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D�E
100keV F'GIHKJ MeV LNMPO"LRQ%SUTWVYX[ZR\^]0_^`^aUbdcfeNgihPj)kPlKmRn*L)oKprq*stLvuw h%x)yzqi{N|~}i���>�%LR���KZK\KhP�R�,x>yzqi{N|~}W�dLv�R�K�R�K�%�N�R�YX w G�F^bW]%_^`a��W�d��a[�^_����[FY��h�`�L��P�KO%���d�N�0�) ~_U� 100keV F�G 0.75MeV �~�Nh¢¡K£P�K�*��P¤f� 0.75 ¥ 30MeV �~�vh CGRO ¦R§*b©¨Pª�«©¬~ COMPTEL L�ZP\z�> )_U�*`�Lv�¢�ROz�>LQdS©TNV®at�¢¯0LU°d�v±P²R³>´^�~µ)SN¶·s¸Sº¹P»d�K >_v� COMPTEL �)µ>SW¶'s¸S�¹P»0LU¹P»0QSUTWV*L¢¼dX0aKG¾½WhP¿)À¢ÁKÂ*L�Ã>Ä0�,aKG¾½�GÅ¬)�PF0eiK¢Æ~b�hRÇ·qN{>ÈPy^É>S9ÊIË�Ì0�WJÍ �~�P�®ÎÏhPÐ%LN�R�RO·c0Ñ 1 ÒRÓ0¤NÔKÕÖ�¾FW×>Øz�*Ù��RFde�i�0ÚP�hPÛ>Ü�«U¬^�ÝKÞ"ßf�N£à � 32 á~�) 9ÑâhRã%äzÎ CGRO ¦¢§%b©¨¢ª�«[¬ GeV M¢O9X�ZR\'�© EGRET �NÛPÜ'�U©£ à LH�c%Ñ 1 ÒPå0�P¤f��¾F"�thUÁRÂ0L©ÃPÄ"XzaPGr½~_zaæhUçRÂ¢è%b¾éPêRëzì)X[íiî*b[ï¢Ý^�dÙ�_dð�½Kb©hUñ>k�ò*ßW�vuó bzcdÑõôRö*ßi� Compton ÷Wø9S,sºX¸ù5aºú%_U�)û~`©��ü,ýW�©¿KÀfÁ¢ÂYXzaPG¸½~_�fÆ>bUh*þ�{ÿ ���PÁ������9X	��
�����^Q������� Micro Pixel Chamber(µ-PIC ) X	�z¼��d�Ra¢�©�h Time

Projection Chamber(µ-TPC ) X��NÛ·�¸gR¤~_v� µ-TPC �fLPQ��zX Compton ¹¢»*L©¹¢» à a¢�ºh
µ-TPC X�������^S��! ¸}�"�}f�N¹R»$#tV9XdaKG¸½^_ MeV #tV&%�'RyKX)(R³®�UW�dû%�¾g�hz÷ø,SYsÏè%L+*�¡%�-,��PØ"b©Ø�.5�UW�9`NLdc^ð¸� MeV #æV�%�'Ryf�^µ�/�'f}�"N�+0P�0�R¤)L���h¡R£R�P�,bfìR¤¢g>¤~_��çKÂ"L21KÕ Í uz�>ì�3>LK¢Æ~bR��hR¿RÀPÁRÂ"L�¿KÀRë0ìzX)4�5"b%a>G¸½z_^`~a¾�+0R��6f��7^� >_v�9�©f�zevgih µ-TPC �N¿KÀfÁRÂ%L28�9z�NÃRÄ"X):"_~`)a��+0¢�d�> >_v�N¿KÀ¢ÁPÂ%LPQ;�<��~L;=�>��&?P}A@�B*��h�C�DRÁ�E�FRÂ (MIP) LUH�G�HKÕd�~ ~_��,`©¬'G©L2FRÂ�Xda>G¸½z_PbP�NhQ;�JI�:9X	K�L*LAI�: (6 × 103) LvH�G ( ¥ 2 × 104) bW]0_M0P�0�> ~_��JK�L%��h�NRÁ*LKfÆ+I�:� 104 O 3R�>Lv�R��PfÝ�QRkR³0��RÖ�¾¤f�ûd`v�ihPÁ������&SJTd�VU©L-W�X,ßf��S+T5a�h�Y<Z-[]\��®a_^0¼`<aPú~g�kP³�«[ú*_©ë�b*LA�c Ñed^¤�h-Q~�Jf;g'�©N�[Á����;�<S+T·af�¸g>�Uh anode a cathode L�h)X	i�j·��gR¤)_kl/Å÷&mÊrX)n ÑrËR¤) µ-PIC X�oP³Ö�vW�%ÚfNh�YpZ-[]\��ÖaP�[g Gas Electron Multiplier(GEM) X
^0¼`<aPúPh MIP L�Ã>Ä,XM:,_¢L>b©J Í �>Q��+I�: (> 2 × 104) X¾×KØ5�Ui�JqsrNV!m+t�};uYSLUÃ>Ä~F�Gwv�Z Í u~�^� 370 x m azy0ÆYGÅ¬^W�ü9ýW�Uh COMPTEL L 10 G0LUÔPÕ,X<{z|®�¸gR¤~_U� 10cm 1 µ-TPC X¾´~¤K MeVγ Vp%�'PyXU��Û'�¸gdÙ�i�Nh&{z}®a�]^_¸Ô¢Õ"X�é¢×)]z_ibf�-6iJ Í �K R_U�[Ô¢Õ"X23�~R_��ÆKbf�©h µ-TPCXM�����z]0_A0R�%�) ^_�� µ-TPC �f� Compton ¹R»d]%_©çRÂ,LvH"�Nh µ-TPC L à�� b���~]_U�NçRÂPè*L©éRêRëdìKLUïPÝ*b¢�v¿RÀfÁRÂ%L;=�>W�&?f}~X��,_M0¢�d�> YÑ h µ-TPC ���N¿KÀfÁRÂ�J*¢¡*b�=�>i�p?f}~X�ùÖaW«v�R¤,a¾¤����R¤i�K�L0� µ-TPC L�z÷;�)� 10cm×10cm×8cm �> _N��h à�� � 30 G"b��¢¬��vh�K�L'cdÑ� 4 G��d¤�=�>i�&?¢}RLv¿KÀ¢ÁRÂYX µ-TPC �W�;*�¡,bM�Æz_~`^a¸�K�*Ùf_�� threshold ��UWX-�J�~]K¬]��h µ-TPC �f��*¢¡"b;=�>i��?¢}^X¾ùÖa�]iÁKÂ"LH%�Nh;K�L0L 3 G"b��z_U�����Öa¢�[gWh 100 G¢� ÎõÔKÕ^�)ì�3¢]d_��û>`¸�Uh¾ÚM� 30cm 1zL µ-PIC X_(�³Y� ( `r¬>ÚU�P� 10cm 1 ) h�QP�-f+g%X�d)e�[� 30cm 1 µ-PIC� à �R� MIP L¾ÃfÄ%X�:%_WL�b¸J Í �¢Q+�2I;:*XÅ×fØ)�zÙ©�iFRe[fLN��h��J� GEM(23cm×28cm)X�Y]ZA[p\+�5aP�¾g^0¼-`<a¢ú)gikP³Y«©ú^i�^ûPL2���Kh MIP LUÃ>Ä"X):,_fLKb©J Í �RQ;�JI�:X+���©×RØ®�©W�>û%��gWh 30cm×30cm×15cm(�>ê"ß¢b¢� 30cm×30cm×30cm) L µ-TPC ���+���� a¢��gikf³)]z_~`>a�X	5����U��d`NL µ-TPC X;�^S)�l ¸}�"i}"aw^�`Kú%_>`)a��Wh0c0ÑõÔPÕL��%¤ MeVγ V�%�'Kyda[�~_^`)a¾�NÜ&�~ÚN¬d_��
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m
1 n MeVγ o p q

100keV r8$ts�u MeV ñ�v>wµñ�Õ�ÖM×Ø%7:x�0
<)(zy�ô��RQT{�|=}T~�M�������ñ�â�� ø�Þzñ�X��I}� ú&øJùI��áD�����µñ����Kx�0K}���� � ú&ø+ù���á=�pñ�������é����D��Ô87���$:rz�=<#(zy<ô:�� ólô!�R(I�j�!r���}jyñIv�wsñ�Õ&ÖA×+Ø������)r8$�H��µñI���= K��¡D¢%7�£sô,¤�¥�¦�§D¨)�f©ª  �«>(D�T}>¬�KH��%7:®�¯R<#(Ry�ô��� �«���°��%yñ�±�"=}�x�0z<#(>���IH��µñ��R²���(f³����´
(f�K��±�} X Ø
µ ��¶>· ��¸�¹ · ë�s#�fº»�j¼½}�e��,¾�¯
¿��>À�°�ÁI}I����Â�Ã����fÄz�R{I±
Õ&ÖA×JØ�ÅKÆ
µ�Ç�È-Ø$ô�É�Ê�Ë��¾ô�ñIÌ�ÍKN
ÎR��¥��)Q�(A÷!øù�ã�ú<û�ÖVüÏ�DÐ�Ñz<#(>±>"z��x0R�DÒ�Ó���ÔIÕ)�Dv>w� #4D´K(I�
1.1 γ ÖØ×ØÙÛÚÝÜ
1.1.1 Þàß�á�â%ã�ä�å#æ

CGRO É>Ê��RQT{I|�x�08ç!&R±�Õ&Ö�×Ø�Å�Æ������I} COMPTEL �)Q»G�è 30 é [1] } EGRET K�Iè 270 é [2] Ð�Ñz<)(I��Õ&Ö�×Ø�7êÅ�Æ
<#(,�����>��}sÜ�Öêëµù!ÞìÊzµ AGN ô,°»{D±�4-ñ�í§� K�î¼ï}�ð»ñ�ñ�QRò!�=ó>�#��4ñ�4'ô%��&K|K°R(I��ç�$���}�õKö�÷� 
�Ix�08ç�&K|K°���°Dø�ù1����R�Ds�úû¼ü´jG½} EGRET �RQ�(,x�0R z� 170 é��»4'9)ýT�
1.1.2 þ%ÿ�����æ����	��
�Þ ß�áKâ%ã�ä
ÕµÖA×+Ø�7:ÅKÆR<)(���)�Dú�sKx�0jçf&#(����) D}�����Â�Ã��)r�$�ñ�ÕµÖA×+Ø�Å�Æ 4êx�0jçf&|�°»(�� COMPTEL µ EGRET ñ�Ã��p×»øÝ>�RQ#G½}>����Â���Ä ¼�Õ&Ö�×+Ø�ñ�Å�Æ»�DÐ�ÑR<)(I�
sub MeV � MeV ñfv>w����K°>|K�I}Jê�ë��RQD(���M�Å�Æ ô eVÜ�Ö+Ý!Þ)Ö�g�h��RQ�G½}���ñfÅ�Æ��� G����VôTç!&>}���ñ ��!&ù!Þ½�z�#"û¼%$��»çf&K|�°R(����±�}�����Â��fÄz�»(êÅ�Æ)�'&�(�æT����!&ùlÞï��7*)+��42ñ�í�§T ����à¼ } 1.8MeV ñ;Õ�Ö)×Ø�IÄ ¼ W-, �:|�°
(
y�ôê��x�0�ç,&R±���y:&R��} .�/�Ê�0�1&ñ 2
�4365�7����RQ»G%8:9f± 26Al( ;< � ∼ 106 = ) �RQT(
4ñµô*>-?%$ü&�|�°R(���yñ 1.8MeV ñ=À�°Iv�w�ñA@>�>� Cygnus ñ)Qzòê�Ê-8K�µñI~�1���v�wà4'ô%�I&
|��îG½}6.-/�Ê-0-1¾ô�Ê-8��$ô�ñAB4C%7ED%(F)��rîG�ñG�H��ôTçf&|�°»(��
���R �}=����Â�Ã����fÄ»� G,7I)���Õ�ÖM×-Ø�Å�Æ���}D����Â��f�»°I���pñ MeV v>w�ñ�Õ&ÖM×Øx�0����
°>|z�-÷!øJù�ã�ú<û�ÖVü�ô!�»{�|����#òÏ�

1.2 γ ÖKJMLONQPSRKTîÙVUXWZY
1.2.1 þ%ÿ\[^]`_ba�c�d-ef�6�	�hg�i%Þjß�á�â�ã�ä
Õ�Ö)×Ø����>�6jlkDí�§T �� ¼ï}I�>��j>�zr8$�4.©�m
<)(f�)y,&8$:�I}�Ò�Ó��En ¼�ñ AGN ô Ia

ð�.�/�Ê-0-1��)Q�(
4+ñsôTçf&>}�l#� MeV v�w�� �
°�|z� Ia ð-.�/�ÊA0�1lo�m�ñ�ÕµÖA×+Ø)�#p
3



q �!|�°»(pôTç!&#( [3] �yñf�>�6j��zr%$	ñ�ÕpÖ)×Ø�r�s>Å�Æ�4'} MeV t�uEv�w�x>0����z§�(M÷ ø2ù6x;ú�û�usü�ôê�z(f�
1.3 y ÙVU{z |~} MeV ���~� Ö
1.3.1 ���^�^�\�

.�/�Ê-0�1��� K�I}��T®�ñ�Ê» K��N $ü&K��° Fe Q)G�4��)°G365R��N $ü&)(��*>�?�$.&�}G���)�
365�7��\�4���f�Tç�
|�°��I�%y#�#3�5�7-�^��2��!ÅKÆ��#ù#���`���f�����>±6�D}��-���8A�8ç
�+ �Å�Æ-�)ù#��¡�¢���'£\t�u'v#w�¤#¥-¦�§���4¨©Iª�«�¬ ¤� ¬ �¯® ¬ j�°E�~±�²-³�����´� ¬ ¢µ� ©*ª�«-¬�¶ �¸·-¹�¤�º��A»-¼�´ ©Iª�«-¬ �
·�¹�¤�½:¾À¿Á����¨lÂ���� ÃE´ ©*ª�«-¬ ��ÄEÅ�Æ+Ç4ÈAÉ^�'Ê+ËH¤#ÌÎÍÐÏ�Ñ�²-³�ÃE´�Ò+�\�GÃ*Ó-£Ô�Õ ¤#Ö`Â�¾À×�Ø�Ù�� (Ia Ú�Û�Ü ¬ ×�Ø ) ¨�Â�� Ia Ú-Û�Ü ¬ ×�Ø�¤#Ö`ÂG�\�¸´ ∼ 0.6M� � 56Ni ¤Ý �Á§��\� [4] ¨lÂ#� 56Ni Ç4´

56Ni → 56Co → 56Fe (1.1)

�*³�Þàß6ál°'Ù��+ÂA�*¤#â��ã�A²6ä:¾å´ Ia Ú�Û6Ü ¬ �æ�ç�è4é�Ç�Â�� Ô�Õ ��ê�¾ìë�í�§E�A²�³+�'¨îGï ´�ð�ñ^�E��³ ¬ ��òó\��ÒH� Fe �+ô�õ ¤��AË�ß�á+Ù��+ÂA���ê�¾�ÖµÃG� II Ú-Û�Ü ¬ ×�Ø���ä
³�²^�I´ Ia Ú�ö�÷¸øÎÍ�Ç�Ï-³�¤ 56Ni ¤G�f������¨Gù-úA´ II Ú-Û�Ü ¬�ûEü-ý ���A²H³�� SN1987Aþ æ-ç�è�é\Ç 56Co �+ê Ñ4²�ë�í�§�� ´�ÿ� 4´ SN1987A ¢µ� 56Co

þ ß6á����:Þ¯£�������é�¤#¥�¦
§��H²�³��'¨û Â	��Æ ´�Û�Ü ¬ ×-Ø�¤GÖÁÂ�� û ´ ¬ þ òó�Å�¢µ�¸��� þ ò��
�¤���H§'���6 6�G´ ¬ þ����
Å þ�� 
�Ç4ß�á�Ù\�	����Ï~Í ´�È�� û ò'��
µ°���:±Ð´\ò'��
��Aø þ�� 
A£ û Ï��#¨�Â þ ê�ÞIÏ� 
A£^Ç������ÆHÒ+�� ��G´ β ß�áµ°� b¾"!�±#���\Ï � 
-£��6Ï$�^Þ û Ù\�#¨�Â þ ê�ÞEÏ��&%\ÇÔ�Õ ¤('�)\�+*$,�Â û ¢�� r �&% û�-�. � ´ Fe ê�¾#�0/\³1�2�Ç�Â þ ��%^��ê�¾ Ý �µ§��� [4] ¨
Â�\ÿ�Æ þ £��3���Gé þ ¥�¦�¢Á�¸´�Û6Ü ¬�4�5 ���&6���7#��¡�¤(8�9+Ù\��Â û ¤:&;µ§�H²-³

�'¨	<\� 26Al Ç>=�?�@�AA¡\��B�¤�ÑG >C&Dl�*¥�¦�§�A²�ä	¾ ´lÂ þ�E ç�C�D�¢��¸´	÷ þ ê�Þ*Ï1
2GF-��¤GÖ�Ã�²�³��#¢ þ�H �µ�JI�¼µ���H²�³��4¨

1.3.2 KML3NPO
Q�R	SUT Ç�V�W�XY�Z6æ�Æ4ð�ñ\[�]�³>^G_ þ Q�R�` °	��±*²�³badc6¡+Æ-Òl¾ ´ÌGe�Æ�fhgHÙ$aI¹i
∼ 1.4M� jlk�m ∼ 10km

þ ò�n�
 ¬�ûIü-ý�oqp ²�³$a'¨�ò�n�
 ¬ Ç E ³rGs (∼ 1012G) °dtlÑ
²�ä~¾ ´Gr�u�v�w�Æ þ �&6�¤xfygM[�ê�¾{z ý�|	p Ù�a�Â û Æ Q&R}` [6Ï�a4¨lÂ þ ê�ÞEÏ Q�R�S�Tþ Þ>~´\�\�+�#é�°��&6	±�²�³$ab� þ ¤�U�-¢zU�-¢�Ñ�²-³Ua4¨

1.3.3 ���3�����3�P�b�}��OUL
�$� þ

30 �b�&� þ ¹ i °�t$�^ê�Þ*Ï4ð-ñ�[�/�³ ¬ Ç4´ II Ú-Û�Ü ¬ ×�Ø þ>� ´$���$���(� T(R [
Ïba û�ü�ý�o#p ²�³Ua¨����&�>�(� T�R [6Ç ‘ ù�� þ���� é ’

û ³�Þ"���6é�¤AÒ�¾ ´&� þ Ä��\[��^Ñ
²�±#ÿ^Þ û V&r�WÁ§ ý � � [�Ç&� oqp Ï-³ ¨	 �Ñ�²G´3�b�$�¡�(� TR f#¢�°�¥�¦�Ù�a+Â û Ç6Æ^Ã
Ï-³ ¨Á±�¢�±Ð´��&�$�¡�(� TR ¤G ¬fû ® ¬&£ °�¤:±�²A³Ua û ´� ¬ ¢ o ·-¹�¤U�&�$��� T¡Rþ ï ¶µû º p »�¼�½(¥�¦�§�¤�¨&¤�§ p ´ÁÂ þ ½¥�¦�§3[�ê�¾ X é&X$�\�+�#é�¤��&6�§ p a�¨
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© 9 þ û Â��´}���}����� T(R <�ª þ�« ��¬GÏ(	®�¤8G9	±IÏ�³�¯	°�´ ‘ ���U�>�>� T(R ’
û 7>�

§ p ¯�c�¡^Ç6Ï-³6¤ ´3� þ ¹ i û²± ÿG¢�Ï ± Ã-§4¢ o ‘ ���\��(� T¡R�³�´ c�¡ ’
ûJ-b.�p a�c�¡

¤�����¢¡8�9~±ã´�ò�ÆM� Cyg X-1 Ç� ¬ ¹ i þ � þ û ±I²+Ç�µ¶��â o0p ²�³}a�¨
Cyg X-1 ° ÇM·�°�´3�&�\�(��� T¡R	³�´ c-¡�Ç�)~±�³�¸���¹�ºl°�Ù\a�Â û ¤#â oqp ²A³}a�¨\ÿ
¯#´$¸b�¹bº�[��\³ `�» �½¼ R � ± Ã�Í{¹�¾�±�´�¿ keV

þ
X é�Æ�íUaµÍ�Ï$a Soft State

û ¿}À
keV [$Á T ��°�t}� Hard State

þ�Â{Ã�Ä�þ �+°JÅ�ÃqÆHÙ�a'¨ Hard State Æ-Ç4´#ÓM¬ Ï+V�
 û þ ô
��Ç½¼J�²È�É�[�ê�aJ¤�C}Ê(Ë�Ì`±�´ Soft State

þ `�» �Í¼ R Æ-Ç4´�½�¥�¦�§}Î o þ+Ï�Ð ��6 û ´�ð
ÓM¬�Ï>V�
M[�ê¡aHô&�Ç½¼d�yÈ�É$Ê�Ë&ÌHÙ\a4¨�ÿ	¯�´	÷+~ o þ>Ã�Ä [�äA³�²3��´ X/ �3���GéUÊ(Ñ
¯�³�Ò�Ó ` ��Æ�ô}�(ÇÔ¼J�#È�É (Compton reflection) Ù\a�¤�C$Ê8�9HÙ�a û § p a [5] ¨
½¥3¦�§ þ Ä���Æ-Ç 100MeV %6ç þ¡Õ�Ö R$×	T °dØGÙ	±�¯ � 
�7�Ú}Ê(Û�Ü	±¸´ Ý ¤l§ p ¯ π0 þ

ß�áM[�ê�¾ ´ 70MeV vGw�[$Á T �6°JtU�\ê�Þ�Ï4ÓM¬GÏ�������é þ ��6}ÊHÒ&a û § p a'¨ π0 [+ê¡a
��6^Çb���\��(� T¡R w�Ý þ�E ³(/+Ë	s�°�Þ�ß û Ù\aG¯�°�´M���\��(� T¡R ÆHÒ}a+Â û þ�E ³
®3[6ÏÁ¾6Þ+a�¨

1.3.4 àxá}â3ãåä�æ\çéè	êPëÍì3�P�b�U��OUL

�&�\��(� T¡R Ç>/�Ë þ ¼�° üAý a û ´�·�¹�°¡��³-»�, . Î	¾ÐÆ(íî�¡�Uï#Ï�³	ðÁ±�Î�± i 
&ñ
° üAý [>� p a û ´����U��� T¡R Î ohò 6UÊ+ÒHÑ4²M��ó�³ û ³lÞGÂ û Ê S.Hawking [�ê�¾"ô�õ
ï p ¯ (Hawking

ò 6 ) ð�Â þ Hawking
ò 6�Ç
kT =

c3~

8πGM
(1.2)

û ³µÞhö-ç�ÆU�������� TR Ê#Ó��&6	±+� þ ¹ i °d÷ o Ù4´ û ³µÞ� þ ÆHÒba [6] ðÁ±dÎ�±Ð´ ¬ þ
*�¾M[�ê�Ñ#²�Æ�Ã¡¯�ê�Þ*ÏU���\�(�� T¡R ÆHÇ>ö�ç$ÊøbÍå´Gù�ú�Ç�û+ü�ÆAÒ}a+ðî�ï ÆG´GýMþ þ�ÿ _M[�Ç4·-¹���ç þ�� o�� [�ê�¾ ´�ð-ñM[��Íï#Ï}�b�$��¡� T¡R Ê-Æ^Ã¯ ûIüý�oqp ²A³}a (primordial black hole) ð Hawking

ò 6M[�ê	aG�&�$�¡��� T(R þ��	� Ç
τ ∼ G2M3

~c4
∼ 1010yr

(

M

1015g

)

(1.3)

û Ï$a [6] ÊG´Gý3þ�
	��Ê ∼ 1010yr Ï þ Æ 1015g �� þ ¹ i þ � þ Ç���[�����±�²-³$a�Â û [�Ï
a�ð� �Ñ²�´ © 9 4 Ñ²-³}a�ý�þ ÿ _\[ Ý ¤xï p ¯����&�(��� TR Æ>µÍ����³�� þ Ç 1015g

û ³�Þ
Â û [ ÏÁ¾ ´�Â þ ¹ i þ ���U�(��� T(R þ Hawking

ò 6�Ç ∼ 100MeV %6ç þ Ó���6\[ ÏUa+ð^êGÑ
²#´ MeV- �3��� þ���� [UÁ T ��°JtU��Ó�¬GÏ `	» �î¼ R °��:±�´��GW��M[�ä-³�²-Ç+<� þ Ï�³�!" Ê¡8�9�Ù p$.�# © 9 þ û Â¡�Ø�zÍï p%$�& Ï & ý�þ ÿ _ þ ������(� TR þ ³�´ û Ï}a�ð

1.3.5 ')(+*�,

V�
 û � þ Ô ·-¹�ÆHÒba � V�
 û Ê$�.-hÞ û/# �\�+��é10d���32 $ �	�+Ù�a+ð�Â þ û Ã(�3���
é40 Â �(�M��Ù�aHÂ û Ê�øhÍ # � þ�Õ�Ö R�×�T Ç�VG
 þ65�7 ¹ i 511keV ÆHÒ�a+ð OSSE Ï�÷�[�ê
ad=�?�òó ï98 þ ù�ú�Î o/# V�
 j � V�
�:��	��Ê�ÖÁÃ $�& a�Â û 0;��Ù `�» �¶¼ R Ê¡Ù oqp�$& a�ð
Â þ 511keV �����Gé�Ç>=�?�@3[�BbÍ C&D<2 # =�?�òó$Ê(<3[ E Í ��6=2 $	& a�ð 511keV

þ �
6�Ç Ù+Ï�>\~ � V�
 þ 8�910;��Ù&Ê # Â þ � V�
�Ç # Û�Ü	?A×�Ø}X¡/ & ?9@ þ�A�B F�Ï�÷+[�ê9CÝ ·>¯ β+ ß6áD0'Ù�aJ��6�n�7�E Ð [�ê	ab� þ ûEü�ýPo0p%$�& a+ð
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ÿG¯ # =�?�òó�[GF ∼ 3× 106M�
þ ±�H i ���U���� TR Ê%I&a û ï p�$�& a+ð KJ $L#�H iM ¥\Ê�I p}.�#%M ¥M¦+§�[�ê¡a���6î�#_	NO@3P	a>ð

1.3.6 QKRO'K(9S
=�? þ ò�[GF # ò�ó�Ê�T�U3[�í}a)VXW &�$�& aU� þ Ê%I}a�ð)Y pîo F�Z�º�=�? ûd-b.�p�# � þ[.\

(Active Galactic Nuclei) [�F 106 ∼ 109M� ] &1^²± P�_ H i 0Jt<J�¯3` ± _U���\��(� TR ÊLaGbc2 $�& a ] ï p	$�& a+ðLd+Vfe AGN @	F #g[;\ A Î oih Vkj o#p ¯�l�my��¼"Ê�nKobï.p$G&Oq Y ] Ê�rGsut�vgC"ùGúxï;p $�&%q ðgY�e�l�m�w3x Î)y.e òGz|{�} V #GM�~4�;�%�O� e���Cfe� n z 0����O� q v ^ _ AGN �Dy.F #u�g����� x �O� n z ( �	s��ue��|�%� ^ e|�L� � ) ]��D���� x ���G� ( ��sG�ue��g�%� ^ eg��� � ) @L�3��@9P q v ^ _�� �K� _� �¡ � xk¢ {�£ y�p%¤��q�¥§¦ � ¦�¨ l%m/wKx�F � e�©	ª	«G¬9_K¯®	�3°�¤	�G_	��±§²fdg� ¥ AGN ³ ¨ COMPTEL ´ 10µ·¶
EGRET ´�³ 94

µ {�¸�¹Dº p%¤�»=¼ ¨ sub MeV ½ MeV ¾�¿ (1MeV' 1020Hz) eGÀ �6ÁLÂ t
»	��¤3²fÃGÄ3_�Å	Æ�ÇgÈ	_LÉGÊue�Ë%Ì�´�Í q�¥

1.3.7 Î§Ï§ÐÒÑ�ÓÔgÕ �Dy�² MeV À ��ÁLÂ ³�n z<º p q�¥ 1970 Ö%×g�Dy/Øut ¨�ÔOÕgÙ4Ú.Û t�Ü9��Ý3À �6Á�Âg{
]LÞ »=¼Xn zDº p q�ß ] {Là y�p�¤	� q�¥ Å	Æ|�<y ¨KÙ4Ú.Û e�á Þ q ¾G¿9´�³�â�ãGä ��Õ r	ä {å�æ t;ç�ª º p q ]fè	é y/p�¤G� q6¥%ê�ë�¨�Ô�Õ�Ù4Ú¯Û t6Ü|� � ��ì â�e �GíLî�Á�ï ä9e6ð�ñ ¶ ð� ²¯á ß ¼ ¨ �9�Gò�ó�¢9ô�� ê ´�ð�ñ º p ë r�äg�Dy.³�õ	ö�n z tOv3¼ X

Â%� À �6ÁLÂ)÷ n z �q�¥1ß e X
Â%� À �6ÁLÂ)÷ Å�Æ�� q%ß ] tgvg¼ ¨ r�ä {Lø%ù�Â t�ú1°�¤)6egv ^ t�ûGüO� q � ]� ^�ß ] ²�ý%þcyfp�¤�� q�¥GÔ�Õ ³�ÿ���´��c²��3���	�g´�Í q�ë�
L¨ �<²� ¦�� ý%þ q ] ß e�´

Þ q�¨ ���3t�ÃGÄ3_�É	ÊO´�Í q�¥
1.3.8 ���������������
À ��Á�Â� �G  x/³ ¨ 1970 Ö�×�! 
 t å�"�# Ý�$�%'&�(�)	� Vela t9v9¼+*�, º p ëL¨ Í q.-/ �Dy+0�19À �6Á�ÂO{�2 * � t.n z1º p q3�4 ´%Í1¼ ¨65'798	:�;=<?>@�BAc¦ �	C	D�E�ö ÷F ¦�¨ �� +x <HG�I C�Dg²f��J 8LKM> � ¥ß p ê ´ < À ��Á�Â=< Å�Æ � X

Â ¶ON�P Â	Q tgv q?RTS�< Å�Æ|�Dy ¨ ÿ���U �WVYXWZ[<?\�- ´
á ß�q ���4t å Þ VY2 *|´�Í q6¨	]�^ � q?_�`|{ Í q y ¦ � ¨LK �g° ë|ßaK;{Yb � ¦ ¤�� q�¥3êë�¨ ���ut }c�9d�SÒ¦ ¤	� ë[K �fe RHESSI

< Å	Æ�g�h [7] ²ji�k º p%¤G» ¼ ¨ sub MeV ½ MeV< ¾�¿ut�»	��¤�³ �O����� x ��� n zcK è�é y�p�¤�� q  �¡ � x ¢K²fÅGÆ º p�¤�� q�¥ CGRO )� < BATSE ´�³ 2700
µ ² < GRB

{ *	, º p ¨u�T<ml�n ³����ut Q�-4� ´�Í q�¥D¦ � ¦/¨�3	o
´3² �T<mp Ê � n z «	¬ { ®	�3°�¤�� V ��q à�<H3�4 ´%ÍD¼ ¨ ÅGÆ ¶sr�t {�uv
 y�p%¤�� q�¥

6



w
2 x γ y z { | } ~ � �

X
Â%� À ��ÁLÂ ³H��� ÷��4ëTV � ë�
�¨ �	� ï ä <�� e?�H�	� ÷���� � Z ��� ßaK ³ V � ¥<¦

� ¦�¨ X
Â�� À �.Á�Â ³?����� ÷ ¬�ª%�v��T� K+�W���	�4÷ á ß � ß�K ´ ¨ �Gä ��Õ �Gä ÷�� ���� ¥3ß���f{ �v� < �	� ÷ � Z �v� ß�K � � ¼ ¨ X

Â ¶ À �6Á�Âv< �=� { Ç�È'� V � ¥ X
Â ¶ À �Á�Â�K �	� KH<H���	��� ³ ¨WS ���	h ¶ Compton

��� ¶ �Gä Õ �Gä��Gç	ª < 3 Ì {�� ´%Í�� ¥4ß���?<��T�����v< á ß �?�� u³ X
Â ¶ À �.Á�Â�< ò�ó�¢9ôG� � ��� <�¡ ä�¢�£ Z �H¤	¥��=� ( ¦

2.1
¶ ¦ 2.2)

¥

Photon Energy [MeV]
-310 -210 -110 1 10 210 310

/g
]

2
cr

os
s 

se
ct

io
n 

[c
m

-510

-410

-310

-210

-110

1

10

210

310

410

total attenuation

photoelectronic

absorption

coherent
scattering

incoherentscattering pair production

(nuclear field)

Pair production

(electron field)

¦ 2.1: À ��Á�Â§K �'� KY<����a�v�[<	¨T©aª
(Ar)[8]

¦ 2.2: À ��Á�Â«K �'� KY<����a�v�[<	¨T©aª
(Xe)[8]

2.1 ¬®°¯²±
100keV ³a´ < ò�ó�¢3ô�� < X

ÂµK �	� KH<m������� ³ S �	��h�¶Y·�¸ � ´�Ía� ¥WS ����h K
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³ ¨�S äv¶��	�Kâ < �	ä[�H¹g¤ < ò�ó�¢9ôG� ÷º é ¨u��< g�h	���O� � �	ä�¶T» Þ½¼�¾ º?� � K�6e 3�4 ´�Í<¼ ¨ �	ä < ò	ó�¢gôG� Ke ³ ¨
Ke = Eγ −Ebind (2.1)KÀ¿<º�� � ¥Oß�ß ´ ¨ Eγ ³ X

Â=< ò�óL¢gô�� ¨ Ebind ³ ¡ ä <.Á	Â ò	ó�¢gô�� K �v� ¥ Eγ ¶ K Ã<.Á�Â ò	ó�¢gô�� � ¼�² å Þ �mÄ�Å ¨ K Ã < �Gä KÇÆ�È �v�.�T �¶Y�<²�� �ÉV ¼ ¨|�T<�¨Y©�ª ³ ¨
σK = 4

√
2Z5

(

8π

3
r20

)(

e2

4πε0~c

)4(
mec

2

Eγ

)7/2

(2.2)

K+¿§ºH��¨ ��� <m¡ ä�¢�£ Z
<

5 Ê[�YËWÌ ¦�¨ X
Â�< ò%óL¢3ô�� Eγ

<
7/2 Ê[� Æ ËTÌ���� ¥|ëÍ ¦�¨

me ³H��ä < � æ�¨ r0 ³H��ä <�ÎÐÏ	Ñ�Ò ´ r0 = e2

4πε0mec2
´�Í�� ¥uê�ë�¨ Eγ ¶ K Ã <mÁ�Â

ò�ó�¢gô�� � ¼�²�Ó º �mÄ	Å=��³ ¨ L Ã < ��ä KÇÆ	È �v�.�W �¶�� �ÉV � ëW
L¨ ¦ 2.1
<a� e?� KÃ <mÁ	Â ò	ó�¢gôG�HÔ	�|´WÕÐÖ I�V òØ×YÙ�¶�´ Þ � ¥K�ßWÚ ´ ¨TS �	��h[� � ¼M» Þ¼=¾ º?�|ë ��ä <HÛ�Ü ³HÝØ� V °�¤	�a� ë�
L¨�� ¼ �3�Gò%ó�¢ô�� Û�Ü ��Í��.�	ä�¶ X

Â)÷�� � ¦MÞ�ß=¦ ¤ � � ¥Kß�<ØK Þ � � � ºH� � X
Â=< ò%ó�¢3ôG�G³ ¨

2 Ì <.Û�Ü=< ò�ó�¢|ô��.à�� Qc¦'� ¨má@�j< Ä�Å ¨9ßm<mâWS X
Â ²j�=�.�Øã�´ S �väYå º?� �?æ êë ã�ç�è	éØ� � °Yê�ë ¸m:�;=< ò�óÐì3ô�� < �	ä�¶ � � ºH� � ßaK ¶�ÍD¼ (Auger �	h ) ë ß�< �

ä ÷ Auger �	ä Kí�î æ
2.2 Compton ï²ð
ñaò

keV ó 10MeV �TôaõÐê <�ö�÷=ø'ù ëvú�ûHü�ý�þM��ÿ��W» ������ø�� �më Compton
�	� ¶
 Ü ���'�Hæ	ú�û.üYý�¶ Compton

���������� þMë ��� ê������	��ì������ ��ç  ��ÿ�� º�! ê»�" ¼�¾$# ë&%(' ù ��ÿ�� º�! �*)��	�Ðì���� �+ � ���-,?� �mæþ �TÚÐø ë � � ö	÷ ��ú[ûmü�ý$���.�Wì/��� ùY¡ ÿ$� Á�Â �.�Ðì���� �103254 )�6-"3�.� ø ë¡ ÿØ� Á�Â�,m� ê��a�?��ÿ ù87�9 # ê��a��þ;:���<[��æ � �6þ=".ë.���Wì1��� Eγ �	ú�ûHüÐý�¶
Compton

������>��� þMë ���	?� φ þ # êÐë �	��,H� �A@1�	ú�ûHüYý�������ì1��� E′
γ

ù ë
E′

γ =
Eγ

1 +
Eγ

mec2 (1 − cosφ)
(2.3)

þ ¿>,.� �Hæ
B�C�D�EGF�H�I
ú�ûHüYý��8J�Kv¶	���fþ�"½ë ��� ú=ûHü�ý/� ?	L )	M ù σ

5�	�ON3P	QSR
Ω
5T�U�? þ # ê3V) �	�GN=P�Q$WGX/0ZY/!�[]\�^ æ

dσ

dΩ
= r2

0

(

E′
γ

Eγ

)2(E′
γ

Eγ
+
Eγ

E′
γ

− sin2 φ

)

(2.4)

��_ # ë r0 ùa` ÿ/�3b�c�d	e ø r0 = e2

4πε0mec2

ø���^
(me

ù*` ÿ��8f�g ) æ ���GN=P�Q�ù ë ` ÿ/�ñ�h	L/W i�jG��^ � ø ë Z W8i�j��1^ æ/k��Yë � � ?�L )�M ù�l 2.3 � X.maW � 0 ë Eγ n 6-"8�o�p]q�r ��� nAs�t �/^ æ
8



l
2.3:

�u�u?
φ � v w T�U�? ã;x Compton

����,�\G^ KTÿ ñ$]y�zu{�ø*| # � 2 � ( J�KG� # )[9]

B�C~}��GF��/H=I
[11]

ú�û.ü�ý n JuK # ê�� ^ þ3"�ë �	� ú�û.ü�ý/� ?�L )�M ù=��� � XGmaWaY1!�[�\1^ [10] �
dσ

dΩ
=
r20
2

(

E′
γ

Eγ

)2(E′
γ

Eγ
+
Eγ

E′
γ

− 2 sin2 φ cos2 η

)

(2.5)���?ø ë η ù ë ��� ú�û�ü�ý��a�	� r�� ��3�u� úvû?ü�ý1�*��� r�� W��/� � P$W;�u� # � �1���� þ ���u� ú�û.ü�ý�� `�� �/� ��� ��� ��?'ø���^ � � 2.5

φ
W � �u� Q ) �1^ þ � η W;�����^a�u�

P (η) nA�/� []\�^ �
P (η) = P0 +A cos(2η) (2.6)�O�]� ��J3K W5����^� =¡1(¢�£=� g�þ # � � 100% J�K$¤;¥ ¦ W5����^� �¡�(¢	£3� g � modulationQn �.^ �

Q =
P (max) − P (min)

P (max) + P (min)
=

dσ(η = 90) − dσ(η = 0)

dσ(η = 90) + dσ(η = 0)
=

A

P0
(2.7)�	�

γ ý/� ��� r1� W�ùA� � 2.5
X/0������ � XGm � §�¨ n ��^ �

• η = 90◦
ø

dσ
dΩ

ù8y 6cþ�� ^ �
•
qur � @ r ����ø modulation

ù8y�© þ;� 0ª� φ ≈ 90◦
ø y 6Lþ;� ^ �

•
��� ú=û.ü�ý n « ��� � ��¥ ø���^ o�p � 90◦

W����.�1^��u� nA¬� ��^ � ø3� modulationù 6�"$®(� ^ �l
2.4, 2.5

ù�¯ \G°A\=�
Q ±�ÿcþ ��� γ ý�� �u��? θ ��²*³ � Qmax þ γ ý��	²;³ ]| # ��� ^ ���\´[ � l ô [�2;£ ô ^�XOmaWA� « ��� � ��¥ γ ý W � ^ o�p � Q n 6-"�®�� 0ª� J�K ��µ� #¶ � ®(� ^ �

2.3 ·¹¸ º�»¼·½¸¿¾ÁÀÃÂ
` ÿ$� 7	9 f	g�� 2 Ä �.Å �u��� � �u¥ �Æ�� ��ú�û?ü�ý n3Ç ÿ	È�É	Ê�� `����Ë�^ þ ��` ÿþ5Ì ` ÿ n ��W � � �AÍ�Î ,a\�^�� þ n ��0Ï��� �8Ð	Ñ 5` ÿ R Ì ` ÿ � Í�Î�þ�Ò�Ó�� 10MeV

�
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l
2.4: Q ±.ÿcþ ��� γ ý/� ���	? φ �	²*³ [11]

l
2.5: Qmax þ γ ý���²8³ [11]
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Å�W�Ô õ ^ ú=ûHü�ýcþ(Õ�f�þ*�8Ö�×	Ø�Ù ùA�-� � ` ÿ R Ì ` ÿ � Í	Î n 
 w ø��.^ � �	� # ��úû.ü�ý1�u�	� � ��¥ Eγ þ ��` ÿ R Ì ` ÿ$����� � �u¥ E−, E+ þ W�ùA�
Eγ = E− +E+ + 2mec

2 (2.8)

��²8³ n Î TO��^ �1ku� ��` ÿ R Ì ` ÿ � Í	Î/� N3P	Q=ù Z � 2 Ú WAiuj.�1^ �
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Û
3 Ü MeVγ Ý Þ ß à á Ý â ã

sub MeV ä MeV �aå�æ/��úvû.ü�ý ù8�/ç û è ��é ��� n 
 wOê ��^ � � ���;� ¶�ë�ì �8í U ê ��>,*\/^G2 � 2]î ® �1¯ �8ï W�2�ð�ñ ý�þ�í U þa�AÖ�×�Ø�Ù WOXu� �=Íóò ^�ô é*õ ý1� p 23��^� � ��ö�÷�;ø�ù�^*ú>û �	ü�ý.þ é�ÿ n���� W*î ����� � � ��� � XOm � ú>û �	ü�ýGþ é�ÿ W���	��
�¥� é ü r�� n�� k \�^ �Ð���� � sub MeV ä MeV å�æ�� ô éaõ ý/����
�¥�� é ü r�� þ # � �
• Coded Aperture Imaging ( ������� � )

• Compton Imaging ( ����� W�X=^���� Î )

• Gamma-Ray Lens (Bragg  �/WGX�^"! K )

þ�� � � r�� n �-0Ï�$#&% �('�) n+*/� []\ ��� ^ �
3.1 Coded Aperture Imaging

3.1.1 ,.-

Ð�/�0uê(1 232 � ?uL )$4�5 76 Î # ��� ^ r	� n Coded Aperture Imaging ê�8 0���ô é�õ+9ö�÷ ëuì
INTEGRAL

¶ ô éaõ�9 ú ¥�: � ö�÷ ëuì Swift ;�ê+<.Ù ,*\ ��= ^ � Coded Aperture

Imaging > �µ�8� � � w�? ����@����8�BA���C�D r�� A(� >+E n 1:1
�� GF ��= ^OX�mIH coded

mask
W.X�J � � Î.K \�^ � õ :G��� ���(L�^�ô é;õ�9 W�A(J �+MON H Õ�f A3P M�N H Õ�f A+Q"RS+T £$U � � Î&K \��

Mij =







1 M�N HWV�X
0
P MYN H(V	X (3.1)

A = m[Z�\ ê ¢U�^ �
j
A = m r���] [ sj

A = m^�=L ê C�D_Fa`�ô é;õb9 � �.c > õ :1� Q�Ë�^�c�AaW�X�deC	D r1�
� � >aE W�f�g K \������a� > i hjia>�k�l W Mijsj m >aK�n n C	6�L1^ (

l
3.1) � X�J � ������ > i hGi�>Wk�l W �

di =
∑

j

Mijsj + bi (3.2)

ê ¢ K \1^Io >8K�n n ö�÷ K \1^ � c	c ê � bi �+p�q�r ] [sC�DGFa`�ô éaõb9 H p > ú´û �	ü�ýþ é�ÿ AtL�^ � �/�;� ê+u [�\�`aQ	X ��
�¥�� di

] [ � 4$v WOXwd sj

Q^x�y�L�^cA ê ô é;õ(9
��
�¥�� n u [�\�^ �(z F(��P�ywH�{ ý	
�¥�|�� sj

A
bi >~} � 8 dÏ�=ú-û �uüuý.þ éµÿ bi >�� Qd n�� k W�H�J �´® ^ �����X 4�5�� õ :O��>ak�lw>a����K A õ :O� -

���*�w� >W���Oê(��k dÏ� p	q�� �$�a�_A õ :O�
>a��? WOX�J �b� � [�\/^�` � ��� =(p�q A[2 =Aw�? X 4�5 Q�� Ð�ê�� � INTEGRAL > IBIS ê
� � 9◦ × 9◦ >Wp�q (full coded)

A
0.2◦(FWHM) > �	�	X 4�5 n � Ð�K \ �	= ^ [13] �
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l
3.1: Coded mask

WOX�^�ô é;õb9 C�D r/� > ç ¥ ÿ�� [12]

¯ >(� r ê �O¯ >W4�v r$��] [�� n	��> C�D r1� �I� ®�� dt�b� � r�� >8§ y/W ��� H ® A � (���*� >ak�l o ) × (
õ :1�b>��~� � ) � � > � n o nb� kY� H�� ��k `8� § y >W �¡�>�:$¢1� �� Q u � �	��£¤ ��¥ ¥W¦�æ��~����
u¥�� é ü F � ô é;õb9 �b��X�§~Q � � ïO� H =>uê � :$¢� �Z� >+¨ ] = �	© � £ ]�ª H ==�A�c�« ê � õ :���> P MYN V�X ���$¬�> ç� 
u¥�| A"®��¯��c�A"° êO� ��C	D�L���ô éaõb9 Q± �~�$²b³ L���c�A�° �&´(µ �+¶.F ] F��$��· ²b³�>�¸�¹�ºO� � nY>�£¤b» ¥�¼ > −7

2 Ú�êb½	¾��¿ �$`$ÀbÁ�Â	Ã �$�	�aM�Ä�Åw> � = 2 £¤�» ¥�¼ � nO>	��
 ¼ � é ü$���	Æ ] H = ¶�2 £¤b»¥�¼ > � n~�aÇ FIÈ � õ :�É Q�ÊÌË�F�HÍ µ¯Î H ª H = ¶�F ] FtÁ õ :wÉ3ê ç é è_Ï étÐ	Ñ Q�Òc�F3C�D	Ó Æ A £¤b» ¥$¼ >+Ô�Õ Q�Ö.J�`uô éaõb9 °�Á�ú-û É�ü�ý.þ é�ÿ A	F�È=ö�÷ K µ È&F ´× A = ×IØaÙ�Ú °bÛY�+¶

3.1.2 IBIS, SPI(INTEGRAL)

INTEGRAL
ë3ì

(2002 Ü�Ý�ÞWß ù ) �7à�á~K µ ` IBIS, SPI â Á ßIã�> Coded Aperture ImagingQ^ä = È = �I¶ IBIS(15keV∼ 10MeV) å�â 1.7cm
Ê�Á

SPI(INTEGRAL:18keV∼ 10MeV) å�â 3cmÊ >	|�æ+ç�:bè�æ Q�é :É(� ä = È = � [13]
¶

IBIS âbê�ë ¼$ì æaçtíwî^ï�å$8 dðÁsñ î F â Á ISGRI,

PICsIT >Iò�ó °	ô���¶ ISGRI â Á�õ�ö ¡$í�î�ï CdTe:Cl
Q
γ
9 íOî�� ä = Á 15keV-1MeV

Q^÷$ø
L¯�W¶ � Ó�Á PICsIT â Á�ù æ"ú�û ¼ | ¼ CsI(Tl)

A+ü$ý Ïtþ(ê�ÿ ¼�� Q γ �	í�î�� ä = Á 175keV-

10MeV
Q�÷�ø�Lw�a¶�� Þ ª � ASIC

Qaä = Èbñ S î L�¶ � Ó	Á SPI â X$��ä >aíYîIï�å ô��W¶ Geõ�ö ¡�å γ � Q íYî L��W¶�� µ���µ
	��
 Q�� 3.1 ��� L(¶

3.2 ������� �����

X � 	�� × � �"!"#¯å%$"&
' �)(
* 	 å,+.-"/10Oæ é �¯å ô�b°�Á Bragg !2#�354 ä '�6 ()*
å�$2&7'�6 (1* â�8  å ô 6 ¶)( 	�� × -90wæ é �:$:&2;wâ<0wæ é � û(æ5= *?> Î(µ 6 ¶ $:&A@ �
6bê�ë ¼�ì æbç�âB81C:&
D X ��- �FE"G:H å%I,@ ä / ª µ È /)6�JLKNM2O 	 ô 6 Ó"P å ô�Q�Á:RS:T /.UAV�W"X 1Y[Z"\ å,+]6.^_5`a_ Á

MeV 0wæ é ��@%b1/ È â Bragg !9#c354 ä '�6ed À @ Áef9g 	Bh /.i�j 	ek"l »�m ¼
@ _�`en"o 35p,d]q Á:r /.iAj 	<s9t ÉjÏ »¯â�u"vwå,+[-"/<^�w:d Á9E 	 Ó"P @[x1y<C2z Yeh /
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�
3.1: IBIS, SPI 	��
 [15]

Parameter SPI IBIS

Energy range 18keV-8MeV 15keV-10MeV

Detector 19 Ge dets, 16384 CdTe dets, each (4×4×2) mm

cooled at 85K 4096 CsI dets, each (8.4×8.4×30) mm

Detector area(cm2) 500 2600(CdTe), 2980(CsI)

Spectral resolution 3 keV at 1.7 MeV 8 keV at 100 keV

(FWHM)

Continuum sensitivity 5.5 × 10−6 at 100 keV 6 × 10−7 at 100 keV

(Photons cm−2s−1keV−1) 1.2 × 10−6 at 1 MeV 5 × 10−7 at 1 MeV

(∆E = E/2.3σ, 106s)

Line sensitivity 3.3 × 10−5 at 100 keV 1.9 × 10−5 at 100 keV

(Photons cm−2s−1) 2.4 × 10−5 at 1 MeV 3.8 × 10−4 at 1 MeV

(3σ, 106s)

Field of view(fully coded) 16◦(corner to corner) 9◦ × 9◦

Angular resolution 2.5◦(point source) 12′

(FWHM)

* / ×|{�Ú K ô 6B^�M�}7@ 2001 ÜA@B~:�9M9� Y.�7�2� d CLAIRE 	 û(æ�=�â Á C<z 45′′
Á k2l »

m ¼.�:� 169 ∼ 171keV
Á1� Ú2�9�

∼ 3m
* / × K 	 å ô 6 [14] ^

3.3 ����� �c�������������

MeV 0Oæ é � *��2��* 	��2�"� ä @]b7/ È J�KN�2Uwå ô 6 	 â���æe�GÏ�æ Ð	Ñ å ô 6 ( � 2.1)

Y%  í~î�ïa¡båA��æe�GÏ�æ Ð	Ñ 3 ÒL( ' * 0�æ é � 	e¢]£c	:k1l]¤ m9¥ _�` íYî
¦ � -"/1d9§7@¨2© 	 í~îIïwå�â ô w Q«ª2¬ ¦ � -"/e^_�`�_   ��æe�_ÏIæ Ð	Ñ @2
®]d !1¯:°"± * Ð�Ñ 0Oæ é � 	�²"³�	.´9µ�Y v�¶ �2��·[ 
k7le¤
m<¥ *F¸"¹ ³�º1	�» ó 	�´2µ 3]¼2½7@�va6�¾ Y å,+<6.^ ( 	 �æe��¿Iæ�À"ÁÂ354 ä 'A6BÃ P 3"�æ.��¿^æ�ê�ëe¥ ì æ�ç *�><Ä å9/76 ^7��æ.��¿"æ�êëe¥ ì æ�ç�â  .Å<Æ,Ç @1��ÈIëe¥1É93?Ê<Ë * _
-9/7d<§ r /[C:zÂ3?M2Ì¯å,+   COMPTEL(GRO) åâ 1str

* /ÎÍÐÏL+�-[C9z Y M2ÌL¦ � d [16] ^
sub MeV Ñ MeV 	 Ò � @%b"/9Ó  1s]tAÔ ¿ ¤ 3?uÎ6 * ¼9½1@   0wæ é � 	 ¸"¹ ³�º KÕ&2±9Ö,@×�Ø å�+<6[Ù ¢
	 ³ P å ô 6<d<§   Ì1Ú   MeV 0�æ é �wê�ë]¥ ì æbç<@%b7/:Ó[JLKÜÛ�Ýe¦ � Ó2/
65Ã P å ô�Q   MEGA Þ ACT Þ TIGRE Þ LXeGRIT Þ h C9zÂ�æ[�ß¿�æ�à�ë9á * /�®edBâ�ã 	 íîIï Y9äeå ¦ � Ó1/)6.^

3.3.1 æ)ç�èLéaê�ëíì.ê[î

COMPTEL å ä /a¶ � d.ïeð Ç �	æ[��¿^æ Pß* â  �¢ o�ñ9ò �	æ.��¿"æ|À:Á�¦�ó�6 ³ P å ôaQ  ô ±1õ2ö Z 	�÷ -)6 » ó 	 UAV(íYîB8  -�íYîaïÎ35ø�ù%ú � ó)Ó � ÍÐ^�� 3.2 	�� Í @  1û:ü @
Z 	�ý ¦.-[þ,ÿ��a3[bA+:���[��¿��ÕÀ2ÁL¦�ó   S ü�� Z � Ï�+[-.þcÿ��	�[À2Á�0
����a3?&"°��
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� ¦Bó�6.^

E1

E2

φ

E0

� 3.2: ï]ð Ç ���[��¿�� P���� �
( � * +  �»���� þ,ÿ�� ` ¶��  

• û:ü�� þ,ÿ�� : !"¯:°9± �]k7l%¤ m<¥ E1   ���[��¿���� ( À"Á�� )

•
S ü�� þ,ÿ�� : À2ÁA0����� �]k7l%¤ m<¥ E2   À"Á�0
���� � � � �* /�Í ´<µ�Y v�¶ � 6B^ � ®BÓ  2k"l[¤ m]¥ ´<µ ` ¶ �2#�0����� �<k2l%¤ m]¥ E0

* 0����! �
À9Á#" φ �

E0 = E1 +E2 (3.3)

cosφ = 1 −mec
2

(

1

E2
− 1

E1 +E2

)

(3.4)

* -
6 ^ ¢:³2  ���[�ß¿��$� * À9ÁA0����� � � � � ` ¶   À9ÁA0����� ��³�º<Y W ` 6 ^�% _  
°:± � !9¯ ³�º * /�Í »�&�' o ��(�Ó�¶ � Ó _ w�ÍÐ^�)+* �B´:µ ` ¶   � 3.2 ��� Í5@��:#�0����
 � ¸2¹ ³�º 3-, (event circle) ��. @ Ø%g '�6 (7* Y �A+]6 ^/% _   v�¶ � 6 ´9µ��0&!' o Y21
��3 Q -"/"d9§   ,�4 ��5#6 ` ¶�0
���� Y ¸"¹ _ d � ` w�����W ` ¶�-2/]^

� 3.3: ï]ð Ç ���[�ß¿�� P @ � 6�7�8]¥�9:��; * COMPTEL � � M�} �=<�> (GRB910505[17])

( � ï]ð Ç �+�%��¿�� P �20�����-? �B³�º 3�@c6<@-�   � 3.3 ��� Í5@BJ�A:��K 3 ��� &9± Y
Ê<Ëc@]-76�^)w]d  CBED.Ô ;9á�F��HG �/I!J �  �»$��� þ,ÿ�� � time of flight (TOF) � ù7@ � 6
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E0

E1

E2

E3

φ1

φ2

� 3.4: K�L����[��¿�� ��� �

[16] ^-MÎ®[Ó BND%Ô ;9á:F��EG I!J	O-P ��QSR   COMPTEL �=TÎãe- BND[Ô ;:á:F#�HGF@�UÎw7¦
� de^

3.3.2 VEW éaê�ë ì[ê [18]

ï:ð Ç ���%��¿�� P ���  1û:ü
� þaÿ��	�����e��¿��ÕÀ"Á   S ü�� þcÿ����[&"°�� � '�6 ()*
3 Z"\ _ Ó1/
6.^ _�`�_   S ü
� þ,ÿ��	�cK
Í ¢ o ���%��¿��ÕÀ"Á)'A658 O/X �=Y"Wc@CZ+[Â¶ �
6 ^ *<(/\ Y ï:ð Ç ���%��¿�� P ���   S ü þaÿ��,@]b1/2Ó#� � ¦ � d � ` À2Á _ d � ` 3�] g
'�6�^ Y -9/�_  #B`DeÔ ;2á�F#�aG * -�®�Ó _ wAÍÐ^( � ï<ð Ç ���[�ß¿�� P 3�b _dc�eß_ d ³ P Y K-LÂ�#�.��¿�� P �+f76 ^%þAÿ�� ��g�h �2� 3.4

��� Í�@<-
®�Ó2b Q   CdTe D Si strip
* /�®%d  Ci�j
� U�V.þcÿ�8 O -=k+l�m9þcÿ��������[�ß¿

��À"ÁÂ¦Bó�6 � Í @ _ Ó2/�6 ^ ( � * +   ���%��¿��ÕÀ2Á�3 2 nC)#*[Ë�o�'�6 *  
E0 = E1 +

E2 +
√

E2
2 + 4mec2E2

1−cos2 φ2

2
(3.5)

cosφ1 = 1 −mec
2

(

1

E2 +E3
− 1

E1 +E2 +E3

)

(3.6)

cosφ2 = 1 −mec
2

(

1

E3
− 1

E2 +E3

)

(3.7)

* - Q   0����! �]k"l[¤ m<¥ �.¢%£�Y þAÿ�� ` ¶%K � Ó _ w:®BÓ�K   �9#�0����! �ek1l[¤ m]¥
3dp g '�6 ()* Y 8 O @<-�6.^a¦�¶B@  -q+5�rÎÇ -�" o ´2µ *ts�u rÎÇ/v2k7le¤ m:¥ ´2µSw 3Bxx�y 6�z w �   f)6�{ o  #B`DeÔ ;2á�F#�aG}|�~ w y z w�Y ���C��^
¢<³ �  /��g�h
�:� Q v�¶ � � � �   ï]ð Ç ���[��¿�� P � ½ w ¼=T � event circle �#f Q   ¸¹ ³Aº |�� g�y � � �!b v R w/� 3 �:��� ± Y Ê2Ë���f��:z w��=�)�S� � v+� ^:������ �+g�h

� b � Ó �? �� â
n!�`�ed À1Á �=� õH|��1ÍdZ�� y � ` w�� ÍFÏ`� v#�=��� f �   þaÿ�����|5Ï
��R�� v Í ô0� �-v ®[Ó � ���

3.3.3 �����H�
���H  éaê�ë ì.ê�¡`¢	£H¤�ê#¥
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ï:ð Ç�¦ ��§�¿��}¨�©Â¶«ª	¬+/®�¯�° ´2µ0�9º *	|-±:²�³!K�L ¦ ��§�¿���¨ �=´¶µ ª�������
� ¸1¹ ³�º�� ��·�¸�¹ �:º *	|/±�²�³ �/�!º�»�¼#½C¾+¿-j ¦ ��§�¿���¨:��f#�!�:ï]ð Ç�¦ ��§ß¿
�«¨�À�KCL ¦ �!§ß¿d�}¨��+�!ª ¦ �!§ß¿��FÀ:Á ��Á ò ��Â�Ã º�»���ÄCÅ �=ªC¬#�®	¯C° �/Æ �+f+²
³�³�Ç�ª event circle * ��5#6 ©�È������� ��É ³ � ©�@H��z w�� ��� v ©�²/³��
z � Â+Ã º�»0�!¼	Ê�Ë=Ì�Í+�!Ä�ÅÎ�d¿ �:z w �/ª ¦ ��§ÐÏ��$Ñ+ÒE|�Ó-Ô �=�-ÕSµ ª �+»�Öa��×

É�Ì�Í0w ¬+/®�¯-°�|��+·-Ø O��
µ/�:Ù-w���Ù��C�!º�»+¼+½C¾�¿�j ¦ ��§¶Ï��}¨:�#f��=�]þ,ÿ��
��ª=Â�Ã º-»���¼�½Îw ¬��®	¯C°#| ¿ ��³/Ç ��¼�½ þAÿ�� w ª�Ñ�Ò������! � � � � w ¬��®	¯/°
| ¿ ��Ñ+Ò��
����9þaÿ�� w � g�h`Ú�Û � ( ± 3.5) �

Ke

E0

α

Eγ

± 3.5: º+»�¼+½-¾+¿�j Compton
��� ± ± 3.6: MEGA þcÿ�� ��� ± [19]

z�z���ª-�	���! � Ñ-Ò Ì	Í0w º-»�� Â�Ã Ì:Í
w��CÜ�� " α ��ª q-5Cr
Ý�v=> ·-Þ w�¦ �!§ÎÏd�
Ñ-ÒE|dß�· µ ³ w � � s+u r0Ý�v Þ � ª�ÓCÔ ��àCá�v 2 â ����Ì ¨�©EÈäã�Ç��#z w�� ���/����M
²å ª`z � " α �:��� ª q+50Ý�Ä�Åæw s�u rHÝ�Ä�ÅSw=��ç#è
�-v��!é�ê��-Æ |�ë
ì#í y z wd� Ø O
�/vN� ª�î�ï�ð�ñ�ò#ï�óC°�|�ô �-õ�wC�döN÷�ø+ù-ú ò�ïaû�|d~ w y z w���ü �/�!�
�+»+Ö0� ¬#/®�¯C° wt×#É�Ì�Í#ý=Ä�Å���¿ È Û � ¦ ï�§ÐÏ�ï=þ:ÿC°���ï ùCý � ü
� ª º�»#¼+½

¾�¿�� ¦ ï�§ÐÏ�ï}¨���ª ×�É+Ì�Í |��
	 ��� · ü �dª
� ý� í��E|���� õ����
��v�ö`÷�ø+ù-ú ò
ïaû���� � Ø���� �HÙ ª! E�#" �%$'&)(+* �, ý�º-»-¼�½�¾�¿
� ¦ ï!§`Ïdï ¨ & ô �.-� í)�/� µ å ª MEGA(Medium Energy Gamma-ray

Astronomy) ��0�- ( ± 3.6) � MEGA ü � Si strip &�1+2 ³ ¼#½� í�� (Tracker) � CsI(Tl) 3	ï
ð54�°�3�6!ï  í�� (Calorimeter) &�7�Æ#8 �%9�ª 2MeV :�; ü �=<!> Ý�¦ ï/§ÐÏ�ïd¨ ( ± 3.7) ª
2 ∼ 8MeV ? Á#� å º�»�¼#½C¾+¿@� ¦ ï�§¶Ï�ï}¨ ( ± 3.8) ?BA�C�þ�ÿC°%� &�¿ å%D - [19] �FE µ ª
Si ?�A -�G@1 Ñ+Ò ý �%H �  JI D ³-Ç�ª α ý ¸+¹���KML ª º�»+¼+½-¾�¿�� ¦ ï�§¶Ï�ï�¨5� µ å �N Ó-Ô ü�0.- �

3.4 COMPTEL

3.4.1 COMPTEL O!P5QSR�TVU

Õ%W�ý � ,FX ª MeV Y@Z ý
[ ï�\#] ý�^!_:üa`Jbdc H &)e�f å%D -/ý � COMPTEL( ± 3.9) ü
0%- � COMPTEL ��g�h�A�C ×�É.i�- 1 j 30MeV ý![ ï)\#] &dk�l�- A Ù ?�m�n Ú�Û ³ ¦ ï!§ÎÏ
ïpo%q�r ü.0 C ª OSSE s EGRET s BATSE �utV? GRO v@w'?�x%y Ú�Û ª 1991 j 2000 z ý�Ü�^
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± 3.7: MEGA ?+A - <�> Ý�¦ ï�§`Ï�ït¨ & ôD ³Cþ+ÿ�°!� (≤ 2MeV: 3B{�|+4}°�3�6�ï )[20]

± 3.8: MEGA ?+A -�º+»+¼+½-¾+¿!� ¦ ï�§
Ï�ï�¨ & ô D ³#þ�ÿ�°+� (2 ∼ 8MeV: 3�{#|
4�°.3}6�ï )[20]

_'&�~ ²�³�� COMPTEL ��ª%<@> Ý#¦ ï�§ÐÏ�ï�¨ & ô D�å.D - � COMPTEL ý� í������'?��
*�0 C ª��#� ý��%� 3	ï�ð�4d°:ó�° ü Compton Ñ�Ò Ú 9Cª-Â+Ã º�»
ý ¬��®�¯-°V� Compton Ñ
Ò ý�� ²�³���� &)_ · i�- �%;#� ý NaI ü Ñ�Ò γ ] ý���� ��¬+�®	¯C° & ��È l�- � COMPTEL

ý ��"�� ú ÿ-°�ó &�� 3.2 ?.����Ç - �, ý COMPTEL ?+A�C ^�_EÚ�Û ³�·!��� � � 32 � ü�0.- �.����v@wV?�x�y Ú�Û ³ EGRET ��
270 � ý � �'&� í µ ³ [2] ý ? ´Ðµ ª COMPTEL üF í Ú�Û ³�� � � 1 ����" D ���C³!ª��

ý �V? b��}����ý Diffuse Galactic Gamma-ray Emission ª 31 ý gamma-ray burst ª
 � B¡'4�î
&�^%_Nµ ³#�

sub MeV j MeV ý Y
Z ü �=ª�¢
£
¤-Ô � ?�¥���¦�§ [ ï)\a] ý�¨!© � 0%- , �d��ªÐÈ Û å
« C¬
¢@£ �!� ? «%D-å b AGN "'®�?BA -�[ ï�\#]!¯@° ¨�© �#± W.i�- �#²V¦ å ¬ ^!_ � , Û È ý!ö�÷
ø-ù�ú ò�ïaûu?�AF¦ åa³B´ Ú�Û åVµ � Ù �!� ý �#¬ , ý Y
Z ü ��¬av
w�¶ ��ü#ý�· ï#¸ÎÏ�ï«Ñ-Ò.¹
g�h#]º��v�w�¶ � � ýa»!¼.½ ô�?�A -
[ ï�\F] öN÷�ø�ù�ú ò#ïHû�"}®¾¬ , ý Y!Z ü�ýa^%_}&�¿�f
-�öN÷�ø�ù�ú ò#ïHû bÁÀ ��? G D §-Ç�¬ ^%_�Â¾�/b�ÃaÄ	ü�0�- � COMPTEL � TOF ?�A -�öÎ÷
ø+ù�ú ò#ïHû��a� µ�Å "5LÆ¬
Ç.È�? ö`÷�ø#ù�ú ò+ïEû &�É 9B" Å ¦F§%§-Ç�?a¬@Ê%Ë�¤.Ì Å È�Í�Î
Ú�Û�-)Ï%Ð A�C��@�!Ñ D Ï%Ð µ�ÅaÒ c:ü I�" Å ¦=§#�

Ó
3.9: COMPTEL Ô ^ [16]

� 3.2: COMPTEL ý�Õ � [16],[21]

�#� ý� í�� NE213A ( Ê�Ö ��� 3	ï�ð�4�×�ó=× )

4188cm2, 50keV j 20MeV

;#� ý� í�� NaI

8744cm2, 500keV j 30MeV

energy band 0.7 j 30MeV

energy resolution 5 j 10 % (FWHM)

separa � angle ≥ 3 j 5◦

angular resolution (ARM) 1.2 ∼ 3◦ (σ)

effective detection area 20 j 50cm2

FOV 1str
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Ó
3.10: COMPTEL ? «�Ø -�öa÷�ø�ùCú ò�ï0û (D1 s

D2 �  í�� )[22]

Ó
3.11: COMPTEL ý�ö�÷�ø�ù�ú ò+ïaû ý

�)Ù [22]

3.4.2 COMPTEL O+ÚÜÛ�ÝVÞ}ßVà'áãâ
MeV [ ï)\#] ý Y
Z�? «.DCå ��¬�ä�å�"�æ�ç�?+ABC öa÷=ø�ùCú ò�ïHûè��éBê#í Ú�ÛB- � COMP-

TEL ü � Ó 3.10 ? e�f.- A Ù " öÎ÷�ø�ù�ú ò�ïEûë� 0 ¦=§��)ì lîí¾ï å�D - [22] �
A ��ð Å í�ý@[ ï�\#] :  í�� ��ð�ü  #ñ ý � Õ ñ@ò%ó�?�ôöõ [ ï�\�].¹ 40K "V® ý�¨%©!Õ �
�.� "}®�?�A�C÷éø��§ [ ï�\F]B�=¬+�F� ý� í�� D1 ü�· ï�¸öù�ï¾ú%û�¬+;�� ýa í�� D2

ü�ü!ý�þ#ÿ}&�� , µ § b�ý �
B ��ð Å í�ý![ ï�\#] : � ý� í���¹
v!w!¶ �	ü�· ï#¸5ù�ïpú�û µ § [ ï�\#]�¹+� �!� ?+A -
[ ï�\F]+�=¬ D1 ü�· ï�¸5ù�ï¾ú�û.¬ D2 ü#ü�ý�þ�ÿ���ï § b!ý �

C 2 [ ï�\���� ( ��ð ):  í�� ��ð�ü 27Al(n,α)24Na ¹ 27Al(n;n′,γ,· · · )27Al � D ¦�§�¬�� * :
� ý�ý
[ ï�\�]+� ¨ í ��ï�- A�õ�"��
	�� � , C¬�� *�ý
[ ï�\�]+�.� ï�#ï D1 s D2 ?��
© ¬ »�¼�½ ô &�� , µ § b�ý �

D 2 [ ï�\���� ( ��ð ): � ý� í���¹=v�w!¶ �	ü C �)�#ä ý ����� 0 C ¬�� *�ý@[ ï�\�]+���
ï��#ï D1 s D2 ?�� © ¬ »!¼%½ ô &)� , µ § b�ý �

E �����
��n���?�A -+b!ý �
F g�h�]�?+A -�¨%© : »
�
������Ð}&�( ¦F§�g�ha]B�#� ý� í��.¹
v@w%¶ � ?�� © ¬Fg�h�]5��� � ý�»�¼�½ ô�?�A�Cëéö��§ [ ï�\�]B� D1 s D2 ?!�SC  í ��ï § b�ý �

�@§a¬ , ï�í�[ ï�\�] ö`÷�ø+ù�ú ò+ïEû ý �V? � Õ ñ s ý ñ+¹#"�$. 
% Å í�ý�[ ï�\�]�� ö`÷�ø
ù-ú ò�ïEû�� µ'& ± W+i�- �

COMPTEL ü ��¬ , ï/í�ý!öE÷�ø�ù-ú ò�ïaû &�É � i�ý ?�� l�-)(�* �
�@; ý� í�� ý �
+�,
(TOF)

µ�Å "/LÆ¬ , ý TOF ?BA�C , ï/í�&�É � µ)&�D § [16] � , ý TOF ý È.-/��� ý���ÙV& Ó
3.11 ?�/ i � `Jb�G D D2 ü ú�û µ §�0 D1 ü�»�¼.½ ô µ §�A+õ�"+þ21Eï}ù���¬ TOF È.- ý�3245 × ø (Forward peak) &'6 C'7 i , � ü ñ ÷ ù ü I - � µ�Å'µ "@� í ¬ D s E s F � D ¦#§-þ�198
ù��a¥ML;:.< � " TOF È=-�?@"B¦ &@« CÆ¬ 324 5 × ø�&'6 C)7 µ)& b 1/3 ç Ð ��> - � ��í ?a¬
A ¹ B �aÍ!Î i�? I »@¼.½�@'&�� , µ § [ 8�\F] ü�0.--ý/ü ¬
A'å É � µ A�õ ý " DCB�DFE�G�HI 8KJML 0 C'N D ùO0 bQP & > - ���!§#¬ C ? * D�& b D1 L#����� � , ï�R�[ 8�\F]�S21�8}ù
��T!U+� * Å " D �F²}¦ & ¬ Ó 3.11 ? 0.- A�õ�?�¬ 324 5 × E &V6 C'7 µ)& b ¬���W
X��)Y}®[ZB\D�E�G
H I 89JML 0 C ¬�ACX�®�] - D � � L." D%´ C ^%_ � Ä µ�Å ¦=§ , ����^ lB- �
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_
4 ` µ-PIC a b c d γ e f g

4.1 h i\jlk
4.1.1 m�n�o�pKqsrut
µ-PIC v @w.x γ y�N=z H L{Z!|!ú!û~}�8��Fy�W 4����V�=�C���2��� �.� ý ñ�W 4����V�=�C��#� v'�~� , � L�|F�
�s}�8���y�W 4s�u�'�
�C�s��� vV�9���#����L=Z�|� 4.1 W��õ���|�ú@û�}8[�Cy�W �������2� v Eγ |Fú%û 4�� v ~g |#�
� ý ñ�W���� �.�C����� v Ke |#�
� 4�� v ~e |{}~8�Fy~W�ú�û���v φ | ý ñ~W!�
�
�9v ψ | ~g � ~e W��#�2�9v α � ���!�#����| ~g,~e Z w2�
�u�� �¡=¢E\£ �\� �����

α

~e,Ke

~g,Eγ

φ

δ

~s,E0

ψ

� 4.1: ¤�¥.¦�§ � 4.2: ARM � SPD

, W �#¨ |
©���}�ª��Fy~W�«.¬� � ~srcs | ���#����� E0 Z
E0 = Eγ +Ke (4.1)

~srcs =

(

cosφ− sinφ

tanα

)

~g +
sinφ

sinα
~e (4.2)

�¯®2°u± �[²�³ � ��� ,!,!´ |�µ�¶.� φ Z
cosφ = 1 − mec

2

Eγ +Ke

Ke

Eγ
(4.3)

´.· ���® 
| ~g � ~e ¸!¹
� α º ~g, ~e ¸2��������¸ ´ | ~g, ~e »�¼½�¾¼ � � α v αgeo � ¦�§��� � |
cosαgeo = ~g · ~e (4.4)

® .| Eγ � Ke »\¼M�=�2¿ ± �!�À¼ � � α v αkin � ¦�§��� � |
cosαkin =

(

1 − mec
2

Eγ

)
√

Ke

Ke + 2mec2
(4.5)
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� ²s� , ��� ´ ¨ ���� ,�Á�´ | α ��º�Â�Ã
ÄsÅCÆ
Ç��¯|�©
��}�ª��Fy~¸ �=�C���2� E0 ¸�È�¥ � �)É�|
cosαlim =







0 (k < 1)

k−1
k+2

√

k2−1
k(k+2) (k ≥ 1)

k =
E0

mec2
(4.6)

�ËÊ�Ì ¼ � ���® 
| Advanced Compton Íu�CÎ w É�|�Ï ¢ ª £ÑÐ ¸���Ò�Ó
ÔÕ{º�|=�.�=¸9Ö½ � �!Ó�×2ÉF¦§�³ � � ( � 4.2) �
• ARM (Angular Resolution Measure) : µ
¶�� φ ¸!Ø
¦
Ù
Ò

ARM = φgeo − φkin (4.7)

• SPD (Scatter Plane Deviation) : ~g � ~e ¸�Ú��'µ�¶�Û�Ü�¸!Ø
¦
Ù
Ò
SPD =



~g ·





(

~g×~srcs

|~g×~srcs|

)

×
(

~g×~s
|~g×~s|

)

∣

∣

∣

(

~g×~srcs

|~g×~srcs|

)

×
(

~g×~s
|~g×~s|

)∣

∣

∣







 arccos

((

~g × ~s

|~g × ~s|

)

·
(

~g × ~srcs
|~g × ~srcs|

))

(4.8)

����| ~s º�©���}�ª[��y�¸�Ý�¬�¸�«�¬� � | ~srcs º�Þ
ß�à~���áâ��¼ �x  � ´.· ���sã x |
φgeo = ~g · ~s | φkin º!ä 4.3 ¸ φ ¸!Ä ´=· ���

�2Î2| ARM º�å�æ Compton Í~��ç w É�¦�§�³ � É w ���
å2æ Compton Í ´ ºF|�è
é~¸!ê.ë�ºì ¦À�)� w (~e º�í
î ) ¸ ´ |Ï ¢ ª £ÑÐ ¸�«�¬� � ~srcs º�îïá Ì � w ��� x Å�ð�É�| ~s ÅCñ�î ( yò v�ó w=x ì ¦�ô ) ¸ �C¨ |�ñ2îu¸�Ä ~s � ì ¦ ´ �õ¼ �sx ~g ¸2�����Kv φgeo �Fó w �#¸ ´.· ����)»9�¯|�è�é
ê�ë2ö
��÷ Compton Í ´ º�|�è�é�¸!ø
�� � ~e v ì ¦=������� x Åsð�É�|{Ï ¢ ª£ùÐ � ~srcs � ~g ¸�Ú���Û
Ü�Å�¦�§ ´ ¨ �F��úF¸CÛ�Ü~¸Fû
üKv)²À� x�� ¸�Å#| SPD
´{· ����ã x |

~srcs Å�Ï ¢ ª £ÑÐ �[��¼ � ��¸ ´ |'ý�� w ARM Å#�
��¸�.þ)�[¦#§ ´ ¨ ��� ~g � ~srcs ¸����C� φrcsº!|
φrcs = arccos(~g · ~srcs

| ~srcs|
) (4.9)

| ~srcs| = 1 � �=�FÅ�| ì ¦
ÿ���û�üÅ · � �F¨ | 1 ���K¼V� w �~� x Åð�ÉF| | ~srcs|
´�� ð�É w �!�ý�� w ARM º�| φrcs ��� ¸ φ ¸!ü ∆φrcs � �[ÉC|{�.�=¸s�sþ[�!¦�§ ´ ¨ ���

∆φrcs = φrcs − φ (4.10)

å�æ Compton Í � ¸����~¸ x	� |	
���º�[¬�¸ ARM v[û2üu¸������Fó w ���
4.1.2 ������������n�� ��!

}�ª[�Cy�¸�µ
¶
 � ~g � è�é�¸�ø��� � ~e � ¸2�#�#� α º!| Compton µ�¶�v�ó w�x Ï=z ��" ª# ¸�$~¸!
Í~�
º�� w�%�& ¸('�) ´{· á;|KúC¸ α ����á�*{ª,+ £ ªQµ
¶~¸�Ï ¢ ª £ v'öïá.-C�9ú� Å,/Õs�#�s���� α º (4.4) | � �10 º (4.5) ��sá32 � ¼ � ��Å�| (4.4) º54�6 ± ��'�)�¸87=�:9�Æ���| (4.5) º����¿ ± ��'�)�¸;7.��9�Æ��� x�� |��õ¼ � �~Ö=<{¸ α º5> w ��?	@ ´.· ���A ðFÉC|
αgeo ' αkin (4.11)
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�'w þCB�DKv.E�2s���ú � ´ |�ê�ë;F�-5G ´ *=ªH+ £ ªQµ�¶ � µ
¶�}~ª���y�FI-(G ´,J èLKHM �w þCN�O�¸�7
Å�P�QR-³ � ���
4.1.1 �5SUT x 
Í ´ ºsú�¸ α ������V	W=��XZY £ Å · �:[
|Z*{ª�+ £ ª�µ
¶ ´ º�� wH\ Y�] #^�_ ª�`��,< w É{º!| veto counter v:a�b � ��ö ádce0�ú � Å ´ ¨ ���
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4.2 MeVγ f gihkj

Advanced Compton Í�v[ó w � MeVγ ylX=z ^ v'ß
à=�s��|#ê�ë	FI-mG � µ�¶ γ y;FZ-5G��,<w É{º!|��{��¸�n{Õ
Å�E;2\³ � �!�sã � |#ê
ë;F�-5G��,< w É=º�o�p�ÿ ´=· �{ú � Å,q	E ´.· �!��Hr��¼ |
ê�ë�v:FI-F��� x	� �
º�|�s;t
µ
¶u¸�u�v�»�¼�|�F�-(G�¸�w�x�y�ÒsÅHz w };{
Åu� wÅF|U|~þQ�s� � Compton µ�¶{���m};~Å������ x	� |H��Ò�v���� x8� ��º!|,o�p�ÿ����)� w9�'w×�� w ��ã x |�ø.��è�é~º�s�t
µ�¶Kv��[É�|=���'��ø.�l�.¸�';)�v:��ðFÉ��Cã�þ�¸ ´ |	� wC¡Z�Ó�ÔsÕ
ÅHq	E ´.· ���9³s¼��!|�ø
��è�éu¸ �.�������(� ��º MIP(minimum ionizing particle) ¸¥�����Ò���¸ ´ | MIP ¸ ì ¦�Å�/�Õ ´ �=× �1� ��¼)� w �l|��)É�|�*=ª,+ £ ª�µ�¶�� ¡ �
};{�F
-:G�Åu� w ��µ�¶ γ y�FI-(G��8< w É � |
ê�ë;FI-(G �5��� ��|;o�Ü���Å�E�2�³ � �!���'»K�[�ÅK¼�| ®	�~± �Cê
ë;F�-(G ´=· �U�!ÏH� �H�L� ª \s� º�o�p�ÿ ��� » w,� ª,+��Cª # v � �.�:�à���ú � º ´ ¨�� | �=������� Ó.ÔÕ¸�� w����R� FI-(G�º�o
Ü����~�U*�{ £ Å
»�»�� x;� µ¶ γ y;FI-5G � �)É=º�a w � 0 w �

PMTs

e-
e+

e-

~10MeV γ~1MeV γ

-PICµ

Drift plane

Scintillator

� 4.3: MeVγ yZX=z ^m¡�¢ �
|sú ´ |,?e£!�H¤�¥{�s� µ-TPC v)ê�ë	FZ-5G � �¯| ¡l� FZ-[÷�¦ª �¨§ � ¦�©�ªªF�-mG�v µ�¶

γ y;F�-:G � ���=�{þV� Advanced Compton X.z ^ ( � 4.3) vd«�Ç1¤�¥I¬ ´.· �!� µ-TPC ¸�ç�Ý� ��ð!É w � µ-PIC º!| 100µm ��Ò�¸5� w�¡L� Ó�ÔÕ�v.Kð!É w ��Å�¼½|�o ¨ �!Ü��9v��ð x F
-:G ´{· ����ã x |;® � �Cß;¯�vm°<8FI-5G � �[É=º�� w };{�±l²,~�v[�9�ú �2� ´ ¨ �!�Z¦sª
�e§)� ¦�©Cª F�-5G~ºF| ����� FI-(Gu����T �°���.�#����� Ó
ÔsÕ{¸�³ ´�´ �CÅ#| ���R� ��á �µ � ´{· � x�� |�ê.ë	F�-(G�vH¶�þ½Ü��Kv.o ¨ 0 ´ ¨ |�·l7=¸ · � � ¸ �=¸� ��¸ ´ |�µ
¶ γ yv�¹�~�º»0½¼ Ì �ú � Å ´ ¨ ���úF¸ µ-TPC �½¡l� F�-'÷�¦{ª �¨§ � ¦Z©�ª F�-:Guv)ó w
x Advanced Compton X.z ^ �{��á |
sub MeV ¾ MeV ¸ ���C���#�5¿;À �CÎ�Á2É COMPTEL ¸ 10 ��¸5��Ò�ÂUÃÅÄUÆ�Ç ® �È�è�é�¸�êëIÂm¼ Ì ¼ �LÉ [�È�è
éËÊÍÌCè�é�Î	Ï.àZÐUÑ É Ï1Ò�Ó " ª # � /sÕ ´=· áÔÈ 10MeV Õ1Ö�¸�×�Ø,ÙÚ Ó ¿	À Ð � ��ÒÛÂ�l<~úUÜVÅ ´ ¨	É Ç
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4.3 µ-PIC

Advaced Compton Imaging ¸5F�-:GZÐFÎRÁ2É,È�Ý¨Ü.Þ É ¸�º�ø�ß2è�é�¸!ê�ëIÂ°à ��á ×mâ�}LÐ
¼ Ì ¼ �LÉ » ÜmÁ�þC³ ´{· É Ç�è.éuº�x�ÿsÅ�Ã\³�0 è�ã Â.�ð�ÉRÁ É�ä;� Ð�È	s�t�µ
¶�ÐlÑ2ð!É°å�¸5'	)�Âm�UÁ�Å1� ´�· É Ç A ð�ÉHÈ�è�é~¸�ø;ß�°å1Âdâ�}LÐ5æ É Ð2º�È��°Á ¡°� Ó�ÔÕ°Â�uð
ä ê.ë�F�-�GsÅ8q�E�Ð	Þ É ÇKúC¸LÑ�þmÞ�ê�ë�F�-(GçÜ��)É µ-TPC ÂH¤H¥À�[É�Î�á½ÈZ|�¸Fç
Ý�Ü
ÞsðFÉ�Á É ¸�Å µ-PIC

´.· É Ç
4.3.1 µ-PIC (Micro Pixel Chember) [29]

è
4.4: uPIC ¸�ß�¯

1999 é�»\¼�¤8¥�Å,ê � ¼ �°ä µ-PIC º�È;® � èRë�ß�¯ ÂmKð ä Micro Pattern Gas Chamber¸íìïî ´�· áðÈ è 4.4 ¸UÑ{þ:Ð��8ñRò�¥�ó�Â.ô	õ á.Ð��'É�ö;÷LÐ�ø�T ä Ñþ�Þ!ß;¯�Â�9ð ä�ù {�F
-(G ´{· É Ç2çRú�º	ûe�)ÏIü�`ýÈ�èRë~º�þ�Ð�ÿ�Y��	ÙIÂ�Ò°Y���� ä�� ¸RÐ	ÞsðFÉRÁ É Ç����	]��
Ùº 400µm 	�
 ´ ø�� ´ ÎÀá½È���8Ó�`(Ü5X���Ó�`½º����1Æ É ZåRÐ strip Ü.Þ�ðFÉ�Á É ÇKú��
ÐlÑ�áÔÈ��ZÁ�� � Ó
ÔsÕ ´ Ö������l71- �[Å�/�Õ ´{· É Ç�ã ä �	]��	Ù#÷u¸!è�ë�ß;¯�Ð�� ä ú1Ü´ È Micro Strip Gas Chamber(MSGC)

´ u�v�Ð8Þsð!É�Á ä"! è�ÐUÑ É è�ë�#%$~º'&)(�Þe0 Þ\áÔÈ
µ-PIC * � ´ �°Á ù {�±1²,~�Â,+L��	 µ%- Ð(æ É ú1Ü Å�. ( É Ç�/¼:Ð(È avalanche Å�&0( É ¸�º
1��Ó�`Ë¸�2L043�5�6�7�.�7 É 68.HÈ ∼ 107count/(sec Ê mm2) Ü:Á�þ8Ñ{þmÞ�oUV�Ò�9�:�Ð(Î;�=<> V�Á�Ç8?�¯�ÐA@ ��< > È µ-PIC BAC��EDGFIH�ú�6KJ�LM. ¸ON ��<RÁ É�ä%P È µ%Q Ð�oR(�Þ > 6
Â ¸TSVU ÆRÁÛÜ.Á)WVXAY�Z[7 S È%\�]�B 10cm×10cm Ü.Á)W > 6�ZE^�_a`�.[7 É (

è
4.5) Çb ä È µ-PIC 6K�dc1eM�"f�g >,h ÐEi�j0/=�1<�Á É Ç[CaklMD�C;Ð%B�È CERN LHC ATLAS mn 6 Thin Gap Chamber olÐ8i�j)/�� ä8p -�q 16nsec 6 ASD(Amplifier Shaper Discriminator)

chip ZAi�jR/K��È è 4.6 6LÑ�WmÞEH�rIÐ'mAst�=<8olÁ�<RÁ É ÇGu�6�CGk=�D�C�vUÓxwzy N B�C{k
�D�C�6Ae'|d6��}d~��l��� Ü ON/OFF 6��[���5Ù��%��6K�%�{��� pA����S eK�M�K�E�d���"�E�
�aB%�{D%�E����� ( � 4.7) ����� N,�%� FPGA �M� S��A�{�'��  / �[pA¡�¢�£ �A� > � VME ¤
61¥E¦Rk=��v��xw§�R�¨� N,� ���1�aD8�E���8��B �ª©¬«M 1536ch 6K9�|�Z�®M¯  7 S°� 100MHz

61±�~�²�± �³[´ C�µ ´ D¨��¶ 6�·�¸�¹8º0�¼»;WV��uK6�� 4.8 6�½�¾8¿AÀ �[��S°� µ-PIC 6dÁ�² FÂMÃ ¢%£ Z�Ä N�� �'�
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� 4.5: 30cm Å uPIC ��Æ{e=ÇaÈ'ÉAÊ�Ë�ÌAÍ
� 4.6: ASD Cak�ÎdDEC�v[�tw

� 4.7: �{D������8�
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16ch sum AMP

16ch sum AMP

Discri.PreAMP position
Xmax

position
Ymax

Clock-
counter

Event- 
number

Position 
encoding 
module

Memory
module

Digital
768ch

Digital 
256ch

Analog
768ch

Analog

Analog
768ch

16ch sum AMP

AMP-Discri. Board 

AMP-Discri Board 

Anode

Cathode

Analog Sum

Analog Sum

LVDS

LVDS

LVDS

Digital
33ch

HV

Gas Chamber

CPU

...

...

...

FADC
16ch sum AMP

VME-bus

Xmin

Ymin

� 4.8: 30cmµ-PIC ÈKÏAÐaÈ µ-PIC �����"Ñ�ÒG½E¾�¿�À8� 10cm Å >KÓMÔ D�Õ�� q ZEÖ ×���Ø�Ù
B"ÚÜÛ��{Ý [Þ ���

4.3.2 µ-PIC ß�à�á
â�ã8ä�å8æ

µ-PIC B�ç�è1é q�ê È � W ��ë ¾�ìdí �d��î <����0��Äa�"Æae'ï �Þ �K�%ð î < ë ¾�ìdíEñMZò ÈóÛ N¼ô Ä N,� �Ey)� ô W�ÈAB � Æ{e"ï�È'õd¯��=öd÷EøAùM×�ú q [Þ ��� µ-PIC �¼û P1ü Ê�ýþ�ÿ���� ����� ë ¾�Æae"ï B � Î	���xw - 
��K�Ow ¡ È���dZ q�� µm ����� ����ôAü�P���� þ Z��� � ×d�'�8X ��ë ¾)� þAÿ ������ ;�=Z�Ò b î"!Aô �=Ï�# ( $�ø�% ) Z �&� þ �(')u*) U ÷ ô �+�, N���!�-;SI�*.1´ ±%~ ³ �E��D Æae�ï È'ÏAÐ � ��� ¤�u�È � W=×"$�ø�%�B�/�0 N�� × ô [30] �
�8î1!��	2�354���.�´ ±�~ ³ �8��D,Æ{e"ï�B � þ �d� S,ë ¾�ìdíEñ0�(687:9 �8�*;�<M B Þ b S=?> ×KìMí�ñ�Z�Ä N�� × ô ��è ,�@ � MSGC  B 1000 Û N=ô Z�71A �Þ�îEü �)=yB) � µ-PIC B � � 4.9 È � W � “ ;C<� ”∼ 2× 104 � ô W ë ¾�ì�í�ñ0�ED�FG) !Aô �'� u �
B .�´ ±�~ ³ �8� D Æ{e"ïx��) ! B � ��� � =H> ô � b ü���I�J õt� ô WLK � � ô�!5M¼�Më ¾�ì
í�ñ)� 6000 N�O �"P0î�ü bAbRQ 1000 pA¡ Ø1¤ M È"S�T I�J _�UdZ�m�\V9 �	!1ô ���Gu�È � W �
µ-PIC W ��I�J y���· ô�ë ¾�ìMí�ñ�Z�Ä N�� �"Æ�e'ï [Þ ���
X�Y�Z

10cm×10cm È�K�[{� 400µm ¡&\1^] ±1_%�a�R` Ã ) !Aô � ü�aE�H] ±1_%� q W 256 × 256 =

65536pixels ��M ×��K�*b �dcE� È ] ±�_8�1ZEç%è1é qAê È �*e"�8ë ¾�ìdíM� - u=÷1Z � · þ�f W
Ú ! È ] ±g_8� ��h�i{��j , !1ô � ü�a��V] ±g_%�dÈ"k�l�Ègm&n ô × ò Z Þ ��� ë ¾�ìMí�ñ5W'Ï# �M�:o ÖM× î1! ) b ô�� = K�[ [Þ ��u�����pMyq) > � ×�Û�× î�! ) b e �
µ-PIC � � ô�!�� b�È 2�r õ{��s	t ü"u�v Z[� 4.10 1Þ ���Gu � yVw � Æ�e'ï�Ú�K  RMS 

±7% � ô?e ��� �12&r × ë ¾�ìdí�ñMZ�Äxw ��!1ô ��u��=Z1yG�'�
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 10%6H2Ar 90%  +  C

� 4.9: Î	���xw ��z�{ ) ü HV ��| ÷M� ë ¾�ì�íEñ

4.3.3 X }�~V���B�V�	�
µ-PIC �(�:a È ë ¾ ³ ²R�[�A�1� ��o�� 0A��u�� �� · ô Â Ã"� y�¯  X � ´ ¥����d�E��Z > ���
X � ����Õ?�,�����=o ô&! Ä�w ��ü X �&��� ´ ¥8���A�8� 4.11 � ö�÷E�	��~����8È X ����� ´
¥����  W � ��~8�����¼Ç�È��MÕg�C��� È ��� Z�W î > o ��� !��[� ��� þ1ÿ ¡ È ¡&\ W 400µm

AÞ ��È E� ÂdÃ�� y[¯[È������8W 400µm√
12

' 115µm �¼×���Z � uKÈ�¿�¾�� ÓMÔ �G�VÈ�� È'Ç � yw � Â Ã�� y�¯dW 120µm ������� ����ô �MZ�Ä�w �	!Aô �K� b üK� 2.0   /1mm È8¾ók8²5��Z �
�  > !1ô ��u��=Z1¡�¢  > ���

4.4 µ-TPC

4.4.1 µ-TPC ß�£q¤ ¥§¦?¨
© þ�ª �8« ë ¾�¬1�R o�® 01��� � b�È�¯�° �"±0î�! þ �8« þ �H9 � ���?²�È þ ��³R�R´*�	µ
× þ Ï)�1µd0 2�J È'¸�O  ÆB¶"ï[�R��·�¸H9"� � � � þ �8«EÆ5¶'ï ��¹�º ÷ �C»�¼�W � þ �½9 �
ü Â Ã µVw�ÆB¶"ïq¾  È1�� ��¿ Ý !�À��	! Û�����ð î"!�Á�Âa� �1Ã ë �gÄ�Æ5¶Kï0�(Å�0 � �1Ã

cathode [cm]

0 1 2 3 4 5 6 7 8 9 10

anode [cm]
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� 4.10: ë ¾�ìMí�ñaÈ"Ï�#�Æ�Ç�õ
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1cm 1cm

� 4.11: X � ´ ¥��	È ( ë ¾ÊÉ Xe 1mm Ë ÌÍÉ ¿1¾Î� ÓMÔ ��� ÏÐÉÑ��Ò8��� )[32]

ë ��µVwÔÓ8Õ �"Ö�× «EÄxw � ��¾  È�» ¡ �(Ø J ÷�� � � þ �V9 ��ü ÂMÃ µVw�ÆB¶"ïq¾  È1��
�(ØG�d²���«  > ��ÙÛÚ	Ü%¢�£ «EÄ�w � � Multiwire Proportional Counter (MWPC) � MSGC

× ò ��Æ5¶'ït��) ! Ä ô8� @ � © þ�ª ��È?Ý Ú�Ü ¯�°G�RØ JM > �*²�� � ×d�K�q²�È ��e ×�½E¾
¿�À�� Time Projection Chamber (TPC) �(Þ�ß8�

� 4.12: µ-TPC È"à�á��

gas in

Al window (~1mm)

75m
m

~110mm

µPIC

10ΜΩ
10ΜΩ
10ΜΩ
10ΜΩ
10ΜΩ
10ΜΩ
10ΜΩ
10ΜΩ
10ΜΩ
10ΜΩ
10ΜΩ
10ΜΩ
10ΜΩ
10ΜΩ
10ΜΩ

~1mm

1mm

4mm

5mm
2200pF

ΜΩ22

10mm Al  (0.3mm)

22ΜΩgas out
−HV

2700

2400

2100

1800

1500
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� 4.13: drift â�ã ��j , w � � þ Ï
µ-PIC W ÙLÚ�Ü%¢%£ �¼Äa�*²��"È  > � ë ¾�Æ^¶"ï 1Þ ��È �� TPC È"Æ�¶�Çt��) !1ä ÄA÷M�²A�E«  > � µ-PIC �RÄ ô � TPC � µ-TPC (micro-Time Projection Chamber) �åÞ�æ �ô � ( �

4.12) � MeV ë � . ��
[¥�µ �C-Aô&! W � ½d� Ó �l��½Bç"�¨Æ�¶"ï �è�é γ �{�d��w , � ²�È Ö�×
�V�gÃ ë ����) !�� µ-TPC W"ê�ë þ ��È"¯�°;�¼�1ÕE�8ì%�	íRîxw ,*ï�ð

4.4.2 µ-TPC ñ�ò½ó�ô�õ÷ö8à�á© þ�ª �8«g �øB¬�í i ��÷ ï^ùûú  �ø5¬�È þ �Hí þ ��÷ ï�ð ²�ü½w"È þ �aÈ e"ý ú  �ø È ´�þ�ûÿ���¿B�E½ Ô�� Ø[¤�È���Õ � ì��*íR��� M È�W ú 9:w	��
��1È� �ø?í þ �½9� ú�� Ú ´�þ ���
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Î�í(U ï�ð ²�üVw � ��È���N  U�wEü ü�´Cþ � -
þ ���MÎ%È���� nT W���� 4 � ú

nT =
∆E

Wi
(4.12)

ù�� 0 ï"ð ü�� ) ú ∆E W� �øB¬8È��AÕ � ì���� � ú Wi W 2"!�#�$Cþ �%�'&�íRU ï # �	(�)�*,+- �/. � ì���0�1 ï�ð243 «65q¶	í�798;:�<�= ï �/. � ì ��â�ã>�@?�A ï Compton ê�ë�B��DC ú �/. � ì ���/�EC
MIP # ��F G"H�0�1 ï"ð :	I�«�J,< ú MIP 06K;L ü ï $&þNM �'& � ! = <�O�P ï"ð 1atm �@?QAï

Ar, Xe # 1cm R�I4S #�$�þ>M �'& # � nT,Ar, nT,Xe C ú

nT,Ar =
2440

26
= 94 (4.13)

nT,Ar =
6760

22
= 310 (4.14)

I � : ú�T üQU1ü # MIP # �". � ì����"��C ú 2.44keV/cm, 6.76keV/cm, Wi C ú 26eV, 22eV 0
1 ï [33]

ð
µ-PIC #,V"!�# B W�1�I>S # B�X��YC ú B�W #QZ�[]\ « 400µm 0"1 ï ² ù µ>L ú nT �

0.04 í�µQAgü'^�_�= ð :�I�`�J�< ú V/!Q# B�WY1"IaSbB"X �DC ú Ar 0 4 Â ú Xe 0 12 Â ù * ï�ð²RücL"í�5�¶6d ï I�e���C ú�f ¶�:�g�h #/ij$�k í,O6l�d ï8ù gain ` 2 × 104 G"H�( )'0�1 ï�ð

4.5 monqp r>stm uvnYw xzy
{�|

γ }'C ú�~ 4.14 # _/��* ú Zj��� �'� M�\a� �"�6�j0,5���d'��� V !"#QZj��� � #��/$@k C
6mm×6mm×13mm 0�1����6��� � M�\z� �Q�j� GSO:Ce(Gd2Si05:Ce) ����=�<"=���� 8×8 � #
Z6��� � � ú�������� 49mm×49mm #6�j�"\ & i6����� B�X���F�� ( �����; ¢¡ ��£�¤�¥ H8500)

0 f'¦ ��d6��§ #	� B X�� F���C�¨ 49mm×49mm #�©�ª�«�� B�¬�WY	®z:�<,¨ 64 \�¯�M . �Q# &
i,��� `j�j°N±%² <�=��	��³ Zj���j� 0,³�& i,��� � f�¦ ��dj� 64 \/¯ M . ��# & ij�c�´# f �':
C	µ"¶ \�·j��M 0,¸;�¹��& ij�v�»º �¼��µ ¶�0 ! *�½�¨jµ"¶ \'·@��M,#�¾�¿'À LÂÁ�Ã>� fQ¦�Ä d6�f ��:�I�Á�Ã #	Å Æ Ç�È 06¨jÉ �E#"Ê	Æ�Ë �%Ì�eQ���E§ # 8×8 & ��$ �,=cÍ !DÎ�Ï/Ð <6¨ µ-TPC

#	Ñ �/Ò ¿ � ��Óv�´��Ô�Õ�Ö�×�Ø�C�¨ ≈6mm ¨ Ù". �'Ú�� Ö�×�Ø�C 9%(662keV, FWHM) 0"1����
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Flat Panel PMT

H8500

5cm

~
4.14: GSO Z������ � M�\���� � � & �%$
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4.6 ÛÝÜoÞàß
á �¨ MeVγ }�â�ã"ä #�å"æ"ç�è 0@¨ é�êYë�ìví,� # C6î�ï ð�0/1�� ç�è  ! =�<6ñ Ð ��� T
# ��ò	¨�ó�ô ARM �õ�öQd�� ç�è ��ñ Ð ¨ á  SPD 	õ ö�d�� ç�è ��ñ Ð ���'ó�I�¨a÷�òYL�
Î õ"ö'dY� Î6#>ø :�<j¨�B�X #;�,ù�ú  û¨�ü { �_�� ç�è ¨ � M�\��%� � � ý ÔYÕ�Ö�×'ØQ@þ�=
<�ñ Ð ���

4.6.1 ARM

ARM ý é�ê�ÿ��>��K¼� ý C�¨ Doppler broadening ø ¨�5¼��� ý Ù/. ��Ú�� Ö"×�Ø�0�1����

Doppler broadening

~
4.15: BQX���Ô ý ARM � ý õ'ö (E0 =

200keV, Si) [23]

~
4.16: Z '_@� ARM ý�� `cS [23]

~
4.17: Doppler broadening ý Ù". ��Ú��
	��� [23]

§	²Yó60"O"P <��,I�� M��   M { | C�¨����¼
���v:�I�B"X ø�ý
��� K/� ø :�< O�P <��jI Î
ý 0/1�� (unbound Compton) �D: À : ¨���� ý 5E���Yj?"=�</C�¨6B�XEC�é�X� Ò Ö�X"!�# ý�$% M � ¯	� 
&;L(' ²/< ?�S¢¨�1��jÙ�. �YÚ�� �*)4J�<,+.-c:�</=Q��I�ej¨"/ å 0����.� M��  
M {"| (bound Compton) 0�C�¨.0.1 ý _Q�%* Ë j?�=�<�2�=�`Q�j<�Í�� [23] �
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•
{"|43j� �

: 5D 100keV 0.1 ý�6 Ù/. �YÚ��"ý	� XE�®/dY� {"|43j� � `7'�ô À ���8Q�
•
{"|�9 ý Ö�: : Klein- ;�< ý
=�À L?>qL�²�� 9 H"Ö�:Y�@ Ð ¨�A ªCBED ª { | `7'"ô À GF
P4L9²Y���

•
{/|IH M�� } BEJ�K�L X ý ÙNM �EÚ � Ö�O :

{/| A ýPL X ý ÙNM �DÚ�� ` 0 Q�R�SqÍ � ÿ
ý�T ��)�þQI ej¨.U V ÙNM �YÚ � }�V À L
WQ�
X>ó/J@I 9 H¼ {"| ±�²E� H M�� } ý Ù.M
�YÚ�� ` V�æ�ý�T �S4L9ô�¨ unbound Compton À LZY�[N±�²�� T�ý
\�] Q,^�_,Ö�:D�`)Qþ
(Doppler broadening) �

Compton Imaging Q�R6¨ H M�� } ý {/|.9 � {/|�H M�� } ý Ù.M �EÚ"�>øaJ�K�L X ý ÙNM �
Ú���À L?>D����b4J�cj¨ H M	� } ý { |�9 ý X æ�d H (ARM) R Doppler broadening ý�e�f `�g
�YÍihj��¨ ARM ý é�ê�ÿ�� ø S�JPc�_Q���

Doppler broadening R {�| A ý�L X ý +�-'�kml�d'� Î�ý S ý Q,¨'÷ ýnL X"!7# ý�L XD�Gop�aq
^pr�I À '_�S¢¨ {�|�H M�� } ý Ù�M ��Ú�� ý�s L6½�R
t�u/d���� ~ 4.15  Doppler broadening

Q_�� ARM ý�� `zS��*v�d6�E_�Sxw7y ýGL X ý�z ��`�)>J�c�_��,Ù�M ��Ú�� `�{N±EÍ|SQ�@I�e6¨
Doppler broadening ý h"} Î {D±�Í ¨ ARM ý�� `>S Î�~ ±�PEL ²"c"_ �"§ ø `�Ö À ����ó6I�¨9é6X� Ã Z %®"dQ� ARM ý*�"� � ~ 4.16 nv"d6��§�²Y_QS¢¨ Z `�g���_ Î�ý7z ÷ Doppler broadening

ýGe�faÎ gj�EÍ|S'� ø _N���m��`�W��Q§ ø `6Ö À ���E±�L��¨ ~ 4.17 ý _��	�¨"��� H M�� } ý
Ù�M ��Ú@� `P��_,G ¨ ARM ýG� `aS ` ~ ±�PNL ²�c�_/����§�².R�¨���� H M	� } ý Ù�M ��Ú@� `
� Í�S�� z ÷9¨ L X ý +�-QÙ�M ��Ú�� �����mQp���.�Q�	7SQ�7�"�6¨ Doppler broadening ý h�}�P� ²�c�_zÍ`�7� ø`����� ²����
�����4���
���m�N������ �¡
¢ ��� ý Ù.M �YÚ�� Ö�×'Ø�m�j��¨ ARM � ý õ"ö>� ��� ��� = 4.3 ��£ ¨

∂φ

∂Eγ
= −mec

2 Ke(2Eγ +Ke)

E2
γ(Eγ +Ke)2 sinφ

(4.15)

∂φ

∂Ke
=

mec
2

(Eγ +Ke)2 sinφ
(4.16)

(4.17)

�7¤�c6¨ Eγ ,Ke ý error � ∆Eγ ,∆Ke ø(¥ � ø ¨ φ ý error ∆φ R�¨

∆φ =

√

(

∂ cosφ

∂Eγ

)2

∆E2
γ +

(

∂ cosφ

∂Ke

)2

∆K2
e

=
mec

2

(Eγ +Ke)2 sinφ

√

K2
e (2Eγ +Ke)2

E4
γ

∆E2
γ + ∆K2

e

(4.18)

ø S'��� ç�è R ¢ ��� ý Ö"×�Ø ý ¦ ø�¥ � ø ¨ ∆φ R ARM �¦§rn_��~
4.18 R�¨,¨mR µ-TPC ¨P©�R �4ª*« ��� � ��ý Ù�M �'Ú�� Ö�×/Ø ý ¦ � ��¬ r�� ø � ý ARM

��vr(c"_����	Ù�M ��Új� 300, 500, 700keV, 1MeV ý �7� γ }��þ�_�c�® È rn����Ù�M �QÚj� Ö�×Ø�,þ�_"c�R�¨G¯"°7��±4QP> � ²�c�_�� T ���._��,� µ-TPC �þ�_7c�R�¨ 10%@22.2keV, HWHM

Q�W/� � ¨�Ù�M �'Ú@� Ö�×/Ø�R�Ù�M �'Ú@� ý
²�ª"³  J @�´ ¥ � ý Qj¨ ∆Ke = 0.471
√
Ke ø r
���µ
¶ �¨ �4ª*« ��� � � ,þ�_"c�R�¨ 4.5%@662keV, HWHM ��£¢¨ ∆Eγ = 1.16

√

Eγ ø rG�,� ~
4.18 ��£¢¨ J�K7L�·�ý Ù�M ��Ú�� � � ÍaS��@jþ�²j¨ ARM RGg¸��ÍaS���§ ø � ' À ����ó���¨��
� γ } ý Ù�M ��Ú�� � �p_ z ÷ ¨ ARM RG{N±EÍ|S����'ó���¨ Compton edge ¹7ºmQ ARM

� É {
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4.18: 300, 500, 700keV, 1MeV ý �4� γ }zj® ¥ � ARM ��¨�R µ-TPC ¨"©»R ��ª,«

�,� � ��ý ÙpM �4ÚQ� Ö�×>Ø ý ¦ � ��¬ r�c�_>���/Ù�M �NÚ'� Ö�×¼Ø ø r�cIR�¨ µ-TPC R
∆Ke = 0.471

√
Ke(10%@22.2keV, HWHM)̈

��ª*« �%� � � R ∆Eγ = 1.16
√

Eγ(4.5%@662keV,

HWHM) ø r
�6�

¥ � ý R�¨ sinφ
�

0 7S��Q§ ø ��j���"¼ ª ¨ J�K"L�·Yý Ù�M ��Ú�� Ke ≈ 0 Q Î sinφ R 0 �S
� � ¨�Ù.M �YÚ��"ý�ç�èaÎ 0 "S�� ý Q6¨ ARM R�É { r�S�_@���ª*« �%� � � 4�6�6Ù�M �'Ú�� Ö�×�Ø.R�¨ µ-TPC �m£ Î ARM  e�f �`½�¾ ¥ � ~ 4.18 ýGT
R�¨'Ù.M �YÚ��"ý,ç�è P@�´ ¥ �Q§ ø�Àj� ¨ �4ªG« ��� � �"ý Ù.M �YÚ�� Ö"×QØY��¿,À ¥ �Q§ ø� ¨ ARM ý ¿�ÀD�Á À7Â S�_@�

4.6.2 SPD

SPD ý é�ê�ÿ,�¼��ÃD� ý R�¨ J�K7L�·Dý
Ä�Å { | Q.W���� J�K"L�·YýPÄ�Å {�| m�m£¢¨ J�K7L
·Yý +�- ª �/ ç�è � ì�í]¨ Compton

{ | ý k¸¤�� ² �  ç�è � ìqí�� ý QNW����
Å�Æ�Ç�È

Advanced Compton ÉmQ�R�¨¸� ª �   ª { | ý {�| ² � ý X æ � ï'Ø�S��"�,¨ H ª � } ý�Ê�Ë
ª �Q��¼6°Y�X æ Qm�j���Q§ ý {�| ² � �nX æ�¥ � ý R�¨ H ª � } ý {�| ª � ~g øZL"·EýGJ�K�ª �
~e Q�W"��� ~g ý
d"Ì R�Í þ ý ¢ ��� ý Ô�Õ�Ö�×/Ø ø ¨ ¢ �G��Î ý
Ï�Ð N�6�	��r À r ¨ ~e ý�ª R�¨ J
K7L�· � ¢ �G� Ê �nÑ¼� ø �j�¨7{ 9 Ì"Ò�Ó � Ä�º�Ô�Õ�Ö ¨ Compton Ò�Óp×"ý +.- ª � ý�Ø"Ù�ÚÛ ¤
cIr,ómÜÞÝ
b�¤Gcj¨ SPD ª � ý 9 Ì Ö�×QØ ý é�ê�ß6ÿP�pR L�·Yý
Ä�Å�Ò"Óqø _�Ü6§ ø �SNà�Ý
L�·Yý
Ò�ÓDý
Ä Í�R�¨"á�â Ê�ý é ·  E4��à Coulomb Ò�Ó Q�W.à
Ý�{ 9 Ì�Ò�Ó ( Ò�Ó 9 < 30◦)

R�¨ Moliere ê�ã [24] 4��¤�c,¨��YÍåämæ�Qp��¨ Ò"Ó 9 R Gauss Ö�:'�SNà
ÝIr À r9¨P�4�.RGg 9
Ì"Ò�Ó ó,Q tail Ú�ç _�c�_�àPÝ7è4± x ,é Ö à L�·Eý�Ò�Ó 9 ý rms Ú θrms

space øÂæ�ê�¥ à ø?ë�ì ²
Ú ¼ á�í�î � e r�� rms, θrms

plane R ë
θrms
plane =

1√
2
θrms
space (4.19)

ø SNàPÝ�¼"ï ë θrms
plane R ë
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θrms
plane =

13.6MeV

βcp

√

x

X0

[

1 + 0.038 ln

(

x

X0

)]

(4.20)

ø º�ð¸ñ
òmà [25] Ý¸ó�ó�Q ë βc, p R L�·DýGô�Ì�ø +�-�õ ë X0 R radiation length ö�rG��Ý
g 9 Ì�Ò�Ó R Moliere ÷.ã�÷�ã î b4'.S�_7Ý7b¸¤Pc ë �p�.R ë { 9 Ì�Ò�Ó QNR Gauss ø�: î S
à � ë g 9 Ì ïp��� tail Ú7çjù Ý ì ó
Q ë GEANT4 Ú
ú _�c ë�Ò�Ó 9pû ø�: Ú7ü�ý�þ�ÿ���ü � ª
rG��Ý GEANT4 R Ä � Ò�Ó�Ú ®�� ¥ à î W��.¤�c ë Lewis ÷�ã [26]

î�� _���� rn_
	��� (MSC

model) Ú
ú _�c�_�à�Ý GEANT4 Q"®��§r�� ë"L�· û Ò�Ó 9 ø.: Ú v ¥ Ý Ar 90%, C2H6 10% ö
Xe 54%, Ar 40%, C2H6 6%( â�õ�@ 80:18:2)

û��
�Iî�� _"c GEANT4 Q7®��§rG��Ý

degree
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50keV 0.5mm

1mm
3mm
5mm

(a) Ar 90%, C2H6 10% � 50keV

degree
0 10 20 30 40 50 60 70 80 900

200

400

600

800

100keV 0.5mm
1mm
3mm
5mm

(b) Ar 90%, C2H6 10% � 100keV

degree
0 5 10 15 20 25 30 35 40 450

200
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800

200keV 0.5mm
1mm
3mm
5mm

(c) Ar 90%, C2H6 10% � 200keV

degree
0 5 10 15 20 25 30 35 40 450

500

400keV 0.5mm
1mm
3mm
5mm

(d) Ar 90%, C2H6 10% � 400keV

�
4.19: Ä � Ò�Ó î ��à Ò�Ó
� Ý Ar 90%, C2H6 10%

î é Ö à���M��� � 50keV, 100keV,200keVû L"· î�� _7c ë�� ����� ���� �Ï7Ð 0.5mm, 1mm, 3mm, 5mm
û Ò7Ó!��Ú v ¥ Ý = 4.21 Q#"�$&%' r���Ý

Moliere ÷�ãI�4£ ë(��Ì θspace

î Ò7Ó ñ*ò4à*)�+ P (θspace) R-,
. û ��Ü|S Gauss /�021�3�ñ*òNà�Ý

P (θspace) =

√
2π

σ
exp(−θspace

2σ2
)θspacedθspace (4.21)
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(a) Xe 54%, Ar 40%, C2H6 6%( 4576
80:18:2) � 50keV
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(b) Xe 54%, Ar 40%, C2H6 6%( 4576
80:18:2) � 100keV

degree
0 10 20 30 40 50 60 70 80 900

100

200

300

400

500

600

700
200keV 0.5mm

1mm
3mm
5mm

(c) Xe 54%, Ar 40%, C2H6 6%( 4576
80:18:2) � 200keV
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(d) Xe 54%, Ar 40%, C2H6 6%( 4576
80:18:2) � 400keV

degree
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(e) Xe 54%, Ar 40%, C2H6 6%( 4576
80:18:2) � 700keV

�
4.20: Ä � Ò.Ó î �"à Ò.Ó#� Ý Xe 54%, Ar 40%, C2H6 6%( â.õ�8 80:18:2)

û-�2��î��#9;:
GEANT4 1,®��=<G��>
? Ú�@.¥ Ý��BA�C� � 50keV, 100keV, 200keV, 400keV, 700keV

û�D · î�
9!: ë���E �2� ���F �Ï7Ð 0.5mm, 1mm, 3mm, 5mm
û Ò�ÓB�IÚ�@N¥ Ý�G 4.21 12"!$(% ' <G�,Ý
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H ��Ì"Ò�ÓJI û 1 ë dΩ ≈ 2πθspacedθspace öÞº�ðK<���Ý Ò�Ó;� θrms
space L ë ∫ θ2

spaceP (θspace)dΩ Ú
θspace = 0 � � ∞ M�1-N�øK< :�O � ò.��P û"û ² ï ³ 1#Q�àGÝR<�S � ¤ : ë θrms

space =
√

2σ ö I à
Ý
M�S ë θrms

plane = σ ö I àPÝ
"�$T% ' û >�? ë tail U�ø L Gauss ø
V»ö7W�ò :!9 à�X ë H ��Ì7Ò"Ó 1 L�Y ù "�$T% ' < :!9 àGÝ�
4.21,4.22 L ë θrms

plane Ú
D · ûFZB[ �;A�C� ��\ î
]B^ % ' <�SJP û 1;Q.à
ÝIó�ò L G 4.20 ö`_

ö�acbTd�ef< :B9 à
Ýg<h�i< ë�j �BA�J� ��k 1 L ë G 4.20 �cl7W�ò :
9 àPÝIóGò L ë7Ò�Ó
� Xmin�9�û 1 ë Moliere ÷�ã2�glTW�òmà�S�o
1;QNà
Ýp;q ë
r
s 0 mm ø ÚGú 9!: ë!tBu D
v�û rBs �cl tBu ïCw�xhyCo�zF{ I�|2I l ëJ}�~�� û�Dv L ë-� DB��v�î Y�� :FD!� ñ�ò ë��-� " '�� z�X ëNì û�� ë�� �!�!� x��C� ëF� � < ë-rBs ûF�� X��!�c��z�ö&� � � î Y z`���JX min ù&I z��il71#Q;zF{ � � û rms L � Magboltz
ûF� ��� YzmöT� 295K � ��� " ' D
� 400V/cm 1 Ar 90%, C2H6 10% L 450µm/

√
cm � Xe 54%, Ar 40%,

C2H6 6%( ��õ#8 80:18:2) L 520µm/
√

cm ö I z-{ ��� " '�� L ��0C�¡ `¢;�£l¤0B¥¦�§ �¢ I û1�� � � L 0 mm ¨
©�� I zF{g<�S�X � : � rBs X�� 9 _§b(� tBu D
v�û � �
�
� û�ª
« LF¬ I9 X�� ��� " ' <FS DBv�û � � X- ù S!o�� rBs L 0 mm ¨
© öBl I 9 ö 9 � I 9 {
<`�i<(� r
s û � ñ�X�0 mm ¨
©�� I zmöT� � 4.21, 4.22 �cl7®#�Jz Y�¯ �F� � �
�B� X� 9: ù z�{C°4óF1�� YJ±³² �#A�¦� � û t;u D
v x�´§µ � zNóNöhX�� SPD w!¶#��·!¸J1#Q#zF{
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4.21: Ar 90%, C2H6 10%
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4.22: Xe 54%, Ar 40%, C2H6 6%( ��õ
8

80:18:2)
û
θrms
plane ö

D
vpû`Z
[ �
A��� � û
/`¹
{ ]!^ % ' <�S�� L � 4.20

û "�$(% ' 1
y¦oBS-º
�J»  L G 4.20 12Q;z-{

4.6.3 ARM, SPD ¼#½J¾
¿�ÀÂÁ�ÃÂÄ�Å�Æ�Ç
È �-� tBu DBv�û r;s x O z � ��ÉÂÊ�z��
Ë"÷¦¶�Ì�Í
Î I ���R� �#9
:�Ï�Ð z-{iÑ�ÒJ� L � Dv�û ��� " 'ÔÓ ©JX�ÕCÖ!12Q2z2ÑNöh�gl¤ÉÂÊ�z��!�§öT� � � � Y z��!�CX#Q2zF{¡Ñ`ÒKl û �!�§�
YJ± � Compton

�!� xh×K<�S �;Ø �-Ì�Ù!Ú�X-ÉfÊ(� �B� γ  û �!�BÛ w;�����JX�Ü!Ý � z�{ � I
®�Þ ARM � ª
« x�ß¦à � {¦M�S�� t;u DBv�û Û w û ���§��P7á
âf<T� SPD � ª!« xhß�à � {
ã;äCåçæ�è�éÂê

� D;�!v � Y z D
� 1 }�~�� ��ÉfÊFS DBvìëÔí�î  *ï��Fð2ñ#� I DB� x-���;z¦ò(�#d�Ù¦ó Ó ©
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v 1 ��� " 'ô� zF{ í�î  -ó �F� " 'õÓ © v+ L � D���ö © E ò }�~ ó�÷#ø P � YJ± � v+ = µ+
E
Pò¤3£ù`ÒCzF{RÑ
Ñ�1��
8!ú!Ù!0 µ+ L�û [ © (mobility) ò Y-ü Ò�� }�~ � YC±þý M!z�Ù
0�1#Q#zF{d Û � D!v ó ��� " ' � �;9!: L í�î  Fó Y2¯ ��d�Ù¦ó û [ ©�X I£ÿ ������1#Q;z-{ DB� E ó

P#òT� DBv ó �-� " ' Ó © v− L }!~�� v ò�ó��	��
�����	���¦x τ ò
< :

v− =
eE

me
τ (4.22)

ò¤3£ù`Ò¦z�{�� 4.23 � D	� E ��ï � z D
v ó ������� Ó ©¦ó����¡x @ � {
ÑBÑ�1�� τ L E

P ����� � z�ó�1���>!?Âò�< : v− P E
P ����� � z#Ñ2ò�� I z�{CM�S-��� 4.23 �

@ ù�ÒJz Y2¯ ������Ê E
P �� 9�: P }!~ ó"!�#�ñ�$	%B8¦� Y¦± v− L min ÿ �	� � z-{����}'& x)(�� : (£lT� D;� ù�Ò�S D;v X �����*� < : � µ-PIC ��+�, � zBM�12ó�-��(£lT�D�v ó �-���.� � x�yCo2z�{ µ-PIC �/+�,K<�S��� L � encoder � Y�� :)0 Ùcù�ÒJzF{ encoder L132-4�5 1		�2x 0 Ù � z-{�6�M ± �JQ#z	7 ^38 7�ó��B� D
v X µ-PIC �/+	,=<T��9;:�X�´�µ#ù

Ò#S � %
�#°�ó'7 ^<8 7
x>=�? � z�{ encoder ó<7 ^-8 7�0 L 100MHz I ó�1�� ���@�A� � L ��Bm ���/�C� Ó © ×10ns ¨B©Có����CX-ÉÂÊ-z-{
ã;äCå"D	E

�F t = 0 �G 9!: Ë	H¦��I�J � z DBv L � }�~)� v ò`ó �;K �!� � YJ± � � � z-{'�F t
ëML

N
x �G 9!:;O dx � ����J � z D
v 0 dN L�P D
v 0ix N ò
< : �

dN =
N√
4πDt

exp

(

− x2

4Dt

)

dx (4.23)

ò¤3£ù`Ò¦z�{iÑ!ÑF1�� D L � � ¹�0 ò � z�{ÑFÒ Y§± � 1
È3Q � � ó�R'S'TB� L σx =

√
2Dt � 2

È3Q 1 L σxy = 2
√
Dt ò I z�{ � � ¹
0

D L � }�~ ó�!�#2ñ�U�V§���	� � z�X�� D
v ó � % L D�� ��PW�	� � zF{¦M�S-� D�� �"
;X I Ûw (transverse) òZY�[ I Û w (longitudinal) 1 L � � � � 0§óFº�X�\ I z-{]� 4.24 � 1cm �����
� ù�^JS�ò n ó-� transverse, longitudinal V � óB°�Ò3_�Ò�ó D
v ó � � (σxy) x @ � {¡Ñ`Ò£l L �
Magboltz[28] � Y�� :���` ù`Ò�S�{

TPC �) 9�: � D
v ó � � L ´�µ/a¦ó L N �	b<c x ý Ù � z/d=ò>e ± � � � X)fcù"g�h	i!¨ LN �	b]c-j"kçÿ e2z-{§ùJl`�-�]��;� n lCó�m v�n�0 Ùiù�Ò<oRò n �;R;S	T!� j σ/
√
n ò@e�z�óp �
´�µ�a¦��+;, � z/m v�n � gB_Rb&� � � ó ª
« j�q�r l7ÒCzF{

s3t�uAv>w'x�w å�y�z"{�|�}'~<���G�)�
�  h¢A� & 4 &�j3� 7-� 5 p	� zGo�o-��b�ó � 7F� 5 � ��� γ � n������ oG( j/� ± r���� � �7-� 5�� ó L N j ®'(gl>e	g�{ � o n � � � �  �¢�� & 4 & ó L N �	b3c3j � � 7�� 5 ó�� í��p"� ÖJù�ÒCz�{��;J j 6mm �¦ó � 7-� 5 �  �¢A� & 4 & n�� ®
Ò � g�z�{¦ÑFó �  `¢A� & 4 & ó

��� n � ARM, SPD ��b�ó�� ¯ ��Ü!Ý � z�(Cx�� � g ÿ {�<� ó�o!o��!� j � �  �¢�� & 4 & ó L N ��b]c-� ��� r �;�§� j �!� j e�g � óRò � z-{ �
 �¢C� & 4 & x 30cm � µ-TPC (gl 10cm

�*� o � %¦�G6	g � � r o�{ �<� ó�o�o�� �  `¢.� &4 & ó��cù j 0 ò � z�{§Ñ�ó�ò n � Compton
�!� x � o �
Ø]n �  �¢�� & 4 & ��B ��� ÿ � �!�

γ � n Y�[;� �;�*� oRò n ��B � ~g ó-��� n�mgn ÿ e�zF{ � o n � � � Compton
�!� x � o �
Øn

µ-TPC ó� #�-6�¡ ± �  �¢.� & 4 & ò�ó �!��n 10cm ó§ò n �;B � ��� n�mgn ÿ e�zF{�¡�o-�
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� 4.24: Magboltz �3� � ��¢ l7Ò<o�m v ó �� { Ar 90%, C2H6 10% ò Xe 54%, Ar 40%,

C2H6 6%( ��d�£ 80:18:2) ó � %C��6�g � �G`� o�{

l

~g

� 4.25: 6mm �Có � 7�� 5 �  �¢�� & 4 & ���z L N ��b'c { �  �¢¤� & 4 & x 30cm � µ-

TPC (§l 10cm
��� o � %���6�g � � r o�{ �

 `¢�� & 4 & ó��iù n 0 ó�ò n � Compton
�

� x � o ��Ø-n �  �¢¤� & 4 & �>B �¥��ÿ � ��
γ � n Y][!� ���A� oCò n �¦B � ~g ó���� nm¡n ÿ e;z�{G¡Go�� �  �¢A� & 4 & ó@ ¦� ���� o � % n B � L N ó�§�Ò n�m¡n ÿ � 3

√
2mm

§
ÒCzF{

[keV]eK
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� 4.26:
���

γ �Có ����Û w ~g �`��� δ = 2.3◦

xG6J�'oiò n ó��3¨<© 5�ª & Ke ó t2u m v
��ï � z SPD ó�B m º�{ �<� γ �Ró�¨]© 5ª & 300, 500, 700, 1000keV ó � %���6<g �
y¦o	o�{
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�  �¢.� & 4 & ó� �� �;��� o � % n B � L N ó�§!Ò n�mgn ÿ � 3
√

2mm §!Ò¦z�{ � o n � � � ~gó)§BÒ2ó�B m º δ j
tan δ =

3
√

2

100
(4.24)

δ ≈ 2.3◦ (4.25)

ò>e�z�{�« � j �  �¢C� & 4 & ���cù n � z�ó p � ~g óG§
Ò j ���gù 0 óRò n � ± � mcn ÿ e2z-{� ( � � �  h¢.� & 4 & ó��¡ù 16mm ��ï � � � �  h¢A� & 4 & ò µ-TPC ó ��� j 10cm ò m¡n
ÿ �¡ùJl`� µ-TPC ó)� í;� � min gBó p � �  `¢�� & 4 & ���iù!x � o�^�o�ò n ó ~g ó)§BÒ j �
~g ó"§�Ò n B m p	� zJò n x�� r z�{�°FÒ�¬)Jó � %Có ARM, SPD ò � � ~g ó�§�Ò n B;® p	� z
ò"¯-ó�ºRxW° r e�g�{ ��� γ ��ó/+;± Û w2x X ²=ò � z�� � e�®2Þ ~s = (1, 0, 0) ò¦ �¯*� Compton�!� ó�× � o�
�³J¶2� Y ²¡xCòFzCò&� ~g = (cosφ, sinφ, 0) ò>e2z-{ ~g �F��� δ x�62�;zCò(� ~g ó)§
Ò j�´ 4.25 ò@�RÊ î &-µ�& p<� z-{

~g = (cosφ cos δ + sinφ sin δ cosϕ,− sinφ cos δ + cosφ sin δ cosϕ, sin δ sinϕ) (4.26)

ò/e�zF{ �'� ó�o;¶��
��� j�· Û¹¸ p-� zCò»ºBÙ � � azimuthal angleϕ j 0◦ (½¼ 360◦ ¡ p ò
z�{�¾�¿�m�À�ó�¨-© 5�ª & Ke

n ý Ò ü � ´ 4.3 � ± � φ · ó 2 î�Á �-�@& ��Â � z�ÃÅÄ Á & 4 &
� P � ý ¡!zF{ � o n � � � Ke

n â r Ò3o§ò)¯�óÅÆ"Ç`© j ϕ � � p'�-È�É ϕ Ê 0◦ (A¼ 360◦ ¡ p
ò�Ë)o�ò)¯�óF� SPD ó/B�®
º¹ÊG� 4.26 �@Ì � o É SPD j Ke = 0 ò Compton edge Í � p)Î ®=òe È"É °
ó�Ï½Ç�Ê"¬'Ð2�/Ì]Ñ ÉÒ ó ~g Ê ~g0 = (cos φ, sinφ, 0), ~g = ~g0 + ~δg ò> ÿ ò¥Ó SPD j�´ 4.2 � ± Ó

SPD = arccos

((

~g × ~s

|~g × ~s|

)

·
(

~g × ~srcs
|~g × ~srcs|

))

= arccos









(~g0 + ~δg) ×
((

cosφ− sinφ
tan α

)

~g0 + sinφ
sinα~e

)

|~g × ~s|





·





(~g0 + ~δg) ×
((

cosφ− sin φ
tan α

)

~g0 + sinφ
sin α~e

)

|~g × ~srcs|









= arccos

((

~δg × ~s+ ~g0 × sin φ
sinα~e

|~g × ~s|

)

·
(

~g × + sinφ
sinα~e

|~g × ~srcs|

))

(4.27)

ò>e È�É Ke ≈ 0
p
~e ≈ (0, 1, 0), ~g0 ≈ (1, 0, 0) ò@e ± Ó

~g0 ×
sinφ

sinα
~e ≈ 0 (4.28)

ò>e ± Ó 4.27 � ± Ó SPD j ®¤¯ ÿ e È�É	Ô Û Ó Compton edge Í � p j Ó α ≈ 180◦ ò>e ± Ó ~e ò
~g j;Õ à�
;X�Ö�e È�É SPD j Ó Ò ó ~g,~e óG× È 
�³=ò»Ó 0 ÙÅÖ3� ± ¢ ¼TÒ3o ~g,~e ó)× È 
�³�ó�e�Ñ� p-�-È�É � o n Ë � Ó Ò ó ~e ò ~g n Õ à�
;XCó�òG¯WÓ ~g Ö"Ø�Ù ϕ Ê�6<Ú È ò¥Ó SPD j geometry¸ Ö ϕ ò Õ à · � ÿ e È�É ϕ j Ó 0◦ (¤¼ 360◦ ¡ p ò È ó p Ó�Û;Ü ¸ Ö SPD j ®½¯ ÿ e È�É� ( � Ó�«�Ý j Compton edge Í � ó í)Þàß �áj�âÅã � e�g É e�ä'e¹¼åÓ�¾	¿�m�ÀCó�¨�© 5]ª &n�æ ÿ¥� µ-TPC

p âÅã p ¯�e�(]Ë"o¤çèÓ�é�ê γ � j�ë;ì é�ê<Ñ È ó p Ó � ß>í � & 4 & p ò;¼ r¼»î-e;g�(¤¼ p-�'È�É ¡�o�Ó�¾	¿�m;À�ó�ï3¨'© 5�ª &�ð p � SPD j ®½¯Åñ»e È n Ó]ò;ó�ô;õ p jm	À�ó"ö K é	ê nG÷	L p<� çøÓ � ß�í � & 4 & Ö]� È Ø�Ù�ó�ù	ú j fAû)g É � ß�í � & 4 & Ö]�
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È Ø�Ù n m�ÀÅó�ö K é�ê*ü>��ý;þ�Ö�e È ó j Ó"¾�¿�m;À�ó�¨�© 5�ª & n�ÿ��;æ ñ ( ��� keV ¬�� ) Ó
Compton edge ��ç � ï�g��	% p-�'È�É ò)î�¬G p j Ó�m�ÀÅó�ö K é;ê�Ö3� È	��
 nG÷;L p-�-È�ÉòGî3Ö�� � � ARM j Ó ´ 4.7 ��çøÓ

ARM = arccos (cosφ cos δ + sinφ sin δ sinϕ) − φ (4.29)

üWe È�É ´ 4.29 ó�	®�� j Ó��������A��ç γ ��ó�¨	©�� ª�� Ö�������§�Ó δ(= 2.3◦) ü>e È�É � on Ë � Ó ARM j � ß/í � ����� ó��! � b<c Ö�ó;�"���-Ñ È�É
4.6.4 #%$�&
¬'���]ç Ó ARM Ö� � ù;úàÊ	(!))Ñ<ó j � ß>í � ����� ó�¨'©�� ª�� ��* c p'�	È�É ¾	¿�m;Àó�+',]¨-©�� ª�� n ��-3Ñ È Ö � o n Ë � Ó ARM .3ó ��
 n ®.¯Åñ¦e È"É � o n Ë � Ó µ-TPC

Ê>®�/�0 � Ó æ21 ¾�¿;m�À¤Ê�ü'¼ r È üG¯@Ó!354<Ö � ß/í � ����� ó�¨'©�� ª5� ��*76 �"8 ��û� È Û59 n �<È�É� ß@í � ���:� ó�¨'©�� ª�� ��*�6 ó 8 � n Û�9 p'�'È"É SPD Ö; � ù�ú½Ê	(<))Ñ3ó j m;À�ó
ö5=	é	ê p<� ç Ó;¾	¿;m;À�ó�¾'¿ ì!8 Ö�Ø;Ù n�>@? ÈBA ü�ÖDC È"ÉEA î7F�Ó µ-TPC Ê@®�/�0HG¦ÓæD1 ¾�¿�I;À¤Ê]ü'¼KJ È'A ü�ÖDC�Ë�L)Ó SPD Ê 8 ��M�¯ È�É
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N
5 O µ-TPC P Q R S

A ó�TBM�F�Ó γ U7V�W5X)ó�Y�Z�[�M2\�]�^ µ-TPC ó:_�`2a"b 1 L�c'dB^�e γ UDV�W5X)ó�f�þB��-�óg�h a5F�i µ-TPC ó â�ã	j�kml ��n�^ A üpo�Û�97M�]'^;e<ò�ó g�h a5F�i�q�r l>â�ã"s ^ µ-PIC

ó;t 6 8 ��i µ-TPC ó�u�f�ô;õÅó 8 �'ó�v ì o)Û�9DM']'^;ew"x i µ-PIC ó;t 6 8 ��ymz|{7} s ^�e�~���I���� MIP lp� JB^ g�h a5F�i5�����5� l 2× 104

ý;þ�a!G�� 1 ü 1'� � 1 e�����ó��5��,������!F 6 × 103 ý�þ7M']'^;e A î l�� � s ^ g5h a5F�i
µ-PIC ó�I�������ó��"�B�<�/ó����2������� lK��� � 1 ü 1�� � 1 e'\�G<ñ�F��' ;�'�� �ü¢¡5£��¤�¥ i'¦|§]ó����'o��¨z ¤ ^�e A ó��5£5i��� ��'�� 7F/ï 1 ��� ( © 10) M",��½ûK�7^�e A ó�T�M�F�iw�x

µ-PIC ó;ª�����0*ü�G�L�i����«��� *�¬��® ü�G�L<ó�I�������ó��:� ( ¯�°5± µ-PIC ) l cd7^�e;²!a�i"³<´¶µ·±|¸ 1"5® ü�GKL-ó"�� ��B�� �ü�ó�¡B¹"£ � � (Gas Electron Multiplier) [34]a�b 1 L�c�d2^;eºD1 L:i µ-TPC ó;u5f�ô�õ���»�ó g�h ó"i µ-TPC ó;¼�/�02a:b 1 L�{7} s ^;e µ-TPC l ¼m½¾ s ^ g�h a�F�i µ-PIC l ¼�/�0%G�� 1 ü 1�� � 1 e�¿�À<F 10cm Á µ-PIC M MeVγ U7V�W�X�Â_"` lKÃ h L!½ g o�i TPC ¼�/�02Â g�h a;i:Ä�Å7o 9 Æ�M�]'^ 30cm Á µ-PIC l	Ç �¨G g e'È5ÂÂ�t 6:É�Ê a�b 1 L�c'dD^�e�È!G	L�i 30cm Á µ-PIC l�Ë ¹�Ì7G;a"Í 1 g ¼�/ µ-TPC Â;,���Î5ÏÂ;Ð�Ñ l�Ò�s e
5.1 ÓÕÔ×Ö µ-PIC

(a) normalµ-PIC (b) Ø;ÙÛÚ µ-PIC (c) Ø�Ù|Ú µ-PIC

(anode, cathodeÜ|ÝßÞ|à¢á¶âäãæåçäè�éëê�ì â
)

í
5.1: ¯2°�± µ-PIC îðï�ñ2Â µ-PIC

µ-PIC ò:óBM���� l�ô n�^ g�h a5F�i µ-PIC Â anode î cathode Â�I���õ l ¼m½ ¾ s ^�ö597o]�^�e2G	y«G÷i�I��5õBo�¼E½ ¾ ��^Dîði anode i cathode ø5ù!Â;I5ú7o5û ¾ �ü±ëi"ý5I s ^�e;þ!a�i
cathode ø5ù«a >H? ^�û�I�ú<aBC!±ÿi cathode yüz|I��7o�q���Ì s (Field emission) Â5o�i�ý�I2Â��� M�]�^!î���Jüz ¤ L 1 ^�e cathode y zðq���Ì2G g I���F"i5I�ú�a	�E´�L anode a�
7½���
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z ¤ i anode ���2Â�û"I�ú7M�i�I5����� l�'s e A ÂBC���a!GKL:i anode î cathode o"I�����a�b�5o ±äi5I��2Â�� ¤ (stream) o >H? ^�e A ¤ o�ý�I<Â ��� î��B^!î���Jmz ¤ L 1 ^;eÈ A M"i���ý�I5t l�ô n�^ g:h a�F�i cathode � �DÂ�I�ú l"! ¾ s ^Kö #�o�]�^�e�G¶yD\�i anode-

cathode Â�I�$5õ l&% �<a('�b g�h a;i cathode ���<Â�I�úDo ! ¾ ��^!îÛi anode ���<Â�I�ú7o5û¾ �¨±äi�Ð�Ñ î�G	L'�����B� k o ô oD^;eÈ�Â g5h a�F�i í 5.1 Â!C)��a;i anode î cathode Â�*�a5]'^�+�,�- l µ ±/. ¾ î÷i cathode ÂI�ú!o ! ¾ ��^"e 3 ²10�I�ú32�4658769 Maxwell l Í�:�L:i í 5.1 Â�È ¤�;:¤ Â	<�=<Â µ-PIC ab1:�L�i�I�ú!û�>�?1@ l 2�4@G g Ð�Ñ l�Ò G g Â�o í 5.2 M�]�^�e í 5.2 A�Â�B�:8C�D«F�I�ú!o
100kV/cm l�E J�i townsend F�G7o�© 10 H ô (Ar C2H6 90:10) Â:M�i������7��o � A ^�C�D î	¹�JI2^�e7¯2°5± µ-PIC (

í
5.2(b)(c)) M'F;i"ï�ñ!Â µ-PIC a	K�d�L�i cathode ���2Â�I5úDo ! ¾ �±äi anode ���2Â�I�ú!o5û ¾ �!´�L3:�^"e

anode, cathode *�Â"+�,�- l µ ±ML2^Bî|i;�ON"I�ú�o ! ¾ ��^�Â�y l {B} s ^�e í 5.3 F cathode

edge ���2Â	P�I3$5Ä�Â&Q�� l	Ò G�L�:7^;e����Eî�RTSU�VXW M'F�i�Y5I k oOZ!�B^ g�h i�[3\5ÄM�F	] _^	` ?2F&a º_b o:i ® U _^ Â ` ?2F�c�a º a���^"e K�Y5I k κ1,κ2 Â�-�d2Â([�\DM�F"i® U �^ FJH)e�Â	f<a	�g�|e
κ1E1n = κ2E2n

R6ShU�V�WðF5����a	K�d�L�i Y�I k F;¼m½�:�Â�M�i En F�ikj ¾ �B^;e�l ¤ z�Â&[�\�m�n î÷iOo�!Â	<�=Do�i cathode edge ���qp�Â(o�úBû > l ¬ h ^;eí
5.3(a) r2±ÿi�ï�ñ<Â µ-PIC p3s"i P�o�$5Ä!o cathode edge a�õutwv«^�y g3x a��7´	y�:B^�e

%  i í 5.3(b) Â�r)��a�i1RzShU�V�W l µ ±/. ¾ î÷i8P�o�$5Ä2Â cathode edge {'Â(|XA�oJ}�~kj¤ ^"e í 5.3(c) Â_r)��a�i anode, cathode *�Â�RTS�U�V�W l(% [�� s î÷i í 5.3(a) Â�r)����i�P
o�$�Ä2Â cathode edge {BÂOI@± b t;Â&� ^ oO�@z ¤ ^�o�i7È ¤ p2\ í 5.3(a) rD±hs&}�~kj ¤ y�:^�e_j�z�a;i�RTS�U�V�W�î�����Â&[�\�����p�o5úDo ! ¾ �B´(y��¨±äi anode,cathode *�a"o�ú!Â !
:�C�D l ��^�l'î�p�i anode ø5ù�Â(o�úDo�û ¾ s ^)l�î	o�p2½�^�eí

5.4 Âqr)�p�7¯<°�± µ-PIC lKÇ ��tÛi��5�"�5� l�� ��t g Ð5ÑBo í ?? p�]�^;e"Í): g ����s"i
Ar C2H6 90:10 p�]�^�e í 5.1(c) Â�r��K�D¯<°5± µ-PIC s��X�(��»�o���a(��t�y�i�ï�ñ<Â µ-PIC

r<±:\	����s�¼%½J:�o�i5ý3o«aO� s ^(�'tDo ! ¾ �7´�y):D^ g�h i�ª�::����s�� z ¤ ��yD´ g e
l ¤ s�iE¯<°�± µ-PIC Â Ç � �® \�]'^�e w�x normal �<Â µ-PIC l �·±äiDÈql;ymz3���O�q� p
anode, cathode *�Â�RTS�U�VXW l µ ±/. ¾ e�l�Â<î:½�a���J�q��o cathode edge l�� � � i�ý�oÂ ��� î��B^�y zp']'^"e �_� a;i����������2a�r!±ëi cathode edge y z¢ý�out�y3:B^5Â�o8���
j ¤7g eÈ3lp�i cathode edge l�� � � �8:)r��KaKi cathode ø:ù7Â�RXS�UqVqW l �zt g�� U�� (

í
5.1(c)) ií

5.5 lKÇ ��t g e��&� 170µm a_t(��´ g ������ l Í): g e&�2Â(ikj&:T�h���q� l Í�:'^�Â�s"i
cathode edge Â"� ��l �¡ ^ g�h p�]�^;e cathode ø�ù<Â8RTS�U�V�W l ��t g1� U���s;i�¢qy�£�´g1� U3��a	K�d3y���������s	¤q:�o�i�ý�o<a&� s ^"��t�s��gt g e w g i�ï�ñ2Â µ-PIC î�K ¥ s^Dî�i1��� anode o��2a&�6t�y�i'�5������s���»gt g e�t	yXt�i:ï�ñ2Â µ-PIC î¦K�dD^!îÛi:ý�oa(�gt"y ! :�eg���O����Â	� l t	��´Oy2\	i cathode edge Â	� � o §�¢�a�s  �¡ z ¤ y3:���: gh p�]�^2î� ¡ z ¤ ^"ezt g o2´	y�i�¨ g ��o������<Â����7o�ö�#�p']'^�e
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(a) normalµ-PIC (b) Ø;Ù÷Ú µ-PIC

(c) Ø"Ù÷Ú µ-PIC (anode,cathode
Üâ Þ÷à�á ç ãðå è�éëê�ì â

)

í
5.2: o�úBû >�?1@ ( B�:�[3?_s	o�ú!o 100kV/cm H ô i!�����B��o � l:^(C�D )
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(a) normalµ-PIC (b) Ø�ÙðÚ µ-PIC

(c) Ø�ÙðÚ µ-PIC (anode,cathode
ÜÛâÞ�à÷á ç ã¢å è�éëê�ì â

)

í
5.3: cathode edge ���<Â&o�$2Â	Q��

í
5.4: cathode, anode * l §�¢ma!¯E°�´ g µ-

PIC e 3 ²�0�©�ó����������qp	ª�«�t g 3 ²�0)UW �1¬�e í
5.5: cathode ø�ù�Â�R�S�U�VkW l �ut g ¯�°± µ-PIC e 3 ²10 ©�ó����������qpOª�«gt g e
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Anode voltage [V]
440 460 480 500 520 540

G
as

 g
ai

n

310

410
half zaguri
Normal u-PIC No.10
full zaguri

í
5.6: ¯<°�± µ-PIC Â5���:��� (Ar C2H6 90:10)
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5.2 Gas Electron Multiplier(GEM)

²<a;i5�);�B�� Hî�t�y GEM(Gas Electron Muliplier) î µ-PIC l ¡�£3I�y8®5�zj�I g Ð�Ñ lÒ�s e
5.2.1 GEM

í
5.7: GEM(����������¯3°�i ×11)

¿�±�i�²�³�¼ � CNS p ´&µ�j ¤�¶ GEM ·KÍ
: ¶ [35] ¸ 2 ²�0DÂ�¬	¹_ºT9�Sh��s	» CERN î
���"p3¼ü± [36] » 50µm Â�½1��9�¾J73¿OUJÀ_ÁÂ�Ã Á 5µm Â"Ä�·�Å�ÆzjI ¶)Ç Â�Á"» 70µm ÂÈ · 140µm É)ÊË3p Ì�Á�=�Á�´qÍ ¶_Ç Â�p�¼Î

(
í

5.7) ¸ ô e�Â"o�Ï�Á�o�$�õX·hÐ ¶ I Î îw»í
5.8 Â�r��(Á&»8o��3Ñ Ò�s È ·Kï Î Â p8» È

Á�ûJo5úqÓ�µ�Ô�t�» È p	o�Õ�����Ó�Ô6�¦»�Ö)×
jI Î ÂJp�¼ Î ¸ Ø ¶ »Ù�Ú�C�D�s µ-PIC Â"ÛÜ j�Á�Ý�Þ I�y	» 10cm×10cm Â Ç Â�·	Í3: ¶ ¸

GEM ·�ß Î � »�½1��9�¾873¿	U À_Á È ·O´
Í Î ÓO» È Ó�à�á�=qp�â�ã�ä�p�¼ Î î�»�Ë)åO��¬�æ�Ê(�3·�ç�è(l'îÓ	é�êTj�ë�y�: Î [37] ¸ CERNì_í

GEM sO»�î8ï�Ê�9ñð�ÊËX¾ ò�·"ó):�y���ôõ» È_í <�=_s�ö 5.8
í�÷ �gôõ»�â�ä�p1s�ø�:8¸ %ù » CNS

í
GEM s�»���úJû�üýð�Ê�Ë�¾ ò�þqpJßuã�ë�» È s3à(á�=�p3¼ Î ¸

GEM s µ-PIC
í8ÿ è���Á�� ô���Í�ã/ë ¶ ¸3ö 5.9 s&»��	� í�
 Ê_9 æ�Ê(��ö8p3¼�ô »��ú�º �� í���� Ó��zj�ë�y�: Î ¸�l í�
������ ¾ 3.2

í � � s	»&¢�y Ar-C2H6(90:10) ·�7��8� p���� ¶ ¸
Ø����! XÁ�» µ-PIC +GEM

í�"$#$%'& · � � t ¶ ¸�ø���»kl í�÷ Ü í �Xú�º�� � sJ»)(*�+-,.	/�í�0 j LD = 7.5mm, induction field
í0 j LI = 5.1mm, (�*�+1,õo	2 ED = 0.5kV/cm,

induction field
í o'2 EI = 2kV/cm p3¼ Î ¸

ö 5.8: o	2 í�3 Õ [38]

-HV

-HV

5M

10M

10M

7.5mm 0.5kV/cm

5mm 2kV/cm

drift plane

GEM

-PIC

LD, ED

LI, EI

ö 5.9:

 Ê4,¦æ_ÊO�

5	�76 » µ-PIC
í

gain · 2.6 × 103 Á�8 �:9<; » GEM
í>=	? ·A@�B ¶ ¸�C'D�· ö 5.10 Á�� ÿ ¸

GEM
í

gain
6 »>EGF�H�IKJ)ä�ã µ-PIC

í
gain ·MLN� ;�O�P ¶ ¸A��Û gain

6
105 ·RQ'S 9 ¶ ¸UT
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ë 6 » MIP
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í
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ö 5.11: induction field
÷

gain

] Á&»�E4F�HIKJ í induction field Á�^�Í Î = 2`_�a (EI) b'c & ·�d'He, 9 ¶ ¸CKD 6 ö 5.11ígf ô�\�¼ Î ¸�h_Ágiqä P ã�ë ;'j Î f ôlk induction field ÓOÛ Ü4m ø Î Án�ë�k��'o4p8ø	F�H�I
J Ç ÖKq 9�r [37] s induction field ÓJÛ Ü�m ø Î�t n�ë�k GEM \�Ö�×�u"ë r�= Õ í�v�w o'xqÓ'�
Ó�ôlk7y ÷Az|{ E ;1í�= Õ_Ó w�P ãhë Î`}�~�t ø Î ÷ kG� Î = 2 } ôM�K\ 6 F�H�I'J 6����u÷ øÎ T ÷ Ó�K�|u"ë Î s ( uqã t = 2�_�a����!� Î ÷ k µ-PIC

÷
GEM

í�� \$F�HOÖ�×3Ó��|T_ô�k��� FKH�I	JqÓJÖ'q ÿ�� T ÷ Ó�$�|u&ë � ) s 9 ä 9 k plateau
6K� ãhë1ø�äG� r s�T&ë 6 k�E4F�H

I�JqÓ 105 �<�`B ��÷ k µ-PIC
í���=e�R� , Ó�Ö7B�k��K� � t ø ��r�P k plateau

t ø �<='? tg�
QN�>�qø�äG� rKrKPX÷A� Bzã/ë � s
ö 5.12

6 k����g� í��� (1.28cm× 1.28cm k gain 3.3× 104) äzã�Jgã�ë r k 55Fe
í H�� � ,l�

\	� � s 5.9keV
í� ��U�q÷ k Ar F�H í escape peak Ó 6 � Ü ô ÷ Jgã/ë r s�ð$¡��G¢ �>£'¤U¥!6

1.2keV(21%)FWHM @5.9keV \!� � s
GEM

6 k drift
.'/U¦qí

positive ion feedback �<§7B � T ÷R¨© ãhë ;	j`� [37] s positive ion

feedback
÷A6 k	F�H�ª`« í�¬ tg�® 9�r�¯'°�±N²A¨ k = 2 t`} � ; k drift

.�/!¦�³4�<´	µ \$� � s¯'°�±N²A¨
drift

.�/ t � ��÷ k>¶ =	·�¸ tU} � ;�=�¹ uAº r���]�='¸�÷ ��C'» ÿ�� s`T íg´'µ76 k�R� , ¨¼7j 2$» 6K½�¾ t ø|¿�ø jK¨ kKÀ �A� ,�\ 6'½�¾u÷ ø � s 9�r�¨ � ; k7F�HªG«	\ K®9�r�¯	°�±�² �Ak drift
.K/ t�� ôÂÁ mAÃ \ t k`Ä v:9A;�Å º`Æ } j s µ-PIC

í � t GEM �gÇGÈÿ º�Æ�k GEM
¨	¯	°�±�² ��Ä vÉ9g; m º � s

ö 5.13
6 k 90Sr �RÊKË 9R; k µ-PIC

í
anode

='Ì
IA
÷ k drift plane

íg=KÌ
ID
í�Í

ID/IA � OP'rGÎ	í \	� � sUTKTg\�k IA 6 F�H�ªU« tU} � ; �® 9gr�¯'°±N² k ID 6 drift
.�/ tg� Q 9gr�¯°±�²3÷R� ø�Ï � s�ö 5.13

} ôlk GEM
í

gain
¨ � � t nKº�k ID/IA 6 §�BÐ¿Ñº � T ÷R¨�Ò'Ó`� s

GEM
í

gain
¨

10
í�÷Ô k ID/IA 6 10% \$� � s ��ù k GEM

í
gain

¨
1
í�÷�ÔOí

ID/IA
6

30%

\$�Tôlk�TAº 6 µ-PIC Õ�Ö í�÷Ô�÷Ñ��×-9<;	jU� s4Tgº } ôlk GEM
6

ion feedback � µ-PIC Õ
Ö íX÷�ÔJí 3

£�í
1
t §7B � T ÷<¨ \ Ô kKÀ jÉ�A� , í Ê	Ë�\ } ôÂØ4Ù t ¶ =	·'¸�í�V$W �A� �

T ÷A¨ \ Ô�� T ÷A¨ �	�`\ Ô�� s

5.2.2 GEM+µ-PIC
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ö 5.13: ion feedback
ÿG� L'»!sUÜ'�`Ý�, 9�r>Þ6 k µ-PIC

í
anode

=KÌ
IA
÷ k drift plane

íg=
Ì
ID
íÍ

ID/IA \$� � s

ö 5.14:

 Ý�,àß4Ý�Ü

á Ã \ 6 µ-PIC +GEM
� H�d'â tgã j F�Hä �A� ô��4å ;5	� �A�|� r C	D��A� 9�r�¨ k]`6g0Uj F�H ä �æ�uôç�Gå ; k TPC

÷�9M;�è�é
u<Ï r CKDN�<� ÿ s�êGë�ìîí�ï �±�² \�ðKñN�
��� r s$ò °G²���ó4² HU�`ô ��r�P t k µ-TPCõKö	÷ t Ü	ø�HKùÐÝúKû ² ù �A�Uü�� ��È Ô k
,�*<F � ô 9>r s 5Ký46þ ÷	õ>ÿ�� \���� r��
gas gain 2×104, LD = 776[mm], LI = 2.0[mm],

ED = 0.4[kV/cm], EI = 2.45[kV/cm] s µ-TPCõ	� °�
U6
10cm×10cm×8cm \!� � s�� p���íï ��±|²�°��|² ,<��� 5.15

t	�� s x � 6�������� \K� � s�í<ï ��±�² õ V�W õ
y7ô zN{<6�� ìÉô 9M;! B�k 3

]#"$� ì!\!+&% Ý
, 9gr s track efficiency( '�Ý�, ¨ 3

þ ö	õ V�W
õ L$» )

6
97% ô(�)� r s] t(* È £�¤$¥ � 5�ýî9�r s * È £�¤U¥	6 µ-

TPC \ O4P ¿Mº r * ÈÐôÑk V!W õ +�%RÝN, \
J-¿æº r 3

]#"+� ì1ô õ-, ¹ \ ý�. u�º � (residual) s�í�ï ��±�² õ V'W76!/ t ��0 õ � ì�\$� �Ò å�\ 6 � m k δ-ray ¨	1N� � {�9R; k	2 Ò'Ó º 9gr�VKW|Î J-¿�º � sUT õ }U~ � VKW �	3 m r�P k
χ2 < 2

õ °��Ð² ,æ�-4 jUr s�q�B ; k5'UÝ4, ¨ µ-PIC
õ	6�7�õ =�8 t Ã rK¨G��°��Ð² , 6 k�9j

tail
õ	:<; ô�� � õ \�k)=4Ý�, 9 k � n õ =�8 t '!ÝN, 9>r'°���² ,?>$å&4 j!r s+@ õ C	D��� 5.16
tA� � s

residual
õ £#B t n j�; k Gauss

£�B �DC ý � � ô k d
]#"�E�F Ö�GIH t VKW!¨ J-¿Ñº � i�x 6 k

rms � σ ô � � ôÑk
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� 5.16: µ-TPC \ O7P ¿æº r * È�ô�k V'W õ +%MÝN,�\�J ¿Rº r 3
]$")� ì1ô õ�, ¹ s χ2 < 2 k� n õ =�8 t '$Ý�, 9�r�°���² , õ � 4 j	r s
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� 5.17: êÐë�ì í�ï �	±É² õ�J ¡K��¢ �&K+L s
Landau

£�B \�+�%ÑÝ�, 9>r s

1

σ
√

2π
exp(− r

2σ2
)ddx

ô�� � s á k 3
]�"+� ì �I� õ!M4õ * È�ô õ�N º 6�� B ;$j � j õ \�k d = 2 ô(� � s residual

� r ô � � ô k [r, r+ dr]
t

residual
¨ J1¿æº � iKx 6 k þ ÷	õ }`~ �k�O ]�" Gauss

£#B \	P|u
º � s

√
2π

σ
r exp(− r2

2σ2
)drQ ��p t 6 residual

õ £�B76
Gauss

£�B t � ��6 N > ¨ k tail
õ r�P t k Ò N Ó t Gauss

£�B
Ó ¿ N º ;	j!� s$� 5.16

}+R k residual
õ �� p���S 6 k 7�T µm

Ó ¿ 1mm U�a�\$� � s�T õ U
a Ó @�º þ ö!õ-, ¹ õ range �DV`n�k ¼ J ¡��7¢ � õ δ-ray

¨ K® � � iKx 6 k 0.1[cm−1] U	a`\
� � [33] s ��� k 1cm W R õ ''ÝYX 7 6 1 U'aU\$��� r s 9>r�¨ � ; k residual

õ
Gauss

£#B!Ó ¿õ Ò N Ó õ&N º 6 k δ-ray t`} �!Î õ \U� � ô � B�¿Mº � s

time[h]
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� 5.18: dE/dx
}+R OGP ¿æº r gain

õ @�Z (218['�
)

\ %<Ý]X õ CUD`k σ = 370µm ô-�)� r	¨ k
TAº 6 � 5.16

õ  �� ú�ôgy�^�_<`A\!� � s en-

coder
õ úYa�Ý�ú t|} ��b)c-6 400µm \��R

(1 ú)aGÝ�ú 6 10ns k drift d�a 6 ED =

0.4[kV/cm] \ 4.0[cm/µm]) k transverse diffu-

sion
6

460µm/cm \'� � T	ô Ó ¿ k σ õ S 6!eW\U� � sJ ¡$�î¢ ��KIL dE/dx
6 k V7W õ 9eu�ô

TPC H�\Ðí�ï ��±|²�¨�f ô 9�r J ¡���¢ ��Ó
¿ O�P!� T	ô ¨ \ Ô�� s�� 5.17

6 k`í>ï ��±N²õ
dE/dx

õ H'��úgXç��� � 9�;$j`� s�¶ =$·¸ õ�J ¡��¢ ��K#L76 Landau
£#B t�h-~ T$ô¨>© ¿�º ;'j$� s Landau

£�B`6(i�j p t [39] k
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const. exp(−1

2
(λ+ e−λ))

ôlk7å � s	� 5.17
}+R k	í<ï ��±4² õ dE/dxõ HK�7úgXl� 6 k Landau

£�B t �)� ;	j`� T
ô ¨KÒ	ÓG� s� 5.18

6 k gain
õ 9��'� ý�m � � 9M;Kj$� s 5�ý�6 218

[K�An å ; �)� r s gain
6 íAï ��±N² õ

dE/dx
Ó ¿ O7P	r s gain

6>5Ký+o�p#q
120
[K� \ 50% ª�Bk+@ õ q � ý t �)� r s ��� k µ-PIC

Õ�ÖG\ 6 k gain @ è�6 70
[$� \ 6%

t ô { Ã � ;	j`� sþ ö }+R k µ-PIC ô GEM
õ!r � » Ò Ï tU}YR k MIP

õ V'W �<J � õ t(s £ � gain
t ^Uå � û

H�d$â õ � ý	èKé �RQ$S � � TUô ¨ \ Ô k MIP
õ Ø7Ù�� V$WU¨ J ¿æº r s�T õ-6 »4û�H�d'â7��4j º�Æ�k µ-PIC Õ�Ö õ ô Ô }YR Î k µ-PIC

õ '!ÝtX ¨ ª�B�k })R À j * È £'¤U¥ \k =K¸ õ V'W¨ J ¿Ñº � T`ô ¨ �K�G\ Ô�� s
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5.3 µ-PIC uwvyx�z
µ-TPC

õ!{ aN� � ö uAÏ ��r�P t�| k µ-TPC
õ Ö�GN�Mª Å � T$ô | Y�Z'��}#~!\$� � sgÖ�G�ª

q t�} � µ-TPC
õA{ a õ � ö t n j�� | k��Gú�û]� ² 3.6 \#��º � sÖ#G�ª'q | k���� \ X�� �� õ À|u��RÀ m � � T!ôKô k µ-PIC

õ!� GN�<ª Å � T!ôM\�� ´ \ Ô�� s$@UT>\k 10cmµ-PIC
Ó ¿

30cmµ-PIC
tA�  Z�� r s

30cm � µ-PIC [40]

� 5.19: 30cmµ-PIC
mU¥ ð�ñ õ ��Ý]Xàß4Ý�Ü
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� 5.20: 30cmµ-PIC
õ

gain curve(Ar 90% C2H6

10 %)

� 5.21: 109Cd
õ�� �7úgXl�

Ã N k 30cmµ-PIC
t n j#���)��� s 30cmµ-PIC

õ��#� | k h � õ 10cm
õ Î õ ô ���)� � �

( � 4.5) s   ú���� 7 | 9 � t ª)�k 768×768
  ú	��� � � � s r >I�Ñk�� � �Y� | � X	��Ý>Ü(�t �5� ���`� õ ��� � � �)� | 3 � t ª'q � � t ô { Ã � s�4� � G |&� 944cm2

� � � s&� ý õ
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��Ý]X�ß�Ý�Ü$��� 5.19 � � �&� µ-PIC �- ¢¡ 1cm
õ�£�� ä ��¤ R¦¥ å � � ý �(���&§ � � 5.20| �

Ar 90% C2H6 10 %
õ�£�� �!4 � §�ô Ô õ 10cm, 30cmµ-PIC @�º)¨º õ gas gain � � � ��!� � þ ÷ �Y© õ ��ú�û]� ² õ � ý |Aª � Ar 90% C2H6 10 %

õ�£��+« 4 ��� � ý �!§ � 10cm ô
30cmµ-PIC

� | �
gas gain

|#¬ ^�_t` ��!� ��® 8 õ!��� |!ª°¯ _<`(� õ ���]© º | e W��	±�²���³ �´ À gain
|	�

7,000
�Dµ�ý�èé � ³

gain
|	�

3,000
�$#³ � � 5.21

| �
109Cd

õ&�&¶ ú5X¸· « � ����$³ �
AgKα(22.2keV) ô � µ-PIC

õ ® 8 õA¹ � X ì ¨ W�§#� � ® `�§!º m X ì CuKα(8.1keV)»#¼ � ³ �Ã § � µ-PIC
õ

gain
õD½�¾�¿�À m | � 5.22

õ�Á�Â �&���(§ � gain
õ ´ � SÉô ´�Ã S õ Í | 1:2.2

�
RMS/Mean

|
16.7% ô��)��§ � h�Ä õ 10cmµ-PIC

Á R ÎÅ��Æ ¿Mº ³ gain
| ¼ ¯ �

gain � Î Æ
¿ÅÇ Ô » È³ � © º | µ-PIC

õ�É é#Ê U õ�Ë&Ì � Á � ��� Ë�Í � ³ ô(Î��ÐÏÒÑ ³ � � 5.23
|

X

ì+Ó�Ô�Õ � ���³ � 109Cd
«(Ö 4Ð�!§ ��×IØ&Ù Õ ��Ú�Û �&ÜtÝ�Þ!����ß<à Ú Õ õ Ó�Ô�Õ � » Æ ÏáÑ§ � SN â » 10cmµ-PIC �!â ��� Ì ¯ � � §�ã ��ä J�å ·Yæ�Õ õ X ç «(è�é � � Ó�Ô�Õ � « ô ³© ô » �Iê ��ëI�&§ ��ì � J$å ·Yæ�Õ (22.2keV)

õ
X ç «�è#é �!§�ô ©�í!��î#ïIð�ñ&ò�ó » ä)�§�ã � 10cmµ-PIC �!â ����� ^�ô�§�Ó�Ô�Õ � �Dë Æ ÏÒÑ���ë)��§ �Èõ § � µ-PIC �A¤ Rö¥ ô�§ £��÷ »

1cm øù +ë+��§ ð+úÅ� Ó�Ô�Õ � » ^#ô�§-ûtü ð&ý Ç ���³ �$þ�ÿ � ÓÈÔ�Õ � ��� »���� ���³�ð | ���	� ��
I�áç (
\�� Ù��� ·	��� )
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5.22: 30cmµ-PIC

ð
gain map(Ar 90%

C2H6 10%). Minimum:Maximum=1:2.2,

RMS/Mean=16.7%

�
5.23: X ç)ÓÈÔ�Õ � (109Cd

Ö� 
,gain 1 × 103)×IØ&Ù Õ ��Ú�Û ��Ü<Ý�Þ�����ß<à Ú Õ ð Ó�Ô�Õ �

5.4 30cm ! µ-PIC +GEM

30cmµ-PIC "�# ð gain
| �

MIP
ð�$�% « Æ<³�ð �'&�û þ gain(2 × 104) �)(	*��,+ � þ � ��-©����/.10'21354 ø76,+ GEM

«98	:�;�< +�=	>5¡ < § � µ-PIC
»�?7@�ACB ³ �'D � + � GEM

ú?7@�ACB ³ &�û » �³ ��E 
9F ð�G�H 23cm×28cm
ð

GEM( IÈÓ	J Û1K Õ É )
« �5LNM �/O	PRQ «Ç ¯�S � É >N6A§ � GEM

ð�T�UWV
10cm

ðÈú	ð ø ª�¯YX�Z9[ $³ � ©	ð7\ Q �]-Ø [ V�^ � 5.25�)_ B ÁÈÂ þ \<à �a` à�� [ ��b «,c � § �$þ�ÿ ^5©	ð ø ê�ð Ú�d Ô�Õ�e V�^ LD = 15mm, LI =

5mm, ED = 0.5kV/cm, EI = 2kV/cm
[ $³

(
�

5.9 f è )
�Yõ § ^ £ P V Ar 90% C2H6 10%

«
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�
5.24: 30cmGEM(

E 
)F 23cm×28cm)
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5.25: 30cmGEM

ð/\5à �a` à5�
Ö� 6A§ �
µ-PIC

ð
gain

«
1.2 × 103 ��g�bh69+ ^ GEM �)iWj ³ ®�k «9l Anm <1o	p ð gain

ð l Arq _6 o ð » ^ � 5.26
[�s ³'t â/u�ø	6,+ ^ 10cmµ-PIC

ð
gain

ú ivj o t 30cmGEM
q
µ-PIC ø 8:C;�< ³�w ø [ ^ ´#ì gain5.8 × 104

q Æ]³�w ø » [ ê o t õ o ^ 2.7× 104
[ ð-µ b�=	> q *�x [ê o t�w Ñ Á S ^ MIP

ðy$�% E 
�z'&�û þ gain
q/{�| *�x [ ê o ø,}�j ³yt 10cm ø 30cmGEMð â	u [�s ³ » ^ µ-PIC
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gain

»�~ þ ³ o ã ^ total gain
V
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[ ~ þ ³ » ^

GEM
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5.26: 30cmGEM ø 10cmGEM
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5.27: 109Cd

ð P	��Q ��� t (total gain 1.6 ×
104, 1.28cm× 1.28cm

Ö� 
) 22.2keV(AgKα) ø ^�+ð'�	�

X ç 8.05keV(CuKα)
ð�� Õ�Q��y�1j �

�
5.27, 5.28

Vy^ E 
 4Ið	ý F (1.28cm× 1.28cm)
q Ö� 6 ^ total gain 1.6× 104

[
109Cd, 55Feq - Ñv��Ñ è�é 69+ Æ ÏÒÑ o P���Q ��� [�s � t 10cmµ-PIC +GEM

 P� �¡�¢ S ú SN â1��£
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} o ã ^ � 5.12 ¢ S ú J å/� æ�Õy¤�¥R¦��/£�}�� ^ gain � � � � o w ø [ ^ 30cmµ-PIC "7#�¢S ú J å/� æ�Õy¤�¥R¦C� � � � o (
�

5.21)
t �

5.29
V�^

55Fe
q è�é 6'+�§ ÏÅÑ o�¨�©�ª X çYÓÔ�Õ K [�s � t gain

ð	�y« z'D�} SN â�� � � o ð [ ^ µ-PIC "/# ð ø ê ¢ S ú ä J å/� æ�Õ ðç�¬ q è#é 6)+ ð Ó�Ô�Õ K Ø7 ��®v¦1z þ � o t 6 o � � + ^�î�ï z�¯ B��)° �C± ð-ä } ä J å� æ�Õ ð X ç q è#é [ ê,^ µ-PIC "�# ð ø ê ¢ S ú³²�´ þ Ó$Ô�Õ K q § � w ø,� [ ê o t Ó$Ô�ÕK z �µ� +�} � � V5^	����¶ 
W6ùç ( · � Ù��� � ��� )
ð��C��� Ì�� ^

cathode P �5¸ ày��ð/�çWzv¢ � ú&ð [�s � t · � Ù��� � ��� V5^�¹ S»º 6 ð Ö� zR¢ � + � ç ��¼&å Q�e9FC¤ ðy½�¾��¿ Z � B } t 6 o � � + ^ ©CÀ�Á�Â ð�Ã b�z ÿ }�+ V5^ · � Ù��� � ��� ð Ö� V�Ä ã ^	Å 6} ¶ 
v6Y��� qyÆ�Ç 6 o t
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5.28: 55Fe

ð P���Q �È� t (total gain 1.6 ×
104, 1.28cm× 1.28cm

Ö� 
) 5.9keV(MnKα) ø ^

escape peak(MnKα−ArKα) ���Rj �
�

5.29: 30cmµ-PIC
[ § ÏDÑ o5¨�©1ª X ç ÓÔ�Õ K (55Fe

è�é
)

5.5 30cm ! µ-TPC ÉËÊÍÌÏÎÑÐ
30cmµ-PIC zhÒ ¸ · �ÈÓ�Ô�K q9Õ S»Ö ô ^ µ-TPC

ð =�>C×�Ø q c � o t Ò ¸ · �»Ó�ÔCK ð�Ùm � ÙÛÚ þ � ø ^�ÜCÝ � � k � � � ��Þ [ ^y��� Þ7ß�à Üná'âyã�V�^5Ù m 15cm
Þ Ò ¸ · ��ÓCÔ�Kq  } o t/ä�å�æ z V5^7Ù m 30cm z B��9ç b [�s � t�

5.30
Þ ¢Cè þ \Ré �ê` é,� [ =/>�×/Ø q c � o t µ-TPC

qìë/í�î z ��ï ^7ð z Ar 90%, C2H6

10%
qìñ Z)ò	ó ^�ô ¬ V ë7í�îvÞ�õ ÜráÈö	÷ 6 o t ë�í�îvÞ'ø	ù V�^�ú ±Nû X, γ

ô Þ	üyý/þ Ünáê^`y��ÿ���� ¡ q  } o t�¶ 
�6 ����V ë�í�îWÞyõ z�� 0 6 ^ µ-PIC
Þ

HV �
	 ^����C¶ 
�6 V �
5.32

Þ ¢1è þ ��� [ c � o t�
5.33

V
252Cf

ö	÷ q ö	÷ 6,+y§ á ï o ^�ð9��� z�¢ ������ � Þ $�% [Cs � t 30cmµ-TPC
[$�% � E 
 [�� � w û ����� m)ï o t7.�� Þ û�� S ^ 30cmµ-PIC

� Ý [ V
gain ��� S�� } Þ [ ^

GEM û 8�:�< ^ ��� �9Ô e Ô û 8�:�< + ^ γ ô"!$# d û�69+�=�> m < �)ç b [Cs � t
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ASD

-TPC

�
5.30:

\�é � ` é��

�
5.31: Ò ¸ · � Ó�Ô�K q 30cmµ-PIC z Õ S»ÖÝ o"% Þ t

ASD

-PIC

�
5.32: µ-PIC û ASD

q ��� B�� ���

&(' &)&+* &,&.- &,&+/ &,&10
&,&)& 0,' &,& 02* &,&&' &,&* &)&-

&,&/ &,&0 &,&,&02' &)&02* &,&&
3 &0
&)&0
3 &'
&)&'
3 &

10.5cm

30.7cm

�
5.33: the first track(252Cf

ö�÷C^Wð��4� zR¢ �56��� � )
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5.6 µ-TPC É87:9<; =?>A@8BDCFEG;
µ-TPC

Þy?	@�A zR¢4H5+ ^�I ± ��J ±�¤�¥1¦��LK Þ ¢1è)z �	� Bv� Ü q�MONRBv� t

5.6.1 PRQâ5ãy^SI ±1�LK ï1{ K ��� B�� Ü q �$T � t µ-TPC
Þ # H � 2
U B�ï�V ^SW � Ú û %YX H�Z �Ý5I ± V7� � � t 6 Ü 6 ^ � p z V X H Þ 2�U ¤ Á � z I ± V7� � � t - Þ�[]\�q Á�^ z ��T � tâ5ãy^ J�_ ��`7Ô E0

Þba � � γ
ô�!�# d [ ERc m)ïW��d�þrq�M j � t Á�^ ^ µ-TPC

Þ4e P ð[
2
� Á ��f�g >�h BW�Si�j �Lk V�l6m$n � t �So$� áa^Rp Þ ¢Rè � iSj �Lk �rq w ��d�þ V�s} Ü�á [�s � t a � � µ-TPC

q�t �
L
[�u4v H o û �xw c m)ïW��d�þ Ptotal(E0, L)

Vy^
Ptotal(E0, L)

= PCompton(E0, L0)

∫ Ke,max

0
dKe

∫ L0

0
dl

∫ 2π

0
dθPTPC(~x,Ke, θ)Psc(~x,Eγ , θ) (5.1)

[�y Ý � t o��"z|{
PCompton(E0, L0) } { µ-TPC

ð�~
Compton ��� n �xd	þ { PTPC(~x,Ke, θ) }����� _ ��`�Ô Ke

ÞO6� �6� � µ-TPC
ð�~ ü�ýµm'ïW�5d�þ {

Psc(~x,Eγ , θ) } � _ �"`�Ô Eγ(=

E0 −Ke)
Þ ��� γ

ô ��� �5 �� Ô�� ~ ü�ýnm)ïW��d�þ ~ s � t L0 } {�� ÷ γ
ô1Ü�á � o µ-TPCÞ�e4�CÞb�µm ~ s � t

~x } { Compton ���1��q � o���� ~ sL� {�� ÷ γ
ô Þbt �

L û { Compton������q � ob�
� Þ�e4��Þb�µm l ~���â �b� Ke,max } { 
��� � Þ��
� � _ �"`7Ô ~�� � { E0

~��â �b�
θ } { �
�
� Þ azimuthal angle

~�� ���
Compton �
� Þ6��� # k ¸ Ô } { Compton �� Þ q ��� ��� ~x

{
E0, Ke, θ

~���â �b� ��o�� á {
θ
~

Compton �4�1�Oq � ��� ��� ��â � { E0,

Ke

~ { � � Þ�6��� �
~e,γ
ô Þ �
� � � ~g û {4� ÷ γ

ô Þ�� å � �
~s
Þ � n J � ��â � Ü�á�~���

(3 ��� ö )
� p z��S{

µ-TPC
{ � �b �� Ô$� ~ ü�ý ��ï"¡�d�þ }"¢ Þ��r� # k ¸)Ô ~r��â ¡O�z �4£ H ��{ PTPC, Psc

Þb¤�¥ } { E0, Ke, θ
~�� ¡b�

l

L0~x

Ke, PTPC, ~e

Eγ , Psc, ~g

¦
5.34:

¤
¥
§
¨

� ÷
γ
ô]©�ª � ÷ t ��«¬ M
®�¡�Þ }�¯4° � Þ ~ {±4² n ¡5� â'ã � ÷

γ
ô £r³�´ ~�� ¡ û¶µ § n ¡�� â� {�� ÷

γ
ô�ÜNá(· �

µ-TPC
Þ6e6�1Þ���� } ³ §

(L0 = const.) û z|{ µ-TPC
Þ ³�¸ Þ�¹ � û»º zx¼ ûn ¡�� �4� γ

ô1Ü�á»· � � �½ ¾� Ô6� Þ��]� } { � �  � Ô��5¿ Þ � ÷ J ~bÀ � ¡ £ {bÁ
Â Þ �/ó {5Ã ¬ ��� Ä� ÔÅ� Þ��¾� % ³ § ~$� ¡ û n ¡O� � �� Æ� Ô� ÞbÇ èÉÈ X
J } 4π
~�� ¡ û n ¡�� ¢ ï } { µ-TPC¬�Ê z��rË�Ì � � ¼rÍ ©�Î"ÏSÐ�Ñ Þ � �b Ä��Ò � ÒÞ ð�Ó�¬ {

µ-TPC
© �ÕÔ z({ º � æ � γ

ô]© ö�÷ z� û � û½ÖR× ~
� ¡�� ¢ Þ û � { � �½ ¾�½Ò � ~ ü�ý�9ï"¡xd7þ } { �4� γ
ô Þ � _�Ø ` Ò Eγ Ù Ýr~���â¡O� ¢ ï © Psc(Eγ) û�� Ú � �ÕÚ�} { γ ô £ µ-TPC¬ � ÷�n ¡�Û ¬

Compton �4� n ¡rÜ ©�Ý�Þ �/ó { ��b ß�5Ò � ~Sà ��á © ÇGâ ¢ÅãO}Sä�å {
��æ6ç ©bè¡O� z ��£ H �r{ � �5 Æ��Ò � ÜOÇ8â È X�J } { 2πé�ê ~$� ¡O�
10cm

J
µ-TPC ,30cm

J ã % ¬ { � �
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 ���Ò � Ü�Ç8â È X
J £ Ö]× ~$��ë V { 4π
Ç8â ãrìã¶í U�î }4Ö]× ~$� ¡O��Õï�ð �xÒ � ÜbÇ8â È X�J } 4π

~�� ¡ ã�ì { � _rØ ` Ò E0

Ü�a�ñ £
γ ò"ó�ô6õ ~ w c � ë ¡d î

Ptotal(E0) } {
Ptotal(E0) = PCompton(E0, L0)

∫ Ke,max

0
dKePTPC(Ke)Psc(Eγ) (5.2)

� Ù z({ PTPC(Ke) } {S�
æ γ ò Üb�
ö
�Õ÷ £�³S´ ~�� ¡ ã�ì Ü {Sø
ù �
ñ £ µ-TPC
~
ú�û � ë¡�d îÅ~$� ¡O�ü å { PTPC(Ke)

¬�Ï ¼�� M
®�¡�� �
æ
γ ò Ü��
ö��"÷ £�³S´ ~�� ¡ ã�ì { γ òR} µ-TPC ý Üþ�ÿ Ü �
� ~

Comtpon ��� © q ¢ z�{Oø�ù �4ñ } þ4ÿ Ü��"÷ ¿�ø
ù � ë ¡�� z ��£�� �r{ µ-TPCý Ü þ�ÿ Ü �6����� þ4ÿ Ü��Å÷ ¿ �
ñ ©�� V z|{ p Ü5�
ñ"Üâ	��
� £ µ-TPC ý ~�� ü ��� � ©��� ë V {
γ
Ü5�6ö��Å÷ £S³r´�� ��� Ü {rø�ù �4ñ £ � ü ¡xd î¬ º z�� � ¡b� z �S£�� ��{ ¢ ë©

GEANT4
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5.35: γ

Ü5�
ö
�Õ÷ £S³S´�� ��� Ü {�ø
ù ��ñ£ à ��� Ø�� Ò ©! ã n � � PTPC(Ke). µ-TPCý Ü þ�ÿ Ü ���
{ þ4ÿ Ü��Õ÷ ¿ �4ñ ©�" æ � ä ���� Ü {
µ-TPC ý ~ �6ñ £ à ��� Ø#� Ò ©$ ãn � � ã º z�� � ¡�� Ar 90%, C2H6 10% ã Xe

54%, Ar 40%, C2H6 6%( %'&�( 80:18:2)
Ü ���¬�Ï ¼4����ßz � �

)+*-,/.1032/*-23*-,-45)+.768*-67*-)+97:<; =-*/>@?A B/A-A C-A-A D-A/A E/A-A F-A-A/AG
H
I
J
K
L
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N
O

¦
5.36: 300keV, 500keV, 1MeV

Ü
γ ò ¬�Ê�n ¡ø
ù ��ñÜ ��� ØP� Ò Ì�Q �

¦
5.35

¬ {4ø6ù �
ñRÜ ������� Ø�� Ò ã { � ü ¡$R îL©�S�n ��T4� } { Ar 90%, C2H6 10% ã
Xe 54%, Ar 40%, C2H6 6% ( %�&�( 80:18:2)

Ü�U�V�W ¬SÏ ¼�����Æz � �
Ar 90%, C2H6 10% }

100keV
~

range
£YX

10cm
{

200keV
~ X

30cm
~�� � { �[ZSâY\ p Ü^] ± ~ { R î £  � �
¼ ¡��

Xe 54%, Ar 40%, C2H6 6% } 130keV
~

range
£YX

10cm
{

270keV
~ X

30cm
~�� � { ¢ � �`_Ö ´ ¬
p Ü^] ± ~ R î £  � �6¼ ¡ £ { Ar

¬ (�a ��{�b�c'� ¬	 � �
¼ ¡�� ¢ ë } { Xe } Ar
¬

(�a �r{rø�ù �
ñ £ Coulomb dfe
�
� ©'� � d �hgPi ¡ � � { ��j £ �'k�lmk ¬ ��� {�n ò�ofp¬ nq ãsr ¼ op ~ ��� ØP� Ò ©�t4àR¬^ ã q ¢$ã £ ~ ì ¡ �u� ~�� ¡��vR¬ { � ¡ �'� Ø�� Ò E0

Ü ��æ
γ ò ¬5Ê z½�r{ µ-TPC

~ 
Y�"Ü ø�ù ��ñ £ � ü ¡ � ©�w ®�¡��
¢ ë } { Pe(E0) ≡

∫ Ke,max

0 dKePTPC(Ke)
¬ º z�� { Psc(Eγ) = 1

{ Ï ü � �Åï5ð ��Ò � Ü úrû4î£
1
Ü ãSì$ã|º z�¼ �
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5.36 } ø6ù ��ñÜ �6���'� Ø�� Ò �YxPy{z Ø ~$� ¡�� ø6ù �
ñ�Ü}| ��� Ø#� Ò^~ ~ } { ���ØP� Ò Ü Ì'Q }���� ³�´ ~$� ¡O� z �4£�� ��{�ø6ù ��ñRÜ µ-TPC

~�� � � ë ¡	R î } { µ-TPC~}����� ì ¡�� � Ø�� Ò^�� ¬ ���}(� q ¡�� �P��� ì ¡�� � Ø#� Ò Üb�
�f�P��� µ-TPC
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5.37: Pe(E0):
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ùf¦ ñRÜ ���	µ6î ¤
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54%, Ar 40%, C2H6 6%( %'&�( 80:18:2)
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5.38: Å ¿ 1.3cm

Ü'� ï5ðÆ� Ò��rÒ (GSO)
�à � � ØP� Ò ² úrû ¿ ë ´ γ ò Ü^� � ¤

� � � �`Ç Ú �'� ï�ðÆ� Ò��rÒ Ü Å ¿�� ��È �'§ © � à�Ã Ü γ ò ©!� � ´ ¸ ã �}ÉÊ�Ë ��§ ´ ¤¥�� � Ø#� Ò γ ò �}�m� ï�ð�� Ò��rÒ ý �`Ì�Í6è�Î© ä�å ¬^Ï ©ÑÐ i ¨ © � ³ ±Ü� � Ø#� Ò ��  ¿ � ¼ R î ² � ² ´ ¤ � ¨ ² � Ã � § ´ � � ØP� Ò Ü^� æ γ ò ¬bÊ � Ã � ø�ùf¦ ñÜ� � Ø
� Ò ² ¥ ¼fÒ`Ó ï z � \Ô� ��� γ ò Ü`� � Ø�� Ò ² | ¼ Ü � � ����� ì ´ R î ² � ² ´ ¤ � ¨ ² �Ã �f¥ ¼ � � Ø�� Ò Ü ø
ùf¦ ñ © ã � ® ´ ¸ ã � ��¿ � ¬ ¡ ê ² � ² ´ ¤º

5.38
¬ �

GEANT4
¬�� � Ã�Õ � ë ¨�� Å ¿ 1.3cm

Ü'� ï5ð{� Ò��rÒ (GSO)
�Oà � � Ø�� Ò² úrû ¿ ë ´

γ ò Ü^� � ©�S q ¤ GSO
��ú�û ¿ ë ´ � � �}� Â�Ö ¬�× ¦ ú�û"¬�� ´ ú�ûYØfÙ Ù i� � �P� � ë � ¼ ¤ �YÚ�� � �

GSO
��Û ê ² ¥ ¼ ¨ � ¬ �

γ ò ² GSO ý � UPÜ ��� Ì�Í6è�Î q´ R î ��Ý�Þ � ì ��ß �u� �'§ ´ ¤ �#à ª � Compton ����á�â � Ã � ��� ¿ ë ¨ γ ò ² × ¦ ú�û
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5.39: Ar 90%, C2H6 10% ã Xe 54%, Ar 40%, C2H6 6%( %�&�( 80:18:2)

Ü}¯ �[ã Ï ß Ã �
∫ Ke,max

0 dKePTPC(Ke)Psc(Eγ) á �� � ¨}ä ¹ ¤ Compton ����á$â � Ã ��� ¿ ë ¨ γ ò ² � ï5ð
� Ò���Ò ��ú�û ¿ ë � �å µ-TPC

� ø
ù¦ ñ ² úOû ¿ ë ´ R î ¤^æYçP�^� æ
γ ò Ü�� �`è �é �§ ´ ¤
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º
5.40: ê ®[ë ã γ ò ² � æ � ¨�¯ � Ü ¡ ê Ptotal(E0)

¤ ��� γ ò ²�ìPí�î GSO ï�Å ¿���ð ã
1.3cm

��§ © �
GSO ï�ñ âÔò�ó � � 4π

��§ ´ ãõô�Ä � Ã ß�´ ¤[ö ï y ãø÷�ù�ïYú�é
ó'é ��� ¾ë�ûrë Å ¿ 30cm ï Xe,Ar ü � TYÀ ý'á γ ò ²}ý � ¨Yþ ã � Compton �f�uá q ´ R î���§ ´ ¤
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á!â ¸ q ¤ � ¨ ² � Ã � GEANT4 á Î ß Ã �`ÿ�� ��è �é ² ú�û ¿ ë ´ γ ò#ï � � á�� � ¨ ï �§ ´ ¤#º
5.38

� © �
150keV

]�� ��� ° ã ��´ ² �u¸ ë �
60keV

]�� ã
Compton �'�mï ö é y² § © ��|�� �`è �Yé � ï ��� ® ��� ² â ¸ ´ R î ² ¥ ß ¨ � � γ ò ² GSO
�Á�
	�� ´ ¨ � �'§

´ ¤
50keV

]� ã × ¦ ö é y ² § ´ ï � � 50keV ��³ ã ��´ ã��� ã úOûSî ² ��� q ´ ¤ � � ��º
5.38 ï � á Psc(Eγ)

ã�� Î q ´ ¤
¸ ë � ï � á Î ß Ã ∫Ke,max

0 dKePTPC(Ke)Psc(Eγ) á�� � ¨ ï ² �#º 5.39
��§ ´ ¤

º
5.40

�}�
Ptotal(E0) á S � Ã ß�´ ¤[¸ ë �}�#º 5.39 ï � ã � 30cm � TPC

� � Å ¿ 30cm ïT�À �
Compton �Y� q ´ R î á �'i ¨ _ ï ã � © � 10cm � � � Å ¿ 10cm ï TYÀ � Compton �

� q ´ R î á ��i ¨ _ ï ã ��´ ¤�ö ï y ãs÷�ùmïYú�é
ó�é ��� ¾�ë�ûrë Å ¿ 30cm ï Xe,Ar ü �TÀ ý�á γ ò ²�ý � ¨þ ã � Compton ��� á q ´ R î���§ ´ ¤ 10cm � TPC
�

Compton �f� q´ R î ���
30cm �Pï ¢ 3 �#ï 1

ã ��´
( ��� R î ² | ß ¨ � TÀ ï�Å ¿ ã (� q ´ )

¤��� ë ã �
γ òÕó�ô
õ ��t ÿ ã ã � à ´ ¸ ã^ï � ì ´ R î ��� µ-TPC ý � Compton ��� ¿ ë ´ R î á���à´ ¸ ã � � ì ��ß ¤#º 5.40

� © �
TPC ï�� Ò�� á 27 £ ã`q ´ ¸ ã ã � © � 1

å ï × ñ ã�� � Ã�m��� ì ´ R î Ptotal(E0)
���Y¢

10 £ é�ê ÷ � q ´ ¤

incident gamma-ray energy[keV]
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º
5.41: ê ® ë ã γ ò ² � æ � ¨�¯ � ï � µ� ! ¤ �f� γ ò ²�ì�ífî GSO ï}Å ¿`�^ð ã 1.3cm��§ © �

GSO ï�ñ â8òfó � � 4π
�'§ ´ ã«ôYÄ �Ã ß�´ ¤

º
5.41

��� � µ" ! á S � Ã ß#´ ¤ � µ# ! �}� ¡ ê
Ptotal(E0) ã �m��$ ï  ! ï ! ��§´ ¤ó ! á 27 £ ã`q ´ ã �"% Ö�ã w à ´ ã �µ� ! �

27 £ ã ��´ ¤ � � � � � © ¥#� �è
�fé�ï ø�ùY¦ ñ á"ã � à ´ ¸ ã ² � ì ´ ¨ � �¿ �	ã�� µ ! � í�& � �}¢ 100 £ ã ��´ ¤�¸
ï � â ã ��ó ! á�í�& q ´ ã �}ó ! £'�'� ã��µ� ! á�í�& ¿ ä ´ ¸ ã ² � ì ´ ¤

5.6.2 '�(*),+.-
µ-TPC á °��'� q ´,/ � � © ¥�� �è �fé
ï ø6ù�¦ ñ á úOû�� ì ´ ² �� ��è ��é ² ¥ ���´,/ � d�e���� ã � ´ ���'� ²�0 ¿ � ��´ ¤¸21 ² \ ï �#3 ã ��4�5 Ë ï6� ã�78�q ´� á w�9 q ´ ¤;:"< ¦"= ï :"< ® 6'ï?>�@ ² �\ ï �#3 ã �A γ B�ï�C�D ® 6Yï�>;@ ã�EF�q´�G á�H ´ ¤

I�J�K�LNM�I"J�OQPM�R?SQT�U;V�WX
γ Y M�Z[ O*P�\]�^�_

`;a ï Ï © ��:�< ¦= �cb�Àed á2fgY�f�[áhQi �
Compton �f�kj�ï�lm á�n*o Ã �?p 3 ¤¾ ¸ � �?:�< ® 6fï�>@ ² ���A γ B�ïqC�D ®

6�r�Ä�s�4 ã*t 1vu�w ß�x�y á�zQ{;| G á2�Q} ´ ¤
��³ � ~e ãk~ ´ >@mïH���à ´ ¨ } � ~g ��� ï � �'§ ´,/ ô�Ä#| ´ ¤ p ¨}� Ke

�
Eγ � >c@ ²��ß � ï / | ´ ¤ φ � α ���� èk� é G w �Q} ´,/ | ´k/���� 4.2

~ © �� ï ¯"� >�@ á?�'à ´ ï��
~e � i ã� ´ ¤Ï ð � C�D ® 6�ï�>c@#ï?�c�k� � SPD

/�����ë
Compton � ãq� ß ¨ ARM �?� 3
�,� G � � ¸

ï ARM � ~e / ��� ò ��� �"� ´ ��¾ ¸ � � ~e ï�>@ ²�t 1e� t φ ãqEF | ´�G á��"� ´c� } �� 
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� ß
ARM∆φrcs(

�
4.10) �����#| ´ �º

4.1 ï ~ 3 ã � � ï :e<"¡ 6 ~e á ç / �^Ã >�@ δ á å i Ã�¢¤£��;¥ A γ B�ï�CeD ¡ 6#á Xç / | £ � | ��¦�§ ~s = (1, 0, 0)
/�¨�©��

Compton ª"« ï}â¬o ��  *® ã Y
ç á / £ /¯� ~e =

(cosψ,− sinψ, 0)
/ � £?�

~e
ã >�@ δ á å i £ /�� ~e � �

~e = (cosψ cos δ + sinψ sin δ cosϕ,− sinψ cos δ + cosψ sin δ cosϕ, sin δ sinϕ) (5.3)/ � £?�¤° ï /;©2� ª�«*�	ê ¡ ë � ï� � azimuthal angleϕ � 0◦
G w

360◦
p � / £��±

5.42 � � �e� è�� é 200keV,500keV,1MeV ï γ B ã?� | £ φ,ψ,α ï?�#² á�³ ��´ ß £�� p���
~e
ã
δ = 5◦,10◦,20◦ ï�>;@[á å i �,/�© ï � φrcs,SPD ��µ�¶"·N¸ � � � SPD ��¹ ��º á / o ´ß £?�

φrcs,SPD
/ � ã � :�<» = ï �#� èk� é;¼�½ u � £ ã�å 1 � f�g�ª�« ã¾~ £ >�@N¼?¿ ß ´u £�� ��À"� w ��Á ��� èN� éqÂe�"� � φ ¼ 0�Ã u �q� 4.2

~QÄ �
~e ï?>;@#ï 7�8 � 0�Ã u � £q�Q�� ¼No ´ � φrcs ï�>c@,� Á �"� èN� é�ÂN� 0�Ã u � £�� p ���eÅ,Æ Ke ��Ç�� £ /�� ¥ A γ B#ï �� èQ� é;¼�½kÈ � t � φ ¼ 0¬Ã u � φrcs ï�>c@�� 0ÉÃ u � £��cÊ ¡ � Compton edge Â¾� � φ � 0Ã u � £ ¼ � φ ≈ α

/ � £ ïc� � ~e ï�ËÌ���ÍQÎ;Ï � φrcs ï�>@,� 0ÐÃ u � w � È ��Ê ¡ � Ì º�ÑÒ ï?Ó�Ô � SPD � Compton edge Õ �¬Ö�× È ´ � SPD ï�Ø�Ù º � δ Ú�4k�"� £�� Compton edge

Õ � �e� � α ≈ 180◦
/ �ÛÄ �

~e
/
~g � � {  �*Ü � £�� SPD � � � ï ~g,~e ïcÝ £   /Þ��ß�à Ü~kÄ
á w¯1 �

~g,~e â;Ý £ ã â � |;äN�#� £��É� � ¼No ´ � � â ~e / ~g ¼ � {  �,â /�©2� ~e Ü�>
@ ϕ

Ö�å i £ /��
SPD � geometry æÜ ϕ

/ � {�ç � u � £�� ϕ � � 0◦
G w

360◦
p � / £ âc� �è�é æÜ SPD �?Ù © u � £���° â ~ 3 Ü � :"<c» = â�ê"ë ���;ì ��í ¼�Ù © u � £Qî � ~e â�>c@

¼�¿QÈ ´ u £ ¼ �;ï Üqf�g�ª�«�Ü ~ £ ª�«�äQ� 0ÉÃ u � £ â;� � ®?ð â�¿�ÔQ�"ñ�ò"ó�ô ì Ã 1 £��õkö Ü� � :�<c» = â �"��ì �cí Ü ~ o ´ � δ â º ¼?÷�ø#| £q��ù¾° � � δ â º � � ± 4.19, 5.44

â"ú"û ·¤¸ � á wýü � θrms
plane â*þ § ��ÿ�� 3mm â � â Ö�� È ´ � φrcs, SPD â�¹�� º â�Ø�Ù º Ö� } � â¼ � ± 5.43, 5.44 �e� £��±

5.42
~,Ä �

δ ¼ Ê à â�� � �	��
 »� â�ê#ë �e��ì ��í ¼�� Ã u � £ � t � ∆φrcs ��� u �£�� � G � �	��
 »�� â �#��ì ��í ¼�½QÈ � t � fg�ª�«*â�ª�«"äN¼�� Ã u � £ âc� � ®�ð â�¿
Ôe¼¾ñ�ò�ó�ô ì Ã ü � ∆φrcs � ��
 »	� â ����ì �cí Ü GG ¦ w Ï � � { Ê à î � £�� p ��� SPD

� Compton edge Õ� Ö�× i	� �	�	�
 »	� â�ê"ë �#��ì �cí Ü��#| £ SPD â�Ø�Ù º � � δ Ú	�
�¾� £�� ��
 »�� â �e�cì ��í ¼�½�È � t � δ ¼���Î wýü £ â�� � SPD ��� ® | £����N® ~�Ä �
µ-TPC

Ö Ù���ø ��´ � ~kÄ ½ �"��ì �í â ��
 »	��Ö î w Î £kî ��� �N¼ ® ¼ £ � i � � u � ä�	 �!#" � � u � £��

62



[keV]eK
0 20 40 60 80 100

de
gr

ee

0

20

40

60

80

100

120

140

160

180

[keV]eK
0 20 40 60 80 100

de
gr

ee

0

20

40

60

80

100

120

140

160

180

5degree
10degree
20degree

SPD
5degree
10degree
20degree

(a) 200keV

α
φ, φrcs

ψ

[keV]eK
0 50 100 150 200 250 300 350 400

de
gr

ee

0

20

40

60

80

100

120

140

160

180

[keV]eK
0 50 100 150 200 250 300 350 400

de
gr

ee

0

20

40

60

80

100

120

140

160

180

5degree
10degree
20degree

SPD
5degree
10degree
20degree

(b) 500keV

α φ, φrcs

ψ

[keV]eK
0 100 200 300 400 500 600 700 800 900

de
gr

ee

0

20

40

60

80

100

120

140

160

180

[keV]eK
0 100 200 300 400 500 600 700 800 900

de
gr

ee

0

20

40

60

80

100

120

140

160

180

5degree
10degree
20degree

SPD
5degree
10degree
20degree

(c) 1MeV

α

φ, φrcs

ψ

±
5.42:

�"��ì �cí
200keV,500keV,1MeV â γ $�Ü��#| £ φ,ψ,α â� �² ��%�& � �
 »	� âqê#ë���;ì �í �e� £�� p ��� ~e Ü δ = 5◦,10◦,20◦ â('	) Ö?å i � î © â � φrcs,SPD ��µ"¶¾·�¸ � � �
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5.43: Ar 90%, C2H6 10% Ü ¨ È ´ � 200, 500, 700, 1000keV â γ $�Ü��#| £ � φrcs, SPD â�¹� º âqØ�Ù º Ö �
 »� â ����ì �cí�* Ü µ�¶N·,¸ � � � â � � � � ����
 »� â �"��ì �í ¼ �

Compton edge
Ö,+ Î £ � â� × È ´ È £q� δ â º � � ± 4.19 â"úcû ·Q¸ � á w�ü � θrms

plane â*þ § �ÿ��
3mm â � â Ö.-�� � � �
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5.44: Xe 54%, Ar 40%, C2H6 6%( / � Ç 80:18:2) Ü ¨ È ´ � 200, 500, 700, 1000keV â γ $

Ü0�e| £ � φrcs, SPD
Ö ��
 »	� â ����ì �;í�* Ü µ�¶¾·,¸ � � � â � � � � ���
 »	� â ����ì��í ¼ � Compton edge
Ö,+ Î £ � â� × È ´ È £q� δ â º � � ± 4.20 â�ú;û ·Q¸ � á wÞü � θrms

planeâ*þ § ��ÿ�� 3mm â � â Ö.-�� � � �
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1
6 2 3 4 5

µ-PIC 6�7�8�9:;6�<=
MeVγ $;>�?�@;â�½AB"�ø*Ü� � µ-TPC Ü ¨ È ´ Compton ª�«¤ÜDC £ �
 »	� â(EFBG�HIÖ á�J ä	�� 	!B" Ö ®�K#£ èL ¼e� £�� 2 M�N	OQPSRUT �WV T0X µ-PIC â�Y�Z�[ à ë�\;]�^�_ á` J �
 »	�ÉÖ î�a Î £ â�Ü�b�c (6 × 103) d�� £�e �
 »	� â�H�I Ö á £ â�Ü è�L G]�^S_ á`
2 × 104 d#� £(egf � ¼Qh ´ J ��i â ¡�j d�]�^�_ á Ö ®#K�k�e
•
»�l	mn â�oS�
µ-PIC â anode, cathode

Ö ¹�p f�´ È £�qsrutwvUx Öuy Ä ×gz î ( {Q| Ä µ-PIC )
J

cathode

edge â » �k¼�} z GD~ °eî ¼ 3 M�N » ��� v���� í �s��ó��ú ¸ Maxwell d�³ Ã ü k�e�fk ¼Dh ´ JS� » Ü����B~.�	A¾¼��#� °#î ¼�Z� Ã ü ~ eD��k J cathode edge â » �¾¼�} z G~���� J anode Õ	��â » � `�� z G Ä�J ]�^�_ á ` ® ¼D~ °#î�� Z�� Ã ü ~ eõ,ö ÜD{�| Ä µ-PIC
Ö�� \ f�k�e Ó�Ô J ]^�_ á ` ®S��f(k�eQ��k J�� » Ü(�#�;~.��A `� § kk�� J��� â � âBC Ä ½kÈ�]�^�_ á Ö,��� d © G��Bh k�e�f�k ¼Bh ´ J�� f È	oS�¾¼èL d#��~ e

• �BP��w��X î â� B¡�¢�£	¤ (GEM)�BP��w��X îf.¥ GEM
î  ¢�¤ ¥ ë	\ Ã ¤ k�e�¦ â���¢ J GEM â	]�^�_ á `�§ z (10 ¨

Ú� ) © à �B~ e GEM
î â� D¡(¢�£�¤¾Ü#CBª J �
�« �¤Ö á ~�â�Ü è�L G	]�^�_ á	J 2×104Ö.+D¬ ~�]�^S_ á d�â�[ à ë�\� �	� f�k�e�ùQf®¥ J MIP d���~®¯Q°�$ v�� í�± ó� J OBP �!#" 370µm

î.² þ´³ ²�µ �wd î�a ¬ ~ ¦¾î,¶ dQ· kSe
µ-TPC 6(¸�¹�º

MeVγ $B>�?�@�â0³ � �øQ» ` J µ-TPC ®¼���ø��B~ è�L ¶ ��~ e.½�¾�¿�À »#CS~ î J 10cm ä
â µ-TPC � a 30cm äs»���~ î J � � `�Á 100 ¨s»GQ~ eQù;¦ d J	��� â 10cm ä¤â µ-TPC»�ÂU£Ã~ � â î�f�¥ J 30cm ä µ-PIC (ÄB\ f J ù ü »�³�Å 15cm â drift cage S #¢Q¤ ¥ J
30cm×30cm×15cm â µ-TPC â�ë\ �Æ .Çsh ¥ J TPC

î	f®¥ ë�\D�w~ ¦#î ®È�É f(kSe
Ê	ËDÌwÍ
Î�Ï ` J �Nó0Ð � í#Ñ�í î  �¢�¤ ¥ MeVγ $w>#?@�®ÒÃÓ�Ô K ~ e Å a » J x�r úÖÕØ× í�Ù �¼���ø f J 30cm×30cm×30cm â µ-TPC »(�B~,Ú à d���~ e�ùBf,¥ J TERAS »#C�~ ï ComptonÛ	ÜÞÝ í�ß 0à	á f®¥ J AB"�âãÃ0Ç þ´ÚäBd���~ eå �;æ » ` J 50cm ç µ-TPC ,Ä�\ f J Xe è�¢B]�^ 2 é�ê�ë��#d�ì�\�Å®¤w~®Ú�ä#d���~ e 30cmç µ-TPC  50cm çQ»��w~�í�î�d J�ï�ð ` 5 ¨�ñ z �	òD�w~ eB��k J�óô «õ;ö range CQª J Xe

1atm
ö

30cmµ-TPC d ` J 300keV ë	÷ ö0«	õ f ��øSù#d;·(G ²�¶ J Xe 2atm
ö

50cmµ-TPC d`
650keV ë	÷ ö0«	õ � d�øSù�d;·�~ e�f�k�¶ h ¥ J�ú�û	üð `�ý�§ 10 ¨ ` �	ò f J COMPTELþ®ÿ ë	÷;»�G#~ e COMPTEL

` J�������� @	��
 x���B¶ b�c��Dd��#h k	k�� J�ú�ûüð � a Z
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�gÅ��;~��÷ ö 10 � ö 1
� ��� d�·�G�wh k�egf � f J µ-PIC »wC�~ MeVγ �;>#?�@ ` J	ó�ô«�õ  þ a ¬ ~ ¦ þ »#CQª J�������� @	��
 x���B¶ COMPTEL

þ���� ¥�� � ¥² ~ e�f�k�¶ h¥ J
50cm ç µ-TPC »#Cwª J COMPTEL

ö
10 ¨ ö �	÷Ã �	� dw·�~�d����! e�ÎÏ ` J 50cm ç

µ-TPC
ö � vS�Ã�#" ���$
 J Ä\wG&% � Çsh ¥�² z e
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¡ ¢
A TERAS £ ¤ ¥ 30cmMeVγ ¦ § ¨© ª « ¬ 

®�¯ `
30cmµ-TPC ° `T± 
³²µ´ "L¶+" þ¸·�¹�ºL» `�¼.½ γ ��¾	¿�À�ÁÃÂXÄ�Å���Æ³Ç�È �TÉ Æ� �ÊË ��Ì `�Í Ì�Î @TÏTÐ�Ñ È `T±{Ò�Ó ´ÃÔ ±�Õ�ÖL×³Ð�Ø�ÙÚ�XÛ9Ð�`�Ü�ÝXÞ$��ß{Ï â�à!° `�á�â � ��ãä ß�å�æ�ç.è Á#é ä � »�êìë  Ú�#íX� ` ã ä ß�å�æ�ç.è °�î{ï	Æ�ð�ñ�ò�ó.Ô�ô�õ�ö Þ ��É&÷ ` MeVø Å Ð{ù�Ð °�ú ×#û&Ûü��ý (88Y

� ù
2MeV þ�Ì )  �ÿ � ° MeV ����������Æ γ 	 Ð�
�Ñ Á��� �» ý Æ Ð ��� MeVγ 	����.Æ�� â ô���� �TÉ Æ� �� � ����� í�� Ð γ 	�°! ê�" �TÐ ��� á�â ��#� ý » ù �{�%$ Æ'&(��	�)&Á+*-,�� » �  ê�" � ß�Ï â�à�Á ê ýL��ý   �³í&� ��. ý 	�) �³í/ ý Æ�0 × ô ��$ ��ý�Ð �#� *1,�� » �ì� ×¸ß	Ï â�à%��2�3�ô�í�í ÷4��5 áXÞ � ° ��ý  �6��7� �8(9�:�; ��<	�ÚÆ+=�> ù@?(A	��ý  &� � ô � » � ø Å Ð ��BdÁ+CT�D� ë � � MeV þ�Ì Ð γ 	1E�ÔF �G��Æ�� â ô#��� �LÉ Æ� �ÿ � ° � TERAS �G��ÆIH Compton öKJ�E�Ô F �G��Æ ß	Ï â�à�� âÁ 9�L � » ý Æ� 

A.1 TERASMKN�OKPKQ ¹ ���KR Ð�SKT�U(VXW$Ö'Y TERAS ° � SKT LINAC � ÷ 310MeV
Ð�SKT E�Ô F ÁZ ä � �'[\ 760MeV �']�^�_!��Æ.ô � /�` �a=cb » 300-800MeV �']#de�] É Æ#f SgKh °

200-300mA þ�Ìi] É Æjf U�V�S(g�h 100mA ��<lk 8 2K3 Ð!mKn Á+oGp�fiq A.1 ° � UKVrW�Ö�Y
TERAS

Ðjs�
 q�] É Æ�f
A.2 tvuxwyurz Compton {}| γ ~ �lu������}� [41]

´9Ô#��Ô�H Compton öKJ γ 	�E�Ô F ° � q A.2
Ð � ë � � ^K_-6��G� SKT E�Ô F × ´³Ô��ÚÔÁ���������6 ºL» �a��� 6 º Æ�f���� � ´#Ôj�ÚÔ�H Compton ö�J γ 	�E�Ô F Ð���ß �#p ý »!� AÆ!fGq A.3

Ð � ë � � ð	ñ�ò�ó�Ô εL
Ð ´üÔ#�!ÔK� � Ee

Ð!SKT Á7����6 º Æ × � ö�J " T�Ð ð	ñòÚó�Ô Eγ °��(� Þ �
Eγ =

4γ2εL
1 + (γθ)2 + 4γεL/(mc2)

(A.1)Ð � ë �+����Æ�f�0'07] � m ° S'T!Ð��'h � θ ° " T�Ð ö'J Í ] É Æ�f�� A.1 � ÷4� θ = 0 ]�ö�J" TXÐ ðLñ$ò!ó�Ô�°�� ¼ ×I� Æ�fµ´³Ô!�ÚÔ Ð!��� 263.5nm, 527nm ��<��!ÆX´üÔ!��Ô�H Comptonö�J γ 	 Ð � ¼ ðLñ�ò!ó�Ô Ð�Ñ È� �¡�° � q A.4
Ð � ë � �G¢ �afö�J " T °�ð�ñ�ò�ó.Ô × ö�J Í θ ��£�¤$ô É Æ Ð ] ��¥ W ¿�Ô ¶ ]�ö�J Í ÁI¦�§��ÚÆ�0 × ] ��¨© ß�Ð 8 ý E�Ô F Á@ªXÆ(0 × ô�] $ Æ�f!«�ïK¬ � ö�J γ 	 Ð ¥ W ¿+Ô ¶ Á 0.1mrad ]!XÆ+® ¹ ° �

300MeV
Ð Z ä S'T �+<�k » � 0.8%( ¯�°�±�² σ)

Ð ð�ñ�òTó�Ô7³Tô ÷ Ð ´ Ô��	Ô+H Compton ö�J γ	�ô�ª��´�TÆIf]ö�J γ 	 Ð7µ#h Y ° � q A.5
Ð � ë � �#¢ ��f 3.19MeV ] Y = 2.5[photon/s/mA/mW]×���¢ �!f�k7�$ô ¢ » � U�V�S�g'h 300mA
� ´ Ô��	Ô Ð+SK¶ 20W ]L° � Z ä " T : ° 4×107[ph/s]×·� Æ7f�¸!¹ �º['\ á�â�» ] / ý » ý Æ@	�)�° � 1MBq þ�Ì�] Éd÷¼� 0 Ð 	')�Á 50cm õ½k » � 30cm
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q A.1:
U�VXW�Ö'Y

TERAS
s�
 q [41]

q A.2:
M�QK¾ ´³Ô!�!Ô�H Compton öKJ γ 	 ���K¿�À ÐjsGÁ q [42]

q A.3: ´üÔa��ÔjH Compton ö�J ��� Ð�Â �%q
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Í
µ-TPC ��é ä �!Æ × � Z ä " T : ° 104[ph/s] þ�Ì] É Æ�f�k���ô ¢ » � ´#Ôj�ÚÔ7H Comptonö�J γ 	�E�Ô F Á³é ä �!Æ × � á�â�»KÃ�Ð 103 Ä Ð flux Á+ªdÆ0 × ô#Å�Æ16��!Æjf�#� �KÇ Ô��TÔ Ð " T Á·± " 6 º Æ × � ö�J " T&ù ± " �TÆ+fÉÈ T'Ê�Ë(Ì ö�J á.â �(� ÷4� 100% Í	'± " k�� Z ä " T �7<-k@Î � ú'Ï 100%

Ð ± " γ 		ôjªl�Ð�ÚÆ(0 × ô�Ñ�í ¢ Î ý Æ�fik7��ô ¢ Î �0 Ð ± " γ 	dÁ MeVγ 	�¾	¿�À'�9é ä k � ö�J γ 	 Ð ö�JK¹GÒ	Á Ñ È(����¬ � modulation ôjÓiÔ�º� � ± " γ 	%��<�!Æ9Ê Ë�Õ Ð =�>�ô�ÑLí�Æjf

q A.4:
Ç Ô'��Ô Ð��(� 263.5nm, 527nm �a<��Æ Ç Ô!�ÚÔ�H Compton ö�J γ 	 Ð ��Ö�ð�ñ$òó.Ô Ð�Ñ È� K¡(f [41] q A.5: H Compton ö�J γ 	 Ð�µ'h�Ð�Ñ È� �¡Kf
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