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É �-Ê6Ð �<Ñ [nm] 367 × 4.4 184 × 2.28

¾
1.1: JLC

O�P ¼0½

1.2
Ò Ó Ô Õ ÖØ×

JLC
O%PQ+Ù%$-2]-Ú�A ��Û~Ü�� R � �_] q/q̄ (q = t, b, c, ..) Ý !�Þ_ß�à+á%â Á
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500 GeV JLC-I   →   1.5 TeV JLC

Electron-Positron Linear Collider JJLLCC
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û 1.2: Joint Linear Collider ���+1 ( û�n	� “VTX”
� W�X���ì~��1 )

t£&�����%��ü�����ù ì �<1 ! ����¸ RV���%í_î%Q�ù"`�2 ¯	4 [ '64 &M�)� '�(	�O�P ( ^~A�#%$~oú��2 ¯�4 g �Z�+=6>ë�+��:  -ì"��1 z�
� 3 2�& CCD
!�#�$ 4��� Q+]

• ��������� !�°�� ���	�+1�� o������ RZ��� (~¯ R�[
•
�M$6ý_þ�p+¶�î�!�� RV�+� (�¯ R�[

•
�+'+ ���� �!�÷ Q" 3 2�p0r���#%$ (M� R�[

• & A (�¯ R 4�² &�Ú Á�'�( �%)�ù+$+[

Ý+*,� ¹+»0� � R�[.-MQ�/�»«z 3 2�]%&

• � � *�0%1 ��2 R�[
• 354��3E/ -��6M$+[

�Mù�7<�+�	�ëoú�9R�[
�G� 'Z(5� É�8 Ê�W-X0© O0P�Q	Ù�$	2	å-æ+» ì"�V1 z 3 2 CCD

��#+$boõ� 4�9.:
� ñ§z 3 2 Stanford Linear Accelerator Center

Q-Ù�;�R
SLAC Large Detector

O�P
� � t£&,< 4µm � ýMþ�p�¶�î~z 95%

w%� ��ìb�)ÿ�� !<�+2�& B �� & H h 8 Ê��� 



�
1 � ]�� ² Q 5
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2 Charge Coupled Device

Charge Coupled Device ( ��� CCD)
Q�n�� |/}�� ` C��
	������������� (MOS)��������� X(|(} 1970 � [ W.S.Boyle X G.E.Smith � AT&T Bell Laboratory

[ �! }�"�#-|�	 j � Q�$�%'&)(+*�,.-

2.1 SCCD / BCCD

CCD X Q10�243 ��	65�7+8:9�; x+,=<�>�? 8A@�BC	:5�7�DFEHG j y X (�*�,6- CCD[ Q 5I748JDIE x
,:K�L j.M ! [ON B6} q Surface channel CCD (SCCD) X Buried

channel CCD (BCCD)
j

2 P�Q�� *�, [10]
-�R ��S�� j�T�U 8�V 2.1

[XW x�-

silicon

Oxide

electrode

V G

 substrate
B

electrode

V G

Oxide

n silicon

p- silicon

p+ silicon
V

SCCD BCCD

V 2.1: SCCD X BCCD
j.TFU

SCCD
(7Q 5�Y [ 5IZ48�[J\ x],7y X ( V 2.2

j
NO^ ^�_�`4a �+��b 8Hced & U
| q-y j _I`
a ���:b jXf c %g& CCD h�i m�n [ 5I7O81DIE x4,�- SCCD

( Q _`4a ���6b j�j�kHl ��mon {6p ^ K�L [ 5I7O8JD�E x], j (8qrq !�s�t ( 5I7O8JDE x],7y Xu� ('v�,�-
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10
V

p-typeEfm

energy
electron

semiconductormetal

oxide

Ef

Ec

Ev

s 
=

 8
.5

V
φ

region
depletion

V 2.2: SCCD
j _�`4a ���6b

BCCD
(8Q 5+Y [ 5�Zg8I[.\ x4,Jy X ( V 2.3

jON ^ ^F_�`'a �+�:b 8�c d &
U�| qLy j _�`'a �+��b jof c % & CCD h�i�� 3�� �4	 K+L [ 5I7 8.D�E x
,o-
BCCD

(3Q mon { _I`
a ����b j�jIkXl ��� ! K�L [ 5�7481D�E x], j (8q SCCD

X:m�n x
, X�� !�s�t ( 5�7F��D�E
	=� ,.-�R3yJ(��� [ DIE x],�� j ('v�, 5�7� Q
SCCD

j�� ��� ! -

depth

p-Si
SiO

n-Si p+Si

Polysilicon

Potential

V 2.3: BCCD
j _I`
a ����b

|��-| q SCCD
(3Q h�i n���( 5�7F� q s�t [ DIE�	=� } ! , 	�� q�� B d & X

|��F5I7F�����s|�^ ! X ! ^! T � *�,.-sy j 	"� q�# ���$V| d q&%�'I(�(�) X*,+ j
CCD � BCCD

(�*�,X-
JLC -�. [  �! }�/ q�# ^10 ?�2 |J� \�] X6^ ,	�� q BCCD 8 Z ! , \�] � *+,.-
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2.2
� � � � � �

5�7�9�; ���	� |�} ! d c�� j&�
� � *�, � q�R j���j � c (]*�, 2 Phase CCDjXT�U-j��� VF8�V 2.4
[XW x�-

1 Pixel

Phase1

Phase2

Po
te

nc
ia

l
p p p p p

V2
V1

No Clock

V 2.4: 2 Phase CCD
j.T�U	� 5�7F9�;

MOS
�������]� j��
���������

V1

���������
V2

� ��� 	C�4	.����5IY
������ �� * ( ! ,�- 5�Y j � � � a 2"! p #F���I�48%$�� ,�y � (Jq 5IY � 5 _ 8 024, � qIR j 5�Y j � � V j
N'^ ^�_I`Oa ���:b 8Hc d &'&/x�� � (gv�,.--y j _`]a ����b K)( � 5�748�D�E x�, � � ('v�,J-7y j _F`
a ���Ab K j y � 8�*�+ ( ,�.- b
, pixel)

�0/21 q
CCD

�  F! }�5�7O81D 2],43
5D{ ^
6 _ � ^4B } ! ,.-
y j

2 c.5IY�7 � � !�, 5�Z]88� � �����"�9� �ob�: 80; ! }�<� 	>= , �I(7qrRj 5�Y�� � (4vo, _F`�a ��� b K 88<� 	?= ,1-�y j _�`]a ��� b K j <F ��N B } qV j�N�^ ^.5�7 j ��
8A@ v>BHy6xX-�y �
80C &ED3x���( q 5�7
8 � ��F�� CCD
j

G � 3 G %�( ����	'= ,�y � � ('v�,.-
HI�

3 Phase CCD
j%A� V�8 2.5

�JW xH-
MOS

�H�A���+� j
�A�����"�2�
V1

�
V2 	 3 � V3

� �J� 	=�4	X5IY��  * ( ! ,X-Ky j 5IY
7 � 3 K ��L 3 |�	 ������ �FbM: 8F[r\ x], ��(Lq V j
N4^?� _�`Oa �+��b 8%<� 	8= q � ��F
� 5I7O8J9; x], � � &8N',X-
3 phase CCD � ������� 5�Z ( #
O x], _I`
a ����b j%P } j�Q 	 a�2"! 5I7489I; ('v�, j
�9R | q 2 phase CCD

(%S ��T ? p #F�F��� ( #�O x], Q 	 a 2�! j5�7-| ��9I; (Ov ^ ! - | �L| 2 Phase CCD
� ( �����2��U&j%V�W�i8j"X0Y ��#�O

| � d ! � ! ^[Z�\ / *�,r-
��] j

CCD
( (�� H_^��FA� |���5�7'869+; ( v9` ! � q8y �'8IV 2.6

j
N'^
��a"b"��F��dc�e&��F�� >+?�f
g =�}
h , ��(Jq
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1 Pixel

V1

V2

V3

V 2.5: 3 Phase CCD
�  !�, 5�7F9�;

1.
c�e ����� 8 1 ��� ^ -

2.
a�b ����� 8�� ! q 5�7O8�0 ?�&�x�-

3. 2 8 a�b , �.- b	� 2"! C & DJxH-
4. 1 
 3 8 c�e , �0- b	� 2"! C & DJxH-

� �
�
N & P , �.- b ( j 5�748�0 ?�&�x�� � &4N ,X-
CCD

� ( 9�;�� � DIE����� P�� a ���7} ! , Frame Transfer # j / j h q 9;�� � D�E������ � ��� ���3} ! , Interline Transfer # j / j q 9�;��F��D�E��48
 P������ } ! , Full Frame Transfer (FFT) # i � *+,.- +�����-�. i (�( CCDP iF���	� (�*�, FFT #��I; ! 3 � ,X-

2.3
� � � � � �

CCD
j ����� �"!":��

(2
H�^ 0 ?�2 | �  �! } ( a�b �#!":�� j ) $	%�& ��'�(

|�	15�7 (*) -�� � ; MOSFET
� 5�7H5FZ�<,+ MOSFET

j
2 c�8.; ! } Floating

Diffusion Amplifier (FDA)
� ! ^!��- ( 5�Z � <�+
	=� , ( V 2.7)

--y�y:(�(
Q = CV

j�."/ 82; ! } q 5�748�5�Z � <�+ x�,X- 0 ?_& 	C�
	J5�Z (�q"0 � j ADC
�]N B

}21 � �	A� ,X-�R j43 q5) - � � ; MOSFET
�4N B6}
V 2.7

( j
RD

� f�g =
} ) - � � ��� g � , j (Jq D�EF5�7F�76 8 	�� ,.-

SCCD
j K�f � (

FDA
(�(
` d q Floating Gate

- �8/�9 � , D�E�5�7O8�: gI`
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V 2.6: CCD
�  !],

2
HJ^ 5�7�0 ?2 |

in chip

V1 V2 OG RG

RD

VDD

VO

reset
MOS

amplifier MOS

external load

V 2.7: MOSFET 5�7�0 ?"2 |����
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n-Si

Vg <<0

p-Si

GND
SURFACE

SiO2

ELECTRODE 

Vn > 0

V 2.8: ��9����
! 0 ?�& |�8�� ^ y � / ( vF,H-Ly j��2- 89; ! , � q1� c j 5I7O8�� � ��0 ?�&x���( 5�748��L| d o�p7x],�y � � ( v�q S/N 8�	 d x
,�y � / &.N ,.-

2.4 Multi Pinned Phase

 � �  �

��9������ k��I� / /,9 � , Multi Pinned Phase ����� k�� (�� CCD 8 MOS� a�� a�� ��� �"! 2 	 KIf �  �! �$# v2`&%('*)�+ : 5IZ48�[J\�, ,�- � (�� �) � a ( � ��9����".�K48�ced &>& � � V 2.8 . N4^ � � ) � a -
� ) � a0/�1(2�3i54 � ((6 � a87 b�9 �(: 3"�<;>=�?A@CB5DFE�GIH�J(K(LNMA@CB5D&�(��O�P�Q�,�R

Q(�N�NS � . - � O"T"R�U
- .&�(� ��V�W���X ��YNZ�B �\[^]_��`(a ,5R0b�� X � ��c�dfe L�MA@CB\DgE�G

H�Jih>j�k � ��l b�m�K�n�o W&p�q K�r�s�Ogt(R U�u5vAw MPP Q��F@�xAR - h�e[8]�� �8l b�m�. `^a�yIz�{ ,fR - h|K�O\t$R�. O�T�R�U MPP ��S � h|}(~���S �
O X � 20 �(�����^�f������D�w�. l b�mf. `$a�� K(��w � ~��$����O(�$���(�\�&e� W R - h�K�O�t$RI�f��� yI�F]���W R U
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3
� � � � �

� B v_Ofe��	��B�D&r�
 [5][6][7] e V�W��������������� S���� CCD
y

MPP� S��CO�Q �g@Cx � 55Fe 5.9 KeV X ! " y � W&� S/N #�$ y � W�� ~(� %^��O ��&' �\�0K��f�(o � h|K�(�)A@ B�D$U* r+
"e V�W^�"X��-, b/.�0�K CCD e2143 ��5 � yI�*]0��6 7 3�D�8 � ��9�:; � y #�$�<�R>= y4?-@ h�3^D^U

3.1 A B
* r+
 X 1998 C 6 D 15 EGFIH 22 E�vIO KEK Proton Synchrotron

�
T1 J+KL

( M 3.1)
yON � 3 � ���^BfD^U � � J	K L O X 2GeV/c v�O � π .P0$K N � �"��O

T�R U

3.1.1 QSR TVU CCD

* r+
�O XPW	X�Y[ZG\^]2_2` ab� S5466 ( M 3.2) hdc4e EEV
`�a��

CCD02-06

( M 3.3) e^u W^� #�$ y � ] D^U S5466
X�f�g h��jilk K 10µm

�m�� h 50µm
�m���

2 n�o y � W	p U �rq H � CCD
��s *V@ o-t�S	u yOv 3.1 ejwx<&Uy

CCD
X	z|{~} L��V�~���/� Jb� � ]r� �r����� e��/��H p-� � e�ob� ����j�

3.1.2 � ���b����
r�
	�/� 3 � ��{>����� L _ CCD h 1 � � u ��� � Z CCD

yj¡ ��¢V£�e�¤�93 � # $ y �^� p�� r�
/� -15
�

-5
�

+5
�

+15◦C ����� q p � �O*	; ¥ ��� -15◦C �#+$43 p t � u y � �/p�� v p+�+¦ � �(eP§gv q �¨, b	.�0�© � � \ u { L�ª �+p
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M 3.1: KEK-PS T1 J+K L
�$e���mNe�¤�9�3 p 2 � � � J _ ��� ]-z L�� � � u ��� �
	�© y � �+pP� M 3.4 �¦ � � y CCD e���^e 6�7�k x p�� k ����� MO��� ������ 60 � ��5 � � ¦ � �y

CCD e 6�7�k x p�� k ����� M y M 3.5 e�wx< �
M�� � CCD1 h�3 � ����� � � Jb� � ]r� �>�	��� e 10 mm

5����5y��! 	pbm�(y�" � 3 pP� ��# < � � h � �~, b�.20 � � �%$ : y }'&/< � 8 ��(*)'+!,5y%-�./ H><10 # e/3 p�� v p�� CCD0 h CCD1
�j� �¨�	�P� yP¦ � �2��m!3�e � CCD2

h CCD3
�-� �r����� y'4 m�3�e$o � 0 # e�5b92< � =�� �j� �r�+�P� e60 �%(')+�, �27!8 ��t � 0 # e/3 pP�xk H�e � CCD 9;:�e<0 �=(�)!+�,�
>!?�y�-2.�@� �2p �(e CCD1 h CCD2 h y!A F � k+��x�ex3 � ��B y 4mm e�3 p��

CCD HPK S5466 EEV

(10um) (50um) CCD02-06C ,!DFE!G'H
2 Phase 2 Phase 3 Phasef!I

Pixel 512 × 512 512 × 512 385 × 578

Pixel Pitch 24 µm
5

24 µm
5

22 µm
5� �~�'J K�K 12.288 mm

5
12.288 mm

5
8.47 × 12.716 mmf	g�h��iVk

10 µm 50 µm 20 µm

Amp.
g � 2.0µV/e 2.0µV/e 1.0µV/e

v
3.1:

y
CCD

��L2M
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M 3.2:
W�X/Y|Z \4]�_�`�a

S5466

, C .P0�hj3 ��������y 2
�

1
�

0.7
�

0.5 GeV/c ��¤�$�3 p π− .�0 y � �	pP� �q y
CCD ���21b3 � 0 � � 45 � � 60 � � 3 u �25 �+� 6�7�k x ��� q���q �
� k��u �$� #�$ y �V� p��

3.2
	 
 � �  � � � � � � �

� 9�: ; ������� ��p ����� ��, C .�0 � CCD � ����� � �2&43 p F!� "	(��# $x< �%$�& � � �-�'����p � ��(b] � � �)�+*�,43 p�& ' C ,b� :�-+FIH.��& �9�� # $�< � 8��)/ 4 ��01� �3254 F ��6V�8719):�;	p��

3.2.1 <>=@?BA C�DFE
G)H ��I�J C�K)L � CCD � ��&5M �ON �+*),QP p C J�O��& �SR�T�USV+W © (X �+Y �[Zl�%\��^]`_8a ���1��b �5I ��V�c C J�dQ��e�f1M �[g�h ��� b aji V CJ�k�\S� ] hSlm$�&�npo�lrqSs+g I W)tpV�( X�u Y �[v nxw�g�y J�z�{!����� l}|~ ��� �pR � ( X u Y'�Q�r� /'� V!�p�r�%�^��� ~ # f ~F� l8�p�+�)n!o5l�q+�!R�)�1��c)y J �^� ��� l+g�h��[W)t!V e�f1� �5� v n`w�g�y J �)� �%� �}s5� hSl
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3.3: EEV ��� CCD02-06

b�� � � X�� 	
��������� ������q
�� �! ~#" /'� �%$ M �'&)(O2�4�*pV X�� 	+�����,��- 9 � : M b�� ~ I �pR z ���V�.,/pV��5�O� ����� g^q

3.2.2 02143
o�l8y J65�798,: h \5I b+Vry J;5�798�<
= g?>�@�n �xi a gBA X u Y 8 π−

KL nDC �!P g;E V!�GF = l q�srg I K�L 8IH�J _LK�\ �D(^�,M�N'� IDO �8� �S�Ow \K)L VPC � �LQ w \�R#S _8a l'�9&)(�E�V 8,TVU;W#� � M lOqpbOV TVU#W#� Vrt�nX N��
π−

K^L 8IH�J _GK g,MBN5� K^L VPC �BY � P�\DZ
[ * l}tS��\ P�\ 5% ]� ��(Sl1�'&.��y J#5�798,:�f'M l+qP^p�pbOVry J;5?7'8I_#=^\5I * [D`�a5M l�AX�u Y Vry J n`bOV�A X u Y V�y J � ��Ecb _ �dA X u Y 8,e�f y J�g�h A X u Y� Pr\�M l�q5b�V eDf y J�g�h A X%u Y 8dicj � Pr\ m× n
A X%u Y VIkDlBm�n 8F =�I m = n = 1 8�o�pD7 � Pr\'I m

E P2q " n 8 1 [Pr � P g�N�� I y J VPs^nt h �G(�l -;u � m
E Pvq " n 8wr � P�\ � q q1brVIM�N Icx�ypP E eDf y JDg�hn X�� 	;� V i�j �D(SlGz;{ ~
" (���qSbOV,|d} 8�~ y��SV r�� VI�dN δQ

∑

Q

n��V�
� � 5�7�]1� �D(�l�s ~�� ��� M q

δQ
∑

Q
=

∑y0+n
y=y0

Q(x0+m+1,y)
∑x0+m,y0+n

x=x0,y=y0
Q(x,y)X�� 	;� VP� h�i � o�p�� R!� P�\D�B�SP g e�f yd� g�h � ��E `?a A X u Y V�y�pV - n h � * wOg,MBN�� " ~d� V o�p�edf yd� g�h " X�� 	6��i,j ~#" (��Q� P
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-15degC

Driver Board
Sensor

22mm

4mm

22mm

CCD0

Target CCD

Pion (2.0, 1.0, 0.7, 0.5GeV/c)

CCD1

(CCD2)

CCD3

Scintillator2

Scintillator1

Beam


3.4: ���,HDJ�� u W#���'W��

\
~
	 V�A X%u Y��� lrq!b�& Pr\)�xi a l X�� 	6� V v n � 8  3.6
�P$ M q

HPK10 ~ EEV20 ~ HPK50
�������)n�� q (SlO� [+a'\#~ yd�pV v n ��E h � q(Sw \ �5w \ ��l�V�n�z�*!lrq HPK50

~B"�� � 8�� w \�H�J�� l5� y��SV v n>� n
r�h�� l[V)� ��=d~
� \�����(Sw \ �Sl���n z * lrq
b
�S�'& � � \"! h�g X�� 	�� m�n��?\�� \
~

X =

∑

QiXi
∑

Qi�%� & y����
# j'8$! h \ �>� ~ b aV8 �)y�%'&��,C �B��( ��) f�� lOq�(�* ~"+
[ �BA-, u�. �'/B{Oy���n H w�g � R�f _ a g,MBN5� " ~$0 � � �BA1, u�. � i�j
8 �)y�%2&�n�C � ��g6E
� �3� \"4 w�g^q
5 �S�'& ( -'698 # j�6 ������q
�� �! ~
" � � � � 5�7 �
��7 ~ 0.02 ~ 0.05 ~ 0.08

�98 f � ��(Oz  ����":2; 8<Fw
=^q
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2
2
m
m

4
m
m

2
2
m
m

Scintillator2

Scintillator1

CCD0

CCD1

CCD2

CCD3

π−2.0, 1.0, 0.7, 0.5GeV/c

(Target)

60 degree

beam monitor


3.5: 60

� H�J � u W;���'W��
3.2.3

���

��� �$# j�6 �!��w 7 !��
	�� =%�)y�%2&��,C �B��(d8 X  ����� �
7��Sl5� ~
3.7
�!�V& ��A�, u�. � ��� ��� p�8 � w =6E�����( w
=^q  i ��� 8�� {�=��z " >�@�n��`� [ ��A1, u�. ��� s�w
=�� �#� ~ ~ A-, u�. � iIj ��t = =9E$� ~o�l�q

H�J6�B��� � " 0 �+A , u�. � � � ��� p+8 E)w
=! �� z�{ (�" " ( q ~$#&%�+' H�J ~ o5l5��F =(	)� l � ~ ~ 5 �S��& (&� p+*mz�{ " HDJ %2&S�!�^w�7$,.-'=yd��� v nB� n�A-, u . 8 l0/Fl21 �+��3�4 . � ��w 7&576 	�� 7��Sl�= ��~ # j
6 � �)w 7 !��8	9� l ��( n�yB��:��':<;��
7 z<=?>@��y�~ A , u�. iIjd-6u �!A
�8	�� l��}� & 5 �.n�B 5 w 7'�pl = � �IF =?	)� l�q � (�z�� ~ A , u�.DC �PC�d� ( � y�� z�{ n7E�l��7FHG��D(�� 5 � 8 $ �$7'�JI�� ~LK I�M
N � + ' H�J'82O<P � =<Q ~ ~ # j'6 �p�+w 7 !L�.	R� = H�J��-( X

��S#A1,UT
. iwj * 	 � y&� �,\ ��7&V�W 8 < & | ~ ~ �<X H�J ��= ~�K7Y & �1( �HZ��6E��2[
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Charge Distribution


3.6:

# j�6 ��*�{ I�, � 	;� � v [ � M�� ��� " 0
� ~ 45

� ~ 60
� H�J �?\��� ~ S�< " HPK10 ~ EEV20 ~ HPK50

�?\�� � I�M

!	� I3�5���$[ K I�M � 5 ~ ~ A ,UT . � � � 8r��� �$�$7 ~3+ ' H�J (dN
dX

=const)

8�O�P �37 ~
r = [X + 1] − X

δ(r) =
1

N

∫ r

0

dN

dx
dx

X ′ = X − r + δ(r)

�m� & V$W 8�
 ��=$M 5�5 ~ [A]
"

A 8I<
= (�� t h ���� 7+8�� � M
5 �!V$W 8 < &r� ~  3.8

�p�'& � #�%�+ ' HDJ'8���� � I8|�[ ~Q� I�M�="/ � ~ i ��� � � ��=!� z ~ �D>9� I ��+ �dA-,�T . ��yd��[7� � w
=Q� R6S > � =�,� 	9� � [ �'7 " ~ V<W�[�<�z � (���= � 5 ��A � , " � ��� ����� �D��� ��� ���� 71��I
��[ Z�= I�M
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0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

100
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500

HPK10_NX_1869
Nent = 18076  
Mean  =  2.544
RMS   =  1.433

HPK10_NX_1869 HPK10_NX_1869
Nent = 18076  
Mean  =  2.544
RMS   =  1.433


3.7:
# j'6 �p��� 7 !J�.	)� =-, � 	6�?iIj M��  " A1,2T . ��� ~ ~ � � �,"

1
A ,HT . ��� � � =-, � 	+��8 K 	 z�� ~ A-,2T . i�j " 1 ~ 2 ~ 3 ~ 4

� P�� �37K I�M

3.2.4 Ratio Location Mapping 3

edf�� � g�h A ,2T . 8�i�j � �"= 3 × 3
�?mDnS��� �@� I 4 [ � 2 × 2

m�n��
&w� ~ t h �6E � 8 , � 	;� �3�37	��
 � I�M
edf�� � g�h � ~�� � `�a A ,2T . � � ��: Rx

��\ �37 ~ � � %'&�� + ' H�J
8�O�P�� I��

dN

dx
= const, Rx =

Cnext

Cpeak* 	�~
X(log(R)) =

0.5

N

∫ log(R)

−∞

dN

d log(r)
d log(r)

=
∞
∑

n=0

an logn(R)

�� � I!M 5 ������� 8 X � ����8����?:0P � ~J>�	�� 5 ������� 8P��� 7 HDJ %&�� � (�8�:�P � I!M 5 ������� � 6'8 Ratio Location Mapping (RLM) 6"!$#�%� � I!M
&

3.9 � 1 ~ 3 ~ 5 ~ 7 	 �'��Z'(-� =;E � 8*)�� M h �,+ ��-�l�. 3 	 � � ��K�~0/
	 �21�.�V$W ! ��I�M X�3 ���4� = 5 	 � � * � 7�E 3 	 � �1�51-����6<[ h87Vq ~
4 	;~ 5 	 ��1�����6�.�b >$� M
9 � Z:( ! � I,;8F���� C ~ t b � 5 	 �=< X�3 � . �:� =<M,^ �d~ � � %'&��

CCD
� � HdJ � � ��� 7 ~ 5 �	�>� �?.�@BA � I�M r = logR ! * � 7 ~ ; =�C
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0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

50

100

150

200
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HPK10_AX_1869
Nent = 18076  
Mean  =  2.504
RMS   =  1.433

HPK10_AX_1869 HPK10_AX_1869
Nent = 18076  
Mean  =  2.504
RMS   =  1.433

&
3.8:
# j'6:� V�W < < ��=��� !��.	 � = ,�� 	���icj M*�  .��1, T .�� � � ~� �=7 . 1
�1,HT . � � � � =1,�� 	�� M

HPK10µm ~3� ����� ����� � .

X(r) = (0.51 ± 0.06) + (0.24 ± 0.09)r − (0.01 ± 0.08)r2 + (0.03 ± 0.06)r3

+(0.01 ± 0.02)r4 − (0.01 ± 0.01)r5

45 � ��� �!��� � .

X(r) = (0.62 ± 0.07) + (0.32 ± 0.11)r − (0.08 ± 0.10)r2 − (0.01 ± 0.01)r3

+(0.01 ± 0.02)r4 + (0.01 ± 0.02)r5

60 � ��� �!��� � .

X(r) = (0.64 ± 0.08) + (0.51 ± 0.10)r − (0.13 ± 0.15)r2 − (0.14 ± 0.09)r3

+(0.03 ± 0.06)r4 + (0.02 ± 0.03)r5

�?�>� ��� � �LI�M
5 ���37�" 	)� =$#3�:< & 3.10 ��) � M�%�E:.�& 3 � RLM

F � < � ��'�( � E. ��)�*�+ [0E�,:� K I !9O�P �"=-��� � " 	)� I$F ��< ) � M
.�/�0 1�� +D	3254 0 �76
8 I � � ����) [�9 : 8 I = � '�; � <=< �?> ���A@= 3 � . 2 B C �$DUT�E C�F�� GIH (

1 �KJ�3�4 E�L Q ) �����M@�N ��� � #!' ��).
2 B�C ��DUT7E ��OA@QPR2�4TSVU I=WYX���.�� �KZ�! [ *'+ I�M
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&
3.9: RLM �$C Mapping � (���� C�� � � �	� @4A�
� U���U ' 1

'
3
'

5
'

7 �
C ���:� � ( @ >�����


3.3 � � � � � � �
CCD C����7*��� . µm !Y�#"#$ ��� C��&%K@ '�&('�) � . mm !��&"5C�*��$YC#+ '-, CCD .�C�/0%0��� '-1 732�405 SVU > � ��
&� Z-$ ' & 3 � ����� <�6
� >�"87 UMN:9A�5�$+ 7<;(= @ >0, CCD C&�>�>! 1 7 <�?	@ 8 �:A0B 2 ����
0CD � � C � � <FEHGI��


3.3.1 Residual

CCD0 J CCD1
'

CCD2
<�6K�> ����*0�� < 405�8 ��
(� C#L ' CCD3 MON ���P�DOQ�RTSVU P N	W�X&Y 6 8 ��


CCD0 Z C D#[	\^] J CCD1 Z�C D#[&\>]&Q(_�` $(a�b$	c�d @ CCD2 efJ Cg5%IQ�h W ��
 Z�C g�% J & LHX CCD2 Z�$ D0[0\�] 2�iYB#jlk�NO���IJ-C&m Q
residual J 8 � ( n 3.11)



CCD0

'
CCD1

'
CCD2 2Ho0p($ � U(q ' CCD0 J CCD1 C�r	s d1 J CCD1 J
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n 3.10: RLM ��C Mapping
���

CCD2 C�r	s d2
Q�6(K�>Y'

residual M
Residual = x2 −

{

x1 +
d2

d1
(x1 − x0)

}

C��� X�� S U ��

CCD1 C
H�� Q�� % J-@ > n 3.11 C��� X _�g�������Q J �:


3.3.2 � �������  �!#"#$
%�& X('*)�j,+&���.- W0/^Q p1 N0W0X '32�> C CCD 2o	p�$ ��� J54(5$@ >
'

CCD1 Z C DO[#\�] ���#X&%M@ >�'76 C CCD Z C DO[#\^] C�/0%(���
δXi = Xi − X1(i = 0, 2, 3)

X�8 W U �:9 � D#Q�6K�> X-Y o#e�Z�$YC&o0p�;=< Q 4�5�8 ��
 n 3.12 X
> X '

Z =
X2 − X1

X1 − X0
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��������������������
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ππ
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CCD3

CCD0

X axis
Residual

φ

Z axis

ξ

Y axis

θ

d1

d2

x1

x2

x3

n 3.11: Residual J �����
Q�6HK�>
	

d2
d1

(Z ���C���U )
Q 4(5�8 ��


)�N 	 dx − Y J dy − X C�/ �	Q�6HK�> X-Y o	e^Z�$YC���� Q 405�8 ��


3.3.3 Track Selection

Z�Z )-$5C�� [�� J���J 	���� X ��k >���� C �"!$# ? 2 ���&%�'OR S)(�/>� � X�+ �:
 CCD1 - CCD2 .�J CCD1 - CCD3 .�C+*(M-, 1:5 $ �H�:
#� ZF$ 	 CCD2Z�$YC residual C/.#2 S σ X�%0�1 	 CCD3 Z�$
2 residual 23.#2 S 2 5 4 C65 X7 )k�N8/2 Q 9 2 Track J30/1 6HK N ( n 3.13)



3.3.4 Residual Minimization

R S:( S3U
N;�"!<2�# ?^Q 60K 1 CCD1 X-= X��&>$?@�-�@A�B ���&X ��kC1 	 4×4

2/D@E^X/F�GH031 residual 2/F�I Q i"1H+ � J 	�J�K"L"' 2 45
' � S 8 'NMTP +^k

N�O0-�X 	�� 2Oo�P�Q�M/O�R�X��Ok;1^n 3.14 23S"TU2/F"I�X�i 7 U � �� X-V05
2
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����� Q�� k;1���U 1 K N 
 +@= 	 n�M HPK10 2 45
'�J�K�) 28�2&$ ����


� _/J"K 23O -�MIZ/2��� +78	��M�
 Z0k 1<= 7 � 	 Z U�M CCD e02�^W(X 1K 1 K�� N	W 	F, CCD e�.@2�o	p	j 7 2���U2����02�' MAP ( N
8�2���� 7 U�N@2$ 	 CCD1 X�%0�1 	 CCD0 J CCD2 2 � U��U2� � Q;A �&_�g 3 � Q �fJ�0�1
���N031 K�� J���5H031 	 n 3.11 X������� +









x′

y′

z′









= (θ) (φ) (ξ)









x

y

0









2��� X ��� ?0@ Q p k��3O0-�X residual 2��! #"	2 %	$ X=+ � �* X<���fJ , op�;�<U2&% [ ��� ]	Q 405H0 	:?	@�Q pIk&� 
0� 2&a�' 	 n 3.14 2#( L 2+F"I�X�i7*) � �* X ��) � ) 2-D@E�X�=	+ �,�#��- +�� ) M/.#0^X $2143 +�k�� 
H� 2�L
2 , % [ �.� ] 2/5 Q � 3.2 X&��� 


% [ ��� ] Q % [ �(� ] Q
θ0 0.002 ± 0.005 θ2 0.000 ± 0.001

φ0 -0.010 ± 0.006 φ2 0.002 ± 0.001

ξ0 -0.010 ± 0.005 ξ2 -0.006 ± 0.001

δX1 -0.094 ± 0.011 δY1 -0.002 ± 0.011

� 3.2: Residual
%	$�6 % [ �3� ] 275 (HPK50

	
60
'"J"K�)

)

8 k;1 	&9 L<2/:�;< 9(' X 6�K�� O0-^X L"' Q�� k;1 J�K � � �>�	X>=��7� �
O�-�X0M 	 CCD e
2 1 M Q�? F $�1@3 + � �� X/A �$��Q � � j 	 eU2 1 M Q�?#@
� � A0B 2 ����
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n 3.12: HPK 50 X�=�+ � X-Y /��$2 � 7���)
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n 3.13: CCD3 Z�$2 residual X�� � track selection



Residual 2-.02 S 2 5 4 C5 X 7 )(k/�8�2 Q�9 2 Track J3031 6HK���




�
3 � ������� \
	 27

0 1 2 3 4 5 6

0

1

2

3

4

5

6

Domain dependency

n 3.14: CCD e Q 4× 4 F$GH0>��O�-U2 Track
A�B �^�	X�� � residual � �U2/� )

(HPK10
	

45
'"J�K>)

)

H� ) � ) 2&��M pixel �#�($ 	 1pixel M 24µm $�� S 	 T2 ?	@�� 2/� ) Q�	 ( L 2 ?	@�� 2/� )IQ �����



�
3 � ������� \
	 28

3.4
� � � �

3.4.1 �  ����
	�������������

0.5 � 2 GeV/c 2�� )���) 2���<��U2�O�-�X �"! )$#&%(' F�)+*�,.-0/ %1' F�)+*
σintrinsic 24365�7981:<; # 8+2 σscattering 2 5�= - ��/�>

σresidual =
√

σ2
intrinsic

+ σ2
scattering

2@? /A# 8/2 2 � # ��)�� 	 σscattering , �0<�� :CB *�5H031
σscattering ∝

z

βcp

√

L

LR

[

1 + 0.038ln
(

L

LR

)]

2@? /A# [8] 2 >U	
σresidual =

√

σ2
intrinsic

+
A2

p2

: D 0�16EF�9G6� : =�+ #&%1' F�)+*IH0J J 0 	 fitting HLKNM&1 p → ∞ O6PFQ#� #R 2 ><	 -L/ %S' FF).*.HUT+V # R 2XW > M # �ZY 3.15 , RLM [(H0\�]-1CT�V�� �^�J@K 2�O�_ 2 %S' F6)+*�2���G`��a6b � H �60��U8 2 > � # ��c&�6dCY 3.16 d 3.17

,+� )+�>) 45
' d 60

'"J"K(e 2 %(' F�)�*�2��.G��9a�b � H �N0>�68 2 > � # �
σresidual , f�1
2 CCD 2 %(' F�)�*�2 5.= _ �.g�>

σ2
residual

= σ2
CCD2

+ (1 + Z)2σ2
CCD1

+ Z2σ2
CCD0

2@? 1 )"# � R�R > d Z , d2
d1

> � # � HPK10 HIh iZjlkSm 2 0>�3O._ : ,.d
σCCD0 = σCCD1 = σCCD2

24n�o 031
σHPK10 =

σresidual
√

2(Z2 + Z + 1)

H HPK10 1 p :FD � # -�/ %(' F�)�* 2 0Fd R 23Q�HZ\9]$1 EEV20 2 HPK50 2
-�/ %<' F�)�*+HLT1V�� �
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3.4.2 ����� �N��� 	

3.4.1 � >����
	�� [ :N; M ��T(VA!� 	���^ d 45 �1d 60 ����� :���� # - / %'�� )�*+H ? 3.3 d 3.4 d 3.5 :�������� ! : c 2 V�������� :�� 	! 	�H9Y 3.18 :
�����

CCD
%1'�� )�* (µm)

5�" [ 5�" [ ( #%$�& ) RLM [
HPK 10 3.87 ± 0.05 3.78 ± 0.06 2.98 ± 0.05

HPK 50 2.35 ± 0.10 2.31 ± 0.13 2.26 ± 0.19

EEV 20 3.90 ± 0.12 3.80 ± 0.15 2.73 ± 0.30

? 3.3:
�N^ �
� e

��^ �
� 	('._ : ,.d RLM [ > , 3µm )+*
	�,.-NH0/�1��I] # W d 5�" [ > ,2
4µm 2 ]435,.- :.6 M 	 �

CCD
�!7 5�" [ 5�" [ ( #%$�& ) RLM [

HPK 10 X 4.65 ± 0.06 4.53 ± 0.06 2.86 ± 0.10

Y 4.72 ± 0.05 4.30 ± 0.06 2.58 ± 0.07

HPK 50 X 6.15 ± 0.15 6.16 ± 0.14 6.97 ± 0.16

Y 3.31 ± 0.11 3.20 ± 0.12 3.68 ± 0.12

EEV 20 X 3.98 ± 0.13 3.73 ± 0.13 3.62 ± 0.17

Y 3.80 ± 0.10 3.41 ± 0.11 3.14 ± 0.12

? 3.4: 45◦ �
� e

45 ���
� :.� ]��I, 5�" [ 2 �8 :CD�� # #%$AH0KM 	 '._ 2 > d%9 2;:
<(=FW> !; 6@? M 	 W dBA�C W�D�D�E ]%,�-AH8/F1 ��] # � 5�" [AH RLM [ 2 > ,Id
Y 3.19 : > !G # ; 3 : HPK10 :CD�� �+,HA�C W�?�6JIKE ]B,�-�HL/F1��+] # W
EEV

> ,.9 2;:F<�M.N � )+* 2O6 M �.] # �QP(: HPK50
> ,@R@C 	 � W�E ]�,�-

HL/�1 	 ( Y 3.21 d 3.20) �
c 	 d HPK10 :�� ]�� RLM [ W%S.T+:�E ](U�HO/�1��9] #�	 V�d R  :1; M �Id

HPK50 2 EEV 	 RLM [ 	�U W�VXW�Y >�Z  !� �I] #\[ * � W!] # �
60 ���
� :.� ]��I,.d 5�" [ 2 R  :CD!� �%#%$AH�K M 	
 	 2 > , VXW(6�= ,> !� 6%? M 	 � c 	 RLM [ 2 	H^@_1,FP6Q�` =�W�VXW ] 	 V9d(a�b > ,Hc�d W
p � W 	 ] �%6�� d8e :��+�N; 3 6 CCD f�	 X

�
7 : p�]�� 	 %1'�� )�*�	8'�g
a9b � D d�h��IG9� e :�ikj�lHm�n�W+opIG6JYq6 M 	 I d�r o�s1:%��� #0t !Up W
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CCD
�
7 5�" [ 5�" [ ( #%$�& ) RLM [

HPK 10 X 5.60 ± 0.92 4.33 ± 0.98 7.27 ± 0.85

Y 5.40 ± 0.34 5.34 ± 0.36 4.61 ± 0.30

HPK 50 X 9.58 ± 1.71 9.47 ± 1.89 16.97 ± 1.92

Y 5.12 ± 0.72 4.79 ± 0.71 3.61 ± 0.83

EEV 20 X 5.85 ± 3.52 2.47 ± 5.27 5.67 ± 7.51

Y 6.68 ± 0.91 6.76 ± 1.09 3.48 ± 1.12

? 3.5: 60◦ �
� e

WI3 ]�� 	���� > c�d�H�� N�� :
	 ` =�W�VXW ] W HPK10 W�E ]��� �
��� H �
� �I] �I; 3 : > 1 �(�

3.4.3 ����� � RLM �

5�" [ > 	��
� 	�� WpI :��FN ��������h i �"! W G�# :�$&%  � 	 V�d 3 '��)(
m )�f :��
�6W � W*�9; 3 6 '9_ : 2× 2 	�+�,�- � H�\.] � RLM [ 2 ^�_ � � E
]�,�-AH". �A; 3 > ]/��� R  :�0 � 	 c � 	 	 45 ��)�f 	 HPK50 2 60 � � �
	8'._ > ]��8�
P<: d%9 2 :!< 2 p�)�* 	1'��"( m�:2�1��W�3 c9M � � cX3 ; 3 6 'I_ :4	�516
62�1� ^87 	�9
: :�;=<+6 RLM [ 	 � W
>4? > ]��8�

3.4.4 @BA�CEDGFIHKJ*LNM�OQP�R �TSQUWVQX�Y[Z
\ "4]�^�_`� clustering 	ba ^ d <�c cedG��� �(h�f��
g � ?ihej 3lk"m4n ] Ipo
c iq)d 	 �
r ^.�
j � 	�sb�1� 	291: ( δQ

∑

Q
) n 2% )�* ^�6��t_ 3 ^�utv�� 	 'w/x �1�y� f1z � 	 n o HPK50

x
45 ����� ^`{!��| \ "
] f�} j1o 2% o 5% o 8%

h 91: �)~ 	 ' w ^�� 3.6 oy� 3.22
x _ 3 6 ,�-Tf�� 	 �

5% R@A�n Eyj U�f ���8o 8% ^@6/�yhl�b�
� : ��|=j/�8�%�Q?
�B6 n %eo��1�ihQ�
| 91: 	t� �9 <8VXWXY 61j��
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 U X
�
7

[pixel] Y
�
7

[pixel]

2% 0.35 ± 0.01 0.27 ± 0.01

5% 0.33 ± 0.01 0.23 ± 0.01

8% 0.37 ± 0.01 0.30 ± 0.01

� 3.6: δQ
∑

Q

 U ^�_`� �� �
���1x�� j (HPK50, 45 � ����� )

3.4.5 CCD �������NM�OKP�R �TSQUWV XiY[Z
���4x���� ^��4j�|�	=o CCD f x X

�F7 ^ �4j
|"! � ^T_�# | �� �
��� ^B=$ n > %  ��h)j 3lk m
n&%"' � 	 ��c x b (�f � 3.23 ^8���B� 45 ) *�+ x ' w ^, -
3 . x 1

x +
, ^.�1j8| e � ^ �T/. ���=x � :bn > %  ��� q 	 o 60 )�*�+x ' w ^4	2�=�y^10 	 #)| ���. ���=x 91:bn > %  ���
c  	to CCD1 ^.�1jb|�o CCD

x VXW�� n 12mm 2
d ]�� x ^`{��bo/c  f43
* ��|+]�� (F�65�72�98�7;:<�1= ^/>F� 	�? n 10mm 2�@�)4d ]y�BA�^
o *�+�C�D
n�E&F ���B! � ^�_ #e| (F�G5�78�;8H79:I��=/f4E&F ���  �x h�� 3 d 61j  �x h
n&%�' ���1c�h nIJ � x�[/��K h(��|
L 1 %  � ( � 3.24) �
��c d oy� 3.23 f�d ,"M . ^�]��t_ 3 6 (
�N5&7`�;8H79:<��=�f4E�F ����hOL 1
%  � �O�N7b��f"P jIQ/R M . x ! .�fBE&F ��� � �S78� x T f8} j4|�U�> ���.��� fOVXW | T Q ( � 3.25 o�� 3.7) �

CCD Y 7 \&Z ] \�Z ] ( [�\&] ) RLM ]
HPK 10 X 4.73 ± 0.08 4.56 ± 0.10 3.30 ± 0.06

Y 4.64 ± 0.07 4.53 ± 0.09 2.57 ± 0.05

HPK 50 X 6.56 ± 0.17 6.68 ± 0.18 6.92 ± 0.14

Y 4.44 ± 0.14 4.39 ± 0.16 3.79 ± 0.10

EEV 20 X 4.72 ± 0.18 5.05 ± 0.19 4.37 ± 0.16

Y 5.70 ± 0.15 4.87 ± 0.18 3.34 ± 0.13

� 3.7: 45◦ * +�� (CCD
x R M .�-�^ , HPK10, 60 ) * +�� )

_"` h�a"|=ocb�d"e f4f
gOh ^/iG# |�j6#BQ4k w ^�	�l qGmnhporqns t 	 94: avuw #vQ�x q Q
o EEV 	 HPK
x

4 . x 3
xvy�z a w i�Q�u1j�Q W o ,�M .Tf�{ �yh|r}v~1� x s1n&� u q uN�1Q W o��S� w 0=~ x1� )
n���� Q/��� K n lX�vx�� 3.26

^ HPK50
x

60 )�*�+S� ^��t| x �;��71�8f�} j&QOk w heo/R M .I��^ o ,"M .I�
^tf�} j�Q/k w o q Qbo8� 3.27 ^ CCD0

x �4�r� Z f6�O� ^<a1QOk w h)o CCD2
x

�O�p� Z�� �/� ^
a"Q/k w/x1�1� f j�#vQ _�` f=q h W Q�x
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j���� x k w � residual
x .�� ^����*h	��
��� n u1j�x

3.5
� ���

����� ���6�1	���� h EEV ��� x CCD ^`{6a�| 0 ) o 45 ) o 60 ) x 2�)Tf �
Q2~1| π− fO*�+�� ~/o=� x ��� .�� � f �! a�Q"x
�"�

10µm f�} j QBk w ^#�4o 2�)2n�] j�QOk w d ��$ .&% j/�I� .#� � (< 6µm)

f(' a"Q�x
)�����* � 45 ) o 60 )�* +N�"+ ����, � x.-�/ +10 #)|�2 CCD

x !&� +30 #)|
E�F54 �76�8 x.9 �	: $ �<; x�=?> : l m 2A@ + ��� 50µm B EEV 20µm C�DFE
Q�kHG + ��� .�� �HI�J J"K K : =?> + u1LvQ�x
MON * +P+�Q qSR�T I.U : mV:5WX��E k5G + �H2�Y Z�Z 0Sm � � a"I R�T � I.�

� + �\[�] u RLM
Z :�^�_ * l5L�`"x?a +.^ ]�b I 9 E CCD

* 2 45 c wed 60 cf�g + w ^"h#RHT I.U : mS:&h�o�E k5G + � � Z�i I.j�kra w DFE u E RLM
Z �

l5l mm^�_ * ��u q 2Y Z�Z I Y":�%5E _�` Cn d �1`�x
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3.19: 45 c f�g � HPK10µm
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3.20: 45 c f�g � HPK50µm
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3.21: 45 c f�g � EEV20µm
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3.22: δQ

∑

Q

� t5+30 �O��� � � �HI�� E ( Y� Z )
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3.24: �N����������������� C����54 � �;� �1�
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3.25: � � ��� ��C�� � u E �&y 2�� m I �&y 2�� y C�� L�`/k�G * �6� � � �

C	��
 �/x��  � X �� 2��  � Y ��HC '54 x
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3.26: � � ��� ��C�� � u E �&y 2�� m I �&y 2�� y C�� L�`/k�G * �6� � � �
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3.27: CCD0 I�� �r�  C6�v��+�� `�kHG�2 CCD2 I�� ���  � �/�.+�� `/kHG
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4

CCD C��������	��
� �h�DHE �9k�G + =?> + uX��I"��2�� g������ +���4 �����*�� � [11] � JLC
* ���

N ��#+�� nm (10−9m) �! ��#+"�$# nm � E&%('�)* 
��� �!+-,3C����X�/.10 ` 
 2 ������	 � � ��243�5�+P0 L h76$8!9�2;:�� I R�< 2= R�< I�> ����5<�*?�3!@�:�A�B5+DC;E$0-� l`�2 ����� I 8!9�2F:�� :�GIHKJ�0+L �P2�M < I C /$N�O�P :�W��1HKJ�0 ` 
�+ 2 G E Luminosity

* I"Q�R :�S �X� �
0-��T � d I S �7U7V!W dYX CF4�0/G�Z�c I�> �D[�5$\!?73!@ M < ��2  "!�
^]?+7_
��� �D`a�Y 7bF+�ced":�W$f dhg hHEi0 ` 
"+ 2 �����D`�W dkj H l *�l!m T*�/_�J
E: 2 �����7n�Q*oF+!pDW g 0q�������	��
 I n4] b * _�� I7r c#: 104/(cm2 · sec)
+	sut54�0��;T I ��� BF_�v1w �30�� 15 krad �yx P s dzg h��|{~} 10 v	w I"���� ��E#h 150 krad

� tF�;0��iT I�� %YJ � g!����� � � �h!_!}���� I CCD
� �

E#hi_��-�13����F�����<F���D�F�1�-� �;�HI�� ��� X C ���-�&��J;0��Y�$��� g
h�E�0��
����3��7�*�F_�R$����� i � R�T���� P � g 0�T$�y��} Qi� � Si

� W�W^0	R$  I¡ �7� X C ��} l�`�¢a£u¤ 3 - ¥���¦7V�§�� I �e��¨�©�ªDZ�c�«�¬7� X C$��0"� l�` }
G;�8F9"2�: ��ª M < � �7® h ¢¯£/¤ 3���<��$��<$©�p�W dy°*g 0$TF� � �7® h >
2[q�*��� X CF�;0��
T g l � � Q�� � �"�!� X C � `e± � �.h SLAC �*b*² g ` SLD Q�R �

� 0��
CCD ³�´$ ` ���*�*�^��
*� � 0 VXD3

� }�µ X·¶ ��� � ��® h#R�T �$¸ _�¹�ª
6 � ��&%»º!��¼�½*
�ª � ����¾!² g h��-�|��J ®.` �
¿
® h*} � g��7�$� ª�À�Á;³�½ � ¶ ��Â7Ã 0uÄ$_DÅ7S�Æ���� � {(}DT g l � � KEK� �*&h HPK S5466 ªiÇ � < � � β

� � �$��0��*È*��ª � g*� �!� ª�¼�½��!b�²g h$;0 [9] �
��T���É Q�R �F_ γ

� ³"´$&h CCD ª �!� ³D¼�½$�;0$TF��³	Ê ¶ � ��h�Ë�Ì	³
b ®�` �
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4.1
��� � � �

2.4 ���4s�� Ã
	 � % � } CCD ³ MPP ���@/����$�;0 	���� _eA��"J�� > ������  	³�W�f	0���S$���;0��! *½�ª#"!$ �  ^³-V&%('�)�}+*F�
�,�.-�W0/ MPP

�1�,- � ¡ ²I{»}#2�©,3*w14 	 {yª65 �7 X�869 �#:��<;>=#?$�.@��
β A�³D´!()�b�² g 	 ¼�½��F_*}*����B��7�*�;³-¼�½!�,@ 	C��� } MPP ���,-�³

t6D!�.@ 	C��� �CE
FG��H�� �#�+�  I
J·{K} CCD ³��#�*�K@6LNM1O!L �  iª�P �
©Q%SR
T 9 %�ªUWV7�*¼�½·� g 	 � CCD ªG�#� ��X ´7�Y��@ �   �CZ[G\ �.�]@ 	� } [�\ �  1³�´F!) s MPP �
�,- � F�/^F_;`F ® 	 da �#Z(b È�c$o*��ª�¼!½d %�'G)�ª�e$´��1fCg*�hi;kjNl � %^FK@]%WmCno/qpo@���r.s���}DÉtu �#v C)Z!w R.T 9 % MPP �]�,-�"($ �  �ª1UWV�³ Â*Ã @#s
% � ' 	 �

4.2
� x y z { | }

�6~#���!�#�#�
(Charge Transfer Inefficiency, CTI)

Z
CCD ��� ® )����6�,L^�� � �~#�#���<� p�@��6�6� �6~���#� p�@��1aK���]�Y�����,�]@���
@�:�� � Q

� �1~#� �]���.L+� � � �1�o� p 	 �� Q′ %�F ® 	G� a.� ��~6�]�C�6� (Charge

Transfer Efficiency, CTE)
Z

CTE =
Q′

Q

%q����@G�Ks�p
�(��'G) CTI
Z

CTI = 1 − CTE(= 1 −
Q′

Q
)

�,�]@��
� )
�G*6�.���6 
��¡#¢1£_¤¦¥�L ��§C¨ S5466 � Z CTI

Z
5 × 10−5 © \ %¦ª�«� p])�¬.@ � �6r�� � a#�o� 1024 pixel

�� ' 	+� a
� Z

(1 − 5 × 10−5)1024 = 0.95

�,�®¯� CCD �G°±®/q°oJ�� �1�<� po@
% 5% © \ � �6~����#� p�@s1%^�6F.@+�²�³ �W´�µ6¶N·6¸
�G¹Nº
��� ® ) 2000 × 2000 pixel �^»���:�¼ CCD ��½�D � l
¾
�6F_¿�Ks�p���À�¬ 	�� a
� Z(Á#Â�Ã � �]�C� �CE&%^F_>� ��~#�����6� �(Ä6ÅKÆÇ Z�È E
FNÉ Ç %�F ® )1¬,@�� CTI

� ¹ 8 �.@WÊYË
%�'G)�ÌCÍ�Î
Ï��K�N@ �6~ �®¤Ð O�Ñ � mNn�/¦p1)�¬.@G�
s�poJ^�.��t6u,�Y� ® )1� CTI

Z!Ò\6Ó ����LNM,ONLk��H_O(L�Ô Ð]Õ B1- �6~ �9#Ö1×QØ F�Ù Ð,Ú �]Û��NÜ6Ý�'�)1¬,@1s]% ��Þ ± ® )]¬
@���ßtu6� Z RKT 9 % Ò\ �(���K@ CTI �GàÅ1��I�¬�)Cá6â�@#s1%^�]'NãC�
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30.48 mm

22.73 mm

	
4.1: S5466

CCD 
��  � ������®¤ Ð B�������^¼��� �
100 %� ~��������

2 Phase % ��!�"
12.288mm(H) × 12.288mm(V) � �
LW� � 512(H) × 512(V)

�
LW� �$#�%'& 24µm(H) × 24µm(V)($)�* '�+ %,& 8 e−rms

�.-YL�¤ �$!�" 400 – 1,100 nm� ~����N�6�
0.99995 (25

\�/ ½,3 )0�1 / ½�2��43 MPP 2��53

� 4.1: S5466 6�7

4.3
8 9

4.3.1 :<; =?> CCD

t�uK��@C¡¢
£_¤S¥BA�� §#¨ CCD � 0�1DC �FE5G S5466 (
	

4.1) ��H1ÀFI#ã�J
S5466 ��6�7K�W� 4.1 �LK
�.J S5466 @.�$��M��$���LNPO �FG]�RQTS(·¸�@�À1¬�U
¬�S¬�J�ß�V�W#��@ S5466 � 250KHz ��X / IN�L6 Ø �LY#«��'Z ® ã[J

CCD ±]\G�5^._$@ PC98 C-bus `ba 12bit ADC �(À]¬�U�c?�
ÛWÅBI#ã�J�d$eÃ�f ��@ KEK �LgCß�h 1
�6¨ ½4INãjilk��.�G���À6¬ã�ã�m�� (�)�* I,n � ��@ 	

4.2 �jK1�Y�BQ`� 512 × 512 ��A�� � �  ��!�" �jo
� Horizontal overclock (HOC)!�"qp ¬rQts (�) ��u Þ Ó�v4w�x Q¤S�$y
�zcD�]ÛN��{ z|j}�1¬FGjJ�ß�~��6��@
HOC

!�" ��À¬5G�� p �
� CCD ��� Ñ��C��E�G MOSFET ^�_1� Ò�� à#Å,�L���
��Z ® ã�J

1yasuhiro.sugimoto@kek.jp
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4.2: S5466

(�)�* I�������?�
¤
4.3.2 γ

������� 	�
��	��

γ M,������@��������
�����5G���� � ¤ 60  "!#�LM����
�#ã�m�%$���&('#)6À�*+
2 ��Z-,�ã[J
	

4.3 � γ M.���(/�����
¤10R��Ñ.��K
�LJ CCD @�2<�%354
�DGNã�m6�60 �879 ���6�;:.< �>= U¬�GjJ CCD @#?�@RICã�A�B�CED%C�F�G�S�HJI X / �.K�L�MON I
S.PQARB�C�D�C p F /�S"T1U ãQA�B�C�D#C L '�/�V +EW I γ M L ���DINã�J�XZY�@
M�[-\O]�^ \ 10cm C#_�`(V.F�a�Y5@�M�[R^ \ 15cm CQ_�`EV +EW I�FLX.b�c f @
CCD dfe p1g8h !jilkRm L#n P�U�`BIjUZ?5oRIZFQp.qECRr�m�s T 5cm C v5t�u �
A L%n P[U γ M.^ \v3.4 T = r�J
MR[�V�@ 60Co

LQn Pfr�J 60Co ^]\b@ 1.173MeV/c
p

1.333MeV/c C γ M�wfxy%z
100% {�|R}J~QV#��^ T = URP5G 3 J

β M5V(�.GbV�W [9] V���P.U6F�'���M���V#�RG5G�����w.b SjT�U r�A�BfCED%C�VQ�
GFGO�R��wR?�@�I�r(D#C�V��fG4G��R�(C 2 �R� � {4E�G p PlQ Y��R����w�^�U5PFG
C�{EF�� = VQ���BIjUZd�V�WR{�@�_�` LO��� U +�W G4G�� p {�F5'.��/$y����DI�r�R� C�����w'���V�S���FLV�W�wf���5V�S5G5�DQvVQ���BIZr�J
MR[6��� T 10cm F w#  1cm � � C6¡;¢RA�C(DQC�w 36 d£¡�¤5A�VZ¥.¦�UE§¨�lF
� = w�©   9cm C�ªZ«E!5¬%ª# ( ® 4.4) C�¯�°�V.±%� T ="² �J³´V�µE,1¶RP ²#· �
CZ¸�¹6� �.º {R» 200Ci {E§E¼#r ·�½ r�¾��(¿�V���À�Á�ÂRÃ º L�n P�¶ CCD C h

2 ÄÆÅÆÇÆÈ;ÉËÊ>Ì5Í 60 Î;ÏÑÐÓÒvÔvÕÆÖÆ×ÆØ
3 ÙÆÚ A Û>Ô
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� 
6i � ¬����QVQÃ�� ² ÂRÃEC���� L
	 ¼�r ( ® 4.5)
·

γ � L ¾����%¶5P ² ¿�O� ³
{�µ.P5¿��{�� 4.4 ± 0.1nA C��5{�§E¼#r ·���h�� ��C������
���������� 3.6eVL#n P ² OF 1530 ± 34 rad/hour "!�# T � ²�·

Co60

pA meter

electronics

® 4.5: γ ��¾��%$'&)(£¯�* W ®
�%^+��F
$-,�V���¾������f� �/. � i 60 01�32 ��¾���4�*6V�5�P�¶�F ���\�]�^6 C�_�`�V����#¶'7'8EV9�.� T �f¶:5 ��Ff�
�VJ� ² �����;��C CCD

L * W �
r �%< {�C�¸�¹5� 1.0× 104 R/h  5.1× 103 R/h {6§6¼�r ·�= ��VQ����¶fF Si VQ�
G ²?>9@ ��� Da(Si)[rad] �

Da(Si) =
µSi

µ ACB 0.87De( D%E )

De( D%E ) : ¾�� ��� [R], µX : F��:�:�G�H�� >?@�I�J

{�§ ��F = C?�����-�: GK�LEV�5�P�¶5� Si "D'E�C3F������/���: >�@)I�J �'M�N
|��PO [12] FR�G��;?� 8.7 × 103 rad/h F 4.4 × 103 rad/h C >�@ ����V9Q�R;G ²Q·

γ �EC#¾�����S(cZVQx�TZ¶ 	 PRF �:U cZF � Sc�C�¾��(¿'V��R�G��;9� 6 ¿%VZF 4

¿%VW��Zr · �/��;���C CCD V��5G ²?>9@ ������X 4.2 C��(³ÆV3Y5� T ��r ·
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���
CCD b S CCD��U c 5.2 × 104 rad 2.7 × 104 rad� S(c 3.5 × 104 rad 1.8 × 104 radº

8.7 × 104 rad 4.4 × 104 rad

X 4.2: �G�:;��(C CCD V��5G ² YR� >9@ ���

4.3.3 �����	��
��� �	�������
� Â5ÃR�����R�E����������� �"! n$# r�Á&%('*)*+ ( ® 4.6) ¯-, CCD �&.�!�/021-3 b(c245�65*)���( ¯7,8/ # ¶ 	 ¼#r ·�= �9'�)�+f� 20◦C ^ 6 -10◦C

½ {:�2;< {�).¹�=�>�w&?�@�{�§ ²%·

® 4.6:
� ÂRÃ'����Á %8'�)�+

4.3.4 �BA�C�D�EGF�HI
��� �	�������
γ ��¾�J8K1>¾�J*L&'&)&+NM-, CCD !G*:/%� 1 MPP O&P�!8QSR ²9T�U ,6V W6µ
ÂYX�!*Z�[�� T*\-] 1 55Fe !-^ # ¶ CTI �3�*_�! 	 ¼ T�· S5466 ` FFT % ]:a ¼
¶ 1-b�c*d�e ÂYf&gYh dYi Â*f&j(k d !-l�mR¶ # ²6T&U 1 Â�f*j8k�M9,6n*JW� T X
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�(,���¼O¶������ e
	�� � 1 = ���� 1 n&J�� / e�� _ �µ ²#·
�-= ]��
� , CTI!G��_�� ²6T&U , 1 ��� ��� �;Â�� �
� 
��� EC-601 !2^ # � 1 g8hE¿ ,&` ��� 

�9 8! 0.25 !#"��� 1%$ Ol» 1.3 !WV��#Â*f*j8k�M'&$.�(-�8M9,&` �
� 
 �9 e*)+

X � e n&J�� , # ��- ,�� T�.
/

4.7 , CCD 50�21�Â3� �4� 
5�� �� 3 O76�4:��8#9 
�: / !<;�� . CCD ^Y�%Â
�1�� � `5=Y^*�'> _��QÂ ��! ^ # 1@? �OÂ �1@A B�� T . Beam spill gate generator` 0.8 hz C
D�� 	FE 1 5��G1IHFJ delay �� � ^ #F� aIK'.

Delay

Beam spill
gate generator

Beam spill
gate generator

controller
Shutter

Master
 clock

DC 24V

Clock2
Shutter

controller

PC

CCD

ADC clock

ADC clock

Analog data

250Khz

+24,+15,-15V
DC Power

module

CCD

Control
1.5Mhz

Start

100Khz

LGMONQPSRUT

/
4.7: CTI V�_*^I624
WYXIZ\[�X�]

4.4
^`_ a b c d

egf
γ h�i'j�J�� K K
k�l -10 l 0 l 10 l 20◦C m�n�o4p7k�q3r K�sut'v0w'x :y9#X

:�zYX Vee { H��u|�}7~ T�� m��'z
� 	4��� m��'��iVY_0� T4. V*_:` CCD m-gh#|�}�i 1 l 2 l 3 l 4 ! {2��� � l4�5z��Im��4�I:��#�Fm �3� i���� K�� { k0� � �� � T�.
�4�
� Z���:��4m�4������\��6  C5934 i2^�¡ T ����k�` s#t�v#w : 9#X :GzX8` ��¢ Vcc i 6V l x4¢ Vee i -8V i3£'¤4� K �¥-¦k%§4¨ Q\© � ¡ K�.��
� ] l�ª
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gYhu|�} �5z�� � [ADC count]

[ ! ] ���	���u� (-5.5V) MPP ���u� (-8V) 
��
1.0 408 ± 18 32 ± 4 0.078

2.0 652 ± 34 47 ± 8 0.072

3.0 900 ± 49 61 ± 12 0.068

4.0 1142 ± 65 75 ± 15 0.066


4.3: g*hu|�}Fk��
� K �5z�� � m ��� . HF�(` ADC count

��� ] `�:F9#XF:�z*X$` � z
� { x z��#m�� e 14V C
D4k4, K �0-2k Vee { Vcc i��� k ������� � V��¥i � ��� .  4.3 { / 4.8 � MPP �I�u� { ��� �I�#�"!#m#�$ |3}yk��&% K ��z�� � m �3� m('7¡�ig;��)� *5m�!	+ K'. MPP ���I�,!-�
�gz
� ��. ���	���#�'m 10 A#m 1 C
D4k4, K3� { .&/ V � ©0��1
2

4.9 k����z�� � i #-$ |
}�m7��3 { ��4�5 ����1 #-$ |
}Fk�67
�80��47l��z�� ��.�9�: �(4
¡ K
� { .&;�<>= 1
55Fe igj�?u�@4�ACBED � ©C��F�G
kEHJI¦© =LK)M�;�N i 2 4.10 kO5-%�1 55Fe m Kαh (5.9KeV) { Kβ h (6.49KeV) k�P¥~(% = �4�	Q .SR@T k / V � ©&4
¡ = 1 Kα hm����CQ�� 1620e− U�V k)P�~���4�q � l � ©�i(W�� { % = 1 � mSXZY2kI��4�H[I©\��n4o�p�kFq�r = Vee k���% =(]�^ |3}�~�� � m
��z�� U�V � m �3� i 2 4.11 k
5	%�1
� mE_�`�!-��l<o4p
k����&acb led t�f&g Z@h"i�� j�m Vee

.
-7V k -11V m�}(!

� MPP �
�7�,!�l�mu�%l -6.75V iLn#kEo�p
k��gz3� U�V ��.�9�: �yl -3V k -6.5V

m�}�!7� MPP ���u�5k�aZI f k�l�m0��4�¡ = � { .&;�<S= 1
γ h�i5j�?��)��q#m Vee k���% = �5z�� U�V � i 2 4.12 k�5	%�17r 2 � CCD is�t ����_�`�! γ h0i'j�?¥���(F&G�!C+ � l-u 2 � �Cv k�l�m �L� ��_�`�!3j�?0�
�EF7G#m\*'m)!C+ = 1 2&w m�x�y	�Fj�?	z�l	{@|�y	� �7} ~ j�?-qIlE�7|�y	� ���~ j�?&qIm%V������¥i  ��4
¡ = 1
¡ f ©#m CCD k4q4¡�4Z*'l MPP l�mui �"� = ���3k����Ca����Fz-� VMPP

ee

. x
m vuw k���l0�(4�¡I�O4
¡ = � { .�;�<>= 1 s�t _�`�!��C�
�)�0*5m3k���¡�4-�3l -

6.75 l 8 l 10V ��� . l��-l�_�`&!��\�
���\*�m�k��
¡�4	�
l -6.75 l -9.75V ��� .
�)�3z-��!C+ � l�l&m �L� ��_�`umS*'m�X � * s�t ����_�`um\*�m�m v . X ��� b
�C�
�(4
¡ = k\*%�@��I f l����Fz�� VMPP

ee
mE��l7�SX ��� a4¡�1 2

~>� m%j�?�q7k
� Vee i -11V ky§����(4Z* MPP �7�#��k����-!��Ea�b�a0�E��1 � © �-r4m%V��7�� ��r�m��0 �k�X � � � a < �E��1 CCD

s�t ����_&`�!��\������F-G#k���l MPP

���#�'k4q4¡�4>*¡�-�7�7�#�'kFq�¡)4J*��5z
� � m 9�:�.&/ V � ©S��1
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2
4.8: γ h4j�?&z7m #�$ |3}yk��&% = �5z��Im U�V � m �3� 1�r 2 � 10◦C l -8V mx ��l������z���!����0���0*5m�l�u 2 � 10◦C l -5.5V !����u���0*m�1
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Accumulation Time [sec]
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4.9:
#&$ |�}yk��-% = ��z��#m U�V � m �3� 1 2 � 2 4.8 k��0�(4 t h�!����Fi� ���0*m
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Kab0137
Nent = 7407   
Mean  =  129.1
RMS   =  7.815
Chi2 / ndf =  10.02 / 7
Constant =   304 +- 6.423 
Mean     = 130.1 +- 0.07619 
Sigma    = 3.692 +- 0.02902 

Kab0137 Kab0137
Nent = 7407   
Mean  =  129.1
RMS   =  7.815
Chi2 / ndf =  10.02 / 7
Constant =   304 +- 6.423 
Mean     = 130.1 +- 0.07619 
Sigma    = 3.692 +- 0.02902 

Kα

Kβ

2
4.10: 55Fe m Kα hIm K�M&;&N
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Negative drive pulse voltage of the vertical register Vv
ee(V)
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2
4.11: n�o�p�!7m��*���F�5z��
k���% =@])^ |3}�~E� � m3��z3� U�V � m �4� 1 �

�	� -8V !��&l � © = X>Y@k §3¨ � ©	4
¡ =
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Negative drive pulse voltage of the vertical register Vv
ee(V)
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2
4.12: 0◦C k4q�r = �Y� �3��z���k��-% =(]�^ |�}
~�� � m3�'z�� U�V � m �3� 1

r 2 � s�t �E4 γ h�i5j�?����(F�G#m3l�u 2 �)l�m �L� ���%j�?¥���EF�G#m0*m�!
+ = 1
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4.5 CTI
c d

CTI m � �7���-u3m0X�Y a�����! � ����1
egf l��5z���� ; m�� . � σ m 3 � X � *
	 �Ea%z���i��� l < ���4m�� � k σ

X � *�	 �(a��0i� ���0Q�� � .�� ¡��0Q�� �0l���� � X h�kSXy��4 U�V �)�'z��.�� {���� } �3m��CQ�� �#k)D �3���3�CQ�� �¥i�!��Fl � ©�i X h . ~��#�(�3�CQ
� � ( "$#&% �	Q�� � ) { % = 1 � Y��(4�H I¦©\� K�M&;�N { �	Q�� �0m('�) ^ � {m����ui 2 4.13 kE57%�1�r 2 � γ h�j�?&z
m'z�� ;�N !7l w�2 � s�t �)��_�`�!7m
j�?-q#m ;&N l�u 2 �)l�m �"� ��_�`�!um%j�?�qum ;&N !0+ = 1 j�?7z-�
l K�M7;N � z���*$+ {�, k�- =�.&< k ��� ��4�¡ = m3k)�0��l�j�?�q �)o�p7k ��� �E4�¡= m .-;�<>= 1

X
v0w m CTI � CCD / i X

v0w k 100 pixel 0 � 5 ��k
l Y
v0w m CTI �

CCD /�i Y
v0w k 100 pixel 0 � 5 ��m�132uk ;34 ��56�©&7F© 8�1�2-!�"�#�%

� Q9� �:8'z�� ;�N 8����	Q<; � � = 1 2 4.14 �-r 2 . γ =�>�?-z&89?�� ;&N !�5w�2 . s�t ����_&`�!�8(>�?�q�8 ;&N 5�u 2 �)l&m �"� ��_�`&!�8�>�?-q�8 ;�N !
+ = 1
H I2©0���3�	Q��$@��0��4 2 4.15 5 4.16 4.17 @�A I2© = X\YB@�5

Qi = Q0(1 − CTI)100i (i = 0, 1, 2, 3, 4)

8DCE;�FO4-���)4 CTI ; � �&% = 1 2 ���9G$7�GH5D>�?&z$5 s�t >�?�q�5Ol�m�>�?
qH80*I8�!C+ = 1
J 8SX�YB@HK�4 � �ZIBGS� γ =�>&?7zML 1

~Z� >�?&q�8 -15◦C
< I 20◦C 8�N�!

8('�)�O:P CTI 8��:; 2 4.18 @�59Q�R(OHP CTI 8���; 2 4.19 @�5-%�1�a�S�5 s�t
K��E_�`�!�� ��K)� CCD 8DT�U<� ;�. 5 2

~�� >�?�q$@���V)4&��5<W�?�X&8 9�: @
X�YO4 X =H8 K�M�.�T�Z !>�Ea b a:Y�������5 ����!��Ea < Y���1

S5466 @�S�V�4&� 30krad [3\�8E� �<@SX<Y 4$5 CCD 8D] < I�]^�"! X =$@0X =K�M 8I*�+�_	��`�a ; @�b � % = J L .�c�R K���1
����5 ��� K)�dU3\ e<N�@3S�V)47��5Df�U$@�a =D� � CTI 	 ��bg59'�) f-g %@h

i�h j�@SX = '�)�O�P CTI X:iL*I5 CCD /&@�S3j = CTI 5(���kigQ�RDOHP<8 CTI

8(O . 	Z�(V J L .-;�< Y���1
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2
4.13: 0◦C !���� K��(>�?-z�L�>�?kK���q�8 55Fe X = K�M&;�N 1&r 2 ��>�?7z�!

+ i 5 w�2 � s�t K(43>�?kK��EF&G�!�5�u 2 �)l�m �L� ���<>�?kK)�(F-G�!C+ = 1
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Sigma    = 6.728 +- 0.645 
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Nent = 272    
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2
4.14: 0◦C !�����K)�I>�?&z ( � 2 ) 5 s�t K)�E_�`�!�8D>�?�q (

w�2
) 5"l�m�K)��_

`�!H8d>�?�q ( � 2 ) 8I?�� ;�N
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Chi2 / ndf =  3.347 / 3

p0       =   308 +- 0.6837 

p1       = 0.0001225 +- 7.364e-0

CTI Chi2 / ndf =  3.347 / 3

p0       =   308 +- 0.6837 

p1       = 0.0001225 +- 7.364e-0

2
4.15: 0◦C !����:K��(>�?&z$8 CTI

g�� #H%
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Chi2 / ndf =  34.56 / 3

p0       = 310.4 +- 2.239 

p1       = 0.00119 +- 4.851e-05 

CTI Chi2 / ndf =  34.56 / 3

p0       = 310.4 +- 2.239 

p1       = 0.00119 +- 4.851e-05 

2
4.16: 0◦C !���� K�� s�t KE43>�? K���qH8 CTI

g � #�%
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Chi2 / ndf =  2.988 / 3

p0       = 302.4 +- 1.258 

p1       = 0.0006891 +- 2.307e-0

CTI Chi2 / ndf =  2.988 / 3

p0       = 302.4 +- 1.258 

p1       = 0.0006891 +- 2.307e-0

2
4.17: 0◦C !����:K���l�m �"� ���d>�? K���qH8 CTI

g�� #�%
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4.18: '�)�O:P CTI : x	��>�?7z�;<5	{O| �)l�m �L� ��_�`�! 1

~�� 8d>�?E;�K
��q ;<5E�&|7� s�t K���_�`�! 1

~>� 8d>�?k;3K���q�8\*I8�1
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4.19: Q�R(O:P CTI : x	��>�?7z�;<5	{O| �)l�m �L� ��_�`�! 1
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Negative drive pulse voltage of the vertical register Vv
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4.20: l�m � � 4&8 γ =3>�? < I 3

� N(q&@�� ��� K���W9?6X U�V _
4.6

� ��� � � 	 
�� �

γ =3>�?�q 3
� N<8�HN�;(S�V�4�5����H��G�7�GH8 CCD @�S3V�4$W�?�X U�V _:;

��� K��kL J�� 5�l�m�����43>�?kK�� CCD @���V)4�� 2 4.20 @�5���XSY�@�5�W9?
X U�V _ �6` 2 �&@�a Y"4$V!��1��"��5�#&l�mH8�_�`�$ γ =:;D>�?kK%�'&I8<@���V
4(��5()"* K�M ��+�,kK�4$S i 5$WD?$X U�V _k; �-�-$ ��a b a:Y���1-.�N"/ 0:@
X�YO4 CCD @�1-2�� U�V K���354 � �'6 =87
���:9 CCD ;�;�<:K�=�5E�-l ~�>@?BA ��CED3@GF3YH=�I!2kK�=$V!J�V%K:;�L!M�N��5 Vee= 9V @�O�K8=$5 0 \ $ (1.2± 0.2)× 10e−/pixel/sec L�J�Y�=�S i 5 (0.7±

0.2) × 10e−/pixel/sec LQP�REK�=�6��^i 	TSVUW1�2 K�=�V�J�V J LX��Y Z � G'� 7

4.7 Z []\
^ _ K:��` a$8 CCD @:b 87 krad 5dc�e:K:��` a�$�8 CCD @�b 44 krad 8 γ =
;�FN=�=gf�88h�i-j k!l'm8n��:K%� 7oHp'q 2%k�l�r5F%sNtGuwv:x�� MPP y�v(zwr%J5sd{-| VMPP

ee }�~g} OHP8� }8� e
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5
� �

5.1 CCD � � � � ���
SLAC SLC/SLD 	�
(r����	�  �!�#�� $'&%(�� CCD ����� ?@1������ m������� 2 1 m� "!#� CCD $�%'& }�(")+*�,.- vN{ � /10 { ��243�5 �46 $'	4
�7"8s JLC b�9-r�'���;: 2�3 !�#<� $ }>=@? JBA'C'&�J 4D���Es �
JLC b�9#7@$�EF } � ��rHGI5J>JLK!m�M'?�(N�"�HOP4Q'RGmTS(J UVUEs � � rW'X �"�47 CCD m8e 
;Y �4� n4Z$ &7(N�'���gs"2�&�m�b�9 (N���Es �
f 2D7[@\4]'7+$"� 243 !#^� $�&7(B�'�@�gs *�+gr>P�IgJ%|LK�34_"`Ba�h-i�jb4c mNL�M s � � r� W4X ����r#���#����d�e�fhgji�k>lNm�n } CCD & EEV mn

} CCD r4o4��� (")�*N,.- v�p�vq�r�iEr F�s�s�t�#<��	4
 &Nf } _'u �#�<vxw
γ j'r iEr�v%s�9�{":4y c & ,.�z'{'y c'|�} mN~'� �!f }B� ���L` c r4o��4�4\] ( ��

5.2 � � � � �
d4e@f�g�i�kHlNm4n�& EEV m�n } CCD rH� (N� 0 ��� 45 ��� 60 � }B� � m+:� �'� π− m���i Y � �!f } |.K73�_+`(m8n4Z ( �#��^� � i���r4$B�+� } CCD r��'�#� {'���'��� }H�� m����@U Ratio Location

Mapping � &��>��1VsQ{'��3'�4�'?���-|.K��� 4Z�U"¡T¢'�L�>��� �N£ ++¤'¥ 3µm¦ 34_§`>�4¨�� Y 1�¥Bd4e@f�g©i<k>lHmn ¦ ='ª4« 10µm CCD ¤��4���$ 60 ����L�'¤4�'��¬: 6µm
¦H K)3'_"`H�@® ? 1 ��� (N� (�¥B¯"�'¤��'� ( �>£ +§¤'$

CCD 8 ¦N°�± ¤#²�³µ´#¶<�D @!��4�h·¸¥B¹ ¦ C#º��4G#I'7@8�4 ��� SLD 	�
 ¦>» ¤:�2 ¦ v<¼©½�C#º4�L8h·¾¥B	§¿ ¦ JLC 	4
"¤�4���À:ÁGIÃÂ�½.¡Á�"` c �L8§¡ �
EEV m ¦ ='ª'« 20µm CCD a4d�e�fÄg�i<kBlBmn ¦ ='ª4« 50µm CCD ¤��4��+$#��� � ���"o4� � ¿�¤ RLM �§$@8+ÅÆ· ='Ç 7+$'½È³¾¥BÉÊ�Ë�Ì��B�����  K�� 4Z�UL¡D¢'�#� =4Ç 7"8 4 �#�
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���¬Â�����¥ =4ª�« ¦�� �Bde�fÃgjiLk>lNm#n ¦ =�ª�« 10µm CCD ��� ¦ 2 o ¦
CCD Â
	���N���@�����<�'���N�@�+¡ �
['	'
'7@$ 45 �§¥ 60 �'���"�¤B	4
'JLK ¦�� �§¤Lv4��@¥ CCD

¦ �  ¤�v4����� U�¡���� ¦�� Y ��� ¡
� ¦���� �L8h·¸¥Hy@¤ d4e 50µm a EEV 20µm �N�����£� ¤  K�!�_�` ¦�"�#%$ c ��&('*) �#��+ )@$ CCD
¦�,%- ��!�7@8+¡�.0/21�3k54635798�:�¤�;'! �=< ¦=> �?!�� ��� U.¡#��¤%@BA'��C ± ½#O�Ë'Q'R^�� "! �2+Â ��DE ¦�# o<Â��N�GF%HI'J)Æ¡ �

5.3
K L M N O

P�Q � �SR�T ¦ CCD ¤ 2 U�¤�!@!>7�V 87 krad ¥XW�YZ� �[RBT 7 ¦ CCD ¤�V 44

krad
¦

γ É��?\T�'�§¹ ¦[] �'ÉB^�_'�.��`�ab�%cBde?f�g�h�i�jkml ÂS��n�Y�oIp�q^¡=c�r'¤�s Ç ½�¥�t�u9v ¦�w�x �my9z?{L¡mY�o| 8~} iZ� ¡ MPP
| 82} i Y�o(pXq^¡=c�r'¤��=C ± ½%�%�������[u����S�G�Bn�Yo(p�q^¡������ � ¡�d=�2�4¤b����n@¥ + ¦ MPP
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| 82} i ¦ Y�oB� i ± ½È³�½~�ScBd

Å�c MPP
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¼~½�¾B� � » +9¿ ��!��I�[cBd

JLC À�Á ¶ ����n%Â?ÃIpX)I»5ÄbÅB���[Æ 15krad
¿ �ÈÇ§�2�S� ¶=É�Ê n9��Ë +�ÌÀ�Á i ´���cSÍ�Î�ÏÑÐÓÒ~ÔS�SÕ%Ö Ì s�×�Ø 10µm CCD
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5.4 ê ë ì í î
Í�ÎGÏçÐ*Ò�Ô���ÕBÖ Ì CCD
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0Ë��	����0Ð ¿ à~» CCD
Ì�� ����¡ p�q�»G�Ç à�� ð ��´?�Bn����� Ì���� � �"! Ê ËS� ¶�#~Ê ��`�a~� $ Ç§�B��� � »[d

% Ú�Û ^�_�¯�`�aBÀ�Á ¶ ���%n���Ë 6 &�Å ¿ �ÑÇ(')&�Å ¶ 30 krad
Ì þ�� Ì % Ú�Û
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��� Ú Ê c�c�r ( � &�� 5000 rad) Ë[À	� Ì À�Á ¶ ���~»
� &�� 3 rad
¿ �ÑÇ§Â�Ã������ ¿ ��þ�� !má ¿ à2��nG�2»[d?Æ2á i Ë ��
�&�Å?�S�G�Bn��I� ! â ¿ � Ú Ê cµ?÷��2Ë�� Ú 
 ¶ &�Å?� ð �?cSµ?÷ZË�� f ��� f���� ¶GÊ annealing � $¬���Sµ9÷� ¶���� � $0��Ë��2��� ��� Ì ¼2½=¾��! #"G{2»������ � »�$%�&��Ë��~� 
 Ì &?Å')( ¶ �B»
*�Ý Ì�+-, �
.#/�»5����� � »�$
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A 60Co

60Co � 60Ni(4+)
¶ ±�²G{2»�� ¶ Endpoint � �����  Emax � 0.316 MeV

Ì
β−

� %�� {~»�$ 60Co
Ì ±B²	���
� A.1

¶��� $
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� A.1: 60Co ±B²	�
60Co → 60Ni + β− + ν̄Ì����?¶ ����6�Ë 3 �%±�²�0��?» Ì 0 β−

Ì ò?�� �����  Eβ− � Endpoint Energy

Emax = 0.312 MeV/c
Ì�������� ÔÐ ��� ò���$

β−
Ì <� � m0

¿! » ¿ Ë�Æ Ì æ
" �
dn

dE
= (E0 − Ee)

2 × (E2
e − m2

0c
4)

1
2 EedEe

¿ àZ»�$Gá�á 0GË E0 � �$#�%'&)(�#Ð+*�,- 0.316 MeV/c
Ì � Ì/. � �/��� !0ZË

E0 =
√

0.3162 + 0.5112 = 0.601MeV/c

0��G»�$�à10�Ë2á Ì β−
Ì�2
3 � � 0.3mm 0��G»�$
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