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~?���t�?�6�63�S2T��2����� 4¡�¢ j�£ 	6O�¤NK��4�
	��9
��t¥�¦+&LS T9J.K
/D�R3
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��
�\ �C]�^�^�¤�-6K q?r O�P4K 
 Â#_ A `#a
� 0b �?�93�c#de�6O
νe
`xº

νµ f ]�^4J�K���g P
�93ih»{4�D�4�6	m�9
��
��;<> ��hYj�k
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θ
��=��?Â ò2º¿�63

P(νe → νµ) = sin2 2θ sin2

(

1.27∆m2(eV2)L(m)

E(MeV)

)

(1.1)���iO�� KR0�����O63
L
������	 �6
9�R^	�4ë O���,�`�º S�T
J2KQW6O���

�5�9/	��


(m)
3

E
�����	��R
��D� ¡Q¢ j £ 	

(MeV)
O4P�K90

νe
���Q��� � ^4P�KHSNT��YOQ��3 νµ

3
ντ
��S+T
O���#<�60 ���)�<3

νe
^�S+TH�2������J.K��.����
�4�6	��9
��
��]	^ 
 o?p � �),��9W�*�/�� � 3 νe

^9SNT
OL�.KtÅ.�93(]�^�^�¤x�4º)#��+����/��� ��Ë?ÌQ,��?ÙQJ K�0��� A<�.O���3�� ��~Q�2�9S�T��Y^D���HO��4,Q��/����N�93��N/��9A�§?>2�9¨���© g�ª�« 	4��	&L¹��?/�SNTH�N&t�?�¬�É3	�  Y¡?¢ j.£ 	6���
	���
H�tSNT?&! )���»J.Kt~?�+&%��#�Þ®0 ����~?�+&
KamLAND

~<���L��"60
KamLAND

~���O��t¨6��© g¿ª�« 	<�9	<&$#�¹�J4K»]Y��Ò4wy3 ¡�¢ j4£ 	�^
1.8MeV %'& �L¥?�6�L	�9
��?&LSNT�J Kt].^�T�_+K�ñ<òDO�#)( 3DÅ+*

KeV Ú�Û W
O��  �¡?¢ j.£ 	D���D	5�9
��<&HS2TRJKt].^YT�_+K�0'�L�¬ºL� ¡�¢ j.£ 	 Ú<Û ����3 ß ±?à?¥����D	5��
�� 3 7Be ä�å ���6	5��
�� 36â?ã¥�����	��9
���#'î�3�,-()��.0/�1.�����6	5��
���^32�4��L,?��K�0
%+5 � KamLAND

~?�YO36�7RO��.KHÑ��N�
{���,($4Ì K�0
1.2.2 KamLAND 8�9;:
<'=�>�?�@0A�B-C�DFE
ß ±�àHGROQ�93�I�J��H#4K ×6Ö�g á k j � � ×LK �LM�NPO ��Ò.wy3<¥����6	m�9
���^��?ëUOH� K�0����¥�¦4O���ë O��YKL¥Y�Q�
	��9
��
��34|�}

100%
���&gYO

νe
�
#4K�0����D�Q�
	���
��R� ¾�Ö ÔÕ9b4��3 ß ±�à.��Q�R�TLS�> ��Ò�wUT��3V � O�W�KL]�^�T�_+K�0ß ±<à ��3X��� ¾N« 	�Ó�	���l�Y.��@Y�9¥��4�
	���
H��&LI�>e�D� Í T9J�K��<3?�4�
	5��
�� o?p&tS+T9J K��2��Z��4/�����	��R
��![�	�b��L#�K�0

����O
KamLAND

��3�\P]�U�TP� � O ß ±<à�¥�����	���
��<&tS+T9J Kt]N�YÒ.wy34�Y�D	��R
��o�p6q<r ��n�IN&G��#�Þ 0 ß ±�à.��I�J���3HU�^<3 2 _ 4%
� 235U

�a`mwL&Xb��QK 238U
O�è�ë OL�YKH0

IPJHGD� 235U
�LRe�H:<±�&	c��¬�L,3M�N�O�&L¤x�4�É3�M�N�O2�<MQ*�,��5Á�/�dPM�^

β e�f &hg wi+j�k�l�mon
6.1 p�q νe rFs't j�u�v

235U + n → A + B + 6.1β− + 6.1ν̄e + 202MeV + xn (1.2)

w	xPy 238U z y 0.8MeV %P&'q T�{0|h}�~ lh����������� r���� ��������� rF��� j����+���0u�v!�� y�� |�}�~ r��	��� l β ��� r�������� � y ��������� 239Pu r�s�t j�u�v
238U + n →239 U →239 Np →239 Pu(T1/2 = 24, 100year) (1.3)

s�t��h� � 239Pu z y 235U ����  l � |�}�~ l!¡�¢£���P� rh��� � y mon 5.6 p�q νe rFs�t j�u�v
239Pu + n → X + Y + 5.6β− + 5.6ν̄e + 210MeV + yn (1.4)

239Pu z yo� |h}�~ r�¤�¥ ��� ��� j�u��¦l§¡¨¢ y 241Pu rFs't j�u��)©$ª�«�¬+­'uLv
239Pu + n →240 Pu + n →241 Pu(T1/2 = 14.4year) (1.5)



1.2. ��������� 9

241Pu
© yo� |h}�~ r	��� ���	���P� r���� j	����ª§«P¬�­�uLv�P���
	 ��� � ¢Fl�
�� ��� u���������� r � ��� u ��� 1.1 qL  l��!uLv � q! #" y%$ ~�& q ��('*),+ s't;��� u�-/.10%�32�4(5 q(6 r�7�8 ©	uh�§�§�h� u�v KamLAND 9�: r<; ��=?>A@ r |

Isotope Released Energy

[MeV/fission]
235U 201.8
238U 205.0
239Pu 210.3
241Pu 212.6

� 1.1:
���P�B	 ��� � ¢Fl(
�� �h� u������C���

D�l0� �(E�F#G
200km q#H�I%J�z y�K�L�M�N q $ ~ '�O�P�Q!¬+­'u�R�S�T y�N�U'y�V�W�y�W @ y�XYA��Z

16 q $ ~�& ��[ 6�\�] � y ��)¨© y ��� + q $ ~�& z y 175 ± 35km q�^�_�`�a�bCJ ­Pu�v�c
1.1 Jedgf�hAI�J(\�]/i u $ ~ '�O�P�Q q ��j�c r y � 1.2 J�z!k � $ ~�& q � ��' � >�@!�	¬ q�a
b r�l i v

c
1.1: dmfeh*I	q $ ~ '%O�P�Q q ��j1c

� 1.2 q�n#o�p�q�r+z�s �At	� q $ ~#& � M�N �u' q�v y -�.A0��w2�4(5 q ���x�C���o� 1.8Mevy#z q .*0x�{2u4!5 q�n�o/puqur ¬P­'uLv ��� J ¡	u � y d�f�|Ch�q $ ~�& ),+�}�u�-*./0x�32�4�5q�|�n�o/puq�rPz 1.3 × 106 [cm−2s−1]
¬P­�¢ y � q =�~ y 80% q -/.*0x�{2(4�5 z >1@�),+ 140km),+

210km qua�b ),+ KamLAND � ��� J!����i u�v 1997 ���¨q!|�h�q $ ~#& q P��0�u'�)�+ |-1./0��{2�4!5 n�oAp�q�r r!��� � y s �0r ���%����� r��eq 2�� J�� � � © q � y c 1.2
¬�­+uLv

$ ~�&0| q!�#�¨z y 235U
�

70% y 239Pu
�

30%
¬�­�u � � � v
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Reactor Site Distance Therm. Power Max. Flux

(km) (GW) (105ν̄e/cm2/s)R�S
160.0 24.6 4.25N�U 179. 5 13.7 1.90V�W 190.6 10.2 1.24W @ 214.0 10.6 1.03X Y 138.6 4.49 1.03� Y
80.57 1.59 1.08� W 145.4 4.93 1.03�	� � w 344.0 14.2 0.53�	� ��
 344.0 13.2 0.49��

294.6 3.29 0.17���
414.0 3.82 0.10���
430.2 4.09 0.10� x 561.2 5.96 0.08��

755.4 6.72 0.05�
783.5 3.30 0.02� I 824.1 5.32 0.03� � — 130 13.1

� 1.2: dmfeh*Ioq $ ~ '%O�P�Q q � �(' � >�@+�	¬ q�a�b
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Anti-neutrino Energy (MeV)
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Rector Anti-neutrino Flux    (235U 70% + 239Pu 30%)

c
1.2: dmf#|ChPq $ ~#& )�+?>A@ J����/i u $ ~�& -1./0��32�4(5 n#o1pxqur v $ ~�&H| q(���0z

235U 70% y 239Pu 30% � ��� �%� � � v (1997 �#��q P#�¦�u'��*��� r © ��J �%� )
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� q! #" ) + y KamLAND
¬ � � ��� u���� 6 r�7�8 ©	u�v

KamLAND
¬ z y������	��

� � �x� I	q�� ~ � -1./0��32�4�5 ��q�� β ���eJ ��� i u���� r��� ��� y � � i u�v

� β ����q -��	��� 8 z y

σ(Eν) =
2π2

m5
efτn

peEe (1.6)

= 9.5 × 10−44 pe(MeV) Ee(MeV) [cm2] (1.7)

= 9.5 × 10−44(Eν(Mev) − 1.3)
√

(Eν(MeV) − 1.32) − m2
e [cm2] (1.8)

¬'­�u�v ��� ¬ y Eν zu��� � � ./0x�32�4�5 q �#�x�1��� y τn z |h}�~ q���� y pe
y Ee z�s �At��� P ~ q��� "! � �����C����¬!­�u�v�� � y � ~ � |�}P~ q�#"!"$ r ∆M( = 1.3 MeV) �&% } � y

Ee = Eν − ∆Mc2
¬�­'uLv('

(1.8) z Weak magnetism y Neutron recoil y Radiation
� Z q()�* �,+-§¬+­'u	� y s � + z�. } � 
 �h� ��/§u [8]

v
-�� q10#� N z y -/.�0%� 2u4�5 n�o*puqur y � ��� IXq2� ~ 6CJ(354�i uLv ��� ¬ y � ��� I	q� ~ q�6 r Np � ��� y .10%�32�4�576  r�829 i u � y

N = σ(Eν) × Fν(Eν) × Np ×
{

1 − sin2 2θ sin2

(

1.27∆m2(eV2)L(m)

E(MeV)

)}

(1.9)

���;:�< u�v � �!� Ioq=� ~ q(6�z y��"�>�;�1
?� � �%� | q(@"A��CB"A¨q,3 y rH/C r1D /+u � y
Np = 6.02 × 1023 / (1.00794 + 12.011 / rH/C) × W (1.10)

¬P­�u�v
W z �����	�1
E� � ��� q�F�! ¬�­'u�v rH/C = 1.9 � � y2G5H�� 8 r 500

2 � � � ��I � y
Np = 4.1 × 1031 J �!uLvG�H�� 8;r 500

2 � y � � H"J r 100% � ���/c 1.2 K $ ~�& -1.A0��{2�4!5 K�n#o1pxqurML D /�"N5O � 2 6PL ��� � � © KQL c 1.3 J l i v"RTSX�#.*0%�{2�4!5&6  ���"/ I � L<� � y>U So��V� .10��32u4(5 Ku��# 6  
 K 1 W ¬+­'u N�X ��YTZ o"[ � � sin2 2θ = 0.7 y ∆m2 = 2 × 10−5 K0�\ K�r��eq 2�� L��*i v�] $¦z�^ � ] $�K�_ ¬+­�`�a
�h� L 8 � i ` �Cb G�H�� 8 500

2 � ¬ K 1 �dc�K N�O � 2 6 � �x� ¬ \ b 6  dK ��/ I � ¬ b G
390
N5O � 2U¬'­T`�a,6  ����/ I � K�e N2O � 2 6 � ��� ��� � e N2O � 2 6PL135f*i ` � �(J ¡¢g.10��32u4(5&6  5g � L�� �X¬ \ `�a
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Anti-neutrino Energy (MeV)
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Reactor Anti-neutrion 1 year Event Spectra

c
1.3: $ ~�& -�./0��w2�4u53� KamLAND � ��� I ¬ � � i 1 � c"K �T� K ���x�e���L�*j�a 9��� 6  ����/ I � b�� ��� V � .A0�� 2x4u5 ��# 6  
 K 1 W ¬+­;` N�X ��Y 
 sin2 2θ = 0.7 b

∆m2 = 2 ×10−5 K I � J ��� ` r���q 2 �+¬'­Q`�a
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$ ~�& -1.A0��{2�4!5 K .10��{2u4(5 6  MKu� � J=%�� ` ∆m2 K���� L 7#8 ©5`�a2' 1.1 J � `�Cb X �"Y sin2θ
������+ � � v�b .A0��32�4!5 6  �xy	� K�v M#N J �Q`�a

∆m2(eV2) = 1.24 × E(MeV)

L(m)
(1.11)

¡�
h� b ∆m2 K�� ����
 � b .�0(� 2u4�5 K���axb�� .#0(�32!4�5 K �����/�%� J ¡�
h����� ��� `�a¡�¢�� � / ∆m2 L�� � i ` J � b ./0%�w2u4!5 K���a�bPL�� } i `�) b �����C��� K � � /�.A0%�2u4(5 L�� ����� � ��� ��+ �"/2a
KamLAND 9�: ¬ � b L � 150km b E �x6 MeV

¬'­�`�� b ∆m2 K���� � b�� 10−5 � �Q`(a � 1.3

J�b K�L K $ ~�& ./0��32�4�5 � �!� K } « L l i a
Experiment Target mass Distance ∆m2

(ton) (km) (eV 2)

Bugey 1.2 154 2 ×10−2

CHOOZ 4.8 1 1 ×10−3

Palo Verde 12 750 ∼ 10−3

KamLAND 1000 ∼ 150 ∼ 10−5

� 1.3: $ ~�& -/.10%�32�4�576  �9�:>K!� ��� K } «

KamLAND 9#: � b�� ��ª�«#� ∆m2 K ��
 � 10−5
�3¬'­�¢ b��MK�9�:CJ�3! � N�" J } «P�$#z ����/T`(a � K ��
!¬ � b V � ./0��32(4!5�%'&�(*) K 
 K 	 W ¬P­�` MSW( +�, A -�. ) K N�X��Y 
!� ��/ �h� `�a
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c
1.4:

��� K νe↔ νµ

6  �9�:eJ ¡=` 6  Z o�[ ��� K 90%C.L.
��� ��
 �����
	��,b"% ¡
�,V �./0��32�4�5 ��# 6  
 [3]
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	���
��
��� � s�K�� �A),+ G 40TW K � L �¦�¨����/	`�a s�K =�~ G 40%(∼16TW)

� � ��� � ¬P­�¢ b
s=K =�~ 90%

����� I��MK ��� T b z ��b � ��� � 2 � J�� � � ` � ���§���� 5AdK��o� �����A�%�
J � ` � � 8 ��+ � �"/	`�a ��� J ¡5` � �"! � �w2$# q 2 . q�r T�%'&)(  �L�* \ � � i � b�+��¬�� ���¨���, �AdK ��� I-�MK ��j L���. ��/ i `�0�1 � ��)�
 � a¦�<)H� b ��� K�I-��2�3,4 �O �,5 2CJ2W /�� �   �u� � � � \�] � b/s � + L<��/�i `�� J � b � �����
�, �A;K ��� I��>K �j L%��. ��/ i `h�§�2+�-¨¬'­Q`�a
�h� + ��� I-�eJ�\�]�i `�� ���¨��� � K���� � b β �o� ¬'­T` K ¬ b*s�K76 � ����v�J -A.*0x�2(4!5'© �H� i `(a � K ��� -/.�0%�32u4!5 �)��� K�I-��2�3�L���. -98H����/	` � ��b ��� L�� �

i ` � � �)��� J�� � � `<� ������#�K�!"b �#j*� Z b ��� I:� �#��������;�< 5 2MK 
>= J G�H �?�@ ¬'­Q` �BAT: � `�a��� I-��K U � G !�� U/Th 3AJ �   �u��C ���'�'­;¢ b b�DFE ��J � G�E � K U b Th
� � � 2� J�G ¢ K E � � N"H ! � � 2 � K ��� J�\�] ����/Q` � �h� b 
�IJ! � �32 � K ����K J � N"H !� �w2 � K ��� J ����� s�Ku\�]�! ��L � �NM1��/ � 8 ��+ � ��/	`�a*c 1.5 J ��� -/.*0��32�4!5

K�n#oApxqurML l i [5]
a

Anti-neutrino Energy (keV)
0 500 1000 1500 2000 2500 3000 3500

N
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)d
E
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: Th series
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Terrestrial Anti-Neutrino Spectra

c
1.5:

��� -/.10%�w2u4(5 K �#�%�1��� r��Cq 2 �
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�����J�
	��N
:�
�h� ��¬ ; � : � � V � .*0x�32(4�5 9�: ¬ ��� ��� � ��� 6 � i� � K!9�:CJ2% /������"V ����§¬
	�� �h� `��T� 6 K 1/2 ∼ 1/3

��) �"� ��� �"/ � /�=  �" ��
�� ��� ��/Q`(aV � .*0%� 2u4!5 � V �AI:� ¬ �;� 
���/	`   ���u-������*),+ ;�< ��� `(a2V � .*0%� 2u4!5 J� b 8
��� K $�� ��-"�A) +/}7`x./0��{2�4(5��
�w+ � �"/;`(a N�� i ` � pp ¤�� � CNO � N q�'�+­;¢ b V ��K �#�%�1��� K 98.5%

�
pp ¤�� K -������!¬�O�; i `(a y	� K '¨� pp ¤�� ¬N;�<

�h� `�.10��32u4(5 K O�;�����¬'­Q`�a
p + p → d + e+ + νe (1.12)

p + e− + p → d + νe (1.13)

7Be + e− →7 Li + νe (1.14)

8B →8 Be + e+ + νe (1.15)

3He + p →4 He + e+ + νe (1.16)

z ' K ���+¬
;�< ��� `u.�0�� 2!4�5 � s �*t�� b pp
.#0�� 2(4�5 b pep

.#0�� 2(4�5 b 7Be
.�0��

2(4!5 b 8B
.�0x� 2u4�5 b hep

.�0��32u4�5 ��� �3� `�a�� � b CNO � N q � K ¬�;�< �h� `�.�0��2u4(5 K -������ � b
13N →13 C + e+ + νe (1.17)

15O →15 N + e+ + νe (1.18)

17F →17 O + e+ + νe (1.19)¬'­Q`�a
V � K ¬ K���� �� � J"!$#�% 
'&�O�; i `�(*),+.-�/'0 K$1�2,3�4 + � b Z K6587�%�A ����9�:;<;�=$>8? 56@ b
A6% ` 1�2,364 +CBCDFEG- 3>L�#1W a
H�I�J�K 2 L 98M"`  �N 9�OQP8R'S6T
(8)$+-U/�0,V 1�2
3"4 +$K D /"W,X,Y (*),+.-�/'0�9�M @[Z H�I�J\K 3 L 98M�T # W V Z,]�^`_$%�1�2
3
4 +�a�bQc�d\e�f\g 1.6

?�h�i�j\k
l�m`?'n\oqpsr$tQ? 5 T'j\k�(*)$+u-�/�0 W 1�2
3F4 +CBCDFEv-
3 c ZCw 1.4

?�x
S�y
S W j\k�(�)C+u-�/�0 W�z�{ 1�2,364 + !}|C~"1�2$364 +8c�d*e [6]
f

pp
(�)C+u-�/�0CV z�{ 1�2$3"4 +$K Z 420 keV

;�> %�� K Z j\k 1�2$3"4 +\c��F�*P
e �  �N`W� !��G� K pp
 �N c�P':�� ! ;'& � T W 9 Z pp

(\)�+u-,/U0CV�j�k�(�)C+�-
/U0 W8� 9 z8{FW*�
��� E�B"c #'� fF�C= Z pp

(6)�+.-
/�0 W�� �6� E�B*V�j\k
���Q? 5�� & ���U��� R�S8&�;
� 7 W9 Z � �"� E�B WU����� V�j*k���� 3 W
� ��� ?�M8� @s��� R'S %���!���7 ��¡ K8M8T�f
hep
(*)$+u-�/U0,VUj\k�(*)$+u-�/'0 W�� 9 Z z #}¢F��1�2
3"4 +8c #£� f�;¤>¥; � �6� E�B*V'¦§ ?U¨�R � =�© Z�ª�« W�¬���­F® 9Q¯�S`c¤°QP�e"T W V�±.; � f

KamLAND ²�³ 98V Z X,Y`W 7Be ´*µ�¶.·
¸'¹ W�¬�� c�º¼»q;£½ � TUfQ¾*;}¿ � E�À �*Á�Â�Ã cÄ aQ?�Å"Æ Z °¥P'Ç W threshold
c

0.25MeV È �`?UÉ � e"T*¯\Ê�K�Ë`Ì
=�Í�Î'Ï Z 7Be ´\µ�¶.·
¸
¹ c�°¥P,e"T\¯*Ê�K�ËFÌ�TUf ¯ W ¯*ÊU?�Ð @ÑZ h�i�j�k$l�m W °�Ò.ÊÓj�k ´�µ$¶Ô·
¸�¹'Õ�Ö`×�Ø ?Ù eFT�Ú�Û¥c6º »u;¤½ � T�f

Ü�Ý�Þ�ß¥à�áãâUä�å
æ�ç¥V¥è�é�ê�ë\Ë$ì�íu;�=�î�B W�ï Ë\M @[Z¥ð¤ñ W�ò�ó í�ô N Ë,Ú�O<RUS6õ�ö8÷Cø`ù ¶8ú Ð � ½� � ½ � T�f6xFû�½ Z 8M� ü�ý W�þ�ÿ c�� � æ�ç`V Z ê8ë�����m��	��ç�
	�uÊ �
��� õ��,Ë*x W��
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g
1.6:

h�i�j\k�l�m ú n*oup r�t ú Ð,T�j*k ´\µ�¶.·
¸'¹ W ö�÷,ø"ù ¶ B�DFE · ø

Neutrino Max. Energy Average Energy

(MeV) (MeV)

pp 0.420 0.265

pep 1.442 1.442
7Be 0.862(90%) 0.862

0.384(10%) 0.384
8B 14.02 6.710

hep 18.77 9.62
1N3 1.199 0.707
1O5 1.732 0.997
17F 1.740 0.999

w 1.4:
j\k ´*µ,¶u·�¸�¹ W£z�{ ö�÷,ø�ù ¶ Ê |�~ ö�÷,ø6ù ¶ f 8B

W£z�{ ö�÷,ø6ù ¶ V'H�I�J W 8BeK ��� � Ë�M*T$õ�©��Fc�¾ � f ²
	 ý V Z 15 MeV ü�� Ë*M�T [6]
f
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�¥c�H�Æ*TUf8x W 	 OQP8R'S�T ´\µ,¶.·�¸£¹ c ����ç ´*µ,¶.·�¸'¹ Ê��
	$f�Ú�O�R£S"T�ö�÷�ø�ø"ù ¶V��
1053erg

Ë8M�
 Z x W � � W 1%
K����8ö�÷,ø�ù ¶�ú���� R�S Z 99%

K ´8µ
¶q·�¸£¹ W ö�÷,ø�ù ¶Ê�û£½�O�P8R�S6T�f �	��ç ´\µ�¶.·
¸'¹ W ���
� È V Z
e− + A(N,Z) → νe + A(N + 1,Z − 1) (1.20)

e− + p → νe + n (1.21)

e− + e+ → ν + ν̄ (1.22)

Ë*M*T�f��
(1.20) Z (1.21) Z W Ð �'ú���� ò��Cò �¥ú Ð�T�� ���! ô N Ë*V Z νe

K {�ÿ ú O¥P�R�S Z�
(1.22)

Ë8V Z 6 "�# W ´\µ,¶�·�¸�¹%$ ½�K�����R'S6TUf νe

V ����ç�
�� � Î 10ms ü ð Ë'&<û�p OP8R�SFT ª!( K')v¯*
 Z ¯�S�V � � ��+ ¿ ¶ B · Ê,�8Ï,S"TUf û � û$¯ W
- ú � ��P*R�S6T νe

W ö
÷
øFù ¶ V�õ ��.�� 1% È ��Ë � Ê ��� W ö�÷,ø"ù ¶ V0/ _�ú O¥P8R�S6T�f��1 ú02
3 ý Ë ¬�� R£SFT �	��ç ´\µ�¶.·�¸�¹ W ö�÷,ø"ù ¶ B�DFE · ø�V�4
�6Ë w65 R�S6T�f

dNν

dqdt
=

c

4

4π

(2πh̄c)3
dq

exp(β(q − µ)) + 1
4πr2

ν

1

4πD2
(1.23)

¯�¯UË Z β Z rν

V ´*µC¶.·�¸�¹87 �
9;:�W=< � Z;>�? Ë8M@
 Z D
V Z �	��ç � Î 2
3 ��Ë W=A;B Ë�MT�f �;1 ú rν Z β Z µ

V -�C
t ú�D
E û�½ � T W Ë Z�F�GQú ö�÷,ø"ù ¶H7
IKJ · ø`c%L�T ú V0M � rt ú=N Î�O$T�c,P"Í � f

Q�RHS�T�U*ß¥à�áãâUä�å
VXW ú V Z 100 Y
Z![�� Î ª�«Fú�\ T���Ë8)GÌ�õ ����ç�
�� � ÎsOQP8R'S*õ ´*µ$¶u·�¸'¹8] V*W�^C ú0_¥� ½ � T,`6a � ]�b T�fF¯¤S Î W ´*µ$¶.·U¸�¹ W�¬�� V V*W�W�c + W�d�e6f Ë=)�Ì
õ � ��ç	
� W0g � � ç W�þ�ÿ a�b;h Z
ª�« W�VKW�{ � l�i�j
k��
l
i W ÚKm ú ê { Í�n�o�c%p"Æ8T�f ª�« ¯�SÎ W�qsr µut ¶ quv Â V0w p W�x � ]Hy*� Î S�½
z{
 Z ¯ W'¬�� ú �
|*e�}*Ï ZH~X� Í�����ø ú0�s�c%pFÆ��\¯8Ê ]8����� }���f
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1.3 � ���
KamLAND ²�³ Ë y*� ��°��£Ç�� Z	��

�������������������`ú
b � ��!#"$!�"&%�' � � 1000m

(2,700m.w.e : meter water equivarence : (
� t�)�� ) ú * ® eK��f 2 � ú °+��Ç¥c-,�É û�õ �/. � Z� � - ú { Ì�Í,¿ � J À �\Â�Ã ú Í{
 P�� V*W�0 µ 1�� c�� 2�� .�3�4 Î�e$5�Ë b �Uf KamLAND°6��Ç ] É ® � }*�-7�8\Ë Z x�!:9$��� 2�w !�� 10−5 ; Ë b ��fg
1.7 ú °6��Ç�!�g8c¤d\e�fC°6��Ç�� 3 < i�j ú Í � ½�z{
 Z`ð>= � Î@? ú�A � 7�B � J ¿�ø ¶ Âc-C`õQû¤½ � � D�E q Â B{t¤¶GF$¶�<�Z67�H Â t 7�I Ç � !
¿ � �	J ¶LK
M ø <�Z ��N�O < Ë b �Uf

ü � ú&P Í=i���Q#R ú$��� ½TSVUXW
Y$Z/[
\�]_^ á�`�á

KamLAND
ËLa y�b � D�E q Â B t�¶#FC¶ �0� 1,200m3

Ë b �TW:a y�b �&D�E q Â B{t¤¶GF$¶ ���c�d�e Ë ��f
g � � }8õ � ËLh+i,}kj
Ë�!�l�m �on ��p ÿ h 1���q$r a�s$hLt�u�v�h ]Lw }#xkyT!z gL{}| xLWG~$!�����h���������� K#ML���G�:�G� ��� | xLW:��������� KGML� ���
� B}��� �+���p ���
b � 4����	�:���k� 400nm
!�p ��� |&� 30m � t�u�v �L� U�h H/C � y d_� U νe �T�6� �  |&��¡
¢�Wkj�x�h � ¡�{�p�£�h wG¤ xT¥�¦ q�§G¨ s z>© ¢ ª ��«	¬�­¯®±°�² � ( ³G´ h PC)

z>µ�¶¢�W·i ¤k�k¸k¹ h�º�»+�	�&¼ �-�G½���¾ 50% ¿ �·ÀÁ�:Â6� ³�Ã·�@� ¡T{�p�£ z y�Ä�W${�p�Å ¾ PPOz a�Æ b ¢�W�Ç�È+É � h�����������Ê ­L� 80%
h

PC20%
h

PPO
z

1.5[g/l]
z�µ#¶ x	y � z a�Æ b ¢�W

1.3.1 Ë+ÌoÍÏÎÐ �k� � ¾ h�Ñ�Ò 13m ÓG« � � ¼oÔ °>Õ	ÓGÖ ¢�W�×�Ø�Ù ¤ ¢>Ú ¨G¾ h Ð �k� �$Û>Ü �TÝ�Þ�ßGà ºá � � Ù �
¸�â �TãÏäL¢>åGs ß �&æ�ç ¢&è�h Rn � t�u�Ú �Lé ¡Tè�ê Ó#Ö ¢�ëì�í � |&�Lî Ð �k� � �$ï:Þ z ��ð ¢ ª ��ñ@ò�ó�ôGõG­
ö � ÷
ON øÏ� Ð �	� �ùÜ�úkû n � Rn �ü�ý zTþ�ÿ ª � Çoy�� � t�u�Ú ��� ÙT¡ EVOH

z�� Æo|>��¡#¢�ë
EVOH

y ñ ò�ó�ô � y � ÷
XL ø z� Æ}|-��¡
¢�ë Ð �
� � ¾ î XL

z
ON Ó����
	��
���6���kâ ��¡G¢�ë�� � ��� ��� � p�t�u�v ¾��� 400nm � p � � |>� 96% ÓGÖ ¢Të���x�î ICP � £������ �
¸�¹���� |�x���î U,Th,40K �� 
! £¾ î6~ ¤#"�¤ 1.0× 10−10(g/g)

î
2.0×10−10(g/g)

î
9.0×10−10(g/g) ³#´/�%$kð �'& � ¡�ë

1.3.2 Ë)(+*-,/.�0�Ìº�»6�	�-¼ �-�#½:��Ó21 x	Ù ¤ ��¡G¢ Ð �G� � � Ü�3 ¾ Ð Ô��54ùÊ ­���6	Ó�Ö ¢�ë Ð ÔT�74ùÊ ­L�� |>� ¾ º�»��
�&¼ �-��½:� � �#�$��Ó�Ö ¢&����������Ê ­L�#� � Æ/Ù ¤ ��¡#¢�ë8� � Ð ÔT�74 Ê ­�
¾ 3000m3 �:9�; ��< � �ù�26 �
= ��1 x	Ù ¤ ��> ¹ î �?< � �±�/6��:@ ¹BA8CEDù¤ x�F�G�¦�H�IJ à µ ý |�xLK �NM��  � ¤ ¢PO
Q�Ú#R�S�T ì û D � γ U	� º�»��	�-¼ ���#½L� z {?F·ÙLV � ¡ ¸�W�2X ¢�x ð���Ö ¢Të

1.3.3 YEZ\[E]#^E_
��< � �ù�26 � ÛP` �$¾ î'a?b � 17 ­ �>¼'F?G�¦�H�I J � 20 ­ �&¼�F�G�¦?H�I J ��c ��d?e � ~¤7"L¤ 1295 f î 590 f �:g
h 1885 f?@ ¹iAEC8D±¤ ¢�ë �j< � �ù��6?k » �:l á�m ��� |-��î 1885 f
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� F
G�¦�H
I J � F
G�á ��� ð ¢�� g ¾�� 36% ÓGÖ ¢Të 17 ­ � ¼'F
G�¦
H
I J ¾��G� � ���
	��
�Ó Æ	¡ Dù¤ x 20 ­ � ¼'F
G�¦
H
I J z���� |�xky � ÓGÖo¹ î�� ­��:�¯® ����� ¼ ¿ ������� ­ � ®b
û D������! Ú � � ¡G� ­ �"� �$# �&%�� b �('*) Ù ¤ ��¡G¢�ëE� � '!)6�G¸�¹ 107 + ­ � z-, ç¢ � G�å Ó � �
� �$. ¨ z l X G�¦$/
0 �
�21k�Ï¹ (TrasitTimeSpread :T.T.S) ¾ 6ns
û D 3.5nsec� î 1

F
G�¦43 �#° �!5&6 Ù z l X P/V ��¾ 1.5
û D 2.5 � î
~ ¤5"�¤87�9
�*:�Ã | xLë+|&û�|j� �

'&)��
¸�¹ !�; F
G�á ¾ 17 ­ �&¼ �=<�> Ù ¤ ¢�� � �?�	â8? ë
@!A
B&C

KamLAND ���(��� ÇEDùÜ�3 � ��¾ ÑTÒ 19.6m
î � Ù 20m �
F(Gj;6��H�I!J 6	Ó�Ö ¢�ëE� �=H!I

J 6 Û8K�D F�G�¦�H�I J ��LNM Ù ¤ î�OPK �6�Q� Ü�ú	û DSR ¢-T�G�¥�¦PK ¸ ¢-è$U �=V §XWNY É �&Z��¡
¢�ë�[ � 7 ú�� ¾(\
]�U µ
¥$¦ Ó#Ö/¹ î H!I&J K ¸ ¢�¼N^ ��_*`*a F W �+� î V §7X ¢ J ¼�^ �

_8`!a � ¿�_$½L­ � %cb�_$½�d��&Z �2egfXë

1.3.4 hXiPjlk
1MeV ³G´ � é
mn�*oPp�d*qsr&d À�t � ènU W �/� X ¢ ?�ð K ¾ º�»/� _ ¼ �Qd
½&d > ¸2u8vXw
a8x!_ Ê ­2o �QI&y ��z�{�|#Ó�Ö ¢ ëQ}$¦!~*� q
r2d À�t �!W ��� X ¢ ?:ð K ¾ î U

î
Th ¾ 10−14g/g³�´ î K ¾ 10−12g/g ³�´�Ó���C�¤��j�\D�� ¡:ë#� ? Ç�È6É ��Y��
Ó�Ö ¢ 7Be ���!q�r*d À�t � ����$� ?$ð K ¾ î$�&� Ó 10−16g/g ³#´ î!�!� Ó 10−14g/g ³#´�W-���lZL��CL¤���� D � ¡$ë[#� Ó î KamLAND Ó#¾ I$y�� M K ¸�¹ î�º�»X� _ ¼"� d
½8d à*I$J Û*K µ ý Z�? O
Q�Ú8R�S�Tì î�º�»P� _ ¼4� dG½�d Û*K(��. Z-� ¡#¢-� ì W�@ ¹�� fXë�º�»P� _ ¼4� dG½�d �=I!y K ¾ î�O�� Z

� I$J K ¸ ¢ º�º�� � ����� ì �*� v�dn�$W Æ
¡
¢�ë
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1.4
��� ��� �
	���
 �����

-
e

e+

Prompt signal

Delayed signal

e-

ν

Thermalize

γ

γ

n

p
γ

(0.5MeV)

(0.5MeV)

(2.2MeV)

p

d

�
1.8: ��ó R ����� K ¸ ¢�� qNr&d À�t � ����� }��

�
� ÓG¾ î KamLAND �$�	Ó � � q�r*d À2t � �+��� � ÓGÖ ¢ ��ó R � h�� �cK�Ä�¡ ����� ¢Të���Q� Û*K ý Q Z(? νe

÷
ν̄e ø
¾ î �+�Q� Û ��J ì }�¦�� ÷

p ø �! β "�# � � W%$ � Z�?*� î � G¦ ÷
e+ ø � = Ú�¦ ÷

n ø'& ãÏäT¢�ë���� Ó î � G�¦ �)(�* m
��o�p&d�¾ νe � m���o
p*d û D,+.-	Ó�Ö¢
1.8MeV W�/ ¡ ?)- K � ¢�ë

ν̄e + p → n + e+ (1.24)

� G�¦ ¾�m!��oNp8d$W10 ¡ ��& D î&º$»c� _ ¼ � d�½�d Û W � cm 2 0 Z î>Ç&�
K>º�» _ ¼ � d�½�d Û
� G�¦��43'5'6 W1$ � Z-� î 0.5MeV 7 2 f87 � _�9�U�W;:=<?> VA@�ë5�%B DC7 � _D9�UFE)G�H 10cm

2 0 Z(? ��î `
_JILKQ_ ;NM �%FPO ;�M KRQ8S m
��o
p&d�WD0 W4TUWV 7YX�Z QAS\[P]P^X� _�_ � da`*dab K)[
ced�f Z�? ν̄e 7&m�g8osp!d�h − 0.8MeV (1.25)

78mag8o
p&di&?jlkW> B'[c� _�_ � d �nm _po �CqAr �?stkW> BA@ Tnu�7YX�ZvE � ns
U b K)wAq'xBA@ Tlu?7)��� WDy�z��'� c

Prompt Signal h �D{�| T} � [t~C��� E � 10KeV ZP�v7 �N� mag�ocp*dNW1��� [�]P^X�R� _ �D� ` � bi7 }����������l��'��� ['�l~������ � [ GiH 170µs
�F��[R�.�t�'�?� > B'[ 2.2MeV 7�� � 9?� � k?� (n + p → d

+ γ) Tvu?7'� � 9?� �P�N@ �P� � ��zP�P� c
Delayed Signal h�� {P| TFu B����p� 7)�P�F�' �¡P¢ �

slk?� @C£t�AQ8S¤[ ν̄e

�)¥P¦ � [�§L¨?©�ªP«��n¬,�C­R®��i¯J° �C± [
ν̄e

�RQFS³²N´v�Yµ�¶ � @D£F·
kC¸ @ T



24

�
2 � � � � � �

2.1 �	�¶�

� M�� � [���� 7 � M ����� � @'� E [ stk��F7 ���F������� �1q! .B#"iq��%q�$ T�u.7&% [sFk��87�' ²�(�)+*
, ` �N� � r � S.-AqJxNq/ �B!"'ql�1q�$ T�svk���0�' ²�(#)�*
, ` � � �%±iU1 08ua� ��-8q3254�
�687!9;:
( < ) ]�^>=�� _@? � ` � 0&APX�B *�, ` �
(
�

)
]�^>=�� _@? � ` � 0Yo�C *
, ` �

( D )
§�E��8� 0;F�GH0 *
, ` �

( I ) o�J ��K�L�M 0�' ²N�O�P 6!Q o�J ��K�L8M 0&' ²l�?�/$ ±SR!T 9&:
�UCH0Co � sFk ��V;W � � 0Co
J ��K�L�Ma·?[!"v�X"t� 0ZY�[ �J� � r ± $!9 � ²�´Rq J
\�]�^ �_ �a`Nq
$Z:/b u 6Sc
dfeSg g EHh�� ' ²��i-Rq325j�k�·8789;:�l V [ o�J ��K�L
M 0ZY8[ �;Q&m�no � � 9 0 6�[+p8qfe��Xr8sl�X-t25u�vN[�
�q>eP�;c�d>ewg g EHh'� ' ²n�i-x25j
kA·87!9;:_ �y` V J
\
]
^ � �4²P´F�Y[
g g E�h'�P�Xz�{ � 9 % ��|�d}eSg g E�hi� ' ²���-�q�xNq8 ~`!"q��Dq
$+:
[+� ��� 0�z��8�H0&�H�~�
��� �X-�q�2 % �&��� [f� ��ª ' ²n�i-Aq�25j
kA·/7/9&:�8�8�8� � o
J �
K8L�M 0;��' ²l�?�/$ ±~R�T�V :

2.2 ��� ��������� �¢¡¤£¥8± 0Yo�J ��K�L8M 0�Y�[ �C· �>¦ �iq�9!§�2�� � 9'�
Q~� ��o
J �
K8L�Mv� ��¦�o8C ��¨ ±�± �
k&©'¡'¢ � �>¦ � � 9;:�ª 1.7 0)stkX� ¥8« �i¬>9 �5­ � 9i®v�&� o�J �
K8L�MHQ stkX�H0 ~X¯ � �° G � ­�± �%± $�9;:S²tr ± �S³�´feJq o}0Nk 9 o
µ ·S¶/`!"&�#bU`8� svkX�H0 ~X¯#6 o �¸·H9D£v�§�¹ ¥�± 0�o�J ��K�L8M 0�Y�[ �J� �'  �XºH»�9D£A· k�¸ 9&:� � � � o�µ � � k V o Q&� sFkX�3¼S0;½ « =R�X¾ ? �!�J�U¿P§�E���� 0;À�Á �iÂ} �9iÃ��.��·879�:!b u 6S� o
µ Q ½ « =W�X¾ ? �!�J� 0;À
Á ��Â} �q
$H§�21q o �+ÄU·H9/Å 0 �UÆ�»!9&:!l V �i§EW�8� 0XÀ�Á (#) ½ « =��i¾ ? �/�?� 0�À
Á ��¬>9 % � s Ä ��¼ � ½ « =R�i¾ ? �/�J��·~Ç
È�ÉX`�9ÊR�#ÅË�Zc�d>eSg�ÌwE�h�� ' ²n��-#Í�2Î: � 1N�;�J¶�

Ï�(H)&����Ð
Ñ � � 0 c
dfewg�Ì~EHhi� ' ²Ò 0 k�Óv�?�/$ ±SR!T 9;:
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2.2.1 �����¶�
�Ï 0���� ªa�+ª 2.1
�

2.2
�
	 � :#ª 2.1

Q
KamLAND � Ä � � ½ « =��X¾ ? �!�i�a�XÈ/`}9Ê 0UG�� �Hª 2.2

Q ½ « =��X¾ ? �!���W�iÈ!` V�
 0&G�� 6!789U:
� Ä �3¼ �XÈ!`�9�� µ QU��� R 0
� ¹��S³
´��v���/` V �W·Sj�k�68789&:���������� O
P�� 6/789� µ}0��! �?��$ ± Q D � I#" 6 R!T 9;:�$ 0 � µ �&�?°�%�&#6�� C �(' � ��V ? ��)A�*����+-, [§R�W� � �%±�.0/ � � Ä �3¼S0 � J!1 K�L�MA������2�3 � 9;: ? ��)R� 0 � C *
,��J�P�
Q�� � Ä 04�5 0 �H$�6.§F«87~=�9!+-:3�<; [>=@? ¬BA � 1S� APD C (�) 2inch

� J�1 K�L�MED(F�G � 9&:

KamLAND Detector

HJIKMLONPL
QSRUT

APD

2inchVXWXYXZX[X\
]X^P_ L `PacbOd L

17inch & 20inchVXWXYSZU[X\

egfchiKML _ LkjULmld lgLgfnXo fgK nP_ fkpqUpsrtl

uUv

ª
2.1: Y�[ 7 ' ² 0 ¶�
�Ï 0���� ª 1

: � Ä ��w½ « =-7�¾ ?(? � ? ·wÈ>9UÊ 0UG�� 687!9;:
KamLAND Detector

HJIKMLONPL
QkRUT

APD

2inchVSWXYXZU[S\
]X^P_ L `Pacbmd L

xXy ezfch{KML _ L

17inch & 20inchVXWXYXZX[X\
d{|O`ga L~} b l

egfch{K�L _ LkjJLOld lgLPfnXo fzK nP_ f~pqJp�rtl

ª
2.2: Y8[ 7 ' ² 0 ¶�
�Ï 0���� ª 2

: � Ä ��w½ « =�7i¾ ?�? � ? ·SÈ�� V�
 0&G�� 6/7/9&:

2.2.2 �0�8�����������������E�8���������E�����E�
KamLAND

r/s 0���� e�Q� }g!Ì+E>h ?80¢¡�1�£�¤ ,-¥ ? �§¦�¨ 0¢� Ä�6�7�9S: KamLAND �Ä � 6 � Ä�É�`}9 ¡�1�£�¤ ,�¥ ? ��¦�¨ 0 g/ÌwE}h ? Q~�!© MeV 0¢=8? ; ?�0�ª D�«�¬ A ª
1.3 C :

KamLAND � Ä � 68Q;� 1MeV 0 g�ÌSEHh ?�­�®�w d°¯�± 190p.e.
c>¨ 0 ��D+Ä�² 0 6~�>Å�¯ � � Ä�H0 � ¯#6 ¡�1�£³¤ ,@¥ ? ��¦�¨�´ ¤�µ D�¶0$@¯ V u�v�� 1

N 0 � J³1 K�L�M@´SÂ} /9�� C Q V ��·� 1p.e.
c>¨�¸ 5 6/7/9&:

KamLAND
r�s#68Q~�E¹�ºf�z»�
¼D
²H9¾½ w g�ÌwEHh ?¾¿¾ª D 1

4
p.e. w
À



26 � 2 " � Ä�� 0����
� ²H9 0 6w�wc�dfeZÍ Y�[ 7 0�� ¹ ´ ¡�1�£�¤
	 ¥ ? ��¦�¨�D � Ä�²�9¢½ w ��g�ÌwE#h ?���
³? E���
� �������ED�� ¦ É�· V ¹ � Ä������;¬���Å�¹*D�������Ã��¢�-´! !��" $#�%$'& 7�� � ¹ w�( � �Ä��'�)�#*�+-,wÍ�.�/
0�1

Pg = 100 × ∆N

N
[%] (2.1)

2  3�4"�$�$ 2 1
N
04576 � Ä!É�/8��9 /;:'< ©'1 ∆ N

0%$'&�7#� �>=<w
?
=A@B= $�C�¯ED :7< © 2 !�#"�AGF
2.3 wEHJI /�±7K
� 1p.e.

*�L��)�#M�N'O!P8��Q!R 2�S3T3U 1
N
0#V�WYX

1p.e.
*�L��)�#O

P%ZJ[
Q \ 27] ��/^D�_7�8� ª 2  = 1 ∆ N

0#1a`�W�b��E_7� 2  '��" C�c ��d�� Pg[%]
0#1 ¡�e�£

¤^	 ¥%fhg�¦*¨%�%i7jak8l%f ��m8n gok pqF
1.3 r � ¿¾ª �s.7/8tvu ¯�±swyxz�����4{�|7��}�~%�^��"

Q

1p.e. peak

C
ou

nt
s

0 1/4p.e.
threshold

line
threshold

line

real

∆G(%)

F
2.3: 1p.e.

*-L��)�#M�N'O!P p��'�)F r "%� \ 0��7� Q[C]
1�� \ 0��)�7��gU© 2  !�#"��7� e7�7�� ��$'&J�*´

∆ G[%]
.�/7/ U 1 ¿¢ª � ª�� ∆ G[%] �!�J� ±E¯#�J��� 2 1 1

4
p.e. threshold

� ª 2 ¿
ª t À � ¯��^�s/ U ���v��K!�'~�1%�
�^~�0 real threshold

2 ¿§ª t À � ¯*±E¯s� � ±7K^�#"���/�~
?8= 1��7�yxE6��z� e�� 0�1�576���� ?8= `�W��4_!�J��O p

∆ N r · ���8�¡ ;� �#¢�£ ���¤"

KamLAND
�3¥ 2 0s1�i3j�kJl7f ��m�n gAk p¦F

1.3 r � ¿ �§t 3MeV
~ À � £ D#Q'R31�¨ ¢ �© ( ~ ? �4ª e!«7¬J	�­ f®gs¯#°�� :3< � �#{!|'��}§t�1 4[%]

~�± T �)XEK���²;³7�J´^ 3�s"
� c2 17$7&J��� �®= ~ ( �zª e7«�¬
	'­ fµg�¯E°%� :'< � �4{7|���}-tE1 1[%] ¶8· ~E± T � : t^²¸³J~¹ �#"
ª e7«'¬�	�­ fYgs¯�°a� :'< � ����}
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0.76[rad]
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