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1 � �

1.1 ����� �
	 ��������
��� ���S#�����=5'��HN���0&W����$J;*� �+"!�6�92:$#�'�%$& �('ST�J$45#�6B�	7	8�W) _A*� �*8N	-9�: ��D,+�-/.�#/0 '�'1%2& ��H 1.1 � 1.2 #�G�354 pp 276	>10�A CNO 8
>�_ � # 2 ���$#9�8N�	 �P�=K�W�:1A,;�N�A

4p → He + 2e+ + 2νe + 26MeV (1.1)

A<4MN�	�%�#�=;J K 26MeV #S` ���I� 6 ) _�J&K *N� 2 �M#�0O;4;#�66�$7-8S# ) _>#�HN7%HA,#9=;J�N�	�?A@aJ�BC ` ���I� 6�� 0.86× 1012MeV/cm2/s 'A��N9%MA J�KR�D?@A'8#�4�#�6 �$7�8SX0�HZ�_���# 6.6× 1010νe/cm2/s 'A�8N1A I/EGF ��N	�4�#�66�P7�8
��02M O$# 4�*�H"IA'���� 7AJ ALK7*�M"N�O�P�*(JE*<4"*�# '��045#�66�$7�8�#9( L9Q5'�HN �
�SR5TEW>UWV9X�+ML�N9%MA5#�'�ZSN 	2% �
���ZY:#\[2bD#�H"IDJ,]�/$4D^/_EW,`AY
NA*N�a:�,�45#�6B�	7	8Db�c�J&W<d9e�NZf�'Sg5]�/ A�4MN	P����45#�66�	7	8�#Gh,b G�34��0<D_=� � WI*� 9*MN J �P� Bahcall K9J�GSN 4 *
���"i9j � (Standard Solar Model

SSM) J G�kZ �H�Iml�JWI�EnF�" 9*MN [1] 	 ( H 1.3)o Y�p-� pp 4A#�6 �$7-8 �rq1` ���I� 6 (Eνe < 420keV b�s�t;��<�_=� � ) '7��Nu#��?�@;'7b8X2�1Z�_	� �\vwgLx ZmC �>H�Imlu4uy�,"cGg5znFr*�	 (±1%)

p + p → D + e+ + νe (1.2)

:�, 7Be 4A#�6���7	8��>{�|�` ����� 6�' (Eνe = 861keV(80.7%), 383keV(10.3%)) '��?�@;'7b8X2�1Z�_	� ��x ZSC ��HAIml/4uyS,"c�g O Q}l\zGF�* 	 (±10%)

7Be + e− →7 Li + νe (1.3)

%rb"~�JMJV� 8B, pep 41h<#9�8Nr#�h$�mgSX��MZ�_���#uz�FSC �DH�ISl>4Dy�,"cGg5x&ZZ* 	%Zb����4�#�6B�	7�80W�X�+HL:N .2/��-� 1968 �;J&K Davis KWJ G>k\ Z�a;EK ��, [2] 	
��b��A� �	� 130ton b 37Cl W��1kZ 

νe(Eνe > 814keV) +37 Cl → e− +37 Ar (1.4)

b�4A#�66�$7	8 # %�92:&W\P(*�,SgZb�'�����,�H:Vr�$J 37Ar bWU�W3UIY8N(%�A&J G�kZ 4aF ��,�	P4�*��
�"i�j � J G�N�4�#�66�$7�8�X��MZ9_$��J K<b�IuE;' �P��%�bP9�:(��b� `�� 8B,7 Be, pep 4;#S6 ��7	8Z#
� � � � 77%, 14%, 5% '��=#�%�Q��
φSSM = 7.6+1.3

−1.1 SNU (1.5)
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(1SNU = 10−36capture/atom/sec)

A�b\H�Iml���+a#��BK �� �*�N [1] 	=* J *N�2.2/;'�� K �A,�� �
φobs = 2.56± 0.16± 0.16 SNU (1.6)

A H9I�l�J��H+nF �A,ag>bAb 1/3 ��@ *(J94A*2%MA<#S=;J2k�, [3] 	}%Zb�H9I A\b��S*
	*�#������24A#�6 �$7-8����'���N 	

H 1.1: pp 226�>D0
Davis K5ba. /ab�` �	�A� 6��P��� 814keV 'A�Dka,AbP'	����@9#��HNrb �<�:J 8B 4 #&6
�P7-8$'��7k�,�	 1983 ��J K �m:�k�,���"����10�j�.�/ [7] ���

νe + e− → νe + e− (1.7)

b ��O����$J G2& ) _(F �A, ��OS#r�ED�W�� N���J ) _�L1N@790�] (abS276�4�0
��X3)EWX�+�L�N(g�b�'A��k�,�	2%Zb2,�;P�045#�66�$7�8/b "aN,���>#�=5J1Nub�'�45#�6B�	7	8�#
����J K "$ 7*�Na%�A,#�����F ��,�	�%Db�.�/
g���+�� GS&ug�qS* � (  1/2) A\4(k�,%8AV'������04;#S6B��7	8���m#
!"���GF���,�	 �"br�0� pp,7Be J$g#��@a#$��N(.�/2#
GALLEX[4] � GNO[5] �
$&% SAGE[6] '"( ] � 6���J G>k\ �-�)���, 	2% �=K,b-.2/��-�
71Ga W\P$*

νe(Eνe > 233keV) +71 Ga → e− +71 Ge (1.8)

b-9�:�J GDk\ uO6K �A,-� 71Ge b&UEW UAYMN�%�A '
*(;" pp 4�#�6B��7�8/bWX�+7#�+5�
A<4ak�, 	S: ,���%Db-.�/5'�g ��4=*
���Ai/j � b���+ GS&\g�qS*P�@W � *-,�	,.- :�'Ab����4�#�6B�	7�8(.2/ab����@W�/ 1.1 J�:�A�;�,�	�0/��� SNO b NC 90:abX�+��mb�0�#ZH�I=�BAW~.1r��2 *� �*�ND#���%Db\H43�� 1.3 5�'76SKaJ�J>4MN�	
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H 1.2: CNO 85>�_ �

±1.5%±10%

13N
15O

17F

Fl
ux

 a
t 1

 A
U

 (c
m

−2
 s

−1
M

eV
−1

) [
fo

r l
in

es
, c

m
−2

 s
−1

]

7Be

pp

Chlorine SuperKGallium

Neutrino energy (MeV)
0.1 0.50.2 1 52 10 20

pep

hep
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1012

1010

108

106

104

102

+20%
–16%

±?

±1%

H 1.3: �
�04;#S6 �$7	8DbS` ���A� 6��2<1_=� �
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.2/ X�+�� H�I�� (SSM[1]) X�+�� / H"I��
Homestake[3]
37Cl →37 Ar(SNU) 2.56± 0.16± 0.16 7.6+1.3

−1.1 0.34± 0.06

GALLEX[4]
71Ga →71 Ge(SNU) 77.5± 0.62+4.3

−4.7 128+9
−7 0.61± 0.07

GNO[5]
71Ga →71 Ge(SNU) 65.8+10.2+3.4

−9.6−3.6 128+9
−7 0.51± 0.09

SAGE[6]
71Ga →71 Ge(SNU) 67.2+7.2+3.5

−7.0−3.0 128+9
−7 0.53± 0.07

Kamiokande[7]
8Bνflux(106cm−2s−1) 2.80± 0.19± 0.33 5.05(1.00+0.20

−0.16) 0.55± 0.13

Super-Kamiokande[8]
8Bνflux(106cm−2s−1) 2.32± 0.03+0.08

−0.07 5.05(1.00+0.20
−0.16) 0.46± 0.09

SNO[9]

CC
8Bνflux(106cm−2s−1) 1.76+0.06

−0.05±0.09 5.05(1.00+0.20
−0.16) 0.35± 0.07

NC
8Bνflux(106cm−2s−1) 5.09+0.44+0.46

−0.43−0.43 5.05(1.00+0.20
−0.16) 1.01± 0.24

ES
8Bνflux(106cm−2s−1) 2.39+0.24

−0.23±0.12 5.05(1.00+0.20
−0.16) 0.47± 0.11

/ 1.1: � �04;#S6B��7�8a.5/mb ����	�U �}b��0�3� �$J$�=�MI��0�����
���0��W � L�	
SNO b CC � NC � ES � � � ��� CC 9�:�� NC 9�:�����O�����9�:�	

1.2 � �
	 ��������
02M�O�7/H���' �-�045#�6B��7�8=���;�9b >�?(#7��N7%8A<#9=;J7k\ 9*MN 	 ����'	� L
L1N$4�#�6 �P7-8 ��L"e" ���O;4�#�6 �	7-8 (νe) '��A~�JHJA"P#�6�4�#�66�P7�8 (νµ) ��7
\V45#�66�	7V8 (ντ ) #7��N 	$% ��K<b�45#�66�	7V8>bWM�N�O"PSb�
��(�)5'��2%Zb (�)ab%8A�WSXa4�6$[M6aA����=	�4�#�66�P7-8�#uJ��mb�
���(�)�' /1F ��N�A�*�,aA�Z(��4�#�6
�P7-8Db�����D�J��S48N�X�����[���J��
N(%HA<#2'IZ�N [10] 	2%Db ,�� W	4�#	�6�$7	8� ! A�*A*P�245#�� �	7�8�JWJ��7#9��& ��J � " J��ab�
#��(�)%$DA&" M/N�O"PSb�
��(�)�$b�VHJ�'�67#7��N�(�6�J�'1%�N	S%Db�40#)�6�$7�8* ! #$������45#)�6�	7	8 ��EW,+ 6
L1N��.-74�H9IA'A��N0/*12Y�K �A,�	
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1.2.1 ���������
	�������������
K�*DM�N"O9PSb 
���(�)&W να(α = e, µ, τ) �/J��mb 
���(�)&W νi ����� D�b#'�6�� W θ

/(3�C 	�% �=KWb,'�6 �	��z�� �"!�#�-�. (CKM matrix) $\M�%'&)(�'�6�-�.)*'+-,/.
|να >= Vαi|νi > (α = e, µ, τ , i = 1, 2, 3) (1.9)

b)0(31$�/GF2.3(2435�6�� j3798;: �r�"�"=<02&>=�J�� 
���?�@ νi b�A�B#��CED
i
d

dt
|νi >= Ei|νi > (1.10)

/<4
(;4�%�%1* Ei D νi b�F�G�H3I)��/J&K(L4�&-( /M=�N !-O2P D
|νi(t) >= e−iEit|νi(0) > (1.11)

/RQ
(;4�S�TVU�W�X�YKZ�
��?�@K*�DV=\[ (1.9)∼(1.11) ]_^-T

i
d

dt
|να >= VαiEiV

†
iα|να > (1.12)

|να(t) >= Vαie
−iEitV

†
iα|να(0) > (1.13)

Z)0
`a$_bdca.3(24Ke�f να g t=0 $1h�i<c_.�j /k&)(0/l=�ALm t $�n�T\o να g;p�q ca.
(ar�stD

P (να → να) = | < να(0)|να(t) > |2 (1.14)

= | < να(0)|Vαie
−iEitV †

iα|να(0) > |2 (1.15)

u�v $�&-(/j\w9$2= 2 xty{zV|-z�}�~�]'���\o

V =

(

cos θ sin θ

− sin θ cos θ

)

(1.16)

� .��/0-��= νe Z_h���r�s�=�����r�s g9� .9��.��t���

Pνe→νe = 1 − sin2 2θ sin2

(

∆m2t

4p

)

(1.17)

= 1 − sin2 2θ sin2

(

1.27∆m2[eV2]L[m]

E[MeV]

)

(1.18)

Pνe→νx = sin2 2θ sin2

(

∆m2t

4p

)

(1.19)

= sin2 2θ sin2

(

1.27∆m2[eV2]L[m]

E[MeV]

)

(1.20)

� Q
(;4 ��� * ∆m2 = |m2
2 − m2

1| = L D��
6�z��V�2� g���� f1jL�dc � &3(L4
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1.2.2 ���������
	�������������
�96�z��V�_� g������ ] ��� &3(��� KD;= � Z�!#"�8;5�$1H9F�GVH3I/z g&%�'(� Z-eLZ� D*)3Q�(;4 � Z�j\w;=9�)6\z �'�_�R���<e %#'+� � D,))Q.-;o0/a(24 � Z,1�2�] MSW

1#2 � T\T;= Wolfenstein $90K�43�5�c1. [11] = � Z*6�7KD Mikheiev
�

Smirnov $90)�98:<; *9Z��
6�z��L�L�R���K$Ke>=@?-c1.
j [12] 4A $*B�C-��6/z��'�_��Z�!�"t8'5�$_HKD � Z*D�B(E�y�8t�M$90/(V�96�z��V�_�GFHBIC�JK Z�j�w;=�L3Z�x�yazL|Kz�Z\�96�z��L�L� � Ve =
√

2GF Ne }�~M))Q)(;4 ��� */= GF D
Fermi N� �O P = Ne D ���(� ZPB�C P�Q�R *IS�(14 � Z�!�"E8;5�$RH9ZP1�2t]a[ (1.12) $T ��o/= ����� ZMUI �V θm ]

Vm =

(

cos θm sin θm

− sin θm cos θm

)

(1.21)

Z)0
`1$*O�W
&3( � θm D;= %�'+� Z1����V θ
�YX ZK0)`aQ O*Z g i��\[@]�4

tan 2θm =

∆m2

2p sin 2θ

∆m2

2p
cos 2θ − Ve

(1.22)

� Z1[tD;= %�'+� Z*U� IV g_^ c�/Mo3e{=de�fa`<b�cId Ve ∼ ∆m2

2p cos 2θ g�e j)c_.�.<f
U� 3D&gihj/ Q � =)�)6\z �'�1�{��� g g�h;QV��� � Q �lk�m � � ]on f_o�T<mL4

1.2.3 3 p�qr���.	s������������
3 t�uKZ���6�z��L�_��]V����jP�I �=,B�C-��6;z��L�_��Z_h���r�s-D*U� �v�wKZ 13 i�x
ZMy�z<]V����Q9~;.<f\Q<�JQ�T/4 3 i�x@{�Z*U� Iv�w V DV= X ZK0)`o|1bdc_..m;4

V =







c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13






(1.23)

=







1 0 0

0 c23 s23

0 −s23 c23













c13 0 s13e
−iδ

0 1 0

−s13e
−iδ 0 c13













c12 s12 0

−s12 c12 0

0 0 1





 (1.24)

≡ V23V13V12 (1.25)

j�}Ef{= sij ≡ sin θij = cij ≡ cos θij = δ = 0 { CP }��I~ g i �\[@]�4��#C��)�K6\z �/�
� ν̄e ]aY9T�j CHOOZ ����{�D1= sin2 2θ13 < 0.15

� T�`�N�2 g k �M.
j [13] 4 � Z\j�w;=���
νe Z1���3D θ13 ]��I� f_j 2 i�x�{9Z\�)6�z��'�1�J���<{Lb
���� g�� T�4

1.3 � ��� ���+��������� �������
1.3.1 	G�� ���&�����
¡
�)6\z��;�1�a����¢(|�D1=�gih�/4xt~/o ��� ����¢�= %�' ����¢3Z 2 ] g SIm;4
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��� ����¢ED;=I8 :.; {���h fLj νe g MSW 1�2�|)03���3Z\�)6\z��V�L�#|������jm� c;.jm1�
��¢j{�S<mL4 ��� �
� g	� � m�j�w<|�D�=�`jbt] � � � QIR g 8 : ��
 QIR
(∼ 100g/cm3) 0-�Ve ^ c./kQ9~'.<f\Q<�JQ�T ( `<b�cId ) 43�\j1=�`<b3] � � �)j�w�|�D
��6Vzd�;�_�'Z�!�"E8;5�$RH�F�GVH9I/z\Z��� g�� x.|����\,�{�Q�~;.If/Q��{Q\T ( ����c
d ) � ��� �JZPc�d-] e j��_�# �� ^ c1QMU� �V θ {&g+h_Q,U� -] � � � � � g���� � QIm����� �&{9Z*8 : ����z��V�_���I� g�p\q fLj�� R � �"!�c � m ��� ����¢ ; Z\����z��L�
�{����#%$�&�z('/Z*)	+-,*� LMA(Large Mixing Angle) ¢�� SMA(Small Mixing Angle)

¢.� Low(Low ∆m2) ¢EZ 3 ]�{�S�m*�
%�' ���#¢%,�� ��� ���)Qtf�{�8 : ����z��L�L�0/�1<]�243��<m9e;Z�{�S�m�� sin2 2θ ∼

1,∆m2 ∼ 10−10(eV2)
� � � f0� Homestake Z,�I��]�5.6.{jh�m (Just So ¢ ) �87 1.4 |

8 : Z ��
�9 {:��h�f1j νe g ��;�<�b�=�|�>-T�j � h�ZLh���r�s�] 4 ]9Z\�8�\z��V�L�
����¢@? � |*n
�:� SMA ¢@{A,0� �I� ���-Z,1�2(|CB-� ^ c;Q�U� IV@{Ee�gihVQ�U� g
� hLo�T
m � � g x � m��Kj�}tf SK Z*D Q q O�|CB)�E� SMA ¢�� Just-So ¢�� LMA ZF�G x�] 90% Z�H�I R {KJML3c � o�T<m [14] � ( 7 1.5) B�-;o���Ndc � j*)�+-, LMA ¢
Z	O�Z 9 x � Low ¢-Z�P 9 � Q
m*�
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1.3.2 SNO

SNO(Subdury Neutrino Observatory) ��� ��� ,0� Creighton ����Z�; F�� 2000m |
S�m�� � Z,����{A,0� 1,000 �	�;Z�
� (D2O) ]1Y
T�oK� X Z 3 ]�Z�����|8B�-;o 8B 8: �8�\z��;�1��]����_�jm��

νe + D → p + p + e−(CC) (1.26)

νx + D → p + n + νx (NC) (1.27)

νx + e− → νx + e−(ES) (1.28)

D�BjEdy���� (CC) ���M,,B�C)�8�\z��'�L�'Z���|�� R g S�m g � ��� E<y���� (NC) �
�4,��-o�Z����K� �\z��'�_� (x = e, µ, τ) |�� R g S�m��

2002 � 4 ��� SNO {A, NC ����]1Y�T�o:�I8 : �8�\z �'�1��Z! �" g � �\z��;�1�a�
�.|8B#m9e;Z#{�SIm � � ] n�f1j [9] � � Z,NI2t]��M7 1.6 |on<�:�

7 1.6: SNO Z CC � NC � ES ����{9Z q O � SSM {�# q c � m 8B 8 : �(��z �'�_��x
$%$�&�' (1σ error) ��(�)%,*� ;	* � � 68% � 95% � 99%C.L. {�J4L)c � m�)	+

B�C�J K (ES) ,�� νe | T � νµ,τ |9e+� R g SIm�j�w*� CC
�

NC Z �-, |�SIm�� 3 ]�Z. ,�� 1 (�{�/10d� νe � νµ,τ � � � � Z�x$1$!&!'
]32�O��<m����Vj��!�)���Vz��L�_��|	�R
g S�m NC Z,NI2C,0� SSM Z�#4 �65 / P87 f{o:9<m�� NC , νe ↔ νµ,τ ZL���.|8B�-
o��� f3;�9��tx$�$!&!'
] q O��@m�Z�{0� SSM

� Z�<!=-Z�>@? g {.h�m�� � ZMN�2.|CB
� � 8B |A3f{o SSM , ,�B -1o�nd�+C�� νe g #:4�D@B)�E"F; /G;�m � 9�`98 : ����z��
�2�:/*1 g �8�\z �'�1�a���(|8B�-1oIH<h � � c � j � � g �M,�J_w�o@KM3)c � j:�
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1.3.3 KamLAND ���
8 : �(��z��'�_�'Z�� g #4�D B-�Le+" ;9 � 9<`98 : � ��z��L�L�0/�1-,���� ��z��
�2�R��� � 9<` 6��@| B�-1oK2M3�{jh�m���f � f ��8 : ����z��V�_�	,�� � |
	�� � ��� �.m\j/w:���������/z:�����EZ��.�.|�� f{o:��[ (1.20) Z 2 ]�w�Z sin Z����KZ*��� g� f</6;<m�� � Z\j\wL���8, ��!��dc � � ∆m2 |(B�m{���)Z*��%,#"�m � � g {jh�;�9��
B#-;o�� �\z��L�L�a����]	� R 5 / q O
�.m�|	,0� ∆m2 ∼ E

L |�;<m�B
` ;*����]�$&% ��@m��
KamLAND(Kamioka Liquid scintillator Anti-Neutrino Detector) �I� � � ,*�('*),+-/. ���\Z0; F�� 1000m |�S�m*� KamLAND ,*� 1,000 � �10�2�3 ��4 yRz('�];YF9�o57698�:

ν̄e + p → e+ + n ;*<F9�o���C����
�8�\z �'�_��;3�����<m*����C��)�C��z �'�
�:,*��=�> � ;
m,?�$F� �A@*� � �A?�B�;DC � � ��E<�.mPBICI�)�C��z��V�L� ν̄e

��F o
��CI� � �HG ��I � m���� ��z��V�2��J�x�$1$�&�'A,M��C�� ; J#=K>(J�LNM:>@|8B�-*O�P
, �.�
�.m Q:���#C��RJ�S	� ��TF;AC � ��U�V ? � |
� % J�D R {�#KW �8� {�S�m��

2002 � 12 � � KamLAND {8,���B�CK� �NX �'�1��J\� �NX �V�V�a���Y;
Z 9KD R {
��K��jm � � |�M&[ F*\ [15] � KamLAND { ,�� � 180km � � \ �#CI� �^] J�_(�����
�&X (1.8MeV ∼ 10MeV) J��C�&X��L�L��;�W�O��.m \N` � ∆m2(∼ 10−5eV2) ��{�J�� R
;ba�]	� \NcRF � ν̄

�
ν {�d J ���.#4$&eX.'N;1a
]�|	,�� CPT f��(J#g�OhQ $i%<{ISIm��

145.1 U J�WIOj{ij�klI � m��(�&X��/�1��J���|��@�.m#m�WYI � \�n �NXpo�q�r�J�>%,*�
0.611±0.085(stat)±0.041(syst)(E ν̄e > 3.4MeV) {ISAsE� CPT fK�(J
g�O�J�t�u 95%C.L.

{ LMA ¢,v�wxJ�#-$.&NX�'�)�+-,�JML�I � m ( 7 1.7) �

θ22sin
0 0.2 0.4 0.6 0.8 1

)2
 (e

V
2

m∆

10
-6

10
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10
-4

10
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Rate excluded
Rate+Shape allowed
LMA
Palo Verde excluded
Chooz excluded

7 1.7: KamLAND �@�j{ Rate
�p]

95%C.L. {�J-L^I � m�) +yu Rate+Shape
�z]

95%C.L. {K!�{YI � m�).+�� LMA , 95%C.L. {0!K{DI � m�)�+
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� \ ��I ] | n � X o#q�r�Je�K�*�(��X '�� &^o ��J���;>¢����
	���u��(B�sE� 95%C.L. !�{.)�+�Q�� � 	*� LMA �  !YI � 	�).+-, 2 ����	��hu
Q�� � 	*�����������A;�� I�!�"xI ] ��#���$�%�;  '&YI(!)	���u
Q )*�+-, "iZ�.�/xJ�021�3eX�4 W�5hQ�687^u9 	
�,u Q j�klI + 	�:

1.4 ;=<?>A@CBEDGFIHKJ LMD NGOQPSRUTWV NX@ZY\[^]`_?ab�c Xd-e-f8g-h �i"�j�k n8l�m oiq*r�nporq n8l�m oiq*r�s�tu� g'vXw�xuy�)* 	�:
KamLAND z�{  qi" LMA �r��|�/8}��Q~ ν̄e → ν̄x � s�t'021'3 m 4'��.�/'�G���'5��	��
��} )* 	�:�������" ∆m2 ��q��2��|�/����-��� ��� "'�����r���M� w qi���
}�&9 �u��� (1 ��� 1 ���r�Q� ) � g ~�|�/
}���� 9 ��: SNO z�{  qi" 8B � l�m ����  �
NC ¡�¢£� CC ¡�¢  � ��5  s�t'¤r� SSM � g-¥§¦ ��5 u* 	�}�" 8B � l�m ���� �q
j
k�� ¥©¨�ª �2	�� l�m �X��  � 0.01%

 ��� 9 � �  ����}�«��  q 9 ��:2¬ � f' "® 12¯±°�²�}i³ * �µ´�¶u·�$�% �p¸Q¹ � pp " 7Be � lXm ���� ��(º����8	����±q�»�¼  �
	±: GALLEX " GNO "�½u¾ SAGE

 q�"2� +�¥À¿�Á�ÂXÃ8Ä m � l�m ���� ���º�� 2* 	
}iÅ�j�k'� l�m �X�p  �pÆ ��¤��Ç����5 8* 9 ��:8� � f� pp " 7Be � l�m �i�± ��i²�È
°É� Ã� ��Ê`� w º�� 8* 	(Ë�Ì�Í
}iÎ�¼M� 9 	�:±Ï'Ð�"pÑ�ÒuÓ  pp " 7Be � lXm �i�� 
� º���� 8Ô � f R & D }XÕ �¥Ö+�w ��	i:�× 1.2 ��¬ + ��Ø-� �f [16] :

z�{ ¡�¢ Ù�¼
LENS νe

176Yb → e−176Luγ 20 �Ç��Ú Yb Û�Ü�Ý
�pÞàß m 4
MOON νe

100Mo → e−100Tc(→ β) 3.3 ��� 100Mo
®�á � Ã + â�1�²�Þ�¯�°�Ý8�(ÞMß m 4

BOREXINO νe− → νe− 300 ���ÖÛ�ÜuÝ8�pÞàß m 4 (7Be ��ã )

KamLAND νe− → νe− 1,000 ����Û�Ü�Ý
�pÞàß m 4 (7Be ��ã )

CLEAN νe− → νe− 10 �Ç��Û�Ü He or Ne

HERON νe− → νe− 10 �Ç��ä�å�t He

XMASS νe− → νe− 10 �Ç��Û�Ü Xe Ý8�(ÞMß m 4
× 1.2: æ�ç � pp,7Be � l�m ���� �z'{

z�{)qp³ * ���rè w " CC ¡�¢ ��ã �±é-��ê�ë�ìà�îí�ï'ð�ñò��é-��ê(ë�ì£�(}��
êi:�íï�ð�ñ�ó�q NC ¡�¢r�ÇÚ8ô � ó�" νe õ  -ö w νµ,τ � ¥ ��÷�ø �  -ù êp: g�v±w "Xú�ë � �5'ë�ì8qiû�üu·�ó�ýÉ~þ"�ú�ër���rê
ÿ��Çó νe " νµ,τ � ¬ +���+ ��� /
}����-êp:�Ø f�� Å� l�m �X�p  �	� νe + νµ,τ � SSM ��
���uê�ÿ
� õ g ~ ��� |
� l�m �X��  (sterile)νs

��� Ð���Ë���-ê
ÿ���}�ó * êi:�Å2� l�m ���± �¤���� 'w SSM ��Ë���2ê�ÿ��±q���Ü� ´�� ����� � ¥ �Ö»�¼2ó�ýÉ~ ��� ���� �!#" ��$�ê&%8}���~�� 9 êi:
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1.4.1 2 ���������	��
�������������
ÿ��2Ø�ó � j-k�� l�m �X�� �z
{`� KamLAND z
{ ����� ������uêr� � LMA � �

2  �! ( " 1.7) õ$# 5 ¹ �-êi: KamLAND } ∆m2 õ&%('rõ �8��|�/��(� v±w ��ê �'õ �� � ����� õ ��uê�) # q+* õ Ga,SNO,SK � j-k�� l�m ���± �z�{8� ¥ � � � ó
ý�ê�:ÿ � ����� õ ��uê,) # � ¹ ¥ õ�¸É¹ � -ê f� õ q � ® 1�¯i°�²�}i³.-u� � ´�¶2· �0/521 �p¸É¹ � pp � l�m �i�±  �'ã�� ��5�� -ê�ÿ��(}XÎ'¼M� 9 êi: pp � l�m ���� ���é
�
ê�354)q � LMA �8ó�q ¿uÁ�Â�ÃuÄ m  (! õ06 � w ∆m2 õ27 �98;:§|5<Q��� f 9 � f � ���Q���Xß m � ��ã ó��'���8}�= �¥ �2ê�ÿ���ó�ý
êp:2>�?� @!rq KamLAND � �
� �BADC õ+E ù ê�ÿ
� õ 9 êi: pp � l�m ���± �z�{ õ+F ö � KamLAND } ∆m2 �9G�H
õ ��I8ó�-�ê
ÿ��Ö� ¥ � 2 J�� � s�t�K�L�M mON q�ÿ&��óP=$I8ó�-�ê�ÿ�� õ 9 êi:

CC ¡�¢r�pé-� f z�{ ( ÿ�ÿ�ó
q Gd) �îí�ï�ð�ñò�±é�� f z'{8ó � s�t 9 ��ó 10000 �
�u�r� �&Q�R ¤ � ��- ��STu¹ �-ê�K�L�M m5N  @!ò�P" 1.8

�
1.9 õ�U �: f0V � � best-fit

q (sin2 2θ, ∆m2) = (0.8561, 7.1× 10−5eV2) õ�W I�� w ý
ê�:�X�Y Q�R ¤8ó�q � νµ,τ ��÷
ø } 9 � CC ¡�¢���é-� f z�{ �$7 h } � �2��|�<r���OZ':r���r� � ������=$I õ �`� wq Q(R ¤8}iÎ�¼ � 9 ê � ó � ¡�¢2[ �&\ ��í�ï�ð'ñ���é-� f z�{ ��7 h }�z�é)·Xó�ý�êi����]� 9 ��:

1.4.2 ^;_�`ba�cd�e.�2fbg
� l�m �X��  ® L�¯�°X²�q+h2i�j-k$j�k Ã õ g�v±w RPl�¹ � w ��ê�:�¬ ��m2n q±j-k �y ê ¹ � ³	- ¹ �2o ¤ �2p5q �&r�Ò(sOt`��� wPu ¡�¢(v���� �w �2ê�:�ÿ�� õ q �@w ïu � ¡�¢yxPz Æ5{ � j
kX×�z8ó � � o � Ð�
5|;: �~}�� ��Î'¼ ��� ���0/ I�1��Ö³b-X�0�� õ � 8B � l�m ���X �q w ï u ¡�¢x@z Æ�� ��/ I51u}�³	-r� (1σ,+20%,-16%)

� s�t
K�L5M myN � =5I õ �Xn�oA� ¹ � w ç f } � CC ¡�¢£� NC ¡�¢��±��IM� f �5�rõ+F ö �
KamLAND ���2� ������2ê8� 6% � G2<
ó�h$i�j�k2j@k Ã ���2� -ê ® L�¯X°�²�}~�à��2ÿ
��} /�� ¹ � f �ÿ � g�h õ � s�t2KDL2M m(N }PG$<��A� �
� v±w q�Y �w � j-k�� l�m ����  � ® L�¯°i²�}�� / õ � �¥ �uê���Ï'Ð � 7Be � l�m �X�p  � SSM ���$� q 10% | � ó@K�L�M mN õ g ê �0� 2% õ 
 e�w ³�-±� f�	� 7Be � lXm ���p ��Ç�$I�2�5� ® L�¯±°�² �+�@� �
¸�¹ �©óD-�ê~��Ø f	� pp

�
7Be � l�m ���� �q�ÿ&�-Ø�ó Á�ÂXÃ8Ä m ²'È8°à� Ã ó	��Ê£� w

�2IM� f z�{)q$|M� � ÿ&� ¥ � � l�m ���± �� � ê�ÿ
���§Ü8}�»�¼�|~�����(��Z$� � õ �
pp ¡�¢ õ g�v±w�¨��É¥ �-ê pp � l�m ���� �q � j-k�� ¥î¨�ª uêi� l�m �i�±  � 91% �� 'w �-ê � ó � ÿ � ¡�¢@vò�Öz�� õ ��I�2ê�ÿ��pq&h�i�j�k�j@k Ã � Ë�� õ+� ���$��óý�ê��
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θ22sin
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" 1.8: pp � l�m �p�(  Gd z�{ (day �pã � Nexp=10000event) ó Rate(Nobs/Nexp=0.56)

� ¥ 95% C.L. ó S�T-¹ �2ê9 2! ( ��� ) � LMA � � 95%C.L. ó0>$? ¹ �-ê& �! ( ��~ Z� � )

θ22sin
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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" 1.9: pp � l�m ���X (í�ï�ð�ñ�z�{ (Eth = 50keV
�

day �'ã � Nexp=10000event) ó
Rate(Nobs/Nexp=0.699) � ¥ 95%C.L. ó ST8¹ �8ê, P! ( ��� ) � LMA � � 95%C.L. ó
>2? ¹ �2ê9 2! ( ��~ Z � � )
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1.4.3 �������$���
	���.�(���b�2fbg
� LSND z�{

1998
p õ � ² m K m�������� ��k (SK) q���� �8}�³��-ó ª J�uêi� l�m �X��  ( ³��

� l�m ����  ) � º��r���	Y w 5σ ��� �! �" <
ó�� lim ���� �s�t)�(ËrÌ-� � � l�m ���  õ o ¤8}�ý
ê�ÿ
��} � y ¹ � f [17] �rÿ �~��� � ¥ � ò¥ � f ν̄µ � ¥$# � � l�m ��� &% � s�t�KDL�M myN q
sin2 2θ ∼ 1.0 (1.29)

∆m2 ∼ 2.2× 10−3eV2 (1.30)

n <uó
ý v�f ��ÿ � o ¤ � q � j-k�� l�m �X�X �z
{8ó���I ¹ �rê νe � s�t(� ∆m2 ∼
7.1× 10−4eV2 �pq&' � � � ó�ý
ê
ÿ��Ö} �-�8ê~�Ph2i�´�¶�ó�q�� l�m ���� �q 3 Ñ�(£�
� w � w�� z�� CERN � LEP ) í�ï�k�í�ï�*�+-, F�. Í0/ õ�1 �5� ��2�3M����  � Ñ�(
[54 2.98 n <à���76 ��� ó
ý�ê [18] � 198&: � 3 Z �<; | 89= o?>A@CB 8�=?D 2-3�EGF�H4 ��I � D 2-3�E<F<H ��JLK D 2-3�E<F<H9M<N�O�P0Q @SR5T-U -?V~�W ÿGX�Y � 2001

p M LSND Z�[�\ 1 V�M ν̄µ → ν̄e N�O�M!]�I ��� 4 � 3σ ����M  0" <U N0O @�^�_�` �ba M&N
O2K�L�M?3 N 4
sin2 2θ ∼ 0.003 (1.31)

∆m2 ∼ 1.2eV2 (1.32)

n < U�c 8G= [19] �d `fe D 2-3�E<F<HgY 3 h�ijM&k�l e�a �nm�M o?> � 4 T mSo�\<pbM<q @�r =9s �
∆m2

32 + ∆m2
21 + ∆m2

13 = 0 (1.33)

1t8&: e 3 h-i�M D 2g3uE<F�H U 4 3 Z0M�vw6 � 30x93�M o?> � 4 R�T�U�y |?z =9{ e 4 |} M D 2-3wEgF<H<Y�~�� W |LV��
LEP M!�?��ojm e D 2&3wE<F�HGM�h-i5\S� s Vf�L��4 3 hGi U�c V�M Uge 4 | } M D 2g3EtF&H-4g��zg�-�0�
��M `!� z D 293�E<F<H U�c V W��0� m�� =��j� ��Y e��?� (sterile)

D 2�3�E<F<H U�c V �L� M sterile D 2�3�E<F<HGM!���bM��b�g��\ 1G8&: eg� ���?�5M&�0�o�m��� tVS¡ > 0 M�¢�£S¤n¥�¦�§ (goldstino)[20]
et�L¨t©�ª�«

M
©0ª \9¬
�V�®
§f¯�°±E² U P
�LV?¢�£�¤j¥S¦j§ (modulino)[21]

et³�´Lµ �Yt�?� s V�¶�¤�° (bulk)
WS·�¸ �LV!¹º9»b¼ oAm½�u <V�¾�¿ y D�À�Á E<F!H [22]

�jÂ
sterile D�ÀtÁ EGF�H @SRbT s VSÃ�ÄÆÅ�M ©ª Y �0� _
Ç � =t�

LSND M<���bÈ 5σ É0Ê-Ë U È � Å e KARMEN Z0[ U?Ì9Í MG¯�Î?Ï Á�Ð�Ñ�Ò @�Ó z�ÔÕGÖ5× � �?��YtØum���Ô�È9z
V [23] � ` o `Ùe � M LSND M!���bÈ sterile Ú�Û
Ü
M IAyg�
O?Ý�ÞL W ��ß =�� 2002 à 8 ábonm�â Á�Ð @�ãåäçæ {
è MiniBooNE Z�[ U È LSND M
���LYGé ` z0M?o�ê�ëLo { V � W Y U�y V [24] �

LSND M<���Aê RLT s V d M W ` Ô e p5M�ì
í ��î â9¤�Y c V �
∆m2

14 Y MSW ï0�AêCð �Ss-Ñ-Ò ì äòñ�ó \&ô y z&k0l e?J�K�õ À?Á�ö<÷<ø Z0[�onm½ùú V&¯jÎ�Ï Á0Ð \!û � V�ü?ýjÈtþ�ÿ U5y V ��� M W y�e ν4 \g¬�
V νe M�����È!þ�ÿ U�y
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Ô e 4 � ó����bU M ��l5È&p5M�ì�í�\ � Ç �bV �
ν1 = cos θ12(c13νe − s13ν

′
a)− sin θ12νx (1.34)

ν2 = sin θ12(c13νe − s13ν
′
a) + cos θ12νx (1.35)

ν3 = c13ν
′
a + s13νe (1.36)

ν4 = ν′
x (1.37)

�9� U ν′
x È νx =

√
1− ηνa +

√
ηνs \���� s V	� ó�U�c V � Ì�
 × � k�l W� �nä e νe

W
ν′
a È ν4 \ � ß Ô�¬�m�� e νa

W
νs È ν3 \ � ß Ô0z � z ��� M<k0l e ∆m12 Y JLK�õ À?Á

öt÷&ø e ∆m23 Y�ô�� õ À?Á�öt÷&ø e ∆mi4(i = 1, 2, 3) Y LSND \9¬
0V�����o � νe M _PAê R5T s V �

� JLK�õ À-Á�ö<÷<ø Z0[ W���� `S� z sterile
õ À9Á�öG÷&ø Ü�M<N0O î â�¤

SNO \�ìGV 8B
J�K?õ ÀgÁuö<÷!ø M sterile Ü�M�N�O��bM&] Ö M!�?� e sin2η ≤ 0.13(νe →

cosηνa + sinηνs)
W Õ�Ö7× � ����ê �w` Ô�zLV [25] � ` o `Ce sterile

W M<¡���� ∆m2
14 Y

MSW ï-�jêCð �SsGÑ-Ò \ c VCk�l e 8B
U È sterile ��ü�ý7ê�� W�� Â! �V � W þ Å e ppõ À-Á�ög÷<ø ��"$#g¤&% ÁtÑ�Ò U sterile Ü'��(*)LY�ð � ä e pp

õ À-Á�ö<÷<ø ��¢�Î,+�°- YGô y Å/.�� Ç �5V � W ê1032 s V�4&576�z î â�¤�Y c V [26] �
1. νe-νx �	($)�8,9 e LMA 8:� Ñ-Ò \ c3; �
2. ν4 ∼ ν′

x 9 e ν1 ì ä d ∆m2
14 ∼ 10−6

µ  ³ Å e νe 97< ` ν4 = � ß Ô Å ; � tan2 θ14 ∼
10−3 > ` Ô e νe-ν

′
x �?($)�8,9

e
SMA 8@� Ñ�Ò = c$; �

3. νe 9 ν3 = È � ß Ô � � z �
� � > yCe 4 � ó����,A � ��l5È&p&��ì�í = � Ç � ; �

ν1 = cos θ12(c14νe − s14ν
′
x) − sin θ12νx (1.38)

ν2 = sin θ12(c14νe − s14ν
′
x) + cos θ12νx (1.39)

ν3 = c13ν
′
a (1.40)

ν4 = c14ν
′
x + s14νe (1.41)

� �&k0l e�BDC?õ À?Á�ög÷�ø = ¬� ; νe �?($)5È ∆m2
12
>�E è =�F Ç&� ∆m2

14 � 2 G'�H'I Ñ�Ò êKJDG � > = �D; �
∆m2

12 �
H,I È�L�M�N =�O�P�Q�R ê r è�s � A E > 7MeV

A HDI Q�R > ��ä νe �&� yS ä ë�T�È?L Pee ∼ sin2 θ12
> �'; � E < 0.5MeV

A È?L H�I È!ð �3U � z�� AWV » ($)�êX�Y ²[Z è'\ � =1] Z Å �$; �L� �
È?L LMA 8,� Q�R@= �&^ s ; � Ì�_ L ∆m2
14 �Sï0�bÈ

SMA 8 = �`^ Z L ∆m2
14
> tan θ = tan2 θ14/cos2θ12 = ì ß Ô�a�b�cj U � ; �A� �&ï0�

= ì ä L pp
õ À-Áwög÷<ø ��"*#g¤&% Á<Ñ-Ò A νe �&� y S ä ë�TjÈ�.�� Ç � ; dfe

1.10) �ú è L 0.5 < E < 7MeV
A

∆m2
14 = ì ; ï���È OWP�g*h > Z Ô�iL� ; 9�L ∆m2

12 = ì ßÔWj�k Ç ��Ô Z ú í1� A L � ��ï0�5È 8B ��"$#�¤&% Á&Ñ�Ò = È�i�� � z � ì ß Ô�L � �ï0�nê�l$m ; = È pp
õ À-Á öG÷<ø ��"$#?¤@% Á -�n ° ö ¤&��o�p:9 ³ � A3q$; � ú è L

16



sterile � ó �7ê	l�m ; = ÈWL���� õ À9Áuög÷!ø > active
õ À�Á�öG÷�ø ��� _ ê�� ; ~?�'9q�ä L � �
È CC �
	Aê���z è��� > ���
������	jê&�
z è���� ��� _ ê��'� � t� ¸ �

U � z �
pp
õ ÀgÁuö<÷�ø �	.�� = ì ß Ô��Lz sterile

õ ÀgÁuö<÷�ø ê��
��� ; � > 9 A�� � ¸ L �
� ú A ����� î â�¤ =���� ê�~?� > � ;�µ  A È � Å L! #" � ��� �t�?�,�78
$ = \�%�&ê�' ; �

MeV
10

-1
1 10 10

2
10

3

S
u

rv
iv

al
 P

ro
b

ab
ili

ty

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

eν → eνP

µν → eνP

sν → eνP

pp 

e
1.10:

B�C�õ ÀSÁ ö!÷Cø νe ê)(+*-, A/.!0 Z è > � � (�)�ë�T Pνe→νe L Pνe→νµ L Pνe→νs L
(')b¯±Î�Ï Á�Ð È (sin2 2θ12, ∆m2

12) = (0.8561, 7.1 × 10−5eV2) L (sin2 2θ14, ∆m2
14) =

(0.004, 1.0× 10−6eV2) L sin2 2θ24 = 0 �
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�
2 � � � 160

Gd

2.1
160

Gd ��� �	� 
�����������
160Gd ���� ( ���?����� 21.8%) = ì ; � "$#g¤D% Á B$C�õ ÀgÁ�ö<÷!ø"!$#&% �����g�
9 Ragahavan = ì ä('*)�Ç � è [27] � 160Gd �����bÈ õ À�Áuö<÷<ø ê,+�- � ; > L�"$#g¤
% Á Ee− = Eνe − 244keV ���
��ê". # Z Ô0/�ð�1*2 160Tb∗ Ü43*5 � ; � 160Tb∗ ��6�
È87�9 8nsec

A "*#?¤&% Á 75keV �;:=<Aê". # Z L Ç U =�> �@?�L�7*9 86.5nsec
A "$#

¤,% Á 63.7keV �$:=<Aê". # Z Ô4A�B*1�2 = 365-� ; � > �/ �±ê e 2.1 = � � �

e
2.1: 160Gd � õ À?ÁuöG÷&ø +�-���	

� ����	@�DCDE5È 244keV > � Å L 862keV � 7Be
õ À�Á�öG÷&ø ( FDG,"�#9¤@% Á ) >IH

ô*"�#9¤D% Á 420keV � pp
õ ÀgÁuöt÷&ø ( J�K -�n ° ö ¤ ) 9 .
03A ��;ML ú è L e 2.1 =� �7ì
í = 3 G'�&J�K Z è ÉON,9tØ U=P ; � A L�a�b ×RQ8S ³UT�V4W
0 9g��� > Q ;@L�Ç

U = L õ À�Á�ö<÷<ø +6-
��	 = ì ä . # Ç P ; �
�±êW�YX 0 Ö A ��; � A L õ À�Á�öG÷�ø
��"*#g¤&% Á 9 óUZnä L ú è �
	 V ¼ 9 óUZ3; � A�B$C�õ À�Á�ög÷�ø � V ¼ % )&�M[*\ =
\^] Z Ô*_ ;YL
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� � =���� � ; Gd,10ton ê�� _ è@! #"% ê��òà ¼	��
 Ç� è���� L õ À�Á�ög÷<ø ($)
9 Q _ ��� =���� Ç P ;�������� pp

õ���� ö9÷<ø A 260
��� L 7Be

õ���� öG÷&ø A 285��� > Q ;8L 176Yb L 160Gd � õ ��� ög÷!ø +6-�TAê � 2.1 = � � L
176Yb 160Gdõ���� ö<÷<ø�! SNU event/year/10tonYb SNU event/year/10tonGd

pp 550 76 200 52
7Be 448 62 218 57

CNO 106 15 52.4 14

pep 29.5 4.1 16.8 4.4
8B 14.8 2.1 10.7 2.8

total 1148 159 301 130

�
2.1: 176Yb L 160Gd � õ���� öG÷<ø +�-�T

160Gd = ì ä a$b#" Q@S�$ T�VOW0 9&%(' > Q ;*)�_ L > � T	+�, 152Gd( �^� �-� �
0.2%) ��.0/-1 �32�4 � 1.1× 1014year > _6587:9 = \ ZOZ�; U=< L 10tonGd >�� _-? �
� 15kHz > QA@0B �C�EDGF�H&I&JLK�D =�M ZON 1010 P-Q � _ LLR�S ?�T Gd �VU Z U SW�X	Y�Z-[�\ K#] > 4 U ��?�T�^7L 0-_ % >�`ba�ced�?+,Cfg9 hi^�j�abk(' S 0�_ >��(lmbn�o�p l�qr�s#h P l LRGS

152Gd
S /-1�t*uwvGl .,< S-x�yCzg{b��� Eα = 2.14MeV t p l o f6. Y x|Ki}K Z ^�~ @ 1/10 ∼ 1/20 ���Aq Q l R q oG��� 9 P l L�R*S ?�T pp

B �&�wD*F�H ^ M �
l W6X	Y�Z�[�\ K�] ^ Q lgq�r�s#h P l o fC� _ % S�� [�� ��� ^(~*� N � f*��a�^���9� tg�bl R q o �b� tg�bl LRGS ~(5 Q 160Gd >�#�G?i�#��� o*�b� � P�� fC� x�yGz({������ B �C�wD	F3H&S�� �
^ ~ @�B �C�wD	F3H��� k�^ M d $�n Q*��� >��(s N �¡  li¢ RGS �#����t ��£b¤�¥:¦	KD¨§-©�Sbª >�«¬hs(l S t&f| ¦� W � > νe ®�¯ ^�° _ t���l	¢ R*S ?bTCf�± SG¤-²�³´ >iµ�¶�? ��·�¸b¹ q�ºb» � l R qt*f*¼�� S	½ ¶ B �&�wD�F�H��-��� [�� � � >�¾gT�lR q o %('Lq�¿(li¢À ¿ ª ^ 160Gd

S ±g^ £b¤�¥�¦	KLDÁ§b© >�µ�¶-?i� x-yGz�{b����� B �C�ÂD	F�H �����
qbd N f 115In,176Yb Ã o r�s6h   N ¶ l�¢ 115In

� fCÄ-Å�ÆbÇ�º o 95.7% qÉÈ � f�°�Ê ¿Ë�Ì � m-n t � ¿�¶*¢#d�ÍLd�f 115In ÎVU oGÏ R �ÑÐ /-1 o W6XGY-Z-[�\ K|] q¿ lC?�T	fÒ S q R�Ó ��� � 9   N ¶-¿b¶C¢ 176Yb
�

160Gd q3Ô�Õ|^if Ö   Î�U S Ð /-1 � ¿b¶ o Ä
Å�Æ-Ç-º o 12.8% q�× ¿�¶&¢�ØC?	f	Ù $ Ô�ÚGÛ���t p lb?&T��g���|Ü S�Ý�Þbß�à-á o Q �
¿ WeXCY-Zb[�\ K|] q�¿�� N dGØ�5â¢ R   h � f LENS

��· tbãCä o*å T6h   N ¶(l�¢
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2.2 � ��� �����
	���������
��� t�����?�~�5i^if 160Gd � ²���� � x�y*z�{! G��� B�"  ED�F�H*S �#��^�#   ?i°ß >%$:� N ¶�l�¢6d�ÍLd�f B&"  DGF�H «�')( ��* 2.1

S ~(5�^�¿(l o f�Ö S�+�� B�"  D	F�H «,'�-/.�021 160Gd q 160Tb∗
S�3�+�4�Sbx�y&zg{! -S65)7-_ 9G^�~b� N Q �	¿98: >%$|� N ¶�l	¢ RGS(R q � f B�"  ED�F�H «,'�(�Í�h ��� B�"  D�F3H  [ X	Y6; S=<

M)> >�¾�T�l�q&�G^)?�@EqO¿(l�¢
LENS

��· Z z� BA t � f 176Yb f 160Gd
S

3He «�' §�© >�µ�¶ N f�«�'BC S/D ÏBE,FS=3,G >IHed �KJ �(?*¢ ¸b¹ > * 2.2 ^ML � [28] ¢

176Yb(3He, t)176Lu

Jπ
D Ï 3�G

(keV) B(GT) or B(F)

1+
1 194.5 0.20± 0.04

1+
2 338.9 0.11± 0.02

1+
3 3070 0.62± 0.08

0+
IAS 16026± 6 36

160Gd(3He, t)160Tb

Jπ
D Ï 3�G

(keV) B(GT) or B(F)

1+
1 138.7 0.054± 0.009

1+
2 232.8 0.014± 0.002

1+
3 478.2 0.160± 0.03

1+
4 573.0 0.021± 0.004

1+
5 664.7 0.031± 0.005

1+
6 1120 ∼ 0.034

1+
7 1310 ∼ 0.025

1+
8 1500 ∼ 0.043

1+
9 1610 ∼ 0.034

1+
10 1670 ∼ 0.051

1+
11 1750 ∼ 0.051

1+
12 1900 ∼ 0.056

1+
13 2040 ∼ 0.259

0+
IAS 15019± 6 32

*
2.2:

D ÏBE,F SI3,G q ��NBO n2P

Q ® dVf B(GT) f B(F)
�

Gamow-Teller f Fermi R�S,TVU ��N)O nBP t p li¢XW�U�~2Y
¿ 5,7�_[Z U�\A�G¶ N2O n]P t �/^2_ o6` ¶2U-tCf �ba U � �2c "  ed!f�g �|�	�gt �c "  �d6fIgBh µ ¶ Q »�i h m-n q � li¢jW  �k ~&�ml&fC�|�3�XU ß�n�hpoVq Q �g�=r�(
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U 5�7�� Z���� � W q o t��bl�¢D Ï x�ybzg{, m3&G U i 7 ¿ NBO n2P h ¾ q l Q q k � f��	� k�
 ¶��� x yCz|{) c "  d f�g,h Ö  ��C  U 3�G�� q k µ�� � l�U o�� Ø�di¶&¢edOÍLd0f 176Yb f 160Gd
h

º&» d Q�� _ f 176Yb
�

1MeV ���2U D Ï x�yCz�{� �3,G o 2 ��t p l U k�� d0f 160Gd

t � 5 � � p l U&tG»,i k µ ¶(l c "  d f=g	�  ; h µ�� � l U o�� � q3¿�l	¢
176Yb U � _ f 2 �]U D Ï 3)G k"! d Q c "  d�fmg��/ ; 51Cr(Eν = 751keV(90%)) f

75Se(Eν = 465keV(96%))
o�p l o f 160Gd t � W6Ui± k � ÊbU c "  d f�g	�  ; oCmn q�¿(l|qr�seh   l	¢ Q ® dOf 1+

2

�6NBO n2P�o � Z � (σ ∝ |B2|) f 1+
4 f 1+

5

�-x�y&z
{  $#!+ o jg¶ (σ ∝ (Eν − Ethre)

2) UCt §-© -6.�0 � ºb»&%�� Z � f,8 : U�\:� Z o Ö 	')( ?�@ q�¿6h�¿�¶�Í � d   ¿�¶*¢c "  d�fIg*�m ; h ��� Q »)iAÎ,+-f Ga
��· t Cr

h µ�¶)l N�-   l-¶�l�¢�Î=Å�ÄbÅ
Æ�Ç�º �

50Cr : 4.35% 52Cr : 83.8% 53Cr : 9.5% 54Cr : 2.35%

t p l�¢,W�Wit νe

h/.0� È � Ý � � l9U ��13§b© -/.)0VU=\��3¶ 50Cr U�2 ßb² «)' k ~*�
l 51Cr

h"3�46571�8:9�;
27.7day t,U�<�=

51Cr + e− →51 V + νe (2.1)

k ~$> νe

Ý � §�© t	?�>�¢ @gÚ 4 U:2 ß-²�A�Þjh �b� � > k � � ²:Bjh µ   � ~�¶BUbt 1Ý-Þ-ß�C�D
51Cr U > hFE�G > kIH �jW*JLK�M n JO¿�>�¢

160Gd
k � È 3)G k ~N>PO�Q Z K�?�> Q q 1SR ¶$T0U=¶&JO¶ YWV�X � ?�> � U)U 1 176Yb

K 2 Y�Ô�ÚGÛ���Z�?:> U k�� 5 160Gd Z � 3 YgÔ�Ú*Ûb�	K�M n Z	?�> Q q\[0]\^�_�`�a�bc k�� � > � f�]jd � �:� k ;�d Z���>�¢
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�
3 � � � � � � � � 	 
 � �  � � �� �

3.1 ��� ����� ����� b"!$#&%(' U*),+.- 1 1937 / k Kallmann K103254,6 k8739 Cjh ?9l 1;:3<>=@?3A 5B;C;D(EF<,G3H3I,J(KMLONQP J�J;R1S P3TVU@BXWQYQZ 1947 / EO[ -]\	U8S8^`_3a L*b.ced="f>gOY,h S E 0523i`j.klS :l< 436 = iMm U8nloqp(r S]s.t EOu5v  Mw !x#y%z'3=;NQP{ g]pzr S*|,} U8Y [29]
Zu3v  ]w !~#y%(' - E*��=]�F� S8�M�>��� g1� S EQ� t�� {(� r �>���,�]�`� g*Z��OYeEi�j`� Pl< i,6 EO�;� �l�3� (Wave Length Shifter WLS) �.� LF�3�,� �Q� � EQ¡O¢¤£F¥¦ S�§Q¨X© WOgQZ>U m UªEO«,H,¬5 �O® \ � �~t ��¯ � L ©>°�± �F²>³ � {`� �q� L1´ �R � gQZ

3.1.1 GSO µ�¶V·F¸º¹¼»~½,¾À¿QÁ�Â
160Gd

=*Ã � YeÄ�Å,Æ]Ç1%ÉÈFÊ*Ë&b.c8d.L*Ì,ÍÎr,U"B1E
GSO(Gd2SiO5) ÏºÐ  Mw !~#y%' ��� g

[30]
Z

GSO Ï.Ð,- E Gd Ñ`0lÒ � 74%( Ó5a ¡ ) © � t E;Ô`Õ3Ö (6.71g/cm3) © �g�Y3he×5Ø3ÙºÚ]= ® \ � © WOgQZ5�lYFEQP5< a � ^ W � (8, 000photons/MeV)
Y3hFÛzÜ5ÝÞ]ß % ©ºR A3à~U � {`� Z¤U m UªEQPO<MáFà3â (

PO<ºL*ãläXá,å
)
L"� \ (τ =30 ∼ 60nsec)L,Y3hOæ Ó.ç á�è3A¤L �1¯ L1éÉêìë, (τ =8nsec)

=@í(î © Weï1E`ð$ñ;ò`ó,ôzõ w�ö L1÷øz�(ù*ú r � g*Z s;û B1ü¤ý - E R;û r8áFà5âºLFþ �  zw !$#&%('`=]ÿ��Îr,U*Y;Z.p;L s� � ÿe£ S�� UFY*b.ced S u3v  Xw !$#&%(' �`� gQZeu`v  Mw !Î#y%�' -���� 5nsec
C	�LeP,<Má;àlâ © � t E;æ Óºç á1è,AXL �F¯ L1éxêìël ="ílî © Wlg s � � þ � á;àlâ�=�
� © WOgQZz�lYFE�¡3¢�£��� � p(r m��ª^�� L*bqc8d S�� � B � g*Z��zp © ü�ý - E3u3v zw !x#"%�' S Gd ���`4 = i]m { p]r S UFYQZ

3.1.2 �	��������Qïlu3v  ]w !~#"%z' SFi! g Gd ���`4 =�" \e�# Q�%$3���"� � Z��lL'&(E)(%*.=,+- B#�lL).ºô	/O%z'5=&Ã � BOÙMÚ(L10`è¤= { gzp(r SO� g � E � g�2,Ö]C`��L�(%*M= R1ûB � g�3�4 �`� gQZ��Xp © E�N;P { g*u3v  Mw !x#y%z'�L'.¤ô	/O%z'XrlU8B65 3.1
L s �� ÿ7� =&àMh(YOZ8:9 S Gd ; ÖXL8I�< S�= � E&Pl< aX- ã�>~U@BqUQ� � Z(p ��- Gd ���34 � Ü5Ý ÞXß %?�@ 2	A =,BqY � � Y3h © E { - B]L 456¤- � m,� > �5m3� ò;Ü w !!Cl%>r � gFZ ( D	E

A
P,< 2FAHGJI )

p;Lzp(r - E`NQP { g � �l©Q^ W �)K�L`S3� g(pzr �6M�N \&� g*Z i�O
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Gd iJO Ö > 5%(Gd Ó`a ¡ )P5< a > 2, 000photons/MeVP5<.áFà,â
<
â

nsecã5ä`�
>50cm

5
3.1:

NQP.Lqÿ��
Ö5ElPl< a Elãlä`� - � ï �qR ÙMÚ(L8��E ^ W \ =��ºh�g6.ºôJ/�%]'zr � gQZz�lYeE(á;àâ -������	� (τ =8nsec) sMt1R þ ��
 � æ ÓXç á�è�A.L�� Ò � Ô � � gFZ
3.1.3 »~½,¾À¿OÁ¤Â������u5v  ]w !x#y%z' S���� = iXm U*nlo�r � ����� - E�� ��� E���� ��� E� � E"! �M�� L�#.ý � í	$ ©�%'&zS)(+*`� B � gQZ�,	-¤L/. � r5U@B'0eE i5jºS�1�2+3 ( � = < � gp�r © E�4+5�((E64�7J(XL � ¯ � L/8�9 R@i]m { p(r � © WOg s � S U8Y;: w/<>=@?"A6Bò�C Þ = � Ã { g s � S3�zû B � g*Z�Mp © ü�ý�0;: w/<D=E?+A�B ò6C Þ L � Ã.=�F � E�G¤L 4 H =&Ì`Í S � &'I Z
J Scintisol EX-H ( çLK	���+M�N )J Scintisol 500 ( çLK	���+M�N )J ULTIMA GOLD (Packard M�N )J PICO FLUOR 15 (Packard M�N )

p �Î�*S E	O�P,E�Q�P�R�S¤L Gd �J� 8 = i]m U*n &3©�T YOZ (
5

3.2)

ULTIMA GOLD, PICO FLUOR 15
0'U@V~U@BqUF� �>� � �ª� m,�Om�û Y � E EX-H

0
W�X

Gd
E�Y�Z;[ X

Gd \ � �'];� 5%
E

3% iXm U E Scintisol 500 R � �']O� 6%
E

5% im { pzr � © WOYQZ
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(Gd Ó,a %)

S
ci

n
ti
so

l
E

X
-H

S
ci

n
ti
so

l
50

0

U
L
T

IM
A

G
O

L
D

P
IC

O
F
L
U

O
R

15

Gd ��� 8 (�9
GdCl3 · 6H2O

Q�� ÏºÐ (
Q�P

) < 1% < 1% < 1% < 1%

Gd(CH3COO)3 · 4H2O
Q�� ÏºÐ (

Q�P
) < 1% < 1% < 1% < 1%

Gd2(SO4)3 · 8H2O
Q�� ÏºÐ (

Q�P
) < 1% < 1% < 1% < 1%

Gd(NO3)3 · 5H2O
Q�� ÏºÐ (

Q�P
) 5% 6% < 1% < 1%

Gd(ClO4)Cl3 · 8H2O
Q�� ÏºÐ (

Q�P
) 3% 4% < 1% < 1%

Gd(C5H7O2)3 · H2O
Q�� ÏºÐ (

O�P
) < 1% < 1% < 1% < 1%

Gd2(C4H4O6)3 · 5H2O
Q�� ÏºÐ (

O�P
) < 1% < 1% < 1% < 1%

5
3.2: Gd �	� 8¤L i	O Ö

G S E;ü.ý � F � Yºp(r/0FE": w/<>= ?;A B ò�C Þ L�� �����X© � g 1	2	3 ( � E3P��8	9�� O�P i3j \
	>û�� ������;: w < =@?"A6B ò C Þ sMt��3\M��� ( *�� s � � � \ �g�p]r I]û Y;Z ��� 
�� � �;×]Ã � U �Q^`a �Fu,v : w/<>=E?+A \ �>gXrOW � ����� È��
2M©�� /qÊOñqÈ � ^ W � r@F � �y� gQZ
1	2+3 ( � 0���5 �ei! Y>r1W��Qí���� O î��� �zs3û���!�" � í  >� � gQZ (

5
3.3)

!�" (�9Å�#�$ w 1�2+3 ( � (
B�< $ w

) %�& 0 +' #�$ w 1�2+3 ( � ( ( Æ)$ w ) %�& 0 −* #�$ w 1�2+3 ( � (
Ë;Æ)$ w

)
#�$ w O î,+ � �R�( 1	2	3 ( � %�& 0 +,−

R�S�B H
5

3.3: 1�2�3 ( � � !-"
p ��� � k1© �`ËFÆ)$ w 0 X � ( Þ B Ê �/. +ì¡O¢¤£1�à © � g10 k1©2� � ( Þ23eÞ�4�5Ë ? Þ � � � ��0�6 X ��6 ( Þ B Ê ���87º��� � g�0 s�9�� �qp ��� � k1m$� �;:Xpzr �+1<�0
=?> 7�@ ©�N�ACBe�D� �FE G;� 1�2+3 ( � \ Ì5Í,G�+�< [31]

0
( H 3.1)

HLB
G 0��	4�5	(,G 4+7J(���I�J \ �LK * +M�	4�7	(�� , � 6FN � � \ 1

G�+O��4+5
(P� , � 6FN � � \ 40

G�+ � N E 0.�)<�QDRSG 0�� 1�2�3 (�T \ 5�U�V � U2WC+7<�X,+<�GZY � ílî,+?��[-\,G�+ � V 9 <��� ��] E/^-_�`�abE 0;c/d K \ F�eS+ � ��c�� 2 H
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� HS210                      
�����

HLB � 13 � 6
�	��
 � 70 � 78 ���������	���	��������� �"!$#�%�&�'�!(�)'�*"!

)

C8H17-            -O-(CH2CH2O)nH

� NS210                      
�����

HLB � 13 � 3
�	��
 � 46 � 54 ���������	���	������& +"!,#�%�&"' !)�('"*�!

)

C9H19-            -O-(CH2CH2O)nH

H 3.1: 1�2�3$- T���.$/

\10�&'I 02(3 � c d K � 1	2�34- T6587 d I:9 Gd ;4<,= \ U�W,>b��W \�?A@ E <$B��DCFE-UFG
] 7)H"I�J 3 � UFK _ H ?:@ <�0�L���[-\D�DM$N Gd

5
HS-210 ��. + 8%

�POFQ:R�N
Gd5

5.1%
U 9 <D5PS�O4QTR�N Gd U�V4WYX[Z,W +1\ + 2 9 <�0 2 < NS-210 ]�^ SDMDN Gd

U 8%
U 9 <�0(_a` U S Gd ;F<,= G�+1\bMDN Gd

S�cAd�egf"h:i)j�k�l$mLGDn	\(o$p4q -T
HS-210,

CFEFU4G
PseudoCumene, rts UTu PPO, rwv UFu Bis-MSB

H 0yx c�G ] nz){ o4pFq - T,G|CTE�UFG~})��H (20/80),(40/60)
G4n"\bM4N

Gd
H U;W�n z G�cD��S~L

d6��d
3%
S

8%
U 9 zP{
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3.2 ���������	�
 ^��YX Gd
H/U2W$> c��5 ` Y z M$N

Gd
H����)\bS

Gd � _ ]�� >��������y} ZT;H���� n z){

 NaI    PMT

PMT

  LS
Cs

 "!$�$#	'�%

&
3.2:

�'�"�"�"�

&
3.2
}�(*) ] n \ 4.5cmφ×6cm

}�+�,*-�m ] 50ml
}
U�VyH/.�d)S

137Cs 021 (662keVγ)}43�5�6�7
(477keV)

H48:94\�V"; cad�e f�h6i ]'<�= m�>$hAH@? n	\A�'�CBED z({3�5�6�7F U 6"7"G θ = 180 H }JIFdLKNM	dO6"7 }�c: `ba � { IFdLKNM	dO6"7 }QP�RSUT } <�= mV>$h Ee U
Ee = Eγ − Eγ

1 +
Eγ

mec2
(1 − cos θ)

(3.1)

`XW DY�D} ` S�3*5�6�7
(θ = 180 H ) ` U

Ee = Eγ − Eγ

1 +
2Eγ

mec2

(3.2)

 ] � { NaI
` 3�5'6"7FZ 0 (185keV)

HL[�\L]U�6>�dJ^(S�3*5�6�7 n z ,'_�d�M }*`aHacbed D�� {
(
&

3.3)
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coincidence with NaI

&
3.3: � ; c6d	e f�hTi�}X�U�y}��������

[U\2]2� n z 
	�S IAdLKCM"d <���
�:9 5 a b�d B�dT\ 477keV
}�� 0 ]4� >����Phk S��$K��:5���� ] ��� b�� > XM] �)\U9J� { ��������S26"7"Ga} �
!"� B ] 7"}�"�#�$

] (2��\A�U�y} %'& (�5 a ��Dn1\ ^ S*) ]2��5,+-� ] &�^��Ph:kP}�.0/-1a}�2
3 U-4 5 7 ] 9 { (*�)\)S c)}6��h6k�}�.0/-1�5L�'��� ] �
76>V�J98 ] >�c:"5 ` 	*� {
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c)}V( ) ] 5���HE8J9D\�S���� ] cAd�e f�h6i)j�k�l$m ]�� n�M4N Gd
H�� � n z �	

}4�U���y} � _ Z,; H ?A@ zb{ [�\ H & 3.4 ]	� > {

Gd wt%
0 2 4 6 8 10

p
h

o
to

n
s/

M
eV

0

2000

4000

6000

8000

10000

EX-H(Dojindo Co.)
S-500(Dojindo Co.)
PC/HS210(80/20)
PC/HS210(60/40)

3Toluene/Gd(EH)

&
3.4: Gd � _  ���U�~}�
�

1MeV
a z b }

photon � U S Borexino ��� ` ����d4\'9 � � ;yc:d�egf h:i (Pseudoc-

umene100%+PPO1.5g/l)
H����C)n \��:B z�{

(N2
+����"d��	�6n `	�

8, 630photons/MeV)

Gd � _ }! FIN* ^)] �U�65�"$# n1\U9 � { c d U S Gd
� 7	}��&% = 5 < = mJ>�hF}'$( H*),+P\�9 � z B `ba �V*-FJ &MdV� { (2��\bS$> @ \T} � ;ycad�e f�h:i ` [.�a}"�#y}�/ 0 !�:��c�"5.021 B�d�� { Gd(EH)3

 U S Gd[OOCCH(C2H5)C4H9]3
}�c:

` S
LENS �2� `$354�657 h M��8	9 d 8 ] 9;: B1dT\ 9 z ^ } `Fa � { Gd(EH)3 U 


^ Gd
H*��� n	\"9 �b5)SDM4N

Gd+PC/HS210(60/40)
}$/ 0 }!<�= 0 ( b ^>F] a b L) `Fa � {@? 2 b [�AA}

Gd � _�` � @ dJ^�S$B6L�& X MDN Gd
}X5A5A�U�A5 � 9 � �Y) {('�(\bM$N

Gd
H48:9 z � ; cAd�e f�h:iD}X�'�"� U S
+-� ]DCFE H ( n z �9FJ � {
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���� ] S�� �)5 0 5 ���	� � 6�
� ;F<,= S~cad�e f�h:i�j�k(l�ma}���` < D U
��� � 6�
�� ;,<F=

Gd(NO3)3 · 5H2O

c�d�e f1hAi�jTk)l,m
PseudoCumene(

CTE$�FG
) · · ·60%

NS210(
oDp:q -�� ) · · ·40%

PPO( r 1
�4u

) · · ·5g/l

Bis-MSB( r 2
�,u

) · · ·0.1g/l

Gd(NO3)3 · 5H2O U S 8%
2 ` � 9 ��c �5*� ��� z 5 Gd � _ } FI ]  ^ � ))k < de1SU� }46"7 ] (2�E���U�FS��FO��~}�"$# H.-Ze n�� X \ U � & �*9 {o:pAq -�� ] HS210

` U � X NS210
H 0 5 ����4U S HS210

`���� n z � ; cad�ef1hAi�5
4
����� _2` Z4W n	\ n 2 � z � & `ba � { =� "!U� -aU S ,2_ d�M � }�#��*96�7 hcM��.84H�� �6>V��# `%$"& � & R `2a � {

NS210 U � 1 ' ` ZTW n z 5�c�}�(�9
U S�# n �:9	;")�* 5�( )Zc  � &,+ 	L� ;�) � - u ] a �J,- ��dJ� { =� .!2� - ] ?9,\ U S�/"0 `%1 n X[?A@ ��c  ] >�� {
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3.3 ����� ��� ���
	
3.3.1 ��������� 0���� @ z ( ) ] S	obp$q�� �  MbN Gd

} �:` < �*D ] (A� Z�WaU S � ;�c6d�e f�hib}Q�'���$S �FO������"}�� � H�� > B�DY�! #" ] � � { L%$��=� .!2�&� H !('F>�� zB ] S 45 H C ]*) � z�+&,�- . ]�.0/ H
��	1I�1 .$� H�2 � zP{3,�4 U S PseudoCumene}(5�6�7
(54 H C)

H�-98 n�\;:'� n z({ A=< ]?> ,A@ 10 H C
#9B�C��V�SED ) P�Fy}�1 4

U � 2 G ] � � { 9 dIHKJ�LNM�O#P ] � X $� J 1"�QCV��|S O�P0R!S } > , U � 15 H C�F}=��S
45 H C ] n z*T&U S 8 G }?V&1 .�� J C��A$� ] � � {W }�X&Y$S ��Z n z � ;c6d	egf"h:i J +&,�-\[ .^]0_

6 ` 3QaEb�9?c(d [*e d n z({ $!]%f?a � , � e dQC��b}[ ����� z \&gha �
1 ' |�=i nI_9V01 J -E8 n*_Njlk� �g3�^m:�3n9oe dp9 N" =q*_&f9ahr(D [ ('�!D ) e D @ -&s &t]J� @ a;u @ r&D�BI]Q_�qEv*�?_�9�3p � J!w �xq*_ B�y{z & @ m"�9o W $*_3a W

3.4
pV( ) � �:` U D&�=|3}=r

(1mol/l)
J~Q� _

45 H C
p +�,&- ��r&D%�Q�FM J 2 �Enho

HS-210(20ml)+
|h}0r

(10ml) 20 ` ���&d [�e d
NS-210(20ml)+

|h}0r
(10ml) 31 ` ���&d [�e d

PseudoCumene(20ml)+PPO(0.1g)+
|h}0r

(10ml) 28 ` ���&d [�e d
PseudoCumene(20ml)+Bis-MSB(0.01g)+

|E}0r
(10ml) 28 ` ���&d [�e d

PseudoCumene(20ml)+
|(}=r

(10ml)
e d�q!�U9

W
3.4: 45 H C

+&,0- .E�^p?rQD��Q�cM
$�p:(") [ a��=�=��� � at�=�(�3���9j [ r(D#�I] � CQ�*�(� J�� ? o HS-210

@
NS-210�� j�rQD��I](�0C��\$Q�?f?a�$&$?�Nj��=�x�I]%nho�$hp�X�Y����a=}0r

Gd
@ $�]��!p�(� [ ��� qtahr(D�q!_&���A$Q� @ -(s���]���o�$*] J9���{ �¡ �=qI_hah�0�(�&�=¢A�;��0�0� J*£N¤ jEp [?e s%�A$Q�t�=a3r&D(¥ � p�¦N�

Gd
D U � J*§ � CN�Q$A�¨a�v�n�©Iª¢��3rQD ��« ¢ [ �(¬ _hr(D J;9® C�� ¤ � @&¯ s���]���o

3.3.2 ���°�±N²³0´ D U �\p�µ&Df?¶&aE��a ´0·Q¸ ah¹(º�»h¼K½ ¤ �(�¾rQ¿���p�¥ � [ �%�ÁÀ%Â �*r(Dµ(D%�&m � a W p�Ã;Ä�Å�Æ&Ç&f^È=É�ÄEÊ3Ë0Ì0Í�FÎ&m^��o#Ï�p&n3Ð;ahr&D�µ&D �E« [3Ñ �_hÒ�jlÓ�Ô ¤ p&f;a(µ&D�p9Õ�Ö ¡�× Î�ÈQÉ=Ä�Ê�Í�F J?Ø(« q&Ù�Ú�r^D J?ØQ«%Û �^Ï�IÎmQ��or&D �9« ¢#f ´AÜ �N����fhÝ�Þ [ aQÝ�ß0r&D �?« ¢ àáÈ(É�Ä3ÊhË&Ì0â «�ã a3äQß0r&å �« ¢ àçæ(r(å���è&é=¢ ã [ è�êK�I]%��o0È�É;ÄEÊhË(Ì�â « ¢Nf?a À(ë Í�ì^Î À Z q*n
ROO�¨ß�p �Aí [ Í&ìxq*_;a�È=É�Ä;Ê=Ë(ÌKî Ø0« q Û � ´�Ü î �^ï å&ð0�pNÏA�Eî9� í o

ROO + AH → ROOH + A
àòñ�ó\È0É�Ä;Ê ã

(3.3)
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ROOH
f��0ñ(ó ¤ å0ð&�%Î^m ��� ¶ ¤���� �(¬	�

RO
�

OH
� é�
x�� � rQå&µ0åKî?�

������� Ï Û�� p;Î�mQ�9��� �
ROOH

î��^� � ñ3ó ¤ å0ð�� ��� s��
ROH

� è0é�����Ï�� � rQå �?« î����	�=ÎhÓ�ÔNÎ&m&�9oNÏ9p ��í ¤ ´�Ü î ³ Û � � pQîlæ&r(å&��è0é�¢���(� � »h¼�� �0r(å ��« ¢^�"!h½#�0r(å �E« ¢%$NÏ� � º�q � �^��o&»h¼�� �^�&!9½'�)(
* ��+�,Î ��-I .� Ù Ú0/(å�î214365 �;�E«�Û �QÏ^�7(;Î � Â���8:9<;0=?>A@ Ê?�)B;Ý;ß
/0å �E« ¢��DC � ������E
FHGJI ½�K"L @NM B�OHP6$ � �0�^�HQ(¢SR?TH(9�Q�&����B�/^å � � � � B0Î�U��#��è� ¬ T4B;Î � /Qå �E« ¢

BHT(2-6-Di-tert-butyl-4-methylphenol)
B § � îV�W4T�E

BHT(YX0/0Z
(-OH)

î � ¬�� Ñ �[� Ï��$�\4]�î
1
ï�^`_%a � È(É;ÄhÊAb?c �=¤ �ed í $;ñ3óÎ0U&�eT3Ð ��f�9 � /(å��7�=� Û ���(�^Î4U&�E
BHT

(7g0h^Î � f09 � ñ3ó a � � �	�Ai
j (�k�l�m%B7/Qå �E«6�N��§ � ��� � � TA$ ��n)o ½#Q ¤`� B�pNq�Q^���¨�0rÎ4(�U:R �§ � ��� � Ñ � Â	� Ýes%B�t?u&¢Q��v?Ç	m�w�x)B�/(å �?«��*§ � �� � ����EyRAT ��f:9
� ñ?zÎ4U ���

1kg
U4T �

200 ∼ 400 {Y|4} ÎHU^��T(Ð �?~�� �*§ � Û �7�Qð ���'�&a �� ��E
BHT

B�143�î7�4���?T3Ð � � ¥�� a T F�G<I ½KSL @:M �
0g/l

�
0.1g/l

�
1g/l

B
BHTî2�%��T	VA�Kî

45 � C
B��?h�� �Y� �:�0��� a T�E)R?T � U��t���IÐ

N2 �%� !;½�� a �Ñ �2�4� /&¿�î��Y� a T�� � BY1:3 �	�0�N� �N�yT�E��43�î'�
3.5

�Y�AÛ E

BHT 0g/l 6 �   �Y¡ �	¢ P
BHT (N2bubble) 0g/l 6 �   �Y¡ �	¢ P
BHT 0.1g/l 6 �   � f49 ¡ �	£ P
BHT(N2bubble) 0.1g/l 6 �   � f49 ¡ �	£ P
BHT 1g/l 13 �¤  � f:9 �¡ �	£ P
BHT(N2bubble) 1g/l 13 �¤  � f:9 �¡ �	£ P

�
3.5: 45 � C

�4h?��©;ÎNB
BHT

� � � ë ÖQñ(ó4Q)Be�:�¥�

N2 �)� !9½A��B�1036(AW���� ¤ � ¬ T�$ � BHT ¦?} �7§"a � (?¨��t� � 103)$0W��#�T	E
N2 �<� !;½A� � ��¬	� Oy©x� ¤ � ¬ TÏy�I��� � Ï�B	�&ð<BY/Qå<( �4� /�¿ � � �� B=ÎN( ¤ � �hÏ�$;è^� ¬ T�E

1g/l
B

BHT
ÎH( �Aª � � � ¤ � ¬ T<� � B�«

2 ¬ ë? -a T�E)ReT �
0.1g/l ®�¯ � /(å<B7° } (�±%���'�HT�E ª �2� � ¤ � � � 9 h%Î	« 1 ²  ïÏH����� � Ï��Î Ñ ® * 2 ²<³ (�O4P�î±6�������`� ¯ �����#��$ �0´ � 5 � (?Ò:µ 10

²%³ (¶:·�¸���T F4G6I ½¹KSL @:M î!¥ ¯ T � E * B?T3Ð ��º   (7/Qå �E« ¢`B � î�»:¼a T ¯ � ©?ª(¢ ¤`� î½ � T	V0¾�î�¿ � ë ÖQñ(ó�Q�î�À:Á a � �"Â Ïy�¹$�Ã=ÔNÎHUNÄE
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3.4 ���������
	
Gd ¦4} �7§AÛ Ä���æ�`B�O�åKî��0ó a T�E��0ó � ( ������� }�� îY½ � T�E (

�
3.5)

ADC

��������� ��!���"

Half-Mirror

10cm

1cm
Si photo-diode

#%$'&�(

�
3.5:

��� � }�� U2000F(HITACHI)

Ï�B�)�*0( �yM ½����A�\½EÈ�½�+�,.-�B � $
2
ïH� è0/1- � �	�

1cm
�

10cm
B�24305;Êî 8�¬ T   B � B�6 } B�78,.-9�&æ:�î�;ÐyÄE'��æ: /9cm

( � �
3.6
B ® í ��<�= TYE
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200 250 300 350 400 450 500 550 600

T
ra

n
sp

ar
en

cy
(%

/9
cm

)

0

20

40

60

80

100 0%

2%
4%

6%

8%

�
3.6: Gd ¦?} �Y§AÛ Ä��0æ�

Ï�B�?3>,.- ��?4@�ë
(Attenuation Length)

î�;%ÐHÄ�E%Ï�Ï�Î�A íB? @�ë ��( ��n�� BC D ëFE G � Ñ � �IH B � BJ6 } B e−1
� < Ä ë ¸�ÎNU4Ä�E ë ¸

l(cm)
� Ñ /�Ä D ëLK �
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B��0æ�<( � �&æ:
/9cm

B�43Kî�� = � ;�R?Ä�E
Tl(cm) = e−

l
λ (3.4)

T9(cm) = e−
9

λ (3.5)Ï�� -B�����, -
Tl(cm) = (T9(cm))

l
9 (3.6)

� < ÄE nF� ���	�&��
 � �&æ:`B��Kî nF� B C�D ë�E4G Î�0è Û Ä�� �hë ¸
l(cm)

� Ñ
/4Ä � BJ6 } ( ∫ spec(x)× Tl(cm)(x)dx

� < ÄAB�Î
∫

spec(x)× Tl(cm)(x)dx = e−1 (3.7)

� < Ä
l(cm)

î�;�ÐA��� ® � ÏN�$;è�,)Ä�E n4� �����&��
)(��� ��� B Bis-MSB
� ®Ä)���:� - �%Ä

[32]
E
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3.7)
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�
3.7: Bis-MSB

B n � D ë
Ï7�L-9î�� = �	� ?F@&ë î�;NÐ�Ä���ß6B ® í �4<0= T�E (

�
3.6)� B ?F@ B����`� a �e� F�G�I	� K"L @yM�� �

Bis-MSB
B n � �����.��
 � Ó < Ä �

� �����.��
Nî  = T�� � $! �RY� � � Ä^Ï:��$!"�# -#�6Ä�EKÏ7�4$ �
Gd ¦4} B»�� �� �I< í ? @�ë B ?�$ B%'&hÎNU�Ä�E)R�T �

Bis-MSB
Ù)( ��� n � �����.�*
&� Ó < Ä� � �����.��
)BYsQè

(<400nm)
$:U�Ä�EKÏ	B4T(Ð � �

3.6
B ® í � 400nm +-, B ��æ�$/. Â <0= � a R í E a , a �10 , PMP

� � í ��� @ ��� I ; � $ f:9 � ~ � Â � �
� �	n4� �1��� ��
NB�2 < ¯ $�3�¸ � n:� �-� (1

�1�
)
$�4 n ¸��HT

[33]
E65'� � ® = �	�
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Gd ¦�} ?4@&ë
0% 90cm

2% 76cm

4% 45cm

5% 39cm

6% 29cm

8% 17cm

�
3.6: Gd ¦?} � ? @�ë B�� �

� B ��� $ $ < Â < ¯ �(æ y$ �I= ��� Â < Ä , �4a � < � E ® = �����	� B F4G6I	� KL @NM B º   B�
��<B���"� < ¯�� Ä�$ ��º�� ( �H½ a � � < � ERAT���� � ��� QKî  ï F4G ( � î���� a ¼�� � � � í Q � î  ï E ´! e�
Gd ¦�} $

6% "$# �yÄ���%�& � 6 � � Q " !' ®�( �:<0= T�B ��§�)"a �e�F?4@�* � % � ?�$ a �� Ä�E 5�B��43 , - �4? @�* $ *�+ <H� . Â <0= � � < � ¦?} 5%
B � B º  ," ½ � Ä 5� �6a T�E.-0/)B

50cm
� (21�, < , = TA$ �)* B23 n �0�!4�~65 � B�7 *�8 d:9<;�="�

> < - < � E
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3.5 ��� �L	�� ���
	
4��	��
����� ��������

(Gd ��� 5%) � � ��� ��! "#"�$&%' 5�(�)+*,('+ >.- 3.8

��/ (10 �
 '

PMT

PMT

  LS
Cs

24365.7

891:
1p.e.

-
3.8:

�<; �=�.! ��> �

? ;�@<A!7
TDC � start "&B4CED 1p.e.(photo electron)

A!7
stop "4B 84F D �G; � �H 3�I 4 J,K % > L 7NM %=' - 3.9 0 1p.e.

A � TDC B ADC �OP� 3QI "SR �#
 ' 1p.e.
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-
3.9: 1p.e.

A � TDC B ADC

A � ADC ��O 7 cut " �#TQM %=' TDC � overflow
>

1p.e.
A 0 p.e.

4GUWV6X<Y�Z 
&[
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� 7 D�� 8����!4 p.e.
4�U Z 
4[ � "�R �#T�� %�' cut " � %	� > D p.e.

4�U Z 
�[ � >
5.2%

� Y�X.Y�Z 
 � 7�
 B + 9 4 1p.e.
7QM %�B � K V�8 %�'�� 
 D �<; ��
 photon

!
"� ����� % 
�� 0 ? ;�@�A � ADC

7&[ D cut " �#
 '� 0=D 5 � �.; � H 3�I "���� (�� � ��� � %' ��� 0�D������� > 2
' ��! ! � ! �" 7$#�� 5 B 4 7 5 %�'

L(t) =
A

τS
e
− t

τS +
B

τL
e
− t

τL (3.8)


&%&� D A+B = 1
7	'&(�) " � %'+*&,�04/�% � H ��- 4 C (Transit Time Spread TTS)

"	.�/ ��T D Gauss 0 !
G(t) =

1√
2πσ

e−
1

2
( t−t′

σ
)2 (3.9)

0 L(t) � 221 "&B Z 
 0 !
F (t) =

∫ ∞

−∞
L(t′)G(t − t′)dt′ L(t′) = 0(t′ < 0) (3.10)

7 ��� (3� ��4 � � 84F / � '�5�6�7 �4� > D A D τS D τL D σ D t0(L(t) � 0 8 ) � 5
' 7 D5 8	V "39;:;< (Maximum likelihood) "�= Z T�>?�<
 ' (

-
3.10)

nsec

co
u

n
ts

0

100

200

300
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500

-5 0 5 10 15 20 25 30

-
3.10:

�<; � H 3QI ����� (3� ��4 �

�.�	@;A<D
L(t) =

0.91

2.0
e−

t
2.0 +

0.09

12.2
e−

t
12.2 (3.11)

TTS = 1.2 nsec (3.12)

B XQZ 
 '������	 > DCB�D 3 4 2.0nsec D * D 3 4 13.1nsec B X�Z 
 '�E;D 3 > B�D 3 X
� 7 D Tb F;G�H��JI�K�L�M,�CN�O 8nsec /�C [QP�R X ��; ����! 2nsec

4	S V�8 
 ',/ Z
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T D�� 3 X���� 7����	��
 B �����
 4 3�� 7 5 %�B . K V�8 D������ ��� >�������� M
%,B! #"$�&%G%='

3.6 '(�)+*-,/.1032
��4��	@�A Y V D��#��� ��� >P�5����6$� J4K T % 
 ' � Y � D�7�8�9�:$; �=<�> �#?�.� � 4 � �S�4� 05@ �BA�%DC @ XBE�F 6�G#H���I (=J � 6LK�4NM�B X %�O�BP��. K V A
%1'RQ�S 0D �<��� 4 � �S�4� � ��;�@ ?=T�G �VU�W BX8Y9�:&; � 0N/ Z T�Z �<%=� DN[
T�GP��\#]ND3^_T;G ( `�G ) � 1/10 ∼ 1/20 a<� 0 J 8 4 � ( b ; )

� A�%=' ( ced B
J 8

4 � �	Fefhg�i )

> � ?1D M V Ykj � ^  ���8�9�:$; ��l#m�nDo ��� �qp 4�r �#T�s %6D Bi-Po t#u,��v
05w j %�[  (7.69MeV) ��8Y9�:&; � Byx�z${&%LO4BD� D J 8 4 � r >��Y| [34]( ced C}�~#�#� gei ) '

214Bi −→ 214Po −→ 210Pb

β : 3.26MeV α : 7.69MeV

(214Po �	N�O τ = 236µsec)

� (�) *,(5� ?1D - 3.11 ��/Y��0�� | ' Rn source
Y V�� w�� | Rn ry�$�Q0���%B� 1 D

Rn I oqn 4 � � | '
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PMT

  LS

Rn

Rn source

pump
3 l/min

-
3.11: [ J 8 4 � �=> �

O�� Rn � }�~ (Bi-Po t�u ) ��w j %#D prompt signal( ^ ) D4B delayed signal( [ ) r����
� ��� > � | ' prompt signal D delayed signal �R8�9�:$; � D 2 �<� signal � � H�� (214Po

� }e~ � H ) ��� I r - 3.12 01RL{ ' 1.5 < promptsignal < 2.5MeV D 30 < decaytime <

300µsec � cut r�� | @;A�D
	 Y 0 214Po �	N;O τ = 236µsec 0�Q�� � | ' / Z T D O��
delayed signal ?�[���8�9R: ; � � I rSR� T�� %='

O�O�� D [ J 8?4 � 4 � �� J ��� Q r � �,/$�10 �
� {�%'
Q =

real α energy

visible α energy
(3.13)

@�Aqr # 3.7 0�RL{ '
U�W real α energy(MeV) visible α energy(keV) Q

Gd(5%) 7.69 1045 7.36

KamLAND 7.69 577 13.3

#
3.7: [ J 8�4 � ��> �

Gd(5%) B KamLAND �����	=���A T�� % ����� 4 �	�S��� rPx�z � | ' Gd(5%) ���
��D�Q�S�� X ��� � 4 � �S�4� (Q = 10 ∼ 20) 0�x<$�Dq[ J 8 4 � ��� � � ONBX��� Y�Z| ' � 4�� [�� $�%=� D ODAL?��
� Gd 0�/ % )�� J 8?4 � B�[ T;G �5` �qJ 8?4 � ��� 0�/ Z T f"!���%G%' �
# ��?1DqO#O�� > �#|�J 8 4 � 4 � �$ J ��� r = Z T D�I (J � 6LK�4kMyr�% �$& "N$�%LONB�0={�%�'
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3.7 ���������/.1032
��4Y� D
	��� ) n������ 4 ) 0���� E�F 6�G#H Y�V�� [ T�G&��I (=J � 6LK�4NM+0 X
%YONB�r � $ | ' O�OV�#? �4V 0D � ; �.� H �	 � T�G 0N/G%�� � Y V T�G����Nr={�%�! #" � (Pulse Shape Discrimination PSD) 0 � �.T � $�%'NO � PSD 0,/ Z T D�$
%& 4�')(�+*���T;G r��#�$��%�,��.-�r PSD � B0/ �21NOVA4365 Z T I87 J � 6LK�4 M
r3� V {kOQBD�#��%!,91
[XT�G B$^_T;G BX��?1DN[ T;G � ���	���${6, � 3 � H � Y�Y ,�1 ( c�d A

� ;.:.; g
i )

� | D=<V6;G&� [ � j 5$� X?> � �;� � H � S V A@,R� DL8Y9R: ;.BADC dE/dx ?�[ T
GE5&C [ � � �Y|&� PSD �L?45�CGF & X ,LO4BX�?HDI � A@,J1

PSD
� >#K@3�? D4L 3.13

� 5���3 �� � total charge B tail charge r��=A4M�AG>!K �T D � � x r T�GN3�5 Z T xRz�{6,�B � � ��<Nr�O ��| [35] 1 initial delay B5?1D �� ��PQJR �	C Y VTS�U�VXW�� * �6Y 4 � � tail
��Z 8[ r9\ &^]Lr # � V._ ,�1 initial delay 3

?�` �Yv�3�a!K � V 9cb PSD �Jd &fe6,�g��Jh
O=iBA6,�1$[yT�G&??`�j�48kP� j & Bi-Po

teu � v�35w j | [ T�G�`1^ T�GN?B` 60Co ]ml � b � r3=on | 1
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@ A r ` ��� total charge `�� � tail charge
�

2 ��� �
	 7#[ k�� � x (ratio=tail charge/total

charge)
�

1 �� ����� [���6��#���${J1 ( L 3.14 `+L 3.15) O � @�ANrBO _!V `�T;G#�#�
��r��
�L{6,J1����?`�� ���
	��� [ n������ 4=[ 3�!"6e � ?�^_T;G6e � ��`-^ T;G �#%$ �#�

Rβ � 90% k�e+,D5$�B3 cut {4,91 �&�(' `@L 3.15 � 2 � �) K � �+*���,.- 7
[0iVA | 0 S r/�=A4M�A Gβ ` Gα k�� `

Rβ =

∫ cut

0
Gβ(x)dx/

∫ ∞

0
Gβ(x)dx = 0.9 (3.14)

k�e+, cut r >10 ,J1&� � cut 3B� � V ` [ T�G ��2.3�� Rα ?
Rα =

∫ cut

0
Gα(x)dx/

∫ ∞

0
Gα(x)dx (3.15)

k�e+,�1 Rα

� gL� � i _4XW `�Im7 J ��6YK�4NM65+e &fe�,J1 Gd(5%) ��? Rα ∼ 4% k
e6n | ��`YQRS ��e�$
% & 4�')( �* (0.1 ∼ 0.5% a7 ) 3�x98N,@k:5 �:; % 0 � g$�=<
,B1qOVAL?9`>@? � $!% &1A ')(0�*���? � iJ]Nn |CB � J 8 A '���`9D/EeG � �
� Gd

3+5&'�[XT;G � ` � J 8 A '+3�x@F�{N, 4XWB� ;q%
i�3�e@n |#|@0 �+<�,Nk�G U lXAN,91
�1� ' `q[XT�G=3�5�, ` �kJ 8 A ' �IH/J ��5@e & eK' `�@�A ��3BT�G � �#��� ��3 &�&
e�n | 1 O � O+kP?B`q[ J 8 A 'e�L5+e.]�n | O�k#kNM/O=3/PIQ � `�� | �"��@�Aob���uR=S l AN,Db � �.<�,�1 |T �:U1V � a!K��#??` ��
 3 ����W ��X U#V._ | � �V�Y 3�Z[ �.<
n | ����6ob�<(' `�\�]Y{eA+^+b�nDk2d &fe�,?]@b#�yA
e _#� ��U/_ �I` [ k {6,�1
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gate1(total charge)

gate2(tail charge)

initial delay

� �

scintillation pulse

L 3.13: PSD
� a
K
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L 3.14: Gd(5%)
� [ / ^T�D�&� (tail charge):(total charge)

�
2 ��� �=	 7X[ (initial

delay=5nsec)
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�
4 � � � � �

j��	��
J`�� Gd ��� A����������������	� 5%  �]"!$#&%'(� A��)�*���,+&-/. ��0
8�#21433��5
?`�� +�6 �87 ��� �:9mn&;/��<�= ��� � p A !>; -�.?+ ��"��@BA&1
4.1 CEDGFIHKJLC M)NPORQTS
4.1.1 UWVYX�Z\[]&^�_�`ba +$c"dfe �>g�h5A&1 `ba +&c"dfe �>g�h�A	i d 
 _ %'Y�/j �)�k���2+&lnmo/p�q �f
,r4s _�t"u �,v �?w�jBxky>z�{|!*r q&}5~ r"�kr,�21 152Gd

+5���8�B��� A t"u��v�� w?j\x���� q A�#�h _�`ba �>�8�8�W!:;��8�B� ����� � l ��@2�8�	�f��A�1B3f3>�
 _ 1× 1× 1m
+ `/a �*��|!$#&1 ( � 4.1) 3 + i d _ 10tonGd ��
�� 200 � + `/a �:��Wik@BA$1

PMT
� 
 _��8�	���¡  �2¢&£	+ R1408(φ8 ¤Yj � _ TTS∼1.5nsec) �>9¥K! _�`ba +>¦§�¨f© +
50% � � t � !>;f�/ABi�@bA&1 ] # _�ª ��«\
 100% !�; o?¬�o? � �?® � ! _`	a�¯ +$°�± r4²�
&³´�@/A�y + i�@BA$1

4.1.2 µ�¶8·¹¸5º&»n¼"½|X¾Y¿
33>���nÀ e�Á A   = � � n>Â*ÃnÄ 
 _$Å(Æ +$Ç�c	+\ÈÊÉ �f��A pp

_
7Be
  = � � n>Â���fAË1/383>� _8  = � � n>Â:Ã8Ä +�ÌÍ��	Î,��¢,Ï	� � � ��Ð/h5A*�n�/�f�fA�1	3 } 
 _Ñ�Ò   = � ��Ó Â + ® � u �&¢ (f(Eν)) i$Ô +&Õ�Ö?× ¥ (σ(Eν))

+ © � § Á A$1
R(Eν) = f(Eν) × σ(Eν) (4.1)Ø8ÙfÚ +   = � �$Ó Â*Û?Ü °fÝB+&ÕnÖ?× ¥b
 _Þ +b�5ßË��à s&3�i*�8� d A$1

σ(Eν) =
G2

F

π
cos2 θc

∑

i

|Mi|2Ee(E
2
e − m2

e)
1

2 F (Z, Ee) (4.2)

|Mi|2 = B(F ) +
gA

gV
B(GT ) (4.3)

gV = GF cos θc (4.4)
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GF Fermi �������
θc Cabibbo �
|Mi|

Ú���� ��	
me 
 Ù���
F (Z, Ee) Fermi ���
gA axial-vector ������
gV vector ������

3 } ����� ; _ pp
_

7Be
  = � �$Ó Â °8ÝY+8ÌÍ��BÎ,�8¢8Ïb� � � �&Ð ] A�1 ( � 4.2)

� 4.1: �b<�= �k� � p j����f�|!Ë#���� `ba
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neutrino energy(keV)
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� 4.2: pp
_

7Be
  = � ��Ó Â °fÝB+,Ì?Í,�bÎn�n¢�ÏB� � �

3 +���� �:9 � ; _5  = � �2Ó Â:Ã�Ä ���À e�Á #21 ( � 4.3) 3 + pp
_

7Be
  = � �$ÓÂ i,y � 3 � +���� !># ÃnÄ �
	��;��/A?3�i��&���A&1 7Be

  = � ��Ó Â 
 _���� ÃnÄ+�ÌÍ,�/Î,� ���/� + � _ pp
  = � �$Ó Â ����� ��� ÃnÄ �
	�� � s��	3?ik�����A�1 ���� + o �?�	j � ���?�n+�� � _ lm�� �b�	� � ; Þ + ÃÄ _
! � �"� ÃÄ + ��#��%$�&�?� � #�1\!�4! _2Å(Æ +�' �|!$#�%f'B�	j ���:��� 
 � ����� (/�?#nh 3 � + ÃnÄ �:�

#�@bA�3�i:�*) .5� r � #&1
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4.1.3 µ�¶8·¹¸5º&»n¼"½|X ���
3 � + Ã8Ä �2��#�� d A?35i$����� !�#&1/3,3>�f
 _ ��� �   = � �&Ó Â:ÃnÄ �8®
	 uB�!�; _�  = � �&Ó Â�ÃnÄ �&�
#5� d A3?i�������@/A�1 � 2

_
3
Ã�Ä 
 _�
���
� � 86.5nseciÊ��« � ��� 2nsec

��� �
� � � (b�5#,h����&��#b� d A + � _ 3f3Ë��
 ������� 8nsec+ �
1
_

2
Ã�Ä + ��# p?q �2z��/A�1®�	 u � 	?j v8� 
 Ç���� ��¥5�f#&1 � 1

_ � ÃnÄ +Ë¦
photon � ��� @/A � � E1

_
E2

_
�����

∆T i:@bABi (E1 + E2 = 1 �! �"f� )
_ 6\� 7 ��� 
 E2

_
∆T
+

2 �f����A$1b�
4.4
�

pp
  = � ��Ó Â �>��À e�Á ; _ ®#	 u\� !># ��$4�&%/@21

ns
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� 4.4: pp
  = � �2Ó Â�ÃÄ + 2signal

+ ®�	 u(�
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4.2 � �������	�IN 
?O���
%'B�	j �)�k���2+$-�. ������@/A��n� _nt(u �v� w?j\xÊ
���� ��� �����fA&1 ' �e } #�%f'B�	j � ���?� �������2rBy + (² ß �
 _f  = � �$Ó Â:Ã�Ä � � !*; t"u �fv� wfj4x �"² +��� �5A
 �	��� ;&g ] A&1

4.2.1 µ�¶8·¹¸5º&»n¼"½|X"!�#%$'&)(+*+,.-tKu �fv�� wj"x � 
 _ %f'B�/j ���k�5� ¯0/2143 "� + 35/�t(u �v� w?j\x>i�%8'��j � ���?� ¯0/  � + ¯0/5t"u �fv� w�j4x>i*�?�5A�1 36/ftKu �fvn� w�j4x + Ø�7 i!*;5
 _�8:9 � _�;=<?> � r\²k�fz��(� } A&� _A@�B�C)D0EGF�H s0I a �=J)K _ VETO LjNM�O0P"Q D�R ¥6S:TVU�i0WVXZYbr8�[O �5\]I�r2T�^ ¯_/?tKu�` vn� wj"xba _dc�e L�j
MfO_PVQ�g5I�h ] } TNi ±6j�k � � Ø]7 i:r"TZ^�l�ml _2Å(Æ a  %n P ��Ó Â>ÃnÄ D 3

�
� � �,� D S2T�odW4p��'o �n� a5X�YWi�r(�:r�4^  %n P �$Ó Â:ÃnÄ I � lNX�Y)i:r2Tdo
a _�q  o��B� �� i ��� Õ �6of�rT ��� W��rT�^�Ô6o �/ß r t�u4` v� wfj4xËi6l�s _t I Þ o 3 �?�5�VT [30] ^
(1) 152Gd o ���� � 2 �%o ÃÄ I�	 �6s�l ] ß ^
(2) 235U

�6u o �#� Õ �5of�rT �n�
(3) v n PAw4j4I � T ØÙ�Ú6x=y W$À{z4T ��� Õ �6o8�rT �� 159Eu

_
157Eu]�^&_

(1) I ���Vs5z�|]S�T4^ 152Gd a _ � 4.5 I %]S �bß r ���?� D S�T4^)U } a _
152Gd o�}�~=��� � D z��"T/i 10tonGd W%a 15kHz i c�� �/� q  o ��� i>rrT�^�U4o

� 4.5: 152Gd o ��� �
����� a ` Ì j�M"I ��� s _ pp

 2n P �2Ó Â o Ì?Í \ Î P4�6�GWd� � e } T4^ ` Ì j�M D Ð/h2TdJ�hrI _6�4� W$Ðbh=J � ` Ì j_M(j v ®r� ` Q4P Q(7.69MeV) = 7.36
DNR ß ^��� I _ �6� Ù o��«  L a

dL

dx
=

S(dE/dx)

1 + kB(dE/dx)
(4.5)

W § Á T [36] ^ ( ��� B
` Ì j�MVo Ø6����� )ÌfÍ \ Î P��V� dE/dx a _6� ±=� Ù o��V�  o�� � i>r"T�o�W �V��L]v n O0PrL p j4I
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� � s _ � Ù o�� � i �«  ��Ð ] T�^�� _ Eα = 7.69MeV W=o Q ���� � s?�rT5o�W
∫ Xα

0

S(dE/dx)α

1 + kB(dE/dx)α
dx
/

∫ Xβ

0
S(dE/dx)βdx =

Lα

Lβ
= Q (4.6)

4� kB �2Ð ] T�^ (X :
� ±6� Ù o�� � )

kB = 0.732mg · cm−2 ·MeV−1 (4.7)

J p l _���� o��
	 Ø�Ù��� D ∼ 5gmol−1 i6lZJd^�U4o\i d� � � · · ·9.23µm/7.69MeV� � � · · ·1.26cm/7.69MeV

W�� � J�^%U�U�W=a _ Eα = 2.14MeV W=o Q
D Ð/h6J,�=odW _� (4.7)

D
(4.6) I�� � l s

Q = 20.35 (4.8)

i*r � J4^ (105keV
Õ��

)

pp
 %n P �$Ó Â o Ç?c�ÌÍ \ Î P,� _ Eν −Ethre = 176keV i5l�s�� � e } T�o5W _��� ² ß K pp

 %n P �2Ó Â ¢8Ï `|� \d�6�'o t�u4` v� wfj\x$i>r � J�^mUAo t|uA` v�wj"x D�� �2T����Wi6l s
�����Vo$�f������ � � � �8� � � Ù��� r4²��z �4� } T�^
� � � � �n� I
! q T t�u4` v�� w�j4xËi6l s
� Þ o 3 �?�f�%T�^
(a) �� 3

� ÃÄ
(b) ( ��� 2

� ÃnÄ
)+(1signal

D
2signal i#"�� )

(c) 1signal
D

3signal i$"��
l )l%�'&�%I (a) � (c) a (b) I �%� s�( � i*),+Ë�ro5W�� U�U�Wra (b)

p?q D z �rT"Ui�I4S:T�^�� 2
� ÃÄ oË��À�-'a

R = R1 × R2 × ∆T/Nseg (4.9)

.�/ T�^�U=UZW R1 � R2 a?Ô�02130 � 1
ÃnÄ � � 2

ÃÄ o$�À4-5� ∆T a� � � �+I��fÐ
+602T ���87 � Nseg a ���4�2��o:94;4<=+>02T �"W�?=T�^2U�U�W=a@� gate width=200nsec

o 2
��A �8B�C � 20cmφ

1ED o:F���;4GIH D�J4K S:T .
R ∼ 5.94× 104/year (4.10)

.�/ KL�M+2N�I ��O �� I'P:K 5/100 I@QRNTS]T . J4K l
R ∼ 2970/year (4.11)

.*U,V T4^�U�o3W�X 2 Y[Z�\mI] lNs4�4^ 1 Z�\ D "=_Zs 2 ` .%a2/ l�s l VMb#c -ed
1/1000 I ��f T%U .hg Wji5T . J4K S2T . (b) a 3/year k[l .�/ T�^:U:0ra�� pp m n Pn�o@p
q
rMstn

52/year u�v�w
x�;yu@),+@z5^
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� u� (2) u4`5z����'w���� 235U 	8��
 4.6 u���eP b�/���������� ?������ed������
305keV

��� ����u �Iz���� !#" 65nsec $ 84keV
�&%(' d*)&+��,��-/.�0�1%0�2 pp m43�5n�o@p Z�\Eu@]76*��8:9�;#<>=�? s�@ .>/ �A�


 4.6: 235U
� ���B


1 � 2 Y3Z4\ �yb*C�� ^ 1 Z�\Md D[_ � 2 ` .#aI/ 6*�B6 VIb c -Md E . AGF uA0 1/1000

u*H f ��1 .6g $2i�� . J4K �B�A��1 ��. iI0�8J9G;><�=�? s�@ d 5/year k�l . x�;yu�KLBM �B��-�.[u�	N0 235U
� ����	 5,000/year uGH f /�O 0,P / N / z/��1�0�Q,NR0 235US 	 10−13gU/g k[l . 6 /,O 0,P / N / zB1 .�g ;&QB����1 ��T4U>VXW s�Y[Z 5�\&] V

	 10−18gU/g
V $ �G^ < � E�_ g ?J`a0 ^ <#b#c�2 c�d L�e ��z��Bfhg f � g 0�iXj �Akl

Gd d�m,n U4VXW s Y[Z 5�\8u]76I�4	�o4pq ^ < g�r�s fRt�u LGe �A�v4w u (3) $5?�� g 0x ��y�z 	 fast {A3#5�| s�} 5�~Iu[P���\�5���9 n � )��4<=d CK 6G- NA54 ���ju2P�_��/� N e ��z����4x �A�4� u[P��,f�0 ∼500/year � z $���Y A �B�C $3x�;�uGK L�M q�A��$[?����
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4.2.2 ���������
	���������
� q 3 ` � 8 9�;4<>=�? sX@ d���w- g 0�� e 2���� L@f�� -8S�PG��Y A � B4C 0�� O� p&q �I$4m�3�5 no:p8q3r=syn u�]76 x�!yu�K LBM q��1�f g !�Q'_/-/�X6�Q�6Ax � -

.�u�	G03^#" Z�\Md 2signal $Xf a q 6*��6 V2b c�% d 1/1000 �,�1�f g/s4U L�e �A�&1
1 $4	�0/8J9G;#<�=�? sX@ (1)

�'& ���Md�X)( L S4� 2signal
��*)+ 9 n d�6R0 2signal f a

q�� c)% d 1/1000 u��,� cut d U .�0x � f
i � m�3�5 n3o�p Z�\ �-, +/. % d U .,�A�0 u U .>-jP b uG0 (1) $�X)( 6A- & � O �21�35476 5#	G0�; 1 sAY u[P3_�� 105keV f
q�����1 � �td985z>��0 1signal d�X�( L S�� 2signal

�:*'+ 9 n d&6�-�� ( 
 4.7)
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 4.7: 152Gd QeN X�(,��� & � O � Z�\ � 2signal
�:*'+ 9 n

1 �A�#� d a e PG0�EIu a - pp m�3�5 n�o:p Z�\[f �<; z>	�=�Q�$�>4� g 09? B7@ q2A
N9B�u2P3_�� V e u/C MED -@Z�\yu�q���1�f g >4���&1�1G$4	�0�x � P b qZ�\Md 1/1000

u�6�q O e P�qMNIq4z��B1 � Z�\[f�05m�3#5 nop Z�\Md/F S u:X)( L S���^ 1 Z�\ f#^
2 Z�\ � p.e. G�$ 2

�:H
I'J 9 n 6�-�� ( 
 4.8) -�$�6R0�K�=�L�5�\ E2 0 ∆T
�-MON 	

0 < E2 < 0.8

2 < ∆T < 50nsec

f#6G-��

52



signal2(p.e.)
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 4.8: ^ 1 Z�\ f#^ 2 Z�\ � p.e. G � 2
�:H7I�J 9 n

152Gd QeN*X)(��B� & � O � Z�\ g pp m�3�5 n�o:p ����� f�� 6*Y,q,��1�f g !�Q&�A�
1 ��� QtN�8 9�;�<�=�? s�@ $ O d6Q N�6 0 pp m�3�5 n3o�p d	���2. � @ q cut d�
 L qO e P�q=N*q�z�� V�� 0�^ 2 Z�\ � p.e. G�$ � cut d� f ��-�.�0 1

�'H���� n <#=/~Iu
6A-/� ( 
 4.9)
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signal2(p.e.)
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 4.9: ^ 2 Z�\ � p.e. G � � � n <>=�~

pp m�3�5 n�o�p 	�0
^ 2 Z�\=d � `�-�. 30p.e. >4-J`hu���5�;�d � _G��z� � u�]76R0
^ 1 Z8\ 6�Q � -�q4z 152Gd

� Z�\$4	 0 ����u V f V _�-<!�� f*q5_���z��A� pp m�3�5n:o�p 2 0 ����u�K L q���5�;4d � _���z�� g 0B1 e 	 2 < ∆T < 50nsec
�/M7N u�q�z�f

i 1signal f*q���-�.4u
	�1/�,f� f N e �A� signal2 d 15p.e. >#-J`h$ cut � e P�0 152Gd� Z�\Md/F��5u
 `�� M 1�f g $Ei��A�X1 � cut 	N0 1�3 4O6 5 ��� q5_�-�� � 8 9�;4<
=�? s�@ u:][6���2����,$�>���f  f N e 0����Eu@Y s $:>4���L �N0 signal2 d 15p.e. >�-�`R$ cut 6 -����#8 9G;#<#=�? s�@ 	 4.5%

V $�Q�� g 0 �"!�
1/1000 uN�,�3u�	 L N6u cut

gGr�s f q��G�Nx�2�x�2 0�q$# 1 ` � signal q � u signal2g FeiGq��td � ` � Q'd  f ���&2�6R0�
 4.7
� P b q *�+ 9 n $�> e P signal2 	4x e�%

� Fei M 	�qeN q�z���?�& @ u signal2 d/F,i M ���5P b q q�r=syn 	(' M f gy_���z�z% � (*)Aq4z>QeN $:>4���X6IQ�6R0&
 4.9 d a ��f 40p.e. � M V $ � q3r=syn g >��G��1e 	-?�& @ q/D�+$�	#q M 0 *�+ 9-, + s < � f8i3u^ 1 Z�\ �/.$0 d:^ 2 Z�\ f Dy_N�a qX6N-4-#.[u(	ei>�1�fI$ >��Bf  f N e ��� 1 e u�P4_N�N0 signal2
� �=d/Fei M 6

�X6 VMb ��1 ��1�2 d4365���#-�.5u�0 signal2 > 15p.e.
�

cut d6N- q�rts=n u@]76G�
∆T

�
1
��H ��� n <>=�~2d�7e_�-/� ( 
 4.10)
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 4.10: ^ 1 0 2 Z�\ �#��� + � � � n <�=�~

1 � P b uA04^ 1 Z�\ g >4� 5nsec k5l[uG8 9�;�<#=�? s�@ g��tV _N��z���1�f g !�Q
�G�J1 e $ 2signal

� F,iNq q
r=s=n 	N0�^ 1 Z�\=dIDt_N�8^ 2 Z�\ f a q 6I��6 V�b 1
f:u'P3_N�/	�1���1f g8c Q4.tN e -��B1>1A$ ∆T $ cut d��,�1�f $/0 L N@uG8 9�;4<
=>? sX@ d>Q Nh� 1�f g $2i��A� C q���u 50nsec $ ��5�; g�a f � � 	G0 v�� cEu���z��
KB=�5�L#5�\ �	��
 $ � z[g W��� M q�����O$Bf���3�$Ei����B1 � 8J9�;4<>=�?#? s�@
	 ∆T < 49

�
cut $�. � @ u ����$�i#� g 0 5nsec ����$4	 pp m�3#5 n3o�p � q�rys=n

2��jz � $N0 pp m�3�5 nop d6Q N�6*�
B�q4z2P b u����Bq cut d� f � r�s2g >4�A��x
1A$�0 ��� + � cut d�� f ��z5_N-Xf8i �����&� , +<. %�� �� =d �5w�- ( 
 4.11) ���,�
f 2nsec �6�$�8J9�;><#=�?4? s�@ g�!�" u�Q �76*��z���1�f g !�Q,�G�xB6 ��0�8 9�;
<#=�? sX@ 	$# 3nsec

�
cut $ �"! � 1/1000 u$%[6*��z��A��q�� pp

�-, +<. % 	 60% k& d�'E_N��z,� � $N0J1 � cut 	�8 9N;�<�=�? sJ@ u]76*�EP&`)(:6�Q[_�-Xf !�Q,�G��-
$,6 0 pp m�3�5 n3o�p �<, + . %�� D +�	�0 ��� + � cut u�]��&��Q�� % f ��� + �$* K
D/+�u2P3_��	+�, LIe � � $/0 ��q M f/2 1nsec

��-#z � ����.0/ g�r�s f LGe �A� . b�0
8 9/;4<�=?4? sJ@ 	N0 1 � cut $ pp m&3�5 n3op u][6$x'!Eu��&q M q,��-�.�0 , +
. % � D�+�	�> V ` Fti M qeN q�z/��6�Q�6 0�1 � cut 	 �#� u/Fei M21�3 �B� � $/0
x
!�u�465 o�7XZ 5 W98 s d�6���� M r>s2g >4���

55



cut with time difference(nsec)
0 1 2 3 4 5 6

0

20

40

60

80

100

p
p

 e
ff

ic
ie

n
cy

(%
)

0

20

40

60

80

100

b
ac

kg
ro

u
n

d
 r

at
e(

%
)

0

0.5

1

1.5

2

2.5

3

3.5

background GOAL

pp

Gd152:α


 4.11:
��� + cut

��� /������>-Xf�� � pp 0�8:9�;4<�=�? s�@ �-, +<. % � �� 

1 ���
	 u�0�8 9�;#<�=? s�@ 	��� � / � p�0)��� � p�0�� � & * 0�� 1 ��� f�� 2

��� � !���� ��� ����!����! #"B�1�f%$ !,Q � -��No��A0�� 1 ��� f�� 2 �&� � !��'$
8J9�;4<>=�?�( @ � � ���*)
+9. � ���,�&��1�f��%-&.,$/��-��X6IQX6 0�1 e  � � p
�>	�D�+0$1 	�� $#0 , +-. % � -�z C M32 .��&��	�. /54
6 �/r�s $ >��/���7� � /
�98[6*��	G0 '�: �<8;+�� 1:354
6 5Xf=<�� 4�5�> 7 Z 5 W 8 (�@? 	 1�fA$4$/�����'B
-�0)�&� � p��>	 & '�: 2 r�s f�q����,\DC {�(�<�� � 6*��	�0E PMT

���4� !�3�F
�
+ , LIe ��$�05G7? �>� ��H�p�+ 2�>4� � $ Z 55I�5 4 5�> 7 Z 5 W 8 (G$\DC�{(�<��
�
J&"&� r�s $ >4���B1 �/�;	 qK4�6$N0 , +/. % �L6[6 MNM�O 2/�1�f%$#$0���,f &�
 e ���
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5 � � � � �

1 e B��	�Bf/1�
���0� 1'3�4O6 5������3�5���>�� , +�� f>6��(������� e -��
F����� �"!$# >%�'&�~�m�� U4VBW ( Y Z)( \*$��  e+*�, �.-+/ *�021 w4365  %��78/ � r�s
$'> � �:9

• ;8<+=">8�?��-&.
• @����'� * >
• A BCED ( A 8 (�� � ��F �'G�.0/IH�&
• J�KL�M��N8>

GPOL$	Q � 0;8<+=">8�0�2R
+:�89 38S ��-+/ * �
	 ��T�U8V8��W � HS210 X  NS210 ����� *'YZ �2[�X2\�]:^��8��_4`��a�b �c� Y Z $8�/� * $ 3 NS210 dfe 1 g �2_:hji)�ki5B 	 YZ $Il	X � *20:m ��n 3�o4p'q�r W BHT ��s:t�� �'u e 2 v:;�w6x �c� Y Z�y -&.zi *�0i)Xki 3I{ <c|}��s}t y.~ > �c���}� G  A+�+$ 3 �}C ( �*>�� �4� 9��+�"�	����?G:�� F � �6d 10 g6|}���c�	�I=4> y��8� i *4�"0��8� Z i.�	9 3�o y4��� �?� *4� � ���W?������� o4p�5.� �k� � T�U}V��4W y s:t �c� G�Of��'�P� �c� 0 5 � ��3Io}p�q2r Wy�� �8�	�8Q � ]8^6���8 '9�<8¡ 5��'� � 3 PPO ��¢:^ 5g/l £ u df¤ ��¥}¦�§4¨ � ���© �2ª ~ 5.�?� 0�«�* 32¬88® y © � � Y Z d%ª ~ 5��c�¯�°23I±:�k²�� 9 Y �8³8´+¯ ¢^'9�µ+�"¶ p'� R:G:� ��· �2µ �8Q � 0�1 n 9 3Io4p q�r W ¯ ��� � £ � µ+� ¯ _ p d¹¸��º ;}<}=�>:µ y 7	/ º}� � �4�'�8Q � 0» � @ §�¨ ° Q8¼� 3 Y � 9�½�^ §4¨ 5�� *�¨ ��¾�¿PA	À�Á�DfÂ�Ã �+yfÄ�Å  ] ° §�¨Æ ` �ÇÈPÉ�� º @?Ê §:¨+Ë ¼+d ¯°IÌ Y � � £"Í ºI¨ � ¯�Î4Ï6Ð�Ñ ¼2�8Ò4| ÌÓcÔ}¯ lÕ � yfÖ Ë �E× � G u X"Ø+G �IÙ A'B�C?D)Â8A'Ú�À °8Ð @ §�¨ ® 100%
� i º�Û Í2Ü ¯°2Ì�cÝ+Ð d�Þàßzi¹l Õ �8�á � G�¼ Zàâ�ã � ¼ Ù» � A+B.C DfÂ:A	Ú�À � £I¼ F�ä G�å Ô H4� y Ë ¼æ�����8Q4¼�� Ì�ç a ¯ A+B.C DfÂ:A	ÚÀ °	Ð�è'� 1× 1× 1m

¯ å Ô y H�>ji�Ü�� Ñ�é ; ÌIÓ Ô l Õ � ¯�ê Xk�Id�Q « uìëkí G"îïIð Ð"ñ4ò8�k� �Ù:« Ü 10tonGd(5%)
°8Ð

1×1×1m
¯ å Ô e 200 ó Ì PMT [4e 20,000ó��I��� Z É�� ¼� Ì å Ô y�ô É'� i º � Z [�� � ò º J�Köõì� ë�í � GcÍ º i « Þ Ù AB�CPDfÂ+A'ÚIÀ ° å Ô:¯ î ï�ð ¯�÷Eø�ù Â}Ã y _ ò º Ì�ú?û � ®+ÌIü8ý GEO ¯ _ p y�þ8ÿF4ä G"î ï�ð y�� � ¼��:���	Q+¼ Ù« Ü Ì å Ô ( ��� )

Ì
PMT

Ì ¾�¿?A	À�Á�DfÂ+Ã Ì��o��	��
����� GEO y ¸ � Ü+J�K õ ¯N:>c��4� Z Gc¼ Ù ��o�����
�������� R ��º Ð2Ì Gd
p ¦�� ¯ � °	Ð m ��� O����c���� G � LENS

�}� ° s ã � º4� Ü Gd(EH)3

Z��:ÿ º d 1/10 ]�^ ¯ � � ° Q+¼ [37]
Ù

( !
5.1) ¾4¿#"	À�Á%$fÂ�Ã�R ��º Ð2Ì'& ( Æ ) Ì §4¨�� ` Ì T�U}V�µ�W y+*-, º#.0/ i�Ü ¯°
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Gd
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Gd1g
� Ü u ¯�ü8ý

Gd(NO3)3 · 5H2O $1.43

Gd(EH)3 $19.7

! 5.1: Gd(NO3)3 · 5H2O
Z

Gd(EH)3

¯�ü:ý6¯ ���
( ß�������Ò	� ü )


�� ¯ d ¯ £ u d� ü�� d ¯ � / � Ü Ù?« Ü Ì���ä�� å Ô [ Ì PMT [ Ð "���� $.Â "�ÚÀ � £4Í º � � � � ¼�� Ì Gd ¢:^ y dcÞ ß$i � � ËkY Z � £4Í º ß ��� Ë ¼ Y Z � ° í¼2X6d8i ��� ��Ù ���6²��4Ð�ÌIü8ý � ±��k²	� d ¯ X�O:Þ�X y Ò4|"K��8Â�� y�� « ò º ú� i�Ü � Z â Þ Ù
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6 � � � �

Davis � � £I¼���� � ��Â$õ 

	.�}�'�4Ð�� « ÍÜ��� � ��Âzõ 
�	����'Ð2Ì ���E¯��}��   Ð�� �2Âzõ 
�	����?¯ ë�* ¦�� Õ (LMA Large Mixing Angle Solution)
y�� w i º}�¼ Ù � ��Â õ 
�	����}÷Eø:ù Â Ã Ð2Ì KamLAND

�8�E� £�Í º! #" ��$ � É�� ¼ Y Z �% ¡ É.� º4� ¼�� Ì * ¦�� � �}Ë ¼�&�^ Ð ô É �"Ù?Y ¯�$ � �� d ä i�Ü � �Â õ 
	�'¯�(#) Z i º Ì�*$� º!+�, ¯ ß � �.- ø�/10128°#3 ¼ Y Z �I�'�P� � ¼ Ù+mcY °Ì * ¦��4 � ��Ð e 1%
¯  ^ °5* ^ �Iª $ É�� º4� ¼ pp

� �"Â�õ 

	 � ä i º8� ¼ Ù « Ü Ì pp
Ì

7Be
� ��Âzõ 
	�Ð Y � « °#6�7 ��8�Â 2�9:0 õ � ° l�; i º $ �zi�Ü �4�6Ð �z� Ì Y �� ¯ � ��Â$õ 
	 y
< ¼ Y Z . ¿ �=8� �1>@? y w�Í º}� ¼ ÙA ¯ £cÞ �CB�²���ä i�Ü � �Â�õ 
�	�ú6û t ¯�DFE5GIH i º 160Gd � 3 u Ì�JLKIÐ A ¯� ��
0��� � y s6Í�Ü�.� � �Âzõ 
�	�ú?û � ¯NM § y Û Í º í Ü Ù A � « ° Gd2SiO5

�O y t � Ü�P#Q	� Û ã � Ü� Ì m ¯ §�¨ Ò �:[ ¯
RjÉ�¯ Ü ��S =@T4Ò2� $ ¯ Þ�x ¯�U 2 VW y l�; ° í�X Ì5YZ/!05[4ø�� À �]\�^ �#_` H� ¼�Ü � �4± �!`Za
b'Í"Ü Ùc A °!J:KIÐ2Ì ½�d � Ò �Fe'� { � ¾:¿�"	À�Á $)Â}Ã ���	��
�#� � y Æ b Ë H � Þgfh y H ¼ A H�� a�Ü Ù ����
��#���!i ¦ � � Æ�j ¼ " À�Á $)Â�ÃNk 0�l � H � Þ (�) °ÌM § y.Ä � Ü H A!m
����
�� ����i ¦ �

Gd(NO3)3 · 5H2O · · ·5%(Gd =}� � )

"cÀ�Á $�Â	ÃNk 01l �
PseudoCumene(

& ( Æ )
) · · ·60%

NS210( nFo�p8µ5q ) · · ·40%

PPO(
U

1
Æ�r

) · · ·5g/l

Bis-MSB(
U

2
Æ�r

) · · ·0.1g/l

¯�sut ¦ � ° /#v}Ë ¼ A H � ° í Ü Ù A ¯LH í Ì µc��w $ �xa�Ü �  
•
§4¨ � ∼ 3, 500photons/MeV

•
Ñ4é#R

∼39cm

• Ò ��e ∼2nsec

• y 0!6 À�Á Q ∼7.36/7.69MeV
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• � E���� � (PSD) α ∼ 4%(β = 90%)H � Í�Ü Ù A � � ¯ ��w��?Í º 1×1×1m
¯ å Ô w è �xa º � �2Â�õ 
�	 V W?� � a�" � �

$¹Â " Ú)À!w�a�Ü H A�m Ì S =�T�Ò2� $ � · � H � ¼ V W ���j� � Ü Ù A ¯ Ü � Ì Gd2SiO5� O�°����IH � Í º}� Ü Y /�0#[�ø�� À � ¯ Þ
	 152Gd
¯ y��� � £I¼�� ¯�� £�Ê D�E5G��� � £"¼ 159Eu

Ì
157Eu

����Ð�Ì S =:T:Ò� $6� £"Í º������ � $���� ���'ò ¼ A H �· � H � Í2Ü Ù 235U  ' ¯ Ò�!�"$# ¯�3 ¼ YC/�0#[�ø � À �à� � a º Ð2Ì1U 1 V W w 2 %¯ V W H !�& ò ¼
' ® H a º 1/1000 w
(�� Ë ¼ H ���)�'� YZ/�0�[4ø�� À � � � Ë ¼�Ü� �4Ð+*�, � H a º ¯���ø Àf��w
- 10−13gU/g
³ © H a � j � � � � � � A H � � b�¼ Ù±). Ä Û � ¯

KamLAND
Ì

Borexino
�/��¯
0�1 °8Ð

10−16gU/g w�2 � a º �43 Ì A6587�8ÿ º�9�: 7�;=<+>=? ° 3 ¼ [38]
Ù

@ Ü » ¯ �BA H a º Ð�ÌNR % � �:µ ¯ '�C ÌED)FHG6¯�$ � Ì "���� $.Â "EÚ�À 78I ¼ �ä�� å Ô (�J Ì$K12 õML
N�� ��� w Û ã � j 5PO �RQ � < Ù �)S �	��
�#� � L ü�ý 7 #a�T Ð2Ì LENS
0�1BU � ã 5 Ü i�V � Gd(EH)3

7 �+ÿ T 1/10 W8X U 3�Y ÙA L I Þ 7 ÌEZ\[�]E^�_ Lo 7 � < T �)� 7a`�b�c L 3�Y � 6.7�d 8�eEf8gEeih+j 	 LkBl 7
m a
n�oqp�j�fsr6t�uHvHwHxsy8z�{}|�e�~�L M�F 76��� a
n��
���B� ]�Z�[�]�^H_�]� !H����e d w6� @�� n 0H���P[�Z w����Ia�T <������ U���Y �
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½
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� �
B � � � � � � �

	�
 à��]à��� k���������������� ��� �"!$#%�'&.0)(,Æ
(1) *,+ 	�
 à��]à%�-).)/,0�1 � �32 ��4)5 & 0)1 �6�87 � 
:9;$<3= & 4)>���?�@BADC ()E�FG�DHJIF 1 z�( 
:9�;�<�= �DKJLNM�*,+ 	�
PORQPO � �TS �VU,z CXW�4)> ��Y�ZX[,\ � 1] (�^,_XF ���`��a,> �R*,+PbDc >�� ��2 �d E3(�U
(2) e 	�
`ORQNO �43> �"Y'Z f%g 	Nhi; �kj�l:m (:�:�n!3o�p)f�g 	qhi; MTrGs a3> &Rt�u`v OwQyxT=z3{ �D|�}Gm ( �n��~��D��� Z8��%��&)op ADC,� e 	%
POwQPO �%& 1 ] (�U ] CW�4)> ��Y�ZX[%� � 1 ] (�^J_XF ��� H3�qM d$� (�� �8� !�2 �)� (�U
(3) �:� 	�
PORQPO �t,uPv O"Q�x"= z�{ ��|,} m ( 4)| �:� � 1 ��m ( 	�
PORQ8O �)M"�J� 	�
PO�QNO� �TS ��U%�:�,��� W��)��� �)�J�,cNM"rXs ���G��� 0)1 � j,�J�3� � 4)5 ��� �
 � v,� x��	 f�MT�J� �,�,���6�87 �DHJI �%�J�,� 
:9�;X<3= &LG  C (�U 
X�v3� x��D	 f �"WD�D¡�¢3�3� �R�3� � 031 ��� �R�'� � ��£X!:( 2 �'����¤,¥ � �%2� F8¦ � 2 §,��u8� ] � FG¨)(�U ] � �3��� t)u�v O�QBxw= z3{ ���J�8M"©«ª¬¯®�3���° �$±�f²�³ ;P´)O ±3f)F%µ8¶P· O � m (k¸���¹,ºG&%»½¼ C (�U
(4) ¾)¿ 	�
PORQPO �4,> ��¾)¿yMTÀG² �wm�Á ( �n��Â`� ZJ§$&%Ã)Ä ���y� E$��U ] CXWR4)> &Y,Z$f�g	BhÅ; ��j)l m ( �X�T!,opXf3g 	qhÅ; M"rXs � ¦ ���,4)> & � ZqMXÆ�Ç�op ���� E8� ��� FG¨)(�U
(5)
�)� 	�
PORQPO �
J9�;`<�= K)L���ÈN¦�!�É,� (

j É,� ) &�t,u`v ORQÊxw= z3{ M"Ë3H m ( � ¦ � 7 �Ì)Í ��WR�,�:� 0)1 �'�8��Î)¿`��Ï�Ð � ¾ �N� ]%Ñ &,F8¦ �$7 � ����� Z3Ò)�$&ÓÔ m ( ] � M �)� 	%
PO�QPO � �TS �VU ] � �3���Õ�� 
J9�;`<3= F�#TÉ,� � ��2� Y,Z�§$&%Ö  X(�U� ��� 
:9;`<�= � Y,Z�§8�)×�Ø W
dL

dx
= S

dE

dx
(B.1)�ÚÙ Û (�U,�3Ü ��j É,� F W 1951 Ý � Birks

W 
J9�;�<'= � Y�Z,§`�J×DØ &
dL

dx
=

S(dE/dx)

1 + kB(dE/dx)
(B.2)
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�$�:� � !:( ��������� U ])] F kB(Birks constant)
W���j É,������� � �:¼"! ��	� F)¨G(RU 2 sG��
��Ê¼ �� É'� � { c,� (

j É,� ) !�� W�� É�� ( ��É,� ) ��Y'Z����� 	%
�ORQ &Èq¦�®6!X( ] � &���G(�U
������� �"!	#a�> { ��$ . É,��� 
J9�;X<�= KJL W�� Bethe-Bloch Ü3I�
$F Ù Û (�U

−dE

dx
= Kz2 Z

A

1

β2

[1

2
ln

2mec
2β2γ2Tmax

I2
− β2 − δ

2

]

(B.3)

M $ . É��`� > § MeV/c2

E $ . É��`� 
:9;$<3= γMc2 MeV

T %�& 
J9%;�<�= MeV

mec
2
� ��� > § 0.510998902(21)MeV

re

� ���('�)	*�+ 2.817940285(31)fm

NA ³�,:±.-0/ � 6.02214199(47)× 1023mol−1

ze $ . É��`� �21
Z

5,> ��35426,�27 8
A

5,> ��35426,� > § gmol−1

K/A 4πNAr2
emec

2/A 0.307075MeVg−1cm2

I 3 4 0,1 
J9�;�<'= �
eV

δ Î,¿8�:9	; ����< ( �)� 
)9;`<�= K)L8�>=�?
��@��6�

β
�

γ
W Ë�Ð2AJ  C (B%�&��DÖ � FG¨)(�U E �D� Tmax

�RW ��C���D E�F�Æ(F �� �>GXm ] � &)F$¦3(IHJÈ$��%�& 
,9�;�<�= F > § M
� %�&,§ Mβγc ��É���F W

Tmax =
2mec

2β2γ2

1 + 2γme/M + (me/M)2
(B.4)

� !Bª � %�& 
:9�;`<3= &%Ó �N� ¦ (2γme/M � 1) ��J2K �'���
Tmax = 2mec

2β2γ2 (B.5)

MLA � ] � &,F8¦(�U
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� �
C � � �

238
U �

92919088868482 858381

238

234
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222

218

214
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206

238

234 234 234

230

226

222

218 218

214

210

214214

210 210

206

U

UPaTh

Th

Ra

Rn

AtPo

Po

Po

Bi

Bi

Pb

Pb

Pb

210 Tl

Rn218

4.468x10
9
y

2.455x10
9
y

1.17m

6.70h24.1d

7.538x10
4
y

1600y

3.824d

0.035d~1.6s3.10m

0.164ms19.9m26.8m

138.4d5.013d22.3y1.30m

stable

4270keV

273 2197

4858keV

4770keV

4871keV

5590keV

264

6115 6874 7263keV

1023 3272

5621 7833keV

5484 63.5 1162

5407keV

99.97%

0.02% 0.01%

2883

99.98%

0.02%

Isotope

half lives

β decay

α decay
Q β

Q α
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232
Th �

908988868482 8381

232

228

224

220

216

212

208

232

228 228 228

224

220

216

212 212

208208

Th

ThAcRa

Ra

Rn

Po

BiPb

PbTl

Po212

1.405x10
10

y

1.913y6.15h5.75y

3.66d

55.6s

0.145s

60.55m10.64h

stable3.053m

4083keV

45.9 2127

5520keV

5789keV

6405keV

6907keV

573.7

6207 8954keV

5001

35.9%

64.1%

2254 0.299x10
-6

s
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Isotope Energy BR Isotope Energy BR Isotope Energy BR

(keV) (%) (keV) (%) (keV) (%)
238U Eα

226Ra Eα
214Bi Eγ

(4.468× 109y) 4220 20.9 (1600y) 4685 5.55 609 43.7

4270 79.0 4871 94.45 665 1.45

Eγ Eγ 768 4.61

50 20.9 186 5.55 934 2.94
234Th Eβ

222Rn Eα 1120 14.9

(24.10d) 86 2.9 (3.824d) 5590 99.92 1155 1.65

106 7.6 218Po Eα 1281 1.46

107 19.2 (3.10m) 6115 99.979 1377 3.77

199 70.3 214Pb Eβ 1402 1.55

Eγ (26.8m) 184 2.35 1408 2.85

30 5.66 489 1.04 1416 1.00

63 4.89 671 46 1509 2.17

92 19.1 727 40.5 1661 1.06

93 2.79 1023 9.3 1730 2.90

113 2.19 Eγ 1847 2.06
234Pa Eβ 242 1.07 2119 1.17

(1.17m) 386 1.55 295 39.5 2204 4.86

(6.70h) 415 8 352 46.5 214Po Eα

435 2.8 214Bi Eβ (164µs) 7833 99.99

460 1.14 (19.9m) 790 1.45 210Tl Eβ

474 45.4 824 2.74 (1.30m) 1379 2

503 7.0 1068 5.54 1604 7

644 19.4 1153 4.14 1238 5.92

1002 1.1 1255 2.9 1859 24

1069 2.9 1261 1.66 2024 10

1106 1.12 1277 1.38 2414 10

1173 3.9 1382 1.59 4205 30

1208 4.8 1425 8.26 4386 20
234U Eα 1508 16.9 210Pb Eβ

(2.455× 109y) 4805 28.42 1542 17.5 (22.3y) 17 84

4858 71.38 1729 3.05 64 16

Eγ 1894 7.18 Eγ

53 28.42 3272 19.9 47 84
230Th Eα

210Bi Eβ

(7.538× 104y) 4702 23.4 (5.013d) 1163 100

4770 76.3 210Po Eα

Eγ (138.4d) 5407 100

68 23.4 Ù
C.1: 238U ���
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Isotope Energy BR Isotope Energy BR Isotope Energy BR

(keV) (%) (keV) (%) (keV) (%)
232Th Eα

228Ac Eγ
212Pb Eβ

(1.405× 1010y) 4018 22.1 58 74.1 (10.64h) 158 5.17

4083 77.9 99 3.71 335 82.5

Eγ 129 11.2 574 12.3

64 22.1 209 4.05 Eγ

228Ra Eβ 270 4.43 239 82.6

(5.75y) 39 100 279 1.37 300 4.88

Eγ 322 1.64 212Bi Eα

7 100 338 11.7 (60.55m) 6167 25.13
228Ac Eβ 409 1.29 6207 9.75

(6.15h) 403 1.57 463 2.96 Eβ

439 2.6 504 1.64 633 1.87

444 1.18 509 1.37 741 1.43

481 4.18 563 2.52 1527 4.36

489 1.15 755 1.07 2254 55.46

596 8.1 795 4.40 Eγ

959 3.54 836 1.49 40 25.6

974 5.6 911 24.1 328 4.02

1004 5.82 965 4.79 727 6.45

1104 3.0 969 4.79 785 1.13

1158 31.0 1631 1.97 1621 1.50

1731 11.6 228Th Eα
212Po Eα

1940 1.9 (1.9131y) 5436 28.2 (299ns) 8954 100

2069 10 5520 71.1 208Tl Eβ

Eγ (3.053m) 1040 3.09

84 28.2 1292 24.5
224Ra Eα 1526 21.8

(3.66d) 5548 5.06 1803 48.7

5789 94.94 Eγ

Eγ 277 2.66

241 5.06 511 8.89
220Rn Eα 583 30.0

(55.6s) 6405 99.89 861 5.28
216Po Eα 2616 35.3

(0.145s) 6907 99.9981Ù
C.2: 232Th � �
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