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	�/�ä�������Oa�¯ #Qh -!�A@!* #�w53�M·� Ó)-0/ Õ /��������
�zY �
%������
�
�������Ü�� #�� � ~ ����]���
���� N,M
3�~ � `�È���� ~QP�Ã �!�� h >�? /�@�B,D # �
%���� ~ Y h[�])Y
Y �;# >�? /�@CBSD��#"��O�%$
&�� ~ >�? /A@CBSD '�( �*) �+� N�~QP Ó)-T/ Õ /�������
�
(νe,νµ,ντ )

�E� Ì Y\� ~ ��%��,���
��� (ν1,ν2,ν3)
� ÃQ¥�-Q¥�� �5¤ 4 '
( � �[
]SW
.�� ~4�L 5� ~QPø � h 	
/�Ð�QW�x�� ~ � ? /S� >
? /�@EBSDQ�#'�( ��)�1 0 � R Y0� 1998 1·#;Ï /�Î�/�2 �À 28*43 ø�ù�# a�¤ M ó�5 Û ¥54;P�Æ�4Sh 2001 1)# � h SNO(Sudbury Neutrino Observatory)

�
ø�ù�6
7 Y Ï /�ÎO/�2 �0À 2�*!3 ø�ù � 6
7�# a ¹ h c�d
� >8? /Z@CBSDC�� ~ l�m >8? /�@�BDC�#'�( �*)�140 � R Y � ó
5�Û ¥5M�35~EP
1.2.3 ����� ���	�����98;:�< �>=>�? / @CB�D #;wOµ5~ Ó�-0/ Õ /��������*� |νf 〉 = (|νe〉, |νµ〉, |ντ〉) 1 �
%)���+�
��� |νj〉 =

(|ν1〉, |ν2〉, |ν3〉)
�#?A@,�B�Ü Y�y M�h

νf =
∑

j

Ufj|νj〉 (1.1)

YDC } P�E > V�B\/ £�F Ufj

�
MNS(Maki Nakagawa Sakata) £�F Y G�© ¥�h �� 1 H � P |νj〉

�
759�:O< / Ej

Y�y M�h
Ej =

√

p2
j + m2

j ≈ pj +
m2

j

2pj
(1.2)

1�� ¬qY N0h ��%���������[�]SW�.�� h
|νj(t)〉 = |νj(0)〉e−iEjt (1.3)�� ~QP%I (1.2) #�w�3�M pj h mj

� Ã;¥J-;¥ >8? /A@�BED���K*(�%ZYDL�M��
% 14H y h >�? /Z@BEDC��L�M���%O��N�^
O«Û 3 ((mj/pj)
2 � 1)

Y�y 4�POR,¥81 I (1.1) #S2�35~ Y h [Qé t = 0 # xPzy 4 νf

��[�é
t #�w�µ�~ ����� h

|νf(t)〉 =
∑

j

Ufj|νj(t)〉 (1.4)

=
∑

j

Ufje
−iEjt|νj(0)〉 (1.5)

YDC }ER Y0�� N0h Ó�-T/ Õ /������
������[�]�W�.ZY�y M;h
|νf(t)〉 = Ufje

−iEjtU †
jf |νf(0)〉 (1.6)
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1!à�~EP
R�R  h νe

Y
νµ

�
2
¬�������]��#'�( 1���ñ5~QP�R �!�� h���� �#�
 £
F � Ì � 1

¬��  ·Y� ¹ h ���� θ 1S253�M
U =

(

cosθ sinθ

−sinθ cosθ

)

(1.7)

Y H Ü ~QP [Qé t = 0 # νe

���¤ 4�� ���
[Sé t # νµ

Y�y M�� ¡«Û ¥O~
	 ¦ P (νe → νµ)
� h Ó-0/ Õ /
�������
� 1

|νf(0)〉 =

(

1

0

)

, |νf(t)〉 =

(

0

1

)

(1.8)

Y�y M;h
P (νe → νµ) = |〈νf(t)|νf(0)〉|2 (1.9)

= sin22θ sin2 E1 − E2

2
t (1.10)Y!� ~EP,I (1.2) 1,2�3;¥ © h

= sin22θ sin2 m2
1 − m2

2

4p
t (1.11)

≈ sin22θsin2

(

1.27∆m2(eV2)L(m)

E(MeV)

)

(1.12)

1!à)~QP«R
R  h L(m)
�

t
��]�� >8? /A@�BED����
(��� 1 H � P >�? /�@CBSD '�( ø�ù �� h

	 ¦ P
�#'�(���'�� 14H � sin2 2θ

Y h '�(�� �
§.1 H �'��%�������8�� ~ ∆m2(eV2)
�

2
¬�CÎ�����/�V 1���� � ~EP

1.2.4 ��� � � ��� ���	�����

I (1.12) #�w�3�M�h ∆m2 = 10−5(eV2)
���
���!���Ó���"

1.1
��a�¯ # � ~,P >8? /A@CBSD '(��!'#��� û%$ # û 	 # � ~ ��� h�á �%&(' I �+P ¹)� ¬+�
8
� ~EP

∆m2(eV2) =
π

2× 1.27
×

E(MeV)

L(m)
(1.13)

R,¥ a ¹ h ∆m2
��O«Û 3+*�,  >�? /�@CB!D4'
( ��)«1-��� � ~�# � 7�9;:8< /���O«Û 3 >�? /@CB!D 1/.O3 �%� {
£ Û0Ü ~�R YU��0 L ª ¥O~SP KamLAND ø�ù�#Cw�3�MQi d�j�= >�? /�@�B!D1 ¡�¢5� ~ �� h 〈L〉 = 170km h 〈E〉 = 3MeV 1 ��
� ~ �; h ∆m2 ∼ 10−5 Æ 
� *2,  >�? /@CB!D4'*(�� ���1!£ ��¯ R YU�� N�~,P
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"
1.1:

>8? /z@�BED '*(O� 	 ¦ 14H ��!���Ó
R � *�, � h l�m >8? /�@�BED � c�d
� >�? /Z@CBED������·�Q_zY�y M ��ë��.Û ¥5M�3�~ 	����_ZY G5© ¥O~ ∆m2 h sin2θ

� *%,q1
	��  �Q3�~ �� h�i d�j�= >�? /A@CBSD��#'A( �*)�#a ¹ l�m >�? /�@�B!D������� � â�[ # F��
� ~�R Y\� � `�
� ~,P " 1.1 # KamLAND ø
ùO#w53�M ����� `���'*(�Î ���/�V�� *�, Y l�m >8? /�@EBED����O�Q_�� *2,q140 � P
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1.3 � ��� �����

1.3.1 	�
��� � ��� ���	�
� �·# � 16 ��� � i d�ë�W�c � �%K��zy M�3�M�h8Ã �����)GSë8� 130GW #�� y M
35~QP�R!¥ª,� i d�ë�W�c � � i d
j���� } ������jZY!G�© ¥O~�� �� h! !"�# Y�y M%$�& � �')(�*+ M+ ~,P%$�& ���'�, h 238U

�
99.3%

()-/. ~1032 �2�4' Ä ª 235U 5�6 7( 3 ∼ 4% 8 í9.3:<; 5=?>3@�A
B)C3DFE1G = ,IH  �J�K�5�L3M)NPO : B)C  ?Q β R�S (�T @?U�VW=YX?Z�[%\�]Y^`_ QYN!a T @�Ab%c?dYc 8 ,/e4f 59g4h1i/j�k?Q >?@IA
235U

,Il)m 5�npo C (YqIr�s`tYu J3v (pw U sxH)u J3v�N!a�y A·B z{gI| 2 ∼ 3 }�5�n�o C nV
νe

H
β−
( N3a T @ ( ~ (1.14))

A N�a�� c : n�o C Q%��5 235U 8 q%r � c @�U�Vp= u J�v<Q/��F� 8������7� c @IA
238U

,
1MeV

e4� 5`� m 5�n�o C�� q/rPsWt%u J3v � w U T ( ~ (1.15))
A/��� H)l�m 54n�o C� qIrPs`t9;Wu J3v<� w��`� 8 239U

V i @ ( ~ (1.16))
AU 5 239U � H 239Np

H
239Pu � V 2 �35

β R)S � w U T A 239Pu �4npo C�� qIr�sWt%u J3v � w U s�H n�o C V νe

� N!a T @ ( ~ (1.17))
A

>?@%� � H npo C7� q%rPs`t%H 240Pu
H

241Pu
� N�a T @�U?V ; >4@ ( ~ (1.18))

A
241Pu ��n�o C� qIrPs`t%u J�v � w U s�: � ( ~ ( 1.19))

H����3���
14 � = β R!S s`t 241Am

V i @�A
235U + n → A + B + 6.1β− + 6.1νe + 202MeV + xn (1.14)

238U + n → C + D + 5 ∼ 7β− + 5 ∼ 7νe + 205MeV + yn (1.15)

238U + n →239 U →239 Np →239 Pu (τ1/2 = 24100year) (1.16)

239Pu + n → E + F + 5.6β− + 5.6νe + 210MeV + zn (1.17)

239Pu + n →240 Pu + n →241 Pu (τ1/2 = 14.4year) (1.18)

241Pu + n → G + H + 6.4β− + 6.4νe + 212MeV + wn (1.19)

B)C3D<�����3  T @�XZ<[)\�]Y^�_ 54¡3¢9£Y¤�¥?� H�¦�§I¨ V B!C�DF© = 5Iª!« ����¬9 @?UV Q = � @IA 1 ��5 u J3v = N!a�� c :Iu J3v!N�a�y<Q w U T β R!S�8g!® t¯H�°�±�� 6 }<5 νeQYN3a�� c @IA © :IH 1 ��5 u J3v =%² N T @Y³4´%µ{¶!\ � � 200MeV
=4>?@IA s`: Q·® t¯H!u

J3v98g!® t x(MW) 5 ¦�§/¨ �W¸ t ��@ B�C�D��� L(m) 5Iª!« = 5 νe 5?¡�¢9£Y¤Y¥3� H
6

200MeV
xMW

4π(Lm)2
= 1.5× 1012

x(MW)

(L(m))2
/cm2/s (1.20)

V sxt�¹4º!T U4V Q = � @pA xMW/4π(Lm)2 5 G J9� ¦9§�¨ ¡¯¢�£�¤�¥ VW»�¼ c H b 5 B)C!D����
5 X?Z�[%\½]I^�_ Q/¾ §p¿ 8�À�Á T @1Â ° � ¹?T A3Ã 1.3 8<ÄÆÅ95 B�C ¨ ²�Ç!È 5IÉÊ �pË T A ¹
1.1 8�ÄÌÅ VÎÍ9Ï¯Ð BYC ¨ ²�Ç¯È{Ñ g @ KamLAND Ò Ð ¦�§`¨ ¡¯¢�£`¤�¥ �)© V �ÓIÔ KamLAND���

175± 35km
Ð�Õ�ÖF× � Ð B)C ¨ ²�Ç3È{Ñ z � t KamLAND

Ñ�Ø�Ù T<Ú B�C!D X?Z?[%\Û]�^
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_)Ð����·Ð h�� � 80% Q�N3a7� c Ú Ô

β R)S9Ò�N3a�� c Ú X<Z[%\ ]/^`_)Ð�³�´%µ<¶�\ ¥���¤ ] µ � H ³4´/µ{¶¯\ Eνe

�	��

νe Q�É������ Ó � Ñ β R)S Ñ g!® t N!a TÚ������ Â P (Eνe

)
V s1t�¹ � c Ú Ô���� ��� Ñ�� l�� Ð��� ��� � Ú V H

P (Eνe
) = 2π |〈f |Hw|i〉|

2 dn

dEνe

(1.21)

Ò � Ú Ô U�U Ò H |i〉
H
|f〉 � bIc<dYc"!�#%$ H�& #$ Ð�'�(*)�� Ò ��� H Hw ��+�,%- � Ð/.10Wµ]ÎZ 243 H

n � & #%$ Ð #�$ � Ò � Ú Ô U c � u J3v�N3a3y Ð�5	(�³4´¯µ·¶�\ � 0
V spt � �?T

c ¼ H

P (Eνe
) =

1

2π
|〈f |Hw|i〉|

2 Eνe

2 (E0 − Eνe
) ((E0 − Eνe

)2 − me
2)1/2 F (E0 − Eνe

, Z) (1.22)

�`¸ Ú Ô U!U Ò H E0 � & #%$ Ò Ð�Ç�6�V�X<Z<[)\�]Y^�_¯Ð87<³4´¯µ9¶!\ H me � Ç�6·Ð89�:<;�=� ¹�T V T{Ú Ô
F � Fermi

)�� Ò H Ç%6 Q/> 6 u Ð ¤ \	?@3 <·Ð�A%B ��C4D Ú U?V�Ð8EFHG�6 Ò
��� H Z � β R!S � w U s Ó�I Ð > 6 u Ð�Ç%J � ¹T Ô u J3v Ñ g!® t N�a�� c Ú > 6 u Ð�;�=�·Ð J<K� H 235U

H
239Pu i1L Ð > 6 u Ñ gY® t/M i Ú Ô Ã 1.4

Ñ u J3v?Ò�N�a T9Úpu J�v�N3a�yÐ�;=��·Ð J�K �pË T [1]
Ô ;=��9Ð�NPO � 70

���
160
Ñ J	K s 2


 Ð�Q � � ® Ó�R�S V i4® t �Ú Q H)u J3v � w U s Ó > 6 u Ñ g Ú A%B Q � Ú Ô U c � Ð u J�v�N�a�y Ð β R!S9Ò/N�a�� c ÚX<Z[�\�]Y^�_)Ð)³4´¯µ9¶!\ ¥���¤ ] µ ��T@U °�º Ó4� Ð Q H > 6�V Ò/N�a�� c Ú X<Z<[)\�]/^_�7�W{Ð�³4´/µ9¶!\ ¡�¢<£%¤Y¥ V i Ú Ôs Ó Q{® t¯H > 6%V3X<Z[�\½]Y^�_YÐ)³4´¯µ9¶!\ ¡3¢9£Y¤Y¥ �`¸ Ú Ó� Ñ8X�Y i[Z�\·� H > 6V�Ð ¦F§�¨ Ñ�]*^ t%u_` n Ð 235U a 239Pu ibL Ð�c a�d V i Ú Ô U c � Ð R a�e ° � u�f v Ñ
g{�g�<� VihFÑ�j%k sgl N!a�� c Ú X<Z[�\�]/^�_¯Ð�³4´%µ{¶�\ ¡3¢<£%¤�¥ Ñ�A%B � Á ^ Ú Ô Uc � KamLAND ÒI¾ § � c Ú > 6�V�X?Z�[%\�]�^`_)Ð%³�´¯µ¶¯\ ¡�¢4£I¤Y¥ Ñ � X m T{Ú U�V`Ñ
i Ú Ô Ã 1.5

Ñ u_` Ñ z D Ú`uf v �9Ð ��� jk�Ð 1 n � Ë T [3]
Ô

235U a 238U
Ð u�f v � � �o sil

239Pu a 241Pu
Ð u%f v<Q[p ]�q*r �pË T Ô

U4U Ò l�s > 6 V�Ñ z � t�u	f v � s/t � Ú > 6 u � 235U
V

239Pu
Ð t�Vgu�v s Ó V � Ð

KamLAND
Ñ z D Ú > 6<V�X?Z?[/\�]�^�_YÐ%³�´¯µ¶¯\ ¡�¢4£I¤Y¥ � Ã 1.6

Ñ Ë T Ô i¯z l 235U
l

239Pu
Ñ z � t � � Ð uf vw� Ó � Ñ N!a�� c Ú X?Z<[/\�]Y^`_YÐ¯³�´%µ<¶¯\ ¥��<¤ ] µ?Ð�xPV st/y	z
[2]
��� � Ó%Ô�©)Ó l�s > 6<V ��� Ð ¦F§�¨ ¡3¢<£%¤�¥?� ¹ 1.1

��� � Ó%Ô ¹
1.1 � s > 6V·Ñ z D Ú �<{�x � ¹½spt � Ú Ð Ò l�|w} Ð ¡�¢9£Y¤I¥4��> 6<V�Ð�5%~ #%� � Xwm s Ó4� ÐFV iÚ Ô > 6<V3XZ<[)\�]Y^�_)Ð ¡3¢9£Y¤�¥?� XZ<[)\�]Y^�_)Ð)³4´¯µ9¶!\ Q/p ] T{Ú V��%��Ñ ��oT{Ú Ô{©�Ó l

235U
Ð e ° Q ��Ú V ¡�¢9£%¤/¥ Ñ � ��o Q t � c Ú Ô

i¯z l KamLAND
Ñ z D Ú > 6<V�X<Z[�\�]Y^�_)Ð ¾ § Ñ 
 � t � � 2 �9Ò8�@� Ú Ô
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²�Ç!È�� ª¯« ¦F§�¨ ¦�§I¨ ¡3¢9£Y¤�¥
(km) (GW) (10−15GW/cm2)

ÄÆÅ���
159.9 24.6 7.66{��
178.9 13.7 3.41

��� 191.4 10.2 2.22	�

138.4 4.49 1.87

��� 213.8 10.6 1.85 � 145.7 4.93 1.85��

87.77 1.59 1.64���+� �
349.5 14.2 0.925���+���
345.4 13.2 0.880�������
295.4 3.29 0.300���
401.1 3.82 0.189���
430.6 4.09 0.176� �
560.7 5.96 0.151���
754.5 6.72 0.0939�
783.1 3.30 0.0428� �
830.3 5.32 0.0614°4±

- 130 23.3Í�Ï
Ulchin 711.8 11.2 0.176

Yonggwang 986.4 16.8 0.137

Kori 734.5 8.9 0.131

Wolsong 708.6 8.1 0.128°4±
- 45 0.572

¹
1.1: > 6 ¨ ²)Ç�È<Ð ¦�§I¨ V"! � Ñ z D Ú`¦�§I¨ ¡�¢4£%¤/¥ ÄÆÅ VÎÍ�Ï Ò 5~ n Ð > 6 ¨ ²Ç�È9Ñ 
 � t Ë s Ó
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Ã
1.4:

u%f v�N!a3y Ð�;=�� f K [1]

Ã
1.5: > 6�V�Ñ z D Ú`u%f v ��Ð ��� j�k [3] Palo Verde

Ð > 6%V·Ñ z D Ú jk � � � º3T
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Anti-Neutrino Energy (MeV)
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1.3.2 ���������
	���
��� �P��� § � c Ú ³4´%µ{¶�\ � ��� Ñ z D Úp¦�u���° X��·Ñ g Ú � Ð Ò	��� l b Ð j3k Ñ z� t Z�[%\ ]�^`_ QYN!a TÚ Ô U�Ð�X�� � 4 } Ð���� > 6 u ��� 1 } Ð�� ^ �"! > 6 u V 2 } Ð�Ç6�#�Z[�\�]�^�_ � N!a sgl ³�´%µ{¶!\ � γ $ V sWt � §IT9Ú X�� ( ~ (1.23))

V sWt/¹ � c Ú Ô
4p →4 He + 2νe + 2e+ + γ (1.23)

���&%�'�( # Ò?� l�)�* ��� Ð ¦?u��3° X��½V s`t 2

 Ð � Ð Q,+ � c t � t"l b)c<d)c p-p-/. \43?V

CNO 021�¤ µ�V`»�¼ c t � Ú Ô p-p
-/. \43 � l 2 } Ð ��� > 6 u Ð �3° ��� ! © �� ^3�4! > 6 u � N3a TÚ X�� j�k<Ò%� Ú Ô b Ð�X�� j!k � Ã 1.7

Ñ Ë T Ô �)� l
CNO

-/. \@3
� l65 � · 7 � · 8 �{Ð > 6 u �"9;: V s`t;� 6 ��� � ^6�"! > 6 u QYN!a�� c Ú � Ð Ò%��� l;�� g� ;%= Q { � O n Ö�<3Â Q�� � < ° Ñ � p-p

-/. \*3 g{�>=�? s Ó X;�½V i Ú Ô

,

,

3He +4 He →7 Be + γ ,

,

,

,

3He +3 He →4 He + p + p ,

,

,

,

2H + p →
3 He + γ ,

,

,

,99.75%,

,

,

,p + p →
2 H + e+ + νe ,

,

,

,

8Be →4 He +4 He,

,

,

,p + e− + p →
2 H + νe ,

,

,

,

7Li + p →
4 He +4 He,

,

,

,pp @3A ,

,

86%

,

,0.25%,

,

,

,pep B3C ,

,

,

,14%,

,

,

,PP I D E ,

,

,

,13.98%,

,

,

,0.02%,

,

,

,

7Be + p →
8 B + γ ,

,

,

,

7Be + e− →
7 Li + νe ,

,

,

,PP III F G ,

,

,

,PP II F G ,

,

,

,

8B →
8 Be + e+ + νe ,

,

Ã
1.7: p-p

-/.&H 3�Ñ z D ÚW¦�u��3°;I �
¹

1.2
Ñ �J� %&'�( #·Ð

p-p
-K.,H 3/Ð s�L�M Ò3N�OQPSR Ú"���;T�U HWV X4Y Ð�³�´/µ{¶ H EνeZ Ë�[

[4]
Ô ³�´Yµ9¶ H;\ TJU H]V3X3Y Ð N�O L�M ÑK^ ®�_3`�aKb��2c Vedgf $Jb��/c Vhd Zji [� Ð�k �ml l $2b��2c Vhd Z ��
�n \ pep

L�M n
pep

TKU H]V3X"Yof
PP II

L�M n
7Be

TKU HpV3X
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Y Ò	� Ú Ô��%Ó l pp
L�M Ò6N�OmP�R Ú pp

T�U H]V�X3Y k �J��T2U H]V�X3Y n���� e�� Z	��
 _����
I � L�M T2U H]V�X"Y I � �

Eνe
(MeV)

(%) ��� x ��{%x
pp pp

T2U H V�X3Y
99.75 0.26 0.42

pep pep
TJU H]V6X"Y

0.25 1.44 -

PP I - 86 - -

PP II 7Be
TJU H]V6X4Y

14 0.86 (90%) -

0.38 (10%) -

PP III 8B
TKU H]V6X"Y

0.02 7.3 14.1

�
1.2: p-p

-/.,H 3��2^ leN�OmP�R �� 6;# TJU HpV6X4Y n���� d��,H [4]

�
1.8
� ����%&'�( #��K^ � _ !�"QPSR�# ���;T�U H V�X"Y n%$'&)( ��*�+ �,�-/. c6b n����d��,H b	02c Ved Zji [ � | $ k p-p

-2.6H�1 �K^ /2 n�3 l54 $ k CNO 021�c d �K^ /2 n�36 ��
7 R98 n�:�; T2U H V,X4Y n�<�3�= KamLAND >�? 3 \ = 8B

TJU HpV6X4Yof
7Be

T2U H]V�X
Y nA@CB Z !�DFE"_ ��5� :�; T2U H]V�X3Y nA@CB \ ='G	H�I I2T2U HWV6X3Y n5JLK k 2


�nAM
N n%O'P�Q'R ! B)3�S/�UT R  n f4\AV � l = T2U�W V3X3Y n%X'Y �2^ �� H n ICZ

ν + e− → ν + e− (1.24)

Z�[ � #�\'] M N 3�S)��T R  (
�

1.9)
��^	_ [  TJU�W V�X3Y n���� dL� W Z

Eν

=	XCYC` Z
θf [ R/a ='b Z � H n%c�d���� de� W T

\ =

T =
2E2

ν

me

sin2
θ

2

+ 2Eν

(1.25)

f E _ � PSR �� me

\ � Hon%f	g	h�ij3 6 A�
Eν=0.86MeV

n f�k n�b Z � H/n%c'd��'� de� W
Z �

1.10
� i [ � ��� d�� W \ `�aJb	02cml d f � lon�p�q k r	sjt A�

� #�\'] M N 3�n5JuK�v�=Cw . c�x -/y 1{z}|�~ f � %�C_C�C� h n��C�F��� +���t ��� E��
E = 8B �j� W l �%� 3�v��'� de� W kA� � # 
 = 3.5MeV � (�n �C_	�'� h/n��'� nA��� � ���d�� W��U� 3�n�@CB k5��� ���'� �/�� ]�� = 7Be ��� W l��%� v�= w . c�x -/y 1Lz}|'~ �A���t  7 f 3'�'� d�� W � q � 0.25MeV �C� �5�U�/t A��� E ��='����  � W�¡�¢j£ 0)¤¥l  �3 6 7�¦ �/§�¨ b Z � H�©U�'��  � W�£ 0�¤Fl  j©%ª ¡ 2 
 «'¬ �8 J�K t  7/¦ �)®°¯ E � ����
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Fl
ux
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U
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−1
M

eV
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r l
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m
−2

 s
−1

]

13N
15O

17F

7Be

pp

1012

1010

108

106

104

102

Chlorine SuperKGallium

Neutrino energy (MeV)
0.1 0.50.2 1 52 10 20

pep

hep

8B

�
1.8:

:�; �)� W l��%� ©A$'&�('3j© ,�-e. ¤ £ [5]

ν
νe

νe

me

E

e

θ

e

T

�
1.9: �j� W l �%� © � H ¦ ©�� � XCY
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θ

(M
eV

)
e

T

Electron kinetic energy

0 0.5 1 1.5 2 2.5 3
0

0.2

0.4

0.6

0.8

1

ν+2E

2
 θ 2sin

2cem

2
ν2E

=eT

=0.86MeVνE

Electron kinetic energy

�
1.10:

b Z � H�©%c�d��'��  � W © �)� W l��A� ©%X'Y�`�� r �

1.3.3 �������
	����������{©�������3
p-p ��� W 1 � CNO ���/¤  � §�!#"�$�%�& b�' ¡)(+* =	b�', .- [ 3 k !/�0 G'H $ ¡ ��1 E �32 ! ¦ ����  � W ©54�6�v5��1 E =7����v98;:+ §�¨=<7> �@?+A !CB�t+!¦ =D8�:;EGF� �H W ©5I �  §�¨ �9����v5J � ¡ (5K E = /70 §�¨ 8�L�G'H $ © $7%�& b�' ¡ ?M !CB � ©CN � 3jv �)� W l��A� ¡PO�Q ��� ! b�' 2SR k !CB 28Si

© $7%�& b�', §7T � O�Q �
� !

56Ni �{8 © β U�V b�'
56Ni →56 Co + e+ + νe (1.26)

56Co →56 Fe + e+ + νe (1.27)

� =
56Fe

©5GUH $ ¡�W I E � O�XCY ;5H ¦[Z H ¡ %�& E �\� � H ¡.O�Q �%� ! bD'

p + e− → n + νe (1.28)

3 6 !5B 7 � 8 ©�N � �@])�)���Lv �)� W l ��� � O�Q E9^ ¡ 8 8;:�_7 U�V9E =7`�a���b�c{�R 7 t�B M Y = 7 ©�d\ 'v Z H ¦ ; Z HL©5e�fDgCb�'

e− + e+ → νf + νf (1.29)

 §PT �)he�C© ,�i W w)©
6 j�k © �j� W l �%� ·

b �j� W lA��� ¡)O7Q ��� !9B
l &7m7n�35`�aP�7bDc�o ~ ¡ c O E Y9p &  Uv�= 7 � 8 © �	� W lA� � ·

b �	� W lA� � � Kam-

LAND
 * L���J)K tG! 7'¦ ¡ ��� � ����L !@B `�a.� �U� W l%� � ¦rqPsut 1 � i W7v � ©@w 0 G
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H ¦ ©�bP'j3	v�=�� Z�� i 1 l b7'C3 6 ! �U� W lA� � ·
b �	� W l��%����� bD' ( � (1.30),(1.31))¦ =+� � � i 1 l b�' ( � (1.32))

¡ c O t+!
[7]
B

νe +12 C →12 N(17.3MeV) + e− (1.30)

νe +12 C →12 B(14.4MeV) + e+ (1.31)

νx +12 C →12 C(15.11MeV) + νx (1.32)

12N
=

12B
v � �
	�����

11ms
¦

20.4ms
3

β U7V
12N → e+ + νe +12 C (1.33)

12B → e− + νe +12 C (1.34)

� R 7 t Y A =�OCP�Q	R���B���©5J�K ¡���� � 6 !5B M Y = � (1.32)
©Ab�')v�= O�Q ��� !

γ
¢

©DE�F� �H W�¡
15.11MeV

© ¢�£�� ¤�l  �� 6 ! 7/¦ � [ L'����© |�~ ¦���� tu!5B

1.3.4 ��� �
	�� G���l��! � �F8 l"��#�$ �&% T �('LK E ��L !@" i)v l�) " 'Ci ¦ E � # ��� !5B l�� h #�$ �©�*�+ q v-, 70mW/m2
� 6 ¨ = l�� h s �jv-,

40TW
© " � � K E �7L !9B 7 © "�. v l"�/ �L© l�) ��0�1 l  \ r's E �7L ! 238U

�
232Th ^!2 © �	_��43 0 © U�V E�F� uH W  §�!65 ©¦&7�8 8 ��= p � W)¡)l�) " 'Ci ¦ E � � K/��� !:9 � =�;=<?>�d � l�@ >�d ¦ E � 5 � K/�����L !CB

p6A lC� ¦CB�D lC�  (EGL	� l") " ''i�©�*�+ q v 9�F?G E L B E �{E = B"D l�) ©IH"J6K'h� h� IL M � ! �	_C�43 0 ©IL�MCi�v�= pNA l�) ©?O�P�K'h � h� ?L M � ! i §�¨�5 1 ^ L B EY�¡ T ��= B�D lC� �Cv5=�Q i W l  §�¨�0/1 l    �e© " ¡ c a ����L ! ¦R768 8 ����L !5B7 � 8 © �	_���3 0�¡ β U�V tu! dG O7Q ��� ! b ��� W l5�%� � J�K�� k � a = l��  SL M �! �	_'�C� h�©Ai � W4T ^!2 l��U �L©�E�F� �H WCO�Q�V�W � I=X t+! 7�¦ ¡ � k !5BNY 1.11
 

KamLAND
��Z"[F��� ! l�� b �C� W lA��� ¦ GUH�I�b ��� W lA�A�  §�! |�~�\ ©�E�F  +H WW4T �R] E Y [6]
B n 5 E�F� +H W�¡ � L l�� b �)� W l��A� v�= 238U

© UDV�^�_�` © 214Bi
©

β

U�V  §)¨ O�Q E Y 5 ©(� 3.27MeV
� 6 !CB E Y�¡ T ��=�b ��� W l �%� ¡ ; H ¦ ©Ia β U7V �O�Q E Y ; Z HL©�EGF� uH W  §)! W�T �Cv�= l"� b �j� W l���� |'~ v 2.49MeV b m �6c © ��  W6T t+!5B M Y =

232Th
© UDV�^�_N` � O�Q t+! b �j� W l ��� ¦ E �jv�= 212Bi

©
β U7V  §�!

2.3MeV
© 5 © ¡ n 5 EGF� �H WU¡ � 2 =�; Z H�©�EGF� �H W �jv 1.5MeV b m� =d W ¤ ¡o�� !CB Z�[���� ! |'~�\ W"T v�=

238U
�

232Th
© l"�e �f�C© r�s i � W4T ©�g�h	 \ §DT �

i�j t�!CB E Y�¡ T ��=�k W ^ \�l�m l"� b ��� W l ��� ��JuK t+!Nn ¦ ¡ � k � a = n �po%©W"q/¡ IrX�� k !5B
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1.11: KamLAND

 �E m ! l�� b �)� W l��A� ¦ G	H�I�b ��� W l ���  §�! |C~�\ [6]

1.4 KamLAND �����
1.4.1 ���
J�K	��v�
���������\ �� !�� ©4< ��� �

1360 � W l  ��e©6<�� c , 1000m
© �!�#"�<	©%$

  �& � ��� Y
(
Y

1.12)
B=n �� §�¨(' �j��) l��A� ��*,+ t+! d\ %-�. ^ w0/ ¤�x�1 y 1 z ¦

^ !3254 ¢,687 © µ 9�: ©<; 1 / ¤ £ � l�# © 10−5 �'�  t�!6n ¦ ¡ � k !9B KamLAND
©%=>@?!A © B�C ¦ ^ !�D 05EF 1000 G 1 © q�s�t 1 � i ) v ¦ �#HJI8K ¨MLON)& � 1879

Ce©OP	Q
17 � 1 � E §R 20 � 1 � ©%S Z :�T@UOV �O� ! (

Y
1.13)

B*,+W�7h s EI� e@X ^ Y@Z W"q\[ ^ T%] L !5B �@���, E qDs�t 1 � i ) v#^ PQ 13m _ ` X ^Q 1	aD� /	bc;@d8e@fg�h�e ) 1 i�jlknm H ] L<o B@p _�q�r E 1800m3 _ s!1 ;@d 13tOu e IWvwyx�w PQ
18m _�alz 1 i a g �@{,| 1 b ^#}�~ x ]O� o%� m o i�p _�q@r�_ K@� [ _l� E ���^ v w m H w 254�5����1 | ) [W�!� ]�� o	�

1.4.2 �5���n�����c���
KamLAND

= >��c� � o8�
1300m3 _8�@�5���W���M) |#E%F	 �¡�¢ w i#£c¤�m H w¦¥ _ �@§�¨©Fª

1.3 _ 3 «@¬ I8�® x ] g�¯ x%w�¥ _ �<§ o � ª 1.4
iW° �#±�² I8³�´

[11]
�

���y�¦�����3) |3µ!E%¶ Q 6.5m _ ·�¸ m ^@§¹¨ºF�»8¼�� ¤l½ x%w S _�¾l¿@À E p H [8ÁÂ�ÃOÄÅ<§ o�Æ D ^�§ o	� ¬�Ç@È ^ CnH2n+2

�#ª m H o syÉ�Ê d � t¦u e E �������WË��yÌ � S i%Í ´o�S `@Î�Ï ^#ÐÒÑºF ���y�����0�WË | _ ° �Ó « D<Ô [ x ] � � w �JÕ w F�Ö Ô@×yi Í ´ o � Ô
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1.12: KamLAND _��O� �
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DOÔ ��� Ó ¯ È��� ��� � �
80% C12H26

C

H

.

H

C

H

H

HH C

H

H

C

H

H

. .

���
1,2,4 G
	��� e� ���,�

20% C9H12

CH3

CH3

CH3¤ S��
2,5 �OÊ��
� e t������ Ë e (PPO)

1.5g/l C15H11NO

N

O

ª
1.3: �@�y���8���8Ë | _ Ó «@«�¬

��� ±�²S��! �"
190 p.e./MeV ( #%$�& � � � _�'�(�)+*-,/. 1/4p.e.

[ x%w�0 ®
)¤ S1"

49% 2!�/3 É54,�¾�¿�À 10m (400nm)65798
64◦C:@Ã

0.78 g/cm3

;�< Ï 1.44

ª
1.4: KamLAND

�l� � o �@�5�������MË | _ ±�² [11]
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�
1.14: �@�,�������MË |Wµ h�e Ë!� Ê d e<f _ S `�Î@Ï [8]

× _�� (H/C � )
^Ð � w�� i�� Çy_ × ^ Y Ñ )���Ç��
	 ���cË 3�	����� β �
� × .���� ´����� � ¸ o	�Õ w )���� u ��� �<� (1,2,4 3-	 � ���  � �,� ) . � o �!� � ) ¤#" " .$� x&% � o�� " � �"(' #%$ & ��� i�)+* o '�(/. 1/4p.e. �!*!, �-,#. x w 0 ® i ' 190p.e./MeV

�<§ o � � �� ¸��0/�1��(2�Ë	¬03�4 ' )�5 . �6/+17�(2�Ë�8:9 � % ½<;>=?" ��Ç × ��@ 2:�@� ¬+A(8CBED �x?% )6F#G�H
I δE 8 Í x?% δE/E = 7%/
√

E(MeV)
��§ = �KJ�L 85) α

� � � ² Ç � γ
� ��MÇ#N6O�4�P (Pulse Shape Discrimination) . Ð � = ���0� ) α

� 8 Í ´ = � /5�8� " .3·�¸ Ñ ´ =�!� ��Q 4 � ��� w � M�Ç+N
O '�R ��M�ÇS�-T
UV8�9 � % �������8Ë<��Ì#� " �
W@�¬+A ��X �= ��� . � ��= ¥ � � ) α
� 8 Í ´ = � /y��� ��� ¥ 85)�Y[Z �#\ É � � � '�(%.&] ¨_^\Ñ ��8`#a¦�<§ = �

1.4.3 �5���n�����c����b
# $�& »W¼ 8 § = 1200m3 � �@�5�����n�8Ë | '0c-d 13m ��e�f � �OÉ-g��hZ � Ê�i���j-k(�l {�m & ( Y���Ë5� ) 8on
p Joq % ��= � � ��Ê�i���j���r J7'�� 135µm

�@§�¨ ) EVOH(
@ 	>s

�#��2��ut�Ë6� ) Ê�iC��j (15µm r )
��v�w�x ��Ê�i��+j (25µm r )3 y .&z�{�|�}+~ Ó ¯ ��§= �

EVOH Ê6i?�
j ' ,
. �
�C� � � = 222Rn ��g��7����4�P!8�� q %#� =o� v�w�x �Ê
i?�
j
)
EVOH Ê�i��+j��V8C���+�#�(�+8 2 ����� J-q )
���S�7� Ã .o��� Jo�:� ¥ � .&� ��� %�� =��Õ0� )
��À 400nm � " 8 Í � % ' 96% � " e�Î�Ï � § = (

�
1.14[8])

�
Y���Ë��C� l0��' )#À J 20m )o��·+� � 1m �C�6�(8& �¡ � � Ê6i���j�. )-¢
£�8 § � = ¼ ¬/.¤ ¨ ®�¥ ��� Ó ¯ �$¦�§ %�� =�� ¤ ¨ ®�¥ � ¼ ¬ ' Ð
¨ � �#© �?ª#« q = �0¬ �>
® J&q %
�#% )Ê�iC��ju¯ �:� 6 §-° ¨ � Ã��@§ = � 21kg ± /cm

�C²S� {h³�´ ¥ L ¦ � � Ã ��µ#¶ � %�� =��
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Y
��Ë5��8���� = ± "(' »�� �	���,�������8Ë�� ��� � ��Y Z#Ê
	�� w �:� :@Ã IV8:9 § %�Õ =�� ¶�� ) :�Ã I ' 0.01%
Â�Ã������ Joq %�� = � � )�Y���Ë!� �@�S8���� = �@�¹�������8Ë

�6�C± "('���� 100kg
Â@Ã �?¦ =�� � ��± "�' )�Y���Ë5� �O��8����OÉ�Ë#������� .�� * )+g! ���_g
��� � � Å	¼ � L�" ´V�!� ��#%$ %�� =�� Y���Ë5�C� �'&�' �@�y�����0�WË(� � 8 »*) .

� *#= �!� � l#� .?n § %�� =o�

1.4.4 +-,�.0/
���y�����0�WË(� µ ) 9�10g� ���� g��¦� � ' )1#�$�& � ¼ 8�2�3 Joq %�� =�4�5�6 3 ��7�89�: ¦ � q %�� =-� � � 6 3 '�;�<>=�?*@BA Ë(� � Y[Z#Ê�	C� w � �#8ED `�F =HGI4�� .�]KJ ^Ñ � � ��L>� 9�M�=-��N!OIP�GI49� � � % D ÕCq = 238U � 232Th ) 40K ) 222Rn

¦ ³5.�Q�R F = �� ' )
	 ����Ë 3-	? cdot ����Ë 3-	? '�(�.�#%$ F =�S 8>YhZ �0\ É�T ? � '�(���UIV .�R LF � � 8HW�X �?¦ =o�'Y � ) ;I<-=(?Z@BA\[ ��]#8*D Y q = O2

'�^ " " .*RI_ Jo� =Z`>a �$¦ =� � ) � q L ^�bcF =o�4d5!6 36�*e ¦ 6 3 ' ) ;I<�=�?�@fAg[ ��]�� 238U � 232Th
¦ ³�. ]hJ ^ji ;!;�k
lZm � 222Rn

� O2 n H2O o ]KJ ^Biqpsr �
g�t ['u�m 9(M+= ( v 1.15)
�

wyxyzy{y|~}y�����

�~�����q���������� �
�����y����� �� ���y����� ���� �y����� �

�~������}y�y���

 ��¢¡

v 1.15:
;�<-=(?*@BA�[ � 4�5�6 3�£�¤�¥'v

;I;'k-l 9(¦ n ;I<§=�?*@BAZ[ ��o 4�¨0© U�ª Jo� =-�§« q 8c¬%J n ;!<>=�?*@A�[ �I]#8�®¯ w � ? © ��°�± � ��° �c² N!O�Ps³ r o ¨�´�µ £H¶ P 8�¬ ²*·!¸ �I¹dº 9'» ©cF ² �4I5�6 3 9�¦ n�¼ 1 �d½ 9�¾ lE¿§À\Á £HÂ ;I<>=�?�@fAZ[�Ã�Ä�Å!Æ F ²�Ç�È 9�4�5 o*É�ÊÌËÎÍ
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1.4.5 ���	��
���������
17 ������������ �"!
# · µ�$�% 8

(PMT;Photomultiplier Tube)
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��� ¥�¦ · c�e#�� ~
20 Z ETF (φ 508mm)

|�} #�� ~ 17 Z ETF (φ 430mm)

y Z ?N°.z `Na ��� n'� 1 �"��Å'Z E
	�� ° Ð � 9 �À�Á� ����� �����#�� ~ ��� p;Z�ÎQÏ;Ð >� È��������
300nm∼650nm��� � È����

420nm

h"j � k)l (
$B%�!

1 × 107 h ,1pe, Â ~ )FWHM 3.5ns" Ï �$# v ^ h"j (
$B%%!

1× 107 h ) 7ns� ß�& É�h"j ( ′′ ) 110ns

¤ 1.5: 17 Z E	F #�� ß $�%"8 �T¥�¦ · c�e
'�(�)�* � ( j,+ � #�� }�Ç ¨�Â �Q·QÃ �.-TS M #�� ß  �0/21 ¨�3 4 -	·�R ¼ ��5 ¨;Â �t·
y Z ?i° z � Õ76%8 -4S\¼ Í
9 ��:�;=<#�� ~.> U@?;��� - M #�� ß  � y Z ?i°�z (

� ß $"% 1 ) ÕBA,C S\¼ED 0�� ��F > U Ê ¼ 1��¨�À�Á L ¼ Í / ��G Ç �d� M ¨ 0�H��I�J � ß Ä ( j ¨ Ã � - �LK S Ä J�� y Z ?i° z ¨+À�Á -
·MJON ¨ � ß 0 Ä $"% L ¼ Í

17 Z E	F #�� ß $B%"8�¨  � 10 �� y Z ?'°.z Ä 3 ^QPSR UYS ·BR ¼ ÍSK'��Ë�TVU�1\� 9 � ¨
 �
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\�] ; 9�^
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(
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5
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1.17: 17 ���	� | � ß����%� � ±O� °.� ³t´ ��
�

���
K Dy1·F2 F1·3 Dy2 Dy3 Dy4 Dy5 Dy6 Dy7 Dy8 Dy9 Dy10 P���

R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12���������
18.5 0.6 3.4 5 3.3 1.7 1 1 1 2 3 4�����

(kΩ) 2220 72 408 600 396 204 120 120 120 240 360 480���
R16 R17 R18 R13�����

(Ω) 50 50 50 100k����� �"!
C1∼3 C4·5 C6·7

���
R15 R19 R14#�$

(F) 10n 1000p 4700p
�����

(Ω) 10k 75 50
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DAEGFIH
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Wavelength (nm)
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Solid line     : Mean
Dashed line : 1σ
Dotted line   : Min. and Max.

17 inch PMT Quantum Efficiency
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~43f] } M

δ = A · Eα (1.35)

>��
	�� p VC� A
K
 t � p � M α

K � ��� mx� >
���&M���� O w�� _���@ V�� � p ��M���� 0.7∼0.8> � 8W] V6�q| � w ��M � �I� m^� >���� N  p V"! evR ���%� >�# ! evR O	S/TWV ��� u G
K M

G = δN = (A · Eα)N '

(

A ·

(

V

A + 1

)α)N

= K · V b (1.36)

]�<%$ V��W|v|'& M
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M

b
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�-& p ��M 17 �2�6� ! e�R �%�%�& K M
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! R 8

�&��D+LKM-N  PO�Q TWVq| ]��'R-S OBTIV4�
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! R � PvQ/TWV
0XW�Y m[Z � �C0�\�L�M 8 y { T�VU| ]�� & } V��
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! eARB< ��� >B; � \�a 5�7L8(d T e�R�b�c ; � K?M ` 1.19
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Spread)
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3 1.20: ��� \ � C 9 ! P ��<����g9 r Z

1 2 3 4 5
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21 22 23 24 25

26 27 28 29 30
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HV No.
P����

Distri.Slot No. PMT
9 �

(V)
��� � � T �

1 0 1840 1 0 3 64

1 1892 4 7 64

2 1948 8 11 64

3 2031 12 15 64

4 2135 2 0 3 64

5 2247 4 7 53

6 1745 8 11 24

7 2338 12 15 38

2 0 1800 4 0 3 64

1 1955 4 7 64

2 1915 8 11 64

3 1951 12 15 64

4 2044 5 0 3 64

5 2114 4 7 64

6 1681 8 11 23

7 2220 12 15 38

3 0 1853 7 0 3 64

1 1899 4 7 64

2 1959 8 11 64

3 2006 12 15 64

4 2088 8 0 3 64

5 2183 4 7 61

6 1737 8 11 29

7 2365 12 15 35K �
1325

�
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> P��XP � , ���+f Z/.� Y#W�� 9G \
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1325PMTs24groups
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(0.9~1)

24

V63=

primaryV 1(0.9~1)V0 =

Vprimary

���������

2Vprimary

3 1.22: KamLAND
9

17
��(�) ! P ��<����g9 > P������ .�Z

1.4.6 ����� �"!�#$��%
KamLAND &�' 9�(*) H*+-,�.�H�/ O�0 � � \�132 954 W76 �hY�8 } ($) H$+9,3.�H�/;:=<>+,@?�A�
g} 2�B 9�C�Y+* Z
D"E ��[�}�F�/ G ( ) / � (hH7GIH7JLK�M Y* Z
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OZ] ��[�} ( 3 1.23)
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.

ATWD A

ATWD B

^-_a`�b
VME  Interface

Discri.
Analog Transient Waveform Digitizer

Trigger Box

1325PMTs
(17inch)

.

9crates

DAQ

12channels
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1.4.8 H@I@JLK0M�N6O
P�¾�QSR � ¥�ù Ñ É QTR � �TU \ Õ ¬ ¤3èé3ê ù �WV ëYX Ã jlk/x%y öY:Z; ø ÷ � �����S[ °ö ú�û �]\ U \ �4^=~GCT_ 9 Q8R ö�`)a þ_\TF�k�Ð>Q)b `)a �4^=~ � ? � ÒTc óDô+ù Q8R ö�`Sa jk �d^�~ y �Te ¸ ólôù QSR ö]`�a jlk �Y^�~ ë Ï kCÐ�x#ß � ù �d^�~�f ù)¬�g�ö]hTi j�k%x/yC �Tj Õ ¬ ¤�è+éê ù ½ ¡ � ² 5 kkQSR ö 50mG l õ�m Ã � þ_\GF%kCÐ oon	ù4p)q � � k	y � xù l õlù QSR ü � ²EF-\dr Õï � q%jlk-�4V ¬)s�ù X Ã ?)� r C6t�u 8%

C3Ï k
[13]
Ð

1.4.9 vxw�yxzG{}|�~6�
¯�°�± 
�� Ú �/� Ó Ô�ù b ��É@?�� �
4�T���8�G� ö��6� j�k ø ÷ � �T� � ö � ø þ]�!Ñ�b y? nd� ç�� �GFE�)Ð ¯3°�± 
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1.25: KamLAND
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�
2 � � � � � � � � 	 
 �

2.1 � ��������������� ½�� 1 � ù ¶»· � ?"!$#&% 
��(' ½�) ü+*�, �  *.-
β /10�243

νe + p → n + e+ (2.1)5"6 Fo�87@  * �$9&:8; ´ �=<1> * �?��� ½@� 1A�+*�BDC �&E ½ *+F+G
Ethre HJILK"M � I , �� I , � *"N�O 5 �JP�Q8P mn I me I mp

SRUT � I
Ethre = mn + me − mp = 1.8MeV (2.2)V�W �.7

1 X * - β /�0ZY � T\[ � *^] 2 X * %?_a` ' ½ %Zb._dc :8e1f�g=h��Li 7 � *^j � 5 Á 2.1 YÂ.� 7

+

170µs

νe

Eνe

- 1.8MeVEνe

- 0.8MeVEνee

<1mp

p

d

γn> 1.8MeV

2.2MeV

γ

γ

0.5MeV
0.5MeV

2.2MeV

kmlmnZo

p lmnZo
q

ns

Á
2.1:

���$�$����� ½r�8s �=* ¶»·at�u
vxw I , ��� H^y�z B$C �LE ½ 5|{?}�~ :�� !�#�%?_�` ' ½�) K 5 0∼ � cm � �UT < ] Y ��� ���$� T �

2 � * 0.5MeV
*

γ � 5 g�h(�^�&i 7�� * γ � H"� 10cm �$�$��� T < ] I c ������Z��_8� � _ � � 5 �@��� T � B�C �LE ½ 5�� ·A� i 7m� *Z�¡´", �$��: {�� < B4C �LE ½ �
γ � *�B�C �&E ½ Y º � ��¡ * %�_^` ' ½ %�bA_dc :Jg1h T I1¢ g1£1¤ � ~ i 7
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Á
2.2: Am/Be ��� *��	��
����� Y ¹�� i�£1¤�� *�� ����� [10]

������� * KxM � H ∼10keV
* ��� B�C �&E ½ 5! #" I !�#Z%�_^` ' ½�) K V�, � �%$ M�&�'5 �@��� T �)( KaM ��* T < ] I , � Y,+.- � P ��/ , � 5�021 i 7�� P :.3�4	5�6 Y ~ i.7 Y�98 � i

2.2MeV
*

γ � �J%�_^` ';: %�b._ c 5 g=h T I � P : ] g$£1¤ � ~ i 7� P �
2
0 * £=¤ *,� �

·
B4C�< E :

· =?>4Y�@ � iBA�C 5 6D} i � �aV ���$� : �.s � � 3 5D�E�� i.7 YGFIH.J	K,LNM _PO � 3 *RQ�S 5)TRU � i � � : V�V i 7¢ g �S] g1£=¤ * 2
0 * g c � Y Hx� 170µs ��� *�� �=: W � I � P 5a6�} � ����
����� 5 �~ � 7�W

2.2 Y Am/Be ��� (
W

A.1) X � g=h T < γ � (4.43MeV)
� KaM � 5a64} � I KamLAND* !�#�%�_ ` 'Y: ) V�����
����� T < ¢ g ·

] g�£=¤�� *�� �G�	�
[10]

5YZ �=7�[ £1¤�� *�� �
H τ = 173µs

V�W � I ���?� : �8s � Y�\ i - β /10�Y�] } �^� 
Aj Y ����
��.�� :)_�` �;ab � P i 7�� * 7 I FcH)J	K�LdM _9O � 3 *RQ�S 5!U � T I X 0 �?��� : �8s � � 3 * � b�e �T 5"~c1 �?<+> Y I ] g�£�¤ *Bf 8 H.¢ g�£�¤ X � 3τ ∼ 500µs g�h *�� � Y�i)j T|� � ~ � 7v < I^¢ g�£=¤ *+B�C�< E : Evis H I , ��� *+B�C�< E : 5 Ee+ I ����� : �.s �8*+B�C�< E :5
Eνe

� T � I
Evis = Ee+ + me (2.3)

= Eνe
− (mn − mp) + me (2.4)

= Eνe
− 0.8MeV (2.5)V$W i 7

Eνe

*8FAG H 1.8MeV
V1W i X � I.¢ g�£=¤ *JB4C�< E : H 1MeV g�k � ~ i 7 v < I ]g$£=¤ V�*JB4C.< E : H 2.2MeV
� � j V�W i 7 !�#�%�_^` 'Y: ) *JB�C�< E : ��ld`�: σ/E =

10%/
√

E(MeV)
V�W i � � 5 a,m Tx� I�n P�Q=P * £�¤ 5 
 j � i <$> *=BDC�< E :�*�o�p Y

3σ
*�q �.r 5Bs T < Gr� T|�8R

2.1
5!t i 7��� Y I g c =u> *Gv�w : 1m guh � ~ i � � 5yx�6 � i 7
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A	C�� � i B4C.< E :
Ei σ

£�¤ 5 
 j � i <�> *�B�C.< E :yo	p¢ g�£=¤ 1MeV 0.1MeV Ei − 3σ g	k 0.7MeV g	k] g�£=¤
2.2MeV 0.15MeV Ei − 3σ ∼ Ei + 3σ 1.75 ∼ 2.65MeV

R
2.1:

���?� : �.s � 5 f 8 � i.7 *=B4C�< E :$*yo�p
2.2

��� ��� �
	����� ��� �
f 8�� h V ; V i������ :�� s�� � 3=� N

5�� > i 7 � � :�� s��"! z$# � ��% a b�~$}'&)(
# N H.I)*�+ � ~ i-,/. � Np

� f 80� Y�] � i��1��� :�� s0� #�2 L�H.J43 F (Eνe
) ]u\/5 �6 #8789;: σ(Eνe

) #': V R � P i0<=� � :>� s���! z % a b i &;( Y HAI ��� Y0? .A@)�B�B� :� s0� � T �-C � � P i�D;E %"F#� i'< � P � # @^� H ���1� :G� s4� #=H�I <$J�:�V R � P i
# V I=K 7 Y t � P i N HLH;I <$J�:JV : � % � ~$} I=M (2.6)

� ~ i0<
N =

∫

σ(Eνe
) × F (Eνe

) × Np ×

(

1 − sin22θsin2

(

1.27∆m2(eV2)L(m)

Eνe
(MeV)

))

dEνe
(2.6)

n P?QJP #�N O&H gAP # \ � Y �$Q � P i'<R
β S=T #L789;: σ(Eν) HAI �)U f #�V W %0X } �AR � � I
σ(Eν) =

2π2

me
5fτn

pe Ee (2.7)

= 9.7× 10−44 pe(MeV) Ee(MeV) cm2 (2.8)

= 9.7× 10−44 ((Eνe
(MeV))− 1.293)((Eνe

(MeV) − 1.293)2 − 0.5112)1/2 cm2 (2.9)

pe :
, ? . # y4z O

Ee :
, ? . #=H I <YJ�:

Eνe
:
�B�1� :�� s4� #-H�I <YJ�:

f = 1.6857 : KaM . # β SLT�Y�] � i : � Fermi @^� # G
τn = 886.7s : K^M . #4Z=[ \=]
me = 0.511MeV :

, ? . # N�O
Mn = 939.57MeV : KxM . #4^A_ N�O
Mp = 938.27MeV :

,8. #0^A_ N�OV�W i�< �$� V I �1��� :�� s0� #LH�I <$J�: Eνe ` Eνe
= Ee + (Mn − Mp)c

2
V�W i � � %�X}�a < � #87'9 :1#-H;I <�J�: ��� H W 2.3 # \ � Y ~ i0< SAb � i��1� � :�� s�� #-H�I <�J�:

`8c 1 ~ i=d$efR β S;T #4g � H c 1 ~ i�<
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W
2.3:

R
β S=T # � 6 789 :f Y I������ _�`�� :
	 K V �B��� :>� s�� ` R β SLT %�� � � *�+ � ~ i� OZK=# ,/. # �

Np

% ��Q i�< ����� _a`�� :
	 K Y�� v P i� O ��� OY# � #�� % rH/C I � O�# � % N
� T a��V I�� � �=: h #������ _^`�� :
	 # / O W H"I

N

6.02× 1023

(

12.011g + rH/C 1.00794g
)

= W (2.10)� X � i'< T a ` � � Np

� Ta� I
Np = rH/C N (2.11)

=
6.02× 1023 W

12.011g

rH/C
+ 1.00794g

(2.12)

% t i4< �$� V I rH/C = 1.9 I W
%

500
� _ � � i � ,8. # � H Np = 4.1 × 1031

V4W i4<
t .����$�1� :
� s/� #�2 L?H.J/3 � Tx� W 1.6

% � � a ��V Y I KamLAND
V

1 � W a �Y � V i ���� � P i!�
� � #LH�I <YJ�: ��� ` W 2.4
V�W i4<B��� :>� s4��! z ` ~�} � T a& ( # �!� � (•)

� I ! z�" L�# :$	 `&% ,A�$� :�� s4��! z l � Tx� �(' V4W i�) Q (�* l #
sin22θ = 0.7 I ∆m2 = 2× 10−5

% � i &)( # �!� � (� )
% Z T a < � � �=:�H 500

� _ I,+�-LH.  +�- #�/ V4W i'<
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Reactor Anti-neutrion 1 year Event Spectra

W
2.4: KamLAND Y�] � i t .!�;�1�B� :�� s�� �!� � #=H I <$J�: ���

2.3 � �������	��
 �t .��A�1��� :�� s4� � % ,A�1� :�� s4� % f 8 � i)7 # FcH.J�K�LNM� O �(� # t�� � ~ i� #���������� � � � # � b � � � b��?
 = � � � # � b � `�� i'< t .��A���1� :>� s0� # f8 �  O t .�� � # R β S;T��! �" �$# a , ? . ��%&� .�'( � \*) γ � # ���u
��.�� �J��+� #��!,.-/� % ,A��� :��10 � # f 8 � ? . � # $2� &	'3� \2)�4 � £1¤ # f 8 �8��+ � < - a
` ��5 � � #76 # £�¤ # f 8 �!, � )�FIH.J�K�LNM� O �(� # f8 � � j:9 +<; � � � ��+ �>=N `�� ) <

2.3.1 ?A@�BDCFE.GAH�I�J�K�LDMFNFO3PRQ [6]

KamLAND ��SUT P 1000m(2700mwe : meter water equivarence :
�V�W�X�Y

) # =u> ��Z >[ # 5�\ ) <^] # aLQ ���^�$_ µ ` . #1a Y �cb�dY# 10−5 e Ygf +ih �kj�l<m ) µ ` . ��������Un �&o 	cp�qsr � 0.44Hz �2t  p�q�r � 1.45Hz � � ) <u]v# �^w )!xzy1{�|�}<~�F��� � %��� m ) a Q �$� µ ` . ` t  p ���� - a n�� � �*� 2�� %&�^� - a4&)( � µ ` . #!j��D�c�3�51���
1m e Y �1����� #k�*��� � % Z��m ) <<� a � µ ` .� π ` . # SLT ����# � f*� + � 5
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 " [ # ) 100ms e Y� P � \A]�� ��� ��� ����� ��� S)T �sw )cx7y�{ |�}s~��F� ���1tm )a)Q ����t  p�� � µ `�� � �3� - 5�� 6 50ms � f ����� �cn �&o 	cp�� � µ `�� � ��� - 5� 6
250ms � �&����� � ��Z2�<m ) <3]c# �sw h �2����_ µ `�� ` �� f +�)$xzy�{�|2}<~��F���! �$� �3�#"�$�% �#&�' % � �^�k_ µ `(� f*) � �+�-,�. ��w h  �" [ #�/10(2 %&� � ��w )�3�^f � �3�4" �&q �! �" [ #�/ ∼100ms e Y�� ����� � w h65 \17�8 � �#� ���*�(��� �+�19: �sw ) �3�^f +�)-;

<�=?> �UnA@ o�B %(C�D�E - /10(2 %#F �HG3IKJ ) � �:fML F�N(O m ) fQP�R�S�T �VU�W��4X+ZY[����� o�� 0
	 �(! C ,m )M\�]�^�_ � �A` )-; �(�#a � ��b 2.5
C
c m ; � m P ��d - /�e

µs170

p

f
g4hMi

p

d

2.2MeV 2.2MeV

j4gkhki
n

n

p

γ

b 2.5:
0�2ml F � f IKJ ) ��n f#�VL F(N(O

� C w��-o-p �(^(_+G��(q m?r ; N�Ots /�l F �?u P�v ��w��+��� ox�3y 	 G�I�J ) ��n fQz β9 : s o qK{ s /Kl F � f#T-aKP <(=|>�} nx@ o~B lV��e � fML F�N�O �
� h�� s o3� l F ���s /1�KP�e � C��3� [�� o3� e � f
� h 2.2MeV
�

γ _ C w�r >+} nA@ o >��3} ��� �(q s o ���^�_ � �A` r ; p ��^(_~G 1MeV
���fM� r �(!*��u 3event/day

��� h����(� E�F T�� =��  � �K! w hku-� � \ ; ��/�P�R�SmT �VU�W C ���+� o���y 	 � �3� m�r3� � ��yk��o1�K� �#� s/1����� �(!��mu 0.07event/day
��� h PV�K� [#� r �+��� ot�1y 	 �(! � � 2event/day w h� r � � \ ; ��/�P�&�'+� qK{ [�� /�0�2|l F �mu t I p f xzy�¡�¢ oV£�¤V¥ C w�r4¦�§�¨�©��4ª« r�¬ � P <�=|>�} nx@ o~B � �K � f�®  � C wVr � ��� � r�¯ �1°H± C wVr# ��²(³~´ �D�

90% µ�¶�G3·¹¸ � � � r ;
���
" � q ����) ��n ��� ��º C u P D�E»s / µ  � C w1�4o qV{�¼ � / γ ½A¾ <�=m>�}k¿ @ÁÀB lV�

12C ¾ � �(º�G �KÂ?Ã � r ;3Ä ��Å�Æ�Ç G�ÈÊÉ ±K� u (γ,n) ��º
12C + γ → n +11 C (2.13)

��� ¸ P^���-Ë (γ,2n)
P

(γ,αn) ��º
12C + γ → 2n +10 C (2.14)

12C + γ → n +4 H +7 Be (2.15)
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��� G���q�� r ; 11C u���� v ���
	 C w ¸ 11B ¾ � r G P β
9 : s o e�v � � � � � r ���D�� r ; ��/�P 7Be u���� v ���	 C w ¸ 7Li ¾ � ¸ P������ µ � 478keV

�
γ ½ � � � � r ;�� �Ã u P��~e �+��À ��y 	 � ��� � r�� � x7y�{�|�}<~ } ���K!�¾ � r ; b 2.6
C U�� ����Ã � /

KamLAND
C�� « r�� ����e ����À �3y 	�C wVr ��!*��¾ xiy�{�|�}~ } �
¾ � r � E(F T-� =C w3r ��! � � ^�_ ����� ¥�� À�� ¯ � c ��; ��� ��P 11C

� qK{�!?u 1700/day ¾ s o ± r ; �

238U
40K

14C 11C

7Be
222Rn

232Th

Estimated background after statistical subtraction
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Solar νe recoil spectra (SSM)

8B

pep

7Be

7Be

pp

b 2.6:
��e �+��À �1y 	 ¾ xzy�{�|2}<~ } � C w�r �(!�� [6]

/�P <�=|>+}
¿ @ÁÀ B ���
� ¥ � À���"�´Ê¾ s o σ/E = 10%/
√

E(MeV) ��# ± o ± r ; �%$ �
r 238U

P
232Th

P
40K

�-Ë C P
11C
P

7Be
C'& r ��!Hu P��%� ¥ � À�(%)~G 7Be �~��À �1y 	�C�&

r+* ! ���,� ¥ � À?¾ T µ�¶ ��� r /-���e ����À �3y 	 �+.(W � r3� ��/10�2�3465 }87  ¾� r ;��/-P <�=�>�}#¿ @4À B l�� u µ  � ��) �Kn ��� ��º C9& r π−  �+G 970 : /day
��;����

qK{�¼ � r ; 12C
�

π− �
	(��º C9&�< o �>= ��?(��� n~G�qK{Z¼ � r ;8� � ��º C u P
12C + π− → p +11 Be (2.16)

12C + π− →4 H +8 Li (2.17)��� G � r ;
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2.3.2 �������
	�������������������������! [9]��� "�"�#%$�" <�=|>�}k¿ @ÁÀ B C'&�( � r � E�F T�� = ¾ s o u P 238U ) 235U
��&+*

234Th" 9 :-,�. C0/ � r � E�F T�� = ¾ P(9 :-,
. C+/ ¼ ��± 40K ) 14C
��� G � ¸ P � � Ã " 9 :C9& r α ½ P β ½ P γ ½�u / 0 2%3%4
5 }�7 * !�132+É � ���-;54 /1P3��� "6#'78" / 0 ¡~¢
À £¤V¥ )�9-: } @;9 B } 2 P�&�'H�8� C0< 4 � r � E(F T�� =8= Ã " � E ½ P
> C γ ½~G <(=|>�}¿ @ÁÀ B C@?BA � r ¾ / 0�2�3�465 }�7  ¾ � r ; &�'?l3� u l F-C " q�{�D�ºFE*qHG r ;54 /�P

238U
" 9 :I,B. � q({Z¼ � r@J = " 222Rn G <�=|>�}k¿ @4À BK"L#M75N ?�A�s o 9 : � r ¾ P qG / γ ½�G /10�2�3465 }�7  ¾ � ¸ � r ;

��� ��P <�=m>�}k¿ @ÁÀ B l C'OB&As o ± r � E�F T�� = " 9 : G�D5P�QVÀ�R y'S3" ��� CMTVU
rXWBY 1+Z U r ;+D�PIQ�À�R y'S 1 ��� � r C u P I�J ) C nA¾ " z β

9 :B[ ! C@\ < o�] q,� r
2 ^ " >+}
¿ @4À >��1};_ " R(SmT
` U�W 1 X � Y ;5a " � C /10�2�3465 }�7 ¾ � r+* ! C u P� E�F =KbBc C
& r >~}k¿ @ÁÀ >��#}d_ 1fe ]�g C TB` UVW � r ��� (accidental background) ¾ P9 :�,�. �(�3h 7�8 " � E�F T�� = G3q�{Ê¼ � h�`�i " � C 9 : � r �~¾ � ] q�� r 2 ^ "+j�ks / >�}#¿ @ÁÀ >��3}d_ 1 T
` U�W � r ��� (correlated background) ¾ C �
l � É r ;
4Mm P <V=�>�}k¿ @ÁÀ B l�� ] q,� r accidental background

"'n ¶61@Z U r ;;o P 2.1
��$�p�/

R�S+T-` U�W " �%� ¥�� À ��� 1Mq / � / 0 2%3%4
5 }�7 *�r " <�=�>+}k¿ @ÁÀ BXs = (1200m3)C � « rM] q n ¶�1 pI] ^�_ P�� ] ^�_ C@t»s o a ��u�� na

P
nb ¾wv���x�^(_ " `
i ¾ ��y " iz ¾ s o P a ��u-� 500µs { # � &0* 1m { # ( | Ç ∼4m3)

"k��� 1 � s@} ¾�É " T~` U�� ! nabu P
nab = na nb · 500µs ·

4m3

1200m3
(2.18)

∼ 1.7 na nb × 10−6s−1 (2.19)��� r x�� C~� DIP3Q
ÀFR yfS0� & r �V� ¼ � r *Br3� u 1∼2event/day
�V� r " �1P nab < 0.1/day

¾�� r �K¾31%�B�,� �L�0� na nb < 0.7s−2
��� r �K¾%���
�x¾ � r x s+} � < o � � CI� = Ã " DP8Q�À�R y+S 1M�
��� `�� � 1 # ± o �6� � r } - � u � /10�2�3465 }�7 ¾ � r �I��� =-b
c� & r>*Lr-� u+��|�� }
¿�� ÀI� s | � 1Hz µ(¶5{���¾ ���
�~¾f�3� -ZÃ � �@x

� � �
correlated background

"'n ¶613Z U �0x��-� ,
. �(� � � �4�-���V� � |8�+����¼ � �n ¶�� fa � � �-���V��4 � "0�B�
�B  1 τb ¾��V�+xLa8¡'¢ � �
� · �-� � \�£d¤~¥ �Ia3¦ u ¦¨§
] ¤~¥ ��© ] ¤
¥ " �%� ¥�� À@ª�«61fq } ��¬�!1 Pa

�
Pb ¾dv,�»¾ � `-i�i�z 500µs { # � " �`K� � ! fcb ® �

fcb = faPa ·

(

1 − exp

(

−
500µ

τb

))

Pb (2.20)

��¯ �+xBo � Pa = Pb = 1 1'° ? ¡ � fcb <0.1/day 1f�B�����H¾ �
τb > 208s ( ±-²�³ τ1/2 > 144s) (2.21)
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��¯ �f���L� ¯ �@xf^L4m¸ � �~� ,B. "�� � ±-²K³�� 150 ��µ�¶ & ¸ h��
	 �K�V�
�B| ® � D�P~Q�ÀR�� S *Lr "
�� ¤
¥ 1�^���������x��f¦ � ® � 238U
,�. "

214Bi −−−−−−−−−−→214Po −−−−−−−−−−→210 Pb

β �
� (τ1/2 · 164µs) α �-�
) � 232Th

,-. "
224Ra −−−−−−−−−−→220Rn −−−−−−−−−−→216 Po

α �-� (τ 1/2 · 56s) α �-�
��� � ¯ ��x
�B|6����� ��� �
� 7-$6" /10� "! ��#%$'& �
� < 4¨¦�� 222Rn �3��|6���(� �(� � N')+*-,. " 1�/10 } - � � / &2� � "  43 &�5�6�7 � ® 4 7 ��8:92; ":< ¦ } EVOH

 43 &%5 �:=�>�?
¦ } xL4 } � �B|����(� �@� ����A4B ¡X¢ � ��C-D4E4F�)��%�HG " vJI � ®
K ; �JL �X�NM "  43&%5 1(A�O2PV�%�RQ � 222Rn

":S�T 1�/ � � � ��x

2.4 UWVYX[Z \^]`_
2.4.1 acbedRf

KamLAND gih�jlknm�o ®:p2q�r &csJ� j�t�u�v�w%x�y �nz �l{'jN|+} �L¯ �l~�H� � �(�'� u4�'��F2j��'�co � �-�-�cj(���d� � g4h"j(�4�4�'���%�l�"��P��4�c�:�4��� [15] ~
t�u�v�w2x�y ��z �l{-j q�r &cs4� ®l� MeV j #R���'� �(���4~ KamLAND ��®�� 1MeV j q
r &2s'�l�J� �l�F¡X¢�� p 190p.e. �c�4j� %���e¡ �  %� �"¢:£ �2P2¤�~�wJ¥�¦ ¢ |^}�§�j ��¨%©
¯ ¦Rª � �4� u����iF 1 « ¯ �e��� T�¬ Pc¤ �� ® 1

��� ui�c� ��®�¯ © ¯ ¤l~�°-± � ��� u���4F����iP"¤ T�²�³4´ � ® 1/4 p.e. j q�r &2s'��µ�¶ �(· ´ P2¤l~��ljcQ�¸ � �4� uJ�4�iF��%¹'º¢������+�l���+o � �»� ¢ ¯ ¦2ª � · ´ ¡'¢ � ¤ µH¶ j qir &"s-� j:�¼�-Q
¡M¢ ¯ �@½�¦"¤:~�P¤cQ ��¾4¿ ¡l�lw�x2y �Àz �N{-j qir &+sJ� �lw�¥�¦cj:�cÁi��¹'¤�Â�Ã�Ä ¢�Å�Æ �Ç� � |+}N§4ÈÉ © jl|^}�ÊJ�+�:�4� ¢�Å�Æ ¤i�%Ql� � ¤l~
�J� uiË���Fcjl¥�Ì"Í�Îijl�»� ¢ � �R¤
���������2¤:~�x�y �nz �l{(Ï�Ð ��Ñ �Òx�y ��z �N{Ó�Ô �
|+}�Pc¤"Q'¸���Õ ��ÖØ× jlÏiÐcj £JÅ ¦ ¢ �iÐnQ4Ù
Ú � ¤�Û4Ê É�Ü jRÝ�Þ ©�ß ¤ Ñ�à Þ ©ß ¤ Ñ j ³i´ j:�'� ¢ ���2P"¤:~���Ù �4á ��� uiËJ�iFc� � u ¢ T�¬ Ù�Ú Ñ �
j:¥�Ì"ÍiÎi�l�¼�¢ ß ¤"Q ��¾-¿ Ùl� £-Å ¦+�:�'�������Ò¤l~â � ¥�ÌRÍiÎ�j:�����2¹'º�Ú�ÏiÐ � � ∆V/V ∼ 5% jl�J�i�4� ¢lÅ�Æ Ú4ãR¤cQ�ÙÒÚ � Û�Ê É�Ü�'ä ¨ Ñ �(j�å'æ 5m j
ç"j ÉJÜ V

©lè Ù(Ú4é�¤2Q �lê ÎlëJì�; ∆x Õ � ∆x/5m ∼ (∆V/V )/3 ¹
� ∆x ∼ 10cm

©�ß ¤:~Ø��j:å4æÇ��ÍiÎ�j:�»� ©�è%í ª 0.5ns �l�^��Pc¤l~ è 2.2 �Nî�ï r(m) Q
Û�Ê É�Ü V (m3) j4ðlñØ��ò�PH~
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î�ï r(m) 4 5 5.5 6 6.5� &2� � è I�� © j�åJæ r(m) 2.5 1.5 1.0 0.5 0.0É�Ü
V (m3) 382 524 697 905 1150

è
2.2: � É  2���e¡ �	� ��j�ä ¨ Ñ ��j:å'æ ( îiï ) Q�Û-Ê É�Ü j4ðlñ

2.4.2 
���������
�����������	� �"!�#
��� u����iFcjN�i�4�+j��%$(��¹4º:Ú qir"& s ' j)( ´ ¶ � Å�Æ ¤)*�+c�-, .2P"¤J� /��1032465 . ©�ß ¤�~37-+%�-Õ � � 8 � £J� �:9:;�'=< �?>%ã��@( ´ Q�¡ '1A �?>�ã��@( ´ ¢ ß ¤�~Ø¡ 'A �?>%ã��@( ´%© Õ �"B &DC � � �FE�G 9 � �?>�ã-Ú:� É  IH-Je¡ 'D� ä-�?Kcã-Ú � 8 Q P2¤�~ �� u��i��L 1 « ß �M$�� T�¬	N ¤ �i � 1∼ ��O p.e. � ©:P Q Ù �SR �i �N� N ¤ ��� u��i��Ljl�4�4�+j)T�U�Ä��V( ´	N ¤:~£-� ��9�;�'W< �YX�ãi� 5 .c�H��ã�Ú�Õ � 3 � ©"Z\[ ¤l~

] ���������	� �"!�#
[6]

q�r:& s�' j1^��co�2 5 ."j 4Y_ � t�u�vJw�x�y 'Àz"� {'j q�r�& s`' �l�c� N ¤@a 1MeV Ñ� 10MeV j1b\c�Õ γ T 8 �YX�ã-Ú)0d2 4 ~d7?+RÕ ��e�f j qir"& s`' �����'¦`g�j γ T 8 �Ò|c}
§�Ý-h+j1� É  \H-JÀ¡ '	� ä4�1id/ � ��� u����DL Ñ ��j1jSk��-( ´IN ¤R��j ©%ß ¤:~`T 8 j1lÁ2�?m"�4Ú:( ´ �?0d2 4 7In © � |+}N§cj q�r:& s`' ¥�Ì`o�Ä jlÏiÐcj1pe¸H�1lcÁi��¹-¤
Â�Ã�Ä�Vq Ñ /2¤I7Dn ¢ © ¸H¤l~è

2.3 � � r X N ¤ γ T 8 n q�r:& s ' j ¶ ��ò N ~
T 8 137Cs 54Mn 65Zn 60Co Am − Be

q�r�& s�' (MeV) 0.662 0.835 1.116 2.506 4.43

è
2.3:

5 . �)X2ãR¤ γ T 8

�H� � |^}�§ØÝ?h^�Vs ¬ Ùl�Vt�u�T�p 8 j µ v4u ¢)wSx N ¤)yR�4Õ � � u ¢)z }I{@+�¤l~
µ → e + ν + ν (2.22)

7lj � u"j q�r�& s�' ÕY|�} 37MeV
©Jß $ � ∼10MeV j q�r�& s�'Y~�� © j q�r�& s�' 5 .c�YXã2¤D7	n ¢ © ¸-¤:~J|c}�§�Ý?h © µ v-u ¢ q�r�& s ' ����ã wSx N ¤V� ¯ Õ � 0.001Hz∼100/day®�¯ ©�ß ¤:~

������!�#
q ¡Y� z�� xd� C © ( ´ {Y+"¤ á ��� u��i�DL"j)j k ¢ ���iÍiÎ�� �+Õ ��Ö�× j ��� u��i��L���I��¤ � u���0"Í�Î��:jSk3� '�� & jY��{HjN�����V���i¤:~�7�j��`/ �4¾ �S� ÙN�:w�x2y '�z
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� {�w�¥4Ï�Ðcj@l"Á�� ÅnÆ ¤)*�+ �?,S. N ¤J�`/%�-ÍiÎij 5 . ¢���� n?22¤:~�7�j 5 . n4Ù
Ú �8 � B�&	C ¡ '�A �YX�ãi�)( ´ �?0d2 4�� ´�©�ß $ � � 4 � © Õd7�j37Dnl�'�iã-Ú Z\[ ¤�~
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�
3 � � � � � �

3.1 �	�
� É�
 H@J� '	� ä ©�� Å N�������� &�� '������`'����� !�#" Ï�Ð�$�%'&:Ú á'(#)#*,+.- L/ s,0 N1� (#*,2 Õ 1 354,6�7 ß $98 �:���`';�"�� 5< �.� &�� ' Õ (#* �!=?>+ÙA@ (#),*#+#-

L < 21BDCFE / �HGJI @LK�&HM58'N:M < (#),*#+#- LO$:��ã'M +.-'P �AQSR�$ I M �;T � � K�U�HG�V 7�758 E:W � HHX1YDH[Z�\IH�]!^��YX:_,M e Q (,* $A` N�� +.-'P �V(,R I 8�a�b ).c <P Q �V0321&d@ G (#R < y < ( 8 $'eH=�>[fhg?h�$Ai�$kj�� C +�M#_ �!l f � (Dm 9�;\'W< �@X_�@ GSn *.o �����`'��dp� 5< =?>i���#q�@ nsr!85N1M < (,)#*#+#- L < +.-'P.t.u <Hv'w.x'yed8Lz,{ BhC < �#| $�% � n�}!~#��$A` I M ±5% ��g�7#U5�:�:%H_ G�� < 5% �:� v $ +.-LP <�#� �!�1�1&s@ G
3.2 �������

KamLAND
<d� ZO��� �:� �L� < g��^� t1� � 30 � <��L�1< }[~L� t $Le�8 l'�S� (?md�����  �!¡1¢.@S£�¤ � �s¥ Kdi§¦kj �?C ��M#_ �HGL¨ R�e�N (#),*#+.-#© � 9 � < ] ¥���ª $ t�� M�1�,_s8 � �5� < }A~��5e�«�¬#7 � `# <H®�¯ $,U ��� (°m5�5���   � (.±;² I M5³�_�@ GS´ ³I @ ¨ R#µ <�¶�·:¸ � ¸ 3.1 $�¹�º G� (°m��5���   < ('»;² � (.¼S½'2 eH8s=�>AfS¾,� BDC <�¿SÀ $�%�&dMsÁ5Â�º �.� ² K#7�r ��GVOI M58 � (°m5�5���   < � ( $'ÃHÄ I @ ��pÆÅ ��Ç,È $�%'&HM�8 (#),*#+.-#©�BDC < Ç'È � ���� �ÊÉs� � � 7 ¨ R I @ G� (°m������   ² � ( < @5¢ <dË * e�8 ¸ 3.2

< %�Ì!$SÍ�� p ¥5Î f < }S$AÏLÐD«!�.M,_ ��G��< � (Dms�L�1�   < � (�½,Ñ e 470nm 8 � (�Ò#Ó,Ô e 5.0∼7.5nm(FWHM) 7�U ��GOÕ @s8 � (m5���:�   <HÖ5× $,e (#» ��Á5Â:º � @5¢�$�Ø (°Ù \ ¥ � K ² ¦F3 ��C �,M._ �HGÕ @s8 � Zh��� ��� �L�#gÚ� / iÛ¦Üj ��C ��@ � (DmS�5���   £1¤ � �H¥ <�Ý#Þ � ¸ 3.3 $�¹º G ¸
3.4 $�ß ¨ R�7L³:_�@ (#),*#+'-.©à² � (Dms�L���   <�®�¯.< ` " �!¹:º G
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ATWD

�����
PC LED 	�
���

LED���

��� ����� �����! 

"$#&%('*)$+

LED ,&-/. �10

2436587

9;:=<

¸
3.1: >@? md�L�:�  BA ? ±;² I @ ¨ R <H¶�·:¸

1325 C < 17 � �EDF?HGHIKJ@L © A�MON fQPSRUTHVS� t A 5 WSX�YFT@VS� t A 4 WZP=[ 9 W8P.]¥��.ª�\At���]_^ � PHßh] ¥���ª�\a` ºcb;?KG�IKJKL © eFXed!f���g É_h � � \Si _�j Ç'È P=kl ºeb ATWD m �   PAi ¦Üj ��n ��j._ob.�cf � gqp.Ã_rosKtub ^Fv 3.1 \ ß ¨�w s5³�_ ] ?HGIKJ@L © ² �4f � gxPH`�y A ¹�º ^ 1325 CzP=?KGHI�JuL © eK{d�e|s�oP Ç'Èc}#�o~H¥Z\ W �On �
]=���B�,È s v º ^
ß�?�G@IHJ@L ©Q\ a[b�ºeb��HG c PE�'Ä,� ²H� j�XEJuL��Zp 107 \=� y.ºeb;G c �Z� n 200V Y� ] � A ³e� ]_^ � P=JuL@�cp 107 \a� y:ºcb;G c �OeFX@?�GKIKJKL © p M�N f°gÚ� \ iÛ¦Üj �
n �eb Ö \ r_Ce�KW ¨Hw � j�� n � ] � [13] s8tKb ^

1 ?HGHIu�O��?OP=k l \;� ºQb�?HGHIKJ@L © P=J@L�� A ¨Hw ºeb ] ¢ \ X ¨Hw P;��� \ >H? ms����   P��8b�« A Á'Â �a]�^ ?KGKI�JuL © P=?�G × \ ?KIZp_kK� �a]'Òo\ >��:ºOb�?KGKI��4���Íc�S���o� \=� Ì�P�sSX@[H���Zp 7% �uYuP ²U� 96% �KRo�Fr�?�G@I \Q� b Ç'Èà² �eb ^ { � sSX>�?¡  �5���   P�rc¢KPF>�? \=�£� X ¨�w �K¤�\z� jK�eb�?KGKI�J8L © PhÌ=¥a¦@§ 7% ¨H©�Pa�
P N l p@ª5� A�«Z¬ b � Ì \ >�?!  �L�:�   Pa? » A Á'Â �=]_^ Õ ] X@>�?!  �L�:�   P=>�? ¼½ �c� 50Hz X�>�?K�z� 25000 ¢ ²@�E]_^� PaGu#� A�®a¯ �=] ÝK° s�>�?¡  �5���   P 1 ?@G�Iu�4�E? \e� b�?KGKI�JuL © P N l G ��o� A � ]F^a±4\ X � Pa��� A ÙS²�³ g � N l G � PZ´ � �Æ� A¶µ ¢ ]F^ � P�� A�· \ XHß�?HGHIJuL © � n P N l �zPS� n W � A�¸ «4¹Üºcb � Ì \ ®=¯ GuOPdÁ5Â A�º ¦¼» �a]�^
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¸
3.2: >�?!  �L���   £�¤�� ��¥ P��	�

¨Kw �,È �Of � g �,È }#�o~d¥��LÈ PMT �
� ¸�
 ��� 


100 1 0 130 131

101 2 131 261 131

102 3 262 392 131

103 4 393 523 131

104 5 524 654 131

105 7 655 822 168

106 8 823 988 166

107 9 989 1156 168

108 10 1157 1324 168

v 3.1: ß ¨�w \Si �@jL³e� ] ATWD ² PMT P � y
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¸
3.3:

M�N���� ���ePE>@?!  ���:�   £�¤�� �H¥ P��§¦�� � Ý#Þ
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1 2 3 4 5

6 7 8 9 10

11 12 13 14 15 16 17 18 19 20

21 22 23 24 25

26 27 28 29 30

KamLAND PMT MAP (LED RUN : Crate 1 )

1 2 3 4 5

6 7 8 9 10

11 12 13 14 15 16 17 18 19 20

21 22 23 24 25

26 27 28 29 30

KamLAND PMT MAP (LED RUN : Crate 2 )

1 2 3 4 5

6 7 8 9 10

11 12 13 14 15 16 17 18 19 20

21 22 23 24 25

26 27 28 29 30

KamLAND PMT MAP (LED RUN : Crate 3 )

1 2 3 4 5

6 7 8 9 10

11 12 13 14 15 16 17 18 19 20

21 22 23 24 25

26 27 28 29 30

KamLAND PMT MAP (LED RUN : Crate 4 )

1 2 3 4 5

6 7 8 9 10

11 12 13 14 15 16 17 18 19 20

21 22 23 24 25

26 27 28 29 30

KamLAND PMT MAP (LED RUN : Crate 5 )

1 2 3 4 5

6 7 8 9 10

11 12 13 14 15 16 17 18 19 20

21 22 23 24 25

26 27 28 29 30

KamLAND PMT MAP (LED RUN : Crate 7 )
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1 2 3 4 5

6 7 8 9 10

11 12 13 14 15 16 17 18 19 20

21 22 23 24 25

26 27 28 29 30

KamLAND PMT MAP (LED RUN : Crate 8 )

1 2 3 4 5

6 7 8 9 10

11 12 13 14 15 16 17 18 19 20

21 22 23 24 25

26 27 28 29 30

KamLAND PMT MAP (LED RUN : Crate 9 )

1 2 3 4 5

6 7 8 9 10

11 12 13 14 15 16 17 18 19 20

21 22 23 24 25

26 27 28 29 30

KamLAND PMT MAP (LED RUN : Crate 10 )

¸
3.4:

¨Sw \ ³o� ] ?HGSIHJ@L © ² >�?z  �����   P ®�¯���� � s�¹ �;] >�?�  ���#�   P ®�¯² MON � P���� \=��� j ���
	 ®�¯ A � s v º ^ • p Ç'È A �@� �;] ?HGHIHJuL © P ®�¯ sKtKb ^
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3.3 ���
3.3.1 �����	��
�¸

3.5 \�� ?KGHIKJKL ©Q\ Wu��j Ç,È P_[��K�zPF��� A ¹�º ^

rate (%)
0 2 4 6 8 10 12 14 16 18 20

p
m

ts

0

10

20

30

40

50

60

cable0-1324
cable0-1324

Nent = 1325   

Mean  =  5.858

RMS   =  2.623

cable0-1324
cable0-1324

Nent = 1325   
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