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100keV ��� 10MeV ������� ���! #"%$'&�(�)�*	+�,.-�/1032�45���76�&�(98*#:�;�(�<>=%?@6�AB"�C.D �E����F7G  IH � ���J �K�L7"9M�<�(N��O.PQ"�R.ST+JUWV�XBY�ZJ(7[!\!?9]^�_Q`ba�c�dWeT_�f9g�h!i	j�_.<	=
MeV � ���9 �K�L�*�k��9l
0���m�4�n �5o9p D>q9r�sWt F X

 .u
v�w � u#vyx�q	z>/%{7|5}��5�9~���x�+E��"�8�*�:�;�(�<�=%?
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1�����#©J�%m>4.n ��ª.«X%M#¢�+TZ�\J?
¬�­ � ��®y+>�T��

�y�>�#©!�%m�4�n ��ª�« ".�N�	��
'������¯T°	X�±5/!²5~�³´&%zE�yµ�¬>"J¶N·W�d�±W/�²5~ ��� ���y
'�B���#©��¹¸�X�º	»>v�¥5¼�½	h!).8	_N¾�=�?�¡	¢�_�¿EÀ9�J�>���9~T�W�����>�TXÁ´6B¥Q¢�6�+'AÂ�E±�/!²�~5¯T°�X5z��3µJ³N¥7=�Ã�Ä�XJf!g'&�\9?TÅ�\N����
1������©J�b¸�ÆWÇ�µ�,�6�&
(��J���.�7�����>� � � � )W¨ ��� X�`���È�n	É#0ÂÊ���~ PMT( Ë�Ì�Í 0ÏÎ�/!,JÐ ) � 8�*
6 �.��� Si

PIN Photodiode Array( Ë�Ì	Í 0ÑÎT/!,JÐ +
�������ÓÒNÔ

PDA) � f!g�X�Õ�Z�\J? 8 Ö 8
��~N
	z�×5�

�
PMT(H8500

z�×9�Ø�B±�ÉB

6mm)

"
8 Ö 8 ÙT� 6 Ö 6 Ö 13mm3GSO(Ce)

¯7° ��� +>=�z#�Bµ>XT6Ú �NÛ.=N¢�6�">� Ú ��Ü�ÝW WÞWß>h5à
Aá��â!ã�ßN�.h%�	<%uTvyw#X ªW« &�\J?>¢ � u7vywT"!M.<5(���äWãå � H8500 � zN×5�Ø�çæ�è#Xyé.ê�
7ë9�7��_9¯�ì�¢>6y_ 16×16cm2 � �.�.� � � 572
±5/J²W~QX

12ch

� z9í�2�î!ïJð>_7�%»�ñ�&�(.<�=�?7¢ � ¼�½�"�� Ú 80keV ò 1300 keV ��� ���! #X 6mm ó7� ±�/�²5~ô�"�õ �yö =>¢>6�h�_�[B�.÷Wø 10% ù FWHM ú @662keV � ���9~T�W�%���	��X�û�\J?�¡T&�(�]�^�ü�ýþWÿN* ��� a��#k��!l10���mN4WnW"��	»��.»���������	#�J_�¾�=�? PDA
�

10 Ö 10cm2 � �W��� �5" 20

Ö 20 Ù7� 4.5mm ó�
 ¸ � X
���W?�¢ ����� " 4.5 Ö 4.5 Ö 20mm3 � CsI(Tl)
¯7°

400 Ù	�E� +�=��	�
1�y�N�Wz#��µ>X
����¥T=>¢N6%"�� Ú ���Wæ��5�������5Þ�����ß'6�<�® ß��#XN`��	�	��
1�y���E©���Æ
Ç�µ�,	X «�� &�\9?7: � "�¢ � u�v�w � 1

±W/�²5~9ôQ"�º�»Nv�&�����X�ÕT<
50keV ò 1300keV ��� ��� #X�K�L´& ��÷5ø

8% ù FWHM ú @662keV
6�<�®�����~��������>�7X�û7\!?
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1.1 �����
	���
������� ö � ö�����t���Ú�������Q! �O*P#"��%$�%&��Ú('�$�%*) �,+.- �0/1"��\t�Q32#465(7�s98EQ�/#à9:-�; Q �#$�%! %:§�� ;�¨=<#�A°6>%�?�8� �@) - ³�A*t�B1C
O � uD"���t\Q���à(� OFE#G %,´*§�� ;K¨1<
�ë�IH�æ�O*P +KJ�L %,´K§#�:;
¨1<M2#4I5I7%:�NPO&QPR - � ; ��t*Q�/�à9::¢PS�T,ö�� ; ��tKQ��J

10keV s9U�V�QFW X � 
i� � %�B1C -PX H�æ%:=YDYIZ -P; ��¥ + ³�t[�]\D� %3^Bé`_ba�;)%8j#c(<
;�%M2#4��I7�:�w�� ö ��tKQ��
1.1.1 dfe@gPh�Î ikjmlPnPo
N@O�O&p6q�Y�Q�rBès��t %(uFv %�^DwDx('�â3yBéIzD{�OKP="���|I}�T,ö��\t~��à9�IV?� ö ��t*Q��ïà�&O&�#�ItD������O:¥f/�Q�â!y�é6z*{ (R-Process)

- �s��}�(��?� %��(r�è%:�|I}�T,ö�³#�(r�è %D��àZ����s/ %#��|*}�T�ö�Q�àF�IV0�&ö��\t�Q��m$
y ��/ %&|(}�T�öKu&��r�ès���I�Bçs� X %#:���t�u#��³$�%M�`����Y,�&O&�#��y ��t ; ��ç���^
O=� � Q��?/ %#� ³#�6��O�����������::�#|�y�³s$	%��
����!)I"8uB§#�=��¨#<�%]� �Es�à X �s"��\tKQ��1^*�6��%kØI�*�@�&�*�f�3 
t X %6�0�b¡�t X %�) -�¢0+ ³�#�ItD���EsFH�æ -s; ö%£�ØD�6�m: JI¤ ��� J G %�o L �����DyD2D¥%����%��ë��à3$ öm�3�,��¦m§�%&2¥�à�%�¨6©Iª*«(:\w?� ö�³6r�è#xI}#¬I­ %�¢sS X YDY*®�à�¯ � öm°��m)#±�³6H�æ#²��I��³#´ - %M�#�Dt�6µ@�3�I�@��¶ -�¢ °1±#��·D¸=¹ %3 *º6»6�I¼DyIrD½ %�HI¾s��¿ÁÀ3Â#Ã�ÄI�D�%Ã J*Å G�Æ*Ç*È��I¼6y*r½m�&ÉDqIÊ�\*�m"�ËDÂ�°FÌD�6t*Í#Î?Ï��0�]µDÊ�T3Ð*ËIÂ%°&Ñ)#± 26Al ÈsÒ��F��¡IºD»6�*¼DysÓMÔIÕ@��ÌD�Dt*Í#Î�È�t@R�Q@R1Ö%È�×DØ�ÙDÙ X �&AmÃ�°1±#� 26Al �Ì1�DtDÍ1Î@È�Ú ; ±�¦#Û@�1Ü(Ý�Ã + �D¼[ÀbÞPß�ËDÂ�°mÙà�DV?�áÐm°�ÑP/&È 26Al ��Ò�° 1.8MeV È@â]ãP�
COMPTEL äfå3æ@��Ò6"&Ë�ç6èDéPÇ#�0��ä�å�T�ÐIË*Â%°�Ã�·@$#ÈMê(ëm�=\*Â6Ë(ì�í%ì0î 1 ï]ð 3 ïñ­Dòó Àmô�ì*õ�ÐIÆ*Ç(È�öIò6êI÷�ø��%Ò1°FùIòsÈmÒ&Â�úD¾�Ã��Dû�ü3Ð*ËIÂ%°&ÑýIþ �mÿ�� (keV) ÄI�D� � Õ

56Ni 158,270,480,759,812 6.10day
56Co 847,1238,2598 77.2day SN1987A,SN1991T
57Co 122,136 271.7day SN1987A
44Ti 1157 63year Cas A SNR
26Al 1809 7.4×105year galactic plane,Vela SNR

�
1.1: ������	*��Ú�ß(°�
*¼��PÓ&Ô�
#½
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1.1.2 ��� �������	��
	�
���������������
����� ì������	� �(°"! ��� Ã$#�%'&	(&Ñ ! ��� ì ��� Ù*)�+,&-(mÙ/.�0�1'�20�13&�(5476$���@Ï2�È!º#»mì98%Â�Ñ�À;:@À*.7071�È%ü�Â � 511keV Èsâ]ã=< 
På>&?(3Ñ3@�È'A ��B%ÙDC E1Ð?( ó È�Ã HEAO-3í OSSE · INTEGRAL F7G IBIS HJI � Òmî ç6è�ÏLK,:�M]úD¾ ü!ÐIËDÂ,(&Ñ�@MÈ5! ��� ì 
D¼ ��N�O	H
I!È β+ P�Q � Ò2(LR SI· ó Àmô�ì>T ý(þ"U ÿ���âbãPÈV.�R�S�W X � Ò�YMË�Z>[�Ð	(�Ã�·=[5\*õDÈ�]�^
<`_�a3&�((Ò?Z;H�ú6¾@ìbHPü!Ð(ËDÂ�H6Â1Ñ
1.1.3 c=��d �fe�gJh'i�j�k�l��	m=n�o
p

X ãrq â�ã�s7t � ÚIÂ6Ë*ì�N���u�Æ"v � óxw ��y�z É�{ � Ú�ß (7|'}5B7~���~,} 
D¼(í2���3}$���
}.Ø��	HJI � Ò2( 
D¼��'H�IàÃ	�,}���B�� � Õ�í=Ì���GIÍ#Î3�1çDè�ÏLK �b� �#ç6è�N?HJI`:�M]äfå(ü3ÐË#Ú�î ��� q�! � È>T ý*þ2U ÿ �>���%Ã"��� ��� M�: � H~î/���3�3(�Ã2� X ã�s7t �>� � (sÙ�äfå!æPÈ�$� ÃV��ÐIË*Â,(74b6Pü'M�H,(3ù6ò@È��sÂMúD¾�Ã$�-6�M�Ð*ËIÂ'(&Ñ
1.2 � X � �	�3� �r¡£¢¥¤
1.2.1 e
g=h'i
j�k�¦J�¨§L©�ª ( «­¬5® ) ��¯J°	±�²

X ã³qbâbãJ<9´#¾3&	('@(Ù3ìV�3�	[fî¶µ � Ù.ä@å!æ@È�·�¸�¹ º�<2»,(sÙFÂ�Z"@(Ù�� �3(&Ñ X ã,Ù6âbã
s7t�È9µ � ÈV���,Ù!ÈV·7¸ ¹�ºsì�Æ,¼IÈ 3 �DÃ,� (MÑ

• µ ��½ ¾
X qáâbãsÃ2���fÏ#È$¿ ��À È ���=� & � Ë�È ý(þ2U ÿ��,<b��4�Á Â-Ã"\5&�Ñ ��� ì X ã�È ý(þbUÿ �7:�M�Ä�Å�Æ�Ç
<5È6Â34Mê@È>� � ý(þ2U ÿ �b�2���?Ï ��É�Ê å$&�Ñ É�Ê åsÀV4 ��� ìMØ���<�Zßb���5��� ��Ï6È � � < ��Ë üLÌ?HDÃ�MDÙV[ (MÑ'4�4-Ã=å%ü3Ð?4 ��� È��,Y54 ��� Í Ô � ì>T@Âý*þ$U ÿ � Í Ô':�M ��� ÃVÎ�Ï�Ð9Ë~ô�(3Ñ ( õ#È5Ñ$Ò�� X ã'Ó � RÔÐ/�(õ�Õ X ãmì3[24�Ö�Õ ��� <��Ë ü9Ì-(V× ) X q.âbã � .,&-(�µ ��½�¾ Õ>��u'Ø�é�Ù σph ì2Ú5Û=Ü �

σph ∝ Zn

E3.5
γ

(1.1)

Ý H	YVÞ ß	(>× n ì (4 ð 5) ×	4�\=Ðáà ����â=�bã?ä (Lå�æ ý*þbU ÿ��7�%ì5Ø=é Ù-Ó5ç7è3é Ý H?(ý�ê>ë Ó2#�%'&�(>×bì�í X î ý*þ5U ÿ��7Ó K
â Õ ã?ä ( ��� Õ>ï�ð ý*þ5U ÿ �-ñsî ó;ò Ã$ß�ó2�

K
â������ .3&�(���u,Ø2ô�Ù σk Ó7Ú5õ ò Ã�ô

σk = 4
√

2σT α4Z5(
mec

2

Eγ
)

7

2 (1.2)

@�@9�

α =
e2

2ε0hc
( ö�÷�ø�ù�a�Ç )

σT =
e2

6πε2
0m

2
ec

4
( �ûú�ü�}áý��	Ø$ô Ù )

me : (
����þ�ÿ ��� )

(1.3)

�,� (V×
6



• �,}$�Ô�`}xý��
� î�µ � Ó5��� � Õ ��� Ý���� ��) +J< ã @,Ðx� ��� < � Ã É�� &2× � î�µ � ó ý � <�Z ä ($×
ì�í7µ � ý(þ"U ÿ �'< Eγ �bý�� � îJ< E′

γ

Ý &�( Ý ý��*ö φ
Ý Õ�Æ	��


E′

γ =
Eγ

1 + Eγ

mec2
(1 − cos φ)

(1.4)

Ý : ä (�×�[54*õ7Õ>ý���ö
�'Ø"ô�Ù�
 Klein-Nishina Õ��
�
ñ��
dσ

dΩ
= Zr2

0

(

1

1 + E(1 − cos θ)

)2
(

1 + cos2 θ

2

)(

1 +
E2(1 − cos θ)2

(1 + cos2 θ)(1 + E(1 − cos θ))

)

(1.5)

Ý : ä (�×	4�\�Ð

E =
Eγ

m0c2

�,� (V×
• .�R�S
� î ý*þ"U ÿ �bÓ 1.02MeV <��?Á'( Ý � î	Ó ��� Ý ! ���=� �':��	( ��� q�! ��� .7R�SJ<`]�@
&Jñ,Z � H'(�×�@$Õ���u�Õ5Ñ � î�
9��� ��
>��� � ��� Ð`Þ"0�1�Ðá� ��� Ý ! ��� ÓVR�S�ü��-(�×
��u,Ø2ô�Ù�

Eγ << 1/αZ

1

3 Õ Ý Ã
σpair ∝ Z2(lnEγ − const) (1.6)

Eγ >> 1/αZ
1

3 Õ Ý Ã
σpair ∝ Z2(ln

1

Z
1

3

− const) (1.7)

Ý � ü��	(V×
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MeV
-210 -110 1 10 210

hh
Entries  0
Mean        0
RMS         0

MeV
-210 -110 1 10 210

/g2
cm

-410

-310

-210

-110

1

10

210

hh
Entries  0
Mean        0
RMS         0

tolen photo-absorption

tolen Compton-scattering

tolen pair-productions

tolen Total

GSO photo-absorption

GSO Compton-scattering

GSO pair-productions

GSO Total

hh

G
SO

 photo absorption

GSO Compton

toluene photo absorption

toluene Compton

toluene

toluene

toluene

toluene

�
1.1: � U�ý } ( ��������� ê B
	�� )

Ý
GSO(Gd2SiO5) Õ9µ ��� .,&	(Là7��u�Õ2Ø$ô�Ù [1] ×


�� Õ 3 O���Õ9��u � ñ�� R=[	�,4 ��� Ó����� � <�� ��� ýIþ2U ÿ � � u��94 ��� q����=}x.
<`R�S,&	(9×�@��
M�Õ �7� q�����}x.=<���� � �
ñ�� � ��!�"�� :�Á7Þ � î=<����V&	(�×#��� � �
�2�Vµ � ÓJI9Õ9��uJ<;]�@�&,Õ5: 
�à���u �$ã'ä
($Ø$ô�Ù?�V_�a�Ð/�%õ � 
%$ � µ � ýIþ"U ÿ �,<
���-Õ�&�' ¿ � � � ñbY$Þ$_�a3&�(�×�

1.1 
�(*)�Õ�|?},+�-��
. Ý Ð`Þ0/3E � Þ�ß'(
�1��� �2� ê B ( � U*ý } )

Ý
GSO å43 Õ>T ý(þU ÿ ��µ � (10keV 5 100MeV)
� .,&	(�à�·7¸ ¹

º �"ã'ä (L��u'Ø$ô�Ù?� �3(�× Z Õ162ßmüVH � Uý }	
�Ç87 keV :
M Ç87 MeV Õ%92:7�-� }$���
}áý7�?Ó#; �3&?("Ó$� Z Õ ò Ã>H GSO 
 200keV

�34 ��[b�2µ ��½3¾ Õ�<�=�Ó"T?> � 10MeV

@�

� H,( Ý .�R�S�Õ���u,Ø2ô�Ù	Ó�AB>�H'(>×

1.2.2 C2D2E�F ¬5®G8H Õ-ñ,Z�HV��u � ñ��û��� � � R��>4 ��� qI���=}�.=<La ��Ü �KJ a,&	('@ Ý � ñ���� � î�ÕK���
<ML@N � &-(9×�@ � 
�Ö-ÕKO�í�î � .�Ð;Þ2P#Q��`� � (�× ( R Z�Õ 
 �7� q����=}á.�R�S � ß�43(7[$�3Õ
��~�S8��� �,(�× )

À,T �"R��>4 ��� qU����}á.�<��V�V&�(,W8X Ý ÐLÞ�Y�Õ?ñ?Z;H 3 �'ÕKW�X-� (V×

•
����Z#[ �V� �8\ ´7Ç�]³q_^�`a)���� � b

• µ1c d1��� |'}%+�-,e
. b
• f1���hg3~Vijelkmen.

o8��ZK[ ����
 �ap ÐKq oa�sr,oat Õ Ý ��� ä Ý o {�Õau yVv ñ�� o�t�v w ��x"� oay�! " Ý Ð�Þ#z �
�#{�W8X4| w
} ×����%) Ý Ð`Þ 
 ~8���_�a)��I(#)4�s�0� �1� �0�#���?Ó wl} ×���q�� \1��� ]�Õ?ñn�v �V� TVv��4�0� ø'Ó w1} PVÕ7Ó wl} ×
� c d1����
 oa� �I���V���?Ó p �*q Z#��v2ã2� } � �%+�-�e �V� � �l� +@��-��m� � � r �4�m  �
�8| oay�! "Vv cadl{ } W�Xn| w1} ×
f��2� � 
 o � �¡�0���¢� p8£ Õ ��v �2� � v,¤4¥V¦ � } f@§a¨�©@ªme v ñ }�« ¬ �K­ r fa® �2v ñ�¯
Þ o1y8!a"�v c d@{ } W8X4| wl}K°
±1²�³ Ý�´mµ,¶a· ³ ��� ��³K¸ N 
8(#) ³ ^a`�)a��� � � gn¹�i�e1k e
.�º0»a¼n| ¸ Naº0½a¾ vm¿a¿
º0À ò · ³ ��� � | 
 � 
 ��~8����� � º0ÁÂ>Ã/
Ä
��Å ¿l}*° �mq � î4�V� v q ¿sÆ Å 
 Z º ò � >Ç¼¬ ³*È ¿ P ³ º�É�Ê L4N�� � �%+�-,e
. ³KË1Ì º0A ¿m°
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1.2.3 � X E ���ME����	�	
��
�

�
1.2: X � ��������� v����
} ±1² ��| ³�� J�� �"!�#�¬1°

$�%"&(' Y*),+s�1�.-0/��Kg21�3 ³540³ °
6,798 ¦ ³*È §
¨�©2ª8e � � ' TeV ��� ³ ���s�0| �": �<;
Å ¿@}*°�Æ=8 Æ 10keV >"?s��| È"@ ¬
� ��: ºBAlÄ�;1Å � q�ºDCE;�F,G ³ §1¨�©4ª e<�*�4| 'IH�J v @ ¬ ºBKML �n¯*Å � Å ¿n}K° ´ ; ' X �N*O"P�³KË1Ì º,Q<R v �@¯#ÅSL } qmx | w1}K° ´ ³ q x ��T keV F,G ³<��: v.��¿ Å '�N�O�P F�U ³IVW | S/N � ³KÈ ¿ ��: rI� ´ � ¿BXZY @ ¬ �\[ ¬�]�^�_@r=`�}=a*b º w
}%° ±a² | ' FDc v�d�e { }�f
�j� V W v |.g X � �ih�j	��� ³���: º � ´ � Ä�;
Å � Å ¿l}#°

Collimater Method [ k�lZmEn ]

�(o=1Ep,q W ' X(Ysr ³�t vvu*wVryx2z { } �(o=1.p"q rs{5|�Æ À ��} { } � �sryx2z�Æ À,qBp.~��9/6�7 ³ §1¨�©�ª\p��*� ' `V} � �B-*©l� V W | w1}*°�� � ³ ��ov1*pDq r Ì ¿l} ´ � |*�"� ³ ��ov1\p
q ³ u*w º [ ¬�]"^�_�� � }s�,���9|1v � } ºmÀ��Zov1�p2q ³<��' ��� � ��v � Æ Å T,]�� L � � ;2�¿,� � ¿,� xB� 81¿ 4�³�' É8Ê ' Q<R�|0À ���5_\�9���"������Æ,¿�° Æv8 4 u�w º �,������¿�° � ¦��
100keV ��� ¥n} � �����8¿VÆ Å ' �Zo�1*p5q r |2�
��-
/,����� �\���,� ���9f���� £ ��; � � � º  �. �¡�3D¢1��£ � � }���¤�¥   �. �¡�3D¢��¦£¨§@º a�b |D© }*°

[ ª9«9¬ HXD] ­�®�¯5°*±.²*³E´¶µ¸·�¹Dº�»�¼v½ 2005 ¾ �v¿	À G,Á ¦ ; � ÂÄÃ ³
X � 6*Å�Æ�Ç�È	É

L �<Ê"ËÍÌ ;�Å ¿2Î HXD
XZY<Ï ' �(o<1\p2q �aÆ Å BGO

� ��Ð0Ñsp�q"� Ì ¿ Às�Zov1*p�q �vÒ,Ó �
º.Ô�Õ ÆI� À 4 Æ L ' ���@º�§1¨m©2ª*p2�sÖ ÆI�<×,Ø ³�Ù\Ú¦Û /���Ü"Ý Æ�Þ(ß5Î ´ � º"à�á#Å ¿5Î ( â
 Iã�ä\å"æ\pEçè£ ) é¦êBë"âD Iã�ä\å�æ*pEçè£ �2f���¥Dì �. �¡*3�¢ Û £îí�ïð�sñ�ò Æ À 100keV ó�ô�õ
à,ë @ ôð� 4 � PIN ö Si

X	Y�Ï
�
GSO æ Û Ð0Ñsp�q�p XZY<Ï ë 2 ÷�ø�ù9àDë ��: �=Aðú�û"ü Î é
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Coded Mask Method [ k*l�m�n ]

�
1.3: Coded Mask

W���� �

Coded Mask
W ' © Î�� qBp Û � 4 ���2os1Bp

q �9f�� à�á Î	��Ó g X ��
 ���Zë
�ð� X¦Y�Ï�(f úBû Þ	ß9Î V W à5© Î é �DÓ ����ë V�� �f ú�û ���ðÌ ; Î �Zë	������� Î ê � � Ë1Ì����
�5o=1.pDqEë�� � XZY r õ�à"ë�� �!
"��à(á.õ Î#%$ A�&ð�('9ü Î ê � à*) ] � ü,+.-Zü [ ô ]^�_ � ß2Î ê � ��à�á �0/ ü u�w �21�32à�á Î é
)54 keV ó�ôðõ.àDë�� � �
6 � û '��87 -Zë [
ô ]*^D_ � 4 � V W à"© Î é �:9 �;� X(Ysr�� ©<;= ; Î�� qBp Û � 4 �=�s�*} V>� ��á ¤,ÎE�.¤� qEp Û � ì �v \¡�3"¢ Û £ ��6 � û T�]9� Ü*Ý
à9á Î2?�@ � a*b à"© Î é � L � ) 100keV ó�ôf2�BA á	�Z� � ÙBÚZÛ / à ' �5os1Ep"q �DfBÎ �Û -S/ Û �*�9ë��:C5� ì �v \¡\3"¢ Û £ � � � õ� ��ov1*pDq��ED:F È9Î 18G 4IH ß û0L Î\�\¤ �@ ô��BK L.�(úBû�üSL é
[INTEGRAL J>K ] INTEGRAL

ÆDÇ
(INTErnational Gamma-Ray Astrophysics Laboratory)

'
L pNM,� � ë	O�P8QSR*��T�U\à ¿	À GDÁ � � g X �V
 ��� ��: Æ*Ç àD© Î é JEMX 
 SPI 
 IBIS

� üW+ 3X Y ë Coded Mask Camera � Ê�Ë � û�ü Î éZê�ëZ+ À IBIS
XZYvÏ ' q Û ¡�[*ã Û�\ ë ]:[9  � CdTe^8_ 7�X�Y�Ï���f j CsI(Tl) æ Û Ð0Ñ p,q XZY=Ï ��'�ü 20keV ` 6MeV

� üW+ba%cEç�d\p	e�f�� 12
] [

ó�ôZë [ ô ]�^�_ àDë �,� ��g _ àD© Î é (
�:9 ��� -�a%cEçSd\p
h2à ' XZY�i Gj� �"��� K9ü.é ) ê�;�2f�� �8k%l�m	n ���5�,Î

511keV ��� Ò,Ó ë ]NoD��f j k�l�p o��(q �"] ë ��rWs���] ë ^ut �wv��x�y à�ü Î é
[swift J:K ] swift

Æ\Ç '
2005 ¾ �=¿ZÀ G�Á < ; �Sz|{�ì p}[ /B~8�5qBp
' X�Y=Ï à"© Î é swift

Æ�Ç ë�*b�XZYsrj�
BAT(Burst Alert Monitor) �süZ+ 32768 �9ë CdTe

X�YvÏ ��'Dü � Coded Mask Camera

� Ê"Ë � û8� � 1.4str �vüW+ / ü u*w � 17
] [ �vüW+ [ ô ]�^5_ � 4 � (15 ` 150keV) éÍêBë Æ�Ç	�5f� �:��� Ì ; �Zz�{Dì p8[�� �8��À*� C*ë(� | �*�j�(�:��� �
�:�ÍÌ���Î æ0[*ã��:�*��� Ì�� û�ü Î é

Compton Method [ ��� ���I�E�%� ]

) 100keV �8� f5� ) 10MeV �:�(ë z|{Z� ��ü*û ��� ����  18G>� ¡ � � � Û(¢ � Û �*��� � �
£:¤
�<ë(¥�¦�§�'¨��� Î é¦êEë�© ¤ �>ª0« ëj¬�+2�*­�®�ö°¯ ��± � Code Mask öZë�²Z³ Ï à � �u´	µ:¶>·
à � z.{W¸�¹ ��º�»j¼�½*ë �N¾
¿Zº8��½8©:¼ S/N �*À�Áuº
Â ± �5úBû ± ½�é�Ã(êIà�Ä*Å,Æ � � 1990 ÇÈ º�É�Ê � © CGRO Ë Ì�º�Í:ÎÏÆ � © COMPTEL ²�³�ÐSº�¯8¯*Ñ�ü < � ©�ë}� ÒÓ�%Ô ¢ �EÔ�ÕNÖ*à�×
½�éZÒØ��Ô ¢ �EÔIÕ�Ö ¸ '�ü%© ÒÓ��Ô ¢ �2Ô�ÙNµ:Ú	Ö �	Û:Ü�Ý � ��  Ý�Þ < �>½�ß Û:Ü:Ý � �(  Ýj� v
Ñ< ¯Eà�á(â�ã>ä*åSæ a�c}çjd ¶(â:ã5ä ¸ ¯	è*²Z³�Ð�é � Û%Ü�Ý ²u³	ê�éj�NÔ ¢ ��Ô Û:Ü � © z;{ � �* Ý º0�"ü�û ��ë �*  º�¬jì�a%c0ç�d:¶0� �*  Æ � ©u�0í � �5Ô ¢ ��Ô Û�Üuî	ïNð ñ ¬�ìóò0ô�õ z.{ � ÛÜ�z.{jî:ö0÷ ø:ù

φ
¸Eú ¼5½>ûN��ü:éuí0½ ( ý 1.9 ò�þ 1.4) ß

E0 = Ee + Eγ (1.8)
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cos φ = 1 − mec
2(

1

Eγ
− 1

Ee + Eγ
) (1.9)

û � º>¬�ì���� z�{jî ô�õ���� ¸EÛ:Ü�z�{>Þ�� φ
î
ø8ùZ¸ ¯�è�´*Ô
	�� ( 
�Ô ¢ �2Ô>´�Ô�	 ) º���� ÷ ½

ûN�
º ö ½
ß�Ã������ ± è Þ5î	Û�Ü z;{jî ���8ü����%´}Ô�	 ¸����� �!�" ½5û�#2é*ò ô%õ%$'& î ��� ¸( ��éjí0½
ßuû î ��Õ>é*),+�-�é 3 .
/ZÔ10 ü%× ��2 ô�õ3$'& î �4� ü6587jº (:9 ½ © ¼(ò coded mask

ÕÏ¬Sì
¯<; ö ��=?>�@�é*àjá ¸ ( �>éSí ½
ß�Æ � ºA
j´�µ8¶N· ¸CB ��D�º ï�ð ñ º>¬�ìE��� ¸ ( � ÷ ½
© ¼}òGF4��H�I ¸�J�K>÷ ½>û?#Eü�³�õZ½
ß>©�LM��òGN4O î�PRQ
S 	:Ú�T%ÔVU�¯XWXY�ºZ´*Ô�	��Sº
²u³5ÆZ ½8© ¼}ò P[Q�S 	8ÚAT�ÔVU î]\�^w¸�_M`�a�÷ �}ß 9 ©
ò�b�c4Wed�f*g a ò�h   Ý é�
NÔ ¢ 02Ô Û:Ü�iÛ:Ü�Ý é�j ë h   ò 9 © Û:Ü�Ý 
NÔ ¢ 02Ô Û�Ü�i h   Ý é�
�Ô ¢ 0�Ô Û�Üjö1k�î .�/ZÔ�0E¯ml*n î .�/
ÔV0X#�â�o�éSí ö �%© ¼*ò S/N ü�Â ± ö ì a�÷ �}ß�û î ©8¼�í0Ñ�p�#e�	© PqQ�S 	8Ú�T%Ô1U îerXs ò�tu ì ¸�vA!�ö�` Z 2 öq�Eö �}ß

>Ô ¢ 0�Ô(Ù5µ�Ú î
ø%ù â%ã�ä�)
ý (1.9) ¬uì Û�Ü $'& î ( �*w ù #�ò Û�Ü�Ý #Ch   ÝuîGx?y çMz:¶

â:ã�ä}òuÃ4�C� P{Q�S 	8ÚAT�Ô�U î�rXs äG|�º�¬0½
ß 9 ©
²�³]}�~�� u )
(
Û%Ü�Ýuî 
5Ô ¢ 02Ô Û:Ü�� � u )×(

Û%Ü $�& î h   Ý é î h  e��� )

ºX��� ÷ ½�ß�� 2 ��) Û:Ü $�& î h�� Ý?��î ô*� ��� #���� � � u î u é5×�½(ß
[COMPTEL] COMPTEL ²�³�Ð�) CGRO Ë Ì (1991 Çe��Ñ��*� ) º�Í�ÎwÆ Z?� òA
%Ô��30EÔ.²S³	Ð
é�×5½(ß Û%Ü%Ý º,� ÝM� ÔC�{�2¶>·�h�� Ý º NaI(Tl)

� ÔC�3�E¶>· ¸CB �>½5û�#�é ø%ù â�ã>ä 1.2 � 3 �
(σ) é î����w¸�� û ö�� � ß����¡ *¢ ÞR��î $�& P[Q
S 	:ÚAT�Ô1U ¸�£¡¤>÷ ½ � ¼ Û%Ü%Ý #�h�� ÝW¸C¥
2m o{� TOF ÕSº>¬�ìm�X� Þq� í � .�/WÔV0C#�¦ Þ�� õ � .�/ZÔ:0 ¸ â�o{���*�5½�ßSû Z ºA§jì¨ �¢%$
&jº�§*½ P�QXS 	:Ú¡T:ÔVU ¸ª©M« º � #G�	Ã Z 9 é?¬�#<p k��e� ü ö Æ Z ö ÞA� � 1MeV � 30MeV

î,­
® º � ��� 30 ¯ ì îX°�ÝW¸�±:² � � ß

Advanced Compton Camera

COMPTEL º �?` ½ P1QXS 	 Ú¡T�ÔVU rXs äG|A)] �¢{$³&Sº � �:�ª�¡),}G~>éN× � � ü�ò�Ë Ì�´ Ý>Þ� òqµ¡��¶m) ±:² ÐV·�ê�é î 
�Ô
�30�Ô Û%Ü º�§0½ PqQ
S 	:Ú�T�Ô�U ö1k º�)
¸�¶ª¹Cº�»�¼3���¡� �X½ù §SìXµC¾�¿%Â��
À�ÁÂ# ö4� �¡�5½(ßÃ Ç1
�Ô��[02Ô.Õ î�P1QXS 	 Ú?T�Ô:U r�s ä�|MÄ<Å�¼ �,ÆeÇ ÈGÈ 
%Ô��30EÔ	Ù?É:Ú(ü�Ê�ËwÆ Z ���AÌ	ßÆeÇ ÈeÈ 
NÔ
�{0�Ô�Õ�)XÍ�õ î 
5Ô��30�ÔIÕ>é�)]Î4Ï�Ì>û?# î?² õ ö:Þ�� � ë�Ð�î ��Ñ����AÄ�# � ÏAÌ
û?#XÒA§Sì òe���Â$�&Â# Û�Ü $'& ö ÷�Ó �1Ä ( �3��ò3$�& î ô�õ*����Ä�
5Ô��30�Ô�Ô*Ô�	 ÞR�³Õ È ÒG�
� ÷ ÌNûA#Eü ² õ1Ì þ 1.6 ß

E0 = Ke + Eγ (1.10)

~s = (cosφ − sinφ

tan α
)~g +

sinφ

sinα
~e (1.11)

û:û
é
cos φ = 1 − mec

2

Eγ + Ke

Ke

Eγ
(1.12)

cos α = (1 − mec
2

Eγ

√

Ke

Ke + 2mec2
) (1.13)

é�×�Ì�ß 9 � ï%ð:ñ #�Ö*× ñSî 2 Ø ì�ÒA§�ìÚÙ�Û ø Ä ú4Ü ÌNûA#Eü�éSíGÌ � Ü òGÙ�Û Ý é4
?Ý��%0�ÝÞÙ
Û1Ä � û?��òAh
� Ý é¡h��1ß Z�� #�����.G/VÝ10 îeà Ä�ájæ ²*÷ û�#2ü�éjíGÌ
ßGâ*ã�ä ö 
?Ý��%0�ÝX.
/VÝ�0³)Xå r éjíeÌ�ß
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E

E1

2

�

�����

��� �

þ 1.4: 
¡Ý��{0CÝ
	���
Sþ

������������

������������
������������

������������ ����
��������
����

+

+

+
source

ghost

þ 1.5: 
*ÝX�{0<Ý��¡É���� �Ú° Ò �A� � 
�Ý��{0<Ý
Ô
Ý�	! &>ü °#" $�&�$�Ò�§�ÌG.�/�ÝV0&%�@(' "*),+ 7-$
Ä .#/�Ä ( � +10 Ì2%�3�&�) PqQ
S 	4��T*Ý1U�Ò�§5 Ï�ü-� Z�� Ô�Ý�	6% P[Q
S 	-��T*Ý1U'Ò�§ 587:9
Ì:Ô
Ý�	�# ",�jö 5 Ò�§�Ì<; " .�É�=*>*ü +#0 Ì�%
7-$@?
A " .�/1Ý10�Ô
Ý�	 + µB;4.�É�=(>e) +0 Ì2%

K e

E C

E 0

S

e

g

DFEFG
H�I�J2K

L6M G

N

O

þ 1.6:
ÆeÇ(P 
�Ý��%0�ÝB	Q��
Sþ

+

+

+

+

+

+ +

+

þ 1.7: 
*ÝX�{0<Ý��¡É���� �Ú° Ò �A� � 
�Ý��{0<Ý
Ô
Ý�	! &>ü °#" $�&�$�Ò�§�ÌG.�/�ÝV0&%�3*&4) PRQ�S 	
�?T¡ÝVU�ÒA§ 5 Ï8ü�� Z�� Ô�Ý�	6% P[Q
S 	-�?T¡Ý
U,$'&qµª��� ü ! ��Ì � Ü�°SR #])�T�U{� V*�W% 9��X 
�Ý��30�Ý
YSZ1Ä [ � ß\V���.G/VÝ10�),å r ßZ Ì2%
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��� )���� ±M²�� Ä�Ù�Û R Ò X h�� R Ò � ÝC�[� =
	,��ÉS�*Ä�� B � Æ�Ç�P È 
¡Ý��%0�Ý2�?É�� " Ê
ËVÄ�
 Ü ����Ì�%Æ�ÇSP 
¡Ý
�{0CÝ���ÉS� "���� )]Ø�� " 
¡Ý��{0�Ý2��É-�GWXY X Ù�Û R "Gx*y�� z�=���� ��� §���.
/���� � X h
� R "�x?y�� z-=���� ��� §��2.#/���� � Ò]  0 ¶! �"3� X ß � Ò,Ù�Û R "�#�Ð�$�%�&�'� |4ÒA§ 5)(�* Ò��e�,+�Ì�%! Z ! Z�- Ê�Ë%���*�AÌ ÆeÇSP 
¡Ý
�30�Ý���ÉS� � "�.�/ ��� ��� " h�� R "Gx*y�� z�=���� ��0 �
. /���� �*"�� "�1�2 )�3 1.8

X 3 1.9 Ò54 Ü ß Z�6�7 Ì [2] % ±V² ~ � µmÙ�Û R "98 Ý
�30�ÝÞÙ�Û ���

3 1.8: hX� R "
x�y�� z�=���� �(":.,/ ��� �G�("1�2
[2]

3 1.9: h
� R " . /���� � "�.�/ ��� �*� "�1�2
( Ù�Û R�; .,< 30cm3)[2] %

#³Ù*Û%$'& " h�� R +*" h
� ��� ÒA§ � 6 0 9 Ì�% ÆeÇSP 8 Ý
�30�Ý��AÉ-�G)�=�> « Ò�Ò�? 7 PRQ
S�@
�¡T*ÝVU � |�Ä?µ:A � Ü X COMPTEL

" §CBCÒ TOF Ä B 7 ÌED,FM)�V{¶ X h�� R Ä�Ù�Û R#" Ã ¶ + �G « ?�H�Ò�I#/�+4ÌCJCK -�L �(+�M Ì�%NJ " Ù�Û R K�h�� R1" I#/¡Ò�§ 5 X }�~�� u 0 �XH�I - @�O "P�Q S 	\= + ��RAÌ � Ü X]ÆGÇ4P È 8 Ý��R0ªÝ��¡É4��Ò � 7�6�S J " I / -�T F +�M Ì�%�¹�cGÙeÛVUXW "
h�� �e� - 1 Ò4V�Ì�§CB V�I / -�YNZ 4 7,-WX U[W�\�]�^`_ S Ê ` 6 � ¶!D�F - M Ì � Ü 50% � 60% a/#"�bSR�. -�c�d +#0 ÌEe¡  "�bSR�. +CM Ì2%fhg S�i � R "�j�k ½ /ml Ô�n�o c / " � Ü "�p
q V�r " >sH + X   0 V i�t�u�v Ä ' Ì�J`K S�w
4 7 %
´�x�y�z�{ + S J " ÆeÇ(P 8 Ý�|~}�Ý��?ÉS��� " i�t R������ " Ê
ËMÒ�A 7�6��9� Ì�%

���������,�m�h���E���
[
�����

]

U�W "�l
���m� = - 10MeV �
��Ò�V��`K 8 Ý�|~}�ÝmÙ*Û�� 5����47������ -�� F ��V��2% Z�¡ 7��
ß:¢m� #�£¥¤§¦�#�£ �©¨�ª MeV �
� "�l����m� =9« � A ¡ Ü X ���,¬m­?Ý�® =�o Si �¯}�°�±�| �©²�*³,´ �9� 5 X $�%9µ ��� l����5� = �h� -�L �S+
M �2% 7�� #�£�0 � ¦�£ "�$�% - R(�,¢C¶�\�]·U¸W "¹�º ^`_ -�»�¼ +5��% Z�¡ #�£¥¤§¦�#�£ 7�� S�½�¾h¿ V ��À ¿ V $�% « �ÂÁ ¡�Ã ®s±�Ä @ �CÅ�Æ�ÇÉÈ�Ê�ÌËCÍ�Î M �CJ�Ï�^�Ðm���`Ñ GeV Ò�Ó Î�¨�Ô,Õ Ï�Ö�× «�Ø�ÙN«EÚ Û ¡ Ø�Ù�Ü9Ý CGRO Þ�ßh�:à�ásâ�¢¡

EGRET
� � Ü Î M ��ã

EGRET Ï�ä�å�¬`­9Æ�®mæ�« Si strip ç`èCé ê���ê ¡ �N� Ü`Ý 2007 ë�ì�í M
î�ï ¼ Ï GLAST
� �

Ü Î M ��ã ð�Ï GLAST Þ�ßh���5Ñ)ñ £¥ò§¦�£ Ï�ó�ô�õ ³ Ï�öh÷�o�ø�ù�ú�æ�ó�ô�õ ³ Ï�ö5÷�o`û�ü�±�Äý æ�ù�þ�ÿ Î Ï��������	����
hÏ
������r�â������������`Ý����sâ�¢����9��ã
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���m�h���������	��
��
[
�����

]

¨�ª
GeV «9ð
�9��� l�� ù � æ����`Ý������ Î����
� «���ð9ê � è � ê ¡ ñ £ ò ¦ ñ £�� � l
� ù� æ Î�� � ¡�Ã ��ñ £ � å�!�æ Ç «"��ð"#�ãCð�Ï%$'&)(�*���¬C­,+�Æ�-/."0N«21 � #���ã3�4��5�6�7,8 µ

�)9�ñ £%� å:!�æ ÇXÏ
1�;�7 8���¬`­3+�Æ�-<.�0hÏ>= � 7�8�� ��? �'@3A�Ý � ��Ï Î �<B`��CEDÌ¬�­�+
Æ/-�.F0�«"G��9�CðH$����`Ñ �I���5Ï)5�6:7�8 �Nr�« »�¼ #5�
ðH$�Ý Î &���ã�$�ÁÌ� TeV Ò,Ó Î � ¬`­
+�Æ<-/."05Ï)1<0�J �LK �
� ¡,Ã �>B��
� µNM �:Ø,ÙCÝ)O,P
���
Û
���C��ã�Q�R CANGAROO � HESS �
MAGIC � r�Ï�|TS�U
­�ÄV}¸�`�`Ñ � TeV Ò�ÓV�W�mÏ�Ø�Ù�Ý�ÚNX�¢����C��ã
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2 � � � � � � � � � � 	 


Scintillator

Photo Device

1)Incoming radiation 2)Scintillation

in the photo device
4)Create photo-electron 3)Transmission of the light 

and the  signal output

�
2.1: �9Æ�¬ +�æ�
 �h� ÜhÏ���Ø

Ö�×�Ø�Ù���� X � ò � � �`� Ü Î � � �����:PC«��� ��� �m��� $,ê ���CÆ:¬ +�æ�
�Ý�ê:¶hê:¶� 
X,¢�� º ¡ ã:þ�ë � � X ��Ò�Ó Î � INTEGRAL

Þ�ß5��à�á�âE¢ ¡ Ge ! CdTe $ �,Û ¡#" � ù � æ$ ö P
��%�¢ ¡�&(' ×()+*�Ü`Ï�,
1 �.-0/�Î º �
�
��Ý�� 1MeV ����Ï3� ��Ò,Ó�� µ ��� � �(132
Ý)O,P��54�õ�687��CÆ�¬ +Eæ3�:9�Æ;)+*:Ü ��<(=>(? �)B�@BA3C Ã ���ED�ã�CÆ�F +�æ�
G):*:Ü+H µ�I DG)J*�K � � � 2.1 HL â�M8D0N�O�H
1 �	=:6��CÝ��CÆGF +Ìæ�
 � 
3�PH�5�6�ã 1 Q�ñ�R�3S ã�ñTR òVUXWZY;[ �3S ã (

"�\ ù+]�æ5^3_ )

2 �:� Y F +�æT�Z9 Y 0:1 � ã ( 1�0 )

3 ��00`�a U å�H�8 I�b 09ã (
b 0 )

4 ��00`�a U å Î 0�ñTR:1 � ã ( c�d�2 )

$ �ZO�e�Sgf�å Î(h ð
�<X�M8D�ã`ð�Ï�iEj � � YF +EæT�:9 Y)��k ü3AGl S #8D(� Y F +�æ�
 ò 0`Xa U å ò 03m�;JH:A
#8D�n ?�o�p 9�� Y F +�æ�J9 Y )J*�Ü+q#rXs:t�u�
+H � � �wv�xyD�ã5â DHT- Y e{z Y>��k ü�q�|g}�×9Ýg~ ? $2#ED � ���� C � ����� "3\ ù8]�æ $ öNP�q�@y���(�(19åP�� z S k æ�
 $,ê �TqT� Y F +�æ��J9 Y ):*�Üyq� QBH [ ê �X~ ? �Xr�sJt��(�BH � � ��qgxyD�ã

2.1 ����� ����� �������������
=T6��Jq>5:6+H [ ê ����
3��j h ðPD 100µs ����q>1:0�QT��A�rPsJt3H3� Y F +�æ��:9 Y $ � OÉã�¡¢ q ��
8j�� Y F +Eæ���9 Y Q��CÝ h &	���0D�Ý � ��CTj+£"1�0�J�Ýg¡ ¢ �<0Tm�;Tu9ÝX¤�����
`Ý�rPst�H�� Y F +�æ�
 $,ê �+Ng¥gM+D�ãK3R¦£Cê ¢ � $ R��(H>5:6Vê5�	=:6�� � K�R �Pq�§T¨�ñ(R AG©��Tª(«JH�¬�&5­ î D5®X©:�3ª3«JHP¯�&� î D;M0��ñ3R �5° "�\ ùy]P±0A"=:*mê �(²ED³©��Tª(«+q5´8�5�JH>; ê ��µ3¶3ª3«+H5·:D�®Nðwqw©��3ª« C D¸µ3¶3ª3«+H�¹3ºH#yDg»���ª3«y¼Tq "�\ ùy]�±�½JH�¾À¿ �'0(RZAF=B*
#yD5®:Ágq3$�&gq>0(R "T\ ù]P±�²#ÂTÃ(Ä3Å,C D4O�Æ�0�Ä�Åyj � DGÇ�È���0E`Pa U�É HEN�D�Ê3ËE²'O,PE$ �0D5®
Ágq�Ì�Í+H h I D�� Y F +Î±��:9 Y 0+q
1�03Ï3ÐJÑT� Y F{Ò�±T�B9 Y Ï3Ð�Ó�¿�Ô#Qyq5ÕEj#Öy×ZØ;MyD
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Excited State

Ground
State

R
R R+ ���

E

Excitation

Emission

B

C

A
D

1 � ����� q "T\	� ]X±(H�N�
 A � B H�
R8²g©���®
2 � °���� j "3\�� ]P±�A�� ¿���² Ø¸©��ª3«+q	�����:H�º � ® (B � C)

3 � C � D j���� � � j�� Y F{Ò ±T�y9 Y! � ! 
TR+Ñwµ(¶Tª(«:H (C � D)

�
2.2: " L t��0� Y F{ÒG±���9 Y ! � ! e�#gf É [3]

η =
energy of scintillation light

energy deposit
=

hνe

We−h
TqA (2.1)

Á(Á5j
hνe = � Y FÀÒÎ±��B9 Y ! R+q%$'& "T\(� ]P±
We−h = 
(RZA�© �*)yDP��+�H�~�,-�($�& "�\�� ]�±
T = © ��
3R8²(� ! �JH "�\�� ]�±�A/.102)8D�Ï(Ð0®
qA = � ! �+H h�3 Ô%� ! )+D�4(Ð�®j15�D�®
T = 1, qA = 1 Ó 3 O76 8Bt���� Y F ÒÎ±��:9 Y Ì3ÍZA/8 � ¿9� β=We−h/Eg(Eg Ñ#a Y;: ] <>=we "�\� ](± ) A�£@? 3 D8Ó

η =
hνe

We−h
=

hνe

βEg
(2.2)

ÓBA*CTD�®	D�E+qGF�H+Ñ β Ñ 3 I 7 qKJ�A0Ó2
L� NaI � CsI � ZnS � GaP ��M�Ñ 3 j15�D�® NaI(Tl) N Y FÒÎ±�OPq�ÇTÈ hνe=3.02 eV � Eg = 5.9keV j25�D�q�j@� ηmax = 17% Ó���Dw®¦¿�A�¿>�(¡ ¢ q �1P H h3 Ô�Ñ ηexp = 13% I 8% Ó 3 ORQ�S8²��UT�MTÔ 3 D�®8Á�M�Ñ T V q ²XW jTÑ'� ¢LY[Z j�\ \%� ]�±�A�]
\ \@� ](±JÓ3¿GÔg^3_�¿GÔ 3 ¢ �'+3j15�D�®
2.2 ^`_ ����� ���ba
N Y F¦Ò ±*O�F�H8Ñ�cGd �Ge d��gf�d[h#j(�Gi[jG�Gk3ª0j%�giljg�gF�H�j m@n A*o�Ô 3 D�®0ÁGM ØGÑgpq ¢ ��ryqgi[sgt�uvTKw-x5®-yy¿�Ô+Ágq%z0j�Ñ�y�w�{�w|s�n 3 Ô(� ( Ó ¢ sG} ~;N YK� ÒG±*O�s(n 3 Ô )u�H-�;M(�/���2)lx�®
• c%d[N Y�� ÒÎ±�O

– ��~[N Y�� ÒÎ±�O
– }�~[N Y�� ÒÎ±�O

• e�d[N Y�� ÒÎ±�O
• f�d[N Y�� ÒÎ±�O
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2.2.1 ���������
	���

��� z���� ��� É�� ��� � �;M ®2N � � ÒÎ±�N�� � ! q���� �� JÑ 10ns ��!#"%$�E[s�Ñ	V 3 ®%� ! ÏÐ+Ñ 0.02 I 0.03 "2y�w'&;M p q�( � 3 ²@��� !�)�* ²gÂTÃ3Ä3Å;s'+g±-,��/.@? )�*10�243 (WLS) V )*�0�26587:9�; ± s8<�x�=�m4>+¿Gs�? 3 Ô 3 x�®�yJ¿GÔ*y�@G� ! ~�AyÑ � ��B��DC Z @ π 
1EF@HG���s
<�x'.%@I"252x�JUyy¿�Ô%� ! Ì3Í[s(Ñ1N � � ÒLK1N�� � � ! @HMlsH���ONT¼�P%$1Els@��P 3#Q !4R t�.S�T )Ux%J�O�6U �#� � . É�� �1� � .WV�X�YFZI"�Ñ�$�Els�.�[ 3 P��'� ! ~�A�P%t�E1A�\[s�<@o5Ô 3 x�]'+#Y
ZHA�\8P�^:_ wTÔ�.(N � � ÒWK2N�� � @�`�HyÑHa-_2� 3 J�^#@�]'+ É�� Ò � V U � \ � �;Mb@G��~�c�d
s+Ó�A6eI^�f�^�Óg"%e d�h[s%)lx/^�ÓgP%i8j1"251x%JUh�] y�@	e�d �Lk1l�m*)-x-^�Óg"(�|c%m Tbn-x-^ÓWP1" q x%J�^�w0Ñ�o�p[s4q1��r�sFt9=�,�N � � ÒgK�O8ÓI<%u@w�Ô�v 
 ��p�w�@�.�@O.x$1Els%��y�sHzR i�j�"*51x�]'+��I{�
�|�E�}6~ 3 Ó�e�Ô%$�E[s8< (�� _ w�Ô 3 xHJ
h�]�� ( @g��~;N � � ÒLK2O�P%�U�|xL{ 
�|�E[s���e�Ô ) k8PF^0Ó/��x�]�+%� ) k��4�ls8<-
�|�E �

tlC2x/^0ÓWP�i'j4"15*x�J
2.2.2 ���������
	���


BaF2 � NaI(Tl) � CsI(Tl) �U�;MgsK"��vT�wlx�}�~�YFZ�@2N � � ÒgK2O�"15*x�J�p q � Z �4.�n']'+��! 
F�#�'�#�4�'P�p q�( h�]G� ! ÏTÐ�. 0.1 ��� �/.Kn�.%@�P15 
�� X
� ��� � }�~�s�f 3 Ô 3 xHJ

]�>�e ��� ~�N � � ÒgK2O�sH�/�UxyÓ��1y8"25 
L�[hI]b�|w�V1) 3 J�}�~�N � � ÒLK2OI@G� ! ~1AyÑ 3( n�A2sKt[CJØ9wUx�J BGO Ñ1� 2.2 "��O��TKwUx4<'���H�1�'"��@� ! )-x�J|h�] GSO � Ce � NaI:Tl �Ñ Ce V Tl Ó 3 o�]2N � � Ò:K*N�� �g  V1F�P�n ( xb¡/¢ ��D£e�Ô�G1� 
4EFP�¤4¥1h4¦;sH§ Tgw���^
@*N � �©¨ K�N�� �:  V2F sIv-C�xbª-«FP@� !­¬ �Uo#®2m/¯|x�J°^Gw²±�� exciton luminescence

¬b³
´ Jlh�] exciton luminescence @�o�µ8"*52x�P YAG � Yb � MH¶GD1E�¶ Yb ¶ Yb3+ @�A/]2?I" S1T )
x#P Yb2+ P%·©¸:® 3 x ¬º¹ ¡�¢ (4f13) A°± Yb3+ @ 4f14 » @Hª1«�P�v q x/<8�Ks�¼�½R� ! P�v q ® 3
x4^�w-� charge-transfer luminescence

¬ 3 �¾J*h�] BaF2 �F¶�G�¿ls'<@o�®#·À¸b]Hy�Á�E1ÂO@IÃ1K#Ä/P
F−(2p)

Z @�Á�E ¬�Å4Æ ( Y�l-ÇUx/^ ¬ " ¹IÈOÉ%Ê1Ë N�Ì ¬ ¼�x:Í�Î�Ï�@1N � ��¨ K�N�� �xÐ �gÑ-Ç-x�J
(Core-valence luminescence ) ^�@O<8�Gsg}�~;N � �²¨ K*O�¶%YOZ�A�\ Z @�\4Ò�Ä�Ó�K%A1\�P ¹ N � �¨ K2N�� � �4�ls�Ô (WÕ _lo%® É xI]�Ö ¹   V1×�Ø��*V�Ù���¼�Ú(T�h4Û'h�¼%Ü�Ý[s�<�½/y�@H`-j4P 0 m
ÇUx%JÞ-ß sHà���á�¼(}�~6â � ��¨ K/ã ¬ y�@�ä�å[s�n É ®#æç½xè/é1xHJ

NaI(Tl)

1948 ê[sHÑ�ë�ì�w8]%Ñ Ð4í P�$�î�s�� É à��6áI¼	}�~�â � ��¨ K-ã#"/ï2x%J 150keV
Þ è/@��Dð[s��

eL®�ð�ñ1`;�4.bò Ê�Ë ��Ç-x�J�Ñ Ð�í ¶Hó 40000 photons/MeV "�Ñ Ð )�* +#K/,#P 415nm
¬ Ð Á�E�ôõ�ö @�÷���øIÏ�ù�l��g]�Ö ¹ 20% ���O@bú É í E�û�ü�"/â �Lý ¨ K1â6� ��Ð�þLÿ ¯��4^ ¬ P%i8j�"4ï���J� ]%���FN��� F¶ 230ns �1�'" ¹ ú��� 1ü�¼��	��ù�¶1ï � ½x?	
�¼ É J

Ñ Ð4í ¶ Tl @�Ø1�Fù�<��%®�
 � ½ ¹ Tl @HØ��F¶ 1.3mol% ï4]�½ºP�����@�Ñ Ð1í ¬ ¼��#® É ��J�� ( ù
Ñ�ë�ì��/® É �I@1ù8. Õ _�±�� ¹�� � Þ���¹ ^#@HY�Z þ�� ®4@�`8j�"4è �!�gYOZ�P * ± ( "�Ñ�ë�ì��/¼É ]�Ö#$�î�ù#" (�� _	�/® É �HJ�·�$�.�ì�
	%1" 60cm ,���r/@�o�&	'���w1YOZF.)(1z°ì#�/® É �HJ8]
>Fe+* É�, - `'P-ï��I]�Ö�.�k6ù ö�/ ì0�']01�2�3°!#"�4�58Ç��+6	7�P/ï��%J � ] » 
�
 É `8P/ï��I]
Ö4ù�^g_ �	81Ç É°¬LÉ �:9	;8P/ï��%J�ì8±bùbÙ1�Fù8<��H®8â!< ý ¨ K4â>=�<xû�ü�P 0 mÀe ¹	? Ù�ù�¼��
u�Ñ Ð�í P�@A��J
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5d
Ce

4f

GSO:Ce3+

3+
E

xc
ita

tio
n

Phonons

Phonons

Photon � ���������

0

-6.2eV

� 2.3: GSO(Ce) @:Ñ Ð�� A Exiciton (dopant) lu-

minescence [3]

F

YAG:Yb
3+

E
xc

ita
tio

n

Photon

330nm

0

-7eV

-1.1
Yb (4f )

2+ 13

Yb
3+

(4f )
14

F
5/2

7/2

Phonons
(CB)

Phonons

900nm

500nm

(VB)

� 2.4: YAG @OÑ Ð�� A Charge-transfer

luminescence[3]

	
	��� 




��
�
���
�
���
�
���
�
���
�
���
�
���
�
���
�
���
�

E
xc

ita
tio

n

Photon

0
-1.1

Yb
3+

(4f )
14

(CB)

3.4

E =11.0eV >E  :Auger-freeg VC

Ba (6s,5d...)
2+

-18.2eV
4.2

E =3.8eV
VC

BaF2

Ba (5p)
2+

(Core VB)

F (2P)(VB)
-

5.7eV
220nm

� 2.5: BaF2 @%Ñ Ð�� A [3]
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Density Absorption

coeffi-

cient

@511keV

Decay

time

wave

length

light

yield

hydroscopic radiation

hard-

ness

refraction

index

(g/cm3) (/cm) (ns) (nm) (relative) (gray)

NaI(Tl) 3.67 0.34 230 415 1 strong 10 1.85

CsI(Tl) 4.53 0.44 1050 550 0.85 weak 10 1.8

CsI(Na) 4.53 0.44 630 420 0.90 strong 1.8

BGO 7.13 0.92 300 480 0.07-

0.12

no 102−3 2.15

LSO:Ce 7.4 0.87 40 420 0.4-0.75 no 105 1.82

YSO:Ce 4.45 0.38 40 420 0.3-0.45 no 104 1.79

YAP:Ce 5.35 0.46 28 370 0.4 no 102−3 1.94

YAG:Yb 4.57 3 330/500 0.02 no 1.82

GSO:Ce 6.71 0.70 30-60 440 0.18 no > 106 1.85

LGSO 7.2 43 420 0.4 no

LaBr3:Ce 5.3 0.45 28 385 1.30 strong 1.9

LaCl3:Ce 3.79 0.34 26 385 0.7-0.9 strong 1.9

CWO 7.9 0.92 5000 475 0.3-0.4 no 10 2.3

PWO 8.28 1.15 < 3 <

20

430 0.04 no 105−6 2.2

BaF2 4.89 0.48 0.6/620 220/310 5/16 no 104−5 2.2

� 2.1: ��µ�� � â!< ý ¨ K/ãI@�������K/ã
	 îO@�
���
�@HY8Z ¬ 
���
1@ Ð Á�E�ô õ�ö���� ¹ 6 � 7%(FWHM � 662keV) @��1Ò�Ä�ÓIK�� - j þ� �'^ ¬ P � 
 ��â!< ý ¨ K/ã � ï���J

CsI(Tl)

NaI(Tl) <�½ � Z P � 
�� 4�� � NaI(Tl) @ 3.67g/cm3 <�½ � 
H¼ 4.53g/cm3
þ � �H® É �HJ�Ñ Ð4í� Ð E���¶#ó 45000/MeV � 55000/MeV([8]

¹
[9])
¬

NaI(Tl) <F½ � � É P ¹ Ñ Ð @���K! �P 550nm
¬

i�" Ð$# ù�ï��I]IÖ4ù Ð Á�E�ô õ1ö ( %%Ä�&(' Ð Á*)�+ )
� � �/Ç�� ¬0��, � Ð�í ¶ NaI(Tl)

,
8 -����

ù�¼�½.�1Ò#ÄOÓ�K�� - j � 6% / � (FWHM@662keV)
¬ ¼���JFe 
6e ¹ i�" Ð ù�÷�� , ï �10�2 U43657 K98 ��:�;�< Ç�^ ¬ ù�=O½ ú É í1> û�ü þ@?�A � 
 ¹CB�D ù É�É �1Ò�ÄOÓ1E�� - j þ � �-^ ¬GF ~IH

��J A�K â(L�M <(8�LI0ON }�~�P þ�Q É ® 4.34%(FWHM@662keV)
¬gÉ �R�4Ò�ÄOÓ$E�� - j þ ��S6¬É �UT�V � ï�� [11] J�e 
°e.W�@�X��$� FZY � (1057ns)

¹ � S
10 [ sec \�] ,�Y�^�_�` � � ï�� S Ö ¹

ú��1��ü��	��ù�¶6aCb � ï���J � S Ù�]�ù!= �:Ñ Ð1í , @$c �ed�f ì0��g É �hJ [10]

Tl
, 
�i�½Wù Na

þ 8jElk�m S CsI(Na) ¶�Ñ Ð�n Ypo Ñ Ð4í F NaI(Tl) qRr�s ��t 4�] tlu6v �w��x
CsI(Tl)

, rzy ��t @$X�{���� F�|$}�,�~ Ì��w� É q É���tC� ò ,�����,�É1É q1�C� þ�� i�� S = �����,1� ï�� t NaI(Tl)
, à$�*
zq�mRg6��i ��g��!�hJ
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BaF2

0�� ��� L����CJ 	 î , exciton luminescence(slow
` � ) ù
	���g
� 2.5

, = �R� Core-Valence lu-

minescence ù�= ����î�ùbú�� ����� (fast
` � )

F ï���J slow
` ��x 620ns

, @�X*{�� � ï�� , ù�� m
g t fast

` �*x 0.6ns q��1îFù1x�8l�wJ � S���� n Y�F�� ����� 310ns
t

220ns
� ï�� S��Zt n Y 0��� 

ã�ù�=��Zg"!�#�$&% � ï���J

YSO ' YSO ' YAG ( (*),+�-�.�/�0&1325476 Ce)

YSO:Ce (Y2SiO5:Ce) NaI(Tl) =*� � ú���8�9 
�:�;�4�] ��< < ý>= E
?*q$mRg�@ �BA � S J ���C F c � �h����D� &ECEI� - %lxZi��6� F @CX�{�� F�F � 40ns \$] ��G�HwSI�6t�J�K �ML7N ~�O�P b QA�Q g$� S J
YAP (YAlO3:Ce)

5 ��NZL��
��R � %� TS�U3��� ��� J V YAP W�q 	�XZY\[ Q3H J
NaI(Tl)

P"]�^ZH q �M� C x�_ 40% q�` H6F6t�a X*{�� F � X P�F � 28ns
�\G�H J�b S�c ��Dd &EwE
e> P �\f Hg��� C ,
h�i�j�F =lk t�c&m DI &E�Eln h3P�oZp�Hdm DI &E�E
q�r
%tsvu*��JA � P ; m DI &E�E�w�e�x�y P&zdH�{�|���}
~�� s�� A ����qIs T$V A�Q g�� H��

� }�SM� n h&m DI &E��"�������I�
�M� �t��� ��i Q�H����� m ���h`$YZ��� m&k t��B�h��� x"� � P k�k�;�� Pw�ZHg�3�M�
G�H"�

YAG:Ce (Y3Al5O15:Ce),YAG:Yb15%(Y3Al5O15:Yb15%) Ce
�5� ��k A�Q � YAG x YAP

P
]�^3H q �����Z�l� ���Ux � � �wt Yb N � C P�� ��k\N� 7¡ ��¢ � � s charge-transfer luminescence� ;�� �M� f H (3ns)

� q\k P�c�£ (110K)
P f H q t {�¤���x 10 ¥ (40ns)

Pw�\H��"� C s¦_ 10 ¥ Pw�H
(Na(Tl)

]
0.2)
�

Yb xMU\§d�¨� ��}�©lª�P�« ] �\G � t�� ��¬�­�®���¯ �±°"²�}
³�´ s¶µ�· AgQ g o
� t UZ§M�*� ��¸�©tª
¹ q1m�g�º�» A
Q g�� H"�

GSO:Ce

Gd2SiO5 ¼�½ R�¾ �"� U3������ C �
NaI(Tl)

}
2 ¿$\$] G �À:�: tM����� Z Á&Â
;�Ã�] t ;�Ä"Å�%�Æ�: t ;���8�9OqG� �¶� ®
¯�Ç} q Q � < ¯�È = �\? �

b � {\|�h�É�j�P � X P f � Q g o � t�Ê3Ë�Ì�Í3Î���} � ¹ sÏº�» A�Q�t X
h�Ð�Ñ�Ò�Ó VÔftÕ�kÀW }

HXD
} ; m Dd �E���Ö }Mm Dd &E�� ©tª�× q1m�g"Ø�Ù A
Q g�� H"�A � P�Ú r j s � � � ��Û �dÜ�f�� �MÝt� Æ�� j N\s�: � � 	�Þ P x�ß�à ��á�â&�\G\H
�

Ce
}�ã\ä7P�z � ��� C � Æ�å � 0.5mol% Æ � 1mol%

G � � �7æ �&¬lç �&H�� b �dè ���
a�é�ê ¤��
ç Ce

ã�ä�P sÏëlì�ì�í �dî�ï�ð è Ce
ã�ä ç�çMs P�a�é�ê ¤�� ��F kvñZ¡�ò��¨k"ó
ç ��ô5õ�Q ò�� H"�

(Ce 0.5mol/ ö ³
� è Ce
P�z�Hg÷�ø��"î�ïùð è�ú�û�ü3ý

Ce
ã�ä�}�þ�ÿ3P çds
ñ�� a��ùð ò��ùk �3ð Æ ð

GSO:Ce
P

200ppm � ä3} Zr N�� ÿ f H ó
ç � è���	�
�ü Ü a�é&ê ¤��TN �B� k
���
f H ó
çgñ>k CeP�zMH�÷�ø N����"ó\ç ���l�IH ó\ç ������A�Q ò�� H��

LSO:Ce

Lu2SiO5:Ce
�

Lu
ý�� y���� Z

�"�T� k�b � Ã ä s 7.4g/cm3 ç�� X P��T� � ��� n h�©3ª��3P� ��ò
� H�!#"M��G\H��"aMé&ê ¤��Bs 40ns ç F k è b �$��	 C s NaI(Tl)

}
70% ç � ��	 C N ªZð ò�� H
�lð
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Æ ð è���� }������ ñ ��}	���l}�
 ��Æ c�m D��3EM��e�y }"h�i�jZ��
 k è�	 C�� ��}Mm D��&E��
q�r� ý�� õ�Q ò ��ñ�� �
b � Lu

P ý {�|�j��������
176Lu

�
2.6% � ä�î�ï f H ��� c���� ¬�­�® ��¯ �"!�#lP ý � Æ�ñ�� �$&% ý

LuAlO3(LuAP) ç �('*)&+ (18ns)
è )�Ã ä (8.34g/cm3) ç �(' ! " s J�K PET

¹ZP-, �(. Q
ò�� H
� (

m0/ ��1M�"q�r � 10%(FWHM))

BGO

Bi4Ge3O12 2 Ç&3�Ç�R��546�03�U7�98 ���	�:�ý
NaI(Tl)

}<; ¿�=�> � � è ��� ñ Z Á3Â9) ��Ã ä (7.13g/cm3) ?\sA@ ��� n h Ä"Å ��� �&B7C
) � � b � a�é3ê&D sFE kHG�I j sF) � ��� PET

}�©�ª � Ülb ��ý Ð�J&K � ¹�L X
h �Àn h�©tª�×3}

Active Shield
� ñ � C	M ¹ .ON ò�� P ���� ð è £�ä ����CAQ�f�P 	&: } ��� �d�T� �3ó
ç ��ô õ N ò��RP �

CWO S PWO

CdWO4 ç PbWO4 ñ �g} T ¯d­"Ç�Ul¯ !#" ý
è0V }���� ñ Z ç�Ã äZ� è ��BWC �T� ñMÄ�Å � ?�sO@ �
CWO

ý	X q�ñ ��	0: ?�s�¡�ò �5P � è a�élê ¤�� � 5000ns ç �0B7C	Y,k è )��M� ü ��¤ ����ZW�\�[ ¡ � � V ó �	\ C�]�^6_ è0`-a"è�bdc ��, �e.fN�� }d� )&Ä�Å � �g)��d� ü ñ���¤ ��Z � ñ0^�¯�ÈihÏ�T ç ð ò , �i.ONZ� }�� PWO
� [ P �Bð Æ ð�j ����	�: ��� ñ�� ����. õ ñ5P�kdu � º�l .9N P �

LaBr3;Ce m LaCl3:Ce

®Z¯ T ¯�n�]�3 ½ � ��®Z¯ T ¯d¬&]�® ½ �o $0p ¯�q � ¯ (Saint gobain) r z�sut�v � .ON
� � 	�:�è )�+�^�¯�Èih�� T�� [ P �	w ]�4l¯ � La
ý

x�y�z�{ ç}|�~ z&{�}�� ¯ � 1�� �	�M�-� 3eV � ä ç ��B�C	����ñ5P ��� NaI(Tl) ñ � C�� õ�� P�ç è
G&�R��Pf��y � ½�� ¯FQ } � � ��B�C9���¦ñ P � LaBr3

ý
NaI(Tl)

z�s��v�T� ñ ��	&: (1.2 ¥�� 1.5 ¥ )� z Â9+ � ê ¤�� (30ns) ? � @ � ó } �&B7C ��� ñ ��	&: C z�s ��� keV ���7C � ��ò � Ge
��}A�&�

J�©tª
× C $ �&� / �W1������ � ? � P�ó
ç ��ª9� P �6��ï 662keV �7�}��C � �6��P�� / ��1��9����
(FWHM) ç ð ò LaCl33.8% LaBr3 2.8% ç���' �&� � ��� .AN ò��RP ���� ðÀÚ ��� � ��B�C���� è t&  � .9N ò j0� ñ�� ��� ��B�C9)�� � [ P9¡j � Ð�¢

La
ý

139La(99.91%)
è

139La(0.09%) £ õ�¤ � .ON ò � s è	¥�¦ �9§ ý 1.02×1011
% � �&¨�©Rª

β− «&¬ �\ð � ý	­�® ��¯&°�±�C5² s V�N�³�N 739keV ç 1436keV ���}�e?f´eµ ð ò �RP�¶ ��· µA¸7�¹Aº �i�-»�¼&½ ��¾À¿	Á�ñ5P9¡

LBO:Cu

Li3B4O7:Cu ¡ ` ��¯ · µO¸�Â5C , � Ã�Ä#� õ N ò��0P · µf¸�¡ ` �6¯�COQ ð ò�Å�Æ0Ç�È�ÉW�AÊ(Ë
ñ LiÌ
B ?fÍ  ! "�ª [ P	¡
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�����
CdS(In) � CdS(Te) � ZnO(Ga) ���	�O� ���&J £�
 � ^R¾
��h���^���¾ 	5Ã ª P�� Á Ã�� 
 N�� �RPA¡
��� N � ��	 ¨��������� E"! � ��� ��	&:5Ã ��B7C�� �#��!�¡
$&%('�)�*,+.-0/21436547	8('�9�:
;=< ^5¾>� h�� T�?0@� A\ C��}�=ACB�Â�C9Æ0D Ã +��	² s )�E0F ª Ê�ËG� Z

ª�H�I Y Ã E�� £�@-Ê�JK : � � � Ã�L�M 
 N�� � s �N� N CCO�P �4Q"R �CSTJ � � ����U N=� !5P9¡6Ê @ :�V �XWZY�� ?0@� T ¾ ¼�[ UÀ¾0Á]\7� V�^ ?5ª [ P�¡ ��_� PWO �G` K �ba=c Ã�dfe �#�ZgR²Zh��T�Ci�j ? �Gk�lm�6�Ã � �X��U�n � !og9¡�Ê�J K�p ��qR¾
�.rs��t5Á�u �  β Á Eg

Ã�d�e � ?�@ Ã�v�w Á�u �=x�y 
#n�g9¡
¶ÀÁ
z�{ PbI2(β = 2, Eg = 2.5eV )

 G| Ê ª 200000photons/MeV Á>!Nh]J KN} zf
~n�g
�m��� Ã�x gÃ �����&¶ M��  ���0� ¥��C�=���"� �X�=� ÃT�0�	��� K �X�0�Z� g0²oh��4�C� ?�}>��� u
���4nZ{��

#����� �b� Êm�T��Y Ã���� Á
�Zg��

2.2.3 � � +.-0/214365b�0  � +f-0/21T365¡C¢�£�¤�¥o¦G§f¨s©�ª « ��� ¾­¬ � W <�®�¯ �X°0±=V ?0@6} j�z�¶"² �6Ã ÂZ!�
­n � !ogG��³�´&q�¾
�fr���t5Á�µG¬ � E0F } ²4¶
��J K�p ² � !�² ��Ã�x gG�X·0´ ª x g6¶ M��O· µf¸ ¤�¸ � ¹�¹ F Ã�x gX�
Á�º � ´�»�¼0½ } ·0´	qR¾
�.rs�ZtC¾ � !�n�g���Á Ã ª Ë�g�¶ M ��¿ �=�T��� � � β ¼ Ì α ¼ ª ²#À=Á
��B � Ã �m� ª x gX��ÁZº � W <�®�¯ � ®=Â � g ?�@ ���  � ¹Aº H�I�}�ÃÅÄ#Æ !�¶bÀ=Á"��B � Ã ª Ë
g�¶ M�Ç�È0É=Ê ��� �  b|=Ë5ª x g��
¡�¢

Xe
¥o¦
§.¨~©�ª ·0´ Xe

 
40000 photons/MeV Ì0F � Ê0J K�p�} ²T¶X�=ÍCÎ Z=54 ÁÐÏ�¯0Ñ0ÒÃ ÊiË	º 3g/cm3 Á]E=F } ²4¶G��Ó�´�»0¼ �XÔ u � �=� � ÊiË���Å�ÆRÇ�È�É } ²bÎ ¶ M �mÕ"Ö�� «�×GØÌ�Ù � »�Ú t��0�6� � ¾ ±=Û�Ü�· µ [6]
Ì

MeV ÝÞ¼ · µA¸ [7] Á0u �Z��ß Â Ã�Ä�M 
~n � !Zg��màXá  
��� �
â�ãoäZx gbå äZx g��
æTç ¥o¦X§f¨�©�ª èmé�[ �6��²4qoê>�ërs��q	��ê K6}0ì � ��í>î � 
#n � !ZgG�o� �Xï �����0�� G�
ns í]�=� �
ð !C��u
Í�u�qoêb�.rs��q���ê ��� î � % í]��� �bñ ºò��ó�ôXE�Ff²­��� �bd�e !�ô M��Tõ
´ ä�ö !�
­nmg���í  b÷mø !T�=ô0ùbú�D ��û î � ns Ì0F ø �4ä qoê>üfr�ý�tsþ ì>ÿ íCu����b�=� �
ð��
ú0D�� ûo} u MC� �	� 2.2 ��
�� � ø=é�[ ��
����&��� ��gbJ K���� íÐJ K�K Ü��"äZx g�������A ������ h �	���� �! } ÍZ��g�í#"�$  0Ü �bj ðfe n�%�� ��&�'���� Ä  �Ü�(*) î �,+ g�� +��- 0Ü�(*)Z�. � ²Tqmê
ü rsý�q,/�ê10,�-2�3 u4% + n } í�5szZg + í ä6��7�8 Í95 ��:�8�� 0 Ü } þ ì � g + í�îì<; gX�  �!&���	= }  0Ü�> [�? ýA@ î��CB ø � Ì =���� nZ{ �6 �! ¾ �	� �=g (*)��	�ED 5GF }IH �
g + ísî ä BJ%�����K ���9� Ä ² â��0�=���"� ý É Â � }JL g + í�î ìE; gG� + nM�-N�0�����O ��� í� {�n�% X ¼�P�Q�R�S TU��V"ó-WXT xT� Í�W �<Y�Zfe n °�[ uXôT�+��

2 $�qoêbü.r>ý=q9/�ê10�2�0,\�]6^�_ �*� Ä 2�3 � gJ0 � ��� ��� 2.3
� � e n�� � gG�

2.3 `badc
q"ê>üërsýZt�¾ ä 2�3(uXô=q"ê>ü.r>ý=qe/�ê10f��g�hZ¾ }Ii�j uk0�lnm*o�_npfírq�s � g�� � º �-!t�u�v�wfx �-y�z ¬ ��� Ä %�qmê
ü rsýotJ{�|ëír0�lnm�o�_ ��} x î6~��X�
n�%C¬�� �0� 2�3ëuGô=qmê

ü.r>ý=q9/Tê40 }���� ´�� �G��� �G0 }���� ���M+ í ø º�0�lnm�o�_ ä	��� ì �e+ íE�����o� ä�xM� �
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� 2.2:

����	�G� � �E� ´��oêbü��>ý�� ���=± [4]

2�0	��
 ��� 2�0�0 Ü��
(4.7MeV �s¼
200nm 
�� )

Xe 325nm 3700

Kr 318nm 2100

Ar 250nm 1100

He 390nm 800

NaI(Tl) 410nm 41000

� 2.3:
é _n�n���"ê>ü��sý��e/Tê K ��� ¾ ä 2�3 ��� 0 � _���� « ����± [5]

2�0	��
 ��� _���� « �"�����)
Ar 128nm 10nm

Kr 147nm 12nm

Xe 173nm 14nm

+�� ô�� � Ä �0� � º��mê
ü��>ý	�,/Tê40 } ��� ù � ô�� � %��oêbü���ý���Í95r0*l�m�on_mó äZ� 0 ���� �! �"$#�%'&���+ íE�X��� �!(0��ä�)�� �'�mê
ü��sý��,/�ê#0 #s��� � º+*�� � ² � í�,J�M�-
�.���0/ ø ²21�î4365�7�� � Ä98fx	: ú<;<�2= Ë�ø�> 1 #@?�� t 5�A���B �!C�D î )��FE

GIH�J KLGIH�M

2�3N,�ô��"ê
üO�>ý��9/�ê 0 # 0�l�m�o�_ : *�00P � 1 :4QSR�T"ø�> 1	í	,<�-U�V	Wmî )*�FE i�X %
2�3N,bô��mê
ü��>ý	�,/Tê40 #ZY�[ ��\ í�5 &*� ô�� : 0 �*� ù�,^]�
`_�1�g�h2a�bS] : sO,Xô-0f�Sc
ô=ô�d6g h6e@f : U	VC��A �2E6g ùI,hU	V�W�12U�V [ � 100% i*� ø ��g �G% ��7�j 1FU	V�1 /Fk : U
V�]�B	g�h	lmi2nSo�P ��E g�h�1 
 B��6� g`p ù p�� cm

p 5 ��7 cm q = ø 1`i6%�0�1�rns j q��	�6s
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� ���	�e/4s10�1Fn�o���� ��� > 7��	��� ���0e : � 5 ��E�
�� %SU�V Y�[�
f�-����� 0 ����� , ] :)�gM����[�
6('&��`g �6g�h�a�bS]��FU�V [�
����6z�� : P �@CSD�
�)���E + 1 g �23��	P � U�V�W��
U�V [�
���� > 1 # � �*�FE��`g %�g�h! �]�1 z	� > U�V [ :#" B \%$�& ,�' \<�`g ��(�) #!*e+#+$/+,� 1�-  �
�. �C5 7 ��E

U�V�W0/ U�V	1Nw�,�'��m
�.�1�2 /3+ > 1 
�)54 5 7 �2E
1 6	7�8�9�U	V	:;/ U	V<1
2 6>=�?�]�s@9�U	V	:
3 6�A	B�C	9	U�V�:

D<E5F<G�H	I 7�8���J�1�K5L pNM 5 p*� 2 / : K # � U�V�P ��O | # >QP ' �*�FESR�z /UT z 1 > 1
��V X U�V�:OwS,W'S� �*� : �YX�ZS[61#\ �^]IxS
5_!` i )M�`g ��6Q7�8�a	b # �Q�dcfe�1!g�h :Wi�jk A�l�m6wZimU�V,nQ�oc #Wp	q , gr� 6Q758	s #3t�u�+�v	w : v'p ,�x<yzm�w : 2 � 6�U�V	1|{Y} \	�
3��Sf�~ :�� l'w � /�� i-3�� k 7�l E v	�Nw	��'��#��B ��� sZB��Y�N�W����� +,�3
 U�V [�
�� \^�\�� � k#� l E
�>�5��� F<G5H<�

Dupont � 
	��� � g =�?��6s R© ��?>����� � � s@g	h0i5¡ �£¢N¤@¥ {�� g!¦	§�O¨#©�ª iY« \ P�l'w­¬ M�p<\£®	¯�O { > } E m ¨ =�?	�0s!�2U�V�:�w���' � ��°W±²l E�³ ;<2�´ + ?��
�<g�hz{W� ��g U�V	:�wQ��'�µ	¶�·$sQ¸����¹=z�!ºY»�� ¨Y¼�½ ·>��nQ�dcz¾Q»	¿���c R©


 ¡5l E 200µm¨#À�Á i�¡5l E m � �YÂ ��Ã<Ä�Å i�Æ�U	V6i���¡�l 
 U�V [�
 100%
:!Ç ��È {	°��W' � l E

É�ÊSË F�GÌH�Í Î,Ï �S»�=��Y9SgSh ¨ ASBSCSÐ�Ñ�{<Ò@}�Ó#Ô�Õ ½ =QÖ ESR(Enhanced Specular Reflector)R©

w � ´ U	V	: 
<* Ò�×!Ø�Z ¨YÙ ��º	Ú ½ cÛ��× 3M � 2 �¹��� kW� ' � lYÜ,m ¨ U	V	:�� 65µm w � ´
« k i�6 R�Ý K�Þ Å iÌ6 90% ß�à ¨ U	V [ {5Ò P ' � lYÜÌá ª i5â 4 ×�ã \%ä � × \�\^®�¯�O Ò@å ��gæ 6	-	ç,×<�!ç	è 
�é�ê i�¡5lYÜ
ë�ì0í�î>ì0ïñðóòõô öQì�÷Nø
ù °Wú ¨ � e�×�2 P '���6�n0s � � � � X�Z!û�×	ü#ý	K�þ Ù�½ »�{3\ �£]�x l>m�w 
�_#`�+ m6w 
 ¡
l#Ü�w>ÿ3× "�� ¨ ù °�ú ¨���� 6<K>þ Ù>½ » ¨ "�� k 6��
	 +�� ×�2�
�n���� ��� n���� K|{�� k + K
þ Ù�½ »�×���K���l é	ê�� ¡5lYÜ��! !K#"�b�$
%�&²{�'
()��l k�* ×�+ ��¨-,#. {0/21�l! æ ×�n3����0�>� ©�ª�4 M65 � é	ê�O��87:9 l�;�< � ÒY¡�l#Üzm ¨�= ´W×�K²{WX�Z 4 M K>þ Ù>½ »��?>A@CB3��l ¨� Ú ½ c ¾ ½:D >�¡5l!Ü�Ú ½ c�¾ ½:DFE�G#H O ¨�= *8I ä#J��?K * ( L
M#N �?O m�
QP�� * ) R-S � ( *M � l#ÜT�� 8U�n���� �0����V K�þ Ù>½ » �AW � ÿ 5 �)XCY 
ZU�n3��� �����C[ Ò��>ÿ E Ú ½ c ¾ ½\D¨�GCH J ¨�,C. × = 
%K ¨�]C^ � Á M � l �#� U�K�_a` ½YÙ � {�( *�X K#b�c�{0d ´QeCf � ¡�l#Ü�Kg_a`½�Ù � E K�b
h#Nz×�i � X#jAk#lnm ×�oz° kW�  -p�b ¨ L�M#N²{�qr
ts��zm V × = 
 Ä)u�5 {�v ]C^ J
>8b)ca��l�m V � > � l#Ü

WLS

WLS
V E

Wavelength shift(
Ã<Ä#w�x ú )

¨Ay�z >�¡5l#Ü5n���� �0���0{ p Ã	Ä V p>þ Ù�½ »�× Y 1�lÃ<Äa|#}���~!� ��< * �
� �?�g� ¡�l!Ü,m ¨ V � U�� Ý pz× = 
�� O k���� ´ Ã<Ä ¨ � Ý p|{0o²°8��l
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WLS
�S� ( kW� lYÜ WLS

E p>þ Ù>½ » V n3��� �0�>� ©�ª�¨�� × E k Á m����n
 U�n���� �0�>� p�q
;5× [ ×������3 
F��l#Ü
	�

����������������	�

�����������! í
n���� �0��� ©�ª V p�þ Ù>½ »�U�n���� ����� ©�ª V Ú ½#" ¾ ½\D$�
E M�NaP&%	Æ�× = l�p ¨('�) {*�+  æ × I ä#J �-, ©�ª.��¨ [ ��¨ È {�ÒW} G0/ < ©�ª {�1ñ� X-2 
43T165 �.7 ¨ ��� * Ü98 � E!©ª�� ×�:�;aP=<?>0@�ACBED#5F��G�U I ä�J @ w?H × = 7 M�NJIK%MLCB�N�O ] 5 �3 æ  æ >�P 7 Ü68-@=�Q <�R�S V?T X?U�VXW�YXZ\[0]9^`_ P U�V-W.YXZ\[�a�b � " � P 7�c�U�VXW�YdZ\[0]�^e_ @ ~=f >
P7
OKEN6262( g�(ApMh=i )

E&j�k _ V�l?m&n 9 I=o J BMp�q cdUrVXW�Y-Z-[0]0^`_ E�s H?t=u.v ý?w t� �yx *  =z 2 
${ T �d|�} >�P 7(c T 4 T U=~�; � @-'a(.��� T X E ]�^e_ @�� H � = 
 G#H J��-���Xd�97�c ~ e�> U�VXW�Y\ZX[�arb � " V =-�X� 7 RMS E�s HJ� j�k _�� < ��� @��?w��=O � P�
 U 2

�{ T E-�&� �
>
P 7 � U W ; � <�> Y = v��#}
w?H �# * T X=��� ~M� � @��&� T  { p�B��M� � ���>�P 7�c

2.4 ����� �¢¡£�¤E¥�¦�§�¨d§ R?S =.© o9ª T�« p�B�¬ J = �®­ ;?¯�°�� w�x�± 7 p�²\³�´ _ � E x=µ�¶&µA<0p�@&·¸?¹ T X�º�7�c
8?8�» E º�� q�¼d½=¾C¿dÀ�p�@rB�ÁM1 ± 7(c

2.4.1 Â�Ã�Ä�Å�Æ�Ç PMT

È
2.7: ½?¾6¿\À8p ­?É�Ê=Ë�Ì�Í @(Î�Ï ( Ð�ÑXÒ _�Ó )[13]

Ô
Õ À×Ö6B ­ ;=¯\°���Ø\Ù ± 7�Ú
ÛdÜ § [�Ý TßÞdà � ¼�5$áMâ � Þ º
7 @\·�Ö ­=É=Ë=Ì?Í »�P 7�c Ö ­É=ËMÌ�Í�ã�ä?å Ö É B�Ö ­?É �×Ø?Ù ± 7 Ö ­�æ N�çdÖ ­?É B Ë�Ì ± 7�è ´�é §#ê Î&Ï�¼�5�À 7 (
È

2.7)
cä=å Ö É B�Ö ­�É �×Ø?Ù ± 7 �=ë ( ì É ¬�ë )

ã Ö ­.æ N?R?S.@ ­?É�í�î�ï�ðX[�ñ §dò0ó v�ô x�ç\Î&Ï9�ó ©$õ µ�ö c È 2.9 ç È 2.11 ·-½�¾9¿\À�Ö ­0æ N � �(á
â � Þ º öER�S Ý�÷ @(ì É ¬�ë�B�¾ T×« È »�Pö c ì É ¬�ë ã(ø�ù » 30% úMû Ý Àrü Þ º ö c Ö ­.æ Nr»-ýMþ!x � « Ö ­�É0ãrè ´�é §�ê ÿ @ ��� ­��»�����x �
	�� @ è ´�é § ê �
��� T 10
Ì ú�û�@���@�Ö ­�É �(Ø�Ù�x � ö c�� � B�� ��� ©�� ± �rÝ� ó © ç&Ö ­MÉ � ã 106

Ì úMû0@����CB���ö c�� @ « z�� photon
Ý�º Q Ô�� Ö.»6p ù�� À ­�� ¯�° ÝT�Þ Ý © � ± �
Ý ·�ª � ö&@\·XÖ ­?É�ËMÌMÍ @ ù!� À�~�"r»�P�ö c$# ÿ�% t · ÷ @ è ´�é §#ê Î?Ï�� ó© � ns &'�)( ns ú�û.@
*)+.·�, � © ç.µ « Ö ­.æ N.@
-�û!p .=~9� ó ü Þ R?S)/�� ù!��� Ø
â.ö « z-ç

25



È
2.8: � å?Ó Ö ­0æ N [13]

È
2.9: � å=Ó Ö ­�æ N�@(ì É ¬�ë [13]

È
2.10: ��� Ó Ö ­0æ N0@�ì É ¬�ë [13] È

2.11: ��� Ó Ö ­.æ N.@�ì É ¬?ë [13]
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È
2.12:

b ¨ [ ¥��
¤ ðX[9è ´ré §#ê Î?Ï [13]
È

2.13: ���(´ ¤ b Ñ £ Ü�è ´�é §�ê Î=Ï [13]

á ����� �×g
	 « Ë�Ì�Í @���
.·���� Ý À�ö c µ « Ö ­�É�ËMÌMÍ.ã\���)����� � ó â ºdc

PSPMT

� Zrb k À���������� Ó! £�¤E¥�¦�§�¨#"�$ � T � ã ç&% cm ')(  ��������� Ý�*�º�+ ¬ �),.- pq-Ö�²=³�´ _ ·���/.»10�ö c�÷ � »�243yx � «  ·\ç 1 5  6*�º Ö ­�æ67 ��8:9eç ä�å Ö É ����;�< -"=$ � ± �rÝ · � �
À4�>��?�- Ó PMT »@0�ö6A�����?�- Ó PMT
 �è ´�é §�ê Î?Ï6� ã1B ¨�C
¥>�r¤ð C è ´�é §�ê Î?Ï Ý ���E´ ¤ B Ñ £ Ü?è ´ré §�ê  ED�FHG ·)0
ö (
È

2.12 ç È 2.13) A�I�J  �KML ·�ÒN�OQP § Ò�·�R�À:S ç@TXû�·@0
öX·dçHU�J  �V ·XWXY�Zr·�[\S^] ¤`_ Ò P »)0�ö ÝEºaL %�b -)c^d A0µ«�e é §�ê Î?Ï c X f ¦�§ P Ý Y f ¦ß§ P ¼ag�À�ö?Ò N4O f ¦�§ P Î?Ï ÝihHj "1$ � 9�·?» � ö6k C�le éXm ê Î=Ï  �c4 ·�n�oqp#r Þ º ö^As)t�u)vXw.x ò º Þ ã)B)y C@l��=z ð C k C)l e é�m ê PMT 8500
- á � 9 Þ º ö6A

2.4.2 {!|>}:~����!�
�X�H���.�#������� ������� ãE���?É���Ýi� � �> \ïMð C ñ m�� z6ê���� 1eV ú?û � 0�öX�X�-ç����� ó�� c � p6� ï
ð C ñ m � ���?É��� ^��É � � � � x L�d ö �
Ý �=�E� ö6A� �¡M¢�� ������£ �#¤ �
0Mö Si ¥ � ã�¦H§ 3.6eV

 dïMð C ñ m � W d1 E�?É � ���?É��=¨ g � � � x L`d öEA �� 0Ý��©� � � xª�« ��¬ � ç ����¬�� x ãE­�® � ýMþ@¯�ö�A=° z±l:² m)°M³ z Ö ¬� &ïMð C ñ m ã 3 & 4eV ú?û��  � ç���)� ¥ � ��¬�-´� � � xEµ ,1¯�ö �
Ý ��¶ ë -)cEd A �6 µ , ¶ ë � 0�ö�ì ¬�· ë ã(ø�ù � 90% ¸¹Sº ��» ¯�öEA �^ ����ç�° z©lq² m�°�³ z½¼ - �H��� x±¾ å ¯�ö ��¿ x ó�� 3 ¼H¼ ¬ � ¿±À ú=û  ±�H¬�­® 8 - ý?þ@¯�ö �@¿ � � � ö��X� ¼ �H¬�Á�Â�Ã �M� x^Ä)Å�Æ�Ç�xEÈ�É�Ê g�Ë � � p��6ÌHÍ ��Î1Ï ¿ �röEA
p6Ð �4 ^� � �=Ñ1 ^��¬ µ ,!Ò ��¬M EÓ�Ô�Õ�Ö�× C>Ø m x�Ù�Ú Ð c , � öH�X�4ÛHÜ�Ý>� ����� ¥ � ÒÇ�x W�Þ�ß  ���¬�­�® 8 ��à�á 9±Ð Ú�â ( ã�Z!ä�å!æ e^ç�è ) Aé9 ¨ 9iê Ç ����� x Ò4ëXÜ�ì �4íéî>��ïð � Ú1â AHëHÜ�ì�Ò �����>ñ Ö�× C�Ø m6� z�òôóHõ x#ö � x òø÷ m�ù�ú c 9�S�Ò e)û6ü f y ù�ú�ý©þ�ÿ

¯ â A e1û6ü f y ù�ú!Ò�� ��¬�� ñ ¯�����Û ò�÷ mEù)ú>Ò � � � ñ ¯���� x à�á ¯ â �H� Ó µ
	Mx�� �
���x
� r���r�� ��¬)� x ­�® � Û � � � x ��¬ ��� Õ ¯ â A����� ¥ x à�á ¯ â ä�åMæ e�ç�è Ò

npne = n (2.3)
��� º�� Ð Ù � Si

ñ��
� Ç�� �
n=1010/cm3

��� � ê Ç ñ ëHÜHì
� è x S�g Å�� �HÐ! ap Ú �X�4ë�Ü�ì��à�á ¯ â ¿iÓ µ�	 � þ�ÿqp#r â ­�® Ù"��# ��¬ Ò ò�÷ mEù)ú c%$ S`Ò e@û�ü f y ù�ú x d�¨�º � Û ���� ¥ ñ ��� ä�å�æ e Ò n & ñ���� Ò ��¬ ñ(' p & ñ���� ­�® ñ)' ¿ Ú L�*@¿ x � â,+ * ñ �X�6ê Ç ñ
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���)� Ò ����� � è ý c)� Ð Ú=â ����ÛHþ�ÿ $ � ��� ñ)' ý����1¯ â *=¿ Ò��	� �%� â�+ � * � ê Ç P

& ¿ N &éý�
 � ¯ â ¿ x � � Û ��� ä�å�æ e ñ à�á $ � Ú	��
�� ý���ÿ1¯ â *1¿ x�� � Û��)��� e�� �� ý���� $i��� ����ý Î=Ï x ¯ â�+

-VBIAS-VBIAS

VBIAS

-V BIAS

����� �

V

VBIAS

n+
!

I
!

p+
!

PN PIN

-Vn
!

p
!

BIAS

�"�#�#�

V  

$
2.14: PN 
 � ¿ PIN 
 �

PIN %'&)(+*�,�-/.10
° z32:²�4 y ¼ ý ������£ �#¤ �6587 â ��� x Ò:9<; ñ:=">�? x�@BA Ð6C�D �FE mm2

¨"G E
cm2 HIKJ � � Ð)L â�+ $´¨ $ Û ������£ �E¤ J Ù/M@â�N�O Ò � ñ^£ ��P ñ ����Q ß ñ Á � J ¿�R � Ú Á �=¯â ����Û =�> �	C�D�� R ñ ý3S�T1¯ â6U ÒWV�X Q ß�ý�Y 7 â�Z�[ J:\ Li¯ â H I8]�� â�+^�'
�� \ Ò��

��V � ¿ ëHÜ�ì�ß ]6_8` Ú6a ñ ëHÜ�ì ç�è J � � Ð � Þ1¯ â�+ � *�b Û Æ�Ç J Ü è ñ�c Ú n & ñ8d Ö�eJFf L òg4�h ?�i Z p+ & ñ V � ý�j1kml M)â *)¿�b Û n & ñ Ü è ý c [ ( n�o ) Û ��
�� \�ñ�\ Ú R ñ ý
THÿ/p â *1¿ ]/q�r â + * ñ ��s ` ó�õ ý PIN

óXõ ¿ �:t $
2.14
+uZ�v $ Û \"?6ñ�w �!Ò.æ 4 û V�x ñw � J R�y `�] k N�O�z|{ ` â�Z�[W}�~ qW��ñ	= C�D��u�����^��� 4
ò Ò^ê�� * ñ óHõ b C�D { \�? Ù�,#F� � p â w��^� �K�	� J @|A�� Û��'� ?�i â,+

PIN & ~ q:��� }'���u�Kv'M b ��` L � ñ	\�� ó�õ ý �8�F� X ������� ~ q�� { $ � R�� �#?Wi �� â�+

 �¡:¢�£ 0 ¡ %B(¥¤ ¦�§
¨'©uª = & ñ �/���«����� 4 ò­¬�® { $ �^¯ ¨�°�± ?:i � � â ñ�]³² æF´/µ ò æW�)� ~ q�� b � â�+² æ	´'µ ò æ��¶� ~ q����'·'¸ 4 ò V � J�¹ M�� ñ V � ý���ÿ/p â * { J � k ·u¸ 4
ò ý�º r � k�» `
k  ? L $ ZW~ q:� b � â,+ ·'¸ 4 ò V � ]	¼ � J  ?F� Z�[ V�X Q ß ]  ? L ` â�+6������~ q3�KJ
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� M@â ¸ ��� ñ�����ñ s�� ¬�®
	�� J�
 à p â ñ�� V�X Q ß {�� V�x b � â ] ª � V�x ����� p â * {J � k Y
��� � b � â�Z�[ J V�X Q ß.ý  ? L p â * { b ª � k�� L�� � ~ q��³] S�T�� � { ` â�+
����� £^ �� %'&)(+*�,�-/.10

$
2.15:

·� "! µ ²
# �/�������u� 4 ò (S8148

Hamamatsu)[14]

ê�� ñ �^����~ q��³��w���$ ó ý R Z `^� Z6[ ª
� � b ñ&% N6O(' 	 ]�)u� + ·* �! µ ²�# �W�W� 4ò �

100V + 300V , è ñ V � ý $ 2.15
ñ �³s `

V � óXõ J(� Z 7 ª V � l ¨ b.-�/ w�� ý � * p* { J � k 50 + 100 , è ñ ��0 ý 0 â + * i/J �
k ª ¬^® ñ�1 P J ��â�N�O J*% $ � c�� S/N 2>ý043�* { ] b > 3 +576 ��8:9 C�D ] 1cm ; ñ�= & ` R ñ R S�T ?�i� � 3 + $ » $ 8�9 C�D.ý&�1L { 3 Z�[ ñ�< E ñ¬�® ý&=�> J�?A@ 3&B�C � 576 °	± ] p�p7D b �3 { *(EFb � 3 +

;

photodiode array

Si Photodiode F ���HG�I�J7K & ² µ 2"L�4AM ~ q�� F�T 3 J���< E�N Photodiode
¬�® F ?
@ ª�O�PJ�Q7R F�j k q p ² ��S
T ] H I bAUA3�VXW » W ª
Y�Z J�[
\�?:i � � 3 Photodiode
¬�® ��f:] �_^`Ha � N�bHc ªed 4Af V�x NHg7h { � sji7k » G ¬�®lN�m k*Fon 4qp W � � 3 Z�[�r�} C�D ] ~ q3��s� N

40% , ] W » ` L ª ?�@ Z�t Nvu K�w�x8]6=�> L ` 3�Vzy N Z�[ 1
¬�®7{ J n7| p F	» Z�[ 3 N b��` L ª:Yo} N N ~ ����� N:� J*< E�N P ~�V7� ]v� 6 p 3 Array ��� No�z��h F�T��/p iA� ª n7| p���7�8`�� u K�� d ·�]v�X�l� » y ¬�®"�
�&�(��� � N G�IH��� � F R�y }'~ q��³]�q3r 3�Vzy N ^ s� ª

photodiode F · L��7� � ?
@ Z R N F Photodiode Array( � W � PDA)
{ ^ t y { � p 3HV

Photodiode Array
N �7� { W � �H���7�A� 6 W ª }u~ q�� � ��fv��� �7� F*¡ 3*¢�£ {¥¤�¦'v W ��:fv�:� ��� F ¢�£ ] UA3HV�§:¨ N ¢ ] ¡�� ].© bAU
3 ] ª(ª ¨ N ¢ ]v8�97�7« F&� � { 3�y { ] bl¬a � N�­ ¬ � W:®�¯ � �.°�¦�±7²�³7´ ® _³`���` 3 ( µ 2.16)

V

2.5 ¶¸·º¹ »4¼¾½"¿ ÀÂÁ ÃÅÄÇÆÂÈ X É Ê�ËAÉÅÌÎÍ
2.5.1 Ï�Ð�ÑÓÒvÔ4Õ(ÖØ×oÙeÚ4Û�Ü�Ý X Þ ß�àáÞãâ4ä�å"ælÔ�ç�è�éëê�ìAíî�ï���L | M&ð�ñ�ò�óoô ¯�õ N�ö X ÷ùøjúû÷ N ��ü ��ý |(þ(ÿ f���� T F����	��

� ô �
ü ��ý | ðñ*ò�N�� ¬ � � ^������ N ^������ N������� �!#"%$ 
 V
&
'	(*)
+-,

(100keV .�/ ) 0*132
Z
�4� ¬ � ö

X ÷ w�x ó ®65�7�8*9-:-; �
<Aï*=>�&ï�?�@ ^�A � ¬�B�C�D ô�!#"6$ 
 ���FEHGJI�K�L
X ÷NM ��ü ��ý |�OQP�R-� � ¬��*5�7F8S9 � | f µ 2.17(A) �UTWV X ÷ �vð4ñ�ò�X ��Y[Z ñ P�\ ��]
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P+

Amplifier

N+

P+

I

Amplifier

I

N+

LIGHT

LIGHT

Amplifier

N+

P+

I

Back ReadOut

Surface ReadOut

Back ReadOut
with SDD

LIGHT

µ 2.16: ��� ���o��� |��
	�� � M����
( 
 � ) � � ¤�¦�� P ~ ( 
�� ) � � ¤�¦�� P ~ ( � ) � � ¤�¦�� P SDD

� | =�� |�����µ (B) � " �7� � $ 
�� ��] ��� =�� � �SM �
ü ��ý � I�ô 5�7�8�9 � � ��� A T�V X÷
M ��ü ��ý � � ��� � � � \F�� "! �$# 
���T�V X ÷ I K %&� " M ® M �(' B \3R�)�M ��ü ��ý � I* ! �
NaI(Tl)

ó�I&+�,.- M 25keV M T�V X ÷ � �S
 � � � � ¦ "6$ 
����] ��� =�� � �4M�/ � IHö X ÷ �(0 �21 � �Q
4365�M87 � � �4
S\-R89 B ð�ñ�ò�:<;&= ü ��ý � Mö
X ÷6>@?BADC@E �����GF 
���HS\ ;�= ü�I ý ��JDK óWI�ô 5�L<M&N ]PO �8QSR�T � PVUSW6E O � 
�XN$Y E�� A[Z�\D]_^�� = ü<I ý ��`aK ��b&c6d $ 
8�

egf 100keV .�h ( i�j<kml4nJ0 1�2 )

5�7
849 M$oSp�qr� A ôN<Aï*=>��ï�?�@�:DsDt�u M8vPw�x�y�oSp�q �mz F�� 
 C�D ô�K�L ú ÷JM ðzñò�{vó M 1 �FI�|~} E � 
(� * !���<�ï�=>�&ï%?�@ úû÷ :$sPt�u�� 7P� ���a� { 7P� M(vDw�x�y�E��S
sP��� 5a��� ? ôD�P� ^$� M8/ B(� L ÷ ��ó6z 
3\-R ô�ðzñ�ò�X E K�L ú ÷FM = ü"I ý � � YJZ ñ P :
� B � ð�ñ�ò��(�$��ó.ô  �M�� � �����6�*� új÷NOH�D� � ðlñ�ò3X E Y P � P�H � C�D ô )3M = üSI ý �] ÿ�� � I I

•
5�7
849 E_�4
 uP� (

K�L ú ÷ = ü<I ý ��� 2.18(C))

• <�ï�= �&ï%?�@ M 1�� 7a� = ü�I ý � � � (D)

• sPtPu���sP�D� E��S
 (
K�L új÷ = üSI ý � -

sD�D��= üSI ý � 5P�
) �-\ � P K-L ú ÷ = üSI ý ��

1.02MeV M C�D ��� � (E)

M 3 ��M uP� � " � 
(�
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EnergyEE -E� escape

Noise
(A)

(B)

dN
/d

E

�

�
2.17:

ö
X ÷�E s �

 ���

Eescape
I ���NM TWV X ÷ = üI ý �

E �

E

� -1022keV

Energy
dN

/d
E

(C)

(D)

(E)

EnergyE

dN
/d

E

�

(C)

(D)

�
2.18: ú ÷@E s �

 �D�
ð�ñ�ò����

( 
 )Eγ(
K�L ú ÷ = ü<I ý � )>1022keV ( � )Eγ<1022keV

EnergyE

(F)

dN
/d

E

�

�
2.19: új÷�E s �Q
 �$��ðlñò����

E �

E

� -1022keV
E

� -511keV

Energy

dN
/d

E

EnergyE

dN
/d

E

�

(G)
(I)

(H)

(J)

(K) (K)

(G)

(H)

�
2.20: ú ÷@E s �

 � �
ð�ñ�ò����

( 
 )Eγ(
K�L ú ÷ = ü<I ý � )>1022keV ( � )Eγ<1022keV
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egf (100keV .�h )( �aj�0 1�2 )ð_ñ*ò
��� ���3� ú ÷FM X���� M YNZ ñ P�O�� ]&^ E4�

<>�? � z F HS\ K�L
	���
�� d $ ��B 
 ðñ*ò�ó # 
���)-M = ü�I ý � ] ÿ6� �6���	IHô�K�L ú ÷�M�� = ü"I ý � OQPHRS��� = ü<I ý ���S� �SM��� E � 
�� (
�

2.19 (F))

egf (100keV .�h )( �4j�0 1�2 )��� M ð4ñ�ò�ó�I�K�L����<:-�rzad E b_c�� # 
-\-R��� JM6� ����!
"��*CWD M�#�$ D&%(' � � 
(�
(
�

2.20)

• � = ü<I ý � 849 �"� � (
K�L ú ÷ = ü<I ý � ) (G)

• <�ï�= �&ï%?�@ M 1�� 7a� = ü�I ý � (H)

• ) G UWM <�ï�= �&ï%?�@ E&�S
 1�� 7a� = ü�I ý � M�* (G)

• sat�u��DsP��� E_�3
 2
5P� Y ? M ua� (

K�L úû÷ = ü�I ý � -
sa�a�_= ü<I ý � 5a�

) ��\ � PK�L úû÷ = ü"I ý � � 1.02MeV M C�D � �(+ I = ] ��� = �"� � (J)

• sat�u��Dsa��� E_�3
 1
5P� Y ? M u�� (

K�L ú ÷ = ü"I ý � -
sa���&= ü"I ý � 5��

)/2 �
\ �
P K�L ú ÷ = ü<I ý � � 1.02MeV M CWD � î�ï-, I = ] ��� = �"� � (I) �

2.5.2 .0/(132�465-798;:�<>=
B HPH ó@?
A P � z \ î�ïCB � �ED �P� � 5 ð�ñ�ò O � H FGF�H  	� óvô0I � E �0J \ ðzñ�ò O x[

 	� � ]_^ ó # 
(� ö X ÷LK ú ÷ ð�ñ�ò ONMPx��

 � EPO(Q d�$ 
 î�ï�B � �ED M�#�O � T�V I

• R 5
S
• Z( T ��U(V )

• W�Xó # 
2�
Y�Z B � �[D M tau 5D� GFI 1000 \ 10000photons/MeV ] " B ó # 
S\3R ô�^�_ P�\ B = ü�Iý � �S; B � z�I R 5
S M ' B � MWOC`�y P ��B �ba(c�E S/N d �@e F6� 
���H4\ ^f_�g@{h��i M 5kj
M�vPw�x�y (

5�7
l�m�n < Z =0o Z ?�@ n sDtau ) p Dkq � qsr �a�[O FtH � zPi #Eu � Coded-Mask M^f_���:N< Z =0o Z ?�@ M 8�9�vkj PCw�y B u j z*IP^>_Ng E�� =[x I�y �Pzt{ u � qCr 1
| p@}�H
PF~n>� Z@� o Z����FM_� q E �a� � M2/��>���&p =[x Ity � O �-� w YJZEu � qsr vPw�x�y IP� H�� Fr �<��)-��\-��E(� � 1.1 �&� q E Z p@� z F /�� =�x Ity � H i��(�����-��� p@� z r �D� (
*

GSO)

` q � z�i #Eu ��HS\ � Z@� o Z��(�9���
� v �&� q E2q !�� E � Z@� o Z��(��� d ' us��� �[�
� ]����� ����� qNr Z � � d r ��� i���u�� u �(p�� �D�&E W
X9�8/f�S���f� ¡�p � d F¢r u � i ���D�
H�£ � Z�� o Z������ ��� v � �
� nD�
¤[¥ � ���S�(¦ ^P� E�§ { w@¨��@©
ª�E
£-� � u 7 d ¡t«
��¬
X ��­ Q d�® n6¯ ® �P°�±
��² d i6z H u £-� W�X&p@³ F Z p@� z r �P�&p[�(��´6H-£ n 1MeV µ(X��
�(�¶�·��E s �sw��P> jh¸ ?hp ¹[º ^9_Ngm{h��i � Z@� o Z��
�»� O ¯ � £�� ³t� ���S�(¦ ^�j =�x Iy-¼ �(¦ ^ �C½ u £-��E(� i6z u c¿¾ÁÀ � JDK i ��¤ �
�Â���>�hÃ { uNÄ ­ p[Å u ´ ¯ �(£��EÆ � ³t�
W(X�p Ä ­�i Å u ´
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2.5.3 .0/(132�465��������	��

���
������4��	���
Y�Z B�� ¼ D ^>_Ng Æ���� u�� x � y(¼ �
¦"! � ¤ � 4 � p@� z r�#�$�% D ¼ jCr u ´

• Y�Z B�� ¼ Y
&�Z � �('�)+*-,�.�/ ´ σ2
pe

• Y�Z B�� ¼ D ^>_Ng10h� ��R � l � � �t� ��243 �65 � x�� y�¼87(9�: σ2
int

• Y�Z B�� ¼ Y
&�Z � �<; �
� (
�6=?>

)
7(9(:

σ2
trans

• @BA�C9�ED�F�G H�I σ2
noiseJ+K �ML�N>�EO � ��£QP ��p n ¹6R
S�Æ�½ . ® u�� x�� y�¼ N ¦"!�i Å u ´

σtotal =
√

σ2
pe + σ2

int + σ2
trans + σ2

noise (2.4)

T?UBV<WYX[Z?U1\4V^]?_�`6a"bdcYe�f
σ2

pegBhji�� ¼ g & hlk(� � ��� S r ��m�n6o�� j u £-� nBp � k����(5 ' �(qsr � x�� y-¼Mt6u Æ<v;�
w	P )�* S rw,�.�/ �jx�r u ´ ¯ � ,�.�/ ��y�zB{ h )+*�,|.�/ �~}�� i	� u £�� n
σpe =

√

Nphotons

Nphotons :
�
�65 '

j���� ® u ´�(��5 ' � gBhji�� ¼ g & h���5 ' ÆM�(���M; �
�����(56�
� �w���(£BP@���EÅ?��´g"h<i�� ¼ g & h^�s�M� � �
�+� p ®"��® �M��ª
��� �+� �Q� ¼Mt�u E Æ<vÂ�~� �
Nphotons ∝ E

� ���M�<�B�wL ¾���� �+����� �
σpe ∝

√
E�~  �P´ ¯ ��£-� � σpe ��� � � � ��gBhji�� ¼ g & h^�
�E� � �?� �	� ¼ N ¦"! ∆E

E (%) �
∆E

E
(%) ∝ 1√

E
(2.5)

� ��� ® �P´

T?UBV<WYX[Z�¡+¢E£B¤6¥6¦+§j¨�©<ª�«<¬�_�­+®�¯�°(Z�¤?±²§<³6](´?µB¶wcYe�f
σ2

int³(]6´+µB¶<¨�©<·6¸(¹ g"hEiY�Eg & h[k²º6�6»s¼ °�±�½�ÆM¾�¿ ® �MÀ�Á�ÂQÃ � � °�±8Ä²Å>Æ"2 ¾ÇÆ�ÈÉ � ´�ÊB¿ ¾ � �"Ë   °t±²�   �8Ì+Í � k(º6�6» Æ<Î	Ï 7�9(: �[Å .[Ð ®Qg"hEiY� ¼ g & h �wÑ ¯ �EÒ
Æ"2�� k6º6� Ã ,Ó.w/ �4x�r~�1Ô4¿s�ÖÕ×jØ ¼ �(ÙQÚ Ã8Û6Ü(Ý�Þ�Æ ���(�6ßwà � Ø �wá � Ò"�[Å�â ��ã6ä � ¼ � ¿�å ¿   ÙQÚ4æ �4�"Ë   ÙBÚ �
Û(Ü � Ø �6���MÕ
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�
2.21: � 5 �6� �"���Q��� v k º(� [15]

¬�_B­?® ¯Q°�Z�¤"±6§<³+]�´�µQ¶�c e�f � ���
	 Ã gQhi ���
� Â����4�(����� �(� �"��� � 5 �jv É � g"h i ���g & hl�+» Ã �?� �	��� 7�9�: ���"� × � ����� � Ø �?�
�8Õ× Ø ¼ � �(� �"����� ����� : �� Ø � ��� P��
! h�"$#[h%�&('�) �+*-, �/. ��� ' �Q�j� ��02143�H65 h7#E� � º �8�9 ' Ñ × Ô�3�H65 h:#j� Ã�;�� k�º(� Ã6< Ø �MxYr � , �. �=� N
>�? 'A@ È �AB � [tawara] Õ � 2.21

¼�C
g�h�hMi
D ��� Â4�E�6F�G6��� 5 Ã�, �H. ���Q�<g?h~i D �(gJIEh º
Ã � v=K�Ã²�j� ' � Ô�3
L=M�N8���6�EÕ NaI(Tl)

�
CsI(Tl) O

Ã4Â��:��F��(� ¼ 10keV P 20keV �
3�âA� k�º+�6» ÃJQ �R ' P�S � GSO
�

BGO O	Ã4Â
�"� ¼ � 100keV
JUT Ã�V4W

� ¼8k(º6�6» �6X(S����"�8Õ

UBV4WYXjZ?U \4V=Y�Z�[U\�¤�±6§M³+]6´"µ	¶�c�e�f gBh
i D ��gJI<h�" mwn�o�]�� ¼ p Ã�^(Þ��/_�`E�1â � k º²�(»
�Ha � Ì?ÍB�����wÕ × Ã � � × Ã k6º+��» Ã�as�6� k6º?�
Ã+bdcHe �j  �8Õ

T4]Uf4g	¤
h�i�§<¨	©8·(¸�¹
σ2

transgBhji D �+g(Iwh^º ' ºEj�k H(o(�6��lB� É �(¿��-� � g"hEi D ��gmI4hlº6k x6Ò � º2j�k H(o"¿��
Ã º Ã+n+FJ�EoBâ g"h<i D ��gpI4hlº Ã�q º�� ��aQ�(�wx rw�8Õg"h<i D �+g(I4h �2o � º �4l4` ¼�g�hji D �-� Ã+��r2F7o�s6t4u�v	Ã�v4� � gBhji D �U� ÙBÚ F7o/sº�j=k H(o/w�Ã+x�y »	 (	 Ã�z
{ '6|~}�� G+�8Õ� } � g�hEi D ��� Ã����7�<v É � � g"hEi D �U�jº
���U� Ô�w	Ã/� � � �H� � �QP4Ã � 	 z�{ ' ��G� É ��Õ

T����J�����"¤+±(§A�
�
σ2

noise

�
lJ��F K Ã?G H�I ¼=�/�(º �4l
`	Ã�b�cHe �j  ��3=�4, ��. �=� N�>�?���z�{ ' 0E1��MÕ
�4l7�4F K Ã�G�H(I ¼/�=�
g L6� . Ã/� � � �2o-c�<-�wFJ�Eo � � ��� Ë��B���?�8Õ × Ã43=� º �4l���4� Ã2o?��� º-j�k H oE]4�/�4� ' � � } É � � S/N  ?�/¡ }   â��/¢7£�¤�¥�Ã+z4{ ¼+¦�§ �+� � } É
� × � � �A¨ �MÕ
ÔE�1Ô Si PIN

���8� ÃEo��   �E©�ª6Ä 'U« 3   �:o��  wº2j=k ¤4¬�Ã8Ì�Í ¼ �H¢p£�¤4¥�Ã+z
{B���®­}   â � É �?Ã � � �p£H¤4¥/�E© � � �
¯"�?Ã�°�±  m	 �H²4³ �j  �8Õ´4µ � �
�E� �HF2G���£H¤4¥U� Ê��6� ¼ AppendixA.1 �H¶�Ô }¸· á	�MÕ
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2.6 � ������� �
	�� 
������ ��� ( �
	�� 
���������� )��� � D �-� '"! ±�Ô+3$#�%'&)(+*-,". ' Û�Ü0/21 354)6=_4`87:9 j�k ¤=¬�o �
�<; ' ±>=+?A@+BC/
1�²�³EDU�01$FHG « IKJEL #<%$M�>+N8OQPSRC7 �>�T� DVU>WEX P5R>7T9)Y�l�� ���CZ c L 1"*[,T. '$IJ2\KL c^]E1 _+NC`0a51TF ; Z ;cb 7T_+N�O:9dY=l�� ��� 7$eS]E1cfHg \ o�hi#E%:M)j0k)DQl>m�n o21TFb 75p��A6Kq5#2%'M+jEk Z R��+r+s�w
�-t « R �E�"��u U �[vQ�$w>x+y t @)B0/<1cp�� \Tz 72oE{ L _
N>D5|Q}�n"o0?)=E1:F

• 1 ~�� vs � ���>�:�c� 90�>�0� ; ( �8� �$� U:� )
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±i�o��& 4+5 Uz{#ÉN>(S+@zT
�G:�IE��� » w �+U�\�{���®3>J2�]�� ESR Ãg����Æµ´����
�QU u ~$�H�(�Q�N�+� © ,
� L+� V�X�8J� � \ < {	>����
����8N� B U�{#É D � : Â u ©���� � ª \

1.Wrap reflecter around crystal

2.Array wrapped crystal. 

3.At the end tighten up
and completed.�
2.27: ¾�¿#­���Å�%(&G' Ö 
 �H�9��^ �

� ���#��a��=� jGk�l;m=ïH�i�z�����
( # 2.27) $ %z&('Ö ��°
± �6��Í u ��r�7��
É��. �¡�°G����¢ © ,�£D¾5¿�­

Ã < ´?>i��®=´o~
¾#¿�)+Ãx¤��á® �#À�Å�>�A�£ �=°U±$���5Í¥�¦ Ã © rvÄ�Î��g}�§eÃg¨t«W\
¾�¿�­¯Ãi%�&	' Ö�© u«ª � Ê A U;{�Éz>;¬5¿�Á«~!Â®­�¯ �< {�S�@;T.8	:+I w Å;UN\�°�±�Tb�UÂ=²�\ F 7=~&Î�|�}�8³ :s£ >�:�T=£(:+I�8J´iµ w ~;¯+²«A ª >i¶R��'	·=¸;8 7
7iUiA ª w+¹ UG\
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MAPMT � GSO:Ce � � � � � � 	 




GSO � Ce
����� ���
	��
��������������������� ���! #"�$ %
&('*)�+-,/.

Section 1.2.3 02123547698;:
<>=;0@?�ACB;DFE7G MeV HJILKNMFO7PRQTSU8@1�²WVYX[Z]\^K>MFO^0`_acb;d VfeFghHiILKjMFOC0FBlkFmLn`oFpNq7rs<Yt`kvu7w2xvyCz`oFp>qF{F|R}F~^�F�F�W�s�Y\C�]�F� bld
V;X�ZY\]� II ���vtR� III �W�NBWZR\le7g9H�IvK>M^O5\2QTS^�F�s0T|��^1]�F�>�
V`X

Section 2.6 �T�^��8;:W<>=@0lmvn;�F�^�9H�IF� 4l� \C�5{^��Bv�2�`�CxT�c >¡f¢¤£¥zj¦f� 4f� �j§^\¨>©2ª {�«i¬F­F3^mvn]o^pNqC3jujwRx
y5z`o^pWq^rs<]t`� 4 �F®^¯�P@°sO>¡l±]²/³J´Yµ98f17�¤³YZj¶·�¸7¹ b;d 17�vVYX
º^:5»W¼7½CzTx^¾s0v<s¿À35e�g7ÁÂ\`Ã��Â0FÄ2ÅFÆ>1R~F���7��P@Ç!³T¶]VWZN¶@� 4;È 3
º2:YÉ^ÊÂËcÌÍ±W�N�ÍÎv�F�2X b «;0lÏ^ÐFÑ7Ò5¯Â0;ÓN�vVlÓ^Ô�Õ>�cÖl\;�v�R3ÂMÂÌR×ÂØÙ�jÄjVNZj¶RP¥Ú>Û
:]X�¶W³Ü0;?�ACB 50cm ÝFÞ7ß
\YDFE7G�àj¡TáUØf¡`K>M7O2\5QRS�Pfâ^ãÂ05� d 1FrU¿ä3�Z]\`}�å b 0`æç =ie^ghHJIF�sè � \`éFê9¶58@1L�2�R�2x2�c W¡f¢U£¥z� cëY¡YKjM7O2\CQRS[P`rÂZ`�>ì]1F�WV;XN�Cr7Q
SL02r7�F1�BYmvnY�F�F�F�cè � ¶58@1�\ ª q>0lí
îYïLð`ñFòv�j\`_ a �LåCVN�]\NP·�
ó51��NVYX
ïsð;ñ7òs0TrNôjV5 W¡@¢�£¥z>¦T\;}�å`�7õ;ö�¶58f1R�Âè � \l÷Fø7¾
\^õ;ö
��ÄjV`XÂZR\l÷7øF¾s0><2V
°�×T�^ù^O>¡[úüû7}
BY�sè � ª qFrÂ<Yt�§^\`ý^þÂ0l}�å`�`ÿ��[P@���T�TXÂZ]\F:5ó��jÕ2÷Fø7¾
\YÎW�F���� �
	[ºv8@�TXvº5:`35�Âè � \
�
�7B�� b �
�v� Z ������\
��� ª �RÎW��³ �¤¿À3 b «@0��F�W��� b
�
�v�
�������FIs\lÿ���P��Lô70�³��j:CóR3Ck! ^ß73Ck ����" \ ��� �Â<;�2XTívîF1
#s\`S�# " B�$v�
�>�Â<
³·§5\
%'&!�'(ÂB�� b �)�>���^�CX
ZR\W<W=¥�
*�+s0W�5ì>¶2�-,
�L�]\s¶F8·1 GSO(Ce)(Gd2SiO5:Ce)  v¡f¢U£¥zj¦R��ÄNV;X7Å d Å d B
ZR\`ïsð]ñFò[0�.�8;:�/10WP32 a 8Y:]3 GSO(Ce) �5�R�^x
 
¡l¢9£·zW¦2K>M7O ( 465 GSO-PSA K>M
O ) \2QTScP]rsZY�Wì2:]X
#
72°985±�0�:L8¥1�B<;�='> ª 3���Õj�[Öf\;Ñ'?W{�«A@�B��cP a �7:;�sè � �
	Âºv8f�C�T3 GSO S'#C�D�E 0@k
�Y�FßcP7�GFl3Tk S/N �
$N¢�H�¡;wTx2}5�7�
\>�]\^B�I�J6KF�7B�L�M>��NU8f�TXN§>Zl�R3�O
�
\�P'Q�R�SW�[Öl0l_ a �Lå2V]»�7Cx¤¶58·1T32mvn`�F�C��#����Fû�T�Uv\�2 a 0W<TV GSO-PSA KjMFO
\2QTScP�VvóF1F�WV;X
msn]���F�!#��!�7û!TWUv�NB
X!Y�Z Ø\[L�]±^]
��QRS b`d :Y}7��� m
n]�j�^�_#!���7ûWT!U (Flat

panel PMT) H8500 \ ª q��9��`�8Ü3��F�T�^xL 
¡;¢9£@z>¦5\)a��9bÂ8Y0YÔ a �Gc
q¤¶l�Wì2:TX[Z2\
H8500 ¶ GSO-PSA Ped
� ç Å5ÆvVNZ�¶Ü�FuFw]xvyCzlo^pjq 10%@662 keV 3Rmvn;o^pNq 6mm {5|]~5�
�5ß�f E �)g 80% ¶¥�>V@3 GSO-PSA KNM5O2\�h'�NÕ7»9i^½2z]x2¾L0<j'k98l:RX
Z d 0><
¿ D^E^G[àj¡
á�Ø@¡;KNMFOC\leFg7�Âè2KjM7OFP�h'�>Õ��)l�j>�vVjZ>¶¥�>è È Vj<>=@05��¿ 3[Z]\ GSO-PSA K>M^OCB
P'Q�R�S�m�n a 0�o a�b@d :]X
Z]\`� II �W�jBWZ`\ GSO-PSA KjMFOT\2QRSL0�:
8·1T3 GSO-PSA \<L�MU¶ PMT H8500 0N<2V3a
�

bL8Y0R|j�51RÚNÛLV;X
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�
3 � GSO(Ce) � � � � � � � 	 GSO 
 � � 
� � � � � � � � � � � �

GSO(Ce)(Gd2SiO5:Ce) ����� Section 2.2.2 ���! #"%$!&('*),+.-0/ (6.71g/cm3) )1+�24365%7980:�;
(Z=64) )�+=<0>=? (60ns) )�@=ACBED1F0G0)0H�2EI=J=5=K0L!BNMPO(Q0LSR.T,U(V,WYX[Z%\^]0_#�`Oa3b50cd '(efThgjik"�lCmonjprq!sE�ut.vEwx Oky#�`� GSO(Ce) z1{E|1}Cl!m^n~p�qus,��p 8 (GSO-PSA) Ok�0����)C�0O="=�.'9W x B#U�" GSOz�{9|�}al!m^n~poq`s,Ok�0�a'���20VE�# Cvkw
3.1 GSO ����� �N�����������

GSO:Ce �C�`R^�`21Vulumonfp�q.s����P SRP¡=¢¤£¥�=�=�=�.¦%v*§*)02f¨b�=©`O^ª1«aO GSO �#�uRo¬ �)=­ d ¦Cv x �o�9)=e=gaBE�a�uRo­%®u�E¦�¯=°C±`t`vkwNz,{*|,}%l#mPnYp�qus,�Npe8 (PSA) �k)²=³�´=µ�¶.· �C�*¸ ·,¹!º=·�»�¼.· ��p 8�'(½C¾E¿CV�r24&ÁÀ0Â#�*�0�4ÃPÄ%v*±�) x O(�0�1Å�Â (
²=´ £ÇÆ,È0É=Ê0/.Ë »=¼=Ì1Í B�M ) OPÎC2`'!$%Xkz�{*|�},��=OkQ=L!±9Ï`ÐCUEV~¨�vkw GSO(Ce) �aÑ6¿=¸=Ò=À0Ó#±EQ0Ô�R.T�U(V�2`v�"1�*)9Õ0Ö�)��1×Ø£ÚÙ�Û%�%Ü,vO=�SÑb¿�¸0Ò=À0Ó�O,¾=�`t`v(wÝÑ6¿0¸�Ò1À�Ó�'#$�va�ßÞ.à`O#$!&rB�TEO,±�z,{E|1}��C�.O(Q0L�'^á=â!¦vC�P2�Ð�Ä�V.2uvEw

• ã!ä�Lå£çæ.èé£ëê4Ü�Ã
• ì�í »�¼=Ì�î
• Ce Ê0/
• Zr Ê0/

ï4ð.ñ òôó�õ òôöø÷Sù
Section 2.5.3 '=t`vu$u&(' x O 3 �9°�úa�#z�{9|�},�%��O�lCmonYp�qus#�0i�V.OEL=û�'(êÝÜa¨[á=â4RW�$*ü�¦*w GSO(Ce) �����ký�'.v9�uü1©fþPO0ÿ����CÜ���� Ì0Í ( n	�^{�
E}���
=q î ) '%$%XÁ��ÒÝÃ(Äv(wfio©Ni��SÜk©�2EL��aO^á�â�'#$%X ê4ÜS¨ ãuäuBaTEO!R��=�!¦Cv,O0���jiP2�w9Õ.ÖYÑ6¿�¸0Òa'�W�2=V� φ10cm×29cm OEê��SOCT9O1±���ÒfÃ^Ä`V�2#v1"1��)4z={9|,}al#m^njpoq!s�Ro���jiPV.2Y¨�'=�E@.ABkêÝÜ=Ã(�.t.v(w�ir©Ni6) Ce Ê1/.ËC�,O��aOEÆ�È0Éa'u$,U(VE�C��O(D,F�G!±1©1ÐCv�"1�*)����at.v�Â0/O^L0û%O�� þ��E�0t.vkwSÑ6¿0¸1Ò#�*�0�Yi�V02uv GSO(Ce) T Ce Ê1/aO���þh�aÜEB�MPO^á=âfT*t4X )1äÿ0O��!Ü�� �0O(�a��!9� 10 " 15% )�#CB#vo�a��$`'9W`21V�T�%EÂ0/aOkD=F�GaO���þh��Ü1R`T^�1wæ.è�£ ê4Ü�Ã*�=�`l!mPnYp�q`s'&)(�
1'^°�*ÝÃPÄCv�+-,EA ¶�. Ë~3650/�1 . '�203aÜ�40À�5 . B�687
!E�:9 d Rk¦%v*±�)C��Ä�;*Ä#O^æ�è�'#$�U*V�z,{E|1}Cl!m^n~p�qus�O(L . '�<0°%B�=?>�±=©=Ð%UEVj¨ov",�*æ0èA@`�(O�B0�!±�<=°%�.tuv(w
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Ce ���������
	 ò���

� ò������
�
GSO � Ce ��lCmonjp�q.l �*m����0É0û��0i�V Ce ± GSO '��0G�'���4fÃ(Ä�V.2uvEw GSO(Ce) � CeO(Ê�/!±`t,±#vC�k�1O.l#mPn~poq�l��9m F�� � d ;C±*<�¨�B#UEV�2Y¨��o2N&6L=ûNR`T�UEV�2#v(w x O0"�(+`¢�;.�#O(���^ SR"!9D`¦#v,",�`',� Ce G%O$#!2E�%�,±"%'&�',B`v*±�))(�' Ce ±"*,+=V02Y¨*�.-0Å/ ±10 ¨ Buv32�4C±1W x v(w1-=Å / 0=¸aO�576�� Ce '#$�v98�:C�.t`v(w Ce ��� �=�C�<; 3 � Ce3+ �= Öu¦CvE±�)*�#�$>=Ò%O#Ã(2�O9Ð'?0©�B��CO*Æ�È=É%'#$�U^V Ce4+ �rBuvkw x O Ce4+ ±)-1Å / O��'@%O²�A �.tuvC�CB�+Ýþ Ä`V02#v(wD�E

Ce 1.5mol% ±F��4fÃPÄ�V�2!vP�C�1�`��-=Å / '#$�vP81F�GaO�+-,)G = L!±)H�IfÃPÄ�V.2uv [19] wJ " Ce Ê0/#±*+%2LKSM�).ä!ÿ�O��#Ü��)���9�0Ò4Ã(ÄCv^�C�M;9�uOFN-
*±1# ¨ßBuv [20] w
Zr OQP

GSO(Ce) �%�.' 200ppm Â0/aO Zr R 4Q+uv x �k'!$%X ) � � d ;4RoÏ0¸ÝÃSRav x �PB~¨o�$T�F�G#±
20% Â�/'*�4�i )VULW�}�X1qkA ¶0. T 1% Â0/ (FWHM@662keV) Y"Z#¦Cv x ��±)H�IfÃ^Ä.V�2!v [20] wx Ä#��8�:aO ²�A �9Ã^Ä%v Ce4+ R Zr RC��4!¦Cv x �^'C$CX Ce3+ '9WSÜ(©�+9)F8L:�R\[8�]-=Å / R)Y
Zu¦av�"=�1�ut.va�^BL+NþhÄ�V.2uvEw
_�`badc

Ñ�¿0¸�Òa'�W�20V9)=�C�(ì�íNRCe=í�è'f�'�g-� �`v9h�i �1ioV\j�ka'#$�v »=¼�Ì1Í ��¸ l µ�m '!$�vÌ1Í ±"n`�NÃ^Ä�V.2uvkwFj'k »=¼ '!$,v Ì0î ���%OE�C�S��%$o�'�2j¨b��©`O »=¼ pqp1}%'!$�voÀ�Â�R��V1r=Ò!¦%v1"1��s��utÁ±0©�©Cvkw J " GSO �:��ÜE©�29L#±ut.v1"=�*�a�kí�'k>wvk" ¼ Ü Ì ±�¯=° �PBX )=ê0G'>�x`¦av x �r±��ji^2�w�ä Ì Êzy�m|{ m (150 /)" 300 / ) '$}�~,VEì�íNRC��©1¦�¸'lQU7��n�m� î �.�$j�k »=¼ $CX[ì0í�è'f���0 ¨��Q+!v*±�)<U<W9}QX=q(A ¶�. B�M^OkL0û%��t J X���þ�B02N�9Ã^ÄV02#v(w~i�©ST*�0O^À.Â%�"j'k »=¼ '$�` Cv%������'$�<�.�`t`v,"1�Qs��ut ±F� ¨ht,±!v [19] w
3.2 GSO �z�u��� ����� �N���������
3.2.1 �V�
���z�

GSO z9{k|9}`O(L . Wa$^®0��OPQ1L�Rr¬� 9)�e,g=¸�R^���^������ì 3.1 �S�.¦ 8 ª�« 21 �#O GSO(Ce) Q¡ z�{*|,}#O�B0��REW x B!U1��w1¢ � }#q�£���¤Yi¦¥ §��aO  Q¡ RP�3¨�i��=O�© %�ªL« 40À���WM¬.vL . O���þr�SÜ1RCi.þ]­av3�=�'®utuvkw x ÄYþ^O�B0���Q¯aX±° »0¼�Ì0î ° Ce ÊL²�° Zr ³)��4
�Q¯F´�µ®�¶�³���³ ²bA �Q¯1´�· . ³^Î�¸V¹^¬L­,�)º
3.2.2 GSO »�¼<½�¾À¿ÂÁ'ÃÅÄ\Æ7ÇF�È�M�V�
� set up

¢ GSO É Ê"Ë Ì�¹�B ÍVÎQ´ �3ÏM��°�Ð 3.1 ³,¯,�^Ñ'Ë7�
t�Ò��"£�®)¢  Q¡ �\ÓV¬L´�ÔqÕ��'� ¸3Î�´Ö ×LØ Ób¯)Ù3Ú<Û1Ì�Ü'Ý�Þ�ßVà�¹9á�âwã$�1ºQäQåSæ�ç9Ý<ä7è)å ×<é3×Qê ë,ì ídî ãCï ×'ð�ñ�ò�ó�ô ( õöM÷uø�ù Ê í)ú'û äVå\ü�Ì,Ò�ýFÝÿþ PMT R6231) ¹�� é ã��"º��3Í é ³��	��©�
���
7¹�����������ã���������� Ì�!Må�"$#�ådþ OKEN 6262 %&� PMT ��')(+*�,��1º&
-��
�.0/21)Ñ�É3Ê)Ë Ì�¹4365L·879 �:��*	,L´<; î�=?>A@ ´<B\Ò ��C Ê í (Section 2.3 D�E ) ¹ é ¸��\º�F&��'G(H*	, ³�I�.�J�K7¹ é ¸M´
1 LNMPONQ�RTS<UTV4WYXAZ\[^]P_A`
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Group ID � ì�� Ce ��� Zr doping � ingot1 �	��

� �	�
Grop1 6×6×13 mm3 0.5mol% � A �
��Ú C æbåFü 2

Grop2 6×6×13 mm3 0.5mol% � A �	� �	� 2

Grop3 6×6×13 mm3 0.5mol% � B �
��Ú C æbåFü 2

Grop4 6×6×13 mm3 0.5mol% � C �
��Ú C æbåFü 3

Grop5 6×6×13 mm3 0.5mol% � D �
��Ú C æbåFü 4

Grop6 6×6×13 mm3 1.0mol% � E �
��Ú C æbåFü 2

Grop7 4×6×20 mm3 1.0mol% � F �
��Ú C æbåFü 3

Grop8 4×6×20 mm3 1.0mol% � G �
��Ú C æbåFü 3

�
3.1: �'Í é GSO(Ce)

interrupt

latch off

veto
out

out

out

out latch on

width=80ns width=latch

pulse_out RPV130

ADC GATEADC INPUT

frc54t

VME interface

CPU

HOSHIN PHADC

G.G

G.GG.G

discriminatorPreAmp

 HighVoltage
-950V

Crystal

inverse out

ShaperAmp
(ClearPulse)

RI source

7cm

���������

PMT R6231

Pb Colimeter

width=10us

3mm

Ð 3.1: �'Í��	� DAQ

; î % �0' ( *	,! 	" =$#&%(' Ñ
)�7+*A��ã��-, PMT � . -950V .�/	02143
5�6
7 û&8 â:9<;�/�0 ð�=
7 (?>�@wã �	A�B�. ð�C�D Þ
E ò:F 7 ( GIH:J\â � 6µs K&L �2M Ò�å � ) �?7�( ò:F .�.+N&O M Ò "&Pí1ú�û�Q�R�S�R Ò�å � ( J1â � 1µs) � 7	(4T	#Fä�ÒQå S�R ãSï��&U�V ð�ñ�û .XW)ÝYO ÷ ÝZP�þ[E ADC

.]\ ch ��^+_Àã � êa`&b P��wã��Z,
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Ð 3.2: ��� ò:F 7 J1â � vs.662keV �qÕ���� òXF
7 > _

�
	 � M�� å � G H .�I?�	J1â � 1 GSO(Ce)

.�
 ×���� J������ *&7 *���� S 1,ã��Z,�� 3.2

. GSO(Ce) � 662keV .
�¦Õ 1�E-�ÿã ��J+. �M�� å � ���?,�� A
B .��$�61 î �2M�� å � .�J
â � .��� 21�!wã��-,�J"â � = 4µs K&L6%��#"�$
� > _ZA
B = � N\ï�)%���'&�(�Þ*) D ÞYJ��+1,+- ã ��.'/$/�0 � 1,1'2?%	�3�<7 *�� � M�� å �
.�J\â � . 6µs

î ã�� ,
ä,å9æÂç^Ý b ���qÕ 1�E���45���'&-� é )���Õ= . 137Cs � 133Ba � 22Na � 57Co % �7698�:#8Y.

662keV � 356keV � 511keV � 122keV 1 é )Fï�;=<
1���;�) *�; î3î ã4�<,�;�8 ' 1 7cm .�> 1-.�?
�A@ 3mm .�B =�C ) ï&)*�<! M�D Ý bFE ã �#�
�%�|Õ214E��ÿã��Z,

3.2.3 G*HJI
K
�%	 '3L7ã�� í�M O øON�P .X* N#� 3.3

=
Group1 .�Q3/7R4.A�<� % C � ,S6�8�:�8	. 122keV � 356keV �

511keV � 662keV . ×�ð�T�U W"Ý O = +�V %��=��, 57Co .�� é ã���Õ =?=3W .�X ���3&<��Y'Z ë C O'üN #'åbþN� 7���['\21�] 9 *A,\ï	)���,'� 3.3 .�^ L�. 57Co . í#M O ø_N�P ����)3ï 2000ch *'`	�ba
X
ï�)5�
. = 122keV .XW)Ý O %*6	.�c'd���e�f*4��
. =3ë C O'ü N #Lådþ î )�X)ï�)5�<,:;F8 ' .-^-�
�hg,Ú�Û PQÜ3Ý î ADC iX. C )�j�.�g R�k = +�V�%	����Ú�Û P,Ü Ý�Þ ßVà�. 8.3% (FWHM)@662 keV

% C X�� ( � 3.4 �5� 3.5) ,3Q=l7m�� GSO .�n ×'Ø .#� 7�6 8000photons/MeV % C � î ) % 8�ï�)%��,
;-.-�3& ×�ð�o %+. Ø'ñ�p�q 1,r�&<� I&.ts�07m#)'u '�v �?7	( 6% w 7%(FWHM@662 keV) . Ú�ÛZP
Ü3Ý"Þ'ßVà .�x	� =�y�z ' 8��6�3& �$;b8 � ×�{�| �?73�,} '#v )�~$1 y�� 4�� î � ��	 á�â 1�8 ��i
.?1#�J~�x 9 .3)�)ti î ) z �-,
6�.�� .�����. ��� .���� ×LØwî Ú�Û PQÜ'Ý�Þ�ßMà 1 C 'I% ã��Mü N�� = � 3.6 % C �<,�ü N���� .�3� .��%� �'�J� � �Y1 é ) ï�� ;�)�X�� �6
���
 . � � 
 �'��� 
�� )�~�.+1,r�&-���)(��wã¦á'â .

365 k���� � 73X)ï�� DA� X��"á'â �3� % C �<,�� 3.6 7	(O� . 7Y*,)�; î�= Þ5.5�<,

• �=Q�ü<PVÝ ��� .�� ' / ��J	�� ü<PQÝ �%� % 2 )�)7ã 3 � . �	�a1Cá�âÿã�� ,56�. ��� � ü�PQÝ ��� �=�+)�ï������ î �
Ú<Û P�Ü3Ý"Þ'ß,à�� 7$Ù ×�Ø ��� ' / � =�� ' 8?� ,
;F8 .��	���� aJ-�#� ,�� Ce �	�:.�¡=¢�Q k�£ ���*¤ ' )
~ .�[�\ =�C � î�y�z ' 8���,�¥ha��
 5. '��]û'¦�§�¨ ��7=X�ï 10%

¨ �X.�n'©�ªX.�«:) = �¬��� î )2* ê%­+b =t®�¯ 1�8�ï	)*�&�'& �
6#8X1b°�*�,1ï&)%�-,

•
ì å&B C ø ��.�� ' /��
Group1 � Group3 � Group4 .�±�ï .�²�³�.����A%��´~�8 � Ce 0.5mol% µ�¶&�	� ��� 6 × 6 × 13

.:WZO�·�P-% C � = W O�· P 1¹¸G( > 4 ì å�B C ø . � = « *?,�;,8 ' .Lü P ­ � �-� � «:) =��' 8 �Z, ;�8 � Ce ��� £ 6
.t�X.9¡3º�»	���X.�«:) �?73� � . îby�z ' 8��-,
• ���

�� .F«:) Group1

î
Group2 %-. ���

�� ��«:) =�C � = ��6	. k à �6.3¼�½:. ��¾ .�� '
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� 3.3: �����	� Group1-1
í�M O ø P

c%¼ 137Cs ��^�¼ 133Ba ��cYL 22Na ��^aL 57Co ,
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Crystal identity

Ce0.5mol% ingot A

Ce0.5mol% ingot A (machine ething)

Ce0.5mol% ingot B

Ce0.5mol% ingot C

Ce0.5mol%Zr ingot D

Ce1mol%Zr ingot E

Ce1mol% size 4*6*20 ingot F

Ce1mol%Zr size 4*6*20 ingot G

� 3.6:
� �	���9� ,�� 662keV �hg�����45�,�����

©�ª î � � P � ­������ (FWHM) ,

�
: Group1	
: Group2

: Group3�
: Group4�
: Group5

: Group6�
: Group7�
: Group8

/���7�( � � ��)�« )-. � ' 8�)�.�X&�$,
• Ce ���5� 7�� Zr µ�¶ .�[�\ Group1 � Group3 � Group4 � Group5 � Group6 .���� 1���;�) *
�������&B C ø ��.�� ' /���������� Ce �	�*��7�� Zr µ3¶ ��7#� �� �)�[�\�. � ' 8�)'.*X��$,
�F.!� Group7 � Group8 1"�$#7����n'©�ª�%&� � � P � ­������ �"'�(�)t«X) =�� ' 8*) ,,+21=

20mm
C � 1 mol% . Ce

= µ�¶21�8*)�-&. (Group7) % .0���X.�-/.	7	(�©�ª = 20% w 30%
¨

�54 9 )�)�, R10�= « *2)�& ;F85j�,&% . ��3 §�q .�[�\(1 .,#7� ;*�0. % �t)�) = ���
� R40
� Zr

=
200ppm µ�¶21�84��)5�2-/. (Group8)

= � ."-&.!�F�
��5 ' )&.�©�ª 1bL���)5�?;4�b.'�y�z �/� � Group7 .6-�.-. Ce �?7=���87 .�[�\�9 � ' 8 Group8 .6-�.$: Zr .�µ3¶<;*==X��
�17X.�[�\ 1Z.�9384��)*�/� ) z �6>

K%¼?=&@A> 6×6×13 mm3 .��CB$D .�-?.1;=�&)8��: Ce .�E8F £ Zr µ�¶<;�=3��3 §�q .�«X) £ �&��
� .�« )&=&@ �HG�¦$I�J ;�� �9��¡'º�»8E$F�)�~�."-&.�.�K k&L [�\/9�]1M,NC�F.O� 4×6×20 mm3 �
MOPRQ�+/M�-/.$;9�1M��4:�>A¥ a$S�T L�®�¯ ; C ��=*P�) Ce E8F&;*==��3 §�q?L x�S*�?=�� Zr µ�¶<;
=#�23 §�q&L 	�U L"V&W 9 �OX 8�)�N
Y L�Z8[&L -�� 6×6×13 mm3

L =*P]\�����m2^$_�`<;6a/M�b$c&: Ce E�F4d Zr
L�e�fhgji�e�f?L"k

l :�-�. L K8m L6k8l =&@�npoqD�M Y �]9�r4s�t�)�N 4×6×20mm 3
L =*P]\�Q�+/M�-/.$;,\�u�� Ce

L
e8f ;�=�u�v17 L"k1l 9w'$(!;�\x@A> Y L v17 L�k$l : Zr

L�e8f ;�=&@Hy�5 Y �]91z?B�u�N&{�)�|$}
_�~<;w�1M��4:&���8S8T L"���<L =�P";2��� L _�~<;*=,u2'�(�\��&:�\8s�t�)wNO=,t��w|8}&:���M$�!P
z$�4u�S��$|�}O�]��P L 9?="M�N Y L���� 6×6×13 mm3 =/@�n���M,�$��5�@�� �"�/� �6��M�u/�wBw:">���1L K8m�\O� �&� S L�� ;2� ��u k$l 9�¡�¢8£qB�M ��� >�� [ �$¤8m��¦¥8§�z&B � u�¨?B�z1�4u�N4©ª �&� =&@«Q8¬�M�b8c8­�®$¯8°$S*9�±�²CD2³/u ��� Zr � e8f�´ u�¨!B"z��1u�N

3.3 GSO(Ce) µ·¶¹¸»º½¼¿¾�À ÁOÂÄÃÆÅ Á<Ç (GSO-PSA)

3.3.1 GSO-PSA È8É?Ê
Ë8Ì?Í ��Î4u GSO(Ce)

�&�1L�Ï ¥O��n*� Í�Ð�ÑwÒ�Ó �&�$L1ÔqÕHÖ SO�2�Ot � N,×&Ø�Ù�Ú$T�� �1Û�ÜÝ Õ�Þ*ß�ÔOÕ]Ö$à1á
3.7 � á 3.8 z���u�N �&�$L�â�ã4à 500keV

L!äRå?L�æwç ¬q�wè�é��êÙ 13mm �$�� N �/�8L�ë�à6ì ��í [ z1�1uwî Ó Ý Ô1ï,Þ�ð PMT ñ Ô1ïwÞ ð Ð$ò Ý z1�4u 6.08mm
Í �wr�ó�Ù 6mm

48



���
49×49×13mm3�����

8×8�����
GSO(Ce)( ���8S$T )e�f��

0.5mol% Ce�&��	�Ö�

6×6×13mm3��
��
ESRa 65µmÔ!Õ]Ö��/ã �/� WES �

a

Section 2.3 ���
á

3.7: 6mm � GSO
Û�Ü Ý ÕHÞ*ß,ÔqÕpÖ

���
49×49×13mm3�&���

16×16�&���
GSO(Ce) ( ���8S$T )e8f��

0.5mol% Ce and 200ppm Zr����	*Ö�

3×3×13mm3��
��
ESR 65µmÔqÕpÖ���ã ��� WES �

á
3.8: 3mm � GSO

Û�Ü Ý ÕHÞ*ß,ÔqÕpÖ

� 3mm
Í � ��� (

��� ��Ù ESR
��
�� � à���ã Y ã1�����/��à 5.97mm,2.97mm  �! Í \�t���"*u � )Ð,ÑwÒ,Ó � n�#�³%$w³ 8×8 Ù 16×16 ��Ù H8500 ñ 	*Ö�
 Í c*r�ó���Ú8T�� �&��ì � ´ u GSO

�/�$à Ë
Ì ñ�'�( Í*),+ Ù
6×6×13mm3: 0.5%mol Ce doped, S��1|�} ���
3×3×13mm3: 0.5%mol Ce and 200ppm doped, S8�8|$} �&�
���*" ��� 3×3×13mm3

�/��à
6×6×13mm3

)-+ nêQ�¬�" ��� Ù �/�/. z1ñ ��
 Ø �*0�1%2 Ù�3/ñ�4�5687 0�9�: u�;4����èwéx� Zr
0�e�f<� ³ � n�ñ1�>=�� ���4Ô<ÕHÖ�? ñ �*ã ��� à WES � Í ��"����@;

\�"�Ù ��ã ����_�~ à"ì � ´ uwî Ó Ý Ô4ï,Þ ð PMT ñA3�B�C � ),+EDGFIH�J!ÍAK � ´ u ��� Í���
��
����� ESR �6�/" ��L ��
�� _�M!�6�/" � (2.26)

� { �ON ¡1\�3?ñ ç 3!�QP�Rx� ������S v � \!� Í*)
u�T�U à �qt���"$\�" � ;2³ à ESR

Í-),+ `�V 0 T [W� ³�Ù/X8! à�Y�Z[� ³&u,s<\ ��] � � n�ñ�z��
u � { �8Ô�^,Ö/_*Üa` ñ�b�! n 0.5mm  �!�z1�4u � 1

Ð,Ñ�Ò�Ó �/��c ñ�£ed � ñ�fa\��,d à 10µm  �!
z$�4u �,� Ù ë _-g Í à �1uQ �! æ�ça� ³�u ��â*ã _�g�ñ ��� ñ��8³ Í ��"�� à Ù�3�B�C�h<�Oi8C Í ��Ù��j h*z �/� ñ âW� ñ��8³&� æ�ç �]��"*u � #&�]�&k ��l�m ñ � h à*n>o ñ8p%q�r Ü p Þ�s z�T [e� ³
��"�u �

3.3.2 tvu/w/x[yaz�{}| PMT ~��-� GSO-PSA È*���
� Ú�� � GSO(Ce)6mm � Ð�Ñ�Ò�Ó Û�Ü Ý Õ]Þ�ß�ÔOÕHÖ � 5

Ö?Ü Ý � Û�Ü�� Ó Ô4ï,Þ ð 3�B�� 1����
R6236( ����� `�� Ñ�� � )

Í
OKEN 6262

�,� � z!� + �*ÎHÙ Ë,Ì zw�/" � DAQ(
á

3.1)
Í �*ã�� � ���
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3.9: 6mm � GSO

Û�Ü Ý Õ�Þ�ß�ÔqÕHÖ ñ R6236Í*) u 1
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á
3.10: 6mm � GSO

Û�Ü Ý ÕpÞ$ßwÔ?ÕêÖ
R6236

Í
) u 1

Ð�Ñ�Ò�Ó����
(
á

3.9 sW\�� òwÑ ��^��1Ü ð
�
	�" � n�ñ )

#/�2� φ3mm � �A_,Þ*ß �$�1n
��"�Ù 1
Ð,Ñ�Ò�Ó ñ ã Í ä�å ��
 
 � �&� ;wñ��
� \�³ � 137Cs ñ ���Ñ ` Ó 0*á

3.9 z1��u � � ��_,Þ*ß sW\ ä�å ��
 
 �]��"�u Ð,ÑwÒ,Ó�� � n������<� 3�B�C Í S ����"
u ��� Ù��/ñ Ð,Ñ�Ò�Ó�Í ��Î$u������ òwÑ ��^*ÜOð Ö��qÜa` n���� Í ��� ´ u ��� Ù"!�# Í � òwÑ ��^�8Üqð ñ%$-" ���?Ñ ` Ó ��&/t���"*u � ;2³ à 662keV ñ Ð Þ Ñ ñ'� Í � Ü Ñ ��Þ `�( Í )�* ´ u 40KÍ�) u 1460 keV ñ äRå Ð Þ Ñ 0�0 �4u*;*�]sW\�n6r4s�u � � òwÑ ��^��1ÜOð �"+�" � ���&Ñ ` Ó 0*á
3.10 z4�*u � ;�ñ ���?Ñ ` Ó/Í �*Î4u",�- Ó/. Þ�0�1�2�à 8.6%@662keV ��&�u ���&� ñ'3-"�d PMT

ñ43,"�Ù ��
�� ñ%3�"�&O�6�1u ����5�6 &"7"8 à z,d%&�" 0 Ù�;wñ",9- Ó:. Þ 0�1�2�à 1
Ð�Ñ�Ò�Ó ñ';<

(Section 3.2) ñ4=��R£ed F à &,³$���<\ê��Ù Ð�Ñ�Ò,Ó ñ"m 2 � Z ����� ÔOÕêÖ U ´ u�;�� Í >�? � �
�Q" 2 u �
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�
4 � H8500 � � � � � � � 	 
 � � 
 � � � � �� � � �

���%� `E� Ñ�� � � ñ/q ^ ò `�� - Ó PMT
à

49×49mm2 � "�� D " H�J C�� � 6mm
Ð$ò Ý &e\�� �

8×8 ñ�î Ó Ý Ô1ï,Þ ð"!$# �&%('*),+ -�3$.0/213�$465 � D " H�J C��87:9<;8= _�^*>@?BADCFEHGJIBKL M,N �6O*P >RQTS:URVXW$Y 5[Z\ O^]6�,7 \ O&_&` a$b,cDdfe PMT
!hgJi a,j2dlk ?Rm 5onRp q@ros2t !,#[uDYJW&v ]6�XwBxyr^z GSO{J|&} `@~@k^a���d3�Jb��h� (GSO-PSA)

!6m pRq&� \ � � I %('*)$+�-�9�;@�B� |y�"�,� d6�JOXw,x!X� \*� YDI,��K$��� kD� � k[= ��� O �D� � � r WD���0?*�$> �(�B5 \ � #h��� �85*Z
4.1 ���¡  ¢�£¥¤§¦©¨ H8500 ª¬«®­®¯±°³² ´ PMT

4.1.1 µ0¶

·
4.1: H8500 ¸R¹

º,»,¼ +,½ ¾ 420nm¿,À(Á[Â Ã �$bD`3=FÄÅ,Æ,Ç
Borosillicate glass 1.5mmÈ �3cJdÉeËÊ Ì 12 Í � �X`�a(ÎRk*ÏJ`b$cBdÐe Pixel Ñ 64bRcJdÉe {RÒ a 6.08mm( ÓÔOBp 6.26mm)ÕlÖ&×

106¼ + Ø�� 49×49mm2Ù Ú
52×52×28mm3Û�Ü

140g·
4.2: Ý,Þ

·
4.1
Q[ß àlá �ãâ3| �&ä wå_J`�a6bRc&dÐe PMT H8500 O2¸�¹ � Ý Þl�$4$5*Z 49× 49mm2 OHæ�çè ¿�À8Á[Â ? z Y r WJI 12 Í8O � �*`�alÎ3k*ÏT`lO È �6cBdÐe ?*I 64ch O�bRcJdÐe QB>JéyEHGRW,Y 5*ZÙBÚ Q

52× 52mm2 �$4$5Tz�êXë�Ñ0ì !�º í0?2î$ï z2ð ñ(O ¼Bò +�ó ôBõ Q 89% ��ö�÷ OT_J`$aRb$cTde PMT
?XøRï 5 �<ù�ú ?2ûýüTþ 5 \ þ^Q[ÿ���� 4$5 (

·
4.3 ��� ) Z Õ3ÖT× 7�� 106

þ
	 ú OR~@k��X`b$cBd�e PMT
þ�
 Þ0O�������� QTI ¿,À(Á[Â����3È �6cBdÐe�� Í��6O���� À! ��"$# ?%
'& �(�$����@5�zBê I È �6cJdÉeËÊ�Ì:O�)�*8O�+ Y �(, ?lm�-/.0&21 ÕlÖD× O�35476 � � � Y Z6=78[dÐe�9�b$cJde/: ?&�<;�1 À5= Õ6ÖD× 62"��6O PMT O 64ch O �%> �[º,»�� 5 ?@O5@'AB�(� Q�C!1 Z�D  �À�E O Å�F�0m � bRcJdÉeHG�I(O!J F 6 Ã ÒT| �Ô��d(k m�-LKNM \ þX?3m�- º�í(?XîRï�1 O ?PO�Q:? � A � Y8m�M? � VDW,Y<1 Z U z È �6cBdÐe º�R Í ?J�<;!1 G5I0O�ST��J F�� � 16m�M2? � V[W�Y�1 Z
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·
4.3: ö,÷�� þ O ¼ ò Ø��8O ø�� [21]

4.2 ��� ­ 	É²�

��� ��� H8500 ������� �
PMT H8500 O 64 �8O,b�c&dÉe > AoO�G%I'�����R� 1 zJê�� Si  !�#"#$&%('Rz VA/TA

�', O b*) �
�,+-�ls[tlO�./ -0�"*$ Q�K21 ' W�Y<1 Zlr > r43 \ ' A 665*'879'RO: <;=� �,YJW È ��)?> Ò*| �[k*@
0<A�½�Ñ/3 è/B �', � º6C-D � 1FEHG3Q!C�1 Z \ O m<M � +-�ls[t �JILK Q "9$ r W,Y�1 ~6koa �hd,~�Mk:N � � �9OHP=�RQlp/S-T8� 66U*V þ 5*'W�:X M[� � � þ(Y : Q ù,ú � >5> 1 z�ê*36IZK$6 g i aljBdk��: Y z[nlp�q:rHsDt'�^w xÐr2zDZ g i aljBd@k%�� Y 1@þ 3 M bRcJdÐe[� �<;�1 J F �(O:\/] Q#^
J F ( S )

þ g,i,�-_-` � m�-baHc %d' 1 ��eÔk � ORf6gLh:i�jR\-]=� U8þ ê�Ak' 1 Z \ h z�ê*3�a3jJdk<l � h À/m h �on \/] Q#p81 '�36_B`$aR�<e�k �Fq$Ò0�sr hRt/u Q�� � � ü � 1&Q 3RalÎ6kXÏJ`TÑ��v=w �2� A"� \ þ^Q5� �F3 	 ú h:x/y=h,b<) � �&s&t �F.o � � 1 zBê*z/{�� �#|!Y :2h M*u ��"*$ �� 1 Z g,i a8jJd(k9hDPo !h[Ý$ç=��6 Y�ü � > C<1TQ61 ' 1 ' Q  Y z �-} w � ç ` � � �:~��l� 1 Z·
4.4
þ2·

4.5
Q&g i a@jBd@k�n3pRq(rRh:�-� ·��<C!1 Z

16ch �&�&��� ( � 4.4)

8 ��h$b$cBdÐe � g�i � � �L� 3/��Ó > A G�I(�2n3p�J[�TZ�n3p�J@rXz 16ch
� h�G5I��

x = 8 × Σai

Σ(Ai + ai)
(4.1)

y = Σ(i × Ai + ai

8
) (4.2)

h Û2�-� cÉþ�g i$�6_/� �(.� R� 1 \ þ � $ ¿ h�� �/� �F��uR� 1 Z U zH�$Ï&`L�Bd:\/]76[nlp$q(r*z
ADC �6d6��h�S ��C�1&Q 3/�L�d� � hTa(jJd8kRh p�h�S'�HP� R� 1 \ þ � ÿ��!�!C<1 Z

E = Σ(Ai + ai) (4.3)

4ch �&�Z��� ( � 4.5)

8 ��h$b$cBdÐe � g�i � � �L� 3�%�A�� 8 �?h g�i a(jTd(k 
*� � g i�� � �8� 1 Z
4ch h�G�I(�
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8ch PreAmpBoard8ch PreAmpBoard

 16ch Shaper Amp

16ch PeakHold ADC

64ch FlatPanel PMT anode
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y = (A2+a2)−(A1+a1)

A1+A2+a1+a2

x = (a1′+a2′)−(A1′+A2′)
A1′+A2′+a1′+a2′�����

a1’ � a2’ � A1’ � A2’ � a1 � a2 � A1 � A2
���	�
���
����

x =
a1 + a2 − (A1 + A2)

A1 + A2 + a1 + a2
(4.4)

y =
A2 + a2 − (A1 + a1)

A1 + A2 + a1 + a2
(4.5)

E = A1 + A2 + a1 + a2 (4.6)
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� � « P�� )
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$��� ¯ % ��� � PX���#û ? � Ê �h�� �)È �s  	M��Éj�%�)ý�>	��
 Ò Ê��V� � PX� ò�ó ? ��� ¯)Ê Ü 30% w�
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�

4.8 	 � 4.9)
� ��� � P ��¦ Ï µ��b� ò�ó ? � Ê � � 4.9(

�
) ><â ¯ �

��É��e� �O� È$#�%�� Ê �j´AÉ � ��� � P = È�	��VÉ����Aý�>1� Ê��V� � P � ä+� Ü 100:1
£ � Ê H ,

�
4.8(

�
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��ªG« � Ü 50:1 w�
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 � S+´�U'C � Ï ân� ® ¬<�1â × 	:�1% @�; S+´)UG� 8 DFE 9 D�w�
 H�G�H ® S[´)U�È8����   �V	 @#;JI � �LK)´VÕNM:É�P���O)>�â ¯ �b� � 2 ��� �j´�É�È�í ��î P �Ûï�ðQP�R�S H Ø J µ   �Ê %#Ë�	1Â�Ã P @#; >�â ¯ �[� = kHz(1 ��É�T����8% × 50 E 150Hz) w�
 £ ÌMÈRÍ ­ P � 2 �5� �V� �
P Ï @#;�£ ��%:È ®8¯s  � Ê �I � ��K]´ �8� > ê ���[� ¤ ��É5T��V��> I � ��K]´1Õ�M�É.P ��O Ï � J È � 4.13 	 � 4.14

P Ø ç
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�	 »�] P	^ ¯ �1É�TN\ £ 11 E
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6mm A GSO �1É5T�\.È H8500
Ï � ¯ % G�H3d 
�e�f 49×49mm2 P	gQh U
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Ï
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P Øç��	¢X£L¤�¥	o \ � â�x�w P ADC ¦�§�l�É @662keV
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576 õ78�Ã î�ï*
 ð û È ¥ &�9�: � � ¢ PMT ;�&=<�>@? ËBA�C Ü#D�& � DC-light &@'5¾FE ¶ �(G
� ô��� ¾* �!�z3¡ 4.15( � ) � ô ä�H Þ &FI�Jqä · ��KÑà#� Þ �
LFM ¾	í=I�JÑä G �  @H�Ã � ¡ 4.15( N )

µ
¬ ¾�í�O �  PMT �J§ C å�PFò µ ¡ 4.15( � ) � µRQ�S ê�T ÃNû È ¥ � 0U1(K(V%WFäX:Y!Z: ��· � z�[

56



Maximum ADC value
0 5000 10000 15000 20000 25000 30000

S
ec

o
n

d
ar

y 
A

D
C

 v
al

u
e

0

5000

10000

15000

20000

25000

30000

hh
Entries  1831629

0

2000

4000

6000

8000

10000

12000

14000

hh
Entries  1831629

hh

Maximum ADC value
0 5000 10000 15000 20000 25000 30000

S
ec

o
n

d
ar

y 
A

D
C

 v
al

u
e

0

5000

10000

15000

20000

25000

30000

hhh
Entries  1504851

0

2000

4000

6000

8000

10000

12000

14000

hhh
Entries  1504851

hhh

¡ 4.10: 16ch ��� £�� 
 ¥ 8 ��� £�� 
 ¥.Ì Ã���0 ADC
Þ	��
 8	Ã ADC Ã�9��Xí Q�
�� È�� ¥qË í

N 
 � Ê|Ë µ�� :� È�� ¥ÑË (137Cs ����� )

x-position(relative)
0 5 10 15 20 25 30 35 40

y-
p

o
si

ti
o

n
(r

el
at

iv
e)

0

5

10

15

20

25

30

35

40

nocut
Entries  1831629

1

10

210

nocut
Entries  1831629

nocut

raw_px
Entries  22311

x-position(relative)
0 5 10 15 20 25 30 35 40

1

10

210

3
10

raw_px
Entries  22311

row

raw_py
Entries  23023

y-position(relative)
0 5 10 15 20 25 30 35 40

1

10

210

3
10

raw_py
Entries  23023

row

¡ 4.11: � : ¡ 4.8 Ã���������í�� � : ��4 + 4
G 8 X! ��ö3í#" 
 Q 4 + 4 $ 8 Y

! ��ö

x-position(relative)
0 5 10 15 20 25 30 35 40

y-
p

o
si

ti
o

n
(r

el
at

iv
e)

0

5

10

15

20

25

30

35

40

cut
Entries  1504851

1

10

210

cut
Entries  1504851

cut

raw_px
Entries  22311

x-position(relative)
0 5 10 15 20 25 30 35 40

1

10

210

3
10

raw_px
Entries  22311

row

cut_py
Entries  10608

y-position(relative)
0 5 10 15 20 25 30 35 40

1

10

210

3
10

cut_py
Entries  10608

cut

¡ 4.12: ¡ 4.11 &�¡ 4.10 Ã�� Ê|Ë ä 4&%� XH5Ã�í
57



ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

0

50

100

150

200

250

300

ene9ene9

¡ 4.13: Cs � � P�� 
 Ü�� C Ë  �� ��4 + 2 � 8Q 4 + 3

 8	ÃJ§ C å�PFÃ�Ü	� C Ë  
�

� � P�� 
 T
��� 10.5%(FWHM)@662keV

ADC channel
0 5000 10000 15000 20000 25000 3000035000 40000 45000 50000

0

100

200

300

400

500

ene0

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 50000

0

50

100

150

200

250

300

350

ene1

ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

ene2

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

ene3

ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

ene4

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

ene5

ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

ene6

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

ene7

ADC channel
0 5000 10000 15000 20000 25000 3000035000 40000 45000 500000

50

100

150

200

250

300

350

ene8

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 500000

50

100

150

200

250

300

ene9

ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 500000

100

200

300

400

500

600

700

ene10

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 500000

100

200

300

400

500

600

700

800

ene11

ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 500000

100

200

300

400

500

600

700

800

ene12

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 500000

100

200

300

400

500

600

700

800

ene13

ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 500000

100

200

300

400

500

600

700

800

ene14

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 500000

100

200

300

400

500

600

700

800

ene15

ADC channel
0 5000 10000 15000 20000 25000 3000035000 40000 45000 50000

0

50

100

150

200

250

300

350

400

450

ene16

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

ene17

ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

ene18

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

900

ene19

ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

900

ene20

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

900

ene21

ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

900

ene22

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

ene23

ADC channel
0 5000 10000 15000 20000 25000 3000035000 40000 45000 50000

0

100

200

300

400

500

600

700

ene24

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 50000

0

50

100

150

200

250

300

350

400

450

ene25

ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

ene26

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

ene27

ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

ene28

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

900

ene29

ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

900

ene30

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

900

ene31

ADC channel
0 5000 10000 15000 20000 25000 3000035000 40000 45000 50000

0

100

200

300

400

500

600

700

ene32

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 50000

0

50

100

150

200

250

300

ene33

ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

ene34

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

ene35

ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

ene36

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

900

ene37

ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

0

200

400

600

800

1000

ene38

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

900

ene39

ADC channel
0 5000 10000 15000 20000 25000 3000035000 40000 45000 50000

0

100

200

300

400

500

600

700

ene40

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 50000

0

50

100

150

200

250

300

ene41

ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

ene42

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

ene43

ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

ene44

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

ene45

ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

900

ene46

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

900

ene47

ADC channel
0 5000 10000 15000 20000 25000 3000035000 40000 45000 50000

0

100

200

300

400

500

ene48

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 50000

0

50

100

150

200

250

300

ene49

ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

0

50

100

150

200

250

300

350

ene50

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

ene51

ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

ene52

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

ene53

ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

ene54

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 50000

0

100

200

300

400

500

600

700

800

900

ene55

ADC channel
0 5000 10000 15000 20000 25000 3000035000 40000 45000 500000

100

200

300

400

500

600

700

ene56

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 500000

100

200

300

400

500

600

ene57

ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 500000

100

200

300

400

500

600

700

800

ene58

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 500000

100

200

300

400

500

600

700

800

ene59

ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 500000

100

200

300

400

500

600

700

800

ene60

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 500000

100

200

300

400

500

600

700

800

900

ene61

ADC channel
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 500000

200

400

600

800

1000

ene62

ADC channel
0 5000 10000 1500020000 25000 30000 35000 40000 45000 500000

200

400

600

800

1000

ene63

�
4.14: 64ch Ã Cs � � P�� 
 Ü�� C�Ë�� �

Pixel
0 1 2 3 4 5 6 7 8

P
ix

el

0

1

2

3

4

5

6

7

8

0

0.2

0.4

0.6

0.8

1

ADC Peak

Pixel
0 1 2 3 4 5 6 7 8

P
ix

el

0

1

2

3

4

5

6

7

8

0

0.2

0.4

0.6

0.8

1

Anode_gain

Pixel
0 1 2 3 4 5 6 7 8

P
ix

el

0

1

2

3

4

5

6

7

8

0

0.2

0.4

0.6

0.8

1

hpeak

�
4.15: 5cm ­ ¥'£ú® 
 ­|Ô ¥������ ( ��½ ) Ã�û È ¥

(
Q

):137Cs Ã 662keV ���Z& ���L¾ ¢ § C åRPLÃ ADC ¦ ( ����¦ )

( � ): ��O := PMT Ã ¢ î3ïR
 ðs§ C åRP%& · %�¾�û È ¥ ( � ��¦ )

( N ):
Q ä�� µ I�J := �H�Ã ( ����¦ )
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� ¿��	H Q Ã���� 0U1�ù���	 H ��0�¦ Þ ��
�¦ µ 2.3
� z 2.5

� Ã��
��� +jô ¾�í ��� µ zRI�J|ä G à Þ� Ã��Z� 1.7
�úÞ KF¾	í�� ô ��¿�À�Ã�� þ &@'N¾�� ' � H=4�K � 0U1 � � T�� Ã�� ÿ ��� � ê ��û È ¥

��� ù���Ã�������û È ¥ ��� ù K ����� ¾� �!5z��QÃ�§ C å�P�&�� � &�!2�.¾#"%$%&�&(')�%*�¾ Þ,+ -+jô ¾�í�0U1#K�. Þ : �0/ 1 & · %�¾�2QÃ�3�� � �%*�¾�íX� � ê ���QÃ�¿LÀ�4 + Ã 465�798 
 4|Ô05:2
�	z6;�"�Ã î3ïR
 ð &�< - z�= :�;�"�4 +Íó�ô
����� H�>FÃ6? C å�PX&�@ ë 3 ô ¾0�BA 
 ��Ã�¿QÀ�C
�î�ï�
 ð Þ Ã ó�ô Ã��%W�&X' �(� ��26��2 Î�Ï�DBE C�@ ë 3 ô ¾�F � ��� ù K � 2 Ä �0G �#��� ¾#H �þ ��*�¾	í Ð  	z�I���J�Ã�K�ò�4 +MLFô ¾�26� E &�&�N � : Ð ����� ¾OH ��þ H0*�¾�íZ��Ã�'XàYK�PRQ
4 + ¿LÀ�Ã E S�ê ���TC�Ã�2 Ä ��UR	 � : Ð �(��� ¾	í

4.3.3 4ch VXWTY 5cm Z 6mm [�\%]_^ GSO-PSA `(acb�d�eRfcgih
Ð  �jQÃ�¿LÀ · '�k H8500 äFO � 8 l�Ã����
7 � 
 5 Æ�m ä�3 + &�no�6C�¿
k � %� �����7 � 
 5�p

ã (
�

4.5) ä�O � ¾@� Þ C 4ch Ã�qT�%r :5ä G �  �í � 4.16 � 137Cs ä ���23�s� �tFÃ È�� 5 ËvuÑÊ
×�C�*�¾	í � 4.16

Q ��w (4.5) z (4.6) &�x�y7: �#) +Íô ¾Y"%$Xä � :� �H�Ã�C�* � z ( N ) �=I�J%z�{ÑäG �  �H�ÃBC�*3¾�í 64 �QÃ6? C å�P��)| � & T 4 ô���� ¾.Ã�� � 4F¾�í�� ô &X' � 4ch q
� r :(&@' �� H�"�$ T�� ��C�1.¾ � Þ � T 4J¾	í Ð  � � P � 
 Ü�� C¯Ë � ��H � 4.17 ÃX'JàF& 16ch q���r�: Þ
* Ð � 4 � + K � T�� � (10.5%) C Þ + - ¾
� Þ ��C�1 ��� ¾	í@ �r�:�} È�~c� Ê C 8�5��)���cÃ��
C� ù K �=��� ¾ (PMT Ã HV Kc�#C�����H � ) íZ��Ã����qäFO � ¾ Þ 64ch Ã î�ï*
 ðjä 4ch CBq�� r �
� Þ &RK � 7_��5 � P��
� 16

T Ã 1 &�KF¾� �!5z Î��%� G
��C 1N¾	í

4.4 3mm � GSO ��������� �(� (PSA) � H8500

6mm � GSO(Ce) &@'�¾ H8500 &X'5¾Y"X$ T�� ��H � C * �  5í ��� &�"X$ T���� ä W��X3OsL¾R �!
& 3mm �QÃ GSO ? C å�PFÃ���OLÃ�H �5þ ä0�J¾�í Ð ó 3mm � GSO-PSA(

�
3.8) ä H8500 & Þ � �

% 6mm � GSO-PSA
Þ Æ ��Ã�E��cä G �  5í 16ch &@'�¾�q���r%:�Ã�¿o��� � 4.19 C%*�¾�í�� E�S Ã
?C å�P�� Ì S ÃT? C å�P Þ T�� C�1(K � �.z � Ã�� 14×14 ��ÃT? C å�PX� To� 3 ô���� ¾�í 6mm ? Ê

7�Ã î�ï 
 ð�äFO ��� z 3mmPSA 4 + ÃO2qä T�� C�1N¾�Ã�� H8500 Ã���2��LÃ�Ý � Ü�� 1.5mm �T*�¾
 �!�C�*X¾�íT4
5O7�8 
 4ÑÔ�5:2���2 Î_�� qÐ C�¡�¢ �L¾ Ð C
&�zU��Ã�Ý � ÜX��C)3�� � z � ù � 43Ãî�ï�
 ð & .�/ ä L ��í��5Ã�2�Ã�3
� � &X' � z H8500 � 6mm ? Ê 7XÃ î�ïR
 ð£C�z 3mm

D "3Ã="%$T�� � ä H � � Þ ��C�1.¾�íÐ  �� � P � 
 T � � H#x � ç K(? C å�P|ä�¤ Þ � Þ � r	� Þ 11%(FWHM)@662keV ä )%��� ¾�í
(
�

4.20:
�

4.19 � "�4 + 
 8 Q 4 + 
 8�Ã 137Cs Ã�Ü	� C¯Ë P ) ��Ã�¥�� 3×3×13 mm3 Ã0¦�Ac? C å
PQä�4�5.Ú�P î�ï*
 ð PMT C*E�� := �¥
�o§�' � 10% Á�Â�C%*�¾ � Þ ä +�- ¾ Þ©¨_ª K0¥�C�*�¾ Þ �- ¾�í Ð  	Å à 3mm ��Ã PSA ä�O ��� z 4ch &�'N¾�q
�%r�:�H G �  5í 137Cs 4 + Ã ���qä � Ï & �
� := Þ 15Ã È�� 5 Ë«ucÊ ×0� � 4.21 z � 4.22 z � 4.23 C *�¾�í 16ch q���r�: Þ Æ � 14×14 Ã�? C å
PQä�¬�­ �6® � Þ ��C%1sz � � P�� 
 T���� H�*%®O¯o° ç K_? C åRP�ä Þ � r�� ÞO±�²�³�´�µT¶ 11% H¶ � - + ô  �í
D � ¶ 'Jà�& 3mm � GSO-PSA ä 6mm

¶ îXï�
 ð#?�·�7 ¶ H8500 C)qT�%r	� � Þ �0H � C�*%®�í
 or�:âz EoS6¶ ? C å*P�� � ��� K�� �F��� ®* �!	� � P�� 
�¸�¹ ��J�F & )7+�ô ®Oº�»%� 67% ¼YK%®�í
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4.16: 5cm � 6mm ?%·#7 4ch q
��r�: PSA

����� ¶ 137Cs
��� ��� � ¶�� � 5����c·	�

(
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4.17: 5cm � 6mm ?�·,7 4ch 137Cs ��� C � �
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4.18: 5cm � 6mm ?�·�7 4ch q6��r�: PSA
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4.19: 5cm � 3mm ?�·#7 16ch 137Cs
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4.20: 3mm ?%·#7 16ch q
��r�: ¶ ��4 + 2 �78

NX4 + 3

 8 ¶ 137Cs ��� C � � �

4.5
�������	� ��

������������� (6mm � GSO(Ce)572 ������� )


�� ¶ 5cm � � � ������� ®! �¼,C�z#"%$'& � � � ³)( C�z+* ��, ¶ 4�5O798.- 40/�5 � ��� �21�3
H � C�*%® �54'6B�87 ��, � 80%

D!9 F;:=<6®�>8?�@ 5cm � 6mm ?�·,7 GSO-PSA
��ACBED >	� DGFDIH;J � ¼LKNMPO8Q FER zTS;U�7=VW-
5 �.XZY ¶ PMT @#[!>]\T^W_C`a %¼G@=b#\T^�z5baced J �+f5g'hi ¼�j�® �2k5l]m�n ¶To8p�q]r ¼ D ^C4'6 6mm s GSO tZu'v�w �.x�yzD > 8ch S;U5{CV#-a|~}C��� D

@=b�� GSO-PSA �!�;� � 1;3 D >	�� '�;�!���2��m�� 4.24 �5bCM�@ 3 ��� PMT
�

8 �%�TS�UC{5V+-
|'@+�]ja�sz� .� � 3 v0� � y��	D >	�� G�C@5b5c 5cm s GSO ����� 9 � (572ch)

�
48ch ���+�5�]�

l#�5��}a�=�#<E =� g ���8� � F ��� 16×16cm2 �TKEM�* ��, j��#� g 3]� h i �!�=�	�5� 4.25
g k

l)3�� D > 16cm s 572ch � GSO �=|G{z L-!¡#�!���+�G¢�£C�]�!� � 9 �%� PMT
�

53mm t]�~{;�#¤
$ D z8¥]¦8§0�8¨2©8§ª�¬«%?=��� 16×16cm2 @8j5\2^8­	c z;®;7]¯�°�±8² g 81% �Tj=�W³
� 4.26

g
16×16cm2 � GSO �a|�{ª L-!�0/W|'�=���Z@ 40cm ´C�C>)Q FER 137Cs

FER ��µI¶ �.·]¸¹�º >N�+�#�;»Z¼�|�½¿¾E�2À#�=���W³ 572 �%�%tZu#v�w g mC\]��c��Á& F �!^]K5�! C� g [ F �W³�4Z>
� 4.27

g2Â cL� D ^%�#>TÃ8ÄNÅ+j2Q%@#­CÆ]� 137Cs �ZÇ]È2w%ÉZ-�Ê8ËauÌ½Í�2Î��]���'³8Ç�È#w%É�-)&�Ïi m'ÐCKat�uWv+w]� 13% Ñ�°;ÒCKatZu'v+w]� 9.8% ��j!\T^Z­Óc z 10% �;�C�2� gWÔ8Õ Å2�]���)³;� 4.28

mTÖ�Q%@2­=Æ]� 662keV @2­=Æ]��t'-=u#� ADC ×a�)&]Ø��]���)³ PMT Ù��+Ú]»%|)�'Û��#Ü]Ýa��z PMTÞ �!�]�!ß+-áàeÚ]»�|'��â R ��� g � R �%�)³��5ã~@ 5cm �=�;�Z��ä!@Z� R �=> PMT �'å�@+­]K8^�Ú
»%| g dæãÍj5\W^]KC�Gçaè��GéÓã¬� R �NzE G� R �at�u#v�w��]Ç]È+w%É8-)&]Ï i g ÐæãÁj5\W^]KC�'³%4
>�ê+»��Në��Wu% 2|#ìZm S/N í!�2î04;�'³��=ã¬@TS;UC{aV#-5|'�)å�@;�;>]�=t�uWvZw]��m'ï8å0@ J;ð gF >%bacW�=MÍñ�å gWò�ó @#ôáãÁjzcGß�»Zõ!@)ö�ÆZ^ D 4%M÷³ q ä=m)ÐaK%t�u#v�w!� 100keV ø 800keV Ñ
°�z�Ò5K�t�u#v�w=� 80keV ø 1200keV ù 9 �8Ç]È�waÉ;-Tú�û g x]y h i ���=�)³
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� 4.24:
X�Y � PMT S�U5{%V��%|~}5��� D

� 4.25: ¢!£ :
X�Y � PMT S�U5{aV��a|L}C�!� D

� �ab!M�@ XZY � GSO(Ce) �5t�u'v+w�_����0 L»
	��8�=�%½
�=È#w PMT ���5����[ º � � �L��z8Ç
È�w�É�����Ï i 10% @662 keV z����Wî]©���° 6mm z0êZ»8��ë]�#u0 #|+ì 100keV ø 1MeV( ��� ) z5�
16cm sC�+®���¯�°]±8² g 82% �GjC�C�2�������0@)�� D >#³ � �"!�#$	=�=�'@2<����.Ç!È+w%É%���]Ïi ­0b"&��'���;Ï i 	)(�* D >,+%+'z�-�.�/�0%1C�32 � +W���54��Wj�6��87 g2oZp Å;@8��� h i �]�!�T³
+�> J
9 @�: D ^0� 4ch �!�W}5��� D gWh i �!��� � � g<; ¹ ��^]K=�8����z ¹ R j=� H;J=9 f � h i
���=�)³ ¹ R @ 3mm s�_>�?	A@ y <%� � ���5z�BaK<���C�;Ï i 	=�G�N�W��@C�)D�E h i �!�!�'³

4.6 FHGJILK MeV M
N OHPRQTSVUXWLY
k�l���Z,[a�<\�]T^"_�4���` GSO(Ce) �C�]�a�0½a�aÈ�w PMT 	 y'b _�4��,`,�>��c]¯�d%Ê8Ë�uÓ½
�]�%�C¡Z���]��e
f�m�g�h�Ã3i=|�ÀÓ½G|'�C�]�Z��jlk�má��^G^lE y ¹ ��^ b �2³n+�o�z 3 �C� PMT 	
4ch �+}5�=�<p � �L�<q�j=�Td�r 9 fag ­ � j8[��?_ GSO-PSA �C�;� g<s�t�u�v y g%h�Ãwi�|+Àª½G|
�C�]��x��a��y�+W�!^ b ��� 4.31 ³ s�t�u�v y g�h�Ãwi=|+Àá½�|W�5���8m 8×8 GSO-PSA

g ãG\W� b
^ b � 3 �a� PMT 	 4ch �+}=�!�Cp 4ch-3PMT z�{���½¿�=�;� g 11 ���C��y?+)�]^ b �)³ 4ch-3PMT

z,{��N½��a�!��m s,t
u
v y x2d,r 9 x<|=}?p���_�~ 2112 �0� 6mm t!�.{�t�u�v;w$	 44ch �!�8�
����l+�5�Z}5�,y���� b �2³ 2112 t8u#v;waml� �$x���´ ¹ �=�;­�� z�+%_;Ç�ÈZw�É��C�]Ï i � 10% ø
11%(FWHM@662keV) �����%j�����	A�������Z�<x"�,��ma�=�!���8Êl6��G§0�W¦aû 800cm2( ��],m�s
�T� 50%) 	2û b � �8�8­��"i]|2Àª½.|T�=�8����60����1$	�\%�=p5� � � g �a��� b �T³ ¹=� x 3mm s
GSO t�uWv8wC���N .»=	 y=b _]�a|�{Ó )�!���#|)�=���Z��4�d f �5����^A� b �'³
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� 4.26: 16cm sN�C|�{ª )�����'|W�!��� 16ch ���
{����a| 137Cs µ�¶���� ·�¸
( � ) »�¼�|�½¿¾��WÀ
( � ) ��� � 12 	 �T� X � ¸��
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� 4.27: 16cm s0�5|�{z ��]�$�W|)�=�;� 16ch �
�
{����%| µ�¶���� ·�¸ Ê8Ë�uz½Í�#Î

( ��� )57Co( 
�� )133Ba

( ��
 )22Na( 
�
 )137Cs
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� 4.28: 16cm s ��|'{á ��C���#|#�a�!� 662keV
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� 4.30:
s�t�u�v y g�h]Ã$i=|2À	½.|W�!�]�

GSO-PSA �����
H8500  9 �

GSO-PSA �����
H8500  6 �

GSO-PSA ����� GSO-PSA �����

GSO-PSA �����
H8500  6 �

H8500  6 �
H8500  6 �

GAS �	��

�������
�

� 4.31:
s�t�u�v y �=��� � 60�G§����0�

4.7 � Q�� ����� � PMT !�Y "$#&%�')( *,+.- OHPRQ /10 U3254
4.7.1 63798;:=<?>?@BADCFEHGDI,JLKNMDO98;:)<?>P@BAQ;RTSVU ^"_XWVY[Z�\=xV] b �	^%�>����_a`abdc>�9eDfhgji[kLe�4Fl�mn]Po�&XpXq��)r�fts�uXv�w9x
^�� bHydz 3 mm cD{?| 6 mm fas}uLptqT~)r��a�V� b _d���X^ 3 mm ed�D����_L`ab�� �
� y��V�9������[� �

70% ���,���3^j�;� z ^ ��^��9�9���L��� {�g�Y	��o�� H9500 | b � 3mm fXs}u 256ch |b �d�[ asD�¢¡H£�k PMT
� SjU m � �T]��¢^;¤ � �n¥ bay ¤t|�v 3mm f�s�u9v;�§¦ bd�[�[¨ `P��\��

p y ¤L| � vPl ydz �%_�q�xd©��XªV«D¬�­tejcD{a®�o>�jm � ®d©��XªB�	ea�n¯�°HvBl y |�±�² ��� yjz³ £hk�´[~d�9_a`H®	µXª[¶ab·c�{H�}©�¸º¹�» yT¼P½¿¾�ÀtÁ e·ÂHvhÃ[Ä;®[ÅNÆ ³ £Vk�´T~j��_L`abdÇ�¹§Åy�È `	É �tÊXy·z ¤ � b·Ë�Ì�Ía]BodÎj^VcH{P|netÏXÐhÑ[gN�¿e;|V¤hÒVehÓ	Ô ��Õ�Ö v Êtynz GSO cH{�e× ÂBeVØaµab U ¾�Ù e�Ú�Å;m�v Ê ÆÛ^ ¾�ÜXÝ ejÞaßTà�áVâV®Do y ³ £hkD´9~j�9_�`9ãHedä�å �Væ l�ª z¤de9çTè·é9êLvXb GSO | LSO �}ëLì��Xí[î U ¾�Ù ��ïVðFñ§^�ò � ��óº¹�ñnç LGSO Å ½ � S	U m � ¶ª ydz �[çXô9edõ U ¾XÙ���öX÷ ®døDª La ùBeXW�Ð·uûú�~aÑTejÄX¥XðBÑLÐTü�Y9Z?Ð�ùBe·óXò � etWHÐnuú�~aÑTe�ÄX¥;®Ho;Æþý ¹§¶B�Lÿ��B®��a» y��	¨�� e æ ljÅB��e�ej¯9°DÅ ½ �d±�²�á � yjz |H¹�® La ùe�W�Ð�uûú}~aÑjvtb 3%(FWHM) @662 keV � � e ³ £VkD´[~·��_H` �
	�� m � ¶[])Æ¢^ æ ljÅ È `VÉ��
Dè9¶�ª ydz�� Ì�����Éað����DÅ ½ ��±��L» y |¿�X�BeP|h¤hÒ GSO(Ce)
�
������� vae��t¥�b��� ��! v Êay ç�è�^N¤jejÂ;®�"�» y$#�% SVU �	Õ�Ö v Êtydz

4.7.2 &('*),+.-�/1032*4�576,8�9;:=<?>A@CBEDGF�>Q;R etW	Y�Z�\9vXb�H�IHuEJV~;ÐV�·¥aª y ¤a|�vh^�KHu,LtÐj£Vk�M?�$N��)ñ·ç � ^Dô�e�O?Òhe R�P �Q ÷ e9p�R,S9ü R
P v Êty ç[è�® ö�÷ ®$T !VU�W�ÙL��æ l·ª z �TçXH�I uEJ	~HÐ�Y�ZHv�e�pXqh~=r\[�]e·�C^aÅ ½ e�_ 	D�
` í � y (PMT aBed��^Eb3cV¬Lqh~3r�p,dF�}oDÆfe�g È,h[z ) ç[è�ÏtÐ�i=��Ðkj�l
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ð��������D®��
	 y���
������ � ¬��,Ð,��®�ç[ª?ñ}¶����9�DÅ���� �����
� ���,�Vç·�;��_ 	��! ñ�¶ñj�B�#"?¤ � ® �)ñ�¬��?Ð,�\aP®�$�%�&�')( � LLÐ·£ 
+* _ 	D�-, �d¶9ª+.0/�¬��,Ð,�21Nú43�576jÐ �8 �h¤�/ �:9<;:= Æ?> � � ó�ª	���d�:@ hA�VÊ çT²�.4"��[ç ³ £ 
 ´�'�_ 	 ®	µtª[¶<B #DC 3-1 
FE /®�G?á§µ9ª[¶9ª�.-H9¬DÐ �JI ñLKtíTî0.4ML®ONQP � 8SR ¤�/UT �O� .hçhè = ÆVPQW;®�»+.X¤
/UT 90; .�"ôH¤ 9-X:Y 3[Z\%^] 
�_�` T���a·Å0bd¶�ª�. VA
��� i * H8500 c�ã *�d�e M;® = .!f�T ! M�� = Î

$ �<g Ðih 
Qj ì�k;ñOT^l7m4n<. (AppedixA.4 o�p )
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�
III �

� �
:PDA � CsI(Tl) �� � � 	 
 �



����������	�

����� �
PDA � CsI(Tl) ������� ���������! #"

Section 1.2.3
9�*%$'&+= R)(+*-, i/. ,103254 *7698;:[�=<?> b4��j�l 6@8A*A:��=<?> �-B0mDCFEHGI * 5 , �/J '+K ' 0+2L4 *AML<;:[�ON;P (1QSR3T .i"[a *?&VU ��j�l I ( W _X:��OY )

()Z/[ &A\7;5]
* B * TS^?_ /)`�.-" /'a ( �?b I5c-d c 50cm e5f-g *+,%h . ,10i254%j'k 50 × 50cm2 l;mDn ,)oJqp K 0'2?4 TX^5_sr=`+t1u
vLw j 698 b I5c5dxkAy?z5{5| `~}��?� I��Lj%�s� ^L_i�+��C���aH� &?U1�5�?�+� (%�;�H�i� �?�5�
t�u ³;�S��� pA�5�+�x���?� T t &VU (Lk� i¡V¢'£?¤ � N-P¦¥1§X¨ £V©�ªS«��-(5¬'­A�+® t=^?_��-�3t&VU �-¯V° N-P � & C (= �¡S¢�£V¤ � �;� T t �+� ��± �xkX²V³-´'j �3tAu& r=µ;¶H·%¸ jX¹;º¼» &   �?½5¾5¿;À H8500

kS¡V¢'£+Á �5Â � &VU ( 1 Ã�� & CÅÄVÆ 0.1W l;m � �+��=�;� T tAu 50cm Ç5È w I �?É1Ê � (�ËxÌST txrF��r »=Í%Î3Ï 7500cm2=300 ÃÐ� H8500 �%^?_ ( `
t)u'Ñ1� &VU1Ò'Ó5Ô »OÕAÖ �1× � & rHÑHØ j � 30W � �-� �X^V_ ( `3t)u=Ù?ÚLÛ º ]=Ü Í?� t Ý TÐÞ aàß{L| �Xá-âLã Ì �=äiU3& {5|?å-I'j 500W

j �3t+Ñ+r �Xæ µ't�r9ç;è ( \ ­ `Hé j �-t1u
Ê;ê I5 '¡V¢'£?¤-k�  �5½?¾-¿5À `�} ( a « $ �Lë �5ì�� ^?_ír » ` � &LU1î;ï ( �'�S�5� éi�Xð�`
a T t3Ñ+rq� j�­ t1uiñ & CsI(Tl) r Si Ê5ê I ��ò Î3ó'k é ½5<?> �Xç5è ( ë#aô�   �?½ GVõ > �1ç-è( ë � &LU �Lö �5÷ �S�x� p1�5�i�x�Oø t+Ñ'rO�'ù�úDt1u¦r�a ( PIN û Si ü ½�� ºi� t'Ñ+r j �Lè-ýj ¥qþDÿ £V©;j��

cm2 � \ ­ ]V�+¥ B ¥ �L����� ³ � r�`�� Í5� t1u� Ñ j �
	��V��
��
� j+k Si PIN Ê;ê I : ù�� �  �¡V¢�£?¤ r »OÍVºi� & n ,)o J�p n�� ,�0'2;4
����� � � � ÍÐ­ & uVeÐ���9¸ j3k�� 
���������� »OÍ3� t \;N-P PIN Photodiode Array ( �+É PIN

PDA) ��� ���
� r n ,Oo J�p K� J £�! C#"%$ ('& t n ,=o JOp n(� ,F  Ò'Ó-Ô »*)�+ �-, &�. � ���� ( B �LÍ�/
0'T t1u
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�
5 � 400chPIN � Photodiode Array(PDA) �� � � �

W	��

�����L� n � o J�p n � �   Ò�Ó-Ô »�¡V¢i£?¤ r »=Í M3� ` Photodiode Array(PDA)
k ·��

� &i� `������-�3t ¥ �?�Aü ½ ����� ï�� j \ û��	� ��� �?�5�'� Í ,�C ���5úDñ j-k 5×5cm2 l?m �¥ � » � ��� ]�Ü�� � \LN-P! #" o	$ � �%� �&%�' kA��( Ü Í Ñ1`L� �*)Xu�Ñ1��) U � � 10cm +,� ¤
�   �,) �ST t.-7ù � � ��� »�&+� r T t�r@�� 0/ £21 � ²232425 �76 ­ a@`98 �2: �<;,=�>�? ���5�@ t+Ñ3r � j�­BA5� u � Ñ j � � 
���� j3kBC,DFEHGJI + ¤<K rML § j � 5mm N�O o?j 400 P ��Q � "�LÍ-� t 10×10cm2 �B6 >�? PIN û Si R
S GFÁS£UT pWV  X/ £ � %
� » ) ( Y 5.1) u
ÑX��¸ j3k %�� » ) 400chPIN PDA � /�02Z . ��� � ��� �7[ �LÍ ��\xt�u

5.1 ]_^
`2a

110.0×110.0mm2

ü ½ � 20 b 20

ü ½3¨ £?© 4.5×4.5mm2

ü ½ 1 0.5mm

ü ½�ced 0.3mm
gf�� Gih�j 2.8mm

sensitive area 8100mm2/12100mm2(
`�a

)k �5Â
Max 4nA Typ 1nAl ½ 1�m é Max 20pF Typ 12pFÒiÓ-Ô »Un � +2o p KX14-140K2D1 prqts,u �?½v

5.1: 400ch PIN PDA
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Y 5.1: 400ch PDA ����� : � > (
n � +2o�� > ) � :	  �>

Y 5.2: 400ch PIN PDA Y > Y 5.3: 400ch PIN PDA
Ë�
 Y (100ch

�
)v

5.1 ��
 Õ % � » ) 400chPIN û PDA ������������� @ � �����U� »�Í3� � PIN û ÁL£,T � V
S3590-08(

	  
>�?
10×10mm2)

�� � ¤ � » ) 4.5mm Ç+ü ½ � 5mm NtO"!#� 10×10 Ã$� 5×5cm2

� ËxÌ dAÜ )%!eO�& � �t� » )��Vé ½ =�')( Y 5.4 � &+* � CsI(Tl) �-,�� 5 � � 90%
�". � »=Í3�

�/��Ñ-��!gO/& (10 N*+�2 � ��, $�� �2Q~� NU+-2 � 1 � Ë3
 @ �-Ñ546�%! O/&�� I�7 �;ù »qÍ�8 � ( Y
5.3) �¦Ñ-� 5×5cm2 ��!eO�& � 4 P�[ A+® �3Ñ�4B� & 8:9 4.5mm Ç-ü ½ � 20×20(5×5cm2) Ã ËxÌ d�Ü) 10×10cm2

� �t� » ) ( Y 5.2) �7ñ2)�Ñ�� PDA
�  0/ £ � » ) d 8 � ²23i¤3; � ¤ �=<ed�> @ �2)? 9 Ò'Ó3Ô »*n�@ +2o%� ( ü ½ > ����A � Ë�Ì7»OÍ �#� ( Y 5.1 � ) �


 Õ 9 C,D�E GJI +�B K � Í %�� d=Ü )-CLöeNU+�2�D�� AE8 8 P�� 5×5cm2 ��ö+��!XO1& */F � 4 P� & 8HG �"! /I��o ! 8 "($�J+� PDA(ID K PDA sci) L %��NM&)��Ðñ*)1O 86� 4 PP4 10 Ã�Q���CLö N+�2%D�L ä�R 5×5cm2 !�S1&�L 4 PET+U5�3Ñ#46� � 380 NU+-2%D��Xö+���FN*+-2�D������ 10cm V PDA

L 0�W�)�+ J � 2 P (ID K PDA1789 9 PDA2250) %
�NMX9�
 Õ � �#Y �
� �1J 8 )-� ( CLöeNU+�2�DZ4 (l3[g1�m�\ , & .^] ��+I_�`����3��abL�c�d�e-f 8 ��N�+�2%D#�#�#��� )
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Y 5.4: PDA � \E[�=3'
5.2 PIN � PDA �������	��

�������	���

PIN � PDA(PhotoDiodeArray) L (�� ? 9�������- �"!g�$# 8 fU-��%!'&�Y�L%(�) @ �%� (+*$,�-
���#�/�"�.���,- �/!	�0#21�� S/N 3 ( J 8 �I_ [ d54 (Charge Sensitive Amp) 906 [�7.8 9 ] �
+I_
`�93_:9 m�\ �;(.) @ �,) ? 9'6 [ � ] �
+"_�`+<�_:9 m3\ A�= �1_:9?>"&'@ L-!BA S7+ @ �2C#4"�U-
�D!)� *$,E- /  D�� FHGbL/I�\+�2C#4"�+�%Jb���
C��5K�� (ML�N MB) 400chPDA �/_:9?>"O.& L C�D�E GJI +-B+PRQ��%S.T�U�V?PRQ 8XW'Y @ ���

5.2.1 Z?[B\^]`_$acb.d^egf�h?ikj�l+mBn
������o?�D!��RQ *qp <ed p5r.s LDt2u��0v2P ( CSA(Charge Sensitive Amp, _.w�x'y��.zR{|! ) L} J�v��1� CSA(Charge Sensitive Amp) L/J 80r.s zR{�v+��4|~�� S/N 3 ( CSA �q�)�1_'9'�.��a����� a+#?QM� CSA PD���NM"f 8 �Do^�D!��%�:���E�3ak� �.� a����1_'�Ea^PRQR��(�):v��M�M�.����o �
!^P$#+1��q�:�E_'w����^�M� (5.1) �5���D�^�"�

Q2
rms[C

2] = 1.253(
2kT

Rp
+ 2eI)τ + 1.253(2kTRsC

2)
1

τ
(5.1)

C�C"� Qrms � *0,�- P+Q|�H_.w.�E�c�5 ¢¡ T :
7�8 ¡ k: £%D�¤$¥?¦H)E§�¡ Rp: ����¨E© ��� ¡ Rs: ���Rª5©�.� ¡ I: ���'�B�1_'��¡ C2: �:�.���E���'¡ τ « shaping time �:¬�� (AppendixA.1 ­�® ) � ( cM�R¯;°?P±�²´³�µ�¶ *;,E-5· 6+«$¸$¹��B~$�;«|¡$º�d ¶"» T?P|# ± f:�M¼.½R�B~���¾;� ±5¿ �2�+¬:�"� ) � (5.1)

Q��X�.�'��o �D! ¶'À�Á"ÂBÃ�Ä;Å a�ÆB�.�-_�Ç�a2«;o?�D! ¶ *;,�- P%ÈÉ~ p5Ê.ËÉÌ ¬.Í.Î+�+C+Ïq«EÐ µ
�%�5Ñ�Ò'6 [ ¶ ÈÓ~.�M«0ÈÓ~ ² p �;Ô = ¡�_�9����+#?QM�.�1_�Ç�Ï|Õ0P%z.È�vB�$Í$Ö0×.J ¶ P �:< N �
�.�:�2�+�M¡.È.Ø'Ù.Ú Ì #�C pÜÛ ÏÞÝ.ß�àHf *|,.-RÌ # �MÎ�f }:á vB�Dâ · «+¬Ü�ã¡EÈ�Ø�Ù ¶ Õ ¶ « pµ p µ5» á Úäà p µ e0Í|�Óà µ à PIN �.����� ¶ Q Û PDå'æ.ç.è Ì/é ² v���C+Ï¢«��0¡�_.w:���.¡+��_
Ç Ì/ê Î�Í:ë'ë/È�Ø�Ù ¶ Õ ¶ «;Ò 7 � ¶5ì á «0íRîÉÏ p e�f ± �M�
C ¶ � (5.1) ��d|4?P;#R1+� *$,�-BÌ )���>.PMï:ÙðÕE�2C+Ï/«��?~�� ¶ �$¡Eñ'ò^ó|�'�'¡+# Q0�Éô Å2õ
_�Ç Ì/ö+÷ �2C�Ï/�|¡'6Eò ¶ _:9 *$,E- P%ø+vB�D&2î;ï�ÙðÕ$�+C+Ïq«2�%J��M�
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5.5: � ,���� _�� vs _�w:�.�
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5.6: � ,���� _�� vs �-_�Ç

5.2.2 400chPDA �2b
	���
��Éb.d^egf�h i
¯�� ¶ 6Eò P|#R1'�"_�w:���+#�QM�Éô Å+õ _'Ç ¶���Å2Ä ����������� õ ��� P;#+1'�"S�T ¶ U�V2��¬
�"�

�
5.5. Ï � 5.6 �|º)d L:N àMÍ 400chPDA

¶ � �É> p 6�ò ¶ ñ�ò?ó ¶"! � ,��#� _��gÏ _:w��'��¡
ô Å2õ _:Ç ¶�$ �&%0� ¶�')( �+¬:�5�*� ,��#� _�� Ì µ 1���C2Ï%P�Q��ã¡�å'æ�ç2«�+�,;«��ã¡%_�w:�.�
«"-É� ² p e1f ± � ¶ «�. µ �"� $ à"f 50V /#0R��1�2.å:æ�ç�ÚäàHf ± ��Ï43�Ð����"�Rë$ÍÓô Å+õ65 Ç
Õ6� ,���� 5 �2« 80V ¬�ÍÉ�/ë|�|¡2Ô�7�8:9:;R�#<$)2��¬:�EÍ�Ö|¡ 50V = 80V > 8 ¶ � ,��?� 5 �2��8*0,�- ��@ L vB�:C�Ïq« A:BÉ�D�R�M� S3590-08 QB�MÕ �.��¡ ô Å+õ65 Ç�Ï;Õ|PDC2«�-Ü� ±:¶ �%Ø'Ù2«�-
� ± ÍEÖ��:¬+�"�
ë�Í"ºFE5S L à%Í 400ch PDA(1789 ¡ 2520 ¡ sci)

¶:G�H:! � ,��?� 5 �2« 70V
¶ Ï;~ ¶)IKJEõ"L�M ó

ñ�ò 5*N �E� ÌPO*Q àDÍ%U.V+« � 5.7 ¡ � 5.8 ¡ � 5.9 ¡.�'¬:�%� IKJ;õ)L?M?RFS.¶D5*N �E� Ì T�U Å ¥&VW ��XcàZY ± �;«$¡ 3 [ ¶ PDA
±*\ �ÓÕ^]'ÑcàZY X

¶ Q Ûqp _ �#`�`#a ± Ï#b#,|« é «dc"Y ± �;«�b
���5t+u�eBà Â^Ä;Å ¦ ¶�f*g P+Q;��Õ ¶ Ï43:Ð.�R�M�*h�i ¶Dj:k �ðô Å+õl5 Ç ÌPO:Q à"Í2Õ ¶ « � 5.10,�

5.11,
�

5.12 �:¬��M��ô Å2õ65 ÇB�nm�o:prq"`�`#a ±FJ�õ"L*M «�s�t+vB�|«|¡ub%�+� PDA vKV W Ì
400ch qnwBu:x�y'�?z�q�{}|0�%¡�vuV WZ~ Ø^ó ¶)����f*g « � ² p �EÍEÖ��:¬+�"�
à µ à´¡ ��� ¶��B±FJ�õ"L�M ¯;°^�)��i2�?�RÖÜ� ��Y ± �ZCK�^��-É� ± ÍEÖ|¡ub ¶)� ò�q��B����{+vB����:� �0¡#�:o���q��)��È pMÊ'Ë �5ÆF7�� p ± Ï43+Ð��B�M�

5.3 400ch Si PIN PDA � ����� X ����� ������� �¢¡¤£¦¥
§:¨ q?©�ª:� 5�«�¬)­�®^¶ ¯�° q�© ± Y$¡ PDA

�K± � Ìn²�³ àDY ± � � ò��)m�.�8 �?�:� ��¬+��b
Ï¢«�´�µð�D�B�M��¶�qn·�¸'È*¹rq�© ± Y|¡*º:»�¼ � ò �?½ { ³u¾�¿&À 5 òÂÁÄÃ:Å:ø Ì.Ì ��Æ�e?àÈÇ*ÉËÊ¿ Í S/N ÌäÏ 5�«r¬D­�® �dÍ�A�B ¾�¿&À S/N Ì�Ï�Î"Ì*Ï ÌDÐ c$Í Ñ
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5.8: PDA2520 ñ;òRó����#.� T�U����	� W
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5.9: PDA sci ñ:ò?ó
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5.10: PDA1789 ô � õZ5
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5.11: PDA2520 ô � õZ5
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5.12: PDA sci ô � õ65�� .� T�U����	� W
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5.13: PDA1789
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5.14: PDA2520

�#�*� ���
´�µ:C T�U����	� W

(keV)

pixel
0 2 4 6 8 10 12 14 16 18 20

p
ix

el

0

2

4

6

8

10

12

14

16

18

20

2

2.2

2.4

2.6

2.8

3

3.2

3.4

map

�
5.15: PDA sci

���#� ����´
µ�C T�U������ W

(keV)

73



� ò ��½ Î 5 ò Á Ã:Å'ø&În{ ³ q��%í��:�dÎ����}ÍPq��*;
	����uÊZÎ�
 X 	 Á���	������
� Ñ Si Î��� �������! #" M%$ � � 3.65eV
½#& À ��'�Ç)(�m keV Î X 	dq�*,+DY�- 106 Î/.�0 ÁÄÃ�Å
*�1 { ³�2À Ñub�Î3.
0 Á Ã�Å
*�� CSA 465 ½87 Æ�e9+^Ç)
 X 	 Á:�:	FÎ  ;" M<$ ��=�>�? ��@�A 2&À b�B ½8CD { ³ Î/E
F�©���G 7 Æ�e<+ C�D Î S/N �H@�A 2&À b;BI1���J À Ñ�B;Klq
L � v ± � LNM � ��În�*���

0�(%1 sub-MeV ��	�q�*,+DY�- 106 O�P!Q Î ½ ÇNL � v ± � L�M � ��R)S ��T Î S/N Î6@�AUB�+DYV�W�XF½#& À Ñ

5.3.1 set up

X 	ÂÁY�Z	[�����;� � 0rÎ ® ? @
AN��\V]�ÎF��^ Q set up
½ Ð[_ ��Ñ�` 5.16 18a<4cb;�,+�� DAQ

d�e�f�g
h ( 0.5pF 5000MΩd�e�i�j%k6h ( 2.5ms

.�l�.
m�n�o
p)( -2V/pCq�= 465 k6h ( 50µsr A�s�t 1.25keV

s�t
u�v 20eV/pF(Si
r A )

S�w#x T6y�z 1000MΩ{ ��|~} ��� ��� 6800pF

�
5.2: .�l9���N�������

5005H ���
Set up

½;& À Ñ PIN PDA �����[�cw���� Ê��!� 2dÀ �)'?Ç T��~� ± T8� Î��9�/�!' BNC � "��
� �
����+ Charge Sensitive Amp 5005H(

� } x��#� Tc �� � 5.2) �/¡�¢U+3��Ñ 5005H B PDA �/£
¤�¥dÎ¦ �)� ¿ Ç
§ h ¤ P (25 P ) Î/¨ h 16© ? B Q À;ª ^��<+/��Ñ 5005H �uÊnÎ3����L ��« ��� Ortec
 ¬�

Shaping Amp 571
½c­)®
¯�® +3�/°�Ç�±�² � Î VME PHADC

½ R�³ � � � � Ð � Sun microsystems ��
VME CPU frc54t

½ R � ��´ É~� Ð�_ � Ñµ�¶
X 	��,B�+�·;� 241Am �)¸[��¹
��+/��Ñ 241Am ��º�»
n�¼�½ ½8¾)¿ + Ç�À i�Á � 432.2 Â%Ã &;Ä Ñ

5MeV - 6MeV ÎVº:	ÅB 26.4keV Ç 59.5keV ÎN�Æ	�ÇVG 11keV Ç 13.9keV(Lα) Ç 17.8keV(Lβ) Ç 20.8keV(Lγ )

Î 4 È�Î/É
Ê X 	~��Ë ¶ +�·#� Ä Ñ�a<4�Ì3Í#Î�Ã����#��	��%� |�Ï T���Ð � � � � ��Ð���� � ª<Ñ ºI	
�3Ë�Ò;Ó/Ô Q � ª ^�� Q _ ·�� Ä Ñ�Õ�Ì�	��N� ª%Ñ 10keV - 60keV Ì�Ö photon Ì)×�� µ�¶ Ò3J Ä Ñ
241Am �)¸#Ø)Ù X 	���� PDA Ú�0�Û ª!Ñ�Ü 5cm ÝVÔ��NB�Õ8Þ��/ß�à~+Z¨ h ��á _ �6â

5.3.2 PDA ãVä�å Setup æ<ç9è~é~êVë<ì
a%4
Ì�¨ h setup �8í#��·6½ 5.1 Ì6� Ï�î�ï � ï�ð Rs ñ Rd ñ C ñ I �

Rp = 8.33 × 108/e[eV/A]

Rs = 1.75 × 10/e[eV/A]

I = Idetector

C = Cdetector + CPreAmp + Celse

CPreAmp + Celse = 110pF
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` 5.16: PDA @�A
� DAQ

B Q _ ·)� Ä â)Õ�Ô��3���
	Å+ ñ shaping time ���V' Ä Õ
B�Ã W
��� Ì
��w8��Ì�����Ó�í ª G =�>#?�� Ì�
� � & �Y����'��
��� Ä Õ
B�1�Ã�� Ä â shaping time � PDA Ì����! Q .
"# �É�Ê Idetector = 0.2nA ñ
Cdetector = 10pF ñ T=298 K �$�
	 2 Ä Õ#B�Ã τ :shaping time B Q: �8w��#Ì&%3p�1(')�:Ô Ä â!Õ�Ì*%3p
� � +3� � Ï,+ 1V` 5.17 Ã &#Ä â�- Q ×#� Rp í ª G Rs ñ CPreAmp=70[pF] ��b
��+/� CSA � ª�_ ·
�
�.���:Ô ñ Celse /10
2,3
4 � ¦65
7&8 (0.3 - 2cm) í ª G3¡�¢:9 � ñ ¦;5 �=<�>=? ï*@ � (1cm) ñ CSA

x � | 	�A8� BNC � "���� ï Q�B Ö 10pF O�P �;�*�.� _ ·�C
DU+H·
� Ä â
` 5.17

¦ Ì�E&>#� Si
r A  
" � $ ï�=�>;? FWHM(keV) Ã ñ �6w)�#Ì�.�l&FG�(H�� ñ Si

¦ Ã(I&J[Ó
Ô Ä .�l 4 �3**K 2 Ä X 	  
" � $ ï Ã � +�·�� Ä â ( L#M Ñ Si Ì X 	,NNÒ��UB)+H·#Ì  #" � $ ï/=�>? �/o,DU+�·
� Ä â ) ÕHÔ ª%Ñ ÕcÌ PDA O CSA Ì set up ��í#��·P� shaping time � 2 - 3µs B 2 Ä
Õ;BHÃ%�cw��;Ì W,Q ð�R B Ä ÕVBH1(SUT�Ó/Ô Ä â)bUV�+�W ortec 571 � (0.5 ñ 1 ñ 2 ñ 3 ñ 10µs) Ì 5

e�X
Ì/ß h�ð ÃPY Ä W�Z6a�4*� shaping time � 3µs B
[6W (shaping time B]\*^8��_ ï�=)>V? ( �8w�� ) Ì*%
p%Ì�Í�¨ ð ��L,`�·U� AppendixA.2) â
a [3· ñ shaping time

R
3µs B*[(W�Bb��Ì6Ö.9 �bc �!��íed Ä ��w��,f8Ög9 �hc �%ÌjiP"� �É
Ê ð

( iU" 3*4 í ª G }�ï � iUk ) l:�nm!Z��IÔ Ä â a Ì(o&pef;` 5.13 ñ ` 5.14 ñ ` 5.15 Ã�Y Ä â { Ï�ï T
? ï �e� Si

r*q �8w)� FWHM(keV) Ã � [H·�í Ñ ñ i," 3*4 Ì(�:�sr�t�Õ�Þ6í ª(uÅ}�ï � iUkNÌ��.�
rvt�Õ8Þsf!�cw)�&fsw�`�tnS,T�Ó3Ô Ä â�[;l�[ a Ì6����Ós� Si

r,q �6w)��Ã 3keV x*y�Ã ñ�z X {
N9Ò
�3¹PV;Ã�� Ä�|~} �#Ã�Y Ä â
W,�![)Õ�ÌsC
D9�
�s��×U��[*�~�*�<Ì 0*2,3&4 ñ ���el��3Ì;�cw�� ñ + Ð � � ï*�(� Ì�Ê=�,r B fs�� ���s�[Ó�Ô
·,`&r*`,W
Z ñ Í��;Ì;�cw)� Rj�&� ·,������Ã*` Äj� d8ÃU�
r&`�âNÕ�Ì&W
Z ñ Íe�;� X {�
� �.� ��¨,� R á���ÕPt�� ª<Ñ C
DN� ª Ä;� Tv #�8w)� ð t�Íe�;ÌV�8w)� ð Ìs�
� R í~Õ�r:�Æâ
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5.18: PDA2520 9-11 9 �bc � 241Am
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5.19: X-ray energy vs. adc value

5.3.3 X ����������� �"!$#&%
'�( c�)�� x ) | ��íU`�·8£�¤#¥*� R 25 y~�,+v-,- q V PDA ID 2520 Ì ¦ Ì (9-11 (y ¼$. 9 /10

x ¼". 11 /�0 )) 9 �sc � R ¨&� [6W �
� ��� �Pf fig.5.18 Ã�Y Ä â 241Am l:��Ë ¶ Ó�Ô#·*` Ä 13keV 2
20keV Ì/É)Ê X { t 26.4keV t 59.5keV Ì"3 {�f ��4 Ò	5 Ä âPM
W�Õ�Ì ��� �:� � ª!Ñ | �76$8�� Ì�{® Ê.� ��4 Ó�Ô ñ \,^6�#_ ï:9�; �v� 2.8keV(Si < q FWHM = 59.5keV) f('���Ô�W6âNÕ�Ì�9�> c�?A@
í*`�·(i*"�É�Ê ª!Ñ C
D[Ó3Ô Ä$� T� CBED�F;Ì��:��Ós� fig.5.13

ª!Ñ
2.5keV Ã,Y Ñ ñ MbW�i7�7GNÌ:HUCI �hH(� 59.5keV Ã 0.34keV t$r Ä Ì8Ã (

+CJ B +KJ >ML ï =0.1
RON � ) ñ S*T�Ó�Ô Ä 9M; �VÌ � T ð �

2.52keV t;r Ñ ñ Í#Î ð t��,P�Q [�r*`�â

13keV RTS;Ì �*� > �U? fEV�Ô;·,` Ä ÌU�W- q�X (ID2520)
@:Y Ó/ÔV·,` Ä�Z Ï �"[ ï�\ Ð 8�] t_^

" @A` Ä�aEb Ì*W&Z
Ã ñ M
W 59.5keV Ì#9 ï >sf 20keV Y,W Ñ Ì6É
Ê X { @ � �Tc Q Óh`#Ì,� ñ Ú�d
f�� � �_e6ÛU�=f Q Ós`,W&Z)Ã�Y Ä â
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RF¦ %/§�¨ ?Z©�`+ª ' b {�« }¬~ *TL ? dI­N®�' BW  % PDA sci

% ¢�d @+� TMc _��I� � � H @ `7'
Bad Channel

_
1 5 >�U ?�%W¡ 9�E \¯8 �;° @I{!« }
~ * {��/« �;���Z� b R c&± � ��v�² D % 9�E '$ b L&³I´ �Zµ B&3 ` B 8 59.5keV ¶-· ®#' 4¸5W¹�U7º�¶ 1�f;'^»�¼#%�½ = � ¥ID&¾ 5.24 ¶ � y�]�'K`¿ ¶ 1% �;� RZrI² �zÀ P £ D ³;´ y�] B+3
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�
6 � 400ch PIN PDA � � � 400chCsI(Tl) � �� � 	 
 � � � 
 � � � �

��� ¶ 1 T�� 400ch PIN PDA
% ¢�� £ v;L+³;´ y-] B(3 $+% � ¶ 1 T�� _ PDA ¢�� ? � T B {�«}6~ * {��&« ��� ¡�� R � H 1�� � 400ch CsI(Tl) ! ~#" %%$�&;8 PDA ' %-d�­;8�£ v ¤�w|¶ � T��)(* ' 3

6.1 PDA + ,.-0/ CsI(Tl) 13254 ,7698;:=<;> ?A@=BDC
� H � ¶ $�& R B 400ch-Si PIN PDA1789 ¶ 4.5×4.5×20mm3

%
CsI(Tl)

{N« }6~ *FE+* ?#G \IH#fA8{�« }¬~ * {���« � ¶ �('KJMLON a ºQP�*SRST�¹VUzº ?XW '�$ bs9 8 ¢�� %�{!« }¬~ * {��+« � ¶�· ®'XY ��Z �-d;­�[�\#% ³I´ ?^] 2+B(3
setup

¾ 6.1: _F`ba PDA1789 ¶ � H � CsI(Tl) 57¹+U7º {�« }�~ *OE ? d�­
WES c|¶ 1 T��ed�f�g�h�R B 4.5mm i ×20mmCsI(Tl)

§Qj ?lkQm�n « kOoFp
(100µm) 9lq�rFs¸¥R B#Detvu PDA1789 t%wFx|¶ y�z|{}U�~#¹lR�c�¶ � d;­ u)��� ²Q���e� ` ����� ¶�! ~�" t d;­�� ¶

4×4 t CsI(Tl) ! ~^"|� $�& R��Q� � ¶ d;­ u)��� ²����)� ( ¾ A.6)� t � t d�­�� t%� ¡;_ w 10µmm �F��bpoFq ]�� � DAQ
_ ��� t;¾ 5.16 b���� �������O��� Shaping

AMP t%���e��u 1.7
° t 1 ¶l���¡  ���
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¾ 6.2: PDA
d�­I���I�

CsI(Tl) a 137Cs R���¹ U
º 7.1% @662keV (FWHM)
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¾ 6.3: PDA
d;­F���N�

CsI(Tl) a 133Ba R��|¹U º

���	��


PDA t
��� y�� ��� ��� t�� � PDA ��� r���� 20cm � � ���! ¶ 137Cs � �%� 133Ba u�" �$#%� ������ ¶ W � � � RST�¹ U º	&�¾ 6.2
� ¾ 6.3

�(' � �
137Cs t 662keV t JML ¶ �e� R�T#¹ U º�) 133Bat 276keV

�
303keV

�
356keV

�
384keV ¶ ���|JML tSR�T#¹ U º+* ³;´ �Zµ � � 7.1%@662keV(FWHM)

) � ¿ N	, ºKP o °�-!v * W � � ���� t {N« }6~ o E §Qj u PMT( y�z�{ UI~�¹ R)c R6231) u � �S�/.�0 ®Q� ) � 7.7%@662keV(FWHM)t N+, º|P o °�-$1 ) ²v� � �32 � PDA u � ���4.�0 ¶ � 2 � PMT
� 2 �65 ��°�-$1 * ª � � ��� � �7 �%8 �+9 �

662keV
J�L ¶/·   � 61000 photons u W �+� � � ;:7  4×4 t�! ~ "
< ¶)� �S� & �(9 * � 2/3 ¶ ² 2 N(, º|P o °�-	1 � 10%

��= ) � ¿ �>� §�¨ * W� � �)��� �   � �lt < ° ¶�&4? ­(@�A!B = ¶e� ���e� ? ­ ��¶ ��C * ³;´ED � � �F2 � �et�G(H�¶ �� )JI	K �|� �

6.2 400ch CsI(Tl) 132 4 ,7698 + ,.-� � � PSD L CsI(Tl) t4M \(N *
O�P ² ? ­ *S��� ² K � �4Q \ �/R�°�² £ 1 * W � �|� �	)lu;S¡ �l� �;¦�u;TVU � 400ch PDA )�WYX pYZ\[�]�^ � 400ch _(¹\`(º>a [�b3c#o E�! c " u $�&   �)�%d te�� & d tY)^�F2 �
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¾ 6.4: CsI(T l) ! c " u;?��   � PDA( ��� ao º�� � )

6.2.1 ���
�	� 101×101×20mm3
 j w 20×20
 j��

CsI(Tl) WES c
 j�
 "	�
4.5×4.5×20mm3
 j�� 1 � � �����   � � t ) ������	� k�m�n$[ kAoAp��

100µm×2$�&
WES c


 j t���� D & PDA t>_�X b 
 "���� \ K NS$�& u ] �e� 
 j t"! D & CsI(Tl) t JML$# 511keV t�%& 1 � 2(' 0   ���

6.2.2 )+*�,.-0/�1325456�798;:=<?>$@3A
BDC

WES
� � $�&   � 400ch _FE\`FG!a [�b c�o ES! c " & �IH _�E/`�G�J � �K�K� u%s5��"�t =� ! c "KLM��N * � ) �.OQP	R|� $�&   �)�

WES SIT � �e� N * S � � 2 � !�U "�V [ U tXW � 0.4mm ����t RKY$Z�[I\ t ' � � tV) ZA� ��� � ��et!_IE/`FGVa [�b c^o E�! c " u�y�z�{ U�~3EeR � � ]K^ ?M� � � PDA sci )%t4?�� u ] ��� WESc � � � < t	a o�Z\[�] u ] ���)�
?	� � tl�$_�*�`Ia ^ � ) @�A5b ��c C * d � Z�e `�f�g Z ?	�!*XhV�!2 � N+, GQP o Y�- 1 t�i A *
h � � )kj�l D � ���Ime� ?��KtIn � ?�� � t �o_�t�p�qKr * 0.2µm ) Z ��s O � ?	� ul�.� ZQ�e���
(CsI(Tl) t cvu u;?��¡  � PDA sci txw�y *{z 6.4)

�+' � �
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z 6.5: PDA L CsI(Tl) t c"u (19,11) _�E�`MG
137Cs ���oE � U��� , G���� Y(-$1 7.7% @662keV(FWHM)	�
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z 6.6: PDA L CsI(Tl) t c"u (19,11) _�E�`�G
133Ba ����E � U��

6.3 400chCsI(Tl) � 400chPDA 
���� ������� ���������� "!
set up

DAQ &$#&% z 5.16 )('*),+.-0/�1�2.3*465 25
\ �87 0�9;:$<= 9?> a [�bFc �A@?B :DCFE 20cm GIH :KJ�L CNMIgPO �;Q 9?>�R �TS(UWV :�<YX6:KZ�[]\8^ B L C \R �`_aUbV :�<

c*d0e`fhg�ihj`k < eAl 2 c*d0e`fYgPmYnpo
137Cs M 133Ba

S R � 9q:�r �8s CtH : �6uDE � G�/�v�w < MDz 6.5 M+z 6.6 x = HIy$HXz: ��{ GY�6� Y�|I} 5 7.7%@662keV(FWHM) ~ Z V >�� w <
z 6.7

�8�z�T� Z��6� �$� U.w 122keV
L C 1275keV

\ ��{ GY�6� Y�|0} S � 9;:$<� u6�*� X E c\[$� 5 100keV
�

1300keV
X /$�P�]�?� >.� w$x$M 122keV

���0� w ��{ Gh�6� YP|A} x� Q��I� �;� �&<]� HA5 B$CP\ PDA �6� CK� ���A� w CK�*� u � x$M 2.5keV
�

3keV(Si
���

) � \ /�vw < = 9(>�B CsI(Tl)
L C \��	]�� S 2000

�
3000photons/100keV=7.5

�
11keV(Si

���
)/100keV ~N�� _z� _ w�~,M 100keV ���0/�5 � u&  x �P{ GI�6� Yz|�} xK¡I¢�w(£z¤0x 20% ¥ 40% � \h¦�Zb§ M � u  x�¨.� �(© C�ªI~('K« Z £�¤ S ¡Y¢ > � w :Im ~­¬.¢WCaHhw <= 9­>

400ch
\8®b¯&°�±�²I¦ �A� w?M 137Cs

\
662keV ³P´�µ�¶ ¯ � °&\ ADC r�~,M �.{ ² �z�;· |}0\ ·�¸ S � 9K: _ \ x fig6.8 /Av�w < 662keV ³P´]µ�¶ ¯ � °&\ r ¦ 10% �.¹ \$º]»z¼A½ x$¾¿) >��w�x � H05PÀ*Ca��Á \8Â ÁPÃ(Äz·.¸&« s §Å�6� ~ÇÆPÈPÉ�M6ÊhËPÌ \�ÍqÎ x6Ï6Ð Â Á8Ñ8£.¤ S ¡h¢ >P� w~ÇÒAÓ�H�w <0X&: ��{ ² �z�;· |0} 5KÔ6Õ 8%(FWHM)@662keV ~ÇÖP·IÑ�× } x s CaH >P� w < �P{ ²�6�K· |0} ~ ¯ � ° ADC r ¦ 5 �]Í x�ØÙCÚHYw <T� HI5qÛ.³.ÜPÝIx ��{ ² �z�K· |I}0¦;Â Á�Ñ�£�¤ S¡I¢ >P� w _ 9 � 5PÞ.ß � ²0\8Â ÁzÃ8x�à § S/N áIi � Ñ0w � ~­x�âYãzä]~FÒ�Ó�H�w < ~ � ¦ z 6.8 å\ å;æ s § ÄPÄAç�B \ �`è tz58éPê � ¦ ÛP³ � x qWÃ � M �.{ ² ���;· |I} _ i ��:Im M �$\ �pè t�5Æ�È�Ü�ÝIx&ÄPÄ�i �Kë0} ×0xAv�w <IX6: Û.³ �Y\ Ô6Õ�rh5 17800 photons ~(Ñ V > � § 1pixel

\zì /$�íp98:6r�¦ á�î�wY~ 1/3 ·.��¹ ¦ à V >.� w <*� H05qÆ.È�É \8ï�ì�\qð · ¦ s w(³ \qñ.òPóhô µ$¶ \ £
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z 6.7:
¯6°�±6²

O11 M Q10 M S11
¦ �A� w ® �.{ ² �6� ¦ �I� w �.{ ² ���;· |A}

������� ���
	���
���
662keV

Np

	���
�������
(FWHM)

2.35σpe/Np

���������! "
(FWHM)

2.35σnoise/Np

2.35
√

σ2
int + σ2

trans/Np

����#%$'&(�
662keV

)�*,+ ÆPÈ r PDA 17800 1.8% 3.8% X1% 8%

1
¯&°$±&² ÆPÈ r PDA 61000 1.0% 1.1% X2% 7.1%

1
¯&°$±&²

PMT (4100)∗ (3.7%) < 1%∗∗ X3% 7.7%

�
6.1: CsI(Tl) Þ.-%/ *10 @,2*��3 \(465��h\87 { ²�9 0 · |;:0\�< ¡

∗:PDA ÆPÈ r�\ ³ � ×PMT
�z�>=�?

(6%)/PDA
�P��=>?

(90%)
\ �8@�/'A.� <

∗∗:
� +   *�B ² 5qÖ�·�CDÃ � ~ED í�<

¤Yä*~FÒ0Ó�HYw <W�K\ £�¤ ¦GF V >>7 { ².9 0 · |0} x 7%
L C 8%

¦�H � Ñ V >.� wY~FÒ0Ó�HYw <

6.4 CsI(Tl) I Si(PDA) JLKNMPORQTSVUXWLY[Z]\_^N`baLcedfhg�\
PDA

S�i �P>
CsI(Tl)

L C \ Þj-�/ *�0 @­³ S � í*¦.Fh§ 2��IÃ;H : ³.´ �*\�k ~N· |I} xX&:�l8mnFY§ ´>o � � +   \ A
p>qIxzÓ L V�r � w(s � Hnt \ q S�uvixw CsI(Tl) Þ.-%/ *%0zy ¦ �0�w 7 { ²�9 0 · |I}�\'485 ã ¦ � � r Section 2.5.3
\�{

(2.4)
¦�| V�r~} ¬��;�Yw�s

X(�
PDA

¦ �0� w g��*� +�� S 2.35σnoise = 2.5keV (FWHMSi « � ) = 685photoelectrons s�~1�w�s | w%r'} 2��­³ �
k � F8ô � í w�� 7 { ²j9 0 · |�} S X ~%� � � x 6.1 �.v�w�s � ä w�} PMT
Si � �6� \ ³P´ �>kh� } PDA ��� í Ã�� � Max

\ ³P´ �
k*¦ PDA
\K�P�
=>? ~,³P´>� \8�P�
=>? S¬'� w,r �~@ w�� qG� }8�v� q.� � Ñ � s�� �6�(�>� � é ����� CsI(Tl) Ê�Ëj�,� inw,rv�;� s�(���

6.1 å � X1

}
X2

}
X3 � { (2.4)

¦GFY§ �6@;� �.��}
X1 = 6.8%

X2 = 6.9%

X3 = 6.8%� Ñ � s ��� �~@ ¦jF�§�f.g iG�>� CsI(Tl) ÊIË (4.5×4.5×20mm3) ÊhË ¦�� �6r � σ2
int + σ2

trans

�%�� Þj-%/ *,0vy �;  ð
5 ã ( ¡6¢6£�Ä~¤
¥6¦P× )
� ³�§>¨ © t�ª�© 7>ª�².9 0 ·�«;¬ ¦?Â ÁKÑ8£P¤�� ¡h¢

82



peak_adc_value
0 2000 4000 6000 8000 10000120001400016000

0

10

20

30

40

50

60

662keV_peak

resolution % @662keV(FWHM)
0 2 4 6 8 10 12 14 16 18 20

0

5

10

15

20

25

30

35

40

resolution_FWHM%

0 2 4 6 8 10 12 14 16 18 20
0

2

4

6

8

10

12

14

16

18

20

5000

5500

6000

6500

7000

7500

8000

662keV_peak

0 2 4 6 8 10 12 14 16 18 20
0

2

4

6

8

10

12

14

16

18

20

7

8

9

10

11

12

13

14

15

resolution_FWHM%

�
6.8: ( � )

®D¯�°K±6²0¦���� �
662keV

¯ 0 °��
ADC q�·.¸ ( � )

®b¯&°K±�²�¦'��� � 7>ª�²�9 0 ·�«¬ (FWHM)@662keV

r
�j���G� ©�Ó�� � s
� ��} PDA

¦���� � ³
	 � 7>ª$²�9 0 ·�«;¬ ¦6���YÍ�Í;Î ©�
 � © }�� � � } f�g���� w�� PDA �ì ä w CsI(Tl)
¯6°$±6² Þ.-�/ *�0;y ¦�� �
r � ³�	 �����;� 
 ��� �>� Section 6.1

�
4×4 � �vi )*�+ � ì t�� � F � Ñ 7
ª�²j9 0 ·6«;¬
© 10% ����� � F � Ñ BAD PIXEL

�
1 ����¹G��
� � s�!�"#�$�%

PDA � ì ä w CsI(Tl) & � è 0
'60zy80 � ��(�)+* � s

6.5 ,�- .0/21436587T`:9<; `>=>? @BADCEGF�HJILK�MONQP�R
7vª�Sj9 0BT «G¬ �hFLU !�" T «;¬.��V�W w 10cm XZY�[ � �%� �]\G^L_ Si PIN ��`�a w�b�cedgf�hy � ��� wji�k �Bl
m w�� © } !n" #�$o%qp ¥�& �8r h ' h y �6w,r�u>i � ��s � 400ch � ��t s �u`
a�� �z� ©Lv.¬ _ CSA(Charge Sensitive Amp)

gxw ©�y�z.��
 � s{�| � �}��~
IDE � � VA

d���� _�� ©��
�;�

 � s
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����������N
	��
������� N����
������� w��

PDA
�

5mm pitch ������z��G© Si � ���xU! �" ��© �}�xs 4.5mm Xj��
 �$#�%'& !
" T «;¬)( 5mm(FWHM) *��)+�,.-�/ 70%

� _  10 �G�!2
!�" T «G¬�3)4 s�5�6 Y87 S 6
��d �!9 T.: ©~¡}v�;<*�
 � © &$=>6 Y87 S�?A@$B �DC �AE�F ��`�a�G�IH � #)% � &�J
K�hQc �ML)N�G _ � �%� � _ ��#$%�&D6 Y'7 SPO>� ¡ $�Q�R ©1S \ GT0�G8U � 2 U #b�cBdOfeh�K O!V�W�X ©�Y %;� ,�-.© \�^�Zj_ �$#$%�& ��+.,�- 5\[^] Zj_  10_G'U � 2)`�a * {�|8�
2.16 *'bcGT0�d�e �<f _8g ,��u`
a�G %
h �$� �\i'jD]Ak 0 ^ 0�l�m &G�Tk�nIo�p.q e ��r * ] C _ e
!�" T «j¬ h 3�4
©8s.tP* ^ e 2

u_vPw>xzy ���c��N_	��
��� s\{�| * @�}�Sz~ h T)�<� s \�^�Z��)� GT0.d<e h 5�b�ced f hPK h<�I� z��A� U\�.�)� ��� 7� *<��e 2�� GT0 � h1�P�1E����xw_���$� *���e 2 @�}�Sz~ h T)��� 3)4 h #$%�s�5�� h\��� n'�1�Pq
e �<r � y�z�*��.e 2 G���G & {)� h PIN ���.�� ¢¡ ��£ h�¤ * 5 �'���)� \ ^ d ��r �^C \ j ��¥�hb�c+dOf h<K�¦ � o *��.e ��r ��§�¨�© Q�RP� 400 nm

¦�ª *��.e ��r _G� �DC & CsI(Tl)
h«@.}�S�~ h

T)��� �
¬$­ r ¬.� d 2� h #.% @P}oS
~ h T��z� h 3�4 s�58®�¯P° �.� h'±²���.� : � y�z s _ e 2.q * s SDD
s � m

CsI(Tl) *8³.´ sAµ d @�}�Sz~ h T��P� nT¶ 0)l�m & SDD
h�· f � : s � e o�p � s)t ]Mk e 2¬Pf ` �<h�· ����h d�5 ³�´ s S/N ¸ ��� Z _ ­ 0 ^ # · J [ cxb�¹ ���_ ¢¡ �«£ hc¤ h�· f � : _� � s)t ]Mk e 2
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�
7 � � � �

7.1 ����� GSO-PSA 	�

������������ s l)d$0 5��
cL�   c������ h �"! °�#%$'&�r GI0 h�(*)�+ §$� � ,.-   � ��h�K h i1j�n H ­#12z� h��/! °�#0$'&_n214365�s
50cm 7 a - � � h�8 �:9<; °_n/= d &?>�@ keV ( > MeV

h 9�; pBA
nC>

mm
¦)ª hED ª *"F%G<e �<r1n z4H ]Ak e 2�] C�IKJ%L:M4N�* h:O4Pzh #�% I ±�E ��*)� �?Q�W<AR<SUTWVXO I ¬�Y d ¬'h«�/Z H ]Mk 0�d�e 2� h���f'[/\U] nK^
#�q���r � *0_)e ��fK[�`�a<b r GA0 µUc�ªed µ Z *��>m & Q<W�A<RUS I ¬:Y d

GSO
 �" n�6 - 7 b�·0f�� : G # ¬!h IEg<h$§ @ji�·)hWk�b<lP·.�/m ¤ PMT(6mm

6<n l
64
6 - 7 b

5cm o )
n'p.q?rUs�tD�Tk�n / 82%

hEu�v4w */xy_2z %"{0| e �<r I*} ­ 0 &4~4���<� �"� � [�� -?�b6�.�Kl�f2m��$·�fT�
(PSA)

`.�<� mWb n�� P��E�W� �Mk I*}�m 16cm o 572
� -?� b

(1 �6� � -W�b
6mm o ×13mm)

hE�4P4� n2� P��E�?� � h r _ 80keV � 1300keV
¦)ª h��BA n?� }/bz~ m:� �<�U�

10 � 13%(FWHM@662keV) �W�4���6_ �/�6 *¡ I (.)"� �P� (6mm)
¬£¢�¤4¥ �<� I/¦�§�¨?©�ª �¬«­�-"� b � I�}6® «�� -/� b�� I � ®K¯W°0±'²�³U´ �Xµ I*} ­ ¨ « #�$E& � ¶�·4¸6¹ n   �Wº��   ¶ »"¼�"� � I [ ´ �Xµ ¬¬½ t �?�X[ ¦ � ¶ GSO-PSA
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AppendixA

A.1 ���õö÷ø ù×ú �������
	�� ��
��
A.1.1 �������������� ��!"�$#&%

( ')(+*+, )-/.�H ¢�¢8���
µ
< ¬ � I10+2 <43�5 T 6]¦87�95��:1;L¦=<�� -?> ¦=@ e ©?A0* ­ M]¦+B 7"9VB8C �  - C i ¦ S�U?D ©�EGF H M�¦IHKJ S]U"D © i
2 � 0 ��©�<�µ,¡£P$�"��L?L�� - ��HNM�O��'� � ) * ­ M¦ D © Ri

2 �&A� �¡)L:¦ �:K:¦ i
2 B�© 10MHz P ¹ �T�(¦=Q8µ4R�S�T?U���V/W QYX R ."5 H&Z?[40]\ �

A� �¡�L�¦zP(X < ^?_ / white noise( `ba"^�_ �$Pdc ) &?e �'� �5µ� Gf"g R ¦=7?9§B i2 = 4kBT∆f
R �h   - C H C � ��)F* ( i ��� �
µ8 1f/g v2 = 4kBT∆fR � h   -".�Hkjml �
µ8 ¨¡��n��po]�q^+_L©d^+_L¦ h µ=7�9§B E?r�C4s Dk-?.pt √

v2
/ku vIwGxYy � -�.?tpz ¤ I � ¬ ©d{ vIw� h µ"F - C t √

i2 � � K}| y�~ �  ¨¡��#�
M�¦=�z¦d�4:?�z¦]���ds E$� sp� h�� ­N� �8¢ ~ ¦� k���
s E}� s���©/� � w�� r hk� ^?_ / Gpj��  G7?9 w ��� | y  �L �]�q���]¡
� ����� (+*+,�+� U+� > hY� �q�?� - C H=� ¥ �   � Lk� w j�l   � s4�T¡4�q��� - C�¦G +¡£¢ h8¤ ~=¥ H�­ � sN� �h  3¡§¦N¨I¢ h �]� U�¦ PN ©pg�¦Gf]g NI(f) ' 2αeI sin ωτd/22

(ωτd/2)2 �8ªpR]S w h ~ h µ$¢ ¥ * NI(f) ' 2αeI

��A ~$«?¬  �¡���n®­ E}� s��I�?`}a � s+�
1/f (+*+,�"� U"¯ � ¦ � s+�]¡p°�±42 ��w�² * � ¥ �   �´³ « �  �¡
NI(f) ' αI2

fNlnτmax/τmin ∝ 1
f

µ"¶�· (N*�, ¸�nk¹?o�¹}^�_(¡+º � w�» µ�¼,�]{ v)w]½ h H�¾ �
µ8 17"9 Hk- C?¿?^?_ i2 = 4kBT∆f
R

� h  ¨¡
R © Rdet: À�Á=Âz¦ z @/Ã -�:b;"7�9

Rbias: >£s&ÄNÅ -?t ¦=Æ?Ç�7"9
Rf : È�É"7�9
Rother: Ê"ËYÌ£:b;"7�9�¶ z @"7�9Ì=g"Íp7"9�Î�A/ÏÐ n®­ Eq� s��+Ñ �?� Up;£Ñ�Ò+Ó�¢ h �1��� - C / I Ô L � � Ï �KÕ NI(f) ' 2eI( Ö�×�Ì »�ØYÙ =1)Ú �£� - C I0 Û Idet: À�Á=ÂYÌ � s��
IG: Ü?Ý FET Ì � s��
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Iother:
-���� Ê�Ë�Ì��pÎ G�j£� Ï Ú ��� - C

L�� ~ Ì	�£Î�A/Ï H Õ Z
��� � H Idet Î/A
� ��Ì���� Û��
��� Ñ
µ��?· (4*], ( ������� ) Ä�¹	�G;��YÌ! �"/Ñ$#I� w ÜpÝ FET

w #&%"Ï Drain
- C�Ì(' ~4¥ Ñ Drain

-
C IDS Ì)' ~4¥ H Ð n ­+* � sp��Î�A/Ï �q� Ï � Õ��?Ì - C � sp�-,��k� Û 2eIDS L!� H$.�/ sI¹)0?�1 ¹=Å gm 2�3 l!4 -/. ¤ ~k¥ � h Ï=Ñ -". � sp�),��k� Û
2eIDS

g2
m*65�¹k¸]Å 1 Ì8f/g gm = eI

kT

h ÌpÎ
2eIDS

g2
m

= 4kT (0.5
gm

)
��7 %GÕ u v�� r?^�_�7"9 Rs 2

Rs = 0.5
gm�87 %"Ï-94Õ�:�B Û � ^p_)Ì� ;"��4A<� Õ�=�>)Ì�� > Ì�??T Û 0.5 @ 0.7 A ~ � Ì4° \ ¿B9&A&ÏdÑ{ v h-C�D � 7?9�Î�Ì D 2�E y;F Õ - C"¿ � sp�&Ì z;G w�HYy �YÏdÑ�LkÌ -?. ¿ � s��/Ì(,��4�]Å�I�J*LK Û ��Ì � r ukv 7"9 2 RS

�b� Ï � NV = 4kBT∆fRs

- C"¿ � sp��Ì$,��4�+Å�I��J*LK w�H |� Ï � NI ′ = |Cin(iω + 1
CinRp

)|2Nv(f)

º&MN; w #B%"Ï!N � s+��,��4� (
� s+� - C�ÌIHKJ"Ò�Ó ) Û N(f) = NI + NV C2

im(ω2 + 1
τ2

in

)

N(f) = (4kT
Rp

+ 2eI0) + 4kTRSC2
in(ω2 + 1

τ2

in

)

Rs ÎI� ¾B� �PO � � ÍQ� Û Ü�ÝYÌ FET o �]Å]ÕSR	T1sY¹�� 2 CU��Ï!V?CIÌ ¤ ~k¥Nw�² Ï&� ÌNÑ)L!�
2 Ð n®­W* � s+� � ¼XV?C&9 ID Õ)Y / sY¹)0�� 1 ¹�Å 2 gm

�q� Ï � Õ FET Z&�[* º;MN; w z �YÏ�V;\� s��-, � � Û
2eID1gm

2
�87 %�*]5�¹N¸4Å 1 Ìdf?g gm = 1

re
= eI

kT Î&A&Ï 7 ~
2eIe

gm
2 = 4kT (0.5

gm
)h Ì]Î Rs = 0.5

gm
ºUM C�D Cin

� ¼ 4 Û
Cin ' Cdet + Cother� À�Á�^ w�² Ï!_ ��`	a Ì�bQc CQD�d Õ FET º�M�^IÌ C�D � 2!egf _IÌ	�£Î 7 %/ÏdÑ
h�i�jWk�l�mon�p

(Shaping Amp) PreAmp Á(M 2 SQqQr;q � Ïgs � Î � s�� 2)t
u *=¼ 4 S/N v
2(w�x � Ï&s � 9£Á!y�Ï=Ñ PreAmp º�M 7 ~{z q�rQq�Ä£¹$��Á�M 283�| � Ï8Õ(V;}�~�� (

� sp� ) 2�� yÏ=Ñ PreAmp º�M w iin
� ��� VQ�B9(�&� » � � Õ z q�rQq)Á�M 7 ~ Û vout

� ��� V;\�Á	M�9�Î » �}�Ï=Ñ �g� º�M&�I¹��4�U0�¹�Å4ÕIÁ�MB�Y¹��k�U0�¹8ÅNÕ�Ä�¹$�$Z;��¹qÕ feedback ���"Õg� � Ì� �" 2 �;�4;��¾�� Ï Ø 4 Õ vout 9$�Q�
��� h(t) 2��g� 4
vin(t) =

∫

∞

−∞
h(t − τ)iin(τ)dτ�87 %"Ï Ñ

x�� Ì��Q>
� exp iωt 2 7 % 4 t ��� � Ïgs � � ² � Õ+�+� Ú]� ÍQ���Q��9?Î � 4 Õ
Vout(ω) = H(ω)Iin(ω)�87 %"Ï Ñ�s�� ² �1Á(M-V�\YÌ+���&Ò+Ó Û
Nout(f) = |Vout(ω)|2 = |H(ω)|2|Iin(ω)|2 = |H(ω)|2Nin(f) s�� 2 NQ� z �Q�Q� � Ï � Á	M$VQ\IÌW�{�/ÒÓB9$  Ø¢¡ �IÏ=Ñ v2

rms =
∫

∞

0 |H(ω)|2Nin(f)df

s Ì � ��V��+¿ � �]�?Ì	,)�d� 28£ º � Ï � Õ v2
rms = (4kT

Rp
+eI0)

∫

∞

−0 |H(ω)|2df +4kTRsC
2
in

∫

∞

−0(ω
2 +

1
τ2

in

)|H(ω)|2df� ��Ï Ñ���¼ 4 parseval Ì	¤�¥ 2 Õ �&� Ï �
v2
rms = (2kT

Rp
+ 2eI0)

∫

∞

−∞
[h(t)]2dt + 2kTRSC2

in

∫

∞

−∞
([h′(t)]2 + frac1τ2

in[h(t)]2)dt s�sdÎ4º&M)V��o9
,QK�Å�¢]Î�¦�K 1 �!��¢���� � ��Ï �q� Ï=Ñ � Ï � ºUM)V;� Û
iin ' Qδ(t)
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�P7 %?Ï8Ñ&s�s�Î Q Û º;M-VpÇ D Ñ&s Ì � � Ì/Á�M$V�\ h(t) Ì�¤�� ² � vout(t) = Qh(t)
� �
� Õ ω(t) =

h(t)/hmax

��� O��W9�� � �YÏ ² � �B�(� (ω) 2	�W� Ï ����	�

� V�Ç Q2
ENC 9?Ñ Q2

rms = (2kT
Rp

+

2eI0)
∫

∞

−∞
[ω(t)]2dt + 2kTRSC2

in

∫

∞

−∞
([ω′(t)]2 + 1

τ2

in

[ω(t)]2)dt � τin 9 Shaping time Ì��	¤�� (τ)
² ���

��� � ��� Î]Õ���� Ð Ä�¹]r�q 2 ¼ » ��� Ï � Õ x	��Û
Q2

rms = 1.253(2kT
Rp

+ 2eI0)τ + 1.253(2kTRSC2
in

1
τ )
� ��Ï Ñ

A.2 Shaping time ��� �! #"%$'&
PDA Ì X (
)�*��,+�Ï.-�/�0 	 ��Ì Shaping time Û21�3�� ��Ï�4��65 � 7 ¡   Ø�7 9pÕ�:98��

ORTEC571 : Shapingtime 2 H<; �>= 7 �?� :A@<BB9�C A.2 D�E
F.G)¥
H�� � :JIJ�K:Q���;�!�L:�q
�NM � 9PORQ 4 � F$9,S�T � S�4$��5�9?U � : Û 3µsec :��<D6E�FVG)q,:VM � �>W � 4 ÛVX ^Y4-��5 d
1 Z f 4-��5?[ � 7�z q�r;q `$aL\ D6:�¥ 3 7 ¡ :P];���_^89 �6` ¡ �aFAG
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C A.1: Shaping time
� 4-��5
:;��?

b 9$:<IJ�6G�c�(edgf6(Kh�¥JH<�6G

A.3 ikj lnm%okp PDA mrq�s PDA t CsI(Tl) �vuxwyJzY{ D�h.|J} (25 ~ ) �P���
F PDA �9+.� CsI(Tl) :A-�/�0 	Y� �
s	�aT 7�� [ 
�� : � (5.1)
�

�<� S��K�KF�+ � �.�6�6�
�<�9h2����� 72�a� 
J� �?� F2G � 7 C A.2 :K+ � �.U6��� � F,�V�2�
�S��9�;�?�,F.G<s2:2U6�+������F.��I � Section 5.2 [ Section 6.1 :L� � �>�2�,:�� uL ¢¡
u2£ � S�¤¥ �?¦ T 7 G � ] X (6)<* � ¦ T 7 � � �V§ ¡�¨�7�©<ª�«  �¬ � C A.3 D�E®­¯[ �
° ¬K±�² �<³�/�h
2.1keV(Si

��	
FWHM)@59.5keV ����T � ¥ FVG_´ ² « �Jµa: �<¶ �·��~<U�¸ � S6���A¹?º®» ¨ F
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� « � ¬ �P���JF�½A¾Y4$��56h 2.0keV �J:�DP[�¿<Àv� � ¥ � ¥ @<B�D
E
FK� ¥ ` F.G
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� )�*Ê� 7 � �
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90
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C A.5: U<��D�: 4mm Á CsI(Tl)+APD(1pixel) :
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� % ¥ 7+*-,/. ¡ Ã £ �10 Ø { DJE6FVG VA Ä ,
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Ñ ©9� Û?� ¥ � Â�ÃNÄ

Æ ² Âa�2Ã Ù �E���P� t � ¥ w ¼
� �{� � � ¥ w ^,¼)S��W���-qPß { hWS�H « � ¬ S Ø�Ù<Ú SVâ 30% �
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p A.6: �EU :CP80068

p A.7: CsI(Tl) � y/� S Ì\I

p A.8: ����� ,   l S��
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