
� �
BGO � �� � � � � 	 
 	

� � 
 � � � � � � � � � �
� � � � � � ��� � � � �  ! "

1479042H# $ % &
' (

: ) * + , - (
: . / 0

2006 1 2 2 10 3



� �
�������
	���
���������������������
��! #"�$

X %�&('*)*+ NeXT ,.-�/�0132
2011 465 �87:9; �<>=3?A@CBCDCE ,!FCGCH�I�JLKNM.%CO�PRQ (Soft Gamma-ray

Detector: SGD) SAT�U�V*W�XZY�K�[ � K]\(^ �*� BGO ,A_�`�acb �.d�e�	�f��3�gih�jlk�m  h3n�o 
A�Cp���q K g �87sr(".t BGO S3u�v�VCw
x�y{z|,�}A~6� 2���L� F�� t!���!? m ,>_�`�a�b �]d�e3	Cf��.� g , BGO �L,!�CO�P � b o � K f���*� ��������� g
(APD)

�>� � $ m  h F8�]�C�C�C� �R����=�?��#���6�3� � �(�
z threshold , nL� ?������c ��.¡(¢ �8,*£*0 2�¤ �  >� z ?C�c� S.OZPAQc,.¥�a¦ §©¨ � ¦ 23ª�«­¬N® O�P!Q*¯�°L,c±]²>H 2�³82 $At

BGO
 

APD ,A´µ*¶

b �]d(e]	�f��A� g S!·C¸�, BGO
�#¹6º]»*¼�½ ®�¾ ��=

$>t ¬#¿
¬ ? ·�¸8, BGO S.À.Á � ��ÂCÃ���� 2]Ä � t3Å y ?Æ =��>Ç6È ®
APD , � k � ¥ <]�AÉ ��Ê*Ë�� h f KÍÌÏÎ �f�Ð KÑ� �!Ò�º P ¬ y ª(Ó*¶�2 � ��y�Ô ? OcPAQ
,�ÕCÖ �

K �Í×CE h�Ø � � t Æ mRh�ÙCÚ�Û�h S!·C¸�, BGO
h.ÜCÝ ¬

y*b �Ad6e3	�f��.� g , f KRÌÞÎ �*f�Ð K�� � APD
h Ò6º

P " y�Ô�,Aß�à*áCâ �R? APD
�RãLä*$ v�å ��æZ�Rç�È ®3èé y t�Å y ?Aê�æ , APD

�3ë�ì(�!Ò�º P " ª*í f3î�d�ï ,ð /�0 18ñÑÓ�ò y t�ó S]·�¸L, BGO
h�Ü�Ý ¬ y]ô(õ BGO

b �.d�e�	Cf���� g � APD
� ´ µ­¬ y ñ , h(ö $At



�

�
1 � ��� 8

�
2 � ���
	���
����������������������! #"%$ 9

2.1 &(' f KNÌ;Î �6� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 b o � K f�� ��� ���3���6� g (APD) . . . . . . . . . . . . . . . . . 10

2.3
f KRÌ­Î ��f�Ð KÑO�P!QL,*) �,+ . . . . . . . . . . . . . . . . . . . . 12

2.3.1
f KNÌÏÎ ��f{Ð K|O
P>QL,.-,/
0,1(243 . . . . . . . . . . . . 12

2.3.2 -,/
0�1(253 �766ä�$ ) �,+ . . . . . . . . . . . . . . . . . . 12

2.3.3 À�Á98 � T�U�V�O
P!Q�,*) ��+7:,; ,=<,> . . . . . . . . . . . 15

2.4 BGO &?' f KNÌÏÎ �8�� APD , ¹�º.»(¼*½��8��$3���3�� ��]¡�¢ � 16

2.5 NeXT )C+ �@66ä�$ BGO
 

APD ,.A � . . . . . . . . . . . . . . . . 17

2.6 B
CL, APD
ª�í ,=&,D . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.7
Ú�Û 7 8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

�
3 � PMT( E!F�G,H�I!J ) K�L,M BGO NO��P�Q*R�E�S�T!U 22

3.1
ª(í ��� ��y BGO VÞK�[ � . . . . . . . . . . . . . . . . . . . . . . . 22

3.1.1 ô�õ BGO b ��dLe�	Cf���� g . . . . . . . . . . . . . . . . . . 22

3.1.2 HXD
�

BGO-well . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.2
ª(í�W 
Z� b 
 [ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.2.1 ô�õ BGO b ��dLe�	Cf���� g  ]��� � J � g , W 
�� b 
 [ 24

3.2.2 HXD
�

BGO-well
 ]��� � J � g , W 
{� b 
 [ . . . . . . . 25

3.2.3 VME
����$ -,/
0,1?253 . . . . . . . . . . . . . . . . . . . . 26

3.2.4 Pockect MCA(PMCA)
�!� ��y�Õ �8� 0,1�253 . . . . . . . . 28

3.3
��� � J � g ,A�
D . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.3.1 5mm X BGO
�768ä�$���� � J � g ,�Y
Z �8��$ ����[�\ . . 29

3.3.2 5mm X BGO , ��� � J � g^] µ v�å �8��$ �C��[�\ . . . . . 30

3.3.3 BGO b �]d8e�	Cf��.� g �46�ä*$C��� � J � g ,�Y!Z �6��$
����[@\ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.4 BGO b �.dLe�	Cf��3� g ,A����[�\ . . . . . . . . . . . . . . . . . . 33

1



�
4 � APD( �����!��	����
	���
����!��� ) K,L4M���� BGO ���������4	4�

Q�� R�E�� ��""! 36

4.1
ª(í 7 8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.2 5mm
?

3mm X APD , gain ' E . . . . . . . . . . . . . . . . . . . . . 37

4.2.1
ª(í�W 
�� b 
 [ . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.2.2 5mm X APDgain ' E . . . . . . . . . . . . . . . . . . . . . . 38

4.2.3 3mm X APDgain ' E . . . . . . . . . . . . . . . . . . . . . . 38

4.3 APD
�>� ��y 5mm X BGO

 ô(õ BGO b �.d�e�	�f��.� g ,]���
[�\ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.4 J�KNM�%L,�#%$'&)(�*�+-,�.0/214365�798�:<;'= . . . . . . . . . . . 41

4.5 4 >?: APD *�+-,�@2ACB�D�: 4ch E�FHGJI?KML . . . . . . . . . . . . 43

N
5 O APD+HXD P BGO-well Q?R)SJT�U�V'W X 59

5.1 Y Z\[^] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.2 8ch _'`%Y Z0a�b':^c9d . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.2.1 Discri e
f2:^c9d . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.2.2 g%hMe<f . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.3 1APD *�+-,%i�5"j�klDM:�#%$9&9(2*�+H,�.%/�143m5�7'82:�;'= . . . 61

5.4 APD n 5 >�*�L^o�&9p�*Hq�r),�s APD :�.�/�143m50798 . . . . . . 65

N
6 O t�uCv 74

w x
A §5.3 y%z){'|�})~��%R%�)�H���%�^�9�M�)R^��� 76

w x
B §5.4 y%z){'|�})~��%R%�)�H���%�^�9�M�)R^��� 80

2



�

2.1 �JA������	�H:�

����� . . . . . . . . . . . . . . . . . . . . . . . . . 10

3.1 VME *�+-,��	�	�����Je
f����	�)o��������<5J:! 
" . . . . . . . . 26

3.2 ;'=�*��	�)o��	���#�<5J:! �" . . . . . . . . . . . . . . . . . . . . . 28

3.3 $#% 3 @
%'& :)(�*�*�+-,�+���1!�-,�A).
5�/�0�.
521��!3
4	5 . . . 30

3.4 5mm 6 BGO :�7Mb)*J+-,�+��?1!�2,�A�.
58/�0�.
591���3�4�5 . . 31

3.5 Y Z-a2b9:!:%= . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.6 ;�< BGO i�1>=9?�@����-5A&l*%qMr�,�$
% 3l@�%B& :>(	* *2+%,
+�� 1��C,�A�.
5�/D0�.
591��!3
4�5 . . . . . . . . . . . . . . . . . 32

3.7 HXD � BGO-well *�q�r ,�$#% 3 @E%'& :�(E* *�+�,�+���1!�2,�A
.
58/�0�.
591��!3�4	5 . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.8 BGO i91�=�?>@����<5F&G/ 5mm 6 BGO :�+!� 1���, A).<58/H3�4�5 34

4.1 ;'=�*��	�)o��	���#�<5I/DJ�A�K-�%:! �" . . . . . . . . . . . . . . . 37

4.2 5mm 6 APD :<sEL�% iH.�M�N	�?: gain . . . . . . . . . . . . . . . . 38

4.3 3mm 6 APD :<sEL�% iH.�M�N	�?: gain . . . . . . . . . . . . . . . . 39

4.4 VME *�+-,��	�	�����Je
f��?:��	�����<5J:^7
OEP . . . . . . . . . 40

4.5 ;E< BGO i91�=�?�@�����5Q&G/ 5mm 6 BGO :�+�� 1R��,9AR.<5S/
0�.<5T1���3
4	5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.6 U�V�W)(2*�+-,>0�.<591���3
4�5 . . . . . . . . . . . . . . . . . . . . 42

4.7 X�=	0�.
591��9*-q?r),�+��?1��C,�A).
5J:EY[Z >9\ . . . . . . . . . 43

4.8 ;�< BGO i)1!=C?�@��]�
5^& :^s
_"*H>��]`�:)a�b�� . . . . . . . . 47

4.9 a
b���/HaEc]d":�e'p . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.10 1APD :�0�.
591]��3�4	5 . . . . . . . . . . . . . . . . . . . . . . . . 48

4.11 4APD :�0�.
591]��3�4	5 . . . . . . . . . . . . . . . . . . . . . . . . 49

4.12 ;�< BGO i)1!=C?�@��]�
5^& :^s
_"*^_�fM, Y :�g . . . . . . . . . 52

4.13 W9p (1) h (2) : APDgain . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.14 W9p (3) : APDgain . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.15 s�W'p��?: δnoise,C :�g . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.16 s�W'p��?: δnoise :)g . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3



4.17 0�.<5T1���3
4	5�:R���
g / Y?Z]g�/ Eth :)���Eg . . . . . . . . . . 56

4.18 W9p (3) *Hq?r), 3 >?:��'5 .���% 3��	� :�.�/M14365M*�>���`?:#0
.
521]��3
4	5?:����
g / Y Z�g / Eth :R�	�
g . . . . . . . . . . . 57

5.1 spot(1-1) h (1-5) :-+���1!�C,�A�.<5�/�0�.
591]�)3
4	5 . . . . . . . 63

5.2 spot(2-2) :-+!�?1!�2,�A�.
58/�0�.
591���3�4�5 . . . . . . . . . . . 64

5.3 0�.<5T1���3
4	5�:R���
g / Y?Z]g�/ Eth :)���Eg . . . . . . . . . . 65

5.4 VME *�+-,��	�	�����Je
f���
��4L^o#�����#�
5 . . . . . . . . . . . 66

5.5 X�=	0�.
591��9*-q?r),�+��?1��C,�A).
5J:EY[Z >9\ . . . . . . . . . 66

5.6 W ( (2) h]W ( (5) / 5 >�
-`�:�� 5?.��2% 3 :��"*�q�r ,-.%/21 3
5J:�+>�?1!�C,�A!.<5I/�0�.
5T1��)3
4	5 . . . . . . . . . . . . . . . 68

5.7 �������?:�U]V�W)(�� :RW9( (2) h>W'( (5) h 5 >�
	`?:��'5 .���% 3
:���*-q�r),�.0/21 3m5J:-+���1!�-,�A).
5�/�0�.
521��!3
4	5 . . . 71

5.8 W9( (2) /HW9( (5) :��95?.��-% 3���:�.0/2143m5J:2+��?1!�C,�A).
5I/D0�.
591���3E4�5 . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5.9 0�.<5T1���3
4	5�:R���
g / Y?Z]g�/ Eth :)���Eg . . . . . . . . . . 72

A.1 s spot � : Y :�g . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

A.2 L-%)i-.�MEN 355V �?:�s APD :���%�A . . . . . . . . . . . . . . . . 77

A.3 s spot : In . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

A.4 s spot : Cin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

A.5 s spot � : δnoise :�g . . . . . . . . . . . . . . . . . . . . . . . . . . 78

A.6 0�.<5T1���3
4	5�:R���
g / Y?Z]g�/ Eth :)���Eg . . . . . . . . . . 79

B.1 s�W'(��?: Y :�g . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

B.2 L-%)i-.�MEN 355V �?:�s APD :���%�A . . . . . . . . . . . . . . . . 82

B.3 s case : In . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

B.4 s case : Cin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

B.5 s case �?: δnoise :�g . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

B.6 0�.<5T1���3
4	5�:R���
g / Y?Z]g�/ Eth :)���Eg . . . . . . . . . . 83

4



�

2.1 � (a) �����9*RM
N�n���r%o)W9p�h	� (b)PD :�

V9D
�2K0:���� . . . 11

2.2 SGD :��
��� 3 :������ . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.3 BGO / APD :�J���3 i���� . . . . . . . . . . . . . . . . . . . . . . 20

2.4 BGO n 2 �
��I
p ��!�`�:#J"� 3 i����9/$#�V
7Mb /&%(' . . . . . . 20

2.5 BGO � ��� 3 / APD :^a�) . . . . . . . . . . . . . . . . . . . . . . 20

3.1 *�i�=+�
1
.�g�V
,.-�/ � ��o!;�< BGO i)1�=2?�@��]�
5 & . . . . 23

3.2 *�i�=+�
1
.�g�V
,	��/ � ��o HXD � BGO-well . . . . . . . . . . . 23

3.3 ;�< BGO i)1!=C?�@��]�
5^& /)$�% 3 @
%'& h PMT :^a�)�� . . . . 24

3.4 $#% 3 @
%'& . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.5 HXD � BGO-well /)$�% 3 @
%'& h PMT :^a�)�� . . . . . . . . . . 25

3.6 VME *�+-,10�2E���Me<f�:�@
3��
14� . . . . . . . . . . . . . . . . . 27

3.7 Discri e
f HU4715 :%e
f5� . . . . . . . . . . . . . . . . . . . . . . . 27

3.8 �>%�6'A87!�C,#� 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.9 9-��3H.�: ���>�(;Mo)K�<�=	> . . . . . . . . . . . . . . . . . . . . . 28

3.10 PMCA *�+-,>���	�����Me�f�:E@
3��
18� . . . . . . . . . . . . . . . 29

3.11 $#% 3 @
%'&@?BA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.12 $#% 3 @
%'&DC"L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.13 $#% 3 @
%'& n4E	� ZF;�oG� . . . . . . . . . . . . . . . . . . . . . . 30

3.14 slide1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.15 slide2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.16 ;E< BGO i'1!=-? @����
5F& *�q?r),�$ % 3 @
% &D?+A � :-.�/M1
3m5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.17 ;E< BGO i'1!=-? @����
5F& *�q?r),�$ % 3 @
% &HC2LG� :-.�/M1
3m5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.18 HXD � BGO-well *�q�r),
$#% 3 @�%'&@?BA ��:�.�/�143m5 . . . . . 33

3.19 HXD � BGO-well *�q�r),
$#% 3 @�%'&DC"L���:�.�/�143m5 . . . . . 33

3.20 ;�< BGO i)1!=C?�@��]�
5^& / �]�4L^o 5mm 6 BGO :-.0/�1 3m5 34

3.21 HXD � BGO-well / �]�4L^o 5mm 6 BGO :�.0/�1 3m5 . . . . . . . 34

5



4.1 PMCA *�+-,>���	�����Me�f�:E@
3��
18� . . . . . . . . . . . . . . . 38

4.2 5mm 6 BGO h�;�< BGO i)1!=2?�@E�]�<5^& / APD :^a
)�� . . . 40

4.3 ;�< BGO i)1!=C?�@��]�
5^& . . . . . . . . . . . . . . . . . . . . . . 40

4.4 5mm 6 BGO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.5 @2ACBHD�:)U�V
W'(��	/C:�.0/M143m5 ( � E�� under hG��E�� top h��� � left h	� � � right) . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.6 @�A B<DM:RU]V�W'(���/C:H.�/J1 3 5 ( ��� under h
	�� top h��
� left h� � right) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.7 L ��1	7�$��9A & .�/�143m5 . . . . . . . . . . . . . . . . . . . . . . 42

4.8 @2ACBHD�:�U�V
W)( . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.9 4 >?: 5mm 6 APD / ;�< BGO i)1�=2?�@
���
5 & :^a�)�� . . . . 44

4.10 U�V�W)(���: 133Ba :�.�/�143 5 . . . . . . . . . . . . . . . . . . . . 44

4.11 Shaper Gain n MAX/2 *�L^o�F :!;�< BGO i)1!=2?]@
�]�
5^& :
����*^a�)4L^o APD *�+H,H.0/�143m5 . . . . . . . . . . . . . . . . . 44

4.12 �����2:)W9(���: 133Ba :�.0/2143m5 . . . . . . . . . . . . . . . . . . 45

4.13 U�V L�o)W9( � under . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.14 U�V L�o)W9( � top . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.15 U�V L�o)W9( � left . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.16 4 >?: APD :��95�.���% 3 :��2:�.0/M143m5 . . . . . . . . . . . . . 48

4.17 �]b���� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.18 3 >?:��95�.��-% 3 n��4L p ��!�oRW)p (3) :�.�/�143 5 . . . . . . . 57

5.1 Discri e
f . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.2 1ch 3�:�g%h�e
f � . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.3 g%hJe�f . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.4 APD n HXD � BGO-well :�E �J:R_�*�aG) L�oRW0pM:'i^5Mj k DM:
U�V�W)( . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.5 � E4� ZH��! spot(1-1) h (1-2) h (1-3) h � � �[ZD��! spot(1-4) h (1-5) h
(1-6) :-.%/�143m5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.6 �JA�������� Ð A a�: BGO "�� : #'d . . . . . . . . . . . . . . . . . 63

5.7 APD n HXD � BGO-well :%$�&M*�aG) L�oRW%pM:%i^5Mj�k DM:)U�V
W9( . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.8 spot(2-1) �?:-.0/�1 3m5 . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.9 spot(2-2) �?:-.0/�1 3m5 . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.10 5ch �J: VME *�+-, 0�2E���Me
f2:E@
3��
14� . . . . . . . . . . . . 66

5.11 5 >?: APD :^a�)�� . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

6



5.12 � E��8Z@��!#W'( (1) h (2) h (3) hG� � � Z ��! W9( (4) h (5) h 5 > 

`?:��)5?.��-% 3 n � L p ��!Jo�.�/�143m5 . . . . . . . . . . . . . . 67

5.13 �.E': � � Z W'( (1) h (2) h (3) h�� � : �.� Z W0( (4) h (5) :-.-/M1
3m5 (

�����
450 � 1200ch) . . . . . . . . . . . . . . . . . . . . . . . . 69

5.14 �.E': � � Z W'( (1) h (2) h (3) h�� � : �.� Z W0( (4) h (5) :-.-/M1
3m5 (

�����
1400 � 2400ch) . . . . . . . . . . . . . . . . . . . . . . . 69

5.15 i�5�j2klD�:�U�VEW'( . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.16 spot(3-2) � �5E
�8Z ��!�W)( (1) h (2) h (3) h�� � �IZ$��!�W)( (4) h
(5) h 5 > 
�`�:��95?.��-% 3 n � L p �
!�o�.�/�143 5 . . . . . . . 70

5.17 spot(3-3) � �5E
�8Z ��!�W)( (1) h (2) h (3) h�� � �IZ$��!�W)( (4) h
(5) h 5 > 
�`�:��95?.��-% 3 n � L p �
!�o�.�/�143 5 . . . . . . . 71

5.18 spot(3-1) �?:RW9( (2) / W'( (5) :��95 .��C% 3���:�.%/M143m5 . . . 72

A.1 5mm 6 BGO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

A.2 HXD � BGO-well . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

7



1

��� ������,��
	�* � h��-0�.<591��%:�
����]a�� -�� \������	fJ,��<:8-�� �
; Z �>h�X�!2* ���SZ�:���	�* � 
#(�C�=#"�$�%�:RM�&	= ( M�=�h ��'%D]h X D�h9@
ACB<D ) : 
]V.-�(*)�`E�?,,+ �0:��	0�.^521 ����	 n�4.->f�,-o�/9* 
�V%D#0%; n132 +G

V9D $�:�
��2:��
4 � M�5�n76�>
8����G���
9�� ?�:;+<�<:=
�� �;�>�@?A�B LG`��>:,&�W2:�C�D ?@E AGF
H Z �#h �':;�
I�:�7Jb=J�K n�LM)!` L�N 2 +<�
� ? g4L�` h X D���@2ACB�D � M
&�=�C':��>M�5 n76�o�C���+ E )!` �>� nPO 1 L
`���:#Q ? h ��R�O f -�S
T<U ��`�F�H Z �V:@��/ ��W�X C
��+ E )�` h X Y���Z[,\ YVR�0
] � ��R�
EV�Y*R;^�_
����- 
�`MU �E`#
�`*R;a
4VR;�C0�.=b91��;��	
R;0
] -�c�5 / C>:�+d � d h�e5E]� � ��fgR�C�D ?�E A X Y hiZ [,\ YVR�j;k�0�] ��l�m � ?�:�+ �
� ����f�E�n�o����
fVp='	��0
]�n 1q2 o�/ ? ��r;s n�t�u
v#w ?;x�y d `�0
]	f
:;+ x�y U �V: ��r�s ? � h�z�{�|
h
}#~
bEh�������C��,R�e�E ? �
�E`�� d ���� -��@� d ` h�C�q
����� �����
�����.��`���C�� �	Y	C[Z C���+
a�4���	VR)M�&	=	
�V.�8Z�0�]<U �.:���� �;��� R��#�V����b ( �
�����*����b� ¡ Y hi¢=£>���V���¤b )  
¥�Q�¦
§� �¨�©�ª
«, �¬#­�®�¯�°�±��
���#�V����b�²´³7µ¶ �� �·�¸
 #¹�º
�V»M��¼�½�¾�¿M�7À�°�Á>Â�Ã�®gÄ7  ¡�Å Æ ¢�£����V�Ç�¤È�²É³,µ¶ �� �|�Ê
Ë�Ì� �Í�§#Î�¼;Ï´Ð#�7ÀÑ°@Á>Â�Ã�®gÄ�°�±�Ò�Ó; �¥�Ô;¦�§�²´³�µ�Í�§g¼Õ�Ö �7À�°�Á>Â�Ã�®gÄ7 .¨>©�ª�«�²É³,µ;×gÔ�Ø�»�Ù
Ú���ÀÑ°�Á>ÂGÃ�Û@Ü�®>¯�°;±MÁÝ ³�¼=Þ�ß*Ø�»=à�á�Ó@â*ãåäçæè»=é
ê�ë
ìÑ��àgí�®gÄ�°;±î�ï ¼;ð�ñ�ò
ó�Ó�âgãõô�ö�÷.ø�¨�ù#¼;ú�û;ü>Ã�ý�þMÐ Ý  @ÿ���� Å é
ê�½#¾�Ê�µ��� Ó,þ�� ö
	
÷>°�±�ÿ���� Å�
�� Ó����
°����V»��������@µ� �������� ��� ���  !#" Ø �
�  #Ï%$�&�È�'#ª;¹#( Â ­#(�¼������)�VÓ�â�°�*,+��=ù ���.-�/*»10�®�¯
°;±�2#354� �6�758��:9>ª�È# �;�ô#<)=�>� Vÿ��?� Å)@ ª��ç� »10�¼�ä æè»�A#BÑÓ
â�C�	�D � Ð Ý�E�F (.Ã ��� ö�	
÷�°gÂHG#I<³ Ý 	�÷>°�Á Ý ³7¼��#�����KJ 
���L
°�Á>ÂP®NM�O@¼;Ï%$�&�È�'�ª;ë
ìPJ�à*í�®*Ä�°�±

8



2
� � � � � � � � �

�

2.1 	 
 � ��
 ��� ���� �%�����Pª�ø@Â,µ ����Å J�¢�£ ö E ¥�Ó� ���¼�$)&�È�'�ª�Ó���� �"! ö E$#
¼)�%�%�&�Pª)�(':�è­.Ã�þ�) L °�Á�ÂNJ+*)�´ö E $�&�È�'�ª-, �".0/ ®>¯�°�±��5��1�Pª��('��è­ Â,µ �
��Å Ã32�­
ê*Ó54 E °VÂ  76 # ¼$8�9
Ì�(PJ+)&:H	;8�9
Ì#(
Ã3<>=�?>@gÓBAÑ°�¥>Ó � û L °�­@®�¯>°;±�ÿ�� � Å úÑû�ü*µVÁ�¼ ��� � �+�1�Pª@ø
Â  C�#¼#� �%�D��ª��0'�� ­1JPúgû@öH	�¹�E�F"G*Ó,¦�H L °7­�úgû+I>®3J�Ë�Ð Ý °,±
ÿ�� � Å , � ÓBK���Ð Ý ° �L� �%�+���Pª@ø�Ó�µ� #ú�û�M
ê>Ã5N�ê>®>¯ÉãPO-Q.Ü
Ã R<Ä=÷*Á�Â  TS � $�&=È�'�ª�¼U2
­5V@¼�¦�H7W�X ( 2�­�W7X ) Ã�Ï.÷�Á�Â  T2�­gÓY�L °[ZÑí$\�Ã�Ï.÷gÁ�Â  "2�­g¼B]�^V¥�Ô�Ã _V÷gÁ�Â  �2�­*¼$`�a�Ì>b�Ã�ú�û�üg¼
Ì�­>\�c�Î�Ó�d�ß ö�	�÷�°>Á>Â�Ã���eÉÐ Ý °;±fN�êV¼-g7\*µ$E�ê*¼-g7\ÇÂh�ji L °
Â   k 1000 l"R<Ä;÷
¼�®� 
ÿ�� J �>÷ E �j!7, #7m ÓB�7n�	3oMÐ=»;ê�p>® S ��Å JQLq�°>Á>ÂGÃ�Û@Ü�®�¯>°�± 2�­�W�X@Ã�Ï.÷<Â�� �+����ª>ø�¼;þ#­sr3\ ( ­�¿ ) Ã�Ïut
»>°;±�v E  jZ�í$\>Ã�Ï*÷MÂ úgû�ü5V.¼U2�­7w�x
¿�Ã;y5I�° E q�ÓBz�­�W7X@Ã�Ï{t
»>°;±�ÒÑÓB|"2�­g¼B]�^V¥�Ô�Ã _V÷MÂ7¥�Ô�Ì�à�Ü�Ã�Ï{tè»>°�¼�®�Ï Å ¿�Xg¼BS7} Å
Ãj,7~.®ÑÄ#°�±��gö?	"|�2�­�¼-`>a�Ì5b�Ã�ú�û;ü�¼�Ì
­C\>c
ÎÑÓBd�ßÇö 	>÷.°gÂh|
ÏV÷=¿�(>W7XPJ�À�°�Á�Â�Ã�®gÄ�°;±MÁ Ý Â�µ$�gÓB��<>�7�g¼�úgû�ü�Ó�µ�+��������
Î���e0q�³ Ý |7�7� �%�%�1�Pª�ø=Ã"�T��ÓUK)�MÐ Ý 	�÷�°�±����½7���#¼)�%�%�1�[���('�����J*µ$���*¼ ���-� (��;�7�MÐ ÝL� $�&�È�'j�-?@gÓB��� L �B� ¹#(@Ã � (L��¼$� / ÓB >¡<Ð Ý 	�÷ �+¢�£ (7¤>| ���s¥ JL¦$§#Ó$¨© L �Tª ÓU«
ÌL¬�$�&3­�'T��J%®s¯3°7±7¤>|�� Ý�²%ª Ô
ÓU³>´"¤¶µ�÷D· $�& ­�'"�
'T¸ 8,ù ¹-��ºÉöP|B»�¼�¬ ���7½ ��÷�	 £ (L¾U³"´"¤ ½ ¾U��º5��¿$¬#÷ � âNC?	;| �� �%�%�&�[��À ¥ � £ (0¾UÁ#-0Â�¬�$�& ­�'j�U¤Çö+Ã3®�¯�Äfµ�¾j��¿ ¬�÷ � ÿ����Å ª$Æ } ½ âgã £ (s¹)$�&-­�'j��J3Ç3È L � µÉ| ¢"£ (7¤(� ª �7Ê>� / Ã ² ³7Q>¤
J[Ë I�	3°j±�¤>VT8j9 L ��� » ��� �B� £ (�¹-Ì�( J[S�ûsÍH	 ¢"£ (�¤ ½ A �[Î7Ï |» ��� ª '7¸ 8-Ð3Ñ>�f¾$Ì>Ò ªjÓ�Ô ­�Õ"�T¹;RD¿(t�¬�ÖØ×ÚÙBÛÜÍ3vTÝ-Þ>ß>Ì ½ ¬ ²¬�Ý � Ä ª7àUáãâ+ä �&ÍP|�Þ>ß"Ì ª S(å+X â%æ q �Tç q ½�è Ê�¾$�>��ésê+�1�[�sÀª ½Uë�ì ª í »7î â+ï"ð�ñ��B� Ä+ò ²+ª$í »�î â%ó�ô7õ î7� (activator) µ+Ý7Ý-|Tö

9



�
2.1: é�ê����[�fÀ ª��7ô��
	� ô

NaI:Tl CaI:Tl BGO GSO�
�
� Ò���� 50 54 74 59���
(g/cm3) 3.67 4.51 7.13 6.71���
� Ì
��� (nm) 410 565 480 430� Ì�å�� ( ����� ) 100 45 12 20Ó5Ô ­0Õ
 �! ä#" (137Cs662keV : %) 9 7.5 11 10� Ì�$�%'&�( (ns) 230 1000 300 60Ç-È�)�* (511keV : cm−1) 0.34 0.41 0.955 0.674

+-, Ò/. ½ ��021�324sâ65 ÖØ»7ö +�7�8 Ê 1"ÓCÔ�9 Õ
 ;:
<>= â6?�@BA�CED;F2G 7ö�HJI�Í%ÛLK�M�N�:B.PORQ�S7Ò
:�T 7;UWVYX Þ " I 1�D�Z (R[ 3(â65 Ö\K�Þ>ß�Ì 7��] â+æ2^#DRF_2` 7 �ba#c
d#e Í ç 7
fLg
h éLê;�i�6 'j 7 Bi4Ge3O12(BGO)
cbk D�F

BGO7 �>l I
m Û fbn6o�p>oW7;�/q 1 � Ò��>� (83) I �rq 1��Ps (7.3g/cm3)
cWk D;FYt7 ��l Obu�Ö\K�v
w 7 é�ê6���x Yjzy�{ 7}| ò}u0Ö�~6� 3����}�jç Ö 7�� ê pL�27� SE�-��� fR�Bq Ý F��Tç K h��E� K õ�� � ô
� Obu�Ö���Ö��LÝ f��
� c#k Ö���å�EfR�#� O 5}DYt I X Þ " c#k DRF/t ò fR�������E7 ��å � I
m%Û fR� ! 1-��  I1 Ö�¡ D;FbAb¢ O;K BGO

f ésêz�£�¤ >é¦¥BêÉ×
§ âx¨P©�ñ'DTç>^ 7 ó"ô7õ î ��â%ïð�ñ2D6ª�« 7 1�¬-­�®E1 g�h é�ê6�£�x Yj c#k DRF/t ò f � � f í�­ î 7�¯�°²± Oö +�7�³
´ ! cbk D Bi+3 µ>¶r· 7 � � ��U�Vr¸6¹»º�¼ ^ cbk D�F�� ¼ K Bi+3
7 �

��� o
½¦¾À¿ 9 IÂÁ}Ã o
½E¾À¿ 9 7 (WO oÄ¿  ¾�obÅ�Æi¿ IxÇ
È;ò D �rq 1 Å
ÆJ¿XÊÉ�Ë ñED 7 c Å · �À�z Å ¥ · � 7�Ì�Í ��� f�Î m�mxÏ�Ð tY¢61�¬LF u>Ñ�ÒLK �q 1 ö + c ~ÔÓ�Õ � ¸�Ö�× c q DRF/t òØ~Ù�¦Ã � I�mzÒ 7 ��  c�k DRF ³ 1 Å · ��¤ #j 7 �"ô ¸ � 2.1 O � I ^ ¼ F � 2.1 Ï ¢ BGO
f;ÚE7
Å · �£�¤ #j'I �P	 mzÒÛ N " XÊ�rq ¬¦t I X !#Ï D;FE� ¼ K ��Ü f2Ý�Þ õYß ¿-à-Þ�á (NaI) I �P	 mxÒ 10â

20% Iäã ¬ X K�ã�å¦O ñ'Dbt I cL��Ü ¸zæ ðBA�CEDbt I X�ç " cYk DRF

2.2 è é ê ë ì í î ï ðBñ ò ó ô õ (APD)öP÷ 7 *>ø keV
â * MeV

7ÊùWú 92û  Rü
ýEOLþ ¬ Ò 7-ÿ��2� 1 �EÃ � IPm¤Ò f ö+�Å · �£�x #j ¸ � S�� æ���� (PMT) OR� ±��
	>¼ ~ 7 c�k Ñ ¼ F PMT
f���
 m¼ � � ¸ S���O ?�� m K���O æ���� ! c ��� O;S�� ¸6æ�� mxÒL��Ã�� D 7 O � ! 1� ��O�� DRF mxÏ/mÔK PMT

f ��� X Ï A È D º�� O�� 5rARCED ¼ ^ O f 1000V
ö
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� 7�� ¬ S�� X ª�« I 1 Ñ�ÒØm � º F¦� ¼�����7�	�
/¸
� 	�� ���\K Ü ����� X��
20% Iäã ¬ 7 c ù�ú 9�û  �!�� " T 7����'XbÅ ·����  Å ¥ · � 7����! ·#" ¢�$7�´ !JI 1 Ñ�Ò/m � º F� ¼
ÿ�% K GeV üWý 7��2ùbú 9Øû  � · pP��7�ùbú 9Øû  �&(' c f�)�+YÅ ·���  'j cYk D CsI

¸�Æ+*�¿#, µ>¶.-0/ (PD) O;� ± � 	
¼ ~ 7>X �}Ã � I�m�Ò e ¬¢#1 Ò q-¼ F PD I f p 243�5 � I n 2�3�5 � ¸76�8 m ¼ ~ 7 c K49 2.1(a) O�: ��uº O pn
6�8E7�;�< O�= %!>
7 S�� ( =(? µ �Êo S�� )

¸ Ï 	 D I 8�@ IäS�� f�A ¬O�B 1'D %C> T.D q u C£¢#12D ¼ ^ K pn
6�84E O f(F�GEàH��IRÉ�Ë m�J ¬ ü>ý X cq DRFBt I ü�ý ¸
K+L�M IxÇ�N F K(L�MEf���O�PQI�R�S�M c#k ± K�S(T ¸VU IHW |

T A J ¬PF m6Ï/m K�9 2.1(b) OX:���u º O K+L4M O ç�Y � � ¼
f Á 

�#X ��
 � DIäK�Z A([ e ¸ Ð t mzÒPQ�S���\Q] É
Ë mzÒ ¬�^`_ �ba�c�5 � ]�d�Ðfe 1 Ò�g _ �
\h]Xi @r¸`[ ^�jlk I _ ��i @�m}¸ =n? µ ��o _ �!]bp ^`_�q ].p ± _�r ]Xs!t ^knu ].p ±`F4G�à`��I�vxw
¸ e`y ^Xj PD zn{ _ T�|�} o(I�~xw e (

K(L�Mh�VI+F�GàH�`mCIX�
)
u Á 
��bI��W° 1 ¼ÊùWú } û - a���� � ^4�
� ]�� ^Xj p������+����|

} o(I _����n�f� ��
��X�X��
��CIPù
ú } û - a��h��z w ^Xj PD { PMT
u �V� �

��� 100V
ö(� I _ �nz�� [ � ^ I z���� _ ��a��bJ������4�na��le� l¡ � ] �4�!I	�
l¢H�¤£ ]f�#  u  �¡¦¥4§�¨�© I«ª �X¬ u � � I�­�®¯¢H°.± jV² ]�� ��³�´�µ·¶

80% ¸+¹ u  �¡»º! �¼ ¢ :�½ u  f¡ ­�®¯¢`° ����  ^�j � � � ��¾ ³ I�¿`À ]XÁ.ÂÃ�Ä ¢`°!� J�  � t+]�Å+ÆnJ«Ç�È ¢�É.Ê �«½ k�u {�Ë �   j

ÌÎÍÐÏ

p Ñ n Ñ

Rn Ñp Ñ ÒÐÓÕÔ

ÖØ×ÚÙÛÝÜ ÞÝß

à
2.1: á (a) â(ãCä(] _�å ¢ � £��Xæ�ç ��è (b)PD é ��ê���ª �4é�ë�ì

í�îhï�ð«ñ�ò�ó�ôxõ÷ö�ø�ùnúüû
(APD) { PD

uHý«þ!ÿ�� æ�� é���� ÿ���� �
	��
 ñ�ð�� }�z��4� 
 ����  j�� � ��� �4³4´4µ�

� 80%
ÿ��   u  ¯¡ ­�®h¢7°+± jH²ÿ � ª ��¬ ¿ z����H��� ��� � � é�� � ³ ¢�!#" � ÿ ºC $� å ¢&%�' ½ ��knuXÿ p

� � '#( ��y(��)#*+��y(�
� ��, s�ãQä ÿ�- ����. �  $� ³ ��i#/ ¢ �0�H��½ jxk
é�1 2 ¢ í�îhï.ð«ñ(ò 1 2 u�3#4�jlk é�1#2 ÿ p5� ¿7À Á.Â ¢�6 Ä ÿ ½ � éVz���Ç
È ¢87#9 é;:=<4} ��� Á.Â � � É.Ê � � ��>@?#ACB ø�D é�E#F ¢ Á�Â µ G é 1

ÿ zw ��j
APD { PMT

u
PD éIH�ãQé ­(®¯¢`°�JXç�K y��(ë�ì5L ÿ { PMT M PD N

� ¶ threshold OQP�R«}5S ú G#T Ä é�ä4¹ 
�U&VCW$�X�IY
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2.3
� ��� ��� � � �	� 
�� 
 � � �

2.3.1 ����� ����� ����� ���! �"$#&%$'�(*)
ñ.ð,+ : ú.- ¢0/   ��ª�1 ¬3234�5 ð0687 
 ñbð9+ : ú:- ÿ<; ê>=<?A@ ÿ<B�C ½� � ³ ¢ �.D ðFE.ú 2HG�Ç =JI �LK�Ç�È ÿ<MON ½ �IYX� =9PHI Á.Â ORQOS ¢,TVUWPX.Y -<ZA[ ìV\9]+� � P8^_/ � � ��Y ¸�` ÿ�a écb � éWdfeV\0gAh.½ �IY

I.
ñCð,+ : ú3-; ê&=<? 5 ð,6i7 O ñ.ð9+ : ú3- O`ékjfl�� / ÿ N � BfC =0?�mkn � ³ 
 ñnð+ : ú_- ¿ é � ³ \poAq =rPiI P R Z S ú0s ÿktvu =,? s é8� ³ \ BvC �9w � Y

II. ��D ðFEbú 2né ñbð,+ : ú�ñyx�ð �Qé ÉbÊ�1z=
�zD ðpECú O04 PMT

I
PD
I

APD é a Op2:{ ��Y ñ!ð,+ : ú:- 2 BLC =k? �³ \ É.Ê31 ½ ?O| ÿ /:} ��Y
III. PreAmp

I
ShapingAmp

ÿ N �0~ S [ ì
PreAmp 2�4��:D ðrE.úH�*� é<�O� ÿ Å+Æ����Ob�Ç4È�\Q���O� G O¦Á�Â =pP8�
é�>@?!é ?f| ÿ øQðf��ú�ö+ð<� MON \ T�� Y
ShapingAmp 2_4�B ø&D éA�c� M ~ S!é<Q�S�\�½ ��Y�a é����z4 Shaping O 3� � I��>=,} ������õ�ZA��� \,� � ?�| ÿ 4c���_� 63� 23{ ��Y

IV. ADC(Analog to Disital Coverters)
ÿ N � X.Y -,Zf[ ì

ADC 234 a ��W 2.é íi���L�,�O  O =,P [ ì � � P¢¡8? �L  \ X�Y -0Z�[ ì
\W£ ��Yya éI�L� ÿ N5� I¥¤ � õJ��ï8¦ 
 �O§ 6.¨ O0� ��Y

2.3.2 "$#&%$'©(*)«ª­¬¯®�°¯±*²	³´ ` ÿ 2 µné B ø�D ÿ µ }�P gAh:£ ��Y

I.
Y x�ðO¶�ð B ø�DY x�ðf¶�ð B ø�D O,4L· ï:¸�ðº¹L» ÿ N U<Pi¼A½ é�Hf¾ ÿ 1 �X� �A¿OÀ����OÁÂ�Ã a Or2�{ ��Y ·OÄ ¸OÅº¹L» O,4�� ½ >$?�Æ Ã_Ç�È�ÉpÊ 
iË�ÌOÍ0Î ��Ï a O
\ }y� Y N U<P8I a Ã3ÐiÑAÒ 4<Ó�Ô Ã<ÕOÖ�×�Ã.Ø � �cÙ ×­Ú Ë�Ì �cjflLÛ / \
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q a £���� Í<BfC =JI Î ��� Í j��c£	��
OÁ Â \ C
� ��� Ø U<P8I���� Ì ���Å X ÅFE	��� � Ñ Z 2 Y x8Å�¶OÅ Ð8ÑfÒ 4 B�C = � } �Y x8ÅO¶OÅ Ð8ÑfÒ3Ã���� �v�f����� Z
Nv(f)(f 4�� ~ Ö ) \�� | � ?�| Í LCR "!$#�% \'&�(�£)�*�FÓfÔ�Æ Ã�ÇvÈ.ÉFÊHÃ Ë�Ì0Î ��� 4 L

I
C 2�+,
�-,. Å'/ ÈZ Ú =9P�0 ��1'2 I43 Ã,576 Z48,� E 4�
Lb Î �9� \ i

I 
$: Î ��� \ v
Ú<;

= £>� Ú I

E =
Li2

2
+

Cv2

2
(2.1)

?9@	A � 2	�'� a 27B9C�D�E,FHGJI » ½ Ã ��K ÚML�N � Ã ?�O�P C�Q Ú PJR QÃ9SJT	5"6�U 8J� B O

1

2
Li2 =

1

2
Cv2 =

1

2
kT (2.2)

Ú �>���WV�2XB 5	6JU 8$� L7Y"Z À ?>[]\ k B$^ U4_�` Å = Ö (1.380662 ×

10−23J a K−1)
O

T B�b,c ?�[ �'�7V�2 Ú B'd Í O Ó�Ô Í'e,f £	� Ë�g,h 
�: Ú Og�h Ã�iHj­ÚJk*l � Å*m�Åon>� Ã�p ¾ Í�q 2>�*
$: Ú<Ã�r's B O

v2 =

∫ ∞

0

NV(f)df

1 +
(

ωC − 1
ωL

)2
R2

(ω ≡ 2πf)

'
NV(f0)

4CR
(2.3)

Úut ���HV Ã*v ? B  $! �Jw Öyx f0

(

≡ 1
2π

√
LC

) Úz; = kul O #{% B f0

?H| Fy1
2 l$} �)~ Ã�Ú�� �'� L

Ú
C
Ã�� Í Ø \

f0 B��J� Ã��>Ú�t \�� � Ã ?�O Nv(f)

B v (2.1)
O v

(2.2)
O v

(2.3)
x'�7} � Ú O

NV(f) = 4kTR [V2/Hz] (2.4)

Ú<��� ?4�uO �$w Ö Í���� k�tH} V Úu��Y7� ������ k O Ç_È¢É,ÊOÃ��H�>�7�
( ��G �7� )

x
τc

Ú�; = k*l�Ç_È¢É9Ê{� c Ã���rr{s"�
exp

(

− |τ |
τc

) Ã.Ø�� Í*�>� ����Ã'�J��xu�7� ��K O 1
1+ω2τ2

c

? � 1{2)���HwÖ �H�,  �9¡J¢
kul]£ �{� k¤��k O�¥ ÓX¦{��K ? τc B�§H¨ ?>� ��©yªM« } ¦ ?
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( ��� Ì t���� ¦*��K ?�� 10−14)
O
	���
���
 ÐiÑvÒ B���� gJh ?"[ � Ú & A��

2X����� t�� Í O v (2.4) BkÓOÔ Í�����Í���� � �{
�: Ð8ÑOÒ���� � � � O V
2 x ÓOÔ Í�����Í���� � ��

� ��� � ÐHÑAÒyÚJk�l��)�¥Ú O

NI(f) =
NV(f)

R2
=

4kT

R
(2.5)

Ú{t ���
II.
/ �! � Ð8ÑfÒ
/ �" � ÐkÑvÒ�Ú B$#�%�& �('�)�*,+�- ?�.0/ Úut �u
��   ÐkÑvÒ ?�[ �*� 	1�
���
 ÐiÑAÒJ�32�46587 ¦ � c ¦ Î � � Í Ø �"~�¦ Í:9 k O / �; � ÐiÑAÒ B2�415<7 ¦ Ö ¦ Î � � Í Ø ��~�¦ ?�[ �{�>=�?�¦:@BA ? B p�C Í �XrHr*s B t} ~�¦ Ú�� �'�yV�¦ Î � � B 2�4�5<7 ¦�D * ¦��"2 � ��� k{t�E 2�F�G(H,I Úkol"��l V t�} � Ú } � V Ú B,Ù × 
,J O 2�435�7LK c
M Z O b�c�M Z ¦�C�N ?
~ ��� � ���$K�O / �P � G(H�I�B eHf � �'��V*2�B:Q S�R�S�T ?7[ 23F�U3VeJf �1W 	X��
���
 G(H,I�Y*B:Z t�WL[�\ ?"[ W:] VHV ?�O '�)�* ¦ p�^ O$_` x0a�E�l _$: x���E ��b KcO eHf �6W / �; ed GBH,I x &�( �1W�] �72 W _
� I(t) B '�)�*cf ¦ 2�415<70g N(t) O�h�i �jW ¦ ?9O _��,k ��l i(t) = I(t)− I

¦em$n �yrHr$gWx$oJ���6W Y O

i(t) · i(t + τ) =
I2

N2
· N(t) · N(t + τ) (2.6)

Y t�W�] V$V ? �yr RN(τ) ≡ N(t) · N(t + τ)
x &�( �6W Y O V�¦ �yr B �(p t

O ��� k � 2
4X5L7��$�qp t + τ OBr }Jl ¦�_���k ��l O @>A W*¡$¢ x���� ~
¦eY tjs�l$}3W>] RN B 2
4X5L7 ¦ SJT�t�u τl O1v \xw gyr$g�y O ��z
k O _` � ¦ SJT|{�5$} d �"� τd Ojv \ �(~ y O ��z7��W Y8��� ��� W ¦�� O

RN(τ) = N2(t) ·

(

1 −
| τ |

τd

)

· exp

(

−
| τ |

τl

)

(| τ |≤ τd) (2.7)

= 0 (| τ |> τd)

Y��,� �3W V�Y �>��� � [ W0] V�VL� Wiener-Khintchine ¦�� vyx*�$}
W Y i(t)

¦(�����,�,��� d U NI(f) � O
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NI(f) = 2 ·
I2

N2

∫ ∞

−∞
RN(τ) exp(−iωτ)dτ [A2/Hz]

= 2eI ·
α

τd

·

∫ τd

−τd

(

1 −
| τ |

τd

)

· exp

(

−
| τ |

τl

)

exp(−iωτ)dτ (2.8)

Y t�W>] V$V$� I = eN
τd
Y���� W V3Y x'�	}Jl���� O N2(t) = αN Y �
� k � ]� O R
	 \ x ��� �6W Y �

• τl � τd ¦ b�

NI(f) ' 2αeI ·

2τl/τd

1 + ω2τ 2
l

(2.9)

• τl � τd ¦ b�

NI(f) ' 2αeI ·

sin2(ωτd/2)

(ωτd/2)2
(2.10)

i x [�� W Y � �B� y�t p-n � 
 O>r }�l���� H 7 � x{�
E �Lb�
 � v (2.10)
�

� � � � W�]���� w
����O t � tJ} � \ � GqH�Iq����������� d U � NI(f) '

2αeI Y �	� VjY � � � W(] v s�l���� �  d G,H�I1�c�L� g�h Y k'l���� �� W�]

2.3.3  "!$#&%"')()*,+ -/.103254,68759 0�:<;=
>@?
ACBED ¦jGqH�I�F
Gc� §2.3.2 ��@�A)H � 	e�B
���
 GqH�I Y � �P ed GBH
IJI��EKLH �:b�
 ¦�_
M�k ��l I8_ - g ¦�k ��l O 9�NPO ��Q δe YSR W:]�T � IVUG G�H�Iq_WM (ENC) YYXWZ ] i6��F � Si

'�)�* � � � X
~ IY[ � H �>b@
 Iq���

R W>]\T ¦ ����]
^ HYQ Eg = 0.00365(keV) ¦`_�a@b�c�dfe���� 1 g4¦�_ -JhJi W
¦,� � GBH�I3Ojv Wj=
> _ - k �ql � δe gy¦�k �Bl ¦�b�c�dfe�� Egδe Y�HkQ o�lO � W>] v s Q�GqH�I�� �

δ2
noise = (Egδe)

2 = (3.0× 10−3 ·
1

RP

+ 0.65 · In) · τs + (2.1× 10−2 ·
C2

in

gm

)/τs + δ2m [keV]2

(2.11)n v/o0O�p O � W:]PT n b�
 OqrWq�Q � RP(GΩ) � � H@rq�Es�t � In(nA) ��u�vw [ i�x n
y _�z � τs(µ s) � �@{ �/|@}�~W����� � gm(mS) �@�\�Yr/}E��� n`���
FET

n���� IVp�R�� � Cin(pF) �����Vr/}`��� n _Wa����)�SR�� ]/����� δ2m �����
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}���}������"� � ��� d �������
	 n ������������
 T n�� (2.11)
n����
� I���z� ����� � ����� Ik��� � �����\� X
Z�
 In ��	 n �c�W��� rJ}�� nj� � �������

� O � � Cin I��! O �C� T �<� l � O � �j�
�#" ~#$�%�N R���


2.4 BGO
& ' ( ) * +-, . /

APD 0 1 2 3 4 5 6 78 9 : ; < ,>= ? @
ACBED }GFIHKJ@� n�L�M I APD N�O�P i H �RQ�S�T [ i�U NWVYX[ZJ� D }GFIH\JD �E} M!]fn_^fn�` ra�
}cbdXWe��f�Eg#h $_i okj�lmHon�d hqp q ��r $_sYt �R�gvuWw!x n ����� h b@cEdfe�J�y�zC{ $_|�}�~�� ����
������ T b@c�dfe�J�y�z�{� ` r���}cbdX�e $_�#� ���R��y)�k�EgvuWw�x������ $_�a� �/�R�!y)� n�� S �R�
��
���������J�y�z�{��_� � � T

(
∆E

E
)2 = (δsc)

2 + 2.3552 F

NphQY
·

1

E
+

(

δnoise ·
1

Eg

·
1

NphQGY
·

1

E

)2

(2.12)

���J��
���� QES $�� q�� E(keV)
�!� }_���������q����J T δsc(%)

� AaB�D }F�HGJJ��� AaB�� w � �
� $ ���q���q����J�y!zC{ T F
� ` ra��}cbdXqe��IX����� � ] N� a¡�� � ] �G¢!£�Z T APD � Q�S � 2 ¤ 3 ���@�_
 ����T Nph

�
1keV ¥ �¦ � BGO

AvBED }�F§H¨J��q� M�]�^ T Y
� D }�F©H¨J D ��} M ��OCP�ªv«k¬�­ T Q�

APD ��� ] ¬E­ T δnoise(keV)
� ��g!®�¯aNC� ¦ §2.3.3

$�°�± «���qJ��
 ��² «
APD � Q�S�T � (2.11) � In

$
B( r�³#´�} D {\µ�¶ $R·¹¸»º�¼ b½X�e ) ¾������_
 ���T

G
�

APD ��¿W�f}�N�����
�
1
� $�� q�� T AaB ��À#Á $ ��� D }RF�HGJ D �E}\¬�­�Â AvB �!Ã�N���Ä�Å�ÆÇ ��È�É ��� T D }�FYH¨J D �E}\Ê�Ë��_Ì#Í�� � �ÏÎ $ � ¦ �E�W����J�y�zC{�¾
Ð E�J��
 � 2

� �RÑ�Ò h��
�����a��JRy�z�{E�_Ð� �NE���R
������a��J_y�z�{ �CÓ JÔ ��Õ�Öv× (full width at half maximum:FWHM) N�Ø!Ù©Ú�Z�Û�
 �ÏÜ�Ý yEÞ ~�ßØ��aÛaà FWHM = 2.355σ à��CÛ_á�����N σ
��Ñ!Ò h_�!â���ã�ä!å�æ�N�çEÛ�á����� T Ó J Ô �_Õ!ÖC×�¾ �#è �q� M�] ���W���
J���é�ê�ë�ì�í�î��vÛ��
N T é�ÉEïE�Ýqð�ñ����#è �W���������
JEì�Í�ò�h�ì�í�î��#Û_áÏ�RZ�ì F

~Ró ZvÛ#à Ñ!Ò h�����W����J�y�z�{C��Ð�ô ~�õ �qömà��CÛ�á�÷ 3 ö ��ø gvuWw�x§ùqú�û�NCç�Û�á�÷ 3 ö� NphQGY
� óEü �E�����
J 1keV ¥
ý ¦ � APD �§X��Eª ü ø ]�^ ~ ����áWþ�ì T

δnoise

Eg
= δe à���Û�á������ T ÷ 3 ö � ÿ �������	��

���
�
���������������� �
�
� à���Û�á���Z!¾!�E�q���J�y!z�{Cì  "! «��$#�Û�áþ�ì T threshold

� ùqú�û�¾E��������J Ý&% Ô(' �aì µ ZaÛ*),+
N�ç ¦ T
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Eth ∼ 3δnoise ·
1

EgNphQGY
(2.13)

à õ Ú_Z#Û�á

2.5 NeXT
� � 6 � � 8 BGO

/
APD 0 � �� µ��
	 N�ì�� ^ ��
��f¾ X ��������� ~���� )�� T X ������ �� L�! ì#"%$©«�'&qý�á)(+*�ì � #�� � 1979 ,�ì ��� )���XKZCý - �/. �10�¸32%465 T - ��7 	 2 T

- e87�¾ 2 T - çW��� 2 à X ��������� ~:9%; «¨� X �����aì � #
�=<�>v�@?BA ~DC ��'&WýWáFE#«G� T 2005 , 7 G 10 (�ì - �'H . 2 (Astro-E2) � ��� )���ì_��IY«�ý�á�RZvì�J . (K*ML 6 NPO_� X ���������½à�«�� NeXT � ��� )Q�
¾ 2010 ,%R�SQTì ÒVU Ú8W!�$#CÛ�á
NeXT ���#�_÷%X��'O[ã �#Y[Z W'HqÛ�Ì�\#h#]%^�ì`_�Û��Eà:L!çEÛRá@a�bdc�ì�e#f
I. ]V^vì �Vg Û�Ì�\'c@h�Å���bjik��l�m�nY«3f�Ì�\'c@]V^���o�pjikqsr á

II. tuc6L�é�v�w�xdy#\uc#]�^�z Z ÎkyF{FrD|
}Kmdc�~��=� Ý i��Q�WÌ!é�vdy_Ì�\
c�]Q^%�6�����CÚ#WaÛ�yBzMi8�u�6�aÛ�á

L�ç�Û_áqÌ�\'c�|@h��V�6\uc�|@h��ji����Q�aÛBy�e=� X �����VL�ç���f��=y@���
L�\'c#h��'y@���V���E÷�ì8�VW��$# . à���� Z W�� #CÛ_á�� #��������� u|�¡DLVe
1 ¢ 10keV f@£�mM|@¤�¥�iQ¦��"#Q§D¨�©dy@ª�«F¬�|1¡­L�e 20 ¢ 80keV ®�¯�ì�E�y#���°�± ��²%§#³j¦:z´¦3f6µ 5 y@���VL�e 10keV i��M�Q§k� X �dy#���ue�¶�·VL�f6¸�¹
y�ºF»=���'e#¼�½u¾@q%¿�W��%»�|�»�³ NeXT ���ue=Àu¾ 10 ¢ 80keV Á/ÂDÃ%|��F§#Ä
�#Å�¹
¾6Æ�»��1�kWuÇÈLQy����
y#l�¼�É/Ê:ËVW���Æ[�Ìf�Í ± L6SdÎ��6Ï�Ð�Ñ�Ò�i`q
r�Â�Â6ÊÈ¾8l 100keV yÔÓÕ������iDÖ�×�Ø�Ùuy@¸�¹VLÈÑ�Ò��d§Q��Â�ikÚ U ¦���»F§#³

NeXT ¾�e`ÛMÜMÝ`Þ@��Äu��ß (SGD:Soft Gamma-ray Detector) iDà�áBâ�ã%L�²�§k³
��W�e NeXT y8äM|uOkc�L%²�§DÙ�Å�¹�åBæ���Ñ�ÒuiDç�è��F§�é�Î�y#Äd�kß�L%²�§ ( ê
2.2) ³ SGD e�ë�ì%b�í%îjïVÝÈ~sð�Ý@ñFò�ó'Â ôõ�1ö
÷ùødy HXD úBç�è)¦=é�ûM»6üý iDþ
ÿk��»Q§ BGO y��������	��

�����������`Â�i�������¿��d§���Â:ú ô ü ý y
ûM»MïVÝ=~Pð�Ý@ñQò�ó@ø'i`ç�èV�u§8Ä
�8ßVúQ²Q§@³'Ç�é@f 80keV ����y ��!"��#��
���FúÈä%$u|�&	')Âk|V§%ï�ÝÈ~Pð�Ý)(%*,+.-0/��d§F�QÂ:ú21��.3dÇ�úQy#ÛuÜ'Ý8Þ6�
Ä
�#ßdy=Å�¹54���y@Ø06uy�7�8PÂk|Vÿ@�Q»%é@Ä
�#ß'y:9��%;'¾F{6§=<?>"�	@�ó�A%Ý
�)+`¨CBQ¾=D	E�FHG�úQ²%§@³
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ê 2.2: SGD y�� � >�ðùy ��� ê

SGD Ä
�8ßuy��	�[Âk|�§kë�ì	
�í
î/ïFÝB~ ðkÝÈñdò%ó���Ù'»B½Q�CG +
þ'Ã���
ÈïdÝ�� ð�
 >=~=Ä´��ß�Â�

���	;
ñ����%A����	������ëQì�
1y
ÏQÐ%Äj�Èß +@íQî1¾�� �����V����¤ 3��F»d§�³�(�*!
�¾���
ÈïMÝ�� ð

.>D~�+#"�/��V§6y���1���Ý#$&% �('
Â*)�+/¦­�-,!.�/�ã!0#¸�¹	1�Ùs÷ 1��
!=�H# �k½�20G�1=ºP÷ 1 D0�	!=�H# �3 ú�0�ï�Ý54�ð3Ý (�*!076B¹	1#¨988»
é�ÎÈú%²�§8³ÈÇ6é:1�ï%Ý�4�ð:Ýkñ�ò�ó
+:"�/�;Q§���Â ú�<dÇ8ú	0`Ä>=Dß�Â?)
+�¦#@�A�GB104��
¦ 1�Cu¾ BGO 0	�
�:
����2�2�:� �D0BE6¾�ñ�ò6ó�+GF%3
§!HQÂ�ú 1�IKJ »Mÿ�LNMùÅ�¹ +`Ù'Î�@%»V§#³
�0� 
 � �%���2� �K¾�"�/  3�@%»F§ BGO ��O�,	
��QP�éRJ#0�Ü
Ý8Þ�ST0BU�V

G	1�W(X1¾@Ù ÷ 1�C
¾Èµ�Y�"�/  3(@�8Bé-Z	[	\(]%É(^ (PMT) 0�_V¿`J�¾���<1óÝ���acb	d´ðfe�gch
� � (APD) +i"%/	;>jkH�Â:úÈÄK=8ß�0�l��	;�1-m�n	;k1Èç�è(;
j#³�Cd¾:1on�\�p�qk1%��1rj6é�Î�¾ threshold +�s	t	j(H�Â:1"F
GjÂiu�J 1%�%�=
��
�	��� � �v0�AHG
4���¾FÊ8Ã�u�1�j@³

2.6
w x y

APD z { y}| ~
BGO Â APD + �%�"
H�2������� �ù¾"/Q»kjBé�Î�05����ç(�r�5�	���B�'¾6Æ�»�@����� ÎQ� 3(@98�@�Æ�J 1RH�H8ú!� 2003

� ¹T0��	�(��0��(������� 2004
�	� 0��ý ��0��������9�c���B@��kOr���	�k;�j��

• APD �������r���9 �¡k¢B£�¤�¥9¦#§©¨�ª
�c«r¬@ú�0 APD ���i­�Z�®>07,!.B��I�jG]�B�q>07Wc¯	°-A±�:�NMG²i³B´	1	µBÿ
é��QH.3!��1 APD ¶	®9�5Z!1c·�¸  3!¹�ºk���
!"�5# ��»�2HG�0�D>s(0�¼r½
0�°	�&�iuQÿ�@	�	¹-��¾À¿Q¾)1�Á � EiA�\�ÂBÃ�Ä�Å�F (neutron transmutation

doping : NTD) +#Æ�;9H��i�kITJÇW�XT�7¯	°cA�0!I��oÈÊÉk�	Ë"@k¾5¹�Ì�
�Í	Ë
+i"	/	;!jkH(���kI�Î�@�²�³�´>��Ï�Ð  3�@�8�¹-��Ñrº	�cÏ�Ð  3�@��kjc0c¿
+ÀÒ�Ó LED + 5mm Ô APD 0�ÕBÖ�»T�5·B¸k;>jkH��G×�Øk¿(Ù�¹9�cH�Ú7Û-¶�Ü
�B¾À@ 3.09% 0�Ý��:�K851kµ�Î�¹���H-0�ÞTß�àcáR¾i@	�	¹�Þ&IKJ�â:ã&8���1cÛä�å�æTç É-»�2!è�éiã&8�êÊë�ì&í�îKj�ï9ð#×kß�u��KHk�G1�ñKò9¾�¹
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• APD+BGO ��������� 2 	k� APD 
���
���
�����������
2.3 �TI>M�� BGO ���ÀÉ�� (10cm × 4cm × 3mm) �! �"!¿±� APD é�#r�$ ÌrË&%'�#É	Ì)(-ËfZNé+*�,�->¾ Û�./"T�T¾À¿ APD é10/2©¾�uB�!354©�6�5Z

n�7�8Qé:9;,�¹N�=<�Ú�Û5 �"K� APD é+>@?�¹A3�4B� 1 �C� APD �AD5E9ßA.
"T�6>B?�¹:3/4©�F7G8±¾ $�H 0.56 IT��JLK Û:DNMO /"P� APD �OQ!��»SRQí6TU�V ?�×�D�E�M�W5XNY U!Z ?c×kß/J��@<���M�ñKò9¾�¹��

• BGO ���1�[��� 2 \�¡L]_^��=�@`Aa5b�
2.4 �PcBd�� 2 e@� BGO �f�iÉ[� é6g52�¾ $ APD é6>�? $=h�i é6jQÎ�¹kSl Û BGO �m�#Én�o�6p�qCr#×��:D/EB�:s/t�ß H 1 Rk×�µ	Î-¹-� BGO �:DSuv�w M 400mm xFy(»@zA{B|m<Nx-é:}N~�¾ $5� K Û BGO é+{ ê�¾ $ â�D�EKß

µ�¬fKF�SM��&J/|fx��C� U��
• APD `A�L�5
��:�;�N�;���&
�`������S��

2.5 �PcBd6z BGO �f�ÀÉ[���!.�"�z APD é 1 �G>m?�¹/�Lx 3 �=>m?�¹��
é67=8±¾�¹ � APD �:�/D/�5��ß5�!TN�OT 3mm ÔBÛ 5mm ÔBÛ 10mm Ôk×��LK Û� í 3mm � BGO �m�#É��o�A*C,�-���é1j�d_�c×G*C,�-����/��ß APD � 1 �
�:{Qí�zA7G �Y U:� c�Î $ ÛA�5�57�MOD�E�7¡x&J U J)�oD/E�7!ß 3:5:10 x&J U
x#à/�f��T U:� �1¢)�fÛ�Ñ�£ kSl ¢L��¤P¥:¦/§�7rß 3.94:5:6.29 x&J	ÎO¥ � ccÎ$ Û APD �:���Né+W�¨¡� $ â17/ '� $ WP�5J5|@<Cx�M�ñ9ò@�:¥ �

• 1APD � 3APD 
�`=��©�ªm]�`G�/��
2.5 �;c�d&z BGO �m�ÀÉn��z 1 �C� APD é+>B?/¥=�fx 3 �C� APD é&>�?

¥�����D/EQé67�«N¥mx=<�Ú�Û=D5EKß 3 �C�:3�4k×kß 3 IBz�ß/J)�_¬Nz 1.5 IKï
ð6zP�1¢�J)�1J�¢>Î�¥ � D/EKß APD �:�5�BzO7� �� $ W/X­�6JS|@<�x_M�ñTò
��¥ �k/l Û APD �����Néiã�®9êO�A¥¡K Û/¯Qé+W�¨�Y¡xO°G±S²�ß�ï5³�7S '� $ WP�U M=D�E9ß!WP��J�| � c�Î $ Û BGO ���iÉ��:é:*;´C¥�Ù�� APD ß 3 µ 5mm

ÔTï�ðG×O¶�·>×C� U��
• APD `A¸5¹/º�»=¼½�¾=¿ zNc U&À/Á ¿ ë�ìCM APD �:Â!èC�9ð+��c;d�J�Ã/ÄNé+ÅP³�YC�G¢�é1Æ�Ç
z/È@É�Ê ¿ Û proton é:Ë Á � $=Ì «�¥ � h�i k5l ¢¡� À�Á ¿ ë(ì�z�c U�ÍOÎÏ �6W/XNM�Ø5Ð9í6TC¥GM�Û ä(å-æ�ç=Ñ�Ò/Ó è�ß�ï/³:Ô�ì��6J=¢CÕO¥ ��Ö ¥�Û ÍÎ Ï �:W5X±âO��T!ï�ð+×AØr×kß/J/|��FÙ æ ×C�NÕ=¥ �
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BGO 40mm

100mm
APD

�
2.3: BGO x APD �����)�����A�

BGO1

40mm

100mm
APD

100mm

40mm

BGO2

spot5 spot15

�	��
	�

�
2.4: BGO é 2 e�
;,O4 Z î $ �����)�����!�@x�� Á���� x����

BGOPLATE1ch

3ch

100mm

40mm

3mm

3

2

1

�
2.5: BGO �)� Ñ �6x APD �A052

2.7
� � ���

�! #"
APD

" ��D��%$ ��� z;c U W�& w $('n�Gq�J*)&MC×AØ x+J�Õ(+C|�¥�M;�
$�×AØ-, "/.1032 T-+�4/576@È@É�Ê ¿�8*9 z � |!+�:<;%$ PMT ¨ PD x�=?> �	+@ TN¥BA lDC ��E�+�| U�� �@�F+�4 NeXT G "IH ÉKJML1É(NPO!Q=J*)	$ 8%9SR*C1T
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´ � �������	� Ñ�

� xS� + BGO x APD $���� C 8	� � +�|�� � BGO $ � Ñ�
� "������DC���� + Diffuse X-ray Background(
Ö ¥ " Cosmic X-ray Background)

$(� Á C��! #" z%$#&'�Bx)(S�Cz%*�+-, G�.0/	1!2	3!4 $65 � �	7 Q�85É � ¨�� ���� Ù Ñ �:9 É%;*)S$65 � �07 Q'8�É � C $�&���<>=@?BA	C G ��� � 80keV
Ö G $D�E6
-FSÑ%G T G 4 CXB $�� Á C)H#" � + 1× 10−4photon/s/cm2/keV $JIFÙ 
�KL �G¥ � K " 4��/$ �M�N� C 3 OMPRQ#S�) �T� ��AUC�?��V�XW'<($ �Y�Z��" BGO
�

É�[\I Ñ>]UK'^ �!� �6�#���0� Ñ�

� G Æ0_	`Ta G ����=RbV&Jc�d�+Ve'�%Wf!gVh $Yi%j " � ÑB

� $6k	lm=S�	+Bn�� 2 d�� BGO $�o�p0q*� �������	� Ñ

� $ � É�[\I Ñ �:9 É�r C APD G�s't 9 L Æ�u CXvxw W §2.6 yzc�4 1 {7$ BGO

JMI Ñ L K�|\} + " 3mm
Ö�~ "

5mm $ APD
C

1 {B�	� } + s't 9 L <'=R? �0�
G>� ��=��'&>�%W } y } 4 BGO J:IR� L C)� t6���0� ~��0� G $ APD GUs�t 9 }~6� "��!�:� G�����G>� ��W#�#< G 4 fV�!� G " BGO JJI�� L C%� t��>�!� + H� O�� ] C�� A } ~ =�� 4 APD

C )	$ ^ w K {���+ sTt 9 L $U? �	� y C��V� ~ W
<($X�VuU��� K>^�� 4�  �������0� � 
¡� $�¢�£/4 L ; �T¤ ) $ ^ w K BGO J¥IR�
L C%� t����	� + APD

C )	$ ^ w K 4Te§¦Z{U¨Y����y©=�e w <�= C%ª�� ��«V¬T?­ c�dT�'<>=R?B®0¯ 2 d#�%WJ<�d "(8 9SR $U°�±'²�³ C�ª	´ L � ~ � K A	µ#;�C�¶
G>� ��W
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3 PMT( )
� � �

BGO � � �

BGO �:I����
	�r���
�����������	���u K#^¥���  eY<�=�?��'y����Ve! �W#"~ �%$'& 	���u K n�( } ~ BGO 	6r�)'?+*!,.- � � ~ WT��</- ��0 r�12	�3��B;
r%4%5%6�7%8 (PMT) 9:(�e.� ��$;& n�( L  BGO  �<�=;>@?%A��CBEDF	%r%)�9HG´ } ~ W PMT 9�(�e ~ 	�� � APD 	CIKJML 0 r�1;-N� BGO 	�rK9!ORd'S�OP
�Q
c@d# �y�*#,.- �  ~ Q.- � �R�%S�T APD 	�r s#tNU } �>u'	��	�K9�bMVXW' @Y-Z	�[�\ |+]_^ WN ~ Q�- �  /`+L@a�(�b ~ BGO 	�c�d PMT

0 r%1Ke ��f 3J��b~ Q ��g ²��Fh	²�D T e.�C� 0 r�1 ^ 	�r%i � 9 ���	� ~ �>u f�j+k�T v � ~ `
3.1 l m npo q r BGO s t u v
3.1.1 w�x BGO y{z}|E~�������� ��%���/�
 �<M=!>+?�A	��B�D�	 �%� �N".� ª "Z����b�L�b%d ����� -N� BGO ���)����9�X� �V�!�;� ^ � T �@�;���N	����R����-@�%��� �C� T AT³:���R�ZA���³¡ ;dKO/	e;¢ T �%£�WX �	@¤X9 �V�  � Q T "�¥ � BGO ���R�{� 4 ¦�-�§:	/¨%©�9 �%ª � �«�¬

BGO  �<C='>.?%A0��BED­9:® ª �¯� ��� � `
�%��°Z±

5cm×6cm×3mm
^

5cm×2.5cm×3mm 	 BGO �2�³²��
9 2 ¦Z¥�´.(�µ��¯�¶§·	¨�©#	 «�¬ BGO ¸�<�='>.?�A+²MB¹D­9:® ª W' �` BGO �2�H²���	�i�º T � CAT-

108
^

KE-108 9 1:20 	/»�¼�-M½%¼�� ��¾+¿#T WX �Z^ - ¿�À+Á b � f 	Z9·(�b; /`� � T e�Â � i�¼�1!-�	� �Ã�Ä#�C3;Å T�Æ!ÇKÈ �! �` � 	�i�º�É�9 BGO �¶�H²Ê�	/i�¼+1 T·ËZÌXT·Í £�� � 12
k�Î%Ï OPÐ�Ñ29HÒ%Ó�WX �` � 	�®%Ô T e'ÂÕ® ª J/� �«�¬

BGO ¸�<�=!>�?�A.²�B¹D­9�Ö 3.1
T/× W�`�® ª � � «�¬ BGO ¸�<C=X>�?�A%²B�DP	�ØZÙ'� 6cm×3.1cm×5cm

�ZÚ J 3mm -NÛN �`#" � � Ö%-.�;¤' Ne!¢ T «�¬
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BGO ¸Z<M='>.?�A%²MB DP	 ��� T ������É ^ �·���%¸@=	�M<�
�����ÉK9�
!b%�NÛ �` � �������_� � A��H���¯²�A¶���¡ ;d����%L%b'eX¢ T W' � Q.-�Û� /`

Ö 3.1: �.¸M=��M<�
M����É;d�
Z¤%� � «�¬ BGO ¸�<C='>+?�A+²�BED

3.1.2 HXD � BGO-well
��� �/�
«�¬

BGO ¸�<C='>+?�A+²�BED ^ ��� T�� e#Â! �"N-$#�% T NeXT &�' T�( (�J�X *),+�-'	+Û� /. � T/0 b f 	Z921�3 � ` �+� -Z� � HXD ( T54 ��J·� � f 	Z9(�b � ` «�¬ BGO ¸�<�=�>M?%A.²�B¹DF	/#�687�9�9;:=< T �¯� BGO-well
^  �>'	

APD 9:(�b.� � APD 	@?+º�A�B ^ >'	DC�E�F#9@�@¤N /`�" � ��G 	/Ð�Ñ#9�Ö 3.2
T× WC`MØ�Ù'� 6cm×6cm×32cm

�%Ú J 3mm -�Û� /`X" � � Ö�	5H@1,I8J�K,�+¸�=��<�
M���%É�9@
Nb�LNÛNM/`

O
3.2: PRQ5S�T5U�V5W�X�Y=Z�[N\�]_^ HXD ` BGO-well
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3.2 l m � � ��� � u
3.2.1 w{x BGO y}zK| ~K�}���¶� �����
	 �
��	 ������� ��y����«�¬

BGO ¸����������+²! �"$# 1 ´%#
&
'�¸(��)* ,+�# g.-0/ h - "21/?�º �
L g�-0/ h - "�¤ È PMT 143Xb�L5���:�_�¯²(�����¡ �176 ��8!9.: ¼ ^�g.-0/ h- ";1 ( 3¶�7<�b�= «�¬ BGO ¸>�4�%�?�@��²� A"�¤ ÈCB i PMT 173�b8LD6 ��8�9: ¼�1�< Ç M ( Ö 3.3) ` BGO E gD-F/ h - "GE�a#e4H PMT I
JK#4L%º 9 MM&,I$JK#
& K�N@¸?� �
��
����+É%=?OQP ��R(S�� E «�¬ BGO ¸>�T�%�D�@�@²� A"UE%V -W/YX- "ZE PMT

G �;����1*?�º 9 M5%!E KE-108 1¯ >[�\ �
]^)��D_�`+�2L�3%a ��R �
#Tbdc�KTe�f?<T&dg�#�hdi5ITJ�1H >[K\ �T]T 
j7k�M : ¼dE+ d[�_
)³²8
�l#ÂTm  n #/Ã%Ä�o!pq<,a
`ra¶¢ts(=?u�3>=ZÛ�M R j È '4E BGO vw`
V -W/YX,- "x#7L%º@yz '�K(����{}|¯²(�^~�����#��%��1D�}�r�@��Ed����ÉF`,�*L��> 5\�²���²�]!=!O�P
� R I,�('5�T#�#�6q#!�.�>b@c�`��*L�IT��#@#,6�1M� n #4�@�F`M<,M 5mm � BGO

mr�d�w�4� R

5cm

6cm
3.1cm �Z�

3mm

6cm

�����������

PMT

PMT

 ¢¡
BGO £¢¤�¥§¦©¨¢ª�«�¬ �

­©®
4.7cm

Ö 3.3: ¯(° BGO ¸��������@�+²? ±"4`TV -W/xXd- "ZE PMT #�?�º!Ö
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Ö 3.4: V -0/YXd- "

3.2.2 HXD � BGO-well �^�^	 �D� 	 � � � � ���±� �
��#�� � / ¸ ��]qmC¯�° BGO ¸��?�K�����+²! �"4`�I!��'(V - /xX>- " 1 ( 39 M : ¼�` ( 3 �
<@a : ¼
15< Ç M ( Ö 3.18) R�S �TEKI��Q'4L�¼@&_IRJ�'�N.¸!�	�

��
!���%Éq=!O^PD� R�S �TE@L�º�ÉF`,�*LNK
�>[�_�)³²R
q1
3%a�� R

6cm

6cm

32cm

���
	��
���

PMT

PMT

���
 3mm

���
 4.7cm

Ö 3.5: HXD 3 BGO-well `TV -W/xXd- "ZE PMT #�?�º!Ö
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3.2.3 VME ���������
	��
�������������� #(�����?���51�� 3.6 ' � 9 R"! '"#%$'&)(. K#+*�,�1.- 3.1 ' �9 R � 3.6 =�� 9 l%/M'
E��T# �0��1 I,��' 4ch 1 �2� �43 AD 5�6 9�7 R �48^��E9�:�; = 1 1ch #"<q14=�3 9>7 R?K84@ 8BA 8DC j��(� ����1 Pre Amp '.E C jM�?EGF�H"F"I)5"6�j � 7 R J �K3�E
Shaping Amp oML+E C #D�D� Pre Amp

8NC 12�+O �.� 'QP^�$E Shaping Amp(Shaping

time:2µs) =�R�S^j
�'3 Discri
� ��T E C>9�7 R �VU Discri

����1
Discriminator `WYX U Shaping Amp U Z'[\U ]�^B_N`a/ R Discri

��� U�b"U Shaper c C 1 J U S
S ADC

T E C j7�+d Peak Hold j7�23 AD 5"6^j7� 7 R)e (�f �"� U+g�hDi"j�`4k7
Gate d Start d DIO U 3 lmU ��� _NnYomp 7 �d�'U Triger

�'��1 d Discri
�0� 8

ADc Crq �'3 Level Adapter
T E C �sd VME ADC hDE C p 7Mt �@�)u0v�UDwYx�v

4ch
1My2z �43 �2� q � 7Mt Discri

� �
HU4715 U �0� �%_�� 3.7 hD�mp t

e (�f �'�Y��� vm{ 7 Gate d Start d DIO UM|�o 1 d Discri
�+� 8}AVc CBq �q�

J �m~!��U Triger U OR
�2� _ Gate Genetator hME C ��d'���2RY� delay _.�\�M3

3 l�U �2� _4n�o�p 7Dt 3 l�U �2�>1 ADC Gate
�2���

ADC Start
��� d DIO

���
v�{ 7Nt DIO

���>1
NIM UYu"u v DIO #�$2& ( ��hDE C\q �+d Gate d Start

�"�>1
Level Adapter _D�m�23 NIM 8�A TTL hD526 q �'3 VME ADC #�$'&)(0��hME Cq � 7Vt �d�Nv+d NIM

�
TTL

1 F'I>UM�'�>h%� 7 z2� vm{ 7Mt
�VU 3 l�U �2� h�� 7 �"�Y� <�cK�DUmf0���"�+�T{%�+(a��_0� 3.8 hD�mp t u �Vd

Discri
� � 8�AGU'� �%��� �"�>1 Gate

�"����� |}�G3>� (�� �2  ( �
¡ q ��3'� 7¢ hNd AD 526>U Start
�"����� | �G3 e $'f.�)5"6�p 7Dt 526 q �(� e (�f 1 DIO�2��� | �'�+£ hM¤�¥+¦��Vh � <mc q �+d DIO #�$'&+(0�%h��>§2¨ �B��� �2�m�)�

| �K3�#�$+&M(V� 1D©)ª"«"¬ h4­ 7NtQ: g'U0®m¯�� °�¦0("± v0²%³�fM�>���0�D´��M(
��_�� 3.9 hM�mp tµ I2F�¶ ORTEC MODEL 556

PMT ·�¸   �º¹��0°�»2¼'½'¾ R6231

Pre Amp ��¨4�M¤Y��°�»2¼�½�¾ MODEL 5005H S/N 051045

Shaping Amp ORTEC MODEL 571

OR LOGIC FAN IN FAN OUT

Gate Generetor KEK N1113-51 DEGITEX , N-TM 207

VME ADC ��¨4�M¤'�m°0»2¼'½�¾ 1113A ¿
DIO ��¨4�M¤'��°+»2¼'½�¾ CP-2610

- 3.1: VME h�� 7 e (�f �"���0� v"�m�Y³)#m$Y&�(0�%U *",
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pre-amp

�������

Or �	�
Gate
generator

shaper-amp

Gate
generator

Gate
generator

8ch ADC

Dio

PC

Level
Adapter

Level
Adapter

VME 
��
TTL

NIM

Dio in

Start

TTL

TTL

Discri 
��
HU4715 Discri

ADC���

ADC_gate

�����
(APD � PD � PMT)

���������� "!�#

� 3.6: VME h�� 7 �2�Y�2���0� U%$Y���0���

IN OUT1

OUT2

10k

+5V

0.1&

0.1&

0.1&

0.1&

+12V

-12V

+12V

-12V

220p

100k

510

91k

50k
')(

9.1k

12k 43k

LF356

LF356

LM319

74HC00

-

+

+

-

-

+

2

3 4
6

7

1

2
3

4

5 6

11
12

+5V

2

3

6
7

4

-12V

+12V

0.1&
7

14

+5V

R1

VR1

R2

R3

R4 R5

R6

R73

8

to ADC

to Discri

� 3.7: Discri
�0�

HU4715 U �0� �
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Shaper out1

Shaper out2

Triger 1

Triger 2

or

Gate

Start

Dio in

� 3.8: f������+� ´%��(��

Shapet out

ADC_Gate

ADC_Start

Dio in

�
3.9: �������	��

�������
�������

3.2.4 Pockect MCA(PMCA) ��� ��� �"!$#	%$&('*)
+-,/.10 �32 PMCA 46587:9 ,<; 
8=?>�@BADCFEHG�I:JLKM587
��N�OQP ,�R �TSU � 4 � 3.10 K/V�W�G�XY�MZ	[]\ ,�^�_ 2 Pre Amp ` Shaper Amp 4ba*c���d�K

PMCA K/e$fhgji�k�lMGTm8n3o:
�p ,�qQr 4bs 3.2 K/V	W�G�t:u<` +�, N�O�2 1ch

K-v�w�x?917Tl-GBxy[zx{` PreAmp 2 4ch v�w , E6| , 1ch
,�} 4y~351W�l-G

PMCA
,-�Q� 28���:��v���4��8f��
W ��`�[Q���Q��K6� 0 4��
C8�L��l�� +�� K� l-G
�
�Q���

ORTEC MODEL 556

PMT �����$�H� U ���Q�
�
  R6231

Pre Amp
UY¡y¢-£ p8�����1��  MODEL 5005H

Shaping Amp ORTEC MODEL 571

PMCA AMPTEC   MCA-8000A

s 3.2: I
J¤K�5T71��m8n1o�
�p ,�qQr
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�
3.10: PMCA � ����������������� � $"!$#�� �

3.3 % & ')( & *,+ - .
/ ���10���¡12�¯%�N´43���¯)50�76)8 PMT �:9<;>= � ?A@<B ��C�D>E 6)8�FHGI�J)I�KML � EONMPOQSR 8�T UWV"X = �AY<Z>[�\]�_^

3.3.1 5mm ` BGO acbedgfihkj lHmSj n_o,prq aiscf$tvuewcxKWy N{z}|O~ 5mm � BGO 8_��� JO��� 8A�k�O��^ 5mm � BGO 2 /���� 0 �� N � I>� 2 PMT ����� �A��� I �W^��<X�8 N:��� (20.2 � ) NW� ���W�:�{� 450V N
Shaper Gain 8 10 �{E V�X I N VME �H �# �¡� #£¢ E ���¤��^¦¥�§�2 137Cs � 662keV

8��]���:^ K � N /H�¨� 0 � � ��©$ª�« I­¬ « E ��®�¯ N ��X>�A°<±$2��{² y � @�³´ � I ��^OV"X{µ<¶r? I¤J ��·$¸¹�»º 8 � 3.11 N � 3.12 ��¼�= ^ K � Nk½ � ¸H¾�¿À:Á º ?ÃÂ Á ºMÄ �WÅ{Æ�Ç�È:ÉÊ8�Ë 3.3 Ì�¼�= ^

Í
3.11:

/��i� 0 � � \ÏÎ Í
3.12:

/��e� 0 � � ~ I
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σ(ch) Peak Å{Æ�Ç (%)/��e� 0 � � \ÏÎ 161.0 1361 27.86/��e� 0 � � ~ I 180.9 2435 17.50

Ë 3.3:
/��e� 0 � � È���� Ì�����½	� ¸W¾$¿ À:Á º ?ÃÂ Á ºMÄ � Å{Æ>Ç

� � J N�

�
� 8���� =�� ? 55.89% ? ~�� ^�� �g����� � 8�� I�J V{X =�� ? N
@W³ ´�� E����
� Å,È_6� �[�!]² Q JkIHK � N Â Á º,Ä � Å{Æ>Ç �"� 1.6 �
#
$ IJ)IHK�% ^

3.3.2 5mm ` BGO o hkj lHmSj n'&)(+* ,gaiscf$tvuewcx
� �g�-��� � È���� ÌA��� IÃJ �"� 5mm � BGO 8 y R I¤J 6.  È�°
/,810
2 I
�W^ y R =43 ¯ � Í 3.13 ÌA¼�= ^ ~�5�N slide2 � � �¨�-��� � È76 N slide1 � � �g��{� � 8 4 Å.8 I � 3 ¯ E \ � ^ K � N �{X � §3.3.1 ?:9 J @<; Ì I ��^<V{X{µ�¶
? I¤J ��·M¸4� º 8 Í 3.14 N Í 3.15 Ì�¼�= ^ K � NÊ½	� ¸W¾>¿ À:Á º ?ÃÂ Á º Ä �
Å{Æ�Ç�È_ÉÊ8�Ë 3.4 ÌA¼�= ^

slide1 slide2

5mm = BGO

Í
3.13: � �g�>�"� � 8@?.ACBED � Í
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Í
3.14: slide1

Í
3.15: slide2

σ(ch) Peak(ch) Å"Æ�Ç (%)

slide1 147.8 1382 25.19

slide2 146.8 1414 24.45

Ë 3.4: 5mm � BGO È 3 ¯ Ì����]½	� ¸H¾$¿ À:Á º�� Â Á ºMÄ � Å�Æ�Ç
� È�����µ�¶ � §3.3.1 �	�)B�
���� �¨�-��� � ~
� È ½ � ¸:¾�¿ À_Á º�� �������

slide1
�

slide2 Ì 5 ª � � �c� �O� � È 
���� � ��� � � � ��� � slide1 � � 56.76% �
slide2 � � 58.07%

� ~ ����� � È_µ<¶ � � §3.3.1 È 55.89%
��� � Ì������ �]� � �

± Ì Â Á ºMÄ � Å{Æ>Ç Ì�� ��� §3.3.1 È � �e�>�{� � �"! �$#&% ��'�( � � � � �
Ì)���*� �"� � � � � Å A � � � ����� BGO È ���
3 ¯ Ì �4� � �g�-��� � È 
 �
�,Ì)+ � ��~ ��� � È:µ<¶ Ì�� Î,� §3.3.1 È:µ<¶ ��-&. ��/ ��� È � ~�� �

3.3.3 BGO 0�132547698*:<; =�>9?A@AB5CED F�G<D =)HJILK >5M9B
tvuewcx

N&O
BGO

��¸�P
QSR&T � º � � HXD � BGO-well ÈW�U� � Ë 3.5 Ì�¼"V ��W�X� �¤�]� � PMCA È� *Y � � YH¢��<� ����Z�È��[�]³ ´ � §3.3.1
�)\�] Ì^� ���

HXD � BGO-well
� ���U��È�_ � ��ÈU`"acb � º Ì�� ��� Pre Amp � 4ch d�e È

cp-5005H � �{~ � �Uf %�Ì�� Î 1ch d�eMÈ cp-2869
� �>��� .

N[O
BGO

�]¸�P�Q
R�T � º � Ì�� ���	��� | 
�� �<·$¸4� º�� Í 3.16 � Í 3.17 Ì_¼gV �ih<�j� ½ � ¸¾�¿ À:Á º È_É � � �i�-�{� �k! Î­È ½	� ¸:¾�¿ À:Á º Ì�� �S� � � �g�>�{� � È
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� 

� � ����� � �WÉU�>Â Á ºMÄ � Å�Æ�Ç � Ë 3.6 Ì_¼"V ��� Ì HXD � BGO-well

Ì�� �U� \�] È��
	 � � � � È � Í 3.18 � Í 3.19 �<Ë 3.7 ÌA¼"V �
� �]�O���"� (V) Shaper Gain( � )NcO

BGO
�]¸�P
QSRUT � º � 430 25

HXD � BGO-well 600 250

Ë 3.5: _ � ®$¯"ÈW���
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0 500 1000 1500 2000 2500 3000 3500 4000
ID=100,N=552600

Í
3.16:

N�O
BGO

�<¸�P[Q�RST � º �
Ì�5 ª � � �i�:�"� � ! Î ��È �{·,¸� º

0

50

100

150

200

250

300

350

400

0 500 1000 1500 2000 2500 3000 3500 4000
ID=110,N=494462

Í
3.17:

NUO
BGO

�<¸�P[Q�R�T � º �
Ì�5 ª � � �v� �"� � ~E� �>È �"·M¸�»º

σ(ch) Peak(ch) Å�Æ>Ç (%)

� �e�>��� �k! Î 104.9 1371 18.02

1371 × 1
0.5589

= 2453

� �e�>��� � ~ � 80.03 865.9 21.77

Ë 3.6:
N"O

BGO
��¸�PJQSR[T � º � Ì�5 ª � � �v� ��� � È	� � Ì�� ��½�� ¸¾$¿ ÀWÁ º�� Â Á º,Ä � Å{Æ�Ç
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Í
3.18: HXD � BGO-well Ì45 ª � ��i�>��� �k! Î���È ��· ¸¹� º
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ID=100,N=1148351

Í
3.19: HXD � BGO-well Ì45 ª � ��e�>��� � ~ � ��È �<·$¸c�»º

σ(ch) Peak(ch) Å{Æ�Ç (%)

� �e�-�"� �k! Î 55.49 408.9 31.96

408.9 × 1
0.5589

= 731.6

� �e�-�"� � ~^� 52.95 485.8 25.67

Ë 3.7: HXD � BGO-well Ì�5 ª � � �e� �{� � È���� Ì�����½4� ¸H¾�¿ ÀWÁ º �
Â Á º,Ä � Å{Æ�Ç
N&O

BGO
��¸jPJQ�R&T � º � È �  '�� �<� V�� � ( � �i�-�{� �k! Î ) � ( � ����"� � ~E� ) � 2.833 � 1 � ~�� ��± Ì � HXD � BGO-well ÌS� �U� � ( � �e� �� ��! Î ) � ( � �i� �"� � ~ � ) � 1.506 � 1 � ~�� � � 
 BAÈHµ{¶�A B ��� �i�>�� � � ® �L� � � % ��� ��� � � ���
	 B 
 � � � � Å�A � � � 
 � Í 3.3 ��� Í

3.5
� Dg

�_Å�A ��� % Ì BGO

��¸�P QSR�T � º � � PMT È�� ����� � Î ��� /
��� 	 �<� �e�>�{� � ~�� È #&%,Ì45 ��� � È���! � � /:� ����� B 
 � �

3.4 BGO � � � � � �  ! "$# % & ' (
§3.3.3 � Î � B 

):µ�¶ ��*
+ � BGO , ¸�P�Q�RUT � º.-)� 5mm / BGO È �

 ��'�( V<� ) 	 Ì10 

2�
$È BGO , ¸	P
QSR[T � º.-���\�] È:³ ´ � 5mm /
BGO

� ��� � )���)43 � � N�O BGO , ¸�PcQ�RUT � º5- È #U%�� � '�( V�� 2 � È
_�6&� *7+ )98;:=<�> � f %$Ì � Î@?=A1B�)�È���� �S� � � 5mm / BGO

�
PMCA
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Ì���� -�� 8 : < >"����� � )��
A 5 ��W&X Èj��� Ì�5 + ����� ��� � -�����* �
A + #�% � 'S(E��� + � BGO , ¸�P QSRcT � º - � §3.3.3 �	�+B 

)_É �9*
+ )	�
BGO , ¸jPJQ�R&T � º - Ì@5�� � 5mm / BGO È
	 · ¸¹� º^� Í 3.20 � Í 3.21 Ì
¼gV �ch )����)B�
7) ½ � ¸:¾�¿ À_Á º3� Â Á º$Ä � Å�Æ]Ç � N&O BGO , ¸jP[Q�RT � º.-$� 'S( � )��WÈ � Ë 3.8 Ì�¼iV �
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Í
3.20:

N�O
BGO , ¸�P[Q�RST � º5-��'�( � ) 5mm / BGO È�	 ·$¸¹� º
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ID=100,N=50980

Í
3.21: HXD

*
BGO-well

� '�( � )
5mm / BGO È�	 · ¸¹�»º

σ(ch) Peak(ch) Å�Æ�Ç (%)NcO
BGO , ¸�P
QSR�T � º.- 80.03 865.9 21.77

5mm / BGO 141.3 3657 9.099

HXD
*

BGO-well 52.95 485.8 25.67

5mm / BGO 141.8 3418 9.770

Ë 3.8: BGO , ¸�P
QSR�T � º -)� 5mm / BGO È ½	� ¸H¾$¿ À:Á º9� Å{Æ�Ç

����µ�¶ A B �  ' � ��� V�� � (
N�O

BGO , ¸)P�Q�R�T � º - ) � (HXD
*

BGO-

well) � (5mm / BGO) � 0.6708 � 0.2140 � 1 � A � � � È:µ{¶�ACB�� BGO , ¸�PJQRUT � º - È ��
 � � ��� + � � � Å A � �H± Ì � HXD
*

BGO-well È � % � N&O
BGO , ¸	P
QSRcT � º - � Î�� �  �È 
 � � ��� + ��h;)	�>Â Á º,Ä � Å]Æ>Ç �'�( � ��� �  ��\�] Ì BGO , ¸�PJQ�R&T � º - È � % ����� A
B�� + � � � 

� � BGO

����� � ! � ) 	 � ! � ��h4)j� BGO
� � / + ��� ��
 � � ����� A B

� 5 Î,� � � BGO � ����� V��� >Ì ! �"!�# !%$c
 � ) 	 � ! � � � Bj��� � Î&(' A�� ��� ��) � APD �>È�*,+�� � � � + A Ì � ��� � *,+ � V A ��-�. � !
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� � APD Ì �@� N�O BGO ,�� P[Q	R�T ��� - �gh ) � HXD
*

BGO-well È � *�+
� �:Ì�5 + � PMT Ì���� ��
 � � ��� ���	��
 � A � �
� 
��
�

BGO ,�� P Q	RUT�� � - � �  �)'�( � ��+�� � � BGO
� � / ' � � / � A

� � � �%
 � � ����� A�� � � ��� A
B )�� HXD
*

BGO-well
�

5mm / BGO
�

�
2 8 � A � ��� 	 B 

A +7��+�� � � A B ����� � APD ����� * +13 � _76[�� ��
 �! ��"$# � A����
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4 APD(
� � � � � � � �

� 	 ) 
 � � BGO
� 


� � � � 	 � �

4.1 � � ���������� �"!$#&%��('*) � + � ��,�-/.10 �"2"354 �7698;:=<
1. >@?(A �CB"D7ECFHGJILKNMPO	�(Q RTS �(U"V
2.
B$DWSXFHGYI$KZM\[&] � � 6_^\`@ab[�c/OPU"V

3. dXe � -gf(hPi"jWk VNl_m$nol hCpWq�� ��rtsZu O 2 v*k V
4. >@?(A �Pwgx=y�z|{ K$}�~=�"�
5. �����=���L�Ck Vol >�?PA l hC� V*� p$q����bz�{ KW� .10/�W2$354 ��6� ��� l -&� [W� zP����y G h=.�0/�W2$3X4 �7698�^��  Q �b�=�&��z OL�=< >�?A;hC�&�X�C�� b��z$¡��=¢;£b¤ ] �=� 6_^(¥5� zP��¡��=¢;£T¤ ] �¦� 6|l p"q MCO§ ¨ �g© hT�P���5ª;r 1

<
2 hP«T¬ ^��$­�Q ��® l ��� l �/¯5° l -Hr <=± ��² �=³©��P´5µ 3ThP¶W· %�: >@?(¸"¹ l -Xz §b¨ �7©_^|º"» hP¼"½ � �b+ �T[ 2

»X%�~L¾
>�?�¿�y O § ¨ ��© hTÀ lbM_< ² �=³Z©Á�_Â ·$« FÃG HXD

%�:TÄCÅ5%�Æ � O 3
<

4
<

5 h5Ç §LÈ h$�=��É ¯&° l -XzP�¡"�=¢�£b¤ ] �=� 6Y^(¥X�WO(�"­;Q -=.�0C�$2L354 ��6 hL�C� (1
<

2)
%�:*]&�\ÊË �5Ìbh U >�?�ÍW¬@� APD

^|Î*¥ ��z&� l �&ª�r < threshold ÏX���¦���T�C¬$Ð °h"ÑLÒ �bÓ"Ô %�cÁ< ª@r �"­�Q �C.�0¦�"2L354 �76Õ^ �=� %�c z ¯�° } � Æ zP� ±� < APD h5² �ÁÖ � ©×}�^�ØXF�M\[ hC>�?(A�h=�"ÙZÚ=Û�ÜHÉÞÝ � zC��PhPß %X:P<TàWá BGO ¡W�C¢�£b¤ ] �=� 6 (6cm×5cm×3.1cm âäã�¿ 3mm)
% h]5��Ê Ë � ]&å|�YU h APD

^\¥*�"OPæ À*? MP^�çNè �W�Ph\éWê : HXD
¥

BGO-wellh ];�|Ê Ë � ]gå �ÕU7^ APD
^P¥��L[Tæ À5?/�Të*ì l -5z=���W� %&:bR�í �=î$ï��z|éXê ^|ç � O �
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•
Î*¥ ��z 5mm

<
3mm � APD h gain

)��
• APD

^(¥5�WO
5mm � BGO

lYà*á
BGO ¡*�=¢�£$¤ ] �/� 6 h U������

• APD
l_à�á

BGO ¡��=¢�£T¤ ] � � 6Õ^C¥5��O"�@�(� � h
	 K ¶�����ªbz�
� � © ��� � h )��
•
à*á

BGO ¡��=¢;£T¤ ] �¦� 6 h 4 �Xh APD �&ªbz ~T¾ æ ÀX? M
4.2 5mm � 3mm

�
APD � gain � �

4.2.1 ����� � ��� �"!
APD # 5mm $ BGO %'&)("*,+-(�.
�=h=éXê %&:=)�� � ¥&� z APD h�/ § �T^10��=)2� ��z=� )�� �;z43by65 y�h

5mm
<

3mm � APD � 5mm � BGO
^17�8NM_<�]��\Ê Ë � ]�å=�ÕUg^�æ ÀX? MCO �

5mm
<

3mm � APD
l

5mm � BGO h
9 8 � :=U�: 2);Á�4
 ^P¥��*O � R5í h=éê %X: 9 8 ��z=< <"U�: 2>;Á��
 ^(¥5�L[W� zC�
PMCA ?A@>B�C�D�E�F1G�H6I=J
�Ph(é*ê %�: PMCA

^�¥X�b[�K �XÌML�N ^�çoè � )�� � ¥X�"O�O
P�Q h"¤�R*0(�S ^ S
4.1 �UTX�/�=V�W Q � : §3.2.4 h PMCA

^�¥X��O'K �5ÌML4N OXPNlZY�[1M�[� z � < PMT �U�]\;� [ APD
^\ÎW¥ÃM|[W� z(�]3/y���^U_ M�[ ��`Lj 8�^ �-a [� zP� PMT

:�����Q � � j2` ^cb i M - a y]d$- G - � � < APD
:�����Q
e�� j` %=f�g ��z OL�T%�Æ z(�=�]\;� O ÍW¬ ^ w �b[�h]i�j �=�&hXk4l ^Mm 4.1 �nTX�/�

�2`$j 8 o�p j V�q2r�s�t�u�v 47020628

Pre Amp �>;\¡ Ö ��
 s�t�u�v MODEL 5005H

Shaping Amp ORTEC MODEL 571

PMCA AMPTEC
v

MCA-8000A

5mm � APD w�xzy ©|{ ��
 s�t�u�v S8664-55

Serial No 230,141,140,231,212

3mm � APD w�x6y ©}{ ��
 s�t2u�v S8664-33SPL 4974 No.1 ~ 10w�x6y ©|{ ��
 s�t�u�v S8664-33SPL 3958

Serial No KA2404,KA2402,KA2403,KA2407,KA2408m
4.1:

)�� � ¥5�*O4h�i2j �=� lM����� �$hXk�l
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HV

APD

Pre
Amp

Shaping
Amp

PMCA

����������
	��
pc

S
4.1: PMCA �&ªTz K �XÌ1L�N O�P h*¤�R�0 � S

4.2.2 5mm



APDgain ���
� �g^1e��$<������ 137Cs h 662keV

^�¥X�T[ é*ê ^\ç ���C����� l���[�� �"! §¡'
/j�` 100V h ¾ h$#/�X� Ê&%�� �=� l 300V
�

350V
�

355V h ¾ h$#=�X� Ê�%6��/� ^('�� ��z(� 100V h ¾ h APDgain
^

1
l*)��+�-,"� #/�X� Ê�%6� �/� �/.10

300V
�

350V
�

355V h APDgain 2�3/y65/yXh APD ��3 ��,4'�� ��zP� '�� h 5 ­
2 m 4.2 �nT&�=�

! § ¡'
¦j�`
Serial No 300 350 355

230 12.62 42.79 52.19

141 45.32 1340
'��76 °

140 12.12 42.79 52.38

231 15.11 65.24 74.20

212 23.88 168.1 252.9m
4.2: 5mm � APD 8:9 ! § ¡'
<;�`>=>8 gain

4.2.3 3mm



APDgain ���
� � 2 e?�?�7��� 2 22Na 8 1275keV 2 ¥&�@, é�êA2 ç �"�=� 137Cs 8 662keV =� ! § ¡=
:;�` 100V 8�¶"·��(B&CED�F � 5mm � APD ªHGPÉJIg¿ � � � � 5mm �

APD ª&GPÉJK �&� L$MONJM�PQ,A�<R�èTS 3@8 5 ­?�=eXÊH%2� U<V =�Ç §TÈ �(WHÉ-X,Y�<R;èTS 3@8�� � � 22Na 8 1275keV 2 ¥�Z\[QS ��� � §4.2.2 ]-^:_�� çoè`S:'��
5 ­ 2 m 4.3 �UT\a S7M 3 � No3

�:! § ¡=
<;�`\b 340V ª&GPÉJced NJM�[ ]gf g bh7ikj M>P �?84= '�� 2�lEm � � S No9
�

Shaper Gain 2-n e j �E,po #�q\r<b�s
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a�� � KA2404
�:!������ ;�` 100V =	� ��
 j W o X , #<q�r
� %2� U<V 2 '�� =

d M�.kP � S !������ ;�`
Serial No 300 350 355

No1 15.50 133.6 227.8

No2 27.73 248.1 481.7

No3 33.29 340V = 211.9

No4 23.69 146.6 204.1

No5 16.67 62.27 81.77

No6 19.03 83.76 107.3

No7 18.27 80.88 101.0

No8 31.54 395.1 910.1

No9 31.87 546.4

No10 29.65 392.2 982.6

KA2404 100V = '��76����
KA2402 20.58 98.15 129.0

KA2403 18.67 100.1 127.1

KA2407 21.34 113.2 155.2

KA2408 19.97 104.8 134.8m
4.3: 3mm � APD 8:9 !	����� ;�`>=>8 gain

4.3 APD
��� � �

5mm � BGO ��� � BGO  ! " #$ % & ' (*) + , - .
5mm � BGO ]0/�1 BGO

� r�243�5767q V�8 8�K�9;: 2 5mm � APD(Serial

No140) 2=< Z�,?>��A@CB<S�DE�	F
G�H�I�J����?� ;�K 310V
I

Shaper Gain L MAX

= >��M@CN VME OEPRQTS � QVU"=�W P�B�SYX�XVZ�I §3.2.3
Z < Z�B�[;\�] q V ]h M�[_^�` b�a [ O Z?I�b�cd@CB�[7\�] q V Lfe 4.4

j=g a S�h�i�Z O VME O�PTQS � QCU F;X O [7\�] q V�Z Wkj S/M�l?I?m�n	F 133Ba O 356keV L_op< @qI�r�s�tj < Z\[ APD
F ^?uvO o O�L_op< @CB<SwX�XxZ?I /p1 BGO

� rV2;3�5�6�q Vy8 ]
5mm � BGO

j
APD L=z�{ @|B�} L } 4.2

jVg a S�~w��N�I 5mm � BGO
I /v1

BGO
� rV273?5�64q Vy8 j l?Z�N��	�x��m;F�}�Z g a���j j��������E� @=B|�
>���=� B���� rdS��4L } 4.3

I�}
4.4
j=g a �����E� j I�} 4.4 O 356keV O ��� rdS��F n o�� j a�� ����B|I*� q\rV�;� �
� �A��� � �4 4q `�¡7� O
¢£Lfe 4.5

jCg7¤ �
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� K�� n ��������	�
���

47020628

Shaping Amp ���
e 4.4: VME �������\q���������� Z O [7\�] q|�;O bpc��

5mm

5mm

10mm

5mm �
BGO

APD 140

� �
BGO ! "$#&%('*)(+$,.-

140

/10&243

APD

}
4.2: 5mm � BGO

I /�1 BGO
� r|2�3E5�6�q�� 8 � APD OVz�{ }

}
4.3: /�1 BGO

� r|243�5�6@q�� 8 }
4.4: 5mm � BGO

σ(ch) Peak(ch)
`�¡v�

(%)/�1 BGO
� r�2�3�5�6�q�� 8 137.7 343.6 94.38

5mm � BGO 153.2 3093 11.66

e 4.5: /p1 BGO
� rV2�3?5�6�q|� 8 � 5mm � BGO O � q�rC�v� �C� �A��� � � �q `p¡7�
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X O >p����� ��� I /71 BGO
� r?2	3�5p6?q�� 8 � 5mm � BGO L APD

Z���	�4@�B�

� O���9v:£L�� � ¤ �*� I ( /�1 BGO
� r�2�3�5�67q�� 8 ) � (5mm �

BGO) � 0.1111:1 � � � �£X O|¢k� §3.4 O ��� �d� I PMT
Z��;����@
B�
�� �0:�M@fN

APD
Z��v�
�;@CB�
�� O���9������ �� �! @_N�" � X �#� ` � � � ��$ N�I

APD L&%�'�(*),+���-�.���a��	�#/ � � � � �pB*0�@ I §2.6
��� ` � ����j �&��9

��)1+ Npo � �E
 �CO�2�3 �	"EZ54�6�Z7FE�*"��

4.4
7 8 9 : ) ; < = > ? @ A B C ! D ' E F ) G H

rEs�t�Z�F
3mm � APD1 I (No5) � /p1 BGO J*KV2v3�5�6�L|� 8 L=< "�N?IE��x��m O ��� 
�M OON " �v����P � KdS�� b�Q L&R�S B|�����E� � I4X�XxZ�F 3mmT

APD Lxo�< @_N�" ���5��9�: ��s7t�� O Z 5mm
T

APD �=O�U�N �v����V�W F��"?�VrEs�t �v�,� I BGO U�X#L SZY Z Op6 �&[ X#Lp61\ � � `�] L&^�_ ¤ � �|D`;FCG�HEIVJba J�P ��K 350V
I

Shaper Gain L MAX
Z�>�`Y@�N

VME O�P�Q�SZJ7QU Z Wc$ B|��m�n	F 133Ba O 356keV L
< "pB|�wX � F � � �� �L�� l +p� BGO Od�e�f �v��� B*g�Z a�� �
h�i�jlknm5o

(
d*e�f

) = e−ρκd (ρ : p�q I κ : r�9,s�t�u*' I d : v � )��w
I
ρ = 7.1(g/cm3)

I
d = 0.3(cm)

F
BGO O�x 4 O|¢ Z a�� � 137Cs O 662keVZ7F

κ = 3.07 × 10−2(cm2/g) � � ��O Z BGO O d�e�f F 93.67% � � � I 133Ba O
356keV

Z�F
κ = 1.34 × 10−1(cm2/g) � � �EO Z BGO O d�e�f F 75.17% � � � �

�5$ N|I d*e�f O�! ��" 133Ba L=< " � X � Z 6 �&[ X#Lp6y\ � ��O d*e Lnz�{ IUyX#L SZYEO�� `�] O�V*WTL#|*} � ¤ � ����B
I�rEs�t�Z�F�} 4.2 O
/p1 BGO J*K2�3�5�6*L�� 8 � APD O�P£QTS~J�QVU������ �VW�$ B|� �E����� F v � 5cm O��5��vQ�K ����� ��� L��
+ N?I��Es � �E��� 0 +�� �E� �=� ����j ���1�&�5L S @ I>�`�� YT� ������� F�� ���?� O �E� 
�MvZ u ` � @
B|�E>�` �C� B P � KMS �*L}
4.5
IEJ Q�K*�*�
� �£8 L } 4.7 � g @ I��b�vF��vN �1� � ¤ � ��c � I5��^ O 
M L � � g�B	� O�L } 4.6 � g7¤ �v��B
I5��� BGO J�K��	�5 �¡�L|�£¢ ��¤ ¤ � ��x��m O �E� 
*M L } 4.8 � g7¤ �|c � ��� BGO J�K����5 *¡�L|�£¢ O i�¥ � � ¥O � � �E�§¦�¨ 
�� O � L
K [ � �V� �d��� � �4 �L `�¡
© L_e 4.6 � gv¤ �
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}
4.5:

���x��m O �E� 
�M�� �=O�P �
KYS�� ( � � � under

IC� � � top
I � i �

left
I��;i � right)

}
4.6:

���x��m O ��� 
�M�� �xO�P �
KdS�� ( � � under ��� � top ��� � left �	 � right)

}
4.7: 
���K������ � ¢ P� K�
 �

���
BGO ��������������� �

No5

APD

left
right

top

under

}
4.8:

�4�=�"!$# ��� 
�M

��� 
�M ��¤&% ¤ � ��� BGO J�K��1�� �¡�L�� ¢ # � σ(ch) Peak(ch) ' ¡�© (%)� ¥
179.5 1005 42.06( ¥
143.8 946.9 35.76

)
4.6:

��� 
�M ������� � �w �L*' ¡
©
+ ¥ �

(left � right)
��� #-,/.102! ��� # P � K3
 �54"
6��K��*��� . ¢ �&7&8
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��� $�� "�� ¨ g ���
	���
*L*'�� ©�� � ����� � "���������� BGO � X&L 
 Y� # ¡ .�[ X Lb¡c\ .! ##"%$ 4&7�&('*) ��+ � &(,�' �-�#� ( ¥ (under) .0/�1¦�¨�2%3 .54 � � + � P76lK 
8� 4 ,$. 0"! , BGO �yX L 
 � d*e ¦ � APD
#�9: � � ^<;>= � ¨ �"# ,�?A@%� + � &CB�@ �D���E�7F . �-G ¥ (top) & ( ¥$#AH L

K [-I . 	�� # N + .�I + � 40/�1 2 MJ�(KLF>MA��N .�O§� ¨ �LP �#Q q%RS.�T ��"#7�>U�V ��W1� . 
YX # N + 4 VME
#�Z �c¢![ a%\�] � !�^$#�_a`cb�_ #�d +.�T ���*#��eU
� &gf>@ �E�

4.5 4 h i APD j k l m n o p i 4ch q r s t u vw%xeye� 4 5mm z APD4 { (Serial No230,140,231,212)
�C|
}

BGO ~��#������7� ��� #E�%� . 1 {��L{ 9 :���� APD
�

1 { 9 :���� 2�3 & #� %�$#�d + & ,$.0 ! # /%1 2�� #�d + .-T ��� 6S����� ##K����5�e� � ��9 :��0�#�%� ��� 4.9 .� M0���%����  Q ��¡-¢ ~ ��£�¤ 350V
�

Shaper Gain
�

MAX
��¥�� �g�

VME ¦§<¨ �©~ ¨ � �#ªS« � �0¬%^A� 133Ba ¦ 356keV ­5® + �#¯A° �e� §4.4 ± 133Ba ­²®+ � ¦<&²³ � . � BGO ¦C´LµL¶�.�T�· �L¸ ± U · ¯�¹ ¦ �L�A� §4.4 &²³ � . ����¯¥L� = � � � 6�����ºS­ � 4.10 . � M ¯» @�¼ � � 4.10 ­²?�¼�½ � ·
T-¾5. � |�} BGO ~
�#���7� ��� º¿�c¦EÀ�Á ( Â )¦ � 6A�a�Yº�¦ H � �0,�ÃAÄCÅ ¬ ¦ US�ÇÆ · 2%� �*� ¦E/71�.�È � ¼#?�@�¼ +LÉ7+ ¯Ê ° ± Shaper Gain ­ MAX/2 . �g� Ê ¦ ¹ ¦ �L� ­ K @7�-. ¥L� ­ ª*« �#¯ ¥L�= � � � 6�����ºS­ � 4.11 . � M ¯ É�Ë � Ê ��Ì�� ¦ APD .�Í�Î � ¼ + ·�Ï�Ð�.T « ¼ H � �#,>;�· b�_ ,�Ñ É · ��¸���Ò�¸�Ó ºLÔ � ­�® + ¼7Õ � ¦7Ö�×�º�Ø � ±¦ � Ï�Ðe,>;�Ù M · H � �0Ú I Ä#×#º-.�{ + ¼ ¥%� ���#¯ Ê ¦EÛLÜJ­(Ý 4.7 . � M ¯|�}
BGO ~��#���7� �7� º¿�Þ¦ � APD Serial No

H � �#Ú I Ä0×#ºG�Á 140 1453À�Á 212 1621ß Á 231 1557à Á 230 1485

Ý 4.7: Õ � Ö
×#º�Ø � . Ë>á · H � �#Ú I Ä#×�º�¦Lâ � {Sã
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���
BGO �����	��

�������

140

230

231

212

APD

left
right

top

under

�
4.9: 4 {e¦ 5mm z APD & |
} BGO ~��#���7� ��� º��©¦ 9 : �

APD ¦ � .���� � ¼ U ·�¦ � Serial No

�
4.10: /%1 2L��� ¦ 133Ba ¦ � 6���� º� �/�1 2%� (

à G�� under
� À�G�� top

� à ß �
left
� À ß � right)

APD ¦ 9 : 2�� & � 6>��� º
¦��>¦�È��
(  � |�} BGO ~�������� �7� º¿�c¦�GÁ (Serial No140)

� Â � À�Á (212)
�"! �ß Á (231)

�"# � à Á (230))
� �

�
4.11: Shaper Gain ­ MAX/2$ �E�&% ¦ |�} BGO ~������7��L� º � ¦�À>Á $('*) ��� APD$ T�· �&+ ��� º
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�
4.11 ��� � 4.10 ¦����-¦ |L} BGO ~L�E�
�#� ��� º � ¦5À%Á $ '") �5� APD$�� · ��+ ��� º-¦
	 � � ����
 ¦����>­��
�%¼�� �A°�� $ É · ¯°%° ± �   Öe×�º�Ø � Á $�� �7¼��>·�� ¢�� ¦�� �eâ!�!{��7¼"�>· °�� $ {��%¼

����#�· ¯ ° ¦�$&% � Ê(' Ì ' ¦*) $ '�) � ¼��>· APD ¦ gain ��Õ � ± É � °����� Ý 4.7 ± � # � ¾ $�+ Ù
Ú
,>Ä#×�ºA¦�â-�!{<ã0±�.>· ¯ � « ¼ �*° ' �C¦0/S¦â1�g{�ã7­32�45#-·�6�75��.�· ¯ 2�4 �E�&8 ¦
­ � 4.12
$ � # ¯ wLx�y ± � � |
}

BGO ~
�#����� �%� º �Þ¦���Á�¦ APDgain
� Ý 4.7 ¦0/ ­:9 ; ��� ¼ ¹ ¦�/ � ¦< $��>= ¹ ¦ �"+ ��� º�­�2�4 �0��¯

�
4.12: 2�4�?A¦�� � � ¦ 133Ba ¦ �"+ ��� º�"+ ��� º�¦EÝ ��@BA � � ��� 4.10

� ³ �� �C�D � � (
à � � under

� À
� � top
� à ß � left � À ß � right)

APD ¦ '&) � � � ��+ ���8º�¦ �A¦�È&� (  � |�} BGO ~��E����� �7� º��c¦
��Á (Serial No140)

� Â � À�Á (212)
�"! � ß Á (231)

�"# � à Á (230))
� �

2�4�¦EÛ�Ü � ÃAÄCÅ ¬ ¦ CED � � ¦ BGO F!G � � $�'") ��� APD
$5� · ��+ �� º-¦
	 � �0� � 4.10

� <�H � ¼(I J $�+ ¼"�>· °�� ��½��-· ¯ � 4.12 ­ � · ���C�D � � $ È&� �5� BGO F!G � �c¦ � $�'&) �5� APD KML-¦ ��+ ��� º $ Ë �7¼8 	 � ��� � ��¼��e· ¯�° ' � � BGO F>G � �ON�±
¦ � Ä²ÚPG ���RQ ÄTSA¦�U�VJ­�&W � ¼��>· ¯Ê ° ± �0¡ ¨ ��X�Y"ZLÄJ� ­�[�\ � � Ã�ÄCÅ ¬ ­ C�D �5� BGO FBG � � ¦ �7� ±Ã�ÄCÅ ¬ �(] +�^ ' ��¢M_ Ä��a` á ­�b�ã + # ��¸ $ � C�D �C� � $�'") ��� APD¦ Ó º �Ec ¢ � ±e¦%ÃSÄCÅ ¬ 	 � ��¦�) = ¦�/J­:d-{ ¢E_ Ä �O` á ­�®���¼Me f �
45



� ��+ ��� º�­ � 4.13
�

4.14
�

4.15
$ � # ¯ É�Ë � |�} BGO ~��0�>��� �7� º��c¦À�Á $ {"��¼ � Ã�Ä5Å ¬ ¦ C�D � � $ È�� ��� �"+ ��� º-¦&	 � � � � ��¼�� É �¦�± ���A� ±�ã É � « �#¯

�
4.13:

C�D �E� � � � under
�

4.14:
C�D �E� � � � top

�
4.15:

C�D �E� � � � left� �� $ � � ¼".e· ��� Ã�ÄCÅ ¬ C�D $ È � �E� APD ­ '&) �E� BGO F1G � �c¦� ±".
· ¯
� �

¥�� Û�Ü5� � � Ã�ÄCÅ ¬ ¦ C�D � � $ È&� ��� APD ­ '&) �5� BGO F!G � �c¦� KEL�¦ � $ Ë �%¼ 8 	 � �0� � ��¼�� ��¯ Ã�Ä5Å ¬ ­ C�D �E� � ­ 1
�7�E� ���
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¦ ¹ ¦ � ¦*S � ­(Ý 4.8
$ � # ¯ É�Ë � Ê ' Ì ' ¦ BGO F!G � � ±�����#-·:S � �Ñ É ·�¦�± � |�} BGO ~e�#���7� ��� º¿� ¦ � ¦���ÁJ­39�; �L� ¼ �%¹ ¦ � ¦0S� ­�2 4 �E��¯

C�D � � $ È��"#A· |�} BGO ~��#����� �7� º¿�Þ¦ � <�H #A· � S �"<
��Á (APD Serial No140)

ß Á (231) 0.6676à Á (230) 0.5746ß Á (231) ��Á (140) 1.057à Á (230) 0.7750à Á (230) ��Á (140) 0.9947ß Á (231) 0.9985

Ý 4.8:
|�}

BGO ~������7� ��� º �Þ¦ �%� $ {���¼e¦�S ��<

Ã-ÄCÅ ¬ ¦ C�D � � $ È"� �5� BGO FRG � � ¦ � KML-¦ � ¦5	 � ��¦����J­ � «� /5��ÃSÄ5Å ¬ ­ C�D �E� � ¦&	 � �3/ $ È�#-·�S �"< � #A· ¯�°�° ± 8 Ã�Ä5Å ¬­ C�D �E� � ¦&	 � �:/J­ 1
�7�E��¯	� $ ��° ' ­�®5��¼eÃ�Ä5Å ¬ ��

� ^ ' � �

�P� � ¦ ��� U�V � ¼"�>· ��� ��� ' · � Ä²Ú G �
�1Q Ä S�¦�����­�� + �E�
8 ¦­²Ý 4.9
$ � # ¯

C�D � � $ È���#A· � ��� �E� S ��< Ã�ÄCÅ ¬ ��

� ^ ' � � �P�� ¦ ��� ¦0U��S¦���� (%)

��Á 0.6211 66.70ß Á 0.9160 73.32à Á 0.9966 74.94

Ý 4.9: S �"< � S U��S¦����
° ¦0Û%Ü $��R= � ÃSÄ5Å ¬ ¦ C D � ±���� �E��� 7 ��¦�S � � ¹ ¦ ��� U�V � ¼

�>· °"� ��½5� « �#¯�� $ � ]��"#A· ��¸ $ � Í�� � ±e¦ � Ä²Ú G ���-Q ÄTS�¦0U
� ­���� �%¸ $ Í )! $�" D�# ­%$ ='&)(�*!+ ­5®��>· ¯*� � ���a° ¦ x �A¦�,�-
� É/.10 Y É/.324.35 � É � �76 Ü5� É � ��¸ $�8:9 $	;=< ± x �>±�ã É �=>@?�A
��B
� ¯C $

APD ¦
D!E!F » $&� ·�S �:G�� $�H �L¼��"�&#�· ¯JI
KE� ÃSÄ�Å ¬ ¦ C�D
� � $ È&� ����L!M BGO N�O�P�Q�R�S	T#ºVUc¦�W $�'&)/X�Y APD

$5� « ¼ ¥%� ^' Y�Z + O\[8º-¦�	
T]O#Ú�,eÄ0×#º�^
Ö
×#º�Ø�T#½ � ?-­²Ý 4.10
$ � # ¯ É7Ë ^ LM

BGO N�O=P_Q	R:S�T�º`U À
Á�¦�Ö>×�º�Ø�T#½ � ? � Shaper Gain ­ MAX/2
$
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X�Y	Z + O [ º"� � ��¸ ^ Ê(' Ì ' ¦�Ö
×�º�Ø	T0½ � ? � K ß ¦��&�P� ��¸ Y ¯ Ý
4.10 ¦�	�T]OEÚ",�ÄE×0º�¦3/ � + ÙLÚ",�ÄE×0º�¦%â>� H ã � APDgain ­���4 X Y /­�®5��· ¯

∆E

E
[%] =

2.355 × σ(ch)

PeakChannel(ch)
× 100

C�D ��� $ È���#A· L�M BGO N:O�P Q	R!S�T�º Uc¦�W σ(ch) Peak(ch) ½ � ? (%)

��Á (APD Serial No140) 135.7 454.6 70.30À�Á (212) 395.2 61.68ß Á (231) 184.9 850.2 51.22à Á (230) 176.1 740.1 56.04

Ý 4.10: 1APD ¦7Ö�×�º�Ø	T#½ � ?
� $ ^�� �	��¦LÃ<Ä�Å ¬ C D $ È X ¼ 4

H ¦ APD ¦ Ó º Z c ¢ [ ¦�
 $
�>= e
f ^ ' · Z + O [ º<­ � 4.16

$ � # ¯�� $ Ö
×�º�Ø	T#½ � ?A­²Ý 4.11
$ � # ¯

�
4.16: 4 
�� APD �����������������������! "�#�� ��	$ �&%('*)�+(, BGO -( �.�/10�2435�7698�:�;(<>=�?A@�B*��CEDE%('GFIHKJ�L

� �

48



C�D ��� $�� ��#�� L�M BGO N:O�P Q	R!S�T�� U���W σ(ch) Peak(ch) � � ? (%)

��	 (APD Serial No140) 291.4 1120 61.27
 	 (212) 258.9 1335 45.67� 	 (231) 228.7 1369 39.34� 	 (230) 218.4 1421 36.20



4.11: 4APD ���������	T�� � ?

� ��������� �R= ^ 1
H � APD � L:M BGO N�O=P)Q	R!S�T�� U�� 1

H ��W � ') X"! S$#&% G T!S Q #TS'�&($) + #0��� �
= 8 4
H � APD ����W*�,+�- X�Y/.'0

�MS�1 � �2�3����T�� � ? �$4���#�� � � �5�76*8 Y�9 L�M BGO N]O�P)Q�R!S!T
�VU�� 4

H ��W���: '$;(' APD �<+�- X�Y'0 ��="��	���W�� APD �(] + X�Y S�1
(4APD-1) >=^&��	 �=W'� 1

H
APD �,+�- X�Y�?�@ (1APD) A <�H X,! 0.4951 B

ADC�E2FG��H�^ 4
H � APD ��I�� Z c7J [K�&L XK@�M�N�Y�?�@ ��O�1 (4APD-4) >

1.220 BPA F�QRFG� 9 LRS � Y�TVU � ��:�W ; W2� ?�@ = (1APD) �<X�Y�� 1 A X�Y?�@ ��:�W ; W$��O�1RZ��&[$F 9

(1APD) : (4APD-1) : (4APD-4) = 1 : 0.4951 : 1.220

\ � (4APD-1) �&X�Y�� 1 A X�Y�?�@ � (4APD-4) �]O�1�Z�^ 5mm ^ BGO � APD

�,+�- X�Y�?�@ (5mmBGO) �,X�Y_� 1 A X�Y�?�@ �R:3W ; W$��O�1RZ_�]�$6a`cb
Fade[7F 9

(5mmBGO) : (1APD) : (4APD-1) : (4APD-4) = 1 : 0.1111 : 0.05501 : 0.1355

(4APD-1) : (4APD-4) = 1 : 2.464
f 8 ! ^ APD � F�b�F'A 1

H � APD g Y `K�&O517>hC5E Xi!JX I 0 H�F�b X%Y APD

��I�� Z3j J [D�,L Xi@�M�N ��Ak+�-2F�� APD H 1
H � ?�@ f `�liO�1$H�FGm7� 9Y�n_X ^ APD � 1

H 6po 4
H � F�b X�Y]q �/>]O�1*��r�Hs`et�bR�������5u���v2w

� � Ha`et*>�x�bR6�=2y285z 9 � W$> §2.6 �����aA,{�|sA,}~`�������>���� 9\ �]��O������*�3�R���G�c�2=�y�� PMT �,�2��z ?�@ =R����� BGO �����R���� uh�����,OV1PA (4APD-4) �,OV1�Z�� �&F$� 9 }3��� PMT �h���/z ?�@ > §3.4 =��
���,W2z]�_�&�2�R� 9 ��� =�1/���/�$H PMT > 2

q � APD > 8
q }��V= (4APD-4)

���'� 4 B2F*�h�� 7HRyR� 9

(PMT) : (4APD-4) = 0.64 : 0.14 × 4 = 1 : 0.84

� �,� f `¡� APD � 4 ¢�+5-�FR� � A&� f `¡� PMT � ?/@ � 84% �&O��<���R=G£�� 9
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� � � � � � � � �
	 � � � 
 �
��� r��5�R���*��u���v7wR> � ���$=��Gm�o WG� 9 }5�V� � ���*> §2.4 =������! �$� 9

(
∆E

E
)2 = (δsc)

2 + 2.3552 F

NphQY
·

1

E
+

(

δnoise ·
1

Eg

·
1

NphQGY
·

1

E

)2

� z�� δnoise � 
 ��� � �h[$F 9

δnoise =
√

δ2
noise,I + δ2

niose,C

��� �7���� G> U � � ?/@ ����� !"!P0�9 }���� U$#&%('�) =�> S � ?�@ (1) � (2) �
(3) A*� !�+ 0e9

• ��� BGO �����*�/� � u-, � % r-. %0/21 1 ¢ n � APD 3&+�-4��5�r-. 1687�9-: 3�;�<4��z ?�@8%*=$> �4?@, A�B @ (1)

• ��� BGO �����*�/� � u-, � %"C�/21 4 ¢ % APD 3*DVWFE3W�G&HI�J5 6879�: 3�r-. 1 ;�<4��z =�> �4?K, A0BML (2)

• ��� BGO �����*�/� � u-, � %0C�/21 4 ¢ % APD 3*DVWFE3W�GMH4�J5V�Gr
. %�/81 6N7O9-: 3J;$<P�Q53�RD % 4 ¢ % I$, =3j J ?S3<LP�TL M�N z =*> �
?K, A(B&L (3)

}/���VU % �R� r %*WYX ,2Z�u"[�vGw % �]\ APD 3 1 ¢ n �0GMH^��z0BRL 10_&`
�O5R�Fa %$b ��BRL (3)

b \ UYcd1-'*) F�a fNe 1(f [�g 1�hMi ��5 �R� r %*WjX
,8Z�u"[�v$w�3J ]k3F�a�l

δnoise =
√

δ2
noise,I + δ2

niose,C =⇒ δnoise =
√

4(δ2
noise,I + δ2

niose,C)

Y m G =⇒
1

4
ΣYiGi

U %(hMijb i \(GMH4�J5��ja APD
%0n&oFb ��B&L (3) \ i = 4 m&}Ya(l

� %"'$pNb�C BML 1�q&r ��z0s�tu3Qv7¢_l % 3 cd1('*) F�a0l
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� �

δsc = 4.7 ± 0.5(%)

F = 2

Q = 0.8

Eg = 0.00365(keV)

E = 356(keV)(133Ba
%$WdX ,8Z5u )

Nph �
Nph \ 1keV g�z~` % BGO

% O�� oFb yda�l � T�� s �Q55� 137Cs
%

662keV
b

%
5mm ^ BGO

% O�� o H 4.89 × 103
nYb ydajUjm H�[����05��Fa(l \ 1 �VU% �]3 662keV

b3q a�m Nph = 7.387
n

/keV m&}Ya(l
� �� 1 � 3 ¢ % B&L b�	 }da,� 1 ¢��*5 '�) FFa�l�}5�3�-B�L (3)

1 ¢��*5d\ �$� �%(h&i 3�
�� 1�
 W�a(l
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� �
Y �
Y \�{���� bY% 5mm ^ BGO

1(_�� a]��� BGO ��������� � u-, � % O��2Zb yRa(lVU&U b�C B&L 1 ¢��$5 % Y
% �]3 cd10'*)�� a�l

1. B&L (1)

§4.3
f ` � ( ��� BGO �����2��� � u", � ) � (5mm ^ BGO) 	 0.1111:1 m

}da %�b Y = 0.1111 mh}Ya(l
2. B&L (2)



4.10
% r-. %�� uR��
�� 7 X , m � T §4.5 m,{���� b 5mm ^ BGO 3

�R�$5 � sP�Q5�����z � u2��
�� 7 X ,83h�2�Ya�mc� ( ��� BGO �����7�
� � u-, � ) � (5mm ^ BGO) 	 454.6(ch):8264(ch) = 0.05501:1 mh}Ya %b

Y =0.05501 m,}Ya(l
3. B&L (3)



4.11
%�C*/�%�� u���
�� 7 X ,Pm B$L (2)

b �R��z 5mm
C

BGO
%�� u

��
�� 7 X ,23]�2�$5V� Y 3J k � a�l����u3 
 4.12
1 [ � l

;�<&B�� 10_&`�� ah�R� BGO ��������� � u-, � %(/ Peak(ch) Y

r". (APD Serial No140) 1120 0.1355� . (212) 1335 0.1615c . (231) 1369 0.1657� . (230) 1421 0.1720



4.12: ��� BGO �R���*��� � u�, � %0C�/210_�� a Y

% �
� �
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� �
G �
G \����R� =���� 350V

%"C
APD

%	� � 7 b yYa0l C BML 1 �$�2z APD
%�


� m � � 7 3 
 4.13 � 4.14
1 [ � l�}5�3� APD

%�� � 7 \ §4.2
b � s �]z�� b

yda�l
BML APD

%

 � � � 7
(1) 3mm ^�� No5 62.27

(2) 5mm ^�� Serial No140 42.79



4.13: BRL (1) � (2)

%
APDgain

BML (3)

;�<MB�� 1(_&`�� a / APD
%�
 � � � 7

r-. Serial No140 42.79� . Serial No212 168.1c . Serial No231 65.24� . Serial No230 42.79



4.14: BRL (3)

%
APDgain

δnoise �
δnoise 3J ]k � aO��\ APD 3 1 ¢�G&H ��z(BML b \

δnoise =
√

δ2
noise,I + δ2

niose,C

b yRa(l � z�� APD 3 4 ¢�G&H4��z(B&L b \
δnoise =

√

4(δ2
noise,I + δ2

niose,C)

mh}ja0l UMU b � δnoise,I \ ��� �����	� b y~` δnoise,C \����������	� b yda0l� �7d \ §2.3.3
b�'�) �Q5$yRa(l � z�� δnoise,I m δnoise,C \ URcd1('*)�� a,t��b���T aFUYm����7w b yda(l

� �

53



� �
• δnoise,I

1 ¢��$5
δnoise,I(keV) = 0.65 × In × τs × B

r 'd% � b  Nk b £"aJl������ b \ τs \ 2(µs)
1�� s � 5/�&aJl In \ 5mm ^

APD
% � 1 ¢��$5Y\ 2004 �
	 %���
���%�� � %���� ����� 3mm ^ APD% � 1 ¢2�M5F\�{ �
�
�]%������2% ������� 3��G��a"l��2\ � % f8e 1

}da(l

In = 0.05064(nA) � 5mm ^ APD( B&L (2) � (3))

� ��� =
��� 360V(350V
1�� l �7��� )

In = 0.084119(nA) � 3mm ^ APD( B&L (1)) ��� ��� =���� 350V

B = 1.70 × 102 ��s o

• δnoise,C

1 ¢��$5
Cin

% �Im"!�#u3 ������$�# 3 WdX ,8Z�u b 
 [^��z����&%�' % ��(*) :% �]3,�R�daOl Cin

% �N\�{ �+�,�N%��-���F% ��� � � ��o � 3mm ^ BGO

3h�$��z(BRL (1)
b \

Cin = 29.4842(pF) �����R� =���� 350V

2004 ��	 %��+

�N%�� � %���� ��� �poc� 5mm ^ APD 3h�$��z(B&L (2)

m BML (3)
b \

Cin = 80.23(pF) ��� �R� =���� 350V

m<}Ya�l � z�� c-'N% � ��%.' % ��(/) : % ��\ �*0 � sP�Q5�����zGl %b y~`¡� UhW�3h�$�ja(l C BML % Cin

% �^m δnoise,C

% � 3 
 4.15
1 [ � l

δnoise,C = 0.021352× Cin + 1.04251

BML δnoise,C(keV)

(1) 1.672

(2) 2.756

(3) 2.756



4.15:

C BML bY% δnoise,C

% �
� �
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� �� m$55� U % � %������ 3�� 4.17
1 [ � l \ 1 ���
	 1(C BML % ����� % � 3


4.16
1���� l

B&L δnoise,I(keV) δnoise,C(keV) δnoise(keV)

(1) 18.59 1.672 18.67

(2) 11.19 2.756 11.52

(3) 11.19 2.756 23.05



4.16:

C BML bY% δnoise

% �

 1

 1.5

 2

 2.5

 3

 3.5

 4

 4.5

 5

 5.5

 6

 0  50  100  150  200  250

C
 n

oi
se

(k
eV

)

C(pF)

� 4.17: ����%�'
� �
�� 10'$) ��z��]3]�$�*55��D��FE�� % BML bj% �M� � %*WRX ,8Z5u0[�v2w�3O 
k � a�lND % ��� 1 ��� 53� _M` �]z�� ����� � �i��� 1 §2.4

% � (2.3) ���¡� Eth% � 3O 2k���z�� % 3 
 4.17
1���� l
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BML WdX ,8Z�u0[�v2w (%) Eth(keV)�M� � � �/� �M� �
(1) 41.61 42.06 388.9

(2) 71.01 70.30 546.5

(3) 25.63 61.27 79.72



4.17:

WdX ,8Z�u0[�v2w % �M� �^m"�
�/�^m Eth

% �&� �� �
BML (1) �
��� BGO �R���G��� � u", � % � . %(/81 1 ¢���� APD 3QG&H^�Q5 � . 1 67�9-: 3�;�<4��z(B&L
BML (2) �
��� BGO �R���G��� � u", � %0C$/21 4 ¢ % APD 3*D��FE���GMH �J5 687O9: 3 � . 1 ;�<4��z�BRL
BML (3) �
��� BGO �R���G��� � u-, � %0C�/81 4 ¢ % APD 3*D��jE���G�H4�J5V� � .%(/81 627�9�: 3O;$<^�J5V�8D % 4 ¢ %�� , =�� � ? 3�� � L	��
$z(BML

� �

U % ��� �
�D�&BRL (1) mTBRL (2) \ WjX ,2Z��"[���� % �����Im �d� � ������ �]��l � �V�i��BdL (3)
bj% � ���Im �d� � 1�� ���Ya"l U �N\����R�P�O5��Na

APD
1���� �������]m 
 � � ��a(l$G�H4�J5�� � APD

%�! � Serial No212
%�� �7 � 	�"21 ��� ����� 0 � In

% � ��#%$ 1'& � ������� � � �/�Im �M� � %)(*� �
m 
 � � ��a(l�M� � \0BML (3) �,+ % BRL^m.-��4��5 WYX ,2Z*�0[ ��� 1 ¢R��5�/ �d5 0FaFU
m��,1 � a0l	���2�32 �&� � % B&L (1) m4-5�4�Q5�B&L (3)

%*WRX ,�Z*�([����Y\ 4

[ % 1
1 \*56�37�2�8*9&[ 1�: � �)�"l�U �Y\ APD

%�o � & � a,�<;���� �	� & �� a�=RL ��>@?A5 �"5 0YajUYm��,B�C b �Ra�m 
 � � ��a�l
Eth

1�D 0$5F\E2&B&L (1) m BML (2)
% ��� �F� APD 3 &	G � UYm 1 � � ���	�

� & � � aYUdm ��[ �Fa�l]� � �32�B&L (3)
% ��� 1 ��� &	G ��� APD

%E� , =H�
� ? 3 � m 0 ajUFm 1 � � ����� %EI�J \�KL5M?N5ja(lP� �u�A2 Eth

1,O 0&5 � �
4.16

b [��Na � e 1�P ��QSRNTFU*a�l
DFU b 2�B�C b �da�m 
 � � ��a 5mm V APD(Serial No212) 3HWHXMYJ5 3

DY%
� , =,� � ? %)Z �F� WdX ,8Z[�0[���� % ��� P m]\	^ P 2 ��� 5 Eth

%EP 3`_�	a k � a�l����bY42 WdX ,8Z[�0[���� % \�^�cu3 
 cd10'�)�� a � e 1(h�i�� a(l
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δnoise =
√

δ2
noise,I + δ2

niose,C =⇒ δnoise =
√

3(δ2
noise,I + δ2

niose,C)

Y m G =⇒
1

3
ΣYiGi

U %(h&i 3 ! ��� e � b a kLYE� P 3 
 4.18
1���� l � 1 2 3

DY%�� , =H� � ?
3��MY L ��
%� =$>�� ? ,23�� 4.18

1���� l

� 4.18: 3
Dj%)� , =�� � ?T3��MY L���
%��BML (3)

%$=*>�� ?K,

WdX ,2Z[�0[���� (%) Eth(keV)

\�^ P �
� P \�^ P
34.53 30.02 110.46



4.18: BRL (3)

1,O�� a 3
Dj%H� , =[� � ? Zjbj%�=$>�� ?K, 1[D 0�5 %*WYX ,

Z[�0[���� % \�^ P m �
� P m Eth

% \�^ P

U % ��� � � 2 
 4.17
1�O�� aOBML (3)

% \ ^ P m � � P�% #%$	5�� 0 % B�CR\
5mm V APD(Serial No212)

b �RaYUdm ��[ � ���(l Eth

1HD 0*5�2 P \ � 4.18
b	�

� ��a � � P81 ��
�0 ���,28D�� b � � ���da0luU �j\�� 4.18
b [��Na � e 1 Eth

m � � � �����
������� 1 k�5 0jaFUYm �
� Eth

%���� ����� b �dajUFm��H\�� 1��� � ��a�l �2k"! %�# �%$ � 1 � � 2'&�
 � 7 X ,$. 1�� � � 3$k � UYm������
5 �)()2+� � 1�O*� a Eth +

P ��\�^ P81 ��
 ?0UYm��-,/.SR��Na(l
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� ���
���

BGO � �	��

��� �����Om APD ����0������35��
����� ��� ����2 �"!$#%
+	& T G 2 BGO ')(`�+*-,�. + � !�/0(`� �)1 !3254�6"7��98;:�<�7>=9?�.A@
�CBD: +�EGF �$HJI � �H2LK5M���N[��O����P� aJQ�R 8"<S=5T P 2�\�^ P < �CU ��

BGO � �	�P

�G� �����VU 1
D
+ APD �XWGYMY$� � !�/Z(\[ �]1 !^2]�$_�` QRJa�b�cCd�e�f�e

+	g U APD � 1
D 7 D WhYMY���2 4

D
+ APD .>_;` QCR�i]j 7

2JU�� Qlk m 7>n 0>B Y�oSYqp�K�M��JN�[�O rLs +�t 7 bVu�v�w G oh. APD +�x
��y G `hUlz|{)YX� c ,'.9."@>8 P vGQ>}�~ BP: e9v p APD +���x U	���
YX�P�	�� 7��;�98
����.5�h8P<\�G�D� e 8�BLYXo Y^p �h� BGO � ���9
��G� [	����U 4 �
+ APD ��WhY Y�� 4 �
�;� + 2������MY��5�h�P��� ��p PMT �	� ~ � � � BGO

� ����
���� [C����.
����� e �	2h��<3��� R 8"<�p 84% + 2h�L7
 �� e �CB): +
E�F U a"b pCWGY R 8 APD +lxh¡ ���9�X¢;�989: <�. PMT £ ¤ + 2G�]�� A89:h<
7-,
.L."@�8�B
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5 APD+HXD BGO-well� � �

5.1 � � ���
HXD � BGO-well(6cm × 6cm × 32cm p
	]� 3mm) �
��
 v =�� U NeXT ���PU� �P� e 8�� s��h7h�G8�B d :�.�p §4 .��$=�T E>F�� ���LU�� e! HXD � BGO-well

� � ~" $#&% ��= T ��' j B�(�= TPU aAb p NeXT �"�JU*)�+h8 HXD � BGO-well

����
 ��, � BGO -/.�021&3"4�[6587$< APD ��=$�!� ��9 ? R 8P<�< c Ulp SGD:�; �6<�= ��F � R :9< �?>A@ R B�=?�9U 'CB �l=5T ��t UED R B
• 8ch F/GG=5T�W�H
• 1 �I� APD < HXD � BGO-well � � ~ �/-�5�J�KMLN�
O"P uNQ U a 86R�SN.T 5�¢VU������
• APD � 5 �LU , ���h�AU*)�+ 8EW APD ��R�SN. T 5�¢/U

5.2 8ch X Y � � Z [ \ ] ^_ I&` � � ,  @C� VME U a�acb"dVe"f?g6hPv
i�j 4ch I6` , o*F�Gk`"@ }�~ BR9} ��l$p APD � #"m U�_L` QCR � v 4 �;I6`Vn$o&pk`5� B �6q , o , p HXD �
BGO-well � � ~ �
r T$` v�d ����
2n*s�t } ���	z x � APD �vu + acw"x n&yVz
� eNa �!`�{�� 8ch

#"m _L`k| ,*�E' j*}k~ n wV� `9� a q d?} `
p"�$��� e�fNgh �v��� ~ ,  8ch F�GN� b!dVe"f?g�h �v�V�$� a q g6hPv §3.2.3 ��� 3.6 �V3����
.�� � D ,  � a q } �I3$�N�&.��I�k�&`�p 8ch ��FVG ,   ~5}G~*�/��v Discri

g
h�~A�"��g&h `9� a qNl } `I�lp 4ch F�G Pre Amp

v��V��� `9� b p���� � 8ch F
G�� � ak}k~�v6� �;s } �!`
pV��� 4ch F/G Pre Amp � � ~ka q

59



5.2.1 Discri ���������
Discri

g�h;v
Discriminator �
	��\��� � ��
 ~ , p���� ��� � � a���� � ����� q

1ch �N� g6h � v §3.2.3 ��� 3.7 ��D ,  � a q } � g6h � �v� � ,  4ch �N� g6h
� NIM ���! �"&5N��#$"!Rk��) ~" �&% ,(' q �&% ,(' g*h � � 5.1 �ED � q

)
5.1: Discri *,+

5.2.2 -/.1032
465 *7+98 Shaping Amp :<;&=�>
?&@BA!C Pre Amp D�EGFH>JI(K
@(L&MBNPOQ;
?RM6NJC7SUT�@6AV?�*7+�W$X$TGY 1ch Z9?�*7+ ) O ) 5.2 CG[�SHY�\H?6*H+�8 Discri

*H+�? 1 ]&Z�O�^V_3`ba7c&de`�aVf�T(Y9\�K�O�g9C 4ch Z�?�*H+�O NIM h�i&j7kHl
?�m$k6n$C<o!f6a<dVpq`G@7Y6d&p�`(@6*7+�O ) 5.3 CG[�SHY
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0.1�

0.1�
+12V

-12V

220p

10k

LF356
-

+

2

3 4
6

7

IN
10k

OUT

� 5.2: 1ch ��� ���Ng&h � �
5.3: �������

5.3 1APD 	 
 � � 
 � ��� ��� � � � 	 
 � � � � �

 � � � � � �!#"#$#%

3mm & APD1 ' (No5 ( No7) ) HXD * BGO-well +,*.-0/214365879;:,<0=?> /�@ =BADCFEHGDI?JLKMCON -P+RQTS�U,V;W CYX0Z[:P\;] ( APD
C,^H_B`acbFd.e +gf�hciMUTWT)6j $Dk UlVRmHn %HoDp h0n#qBr,(ls0tH(Ou.vcw Eyx0z 355V (

Shaper Gain + MAX
$ h�n > / VME

C|{~}~J w },� $2�[��� VB5|�2(  H!T"T$#%�D�g� A $T% 5���w K��T��A $c� U 241Am +O*T- � VBW�� % ( �D��� A $T%|�y�~� �� 7 9 +��Hn >,: ��- �H�|$B� UOV 241Am
C w KD�T��A %0� �������#�8� : 1200keV��� CY B¡ +R¢£)�i C $;¤ vH¥ :�¦,§ -¨)R-�©«ªB¬¨+R­M'HV >R®�> (~w K;�;��A %¯

1 ° $ ¦6±c² � �T/ >2³ ©´VDµ C ��� ( <�= iDUO7 9~: w K[�;��AB¶ +|·y¸ ^B_> / BGO ) AB¶[C r : %�¹ ¦gº �M5�- \ © : i[UyV�µ C �B� ( <c=B»T¼~:�½ -B/-.Uc¾Fw�¿ }YI8E�À0=BÁ;:,Â +yÃ.Ä � V[WHW $ ( APD
C,^0_ d�e ),w K;�M�«A + <=Å> � 7 9 +2Æ 5.4 ( 5.7

:,Ç i8VTÈcÉ $#Ê ÆPË C spot
CYÌB¡ +,*P-MUYVW0W $�ÍBÎ :P\[] Æ 5.4 )�Æ 5.7

$ *.- � APD j�ÏD5 ] (.Æ 5.4
$TÊ

No5 (#Æ 5.7$#Ê
No7 +O*.-.UYVc5F�2( EHÐDI?JLK )|Ñ8Ò I ��Ó#�YÔ KMCYÕ Ê No7 +�Ö�× C 1 )> /2( §4.2

C
3mm & APD

C uDvTw E8xBz 355V
CFØ v � +O*P-H/ No5

CYÕ +RÙBÚiDUYV³yÛ ( APD + HXD * BGO-well
C0ÜyÝ�:O^B_?> � Æ 5.4

: �T-H/ spot(1-1)
®ßÞ

spot(1-5)
$ hBn � � � E0Ð;IÅJàK +2Æ 5.5

:,Ç i8V ³ � (�w K[�;��ADC0E0Ð;IÅJáKj2âPãH/B-.U spot(1-1) ( spot(1-5)
: 'c-F/ Ê Ñ8Ò I �TÓT�YÔ K )�ä Ô K;å Ò ¼0æ.ç+Rè 5.1

:,Ç i8V
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32cm

6cm

6cm

3mmAPD(No5)

Am(alpha � ) �

15cm

���
3mm

���	��

�����
�������
�����

spot(1-1)

spot(1-2)

spot(1-3)

spot(1-4)

15cm

� ����

�����

3mmAPD(No5)

spot(1-6)

spot(1-5)

�
5.4: APD � HXD � BGO-well ���! "�$#	%'&)(+*',.-0/"�21.3547698:�$;�<

-)=

�
5.5: >��@?BADCFE spot(1-1) G (1-2) G (1-3) G.>�H@?BADCFE spot(1-4) G (1-5) G (1-6)

�@IKJ"LNMO3
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spot σ(ch) Peak(ch) ����� (%)

(1-1) 198.2 1077 43.34

(1-5) 201.1 1044 45.36

�
5.1: spot(1-1) � (1-5) �	��
���
�������������������
������

� �� �!�"$#�%�&('*)��,+�-/.	�10$2(�435�7698	:7;���<�� spot(1-1) � spot (1-5)

�>=�?A@�BDC�;�E � � 2 F�� spot < APD G*H�I4J>;>K(LD%�BDM>E�&9C>N9� HXD O
BGO-well %QPDR�N�< APD ��H�I�K�S1TU%7)��,+,-V.WGYX�Z�J�;>=D?�@A< BGO �[ �>
4\]
 [_^ �a`	6 APD %�bcC�NWd�e7R9��BAM$R�<�`�fDg(61h7i	@Uj9e7R�k_lm jUno��p�
(�	���9��%10�2,�q3o�D69rtsYuDNDR�M�dA��6�v7:xwyu�M�E [ �Y
4\*
[U^ �z`A6�)��,+A-/.(��X�Z�KASQT��{K�%>|1}4J{e�R�~W���1J�N�<�� BGO �������
%	&QM�s��Q@ABDM,�*v7:_wyu,M>E BGO �������,< 2 @AB�'��	� 5.6 GY8AuA���A��M
&(�]%>K�%��tJ]N 30 ���7�A@9����ZcG	J�NcJ�����E9����ZcG��(M,��X�Z�K�SQT���K
%>`	69bcM�dA�Y<�k���e�R9E$��%�� 30 ��S�LD�>=7?�<�����J�;���%��$)9�_���90Q�
Z���6�B�'5�1���4J�NcJ�����E��	dY@�KU%>�tJ]N 30 � ���,��¡�¢WG]£�F�`q� 30 ��S
LD��¡�¢_G]£	F9`�%��	��u(M�E�¤$¥,<��7��Z_GY¦§'©¨ªJ]NQX�Z�K�S$T,�>KU%�bªwYe
R1Ex&$C�NQ��«D¥��9¬�­U®�¯Q6Q°U±�e�²U� BGO ³c\Y
´3/��KW%�bµ'���X�ZDK	S�T
��KU% [ �Y
4\�
 [x^ �z`	6Q|�}qJ>e�R���B�M1RD<�|�}�J�Ncsa¶�·���%�e�M�E

Am(alpha ¸ )

� 5.6:
[ �]
4\�
 [_^ �V`,� BGO ¹�@���º�»

�Q; � 5.1 &�'5� APD �¼w]�>½�¾�6 15cm @�B�M spot(1-1) � 32cm @�BDM spot(1-

5) ����
D�{
��$���>�1����������
>�$����¿�%$k1�{À�Ja��C{;�E�d>�>"Q#x&('5� HXD

O BGO-well %9P�R$N�<7)>�,+�-Á.���X$Z�=�Â�� APD ��½$¾q�/`�Ã,<�Ä{ÅA6�B7C�;
��J]Ncsy¶�·���@ABAM,�*v7:xwyu,M�EÆ %�� APD G HXD O BGO-well �DÇ{È,%{H�I4J>;�� 5.7 %9PDR$N spot(2-1) @9 
!xÉ{u�;10$2��43o��G�� 5.8 %�� spot(2-2) @Q �!xÉ{uA;$0$2,�435�WG�� 5.9 %>Ê	��E
��;��U)���+�-�.��$0�2,�q3©��618�:�N�R	M1� 5.9 %1F�R�N�<��9
���
��	�����q�
�����U�1
�������G � 5.2 %>Ê���E
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32cm

6cm

6cm

Am(alpha � )

3mmAPD(No7)

15cm

spot(2-1)

spot(2-2)

� 5.7: APD G HXD O BGO-well ��ÇYÈ�%�H�I�J�;�=�?��D)���+,-z.���X�Z�=7Â

� 5.8: spot(2-1) @A�$0$2,�q3o� � 5.9: spot(2-2) @A�$0$2���3o�

spot σ(ch) Peak(ch) ����� (%)

(2-2) 170.3 817.6 49.05

�
5.2: spot(2-2) �	��
A��
��������t�]�������$
������

 �!�"�#	�¼w spot(1-1) � (1-5) � ��� J�N spot(2-2) ��`�Ã�6����4Jz�A�D���,��

�����76	��
�J]N�R�M�Exd��
��< spot(1-1) � spot(1-5) ��"�#ª���,e(C�NDR�M>Exd
uA<$� 5.7 G]8AuA���A�(M�69� spot(1-1) � spot(1-5) %>�tJ]N spot(2-2) @�� BGO �� `�K��A6��_É�R7;��1@�BDM>E(�1;�� spot(2-1) %>X�Z�J>;>=�?,%�������698ªwVu�e
R��D< APD G]H7IªJYNDR(M{K�� ��e�M�;���@�BAM�E,��d{@!��"�=7ÂW%1FDR�N#��$
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����� �
����� � Eth ��~
	��cG���
,J�;�E	e$P�� §4.5 �>~
	(L �!$ ����� �
���
� ����
 ����� ������@��cC9;�EAe$P������ ������< �"! A #$� �&%��'
)( *>~+	, �!$ ����� �
�"��� � Eth -�. 5.3 />Ê���%

spot $ ����� �
�"��� (%) Eth(keV)

~"	 � �10 � ~"	��
1-1 38.03 43.34 1526

1-5 38.03 45.36 1526

2-2 22.10 49.05 456.6

. 5.3: $ ����� �
�"��� ��~
	�� �2�10 � � Eth ��~+	��

d
���3�+435'/�6�7 spot(2-2) � �+0 � �/~+	���8 m jUn �)9�:�;+<+*�%=6�:�;��>"?�@ � APD � BGO ��A
B�8�C"D)#FE�9$�G:�* ��v
Hxwau)I %$~
	 � �
����w �
APD � ��½$¾�8�J"KG/�L)<�M�ÂG/�N �GO�PRQ -�S3T (U*�M"BF#1E�V�Ã�8 �WH�;���$����� ���"��� � Eth 8FX , �WI�Y �Z8�����:$*�%

5.4 APD
[

5 \ ] ^`_ a b ] c d egf APD h i j k lm n o
§5.3 prq APD - 1 s�t
u`(�* M1B � S
T
v�w�x � v #�EFy)z|{~} �1y���z�V�8��� (�93<����1I�<+E �
�3�r(�p ��� (U9�< ��<��R4"5�8�
�*�%�6�: ;��F� 5.11 /

Ê��=6)�|/ 5 � � APD - t"u~(|;WyWz�{r} �1y=�$z�V -��W� 
$���"��8$�r���+�8��G< ���1H�q���I�% w�� ���3�)#�E APD ��t"u
M1� � �+� -�� <�I�%3� ? E��  �
¡)¢1N$£�¤
¥ 355V � Shaper Gain - MAX # >"? ( � VME ��¦¨§=©ªNG§�«�#
�':�*�%+¬�*���­�® - 8ch ¯�°G/��WI1Y���#�±�
r(U*�²1³3´ � � -�. 5.4 /{ÊF��%Uµ
/ � 5ch #�� ¶��"·3¸W­�® �
¹"ºF§
��� - � 5.10 /{ÊF��%�M"� (1) p¨qRM"� (4) #1E
Serial No 03Y341 � Pre Amp �"»���¼��$M+� � �"�'/�¯
°r( *�{)½�z ��� -�� <	�M
� (5) E Serial No 051045 � Pre Amp �${W½�z ��� 1 -�� <
*�%¾Y"YU#�� � �#�{W½�z ���3¿3À / Á�Â�9�Ã ? $ ����� �
/ ¯1�)I " ��� ��{W½�z ��� ��Ä=q�s�Å�/
s1<";��
Æ �
Ç � - � <�; >
? ( *�%G»���4"5 -|. 5.5 / È���% Q+É E+N �'OGPÊQ
#F�1I 241Am � 1200keV -�� <+*�%�¸¾Ë�E §5.3 �|���F#F�FI %
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� ¥3¤ É �����������
	
�
13072576

Pre Amp �
��N�Æ � £ ����	�� MODEL 5005H S/N 03Y341

. 5.4: VME /�6�I��#����·�¸)­�®�#�±��r( *�²�³+´�� �

pre-amp

�������

Or ���
Gate
generator

shaper-amp

Gate
generator

Gate
generator 8ch ADC

Dio

PC

Level
Adapter

Level
Adapter

VME ���
TTL

NIM

Dio in

Start

TTL

TTL

Discri  "!
HU4715

Discri

ADC#�$

ADC_gate

%'&)(
(APD)

*�+�,�-/.�02143
pre-amp

�5���6�

Discri  "!
HU4715

� 5.10: 5ch �87 VME /�6�I|¶��
·�¸)­�® 7 ¹"º)§�9$�

PreAmp 7 Serial No {)½�z;:�< M
� APD Serial No =�>?9�{)½�z;:�<
ch1 (1) No7 653

03Y341 ch2 (2) KA2403 650

ch3 (3) No6 622

ch4 (4) KA2402 605

051045 ch5 (5) KA2408 645

. 5.5: Ã ?A@ :B<DC�>
/FE�G+I�=B>?9�{)½�zB:�< 7 Ä=q�s'Å
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32cm

6cm

6cm
:Am(alpha � )

:3mmAPD(No7)      ����� (1)

15cm

:3mmAPD(KA2403) ����� (2)

:3mmAPD(No6)      ����� (3)

:3mmAPD(KA2402) ����� (4)

:3mmAPD(KA2408) ����� (5)

spot(3-1)

�
5.11: 5 �
	 APD 	���
 �

�
5.11 ���
������� spot(3-1) �����������! �"$#&%�')(�*+	�, APD 	.-0/+132

�� � 5.12 �)���54765	8"�#:9+;=< §5.3 	 spot(1-1) >@?�AB(:C�DFEFG84�H0IKJ36
	.-0/+1&2L��<)(MC (1) ���M
&%ON=PFG 3mm Q (No7) 	.R=S�T:>�UWV��)XMY=Z[G]\^ 	�_5`
18a�b
T�c5�d OeMf�	 1 g0%ON]JKh+	.-0/+1&2L�d �i$j&%ON=PFG)4Wkd�)J 5

�]l�N�	5m��F-Kn[So2p @q&%B*FrMs�'0-$/�1t2u�� ���Z84v_W`F15wKx+y$N:P�G@(�C
(2) JM(=C (5) J 5 �Kl+N�	Wm
��-0n+So2z �qt%{*�r=s['M-M/�1t2|���.�FPMN}_]`�1
a+b�T5c5�&gO~
cW���0`������+ @� 5.6 �)��Z54

�
5.12: ���0�7���
�K(�C (1) J (2) J (3) J]���0�7���
�K(�C (4) J (5) J 5 �Wl�N
	)m

�F-Kn+S�2p @q&%B*Fr�s�'0-$/�1t2u�
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� � APD Serial No σ(ch) Peak(ch) ����� (%)

(2) KA2403 141.0 835.6 39.74

(5) KA2408 128.1 373.2 80.83

5 s��	� 7 Æ�<1£�
W¢ © 7
� 260.6 1263 48.59

�
5.6:

� � (2) � � � (5) � 5 s���� 7 Æ
<1£�
�¢ © 7���� E?G���£��89r©�< 7 =B>
9�{)½�z;:�<�� @ : <DC >
�����
� 7������� � §5.3 7
�� �!#" � 1 s 7 APD $�%'&
(*)��+�+� 5 s�t
u-,
. �/ 710 �32�4���2�5167,8��9:�<;=,�p>,?� 5 s 7 APD 7 Æ
<1£�
�¢ ©@&BA7, /�C1D

� � �+�?� §5.3 7��� 7!#" �E4
�	2GF
�H,I��9	��;J,|p',K� 5 L � F����+���M9 �C G�NPO1QSRT��U 1.2 L7,�p�F���,<Q*9�; � �:O §4.5 N 7 1 s 7 APD N 7 4��H� 4

s 7 Æ�<�£�
W¢ ©3&IAV, /:C�D .
4
� 7 L"�W� 0�X Ã�YH,M��E " � 5 Z w�[�\�] ,
�=�E^+_�2�Q�9 � ��&UÈH,M�:9��
; ��� N�`:a 7 .�b [ 7
c>� APD & 1 Z	d G \
] ,
. �

/ 7 4�e (1APD) � APD & 5 Z \�] ,�. [ N [ 7�c 7 APD 2Gf>gh,
.
4
e (5APD-1) � 5 Z 7 APD 7 Æ <:i�
kjml3&IA�, /PC�D . � / 7 4�e (5APD-5) �
,B� (1APD) &Bn�o 7 1 �1,�. � / 7�p�q�r�q�7 4�eP(#&8s�t�;

(1APD) : (5APD-1) : (5APD-5) = 1 : 0.7759 : 1.173

u � � (5APD-1) &Kn�o 7 1 ��,I. � / 7 (5APD-5) 7 4�e�(�� 5mm v BGO � APD

& \�] ,
. �
/ 7 4�e (5mmBGO) &Mn�o 7 1 ��,
. � / 7Pp�qkrGq�7 4�eP(=&<�w "yx tHRzs�t�;

(5mmBGO) : (1APD) : (5APD-1) : (5APD-5) = 1 : 0.03231 : 0.02507 : 0.03789

(5APD-1) : (5APD-5) = 1 : 1.511
u � � �1� N#{@4�|�}*~ � E?G��	�@�:N���� PMT &I�P9�. � / NP� HXD � BGO-

well �<41e�� (5APD-5) �I41e�(G)#&�tk�<;*QG��� PMT &I�:9�. � / O §3.4 N �1�� q .��=&M�:9��<;*QG��� � � �
/
� ��9G�#{?e1�1�*~����I� [ � (5APD-5) ���=&

4 L:tk��;
(PMT) : (5APD-5) = 0.21 : 0.038 × 4 = 1 : 0.72

� �
� !+" � APD & 5 Z \�] th� � � �	!+" � PMT � � / � 72% �<4'&I|*}�th�� �E2����J�MQ	��.�;� .��k� 5.11 &I�=� � � �k!#" �P� (2) � ��� (5)
w��

BGO ���M��ly�*N�4h2�1� ,M�P�������82�� w �
;����������� �¡�¢�( wS� U 31% 2 �1� ,B�P���
; §4.5

� �� S!#" { ��� ,M���k�I4h2�6�Q�����O�£�¤ �P� � APD �<�
¥�¦k2�§©¨ªQ	�G.
.1b � �1� th�I4�e	2�6+Q7¨KQ	��.>�8«�¬ � q ��;S, w ,3� ��� (2) N�i����Vl­¢
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2�g������ � {��
C ��� � ��� (3) � ������i*�h��lT¢:2�g�����Q���; BGO �=�E�

l ����4 ��� � Z��*���	��
k2�Q��'� APD & \�] t+�
���k& � b	�����B2�N���Q
�G; p �<N�� !#"�� ,k¨ f���th�*.�b � � �P� (2) �
\�] ,
. APD(KA2403) ���
¢�iG
hj�l N:�h����� (450 � 1200ch) ��� " �
�'&��	Z:j��' 'l d��:&<���1�� "!
,<.GiG�h��lT¢�&�� 5.13 � s:t�; u � � 1400 � 2400ch �#� " N#{����P�
2��	¬����
���GN�$%$ �  &!7,�.�i��+�VlT¢#&�� 5.14 � s:t�;�Q��G�('�¢*),+.-�� 241Am O 1

Z�, w ���:��&��+.�Q����GN��0/21 �ªw �	�����GO�3&4V,<.�{��GN:�P�
;

� 5.13: 5 [ �76 wS� ��� (1) � (2) � (3) �&5�8��76 wS� ��� (4) � (5) �Gi*���Vl ¢
( 9(:�O 450 � 1200ch)

� 5.14: 5 [ �76 wS�<; � (1) = (2) = (3) =&5�8��76 wS�>; � (4) = (5) �Gi�?��Vl ¢
( 9(:"@ 1400 � 2400ch)
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����� =����k�	 
¡�¢����k�����
	��
�:t�� ��i�?���l­¢�������������� �����
@��&�h�
� c���� w ��� � � �! �����"#	%$ w �%& �������('*) ���,+(- t.� & b
� '
¢�)*+.-���£1¤����/)10h¬ �%2!3 )54 �%& �6 *��=�£1¤ ; � )50h¬7�
8�9�@(:;=<!3 ��4?>,�*£�¤ ; � )�� 5.15 � s � = 2(3A@ q & i�?+�-l ¢�) spot(3-2) ��B
� � @1� 5.16 � = spot(3-3) �%B � � @1� 5.17 � s�t
�C��� ;!D { = spot(3-1) ��E
"5:2$ � �F)5G�H � & � u � 5 BJI � �2��¢:i�Kkj�lL)5M � D�N(O & p�q�r�q ��i
?��Vl ¢�)8s�t
�6 *��=78	8��QP�R6��@
£1¤ ; � @*�/S � s � &�T(U )<� �/��� �& ='���P�Q	��	¬ � �/� spot(3-2) �:� ; � (2) = (5) = spot(3-3) �:� ; � (2) =
V�¬� p�q�r�q � spot �P� 5 BQI � � ��¢PiJK	j lW)5M � D�N�O & i�?h��lT¢ �JB � �
@k�������h�� 
¡�¢X"1YP¡�¢�Z*��$ -/[ )5\ 5.7 � s�t
�] ���= spot(3-3) �:� ; �
(5) ��B � � @
Y:¡�¢�Z*�Q$ -6[ 	%^=g����% ��J_"=��	�h�� �¡�¢
� � g � �6�]�
"#	%$ w ���

32cm

6cm

6cm
:Am(alpha ` )

:3mmAPD(No7)      acbed (1)

15cm

:3mmAPD(KA2403) afbgd (2)

:3mmAPD(No6)      acbed (3)

:3mmAPD(KA2402) afbgd (4)

:3mmAPD(KA2408) afbgd (5)

spot(3-2)

spot(3-3)

� 5.15: '
¢*)�+.-+�
£1¤ ; �

� 5.16: spot(3-2) h 5/i wS� 6�j ; � (1) = (2) = (3) =�5 8 wJ� 6�j ; � (4) = (5) = 5

BJI � � ��¢:i%KkjmlL)kM � D�N!O & i�?h�Vl ¢
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� 5.17: spot(3-3) h 5/i wS� 6�j ; � (1) = (2) = (3) =�5 8 wJ� 6�j ; � (4) = (5) = 5

BJI � � ��¢:i%KkjmlL)kM � D�N!O & i�?h�Vl ¢

£1¤ ; � APD ����� ; � APD Serial No σ(ch) Peak(ch) $ -/[ (%)

(2) KA2403 143.8 846.9 39.74

spot(3-2) (5) KA4208 78.42 740.1 24.95

I � �2��¢:i�Kkj ly��� 204.7 1268 38.02

spot(3-3) (2) KA2403 159.4 741.1 50.95

I � �2��¢:i�Kkj ly��� 161.2 1209 31.4

\ 5.7: p�q	r�q ��£1¤ ; � �P� ; � (2) = ; � (5) = 5 BJI � � ��¢Pi%Kkj ly��� �
� ����i�?��Vl­¢k�h���P���h�� �¡�¢ "1Y�¡�¢�Z���$ -/[

�
� 2!3���� w�� = HXD � BGO-well �
i
	 � £1¤ @ q & '
¢*)�+.-(@ ; � (5)

� @ ��� �  ����6"#	�$ w �%& ����
�" � � @ BGO ���M��� � � � ��� � �����
x APD ���������7	
��� � q �5� �%� � =�����
���� ��	
!�" "k �� � � & =�£*¤
�(�F"#@$#�%(���&	 � {�'
¢�)�+.-h�h���:� @�� �('  w �%& ��� ' @"'�¢*)�+ -
��
*)6�P���,+�-�..	0/�1 � � �6��{��*"E«�¬ �2' ���
�!��� = HXD � BGO-well � 5 B � APD )�� � � � spot(3-1) � '�¢ )(+.- )

£�¤ � &�3 = ; � (2) � �*� � & APD(KA2403) 	54
6 � &�7 ?+�8�­¢ "�='���	�
	94 � �6�7��¢ 7 K;:<�W)5M � D�N�O &�7 ?h�=�­¢h� + �]i���YP¡�¢�ZG��$ -/[ "
Eth ���C)5^>4 � & � �(� ��=J���:�J	;4 � �6� ��¢ 7 K5:<� ) M � D7N(O &�7 ?
�=�T¢�)�� 5.18 �&?A@ �CB � = 2(3 � &D7 ?h�8�T¢�E � ^F4 � & ���P�
�k�: �¡�¢
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"#Y�¡�¢�ZG��$ -7[ )1\ 5.8 ��? @ �( G��=JM � D�N�O &D7 ?h� �T¢�@ ; � (2) " ;�
(5) �:�����

� 5.18: spot(3-1) �:� ; � (2) " ; � (5) �2��¢ 7 K;: � �+� 7 ?��=�­¢

σ(ch) Peak(ch) $ -/[ (%); �
(2) " ; � (5) �2��¢ 7 K5:�� ��� 7 ?+�=�­¢ 198.2 860.6 54.24

\ 5.8:
; �

(2) " ; � (5) �2��¢ 7 K;: � ��� 7 ?+�=�­¢k�k�������h�	 
¡�¢ "1Y
¡�¢�Z*��$ -/[

��� �!Y�¡�¢�Z���$ -7[ � + �1�+� � ^�@���� B �%4 > �(8	8���P�R6� @�= ; �
(2) � ��� � & APD(KA2403) 	94�6 � &�7 ?h�=�T¢�) case1 =����P�
	A4 � �7���
¢ 7 K : � )1M � D!N
O &C7 ?	� � ¢�) case2 " @ �5�5^�4 � & + �/i��%Y�¡
¢.Z��
$ -/[ " Eth )1\ 5.9 ��?A@ �

case Y:¡�¢�Z���$ -/[ (%) Eth(keV)+ ��� ���*� + ���
1 23.42 39.74 963.3

2 19.20 54.24 1113

\ 5.9: Y:¡�¢�ZG��$ -6[ � + �1� " ���*� " Eth �
+ ���

^�4 � & Y�¡�¢�Z���$ -�[ @�� ��'	� �*��� �.� � �����7��
 �Q& �]� ' @ APD

���D� � �D��	�
 � &�&
� ��
!�]"3«1¬ � ' �5�!� ' �.� = ; � (3) � ��� � & APD

� � � 7 ?#�8�­¢/�,'�¢�)(+ -��h�����Q	G� �2'  �E �%& �&@ APD ���*� ��� �� � � �%��
���"W$9E]� �
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� & =�\ 5.3 "L\ 5.9 )<�����*��" �P¢ 7 K�: � ) M � D7N�O & case2 ��Y	¡G¢
Z���$ -6[ 	�� � ;!D ��� ��� � ��� "5 ��� �/����� ' @.� ' � ���&��� ��� �
� ��� "��
	 @ ���

� ��


HXD � BGO-well " 3mm � APD )�� � � $��  ��A��) 4 �%&
��� = APD ) 1

B ��� @ � ;!D � ��� � & � � � 5 B �*� @ � ;�D " 4 B ��� @ � ;�D � ��� @��� � � ¨# ��& �C� ' � �*� = APD ) 6 B 8/i ���/�*"���:���	���V � ����� @
APD1 B � ;!D ��� ���  S¨  7��"8«�¬ �2' �������7��@ = HXD � BGO-well � 5

B � APD ),��� � � 5 B%I � � � � )5M � D7N(O & ;!D = PMT )!��� & HXD �
BGO-well � 2(3C@ ' &���� ""�$# @ ��" = 72% � ��� 	�%'& ' & �C� � ���A��� =
��� @ � APD �2�(�/)k0h¬6�7�7"#� PMT 87i�� ��� )(%F�/�7"#	�)�*7�*�����+ &

BGO ,.-0/ �y��� � ��� @
£�¤*	 � % � � =21 '430' �
��	6� ��� � & 	
" �  DE �%& 	 � $AE ' & � �*� �  �E �%& 	 � % � � @�Y�¡�¢�Z5/�$ -/[ � + �6 )#^�4 @ ����" � �.� = APD �,������� �87 [ 
7	�
!����" 	Q$ E � & � �
�5� =
��	 � @�£1¤�	6��9�: � &�� ��; 31% 	
<5= @ ��"8«�¬.& ' ���
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6
� �

����� � @ = ����� �
	
� (PMT) )!�
� � BGO ��� ,��7��
�� 5mm � BGO =���
BGO �����������5/��! = HXD � BGO-well ��"�#C)%$�� & i���=&�('&)*�

�
+�,�- �/.
:10 /2 (APD) )!�
� � 1 ' 3C' � BGO �3� ,�� � � � �$#F)4$��& ��V�5 � = ��� BGO �����������5/��! " HXD � BGO-well �
6�� � @ BGO

, -0/ � ��	 " 	��
7 �
�8�%9 - /��;:�� � <�=��=<
>F)?$7� & ��
�@� � ��� " � � =
A 3 B]��@
)�:<�DC*:E )����(9 - /*FQ� 
/� �
� BGO

�
���8�1�G� /��H JI HXD � BGO-well " PMT ��7 �4K*L ��"=� � � ��V �(MGN
� & � � E � = APD �1O
P�4 @ ;(D �	@�)C:��QC�:R �@=S����$7 [ ��
�� � �%� �
)�:<�TC�:U )!�*��V � 2(3 � &�W = 5mm � BGO "��$# � � ��� BGO �@�X�Y�
���$/��H <@ ; 7 Z�= HXD � BGO-well �([ ��� @�; 2 Z � E � )]\ � & '  ����
"#	%$9E ��& �
A 4 B.� @ =
^ 4=_ " � � APD ) �
� � 5mm � BGO ""�$# � � ��� BGO �
���������5/��! � ��� �$#�) 4 �%&���� = � )(; 1 Z � EX\ � & '  ����7"#	%$
E �Q& ��1/� ��= ��� BGO �
���8�1���$/��H � ��� @ � APD �(`F)0��I @ ��"
�����1a8bdc�eF�W)kG >,� �
� BGO �
���Y�1���$/��H � APD ) 1 B ��� � & ;D " � # � � 4 B ��� � & ;�D @ I�f " � �
�5� 	 ; 1.2 	 �  �� � ���1� = APD �g `F) 4 	 �.� � � �
:
���!��V � ��� ) * @ ' �
�&h �5� @!��V �  ��J� � E � =
:(i�j ���@k � PMT " � ��# �@l � PMT � 84% � � � )0%��7��" 	��8mon�p�q �
��� �*l&r PMT �=s D ��� ��t�%'& 'Yu%v �
w�x*y % u{z{|~} )�*{��m u�� BGO

, -0/ �T7 � v <�=&�X����t{�������*��9�:��=���8�49 -0/��;�X� v ��; 7 Z } �
�=�&��<5=��?t�� u*z{|o}1� E���� �
A 5 B
�@��n �
� BGO �����8�����$/��H T�=�85�t HXD � BGO-well

y �
�Gt
5mm � BGO

| � v � �
# y?� ���=����n�; 0.3 Z�� E v y \ � u{z@|o} ��m���� �
1 z ��n�A 4 B |%��� � APD �=` y 5 �{� �@I���� W n APD

y
1 �X�
���=�=s
�| � #��%t
; 1.2 	 | APD

}
4 � ��s�� |�� �Y�o� r n APD

y
5 �����
I��%t �� � } ��� � �%��� n � i�j�� �*k u PMT

| ���5#d� ldr PMT � 72% � v �3y
% u*z
|~} ��m?n �@� BGO �@�����G��� /X�¡ ��s
� |(��� �=p�q ��¢{£�� ldr
PMT �(s
�&� � �Gt�% & ¤ u%v �{w@x
y % u
z{|o} ) *
��m u(� BGO , -0/2¥D7¦ v < =d�G����t*� APD

¦�§ ��¨
©&� ldrQª@« � v�¬ ��­Y®��&m1��� } ���
� w
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� ¦ �d�!< =��?t�� u
z@|~}1� ���1� �
p�q ¦���� | �?t{��n HXD � BGO-well

|
5 � ¦ APD

y �
��t1���
�*��9 :��u4v ¦	� Z }�
 ¦ �
�5<�= �?t{� u ¦ � y $���n�� � APD ��� u%v�¬ y��������u ���
�=������� | APD
¦(§ ����� y��� !�"� t�#%$Y� ¥J�%&�' y?� ��n PMT

w
x ¦ v
¬�(*) y�+-, � �
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A §5.3
� � � � � �

� �

z�z �
� §5.3 ��� k u spot(1-1) n spot(1-5) n spot(2-2)
¦
	�� ��
�� ����� ¦����� y���� � u=��� V=n 	�� ��
�� ��� � ¦!� �
" y$# ��%'& � u=�

(
∆E

E
)2 = (δsc)

2 + 2.3552 F

NphQY
·

1

E
+

(

δnoise ·
1

Eg

·
1

NphQGY
·

1

E

)2

δnoise =
√

δ2
noise,I + δ2

niose,C( �=n � �
"*) ¦ s��&�,+.-?�
/ '�01%�2&�1��/�t3%�& � u��

δsc = 4.7 ± 0.5(%)

F = 2

Q = 0.8

Eg = 0.00365(keV)

E = 1200(keV)( 465�798;: 241Am
¦�	�� 5�
�� )

Nph = 7.387( < /keV)

���,=�s�����>���t � }$? � u %
2��1�1/�t'%�& � u=�
Y:zGz �@= Y

yA�B� � u �%��� HXD � BGO-well
|

5mm C BGO
y �!D
E � &�'��

��# $ F ¥G5 y�H A.1 = A.2 �JI � � ���K= 5mm C BGO ��L�� u HXD � BGO-well¦ v�¬NM y I�� �3z�z � ¦�O '��6P�Q1=�R�SN4�#$T�U 355V = Shaper Gain
y

MAX

� &�'3�AV VME
¦3W�X ¥Y4 X[Z � � �(� � :�\8� 137Cs

¦
662keV �$= APD � 3mm

C APD(No5)
y �N/
� � ��]&�;= 5mm C BGO

¦!^ �{�{� Shaper Gain
y

MAX �
&�' y~�`_ |@a ��F } &�'�b c6dY� � V&� � _ ¦ ��= Shaper Gain

y
1
8
�8�AV &�'3�

� � Y
¦ ��� ���	&�' � y 8 e��(� � y �N/Nf � �Bg V3= HXD � BGO-well

¦ #�$
F�¥h5���i�f H A.2 �!R X F�j�kNl
mon y�p6q �[V 	 k'�!Rr� y[s9t ��u ¦ ��i1f �
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H
A.1: 5mm C BGO

H
A.2: HXD � BGO-well

(5mm C BGO) � (HXD � BGO − well) = 12864 � 415.7 = 1 � 0.03231z ¤8� spot(1-1)
|

spot(1-5)
¦�^ �*��i�f �3z ¦ � | §4.2 � ¦ 3mm C APD

¦
RrS�4 #$T�U 355V

¦
APDGain > � 3mm C APD(No7)

y �r/�� spot(2-2) �1�1/
V�u �*� ����f � �*� �(�Bu ¦ y3# �6%�&��Bf �

(5mm C BGO) � (HXD � BGO − well) = 12864 � 415.7 ×
101

81.77
= 1 � 0.03992

z ¤ - ¦ ��� y�� A.1 �!I � �
spot APD No Y

1-1 5 0.03231

1-5 5 0.03231

2-2 7 0.03992

�
A.1: � spot � ¦ Y

¦ �

G:
spot APD No �1S9m
1-1 5 81.77

1-5 5 81.77

2-2 7 101.0

�
A.2: RrSN4 #@T�U 355V � ¦ � APD

¦ �1S9m

δnoise �
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• δnoise,I �X�1/�V δnoise,I
¦ � " y$# �6%�&��Bf �
δnoise,I(keV) = 0.65 × In × τs × B

z�z � τs � 2(µs) ��� ' �[V3= In
¦ � y �

A.3 ��I�� � �'�3= � � ������� ¦�	��
 ¦ ¢{£���� y �N/�f �
spot APD No In(nA)

1-1 5 0.094553

1-5 5 0.094553

2-2 7 0.040085

�
A.3: � spot

¦
In

B �1�1/�V@� # �6%�& �Bf �
B = 1.70 × 102 � '
0

• δnoise,C �X��/3V Cin
¦ � |�
�� y�� ¬ =�� � y 	1� 59
3�1� � I��4� � ¬����¦������ : ¦ "�� � /Nf� "! ¦ "$# #&% I��JVNiNf' 
δnoise, C = 0.021352 × Cin + 1.04251

Cin
¦ �(# �)�*��� ¦ �	��
 ¦ ¢�£���� � ��/ f� ,+ ¦ ��� � A.4

% I��) 
spot APD No Cin(pF)

1-1 5 29.4474

1-5 5 29.4474

2-2 7 29.8878

�
A.4: � spot

¦
Cin

>G��V$= � spot
¦

δnoise,I = δnoise,C = δnoise
¦ ��� �

A.5
% I��) 

spot δnoise,I(keV) δnoise,C(keV) δnoise(keV)

1-1 20.90 1.671 20.97

1-5 20.90 1.671 20.97

2-2 8.859 1.681 9.017

�
A.5: � spot - ¦ δnoise

¦ �
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! ¦ '�� % > � � ��� ¦�	�� 5�
�� �1� ��� Eth

� ��� - ��f' G¢�� %!��� �=�� � �
A.6
% I �) 

spot
	1� 5�
�� ����� (%) Eth(keV)� ��� ¢@£ � � ���

1-1 38.03 43.34 1526

1-5 38.03 45.36 1526

2-2 22.10 49.05 456.6

�
A.6:

	�� 5�
�� ��� � ¦,� ��� � ¢@£ � � Eth
¦!� ���
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B §5.4
� � � � � �

� �

!�! - # §5.4
% � t f case1 = case2

¦'	1� 59
'� ���N� ¦!� �
� � ��� �rf� �� = 	N� 5�
'� ����� ¦,� ��"�� #&% %�& �rf� 
(
∆E

E
)2 = (δsc)

2 + 2.3552 F

NphQY
·

1

E
+

(

δnoise ·
1

Eg

·
1

NphQGY
·

1

E

)2

δnoise =
√

δ2
noise,I + δ2

niose,C

�
]�� =���5�#���SU¥ ����� �
	 ��� #�$9F�¥ 5 %�
 /�V #��
��� % ���������
-Ni�f� #&% 	�� 5�
�� � � � ¦6� �
" � ��� ¦ ����� ����� I��) � �

δnoise =
√

δ2
noise,I + δ2

niose,C =⇒ δnoise =
√

2(δ2
noise,I + δ2

niose,C)

Y
�

G =⇒
1

2
ΣYiGi

� �
!*! - i

#���� ��	 � f���5 #��rSU¥ ¦ 0 � ¦ -3= i=2
� � f' ( % = � �
"*) ¦,^ � % +.- � / '�01%�2 %�
 /�V3%�& �Bf� 

δsc = 4.7 ± 0.5(%)

F = 2

Q = 0.8

Eg = 0.00365(keV)

E = 1200(keV)( 465�798;: 241Am
¦�	�� 5�
�� )

Nph = 7.387( < /keV)

� % = ^ � % >��6V � � ? � f!%
2 %�
 /�V'%�& �rf' 
Y �
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• (case1)

§A
% ��/�V ¦ 5mm C BGO

�
HXD � BGO-well

¦�� ¬�M � = §4.2 - ¦ 3mm

C APD(KA2403)
¦ RBSN4 #$T�U 355V

¦
APDgain > � APD(KA2403)

�
1
�� � � � ^ � - ¦ 5mm C BGO

� ¦�� ¬1M � � ��f' �� % = � 5.1
� �

5.6� � /�V�=�� D�E - ¦ 1

 ¦

APD
� � � � � ^ � ¦�� ¬ (1APD)

% L
�Bf 5
�� � � � � - ¦ ��� ^
	 % ��� APD
� � � � � ^ ��- ¦�� ¬ (5APD � 1)¦ M � � �Bf' �� #&%K�*� �Bf' 

415.7 ×
127.1

81.77
: 12864 =⇒ 646.1 : 12864(APD

�
1


� � � � ^ � )

(1APD) : (5APD − 1) = 1077 : 835.6

(5mm C BGO) : (5APD − 1) = 12864 : 646.1 ×
835.6

1077
= 1 : 0.03897

>��6V$= Y = 0.03897 -NiNf' 
• (case2)

case1
� ��� %6��� �9f� � ] � = (1APD)

% L
�Bf a �NF ��� V�/�f��15
#
��SR¥ � � � � 	 ��� ^ � ¦�� ¬ (5APD � 2)

¦ M �
case1

� ? � f ¦ - #�%
%�& �rf' 

(1APD) : (5APD − 2) = 1077 : 860.6

>��6V$= ^�	 (2)
%�� � � � APD(KA2403) - #

(5mm C BGO) : (5APD − 2) = 12864 : 646.1 ×
860.6

1077
= 1 : 0.04014

� � = ^
	 (5)
%�� � � � APD(KA2408) - #

415.7 ×
134.8

81.77
: 12864 =⇒ 685.3 : 12864(APD

�
1


� � � � ^ � )

(5mm C BGO) : (5APD − 2) = 12864 : 685.3 ×
860.6

1077
= 1 : 0.05034

!%¤ - ¦���� � � B.1
% I
�� 
^�	

APD No Y

(2) KA2403 0.04014

(5) KA2408 0.05043

�
B.1: � ^�	 - ¦ Y

¦ �
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G :

^
	
APD No �1S9m

case1 (2) KA2403 127.1

case2 (2) KA2403 127.1

(5) KA2408 134.8

�
B.2: RrS14�#@T1U 355V - ¦ � APD

¦ �1S9m

δnoise �

• δnoise,I

% 
 /�V δnoise,I
¦ � "�� #�% %�&��Bf' 
δnoise,I(keV) = 0.65 × In × τs × B

!*!�- τs

#
2(µs)

% ��' � V3= In
¦ � � �

B.3
% I
�) � �3= � ����� ¦ � �
 ¦ ¢�£ ��� � - � u ��S�m ¦�� / 3mm C APD(No6)

¦ � � � / f� 
In(nA)

case1 0.0644

case2 0.0644

�
B.3: � case

¦
In

• δnoise,C

% 
 /3V Cin
¦ � ��
�� � � ¬ =�� � � 	1� 59
3� - � I � ��� ¬����¦������ : ¦ "�� � /Nf� "! ¦ "$# #&% I � VNiNf' 
δnoise, C = 0.021352 × Cin + 1.04251

Cin
¦ � # � ����� ¦ ����
 ¦ ¢G£ ��� �*- � u ��S m ¦ � / 3mm C APD(No6)¦ � � � /�f' ,+ ¦ � � � B.4

% I��) 
Cin(pF)

case1 29.5648

case2 29.5648

�
B.4: � case

¦
Cin
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> ��V$= � case
¦

δnoise = δnoise,I = δnoise,C
¦ � � �

B.5
% I �) 

case δnoise,I(keV) δnoise,C(keV) δnoise(keV)

1 14.23 1.674 14.33

2 14.23 1.674 20.26

�
B.5: � case - ¦ δnoise

¦ �

! ¦ '�� % > � � ��� ¦�	�� 5�
�� � � ��� Eth

� ��� - ��f' G¢�� %!��� � �� � �
B.6
% I��) 

case
	N� 5�
�� � � � (%) Eth(keV)� ��� ¢@£ � � ���

1 23.42 39.74 963.3

2 19.20 54.24 1113

�
B.6:

	N� 5�
�� � ��� ¦,� ��� � ¢@£ � � Eth
¦,� ���
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� �*� ��� _�% i � � =N��� � / )�� ,���	 � � � ��

����� =
��� ��� % #��� -�������� � V�� � � �) ��
� ��� % #�� �
������ "!�#
$ � - 0&%'� !�( �*)g V 	 � � � �  � � = W,+*- �/.10�2�3 l�4�-65 � ! ��7 �98 !:��; �*� �=<?>@�A ��B ��V #DC ��VNi � � � _FE�G / � � �  ����� !�H 7 C:I&% # 4!R�k�m/J�K
7MLONQP3SFR � n %�
 /
V��TS � 4.nhRrS�U��� V 	 � = � ��V�WXC�I&% #ZY�[ ! ! � -F\ � � ) g V 	 �]�T�^����/ � � ��_  
��� 
 �&` !�a �bC:I % #9c %�d1e � = c %�f�g � � V #DC �6V � � �F8 !�h %9i
/�V�u ��j&k %�� � ��� � V1/ e _  �l % 4 m �"!on ) � I�% # �*� %9i /�V !�pq
r !�s�t(% � � V �'S ��u?p�%�vrg V 	 �=��� � V1/ e _  �*� u]wDx�V �'S �y � /�SZzom{N %�|�} -��[= V�~M� 5��Z���o� ���������M� �*��� !/� � % �'���
�r/ � � e _  
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