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��P9C:%��mkd�� Fi�2f��1Ä���(�¢-��)'*�,;FH¢��.)�Ça§ u�n�� ° ²|m � Ä 107 � 1 !�u? ° ²���R�¢�� u����1O"²�Ù V Ä�m õ F�(-�;F:( }�g H � m V lPF g H�(���¹�@-O ²�M����� u Ø ²Ù V E � ²�³�C±)F�(�¢��.)'*�,�F2)�Ç|§ u	n�� ° ±�t ÝÓÙ V ��Ä 1 	 !�wÁFxw y"! Da��# K w � m:(�¢���)�*,)F A E ´ º;²|m � Ä�=C?-@PA)B)D 1 	 !�wöF�LNM
$�§ u�É � ²|m � ¹&%��): Ù V E � ²�³'�(� � m
107 � 1 !�u8? ° ²��PR-¢���� KamLAND

c�d"F()-Ä�*�+�, V�� ± 3 ­ � �x²�³C+m	Ä � ²�ï(� R É�Fk(�� } (-¢���)'*',)¹ g H � m V lÓï�-;¹1n�F)M����. .0;fPE1��:ÞÝÑ:"²�³n|F�m � p q' µ
����/�Ï�¤)Ä � �	·�¸�/�Ï�:C¨+Ä A�0 (	¢	�$#1	aA R É	F 1 	 !Nw } ��Ù��Óm�2�çCÄn+F�?1@HACB�D�u'3 � Ý d��-O"²|m � ¹	� g H.(���¹�@1O"²	M��4�� u8h���±-t Ý"%	� };� ²H³�5 õF�(1¢��')�*�,�F�M��6�� u Ø ²�Ù V E	g(7 � m 1 	 !iwÁF	?-@aA1B;D�u����CO"²-Ù VÁ} ENl�²�³\ ��8 E1�1Ä � 1 � EC� KamLAND

cCd��'�;¹�Ô1­�±(9�F�Ä � 2 � E KamLAND
c1dCE 3 ­ ���²Ó¼'0

17 1 !2"�(-¢��')�*�,;FkW�X V Ù��$C�E)¹aú���±C­ ²�m õ
:+~ «)¹�ÔC­a±(9+FN²�³ � 3 �V;� 4 � E-�.
<��= : �Hm�d�� V n�F�>�? u�C V8� Ä�@�A�¹ � 5 � E \ �.8 F+C V8� u�O%²|³
1.2 BDCFEHGJI
1.2.1 KML�NHOQP(RTSVUÎ ��W ��� T�U	û Ä�p"q T�U�û<X r�s;¹	t�­a±)Ä �)� uCv.Y�w y�z��+�"ñ � ¤;À�YÓË<YPµ"¶�c-d)¹t	º�²����-u1v&Yiw yÓz Ì�Í X g	Ð : ¨+Ä�u1v&Y�w y�z Ì�Í X Õ+× u
Z1O�c�d(>�? }.[(\ ÊÁ�1±1­1²�³��� uCv�Y�w y�z��+�%ñ �YV �-Ä �C� �	��].0 ´�� c.^xÊ��¾²Pu)v�Yiw y�z X L�M A�}�í d(, V EF�±

1/3 ∼ 1/2 V Û : ­ V ­YX ß&X�_�� ² [1]
³"Ù X ñ � ¹�@)O"²�ú���` V�� ±.� X 2

Ô }�a1�W� �²�³
1
Ô-�-Ä �)� �	��].0;¹�I.�-« };� ²|m � Ä�n ß n ß����|´¾�&b ± Ý�²Pu�v.Y¾w y�z X2A�} Û :­ V ­WX�Ù V Ä 2

Ô � �-Ä ��� u b g � m+u�v.Y�w yPz (νe) } U�V É X�c�b�d ¹�e�f4g ²'C _ ¹�Ä�hX ï(i�j6k6l�Ynm�o�pÁÌ1Í)¹NÚ(q�±�r : ²�7�#�Y ¿ Y X k6l�Ynm4o�p (νµ)
¹&s�t

(
ÌCÍ

)
g"²6u�­wv

ß'X�_�x ²�³�y ´ y+Ä�z�{ i�X�|.} ç�~���� 1 M�� X���_ @ ß�� \ f :T����_�xw� Äkc�^�����j����u�Ê1���4�6�
pp
k�l(YVm�o�p X d���,�j(��d�, X 60%

y�� : ����u :�� z6{�����]�� X&�(���T� g����u�j��'�6�T�� �¡�¢�j�£w¤¥�������&¦
§�¨ª©�«�¬ k�l�Y­m�o�p�r�®�¯�°±u�² ©(§(³�´¶µ&· �¶¸��º¹4»ª¼&½�¾ «�¬ ��¿�À�ÁwÂ �Q�
Ã�Ä��k�l�Ånm�o�p

(νe)
u�Æ�l.Å��6k6l�Ånm�o�p

(νµ) ¾�Ç�È<É(Ê�Ë�¾TÌ�¾�Í�Î�Ï�Ð�Ñ j���Ò�Ówu¥r6��q������Ô�Õ ¿�x ��¦ «�¬ k<l(ÅVm�o�p ¾'À�Á(��� �­¤ Ç�È�É�Ê�Ë�¾&Ì ² νµ: νe= 2 : 1
u��ª��j�Öª×�� �Ø Ë Å'Ù�Å�Öª×���  ¿ ² © R(νµ/νe) ∼= 0.6

u'�QvÚÓ�j�Û�Ü Â �������T¦�� ¾ ¯�°­Ý'k�l�Åwm�o�pÞ�ß�à�áTâ g�����u ¿(ã�ä4¿�å ��¦��� ¿ ©çæ ½���¿�¾ k�lTÅnm�o'p Þ�ß �.è �T�.é�ê ��ë�ì � ( í�î A ï�ð )
¦4Ý�y&k�lTÅVm�o'p ��ñò(j x ��u © ñ ò ¾�ó�ô�õ�ö (ν1, ν2, ν3) ÷1ø ��ù�ú�û�ü ¾�ó�ô�õ�ö (νe,νµ,ντ )
² §�ý � §�þ�ÿ���©�������	��
 ¾���
 Å������ (νe,νµ,ντ ) ����������� ¦�� ¾ ¡�¢ ©���� ¾� "!6�(è �6�$#�� �%
 Å����� �"&<¾ ��
 ¾'��
 Å(�$�)� �	*�+-, ©$. ¾�/�0 ² ��� ÷�÷ Ý � Þ�ß$1 �&¦'2'3 ¾ é%4 +<¾ �'5 © 2�'
 � ¾6�"
 Å7���)� Þ�ß �.è�869 á6:�; ÷ ©<. ¾ Þ�ß /'0 P

² © 2 è�¾6��
 Å7�"��� ¾'ñ ò m1,m2¾ 2 =�> à ∆m2 = m2
1 − m2

2 ÷@?ªå © ����Ï�� θ ¾�÷�å ©6A�B�C$D Å E (MeV)
à Ý�� 9FEFG L (m)
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à
	���1�; ÷ ©
P(νe → νµ) = sin2 2θ sin2

(

1.27∆m2(eV2)L(m)

E(MeV)

)

(1.1)

÷�
��nÂ�� ; ¦ Þ�ß /F0 P
² ñ ò ¾ 2 =F> ∆m2 ÷ ����Ï θ ¿�������� ¤ � © � 
 Å������ Þ�ß �� 1�;���� ²ª� ¾ 2 è�¾ Ù È�� Å�� ¾ ù�� ¿ 
!�nÂ"� ; ¦#

1.1 � © KamLAND
��  ¿%$�&�')( � � 
 Å �$��� Þ�ß Ù È*� Å��
+�, ÷ �.- ¾ Þ�ß �4  ¾ ¡¢ © ?�¸"/!0�1'� 
 Å(����� ��ñ Þ4ß ã à32 1 [2]

¦
#

1.1 4�¾ 5�6 ��¾ +�,<² Þ4ß Ù È*� Å7� ÷6,�9�8VÂ"� ; 8�9 +�, ÷ © 0�1�� 
 Å � ��� ¾:��ñÞ�ß ã�¿ # ; ¦�� · ¿ 2 Â;� 9%8 ; ¾ ² © � �=<�¿�¾ �4 �¡�¢6�w¤ 90% ¾ >�?�@6¿%A*BªÂC� �D+, ¿ # � ©DE�· ²�� � �w¤ � � ��� ; ��  ¿ $!&���F�GnÂH� ; +%, ¿ # ; ¦ 5�6 �¥¾ Kamiokannde¾JI�Ð ² «�¬ ��
 Å(�$��� Þ�ß ��è"8'9�8nÂ"� ; +�, ¿ # � © ����Ï ² sin2 θ ≈ 1 © ∆m2
² ?¶¸ .

10−2 ∼ 10−4 ¿ # ; ¦ LSND ¾
I4Ð ² LSND K C ÅML ��¸ � 9 � Â;� ���� �¡�¢ ¿ # ; ¦�� ¾ �� ² © 800 Mev 1 Ä�N%O�P�QV¤DR�� 1 Ä à � �&�:S%TVÂ ÿ�© π− 4 � Ä à À�Á�, ©�. ¾VU�W��:X ��� 9R 9ZY ; ν̄µ

à ü 869�� 
 Å��"��� Þ�ß ¾J$�& à
� ��� 9"8 ; ¦ . ¾ ¡�¢ © ν̄µ→ ν̄e

Þ�ß �ª¸ � 9D[%\
, � ν̄e ¾V] R �&Á�^-, � ÷ 8 � Ý ¾�¿ # ; [3]

¦ . ¾:_ © π+ 4 � Ä ¾VU�W QV¤�` À 1 ; νµ

à ü 869
νµ→ νe

Þ�ß ��  à
� � 8 © ô%a � νe b Õ à ] R ,<9"8 ; [4]
¦7c ¾ +�, ¾ Þ�ß Ù È�� Å!� ¾V$�& ² ©

KARMEN-II[5] ÷ BooNE[6]
��  ¿ ]�d¶Â�� ;;e�f ¿ # ; ¦ Minos[7]

Ø
K2K[8]

²
Longbaseline

�  ÷JgVh�� © N%O!P à ü 869 i A�B�C%D Å π± © K± 4 � Ä ¾:U�W QV¤ À � ; i A"B�C%D Å ��
 Å ���� à ü 8�9 Þ4ß �4  àJ� � � ¦ � 
 Å �$��� ¾ 	�� E�G ² . ��j�� © 730km © 250km ¿ # ; ¦ §¨�© Bugey[9] © PaloVerde[10] © CHOOZ[11] © ��k&²Dl.Ä�m.��  ÷3gVhD� 9�8 ; ¦ KamLAND
��  Ý

l.Ä�m(��  ¿ # ; ¦7c � ¤ ¾ �� �² � 
 Å7�����"n ÷<,�9 l(Ä�m�QV¤:R 9ZY ;po � 
 Å7���)� à ü 8
9$8 ; ¦ Palo Verde © CHOOZ © ² νµ→ νe

Þ�ß ��?�8'9 ∆m2 ¾ « å�8 +�, à A�B�,<9$8 ; ¦c%c ¿ © !%q6� � � ��� ����  © Ô�r�Ü f 4�?�¸H/ ©Js%t e�f ÂH�%9$8 ; 8uYºè Q ¾ l�Ä�m.��  ¾
] R
P �(è"869*<�÷ 5 ; ¦Vv (1.1) ¸�� © ����Ï sin2 θ �%w : ¤ � ; ÷ © � 
 Å(����� Þ�ß ¾ Þ�ß /
0 ²�x!y ¾�÷.å"z « � � ; ¦

∆m2(eV2) =
1

1.27
× π

2
× E(MeV)

L(m)
(1.2)

, � � � 9 © ∆m2 ¾
{ Â�8 +�, à $�& 1�; � ² © E/L ��{ Â 8�| k ô�}�¿ # ; ¦ è�<�� © ¸ ��~ A"BC�D Å ¾F� 
 Å7���)� à ] R , © < � � 
 Å����)� ¾ ` À�¹ E QV¤ ¸ ����YÚ�:] R3P à�� 8<9�� 
 Å�"��� ¾ 	%� E'G à3� Y , � �V�!h �n¤
� 8 ¦ 
 1.1 � 4 è4¾ l�Ä�m���  ¾V] R3P ¾V��( à
2$1 ¦
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


 1.1:
l�Ä�m o ��
 Å(����� Þ�ß ��  ¾M] R�P ¾M��(

Ô � ¾ l(Ä�m(��  ¿ z Ý ∆m2 ¾:�%@����%8�¾ ² © CHOOZ
��  ¿ © E ∼ 3 Mev © L ∼ 1000 m ¿# ; ��5 © ∆m2 ∼ 10−3 ¿ # ; ¦�# 1.1 � 2 ,	9%8 ; ¸ �;� © CHOOZ

��  ¿ ² © Ö�×��4  ¾ «�¬
� 
 Å(����� � ® àJ���<1�; νe↔ νµ

Þ�ß ¾ Ù È�� Å���ÅM+�, à A�B",	9$8 ; ¦
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#
1.1:

�.- ¾ νe↔ νµ

Þ�ß ��  ��¸ ;�Þ�ß Ù È�� Å!� ¾ 90%C.L. A)B +�, ÷"8%9���� © ?¶¸H/�071
� 
 Å(����� �(ñ Þ�ß ã
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 1.1 ¾�¼�� 3 è�¾ ��  ��� , © KamLAND
��  ¿ ² © � 
 Å��"��� ¾ 	�� E'G���� 150 km © lÄ!m o ��
 Å � ��� ¾���� A B�C$D Å �
	 MeV ¿ # ; c ÷ Qw¤ © ∆m2 ∼ 10−5 ÷�8 ����¾ ��  �Ì�ì © 100 
�¾:��@�<'¿ Ù È)� Å��3+�, à $!&4¿�å ; ¦ KamLAND

�4  ¿6¾ l�Ä�m o �%
 Å �$���¾ o
��� @ ² © ô��
������¿ © 1 �H��� 1 ����� � # � © 	�����¿� 2 �3��@���071�� 
 Å ���)�
��ñ Þ�ß ã�¾ 1 è(¿ # ; « �"��Ï�ã (

#
1.1 ¾ solar LMA)

à�!�" Å!R t ; c ÷ç� � ; ¦)c � ² 071
� 
 Å(�����&¯�° ��� 1 ;$# 5 9�¾
%'&!]�d ��  � � ; ¦c ��<�¿ © �.- ¾�� 
 Å(����� Þ4ß ��  ��è�8'9 é�ê ��ë4ì�9¶å � � ©T³ ¿ ² © KamLAND

�� 
�F?�869%] R à)(�* ,<9$8 ; � - ¾F�%
 Å������ ��è�8�9�ë4ì ; ¦

1.2.2 +-,/.103254�687-9�:
� 
 Å������ Þ�ß<à %'& Ü f$1 ; �'5 ¾ ¨�; ¾ § è ² © Ç�È�É.Ê�Ë�¾�ã � 9�8 ; �%
 Å��"��� à �
Y G�� � ÷ c=< ¿�] R ,�9 ©6. ¾�	�¾�> �@?"� à'A-; c ÷;¿ # ; ¦
l.Ä�m�²�B Y Qn¤ © ν̄e ¾DC�E �GFÀ n ÷�,<9 �� IH�J�ü ÂH�%9�å ��¦��LK4�¶¤ © C�E ��� 
 Å(����� F.À n ÷<,�9 ² z Ý A"B<C�D Å �
~ 8 ��5 © ∆m2 ¾V{ Â)8 +�, à $%&�¿�å © < � © |�M 100% ¾$N���¿ ν̄e �=O R Â"� 9"8 ; ¾T¿ © i
8DP!@�¿ ν̄e ¾�Ç�È<É.Ê&Ë à$Q7; c ÷ ��¿¶å ; Q­¤ ¿ # ; ¦ l(Ä�m ��¿6¾ ν̄e ¾�À�Á�!SR à ë�ì ; ¦l�Ä�m o � 
 Å(������² © O
T%�)U�VS� 235U © 238U © 239Pu © 241Pu ��W�Ð�X à'Y c ,=Z�À � �[ W"� β U%W 1 ;�\ H À�ÁVÂ"� ;�] . � j:��¾ oS� !
R ²�x!y ¾�÷ ? � ¿ # ;�]

235U + n → A + B + 6.1β− + 6.1ν̄e + 202MeV + xn (1.3)

238U + n →239 U →239 Np →239 Pu (τ1/2 = 24, 100year) (1.4)

239Pu + n → C + D + 5.6β− + 5.6ν̄e + 210MeV + yn (1.5)

239Pu + n →240 Pu + n →241 Pu (τ1/2 = 14.4year) (1.6)

l�Ä!m ��¾�^S_a`.È��!4 H � 3% b <;� 9�8 ; 235U c v (1.3) ¸��dZ�e 8�4�� ÄfH ¸��gW�Ð�X àY c ,LZ ν̄e ÷h�=� 2.47 i�¾74C� Ä à À�Á 1 ;�]'j ��H À�ÁnÂ"� � 43� Ä ����¾ 235U
HSkDl�m ���!hc�n o�� c�o
p*� H oS�)q�r �ts 1 c ÷ H�u ;�] c � q oSp o�� ÷
g�v ]

< � Z�w�x-`�yz� H za{}| Y~b <p�%9 8 ; 238U c�e 8�4J�����Sc=W��SX q�Y c
m � Z 0.8MeV
x

� nMO 8743�=� H)�'� 9�W���X q'Y c 1 c ÷ ��'7(=� # ;D] 238U c v (1.4)
nf� � HF# ; /F0
�)4��

� q k�l ,	9 239U
H�u ; ��Z c �fc β U�W ,<9 239Pu

H�u ;�]
239Pu c=WS��X qDY c ,D� 1 8 n

�zZ l � m/n���� ÷<,<9 J4ü 1�; c ÷ �z�1� ;�]
238U

Q-�h�S��m � � 239Pu c v (1.5)
n�� � H e 8�4J��� H1� ��WS��X q'Y c ,=Z 235U ��U�� �

� H ν̄e � 43�=� q O R 1�;�] < � Z 239Pu c v (1.6)
nf� � H Z�4C��� q o���,�9 k�l ,LZ 241Pu

q
��� 1 ; c ��{H')(=� # ;�] 241Pu { < � Z�e�8�4���� H1� �dW���X q'Y c 1 c � �
��� ;�]c�n�� � HMl � m �$�Sc�� -�u W o�� ��� : � u Y Y c�� 9"? ��Z ��� � # ; `�yS��Z L C � �1`� u�k�nD�
� ��� n N��"� �"�  �!3����{ H *S� 1�;�] c�n��S����� c-� -'� � HF263 '�(=� # �~Z
< � Z'��� R�� q l � m�Q-� Q7; c �h�
�)� ;D] c�n��'5 Z'	 %

n P�@S�zZ��z���a S¡�¢ nS£ yf¤�¥¦ q$§I¨�© c �h�z�1� © [12]
]

KamLAND ª
« q�¬ u8­t®)¯ q�°$± H/²���³
´Sµ 200km
n/¶z·�¸ c
Z�¹
ºS»S¼ n�½ � ��¾�¿
À

�zÁ ©}ÂzÃ �IÄ�¼�Å/Ä'Æ�ÇIÄDÇ ¯ Ä'È�É u�Ê 16
nD½ �SË���|�Ì�Í�Î ² Ä ²�Ï {�Ä�ÐÒÑ �'n�½ �SË
ÓSÄ

175 ± 35km
n�ÔLÕ�Ö
×�ØI¸ Á ©�ÙIÚ 1.2

¸�Û�Ü1Ý�·�¸ Í�ÎzÞ © ½ � �L¾�¿SÀ/n �zß Ú�q Ä�à 1.2
¸

Ó�á uL½ ��Ë n ��â � � ®�¯�ã � n�×=Ø q$ä Þ Ù
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Ú
1.2:

ÛdÜ1Ý�·�n�½ � �L¾�¿�À�n �zß Ú

Reactor Site Distance Therm. Power Max. Flux

(km) (GW) (105ν̄e/cm2/s)ÂzÃ
160.0 24.6 4.25

¼�Å 179. 5 13.7 1.90

Æ�Ç 190.6 10.2 1.24

Ç ¯ 214.0 10.6 1.03

È�É 138.6 4.49 1.03� É 80.57 1.59 1.08� Ç 145.4 4.93 1.03�	� ��
 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���
561.2 5.96 0.08���
755.4 6.72 0.05�
783.5 3.30 0.02� ·
824.1 5.32 0.03���

— 130 13.1

à 1.2:
ÛdÜ1Ý�·���½ � �L¾�¿�À�� ��â � � ®�¯�ã � ��×=Ø
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à 1.2
�z£
	 ¤L¥ ¦ Ó���Ñ�
LÑ ��½�� ËS��»
¼ â � ��� Ä��/�I���a �¡�¢ ���
����� �D� 1.8Mev��� � ���L�� 
¡'¢ �z£�	 ¤�¥ ¦�� Á ©�Ù ÐÒÑ ¸ � ©"! Ä Û�Ü�#)Ý ��½�� Ë Ï%$'& © �z���=�� 
¡'¢�(#�£�	 ¤�¥ ¦ Ó 1.3 × 106 [cm−2s−1]

� Á*)dÄSÐ � ­,+ Ä 80%
� �z���L�� S¡�¢$Ó ®f¯DÏ%$ 140kmÏ*$

210km
��×�ØSÏ*$

KamLAND -1â�. ¸�/�0 Þ ©�Ù 1997 1
2 �3#�Ý ��½�� Ë �D¿�4 â �=Ï*$5#
�������  
¡D¢ £�	 ¤L¥ ¦
6 ��7 ² Ä���Ñ 6 �"����� � ¦�8 ¥1  �f¸"9
²��': � ��Ä Ú 1.3

� Á ©�Ù½�� Ë ° �3;�< Ó
Ä 235U � 70% Ä 239Pu � 30%
� Á ©�! ²=� Ù

Anti-neutrino Energy (MeV)
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Rector Anti-neutrino Flux    (235U 70% + 239Pu 30%)

Ú
1.3:

ÛdÜ�#)Ý ��½�� Ë Ï=$Ò®/¯�¸�>�? Þ © ½�� Ë��I�I���� z¡D¢ £�	 ¤=¥ ¦ Ù ½�� Ë ° �3;�< Ó
235U 70% Ä 239Pu 30%

! ²�@ �A7 ²=� Ù
(1997 1�2 ��¿�4 â ��B �"C 6 : ! ¸ �A7 )
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ã�� Ä ÛdÜ �D½�� Ë
Ó31 ¸ 1 2����������	� ¦�6 ¬�
 ­
� ¨ 2∼ ����� ½�� Ë 6���� Þ ©�Ù �������

������Ó ¿������ ��� �! � Á ©#"%$ 6'&�( ��)+*!,$¸ ¬�
.- Ñ ©#/10�2 Á ©$Ù Ð �%� ¨ Ä KamLAND

-1â . ¸�>�? Þ © ½�� Ë��+3�4��65!798 � ÌIÓ�:9; 
=<�>�?!@ 6 ä Þ ÙzÚ 1.4 Ó &�A 5 1CB ��D�½��
Ë �FE�G�H�I 6 : ! ¸ ��7 ²%��J6K ��L 		M  F� ��� B ?�N 6 ä ²�@+O ©�Ù Ð�Ð � Ä J6K �!L 	PM  
� ! Ó ∑i Pi/(4πL2

i )
� à -�Q Ñ ©SR � Á ©�Ù Pi Ä Li Ó D�½�� Ë �9T â � ! ×=Ø 6 à - Þ Ù Ð � <�>?�@ Ó�»
¼ 20∼20% Á )dÄ/Ð Ñ ¸ � )~Ä�U M  FV 	1W ��X ��Y�Z 6 ¬+
 ­ Ð !
2 �\[ ©�Ù

R
ea
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o
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Ú
1.4:

½�� Ë ��J�K �!L 		M  .� � <+>�?!@
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1.2.3 ���������
	���
��
��� Ó
� � à�� Ï%$hµ 40TW

�FT 6�� â ²�@!O�� Ù � � ­ +Gµ 40%(∼ 16TW) Ó � 0
� �
� ���� Ï*$ &��
:�� � Á=)tÄ ­�+ 90% Ó 238U
!

232Th
� � � �
����� � Ï=$�:�� $ Q Ñ @�O�� !"!�#$ Ñ @+O�� Ù � � ¸'�$�'T Ó&%('D�65 �  5 3\ F��)+*-,/. @ 6
0+[21 Ð'Þ 2 Ä"3 ã � Ð Ñ $ �&4�5� ��� ·�6	��7 ß 6 998;:�< Þ � ��= Ó 
 Ï?>�� Ù

Ð Ñ $ ��� ·@6I¸ Í�Î
Þ � � 0
�BADC;E � � � ÓSÄ β
� � � Á � � � Ä�� �
F9T ! A��=¸ �+3�4=�

5�798 : � â'Þ � Ù Ð � �;� �+3+4L�65!7�8$Ó �;� ��·@6;G
H 6 9D8 ��I ²3@+O����+J Ä
Ð Ñ 6 -1â
Þ � Ð ! Ó �
� ¸�K1ã Ñ � � 0;� ��� � R Ä 7 ß 
 Ê Ä �;� ·26��
� �"� ��L�M
N G �DO : ¸ P
Q 
R
S � Á � !UT�- Ñ � Ù��� ·@6��

U
K�P R=!

U/Th V ¸ Ó&W�X 
;Y B�� 2 Á*)dÄLÓ > [ ) ! 7�Ï�>�@�O 
 O 2 Ä 
+Z �¸ Ó µ�³�7 � U Ä Th Ó\[�� 5 �/¸�] ) ��³;7 ÓL¼_^+%?'���52` � ��a ¸ Í�Î ²�@!O�� !�Q Ñ�Ä �;b
%c'�� 5@` � �;a-° ¸ Ó�¼�^
%c'�� 5@` � ��a ¸$d�²�@ � � Í
Î R Ó+e J�@;f 
 O !9!;# $ Ñ @1O� ÙIÚ

1.5
¸ �;� �+3P4���5!7F8 � L 	CM  �� 6 ä Þ [13]

Ù

Anti-neutrino Energy (keV)
0 500 1000 1500 2000 2500 3000 3500
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Ú
1.5:

�
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1.2.4 ��� � �
	 ��

�
Ð Ñ ã � ¬�
�- Ñ ����� 3�4L� 5�798��
	 ��� : Q Ñ ��
�� Ì�Ó=Þ�� @ � ��	 ¸
��OA@��
�������� ����� Q Ñ ��
�� Ì � 1/2 ∼ 1/3

²�Ï � : Q Ñ 
 O ! O �"!�# 2
$�%6Q Ñ @�O_� Ù��� 3�4L�65�798$Ó ���/·26 �+1 Ð >,@+O�� W X 
 ��& &�' Ï*$ L;M Q Ñ � Ù ��� 3�4L�65�798 ¸
Ó
Ä 8 (�) ��½��+* ��& Ï*$ &�� 3	4��65+7F8 2�, $ Ñ @�O � Ù ¼�-�Þ � ! pp .+/ ! CNO 0 �+ � 2 Á*)tÄ �1���A�
���"� � � 98.5% Ó pp .+/ � ��& &�'
� ¾ L�Þ � Ù�� ` ��2 2 pp .+/ � L;MQ Ñ � 3P4��65!798 ��¾ L &�'"� Á � Ù

p + p → d + e+ + νe (1.7)

p + e− + p → d + νe (1.8)

7Be + e− →7 Li + νe (1.9)

8B →8 Be + e+ + νe (1.10)

3He + p →4 He + e+ + νe (1.11)

� 2 � &�'�� L�M Q Ñ � 3!4�� 5�7�8GÓ��$Ñ"
�Ñ/Ä pp 3�4�� 5�7�8 Ä pep 3�4�� 5�7�8 Ä 7Be 3�4��
5�798 Ä 8B 3�4�� 5�7�8 Ä hep 3!4���5�7�8 !43�5 Ñ � Ù ã�� Ä CNO 0 �+ � ° � L
M Q Ñ � 3+4��
5�798 � ��& &�' ÓSÄ

13N →13 C + e+ + νe (1.12)

15O →15 N + e+ + νe (1.13)

17F →17 O + e+ + νe (1.14)

� Á � Ù��� ° � ��*�6 � ��& ¸ ! : 
 >,@=¾ L
Þ � 3�4L� 5!798 �������
� ��Ó
Ä Ê
� �1� 
 5 &�'
� ¾
L ²%��Ï�¸ � )dÄ87 
 � �
�3��� ��� 8  5 � 6 ::9 Ù�;
<�=�2 2

E � Á � ��& �$� â Q Ñ � 3�4��
5�798$Ó �����
� � 2 
 < ��>@? 3�4=��5!798 � Á*)dÄ ;
<�=�2 3

E � Á ��: � ÓSÄ8.�A � 
 ������ � 7 ß 6 ä Þ Ù
Ú 1.6
¸@�������B� � ¸BC�D & �A7 ¸ �&�8��� 314=� 5!7�8 ���
�3��� ��� 8  C5� 6 ÄDà 1.3

¸ ��Ñ�
LÑ �@��� 314���5+798 � »S¼ �"���"� � !�E�F �
���"� � 6 ä Þ [14]
Ù

pp 3P4��65!7F8'Ó�»S¼ �"����� � 2 Ä 420 keV G Ï 
 O 2 Ä �����
����� � 6 L1Hfâ�Þ * ��& �Ô !4I Ê 2
pp ��& 6 â ¾�J ! G @�O��
� � Ä pp 3�4�� 5+7F8DÓ �1� 314�� 5+7�8 �+K � »z¼ � L		M  .� 6 :89 Ù ã.� Ä pp 3P4��65+7F8 � L 	 M  .�=Ó ���BL 2 ¸ �;>�@�Ô�Õ�M�< Q Ñ @ G ãN� �� Ä1L 	CM  F� � � :�O Ó ��� Y B
�	��P+<;�1Q Á ã )SR�T Q Ñ 
 O ! OU�WV�X 2ZY � Ù

hep 3+4��65�798'Ó ��� 3�4L� 5!7�8 ��K � Ä\[ : Æ O������
� � 6 :89 Ù G Ï G�L 	PM  .�=Ó�]^ Q@_ Q O��;J�`Ba�b�� � :�ced �gfih 6 -Nj�k � ��l@m G O
n
KamLAND ��	 � l+` hep 3P4��651798 Q�o	O � �"�A��� � 2+p O 8B 314�� 5+7�8 ! `�>�?eq

7Be 3�4=� 5!7�8 q � : 6erSs G @�O���n 8B 3�4L��5�7�8 l�` .�A1� 8  5 � � Y � 2 �
� ��� � 2p O��;J � 0;��t � q�u�v 2 _ Q O 3.5 MeV
�
� � q � : 2�w�x6Q h @�O ��n': G�U M  9V 	!W �

X 6\y 71QBz # ` -{j(. q threshold
6

0.25Mev
' 2 Q�|;< k � f !#2 � [ � 
 $ 5 ` 8B

`
7Be
q

}�~ q 3 4�� 5!7F8 6 A��
Q -Nj�k � f !#2 � [ ��n f q f ! Q � ) `B�������@� � q -�� ! ���
3�4��65!7984���g�8� Q�d k ��O��g� r�s G�� O��@n
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�
1.6:
���+����� � Q�C�D
	���
�Q������������������ �8q�!#"�$&%���'�(�)*�+$

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
13N 1.199 0.707
15O 1.732 0.997
17F 1.740 0.999

,
1.3:

���-�.�-���&� ��q [#/ !#"0$&%.�2143�5&!&"0$�%.��n 8B
q [#/ !�"6$.%.�@l�7�8�91q 8Be: P#;�<�= Y �?>�@�A��.B C�n�D�E&F�l+`

15 MeV G.H =�I�� [14]
n
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������������ l��������#=� �!�"�>$#*'+q&%�=�I('"`*),+gq.-�/0!01�2.=�3�4�5 h >�!�"?$�%2��6���7 �8 7 �:9 �@n:;�" � ` 8M� G F�q$<�=e��>�C ��� l0?$�:��@�A�B�C�D ��E�F 1 9HGJI >LK =L;�qNMO ��70P ��Q�;�R�E&4TS05VU � �.�����&� �@�WC�D � �.�����&� �&1WXNY�Q�3�4Z5[U � !#" $#$&%��
\$]

1053erg
=�I^'_?$;�R G K&R 1%

:N`0a !�"0$#%.�.6.b�cZ5dUe?
99%

: ����� ������R?!�"0$#%.�
1&" � 4ZS05VU �&Q.C�D � ��������� �&R O�f�g�h \ ?

e− + A(N,Z) → νe + A(N + 1,Z − 1) (1.15)

e− + p → νe + n (1.16)

e− + n → νe + p (1.17)

e− + e+ → ν + ν̄ (1.18)
=.I���Qji

(1.15)
?

(1.16)
?

(1.17)
R2� G 6&k�l�-�m�-�l�6*���on�l�p�q�1�2&= \ ? / =�R νe

: 4�S
5[U	?�i

(1.18)
= \ ?

6 r�s R����-� �&���ut � : O�f 5uU �jQ νe

\ C�D ��E�v Ixw 10ms G ) =Ny" 	z4	S05dU �|{�} :�~	� 'J? � U \���� l��N� ��' �61WX&�.U ��Q�" I " � R���6�>TK�S�5[U�� νeR?!&"0$�%�� \ > I0�NI 1%
h�� =0��1u����R�!#"?$#%�� \�� �&6$4	S05VU �&Q��

1.7
6

νe

R 8����
� 1�!#"?$�%���'�(�)*�+$�R.M��e���:�

[15]
Q

�
1.7: νe

R 80���$� 1�!&"?$�%���'-( )*�+$*RNM��

M��L6$���*F�=����^5[U ��C�D � �������&�6��R�!#"�$&%���'�(�)*�+$ \.� i�= ,�� 5VU �$Q
dNν

dqdt
=

c

4

4π

(2πh̄c)3
dq

exp(β(q − µ)) + 1
4πr2

ν

1

4πD2
(1.19)

��� =:?
β
?

rν

\ �.�����&���?'0������R$� � ?� �¡&=�I�'_?
D
\ ?�C�D � Ixw ���x¢�=LR$£N¤�=.I�&QNMN�L6

rν

?
β
?

µ
\ ��¥

t
6�¦�§e"$¨ 9 �.R-=:?&©�ª�6�!#"�$&%���'-(�)*�+$e«W¬ ��6 \.­�® �
�6�¯ wo° ��«�±�² 9 Q

1.2.6 ³x´�µe¶Z·x

���¸�����¹	º 6 \ ?
100 »�¼:½�Ixw {0¾L6&¿ ��¢�= ~�À >&C�D ��E�v Ixw 4TS05uU*>-�.�����&� � : ¹eºjÁ¥.6.Â�7,¨ 9 �oÃLÄ � : ��Q � U w R����-���&���jR���� \ ¹�º RjÅ���R&Æ�Ç�È-= ~	À >$C�D ��E�v
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R�� � m � R&<�=������*?W{�¾�R ¹*º /�	�

����� f�� � R�3���6&� / ²����e«���P �jQ�{�¾ � U wR���� ��� ����� � \�!#" R%$�< :�& 9ew U�¨�'�' ? � R&���L6 f
( �&U:�L?%)�*,²
+-,&$L6/.10�«��P*� � 1 : = À �.132�4^5[U �&Q

1.3 KamLAND 576
��� = \ ?

KamLAND
D���6 & 9 �98�S;:*R&Æ � f�<�= mL?������ ������1�2*R-8�Sok�>L6�C 9¨�?A@*�$Q

1.3.1 BDC
KamLAND

D
��= & 9 �E8�S : \ ?�F9G�H/I�J
K�L�M�N%O�P
Q�6�I��EL�M9RTS&RUSEVXW H ] 1000m

(2,700m.w.e : meter water equivarence : Y c�
UZ � )
6/[]\�� �$Q�8	S9: \ L1M0DU��=
^ & 5uU�>

Á�_ «9` & "&¨/aUb�5[UL¨ 9Ac Qj� H 6/8	S;:�«�aUb�� c R \ ?���<��N? / À ²��ed�)%fhg�i���jW6²�± c ¹eºj� µ k lT«6= À c��Ul/m�w ��>�@�=�I�'J? KamLAND
8	S9:e«%bX\$� c;n�o =�?�;�R�p� \ � , R ]

10−5 q = 1.7 × 10−3 [m−2s−1]
h�� 6�² c Q

1.3.2 rts�uv
1.8
6

KamLAND
D���tUw*R�xUy1v�«N?Av

1.9
6�8�S�:*RAv�«j����Q/ze*jR/8TS9:�=
{ B |�}

~&²LR \ ����� ���0�&R/8�SNR#>�@�6 Y = \ ² "�� w������T�����-��« & 9 ¨ 9Xc � 1 = c Q � w�U�%���6�U�-� \ Y 6���@�4�� ���
��� R-�
��= :�� ² " ?�¢6>�?-�1�����
��� 8 6���@h�U�/���-��A��� ��6��e"W4ZS05[U c 8 l ­U��! 9���� ? ­ MeV G.H R%�X����� ��� 102e«98TS�� c R�6/�e"¨ 91c Q8�S;: \ ?
3 ����� 6�²	7o¨U'�'J?*);� I^w�� 6�?- Tg�¡���d�¢ £���� � ��«9¤ �A¥ ¨h¦ c � wX��9�§� � � � � ?
¡�¨X�U��¡/©
: � RW�ªdj�h«E¬1­�� ��®9¯ � Y��U°U±�c Q�²U³�´/8TS;:LR�µ�² � f<�= ´
¶U¦�¨
?U@ c Q

·�¸1¹�º-»§¼-½h¾�½-¿
8ZS9:*R �9À�Á ´ \

1200m3 Â � w]�A���Ã� � � � � W$¡ 13m Â  §g�¡��Ãd�¢;£ Â � � ��� � �©
: Â � ´��ÃÄW¨h¦ c�Å KamLAND Æ � ° & ¦ c � w]�h����� � � ��ÇeÈÊÉ Â1Ë-Â « & ¦ ® � Ì ¢
° Â-Í�Î�Ï w v
Ð�Ñ ®9k
Ò�Ó
Ô Ä
Õ ®9Ö
×�ØhÙAÚ Â-Û Ì � � w1�h�%��� � ��Ü�Ý-Þ ¥��
Å
ß Â%à�á �wXâhã%�§ä � � ��Ç�å g�æ1ç�ã9¬�­è��é � ¡�´-ê�ë ¥���Å å1ì æ�ç�ã9¬1­�� Ç â�ã%í�ä � â�îèã Ð ´�Uï�ð Ð Ö�×�Ø ��ñtò ® C/H ó Ëèô�õ ò÷ö Ò�ø�ù�úXû
ü�ýhþ%ÿ Â���� ´�� ¥�� ¦Xð Å	�/��® ñ ¦�ÞÐ�Ñ ® Û Ì ��
�ÒUÓ�Ô
� Õ1Ü��§ð �
� ´� ���­���¢��/ã�Ü�����ð Å Þ Ð���� ¥�� Ç ® PPO

Ü��h¦ �¦�ð Å������ ´ Ç
å�ì æXç�ã%¬§­! 80% ®  ���­
��¢
�/ã 20%
´

PPO
Ü

1.5 [g/l]
���#" Ë�Â ´
êë ¥ " Å$�% â�ã%í�ä ü�&/ü Ç�')( Â�* ì�+ í�,�-E£ Â�.  ü ã Â�/ ´�0�Ä � ¦Xð Å .  ü ã-´�13254 Ì ð6 � � ¥�� Ç ® /�Â $)% âhã%í�ä ü�& �87 Â åTì æ1ç�ã9¬1­9 Â�:);3<�=?>8@ $3A Â ñ 49´ > Ä �CBD ð9EAÕ < ´�F
G]ð�H � ® Rn Â Ö�× 6�I�J ¦#H � ÙAÚ�°h± ð Å .  ü ã ÇLK 1m Â æ1çM #NUÜ ñ�OP3Q3RTS � É�U ï1ð Å .  ü ã Â)V�; Ü ñ
W ð�" W æ�çM XN�Y3Z � S � 2 [�\�]L^#_3` ã (ON)

Ü��
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������� Rn

���)01Ü�����" W � ����� + Ö�× 6 ����4 � EVOH �hß � Ü"!#4�#$&%�'�( Ü � � ð�)
EVOH � 2 [3\�] � � � (XL)

Ü+*L��ï1ð�) %�'�( ��, U ! �
XL (15µm) / ON

(25µm) / ON (25 µm) / XL (15µm) �.- ð+)�H��UæUç  XN/� Ð Ö
×
Ø ! � P
0 400nm
� Ð21&3 S �

96% �.-54 � � " U
�

Th
� 40K

�+6�7 Ñ �-ß �28&� � 1.3×10−11g/g
�

1.8×10−10g/g
�

5.4×10−11g/g�:9	;�1 Û �
� � ð�)

<�=&>@?BA�C�D
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g 1 ß
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� � � � � " 20 _ ã�í�M ö/NVOVP Q Ü�x&y S " � � �2-z4 �
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� + ø 1"��� 4 �
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1
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ª
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� ñ 4
20m

�2®�¯ ( ��°�±/²
� �2- ð�)�H"��°/±²
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�
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�
1.8: KamLAND vVw � l % j����
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1.3.3 ����������	�
���
����
KamLAND vVw � ¾ �+��- ð öVN ø�ùAú�û�üÃýAþ9ÿ � µ � ù ��! ��� β ���

ν̄e + p → n + e+ (1.20)

�2-z4 � $�%[Ú�Û�� Ü ü�&�ü b �.£	× � >�Z ����� ��� ���3\ � ��!#" ��$&%('")

-
e

e+

Prompt signal

Delayed signal

e-

ν

Thermalize

γ

γ

n

p
γ

(0.5MeV)

(0.5MeV)

(2.2MeV)

p

d

�
1.10: �3\ � ��!#" 1 > '&��) * â#+

$�%uÚVÛ�� Ü-, & ,2b 1 0/U S�.�/ N�0�132&4 ,6587�9 (ν̄e)
!�:�; Ú	Û�� Ü-,=<�,3>H� ç N (p) ?�

β ��� 1 ����@BA S � ç / N (e+) ? >DC N (n)
�-$#EGF�Y�'�)(A&� 1 �[��HJI n ! �

σ(Eν) =
2π2

m5
efτn

peEe (1.21)

= 9.5 × 10−44 pe(MeV) Ee(MeV) [cm2] (1.22)

= 9.5 × 10−44(Eν(Mev) − 1.3)
√

(Eν(MeV) − 1.32) − m2
e [cm2] (1.23)

�2- '�)&A�A � � Eν

!�K/U S�. 2&4 ,65=7�9�� Ø |-L2Ù&, �
τn

!(>MC N �JN�O �
pe

�
Ee

!2¿ ��8"�
ç / N ��P=Q8R ? Ø |JL[ÙS, �[- '")(T . ç N ? >�C N �VU�R8W � ∆M( = 1.293 MeV) ?DX�Y�? �
Ee = Eν − ∆Mc2 �[- '�)�Z (1.23)

!
Weak magnetism

�
Neutron recoil

�
Radiation

�S[ �J\=]8^
_#` �2- 'a^ � ¿ � ��!&y Y +��6F �&b � ' [16]

)
E�c Fed . ç / N=f�geh M@�M$ji � ^�kml cm n � i gpo ê&q :�; ÚVÛ�� Ü�,�<�,�>�r /�s ?pt#u�v�M@wA�i Ø�x L�Ù=,

0.5MeV
r

2 y r γ zS{ $�E8%|'�} ç /�s f ¹ /�~Vs8�8� '-r � g t�u#vS{ @�AM%T � q P�Q Ø�x L	Ù&,
(Eν − 1.8MeV) �3��� Ú	Û�� Ü-, Ú��qÛa� { $=%j'J}8T . g γ z f=� d|��d 1

t��j� q���� 10cm
� n�� i .�� ? g=�8��� 5 �M��� ? ��/ ��� q��(� 0.5MeV

rV� x L=�|, {�� *%('J}=A�d�kDr��8� f#2&4 ,B5=7�9 1���� kel
ns �j� q Ej  gM¡8¢ � Eν − 1.8 + 2 × 0.5 = Eν − 0.8

MeV
rV� x L|�|, {�� *-%j'�}jAJr�£�" { prompt signal ?-¤�¥ }¦ � g >DC s f l 10keV §�¨ r 1�© � x L&�3, {Dªw« g :�;|¬ ��­ ® ,8<�,=>�r�¯ s�° ? rV±�C�²³ {�´ �¶µ i�·B>DC s8¸&¹(º } � r-» g �#� 170µs

»�¼
30cm ½ dj¾�¿ �&À�s q3ÁJÂ FÃd8Ä À�s (d)

?aÅ � g&� r#Æ 2.2MeV
r

γ z�{D�6Ç ¹jº (n + p → d + γ)
}jAÈd { delayed signal ?�¤�¥ }
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���

1.8MeV ��� r�� s 0�132&4�� 5=7�9 f Z (1.23)rVHVI�� �3ÀJs ? 1�� i g Eν − 0.8MeV
r

prompt signal ? 2.2MeV
r

delayed signal
r

2
� r-£��

{ �#� 170µs
r	��� � Ç ¹ }=AJr��	���	�-£�� q��(��� ��!
"$#&% �(' {*) i Y,+	-/.10 º	2&3 ^ �
 º }�£	�jr�4&5 Ç i f prompt signal

q��76 b&8 � d�¾ 500µs
r�9 �;: r&< q

delayed signal =7>  g �	�?�7��£7� �&�Sº&3A@(B . dw¾
C ¡ q �&ÅED d º }

1.3.4 KamLAND FHGEIKJML$NMOHP	QSRUT	V$L;W�XZYMR�[
KamLAND \�] r
^`_�a �3�Sº ¯ s�b�ced�f �;:$g
h r$i
j �/: l { ¢7k ¹�º }c � B�l �

σ(Eν) m�n (1.23) o ¯ s$b�c&dpf �;:$g�h req #��7!�r Fν(Eν)
3 i�sut

1.3
r$q #v�

!�r {xw � º }*y Ç{z6� r À�s r�| { Np

3Ã¹(º&3 o c ��} ¨ N m�o d$f �/:�gxhA~	� {���� ¹jº&3 o
N = σ(Eν) × Fν(Eν) × Np ×

{

1 − sin2 2θ sin2

(

1.27∆m2(eV2)L(m)

E(MeV)

)}

(1.24)

3�� D�0 º }�y ÇxzB� r À�s r�| m$o���� ¬ �-­w®��&��� <�r���� 31� �Sr�� o rH/C {�w � º(3 o
Np = 6.02 × 1023 / (1.00794 + 12.011 / rH/C) × W (1.25)

�3�|º }
W m���� ¬ ��­w®��$��� rJÄ�� �3�|º } rH/C = 1.9

3
� ox� � � � { 500
:È� 3�� ¾
C ¡ o

Np = 4.1 × 1031
q Å º }

� � � � { 500
:D� o y Ç ��� { 100%

3�� sut
1.3
r-¯ s$b	c&d�f ��:$g�h r�q #v��!�r {xw �s?i�j �K: | { ¢7k � ¾u�Jr { t 1.11

qE� ¹ }��p� = dpf ��:eg�h1~&� =&Å ��C ¡ { �K� o&� � =�&À	d(f �;:$g
h r
��� ~e�7� r
1
� �|�Sº{��� ¡��	� #(� �$�

sin2 2θ = 0.7 o ∆m2 = 2 × 10−5
r

3 
�r r7� ! :¢¡ { �|¹ }E£	¤ m�¥ ¢ £�¤jr75 �&�Sº }2§¦ { � � ¹(º(3 ox� � � � 500
:a� � r

1 ¨ �#r&i©j �K: | = ¢�k � 
 o ~$� r Å ��C ¡ � o ¼
390
ixj � : �&�|º } ~e� =3Å ��C ¡ r�ª ixj � : | 31«�¬ . ¦ ¾�ª ixj � : | { ��­ ¹jº�2&3 q��� duf �;:$g
h§~�� �3� { y Ç � 
 º }
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t
1.11:

¯ s$b	c(d(f �/:$g�h = KamLAND
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1.3.5 ���������
	vY��
 � x ¡ � � d&f �/:$g©h c � { y Ç ¹(º ¾������;� Ä�� Å 2e3 m�o � � � �U��!
"$#e% �e' {x+
-K.§0 º � 3 ��� 2&3 �3�|º }x^ Å � ��!
"$#$% �&'�� 3�� s m�o y Ç©zw� � ���v� se� º � ������ � � � º ��� o��! Jz µ

~�" � � º ��� Å$#�=�%'&�( ¦�º }

)+*-,/.10�2'3�4
5-6'7
y Ç*z ��8'9	��� �|�&º ��� ¬ ��­6®��e����: � � "�;'<'= Å>#�? 3A@ # �����>� m U o Th

3 �
�CB'D�E�F o 40K

: o�G�H r �=�|º Rn Å$#
=�IKJ � 3�� sKL+M ¦ se� º1N&2 ¦ ( ��� � �&m α
B�D

:
β
B�DPO � 2�� s�Q�R Å �	�$� Å ºAS § � oUT |�� α Vpo β Vpo γ V(o <W� " O�XZY?a�� o � ��[

m�\�] � s �6Ç ¹�º�N
� 1.3.3 ^ �K_a` ¾�bc� o d(f �/:eg�h c � m prompt signal

3
delayed signal

�����?�7��£	���
��6 s�y Ç ¹jº�N �S�E!�"e#&% ��' 3�� s m�o�8 � ¦ ¾ 500[µs]

��9 �/: <�� >   ºed Y?a Å � ��!"e#(% ��'
(accidental background)

3 o U o Th
�+fgY ° ��h � � �g� prompt o delayed singnal

O
\�] � s > 9 ¹(º�2(3 � � º �S�E!�"e#(% �&' (correlated background) =��Kij( ¦Gº1Nd Yua Å � �©!x"	#	% �$' ��i{j �v: | nacci [s−1] m	o y Ç zlkE� (1200m3)

�lmKn º
prompt signal�

single rate
O

np [s−1] o delayed singnal
��o ¦ O

nd [s−1]
3
� o 2

� ��£	���
y Ç*� �pO 4m3
3È¹

º&3rq � � �s� Å º1N
nacci = np/(1200/4) × nd/(1200/4) × 500 × 10−6 × 1200/4 (1.26)

= np × nd × 1.7 × 10−6 [s−1] (1.27)

= np × nd × 0.14 [/day] (1.28)

t ilueo 238U v ¢�k � s�5 º�N 238U
B�D�E�F$�&<�� m prompt signal

�-w�x�O-y|¾ ¹Zz${ � =>| º�U� m�o α
B�D = 4

� o β
B�D = 4

� | ºCN α } " � } "�~��a{ m 90% �e� �C� � va| º ml�8Å � veoÄ&5aO
0.1 o β

B�D m�\'] r�� ! : ¡ Å � veo 2MeV ��� � 2
� �

β
B�D>��� � s m Ä(5>O 1 o 1MeV

§�¨ � 2
� �K� � s m Ä(5$O 0.5

3È¹jº�N#¹jº(3 o 238U = 1
� B'D ¹jº(3

prompt signal m 3.4 �7>  º1N
delayed signal

�1w�xpOUyS¾ ¹ ��� m 2
� �

β
B�D =c| º � veo delayed signal m 1 �7>   º1N

��� ¬ ��­ ®������ (1000t)
<��

238U
� ��� ��O

10−14g/g
3Ã¹Sº$3 o y Ç*zKk	�'v�m 10−5g

� Å º�N
238U 1g v 1.2×104 [Bq] | º � veo prompt o delayed signal

�
single rate m o ¦>�E¦ o

np = 1.2 × 10−5 × 3.4 = 0.41 (1.29)

nd = 1.2 × 10−5 × 1.0 = 0.12 (1.30)

3 Å º1N&� ¾ = 6 s o�n (1.28)
�(� k$��v �&i
j �K: | m 0.007[/day]

� Å º1N
correlated background

� t 3
� s o 238U
�
f�Y °�� h O �li ºCN	2 � °�� h �-� � m�o 5.45×10−7

v>| º � (©o 238U 1g vem 6.5 ×10−3 [Bq] v>| º1N#¹(º(3 o1k���v �&i
j �K: | m�o
10−14 × 109 × 6.5 × 10−3 × 86400 = 0.0056 [/day] (1.31)

v>| º1N
Th o 40K o � � ��s �1o�� ��� �pO Th = 10−14g/g o 40K = 1012g/g

3�� s ¢Ek ¹jº(3 o 2§¦ ( y
Ç*z�� � ���?� s&� º � �'��� � � � � º � ��!�"e#$% �&' m ¦�� ¼ 0.1

ixj � : §�¨ � Å º�N
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< v

��� ¬�� ­6®��&���1: � � q����vi ¡�� O�� SS¹jº µ } " m$o ¼ 4.7Hz vc| º�Np2 � µ } " m ¯ "°�����c�� :
µ } "����$c�� �! �" y Çxz <l��# "%$U3§c��?� o'& �)( # "�$ O > 9�*,+ Np2 � �s > 9 . ¦,-'$�. �&<�� m β

BKD 3�3 �C�&<-� " :
β V(o γ V O0/21�*�+��C� =c| + N ol�43 o65873�c��u�	-89 � > 9 . ¦ +7<e� " �Ay:1 z:; �4< �u� s [ + z${ �/� | + N$2 �� c��� � s > 9 . ¦- <U� " m y21 z=;Uv�> �8?�@
OBAC"ED � o4F <U� "�G?� s ���=H1¦ o γ V O6/I1�*!+ N�J{¦ (*m$od&f�K :$g
hML)NPO'Q � v2R0S (8- � � R6S4TVU)W�X%Y�Z �\[-� S + N

KamLAND ]�^av$meo ��_ � ���%`�a�b	��c8dfehg�� �8i ekj Z � � K O4l (	m�n�o 10pPO6� S*�+ �p �V µ } " OBq�r,s�t�R�*�+ N o%s m%n µ } " �Bu�v%w	x:y m%n�z�{ 1m |�}�;'|B~��Zv 3 �
��| dead time � ���\+ J O w, �y m!J���� |6T�U)W�X%Y�Z ��[ �6� "����E�
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KamLAND
o 10p ;���
 n�������� `:b K��)K�� |���� K ��!#"%$�� S�&�|�')(�* $8� w,+8y m��� `2b K��.-/�%0)1�2�3 +'� J | L�N | q�r%w 
�465 { | 0)7 *�8:9);�� l�< m <�=4� o?> p |)@ O

S = 1885 A�| 0:7 *:8)9�;�
 nB�:�C��� `Ib K���K O TVU d�D/E i/F 1)G�H2� ��m <�=JIJK � bLIM�N �J� WB|�OQP w �SRUT � � � =B� oV> p | �XW�Y w�Z:< m 1MeV |[���[\ �)!#"Q$���1�]?^ y#_`�a�wBb
190 c\| 0)7 *)d�e 1�f)gih � = 1�n[��� `2b \ � -%�X0 
kj�l?m wkn 2�o =k_ H�pJ0)7 *8)9�;�|Bq ��= 0:r 
 1

0:7 *:s,t 0 w�u�='�%sJ_ 1 y m%n#0:7 *�8�9); w 
 n 1
0)7 *)sit 0 wkvs m�w |Bx�y 1�z�{ ��|}R n�~ _�� $�� |L�)� u[�C�L��� ��� =k_ H w�� �#�)� { |B� <C� |J� u���:� u � u:<)� ^�^ �)
 � 17 � �#��0�7 *)8�9); w���<J��� 0 | o,>X���)� �X����� 0)7 *�8�9:;�|��{ ��� o[�6� |B� � u &B� a m u ^�� w��)<��[���,= [17][18]

�

2.1   ¡£¢¥¤0:7 *:8)9�; (Photomultiplier Tube : PMT) 
 � 0�¦C�#§ | � � � � wB¨:©)ª��k¨)« �:¬ u o,>p � � 4­5 { | 0)7 *�8:9);�
 1
0�7 *)s,t 0 |B®�¯ u 0 � o?> �V° =4��± 2.1

w 0 | o,>X²)³ �#´µ wk¶ o � 0�7�· wB¸�¹,sJ_ 0 
 w�^ � 0�7)º)» � ]i^�¼ �J½ ~ � w 0�7 *,�X¾ >#o ='� ¾ >�h � _

light

photo electron

dinode

to bleeder

secondary electron

focusing electrode

photocathode

e-

±
2.1:
0)7 *)8:9:;�| 0 |k¿ >���� (17 � �L�[0:7 *:8)9�; )

0�7 *�
 G[À)7�Á wC+�y/� 7 *�8)9 Y ( ÂC� " \�Ã )
wLÄ�Å � �%Æ:Ç 7 *\|L¾ > ��ÈÉRËÊ o�^�� wV+4y� 8�9 h � ��<�� � 8:9 h�� _ 7 *�
 ��Ì Á wkÍ HI� ��7�Î �)ÏVÐkÑ ( Ò ! \�Â�\ )

wi+ R >kÓ d)e�L¼ � �SR >�h�� ='� 0�7)· Å � ¾ >�h � _ 1 c�| 0)7 *�
kÔ)Õ�ÂC� " \�ÃX�)
 107 c w ~ �[8:9 h� d�e �B¼ � �SR >:h � =�� ^ |L8�ÖB×�
�ØXÙ 7)Ú ��Û�Ü = ^���Ý + RßÞ:à o = ^��á1 �,° =���Æ)Ç
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7 *:¾ >�º)»�Ý +�= 8�9���| =k_ H �L¨�<L©:ª ����� ��� " ���:��| = ^��á1 ���?m#��| ='�
2.2 	�
� ± Ý

KamLAND 
������ <�= 0)7 *�8:9);�� ¶ o ��± 2.2
1���� | 17 � �#��0)7 *�8:9);:��|R ��������D E � F�� Ý 1295 A��SR ��� � � = ���#��� \ � -/�/0 �%| 0�7 *�8�9:;:��| ='�)± 2.3
�� Ý���� � Ý �ÉR T � � � =� �:� �"!$#&% �:� \��&' 0)7 *�8:9);:��| = 1 � ���#��� \ �}-%�0 � �L¼ �,� 590 A(� <�=*)�+ ��| =B� � 2.1

Ý 
 17 � �#�k0)7 *�8:9�;&'�,�-�.�/���� 2.2
Ý 
 70 m�� � � ¶ o �

±
2.2: 17 � �#�J0�7 *�8�9); (R7250 :

���L��� \ �£-��/0 � )

1
2.3: 20 2�35476�8�9�:(;�< (R3250 : =>3(?�2A@CBED73>?�FHG )



30 � 2 � 17 � �#�J0�7 *�8�9);
0:7�·

20 � �L� (508mmΦ)�)º�0:7�·
17 � �L� (430mmΦ)Â�� " \�Ã ��� � ���LI
1 � ��� � � �
	 \�# I 9 �¸:¹�� '�
�� ������� ��I0:7�· 
�� � �  F # !©:ª��������

300nm∼650nmÔ�4 ©:ª���� 420nm

� 2.1: 17 � �#�[0)7 *)8:9:; (R7250) '�, -�. /
� � ! e · " Min. Typ. Max.

µ �0:7�·�r * º × 20 22 — %0:7�· F \�# � ©�ª SK 35 — — µA/lm0:7�·�$ ©:ª
( %�\�� �'& No.5-58) SKb 6.5 — — µA/Blm(�) 7�Ú

( 8�9�× 1×107
�

) Ebb 1500 — 2500 V*L7)Î
( 8�9�× 1×107

�
,25◦C) Idb — — 1000 nA*�+ F I × ( ′′ ) — — 80 kHz��, �:� { ( ′′ ,1pe, - · ) FWHM TTS — 3.5 4 ns+ F I�.
/ R �0, ( 8�9�× 1×107

�
) — 7 9 ns7 *�1�2 ��, ( ′′ ) T·T — 110 130 ns304 F65 \L�)� { ( 7)\ �987� � \': ) P/V 1.8 2.5 —

#<;L\CÃ 0 ©�ª�= - � (410nm,5mmΦ,±60 > ) — — ±10 %?�@�A�B + F I
(0.15-30µs) — — 7 %

� 2.2: 17 � �#�J0)7 *)8:9:; (R7250) ' 7�0 m�� � (at 25◦C)

17 � �#�J0�7 *�8:9:;�
 20 � �#�J0)7 *)8)9);�CED�\ I Ý�¼ �0F � ¼ _�� '���|£R � Â�� " \�Ã�J� � Ò ! \LÂ�\�ÐBÑ�GIHE' ��� 
 ~�J _LKNM 3 ��| =EO 0�7 *�8)9);&' ��� 
�4i° K �0P � 3
� 'Y � ÅRQTS?='O o u�U �WVXC9V 7�Y�Ý Û�Z o = V 7)· � V 7�Y C�8�Ö o = Â���[[\�Ã (

7�Y 8:9 Y )
�

d�eXC]\6^ >ko Ò`_Q\kÂ�\ (
7)Î ��Ï,ÐLÑ ) a�| =�O G � a wcb�dIb ' ��S�e�f Ý ��<[�����?=�O

2.2.1 gXhjiRkLl�mRn�o<prqRs�tvu
V�w Y�x�y�z�{ ¸�¹��6| PIa u K -�}�~��r� 5mm

³ ª '�������� �I� a�a,° �0���'O
� b6{����
H ÅRQN� 300nm

~ a&' ��� ']VXC9� ¼ ����ªC�E� ��Ú ' · a ��� b ���6�'O
V�w ·�{ � ��� '
�W� Ý'��� 20 ���E� ''��� Ý'� Q b�� ����O V�w�� {���� V���V�w� �¡jCc¢ �£�¤ V�w Y C9¥v¦]§ � � �L¨ª©v« ~�¬ ��O�­ '�®�¯�
��°� £ ��{ ,�±�²9³ '�´ �� Eµ #r_·¶�¸<C9¹ Sº �W§ �9»�¼�½ ��¾ }�~�¿�Àv� b
� ����O 17 ���]��V�w Y�x�y�z a { ¤�Á �IÂ µ<Ã _ (Sb-K-Cs) C
¿�À £ � �6��O�� b
{ � 300∼500nm Ä ��� ����Ä�V6Å'Æ £ ��Ç�È ~
¬°É ¤6Ê ®'´Ë[��9Ì�a0¬ � � �¨·Í�Î ~<¬ �'O
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b�c�d � ®�¯#eX¦W 
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���7K µ� $ º
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+�¯ �>� g ¤ ��� º�� @#�
�µP�v� j Â � lonm� ? c
�
; �	p	q .

17 ���]�#4�w
5�x
y�z�s R_S#U � Q 1 6R� O ����L�W'Y�$ Ã
� Q 9 679,�
-o�|; (   2.4)
¤

20 ���
�#47w75
x�y�z�9�s J'K ��Â��hL NPO ���'&mQ � ¿�À £ ��p!q . � Ä " ��8>$�&]Ä*¡ p c 20 �����
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w757x7y�z
�]�]Ä%t « C
¢
£ Î 9�¬ q . KamLAND ¤�¥�9�s>¦
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9�s#47w Ï Ä 17 È Á/É {
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� @ Ä%Ý
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2.2.3 ���/���o�����
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� ë q������ µ

º 5 � Ú���� $�����ã��,5��
����� C�Z 97s�ã�4�w
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�0���0iNJ�K�ë�s � H��'H����#H8I�H
687

PRT No. REQ’D Description PRT No. REQ’D Description
R1 1 2.22 MΩ R12 1 480 kΩ
R2 1 72 kΩ R13 1 100 kΩ
R3 1 408 kΩ R15 1 10 kΩ
R4 1 600 kΩ R14, R16∼R18 4 50 Ω
R5 1 396 kΩ R19 1 75 Ω
R6 1 204 kΩ C1∼C3 3 10 nF
R7∼R9 3 120 kΩ C4, C5 2 1000 pF
R10 1 240 kΩ C6, C7 2 4700 pF
R11 1 360 kΩ

� 2.3: ���#H8I�H�647��-&4�
��ò��8� �	����� H�&-�
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2.3.1 $&%('*)}�~,+ ;�-,. S N } ,0/01327
5456 � � }�~�+878}�~,9�: �<;�� S = }�~,� ;�=�> �@?�s	|>� R D
=0> 9,A ��� S N�B D4|�C �,9�A87 Q�D #EC �,9�A (QE) � }
~�+GFIH�J DLK,M �,N �<-,. K ��N87
�&O�NQP 7�R�S �T?�U,V
��WYX � 6 (%)

7 � �T? D #QZ�[O;�C ��90A � K�M + D]\$U,^�_�;�`&acbedf �<g8h D D 7�i � D K0M �,j �
�O;"k�O =Yl / D Pm��� D #�� 2.9 ; 17 � ��� K,M ��j �
�>DQC �90A � a�,�#��n?�� � 1300 oED 17 � ��� K,M �0j �
�ODqpL2 65 oEDQr0s,t0u � WGv��8w�� P N5B+D7 Q�D #]x�y�� 65 o�D�z�{�Pm��� S �Q|�y8} R ?�~Y?���`,P>�Q���,Pm����,0#�w/N$�Ez0{�P F�H 1σ� ?�NQ�E�����,y 7 a�,�#0�-D�k�p ;�� 350nm
FIH

400nm D]�,�,�0� 7 D<C �090A }�� 22%
7 Q8D #

Wavelength (nm)
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17 inch PMT Quantum Efficiency

� 2.9: 17 � �4� K�M ��j��G� DEC ��9,A #Ex�y�}�z0{�P3��� S ��|,y�}Y��`�PE�Q����P3����,�#��
y�}�z�{GP F�H 1σ

� ?�N����G���O,�#

2.3.2 �*�c�I��)
M�� j���A } Q�D -0. K,� ;Y� , DY��� W5� F*H D K,M � � (

��� W�� M�� ) �9� Z�� W5� F�H D J�YMG�
(
Z(� W�� M�� ) D8��� S = R0S �T? D #EU�VE��-,. K D K�� � S = }��,��  2856K D�v,¡ X¢ � ¡(�G¡+Y"�Q£>3 D # S NQ¤�O = � MG� j���A G } �

G = Sp/Sk (2.1)

� R�S �@? D #>�$� 7 � Sk } ��� W�� [(W"¥§¦� >� Sp } Z�� W5� ["W(¥Y¡�¦, ��<¨ 2 ? D # Sk }��
�,  2856K D�v0¡ X ¢�© ¡$�G¡�Y FqH D�-,. K�� (10−5 ∼ 10−2lm) ;Y�O, D��(� W(� MG� DE`*a��
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7 Q�� � Sp } K�M + :$D�-�. K,� (10−10 ∼ 10−5lm) ;���, D7Z�� W(� M�� D�`ca � 7 Q�D #E�n? H
}�� K�M �0j���� DE¦, "����,mB/Dc� S =�� 1�? = ?�� ���O;"B��,¦� w�<¨ 2 ? D B D(B Q�D #���¦
  (Skb) }Y�,�0  2856K D�v�¡ X ¢Y© ¡G��¡BY F*H D K ;	�b
O� [cvEW���U S Nc�Ya�D ��� W5� [(W
¥E¡<¦,  7 Q�D #K�M ��j��G� ;�

� D����,M�� V � M�� j5�YA G D
���5}���D"kmp ;�� F ? D #�
���8� W(� DYz�{�� � M � ! J�A � δ !�"�# M�� E �$� S N%��a�!

δ = A · Eα (2.2)

7 Q�D #'&(& 7 ! A } R0N ! α } �)�G� W�� D	*$! . +E;mk�O =�, w D P 7 Q-� !(.0/�p 0.7∼0.8 D
Pm�)� D # S NQ¤�O = ! N "�D �%�G� W�����1'/ KGM ��j���� D M8� j(�EA G }2!

G = δN = (A · Eα)N '
{

A ·
(

V

N + 1

)α}N

= K · Vb (2.3)

� 3qp43 7 ��5 D #$N�6 S ! K ! b } ! K0M ��j����'7 � ; R w D R0N87 Q8� ! 17
� ¡�9 K�M ��j��� D;:�_)! b = α · N = 6 ∼ 8

7 Q�D #

2.3.3 <�=?>,�c�?@%> ACB8D�)
K,M ��j0�0� }�E�F�/�G H�; Q8D �Ea 7 BJI(K�/ M0� � J � S =(?-� !;& D M0� �;L�M'G M0� (Dark

current) �+3qp #5w/N0!
&-D�G M�� D p 2 1
i D K�M � ¤ j5��N ?bN%��a�D J � �0O�PED 4 PED 1 DQ : D N � G	R([ ¢ A (Dark pulse rate) � R�S
S D #)&/D L;M%G M�� ;Y;CT S DG� �VU } K�M ��j�,� DEt J � � � , P DXW Y / Y T 7 Q5D #�L;M)G M�� D�Z8/�[%T�} ! K,M +�FIH]\&J�N ? D�^�M �

D5k D B D 7 Q�D # K0M +�_ ���G� W��+; � £ N ? =�`5Dba c }�d�V�;�e(fC� N ¤(g ` N$P !�h�� 7
B ^�M � � \3J�S D #
&/D ^,M � ¤ ���G� W5� 7�j���N ? = G M�� � S = J � N ? D # S F S !�&/D^0M � ¤(i N�j0k0lQj5�%N ? Dnm A } Q w � O b / ` D 7 ! � W2onR([ ¢ D]�(O�} 1

K0M � D<� O p
 ED"B�DY¤'qr��s)t 7 Q�D #
G;R�[ ¢ A } K�M ��jG�G� �	u$` S N%��a�¤��IBn`�a*b4! R ? Q�v S 6 ` l�w K S;x ` b #5w/N�!
GVR([ ¢ A }$ynz��0  l BX{0|%} x ~ � ! K,M + ���0�C} ^0M �)�V\cJ � ~ N � D &2� 7�w�H�S &
�
¤ 7 a D # KamLAND x(� l ~ ` x } ! K,M ��j,��� }Y� 10◦C

�	�0�$l��]F ? D���� G�R � ¢ A }N
KHz p�  l / Db� RG7'� D #

2.3.4 ���r� / �������
17
� ¡�9 K�M �0j�����7 } ! 1

K0M �)�(� W'o�� m(� S D &'�T¤ 7 a D # K0M �,j��,�2l 1
K,M �

� y K � K �	��.C} x$� � ��O�P
�"��� R2S D �Y� 2.10
� k"p l / D #��(� �;� 2���¤IO x `(DX�

P0¤ ����U�� P 72� � ! 300 9
�0¡;�;�( (¡ l 1
K�M �)� � W2o ¤G}�OYa � ��¢�� x `8D � ¤ P F D #

& �2� W'o � !(£ N ! S /,132	¤�����¥�W	¦ §C¨V¢ DX©�ª �;} x � W'o / «�¬QW�­�¨E£ `(D;® & ?5}
1
M(¯�� y K � K l �%} x K,M ¯ j����,FqH�J � N ? D R0� ¢ � �0O�P�� l ~ ` x ! � W
o � �(O�P
�±° � ��O�P � ­�² � D;® 1

Q ��³ H 1
K�M ¯ � W'o ¤ ¢
� x `�D &'� l ³ D;® � 2.10

��� W
o / «
¬QW�­8} 3.98 ² � D�®
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2.3.5 �������
	��
R�� ¢�
 ¨ 
�� ¯�� �8�$l���� } � ��� l ! � ��� � ��*�¤Ct��)6������ l���� 
 ¨! �" } x `#%$ ¨!& S�'�� ¤ k #)(�*�¦�§
² � � ! � ¯�+-, k # (Transit Time : T.T) ! � ¯�+�, k #).�/10

(Transit Time Spread : T.T.S) ! �32 ��/40 k # (Rise Time) ! ��2�5 /40 k # (Fall Time) ³
t)/� # ®76
2.11

l2� #-8�9 l � ¯�+�, k #%�;:�!�R(�
< 
 / 
���= l���� } x $?> ! ��@�ACB / ��D
o l�E�S #CF ² �0k # � &7G±² � 04! ��2 ��/H0 k # (

��2�5 /H0 k # ) GI: !bR��J< 
 ¨ ��� } � G
�V! �!@�A�B / ��D o;K � 10%∼90% (90%∼10%)

F ²�L�M S # k # � &7G�² � # ® F � ! � ¯�+�,k #�:�N l�O�P ²�: ³HQR.�/40�¨ ' / (
6

2.12)
® � ��S >UT ¨ � ¯C+�, k #%.�/V0�G ` 9 ® &W��:�X

1 / 1 / � 
�� ¯ � � ¯CY�Z �![ ` l 8�# '�� ² � 0\X���� l ~ ` x
]U^
_3` ��aCb�k�c0��dCP�eCf
¨%gJh S # W�Y ³ Y T;² � # ®

Transit  Time

Time

Fall   TimeRise Time

PMT  Out put

light

i
2.11: j�k)lCm�nCoqp)r�s i
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]�_�� 
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2.3.6 �����
	���
�����	������
B��)D6�IO���� G :�X 
��C= R V ��� 
 V���� � 8�# B��)D6� ��� V O���� V � G���J?0\X�� � D�;O ��� :�X!� � D,���)@ V O���� �6J # ^ � � > :-X 
���=�"�# V�$!%�& O'�K� X 
���d V�(�)*�+ X-,�. ��d V ��/ *�+ �AV �	d�0�1K� 8�# ' V2�AJ 0 X�3�V4H�I?G*E 0 X ��� 
 V4��� � 8�#65f V�7�& O�� /�'�(�� # ^ 17

]�_�� 
C�	d ����� V B���D6�;O'���F] 6 2.14
� X�� � D6�;O����
]6

2.15
� &K 5^ � � > :�X-8 
�9 G*E 0 P.L.P.(Pico sec Light Pulser : 410nm)

]�: P�0
x ;�X y ;R $ > 3��=<��?> f�] L?@ 0 A P E5G ' V��,J # ^ BB��D,� ��� :�C�D 20% X�� � D6���)@ :�C�D

10%
+�f V27'& O'� /6J # ^

E
2.14: 17 F�G-H'I�J�K�L�M�N�O�P�Q�RTS6U�V�W

E
2.15: 17 F�G-H'I�J�K�L�M�N�O�X�Y�R�S6U�V�W
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( ACB ] -/.G0�2J<�G P 9 ^�ESG)/�H 0 X,�

 6V A�B 8 0 X ��� d / �$� = G�� O � ]�� D�� V c�]EI$J  ( � c (∼55ns : 17
]C_������ d$� �

�
) K�LNM Q	� @ %'&�( ^ F GCX�-�3C052�<�V�O�P�K�Q��$ 6V A�B V"O5P�K,VSR��6V O K3GET @�U &( ^�V"WXV�UUX,Y�@�Z	� O � ]��"[ � � ����@ I ],A � E5G )�+ XE�� �V � / *�+�\^] ,�. � d V �/�_ R�` 1 a�b (Ec U �AJ ( ^ 17
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& ` � / %'&�0 ��� %'&�( e5f ] 3 [�� 0�2^g�� P	� ^�ESG6`�H 0 d �� 6V6e�f \^] d ��� d ` ���n ���$r��4s ��[ � V�
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 (∼110ns) K�L����=��� % &
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�����"l :$;�<
��� d5� ������� V����� 4g6` ��� dA� \�] s�!"�$# %C& d ��s%!"� ` ����n'& E	� Q)(Na6VS��s�S[ � � ����@ I ]EA � E 0 ��� d ]tD � %$* ( � � � A"+  ( � s%, ] � ? \ [ 0$24g-� P.� ^'�? \ [ 0�24g5Q0/01 
 D32EV � s%,�� d �$ 6V"e5f \�] d R µs | ��4 ( & d R�L µs V�5�6 ��7 `�H0KP4( ^ 17 s��98 ��� d���: � V )�+�d �� ,V6e�f � � E 0 � ? \ [ 0�24g�VSi + Q�j 3% �AJ ( ^;
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2.3.8 �����
	
D���
�V ��� d5��:�� �$Q d ����n c U��$r��4s�� [���z ��V�����`�� P V2� d ���5n c UFo�p��
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Mark Point Distance

(inch)�
Point A -9.7�
Point B -6.7�
Point C -3.5�
Point M 0�
Point D +3.5�
Point E +6.7�
Point F +9.7
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KamLAND )�*8<%~'©�^ �$ª2<$«'¬2(+`�a�y �� �!8X'­�® s�¯2° X�±�²	X � � ��o��!³��O´Rµ�¶· ��¸�¹#<�º¼» {$½ `
��¾�¿ X 9 ¹8<#À����ÂÁÄÃ2Å��4Æ ½ ` X o ��³��2´ · n ©��4Ç i X 
	È����U�
��o��!³��8´Éµ�¶O<]�Ov �ËÊ	Ì X 20 ��� ��Í'Î	y �� �!8X$Ï �=���2° ·7Ð'Ñ'Ò < 1 Í	Î'y'Ó	Ô XËÕÖ � ­	® s	¯2°4< Ï �=��Í	Î	y �� �! ��×�Ø]\Ë�	Ç7ª2< ­�® s�¯#° · } �$Î'y	Ù�Ú ­�®�Û �nvÜ� �7Ê
Ì X ∼ 5ns


 � ∼3.5ns <�� } < ±4² \��	Ç#\ 
 \ � i X�Ý�Þ <]�=v �$Í'Î	
'ß	à�á X Í�Î�y'â	ã	�
zk� ­�® ª��'�4ä�s�å'(Â�æ(�ç$�	� � �Ë�4��Í�Î�
 · 17 �����!<$è=é'\$^�ê'ë��=ì$Ç
l�m �$o �7á!s!í	��o���îG»�ï�ð ��ñ · Û!ò ì$� � ��ó ��ô���l�m ��o �4p q · ê�ë'�=ì$Ç  ���õ4ö b �$÷��Éø �7ù � X�ú Z · È	û2<�ü2ý i �?<=�8v ��þ7��ÿ�� X m ��� ����� ����Í�Z�� Y�� \��
a]� X�	 ��
 ����
 ��� ·�� ©�å!©Oì�Ç
� 2.22 <���¶ �U�O� 1309 � X 17 ��� �ËÍ4Î�y��  �!2X ª � b s���� 635 � X SK20 ��� �ËÍ4Î4y

�  	!OX ª��'s��G� X u�� ·�� ��Ç 20 ��� ��Í'Î�y��  	!8X ø ����í 1309 ��s8<�������\$^2a8ì$Çi � � X ø�����í��� "!#�%$�ï ½ <]�8v&�4¶ ­ <�')(��U�]�+* X å!a8ì�Ç,
2.22 <=�Ëì�� � 107 -/.10 ·32 6Oì�435	Î	r�í�6 �87 � <198ç9^�©#ì�* X	X � T.T.S. å	í�� 5.4ns:<;
3.1ns � P/V Ratio å'í�� 1.7

:�;
3.4 =UÊ	Ì X 20 .�0?> Í�Î	y��)@�A�=Éu1��\�^1B#°�C���¹2<±4² \�^#©Oì X C	s : ì�ÇED$� , X 107 -F.)0 ·�2�G ì14�5�Î'r#í	��H 2.3.2 P�å Q�S �+I]T�<E� 0

� ½ ó 0 À 0�J :K; X Í · ë#©�^�'�(<LNM2^2©=ìOC ��V4WO<	��P!¿	Í8å X '�(Q=Uô�R ½ Í#å X '�(
å�í�S�h -T.�0 ·�2"G ì�4?5�Î'r)C)U"9]ì b · =�ìWV8°XB)C8a8ì$Ç KamLAND Y�þ�Z\[7å X � 0�>
ð?]��<^ 0 Í2íËôXR ½ Í�å�a2ì�� � �-Í4Î	y)�)@�A X 435�Î�r#í�ô)R ½ Í�å1'�(TL%M��"* X · ênT S_ å8a#ì$Ç
��`�a�å�í���ô1R ½ Í · ë!©4� 1 Í	Î4y�b/c?Í"deI$ì 107 -/.�0 ·O2�G ì�4�5	Î�r)'�(<= Y�� Í�Z
d$[#�=ì-_4`�B X '�( · Ú�9�ç$�4Ç�f�g X?h å!í�i X ')()j)k ��l)m · Q!S ì�Ç
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R7250 (KamLAND 17inch) .vs. R3600 (SK 20inch)
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TTS (FWHM, ns)
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P/V ratio
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3.1 ���
KamLAND ������� �"!$#&%('*),+$- . ]0/211]436587:9<;>=@?BA$CEDGFIHKJ LID�M0NPO8�$Q,RC>DTS6UEV W�XZY0[*\][(J %	� 1MeV �^),+(-*.�[$_6`6aEL2b$c&dGe6f 190 gGh6iGjlk@gE�GVIW&XY$[<VPmnWTg�aGo^p*CEDTa � 1 q6��g�hGi<r6s�t u(v<w,CEDng %0xyO 1 g�h�iGjzkng*J*LID�M�{T|>W3}�y3,5�~E[0%l� �*3n�^c&g6h6i6rGs,t2�&��uz�<b@�<�I��D]c���� {$|zWB3��&���TF8�>���47�{8��8�6vE=]� ��c^��u^%&�,�*�8g�h<i�r�s�t �8h6�<rI��� ( �B{<W ) aE�6��bn�*�ID�F,H�a<�<�,J,L D�M

KamLAND �6�,J,���2�G�$�� G¡,¢I��?zA&%(£^->¤�g,J*LID0c^�	�&¥2¦��8§6¨,J6%���£�-E¤$g�©>=R*�^� 1 gGh6iGjlk@g�u(ª*CEDTg6h6i�r,s,tI�0«G¬z=&­G®�c<M,�,�&�<£<-z¤0g�©�u>�E�¯§G¨4°}±Bc
107 �B{<W<=T² ³2D(´8µGh�¶>=@·<¨*C2D&M¸6¹Gº J,%��0§<¨,CEDng<hGi�rGsGt<a 1300

¸ H»�Ga�¼I�<c��	�G½�¾]u 6 qG�&g<hGi<r6s�t u<qG�� 1 g<hGi6jzkng2�&§�¨PHKv<w�gG¿Iu0ª*C2DTÀ�ÁG¬ ( 5¯/*ÂP5¯ÃlÄ ) �&§G¨>=@Å*��³>D:ÆEÇ6=8È�É>�c^MIFK±�uE�2� � 1 h�iGjzk:g��$ÊIË^�0g6�"Ì»�<Í�g�h�i�j>kTg��$gBÎ@J ��§<¨E=8Å,�ÐÏTF*H�a6J>ÑD�M0§G¨,% 8 Ò 28 Ó��4Ì 12 Ò 6 Ó$Î@J 1 Ó�u 4 ÔZ� 3¯Õ 24
¸ �&§<¨>=8Å*�>b�c<M�F0�$Ö*J6%��&��<ÆEÇ�� 1 gGh<i6j>kTg"H 107 �z{�W]=8²,³>D(´8µ<h6¶I�&§<¨G×<ØIu^q��^�(Ù*®ED&M

3.2 ÚÜÛÞÝàßá £�-�¤&�<a�âzã�qåä��>H»x�h6¶I�(æ]¨G¬I��c<����g�h�i�rGs6t2= á8çBè u 1 ¾6é@ê>ÇG�]cG�*ã��§G¨z=]ë0ì>�]c�M á £<->¤��Ga6f 20kHz íGî u<�ED(�*=>!}æ4H&�]c�M&v�w�g,¿>= 1 gGhGiGjBk@gyH���I�<��¾��*A�ï(£�-�¤�u]qG�(� ADC H TDC =$R �0�<ð^x6ñGò4H@¾6é8ñ,ò�=8§G¨6C2D&M2F&�&ñGò�4Ì P/V ó4H T.T.S =@ô �2D�F*H�a6JzÑ^D&M�F&�>H(Ñ&�$gGh<iGr�sGtI�6´@µ�hG¶*%(õ�ö,÷Ð3ø/zù�¤u2�I�úÈ<û2¾(u�üGý^gE=$R,�(�]§^¨l°�±Ec 107 �>{<W^=T²*³ID:h�¶�þ2=Tÿ��<þ"H8�$�]Q6R�CID&M8v<wg %0g�©PH��������lY&[��2[G=$QGR2� �&g	��
]{
�>[]u>�I� 17 {<W$X*��g<h���u������Gw6CED&M
107 �B{�W^=@² ³ED�h6¶GþI�&§�¨ %����E��Ï}u0Å ÏúM 1 g<hGi�jBkTg2��§�¨�� �&v�w<gG¿>= 100 gh<i6j>kng�í�î*u��<¨E�^½�� u&ð^xGñGòZH@¾�é$ñGò�=@§<¨*C�D�M��Iu�hG¶<þE= 100V �,q����,�(a4Ì½��2�8§6¨E= 5 ¦�Å6�åÏnF HKJ2´TµGh�¶ u0ª6CEDnð�x�ñ,ò*�����>=@§G¨6CED&M
1 g<h<i�jzk:gI��§<¨G�ZÌ �*F$�6´Tµ�h<¶6J,�$hG�^r ��� G0 %�hG¶<þE= V0 �@ð^xGñ�ò*���^[ ù�þ= Q �0§�¨��I��rI���z= A H�CED H �

G0 = Q/Ae = K · Vb
0 (3.1)

H:�ED (  (2.3) !�� ) M6c#" � � e %$�]h�% (1.6×10−19[c]) J*LID�M
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Î(c � 107 �B{<W<=T² ³2D�h6¶<þ V %	�
107 = K · Vb (3.2)

H��"°»±"D&�(J����$ E�&ó2=�H(D*H �
V = V0

(

G0

107

)
1

b

= V0

(

Q

Ae107

)
1

b

(3.3)

J*LID$M b �$þ*%*´8µ<hG¶*u&ª,C�DTð^x�ñ6ò*����[��2=�� Äú�*3¯C�DGF,H@uE��� ôlÎ^D(�0J��  (3.3)�4Ì 107 �B{<W<=T² ³2D(´8µGh�¶E=@ô �2D�F*H�a,J>Ñ�D�M
3.3 ÚÜÛ	��

3.3.1 ��

�

3.1 u�g�hGi<r6s�tE=$v]±4D á�ç =��*C]M á$ç %�� 1 î*u0�G¼ ä»��g<hGi<r6sGt2=8§G¨6CED0c<�u 6 �I� á�ç J����B°�± �6�ID$M,Î�c��Tg<h<i�r<s�t2=���Ç�C�D��*Ñn%]v]±��*³(�GCE°0=��0³<�����ÑTu �$�*L*D$M@g � 
&{ �E[8�"ÌT�$v�w]g % á8ç�� ���#�����4Ì»v<wl°! �c<LEH�"6J$#&% u&9<wB°' �,��D�M�"I��(�Ç��*)ZÑT% ��9Gw^g6a�+*, 17 {<W$X*��g<h�� u0�����<w,C2D,�2Ï�u��^¨>�]c<M

light

-.-.-.-.-.-.--.-.-.-.-.-.--.-.-.-.-.-.--.-.-.-.-.-.--.-.-.-.-.-.--.-.-.-.-.-.--.-.-.-.-.-.--.-.-.-.-.-.--.-.-.-.-.-.--.-.-.-.-.-.--.-.-.-.-.-.--.-.-.-.-.-.--.-.-.-.-.-.--.-.-.-.-.-.--.-.-.-.-.-.--.-.-.-.-.-.--.-.-.-.-.-.-

/././././././/././././././/././././././/././././././/././././././/././././././/././././././/././././././/././././././/././././././/././././././/././././././/././././././/././././././/././././././/././././././/././././././

0.0.0.0.0.0.0.00.0.0.0.0.0.0.00.0.0.0.0.0.0.00.0.0.0.0.0.0.00.0.0.0.0.0.0.00.0.0.0.0.0.0.00.0.0.0.0.0.0.00.0.0.0.0.0.0.00.0.0.0.0.0.0.00.0.0.0.0.0.0.00.0.0.0.0.0.0.00.0.0.0.0.0.0.00.0.0.0.0.0.0.00.0.0.0.0.0.0.00.0.0.0.0.0.0.00.0.0.0.0.0.0.00.0.0.0.0.0.0.0

1.1.1.1.1.1.1.11.1.1.1.1.1.1.11.1.1.1.1.1.1.11.1.1.1.1.1.1.11.1.1.1.1.1.1.11.1.1.1.1.1.1.11.1.1.1.1.1.1.11.1.1.1.1.1.1.11.1.1.1.1.1.1.11.1.1.1.1.1.1.11.1.1.1.1.1.1.11.1.1.1.1.1.1.11.1.1.1.1.1.1.11.1.1.1.1.1.1.11.1.1.1.1.1.1.11.1.1.1.1.1.1.11.1.1.1.1.1.1.1

2.2.2.2.2.2.2.22.2.2.2.2.2.2.22.2.2.2.2.2.2.22.2.2.2.2.2.2.22.2.2.2.2.2.2.22.2.2.2.2.2.2.22.2.2.2.2.2.2.22.2.2.2.2.2.2.22.2.2.2.2.2.2.22.2.2.2.2.2.2.22.2.2.2.2.2.2.22.2.2.2.2.2.2.22.2.2.2.2.2.2.22.2.2.2.2.2.2.22.2.2.2.2.2.2.22.2.2.2.2.2.2.22.2.2.2.2.2.2.2

3.3.3.3.3.3.33.3.3.3.3.3.33.3.3.3.3.3.33.3.3.3.3.3.33.3.3.3.3.3.33.3.3.3.3.3.33.3.3.3.3.3.33.3.3.3.3.3.33.3.3.3.3.3.33.3.3.3.3.3.33.3.3.3.3.3.33.3.3.3.3.3.33.3.3.3.3.3.33.3.3.3.3.3.33.3.3.3.3.3.33.3.3.3.3.3.33.3.3.3.3.3.3

4.4.4.4.4.4.4.44.4.4.4.4.4.4.44.4.4.4.4.4.4.44.4.4.4.4.4.4.44.4.4.4.4.4.4.44.4.4.4.4.4.4.44.4.4.4.4.4.4.44.4.4.4.4.4.4.44.4.4.4.4.4.4.44.4.4.4.4.4.4.44.4.4.4.4.4.4.44.4.4.4.4.4.4.44.4.4.4.4.4.4.44.4.4.4.4.4.4.44.4.4.4.4.4.4.44.4.4.4.4.4.4.44.4.4.4.4.4.4.4

5.5.5.5.5.5.5.55.5.5.5.5.5.5.55.5.5.5.5.5.5.55.5.5.5.5.5.5.55.5.5.5.5.5.5.55.5.5.5.5.5.5.55.5.5.5.5.5.5.55.5.5.5.5.5.5.55.5.5.5.5.5.5.55.5.5.5.5.5.5.55.5.5.5.5.5.5.55.5.5.5.5.5.5.55.5.5.5.5.5.5.55.5.5.5.5.5.5.55.5.5.5.5.5.5.55.5.5.5.5.5.5.55.5.5.5.5.5.5.5
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@
3.1: A&B�C�DFEHG'IKJ�LNM�O�PRQ (mm) M�S�T�U�V�W�X�Y�Z\[�J�]�^`_�a$b\cdUFV�eRbRc*M

f�g C�h 2.3.8 i�ekj'lFm\n�oqpsr*tFu�v�w�x`y�C&zF{\C�|�}�u�~�������UFu�~q]����k]��*�N�`c��� W\b$c�M��F�&eF�N�*C*��U�u�~q]��������sn�����A&B����`]���u��\C*�R�*X`Y�ZR[�J$G���p�z�{
e���_&n�M&�� &¡£¢�YF¤�Y�]*¥N��a\A�B£¦�C*§�¨�©�ª�C*«�¬Fe�u�~k]�­�®K¯�nqG���°d± 3.1 C`o�p'r



48 � 3 Ö 1 gGh<i6j>kTg u>�(D 107 �z{�W]=8²,³>D(´8µ<h6¶��&§<¨
� b�c<M����	�
��¨	�"H
�	���*(�Ç�� � 3.2 u*�������P�����������	��� ��d
��!BÑ�"��$#&% 50mG')(�* �+"-,/.10�243
�&����5�6 � 37�&� ,�.80/�&�á�ç79�: ;�*4<$= 2�>/?
0$@����BA)CED�A�F
GIH�JLK M7� NPORQ7��S	T � C�AE.8U$V��
?
0$@���W
MP�L� X	Y+Z��4[�\ ;�]79 [-^4��_`D�N�� * K MP��a�M	b->Pc	d�e�f	g���h�i&jPk7l *
mPn-o @����
N4�I@)Kqp)KrpPst.10)M ��Nu0��$bP[r\Pv�w
x�j�yPz�{ n �|>�c	d�e	f�g�x�c�}4~�y��Pk�bP� ����k
~�y��Pk
x���� �$�	@	���)K�243�M	MP���4��WqMP�P��Nr�$b�~�y��	kt�q[r\�x��$�P��� 9r�	� K�bP[
\ ;�]79 �	���
�$N��R� m	n-o
9-� ��KPMP�

No. Axis A B C D E F

1 x -1 -62 -2 -17 -5 -2

y 26 35 -35 22 42 56

2 x -18 -57 -9 14 -14 -19

y 36 40 -33 35 20 61

3 x -12 -34 -3 -15 -11 -22

y 40 34 14 43 3 63

4 x -17 -47 -6 -27 16 -30

y 36 36 -5 41 11 60

5 x -9 56 1 17 8 -20

y 34 28 -10 38 28 53

6 x -5 1 20 17 -12 -8

y 30 7 29 26 -5 35

v 3.1: [�\ ( x����
x&X	Y$�	���	����� (mG) ���	����b&X�Y�� A∼F x��)����� 3.2  �¡��

A (F)X

Y

Z
DB

E

C

8.5 inch

¢
3.2: £�¤¦¥-§ ¨ ©+ª�«�¬7­L®�¯�°)±I²P³P´�µ�¬P¶�·-¸ F ¹ Z ´�º	µ�»½¼ 12.5cm µr¸4§�¾/¿ÁÀ$Â7ÃÄuÅ&Æ$Ç$È)É4Ê&Ë�Ì
Í�Î §�¾�Ï�·
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3.3.2 �����
j�k)l�> 9 >�� ��K�M	3$MP��b Laser Photonics 	
x�
���
�����y���y (LN203C + LD2S)

9����
�
��� LN203C ��
�����y��
y�� ] �4b LD2S ��� n������ yrk4� ���q��
�����y���y	x�!�"�#%$��
337.1nm ������xL��b�� n��%��� y�k 9�� 34�$N4�
�&
%��x�'&( � �+m J&{*)ry�+Ly *-,/. !%"�#�$9�0�1 K MP�4a�M�2 .43 K�5�6�@	!87�3�M ��9+y�+;:�< * A	A7�>=�T�?@?BA �-7 �&��C/5�D�E)WqM�X
Y�� ; 2�b>!�"�#%$ 420nm b>2 .F3 K%5�6�� 40Hz � ��� KPM	�G#�$ 420nm

9�H�I J xP��b
N&xG#
$	@
��KqFL��yP��MNKB>�x�#�$ *�O AÁb$N�x7�>7&xP��y���yq>
x�Q	y�J�R�S�k�T�yr@�U87�V$M�� � �
���&v 3.2 W-��y��
y	xGX�Y-Z�[4�P�

Name LN203C LD2S

Spectral Output (nm) 337.1 357 - 710

Pulse width (FWHM, ps) 600 300 - 500

Energy/Pulse (µJ) 100 Dye Dependent

Repetition Rate (Max., Hz) 50 50

v 3.2: 
���
�����y��
y LN203C xGX%Y

�&y���y�\�]	��^
b ND _*`8k8+&yaE�C�b�c	>
x�>�d 0�1 x�Z�D�E DIM ��x��)��Z�b&e½��[�\-Z�	f K�MP�4N&xP��lag�h&W , W;i&b�c	>�d-Z 0�1 KP[q\Lj�x�>�cPd	e$f�g W�jPk7l�>�Z�k¦�q�q>�l�m�xn�o �%Z$� 3.3 [�� �

1

1

1

1

2

2

1

2
1/8

1/4, 1/4, 1/8

1/2

17 inch PMT

Monitor  1

Monitor  2

Monitor  3

Laser Monitor

1/4, 1/400

1 Fiber

9 Fibers

1/4, 1/400

Black  Box

Integrating
Sphere

Mirror

ND Filter

Beam Spliter N  Laser

� 3.3: >%l�m
x n�o ���

!%"+K�MP��y��
yr>��$b4aNpPq�yah$l>rts�H�+&y&� 2 u WL� vxwye/�q�>za{4�4�Px�aPaN]���^PWGb. b�>/_ | n~} y�Z��½W;i 2
n KqF�>	c	d�e�f$g�� �&� +&y*��eE����N&x�=Pxr>�d4�a]	��^4�%�&���
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	+����
	c�}�x&X	Y

xGz����*W��	>��@e*i�V��&�$�$K�i4b�]$��^����½���	c�d	e�f�g�x��4x ND _*`8k�+&y&W , W�i 100

�Pc�d������*W 0�1 �@e*i�V4�&�4N&x�����x���d�� O ��� 2
n K����Pc�d	e	f$g�x�hri���� �������

x�����y���y xG!��%d�x ��� +&y)��!�i ��� �-7	�q��"�#%$�x 2
n K����	cPd�e�f$gPZ*��y���y ���

+Ly¦�'& (�$���W��7���-�&yG�7y ��� + y	�8�Ly��7y)�¦x�" w u 7�Z ��� +Ly �¦��x��)*�=�W�9�y
+&yG:�<7x,+�s.-)y x0/21�Zr�43L� �
��v8w@e�34576 z�{
x'��� ND _�`uk�+LyL����� � e73�8�bG]��%^�W>b . b 6 �)x 17

n K)�9�$c
dPe$f�gE� 3 u x 2

n K����Pc	d�e�f	g WGb�c$�
�&��"
#
$&x 3 u x 2
n K����	c�dPe�f$g�Z:��d �� + y 1∼3 ��& (4$��;W	�
�&����d ��� +Ly 1∼3 W	� 1 ;�w 3 x�<*W>U87�E ��dxZ ��� +Ly&�87P�, 6 W����4x ND _/`Ik8+&yL� 0�1 !�i�V
���=$ e
�4[�\8jLx ND _P`Ik8+&y�W , > i 17

n K)���
c$d�e�f$g*Wab�c��7�:��d ( $Ne
� ND _P`uk�+Ly	x���?�@
; wBA���i V�� ) Z�C�D���E=3¦�&7�b�A
��3Gb�c ��d�x�C�D�dE�B��d ��� +�yPx�h�i�x'C�D�d�F�z�G7!�i V���;=HI6J;-Z 0�K ��3	��W������
$ e
� s ��L s g�`rx'M�N/=�W0O P�� ���&x&��Q�R���� 4 ����S K ���
a�3	bT$�$-� � V�i V����x_*| n } y&�0U�i 100m � �����%$�e��-��y��)y�F�!�"�!937�>7&x mPno Z9V%W'3 ��� ���q���-_ | n~} y�Z�$ AÁ����$4�R�$b m�n-o8,*. 5YX%e�i���F ��cPd	e$f�g�W>b%c

�)��3 �0�	c$d	e�f�g
x4h�i½� mPnro Zq� Z��)��$��[F4�-7����

3.3.3 \^]
_a`%b�cd_4e
9+y�+;:�<
x&�7{
f0g�� n0L �Th>h�Z	� 3.4 W�[4� � 17

n K��0�	c	d	e$f�g�;�wrx'i9j�� 2 u WL�
v-w@e
b�za{�� ADC W�b�k%{4� TDC x l2+)f@r�W>k�w@e½��� TDC x�lI+)f@r�i�jxZ f � 9 `-l=g
s0lNS n +LyPx%!�7�V'm��$b�U�i�x'��c�d�e$f$g��&#�n�m*W�o�!�*�p*��qPk*W9r N��)� K 7-�*�����
!s;=!:t�u9m/��!�i � V��9�:
PcP}$��U�i�x��Pc dPe	fPg�xqe
v)@�F���w > i�V����R��x/w E�V93P�	by{z x��	c	d�e�f	g$� 1 �Pc�d*W�o$�)�;#�n�m�FPp w u A}|%~���FP������!03'F > i&C�5��'��t*W�M
N�! 3 6 �
x)�	c�d�e$f�g�x 1 �	c$d�i�j
x�#�n�m�x 1/4 x0�9��m-Z
� . b
!�7�V'mxZ>z�� -57.5mV

�'! 3P�
��d ��� +�y 1∼3 x�i j�����x�a	a ADC Wak w@eE��� ADC x � y{+&� TDC x�lP+&yI+8�L�&y
��y ��� +&y	x,+�s.-�y);�w � yd+ �T� S/� n +�y&W ,9> i f w@e
b � yd+�vP� 200ns ��!93P�
$&x
�a7&bI+�s.-)y&� 40Hz �*���:; w)�qj$k
l)@xZ 20kHz �R�>e4p�b'��!�� *�=��a6�@��
�

200 × 10−9s × 40Hz × 20kHz

40Hz
× 100 = 0.4% (3.4)

�*�
���0M�N��T��j�k)l�@�F 20kHz ���*W%E7��x�Z�� > i�; w D E > i*V
�&xP� �PW
�)����E�V½�� 	�wyeE���
1 �������7���PW�o��)� 17

n K�����������f�g�;�wrx'i j��># n�m$� 4mV � �t�[����V$x��
� L
K�r�Z � Vai�i jxZs�TvT!�i�V��&���'3���8�x s �
L s gL`�M�NP=&WGb�c9��d-Z�U87xA�!�37�>7�x�3
��W L g �*� R n +&y�Z�b%e i V��&�
U�i�x)� ��������g�;�wrx'i j���l ~�y�hPy&Wak . ���qj	k�l'@/Z�M�N��
���T�)3��P�qy��
y ���
+&y7�0� n K ��9�K�l Z�����$���W ,P. �a6�@LZ�M�N��L7P�&�
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Att Amp

Amp

Amp

Discri.

Discri.Amp

Discri.

Delay

Delay

G.GCoin.

G.G IN/OUT

-40mV

Clock

Coin. Scalar
A

B

Att Delay Amp

ADC  0 - 5

TDC  0 - 5

ADC  6 - 8

ADC  9

Coincidence A

Coincidence A

Laser Monitor

Monitor   X  3

17 inch PMT  X  6

68m

-57.5mV

60m

TDC  Start

60m

ADC   Gate

Coincidence B

-40.0mV

200ns

171ns

179ns

159ns

¢
3
.4:� Ë�

����
�µ�

�
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 È)É�
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3.4 �������
3.4.1 ADC � TDC �
	��
C/5 ��� !93 ADC 
�b��0����dt� ADC ���&K7+46 ��
������s� TDC 
%=������ TDC ���&K7+ �!
����-Z#"�e�$ae&% 3.5 W�[�')( ��3+*�,4!�3 0∼9 �.-0/>S+1.
32�4xZ65 3.3 WG[�'#(�H�7*w 58�9;:=<.>=?�@ �!� :�A
B $��BF0C�; > 3D(

ADC Channel
0 500 1000 1500 2000 2500 3000 3500

C
ha

rg
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c)
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Channel 0

TDC Channel
0 500 1000 1500 2000 2500 3000

T
im

e 
(n

s)
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Channel 0

% 3.5: ADC � TDC 
�E�-GFIHKJ=L0M�N6/�2�4;(DO.-�/)P+1 0 
0Q=R�'D(TS�%TU#V�� ���W� ADC

�;�#/&X  

�6�=�TYZ%=U�[��3��� TDC �;�)/\X  
��!�
(

ADC TDC

Channel (pC/ADC counts) Channel (ns/TDC counts)

0 2.79 ×10−2 0 5.58 ×10−2

1 2.85 ×10−2 1 5.53 ×10−2

2 2.78 ×10−2 2 5.51 ×10−2

3 2.77 ×10−2 3 5.57 ×10−2

4 2.81 ×10−2 4 5.56 ×10−2

5 2.69 ×10−2 5 5.55 ×10−2

6 2.79 ×10−2

7 2.79 ×10−2

8 2.80 ×10−2

9 2.73 ×10−2

5 3.3: ]�O^-�/=P=1.
'�0��_ /ADC �;�#/&X  �![��3� /TDC �;�T/GX  
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3.4.2 �����W�����
	
1 �����
�����^
�����C���
���L������������� "!�#�$&%(' B�) ' :+*�,�- 
. (!+#�$ *�,0/1) (*2,�354 U56����572 �8�9�
�:!�<;#1"=�
?>A@ :�B5C �5D2E�$ *5,�-�: V�� / 6�V��5F+G
H<�D��_;
? $.� B�I �JH< (!.#�� /1) (+V���' BKB5C �
U�62! 20ns 6.�2�
� 20mV � /<) ( I5I H1L BK*5,- 
. 
!�# : U
6
M�/&N
H

. (!�#"6�����7� 
8�9 :5O�>+P�>;B 40m Q+R"S
T�/+U�L+H01
V *�,�-W Q5U�L=H01�HXQ.�5Y�Z�[X\X].^5_a`cb B (+5 3.4

: "db
$<b"Q)O^-�/=P=1
Q. �!+#�$!R�'#(
Channel Amplification Factor

0 6.27 ×10

1 6.31 ×10

2 6.33 ×10

3 6.22 ×10

4 6.27 ×10

5 6.33 ×10

5 3.4: ]�O^-�/=P31 :2e�f.B�*5,�- Q. �!+#

3.5 gihkjml
V�n2��_
$ 1 �2��7��0�o� :+p5,
/ 6d�5�575 �8�9�QX:&q
Q�[��3C��G�r�2��C��($ *�,
/1) (!V5n

��_�U�61s  #�^ e0t " 7%
: \ B�t
u : ND S(v 1�w)L�$.x�y /<) (2z�{ : 2�4"$&|
} B (

3.5.1 ~a�2�0�
% 3.6

:��1��� \ TDC Q!C
�
$�R�')( I Q *2, H�U1s  #5^ 7% ����H A
B�) '�6K�2��72 �8�92�
� 1/4 ����7�JK�#1�z
��Q
:�q
$dL )�� ��/&X  U<� 3500

� ��/&X�H A @�6�"�b
z1�(Q � ��/&X U
TDC H�U2�.LK�KL�S�TTL /�P
>;B (�%<Q 750 OZ-�/=P31
�5�"Q��DL(�o^ 1 �5��7����o��Q � ��/&X
H A.B (
` ) 6 2700 OZ-�/TP=1
�5� :�� �0L(�2$d�
�
H�� B ^"6 I Q��0L(�+U��
�
Q � ��/GX :+�/�P � (2700 − 750) [ch] × 0.056 [ns/ch] ∼ 109ns ��b P
>.B�I(� ����JTL X�;�10= :0tDB�� �&/GX
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A · exp
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A · exp

[

−1
2

(

x−m
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]
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(3.5)

�Ke « � ��6.��7�§�¨^[
¥&Å
^ @ U σ H�� Ä �a� T.T.S.(σ) = 1
2
(σ1 + σ2) H A�B 
�!�" FWHM H

� � Q<H�6
T.T.S. (FWHM) =
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(σ1 + σ2)

√

2 log 2 (3.6)

H A;B 
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Q T.T.S. Q3C��
$ 
 3.8

: R � 

Serial No. T.T.S (FWHM, ns)

AA0031 4.18 ± 0.09

AA0044 4.21 ± 0.10

AA0035 4.22 ± 0.10

AA0084 4.32 ± 0.09

AA0028 4.21 ± 0.09

AA0036 4.28 ± 0.09
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f(x) = fS(x) + fN(x) (3.7)

= a0 exp

[

−1

2

(

x − a1

a2

)2
]

+ exp [a3 + a4x] (3.8)



58 � 3 � 1 ���57
�0���A� t ; 107 � � �1$�� � ; ��� �	�(Q *5,

a0 6 a1 6 a2 6 a3 6 a4

= ; ����O
w�O.H�DA;�
dD1E0$ � � fS(x)
=���� E�M�F �H8��
$�- : ;K}���H6DA;

^X6 � � �%P (�^�� :0� � = ©aª.=?8��5H<�	��H���;�

` ) � ��� *98�$ � � fN(x)
�?/?P�
 (98��

$
- :5) 


3.10 �9DA; # Ç�PrQ.�5Y68��"$�< � 
 I Q # ÇAP�Q
��O�� / � X O?g�$ � 3.6 �(` � ' ) 
"` )% ���57� �8
9�Q���O(� / � X O?g(Q?8��($ 
 3.11 �a< � 


L���b ) ��O�� / � X O
g = ���
H 5.7
� �	�A��
 : ��� H6DA;�

��OX� / � X O
g = *5,G] QG� ��� C! V"S(v­ÇAPrQ 354 � �����	��� ^�DA; �f.�Ä bY;K^�6����2Q *5, H = 6�� � 
 : ��H � 2 z
�

D�@�6 1 ����7�D5E�$��&�A������H��9; I�� ^98�� ¤.) 

Serial No. P/V Ratio

AA0031 4.66

AA0044 5.51

AA0035 5.19

AA0084 6.48

AA0028 4.04

AA0036 6.46
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Constant1 = 66.65 +- 1.643 
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Constant1 = 73.97 +- 1.819 

Mean     = 241.6 +- 1.637 

Sigma    = 93.96 +- 1.873 

Constant2 = 10.63 +- 0.1154 
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Slope    = -0.2792 +- 0.01337 

AA0084 Nent = 49999  
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Constant1 = 61.56 +- 1.493 
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1:dq.�2Y (Q) 6r���1 X!&# (G) 6 �$� ��� (V) Q5¥a� = 6 K 6

a 6 b $ , ( �?/�P 6
Q ∝ G = K · Vb (3.9)

log Q = a + b · log V (3.10)
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 3.15 Q # Ç�PrQ�; ����OXwaO
$ � 3.7 �"` � 'G;�


Serial No. a Error b Error

AA0031 -42.5 0.276 6.47 0.0368

AA0044 -43.7 0.247 6.75 0.0334

AA0035 -43.6 0.261 6.69 0.0340

AA0084 -42.4 0.285 6.50 0.0379

AA0028 -42.1 0.276 6.48 0.0367

AA0036 -45.1 0.249 6.97 0.0335

� 3.7: ; ����OXw
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��� $ � ��� �Q¯�°<k 	5W�XJ�%Fl6�m,n � 20 oJ¯�°lM P ?

4.2 prq�sut
4.2.1 v!w7xzy
¯�°$�<{�� 3 � 3.3 | �5} M PSY � f �	x�y�? >I> � {*~�E$�����/dQ�/d ND

N
O K!�4� Y_���I�/�HG�<�_� � ¢/d������7� ?
�I�%�l���/�����
� �/���I�G�<� ¡ { 	<� 3.4

�g} M PlY � f 1
�8� $�� = K*� §$¨ 6 ADC

	
TDC

� ¯J°/OG� P�QU � �(��� 6_� d5� §�¨ 6 T*�(M��<d�� ? M P ;N��� � �/� � � O �Q¯�° � 	 D �%F � §�¨ 6 ¯J°/O� PgQ � { 	 §�¨ 6��I���DM ��a�b%;*��� ? ¦g� PIQ<�@�<�,� H*�%�_� 69� d�� ¦�A(�@AS� ��F � �§$¨ ; �(��� � �5� 1� <dSRq� �&	 ~ P �
A%F ; ADC
� ¯�° � 9g��� �5¡ � i �_RV� � �5�%�(� H���a� � i ¥ M �(d*� ? �@�<�,� HS���_�g{,¢�� P¤£g¥ �G¦9� � 1dB 0\1 31dB ~ �I§ | � 9 	 6 ¨�_©(ª/$<T(U/VG�5«<¬7­/� � �,® A��gA 2 ¯ · ¯ � d P ? ���/�G� H!�/�5°<� �%�/± {�² ¥ �g³(´M � ?

A(dB) = 10dB/20 (4.1)

>@� �I�%± �9µ�1*{!¶�· P ¶B0¸1��9¹�º<» Y ADC
69� d@�G¢�� P¼£ 1 ¯5½,¯ � ¯/d��g¾( /dI¿�¹�º»�� W Z j k � ª%À F �5Á 6 Y ��> Y � ���I± Y M P ? >9��Â�Ã 6g® A��@AG�%¢��(Ä £ � 3 ��¾( /d® ��ÅgÆ/Ç 6�� dG�%> Y � OG� ?

ND È*ÉEÊ �5�W/X © F � § |,{ � 3.3 Ë�� 10 ÌS� ND ÍGÎ¤K��5° � Rg����¾, zÏ ?@Ð � M P ND ÍGÎ¤K¸�5°g{Ñ%Ò2� A��,dG�<¦�� � ¿ ���%± ; ® AG��A 1/8
6

5 ÌG¿ 1/4
6

3 Ì*¿ 1/2
6

2 Ì � d P ? ND ÍGÎÓK
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2 6*3P � �5476<M P ?

ND ÍGÎÓKN��°�� �I�<± �@Â�Ã�{5²S�GR!Ï � ¾( 7� P ?~_½%¿ 10 ÌS� ND ÍGÎ¤K��g° 6 1 Ì¸¦ W AG (d98�: � ©/ª%$/T(U<V ��W/X Ol��© Fl6 ¿�;!� NDÍ*Î¤K��g° 6�< &�=!� j(� 6?>�> Y � 100 ©/ª%$@�*�IK � 4%Ã,Ol� ? >�AS{/¿1AG),·�¢CBI° � � ©ª�$<T%U<V��@»Iº 6�D  g;\1¤»5E/Ç�; 200mV F!2 �  S�/RSÏ � ND Í�Î¼K7�5°��G��
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N 50%
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 i ´�� Y_���%�G� H!����°���Ç 6 ³ 4.1

� } O ?
No. ND Filter Attenuator

No. Attenuation Factor 17p̈mt mon1 mon2 mon3

1 1∼4,6,7,8 (1/2)18 0 0 0 0

2 1,2,3,4 (1/2)11 8 28 0 0

3 1,2,3,6 (1/2)11 8 28 0 0

4 1,2,3,9 (1/2)10 20 41 0 0

5 1,2,3 (1/2)9 20 41 0 0

6 1,2,6 (1/2)8 34 51 10 0

7 6,7,8,10 (1/2)7 34 51 10 0

8 4,5,9 (1/2)7 34 51 10 0

9 6,7,8 (1/2)6 44 55 21 0

10 4,6,9 (1/2)6 44 55 21 0

11 7,8,10 (1/2)5 44 55 21 0

12 4,9,10 (1/2)5 44 55 21 0

13 7,8 (1/2)4 50 58 32 8

14 4,9 (1/2)4 50 58 32 8

15 7,10 (1/2)3 50 58 32 8

16 4 (1/2)3 50 58 32 8

17 7 (1/2)2 53 58 43 18

18 9,10 (1/2)2 53 58 43 18

19 10 (1/2)1 53 58 43 18

20 — 1 55 58 49 24³
4.1: 20 o ® A,�5A��@Â�Ã�o���� ND Í*ÎÓK��@° Y9���%�,� HS�%�@°�����
 i ´!�,? �@�%�*� HS��@°�� �<��± �����,{ dB

?
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 ¦Ó©�
��

������ "! R$#&%('  *)�+�����°�/*°���������,.-0/�132�°0�4 0576 � ND Í,Î���25° � 
�� �8 *9�;: °1+�<0= � Ä�25°�� ��°�/G°�©�- 2 ¯ � &">g¿�?$@ �C�@°�/S°�©�- 2 A�B�C5©�ª�D�E�F;G � 
��H 
�I  0)��_°%/*°_©����;, H 5�J�K�¿ : °9+�<L= � Ä�2�°�� 2 ¯ � &3> %�' 59©���M�N %$O \�P �
,.-RQ ��S ¿�+	�7�9°%/*°0/;1.2@°�� ��°�/*°_© ����,�-RT5Y � �  0) ® + �(¿C�_°�/G°�©
���;, �U H 
 �8+�� �9°�/G°L/;142@°��@«�V 	 -�W�X85�)Â<Ã"�/¿ 17 A�B*C$Y;Z�D;E�F�G � 
�� �� [Y�- ND ÍSÎ\�]2@° � 100 Y�Z�D �K��� � W�^ H (NDÍ*Î\�]2�°�� �C
$K ´!� � 1,2,6) ¿�+ ��! � ���@°%/S°$/�1�25°4! 17 A�B*C$Y�Z;D;E;F�G���Z%À.&
T8-�ÂIÃ H 57)�+��_Â�Ã�- 120 _a`cbed H ¿ 17 A�BaCLY�Z�D�E�F�G��RZ<À
&�T��!V7f�¶EÇg!1�*f�/.f
/71�2Lf��;h ' ��i4j�-8!$k�5�)�+	�4! � Y�
�/�1�20f 3

� ��L!&�lLY;
�� 
�� H 
�I l I ���4+�+
���$m;n��� 0)8o 4.3

��p*q
1 ��Y;Z�D;E�F�Gr!ts � 5 u ��Y�Z�D�E;F;Gv! ��i�j�-g¿�o 4.4

�"p�q
1 ��Y�Z;D�E�F�Gv!�Y�
�/�1�2Lf 1∼2 ¿ �0f�/�fL/�1�20f4! �0i4j�-RQ3�$)
o 4.3 ¿�o 4.4 ��Q H 
�I  � Ï � ¿ 17 A�B�CLY�Z�D�E�F;G3M2Ï H �*i4j3!w/71420f 1 ¿ 2 ! �*i4jO�x�y��0z I )�+ ' � < &
= � 
 ka5*Y�-RY!Í"{0A}|4f�-�~ I 
 6 u � &"> 
 O h '3�0' � \;P ��,

-RQ3�&! I Ï[+3!*-���� H 
"I  �) H��4H ¿��*f�/.f$/�1�2Lf�!	��i�j����$� � ��?L� H 
�I l I )
o � % �/¿ 17 A;B*C7Y;Z;D�E�F;G �*�",�& �LU H 
 ��f�/4f$/�1]2Lf��$�;,�&��;�g� >�l�k 
"I  � Ï �GD�#  �)"+ ���4�8! H 
 �<¿ : f9+;<L= � Ä�20f��*Y�
�&��<Á�� 
�� �. }Y;
 �4� k 
L�8I ��  �¿C��f%/8f0/;1.2�f � �G; � < &5=�-�~ I�
;I  �576�h�� �
	 ����� '  �! I ÏR+"!�l"M�� R$#%�'  �) H*��H ¿.+�+ ���"h ' �L�r� I ! H 
��3� f�! H 
 D�<gO  ;+"! � �� 0)
o 4.5

�8p0q
1 �$Y�Z;D�E�F�G �gÂ<Ã U�� �7U �� ���, � Z([ -�Q8�$)L���.�IÂ<Ã����S¿��;�.�

ADC �LC��$B0�*�5� � �  �)EÂIÃ U�� ���\f;2}� 4
U�� � �  *)7��5��;o�Ë��$���7�*f�/3f0/�1.2�f

�7T�Y�- H 
�I l I h ������� 17 A�B*C$Y;Z�D;E;F;G ��V;f8��Ç4-R��� H ¿0��� ��f%/�fL/�1827f
��T!Y�-a� # 5!V�f"�BÇ4-a�;���$)
o � % �0fG/.f��$��,��1� U�� � 15% F.2 � �  �L�!& �  0)L ;¡
�@Â%Ã
�7�Lf�/�f7/�1.2�f��

V�f8�BÇr!�¢ �;h '"�$' �@Â<Ã����.V�f3�BÇ �5Á�-aT
Y£! H 
 17 A�B*C7Y�Z�D�E;F;G � � #  "!��
o��0� �]� Ï � l� �)7�0f�/�fL/�1�2Lf4! 17 A�B�C7Y�Z;D�E�F�G����;,
&����$� � ?$� H 
"I ' S
T1Y;¢ ��¤ � Í$�L¥�¦�§�¨ �a©�ª3« ��?L���. *�$¬ � �  �) Ha��H ¿7­ �$®�X�5 � Ï � �*f%/8f0/;1
2�f�! �*i�j*�7�7� � ?0� H l I � �,¿�¯�° ��±7²;��³� *)"+��_Â%Ã �4� bµ´86;5 6 u �*Y�Z�D�E�F
GC��! � �(V�f8��Ç �$U �� S %w¶ � -a� 4.2

� ��!R6� 0)�h�� S %[¶ � �CV�f3�BÇ � 1% F�2 � �
b ¿�"$¢&+ ��§�¨4- R�S �� 0)

PMT No. Error (%)

1 0.86

2 0.80

3 0.82

4 0.96

5 0.73

6 0.90

� 4.2: ��f%/.f$/;1827f ���*T�Y�¢ � ³& �.� f



72 � 4 � 
�� Y�
 �$U �� �������� �@Â�Ã

1350 1400 1450 1500 1550

1240

1260

1280

1300

1320

1340

1360

1380

1400

1420

1440

PMT 1 vs PMT 2

1350 1400 1450 1500 1550
1120

1140

1160

1180

1200

1220

1240

1260

1280

1300

PMT 1 vs PMT 3

1350 1400 1450 1500 1550
1250

1300

1350

1400

1450

PMT 1 vs PMT 4

1350 1400 1450 1500 1550

1800

1850

1900

1950

2000

PMT 1 vs PMT 5

1350 1400 1450 1500 1550

1450

1500

1550

1600

1650

PMT 1 vs PMT 6

o 4.3:
p�q
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o 4.4:
p�q

1 ��Y;Z;D�E�F;Gv!w/�1420f��0Y;Z�D;E;F;G �0i�jL)3o/Ë � �����$� 
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o 4.5: �0f%/.f$/�1�2Lf4! 17 A�B�C7Y�Z;D�E�F�G �0�;,3)�­�oL� �0f%/.f$/�1�2Lf��$��,4-aQ���)
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4.3
�������

� 1�� �
	�� ��
����;��� 
�� Y�
�� U �� wY�Z�D�E;F�G���� �8-a=������ H�� h���������-�W�X
 �)�h���5�6 � 
�� Y;
4-"!] $#�%;� �  w�&��' U Y�
4-"!] �+3!w�)( H I ) H 5��]k � ��*���� 2¶ �L@�+&� � b,�.-�1/�0- 	1� =2�&�8�3�0����-54 ���� 0)

1. ND 6 � �]20f��)7�8�9�-*~ I �;: �"� ' 5�Y;Z�D <�-a���&�]!L 0)
2. =�
 ���2�$/;1.2$f 1∼3 �*Z >�-����?��!$ �)
@

4.3.1 ^�A 1 �L@ +�-0~ I ��B0C �LY�Z;D�E;F�G&�.-�1/�D- 	E� -*W�X&� @ 4.3.2 ^/A����7/�1
20f��*Z�>�-�' UEF lHG;I£! H�� -�1��0- 	E� =��?�8�}-a±�J��� 0)

4.3.1 KML�N/O�PRQ�S?T�UDNWV5XEYWV�Z\[

;� H 5�Y;D?��< Nphoton !tY�Z ] � % : �"� ' 5�Y;Z�D���< Np.e. � �0
�D�^�9�- η !w�� 3!"�

Nphoton = η · Np.e. (4.2)

!��;�&� '  �) Nphoton ! Np.e. �H_;`4j"a�� �  )��A��*�7���0Y�Z�D�<4-.!L �+�!bA/�R-(1/�c- 	��
��d�f�e�-*=f���.�
A�g7 0)
=�
;��� A��aY�Z�D;<?�h4;���;*��;�?i&jk�)l�l.ka5�)��w¬ � 1 Y�Z�D�� U �. }Z�>�m n8-5
;� H �
hH��o�f3�qp4-R´36. �);h���¢�r�s�Y�t�-a����E�u H =�
�� ��A/�h
��4-5l�lvj ) 6 w.xq�)
���� A
�)r�s��. wY�t�y 100 Y�Z�D{z}|H~�A � b,��+����;�?�*Y�t�A;�)� m �;�/A �  �!������ ' S �7h��
!�g���o�f8�qpv! 1 Y�Z�D{z$|H~2��o;f8�$p&�)_�-�!L �+"!qA/�.+���
����/A/��Y;Z�D <�y�´&�� �)
1 Y�Z�D{zq|;~�� 6 wDx$��
�����A/��o�f8�}p4-�h '"�0' P1 � P6 � 6 wDxq��
����/A � > � I  �� 	
1�� � A;20f��)7�8�9�- A6 !}�4 3!5�*Y;Z�D < N6 � �

N6 =
P1

A6P6

(4.3)

A �  *)"+�� 6 w.x}�h
�����A��RY;Z�D�<�-5GH��! H �*³cb��)
���� A���Y�Z�D�<�� ��GH�?�*Y�Z�D
<v!�G;���v!5� ND 6 � ~]20f��)7H8�9?��_ � % Y�Z�D�<�-54;���� 0) ¶ �]b,� i(i = 1 ∼ 20) w.xq�

�� ��A�� ND 6 � ~]2$f;��7;8 9�- Fi !}� ' S ��h��4!Hg)�aY�Z�D < Ni ���

Ni = N6 ×
Fi

F6

(4.4)

A �  �)
*�­;��Y�Z�D;< 4;��@;+��2i3b
�w´"6�5 1

¶ �;�f�����0- 1��{- 	f� �0=�� ���}-�o 4.6 ��o 4.7 �
Q��7)8o 4.6 �?��¤�<;��f�~�A/�3o 4.7 �.-�1/��<���f�~/A7�;� H 5�)��4o?� O ������� : �"� ' 5
Y�Z;D�<2�������"hH����g���Y;Z�D;E�F�G��/���$Z�>/A ��� )
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�RS�� ����Z F�� 	G���������A!��0Z������! !" (ν1, ν2, ν3)
�$# �&%('�)�*+������ (" (νe,νµ,ντ )��,�-/.�,�0�h21�!435�76#/48�9 ( :$]�l�;Dl ) ��T<
Jl=� S>� (νe,νµ,ντ )

F+?
@=A �,v'�	5(��BDC$!E+F �4G�H<.�I(|��KJ&��T<
0lL��S>� F�M �48�9/�0T5
RlL��S&�>.�N+OQP0!�R��4SJ
 � E�F	�J��T .U�V E����+,�-7W(.<:�]�l&;�l��K�4�+ �" νf (f = e, µ, τ ) �X�AZY�D�>�� �" νj (j = 1, 2, 3) ��*<���Z2[Y�
6	v\.4]Y^$�#�
|νf 〉 =

∑

j

Ufj |νj〉 (A.1)

5A5M� ! Ufj �
_K`�l<_>a
_�b�l��!c+d - e�f�u+g/.(h�i�E
� ? �Ju�g��<J&�#�
|νj〉 �Jn o(a�p&l Ej

Ej =
√

p2 + m2
j ≈ p +

m2
j

2p
(A.2)

� T I � H�! E2F
�A��T .
|νj(t)〉 = |νj(0)〉e−iEj t (A.3)

�$6
v\.!N+O&E	���P�/ F 6Q� !�[ (A.1) 6 A ! E>j t = 0 � # �4%�'2)K*D.�6 Alk2m=n |
/ νf � E�j t �&!
|νf (t)〉 =

∑

j

Ufj |νj(t)〉 (A.4)

=
∑

j

Ufje
−iEjt|νj(0)〉 (A.5)

� � A !/:&]#l&;�l��D�4�+ �"/� E2F4o+p ��[$��!
|νj(t)〉 = Ufje

−iEjtU †
jf |νf (0)〉 (A.6)� �
�#�5A5M� !4q�rY�(s<t4O/�J/�u 2 8+9 F ��T5
0lv��S&� U2V (νe, νµ) .�I2�0��wDx��#�&5(������!>yz � ? ��u+gA{�{&��/�| 1 8/��} � ���(�0� ! ? ��~ θ �MLv6`�&! ? �Ju�g U ��!

U =

(

cos θ sin θ

− sin θ cos θ

)

(A.7)

���D� E
5 � F �DHR���E4j
t = 0 � νe �KJ�6(/ T � F ! E4j t � νµ .!N2O E	��SA
 P(νe→ νµ) � !

P(νe → νµ) = |〈νµ(0)|νe(t)〉|2 (A.8)
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∣
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(A.9)

=
1

2
sin2 2θ{1 − cos(E1 − E2)t} (A.10)

= sin2 2θ sin2 E1 − E2

2
t (A.11)

�5J$�#�	5A5M� !JT<
Jl=� S>�4�>��Z F���� .���� �KJ$� � E��	��
+[ (A.2) �ML v � !
P(νe → νµ) = sin2 2θ sin2 m2

1 − m2
2

4p
t (A.12)

≈ sin2 2θ sin2

(

1.27∆m2(eV 2)L(m)

E(MeV )

)

(A.13)
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µn
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exp(−µ) (B.1)
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