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1.1.2 � �����
©k§�" Æ <��Á«0½	��
)ú�� À�
�� e�����Ð0â 
�� � 2 ��� L ;.´ ZµP ½'y'Ä�¸�¹ ������ <.=)½	����� o û � × ����
)ú���, ��w x u ò! )L w#�"����Ð�â#��
#b%$�:���½ y�¤'&�G

�(��� o û � × ú*) (1.1) �#w x L�p ��+-, g/. o(0 Æ <�1 β 2�3kb��|���'y�� �7e�«'$
: OðP#R�4'T0U ú +�, g5. o +76%, S b À�n^u s Z98 A n G���: L�p �-+�, g5. o�0 � �T�U e È!;!<�n G 0.511MeV � γ s 2 Ä À $>��½�y�� P]Z � γ ¢[f p �-+�, g=. o(0 � �T0U e9>�?)��½��4e L w�� +�, g@. o +/6', S b À ��½'y)� PÝZ �.�)e s�� ns � Æ�L �Á�
½'y�� ��w x L^À $ nJR*
�� b prompt signal e�A�B�yCED G>�'å U ú�FÙ�'å U�GÁn GIH!J 200µs : L(4�U%LLK-MÙO,P 2.2MeV � γ b�§ n G
2.2MeV �*NPO � +�, g@. o +/6Q, S b À $4��½�y�� P s Delayed signal e n�ý Ï�@ ODP ½
( ) 1.2) yR ¤7�³G C R �S�!
 L^È�n�ý H�J 200µs T P#R eJ�LU L*V R � 
�� sÁ§�½��>e L0u ½�y

νe + p → e+ + n (1.1)

n + p → d + γ (1.2)

Delayed signal

+
e+νe p n

pn d γ

e+ νeE E 1.8MeV

νe
n

thermalize

0.5 MeV

0.5 MeV

γ

γ

Prompt signal

γ
2.2 MeV

e

�
1.3: ����Ð0âIW���X�<�±
� OðP ½ 
�� �*Y�Z �
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1.2 � � � � �
1.2.1 � ��� 	�

�����
��� o û � × s�Ò Ô�� r
�
���������#ã�����Ë� 
!4½#"'�(�%$tû�& ×('*) �,+�-	�/.10243 "6587:9; &��=<%>4?1@BA �(�C$/D�&1E '*) � R*F%G�H8I 087�9J.*.K@MLCN�O�AQP�R�� 2 �QS (νe" νµ) AUT��CV�W#7=9 �UX A*Y1Z*[�\8� ν1 � ν2 "]0B7B"K�C.]^`_�"a�,SBA*Y1Z�[�\/"6A�bC�

(

νe

νµ

)

=

(

cosθ sinθ

−sinθ cosθ

)(

ν1

ν2

)

(1.3)

" Fdc1e�f  Bgihkj
l�94.�.=@ θ L �QX AJY�ZJ[J\m"(�BS�AJY�ZJ[M\
AU�JnMop��q/r GF 7:9s#t $uD�&=E1L ��X A�Y=ZQ[,\v"�r G <�>p?���w%xB0�7�9Cw�x
A�y*zBL��,{Qb�|,}M0�7~ tB�����%��� $�z�����������.J"(@,�,�47�9
i
d

dt

(

ν1(t)

ν2(t)

)

=

(

E1 0

0 E2

)(

ν1(0)

ν2(0)

)

(1.4)

.�A��BL
(

ν1(t)

ν2(t)

)

=

(

e−iE1t 0

0 e−iE2t

)(

ν1(0)

ν2(0)

)

(1.5)

"�587:9
.�A��*�4�1��SBA�Y�ZQ[Q\,@�qB0p"
(

νe(t)

νµ(t)

)

=

(

cosθ sinθ

−sinθ cosθ

)(

e−iE1t 0

0 e−iE2t

)(

cosθ −sinθ

sinθ cosθ

)(

νe(0)

νµ(0)

)

(1.6)

"�587:9 s#t $uDM&�EKL,� F��,����� ���4� GJ� 0,5%�4�K�MS#AQY�ZQ[,\`":r GU� g���^�Q  ��^¡7�A�@ �Q¢ �, s�t $/DM&=E 'Q) A�£*¤4�1qB0�.J"��*5�7�9.Q.6@�{�¥ t=0 @ νe  � g/��^4P4"60�7�9M{�¥ t @
¦QA s8t $/DB&�E� νe @�!87�§,¨
P(νe→νe) LC©*�
A�ª c �*5�7�9

P(νe → νe) = |〈νe(t)|νe(0)〉|2 (1.7)

= 1 − 1

2
sin22θ(1 − cos(E2 − E1)t) (1.8)

« X �%¬%­�® )J¯M°�±#² $1 Q³Q´8��µ�- F "60�78" �
E ∼ p +

m2

2p
(1.9)

"�587�A�@ ¢ �#LC©�A
ª c ��qu�(^u7�9
P(νe → νe) = 1 − sin22θsin2

(

πL(t)

Lν

)

(1.10)
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.,.6@ L(t) LM{�¥ t
; @B� s8t $uDM&�E1A����
	���
 � Lν L�<,>Q@8A '�)�� @ �

∆m2 = |m2
1 − m2

2| ":r G
Lν ≡ 4πE

∆m2
= 2.48

(

E

MeV

)(

eV2

∆m2

)

(m) (1.11)

@�qu�]^u7�9 s#t $`DQ&�E( ,<*>p?*�1w�xB0
7B"U-�L � .�A�ª c 5���S8A,Y:ZQ[*\8A '�)��0�7�9
.�^, s8t $uD�&=E 'Q) @#!#7�9��� A����
A8ª c 5�� « ?�A s#t $uD�&=E:A:w%x#LU<�>¡?CA s#t $uDM&1E�A�w�x#����rG���� ��� c ��!�"$# 7�9�.�^#L ��% ¤�& sBt(' D�)�EKL %+*$, �%� D.-�ªU70/�1�243 "# 7�A�-��
r �05 A
6 ��'879' A s#t(' D�)=E8-�LJ¦�^ " 5 F �v_(@ # 7�9�.�A0� « ?UAs8t(' D+)=E;: ) � MSW <,�>= F c 9
� « ?�@JL νe L(?+@ � ~
A ±

Ve =
√

2GFNe (1.12)

�8B#lQ9�.,.6@ GF L Fermi C�D � Ne L�� « A0E�F,@ # 7:9
� « ?�A sQt0' D4)�EG: ) A*{�b=|�}JA:£C¤JL � <U>�?�A sQtH' D4)�EI: ) -�?�@ � ~�A± "4J �LK�PNMO-,5�7�9

i
d

dt

(

νe(t)

νµ(t)

)

=

[(

cosθ sinθ

−sinθ cosθ

)(

E1 0

0 E2

)(

cosθ −sinθ

sinθ cosθ

)

+

(

Ve 0

0 0

)](

ν1(0)

ν2(0)

)

(1.13).�A��p�=���0=.� « ?1@BA s8t(' D�)=E;: ) A�£�¤ " �Q��7�9s#t(' D+)=E;: ) �QPOR*087TS+UV=:r G �
� s#t(' D�)1EXW�Y "�# 7:9 ��� �`_6L �0Z[ n8AH\4]��V=�r G(^ X A % ¤�& s8t�' D+)�E "�_a` �(^ G+b h � ��� A0c(d8L(e�r`�gf_�^ G�F P,A�@ � .�A �
� s#t�' D�)=E�A ¯�°�±8² 'Nh 6�ikj(l�m�n;oQ��p4F�q��sr�tM@u 7�=�V�W�_�^ GJF P%9Jr��
r � ��� s#t(' D�)=E=A
6�i�j�l�m%L F �al���A0���Q@   C��^
P "
� ¦*A����BL F�v ^wn �
� s#t(' D�)1E "+x�y r GMF 7
= F c n:A�	$K�P,9Jr��
n:¦6^�zU^#A0{ `X| A ¯�°1±B² '�}�~ AN� F -8ª�h s�t�' D�)=E�AH���4�87��Qn "�� K1PU9�
�0����� &�� ��� �#7+��=�-
ª#h H�I rJª c = F`c�� u n # K1P "JF�v ^Ln��(��-0� h �s#t(' D�)1E�Y=Z8AH1 « -�ª(K G ���
rBª c = F c�� ^�-0�4�
�����QP�9���^�_�A0����A
�%­ G A��*�JLCZ�� « X �8B�K�P sBt(' D�)=E "�� uX� �8� s8t(' D4)�E;: � -�ª�K GQHI �87���= " @ u 7�9T� « : � A:��=�r G ∆m2- sin22θ �(� ¢ @ 2 ���
-H���01 "k# 7=9X ¡ =(n ∆m2∼ 10−5eV2 @ ��¢ l*L sin22θ∼ 0.01

� n c£¢ l*L sin22θ∼ 1 @ # h ��¤ ¡ �8¥¦ n*o ��§ ¡ �1µ ¦ n*ow= F�c 9 KamLAND ���,@ML�µ ¦ n*o
-*l F%GM� ¦
��-�� "�# 7A��B5 F AC�
��{4¨+�
74�
= " @ u 7�9
n c�¢ l�A sJt�' D�)=E.: � �8P�R���7TS+UV=�r G µ+© s#t�' D�)�E � ´ "O#kª�«�¬®­¯ L�µ4©p?�AH°+± h�² ±#AH³*¤ Z =;´�µ4r π ¶�¤ "*� g¡�(^ ª�« �M_8- π ¶�¤BLC©�·H¸�¹� � �8� «

π → µ + νµ (1.14)

µ → e + νe + νµ (1.15)
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��^`ª�h � µ�© s8t('�� )��1L νµ : νe = 2 : 1 =�� ª �
= "��	� �]^ ªH«�

��� �%��� 6
{ `8|�� L ��� ¯M°=±8² '���� - b����J��� g��(^�P *�% ¶�¤ (e, µ) ·�l � ª���� �C���
6L) ��� �/_ sQt�'�� )��Q·��®K � � P:z"!*��#   � ª ��= "�� u ª · �B� zenith angle -
�
� ª �	$�� � §O-�f ª �k= "%� u ª0« zenith angle L s�t('�� )�� "*� g/�K^ � �v_�{` �(^ ª�&'� ·H�(
�· e D =�r � q/�]^ ª · �B� sMt�'(� )��.: ��"�# ^�) � zenith angle

-�ª�K � 2 : 1 = � c ¬ML+*	,�� ª L v��k#�ªH«
�.- � ��^�_�· s�t('�� )���: � �8Pk���+�Q�,� "�/	0 �(^ � e/µ ·C¬ "%1�2 �K^
P ~

· b ª�¦ 60% =3�®K �
��ªH« ��· s8t�'(� )�� � ´ = zenith angle =8· ��e L ,5476O, �� ��� �98�: - /�0 ��^ � m '3;$' ,�4<6�, �]� -
ª�K � �,_Q- =�Y>�$n�·$='�kK �	�
ª0«
nUr
�K^ " s#t�'?� )��;: � �8Pk��n�· �¡_@) � ¦ nQoJL sin22θ∼1 =�� ªH« ∆m2 L & 	L$K u h�r�� ��" 10−2 ∼ 10−4eV2 ·�A�B ��#kªH« m '�;®' ,C476O, ��� � L � νµ↔ ντ �
=d�ED�Bpr �%�OªH« KamLAND ��� � L νe↔ νµ ·H�O�01 "$#kª ·��
��§�F�� ª �
= "
�u ªH«
GIH &3� - � ³%¤�J h J K4| ��L9K ��^ �I· sBt�'(� )��G: � ��� " �*�%^ � u P « νµ-

νe : � -*l � �B� £NM3�0�4�k-�ª�K � {+¨¡�(^ � u P ∆m2- sin22θ
��� ��O 1.4 -0P
� «

O�P LSND Q � 800MeV
� ¤ J K�| �`_ ` P � ¤p� �CR -�´�µ/�3S �=� g�rUP π P%b=¤"�T�U r9V §�W X r �%� g�� ª�Y ¯M°�±8² ' ( D 10MeV) · νe

�
νµ
�

νµ
s8t('�� )��H·8:� S4Uk·H{ `X"[Z R �k#
ªH« LSND

� Q � νµ→νe ·N: � S4U���\�]_^ V:��� � νe ·�` "��� ª5aNn'b.c �%� V�V�d�- �9e_f '?� )���: � ·�g�h ; i_i 'kj�' AlB%mNPC^�V «n8�o�pq ��P�- π P r�s "	W9X ^ �9t	u � ª�e"f v �
w � (60MeV x
y ) · νµ→νe ·�z � {	|~}
\	]l^9Vn��� p g�h ;5� i v j AlB �9�9�k�_���.��m���^ V � BNL E776

p
Minos � K2K

�
�>Q p�� K����?��t�� V��k�	���k� v π±
p

K± � r�s�� q�� � � W X�����tl� V��.�	�
�"� v ( � GeV) � e.f9v�� w�� m��
�_���� k� p Minos[3] � K2K[4] ¡ p9e.f9v�� w�� �q���¢ £�¤

700km
p

250km ��¥ ¢ £	¦.§ �n¨ d p long baseline ©�ªN��«�¬�­C��� Minos
¦

¡ pne.f9v~� w�� �n®�¯.�	���_� v ¤ 12GeV �<�%�	���.� v ¦_§ a p τ °9s�m t	u �_�	�
� ¤	±"² �3³��+�
´��>��� p νµ- ντ z%µ
¶_·�¸����Cm p τ °�s��>¹5º>��»�a¼¹%½
�_�%�.�¤ º�¾~�%�3�À¿Á �Âlm }3Ã �

Bugey[5]
p

Palo verde[6]
p

Chooz[7]
p

KamLAND © ª%³	� ¤	Ä s�Å © ª ¦k§ ���@Æ (1.11)

»�Ç p3ÈCÉ ³ ∆m2 Ê ¦9Ë�Ì �"��� ¡nÍ�Î_m�¥ÐÏÑ�.� �%p3Ò � �	�3�"� v �9Ó
Ô v(� w�� mÕ�Ö �.���
� ¤	×9Ø � ³.��� Ä s�Å ��� �+Ù	Ó
Ô v~� w�� �>�����k� v ¡n� MeV � p@� Ú� m��	�9Û�Ü � ­~��Ó.Ô v�� w��ÞÝ�ß Û à�á?Ï Ò ��¨�â p�ã�� ¥ É ��Í�Î"��Ó.Ô v(� w��
z	µ�©�ª ¦ ¡ p »lÇ È~É ³ ∆m2 Ê ¦ Ë	Ì�¦Cä �
�%����³"���

KamLAND ¹5º � m ��å ��á ¨+æ	ç 200km �.è%é���¡9êÐÏ7� Ä s.ë ì�í
î ¤�ï(ð�ñ�ò¦ �%�����ó­ � � Ä s
ë�ì�í�î ��� ¾��@í�s ô�Ù
Ó	Ô vC� w�� m Õ�Ö �.���
�'�_»_Ç Kam-

LAND ©�ª ¦ ¡ ∆m2∼ 10−5eV2 Ê ¦9Ë�Ì�¦lä �
�<õ�ö É ­�Û�÷NÇ p νe→νµ z�µ
� ÷9�>Û
¡ø �	ù�ú"�+©�ª ¦ pnû.ü Ó"Ô v�� w��'ý�þlÿ�� ���"��� Ã ¦_§ � MSW �����	��
��"�+¹
½ ¤�±_²n¦.§ �+��x
����� 1.1 ��� Ä	� Å�Ù%Ó"Ô v�� w�� ¹�º � ��� ²�� �k�>�
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�
1.4: νµ↔νe Ó.Ô v~� w�� z�µ�� ��� v�� � 90%C.L. 	�

��� Ë	Ì ���
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©�ª ������� Ä � Å �?� � ¢ £ ∆m2(eV2)

Bugey 1200kg 15,40,95m 2×10−2

Chooz 4800kg 1025m 1×10−3

Palo Verde 12ton 740m,850m ∼ 10−3

Kam-LAND 1000ton ∼150km ∼ 10−5

� 1.1:
Ä � Å%Ó"Ô v�� w�� z	µ�©�ª_��� ²

1.2.2 �	��

��� ��� �����
Ó�Ô v~� w3� z µ ����� Ö�� �k���	ë�³! #"k�+� Ã ¡ � Ä � Å ¦ ì#$	�.�@í � ô�Ù�Ó�Ô v� w�� � Õ�Ö á �	´��nì�$�á ¨��À� Ö%� É ­l¨�� � Ý#& �"� disappearance ©�ª ¦.§ ���Ä � Å ¦�' � É ­C��(�)#* ��(�+
¡ 235U � 233U � 239Pu ³�� ¦%§ ���-,%. Å�/�0
��¡ 235U

¡ 2∼3% á ��1 Ê ­	Û	÷ �32 �54 Ç �!6 97∼98% ¡ 238U
¦%§ ���
��� 238U ¡�� Ú � � � �7!8 á�Û�(�)�* �:9 ���>���� � 235U � 7!8<;!=?> ¡n� Ú � � � �A@_á�Û	¡ È~É � ¤ �:B� � � �!@�á�Û
¡!C?D.��� ä ���

235U + n → A + B + 6.1β + 6.1νe + 202MeV + xn (1.16)

Å å � ÷�� Û � � � ���#E.¡ 238U � 232Th ³%�9�GF?H É ­~���l�@­ � � Ä � (k¡ � � � �
F?H
�_�.���

238U + n → 239U + γ (1.17)

239U → 239Np + β + νe(τ1/2 = 23.5min.) (1.18)

239Np → 239Pu + β + νe(τ1/2 = 2.35days.) (1.19)

232Th + n → 233Th + γ (1.20)

233Th → 233Pa + β + νe(τ1/2 = 22.2min.) (1.21)

233Pa → 233U + β + νe(τ1/2 = 27days.) (1.22)

� � 2 ú_� β I%J �LK Û%(%)M*��?NM� ¦_§ � 239Pu � 233U �!OMP.���>�G$RQ É ­�¨ 239Pu

¡!B � � � �l»�S�Û�(%)�* �:9 ���>�
239Pu + n → A + B + 5.6β + 5.6νe + 210.3MeV + xn (1.23)

�>��»5¿@� Ä�� Å ¦ ¡ � � �?T<U (�� β I%J �À� Ó"Ô�V �XW � ¤ $XQ.�l��¨�â���Y�Z
100% ��[�� ¦ Ù9í � ôkÓ%ÔAV �?W � ¤�\ º É ­~��� Ä � Å ��� ��Ù
Ó
Ô!V �?W � ��]A^`_� �_¡��G(%)�* ¦ $MQ É ­(�5acb3³ Ä � ("� β I�J�]#^`_ � � ��dMe �%fMg5���%����»�S
Û%h�i É ­ ��� % �!j�ú ¦ Ó"Ô�V �<W � �<k ��l _G] ¤ ) � ���5»�S�Û Ä � Åk¡#m�ú"���
�>Ù í � ôkÓ_Ô�V �<W �-n �+á�Û�CMD.�Go�á�Û
�_���

KamLAND ©�ª ¦ ¡Ap_�rq β I�J	ÙMs%�l»�S�Û�í � ô�Ù%Ó"Ô�V �<W � ��¹�º ��� ¿¼�
νe + p → e+ + n (1.24)
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�n�+ÙMs ;A=M> ¡Ap�Æ ¦ � É ­(�+�
σ(Eν) =

2π2

m5
e+f τn

pe+Ee+ (1.25)

= 9.5 × 10−44pe+(MeV)Ee+(MeV)cm2 (1.26)

��� ¦ � τn ¡ � � � ����� � Ee+ ¡ ü í � �9�	���_�<V � pe+ ¡ ü í � ����µ�� � f ¡Xk��
�	��
�� ¦ f = 1.69

¦.§ ����
��� ¸�¶��LV � � ¦ �+Ù�s.����ú%¡nÙ
ÓkÔAV �?W � k�� l _G] Fν ��¹lº � é�� ü � �
Np � Ý
�������

N = σ(Eν) × Fν × Np (1.27)

Np ¡ ����� ¸�¶��LV � � �G.�� /  �� Ý (rH/C) ! p_�"
$# ¤�§ �%�
Np

w
=

6.02 × 1023

1.00794 +
12.011

rH/C

(1.28)

&�& ¦ � w ¡ ���'� ¸�¶(�!V � � d � ¦ � rH/C = 1.9 �r��) � > � 500t !ná�¨�! ä � Np

=4.1×1031 !�³ ���
p �+*�,�-/.0� ÷
1 � Ù�í � ô%ÓkÔ#V �<W � �?k2� l _r] �43 �0� KamLAND ¹lº � ���å !�á9¨�æ�ç 200km �
è	é � ¡>ê Ï�� Ä � ë�ì9í�î ¤�ïCð3ñ�ò�¦ � ���6587:9 é�� Ä �
ë�ì9í�î ��� 1.5 � � Ê ¨ ��´�­ � � Ä � Å"�:B5º�ë(! KamLAND ¹lº � Ê ¦ � ¢ £ � �
1.2 � Ê !�â �%� � 1.2 � � Power Flux ¡�� Ä	� Å �I�<; ¨ *�, ¹�º � ��= � 
 � B~º�ë� � 1�¨'>�� ¦ � ¢�£ � L ! ��� !�� GW/(4πL2)

¦ � É ­ � � ¦"§ �%�
p.� � 1.6 � ¡��@?BA.� Power Flux ��C µ �43 �+� & ­ �(� �@D � Ó�ÔLV �%W � �Mk�� l
_G] ¤ êÐÏ ³ÀÇ �rq �0E��0F ³ÀÏ�³ � & ! ¤ ) � ��� & � & ! �?� Ä � Å�Ù%Ó.Ô�V �<W �G�H C	µ ��I ß�� & ! � »�ÇKJ l _�L��'M9¸�N ��OM> > � & ! ¤	¦Cä ��� Ê ¨���� 1.2

¦
� Power Flux � �Mh~»�Ç � 1.6 � Power Flux

¤ È~É Ï ³`S�Û
� � ��¡ Ä	� Å ¤�ø �Cº�ë¦ �%O�á�Û
� ³	� & !
!���´�­QP9­�� Ä � Å ¦ � ¸�R�S�¸#]��9¨�â�T � �	UV?%¡%�%O � á
Û%��³���¨�â ¦"§ ����

1.7 � ¡ KamLAND ¹lºXW ¦ ��Ù9í � ô.ÓkÔAV �MW � k�� l _G] � ÉQY � Æ (1.27)
�

�	�+Û%hAilá>¨ KamLAND ¹lº<W ¦ �+¹_º�Z<[�¸ � � � Ó
ÔGV �MW �@\ µ ¤.§ �^] �(!'³
� ] � � Ã ��Û �+_
` � @�aQb �2cBd á9¨ ü í �/e2f�g�h:i V (Ee+ = Eν − 0.789(MeV))

!ná�Û � 1.8 � 3 �+� & ­ �L> ) �:� !@Ù í � ô.Ó"Ô�V(j W�k e Z�[5¸�j@l�¹5º$W e � �
��� 1000ton

¦Qm 5 � ÷l»+´ 2 ZX[�¸�j%!3³ ��� ³�÷�� Ä	� Å e%n�o�p l 78% �+q6r<) p
l 100% !�á2s6! ä > e%t'u �%�
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�
1.5:

5 769�� e�� ���
	
�
�'e )
� �

� ����	��
� �
� B�r � Power Flux

(km) (GW) (W/cm2)���
160 24.5 7.7×10−6���
190 13.7 2.9×10−6�
�
210 10.2 1.8×10−6� , 210 10.6 1.9×10−6���
150 4.5 1.5×10−6���
97 1.9 1.3×10−6���

165 4.9 1.4×10−6 "!$# m
357 14.2 8.9×10−7 "!$#�%
351 13.2 8.5×10−7&�'
306 3.3 2.8×10−7!$(
414 3.8 1.8×10−7)�*
560 6.0 1.5×10−7+
'
770 6.7 9.0×10−8,�-
442 4.1 1.7×10−7.
804 3.3 4.1×10−8- �
844 5.3 5.9×10−8/�0

127 2.1×10−5

1
1.2: 24365 � e���78�
	
�
�'e:9 r �<; KamLAND q/r>=@? t'eA�
�
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1.6: Power Flux

e�����e��	�
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Energy (MeV)
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No oscillation

(sin22θ, ∆m2) = (0.7, 2e-5)

�
1.8: � ��7���������� ��!�	  �
�

1.2.3 �
����� ��� �������� ��� �"! �$# � �&%('*)"+-,/.�0�1�243�576-8797:�;<�
9<=?>@2�A�B���:<;��
9��
90%
9 C ��� �$# � �ED C<F # C<G #�H�I �J��KML ?4N@O�P 2 U/Th

�7Q"R?KTS"U O&V WX N O�P 28;$Y"Z N�O P 2�A/[<\ � �E� ��:�;���9@9M] 16TW
=^C/_ V�W"` � 40%

;ba<0
X N^O P 2$c^dEe���f<g?24h i�9&j�\Tk75 P A�B��ElEm<C<npo U/Th

��j�\ ` ,pq�0�1�2B8;rc<sE6 =@>�2tA ���<u � ���������/9 ���wv # ��x"y-,En/o�z {E=E|(2tlEm<C<} N ,~�� k/�<��1�2<B�;49 C ���wv # �7)"+��7��������k P7�<� ;*5?2��?����A u���� ������	� �/9�C ����v # KMjE\�1�2*: ;��<��� �
β
Q"R�� 
 V�� 2�A

[A, Z] → [A, Z + 1] + e− + νe (1.29)

KamLAND ��� =^9

νe + p → e+ + n (1.30)
; P � uE� ,�� P&O νe

, ~T� 1@2Ml"mEK"C�� �p�@���M�M� �
1.8MeV � F � νe

c<qE0 ���� ;*5?2�A�S"U O U
;

Th
�tj<\ ` ,����/K7.�0�1�2 B�;rc<�?� ;*5�2�A3�Kt�� @1�2*: ;��<���@9 � G � 1 1.3

Kt¡@1�S-�rK
4 ¢ >�£�C 238U

;
232Th

�@¤7KE9Q"R ¥(¦4L@m?2
[8]
A 1

1.3
9 C ����1<§ Kt¨ P ;&B"��K&j<\<1�2*:<;E�<�<��© ;��EC � FKtª�«@1�2 u ����� ��� � � � ���� �! ` ,¬¡-k�l�¦ �7=@>�2�A
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Isotope Integrated Flux

[/cm2/s]
40K 1.1 × 107

87Rb 4.6 × 106

232Th 3.5 × 106

238U 3.5 × 106

1
1.3:

����1<§ ��

100km � v KMj�\�1�243�5�:<;<�������	� 
 � � ���� �! [8]
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�
1.9:

�<�<u � ��� ����� �M������� ��!�	  �
�
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1.2.4 ��� � ��� �������� ��� V �	� #�
 9
����,��"!�k O � �/�^� �E,�� V 1�2 ������������� ��� K�>@2pAB�� ��� =�9 4 � � � 7Ec�� / k O 4He
;45�£ C^B � ;��

26.4MeV
�&� �/�����";

2 � �� 7 ����� ��� � c V�� � X N 2tA�  =�!#"�;¬C
4p + 2e− →4 He + 2νe + 26.7MeV − E (1.31)

=^C
E
9�� � � �	� � �%$'&)(�2¬�<�¬�����/=�> 2pA* 

1.31
9 P " ¢ � � u"� , ? ;4m O !P l?¦ ��=@C,+�� u"� c-+ N ��g/.0�&2 ��9<C � � v # �/132@C%435@C%632�57+�=�. ? 2�A8 � ��9 / C�B �t��� /EuE� �:.;�"2<9>=@9	?>@ 20 A km
� 8 � �^¤�B # =�.C� O P 2;ED,F 
 N�O P 2�A<} �
G3H@C�¤EB � 
��	I�J 50 A km K 2 ? =^9t:<;�L@C X 
*K�G�H �¤EB � 
��	I�J

70 A km K 2 ? =�9 �3M L ;¬5?U O�P 2�A�:�;�LE=^9
�������E�E=�� V kl����¬��� �/c�C�:<; ;�k O 8 �
N3O K�S"2<P>Q<!�R�S TVU�: � ,:W £YX�kM57c 
 1<§ KZ ��U O ��{"=�[\" A�B��:] K 9 � I�^3_�`�a �� 4=�>�£ C7¤bB # =�� V k&lM�<�¬�^���*c8 � 1 § Ktª�«@1�2 ? =@K 100 A�c7K 2��>d>e�,/6@1�27A ¢"? £ C7[ \�C 8 � 1<§ ��
 :; X N^O P 2 9����¬��� �M9�f	� 
 100 A�chg K V W X N l�¦ �7=@>�2tA��3i@C 8 � ¤EB# =�� V k�l������������/9M] 500 j = ��� Ktª<«@1?2tA 8 � � ������� � �/k<q^9 C 8
� ���¬��� � V�W ,��ml/�on�p _ =�k<q�1�2 ¦��6; Y7F�2�A 8 � � ��������� ��k<q^9 �� � �Ei��/q3r<=?>^2 � � v # =����3� /Eu�� , �>s k�C 8 � � v # )"+�,�t>u^1?2"; P�wv � N h�%���H § ,%$ ¢ ;yx?K<C�� ��������� � OE` �:z7{�,:|�}�28; P �~���
7 N h% ; P �p¦��~� ¢ ��H § c�>�2�A 8 � 9 C ��� � ��i^K�q7��" 8 � h<i"c>��kMg N7� C/�V 1�2 � ��� ��� � ����� �� �!6;$��������� !�	  �
�Ec��&_?K�h � X N@O�P 2/�3� 5����� �����<�E=?>�2�AB�B4=�C 8 � � ��� ����� � V Wo�:� �3� _ ;*� �p�?��� !�	  � ��K ¢�P"O���� K,��71�2tA 8 � �:97�@C"�����?� ��� 98.5% ? =Ec pp � ¥ ;"S ��N 2 u�� ] K =�� V 1�27A
pp � ¥ 9<C 2 � � � 7�c>����k O
��� 7 ; 5 £ � � 7 ; �	��� � ���rc": � X N 2 pp

uE�
=��;��27A lE�?k&C

1% � G �
����= 2 � � ����� 1 � � � � c u�� 1�2 3
� u<� c�> £ C

pep
uE� � S ��N 2�A pp

u�� 9 C �/� ���Ec� ���� I �&= u ��k�>��rlEmEC��>�?K��-U'"£ � �>[�1�2�A�B N c��> -e�K7Z?l�U O �3� c7¡E0@K	¢£"¬B � c =C��2*h¥¤¬=@>�2�ATB/¦§,¨ C<©©" Z3ª ¨>«�¬�­<®
hep
u<� ��¯°��± ­ ¦�� 1 ¢ ¦�²´³7µ:¶�·T¦ 
 ¨ ± ­	¸� ¦�¹�º�»-¼h½>¾�¿ ��À	Á,Â>Ã7Ä ·3Å7Æ pp ��ÇhÈ>É «�Ê "ËÆ CNO Ì phÍÎ» �%ÏÑÐ ] KÒ ¬�­	¸´Ó ¦	] K Å,Ô>ÕhÆ:ÖhÕ�Æ	×>Õ ®7Ø3Ù �	Ú	Û Å�ÜÞÝ
ß/Æ/à�áCâ	·/ã (1.31)

¦ Ã�Ä ®ä ß ­/¸
CNO Ì p>ÍÎ»�Å,å�æ ®�ç Ï §�è ��é · Ê-­<® Æ�ê�ë « Å�ì�¹hº�»�¼h½�¦ 1.5% Ú¨�íoî Û7Ï Ê Ï ¸ï

1.10
·�ðòñ�¦/ê�ë3ó�ô�½oõ�ö:÷:¦
¹�º�»´¼h½�ø�ù0Í0õY»C¾�ú Á ¸ ��Ü>Æ	û 1.4

·�Åhü
±hý,± ¦ Ã�Ä ¨ Ý�¦/êhë3ó�ô,½þõ7ö:÷:¦	ÿ���¹hºE»´¼h½ ����� ¹7º�»�¼�½�Æ��	��ê�ë�
��· ¯ î Û	��
'Ú Ü��3³��
Í/¦��Þ¾�ú Á ¸
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ï
1.10:

ê�ë�ó´ô�½¥õ�ö�÷�¹7º�»�¼�½3ø�ù'Í'õ »

Ã�Ä ��� ¹�º:»�¼h½ ÿ���¹�º�»´¼h½ �3³ ��Í/ø
(MeV) (MeV) (cm−2s−1)

pp pp →de+ν 0.420 0.265 5.91×1010

pep pe−p →dν 1.442 1.442 1.40×108

7Be 7Bee−→7Li ν(γ) 0.862(90%) 0.862 5.15×109

0.384(10%) 0.384
8B 8B→8Be∗e+ν

→24He 14.02∗∗ 6.710 6.62×106

hep 3He p→4He e+ν 18.77 9.620 1.21×103

13N 13N →13C e+ν 1.199 0.707 6.18×108

15O 15O →15N e+ν 1.732 0.997 5.45×108

17F 17F →17O e+ν 1.740 0.999 6.48×106

û
1.4:

ðþñ�¦ Ã�Ä · ¯ ­ ê�ë3ó�ô�½¥õ7ö:÷:¦,¹�º:»�¼�½�� �3³��
Í�ø
** �	�	
 ¦ 3Be∗

Å��3¡�
 Ê Ü��3Æ �	� ¹7ºE»�¼�½�Å���¾���� ¸ ��� Å 8B
ó7ô
½oõ�ö�÷��¹�º:»�¼�½,Å

15MeV ��� «�¬�­/¸
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ê�ë�ó�ô,½¥õ�ö�÷�¾���� Á ­ Ü	��·3Æ Homestake(37Cl) ��� Æ�ø7½��Þ½���� �	� ( 	 ¶�
� µ�
�� �	� )
Æ

SAGE
�

GALLEX(71Ga) �	� Ê�è Æ���� � �	� ®���� ±7Û ß:Ü ¸ Ú��´Ú ÆÏ ª ± � ��� « Ò ���>ê�ë�
�� ®���� Á ­ ��� � ¯�� Ò���� Ï ����à3áÞ¾! ÛhÏ ­�¸´Ó ±¾:ê�ë3ó�ô3½;õ�ö:÷#"%$ � Ï©Ð ¸
KamLAND � � ·'& É ­ êhë,ó>ô/½Cõ>öE÷(�����*) �7Å>Æ 8B

ó>ô/½Cõ>öE÷ �,¹�º�»h¼7½+�,-¾ « ß ­.- �0/ ¹�º:»´¼h½21 « ��
 Ú/Û Æ MSW
�3��4�5�687 ® ú�9 Á ­ ��³ ��Í
ø�#:�;Þ¾�<�= Á ­�Ó ����Æ 7Be

ó�ô�½¥õ�ö�÷ ��³ �,Í/ø7¾#>�?�·.@�
 Á ­�Ó �E· ¬�­:¸ Ú�´Ú Ê/® Ý�Æ KamLAND AÞÀ�B « ��êhë�óhô�½Cõ�ö�÷ ������Å7Æ�êhë�ó�ô,½Cõ7ö:÷ �DC�E���'F#GIH�J
(νe+ e−→νe+ e−) K ¿�L�Ü Ã�M CIEON�P�QSRUT�V �!W RYX�T[Z �.>'\�]�^*_��
 Á Q
Ü	�>ÆS` �,Í�acbOd'TUe�f%g*T'õ � �Uh�icN8j�k�l8m Ðon�Ï'� N#` �,Í!aUbcd.Te3_�:þÝ Á�� l�p é � Ê Q/Ü	�>Æ�`�q W TUr�N3s�t�u�vw_ 
�x Ú sIt8u�v�y ��f%g�TCõyÅ7�z � � N>Æ�{cQ Ï Å�|�T�b8f�T K�}!~c� Q Ó ��ÒS�I�;Ý�� Û�Ï Q n�8� �[��Q
8B
ó�ô W õ�ö:÷ �Of%gwTCõ0�O���

4MeV �2� �3� M C�E�N.� Ú	Û 560t
�Sst A������ N �´ß!� 470

f�g�T'õ
/ ��K {2Q n 7Be

óhô W õ7ö�÷��Uf�g�T0õ��c���
300keV �� � 300t

�Ss�t8u�v K 110
f%g*TCõ

/ ��K {cQ n

1.2.5 ������� ��� ������ ñ��'�U� �� S¡ K � � �þâ'¢7ó�ô W õ�ö�÷¤£ � _.m�¥§¦8¨U©Oª2\8l ä¬« î Ü.­O5�N
KamLAND Aw�%B�K�A*� �[�®Q	ó�ô W õ�ö�÷If�gwTCõ0�*_�û 1.5

N/ú �.n
��¯ f%g*TCõo�

νx(νx) + e−→νx(νx) + e− (1) 8

νe+ p →e++ n (2) 330

νe+
12C →e−+ 12N (→e++ νe+

12C) (3) 2

(Eth : 17.3MeV)

νe+
12C →e++ 8B (→e−+ νe+

12C) (4) 7

(Eth : 14.4MeV)

νx(νx) + 12C →νx(νx) + 12C∗ (5) 58

(Eγ : 15.11MeV)û
1.5: KamLAND ��� N�&�°�Q�¦�¨�©�ó�ô W õ�ö:÷[�I¯®f%gwTCõ0�

��¯
(1)
�

(2) K�± 340
f�g�T0õ0²�³®�´��Q[l��,ø W � W�µ*¶ | µ T¤· ����f�g�T0õ�� K¸.¹ NI¢'Ý»º�� « �òÝ��S��¯ � Ý KamLAND �	� �#¼�½�_ ��� « ���Sk Ú3¾'n#¿�À ���I¯

(3)(4)(5)
�'Á�uORcT!V �SW2Â ¼�s �#��¯ K {UQ3Ã	���,ó�ô W õ�ö�÷[Ä'Å�ÆIÇwÈ!Ä�Å�NUÉ�ÊË �!¨�Ê ¾.Ì�Í l8²�³��´�YQ nÎ �#Ï
(3)(4)

�#CIE �<ëSCIE ��ÐIÑ�Ò�Ó � ��_%Ô�Õ � Q « ��N�P î�Ë ` �!Ö!a8b2d3Tcew×�þö W K�A®� �[��Q.�>üUÊ Ë ��Ø�Ê�ê�ë3ó�ô W õ�ö:÷�Ù'Ú � Just-So Û2Ü 7Il2Ýc¢�Þ%�#�
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¯
(3)
�

15
f%g*T'õ �#��¯

(4)
�

14
f�g*TCõ�N ��� Ê��

5σ
�Ss�� � K�A 
 K�� Q n 13Ã��

MWS
�S��4�5�6�l�Ý K {UQS¢*Þ�����¯ (3)

�	�
27
f�gwT'õ � � A�

��� NI¢�Q n ��¯ (5)�� �G µ�� T;õ´N*P î%Ë���� �¤� Q'Ã��8��ó�ô W õhö	÷������7ó Â'W �%¢�Q n « ��Ã ���ó�ô W õ�ö�÷ Û�Ü 7�zON#p é ¢
����_ Í Ã � ����¢®Þ»º��#¦�¨�© r ��ó�ô W õ�ö�÷����Il��� �(��QIf�g�T0õ�� � Þ 1MeV

����� K @	
 K�� �»© � ��!�Å�"2NS¨�Ê ¾$#�% _'&U��Q n

1.2.6 (*),+.-0/2143�� ��� �����
100 5'��6'� Þ87�92N;:*Q=<'N � � Ã#¦'¨I©�ª�\�>	?I�A@CB W�D�EGF �!����_�)IH �.n ÇÈ �C! �=J�K�L�N�M�°�Q�¦�¨�©8ª�\�N$OA�,P(ª�\wÊ'Ã!©QN�R���S�T2�8�$7�9UNSÇwÈ V�W�X

Y Ì�Z W[P \	N��C!	]C^UN=_a`
b#p�VO¢=c�dfeg&�hUi�jSÇ*È$k�²UN�©QN�S�T�l Þm7�9UN!ÇÈ$n�W
X�o�p � i�q'prN=s
t Zru ¶ B�v$w uyx�z${�|'}�~ N;���aeSÕ�� Ë	��� Þ8� Ë M�� |����� ba�Q���C��b Ì�� Ê����®Þ´Ï | k �.Ë ��� b=���r�����C"�W���eg����b��ai=j
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1.3
� � � � � � � 	

1.3.1 
���
������������ �������! !"$#%'&)(+*-, b {/.10A|3254 N7698;:=<?>;@=o9A1B=C |EDGF9H1I e?J ~ i 235U | 238U | 234Th |HKI eGJ ~ML ��� 40K | 14C | 3H | 60Co
�ONgo'P i j

14C | 3H { VRQTS=NVU9WYX,P[Z+\M]�N^K_K` X ��� bQ�a�ba�cCi;j
60Co {Od;eUz v dVf X�]Yg�pKhKijC
�1kYljm�wGnpoKqRr�psPi=j

14C {9tRuRvOw NVx ZYyRz S=b {1{ �C��|~}R�����yi;j+��� LM� <V>O@ {R� |��+N �rK� b5�p�Kr�|/CM�p�fq ���Y��� |�� @ u z?� v$w�m |~�����=���j��� b { 238U | 234Th
o

10−13g/g | 40K
o

10−15g/g
gp�Y�Y�7�Ki9 �¡;p9�Qq �Y���rigj

235U {G.90 h9B1¢�p 0.72%
g�Y��q'�£�A�Qis|/¤�h L �=�r��i=j+��� L e/�O¥K¦T§=p 238U | 234Th

o
10−14g/g | 40K

o
10−16g/g

qGpK¨�|VC �R� w z |V���V�'��©5ª iA�Qi;j
238U | 234Th | 40K

o«� �G¬ e�­O®jC	��|5¯ | %T&�( �1°O±/�s² w1³ ¬+´ 1MeV ©5µ �C�¶ | %�&�(�*~, © AYBA� ¶ 6Y8Y]YXR· © � ¶ trigger rate {G¸ 1.6 � ��¹ © � ¶Gº»R¼ WY½O¾R¿£À5ÁpÂ Ã3ÄYÅ�Æ�Ç-È�É ��N %�&?(R,KÊ L/�/Ë &RÌYÍÎ¯;�+�=|ÏÌ�Ð Ê ¶Vº �� L�Ñ xpÒO@RÓ ,'ÔVÕ ´/Ö ¹?�=|�×RØ L �j�s|�Ì�×Î¯ ¶Vº

��� ÆMÙ£Ú�Û9ÅsÜ w Trigger Rate

( E>1MeV)

� @sÝsÅ ��Þ È=m 0.21(Hz)���V�'���+�~� < 0.01(Hz)�R� È�Å 0.1(Hz)ß È5à
1.2(Hz)»Y¼ WR½O¾K¿
2.4(Hz)d1e Å ÞMd mpÅ=Æ ∼ 0.04(Hz)ÁRÂ ÃEÄOÅYÆ�Ç-È�É
2.5(Hz)

¸ 1.6: ápâ+� 6O8R:+<M>R@ Ê L?�VË &

��� Æ/ÙsÚ£Û9Å£Ü w |GCV� 238U , 232Th , 40K
��N �5ã£© 222Rn

Ì+P ¶Mº
222Rn Ñ1ä'åGæç�* �Gè Q�S ©;éKê'© ��ë~ì=�O�îíïÀ1ðpñ d ×sP ¶ �Kò , â Ê L)óYô=©;õ i+C/ö ¶Gº÷

1.11 ©;ä'åVæ çO* �Gè Qø|�ù � 222Rn activity ´�ú � [9]
º ��ìøûjíüÀ è QTS ©pÑ �Tûý

1kBq/m3
ÀGù�S ©KÑ ��û ý 10Bq/l � 222Rn

ÌY�Îë~ì��=þ ¶ �=|ÿÌOÐ Ê ¶Vº ÷
1.12 ©KÑ��� � � Å������ � trigger rate ´�ú � º °O±?�'² È;³ ¬�Ñ 8.5MeV

×£P ¶Mº
	�� � >'§M×�YùY¦T§ Ê L �Où ´ mRÅ£Æ ©�
�� C5�=þ ¶ ÌTÀ'� ��� trigger rate ©�������� ¥KÌ�� L ì¶Gº
trigger rate � Ø { � ¶���� Ì 222Rn ��� ØR}ø| �"!A� ¶ �s| Ê L 222Rn ��#%$ |?¤'&L ì'À 1987 ( 5 ) Ê L �KùÎm9Å�Æ�|-�KùK¦j§ ´Mæ çO* �Mè Q Ê L+*-, � ¶ ��| © ûjí/� �

#%$�´M{��/. CM��þ ¶Mº
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÷
1.11: äjåGæ ç�* �Mè Qø|�ù � 222Rn � � [9]

÷
1.12:

� � � � Å����%� � trigger rate[9]

KamLAND
���Y×��?À � @£Ý£Å ��Þ È�m Ñ����'©��
	 �-ì ¶Vº C Ê C9À � @£Ý£Å ��Þ Èm���
 ©pÑ 6K8���� © P ¶ 1µBq/m3 � 222Rn

ÌYAKB�� ¶Gº � â=��� l=È ©Yd;e Å Þ/dO´ nþ���� � À d È��TÈ � � � � Å ���%��|/<Yc d9e Å ÞVd Ê L-è Q�� � 222Rn ��� ¢ ´ n�þ¶ |
222Rn � � Ñ�� 10µBq/m3

| � ¶Vº è Q ©� � ¶ ��Ú �"! Å �����T� 222Rn �5y$# �ÌOÍ«¯5þT�£| ´ ¤�% © iKìOì�&$'�Í � 100µBq/m3 ©%� ¶)(+* :RÌTP ¶Vº calibration , ×, Q ©.- ì ¶ �£|/�/P�íüÀ=C Ê � � � � � Å������ ©�0�1 ³ ¬ Ì�2K  ©�3 þ � × ý � #%$Ñ � L�© ÍÎ¯ . � ¶ |54�6���ì ¶Gº÷
1.14(

�
) © À � @£Ý�Å ��Þ È�m1S © 222Rn

ÌYhpijC��+|5¯ © KamLAND
���R×/7�6Î�ì ¶ °=±?�'² È d/8 ÆTÉ � À=÷ 1.14( 9 ) © À °�±M�'² È1³ ¬£©� � ¶ trigger rate ´?ú � º

� �YÀ Rn activity Ñ 10µBq/m3
×sP ¶Gº ÷

1.13 ©KÑ 238U �5DpFOHRIs� � â�´?ú � º



�
1 � KamLAND

�%�
28

÷
1.14(

�
)
× Ñ À 1MeV

� 9 | 2∼3MeV ���=©���� Ê �	� È�Æ�Ì���
[ì ¶?º �ÿì Ñ 214Pb|
214Bi � β ��
 Ê 
 � β � | γ � Ì������5��þ ¶ |/¤�&�
ÿì ¶Vº ë��YÀ���� �j�9°£±M�² È~Ì ��� Ý�Å �TÞ È	����× » °K±?�=² È © �pÖ�!#" À%$'&)(9× Ñ 7�6�*�ì � þ °O±,+�² È©#�RÖ � ¶�-/. Ì'0 ¶Gº α 1�2£Ñ -�3 Ò�4 (

Æ�5jÅ�6+ÅGÙ
)
ÌOÍ�7 . À��	� � 3 5/8 +:9 È3

1/10 ;�9 3 5	8 +<9 È?×�7$6=*�ì ¶ ( ��> B ?�@ ) A - 3 �pòKÀ α �=Ñ 1MeV ;$9 3 � ÈÆ�BC�D�E� F=þHG .DI &=
ÿì�G Aë��YÀ
214Po

3 ��J�K�L/M
236µs

.ON .QP RTS�U%�WV 6HB#XTX�G ("*#Y�Z 0HG Z P 214PoX[
 3
7.69MeV

3
α
M -�3<\ 5H]�6:]�^TBjûTí

1MeV ;�9 _ 7$6=*a`=G.��b P 2.2MeV
3

Delayed signal
3 5c8 +<9Cd#egfT_ M�hji \ ^/kCl�]/m . � 
 � þ A

KamLAND
�%� _ 7$6�*n`�G)o 2	pTq�r<s�d�tcuDvwP,x�y�qcr<sgd[t�u�v 3 5�8 +<9/dM

1MeV ;�z ( r<sgd�tcuDv 3 5�8 +<9cd M 1.8MeV ;cz ) { 3 _<P 5c8 +C9Cd#egf M _ 7G |T} 9�~C��� Z P�� 1.14( 9 )
X[
 P 214Bi

3
β ��
 B'�#G β �CP γ � 3���� BE�:� P 5c8

+H9/dgegf Z 3.5MeV
X[
 9W_ M PW�T� B trigger rate

ZT�C� F � G -<.OZ�� X�G A� �c_<P 222Rn
3W�T��. 5c8 +H9/dge�f'��� � � . 7 3c�	�'.n�'�	� i t BE��G trigger

efficiency ���=� sC� d���� ] BE�'�Q�:bHG A

Energy

Rn

Po

222

218

Pb214

Bi214

Po214

α

α

Pb210

Bi210

Po210

Pb206

Decay modeNuclei

β+γ

β+γ 3.26 MeV

5.49 MeV

6.00 MeV

1.02 MeV

7.69 MeV

β+γ 0.064 MeV

5.48 days

Decay time

α

β

α

1.16 MeV

5.30 MeV

38.7 min.

4.4 min.

28.4 min.

236

32.2 years

7.23 days

200.2 days

µs

� 1.13: 238U
3 ��
	�T� 3g�g�
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Energy(MeV)
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E
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Rn spectrum

Threshold(MeV)
0 1 2 3 4 5 6 7

E
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� 1.14: 222Rn
3 5/8 +:9Hd���� \ tQ+ ( z )

. 5/8 +:9Hd�e�f B��	�'G Trigger rate( 
 )

( �
��� 3 �=� sC��d�� � ] BE�gG )
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1.3.2 �������
	���
 ���������������� � µ 1�2 M P����<� ]�6 � d �! 3 o 2#" . q%$ � F'&E� �("*)E�,+%- �:G A#. `
 3 "/) M P β ��
<{10	�,2 - ��F� Y 2C{30 3 "�2 . ( 4 ) 5�2��,+%- �HG A - `CM µ 1
2/6#7	q/$<P 0/G � Mgo 21"/8/9Tq#$ .;:�< `�G A -W3�=?> P µ 1�2/617Tq%$ B!@ � FcM
Borexino

$�&,( _ M*A .CB 0ED*F *n` "TP h i \ ^/kClg]Cm .EG F�MIH*J _ 7�G . �:GLKM Z 0<G A µ 1�2 BE�gGDo 2#"/8%9	q/$ B/@ � F/M P#q/$3N(O1P 3(Q D%R Y�Z#S 7UT P�VW QYX {'Z Z#[ �TAT; 
 3�\ B#o 21"/8/9�q/$E�#] . b<G A \ 1.7
� = B P ����^ µ 1�2

Isotope τ1/2 Decay mode Q Value (MeV)
7Be 53.3 day γ 0.478
8He 199 ms β−+ γ (84%) 10.6

β−+ n (11%)
8Li 838 ms β−+ γ 16.0
8B 770 ms β++ γ 18.0
9Li 178 ms β−+ γ 16.0

β−+ n (34%) ∼10
9C 126 ms β−+ p 16.5

11Li 8.5 ms β−+ γ 16.0

β−+ n (61%) ∼16
11C 20.4 min β+ 1.98
11Be 13.8 s β−+ γ (31%) 11.5
12Be 11.4 ms β− 11.6
12B 20.2 ms β+ 13.4
12N 11.0 ms β+ 17.3
13B 17.4 ms β− 13.4
13O 8.58 ms β+ 17.8
14B 13.8 ms β−+ γ (82%) 20.6
14O 70.6 s β++ γ (99%) 5.14
15O 122 s β+ 2.75
15C 2.45 s β−+ γ (63%) 9.82
16C 747 ms β−+ γ (84%) 8.01
16N 7.13 s β−+ γ (66%) 10.4

\
1.7:

o 2#"*8%9Tq/$
3  gBTM

C P N P O
3IQ%_ R/`%9%a/b#c  Y 2=�?+3- G F/d*e#f#g ^%h!i a  Y 2%637 γ^/h!i �,+�j Gc� = {(k*l#m%nH�Eo =,prq�Zts G A�b/c  Y!uwv#Y!x%y M/z|{ \I}?~%�T���� _'2��*� Z P Q*_ R/`%9*" d!ew��M(�TL qr� � prq�Zts �E� G � ZU��� 10∼100ms

�
�|q�Q!�:�	� �r�*R Gr��p��E� _�� {T� p,q�Zts � P o u pTq/rHs�d�tcu�v � � Gr�  Y



�
1 � KamLAND ��� 31

u f�� "�_ s � 8He P 9Li
Z������ {|� Z P3� `	� M µ 
 uYq���
 q���������� m P 3

~*�
�|q�Q/���'��� Q*�:�	� �r�*R � �#� � _ A������|� � } � ���� "! ` � �|���
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� � � � �

2.1 � ��� 	 
 � � 
 � �
KamLAND ��� q��/S|q����������������! !"$#&% �Y� �('ws �;� �����)���* +"wq 
, ��-.��/ ��0!1 � � c � �:� �L�*2 , !(3 �r��4 ���5-6��/ ��0*1 � �Lc � �*7�8��:9<;

trigger rate � 
58��/� �=#&>@? �@A �?� T �E�
]:B�; KamLAND ��� 'DCFE	� � ��GIH q . 3�J$3Yq h!i q+���.K,\ 2.1

� ] �ML �r�
N�O �QP�RTSVU W!u�X@Y N�O �QP�RTSh'i Z@[6\�]�h'i^)_

Prompt threshold = 1∼10MeV, Delayed threshold = 1.75MeVN�O �QP�RTSVU `@a�Y NbO �cP�R�Sh'i Z@[6\�]�h'i^)_
Prompt threshold = 1∼3MeV, Delayed threshold = 1.75MeVN�O �QP�RTSVU d)e NbO �fP�R�Sh'i g$h/h!i^)_
15MeV

��i q h!i �
7Be
q h!i K�j �!k L threshold

�
250keV

�@l ] ' i 8bk$m*�N�O �QP�RTSVU n�o@p NbO �cP�R�Sh'i g$h/h!i�q 4sr Z@[6\�]�h!i^)_
Prompt signal

�
20MeV

��i �
1kHz

'
2
~ut �F3 �/� � �N�O �QP�RTSVU v6w�x��@U�Y NbO �fP�R�Sh'i Z@[6\�]�h'i^)_ ���T�b�<�*�+�&y&'

10MeVz
2.1:

NbO �fP�R�S���{/q5|I}

KamLAND ~@� q���C���'|s � W*u�X�Y N<O �cP�RTS ; `@a&Y N)O �cP�R�S�� Z@[.\�]|I} � 4 �;�I� � !V3 ; d)e NbO �fP�RTS:� gIh |I} � 4 �;�I� � !�3 �E�
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{
��� ; P�R��b� � �������������	�����! 
"#� k L%$ ;	&(' t�)!'%*�+�,%-.����/.
P@R0�u� ; %��&���<�<�.1324� P5�� ("�� k L
� ; 1627�6P�K$t%8 m�9;:�< Minimum bias

trigger
A�= ##> <@? KamLAND ~�� '��A���3�����!��� : A < 1624� PB��{�3�J*3���|$}�5�@�6K z

2.2
$#C : L <�?

�D���������(��� E.F.G.H%I|I} g$h |I} q 4Vr Z&[6\�] |I}^�_
5MeV J i � α, β, γ

q 4VrLK G
M ?N 3PO3�#132Q� PVK(R�S k L%$!T(U K�V
WQX ; n/γ, α/γ
��Y%Z6K@[]\ ?C k@;!^ h � \I]�Z@[�_ K�R�`�a <*k L%$ ; ] t�Y%b�c)K@deSfa <!?�D���������(��� v6w�g|I} g$h |I}^�_

0.4Hz h l ;�i y�' 3GeV
�+|I} ?j(k $ 4�< activity

�! %" l �nm�o��!p(q A�= � k L
$ ;v6w�g(r%s�t ;@u�v t
��132n� PVK�V
WQX kIm(?z
2.2:

�w���@�����	��� : {
�5|�}

2.2
x y z { | }

J i $ Analog Transient Waveform Digitizer(ATWD)Card
K@~ m�k *�+�m�X(�����@�.K� a ? ATWD Card ���(� M
�%���(��O���|!}#�@T�U7� AD ��� X3V(W.a < VME Bus

���
���	�6� � N :�� > <@?�� 2.2

$
ATWD Card

���.� � � � a ? ATWD Card
$ � 16 � �

ATWD � ����� FIFO
�

Control Register
�

Status Register
�

VME Interface � > <�?���� M�.�
�
� O3��|I}4�
AD �(� ��[]\5� � ATWD � �B� � �${3¡�¢	¡4� � �B�.$ �	£�¤!� 4

�.¥ ��¦ � ~!§©¨�¡ 9&m�<3?5£.¤ |!}��@ª4�3�w«��3�(��¬Il � 200MHz
� O

1GHz
�@t �(­

'
�©® �${�¡�¢	¡7� ��¥ ��¦ � � 128
ªQ�@� � C � V(W�¯#c � > <�? ATWD � ���7°²± �

� 16bitADC
$4³4´

AD �(� ¨�¡#� ��� t���µ ��¶ � FIFO
$!·LO¸¡ <3? 40MHz

�#��¹.�3�
��º.~�X k@».¼ � 128

ª7��� � �
AD �(� a < �($ 12.8µs ½ a <�? C k � Control Register

� ATWD � �¾�(� O FIFO ¿ ��µ ��¶ ��À�·�� FIFO
��Á ®6Â
Ã �!Ä
Å�Æ = �!a <�?

� 2.2
$

ATWD Card
�

Pre-electronics
±.Y7� � a ?!&�Ç �%È � ��$ � 16 ��¥ �!¦ � C

�%£�¤��©®%<@? ATWD � �²� � {3¡�¢�¡#� �#¥ ��¦ � $	T�É%Ê�Z%o7�3ËÍÌ�� PMT
�;O��|$}�$!Î4X 9 1 ��¥ ��¦ � g�Ï � |$}Q� latch( Ð�Ñ ¹�����C
C�T�UQ��Ò�Ë )

a < N :��.�©®
<�? Æ q � AD �	� �ÔÓ�Õ < � �AÖ «×� � � �(�@�Ô� ��OÔ�T|*}7��Ø#Ù 9 �ÍO�$�Æ <3? C@Ú��
latch :@Ð!Ñ ¹	�I|�}Q� ¶ 17Û!�!��� ¼.Ü�Ý©< Ú.Õ.$ Ð	Ñ ¹	���!��$ � 40ns

�
delay � >

<@?
�%K � Ð �3� � � �
� M(�.�
�
� O6�5|*} � y ®@Þ7ß � :5à ¨ ÞQß ���3Z�á�� ATWD

��:�< Ú(Õ!~!§L¨�¡ 9.Þ�<�? High gain signal � 0.1p.e.
� O

20p.e.
C � � Low gain signal �

4p.e.
�AO

200p.e.
C � V
W�a < N :B���Í®
<�? ¨�O�$ dead time

� à ¨nS�a < Ú
Õ.$ &�â
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� �
� M
�.�
��$!Î4X 9 2 � � ATWD � �B� � ~	§�¨²¡#����� ATWD Card
°��

Control

Register
$Q³�Ù 9 = Ì�O²� ����� ¨¾¡ <@?C@Ú
�T{6¡.¢	¡��%È � � ��� N-Sum : E-Sum ��� S@O�¡ <@? N-Sum � 1p.e. 	 2 � ��
� Ú �
� M%���
�#� â.u � E-Sum � PMT

��m ¤ � Ð�Ñ ¹!� ��
 X ¼%Ü.Ý.9 � 8bit � ���� �
ADC � AD �
� X(Ú ß � � � N ¡PO � 25ns

t�) � m ¤ ¨¾¡ <@?
� 2.3

$ � *�+�m
X��@���3�.� � � � a ? ATWD Card � VME Bus � $.>;´�� �
� M
��.���;O@�!|I} ����� N � ATWD Card
$ £L<�? ATWD � �¾� � AD �%� ¨�¡nÚ�µ ��¶

� ATWD Card
°��

FIFO
$�� � OB¡4�

CPU Board
�;O²*�+�m�¨�¡Q�

CPU Board �����µQ� ¶²� �%8 ® ��� ½ Æ@µ ��¶���� � Work Station
$�À�·L¨¾¡ <�?

Ö «�� � � N-Sum
��� â�: X�Ú Single trigger � [ Ü ¡7��a�� 9 ��132n� Ö ������� �1627� Ö�: X 9�� ´�,.- ? a�� 9 ��1Ô2Q� Ö $ � GPS

$7³7´! %Î#"�$���%'& � V(Wn¨�¡ 9
Þ�< � � �)( � M�*�+ �	� Ö «-,3$4³ </.�0 �1"32'4 � N35 %'&Q� ß�: $ off line � b�6©¨¡ <�?

ATWD Card
$ ��u'7 MB

598 �P« � > ´��;:�<1=�+ �@� Ö «), 5 ³#\�$ 1kHz
5

trigger

rate � 2 v $�> Þ	9Lß/7 Y
Î�? �n®
< ³7\5$(Æ�Ù 9�Þ#<@? X3�4X��-@�AQX�Ú trigger rate �
ATWD Card

�AO
CPU Board ¿ 5 À�·�¬�B�$n³�Ù 9�C�D ��E � <�? NF5 *�+4m
X%��� �

� 1p.e. J�� 5 m ¤ 5 >�Ù3Ú �
� M(�.�
� 5 + 5 µ ��¶ �-G�H�a < Ú(Õ(�%1Ô2JI Ö 5FK ¦ �L�� $n³(Ù 9 µ ��¶ Ã���M Æ <�� trigger rate
5 ��N���u�7 Hz : Æ <@? K ¦ �OL���PFQ �R�S Ú :	® ��TVU�W3X�Y[Z1I�\ �^]�ÞJ_�® Æ�`�� N�5 À�·�¬�B7� � ��a Ã 5 Ö «!b � ��cdfe�g �%�ha _ µ ��¶ �^i ¡�Ækj�Æ#a�l%¡ �9m a�npo 5 ³n\¸Æ�q�r 5 _	® 5 Ú
Õ g � ½ Æµ ��¶ � ��� aOa sut1v.�1w�x#y�z9{ ��( ��| *�+ �	� Ö «-,'}�~JI Ö 5 Ú(Õ 5 s .�0 �'"��� { �[s .�0 ��" ��� +

Á9$%È�U Ö {.��������È�I�\ 	 ~ � Ö «�b � �����[�pa3n
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FIFO

ATWD

ATWD

ATWD

ATWD

ATWD

ATWD

ATWD

ATWD

Control
Register

Status
Register

...
...

...
...

VME Interface

VME Bus

ATWD Card

� 2.1: ATWD Card(1)
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AMP

FADC

analog #16

analog #1

...

E-Sum8bitsignal
PMT #1

Binary
adder...

4bit N-Sumhit #1

hit #16threshold

ATWD

ATWD
2

1

launch 1

launch 2

40ns delay

� 2.2: ATWD Card(2)
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W.S.

8 unit

CPU
Board

VME Bus

Latch

triggered data
Module
Trigger

Accept / Reject
E-Sum
N-Sum

...
...

......CPU
Board Card

ATWD ATWD
Card Card

ATWD

VME Bus

......CPU
Board Card

ATWD ATWD
Card Card

ATWD

VME Bus

signals
PMT

16
N-Sum
E-Sum
Accept / Reject

20 cards

� 2.3: ������� ���
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2.3 � � � � ��� � � 	�
 �
KamLAND 
�� 5���������K ¦ �[L�� 5 })~9I Ö ��� � �Oa^o _ g m a�n � � � � ��K¦ �OL������ � ����� g T U�W�X�Y[Z'I[\! #" �%$ K'&�( L')'P�Q � o 5 T U�W3X�Y[Z'I\ 5�*#+�,.- Ù�/ � - � n�0#o + â'132 +'� $ (�4 | *#+65 ) Ö%7 , 5 }-~9I Ö g98 � "$�:9U'; $=< $�:9U';?>�� Þ T U�W-X�Y�Z�I�\ gA@ a�})~�IB;DCA>=EGF � trigger rate

>�HI �1�J:�I[\3K ~ ( ; 7 b ) > $ -9L $ Single trigger
5 " g � t�v#M�w�x#y�z gN@AO x%CI 5 TVU�W�X�Y[Z'I[\P>'y�z[�pa3�J:�I�\�K�~ ( ; 7 b ) >����[�pa�n

2.3.1 Delayed Coincidence Trigger4 | *�(�+A5 ) ; 7 , ��Q M � ISRTK )'U3V +�Wp5 @ �YX�(�?Z>S[ o-�Fn
νe + p → e+ + n (2.1)

n + p → d + γ (2.2)

e+
�9Q M � I�R\K )GU%] 5 4 | _ 8#^�_ � 2 ` 5 γ

> � � $ Prompt siganl _ � /3� �Tab a3ndcde $�V=f | ��Q M � ISRTK )'U3V 5Pg |%h _ji�k >Sl Onm �po V�f |#q � $�r%se�g�t | g%u�v\a b $ 2.2MeV w γ
> � �FnJo b  Delayed signal _ � /3� �Ta b a�nV�f |  g |Jh g�xJyza b a -�+ w�{�|G}G~ �'� @ 0 200µs

X w + Prompt signal _
Delayed signal

� o w��3�Gw3���d�9� >p�N��/9� �Ba b.� n -�L $ Prompt signal � Delayed

signal w < � e X��.� � V�f |Aw Q M �J� RTK )�U#V + w��%��� V�f |  x'yTa b L ���g � � 2.2MeV w γ �6w'� �S� ; � �#�6w��  O!�3���d� ��� $ Prompt signal � Delayed

signal
���#�

cm � ] +��3� � �P ¡%¢B£ ��¤�¥ � Prompt signal � Delayed signal w��'�G¦ �.� �B@NO 4'§�¨'©Gª65 ) ;7�«�w'¬p­ � ; +G® � � E�F3¯ �%° w +J® ��  `#1d2 +'� $�± w ¡3¢Z£ ��¤3¥ ��²'³P´'µ $
Prompt signal � Delayed signal w < �'¦ �Z� °?¶#· ¯ ��¸ : �'¹ K ­ ( ; 7nº ) >=»�¼�¯�P  ± w < � :B½J; �Z@BO $S¾ ½�¿SÀGÁ'Â ��¹ w�Ã � ¦ ¡�¢N£ �P¤ � > a I � H I ¯ ± �>BÄYÅG¯  

2.3.2 ÆÈÇ�É�Ê�ËÍÌÏÎ
KamLAND ÐNÑ=Ò + w�Ó t ªG5 ) ; 7�«Sw�Ô#¥'Õ $ Ó t ªG5 ) ; 7�«#� 4�§ �=w�Ö f �� +3�B×dL ©�Ø34�§ �N@ �PÙ � R\K ) Ù�Ú �ÜÛ wdÝ ��Þ3ß � / ÐBÑ ¯ �P  7Be

ª65 ) ; 7«�w�Ô%¥ + Õ#à &�(Já )�â3ã > 250keV �%� �dä�åBæ X � / Õ X I X#ç   Ó t ªJ5 ) ; 7«Pw�Ô�¥ + Õ9è�à &�(Gá ) w6¬�­ � ;Ü> Ô#¥ ¯ � L�é $�¾ ½�¿SÀJÁ%Â �G¹ >�ê'ë�H I ¯ ±�jì�í�îï� X ��  ÐBÑ�Ò�ð C I�ñ �p/3ò �Üó%ô ��õ Û 4�§�"'ö�÷�C I ò �Üó%ô � �98Næ /Õ Q M Ù � RÏK )GU w ñ � L ¾ ( )�� >Søúù @ ù ��ûÏa 2.5m wTü�ý ÁSþJÿ ¬ þ w���ì ®� ì���� b��T°	� ��
 X
��� Õ���� M���� ¾ þ�� �%] �9å��Næ ��w���� M�� ðJw6¬=­ ���Õ���� ¯ �� 
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± b I w ¸
	 �%¹ K ­ þ ��� º ���
�
����� ± � ��� ��� trigger rate
����� æ ��à%ý þá � â9ã ����� � ± � ì�� � � X �� "!�# �%$3î X%&��
' w � ��()� Ñ ¯ ± � ° �*� � ®�P  !,+ � (
� Ñ æ.-�/G� � ³ ��¸"	 ��¹�0 ­ þ ��� º � w21*3 ��4*5�¯ �� ��� º � � Õ 6)7 � � ��0 ­ þ ��� º � � æ � N-Sum ì ® �P  ±98 Õ 1p.e. ��:�w�Ñ ëw ® � # Û�; §�<#ö�÷ w�= � � ��� º ���?> ³ �'° w � ±98 ���A@ ATWD Card

� Õ ADB.C ��D é � ��� º � w & �
' Õ VME Bus :�w Latch
��E�FHG 8 �� ¸)	 �'¹.0 ­ þ ��� º � � Õ � ATWD Card

�
AD
B.C �?IT�,��ç � � � �

1.
¡�¢A£ � Þdß > � ® � ç Õ��	� ��J � w"K > ð >��ML)N æ � ATWD Card K�w Control

Register
�

Reject
�?O @ � AD

B�C�G 8 # &��
' ��P,Q � ��R � ���TS ��U � ¯ �� 
2.
�.� º �M& ��' � � ¡3¢J£ � Þ9ß > � ® � ç Õ�� � ��J � w)K > ð > � R � �T�   CPUÕ ± w2V�W ��X�� $dî��ZY�[ 8 � &���',>\�^]�_ ¦ � ()� Ñ ¯  

1.
��`�aN¯ � � Õ � ATWD

�Ab
AD
B
C.� >)> � �J� (12.8µs) �cK � LdN æ ¯�e"� b

ATWD Card
�

Reject
��O � ± ��ì�$�î ��f �P  2.

b � � Õ�g�hT¦�i�j �2k�l ì ®"m ì �� $3î f?n �
' ì FIFO o RHp � ! 8 m b � ()� Ñ æ ì�q.r)o f m  

2.3.3 sut
: �wv e #�¸)	�x ¹.0 ­ þ ��� º ���y`Ta�¯ m # é o3Õ ©�z.{ �y| m ±�} ì�$�î � ®
m  ±%± � Õ ©�z�{���~ é*m b o�� ¬?� Á ¬ x � ¤T� ��I ù # é �
6 ÁZ½ Ù�� ADC

}
FPGA�?�)�
� [�� � Û.; §�<%ö�÷.>�� b ��i�j�V�W � Õ f�� � ;�� b V�W o �d@ ¬S­ x � b���Næ # 1 3 ��� å ¯ m%� KamLAND

`.� �.�#· ¯ m,� J Ù
x�� 0 ��' � Õ 1MeV
b ¬=­ x� o�� æ ��� � � 7400 � b 6
� � x ì������2o � �"� m2� 1875 = b Û�;�� <%ö�÷���� b� ù o 6 � b���� o 

� # } p � � 8��T8 b2��� o ñ m Û�  Õ � ¡
¢ x � ì � �Bæ # {.>� b � 8��T8 b?£ J�¤ } � J Ù"x�� 0 �
'�¥��
¦�§ � m�¨ } o � m 6 � � x�b ��© o ��ª��� ! m2� �.ª � ��« >Gç�� ù ��� o ñ ô æ # Û�  b g X1/X2, Y1/Y2, Z1/Z2
�A@ � X,

Y, Z ��« b � 8
��8 b 1*3 �y| m�¨ } ì � p m Õ +�� ¬ m%�Õ ×�é o�� �T� X1, X2
b

x ­*: >��®X #�£ J�¤ �
¯ Ý�o ~ é ��� m�� ¯ Ý b.# é � Û.;° b%±�²
8.3m

b%³ ° : b (2.3) ´ �.µ G 8 m �.� � X1 � (2.4) ´ ��µ G 8 m ��� � X2
}� m%�

(
�

2.5 ¶�· )

X1 : x >
8.3√

2
(m) (2.3)

X2 : x < − 8.3√
2

(m) (2.4)
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X1

X2

Y1

Y2

Z1

Z2

�
2.4:
³��*�T�*x 0 ��� o	� 3 G 8 # 1875 = b�
 ;�� <
����� 6 � b���� o	� � m

ϕ
Xx

8.3
2

m

8.3mPhoto cathode radiusPMT

6.5m

X2 X1

Balloon radius

θ

�
2.5: ¡
¢ x � b2� � { } £ J�¤



�
2 � ����� ��� �����

41

¡
¢ x ��� x ­�: b { x � � ��� # } p�� � 2.5
b ��� o θ, φ 	�

� � 8�� � { x

>��
X #%�.�

X1
�

X2
b�£ J�¤ ΩX1

�
ΩX2 ��� ´�� µ G 8 m?�

ΩX1 =
1 − cosθ

2
(2.5)

ΩX2 =
1 − cosφ

2
(2.6)

cosθ, cosφ 	 x � µ � } �

cosθ =

1√
2
− x

8.3
√

√

√

√

(

1√
2
− x

8.3

)2

+

(

1√
2

)2
(2.7)

cosφ =

1√
2

+
x

8.3
√

√

√

√

(

1√
2

+
x

8.3

)2

+

(

1√
2

)2
(2.8)

} f m��
x 	 -6.5m

>��
6.5m ��� B��HG ����g (X1/X2) 	��T� � m } � � 2.6

b�� � f��
 	�! m?�
� o � J � x�� 0#"�$ ¥ � b 
   b&% © b�'�( 	*)
+ m%� ¯-, b�.
/ { x

>��
X1
b 


; ° �0� b � J � x���1 "2$ ¥ 	 ¦.§ � m4365 	 6.5-x(m)
�

X2 �0� b 365 	 6.5+x(m)
}

� 82� � % ©�7 �
10(m)

f b � % © o � m 
   b g � ´ (2.9) � µ G98 m�:  o f m��

X1

X2
=

exp

(

−6.5 − x

10

)

exp

(

−6.5 + x

10

) = exp

(

2x

10

)

(2.9)

% © o � m 
   b g�; b�<�= 	 � 2.7 o#> � � 
�? ° b%£�@ ¤ } � @ � x��A1 "�$ b�% ©
	 }6B o�)#C � .�D�E � ´ (2.5)

�
(2.6)

�
(2.9) F ��� 2.8

bG� � f��� 	�! m?�
¨ bG� � o
«�F-H E � ��� X1

�
X2 o�IKJ � m 
  ML*N F � X ­��*« L#O�P 	 | m�¨ }Q� � p m%�
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m
-6 -4 -2 0 2 4 6

R
at

io
(X

1/
X

2)

10
-2

10
-1

1

10

10
2

�
2.6:
���

X1
} ���

X2 	�

��� °�� L�N

m
-6 -4 -2 0 2 4 6

R
at

io
(X

1/
X

2)

10
-2

10
-1

1

10

10
2

�
2.7:

% © o � m 
  ML�N-L�� �
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m
-6 -4 -2 0 2 4 6

R
at

io
(X

1/
X

2)

10
-2

10
-1

1

10

10
2

�
2.8:
£2@ ¤ } % © o � m 
  ML*N

� o ��� 8 � 8 L ��� L 
�? ��� ��� o�I ª . 
   	������ � � ADC o �	��
 
 �
� ���� ����� � .������ ����� � � �y��� � L ATWD Card  ������ � � ADC
� ¬!� �"� L

# "�$�L 
�? ��� ��� L 
  &% � � E-Sum
��'�(!) 8 ��H � ��¨ 8 	 � H � FPGA � X,

Y, Z ��« L*N (X1/X2)
�

(Y1/Y2)
�

(Z1/Z2) 	 ��* �+� �? ��,�-/./0&" ���21 L ¡,¢+3 � L D�E � Prompt signal
%

Delayed signal �54 �7698 L: H";��=<9> � L � �
Prompt signal (X1/X2) ∼ Delayed signal (X1/X2)

Prompt signal (Y1/Y2) ∼ Delayed signal (Y1/Y2)

Prompt signal (Z 1/Z 2) ∼ Delayed signal (Z 1/Z 2)%2? � ��@ � ¬ �5A FPGA � � ���
� � 0 ADC ��! � 8 . 
   F � X, Y, Z ��«� ���H
� N 	#��* �K� Prompt signal

L�NB% �
Delayed signal

L6N 	 N�C �+�"A ) �  � Prompt

signal
�/D 
 ) 8 ��F � Delayed signal

�/D 
 ) 8E� ��� L�F/GGB )*C �*�IH/J �/K . )8 ? � 8 �
ATWD Card  Reject 	ML �IAN '�@ ��O�P2Q L D�E � 
  GL&N

X1/X2, Y1/Y2, Z1/Z2 F � X, Y, Z R « L�OGP 	TS �¨ %Q� �U> 8 � ��� L ¡y¢V3 � � 4 �76 L ¥7W F �YX m
5 8 . ;
�=<9> . FM	2S � ¨ % �

�9> �MA FPGA
8  N '�@ � 	 
K� �*�Z� L O�[ � ¬ 8 � # �
�9	 �+� ¨ % � �U> �MA
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� � � � � �

� L ��� � ��� # 3 $ 1
	�� ��� �M"�% � � L�
+G������-B )*C � .������ F � 
�� ���N '�@ ��O�P�Q L N '��  ! �HK� �#" 0 1 " �%$ 36	�&-H 4�')( �5A- ?!* ,�.�0K" �	��1 � 4 ��698 �,+ β -,.�	2< � � .,/ L10  L�2!3  54 � � F�GV%
VG � # � �0	 �K��� L�F�L trigger efficiency 	�6 / �MA � . � � F  87 �598:��<;�3 $
	!= 8?>�@ # � � �9> � F B 6 / �IA 7 ��9�:���;�3 $Z% � �
� $ 3 �)A I � . D�E 	*)
+ . AN '-@ �/O	PIQ � � ��B�C .�06" � �I1 L"D 
 	�D�
 ����EGFIH �KJ "�LKL 	 3 � L
efficiency

% � 4 ��6 O F � L 7 ��98:��M;�3 $  54 ( � efficiency 	��=* � . A/� L�N �
� �PO "KL8Q�R � 	�& � A� 8 � L � # 3 $ 1
	�� ���PO " 	�S,T ( � .�/  � L 	 3 � L <9> . OGP 	2S ��U,V� ¬&� � ��� � ��W ?�* �)X!Y  �I
J ( � W�Z  �+� -�[�\ 	16 / �IA

3.1 ] ^_M`
6.5m

L 7 � " 3 L 8�a�b�c!d  L 	 3 �
e8f,g )ihGj � L�\ Flk j FMH �GJ "  N,m�n .8o L �<p �T3,e���3�q � ? RGr= �s�t n�j ��8Mu68 L�v,w  
Hyxz L �<p �T3
{
I
J n}| F�e o?~ � ( � 3.1)

A
KamLAND S!� b,� ' ( �i� @<� 3������)� bM� 7 � ��3 LM� W b 1MeV

L<L 	 3 ��{f!g n!|U% > j �K� � 190p.e. {M�%k�� � � % {�S��
 �V� 6G�#k��<� � � j � " 0 �8�� $ 3 b B � L��  ? � ���  ���p �T3�e�f}g )�h ��A ? � j KamLAND S!�� � @��
�
�I���M��e1� 3.1  #> ( Af,g n}| �<p
�23 � � @?� 3��#���M� 8 e���� ( � /  5�}� ( �IA � " 0 ��� � $ 3 bB � L��)� e}�&C n}j 7 � �/3 L 8�a (

_�`
6.5m � 8 )

bM� �}�� �e 10m
b�¡ * ( �IA 7� ��34F¢k W ?,£ (

_�`
6.5m∼8.3m) ¤ b L 7B�7��¥§¦ L �)b)� ���!  � � @M� 3����1���

 N �!¨�©�ª )1« A
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X2

PMT PMT

X1Buffer Oil

Balloon

9.0m
8.3m

Scintillator

6.5m

Photo cathode radiusPhoto cathode radius

XX

� 3.1: �?p �T3}e�f,g )ih W�� * ��X�Y b D 
 ( �

PMT coverage 35%

Quantum efficiency 18%

Attenuation length 10m7 � ��3�������� 94%

50% ��3
	�� � 3 (7400 photon/MeV)

� 3.1: KamLAND S��� � @�
i� �G���M�
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1MeV � L 	 3 	 ��f5g n�|�����% � " 0 ��� � $ 3 b 6�� | W,Z ���Me}� 3.3  j 5MeV

���
	�e)� 3.4  �� ( A�FMH �IJ � ��
 «  ��� g�� ) � 
�� p 	23 o {�� ? 
 | � j ©����� 
 « {�� � x 
�A���� 6?� | � 2.8 � � j W�� *�� X!Y � v}w �� !{!� ? � j ¤ |�j� "#" ��� � $%$ bM� L 	 $ 	�e�7 � � $�& a�b)c,d � f!g(' h � 
 | � j ��{!)!*��,+
 {.-�/ �� �10 x32�� « 
�4� 3.5
j � 3.6

b�� �5{)� k � |�5 � = ��6�7���8�7 b L 	 $ 	 � ��� {�9�:;'�� 
=< e
� n}|?> � b ¬ 
�4 � 3.2 � ��� � j ¬ 
 �}{!@ ~ k�� |�5�j?L 	 $ 	 � ��� �BA,{ �z�C 2 � ��D!E�©�F
� + 
�4 � � 4 n � j D�E�©�F ��GIH � �KJ�L!M!N σ e%� n}| : � � {� 3.3

j � 3.4
b,O 
�4 � 3.3

�
1MeV

j � 3.4
�

5MeV � L 	 $ 	�e8f,gP' hI|�5 � > �b,O 
�4L 	 $ 	 � F�H �?J � � � kRQ j ���RGIH � � �TS � �
(Mean) = 1.9 × ln(Ratio) (3.1)

� « � ��U {<�%k�� | 4 ¤ |)j σ
� �)n � � j � 3.3

b
σ
�

18cm∼22cm
j � 3.4

b
σ
�

36cm∼46cm
bVO 
#4

1MeV �?��W�� σ
�

5MeV �?��W � σ � ����X √
5
X �Y+VZ�� �[�3\¡ ��N!{ b � « 
�4� N � ��� � n � j W�Z �B� < k L 	 $ 	 ��];W |���� e%^ 
�_ � { b W 
�4

(m)

mean

R
at

io

Vertex

σ

� 3.2: � < k L%` $ 	 �#]aW |���� e�b<� 
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� 3.3: 1MeV � L ` $ 	 ��f!g n�|���� � �
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� 3.4: 5MeV � L ` $ 	 ��f!g n�|���� � �
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Ratio
0 2 4 6 8 10 12 14 16

S
ig

m
a 

(m
)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
Chi2 / ndf = 0.0005162 / 13
p0       = 0.3496 +- 0.5434 
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� 3.5: 1MeV � L%` $ 	�e�f,g(' h<| �1W��1� ����� 
 G H � � σ
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� 3.6: 5MeV � L%` $ 	�e�f,g(' h<| �1W��1� ����� 
 G H � � σ
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3.2
� � � � � �

3.2.1 ���
	���
����
� Efficiency_�_�� � j
Prompt signal � Delayed signal ��� ` $ 	�� X �%k �!S ��� S���� 5 S���� �"! |$#&%(' � $
&*) �,+.-V�0/.1 ' # 
#4 X �32 � � � S(465 	7� 5 S(465 	*�98;:

efficiency � ¡=< � 
�4 X �3>3? �.@BA QC� Prompt signal � Delayed signal �TS �$� S����5 S��9�  �%^ 
"D3E(F O 
�4A Q�� Prompt signal � Delayed signal �TS �$� S��9�  �&G3H 
�4 Prompt signal �#�I @CJ
�(K � 2 L � 0.511MeV � γ

��M Z9N / � 
=O $QPSRUT O � $WV �UXZY �BGIH �#�I �U:UN.[C\a'�] 
�4CJ �(K �&^�_ 'Z` T @Ca "&T 	�bdc��=^�_ 'Z` T M �fe 1.8MeV gh + 
�4BM Z9N a "&T 	,bdcUi0^�_ 'B` T F 8MeV 6!7 O ZU>��U:QN > � J�j K @0k(lZO$dP;RQT�m&n � 2∼3cm : <&oqp +3r 4CA >3� Jdj K F �3s3t :QN � W�> 2 LZi γ
> �Wuvr��w,xZy �0�6z >3?�GIH;:&>#� I @ γ i /&1 :.>�� I �.{0|3} : h + z�4 ' p%�(JUj K �M&z�O $QP;R�T O � $WV > G0~ �0� ] z �"��GIHBiU� I @$w β �.��i O Z�>U� I �Q:�N�G

H3N > N�:9�vHT+(r 4+&x � Delayed signal iQ� I @ � n�� K F�J K �Q�C� '�]�>?�BWU� /&1 :=> 2.2MeV i γ

� M&z$O $dP;R�T O � $WV iUXZYCi�GIHBiU� I �Q:�N&[(\a'�] z#4 n"� K FBJ K � �,� '] z3A9� i � S�� A F���@C��� i M6� �!+ z�4n"� K iBA F�� � +&��� �0�3�;:&>��,�Z� X i$� F�@�DTE � F �C� � � σ
@0�3��� @�Hp ] z (Glenn i O �Q� RQT O �9� � M=z )

4

σ = 1.253 ×
√

n0 +
t(µs)

10
(cm) (3.2)

t(µs)
@ n�� K FZJ K � ����� ] z(A�� i 5 S � � _ i 5 S F(� r�6 σ i�� @$� W h � z�4

n0

@ n�� K i=^�_ 'Z` T i  �  � � Kinitial(eV) � n�� K id¡,¢�^�_ '�` TZ£ :QN �.�C�.¤� ] z�4
n0 =

1

2.59
× ln

(

Kinitial(eV)

25.3 × 10−3

)

(3.3)

_ ] p i � ��:.> F Z"N.¥ j K(¦ a � T¨§ b9cUi=^,_ 'Z` T�£0n"� K F(�C��� ] z(A�� i5 S=� ����z σ �Q© < :&>ZªQiC�(« 3.7 �U¬ �0­
_ ] MB� � σ
@ ¥ j K3¦ a � T®§ b9cdi$^_ '�` T MB� ª"� n�� K FvJ K � �C�6� ] z3AW� i3¯3°=� � W h �&± � ] z!_ £ F �.² zd­�=³ i O ��� RUT O �9� @$´Cµ iU�,���&G&H.N σ = 7cm

�(¶�· > ­� � n�� K FvJ K � �(�;� ]Z> £$¸ ��¹ z 2.2MeV i γ �=G=H zd­ « 3.8 � @ 2.2MeV i
γ
FSº �d» § �W¼C½ �d¾ �À¿ :=�,Á3i £&¸ � /.1 :.> O � PSR$T O �"� V iUXZY�i0Â&Ã�iÄBÅ � γ

FC/.1 :&> ÄBÅ ² p i�Æ3Ç � ¬;:QNvÈ zU­
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« 3.7: νe i(^�_ 'B` T6£=nQ� K ��� ¯�°3� � ��z σ i=� (Glenn i O �Q� R0T O �9� �M&z
)
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� 2 M�� � Prompt signal
£

Delayed signal i � °��"�  @ � nW� K F�J K � �C�S� ] zA�� i��(¡,¢ £ � �,��� ]�> £0¸ ��¹ z 2.2MeV i γ �0G0~ � ]����vr ­�� i M�� �=�  
�"!B> # N /&1®� # > Prompt signal

£
Delayed signal i ÄZÅ �  �(« 3.9 �Q¬ �=­ ^,_ '` T	� �B� 1.75MeV ��

��:&> ­� �C�CÁ(i M�� � /.1¨� # > Prompt signal � Delayed signal �
�(r3Nv� 1 ��� � §�� �

Á9]��0]�i������v?(� »�� 5 § :&>ZªQiC�(« 3.10 �Q¬�� ­ Prompt signal
£

Delayed signal@�� ¹����Ui �ZrU� I �"! ¸ N,r z i � Prompt ratio
£

Delayed ratio ª {=|.} : h � zU­� i MZ� �,:QN���? p ]Z> Prompt ratio
£

Delayed ratio � � °.4v5 § ��#,HC� efficiency

����? zd­ X $ xZy i Prompt ratio
£ :QN�È z � F
% H p ]B> £0¸ � Delayed ratio

F3� i&(' �CÈ z ��� � § ��)
*6:&� efficiency ���Z? z�­
1

A
× (Prompt ratio) < (Delayed ratio) < A × (Prompt ratio) (3.4)

� iC465 § � M�� )
* � ]�>���� � § @ « 3.11( 2 ) i 2 L�i,+.-��0/ A ]�>v��� � § �$�1 � z�­(� i,465 § � � (3.1) �.2 · N��.² p�ÄBÅ �3�
3
� £ �
1

A
exp

(

Prompt vertex

1.9

)

< exp

(

Delayed vertex

1.9

)

< Aexp

(

Prompt vertex

1.9

)

(3.5)

⇔

(Prompt vertex) − 1.9lnA < (Delayed vertex) < (Prompt vertex) + 1.9lnA (3.6)

£ � zd­ �
3(�.« 3.11( 2 ) i 2 LBi�+ - @ A=1.65 i £0¸ iZª"i � Æ&Ç 1m
� 4B5 § :QNCrz4� £ �.� zU­5,6 M6� � 1

��� i,465 § � % 5	7.8:9:; ��< ��=�:UNSª ¶ �À­ % 5�7.8�9�; ��< £ :
N Prompt signal

£
Delayed signal � %3' T � � ) �C+=- � /&1®� # � � °34Z5 § � ¶6· >

( « 3.11(
�

))
­

« 3.12 � @ � X � Y � Z $ xZy �"�3r=N 3
�,� i(4Z5 § � ¶6· > £$¸ i�¥ j K3¦ a � T®§bQc&�>� � §�£ % 5	7 8:9�; ��< i efficiency �"¬:� ­ Á3i0?
@6� ¤ 3.3 ��¬�� ­=� °(4�5§ � M��BA4C 5 ¯.D,E�©   � 1%∼2% F,Gv�IH p � � £ F�J ¸ z,� £ F �C² zU­

Trigger efficiency 90% 95% 99%

Cut 1.08m 1.25m 1.68m

Background 0.7% 1% 2.5%¤
3.2:

� °(465 § �I=�� z efficiency
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« 3.11: ¥ a � T®§ bdc���� � §�� 2�� £ 9 ���	� � ! ¸ z % 5	7.8�9�; �:< � � �0� �
°(465 §�
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« 3.12:
� °3465 § ��=�� z efficiency
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3.2.2 ���������
	���� Efficiency� ��
C¯C°(4;5 § ��=�� z efficiency

 �Z? z�­ Prompt signal ² p Delayed signal

F��
z(A>J iC¯C° @ n"� K FBJ K � �,��� ] z ¯C°.� } : h 
 n"� K FC�,��� ] zCA�J i$Â&Ã¯(° @ 206µs

£ r � ?
@ F�� p ]B> ­ (Glenn i O � � RUT O � � � M=zU­�k.l�O � PSRQTm i���� @ CnH2n

J 
��"G @ 0.77cm3 i £�¸ ­ CnH2n+2

J
n∼9.6 i £$¸ @������ � ∼180µsF�� p ],N�r z$­ ) « 3.13 �(¯,° J ��! § :=> £=¸ i efficiency
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« 3.13: Prompt signal ² p Delayed signal
F [.\ � ] z3A J i3¯(°d� � ( " )

£ ¯3° � ! §
��=�� z efficiency(

�
)
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¯�° ��! § 
 ¶S· > £=¸ i�� ! 708 9:; ��< � =:� z efficiency

 �B? z$­ � ! 708�9

; ��< £ :�N 222Rn
F��C� :3>Q��� 
 G3H z$­ « 3.14 �3^�_�� ` T"� � 
 1.75MeV �	


�6:�
 222Rn activity
F

10mBq/m3 
 100mBq/m3 
 1Bq/m3 i £=¸ iC¯�° ��! § �	=:� z
efficiency


 ¬�� ­�� $ @ Prompt signal
F�� > £ r �	��
 iBª £ � Delayed signal

F��Sz
�
��J È zU­
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« 3.14: 222Rn i(¯(° ��! § ��=�� z efficiency
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3.2.3 � � �����������
	���� Efficiency� " 
�� �;:���° £ ¯�° J � ! § :.>$��� 
$¥ j K�¦ a � T § bUc���=�� z Efficiency@ « 3.15 i MB� �.� zQ­ « 3.16 � @ 222Rn activity10mBq/m3 ��=�� z Efficiency

 ¬�� ­

^�_�� ` T � � @ 1.75MeV
J È zQ­� ���
	Z> MS� � 
$¥ j KC¦ a � T § bUcQ� M&z �.� � § i Prompt signal

£
Delayed

signal i���° ����
�@�� � n�� K F3�C��� ]�> £$¸ �Z¹ z 2.2MeV i γ � M&z ª9i J È zU­� i 2.2 i γ
@ « 3.8 �$¬��3> M;� � ��� ��� 1m

� � J;º ��» § �9¼,½ 
 ¾ � ¿ �$Nvrz$­ « 3.15
J 
��6° ��! § 1m �
� J Efficiency �
���Z� "�� ·�� r z�� �vÁ �� �!�J Èz�­ Á#"B���$	 
 222Rn

�&%�� � A�'�� � ��� � § � efficiency ����° �
! § ��=&� 3 ( J) #*� �,+Zz-� �;« 3.16
%�� �,² zQ­.�/ 
�¥$0,1 ¦32 �54 §
6�7 � %-8 � � � § � Prompt signal

£
Delayed signal

� ¯C°����
 �39 � 1��3:�1B� �,�S� " 8$;�J<� ¯C°&��=*� +(­ 9 � 1��<:�1B� ����� " 8�;>J� Â&Ã�¯(°-� τn=206µs � �0J Delayed signal � t(µs)
�

coincidence gate ��> 8 �
� �
Efficiency = 1 − exp

(

− t

τn

)

(3.7)

£ � � 
CÁ �#? �;« 3.15 ��¹ �@+A8Q­
222Rn

��B � 
 Delayed signal rate ��C@D���E 4 � � 1.75MeV
J

4.2×10−3(Hz) � �IJ

τRn =
1

4.2 × 10−3
(3.8)

£ � � 
 Delayed signal � t(µs)
�

coincidence gate F�> 8 �
� � �3�&�A%6� F3� 8�­

Efficiency = 1 − exp

(

−t × 10−6

τRn

)

(3.9)

' 1 −
(

1 − t × 10−6

τRn

)

(3.10)

=
t × 10−6

τRn

(3.11)

= t × 4.2 × 10−9 (3.12)

�#��%Z� F�
HG�I � �&8 ¯&°&°�J-FI��	 coincidence gate
��K �5L3��MON +#B ��� Efficiency

� coincidence gate
�5K F �$P&� � ) #�� 8$­ « 3.16 ²RQ.ª�Á ��� £ �,�C² 8Q­
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« 3.15: νe

� ��° £ ¯C° ����! § FI=�� 8 efficiency
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« 3.16: 222Rn
� ��° £ ¯C° � ��! § F0=�� 8 efficiency
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� " ;>J F�� !� �B° � ! §U£ ¯(° �
! § FI=4� 8 efficiency

 « 3.17 FU¬�� ­ Prompt

signal 
 Delayed signal
� C,D���E 4 � �
� 1.75MeV

J È 8Q­ «�9 � A 
 B 
 C � +�� "¨ª
Trigger efficiencuy95%


 %��A8 � ! § J È 8�­

(m)
0 0.5 1 1.5 2 2.5

(µ
s)

0

100

200

300

400

500

600

700

800

95%

90%

80%

70%
60%

A

B C

« 3.17: νe

� ��° £ ¯C° ����! § FI=�� 8 efficiency

��° ��! § ¯C° ��! §
A 1.5m 670µs

B 2.0m 600µs

C 2.5m 600µs¤
3.3: A 
 B 
 C

J<� ��°�� ¯(° ��! §
� F 
 ����� !�� F %�8 � ! 7�8494;
	 < (222Rn)

�
trigger rate


�� �38Q­ « 3.18 F A 

B 
 C

��� !
� 
 ¶;·# �� ¸ �
222Rn activity

�
222Rn F %�8 trigger rate


 ¬�� ­
� 3�
 D� +�-<� 600µs
� ¯,° � !�� ��� 
 ¶¨·� �� ¸ � ª �0J 
 E

� +I-
� 222Rn
� D�E 5 ¯$©� 
 ¶����$+ 
 Single trigger rate

J È 8U­ Single trigger rate � 222Rn activity F �5P4� 8� F�=&��
 Delayed coincidence trigger rate � 222Rn activity
�

2 (3F �5P�� �@+A8Q­�� "
� Prompt signal

� ) #<F0# � 
 Delayed signal � coincidence gate F�> ·�����8 �
� � )
#*�  � 5!�J È 8�­

222Rn F % 8 trigger rate



10Hz F,G���� ��� �*�  �B
� 
 single trigger( +I- E)
J �

25mBq/m3600µs
� 5 ¯.D�E�© � ( +0- D)


 ¶�·� �B�� � 350mBq/m3 
4+0- A
�

670µs 

1.5m

� +�� ��!�� ¶�·� �B
� � 2Bq/m3
;�J

222Rn � � > � � ª � 4�! 
 � 8��"� � J¸ 8U­



�
3 � �

��� ��4
�
� 	 60

� Q#F 222Rn �4G���� M ��·� �B�� 
�� �*80­ « 1.14 F=¬ �  *% � F�C�D �&E 4 ��� 

1.75MeV ²RQ "	� 8�� trigger rate �-�$�<F�H�
�� 8U­ C@D��<E 4 ��� 
 3.75MeV F	

�
�  � ¸ � 222Rn activity

�
trigger rate

�#�@
 � 
 « 3.19 F�¬�� ­ Prompt signal 
 � C
D �3E 4 ��� 
 "�� 8���� J trigger rate


 C@D��<E 4 ��� 1.75MeV
� � ¸ F �$	 
"3 %

Á 4 ��H Q � ��� � J ¸ 8Q­ �Q²�� 
 Delayed signal 
 � C
D �3E 4 ��� � 1.75MeV
%��

"�� 84� � � J ¸ ��+(­ 10Bq/m3 � " � �,G J � 600µs
�

coincidence gate F������ � G
I��,> ·����,� � ; ���
� ���C² ·� ��

Rn Activity (mBq / m3)
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3.18: 222Rn activity

�
Trigger Rate( C,D��3E 4 ��� 1.75MeV)
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3.19: 222Rn activity

�
Trigger Rate( C,D��3E 4 ��� 3.75MeV)
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3.3
� � � � � � �

� C$D ��E 4 �	��
 	 � �
� ��� � ��������� Q � � !�������� 	�� � �-��F ) ��� 2 � 4� 6�7 � �!
 	 � �"��� �$#!%3F �<8�&('*) �,+ 8��I�$�-����� Q �-.0/��1�2�3� 	2�#F4$5�� � .76 4 	98 � F�:�;2<7=$>"?�@ 5A�7B$���7CA�(�-
 	 � >*D 	 �9� 	�E1F G 8��H7H �2I :�;	<�=J> .�6 4 	 � 9-K � QML	N 5.5m(=700m3)
� ?�@ 5��	B � 8 �<���!
 	� F 4J5�� �PO � ��4 �RQ 	�F % � efficiency >!S ! :�; ) > �	T G 8��; �3�9�!
 	 � > .�6 4 	38�U � .AV F '�W ��X 8 � H "Y>!Z�0$1 )	[�\ �A���,5��7B] Z�^`_ � X, Y, Z /�a ]cb�d >!S9e 8 � Hgf Ich�i,jAkcl ��� 
	m�n"o�p �!j�q1� +2r ��9s

X, Y, Z t a ]cb�d _ �u.�6Jv 	 ]3w K � Q ]"x�y >-S e9r �1z (3.1)
��{$5 n�_ �|s�!
 	 � ]*b�d �~} ]	�1� Ic� � � � �A�	���P� r �251�,5�� ��
 	 ��� :�;	<�= ] 8 C����C��3I

FPGA
s _������9� � f r ] ��l��9I��	���	�7s G�r
��� � +2r � H�H �3I�l� > �2�7s G(r�n�e }A���1�-� X2

�
Y2
�
Z2 >-S�e r"��

3.20
�3I�����s�}2�1�A�(s*�A� ]

2 � � � ���2+ r1��¡A¢�£ ] � ] _$¤ s7�c}��¥���¦ ]
2 � I�§ r
¨ �9©3ª�«¬�!©®­�� ¡A¯ z	�9I�° ±²/ ³²�´�"© m�� B H � w!µ �7¶ µ(] �] _J¤ sA}�� 10 · ¶$� 10 ·2£ �2I�¸¬¹ ] �c«7�Y°9±º/ ³~5A� H�f � ] �*« >"»P�!� }���1�-�

X2
�
Y2
�
Z2 >!S�e rc�H ] _,¤ s25 ��S�e7n .�6$v3¼ ]9w K ��� ]*xAy,] 2 �$> �A�,�1.�6Jv3¼ ]9w K �¬�M½¾ s��!
,¼Y³ >-¿ W`À X n"Á$Â � ]cx�y(] 2 �J> ���(s35 �7Ã Ä / ³ G�r � � 3.21

] _J¤©�ÅA�Æ­ >-Ç È�� �!
$¼$³|I*.�6Jv2¼ 8�U � ¡ V s ¿ W�À X r ] � w K ��� ]*xAy,] 2 �I
0∼ 6.52(m2)

� +9rc� H~f s�4J5A��} > �7É,5��3B f �¬��l�� S(e7n �!
$¼P³ ] .�6$v¼ ]2w K �¬� ]"xAy,] 2 � I	� �2Ê3Ë 6�Ì2v1Í	Î�Ï9'c�7ÐÆÑ|© r ] �P�!
$¼P³ÒI 6.52(m2)

_ ­-Ó~ÔY�1©�¦9s Â �7Î�Õ G(r*�
:�;3<�= � E1FY>1Ö×¤�Ø	Ù � �A� ©,�!
$¼Y³|I��A� ] 0 ∼ 5.52(m2)

� E-F 5 nAm �1
J¼³ÒI
5.52 ∼ 6.52(m2)

]"Ú,Û � +9r"� ��É9s _ ­ S(e � f n .�6$v3¼ ]2w K ��� ]cx�y,] 2

� �(Ü$/ ³ > 5 n ���"�3B ] Ü$/ ³Ý� � 0 ∼ 5.52(m2)
] �!
J¼P³ >AÞ f ß7à � r H �M�	��

(efficiency)
�

5.52 ∼ 6.52(m2)
] �-
$¼P³

(contamination)
� Þ f ß7à�á �
� 5 ÂY¤ � >â O"ã9ä v â Q ¼*s _ ­ S(e rc��

3.22
s â O-ã7ä v â Q ¼ ]"åAæ > { G�� �

J¼$³ÒI 250keV

�
10000

��
,¼Y³ > .A6Jv¼ 8�U � ¡ V s ¿ W`À X n�� � 3.22( £ )
] �A�9I�½ ¾ s��!
J¼P³ >!¿ W�À X n b�d �c�A�I�}��¬� S(e	n �-
Y¼P³ ]�b(d � +9r*� � 3.22(

¶
)
s7I L	N 5.5m

] :�;	<	=J>1?�@ 5 n��� ]
efficiency

�
contamination > { G��j V s 500keV

�
1MeV

�
1.75MeV

] ��
(¼Y³ >-¿ W´À X n �c� ] efficiency
�

contamina-

tion >-S�e7n�� 90%
�

95%
�

99%efficiency
] ��� ]

contamination >
ç 3.4
s Â � e r"�
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Chi2 / ndf =  3.511 / 9
p0       = 4.563 +- 0.6307 
p1       = 1.472 +- 0.04001 

�
3.20: Z7^ ] } _ ­�.76$v3¼ w K �¬� ]cxAy,] 2 �Y>-S�e r
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contamination
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3.21:
½ ¾ s��!
J¼P³ >1¿ W`À X n b(d �~} _ ­ S(e � f n b�d � ]��J�

efficiency 90% 95% 99%

250keV 45% 69% 91%

500keV 30% 53% 84%

1MeV 20% 35% 68%

1.75MeV 9% 22% 55%

ç 3.4: 90%
�

95%
�

99%efficiency
� ]

conatamination

Ê3Ë 6(Ì3v!��� m Í b�d Î�Ï9'"��� ÑÒ© r1�1:�;7<7=P8 ] ��
$¼Y³Òs�4,5 � 90%efficiency

>!�7S 5 n ����� Ê	Ë 6�Ì2v���¦ 1.75MeV
� :7;	<�= � ] �!
J¼P³ > 1/10 Â ���¬� G H�¥�3�´�"� Ê2Ë 6,Ì2v	��¦

250keV
�9I :�;3<7= � ] �-
J¼´³ >-L Î7Í�
��¬� G H �M�2�� r"�
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3.22: 250keV
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3.23: 500keV
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3.24: 1MeV
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3.25: 1.75MeV
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4.1 �	�
H�H �2I	�

FPGA >�
7m7n h�i,j�k*lAÉ >1Ö×¤
��� ��5���� > ½ ¾ s�� � �9°��(/ â ã
ADC

s _�r���� ] É ? � FPGA
�!j��YÀ X � ]�� v�� ] ��� ��5*© Þ ]� "! ³ >-Ö ¤�� «# sAI

222Rn >�
7m�nA� � 4.1
s

238U
]�$&%('*) ] ¡�U � 222Rn ·�+	> { G��-, � ] ½�.(/É ?J>1Ö ¤ ] I H ]2w�] 214Bi

�¬�
214Po

�
214Po

�¬�
210Pb 0 ]1$�% / +�rc� 214Po

] ��(2(32I
236µs

© ] / �
214Bi

�
β
$*% >54 H 5�� β

«
(Q
¦

:3.26MeV) >�6 5 n17 � 214PoI����
236µs 7 s 7.69MeV

]
α 8*9Y>(6"Gc� H ] β

�
α > Delayed coincidence trigger

s
_��
� É ?3G(r*�

Energy

Rn

Po

222

218

Pb214

Bi214

Po214

α

α

Pb210

Bi210

Po210

Pb206

Decay modeNuclei

β+γ

β+γ 3.26 MeV

5.49 MeV

6.00 MeV

1.02 MeV

7.69 MeV

β+γ 0.064 MeV

5.48 days

Decay time

α

β

α

1.16 MeV

5.30 MeV

38.7 min.

4.4 min.

28.4 min.

236

32.2 years

7.23 days

200.2 days

µs

�
4.1: 238U

]1$*%�'�)
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4.2
� �	�

, � ] ½�. / » 
 5 n�
 6
�J> � 4.2
s�{ Gc���	< â ¼�� ä v�� ] á �cn ��� !	]�� �] ¶�s

2 � ¼�� Z���9�� [7\ >��"?�� â ¼
� ä v â Q ¼ Z$>
� É G,r"� ��� !�� � I !� ¼ ä !�  ]�! /#"%$�s�&('�/Y� r*)�+ s�© �
��, ­.-�/10 ¨ 222Rn 2�354 �
¼�6�7 ! s�8
m	n 2 È�2�9:�!Ã<;>=��"��Ö ¤�� �?� !�� �@2<ACB s�71D
EGF"°5H � E /JI�KJL n â ��¼M v!��N�OJL@-�P ��9��RQRS sJ7 â �
¼ M v ACB(2 â ¼�� ä v âUT ¼VP 2&� � áJW#X r1Y
¤ sA© �~�#Z\[1�@]�2�
 6*� 7R-
^�_�` W « 2
a�b?; �R� X�c�d�e À 5cm 2�f\2%4 Ä\g�h/JI�K�L ["�

main detector (500ml)
cylinder 
(inside covered with alminium foil)

11cm

stainless cover

sealed pipe (for taking out the air)

PMT

H1161

optical compound

8.5cm

60ml liquid scintillator

sealed pipe ( for introducing the air)

�
4.2: 
 6
�



�
4 � FPGA ��YJ[ ³������ 2 ½�� 70

�
4.3 � 222Rn ;���� â ¼�� ä �"� ��� á1X [���9�;
	 X � 222Rn

7
238U ;���
���� Ñ������� 2����<2 N�O%L c � � O¬���,¼ Ã��(Y��
 "!���Ä ¼�� ã � 4<;>=#�
 ��$� â ¼��

ä �"� �%� á ÀVL ["��]�2 �"� 2���� 7�° ± E'&1/JI�KJL  1, ­.-%(�� ! /*) [ 222Rn 2��+-,*� 6R[1Y$¤.� © �/ �Z@[*�10-2@2 222Rn 3#4 �
¼�6 �(Y ­ trigger rate
7 0"3 Hz �© [c� , � 2 ½�.�/#7 �"� â ¼
� ä �"� 214$+-5*6 O � c�c�d - 
 6*�@2 � �*� 222Rn ;7-8:9<;  222Rn +1�"�>=>? �A@��"� �%B*C@[�2#;ED:� c�F , � 2�G�H /57 6 2@2�354 �

? 6�I 7 - Single trigger rate
7

35.5Hz
-

Delayed coincidence trigger rate
7

3.4Hz J
6'�c�F$K 2�7 - 222Rn + $*% �1��
#��L-M � 2�N@Z�O�P�+$Q�R 9CL [ cJd trigger rate
7-SET

X [ F 24 U"V�7W� 7 Single trigger rate
7

185Hz
-

Delayed coincidencetrigger rate
7

29Hz

J
6'� c�F 9-X � `�N X [�J 222Rn 2�4 7 MZY - trigger rate [\M�5 X [ F 222Rn 2�3\4 �
? 6�O]X 48 U�V�7�� 7 Single trigger rate

7
142Hz

-
Delayed coincidence trigger rate

7
23Hz J/6^� c�F

       Rn source

bubbling

1/4inch nylon N1 tube

pump
 3l/m

Rn
air or N2

(2l)

Liquid Scintillator

Detector

(60ml)
_

4.3: 222Rn 2�354 � ? 6
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4.3
� � � � 	 


�
� -���� g�=�� ADC ;��1Z c������ �����@2��! R; X [ F (
_

4.4)�"� g<=#� ADC ;���Z c �$��% 7�-'&�(�E�)��'*,+ ;.-�/ c�021 2 � ; Linear Gate �
Y Y43�5 X [ F Linear Gate ;
=#687 c'0�1 7�- Shaper AMP �?Y Y49;:"+�<�=��,>�? 9L [ F ]�2�<"=�; ��� g/=�� ADC % ����@ Y - AD >�? X [ F_

4.5 �A��BDC � 2�E�F F ? 6 ;/	 X�F �"� g/=�� ADC % AD >�? 9 L cHG � E 7'I �
FPGA ��J X L [ F FPGA K clock enable

021!L$M#N + ) [�J�O L �"� g�=�� ADC P X LG � E�Q�RTS L flip flop �'JVU\+XWZY;['���"K$\V] L FADC read
L$^X_"L �"� g�=;� ADC

P X L`G � E L�� Q�a#b L'0"1cL 9;: L + J�71 �d"e�f!U F
Shaper AMP

L��$N < L`gih S + Y U"V"W gjh'k + Y U�V'K M�N < L 9�:XW�<"l�m'P;Pn X ��o�p a�H�%�q�U F;r�sut Shaper AMP
L��`N < L�v"w�xZy�z U�U"V'J
W clock enableL;{2| U�U"V�Q.} n ; U�~�JT%,9�:!Q�G�H#fXU;~�J y %VO�U F _ 4.6 m"K�9�:]J �"�#� =��

ADC
L,�c� ? (.� J L��V� QH��f F 9;:]J ���V� =�� ADC

L,�!� ? ($�;� y����"�"�c�� m#q]Y�W�� GV� E � K 20
�!� ? (`� %Xq�U;~WJ y#� P�U F

Delayed coincidence trigger
L`� }�W�a�b�� L�0"1�y;M UWJ`�$U2mcR�Sc�X��?�E.% 500µs� U F�K�L V2m�� L�021�y;zX�$� }�K Delayed coincidence

y R g 7 � J��X��7 LAM Q gt W LAM Q��;�V7 t���� VME Bus K FPGA
L RZScm,d;� 9u  t�� U Prompt signal J

Delayed signal
L 9�: J¢¡�b L�021XL U"V$V,£ L�¤2¥ Q ����� f F 500µs

L V2m�� L�0,1�yz�¦ P s$�`� }#K�§�¨c��U � G�K�R g 7 ¦ P s$� J¢����7,W Prompt signal
L 9�: ¤2¥ W�U

V ¤"¥ Q©B«ª � �u72W�� L�0"1�y#z U L Q�D�b F

VMEbus

FI/FO
gate

G.G.
veto

Linear Shaper
AMP FPGA

clock enableDiscri.

G.G.

Gate FADC

2inch
PMT

Delay

_
4.4:

���V� =�� ADC % L����X� 7����



�
4 � FPGA m r U��#BDC w"L ��� 72

th.

gate/clock enable

Linear Gate out

Shaper out

Signal

FADC read
_

4.5:
���X� =�� ADC Q�� �#� 9;:-G"H L E�F���?��

charge(pC)
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_
4.6:

M�N 9;:]J FADC Channel J L�� �
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��m ADC Q"� �����V�c� 7��,�iQ2�8 �fjU F (
_

4.7) ��9���������P X z8�20�1 K
Prompt signal �!W Delayed signal �Xm	��
��   � Discriminator Q�
 s t Gate Genera-

tor m M U F Gate K K�L �#� Prompt signal � ADC W Delayed signal � ADC m K  ��" M U F � � W Discriminator P X L'0�1 K FPGA m [ M U F FPGA %�K Prompt signal �L
Discriminator P X L�M�N'y q�UWJ Prompt signal

y;z!� J ����7"W Delayed signal QED
b F ~ L U;W Delayed signal � L ADC m 0"1;y�� P ¦#��r�� m Delayed signal � L Gate

Generator m�K veto Q�JVU F 500µs �VR�m Delayed signal � L Discriminator P X 0"1�y;z�`� }�W §�¨c��U � G y R g 7 � J¢����7,W Delayed signal � L Gate Generator
L

veto Q��� W Prompt signal � L Gate Generator m veto Q`JVU F � X m Scaler m"K Prompt signaly#z�t P X Delayed signal
y#z U � % L V"W 10MHz % x	� � x Q�JZY4W Prompt signal

y
z�t P X Delayed signal

y#z U � % L U�V;Q � U F����� K Delayed signal � L ADC m M#N�y q s��H� }�m Prompt signal � L ADC W De-

layed signal � L ADC W Scaler
L`GVw E2Q ���X� f r�� m�7 t���� F

Prompt signal
y�z#t P X W 500µs �8R�m Delayed signal � L Discriminator P X 0�1;yz!¦ P s���� }!W�§�¨��"U � GXK�R g 7 ¦ P s�� JT�!�X7�W Prompt signal � L ADC J

Scaler m�K B«ª � � 0"1�y J X   U F

PMT

FI/FO

Discri.

Discri.

Delay

Delay

FPGA

G.G.

G.G.

veto

veto

Promp th.

Delayed th.
ADC

ADC
clear

clear
Scaler

gate

gate

2inch

_
4.7: ADC % L������ 7����
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4.4
� � � �

222Rn
L���� Q � �	� m �2�#��
 � ADC W ADC

L
calibration

L2��� m 60Co
L��
� Q ��s���

60Co K 1.17MeV � 1.33MeV
L

γ �8Q � f y W KamLAND ����%�� � U���� 
�� �� w E`K�W�~  �� L γ Q�����%jO"U o! � �#" K � ��¦��;L %�W�$ ��%'&(�`&i�*) KV~  � L
γ
L,+.- + �$7 t��/� �   U �
0 4.8 m"K �"���1
 � ADC m r,sZt��/� �   � 60Co

L
$ ��%'&1��&j�2) W 0 4.9 m"K ADC m r,s t���� �   � 60Co

L $ ��%3&1�$&j�4) QH��f �0
4.9( 5 ) K Prompt signal � L ADC W 0 4.9(

k
) K Delayed signal � L ADC m r�s.t/�� �   �76$L %�q�U �,¦ � W �"�X�*
 � ADC % 50
��� ��(`� W ADC % 400

��� ��(H� q�98 m.:#/cU v�w�x K 222Rn
L

α ; �Xm r U 6�L %Xq�U �
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4.9: 60Co

L $ ��%'&(��&i�*) (ADC m r U ��� )
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0
4.10 m"K;W �2���*
 � ADC % �/� 7 � Prompt signal W Delayed signal W Decay time W0

4.11 m�K;W ADC % ��� 7 � Prompt signal W Delayed signal W Decay time QH��f �  h� L�0 m 6 Prompt signal
L

300keV q ��8 m v�wXxuy : �   U � ~   K 222Rn(5.49MeV)

� 218Po(6.00MeV)
L

α ���"/ �   U � � � W Delayed signal
L

550keV m 6�v�w�x
y : �  U y ~   K 214Po(7.69MeV)
L

α m r U 6.L ���,/ �«  U � ~ LXr � m ���;L &#(H��) wr 8�6�� � ¦ &#(`��) w ��7 t���� �   U L K;W α � L 9
	 x &�� ��L���
 m r U 6`L %�W&#(H��) w,L��
� fXU��;}�K α � L &#(H��) w m r U � ~�~
%#K 5.75MeV �
� L α K �cr�
1/19 W 7.69MeV

L
α K ��r � 1/14

L &�(`��) w ��7 t���� �   t�� U � ( �
� B ��� )0
4.11 W 0 4.10

L
Delayed signal m�K 214Po

L
α ; � L�� m�� � x �! #� �!" y$#&%  t�� U � ~�~�'�W(� � x �� �� �)" Q � � f ��� m!F�* � & L(+�, Q � � �%.- W 214Bi

L
3.26MeV

L
β ��Q +�, f�U �.� m Prompt signal m(/!0�W 1.5MeV∼2.5MeV

� ��� � � & Q � �	� 1.5MeV ��5�'�K 214Pb
L

β � (Q 1 =1.03MeV) Q ��2 0,W 2.5MeV

� k '�K�3Xm�465 � ��7 w�8 � Q ��2 f!U �/� '�q�U �
��m�� � x �9 �� ��" � ¦ U�:;* � & Q +<, f�U � � m Prompt signal m�/!0�W 1.5MeV∼

2.5MeV � � � � � & Q � � � ~ L � � & m r 8>=�?A@ �
B$§�¨ � � Q�:�C 6 U �
5 L :�* � & L(+�, QEDA0 �76�L Q 0 4.12 W 0 4.13 m���f �GFEH!L!0 K 214Po P � L α

; � y Delayed signal �I0 t
��� �   � 6'L 'AJ� ��
 7 ADC 'XK 558keV W ADC 'XK
537keV � � �LK

�y9M �¢  �
�k(H K 214Po

L
Decay time QH�&0 �76�L 'Xq�U � J� �(
 7 ADC '�K 230µs W ADC '

K 200µs � ¦Vs.t�� U �
J
 �(
 7 ADC

L<N :EO � � x � �,) y 8 P � & mI/602W ADC
L�N :EO � � x � �,)

K 12 P ��& ¦;L 'QJ� �1
 7 ADC K � �!" ' ADC m�R�U � 0HPQ0�~(S � � r 8 W�J� �
 7 ADC
y�T"z S ADC �`� |�r � m(U�VWS �/�2y '&X�W FPGA �H��Y �;Z t�[Vw$\I]�^  U#~!� y#��_is���� J
 ��
 7 ADC '!S AD `
aXm _�_ UIB9b<c �Vr � 25ns '�W2ª����" � * � &9dfe w ��0 t�g;� mIh9i�'AX<j �



�
4 � FPGA m r j &9dfe w S � � 77
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Time (µs)
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Chi2 / ndf =  202.4 / 40
p0       =  6033 +- 29.99 
p1       = 284.5 +- 2.026 

Decay   time  Chi2 / ndf =  202.4 / 40
p0       =  6033 +- 29.99 
p1       = 284.5 +- 2.026 

0
4.10: J� ��
 7 ADC m r j ����K�
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Energy(keV)
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Prompt  signal

Energy(keV)
0 500 1000 1500 2000 2500

C
o

u
n

ts

0

500

1000

1500

2000

2500

3000

3500

4000

Delayed signal

Time(µs)
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ts
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Chi2 / ndf =  113.5 / 77
p0       =  2207 +- 13.59 
p1       = 243.9 +- 1.934 

Decay   time  Chi2 / ndf =  113.5 / 77
p0       =  2207 +- 13.59 
p1       = 243.9 +- 1.934 

0
4.11: ADC m r j ����K�
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Energy(keV)
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Prompt  signal

Energy(keV)
0 200 400 600 800 1000 1200 1400

C
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ts

0
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500
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Chi2 / ndf =  446.3 / 45
Constant = 532.3 +- 11.07 
Mean     = 552.8 +-  0.42 
Sigma    = 66.22 +- 0.9093 

Delayed signal Chi2 / ndf =  446.3 / 45
Constant = 532.3 +- 11.07 
Mean     = 552.8 +-  0.42 
Sigma    = 66.22 +- 0.9093 

Time (µs)
0 50 100 150 200 250 300 350 400 450

C
o

u
n

ts

1

10

102

Chi2 / ndf =  27.81 / 40
p0       =   238 +- 6.085 
p1       = 229.9 +- 7.089 

Decay   time  Chi2 / ndf =  27.81 / 40
p0       =   238 +- 6.085 
p1       = 229.9 +- 7.089 

0
4.12: J
 �*
 7 ADC S [�w�\ SG:�* � & +�,�� S K
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Energy(keV)
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Prompt  signal

Energy(keV)
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Chi2 / ndf =   1171 / 94
Constant =  1479 +-  13.8 
Mean     = 537.3 +- 0.3752 
Sigma    = 52.05 +- 0.3086 

Delayed signal Chi2 / ndf =   1171 / 94
Constant =  1479 +-  13.8 
Mean     = 537.3 +- 0.3752 
Sigma    = 52.05 +- 0.3086 

Time(µs)
0 50 100 150 200 250 300 350 400 450 500

C
o

u
n

ts

1

10

102

103

Chi2 / ndf =  83.95 / 77
p0       =   582 +- 7.183 
p1       = 199.5 +-  2.72 

Decay   Time  Chi2 / ndf =  83.95 / 77
p0       =   582 +- 7.183 
p1       = 199.5 +-  2.72 

0
4.13: ADC S [�w$\ SG:�* � & +
,�� S K





5 FPGA
� � �

KamLAND �� � � � � � 	 
 � � 
 �
� S �$'!c�� KamLAND

� �QS�� � S���� �)" � *�� &$d>e�� ] XILINX ���6S FPGA]��! �#"%$�&(' ]�)+* � 
-, 7 � ��
/.(� ]�0+ �#1 " S32�4 ]35 j#6�!� �$" � *3� &9d e7�98 0�:!� �<; % '!=#>@?A�(B6b��9C & ]�#AD�E�F�G B3H�IA��JK@L C�MAN 2 SO��P�SRQ dfe7� ]%S�T j�6
5.1 U V W X Y Z\[ V W X Y] U_^a`@bI7 � Q ddc :�*Ae7Q '
c%� Prompt signal =�/)0f: Delayed signal g 500∼600µs

S�h�i(=#jAj � 8 g�k@l 8dm j#6n U�^�o�p�q _sr S(t�u)cAv%w!Cyx�z ADC =9{7| AD `�a~} ; j�6 ��� nO� =3�7��: X�@�7�(�
L(m)

� ��C!Q����  8�� � Prompt signal =_� 5 j Delayed signal =��_� � {��ma�O� g��-} ; j#6
exp

(

− L

1.9

)

× X1Prompt

X2Prompt

<
X1Delayed

X2Delayed

< exp

(

L

1.9

)

× X1Prompt

X2Prompt

(5.1)

⇔























X1Prompt × X2Delayed < exp

(

L

1.9

)

× X1Delayed × X2Prompt

X1Delayed × X2Prompt < exp

(

L

1.9

)

× X1Prompt × X2Delayed

(5.2)

�
(5.2)

� �d�3�+�+� r<��� �O�s�y� ��} ; m ��� �(�@��� ATWD Card = Reject g�� r;�� 6
Prompt signal

8
Delayed signal

�O�!� �9  �%¡%¢ g@£��R¤¥�#¦@§ �A¨�© g �-�_m  ���ª S�T9� 6 �3� 8a� � 5 ?@: � t%u7=_�7�(:!�_« � t%u 8 ��¬�­O­a® �(B ­+¯ ma°7±@²³ ªf´!µA�_� ]a¶ ^�`+b!z � Q@· c �+¸d¹ e-Q �Aº ��»�¼ 1%g@½  ���+� Reject t�u�ª��� 6�� � � �(� t�u%g��!=#j � t%u � Prompt signal
�+º �<»�¼ 1 ��º �#� � ATWD ¾�C¿ �Rr

FIFO =#À �+Á ª3� �#Â =#À �AÁ ª#Ã 5�� 8 ��� m  6 FIFO
� À �+Á ª#Ä *7Å(58a� =�� Reject t%u � m �Æ� � ¸Ç¹ e-Q 8ÇÈ � « �A¸Ç¹ e-Q �srÊÉ%Ë-¯ =_Ä *�Å(57� 8 =m � 6 �(� 8_� ��¬�­ �-CAQ�ª 0 � 8a� � Q@·¥Ì � � Á ¸ , e#Í!ª Reject

� �@��ª�Î 5.1=@� Accept
� �@��ª@Î 5.2 =@�(B ­ �9CAQdª 0 � 8a� � Q@·ÏÌ � � Á ¸ , e#ÍAª�Î 5.3 =Ð 5 6
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00010000 0001 xxxx

accept reject

counter

Reject

Trigger
N-Sum

Accept/Reject

0000

Î 5.1:
¬@­ ��CAQ � Á ¸ , e(Í (Reject

� �@� )

1. N-Sum Q@· Ì � =�{9|Çi	����
�e Á ªR· �~CAQ 5�� 6
2. 500∼600µs ��
 8 Accept/Reject ª High =+���@��
%e Á ª��7P � 6
3. ��=RQ@·¥Ì � tOuOgOj7� 8_� � Reject t%u�ª Å(5 6
4. ��
_e Á � Accept/Reject ª · �~CAQ 57� 6

Accept/Reject

0000 0001 0000 0001 xxxxcounter

Reject

accept reject

Trigger
N-Sum

Î 5.2:
¬�­ ��C�Q � Á ¸ , e(Í (Accept

� ��� )

1. N-Sum Q@· Ì � t%u7=9{�|Çi�����
%e Á ªR· �~CAQ 57� 6
2. 500∼600µs h�i�=3� � Q@· Ì � t�uOgOj7�(���A� Accept/Reject � Low

m � �
Rejectt�u!� Å } ; m  6

3. ��
_e Á ªR· �~CAQ 57� 6
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X1(Delayed)

X1
X2

Q1
Q2

X1(Prompt)

X2(Prompt)

X1(Delayed)

X2(Delayed)

X1(Delayed)

X2(Delayed)

X1(Prompt)

X2(Prompt)

X1(Prompt)

X2(Prompt)

Reject

Trigger
N-Sum

X2(Delayed)

Î 5.3: B ­ ��CAQ � Q�· Ì �+Á ¸ , e�Í
1. N-Sum Q�· Ì � g �O�Æ� 8(È ��¬�� � � v�w9C�x�z ADC

� ¢
(X1 � X2) ª FPGA i

� (Q1 � Q2) =���� 57� 6 (
�#� ¢ �_� � t�uOg�� � :�j ��� �
	�� } ;s� 6 )

2. �A= Q�· Ì � g ���9� 8 ��
��~¤�� � :aj�� � � ª Delayed signal ��� � ��	�� ��:  � � � ª Prompt signal
8 ��: X1Prompt × X2Delayed � X1Delayed × X2Prompt ªÇH�� 5!� 6

3.
��;Rr = � (5.2)

� k�l9ª(�9�a� � �7} ; m ��� ���@�+� Reject t�uÆª Å(5 6
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�9=@� Prompt signal
8

Delayed signal
� ©��Ç���!� ��  ��¡%¢ ª ��� ���(�!��ª S�T� 6!Î 5.4 = Prompt signal g�j�: � r Delayed signal

����� g 3 
3j9�(�@�9ª Ð 5 6

X1

Reject

RejectPosition

Time

Reject

Delayed

PromptN-Sum
Trigger

~600 700 sµcounter

A B C

FADC

P2

D1

D2

P1

C2

C1

C2

C1

B2

B2

B1

B1

A2

A2

A1

A1

X2

X1

X2

Î 5.4:
¬O­	� B ­ ��CAQ � Q�·¥Ì �+Á ¸ , e(Í

1. Prompt signal
� ��
_g º � � 8_�� ��
�e Á ª/· �sCAQ 57� 6� È � 8a� � v�w�Cdx+z ADC

� ¢ ª Prompt signal
� ¢R8 �(: P1 � P2 = 	�
 59� 6

2. Delayed signal g ��
_g º � � 8_�� È � 8a� � � 
ae Á � ¢ ª(Ä * �(k�lOg � �9} ; :  m�� ;�� Time reject ª Å 
57� 6� È � 83� � v%wACdx�z ADC
� ¢ ª�Ä * � D1 � D2 = 	�
 5�� 6 P1 � P2 � D1 � D2

�r B ­+¯�� ² ªÇ´Aµ+���(k@l%g � ��} ; :  m�� ;�� Position reject ª Å 
 57� 6
Î 5.4

�
Delayed signal A ��� ¬O­@¯�� ² � � �!} ; ��g�B ­�¯�� ² g � �A} ; m �7� ������ Delayed signal B �%� ¬�­@¯ = � B ­�¯ = � k%l_g � �+} ; �Ç���@� Delayed signal C �B ­�¯�� ² � � �!} ; ��g7� ¬O­�¯ =%� � �!} ; m ��� ����� �Aº � 6 �(� ���!� Delayed

signal A
8

C � FIFO =�� ��� D «@=�À �+Á ª(Ã�� 57��� 8 g »�¼ ��º � 6
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5.2
� � � � � � �

J K�L�� M�N � � �
	 X 	 Y 	 Z
�7� � È ;���;�� n�� ��
�� ra¸Ç¹ e-Q ����� ��� X 	

Y 	 Z
�9� � °7± ª��AP ��� � 3.3 � ����� ��� |�	 
 g 10 {9| � ��!#"_�$"&% } !#"%�� ��v$')(AQ+* � ²-, g/. �0� h�1 � {��32 X2 ª54�P ��� (Y2 	 Z2 2 
 !�6-��7�8 )























X2 = 2.1 ×
(

X1

X2

)

− 1.9
� � �

1 ≤ X1

X2
< 10

X2 = 1.5 ×
(

X1

X2

)

+ 4.6
� � �

10 <
X1

X2

(5.3)

9
:
5.5m(700m3)

� J K�L�� ª ��; ���(�@�$	
5.52 < X2 + Y2 + Z2 (5.4)� "_� 2 ATWD Card 2 Reject g+� r=<����

FPGA i � N ��ª0> � � �@?5A m � � � � {9�32 � ª5B�C�* ���














































X1 < 10 × X2 (A1, A2) = (2.1,−1.9)

X1 > 10 × X2 (A1, A2) = (1.5, 4.6)

Y1 < 10 × Y2 (B1, B2) = (2.1,−1.9)

Y1 > 10 × Y2 (B1, B2) = (1.5, 4.6)

Z1 < 10 × Z2 (C1, C2) = (2.1,−1.9)

Z1 > 10 × Z2 (C1, C2) = (1.5, 4.6)

(5.5)

5.52 <

(

A1

X1

X2
+ A2

)

+

(

B1

Y1

Y2
+ B2

)

+

(

C1

Z1

Z2
+ C2

)

(5.6)

⇔

(5.52 − A2 − B2 − C2) · X2 · Y2 · Z2 < A1 · X1 · Y2 · Z2 + B1 · X2 · Y1 · Z2 + C1 · X2 · Y2 · Z1

(5.7)D3� {��+2 � � C$2�B�CÆ� 6 FPGA i �FE�G ª�* ��� mFH 	 D�D � � X1≥X2
� �@�@2 
!�6I����6�� ��gJ	 X1<X2

� �@�+� X1
"

X2
� ¢ ª � </K!T7���LDM< 2�{9| °�± ��B�N� g#O5P � r���Q�R ��BFN r m�! �
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5.3
� 


D < rd����� ª��#v � 
���� ����� 	 XILINX � � x��fz���
 Á ª�� !�6 x �Çz���
ax"!# ª > � � � À�$ ¸�% 23� XILINX � VIRTEX xR·&
�'!ª�	)(�*F(+(d� 40MHz 2 � � ��� �È ��,�- 	 Prompt signal
"

Delayed signal
�@7I8 �%�+�  �
 ¡(¢ ª � � ��	 Prompt signal"

Delayed signal ª ¨�© �/. ! �+� ��¬@­0� ( � � � N-Sum
� ·ÏÌ�
(t�u21 � � 6 � r

26ns 3@2 Reject t�u/1 Å 
�} <��FD " 1�4 ��� � ��¬�­5� ( � � �+Î 5.5
� {9�=2 N-Sum� ·¥Ì 
(t�u 2�{ � 6 · � ( � } < � � 
 # Á 1+� � N-Sum 1 � � 6/6 � "a� 2 ��� �

� ¬O­ ( Î � � 500µs) 7�8 ��º �d� ªd´!µA��	 � � ��� ¬O­ 1 � � 6
! <�� Reject ª Å 

* �0��9/: � � 29{ �_¬O­5� ( � ��; 
�� 
���� �5< ��= �?>5@F6 Ð * ��A7­5� ( � � ��	
N-Sum

� · ÌB
C1 � � 6 �ED 51ns 3@2 Reject F�G51 Å 
7} < � �?A7­/� ( � � �+Î 5.6
�

H �+2�I-·5( ¿ I�*@( ¿ ª+J5K2L�M " � 6/N@! 	 � 
�«�O N-Sum
� · ÌB
)1 �%��� � "#�

O�I5P (�Q�R ADC O�ÀS
 Á 1 	�
"T < 6@! ��� D < " �UO�I5P ()Q0R ADC OÇÀS
 Á ª 
VSW ´�µ+ª�1I* �
Prompt signal

"
Delayed signal

"YX �A�Z�  B
 ¡%¢ 1@.�. � �A��O �[� XB\ Delayed

signal O N-Sum
� · ÌB
�F/G51���
 T < 6 �]DÇ¬O­�¯+A7­�¯ ´Aµ!ªI1 W 	 Reject ª Å 
F*��� X

98.5ns ^ W � ��D O ��� X�� FPGA 8 ��O � 
 # Á 2 HU_ Prompt signal
"

Delayed

signal
" O ¬�­O­�® 	UI/P ()Q0R ADC O Å 
 �`D Prompt signal

"
Delayed signal

" O A­+¯�� ² ªÇ´Aµ W�6�! �0�DM<aD O ¢0\ I/PJ(CQ�R ADC
X O AD B�bBO ¬�­ 25ns ª�c�d W06fe ATWD Card

X O
AD B[b ¬%­ 12.8µs 2 
 �/g�h 2�ikj 	 ATWD

X
AD B�b�3@	 FIFO 2fÀ�
 Á 1���
 T <fl� X 2 � · ÌB
�O�´+µ�mI1�* D " 1 X�n 	 ��� # � � ¹[�o� · ÌU
 "�W06 �/p5q�r X�s l5�t�u2v/�2wBxZy0X�\[z

(5.7) m <5{ * l�D " 25. l�� FPGA 8?| X�\ 7@1�O D " 1@>/N<"l��
1. N-Sum

�2}�~ 
�F/G�10�0� T <"l "�� O "�n O�I/PJ(�Q�R ADC O�� m���� �
2. X1(Y1,Z1) 	 X2(Y2,Z2) O�� % O��B�Bm�> ! 	�� n�!Se O�m X1(Y1,Z1) 	 %"T0!�e O
m X2(Y2,Z2) 2[� < � * �

3. X1(Y1, Z1) < 10 × X2(Y2, Z2) �0�f���UmY��� W 	 A1,2(B1,2, C1,2) m �[��* l � (
z

(5.5)�2�
)

4.
z

(5.7) O��/��O <�{ m0>o� �
5.
z

(5.7) O��5� "�� ��O 
 V m5> ! 	��2�/12� � T < .�� <2� Reject m2�Z��* l��
QS��R0��
/Q]! # m >S��� ,/- 	 N-Sum

��}�~ 
�F5G/12�0� T < 6 � D�DM<`DY �¡ O <�{
m0> ! 	[���[1L1 T <]l5¢ X O�£0¤ \ 175ns

XBs ��� �LDM< \ £2¤ � ( � 	 A ¤ � ( � 2
 � l " J ! 1 ATWD Card
X O AD B5b�£�¤ 12.8µs

H�_ \ ioj�	 AD B5b T < ��¥ 
�¦
1 FIFO 2[� l�§ 2 t5u0v5¨�w OU©�ª # � m x�y0XSn l0�
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VHDL(
; 
 ��� �[�
	�� 9�: ) 
 H l[�Z��� < ( £�¤ ���U� m�� � �Z� )

library IEEE;

use IEEE.std_logic_1164.all;

use IEEE.std_logic_unsigned.all;

entity coincidence is -- (FPGA O����Z���5M�O � � )

port (

clk :in std_logic; -- ([* � (�OZ�0�
N-Sum :in std_logic; -- N-Sum

�2} ~ 
/O����
Reject :out std_logic; -- Reject O��Z�

);

end coincidence;

architecture coincidence_arch of coincidence is

-- (FPGA 8Y| X�N � T�� l F/G�O���� )

signal Q :std_logic_vector(14 downto 0); --
� �[# ¦�O�����O�$ %

signal Accept/Reject:std_logic; -- Accept/Reject F/G
signal N-Sum1 :std_logic; -- N-Sum F/G�m 1 ([* � (YJ D @ � e O

begin

-- N-Sum O����[1 s ����� n 

-- Accept/Reject 1 "1" . D Reject"1" m��Z��� l
process (clk, N-Sum) begin

if (clk’event and clk = ’1’) then

if (N-Sum = ’1’ and Accept/Reject = ’1’) then

Reject <= ’1’;

else

Reject <= ’0’;

end if;

end if;

end process;

-- N-Sum � }�~ � F5GSm 1 (�* � (+J D @ l
process (clk) begin

if (clk’event and clk = ’1’) then

N-Sum1 <= N-Sum;

end if;

end process;
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-- N-Sum � }�~ � F5GSm 1 (�* � (+J D @ � e O X
process (clk, N-Sum1) begin

if (N-Sum1 = ’1’) then

Q <= "000000000000000"; -- � �[# ¦�m } � � �
Accept/Reject <= ’0’; -- Accept/Reject m "0"

elsif (clk’event and clk = ’1’) then -- (�* � (�O	��
��Z1 _ m�
�� W��
Q <= Q + ’1’; -- (�* � ([m�� ��# � W���� j
if (Q <= "100111000011111") then -- (�* � (Y1 500 � s 7��/. D��

Accept/Reject <= ’0’; -- Accept/Reject
\
"0"

else -- (�* � (Y1 500 � s 7��/. D��
Accept/Reject <= ’1’; -- Accept/Reject

\
"1"

Q <= "100111000100000";

end if;

end if;

end process;

end coincidence_arch;
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reset

?
counter
> 500µs

yes no

HAccept/Reject Accept/Reject L

Accept/Reject

yes

H?

FPGA
input

output

N-Sum Trigger

Reject

counter

�
5.5: £�¤ � � �

X1 X2

X1(Prompt) X2(Delayed) X2(Prompt) X1(Delayed)

X2(Prompt) X1(Delayed)X1(Prompt) X2(Delayed)

X1(Prompt) X2(Delayed) X2(Prompt) X1(Delayed)

Delay

FPGA

> A

A>
or

Reject

X1(Prompt)
X2(Prompt)

X1(Delayed)
X2(Delayed)

Trigger
N-Sum

�
5.6:
A ¤ � � �
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�
5.7: ��I � � ��� X ; � ��� ���2m � < � l

§ 
�� W � ; � � � ��� 	 � 9/: m�� ��� A ¤ � � �Ym � � ��� m ��� 
 FPGA 
�� n����� �
	���
 FPGA 
 \ 14 × 14 CLBs O e O2m N � W ��
 � j����UO CLB 1 ,�� T �  
�2O�� ��� 1   �2O � } ~ �
��� R � �"m���� W���� l 




6
� �

KamLAND � � X0\ 
 ���UO���� �	� ��
 �
��� � 	�������� XUs l 
 W � W 	������ �
� ��
 � \ ¥ � ¦������B� W���� 
�� _��� 	! � l � ��" 
 ��m���# l 
�$&% ��'�(�) �* � m,+.-��[�	" s l � $ trigger rate m/+.- � 	 �0�21�3 
24B� � j l 
65�7
8�9:$ ���*�� �?ª�� � } ~ � ��; �2<2=�>�?A@	B � � },C ��©)ª * �D��E�F � t5u�v�¨�GBx�yIH �� " trigger rate

H ��#KJ
� ����L�M H �"��� 

	&� � � * � �+ª�� � }�~ � 9A$�"U©�ª * �N��O2PK;���QSR H/T�=�>�U�V�W �X-/�&Y2ZH
AD [�\ ��J 12.8µs �0¤�
�]^J/_�3�� s J 
 	 �KH ��p �`J ����
	a ) �/b B ADC �

FPGA
Hdc � Jfe�g H�h�i �

�	���j2k	"�a ) �lb B ADC � AD [�\�£�¤/� 25ns "2a ) �b B

ADC �U�Z�5�X- � }�~�� ���B��� � ! � J ¢ 9�£2¤�� � �m9�$ 26ns "&n ¤ � � �m9
$ 51ns " t5u2v5¨�GUx�y 9:$ 175ns ���KJ 	 ���:o5�f��� 
 	 � $ AD [�\ 
����KJ[£�¤
12.8µs 
�p�q �2r o2sut�"��2v�qBr�9 s J��xw i J 
b�y B � �&bSz * 9�$
"{n�¤�� � � 
A�A| <�=�>�?�@�B � � }fC �2©Yª * �}� 90%efficiency

9�% �,'�(�) ��* � H 0.7% " 95%efficiency 92% ��'/(�) �&* � H 1% " 99%efficiency 92% �'�(A) �
* � H
2.5%

¢ 9�+~- � 	 ����9���J � � ��j�k��:��- � � 
 ! - 
�n�¤�� � �
��£�¤�� � � � � 	�� 
��`|�"
�:� �A� ��
 �2� 1.75MeV 9 222Rn � 2 ∼ 3Bq/m3

¢ 9��
�`; �I� trigger rate

H
10Hz 
��SJ 	 ����9K�
J�
 ( 
�4���
 	&� ����� single trigger rate

$���� � 1kHz 9 s J�
 ) 	��`��� 
�" � �	�������A" s J � $ � @ ¦ �,� R2�d�2\	42� 
����G |��&n��2�������^��
��"��������" 222Rn � � ��� r mBq/m3 � � 
�4SJ � ��� *� �+ª � � } ~ � 4S;,9�$Z¥ � ¦ H �&J�	��f$
�
�S��
�4`J�
 	��`����4����A" � � * �� ª�� ����� � 
K��| trigger rate
H +�-d;
"�¥ � ¦ H ��J 	 �����S��9S��J 
  ��"�¡�¢�£�¤ GS¥d¦ � b�y B � �
bXz * 9�$����,§ 
 � �
j�k�����- � ��
�¨ ��© �

�����	��� ��
�ª 9	�d¡
¢�£2¤��,�A«6¬ * �D� efficiency 
�­��	Jf¡2¢�£2¤ G �	«f¬ * �D�
efficiency � �K; � �AJ�


efficiency 90% 95% 99%

250keV 45% 69% 91%

500keV 30% 53% 84%

1MeV 20% 35% 68%

1.75MeV 9% 22% 55%

¡2¢�£�¤I�,�A«6¬ * � 
&­S; � 90%efficiency
H 3�®`; � ���d"����	��� ��
�ª 1.75MeV

9�¡2¢�£�¤ G �A«/¬ * � H 1/10
  9�+X- � 	��0�:9K��"��:�	�	� ��
�ª 250keV 9�$�¡�¢



�
6 �   � � 92

£�¤ G �S«/¬ * � H�� o�� � +~- � 	 �D��9^��J�
�§ 1.6 9 � �I;����	� 
2�A� �	� ��
ª
1MeV 9 � % ��'�(�) ��*�
 �&; ��T�=�>�U�V�W "
��� ��� * ' � � �D4�� 
���� G��

-,�����A$��^��t�"�¡�¢�£�¤ H�� � �`J 	 �f$�¡�¢�9S�AJ�

	��	��� 
 ��� *�
 � ¬ � ��� � � 
���| <2=�>2?�@�B � ��� C �! #" ! � �A«�¬ * � "

�AJ � $
¡�¢�£�¤^���$ %" ! � �	«/¬ * �N�
� H�& �#� � 	��D���S��9	�	J�
   ��"	«/¬* �(' 
*)��S«�¬ * � �/�&n	+�,.-0/1�32�+#,.-0/�"��AJ � $�¡2¢�£�¤�� G�� ��� � *#
� ¬�� ����� � 9� #" !54 J&��9A"�	 4 -���6 �87 H ����� � 6 ��7�9 ; ��:�; ;�" CPU

Board �=<��?>���� � 6 ��7 H
@ 4�� -BA�CD,FE <2=�>�?	@SB � >:� C�9  G" !H4 �A«/¬* >}"��AJ
I2$
¡2¢�£�¤^� 9  #" !54 �	«�¬ * > H ATWD Card
� - & �G��J	< 9 � �`�

9S�AJ
K�<&�����BE�¡�¢	4
6 ��7 H E�F�J`J8< 9 E���|L6 ��7NM H +�-d;
"��:�PO`� ��
ª H*Q #KJ�< 9 �:9I� 4�R KamLAND S�T`����� H �
J	< 9 ��9I��J
U%VD�WK
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b � ����� ����� IC E�p2q	��
�¤ � �	� t�"�
��	�2�`��J IC 9A"��&O��K«' O���sut��������,������9	�	JFK&58�:9A$�" FPGA ����3�E��   |�" FPGA

H���� ;2"
S � ;
"����8J`J�e�g H��! JSJ K#" 9 ;��A"�$ c ! 4 Jf�S���
���~|�" �&% "#'2§D,�4
XILINX (S� LCA(Logic Cell Array)

H*) |,+�#IJ
K

A.1 LCA - . /
LCA $&��0 � -���1�2�3 � >�� H*465�7�8 ��9 �;:=<�> E 7��&%	7@?BA E�CA��2�D�E :F6G�H�I#JLK�M

IC
F � H K LCA N#O���PRQTS�2�C	�RUFJ�VB� 8 ��9 �@: ��W FXG	H&Y �

E	Z\[*��]_^ 7�`�a Z�b	c�CedRU 8 ��9 �@:=<�> E�fegih 4 H ��g 7�j�k 2 �	� �ml�n 9
LCA 2�o#p!q;re2 ��� U�s 2 E�t �N< 9u:�v d 9 ZT[w��I H K   � 7 LCA N 7 SRAM ¬ �x 2 FPGA

F �y^ 7�z&{�| O%2�E�N�}GEi~��\2�o�piq�riU*� G��   Z����&N�Z6h�Z�I : 7
LCA N j	k E��&� �   4 �8I H�����F �T[��6����� F �,� G�� � : ��� H 2 F 7 CRd�2�DE :B�	� E�tB� H 9 I ����� :!� H K LCA �����L� M O :�� �����e�	2�N 7�� +*E��BVR�Yi� Z�
���� :\� H*� h F � H K

XILINX (�l LCA E�N XC3000 �¡  �@� 7 XC4000 �¡  �@� 7 XC5000 �¢  �@� Z	£ :��H K�¤ 4T¥�4 2	�y  ��� 2@¦eZ�§�¨\U�©%E�ª�J�K#<�2�« 7 ��
�¬#­�®L� x VIRTEX �y  �� 7
Spartan �_  ��� Z&£ :\� H K

XC3000 �_  ��� XC4000 �_  ��� XC5000 �_  ���
CLB 64 ∼ 484 100 ∼ 2304 64 ∼ 484

I/Os 64 ∼ 174 80 ∼ 384 84 ∼ 244

Filp-Flops 65 ∼ 1320 360 ∼ 5376 256 ∼ 1936

© A.1: XILINX (�l FPGA 2�¦�Z�§�¨
LCA 2@¯�°BN 7²± G �´³	µ���¶ % 2 a�· � hu¸&[���I H Ku¤�2*¶ % 2 a�· N 7 Configurable

Logic Block(CLB)
7

I/O Block(IOB)
7 ] Yº¹ 7�»	¼�½�¾ F � H K CLB N 8 ��9 2 I�J!K�MU�¯	¸8J H Ced · cXU;¿BÀ!Á 7 IOB N�Â K�Ã � J Ä QTSRÅ#~��BÆ�Ç ¼ 2�È�2R�	S�É �&Ê	Ë� x U*¿&À&Ì H�Í LCA 2�~��T¯�°XUBÎ A.1 Ï�ªRÌ ÍeI�JÐK#M CedRU 4 [�� CLB

:6Ñ@Ò ÏÓ	Ô 2XÕ � Ï#Ö ¹ 7 ¤�2&×�È : »	¼	½�¾ ÅØZ\[�ÙTÚ H�Í�ÛÜKwÝ 2�Þ�ß�Ï�Nà~�á¡Å*2�Oiâ�P
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2�CedRU 4�� IOB
: Ö�� Í

XC4000 �=  ��� 2 CLB 2�¯�°6U&Î A.2 Ï�ªeÌ Í XC4000 �=  ��� 2 CLB 2 ± �R³RN
Function Generator

� hº¸ H�Í Function Generator Ï�N�¤
	 ¥ 	���
R2�O	P :������ 	 7����� W������ UB�	S Ý  ���S ��Ì H�! Å#" FXG�H�Í 2 $ � 4 O&P Funciton Generator(F,G)Å 3 OTP � Funciton Generator(H) U � Ú�	�%'& ± 9 D ��( F �)�*� UR��S Ý  ���S�� ÌH�! Å#" FXG	H�Í ( �'+ Function Generator N �
,�  Ä.-=K#M�/àK�Ý Ä10 �32 - Å�Á�ÙX���S Ý  ���S � � 	 H ��g4+35�647'8eN\��S Ý  ���S � � 	 H �*� Ï�94:!Á�Z�Ú Í
XC4000 �y  ��� F N4+ Function Generator ~ � �
,   Ä;-¢K�M�/!K Ý Ä<0 ��2 - UÐ  �=
/ >���� Ä �
,_  Ä@?3- Å�Á�Ù6�BA � FiG�H�Í3C S ÛLKºÝ � RAM N I/O 7�8'"4D ( 	eZÚB��g�E	}eÏ�F'G F +3H&�eâ	Á /�M*? x4I È�N I#JLK�M 7J8_Å�s'K F � H�ÍL Ï IOB

� ¯	°XUBÎ A.3 Ï�ªeÌ ÍNM IOB NJO�P � Â K;Ã � J Ä QRS�U�Q�RàÁ�ORPS+RâPS+ ( ��N�T'UWV�Æ�Ç_Å�Á�Ù'X � Ì HS! ÅY" F6G�H�Í O&P � +Tâ�P � Ï&¤�	 ¥ 	 Ê   KwÝÊ I�KºÝ " ���Z� 	BÙB]¢^[+'\�]&Oàâ�P�" v d�Z#«)+ Filp-Flop U_^�Ì H�! Å�� FiG�H�Í (�Tâ�P ��`�a Ï�N�+ x - ��b
� � �3c�d + 3
x 0 � �*â�PBÏ�Ì HS! ÅfeJ" v d F � H�Í»	¼Jg�{ N CLB-CLB + CLB-IOB + IOB-IOB È �Jh K �_i � M U�¿�ÀBÌ H�Í »�¼Jg�{ ÏN�ONj_Õ�k ��»�¼ +�lSm�n � ��»�¼ " � ^o+ ! 	_h�N�p�q�Ï�]Sr v d F � H�Í ( �Ns�]iÁ� CLB Ï � ZWt »�¼ " � ^u+ M�IRK�M Æ#ÇJe � xJvJw ��x_y ÅØZ H Æ�Ç �@»	¼ Ï � Ú H'!Åf" FXG�H�Í »�¼'g�{ U	Î�Ï�ªRÌ Í

Î A.1: LCA
� ~��&¯�°
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Î A.2: CLB
� ¯�°

Î A.3: IOB
� ¯�°
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Î A.4:
»�¼4g�{

A.2 LCA � � �
LCA

� �����L��� -�� LW�
	���
 Ï�³eµ��f	�� Í
��� � X�� CAD + HDL e��'X����� �����

LCA
Ê�� � - +������ � ��  �"!eÊ�� � -�#%$ ¸��� �'&�( )�* +�É���+',�-B�.+ w b � �
/0,
© A.2: LCA

��1 ���6��� -
243 �5� � X6�&Ï � ¨87:9�U6;N"�<>= M�?�� � � CAD @ HDL e # ��A � ��Á#� 1 �CBÊ �ED Ë / "�F �"G * �H<�� Í��� �����'��
 � � +5IKJ � 	ML 263 ��� � LCA
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