=P4o$,<h$j0O$s$G$$$k!#$3$N?^$G$O8+$($J$$$,!"� %?%07O$,%-%c%S%F%#!<
$N1|$K$"$k!#<jA0$+$iF3GH4I$rDL$C$F%O%$%Q%o!<RF $,%-%c%S%F%#!<$KF~$k!#

?^ 3.3: <B83AuCV$N<L??(<'@P<~$j)
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X POSITION (mm)
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Entries  40401

Mean x  0.7827
Mean y  ­2.712

RMS x    37.2
RMS y   34.94
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m_h_B
Entries  40401

Mean x  0.7827
Mean y  ­2.712

RMS x    37.2
RMS y   34.94

m_h_B

?^ 3.4: y = 0 J?LL (RF %-%c%S%F%#!<$NCf?4$rDL$k!"?eJ?$JLL) $N<'>lJ,I[!#?'$O!"J?6Q

CM$+$i$N$:$l(ppm) $rI=$9!#M[;R$N NMR $rMQ$$$F!"10 mm4V3V$GB,Dj$7$?(RF %-%c%S

%F%#!<Fb$G9g7W310E@)!# RF %-%c%S%F%#!<NN0hFb$N0lMM@-$O!"RMS $G23.1 ppm$G$"$k!#

?^ 3.5$K!"<'>l$NJQ2=$r?tF| (2009/09/20 D+� 2009/09/24 D+) $KEO$C$F%b%K%?!<$7

$?7k2L$r<($9!#0BDj$7$?<'>l$r0u2C$G$-$F$$$k$3$H$,FI$_<h$l$k!#

$3$N<'@P$rMQ$$$F!"0:858 � 0:870 T $N<'>l$r0u2C$7!"%<!<%^%sA+0\$N6&LD6J@~$rF@$k!#

3.3 M[EE;R@~8;

M[EE;R@~8;$K$O!"Ls18� Ci(680 kBq) $N22Na (Eckert & Ziegler POSN-22) $rMQ$$$?!#
22Na $NJx2u?^$r? 3̂.6$K!"Jx2u$K$h$C$FJ|=P$5$l$kN3;R$rI=3.1$K!"$=$l$>$l<($9!# ??6u

0z$-$,$G$-$k$h$&!"@~8;$O!"8|$50.0127 mm$N!"2 Kg$NTi %[%$%k$K64$^$l$F$$$k!#Active
diameter $O9.53 mm$G$"$j!"$=$N30B&$O!"307B19.1 mm, 8|$5 0.254 mm$NTi 1_HD2 Kg$G

64$^$l$F$$$k!#

3.4 � %?%07O

� %?%07O$N<L??(@~8;$^$o$j) $r!"?^ 3.7$K<($9!#� %?%07O$O!"@~8;%[%k%@!<!"%W%i%9%A%C

%/%7%s%A%l!<%?5Z$S%"%/%j%k%i%$%H%,%$%I!"%U%!%$%s%a%C%7%ePMT $+$i@.$k!#0J2<!"3F

9=@.MWAGJL$K=R$Y$k!#
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TIME
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1.2

?^ 3.5: <'>l$N;~4VJQF0!#2009/09/20 03:00� 2009/09/24 09:00$N4V!"%b%K%?!<$7$?7k2L!#

;~4VJQF0$O� 1 ppm 0J2<$G$"$k!#

Na11
22 

Ne10
22 

2.6027 y

0

+b

1274.6

9.618%

+b

EC
90.326%

0.056%

+2

+0

+3

stable

?^ 3.6: 22Na $NJx2u? [̂49]
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I= 3.1: 22Na $NJx2u$K$h$C$FJ|=P$5$l$kN3;R[49]

Jx2u%b!<%I N3;R
%(%M%k%.!< 6/EY

(keV) (%)

� +

e+ %(%s%I%]%$%s%H545.7(4) 215.54(21) 90.326(15)
%(%s%I%]%$%s%H1820.3(4) 835.00(23) 0.056(14)

e� %*!<%8%'EE;R(K) 0.82 8.74(3)



X @~(K � 2) 0.848 0.053(5)
X @~(K � 1) 0.849 0.107(11)

1274.537(7) 99.941(14)

?^ 3.7: � %?%07O!#RF %-%c%S%F%#!<$N38ItJ,$K=8Ls$7$F$$$k!#Cf1{$N1|$K22Na @~8;$,$"

$j!"<jA08~$-$KM[EE;R$,=P$?>l9g!"Gv$$(0.2 mm) %W%i%9%A%C%/%7%s%A%l!<%?$r8w$i$;$k!#

$=$N8w$O!"1|$X$H%"%/%j%k%i%$%H%,%$%I$GF3$+$l!"%U%!%$%s%a%C%7%ePMT $GB,Dj$5$l$k!#
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3.4.1 @~8;%[%k%@!<

@~8;$r8GDj$9$k$?$a!"Cu @=$N@~8;%[%k%@!<$rMQ$$$?!#7A>u$r?^3.8 $K<($9!#@~8;%[%k

%@!<$K$O!"?<$52 mm, D>7B20 mm$N7&$_$r3+$1!"$=$3$K@~8;$rCV$$$?!#@~8;$H%[%k%@!<

$N4V$K$O!"8|$50.5 mm, D>7BLs20 mm $N%F%U%m%s1_HD$r64$s$@!#$5$i$K!"$=$N>e$+$i!"

8|$5 0.5 mm, 307BLs20 mm, Fb7BLs10 mm $N%F%U%m%s1_HD$r:\$;$?!#%,%905$rJQ2=$5$;

$k:]!"@~8;$KNO$,$+$+$i$J$$$h$&!"@~8;$rCV$/7&$_$O!"I}5 mm $N9B$G!"D>@\!"@~8;%[%k

%@!<$N30$H$D$J$,$C$F$$$k!#

3.4.2 %W%i%9%A%C%/%7%s%A%l!<%?5Z$S%"%/%j%k%i%$%H%,%$%I

@~8;%[%k%@!<$K$O!"%"%/%j%k$N%i%$%H%,%$%I$r$O$a$k$?$a$N9B$r@Z$C$F$"$k!#Cf?4It$K

D>7B10 mm$N7j$r3+$1$?!"8|$5 10 mm, I} 15 mm, D9$575 mm$N%"%/%j%k3QK@$r!"%i%$

%H%,%$%I$H$7$FMQ$$$k!#%"%/%j%k3QK@$K$O!"$5$i$KD9$5200 mm, D>7B15 mm$N%"%/%j%k

1_Cl$,!" 2 K\@\Ce$5$l$F$$$k!#7j$N=P8}$NJRB&$O!"@~8;$N>e$K=E$J$j!"$b$&0lJ}$K$O!"8|

$50.2 mm, 15 mm;MJ}$N%W%i%9%A%C%/%7%s%A%l!<%?(NE102A) $r@\Ce$7$?!#@~8;$+$i=P

$?M[EE;R$O!"=g$K%F%U%m%s1_HD!"%"%/%j%kK@$N7j$rDL$j!"%W%i%9%A%C%/%7%s%A%l!<%?$rDL

2a$9$k!#%W%i%9%A%C%/%7%s%A%l!<%?$rDL2a$9$k:]!"M[EE;R$O%(%M%k%.!<$rMn$H$7!"%7%s%A

%l!<%7%g%s8w$rH/$9$k!#$3$N%7%s%A%l!<%7%g%s8w$O!"%"%/%j%k3QK@$rDL$j!"%"%/%j%k1_Cl

$rDL$C$F30$K1?$P$l$k!#

3.4.3 %U%!%$%s%a%C%7%ePMT

%"%/%j%k%i%$%H%,%$%I$N@h$K$O!"%U%!%$%s%a%C%7%ePMT (HAMAMATSU H6614-70MOD)
$r@_CV$7$?!#$3$3$G!"%U%!%$%s%a%C%7%ePMT $rMQ$$$k$N$O!"<'>l(� 0:866 T) Cf$G<B83$r

9T$&$?$a$G$"$k!#<'>l$KBP$9$k1F6A$rM^$($k$?$a!"%1!<%V%k$rHs<'@-$H$7!"<'@P$+$i<h$j

=P$9$?$a!"%1!<%V%kD9$r5 m $K$7$F$"$k!#%"%/%j%k%i%$%H%,%$%I$rDL$C$F$-$?%7%s%A%l!<

%7%g%s8w$O!"$3$NPMT $G8!=P$5$l$k!#

%U%!%$%s%a%C%7%ePMT $N@-G=$O!"<'>lCf$G$O!"0-$/$J$kJ}$K1F6A$r<u$1$k!#$7$+$7!"$=

$N1F6A$O!"<'>l$KBP$9$kPMT 3QEY(?^ 3.9) $K0MB8$9$k!#%U%!%$%s%a%C%7%ePMT $N@-G=

$N3QEY0MB8@-$K$D$$$F!"%2%$%s$r?^3.10$K!"%(%M%k%.!<J,2rG=$r?3̂.11$K!";~4VJ,2rG=

$r?^ 3.12$K!"$=$l$>$l<($9!#

$3$l$i$O!"<B83$GMQ$$$?$N$HF1$8<'@P$rMQ$$$F!"<B:]$K� 0:866 T $N<'>l$r$+$1$FB,Dj

$7$?$b$N$G$"$k!#D>7B1 %$%s%A!"D9$51 %$%s%A$NLaBr3(Ce) %7%s%A%l!<%?(Saint-Gobain
BrilLanCeTM 380) 28D$H!"%U%!%$%s%a%C%7%ePMT (HAMAMATSU H8409-70 (1.5 %$%s

%A!"28D), HAMAMATSU H6614-70 (2 %$%s%A!"18D)) $r back-to-back$KG[CV$7!"22Na @~

8;$+$i$N 511 keV 
 @~$rB,Dj$7$?!#LaBr3(Ce) %7%s%A%l!<%?$K$D$$$F$O!"Bh3.7.1@a$G>\

=R$9$k!#%2%$%s$K$D$$$F$O!"<'>l$KBP$9$k3QEY$,30� $N$H$-!"1F6A$,:G$b>.$5$$!#$3$l$O!"

<'>lCf$GEE;R$O!"<'>l$K4,$-IU$-$J$,$i!"M[6K$X8~$+$&$N$@$,!"30� $N$H$-!"%@%$%N!<%I
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?^ 3.8: @~8;%[%k%@!<!#Cu @=(Hs<'@-) $G$"$j!"@~8;5Z$S%i%$%H%,%$%I$r8GDj$9$k!#@~8;

%[%k%@!<<+BN$O!"8e$G=R$Y$kRF %-%c%S%F%#!<$N38$K$M$8;_$a$9$k!#
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?^ 3.9: %U%!%$%s%a%C%7%ePMT $N<'>l$KBP$9$k3QEY!#$3$NTHETA $KBP$9$k0MB8@-$rD4

$Y$?!#

 0.01

 0.1

 1
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?^ 3.10: %U%!%$%s%a%C%7%ePMT $N%2%$%s$N!"<'>l$KBP$9$k3QEY0MB8@-!#3QEY$N$H$j$+$?

$K$D$$$F$O!"?3̂.9$r;2>H!#%2%$%s$NCM$O!"<'>lL5$7$N>l9g$H$NHf$GI=$5$l$F$$$k!#@V$,

1.5%$%s%APMT, @D$,2 %$%s%APMT $N%2%$%s$r<($9!#%(%i!<%P!<$O!"0u$NBg$-$5$KHf$Y

$F>.$5$$!#%2%$%s$K$D$$$F$O!"<'>l$KBP$9$k3QEY$,30� $N$H$-!"1F6A$,:G$b>.$5$$!#
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?^ 3.11: %(%M%k%.!<J,2rG=$N!"<'>l$KBP$9$kPMT 3QEY0MB8@-!#3QEY$N$H$j$+$?$K$D$$$F

$O!"?^ 3.9$r;2>H!#511 keV$G$NJ,2rG=$r!"FWHM $GI=$7$F$$$k!#@V$,1.5%$%s%APMT,
@D$,2 %$%s%APMT $r<($9!# � 5� $NE@$O!"<'>lL5$7$NJ,2rG=$rI=$9!#%(%M%k%.!<J,2rG=$K

$D$$$F$O!"<'>l$KBP$9$k3QEY$,0� (<'>l$HJ?9T) $N$H$-!"1F6A$,:G$b>.$5$$!#

$N<B8zLL@Q$,:G$bBg$-$/$J$k$?$a$H9M$($i$l$k!#0lJ}!"%(%M%k%.!<J,2rG=$d!";~4VJ,2rG=

$O!"<'>l$HJ?9T$N$H$-!"1F6A$,:G$b>.$5$$!#$3$l$O!"8wEELL$r=P$?EE;R$N$&$A!"Bh1 %@%$

%N!<%I$KE~C#$9$k3NN($,!":G$b9b$/$J$k$?$a$@$H9M$($i$l$k!#

$=$3$G!"%(%M%k%.!<J,2rG=!";~4VJ,2rG=$,:G$b$h$/$J$k$h$&!"%U%!%$%s%a%C%7%ePMT
$O!"<'>l$HJ?9T$K@_CV$7$?!#$J$*!"%U%!%$%s%a%C%7%ePMT $O<'@-BN(%3%P!<%k(Kovar) !#

<g$KFe, Ni, Co $N9g6b) $r4^$s$G$$$k$?$a!"<'>l$KM?$($k1F6A$OBg$-$$!#Nc$($P!"<'@P$NCf

?4$+$i?t cm $G$O!"Cf?4<'>l$K100 ppmDxEY!"10 cmDxEY$N5wN%$G$O!"Cf?4<'>l$K10 ppm
DxEY$N1F6A$r5Z$\$9!#$3$N$?$a!"20 cm$ND9$5$N%"%/%j%k1_Cl$r%i%$%H%,%$%I$K$7$F!"RF
%-%c%S%F%#!<$+$iN%$7$FFI$_=P$9$h$&$K$7$?!#$3$N>uBV$G$NCf?4<'>l$X$N1F6A$O!"+3 ppm
DxEY$G$"$j!"<'>l$N0lMM@-$KBP$9$k1F6A$OL5;k$G$-$k!#

3.5 RF 7O

%W%m%H%?%$%WB,Dj$GMQ$$$?RF 2sO)?^$r!"?^ 3.13$K<($9!#RF 2sO)$O!"Bg$-$/J,$1$F!"

RF 6!5kIt!"%b%K%?!<It!"%U%#!<%I%P%C%/It!"%$%s%?!<%m%C%/It$N4 ItJ,$+$i@.$k!#
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?^ 3.12: ;~4VJ,2rG=$N!"<'>l$KBP$9$kPMT 3QEY0MB8@-!#3QEY$N$H$j$+$?$K$D$$$F$O!"?^

3.9$r;2>H!#511 keV$G$NJ,2rG=$r!"back-to-back$KCV$+$l$?2 $D$NPMT %7%0%J%k$N;~4V

:9 (FWHM) $G5a$a!"1 8D$"$?$j$KJQ49$7$FI=$7$F$$$k!#@V$,1.5%$%s%APMT, @D$,2 %$

%s%APMT $r<($9!# � 5� $NE@$O!"<'>lL5$7$NJ,2rG=$rI=$9!#;~4VJ,2rG=$K$D$$$F$b!"<'>l

$KBP$9$k3QEY$,0� (<'>l$HJ?9T) $N$H$-!"1F6A$,:G$b>.$5$$!#
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?^ 3.13: %W%m%H%?%$%WB,Dj$G$NRF 2sO)?^!#RF 6!5kIt!"%b%K%?!<It!"%U%#!<%I%P%C%/It!"

%$%s%?!<%m%C%/It$+$i9=@.$5$l$k!#
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3.5.1 RF 6!5kIt

RF 6!5kIt$O!"GH8; (%7%0%J%k%<%M%l!<%?!<(SG))!"A}I}4o (AMP) !"F3GH4I!"%U%#!<%I

%9%k!<5Z$S%-%c%S%F%#!<$+$i9=@.$5$l$k!#

SG 5Z$SAMP

$^$:!" SG (ROHDE & SCHWARZ SMV 03) $K$h$C$F!"6.6 dBm DxEY$NRF $r@8@.$9

$k!#SG$N@)8f$O!"GPIB %$%s%?!<%U%'%$%9$rMQ$$$F9T$C$?!#<~GH?t$O0.1 ppm0J2<$N@:EY

$G%b%K%?!<$G$-$k!#$=$NRF $r!" AMP (R&K A2856BW200-5057-R) $G!"50 dB A}I}$7!"

Ls500 W$N=PNO$rF@$k!#AMP $N:GBg=PNO$O!"<~GH?t$K$b0M$k$,!"Ls600 W$G$"$k!#AMP
$O!":G6a<BMQ2=$5$l$?$P$+$j$N!"Cb2=%,%j%&%`(GaN) H>F3BN$rMQ$$$F$$$k!#GaN H>F3BN

$O!"3.3 eV$N%.%c%C%W$r;}$C$F$*$j!"$3$l$O=>Mh$N%7%j%3%s(Si) H>F3BN$HHf$Y$k$H!"Ls3
G\$NBg$-$5$G$"$k!#$^$?!"@d1oBQ@-$,9b$/!"%*%sDq93$,>.$5$/!"=>Mh$NH>F3BN$KHf$Y$F!"

9bEE059bEEN.$GF0:n$5$;$F$bB;<:$,>/$J$/!"$5$i$K!"%9%$%C%A%s%0$,6K$a$F9bB.$G$"$k!#

$3$N$h$&$K!"GaN H>F3BN$O!"M%$l$?FC@-$rM-$7$F$*$j!"<!@$Be$N%O%$%Q%o!<%G%P%$%9$K4|

BT$5$l$F$$$k!#

F3GH4I!"%U%#!<%I%9%k!<5Z$S%-%c%S%F%#!<

@8@.$5$l$?%O%$%Q%o!<RF $O!"Al @=$NF3GH4I$rDL$7$F!"%-%c%S%F%#!<$KAw$i$l$k!#F3GH

4I$rMQ$$$k$N$O!"B;<:$rM^$($k$?$a$G$"$k!#F3GH4I$+$i%-%c%S%F%#!<$X$NF~NOIt(%U%#!<%I

%9%k!<) $O!"0lEYN %3%M%/%?$KJQ49$7$F$+$i!"F~$k$h$&$K$J$C$F$$$k!#%-%c%S%F%#!<B&$O!"

K@>u$N%"%s%F%J$K$J$C$F$*$j!"K@$N@h$O5e7A$K$J$C$F$$$k!#F~NOB&$G$O!"$=$N5e$N0lIt$,

%-%c%S%F%#!<FbItNN0h$KFM$-=P$7$F$*$j!"$=$3$G%-%c%S%F%#!<$N6&?6%b!<%I$H7k9g$9$k!#

0lJ}!"%b%K%?!<$KMQ$$$k$?$a$N=PNOB&$O!"7k9g$r>.$5$/$9$k$?$a!"%"%s%F%J$N@h$O%-%c%S

%F%#!<FbIt$K$O$_=P$5$J$$$h$&$K$J$C$F$$$k!#

<B83$G;HMQ$7$?RF %-%c%S%F%#!<$N<L??$r!"?^3.14$K<($9!#RF %-%c%S%F%#!<$O!"L5;@

AGF<$G@=:n$7$?!#FbIt$O!"D>7B128 mm, D9$5100 mm$N1_Cl7A$G$"$k!#6&?6%b!<%I$O!"

TM 110 %b!<%I(%b!<%I$N>\:Y$OIUO?A) $G$"$k!#$3$N%b!<%I$O!"EE>l$,<4$KJ?9T$G!"<'>l

$,<4$K?bD>$G$"$k!#r J}8~CGLL$G$NRF <'>lJ,I[$O?^ 3.15$N$h$&$K$J$k!#RF <'>l$O 2 $D

$N5U2sE>$N12$G$"$j!"Cf1{(r = 0) $G:GBg$H$J$k!#:#2s!"?6F0<'>l$O!"@E<'>l(Bg7?D6EA

F3<'@P$K$h$C$F6!5k!"<4$KJ?9T) $KBP$7!"?bD>$G$"$kI,MW$,$"$k$N$G!"$3$N%b!<%I$,:GE,

$G$"$k!#D>7B$OGHD9$+$i7h$^$k$,!"D9$5$O!"B>$N%b!<%I$H$N43>D$,>/$J$/$J$k$h$&$K@_7W

$7$F$"$k!#TM 110 %b!<%I$N%-%c%S%F%#!<$N8GM-<~GH?tf 0 $O!"8wB.c, 1 <!$N%Y%C%;%k4X?t

$NBh1 NmE@� 11, %-%c%S%F%#!<$NH>7Ba $rMQ$$$F!"

f 0 =
c� 11

2�a
(3.1)
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?^ 3.14: RF%-%c%S%F%#!<!#FbIt$O!"D>7B128 mm, D9$5100 mm$N1_Cl7A!#6&?6%b!<%I$O

TM 110 %b!<%I!#8GM-<~GH?t$O2.856 6 GHz ,QL = 14700 .
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- 1.0 - 0.5 0.0 0.5 1.0

- 1.0

- 0.5

0.0

0.5

1.0

TM110 H distribution

?^ 3.15: TM110 %b!<%I$N<'>lJ,I[!# x, y $NBg$-$5$OE,Ev$K%N!<%^%i%$%:$5$l$F$$$k!#<'

>l$NBg$-$5$O!"Lp0u$ND9$5$GI=$5$l!"8~$-$,Lp0u$N8~$-$GI=$5$l$k!#
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$HI=$5$l$k!#:#2s$N>l9g!" f 0 = 2 :8566 GHz$G$"$k!#%-%c%S%F%#!<$NIi2YQ (loadead Q)
$H$7$F!"QL = 14700 $H$$$&9b$$CM$,F@$i$l$F$$$k!#$^$?!"B&LL$O!"8e$G=R$Y$k%,%s%^@~

8!=P4o$N8!=P8zN($r9b$a$k$?$a!"8|$52 mm $HGv$/$J$C$F$$$k!#

%-%c%S%F%#!<$KRF $r0u2C$9$k$H!"%-%c%S%F%#!<$G$NB;<:$K$h$j!"G.$,H/@8$9$k!#%-%c

%S%F%#!<$NFC@-$O29EY$K0MB8$7$F$7$^$&$?$a!"$3$l$r=|$/$?$a$K!"Nd5Q4I$r6d$m$&IU$1$7!"

$=$NCf$K9129?e(%A%i!<$G30� C $K@_Dj) $rN.$7$F$"$k!#

3.5.2 %b%K%?!<It

RF $N%b%K%?!<NL$O!"RF <~GH?t!"SG=PNO!"F~NOEENO!"%-%c%S%F%#!<F)2aEENO!"H?<MEE

NO!"F~NO$HF)2a$N0LAj:9$G$"$k!#

RF <~GH?t

RF <~GH?t$O!"SG$KF~NO$7$?@_DjCM$=$N$b$N$rMQ$$$?!#GPIB $G$N@)8f$HF1;~$K!"%b%K

%?!<$b$G$-$F$$$k$3$H$K$J$k!#$3$NCM$N@:EY$O!"0.1 ppm0J2<$G$"$k!#

SG =PNO

SG$+$i=PNO$5$l$?RF $O!"J}8~@-7k9g4o$K$h$j!"� 10 dB$5$l$F%b%K%?!<MQ$K<h$j=P$5

$l$k!#$3$NEENO$O!"%/%j%9%?%k%G%#%F%/%?!<$rMQ$$$FB,Dj$5$l$?!#

%/%j%9%?%k%G%#%F%/%?!<$O!"@0N.;R$rMQ$$$F!"RF $NF~NO$rEE05=PNO$KJQ49$9$k5!4o$G

$"$k!#=PNOEE05FC@-$O!"F~NOEENO$K0M$C$F0[$J$k!#� 40 dBm� 0 dBm $NNN0h$G$O!"F~NOEE

NO$K$[$\HfNc$9$k!#$=$l$h$jBg$-$$EENO$KBP$7$F$O!"=PNOEE05$NA}2C$,F_$/$J$k!#=PNOEE

05$+$iF~NOEENO$rF@$k$?$a!"5 <!$^$G$NB?9`<0$G3S@5$7$?!#%/%j%9%?%k%G%#%F%/%?!<$N=P

NO$O!"%G%8%?%k%^%k%A%a!<%?!<(DMM) (KEITHLEY 2000) $K$h$C$F%G%8%?%k$KJQ49$7!"

GPIB %$%s%?!<%U%'%$%9$rDL$7$F5-O?$7$?!#

F~NOEENO

F~NOEENO$O!"GaN AMP $N=PNO8e$K@_CV$7$F$"$k!"J}8~@-7k9g4o(� 30 dB) $+$i$N=PNO

$r!"%/%j%9%?%k%G%#%F%/%?!<5Z$S%Q%o!<%a!<%?!<(Agilent E4419B) $GB,Dj$7$?!#J}8~@-

7k9g4o$N=PNO$O!"5 m $NSF 10429EYJd=~%1!<%V%k$G1?$P$l!"J,3d2sO)$K$h$C$F3 $D$KJ,

$1$i$l!"$&$A 2 =PNO$,F~NOEENO$N%b%K%?!<$KMQ$$$i$l$?(;D$j 1 $D$O0LAj:9$N%b%K%?!<$K

;HMQ$5$l$?)!#
%/%j%9%?%k%G%#%F%/%?!<$G$NB,DjCM$O!"SG=PNO$HF1MM!"DMM $rMQ$$$F5-O?$5$l$?!#

0lJ}!"%Q%o!<%a!<%?!<$O!"Jd@5Ey$N=hM}$r9T$&$3$H$J$/$=$N$^$^!"EENOCM$r%j%"%k%?%$

%`$GI=<($G$-!"MxJX@-$KM%$l$F$$$k!#B,DjCM$O!"%Q%o!<%a!<%?!<$N%G%#%9%W%l%$$KD>@\I=

<($5$l!"F1;~$K!" GPIB %3%M%/%?$+$i%G%8%?%k=PNO$,F@$i$l!"$3$l$r5-O?$7$?!#
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%-%c%S%F%#!<F)2aEENO

%b%K%?!<MQ$N%"%s%F%J$+$iF@$i$l$?F)2aEENO$O!"7.5 m $NSF 10429EYJd=~%1!<%V%k$r

DL$7$F1?$P$l!"2 $D$KJ,3d$5$l$k!#$&$A1 $D$,!"%-%c%S%F%#!<F)2aEENOB,DjMQ$K;H$o$l$?

($b$&1 $D$O!"0LAj:9B,Dj$K;HMQ$5$l$?)!#%-%c%S%F%#!<F)2aEENO$O!"%Q%o!<%a!<%?!<$rMQ

$$$F!"F~NOEENO$HF1MM$KB,Dj$5$l$?!#

H?<MEENO

%-%c%S%F%#!<$+$i$NH?<M$O!"F~NOEENOB,Dj$KMQ$$$?J}8~@-7k9g4o(� 30 dB) $rMQ$$$F<h

$j=P$5$l!" 20 dB$@$18:?j$5$;$?8e!"2 J,3d$5$l$?!#$=$N$&$A1 $D$O!"$5$i$K6 dB 8:?j$5

$;$F!"%/%j%9%?%k%G%#%F%/%?!<$K$h$kH?<MEENOB,Dj$KMQ$$$?( $b$&1 $D$O!"%$%s%?!<%m%C

%/$K;HMQ$5$l$?)!#B,Dj$5$l$?H?<MEENO$O!"SG=PNO$HF1MM!"DMM $rMQ$$$F5-O?$5$l$?!#

F~NO$HF)2a$N0LAj:9

F~NOEENOB,Dj$KMQ$$$?=PNO$N$&$A!";D$j1 $D$N=PNO$O!"0LAj:9B,Dj$NF~NOB&$H$7$F;HMQ

$5$l$?!#J,3d2sO)$N8e!"20 dB 8:?j$5$l!"99$K 7.5 m$NSF 10429EYJd=~%1!<%V%k$rDL$j!"

%5!<%-%e%l!<%?!<$rDL$C$F!"%_%-%5!<$K1?$P$l$?!#0LAj:9B,Dj$NF)2aB&$O!"F)2aEENOB,Dj

$KMQ$$$?=PNO$N$&$A!";D$j1 $D$N=PNO$,MQ$$$i$l$?!#$=$N=PNO$O!"20 dB8:?j$5$l!"0\Aj

4o!"%5!<%-%e%l!<%?!<$rDL$C$F:.9g4o$K1?$P$l$?!#:.9g4o$N=PNO$O!"DMM $rMQ$$$FB,Dj

$5$l$?!#

3.5.3 %U%#!<%I%P%C%/It

%U%#!<%I%P%C%/$O!"EENO%U%#!<%I%P%C%/$H!"<~GH?t%U%#!<%I%P%C%/$N2 $D$KJ,$+$l$k!#

EENO%U%#!<%I%P%C%/

%]%8%H%m%K%&%`$ND6Hy:Y9=B$$O!"MM!9$J<'>l$K$*$1$k!"%<!<%^%sA+0\3NN($rB,Dj$7!"$=$N

A+0\$NCf?4$+$i!"5a$a$k!#%<!<%^%sA+0\3NN($O!"RF $NEENO$K0MB8$9$k$?$a!"%-%c%S%F%#!<

$KF~$l$kEENO$O0lDj$KJ]$DI,MW$,$"$k!#

AMP $N%2%$%s$O!"29EY$J$I$N>r7o$K$h$C$FJQ2=$9$k$?$a!"EENO$r0lDj$KJ]$D$K$O!"SG
$N=PNO$rD4@a$7$F!"AMP D>8e$NEENO$r0lDj$K$9$l$P$h$$!#$=$N$?$a!"%Q%o!<%a!<%?!<$G

B,Dj$5$l$?F~NOEENOCM$r4p$K!"$=$l$r0lDj$KJ]$D$h$&!"SG=PNO$rJQ99$9$k%U%#!<%I%P%C

%/$r$+$1$?!#?^3.16$K!"%U%#!<%I%P%C%/$K$h$C$FAMP =PNO$,0lDj$KJ]$?$l$F$$$kMM;R$r

<($9!#?^ 3.17$K!"1%v7n4V$N!"AMP =PNO$NJ,I[$r<($9!#$3$l$O!"%-%c%S%F%#!<$NF)2aEENO

$r8+$?$b$N$G!"=V4VCM$G0.17%0J2<$N$P$i$D$-$KM^$($i$l$F$*$j!"==J,$K0BDj2=$5$;$i$l

$F$$$k$3$H$,J,$+$k!#
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TIME (2009/08/20)
20­14h 20­15h 20­16h 20­17h 20­18h 20­19h 20­20h

R
E

LA
T

IV
E

 P
O

W
E

R

0.97

0.975

0.98

0.985

0.99

0.995

1

1.005

1.01

SGPower/6.44:m_time {((TRSPowerMeter<1.e+05)&&(0.<TRSPowerMeter))}

?^ 3.16: EENO%U%#!<%I%P%C%/!#@V@~$,AMP $N=PNO!"NP@~$,SG$N=PNO$r<($9!#SG$N=PNO

$r;~!99o!9$HJQ2=$5$;$k$3$H$K$h$j!"AMP $N=PNO$r0lDj$KJ]$C$F$$$k!#

­0.1 ­0.08 ­0.06 ­0.04 ­0.02 0 0.02 0.04 0.06 0.08 0.1

1

10

210

310

TRS cir 16.02 TRS cir 16.017
Entries  42127

Mean   ­0.0003525

RMS    0.007655
 / ndf 2c  43.56 / 17

Constant  27.1±  4417 

Mean      0.0000385± ­0.0004199 
Sigma     0.000030± 0.007604 

TRS cir 16.02

?^ 3.17: AMP =PNO$NJ,I[!#2#<4$O$"$k4p=`E@$KBP$9$kAjBPCM(dB) !# 6/30� 7/30 $N!"1%v

7n4V$N%G!<%?!#EENO%U%#!<%I%P%C%/$K$h$j!"==J,0BDj$7$?=PNO$,F@$i$l$F$$$k!#
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==J,$K0BDj2=$7$F$$$k$H$O$$$(!"RF $N%;%C%H%"%C%W$NJQ2=$d!"5$29$NJQ2=$K$h$C$F!"EE

NO$,JQ2=$9$k$3$H$,$"$k!#$3$l$K$D$$$F$O!"%-%c%S%F%#!<$X$NF~NOEENO$,!"==J,$JAjBP@:

EY$GB,Dj$5$l$F$$$l$P!"2r@O;~$KJd@5$r$+$1$k$3$H$G!"%<!<%^%sA+0\$rB,Dj$9$k$3$H$,$G

$-$k!#$3$l$K$D$$$F$O!"Bh5 >O$K$F>\=R$9$k!#

<~GH?t%U%#!<%I%P%C%/

%]%8%H%m%K%&%`$ND6Hy:Y9=B$$NB,Dj$H$$$&8+CO$KN)$F$P!"<'>l$rJQ$($FA+0\$r8+$k0J>e!"

RF $NEENO$H6&$K!"<~GH?t$b0lDj$K$7$J$1$l$P$J$i$J$$!#$7$+$7!"%-%c%S%F%#!<$N6&?6<~

GH?t$O!"29EY$J$I$NMW0x$K$h$j!">o$KJQ2=$9$k!#%-%c%S%F%#!<$N6&?6<~GH?t$,JQ2=$9$k$H!"

%$%s%T!<%@%s%9!&%_%9%^%C%A$K$h$j!"%-%c%S%F%#!<$KF~$kEENO$,JQ2=$7$F$7$^$$!"$^$?!"

H?<M$,Bg$-$/$J$C$F$7$^$&!#A0<T$O!"EENO$r0lDj$KJ]$D$3$H$KH?$7!"8e<T$O!"RF 2sO)$d

AMP $rGK2u$9$k4m81@-$rUT$`!#

$=$3$G!"SG$+$i=PNO$9$kRF <~GH?t$r!"%-%c%S%F%#!<$N6&?6<~GH?t$K9g$o$;$k$3$H$G!"

$3$l$r2sHr$9$k!#<~GH?t$r0lDj$K$7$J$/$H$b!"<~GH?t$,==J,$J@:EY$G%b%K%?!<$G$-$l$P!"

8e$GJd@5$r2C$($k$3$H$K$h$j!"D6Hy:Y9=B$$NB,Dj$O2DG=$H$J$k!#

Bh3.5.2@a$G=R$Y$?0LAj:9$,$^$5$K!"SG =PNO$H%-%c%S%F%#!<6&?6<~GH?t$N!":9$KAjEv

$9$k!#$=$3$G!"0LAj:9$N>pJs$r$b$H$K!"SG=PNO<~GH?t$rJQ2=$5$;$F!"SG =PNO$H%-%c%S

%F%#!<6&?6<~GH?t$r9g$o$;$?!#

3.5.4 %$%s%?!<%m%C%/It

<B83Cf$K!"K|0l!"0[>o$,H/@8$7$?>l9g!"6[5^Dd;_$9$k5!9=$,I,MW$G$"$k!#RF $K4X$7$F

$O!"Bg6/EY$NRF $rMQ$$$k$?$a!"$=$3$G$N0[>o$O!"2sO)$rGK2u$9$k4m81$,$"$k$?$a!"$3$l

$rAK;_$9$k!#0[>o;vBV$NH=Dj$K$O!"

� Bh3.5.2@a$G=R$Y$?H?<MEENOCM$,!"0lDj0J>e$K$J$C$?>l9g

� Bh3.9@a$G8e=R$9$k!"%-%c%S%F%#!<29EY$,!"0lDj0J>e$K$J$C$?>l9g

$N2 $D$N$&$A!"$$$:$l$+$,K~$?$5$l$?$H$-!"B.$d$+$KAMP $r6[5^Dd;_$5$;$k2sO)$r!"%W

%m%0%i%^%V%k%3%s%H%m!<%i(OMRON SYSMAC CJ1M) $rMQ$$$F:n@.$7$?!#

3.6 %,%9

RF %-%c%S%F%#!<Fb$O!":.9g%,%9(9b@iJf2=3X9)6H CbAG90%, %$%=%V%?%s10%) $GK~$?

$5$l$F$$$k!#CbAG$O!"M[EE;R$,8:B.$7!"%]%8%H%m%K%&%`$r@8@.$9$k$N$KI,MW$J!"EE;R6!5k

8;$G$"$k!#%$%=%V%?%s$O!"DcB.M[EE;R$K$h$k%P%C%/%0%i%&%s%I$r=|$/$?$a$K!":.9g$7$?!#

DcB.M[EE;R$H$O!"%]%8%H%m%K%&%`$r@8@.$G$-$J$$$/$i$$$NDc%(%M%k%.!<$K8:B.$5$l$?M[EE

;R$G$"$k!#30� C, 1 5$05$NCbAGCf$G$O!"o-Ps$HF1DxEY$N<wL?(186 ns) $r;}$D!#%W%m%s%W%H
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%$%Y%s%H$d!"p-Ps$NJx2u$O!";~4V>pJs$rMQ$$$F!"%]%8%H%m%K%&%`@8@.$+$i>/$7CY$l$?%$%Y

%s%H$rA*$Y$P!"%P%C%/%0%i%&%s%I$+$i=|30$G$-$k!#$7$+$7!"DcB.M[EE;R$NBP>CLG$O!"$3$N

DxEY$N<wL?$r;}$C$F$$$k$N$G!";~4V>pJs$r;H$C$F$b!"Bg$-$J%P%C%/%0%i%&%s%I$H$J$C$F$7

$^$&!#DcB.M[EE;R$N<wL?$,C;$$!"%$%=%V%?%s$J$I$N%,%9$r!"%/%(%s%A%c!<$H$7$F:.$<$k$3

$H$G!"$3$l$r=|$/$3$H$,$G$-$k!#0J2<!"%,%97OG[4I$K$D$$$F=R$Y$?8e!"DcB.M[EE;R$N%P%C

%/%0%i%&%s%I$H$=$N=|5n$K$D$$$F>\=R$9$k!#

3.6.1 %,%97OG[4I

G[4I$O!" VCR $rMQ$$$F9T$C$?!#??6u%]%s%W$O!"L}2sE>%]%s%W$G!"100 Pa0J2<$^$GMF0W

$KGS5$$G$-$k!#05NO7W$O!"@dBP05B,DjMQ$H!"%2!<%805B,DjMQ$N2 $DMQ0U$7$?!#

@dBP05$O!"05NOH/?.4o(setra MODEL 225) $GEE05$KJQ49$7!"$=$l$r!"I=<(7W(sayama
SA-32-AV5-A5) $G!"0.1 kPaC10L$GI=<($9$k$H6&$K!"EE05$r!"%a%b%j%O%$%m%,!<(HIOKI
8420-50) $G5-O?$7$?!#%a%b%j%O%$%m%,!<$O!"Linux %3%s%T%e!<%?$HRS-232 C$G@\B3$7!"

%O!<%I%G%#%9%/>e$K%G!<%?$r5-O?$7$?!#$^$?!"%a%b%j%O%$%m%,!<<+?H$K$b!"5-O?G^BN$,$"

$j!"$=$3$K$b5-O?$5$l$?!#

%2!<%805$O!"05NOH/?.4o(NAGANO KEIKI KM31-574) $NEE05$r!"%G%8%?%k%a!<%?%j

%l!< (NAGANO KEIKI GC95-911) $GI=<($7$?!#$3$NCM$O!";~!9%N!<%H$K5-O?$7$?!#

%$%=%V%?%s$O2DG3@-%,%9$G$"$k$3$H$+$i!"O3$l$r8!=P$9$k$?$a!"%,%9$N=P$7F~$l$N:]$K

$O!"G;EY7W(COSMOS XP-3110) $r;HMQ$7$?!#

3.6.2 DcB.M[EE;R$K$h$k%P%C%/%0%i%&%s%I

DcB.M[EE;R$NJx2uN(� slowpos $O!"Ze� $H$$$&%Q%i%a!<%?$rMQ$$$F!"

� slowpos � �r 2
0cnZe� (3.2)

$HDj5A$5$l$k!#$?$@$7!"r0 $O8EE5EE;RH>7B!"c $O8wB.!"n $O?tL)EY$G$"$k!#

CbAG$K4X$9$kNL$r(N2) $r$D$1$FI=$9$H!"Ze� (N2) = 29 :75 � 0:85 [50]$G$"$k$+$i!"

� slowpos(N2) = 5 :98(17) � 10� 3n(amagat) ns� 1 (3.3)

$H$J$k!#$3$3$G!"amagat$O!"0� C; 1 atm $G$NCM$G5,3J2=$7$?!"?tL)EY$NC10L$G$"$k!#CbAG

1 amagat$G$N<wL?$O!"167:3 � 4:8 ns$H$J$j!" o-Ps$N<wL?(??6uCf$G142.04(1) ns [2])$H

F1DxEY$H$J$k!#

0lJ}!"%$%=%V%?%s$K4X$9$kNL$r(iso) $r$D$1$FI=$9$H!"� slowpos=n(iso) = (107:9� 2:1) �
10� 12 cm3=s [51]$G$"$k$+$i!"

� slowpos(iso) = 2 :899(56)n(amagat)ns� 1 (3.4)

$H$J$k!#%$%=%V%?%s1 amagat$G$N<wL?$O!"0:3449� 0:0067 ns$H$J$j!" o-Ps$N<wL?$KHf$Y

$F==J,>.$5$$!#
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3.6.3 Picko� $K$h$k%P%C%/%0%i%&%s%I

%$%=%V%?%s$rB?$/$9$l$P!"DcB.M[EE;R$K$h$k%P%C%/%0%i%&%s%I$OM^$($k$3$H$,$G$-$k$,!"

0J2<$K=R$Y$k$h$&$K!"Picko� $K$h$k%P%C%/%0%i%&%s%I$b9MN8$9$kI,MW$,$"$k!#Picko� $K

$D$$$F$O!"4{$KBh2 >O$G=R$Y$?DL$j$G$"$k!#

Picko� $K0x$kJx2uN(� picko� $O!"1Ze� $H$$$&%Q%i%a!<%?$rMQ$$$F!"

� picko� � 4�r 2
0cn1Ze� (3.5)

$HDj5A$5$l$k!#

CbAG$K4X$9$kNL$r(N2) $r$D$1$FI=$9$H!"1Ze� (N2) = 0 :260� 0:005 [52]$G$"$k$+$i!"

� picko� (N2) = 2 :090(40)� 10� 4n(amagat) ns� 1 (3.6)

$H$J$j!"1 amagat$G$O!"o-Ps$NJx2uN((??6uCf$G7:0401(7)� 10� 3ns� 1 [2]) $N2.968(57)%$G

$"$k!#

0lJ}!"%$%=%V%?%s$K4X$9$kNL$r(iso) $r$D$1$FI=$9$H!"1Ze� (iso) = 0 :754� 0:027 [52]$G

$"$k$+$i!"

� picko� (iso) = 6 :06(22) � 10� 4n(amagat) ns� 1 (3.7)

$H$J$j!" 1 amagat$G$O!"o-Ps$NJx2uN($N8.61(31)%$G$"$k!#

3.6.4 J,05Hf$N7hDj

Picko� $K0x$k%P%C%/%0%i%&%s%I$b9MN8$9$l$P!"$"$^$j%$%=%V%?%s$rA}$d$9$N$OF@:v$H

$O8@$($J$$!#$=$3$G!"$R$H$D$NL\0B$H$7$F!"<'>lCf$GC;$/$J$C$?@.J,(Bh2 >O$Nj+ i ) $N<w

L?$KHf$Y!"DcB.M[EE;R$N<wL?$,!">.$5$/$J$k$3$H$rMW5a$9$k!#$3$l$O!"j+ i $K$h$k2
 Jx2u

$b!"$d$O$j%P%C%/%0%i%&%s%I$K$J$j!"$=$l$KHf$Y$F$J$k$Y$/>.$5$$DcB.M[EE;R%P%C%/%0%i

%&%s%I$KM^$($k$?$a$G$"$k!#

j+ i $NJx2uN($r� j+ i $H$7!"Bh2 >O$N$h$&$K5-9f$rDj5A$9$k$H!"

� j+ i =
� p-Ps + � o-Ps

2
� 2� � HFS

s p
A2 + B 2 � A

2
;

A = 4x2 + 1 �

 
� p-Ps � � o-Ps

4� � HFS

! 2

;

B =
� p-Ps � � o-Ps

2� � HFS
(3.8)

$H$J$k!#%$%=%V%?%s$NJ,05Hf$rp $H$7$F!"

� j+ i < (1 � p)� slowpos(N2) + p� slowpos(iso) (3.9)
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GAS DENSITY (amagat)
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?^ 3.18: MW5a$5$l$k%$%=%V%?%s$NJ,05$r!"%,%9L)EY$K$D$$$F%W%m%C%H$7$?$b$N!#j+ i @.J,

$h$j$b!"DcB.M[EE;R$N<wL?$,C;$/$J$k$K$O!"%$%=%V%?%s$NJ,05$,!"$3$l$h$jBg$-$$$3$H$,

MW5a$5$l$k!#

$,@.$jN)$F$P$h$$!#%0%i%U$K$9$k$H!"?^3.18$N$h$&$K$J$k!#$?$@$7!" <'>l$NCM$H$7$F%-%c

%S%F%#$N6&?6<~GH?t$+$i5a$^$k%<!<%^%sA+0\$NCf?4CM(0.866 120 74 T)$rMQ$$$?!#2a5n$N

<B83[13]$K$*$$$F!":G$bDc$$$b$N$G$O0.245 amagat$GB,Dj$7$F$*$j!"2>$K$=$NL)EY$GB,

Dj$9$k$J$i$P!" p > 0:162 $,MW5a$5$l$k!#

:#2s!"%W%m%H%?%$%WB,Dj$G$O!"<!$N$3$H$r9MN8$7$?!#

� 1.0 atm (30� C $G0.901 amagat. p > 0:043$,MW5a$5$l$k) 0J>e$G$NB,Dj$N$_$rM=Dj

$7$F$$$?!#

� %$%=%V%?%s$rMQ$$$?<B83$,=i$a$F$G$"$C$?$N$G!"$"$^$jJ,05p$r9b$/$7$?$/$J$+$C$?!#

� <B:]$K$O!"%]%8%H%m%K%&%`$N@8@.N(F , %9%T%sE}7W$K$h$k1/4 ( j+ i $O!"@8@.$7$?%]

%8%H%m%K%&%`$N1/4 $7$+$G$-$J$$) $,$+$+$k$?$a!"$3$3$G5a$^$C$?MW5a$h$j$O!"J,

05p $,9b$$$3$H$,K>$^$7$$!#%]%8%H%m%K%&%`$N@8@.N($O!"CbAG$K$D$$$F$OJ88%$,$"

$j!" F (N2) = 0 :20DxEY$G$"$k[53]!#Nc$($P!"C1=c$K$O!"j+ i @.J,$N3<wL?8e(� 25 ns)
$K!" j+ i $HDcB.M[EE;R$N4sM?$rEy$7$/$9$k$K$O!"� slowpos $,!" � j+ i $N2.2G\DxEY$G$"

$l$P$h$$!#$=$N$?$a$K$O!"$@$$$?$$!"MW5a$5$l$kp $r 2.2G\$K$9$l$P$h$$!#

0J>e$N3 $D$NM}M3$+$i!"p = 0 :1 $rA*$s$@!#p = 0 :1 $N$H$-!"0.901 amagat$K$*$1$k!"

DcB.M[EE;R$K$h$kJx2uN($O!"� slowpos = 0 :2661(51) ns� 1 (<wL?� slowpos = 3 :759(72) ns)!"
picko� $K$h$kJx2uN($O!"� picko� = 2 :241(38) � 10� 4 ns� 1 (� o-Ps $N3.183(54)%, <wL?
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?^ 3.19: LaBr3(Ce) %7%s%A%l!<%?!#%W%m%H%?%$%WB,Dj$G$O!"D>7B1.5%$%s%A!"D9$52 %$%s

%A$NLaBr3(Ce) %7%s%A%l!<%?$r6 8D;HMQ$7$?!#

� mz = � 1 = 137:662(73) ns)!" j+ i @.J,$NJx2uN($O!"� j+ i = 0 :116 340(25) ns� 1 (<wL?� j+ i =
8:595 5(17) ns)$G$"$k!#

3.7 %,%s%^@~8!=P4o

$3$N@a$G$O!"<B83$KMQ$$$?%,%s%^@~8!=P4o$K$D$$$F=R$Y$k!#%,%s%^@~8!=P4o$O!"LaBr3(Ce)
%7%s%A%l!<%?!"UVT %i%$%H%,%$%I!"%U%!%$%s%a%C%7%ePMT $+$i@.$j!"$=$l$, 6 AH;HMQ$5

$l$?!#0J2<$G!"LaBr3(Ce) 5Z$SUVT %i%$%H%,%$%I$K$D$$$F>\=R$9$k!#%U%!%$%s%a%C%7%e

PMT $K$D$$$F$O!"Bh3.4.3@a$G=R$Y$?DL$j$G$"$k$+$i!"3d0&$9$k!#

3.7.1 LaBr3(Ce)

$^$:!"<B83$KMQ$$$?L55!7k>=%7%s%A%l!<%?$G$"$k!"LaBr3(Ce) $K$D$$$F!"$=$N4pK\FC@-

$H!"%P%C%/%0%i%&%s%I$K$D$$$F=R$Y$k!#%W%m%H%?%$%WB,Dj$K$O!"D>7B1.5%$%s%A!"D9$52%$

%s%A$N1_Cl7A$NLaBr3(Ce)(Saint-Gobain BrilLanCeTM 380)$r 6 8D;HMQ$7$?(?^ 3.19)!#

LaBr3(Ce) $N4pK\FC@-

%]%8%H%m%K%&%`$,Jx2u$9$k:]$KJ|=P$5$l$k%,%s%^@~$O!"6 $D$NLaBr3(Ce) %7%s%A%l!<%?

$G8!=P$5$l$k!#LaBr3(Ce) %7%s%A%l!<%?$O!":G6a;H$o$l$k$h$&$K$J$C$F$-$??7$7$$L55!7k
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I= 3.2: LaBr3(Ce) %7%s%A%l!<%?$NFC@-[54]!# NaI(Tl) %7%s%A%l!<%?$bHf3S$N$?$a$K7G:\

$7$?!#

LaBr3(Ce) NaI(Tl)

8wNL(photons/keV) 63 38
1=e 8:?j;~4V � (ns) 16 250

F. O. M.
� q

(�=8wNL)
�

0.5 2.6

:GBgJ|=PGHD9� max (nm) 380 415
6~@^N((at � max ) � 1:9 1.85

L)EY (g=cm3) 5.08 3.67
5[<}D9 (50% at 662 keV) (cm) 1.8 2.5

>=%7%s%A%l!<%?$G$"$k!#$=$N@-G=$r!"NaI(Tl) %7%s%A%l!<%?$HHf3S$7$FI=3.2$K<($9 [54]!#
LaBr3(Ce) %7%s%A%l!<%?$O!"0J2<$N3 $D$NE@$G!":#2s$N<B83$KE,$7$F$$$k!#

� 9b$$%(%M%k%.!<J,2rG=(4% FWHM at 511 keV) $r$b$D!#$3$NFC@-$r3h$+$7!"%(%M

%k%.!<>pJs$N$_$G!"2
 Jx2u$H3
 Jx2u$r6hJL$9$k$3$H$,$G$-$k!#$3$l$K$h$j!"back-
to-back $N>pJs$rMQ$$$F2
 Jx2u$H3
 Jx2u$r6hJL$9$k>l9g$KHf$Y$F!"Ls50G\%$%Y%s

%H?t$r2T$0$3$H$,$G$-$k!#Back-to-back >pJs$rMQ$$$k>l9g$KHf$Y!"%(%M%k%.!<>pJs

$N$_$N>l9g$O!"S/N $, 5 G\DxEY0-2=$9$k$,!"$=$l$r2CL#$7$F$b!"F1$8E}7W$rF@$k$N

$KH>J,$N;~4V$G:Q$`!#C;;~4V$G$NB,Dj$r2DG=$K$9$k$3$H$G!"7OE}8m:9$r8:$i$9!#

� 9b$$;~4VJ,2rG=(200 ps FWHM at 511 keV) $r$b$D!#:#2s$NB,Dj$G$O!";~4V>pJs$r

F@$k$3$H$,Bg@Z$H$J$k!#LaBr3(Ce) $O==J,9b$$;~4VJ,2rG=$r$b$C$F$$$k!#

� B.$$;~Dj?t (16 ns) $r;}$A!"CY$$@.J,$,$J$$!#$3$l$O!"%Q%$%k%"%C%W%$%Y%s%H$r8:$i

$7!"9b$$@~8;6/EY$G<B83$9$k$3$H$r2DG=$K$9$k!#

LaBr3(Ce) $N%P%C%/%0%i%&%s%I

LaBr3(Ce) %7%s%A%l!<%?$O!"$=$l<+?HJ|<M@-F10LBN$r4^$`$?$a!"<+BN$,H/8w$9$k!#E7

A3J|<M@-F10LBN$H$7$F!"138La (E7A3B8:_Hf0.09%)$r4^$`$[$+!"IT=cJ*$H$7$F!" 227Ac $r

4^$`!#

?^ 3.20$K!"LaBr3(Ce) $r1t$GJ$$$!"%;%k%U!&%+%&%s%F%#%s%0$GB,Dj$7$?!"%(%M%k%.!<%9

%Z%/%H%k$r<($9!#

138La 138La $O!"E7A3J|<M@-F10LBN$G$"$j!"B8:_Hf$O0.09%$G$"$k!#Jx2u?^$r?^3.21$K!"

Jx2u$K$h$C$FJ|=P$5$l$kN3;R$rI=3.3$K!"$=$l$>$l<($9!# E7A3B8:_Hf 0.09%$rMQ$$

$F!" 138La $K$D$$$F!"Geant4 [56, 57] (release 4.9.0.p01)$r;H$C$?%b%s%F%+%k%m!&%7
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BG
Entries  5582410
Mean   0.3102
RMS    0.4752

Energy (MeV)
0 0.5 1 1.5 2 2.5 3
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V
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1 BG
Entries  5582410
Mean   0.3102
RMS    0.4752

LaBr3

Ac-227_sim
Entries  1599856
Mean    1.448
RMS    0.9059

La-138_sim
Entries           2e+07
Mean   0.2246
RMS    0.3698

BG_sim
Entries    2.159986e+07

Mean   0.2826

RMS    0.4866

?^ 3.20: LaBr3(Ce) $N%P%C%/%0%i%&%s%I%9%Z%/%H%k!#@V@~$OB,DjCM!"9u@~$O138La $N%b%s

%F%+%k%m!&%7%_%e%l!<%7%g%s!"NP@~$O227Ac $N%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$G$"$k!#

B,Dj$O!"D>7B1 %$%s%A!"D9$51 %$%s%A$NLaBr3(Ce)(Saint-Gobain BrilLanCeTM 380)$r!"

2 %$%s%A$NPMT (HAMAMATSU H7195) $K<h$jIU$1!"1t$GJ$$$!"%;%k%U!&%+%&%s%F%#%s

%0$G9T$C$?!#138La 5Z$S227Ac $N%P%C%/%0%i%&%s%I%9%Z%/%H%k$,B,Dj$5$l$?!#

La57
138 

Ba56
138 

 y111.02x10

0

EC

1435.8

65.6% 34.4%

­b

+0

+2

+5

+0

Ce58
138 

+2
788.7

0
stable

?^ 3.21: 138La $NJx2u? [̂55]
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I= 3.3: 138La $NJx2u$K$h$C$FJ|=P$5$l$kN3;R[55]

Jx2u%b!<%I N3;R
%(%M%k%.!< 6/EY

(keV) (%)

50F;EE;RJa3M

e�

%*!<%8%'EE;R(L) 3.67 49.0(5)
%*!<%8%'EE;R(K) 26.4 4.16(18)
FbItE>49EE;R(K) 1398.354(10) 0.0485




X @~(L) 4.47 6.1(3)
X @~(K � 2) 31.817 10.6(3)

65.6(5)%

X @~(K � 1) 32.194 19.4(5)
X @~(K � 3) 36.304 1.86(5)
X @~(K � 1) 36.378 3.59(9)
X @~(K � 2) 37.255 1.14(3)

1435.795(10) 65.6

� � e� %(%s%I%]%$%s%H255(11) 95.7(41) 34.4(7)
34.4(5)% 
 788.742(8) 34.4

%_%e%l!<%7%g%s$r9T$C$?7k2L$r!"?^3.20$K!"B,Dj7k2L$HHf3S$7$F<($7$?!#Dc%(%M%k

%.!<NN0h$N%P%C%/%0%i%&%s%I$O!"138La $G$h$/@bL@$G$-$k!#

227Ac 227Ac $O!"%"%/%A%K%&%`7ONs$r:n$C$F$$$k!#$=$N$?$a!"B?CJE*$KN3;R$,J|=P$5$l$k!#
227Ac $K$D$$$F%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$r9T$C$?7k2L$r!"?^3.20$K!"B,Dj7k

2L$HHf3S$7$F<($7$?!#$J$*!"$3$l$O138La $H0[$J$j!"E7A3$K$OB8:_$;$:!"IT=cJ*$H$7

$F4^$^$l$k$?$a!"B,Dj7k2L$K9g$&$h$&$K!"=D<4$r%9%1!<%k$7$F$"$k!#$^$?!"� @~$N

>l9g$O!"C;5wN%$GB?$/$N%(%M%k%.!<$rMn$H$9$?$a!"dE=dx 0MB8@-$+$i!"Mn$H$7$?%(

%M%k%.!<$HH/8wNL$,HfNc$7$J$$!#$3$N$?$a!"%7%_%e%l!<%7%g%s$G$O!"� @~$NMn$H$7

$?%(%M%k%.!<$K0.3$r$+$1$F$"$k!#9b%(%M%k%.!<NN0h$N%P%C%/%0%i%&%s%I$O!"227Ac
$G$h$/@bL@$G$-$k!#

%P%C%/%0%i%&%s%I$N%l!<%H$O!"100 HzDxEY$G$"$j!"K\<B83$GI,MW$J%(%M%k%.!<NN0h(350{
550 keV) $G$O>/$J$$!#$5$i$K!"%P%C%/%0%i%&%s%I$O%"%/%7%G%s%?%k%$%Y%s%H$K$J$k$?$a!"

Bh5 >O$G=R$Y$k$h$&$K!"<h$j=|$/$3$H$,$G$-$k!#$=$N$?$a!"5$$K$7$J$/$F$h$$!#

3.7.2 UVT %i%$%H%,%$%I

%W%m%H%?%$%WB,Dj$G$O!"D>7B1.5 %$%s%A!"D9$535 mm $G!"C<$r<P$a15� $K@Z$jMn$H$7

$?$b$N4 $D$r@\Ce$7!"D9$5140 mm, 6J$23Q90� $NUVT %i%$%H%,%$%I$K$7$F!"MQ$$$?(?^

3.22)!# UVT %i%$%H%,%$%I$O!"H?<M:^(0.5 mm Gore-tex) $G4,$+$l$?!#0J2<!"$=$N@_7W$K

$D$$$F>\=R$9$k!#
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?^ 3.22: %i%$%H%,%$%I!#LaBr3(Ce) $dPMT $H$N@\Ce$r3NJ]$9$k%i%$%H%,%$%I%[%k%@!<$N

$?$a$N%?%C%W7j$,6u$$$F$$$k!#

<B83$G$O!"<'>l$N@:EY$H!"%,%s%^@~8!=P4o$N%(%M%k%.!<J,2rG=$,!"80$H$J$k!#$^$:!"<!

$N2 E@$KN10U$9$k!#

1. Bh3.4.3@a$K$b=R$Y$?$h$&$K!"%U%!%$%s%a%C%7%ePMT $O!"<'@-BN$r4^$`$?$a!"<'>l

$rMp$7$F$7$^$&!#$=$3$G!"%-%c%S%F%#!<Fb$N%]%8%H%m%K%&%`@8@.NN0h$+$i!"2DG=$J

8B$jN%$9I,MW$,$"$k!#

0lJ}$G!" LaBr3(Ce) $O!"%"%/%;%W%?%s%9$rBg$-$/$7!"%"%/%7%G%s%?%k$H$NS/N $r>e

$2$k$?$a$K$b!"$J$k$Y$/!"%]%8%H%m%K%&%`@8@.NN0h$K6a$E$1$?$$!#

2. %-%c%S%F%#!<$N%U%i%s%8$H43>D$9$k$?$a!"LaBr3(Ce) $N8~$-$O!"<4$,%-%c%S%F%#!<

$NCf?4$r8~$/$h$&$K@_CV$9$k$3$H$K$J$j!"=>$C$F!"%7%s%A%l!<%7%g%s8w$O!"<'>l$H

?bD>$K<h$j=P$5$l$k!#

$7$+$7!"Bh3.4.3@a$K=R$Y$?$h$&$K!"%U%!%$%s%a%C%7%ePMT $O!"<'>l$HJ?9T$K@_CV

$7$J$1$l$P$J$i$J$$!#

0J>e2 E@$h$j!"LaBr3(Ce) %7%s%A%l!<%?$H!"%U%!%$%s%a%C%7%ePMT $N4V$G!"%7%s%A%l!<

%7%g%s8w$r1?$V$?$a$N!"%i%$%H%,%$%I$,I,MW$K$J$k!#$^$?!"$=$N%i%$%H%,%$%I$G!"8w$r

90� 6J$2$J$1$l$P$J$i$J$$!#%i%$%H%,%$%I$NAG:`$K$O!";g30@~5[<}:^$NF~$C$F$$$J$$UVT
(Ultra-Violet-Transmitting) %"%/%j%k$rMQ$$$?!#$3$l$O!"LaBr3(Ce) $NH/8wGHD9(380 nm)
$rF)2a$5$;$k$?$a$G$"$k!#

0J2<!"%i%$%H%,%$%I@_7W$K$"$?$jI,MW$J!"D9$50MB8@-!"6J$23Q0MB8@-!"%(%M%k%.!<J,2r

G=$K$D$$$F!"=R$Y$?8e!":G=*@_7W$K$D$$$F@bL@$9$k!#0J2<$NFC@-$O!"A4$F!"D>7B1 %$%s%A!"
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?^ 3.23: %i%$%H%,%$%I$ND9$50MB8@-!#0 cm$O!"%i%$%H%,%$%I$J$7$G!"%7%s%A%l!<%?$rPMT
$KD>IU$1$7$?$H$-$NCM$G$"$k!#

D9$51 %$%s%A$NLaBr3(Ce) $H!"D>7B1.5%$%s%A$NUVT %i%$%H%,%$%I!"2 %$%s%A$N%U%!%$

%s%a%C%7%ePMT $rMQ$$$F9T$C$?!#$^$?!"
 @~8;$H$7$F!"22Na (511 keV, 1275 keV),137Cs
(662 keV), 60Co (1173 keV, 1333 keV)$rMQ$$$?!#

%i%$%H%,%$%I$ND9$50MB8@-

?^3.23$K!"%i%$%H%,%$%I$ND9$5$rJQ$($?$H$-$N!"AjBPE*$J8wNL$NJQ2=$r<($9!#$^$:!"5 cm
$^$G$O!"%i%$%H%,%$%I$,$"$k$3$H$K$h$C$F!"5^7c$K8wNL$,8:>/$7$F$$$k!#$3$l$O!"A4H?<M

>r7o$rK~$?$5$J$$8w$,!"<:$o$l$F$$$k$?$a$G$"$k$H9M$($i$l$k!#<!$K!"5� 10 cm$G$"$k$,!"

$3$NNN0h$G$O!"A4H?<M>r7o$K$h$kB;<:$H6&$K!"5[<}$K$h$kB;<:$,8+$i$l$F$$$k$H9M$($i$l

$k!#$7$+$7!"$=$N8e20 cm$K$7$F$b$[$H$s$IJQ$o$C$F$$$J$$$3$H$+$i!"5[<}$K$h$k1F6A$O

>.$5$$$H9M$($i$l$k!#

20 cm$GH>J,<e$K$J$C$F$$$k$,!"$=$3$G4{$K$[$\0lDj$H$J$C$F$*$j!"10 cm$h$jD9$$$J

$i!"D9$5$O$5$[$I5$$K$7$J$/$F$h$$$3$H$,J,$+$k!#$^$?!"$I$N$h$&$J%(%M%k%.!<$G$b!"F1

MM$N798~$r<($7$F$*$j!"%i%$%H%,%$%I$KF~<M$9$k8wNL$K$O0MB8$7$J$$!#

%i%$%H%,%$%I$N6J$23Q0MB8@-

?^ 3.24$K!"%i%$%H%,%$%I$ND9$5$r20 cm$K8GDj$7!"6J$23Q$rJQ$($?$H$-$N!"AjBPE*$J8w

NL$NJQ2=$r<($9!#D9$520 cm$G$O!"6J$2$K$h$k8z2L$O$[$H$s$I$J$$!#
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?^ 3.24: %i%$%H%,%$%I$N6J$23Q0MB8@-!#0 deg$N!"1 IU6a$N%G!<%?$O!"%i%$%H%,%$%I$J$7

$G!"%7%s%A%l!<%?$rPMT $KD>IU$1$7$?$H$-$NCM$G$"$j!"$=$l0J30$O!"D9$520 cm$N%G!<

%?$G$"$k!#

%i%$%H%,%$%I$rIU$1$?$H$-$N%(%M%k%.!<J,2rG=

?^ 3.25$K!"%i%$%H%,%$%I$rIU$1$?$H$-$N%(%M%k%.!<J,2rG=$K$D$$$F!"?^3.24$N:]$NA4

%G!<%?$r!"%W%m%C%H$7$?!#%(%M%k%.!<J,2rG=$rFWHM $GI=$9$H!"$[$\8wNL$NJ?J}:,$K5U

HfNc$7$F$$$k!#$3$l$O!"%(%M%k%.!<J,2rG=$,!"8wNL$NE}7W$N$_$G7h$^$C$F$*$j!"%i%$%H%,

%$%I$K$h$k!"8wNL8:>/0J30$N1F6A$O!"$[$H$s$I$J$$$3$H$r<($9!#<B:]$K$O!"<c43$N0LCV0M

B8@-$,8+$i$l$k$h$&$@$,!"$=$l$K$D$$$F$O!"Bh5 >O$G=R$Y$k!#
22Na @~8;$rMQ$$$F!"%W%m%H%?%$%WB,Dj$KMQ$$$?%i%$%H%,%$%I$N8wNL!"J,2rG=$NHf3S$r

9T$C$?$b$N$r!"? 3̂.26$K<($9!#D>IU$1$N$H$-$N8wNL$+$i!"UVT %i%$%H%,%$%I$G$O0:3 $K!"

UVT $G$J$$%i%$%H%,%$%I$G$O0:07$K!"8wNL$,8:>/$7$?!#J,2rG=$O!"8wNL$NE}7W$N$_$+$i7h

$^$j!" UVT %i%$%H%,%$%I$G1=
p

0:3 $K!"UVT $G$J$$%i%$%H%,%$%I$G1=
p

0:07$K0-2=$7$?!#

%i%$%H%,%$%I$N:G=*@_7W

$3$l$i$N%F%9%H$N7k2L$+$i!"

1. %i%$%H%,%$%I$ND9$5$O!"10 cm0J>e ($3$l$O!" PMT $N<'>l$KBP$9$k1F6A$rM^$($k$?

$a$K!":GDc8BN%$5$J$1$l$P$J$i$J$$5wN%) $G$"$l$P!"$[$\D9$5$K$h$k8wNL$N8:>/$O

L5;k$G$-$k!#$?$@$7!"<c43$N5[<}$,$"$k!#

2. %i%$%H%,%$%I$N6J$23Q$K0x$k0MB8@-$O!"$[$H$s$I$J$$!#<+M3$K3QEY$r@_Dj$7$F$h$$!#



49 3.7 <B83

 0

 2

 4

 6

 8

 10

 12

 0  500  1000  1500  2000  2500  3000  3500

F
W

H
M

 (
%

)

LIGHT OUTPUT (ADC CHANNEL)

144.9/SQRT(OUTPUT)
511keV
662keV

1173keV
1275keV
1333keV
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?^ 3.26: %i%$%H%,%$%I$K$h$k8wNL!"J,2rG=$NJQ2=!#22Na $N%(%M%k%.!<%9%Z%/%H%k$rI=$9!#

9u$,%i%$%H%,%$%I$J$7(PMT $KD>IU$1), @V$,%i%$%H%,%$%I$"$j!"@D$,UVT $G$J$$%"%/

%j%k%i%$%H%,%$%I$N>l9g$G$"$k!#$=$l$>$l$G%2%$%s$OJQ$($F$*$i$:!"Lp0u$O1,275 keV$r

<($9!#
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3. %i%$%H%,%$%I$r6J$2$F$b!"8wNL$N8:>/0J30!"J,2rG=$K1F6A$OM?$($J$$!#

$H$$$&$3$H$,J,$+$k$N$G!"PMT $NFC@-$r9MN8$9$l$P!":G=i$K=R$Y$?$h$&$J@_7W$K$J$k!#

$J$*!"6J@~E*$K6J$2$k$N$G$J$/!"4 $D$NItJ,$r@\Ce$7$F6J$2$k$h$&$J@_7W$K$7$?$N$O!"5;

=QE*$K!">.$5$J6JN($G6J$2$k$N$,Hs>o$K:$Fq$@$+$i$G$"$k!#

3.8 %(%l%/%H%m%K%/%9

$3$N@a$G$O!"%G!<%?<hF@$KMQ$$$?%(%l%/%H%m%K%/%9$N9=@.$K$D$$$F=R$Y$k!#K\<B83$G

MQ$$$?%(%l%/%H%m%K%/%9$O!"NIM I8=`%b%8%e!<%k$H!"CAMAC %G!<%?<hF@%7%9%F%`$G$"

$k!#NIM $N%/%l!<%H$O!"HV 6!5k$K$OCLEAR-PULSE 607 BIN $r 1 Bf!"$=$NB>$NNIM
%b%8%e!<%kMQ$K$O!"REPIC RPN-011-053$r 3 BfMQ$$$?!#CAMAC $O!"Linux $rMQ$$$F@)

8f$5$l$?!#%N%$%:$rMn$H$9$?$a!"%N%$%:%+%C%H%H%i%s%9(EE8&@:5!8&5f=jNCT-G) $rMQ

$$$?!#NIM %b%8%e!<%kF1;N$r@\B3$9$k%1!<%V%k$K$O!"FUJIKURA RG-174/U $,MQ$$$i

$l$?!#

%W%m%H%?%$%WB,Dj4|4VCf!"%(%l%/%H%m%K%/%9$N%;%C%H%"%C%W$O!"$[$\F1$8$G$"$C$?!#ES

Cf$G!"3F?.9f$N%l!<%H$r!"CAMAC $G<hF@$G$-$k$h$&$KJQ99$7$?!#0J2<$G$O!"$=$NJQ998e

$N2sO)$K$D$$$F!"=R$Y$k!#

=i$a$KA4BN$NN.$l$r@bL@$7$?8e!"� %?%07O!"LaBr3(Ce) $KJ,$1$F?.9f@8@.$NN.$l$r=R$Y!"

%H%j%,!<!"%2!<%H$K$D$$$F=R$Y$k!#:G8e$K!"A4%G!<%?$rFI$`CAMAC %7%9%F%`$K$D$$$F

=R$Y$k!#

3.8.1 %G!<%?<hF@$NN.$l

?^ 3.27$K!"%G!<%?<hF@$NA4BN$N2sO)?^$r<($9!#$^$?!"?^3.28$K!"<gMW$J?.9f$N%?%$%_%s

%0%A%c!<%H$r<($9!# %G!<%?<hF@$O!"Bg$-$/4 $D$NItJ,$+$i@.$k!#1 $D$O!"� %?%07O$G$"$j!"

$3$3$G!"%W%i%9%A%C%/%7%s%A%l!<%?$+$i$N?.9f$r<u$1<h$j!"%]%8%H%m%K%&%`@8@.?.9f$r@8

@.$9$k!#2 $D$a$O!"LaBr3(Ce) 7O$G$"$j!"$3$3$G!"LaBr3(Ce) $+$i$N?.9f$r<u$1<h$j!" 
 @~

$,8!=P$5$l$?$3$H$r<($9?.9f$r@8@.$9$k!#3 $D$a$,!"%H%j%,!<$G$"$j!"� %?%07O$+$i$N%]

%8%H%m%K%&%`@8@.?.9f$H!"LaBr3(Ce) 7O$+$i$N!"
 @~8!=P?.9f$+$i!"NIM %m%8%C%/2sO)$r

DL$8$F!"%H%j%,!<$r@8@.$9$k!#$^$?!"%H%j%,!<?.9f$r4p$K!"CAMAC %b%8%e!<%k$N%2!<%H

$d%9%?!<%H?.9f$r@8@.$9$k!#:G8e$,!"CAMAC %7%9%F%`$G$"$j!"%H%j%,!<?.9f$K1~$8$F!"

� %?%07O!"LaBr3(Ce) 7O$NEE2Y$d;~4V$N>pJs$r!"Analog-to-Digital Converter (ADC) $d

Time-to-Digital Converter (TDC) $K$h$C$F<hF@$7!"Linux %3%s%T%e!<%?$N%O!<%I%G%#%9

%/>e$K5-O?$9$k!#

5-O?Cf$O!"<!$N%$%Y%s%H<hF@$K0\$i$J$$$h$&!"NIM %b%8%e!<%k$r;H$C$?%i%C%A%7%9%F%`

$K$h$C$Fveto $r$+$1!"5-O?=*N;8e!" veto $r2r=|$7!"<!$N%$%Y%s%H$rBT$D!#
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?^ 3.27: %G!<%?<hF@2sO)?^!#
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?^ 3.28: %(%l%/%H%m%K%/%9!!%?%$%_%s%0%A%c!<%H!#<gMW$J?.9f$N;~4V4X78$r<($9!#
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3.8.2 � %?%07O

� %?%07O$O!"M[EE;R@~8;$+$iM[EE;R$,=P$F!"$+$D%-%c%S%F%#!<FbIt$N!"%]%8%H%m%K%&%`@8

@.NN0h$K8~$+$C$?$H$$$&?.9f$rF@$k$?$a$KMQ$$$k!#$3$N?.9f$O!"%H%j%,!<$r:n$j!"%]%8%H

%m%K%&%`@8@.;~9o(t = 0) $rM?$($kLrL\$rC4$&!#$J$*!"M[EE;R$,%W%i%9%A%C%/%7%s%A%l!<

%?$KMn$H$7$?%(%M%k%.!<$bB,Dj$7$?!#0J2<$G!"(m-?t;z ) $H=q$$$F$"$k$N$O!"2sO)?^$G$N

%b%8%e!<%kHV9f(3g8LFb$K5-:\) $HBP1~$7$F$$$k!#

HV 6!5k (m-1) HV 6!5k$O!"PS-1, PS-2$H$b!"REPIC RPH-021 $rMQ$$$?!#+2500 V $NEE

05$r6!5k$7$?!#$J$*!" PMT $G$N5 m$N%1!<%V%k$K2C$($F!"?.9f@~!"HV @~$H$b!"5 m$:

$D%1!<%V%k$r1dD9$7$?!#?.9f@~$K$OFUJIKURA RG-58C/U, HV @~$K$OFUJIKURA
RG-59B/U $rMQ$$$?!#

10 G\%"%s%W(m-12) %U%!%$%s%a%C%7%ePMT $N=PNO$O>.$5$$$?$a!"10G\%"%s%W(LeCroy
612A) $rMQ$$$F!"%7%0%J%k$r10G\$K$7$?!#$3$N=PNO$O!"%H%j%,!<5Z$S;~4V>pJs@8@.

MQ$N%m%8%C%/2sO)$H!"EE2Y<}=8MQ$N%"%J%m%02sO)$N2 $D$KJ,$+$l$k!#$^$:!"%m%8%C

%/2sO)$+$i=R$Y$k!#

Discriminator (m-21, m-28) 10G\%"%s%W$rDL$C$?%7%0%J%k$KBP$7!"discriminator (LeCroy
623) $K$h$C$F!"� 30 mV $h$jBg$-$$%7%0%J%k$,8!=P$5$l$?$H$-!"D9$5160 ns$N6k7A

GH$,=PNO$5$l$k(threshold $r � 30 mV $K@_Dj) !#$3$l$r$b$C$F!"$[$\!" PMT $,!"%W

%i%9%A%C%/%7%s%A%l!<%?$N%7%s%A%l!<%7%g%s8w$r8!=P$7$?$H$_$J$9!#0lJ}$NPS$KBg

$-$J?.9f$,F~$C$?>l9g!" HV $d%"%s%W$rDL$7$F%/%m%9%H!<%/$,@8$8$k!#$3$N1F6A$O!"

JRJ}$NHV $r@Z$j!"HV $r@Z$C$?PS$Gdiscriminator $N=PNO$,$I$NDxEY=P$k$+$rD4

$Y$k$3$H$GI>2A$7$?!#$=$N7k2L!"%/%m%9%H!<%/$NIQEY$O!"?.9f$KBP$70.015%0J2<$K

M^$($i$l$F$$$k$3$H$,J,$+$C$?!#

GATE Generator (m-56, m-57) M>7W$J%"%/%7%G%s%?%k%$%Y%s%H$K$h$C$F!";~4V%9%Z

%/%H%k$,79$/$N$r=|$/$?$a!"GATE Generator (KAIZU KN1500) $rMQ$$$F!"dis-
criminator $N?.9f$r!"$5$i$K 3� s$K?-$P$9!#$J$*!"discriminator $N%l!<%H$O!"E57?

E*$K300 kHzDxEY$J$N$G!"<!!9$H$/$k?.9f$K$h$C$F!"%2!<%HI}$,0z$-$N$P$5$l$J$$

$h$&!"<+J,<+?H$N=PNO$Gveto $r$+$1$F$$$k!#

Discriminator (m-22, m-27) PS-1$HPS-2$N%3%$%s%7%G%s%9$r$H$k$,!"$=$N%3%$%s%7

%G%s%9I}$r>.$5$/$9$k$?$a!"$b$&0lEYdiscriminator (LeCroy 623) $rDL$7!"30 ns$N

?.9f$KJQ49$9$k!#$J$*!":#2s$N threshold $O!"4{$KNIM $N%m%8%C%/?.9f(� 600 mV)
$G$"$k$?$a!"� 300 mV$K@_Dj$7$?!#$3$3$G$N?.9f$O!"3 $D!";~4V>pJs<hF@MQ2sO)$H!"

%l!<%HB,Dj2sO)!"%H%j%,!<@8@.MQ2sO)$KJ,$1$i$l$k!#=i$a$O!"%H%j%,!<@8@.MQ2sO)

$+$i=R$Y$k!#

Coincidence Unit (m-53) JRJ}$@$1$K$N$k%N%$%:$r=|5n$9$k$?$a!"PS-1$HPS-2$N?.

9f$N%3%$%s%7%G%s%9(AND) $r!" Coincidence Unit (LeCroy 465) $rMQ$$$F$H$k!#$3
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$N=PNO$O30 ns$G!"%3%$%s%7%G%s%9I}$O!"60 ns$G$"$k!#=PNO$O3 $D$KJ,$1$i$l!"0l

$D$O%H%j%,!<@8@.$K!";D$j$O%l!<%HB,Dj$K;H$o$l$k!#

GATE Generator (m-58) LaBr3(Ce) B&$N?.9f$H%3%$%s%7%G%s%9$r$H$k$?$a!"Coinci-
dence Unit $N=PNO$r!"GATE Generator (KAIZU KN1500) $rMQ$$$F!"1� s$N?.9f

$K$9$k!#$3$N1� s$N4V!"LaBr3(Ce) $N?.9f$rBT$A!"$b$7LaBr3(Ce) $+$i?.9f$,$/$l

$P (%]%8%H%m%K%&%`$r@8@.$7$F$+$i1� s $N4V$K%,%s%^@~$,Jx2u$7$?$i$7$1$l$P) !"

%G!<%?$r$H$k$h$&$K$9$k$?$a$G$"$k!#$3$l$K$D$$$F$b!"<+J,<+?H$N?.9f$rveto $K$7

$F$$$k!#

CAMAC Q-ADC (m-73) 10 G\%"%s%W$rDL$C$?%7%0%J%k$N$b$&0lJ}$O!"CAMAC $N

Charge ADC (Q-ADC) (CAEN C1205) $G!"EE2Y>pJs$r<hF@$9$k$?$a$K;H$o$l$k!#

GATE $H$N%?%$%_%s%0$N4X78>e!"220 m$N%1!<%V%k(RG-58C/U) $G?.9f$rCY$l$5$;

$F$"$k!#

Discriminator (m-13, m-14) Discriminator (m-22, m-23) $+$i=PNO$5$l$??.9f$N$&$A

0l$D$O!";~4V>pJs$r<hF@$9$k$?$a$K;H$o$l$k!#START ?.9f$H$N%?%$%_%s%0$N4X78>e!"

240 m$N%1!<%V%k(RG-58C/U) $G?.9f$rCY$l$5$;$kI,MW$,$"$k!#$7$+$7!"$=$N$h$&

$KD9$$%1!<%V%k$rDL$9$H!"%7%0%J%k$,>.$5$/$J$C$F$7$^$&$?$a!":FEYdiscriminator
$G%G%8%?%k?.9f$r@8@.$9$k!#Threshold $O� 30 mV, ;~4VI}$O 160 ns$K@_Dj$7$?!#

CAMAC 2 GHz TDC (m-75) Discriminator $N=PNO$O!"CAMAC 2 GHz TDC (GNC-
060) $G!";~4V>pJs$r<hF@$9$k$?$a$K;H$o$l$k!#

Visual Scaler (m-37) Discriminator (m-22,m-23) $+$i=PNO$5$l$??.9f$N$&$AFs$D$O!"

%l!<%H<hF@$N$?$a$K;H$o$l$k!#$&$A0l$D$O!"NIM Visual Scaler (Technoland N-
OR425) $G!"%G%8%?%kI=<($5$l$k!#B,DjCf!"1 ;~4V$K1 2sDxEY!"100 s4V$N%+%&%s%H

$r5-O?$7!"%l!<%HB,Dj$r9T$&!#

$^$?!" Coincidence Unit (m-53) $+$i$N=PNO$b!"$3$3$KF~$l$i$l!"%l!<%H<hF@$,9T$o

$l$k!#

CAMAC Scaler (m-71) Visual Scaler$KF~NO$7$?$N$HF1$8?.9f$O!"CAMAC Scaler
(Technoland N-TS112) $K$bAw$i$l!"%*%s%i%$%s$G%l!<%H<hF@$,$J$5$l$?!#

3.8.3 LaBr3(Ce) 7O

LaBr3(Ce) 7O$O!"@8@.$7$?%]%8%H%m%K%&%`$,Jx2u$7!"%,%s%^@~$r8!=P$7$?$H$$$&?.9f$r

F@$k$?$a$KMQ$$$k!#$3$N?.9f$O!"%H%j%,!<$r:n$j!"%]%8%H%m%K%&%`Jx2u;~9o$rM?$($kLrL\

$rC4$&!#$^$?!"%,%s%^@~$N%(%M%k%.!<$bB,Dj$5$l$k!#$3$N%(%M%k%.!<>pJs$O!"2
 A+0\3NN(

$r5a$a$k>e$G6K$a$F=EMW$G$"$k!#
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HV 6!5k (m-2, m-3) HV 6!5k$K$O!"LaBr3(Ce)-1� LaBr3(Ce)-6$$$:$l$b!" REPIC RPH-
021$rMQ$$$?!#� %?%07O$HF1MM!"%1!<%V%k$r5 m1dD9$7$?!#%2%$%s$,$[$\F1$8$K$J$k

$h$&!"+2050� +2300 V $NEE05$r$+$1$?!#$J$*!"LaBr3(Ce)-4 $K$D$$$F$O!"G<F~$7$?

%i%$%H%,%$%I$N$&$A!"1 $D$@$1$,UVT $G$J$+$C$?$?$a!"==J,$J8wNL$,F@$i$l$:!";H

MQ$7$J$+$C$?!#$=$N$?$a!"HV $O6!5k$7$F$$$J$$!#$?$@$7!"%/%m%9%H!<%/$J$I$N%N

%$%:$rI>2A$9$k$?$a!"8e$N2sO)$OB>$HF1MM$KAH$s$G$"$k!#

Linear FAN-IN/FAN-OUT (m-4 � m-10) PMT $+$i$N?.9f$r!" Linear FAN-IN/FAN-
OUT (LeCroy 428F) $K$h$C$F2 $D$KJ,$1$?!#0lJ}$O!"%H%j%,!<5Z$S;~4V>pJs@8@.MQ

$N%m%8%C%/2sO)$KMQ$$$i$l!"$b$&0lJ}$O!"EE2Y<}=8MQ$N%"%J%m%02sO)$KMQ$$$i$l$k!#

10 G\%"%s%W(m-12) LaBr3(Ce) $N%7%0%J%k$Ntime walk $r>/$J$/$9$k$?$a!" Discrimina-
tor $KF~$l$kA0$K!"%m%8%C%/B&$N%7%0%J%k$OLeCroy 612A$K$h$C$F10G\$5$l$?!#

Discriminator (m-29 � m-34) 10G\%"%s%W$rDL$C$?%7%0%J%k$KBP$7!"discriminator (LeCroy
623B) $K$h$C$F!"� 30 mV $h$jBg$-$$%7%0%J%k$,8!=P$5$l$?$H$-!"D9$530 ns$N6k

7AGH$,=PNO$5$l$k(threshold $r � 30 mV $K@_Dj) !#$3$l$r$b$C$F!"$[$\!" PMT $,!"

LaBr3(Ce) $N%7%s%A%l!<%7%g%s8w$r8!=P$7$?$H$_$J$9!#%/%m%9%H!<%/$NIQEY$O!"?.

9f$KBP$7!"0.1%DxEY$KM^$($F$"$k(LaBr 3(Ce)-4 $rMQ$$$FB,Dj)!#$3$Ndiscriminator
$N?.9f$O!"4 $D$KJ,$1$i$l!" 1 $D$O;~4V>pJs<hF@!"1 $D$O%H%j%,!<@8@.!";D$j$O%l!<

%H<hF@$KMQ$$$i$l$k!#

Logic FAN-IN/FAN-OUT (m-43) 6$D$NLaBr3(Ce) $N$&$A!"1$D$G$b!"discriminator
$N?.9f$,=PNO$5$l$l$P!"%H%j%,!<$r$+$1$i$l$k$h$&$K$7$?$$!#$=$3$G!"Logic FAN-
IN/FAN-OUT (LeCroy 429A) $rMQ$$$F!"6 $D$N?.9f$NOR $r$H$k!#$3$N=PNO$N$&

$A1 $D$O!"� %?%07O$H9g$o$;$F!"%H%j%,!<@8@.$K;H$o$l!";D$j$O%l!<%H<hF@$K;H$o

$l$?!#

CAMAC Q-ADC (m-74) Linear FAN-IN/FAN-OUT $N=PNO$N$b$&0lJ}$O!"CAMAC
$NCharge ADC (Q-ADC) (CAEN C1205) $G!"EE2Y>pJs$r<hF@$9$k$?$a$K;H$o$l

$k!#GATE $H$N%?%$%_%s%0$N4X78>e!"50 m$N%1!<%V%k(RG-58C/U) $G?.9f$rCY$l

$5$;$F$"$k!#

CAMAC 2 GHz TDC (m-75) Discriminator (m-29� m34) $N=PNO$O!"CAMAC 2 GHz
TDC (GNC-060) $G!";~4V>pJs$r<hF@$9$k$?$a$K;H$o$l$k!#START ?.9f$H$N%?%$

%_%s%0$N4X78>e!"40 m$N%1!<%V%k(RG-58C/U) $G?.9f$rCY$l$5$;$F$"$k!#

Visual Scaler (m-38) Discriminator (m-29� m-34) $+$i=PNO$5$l$??.9f$N$&$AFs$D$O!"

%l!<%H<hF@$N$?$a$K;H$o$l$k!#$&$A0l$D$O!"NIM Visual Scaler (Technoland N-
OR425) $G!"%G%8%?%kI=<($5$l$k!#B,DjCf!"1 ;~4V$K1 2sDxEY!"100 s4V$N%+%&%s%H

$r5-O?$7!"%l!<%HB,Dj$r9T$&!#
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$^$?!" Logic FAN-IN/FAN-OUT (m-43) $+$i$N=PNO$b!"$3$3$KF~$l$i$l!"%l!<%H<h

F@$,9T$o$l$k!#

CAMAC Scaler (m-71) Visual Scaler$KF~NO$7$?$N$HF1$8?.9f$O!"CAMAC Scaler
(Technoland N-TS112) $K$bAw$i$l!"%*%s%i%$%s$G%l!<%H<hF@$,$J$5$l$?!#

3.8.4 %H%j%,!<

%H%j%,!<?.9f$O!"� %?%07O$N?.9f$H!"LaBr3(Ce) 7O$N?.9f$r4p$K!"@8@.$9$k!#$^$?!"%H

%j%,!<?.9f$r4p$K!" CAMAC %b%8%e!<%kMQ$N!"%2!<%H?.9f!"%9%?!<%H?.9f$r@8@.$9$k!#

Coincidence Unit (m-54) � $,%?%0$5$l$?$H$$$&!"GATE Generator (m-58) $+$i$N?.

9f$H!" 
 @~$,8!=P$5$l$?$H$$$&!"Logic FAN-IN/FAN-OUT (m-43) $+$i$N?.9f$O!"

Coincidence Unit (LeCroy 465) $K$F!"AND $,$H$i$l$k!#=PNO$N;~4VI}$O30 ns$G$"

$k!#$3$l$,%a%$%s$N%H%j%,!<$H$J$j!"8e$N2sO)$G!"%G!<%?<hF@$r1_3j$K$7$?$j!"%2!<

%H?.9f$d%9%?!<%H?.9f$r@8@.$9$k!#$J$*!"F~NOC $K$O!"%$%Y%s%H<hF@$H%Z%G%9%?%k

<hF@$r@Z$jBX$($k$?$a$N?.9f$,!"F~NO$5$l$F$$$k!#C $,??$N$H$-$O!"%$%Y%s%H<hF@

$,9T$o$l!" C $,56$N$H$-$O!"%Z%G%9%?%k<hF@$,9T$o$l$k!#

Logic FAN-IN/FAN-OUT (m-47) %$%Y%s%H<hF@$H%Z%G%9%?%k<hF@$G$O!"%G!<%?<hF@

%?%$%_%s%0$,0[$J$k$?$a!"0lEY!"Logic FAN-IN/FAN-OUT (LeCroy 429A) $rDL$9!#

$3$3$K$"$k2$D$NF~NO$,!"$=$l$>$l%$%Y%s%H!"%Z%G%9%?%k$N%?%$%_%s%0$r7h$a$F$$$k!#

%$%Y%s%H<hF@$N%?%$%_%s%0$O!"4{$K=R$Y$?DL$j$G$"$j!"Coincidence Unit (m-54) $N

=PNO$,F~NO$5$l$F$$$k!#%Z%G%9%?%k<hF@$N%?%$%_%s%0$K$D$$$F$O!"8e=R$9$k!#$J$*!"

$3$N2 $D$NF~NO$N$&$A!"$I$A$i$+$N$_$,F~NO$5$l!"F1;~$KF~NO$5$l$k$3$H$O$J$$!#

GATE Generator (m-60) Logic FAN-IN/FAN-OUT (m-47) $N?.9f$r<u$1$F!"1� s$N

?.9f$r@8@.$9$k!#$=$N$&$A1 $D$O!"CAMAC %b%8%e!<%k$N%2!<%H$d%9%?!<%H?.9f$N

4p$K$J$k!#$b$&1 $D$O!"%G!<%?<hF@Cf$K<!$N%$%Y%s%H$,$/$k$N$rKI$0$?$a!"%i%C%A!&

%7%9%F%`$K;H$o$l$k!#;D$j$O%l!<%H<hF@$KMQ$$$i$l$k!#

GATE Generator (m-61) $3$NGate Generator$O!"%i%C%A%b!<%I$K$J$C$F$*$j!"m-60
$+$i$N=PNO$r<u$1$?$i!"$9$0$Km-60 $Kveto ?.9f$rF~$l$k!#$3$N veto ?.9f$O!" m-
61$K%9%H%C%W?.9f$,$/$k$^$G=P$D$E$1$k!#$^$?!"Logic FAN-IN/FAN-OUT (m-48,
LeCroy 429A) $rDL$7$F!">eN.$K0LCV$9$km-53, m-54, m-55$N3 $D$NNIM %b%8%e!<

%k$KBP$9$kveto ?.9f$b@8@.$9$k!#$5$i$K!"CAMAC Scaler (m-71, Technoland N-
TS112) $KBP$9$kINHIBIT ?.9f$K$b$J$k!#Veto %9%H%C%W?.9f$O!"CAMAC Output
register (m-76, KAIZU KC3471) $+$i!"%G!<%?<hF@=*N;;~$K6!5k$5$l$k!#

Logic FAN-IN/FAN-OUT (m-44) Gate Generator (m-60) $N?.9f$O!"LeCroy 429A
$rDL$8$F!"3FCAMAC %b%8%e!<%k$KF~NO$5$l$k!"$"$k$$$OF~NO?.9f$N4p$K$J$k!#$^
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$:!" CAMAC 2 GHz TDC (GNC-060) $NCOM START ?.9f$r@8@.$9$k!#$5$i$K!"

Gate Generator (m-62, KAIZU KN1500) $KF~NO$5$l$k!#$3$NGate generator$O!"

1.5� s$@$1CY$l$5$;$i$l$?!"100 ns$N?.9f$r!" TDC $K!"COM STOP ?.9f$H$7$FF~

NO$9$k!#$^$?!"Gate Generator (m-64, KAIZU KN1500) $KF~NO$5$l!"350 ns$N?.

9f$,!" CAMAC Q-ADC (m-74) MQ$N%2!<%H?.9f$H$7$F@8@.$5$l$k!#

� %?%07O$N%(%M%k%.!<<hF@%2!<%H� %?%07O$N%(%M%k%.!<<hF@%2!<%H$O!"%2!<%HI}$rC;$/$7

$F!"%9%Z%/%H%k$r$-$l$$$K$9$k$?$a!"<!$N$h$&$K@8@.$5$l$k!#

1. � %?%07O$N?.9f(m-58) $O!":F$S Gate generator (m-59, KAIZU KN1500) $K

F~NO$5$l!"1� sCY$l$5$;$?8e!"300 nsI}$N?.9f$r@8@.$9$k!#

2. $3$N?.9f$H!"m-44 $+$i$N?.9f$,!" Coincidence Unit (m-50, Technoland N-
TM103) $K$h$C$F!"AND $r$H$i$l!" 100 ns$N?.9f$,@8@.$5$l$k!#

3. $=$N?.9f$O!"Logic FAN-IN/FAN-OUT (m-46, LeCroy 429A) $rDL$7!"Gate
Generator (m-65, KAIZU KN1500) $K$h$C$F!"250 ns$N%2!<%H?.9f$H$J$j!"$3

$l$, CAMAC Q-ADC (m-73) $N%2!<%H$K$J$k!#

$J$*!"$3$3$Gm-46$rDL$7$?$N$O!"%Z%G%9%?%k<hF@$N:]!"m-50$N%3%$%s%7%G%s%9$O!"

$"$k>.$5$$3NN($G$7$+@.N)$7$J$$$?$a!"$=$N$^$^$G$O$&$^$/<hF@$G$-$J$$$+$i$G$"

$k!#8e=R$9$k!"%Z%G%9%?%k<hF@$N%?%$%_%s%0MQ%H%j%,!<$r!"m-46$KF~$l$k$3$H$G!"

%Z%G%9%?%k<hF@;~$G$b!"Q-ADC $K%2!<%H?.9f$,F~NO$5$l$k$h$&$K$J$C$F$$$k!#

%Z%G%9%?%k<hF@MQ%H%j%,!<%Z%G%9%?%k$N<hF@$O!"Clock Generator (m-66, Technoland N-
TM203) $G@8@.$5$l$?1 kHz $N%/%m%C%/?.9f$N%?%$%_%s%0$G9T$o$l$k!#Clock Gen-
erator $N=PNO$O!"Coincidence Unit (m-55, LeCroy 465)$K$F!"%$%Y%s%H/ %Z%G%9%?

%k@Z$jBX$(?.9f$H%3%$%s%7%G%s%9$,$H$i$l$?8e!"=PNO$Om-47$KF~$k!#$^$?!"$3$N=P

NO$O!"@h=R$7$?� %?%07O$N%(%M%k%.!<<hF@%2!<%H$K$bMQ$$$i$l$k!#

Visual Scaler (m-37, m-38) Visual Scaler (Technoland N-OR425)$O!"3F%b%8%e!<%k$N

%l!<%H$rB,Dj$9$k$N$KMQ$$$i$l$k!#START ?.9f$O!" GATE Generator (m-39, KAIZU
KN1500) $rMQ$$$F!"2 %b%8%e!<%k6&DL$N?.9f$,Aw$i$l$k!#$^$?!"m-37$Nch-6$K$O!"

Clock Generator (m-41, Technoland N-TM203) $G@8@.$7$?1 MHz $N%/%m%C%/?.9f

$,F~NO$5$l!"100 s8e$K7e0n$l$r5/$3$9;E3]$1$K$J$C$F$$$k!#$=$Nch6$,7e0n$l$9$l

$P!"carry out ?.9f$,=PNO$5$l!"$3$l$O Gate Generator (m-40, KAIZU KN1500) $K

F~NO$5$l$k!#$3$3$+$i100 ns$N?.9f$,=PNO$5$l!"m-37, m-386&DL$NSTOP ?.9f$H

$J$j!"$A$g$&$I 100 s4V$NB,Dj$r2DG=$K$9$k!#

Visual Scaler$G$O!"m-47 (%H%j%,!<%l!<%H), m-60 (DAQ %l!<%H), m-66 (1 kHz %/

%m%C%/;2>HMQ) $N%l!<%H$,B,Dj$5$l$F$$$k!#

CAMAC Scaler (m-71) Visual Scaler$GB,Dj$7$?$N$HF1$8%l!<%H$O!"%/%m%C%/$r=|$-!"

CAMAC Scaler (Technoland N-TS112) $G$b%*%s%i%$%s$G<hF@$5$l$?!#
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?^ 3.29: DAQ %7%9%F%`!#

3.8.5 CAMAC

%G!<%?<hF@$K$O!"CAMAC %7%9%F%`$,MQ$$$i$l$?!#CAMAC %/%l!<%H$K$O!"TOYO PS-
7500$,MQ$$$i$l$?!#CAMAC $G<hF@$7$?>pJs$O!"� %?%07O$N;~4V$H%(%M%k%.!<$N>pJs!"

LaBr3(Ce) 7O$N;~4V$H%(%M%k%.!<$N>pJs!"5Z$S3F<o%l!<%H$G$"$k!#

CRATE CONTROLLER CRATE CONTROLLER $K$O!"TOYO CC/NET $,MQ$$

$i$l$?!#?^ 3.29 $K!":#2sMQ$$$?DAQ %7%9%F%`$N35N,?^$r<($9!#CRATE CON-
TROLLER $O!"FbIt$K CPU $H5-21NN0h$r$b$A!"Linux $,%$%s%9%H!<%k$5$l$F$$$k!#

$5$i$K!" Fast Eathernet @\B3$G!"Linux %3%s%T%e!<%?$H@\B3$5$l$F$$$k!#%G!<%?$O!"

Linux %3%s%T%e!<%?$+$iNFS $G%^%&%s%H$7$?!"%O!<%I%G%#%9%/(1.5 TB) $K!"%P%$

%J%j7A<0$G=q$-9~$^$l$?!#$5$i$K!"Dj4|E*$K%G!<%?$O%P%C%/%"%C%W$5$l!"$=$3$+$i

ROOT [58] %U%!%$%k$,:n@.$5$l!"2r@O$K;H$o$l$?!#

2 GHz TDC <B83$KMQ$$$?2 GHz TDC (GNC-060) $O!" [59, 60]$GMQ$$$i$l$?$b$N$G$"

$k!#%@%$%l%/%H!&%/%m%C%/%+%&%s%H<0$G$"$j!"NIM %b%8%e!<%k(m-49) $+$i 2 GHz
$N%/%m%C%/?.9f$r6!5k$7!";~4V>pJs$rF@$k!#3F%A%c%s%M%k$O!"COM START ?.9f$+

$i$N;~4V$rB,Dj$9$k!#%G%8%?%kJQ49$O!"COM STOP ?.9f$r<u$1$F3+;O$5$l$k!#

Charge ADC <B83$KMQ$$$?Charge ADC (CAEN C1205) $O!"C`<!Hf3S7?$N2YEE=8@Q

ADC $G$"$k!#$3$NQ-ADC $O!"3 %l%s%8$G$NB,Dj$r2DG=$K$7$F$"$k!#B,Dj$G$O!"A4

%l%s%8$N%G!<%?$r<hF@$7$?!#

Scaler %l!<%H$r<hF@$9$k$?$a!"Scaler (Technoland N-TM203)$rMQ$$$?!#$3$l$K$O!"3F<o

%l!<%H5Z$S!"Clock Generator (m-68, Technoland N-TM203) $G@8@.$7$?!"10 MHz
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NIM %/%m%C%/?.9f$rF~NO$7$F$"$k!#%i%C%A!&%7%9%F%`$+$iINHIBIT ?.9f$r<u$1<h

$k$^$G$N%+%&%s%H?t$r5-O?$9$k!#

Output Register Output Register $O!"<!$N2 $D$NL\E*$G!"2 %b%8%e!<%k$r;HMQ$7$?!#

� %i%C%A2r=|MQ(m-76, KAIZU KC3471) !#%G!<%?<hF@=*N;;~$K?.9f$r=PNO$7!"

%i%C%A!&%7%9%F%`$r2r=|$7!"<!$N%$%Y%s%H<hF@$r2DG=$K$9$k!#

� %$%Y%s%H/ %Z%G%9%?%k@Z$jBX$(MQ(m-72, Technoland@=)!#%Z%G%9%?%k<hF@;~$N$_

?.9f$r=PNO$9$k!#$3$N=PNO$O!"NIM Logic FAN-IN/FAN-OUT (m-45, LeCroy
423A) $KF~$l$i$l!" OUT ?.9f$O%Z%G%9%?%kMQ$NCoincidence Unit (m-55) $K

F~NO$5$l!"%Z%G%9%?%kB,Dj$r2DG=$K$9$k!#$^$?!"OUT ?.9f$O!"%$%Y%s%HMQ$N

Coincidence Unit (m-54) $KF~NO$5$l!"%$%Y%s%HB,Dj$r2DG=$K$9$k!#

3.9 29EY

29EY$N>pJs$O!"Gr6bB,29Dq93BN(Pt100) $rMQ$$$F<hF@$7$?!#%a%b%j%O%$%m%,!<(HIOKI
8420-50)$r;HMQ$7!";MC<;RK!$GB,Dj$7$?!#B,Dj%G!<%?$O!"%a%b%j%O%$%m%,!<<+?H$N5-21G^

BN$K5-O?$5$l$k$H6&$K!"RS-232 C$G@\B3$7!"Linux %3%s%T%e!<%?>e$N%O!<%I%G%#%9%/$K$b

5-O?$5$l$?!#

0J2<$N3F29EY>pJs$,B,Dj$5$l$?!#

� RF MQ2sO)IU6a6u5$

� RF MQ%1!<%V%k(SF-104) I=LL

� %"%s%W5[5$

� %"%s%WGS5$

� KEK Dc29%;%s%?!<<B83EoFb6u5$

� %-%c%S%F%#!<I=LL

� <'@P%\%"Fb6u5$

$3$l$i$N29EY>pJs$O!"RF 7O$N%Q%i%a!<%?$NJd@5$KMQ$$$i$l$?!#$^$?!"Bh3.5.4@a$G4{$K=R

$Y$?$h$&$K!"%-%c%S%F%#!<29EY$O!"%$%s%?!<%m%C%/$NH=Dj>r7o$K$b;H$o$l$?!#

<B83EoFb$O!"6uD4$G29EY$,$"$kDxEYD4@a$5$l$?!#$^$?!"DAQ $N%b%8%e!<%k$d!"RF $N

2sO)!"%"%s%W$J$I$,$"$kB,Dj<<Fb$O!"JLES6uD4$K$h$C$F29EY4IM}$5$l$?!#$?$@$7!"??2F$G

$"$C$?$?$a!"6uD4$G@)8f$7$-$l$J$$F|$b8+$i$l$?!#
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3.10 %b%s%F%+%k%m!&%7%_%e%l!<%7%g%s

A+0\3NN($NF3=P$K$O!"2
 Jx2u!" 3
 Jx2u$N%(%M%k%.!<%9%Z%/%H%k$rMQ$$$k!#<B%G!<%?$O

$=$l$i$,$"$k3d9g$G:.$6$C$?$b$N$G$"$k!#$=$N3d9g$r5a$a$k$N$K!"%b%s%F%+%k%m!&%7%_%e

%l!<%7%g%s$G:n@.$7$?!"2
 Jx2u!" 3
 Jx2u$N%9%Z%/%H%k$,I,MW$H$J$k!#$3$3$G$O$=$N%7%_%e

%l!<%7%g%s$K$D$$$F=R$Y$k!#

%7%_%e%l!<%7%g%s$K$O!"Geant4 [56, 57] (Release 4.9.3)$r;HMQ$7$?!#Geant4$O!"N3;R

$N50@W$r%7%_%e%l!<%H$9$k$3$H$,$G$-$k%Q%C%1!<%8$G!"LHC <B83$J$I9b%(%M%k%.!<<B83

$r;O$a!"MM!9$JJ,Ln$G9-$/;HMQ$5$l$F$$$k!#$^$?!"$=$N7k2L$N@5$7$5$b9-$/8!>Z$5$l$F$$

$k!#$J$*!"J*BNF1;N$N0z$-;;$r9T$&!" G4SubtractionSolid.cc $K%P%0$,$"$C$?$?$a!"=$

@5$7$FMQ$$$?!#

Dc%(%M%k%.!<$NEE<'Aj8_:nMQ$KBP$9$kJ*M}%Q%C%1!<%8$H$7$F$O!"PENELOPE [61] $r;H

MQ$7$?!#$3$l$O!"Dc%(%M%k%.!<<B83$G7k2L$r@53N$K:F8=$G$-$k$h$&$K:n@.$5$l$?%Q%C%1!<

%8$G!"8w;R!"EE;R!"M[EE;R$N%7%_%e%l!<%7%g%s$,$G$-$k!#

0J2<$K!"%7%_%e%l!<%7%g%s$NN.$l$r<($9!#

1. ;HMQ$7$?<B83AuCV$N>pJs(G[CV!"<'>l ) $r>\:Y$KF~NO$9$k!#<B:]$KF~NO$7$?>pJs$K$D

$$$F!"?^ 3.30$KB&LL?^$r!"?^3.31$K8+<h?^$r<($9!#

2. M[EE;R@~8;$,CV$+$l$?>l=j$K!"22Na $rCV$-!"Jx2u$5$;$k!#

3. 2r@O$KI,MW$J$N$O!"M[EE;R$,%-%c%S%F%#!<Fb$N%,%9Cf$K;_$^$C$F!"2
 Jx2u$^$?$O3

Jx2u$7$?:]!" LaBr3(Ce) $KMn$H$9%(%M%k%.!<$NJ,I[$N$_$G$"$k!#$=$3$G!"M[EE;R$,

=P$J$+$C$?%$%Y%s%H$K$D$$$F$O!"B(:B$K=*N;$7$F<!$N%$%Y%s%H$K0\$k!#

4. 1275 keV$N
 @~$K$D$$$F$O!"=P$F$-$?=V4V$K50@WDI@W$r=*N;$9$k!#

5. M[EE;R$,;_$^$i$:$K%,%9J,;R$NEE;R$HBP>CLG$7$?$j!"%-%c%S%F%#!<$J$I$NCf$K;_$^$C

$?$j$7$?>l9g$O!"%7%_%e%l!<%7%g%s$rB(:B$K=*N;$7$F<!$N%$%Y%s%H$K0\$k!#

6. M[EE;R$,%,%9Cf$K;_$^$C$?>l9g!"2
 Jx2u$^$?$O3
 Jx2u$r$5$;$k!#$J$*!"%7%_%e%l!<

%7%g%s$O!"2
 Jx2u$H3
 Jx2u$rJL!9$K9T$&!#

7. M[EE;R$,%,%9Cf$K;_$ $̂C$?%$%Y%s%HA4$F$K$D$$$F!";_$ $̂C$?>l=j!"%W%i%9%A%C%/%7%s%A

%l!<%?$GMn$H$7$?%(%M%k%.!<!"
 @~$,LaBr3(Ce)$KMn$H$7$?%(%M%k%.!<$r!"ROOT [58]
%U%!%$%k$K5-O?$9$k!#

8. 5-O?8e!"<!$N%$%Y%s%H$K0\$k!#

%7%_%e%l!<%7%g%s$O!"2
 Jx2u$H3
 Jx2u$K$D$$$F!"JL!9$K9T$C$?!#2
 Jx2u$N%,%s%^@~

$O!"N>J}$H$b%(%M%k%.!<$OEE;R<ANL$G!"back-to-back $K!"%i%s%@%`$JJ}8~$K=P$7$?!#

3
 Jx2u$N%,%s%^@~$N%9%Z%/%H%k$K$D$$$F$O!"Leading order$N7W;;$O!"•Ore $HPowell $K

$h$C$F$J$5$l[62]!"8e$K$J$C$F3N$+$a$i$l$?[63, 64]!#$5$i$K!" O(� ) $NJd@5$,!"Adkins
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?^ 3.30: %b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$KF~NO$7$?%8%*%a%H%j>pJs(B&LL?)̂!#
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?^ 3.31: %b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$KF~NO$7$?%8%*%a%H%j>pJs(8+<h? )̂!#
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$K$h$C$F2r@OE*$K<($5$l$?[65]!#:#2s$N%7%_%e%l!<%7%g%s$G$O!"$3$NO(� ) $NJd@59`$^$G

4^$a$?%9%Z%/%H%k$rMQ$$$?!#

%7%_%e%l!<%7%g%s$O!"<B83$,9T$o$l$?!"3F%,%9L)EY!"<'>lE@$K$D$$$F@8@.$5$l$?!#
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Bh4>O B,Dj

$3$N>O$G$O!"%W%m%H%?%$%WB,Dj$K$D$$$F!"4|4V!"4D6-!"%G!<%?NL$J$I$N>\:Y$r=R$Y$k!#

4.1 4|4V

%W%m%H%?%$%WB,Dj$G!"2r@O$K;HMQ$9$k%G!<%?$r<hF@$7$?4|4V$O!"J?@.21G/ 7 7n2 F| �
J?@.21G/ 9 7n24F|$N85F|4V$G$"$C$?!#<B83$O!"KEK Dc29%;%s%?!<$G9T$o$l$?!#

4.2 4D6-

B,Dj$O!"%,%9L)EY!"<'>l$rJQ$($F9T$C$?!#0l$D$N<'>lE@$K$D$$$F?tF|$:$DB,Dj$7$?!#Ck

4V!"RF $r$+$1$F(RF-ON) B,Dj$r9T$$!"Lk4V!"5YF|$O RF $r$+$1$:$K (RF-OFF) %P%C%/

%0%i%&%s%IB,Dj$r9T$C$?!#RF-ON ;~$K%-%c%S%F%#!<Fb$KF~NO$5$l$?RF %Q%o!<$O409 W
$G$"$C$?!#

%,%9L)EY$K$D$$$F$O!"1.350 1(71) amagat (30.42(25)� C, 152.04(80) kPa), 0.891 6(23) amagat
(30.46(13)� C, 100.41(25) kPa)$N!"2 E@$GB,Dj$7$?!#$=$l$>$l$N%,%9L)EY$K$*$1$k!"<'>l

E@$d<~GH?t!"4|4V$O!"I=4.1$NDL$j$G$"$k!#$J$*!"2a5n$N<B837k2L[13, 14]$+$iM=A[$5$l

$kA+0\$NCf?4<'>lCM$O!"1.350 1 amagat$G$O0.865 573 T, 0.891 6 amagat$G$O0.865 663 T
$G$"$k!#

4.3 %G!<%?<hF@

%G!<%?<hF@$O!"%Z%G%9%?%k<hF@!"%$%Y%s%H<hF@$r8r8_$K9T$C$?!#@Z$jBX$($O10J,DxEYKh

$G!"E57?E*$J%G!<%?<hF@;~4V$O!"1 %U%!%$%k$"$?$j%Z%G%9%?%k1 J,!"%$%Y%s%H10J,$G$"$C

$?!#E57?E*$J%H%j%,!<%l!<%H$O3.6 kHz, DAQ %l!<%H$O650 Hz$G$"$C$?!#

4.4 %G!<%?$N9=@.

<B83$GF@$i$l$?@8%G!<%?$ODAQ %G!<%?!"RF 7O%G!<%?!"29EY%G!<%?$KJ,$+$l$F$$$k!#A4

$F$N%G!<%?$G;~9o$OF14|$7$F$$$k!#
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I= 4.1: %W%m%H%?%$%WB,Dj$N4D6-!#%,%9L)EY1.350 1(71) amagat$K$D$$$F$O!"12$N<'>lE@

$GB,Dj$7!"0.891 6(23) amagat$K$D$$$F$O!"6 $N<'>lE@$GB,Dj$7$?!#

%,%9L)EY RF <~GH?t <'>l 4|4V

(amagat) (GHz) (T) (yyyy/mm/dd{yyyy/mm/dd)

1.350 1(71) 2.853 182(14)

0.865 816 9(17) 2009/07/02{2009/07/06
0.864 208 8(17) 2009/07/06{2009/07/08
0.867 438 8(17) 2009/07/08{2009/07/13
0.861 360 4(17) 2009/07/13{2009/07/15
0.868 647 5(17) 2009/07/15{2009/07/20
0.863 168 1(17) 2009/07/20{2009/07/22
0.870 287 9(17) 2009/07/22{2009/07/27
0.858 022 8(17) 2009/07/27{2009/07/29
0.873 531 7(17) 2009/07/29{2009/08/03
0.865 050 2(17) 2009/08/03{2009/08/12
0.866 741 9(17) 2009/08/12{2009/08/14
0.865 851 7(17) 2009/08/20{2009/08/24

0.891 6(23) 2.853 727(28)

0.865 851 1(17) 2009/08/26{2009/08/31
0.864 623 0(17) 2009/08/31{2009/09/02
0.866 852 5(17) 2009/09/02{2009/09/04
0.863 145 7(17) 2009/09/08{2009/09/14
0.869 121 9(17) 2009/09/14{2009/09/16
0.861 428 6(17) 2009/09/16{2009/09/24
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4.4.1 DAQ %G!<%?

DAQ %G!<%?$O!"0J2<$r4^$s$G$$$k!#

� %Z%G%9%?%k/ %$%Y%s%H$NJL$r<($9%U%i%0

� %U%!%$%kFb$G$N%$%Y%s%H$NDL$7HV9f

� %G!<%?<hF@;~9o$N>pJs(Realtime, � sC10L)

� 3F<o%l!<%HB,DjMQ$N%+%&%s%H?t$H%/%m%C%/$N%+%&%s%H?t(14 ch)

� %W%i%9%A%C%/%7%s%A%l!<%?$N%(%M%k%.!<>pJs(3 %l%s%8, 2 ch)

� LaBr3(Ce) $N%(%M%k%.!<>pJs(3 %l%s%8, 6 ch)

� %W%i%9%A%C%/%7%s%A%l!<%?!"LaBr3(Ce) $N;~4V>pJs(8 ch)

DAQ %G!<%?$OCAMAC $rMQ$$$F<hF@$5$l!"Linux PC $N%O!<%I%G%#%9%/$K%P%$%J%j7A<0$G

J]B8$5$l$?!#%U%!%$%k%5%$%:$O!"%Z%G%9%?%k$G1.8 MB/ %U%!%$%k!"%$%Y%s%H$G$O84 MB/ %U%!

%$%k$G$"$C$?!#0lF|$"$?$j7� 8 GB $N%G!<%?$,<hF@$5$l!"A4B,Dj4|4V$G650 GB$H$J$C$?!#

4.4.2 RF 7O%G!<%?

RF 7O%G!<%?$O!"0J2<$r4^$s$G$$$k!#

� %G!<%?<hF@;~9o(F|IU!"IC )

� SG<~GH?t(@_DjCM)

� SG=PNOEENO(@_DjCM)

� %"%s%WD>8e$NEENO(%Q%o!<%a!<%?!<)

� %-%c%S%F%#!<F)2aEENO(%Q%o!<%a!<%?!<)

� SG=PNOEENO(%/%j%9%?%k%G%#%F%/%?!<+DMM)

� %-%c%S%F%#!<F)2aEENO(%/%j%9%?%k%G%#%F%/%?!<+DMM)

� %-%c%S%F%#!<H?<MEENO(%/%j%9%?%k%G%#%F%/%?!<+DMM)

� %_%-%5!<=PNO(DMM)

� DMM %0%i%&%s%I(F~NOL5$7)
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RF 7O%G!<%?$O!"Ls1 IC4V3V$GGPIB %$%s%?!<%U%'!<%9$rMQ$$$F<hF@$5$l!"Linux PC $N%O!<

%I%G%#%9%/$K%F%-%9%H7A<0$GJ]B8$5$l$?!#%G!<%?NL$O!"A4B,Dj4|4V$G316 MB $H$J$C$?!#

RF 7O%G!<%?<hF@$O!"RF $rF~NO$7$F$NB,DjCf!"5Z$SB,DjA08e$K9T$o$l$?!#B,DjCf$O!"%Q

%o!<$d<~GH?t$NJQF0$r%b%K%?!<!&%U%#!<%I%P%C%/$9$k$?$a$K<hF@$5$l!"B,DjA08e$K$O!"%-%c

%S%F%#!<$NIi2YQ (QL ) $,B,Dj$5$l$?!#

4.4.3 29EY%G!<%?

29EY%G!<%?$O!"Bh3.9@a$G4{$K=R$Y$?$h$&$K!"7 <oN`$N29EY$H!"B,Dj;~9o$+$i9=@.$5$l

$?!#%G!<%?$OLs1 IC4V3V$GRS-232 C$rDL$7$F<hF@$5$l!"Linux PC $N%O!<%I%G%#%9%/$K%F

%-%9%H7A<0$GJ]B8$5$l$?!#A4B,Dj4|4V$G$N%G!<%?NL$O!"605 MB $G$"$C$?!#
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$3$N>O$G$O!"<B83$GF@$i$l$?%G!<%?$K$D$$$F!"%+%C%H!"%G!<%?$N3S@5!"2r@O$K$D$$$F=R

$Y$k!#2r@O$OA4$FROOT [58] $r;HMQ$7$F9T$C$?!#%U%#%C%H$K$O!"ROOT $KAH$_9~$^$l$?

MINUIT [66] $,MQ$$$i$l$?!#

5.1 %+%C%H5Z$S%G!<%?$N3S@5

$3$N@a$G$O!"%$%Y%s%H$rA*$V$?$a$N%+%C%H!"5Z$S%G!<%?$N3S@5$K$D$$$F=R$Y$k!#$3$3$K

5-=R$7$?<g$J%0%i%U$d?t;z$O!"1.350 1 amagat$G0.865 816 9 T$GRF-OFF $N%G!<%?$+$i

F@$i$l$?$b$N$G$"$k!#B>$N$b$N$K$D$$$F$b!"K\<AE*$K$OJQ$o$i$J$$!#$J$*!"%(%M%k%.!<>p

Js$K$D$$$F!"Q-ADC $O3 %l%s%8$N>pJs$r;}$C$F$$$k$,!"2r@O$K$O!"Cf4V%l%s%8$N$_$rMQ

$$$?!#

5.1.1 %+%C%H!'%W%i%9%A%C%/%7%s%A%l!<%?$N;~4V:9

%W%i%9%A%C%/%7%s%A%l!<%?$N;~4V:9$K$D$$$F!"%$%Y%s%H<hF@%U%!%$%k$KBP$7!"%+%C%H$r

$+$1$?!#PS-1$HPS-2$O!"%*%s%i%$%s$G4{$K%3%$%s%7%G%s%9$5$l$F$$$k$,!"%3%$%s%7%G%s

%9I}$O60 ns$H9-$/!"6vA3%3%$%s%7%G%s%9$5$l$?%$%Y%s%H$rB?$/4^$`!#$=$N$?$a!"%*%U%i

%$%s$G!"$h$j87$7$$%+%C%H$r$+$1!"PS-1$HPS-2$GF1;~$K8!=P$7$?%$%Y%s%H$rB?$/A*Br$9

$k!#$3$N%+%C%H$O!"<!$N<j=g$G9T$o$l$?!#

1. %W%i%9%A%C%/%7%s%A%l!<%?$N;~4V:9(PS-2 � PS-1) $K$D$$$F!"livetime 10 sKh$K%9

%Z%/%H%k$r:n@.$9$k!#

2. :n@.$7$?%9%Z%/%H%k$K$D$$$F!"Cf?4� HWTM (Half Width at Tenth Maximum) $N

HO0O$G!"%,%&%7%"%s$G%U%#%C%H$9$k!#K\Mh!"%W%i%9%A%C%/%7%s%A%l!<%?$N;~4VJ,2rG=

$O!"%(%M%k%.!<$K0MB8$9$k$?$a!"%9%Z%/%H%k$N7A$O%,%&%7%"%s$G$O$J$$$,!"%+%C%H

$NHO0O$r7h$a$?$j!"Cf?4CM$dI}$NJQF0$r8+$?$j$9$k$N$KMQ$$$k$@$1$G$"$k$+$i!"9=

$o$J$$!#?^5.1$K!"BeI=E*$J%U%#%C%H$NMM;R$r<($9!#

3. %U%#%C%H7k2L$r4p$K!"%W%i%9%A%C%/%7%s%A%l!<%?$N;~4V:9$,!"Cf?4� 5� (� $OI8=`

JP:9$G$"$j!"Cf?4!" � $O%U%#%C%H$7$?%,%&%7%"%s$N$b$N$rMQ$$$k) $K$"$k$3$H$rMW5a

$9$k!#

$3$N%+%C%H$K$h$C$F;D$k%$%Y%s%H$O!"A4%$%Y%s%H$N97.8%$G$"$k!#
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PS TIMING DIFFERENCE (PS­2 ­ PS­1)
­30 ­20 ­10 0 10 20 30

C
O
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N
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S

 (
/0
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/1
0s

)

1

10

210

310

410

PS_TIMING_DIFFERENCE

Entries  43948

Mean   ­1.508

RMS     1.181

PS TIMING DIFFERENCE PS_TIMING_DIFFERENCE
Entries  35775
Mean   ­1.454

RMS     2.379
 / ndf 2c  208.8 / 6

Prob   2.522e­42

Area      9.348e+01± 1.668e+04 

Mean      0.006± ­1.595 
Sigma     0.0059± 0.9889 

?^ 5.1: %W%i%9%A%C%/%7%s%A%l!<%?$N;~4V:9!#%R%9%H%0%i%`$O!"%G!<%?$G$"$j!"6J@~$,!"%,

%&%7%"%s$K$h$k%U%#%C%H7k2L$G$"$k!#%+%C%HHO0O$r!"NP?'$G<($7$?!#

5.1.2 3S@5!'%W%i%9%A%C%/%7%s%A%l!<%?$N%Z%G%9%?%k

%W%i%9%A%C%/%7%s%A%l!<%?$N%Z%G%9%?%k$O!"%W%i%9%A%C%/%7%s%A%l!<%?Kh!"%Z%G%9%?%k

<hF@1 %U%!%$%kKh$K!"3S@5$7$?!#%W%i%9%A%C%/%7%s%A%l!<%?$N%(%M%k%.!<>pJs$K$D$$$F!"

%Z%G%9%?%k1 %U%!%$%kKh$K%R%9%H%0%i%`$r:n@.$7!"Cf?4� HWHM (Half Width at Half
Maximum) $NHO0O$G!"%,%&%7%"%s$G%U%#%C%H$7$?!#$3$3$G5a$a$i$l$?%Z%G%9%?%k$NCM$O!"

D>8e$N%$%Y%s%H<hF@%U%!%$%k$K$*$$$F!":9$70z$+$l$k!#

5.1.3 3S@5!'%W%i%9%A%C%/%7%s%A%l!<%?$N%2%$%s

%W%i%9%A%C%/%7%s%A%l!<%?$N%(%M%k%.!<%9%Z%/%H%k$O!"%,%&%7%"%sMM$N%T!<%/$r:n$i$J

$$!#$=$N$?$a!"3S@5$O:$Fq$G$"$k!#$3$3$G$O!"6a;wE*$K!"Q-ADC $NJ?6QCM$r;H$C$F!"%W

%i%9%A%C%/%7%s%A%l!<%?Kh$K3S@5$7$?!#

%$%Y%s%H%U%!%$%kKh$K!"%W%i%9%A%C%/%7%s%A%l!<%?$N%(%M%k%.!<%9%Z%/%H%k$K$D$$$F!"

J?6QCM$r5a$a!"@h$K5a$a$?%Z%G%9%?%kCM$r:9$70z$-!"$=$l$r3S@5$KMQ$$$?!#$3$NJ?6QCM$K

BP$7!"4p=`CM$r@_$1!"J?6QCM$,4p=`CM$K$J$k$h$&!"3S@578?t$r7hDj$7$?!#4p=`CM$H$7$F!"

PS-1$O15.1353 p.e., PS-2$O12.7111 p.e.$rMQ$$$?!#$3$NCM$O!"<'>lL5$7$N$H$-$H!"J?6Q

CM$rHf3S$7!"<'>l$K$h$k%2%$%s$N8:>/$rI>2A$7$F!"PMT $G8!=P$7$?8wEE;R?t$KD>$7$?$b

$N$G$"$k!#
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5.1.4 3S@5!'LaBr3(Ce) $N%Z%G%9%?%k

LaBr3(Ce) $N%Z%G%9%?%k$O!"%$%Y%s%H<hF@%U%!%$%k$KBP$7!"livetime 10 sKh$K9T$C$?!#

LaBr3(Ce) $K$D$$$F$O!"$I$l$+1 $D$,?.9f$r=P$;$P!"A4$F$NLaBr3(Ce) $N%(%M%k%.!<>pJs

$,5-O?$5$l$k$?$a!"?.9f$r=P$7$? LaBr3(Ce) 0J30$O!"%Z%G%9%?%k$r<hF@$7$F$$$k$3$H$K$J

$k!#$=$N$?$a!"%$%Y%s%H<hF@%U%!%$%k$N>pJs$r;H$C$F!"%Z%G%9%?%k$N3S@5$,9T$($k!#

Livetime 10 sKh$K!"LaBr3(Ce) $N%(%M%k%.!<>pJs$K$D$$$F!"LaBr3(Ce) Kh$K%R%9%H%0%i

%`$r:n@.$7!"Cf?4 � FWHM $NHO0O$G!"%,%&%7%"%s$G%U%#%C%H$7$?!#$3$3$G5a$a$i$l$?%Z

%G%9%?%k$NCM$O!"<!$K%2%$%s$N3S@5$r$9$k:]$K!"MQ$$$i$l$k!#

5.1.5 3S@5!'%W%m%s%W%H$N%?%$%_%s%0

Bh3.8@a$G=R$Y$?$h$&$K!"TDC $NCOM START ?.9f$O!" � %?%07O$HLaBr3(Ce) 7O$N!"

%3%$%s%7%G%s%9$K$h$C$F!"@8@.$5$l$k!#=>$C$F!"%]%8%H%m%K%&%`$NJx2u6J@~(LaBr 3(Ce)
$H� $N%?%$%_%s%0$N:9) $r8+$k$K$O!"TDC $G5-O?$5$l$?%G!<%?$K$D$$$F!"0z$-;;$r9T$C$?

$"$H!"%W%m%s%W%H$rt = 0 $K3S@5$7$J$1$l$P$J$i$J$$!#

%W%m%s%W%H$K$O!"BP>CLG$d!"p-Ps $NJx2u!"1275 keV 
 @~$J$I!"B?$/$N%$%Y%s%H$,4^$^

$l$k!#$3$N%?%$%_%s%0$G5-O?$5$l$k%$%Y%s%H$O7e0c$$$KB?$/!"LaBr3(Ce) $H� $N;~4V:9%9

%Z%/%H%k$K!"%T!<%/$r:n$k!#$=$3$G!"$3$N%T!<%/$N0LCV$r!"t = 0 $HDj5A$9$k!#

%T!<%/$N0LCV$O!"%T!<%/$r%,%&%7%"%s$G%U%#%C%H$9$k$3$H$K$h$C$F5a$a$?!#%$%Y%s%H<h

F@$N%U%!%$%k$K$D$$$F!"livetime 10 sKh$K!"LaBr3(Ce)� � $N;~4V:9%9%Z%/%H%k$r:n@.$7!"

%U%#%C%H$r9T$C$?!#$?$@$7!"t � 0 $NNN0h$K$O!"o-Ps$dDcB.M[EE;R$NJx2u$K$h$k!";X?t4X?t

E*$K8:>/$9$k@.J,$,$"$k$?$a!"%U%#%C%H$O!"Cf?4� 5� � Cf?4+1 � $NHO0O$G9T$C$?!#$J$*!"

$3$l$K$D$$$F$O!"� %?%07O2 8D� LaBr3(Ce)(6 � 1) 8D$G!"10DL$j$K$D$$$FJL!9$K9T$C$?!#

5.1.6 3S@5!'LaBr3(Ce) $N%2%$%s

LaBr3(Ce) $N%2%$%s$N3S@5$O!"livetime 100 sKh$K!"LaBr3(Ce) Kh$K511 keV$N%T!<%/$r

;H$C$F9T$C$?!#<j=g$O0J2<$NDL$j$G$"$k!#

1. LaBr3(Ce) $N%Z%G%9%?%k$,!"0 ch$K$J$k$h$&!"Q-ADC $N%G!<%?$r3S@5$7$?%9%Z%/%H

%k$r!" livetime 100 sKh$K:n@.$9$k!#$?$@$7!"%Z%G%9%?%k$r:9$70z$/:]!"%9%Z%/%H%k

$K$D$$$F!"NY@\$9$k3 %S%s$r0l<!4X?t$G%U%#%C%H$7!"$=$N79$-$rMxMQ$7$F:9$70z$/!#

2. F@$i$l$?%9%Z%/%H%k$G!"511 keV$N%T!<%/$r8!=P$9$k!#

3. %T!<%/$NCf?4� 1� $NHO0O$G!"%,%&%7%"%s$G%U%#%C%H$9$k!#

4. F@$i$l$?%T!<%/$NCf?4CM$,!"511 keV$K$J$k$h$&!"3S@578?t$r7hDj$9$k!#
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5.1.7 Time walk $NJd@5

K\Mh!"F1$8%?%$%_%s%0$G5/$3$C$?%$%Y%s%H$G$"$C$F$b!"PMT $+$i$N?.9f$,!" Discriminator
$Nthreshold $rD6$($k%?%$%_%s%0$O!"%(%M%k%.!<$K$h$C$F0[$J$k!#$3$l$,Time walk $G$"

$j!"Jd@5$r9T$&I,MW$,$"$k!#Time walk $N8z$-$+$?$O!"LaBr3(Ce) $H� $GId9f!"Bg$-$5$H

$b0[$J$k!#$3$NJd@5$b!"� %?%07O2 8D� LaBr3(Ce)(6 � 1) 8D$N10 DL$j$GJL!9$K9T$C$?!#

Time walk Jd@5$K$O!"%W%m%s%W%H$N%T!<%/$rMQ$$$k!#%(%M%k%.!<NN0h$r$$$/$D$+$KJ,$1!"

$=$l$>$l$G%W%m%s%W%H%T!<%/$N0LCV$r5a$a!"$=$N0LCV$,$I$N%(%M%k%.!<$G$bt = 0 $K$J$k

$h$&!"Jd@5$9$k!#%2%$%s$,;~4VE*$KJQF0$7$?>l9g!"time walk $NJd@5$bJQF0$9$k$?$a!"time
walk $NJd@5$O!"livetime 200 sKh$K9T$C$?!#

$J$*!"0J2<$N time walk Jd@5$K$*$$$F!"%U%#%C%H4X?t$N\threshold" 0J2<$N%(%M%k%.!<$N

%$%Y%s%H$O=|$+$l!"99.9%$N%$%Y%s%H$,;D$k!#$3$NJd@58e!"LaBr3(Ce) Kh$K!"%W%i%9%A%C

%/%7%s%A%l!<%?$N;~4V>pJs$K$D$$$F$OJ?6Q$r$H$C$?!#

LaBr3(Ce) $Ntime walk Jd@5

LaBr3(Ce) $O!"%?%$%_%s%0:9$r<h$k$H$-$K0z$+$l$kB&$J$N$G!"%(%M%k%.!<$,Dc$$$[$I%?

%$%_%s%0$,CY$/!"%(%M%k%.!<$,9b$$$[$I%?%$%_%s%0$,B.$/$J$k!#?^5.2(a) $K!"%?%$%_%s%0

$H%(%M%k%.!<$NFs<!85J,I[$r<($9!#4{$K!"%W%m%s%W%H$N%?%$%_%s%03S@5$O=*$o$C$F$$$k$N

$G!"%W%m%s%W%H%T!<%/$O$[$\t = 0 IU6a$K$"$k!#$7$+$7!"L@$i$+$K!"$=$N%T!<%/$N0LCV$O

%(%M%k%.!<0MB8@-$r;}$D!#

PMT ?.9f$,!"N)$A>e$,$jIU6a$G!";~9o t $rCf?4$H$7$?!"I8=`JP:9 � $N%,%&%7%"%s$G$"$k$H

2>Dj$9$k!#Discriminator $Nthreshold$K$"$?$k%(%M%k%.!<$rE(> 0) $H$9$k$H!"Threshold
$r$h$3@Z$k;~9of $O!"%(%M%k%.!<x $N4X?tf (x) $H$7$F!"

f (x) = t � �

s

2 ln
�

x
E

�
(5.1)

$H=q$1$k!#$=$3$G!"<!$N$h$&$K!"time walk $rJd@5$9$k!#

1. 50{1300 keV$N%(%M%k%.!<NN0h$K$D$$$F!"50 keVKh$KJ,$1$F!"%?%$%_%s%0%9%Z%/%H

%k$r:n$k!#

2. 450{500 keV5Z$S500{550 keV$NNN0h$K$D$$$F$O!"DcB.M[EE;R$dj+ i @.J,$NJx2u6J

@~$N1F6A$,Bg$-$$!#$3$N1F6A$K$h$j!"%W%m%s%W%H%T!<%/$N0LCV$,!"K\Mh$Nt = 0 $h

$j$bCY$l$?$H$3$m$K$G$-$F$7$^$&!#$=$N$?$a!"$3$N2 NN0h$O!"time walk Jd@5$K;H$o

$J$$!#

3. $=$l$>$l$N%9%Z%/%H%k$K$D$$$F!"%W%m%s%W%H%T!<%/$r!"Cf?4� 5� � Cf?4+HWHM
$NHO0O$G!"%,%&%7%"%s$G%U%#%C%H$9$k!#

4. %U%#%C%H$K$h$C$F5a$^$C$?Cf?4CM$r!"%(%M%k%.!<$KBP$7$F%W%m%C%H$9$k!#
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5. :n@.$5$l$?%0%i%U$r!"<0(5.1) $K$h$C$F%U%#%C%H$9$k!#$?$@$7!"E � 10� 6 keV $rMW

@A$9$k!#

6. F@$i$l$?6J@~(?^ 5.2(a) $K5-:\ ) $,!"%(%M%k%.!<$H%W%m%s%W%H0LCV$N4X78$r<($9$b$N

$H$7!"$=$N6J@~$,t = 0 $H$J$k$h$&!"Jd@5$r2C$($k!#

0J>e$Ntime walk Jd@58e$N!"%?%$%_%s%0$H%(%M%k%.!<$NFs<!85J,I[$r!"?^5.2(b) $K<($7$?!#

%W%i%9%A%C%/%7%s%A%l!<%? $Ntime walk Jd@5

%W%i%9%A%C%/%7%s%A%l!<%?$O!"%?%$%_%s%0:9$r<h$k$H$-$K0z$/B&$J$N$G!"%(%M%k%.!<$,

Dc$$$[$I%?%$%_%s%0$,B.$/!"%(%M%k%.!<$,9b$$$[$I%?%$%_%s%0$,CY$/$J$k!#?^5.3(a) $K!"

%?%$%_%s%0$H%(%M%k%.!<$NFs<!85J,I[$r<($9!#4{$K!"%W%m%s%W%H$N%?%$%_%s%03S@55Z$S

LaBr3(Ce) $Ntime walk Jd@5$O=*$o$C$F$$$k$N$G!"%W%m%s%W%H%T!<%/$O$[$\t = 0 IU6a$K

$"$k!#%W%i%9%A%C%/%7%s%A%l!<%?$O!"N)$A>e$,$j$,B.$$$?$a!"time walk $O>.$5$$!#$=$l

$G$b!"L@$i$+$K!"%(%M%k%.!<0MB8@-$,8+$($F$$$k!#

LaBr3(Ce) $H5U$N8z2L$K$J$k$3$H$KCm0U$9$l$P!"threshold $r$h$3@Z$k;~9of $O!"%(%M

%k%.!<x $N4X?tf (x) $H$7$F!"

f (x) = � t + �

s

2 ln
�

x
E

�
(5.2)

$H=q$1$k!#$=$3$G!"<!$N$h$&$K!"time walk $rJd@5$9$k!#

1. %W%i%9%A%C%/%7%s%A%l!<%?$N%(%M%k%.!<%9%Z%/%H%k$r!"%S%sI}0.125 p.e.$G:n@.$9$k!#

2. :G$b%$%Y%s%H?t$NBg$-$$%S%s$H!"$=$NN>NY$N%S%s$N!"0.725 p.e.J,$N%$%Y%s%H?t$r5-

O?$9$k!#

3. 5-O?$7$?%$%Y%s%H?t$HF1$8E}7W$,F@$i$l$k$h$&!"0� 60 p.e.$NNN0h$r$$$/$D$+$KJ,

$1$k!#

4. $=$l$>$l$NNN0h$K$D$$$F!"%?%$%_%s%0%9%Z%/%H%k$r:n@.$9$k!#

5. :n@.$7$?%?%$%_%s%0%9%Z%/%H%k$K$D$$$F!"%W%m%s%W%H%T!<%/$r!"Cf?4� 5� � Cf?4

+HWHM $NHO0O$G!"%,%&%7%"%s$G%U%#%C%H$9$k!#

6. %U%#%C%H$K$h$C$F5a$^$C$?Cf?4CM$r!"%(%M%k%.!<$KBP$7$F%W%m%C%H$9$k!#

7. :n@.$5$l$?%0%i%U$r!"<0(5.2) $K$h$C$F%U%#%C%H$9$k!#$?$@$7!"E = 10 � 12 p:e: $H

$9$k!#

8. F@$i$l$?6J@~(?^ 5.3(a) $K5-:\ ) $,!"%(%M%k%.!<$H%W%m%s%W%H0LCV$N4X78$r<($9$b$N

$H$7!"$=$N6J@~$,t = 0 $H$J$k$h$&!"Jd@5$r2C$($k!#



73 5.1 2r@O
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(b) Time walk Jd@58e!#%W%m%s%W%H%T!<%/$N%(%M%k%.!<0MB8@-$,2r>C$5$l$F
$$$k!#

?^ 5.2: LaBr3(Ce) $Ntime walk Jd@5!#Jd@5A0$N%W%m%s%W%H0LCV$O!"%(%M%k%.!<$KBP$7$F!"

<0(5.1) $K$h$C$F%U%#%C%H$5$l!"Jd@5$,;\$5$l$k!#
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0J>e$Ntime walk Jd@58e$N!"%?%$%_%s%0$H%(%M%k%.!<$NFs<!85J,I[$r!"?^5.3(b) $K<($7$?!#

5.1.8 %+%C%H!'%*%U%i%$%s$G$N%(%M%k%.!<threshold

%Z%G%9%?%k$d%2%$%s$NJQF0$,7c$7$$$?$a!"discriminator $Nthreshold$,JQ2=$7$J$/$F$b!"

$=$NCM$r%(%M%k%.!<$KJQ49$7$?>l9g!"JQF0$,7c$7$$2DG=@-$,$"$k!#$3$l$O!"%H%j%,!<%l!<

%H$rJQF0$5$;$kMW0x$K$J$k!#

$=$3$G!"LaBr3(Ce) $K$D$$$F!"$=$l$>$l$,?.9f$r=P$7$?$H$$$&H=CG$K$D$$$F!"%(%M%k

%.!<$, 150 keV0J>e$G$"$k$3$H$rMW5a$9$k!#$3$l$K$h$j!"%$%Y%s%H?t$O!"$5$i$K74.3%Dx

EY$K$J$k!#

5.1.9 %+%C%H!'%W%i%9%A%C%/%7%s%A%l!<%?$N%(%M%k%.!<:9

PS-1$HPS-2$N%(%M%k%.!<$K!"6KC<$K:9$,$"$k$b$N$O!"M[EE;R$,%W%i%9%A%C%/%7%s%A

%l!<%?$NCf?4IU6a$rDL$i$J$+$C$?$b$N$P$+$j$G$J$/!"%N%$%:$N2DG=@-$b9b$$!#FC$K!"%/%m

%9%H!<%/$N>l9g!"JRJ}$N?.9f$,Bg$-$/!"$b$&0lJ}$O$[$H$s$INm$K$J$k$3$H$,B?$$!#$=$N$h

$&$J%$%Y%s%H$O!"%W%i%9%A%C%/%7%s%A%l!<%?$N%(%M%k%.!<:9$K$D$$$F!"$"$kDxEY0JFb$G$"

$k$3$H$rMW5a$9$l$P!"Mn$H$9$3$H$,$G$-$k!#

$=$N:]!"%(%M%k%.!<$,Bg$-$$$[$I!"E}7WE*$f$i$.$bBg$-$/$J$k$3$H$KN10U$7$F!"%(%M%k

%.!<$NJ?J}:,F1;N$rHf3S$9$k!#$^$?!"%2%$%s$d%Z%G%9%?%k$,;~4VE*$KJQF0$9$k$3$H$+$i!"

livetime 500 sKh$K$3$N%+%C%H$r$+$1$?!#

6qBNE*$K$O!"$^$:!"Bh5.1.8@a$N%+%C%H$rDL$C$?%$%Y%s%H$K$D$$$F!"
p

PS-1$N%(%M%k%.!<�
p

PS-2$N%(%M%k%.!< $N%R%9%H%0%i%`$r!"livetime 500 sKh$K:n@.$7$?!#<!$K!"$=$N%0%i%U

$r!"Cf?4CM� HWTM $NHO0O$G!"%,%&%7%"%s$G%U%#%C%H$7$?!#$=$7$F!"$=$N%U%#%C%H7k2L$r

MQ$$$F!"Cf?4CM� 5� Fb$K$"$k%$%Y%s%H$N$_$r;D$7!"$=$l0J30$r<h$j=|$$$?!#

?^ 5.4(a) $K!"%+%C%HA0$N!"%W%i%9%A%C%/%7%s%A%l!<%?$N%(%M%k%.!<$NFs<!85J,I[$r<($7

$?!#$^$?!"%U%#%C%H$NMM;R$r!"5.4(b) $K<($7$?!#$3$3$G!"%,%&%7%"%s$NI8=`JP:9$O!"$[$\

1 $K$J$C$F$$$k!#$3$l$O!"%(%M%k%.!<$NJ,;6$,!"2 $D$NPMT $GF@$i$l$?8wEE;R?t$N!"OB$N

E}7WE*MI$i$.$N$_$G7h$^$C$F$$$k$3$H$r<($9!#$3$N%+%C%H$O!"$[$\A4$F$N%$%Y%s%H$,DL2a

$7!"$4$/0lIt (� 10� 6) $N%N%$%:$N$_$,=|$+$l$k!#

5.1.10 %+%C%H!'LaBr3(Ce) $N;~4V:9

:#2s!" LaBr3(Ce) MQ$NQ-ADC $N%2!<%HI}$O350 ns$G$"$k!#LaBr3(Ce) $, 2 8D0J>e?.

9f$r=P$7$?$H$9$k!#Q-ADC $N%2!<%H$O:G=i$K?.9f$r=P$7$?LaBr3(Ce) $N%?%$%_%s%0$G

3+$/$?$a!" 2 8DL\0J9_$N$&$A!"1 8DL\$H$N;~4V:9$,Bg$-$$$b$N$K$D$$$F$O!"EE2Y$,A4$F<}

=8$5$l$J$$2DG=@-$,$"$k!#6KC<$KCY$$>l9g$O!"%(%M%k%.!<%+%C%H$K$h$C$F<h$j=|$1$k$,!"
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(b) Time walk Jd@58e!#%W%m%s%W%H%T!<%/$N%(%M%k%.!<0MB8@-$,2r>C$5$l$F
$$$k!#

?^ 5.3: %W%i%9%A%C%/%7%s%A%l!<%?$Ntime walk Jd@5!#Jd@5A0$N%W%m%s%W%H0LCV$O!"%(%M

%k%.!<$KBP$7$F!"<0(5.2) $K$h$C$F%U%#%C%H$5$l!"Jd@5$,;\$5$l$k!#
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(a) %+%C%HA0$N!"%W%i%9%A%C%/%7%s%A%l!<%?$N%(%M%k%.!<$NFs<!85J,I[!#<B@~
$O!"%+%C%H>r7o$r<($7!"<B@~$G0O$^$l$?ItJ,$N%$%Y%s%H$,A*Br$5$l$k!#

PS ENERGY DIFFERENCE
Entries  1291928

Mean   ­0.01062

RMS    0.9205
 / ndf 2c  10.19 / 12

Prob   0.5989

Area      2.975e+02± 3.229e+05 

Mean      0.000930± ­0.008227 
Sigma     0.0009± 0.9166 
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PS ENERGY DIFFERENCE
Entries  1291928

Mean   ­0.01062

RMS    0.9205
 / ndf 2c  10.19 / 12

Prob   0.5989

Area      2.975e+02± 3.229e+05 

Mean      0.000930± ­0.008227 
Sigma     0.0009± 0.9166 

12.7111/15.1353*PS­1 ENERGY ­ PS­2 ENERGY

(b) 2 $D$N%W%i%9%A%C%/%7%s%A%l!<%?$G$N!"%(%M%k%.!<$NJ?J}:,$N:9!#<B@~$O!"
%,%&%7%"%s$K$h$k%U%#%C%H7k2L$r<($9!#I8=`JP:9$,$[$\1 $K$J$k!#

?^ 5.4: %W%i%9%A%C%/%7%s%A%l!<%?$N%(%M%k%.!<:9$K$h$k%+%C%H!#
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I= 5.1: %+%C%H$N$^$H$a!#

%+%C%H$N<oN` %+%C%H>r7o
;D$k%$%Y%s%H$N3d9g

(%)

%W%i%9%A%C%/%7%s%A%l!<%?$N
� 5� 97.8

;~4V:9

Time walk Jd@5 \Threshold" 0J>e$N%(%M%k%.!< 97.7

%*%U%i%$%sthreshold
LaBr3(Ce) $N%(%M%k%.!<$,

72.6
150 keV0J>e

%W%i%9%A%C%/%7%s%A%l!<%?$N
J?J}:,:9$G � 5� 72.6

%(%M%k%.!<:9

LaBr3(Ce) $N;~4V:9
?.9f$r=P$7$?

72.4
A4AH$_9g$o$;$G� 5�

250{350 nsDxEY$G$"$l$P!"K\Mh$N%(%M%k%.!<$h$j>.$5$$%(%M%k%.!<$H$7$F%+%&%s%H$5$l$F

$7$^$&!#

$=$3$G!"LaBr3(Ce) $, 2 8D0J>e?.9f$r=P$7$?%$%Y%s%H$KBP$7$F$N$_!"?.9f$r=P$7$?A4

$F$NLaBr3(Ce) $NAH$_9g$o$;$K$D$$$F!";~4V:9$,� 5� (Ls 3.0 ns) 0JFb$G$"$k$3$H$rMW5a

$9$k!#

6qBNE*$K$O!"$^$:!"Bh5.1.9@a$N%+%C%H$rDL$j!"$+$DLaBr3(Ce)2 8D0J>e$N?.9f$,$"$k

$b$N$K$D$$$F!"?.9f$r=P$7$?A4AH$_9g$o$;$G$N;~4V:9%9%Z%/%H%k$r:n@.$7!"$=$l$rCf?4CM

� HWTM $NHO0O$G!"%,%&%7%"%s$G%U%#%C%H$9$k!#$=$7$F!"$=$N%U%#%C%H7k2L$rMQ$$$F!"Cf

?4CM� 5� Fb$KA4$F$,F~$C$F$$$k%$%Y%s%H$N$_$r;D$7!"$=$l0J30$O<h$j=|$/!#

$3$N%+%C%H$O!"$3$l$^$G$N%+%C%H$rDL$C$?%$%Y%s%H$N$&$A!"99.7%$,DL2a$9$k!#

5.1.11 %+%C%H$N$^$H$a

I= 5.1$K!"%+%C%H$H!"$=$N%+%C%H$^$G$G;D$k%$%Y%s%H$N3d9g$K$D$$$F!"$^$H$a$?!#A4%+%C

%H$rDL$8!"Ls70%$N%$%Y%s%H$,;D$k!#$3$l$i$N%$%Y%s%H$K$D$$$F!"$5$i$K2r@O$r?J$a$k!#

5.2 %]%8%H%m%K%&%`$NJx2uN(!"@8@.N(

%G!<%?$N<A$r3NG'$9$k$?$a!"%]%8%H%m%K%&%`$NJx2uN(!"@8@.N($r5a$a$?!#%<!<%^%sA+0\

$N1F6A$O$3$3$G$O8+$J$$$?$a!"$3$3$G$NA4$F$N2r@O$O!"RF-OFF $N%G!<%?$rMQ$$$F9T$C$?!#

2r@O$O!"3F<'>lKh$G!"3FLaBr3(Ce) Kh$K9T$o$l$?!#$^$?!"%$%Y%s%H$H$7$F!"LaBr3(Ce) $N

?.9f$, 1 $D$7$+$J$+$C$?$b$N$N$_$r;HMQ$7$?!#
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I= 5.2: E57?E*$JRstop . $3$N?t;z$O!"%,%9L)EY$d<'>l$NCM$K$h$C$FJQF0$9$k$?$a!"3F>r7o

Kh$KJL$N?t;z$rMQ$$$?!#

LaBr3(Ce) $NHV9f
Rstop

(kHz)

1 3.44
2 3.54
3 4.14
5 3.85
6 4.05

%]%8%H%m%K%&%`$NJx2uN(!"@8@.N($O!"%?%$%_%s%0%9%Z%/%H%k$r%U%#%C%H$9$k$3$H$G5a$a

$k!#%?%$%_%s%0%9%Z%/%H%k$O!"%W%m%s%W%H%T!<%/$h$j8e$NNN0h$K$D$$$F$O!"DcB.M[EE;R!"

j+ i @.J,!" mz = � 1 @.J,!"$*$h$S%"%/%7%G%s%?%k@.J,$N4 @.J,$+$i@.$k!#

5.2.1 %9%H%C%W%l!<%H$NJd@5

%?%$%_%s%0%9%Z%/%H%k$G8+$i$l$k!"?.Mj$G$-$k;~4VNN0h$O!"� 5 � 850 ns$G$"$k!#<B

83$GMQ$$$?TDC $O!":G=i$K$-$??.9f$^$G$N;~4V$N$_$rJ];}$7!"$=$N8e$N?.9f$O5-O?$5$l

$J$$!#$7$?$,$C$F!"CY$$;~4V$[$I!"%$%Y%s%H$,5-O?$5$l$k3NN($,8:$C$F$7$^$&!#$3$N8:$j

J}$O!" LaBr3(Ce) $N%7%s%0%k%+%&%s%H%l!<%H(TDC %9%H%C%W%l!<%H) $r Rstop $H$9$k$H!"

exp (� Rstop t) $KHfNc$9$k!#

Nc$($P!"K\Mh;~4VE*$K0lDj$G$"$k$O$:$NJ,I[$G$"$l$P!"<B:]$KTDC $G4QB,$5$l$k%?%$

%_%s%0%9%Z%/%H%k$O!"exp (� Rstop t) $K$J$C$F$7$^$&!#$3$l$O!"Jx2uN($N%U%#%C%H$KCWL?E*

$J1F6A$r5Z$\$9$?$a!"Jd@5$r2C$($kI,MW$,$"$k!#

6qBNE*$K$O!"%U%#%C%H$9$kA0$N3FLaBr3(Ce)$N%?%$%_%s%0%9%Z%/%H%k$KBP$7!"exp (+ Rstop t)
$r$+$1$F$*$-!"$=$l$+$i%U%#%C%H$9$k$h$&$K$7$?!#Rstop $K$D$$$F$O!"1 ;~4V$K1 2sDxEY!"

Visual Scaler$GB,Dj$7!"$=$l$rMQ$$$?!#I=5.2$K!"E57?E*$JRstop $r<($9!#

5.2.2 %?%$%_%s%0%9%Z%/%H%k$N%U%#%C%H

%?%$%_%s%0%9%Z%/%H%k$O!"Jx2uN(3 @.J, + %"%/%7%G%s%?%k$G%U%#%C%H$9$k!#$9$J$o$A!"

f (t) = Cpos exp (� � post) + Cshort exp (� � short t) + Clong exp (� � long t) + Accidental (5.3)

$J$k4X?t f (t) $rMQ$$$k!#Jx2uN($N3 @.J,$N$&$A!"� pos $ODcB.M[EE;R!"� slow $Oj+ i @.J,!"

� long $Omz = � 1 @.J,$N$b$N$G$"$k!#%U%#%C%H$O0J2<$N$h$&$K9T$C$?!#

mz = � 1 @.J,$NJx2uN($^$:!" mz = � 1 @.J,$NJx2uN($r5a$a$?!#Cpos = Cshort = 0 $H8G

Dj$7$F%U%#%C%H$9$l$P$h$$!#
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ENERGY (keV)
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?^ 5.5: Jx2uN(%U%#%C%H$N$?$a$N%(%M%k%.!<%+%C%H!#%G!<%?$O!"LaBr3(Ce)-1, 1.350 1 amagat,
0.865 816 9 T, RF-OFF, LaBr3(Ce)-1 $N$b$N!#NP$G<($7$?NN0h$,!"%3%s%W%H%s%U%j!<NN0h

$G$"$j!"@V$G<($7$?$N$O!"%T!<%/NN0h$G$"$k!#

mz = � 1 @.J,$O!"picko� $K$h$k2
 Jx2u$r=|$1$P!"$[$\ 3
 Jx2u$K$h$k$b$N$G$"$k!#

$=$3$G!"B>$N@.J,(2
 Jx2u) $K$h$k1F6A$r<h$j=|$/$?$a!"%(%M%k%.!<%+%C%H$r$+$1

$?>e$G!"Jx2uN(%U%#%C%H$r9T$C$?!#

6qBNE*$K$O!"380� 460 keV$N!"%3%s%W%H%s%U%j!<$JNN0h$r;HMQ$7$?!#?^5.5$K!"%(

%M%k%.!<%9%Z%/%H%k$H!";HMQ$7$?NN0h$N4X78$r<($9!#

%U%#%C%H$NHO0O$K$D$$$F!"=*E@$O850 ns$K8GDj$7!";OE@$r5 � 400 ns$NHO0O$GF0$+$7

$F!"%U%#%C%H7k2L$NJQF0$r8+$?!#?^5.6$K!"%U%#%C%H$N0lNc$r!"?^5.7$K!"%U%#%C%HHO0O$N

;OE@$KBP$9$kJx2uN($NJQF0$r<($9!#$5$i$K!"?^5.8$K!"%U%#%C%H$Nreduced chisquare$N

CM$r<($7$?!#$3$N7k2L$+$i!"70 ns0J9_$N%G!<%?$O!"0BDj$7$F$*$j!"reduced chisquare
$NCM$b$[$\1 $G$"$k!#$7$?$,$C$F!"mz = � 1 @.J,$NJx2uN($NCM$H$7$F$O!";OE@70 ns
$G$NCM$rMQ$$$k!#

j+ i $NJx2uN(<!$K!" j+ i $NJx2uN($r5a$a$?!#:#EY$O!"(5.3) <0$K$*$$$F!"� long $r!"@h$K5a$a

$?$b$N$G8GDj$7!"Cpos = 0 $H$7!"$=$NB>$N%Q%i%a!<%?$r%U%j!<$K$7$F%U%#%C%H$7$?!#

$^$?!"%(%M%k%.!<%+%C%H$K$D$$$F$O!"?^5.5$K@V?'$G<($7$?!"490� 535 keV$N!"%T!<

%/NN0h$rMQ$$$?!#$3$l$O!"j+ i @.J,$,!"$[$\ 2
 Jx2u$r$9$k$+$i$G$"$k!#

%U%#%C%H$NHO0O$K$D$$$F!"=*E@$O850 ns$K8GDj$7!";OE@$r1 � 35 ns$NHO0O$GF0$+$7$F!"

%U%#%C%H7k2L$NJQF0$r8+$?!#?^5.9$K!"%U%#%C%H$N0lNc$r!"?^5.10$K!"%U%#%C%HHO0O$N;O

E@$KBP$9$kJx2uN($NJQF0$r<($9!#$5$i$K!"?^5.11$K!"%U%#%C%H$Nreduced chisquare$N

CM$r<($7$?!#$3$N7k2L$+$i!"20 ns0J9_$N%G!<%?$O!"0BDj$7$F$*$j!"reduced chisquare
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DECAY RATE FITTING
Entries  23954

Mean    132.9

RMS     225.1

 / ndf 2c   1481 / 1557

Prob   0.9161

Constant_Long  0.0000051± 0.0009013 

Decay_Long  0.000039± ­0.007325 

Accidental  0.0000004± 0.0001218 
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DECAY RATE FITTING
Entries  23954

Mean    132.9

RMS     225.1

 / ndf 2c   1481 / 1557

Prob   0.9161

Constant_Long  0.0000051± 0.0009013 

Decay_Long  0.000039± ­0.007325 

Accidental  0.0000004± 0.0001218 

DECAY RATE FITTING

?^ 5.6: mz = � 1 @.J,$N%U%#%C%H$N0lNc!#%G!<%?$O!"1.350 1 amagat, 0.865 816 9 T, RF-
OFF, LaBr 3(Ce)-1 $N$b$N!#%R%9%H%0%i%`$K$O!"4{$K!"Rstop $NJd@5$,;\$5$l$F$*$j!"%3%s

%W%H%s%U%j!<NN0h$N%(%M%k%.!<%+%C%H$b$+$1$F$"$k!#BP>CLG$Hp-Ps$NJx2u$K$h$k%W%m%s

%W%H%T!<%/$,$"$j!"$=$N8e$Ko-Ps$NJx2u6J@~$,B3$-!"==J,;~4V$,7P$C$?NN0h$G$O!"%"%/%7

%G%s%?%k$,;YG[E*$K$J$k!#(5.3) <0$K$h$k%U%#%C%H7k2L$r!"F1;~$K$N$;$F$$$k!#$3$3$G$O!"

%U%#%C%HHO0O$N;OE@$O70 ns$G$"$k!#

FITTING START TIME (ns)
0 50 100 150 200 250 300 350 400

)
­1

 (
ns

lo
ng

 
G

­ 

­0.0078

­0.0076

­0.0074

­0.0072

­0.007

­0.0068

­13DECAY RATE FITTING OF LaBr

?^ 5.7: mz = � 1 @.J,$N%U%#%C%H$K$D$$$F!"%U%#%C%HHO0O$N;OE@$KBP$9$kJx2uN($NJQF0$r

8+$?$b$N!#70 ns0J9_$G%U%#%C%H7k2L$,0BDj$7$F$$$k!#
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FITTING START TIME (ns)
0 50 100 150 200 250 300 350 400

R
E

D
U

C
E

D
 C

H
IS

Q
U

A
R

E

0.86
0.88

0.9
0.92
0.94

0.96
0.98

1

1.02
1.04

1.06
1.08
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?^ 5.8: mz = � 1@.J,$N%U%#%C%H$K$D$$$F!"%U%#%C%HHO0O$N;OE@$KBP$9$k!"reduced chisquare
$NJQF0$r8+$?$b$N!#1 $h$j>.$5$$!#

DECAY RATE FITTING
Entries  92415

Mean    81.23

RMS     197.9

 / ndf 2c   1741 / 1656

Prob   0.07075

Constant_Short  0.00087± 0.02769 

Decay_Short  0.0012± ­0.1163 

Constant_Long  0.0000037± 0.0005595 

Accidental  0.0000006± 0.0003525 
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DECAY RATE FITTING
Entries  92415

Mean    81.23

RMS     197.9

 / ndf 2c   1741 / 1656

Prob   0.07075

Constant_Short  0.00087± 0.02769 

Decay_Short  0.0012± ­0.1163 

Constant_Long  0.0000037± 0.0005595 

Accidental  0.0000006± 0.0003525 

DECAY RATE FITTING

?^ 5.9: j+ i @.J,$N%U%#%C%H$N0lNc!#%G!<%?$O!"1.350 1 amagat, 0.865 816 9 T, RF-OFF,
LaBr3(Ce)-1 $N$b$N!#%R%9%H%0%i%`$K$O!"4{$K!"Rstop $NJd@5$,;\$5$l$F$*$j!"%T!<%/NN

0h$N%(%M%k%.!<%+%C%H$b$+$1$F$"$k!#(5.3) <0$K$h$k%U%#%C%H7k2L$r!"F1;~$K$N$;$F$$$k!#

$3$3$G$O!"%U%#%C%HHO0O$N;OE@$O20 ns$G$"$k!#
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FITTING START TIME (ns)
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­13DECAY RATE FITTING OF LaBr

?^ 5.10: j+ i @.J,%U%#%C%H$K$D$$$F!"%U%#%C%HHO0O$N;OE@$KBP$9$kJx2uN($NJQF0$r8+$?$b

$N!#20 ns0J9_$G%U%#%C%H7k2L$,0BDj$7$F$$$k!#
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?^ 5.11: j+ i @.J,%U%#%C%H$K$D$$$F!"%U%#%C%HHO0O$N;OE@$KBP$9$k!"reduced chisquare$N

JQF0$r8+$?$b$N!#20 ns0J9_$G$[$\1 $K$J$k!#
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DECAY RATE FITTING
Entries  92415

Mean    4.281

RMS     10.75

 / ndf 2c   1793 / 1690

Prob   0.04044

Constant_Pos  0.005± 0.592 

Decay_Pos  0.002± ­0.515 
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DECAY RATE FITTING
Entries  92415

Mean    4.281

RMS     10.75

 / ndf 2c   1793 / 1690

Prob   0.04044

Constant_Pos  0.005± 0.592 

Decay_Pos  0.002± ­0.515 

DECAY RATE FITTING

?^ 5.12: DcB.M[EE;R$N%U%#%C%H$N0lNc!#%G!<%?$O!"1.350 1 amagat, 0.865 816 9 T, RF-OFF,
LaBr3(Ce)-1 $N$b$N!#%R%9%H%0%i%`$K$O!"4{$K!"Rstop $NJd@5$,;\$5$l$F$*$j!"%T!<%/NN

0h$N%(%M%k%.!<%+%C%H$b$+$1$F$"$k!#(5.3) <0$K$h$k%U%#%C%H7k2L$r!"F1;~$K$N$;$F$$$k!#

$3$3$G$O!"%U%#%C%HHO0O$N;OE@$O4 ns$G$"$k!#

$NCM$b$[$\1 $G$"$k!#$7$?$,$C$F!"j+ i @.J,$NJx2uN($NCM$H$7$F$O!";OE@20 ns$G$N

CM$rMQ$$$k!#

DcB.M[EE;R$NJx2uN(<!$K!"DcB.M[EE;R$NJx2uN($r5a$a$?!#:#EY$O!"(5.3)<0$K$*$$$F!"Cshort ,
� short , Clong , � long , Accidental $r!"@h$K5a$a$?$b$N$G8GDj$7!"Cpos, � pos $r%U%j!<$K

$7$F%U%#%C%H$7$?!#%(%M%k%.!<%+%C%H$K$D$$$F$O!"%T!<%/NN0h$rMQ$$$?!#$3$l$O!"Dc

B.M[EE;R$,!" 2
 Jx2u$r$9$k$+$i$G$"$k!#

%U%#%C%H$NHO0O$K$D$$$F!"=*E@$O850 ns$K8GDj$7!";OE@$r1 � 10 ns$NHO0O$GF0$+$7

$F!"%U%#%C%H7k2L$NJQF0$r8+$?!#?^5.12$K!"%U%#%C%H$N0lNc$r!"?^5.13$K!"%U%#%C%H

HO0O$N;OE@$KBP$9$kJx2uN($NJQF0$r<($9!#$5$i$K!"?^5.14$K!"%U%#%C%H$Nreduced
chisquare$NCM$r<($7$?!# $3$N7k2L$+$i!"DcB.M[EE;R$NJx2uN($NCM$H$7$F$O!";OE@

4 ns$G$NCM$rMQ$$$k!#

%]%8%H%m%K%&%`$N@8@.N(%]%8%H%m%K%&%`$N@8@.N($O!"j+ i @.J,$NLL@Q$H!"DcB.M[EE;R$NLL

@Q$+$i5a$a$?!#j+ i @.J,$,@8@.$5$l$?%]%8%H%m%K%&%`$N1/4 $G$"$j!" j+ i @.J,$bDcB.

M[EE;R$b$[$\2
 Jx2u$H$_$J$;$k$3$H$K5$$rIU$1$l$P!"%]%8%H%m%K%&%`$N@8@.N(F
$O!"

F =
4Cshort �

� 1
short

4Cshort �
� 1
short + Cpos� � 1

pos
(5.4)

$H$7$F5a$a$i$l$k!#



5.2 2r@O 84

FITTING START TIME (ns)
0 2 4 6 8 10

)
­1

 (
ns

po
s

G­

­0.6

­0.58

­0.56

­0.54

­0.52

­0.5

­13DECAY RATE FITTING OF LaBr

?^ 5.13: DcB.M[EE;R%U%#%C%H$K$D$$$F!"%U%#%C%HHO0O$N;OE@$KBP$9$kJx2uN($NJQF0$r8+$?

$b$N!#4 nsIU6a$,Hf3SE*0BDj$7$F$$$k!#

FITTING START TIME (ns)
0 2 4 6 8 10

R
E

D
U

C
E

D
 C

H
IS

Q
U

A
R

E

1.05

1.1

1.15

1.2

1.25

1.3

1.35

REDUCED CHISQUARE

?^ 5.14: DcB.M[EE;R%U%#%C%H$K$D$$$F!"%U%#%C%HHO0O$N;OE@$KBP$9$k!"reduced chisquare
$NJQF0$r8+$?$b$N!#4 nsIU6a$G$[$\1 $@$,<c430-$$!#
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MAGNETIC FIELD (T)
0.858 0.86 0.862 0.864 0.866 0.868 0.87 0.872 0.874

)
­1

 (
ns

lo
ng

G

0.0073

0.00732

0.00734

0.00736

0.00738

0.0074

0.00742

0.00744

0.00746

 / ndf 2c  13.17 / 11

Prob   0.2823

Constant  5.916e­06± 0.007401 

 / ndf 2c  13.17 / 11

Prob   0.2823

Constant  5.916e­06± 0.007401 

1.3501 amagat

?^ 5.15: <'>l$KBP$9$k%]%8%H%m%K%&%`Jx2uN((1.350 1 amagat,mz = � 1 @.J,)!#<'>l$KBP

$9$k0MB8@-$O8+$i$l$J$$!#

5.2.3 %,%9L)EY!"<'>l$HJx2uN(!"@8@.N(

%]%8%H%m%K%&%`$NJx2uN(!"@8@.N($O!"3F%,%9L)EY!"<'>lE@$G5a$a$i$l$?!#3FLaBr3(Ce)
$G5a$a$?CM$rJ?6Q$7$?!#$=$N7k2L$r$^$H$a$k!#

1.350 1 amagat $G$NJx2uN(!"@8@.N(1.350 1 amagat$G$NJx2uN($r!"<'>l$KBP$7!"mz =
� 1 @.J,$O? 5̂.15$K!" j+ i @.J,$O? 5̂.16$K!"DcB.M[EE;R$O?5̂.17$K!"$=$l$>$l<(

$9!# mz = � 1 @.J,$K$D$$$F$O!"K\Mh!"<'>l0MB8@-$O$J$$!#<B:]!"<'>l0MB8@-$O8+

$i$l$F$$$J$$!#$3$l$i$NJ?6Q$r$H$k$H!"Jx2uN($O7:400 5(59)� 10� 3 ns� 1 (<wL?$O

135:13(11)ns) $H$J$j!"$3$l$O!"J88%CM$+$i7W;;$7$?!":.9g%,%91.350 1(71) amagat
$G$NCM(Jx2uN( 7:375 8(60)� 10� 3 ns� 1, <wL?135:58(11) ns) $H0lCW$7$F$$$k!#

$^$?!"5a$a$?Jx2uN($+$i!" picko� $K$h$kJx2uN($r5a$a$k$H!"� picko� = 3 :604(60) �
10� 4 ns� 1 (5.119(85)%) $H$J$k!#

0lJ}!" j+ i @.J,$NJx2uN($O!"<'>l0MB8@-$r$b$D!#?5̂.16$K$O!"mz = � 1 @.J,$NJx2u

N($r4p$K(3.8) <0$K=>$C$F7W;;$7$?M}O@CM$r<($7$?$,!"<'>l0MB8@-$r4^$a$F$h$/0lCW

$7$F$$$k!#

DcB.M[EE;R$NJx2uN($K$D$$$F$O!"<'>l0MB8@-$O$J$$!#0BDj$7$F$$$J$$$N$O!"%U%#%C

%H$N:$Fq$5$K$h$k$b$N$H9M$($i$l$k!#5a$a$i$l$?Jx2uN($O!"0:52(1) ns� 1 $G$"$k$,!"

$3$l$O:.9g%,%91.350 1 amagat$K$D$$$FJ88%CM$+$i7W;;$5$l$?CM(0:398 7(76) ns� 1)
$h$jBg$-$$!#$3$l$O!"%$%=%V%?%s$NZe� $, 1:311(35)G\$G$"$l$P@bL@$G$-$k!#

%]%8%H%m%K%&%`@8@.N($K$D$$$F$O!"?^5.18$K<($9!#@8@.N($K<'>l0MB8@-$O$J$/!"F =
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MAGNETIC FIELD (T)
0.858 0.86 0.862 0.864 0.866 0.868 0.87 0.872 0.874

)
­1

 (
ns

sh
or

t
G

0.114

0.115

0.116

0.117

0.118

 / ndf 2c      0 / 12

Prob       1
p0            0± 7.991 
p1            0± 0.007401 

p2            0±  1278 
p3            0± 0.2756 

 / ndf 2c      0 / 12

Prob       1
p0            0± 7.991 
p1            0± 0.007401 

p2            0±  1278 
p3            0± 0.2756 1.3501 amagat

?^ 5.16: <'>l$KBP$9$k%]%8%H%m%K%&%`Jx2uN((1.350 1 amagat,j+ i @.J,)!#9u<B@~$O!"mz =
� 1 @.J,$NJx2uN($r4p$K7W;;$5$l$?!"M}O@CM$r<($9!#

MAGNETIC FIELD (T)
0.858 0.86 0.862 0.864 0.866 0.868 0.87 0.872 0.874

)
­1

 (
ns

po
s

G

0.512

0.514

0.516

0.518

0.52

0.522

0.524

0.526

0.528

0.53

0.532

 / ndf 2c  173.6 / 11

Prob   2.119e­31

Constant  0.0002498± 0.5205 

 / ndf 2c  173.6 / 11

Prob   2.119e­31

Constant  0.0002498± 0.5205 

1.3501 amagat

?^ 5.17: <'>l$KBP$9$kDcB.M[EE;RJx2uN((1.350 1 amagat)!#<'>l$KBP$9$k0MB8@-$O8+$i$l

$J$$!#
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MAGNETIC FIELD (T)
0.858 0.86 0.862 0.864 0.866 0.868 0.87 0.872 0.874

P
O

S
IT

R
O

N
IU

M
 F

O
R

M
A

T
IO

N
 F

R
A

C
T

IO
N

0.425

0.43

0.435

0.44

0.445

0.45

0.455

 / ndf 2c  15.93 / 11

Prob   0.1438

Constant  0.001306± 0.4424 

 / ndf 2c  15.93 / 11

Prob   0.1438

Constant  0.001306± 0.4424 

1.3501 amagat

?^ 5.18: <'>l$KBP$9$k%]%8%H%m%K%&%`@8@.N((1.350 1 amagat)!#<'>l$KBP$9$k0MB8@-$O8+

$i$l$J$$!#

0:442 4(13)$HBg$-$$!#CbAG$G$OF � 0:2 $G$"$k$+$i!"$[$\%$%=%V%?%s$K$h$C$F@8@.

$5$l$F$$$k$3$H$K$J$k!#

0.891 6 amagat $G$NJx2uN(!"@8@.N(0.891 6 amagat$G$NJx2uN($r!"<'>l$KBP$7!"mz =
� 1 @.J,$O? 5̂.19$K!" j+ i @.J,$O? 5̂.20$K!"DcB.M[EE;R$O?5̂.21$K!"$=$l$>$l<(

$9!# mz = � 1 @.J,$K$D$$$F$O!"K\Mh!"<'>l0MB8@-$O$J$$!#<B:]!"<'>l0MB8@-$O8+

$i$l$F$$$J$$!#$3$l$i$NJ?6Q$r$H$k$H!"Jx2uN($O7:260 9(91)� 10� 3 ns� 1 (<wL?$O

137:72(17)ns) $H$J$j!"$3$l$O!"J88%CM$+$i7W;;$7$?!":.9g%,%90.891 6(71) amagat
$G$NCM(Jx2uN( 7:261 8(39)� 10� 3 ns� 1, <wL?137:706(73) ns)$H0lCW$7$F$$$k!#

$^$?!"5a$a$?Jx2uN($+$i!" picko� $K$h$kJx2uN($r5a$a$k$H!"� picko� = 2 :208(91) �
10� 4 ns� 1 (3.14(13)%) $H$J$k!#

0.891 6 amagat$G$O!"j+ i @.J,$NJx2uN($r5a$a$k:]!"%U%#%C%H3+;OE@$O34 ns$H$7$?!#

$3$l$O!" 1.350 1 amagat$KHf$Y%,%9L)EY$,>.$5$$$?$a!"CY$$;~4V$^$GDcB.M[EE;R$N

1F6A$,;D$C$F$7$^$&$+$i$G$"$k!#j+ i @.J,$NJx2uN($O!"<'>l0MB8@-$r$b$D$O$:$G$"

$k!#?^ 5.20$K$O!"mz = � 1 @.J,$NJx2uN($r4p$K(3.8) <0$K=>$C$F7W;;$7$?M}O@CM$r

<($7$?$,!"B,Dj8m:9$NHO0O$G0lCW$7$F$$$k$b$N$N!"<'>l0MB8@-$,8+$i$l$k$[$I@:EY

$,9b$/$J$+$C$?!#

>e5-$HF1MM$NM}M3$K$h$j!"DcB.M[EE;R$NJx2uN($r5a$a$k:]$N%U%#%C%H3+;OE@$O!"10 ns$G

$"$C$?!#DcB.M[EE;R$NJx2uN($K$D$$$F$O!"<'>l0MB8@-$O$J$$!#0BDj$7$F$$$J$$$N$O!"%U

%#%C%H$N:$Fq$5$K$h$k$b$N$H9M$($i$l$k!#5a$a$i$l$?Jx2uN($O!"0:31(2) ns� 1 $G$"$k$,!"

$3$l$O:.9g%,%90.891 6 amagat$K$D$$$FJ88%CM$+$i7W;;$5$l$?CM(0:263 3(50) ns� 1)
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MAGNETIC FIELD (T)
0.861 0.862 0.863 0.864 0.865 0.866 0.867 0.868 0.869

)
­1

 (
ns

lo
ng

G

0.00722

0.00724

0.00726

0.00728

0.0073

0.00732

0.00734

 / ndf 2c  1.054 / 5

Prob   0.9581

Constant  9.096e­06± 0.007261 

 / ndf 2c  1.054 / 5

Prob   0.9581

Constant  9.096e­06± 0.007261 

0.8916 amagat

?^ 5.19: <'>l$KBP$9$k%]%8%H%m%K%&%`Jx2uN((0.891 6 amagat,mz = � 1 @.J,)!#<'>l$KBP

$9$k0MB8@-$O8+$i$l$J$$!#

MAGNETIC FIELD (T)
0.861 0.862 0.863 0.864 0.865 0.866 0.867 0.868 0.869

)
­1

 (
ns

sh
or

t
G

0.106

0.108

0.11

0.112

0.114

0.116

0.118

0.12

 / ndf 2c      0 / 6

Prob       1
p0            0± 7.991 
p1            0± 0.007261 

p2            0±  1278 
p3            0± 0.2756 

 / ndf 2c      0 / 6

Prob       1
p0            0± 7.991 
p1            0± 0.007261 

p2            0±  1278 
p3            0± 0.2756 0.8916 amagat

?^ 5.20: <'>l$KBP$9$k%]%8%H%m%K%&%`Jx2uN((0.891 6 amagat,j+ i @.J,)!#9u<B@~$O!"mz =
� 1 @.J,$NJx2uN($r4p$K7W;;$5$l$?!"M}O@CM$r<($9!#



89 5.4 2r@O

MAGNETIC FIELD (T)
0.861 0.862 0.863 0.864 0.865 0.866 0.867 0.868 0.869

)
­1

 (
ns

po
s

G

0.29

0.3

0.31

0.32

0.33

 / ndf 2c  344.7 / 5

Prob       0

Constant  0.0005211± 0.3125 

 / ndf 2c  344.7 / 5

Prob       0

Constant  0.0005211± 0.3125 

0.8916 amagat

?^ 5.21: <'>l$KBP$9$kDcB.M[EE;RJx2uN((0.891 6 amagat)!#<'>l$KBP$9$k0MB8@-$O8+$i$l

$J$$!#

$h$jBg$-$$!#$3$l$O!"%$%=%V%?%s$NZe� $, 1:191(73)G\$G$"$l$P@bL@$G$-$k!#$3$N

CM$O1.350 1 amagat$N$H$-$H0lCW$7$F$*$j!"J?6Q$9$k$H!"Ze� (iso) $O1:289(32)G\$"

$l$P$$$$$3$H$K$J$k!#

%]%8%H%m%K%&%`@8@.N($K$D$$$F$O!"?^5.22$K<($9!#@8@.N($K<'>l0MB8@-$O$J$/!"F =
0:460(10)$H$J$j!" 1.350 1 amagat$N$H$-$H0lCW$9$k!#J?6Q$9$k$H!"F = 0 :442 7(13)
$G$"$k!#

5.3 %?%$%_%s%0%&%#%s%I%&

%<!<%^%sA+0\3NN($r5a$a$k$K$"$?$C$F$O!"Bh2 >O$G=R$Y$?$h$&$K!";~4V>pJs$rM-8z$K;H

$&!#%W%m%s%W%H%T!<%/$H!"%"%/%7%G%s%?%k$N1F6A$r$G$-$k$@$1Hr$1$k$?$a!"35� 155 ns$N

%?%$%_%s%0%&%#%s%I%&$r$+$1$?!#$=$NCf$N%$%Y%s%H$KBP$7$F!"%<!<%^%sA+0\3NN(F3=P$N2r

@O$r9T$&!#$J$*!"$3$l0J9_$b!"LaBr3(Ce) $N?.9f$, 1 $D$7$+$J$+$C$?%$%Y%s%H$N$_$KBP$7

$F!"2r@O$r9T$&!#

LaBr3(Ce)-1, 1.350 1 amagat, 0.865 816 9 T$N%G!<%?$K$D$$$F!"RF-ON $HRF-OFF $G

$N%?%$%_%s%0%9%Z%/%H%k$rHf3S$7$?$b$N$r!"?^5.23$K<($9!#%?%$%_%s%0%&%#%s%I%&$K$h$C

$F!"%<!<%^%sA+0\%$%Y%s%H$r!"8zN(E*$KA*Br$G$-$k!#
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MAGNETIC FIELD (T)
0.861 0.862 0.863 0.864 0.865 0.866 0.867 0.868 0.869

P
O

S
IT

R
O

N
IU

M
 F

O
R

M
A

T
IO

N
 F

R
A

C
T

IO
N

0.35

0.4

0.45

0.5

0.55

 / ndf 2c  1.899 / 5
Prob   0.863
Constant  0.01033± 0.4595 

 / ndf 2c  1.899 / 5
Prob   0.863
Constant  0.01033± 0.4595 

0.8916 amagat

?^ 5.22: <'>l$KBP$9$k%]%8%H%m%K%&%`@8@.N((0.891 6 amagat)!#<'>l$KBP$9$k0MB8@-$O8+

$i$l$J$$!#

TIME (ns)
0 50 100 150 200

C
O

U
N

T
S

 (
/k

eV
/n

s/
s)

­410

­310

­210

­110

m_h_time_ind_ew7_la0_n150_x1400

Entries  19415

Mean    17.67

RMS     41.48­1)
3

TIMING SPECTRA at 0.8658169 T (LaBr

TIMING WINDOW

?^ 5.23: %?%$%_%s%0%9%Z%/%H%k$NRF-ON, RF-OFF $G$NHf3S!#@V$,RF-ON, 9u$, RF-
OFF $r<($9!#@V$H9u$N:9J,$,!"%<!<%^%sA+0\$K$h$k$b$N$G$"$k!#%?%$%_%s%0%&%#%s%I%&

$b!"F1;~$K<($7$?!#%G!<%?$O!"1.350 1 amagat, 0.865 816 9 T$K$*$1$k!"LaBr3(Ce)-1 $N$b

$N!#150� 1400 keV$N%(%M%k%.!<NN0h$K$D$$$F$N%$%Y%s%H$G$"$j!"livetime 5Z$S%(%M%k%.!<

I} (1250 keV) $G%N!<%^%i%$%:$5$l$F$$$k!#
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ENERGY (keV)
150 200 250 300 350 400 450 500 550 600

C
O
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eV
/n

s/
s)

0

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

0.0014

0.0016

offoff
Entries  1001

Mean    293.5

RMS     107.4­1)
3

ENERGY SPECTRA at 0.8658169 T (LaBr

?^ 5.24: %(%M%k%.!<%9%Z%/%H%k$NRF-ON, RF-OFF $G$NHf3S!#@V$,RF-ON, 9u$, RF-OFF
$r<($9!#@V$H9u$N:9J,$,!"%<!<%^%sA+0\$K$h$k$b$N$G$"$k!#35� 155 ns$N%?%$%_%s%0%&%#

%s%I%&$r$+$1!"700� 850 ns$N%"%/%7%G%s%?%kNN0h$N%$%Y%s%H$,0z$+$l$F$$$k!#%G!<%?$O!"

1.350 1 amagat, 0.865 816 9 T$K$*$1$k!"LaBr3(Ce)-1 $N$b$N!#livetime 5Z$S%&%#%s%I%&I}

(120 ns) $G%N!<%^%i%$%:$5$l$F$$$k!#

5.4 %(%M%k%.!<%9%Z%/%H%k

5.3@a$G=R$Y$?%?%$%_%s%0%&%#%s%I%&Cf$G!"LaBr3(Ce) Kh$K%(%M%k%.!<%9%Z%/%H%k$r:n@.

$7!"%<!<%^%sA+0\3NN($r5a$a$k!#%?%$%_%s%0%&%#%s%I%&Cf$N%$%Y%s%H$O!"%"%/%7%G%s%?%k

%$%Y%s%H$b4^$s$G$$$k!#$=$N$?$a!"$^$:!"%"%/%7%G%s%?%k%$%Y%s%H$K$h$k4sM?$r<h$j=|$/!#

%"%/%7%G%s%?%k%&%#%s%I%&$H$7$F!"700� 850 ns$r$H$j!"$=$NNN0h$G$N%(%M%k%.!<%9%Z%/

%H%k$r!"%?%$%_%s%0%&%#%s%I%&Cf$G$N%(%M%k%.!<%9%Z%/%H%k$+$i:9$70z$/$3$H$G!"$3$l$O

C#@.$5$l$k!#$?$@$7!"$3$N:]!"Bh5.2.1@a$G=R$Y$?!"Rstop $NJd@5$r2C$($k$3$H$KN10U$9$k!#

6qBNE*$K$O!"%?%$%_%s%0%&%#%s%I%&Cf$G$N!"livetime $G%N!<%^%i%$%:$5$l$?%9%Z%/%H%k

$r STW , %"%/%7%G%s%?%k%&%#%s%I%&Cf$G$N!"livetime $G%N!<%^%i%$%:$5$l$?%9%Z%/%H%k$r

SAW $H$9$k$H!"5a$a$k%9%Z%/%H%kS $O!"

S = STW �
R155 ns

35 ns exp (� Rstop t) dt
R850 ns

700 ns exp (� Rstop t) dt
SAW (5.5)

$HI=$5$l$k!#

$3$N$h$&$K$7$F5a$^$C$?%(%M%k%.!<%9%Z%/%H%k$K$D$$$F!"RF-ON $HRF-OFF $GHf3S$7

$?$b$N$r!"?^ 5.24$K<($9!#%<!<%^%sA+0\$K$h$C$F!"2
 Jx2u$,A}2C$7!"3
 Jx2u$,8:>/$7$F

$$$kMM;R$,8+$F<h$l$k!#
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5.5 %<!<%^%sA+0\3NN($NF3=P

%<!<%^%sA+0\3NN($r5a$a$k$K$O!"Bh5.4@a$G5a$a$?%(%M%k%.!<%9%Z%/%H%k$H!"%b%s%F%+

%k%m!&%7%_%e%l!<%7%g%s$K$h$C$FF@$i$l$?!"2
 Jx2u5Z$S3
 Jx2u$N%(%M%k%.!<%9%Z%/%H%k

$rMQ$$$?!#%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$r;H$o$J$$J}K!$b9M$($i$l$k$,!"$3$NJ}K!$,

8=CJ3,$G$O$b$C$H$b7OE}8m:9$r>.$5$/$G$-$k$H9M$($F$$$k!#0J2<$G!"RF-ON $N%9%Z%/%H

%k$rSON , RF-OFF $N%9%Z%/%H%k$rSOFF , %b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$K$h$k!"2

Jx2u$N%9%Z%/%H%k$rS2
 MC , 3
 Jx2u$N%9%Z%/%H%k$rS3
 MC $H$9$k!#

5.5.1 RF-OFF $N2r@O

RF-OFF $N%(%M%k%.!<%9%Z%/%H%k$O!"o-Ps$N3
 Jx2u$N%9%Z%/%H%k$H!"picko� $K$h$k2

Jx2u$N%9%Z%/%H%k$+$i@.$k!#$7$?$,$C$F!"RF-OFF $N%(%M%k%.!<%9%Z%/%H%kSOFF $O!"0J

2<$N$h$&$K=q$1$k!#

SOFF = AOFF (S3
 MC + �S 2
 MC ) : (5.6)

$3$3$G!"AOFF $ODj?t!" � $Opicko� 5Z$Sj+ i @.J,$N:.9gHf$r<($9Dj?t$G$"$k!#

$3$N<0(5.6) $rMQ$$$F!"%G!<%?$rLaBr3(Ce) Kh$K%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$G%U%#%C

%H$9$k!#$7$+$7!"$=$N$?$a$K$O!"

1. %G!<%?$G$N%2%$%s3S@5$,@5$7$/9T$o$l$F$$$k$3$H

2. %(%M%k%.!<J,2rG=$r@5$7$/I>2A$7$F!"%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$KH?1G$5$;

$F$$$k$3$H

$N2 E@$,!"J]>Z$5$l$J$1$l$P$J$i$J$$!#$^$?!"@~8;%l!<%H$N8:>/$K$D$$$F$b9MN8$9$k!#

%2%$%s$NJd@5

%G!<%?$N%2%$%s3S@5$O!"Bh5.1.6@a$K=R$Y$?DL$j$NJ}K!$G9T$C$?!#$3$l$GBgBN!"@5$7$/

3S@5$G$-$F$$$k$N$@$,!">/$7Jd@5$,I,MW$G$"$k!#

$^$:!"3S@5$KMQ$$$?%9%Z%/%H%k$O!"2
 Jx2u$N%9%Z%/%H%k$@$1$G$J$/!"1275 keV$N
 @~

$d!" 3
 Jx2u$N%9%Z%/%H%k$b4^$s$G$$$k!#$=$N$?$a!"511 keV$N%T!<%/$O!"$=$&$$$C$?%P%C

%/%0%i%&%s%I$N>e$K>h$C$F$$$k$3$H$K$J$k!#$7$+$7!"3S@5$N:]$K$O!"$=$&$7$?%P%C%/%0%i

%&%s%I$r9MN8$;$:!"%T!<%/$N>eH>J,$rMQ$$$F!"%,%&%7%"%s$G%U%#%C%H$7$?!#$=$N$?$a!"%P%C

%/%0%i%&%s%I$K$h$C$F!"%T!<%/0LCV$,<c43JQ$o$C$F$7$^$&8z2L$r!"@5$7$/I>2A$G$-$F$$$J

$$2DG=@-$,9b$$!#

$5$i$K!"3S@5$KMQ$$$?%9%Z%/%H%k$O!"@~8;IU6a$+$i=P$?
 @~$r$+$J$jB?$/4^$s$G$$$k!#

$3$l$i$O!"@~8;$N<~$j$K$"$k!"%-%c%S%F%#!<$J$I$NJ*<A$KEv$?$j!"%3%s%W%H%s8z2L$K$h$C

$F!"$$$/$i$+%(%M%k%.!<$r<:$&$3$H$,$"$k!#$=$N$?$a!"<B:]$K$O!"%T!<%/$,511 keV$h$j

$b<c43Dc$a$K$J$C$F$7$^$&2DG=@-$,$"$k!#
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I= 5.3: E57?E*$J%2%$%sJd@578?t!#$3$N?t;z$O!"%,%9L)EY$d<'>l$NCM$K$h$C$FJQF0$9$k$?

$a!"3F>r7oKh$KJL$N?t;z$rMQ$$$?!#

LaBr3(Ce) $NHV9f %2%$%sJd@578?t

1 1.0012
2 1.0014
5 1.0012
6 1.0011

$3$l$i 2 $D$N1F6A$rM^$($k$?$a!"back-to-back$N%Z%"$G
 @~$r8!=P$7!"$+$D%W%m%s%W%H

%T!<%/Fb$G$"$C$?%$%Y%s%H$r;HMQ$9$k!#$3$NCJ3,$G!"LaBr3(Ce)-3 $O!"back-to-back$NAj

<j$,$$$J$$$?$a!"2r@O$+$i=|30$5$l$k!#6qBNE*$K$O!"<!$N<j=g$G9T$C$?!#

1. LaBr3(Ce)-1 $HLaBr3(Ce)-6, LaBr3(Ce)-2 $HLaBr3(Ce)-5 $,$=$l$>$l%Z%"$G$"$k!#

8!=P$5$l$? 
 @~$N?t$,2 $D$G!"$+$D$3$Nback-to-back%Z%"$G8!=P$7$?%$%Y%s%H$N$_

$rA*Br$9$k!#

2. $=$l$>$l$N LaBr3(Ce) $K$D$$$F!"%(%M%k%.!<%9%Z%/%H%k$r:n@.$9$k!#

3. :n@.$5$l$?%9%Z%/%H%k$N!"511 keV$N%T!<%/$r!"Cf?4� HWHM $NHO0O$G!"%,%&%7%"

%s$G%U%#%C%H$9$k!#

4. F@$i$l$?Cf?4CM$H!"511 keV$NHf$r!"Jd@578?t$H$9$k!#

$3$&$7$FF@$i$l$?Jd@578?t$K$D$$$F!"E57?E*$J$b$N$r!"I=5.3$K$^$H$a$?!#$3$l$O!"%,%9

L)EY$d<'>l$GJQ2=$9$k2DG=@-$,$"$j!"$=$l$>$l$N>r7o$GJL!9$K5a$a$F;HMQ$7$?!#

%(%M%k%.!<J,2rG=$NI>2A

%(%M%k%.!<J,2rG=$NI>2A$O!"@h$[$I$HF1MM!"back-to-back$G%W%m%s%W%HFb$KF~$C$?%$%Y

%s%H$r;H$C$F!"I>2A$9$k!#$3$l$O!"%3%s%W%H%s8z2L$d!"
 @~$,7k>=$KEv$?$k3QEY$J$I$K$h$C

$F!"J,2rG=$,<B:]$h$j0-$/8+@Q$b$i$l$k$N$rKI$0$?$a$G$"$k!#

4{$K!" 511 keV$N%T!<%/$r%,%&%7%"%s$G%U%#%C%H$7$F$$$k$N$G!"511 keV$G$NJ,2rG=$H$7

$F$O!"$=$3$GF@$i$l$?CM$rMQ$$$k!#$3$l$r� 511 $H$9$k!#

$^$?!"%(%l%/%H%m%K%/%9$K$h$k%9%Z%/%H%k$N9-$,$j$K$D$$$F$O!"Bh5.1.6@aD>8e$G!"0 keV
$N%T!<%/(%Z%G%9%?%k) $r!"Cf?4 � FWHM $G!"%,%&%7%"%s$G%U%#%C%H$9$k$3$H$G!"I>2A$9

$k!#$3$l$r � ele $H$9$k!#

0J>e$+$i!"%(%M%k%.!<E keV $K$*$1$kJ,2rG=� (E ) $O!"

� (E ) =

s

� 2
ele +

�
� 2

511 � � 2
ele

�
�

E
511

(5.7)
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I= 5.4: E57?E*$JJ,2rG=$NI>2A!#$3$N?t;z$O!"%,%9L)EY$d<'>l$NCM$K$h$C$FJQF0$9$k$?$a!"

3F>r7oKh$KJL$N?t;z$rMQ$$$?!#

LaBr3(Ce) $NHV9f
� 511 � ele

(keV) (keV)

1 14.88 1.3740
2 16.11 1.5604
5 15.05 1.4033
6 15.23 1.2772

$G5a$a$i$l$k!#$?$@$7!"8wEE;R?t$NE}7W$H!"%(%l%/%H%m%K%/%9$K$h$k9-$,$j$N$_$r9MN8

$7$?!#

I= 5.4$K!"E57?E*$J� 511, � ele $r$^$H$a$?!#$3$l$K$D$$$F$b!"%2%$%s$NJd@5$HF1MM!"%,%9

L)EY$d<'>l$GJL$N$b$N$r;HMQ$7$?!#

@~8;%l!<%H$NJd@5

%G!<%?$O!"85F|$H$$$&D9$$4|4V$K$o$?$C$F<hF@$5$l$?$?$a!"$=$N4V$K@~8;%l!<%H$,8:>/

$9$k!#22Na $NH>8:4|$O2.602 7(10) yr$G$"$k[49]$?$a!"85F|4V$G!"@~8;%l!<%H$O93.99%$K

8:>/$9$k!#

$=$3$G!"%(%M%k%.!<%9%Z%/%H%k$K$D$$$F!"@~8;%l!<%H$N1F6A$r<u$1$J$$$h$&!"@~8;%l!<

%H700 kBq (2009/05/17) $G$NCM$KE}0l$7$?!#

$J$*!"%"%/%7%G%s%?%k$N%l!<%H$O!"@~8;6/EY$N2 >h$KHfNc$9$k$,!":#2s$O!"%"%/%7%G%s

%?%k$r4{$K<h$j=|$$$F$$$k$N$G!"C1=c$K;X?t4X?tE*$JJd@5$r$+$1$l$P$h$$!#

%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$K$h$k%U%#%C%H

0J>e$NJd@5$r4^$a$F!"%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$G%U%#%C%H$9$k!#4{$K=R$Y$?DL$j!"

(5.6) <0$K$*$$$F!"AOFF 5Z$S� $r%U%j!<%Q%i%a!<%?$H$9$k!#%U%#%C%HHO0O$O!"370� 545 keV
$G$"$k!#%U%#%C%H$G$O!"%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$NE}7W8m:9$b9MN8$7$F$"$k!#

?^5.25$K!"LaBr3(Ce)-1$K$D$$$F!"1.350 1 amagat, 0.865 816 9 T$K$*$1$k%G!<%?$r%U%#%C

%H$7$?7k2L$r<($9!#%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$N%9%Z%/%H%k$N=D<4$O!"%7%_%e%l!<

%H$7$?22Na $NJx2u?t$K$h$C$F%N!<%^%i%$%:$7$?8e!"@~8;6/EY(700 kBq), %]%8%H%m%K%&%`

@8@.N((0.442 7) $r$+$1$F$$$k!#$3$N%9%Z%/%H%k$r;H$C$F!"livetime $N$_$G%N!<%^%i%$%:

$5$l$?%G!<%?$r%U%#%C%H$9$k$3$H$G!"%]%8%H%m%K%&%`1 8D$"$?$jJx2u$9$k3NN($r!"5a$a$k

$3$H$,$G$-$k!#

%U%#%C%H$K$h$C$FF@$i$l$?� $r!"<'>l$KBP$7$F%W%m%C%H$7$?$b$N$r!"1.350 1 amagat,
LaBr3(Ce)-1 $K$D$$$F?5̂.26$K<($9!#<'>l$K4X$7$F0BDj$7$F$$$k!#$J$*!"� $O!"2
 Jx2u
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m_h_data_la0

Entries  9002

Mean    293.5

RMS     107.4
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Entries  9002

Mean    293.5

RMS     107.4TYPICAL FIT WITH MC (RF­OFF)

FITTING RANGE

?^ 5.25: %b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$K$h$k%(%M%k%.!<%9%Z%/%H%k$N%U%#%C%H(RF-
OFF) !#9u$,%G!<%?!"@V$,S2
 MC , @D$,S3
 MC , %T%s%/$,@V$H@D$N9g7W$r<($9!#%G!<%?$O!"

1.350 1 amagat, 0.865 816 9 T$K$*$1$k!"LaBr3(Ce)-1 $N$b$N!#livetime $G%N!<%^%i%$%:$5

$l$F$$$k!#

$H3
 Jx2u$NHf$J$N$G!"@~8;6/EY!"%]%8%H%m%K%&%`@8@.N($NITDj@-$K1F6A$5$l$J$$!#$^$?!"

LaBr3(Ce) 4V$G!"8!=P8zN($N0c$$$K1F6A$5$l$J$$$?$aCM$,0lCW$9$k!#

5.5.2 RF-ON $N2r@O

RF-ON $N%(%M%k%.!<%9%Z%/%H%k$O!"o-Ps$N3
 Jx2u$N%9%Z%/%H%k$H!"(85$+$i$N) j+ i
5Z$Spicko� $K$h$k2
 Jx2u$N%9%Z%/%H%k!"%<!<%^%sA+0\$K$h$k2
 Jx2u$N%9%Z%/%H%k$+$i

@.$k!#3
 Jx2u$N%9%Z%/%H%k$H!"j+ i 5Z$Spicko� $K$h$k2
 Jx2u$N%9%Z%/%H%k$K$D$$$F$O!"

RF-OFF $HF1$8ItJ,$H!"0[$J$kItJ,$KJ,$1$i$l$k!#$9$J$o$A!" RF $N%Q%o!<$,6!5k$5$l$J

$$NN0h$K$*$$$F$O!"RF-OFF $HF1$8$G$"$k$,!"RF $N%Q%o!<$,6!5k$5$l$kNN0h$K$*$$$F$O!"

%<!<%^%sA+0\$K$h$C$F!"3
 Jx2u$N3NN($O!"RF-OFF $KHf$Y$FDc$/$J$k!#

$7$?$,$C$F!"%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$N%9%Z%/%H%k$r!"$5$i$K2 $D$N@.J,$K

J,$1$kI,MW$,$"$k!#RF $N%Q%o!<$,6!5k$5$l$J$$NN0h$K$D$$$F!"2
 Jx2u$N%9%Z%/%H%k$r

S2
 MC ;out , 3
 Jx2u$N%9%Z%/%H%k$rS3
 MC ;out $H$7!"RF $N%Q%o!<$,6!5k$5$l$kNN0h$K$D$$

$F$O!"2
 Jx2u$N%9%Z%/%H%k$rS2
 MC ;in , 3
 Jx2u$N%9%Z%/%H%k$rS3
 MC ;in $H$9$k!#$=$&$9

$l$P!" RF-ON $N%(%M%k%.!<%9%Z%/%H%kSON $O!"0J2<$N$h$&$K=q$1$k!#

SON = AOFF (S3
 MC ;out + �S 2
 MC ;out ) + AON (S3
 MC ;in + � S2
 MC ;in ) : (5.8)

$3$3$G!"AON , � $ODj?t!" AOFF , � $ORF-OFF $H6&DL$G$"$k!#



5.5 2r@O 96

MAGNETIC FIELD (T)
0.858 0.86 0.862 0.864 0.866 0.868 0.87 0.872 0.874
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1.3501 amagat, LaBr

?^ 5.26: RF-OFF $K$*$1$k%U%#%C%H$N7k2L(� , 1.350 1 amagat)!#

RF-OFF $N$H$-$HF1MM!"LaBr3(Ce) $N%2%$%s$NJd@5!"J,2rG=$NI>2A!"@~8;%l!<%H$NJd@5

$r9T$$!"AOFF , � $K$D$$$F$O!"RF-OFF $NCM$rMQ$$$F!"RF-ON $N%9%Z%/%H%k$r%U%#%C%H$7

$?!#?^ 5.27, 5.28$K!"LaBr3(Ce)-1 $K$D$$$F!"1.350 1 amagat, 0.865 816 9 T$K$*$1$k%G!<

%?$r%U%#%C%H$7$?7k2L$r<($9!#

%U%#%C%H$K$h$C$FF@$i$l$?� $r!"<'>l$KBP$7$F%W%m%C%H$7$?$b$N$r!"1.350 1 amagat,
LaBr3(Ce)-1 $K$D$$$F?5̂.29$K<($9!#RF-OFF $N$H$-$HF1MM!"� $O2
 Jx2u$H3
 Jx2u$N

Hf$J$N$G!"@~8;6/EY!"%]%8%H%m%K%&%`@8@.N($NITDj@-$K1F6A$5$l$J$$!#$^$?!"LaBr3(Ce)
4V$G!"8!=P8zN($N0c$$$K1F6A$5$l$J$$$?$aCM$,0lCW$9$k!#

5.5.3 A+0\6J@~

RF-OFF, RF-ON $N2r@O7k2L$+$i!"1.350 1 amagat, 0.891 6 amagat$=$l$>$lA+0\6J@~$r

:n@.$7$?!#2r@O$NBP>]$H$9$kA+0\6J@~$H$7$F!"$3$3$G$O!"� � � $r;HMQ$7$?!#$9$J$o$A!"

?^ 5.29$K$*$1$k!"@VE@$+$i@DE@$r0z$$$?$b$N$r!"A+0\NL$H$7$FDj5A$7$?!#$?$@$7!"A+0\NL

$OLaBr3(Ce) $K$h$C$FJQ$o$i$J$$$?$a!"$3$3$GLaBr3(Ce) $K$D$$$FJ?6Q$7$?!#

$3$3$G!"RF %Q%o!<P $H%-%c%S%F%#!<QL $K$h$kJd@5$r$+$1$J$1$l$P$J$i$J$$!#:#2sA*

$s$@A+0\NL$O!";~4V>pJs$^$G4^$a$k$H!"$[$\
p

PQL $KHfNc$9$k!#$=$3$G!"RF 7O$G%b%K

%?!<!"B,Dj$7$? P, QL $K$h$C$FJd@5$r$+$1$?!#$=$N:]!"P $d QL $K$h$kITDj@-$O9MN8$5

$l!"%(%i!<%P!<$K4^$a$?!#

$=$N>e$G!"$3$l$rBh2 >O$G=R$Y$?M}O@6J@~$K$h$C$F%U%#%C%H$7!"D6Hy:Y9=B$� HFS $r5a

$a$?!#$=$N:]!" 35 � 155 ns$H$$$&;~4V>pJs$rMQ$$$k$,!"<B:]$K$O%G!<%?$OM-8B$N;~4VJ,2r

G=$r;}$C$F$$$k!#$=$3$G!"3FLaBr3(Ce) $K$D$$$F150 � 1400 keV$N;~4V%9%Z%/%H%k$r:n
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m_h_data_la0

Entries  9002
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?^ 5.27: %b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$K$h$k%(%M%k%.!<%9%Z%/%H%k$N%U%#%C%H(RF-
ON)!#9u$,%G!<%?!"@V$,S2
 MC ;in , @D$,S3
 MC ;in , NP$,S2
 MC ;out , ?e?'$, S3
 MC ;out , %T%s%/

$,A4 MC $N9g7W$r<($9!#%G!<%?$O!"1.350 1 amagat, 0.865 816 9 T$K$*$1$k!"LaBr3(Ce)-1
$N$b$N!#livetime $G%N!<%^%i%$%:$5$l$F$$$k!#

m_h_data_la0

Entries  9002

Mean    309.4

RMS       120
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m_h_data_la0

Entries  9002

Mean    309.4

RMS       120TYPICAL FIT WITH MC (RF­ON)

FITTING RANGE

?^ 5.28: %b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$K$h$k%(%M%k%.!<%9%Z%/%H%k$N%U%#%C%H(RF-ON,
%m%0%9%1!<%k)!#?^ 5.27$N=D<4$r%m%0%9%1!<%k$K$7$?$b$N!#
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MAGNETIC FIELD (T)
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?^ 5.29: RF-ON $K$*$1$k%U%#%C%H$N7k2L(@V!"�, 1.350 1 amagat)!# RF-OFF $K$*$1$k

2
 /3 
 Hf (� ) $r!"@D?'$G<($7$?!#

I= 5.5: E57?E*$J;~4VJ,2rG=!#

LaBr3(Ce) $NHV9f
;~4VJ,2rG= (� )

(ns)

1 1.041
2 1.063
5 1.046
6 1.059

@.$7!"%W%m%s%W%HItJ,$r!"Cf?4� 5� � Cf?4+HWHM $NHO0O$G%,%&%7%"%s$G%U%#%C%H$7!"

;~4VJ,2rG=$rI>2A$7$?!#$=$N>e$G!"M}O@6J@~$K%,%&%7%"%s$G>v$_9~$_!"%U%#%C%H$KMQ$$$?!#

L)EY9TNs$NHyJ,J}Dx<0(2.17) $O!"M[EE;R$,L5JP6K$G$"$k$H$7$F!"RKF45 8x<0$r;H$C$F?t

CME*$K2r$$$?!#

I= 5.5$K!"E57?E*$J;~4VJ,2rG=$r$^$H$a$?!#%,%9L)EY$d<'>l, LaBr3(Ce) $GJL$KMQ0U$7!"

<'>l$H LaBr3(Ce) $K$D$$$F$OJ?6Q$7$?$b$N$r%U%#%C%H$KMQ$$$?!#J?6QCM$O!"1.350 1 amagat
$G1.061 ns, 0.891 6 amagat$G1.030 ns$G$"$C$?!#
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Bh6>O 7k2L

$3$N>O$G$O!"%W%m%H%?%$%WB,Dj$G5a$a$i$l$?!"D6Hy:Y9=B$$K$D$$$F$N!"7k2L$r=R$Y$k!#

$^$:!" 1.350 1 amagat, 0.891 6 amagat$G$N7k2L$r!"$=$l$>$l=R$Y$k!#<!$K!"%,%9L)EY0MB8

@-$K$D$$$F=R$Y!"??6uCf$G$NCM$r5a$a$k!#:G8e$K!"7OE}8m:9$K$D$$$F>\=R$9$k!#

6.1 1.350 1 amagat, 0.891 6 amagat $N7k2L

Bh5.5.3@a$G:n@.$7$?6&LD6J@~$r!"M}O@6J@~$K$h$C$F%U%#%C%H$7$?$b$N$r!"1.350 1 amagat
$K$D$$$F?6̂.1$K!"0.891 6 amagat$K$D$$$F?6̂.2$K!"$=$l$>$l<($9!# $3$3$G!" Cy $K4^$^

$l$k a (0.958 061 at 1.350 1 amagat, 0.941 560 at 0.891 6 amagat)$O!"%b%s%F%+%k%m!&%7

%_%e%l!<%7%g%s$K$h$C$F!"%]%8%H%m%K%&%`@8@.0LCV$+$i5a$a$?$b$N!#K\Mh!"Cy = a=
p

2 $H

$J$k$Y$-$@$,!"Cy = a $H$J$C$F$$$k!#$3$N$3$H$K$D$$$F$O8=:_M}M3$r8&5f$7$F$$$k$,!":#

$N$H$3$mJ,$+$C$F$$$J$$!#

MAGNETIC FIELD (T)
0.858 0.86 0.862 0.864 0.866 0.868 0.87 0.872 0.874

)b
 ­

 
G

T
R

A
N

S
IT

IO
N

 (

0

0.1

0.2

0.3

0.4

0.5

0.6

 / ndf 2c  9.096 / 10
Prob   0.523

 / ndf 2c  9.096 / 10
Prob   0.523

RESONANCE LINT at 1.3501 amagat

?^ 6.1: A+0\6J@~$N%U%#%C%H(1.350 1 amagat)!#$3$3$G$N%(%i!<%P!<$K$O!"%b%s%F%+%k%m!&

%7%_%e%l!<%7%g%s$NE}7W%(%i!<!"P, QL $N%(%i!<$b4^$^$l$k!#%U%#%C%H7k2L$O!"� HFS =
203:368 3(55) GHz,Cy = 0 :994 7(37)� 0:958 061,� 2=ndf = 0 :910 (p = 0 :523).
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MAGNETIC FIELD (T)
0.861 0.862 0.863 0.864 0.865 0.866 0.867 0.868 0.869

)b
 ­

 
G

T
R

A
N

S
IT

IO
N

 (

0.1

0.2

0.3

0.4

0.5

0.6

 / ndf 2c  1.933 / 4

Prob   0.7482

 / ndf 2c  1.933 / 4

Prob   0.7482

RESONANCE LINE at 0.8916 amagat

?^ 6.2: A+0\6J@~$N%U%#%C%H(0.891 6 amagat)!#$3$3$G$N%(%i!<%P!<$K$O!"%b%s%F%+%k%m!&

%7%_%e%l!<%7%g%s$NE}7W%(%i!<!"P, QL $N%(%i!<$b4^$^$l$k!#%U%#%C%H7k2L$O!"� HFS =
203:279 3(70) GHz,Cy = 1 :005 3(48)� 0:941 560,� 2=ndf = 0 :483 (p = 0 :748).

I= 6.1: D6Hy:Y9=B$$NL)EY0MB8@-!#

%,%9L)EY � HFS AjBP8m:9

(amagat) (GHz) (ppm)

1.350 1(71) 203.368 3(55) 27
0.891 6(23) 203.379 3(70) 34

6.2 L)EY0MB8@-

Bh6.1@a$G$N%U%#%C%H7k2L$r!"%,%9L)EY$K4X$7$F@0M}$7$?$b$N$r!"I=6.1 $K<($9!#$3$l

$r [13]$HHf3S$7$F!"? 6̂.3$K<($9!#:#2s$N%W%m%H%?%$%WB,Dj$+$i$@$1$G$O!"L)EY0MB8@-$r

8+$k$3$H$O$G$-$J$+$C$?!#$7$+$7!"?^6.3$K<($7$?$h$&$K!"2a5n$N<B83$H0lCW$7$?7k2L$,

F@$i$l$?!#$=$3$G!":#2s!"L)EY0MB8@-$H$7$F!"[13]$HF1MM$NJd@5$r$+$1!"??6uCf$ND6Hy:Y

9=B$$r5a$a$k$3$H$K$9$k!#

[13]$K$*$$$F!"CbAGCf$G$ND6Hy:Y9=B$$O!"� 33� 4 ppm=amagat$NJQ2=$r$9$k!#$=$NJd

@5$r$+$1$?8e$N!"3FL)EY$G$ND6Hy:Y9=B$$r$^$H$a$k$H!"I=6.2$N$h$&$K$J$k!#$3$l$i2 $D

$N7k2L$O0lCW$7$F$$$k!#J?6Q$7$F!"� HFS = 203:380 4(44) GHz (22 ppm)$rF@$?!#
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GAS DENSITY (amagat)
0.9 1 1.1 1.2 1.3 1.4

 (
G

H
z)

H
F

S
D

203.365

203.37

203.375

203.38

203.385

GAS DENSITY DEPENDENCE

#13Phys. Rev. A30, 1331 (1984)

This measurement

?^ 6.3: D6Hy:Y9=B$$N%,%9L)EY0MB8@-!#%(%i!<%P!<IU$-$N@VE@$,!":#2s$N%W%m%H%?%$%WB,

Dj7k2L$r<($7!"9u<B@~$O!"[13]$K$h$k$b$N$r<($9!#:#2s$N%W%m%H%?%$%WB,Dj$K$O!"L)EY0M

B8@-$,8+$i$l$J$$$,!"2a5n$N<B83$H0lCW$7$?7k2L$,F@$i$l$F$$$k!#

I= 6.2: 3FL)EY$G$ND6Hy:Y9=B$$NCM(L)EY0MB8@-Jd@58e)!#8m:9$NCf$K$O!"[13]$K$*$1$kL)

EY0MB8@-$N8m:9$b4^$^$l$k!#

%,%9L)EY � HFS AjBP8m:9

(amagat) (GHz) (ppm)

1.350 1(71) 203.377 4(56) 28
0.891 6(23) 203.385 2(70) 35
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X POSITION (mm)
­60 ­40 ­20 0 20 40 60
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m_h_P
Entries  40401

Mean x  ­2.471e­11
Mean y  ­6.778e­12

RMS x   42.24
RMS y   28.76

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

m_h_P
Entries  40401

Mean x  ­2.471e­11
Mean y  ­6.778e­12

RMS x   42.24
RMS y   28.76)3 MODE, J/m

110
RF POWER OF MAGNETIC FIELD (TM

?^ 6.4: RF $K$h$k<'>l$N%(%M%k%.!<J,I[(TM 110 %b!<%I)!#?'$O!"%(%M%k%.!<L)EY(J=m3)
$rI=$9!#%-%c%S%F%#$NDlLL(x-y J?LL) $G8+$?$b$N!#z <4$KBP$9$k0MB8@-$O$J$$!#9u@~$,%-%c

%S%F%#$N6-3&$r<($9!#409 W F~NO!"QL = 14700 $N$H$-$N$b$N$G$"$k!#

6.3 7OE}8m:9

$3$N@a$G$O!"%W%m%H%?%$%WB,Dj$G$N7OE}8m:9$K$D$$$F=R$Y$k!#

6.3.1 <'>l$NHs0lMM@-

%W%m%H%?%$%WB,Dj$G:G$bBg$-$J7OE}8m:9$H$J$C$?$N$O!"<'>l$NHs0lMM@-$G$"$k!#Bh3.2
@a$G=R$Y$?$h$&$K!"8=CJ3,$G!"%-%c%S%F%#!<Fb$G$N<'>l$N0lMM@-$O!"23.1 ppm (RMS) $G

$"$k!#$?$@$7!"%]%8%H%m%K%&%`$ND6Hy:Y9=B$$X$N1F6A$rI>2A$9$k$K$O!"$3$l$K!"RF <'>l

$N6/EYJ,I[!"M[EE;R$N;_$^$k0LCV$NJ,I[$K$h$k!"=E$_$rIU$1$J$1$l$P$J$i$J$$!#

RF <'>l$N6/EYJ,I[

%-%c%S%F%#!<$NEE<'>l$N%b!<%I$O!"TM 110 %b!<%I$G$"$k!#EE<'>l$N>\:Y$JJ,I[$K$D$$$F

$O!"IUO?A $G=R$Y$F$$$k!#$3$NTM 110 %b!<%I$NRF <'>l%(%M%k%.!<J,I[$O!"?^6.4$N$h

$&$K$J$k!#$3$l$K$h$k=E$_$r$+$1$k$H!"=E$_$D$-<'>lJ,I[$O!"? 6̂.5$N$h$&$K$J$k!#<'>l

$N0lMM@-$O!"14.2 ppm (RMS) $K2~A1$9$k!#
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X POSITION (mm)
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m_h_B_RF
Entries  40401

Mean x   1.362
Mean y  ­2.308

RMS x   38.36
RMS y   33.76

­40

­30

­20

­10

0

10

m_h_B_RF
Entries  40401

Mean x   1.362
Mean y  ­2.308

RMS x   38.36
RMS y   33.76RF POWER WEIGHTED MAGNETIC FIELD (ppm FROM MEAN VALUE)

?^ 6.5: RF <'>l$N%(%M%k%.!<$N=E$_$r$+$1$?!"%-%c%S%F%#!<Fb<'>lJ,I[!#?'$O!"J?6QCM$+

$i$N$:$l (ppm) $rI=$9!# RF %-%c%S%F%#!<Fb$N0lMM@-$O!"14.2 ppm (RMS) $G$"$k!#

M[EE;R$N;_$^$k0LCV$NJ,I[

%]%8%H%m%K%&%`$N@8@.0LCV$O!"M[EE;R$,%,%9Fb$G;_$^$C$?0LCV$G$"$k!#$^$?!"%]%8%H%m

%K%&%`@8@.8e$N3H;6$O!"1 mm 0J2<$G$"$k$?$a!"Jx2u>l=j$O!"@8@.0LCV$HF1$8$H$_$J$7$F

$h$$!#M[EE;R$,%,%9Fb$G;_$^$C$?0LCV$N>pJs$O!"<B83%G!<%?$+$i$OF@$i$l$J$$$?$a!"%b%s

%F%+%k%m!&%7%_%e%l!<%7%g%s$K$h$C$F5a$a$?!#

%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$K$h$C$F5a$a$i$l$?!"M[EE;R$N;_$^$k0LCV$NJ,I[$O!"

?^ 6.6$N$h$&$K$J$k!#$3$l$K$h$k=E$_$r$+$1$k$H!"=E$_$D$-<'>lJ,I[$O!"?6̂.7$N$h$&$K

$J$k!#<'>l$N0lMM@-$O!"10.4 ppm (RMS) $K2~A1$9$k!#

<'>l$NHs0lMM@-$K$h$k!"D6Hy:Y9=B$$N7OE}8m:9

:G=*E*$K!"<'>l$NHs0lMM@-<+BN$O!"10.4 ppm (RMS) $H$J$C$?!#$7$+$7!"D6Hy:Y9=B$$O!"

<'>l$N 2 >h$KHfNc$9$k$?$a!"D6Hy:Y9=B$$N7OE}8m:9$H$7$F$O!"21 ppm$H$J$k!#

6.3.2 %b%s%F%+%k%m!&%7%_%e%l!<%7%g%s

%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$NE}7W$K$h$k8m:9

%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$NE}7W$K$h$k8m:9$O!"4{$KBh6.2@a$G$N7k2L$K4^$^$l

$F$$$k$,!"B,Dj$NE}7W8m:9$H6hJL$9$k$?$a!"I>2A$9$k!#I>2AK!$H$7$F!"%b%s%F%+%k%m!&%7
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X POSITION (mm)
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Entries  697642

Mean x  ­0.05019
Mean y    11.7

RMS x   4.586
RMS y   27.31POSITRON STOP POSITION (MC SIMULATION, A. U.)

?^ 6.6: M[EE;R$N;_$^$k0LCV$NJ,I[!#J,I[$O!"%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$K$h$C$F

5a$a$i$l$?$b$N!#22Na @~8;$O!"x = 0, z = 96 $K$"$k!#

X POSITION (mm)
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Entries  40401

Mean x  0.0535
Mean y   13.77

RMS x   4.126
RMS y   31.44

­20
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0

m_h_B_RF_e
Entries  40401

Mean x  0.0535
Mean y   13.77

RMS x   4.126
RMS y   31.44 STOP WEIGHTED MAGNETIC FIELD (ppm FROM MEAN)+RF & e

?^ 6.7: M[EE;R$N;_$^$k0LCV$N=E$_$r$+$1$?!"%-%c%S%F%#!<Fb<'>lJ,I[!#?'$O!"J?6QCM$+

$i$N$:$l (ppm) $rI=$9!# RF %-%c%S%F%#!<Fb$N0lMM@-$O!"10.4 ppm (RMS) $G$"$k!#
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%_%e%l!<%7%g%s$NE}7W8m:9$r0$H$7$FF@$i$l$?7k2L5Z$S8m:9$H!"%b%s%F%+%k%m!&%7%_%e%l!<

%7%g%s$NE}7W8m:9$r4^$a$FF@$i$l$?7k2L5Z$S8m:9$r;HMQ$9$k!#

%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$NE}7W8m:9$r0 $H$7$FF@$i$l$?7k2L$O!"

� HFS = 203:379 5(28) GHz (14 ppm)$G$"$C$?!#%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$NE}7W8m

:9$rF~$l$F7W;;$7$?7k2L$HHf3S$9$k$H!"Cf?4CM$O� 4 ppm, %b%s%F%+%k%m!&%7%_%e%l!<%7%g

%s$NE}7W$+$i$/$k8m:9$O17 ppm$H$J$j!"3N$+$KCf?4CM$N$:$l$O8m:9$NHO0O$G$"$k!#$=$3

$G!"%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$NE}7W$+$i!"17 ppm$N7OE}8m:9$r7W>e$9$k!#$J$*!"

$3$N8m:9$O%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$NE}7W$r99$KN/$a$k$3$H$G!"8:$i$9$3$H$,$G

$-$k!#

<'>l0MB8@-

%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$NE}7W0J30$+$i$/$k8m:9$K$D$$$F9M$($k!#%b%s%F%+%k

%m!&%7%_%e%l!<%7%g%s$,<B%G!<%?$H9g$o$J$$$3$H$,2
 /3 
 Jx2uHf$KM?$($k1F6A$O!"2
 /3 

Hf$KHfNc$9$k$H9M$($i$l$k$,!"$=$l$OA+0\$NCf?4CM$rJQ$($k8z2L$r5Z$\$5$J$$!#

A+0\$NCf?4CM$rJQ$($k$H$9$l$P!"A+0\$NCf?4$KBP$7!"A+0\3NN($rHsBP>N$K$9$k8z2L$G$"

$k!#$=$N$h$&$J8z2L$H$7$F!"<'>l0MB8@-$K$h$kITDj@-$,9M$($i$l$k!#M[EE;R$,<'>l$K4,$-

IU$-$J$,$i%-%c%S%F%#!<$NCf$KF~$C$F$$$/$?$a!"$=$N9-$,$jJ}$d!"%]%8%H%m%K%&%`@8@.0L

CV$O!"<c43$J$,$i<'>l$K0MB8$9$k!#$=$N<'>l0MB8@-$K$h$C$F!"8!=P8zN($,<'>l$K0MB8$9$k

$?$a!"2
 /3 
 Hf$,<'>l0MB8@-$r;}$D!#$=$l$OA+0\$NCf?4$KBP$7HsBP>N$G$"$k$+$i!"D6Hy:Y

9=B$$N8m:9$H$J$jF@$k!#

$3$N8m:9$NI>2A$N$?$a!"RF-OFF $G$N2
 /3 
 Jx2uHf (� ) $r LaBr3(Ce) $K4X$7$FJ?6Q$7!"

<'>l$KBP$7$F%W%m%C%H$7$FM}O@CM$HHf3S$9$k$H!"?^6.8 (1.350 1 amagat$N$H$-) $N$h$&

$K$J$k!#� $,0lMM$K$:$l$k$N$O!"D6Hy:Y9=B$$K1F6A$7$J$$$,!"79$-$,0[$J$k$HD6Hy:Y9=B$

$K1F6A$9$k!#?6̂.8$G$O!"%G!<%?$N79$-$O0:21(11)=T $G$"$k$N$KBP$7!"M}O@CM$N79$-$O

� 0:15=T $G$"$k!#$3$N:9$O!"E}7WE*$J$f$i$.$N2DG=@-$bH]Dj$G$-$J$$$,!"H>J,DxEY$O2?$i

$+$N%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$K$h$k8m:9$N2DG=@-$,$"$k!#

$=$3$G!"$3$N79$-$,M}O@$K9g$&$h$&$KJd@5$r$+$1!"$=$N>e$GD6Hy:Y9=B$$r5a$a$?!#$=$N

7k2L!" � HFS = 203:373 1(44) GHz$H$J$j!"Cf?4CM$,� 36 ppmF0$$$?!#$7$+$7!"%U%#%C%H

$N� 2=ndf $O!"1.350 1 amagat$G1.23, 0.891 6 amagat$G0.50$H!"0-$/$J$+$C$?!#Cf?4$NF0

$-$NH>J,DxEY$H$7$F!"18 ppm$r!"%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$N<'>l0MB8@-$K$h$k

8m:9$H$7$F7W>e$9$k!#$J$*!"$3$N8m:9$O%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$NE}7W$rN/$a$k

$3$H$G8:>/$9$k2DG=@-$,$"$k!#$^$?!"M}O@CM$H0lMM$K$:$l!"79$-$b0[$J$k$N$,!"%b%s%F%+

%k%m!&%7%_%e%l!<%7%g%s0J30$N860x$K$h$i$J$$$+!"8=:_8&5fCf$G$"$k!#

6.3.3 RF %Q%o!<P

$3$N8m:9$O!"4{$KBh6.2@a$G$N7k2L$K4^$^$l$F$$$k$,!"B,Dj$NE}7W8m:9$H6hJL$9$k$?$a!"

I>2A$9$k!#I>2AK!$H$7$F!"RF %Q%o!<P $K$h$k8m:9$r0 $H$7$FF@$i$l$?7k2L5Z$S8m:9$H!"
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MAGNETIC FIELD (T)
0.858 0.86 0.862 0.864 0.866 0.868 0.87 0.872 0.874

b

0.07

0.075

0.08

0.085

0.09

 / ndf 2c  24.68 / 10

Prob   0.005995

Constant  0.0004265± 0.08266 

Slope     0.1096± 0.2106 

Mean          0± 0.8656 

 / ndf 2c  24.68 / 10

Prob   0.005995

Constant  0.0004265± 0.08266 

Slope     0.1096± 0.2106 

Mean          0± 0.8656 

1.3501 amagat, AVERAGE

?^ 6.8: � $N<'>l0MB8@-$HM}O@CM!#%G!<%?$O1.350 1 amagat$N$b$N!#%(%i!<%P!<IU$-$N@V

E@$,B,Dj%G!<%?!"9u<B@~$O0l<!4X?t$G$N%U%#%C%H!"@D<B@~$OM}O@CM$r<($9!#

RF %Q%o!<P $K$h$k8m:9$r4^$a$FF@$i$l$?7k2L5Z$S8m:9$r;HMQ$9$k!#

P $N8m:9$r0 $K$7$?$H$-!"� HFS = 203:380 2(43) GHz$H$J$k!#Cf?4CM$O� 1:3 ppm $:

$l!" P $K$h$k8m:9$O5 ppm$H8+@Q$b$i$l$k!#3N$+$KCf?4CM$N$:$l$O8m:9$NHO0O$G$"$j!":#

2s!" P $+$i$N7OE}8m:9$H$7$F5 ppm $r7W>e$9$k!#

$J$*!"%Q%o!<P $N8m:9$NMW0x$O!"%Q%o!<%a!<%?!<$N$U$i$D$-(0.05%), %Q%o!<%a!<%?!<

$N29EYJd@5$NITDj@-(0.03%/K), ESCf$^$GRF 2sO)Cf$Kmixer $,$J$+$C$?$?$a!"%b%K%?!<

B&$KDj:_GH$,N)$C$F$$$?$3$H$K$h$kITDj@-(0.5%), RF 2sO)!"F3GH4I$NIU$130$7$K$h$kIT

Dj@-(� 2%, <'>l$K$h$C$F$^$A$^$A) $G$"$k!#$3$l$i$N?t;z$O!"%<!<%^%sA+0\3NN($KBP$7

$F$N$b$N$G$"$j!"A+0\6J@~$N;~E@$G8m:9$H$7$FI>2A$5$l$F$$$?!#

6.3.4 RF %-%c%S%F%#!<$NQL

$3$N8m:9$O!"4{$KBh6.2@a$G$N7k2L$K4^$^$l$F$$$k$,!"B,Dj$NE}7W8m:9$H6hJL$9$k$?$a!"

I>2A$9$k!#I>2AK!$H$7$F!"RF %-%c%S%F%#!<$NQL $K$h$k8m:9$r0 $H$7$FF@$i$l$?7k2L5Z

$S8m:9$H!"RF %-%c%S%F%#!<$NQL $K$h$k8m:9$r4^$a$FF@$i$l$?7k2L5Z$S8m:9$r;HMQ$9$k!#

QL $N8m:9$r0 $K$7$?$H$-!"� HFS = 203:380 5(42) GHz$H$J$k!#Cf?4CM$O+0 :02 ppm$:

$l!" QL $K$h$k8m:9$O6 ppm $H8+@Q$b$i$l$k!#3N$+$KCf?4CM$N$:$l$O8m:9$NHO0O$G$"$j!"

:#2s!" QL $+$i$N7OE}8m:9$H$7$F6 ppm $r7W>e$9$k!#

$J$*!"%-%c%S%F%#!<QL $N8m:9$NMW0x$O!"B,Dj$N$P$i$D$-(0.6%) !" RF 2sO)$dF3GH4I$N

IU$130$7$K$h$kITDj@-(� 5%, <'>l$K$h$C$F0[$J$k) $G$"$k!#$3$l$i$N?t;z$O!"%<!<%^%s

A+0\3NN($KBP$7$F$N$b$N$G$"$j!"A+0\6J@~$N;~E@$G8m:9$H$7$FI>2A$5$l$F$$$?!#
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6.3.5 L)EY0MB8@-

:#2s!"%,%9L)EY0MB8@-$O!"2a5n$N<B83$NCM$r;HMQ$7$F!"Jd@5$7$?!#$7$+$7!"$=$NCM$O!"

N2 100%$G$NCM$G$"$j!"%W%m%H%?%$%WB,Dj$G$O!":.9g%,%9$rMQ$$$?$?$a!"0[$J$k2DG=@-$,

$"$k!#

$b$H$b$H!"L)EY0MB8@-$N78?t$O!"� 33 � 4 ppm=amagat $G$"$C$?$N$G!":G=*7k2L$K$O!"

3.6 ppmDxEY$N7OE}8m:9$,$D$/!#$3$N8m:9$K$D$$$F$O!"4{$KBh6.2@a$G$N7k2L$K4^$^$l$F

$$$k!#

:.9g%,%9$G$"$k8z2L$r!"Jd@5$N2 3dDxEY$H$9$l$P!"7.7 ppm/amagat $N7OE}8m:9$K$J$k!#

$3$l$r4p$K7W;;$7!":#2s$O7 ppm $N7OE}8m:9$r!"L)EY0MB8@-$H$7$F7W>e$9$k!#

6.3.6 %]%8%H%m%K%&%`$NG.2=

Bh2 >O$G=R$Y$?$h$&$K!"%]%8%H%m%K%&%`$NG.2=$K$h$C$F!":G=*7k2L$,20 ppmDxEY$:$l

$k2DG=@-$,$"$k!#:#2s!"$=$N8z2L$rB,Dj$7$F$$$J$$$N$G!"8=;~E@$G$O$3$l$r$=$N$^$^7W>e

$7$?!#>-MhE*$K$O!"<B:]$KG.2=4X?t$rB,Dj$9$k$3$H$G!"O(ppm) $KM^$($k$3$H$,$G$-$k!#

6.3.7 RF <~GH?t

:#2s!"B,DjCf$N RF <~GH?t$O!"� 5 ppm DxEYJQF0$7$?!#$3$l$O!"A+0\6J@~$N:81&HsBP>N

@-$r@8$`$?$a!"$=$N$^$^:G=*7k2L$K1F6A$9$k!#$h$C$F!"$3$l$+$i5 ppm$N7OE}8m:9$r7W>e

$7$?!#

6.3.8 <'>lB,DjE@$H%]%8%H%m%K%&%`@8@.NN0h$G$N<'>lJd@5

A+0\6J@~B,DjCf$O!"NMR %W%m!<%V$r%-%c%S%F%#!<Fb$KF~$l$k$3$H$O$G$-$J$$!#$=$N$?

$a!"%-%c%S%F%#!<30$N$"$k0lE@$G!"<'>l$r%b%K%?!<$7!"%]%8%H%m%K%&%`@8@.NN0h$G$N<'>l$r

5a$a$k$?$a$NJd@5$r$+$1$F$$$k!#<B83AuCV$N=P$7F~$lEy$K$h$k:F8=@-$,!"8=:_$O2 ppm$G

$"$k!#D6Hy:Y9=B$$O<'>l$N2 >h$KHfNc$9$k$?$a!"$3$l$h$j!"4 ppm$N7OE}8m:9$r7W>e$7$?!#

6.3.9 <'>l$NB,DjCM

NMR <'>l@:L)B,Dj4o$G$O!"<'>l$N@dBPCM$H$7$F!"� 1 ppm $,J]>Z$5$l$F$$$k!#$=$3$G!"

<'>lB,Dj$N8m:9$H$7$F!"2 ppm $r7W>e$7$?!#

6.3.10 $^$H$a

:#2s!"%W%m%H%?%$%WB,Dj$K7W>e$5$l$?7OE}8m:9$K$D$$$F!"I=6.3$K$^$H$a$?!#$^$?!"B,

Dj$NE}7W8m:9$N$_$G$O!"� HFS = 203:380 4(22) GHz (11 ppm)$H$J$k!#
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I= 6.3: 7OE}8m:9!#%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$NE}7W$+$i$/$k8m:9$O!":#8e;~4V$r

$+$1$l$PO(ppm) $KM^$($i$l$k!#$^$?!"%]%8%H%m%K%&%`$NG.2=$K4X$7$F$O!">-MhE*$K!"G.

2=4X?t$NB,Dj$K$h$C$F!"O(ppm) $KM^$($k$3$H$,$G$-$k!#

MW0x
Bg$-$5

(ppm)

<'>l$NHs0lMM@- 21
%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$NE}7W17
%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$N<'>l0MB8@-18
RF %Q%o!<P 5
RF %-%c%S%F%#!<$NQL 6
L)EY0MB8@- 7
%]%8%H%m%K%&%`$NG.2= 20
RF <~GH?t 5
<'>lJd@5 4
<'>lB,DjCM 2

<+>hOB 40
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Bh7>O 9M;!

$3$N>O$G$O!"A0>O$GF@$i$l$?7k2L$r4p$K!"2a5n$N<B83CM!&:G?7$NM}O@CM$H$NHf3S$r9T$$!"

:G=*L\E*$rC#$9$k$?$a$KI,MW$J$3$H$K$D$$$F5DO@$9$k!#

7.1 2a5n$N<B83CM!&:G?7$NM}O@CM$H$NHf3S

%W%m%H%?%$%WB,Dj$N7k2L!"� HFS = 203:380 4� 0:002 2 (stat:; 11 ppm)� 0:008 1 (sys: 40 ppm)
$rF@$?!#? 7̂.1$K!":#2s$NB,Dj$H!":G6a$N<B83CM!"M}O@CM$rHf3S$7$F<($7$?!#2a5n$N<B83

CM!&M}O@CM$HL5L7=b$J7k2L$,F@$i$l$?!#

7.2 @:EY8~>e$,2]Bj

%W%m%H%?%$%WB,Dj$N@:EY$G$O!":G=*L\E*$G$"$kO( ppm) $NB,Dj$rDL$7$?8!>Z$O$G$-$J

$$!#0lJ}$G!"$3$N%;%C%H%"%C%W$G4pK\E*$K$OB,Dj$,2DG=$J$3$H$,<($5$l$?$N$G!":#8e$O@:

EY$r8~>e$7$FB,Dj$9$k$3$H$,2]Bj$H$J$k!#

 (GHz)HFSD
203.372 203.374 203.376 203.378 203.38 203.382 203.384 203.386 203.388 203.39 203.392

mg

#19Phys. Rev. Lett. 34, 246 (1975)

#20Phys. Rev. A15, 241 (1977)

#21Phys. Rev. A15, 251 (1977)

#14Phys. Rev. A27, 262 (1983)

#13Phys. Rev. A30, 1331 (1984)

This measurement

?^ 7.1: %]%8%H%m%K%&%`$ND6Hy:Y9=B$B,Dj7k2L!#0lHV2<$N$b$N$,!":#2s$N%W%m%H%?%$%WB,

Dj$GF@$i$l$?7k2L$G$"$k!#NPBS$O2a5n$N<B83CM$NJ?6Q!"@VBS$O:G?7$NM}O@CM$r<($9!#
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Bh8>O :#8e$NE8K>

$3$N>O$G$O!"%W%m%H%?%$%WB,Dj$N7k2L$rF'$^$($?!":#8e$NE8K>$K$D$$$F=R$Y$k!#$^$:!"

O(ppm) $N@:EY$r==J,L\;X$;$k$3$H$r<($7$?8e!"$=$3$G80$K$J$k!"Jd=~<'@P$N@_7W$K$D$$

$F=R$Y$k!#:G8e$K!":#8e$N7W2h$r8+DL$9!#

8.1 O(ppm) $OC#@.2DG=

:G=*L\E*$G$"$kO(ppm) $G$NB,Dj$rDL$7$?8!>Z$O!"2DG=$G$"$k!#$=$l$O<!$NM}M3$K$h$k!#

$^$:!"E}7W@:EY$G$"$k$,!"85F|4V$NB,Dj$G11 ppm$rF@$F$*$j!"2 G/4V$G4 ppm $KC#$9

$k!#:#2s$NB,Dj$G$O4V$K$+$J$j5Y$_$,$"$C$?$,!":#8e!"24 ;~4VB,Dj$d!"5YF|B,Dj$r9T$($k

$h$&$K%7%9%F%`$r2~NI$9$l$P!"L\I8@:EY$O2 G/0JFb$K==J,C#@.$G$-$k!#$^$?!"DAQ %l!<

%H$b2 G\<e9b$a$k!#

8=:_!"7OE}8m:9$H$7$F:G$bBg$-$$$N$O!"<'>l$NHs0lMM@-$G$"$k!#$3$l$K$D$$$F$O!"Jd=~

<'@P$rMQ$$$F!"O(ppm) $N<'>l0lMM@-$rF@$k7W2h$G$"$j!"4{$K@_7W$,?J$s$G$$$k!#<!@a$G

$=$N@_7W$K$D$$$F>\$7$/=R$Y$k!#

<!$KBg$-$$$N$O!"%]%8%H%m%K%&%`$NG.2=$G$"$k!#$3$l$K$D$$$F$O!"GeH>F3BN8!=P4o$r

MQ$$$F!"G.2=4X?t$rB,Dj$9$k7W2h$G$"$k!#$7$+$7!"GeH>F3BN8!=P4o$O!"$=$N$^$^$G$O<'

>lCf$GMQ$$$k$3$H$,$G$-$J$$!#$=$N$?$a!"G.2=4X?t$O!"D6Hy:Y9=B$B,Dj$H$OJL$K!"FHN)$G

9T$&M=Dj$G$"$k!#K\Mh!"$3$N4X?t$O<'>l$K0MB8$;$:!"%,%9L)EY$N$_$G7h$^$k$N$G!"LdBj$J

$$!#4{$K!"G.2=4X?tB,Dj$K8~$1$?=`Hw$,Ce!9$H?J$s$G$$$k!#$^$?!"B,Dj;~$K!"LaBr3(Ce)
$rMQ$$$F!"G.2=4X?t$bF1;~$KB,Dj$G$-$k2DG=@-$,$"$k!#$3$l$K$D$$$F$N8&5f$b!"8=:_?J9T

Cf$G$"$k!#

$^$?!"%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$K$h$k8m:9$bBg$-$$!#2r@OK!$H$7$F!"%b%s%F%+

%k%m!&%7%_%e%l!<%7%g%s$r;H$o$J$$J}K!$d!"7OE}8m:9$r8:$i$9J}K!$r9M$($kI,MW$,$"$k!#

%b%s%F%+%k%m!&%7%_%e%l!<%7%g%s$NE}7W$K$D$$$F$O!":#2sLs10F|4V$N%7%_%e%l!<%7%g%s

$G17 ppm$G$"$C$?$N$G!"23F|4V$N%7%_%e%l!<%7%g%s$K$h$C$F11 ppm$KC#$9$k!#$3$l$O!"

B,Dj$NE}7W8m:9$h$j==J,>.$5$/$G$-$k$3$H$r<($9!#

L)EY0MB8@-$K$D$$$F$O!"MM!9$J%,%9L)EY$GB,Dj$9$k$3$H$G!"7OE}8m:9$O8:$i$;$k!#

RF 7O$K$D$$$F$O!"8&5f$,?J$s$G$*$j!"B,Dj4|4VCf!"3F<o29EY$r0lDj$KJ]$D$3$H$G!"JQ

F0$rM^$(!"7OE}8m:9$rO(ppm) $K$9$k$3$H$,$G$-$k$H9M$($i$l$k!#

:G8e$K!"<'>lB,Dj!"FC$K:F8=@-$K$D$$$F$O!"<#6q$r@=:n$9$k$3$H$GBP1~$G$-$k$N$G!"Ld

Bj$J$$!#
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8.2 Jd=~<'@P$N@_7W

7OE}8m:9$r8:$i$9>e$G!":G$b=EMW$J$N$,!"<'>l$N0lMM@-$N3NJ]$G$"$k!#8=:_!"<'>l$NHs

0lMM@-$,!":GBg$N7OE}8m:9$H$J$C$F$$$k!#

<'>l$N0lMM@-$r!"O(ppm) $GF@$k$?$a!"8=:_!"Jd=~<'@P$r@_7W$7$F$$$k!#

6qBNE*$K$O!">oEAF3$N1_7A%3%$%k$r2 $DMQ0U$7!"%-%c%S%F%#!<FbIt$N<'>l8{G[$rBG$A>C

$9!#F3@~$K$O!"CGLL@Q1 mm2 DxEY$NF<$rMQ$$!"%-%c%S%F%#!<$N%U%i%s%8ItJ,$K4,$-$D$1$k!#

1 A � 15%?!<%sDxEY$G!"EEN.$r1%DxEY$G@)8f$9$l$P!"3 ppm $N<'>l0lMM@-$,F@$i$l$k!#

8.3 7W2h

:G8e$K!":#8e$N7W2h$K$D$$$F=R$Y$k!#$^$:!"2010G/ 3 7n$^$G$K!"Jd=~<'@P$N%F%9%H$r9T

$&!#Jd=~<'@P$G!"<'>l$N0lMM@-$,F@$i$l$l$P!"2010G/ 4 7n0J9_!"K\B,Dj$r3+;O$9$k!#MM!9

$J%,%905$G$NB,Dj$r7P$F!"2011G/Fb$r%a%I$K!"B,Dj$,=*N;$9$kM=Dj$G$"$k!#F1;~$K!"%]%8

%H%m%K%&%`$NG.2=4X?t$NB,Dj$b9T$$!"9g$o$;$F!"O(ppm) $N:G=*7k2L$rF@$k!#
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Bh9>O $^$H$a

%]%8%H%m%K%&%`$O!"B+G{7OQED $N@:L)8!>Z$d!"L$CN$NJ*M}8=>]$NC5:w$KE,$7$F$$$k!#

$=$N%]%8%H%m%K%&%`$ND6Hy:Y9=B$� HFS $K!"<B83CM$HM}O@CM$G15 ppm (3.9� ) $N$:$l$,B8

:_$9$k!#$3$N$:$l$,K\Ev$J$i!"I8=`M}O@$rD6$($??7$7$$J*M}8=>]$NB8:_$r<(:6$9$k!#

$3$N$:$l$K$D$$$F!"2a5n$NB,Dj$G9M$($i$l$k7OE}8m:9$r2$D;XE&$7!"$=$l$i$r>.$5$/$G$-$k

?7$7$$<B83$r7W2h$7$F$$$k!#:G=*E*$K$O!"O(ppm) $G$NB,Dj$r9T$&M=Dj$G$"$k!#$=$N$?$a$N%W

%m%H%?%$%W<B83$r9T$$!"� HFS = 203:380 4� 0:002 2 (stat:; 11 ppm)� 0:008 1 (sys: 40 ppm)
$rF@$?!#$3$NCM$O!"2a5n$N<B83CM!"M}O@CM$HL5L7=b$G$"$k!#

$:$l$N8!>Z$N$?$a$K$O!"O(ppm) $NB,Dj$,I,MW$G$"$k!#$=$N$?$a!"$^$:Jd=~<'@P$r@_7W

$7!"<'>l$NHs0lMM@-$K$h$k7OE}8m:9$r8:$i$9!#$5$i$K!"%]%8%H%m%K%&%`$NG.2=4X?t$rD>@\B,

Dj$7!"J*<A$N8z2L$K$h$k7OE}8m:9$r8:$i$9!#$=$N>e$G!"2 G/4VDxEY$NB,Dj$r9T$$!"O(ppm)
$N@:EY$rC#@.$9$kM=Dj$G$"$k!#
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IU O?A TM 110%b!<%I$N<'>l

A.1 TM 110%b!<%I$NEE<'>l

TM 110 %b!<%I$NRF EE<'>l$O!"0J2<$N$h$&$K7W;;$5$l$k!#

[67]$K$h$k$H!"H>7Ba, D9$5l $N1_E{6uF66&?64o$K$*$1$k!"TM mnp %b!<%I$N<'>l$O!"1_

Cl:BI8$rMQ$$$F!"

Ez = Emnp � Jm (kcr ) � cosm� � coskzz (A.1)

Er = �
�

p�
kcl

�
Emnp � J 0

m (kcr ) � cosm� � sinkzz (A.2)

E � =
�

mp�
k2

c rl

�
Emnp � Jm (kcr ) � sinm� � sinkzz (A.3)

H z = 0 (A.4)

H r = �
�

j!�m
k2

c r

�
Emnp � Jm (kcr ) � sinm� � coskzz (A.5)

H � = �
�

j!�
kc

�
Emnp � J 0

m (kcr ) � cosm� � coskzz (A.6)

$N$h$&$KI=$5$l$k!#$3$3$K

kc = � mn =a (A.7)

kz = p�=l (A.8)

(A.9)

$G$"$k!#$?$@$7!"Emnp $ODj?t!" Jm (� ) $Om <!$N%Y%C%;%k4X?t!"j $O5u?tC10L!"! $ORF
$N3Q?6F0?t!"� $OM6EEN(!"� mn $OJm (� ) $Nn HVL\$NNmE@!#

=>$C$F!"TM 110 %b!<%I$NEE<'>l$O!"

Ez = E110J1 (kcr ) cos� (A.10)

H r = �
j!�
k2

cr
E110J1 (kcr ) sin � (A.11)

H � = �
j!�
kc

E110J 0
1 (kcr ) cos� (A.12)

Er = E � = H z = 0 (A.13)

kc =
� 11

a
(A.14)

$H$J$k!#
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A.2 <'>l$N%(%M%k%.!<$+$i:GBg<'>l$r5a$a$k

A.1 @a$K<($7$?!"TM 110 %b!<%I$N!"EE<'>l$N%(%M%k%.!<$r7W;;$9$k!#<'>l$rMQ$$$k$H!"

%(%M%k%.!<W $O!"F)<'N( � $H$7$F!"

W =
1
2

�
Z Z Z �

jH r j2 + jH � j2
�

r dr d� dz (A.15)

=
1
2

�
Z l

0
dz

Z 2�

0
d�

Z a

0
r dr

 
! 2� 2

k4
cr 2 E 2

110 (J1 (kcr ))2 sin2 � +
! 2� 2

k2
c

E 2
110

�
J 0

1 (kcr )
� 2 cos2 �

!

(A.16)

=
�l! 2� 2E 2

110

2k4
c

Z 2�

0
d�

Z a

0
r dr

�
1
r 2 (J1 (kcr ))2 sin2 � + k2

c
�
J 0

1 (kcr )
� 2 cos2 �

�
(A.17)

=
��l! 2� 2E 2

110

2k4
c

Z a

0
dr

(
(J1 (kcr ))2

r
+ k2

c
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