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�8��H �C�<F2§Aà�¢>áqÒWÒ APD+BGO P�QAR2¬[�:�8��§bÏCÐv?AÑvÒ:¦:Ó5¬��8�¤�ÌÔbÕ>Ö
×2¬oÚqÛz®�§bâ]á<¦��op�HL� APD � BGO §�¨�n8©�ªx«L¦�ão©Ll�½ä6CÜ�l<åWÞzæWçW~Wè
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1
m n

1.1 ASTRO-H o p q rts u v w x y{z
ASTRO-H | 2013 }�Ê���Î�~@�>��ç²»%À7�>��� H-IIA �;�`ß¾è Ê��"�����&?+���$�&�
=��<ªC�:�4?.¥ZÍ���� X �!}�~E�n��£F��Í ( � 1.1) M 2013 }@¨"�+��|@�.��Ô�Ê;�"?�� X �
}n~x{����:��Ê�5ðÍ����4=1���%.���;�&���K�`ÍF���b{$����|;�1�#Ê;<!��¥ ( � 1.2) M

� 1.1: ASTRO-H {�|<} [14]]

X �!|$�" "<
¡�Ê�¢�£-����?��¤���{�£;¥F¦��²ã8§� !¦�}n~&=�¨F©
ªZ£1��«% 1950 }¬> Ð&| }n~&=F®)¯Z£4�# !¦;M°�6��� 1960 } ¬ Ê;<
¡4±�²²Ê;³+´.µ`ã;���;�4��¶'·"��
{ X ��ã·}�~���?  � ([14]) %�¸!§ ¹º¸%�!�@�t���.»
¼²ã)½�¾¿?;�>�n{�ÀZã¿Á4Â!Ì`Í�Ã1Ä
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� 1.2: }n~!�n��{;ÅFGx{����;�4�.���>ÆFÇ7�!� [14]

�"�6? X �>È�ÉFÃ&| Á4Ê��6?%¥tÍ8M�¤<¦ X �þ��©-Ë�Ê�Ì� 
?��@%#Í�{.�%�@���E�xÊ�î��Î
X �þ�:Ï X �µ�7Ê;[@��úE�&?F%$� keV �Ð� 10keV

1Ñ {���{#ã Î X ��% 10keV �Ð�
100keV

FÑ {'��{�ã�Ï X �¹�¿Ò�Ó<£%¥ZÍ6M
�F��£
Ô	7@ù�ú$©+]xÕ@Õ"Ö�{ 90% =.%�§!¨&=
¸�¥�à�P$×#Ø�£4�� [14] %!�8�Ù��| X �t£�{.Ú�}�~'=.©
]Z£1�nÍ�M�ÌZÕ�Û1� X �>ÈFÉFÃ
|�¸%§ ¹Ü¸<�%�<���.�n{$».¼�ã�½Ù¾6?$�>�n{��²{+ÀZã6Á&Â!Ì`Í¿Ýt£1��ÍZ�YÌ�Þ�Í�M
�¿�4¤%£@{8Á4ÂxÊ�î��ß���n{;��àxÔ�Õ$ÀF=;á��Kâ�÷>ã2�¿��Ê!Õ
 �?F�E¦@M
Í��tÊnî'Í#�

».ä²{$�4�'|;å"�F�4�#{!Ä<Î#fX�;g+�Ð�b{7íFæt£"%+çÙ��è���©!ô�£+�1é+ê²{��"�Fë �:ì
ó�ã)í!�
?4�.¦��#��=	[&�> .?%¥tÍ�M.î�¨x£ 40 ï�%'§%¨x£ 8 ï-�7{�ð.ô�Ç�ã�ñ! 
?!¥�Í
[14] M<ÌZÕ.Û4�8�>�n{@ì<ó!|�é	ê��C�j´�ò)�#Í6ì<óþ�	��Ì3Þ�Í�M
ó2Þ+ô�á#��õ)ö>÷'=$�1�ø ¸�ù+ú
û.ü�ý;þ'ÿ8ñ�� ��� ���>���'|�á
	�õ�ö>÷ ø ú
û.ü�ý;þ'ÿ����� ø�� Þ���ö>÷������� ¾ � ù��"����ÿ�� ��!��@õ�"$#&%�� �(' ��))ö>÷4õ;�+à��+ú
û
ü�ý$þ+*�à���ú
û.ü
ý$þ,�&-+.�/
��021Fõ�3 4�576�ÿ987:<;�#=��!7>,; � >Fõ�"$#&%�?�@��2%A0B1+CED¿õAF�G
*IH X JK��L γ J ø9M(N�OP&Q �R�S! ASTRO-H /2* 4 T�U�õ�VXWSYÿSZB[\;]� 4 ^`_ õa+bKc�d�e+f ÿ9g>ùK�Bh�� ø "X_ 3 i ø � "Sj
k>ù
ú
û.ü�ý$þ�l�m ø � ù � �In�o�õ pq�r P�s "t_ 10 uXCD 100 u�vxw+y�õ a�b ÿ�z�n��E�2h��@ÿR{}|~�B; � ùt�S!�ZB[ �
�B�' � � ùK� 4 T�U�õ�VXW�Y�*
����õ�^�_&/��+�S!

• H X JB� �2VtW9Y (Hard X-ray Imager, HXI) � 10 keV - 80 keV �&?�� ø k1ù#ú#û
ü!ý$þ l�m ø � ù � ����ÿSo�#�!�H X J �2m ø � ù ���2� C,D 2 i3õIw2y$�x� ���� ' ��� 1 � ��ÿ �2�����x�7�+�'õ���� N=�$� � z�n ' ���S!

• L X JB� �
����VXWSY (Soft X-ray Spectrometer, SXS) � X J7�Bm�/7� 4 - 7 eV õ$ú
û#ü!ý$þ
�7�+�3ÿ N�� ��?�� øI�7  %�� � a�b �7¡ �<��%B� � ùX�S!
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• L X J ����VtWSY (Soft X-ray Imager, SXI) � 0.3 - 12 keV õ	ú
û#ü�ý$þ l�m ø � ù� �x¢ 30 �'õxk1ùx£�¤�/"õ�� � ¥¦�B�!ÿ�o�#
• L�§K¨A©�JBVtW�Y (Soft Gamma-ray Detector, SGD) � HXD VXW�Y3õAw�y�ÿ�ª�i�«
���x� '¬ ) N õ�/+�_®�°¯}±
²!õ�³�£2¤E´�¨�µ�¶·¨�¸�¹+ºK� ù~#¼»B½�¾2¿tÀ�Á2ÂÃ � Ã �S! �KÄ §K¨A©�J Ä�Å � a�b N � � ' � � Ã �S!

1.2 Æ Ç È É Ê Ë Ì Í Î
����/xÏ Ð�) 4 T Ä VXWSY Ä Ñ7Ä SGD � HXI /B*�Ò(ÓAÔ�ÕBº�¨<Ö ÿx×�Ø7�R� c þ�üÙÖ
� ; � � BGO

c ¨AÚEÛ�þ�ÜK�SÝ�Òtº�¨ c�Þ7ß�à ¶âáxãBä.þåÖ (APD) ÿSæ�ç�è�é ¬ )�VXW
Y � Ý�Ô etêxë+c þ
üìÖ=�B; � Z2[ ' ��� �B� /��+�S!

SGD /2* 80keV «B� Ä�í û�ü�ý	þ��Bm�/x8 :��E�9%��B´7¨xµî¶ï¨�ðBñ Äxò�ó2ô ÿ9g Ã
)�õ ÒEÓAÕ�Õ º�¨<Öö6 Ä z7n�ÿ${}÷<; � Ã �]!Bø7)7�Sù�ú�§�¨I©�J ÄAû �
ü �"ÿ �
  À b� �R��) � À��S£2¤�ÿ�Ý+Ô e�êAë2cxý�þ Öÿ/�³ P���� )��2/7�+h Ä ³ Ã £2¤(�����'ÿ N )
% Ã	� èK*���Ð�
xÒEÓIÔ�ÕBº
¨<Ö=��;�
7×�Ø7�R��� Ã # ¾ ¿tÀIÁ�Â Ã 
 Ã �=!Kh��KÀ�"X_ ú 6+Ò ÓxÔ�Õ2º ¨ Öjÿ��+��)�����/��°� ;�� HXD ÿ 1 i������]w�y Ä���� ÿR{ ÷B�x!
ª ü HXI

Ä�í�� þ���ý �2m�/2*7��0+1�J � � HXI > ÄKNxÄ����� ±24K%"! Ä$#�%'&)(
��*,+�;-
�. � '0/21 2 3 X JEÀ�" 1 Ò Ó�ÔBÕ�º ¨ Ö54Aw�y�ÿ76 � � 1 !�> Ä ) ��8 V
WSYCÿ�Ý2Ô e�ê�ë2c�ý�þ Ö}À�" � 
:9�;�� 1 ü�< 4�=��?>�% 1 !th Ä � è 8 cxý�þ Ö�>·V
W"> Ä,@ ü / §X¨�©�J ��A�BDC�E 4	*�+ÿ:F,h�;�)DG�HCÿ
Ý�¨xÚR´IãR¨ c	I ¨ d / ×7Ø
� 1 !
1.3

J K L M NPO QSR T
VtWSY Ä:U �X��� Ä7V"W ! /YX�Z Ò Ó�Ô Õ+º�¨\Öjÿ�õ P�["\ D /"1 C�À�C C � 
 Ã 1-]
>$h�/�±'^'_�/ W Ý+Ô eXê�ë�c�ý�þ Ö}ÀAg Ã D /`1 APD > BGO ÿSæ�ç�è�é ¬ba V$W�YÄ7U � Ä:c�d ÿSoSe ] APD

Wgf�h ��4 8 BGO
W ²+�'i'4	j
y,k�l U ÿnm)o a �	8qp,r �

/ W j�yb4 −20 s ± 2 s,tBy$Àgu a	/ 
 Ã 1-] ;=C;qv�4D 8�p�r �+/ W j7y'wDx�y�z47{ / 
E;=ø|e�v}! 8 ! Ä "�e~v$�,�
ètÀY�2DD� /"1 Cx��CED~� 8 ø a > Ä "�e�v$�,�
è
À	� � a � è 8n�'��� 1 h�> W,�q� /+� 1�] >thA/ 8 ±�^�_�/ W j
y?> Ã e���Àg�)�'ÿ �
_ 8 APD > BGO ÿ9æ�ç�èXé ¬�a VRW9Y}4�j�y)��6�Àn+��-
 8����b� À f�h ��ÿ�ª � Àu�o c�d
e�f ÿg� 1 h�>�ÿ${ � > � 1-] >Xh�/�o � a z��|> ;�
 W (i)APD �
4�/ f�h �
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ÿ�ª � Àqu�o a ��Ä��:��B�� À7� � 1 j7y,k)l UKÄ$c�d�8 (ii)APD >���� BGO ÿ9æ�ç�è
é ¬ 
 (i) >g�n� Ä7U � c,d ÿSo}v Ã 8 wDx � 1$a ��Ä�� º�¹ ý Ü Ä 6 � 8 (iii)APD >¡ � BGO ÿq¢ Ã 
$6�£2� /�a �"¤D¥ ý Ü#ÿn¦�¢?§ a c�d�8 (iv)±20 s /45min

Ä j�¨'�D©b4.|��
�v	ª f�h �!ÿ$«'£Y¬nu2 U�® ÿn¯'m±°$² 1�³'´ c�d ÿqµ � a�]
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2 APD ( ¶ · ¸ ¹ º » ¼ ½ ¾
¿ À )

APD ÁqÂ�Ã�Ä ¤�ÅDÆ)Ç'È	ÉËÊÍÌ	Î)Ï�ÐÒÑ Á�Ó�Ô$Õ"Ö:×�Ø�Ù�Ú}°-Û}Ü�Ý�Ö-Þ,ß�à'Â�á ´×�Ø�Ù�âDã�ä'åDæ�ç7è ´:é,ê ¬në�ì ´7í ÿ:î�°gï�ð�ñ0ò ´gó ® ´7ô�õ ÿ�µbö$÷�ø�ù$Þ APDÁ�ú�û ´ È�ÉüÊÍÌ	Î'Ï�ÐÒÑ Á ´$ý�þ Â�ã APD â)ÿ�������� ® ÿ	�}ö�÷ þ ÖbÁ þ�
� Ü�ÝÖ�Þ�á ´���� ¬�"��Íã���� ´�� Î�� â�������¬	�! �ñ	"#�5ã%$)Õ�ù S/N &�ÿ('*)�ï�Ö�Þ,+ù APD
´ ���*-�ã/.�0*1�Â�2�¨?Á%3�4�0�5�6 ´�7,8�ó ÿ9�;:�Þ"á�á:Ü'ÂD×DØ,Ù,Ú±°nÛ ´�*� <>=,?b³A@CBED ã APD

´�F�G æ,H�I ��óKJ : þ ÷ELNM'ð�÷;O}ñ�Þ
2.1

P Q R S T U
V�W,X â�+)ö�ù�ñCYK+�Õb÷ þ " þ ×�Ø)Ù3ÿ	Z ó ×,Ø'Ù?Á þ'þ Æ#[�\�Å æ^]�_�`�acb�d
"Ke�â�fEggï"Ö�Þ±á0Õ J V*W*X ÿ%4Ah�Ö'á�Á�Ü�×DØ,Ù ´7ó;i Â�jbøbñlk�m#�5ã V*W*X ´�FGKJ "$ö�÷ n n�×DØ,Ù�ã p n�×DØ,Ù Á�Ó)Ô:Õ"Ö�L ´;J "�Ö�Þ/oAL%H*p��;"(n ´ ×DØ,Ù Á,q÷,ã n nY×�Ø,Ù�ã p nY×�Ø,ÙYâ�r,stq�ù^L�u�â�Ý�Ö�Þ�×�Ø,Ù!ÿqÚ�vqÛ Á,q�÷xw�y�ï2Ö(z�"{ �)Â�ã}|^u F*G u:Ú^v-Û Á~&*��q�÷/�)÷^Lqã$×DØ,Ù J	�*� q�÷"ñ�Ö 1photon g�ù��Íãgï
"*m�� 1 �/�Eg�ù��~� @���@ Õ"ÖN���;�)â�� þ � @ Ü�Ý)Ö�Þ�� J M�ð�Ö$â�ã����*_�� Ð é�;��J Â�����������â�Ý��5ã�á�ÕE�����Dï"Öx����u� /¡Yâ 1 ���Eg�ù!�lu����;�¢�	��æ,ïá�Á}"*u�Ü)Ý)Ö0Þ����£u�¤ J "�Ö�u,Â�×	Ø,Ù�Ú^v-Û�u�¥�¦�§�ÿ J�¨�©  �Õ�Ö	0*ª�«,¬/��ÜÝ)Ö�Þ±á�Õ @ �9;®'ã �,¯ ï"Ö'á�Á J "��±° ��² u����*_�� Ð æ F*G "Kex� � ®Dï"Ö�Þ�×Ø,Ù�Ú^v-Û��³w�y,ï"Ö�u J(´ wK" � Â�ãx����_�� Ð é/�;��J $)Õ"Ö:ã9&*����µ þ£¶ Î�·:Å¸ ��ó �(¹'ï,ã�ÚEv9º�»YÜ�Ý�Ö9¥�¦/§¼��'�½¢u�¾�¿ ó¼J	ÀÂÁ Ý�ÖNÃ;ÄÆÅ�Ç J kEh @ Õ`Ö:ã
"Ke�Ü)Ý)Ö�Þ/�/ÈYÜxÉ � Á,q�÷Dã9��n J � @ Õ"Ö ( j,Ê�Ë�â�Ì�Õ¢" þ ) ã	° ��²,Í�Î�J�Ï Öó;� u�Ð�Ñ�â�Ò2áK� æ�ï þ "ce-â�Ý�ÖnÞ^+�Ó�Â�° ��² ÚEvqÛA�9Ô © ï2Ö$ã n nY×�Ø'Ù�ã p

nY×�Ø'Ù�u �*� �$î�÷ þ ñ5Þ
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2.1.1 Õ�ÖÆ×�ØÚÙ¼ÛÝÜ�Þ
n ß�à�á*â
ã Ø�0,ª ( Å�Çx0*ª ) u�ä�Äbâ�«�¬�u�ä,Ä Ï �æå�ñ("�Ö Ïc
%J-õ�ç u�� þ (V è;¤;é )

V
W,X = ªK�9Z ó ×�Ø'Ù J 4#hD÷�Ì @ Õ`Ö ( ê 2.1) Þ V è�¤�é�u V,W,X âx4Km�ÖbÁ-ã 1 ëEu
0*ª�â�ì,Õ Î�Ï�Å ÑÆq�ù Ñîí,Ð u��)â�ïð�5ã(0*ªYÂ�0�ñ��;òxó J�Ï � Ñôí,Ð�Î'Ï�Å u�õ ñJx8*ö ï"Ö ( ÷ 2.1) Þ*ø�ùc" 1 ë¢u�0�ª�Â ã Ø,Ù£u�ïûú}ü ( ����_K� Ð�ý�þ Ü�ÿch	ù í s )J þ�� q�÷ þ Ö�u�Ü�ã õ 0*ª��;� @ ã Ø�Ù J�� Ò# �Õ"Ö Ï �¡Â�Ö�� J �! 9"�����_�� Ð Üã Ø,Ù�� J�� Ò^v	�"Ö�Þ�á�ÕE� Ñôí�Ð�ý�þ � þt
 Þ�+�ù È�Ç _ ·lý�þ ( 0�ªYâ 8*ö ï"Ö)áÁ	u;v
��Ö}o�j�u�����_�� Ð�ý�þ ) Â������� @ î�÷ ã Ø,Ù�� J ñ�Ö-Þ
p ß�à�á*â
«�¬�u�ä�Äbâ¼Å�Ç90�ª£u�ä�Ä Ï �æå�ñ("�Ö ÏK
³J-õ;ç u��^" þ (III è;¤�é )

V,W*X = ª
�%4Ah�÷�Ì @ Õ"Ö ( ê 2.1) Þ n n Á���� J «,¬�Â õ 0*ª���u$ï�ú�� J þ�� ï"Ö ( ÷ 2.1) Þ"áÕK�DÃ������ ¶ ý�þ Á þt
 Þ^+,ù È,Ç _ ·lý�þ Â������� @ î�÷ õ 0�ª���� J ñ	Ö-Þ

÷ 2.1: �� �ã n nY×DØ�Ù�ã p nb×�Ø�Ù£u����,_E� Ð�ý�þ u�!�"£÷

2.1.2 pn ÞtÕ�ÖÆ×
p nY×�Ø�Ù?Á n nY×�Ø�Ùc�	r�#Æ %$2Ö)áYÁ�� pn r�s Á þ�
 Þ á�u�Á:ø	ã�Ý�Ö'&�â	(*)+�,.- J Ý)ÖbÁ È�Ç _ ·~ý�þ ÂKe�á�u�&�Ü^L	�,®�Ü�Ý)Ö$ã`Á þ�
0/�1¼J�Ï � pn nb×DØ�ÙÜ)Â p nY×�Ø'Ù|Á n nY×�Ø�Ù�u È�Ç _ ·lý�þ Â��.2Æq�÷ þ Ö ( ÷ 2.2) Þ¢+,ù±á�u í s�0�ªÁl«,¬�â43 þ£J	5 �	6�qæs þ 647tq ( «;¬YÂ�¤�à�0�ªYâ þ ù í98 Ü�ÝA�Íã/'�:�Â
6�7bÜ)Â
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; � ï=< V�W�X � ç�>�? [A@
n nCBED.F G í.H (V è;¤�é ) Å�Ç'I�ª
p nCBED.F @ �	��� ¶ (III è�¤�é ) «�¬

ê 2.1: n nCB�D.F�J p nCB�D.FE��Ì ©�K <ML�N	Z�O*B�D.F J ; ��K < V�W,XQP J9R�u PS u�� çT>�? [A@VU
WTX «�¬*Y�I�ª�ZM[¢�'\�]E^¼Å�Ç4Y'_T` WTX�W�a LEb�`M^�c�< U K W�d �'I�ª�Z¼ÅxÇ�I*ª
^ W�X�W�a L9b�`�^.J4I�ª�R�ufe�u9ZMg öih W�X'W�a L.j9^�k W4l ) J4I�ñCm�Y���OTj�no Z�p
q�< U

r
2.2: pn B�D9FCj�s9t'uwvyx
z Py{�|4} Y	~E�CZ
�.� h L P S j'��� r [15]

U

n ��B�D.F�J p �CB�D9F�R4���4�*j�����������^�jMIE��JM���Cj��._TY�� h�� e���� h� h XA� �4� < U n ��BED9F9I9��Z p ��B4D9F�� P���� K�� U K�� P IE��Z�p � l�a �=h� l
�¡  ��L¢G¤£ H ZMIE�¦¥�§ a � ��j�¨�©¦ª P hA� g�« K���¬ P Y W � U44® p ��B4D
F*k
����Z n �CB�D.F.� P¯�.� h JE°.¨�£�±4¨�©fª P W�a L�²�³�´�µ�¶�Z � � U
e h J�¨�©*ª�·   ��L¢G¤£ H P ²�³�´�µ�¶MZ �*a � l�W�¸9a L=¹AJ'IE� P �9��j�º9�*k»�¼.½ j�c ��¾À¿ÂÁ X k	Ã�b9ZEJQGÄ£ H ¨�©¦ª P ²�³�´�µ�¶'¨�©¦ª	ZMI�ÅEÆTY�Ç a � R�j�.� ¥�È*É �%Ê S ¥ K�� U R h�� J �.�ËP I�ÅEÆCZ�Ì ¿0Í a L�Î.Ï�Z�ÐEÑ K�� U ¬ j	Î.Ï

j�n o ¥ {�|4}QP Ç�Ò UÓEÔ ¨�²E±�¥ ¸ ` � P �.��J'I�Õ¦k�R������*Ö a�× ¹�� {�|�} Z�Ø�Z ¿ J�R ¬ Y�ÙE�9ÚÛ ~*Z
��� K=� P J
����Ú�j4Ü9Ý�u�Þ H Y�ß.à h L4I.�����.á�¥�âEã Kä� U {�|�}Tå ^
â4ã   �*LMæ9���.�Eá*k å
ç æEè�Y�Ç ¿¯é
ê Y�ë�_ h æ9ºCj
ì.uC±Míïî hð�Mñ9ò   � ��ó�9ô9õ�ö.÷�ø kMÜ9Ý9uTÞMùCÞ�úVû'µ9ü 5 eV ý�þ*c � üEÿ�� ø k 1 eV � ¼ ( �����	��
 l
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� ÿ�� ø APD k Si
¸ ¹� � ü õ Si j Ô ª�� Þ�úyû�µ�k 1.12eV) Ej�� d Ã ¸ '����Ü�Ý

ufÞ
ù��¦e�æEº*k	º9� �ðó �����*jMÐ�����
 l � BGO ��ª����%ù¦¶�j��.~���ù*³�í��¦k
430 nm �! � j�� λ [nm] × E [eV]= 1240 [nm " eV] #�$9��% � î õ�&�& Ç(' 3 eV � ¼
jMÜ�Ý�ufÞ
ù�j���ª����Vù��*)�ª�~f¥�p h�� & ¿ õ ¬ �*k�ÿ�� ø,+ j
æ��T¥.-0/  21 � #
k�3�45�0 ��¬ î�ü64 ¸ ��ó

2.1.3 798 :	;=<9>
ÿ�� ø�? p�@A#B/5C�% �ED0F�G k�HJILK 3 ÌL#�4�ML�!I ��ó
1.
Ô u�³�jBN���æ9º*j�O�¹BP ( �Q)ÄûSR D0F )

2. T���j�N���æ9º*j�O�¹(P
3. U�ú*V%².j5W.ª6X�Y�BZ�[ ( \LW!]4ª�Z�[ ) #�^'q�% ��_ )�ª0`�ª D0F

1, 2 j D!F jBaJC.k�N��.æ.º ( b�æEº ced 2.2.4 f ) 9j�� õ�g ¼ ¥6h�É ��¬ î(#�Ç ¿ji�k
p	q ��ó 3 j _ )�ª0`�ª D0F k �l #nm D�F î h���o ¹�� � l �ðó�p �Ëî�j�m*m�Bq�r�s

T¥(/ ¬ %Ëî ¬�t ��u�v.Ã�w�âQx õ�y ¹(P�#�q,z(% � æMz ½ ü�âS{ �ðó �Eô�õ ¬B|(D�F6G
u~} ¬ #6�L�E��«�% ��| � õ�� K | æE�!���!�B� |�D�F Ç ¿����!� #� �ðó0_ )�ª0`�ª DF æ��*u�� (2.1)

| Ç���#��J� ��ó
Vjhonson =

√

4kTR∆f (2.1)

� x õ k u���u~��°�ª���� õ T u g ¼ õ R u���� õ f u�� o�� ¥�'4�C�4��T�x ���T��ó þ|
3 Ì |	� ¨�� G ¥ 2 ��x ����� % � î

(∆Enoise)
2 = (∆Eshot)

2 + (∆Esurface)
2 + (∆Ejhonson)2 (2.2)

î��J� ��ó ∆Enoise uB J¡ |�¢5£ x ô�¤�¥ #*Ç � ? p
Ü9Ý9uTÞMù | ØCü ¿ ¥(T�% ó ¬ �~#
æ�ÕLUEúJV%²MâMã	¦ |�§9ñ OT¹(P�#�Ç � Ø�ü ¿ ¥�þ6¨ | �L#	þ6¨Ëî�©�ª,# �A«
� Û � î ?
p�@9¬ ø | 4�0®*ü�¯w¹V� ��ó*° õ §�ñ O�¹�P�#�Ç � 4�0®�� |B±�² #.�³x � u�d 5 ´
��µ5¶ ��· � � ô ¶ ¬.¬ ��u · �J ��ó

2.2 APD ¸ ¹ º »½¼ ¾
APD

|�¿�À î�x � å�ç�Á � ¤ ®Cü�Â,Ã�Ä ���f� ü õ ¬ �Lu4ÿ�� ø å
ç #�Å � æEè!Æ �
¥(Ç ô 1 ��¬ î�#*Ç6Ä � õ {�|�}�å #�~ Û Ù���ÚfüM���Èx ô�É #
âEã   � ô æ�� " ���
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á�¥ éMê #�Ê�% � � ��#�3�4,# �	Ë x õ�Ì æ��!� | æ.��¥�Í��!�L#�Î!I
þ¦É�Ï5Ðf¥ Á �
% � ô ¶�#
â�{ ��ó Ï	Ðf¥Mÿ�� ø å
ç � Á � % ��¬ î������ |�D!F ¥�q�á � #�Ñ   K�Ò«���¬ îðü�Ó�®ïî� ¿ õ APD u�Ô�ÕÖR�X
¨�©Eù×�Ø#�ß�Ù6Ú0Û ô S/N ß�¥�Ü9Ñ�% �ðó �9ô
APD u6Ý�Þ�ß0àA��ÅQK õ�á�â Þ Á�ã�ä î�Ô�Õ½RåX6æ�ç9ùè� | ��é*ê�ë	ì�Â « ô�?,í @iîî «�ï

( T 2.2)
ó

APD ê�
 ��ð γ ñ0ò X ñ |�ó6ô*õ R÷ö³êBø ï É | 4�0®Ju�ù6ú0û�ü |ýÿþ���� Ä ð���ï�� ú�û6ü	� ý ��
� í ß�à 
 ������������������ï ��ù â Þ����! #"%$&(' ï*),+	�.-,/ à ��02143�5 � &76 ð�8�9!: ù<;�=#> �%?(@�A �<B ��C�D�ðE8F9G�H�
APD

�<I ÞJ"�KML(N�O �	� D�ðMP�Q � ��R ùTS." P�Q �	� D�ð.-,/ à�ò,U â�V CXW "Y 1!Z�[J\ �!] C�ï^��_�` > CJa " 
�8nð (a)beveled edge-type ù (b)reach throuh-type ù
(c)reverse-type � �0ï ( b 2.3)

� S�ced �4f "�g,hi"Mj : �#� R�k�lma ] C�D�ð(:JïF�	no �!p!q
3
P " APD ".r(s 
 g�h �Mt :�ð.u�v³ïF�

á�â Þ - ã�ä w<xzy|{ æ0ç [~} APD

Ý�Þ�ß�à ≤ 25 % ≤ 80 % ≤ 80 %-,/M� A �
(∼ 106

ã
) � (

CX8
)

�
(∼ 102

ã
)��� â4�

∼ 1000 V ≤ 100 V ∼ 300 V��� "%��� � ( � )
�

( � )
�

( � )������� �
( � ) � ( � ) � ( � )�(� â(� � ( � )

�
( � )

�
( � )

N�O � ( � � )
�

( �!� )
�

( �(� )

`
2.2:

á � í^� ".r(s

2.2.1 APD �m���
(a)beveled-edge type

S�" \ æ��(" APD
�%�Ea��(  ��¡ $ þ c	¢ a " ���XR ù n £i"�;�¤�"M¥�¦ �%§ �4¨ (III© ".ª I ) ê }«[ � 8Eð p+( ¬�	" +

�%®  ,> C<¯�°�± § �(¨!²�³�´¶µ ' �4·  � − ¸ 
¹ °�± § ��¨�²�³X´%µ 8Fº(:�» ) ²�³X´ &4¼ 8 ¢ p+n £�" a " �,��»¶� p+ £ 
 n £�"�½� ú�û6üi�M¾ ¼ þ c »^��fm8*º!¯!¿ � (∼ 2000V) ´ ����' » S 
F�4¯�:!¿ ��À�Á � &76 ùÂ 021�Ã�Ä�Å -�/ �<Æ�Ç »�� ú�û6ü � 170 µm

 ý : ¢�È�ù�É!Ê�Ë º " X Ìi� -�/ ²�³i"
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Í(Î �MÏ#9	» ��ù W S � X Ìi� ·!Ð�8 ¢(Ñ ��� RÒ-�/4Ó �4Ô d t Ç.��Õ ºE8*97�Ö�!f "!¢
È<× -�/ ²�³ 9(��Ø(Ù�8 ¢�Ú4Û Ã y �MÜ ? C�-�/ � ¼ þ c�Ý�×<ÞMß�à yâá � ¹�ã4ä á�å [æ �*ç ´4è :�ºE8�97�é� S�" \ Ú���" APD "�ê �,� × (i) ë :<-�/ ²�³ � ×¶ì(í�Æ �,� »¿�îma�-,/ þ c » ¢,È,ï%Ú#ðEñòÛ á � ¯�: × (ii) ó�Ë�ô�õ�ü�ö�"�¢	È � � 2000 V

a " ¯¿ � ´M÷ ' » × C2W � ��»F�

(b)reach-through type

�^ø � ��Ç C<¯ � ±#ù4ú�û � �!D!º ×<ü�ý�¦ æ � p+ £i× f " ·  � p £ n £ 
ÿþ����:J»�� S*c � ó(Ë�ô�õ6ü(öJ"!¢�È ��� ÷ C ��� ¿ � ´ ¹ � ' » ¢�È ���ER × 500 V � ±#��
130 µm

� 9�� ë�� » S 
 �	� A �,��»F�J9 ¢ }�
 w y ²�³ (
Â 0X1�Ã!Ä�Å ´%ÆES ' 9� � �� d C4: � ¿�î � ���( �´ ����' » ²,³ ) �<ë : " � ×�ë : ²�³ � $ & 8 ¢ ¿�î �

���! �´¶ó(Ë -�/ þ�� » ¢�ÈM× X Ì2´���� Ø!Ù�8 ¢ ��� �Ja^¯�:<� Õ�� Ó���� d c » � S
"�S"!^Ñ�dF× beveled-edge type "$#&% C ç �' dòc�Ý�×)( [ à ��*,+�C Þ.ßXà yÖá �-�
d c ».� ê �,� ×4K�L � $ &!' » ì�í�Æ ¿(îEa0/�1 !�! a�2 ó!Ë -�/ ' » " � × 0 á àMU¿ V ´%�JÇ"3 8*ºE8 9 %^S4! ����» �!f "(¢�È 546 C Ä�Ã�7 ñ [	Ä98FÃ ý	"�:�Õ 24��;=<C4:-�

(c)reverse type

reach-through type " -	/ ²�³X´�ü�ý,¦ æ 2�>4?@< � º (
` ¦,Ñ d 5 µm � ± "�A < ) ×Ä�Ã�7 ñ [	Ä98FÃ ý,"�:�Õ kB2 r!ö < � ¢ a " ����» � Ä�Ã�7 ñ [,Ä98FÃ ý � ü�ý�¦�ÑEd

1 ∼ 3 µm "�²�³ ��¿�î ���( 2�C�DE< c » " � × Ä,Ã�7 ñ [J\ Ñ�d $ � d c#¢�É(Ê.Ë º
"�ý �M-#/ ²�³T" Í�Î �4¿�î92FC�D@< c -#/G< c »H� ' CJI�K ×�ü�ý�¦ 2FL,: ¢	È 0 á
à.U ¿ V ´ � �"M 2�N&O�» S�! � � A C N�OE! C�D!º!:�»P� r(sQ! 8�º�� × (1) R�" 2

P
2�S�v ï%Ú�ðXñ Û á � ¹ : (2)

¹�ã(ä á�å [ ²�³ � "Mg A ��T c º!:J» × C�W �-U ��d c»P�

2.2.2 VXWZYQ[ \�VXWX]
¿ � ´ ����' » ! APD K.L 2�¿ ��À(Á � &76 ¿�î�� ��� < c »P� S."_^�×M��� a �4�< c » " � × -,/"2 # » /�1,�.¿�î � ����´P`�a � I � ¢ a " �b$O4C4c c Ô C d C4:��
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b 2.3: APD " P�Q4d ",K�L�N#OZ! ¿ �	À�Á "�eBfJb � (a)beveled-edge type (b)reach-

through type (c)reverse

9 ¢(× ¿(îg� ��� �<¿_h ' »ji�Ó#�M¿ � 2�kJl ' » � ' C_I4K%¿ � � �JÇ"3 C,» ! f c 2m D.º�n,o�¿_hi�ÓXa �iÇ"3 C,» ��¿ � � ��� ¿ � 2HkJlG8*º!:J» " � ×¶;qp�× n,o�¿_hi	Ó�� �M� ¿ � 2�kql ' »H��¿�î !����	"!� )4r@<<� ¢ R " n�o�¿Jh_sqt ´ α × β ! u
Ç<×<ý î " Ø�Ù!)	+ ÑEd�v h x w�" -�/(Ó M(x) xFy��	" ¿�î$2  ' » nqo�¿Jhi,Ó k0 ×nqo�¿Jhi,Ó "�zqa t Ç�{| k1 ´ k	:�º

M(x) =
1 − k1

exp(−δ(1 − k0) − k1)
(2.3)

! ` � » �	f c�}4cJ" Y 1!Z.[J\ x
k0 =

∫ x
0 βdx

∫ x
0 αdx

(2.4)

k1 =

∫ x
0 βMdx

∫ x
0 αMdx

(2.5)

δ =
∫ x

0
αdx (2.6)

!0~ c,»P���)2 β = 0
C d Ô Me = [APD " -#/(Ó ]

� ¼ R�� t � × β > 0
C "�wy,� 2

# R�¿	hG8 ¢ ¿(î�������-�/&< c » � S�""#$% C ���H��Þ,´ � º × ¯!¿ � o w,x -�/!Ó��
^,M C28�2��"� w 8�9 % ��fm8*ºF����º��J��J� ´%Æ&��� º � �E% � yJ�����4� Ó Mh x
Me ! n4o�¿�h	i�Ó �-zqa�2Ç�{-| k1 ´���� º

Mh = 1 + k1(Me − 1) (2.7)
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!�� � »0� y	� 2 # »�n_o!¿-h�i�Ó x ¿�î�2 # »�n	o(¿�hFi�Ó #��P�j���-� < 3ò× k1 ∼ 0.01

��� ± w4� »H��B �I4K yq��x�É9! �¢¡ �4� <¤£ Ý�É!Ê ¿(î �a � APD ����� ÓB2F¥_¦
� º � » �

2.2.3 Y¨§Z©¨ªZ«¬
APD

2_®F¯B �°4± !q� ²�³J´ °4±s�t (= F )
��U �¢µ £&¶-��· � £ x APD ������¸

�q¹)µ�ºB!,� ²	»¼ <0£)¶P� ��� sqt x
F =

〈M2〉
〈M〉2 (2.8)

!��J½ ¶P� �4�J¸ M(x)
·Fn4o,¾�h	s4t

α
·

β
·_¿"À�Á"Â�À�ÃqÄq¾JÅ	Æ ¸���z�Ç�)È�{	|

k2

·-¯�ÉJÃqÄJ¾�ÅÊqË
keff Ì »¼Q�F� £ Ì ���q² ¿�À�ÍJÎ�Ï�À�Ð ÈFÑ �@Ò

F = keffM +
2 − 1/M

1 − keff

(2.9)

Ò¤Ó$Ô4¶ Õ,Ö � ·
k2 =

∫ x
0 βM2dx

∫ x
0 αM2dx

(2.10)

keff =
k2 − k2

2

1 − k1

(2.11)

� £"× APD ������³JØ"Ù Æ ¸³�Ø�Ú4� ¶ � Ò�À�Û	¶PÕ,Ü � Â4Ý ���	¸ ×FÞ » ÒH×�  µàßÀ � ¶ ØJá"�,¹9µ�º ÌHâqã � Ò�ÒH  � · F ���BÈ�ä Ò �j² Ü ��å"Ù�æ=ä £)¶ Õ �4�4�   �ç�èêéìë�í,î�ïñð Ú × F = 1
Ò�  � ·�ò�óBÏq �ôJ¾_õ �	ö�÷�Ú × F ' 1.2 ��ØJá Ò� �¶PÕ

APD Ú ×-ø9Û�Ü F ' 2 Ú��G� · � £"×FùJú �����&��û�üJý	²)þ ¶�Â�Ý Ú4� ¶ Õ�ùqú�ÿ�ÃÄ,¾�Å	Ê,Ë Ù��ÈF� Ò F
ÿ å ����ÈBþ   ý	² ����� ([1]2.2.3)

Õ

2.2.4 ����	
ô Ì�
�� � Â��� ÚB����� �)¶H¾��9À�Û ��� £)¶ nA ØJá ÿF¾ � Ì�� ¾ � Ò � � Õ � ¾

� ×-Üqÿ����BÀ�Û ý�² (1) ��� � ¾ � Ò (2)  "!$# � ¾ � Ò�À ��%'&)( ¶ Õ ��� � ¾ � ×-·* &�+ ÿ-,".�/104·�2 á ·43�5�· * &�+q�1� ÿ�6"7B $¡98�Ï;:�<qÀ4=�> � ²-�"È"þ�?;@ �¶ Õ  "!'# � ¾ � ×-·�A1BDC @;E1F ÿ-G�H�I	À�J"ÏLK µ�º À�Û ý-²D�NMEä £�Â�¾	õJùJú�O
Ù ¾;P$À�ÛRQ ¾NS9ÀUTVQ � £ ² �W�X� ¾ ��Ú,� ¶.Õ  "!$# � ¾ � ÿNY È�ä ×�A1BNCRZ Ú)�
�"[ ¶�Â�Ý)A�B;C"ÿ-\ ä À)=1> [ ¶PÕ � ÂDA1B�CBÿ)\ Ç ×�]-^�¾�_&À`=1> � ²"a ¶Fÿ Ú ·
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 "!'# � ¾ � ×N])^�¾N_)À4=�> [ ¶ Õ [cb_ü�d ])^4¾D_ Ù-e ^ [ ¶�Ò  "!'# � ¾ �gf ÜDhÀ4ikj ²�e ^ [ ¶�l�Ò�À b ¶PÕ�mNnpo�q�r-ÂXQPÀ�¾�õ,ù,ú�O Ù J�s�t ä h)¶.Æ ¸ ×

p(T ) = CT
3

2 exp(
−Eg

2kT
) (2.12)

Ò9u ä h)¶ [8]
Õ-Ö � ·

C
×�v�w » Ë�· T

×)x�O�y á · Eg

×  {z ð�|1}�~U�D��� ! |Fï · k×"� !R�L�pz�» Ë Ú�� ¶ Õ�3_Ë û Ë���À`u�h ²�a ¶�l�ÒU� µ-fW� ��¶JÛ � ÀF·UJ�s�t�ÿ�Æ
¸ ×  {z ð�|1}�~�� ÿLy á Ò�x�O�y á À�Y È"þ =�> [ ¶ Õ � Â Ùqý�²�� y á�Ú � ¾ � ×-�
ä,þ�b Q APD

ÿ����B×�� þ)b ¶-× ß�Ú�� ¶PÕ

2.2.5 APD �����V�����X�
����� ÿD��� Ú × reverse type

ÿ
APD Ì`  a Â ( ¡ 2.4 ¢ 2.3)

Õ e�£	¸ × ¡ 2.5 ¢ � ¾ �× ¡ 2.6
ÿ�Û � À b Q ¢U� y�¤'¥ APD

ÿ���� Ù � þ`b	ý�¦;ac§ ÿ Ù-� � § Õ e�£-¸ × ¢U¨y á�Ú ÿ�])^�¾D_ 20V
ÿ)Ò È À APD

�g© &�ª=ä h § ¾ �	å Ì e�£	¸ 1
Ò »-¼ � ¦"¢)« OÏ�À`¬ » � Â�Õ � Â ¢"¡ 2.7 Ì� § ÒU])^�¾;_�Þ » ÿ-P1® ¢)e�£	¸ × � yc¤$¥°¯ þ`b_ý;¦

aR§ Õ � y�ÿ9Ò È ×L±;²�Î'IFÿ)³,õ�ÿ�J�´�µ Ù�¶�·Gä h ¢ ¾_õ Ù ^�¸$I	À�¹�º ä hBÀ þ�þ
b Q ¢ Û'Q�É ¸ Ï�À4^�¸ ä h § Â�Ý Ú���§ Õ1»$À;¼-½ Ù t È`¾�[�a Ò f�¿{À1§ Õ

¡ 2.4:
��� Ú   a Â 10mm × 10mm APD

ÁÃÂ ï # ëpÄ z�Å _ 434 (V)» Å _ 386 (V)

� Å�� 12.9 (nA)Æ õcq-Ç�È
257 (pF)

u
2.3: APD

ÿ�ÉgÊ�Ë ïRÌ
(@25 Í )
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¡ 2.5:
y á Þ1Î Ú ÿ e�£"Ï ÒU]-^ Å _$ÿ û Ê
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¡ 2.6:
����À   a Â APD

ÿ � Å"� ÒU]-^ Å _$ÿ û Ê
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¡ 2.7:
]�^ Å _�Þ1Î Ú ÿNy á Ò e�£�Ï ÿ û Ê
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3 APD+ BGO

Ð"Ñ;Ò
X ÓNÔ�ÕDÖ�× ASTRO-H ØNÙ�#-ÚÜÛ Á1Ý ï ! ð Ò � ¦ APD+BGO

* &U+BÙ   a©9h §�Ù"¢UÞ�ßGä h § ÿJ× 30mm×50mm×100mm b ¥ ÿNY-ó"ÿ BGO Ú��1§ ÕDY-ó BGOÿDà�ácâ Ò � ¦ ��ó BGO(10mm×10mm×10mm) Ì-  a�¦�¢ y á�?"@ãØ ikj ¦ ]-^ Å _
å Ì ?{À�e�£"Ï Ì Þ�Î Ø�ägdN¢Ãå µ ·;æ$Ú�È�§ l�Ò Ì Æp�4Ý §�ç : Ù���§ Õ

APD
ÿ e�£NÏ ×�y áÜØ =;> � ( ¡ 2.5) ¢ BGO

× � ô�È Ù y áRØ ="> ['§ ( ¡ 3.1)
Õ

APD+�_ó
BGO

* &4+$Ú ÿ e�£"Ï ÿNy á ÒU])^ Å _ Ø O [ã§ =1>"� Ì`è�é § Õ

¡ 3.1:
Ò u�Ï b�êNë Ý z)ì Â ïcÌ � ô1È4ÿLy á =�>��JÕ BGO

× � y Ø�b�§ ¤p¥ � ô1È Ù
e � ¦�aR§ Õ

3.1 í î ï ð ñ ò ó ô õXö ÷�ø ù BGO
ô_õ ¾ � ÅNú õ�×)û��=Ò «�ü�ý   � û1�pI�ÿ Å;þcÿ s�t [{§�� ��� Å"þ����
	
��RØ��
§���� ����$|�� ����� �������4¦��! #" h §$� l �&%(' bNý  !) tÃl [ û+* ) Ý zLìÂ �cÌ � a�a�¢-,pØ�êNë�.�/ �{©10 §1f � ) êNë Ý z�ì Â �cÌ �°a ' �DêNë Ý z�ì Â �cÌ
ÿ�2 0�û+* ��3
4 ³ þ
576���8&��9#: � ��;=<�¢ BGO > ¥ ÿ ¯�?
@ �&A�� ��þ )-B!C §
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� Ø�DE�GF
HEIKJ�L X Ó+M γ Ó ��N  -OP�Q�GF % <SR79UTWVYXG�[Z�\]R�9UTSV^X�_[`�a
b ��c � ,
d )�e�f ��g�: � ÿ]h 3.1 �

BGO NaI(TI) CsI(TI) GSO PWO3�4i þ�576 74 50 54 60 76j�k
(g/cm3) 7.13 3.67 4.51 6.71 8.28l �m�n (nm) 480 415 550 430 420

��o NaI(TI) = 100 12 100 40 20 10p�qsr
t�u
(ns) 300 230 1000 60 10

 �v+��þ u ( w /keV) 8 - 10 38 61 10x�y d >(� z(I zYI >^� >^�{�|}
2.15 1.85 1.83 1.85 2.2

h 3.1: BGO )�~�C �Q��F�Zs\]R[9UT�V^X�_�`]a b ��c � ,�� [8]

ASTRO-H ��ÿ�� N  $OE���[���&�]�(X�_+`]a b �sc ���F BGO ��R[9=T�V!X����^�
���F1ÿ (i)

jQk J i þ�5�6+��8���9 ( h 3.1) J (ii) �������s���U"$9J (iii) �
��� ���Q�

)����$� 9QJ (iv) �+��� l �Qo+�
�Q9 ( � 3.1) J�>^�G���& �T�V(XG�
(i)
j�k ��8���9Qg C�¡Q¢�£[¤#)�¥�B ��M¦§<WJ i ¤ 5s6���8&��9�g C X ¨7J γ ¨ � �

�[©
ª�«�¬�8��]9��®¯ )±°+² ¦!X����
\!³W´Qµ�®¯+¶(T�µ γ ¨&·-¸Q¹s>
µ
�
J»º k µ��
9 °[²#)-¼ ' g C \�·�J
9+¶+\�½§¾]¿À�Á`ÃÂ )�Ä ���(X�¶�J(��9 '-Å ��¬�Æ
ÇÈ��>�X�
� ¤ µ-ÉÊ )�Ë^Ì \�· i ¤ 5�6+µ�8���9�Í * �Q_ ��� Â���F�M�X�Î�Ï�¬+z(IKJ 3
4�i ¤ 5
6[µ�8#��9 BGO ·]DÈ��F�9&XG (ii) �������s¬��§"$9�g C�Ð�Ñ[Òs) 8&��<��$F&: N  -O
���F�Ó
Ô�Õ+Ö
¦!X� (iii) ×�Ø
Ù�Ú�µ
Û ¤ M�Ü�d ¤ ¬�_ ��� Â ) 2 0 ��F�9�X�Í * µ i ¤Ý �ßÞàÃ��F Ýá�â )�ã Å ¦�
ä�µ�å�æ γ ¨ )$ç�è�é F�_�ê�ëìÂ��W¯[¬�½Y¾�¿
ÀQÁ�`ÃÂîí
å->UIKïYXG BGO ·�ð p�ñ ¬�ò�9�µ�� �Q�!ó�ô �sõ+\ B�C X Å åG¬���æ�X�7gö éßç �
��µ �Q��ó �&� \�<�9Yå$·�9s÷�J�½(¾�¿�ÀQÁ�`ÃÂîí^\�·�>
ø�F é»ù�ú [_�ê�ëìÂû¬ ç ���
é g Å µsü ú >�ýþ�ÿ��: 4 }�� <W½=¾-¿
ÀQÁ�`ÃÂ ó p Tß¦�g C J�_�ê�ëìÂ��W¯ ó ç ��¨N è OY\�¦(X����7¬=å�TWVsF�9#X- Å ú ¦(X Å å$�QJ[_�ê
ë Â��s�	��
GF éGù ø
g γ ¨ó��� \ N è^é F��ÈI��(< Å åG¬���Ö&\�>7X� BGO µ���� è�é \�· APD

ó R�9QF�HÈIKJ
APD · BGO µ l�� mQn�����z[X 480nm ���7��o ¤ 4 } ¬ 80%( � 3.2) �!��zUI��d#¬� 9� (iv)−20± 2 �! k µ�� k \#"&g�V^X ASTRO-H \�HQ9+F�·�J����$��� l�� o[¬�8
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æ�<�>7X BGO · ô Ds�[z+X$

� 3.2: APD µ&%m�ns�Qµ�o ¤(' } [4]

3.1.1 )+*-,/.
0�1(243 O åWm(5(675�O#¬�8sg�¦	97: ó�; é(<>=@? ¦^X�

A�B�C7D	E
F R é g 0(1	243 O�·�¿HGJI&K
ë�LNM�µ 581K O ¢�¡�P ºQO 0(1	243 O&�+z�X ( � 3.3) 0�1!2�3 O!· N è O�¶YTGµ ¢(R!S�T ó «+Ô é F ¢�U \NV!W é JXV!W é g�Y�µ�m+� V0 ·�Ê

� � ¤ u \ e�Z ¦!X� 0(1	273 OEå\[ è O#µ
Ú�\�·X]�[ è O^\�¶ � g�� ¢XU ¬ 0(1�243 O
\^&�!T_X`&ü ú \ba&¾dceG-`�ÀQf�`�g#` Ð Cc ¬�h ù V�i�`�X� Rb ] Cc \�·j[ èdk � l
� é gNl ¢�¡ ¬ 0(1	2Q3 kQm \ R V�n�o�ü ú \b]�ä�V4p�VQq7æ�_jr(s�]jq�æX_ut[o�µwv]µó F ú Î[Ï[¬+z+XG ù g Rf ] Cf ·ux4y!z�r(s�]&x�y	z(t�oUå|{4}�V!X7v�µ��+z�~�] Å V
T�¬ r�t�u τ

ó�� t ¦!X���X��\N� ¤ µ-Êv Ñ `4��ê��[`&LQ·��(`Qg4�b]�[ èdk ¶(T R V
n���ö ¢¡ · Cf

ó&� é i RQ���  ÅQÅ � ¢QR ó «�ÔQ¦ � Å å-� è v ¢	U ¬	�-
�i!` � 
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APD ����ê7��ë7¬&�4���Q�!t�o ó Cin å 1 < å|]�Ê�vÃå è v�µ��#��·&� 3.1-3.3 µ&ü ú \
�	���7æ � 

Qin = CinVin (3.1)

Vout = −A × Vin (3.2)

Qf = Cf (1 + A) Vin (3.3)

� 3.1 å 3.3 ¶����(� (3.4) ¬�ï�� ��� 

Q = Qf + Qin = [ Cin + (1 + A) Cf ] Vin (3.4)

���!\X�b�@I7`�cQµj�+ï A ·�Ó�Ô7q&æ�`[µ��!] 3.2 �&\ 3.4 � óu� Ê�¦ � å

Vout = −AVin =
−AQ

Cin + Cf (1 + A)
' − Q

Cf

(3.5)

¦w_
�7  0(1�243 k µ è v ¢bU ·j[ èdk t[o�\#¡�¢ é _X`� ù!£ ] 0(1	243 k µ è v ¢XU
·&[ è#k ¶e�$µ ¢�R ó «[Ô é i	�!¤�¥ ���b£ ��]�x�y(z7rQs�� ç+¢Èé _	`§åS¦ Ì&¦#§�¨
é i é$ù ú  ç+¢ r µ �  �ÿQ¬©~±µ r ÚQ· τ = CfRf µ rt�u � � t ¥ � ] r�ª t ��·]Ê
v ¢!U · exp(−t/τ) « ¦ p�q é i�` � �[ èuk ¶e�-µ ¢¡ ó è v ¢!U�¦NPQ'H¦ V(W�¦ �
¦ ·!] 0Q1!2�3 k µ pqsr�t�u · �  b¬+¬-~ ( ¢¡! � ) ®(¯	°Uü±~ßÓ�Ô�² <J³ ¯�¦ � Î
Ï+¬4´ � �µ7¶	·�¸�¹�º4»j¼�½±êw¾ ¦ BGO

ó F7¿ é iXÀ�~�] BGO ÁjÂ(Ã�®	¯b°$¹ 300ns

¸�´ � ( Ä 3.1) ÅeÆ&Á 300ns Ç 0(1(2�3 k ¸ �  &¬4ÇÈ~>®7É�Ê é iXË �H� Å ù(£ 0�1(2�23 k Á&Â(Ãw®!¯X°Ì¹ 2.5ms Ç �  �ÿQÇÈ~XÊ é iXË �Í� ¹�Î�¸�´ � ( Ä 3.2) Å
éjÏÃé ]bµ@¶4·±¸w¹ 0�142@3 k�Ï �NÁ SÌT ó �$ºÌÐ	L�f�ê@c�¸(�wo�Êj] �  	¬@ÇÑ~

1∼1.3µs ] �  �ÿ�Ç�~ 100∼130µs  4Ò+Êj_Qø!iQ](Ó � p � 300ns ] 2.5ms ÊN_Qø(i(`w_
`bÅ$Æ � ¹ 2.5ms ÊÔ²	ÕHÖ � ®�¯b°@Á £ �uK!×�L!Ç�Ø�`QiÍÙdÚ(Û�i	` �uÜ	Ý ×�Þ(ß$à�áXâ
( K�×@L4Á Ü(Ý ×Íàjã < ) ä ��£ � ¦ 071(2�3 kÍå Þ ¦#æ ßwçXèwÇNéÍÚ � i�` �X£ �	¸�´
� ÅÍÆ&Áuê7ë±à&ìw N¬�ÇÈ~jv|íÌîXi�À�~ï] 300ns ¦Nð(ñ ²�`(ìw N¬4ÇÈ~�®QÉ ¦ _(Û�i!` �
Á!¸Q¹!_X` Ï Ê>òÌó@� �H� Å �7ô ¹ æ ß�çbè�¹Nõ!ö�÷Qö kÍ¦dø�ù	ú Ú �H�Qû Á!ü(Ç!ýµ(þÿ ¸ ¿�� £ 581K

�������
	 ¸7¹ �������
	 ¦uø�ù!ú Ú
�� ��� Å
���������

(ShapingAmp)

�7¿ Ù���Á�¹ ORTEC �@Á 570 �����Qº� "!$#X»&%'��»)((¸Q´ � Å ���&�*�)	 Ï,+ Á.-/ ¹10 � ì�2137Ç54�Ê76 � ì�218�Ç54�Á.- / ¸4´ � Å$Æ�Ìà ��� çbè4ý æ ß�çbè4ý:97ß�ç
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;
3.3:

�������
	
581K Á å Þ�<�= [7]

Rb 1GΩ

Rf 5GΩ

Cf 0.5pF

Cc 2.2nF

Rt 50Ω

Ct 1pF

R0 51Ω

Ä 3.2: 581K Á
>$?&@'!@¾ [7]

;
3.4: A�BDC�E�õ(ö!÷7ö 	 Á'F&G$çXè [16]

è±à ø�ù&H�I
J �7çXèLK1MQä&ÅQä � Ê7- / Á)N�O&P (V1) Ç�ý�Q + D�SR��'>Q×DT�U ÝWV
(V0) K ð�X Ù|ý�Y'Z�[�- / Á � Ç)\ µsec ∼ \�] µsec Á�ã � - / K)^�_a`b � (

;
3.5) Å

ÚbÎ �������'	 Ïc+ Q + d�SR��'- / à æ ß@ç�èeK)M(ä Æ�Ê�¸Sfg4b� �&h*i ¸�j � >Q×
T�U ÝkV ÁbÞQß@ü�î7àml$n�ä � Å Æo$¹!ìd2S87Çp4|Á.q�rÌÇ(ì�2
3�Çp4oK ðQñ O(ß�s�t
Ï ¸�j � ��u�ý æ ß4çbèdK.MÈÙ��
t � Æ�Êd¸)v&w�x�¸�y � Æ7Ê"K�z � Å!ÓeÙb�.97ß�çbè�¸
#:!D{#Þ(ßÌàSE	ü +|Ï K$Ù��
t|4�ý ��� çbè�¸ ��� ä � ÅÌÆNÁ'AS}wÁ)~��K�z�4�ý"> Ý ×
���b((Ç'�5��� �d� ���&���.	 Ï�+ Á.- / Á&õ!ö±à|÷Qö �*� Ù ýb����K�ì�2.37Ç54>Á&Þ(ß
ü�î�àmlLnNä � Æ�Ê�Ç�n1R � Å
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;
3.5: > Ý ×D�e�:(�Áuê7ë±àd÷Qö�ä � Æ�Êd¸(ì�2137Ça4�Á&Þ(ß�Á h�i Á ù à�lLn±Ù�� ��
[8]

3.2 � � � � ��� �
APD+BGO ��n 	 Á ���&� ¹�ý'�!ÒeKo���:���1���S��à"^�xa` J � Æ�Êd¸SA��dKo��[
Æ�Ê#Ç��Dy � Å�Ó���z���E��(Ò�Ê��)�D�&�e���"� à1�Lu	ýS �!L¡"¢�!�T�à)£�¤+Ù1%�?�¥
à1£ ��¦�§ � V �$��(wà ; 3.6 K.¨Qä ¦ ��©�ª�«�8*�&¬S��'®LEp� ¦ (i)662keV(137Cs) �
γ ¯LT'°${ V²± à −20 ³d��´ � ý (ii) µ��S¶L�S��·Hà ±2 ³*¸�[�^&x¹` J � ý (iii) ��·*^
x$K�z�4º¸����ÙÚQÛS�*T)°${ V»± �L#�!D{:¼ ��½ (i) ��#o!d{:¼ �p¾ A�¿(ä � ze��E&�
���S��P�àmÀQä!ý (iv)(i) ∼ (iii) à APD � ������½ 30, 50, 70, 100

¾ E � z$�ÁE&�.���S�
Pd�1ÂÃ4ÅÄ�ä ¦

;
3.6: APD+ Æ�Ç BGO � § � V �$�m(

«�3��
£�ÈDK�z�4ÊÉ + ��' �!D¡(àmË�K ���S� A�� ¾ E � T −HV
; à"£ �:¦ Y (ii) �

¬�D��ª�ý.�&·±à"^Sx5` J ��Ì + 1 Í�Î�ÏLÐ � y�ým��n 	Ñ¾ µ���¶ ½.Ò�Ó'Ô K&E�Õ'��Ì +
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Ö �L×&Ø
Ù*Ú � (
;

3.7)
¦  �!L¡"¢�!�TS£�¤e��ÛDK'Ü'���SÝe���)�D�S�Þ×'ßÌó�����ü ½ ýà �
á�·�ª ∼1V ��j�Õ&� ¦ à ����u�â
¸ (i) ��ã��ä#�!d{�×�ý ch ��O�ÆD�
åeæ�Ì +èçwù

ú�é T'°,{ V²± ×)£ � z��ÁE��1�D�S�*P�× 2 [�ê$u �m¦ ( #m!�{:¼ � , �
���S��P )
½

(α,

β) ý (γ, δ) (α < γ β < δ)
¾ E�ÕS�)ë H Kbý�ì
� 2 í ½ ¯�ö�������K�jÞ4 à �Sî'¯�3�K (i)

�L#o!�{ ½ R � ¾ òHó�ýS«�8*�'ï�ðe×�®Ã� ¦
�.���S�*P =

δ − β

γ − α
( [−20 ³D�L#�!d{ ch] − α) + β (3.6)

 615

 620

 625

 630

 635

 640

 645

 650

 655

 660

 0  10  20  30  40  50  60  70  80

pe
ak

_c
h

time [min]

BGO_temptime_350V

;
3.7: −20 ³dÌ + −22 ³eK.��·e×.^Sxp` J ý à � ¾ y�×
Í*Î 0

¾ Ú �:¦ à ì1Ì + N�ñ�ª
15 òcó ¾ K�T)°${ Vô± ��× ¾ 4ïým¼ ��½)õ �5ö7ÙLu�� + 5 òÞó ¾ KST)°,{ Vô± × ¾ ÕS� ¦
50 ò&÷,ø���jS�p4Á��T
°${ V²± �"¼ ��½
õ �5ö:� �d�o¦

3.3 ù ú û ü � ý
É + ��' �!D¡'Ì + ý APD+ Æ&Ç BGO � ���&� ×.A���Km��[���uS�&�.����� ¾ �&·D�
�"�,ª ; 3.9 ��z$�:K�E�Õ&� (APD þ�ÿdª ; 3.8)

¦ à ��&d�
ë H ���'��·����dª�� 3.3

�*j �b¦ APD+ Æ'Ç BGO �"ë H�û APD þ&ÿ��SÍ ¾��
	 K.A���î
¯D���� öb� ½ ý1(����
V öb����í ½ ���î'¯LK��aö���������?"!���������K����¹öb� �d��¦ à �&��u�¯� ��
]�ò!   ± xD��y �:¦ â�� APD þ&ÿdK#"%$%��� (V/ ³ )

½ Ody�&mE�Õ�� �d�:¦ ì�Dª BGO K
�&·�'���( ½ j�4ïý*)��DÏLÐ,+�ã%- ½)� Ú ¾ � �.(0/��&��u ¾2143 +  �:¦ )�����ª ���� ×o��[���u&���1���S��P ½ Æ5`0&���506Qý�708�C�K��9�Dª�:eK�E � ª
¸���j �o¦
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;
3.8: APD þ�ÿ���;0< � ×"A���K:��[*�

u&���.���S�L�'��·='%�9(

 320
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 340

 350

 360

 370

 380
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H
V

 [V
]
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1u_No2APD_BGO_gain
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gain50
gain70

gain100

;
3.9: APD+BGO ��n?>��*;0< � ×"A��

Km��[���uS���)���S�L�'�&·='=�9(

(V/ ³ ) gain 30 gain 50 gain 70 gain 100

APD þ�ÿ 0.81±0.02 0.82±0.01 0.82±0.01 0.80±0.02

APD+ Æ�Ç BGO 0.99±0.01 0.99±0.01 1.02±0.02 1.00±0.01

� 3.3: APD þ�ÿA@ APD+ Æ&Ç BGO ��;�< � × 30 @ 50 @ 70 @ 100 �SA���K���[���uS�'�
·A�9� [V/ ³ ]
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4 APD+ BGO
B

C

3 DD��ª�;�<0E=F%G���H�I ¾ ö�JA@ APD+ Æ*Ç BGO KML�>ON�;�<0E,×�P�QSR�TVU�WX R#7�Y�Z�[�\^]�_ ¾ N�`�·='0��NAa*bÞ×��*ÚScAd�¥�×#eDÕ�W ( f 3.9) g 3 D^h
Éjilk�Wm0npo ×"ËSR APD+ q�r BGO K4L�>sN�;�<9E�Nstlu%F�GÞ×�vxwygcì�ì�h0z −20 ± 5 {
N��4��R�|0}AJ=@�;^<%E�N�~%u$× 3% �p�AR#� 30� ì��)×M�����*ö
W�gdâ%W APD(5 × 5

mm2)+CsI(5 × 5 × 5 mm3) × VME ×��^}0J�F�GA� ����� z��0���?J9} � gA�ANM�#��N� `��SN�`9�A�S�#� n N�`9�0~��Sz�f 4.1 Np��w�R�Z=��W ([1]8 D ) g

f 4.1:
� `��4N���Q9`����l`��A�S�#� n N�`9�0~��VNV�Sw�� ([1]8 D )

4.1 � �  ¢¡ £ ¤ ¥
`0�^F%GsN�¦=§�����J AD590 `0���O��� n ( ¨ 4.1) ©��p} � g«ª�ª�¬i�L�®°¯
k �

1 [µA/K] N�±A²=`��sR�³�´µ�¶W�]=·�©�]�_MR�~�¸°��W�¹S��º DC/DC »%�*¼ n4o h^¹ �
HEICO ½ MODEL 521A-5( �=¾ DC/DC( f 4.2)) h 120 ¿�R*À0ÁÂ� APD Ã^N#Ä%Å%]�_j�
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� � g APD+BGO �2`��0�4��� n N*Æ�Ç�a�bM©�f 4.3 R*È��?WÉg�`��=�4��� n © APD �
BGO R�Ê=Ë�¯lÌ � ª��
h 3 Í�N�`��pÎ�Ï�ÐSR9Z � �Mw�R#� � g DC/DC ¬«i�LÉ®¯?k �
]�_ VHV z�º�Ñ%Ò�Ó^R9z�Ô 4.1 Np�swÕR�¨%Ì � g

VHV = 120 × ( (Vgain + Rt) × it + Voff ) (4.1)

ª�ª#h9º Rr = 3.3 kΩ º it = 1 µA/K hA¹MÖ×º Vgain z�`��0Ø�Ù [V/ { ](Vgain) º Voff Ú�Û �OÜÝ ]�_phA¹MÖ×º���kAÞ�k0ß�~�à�á�h�~4â � ª��¶Î�h�� � g9�OÜ Ýäã Ü?å=z 3 DAN�æ0QAN�ç
Ns�èÄ0Å%]�_�é (HV) Î�êëw���ìpz0í�î¶h�¹ � g

f 4.2:
��� R��0}9W DC/DC N�ï�ð�g DC/DC R
ñ�®O¯2kAW�]�_�© 120 ¿���W�ç*N�Î APD

N9[É\�]�_°�*Z � g

ò=ó ô d�õ npo
Linear Current Output 1 µA/K

Thermal Range −55 to 150 {
Power Supply Range +4 to +30V

Calibration Accuracy ± 0.5 {
Linearity ± 0.3 { (full range)

¨ 4.1: `9�A����� n AD590 N�ö ô d�õ npo [6]
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f 4.3: APD+ q�r BGO �è`��0�V�*� n N�ï�ð%g�¦�÷AÎ APD+ q�r BGO ©�ø Û%ù �*ø n
å=h�ú�}0WSç�N%h�º9�sª�¬OiÕû^Î 3 ü�L�J�} � N�Î�`9�A���É� n AD590 g%`%���S��� n
z APD+ q9r BGO �ýÊ=þ%� � ��w�R#Ù=Ç�
W�g
4.2 HVboard ÿ � � � � � �
4.2.1 ����	�
�
��� º�¨ 3.3 h��°i2kpW%[�\�]�_�N�`%��Ø�Ù [V/ { ] ©��SR HV board N�ö^ß%~�à=á4N� ©#~���� � g HV board h��2u������ ��� �"! º"#9� �%$�&('") ! � z APD+BGO *+-, ! À^Á".^Î 100 �0/ � ç ! ©210�%� � gMª¶kpz#À^Á".^Î�3p��}54�Î����4Î76µ��} ( $

&('�) ! ~��989:�²%� � ÀAÁ". ! ~��(80Î�34��} ( f ??)) ¬«i?h�¹ � g�À^Á". 100 h5���
Î=h��#k<;�º�À^Á=. 30, 50, 70

!�>@? h4ç2�"�4h � �BASâ�CED9}�gGF�º ASTRO-H h�z9º
APD

! À�ÁH.�Î 50 ÷=I(J���}LKNM �7OEP J�¹ �2Q
3 R(J��SKNM ��TEU HV = y = 0.996x + 390.7 VXW°�HY7/(Z��G[\:�ßH]�à%áM©0^�_��¶º

HV board
! ôa` õcb(d�©2e�f� � V�� !Hg-h9!Ei ` Û ©kj 4.4 :¶È�� Q j 4.5 l HV board! ô�` õ5bad0e=m(I ! 662keV(137Cs) γ n !Eo�prq Ýts J�¹ Z QEu=v w V=x-b q ch l�¨

4.2 :*È%� Q j 4.4 ©�yzZ9V?º ôG` õkb{d-e"m@I !�gch V¶º 3 R@Jk�|K}M �Egch l�~"�5�H�
��C��(ZÉÎ�º0j 4.5 ©c�<Z�V�ºB�H'rx\b q5! ÆAÇ(l 2.94% ��� � M Cs� � ��C��9Z Q APD+�H�

BGO * +2, ! #9��V%$7&('�) ! ø=b � s ©c_GZ��(:k��) '�é (REPIC RPH-022) ¬
K0� P 'H)O©�Ä�Åj� �@!E� Î%º%� !���� Î ±1V �0��¹(Z Q APD

! #%�G:�²E��Z*À^Á�.! ]9� !k�@? l 3%/ �{J�¹OÖ ([17]) º APD+BGO * +c, ! #H�r:#²E��Zc'�) ! ]9�alk�
1V/ �{J^¹�Z Q �</�� � 3%/V VXASâzKNM�Z ! J�º 1V ]9�9Z<VèÀ�ÁH.^Î 3% �E�@]9�Ö×º
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2.94% �E� ! � M<l��=�E�{��J�¹�Z Q
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j 4.4: HV board ¬LK ! + ® � ! #��^Ø
Ù�V�º0� P '�é<J�$c&@'5)S©7��â ��>�? :
�KNM � #H�AØ9Ù Q

ch
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j 4.5: HV board J�æ P �0�
137Cs

!
γ

n o�paq Ý s Q −10 ��º −30 � J�#��{� P�2��>�?�Q

FWHM[%] x-b q ch

-10 � 9.18±0.03 441.6±0.1

-30 � 8.82±0.04 428.8±0.1

¨ 4.2: HV board J��|KNM � #H�z� P okpGq Ý¡s ( j 4.5)
!

FWHM V"x2b q ch

4.2.2 ¢�£¥¤§¦ ¨G©�ª¬«	�����®°¯ ±(²¬³
� P #"� !�>=? l HV board ©0´��ECpç�ÀAÁ". 100 J����zJ µ�º0¶�·=Ð°Ö ! $7& '�) �

Î + ®Â¯XM(C��<Z=ª@V#©%¸H¹ �\��Q�º :-�|K}M �Egch9! ôG` õkb{d9©0´���#"�S©-»(¼5C��
�aJ µ@Z�¬k¸=¹��GZ Q #H�zl −10 � → −30 � → −10 ��© 1cycle ½�º −30 � → −10 �
→ −30 �M© 2cycle ½HV � C 1cycle/90min J�]�¾�¯�Ì�Z Q �KBM �Eo�prq Ýts l�j 4.6 ºo5p�q Ý¡s !5u=v w ºGx0b q ch º −10 �§� P9!�>�? V ! À�Á=. !�� l�¨ 4.3 :#È@� Q j
4.1 ¬�K?º"#"��¿§À7Á�b9l −20 ��©EÂ�Ã<:�]=Ä � C=�zZ9VXASâzKÅMrZ Q HV board ¬ÆK !+ ®<lHj 4.7 ¬�K −10 �HÇ�Î�È�Ù�Ó�V-/H¼�C"�{Z Q=É@!"��� #"�S©-»9¼ �k>=? :0�|K}M �okp§q Ý¡s ç −10 �HÇ§:c����¯XM(CH�<Z Q � � ºÉÀAÁ". !k� l 1% ©2Êz¼�C�Ë�Ö×º�Ì u :
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���aJ9µ5CH�zZ{VÅÍsâEZ Q

ch
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ts
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  2cycle

j 4.6: −10 � , −30 �{J�� P�!k>=? VÅ#H�S©0»<¼ �k>E? © HVboard J�V0¼ ��okprq Ý¡s

FWHM [%] x2b q ch

1cycle 8.97±0.0 439.7±0.0

2cycle 8.83±0.1 442.5±0.1

À�Á=. !�� [%]

1cycle 0.4

2cycle 0.2

¨ 4.3: 1cycle ½Õº 2cycle ½ !�uHv@w V"x2b q ch º�ö@#H�|V ! À�Á". !��

ÎHÏ(ÐHÑEÒ�ÓHÐ=ÔEÕ ÖØ×ÚÙ@Ð�Û@Ü
��� !�Ý�Þ J o�p§q ÝÚs !7ß=à :zá ! ��� !k� â�ã�ä Z !"å æ ¸=¹E�GZ Q5ç@P l 1cycle

½%:-è<é0�GZ\4�ê�Jcë9¼ ��Q $c&�'5) æ 371V J"� PL� (−20 � J APD+BGO * +%, !7ìí . â 100 Vc/(Zk$7&('�) � ) #H� æ »z¼ � V�µ�î5��� �%�k>�?z! ��'Æx%b q=æ ÂkÃ9:�ï
ÁHðØñò:��='�x2b q5â J9µEZ ( j 4.8)

Q§ó�!HokpGqSô s !5u�v@w îzx\b q ch î ÉÆ� C −10
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j 4.7: −10 �9î −20 �(î −25 �9î −30 �<J�#H�z� P��\��>�? : HV board J�õKNM ��op§qSô s Q
−10 �(î −20 � â ~"�5��� � C�Ë|ö÷î −25 �9Jkø �òù :cú=M@î −30 �9J�l5�9:ù :7úEM(CH�zZ Q

� 662kwV( j 4.8
ù

)
! ��'Æx2b q A î −30 � 662kwV( j 4.8 û )

! �E'Æx2b q B VB#H�
�"� �2� V�µ ! �@'Æx-b qH! ch

!��Gæ0ü
4.4 :cý�� QEì í .�VB#�� !@gcþ l 3%/ �{J9ÿ

Z ! J�î ù VkÂ��<J@l7� 11 �9î{Â��V ûzJ@l7� 7 � !��9â ÿ�Z ó V â5u{å Z QÆó�!<ó Vå KÅ#=�@¿§À7Á�b ! #H�<l −30 ���=J�� â ö%µaKNú§:��	� ��
z� C{Z ó V â�u(å Z Q

FWHM [%] x2b q ch

x2b q A 11.1±0.2 308.2±0.2

x-b q B 11.4±0.2 538.1±0.3

��� �2��>�?<! 662keV ��'Æx2b q V !kì í . !5� [%]

x2b q A 34.9

x-b q B 20.4

ü
4.4: $�&9'�) æ � P�� #H� æ »z¼ �k>�?<!�u"v@w îGx2b q ch î ì í . !��=Q

���������� Ð������������� 
ó"! R !"#%$�&�' �E¿{À0Á"b�V APD+BGO (�)+* !�,�-(g\þ.& Ë0/�Z21�3 æ ¸H¹=�§Z+4
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j 4.8: 371V 5�6�798;: æ ��< �2' � æ »a¼	=?>�@ & õBADCE=�F�GIH ôKJML î HV board

5?N;O � =�>�@ ! F?G.H ôKJ 4
•
' ��¿aÀ7Á�P æ APD+BGO (Q)R* âTS ¼	U	VQW�X�Y !TZQ&T- V�=�>�@

• X�Y !0[%&\S C]W â APD+BGO (Q)�* L�^"_�`ba2c�d V?>�@
•
'%e�fQg"h P L APD+BGO (Q)R* æ�_�`ia2c =�>�@

j C0k�Cl5 ! F�G.H ôKJ�!�m	n�!\o�p§æ0ç <iq+= ( r 4.9) 4 '	e�f.g\h P æ X�Y !�Z.&�-
V�=T>%@ ^ îRX�Y9�	5 !�s%t�&�u%v A}ú�î9wxP9H ,0- â�y�zia C.W�{ !Hå AD|�}E~Åú�C9U
qx�;V?�i~DN�O�50} d"å�� =T4	�;� î�� &�_�`iaDc�d ~ L {cîRX�Y !0[	&\'	e�fQg\h P æS C]W L î?�Hø !��;���l!���nQ^�ã�ä UIq��M��{ !�! î���8�w�P�H !T��à�^\��� 50}�W�4ó C ^ X�Y â���à 5Eî���� LDZ � â��	tba C�U�V0U�î a A &��;�.� P ô æ"� V0U�VQW !
5=î�X�Y ! �"� L�Z ��5 ^�'%e�m%n.& |�} dT�{â ÿ � =0� L���� A�C]W�4

���
BGO  	¡	¢�£�¡9¤l¥"¦

3 §�5�¨;©ªq+= APD+ «�¬ BGO
!kì í	 æ ��< &�®9¯ =0� !�u�°Gæ\±Q& HV board

!
²]³	´ P�µ æR¶ <bqx=�4 −10 · L −30 ·l5;��8¸w�P�H !",9-Q&"�l¹�ã U�q�� � = ¹ î;º»�¼l½ � !T� 5�ÿ � =�=�� j ! ����N�O9¾	¿ &�À ëBq+=�4?N�O9¾	¿05ÂÁÄÃ &RÅ�Æ =Hî '	eÇRÈ � =�>�@¸{ ì í% 3% ÉE� & FTG]H ôKJ Ç ����Ê W óEL Ç"Ë ©Bq\î�N;O & ©�ÌBq+= L
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r 4.9: (i)
'	e�f.g\h P Ç X�Y0ÍIA�)�qx=T>�@9Î (ii) X�Y &RS C.W ¹�_�`Q^�aDc�d V�>�@9Î

(iii)APD
&R_�`ba2c =�>�@ ! F�G.HªÏ J 4

Ð � WR4�Ñ�= '�e N;O Ê W�>�@ &%^�'�e0f�g"h P L APD+BGO
Ç }�Ò;Ó LÔ_�`Õa�c Î 3Ö !?'�el!�× � Ç ^ ÍlW�Ø L�¹�Ù�Ú 50Û�Wx4
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5 APD+ BGO
Ü

Ý

4 §�5 ^ APD+ «�¬ BGO (l)Þ* !Rß�à  Ç HV board
Ç�á V�UQâäã	N�O Ê W%Ø L�& ©�Ì

qÞ=\4Þå0V�U 30×50×100 [mm3]
h;æ�ç�!

BGO 5�è ol! ¾;¿ Ç+é �ê4+ë�§ ! ¾?¿ ^ ÎÔ«;¬
BGO

ÇRá V�U é d	� =T>�@ L è o.& Î cycle
aDc =�>�@ ! FTG�HªÏ JE¹ Î ±�ì FTG�HªÏ JLäß�à  5 3% É9� &�í Ñ0W�Ø L Ç ÁîÃ LÔÊ W+4%Ñ�=�ï '?ð (ESPEC ñ , MODEL:SU-240)^?f¸ò Ïôó ò�õ�ö�u\÷lø [ESPEC ñ , MODEL:SU-641]

&�m�ù qx=T4

5.1 ú û ü9ý û þ
ï�ÿ ð �R��� ^ APD+ |?¬ BGO

L ÿ e�f�gRh P ¹"S9� ="X�Y�Î���� ß�à�� Î HV boardÇ S C.W ( r ??) ��X�Y ö �"� Ç r 5.1 Î�ÿ e�fQg�h P L APD+ |�¬ BGO
ö"_
	��0^ r 5.2

�� Ê � APD
L

BGO
^������	g���� F ÇRá V�U _�	 qÞÎxX�YE�"��� APD+ |�¬ BGO

ö
f�ò Ï ó ò2õ%¹ ã0Í d V��Q����q � Í�� L�� < Ê W ��X	Y Z � ö�f�ò Ï ó ò�õ�^ «	¬ BGOÇRá V�U é � =T>�@ ( ! 4 § )

L è o � HV board
Ç�á V�="� HV board

ö ².³;´ Plµ ^ «
¬ BGO � ¶ <iqx=�{ ö �0Û�W ¹ Î�ØxC ^ APD+BGO #�$ � � öTß0à  ¹ 100

ö >�@ ö
{ ö�d�ö ��«%¬EÎ�|;¬�% v'& �)( á �9}�W ^"& �0Û�W*�,+ q�� -20 ·��"ï�ÿ ð Ç*-�. q jö�/
0 Ç

6 132 ® Ò�Î BGO
ö ÿ e9¹ −20 ·4�?� o � d W3���5� Ê W)� j Ø"ÍIA 12

� Í76
U -22 ·�Ñ
� -�. q+Î -3.98�: ÍÂA 5

� 2 � �32�; d ~�FTG]H Ï J Ç�< �Äå�6>= ( r 5.3) �
wxPlH ch

Ç�? W L Î ß�à  ö�m�n�ö�@ @ ^ 0.4% A e ��ÛB� Î ß�à  ö ÿ e
C
D%e ÍFEHG
0.1 · ö ÿ e�m;nJI èKA e�öT� ��Û�W��,L á qxU	V�W�ï�ÿ ðQ^ ±0.3 · ö"M��9¹ Û�W ([13])ö �%Î ß�à  .4% A elö'&
Nl^ º »�¼l½ ��Û�W��F� � U%Î"ë�§ ö ¾�¿I{ APD+ «	¬ BGO

� ¶7O q�= ²]³	´'P µ ö Ñ�Ñ é d �Q�
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r 5.1: APD+ |�¬ BGO Î�ÿ elfIgTh P¹"S9� U;V�WxX�Y ö �"���,R�� I :�S �*TÇ*U ��U BGO
¹ ã9Í d V����V� �>O qÞU

V�W��

r 5.2: APD+ |	¬ BGO
I ÿ eEf.g�h PöR_W	�� ��X"Y ö�Z �EÍFEäÿ e�f�g�h P Ç_�`ba2c U%V�W��
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r 5.3: |?¬ BGO ��ï�ÿ ð Ç −20 ·9Í�E −22 ·�� -�. q�= : öW[�\�] Ï_^ ö w P ] ch
ö

` À

5.2 a b ú ced f g h i j k l m c n
ï�ÿ ð � ö ÿ e�m;n�ö ��� Ê Ç $�oWp��)q3rMq d,s ���5�?Î�t òKuWv Ç�w q�x,y�z0µ �gW� qxÎ�ï�ÿ ð �?�4� ö #�$ ��ö'/�0 Ç�{F|�} ¹ Í~� I2Ê | �7y9zlµ �\gW�W� (i)−10 ·

→ −30 · → −10 ·9Î (ii)−30 · → −10 · → −30 · ö 2
² µ P g � é d �Q��t ò�u3v Ç
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ÿ e�fQg\h P ö 8�: � ¯9d���I $�o�p ¹ «���~5� O�¹�� ~�� � xIqxÑ s Î DC/DC
öK� o8 ��� I $�o
p ¹������ � ã��)x���Ñ�� (5.1) �7� ö =�� ['\B] ÏQ^3� O�I ÿ��3� O�� �N7��N
��� � é �~�\Ø I
IDÊ | �

����� �����
BGO

ö ÿ
��� −10  EÎ −30  �� N7��N�ö ÿW����¡,¢£�W�3¤�=0Û I ��Î −10   → −30

 B¥ 45 ¦EÎ −30   → −10  B¥ 45 ¦ ö�§3¨ 90 ¦4�?ÿW��¥*© | �]Ø ö ã�ª�¥ 2cycle
é �«�

−30   ö'¬��® è�¢��lÛ | ��ÿ
��¥�©¯�H°��Wx�Í�E 1 ¦�± I �>² [4³ P ��t ò'u9vTö $
o�¥*´�µ7x"¶W·J��Î cycle ¸9¹ : ® ÿ���º�»�¼ P�½ E ö $�o4�>¾�¿ 	~�*À �,y�z ³ P�Á | �
ÿ���º�»K¼ P3Â APD

Â
BGO

� � N9�,N�Ã�Ä ��x s | ö � Â ÿ���º�»�¼ P�½ EÆÅ7Ç < N |
ÿW� � Â APD+BGO

ö ÿW� ��È�ö �B� Á ¥*ÉJ�)x s | I�ÊBË x3Ì s � [�³ PÎÍ ¥�©��Ï°
� Â�Ð*P ^�¥�ÑÒ�ÔÓ�� I � Â −10   Â −30  �Õ IK� Õ�$�oWpB¥�² [7³ P �"´�µWÖ3×>p I Á| ���7Õ,Ø9� Â�Ù9Ú Õ>Û7��ÿW�B¥�Ü O �)="�

T = (
[�³ PÝÍ ÿ�� ) +

( ² [�³ P Õ HV p ) − (
[4³ PÞÍ Õ'Ö�×�p )

| (
[�³ PÞÍ Õ'Ö9×�p ) − (

Ð�P ^�Õ'Ö�×,p ) | ×20 [   ] (5.1)

−30  �Õ HV p t~ß u9v à�Ã�á t�ß u9v Ã
á
DC/DC Õ � o 8 � 2.779V 414V 387.8V

ÿ
�9º�»K¼ P Õ9$Ko 8�: 0.821V 415V 413V

É 5.1: DC/DC Õ � o 8 � Â ÿ
�9ºF»�¼ P $Ko 8�: Õ"pF¥,� N���N $�o�p Â t~ß u7v Ãá Õ"â�ã�ä>åWæ���ç'è DC/DC Õ � o9é�ê4ä ��ë o
p �'���'s �'t�ß u3v Õ�q3r�� �����
�3¤�x�� À�s Â�ì �7º�»�¼ P � o�éWê�ä ��ë o�p��>íî� s �,t~ß u9v Õ�q3r ® íî� s è

(i) −10 ï7ð�ñ,ò óQô�õ�ö
ì � ��È Õ�÷�� Á ¥Ky9z ³Bø »�ù���ç"ú
û�¥,ü 5.4 ý�þ Á è 1cycle ÿ (0∼90min)

� ì ��WÈ Õ��7� 6∼7  ���� Â 2cycle(90∼180min) ÿ � 4∼5  �����ä���� Â�ì �7º�»"¼��7Õ ì
�
	�� ì��� Õ"É�þ ì ��	�¥��Wå3µ | 	 ��È Õ�¢���ý ½ �������������*è
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ü 5.4: −10   ½���ì �B¥*© �"!�# ³ �î�)ç'è�é%$'&�� ì( Õ�)�* ì � Â,+ $'& ì �7º�»
¼-�7Õ ì � ��È ÕK¢��
è
(ii) −30 ï7ð4ñ>ò óQô�õ
ö
ì � ��È Õ�¢���¥.!�# ³ �î��ç ® Õ9¥�ü 5.5 ý�þ Á è�¢���ä Â é�$��%� ì� Õ ì �-)�*

¥�É Á è 1cycle ÿ (0∼90min) & ì � �
È Õ��9� 10  -�9� Â 2cycle(90∼180min) ÿ/& 6  
�3�
	10�¤Wç"è

243 ñ�516%7�ô(8�9
−10   ½���ì �F¥�©�¤Wç ¬3 Õ"ú�ûF¥1:�;=<?> −30   ½���ì ��¥�©�¤�ç ¬3 Õ'ú�û@	

å�æ Á �,	 Â −10   ½��Vì �F¥K©�¤�ç3Õ ¬3 ÕBA�� ��È �%C,DFE�	*��¦ ½ ¤�ç ( ü 5.7) è
÷�¤BG ì ��¥*©�¤%GBH�I�ä � G(DJ� ½.K�L�Á �.M Â −30  �N ³ � Í Õ.A4�BO(P��RQ�� � 0
�>Õ
ä Â E�¿ � ¥1H�I�ä �1SJT ÷�� KVU ä����J	�W Ë ��è
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ü 5.5: −30   ½���ì �B¥*©�¤Wç ¬3 Õ ì �9º�»�¼-�Z	�� ì� Õ ì � ��È ÕK¢��
è7é($'&
� ì( ÕR)�* ì � Â,+ $[& ì �9ºB»K¼-�7Õ ì � ��È ÕK¢��Wè
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ü 5.6: −30   ½��Vì � ��È <^>�ç�_7Õ ì
�9º�»�¼��7Õ ��È Õ�÷�� Á è
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ü 5.7: −10   ½�� ì � �WÈ <�>�ç�_�Õ ì
��º£»'¼���Õ ��È ¥�:V;
<`> Â −30  �N³ � Í 	��)ç ¬� Õ �WÈ Õ�÷B� Á è

5.3
a b

BGO c d e f HVboard g h i j
k%l

BGO 	Æí l BGO ÕWÕ.��D4&Bm�Õ�n-o (APD ý/prq�s��%t�uwvyx?��t'z/u{n�o ) ý
����è APD |�n�}�ýwp�q�~{Gy�%�(t�uRv�x`��t�z1u�n����'&��(����ý>é��'�����F�r�B�� ä��y����m9Õ1�4��ýB�4D�G������)è4��*��rM�ýw$����.�=��ý.�=�4	 BGO ýwp�q4sy� γ

$J�.�,�����w0����Kê��������[�.��� ~¡��¢(£,¤[¥§¦��B¨=©`Gy~{ª « è�m4�Wç�¬w U�® ä
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&�� ì� ��¯ 1m � � D�° � BGO ý�±�²�G�)4��~)ç>è

5.3.1 ³ ´�µ ¶�·@¸
¹»º
¼�½ £J¾B�(�(�4�r¿'¬4��À.�Á	-~`Gr�wÂ-Ã�Ä �1Å �%Æ%Ç�È4É���Ê[Ë/�-Ì�Í,�BÎ�Ï��1�4*ÐJÑ�Ò ��Ï-Ór���(��� � �BÎrÏ�0�Ô�Õ,Ö����{×�t�u1v�x?� � �4Ø γ $J�rNRÙ�Ú�ÛÜ£'�w�4*
sF�/Ý�ÞV� APD |�n4}4ý1ß4à-sF�(t�u.v�x`��t�z1u�n��J�BÂ�Ã�Ä �.Å �[À%á�	%À`â�D4G
�%�/×JNBÙÁÚãÛä£F���'��M4� ch &�å�æ�ý�çrè@~{G�é�����å�æV&4t�uRvZx`��t�z1u�n����ê ç�è�sÁ��×�ë[�,ìÁ« ê1íVî � ê 662keV γ $F��ï�ð(sy��ñrò,�.óõô�ö=< S �%0 � ��÷4ñ
ò�ø�ù ê{ú ¬ � S �%t�u1v�x?û�t'z{uwn�ü��w�,��Â-Ã�ý ê Î�þ�s���ÿ�¬��r£VNBå�æ�&RÎrÏ
sÁ�{× íVî ���=<{D�ù{� γ $J� 1 ñ�ò ê�� ~`G ú ¬ � S ��t�u.v�x§ûVtFzwu�n�ü��[& T �
�������Z<��10V�B�-� k �BD�ù T � ����À k �[�10�á�G�~{ª
«
*�o-ý ê �'���{× BGO �wp�q ¼�½ £[¾Bû ê�� sÁ�%t�u.vyx?ûVt�z/u`â	��& 2.1%([8]) Ø
 ��×'tVuBv�x`û � � Ò ØVt�u�v=x§û,tyzRuwn ê Î���< S����� ¼r½ £'¾�û���� 3eV �
��Ø�� 137Cs Ø 662keV γ �y�wï�ð�s  ù`���V¨rs  t�u.v�x§û�t�z1uwn�ü����

662 [keV] × 0.021

3 [eV]
' 4600 [ � ] (5.2)

Ø 
  × APD |-n4} ê ß�à�s  ��� X(=4600− α) ��� APD � ��� o�ürâ��[��� 80% ù
s  ù/� 0.8X �,����ü��	 � ��¨"!$#&%  ×('-¤*)(uwÂ�Ã��,+.-�s  ù{�/�-ü	�� � �021/3�4 �B¨5!6#7%�ÿ5�rü��8 � � ���"9 � ��:"; ù<�  ×y~`ÿ���á5=Bn���ü��J� 021/34 � √

0.8X(= σ) Ø 
 ô���> 92? � 2.35σ ù7@J²  �rØr�RÂ-Ã�ÄBA Å ���(�4�8CV��D�E.�
[FWHM C��/D8E ] =

2.35σ

0.8X
× 100 =

235√
0.8X

[%] (5.3)

Ø�FG#7%  ×�Â-Ã�ý���HV�=ô ( I�Ù�Ú�ÛÜ£,��J��=ô ) � APD ��|-n�} ê t�u.v�x?ûVtÁz�u
nrüV�FÔK%.L�²wß�à�ØM�  ° ê�N  ×�m�~�=5O�°�A%À�PQA{°�Ø 
  �r� 1 ñ�ò�Ø�ß�àrs 
nrü��,��R�S2T'Ô Â-ÃrÄBA Å ê ì  �(�4����U.V��/WYX  × k�l BGO �RÝ�Þ���Z ê Â-Ã
Ä[A Å ��\ ê ~���²�%�]	�^A<�"S�×`_B��Â4Ã-Ä[A Å �Bâ�aF��bY�(c ê�d �Rn	��ü��y��bk ê s  ÿ�¬ ê�e q8f�ù�~�= ESR ù/gB¤/hZ¥BÚ�I,� APD ��i	j4�Ykr¯ ê�l �.ïÁ² ú�m
s  ×

5.3.2 nporq s µutwv
x�y ��zY{ �Q|,}�~�� ÿ�ù��[ù,�wÕ[� cycle Ø�� −10 ��I2��û Û�� −30 ��I.�Rû Û��/%� %[�BÝ4ÞJØ	I�ÙFÚ Û £F���,á�ÿ�×�IM�%û Û x8y ��� «���% � %J�BÝ4ÞJØ/� 1 ù��  I
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ÙÁÚãÛÜ£ (−10 �,ª�ÿY� −30 �,Ø���- � ÿ%Ý�Þ(��IBÙ�ÚãÛ £ )
ê�� � =�� x"y �,�[árÿyù

�/��I%ÙÁÚ�Ûä£4Î�þ��.Õ�ü��JìF«��'���8�Y�  × −10 �M� −30 ��Ø x�y ��-2��Ý-Þ���I
ÙFÚ Û £��8� 5.8

ê ���.��ù��"�/���.�@ù���û[Ú ch ��F 5.2
ê�� �B× m �G�wû[Ú�� 4 �

2.83% Ø 
 ô��/��� BGO ���.S�= HV board �����"��û(�	�� �¡ � ÿ�ù��"� 4�¢ �.�8£
£5¤�%(=�S  ×	��� BGO

ê ç8¥	�"�Y� ¢5¦6§ �4á"=�S  �	�"�"¨ 5.3.1 ©VØ/ª	¥Vÿ'ìQ«ê � 1 ñ�ò�¬%ÿ�ô Ø APD  m�®Vê ß�à"� �¯ }�°�± û ¯�² } m ü/³ ¢�´ � § ��µ�=/S  ÿ¶�· 
 ¹¸8º^»^¼¾½�»�¿ � BGO �5À(��#Ák/Â��*Ã���� · ��Ä8Å"ÆBA�Ç���È ¢ �/�2��É,Ê
S	="S MË7Ì�Í A�%�Î ¸ ���"Ï	�"� APD+ Ð/� BGO

· Ä8Å"ÆBA�Ç ¢ �/���*ÉMÑ ¶ Î¹Ò�ÓË � APD  m�® É�Ô	Õ���Î ¯ }�°^±ÁÖ ¯�² } m�× ³ Ë �	Ø<ÙQ��F 5.3 É � � ¸ Ð�� BGO

É�Ú8¥�À/� BGO � APD  m�® É�ÔYÕ��QÎ ¯ }�°`±ÁÖ ¯`² } m8× ³ ¢ 1/2 ∼ 1/3 Û y É
�	µ"=�S(Î�_ Ë ¢ ��Ü6Ý��/�/�Y��Þ5ß2��à ¶ ��á m �5â	ãä# ¢�å Í Î ¸

ch
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� 5.8: APD+ À/� BGO
· � −10 � , −30 � x�y ��-2��æ8Ó��8I�ç�è ¼êé

FWHM [%] � Ö è [ch]

−10 � 12.3 ± 0.1 486.7 ± 0.1

−30 � 11.4 ± 0.1 473.1 ± 0.1

F 5.2: APD+ À"� BGO
· � −10 � , −30 � x�y ��-2��æ	Ó(���"�Y� Ë � Ö è ch

42



Ä	Å�ÆuA�Ç/�5Ú�ë [%]
m � × ³ ( Ð�� BGO)[ � ]

m � × ³ ( À"� BGO)[ � ]

45 4385 1609

55 2933 1250

65 2100 999

75 1557 816

85 1228 679

F 5.3: −30 �*É�ì8SY= APD+ Ð�� BGO ��Ä	Å�ÆuA�Ç ¢ �"�Y��É(Ñ ¶ Î,Ú8ë Ë � APD+

Ð"� BGO � APD+ À5� BGO ��% � %.��æ�Ó · APD  m8® É,Ô	Õ"��Î ¯ }�°^±&Ö ¯*² }m�× ³ Ë �	Ø<Ù ¸ À5� BGO �,�2S	à Ë�í ���/���M��UMV ¢ Ä8Å"ÆuA�Ç�É2î"ÎYï�� Ë +2-� à�æ	Ó ¸

−10 ðYñ.ò5ó ôöõ"÷8ø
1cycle ùÁ� 2cycle ùú� −10 �*�/-(��Ú8û � à�æ	Ó���I5ç�è ¼üé �	� 5.9 É/��ý cycle

·
���"�2� Ë � Ö è ch �.�5- x�y Ë ��þ ? ëM� 4 ��F 5.4 É � � ¸
−10 �MÜ�A x/y � cycle #KÿQÎ Ë � m �^� Ö è�� x"y � −10 �(�5- ·�� - � à�æ�Ó^î�Ý

ch
¢ ÐG#¹S : ( þ ? ë ¢ UMS : ) É���%�Î ( � 5.9)

¸ F 5.4 Ü�A 1cycle ùÁ� : ¢ �	%����
	·�� Î ¸ _¹%� BGO ��j(� x�y���� ¢ BGO F ® � x�y
��� É���S��YS�=�S���S�à ¶ ËÌ�Í A�%QÎ ¸ x"y º }���Ö � BGO ��F ® É���� � ="S(Î5à ¶ �����2��� 9 ��F � x"yM·! -^#ú%M="ìpÝ ���*_ Ë ��j Ë ·�x�y É 4�¢ � Î Ë#"�$ �(î�« �`ï �&% µ�= § Î ¸ BGO

��' m�( ��U x2·�� Î�T*)Kþ8�Mà ¶ � −10 �MÜ^A x"y �<�^Î�æ�ÓM� BGO ��jMÜ�A<��' m( ��+�,�-2É ´ � § ��µ/.�0MÎ ËKÌ�Í132 Î ¸ ����à ¶/4 ç*è ¼ é ¢ þ65"ë2�87�0:9
; Ë
� 2 . � £�µ�.<0�Î ¸

−30 ðYñ.ò5ó ôöõ"÷8ø
1cycle ùÁ� 2cycle ù&� −30 ����= · Ú�û � à�æ8Ó�� 4 çQè ¼êé ��� 5.10 É/��ý cycle

·
���/��� Ë � Ö è ch ���/= x"y Ë ��þ65"ë2��>���? 5.5 ��î*«&É��YÎ ¸ −30 � 4 � Ö ¼ ·
� x�y
�<� ¢ −10 � 4 � Ö ¼ ��æ�Ó`î�ÝA@ � 0�à ¶ �5�"�Y�B� −10 � 4 � Ö ¼ ��æ	Ó`î
Ý ¦G§ �2Î
C Ë ¢ Ì�Í132 Î ¸ � Ü � � =�D E*��È(Î Ë �,�/�	� ¢�´ �GF § �"µ/.�0(Î
CË ¢ ��Ü�Î ¸ −10 � 4 � Ö ¼ ��æ	Ó Ë ��H�É ÌQÍ Î Ë ��+6,�-����:I�J�KL�:7 § ��µ�.
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� 5.9: −1 0 �.Ü 1 �2µ�à�æ�Ó Ë � −10 � · J�K��:=	��æ�Ó�� 4 ç�è ¼ é �,Ú"û � à(ï�� ¸

FWHM [%] � Ö è [ch]

1cycle 13.1 ± 0.1 476.3 ± 0.1

2cycle 13.0 ± 0.1 482.1 ± 0.1

þ�5�ë.�:> [%]

1cycle 2.2

2cycle 0.95

? 5.4: ß M −10 ��Ü 1 J<KQ�<��µ/à N	� 4 ç*è ¼ é �"��� Ë � Ö è ch
¸&O M −10 P · J

K���=RQúà�æ8Ó Ë ��þ�5"ëM�:>
0�Î��8�B��� · S ��=<J�K(��æ�Ó`î�Ý�þ�5�ë.�/À í 0�9�É8T�U^� Ö è ¢6V Î/��� ·6� Î ¸
£�à S APD+ Ð�� BGO W�æ8Ó ( � 4.6) ��X�Î Ë S J<KQ�ZY�µ�. "�$ Q�à�æ8ÓW 4 çQè ¼é � −10 P*[�=\W�9QÉ8]�^ § ¸ C 2_1 W�ã�`YÉMî�Ý S −30 P 4�a Ö ¼ W:9 ¢ ��� ¢ @bQ
0MÉ.ï5Ø % 1 � S î*Ý "�$ ¢�V�c .<0�Î Ë7Ì�ÍL1d2 Î ¸
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5.10: −3 0 P�Ü 1 YYµ�à�æ/Ó Ë S −30 P · J�K\[�=�W,æ"Ó�W 4 ç(è ¼ é �,Ú/ûfQ&à�ïZW ¸

FWHM [%] � Ö è [ch]

1cycle 12.5 ± 0.1 481.5 ± 0.1

2cycle 12.7 ± 0.1 482.6 ± 0.1

þ�5�ë\W:> [%]

1cycle 1.8

2cycle 1.9

? 5.5: ß M −30 P�Ü 1 J<KQ��Y�µ/à N
W��"��� Ë � Ö è ch
¸\O M −30 P · J<K[�=fQ¹à

æ8Ó Ë W�þ�5�ë&W:> ¸
5.3.3 gih BGO jlkRmbnbkporq*s
−10 P S −30 P(Ü 1 J K���YrÝut ¶ à 0�� 2 W�æ8Ó · ï S�v6w Ë �MÎ�J KB[�=\W 4 ç
è ¼ éBË J�K���Y�µ/à�æ8Ó�É�x 1#2 à 4 ç�è ¼ é W�> ¢ ùzy ·6� µ/à�þ65�ë 3% {��	É�|
£�µ"à ¸ C�WC Ë Ü 1 À/� BGO ���\0Yà�}<~`ïG�
> 3% {&� · W/J�K "�$ É��6�lQ¹à Ë� Í Î ¸�� É −30 PMÜ 1 YMµ�à�æ�Ó�W 1cycle ù�� S��6��� � ß ·��/��� 2 Î −20±2 P�W
J�K ��� W 2 ��Û�K�W:J�K �����Z� Î ¸ C�W�î*«#���<� O · ï "�$ É��
��Qúà�C Ë ��| �·�� µ�à ¸
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6
� �

APD+BGO � � � � � � � � � � �  
APD

Ë
BGO

��¡ È"Ó % ÿ(à/¢ V�£ W�þ\5�ë �8¤ =(ÉZ¥\�Mà�¦<W S ���\U<�QÉ8, � Î
J K�§�¨
KL�8©6ª«<¬�
® � V/c°¯ C&±�²�³�´6µ<¶/·�x 1#2 ¶�6¸ a
�8¹*º�S J�K�»°¼½ ¸6«�J�K º�¾i¿ ¶�À8Á�U�Â � ÁfÃÄ#Å�Æ�Ç � ¯ }<~ ��È µ .�É�¶:·

1cm Ê&W8Ë�Ì BGO « È µ/¶�Í<Î º −10 P → −3 0 P → −10 P � 1cycle ±�Q 2cycle Ï
= �ÐÈ µ�¶�·�Ñ6W�Ò º x 132 ¶ 4�Ó�ÔÖÕ ®�WL×G¸ Ô ch ± −10 P�«
[�=fQG.�x 1#2 ¶ 4�ÓÔbÕ ®BW*×�¸ Ô ch

�8Ø
Ù ¯ ± SfÚ yL«�Û ¯ÐÜ 5�Ý&W/> 3% {�ÞBßLà3á�³ â
K�â�K F�ã Æ
ÇL«\É S Ü 5<Ý\² 0.5% {&Þ W�> º |Bä�µ�¶ ( ? 4.3) ·
á�Ì BGO «åæË�Ì BGO ±Zç�HBW:}�~ �ÐÈ µ�¶�W�è ² S á:Ì BGO é8Ë�Ì BGO ±�é�ê
0 BGO Þ/I�W:ë°Ã�9 º N6ì/>&²<í ¿ .fQÐä�µ�.<0 ¯ · APD î6J<K�»�¼ ½ ¸R±3ï�ð_Q�.
0 ¯Ðñ IBé�J<K6»L¼ ½ ¸ò±�çZHBW/J<K
ó�ô ��õ QG. È ã ±#ö�Ã 132 ¯ ² S BGO Þ:I&W�ë
Ã�9 º é a8÷&ø\ù�ú ²\Ûûà S J<K � O�ü �þý�ÿ�� µ ÿ�� ¯���� «6Û��
	 S BGO Þ�I�«�é
BGO

ñ IòßBà J<K&²�� ã� ¯ ±���Ï � � ¯ · J K�²����lQ ÿ�� µ ÿ ¯ Í�Î�«6Û���	�� º
BGO W�Þ8I�é BGO W ñ IûßBà J�K&²�� ã� µ ÿ QGä�µ ÿ�� ¯ ±#öLÃ
��� ¯ · BGO W8ë
Ã�� º�� ²�í ¿æÿ QGä�µ ÿ�� ¯ ¶�¦ S��� *� Y ¯ Ò º é −1 0 P&´!�<± −30 P&´"�GW 2 #a ¸B¼�« È µ�¶�· � ¯ ± S e 5.9

S e
5.10 ±�$ 5.4 %$ 5.5 W�ß'& ��(�) ²�x*���+% �� *�

,�- º �/.�¶�Í�Î º é Ü10 Ý�²�á�É � ��21% �� *� ,�- º�3 .�¶�Í Î º é Ü10 Ý6²:Ë �4�
��2 ±65�� ¯ ·87�9:7\±G´"� BGO 9�Þ�; �� 9:ó�ô�Ý�é ñ ; º�Ø�Ù�<+� ± � &=7�±G²:³
´ ¯ ·!>æ´?>@% −10 A&´"� �� L�=B µ:¶�Í Î/% −30 A&´"� �� *�=B µ/¶�Í Î:9'C�D��<±/åÚFE «\Û<µ<¶�GIH �� ±�9 Ü+0 Ý:9 � 3% J&Þ ��K�L�� ¯ 7\±G²+M�N\¶:·
O�P�Q 9SR�T�«�UWV º��� 'X=B µ�¶8Í Î&« é�% �� ó�ô�² ,�- «6Û/µ ÿ å4Y<³�Z ¾ «�É¯ 7�±G²�³\´ µ�¶�· ¤ �&«�% �� ó�ô
9\[ ý �é��/. 3 .�9WUWV � å�9?>æ´ È � µ ÿ�� �
� ¶�¦S%/[I� º�]�^ � �� ó�ô X [ ý&ÿ Æ�ÇB«6É ¯ ´_9�`�a XGÈ � &47�±æ²Wb�ä8> � ±#ö
Ã��6� ¯ ·
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