
� � � � �
X � � � � 	 
 � � 
 � � �

� � � �

� � � �
� � � � � � � � �  � � !

2005 " 2 #



���
�

X �����	��

����������������������� ��!�"�#	$
���%��&('��*),+ -�.�/�0	1�235476
8 ��9;:=<?>@1�),AB�%C�D
E 47F �G
	��H(��I*J
D%E 4LKM�N�O D���� P�QR/�S 4 � X ���%�T

�,)(A�U�V*WYX ”PoGO” ��Z%+B[\X^]*�*_�`*ab	c
(PMT) d���e5Sgf��,Z*+G[hXi],�*),+7j�kml7W�n	opkrq@��s(t PMT u�E�v�w 67xyTz�{ u}|(~ 6�K	��� n
oGkmq���s�u PMT /g��w 6 tp���7��_�`���ug�%��>�� PoGO �


%��nR�g�,q��
n��}o F ��� t*>@2�1 4 0.5 ��_�` /keV ug�T�?>�2�1 4*� tGu�����> 6�K� / ��),+7j�k�lpW�n%opkrq���s�t PMT ug]
1�2��%�*���(�}�	�%��[�o�/G�%1 7 �% Rl
X¡��),A;X¢sG[*)��*��£(u�¤�¥¦>��G�������(����§�¨�� N	O "�#��*n*o�W*A;X©A�o���!��ª*«

Photon Factory /7e*1�2��%��¬��	­ z%{ ug|�~ 67K	® � ���,s}¯*°*±*²(/�0*1%2�³´ >�� �%������� x	y uBµ�¶�·(��¸�t�0	D�E 4 Q ·R� 28.5% (30 keV), 27.9% (50 keV),

29.4% (70 keV) t�¹ � ~ 6 K�º�» /G���G¼%½r¾L¹ 8 � �R�p¼%½RuB¿,À�Á�w 4GÂ,Ã uBÄ	Å6�K�Æ�Ç / �gÈ%É���_
��Ê�Ë5u ª > 6 PMT �BÌ�È	É z�{ uL|(~ 6�K È�ÉTÍ�/	S 4 _�P5Î
[%-�� 6%8 /�ÏT1T���,sT�BÐÒÑ©Ó�Ô�Õ�~ 6�F �@����D	� 4�Ö 'TD*�gÈ�É��*_ F × �72�1%Ô
1 � t F v�Õ%~ 67K



�

�
1 � �����	� 6

1.1 ��������� ����
	�,/7e�
 4 �%��
%�,��� Â�x t���� . . . . . . . . . . . . 6

1.2 PoGO ),A�U%V�W X . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

�
2 � � X ���	��� 8

2.1 �����%��������� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 � �"!�����£����%�����$#&% . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.3 PoGO �p���g�
����[Ro . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

�
3 � '	(*)�+-,/.102��3	024 5 13

3.1 687 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.2 9�l�X;:�l}) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.3 � <%� �%� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.4 =�>�½,�7�%� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

�
4 � PoGO ?	@BA;.�C/?D0"�	�FEG,&H�I�J�K�L 17

4.1 687 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4.2 � { ª�« M KEK Photon Factory BL14A . . . . . . . . . . . . . . . . . . . 18

4.3 9�l�X;:�l}) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

4.4 N�O;t8P�Q . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4.4.1 Q ·5uB¹ 8%4 ±�² . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4.4.2 [2R�oÒXTS�U�D*��Vp·R/
S 4 Q ·(�XW	1 . . . . . . . . . . . . . . . 27

4.4.3 Y¦l�W�Z�+\[�oB] �X^2_�t Q ·(� � t 8 . . . . . . . . . . . . . . . 31

4.4.4 � � · `1a%[2R�oÒX �7���G¼�½ . . . . . . . . . . . . . . . . . . . . . 36

4.4.5 Ì\b&c,/�0�1%2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

�
5 � dfe$g�h�("i PMT 0�j�k�l�K�L 41

5.1 687 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

1



5.2 9�l�X;:�l}) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.3 N�O;t8P�Q . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5.3.1 j���W�X �R/70�1�2 . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5.3.2 PMT � � �R/p0%1�2 . . . . . . . . . . . . . . . . . . . . . . . . . . 46

5.3.3 ��l})���ÎB[
-	/�0�1*2 . . . . . . . . . . . . . . . . . . . . . . . . 46

�
6 � ���D� 48

� �
A 	�
�C
� ( A��������	0
�
��0�����0 ?	@Di��XH 50

�������
54

2



� �

2.1 �,U*�Rq���nm�Bo�Z���W�sT� θ ��� x . . . . . . . . . . . . . . . . . . . . . 10

2.2 PoGO �(�}� 1 �	 5lrX¡�p#�� . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3 PoGO �(�}��� top view . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.1 :	W � ��+B[hX���[ ] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.2 55Fe ��j���WYX � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.3 241Am ��j��5W X � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

4.1 )�A;X sp[	) 1 �� 5lrX �p#�� . . . . . . . . . . . . . . . . . . . . . . . . 18

4.2 7 �% 5lrX )�AÒX sp[	) ����£ . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.3 k
	�oL������
	����� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.4 � {�� l�k���/����(u «�������� � . . . . . . . . . . . . . . . . . . . . . . 20

4.5 !�"�#�$ %�&�'�(*)+'�,.-0/213-54 . . . . . . . . . . . . . . . . . . . . . . 20

4.6 30 keV &�' 2 687:9<;=/?>�@A# . . . . . . . . . . . . . . . . . . . . . . . . 23

4.7 50 keV &�' 2 687:9<;=/?>�@A# . . . . . . . . . . . . . . . . . . . . . . . . 23

4.8 70 keV &�' 2 687:9<;=/?>�@A# . . . . . . . . . . . . . . . . . . . . . . . . 24

4.9 4B@�;�CD-�E�F�G�CDHI"
J*' 10 ∼ 100 keV &�'�K8L�M . . . . . . . . . . . 25

4.10 30 keV &�'�N8OQP*GR/TSU'�VBW�XUHY"BFDZ[G . . . . . . . . . . . . . . . . 26

4.11 30 keV &�'�NA\8]�^ · _�`�acbdGe/gf�h8i3j5kB'�VBW�XlHm"+FDZ[G . . . . 26

4.12 E1 'Anco (30 keV) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.13 E1 'Anco (50 keV) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.14 E1 'Anco (70 keV) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.15 30 keV '�V
W�XlHY"�FDZ�G . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.16 50 keV '�V
W�XlHY"�FDZ�G . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.17 70 keV '�V
W�XlHY"�FDZ�G . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.18 p�G�4q/rG5]�^+'ts�n�u�vAwU'�x�ylf+z�j<{�| . . . . . . . . . . . . . . . . 37

4.19 p�G�4q/rG5]�^+'~}l������'tx yUf�z�j<{c| . . . . . . . . . . . . . . . . . 38

3



5.1 �����c$ %Uf���� j<,.-0/21 -<4�'
	���
 . . . . . . . . . . . . . . . . . . 42

5.2 ���B'���� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.3 ���B'���� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.4 ;��QE /��
'A{c| . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5.5 PMT '�����{c| . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

5.6 −20◦C � 10 mmHg '�� �*' !#" . . . . . . . . . . . . . . . . . . . . . . . . 47

5.7 +20◦C � 760 mmHg '��$�*'�!�" . . . . . . . . . . . . . . . . . . . . . . . 47

4



�

2.1 PoGO '�������7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

4.1 �	�Qf�z�j Q �l'�{*| (30 keV) . . . . . . . . . . . . . . . . . . . . . . . . 27

4.2 �	�Qf�z�j Q �l'�{*| (50 keV) . . . . . . . . . . . . . . . . . . . . . . . . 27

4.3 �	�Qf�z�j Q �l'�{*| (70 keV) . . . . . . . . . . . . . . . . . . . . . . . . 27

4.4 �	�Qf�z�j�O P*Ge/ Sl'A{c| (30 keV) . . . . . . . . . . . . . . . . . . . . 28

4.5 �	�Qf�z�j�O P*Ge/ Sl'A{c| (50 keV) . . . . . . . . . . . . . . . . . . . . 28

4.6 �	�Qf�z�j�O P*Ge/ Sl'A{c| (70 keV) . . . . . . . . . . . . . . . . . . . . 28

4.7 ]�^ · _�` a�b3GR/ ��
 -~E8>�@ P*G
� 'Ak�� (30 keV) . . . . . . . . . . . 32

4.8 ]�^ · _�` a�b3GR/ ��
 -~E8>�@ P*G
� 'Ak�� (50 keV) . . . . . . . . . . . 32

4.9 ]�^ · _�` a�b3GR/ ��
 -~E8>�@ P*G
� 'Ak�� (70 keV) . . . . . . . . . . . 32

4.10 30 keV '���� -����8G�>���� . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.11 50 keV '���� -����8G�>���� . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.12 70 keV '���� -����8G�>���� . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.13 ���������A" &�'~}l����� . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.14 }U�[� ��'! �% � S���"�#�&�'�k�� . . . . . . . . . . . . . . . . . . . . . . 38

4.15 ��$�%'&)( � i�*+� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.16 + � 'A]�^-, � � ]�^�.�/�'~n�o . . . . . . . . . . . . . . . . . . . . . . . 39

5



1 � �
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 � � 
 ��� � � � � � � � ��� ���� ' �"! &$#&%�i j .('
f*)*N ��� ' +�&-,3j ( ./+ ) N �/� ' + ��&0% j ( %�+ ) N
!
M &013254 n �76�; �QEe/ � &���j ( n�+ ) N ++' 8:9 � . /�&-;(<lj ( 8�+ ) N��$=?> 4 @ACBEDGFIH jKJML�!"N/OQP7R�+*NB'S#&%T)*N&Ut'�i/<V68'	.(' &0W&=(6 XEY H 6*=
jKJ[Z
.�& X \ · ]BG_^7\
'M` ����� �~"Ca(N�&()b8�+7#&% Abced 4 N f[gEh�&[` ����� �~" �iQj )C%�+ · n�+ · .�+l' 3 @&k��*&*l/monbp�� &0,T6��[qCJ�8�+M#V%E)TU HrF 3 @+'[st �0)buov d qCw d =�4Tx["&y�&_z�{�i3j [1] [2] J8�+
f�zG9|Y/2Bj(U��_)*N(hC}"�/!"~(�
&3��jSJ/���M�b�(wQ�*���
'C� �T�7��!Qf")cN
∼ 100 TeV 'ML(�Uf�z8j*F+G8E&xR/�x8G-��! �K=:>�� � NM���E�"L��B'M�(�/�(! ��=�>� A ��j-J"�(�/�/!�)(� �K����8�+ d nM= A N�F+G�EQx /�x�GS��!�)M��4�8�+�idj�qV��N8�+7#&%lf z�9�� � &"�- B&���j�JGU H(¡[¢ f&£[N_¤��&¥/¦�N-§��[¨(©+NC]BG_^7\�
Q¦�;
/�nª�<' �/!"~Q� A�«G¬ &���j ��­(®°¯ H 6"=UjSJ�&� 'C±G²�fQ��jA4l@7³/^
fC@V=&65£tN78 +[#3%
&M´Dj&U�� A & � j-J�µ)�&�V�/OEy
@ -<EM¶M¦���' ±T²�f*)�N-·Q�3n5��2 F�¸�¹ iUjKº(»
f�zE9S¼$½ A ""p°¯ H j�JM¾[¿
'0#%32 F NVU�' ¸�¹ ¼$½ & À(Á�2 F )T¯�ÂQz5>Yf d 6[` �+'*]�;8' Ã p"x0Ä/Å A�Æ g�i j��Ç � FÈH 6*=
j A N�É�'�n*oE)�� �K���KY"2�ÊC6*=&nM=7J
p"x0Ä�&
p*G�4 / G ]8^ A7Ë �6*= H �*N É�'�]�^ +o)b8�+ d 6*=Bj�q&�ANS8�+7#Q%lf�zT9[p"x0Ä+f @(=(6�'7s A 2Ì9 A, F�H j�� Ç � F�H 6"=
jSJ

X \
&8'�8�+[#V%T) 1 @Vk��-pQÍ"� A � jSJ 1975 ∼ 76 ¿ fbÎTÏ_#V%*Ð3� OSO-8
A

2.6

keV � 5.2 keV �K=:>ÒÑ X \�aVN
&8N[¤��3¥Q¦ &&µ�Ó
f ÔV@"�QwV�"�Q� ÃÕ2+fM�/Ö3Å&2F 'C8�+�&_×Ø�MqCJ&L#! �$P*R�+B'C8�+ �[' Ù(Ú��G2 F N7Ñ X \GÛ��(!G)�F+G�E&xe/�x
G-�(!3fBz�j&£7Û�Üo��j&U � A Y�2&Ê*q [3] [4] J3É HV¡�Ý 30 ¿3f/Y�qr9 N COS-B Ðo�+N
CGRO Ðo�[Þ(ßEÛ COMPTEL }U�-à � EGRET }U�-à (

¡ À [1]) nª�âáÌ40Û ã&ä A�åGænM`����#���7¦ �&��ç @Q=&6QnG¯ H 6��Mq A/è 3σ
¡ À3ÛCé�ê#�TÜM8�+�&K#3% d qC��)[ë

�|@ª£�n[=7J3h"q7¾*¿TÜ() è RHESSI ÐV� çVì 9 2002 ¿ 12 í 6 î ç Ë �7q/]Tï_^[\�
Q¦
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��� 2 F 80± 20% Û 8�+ A #&% ¯ H q��$=������ A n�¯ H q A [5]
è  
	��&¦�
 çVì����«�� ÜQ)b8��E)�����¯ H n"2�Ê[q���=������ A , FIH q [6] [7] JªU�� d qEU�� A"è =Q2 ç8��M#3% A� _c ÜV� � 2"! d 6"= � J

1.2 PoGO
# $ % & ' (

)�*
X + · ,Tï.-/+�0"132�465 çVì���7/8�93:�;TçVì�< è 1�=?>A@"B�CAD ��E �GF3@IHJLK/MAN�OAP?Q èSR?T 0.U�V�WX�ZYA[X\^] ��_?`baIc�9 5�2 ç ���ed�feg�hjiSkbl�� M _`ba?c 0�5�2 çnm3o k R?T?p�q fer°43� ��E �GFA@IH � O @ è�s�tvu çew�x iSk K � ���

d�@?yn]{z _�`baIc�| g�h}\^] ��E �GF/~ K/M�� W R�T3� O�� �3��0A� K��/�A���b� �^����}��� � O s�t F6�b��\^]IkIH/k K � FA� R?T�� fG��� �/| �/�.� | r K"� q ����4 J� � Fb���}�6\^] �^aIc{| g�h�D �6| 0��^�I �F6¡ K �Z¢¤£�¥�]�k6¦ < �.§L¨�0 � � R?TOAP?QLO aIc 0��A©ª\«]�k K�JLK/M 5�2v0 E¤¬ i P"­�® F a�c ��0�¯Ì4^°I@�� R?T O"­�®
0b±²i K F?�b�³0 m3´ u�µI¶ @�yI· M{P�¸ iZ5?2I¡6¹�@?0�º X + (∼ 1 keV) 0 R�T @{HJ6K/M E³¬ i P"»�¼�½ ¥S��¾ X + (∼ 10 keV) ¿�= OLÀAÁAÂ¤Ã�Ä�O"��Å R?T fb��Æ | l ¬| 06��Ç�Èed |/`/É feÊ�iSk"532 | g�h�D³·GËvF/©�� u @?y < �.©6Ì K 4ÎÍ ½�O 5�2 |IÏ
· ��Å R?T ��Ð�F"Ñ�lÒiSk K · M

PoGO (Polarized Gamma-ray Observer) 0 E�¬ i P ��Ð O6Ó}Ô Í�@3� 30 ∼ 200 keV
Ô

K ¬ ¾ X +�ÕIÖ O��IÅ R�T{×�ØLÙ�Ú  ÜÛ�@vy?· M 2003 ¨ 10 Ý | NASA
O�Þ�ß3à?á ×¤Ø

Ù�Ú  âÛäã O�å�æ FLç Þ \S]v�6èêé«ë O 10 ì�í3F�î�ï²iek 2008 ¨�ð O6ñ¤ò ={óIf�ôZõ
iö�L�.�
feÑ Q k K · MAN�O Ç{Èed³0.÷�ø3ùªú� �û�ü?ýLþjÿ�� Ô 4�������� ÔöK ¬���	 f

 ò � ½ |"c�� O 10 
 O 1 ¿�= O�� ·�\ O�� W�F 10% ¿�= ��Å iGk K · J ¥�zA� 6

p�q
ÔSK ¬ R?T�p�q @�� 10σ ¿�= O ���3¹v@ ��Å f.Ç¤È�@IH�· M

PoGO
O����vO R?T���� 06� ½ |�c�� O���� | y�· � ½ | � Â�!3Ä�" @�y�· M�½ | � Â

!�Ä�½ ¥.0$#�%AÖ O'&�(�) F$*�+�\ö]�k K ·LF�� N�O ,¤þb-6+ O *�+3ì�,
0�- ¸ | .�|/ >L]{k�¦ < �10�>�@ O RvT f2� Ô |43¤| 3 Í OLÞ�576���Â F å�æ \S]{k K · M�6���Â8 Ô |:94; \Î]
· �?Å �=< Ä þ/0$> J < � K1? ]@� PoGO
O�A�B @�Ç�È$C B @?yI· P?Q �

PoGO
|�Ï4D kFE O"Þ�5 F'Gji K?O3½$H�I f�Í�J�· E Ô F�@�H�· M

K�L2M @I03�40�¨�¹ | �"�³F�NPOXi P PoGO
O2Q ü � Û � Å�&�R�S�T2U (PMT) V�W

¦ ÏXW Q ü � Û PMT
ÔXY þ�Z � Ä < O�[�\�]�O�A�B�^�_ fel D P"M�K�5�` @�0�� Y þ�Z� Ä < O�Å�aIO�^�_ � 7 b�c
ú Û ×{Ø Û < � × Ç�Èed Ob��ÅedSÄ�f�g � � h�i ��j feÊ�iP

PMT
O�k h�i g � | Í K k4l o · M
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2 X

2.1
� � � � � � � �

Å���½ ¥	�³· &4( )IO$&�
 �  �Û ÂvO�à
�4\�� ] F � 4 O���� f 
 Í6Ë���f"� Å�O���ÅO ��H Ô�� ¬ M�ÅvO���Å Ë�� O�� ¹
f I‖ � N ] |���� J Ë�� O�� ¹�f I⊥
Ô D�· Ô �

P ≡
I‖ − I⊥
I‖ + I⊥

@�����\^]�· a P 0 ÅvO � + �?ÅvO ¹ \ f �ÒiS� � + ��Å ¹ ( yI· K 04V | �?Å ¹ )
Ô"!

z"]�· M P = 1
O�Ô H3f�#3¯ ��Å � P = 0

O�Ô H�f%$ ��ÅjÔ"!�&AM
X +�0(' R�A F ��K�P�Q | � &�) 9 C*) Å�O Ï³¬Î| �,+.-�J E�f � K k I f ��/
0 ��1
·
2 Ô43.576�8:9*; X <>= ��Å ¹�?�@ ½ ·�A:@ 9CB Í ½ =bË
D 3�E · 3 ��2.2 5 @�F
G:HI ÅKJ ? L 9NM ËNDO? lKP
· ;

2.2 Q R S T U V W T U X Y Z [
PoGO \^]`_O@%F
G:HbadcNe�fhg�i�j�k�lnmok`FKG7=*p:q,rh? L 9
M I
s J75�E g ; j
ktlumok`FKG>?`L 9 g M�v A�iN2�=Nw�x
l
@%yKz�{7| 3*}�~"9*�
� A�� 9K� j�k�lnm�k`F
G�=,�K��� 3��
��� A 8 g*i�� X <K�7� 5 L 9�� f�g ; INs A��
1�g7j,k�l�m�k(F7G�=��� �K�*�O@�i�����=��7�*�>� ~ f�g`�

dσ

dΩ
=

r2

0
ε2

2

(

1

ε
+ ε − 2 sin2 θ cos2 ϕ

)

�K� �Ki r0  �¡�¢
£ z7¤t¥>i θ   s z�¦�§K¨Kq�©Kª��.«Cg`¬
­�q^©,¦�®N¯7i ϕ   §K¨ s
¦ £�°,±O² m´³�¦K©
µ�¶ �   ¶K· M ¬
­�q^©:¦�q�¸�¯��N¹Ng"�
º M i`§.¨ s z»a	¬
­ s z
¦:¼,½K³^¾�¿>À*Á�f�Â�f hν i hν ′ i £ z�¦:Ã,Ä �NÅ ¼.½.³^¾�¿>À mec

2 a�«�g>a"i ε  
ε =

hν ′

hν
=

1

1 + hν

mec2
(1 − cos θ)

a	��� ~ fhg"� I
s�Æ M s z�¦�j�ktlnmok"¬
­   q�¸N¯^ª�Ç
È � p�q,r�ÉN¹CÊËi I
s q^©
ª%� Æ �*ÌNÍ (ϕ = 90 Î ) ª ÏCÐ4¬
­ Æ	Ñ «NÈ�adÈ�Ò.g"� Æ4Ó É.· ��Ô s À`\^]�«Og�ª   i
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Ï Ð ��� ª   ity�z.{�|�É }»~�� j,k:l m�k ¬N­�Àt� � Æ�Ñ «7È �N� ( ¬�­��»a(c	� ) �
¬�­ ~ f Ó�s z�À�Á�¦
º
� Ê"ª � Æ`Ó \O] _h��\h] Æ i�

��k m��O¦:p.q
rCÀ   ¶:f�e� È:�� } �:�^¦t¬
­	�7� s z7É*¬
­ ~ fNi � } ���^¦�\^]`_>�t\^]�«Og�adÈ�� i���� ����Ôs�� À���ÒKg4�*\^]4_CÀ s z�¦�§.¨ ±O² m´³^ª%� Æ ��� ���>ª ��¶ Æ i�
!��kbm"��¦�q�¸
¯ ϕ ª*ÇNÈ � ¦�#�$hÀ   ¶�g`� � ¦�a�µ θ a ε  �%�& ~ f�g:¦K�.i �N� �.����¦��   A '
B À)(�¦ & �ba Æ �

dσ

dΩ
= A − B cos 2ϕ (A > B) (2.1)

a+*-,�g(� Æ(Ó ÉN· � \O] ~ f�g ¬7­ s z>¦.�   ϕ ªtÇ7È ��/�0 π ¦�(�1!2 3>��#�$�«
g`� � ¦�#�$   ¬N­�� Ñ \�](_�É5476K¦58>µ ~ À�9�· � È � Ð;:�<^�7¹7g"�Ô s�� ¦)=�>OÀ�?
«�@BA	C*¿�w�¦�D�adÇ>ª�i
EGFIH�JLKd¿7MON�k�P�Q ² w.RNÉ�¹7g`�7Á
f   i 100%

Ô s Æ`Ó §.¨ s z�ª*ÇNÈ � i�¬N­ s z�¦�
O�:k mSKd¿ m N �
M ≡

Nmax − Nmin
Nmax + Nmin

a &�T ~ f�g�� ��� � max a min   i�
U�.k m�K`¿ m ¦	#�$��7¦:ÏI8ba Ï } À.VXW,«
g%� � ¦�@YA�C�¿Ow   i5Z�[ Ô s ªt� Æ �:Ô s É � º ~ f � È � È,Î�\�À.?�«�Ð�¦��Ni
Nmin/Nmax É }�~ È^]
_ M   1 ªa` �)� ÊËi Ô s ¦�b�c�É � �ed Ó f � È^g � a�ª �
g`�>º Ó;f�g ¦.��� �h��Ô s�� ª*ÇNÈ �   i

M =
B

A

a � g(�
§.¨ s z�¦�¬
­t¸ji�alk;m�¸hi^À�nhgSo,Î�É�pNÈ�alFjH�JIK ¿^M!N"ktÉ } ~���� Ê i M

  }�~�� � g`� � f   Ô s É � º ~ f � È^g � a�ª���=�«�g(��Á�fN�	qOª�Ð�i M   \O]
_O¦%¸Ii>ª � · � #���g"� M ¦ &�T ��À ��� ¬N­��.����À r7È � *^µ�shÒ
g>a"i

M =
dσ (ϕ = π/2) − dσ (ϕ = 0)

dσ (ϕ = π/2) + dσ (ϕ = 0)

=
sin2 θ

ε−1 + ε − sin2 θ

a � g"�7t�A�P,À�u � awv 2.1 ¦ � � ª � ÊËi)�	� ����Ô s�� ¦ ° \��>Ð%i(� X 3,�
���
  θ = 90 Î�¶ � q
f Ó ¬N­^À r�È^g�axFXH�JLKd¿IMyN%k�PhQ ² wNÀ }�~�� Æ � Æ ºz� �
a`É
�K¶�g`�
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v 2.1: FIH�J-Kd¿IMUN%k�PjQ ² w�¦ θ ���,r
¹�g Ô s Î P ¦ s zOÀ(§K¨ Æ`Ó a�µ�¦ Ô s�� ¦ =�>hÀ�?N« E Q �^R>À:i M a :�� �

Q ≡
Nmax − Nmin
Nmax + Nmin

(2.2)

� &�T «hg�a"i P   �
P =

Q

M
(2.3)

��nhg � a"É.�7µ
g"���>ª Q a P ¶ � M À	� v g � a�Ð��7µ
g"� Q É } ~���� g�a i Ôs ª � g�#	$�É�
 �
��� ¦����Nª`§>· � Æ º � Ó v i Ô s»Æ � È>g*¦�¶
_I�o¶�����É:Ç�¶
� È
É.i M É�8>µ*È Ô s�� ��� e P É } ~�� a�Ð Q É58^µ � � Ê i Ô s À(\O]�«hg � a
ÉK��µ�g(� Æ"Ó É�· � M É�8^µ*È Ô s��   r���É��,È�a��hÒNg`� � � M a Q ¦ &�T� ��� ª � · � p � g�É.i�� ��� �   �� 7¦ � � � &�T À r�È�g � a�ª�«Cg"�

2.3 PoGO W X Y ! " # $ %
PoGO ¦ 1 &('*)�m ¦�+�,   v 2.2 ¦ � �"ª � · � Èhg(�Lv.-�¦ slow M�k�/YK"¿^wOa

BGO M7k�/yK ¿>w  �0 ) ² t�Ah��k2143
5�¦ Ó v ¦�Ð*¦.�7¹CÊËi�6 s ¦87�9�: & ��¦�;
10



v 2.2: PoGO \�](_ 1 &(' ) m ¦�+�,
� (
� ����� v�� � �.�jv )

È�À
	hr Æ � i fast M�k /UK ¿�w�a.a*Ð�ª 1 ��¦ PMT ����
�]�«t� 1 &�' )hm ¦�� ~  ��
100 cm i��o¥  �� 3 cm ��¹�ÊËi�� ~  �� 650 g �7¹Ng(�LM7k8/yKd¿�w   È��KfCÐ��,¯��
À Æ � � ÊËi:«Oµ�� �!��� ¦� �!Oª 217 &(' )�m#"�$ Ó Ðt¦.É Ô s�� ª � g ( v 2.3) �&%
\^]�'   fast M�k�/UK ¿�w���i,¹Ng &�' )�m ¦ fast MNk�/UK ¿�w��*¬K­ ~ f Ó�s z�É�i �
¦
&�' )�m ¦ fast M�k�/BK ¿�w*� s £ k;m ~ fhg � � � x ± k m)(j,�À�* Ê ] Æ i�ÁN¦)�
¦*p�q,rhÀ   ¶*f�e%§.¨ s ¦ Ô s Î»a Ô s q^©�É,�,¶�g"� PoGO �   \>]`_�[��^À,+.- ~/ i0+�-.¯�ª � g21 &(' ) m �
¦�
O��k m"�^¦�F7H�JLKd¿^MyN%k,À43 & «hg`�

v 2.3: PoGO \�]`_h¦ top view � Ô s�� ¦ / �7À BGO M7k�/YKd¿>w:�hM:¿�³ 1 «�g`�
slow M�k�/yK4¿�w   j65�C:¿>w�a Æ ��7 µ:i�8�� ¯���q>¶ � §O· �B� g�x ± k moÀ�9
:
: � ��ª � · ��: a�«*��;0<0=:Î��K¦ 0 ) ² t�A��:k 1   8�;^ª � g`¬
­�>�k4?;3�ÉtÏ
Ð2@ � i�Ï��,'»aBA7��¦ BGO M�k�/UK4¿�w,ª � · � � ¦ � � � x ± kbm À : a�« � a"É
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¼.½.³�¾�¿���� 30 ∼ 200 keV

\�](_���� 938 cm2

¬N­�4��7�*� ∼ 230 cm2

���
∼ 5 deg2

0 ) ² thAj�:k21 < 10 mCrab

F7H�JLKd¿7MUN%k���� 23 %

\O]�6�� Ô s Î 7 %

� 2.1: PoGO ¦�r���	�

��µNg(� � � Æ"Ó���
 ����� 0 ) ² t�Aj�:k21��>É.i PoGO ¦�Ï Ó g����>�7¹Ng(�
��� ª%¬
­�� Ô s��   i`¬
­�� a+k;m��>À�� �K«hg � a"É�@.ÈN¦ (.É�i � ¦ ° \   ¬
­

��¦:�t��À)8>µ � atg�a 0 ) ² t�Ah�:k 1 É58>µ ��� · � Æ º:ÈKi,¹�º�Ê \^]`_^¦����� 
À)8>µ � �7µ � È�� PoGO   lIA"! / ) ² M�k�/BK ¿�w.À ¬
­	��a+k;m�� a%ª�#�r Æ i�@� ¦�& ' ) m À�"�$�g � a`� � 1000 cm2 a4È�� 8
�:�CÀ%$Cg � a�ª ,�& Æ � È>g`�

PoGO ¦�'�r(�OÀ � 2.1 ª�º�a v g`�

12



3
� � � � � �

3.1 ���
PoGO 	�

����������
���������� ���"!$#�%�&('()(*,+���-�.�/�01&325476,8�9;:�<=?>�= 	�
@�A��� PMT B�C	6�D7+FE(GH:�: IJ'HK�LNMPO,QHR�4�ST:3U;V5&
2W4�6,8(9 X> G(:J<�Y�Z
Î\[ PMT ��C�65BH]F^ = :�:FIH'\_��3U V\M`2ba@_Fc3[ = :J<
� �
�d!e#T%JB 1 keV �Jf(g�h�i7#T[@j = 8�k3l�m(n(opM@m�q"cr9�9�'�s;�3t�o�uHv5�
D@w�xNM ”N m�y�n /keV” �5zNa{[
|;lJ< PoGO �3}T~1�p���5!?#T�"�
��&�_J��xNM 0.5

m�y�n /keV c = 8�21G�8(����'�	;
��A���5� fast �T���"!$#1%5c PMT M@OTQ(RW4JS�:
c���[�'5_��Jm;q B��(���e6N� >���� lN��_,c`B�'J� ��VT���e��+FE �`<

3.2 � � �,� � �
PMT &3���������F�J�� ¡c PoGO ��#F¢(B�£T¤�+�C	6 = :�<�¥7¦W§�#;¨�h >�© ��ª�y
M(X1«rl,:,I�[ DC-DC ¬��P­ #�%�M�®3¯ = '�°�±�yH² >d© ¥J¦;�\[ DC +5 V ' DC-DC

¬��`­;#5%
³�´��1[ DC +12 V M@µ�¶�lN��_,cP+ +1250 V �(¥7¦�M >F· �P< + �(¥7¦5+
&�yJ²p[Fz(��¸@�;¹�BHºW��«PX�GJ8 ={» a¼B�' _?61M`½�¾¿�ÀSN��_ c
[`��Á = :�< » :�¥
f(g(h5i7#JÂ�y�Ã n5[ z(�PÄJÅWÆ�Ç MPÈ�É�l1��_ c{B�+ �J8�9W�{<�Ê;Q,k = &�ËF¸
#ÍÌ{cÎ ](Ï��;ÐJ�\¸3#bÌ�� 2 Ñ +��p_7X�a�< PMT ËHÒ\�7¨¿ÓÕÔ *�&�Ö�� 20 cm '�×JØ 2.5 cm

�3Ù;Ú\�7#�hÛÌÜ§(#F�;®�[
Ý\I © 6T8�95�{<
fast ��
7�(���7��� ���d!$#W%�&�'�Þ,ßF�Jà(á�B 1.61 cm '7Ö�� 20 cm �Jâ�ã(ä�å�+FE
�`<d_`6pM PMT [3æ�ç;ld�J:FI��T
3�A�Üè��éÌê&�ë �1zNarX7ì�íNM = 8�91�`<5�,�7�
!$#W%1c`��æ�ç�ß,&Jà(á�B 1.65 cm ��ã�ä�ì�' PMT c`��æ�çTß,&H×JØ 2.20 cm �,î`ìNM= 8��ï�Õ';ËT�NÓêh�ð5+FE,�`<d_J��

�Û�ñè(��ÌÕ�3òTó1[�&�'(�Fô;� PoGO õpk`ö\+F&
BGO ���
�d!r#T%7B Ep�÷'$ø�m�õ5kH�(:;I��
ù úF[5c{G�8�& BGO B,
@�û�üèH�ûÌ?crQ X
�r6p�P<N_�� BGO &�ý�þ�UF´Tÿ ={> X1«e'�Ë �pÓêhN
@�A� è��éÌ{c`&�ì�íW&�¤ ��� BHº
�,�PB�� =�� X �{< PMT c{�@æ�çFß;�J×�Ø1& 2.23 cm 'H�;�@��!e#T%�c{�3æ(ç ß �7àHá�&
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1.55 cm c{' fast �F���d!$#W%Fz5�����¿�{9H<d_{6 © l��,8F[���Ë	�d�7�H��c?9ïa�
���

M��F9�8��;��lp�{<dc�«3[�Ë �\ÓÕh c BGO [�Ñ�9�8�&�' PMT cP�3æ�çFß �H×7ØWB PMT

�
Ù�ÚW�7#Hh�Ìñ��®@Ø�z���� 3 mm �������?9�: IJ'�
���
NM����W[���� 9�83Ù�ÚW�7#Hh
Ìê[�����a � Ý » � zpae[ = :7<5ë�&!
���
�M��,9;:�ËF�pÓêh�

�A��è��ûÌÜ+FE �P<

ë 3.1: Ë,�pÓ÷h�

�A�ñè(�ûÌ <�"1& 
���
�M#�T9�:$����<
%�& �'���FM`O,Q(RW4�S�8�'�m qWM
~)(�lN�`<�ù,ú+*�,���-/.�&('

PMT ËF¸
#bÌ - ��ÓrË,�3� - 		0ehp%3# Ë ��� ( 1�ì,Ë,��� ) - ADC - 2�¥�u+3�ö (PHA)

c`X�GJ8(9��{<���ÓÀË,����& Clear Pulse ð 506E M@�;9�:3<,	�0eh1%�# ËF����& ORTEC

ð 570 +�'41 ìWÆ�(�o\& 0.5 µsec +�5	( = :H< ADC & Clear Pulse ð 1125 +�'Fk!6\&
Windows

& +"ÓeË�h\%3�,¢�[�7 �F%@lp��_ c{B�+F���{< PMT 8,�7y+6�µ�¶W[(&�9)(4:;y
²dM
�,9W�P<"_��Jy�²p& 4 ;�c 5 ;F�J��VT+��{�F9;8(95�`<

3.3
< = > ? @

»BA ' fast �F���"!?#W%�[(ËF��Ó÷h�

�A�ñè(�éÌ M�Ñ · 8 PMT [`æ�ç = ' fast �,���
!$#W%H�BCFß�[ 55Fe (5.9 keV) M!D/� = ' 200 E5Ç��BFN����h\M5c
G�:�<HG5[H'�ËF��Ó÷h
M BGO �T����!?#5%�[�IKJH8F¤�L�[(�4FN� ��hNM1c
G(:J<WX(��~�(,&�' 5 cm M5�!N\¨
O �
�J+4P	QpM3Ñ"«,�÷'7s;�FD([�� �3�d!e#�%�M�R�6,8�2TGH:7< » :,	�0$hp%�# Ë,�����
S �\��& 500 × 0.9 c = :7<
T © 6T:;�4FN� ��hpM�ë 3.2 [�U l7<�VHW\�YX@#W��B�à�m�y�nN¸3�T¹�+TEF�P< 5.9 keV

�7m�yKX{#��H&�'HË �1ÓÕh���Z�RW&4['J78(9W��B�' BGO ��Z�RW&�4 >�© XH97< BGO �!Z
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R�+�à�m�y�nT��XP#W�H�������¡� oWB�� = «���9 ��&�' BGO B	��
�ª����
�+N1�	��- X

��',EF��9,& BGO ����B k�l�ª����NM��(Ý = 8�95�7:FI�+FE �`< BGO &7m q B/�¿�`9
: IJ'`ª5kW�r6p�`m�y�n�&��5c�� � 1 tT+ E;�{<�s;��: I�à�m�y�n\¸@� ¹��$X{#���[F_\a= :����N�ï�ñB/��X¿�Õ'����H�ï�ÜB�� = «��"«3X,�P<

 100
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ë 3.2: 55Fe ��� FN����h
_���� Fp����hpMH' 2 ÑT��è�����Ë���[7×��NM�� = :��3o

f(x) = C1 exp

(

−
(x − µ1)

2

2σ2
1

)

+ C2 exp

(

−
(x − µ2)

2

2σ2
2

)

+ ax + b

+,	�0¼� �'0(��� = '�à�m�y�np¸@� ¹Nc 55Fe ��m�y X{#��H���! ��Pg�h(opM#"WIH:�<;Ë �
ÓÕhN
@�é� è��ûÌ÷[�Ñ�9�8�&�'�à�m�y�n,B 27.5 ch ' 55Fe B 117.0 ch c�" » G7:J< BGO �
���¿!$#5%�[7ÑF9;8 &T	�0r� ��0����
l��F_Tc@B�+T��X > G(:J< ADC ��$1	�Ò��"�ñ�% 
�`g�h −9.7 ch M'&pI�8�(�)�lp��c?'�ËF�pÓ÷hN
@��� è(�ûÌêM�Ñ · :BZ�RW�7m�qT&�' 0.57

m�y�n /keV c*" » G�:�<
_��J�(V,+;& BGO � �3�d!e#5%�M3Ñ · : Z�R��7m;q�M@~H( +F��X > GH:�: IJ'��(²�M

+ JJ8;¤�L1�J��V\MP21G(8F� ���"!$#,���
�
m,�-,�.0/T��15M-"5I;�;_,cP+�' BGO �F�
�"!$#5%H� Z�RW�Jm qWM'2�((lN�`<
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3.4
� � � > ? @

��²dM 241Am (59.5 keV) [ + JH'�(�~TÆ Ç,M 2000 EN[ = 8�'�Ë,�dÓ÷h5�BZ�R¡c BGO

� Z�R5���BFp����hNM5c@G�:�< T © 6T:�� Fp� ��hpM�ë 3.3 [�U;l7<

 1
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Acryl Light Guide
BGO Scintillator

ë 3.3: 241Am ���4Fp��� h
m�y X{#��H�@òFó5MJè ���(Ë,��[�×��pM�� J7:��
o�+,	�0 ��� 0����@lp��_Fc
[Fz5� "
I�:7<1Ë ��Ó÷h5�BZ�R5& 624.6 ch ' BGO � Z�R5& 530.2 ch c@X�G�:7< ADC � $5	�Ò��
� �! (�Pg�h ������l\�Tc?' BGO ��,�.0/,&�Ë �pÓÕh1[
j = 8 0.85 c�" » GH:�<�Ñ » �

BGO �H��a¼B	,�.0/,B7½F9�<d_���,�.
/5MJ'
	��5+�"WI�:�Ë �NÓêh\M�Ñ · :BZ�R5�7m;q
[�
 � �,c?' BGO M
Ñ · : Z(R���m�q & 0.49 m�y�n /keV c " » �Õ'����¡c��r61� 0.5 m
y�n /keV M����Nz
s(�(� = 8(95��c?9 J;�P<
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4 PoGO � � � � � �

4.1 ���	�

����
��������
30 ∼ 70 keV �������! �"$#&%(' 
*) '�+-,/.$021 �(�!34
654798: ,�;��
<>=@? 
BA-CD
FE-G-H�I 1KJ

PoGO L�MONQP 8 LFR!S$T 
U) 'V+XW �D��� 2003 Y 11 ZD,/[�\ 
$] #�^ :�_ \�`(aVbc ,Fde�4f�g&hFiVf��D1Fj ��	B
 �Bk9, �Xl!monqp PMT

/r j$Lts(u�v2wBx�y : v�z{'P-|&}/~K��k
�$� p$p-� , � y : v�z{'�P 
$�!�/�&�
p��$� ,���} � PoGO


(54798 : �� �&k&�����4��f9� p J�� p$�2) 'V+ 
  �"$#*%
' � 60 ∼ 83 keV
H�I � p [8] J�  �"9#D%('��e� 
��9�D
�� s-wXx6uB�e� �����6� ,� �"9#&%('4jF���X��1�, nqp je�f � �@��1�J nqp j9�6f/� E ,Fde�ef(�eTD,X�2~���� 
e� �! �"9#D%('(�4� H!I 1�J 	 i�

PoGO

 � E .e  H�I 1¡�V,B¢$#-£e'�,�~ I f � �V1 p��
�4] #�^ :�_ He
 W � |>}~q�V�$ �"$#>%
' H!
 <&=@? A!C2�X¤!¥ 1 	 � ���!¦B§ ,Fd!�!f6¨!©6ª H-I 1KJ

2.2 « H
¬e¥tp |*��, � R!S � <&=�021 p�� , � S$­ 
D® : L¯N :K°!± �²Se³-´
µ � <= n � � iV¶��*·q�
��J PoGO j �¹¸ �º0>1/»e¼ 
 30 keV ,F½e�9f �6�¿¾9� S�­!j θ = 90� 
�® : LÀN :@°4± � 0U1t�Bk9,BÁ��Â04 �"9#&%('!j 1.7 keV �ÂÃÅÄ��
J 	�
 �Bk/S$³9­Æ �
0.5 S$³9­ /keV

H-I 1 
$H (3 Ç )
�

1 S$³$­�zºÈ$# 
BÉ�Ê&�XË!Ì =�0 	 �B,���1KJ!Í
$p���Î , 30 keV

>) 'V+-,B. n fFÏ*Ð4,/R!S � <*= H k!1 
 � �9Ñ 021KÒ-ÓVj I 1�J	

 |2���(Ô!Õ H4� 2004 Y 8 Z>, PoGO


t� s 8 N m PMT

 WVÖ ¦B§ j�×VØ n����34
 <&=K?U,B;!� �$��H W � j�g2Ùe14|*�{,���� p J$Í 	BH ��~qÚ9Ï � � �$��H-I 1 7 ÛÜ w�N 
 L>M�N¿P 8 L6R-S4T �XÝ Ö n��6Þ9ß�à ½á��¶�âD, I 1 �  $"4#*%�'
ãVä9?4aDbå �

(KEK)

 y : x�MæN²M : �!� S$ç!è Photon Factory ,9f
R�S ) 't+ 
9é�� W �2�g*� p J
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4.2 � � � � � KEK Photon Factory BL14A

KEK Photon Factory
��� ³9­Vj!y : x!MONºM :���� � 0U1t�Bk9, �9� Ä�iU16y : x-MNºM : S �Xm �4f6��	6� 
>) '!+ � ½��(1 
 ��� S�çeè�� 
�
 ��½ H-I 1�J 	 � nqp çeè�

1 ½ 
 y : x!M�NºM :��@:�� � ·��$Ï ~ 
>) '�+ ��� k�= n f6do} � Photon Factory ,~���� 
>) '-+�s 8 : � � Í 
���� � ·����V�(i � 0U1e|*�{, n f��2�{½-� 

��� u��$'y! : jFè#"ÅÄ{itf$�&1�JÏ �9��H(l-m�n@p4
!�$�U) 't+�s 8 : 14

 u��e'�y! : A (BL14A)

HVI 1XJ Photon

Factory

 u��$'ty$ : 
 ��� ����%'&�(*) �,+.-#/10�2 
 aVb �43tGán f$�D1(j �D	F
u1�4'�y5 : ��� ke=�6 1 ) 't+ 
  9"e#>%�'-j87 X 92,;:�< p���� <*=X? ¦�§ ,�~>=m Äqitf$�*1@J BL14

� ³e­ �@?'A�BDC ,�� ( ~4E4gOÄF6�1HG AJI�K � sF' � S�L � nq�
4 ½ 
 u��$'Vy$ : ,;��M n f��&1�J BL14A

H4���ON�P S �HQ 1 p-� , %�&eH 2
(�R s�w�HS �*� ÄT6tf�dO} �4?�A�BUC ,;V1W � 	��¿R4S nqp*) '�+�j Q ·¿iU1�J*X (Bl4mOnqp8%&-���

23.0 ∼ 82.7 keV , m �á·ºi21 Si(553)
H-I 1KJ

Photon Factory
� ��Y�Z*�O[O\ 
 �$] H-I } � BL14

� Ï ���t
�A�^ ,8[O\ � ×&Ù p ¶�O} HVI � p J_[�\_` ^VH-�$� Si(553)
�Bm � p �(k 
U) '�+ 
 R�S9� � 80 ∼ 85% a-�H-I } �  �"9#&%('V,@bdc$0U1 	 �qjeh9�$�6f�� p$
1e j � [O\�f&,XR4S�� 
FE!G�� �&Äitf9�V�6�6JD� p Ï �9�VH ~ ) 't+-P 8 + 
*g ¼$��· � R4S$� E-GV� g�Ù6�9�-� p J

4.3 h i j�k i l

m
4.1: LDMoN P 8 L 1 Û Ü w�N 
��4�

L�MONQP 8 L 1 Û Ü w2N 
F�$�&��� fast y : vV, ] x � # ÝD
 s 8 Non 8qp � ½ � f �
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s 8 N PMT
H
Ë�Ì =�0 �4�DHVI 1 (

m
4.1) J&y : v�zq'&P&�(s 8 N n 8 p , ��� S � ��

3 Ç 
6�9� �����2,��Uk � Í 
�� ��· ) Ü #_�e'�L � �V�!f PMT ,
	 Gán�p J

m
4.2: 7 Û Ü wÅN¹LDM�N P 8 LFR!S4T

	F
�� : £e' � 7 Ï-½Å��} � PMT
�
�$Ý>
���� ,�Ä n f(R!S$T �
�tÌ�����p Ô���j m

4.2
H-I 1�J 	�
����t��� 24 �
�>,
�&� p 2 � 
��U�
� Ð��� áÄ 
���H
! f ��"�#onqp ~
$H�I 1�J n�p j-�9f�$!� � 15 ��%!½ ('& 0U1 	 �Kj H k!14|U��,9�!��f��&1KJ � y :v�z�'�P 
$�4��� PMT � 
�"�#&
9p�� ,��V�!f I 1��$'-L 
$p�� , 3 mm (,+ � �4f n�!��fe�&1@J 	

*)V� PoGO


65-7e8 : � � �D�V1XJ � Û Ü w�N 
,+�Ê&�6�U) 't+ 
(¾�dBUC4� Ú�-Å� n f m 4.3

�. }q,F½ � 1�Jd`�f ��� Û Ü w�N � 
 Ch.1 � 
 |*�q,'/�< 	�B,B0 1�J

m
4.3: �$��j 0 � 
 �Fk 
 v10 : "9# +tÊ�
�G*2

) '�+ 
43 }q= n
56�87 ,�9 � è�" n�� Í 
�� , ���&� Ch.1

 ];:*, ) 'V+9j-Ð p 1|U��, n f�"!� p (

m
4.4) J 	�
 ��k 
e] s 8 :
<-: N ���¿EVH g>� p J ���t
�= " �;>½ pt� , �4�?�D
*��@ �A9&,�B � ½ � f9d&k ��(4& ÄF6�18Ct�F,�B ��D hO6�1�|2�q, np J ) '�+ 
�E Ä �D® �F< 'DP H 1 × 1 mm2 , nqp J
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m
4.4:

�9��� w�v � , ���>� è�" n�p �!­$J���� 
�� j ) 'V+ 3 }q= n
5 J
Dy

An

CSA Filter Amp.

Gate Gen.

Gate Gen.

PMT1

PMT7

PMT6

PMT5

PMT4

PMT3

PMT2

Peak
Hold
ADC

Data
 I/O

Linux

Gate
Sample

VME Bus

Logic Level
Adapter

Hold

VETO Set

ClearDiscri.

m
4.5:

) 'V+/W �tH4
�(
	V
�� w�N ] wXL
(�	4
�� w�N ] wºL � m 4.5


 �Âd�} H4I 1{J ADC , � Clear Pulse
Ý

VME ADC 1113A�Kl!monKp J PMT


�(8�� ' p =�� ��� � ���*, m � ��� ' N ÉVÊ ��£ : L(#���'6# p
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É�Ê-�
Ch.1


$] � ' p = � 

Ì!H Ö!� p J � '¡N É-Ê-
 � � 10 µsec ,Xè GÅn{p J6£ : L#��6'6# p É�Ê�� � ' N 
 `�� � já}²� ·�� 8 µsec �o· 6tf � � � � 2 µsec ,@è GÅnqp J
DIO �6' p (Clear Pulse

Ý
2610) , �*� v10 : "$#���· � 10 µsec



NIM

ÉVÊD� Ö&��f¾ � n�� LDM � s6+-,V|>} VETO
ÉtÊ�m�
4� wÅN ÉVÊ �Bx � ]�ÉVÊD� = � n�p J 	 it�· � ' N	��
/"�z�'&P H VETO
ÉVÊ&�
��� n f 5DK u�x ��� "-'DP$, ¾ � n�p J�L � ]: L � Clear Pulse

Ý
557
�/m � p J ��K #*P
' ] : Lt, � Clear Pulse

Ý
4066

�Xm � �� ��� G Æ � 1 µsec ,@è GÅnqp JUÄ!·X, m , ��� 6tf��-�6�ej ��������� L���� PMT �
HV +5 V  DC-DC !#"%$'&)(*�,+�- � � +12 V .0/21436587:96;<�=?>,@ ��A�B
C'D <,E &F(6G#HI.�JI9
K'L*��MFN*O?P�Q�.SRFT#B = 72K,;)U
��MFN*O
PVQ?W�X�YFZ2"%[#\F�#]�^I_a`b\I.�ced > ADC B�f?g436K*h�ij"k`l�
m4 @ �jno&p`�.q?r J�96;s,t >�u�v \e(
&'w�",M?�8xVh:"�.%y�zk3SK,; 241Am {�|�.%}�~��:���)����d >��:��<�2� B#],^e_a`�\e.����*K
; 59.5 keV ��� ��� &F_V�*Y�Z?"6[8\�� 2200 ch �8��� < 92�� �#wF"VM��?x8hI"?.0y#z�3�KV;�U����'-)W��e�0G�H�.I3���J4��J�9�K�L2���e��K����
B >��?� �0y8z'Jj9%�'��W < 7V;  � >0E�v ]¡_I¢*£¤[�&F(V�#¥0¦4n§i#\:.%y�za3oK,;�¨�©�ª¡B,���« *¬®­I9�hVij"4`¯W
Ch.1 B
m keV ��°�[8\�±�&F.0²³ ?3 > Ch.2 ∼ 7 B
m�´ keV ��°�[8\�±�&F.0²³ µJ�� ��<
���?B�¶'9�;�·e� 30 keV �e¸%&�Q'�
¹43�5�W > θ = 90 º:��»�¼�B Ch.1 �,²4 �J�°?[#\
±�&�W 1.7 keV  �½³¬�7*;k36K?����5 Ch.1 �?¥,¦)¾�¿�W#B�d�9�¾�¿�ÀÁ��Â � Jj9��'���
¶¡9%;k3���3�Ã¡Ä,JIÅ�9) oÆ2� �?Ç�È h¡ÉF.
Ê³���)��5�3 s � ; Ch.1 ��Ë�7'5'W 241Am

{#|j�#]�^j_Ì`Í\j.�Î�7'5 > °8[2\e±�&��I365 1 keV � < 9�� � �0Â � 3�KV; Ch.2 ∼ 7

�
Ë27?52W >�Ï �%Ð,Ñk3S5�7 < 7�Ò#Ó:.�]#ÔV&�P,B�ÕeÖV"4`�3 > no&×`Ø��Ù%Ú?º:� < 92�� �0y#za36K�; @ ��nµi#\�W > °#[#\:±�&��e3�5 1 keV �#��B�¶#��K�;Û'Ü ��y8zI��� > $ÞÝ,_?O¡P�Ö*"aßl� E &:(2.
�)��K�;2à'á���â2ºI. 0 ºj�I365 4000ã � �åä >�  � 90 ºe�:365 2000
ã � �F��K�;  � > ¸%&�Q?���åä�~j3�æ
�,�Á��ç�è u2v \�(���é4¬�.�ê � � 3%K�;�U%­�We¸%&�Q2�

n�&ë`¤. VME ��f#g'ì#º)�,í:î'�0ïeL�9�K¡L*B�¶¡9�;Þ¸�&�Q¡.,Ð*Ña365 E &)(?.,�åä >
ÕeÖV"4`6no&×`Ø� 1000 cts/sec Ú#ºe� < 92� � � u#v \e(V��éÞ¬�.0ð:ñ�K,;Vò�ÎÁ36K u#v
\e(*W 70 keV W�ó > 50, 30 keV W�(2"�O�]*ô)",B > 7 t ­�� BL14A �6õ�ñ0ËF¿V�F�
�8B
¶'9�;
ê?��� > ¸S&¡Q�.
Ð�Ñk3S5 E &F(#.��*öÁ3SK,; s,t à?á��,â8ºe. 0 º��:3S5e¸S&¡Q�.
Ð

Ñk3 > 300
ã � E &F(#.0�¡��K
; @ �
� > ¸S&'Q8��÷8Ñ?ø�ù#�0¹Þ3S5�ú¡û�ü6��ø�ù#� 15 º
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t Ë����Á¬��)5 345 º s B > Ù���� E &�(�.,�F��5?7���KV; Photon Factory W 1 � 1 �
¾¡¿I¢�"*O8�
	43�� �8Ç .���
���� � D*$I"�Y������*B'¶V��K#K'L > �2� ����ËF�
Ë�­�5
¸�&FQ?����º:W,ç�èÌ3�5?7���K�; @ �?K�L�©?ª��#��ÕjÖ#"a`%nS&p`l�V½Á¬�� < ��5�d�K
� >Fu�v \e(?. ����� 7:�,�'�
ðIñ�K�;

4.4
 ! "$# %

4.4.1 Q & ')(+*-,/.10
24365 n�7�8:9�;�<�=)dF¬�. r J Q ¦I.�>�L¡9�;
ê@?:� > Ch.1 B�²BA?36KV°�[?\�±C7 (E1 A�JI9 ) .ED�F�� >V@ <HG�<)I�­KJ 1 ËK<*Y�Z
;%[8\FB�²LA?36KV°8[8\:±C7MA E1 <�N (Etot A�J�9 ) .
O�F��PA��*K 2

 @Q <SR0] `�O2P
Q2. > 1 Ë�<
â�º�B Ch.2 ∼ 7 ��Ë#7?5 6 Ë*-:9S;'U�<PA�d > E1 > 1 keV B > J�Ë Ch.2 ∼ 7

< � 
�BUT1V�36587)9
YFZ�;%[#\:�
²BA?3�K*°�[#\:±W7���¶'9S¦ Es

Û2Ü B¡¶�ä > J�Ë @
­ ÛUX <*Y)Z�;%[#\�B*²BA236K*°�[?\:±W7'� Es

Û Ã2B�¶'92� �®< h8i/;4`Y<[Z).*M)N¡Ý
`ÍJj9%; Es <,¦I���89 Q <�\�7¡W
�e�
]�^2Jj9%;

241Am <8]�^e_a` \e.�Î�725V°*[8\�±�76<�_8Z�¢a`jnb7K8)9E;V.�3S5SR%] `	O2P�Q2.%c
�@A > �C�#â��¡�
��5,X¡Y�Z�;�[8\4<���c � 7F_�<Ed¡�¡� t ­�5�7)92U�A6��e�J?�VK,;:U
­FW@8�;�Y�n�7�f�<�g@h¡�Ci�j�B < � > �C�«¬k�j9�l�A0�U86;�Y�na7K8P9E;%�K<�m�n�o¡�p�< ��K#K'LVB'¶�96; @ <8K'L > _#Z:¢a`jn�7K8)9E;�W�X¡Y�Z�;�[8\4<���c � 7F_�q�Î'7
5 > Ch.1 �,Ë'7�5'W�÷?Ñ4¸E7�Q�<V°?[#\:±W7��?¶Ue���9¡� � � >?@ <�Gr<8Y)Z�;%[#\I�
Ë�7�5'W θ = 90 º�<rs�;�M `t;�»�¼rq:36K�� Ç <V°#[#\:±W7F�2¶Ue���9'� � � > Xru@<
â8º:��Ë2725Cv2Æ��F�VK
;��[wI�
Ë?7252W > °�[*\�±C7[x�yr< � 7F_�� @ <F� �µ< °�[8\
±W7'B'¶¡94A�W�z/{ < 72¾�| � � > V~}�A�����W��U�V¦)B'¶6�4Aa�:ñVKC��� =�> ADC <� u�� Ý�` Y)Z�;%[?\�W
�6�4<
¦/q0Î���K��
U�<�� � �P�E��cK��K 2

 @Q R0] `�O�P�Q?W�� 4.6 � 4.7 � 4.8 <)� � ���K����� t ­��
Es = 1 keV A�� > Ch.2 �,Ë�����cK��K���<?B'¶6�E�
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� 4.6: 30 keV B�< 2
 @Q R�] `�O�PVQ

� 4.7: 50 keV B�< 2
 @Q R�] `�O�PVQ
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� 4.8: 70 keV B�< 2
 @Q R�] `�O�PVQ

�K�W<���� (1) � > Ch.1 Brs�;�M `t;�»'¼rqr�6K���� Ch.2 B���c���ïÞ¬o­�K*h8i�;k`
B > U6­���G2H�<�¹���A������I�
	����8h*i/;4`ØB�¶��E��� � Ü > Û ��U�­Sq � »2¼ · �
ï'h�i:;4` �MA�
���UKA0��J��E�
��� (2) W Ch.1 B�sU;,M ` ;�»2¼Sqr�SK���� Ch.2 B���º:sU;,M ` ;�»2¼�qr�SKVh*i�;
`ØB'¶�������c���ïK<�������W�°�[�\�±C7������
�6��Aµ½«¬8�
���,� > sU;
M ` ;6»2¼�<
������W 30 ∼ 70 keV B2W�����Æ���B'¶@�C<8B > °�[8\)±C7�����������A��2¹� ¡��sU;,M
`t;%»2¼Sq = U��µ�#JÞ����� ( � 4.9) �2°8[#\�±W7¡�����������PI > (2) <Vh8i�;k` � (1)

A"!�#��VÊ«���2�U���r�2UKA�W > U6­LA%$'& �
�[���
��� (3) W Ch.1 B@<���c���ï�h�i�;4`�A Ch.2 < 1 ��c Ç h�i�;4` ��(*)�Æ�+B��K)�H<
B¡¶6���r� 4.6 <UZF��, {�­������ (4) W > Ch.2 BV�@c��*ïÁ¬o­�K�h8i/;k`�A Ch.1 B�<
��c'��ï�hVi�;Þ`Ø��(�)2Æ�+B�SKF�H<�B'¶�� �)US­�W�¸ 7'Q�<��@��÷�Ñ4na7×` <�K'L8��-
­����C<8B¡¶6�E�  ��.,»2¼ · ��ï�h*i/;4`~q/��xL���8ÕeÖ[;4` m�q�>)L6����¨�©�ª�B2W�D�0�<:¸E7¡Q2�
¹?J���1�2�q3,P��UKA%� V4 2B¡¶6�V�*. Ch.1 B�<�»'¼¡B*²BA�J�°?[#\:±W7F�?W�xUy���¶
ä5. s K#M�P,]�YIÝ�_U86;�Y�n�7�f�<�°�[8\�±C7[xVG�6���76�2K'L�.¡UH<
��xFW����/#«�
��� (1) <8B¡d��,¾¡¿
86�VíFî6q�Õ�9�7*J)��:';:�
Ë6���
� � #:d�<'¶��E�eUH<�íFî��
Ë
����. E1 <�Ã�z (Ec AµJ)� ) q�I�U���Â��*J)��J'�
Ë��@�2W�.
Æ8��c ÇIÈ h'É�AE<�=/>1A
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m
2 /g
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Energy [keV]

Total Attenuation
Photoelectric Absorption

Compton Scattering
Rayleigh Scattering

� 4.9: M�P�]8Y�Ý,_�8K;�Y�n 7�f[< 10 ∼ 100 keV <�<
ç?è��
� ��� <H]�^��������
	��6�E��
C<�����q�������:�;)q�.

30 keV: Ec < E1 < 10 [keV] � 15 < Etot < 50 [keV]

50 keV: Ec < E1 < 20 [keV] � 30 < Etot < 80 [keV]

70 keV: Ec < E1 < 30 [keV] � 50 < Etot < 100 [keV]

A�� �B� ������q���� �

�<
��x� 4<�."!$#�%'&@����<)(+*Pq�,.-$/+%0�P� ��1�2 A�� � 30 keV < Es = 1 keV .

Ec = 1 keV A��"��3'�4%)&����5,�-./�%P���76�8�q[� 4.10 %:9��C�;�<>= �
?'@�A>?)BDC4EGF %
H�IKJL� ?�M <���N�	�OQP�8+R>S�T�U�V�6:WX��Y ?.Z+[�\

�] ?�^ -:_7T$`�Tba�c�d�ef%0��g Z�h�i ��j [ Y.O4k <
l 	 Ch.1 8
m�n hpo�M ]>q [
N)��rts"O
k <5l 	Du�T'Rpv <>= 8'wyxKz�{.%)|}�~Y Z�[ ��r�Y���N
sK�7� o ]�N \}���
%�& [ q ? O0�+����� Z �.��sD��q�O Ch.1 c ? x���Y��D�+��N 2 &58�R�S�TGU�V (Ch.2 s
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4.4.2 ����� ���	��
���
�������� Q �������
À M O Es s Ec %~HDN Q  78�� [ c����X�GO PoGO 8��� �Y�8����Qc �"! s��Gq @ �

�>8'����z��7c �$#��fN \"% %�O Es = 1, 2, 4 keV O Ec = 1, 2, 4 keV sD�G��3DJt8 Q  fc
9�� \

Es [keV]

Ec [keV] 1 2 4

1 28.5 ± 0.2 27.2 ± 0.2 26.1 ± 0.2

2 28.3 ± 0.2 27.0 ± 0.2 25.9 ± 0.2

4 26.2 ± 0.3 25.0 ± 0.2 24.0 ± 0.2

%
4.1: &� �%5H�N Q  �8}($± (30 keV, ')( : %)

Es [keV]

Ec [keV] 1 2 4

1 27.9 ± 0.3 26.7 ± 0.3 24.3 ± 0.2

2 28.3 ± 0.3 27.1 ± 0.3 24.7 ± 0.2

4 27.1 ± 0.3 25.9 ± 0.3 23.6 ± 0.2

%
4.2: &� �%5H�N Q  �8}($± (50 keV, ')( : %)

Es [keV]

Ec [keV] 1 2 4

1 29.4 ± 0.4 28.9 ± 0.3 27.6 ± 0.2

2 31.2 ± 0.4 30.3 ± 0.3 28.8 ± 0.3

4 31.8 ± 0.4 30.9 ± 0.3 29.3 ± 0.3

%
4.3: &� �%5H�N Q  �8}($± (70 keV, ')( : %)

À M O Es %5H$N*� [ %'& [ q��7�DN \ PG8�+$U$V-, < Yt6 Es 	/.�xDI Z N�¦tP Q  ?0 �tI Z�i q [ N \ Q 	). x [ ¦4P�O�1�2
	 Z À�x ]~q [ N�

s'% Z N \ ���D	 i q Es

c 0 ��I43 i �Qs��D%�O)1�2$5"6 ?DZ À4x ]~q [ N�

s'% Z N \

)887:9 ?�;=<?> T/@�aÁT����t%D��Nts �7� o ]fN \ ¬�®A+$U.V:, < 	 30 keV 8Qs��

%�O Ec = 1 keV s��"O)BC'58"D�rD% Ch.1 ∼ 3 8 3 &
8�Etc'�4��N \ Ch.1 s Ch.2 %�& [
q�8GF�H a�,�- l c8I�N�s��$J�O Ch.1 Y > T�K�aÁT�� ��c���q 2 keV 8�+DU.V:, < cML
s���O Ch.3 Y�N=O > T/K a�T�����c���q 3 keV 8P+$U.V-, < c�L�sD��O Ch.2 Y�2RQ ��	
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Es [keV]

Ec [keV] 1 2 4

1 30129 40996 44958

2 25544 34897 38271

4 11169 15297 16783

%
4.4: &�� J
H�N)���$Tba ��8��$± (30 keV)

Es [keV]

Ec [keV] 1 2 4

1 17807 36009 45815

2 16832 34125 43519

4 13338 27461 35188

%
4.5: &�� J
H�N)���$Tba ��8��$± (50 keV)

Es [keV]

Ec [keV] 1 2 4

1 6557 11364 13693

2 5876 10321 12496

4 4989 8938 10901

%
4.6: &�� J
H�N)���$Tba ��8��$± (70 keV)

x ]
q 25 keV 8�+$U�V-, < c�Lys �QH�� Z _��fT a ? O Es = 1 keV 8�3.J ? F HLa��	�l J ? K�
 "�a�x�] Z+[
� O Es = 4 keV 8)3�J ? F H�a��
� l 8�������¥4���
����J K

 "�a"x ]fN \
�*D ��i q.O Es c�.�x�I�s�N��
s ? O7H4ª���� Z _ �QTXa�c�� [ ����q [ N
�
s8J������ o ]QN \"! +DUDV , < Y 0 O78Qs)�.8����X� D�_��pT«a 8}J5½�c$#
¥fNts % 4.4 %

4.5 % 4.6 8tH&� J Z ª�O)e h J Es c8.yx�I�� DQs��$J ? O�1�27c Z À��"'
� Z _��QT a
c�(�)��"q [ N>s+*f��N \
� h �+,+z~Y�O Ch.1 Y����y��O Ch.2 Y��
	yxK]�N0_��fTba"s"O Ch.3 YD8�,=2$Q�-/.0_

0 �
1}¯ J�2t��N	��s}6���� o ]�N \ ���'Y434�65�.0_ 0 � ++U�V-, < J7�"q 3 keV Y87
N~s"O ;=< ���._��4Tba"s:9<; �>= �$I Z N \ ���)� Dt6:8 ?�?
@ Y87�N0_��fTba Y87�N
� O ;$< ����_��fTXa�s$ACBQc�D  o ] Z+[}\ � D ��i q Es c .yx�IDs�N>s"O @�AE?8@

28



Y
7�N ��� · ��	D_���T a À$Y ) � �"qf�"À [ O��������tc��	��xÁj
qf��À ����s J Z N \
��
>H �4J7�"q�²
³�´>v
�
u�µ�T��������ts ��������
 a"v�������� ����� ��N � OtP


tH/� J �� ±���¥4� h�!�" ���#
%$'& h�o(! **)�Y
� Z$[+\�" ���:J,+ [ q ! Es = 1

keV s���q.-~P/
 +.U�VG,��
Y0-��Q�$T a¼� ! 0 ��I O,1�½�243 � .�x [ D
r$O Es = 1

keV c � �Qs5$"���fN \
6 J Ec J�H�N � [ J�D [ q)����N \ �}� o7! +�U$V ,��CJ�H i q%8 Z�i q�+ ª O 30 keV

Y ! Ec = 1 keV O 50 keV Y ! Ec = 2 keV O 70 keV Y ! Ec = 4 keV Y Q � � � 0 J Z
N \ D*9Q� 30 keV s 50 keV Y ! O Ec = 1 % 2 keV 
M� [	!�:*; Y !.Z�[�\ ��
�<>=*
=D
r"J�O5À M��$§ Y�?X� D 2

6�@ F8H a���� l,A 
��8���
� J�+  N)O Ch.1 J/L�s�� D +
U.V-,�� E1 
>��Bfc�� 4.12 % 4.13 % 4.14 J�?�� \5[+M ]C- Es = 1 keV Y.O 0 O#
Qs'�D

Ch.2 J4D [ q'
�E4�#�}Y 7�N \
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� 4.12: E1 
>��B (30 keV)

¬D®�k�� l 
�+$U.V-,F� �DG�[ ¦7PGO E1

!%H I �DB �"q [ N	�
s � g h N \ 30 keV Y
! ¦4s��QP(
+_ �QTXa � 5 keV I�� J(J4À�]~O Ec = 4 keV s��*Dps��$J ! 04K 
�_��pT
a�c(LLªNM~qDq [ N8�
s�J Z N \ �%
��
s � Q � J�O/P ��Nts �4� o ]QN \
À M 30 keV J>D [ q��7��N
�~s�J��fN \ Q � � .�x [ �5s ! 1R2 ��Z À7x ]~q [ N
�
sGY87�N�Ofs [ � �=! J�QEDys"O Ec c A�R N	�
sGY�O�S J(T � [ U

Ch.1 Y > T/K�a�T��
�y��O�V#
+R
S$TGU�V~Y�2$Q �
	yxK]XW�Y4s [ � _��fTba J:���"q�Z 1R2 5$67c Z À��\[
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Y��.��� > �/KLa �����y��Z(V#
���� �GU�V~Y�2$Q ��	yx ]XW�Y�-�
�Y874W \ ����� D�_
� � a ! Z Ch.1 Y4
 2 O	� I�
4
�� �5Y}z�{ � �~g#W
�~sMJ [7ªNZ �
� J�� i q [ D�1
2$5"67c��
�b��qQ�GÀ � \ À=D*Z������'
 > �)KLa ��� ��Y Ch.1 J ; �/
�+�U�V:,,�tc
L�s#� D5r,Z E1 


0 � [ �8�GJ�[7ª ; � J7À�]~q [ W>s �4�4W
�
s � Y~�4W \ �%
��
�
Y ! Z��-J(S?J�T � [ _�� �Xa ��� � J Z W�D5rDZ Ch.1 Y ;$<?> �)K a ��� � � W:_ �
�ba ! � ���AJ ; � Z ªNZ($*& sD�"q Q �7cF�	��W \ 50 keV J�D [ q#-�Z Ec = 2 % 4 keV


/� [ J�D [ q 1�� J�<�=.Y5��Z+W�
%3 1.2%
�

30 keV 
����#
 2.1% J'¿D¥���.�� � �! ! Z E1 
>��B#"�¿�$�%'&�5*=)(+*',87�W -
70 keV J�D
�.� ! Z 30 keV 
�[0/21�<�= !.3 � !54 ( 16�7-98:*#8 Q �GJ ! 1 keV

!
2 keV 
�;�J�Z :*; J�3 � 74W+- 70 keV 
=H�<.�>=@?A, ! Z 1 B � 76CED�
�FHG �I=KJ �
30 % 50 keV J�L�M���N��+�O1�*�,�Z 1.5 keV J�PRQH8:CHB � ��S (T&XW+-���
�[H/21 -�

!

30 % 50 keV , !7S (T&�16�7- Ec " 2 keV J A ��W ! Q � �6U�V �W1	W
X ! *#(�Z�X�
Y
ZR[ \�] ����WW^�_ �I=a`cb
d5e5fg"�1 4 %\-�h�,Oi4W !2jgk (T&XW:-5l7&�`fP+h�[Hm
1�^6_��I=n,Oi�W�h5*�o�pq1cr�o."�s k't X !�u , V 17�
`�v�w�x5?�y�z
*#( jqk �7{5d|�}�~ ^O�'` UqVR�c� s�8+�5� t h�, u 16�.* !2�0k
t -

Ec

[A� t
Q �Hh��A� u v E1 h7���Hh�8 *
C !��.� 1 �c� `�i t X ! `.�
* ] C7- Ec

h���� [�� �.� u v Es

!2� 8 � % t M V ,�i t -
�.����, u��O���9!:�6�O� `��W����&
��� t `5v����q, u 1  .¡H¢#=a` �
�5�E!��7�
� " £�¤ t CO¥7v�¦c�Rh��O��"�§.¡H¢#=©¨ª [ � 8 � 8 1.«W&�¬�vW­��q1�§.¡q¢#=¯® � � ]6° 8 4 m�X ª [ 1 t *#(:,Oi t -��.���
, u Es

u w�x'?gy7z [�� (T± 1 keV
[ �O�98+C
h�,�v Ec ² l�& [c³ m´-µ
¶ hc·
¸0® 4 ª ¥ tAª v Es = 1 keV

ª 8 ° 2 ¹'º�»W¼½=¿¾
À6ÁO®cÂ	DÃv
30 keV: 1 < E1 < 10 [keV] Ä 15 < Etot < 50 [keV]

50 keV: 1 < E1 < 20 [keV] Ä 30 < Etot < 80 [keV]

70 keV: 1 < E1 < 30 [keV] Ä 50 < Etot < 100 [keV]

hcÅ.ÆR,cÇO�'%'&R¬ ��È -

4.4.3 É Ê0Ë>ÌÎÍÐÏÎÑ Ò�Ó�Ô9Õ Ö Q ×ØÓÚÙÛÖHÜ
X�Xc,�Ý�¢cÞ�¾
ÀOG6ß�àáh�â�ã�®W% t -7ä�å�æ�ß x5?A,'h�v�ç�è�é�` 0 ê�h ª V h�FHG

ßI=ëJ ª v 0 ê ª 90 êAh ª V h�Ý)¢�Þ�¾'ÀOG7ß�àah 5 �A;cì 3 h�FqG6ß�=KJH®�í 4.7 Ä 4.8 Ä
4.9
[�î %�-
Ý9¢�Þ'¾OÀ�G5ßIàïh�ð�ñ u 50 keV h6ñO��h�ò [�óg] C.C�¥�v 50 keV h 0 êª�ô0õ�ö æ�÷ùø#ú�z�û)ü�ß�® óH]5° »W¼Ø=¯¾.À�ÁO®Wý È C�-
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Ch.2 Ch.3 Ch.4 Ch.5 Ch.6 Ch.7 �
ð�O�
·
�6� ^�_#ßÐ= 7925 4493 4187 5367 3744 4413 30129

0 êRh�Ý9¢�Þ'¾.ÀOG�ßIà 4.4 6.9 6.2 5.0 5.9 4.5 32.9

90 êRh�Ý9¢�Þ
¾.À�G�ß�à 4.8 7.1 5.1 4.8 6.6 4.5 32.9

í 4.7:
�O�

·
�7� ^�_#ßÐ= ª ÝE¢�Þ�¾.À�G�ßIàáh7L�$ (30 keV)

Ch.2 Ch.3 Ch.4 Ch.5 Ch.6 Ch.7 �
ð�O�
·
�6� ^�_#ßÐ= 4944 2807 2164 2878 2411 2603 17807

0 êRh�Ý9¢�Þ'¾.ÀOG�ßIà 4.9 6.7 7.0 5.0 5.3 5.5 34.2

90 êRh�Ý9¢�Þ
¾.À�G�ß�à 5.9 5.4 4.5 5.1 4.5 5.6 30.9

í 4.8:
�O�

·
�7� ^�_#ßÐ= ª ÝE¢�Þ�¾.À�G�ßIàáh7L�$ (50 keV)

Ch.2 Ch.3 Ch.4 Ch.5 Ch.6 Ch.7 �
ð�.�
·
�6� ^5_#ßÐ= 1643 947 943 1185 833 1006 6557

0 êRh�Ý9¢�Þ
¾.À�G�ß�à 4.5 4.7 5.6 5.3 4.5 4.7 29.1

90 êRh�Ý9¢�Þ�¾OÀ�G�ßIà 5.7 5.0 4.7 4.5 3.6 5.1 28.5

í 4.9:
�O�

·
�7� ^�_#ßÐ= ª ÝE¢�Þ�¾.À�G�ßIàáh7L�$ (70 keV)

í�*#(��5* t � m [ v�ÝE¢�Þ�¾.ÀOG�ß�à u��O� ·
�6� ^�_�ßÐ= � D 2 � µ
¶�� 1 ��� ð

��� h
	���
5,�i t C�¥7v����.% t X ª [ % t -µ'¶ ,�·
¸I8 ° V C
���R,����0®g8�v µ�� [Wî %�����`��I(T&AC�-A1! 
v#"�$2¢&%'$5ß
¾ � J u

f (ϕ) = a cos 2 (ϕ − ϕ0) + c

,�i)D¯v)(�* ê u %.M ° 21 ,�i t -
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�
4.15: 30 keV h������qú zAû�ü�ß

a c ϕ0 [deg] Q[%] reduced χ2

Ch.2 & 5 0.0948 ± 0.0012 0.3353 ± 0.0009 −1.2 ± 0.4 28.3 ± 0.4 1.26

Ch.3 & 6 0.0950 ± 0.0012 0.3270 ± 0.0008 −61.1 ± 0.3 29.1 ± 0.4 1.21

Ch.4 & 7 0.0954 ± 0.0011 0.3375 ± 0.0008 59.1 ± 0.3 28.3 ± 0.3 1.04
���

28.5 ± 0.2

í 4.10: 30 keV h "�$2¢ % $'ß5¾ ���
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�
4.16: 50 keV h������qú zAû�ü�ß

a c ϕ0 [deg] Q[%] reduced χ2

Ch.2 & 5 0.0933 ± 0.0018 0.3346 ± 0.0013 4.0 ± 0.5 27.9 ± 0.6 1.78

Ch.3 & 6 0.0906 ± 0.0016 0.3238 ± 0.0011 −55.2 ± 0.5 28.0 ± 0.5 1.49

Ch.4 & 7 0.0951 ± 0.0019 0.3412 ± 0.0014 65.2 ± 0.6 27.9 ± 0.6 1.93
���

27.9 ± 0.3

í 4.11: 50 keV h "�$2¢ % $'ß5¾ ���
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�
4.17: 70 keV h������qú zAû�ü�ß

a c ϕ0 [deg] Q[%] reduced χ2

Ch.2 & 5 0.0972 ± 0.0027 0.3329 ± 0.0020 1.2 ± 0.8 29.2 ± 0.8 1.31

Ch.3 & 6 0.0965 ± 0.0019 0.3179 ± 0.0013 −58.0 ± 0.5 30.3 ± 0.6 0.62

Ch.4 & 7 0.0996 ± 0.0021 0.3486 ± 0.0015 61.5 ± 0.6 28.6 ± 0.6 0.72
���

29.4 ± 0.4

í 4.12: 70 keV h "�$2¢ % $'ß5¾ ���
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Q ��`�w6x�?Ay�z [.�+]�°�� 1 t h u v�ò���,�·�¸98ùC5¦W��h����	� ² i t m k [ v7B z
Á'h7bOd'êR`�w'x'?0y6z [ �
�
� t CA¥���i t�
�� � ² j0k����#t�� bOd'êR`O��� � ¬�

(2.3) � � � � �qú�z�û#ü�ß�"���Þ��7`	�q¥ ��� v5lOh'¦c� [��
ÈO° h�������®cw�x� 
y�z [O� � ±.��!�" [ ·'¸�� t X ª `�� V t � m [�# t$�&%(' ` ]7° v�b
d�ê�h�ñ.�.`�)* h�+�, ª
% °�-/. ��t$�

4.4.4 021 · 3547698 Ñ : Ó5;=<?>A@
�
�

·
�7� ^�_�ßCB h�DFE�G
H [��
È
° ·'¸�� t$� DIEJG
Hq®	K�, [ � t h u v�b
d [� t � � �Aú z�û0ü+ß�®�ñ.�L� t X ª `�� V ° ² vMDNE�G
H�`�O . « � ¬JDIEQP ª�% °SR

� # � � `TEJU #�È ' ¥	��i tQ�
�O���V� u v \�W/X z�Á'h�Y[Z�ß2B]\#®�ñ�� % °�È^#�È ' ¥�v Ch.1 h7d | �6�`_ zqÞ

hLYFZ6ßaBb\N� � \�W d } \H®$c��	� t$� l
h ' ¥�d C
�Le ��fTg # \5�'ð�hjiVk�¾'À�Á

®WÂ	l %m'�� l
nLiNk6¾'À7Á u v�o�p 2.8 cm v$q . 20 cm n�r$s�tg® %u'�� ê 1.03 g/cm3

n�iAÀ�¼�åH¢cÞ�û.ßcå)ú zN��® Ch.1 d�v�w ° v�l�njxJyLzId�{ } ® 1 |�} W %('�ªJ~ d�v
{ | ���5_ z�Þ�dM} t��L� ß9B��S� ~
t p�Hq®�ð�h�� t ² n��5vT��ß�i�B�ß �
��u 1 ç %
�S�?� � #7È ª È m�����® % °�È t$� �j��� vJ{ | �7�5_ z�Þ�dM} t��L� ß9B�d u vM} W
{ } �S�`�Jd�{ | ��� . ��t ² n���«S� # � v 1 ç���ß�i�B�ß �
� ®�� ° � � { | �7� .�#t ² n ² j0k °�È tM� � ' ú � ÷2z ��� n * d�{ | ��� . �)tJ��� ß2B u7j�k °�ÈV#È � iIk�¾.À6Á�nF��zO¼ u���� ®J�T� . �^' È �
iNk6¾
À�ÁL� � �R¥ ' v �
� # % dJ{ | ��� . �gt p�H p1 v
��ß�i�B¿ß ��� ®M� ° � �

{ | �7� . �gt p�H p2 v p1

ª
p2 n �
ð p v� �Q� v�ç�è�éj� 0 êNn ª�~ n�{ | �7��_ zAÞ

n�YFZ6ß/B�\ Nabs v�ð�h^� � �R¥ '�� } W { } \ N0 v �
� ·
�7���S� ß9Bb\�n��'ð Nscat v

� �/� � � � � t DIE�G
H e ® � ª ¥ ° í 4.13 d î � � #  .v Nabs

u
Ch.1 n5¼��HÞ2B] 

n	{ | _ zgÞ'®	��Z�û��Rß���"�$ù¢ % $'ß'¾ % v � � �Fn � � � ±1σ n�����®WÇO� %M'
\�® 0.683 ���F� ° �g¥ '�� � ' N0

u
N0 = Nabs/p �	�q¥ tM�

E [keV] Nabs p1 p2 p N0 Nscat e [%]

30 560832 0.1986 0.0752 0.2737 2.049 × 106 30129 1.47 ± 0.01

50 142890 0.04751 0.02270 0.07021 2.035 × 106 17807 0.87 ± 0.01

70 29627 0.01704 0.00904 0.02608 1.136 × 106 6557 0.58 ± 0.01

í 4.13: äOw�x� gy7zT�
n�DIEJG�H
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�
4.18: ��ß�� BTß �.� n��O�����7Ç�n	�.éId ��
���
 [9]

fjg # ð�hq® % ° �Jn ���q®���� 
 n���� % È � #��N# ��� ��ß��AB�ß �'� n�����Ç��
��n���x� qy�z�Å
Æ^����ò�� ª * �V�� ~ � (

�
4.18)

� ûOßcå#ú zV�	n�t�!g®� È d���"% # « � ¬ # � #�È ' ¥	��# 
 � ��n ' ¥ ��$ n���k�¾.À7Á�®�%'&L� 
 � ª ®)(+* 'S�
��n���k�,.-0/�� � 
�p 2.8 cm 1�2�p 8.4 cm 1	q43 20 cm n^x�5Vn^r76
t98 %$' �:-;�<>=�?�@�A	<CB�D ��8 Ch.2 ∼ 7 dSv '�E���F nVx�yjn�5�G�d Ch.1 d�v
w E�' oSp 2.8

cm 1LqH3 20 cm n^rQs
t�n��:- ;�<>=�?�@�A	<CBID ��8M} �N'KJ nTd�LNM E�� x�y�zFd
{�O�8 1 |�} W %u'�P�Q d � xJy�R.S = BUT�� A � B A)V�W 8 %IE 2�X�n0R.S = BUTS{�YZ�[ 3]\ 
�^._ 8�`�h�a 
 J n�TN# 
Ib�c �ed ��f�g � A �ih A)V�W�j4B �lk D�V�W 8KdE�m>n {�Y Z0[ 3o\ 
 �L� A hp��q�rsd E M 
7b
xJy�R.S = htT�� A �ih AuV�W 87vKw�a 
�x �0Mzy{L m�|�} O'~ m�m 
Ib @NA�<>B{D:�m>nu|�� O'~ PMT

|�� O�� _ |��'�'� v�wK3{\'��3 n x PMT
|�� Y.� m>n�� w�3{\e�� Y�O��K�����:� A �0� 8�d��������K� D ~��NM P�Q � � Y�O�~.w���M ^._ J q0r:TN���

M bC� \�8	� 0 �����.d E � � Y�O�� |' �¡0¢ � PMT
|�� O�� _ |�£e��Q�¤�¥ �]a>� b �¡ R.S = hUT | vKw�� _ 80¦ 4.19

x�§ a b ��� 8 0.5
� Y�O /keV � PMT

|0� O�� _ 8
30% ��d c P�QK| ��� ¢ `�¨ |�©�ª 8�« 4.14

x�§ a b¬�­ | �o®°¯²±�³ ©�ª x J � ¢ `�¨�87´NM E M���~���M0µ�\ J�¶�· ?�� 2 ¸.¹�T0º�»4dE M:� cN¼N� |�½:¾ ,�-�/�~�¿��'TNÀ��+�o*.�9do� � |�½+¾ ,�-�/.8)´NM E vKw�� _:x L
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¦ 4.19: � A ½ h A�VNW | v�w�� _ |���� x�� ���
	 (
���

0.5
� Y�O /keV 1 � O�� _

30%
|�P�Q

) [9]

30 keV 50 keV 70 keV

±�³ 1.47 0.87 0.58

� ¢ `�¨ 0.99 0.96 0.52

« 4.14: v�w�� _ | ±�³l��� ¢ `�¨'T |���
 ( ��� � %)

M E���� ae� b
� µ VNW ·

Z0[���� A h | v�w x�� � \9� 3 L |���� x L.M E � F \� 0\�8�!#"�$ x&%c a ^'_ 8(' ¼�c�b ©�ª 8�« 4.15
x�§ a b a�) E�| ^�_ 8 £9��Q�¤	¥ �:�u�0« 4.14 T §

d c � _�x �'� b

30 keV 50 keV 70 keVVNW d c � O:~  �¡ T Z0[ 3o\�µ x�*,+�x.- � 0.506 0.674 0.721
*,+ | @'A	<>B�D�� T � Y Z�[ 3o\z� 0.141 0.0324 0.0121

� A ½ h A7VNW 8  	¡ @�A�<CB�D:� T�v�w	ae� 0.139 0.439 0.593

« 4.15: / �0� 8 %Kc a ^N_
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30 keV T��,� A ½ h A7V�W T��4�]a�������� D ~��H37M c�¼�x  	¡ @�A	<HB�D�� T |
v�w�� _ |���� ~��K��yo� 50 	 70 keV TN� � Y Z�[ |�
 ���K~
�43.y��+� c'¼�x(*,+ |@NA�<>BoD+� T � Y Z�[ ~�� � ¯ x y�y���� � �I~�����$ x ���+�oM���� b�����x L�M E
���
� � ` |�� S = h �98�� j a � �)T�vKw�� _ |��
� ~���� � \e� b� x � @NA�<>BoD+� |
 
!�"�# x � �u� ª 8 � ��� b  �¡ @�A�<>B{D:� T#� A ½ h A)VW ~
����� �%$ |�&(' d � V.W�) � x�* d E ��v�w ' \z� V�W ·

Z�[�� � A h x,+�¼ �.-Q 8 ½K¾�/�0�1 8�´'M E32 ) c ( « 4.16)
b

30 keV 50 keV 70 keV

d < 10 cm d > 10 cm d < 10 cm d > 10 cm d < 10 cm d > 10 cm¬ )�V.W
0.154 0.010 0.210 0.026 0.304 0.045� )�V.W
0.705 0.131 0.577 0.187 0.473 0.179

« 4.16:
� O | V�W �4$l� V.W�) ��|����

M�µ�\ | �����9� D x�5 d EKJ �  	¡ @'A	<HBID�� | d < 10 cm
|36 + T � ).V.W dc J	| ~�vKw ' \ j a�M � �I~ ¤�m � b V�W�) � x L�M E ��� ¬ )�V�W T��7�H� a������

� D ~�� ' y  �¡ @+A�< BuD�� T | v9w	� _ ~�� ' M c+¼�x � � )NVNW |�8N� ~ f MH�9,: a9� � �u~�T��.� b ������� D ~�;>y��+� x=<?> E ¬ )�V�W |78�� ~ f y��+� | ���
¦ 4.19

x	§ d c �A@�x v�w	� _ ~�;Cy��:� c'¼ T'À�� b &B' x L.M E ����������� D ~
; y	�+�DCAE � Y Z�[ � B � k D�VNW |D
 ����~�� ' y	�+��~ � A ½ h A�VNW |D
 ���
�FC��.GAE � ¤en µ�� � Y Z�[ � ¯ J�H x ����M cN¼ �	�����K� D x ��> E À � ¯ � 	K�
��M |�� �IM,��� b
¸ � �#� A ½ h A)V.W | v�w�� _ � � Y Z�[ |�
 ���K~�� V�W ·

Z�[�� � A h | vKw��_ | �:¹ x ����y.I�J�az� � ��~ ¤�m >�c�b ��®�K � ~�L 8 d c ½K¾�/M0�1 �,� A ½ hA�V�W � B � k D�V�W |7N MN~�O ^ T�����M c'¼ � � ¯PO ^ �7Q�Rz8�a>� c'¼.x �
S �
Geant4 �TE x � ��U A7V�W � ¾ @TX�YKB�D'@[Z�A 8]\+M c M b � c S � |_^.`41=a ³+T
��� -cb ��d � | U4e ��f ae�.)���g�ÀN� b

4.4.5 h(ikjmlonqpsr
50 keV

|�tMu�  x �'À��3v,wcx����:~�ycz�{4| f w9d~} � c #�� x �H¯ �����A� h �
g��FCK�.GTE | � � x°hU~ 10 keV ¸.¹ x�-�>
����c	b PMT

|���� ~�±�³c��g N >
����c
��� x � ) � ; � ����� n \ c�c.¼ ��d�� n y��
� f�� ¯�� f�� >��7�F� d c��Kx t�u a
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�+�I��� H.|7#F� x��%>0c�b�� | cN¼�� \:�����
	MgNÀ.�+� � � n�� � b�
 �
� |�¶F0 �
h PMT

f������ ¥ ������� ±�³ f \ >�� | ���.±�³'~�� ¼�� g��=S � | ±�³:��� �"!:¹
g$#%���
	�~����.�'&"(") f ��*,+ � \ @.-�/ ~�ÀN� � � f § + ��0
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5
� � � �

PMT

5.1 ���
�	��

��� ��� � �c> ��������x������ �����! �g���� H
"!#	$�� �	%�&(' " ��� 0*)" �
�M; � ( + 40 km) gN��� ∼ 1 mmHg � � @-, # � �.%�® � ¯ � �4� � ! " �+� �¼ � PMT /�0*1 f�2 � " �	3 � � � �A@ "(4N¡ /65�78% - / g�À.� 0 �:9 V�; x / � �
/ 5=< /6>@?BAMg=C=; � g�D � " + ��E=F f�G + �MG�g�0*1 f���H �:I )�J g	K I�0 SL0M CON=P.QSR e%�
��T "OU�V + � PoGO W�XOYZR PMT

"�a\[
]
"!#\$8^ 9`_ ; x�a f!b+ ��0 �\c [ g M C ^ 9d_ ; x�a PMT %����\e �f"�g � � #8$�h=i:"kj �c� C�l�m �nIo ?Opnqsr	t "�u�v �wI o ?�x!y�z �wI 0{ ��| c [f} M C*~ ! + ���
� } PMT /*�
�w%��(/6�8�n&k' " p I�� x6c\� ��I(�
PoGO /8W�X�Y�R PMT %6r	t "�u\v ��IO� ��/��
� M + 60◦C

} K I %�C�m=�	�=� } �� �nI � } o / � �:x��w� IO����� %\K I ?dC����
���8� }� �¡�¢s£
¤�¥ I�� t � t§¦ }u�v@¢s¨ I�©�ª:« M
60◦C

{�} ���	¬ I o ? M p ¥�­ C(~�¦¯®�° ��� } M�±�²�³�´�µ ­*¶¢ q(p I °
· «(¸�¹ �=º�» µ ­�¼f½ q(p�¾-C 60◦C ¿�� « p I o ?6À!Án��Â £ I!�

5.2 Ã Ä Å8Æ Ä Ç
È	É*Ê M�Ë!Ì\Í�Î�ÏkÐ8Ñ |�Ò ��Ó�Ô
c [6Õ ±�Ö c [�× « K I À��	x�Ø�ÙÚ®�° � ¦�� M ¼± ¦	¿\Û }(Ü	Ý « �\» }	½ I ( °�Þw®dÛ�� M�ß8à )

�*� � M +100 ∼ −20◦C á\x 0.1◦C â§ã} �
» }L½ I�� ��ä�Â*À�å.æ=a\X*ç }*è6é ¬ I o8ê À ��� Þ ­ Ë | c [L} M Ø	Ùë®!p ¥ �{ ° Ë ¦�� ê � � M È	É6Ê ��ì�í:î M t «Oï=ð�ñf« å.æ\ònR ¢s£ I��kó�Ò ê �km ± ]§ô�õM�Ë�ö8÷ « K I ¥ q`ø � ��ù ´ x�úû® ¤�ü�ýk£ I��6| c [8} M�Ë6þ � ÿdä D-sub 25pin ù´ � � xOÙ ¥ ° �
PMT � � �nx(����À§� « M=Ë����	��
 � �\��x(Ù ¥ ° � o � � ���L�
������� M�Ë |² «���� ¢s£ °�À�� ê Ë�� ¢ 2 m ������� ��� « ø ¥ °�À���� 2 ø ­ � ¾ Ë ó ± � ê"! �Ê � ± � ��#%$:x�&kº «�' ( � �6¬�� o	ê ­�}
½ � � o �%)
*����+��� x-,�. ¤ �������
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Sensor
LED

PMT

Vacuum Chamber

Thermometer Power

CSA

ADC PHA

+12VGND+5V

Clock
Filter Amp.

Oscilloscope

Logic Level
Adapter

�
5.1: � È8É�� [ « j�� ���@ò�R��nòOå����
	 �

x PMT
« ø � Ë � �:x��	»�®�° �����

PMT

« å.X����wò���� ����� � � x�� ¨L¤ 55Fe (5.9 keV) x����ë®�p ­ Â � [
xO¬�����» } � .6° ­ Ë ��ò�R���ò�å=º « È	É6Ê ��ù ´ «
� � ê � ý§£ �"!OY$# ­�% . ¤
® { ÿ o.ê ­'& à ®!° � o ��!�Y
# 
�(*) 
,+ � « ® ¤�- 30 keV ¿
Û	��.$/ }"0 ®�q Ë
1 �.æ�� ���
å } 
 55Fe �32�m54��6� ­'7 q98f�=p � .�°\°8· Ë�: � - 590 nm �';=<
LED x����ë® ¤3>�? ¬ � o
ê « ®!° �

PMT �'2�m ÷ ��� «3@BA ò���C	�	å } �5D*ò�E x�ø@q.¾ Ë�þ �'F � Â LED x � ¤ ° �
LED ��2=G 
 +20◦C � ê ½ « Ë (") 
6+ � } 60 keV H � } � .6° � PMT

« ø � � � �
�����	� 
 Ë PMT

}�I À`���
¬ �KJ�L ê ¢d£.¤=¥ � Ë )NM � Â 6 cm � ê�o M6� µ O �

 �=� «�P ¾RQ � ° � PMT


 È8É�Ê ��S «'T�«�U q ê ���@x�rÚ®�q`�	» }L½ p ¥ � } ËV ¥ �=W � � ��� «�U ¥�¤ Ê �\« � U ®�° �
m ±=X�Y � �@ò�EZ�:ò!å8x � «\[ ¬ � PMT HV � +5 V

Ë
DC-DC � �9] � � u\v m�¦

� +12 V x\^8»�_8m�` � Âba=cë®!° � LED d 
 �
æ
ò�� �=e ) �-� � � Â!� NIM fhg
x Ë æ � ò��,�ji 
 �$k�å � } TTL flg «�m*n ® ¤�o � ®O° � þ �'p 
 � 
 Ë�q 
 10

nsec
Ë � �rE 
 1 kHz

}$s »�®�° � PMT ��f
g 
 �B!����ut���� �6v�w � tn®�° �5x �
y �	« Ë � � �������
�\flg'z ê�{ A
| � �}z ­ � � � ¥3~�£ �\z�À Ë D-sub 25pin ù ´
v úë® ¤�¥ � �
f
g 
 � ��� ¾ Ë å5D����§å - ��� 
 � �$� �kå - ADC -

:=��³"���
(PHA) ��� «��

� ® ¤�¥ � � å�D����6å ê ��� 
 � �l� �*å\�
t�� 
 1 �.æ�� ���
å v �ë® ¤ ' ( �"�½ � � ÿ « ® ¤�¥ � � å�D�� �kå 
 Clear Pulse � 506E
v Ù ¥ ° � ��� 
 � �
� �kå 


ORTEC � 570
��Ë��=� º=» µ 
 0.5 µsec

� s »�®�° �h��� � 
 � � «B� . ¤ LED �'2
G ­ m ý �*°8· Ë � � «���� ¤'I����\� « �@ò�EO®�°'� ADC



Clear Pulse � 1125

��Ë
! � #���� �rE ­ � ¥ °	·���»
��� � v�  �k°'� ADC ��t(� 
 Ë Windows ¡ � D�� 
 �� ç «�' ( � ¬ � x ê ­ � ½ �9��

5.2 ¢ 5.3 � � ÿ «�£"¤ ¥ ¦\� v m _ ¢s¨ °'�$¦*¦
§�¨ « Ë"© � 4 ø8��ª�« « ³ � ���
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5.3: ¦������
»

1. � £ ¥ �k¦�¨ Â��f· Ë § ~ �k¦f�*§�§ £"¤ v Û�� ¤ −20◦C
« ¬ �9�

2.
þ x ¨�Â
	�¦ v �f· ¤ Ë 2 mmHg (

� ¤
40 km

v�� » ) § � Û�� ¤=¥�
 �
3. ®��wÂ 
�� U ®�° ) Ë § ~ ¦�� v �*¦ «�� ¬��
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4.
£�¤ v

+40◦C § � ¡ � ¤ Ë +20◦C
«�� ® ¤ � ý �9�

� ��ª�« � À Ë � � � ÿ « ¶�� � «�m _ ¢B¨ � ��§�° Ë I ) «�£3¤ v ¡�� �k� 
 Ë PMT

����� v
	���
��3� � ���� ��C@òOå � 
 Ë3©�� �*C ò�å���� ü�� ��F�� 200 �ná=���N� E 
�v P�� Ë 1 �.æ'�
���8å � D�ò�å 
 ! � # ��:*��v! �" � �K��§ 
$# PMT

� £*¤ v ï�ð � ��� PMT ¨&%� flg 
 �(' ' ( �*)+#�, m.-�/*0�132 � 2 ¨�� e54 � �76 �

5.3
8 9 :<; =

5.3.1 >@?BA CEDGFIHKJML

N
5.4: O
�QP ESR � m _

N
5.4
- # 2 
UT ¨ � £"¤ ¥WV3X ��� O
�*PZYSR ��[ 6 � +20◦C ¢ 760 mmHg

����\^]
P -�_ 60 keV �!`Qa �Q6 ��bdc ��e(fg
 4

T � ª*« �ih�jdk*ld# X � l ��m )^
 ��npoqgr�0
1d2 
 - # £"¤ � T 2s1 l�tvu r l � ¨$w 
 � � � T 2(1 lixdy$z n�{*|!}*6(~��
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-sr�0���� w 
$� r x3y -���2 ��� - # m��	��� l�
��(�	
*u ����� ) 1d2 w 
�������l
bdc r ���	� ����� �76 �

1. ������m�� )^
 - w 1 ��� )+# −20◦C � r � - w 
��

2.
X�� n �! 6 � )^
 - w 1�" )$# T�%�& ) 132 w 
��

3. 2 mmHg
r ld#('!) �.� −5◦C � r %�& )^
 - # & X n�* � 6��,+�-/.10 �3254 12 w 
��

4. ������m�� )^
 - w 1 ��� )^
��

LED
��6�7�l #�8�9 -�:�2 �<;>= 0@?�� � #�6�7 - = 0@?3��A@B # PMT C�D � l = 0?�� 6 � T � � #�8E9 -(:.2 �F; N 5.4

r C \�] P�C�G�H l�IKJEL!M YON 6�~�� J � 6 �
O�PQPZY R@C \ ] PQG�H�C/��� ld# ~ C 8�9 ��� J!
 6 LED C 6R7 C���� � ���TSVU 6�XW�Y -�� 2 ~.� -�ZE� 6 �
[�\�]�^�_�`�aEb VEc1d R ]�e C�f�g�hRi�j�k(l JR
 6.�nm h�j�oEp -�/ 0(q�rEs l :

t�u R1v ]�w�xyJ�z3{�| -�}�~�?���� N 6g� C ~�� r [ 6 ����� A�q O�P�PZY R n��y���� t C 
*u ����� l��1�(��� � � qR� m a���� C��@� r l!h�j�o�p.l�� ~ w ��� � � � �
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5.3.2 PMT ����� FIHKJML

-20

-10

 0

 10

 20

 30

 40

 50

 60

01/27
22:00

01/28
00:00

01/28
02:00

01/28
04:00

01/28
06:00

01/28
08:00

01/28
10:00

01/28
12:00

01/28
14:00

01/28
16:00

T
em

pe
ra

tu
re

 [d
eg

re
e]

Time

temperature of PMT
temperature of chamber

pressure

N
5.5: ��� r C PMT C 8�9�� 
 - h�j k C���m 8�9 � X�� � X�� C
	 l N 5.3

n���
 �

PMT C 8�9�l N 5.5 C 
QunJ ��� ~�q �sh�j3k���� C 8�9 £�%�& ~ T$T [ ��~.�pn��� J�� A �g�Qm�� X S A	q
���.r l m PMT
l�� X C � � ���� 9FJ"!$# ~ m 8�9�l = �? �&% � w �
' ��C 8�9 +20◦C

 9<J�( � � �*)$+ r � � �q � ~ m ~ C ),+ l PMT
£

1
a �.- C rEs � �vu ~��in
/ A ��l � � � �(�10,2 a Cr�s l

4.4.5 c r e(f q43 � m � X � r N �5#�6$7 ~ ��89� �
:$; n�< N � �Zu>= � £ [� � ~ C q�� m M�?�{ YA@,B1C1C
D 6$E�l�oF# �,G n�� w q � u £
H$I r [ ���*J 4 � �

5.3.3 KMLONQPSRUTOVXWUYXZ\[
' � J m\]4^ e C z�{�| C4_,` na< N ( b 5.6 c 5.7)

� b r Ch1 (
%

)
lEe ]edgf e C!D� m

Ch2 (
�

)
lRMFh Cji�k d.f e C�D �.r�l � �m' _ 2on ���
p ~ � £�m _F` n�8 � w �� � � ~n�5~ m ���oq J"r9s4t £ = � ?*u,; n ~nq1v J _�` £4w A �g� �vu ��� £�x 9 ��1�(��� �(~��s�nm � q
u�y C
z S�S � � m _F`@C���� n"r�s�o�p@J!
 � � C � n � 4 J? �/� ~n�K~ m�~ A J
{���� � o�| �j}�~ u ¡!¢!£ l � �

46



b 5.6: −20◦C c 10 mmHg C � � Cm_,`

b 5.7: +20◦C c 760 mmHg C � � Cm_F`
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#include <stdio.h>

#include <math.h>

int i, ia, ib, ic, id; /* ACBEDGFIHKJMLONOP */

double deg, angle;

double d, sum, p_scat;

double p_1, p_1_tot, p_abs_center_tot, p_2, p_2_tot, p;

double p_abs_surround, scatter;

double theta[20000];

double e[20000]; /* E_scat / E_in */

double dep_E[20000]; /* QRHOSUTVHXWZY\[ Ch.1 ]_^a`cbedgfghjiOk */

double sig[20000]; /* lemCWZYCnRoGp */

double mu_abs[20000]; /* qCresGtuDwvCxCy */

double mu_rayliegh[20000]; /* z{F}|ckGWZYuDwvRxCy */

double mu_compton[20000]; /* QRHOSUTVHXWZYuD_vCxCy */

double mu_tot[20000]; /* vCxCyIDK~e� */

double eff[20000]; /* �j�w�Z� */

double p_abs_surround_tot[20000]; /* WZYCFR�jH}T�DOARBCmg� */

double p_abs_center[20000]; /* �w�u�\HK�Z[RsGtM�����KFR��H}T�DOARBCmg� */

/* for 30keV */

double E_in = 30;

double a = 4511.53;

double q = -3.34023;

double b = 0.17957;

double r = 0;

double c = 9.02552;

double s = -1.66535;

/* for 50keV

double E_in = 50;

double a = 4716;

50



double q = -3.34993;

double b = 0.190666;

double r = -0.000286781;

double c = 15.2181;

double s = -1.81145;

*/

/* for 70keV

double E_in = 70;

double a = 4531.88;

double q = -3.33916;

double b = 0.194866;

double r = -0.00037042;

double c = 17.5306;

double s = -1.84735;

*/

main()

{

/* ����]����e� */

for(i=0;i<18000;i++){

/* ACB */

deg = 0.005 + i * 0.01;

theta[i] = deg * M_PI / 180;

/* e_scat / e_in DOACB��	��
 */

e[i] = 1 / ( 1 + E_in / 511 * ( 1 - cos(theta[i]) ) );

/* Ch.1 ]_^a`cbedgfghIiGk */

dep_E[i] = E_in * ( 1 - e[i] );

/* qCrR���ID_vRxCy */

mu_abs[i] = a * pow(E_in * e[i] , q);

/* z{F}|ckgWCY\DwvCxRy */

mu_rayliegh[i] = c * pow(E_in * e[i] , s);

/* QRHOSUT H WCYuDwvRxCy */

mu_compton[i] = b + r * E_in * e[i];

/* vCxCyIDw~Z� */

mu_tot[i] = mu_abs[i] + mu_rayliegh[i] + mu_compton[i];

/* �j�w�Z� */

eff[i] = dep_E[i] * 0.5 * 0.3; /* q
� 0.5 p.e./keV, ���C�Z� 30% `cb�� */

if(dep_E[i] < 1){

eff[i] = 0; /* Ch.1 D���� 1keV �������������	 �! */

}

if(eff[i] > 1){

eff[i] = 1; /* 100% ��"��
#$�&%� '! */

}

/* QRHOSUT H WCYuD_lZm\nRoGp */

sig[i] = pow(e[i],2) * ( 1 / e[i] + e[i] - pow(sin(theta[i]),2) );

sum = sum + sig[i];

}
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/* lem\nRoOp����\nRoOp�]��Cb����C~}`��
	 � ��� b */

for(i=0;i<18000;i++){

sig[i] = sig[i] / sum;

}

/* 
 � d ���M� 0.1cm D��IL_���g]_m��Zb�� */

for(d=0.05;d<20;d=d+0.1){

/* ���������M�KD\�G[GqCresGta�{���
�e� */

p_1 = exp(-mu_tot[0] * 1.03 * (d-0.05)) * (1 - exp(-mu_tot[0] *

1.03 * 0.1)) * mu_abs[0] / mu_tot[0];

p_1_tot = p_1_tot + p_1;

/* ���������M�KD\�G[EQRHOSUT H WZYRb����\� */

p_scat = exp(-mu_tot[0] * 1.03 * (d-0.05)) * ( 1 - exp(-mu_tot[0] *

1.03 * 0.1)) * mu_compton[0] / mu_tot[0];

/* ���EDOACBuDOF�HKJ LONGP i � � �C� */

ia = rint( ( atan( 1.4 / ( 20 - d )) * 180 / M_PI - 0.005 ) / 0.01 );

ib = rint( ( atan( 4.2 / ( 20 - d )) * 180 / M_PI - 0.005 ) / 0.01 );

ic = rint( (( M_PI - atan( 4.2 / d )) * 180 / M_PI - 0.005 ) / 0.01 );

id = rint( (( M_PI - atan( 1.4 / d )) * 180 / M_PI - 0.005 ) / 0.01 );

/* QRHOSUT H WCY�!j]C�w�u�\Hw�C[ qCrZsOta�����KFg��H}T */

p_abs_center_tot = 0;

for(i=0;i<ia+1;i++){

p_abs_center[i] = sig[i] * (1 - exp(-mu_tot[i] * 1.03 * (20-d) /

cos(theta[i]))) * mu_abs[i] / mu_tot[i];

p_abs_center_tot = p_abs_center_tot + p_abs_center[i];

}

for(i=ia+1;i<id;i++){

p_abs_center[i] = sig[i] * (1 - exp(-mu_tot[i] * 1.03 * 1.4 /

sin(theta[i]))) * mu_abs[i] / mu_tot[i];

p_abs_center_tot = p_abs_center_tot + p_abs_center[i];

}

for(i=id;i<18000;i++){

p_abs_center[i] = sig[i] * (1 - exp(mu_tot[i] * 1.03 * d /

cos(theta[i]))) * mu_abs[i] / mu_tot[i];

p_abs_center_tot = p_abs_center_tot + p_abs_center[i];

}

p_2_tot = p_2_tot + p_abs_center_tot * p_scat;

/* �w�e[RsGtM�{��"�#%$'&RDZ�\Hw�R[RsGta�����KFR��H}T DG��( */

for(i=ia+1;i<ib+1;i++){

p_abs_surround = sig[i] * eff[i] * (1 - p_abs_center[i]) *

(1 - exp(-mu_tot[i] * 1.03 * ((20-d) / cos(theta[i]) - 1.4 /

sin(theta[i])))) * mu_abs[i] / mu_tot[i];

p_abs_surround_tot[i] = p_abs_surround_tot[i] + p_abs_surround * p_scat;

}

for(i=ib+1;i<ic;i++){
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p_abs_surround = sig[i] * eff[i] * (1 - p_abs_center[i]) * (1 -

exp(-mu_tot[i] * 1.03 * 2.8 / sin(theta[i]))) * mu_abs[i] / mu_tot[i];

p_abs_surround_tot[i] = p_abs_surround_tot[i] + p_abs_surround * p_scat;

}

for(i=ic;i<id;i++){

p_abs_surround = sig[i] * eff[i] * (1 - p_abs_center[i]) *

(1 - exp(mu_tot[i] * 1.03 * (d / cos(theta[i]) + 1.4 / sin(theta[i]))))

* mu_abs[i] / mu_tot[i];

p_abs_surround_tot[i] = p_abs_surround_tot[i] + p_abs_surround * p_scat;

}

}

/* qCresGtEDw~e� */

p = p_1_tot + p_2_tot;

/* WZYCFR��H}T�Dw~e� */

for(i=0;i<18000;i++){

scatter = scatter + p_abs_surround_tot[i];

}

printf("Photoelectric Absorption %f + %f = %f\n",p_1_tot,p_2_tot,p);

printf("Scatter Event %f\n",scatter);

}
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