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1.1. $*&�(I)-NH� X D�A#C Á�Â � 1
¾

X D���� }

1.1
� � � � � �

X � � 	 
 �
� ÃÆÏVÐ�@� j ÃK�
$'&-N�� X D�A�C�E*������Ã��ÈÀ',2~��� j ! X D ��z������

J'Ã���Ð,� X DÈq A�CV²cÀ���µ����I���*��� �Q? @IL��	N�W�À�,
1.1.1 �  X !#"%$

• Thermal bremsstrahlung ( &�'�(�A�C )

)+*-, Lc"/.��-0tq21���À%3 *-3 �tq A�C�²IÀ�45&76�8�Ã W�ÀK�:9+;+0=< ( P�}?>Ã�@ 0 ) ª «%¬ HION��4� * L�"-ACBED-F�< Coulomb G:H�I-J+NK.���02qL1'��'�(M�N q�²cÀ�4�~ ? q *�O <5&E>��+PRQTSVUCW�N�X7YcL�<%"K&+'�( M�N Q�W�ÀZ4/R+[\ �V]?^L<Æ�+_+`ba:ced+f:g�hjikQ-l5m%Ëonqp5rs.:&'Ã7utsvewTxeyTze0R{ > 106 K|2}�~ m X ��F ~s�T���E����� 4s���k<��+Wem+vewTxeyR�C<��+�:� |5�:� <��+� (
��

X � )
M�N��L�%� 4��+�-�/0�l�vewTxeyTze0�<��emC�:�:�e�+�Cm *e� 0 (

*e�e� 68o<5��W )
�2�7�e  � 4

• Blackbody radiation ( ¡+¢ M+N )

;e0�<�£�¤ ( ¥e¦�> |5§ ¤ ) &�6:8=vewTxey:]?^ M�N ����� *+3e¨ l�m�vewTxey |7©�KªT« ¬ Mj {e®�tk¯C¤�m=vewTxeyEF±°�6:8e²e³ |2}   � 4µ´Z<=FT¶k¥ O l Planck· P � F7t¸m¹´ � � ¡+¢ M+N FLº�»/¼�£�;�½e¾+¢o<b¿KÀjÁ�Â�]µ^2Ã M+N lZ��z�½e¡¢ M+N Ã5SVUCW-Ä�XÆÅ ~2�TÇµ�5��� ¼e�5Èed�{�É�w�p�rTÊRËTÌoÍCY�l-� �eO d=Ã�Å¶Lm+¿KÀ�Á�ÂoÃZz�½ol > 106 K Å2hÆt X � �eT  ¼7Í:Y�� �eO d Ç+Î ]µ^/ÏsÐ:Ñez½oÃ�¡+¢ M+N |V©b� X �7{ �+�¹����� ¼
1.1.2 Ò�Ó Ô X Õ#Ö%×

• Synchrotron radiation ( Ø�Ù/r�ÚÜÛÝÚVÙßÞ�à )

á�â�ã:ä {/åe� |�æ ¶sç�¤ �-è�é�ê+ë   � ´RÅíìTÞ�à   � ¼ á�â�ã:ä ÃCîRïTÌoðCË·�ñ {:ò�ósôVì Ç?����� (
� °�õ�ì-¯ � ) �+öemVØVÙKr:Ú�Û÷Ú7ÙÝÞ�àuÃbøCù�rúÛ¸ÌEÏòuóLôûÅ2h � ¼C�-¤Tåe� �sü ®bý�Ì�þ�ËT`Cÿu¤�aec�d�f:gohji ìRl�m ��� �5��� âä |V©b� Ø�ÙbreÚÜÛÝÚVÙ X �:Þ+à�{��%^ ��� ¼

• Inverse-Compton radiation ( �
	RÙKvÜÛsÙ��� )

£ � Ã â�ä {�� ¨ �=Ã5¥ ä ( �:¥ ä )
� �� ~ mb£�î-ïTÌoð:Ë5¥ ä (X � )

����� � ¼
�b¥ ä l����by��-rCÚ ¨���� ÞCàem±dR]¹^sÃ2¥�hoikì�¯ � ¼ ¾e¢�Ã5å/�7{C��� âCä��½-{Z£�¤jÅZ¶ | l5m! e^�{#" ~$� Ø7ÙTrCÚúÛ±ÚRÙ÷ÞeàR{%�b¥ ä Åsh � (Synchrotron-
self-Compton radiation) ¼¹´TÃZ�-ö | �e¥ ä {�ÏVÅCÏVÅ'& ¨ �=h ��( m)�*+¥ ä l�*+ | £u¤eîRïTÌoðCËjÅ�hÆt¸m-, X � ∼ .Ý��/ |�}   � ¼

• Non-thermal bremsstrahlung (
� °¹õ$0 ë Þ+à )

��� �5� m � °Eõbh ·+ñ | ¯ � â�ä |V©b� 0 ë Þ�à-¼Z�21Eõ)37¤�aec�d�f�gVì��%^�u� ��+ |
flat hCò�óCÃ), X �:Þ+à=l�´�Ã5Þ+à�4�5 |V©b� Å�6�7¹^ ��� ¤ � [3] ¼
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�
1 � X �e¾���¦ 1.2. X ���  Ã������

1.2 X
	 
 � �  � �

X � � � �  �2�-(+|���� hZm X ��Å�����Ã��������VÃ���� � Í�Å (-� ¼+Í � m! �|#" �$� �%'&)( ìVÃ ��* Ã�+!,+m�- ©/.10�243 Ã � X ��5�6oÃ87úpTr�9�w;:-Ù=<÷Ã�+,uÃ'>k®RÃ ��?A@CB m ã:ä ÅD���uÃ#�����!�¹ÏFE � ì7¯ �/@GB mE´ � ÏIH�J7ì/KAL � ¼
1.2.1 X Õ MONQPSRUTWVYX[Z

X ��\�/=Ã5¥ ä ÅD���ÜÅ5Ã�]U^1���!���`_ba!c-Ãedk®�ìR¯ � ¼
• Photoelectric absorption ( ¥ â ª/« )

f à X �R{ 0�2 âeä |bªT«������ ´-Åíì�î�ï�ÌuðbË �hg 71i âe� ~ iK¥ ä  Djk_�lmR  � ¼E´TÃjÅK¶ni â+� |V©�oZ� " � ~ �  /p â�ä _
Ee = Eγ −φa (1.1)

Ã/î�ïZÌ�ð/Ë �hq � ¼C´:´Lì φa (a=K, L, M, ...) _ âCä {/�-¤ �nr Ã�s:öRî�ïZÌ�ð/Ëì-¯ � ¼�t 1.2
|

Si �Tì-Ã�¥ â ªT«�uKÎ�v �hw7  ¼8t���x�_ K
r seö7î�ï�ÌuðbË φKx�y *-  �{z`| x/î~}��/��� B���� ¼o´ � _ Eγ < φK ì!_ K
r âeä _�Þ !��� ^:¤��( ìR¯���¼��~x�i Eγ ≥ φK ìA_ K

r â�ä �KÞ ���� �����`�/�úÏk£u¤/¼
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Fig. 1.2.— Si xb-A�!�L¥ â ªK«�u/Î�vâ��G��� ��r x�_����;��ìo¶ni/� ä _TÑA�7õ�x���5+²�³4x�^���¼�´�Ã����U_#i
 1pâeä Ã����=Í � _ 0�2 â:ä Ã���� | x���������x)� (~B � i�� ä _������e³�x��4��¼´ZÃb�8i8� r âeäe  Þ~¡ ( ¢RË���£ âeä ) iVÍ � _�¤�¥ X ¦   Þ�à�§`��¨8¤�¥ X ¦�Å©nª ,CÞ ��� �n«+ö ( ¬��®O� ) _�� ä�¯�° x�±�² © i1Ek³8´�µ`¶4·¹¸'º#³ ( t 1.3) ¨ âk» ®`¼�½ * u8¾�v _�iI ä î�ï1¿uðOÀ (E) ¼ ∼−3.5 Á�i����k¼�� ä�¯�° (Z) ¼
∼5 Á~x� �;Â8��Ã�Ä §k��¨
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1.2. X ¦��~¡�¼1µ���� �
1 � X ¦������
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Fig. 1.3.— K
r

( ��¦ ) -~� . L
r

( ��¦ ) ���~x;���)�� » ®`��¼�¬�!®���¨
• Compton scattering ( �
	����	���� )

X ¦���k���1p���������_ 0�2 �������b¥���� © i� �¼�� �/¿"!�À�¼$# (=  ���~x% §/¨k� o ª ����¼'&�(
)1��U¼*�+�1¿,!OÀb�$-�.!§`� (incoherent scattering) ¨0/1 ���4¼32�465�78	$9+:�¿;�=<+>  @?�A § �CB'D ������4¼�� �8¿E!�À (E ′) F
E ′ =

E

1 + E
mec2

(1− cosθ)
(1.2)

��G!��¨6H�HI) me F@���U¼@J�K�LNM D θ F���U¼@����O6P*) Q���¨����
R ¾�S F@�� T�>EU Ã�Ä §k��¼*) D Z V8¸=ºXWYG
Z,� linear U@[�\;§]Z�¨�½ ¾ D ��4¼�� �/¿!�À�U3^�§]Z�±�²�¥EF0_a`1³b¨
• Pair production ( ��� bdc$��� ^Ne+f )

E > 2mec
2 ¼Igh���#¿]!bÀ{��CV$iNj © D �N�kblc0�N�k¼m^   e�f�§hZ�¨mn�o�MNp�²¼��Nq0r�sU¼���hV�t�uEvwV D ��hV�x�LEyNUmzN{�§6Z]�}|���~k¼ Coulomb ���{¼���+�+� )N��#O��6)X��^Ne+f�§]Z#¨3/ 1 ���~¼ Coulomb ��� ���+�+� §]ZI�+� De
fa`0�h��cw���8F3/ 1 ���������XU3^�i�j (pair annihilation) � D��E� g,�
�b¿!�Àm���6V$�+{a`m�]Z3�6���3�����6Vwi�jC�]ZNU�Fm�8U��;º��`³��w^Ne�f8����H@�t*uCV+Q�� D E > 4mec

2 )�GaW=�+F�G"��G�³$��H�� FI N���Ne�f (triplet production)�I¡ B �]Z$V D |N�+~�¼ Coulomb �XUh�*ZC�/¼X� Ã�¢�D R ¾�S F0_�`/³w�
£ ¤

3 ¥C¦ �N�+�+� ¦wRw§ S �N¨$� Â � σph.abs., σcomp., σpairc. ���]Z,� D HI�©�@F ��+�+� �]Zmx�L,¦0|N�+ªN« (Z)
D z�{ X ¬E¦�� �$E!N® (E) U0¯;°���-�.C�]Z3��± 1.4 U
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Fig. 1.4.— z�{ X ¬h� ��E!�® b x�L,¦����XU3¯;°��������,��G
Z �����+� �����E¦��¬EF ¨w���w�! ]R*§ S ¦#"�$I�+�&%!')(X� � ^�e
fE¦�* �hV!+-,���.�qhZ�/�0a�21��I�3 Z3�
¨�¦�46567X�81
�'�9�!�6:;,¦<�N¬ �]�>=?+)+F�¨'�@�0�'�N�A%�' D ^we�f VCBD+)+Q�� D¨�¦+yE�¦�� �$"!�®�F�0"F�GXU
�
	����	����hV�H W � Z = 14 ¦ Si ¦3�+� D ∼20 keV�$)
F3���I%�'
V������$)
Q
Z3�

1.2.2 JLK MONQPSR&TLUWVYX
Z�[�\^]`_ba�c&d�e@f6g�h

i�j�k�l F £-m ¦ j�n��N�+� � �9o����*x�L"y�UOp@q$&r�®
�tsvu��'�
• Coulomb scattering ( w�®-x)y{z�| )

i�j�kl F@w*®-x)y �N�+�+� U6�E�}z�|�`m� D x�L�| l ¦ j�l � j�~��6� F����C�Z3�*x�L"yN¦��Ns"¦0| l ut��� U ���+�+� �mGNVa� D���� U�¨�¦m<+> �2svuN� D��(,U���KC�6Zm��� k6l ¦@���]F D�� >]¦<z�|C)C�#�EW}����O6P
�����E����G 3 � q D�O� G3xNL,y���F��6�3¬6�6¦<���"��� W �!�*K�� � �+¦<���h¦t��`*���� (range)u�¡ �'D �D��`�Q � ��¦6p-q$	r�®��� 8��¡'KA¢ (stopping power) u¤£¥" �
� kl U0^
�]Z�w*®@x)y{z�|"U6�*Z�¡'KA¢CF £-m ¦6��"IU<¦�`m�,Z3�

(

−dE

dx

)

col.

=
4πe4z2

mev2
NB, (1.3)
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1.2. X ¬�� �N¦�
6��� �
1 � X ¬������

B = Z

[

ln

(

2mev
2

I

)

− ln
(

1− β2
)

− β2 − C

Z
− 1

2
δ

]

(1.4)

HNH2� D E, v, z F�¨'�-�'��z�{6� kOl ¦!p�q3�rw® D����ND | l ª*« D me, e F jlLNM¥u 
 j�i�D N , Z, I F�����x�L]¦@s�T ��D | l ªN« D (E� ���
	 �N���� y����@�
Q Z3���$¦���� Bethe Uh�*�m�
����`m� ����� �XU � ^ � �9H��E¦���� (1.4 ¦�
2, 3  ) !"�#��x%$"¦'| l#&"' �)(+*�� �-, p^q�	r�®�? u/.Ip^q� rN®�?"¦��� (1.4 ¦ � 4, 5  ) �10�� � �$¦O�32#43�6z�|�5h�
4 j�~ �� 65��7! £-m ¦6�A"18�%968�7%$;:;2#43�
1. ∝ v−2�%� :�<>=?8#4�u/!�� k6l ��@"$ j�l ¦�A�B)��� 3 ��E
���DC��E!h¨$�;57F�G�I�IH#J�:-K6�'�8�N�0�-L-�,¦7M�N��%A�BA� �PO p-q$&r�®C�2svu��'�
2. ∝ z2

H�JC¦��#�"Q�: z 57F�G �+43�-u0�R(3*8���S! j�i :C�#� 3 ��T�p�q'Ir*®<� �:-Kh�'�
3. ∝ NZ� k6l ��@"$]¦ j�l u/U�V%W%X%Y+4*¦!�S! ¨N¦�Z � :C�#� 3 ��T�p�q'Ir*®<� �:-K�Y�[
\�] kl : j�l ¦�^�_65��7!�`65 , p-q�&r�®O�32346�aT ��� ¦�z�|)�C� ��=}�-�b+c3dfe Q)g�h 3 [Ii�j ��k ���lj�m"nl�<� k6l jo^%_A��TEp
q-��8
rS[RY#8Sslto!\�] b+c 5<��� dfu"vxw�� �yQ (projected range) ��!�����5�z6{)|3i�j)}�� dR~Dw_3s�� �lO j�5�F%�"������=�834�[�w
�-xAy{z�|�5���4�¡��A¢3� j�l 5�� w |#�
�m j+�+�o57����Q�gl4�[
(

−dE

dx

)

col.

=
2πe4NZ

mec2β2

×
[

ln

(

mec
2β2E

2I2(1− β2)

)

− (2
√

1− β2 − 1 + β2) ln2 + (1− β2) +
1

8
(1−

√

1− β2)2

]

• Bremsstrahlung ( ����� ] )

������� :I@%$�� d1��� Yl4-�I!�������� w 8D=I� O
� �#���RJ� -¡"¢%£ dR¤6¥ |� ] 5���{�|%¦#§S¨6©�� doª �«[ \�] ��� :-¬ ��� j�^�_6��%��5���4R® ª �?F�¯w |3°a�1±²TE³�´; 6µ�4S:I! ���  32#4o^�_�7$"¶+:I·²Q�r�¸ k-¹ hl5)¡"¢�£ do¤¥ 4�[������ ] 5��
4 �%� j�¦#§-¨�©���® ª 7º�5��+�o5�» ¥ 4�[
(

−dE

dx

)

rad.

=
4NEZ(Z + 1)e4

137m2
ec

4
ln
(

2E

mec2
− 1

3

)

(1.5)

� �¼���7�a�½ \6] ��� ��@�¾ ���½¿  �U�VÀWÀX w�Á H¼JD56 Z :3Â�g�Ã Á
(−dE/dx)col.  + �#� Z#£Ä� w | Z :�Å"º� 
Âlg�4�[�Å b#Á �#��� ]  �SU�V;WX�j�U�Æ��Ç �%È  #2yÉ Á��"� j ¤6¥ 4R¡�¢%£l�Ç �%È j ��� Z 57F�G#Y+4�[
�"�� ] 53�S4Ê® ª  ¤�¥ 41¡�¢�£+jaËÍÌ65�F
G%Y�4IjS  Á (−dE/dx)rad.  Z2 j�Î�Ï
ÐdÊÑ;Ò [�i�g�Ó%Ô ÁlÕ gyÖ1jo® ª j7F dÊ×�Ø � Á �%Ù�j;�3�1Ú ∝Z j�Î�Ï�Ð3:%Û Ø [
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	�j�� ��

(dE/dx)rad.

(dE/dx)col.

' (E/MeV)Z

1600(mec2/MeV)
' (E/MeV)Z

800
(1.6)

�
1.6 ��É Á ��	��6�-  X �lj�� �����  ���� w ¸�� �"� "°�� 100% j
¦�§�¨�©
�d1��� � ��!   ª r Á �%��� ] 7³%´; 6µ Ø;Õ �#"�s�$ Ø [

%'&)(+*-,/.�02143�5/6

�oÐ �  ���87fÑ ¸SÃ Á)�/9�:�;/</=�7'!�Õ�>�? r�" Á�@�A Ó�Ô�Ç ��B)CED8F   ¹�G
ÚIH ÉKJ�L Á"ÈNM Ú+��{7|IÇ �#È �PO�� :�;�<�=�QlØSR

• Elastic / inelastic collision ( �%� )T�U�V ÚIWYX#�)Ð � "-Â AlØIR Ç �#È ���)Ð �ZB2[ ��¦#§S¨6©��\"�]�Ï >IA+Ø�^ Ð���Ä� Á Å D "
Ç �#È/�/! ÚI_l|DÖ A�Ø�`a^ Ð%����";Û Ø�R�`�^ Ð%��� B �Iµ
 Á�%� V Ú ��! ¦#§-¨�©��Sb 7
γ �½� w |dc�� Q�ØIR

��Ð � �fe#¾ Bg^ Ð%�3� 7\h Ô Ø�RSiNj/k4l
( �3�4m�Ú�e�¾�"dn#� w |;r ØSl )  o {S¸SH�pa��Ð ��Á T�q Ç �#ÈYB ¦#§-¨�©�� 7�@�Aar�A

En

Á
ER � w?Á �)Ð � " `: ��sZt (En �939 MeV)  3Û Ø �Sµ Á ¬�u l  %¦3§-¨6©�� �v[ �"¶/]�Ïy��É Á

ER =
2A

(1 + A)2
(1− cosΘ)En (1.7)

� ?3ØIRÀÕ�Õ   A
Á

Θ  @dAwr�A �%��e�¾ B ¾"¶�xay���X�¬Nu l   B �)Ð ��B �%�z  3Û ØSR\i�j�k�l   B Ç ��ÈYB T�q z87
θ � Q�A4{7Á

cosθ =

√

1− cosΘ

2
(1.8)

B/|I} $DÖ Á � 1.7 
ER =

4A

(1 + A)2
(1− cos2 θ)En (1.9)

� ?3ØIR ¬�u l  ��)Ð � "3°�± B�~ Ã/$;Úg�+µ 7�� Ô Ø��/�
(Θ ≈ 0◦)

7�h Ô Ø � Á
1.8

��� É i�j�k�l  3 T/q Ç ��È SHgpa�oÐ ��BS� ��Ú2�+��°���O z (θ ≈ 90◦) Ú�Z	 >�A+Ø2R�� Ú Á Hgp��oÐ � "SÇ �%È ÚP�����g� Q+Ø'�/�
(Θ≈ 180◦)

T�q Ç �%È��)Ð � �P�
�2�+µ
Ú)�8	 >2A
(θ ≈ 0◦)

Á��/��B T�q ¦#§-¨6©��
ER|max. =

4A

(1 + A)2
En (1.10)

7'��Ø�R �"���N"7¬/���� �Û Ø °�� Á Tgq Ç ��È Ú��g� Q�ØE����B ¦"§7¨+©d�
 1.10ÚI�a���/� QlØIR�� ����� Á Si (A=28) ÚI� QlØ���� ����¦#§S¨6©��� Á H�pÀ�)Ð�
B
∼13%  ;Û ØIR

• Absorptive reaction (
�d�

)�)Ð � "
Ç ��È Ú �d��>2AlØ T/U   Ág��� V Ág �� ¦3§-¨6©��%Ú :Z¡�QlØ
γ � F ¸�Ç �%È � Bd¢��N£

α
����7 �Z	 Q+Ø ( ¤/¥ )

R
235U

? � BS¦�§g¨"È Ú ���8>�A ¸ �� Ú" Á�© x B7È ÚIb/c+��� §�¨/ª)QlØ
(
È b�« )

R
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1.3. X ��� o���� �
1 � X �������

1.3 X
� � � � 	

X ��
�� B�)9�� ���� ���87������ µ ? � R+Õ�B ¸�� Á���� $PÖ B X � 7 �Z	 QØ Ú� � o!���)7'���#"%$�&SÑ(' 	 Q*),+ "#Û Ø2R X �g�g��� B -�.�/ Ú!0 Á2143�5�6 £� �aÚ � Ø�i�j "47 � Û�8-¸\" Á 1970 9aÚ�: B
X ��� o�;!<

Uhuru "4= '*>@?BAKA ��CD�E�;�<GF�5�HJI4K " X ��� o�B 72L �NM@O�R ���2P�Q%R�S 7UTJO�;�<V& � o�W � 7�XY4QVO@Z2[\�]E4^�_�`�B
X a!� o �b^�/ t ?cF�5 H�I�K "%d#e [�? 84f R,g�hji Einstein;�< 0 X a�k�l@m 7�X�Y � E4n@o � oBp �Bqsr x B�t � 7vu�w�EN@�B�xVy�12z!p4{ � AA f t �gxB02x�| p�B�} 8]f R(~����B�\E 1979 9�� Hakucho � = '�>2?��!� C�� EG��W� X a���� ;!<J� = '*>2? ���]f4�]����� X a���� ;!< ���2� �,� 1.5

p���[ � O �

Japan

Europe

U.S.

1970 1980 1990 2000 2010

Suzaku

Chandra

ASCA

Ariel-V/VI

EXOSATANS

Mir-Kvant Granat

GingaHakucho

ROSAT

HEAO-1 RXTE

Einstein

BeppoSAX

Tenma

XMM-Newton

Uhuru

Astro-H

�e History of the World’s X-ray Satellites

Fig. 1.5.— ���������c� X a���� ;!<�[ Astro-H �#�,� F�5%H�I4K 0 E��j� 7 +c� � �f�0 ��� p�� ����� O �
X a!��� ���B[ �'� ),+���� e p]g ��� ��[ ��f�� E X a!��� ;,<�p�X�Y��v� f E#�� i 04  D � X�Y¡�v¢�£ ��¤�¥]¦B§ � E��!�N¨!�,� X a uBw�©J�!ª �%«�¬ [��p�®�¯#°O � � f E�±�² ��³�´�µ � X a�����0 E�u�w ©cp X a!k�l�m ��¶V·]¸2¹�º�ONZN[»�4n�o� dVe p ��¤�¼ q E�Z����\½2º ¤ ®�¯@°�O �

1.3.1 X ¾À¿ÂÁGÃÅÄGÆcÇÉÈ
X a��vÊ g]Ë,ÌcÍ�E�Î�Ï%Ð�Ñ�Ò�E�Ó�D�ÔVÕ�E%Ó�DV_�Ö�E]×,Ø�Ù �#Ú g�Û2M�O%Ü]E4×,Ø� uBw�Í�Ý@Þ µ p�ß � iàE4±@² � X a t�á�âBÍ�ãäAå×�Ø C,æ��Jç g � Ë�Ì���è@é �U¤@êO � Ó�D X a�� Ê g�Î@Ï4ÐcÑ,Ò�Í%E 1.2.1 ë Û4ìNí f�î�ï�ð é��òñGó ¤*¦!ôõ� f ö�÷ p ø
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1 � X a t�á�â 1.3. X a��������

��� ���
	 ���%� ö�÷ Í r� �������!÷ � ¦!ô �vº�	 ���%�������!÷ �������������� "!� ��� {�#V°�	 � �UÛ$!$% � X &c��Ê g,Ë�Ì���'(	 � �òÜ�Û � 	 � X &��������2� ��)Í"!�Ó�*
X &���Ê,+ ¤2ê.- Ë�Ì¡��/�0�132�Ù�46587�±�Û � 	:9�Û:;��=<>!@?�A µ 1�Í!ÎÏ4ÐcÑ!Ò3B�CD):!FE�G"B�CD):!IH�G"B�CD)�ÛDJ.	 �

•
Î2Ï4ÐcÑ!Ò3B�CD)
KFL

X &�� Î�Ï%Ð�Ñ�Ò (E)
Í�!��F���M� ��NPOc��� £�1DQ + ¤ ;�£��v��	 � °2�]¹R !�S$T

X & � � £ ��- �2�VU�&.W@��X ÜY< Í�! ô ���v��	������M� Oc�[Z]\"^ 1Q$	 ��P���M�`_ N � ô �2°�	 � 1�aN°�	Vb$cVÎ�Ï%Ð�Ñ�Ò2� W
� °�	
�d![b$c

E/W N���:�I�e�%Ü ¦*ô °I	 � Si
��é ê�-

CCD( � ì ) ��f ¸F! W = 3.65 eV
Û�Jg<>!

Mn I KαU�& (E =5.9 keV)
1�h ��¤ ! ô ó@	��������!Í

∼ 1600 N ÛiJi	 � ������� O��3jk µ"Zl\[^ ÍPmD��n�opB�qY�sr�í$tFu�1�vJ� ê � �\Ü@w \ �$!PmD��n�oxB�qi9 \��y �@Í�z�{�1P|�t �.}I~��$�U÷ F
Û"���v��	 ��� ���"�@� ��- j k$� \"^@��³!´ ×� Í3!

σ =

√

F × E

W
(1.11)

���i	��
Si ��f ¸ F = 0.12 � ÙNÛiJ.	���� \ 1�!���� ©����#Û.� ê �[����� σnoise�\°
	���!

σ =

√

F × E

W
+ σ2

noise (1.12)

Ü[��{ µ � ³�´ × � ÛiJ.	��
� �lQ,<�! U�& Î�Ï�Ð�Ñ@Ò �PX Ü6< (∆E) �3����W (Full width half maximum:
FWHM)

Û:���@°��I�3!

∆E = 2×
√

2log2×W ×
√

F × E

W
+ σ2

noise (1.13)

���¡� ��	��,Î2Ï4ÐcÑ!Ò3B�CD)@Í �"� ∆E � - Í � � � K�L Î2Ï4Ð�Ñ!Ò*Û@����� �- � ∆E/E
Û:�V°"�

σnoise = 0 � �:��ÜP��  µ 1�¡i¢�£�)i��ÎNÏ]ÐBÑ!Ò"B�CI) �"¤¥ ÛiJ]<�!
CCD

Û@Í
5.9 keV � X & 1�h � ≈ 120 eV

ÛiJ.	3�
¦ a�� � Í W � Ü[v�� ê�§�¨ Î�Ï%Ð�Ñ�Ò�B�Ci)i1�©2�:! � -Fª ó����v© (

°.�]¹ R
ª ó

W )
Û�« K�L Î2Ï4ÐcÑ,Ò�1�h � B�CI)

∆E/E
Ü

E−
1

2

Û[¬��@°
	 � �òÛiJ.	��
•
E�G"B�CI)

X & ��� © �3 5\Í�ø�Ø�® � �(¯ � �N°�	 � �V1IQ�<±° � B�CD) �òÊ - º�	 � �»ÜÛ��P	��[²�³ � X &���´ Û@ÍDµ���¶,ÒD· � é ê,¤:¸F¹ ��º ¥ °�	 � �»Û@» ´���¼�+½ ¼ <>!FE�G"B�CD) �UÊ - �P9 + - Ü:! X &F¾�¿�À��3ÁFf�Â$Ã Í3!PÄ�Å � Ô�ÕP9 \Æ *iÇ�	
X &�� #�ØYÈ ½ ! X &
� Ó�*�ÔVÕ��d����É�Ê � ° �i� h�Ë=Ì�Í
	MÎ�ÏF» ´Ü@£�),�V� + - �E�G"B�CI) � ;
Ði	�a � Í3!@����Ñ � ° � B�CD):! ¾�¿.À��3Ò Ù�B�CD),�ÔÓ�Õ�ÖF×Û.J�	��
X &P¾�¿�À Í�!FÕ�Ø � X &PÙ L ��Ú - �@� Û�«"Û � Ï�1FJ�	�t ¥ ��X Ü`<
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1.3. X & » ´���� �
1 � X &�� á�â

Ü ô ��� 	�� �"�"X Ü < � FWHM
Û:��� È - « �D� ∆θtele.

�xÇ�	��Ô!F����Ñ�Ê�Û
� Ó�*�Ø ÷�� ° ���:Zl\[^ ∆xph.

Í3!
∆xph. = ∆θtele. ×L (1.14)�s� Ì � 	@� �i� Û�! L

Í:ÓiÕiÖ�×cÛ
J�	[� ��� 1[h ÈM!��=�@Ñ � ° � BiC�) �
FWHM

Û
∆xdet.

�xÇ
	��Ô!����iÌ � 	 X & Ø ÷�� ° � ;�Å�2�Ù ∆x
Í

∆x =
√

(∆xph.)
2 + (∆xdet.)

2 (1.15)

�V�i	��
∆x ����� Ê.1��
	 È - « ��� E�G"B�CI)�iJ]<>! ����� ∆θ

��� 5:�Ô!

∆θ =
∆x

L
(1.16)

=

√

(

∆xph.

L

)2

+
(

∆xdet.

L

)2

(1.17)

=

√

(∆θtele.)
2 +

(

∆xdet.

L

)2

(1.18)

Suzaku/XIS �Vf
� ! CCD � pixel size � 24 µm
!�Ó�Õ�ÖP×

4.5 m
Q�<

∆xdet./L∼1′′�J=<>! O B Ò �J�	 ∆θtele.

1�hgÈ��FB�� ¸ ��[	������P!
Chandra � Q��s��� Ò �!#"�$ � B�Ci) ��%'&"¾�¿�À  � !x���VÑ � ° � B�Ci) �[º ¥ ÇI	 � � � �)(
Q�� !Ó�Õ�ÖF× �+* ��5-, + ½ (D	��DÊ. �3Ò�/ B�CI) � FWHM
:��� È - � !#��0211 � !3Õ�Ø � A � » ´ È - �@�[1�Û � 50% ��3  �+4)5
687 ! Half Power Diameter

(HPD)
:���iÇ�	 � � �: (:�

•
H�G"B�CD)
_ N�� X &
��9 o;:�1�hYÈs!i����1�<)(I	�������� �8=.>?��@�A ÇCB �  � H�G�DE#FHG�I �J@.K 1$9�9CB$H.G�� ¨ :; � B3� � - CCD

� ¨ � QL�V18M O�� ���V®� _ N��8N �POQ �LR Ð ½ N?S �@Ç f#�L� Û � B N?S ��È31PH�G � 9�9Y<TD�H�G"BCI) �+U �gÌ�ÍLB��
V ��ÂXW 1�D8Y /�� ;�Å.Ç?B�t.Z�É�[�D����+Z�\
DJ];^�_�`.a�b�odc�¯ 9 $ « ¦ a'J#B�� V � � R ];^�_�`.a�b�odc�¯ 9 $ � D����VÑ2ex® � « �fRhg�i Ê Ù�j�k � ¨�l)m B« �X� n B�� Ã.oL� ���VÑ � Ë�pCq�r���tsuD�v�w � ¨�x'm �e� g�i=� ,2B�y R (;� V R«{z#|H1J n B�}

1.3.2 X ~�� �?�
3��C�J@'�H� x����
� < l)m�� ½�� |2e l >�� Ì �#�P���Q���L� D X k y��h�Pr ���� $L��" �+���Px E�FLGQI l��.� Ç?B�} V x E�FLGQI � @�K È�D���� R ÈQ� N'S   Ç x �

X k�¡H  Ñ x�¢ z £ �  n B8}
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Proportional counter ( �������� )

� k ����� ����� l D Ar �2� x�������� � �! #"$� �&% x�' D(� k ��)+* D ��� �, * R � ��-/. � . ��021 ��£ �4365 B8} X k87�9#: l 3
�P��@ 3<; B R D�=   3>; ����2? �(@'� ��A � D�B�C ���ED �GF �/H B�} V x ���EDI? � k l(J y � �LKEM 3N; DLOP xE�(@LQ � � CSR l ��ATH B ���L� q ;C�!U V H } V ;)l)m�V ��� �GWTXY� ��Z�B�} )*
/
, *&[#x �#\�] �_^4` s � �/Z s R W8X \ 7 J�a H B 7 D ��bfx £ �Ec P ( dEe�fEg )�_h218i6^j` ���/\�] ��021 �6kml�nporq x�" j X k l<s�� �
�H� q ; 7�tEuSv l<w�x% Uzy�i'm&{�l � V nC L| ��� ?�%L?+} X k x � ��~ �E�Y� ?��S�<� l � i } yN;f�N�� � �/Z i�x 7 GM � �#�T' n V n y+� � ?�� �L~ �(�8���T�C�!� ��� ZX}
d�e/� �m� ?�n � k �6���#� H y8�!' \�
 �#�8�P��� � 52i�yT� 7 'I`�i } yN; ?

Multi-wired proportional counter
�_�#�+; n ROSAT/PSPC

'�� � 36; � }� �>n �(@'� � Z i�x+' d+��vN�E� ' n V n ^E���Ll)mX� � d+��vN��� lN�E�����H���� yT� 7 '2`(i } Ginga
v.w x

LAC ?j� ¢Px dEe�� �#�d�_ �¡ l/¢ 5 � ^����#������(£�� �#Z i }

Scintillation counter ( ¤�¥6¦¨§G©mª(© )

NaI } CsI «�¬�n BGO n GSO �d�N?<nSG®I¯ Q ��7+° U43>;&i�� n ¢�±�²�³I´>µSi¶ ´/·&¸6¹zº��m·Y»L¸½¼�� = q �/¾ 7T¿ i<À X Á � ¯ ¼ � �#Â&'�Ã�ÄÅ� �8�
�S?L«�¬ Q� � ��A ÆÇ° U H i ¯ ' n X Á&¯�� ��~ ����´6s�È¨� � � ¯ ·8¸�¹¨ºG��·I»>¸É¼ 7 � � ;i<ÀYy6;P�_¼ �
� W/Ê#� (Photo-multiplyer tube: PMT)
' �
� ´>Ë�Ì Æ W�Xj� ����� �Í ¡  �H À·T¸!¹4ºÎ��·�»�¸Ï¼ ?NÐ�Ñ�Ò [ 7>Ó Z �(Ô>n - Ò [��E�#� �6���/7>Õ �E' ¿ i_À � �6n·&¸6¹zº_�/·Y»L¸��_Uzy H(«2¬#¯ �pÖ ? Q �#× � 7 ^¨`IÖ n/Ø ;�Ùm1 - � ��~ ��� X Á¯8¡f  ��Ú 7 ^4` Z À�Û ¶ n Suzaku/HXD-GSO �2�6¯<Ü X Á�¡f 6� '�� � 36; �/Z i>À

Gas scintillation propotional counter ( Ý�Þ8��8����� )

d(e�� ���m' ? ¼ �C�Lß ´Tà�VáÃ(Äz� �����ED � n����L��â ;T´TàX� � WTX ÆÇß�ã ���Z � À B(ä y ¯6å ¼ d(e�� ���m' ?>n+���L��â ;C�!Ujy(3 � Z�æ x ¯<çEè(é�k ´Tà�Váêë é�ìEDîí KEM � n O P ¯ �(@ í�° Uî3_5&i6ÀTy ¯>° Uî3N;mïE�(@LQ ì87 ¢�±�²�³�´6µIi¶ ´6Ã H i å ¼ íEðEñ&ò!ó �(� � � � H i %<¯ ' ¿ i6Àô��b ¯�d(e���õ ��´ d�ö WTXLÚ ¯Ù$÷+ø 7(ù 3 Z ï Ô�nL« ÂÅ��� �/úmû ~Sü �Lý��T� ?jþ Ê æ x4àIÖ½ÿTi<À Tenma ��� ´��� 3>;Tï�� n 3�÷N´ \&
 ý��T� % �Iï�5��
	�� Õ �T´�
�$�>ï %<¯(7 ASCA/GIS
´N�� 36;8ïLÀ

Micro channel plate (MCP)

MCP ?>n - é . ¯������ ï ∼ 10 µm ¯���� ÿ������ í��(õ�����ö ï %<¯ ' ¿ i6ÀIy¯ ����� ¯ o q o q�7 PMT ¯ à8{Gÿ�� í Â�ï�� n+\�
 ý��m� í � q ï Ô 	�� 7�Õ �î�ÿTi�À�!#� ? CsI
ÿ#"!'%$��'&)(T¸+*m3>;,��- V n "�.0/<ï X ÁI? �21 y�y�3�¼ é#ì ´Ë�Ì$3>;2i<À Ø�¯54#n plate  3mÿ â ;+W&X í U$y,/ n anode � ÷76�8 í Í ¡:9 H À�;/b¯ PMT ¯ à8{�´6� õ�<�¯Né�= 3�WTX H i ¯ 3 ? ÿjÖ n �?> : ´A@�B é B í��DCGnSØE¯ !�S´ é�ìFE CîR2G q�� i8yT��3�W&X E Uzy�i�À úmû ~Iü �Lý����:H�IY��JK"Ï�Sï�ÿ Z ïÔ<n ý(¼I´'HMLON�ÿ Z E�n @ Z�P [<ý��m�î� Ò [<ý��m� íRQ�S /T��-zV n Einstein ��/}

ROSAT/HRI n Chandra/HRC
3L� � N�U�� Z i>À
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1.3. X Á�������� � 1 � X Á�	�
��

Semiconductor detector ( ���������� )

������� ¯ P������ ´ X Á,E � ."!$#��&% éEì �('�) ¯+*,E2��õ�, ÷ U$#NÀ�- ¯�éEìíEð(ñ�ò!ó�. /T� Í$/ 9 !�À�0�1/´32 ö+�(õ2¯#ðEñ&ò!ó2E Ä S NMU4#�ï Ô % ú#û 5 ü�6 ý798 ´;:DU�#>À
Suzaku/HXD-PIN

ÿ "R3=<?>#N�U���@9#<À40�1BA 9+C .EDF*"G,� ÷H%JI� A%9+C
(Solod state detector: SSD) .�K;L�M UJ#FN

X-ray charge coupled device (X O CCD ����� )

�P�"� A 9FC í?Q�R=S 5�T /U% óWV�X=Y[Z2�/ö #$- . 3
	D� 8�\ í�] ï_^�ï K=D 3`ba %=:,Umï ú#û 5 ü�6 ý 7?8 .Hc4� ý 7?8 .<íed�f /T�P@?#+N_g DFhji9k 1 D �#N � ÷
ASCA/SIS l�m+�onpD2��� 3 ��� N�U�%Fq?r�s KFt[Q�u�i 6�v X w A 9;C 3 ` # Nyx{zD;|�}�~?.;Z;�bQ�R S 5 D+�P�W���P���"� /�%;�P� �e����D node

3�� / 9=!9��� %��P�� 798 H�;��
1–10 s D order . v a�� D A 9+C Z;� #FN$��� %b- D � / 9������ D ��� %

anti-coincidence � >?@P�;��� hb�+R���i?��kW (D�¡;¢ HF£�¤ 8�¥ ` #EN X w CCD ZB¦ @§ H ���$l�m ¥�¨�© Z ªJ« !J#;N

X-ray microcalorimeter ( ¬�?®?¯�°9¯²±e³�´"µ�´ )

0�1=Aj¶ECP· ���P� Aj¶EC D$¸$¹�Z3� � �eº�» !$# D ¥�¼ v n % X wJD�½�¾ 5�¿ 6 �À z4ÁFÂ . � §=ÃÅÄeÆ #EA[¶+C ¥ ` #;N
��Ç X w ¼�È º �$¥ }P�PÉ"Ê��EË -"��%_Ì ��� � ��Í ¶B!j#FNJ- D Ì �P� � ¼ �PÎÏ Z+Ð$Ñ².&Ò T �Ó% È º � D?ÔUÕ4½�¾ 5�¿ 6 ZEÖ�×bØEÙ #+N+! vBÚ Ï È º�Û�Ü4Ý�Þ ¥Bß�àáJâPã�ä�å k3æJç�è[é�êj. / v Ø+Ù â NW- D A[¶+C ¼ ∆E æ 10 eV l?ëW. @ ¹íì CCD

vî . 2?ï�ð�ñJ@ Z : Ù � ½�¾ 5�¿ 6 � 7?8 �p]$¦ - .òæ s�ó D;ô�õ ¥ `Pâ N ��Î�� À z$ÁÂ DFö�÷ ��� æ=� ms .ùø � ¥ ì �P� � 7$8?¼ ·�·�ú�@_N� D;� � v î ��ç�èûé3êû. á�â Aû¶FC . ¼Fü v a ì ∆E
¼ ý Ç X wjD�½9¾ 5û¿ 6 Z¸ Ä v @�N²- Ù ¼ ì�� � v î æJçPèûéEê�DFþ"ÿPì�� ��� (X wjX���k��ùD�� @ .	� ) Z ¼ç�è�éeê=æ�
� 0 . / v ^ â D�Z+* � ì À z$Á;Â � Ã ÄpÆ â���� é�� 6�� ¥"¼ � �4� ¥ KÔUÕ4½�¾ 5�¿ 6 Z+*� �+� ã�ä_å k�æ�� r á4â ��� ¥ `�â N á vBÚ Ï ì - D�� � ã�äBå kD�� Ä�� (

È º�Û[D;Ò�� Ä�� ) æ�ì X w È º � D ã"ä�å k�� � D�� Ä�� ¸ a K����! v �� ¥ `�â N � � ã�ä_å k;D"� Ä#� �%$ Æ ìE� mK D�&WØ v À z$Á;Â � Aj¶ á4â ��� ì ���é'� 6(� ¼ �*) mK D,+*- À Z�.0/ � §�1�2 Ø;Ù â N
Suzaku/XRS

¥�3 � §#456 ý ØEÙ_ì g D"7*8 z � }:9 \ �';4« �3� æ=ì<.�/>=�?0@A D�BDC�D ����EGF�£ 9IH v�J � N � }:9 \ D"7bØBZ'K ï ì,&�L Q�RFS	M T æ#NDO ¥*P vP ����Q�RGS 9 ¥?¼ CCD
v î Z;� â N

Superconducting tunnel junction detector ( T*U�VXW�Y,Z�[\�]^I_�` )

acb DedGf�gPÛ ¥�hDP#ijk �%lDO Î"m�n ¥ ì ��� é��	o � opH�q,r v ì<d07*8 z �}W�:s, tH �+��uj¶"v ¥�w âex X w?æpy,z uj¶"v|{ È º²ØEÙ â HHì�dGf�gPÛ²Ô�z�}�o,~Do� ����� � ìe� ��� (= � � ) � à*� á4âex y,zpH�� a ¦�zedGf�gPÛtz � ¥ � �*� z���?æ� Ù â ��� ìE�*�0�9æ���� §p� �*�?æ��"Ù âex y,zE�*� ¼ �%�;¾#M_É�Ê { ¸|� ijk �%����>�pì�yEÙ��'�0��H � § �D�?¶ á#x� �!� �� á�â z {,�G�p� ½9¾�M ¿ o ¼ ê�M��"�[� A z;þ"ÿ ¥ 0.3 meV H���  { &Ø P�¡¢ ì	7 P ½"¾�M ¿ o#£G¤(9 ��¥ áJâ�x#¦D§ ì E =6 keV z X ¨ { �ª© ∆E = 10 eV
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�
1 � X ¨������ 1.4. ���
	|z X ¨ E�F —Astro-H ��

��� ����� ©���P â�x
��� é��	o � opH�q,r-�����9æ ����� w â æBì�dGf�g������ ��� ë � w ��!�"eP z� ì ∼ 0.1 K

� #�$ á4âex���� é��	o � opH&%�K ©'� ó�(�)�* ©,+.-*P H P0/21�3 � w
4 x

1.3.3 X 57698;:
X ¨�<=�>@?BA,C�DEC�F�GIH£�JLKNMPOIQ (0.5–1.0◦) X ¨
GSR�T�C -�4 y
O �'1�UI© A��VXWZY�z X ¨ �\[�]�-@4 � z � w
4 ( ^ 1.6)

xS_`La �,m�n ?NA�bc|zN> ( _�d � �feT�C�> �hgNikjfl {nmEo.p�q ¡ �Nr �
s 4nt TEC�> rnu@v�w § ©\� ?nA�x iEy (
]y

)
wBz{ �

X ¨ wB| ©'��}L~���� GI�� w � 4�"�/2��� K ��� M 4Bt > (� l ?NA��B�.��� ( O�N����� ( W�Y�� 4 Wolter I � ] �
��G m�� U M0Y ��4Nt Suzaku/XRT
+

Astro-H/SXT
( ��� �I�Xq 4 ) ?NA�� r��&e�r �B��� (L� ���kr jn� �I�.� ©B  > ��¡ U ©'� M 4 ( ¢ �£ � A�^ 1.6 ¤�¥�¦ "I§S¨ ¥ r > )

t

Focal point

Mirrors

X-rays

Fig. 1.6.— X ©<�=
> rIª«

1.4 ¬  ® ¯ X ° ± ² —Astro-H ³ ´
1.4.1 µ7¶

Astro-H ���L?IA¸· ` G 2013 ¹ wNº0»E¼�½ �f¾�¿ -À4nÁ.Â�Ã r X ©�Ä.ÅPÆ ��sÈÇ A
Suzaku

wBÉ � · ` r0ÊÌË;Ínr X ©Î�Ï�Ð�Ñ�Ò s 4BtBÓÔ.Õ�Ö X ©�× ] Î�Ï;OÙØ X ©�Ú.ÛÎ�Ï � Â.Ü Ò Ý@ÞEßhàá -@4 � r ÐEÑÀ?NA\â�ãkäBåkæNç�èNÎ�Ï�éXWZY H-IIA êhëkìkí w�îÇ Ô
Ö
∼ 550 km A�ï�ð
ñ.ò�F ∼31◦

r j ï�ð wBº�»�¼�½ Yôó 4 ¾
¿ Ò s 4 ( ^ 1.8)
t

ÐÑ w ?SA õ X ©�× ]�ö�÷�ø.ù A õ X ©�Ú
Û ö�÷�ø
ù A�Ø X ©Ú
Û öE÷�ø.ù A.¦ î§ õ γ ©�ú�ûBü�G ý�þ�KBó 4St
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1.4.
Á�Â
Ã r

X ©�Î.Ï —Astro-H Ð�Ñ � 1 � X ©�Ä�Å��

(c) NEC

(S
X
S

)

(S
X
I

)

(H
X
I

)

SXT-I 

SXT-S 

HXT1 HXT2 

STT-S-A STT-S-B 

Fig. 1.7.— Astro-H ÐÑ r�� ÎP^
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� 1 � X ©�Ä�Å�� 1.4.
Á�Â
Ã r

X ©�Î
Ï —Astro-H ÐÑ

~550 km

31

Earth’s equator
Orbital path

<~

Fig. 1.8.— Astro-H ÐÑ OB¢ r ï�ð����
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1.4.
Á�Â
Ã r

X ©�Î.Ï —Astro-H Ð�Ñ � 1 � X ©�Ä�Å��
1.4.2 ����� ���

Astro-H ÐÑ w ý�þ	��
fÎ
Ï� v � � Î���
 t
�

X �������������
X ©���� ��ê"!.ê$#&%"' ()' (Soft X-ray Spectrometer: SXS) O A�õ X ©+*�=�> (Soft

X-ray telescope: SXT) W�Yf�,
fÎ.Ï öE÷�ø.ùEt � �	��ê�!Xê-#.%/'�(0'�? Suzaku/XRSW�Y&1+2�G03�40Y óEA ∆E ≈7 eV O�M6587�9+:<;/'S×�=	> �@? ACB ß
M�
 t �fó w�î Ç AD�E ª« � T�F B   resonance line, forbidden line, intercombination line, satellite line �G r ×/H.A+I�:<�)J ' ö<KML w�î 
ONôìQPR�'MST@� G r úÀûhG Ý@ÞEß)U	>WV�� ÇYX PRZ � r �/[ l\ � ��ó�]IÒ w ��^ Ô ^ Õ�Ö Ò Ï ¿ Ò$_+
X��Va`+bcedfó�
 tI f BgX úÀûü�h�� Z `+iedj^   Þ Xjk�l r �W_d"m.*n�o rMp Ö ×=,> (∼ 1.7′)
r

2 qr Ö Ò X Ú.Ûw mQstdh��^ t
u

X ��v�w��������
x   w }0y dNó  "z�{ |@÷ '+}$'�~+R�' (Hard X-ray telescope: HXT)

w@î ÇYX
∼

80 keV ]�Ò�� Ø X ©�� �kÒ����
Ú�Û.ÎXÏ � Ý�Þ�ß�U<>��/�<
"�/�����XúLûIü�V B ß	m
CdTe �+�.�+:�ú@û�ütV Si �/� ÷ íQ#'ì8P'ú@û�ü �&�,�Q�����   Ø X ©�ú@û�ü (Hard X-ray
Imager: HXI)

�@� ^ 
��2ÚÛ `MU�> �+��
 ��V,Ò X Ø X ©��0���fú�û�� Ö m Suzaku/HXD�"� ������$� ¼ �$
�Vgb�c6dBó X Ô 7,9+:�;�'IÄ �	 C¡.�j¢�£W¤ X ¥�¦ §��SÎ
Ï��j¨©<ª«y�¬ �$
M�
�

γ ��W®«¯
Astro-H Ð�Ñ�Ò�°0±	� X *n�o�� G �.���² ª&³<´ ��^M¢�Ú.Û/µ.úÀûnüXÒ�¶ 
Q� HXIÒ+· � dnó�
 CdTe-Si �Eã ª d	¡«� z{¸ BgX�¹ L P;í L �0º L í ª&» ¡&4,
,� VôÒhúÀû¼�½Wª@¾ BaX Î.Ï�¿�À ª�Á 100 keV �Nõ γ ¥��W]hÒ0Â<Ã 
j�

�
X ��v�w��������
õ X ¥�ÚXÛ ö�÷�ø
ù m X X ¥ CCD

ª � ^ ´ õ X ¥�ÚXÛ.úLûNü (Soft X-ray Imager:
SXI)

ª ����<�+Ä�^ ´QÅ�Æ<Ç+È�É�Ê�Ë ¶ 
Q�0*n�o$��m SXS
� V«ÌÍ�ÎQÏ<��Ðj�0`+· ���
Q� CCD Ñ<Ò.Ó��-¡ Ë m� X"Ô�Õ×ÖÙØ ���� Ë I<R L«È �.Ú�Û ´QÜ�Ý�ª&³-Þ X Astro-Hß�à �0Ä ^á"â X ¥�� Ë Ô Õ Ü	Ý�ª�³�ã °�±��MÑ�Ò.Ó Ë ¶�äQ� Suzaku

ß�à �.å�ætdQÛ´
XIS Vç� � X,è�é ��ê�ë@��ì+í	`+î�ïW¡aÛ/ð Ü�Ý `��ñ�ò«á ^�äM�
• 3 cm

p � CCD ó/ô 4 õ ª�öe÷&ø)¸ òçð XIS �j�6ù@q$� kl (∼34′ × 34′)
ª�³�ã �

• ú�û {ü,ý 70 µm (XIS FI)  6¡ 200 µm � ¾�þ ògð)ÿ�� �������
	 �MÑ<Ò ¼½	ý ��� �ñ���äj�
� ´ ð CCD �
����������á������ È�� �����! �#"�$ (ST)

ª · � ��ä�% CCD &#'(
XIS ê*) ∼ 40 K +�, −130

◦

C -«�.)Yð0¦�§�¥#/10*2	ê�ä Ü	Ý43�¸-ª6517�8 2:9$ï,ä	�
- ý�Ë*; ä<%
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�
1 � X ¥������ 1.4. ���
	�� X ¥ Å Æ —Astro-H

ß�à


1.9 2 SXI ������� ö�� ��� � (Focal Plane Assembly: FPA) ����� ª�� � %�������� �!�" 2 ( CCD #%$'& �)( ª ù ã+*),�´ Ð-� ª/.10 ��ä:% CCD ó�ô (�2 �43 ³�5�6

(CCD substrate) �/ñ12/7)8%9.Û0ð 2 �)±+: 24;�< ->=�?)@1A�Ò�òB��C�����D ! � Ê�EGF���%H 5�6
(Flexible Printed Circuit: FPC)

ýJI)K 9.Û�á ,,ä�% Substrate L<ê-M FPC
(

CCD plate 2�NJOP9MÛ�ð è ñ Ë � ã � CCD #Q$R& �
(
S/T 8 ��ä
%
�U� ���) �!UV'W ( � �X9jÛ�Y 20

◦

C Z ' 2�[\C/Û�ä�� Ë ð�]%��^�_ S 9�ï�ä�C1�
CCD #Q$/& �
( ( pole ��ñ 2 .`0 9QÛ�ä
% SXI

Ë (Pacb � ST
S/d
e ò�á/ó/ô S �����ä
% 2 ÛUf+Ûg�Bh�: (cold head)

( ð CCD plate � é � 2 .ji\k ÛgC cold plate 2 I�K 9Û�ðml.Û Scnpo á���� S/q ë % � Cjð CCD
(Br�s�t)u
v�w
u�x 2�Ðzy ' Sc{ ã C �)ð|lÛ k SR}�~ �$äj��� Ë ó�ô������ 2 ( Optical Blocking Layer (OBL)

ý 7�8|9MÛ<ä<%\lÛ ( Al-Polyimide-Al � �>� T��PS ò«á�L )Yð Al
ý r
s�t)u S ð Polyimide

ý w)u)x Sc}
~ ��ä<% SXI 2 d�e 9QÛ�ä CCD ó/ô\� Ü	Ý��)� ( � 4 � Ë��g, ä<%

� 1.1 2	ù ã �Qå�æ)�
�G�+���)��� Ü	Ý��)� S � -:�,ä<%
Table 1.1— Astro-H

ß�à å�æ
�)�G�+���
��� Ü	Ý��
�
�
�G�+���)� T 8 - 5��
���â X

x���� �+���)� SXT + SXS
� � �*������� 0.3–10 keV
� � �*��� �)� Ý 7 eVs��

3′� ' ��� Ý 1.7′ (HPD)��� �)� 210 cm2 (@ 6 keV)�
X
x���� �+���)� HXT + HXI

� � �*������� 5–80 keV
� � �*��� �)� Ý 2 keVs��

9′� ' ��� Ý 1.7′ (HPD)��� �)� 300 cm2 (@ 30 keV)â γ
x� G¡B¢

SGD
� � �*������� 10–600 keV
� � �*��� �)� Ý 2 keV (@ 40 keV)� '�£�O�¤ ' <0.6◦ (E <150 keV)��� �)� 300 cm2 (@ 30 keV)â X

x���� �+���)� SXT + SXI
� � �*������� 0.5–20 keV
� � �*��� �)� Ý 130 eV (@ 6 keV)s��

34′� ' ��� Ý 1.7′ (HPD)��� �)� 360 cm2 (@ 6 keV)
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1.4. ���
	�� X
x �)� —Astro-H

ßà �
1 � X

x �����

SXT-I

Hood

Camera body

1ST

(C.H.)

1ST

(C.H.)

Cold plate
CCD plate

CCD substrate

CCD chip

Pole

Heater

FPC

~ 6 m

Fig. 1.9.— SXI focal plane assembly �-��� 
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2

X CCD

1969 ��ð CCD
(

Bell ���������`� Boyle - Smith 2�ê
	.á1��� � � ó�ô -/ò@á���
9���C�%��������`� Tompsett

( ðGl�� S �)� ó�ô -/ò@á�� e ��ä�l - S���� ògð 1973 �
2 Bertram

k - Séquin
k �  ���� F"ý 2 ���
*2�8�� ò-C % è��� �! 2��"Còçð�#%$'&(

106 ( S')+*-,/.�0 � �
1%S�{ 	JC þ�2 ��3�465�7 k �
8j9 ��9��
: ��� &�� e 9���;
, , %
����� 2 L ,�; ( 8=<)y#'`� 2 � �
� �?>6@ -�A'; y � D !�B � 2DCE	�; 	�F )G8IH

Y r)s�� ���-&�8J��,�& t�u�x ��� e , k ��C�% X
x ����� 2 L ,�;KJL8NM�O W  j¡4¢ �P�Q BSR @ ���-T S [KU : 5 k 8���V12D<�W=X 0 ���-T S �-Y , 8�Z �\[ �
��C\��CB���]�0_^ A�;
`baz�=c�dEe�f�g 9h�i;�W , ( � 2.1) j X
x

CCD k�8�l�m6n6oh<SW X
x S  

¡ Y , C�p�oNq6W�r�s � 8Dt 1 ��uSo�v
w [ H S�x�y &Sz ,�{ W6|=v�}�~�w B S���� ^LY,�� & r
s�� e oSJ=o ^�� : 	�;�W , j
X
x

CCD e�kN8���3�e pn
2 M�O W S4e W)C+J�o ^ MOS

2 M�O W S4e W)C+J�o
5/�, j ��� &ikh8�H�YGl'� k M�O W/� Z\v��io�� � T���S'� 8 Suzaku/XIS
v 8 Astro-H/SXI

&�� e�� �i;�W , MOS
2

CCD e��SA�;�8��6�-o X
x� G¡ o�V����Ie���A�;
��7i��� S� A+a �\� , j

Table 2.1— X
x

CCD oN� T����

Observatory ASCA Chandra XMM-Newton Suzaku
Detector SIS ACIS EPIC-MOS EPIC-pn XIS
Year 1993–2000 1999– 1999– 2005–
Sponsoring agency ISAS NASA ESA JAXA/ISAS
Pixel size (µm) 27 24 40 150 24
Energy resolution (eV)∗ ∼130 ∼130 ∼130 ∼130 ∼130
Depletion depth (µm) 35 70 35 280 70(FI)/45(BI)
Type of device MOS MOS MOS pn MOS

∗. Values at 5.9 keV (FWHM) at the time of launch.
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2.1. � ����� �
2
�

X � CCD
 G¡B¢

2.1
� � � 	

2.1.1 pn 
����� �������������
M�O���kN8DO�� ^�� � ��o�!#"�o%$�& '�O��)(+*-,�./�+o10 2�3/� , j=� , ��4Ke%45 �%687 $�4Io P�Q BSR @:9 X�k:;�4�< �%6>= ?)@ 3i��ACB�8EDGF�!>3/kN8/H I @>J�K [L�M%N o:O-P#Q-FSR+e-TVU1W>$�XKo P�Q N R#Y 9 XIk%Z�[ @#\ ��� (^]�_ Y A ( Z [a` ��

) j���XEe:4 5 �:6b7/c $�X�d ^fe�gCh $SXKoGTGi�e%j�A%k�iml ^ o#3Iz�A%'�n�d-Bo]_ �%6 e l�o�pq,G(/r W-AtsVu�(tvxw `�y Mqz:{}|^~ � j�� n���k e#����� \�� 3�l�o/vw `�y Mqz1{ (^�}�1�G� e 'VnSd��t$ X-Bo��A8l | 3C$�& 'Vn��)(E� ��� e)� 7/��� � (
dope �}A-l | 3G� M)�E�t� (^�b��� e}� � '�n���(t S¡b3�¢VAbl | B#£S¤b3-�¥A/¦��§C¨G{�© ��Xa( dope � 7 P ª (positive-type: P-type) �Sn��b38«1¬�-Bm® � � M�E� e `°¯bY � Xa( dope � 7 N ª (negative-type: N-type) ��n��b38«:$�XGBm® � � M����| \ A1¦�l 6�± (�² 2.1
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2.1.2 MOS �������
MOS ª��Sn�� | « e $ î���� (Metal)

e
	 < � (Oxide)
e �Sn�� (Semiconductor) (� õ � 7��� (MOS

���
) (^*G,o�Sn����#v Î�� 38Ú¥A ( ² 2.2) ¦#Á�� ��n��������S« SiB�ü-» ± 6 A/¦ Si ��À�« ó &)!m3 	 <b��A 7S¿ e���� \ 	 <�� � ]8_-B����É�V3�¢ A-l| B��� b3bÚ¥A1¦ Suzaku/XIS � e Astro-H/SXI 38« e l ��! � J �EL��#" wm(^$ î õ |�EW%$ � ö:R 7 Ð � (&��ü��EW�»-A1¦'�( 3�« N ª���nS� �*) Q}�&+GU+W MOS ª���n ��,mX)(.-�/>�-A%¦ �V��� B dope ö6 W�» \ » Õ Ö 3 � à
0tN21 9 Þ�(.3�Ù à�0tN21 9 Þ (EI)

|^~ � e l 6 « c $ XSd (EV)| ' n¥d (EC)
� ò54 i � !�"8�/Þ76V�ÉAC¦ N ª���n¥�-3-« ` ¯-Y98 Xx( dope ��A/¦ `¯8Y:8 X�«<; cG\ � 3 e 8 X>=@?É�o,É¢æ$ X-BA=@?}Ú � A:¦�l � $ X�« 8 X��%BGA)¸Í4 5
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Fig. 2.2.— MOS �Sn�� � ���
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`Í¯-Y � Þ ) �/Þ76V���C¦�l �`°¯bY � Þ������b� �! ¿ e N ªS�Sn�� � � à�0:N<1 � Þ (EF) « e 3SÙ à�0:N<1 � ÞxTÒ Ð · ¸ \ �1¦
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��� « e ��À 
 î ��"$#b��� 
�% �-T U/W (1) & � e (2)

ó�ô e
(3) Å�' �)( ��/ÕSÖ)* | � ( ² 2.3) ¦m��n���� N ª �#)�+)*-, � | �/¦

1. & ���À 
 î �%¬ � 
�% * "$#b� �/¦ 
 î ´ �:	�. ����À�� «CÜ �/e �Sn��S´ �:	�. ���À�� «1¬ � 
�/ �0 � ö2143 N ªS�Sn5� � ® � ��6 �t�87 Ú5� 
�9 � 
 î�:�; �<�� �1¦
2.
ó�ô
��À 
 î �1Ü � 
�% * "$#b� �/¦ 
 î ´ �:	�. ����À�� «1¬ � 31��=��S´ �:	�. ���À�� «CÜ � 
�/ �0 � ö21 ��! ¿ 3 	�. �S´ � ��=�����À�� «:¬�>��0 � ö21 �|�|�Ð � 
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�% �$T Æ�U *WVYX L »�¸ P 3�Z�1�K2[-» óSô�DE ÐqÈ ���%¦XR?)X 3 	�. ��´�\ J =�����À 7 0�]�ö21�!:¬S^K`_�a$L 
 ) ��b�cxöd1��5_`e-KC ÒN3 ó�ô�õ \�G�f`�8�)g��$hiO�\ P8j 3 à�0dk 1 � Þ P 3SÙ à�0dk<1 � ÞI\$l�m
�oº�' X 3���n ��oqp 6sr-t 7 Ú�a�!�u�v^\>¼�w`� 
�9 ¼�wx_�Ò ÐWy{z C ��! ¿ 3
O-1 * Å�' ÕSÖ PRQ�S h
Á�� CCD

75| 39�SÀ 
 î K ? 	^}~1`� 
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P�Q��

1��dui\ 
5% (N �s\ )H+ )
*8? 	L#û¥üH����h�Od1 | 3 �2� D�E 75��� ö$1`! 
�/ * �� K�� j ù���!�� 7H� �$h

MOS � J =��I\$������\��`� (xd)
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2.1. ������� � 2 � X 	 CCD 
���

(a) ��� (b) ��� (c) ���
Fig. 2.3.— N � J =���\���� k�� ¢��! � 3#" / 3#"%$�3�"�&('()+*

QS = +eNDxd (2.1)

\�" /-, J =���� � K�.�/IKd¥>1�3 O�\ P�j J =���� � (x = 0)
? }1032iK�� ?�4 "

& φ
,65�7 �98$h`Z�\$l j � | 3 εSi : Si \�0#"%; P X=< P8j 3 Poisson �%>�? _ � 3

∂2(εSiφ(x))

∂x2
= −eND (2.2)

P � �2198�hA@CBH\�D�E�F�G%H

• x = xd I "%$ | 0 H5� C6J+K

∂2(εSiφ(x))

∂x2

∣

∣

∣

∣

∣

x=xd

= −eND (2.3)

• x = xd I "�& : 0 K P 8LH5� CMJ+K

φ(xd) = 0 (2.4)

:LN X LiOLO :QP�R � H
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φ(x) = −eND(x− xd)
2

2εSi

(2.5)

,�� }�O98$h J�� ��� � \�"�& : φ(x = 0) = φS

P�� z P H�������\��`� |

xd =

√

−2εSiφS

eND

(2.6)

P � �LO 8HO P , J
	 82hiO O^_ � H8����� \$� z � 8 < ��K | H����� ¦ w ND \mq���8§�� : � O � _ 4 O P , J�	 8$h=.������������\ dope �
� P X LiOLO g I�� 4}CO�L j <���� �
����  "!�# � I | H ¦ w \%$�& � ��'�. � ,�( ' I � z H-l��������\`��\ :*) � � 8,+.- , I j � 4 h N ��/ � � I | H,0 � �
1�2�3
�54�687�9����� ¦ w: m �8��§�� : � 8;+�- , I=< 8 : I 1 H o 100 µm
: �5����� :?>,@-I=< 8�65A�4��;7<

[4] B

2.2 X
C

CCD D E F
2.2.1 X G H5IKJMLONQP
R�S�T�UWV=X%Y�Z

X 	 , ��[  =\ -8]^9`_�a^� O 8 < ��4�bQH^c�d�e8f � � � 8
+
- ,hg8i I � 8jB 1.2.1k I�lnm < 6;Aj4=H ∼ 20 keV o.p : X 	q- CCD(Si) - : e�f � � b�r�-*sut 100% v%"��� I � 8hB�v(" �4� Inw;< �>� O < "
� ( v("�� ) b1Hyx ¢�z  ��{ 4|6 �~}|� :`� �
: "���]�Hh���54��K7�91"�������� :?��� B�� 8�B,+ O :�� � � 8 : 4 g�i �#���`� � ¢b Si I b 3.65 eV I H 6 keV

:
X 	54���] ∼1600 � I5< 8�B,+ : "�� :�� c � b����%H*�� "�����-?���MO+8 , H N ��/ � �K4�� 4 9,bh� I�lnm 8,6;Aj4��
� :�� �;� 8 <�� H “

"���� ” b� 
¡ I � 4 B
o�����¢�£�0 I b�"
���Q-?��¤K+,-%4 � 8%B
1.2.1

k I8¥ < 6nA?4�H Si
:�¦ v � ;Kb 5% >�§�-�¨)� 4(<�� H X 	;��[  ©\ b�v�"��- Auger "�� : 5#7 �jª98�B Auger "��Kb�v�"�� : �%> : 0*« I8¬� � 8 : I H?� � "��� :h® , � b=H�¯�'u��4�b�v%"
� :�°
± ��> : /�²q- � 8?³��y���%´µ- ��� 9=6 4 2 B|¶: /�²Kb=H 0.1–20 keV

:�· I b�¸.¹y��4
σ = 0.0171×

(

E

keV

)1.75

(µm) (2.7)

-A� � O98%B < - � � 10 keV
: v��y4h�O]?9,b ∼ 1 µm I�º 8%B

1 »½¼�¾"¿ÁÀÃÂ"ÄÆÅ^ÇÉÈÁÊjË Si Ì »Í¼Ã¾`ÎÍÏÃÐ�ÑÒÈ Si »�ÓÃÔÖÕÁ× 30Si Î 31Si Ì ÀÃÂ*Ø*ÙÉÚhÛÍÜÆÇÞÝ"ßÁà
2.6 áãâ Å 31P ÌÉä À�ÑåÈ|æèç*éÖêÁ¾�ë½ìÆÙÖÚ

2 íÁîÃ¾�ÓÉïÁð�Ó½ñ"òÁ¼hÎÍóÃô�Ñöõ"÷ÆÙÞÚ X ø*ùûú í�Ñöõ"÷^ÙÍü"ý Ì ÇÞÈ�þ ÿ � ÌÉú íÁò�� Ì þ��?ì����Ì î
	�� ù Ó��ÆÙ
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2.2. X � CCD
: ��� �

2 � X � CCD �����

�
	
��

CCD ����������� 2.4 4�� � B���� : º� «K4%��]! #"
$�t&%(' : �*)+' X �,�.-/ � � )
0� #1#24365(7 � B
Low energy

X-ray
High energy

X-ray

Gate

Insulator

Depletion
layer

Field-free
region

Front-illuminated CCD Back-illuminated CCD

Low energy
X-ray

High energy
X-ray

Gate

Insulator

Depletion
layer

Fig. 2.4.— "���- / -8$���- /

• Front-illuminated (FI: "���- / � ) CCD9
: )+'<;�=?>�@
9�A �&B�C,D 7FE#G40� H����«I)+' X �,�.- / � � B FI CCD 0b&��*0 X �43KJ � >&@�L ��M �  �1ON&P*QIR8�OS�T�U X ��Nh� � �HV §43�P|p� �XW AZY8[�\K3 º���] FI CCD 0.b�^
_#`?>�@
a�A
7�Ab.2
c�dKb&e V#fgW 7 ��]h U�i#j?�?¨?>K� � ��M �  ���� W<k ��«K)�' �(U���l (N �(U�m�n ) ��o�prqs �b
2�c�d*0�t�uvq M �
�?� CCD UH$��Kw�xzy � �H] h U��l,� Back bias W A�Y ]

• Back-illuminated (BI: $���- / � ) CCD
���XU�7�AH$
�I)�' X �O�{- / � � h W 0| &PIQ�R`�zS�T X �zN�� � � �(�{}#~?��
� >�ª M CCD ] h U�m�n� CCD U��
����� (substrate; � 2.4 U��6E ) N����
�
�����z� � h W N�7��� h @4N
�|�
��a6�������,�{p��gq! &���I� �
�
�6��� 3��� W 7 �H]*��M  ����I3|�
��U&� / � W�k
�
� NH�X �� ��M
¡  �b�2�c�dZ�6¢ � 7£ q{a4b�2�c#dZ��7�¤6q¥ #¦�§�^�_
`K� � � � 3K� �H] BI CCD U�¨©zª h @�'�U
p�� �
�6��� ªF«�¬07
A6\I0K� �&]

ASCA/SIS 0�ª FI CCD U|�3H®�¯?>°@ M 3& Chandra/ACIS  XMM-Newton/EPIC±*²�³
Suzaku/XIS 0�ª FI ´ BI µ<¶�U.E�G*U CCD 3 W6· N°®�¯,>{@�a#A �.] Astro-H/SXI

ª��#¸�a BI CCD U chip 0�¹�ºZ>�@ �H]

2.2.2 »½¼¿¾�À�Á
N Â#Ã#Ä�ÅK0ªHÆ�Ã#Ä�Å�"
Ç(N|)K��'!@ MHÈ�É lzN ² �ÊÆ{Ë
Ì�Í*36Î
`#Ï � U�Ð
Ç(NÑzÒ M�Ó�ÔOÕFÖ#×.Ø�Ù�Ú w W<Û#Ü qsÆ h{ÝXÞ.ß�à �*á ] P Â#Ã#Ä�ÅXU�m�nXª�â�N�Æ6Ë É lÑ É �#Í Þ Ó#Ô,Õ6Ö�×HØ�Ù�Ú w WsÛ
Ü q!Æ ß�à �Xá ]
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������
�

2.5
² �ÊÆ�Ã
Ä�Å������ x � É m E(x) ª&Æ

E(x) =
eND

εSi

(x− xd) (2.8)

� Ð�� Ý Æ���&�X  Ñ
Ñ(Ò�� Ë�Ì�� �zª
m∗

d2x

dt2
= +eE(x) = +

e2ND

εSi

(x− xd) (2.9)

��! Þ#" � Æ É m%$'&%(') É+*
� w Û
Ü �Xá�,-� ÝzÞ/.02143 �#5
6 ,-�
� Ñ m∗ ª�Ë�Ì��7�}98;: Ñ ��á�,�Ë
ÌzªHÆFÃ#Ä�Å=<>�'?��-@�AB?��Kw �BC�D Û#Ü qE)9F�¤G,?���H
� Û
Ü $I@9@*áIJ9H ( K>L+M
NOJ9H )τc

Þ�P FQ)�Æ
K>L
R+S v̄ ª
v̄ = +

eE(x)τc

m∗

≡ µE = µ
eND

εSi

(x− xd) (2.10)

�UT ��á�,O�Q� Ñ Æ É mV$ � �*á .�0#1W3 R9SO�X>YQZ>[ µ
Þ Û#Ü S �E5Q6 ,��\� x

Ñ t
u q �]
^ É9_ Í�` É+* (x=0) $ � £ � � ¤a�9$ � �XáIJ9H t ªFÆ

t =
εSi

µeND

ln
xd

xd − x
(2.11)

�#b á�,
c
d

É+_ Í%�feQg Ñ>h ©\iQ$kj × 0#l `�m9n\$ b á � Æ9oOp � �q+S
r Þ�s9t ���(á �
¡ Æ É+_ ÍOª�u
v*�Xá', É9_ ��w9S Þ ρ

� �Xá � u
v+x
y �
dρ

dt
= D∆ρ (2.12)

$�z�Fu�`�(�)kF ¤{,=���'| Ü ��} Ò �~�S9� ( u+vk�Q[ D) ª lQ� Õ�Ö+�9� � Õ �k��Z� $ ² ��Æ
D =

kT

e
µ =

kTτc

m∗

(2.13)

� Ð�� Ý á�,\�Q� Ñ k ª~� Ø��>��Õ �>[ Ñ ��á�,>uQv=�2�98Xª2�Q| Ü b � Ñ 3 ÆI�9� Ñ �á>� £ u
v+�;[�ª�} Ò ¤ b á�, x �%$2�=� b Ç Ñ u
v+x
y � Þ#� ¤ � Æ É+_ w
Szª
ρ(x,y, t) =

1
√

(4πDt)3
exp

(

− r2

4Dt

)

(2.14)

�Q� Ñ r ªHÆV����Ç\��� É
_ Þ <2� � �*á ÜQ� x��
�'�>� Ñ ��á�,%� Ý ² ��Æ É
_ ÍV�'�
` � σ ª&Æ

σ =
√

2Dt =

√

2D
εSi

µeND

ln
xd

xd − x
(2.15)

� Ð�� Ý á�� � `#�+@*á',
3 ������� ��¡�¢¤£¦¥�§©¨ª¬«aU®U¯ MOS CCD °©± ²#³ £µ´ [13], [14]
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	 �
2 � X � CCD �V���

�����

É
_ ÍV�'e>g�� � t [%j × 0El ª��
	�� ²�� $#uQv��E)9F�¤{, ���2m9y Ñ Æ X ��$ ² e>g�� � Ë
Ìzª É � ����� ���sÆ#�+K�����������á�, ��� ��$�ªHÆ���Ä�� ��� É �����
H Ñ� S�$"!��|áI��� ��� � � Æ$#�%�& Þ(' � � H�� ��� � � `$)�á ( * 2.5) , Si

Ñ ª;H
� ��� ��`�� �,+ £ Ñ Æ.-Q� � ��/ ��0$16Ø ªFÆ

τp =
1

v̄σpND

(2.16)

� Ð�� Ý á�,\�
� Ñ σp ª32$465�Ç�7 Ñ )á',98�:(ª τp ª .021/3 J9H ²;=<�>�? FI,

Ec

Et

Ev

@BA CED F GHA CED F

Fig. 2.5.—
��� ����I�J Ø ,�K : �ML ��� ��N�O : #�%�& ÞP' � � HML ��� �

QSR�T9U

* 2.3 � Ó�ÔOÕFÖ#×°Ø�Ù�ÚWV"X�Y $ P F\A Ý N�ZS[�\�] �E5�^ Ý á�,�* 2.3 ��_ � $3N`�a$b �dc$e�f �hg$i�j�k%$�ZW[�\9]�l�mon(p;q CCD n(r�sWZW[�\9]�t CCD
�#5+6 ,

��u�x � u�vMw�x V N c�e�f r�sV$hy�!{z3|S}h~�� _;� _ ���� `������h��z3| ( i�sE��W��� ) N�����������!�� ��$�$� �6���S)$�M�
�(|Wn��h� � ��}�� �P�W� Z6[
��]9t CCD �� 
¡¢z"|6}��h£;¤(¥;u N t `�a�b � ce�f u�¦ �3§�¨ ��©�ªWu P t `�a�b n � � ��« �$�¬��Nh�®°¯�±�[�]�u"²�x°n c�e�f6³{´µ{¶�· �P¸�¹6�$º��3� �W� ZS[���]9t CCD V N�»�u `�a�b u"t (

�6¼ u"½�¾ N t ) ��¿ ^|��6�$�9Àhº�| ^ N�»�u9Z�[���] (
�6¼ u"½�¾ P channel) ��¿ ^ |��6�$�9Àhº{ÁÂN�Ã�Ä��Å�Æ �$º��3��Ç�ÈÉn�Ê · ��}��hN �W� ZS[���]9t CCD uMË�ÌÍ� ¨�Î n�r 2.2 � ¼ �(�$�3�

Table 2.2— �.� ZW[��
]�t CCD uhË�Ì
Type Major career Channel Collected career Pulse
P type Holes N channel Electrons Negative
N type Electrons P channel Holes Positive

∗
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2.2.3 	�
�����
CCD � V N������ � ��������� ]W»9|���| � �"! z3|S}3����#Én%$�p'& (�� ´ N�)*,+ ¸.-$uM��� X6Y n /109¾�243;�����,�6587;u:910�¤.&4; ³�´=<�> 9.0S¤ � �S�(���? �M�.»�u�@"AWu�BDCFE�z:(�� ´HGJI4KMLONQP uSR � �6º$� ( T 2.6) �

Fig. 2.6.— ����@"AWu ”
GJI4KUL�NQP

” V:W1XOY P

Z4[]\�^

���D@4ASE`_ba �]�b�]c u"� §.��dDe u�º��,�gfih ³ · _�»
|1hkjOlFm � n�o z%3W�
(
� X6� � hqp1r6� ) �$�¬��s42�|��3�P�gf dDe hk� ��}�� � _ t�u�v4wgx +=y xM¸�¹�z{R| »Ox�/�¾"3���} � ´ |W�M�
• � § xb~O� o5 y xS� ����c � ~O�Fx3� § hk� Á�� · _$»9|���| � � (6�(�4f�hkp.rD�
�4f dOeh%�°�M� � X�� � ��� P ¯bEb��¥������S� ? ��x���_`@"A�¸1-�(���h1��� ��nO� ��S�6����� ? �M�
• �O���.x��O�a�� ���Dc � dope

� ���O���{xb��� ��� ¦ dOe hQ�;}:3.�6�6�¬���gf dOe h%� �3�� § ��5 y ��� « x9� � X$� �%�i� P ¯�E:��� � ($�h��_�@4A�¸S-�E nD� � ? ( � �
�gf dDe x`� Á ¸ ���M� _(� § x`� Á ¸ �{� XS� �%�i� P ¯(� � ($�3�
»Dx`/�¾43.h  ��¸O¡ �(¿ | _]�D¢�¸D¡4_ + ¢�¸D¡4_¤£¥¢�¸D¡W�6º$�M�gT 2.7 a–c ¦�»�§S��§Jx3½�¾{x¨�© @4A$�]} � ´ §�� ¨ §Oª�« � � XJ¬ �%�i� P ¯�hq � �Qa�¸�¡��"x ¨ §Oª�« E�v4wgxR � ¦O(�®b� � �h�

• ��¢�¸D¡5�� �b�]c x`¯O° ( @4A�¸S-b° ) ¦Dx�0 ¨ § hk� · _ ¨ § x�±i²%°O_�³�´�°.¦��O� de x�º�²`�g�g��h ����&%��´�²bµ ¨ f{x ³ · ¸FE��1¶{·`§{²�¸]_ ¨ § ¸]¹{(�´�ºg_»�¼ � cF½ P X �F¦Mª�¾1² ¿g�J¸:À�¾�µ
27



2.2. X � CCD xb��� �
2 � X � CCD £ ¤��

•
+ ¢�¸D¡5 � ����c ¦ +�y � y ¨ § hQ� Á�� ·�� ªD«�� _���¢.x3½$¾��	��B�_]��� dOe x�º²`�O����h�»�§���§Jx ¨ § °{¦`�O�¤&%�4´�²`µ�a�� ����c x +�y x ¨ § E�
��i¦ ¨f�h n rJ²���q¸ � ? ²bµ

• £ ¢�¸D¡5 � ����c x�£ y � y ¨ § hQ� Á�� · ²��� � ¨ f dOe hk�i²�µ ¨ § xD0 � ~��1(�®É¯
±�� c h%�J§1²�x � _��O���.x��O��h Å�Æ �D&�(O´�µ � XS¬ � ��� P ¯�x n� xD0 � @"A�¸1-�(���h n r ´ §1²bµ

hole

+ +

+ + +

+ +

+ + + + + +

+ +

+ + +

+ +

+ + +

 + +

(a) �������
hole

+ +

+ + +

+ +

+ + +

+ +

+ + + + + +

+ +

+ + +

+ +

(b) �������
hole

(c) �������
Fig. 2.7.—

  ��¸D¡@"A��D_ � �"!�# ² 9S06¤1&�¦%$4}�·�§.² ¨ § ¨ f{¦DE�t�u�& '"¸:p1r ´ §g�g´�²�µ@"A ¨ f.xM½�¾�_O)D@"A ¨ f.E PxV _ * @"A ¨ f.E PxH (�� � º"² (x: ¢)()* ) µ
+), \"^

-/. x CCD � }�´ ´ §g�4´�²10{(`@"A�¸D¡FE�v"w"x�£ y � º�² ( T 2.8) µ
• Full frame transfer (FFT)2 ��xS� ���Dc h13)4i¦�$4}4¾1²`µ53)4���_ ¼ � )D@"A¤&�_�E � �gx,576J¸�± L Vc N Y98 � ¦�:i²`µ$± L V c N Y98 � x ¨g© h�5 � ����c � y�* @4AM&=_ 576D@�A&�;�r � ´ > x�5<6ihq@4A4¾S²�µ�k§1h1= Á?> &=_	@�;Fm�¦ 2 � �b�]c hk9�0$¤�¾:µ@4ABAD¦DE X �1x%:�C�h"DFE Å�Æ ¸$º4² ��G _ dead time ¸"H ? ´gx�¸9I�J � º4²�µ5K6ML ³o´ ± L V c N YN8 �5O x�@�A.¦%$4}�·`§1² ¨ f.E Transfer gate (TG) _ ±L V c N YP8 � xRQ ³{´ 9;¤S; O x%@4A�¦5$�}F· §�² ¨ f�E Summing gate (SG) �¿�S�§1²`µ
• Frame transfer (FT)

X ��h	T · ²	T)4�¥ (Imaging area) �H_B� � � ����c �Fx �4! ¥ (Storing area)
³´VU ²�µ �g! ¥{EgV cXW1Y[ZR\ (i� � X �ih^])4 &Q�$º{Á _)3�4���T�4�¥{x ¨�© h

�g! ¥ O )�@4A4¾S²�µ�»Dx%�1E FFT �1� � R � ¦ �g! ¥ ³{´¥<D> 9�0$¤�¾:µ �g! ¥O Eb)D@"A1xO0 � Rb´4x � __� ¼ � x�@�A�`�¦gE5acb _�3)4ix dead time E5dgu¦�e�·�´�µ
• Interline transfer (IT)
T�4�¥Fxb)�¸.- 576gfh�`¦R]�4U·�§ � @"A�¥�hq�ji%_�3)4/�5 �.x * @�Aih%s �1k· � _9T�4�¥{E > x53�4F¦5lF²h�� ¸ � ? ²�µ X �{À�])4 � ? ²Q@4A�¥�hq��® � IT
CCD E%m"} o ·�§g��z ´ � _ X ��npoO¦OE�- ³ (O´�µ
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1

2

Imaging Region

Fig. 2.8.—
LNMPO ¡ : FFT ( QSR ), FT ( TUR ), IT( Q�w ) µ

2.2.4 VXWZY\[^]
' ! x`a L_M`O ¡ � L_M · § � ¨�©ba _ @�;Fm�¦dc[oUe � ¨ f.¦ n`f · §�_NohgF· §²`µ`i b x CCD � a cSjhoUkb¦ Floating diffusion amplifier (FDA) ¸9$Nl4§g�4´J² ( m

2.9) µ

MOS-FET

FDA ¦ aon y x MOS-FET ¸9$4}�·�§4�4´J²`µ MOS-FET (MOS p ¨_q`r_s^tvuxwy 8 � ) � a _Uz`�J¾.² ¨ f{¦x{}| MOS p�~��_�.x���� w�� � c ¸ ngo ¾1²�����h��4}k � t�uUw y 8 � � _Um 2.10 x�{b��� ªg« hUk ��� x �x� ² (P-channel MOS-FET x�_�
) µ��� t ¦ ¨ f�¸_���.®��"´_�g´ ���k_ ��� t x���Q�x�� ��� c (   � 8X�¢¡�£¥¤ w )x`¦g¦ a ¨�§Ua¨§ §N�D´�¸�_ �_� t ¦d©1x ¨ fihh��ªg² � _«  � 8¬®¡¨£®¤ w°¯ x�±�²J¸�N� t ¦P³x�®´�µ·¶ §]_¸���¸� c ¦4x N p�~��_�F¦%:i²`µ �xd±_²F¦x{�|�  � 8 – ¡¨£¹¤w ¦�¦ ¨�§ ¸ § §.²�µ ��� t ¨ f�h n"o ·dµF²��� � ¨�§ x H\�g·�h �4�J¾.² ��k¸ ��Q_�8N¤i¬º� � ¨4© –

¨ f nPf ¦h�4} � ��²bµ
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2.2. X � CCD x���� � 2 � X � CCD npo��
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Fig. 2.9.— FDA ¦x{]² ¨g© cSjhoUk
FDA 	�
�������

m��D_bm 2.9 ¦`Xk � FDA x ª�« h��1��l��{²x{��`¦�_ FDA ¦�}S´ ¶Q§{² n y x
MOS-FET x �Ri�� O (MOS-FET1)

a _ FDA x%:_g (Output gate: OG) h�  � 8j� ¾S²��� ¦�� � · §�_ OG x ¨�© h����F¬ t ¾S²"8�¤1¬�� ��kQ�"x� "!�h s � ¾�µ�# O (MOS-
FET2)

a
OG h �N� t � ¾.² ��� ¦�� � ·�§]_ OG x ¨4© h ¨_§ (

¨ f ) ¦ nPf ¾.²�$"%�Pk%�"& b µ MOS-FET1 x ��� t _Z¡�£º¤ w h('�§�)]§ Reset gate (RG) _ Reset drain
(RD) _ MOS-FET2 x ¡�£º¤ w _   � 8.h*'�§�)�§ Output drain (OD) _ Output source
(OS) �,+�-�µ

FDA
O ¡ � a _ (1) Reset _ (2) Floating level _ (3) Signal level x�£/.�0 �21 �*34�c º.xhcSj�oUk/����²bµgv"w � _(5�*ixhcSjhoUk O h76�h98U®b��:�;�¾.²`µ<>="? A � a�@ 3*AJ¬�3�x n y x � ¢ih9B.xx{x�k¦�C"DJ¾S²�µ(E �F�9G:¸�¿ � ²��`�w�� ��H"¸�IS´ OKJ High

@�L ´ OMJ Low � ¾.²`µ4¾��°l[i @ P-ch CCD N �N� @ ±�²�¸E��O�,G��PN � ¨ � ¸ » ´ OKJ High
@*Q ´ OKJ Low �/R�²bµ

30
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Gate

Source Drain

holes

N-type silicon

p+ p+

Insulator

Poly Si

Fig. 2.10.— MOS-FET N ªD«
1. Reset: (SG, RG) = (High, High)

RG ¸ High ¦��J²p� @ MOS-FET1 N ��� t ¸ � � @ OG ¦�����·`§��"´ � ¨4©«a
RD °{¦	�
�\¶ §1²`µ Reset `�Nhcpobe (OS) N 5�* J reset pulse �k´\� µ

2. Floating: (SG, RG) = (High, Low)

MOS-FET1 N �N� t ¸��� @ SG �\¶7N ¨g© LNM�� i"N�����`��²bµ� N �¸� Nhc
obe�N�� �KJ floating level �k´\� µ

3. Signal: (SG, RG) = (Low, Low)

SG �\¶�����¸ LNM ·�� @ MOS-FET2 �x{�| OS N�� � ¸_R���¾1²`µg N �¸� N�c
obe�N�� �KJ signal level �k´\� µ
� R�� 1 � 3���H�!�N¨cxj�oSk#"%$'&¢k @ L_M)( ��* � 3���H,+'! k ª @ R.-�N�/�¤3�H J	0 |2143�5�'�N76 s CCD �\¶ N�8�g:9`k;��m 2.11 NU{S�º��<>=
",? ¶@�
A75

B'C�DFEHG�I

CCD N�J � 3�� H N pulse height=(signal level)−(floating level) N��>�X| � a�@ �'KNS{S�¥� O>L " � A ( m 2.12) 5

• M�N O>L5>O J n@P ��!�ª @ � OKJ delay
( µ�� @ '(N signal level 9 # O N floating level "Q ��A�{U�;�bk�*`R��SR·k¨³UT O>L 5
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2.2. X � CCD N���� � 2 � X � CCD �F8��

Signal
level

Floating
level

Reset
pulse

Fig. 2.11.— CCD � ¶7N�8�g�<�=
• i Q���� / w�� � w��	� L

Signal / floating level ',��),� N.< Q�
 J Analog-digital converter (ADC) ����
�>/�� ��� � � � @������ H��>O ���H����� R��! UT � L 5(G#"%$ ��&(' "�)+* �,.- 90/�13254 "�6�A."87.9;:�< J�=�> �@?+A�3
A�*�B��!C�D�EH/�� �F� � � 3 AG�H "�6�IJ7 Q5K N ADC

J H 3
A�5
• �'! � L

Signal / floating level
J+L ��MS��N��@/�O5P+Q P ��!R�;����� RS�T UT � L 5%O5P

��!F�VUWI	XV�+Y;Z%9�:�<�"8[ ( �87�� P Q5K ADC E G�HW\ / 9	/]1^2�4 J`_ P
"87���!FN�*�B(a�b \dc "V$ ��&(' " G�H 9 \ A�5

(a) egfihkj (b) lgmghkj (c) n!ophkj
Fig. 2.12.— qVr�8V� � L��s�t Uu1 \ ��v �#w�xyEd� ��*@�,O�<;z 
�{ 7 (

c "�$ � �%OF|%8!}�34A�~�� ) ADC� � (� A75 ADC �,<�z 
 | ���d� A��R��*T� tT���F� \#��� � P /�� {!��� ���]�
T�u� A�5
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3

CCD �
�

CCD ��� t 8(}+�>O { 7�� D t����	� 9 � ���d� A�� (� *7J ��
 ?+A t <+z 
 "� �� �������
frame image 9+�`�S?�� � A�5�� t �����;{ ��� 7������ t (������ \ 9

:�<%|! ��� ��� ��6]IJ7#"%$ \ �&�.� ��� � U�'(� X (*)!+ t�,�-Ft rV|/. I;8S3�01 " G+H �d6�A�5�2 � � {�3�4 � \ X ( CCD |65&7#8�9�3 A%*�B t!:%; |/<�=�3 A
9�9
E � 7 L�t 8(}+��O.���0:�> �@? �F8�|!A 1 �CB�t�D�E | � 9@B�A�5

3.1 CCD F GIH J K L M
CCD

t 8!}d:�N ���PO |RQ 3.1
�/S 3�5 3R4 � 7 CCD

t 8} { Active region( TVU�WX
)
tZYV[ �

Over-clocked region \R]�^`_ �ba :�N ��� |�c(}%d�egf Over-clocked region{
CCD

tih 
 ?�A�j ��k �i7g��� & j | 3�l�m%npoRq '!�#r�q�r�� a E t�B 6�e�f [ �s t r�q%r � U�e�E t | Horizontal over clocked (HOC) region 7 Y � s t rdqVr � U�e
E t | Vertical over clocked (VOC) region

qPt%u f�v%W X ��w /��+7�x�z 
W{ qVrbc%�,V- \ 0
t qCy B ET6�eZz�{T?}|�? | _ '@�&cT}~_ � egfWUR'@�#x+z 
 tb�g� ?���X#Z�|0V��d�e q 7�� t z�{(?@|�? tZ��� � h � 
 \ B y e�f`� � | 0-peak

q/t%u f��~cg��)+ t _ ����� \ 9#:+< � U%IJ7�� tbh � 
 {�� \b' a IJ7RW X � UR'� �i� \�� \ ' a IdiegfCW X���t 0-peak |/� � 7��R�&die�� q B 7 CCD
t 5&7.|/� l die59#:+<���>+A�|8V9�d�e&� q \ B y e�f

3.2 CCD FI� � � �
3.2.1 CCD �����~�����`�

CCD
B { 7� �x.OR¡�����O t _ ����� \ 9;:�<;7 ,�-�tg¢�£ \*¤ � U�IJ7�¥ � 5b7\�¤ \�¦���d�e�f L�t U.1 \ ¦5��|6§ o6¨!© |Zª�« B �V¬�d�e�f

Readout noise ( �®i¯}°!±#²V³ )

CCD ��� t!,V- |0q�r�c�dV´ � ^�µ�e59#:+< B 7 CCD
t!¶%·�¸%t

MOS-FET 7 w U¹ L8� ��º \ \�eg»V¼�½ m � U�e�¾6¿ &#' ��À ¨ d�e.E t q 7�Á�¿ &#' �R� t 9�:�< q
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3.2. CCD
t 5b7R8%9 � 3
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Fig. 3.1.— CCD {~� � Zd:�N ���

\u6�e�f HOC W X�t c#}���� {
	�q � ¤ qVr&c��898:�< t r�������`_ � e t�B 1 ���t�� y _ { HOC W X�t 0 peak
t � \�� B 8%9 B y e�f�d���µ�� ����� c�� � !�" �ZÀ¨ d�e ,%- m�#%$ �'& # � >)( σReadout * ��+ !�,.- G ch eV−1 ��/)0 ,21�354 (�6 � -

W eV electron−1
q d�e q �

σReadout =
(S.D. of HOC 0-peak)

GW
(electrons) (3.1)

q ��e�f@�%� B S.D. of HOC 0-peak * HOC W X # 0-peak
# ;�7
829 -;:bd�f

Transfer noise ( <�=}±#²�³ )

CCD
B?>
@5A
B ^%µie2�C! "Cf VOC W X q HOC W X #ED�F * �HG ´ B![ >2@ -;IKJa  L5M� # N �PO #RQ º # W X # 0-peak

��� -g���bd�e q � [�>5@SB�T e��.!�"�\.UV N y e�f � # � y _ *
(Transfer noise) =

(VOC 0-peak ch)− (HOC 0-peak ch)

GW
(electrons) (3.2)

N5W e�f OEX B À ¨ d�eEY
Z m�#%$ �'& # �\[�( σTransfer * � VOC, HOC
#

0-peak
#�]

7
8
( �^X�_^X S.D. of VOC 0-peak, S.D. of HOC 0-peak

qa` o
) -%b F�c

σTransfer =
1

GW
×
√

(S.D. of VOC 0-peak)2 − (S.D. of HOC 0-peak)2 (electrons)(3.3)

Dark current ( d%e�f )

CCD
N * �)g ©h#�iMj \'k o � F'l2m�Nhnpo�q À B�rEs d�e%����c j \ W � �tOEX- u�Y5v q!t%u f�r�w
x w T ¹5y%zM{�| N�#?o5q À n'W5}.~ ���M��� � # *��
�5� :��

1 �E�����\�������2�������p���;�������a�E ;¡�¢���������£�¢¥¤p¦¨§%©ª��«
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�
3 � CCD �������
	 3.3. X ��! [�,�����

N5# :�� 7�� -������ o�q��KN5WM}������ *! > l2m�N CCD -�"�#$&% } MPP #�' -
b F5})(+*!,�-K} O (�~/. � X c
F5}&�SF10 X #32�4Rn CCD

#�5�6 B�T �879�;:=<�> -}�� u�Y�v *&?A@ ��� 2AB�N�# � � j $ X })# NDCFE�#G [�(h- .�} B * Active
{�| (

VOC
{�| (�N

0 peak
# �)H -&I1J - X�K!L : C

(Dark current) =
(Active 0− peak ch)− (HOC 0− peak ch)

GW ·T (electrons s−1) (3.4)(NM
O $ X }�� O2O N T *�P g AAQ N5WM}��

Charge transfer inefficiency ( e�RM<�=AS�TVU )

Y�Z >5@�A5B E�WYX
Z�~1[]\�^)_ B �a`)b/c�$ X c �ed CgfAhA4 BKT J c1i�j X }(kCml1n �&��Y2Z�k cgo�p�q B3r
s Nut/v : vM}&� O W3w]xyo�M
z]{ �&� W.~ Y2Z >�@1|w�}SN�W d C�X >�@ W �9d B i�j X } YMZ z�W!~V4KN : -m� CTI=ε
W�(Dt�C YMZ z��YX>M@�� ( B

(1− ε) � B > }�� n pixel � W >M@ N n�(3W Y
Z z B I�� (1− ε)n ≈ 1−nε �N >]� -�}�� T J c n pixel �;�V� CCD
W

CTI
�

ε =
1

n

∆PH

PH0

(3.5)

(��)�y� X }&� O�O N ∆PH
�

n pixel
NVW������)W >�� z]C PH0

�
X � ~/��� �&�/���W/�]�V�KN�W5}/�

FFT CCD
W�2�4��/C

PH0

��� n+�)� �u�V� B&� F ��H N�Wm���������� -K}&�� �¡VW �V��� NV��C Active
{)| o�¢¤£¦¥u� � ~ � CY§ {)| W!¨1©�W�������ª��

PH0 « ∆PH
o�¬ � C�¢�V® £¯¥
�®uEY°;±Y°;W CTI

o��u�5}!�

3.3 X
² ³ ´ µ ¶1· ¸

X � ��¹.}»º]¼�~/½ :=¾;¿ 2�4u��ÀÁC�Â�Ã�Ä/Å ��� �;� �g�YÆmÇ�È «VÉ º]Êgv�Ë���ÌÍ -K}�p�q �!Î ~VÏ�}&�Ð�°)o dark level
(»Ñ]Ò!C

X �gÇDÓyÔ�� o ��� -K} � ��� � 0D§
pixel

W
dark level

o3Õ�M � v :×Ö ��v�3v ¿ ��Ð3°;�mØ�ÙyW frame image
o�n @ � C]¨©A{ ��Ö �u���Á°uÚ��Û �&C

dark level
o»Ü �&Ý�¿�� § pixel

W������u�&Þ � C
ÏAÚ/ßY��o�à)á»C�Em°)o»â�ã�
X ��Ç�Ó�Ô�� o ��� -uÚ!� � ª � v
ä9�NC X � äDåVæ�çgÄYºA¼]è�� r]s $ °uÚu(aCmÃ

2.2.2
ÄmÅ �;� ¹gé��&ê]ë��;¹ d ÏVÚ�êgä d o�À�ì ÖD����$ °)Ú��íÐ/W�(Yt»Ø�Ù�Wgî�ï/ðñ ��º]¼�äYòV° � -�ÐV(óäVÏAÚ1WDÄYC X � W1ôAõ ñuö � o+÷ �;: f
ø�-gÚ � ���
��C�º]¼W!ò�° �!ùgú W pixel

W/�
�A�FÀóû � 4Vj %AÖ « Ú3ü
ýgäDþ�Ú��
E]W�ÿ�� ( ��Ö����F$ °��� v�À/W]�!C���G �
	�� M�í(��� b�� � Ô ���uW�����Ä�ÏVÚ��

3.3.1 � ��� �����! 
��G#" 	$� M%�)� ASCA &' W CCD (%)�*,+ Äm �¡��.- ¿ �a° Ö�¿ Ú ÇDÓ�Ô0/�132��ÄVÏAÚ�4 ÇDÓyÔ0/ W ù;ú W3º]¼ �5 o7638 3.2

�
ÏAÚ:9<;,=?>�¹!Ò�@BA ¿DC °��;ÀFE �GIH ¿�JLK ANM!O<;=�A�P�QR" Ô (
Ð3°:S��UT7" 	IV ÑXW )

��Y%= G Ö,Z�[]\ Ú.4X@�A!ÿ^`_ &La A�bdcNÄ�ÏVÚI4
1. Event threshold

S�à,e G 6�fDghVäuÐ»°iS#j?k Ö]¿ ÚAîDï&ð ñ S3lnm /poXq�rI\ Ús4ÐNAuî
ïmð ñ A ù)ú 3× 3 &�t Ä�ÐNA)î�ïmð ñ A�fg�hgävu�w�A VRx 6�Ð&°3S Ç�ÓÔ�/zy�{|Vn} e \ Ú.4
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3.3. X �)Ç�Ó�Ô�/ 1:2 � 3 � CCD � "]Q����

2. ÇYÓ�ÔU/py7{ A ù�ú 8
îDï�ð ñ	� Þ G Ö _ split threshold

S�à,e G 6�fRghVä�Ð»°?Sj?k�
�îDï&ð ñ _ ÇYÓ�ÔU/py�{ ª� º�¼�ämòV°�� G 
;ÀIA V G Ö lnm / oLqsrI\ Ús4
3. Split threshold

S7j k�
gî
ï/ð ñ A���� ��� ¿ 6 Ð�A Ç1Ó�Ô�/ A]�:T�" 	 S � e \Ú
(
8

3.2)
4

4.
��T�" 	 ��� ¿ fBgXhUS K��?\ ÚI49Ð�A Vvx 6U�:T7" 	 � ¹
ì Ö _ Split thresholdS�jik Ö ÀÁû G K���� ° H ¿ î1ï!ð ñ À!ÏAÚ�4 K������ S���� X � � Þ � \ Ú�f,gh V�! H \ 4
"$# � 6 grade 0, 2, 3, 4, 6

S
X �&%('*)0/�V+! H3G 6	,�-.�IS�/ V�0$1 X � grade V2 WR4

Grade 0–6
A�3 C - �&465 1 _ /�� H 3 4 ALS grade 7 V 2�7 6.,8- _ 2×2

î�ï/ðñ9 c 4 w x H6:	; csS+<>= 1 3	?I4 X � grade &$@ A 3
;B=X6 \ H �BA grade 1, 5, 7

SC
X �ED qGF ��HJI ) 	 �K9 ? %�'>) /�V8! H \ 4K,vA6L�MKN _ � e�O�P ;�Q�R�S � -1 3	?�
 0 6 � "?Q���� ;GT�U�V N(WJXGY�Z ; 5 ? ; 66[ \ &�a A 9&] H�^�_E`	; 5 ?I4

• 3×3 &�a � :b; =6
 %('*)0/ _ 132dc$eJf 4 %('*)0/ ;hg>i Fkj$l �dm ?6n _ 66op Adq ; c V i F6j�l�r&%�s Akt�uBvkw	Nhxy/ ?,A(NR6kzik�{ i F6j�l�r&%�s Ak|� H CCD } 6 ~����`A6�&3 CCD
NNgK�E� l���� A X � S 1:2v\ ? Vvx � _ X �N 5 = 1 4 3×3 ��a � q ; c 6 C X � Vz} e � - 1 G / ] 4�,�- _ "�� 68��e A�u� VF\ ? i FGj�l$� S+� } G 
d��
 Hb� T ��� ��e���S+�E� \ -	{���� � -K? 9K]��� � -K?�� G n G u � i F6j�l$� ; � \�V @%A���� _d� GJ����� � H ?�
 0k� ,A 9&] H L�� _d�� � T ��� �Xe��3A(� ! S¡  �NG 1 G / ] �

• Split threshold
S7j k H 3k¢B£�NLA�o p Ak¤b-J� G _k¥�¦ G�H 3�
 0G� X � �E� l�(� S¨§�© � ��ª 4 - H 3 JK ;k« ?8�d¬ �� %$s ; w x 3 JK � _ split threshold® h�S�w x60 �¡¯ �6°$?S�± H 3 ® Nb² ®8³ ´ ; w x ��H ?d� Event threshold

® h_�µ�¶ G 
�3
X � ® u�|	��� lB�$� Nhx�/ ? ; � split threshold

_
CCD

®  %�s T' l �J9 ?�
 06� µ�¶d·.¸ V � ² ® u��Xh ;G¹3H ?��

3.3.2 º¼»�½�¾¿»ÁÀ>Â�Ã
%�'>).ÄÆÅ hÇ�j3kE
 i FGj l Ç yI{ � � È £ ® i Fhj�l ® f%gLhÇ*ÉËÊbÌKÍ�I$Îo&) �J9 c8Ï�Ð q*Ä�ÑÒ� ² ® ª�Ó h*Ç %�')>Ä fBg�hÕÔ \ ?¡Ö��	N 5 ?��, ® L�M _ � 3× 3 �ba � w x �×:	; =(
 %�')>Ä 4 o p ® ¯ ck,GØ Ñ   � µy¶ e&fN � /�
 split threshold

®6Ù Ú ; c�Û Ô¡Üb?dÝ ` Ç+<&Þ�� 2.2.2
N �Bß 9&]¡à X áK%$')Ä Ü>â�² ®kãEä�å ÉËÊ	Ì&Í�I$Î�æ ) Nhçéè�-�? ® N ��ê�ë>ì àB4 ë àdí = 1 3J?6� Ñ nÑî� ��ï �¼� � Ú àkð�ñ � � Ü ß 0kò�ë à U�V$; n nôó � : 36õ�öÇ Ï�Ðî÷¨ø	Ð ) � à �3	?BÔúù �Jû+ü ; �BýJ?BÔ�3 ] T Z ; 5 ?��
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ù �	û�ò�ë 3.3. X áK%$')>Ä µ�¶

Fig. 3.2.—
��ï ��� � Ú �
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3.3. X áK%�')>Ä µ�¶ �
3 � CCD

ù �	û�ò�ë

Fig. 3.3.—
Ï�Ðî÷�øKÐ ) � �
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4

P-ch mini CCD
�

� � N å � ����� N$�b3 ß � ß Ü CCD ��� Î
	�ø�� à Þ�3 1 ����&?d�*/ ß ���������� ��� N���� Ñ ß P-ch mini CCD
® �Jf���� ®������� Ô"!b?��

4.1 # $ % & ' ( )+* ,
� �.-0/ �

5 � N ��1 ß �2� Î3	�ø2� (new HPK system) 465 ®87 Û:9 Ç";�� ( 9
4.1)
�

Vacuum pump

Chamber

Cooler

CCD

I/F board

Camera control unitDAQ PC

Graphic board

Horizontal-pulse
switching board Tuning head

Fig. 4.1.— new HPK system
7 Û<9
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4.1. ��� Î�	 ø�� ®���� �
4 � P-ch mini CCD

® �Jf����

4.1.1 ����¾��
	�����
New HPK system

å ��� ~�� ����� � ����������� � ��-! / CCD " � È�#�$&% â��' è)(+*k�

,&-/.1032

465)7 -98;:=<?>?@A01B1B3:C@

D)4FE6G�H

46567 -/81:JILK�M;0ON1K

P3Q 81MR<TSVUWSYX1X;Z6[+\L]_^a`O:;Nb@cK

dRe)fag6h
4)iFjlk)mon

(a)

(b)

(c)

(d)
cold side

hot side

Fig. 4.2.— CCD �3��p���q�r�s (a), (b): t�u�s Chamber
à å�v � á�w ��x�y ��q{z!|~}�F� p Ï ��|~� yl����� ��� � Ô6��� compressor ����p �EÏ{� |R�~� ó���������* s (c),

(d): ��${s�w �Fx � ��� à CCD
Ç Ù�� Ñ y ��� ��$+% â ��� ��* s CCD -� �/l��� ��

cold head
�����Çl��� û�� �+*R���� ¢¡�£&ýl�!�31���1�* s

¤�¥�¦
9 4.2

à ;¨§ ß CCD ��©����{p���q�r ( ª{� y chamber)
à y

Pfeiffer «�¬��Fq+z¢|}� 	�ø�� -! /���qF® ¡ �F� § ß s�¯ � z�|l}� 	�ø���° å y  �±�²l³�´+µ � � z�|l}à  �¶ ��·!¸&¹{§ y�º ��q �)» 'Bå û���¼�½ � z
|�} °�¾À¿ s
ÁFÂ ¦

Chamber
à å�Ã{Ä�ÅFÆ «�¬ � ����� ��� � ¡ � óÇ������1�* sÈ¯ ( å 	 û���Él|�Ê� � ��� � ° y�Ë |�} ï ÷ÍÌ ��$ÏÎ Ë ��ÐÒÑÇÓ ÷ ÑÔ$+%ÈÕ�Ö * s6× �Ø��Ù�! Ë |�}ÛÚ�ÜÌ �6$!Ý chamber t�Þ�ß ��1{* ( 9 4.2 b) s���� � �6�Fà Þ�Ý y�á�â }�ÚR��
ã�|o«�¬ �

16 V AC
�Fà
¡ p 1FÙ s Ë �~ÐäÑåÓ
Ü+Ñ ¡�æ Ðèçé¬
ê�Ú���Ñ °�æ Ðèçë���Fì+Þ�í�Ö�î y ���ì!Þ6��ï �!��Ù ���Ûê�ð+Ülñ ¡ CCD ��$ØÞ ����� ���&ò * ( 9 4.2 d) s
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�
4 � P-ch mini CCD

��� ©���� 4.1. ���
��
	�� � ���

�������� ¦
� ���Ø���	�� � CCD �&�F� � �F�
Þ���ò * ${½�Þ�Ý�� á���� � ñ���«�¬ � SSD-

CCD ���
��
	�� ¡ � p §aÙ s�¯ � ���
��
	���Ý y �{��� Ë | � ð��lÐ"! � Ü �Jy�#$ ÓèÜ¢Ñ y�%�&�' Ð(�*)�+-,�.Fì�%�Õ ' * sè¯ ( Õ�Ý y CCD
�*/�0 Þ2143�Ö�ª�� �
5�6

3�" °87 ':9 (F�<;�* s
• = / $ ... ñ�ð�Ü~ñ ¡?>4@ 9BA y DAC

°DC�E §R�&æ�F ðFÊ�= /��<G
¡?0�* s � ��
	�� ° Ý*H / I ��(KJ�( 520/4224

5F�2L<M
¡
156.25 kHz

°�¾�¿ s
• N�ß�$ ...

� ��
	�� ° Ý�N�ßBO � Þ2P�½�O � ¡RQ p §6��;�*���° y�S
T ¡RUKVÛ§Ù�W y P�½ § y ADC X M�* s
Ö�Y y N¢ßa$ °���UZV�[ Ý Low-gain mode

y
High-gain mode ( \ µ<] Ð � )

y
Super

high-gain mode
�_^a`4b�� )�+Z,���c�© °���* s8d � �ÀÑ �BUKVD[Û¡�e 4.1 ÞBf&ò~s
Table 4.1— new HPK system

��g � UKV(5*6��4h ³ |i�j
GW (ch electrons−1)∗ G (ch eV−1)∗

Low-gain mode 4.87×10−2 1.34×10−2

High-gain mode 1.82×10−1 5.00×10−2

Super high-gain mode 7.35×10−1 2.01×10−1

∗CCD k�l monqpsrutsv?w 5.5 µV electrons−1 n�xzyzn|{~}u���

CCD �<�
� áK��� � ñ���«�¬ P-ch mini03 ( � 4.3)

¡?� p §aÙ s�¯ � CCD "���Ý*�4�
ÞB�K�Þ��4� 9?�K�?� � (P-ch NeXT4)
� }�ð �~� ³ } y P-ch 2k×4k

�B�8�
��°�� � s&¯ � chip�*���¢¡?e
4.2 Þ<��Î � Ù s4��� �FÙ � y P-ch NeXT4

�*���
(2008 � ���<�!��� â ) �

f&ò~s

Fig. 4.3.— P-ch mini 03
� t��
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4.1. ���
��
	�� ��7�� �
4 � P-ch mini CCD

�2� ©����

Table 4.2— P-ch mini03 Î P-ch NeXT4
� © (

� â��
)
� �8����

P-ch mini03 P-ch NeXT4�	��

/ ����lÐ N type / P channel N type / P channel� ØÉ æ ��� ���

� � Ì ³�� ∗ 0.5 cm × 0.5 cm 3.0 cm × 3.0 cm × 4 chips�������
300 µm 200 µm� ����� �
325 µm ∼ 0 µm ( ��� ��� � )� � Ì ³��

∗ 14.5 µm × 15.0 µm 24 µm × 24 µm� �� 
∗ 336 (H) × 320 (V) 1280 × 1280!#" O�$ e�% !#" & % !�"

= / O�$ 2 ' (H) / 3 ' (V) 2 ' (H) / 2 ' (V)L<M O�$ Full frame transfer Frame transfer
N�ß)( 1 node 4 nodes

∗ Imaging area n+*-,/.-021 nq���
e

4.2 3èÕ/453 �76 ï98#: 5 �
�<; ��=?>)Ù � ��@a���
�
� � ��Þ�ÝA8 ;CB í#3D'FEG<H5I �AJ�K �������
(> 100 µm) L P-channel

� �M@ ;?N G Ý	O 6QP H 8 !�" O�$ H ER ï98TS�U �F� LTV<W � � KYX B[Z\N J � Ù 8����
�
� � ;�Ý � ���F� HD] ;_^ @�� KYXR ZZ; ; I �AJ
new HPK system Ýa`cb P-ch 2k×4k CCD ��� = L�d���	��#; I � L�;e8 P-ch mini

CCD f ��= ò ��g ��Þ�W)h �ei5j�k W
��.Fì (I/F board) f ="; g ( � 4.1, 4.2 d)
J

4.1.2 lnmporq
s hat�fvu#w 9?A�x �)y�z ; g �{LA| �~} R x ��� LF��� C�� f8� 4.4

y f<� J����� � ;e8 CCD LT��� y	� 4 R 10−6 Torr Le� i<��i y�� >v�<; �AJ

4.1.3 �p�porq
Chamber ���~f�� 4.2 L���� ya�_�����{� t > 8 x ���{H ∼ 5×10−6 Torr

yv� > g @^D� ; CCD LA�F��fT�T  > gTJ �#¡�¢_L cold head £#¤)LA¥ � (C.H. temp.) ¦)§©¨ CCD¥ � (CCD temp.) f�ª¬«LT®�¯<°�;F±{² > gD³�´ f#µ 4.5
y©¶ � J � �{� � � ; CCD

temp. · −90
◦

C
y�¸�� > 8 CCD ¹�º�f¼» N L y	� 4 Ra½ ¥�¾�¿ y	¸�� >v��ÀÁ J

4.1.4 ÂÄÃCÅnÆÈÇYÉrÊ
Ë�"�Ì

(CCD 3CÍ	LTÎ�Ï ≈4 cm)
y

109Cd f	Ð_Ñ > 8�Ò 4.3 LTÓ�Ô#¯5Õ�f =À#� WÖ i�× f7Ø{Ù > g (
^¼Ú fTÛ j5ÜvÝ � Ó�Ô#¯�ÕÞ@-� Á J )ß d�à�á�â�;�Ù g P-ch mini CCD L jcã¼i â5W Ö i5×Aä f�µ 4.6

yA¶ � J ß d�à�áâ�·AåFæ�ç / èFæ�çQé�ê � é�ë Ú<ìaÚaí�î ;Qï 520/4224 ð�é � Ý 4Fæ�çQfv» N g�ñ 8	� iò i é�ê � é H ë Ú<ìaÚ ∼200/3900 ð�é � Ý ïôó�õYö Ú�Á J µ 4.6 ¦)§©¨ ^vÚ#÷�ø ¶ �{WÖ i�× ;5·Tù VOC L � �?f¼úû >v�{À<Á J
Active ü�ý�þeÿ�� y���� Á�� · 109Cd

y § Á X ���	��
 � þ� Á�� VOC ü�ý�þcï X
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4.1. ¹�º�
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Fig. 4.4.—
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Fig. 4.5.— ��� � º � ³#´

� � � 
 ��� � Í Ú�Á � ù	� Ú · X � � æ�ç�� y���� ö Ú�� ï � þ � Á ��� y! #" �%$À& " ù � Ö(' × � Ø�Ù� �*),+�- �©ùôæ�ç - ��· 1 . ã ' â � � " ë Ú<ìaÚ 20.0 s ù 28.1 sþ� Á 1
�

1 /�0*132%46587 1 9%:<;6=8>3?A@CBEDGFCHGIKJ�LNMOHGIGPGQSRCTSR 10.0 s J 14.1 s 58U BWVWJSX�Y[Z�\
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4.1. ¹�º�
eà#á�â ���� �
4 � P-ch mini CCD

�%�����	�

Table 4.3— P-ch mini03
� Ó�Ô�¯{Õ � Ô��������	�¬Û . Ü¼Ý � ¯�Õ��
��

∗ OD RD OG PV PH
High/Low High/LowÔ������ í�î � (V) −22 −13 −7 −7/ + 2 −7/ + 2Û�. ÜvÝ � ¯{Õ (V) −20 −12 −5 −5/ + 3 −6/ + 3Ô������ í� � (V) −18 −11 −3 −4/ + 4 −5/ + 4

∗ X�Y[Z�\�= 5 P RG ����� SG P PH 7�� >3J TG P PV 7�� >�������R����AB���! J Back bias "�#�P +30 V 5%$ �'&�(  �
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Fig. 4.6.— new HPK system þaØ�Ù*) � . ã ' â � Ö ' × � ä �
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�
4 � P-ch mini CCD

�������	�
4.2. CCD Ó�Ô�¯�Õ �Aí���� � � ���	�

4.1.5 �pÅ�����	 : XISDL

CCD
� Û '�
��� þ5· dark level

� � + "�� à��)é�� Ý � �����¼»�� � þeù���²��� � . ã ' â � Ö(' × � ��! ) = Ø�Ù#" Á%$'& � � Á � � Ú � 
 ')( 
¼àF�+*-, � ß�.'/�
CCD ¹#º<þ{·Aù XISDL �10 À�= Û '2
+3'4 (

�
3 � ) �v» ; � � XISDL · Suzaku/XIS�15-687 þ � Û '2
+3'4 � 
�9;: ã ' �6) � �-�=< .>�@?BADCaþ � " ù ÷�E �GF�H þ �-��%I�� �

(1) 
 ')( 
¼à �GJ ñ 5?ÍLK�M�ö Ú�� � ��N . ã ' â � Ö(' × �OQP-R-PTù Active üý �TS ð�é;U Ý � dark level � � + ïDV � n WYX � exposure þ � ��V{ð�é;U Ý �TZ'[ �\�
PH0(n) ù (n−1) WYX;]Tþ � exposure þD^-M�ö Ú�� dark level � D(n−1) �_"�VT� ùG` �a EGb�c�d = D(n) �jG'e )�ù dark level �1f�g � "8V � � H ) dark level

�ih�j � D(1)k
PH0(1) E/�;V �

A. PH0(n)−D(n− 1) > (dark upper)
� �Dl7ù

D(n) = D(n− 1)

B. PH0(n)−D(n− 1) < (dark lower)
� �Dlvù

D(n) = PH0(n)

C. (dark lower) ≤ PH0(n)−D(n− 1) ≤ (dark upper)
� �Dlvù

D(n) = D(n− 1) + (PH0(n)−D(n− 1))/h (4.1)

���¼þ h
kQm àn�;oLprq-s '2
 ' �+*�tDu�Vv<þDù ���¼þ kxw .�y z{� � h = 8 �10d � � A.

kT| X@"�V#})~;U)z�þ � � 
�� �D�'� )�� PH0(n)
�  l N ,-;j= d2V+���IE k

�1uY� dark level
� � + " E k 0�d , d�� �D�+� ) = dQV �G� E B.

k � | X"�VQ}�~BUz � (n− 1) WYX;]Tþ � exposure E�� � 
�� �D� ];ux�xe�M ) � dark level D(n− 1)
� 

l N ,l;>= d�V�#� E k � � � ���%���	)_� PH0(n) �+� �', dark level
�;h�j �	� "8V

�-�;� ��" � A., B.
.T��� EQ�@�r�<) , dT��� (C.) � n WYX � exposure ]Tþ E�� � 
�� k� ]iu , dF�P , )�� a 4.1 EGbQcrl PH0(n) ��-eQ"8V �

(2)
�-� "�V	.r� ')� �#s '���� u��Bu EG� )��2})~;U)zx�RE dark level �+�*)G� N �

(3) 3.3.1 � E1� K ��� � ' �¢¡ M�£ EQ¤ " �	��
¥� ��� �%I�� �¦�.�/ � � CCD §�¨Q© k � kYªG«�¬ 16 ��� dark level
¬; + " ET®�dB�>¯ ¬ 16 ��±°n²1�%�#³�´Qµ#¶�· (\¸1¹ ¬Gº = ¬)w · 
 � ��� Ei0�d�µB»

4.2 CCD ¼ ½ ¾ ¿ À Á Â Ã Ä>Å Æ Ç È
4.2.1 CCD ÉËÊ=Ì ÍÏÎ¥ÐÒÑÒÓ

wQÔ y�zÖÕØ×-ÙxÚ�Û�Ü�Ý P-ch mini CCD
¬ ¹)Þrß ~)¶)·àÕâá ã�ä�å�æ@ç�è#é;êB� ¦ �©#Ý Ô � · ��ë#ì · � á1í2è'ç ¦ §-¨Y¶ ¹�î�� © ¬1ï-ð Ú�Û�Ü\á+ñ « éG»xò;ó;ô 55Fe áõö æ1ç ëQì ·#÷2áø2ù�æ�ô Active, VOC, HOC ú�û-ü�©Dý ¬ (dark subtraction þ ë�ÿ¥¸Õ�����á����	� ¬ ) 
���Ü ¬� ¹ Õ������Qá�������éG» Active û'ü��  ¹ Õ�������� 0-ch

peak � Mn K �B·��! #" ô�$ ër¸ áñ&%Bô#'!��$ ëY¸ áGí�è�ç)ô�Ú)(+*Yå-,+.ÒæTµ�/ ë0#1 ÿ�2 á+ñ3%;ô�4�53�Gã-ä6�7��éG»8'�':9#ÝTô Active û'ü�� 0-peak �<; (σTotal) á1í2èç<4�5 æ-= ( > 4.7) » Active û'ü�9#Ý@?�A���æ</ ë 0 ô�B�CD/ ë 0 ô8EGÚ)F���G�ç��IH�JêLK#M ô σ2
Total Ý3'INO":�-PQ"<R<�TSVU�WYå@XDY!�8é;»
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4.2. CCD ×�Ù�Ú�Û�� ï�ð�� ����� 4+5 � 4 � P-ch mini CCD ����� 4+5

OD

OD á −23 V  #" −18 V ò�9 1 V 	&A�9�
 ���� ô��<N��<N������&��/ ë 0O1 ÿ�2á��LG3=�� −23 V ÝiÙ�������Ü� "���N�éDê'ô������! D�#"!$89QÝ&'<�iÜ�9&% CCD ê')( åiÙ)����é�'��+ê+*!, � N�ç2èQé-� OD .+�YÝ+/ Ô�0 2 Õ Ü (4.3) á;íQè�=1�+2)3#ô
OD= −23 V 9�/ ë 0O1 ÿ�2 ê ï %54� �6 =+� 9)ô!.+7 −23 V á ï�ð Ü�� �8é��
OG

OG á −7 V  O" −4 V ò�9 1 V 	&A�9�
 �8��� ô9�<N��<N������&��/ ë 0O1 ÿ�2 á
��G�=#� OD Ý+:�9�;8%+= ï-ð Ü\á1í2èiô�����<8Ý1/ Ô)0 2 Õ Ü\á1í2è)=#� OG=−7 V �
��=xå ï %�/ ë 0O1 ÿ�2 ê14� �6 =+� 9xô ':N�á ï�ð Ü6� �8é-�
RD

RD á −13 V åYæ =-����� −12 V åYæ =������#S?> M 9�/ ë 0 1 ÿ�2 á�@+A�æ =1�
−11 V % Ù�������ÜYå#B�ò�NréDê+CED�Ý3'<�;Ü�á�F�æç2è!G�è1� OD, OG Ý�:+9H;&%�=ï�ð Ü�áGíQèBô����-<�Ý+/ Ô!0 2 Õ Ü�áGí�è�=�� RD=−13 V �#I�ê&/ ë 0 1 ÿ�2 ê14KJ
G�6 =��T'IN�á ï�ð Ü�� �8é��
PV

PV High � PV Low �Ú)L+M8Ý�/ ÔN0 2 ÕØÜ8�O�)� �QP�R 8 V åHS ( æ±ô PV High �Ü�á −6 V  #" −4 V ò�9 1 V 	&A�9�
 ���� ô8/ ë 0O1 ÿ�2 á�@HAÒæ@=�� OD, RD, OGÝ+:�9�;8%+= ï-ð Ü\á1í2èiô PH Ý1/ Ô)0 2 Õ Ü\á1í2è)=#� PV High/Low= −4/+4 V �
��=O@HA&T�/ ë 0O1 ÿ�2 ê14� �6 =+� 9D':Nrá ï�ð Ü6� �8é��
PH

PH High � PH Low �;Ú�L!MYÝ+/ Ô�0 2 Õ Ü��-������PUR 9 V å�S ( æ_ô PH High
�;Ü�á −7 V  #" −5 V ò�9 1 V 	&A�9�
 ���� ô / ë 0O1 ÿ�2 áV@HAàæ@=�� PH .H��Ý
:�9�;8%+= ï-ð Ü\á1í2è)=#� PH High/Low=−6/+3 V � ��=�/ ë 0#1 ÿ�2 ê ï %W4L �6
=+� 9D':Nrá ï�ð Ü6� �8é��

.):  T"�ô�XUY�Z î � 9�� P-ch mini03 � ï�ð Ù�� �+[ ß �Tê;ñYòN6@=-�8' N�á5\ 4.4å�ò&�:%2é-�
Table 4.4— P-ch mini03 å)]�^�æ@=T×�Ù�Ú�Û (

ï�ð�� 7 ) �_+`
∗ OD RD OG PV PH

High/Low High/LowÚ#Û (V) −23 −13 −7 −4/ + 4 −6/ + 3
∗ RG a�bdc SG e PH fhgVihj TG e PV fhgVilkdm5n Back bias oWpqgVe +30 V n

.�:� "âô ï-ð!�&� NL=G×�ÙD�N[ ß � 9��L/ ë 0 1 ÿ 2 Ý σTotal ∼30 e− �rG!6 =#��'
N�á Suzaku/XIS ��/ ë 0O1 ÿ�2 �q@HA��8é�� ô XIS 92Ý;ô σTotal ∼ σReadout ∼2.5 e− �è
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� 4 � P-ch mini CCD �-��� 4+5 4.2. CCD ×�Ù�Ú�Û&� ï�ð�� � �9� 4+5
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Fig. 4.7.— ×�Ù�Ú�Ûrå � �8é�/ ë 0 1 ÿ�2 ��
 � � :���� : / ë 0O1 ÿ�2 ����� M å
	í æ-=  ZnÕ��������
� (OD=18 V, <�/ Ô�0 2 Õ Ü3���!� ) �r<3���� 2 Ý)��N ��N OD��� � ( :���� ) ô RD( ����� ) ô OG( ����� ) ô PV( ����� ) ô PH
��� � ( ����� ) 9�KOM ô

�
���rå8æ-=xê�6%çDú'Ú�Û-Ü\ár����æ-=#�Gú���� 2 9��1/ Ô�0 2 Õ Ü\á! �" ]Tô ï-ð Ü\á# "U]�9 �<N��<N%$Òæ@=��
� 4Qè 1 ÿ�2 9�K M ô3'�N�å-@+GHC9D+�V"�$UY�Z î ��9��L/ ë 0#1 ÿ�2 Ý'&�(rå:�8è��*)
G+-,'Ý���. T1G�/ ë 0 ô'/�å�021�3&�1Ú�4L "��1Ú�5UT1G�/ ë 0 9�K�é3�76�8 " N�é 2 �

2 9;: j
<>=@?@ACB�D>E7FHGJIVe;KMLONQP@R@SUT%V f oHWX*Y[Z]\@^[_
`>a σTotal ∼a few×100 e− Ncbdfe b!YCZg\%hQigj*a*k*lnmdnpo;qqf oqp]rts@uOfnvri j@w*x7y{z@|U}WileJPtRtS~ f o@�~���*K7N jC��@� f oH�ra�bdc chamber f7�@�7�H����~J�lm'�'�?fqi>�7�;���'�!�!K!N iOb]ln�7k*�J�@��Y[Z]\Oh�itj
~M�@����m?n
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5

P-ch mini CCD
� �

� ��9��Tô��O�����
	�� SXI ������I��������������4�5����V�)' ��	��QG����I���
������������� CCD 9��8'�N� !9 ( * T1G 4�5�!�G  �6 =#�" ;óTô CCD �$#�%&�'���@�
���
�(���)��*(+�,�-�.)���-�0/��'1�2�: ����� �-H)J��43 =&��6$5L���76�8��9�4:�G<; �=��V����!>=I��	8�7� CCD ���?�!�+�����&��� =#MLù��� ��A@&B����V�����-7�;D':N��4�5���� =�%+�V"�$�C�DE�$*&+",�B�FEGH;�����2N3
#I	�J�6�K��ML��V�AN!7E�M;#"�$)2
3��7O9 %8P; SXI 9�Q��������R�PS�T�U��&����VHW�X��;��� %<���
5.1 Y Z []\ ^
5.1.1 _a` X bdcfehgjifkdl�m n�o]paqfras t

X u�v>wd�I#R%x���R�PS�T9Uy���z���
;�{f| X u�}9~��>� (Cosmic X-ray
Backgrounds: CXB) ���I�'���0�EQ��>�MS�T�U��������'�����'���M� CXB �Mv�w������� Q X uj���<�P�M���(�
�P�& x�M�<¡��?��S�T�U
�(���'�7¢��M£�¤
��¥���� CXB QM¦(§¤(¨I�&©(ª$«�¬��®��
¥?¯°¡�±�QP£&¤IQ���²�¤I��³(´&µ(¶&·E¢�¸H¹(ºE» X u&�(�I»�¼�½¾(¿�À �"Á4Â�Ã�Ä
�'��Â&Å�� [16] ��«"®�¡"�I�'���0�E»��x�0Æ�Ç�È������É�0¡����&����� x�M�&Ê0¡�Ë�Ì&Í&��Î4ÏxÐ$¥ �ÒÑ �'®�Ó"� �HÔ�Õ ÂjÖA�'×�ØÙ��Ú<�'£&¤
��¥��0��Û'�
��¡Ü�Ý ×"ØÞ� CXB »'ß�à(á�âEã<ä0£�¤���¥(� γ u" �Ø�� �)å £��'�����çæ�è � ��¡�é X u�R�PÆ&Ç�È
�&��� (Non–X-ray Backgrounds: NXB) �Aê(ë��E�0�

NXB »�ì0í0¡ Ü�Ý ×�Ø�£&¤I�PË�Ì9»0î&ï�ð�»PñEò���Ú�¯Hó"§�ô<õ(ö�÷E��� Astro-HÎ4ø�ùÙ�"Á4Â�ú)ûI»0ü�ý�» X u�v�w�Ë"ÌI�'ß&§ ∼ 500 km »0þ"ÿ���î�ï (Low-Earth orbit;
LEO) Î
� Õ Â�Å��'��Û4����Ú�¯ ¡çÿ�������� ( ß�§ ∼ 60000 km) �	� � �$¡	
����»����Î������7Æ��É��������Û(�A���
ÅP��Áç�ÙÁA¢�ô � ¡������&� trap �7�� Ü"Ý ×<Ø (trapped
particles)

Ô ¡!�#"���î�ï�ô%$"ô � ¢�Å&©�¸'&�¤"ß�Å�à(á�âEã<ä�Î)( Õ  '{E|�u (Galactic
cosmic rays: GCRs) ô�Ë�ÌÙ»+*-,�Î	.0/+1 Õ Â�2j¯ [5] ¡>Û7� � �Mî�ïEð������M�j�M» Ý
��3�4�576 (1.2.2 8 ) ��Ú�¯ NXB Î�9jÖA� [6] �

: ´�; p ¡ Ý(Ü ze » Ü�Ý ×�Ø�ô�¡���" H ô�¥��I�$Ð���< Ö î7=E»�$+>%?7@ ρ ��¡
ρ =

pc

ze

1

H
(5.1)

��¥(�M�ÙÛ�»9ì'í<» pc

ze
ÎA¡�ÿ%���E�BA�÷�� Ü�Ý ×"ØI»DC�§ (rigidity) �4Å�ì � Rigidity ôE �$Å
©�¸ ¡ ρ � E �9Ö ¡(÷�¢ ¿ í Ü&Ý ×�Ø��GF�½#H?��� Ô ÷
Å"��¥
��$�>�?�@�»GI ρ0
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5.1. ´�ÍÞ��}�~ � 5 � P-ch mini CCD ��»�����Ø����	��

Î Ü�Ý ×�Ø�ô���>�M�E���	����� Õ  Ù�$Ð4¡>¥��Aÿ(¹I���	���IÐ"� Ü�Ý ×�Ø�� pc

ze
> ρ0H��¢��<��ë&¢ � ¢&Å<�ÙÛP» rigidity »����GI�Î���� C&§ (cut-off rigidity: COR) �7Åxì �

COR ô E ��Å+"��
�
� Ü�Ý ×�Ø�ô�	�RÁ��fÖ ¡ NXB »�ó<§
ô$�xÐ�Ö ¢�� [15] �
ASCA/SIS 2ÙÚG/ Suzaku/XIS �
��¡�î&ïIð Ü�Ý ×�Ø�29Ú�/�ßEà�á�â�ã�ä0 &Øf�H��M�E»+3�4�576�Î��! " �4ä��$#$�&Á ¡�Û7�EÎ%�'&�ä)( 1 �+*�,�÷��
Û��ç�"�R�PÆ�Ç�È���>�.-0/I»21IÄ"ô43!5 � �  [8],[9] ��6Ù� Suzaku/XIS �!2�Å�Â���¡ FI CCD � BI CCD�����0���'Æ�Ç�È������8749�Æ � â(ô2:fÖ<;�=��'�P¡$±P�)>P���@?	ACB��A¢�� component��Ä � �
���M�� ( � 7 �Ù��Â�D�E ) �9Û�»�Ú�ì7�0¡ X u CCD � 2��(� Ü�Ý ×�Ø F γ u�-

/E»��R�PÆ&Ç�È
�&�����	GEÁAÂ���¡4H��JI	KI�JL9��M	N
ôO ¿ �&Â(Å
���
«"®��$¡7î�ï�ð(��������Ø?�QP�R?ÁçÂ&Å��M� Astro-H/SXI ���0¡ ∼20 keV »'ß�à(á�âã<ä X uE�BA�÷��7�I�%S�>�ÎçßEù��! �ù�¡ Suzaku/XIS »JTVUXW>��»JYZ5&»�[	\�]ÙÎ)( 9

(1.4.2) ��±�»� �ù�¡ NXB �BA�÷��7�I��^�§>�`_��RÁ4Â9Á@aIì"�çæ�è � ���M� Suzaku/XIS��� Ü�Ý ×"ØÞ� γ u" �ØI»45"� NXB �9ì�a9Ö8;�=>�'�� �ô$¡�ß�Å��I�%S�>�Î)( 9 SXI �
2&Å"Â$¡b����Ø��
Ú��dc�e�ôG��f��EÐ<���4Å�ìXg	h��D��Å$�$¢ji�¢ � ë0¡(±�»Jk�;CB�¢lM
N�ô�ÛA�'a��<«m�O ¿ ��Â�Û0¢<� Õ  � �ù<��¥(�M��±�Û7�$¡b����Ø��
Ú��'�>�0Æ�Ç�È�����+�`n�â�Î%o�k�÷��# �ù&»J�	
�ô�p�q]�7¢����
5.1.2 rtsvuxw)y{z

î�ïEðb����Ø��&±�»J-�/
� �Q| ��»$U~}��Ù��¤����IÐ"� ( � 5.1) �
1. 
 �Z����Ø

 � ( 2�Ú�/(±�»l�E» Galactic sources) � ���J��ÔÙÕ ÂÞÖA������Ø
�

2. ��â�n ������Ø���@� �PØI¢�¸çôPÿ��&�7�t� 3�475�6xÁ ¡Z��Ð����M�  �����Ø��
3. ��ä��$â�����Ø���@� �PØI¢�¸çô�Ë�Ì&Í(� Ô�� ���V� 3�47576?ÁAÂ2���b�J�� �����Ø)�

Astro-H Ë9Ìx�0�]Å�î�ït�R»��0��Ø���k���
 �ÙÁ&Â�����  �¡� 7$¢?ä£�$#2¤
(International Space Station: ISS) �d¥�¦$�d�7 ���§j¨(ä2§�ä0â@©��ª�<Ø	«��¬
ò (Bonner
Ball Neutron Detector: BBND) »@�® [12] ¯�°��l±'²05'³��`� LEO ´0µ0¶J·	¸b¹�º�»
COR ��¼�½�¾�¯ª¿ÁÀd²�Âb³ ( � 5.2) �lÃ���ÄbÅ)ÆZÇZÈ%��É�Ê�Ë4¸�µJ¹	º'» COR ��¼�½�¾
¯%Ì!Í�ÎÐÏ`�C¶�·�¸Ñ�%Òj¸Cµ2¹�ºZÓ)Ô�ÕÖ4×ØÀ�²�ÙØÚÛ��Ü�Ý�´)¶�·�¸CµlÞ0ß�¹�»@��Òj¸
�'Ç�àl²á�âZ�)�J�'Æ�ãjµ ( ä�å 2. ÙCÇjæ 3.) �ZçbèCÈé��ê' 4� trapped proton ë GCR
proton �lä�å�¯%Ì!Í!¶�·�¸Cµ�ì	í�îVïñðC¯�«�òtÀ@Æ@�®C»l��ó2µ@ê�ô'�4��õ£�J�ZÆb¶�·
¸�µ4ì�í�îtïöð�¯0Ç�÷éø�ùtÀ%²�ÂZ³ ( ú 5.3 b) �

ó�µbÇ0Èª���ûÜ�ÝZ´�µ�¶d·¸!»lü2ýbÂþ	ÿ�ð��������!��¹�º$À�²�Â�³jµ@�@� En >1 keV
µ	��
�������!ãlµ'ã��¡÷����ÐÀd²�Âb³��0ó��£Ï%µ����C¶�·�¸�»J��Þ�� �j·"!$#%�)Çà�²
CCD ¶�µ Si &�¸('tëû½")+*(,£À ( ú 5.4) -bþ0ÿ2ð%�.�)¯0/"132!³4�	!5#76��)Æ Si &�¸+'
»8-49$:	�;C¯8<	Í=��>	¹��4þ�ÿ@ð����0¯�?b²j¼�@�A�BC�ë��£ÚD-�Ê�E�F5G��)Çà�²	þ�ÿ
ð%�.�b¯0G!Â4HJI	³$I�K�LNM0¶�¯�O$³8�'ó@µCë�P%¼$@$&�¸+'��ZÇ4àJ²2Ê$E768�)Æ�Ê	¸'Ó�-QSR î5T5U3V(CXWDY$ZÑë�� Ú[?$³4�JêN\�- CCD ë�]_^ Si `4,ZÂ0Æ Suzaku µ HXD/PIN
Kb»4- QaR î$T�U3V5CbW.ß	¹ZÓjÉ�Ê�Ë�¸��cªÎ£Ïed(fb6��!³�g$h4ð'µ�â"K)»	iNj�K%P�k4-l Ú�µlß	¹�»�¶�·�¸'Ó�m�àl²�Â�Æ�óbëªÓ=j�ÏªÎn�"�ZàÆ��

1 oqpsr	tvuxw.yDz|{|}x{�~������	tD���.y��������������|���������s�����s�$���0���x�������x�|�|�
CXB �� |¡8��¢0{[� NXB �x£q�¤�����s�[¥�¦���§¤���
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�
5 � P-ch mini CCD �'µ�¶�·�¸����	ê	ô 5.1. �	�Vë�
	�

Atmosphere

Earth

Sun1. Solar neutrons

2. Albedo neutrons

3. Local neutrons

Satellite

neutron

proton

Fig. 5.1.— Ü	Ý�´=�8�$�=2!³	¶�·�¸Øë�	µJä�å

5.1.3 ��������� ������� � �
CCD µ! .;3�j»�-�T#"|�SW%$4õn��Çl³	A'&�C�ï<µ�ý	Ó�Úq`�,�Â4Æ background rejection

`)(VÈdµ�K�-�¶�·�¸��)Ç³�A*&C$ï<Ó�+�,Vë��0³@Îbc�È+Î0»8-*�µ�Ê	É	-të/.ZÓÁÚ¤K10�I
³���Í3I�Úv- ∼ 20 keV 2�3+��½5442'³)-�µ�Ê	É)Ó�- ∼ 1 µm 276jµJýbÓÁÚq��á�ßJ6��bÆ8 
; X 9të;:�<)Ó�/)Î�k8- NXB ë0�)³8�)¶�·�¸'Ójê3\�ó@µ'Ç'È��5A=&JC�ïx`0*¡Ú[?C³bóbë
`'2>3�K*?�@�A`CB5D²�iNj�2!³8�

1. En =0.5 MeV µ�¶�·�¸!Ó CCD �;E	�ÁÀlÆCëq2!³8�
2. ¶%·�¸�» Si ë|�2·.!�#£Àx- Si '�Ó2¼"@+2Z³0�J¼"@ Si ''»�-CF 1.9 K'Gb6��0Æ)Ç)È��0-HJI

ER = 65 keV µ4þ0ÿjð%�.�=`dÌ!Í.�4ÂnI�-*K����µ�L�¹JM�N�µ4þ0ÿjð��.�Ó 1O Ï��)Æ�ëq2�P8�
3. Si ''»�Ê"E.F$GN�bÇ@à!Q�þ�ÿlð����+`�G)Â;R�H=2#P�� Z = 14 ��µ�K	S�H�T�Ó I P!÷v-

ER ∼ 30 keV µ� (;$- Si LNMb¶�Kbµ;UJM�» ∼ 4× 10−2 µm KbçVP8�
4. ójµWUVX_�WY$à'Q"- Ee ∼10 keV �2½Z4�25P�Ê0¸ []\>^V_!Óá)ß76	�5P	�Ðó�ó4K"-

Ee < ER ë��>P�µ�»8-¼�@ Si 'bÓ@Ê�¸Vë�µJ½.)5*5, ( Ê�E [a`�ä ) b�c�K+�£÷�&4¸5'
ë�µl½")(*+,N�ZÇ4à;QCãJþ0ÿ2ð%�.�n`0GØÈ%Æed.K0çVP8�)ó2µ�fJgJ`	îjþ_CChC�T�ëi æ4- Ee `ªÊ�¸�½542þ�ÿ@ð���� (Electron equivalent energy: EEE) ë i	j �'î@þ�C
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5 � P-ch mini CCD �Zµ�¶�·�¸��	�	ê�ô

Geomagnetic cut-off rigidity (GV)

0.1                             1                              10                            100
Neutron dose equivalent (µSv h−1)

Fig. 5.2.— LEO �Ù�c>P�¶�·�¸�¹�º

hJC�T ��� î���� Ee/ER » 100 keV 2>3��l¼5@ Si �;_ÁÀ)Q 0.2–0.5 ���`
	ZP ( ú
5.5 ��9 ; [17], [18], [19]) �

ó�� A�K)»�ZÎ3� X 9Vë :;<��	/ZÎn�	Â(A &bC£ï�ë���P)ó)ëªÓ���Î�P4����·	¸J�'ÇeP.A
&JC�ï����	·J`�I�ëCd�P�ë����'Ç!È0�"�VP8�

• !=#����	þ)ÿ�ð������(ÑëîþbC�hXC"TCfVg��Ç�ÚD- EEE »������l·�¸��	þ)ÿ�ð
����� � % �"!5P���#��ÆedlýZÂ�þ�ÿ@ð������"���"$5P#��·�¸ZÓ < 20 keV �8Y.ZJ`
* Ús? P8�

• Si '���Ì'Í2Ê�É'Ó I P@Â�Æ�d	-���;UJM�»�]WM�N%�4þ0ÿjð��.�(`dÌZÍ@Ê	¸£Ç�ÚJã'&
6lÂ��V#��Æed4-�(��JË4¸��ZÇZÈ�� X 9�A*&C$ï�ë)�JýbÓÁÚ*� +!Â+�)Ç*P rejection
»-,tÀ�Â��

����-/.1032 �-��·�»8- SXI �jÙVcJP#��·�¸ QbR î�T"U=V$CJW4� 5�6	·`'7�8�À!Q�Â
P��-9�:�;bÓ�<¡÷|�>P!ë¤- QbR î�T"U=V$CJWe�jÍ�Â Q�ã*=	NbÓ�>#?�2 P�Æed4-#@�=��.�#A
#�#BNV$C$ï;"��Øï4A-<Zâ+�4� AÐÀ!QDC�E=2 PGFIH��KJG�$�#P��GL
MNL�--O#PRQTS��UF*PQbR î�T"U=V$CJW4A8-�#� V�W�XY>�Z�[T\=K0ç���]8- 9�:�;�Z�<¡÷|�>P�^�c¤�`_�î�a�ð��bdc4e 2t÷|� c -�L"fgZYh�Q�T "�� W $�õ��UF*P�i-j�kIZ0çgZ#P�� � 7 �3Kgl/LImon�p�P
Z�-�qn\=��rYs-t�"'uRr�v�C4�UFghCQ�-#O#PRQTSxw�yYz�{D|%}�u γ 9%~UF*P QXR"� T"U=V
CbW�A-9R:R;%��<Y�G~�^�w
�bcgFY�K������w
Z��76"�JQG��P-�

� �Y~ _3L����-��SNA X 9%�e&`���-w�]1MJN����IZ c ~D��� c �����WU�X`�K�Nf��
�����g�T9R:�;IZg<�m*�VP�w�O�P�Q#S������`��~�_3L������#~)5�6N~T���K I¡��UZ�¢��"�
L"fgZIh"£���¤�¥G¦�§���q�¨��T~�©)�#S�ª/« ��¬#�® ��¯°� order estimate L±�U²#³T´�µ¶ �K·%¸Rf��
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5 � P-ch mini CCD �Y³�© �	��������¨ 5.2. ��¨����

5.2
� � � �

	��´T�G³R©)��� 2 �g�
	������´T�������Y� / ¸���©������������T£ CCD �U³ �
����¨`���! /�" ©#�	��� 2�� 252Cf �$��� /�"% ³0��� ��&�'�( T = 2.645 yrs �*),+ . � % ³.-�/ 97% 021 � α ),+I�*�#3'& 3% ³465�7�8�9 2*: . £U©�������;=<>�Y� [20]

" �
�U�8�$�@?A),+CB / &EDGFI� ≈3.76 H�³R©��� � ≈8 HY³ γ ���I;J<��I� " 252Cf ³�©K���%³)9�L�MON ? ���7QPRM5��� kT =1.42 MeV
³GS7 � ®*T M 8�U � �V1W0�X��VY�� (ref; Z 5.3 b 2�²#³$[,\��+,�� )

"G] ���*� 252Cf #^ ³ γ ��³�DGF�9�L>MVN ?�� 0.87 MeV �_B��-� [21] ²#³ 9�L>MVN ?���� 7`PaMI³�b . �\�c��$d ^Ie £���f�� "
´*g�³ �h- 2$� 252Cf # ^ � γ � �*<R�#³��i��jOkR³���¨I�5��©#�	�Cl��!mnP � γ �lg�.m!P4³�o�p5�>q�r � fG� " % e 2
� 60Co f=s)³ γ ��������� / ��!��¢����_B�tC- "u ��3 �>v-�%³�w	��³$��¨I�Gx�� .0/ ���%³�[�r`� 5.1 2�y � ¸U� "

5.3 P-ch mini CCD z { |~} � � �
5.3.1 � �C���~���

4.2 ¥��*�	� .�/�������� ¶ �����T£ P-ch mini03 �
���!���G� 252Cf � ��� .
� ?5>
����� . /�" y / ��9�L�MhN ? !��%³O�-��� X ��� 55Fe, 241Am, 109Cd �
� CCD ��³ γ �lG�!mnP�³����!���_�%� / ¸ γ ��� 137Cd, 60Co � �	� . � � ?>��
��� . /�" ��� e ��� V¡�¢

20.0 s, £_¤ ¡�¢ 28.1 s ����� .0/�" � � ¡ ³G¥�«�¦h§�m ¬ �
¨ 5.2 2�y � ¸�� "

5.3.2 ©«ª¬¯®
Z 5.6 2
��� . /"<O° ?�±�l�² ?,³g³K´C� ,�� "aµ 9�L$M¶N)? X � (5.6 a; Mn K lines) �· 9�L*M=N
? X � (5.6 b; Ag K lines) �>��¸ 2�¹�º � £I³�l���mnP �G»�� &'³�¼n�if�½c%³ ��³G��B_¾ "G] � γ � 2��,¾GlG�!m�P (5.6 d) � � � 2$¿nY�f
9_L*MCN�? �iÀ�ÁQ� e¾ / ¸���²R³ @_Â � �hÃ .-/$Ä �iÅ!��Æ�� / ��³
��¹ ��Ç sK��B�¾ "G� �N³
9�L*MJN�?

� µ �_¹=s 9_L�MJN�?#È�É��i¿�Y>��# ^ � 1 Ê�7�¥,M 2$Ë¯1'³ ��Ì � 5�Í �O¾ " .0/ �O 
£i� @�Â ³#Î�³�Ï_¾i��Ð 8 � � ��³$Ñ�Ò .0/$ÓOÔ 2$Õ � �h¾ " % e � 252Cf 2��,¾GlG�!mPÖ����!¶�O¾ � � 252Cf � � γ ��×�� �ÙØ�Ú e ¾�ÅVÛ�Àh� / lG�!m�P ���`16Ü"#GÝ ^Ie ¾
�*�$Þ��&IÛ$¼!�>f#½�cOÛ�li�.m!PßÛ�à�á �â¿�Y�� " % Û��¶-�f�li�.m!P6�Kã'&ä�J¾GÛ��
∼20 keV å_æ�Û X �=y / ��ç��	�h��B_¾ �i� 252Cf � µ 9_L�MCN
? X �!��<���f��_ÛG�i�% eè^ ��ç#��� 2 ��¾,l,��mnP ��é�ê�ë�ì_í ��f�� 2

" �G/�t Ç � γ ���Cî¶miïðP�m �8�¡ 2 ∼20 keV å_æ�Û�9_L*MCN�? . # � � 2$À�Á . f���ñ�á 2���� X �OlG�!mnP � Ý 8 4
�iÀ�#�f�� " % e 2GÜ�� ë � � & ��ò.óGf�ô�õ��iö�rO��B_¾ "÷ &øb�ùCfiô_õ��$�ú- /�û � XISDL �¶l��nmPýü!<�� . ��þ�ÿ 7 PWM!�$ã�$ .-/G"
threshold � normal-gain mode Û � Y,Û � � gain �_þ���?GM .-/�� Ûh�>�h� /i" Event
threshold=25, split threshold=6 ��B� /�"

2252Cf � α �	��
��������������������� �"!�#�$%� Be &�
('�)	*�� ∼50 µm *	+�
(�-,.�/������'021
(∼500 µm) ��3546#�78�9$/: ;=<9# α ��'?>	@��A2$CB6$	D%��:
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Table 5.1— x�����#; ��� �CÛ �����
� � ����� ��� Û������ ��!#"�$ �  � %��
55Fe 5.9 keV (MnKα), 6.5 keV (MnKβ)
241Am 11.9 keV (NpLι), 13.9 keV (NpLα),

17.6 keV (NpLβ, Lη), 21.0 keV (NpLγ)
109Cd 22.2 keV (AgKα), 24.9 keV (AgKβ)
22Na∗ 511 keV, 1275 keV
60Co 1173 keV, 1333 keV β-rays of 318 keV
137Cs 31.8–32.2 keV (BaKα),

36.4–37.5 keV (BaKβ),
662 keV

88Y∗∗ 898 keV, 1836 keV
252Cf 870 keV (average) α-particles of 6117 keV

neutrons with kT = 1.42 MeV Maxwellian
∗Appendix A. &('*),+.-
∗∗ / 6 01&('2),+.-

Table 5.2— CCD 3 ÷ ¾�ç54 ��6�7��8
55Fe 241Am 109Cd 137Cs 60Co 252Cf9;:�<

low
CCD =>�Û�?�@ (cm) 4 4 4 4.5 4.5 4ACB ° � ±ED 100 100 100 500 600 1570F�G

/ H;IKJ�L (s) 20.0/28.1M�N 6�7 J�L (ks) 2.13 2.13 2.13 10.7 12.8 33.5
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5 � P-ch mini CCD �hÛ�ç54 ������	�
 5.3. P-ch mini CCD �¶Û�ç54 �;���

920          930          940           950          960           970          980 

Pulse height (channel pixel−1)

(d) 60Co(c) 252Cf

(b) 109Cd(a) 55Fe

Fig. 5.6.— ��� �E� :�� �����
	����� (a) 55Fe, (b) 109Cd, (c) 252Cf, (d) 60Co � ���
��� � Û �
5.3.3 X ������������������ "!$#

6;7 �#� X
��8 = >&%(' � �*)�+-, low-gain mode ./%��K! " $ �*0�1 �3254 � �

Grade02346 % :76 <"8 �:9 �<;�=?>K�,þ�ÿA@ 8 "B�DC 5.7 3FE/G �
Fitting H?I ÷KJML low-gain mode % gain N ÷(O offset P*QK%/R/S 3*T 7 ��� �

Pulse height (channel) = 11.44×Energy (keV) + 3.720 (5.2)

U-V L�W % 0?1 H?I 33XZY
+[,�\?]^�:2"4 � �
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Fig. 5.7.— Low-gain mode .�% X
��8

(a) 55Fe, (b) 241Am, (c) 109Cd %����K@ 8 "�%
fitting H[I
5.3.4 � �� �
	�������!

:-� �?� = > � � 252Cf � 60Co % : 6 <^8 %���� J %��/+��?R J 7���� 3����
G��! " L$#&%('*),+.-0/ �21435� � : 6 < 8 %���� J �0687&+�9&: X ; #&%<'=) (grade02346)%?>@�BADC L :[6 <�8 � 2×2 E?@!F�"�R J �5�@� � grade7 � �5� � P-ch mini CCD P
Suzaku/XIS G�H�I4J�K�L�M 3 / 38E @NF "4O :�P �B6Q7(+4 " L X ;SR� ?P � 4TM 3ZR���$� J %U6Q7E� :�6 <58 .�V-4F,�W L X ; #@%2'X) 3�Y 7 7 � 3ZC + �-	 W . L U?V %\[]�.�P LU[ N � �5E7@?F "TO :�P �!H�ITJTK\L]M �_^?`Ta � ����RZS 3×3 binning �2bc ,�\?] c  3
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Fig. 5.8.— ; 8Qd � % X ; #e%f'*) >�%_��+ : g : X ; #e%f'*) (grade02346)
Lih

: grade7

j ; 8 3/R�� : 6 <�8 3 #�%k'l) Y 7 �km�) c LUn : 6 <�8 3?o�G@� X ; #S%_'l)>/NBR O grade7 %�p
;^��1$3� ( C 5.8)
�

X ; 8 (55Fe, 109Cd, 241Am) 3ZR�� :76C<"8 .P L γ ; 8 (60Co, 137Cs) � / 3 X ; #S%�'q) %Up�;5�!AB+ � RT L X ; 8 ^Nr�� / 0 G��� LTs ��! " $ ' %&'$;5�Tt�GQW(%
%?u�� X ; #S%�'q) %Up�;5�!AB+ � W � P L�s �
! " $ ' % X ;5�Bv\w\xTy�z/..9C�_{�:_|B}Q7 � , c RBS:%�3No c L ��! " $ ' �BAK+G MKP / 0 � v�wTx�%U~�.4|0}87 � � W �*�_�$� c ,-+$� � R] L γ ; 8 3!�-+ ,�W LB�t�Ge� '\;5���0�@� ' � s + 137Cs %?u.� X ; #S%k'�) >5�!AA+ � 252Cf % � t�G&� γ ;P0��� 0.87 MeV %��.�!��� ' ���e��%D. [21]

L
252Cf

L
60Co
L

137Cs % � t G M %��.�!�� ' %U�46KP
137Cs <252 Cf <60 Co (5.3)

3SXI/P-ch NeXT4 �2� 2×2 binning �����(���0�0���?�<�������
���N ¡�£¢f¤N¥
¦�§
¨ª©
«f¬_�®2�
48 µm �2¯(°²±

58



�
5 � P-ch mini CCD �/% ��� M���� [�� 5.4. 	�
� ��� M��ZR]����� %���� J

.$V�� � c  ]�A4*, L X ; #�%k'�) > %U�46AP
137Cs >252 Cf >60 Co (5.4)��� � ������� � � � c��Qc [�� H[IZ.�P
137Cs <252 Cf >60 Co (5.5)��� 4! � W � P L 252Cf

� � % ��� Me� X ; #�%k'�) ���^4&,
+.�� " .$V�� �������� � � U �AR J*W % [�� . 252Cf
� � % � � M5�"! � �$#�t$7 � ,[N JML X ; #�%_'�) �&%' 7 �  )( 6+*"8 %U�), + P ��� M�-�.Z.$V�� ��/�� G W � �-.10�� �

5.3.5 24365 7 �
C 5.9 � L 252Cf

�
60Co %]����@ 8 �K� E�G � X ; #@%2'X) (grade 02346) %]����@ 8� ( C 5.9 8 ) P L:9 u � W<;>=K% � +-%
4�? J � c  �@5� c ,[N J L A 0B����0 � ��+-P� + � s �\�N�&� '$C . Intensity �:DFE(,-+$�7%[P Split thresold %��)�Z.�V\� �G���+�� � ��H u grade 7 %����K@ 8 � ( C 5.9 I ) J��S� � L 252Cf P ∼15 keV �LK:M�4B 5E '@)J2�543,-+$� N event threshold+split threshold×3 `Ta�%�O�P � ��o)Q c ,-+$� W � �� L+RBJ$RBJ

grade 7 �TS�4 ��� 4! )( 6+*"8 �"�S�$E ' @(.$V�� �������<U ��N W %/RS � ( 6+*"8 �:V � Ge� %?P L grade 7
� Y�W 7 U  eW(%-%�X[% O�P � % +�Y � / 0 � 67*+!OZ( P �U}@R[4:,-+$�"( 6�*58 �B[Z+ W � J_�$� c ,-+$� �G���+�\U � N�R] L X ;#@%2'X)

(grade 02346)
�

grade 7 %]����@ 8 �Z% / J � � � ( C 5.10)
L

252Cf P 60Co ��oc 9�] n ,�%����!�@� ' . / �:^�_T�`0�+"N
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Fig. 5.9.— (a) 252Cf
�

(b) 60Co %����K@ 8 ��NL8 : Grade 02346
L I : Grade 7

5.4 a b c dfe g h i jlk m n o p q
rTsZtLu �<U  252Cf v����w4x�� � �zy ��� M|{~}�w #)�Z� * ) J�����WB��N:{~}w #T��� * )U%&� � � c��|� S � R����)���FJ�� � � W � ���>� � v t y X ; #@%2'X) �Y�WZ7 U  )( � * x�J n � � � M�-�. t V�� ��/��>�`�&y�� 5.9 a �1� y ∼20 keV �|� t� y�� � * x %k' x � 0.01 counts s−1 keV−1 `�a t V��$N
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5.4. 	�
��� � MF� �]����� v���� � �
5 � P-ch mini CCD � v�� � M��)� [��
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Fig. 5.10.— X ; #S%k'�) (grade 02346)
�

grade 7 v����w4x�� v /
� U JG	)
�� t SXI �
	��4��� � M1v � � * x %2' x ���� � ��N0R�� y #@t���v�z� � SXI

t �
P-ch mini v 62/0.52 =144 _ t V���N@R� y v\w�xv�� / � 200/300 =2/3_�N�� � ��� ��� v�� � }�w
� t �����0� ��� � �"!$# � N&%�'�( � t�)+*�, 252Cf v����� �.- / � y�0 .1v21��+3�4�� x � � �1� 2002 5 7 687$9 t 2.6×105 neutrons s−1

t:+; , � �&y2<>=�?
2.645 yrs � �A@�W�7 t � ∼ 4.7× 104 neutrons s−1 B�C � N CCD DE

4 cm v�F�G�H 0�I JJG * � @�W�J K ; , v t y CCD L t v���M � � � }�w
� � 4.7×
104/4π(4 cm)2 ∼230 neutrons s−1 cm−2 NX U HONQP y�R�S L��&M � � � 5.3 b v BBNDv���� w4xUTWV�X�Y�ZJT�[��]\�^ t2_�` �a� � B t�b�_Qc � � B ! t�d �]e8f v
g�h �
∼30 neutrons s−1 cm−2

t :"; , e�i>j H���M � � � }:w
� �Ok (�l1v ∼1/8 m e �>L�DE y
SXI H�N ����R�S L t v���M � { }:w�n �Z��oqp�r\� T v�L�� � y

0.01× 144× 200 µm

300 µm
× 30 neutrons s−1 cm2

230 neutrons s−1 cm−2
= 0.13 counts s−1 keV−1 (5.6)

B b�_sc Eut �Oe
� t �

NXB( v�w�x � y{z Y�Z]Ta[2� γ
0�| `

) v r&� T (∼0.1 counts s−1 keV−1; }
7 ~���� ) B������ t : �&e P�D.P y ��� t
����, g�h�H � y 252Cf D E v γ

0 HZ� �����cu�W� t ��� � y � t � �&M � {~}�w�n � ��oqp HON ��� L��:� B�� j+��� d � t : ��e%�� y
������� v2����HZ� ; � � M � v ��� v��+V�� - P y �����P * L)�+V ��j�� � B! t�d � t :>��� e ��, y %a'�(�l t�)"*�, CCD � ���]  ("¡"HO¢�£WH�¤�¥s� t � � �B§¦ ) !]¨ C �&e&© H&��ª ��« !]¨ C � !   � t H+¬ ;�+® M � H&N>¯ � °�± !$²�³�´�µ¯ � ¶a· M�! : � D E   %��   ¢�£�¤�¥�¸�H&¹ * � � V )8*>, (�lqV&K *   ¬�º¼»>½ C¾Q¿
À n�Á"Â oqp�rÄÃ T�V b�_sc �+Å B ! ��Æ8Ç : �Oe
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6

CCD Substrate
�

40K

����� H �O  Â$Á o����  
	�� Â� ���   40K C������ ª�M�����!����>¯ �&e.Å tsE!�����Á���1! #"JH�$&%('�) ��� t � B  +* L Ç ¾q¿OÀ n�Á�Â o p I B�C ;� P � � e k~ Ç �]  � ª�M���� 40K V �-, ¶�· M � : � CCD substrate D E � γ
0 @/.qV�K *   f�10�2 V�3�4QP , e

6.1 5 6 798 :
SXI

Ç ��; ��<(= CCD V ¦�> P   f � `  +? � �1@�A�CB�   �#C �EDGFIH o � ��J�LK zNM C ;�O e CCD substrate H � Å t � Ç Al2O3
KE>LP E t� d O K  RQ/S#T�U K zM  1Q/V�W�U �1X Ç Si BZY/[ M �R\IP AlN V ¦/> ¯-] Å B H C ;RO e ��^_��` J Ç   AlN�

CCD plate a cold plate
Ç c ¦�>Bb t ]dc�. ÇLe ] e!f��+ÇWÅ � AlN

® H �� /g�h �
40K K ��� t ] ¶"· M K e ] e AlN

� f �RiGj-k H1lGm KHF2 V >LP ] �+K fEn�o]Ç�e ]O �/p e
% 6.1 H 40K ��q ´r% « V1s�¯ e 89.3%(≡ fβ) � `&t�u Ç β− v/q VRw Å P  �x!y

1.31 MeV � β zqV �|{ ¯&] e � O   f��8Ç 10.7%(≡ fEC) � Electron capture (EC) H¬E}  40Ar V�~ | ¯-]��/�   P } OE��� w����aHJ�]´QP O �   1.46 MeV � γ zWV � ªQP��/� ����H���] [22]
e

γ z �]  AlN V������ CCD " Ç�� o�� 	 o��/�&� ¬#} +�G� w�vr���G~��   Å t K¾s¿�À n�Á�Â o p��d� º��&] e β z K �#~+¯-] �   Å t � w��� /¡ �£¢�¤ � ª � ¬E} �¥¦(§�¨E© ��ª � �  #«�¬ �B¯® º � ¾ ¿&À�° Á�Â�±�²��d³ º��&]1´�µ�)   AlN
® Ç ¢�¤ �

ª X z K �G~��   Å�¶ K CCD
Ç�·�¸ b ¶ ] � ¾�¿]À�° Á"Â/±�² �d� ]1´#¹ ^ �   β z K

CCD µ Ç�º/» �   Si
® Ç ¢�¤ � ª X zB���G~"¯_] � ¾�¿]À�° Á+Â/±�² �d� º   b_¼ � Å� ��� � ��  Si

® Ç �1½ �� �¡ � ¬G}  ��~�� O ½/¾À¿ ¾Q¿
À�° Á+Â/±r² ��� ��³�]R´
Substrate � � ? � � AlN K(Á µI� P#K  !Â�Ã � 40K

� ¬+] 0�2IK�ÄGÅ Ç�e ]1´-Æ ÅÇ
40K ÇEÈ U �1É .EÊGË���Ì PRÍ Å�¶ � ¬�] ¾W¿�ÀG° Á>ÂG±B²£� order estimate �  Í AlNK+Î�> ÇÐÏ ]�Ñ Í ¶�·�Ò ��Ó�ÔÕ� O ´
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6.2. Ê�Ë ��� ¶ �
6 � CCD Substrate � � 40K É .�Ê�Ë

40K 
(1.277 Gyrs)

40Ca

40Ar

EC 10.7%

β− decay 89.3%
(1.31 MeV β−)

(1.46 MeV γ)

Fig. 6.1.— 40K �1q����
	
6.2

� �  � �

NaI ��±���� ©�� � >�P�� AlN j substrate ��� ± � § Ñ ¼ � γ z É�� ��Ì P�Í
1.46 MeV �!z�� � ½"! ©$#&%(' ��) É � Í+* ¶-,�. 40K ��Ç�È U �
/10-](´(/�0 O ÇÈ U �32 � �+Í(4��rb ¶6587:9 # °�;�< ±r²=� Â�>@? �BADC ¿ 5 ´
6.3 E F G H I J  γ K L M N O P  Q R S

«�¬ Í 40K T AlN �@UWVYX6Z8[�\^] �D_ 5�`ba �dc 5 ´+egf�� 40K hjiYkWl$m�n�o(p. Z EC qsr *tc�uYv pEC s−1 T Í@wDx(y T = 1.277 Gyrs Í EC z��3[${&| fEC = 10.7% q} _~�
pEC = fEC × log2

T
= 1.84× 10−18 s−1 (6.1)

U�o 5 ´ ( � � �/¹@l��-q�Ç�� ) K i Substrate �DZ�Ç�È+� ¶�5B� ���d��q φK

` c 5�` Í����Â Z�� _~�+Í K �(� 40K � �Y��Ç�È v T�f � |dU 1.14× 10−4 U�o 5 Ñ ¼£Í$_$� AlN��� ' 4.76× 1022 cm−3 Z 2 ] 40K ��� ' T 5.43× 1018 ×φK cm−3
`B�j53�3�

6.1 Z � `0~p ∼1.46 MeV � γ ��Z 2 c 5 Substrate �8�~��� �(C ,�. Í�� � �Y��Td��� �+���b�(�Ujo 53� �j�&� �t�¡�D��Z 2 c 5 optical depth (τCS) T�¢ AlN � £�Z 2 ]3¤D¥�¦D� (±3◦)�
path UjT τCS ≥ 1

`B�j5 i�¢ * � ,�§s� path T8�d�6� §8¨�©�ªD« Ujo 5&«^¬ ¢�¤ `s®
optically thin (τCS < 1)

`t¯D��°�53�D±d²6,�. ¢ γ �6� §8¨ w � i�³(�1Z~´ «+§~` c 5` ¢ AlN
`

CCD �8µ�¶(��Uj� γ � flux T�¢
F (E = 1.46 MeV) =

5.43× 1018 ×φK · pEC · d
2

photons s−1 cm−2 (6.2)

*D* U d T substrate �@· ¯ U$o 5 �&¸ � Z } _ p substrate �&�+��� ¹�T d=0.35 cm
�

�WU�¢~º 4 �8» 5 γ ��¼ ; 9 #@½ T ¢ F (E = 1.46 MeV) = 1.75φK f cm−2 s−1 Ujo 5��±D¾ ��¿�UW¢�À$Á$Z ¸ � qBÂ _ ¢ * ��ADC .�` �@|YÃ1Z ,�. 40K � Ä(Å v qt/�0 53�À�Æ$U ¸ � ]3p8��� ½(Ç6# �È¹�T~ÉdÊ@¹�ËYÌ [�ÍjÎjÏDÐ8Ñ�i 5 �WU�¢ ¸ � ]3p 1.46 MeV
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�
6 � CCD Substrate �~� 40K

¸ � ÀDÆ 6.4. À�Æ���� `���9	��
 ��
�D��� 90% qtÄ������D��� < �-�3� Ì � qtC([+]¡¢ * »�q 0.9 U ���@p ? q ��� ! Ì # �� < � ���sÌ � ` ] � ²�� � A�C .�` |YÃ ]3p �

6.4
� � � � � � N"! # F $

¸�% Z�T@¢'&�( 2.54 cm ( �Y��C 5.07 cm2) ¢(· � 2.54 cm ) NaI(Tl) *,+$q } _ p �- �/.10sÌ'2�Ì3)W���DC6T54^�@�3¹6)8�DC (∼ 5× 8 cm2) 7,8:9�� _ )WU�¢�;=<?>�Z?@�Ac6B γ ��)3f � T?;,<C>�)&�&��CjU�D � 8 ¢ 8.86×10−2φK photons s−1
`t� B ��E ) γ �ZGF c6B NaI )CH���I5J6)3�KI5J�L � T αNaI = 5.87×10−3 cm−1 ¢ - �M.N0 ÌO2&Ì�)3· ¯T 2.54 cm Ujo B )WU�¢P;=</Q v T 1.49×10−2

`B� B �j±d²~«^¬ ¢ φK=1% )?R���Z
ºPS�B» B H��UT�ÌPV5) count rate T 1.32×10−3 counts s −1 ≈ 114 counts day−1
`XW ��B �6EE UZY�[ ]3p3)�T - �/.\0sÌK2�Ì']�UYV'^P)CH3��I5J6ZK7�8_;,<j�8» BZ`Za � � Ujo B �À�Áb)8À(Æ�UdT E ) `a �-� i�c B T�ÌbV `Md,e l6f�Z8¢BV'^ � p(T?g � ^��d�@�"� � ��:]	h « ¬ ����H�i$ijH���I5J��
» B�`a �-�=Zb7 B T ÌbVPkmlj»�¢ E » ¬ )?n+]¡� ©(°i5o ¸ �
» B )�U&¢Pp�)3[(Ä~Å v qMg�qsr3t3u�v c6B Ed`(`t� B � ] « ] � i ¬ ¢ _j� TÄ(Å v ) ²3w5x qCu3v�U,y8»Kz?{D[�Ujo B )WU�¢'|?} `B��¬t� _ �

NaI(Tl)
- �C.~0tÌK2YÌ�q8¢��6� ��
 ��¹���� ½ q } _ h�P�K� �:��V ½���� PMT)CH�����Z/�3�:]¡¢Z�3��)K�G��¹Z��q } _ hj��H"]8p � 40K Tj�d��V=��Ì ��� � ® ZKk�g� Ä � » B )YUY¢�p3)j�P@-q/�b9 w ZG�=� B p��@¢@À�Æ���Tj;�<�>-q8· � 10 cm )j�=)- Ì@¹�� U5�U��p ( � 6.2)

�
PMT ) HV �3i�� −1200 V )G�P ��P �¡ « Ð ¢�<j¢s£�¤¥¡

ORTEC
�3¦ £�¤P§�¤�¨�©s> (ORTEC-571;

±'ª
shaper) «�¨�©U¬ ¢ Labo

��¦
Network

MCA (MCA-600) «£�� x ¡	P®1¬?¯ � Shaper )s° ` ��± 300 ²~³�¬�¯ �´ ª ¢ γ ��µ 137Cs, 60Co, 88Y (
�

5.1) ¡C¶O·sh�É�Ê ¹6ËWÌ
Ã�¸�¡tÂ,�j¯ ��¹ ��µ�¡MºA1¬MhZ®�¯ ½~Ç V �È¹=¡s� 6.3 �C»K¼j½j¾P¿�¡G¶'·�hDÉdÊ@¹�Ë~Ì8Ã�¸¥¡tÂ���¯?*�ÀD¢?£��x ³sÉjÊ@¹�ËYÌ3)PÁ?L�± ±bª )67 § �?® ¬ »'¯5½
Pulse height (channel) = 1.304×Energy (keV) + 12.30 (6.3)

Â �3¢ ¹ ¾P¿�)Z©�¡/ÃbÄsÅYÉdÊ@¹�ËYÌ��?F\¬/h6Æ3ÇKÈ=ÉM¬?¯6k�)O¡Z� 6.4 �C»K¼j½ EE «�ÅZ¾�¿b©O± 1σ «b) x «bÊ B ½l�Ë�Ì=Ís� EMÎ ¡jÏPÐjÑ�ÒZÓ�)GÔ,Á/ÕÖ³ % Õ�×�Ø'« fit¼ B ³mÅ
Line width @ 1σ (keV) = 5.46× [Energy (MeV)]2.254 + 20.21 (6.4)

E/Î ¡/Ù=�?Å 1.46 MeV «O)G¾P¿O© (1σ) ± 33.44 keV ³ W ´ B ½ 90% ©'± 1.64σ �?ÚÛ ¼ B )�«ZÅ 33.44 keV×1.64=54.8 keV ½U7�Ü�h 1.460±54.8 keV )�Ý,Þ3«Oß,àbáUÉ50MÓÉm¡/â�ØO¼ Î z�ÅsH�ãNT5ÓOVZ) 90% ¡	Õ��3äbå B E ³G��æ B ½
Table 6.1— AlN ç«O) 1.46 MeV ) γ ¿�H3i=)�è�éOêë�â

Interaction Opacity (cm2 g−1) Mean free path (cm)
Thomson scattering 5.25×10−5 5.8×103

Compton scattering 5.12×10−2 6.0
Photoelectric abs. 8.86×10−6 3.5×104

Pair production 1.19×10−4 2.6×103
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6.4. �������~³��¥È��
	'á��  6 � CCD Substrate ç�) 40K � % ���

Fig. 6.2.— 40K � % ���,)��¥È�É���È5Æ
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Fig. 6.3.— NaI(Tl)
- áC.\0	Ó'2Ós«5P®\¬?¯��3¸P¿3µ�)�����V1É Ñ

� ^P)����6«���� (=43.2 ks) ���=V~É Ñ�¡MO®1¬ ÅZ�! �Ó�Ñ ��]#"��%$!&�')(�*6¡f�·�¯ background ���1³ Å substrate ¡#$+&#"=�-,��/.-0'¯�����¡+13254�6�7�8=�:9<;>=¬?¯ ( ? 6.2) ½
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 6 � CCD Substrate ç�( 40K ������� 6.5. ������À
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Fig. 6.4.— ÏOÐ5Ñ,ÒsÓ�³ ¾P¿O© (�Á��
6.5

� � � �

Background (	��
bÍæ�����s¡����'¼��Z¯���Å >500 channel (���£s����¡Mâ	�1¬G¯ß�à3á�É ��Ó É ¡ ¹ ���	!#"�$%�3¯ ( & 6.5) ½ '�(�)	* (1σ) "+N¬-,/.10jæ 2�3�± 45� Îæ�·½
Background ��� ³ Substrate ���6� (�7 Î�8ZÎ «ZÅ9� � ��Ø�¡:1¬jÊ<;�0=,Z®>� Î¯����@?1É Ñ#A	& 6.6 "C»6¼j½	B3¿'«5»Ö¬?¯�(3± 1.46 MeV ¾b¿ ( 90% ©C"?Ú Û ¼6��ÏbÐÑ�ÒZÓD�EK«bÊ��G½ Substrate ���C��(����%?\É ÑsÅ Background ���
(����%?\É ÑN³<F�"

1.46 MeV ¾b¿HG5$)& . Î ,�I ; Å%7�(KJKLMF�N�O�LHPOÊQ�?½
� �%�KÀSR ; 90% TVU (�âH� ß à�á É��jÓ�ÉWA9$X�%Y��KÀ�Å Substrate � �1�6Z

335.14±8.43 counts day−1 Å Background � �#�CZ 312.25±8.84 counts day−1 P�Ê'Ü<Ys½
Substrate � �[�]\ Background � �[� (=
�P ( systematic æK2C3VA�^�_6`a��Y=�sÅ�bc ( > 500ch P (�ß�àbáNÉ9�/Ó Éed R A$#�=Yf\�g�h?Å R = 1.018 PKÊKÜ<Y<iag Î R!;
Background Aj*lk m�nQY�ß�à�á1o��	Ó>opZ�q
335.14(±8.43) counts day−1 − 1.018× 312.25(±8.84) counts day−1 = 17.27(±12.33) counts day−1(6.5)

\r$[ssÜ�Y�i=g Î Z 90% T ( �6æ�(<P9q 6.3 t
( 4�â<;9\ud5�H`��KY���" 100% TH"vQ`X\
17.27(±12.33) counts day−1@ 90%/0.9 = 19.19(±13.70) counts day−1@ 100% (6.6)

Table 6.2— 40K �������+(Qw �
��� � 1 2 3 4 5 6 7 8 9
����+�x ∗ B1/B2 S1/S2 B3/B4 S3/S4 B5/B6 S5/S6 B7/B8 S7/S8 S9
������
 (ks) 43.2×2 43.2×2 43.2×2 43.2×2 43.2×2 43.2×2 43.2×2 43.2×2 61.7

∗ Bx: x y�z|{ Background }�~�� Sx: x y�z|{ Substrate �r�u�u��{�}�~��
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6.3 t1R ; φK=1% (#\/0 114 counts s−1 (�
�ã��������áfoeG���� . Î ��(9P9q ���
�����M� φK Z
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φK =
19.19± 13.70 counts day−1

114 counts day−1 × 1% = 0.168± 0.120 % (6.7)

\ $asbÜ<Y/ifg (��fA��Hn�,<q���t�����P	��
�ä�P SXI "���H�����XA����6� i
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6.6. SXI P ( ���)(� �  6 � CCD Substrate ç�( 40K �������

6.6 SXI
� � � � � � �

40K Z 1.46 MeVγ �5\ 1.31 MeVβ �aA�&6k�q SXI "#\5Ü�,[g Î �WZ	�["�
�/?����àPá���� \Gæ ;��f��i β �["�R	� ���aZ�q Si çKP (�ã������#"%R	�	���>\���3� "! X �
"CRK�HF (�( 1 6�G�#=� i$ (�% �#" �CnQY AlN ('&)('*�+%Z 0.35 cm ,�P-#-.KY	GKq0/21HZ 0.5 cm ( CCD
substrate G�3�;�4C��i�s<Y�q substrate \ FPC A65 �Q� CCD plate q9787898:�7 cold plate
"�F/7;4 8 4 ∼1 cm ,<7 AlN G'3=;�4%�>=@?CP�#Q� i�R8. ,;A<B�P�7�
C��?�D��-E�(F�
Z ∼2.5 cm ,<7 AlN " +]kj,9$@��G@H;4-I�n"H0G�n<i

6.6.1 1.46 MeVγ J
K

6.2 R ; q d∼ 2.5 cm +�`@� 1.46 MeVγ �L7 CCD B�PM7MN��2�9?'O (FCCD) Z9q
FCCD = 12.5φK photons cm−2 s−1 P-#Q� i 1.46 MeVγ � \ Si 7	PQG�R�S6Z-T�(;* oU(WVX P-# ; ( & 1.4) q���YQ7 99% �-B�A�Z��H��i<�"[�8�\��@"�+H`@� CCD 7^]L_	`�a QE
Z�q

QE = 1− exp(−nSi · dCCD · σSi(E = 1.46 MeV)) counts photons−1(6.8)

= 1− exp(−4.99× 1022 cm−3 · 200× 10−4 cm · 2.42× 10−24 cm−2) counts photons−1(6.9)

= 2.41× 10−3 counts photons−1(6.10)

G�7KP<q���b CCD ��c ( c�d S = 36 cm2) "<I-H�� γ �Q7�e<E�(1o��Uf>opZ
FCCD ×QE(E = 1.46 MeV)×S = 1.08 φK counts s−1 (6.11)

g 2�7MTM(8*�oh(iV X P 1.46 MeV 7 γ ��Gkj@l1" � �%�kmonk+Lp�f@7;q�r@Z9q Klein-
Nishina 7 K "tsMu=n�,	(���v<w�P-#H��i6g	4aRLx 20 keV �-:"7�m�n;+Lp0fCA>y2z'{"|
AW$@�C�@\�q ∼ 13% \	Go.<Y9i 0–20 keV 7�
�P-}a\�~���j�l[Z g0� G�m"n;+Qp�ftq�rfAyMz�7KP<q 0–20 keV D�E�7^
�/?�D��oE�(F��� ��+�Z�q

1.08 φK counts s−1 × 0.13

20 keV
= 7.04× 10−3 φK counts s−1 keV−1 (6.12)

\ 4�dMFH�64%� i

6.6.2 1.31 MeVβ J
40K ���<#�YCx67;�8����
�#�Y)x67 β �0�L7t�0a#Z

pβ = fβ ×
log2

T
= 1.55× 10−17 � s

−1
(6.13)

G�7KP<q"�0����
����8��Y�d<#�Y)x-"��0�C`%� 1.31 MeVβ �<7	�#Z�q
n40K × pβ = 1.17× 10−4 ×nφK × pβ

= 1.17× 10−4 × 4.76× 1022 cm−3 × 1.55× 10−17φK � s
−1

= 86.3 φK � s
−1

cm−3 (6.14)

P�#Q� i
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Si ���	��
�����

�0�C`�� 1.31 MeVβ �<7�����q Si �9P;j����@�=`��HF�7KGk
 �/?�D��-E@(F� �0�1A\��87	P<q#s�� Si �����C`�� β �Q7��! #"�dVF$� i
AlN �% '&��>j�l#Z	V X I#R�(� @!! ')+*�m�n^+�p8f, ��-��iF#	�;m"n;+Qp8f E 7j�l.��/Q`0� AlN 72143owQZ	/5��6���7��-.98�n� ( : 6.7 ; ) i%g>4� j�l,<�&=�?>�@��A .�8;d�qQ`�4�I q2B��-m@n�+<pkf E(0) =1.31 MeV 7hj�l,<DC8� d  E& .�F.G�HD�	�I�J m"n;+Qp8f ∆E(d)  ?KML�HgGE<�NMH�� i
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Fig. 6.7.— j�l��4/O�� AlN( ; ) P.Q�( Si( R ) 7�1�3Mw�S ( � : T@Y�q�U : j�� �WV�X.�
Q2�9Y�q�Z�[ : ��\� �!.�,Q2��Y�q )

: 6.8 ��]�/"�,N$^I_4F@7�`�Z�j@lL7�a x 7�m�n'+�p0f E(d) = E(0)−∆E(d) No#
��S�bh4�QQxcZ β dQ7�e�f�>�gM` d ≈0.23 cm G�G�hbhGE<i7%j0�4S

#	� 40K kh<^ _�_4F β dh< CCD �9���,O���j��	�lj`4Zmb^74k<7 CCD jmnh74C�	Z β dQ7� F_�oMpiN2q!r���S�s%t.��`�j�l=`�u2m�n;+Lp0f	��G84MI�V X N2fvH=wxo.p
 �y%z.n�40��<DZ'V X 79{�oi|hj}n�~2�=6��5�07h`���`��5�N�H2��S0r2Fi� � ��Z β d27 _�o�p�7����M�EZD~��!6i�5`�T@Y<7 1/2 < CCD �M�ip�jv�5Gi_?8.Q4�2S2�,r9Z-B��!G
_#88���-_4F β d�T�8%< CCD �5p5j���G5_iQ���S CCD ���%�0O�� β dM`�Z����"�M�i<
CCD jmn 0.23 cm �":@7���7%����ni4��4S

g o�Z�: 6.7 7�;M:$jmn�Z CCD �9���I_�F�b�4vnh7 β dh<0�8�i�v�;#�F)xE�	j����� N2�-G'O"m�n'+�p�f%��`�:���<-#Cx�Z���7��.` 3.56 MeV cm−1 N-#h�,bhG?<57j��4S
CCD 7t,0�	` 200 µm G�72N$Z CCD �����+_�F β d�`���7�>%@ ( �m� ∼200 µm) � A .
8�e%u,N�� 3.56 MeV×200×10−4 cm=71 keV [��87	j��� ��0�m�9�M��S

b�4!Q xcZ CCD 7$�����"D��2E�m 4G	G0��7%`DZ 0–20 keV 7�mon$¡ p�f0 hy}¢48
CCD �9���I_�F β d<7i�!G?£�¤i8.Q4�2S β d,< CCD �h¥�x�¥Lx¦���0NMHi�h����` CCD
j}n>7�C��,< 0.23 cm N	§�¢�F�S0QD¢98 0–20 keV 7km@n�¡<pkf	 y=¢98 CCD ¨D�5�hO0�
β d�`�b�74©iª.«�§	�9¬0� ∆d �4�r�®��h��«�����nl®�� ( : 6.9) S

�5«4¬��%`4Z�: 6.8 «�¯�°2N�^+_�F�Q0�#� ∆d ∼60 µm N§��S�±	¤	����«$²2³�`4Z
n40K × pβ ×S ×∆d = 86.3 φK × 36× 6× 10−3 (6.15)

= 18.6 φK counts s−1 (6.16)

= 0.93 φK counts s−1 keV−1 (6.17)
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Fig. 6.8.— AlN ��« 1.31 MeVβ d�«����¡����9� � S (a) ] : β d�«����¡�����Z2U : �
� �WV�X=�0Qi����$¡��
��� � « J �%Z4[ : ��\�������Q�����D¡����4� � « J �hS (b)
e�f�>�g�©5ª (a ����dhN�^+_4F���� ) « β dM«�� �¡!����S

0.23 cm

2.5 cm AlN

CCD

}
}
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@CCD

cannot reach
to CCD
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@CCD
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∆d

Fig. 6.9.— ����� � �0Q2�������#"5�%$��� '&�(��*)�+0O�� β dM«�,�-�.��
/�0�1�2

X 3

: 6.8 �#[�	�dN�^ _�F5«5`�Z0§%�#C��! E&!¢�F β d<4�5\����M�hQ$¢�8 � ¢�F���
¡!����« J �,N§	��S�b#®=Q!5cZ7698�« β dh< AlN :$Nh�5«�T08h«�� �¡!��� ?�IGi_
F�GDH'Z���\��#�.�,Q5¢48;�=<��®��4� �¡�����`�~�� 10.7 keV N§�hbGE<i7	j0��S

b2b'N4Z>��\4���0`@?
A�B�C,�ED ¡5N�§F5cZ E =10.7 keV «HG�IJ6K8�<���<��?®�L97 M
N	`�Ni�DSHO�P�Z4���¡���� ε «*G
I,< N 8
,�-hOQL@R#S�T�£�¤�QVU (ε×N = 10.7 keV) S
��\
� � X d ( �%D¡��
� ε) W CCD rDN,«�C5� z N�,�-I_�F=G$H#Z CCD P�X�Y0O�L��
\��#� X d�`4Z z W2~i�[Z]\*^�g�g�³�«���«�P���nl®_LMG?�#N$��L4SD~��[Z;\*^�g (l) `
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l =
1

nAlN · σAlN(ε)
(6.18)

N��=�?®�L#S 1.2.1 �=QV5�Z X d �
�¡V�4� ε P��}_
	��� σAlN ` ε−3.5 ��� �0w N#L�« � Z l
` ε « ∼3.5 �!P������%L��i_��4W%¢����4. β d0§�� 5 P*,�-��VL G�I� �P��m_�� l∝N−3.5

«�!#"i|=T�$&%�����.&')(�§#�E5 P CCD P X
Y*�QL �5\���� X d�G
IM«� Rbrems `�Z�¬
� l + � ,�-,�VL β d0«- /. Z β d 6 8QP��m_ ,�-��VL G�I� N «0 � § 5cZ 6.14 1�Z 6.18
10jmn

Rbrems = l cm×S cm2 × 86.3 φK β d s
−1

cm−3 ×N photons s β d −1
(6.19)

. N�L�� l ∝ N−3.5 � §¢2��jmn�Z Rbrems ` N−2.5 P����,��L��i±¤ P�Z N=1 «2��3�G.«
.544P CCD P X
Y*�QL@G
I# M`9e�f6.HN 5cZ=b4«7.54�« Rbrems `*?#A%B�C�� Dc¡,«7.54
« Rbrems P���_���8����=T@+M¤%L��=b#®VP���9,�_L l «�e%f�� lmax `4Z

lmax =
1

nAlN · σAlN(ε = 10.7 keV)

=
1

4.76× 1022 cm−3 × 1.27× 10−21 cm2

= 1.65× 10−2 cm (6.20)

� § LDjmn�Z Rbrems «�8�����`
Rbrems = 1.65× 10−2 cm× 36 cm2 × 86.3 φK β d s

−1
cm−3 × 1 photons β d −1

= 51.3 photons s−1 (6.21)

b#®#W CCD � 100% :<;!��®_L=.���®*>4Z���\���� X d�P&?�L����D��"5�%$��}  «#@�$
�FD�A � Dx`�Z 51.3 counts s−1 .HN L0��	*B�P0C!<	�9®QL �5\����VB�C�� Dc¡,`*?#A7D �
§ 5cZ!b#®�T�E��,«)�#F 0–20 keV ��G�H N�I�J/.LK U�. Z���\��#� X d�P&?�L��v����"
�%$��} �ANMi¡0`�O)O7?D�

51.3 counts s−1

20 keV
= 2.56 counts s−1 keV−1 (6.22)

. N�L��
b	b�r � Z��	\���� X d�`DZ AlN � ,�-=��L0�$«%«���T$£¤,���._�j}_ 	=BQP%`�Z

CCD r � X
Y _0� β d�P*?�L Si : � «��5\����m�P"#Q��QL0��_'j=_ Z AlN : � `9e�f#R
g 0.23 cm S=Lb�.�THO
�v_0�5«�P0�v_NT CCD ¨2U�M�� β `4~2�VD�P5�i«�¬,� 200 µm g
³�_?j2S nHN5�<�W

6.7 ?!5XT AlN :Y. Si :Y. � `�Z�[]\,^�f_4.wa`,bdc N5�%« � T CCD : � ,
-&�
L �#e�����«�f%���¡����#^�T AlN :�«)g�®%P��)h�O#O&i�j�P�^0R)k0«��«�I]l�M �VmYn
N�L�� m c�P�T AlN : � ^�,�-6o�� β p�qr��W;)�+6o���W<T CCD : � �)e��#� T�sut-�
β p=^�g5« G�v]� § L��*w�8�j_cLT CCD : � «���e��#��P&?�L�������"��%$��� x^ AlN
: � «]�)e��#��P]?�L*y�«]?�5�y order �<�zm{n TYg5«�)#+7^�|)} � 4�L � §�~�Ua�

6.6.3 40K ���6��� �z��������� �����
w�8VT)i=.-F�L=.NT 1.46 MeVγ p)T,O7?�� 1.31 MeVβ p!P0s{�2�_LH�)�)���6. �)e

�#� X p!P&?�L0�d�5��")�%$��z� «�f#�Y^�T
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(1.46 MeVγ p ) + ( �)����� )+( ��e��#� X p ) = (7.04× 10−3 + 0.93 + 2.56)×φK(6.23)

= 4.1 φK counts s−1 keV−1 (6.24)

. N�L��zt�«��) 5 � ^��)e��#��P&?�LH)�+_W��dy�� 4��<�
6.5 � ��� c ®,� K «�
	
� φK=0.168% T����Lr.LT 40K P*?�L��z���
"���$)��� f

�&^ 5.9×10−3 counts s−1 keV−1 .���� m�� L-�#t � ^ NXB �@)�+ ∼0.1 counts s−1 keV−1

P0�uoF6���w�8 ��m �2�28��������Y^�=Lr.<t2~ � ������E������#��F �"!_oNT58$#&%�T
+('��)�%L2j_cLT
	&BVP#^ 40K P&?�L��d�5��"#�V$��z�x^ry
*]. �zm7n T NXB P��do
|
} � 4�L �,+ ~!U�.�-". m� L0�,o jVo*N�W c�T AlN : � �*�#�#���,OY?����#e���� � ,
- o%U�L /"0 X p��&1)2�N430^&5�i � �,��N"����6)7�T�8V� 9,@;:=<?>�@�A7AH��>CB5�
ND3]T ���#�7?!5FE$G�P�T�?!5IH(��J"K � �)ML*T ^ UON
P_W + L�l�~�Ua�
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7

SXI �
� � � � � � � � 	


��� ^�T�� 0����_���������)��� ( � 5
�

) T 40K ������� ���������)��� ( � 6
�

)� T NXB ( ����� � ! γ p�"�# ) $%��� CXB &('�b�)+* SXI �-,�.0/5� ���������)���F�
f1'?1"2 �325476

7.1 8 9 : ; < = > ?�@ A
f�'#�{��� ���B�#�V�-C(D :�� 1
2 �FE��-*0iHGJILK��NM�O�P]�RQS�UT$�+V�iW&YX�� 6

7.1.1 NXB( Z\[5]_^ ` γ a5bdc )

NXB � 4-e *3,�.0/F����� �f! γ g�"�#0h 87��9ji�:(<
>�@ A�CYO">�B��F���(Llk�mn ��oqp�r � V"��� 6 XIS
 �">�@&AsCYO">=B�� �ut�vxw )�VJ*s�(Lzy|{~}H�1�����s�JT� VLp;>�@�A%CNO)>DB~� n 2j��� V � � 6�� 7.1 �����H�1�1h~*j�s�U�%CNOj�R�~�~��� �

NXB ���s��Q��W�F���1�1�1�����  (private communication with T. Anada) *���*��1*� *J�sh1� �� U� * �1����� 45 µm, 90 µm, 180 µm, 300 µm � �� U� �-¡�'s�JT � V Xg grade � ���s��Q�� �¢ � 6¤£1£  *R�0�J�¥CuOj�x�U�~�1hW¦ �~§ ��¨�©�ª 24 µm �«+¬ �j�� BI CCD
��® � � 6£3� r ��¯+°�± �%&²* ≥6 keV

 � ���%��Q��W��³ n ���1�s�~�W´B��� µHV ¶�¶+·|µV�$ L¸*F¹s� 45 µm �0�¥&U{UhH*�¦~OB�uº0�H» ¼ n ´xr � � 6 ����� �%�-¡�'�*�½%¾ w-��J¿BPJ�%À O1h��j� �NÁ X��3,jÂs��Ã w ��� µHV�ÄLÅ1� 6 X g grade
 h 2×2 pixel Æ%Ç�-�1� �YÁ XB�+��XF*J�1��� n £ �-Ã w ÆjÈ B¢ �0&U{Y*�,�Â0�-Ã w h ∼2 pixel∼ 50 µmÉ�Ê ��Ë�Ì w-� * £u� ��Í�Î ± �U¿jP~�sÀ+O1��¦~OB� �uÏ �3*s&YÐ1Ñxr � � 6 �1��� � �Ò �NV � Ò &(* X g grade �-,�Â0�-Ã w hHÓ�Ô1Õ Ê ����µ�V ∼2 pixel∼ 50 µm Öqr×�1���� É1Ê Å UØsÙ��Ú�Û ± � �  *~���1�1� nJÜ #1� � ¡j'%��hW¦JO��3»�¼ n�Ý r � } � 6Þ�ß * ≤6 keV � ���s��Ql�W��³¥hH�j�1�s�F�W´j�F���¤�NV1$àráGH*BÅ ���1��â Ê pã�ä Þ å B¢ � 6�£ �Hæ�çshH*��1��� n � Ò } ��è ½%¾-é Ê p~� � � ¯ ê �NV~ë ± B¢jì4 *|& � 4YíHî ��ï ± � 6¥£u� h��1��� n � Ò }B� É *¥¦+�F§+� nJð Ã¥� }àñ¸* ã�ä-ò ßó �~Ó1Ô\�3V Ò �-���B���x�FÍ�� X g grade &�}����1XB�Uô wF� ��Ó�ÔjÕ n+õ r � �-öç nU÷�ø �uV � ��*�&²ù1ú w�� V � � 6£ �j�s�U�%CNOj�R�~�ûæ�çWÖàr(* SXI ��$�üj� NXB ( ���j��� ! γ g�"1# ) �+â Ê �Ý oàp+� 6 XIS BI ( ���1�1� 45 µm) ��T � V��j�0�U�%CNOB�R�~�ûæ�ç�ý�h~*�þ�ÿ�� î��
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Fig. 7.1.— ��F}H�1�����s�JT � VB� NXB ( ����� � ! γ g�"�# ) �W�H�0CYO��%�H�áæ�ç
æ�ç�&Y� �0�¤Q¸���-³%h�� Ò ¢ 4 n *���ÍBâ Ê n���� ���JO�ý~·s}B� £ & n � Ö�µ3V � �
[9]
6 �1����� 180 µm ���W�~�0CYO��L�F�áæ�ç�ý¥pû*���ÍBâ Ê ��h�� É�Ê �JG � n ¢ �0&��� w-� � 6 ��� n µ-VJ*�� �0�¤Q¸���-³�º0h��W�F�0CYO��%�H�uÖqr Ä å � *���ÍBâ Ê hþ�ÿ�� î�� æ�ç�Öàr(ÄsX�� £ &�� ± � 6
ÅUGB�1�%�\Ql�0�F³Bº � � X�� 6 SXI � CCD !��Lh~�j���j� 200 µm ý ¢ ��Ö r²*

180 µm �B�s���¥CuO��x�U� æ�ç �F® � � 6 �0´ n 10% ·L}�� n * � 7.1 Ö r 180 µm &
300 µm

�-¯�° �NV¥p ã &#"%$ Ú1Û �NV � } � Öqr *���´ 10%
É�Ê ��& � h�')(¥� }RrN}� ý ¢jì 476�� 7.1 �H*H�1����� 180 µm �-¡�'0�+� �0�¤Q¸� �#*�+�, ó.- fitting

±�/ &(*

FNXB ∝ exp
(

−0.1023 ·
(

E

1 keV

))

counts s−1 keV−1 pixel−1 for E ≤ 6 keV (7.1)

FNXB ∝
(

E

1 keV

)0.2234

counts s−1 keV−1 pixel−1 for E ≥ 6 keV (7.2)

&��uV10 * w�� � 62 - ��ÍBâ Ê43 Ä å ±�/�6 Suzaku/XIS BI hH� w 45 µm ý ¢ / Öqr * � 7.1 ����50����s��Q�� 3 XIS BI �Hþ î �76 O7��8 ¯+°�±1��è
9 �0�U�%CNOj�R�~� -�: / �1Í�â Ê �;�< ó }1= ñ 3 >�? ý¥{ /�@ Þ�ß 9 ≤6 keV ý�� NXB â Ê �B�0�J�¥CNOB�x�U�ûæ�ç¥hH����0�H��´ - ã 8#"%$(��� �-} � ��ý 9�£ �+¿jP~�sÀ+O)A�B�ýB���W�H�DCYO��¥���3� �0�Q��Wh 9 ���1�1� 45 µm 8 180 µm 8 3 � Þ�E �GF : � @ �H� n µ�F 9 ���1� 180 µm ý���W�H�DC#H��%�H�áæ�çI8 9 Suzaku/XIS BI ��þ 6 H��J8 3 ≤ 6 keV ý í)KB¯�° � 9 ��Í
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�
7 � SXI ���U�����������
C����W� 	�� 7.1. ���J�����������	��


â Ê 3 Ä å ±1��è � � @

XIS FI

XIS BI

exp(−0.1023E)

Fig. 7.2.— Suzaku/XIS ý î��|w�� � NXB ���s����� [7]

��ÍBâ Ê43 Ä å ±�/ �� 9 XIS BI þ î ��6 H�� (
�

7.2 � ) � ≤6 keV ��������
 3 9
7.1 ��ý ¢ ��� �Hæ�ç 3 � 7.2

- � g�ý~����� @�£ ��8U{ 9 þ î ��6 H��Hý ≤1 keV
- Ý r�D/�� � i������
C H��×h 9 ½L¾������%�! J©�ª�8NÐjÑ|r � 1

9 �1Í�â Ê � Ý o ñ ý�h#"E ��� @ Å+� 9 �W�F��C#H��¥���H�#$ å!%#& *qw-� F � } � ½%¾��'���s��(�)�» ¼%�+*-,p." E ��� @�� 7.2
: ñ 9 � )0�Jâ Ê0/ E =6 keV ý 9.20×10−9 counts s−1 keV−1 pixel−1

8 � ÅBµ�� @x£3� : ñ ≤6 keV � ���s���l�W� normalization
3 Ä å ± / 8 9

FNXB = 1.70× 10−8 × exp
(

−0.1023 ·
(

E

1 keV

))

counts s−1 keV−1 pixel−1 for E ≤ 6 keV(7.3)

83}�µJ� @ ≥6 keV
-�1 �GF / 9 7.2 �¥��³L� ���s���l�32 9 7.3 8 6 keV ý K � ±D/ 8 �46587 Öàr normalization 2 � Å|ñ 9

FNXB = 6.165× 10−3 ×
(

E

1 keV

)0.2234

counts s−1 keV−1 pixel−1 for E ≤ 6 keV (7.4)

8 � |r � � @x£3� 3 � 7.3
- � ±
@

7.1.2 CXB

CXB ���1�%�9�l� /#:�; � X ) î �8<�= -D: / æ1çWÖ?> 9 ¿�@J�LÀ�H E keV ý��
CXB �)0�A�( Ê%3 ICXB 8 ±D/ 8 9 ÆBÈj���Wý : Ò & *àwH�D/ [16]

@

ICXB = 4.17× 10−5 ×
(

E

1 keV

)−1.411

photons s−1 keV−1 cm−2 arcmin−2 (7.5)

1 B�C.D�EGFIHKJ#LNM6O�P.DRQ6SUTWVYX[Z]\6^[_W`NaGbKcGd[e]fhgKfji�kNZlPIT�m�n flickering pixel D�onRQ6p#\hq.r]VYs�n
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7.2. �������U�����������
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Fig. 7.3.— SXI ý � ��� �D/ NXB( �����
	 � γ )���
 ) � ���s���l�
7.1.3 Neutron-induced backgrounds

� �
	 -7: / ���H����� ��%��CG� � / 9 � 5 � : ñ ∼0.13 counts s−1 keV−1 ý ¢ µ� @0� 7.3
- �\�H� NXB ���%������8 ¯ °�±D/ �� 9���� ¦ �~§�� ¢ �àñ ��� - í �H�� ��	 � �~����������×�����s����� 3�� 7.4

- � ±
@L£1£ ý 9 ���s���l�W��³ / � 5 �ý��%� 252Cf � X )��4C H �S�1�%�9�l� 3 ®�� � (
�

5.9 a)
@ ���¥� 9  +©�ª Cl����2 �Ò

Event threshold
3 �  - $ å �~���� 9 ≤3 keV ý / ���¥� � � 3���� ��� / �1�%�

��� 3! ��ý#"%$ Ö0µJ�1� ý 9 3–4 keV �&� 3('
) �GF �7/�@ þ�ÿ�� ≤3 keV ý�� � ��	���H����� ��%��CG� � / 9�* �
+�,.-]A�/ 210�¿8@�2sÀ�H43�ý65 ã 8#"%$ Þ å ý�7 /.88 9 �(9 	#:4;�<=5>0@?8@�2BA�H%C.D+ÖFE)FHG�I - ë�JLKM$ �B8 8 (
�

5.3) N > 9 %%O :'
)'/�P�PRQ N - /)?�SUT �MV / 2 9
W�X 0 �  HY
Z C��
2�[�\F] &�^�_ 3(` ��a�� @

7.1.4 Backgrounds from 40K

�
6 b :Rc 9 40K d :1e(f6g!h ��i3���j�C ��2 / 5.9×10−3counts s−1 keV−1 ]�7 e @8 VRk ����l h&m 2�7 a c d�nHoqp ∼1.0×10−9counts s−1 keV−1 pixel−1 ]r7 cts NXB $u d4vLKxw8
�" E ]#" e @

7.2
y z { | } ~ � � � ����� �

� O :4� f�g4h�� i.���j���� k���� K s(�.� E aM��� dMvro eUfqgMh�� i.����j4�� 2 k(��� o e4�
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Fig. 7.4.— SXI ]������ V e�� 9�	 fLg%h�� i@����j :�
� h�� 2
7.2.1 �������

7 e�������� ��!�"$#&% k('*) s��F� E a X + �r� N�,M:�-�. k0/$1�2 ]43�5 K s
CCD ]7698%o e�: p k�;�< e4� CCD

��=?>�@
S cm2 NA, : = ��� = X +B
�� h��DC kE 8#K a p7F�d s�fLg%h�� i��r�qj � u =�G "IH�J p �@e NBK s*: =�L�M S d�v@o e ���N�O =�P ��� � �RQ � p f g%h�� i@����j N�O =�P ��� � �SQ � =�T ]4U Q e4�V�W C X Q E keV d PBY eSZ > !�"@� IX photons s−1 keV−1 cm−2 arcmin−2

= ���$�[�
X +-�. kR/�1$2 ]\3�5�o eS] � sB^ =�P ��� � �RQ � RX counts s−1 keV−1 K s

RX = IX ·QE ·EA ·Ω (7.6)

p �.e&��:�: ] Ω K_6 8a` =_b�c s QE counts photons−1 K V&W C*X Q E keV
= 5 	 dv@o e CCD

=�d�	$e�f s
EA cm2 K V&W C9X Q E keV d PBY e /�1&2 =_g�e$>�@ ]�he4��:�: ] s EA K b�c�i � d ���Fe?��[�_!$"�#�% kS'�j a X +�-�. k s CCD

��=?>@
S ]7k Y a p\F =_l ]&h e&����s�fLg%h�� i�����j dBm e Y � � � =�P ��� � �RQ � RBgd K

RBgd = FBgd ·S (7.7)

p�n Y e �o: : ] CCD
� ] =qp r > @ h a c = P � � � �sQ � k

FBgd counts s−1 keV−1 cm−2 p�t a �
m j_u : V , =�T kRv�j_u s noise to signal ratio (N/S)

k _w o e p s

(N/S) =
RBgd

RX

=
1

IX

· FBgd ·S
QE ·EA ·Ω (7.8)

p �reM�I:�: ] sHfqg4h�� i.����j = � k # 	 d v9j0u�x e&: pUd0yz�� V a x �Hfqg4h� i@����j&� � C k p�r I h a c = N/S p _w o V�{ s
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7.2.
��� fLg%h�� i@����j�� � C �

7 b SXI
fLg1h�� i@���qj&� � C = ���

(Background level) =
FBgd ·S

QE ·EA ·Ω counts s−1 keV−1 cm−2 arcmin−2 (7.9)

p �.e4��: V K s SXI
=?g�e�>$@ p b�c ]���� T t a fLg%h�� i�����j =�� F��4]&h c sfLg%h�� i�����j k��	��
 d ”

Z > !$"
” pt u Z t a� = d�����o e&���� = fLg1h�� i@���qj K s NXB
s

CXB
s ��� 	 f g%h�� i@����j s FPA

� =
40Kd�m eUf�g4h�� i.����j���,�� c�� j0u�x eM����� � ] = � f�g4h�� i.����j���� =P �� � �RQ � k RNXB,RCXB,Rn,RK p o VB{ s

(Background level) =
(FNXB + Fn + FK) ·S

QE ·EA ·Ω + ICXB counts s−1 keV−1 cm−2 arcmin−2(7.10)

p n Y e4�o:�: ] ICXB K 7.5 �F] Z � V e CXB
= Z > !�" ]&h e4�

7.2.2 �! #" $&%('*),+*- .0/2143#5�687
7.10 ��9[t;: � jau=< SXI

= ��� �?>A@CB �2D ���FEHGJI�KMLON �=PRQ mTS < :�:�UV ��9 � N = K < CXB G?WYX � >&@�B �2D ���FE���� =MZ D @;B 
 (FNXB,Fn,FK)
<

CXB= Z > !$"
(ICXB; 7.5 � )

<�/�1$2 =?g�e�>�@
EA
<

CCD
= 6 8 e�f QE

U hMN �
SXT

=age�>�@ G2[�\ @ � t;: � = G^] 7.5 9�_`L � :�:�U^a x : = K < 1◦×1◦ 9 �� j : ��[� X +-�.�� , = 5 	 G < b�c ��b2c	d 12 mm
=_LM U k Y : ] � =	ef?g� Q e0h �ji2k U h	N � m j0u 7.10 � � = S K S = π×0.12 cm2 ≈4.5×10−2 cm2

U h	N �
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Fig. 7.5.— SXT
=?g�e�>$@

l 9 < SXI
= 6 8 e�f G�[m\ @ � t�: � = G2] 7.6 9;_�L �
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Fig. 7.6.— SXI
= 6 8 e�f

����=�� Q�����, < 7.10 ��9��	� x�u >&@�B �2D ���FE4� � C G�
 @ � j : � i2k G] 7.7 9�_�L �:�� G� = X +�������� =C>&@�B �2D ���FE4� � C�� T�� t u�� N ( ] 7.8; SXI
���

K [? ] m�S )
��� � > @?B �mD �r� E%� � C@��� x Suzaku/XIS FI( ] 7.8 � )

� T�� LTN�
2
<

CXB
=� �! �"� x

≥6 keV
U K < NXB

= � U h � { Suzaku/XIS
��#a� =C> @�B �D ����EM� � C G%$ ' t u�x N �'&)( 
 @ � j : � � 	�>�@ B�* D,+ � E =� �! K NXB(e,

p, γ � # )
��# G " � h NR:�- < :�� G/.0- N �21�1�3 N;i�k �S� N � < hAX�4 U � :/�K�576 l U h N :	� 998�z � � : x � m�S;:�< � SXI

> @?B�* D)+ �AE�� � C = Io8 =:�-	9�K < &�= ��� 	 >Y@ B�* D	+ � E = 
 @ S =9> " G@?A- u$x X V � � hMN�B�CAD �

2Suzaku/XIS E Chandra F XMM-Newton G CCD HJI2K@L2MONPHRQ�SJT"UWVYXYZP[Y\^];_a`cbedPfeMG2LRghH;iYjhGRk2lhH/mcnJo NXB _p`Yb%EOqsr%MctYucd%fPM;v Chandra, XMM-Newton d%LRwexsHRy�zrRkYl9{}|�~��'�%�O�/r9��GW�Y�^{}�W�9��HR�s�YM�tcu;�cT�U;VcXYZP[2\^]R_a`cb�LW�7���/��tW�Y�h��HW���� t�~a�/M;v
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7.2. ��� > @?B�* D	+�� E���� C 	
7 � SXI

> @=B�* D	+�� E
��� C =����
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Fig. 7.7.— SXI
= > @?B�* D	+�� E
�� C�� iM> @=B�* D	+�� E G���� tC: � = G����U _`L � 4^: < ^ ��� � =� �! ����� 9�_�t u�x N � ( � : NXB, � : CXB, � : � ��� ,  ! � � : 40K)
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7 � SXI

> @?B�* D	+�� E�������� ��� 7.2. ��� > @?B�* D	+�� E������

B
ac

k
g
ro

u
n
d
 /

 (
ef

fe
ct

iv
e 

ar
ea

 *
 F

O
V

)

(c
o
u
n
ts

 s
−

1
 k

eV
−

1
 c

m
−

2
 a

rc
m

in
−

2
)

0.5       1.0       2.0           5.0       10         20

Energy (keV)

10−3

10−4

10−5

10−6

10−7

10−8

CXB

Chandra ACIS-I0123
XMM-Newton MOS1
Suzaku XIS-FI

SXI (Total)

SXI (only NXB)

Fig. 7.8.— �� X ������������� CCD � > @=B�* D	+�� E
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8

SXI
� � � � �

���	� � ��
 ����������T9����� � N^:�-m9��	�����! �"�#�$%��&�')( u+*-,-. ���/ 4�0 , � SXI 1324�� +"�#�$ �5&�'��76�8 *�u�9�:%;<,=�> �-? , ��@ 6!� CCD �A�B 6��!CED���F	G u�H�I�J A�K HMLON+P+;E, ��1��OQ�R�#�$ �TS�UE�	V > 1W? , �!XZY1W�!�5[�\E]Z6�^�_a`b0 , ���	� �	c �Tdfe LOg�hji � SXI �!Q�R�#�$ �T&�'�� LOk�l (m
(8.1 n ) o%p m �fq�rM6!s�tvuxw+y!zW����{|( m�} 6��!~-���%�W���/��+���!���a�f6����;�,O� ���%��? , o%����Z���������Z��6���( u 2 g�ha� m (8.2 n ) o

8.1 � � �
8.1.1 SXI Focal Plane Assembly (FPA) �����

SXI � 2 ��� ST(1.4.2 n ) 6�� ��� −130
◦

C  �¡Mp51 A�B ;E, o CCD 6��!¢�£�¤%¥�`�cZ¦ � �<�§¤E1��T��cE�-? , m GT�!&�'¨( mT© Q�#�$ Y 1 CCD
L  �"��	ª , m GW6��cWd�e L¬« (E g+h 2�`O®) � � *W¯ ® * o

SXI � Focal plane assembly (FPA) ��°+± L�² 8.1 6!³ ; o FPA �µ´T¶ CCD chip,
CCD substrate, CCD plate, Cold plate, Cold head � A�B �	0�� Camera body

LO·�¸ ���¹ �	¤+�<�!q�r�� base plate º�»�¼�½�¾%�!Q�R�6¿ m 0 , o . �	#�$ Y 1�� A�K H 6�� ��µÀÂÁ Q�R3p�1 CCD
L A�B 1�Ã , ¥ÅÄZ´Æ¥ L �+Ç ;<, o

8.1.2 ÈÊÉÌËv�3Í|Î
^�Ï ;�Ð Ã§c3��¦ � �5� (1) Ñ-Q�ÒE¥¨` © Q�Ò�Ó<�!Ô � (Radiation) 6<� , c-¦ � �

(2) Ñ+Q�ÕÖº © Q�Õ<�	�+×�¤ L [ÖF m!Ø�Ù (Conduction) 6�� , c+¦ � � (3)
© Q�Õ<�-�4¤6�? , amp ÚfÛ�ÜE1��Z�ZÝf��z�Þ�c7�aßáà%1-? , o+â�ã3ä�6��T� ² 8.1 6�? , [ i � (1)

CCD å�Ò�æ�ç��Tè FPC å�ÒWÓ��	Ô � (2) CCD ®3Ä L e<_ , pole æ�ç��Tè FPC
L [Ö( mØ�Ù

(3) FDA �	é�ê – é+ë�ì�í P MOS-FET æ External Load 1W�+��Ý��5z�Þ�c L UfîÖ(ÂæA�K H 6ï�Ga`Æ0 , A�B+ð%ñ L�ò�ó-;<, o.�. 1�ôTæ7p5õ%ö�0E÷�0%6�8 *�� â�ã3äf®�U�îZø�ù L p�º�G , o
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8.1. cWS�U � 8 � SXI �-��w������f�5S+U

SXT-I

Hood

Camera body

1ST

(C.H.)

1ST

(C.H.)

Cold plate
CCD plate

CCD substrate

CCD chip

{T
CCD

T
CAM

Pole

Heater

FPC

Amp

Radiation

Conduction

Joule heating

T
C.H.

Fig. 8.1.— SXI FPA �T°
	ÊºácW¦ � ��zE�ju
Radiation ( �
� )

 ãfå�Ò<ô���ã�� � 6-� �O� c L ��� ;%, ofQ�R T K �  ãfå�Ò-1+����ã�� ��� w����� L
FBB(T ) º ;�� ºÂæ�����ô

FBB(T ) = σSBT 4 (8.1)
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� 8 � SXI �-��w ��� �f�5S�U 8.1. c-S�U

º � ¯ � o � ��� 5.67× 10−9 mW cm−2 K−4 ô ��� ���	� ��z�
� ����� �-? � o
¾���� �� ô��<� ��ã � ������� � � � w � � ���� �! � ε " ¯�#%$'& o � � L)(* ã
� � º)++è5æ�ö�� � w�� � � FGB(T ) ô

FGB(T ) = εσSBT 4 (8.2)

º�® � o��5�-, � ε �'.�ô'/0�1 � � �!�32 p i æ � ��4 (emissivity) º)+�5�o�¾�ø�æ (* ã �6� � /�0M� � �µL37 d98 � � w � � � ô5æ �+� � w�� � � �'�:�; � α " ¯'#<$& o ��� L=7 d 4 (absorptivity) º)++è�æ�> ��4 ρ æ�?�@ 4 τ º �=A ª �
α + ρ + τ = 1 (8.3)LCB m 85o$ ` � æ�c�D�E � � � �� ( FW_ � τ = 0) �-ô5æHG!z%I�J � � �Tù�K%¥Å`

ε = α (8.4)� ±	L68 � oE� ��� æ � � /	0 �����NM ?�O�® �� �QPR��æ�SQTE®3Ä å�Ò���> �4 �	Ñ &�� ��ô ε
� #U$  æ	V � > ��4 � © & �� ��ô ε

�3W Ã & �-º � ® � oX�X L6Y º � æZQ�R � ö �E÷ � T1 K, T2 K (T1 > T2 ºZ8 � ) æ
� ��4 � ε1, ε2 æ�åZÒh �-[ �
S �  ã 1 ç��Tè 2

L D\ �	] ¥ & � A ª m �+�<�	c��Tdfe L ^�_ � o�> �^� m±�_�� 7 d LC` �68 � ºxæ�a	bE]Qc � m id�  ã 1 ¥Å`  ã 2
��e \98 � cQf Q0 ô'g�h� 7 d � m c7��i ��j:�  æ

Q0 = S × (α2ε1σSBT 4
1 −α1ε2σSBT 4

2 )

= Sε1ε2σSB(T 4
1 −T 4

2 ) (8.5)

¾�øE¥)` � m � � �:k  ã�c L > �<$ � � ¾�lQm � m � ºÂæ Y ´Â¾�øn� 7 d $ � �a	bE]oc � m i �!c L ^+_ � o�> ��4 ô 1− ε �=p�_µ` � � ¥Å` æ �5�T±Q_���i�q Q1 ôTæ
(1− ε1)(1− ε2)×Q0

��j:��& o3� �!� n r-> �s$ � m ±�_�ô [(1− ε1)(1− ε2)]
n ×Q0 º�®� o XoX ¥�`áæ �T� k  ãnc9t � ��� � ��=e \�8 � a�b%]�c � m i �	c���uf Qrad ô!æ

Qrad = SΣn[(1− ε1)(1− ε2)]
nε1ε2σSB(T 4

1 −T 4
2 )

= Sε∗σSB(T 4
1 −T 4

2 ) (8.6)

ºáå�ª � o � ���
ε∗ = (ε−1

1 + ε−1
2 − 1)−1 (8.7)

ô  ã 1–2 c���vw�� �4 (effective emissivity) º!+Qx � � o  ã<��� �4 � ¾	y9�Z® &�Z� � ôTæv�w � ��4 ô  ã���zo{ ��|�}~� æ��� � ® �'�

Conduction ( �o� )

� Ò�� S cm2 æ�0 $ l cm �  ã��-g��M�-�Q� � T1, T2 (T1 > T2) �Mº�Ã�æ	� Ø�Ù ��� � a	bn�Qc �Q�<� � Ño�+Õ�¥<� © �+Õ � ¦�� � �Qf Qrad ô
Qcond = λ

S

l
(T1 −T2) (8.8)

ºáå $ � ��� � ��� λ mW cm−1 K−1 ô�� Ø�Ù 4 � � ���
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8.1. ����� � 8 � SXI �����������������

Joule heating ( 	�
������� )

��� ��g��H�éob�i V t!p���æ�é�� I
� ��� ����� æoa	b��Qc ���<�

Qjoule = I ×V (8.9)

�TÞ� �9� ���

8.1.3 ���! #"%$'&)(+* ,.-0/%132%465879&;:%<
8.1.2 =�>�? � � ���.@.A��CBEDGF�HJILK�M�N	�PO�Q�R CCD SUT)VXWQ���ZY.[�\s�)����.@�>�] � F��.@J^�R�_������S |�}�`ba��.c �.�LdJePf�RZg�hjiEk�lJmQ��>�F�_���� TCAM RnJoH�Up�q�ro��s�t (

` l�u�DUvPw � �s�t�xZy�lCz ) >�{�| `�aZ}�~��;� SR TCAM ∼20
◦

C
��� �U��k a ��>�F����ZF+�R�U��� �������@.^;�G��� aZ}

(1) �������.�G���
��� S�� aZ��� RLF CCD ��� ( ��� TCCD ∼ 130

◦

C)
�

FPC �����G�6 �¡Z¢���@¤£� �j¥¦k a�}L§ ��Y�[b\)¥U¨ ��� R©�Q.ª�«¬£�F 1.4.2 =¤>�¤®b¡���BUS CCD ����R Al¯�°�± £P] a ¡���FJ©�Qb>P¨ emissivity R ∼0.1 >P] a}�²�³ F cP´�µ d�e�f¬R Cu �J¡R Au lCz¦>·¶�K¬¸bf�¹�º�iZk¬F�»�¼�½+¾ Al ¿�l�¨¬>¬FC�Gk%¥G¨ emissivity ¾ ∼0.1
�ÁÀ

l�Â aU} ��ÃEÄ CCD ( �.� TCCD ∼ 130
◦

C)
� c�´.µ dJePfÅ�¨ effective emissivity R 8.7Æ �CÇ 5.3×10−2 È l aL} CCD ¨L��É�R imaging area È storing area ¨ 4 Ê�Ë � ��Ìb>

3 cm×3 cm×2× 4 Ê�Ë =72 cm2 «¬\+¥XF 8.6
Æ S�V¡¬£�ÃZÄL¢�Í�@�^ QCCD,rad. �EÌ�Î `a È F

QCCD,rad. = 72 cm2 × 5.3× 10−2 × 5.67× 10−9 mW cm−2 K−4 × (2934 K− 1434 K)

= 150 mW (8.10)

È l aZ}Ï�Ð S�VÁÄ¬F FPC ����Ñ¤¨ ��� S¤� a ¢�Í�@��Á��� aU} FPC ¨;BUDEF CCD plate rSJ] a�Ò�� ( Óji ∼2.5 cm) R ∼ TCCD =−130
◦

C «�£�F�Ô�Õ·R c�´.µ dJe¤f È×Ö � È l�ÃÄ�m aU} �¬ÃUÄLØ���\�SJR CCD plate r�¨ZÙ.� Ò ( ��É ∼ 2.5× 3× 4 cm2 = 30 cm2) ÑP¨��� ¨ À.��Ú ` kPÛÜ#ÝÞF QFPC,rad. R
QFPC,rad. = 30× 1.0× 10−1 × 5.67× 10−9 × (2934 − 1434) mW

= 120 mW (8.11)

È Ì�Îb>·ß aZ} ¡�«·VàF FPC �Áá�[ È À l�VZ¡ ( â�ã�S effective emissivity R ∼0.1)
}

(2) ä�å����.�G���
æ�ç S�� a��¬� RGF CCD ��è¤ã a pole F FPC ���+ G¡Á¢JÍ�@�£�] aÁ} Pole RGF XIS >é.ê VE¡¤¾Z¨ È Ï  ìëJí�Fïî�ðb¨P¾Z¨�� é�ê `¤a È `¤aG} �Z¨ pole REF�ñ�Õ�¨U����ò 50 K¨ È ß ²Ló ]¬¡;Çì¨Á¢.Í¬@�£ 22.5 mW >�]�ÃG¡ (XIS ôJõ¬ö )

}
8.8
Æ �¤Ç÷F æ�ç S�� a ¢JÍ@¤RUF�ñ�Õ�¨E�J��ò�SZø�ù `¤aE} m���¨Á���JF¦ñ¬Õ�¨U�J��òbR ∆T = TCAM−TCCD = 150 K>�] a \+¥ìF pole ú ó ]�¡)Çï¨U¢�Í�@�^·R
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c�´�µ d.e�f¬¨���Ì 8.1. ¢���Ì

22.5 mW pole−1 × 150 K

50 K
= 67.5 mW pole−1 (8.12)

Pole ¨ ó�� RZF ²�ó ].¡jÇX£�è�ã a�� ^C��	�
·S � ã¬k�ÛZF����·�L_ CCD ¨U��É�Sø�ù`�a�}
XIS R ∼ 6.25 cm2 �� ó >�è·ã�¡�¨�S�T!VàF SXI >¤R��Éb£ 72 cm2 >¤] a \)¥ìF��� l pole ¨ ó�� R 3× 72/6.5 = 17.3

ó È l a} ��ÃZÄ pole � æJç VÁÄ�Í�@ `�a ¢�^·R
QPole,cond. = 67.5 mW pole−1 × 17.3 poles

= 1170 mW (8.13)

È l a}².³
FPC � æ.ç ¾ ÏLÐ S XIS ¨�ô�õ�ö (28.5 mW for ∆T = 50 K) ��� � S�VGÄ��É+¾ a} SXI >�RF CCD ¨ ²�� ¨UÓ+iÁF��b�;Ç FPC ¨��PR 2.5 cm \+¥ 3 cm SU{�u0ÇÞFc�´.µ ú��.].¡jÇ�¨Ê¬Ë·¨ �P` l�u�D FPC ¨ � ¾�����S���ã�¡ } FPC ¨! À R XIS ¨b¾¨ È Ï   È `ba È F FPC ¨#"���É (8.8

Æ ¨ S) R0ú Ê¬Ë·].¡jÇ 3 cm/2.5 cm $�S�l aU} �¡UñJÕ·¨Z�.�Jò�R Pole È ÏÐ �%$�S�l aU} O�r�\j¥ FPC \j¥ æ�ç V�Ä!Ý a ¢·RÊ¬Ë ú&�]�¡+Ç
28.5 mW chip−1 × 3 cm

2.5 cm
× 150 K

50 K
= 102.6 mW chip−1 (8.14)

SXI R'��Ê�Ë�] a ¨¬>�F FPC \+¥E¨ æJç S¤� a ¢�Í�@�¨��.^ QFPC,cond. RF
QFPC,cond. = 102.6 mW chip−1 × 4 chips

= 410 mW (8.15)

È l a}

(3) (')+*�,�-�.����J�G���
/

8.2 S10 V¡�¨�R CCD ¨324 Ò (FDA;
/

2.9) È FPC r�¨!�'� Ò ¨�576�>P] a}8:9 ¨;4+<>=?�@�PS ê m;¥àk aBA ��¨ FET (MOS-FET2, MOSFET3) RZÙ.��C�SJ] a ¨>�Fj�Gk%¥ï>�N�D `�a H�I�KLM¬¢�� ��Ú `�a ��� £�] aZ} �J¡Fj��¨ A �P¨ FET S�R�_k7E¬k:F;G�H;I�£;�PlJ£�ÃÄ�m aZ} ��¨�BZD ².³ (External load 2) RW��JC�S�] a ¨J>K�L >�ß a £�FUÔ ³ (External load 1) RZÙ.��C�SJ] a ¨�>�FP�.�G>�N:D `ba H.ILK�M�¢)¾��Ú `�aZ}
MOS-FET2 ¨NMLK�O3P�Q;� VOS FSR3T�U�¹VPWQ�� VOD(=−20 V) F.ÍPk a P�Í�� IAÈ `�a È F MOS-FET2 >P¨NJ¢�^·R

(VOD −VOS)× IA (8.16)

External load 1 >�¨NJ¢�^·R
VOS × IA (8.17)

È l a} VOS = 1/2VOD ��X�Y `�a È F External load 1 ¨!H�I�ö�R 47 kΩ �·Ç
IA =

−10 V

47 kΩ
= −0.21 mA (8.18)

È l a} �JÃÄ MOS-FET2 ����Z External load 1 >�¨N.¢�^·R
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Fig. 8.2.— CCD ����Z FPC rJ>�¨�H�I¬KLMJN.¢
(VOD −VOS)× IA + VOS × IA = VOD × IA

= −20 V×−0.21 mA = 4.3 mW (8.19)

Ï�Ð S�VÁÄ¬F MOS-FET3 ¨ MK:O�PWQC� V0 = 1/2VOD
È `�a È F External load 1 ¨

H�I�ö�R 20 kΩ �·Ç MOS-FET3 ����Z External load 2 �GÍ�k a P�Í�RF
IB =

−10 V

20 kΩ
= −0.50 mA (8.20)

È l a ¨¬>¬F MOS-FET3 ���3Z External load 2 >P¨NJ¢�^·R
(VOD −V0)× IB + V0 × IB = VOD × IB

= −20 V×−0.50 mA = 10 mW (8.21)

��¨;BUD � � R External load 2 >�¨NJ¢b>¬F K�L >·ß a}
O�rJ\+¥XF;2 À 4�V node 1 ��]�¡)Çï¨NJ¢�^�R

(4.3 + 10/2) mW node−1 = 9.3 mW node−1 (8.22)

È l a�} úÞÊJË;S�R 4 node 2 À 4�VE£P])Ç÷F�i�¥US��Uk�£ 4 ÊJËC] a ¨�>¬F SXI ��[b>¨1���¤S¤� a NJ¢�^ QAMP RF
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QAMP = 9.3 mW node−1 × 4 nodes chip−1 × 4 chips

= 150 mW (8.23)

È l a}
O�rJ>����.¡ �bÄP¨U¢�Í�@�F.N.¢��G��� `�a È F TCAM = 20

◦

C ¨ È ß�¨�J¢�Í�@.^
Q(20

◦

C) RF
Q(20

◦

C) = QCCD,rad. + QFPC,rad. + QPole,cond. + QFPC,cond. + QAMP

= 150 mW + 120 mW + 1170 mW + 410 mW + 150 mW

= 2000 mW (8.24)

È ��É)¾P¥�k aZ}/
8.3 S 0)VE¡J¨JRUFZg���� ú �J]J¡�Ç�S¬] a ¢�F:G (Heat load) £J\J\�Ã¡ È ßïF	�
 ��� (TCAM=20

◦

C) SZT!VÁÄ cold head ��zïkP«��Zg.hb>·ß a \��GFPg���·¨���@�P@<£ 5 W, 10 W, 20 W _�k�E�kP¨ È ß�SU����¡�¾�¨¬>�] a}
m��GF Q(20

◦

C)=2000 mW >�] a \j¥ F�g����'ú��.].¡jÇ 1000 mW ¨E¢;F�GP£.\.\aE} ��ÃÁÄ / 8.3 �bÇ÷FZg���� A ����_�k�Ek 10 W >���� ` k�Û�� 
 �J��SET+V ∼ 155 K��������� a � È £¬>bß aÁ}Z` l�uPD�F cold head R ∼−135
◦

C �U>�g�h�>bßàF��¦k�R CCD£�������� −130
◦

C �L>¬gJh����>P] a È m�ã aZ}
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Fig. 8.3.— g����Ñb¨U¢JF�G�ST%VÁÄ����>·ß a ��� }! �" £�g���� ú ��]�¡+Çï¨U¢JF
G·¨ZØ+ß�i�F�# " £$� 
 ���P\)¥G¨���.ò È VÁÄL��VGÄ�m aZ}
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8.2. vPw���@ � S¤� a CCD ����¨���� �
8 � SXI

c�´�µ d.e�f¬¨���Ì

8.2
	 
 � �  � � �

CCD � � � � �
n�o������J¨������! #"%$ µ!&(' £*):D,+U¡G���!�.- �;�0/!13254¬¡76983:3;�<�: '

R>=�: R?"(@A4(BDC¨ È ß.��E�F��(G�HJI0K�L,+M��NPORQ5S ' I0NPOP"�T��7UZð!VPW*X��254(B983:3;�<�: ' R?"(@A4�Y*��E�F���NPO5I.Z,+\[�]#^R2549_RW*�!Y!`5a�"cbed\f�W3_g "h��i!jk"�NDO#I X l�m�n3oA_�p�qsr�"�t�u�[v+�fkwyx{z*|{}*~�4hB{C�_{�#w0���3�"�� CCD "!�J�(_5�5w\�����5}���uv���{4��R�{f�U��*�����A�(��"A�*�h[����J���#��_�s��w��{I0����WR����2{4�B

8.2.1 �%��� �J¡£¢
NPO�¤�_7¥(¦�@7§�"��#¨ª© OBL «��h¬ CCD }��®#¯��3��Us¨ª©�®!°7±�}*²!³#¯c´vµd¶����Us¨�·\[*¸!¹Af9U!ºc»!¼�254\xDz�|�}�~J4cB¾½�¿�WACh_D�Dw.�!À(ÁD}�ÂÃC{¨ÅÄA4��I¾��ÆP2{4hB

Thermal
shield

Mirror

OBL
Al
Polyimide
Al

CCD chip
Substrate
CCD plate
Cold plate

{

{

Sunbeam

] SXT

] SXI

Fig. 8.4.— N�O�¤�@�§�_hÇ7ÈJÉ
NPO�¤D}�¥(¦�@7§£·(UA��µ�_�Ç�ÈAÉ�I0©PÉ 8.4 ¯¾Ê�2�B�NPO3_�p5¥hË{º ∼32′ W*© SXI_hp!q�_�´Ãµ�Ì ∼ 34′ �cÍ�Î(ÏÐ·(Ñ�_9WR© SXT ¯D�9�([�Ò�¤ÓÌ(��UhN�O*¤Aºh©�É 8.4 _5�w.¯ Imaging region Ô�ÕAI�Í7ÎhÖ9×{¯¾Ø,�MÙ�Ú�Ò7¤vÌ¾�3UcN3Oh¤#º�f(Û OBL ¯0Ü7ÝPÙ�ÞcÚ

OBL ß�àDWP_�x�p7¤vá!â#ã�ä�å FOBL W cm−2 º
FOBL = FSXT × EASXT

Sirrad

(8.25)

�.��ÞcÚ�æ7æ0W�© FSXT = 0.14 W cm−2 º¾m7n�o�WhÒ7¤PÙDÞ¾ç�_(N3Oh¤Já�â�ãcä�å�© EASXTº SXT _�xPp!èk_h~�é3à�ê�© Sirrad ≈ 25cm2 º OBL «k��¬ CCD ß!W�_�NDOR¤{}9Ø�§DÙÞ¾à�ê�WPëPÞ�Ú
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	9_��� 8.2. N�O�¤��!§J¯D�9Þ CCD ���#_����

SXT ¯�º��������v�\_��!§{¯P�*Þ��������! 5u�Þ#"�$!¯�%�&#'�(*)�&+(-, }/.e¨1032� ��[�«Ã¨ ©!æ��3¯3�c��[ SXT _0x7pR¤{¯�4�ÙPÞ.~Ré7à7ê�ºc©65�79à�ê 970 cm2 8 ∼ 1% Ù�#9
: EASXT =9.7 cm2 ¯7�PÞhÚ
�7�/; OBL ß=< 8/>@? ¤vá!â{ã*ä�å3º

FOBL = 0.14 W cm−2 × 9.7 cm2

25 cm2
= 5.4× 10−2 W cm−2 (8.26)

�¾�PÞhÚ
æ 8 �{w\��A�BC<9©�����¯#D�Ñ�;#E�êÃ�RÞhÚ

8.2.2 FHG-IKJML�NPO
OBL Q CCD R�SD} >�? ¤T�VUVW�Ù5Þ{� ©�X 8�Y�Z (
[�&!ºPr!\@<��A¯^]_9%¨ª©0®!°ß+`T��acb Ú�d�egf�h 8Pi â�j�(P¿�<3º�©�k�Õ 8�l�m º+nA�^;�Ñ��7Ñ 8 <*©�o�p5�h®!°Dß

`J¯D��Þ CCD |Dz 8 ÖCq��9�/r�s#º7ÑCt9º!À(ÁA¯!�k�\�!Ñ*Ú5·¾��·¶©*®�°{ß/`5}Pë_tv¨¯(´sµ�Ñ��*µR¯!º�©*¸�¹�Q OBL u 8 »�¼��k� ©��=�5}Vv�w#��d=ex�y. ¨{z£·+"�|s�/}�~·(�!Ñ*©7´sµ��@�=�=&������PÙ��J���D�P��ÑRÚ
OBL ¯V�=�*qg��¯+��§,·y;Hb0Þ�� 8/��� Qin ºh©

Qin = FOBL ·Sirrad = 1.4 W (8.27)

<�ë�ÞhÚ OBL ��à 8 Al ¯{��Þ���§��kº 90% ½�ß�� 8 <9© Qin
8 w+: OBL <�U#WvÌh�#Þ8 º�´Ãµ�b�; 10% ��°�©CD*t�¨ ∼140 mW <Pë3ÞhÚ������J¯D�7�/; ∼2 W 8 �5}�U�WvÌ�5ÞPæ3�/����u9����©{æ 8 �!° 8 � 8^�g� º�� � UVWkÌc�R©7À(Á%�0�k�\�7Ñk���PuPÞ(Úgt

"h© OBL Ô�Õ 8���� �Aº Suzaku/XIS 8 OBF 8+�g��� �y��ØPÙ{Þ�� ∼ 10−5 � 8 <9©5¿� 8 CCD R=S*<=���*q���¯�U�W�Ì��{Þy� � º ∼0.01 mW ½3¿v�¾�Ó¨{��p@<�µ�Þ�Ú
½�ß��s� © >�? ¤D}�¥(¦g�7§£·�;A��©(®!°� �¡�¢ 8 �!��º�£���<3ë�Þ{���PuPÞ(Ú�æ0�º^¤!n�o 8 %@&�'#(3)�&�(¥, 8^��� �D}�p�Ì¦bª© OBL ��à 8 �7§=�D}�{Ñ�«!��§�<3ë�Þ(Ú

8.2.3 ¨ª©*«
>@? ¤_��§
q�<��.© SXI 8 ®�°� �¡k¯�ÀhÁJºV�¬bª© OBL 8 »�¼A��� 8 À�ÁJºhÂ£æD��7Ñ*Ú�Ö��<*©#æ 8 ��µ��7§PÙ5Þy®���¤D}�¯ 8+° µ�0�µ��J�/�\ÂÃæ0Ù�xDz�|Ã�hë�Þ(Ú�æ0�º/±�| 8 ��Æg²�Á3<Pë3Þ�Ú
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9

�

�����@<3º�©���� X 	=k
�g��� Astro-H ¢����Ù5Þ CCD ���c� SXI 8��������38 Ö
\��7·�;R©����#ß��,ã�ä��!â����x, 8 ��! � ©@����â����
	 8 �� �^n#"#"�Ú

SXI º#æ%$3tV<'&A¨�(*),+.-{Ñ0/�1�u �2+�D CCD <�ë,354*X 876'8 9 ° ��:Dµ 8 Ù
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Appendix.A. Li ������±�� Si �	�_��ï ð ñ }�ª � 6�
� ©�� � ¤ z � 9 � �@½SÝ����
Appendix.A Li

����� ���
Si � � � �  �! "$# % & ')( *+ , - .

/103234 Ô CCD 576 
8� ©9� � ¤�: ( �<; � ) 6 è1=	>@? Ý ùBA�¯ Ï 6 Ô Li �C���±�� Si �	�_��ï ð ñ (Si(Li) SSD)
ò îED 
� ©�Ì�Í�¤	: ò ¿�F ACGIH D8J Si(Li) SSD

4K7L ö µ9M7NPO 6 �CQSR 4T2@U�V F � Ô
ÖfØPWX�ZY�Í[6KÒ�Ó\N^]`_ V Fba�c[de±fe`N�Ì�Í�[D"02Ý � 2`U D8J
A.1 g h`ikjmlon

Ì�Í òp4 ORTEC qpr Si(Li) SSD(
�

1) N ª F 6 J

Si(Li) SSD

Fig. 1.— SSD
2 67Ì�ÍsIt1u ¨vN ª F A�õHö ò ì1w ù Ô Si(Li) SSD

ò
-1000 V 6yx@Õ{z[|	a�}7~�N 4 _6 J SSD 6_É���|@È�É ð�� N�b�	�	�	�7� ñ (shaper)
ò�ô9� ÔNÎp6 ð�� N A/D �p� ù Ô

Network MCA(Labo qpr MCA600)
2C�1� ù76 J

Ì�Í 4 Ô (1) X ����� (∼100 keV �S� ) NP�`D 6�� 6��3�	z[�ÛÔ (2) γ �E��� (∼2 MeV��� ) N���D 6b� 68�I�Sz@�86\��� % 2y�{� 6 J{� �I�C�T p¡1¢ D shaper 6E�Sz@� 4 750£p¤
30
£92y¤ �p�[¥	¦ 4 F � � ' 10 µs § ù�6 J 252Cf 6Ea�c[d©¨fe�ªp«[68¬ ¤ (1)

214E® e`¯�W�°S±�6 6p� X �	² 55Fe ³{´�µ 109Cd N8¶IF ¤{· 6 γ �	² 60Co 6¸ª	« ' �\� 6 J
(2)
294

γ �	² 22Na § 60Co 6�abc@d¹¨ºe ' ª	«¼» ¤ 0 �7½ ´ � A  ® e`¯�W�°S±oN �\�6 Jbª	«S¾�¿�N^À 1
½�· § � D8J

A.2 Á¼ÂXÃÅÄ
ª	«©» 6 apc@d¼¨ºe�NbÆ 2

½Ç7¢ J � 2 � 6 abc@d¼¨Èe 4 2 ¤ �1��6.09§PÉbÊ 4 D8J
• �  ® e`¯�W�Ë 294 252Cf § 60Co 6�abc`d¼¨ºe 4 ´�ÌÎÍ A FID¸J
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� 9 � � � §���� Appendix.A. Li �����¼¨�� Si 	�
 t����� N�¶3F��������������	:
• �  ® e�¯pW�Ë 2E¤ 22Na � 60Co 6papc`d ¨Èe 2I4�� } �CWId��"!9�$#¹¨�� &%('ÉT�*) � DCÉ ¤ 252Cf

½p4 �+) �9V FTJ
• 252Cf 6�abc@d¹¨ºe 4�,�t.-b½bV/ )10 2T¤�2oU 68��35476�8 -y2:9 D8J
��;�0<) ¤ 252Cf 6 γ �3abc@d¼¨Èe 4�= ��> 294pV Ì ¤�? É � ��abc`d¼¨ºe�@�A N^OB�C § É�Ê03D�J C �94 252Cf 0D)b§E4 ½GF �IH � D��J���9É Maxwellian

2K? É � A F9DC §¸N�L�M �:N reasonable
2�9�OQP J · � ¤ ��W1d ¤1�%�' @RA\NTSpF A 4 252Cf § 22Na� 60Co 6ba	c`d¹¨ e 4TU Ì Í A F7Db6 2�¤��1� H � � 252Cf 6papc�d¹¨Èe 4�V\½ γ �`zW �o¨ NB� A FID`§XLMI) � D�J�Y 5 Z 294 CCD � 2 6	z W �o¨ ? É\[ 6�]@F 2:9 D�^_

γ �7z W �\¨a`Xb¹§ ¢ C § É�cedT�TÉ ¤Gf ªp«:c�g C(h ´ P1i�jk g(l$mon�c 9�p�q �B�h �Q��� c hrC(h ´ P1i¸¡�s h ]utg ¤:vrw(x�y nr`Jz:0 ¢ C §{c CCD `R�G��� �Q�� §b»G| ¡ ¶�cQd p mrnK�&` Ço} »J|�t p�q

Table 1— Si(Li) SSD
½ ´ p ������ªS«�	² 55Fe 109Cd 22Na 60Co 252Cf��~`� 750 750 30 750 30 750 30� ��o05) h(��� (cm) 0 5 0 0 0 0 0ª	«7¥�¦ (ks) 1 1 25.6 1 20 1 20
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½ ´ p 252Cf § °p±S�p² h��
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