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Abstract
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X �� MeV ������������������� �!�"�# ��$&%�')(�*�+�,�-�.�/�0�1�2�3&4�5 �6 	�7�8)9;:=<�>�?�@BADCFEHG�I�JLKD%BMONP/�QSR�T ��UBV�W�XZY 	D[�\ ��]�^O_�`�a�b&c�dfehg %�i�j�2- YBk 
�l�mD�LnO8&ofJLK�
�	�%�p k C kLb�q E�r ����� �)��s�%ut�v ��� ?�@�w�xBy���z q [�\ ���L��{ /�0B|�.�} ��~ ,&��� �Y��B!�� y YL�L�B����� �D$)% ���u�� { /�0�|�.�} ��~Sb���� t�v �L��k J�CE���� �)� 	�t�v ����� KO
��FEh� ��_��)������� � b [�
 k�� [�
�	�%�p 1991 � �����L����E�KD\ ���

�� tBv ��! GRO(Compton Gamma-Ray Observatory)
�L �¡fJLK�\O¢ � i£Q ��¤�¥�¦ COMPTEL q r

������e t�v k \ q)�B#�§ J�K�\��By �)� ��C�� 30 ¨�© �DT�ª�[)\)p � \ � 2002 � � � Coded Aperture
Imaging e�� 	�
 �����&«e t�vD¬�% INTEGRAL ��!�q �f�L����E�K�\ q&��O®D¯�bB°�± 0£Q²3 eL³ ¬$D´ b �By���µ�¬�%L¶�� � COMPTEL ��·���Y J)¸ ��¹�� E b 	&p«$B[�
 � MeV ��� ����s�%L¶�� �)�	 �� �k 	�º�I�» q�¤«� KO
�	�%�p¼«½ ��¾�¿�À T � sub MeV � MeV ����� ����s�%  �k 	�º�I�» Y�k 
 ��Á£Â � �)# ¬�%�ÃSÄO'�Å�Æ�ÇÈ e ∼ 120µm Y 	F´�É�	�Ê `�Ë T&v�Ì�T�Í�% �fÎ 0)Ï�3�Ð�Ñ�Ò euÓ�Ô�Õ�ÖB×£ØÙ°O��° º�I�» µ-PIC e��	O\

Time Projection Chamber (micro TPC) euÚ�Û y Y�kP��Ü��LÝ£Ø 2 Ü«Þ�� º�I�» e�ßBà y Y�k 
 � 1á V�â ��¢ � i�Q ��Ú�Û«eLã x���ä ] T�Í&% Advanced Compton Imaging Y 	f´  �k 	�å�æ eu� 	�\�¢ �i�Q ��ç�è . eué�ê : �)#�k 
�	�%�p«r � ¢ � i�Q ��ç�è .�T ��� micro TPC
��$�ë�¢ � i£Q ��Ú�Û���ìí Ñ V��Bî�ï 3�ðB2 Yñì í�òDó eL��Ü��LÝ�Ø 2 Ü�Þ�� º�I�» Y�k 
 Ú�Û������)���î�ï 3�ð�2 Y�ßBàOô�eõ %�r Y T ��ö�÷Bâ � ���L�����ø�ù ò�ó Yúî�ï 3�ð�2 qBû�ü Ç È Y�ý ��þ�ÿ�EPKD%�p � \ ��ö�÷Bâ ��¢ �i�Q ��Ú�Û�e ä ] ¬D%B\�ÿ � ¢ � i Q �PÚ�Û�� � >O� eL� 	�\ 6 8 b { /�0�|�.�} �«~�����q���] T�Í&%�p

�	� ��T ��� 10cm×10cm×8cm � micro TPC ��
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Chapter 1

MeV
� �

1.1 �������	��
��������� � MeV �	�������� � �"! ! ½ e$# ��CFE&%�o á T�tBvD¬D% ��q C Ô 
 � ������T�ªO[&\�p k C k��B]�^ T � Ñ(';:*)�  : X �Y � ½ b ',+ � Ñ.-,' q t�vfJLK � J�Eu� $�V�e0/ Y ¬D%L���  ,�132�2�Q 	04�Y 	�[�\�Ñ.-,'5 � ��·��D· t�vFJ�KO
�	�%�p�rLK£E  �k 	 “ 6 ”
�D$�ë � �O��� Ô 	�
 � ½ b Ç È q õ EPKO
�	�%�pr � $�´ b “ 6 ” �87 Ô«Y&k 
 �D�u���q ª�%�p 1950 �:9 $�ÿ��$;:<ZEÙ��$�ë � ��� £Y�!�ü 8:�FYú�L�

����� �D$�ë =&+�JLK�% π0
R ü�VDq =,> ¬�% � �uG�I&¬D%$?:@ b����L���� G�� q A,B JLK�\DC � 1967 ��

OSO-3(≥ 50MeV) � 1972 � � SAS-2(20MeV � 1GeV) � 1975 � � COS-B(2keV � 5GeV) Yñ�FEH t�v
��!Dq Ä ½ �����u����EPK ��C ! �GE  �&y q�#�§ JLK�\�pDJDEu��1 � C � #�/IH�.�� ������	B
 ��� 1989
� � � j Ü�' : % . ��°�� Granat ��!�q�� 1991 � � �	'�è 	�ç�� GRO ��!�q ���u����EñK � ½ b t�v A< e ��kñ�,# ���&��	�
 � Whipple

:
CANGAROO b���� Cherenkov ¤�¥�¦ ��$�ë � ∼ 1013eV Y 	f´)$´ b�î�ï 3�ðB2 ���������q t�vFJ�KO
�	�%�p

k C k��KJfY !u��� �����)ZY 	�[�
 ·ú�	�:L�¯ �NMPO keV
C E�� ��îOï 3�ð�2 eLÓ�Ô Ñ(-I' ��öfe

��Y ÿ�
 ������ YRQ3S T���ë �����BîOï 3�ðB2NT ����������fe t�vD¬�%)C���$�ë õ EhK�%�Ç È �VU�b%�p
MeV ���������u�� T ��� '&(�*�+ ��] 9�,���� ZY�!Dü 8:�£Y��������O�£Y 	�[�\�$�´ b Ç È q õE�K�%�pW kP� r ���������������� �By�CFE H�.�� � � T ��ßBà�e ¸ Y0S��YX s)��� ø[Z T�Í&% q)�P\ 1.1

T
³ JLK�%�$�´L� #�/IH�.�eR]_^ ¬�%�r Y�� T�Í b 	)p�r � \�ÿ � t�vD¬D%B� �NH�.�� ��D�I�%$` EDq ª�%�p
� \ � X  ,:%&o á �VaIb á V M �0c�b ! � d �0e ^ 8 q 6 	�� � ?�@Bw�x�y���z q [�\ ���L�� G��O,&�� ZYñ��!O� y Y�����������b«� ��$&% { /�0�|�.�} �f~Hqgf�^ ¬�%B\�ÿ���t�v q l�m��(h ��b���� T ·ªO%�p

\ 1.1: � ½ b ',+ � Ñ(-_' � H�. �D$&% ßBà [2]
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1.2 �	�������������
1.2.1 �
	���������������������

GRO � �"!$#&%('*) +-,/.1032"4/5*637989:&;"<*= COMPTEL !$#?>A@ 30 B [38] = EGRET CD<E@
270 B [21] F G1H$IKJ EGRET !$#L>A) +M,/.10KN&O"PEQ RTS(U 1.2 !K= COMPTEL !$#L>A) +M,/.10KNO"PVQ3R�SKU 1.3 !/WDH(JYXZ.M[]\�[^WT,Z.$I9#Y_`!/=&2L4V5(6"S`738DHYIa:b;L!3<a=Yc94ed?f-gh�9i AGNjak %b0Ll*P9m9noCDp�qr=tsYu1P$#$_apwv3x�p?lwP?l`y�z*.D' k I1X jV{ Q?\1I(J�,L[/!(=YU 1.2 !KW-,.?IY#$_a!*=o|9} ~LCD<K) +-,/.D' k p kw�L�K� :&; {*�t� q`��>�= EGRET !L#bI/) +LCD< 170 B�!$l�$� J

U 1.2: EGRET !$#bIw5��(� [21]

1.2.2 ��������������������	��T����
2L4E5*6TSV7t81HLI/N&O {b� � )t+M,/.?IK� �DCb=3� � �t� ;$\M[EP32?4E5*63798-l]) +-,/.9' k IKJ

COMPTEL i EGRET !1#$>r=3U 1.4 ��U 1.5 i U 1.6 P1#Y_Zp3�9�b�   {(¡ [e.t'3¢�>£=*�3�3�L!E¤�q¥24/5*6"P/7 8 { F G1H$IKJXKP/¤�q¦Q3R�§a0&2L4a5(6o7 8?Pb¨o©$f-grª?SKU 1.7 !/WYH(J sub MeV « MeV Pa¬3?!b¢ k '9<E=o®b¯!1#wIZ°3±&7 8 j^² c94*�-gZ4e³3´?!Y#L>£=Dµ&Pa7 8 {K¶ >¦·D¸ j ,a.b=Yµ&P*¨o©Lf-grª {o¹ q»º1¼L,a.t'k IKJzo0K=3� �3�"!K¤ { I`7t8"</½t¾1¿9p&¨&©?f�grª"SVÀ1¸�l(P mtnbCD<3pMq£=YU 1.5 P$#1_a! 1.8MeV P2?4a5*6 { ¤�qAQ3R�§V' k IDX j]{ ) +Á,/.Y0*J?Xa.Y<K=wÂ Ã �3Ä3Å"PKÆL!(ÇbÈ3É ¶ !1#?>^Ê-Ë/0 26Al( ÌÍ3Î
∼ 106 Ï ) !1#wIYl(P jÑÐ1Ò [¥.t' k I/J�X(P 1.8MeV PEÓ k ¬ ?P&Ôt!3< Cygnus P1#D_VpE�9Ê ¶ PÕ Å?pK¬ Ml]y�z(.9' ¢�>£=3Â3Ã � Ä Å j �DÊ ¶�j PbÖw×TSVØ�I/Ù { \�>`P*�9¸ j ,/.9' k IKJ�3�DCw=3� � � � ;"!K¤ { >aSVÀ1¸D2?4/5*637t8"<K=3� � �"!/x k :&;"P MeV ¬ "P32?4/5*6 ) +"!¢ k 'D<(Ú-�*f Û ÜDÝt4TÞ j pY%('T§(z"_ßJ

1.2.3 ���áà�â
ãåä?æ-çÁè������êé�ë���	���á���
2L4/5*6?<E�&�tì$ítmtnwC9pMq£=o� �tìoî$\M[*laïwð1H1IKJ*� �tì&î$\Á[e�bñ?pKQ3R$Cbïbð1H1Io2L4/56"Po¨3©?f�g¦ª"S(U 1.8 !EW1HwJTX*Po¨&©"f�g»ªL<K=tò ó?!/ô�qZP AGN

j
Ia õ Â Ã �tÄ Å"!?#bIYlwP j,/.o=3ö"! MeV ¬ ?!o¢ k 'D< Ia õ Â Ã � Ä Å�÷Vð"P32?4/5*6 {*ø ù §V' k I j ,/.LIKJX(PE� �tì3î$\M[aP&2?4/5*6 ú û37t8-l¥= MeV 2$4/5*6 ) +"!o¢YntI/Ú��*f Û ÜDÝt4TÞ j pDIKJ
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COMPTEL 1−3 MeV All−Sky Significance Map; CGRO Phase I−VI (
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COMPTEL 3−10 MeV All−Sky Significance Map; CGRO Phase I−VI
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COMPTEL 10−30 MeV All−Sky Significance Map; CGRO Phase I−VI

W. Collmar
August 12, 1999
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U 1.3: �1\T[ 1 « 3MeV = 3 « 10MeV = 10 « 30MeV P energy band C9P COMPTEL !1#wIZ� :D5L�E� [39]

U 1.4: COMPTEL !$#bI 1 ∼ 30MeV PE� � �?�D�o�t  [4]
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U 1.5: COMPTEL !Y#bI 1.8MeV P/�t:o)&+ [7] U 1.6: EGRET !�#TI$��:����Á��  (≥
100GeV)[5]

U 1.7: � � �?!K¤ { %b032?4/5*6LPo¨&©?f�g»ª [3]

U 1.8: extragalactic diffuse gamma Po¨&©Lf�g»ª [6]
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1.3
������� �	�

MeV 
�����
1.3.1 ���������
Â3Ãt� Ä Å��9CD<K=�����PK�$CD<��á[¥.Yp k Fe #?>(l � k ÇoÈ { ��[].LI jÑÐ$Ò [¥.o=��"!"pwÇbÈtÉ¶ P�#%$ j ,/.D' k I(J�XwPwÇbÈ9É ¶ P(ÆL!E7t8%& �(' ;�l �á[¥.LI30�)*="*�+�!*Ê-,-,/.L0/798"& �.';$\M[aP�/L2?4/5*6 { ) +M,/.$IKJ021"3 � {(4 � j ½ �tì�S ¶ §Z' k I j = 4 �1\M[ 0 1�3 �65 j87699{;: .=<?>*= 021"3 �"! 7@9D{BA>DCMl*IEJLXKP j;E = 0F1�3 �?P&íHG1C9<�IBJL!�K%L {(M q¥pD%/' kNE =D�tI j;E O /"PBQ {(R XL>»Ä3ÅYHI (Ia õ&Â3Ã&�3ÄoÅ ) JYX(P Ia õ3Â&Ã3�oÄ3Å {.R XwI j = ∼ 0.6M� P 56Ni

{ Ê ¶ ,V.$I [17] JYX(P 56Ni <E=
56Ni → 56Co → 56Fe (1.1)

jZk _TS�U�SKHYI9X j`{ Ø�[e. '&¢�>£= Ia õ3Â3Ão�?P.VBWNXa6?<1X(PHPBQL!1#$>»ºY¼?,V.t' k I/J*�3�o=*òó?!�� k �"PtÔ(Y"! �DI Fe P1c-Z { �6LBS"U1HLIYX j !$#"> R[E I II õ9Â Ãt� ÄtÅ"!o¢ k '�l`= Ia õ]\^ � qZ<3p k { 56Ni
{ ��[].LIKJB_"`t= II õ Â Ã � jÑÐ?Ò [¥.D' k I SN1987A P(V�W?X(6"<bU 1.9 P$#_a! 56Co !1#o%E'(º$¼?,/.b=?z&0/=-a 1.1 ! �9ID#1_Z!K= SN1987A \M[ 56Co P�S�U"!Hb�_8/$2?4a5*6 {) +M,/.9' k IKJj Xdc*Cw=bÂ Ã3� Ä3Å {(R XbI j =b�"P3Ô.Y�G$\T[e*-+"P&Ô.&3¯ { 7gfY,/.$I&0B)(=o�"Paî"h�G"PHi ¯<HS�UDH1I(j"lKpÁqr==Igk j Ô�&&¯�Sml-n�§ =DÔH&3¯Bo � Pmi3¯�/ j ptIEJLX(P1#Y_ZpHi3¯�/?<HpBq � CD�Io0B)E= β S�U�Ssr�>ut�§vq � p�i3¯�/"!&p%c?_ j H1IEJ?X(P1#D_VpHo"w?<�P"Q {;xBy !Hz?{$X j \Á[ r ow j}|�~ .b= Fe #?>Kl � k ÇbÈ�<$XKPHo%w"!$#?> Ê ¶ ,a.LI [17] JXV.LzwCDPH/?2?4/5*6LPE) +$\Á[ =&Â Ã �"�"�?!�a 1.1 P$#1_VpE7 8"& �.' ; { F GYH$IYX j`{;��� ,.t' k IEJ/ö?! 26Al <(U 1.5 PY#Y_Zp/�&�3�&�3;L!/¤ { %(0aQ3RMl¥)o+Á,a. '&¢�>�=?X(PKÓdW&Q&R1\T[^= ^P$#1_VpwÇwÈtÉ ¶${;R�E ' k I*\DP�� � l2��>Á[Ñ.9' k IKJ

a 1.1: MeV ¬ "!o¢YntI��1p./?2?4/5*6 [8]
Source �@�=�N��� [keV] �=�@� detected source

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

U 1.9: SN1987A P(V�W?XK6 ( �3îD«-� î 6 )[9]
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1.3.2 �������
� �����
dtª
	?�t<w®3}1i����V$Cbò9ó"!�� k�� Î P*d9ª1¨?S-f�§/' k IK: ;?CY��>£= M�� C����"HLI 9 + ∼

1.4M� � Ì�� ∼ 10km P3Ô.& ¯ � jÑÐ$Ò [¥.9' k IKJ1Ô.& ¯ �"<*Ó k�� $ (∼ 1012G) SVÀÁ%('3¢�>£= ���� xLCYP/7D8 { ����!L#?>�� Ò�� .DH$I1X j CodtªY¨D! pDI*J�XbP$#$_Vpwdtª�	$�tP�_! K=12�4E5*6ÁSZ78�§V' k IDl*P {#" ¸t\�� ¸t\$%(' k I ( a 1.2) J
a 1.2: 2?4a5*69dtª$	$� [38]� ����� � Î

P [msec]
� Î Í&%�'

Ṗ [10−15] ($) d[kpc]
Crab 33.34 421.2 2.0

PSR B1509-58 150.65 1537 4.4
Vela 89.29 124.3 0.5

PSR B1706-44 102.4 93.0 1.8
PSR B1951+32 39.53 5.849 2.5

Geminga 237.1 10.98 0.16
PSR B1055-32 197.1 5.8 1.5

p&\tC�l Crab d9ª
	L� <w®&}L\M[ GeV 2"4/5b6TzbCD�T[+*"Ia}t~�Pw® � }?Cw) +-,E.D' ¢�>£=�,�l#?q.-0/-[¥. ' k I/:&;1CD�tIKJ Crab dtª$	1� P X 6t«12L4/5(6"PKdtª9¨D�$1$243a�wª?S(U 1.12 !EWDH*JX*P65$\Á[ = sub MeV « MeV Pa¬ 1Cw=87¥¸DP:9K�DfbP(*�; { P&��§Z' k I/==<¦¸?> j 7¥¸@>KP49*�9foPjY! ‘Bridge’
j}|N~ .LI(� � PwÓBW1C*7t8�§a' k I '$A${ F G1HLI/= jVk %b06B�C"PD
EwªGF �(*3"! <

�M[e.9p k ö�H { �9I9X j`{I \YI/Jbd ª	$�3Pa7 8�J$KLP6L�M"<tzom!No�$C9<&pMqr= sub MeV \T[ MeVPE¬ "! ��[ I .LIYX*PEö$H"<aº$¼",/.9' k p k J

U 1.10: dtª$	$�6O$P1U [1]

� ������Q�RTS�U$V
Crab dtª�	$�&P �TW !3<E��X { F G�§V' k IEJ�X*Pw\D!/�$X?<K= ®w}$\Á[ TeV 2?4/5(6�z(Cw¤�qA)3+,a.t'&¢�>£=Dµ&Pb¨o©LfMgrª1<oÔH&3¯3�?P(Ó kY� $?! R:Z H1IV=0[14*f1�g�194Ñ7 8 j^² c94*��gZ4Ñ³3´?!#bIYl*P j ºL¼",/.9' k I ( U 1.13) J MeV 2?4/5*6"!o¢ k '�l`= COMPTEL !$#?>\[$4bf$1�g�114e7t8!$#bIYl*P j�]
I .LIw¨&©?f�grª {*¡ [¥.9' k I/J
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U 1.12: Crab dtª$	$� P&D�EwªGF&���"P(dtªt¨1�$1�2:3/�wª [11]

U 1.13: \D!E��X"Po¨&©?f�g»ª ( ` 6 : [$4wf�1�g�114e7t8����bªå���t6 :
² cD4w��gZ4¥³ ´����oª ) [12]
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1.3.3 �������������
	�� � �
s9u1P 30 �� �"P 9 +TSaÀ1¸�#1_ap(òtóL!�� k �"<K= II õ3ÂtÃ � Ä Å"P�Ct=��tÜ$�*f��D�*ªL!3pDI jÐLÒ [].9' k I(J��9Ü1�*f��D�wª$!t< ‘ _��?P���� 6 ’

jak _����t6 { �M>£=?µ P í��T!! T%('T§*z"_ j ®� }Á, Ò l¥î?!3<-fT[e.Dp k J!"�%E'*=#� ÜY�Ef$�9�(ª��ev�SV)3+YHYIDX j <bC E p k J�§Z\�§Ñ=%� ÜD�Kf�Y�*ª {=4 � j ½t�9ì�S ¶ §V' k I j = 4 �$\-[ 7�9D{ �9Ü1�*f��1�*ªLP*�%5 jv: .=<g> A'&)(+*L{�, ¶,/.o=MX*P A�&)(-* !$#?> X 6Di12L4/5*6 { 7t8M,/.LIEJ#3G"P j Xdca=��tÜY�*f��9�*ªoö/."P10 � ¿Dp12�3 { F G�§/p k 0-)(= ‘ � Ü$�*f��9�*ª ’
ja�E� ,/.10:&;?<3p k3{ =Lµ3P 9 + j *"z*\9p(* E ,K\Á[ ‘ �tÜY�Kf��9�*ª54/6t:&; ’

j}|�~ .LI/:b; {�" ¸ \*F3G�§Ñ=Ô&C"l Cyg X-1 < 4 � 9 +?P$l*P j §V'D<!,-leØ�[¥.9' k IKJ
Cyg X-1 Sb<$Ëm)K=7� ÜD�Kf$�9�Eª54�6t:b;?<wU 1.14 PY#Y_Zp y § k ��j�8&±�SKH1ItX j`{ Ø�[Ñ.t' kIKJ$z&0/=@�"j�8 ±?!�b k ¨&©Lf�grªTl}* E q98�:�§Ñ= � keV P X 6$C&¼$I�q]p9I Soft State

j ��;
keV!:9*�Df SVÀ$¸ Hard State P�7=</> ( U 1.15) PdjLS+? E ð%@#A!B Hard State CED!F O ¿7Gw®o¯�H1I7JEKLNM KPO�QSR%T�AVU�W%X$Y�ZN[ ( \ 1.16) F Soft State I5]5^�_ Ma` C�D�F A�&�(V*#b�c I1d�egf�h�H�F�i Oj G�k5lmR#T�A�JEK LnM KoO/Q#X$Y/Z%@%A ( \ 1.17) B#pgq!Fsr!t c I1</>mR5u�v�wSxyF X/ z�K1{�|%X�}mqv �#~�]#_$C�JEK LnM K�O/Q (Compton reflection) @#A-U/W#X��/�%@#ASH��+��A!B [13]� &)(-* Ig����CED 100MeV ���SIg�/� `S�g���-�/� [1q5��l#���EX�����[oF��'U
�1�%q π0 I��/�mRT���F 70MeV �g�SR%� � _ �V�E� T7�-G�� j G�zSK+{$|SI-f�h%X� �A�H��-�#A�B π0 R7T5AVf/hSD���¡E¢!_� ��` ��£SI�¤7v$¥E¦'§ �-¨/© Hy@#Agq�ª$F���¡7¢�_�� ��` CE �A7«EH1I�¤7v!2�3mR�Gs�5��A!B
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\ 1.14: Cyg X-1 I5¬/�8�® [13]

Soft state Hard state

\ 1.15: Cyg X-1 I Soft state ¯#° Hard state I5]'^�_ M`
[13]

\ 1.16: Hard(Low) State I1f/h���� ` [13] \ 1.17: Soft(High) State I1f�h���� ` [13]
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1.3.4 ���������
	���������������������� ¡%¢!_�� �$` D1¥E¦%I�� �! #" A�HPF%$'& �)( v+*�,.- b �PC�/ x10#�!G�v�B
[ b [32gl54 �! 6" R7 �SASH�F � ¡%¢�_8� ��` bsc39 h�X7 ':$w�x);Ev
H1v ��«%H-X S.Hawking R#Tm�=<.> ���#q (Hawking9 h ) B�«�I Hawking
9 hmD

kT =
c3~

8πGM
(1.2)

H+v �3?��%C � ¡#¢�_8� ��` X��/f�h�[1@/I8&�2 �BA c @�F�H+vs�5x�IgC7 EA [23] Bs[ b [�F5C�I+D'EmRT�:$w/CGF�q#T%�-G � ¡#¢�_�� ��` CEDH?��%X�I�JaF5KMLmD%N1O�CE /A!BP5Q C�FSR.T#IHUMVSR/D)$'&SW��SI!X c1Y R#T���Fgi[Z�RH\
��G � ¡7¢�_�� ��` X�CGF$q�H  6" c ��wv7A (primordial black hole) B Hawking
9 hmR%T5A � ¡#¢�_�� ��` IH]M^mD

τ ∼ G2M3

~c4
∼ 1010yr

(

M

1015g

)

(1.3)

H+GEA [23] X�F%R.T%_M`#X ∼ 1010yr G�I'C 1015g a'b%I�&%2mI%x�I/D)cmR)d[eN[-w�v7AE«7H1R�G�A!BSf�:w�F�g��5h
:!w/vEAiR[T%U5VSR!�5U
�1�7q � ¡7¢!_+� �$` C1j xlk#v�x$I�D 1015g HVv��$«EH+RgG ��F�«!I
&%2mI � ¡#¢�_�� �$` I Hawking

9 hmD ∼ 100MeV �/�SI���f�hmRgGEA!B�T�:!w�F MeV- zSK+{EIHmMnmR� � _ �-��� � j Gg]�^S_ M `��Bo [oF5pMq[rmRgu�v/w's+tMuwv5x�v8y�zSX����6{/�6-+|5g��}vw~5«%�!�� �1��w�vMx�v1R.T�UMV}v � ¡%¢�_�� ��` vH�M��~!x'�+�
1.3.5 �����w�
k5l�~)@5v)�5$.&'�� .�$�gk'l�~VXM0+���5~�|%zG�-{�| � fG0�[Vw1dMe6{#�+��«1v
~�F�z��1{�| �}�o�fG0S{#�7«'~yX���J�|6@�vg�/� `��g� s$k'lGv)�'�5&82 511keV �� [�+� OSSE x�r1R%T8�B�M���+� Q#� v

KML b c |7\ 1.18 v#T%�Bxg]g^S_ M ` X � c ��w/un��|�k5l�� �gk'l[��d[e#X� �F!w�v#�7«#~)sS¡ cyb � .�+�«!v 511keV z6�y{1|�s$\ 1.19 v�T��VRi�%�S¢#R!£�J�WS¤s[¥|¦�S�6�!�EX)t%R�¤§J�fghs[�w'v[�!� 511keV
v�f�h
sS{6xS¨St��gkgl}v!�/� �Bo {�XS|
«8v5��k'l
s+|5©Mª[CM«.�'¬g¥�v�C��#vHM®[¯Gx
r1R�TS���±°q β+ �/� � {��-f�h5²S�+³/emR#TS�7x�v}~  �" c ��w�v#�+�p'q1|5�M�G�1�SRMs ∼ 3 × 106M� v1´[&%2 � ¡#¢�_+� ��` XE .�G~�����w�v#�+�%f�:$w8|.&%2 �8µ X ��6-+| ��µw¶B· R#TS�-f�hsx¸VM¹��GF%�+�

\ 1.18: OSSE RET��B�%���H�6v�]'^_ M ` [19] \ 1.19: OSSE R#T8� 511keV v map [19]
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1.3.6 ���������
�8��v8�gR%s!|+�)��X����#R1¡'�}J
	%v�wgvM��x)v$X� ��!�'«y� c s��'®%�%�±~�M-���|S@8v8�)� (Active

Galactic Nuclei) R5s 106 ∼ 109M� ~-v
�3´ F�x8&%2 �-� :5q��H´�x � ¡#¢�_1� ��` X��/��[-w�v#�G~5���w/v.� ( \ 1.20) �+��J¸v AGN �[s+|'�+�� b
c�� J�� c �%q���� ¢��9X$fG0%�-��w�v'�E«'~ X'kSqSR%T� KML �+��w�v#�+��«�v�����¢�� b c v 9 h%X'¤�J�| �8µw¶B· ¬�@5v�� � v���f/h ����� {��7TE�Bx AGNbsc s1|E\ 1.21 ¬E\ 1.22 v�T��+R+|! ��5_�"#�$"��of�h ( �Mq�%}vHISv'&)�Hv#� � _ ) ~)(+*#��,-�!��./
( �[q�%
v10�v2&)�Hv#� � _ ) �43�¡[�}F%�65%�!x$i�� j xg]�^S_-� ` X � c �Ew�v6�+�s[ b [¸|7�'�y¢
��s[@5v18�9�:�;Gx)r¦¨ b :$w�v[x�v=<sx¦��vS� AGN s+| COMPTEL � 10 > � EGRET �'s 94 >6?E�@ �+�/w�uN��| sub MeV A MeV m5n (1MeV' 1020Hz) vgz��+{$|�B5u/vgwSxo¥ © xHK5L�CED�x=FHG�v P �
�E .�+�

I
1.20: AGN J�K I [25]

I
1.21: k%qM�M� Cen A vH�MqMrMLON7PQ�SR [14]

I
1.22: Blazar Mkn501 vH�MqMrMLHN7PQ�SR [15]
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1.3.7 ���������
j x
	'�}x�FOGGv P � �� .���E�����x MeV zG�+{�|�s���� �+���H� 1970 _�����¥c!BH|��E�������

B��#vH�z��1{$|6?w~�F�un�������+���E«#~ ?�� �o��w�un��|m«-�#p1�2B�! 1.3 v65E�ix#x1vH?1K�L
�+��wv#�H�)«V�"�!v)KML��� |#���$�5v) �FS�!mMn6�'s��+²gl'¬��'k'l6?S´%2!B��E9 �-����~  �" ����w�v'�+�p'qH|%�����&����B��#v *H"('.�Mv�,/¡()�{+*�l�v�,�- �.,�� xl  «���|E07v����4R �5� p��(,�-
�+�7q$kl�/�!s10�®��2��BM5�� X |'¬%z��1{$| � ���6{6�+�m«�v X |'¬7zG�1{$| � KML6{6�7«.~ BM5���|/k'lM?3 ¦'|�B14�:$wsr)vM5#� B�5�6�{��%�~1v
�5«#~5x
798:���Ew�v��+���7�#sHR'T#�8jsx �Sv%;5C��E '�gqª1|5jsx=<?>6J@798��G~5«�v%��F%�)|�A[Z�B�¥ © x4FOG��E .�+�

! 1.3: �E�B�B�C��B1��� SzG�+{�| [18]
process Energy [MeV]

��l}v5�H²/l�D � 1H+n→2H+γ 2.223
k'l � �gk5l[��d[e e++e− → 2γ 0.511

π0 v��/� π0 → 2γ E�F ∼ 70G   �1�%q1H/l5���!v��2� 12C 4.43
14N 1.63, 2.31
16O 7.12
20Ne 1.63

1.3.8 IKJ#LNMPO �"QSR
z��1{�|UT � L ��s+| 1970 _��MUSª�B1´WV9X8�Y�Z�[�\�]MC Vela BM5S� � � �+�%q+|S .� Q6� �� �^ z��-{$|6?1«%�9_2BC�����+���Bg�`'�� 
� |Na�b�c/����v�d�J�e:>-v'¬�(f�® �io >�|gT � L � vCh�i7¬�x I 1.23 vM5%� B1%kj%c�~ld�vS�«V��p1�.vgz��1{$|�v)K5L'¬ X | �nmWo/|�p�B658�!h2q�v!K5L�/� |8R[TS4�_[x�r�sGvCt Q �+  «8�CA

ZMB+´
F1xH«5�6�� [�!|+u�v#{6�i�5�6?� [�B�W>-v1|�~Vv':�q%«'~ ?(w#¡x>Vw�v'�H�7p5qH|%A5ZMB!¤�JzyUq
>-w�v�q
~-v
� RHESSI v!KML�{�| [24] x~}U���1��w/un� | sub MeV A MeV vHmMn!B'u�v�w's I 1.24 v
57�ix� 6��PH" �)"#������~  6" �o�/w�v'�4LEN�P � R)xlK5L
�-�/w/v'�H� GRO ]5CGv BATSE �.s 2700
> x1v GRB ?1� � �+�S|'@�vC�5¤Gs1AMZ6B�p Q _M�� [� (

I
1.25) ��>$N> |�g��6�Sx�@%v���G.¬g���O:�;

?�¨U�:$w/v[x�vg���}vHg2`6��  ��|5KML �����6?1Dmªx����w�v#�+�

I
1.23: BATSE � COMPTEL BM5S� KML
�1�%q GRB v(q��B�!| [20]
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1.24: GRO ]MC!BM5S�5zG�1{�|UT � L � GRB990123 vHLHN7PQ�SR [20]

I
1.25: BATSE BM5S� KML �1�7q GRB v1�M¤ [22]

14



Chapter 2

MeV
� � � � � � � � �

2.1 X � �
	����������� �������������� 
X !.¬#"G�%$&!}s('*),+.-0/�x21
/231|4)5'W*76�vM5#8 BH$.&0+:9*;5'%s6{��=<#~!s5x21S��>�x>l| X!#¬#"}�%$>!}s@?G0@AB+�;�96{��!$6&§~DC7E7F5GH+! I<H{H<�~i�S|J'46'¬5K4'46,+��}0%{G�+�,<%L"��?��M v)$[&N+%'Ws#{6�
<'~ BM5PO�| X ! �Q"��R$(!Gv%?G0E?ECED7B�x[�+� X ! �Q"��R$@!�~ $.&§~!vRC2E2FJG

s1|�q
'4S�| ��*#�H,-�!��. / �T'46#K4'46[�5UH9wv 3 V'?2W'�5X'�+�,<%L"�!v@C7EJF
G}vH I<%�RYJZ}s
X ! �["G�%$&!}v*\J]�RN^4_�¬%$'&�v�H767`5a Z B:b7c6{�� (

I
2.1 � I 2.2) �

Photon Energy [MeV]

-310 -210 -110 1 10 210 310

/g
]

2
cr

o
ss

 s
ec

ti
o

n
 [

cm

-510

-410

-310

-210

-110

1

10

210

310

410

total attenuation

photoelectronic

absorption

coherent
scattering

incoherentscattering pair production

(nuclear field)

Pair p
roduction

(electron field)

I
2.1: "��d$(!�~=$.&�~BvRC2E*F7G�v(e�¢4f ( �1RNg

� )[28]

I
2.2: "G�%$&!�~�$'&6v:hM³Gx@C7E7F
G [27]

2.1.1 ikj�lnm
100keV o5prq4\J]4RN^4_4q X !tsvu5wxs%qRC7E7F
Gry(qJ'*z�|M?*{*|9_J}5XJ~@�WqJ'*z�|ks%y@��q46

?(u
w5�7q('>6MB%�#�
q*\2]4RP^*_
+.�=�(�5�4q�{�|2u
wU/�v'>66?>�0���N�=�RL#~Psd1,8���`=}
XBO��*'60q4\J]�RP^4_ Ke y@�
Ke = Eγ −Ebind (2.1)

sl!��%Lr~@�,<7<%}�� Eγ y X !0q4\J]=RN^4_@� Ebind y1H760q:�7�r\J]�RN^4_0s��r~@� Eγ � K �0q:�7�\J]�RN^4_#�NO@�d�,�(1(�7�J� K �0q&'*6�sD�7�=�r~RY7Z �&� �� ¢¡�£IO��0�2q>e&¤7f0y@�
σK = 4

√
2Z5

(

8π

3
r2e

)(

e2

4πε0~c

)4(
mec

2

Eγ

)7/2

(2.2)

15



s��B�%L*�>u5w#q Z q 5 �������
	D� X !0q4\7]��P^4_4q 7/2 ���@����5�r~%�#/���	 � r0 y&'>60q������ } r0 = e2

4πε0mec2 }
X
~@���4/@� Eγ � K �Pq:�7�r\J]��P^4_r�PO@���,�(1(�4���7y:� L �0q&'*6ksD��=�r~RY7Z �  ¢¡�£5~4/23(��� 2.1 qr�#8�� K �0q:�7�P\J]��N^4_����P}��� "!N£2\$#&% � }N�*~@�s�<('&}��*)J'>z+,�r�POv�0���N�#�RL#/&'>60q�-.Py�/��2£10@�J1=~4/*3(� �NO  r17\2]��P^4_�-.
�7X
~@'>6 � X !,+32�45	�6"7
	.��¡.~@�,<(qHs�����2�4r�%Lr~ X !0q4\J]��N^4_2y@� 2 V=q&-.0q4\J]
�N^4_&8��&9:	#¡���;¢¡�q:�7�J��<&q�<�) X !I��?,4@A,=4}()J'�>*?��:LP~@�,�4/�=�@�A"B��r�*0(���DCE"F q4\J]��N^4_7q&'*6 � 2�4#�%LP~=<=s � X�O (Auger z+ ) ��<&q&'*6,+ Auger '*6ks�GIH>�
2.1.2 JLK
MON�K�PRQSIT

keV U 10MeV �*V�W4�5q�XYr}=y@�P"�Z%$&!ns '260q&�*[\"]r}5X5~%�_^�Z�`
a�Zb\"] � h".��£
~:�7"DZd$(! � ^"Z�`ca3Zd\*] +3e�<R�,s �&-$0:�21J/>\7]f�P^*_2qfg�@ +%'>6,�:�=�4�>�H� �N�,	D�$hi y&'*6��@�#�
/&jP\J]��N^4_
+�kr1f\]��%LP~%�s�<('&}�� <&q�XYNq2"DZ%$@!0q*\J]��N^*_7y�l76Pq:�2�P\7]��P^4_#�NO%�nm(j
� �(1Jq*}&�(l76��%��B�RL7�71=~:'>6Ny�oIpq	d�715~rsnr7£�sr~:�N<(q0s(�d�5\4]��P^*_ Eγ q4"DZR$&! � ^IZ�`canZt\�] +3e<%��sD��\�]u,+ φ s�	.����\]��%L#/�v0q2",Z%$&!0q4\J]��N^4_ E′
γ y@�

E′
γ =

Eγ

1 +
Eγ

mec2 (1 − cosφ)
(2.3)

s����%LP~(��\]N",Z%$&!Hq&u F jw y σ +n\]#e�¤7fyx Ω +nz{uns�	.��|j\I]#e�¤7f��P�NO��#�~}LP~@�
dσ

dΩ
= Zr20

(

1

1 + k(1 − cosφ)

)2(
1 + cos2 φ

2

)(

1 +
k2(1 − cosφ)2

(1 + cos2 φ) [1 + k(1 − cosφ)]

)

(2.4)

� 	D� k =
Eγ

mec2 s��#~@�H<RL0�NO[��\]#e&¤7f � Z �����
	��J15~=<5s � j�V=~@���4/@�,<@q&u F jwNy
� 2.3 qr�#8��4£IO�� Eγ � �,�(1I�����1��\] ���� �r~@�

� 2.3: \]u φ q&�.z{u,=(�D^1Z�`
anZb\]��RLP~&)46 S +n����r}��:	:/r�&q [27]

2.1.3 jR� ���IjL�R�R�c��(� q�o1p4w��Nq 2 �Jo��Nq*������*�I�n�$0��� ,Zn¡�¢ � l �£ �"¤Nq � �_��¥,~PsD� ��� s§¦ �(���¨ �4£�0(�(©�ª��n«P~�¬=s �1¯® �~¬&q%�"°$� �(� x±¦ ��� ¨ ©�ªts§GIH>� 10MeV o�,��²�WJ~( ,Z�¡
¢ts u5wIs%q&³´µI¶Py@�~¬&q ��� x·¦ ��� ¨ ©�ª ��¸ .#}  ~@�*¹�º:	��� ,Z�¡�¢0q*�"���,�*� Eγ sD���� x·¦ �(� q*�"���,�*� E−, E+ s��7y@�

Eγ = E− +E+ + 2mec
2 (2.5)

q(»�¼ � ª�z#�r~@�,�*�@� ��� x½¦ ��� ¨ ©�ª0q�¾�¤¿0y Z q 2 ������5�r~@�
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2.2 MeV ����������	�
�����
2.2.1 X �������������� �(²1WJ~ X ¢ x± DZ�¡f¢ �,4"!,�2y@�$#&%&q � {�V¯}('*),+ca �,�.- ~���/"�%�1��f�,���0s102 �432q�5765q"8�9 �;:=< ��«r~:�&��>P£��$?ts�	��&�;@ A5�.B4C_	d��'D),+qa �#q�rFEH~#s.G&Ht�I? �I~ � �1gDJ5�: D�I���,��7qf) � �5� S �IK £ GI� /&� SN yML ¡ � N FPO G;QSR��Jy2£_}R£ G>�N��¬:}��
X ¢ x  ,Z�¡�¢UT�V4W��"%�ZDXYQSR��2y[ZP\ �I]S: �2£�0(��¡.~@�

X ¢,�(² G*�
y:� Al � Au ^ Pt �._ `B�ns1�Ma�� ¨ 	 ∼ 1◦ b GcHedfG�u F }�¹�ºB�nsr~ b �7��º � e�>~:�;g$0:�&�>�2�*º_�.h"¶q	��(� 2.4 T#�4H.£Ma_��¶iG5~1¬ b }�� X ¢$�kj")
�#~�¬ b �Dl*m �4£
~%�5¬T"j")*nfT[o p*¤#}
y:�"CUqd�43(V~}r0 2 	���) � yfg*p��"j,/$}�«r~*T>}&�*0 2 �43ST[8D9Nyc5esSt(.Su8�9,�Mv�B���«r~1¬ b �4£
~:�N�(0@�(�*o p*¤,� CCD T#�4Hd£���f�D�*� b 5esStiVPW(�% � C$w1�"-L}«r~5�PHd£"�D4"!$�Yu ¡&¬ b }(�() �yx #,�$6�G*�����D��� b 0 2 �43STc576�T[8�9 � CDw1�"-L}�«r~:�

� 2.4: X ¢ z�{Sa�T[jI) n [29]

� 2.5: X ¢ zS{Sa�T"|7z7¤¿ [29]

	�V5	R£ � }v��¬;T=�PHd£:�2�*º$��¶4G�"j")ry ∼ 10keV � C F } ~® �5�f«H� ® �  �����D�(� T�)� �D6=G4�5y(� 2.5 Tr�iH��[} ~��[� F �I�c� �_	f�UH �*g_0(��� sub MeV U MeV XYUT* ,Z�¡�¢0y:�J�
º_��¶iG2�=T V4W��"%�ZDX*y&� l*m } ¯® � �UT[� �_�M�r�J£I¡ �P�*£_}.£ G>����(� sub MeV U MeV T&XYUT� �Z�¡�¢U�&�_^1Z�`
a�Zb\] ��¸ .r}  ~*� /;�,4F!i^*�S�UTF�{r}\�]B�n«r~5�;T#�d; ¡��5��T"�,�#�7����¢ b �*{ b T�³�´*µ"¶��#��0:��©�q@~( DZ�¡�¢P£5���  ~���/@�IQR$�.���7~"�¯#[+ X �=��Zc� �I�S� ��;fG$�[g50[�I��¬;T#�PHd£;�¯#[+ X �=��Zc���;�PG VPW(�%�ZIX��$?� z_�f«,�[�� �U�F� sub MeV U MeV XYUT� ,Z�¡f¢UT V4W��"%�ZDX&�$? b 	Y�$�

• Coded Aperture Imaging ( �=�P�D��? )

• Compton Imaging ( �=  � �r�D�M¡S¢ª )

• Gamma-Ray Lens (Bragg ��º��r�D�YjI) )

b G�0(���$? � �f£~}b«*��¤¥%&£F¦S§ �;¨ /_}b«S��G4�F�
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2.2.2 Coded Aperture Imaging
� ����� � �� ,Gfu F j�� m ���"ª:	.��G4���$?
	 Coded Aperture Imaging � ¯® �� ,Z�¡�¢ QSRS�� INTEGRAL ^� DZ�¡�¢��D�$' a Q R �S� Swift 9����I¶��«���GP�"� Coded Aperture Imaging T"�D4!��[�&.Su*�D4�� ��4[! b �*0 2 �43 b�� T���	 1:1 ¨ �c	k� GP���=Hd£ coded mask ����0M�;¢�ª�n«f�[�

¡S'f+*�[�D4��f�� ,Z�¡�¢�� b 0;�����5£���� b � ���5£���� b �"!�r(��#s=�I¢ª$�«D�
Mij =

{

1 ���5£�@j
0 �%���5£�@j (2.6)

b G�H'&�(�����s,�F�

� 2.6: Coded mask ���D�� ,Zn¡�¢40 2 �i3�T�^�� �*) [30]

j b G&Hd�43�V_} sj
b GcHr� F �*0 2 	��* DZ�¡f¢��"�_¬;T(¡�'i+��¥c�1¬ b ��� ® 0 2 �P3�� � T���[vB+�«*�D�,4F!�T i ,.-[T :�/ � Mijsj #UT�) � 	�00���f� ( � 2.6) �1��0;�$���D4F!UT i ,.-FT : /�S�

di =
∑

j

Mijsj + bi (2.7)

���$&«,� S Tf) � 	IQ�R$�«��F�~¬�¬��$� bi �[@SA�2�Vc}10 2 	&�� �Z�¡�¢N£$�[T;�c#I+SX=�P�"Z�� b
�i�[�;�D4[!��I-L}d«���¿*j�VPW(�% di V~} �0� 3,��� ® sj ��4 5��f�1¬ b �" �Z�¡f¢,VPW(�"%6	;-L}d«�F� � 	7�*��5N£67��SW���8D� sj

b bi T&516 ¯® ���c#I+ XS�P�"Z&� bi T:9�¿ ® 	6; : �2£�0;��¡Y�[�u F j � m �(¡�'i+DT :%/ T�<>=  b ¡ 'i+ - ��4[!�?PT"@ A���B5� ® �;@�A$C1�D4[! b ¡ 'i+DT"DSuD�
�(0"��B,/$}t«,����/F�0EiGF@�A b  ,G�.Su�j � m ��F � �
=.� INTEGRAL T IBIS �=�[� 9◦ × 9◦ T"@ A
(full coded) b 0.2◦(FWHM) T&u F j�� m 	�F � �«=��G4� [31] �G T�g���I� G T���3I�D?DV¯}�) ��H TI0 2 �i3S��I¢¡KJ ® £%L"�I�43�T�M�5,�S� K £�¡ b C ( �,4F!T : / S ) × ( ¡S'f+DT:N
O�P )

EF Tf) � S 	 ]S: �4£P�F�����F�%M�5�T � {�T*'�)f+ca �,�Y-c�*� �*��(�,����QIY H � V4W*�"%DZDXD	Y�I 5Z�¡�¢P� F j"w_�RJ&�M�$�2£SG=T��D�4' )U+ca �fT�S�V�GI¢ Tc�0#
V¯}.£ GD�b ¬�'��F�(¡*'4+IT������f@�j,��g6U,T"^WV.W��X8 b �4£��I¬ b 	%��=(�F0 2 �4�� �Zn¡&¢5��Y:ID�&>(?
�i�1¬ b 	Fz$��«i�[�5	3V$	r��) � >�?�T�¾&¤*¿���) � T(����D����T − 7

2 ���I}�~D��Z�����/[�0[%\4�1��"� ]�^iT;�PG: ���������&) � T�VPW���%�Z$X(�*��3�VJ£�G;�: �������(� T�) � � ¨ 	k�=�(¡�'4+��R_¡�	d£"W�«�`*£5}aL"� IBIS(INTEGRAL:20keV∼ 10MeV) �=� 1.6cm _ � SPI(INTEGRAL:3keV∼ 8MeV)
�P� 3cm _�T�81ZDXI'�b5Z(��¡S'f+��f¶iG ��G4� [31] � � 	7��¡S'f+6�D^1Z�`
anZb\]_�neq¬1	k0 2 �i3b ����,���ST"8 9_�nk$0��� ,Z�¡�¢�	$� �q#;+�X �P��Z&� b 	Y�;QSR+�«��_	f�,H b G�Hdc�e=p�	6f��F�
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2.2.3 � K��c���5K��
X ¢UT��iHn��I���º��Ij")��f�1¬ b T��
=&£*G" DZ�¡f¢��  �6	$� Bragg �*º_�.hI¶X�f�I¬ b �IjI)X��1¬ b � lDm �  �"��¬;T�� 2.7 T��4H�£� DZ�¡�¢ j)�n,�* DZ�¡�¢
	�Z�� b G�`�«f�[�;j")����I�DVPW(�

%�ZDX*� l @I)�^ X ¢N£$� ����������f¶iG~}b«=��G4��� CdF��UT  ���D?
� q® ���v7 ,Gf.�u�j�� m
	������W=D�F�

� 2.7: Gamma-Ray Lens (CLAIRE [32])

	3V_	1� MeV  ,Z�¡�¢5��²�G �P� Bragg ��º_�YhI¶��f�*� /"�F� M�5UT��,G����4T*�"���,�*���	nV� F ���$�:L[��E,G����4T�'�)�+
a �,�[E�-��1=>£ G*�D���;����T��D?$�����*@SA
	��,G b G H! *p$C �[��F#"�� 2001 $��&%�' F)(�	�&X#�«1� CLAIRE T�	fZ��=�[�;@ A 45′′ �����D�(��Q*Y 169 ∼ 171keV �oSp @�A ∼ 3m b G�H�CIT��  � [32] �
�(�"��%�' F�(,T*	�Z+���-,/.¯	n�[�W� ® EPG����������Q�Y,� ¨)0 	���	fZ��=T+1���Ca&X#�«S��² ® �2�3�4 	�� 2*5 Z76�� ® � 2.8 T��4H+8&9�+�	I-:}d«=�SGP�F�*:3V*:7�5¬;T b =IT"oSp%@ A�� 133m b �S�6&�<; [32] � F � �7=>:MGD�

?
2.8: Ge 	�Z7� ( @ ) b Cu 	�Z7� ( A ) T[|�B�C¿ [32]
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2.2.4 Compton Imaging

MeV  �Z�¡f¢ b ��� b T�³*´�µ"¶�6(² G�� �$C ¸ � �  �*T��1^IZ�`ca�Zt\�]��  � (
?

2.1) 	I�I�D4!��%�,^1Z�`
anZ§\]~�nec¬�� b  ,Z�¡�¢�T�g�@�T*�I�����*��:�VI����&« 8 G1� / 6�¥ � T[���F!
�P�
��_®
	�� �« 8 GD�:��:e����������������6f»��n�+��� �f� b ���� ���¡&¢4T��! =T.8D9X	M-#"�«�«X`Y�n�*�$�1��� b 0 2  3DT,5 6 T.8I9��$%;w)6k-f��&X	0��=F�.�&¬YT��'�(�)���*���D�1h�¶%���(�F?�� Compton Imaging b,+�- �DG�Y� Compton Imaging �Y�a[:\��#6!�
VkW���8�� ]D: b :-8DG*�D/"E=G"@DA5�aF � ��=1� COMPTEL(GRO)
�P� 1str b G�H <�=�8F@SA�	6F � n«�� [33] �

sub MeV . MeV T$/!0�6�²�G �D�i'�)�+1�
���YE&� b %*w�6F�D 2��¡�¢UT$0 2  i3
C43 ��H 6FBiC��
=��$5�6�T� *?W�  �*�S/$� � �=� MeV  ��&¡�¢�ViW���78�*X�6�²PGS��� C�9 -%�«4��Gi�[��?W� q® �
MEGA : ACT : TIGRE : LXeGRIT : � @SA)�����#�;�$<4WS� b G8�(�$=�%DTM�2�F!�	 N�>$�«���G4�F�
Classical Compton

COMPTEL �(¶iG?"b«D� Classical Compton ? b �;��6'@2A�B��C���#�4���!� (D��� D?1� ¯® ��E� ,�F Z T$G 8=��5164T � u �H� l*m 8F�2�[!_�"!8IKJ�#�D=�6& H � ? 2.9 T��iH�6F�'LS��6 Z T�M+�8�2�F!_��²
=������#�;���!�$4D*��NS�UT Z T�<�=�8F�2�F!��K�!�, 2��¡�¢_�(3 �'O'P (D,�F�

E1

E2

φ

E0

?
2.9: Classical Compton Q!R ?

¬IT b =.� 5164T[�2�F!8?"M�[�
• L��UT[�2�F! : �'� ��� T*�"���,��� E1 �S�����#�;�(p ( �!��p )

• N��UT[�2�F! : ���, 2��¡�¢UT*�"���,�*� E2 ���!�, 2��¡�¢UT O'P p
b G&He8 9�	;-T"d«,�"�1�U�[�;�I����,���[8*98)"�¹*ºD 2�n¡f¢�T*�������� E0

b  H�n¡�¢�T(���!V φ�
E0 = E1 +E2 (2.8)

cosφ = 1 −mec
2

(

1

E2
− 1

E1 +E2

)

(2.9)

b 8=�"��6' *�H�����1���7p b ���D 8��¡�¢�T OUP pC)" �����D 8��¡f¢�TK P3�	KWX4�"�KY :r� ��� T&�
�� 43 b G�HS5�ZK[;@��(\i�)"d«=��: � H ��]'^�T[8 9X)"e� ? 2.9 T��iH+6$_'`8a2�4bKc�TI0 2  43�d'e
(event circle) T$f�6DC05��f�Cg b 	��W=*�F�UY :7�S-T"ih,�"8 9UT2Z�[�@�	 x 6�jlk!8SG�m /;�ne4oUT$pq ?";a2�4b�c�	'r�s :$mSTU � �P�$W8?"+8�tI�
gFT Classical Compton u��vaX�4bKc'w�x� Cy�d�JU� 6 �[� ? 2.10 x��Cz+67�'{��WC 3 |�x�3U}�	K~��

6)8=�F� � mF�'�?�K�!�!���v�S��x����8�$����|�x$�8���2x time of flight (TOF) x'I�6���� [33] �������
�1���!�!���v�����U�U��^8�$� ;�� COMPTEL �(�)��8��1���!�!���!��� 6$� ��� hXm��
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?
2.10: Classical Compton 6����������v78����� COMPTEL ��x	� "Hx	
�� (GRB910505[4])

Multiple Compton [35]

Classical Compton u�X����L��Sx��n�������8�U�T�(� ���C��N���xK�n�����U3�� OvP�� �Hg���d7�
�>:;��tC��� :( :��'N��nx$���������Hz�6�@������#�4���v� � ���'���n���'W�6����)" hH�K� �Ug�!#"
Classical Compton u����$��N��!�H�$��6%$�t�� O'P � hXm�x����� :(m�xUXd'&�( � �*)+" 8't�,!��� �
�!�!���v�S�	��8X�K� : � z��
gKx Classical Compton u)d.- :0/�1 :(m� �u�" Multiple Compton u���2��$�K�2�$��x43�52� ? 2.11

E0

E1

E2

E3

φ1

φ2

?
2.11: Multiple Compton Q!R ?

x�6Xz*7�8C�$��$ k � CdTe 9 Si strip �;tC��m���:�;�x ��< �H�#�U��8#=%>�?��2�����H�����#�;���!� �
DH��6Xz@7�A;�vtC����g�x�#B �������#�;���!�nd 2 C�]!^���D � ��� �

E0 = E1 +
E2 +

√

E2
2 + 4mec2E2

1−cos2 φ2

2
(2.10)

cosφ1 = 1 −mec
2

(

1

E2 +E3
− 1

E1 +E2 + E3

)

(2.11)

cosφ2 = 1 −mec
2

(

1

E3
− 1

E2 +E3

)

(2.12)

�*8?k��vaH�;bKc2x�E�FK��G���xK6#H+"K�H�$�C)"��;hv�A � �(���i��_'`Ha8�4bKc2x�E�F�I�G���d'J�(
�

��g��0"%����7%8��$� � "*7$�LK'p�M�N�8$V�@�OQPR�TSQU�M�N�8�E�F�I�G��4OQPR��d*V�W
� ��g��'����2v�X @!�v�1�����!���v����d*YZ� � g��."���BU���

6' �����[�3�5�7+68k]\T"�h8��x��$� Classical Compton u�x#^_��%(��x event circle ��2)k���r�s� Cy
d*`�( � �Q7v�	-8 a%��� 3 |CxK3�}�"�~v����2��Cg+�47	b�cTk���8�tU�Xa2�(b�c�[�3�5�7�$vt��� ��d
=�C#e BUm$�v��x�f�g)d�hvzi��j � ��k�;t?zmlkB#8�n#o�"�2?k����p�q�r�d	l_B�aTs�8?z,E�t�7�8X�K�
tC���
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Advanced Compton Imaging

Classical Compton uH?"���E�F#I�GQ��O�Pnx�y�^�d��2��m Multiple Compton u7�� A��Ha2�(b�c�x
r�s� Xy!x	`�(��v@Hx�y�^�d��2��m!x�" Advanced Compton u���2���� Classical Compton u�9 Multiple
Compton u������n�v���1�;���!��7�$�Bv�������U}2x�OQP��$��E�F#I�GQ��x'IQ��2v��m!m	��� event circle
^�x$p q )";a2�(b�c�"�s�m!x��
S�Cg��."���B�8'H��m��
gKx��'����}�x� - A� Cyvx�OQP �i\S��g��'���2�����1�;���!�Sd����7@[�� A���3U}���7�r�s� Xy�

E�F�I�GQ��d*`Q(�����7�A%6XzQ�;t�z4x�" Advanced Compton u���2��$����p��2����������}�x���R�*E
F%I�G���d4\S��m	�vx����v��pK�Z� �����2a��(b�c�x O�P�� �*E�F#I�GQ��d@\S�(�!��a2�(b�c!��p�� �.�
3�5 � hH� ( � 2.12) �

Ke

E0

α

Eγ

� 2.12: Advanced Compton Q�R�� � 2.13: MEGA ��p���Q!R�� [34]

g'g	�K�CaH�(b�c2x(�!�� Cy�� ��}2x��'�� �y �4x���x$V α �$�#K�p�M�N�84��(	�R�K����� �������Sd� (RA�m �#B�x4S�U�M�N�8���x��	���7�����8 2 � k x� �u�?" D��C�Xg��*"��BU�K���)�K���?g�x�V α
7�6�k ��K�p�N%O�P � S�U+M�N�O�PZ�	7��� nx�8�t�&"!2x�IHd$#&%�p � g+�."��'��7�81k �('H�*)C<H���+ ��d,Xt�-k�%���1���!�!���!����d*YZ� � g��0"���BU���
3U}���7QE�F#I�G����r�s� �yvx	O�P+"�\T"�hH� Compton Imaging x	.���� � Advanced Compton u

�$�'r�s� �y�d(60/�721�(+��B ��32x4��p$�Sd$4�c�-�7�5	6�8K�?�$��������7n�
�U��"%��� ��t�z �%lB�8
1�8�d�9X|U�
g�x Advanced Compton u�d2,Xt��4��p$�Z�QA���� MEGA(Medium Energy Gamma-ray Astronomy)

"+2X� ( � 2.13) � MEGA �X� Si strip d:<;8m��=��� p�� (Tracker) � CsI(Tl) ><7�)@?	�=>BA�7 � p
� (Calorimeter) d�C<D�E�cGF�� 2MeV ]IH��8� Classical Compton u ( � 2.14) � 2 ∼ 8MeV 7�$Xtv�
Advanced Compton u ( � 2.15) 7+6Hk ���#��J�d.\X�vt�� [34] ��K A�� Si 7�6��2L	:	M�N2x@q�O+"#l B�t
m	�K� α x*��P2�${ a � Advanced Compton u ��A ���*Q"������2��$�

� 2.14: MEGA 7+6�� Classical Compton u�d�,
t�m�������J (≤ 2MeV: >IR�S(?*��>TA�7 )[36]

� 2.15: MEGA 7�6U� Advanced Compton u)d
,Ct!mQ���%�	J (2 ∼ 8MeV: >URS�?.�	><A7 )[36]
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2.3 COMPTEL

2.3.1 COMPTEL ����������	
��
�x��g%!(� MeV ���x�a<7(b�c�x	
������ �05�O�d������vtC�'x�� COMPTEL( � 2.16) ��2����

COMPTEL �����k6�k r's � � 1 � 30MeV x!a(7$b�c?d����X�+68z@7���� � h8m���7�� �27"!$#�%���2
k�� OSSE & EGRET & BATSE �('�7 GRO )+*�7�,+- ��. � 1991 � 2000 /Hx���
Q�103214�m$� COMPTEL
x�5+8�6n����� + 0�7 2.1 7�8��2�����9 x COMPTEL 7�6;: 
�� �<.>=@? ?A0B7 2.2 7DC � ��E�FG)�*�7D,�- �H.�= EGRET "�I 270 J�x
? ?10 �+p�A = [21] xQ72� A,� 9 x<7LKAML�NC �B. ��6�z.7 COMPTEL ����p ��.�=D? ?8�HO+P+7@-+8't��

sub MeV � MeV x�������K�+Q$R�S���?7�T+"U4 =�V 7HW�X�xDY$Z�"�2�� 9 �."�
�M . ��$[: ��Q$R\+] 7#$�^���� AGN 8h*7+6�� V 7<W�X�_�`+Y�Z+"�a�
 � �$�K�b4(���%
Q�2� 9 . M;x$�?���!�'����7S�
7+6c4$�@d�e �<. � A�8Hz*��f'x<g!� 9 xH��+�v�$��)�*�h�?+�vxL�"7��i� 7 M	N�9����jXR�G)�*+h�?R�(xk�l�m ,�7�6�� V 7<W@Xv�)�$�'������7S� 8�h�� 9 x���+��x4
Q�b0Bn1�'�(�?�$��������7S�'�oO�P+7Lp^
= ���%
��[qm? �Hr@s���2v��� COMPTEL � 9 . M4x��?�K�!������7�� 7$�18 �<. �jt�P2xL1L^�
���7��
8AM*8+KU4 = �

� 2.16: COMPTEL u�
 [33]

7 2.1: COMPTEL x4�!� [33],[37]

g��Hx$��p�� NE213A ( v�w�x�? Scintillator)
4188cm2, 50keV � 20MeV

H��Hx$��p�� NaI
8744cm2, 500keV � 30MeV

energy band 0.7 � 30MeV
energy resolution 5 � 10 % (FWHM)
separa 7 angle ≥ 3 � 5◦

angular resolution (ARM) 1.2 ∼ 3◦ (σ)
effective detection area 20 � 50cm2

FOV 1str

7 2.2: COMPTEL 7�6;:
��p �H.>=@? ? [38]
Type of source Number sources

Spin-Down Pulsars 3 Crab, Vela, PSR B1509-58
Stellar Black Hole Candidates 2 Cyg X-1, GRO J0422+32

Supernova Remnants 1 Crab nebula
CTA 102, 3C 454.3, PSK 0528+134,

Active Galactic Nuclei 10 GRO J0516-609, PKS 0208-512, 3C 273,
PKS 1222+216, 3C 279, Cen A, PKS 1622-297

Gamma-Ray Line Source
26Al (1809keV) 3 Cygnus region, Vela region, Carina region
44Ti (1157keV) 2 Cas A, RX J0852-4621

56Co (847keV, 1238keV) 1 SN1991T
n-capture (2223keV) 1 GRO J0317-853

Undentified Sources 9
Gamma-Ray Burst 31
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� 2.17: COMPTEL 7�$��v�$�#�����v����7�� (D1 & D2
�$��p�� )[40] � 2.18: �1���!�!����7S��x���� [40]

2.3.2 COMPTEL ���	��
���������
MeV V 7<W�XHxD���7%$$^'���$���)��8�� X 7�6;:�� �K�!�����	7�� "��GD�p �<. �(� COMPTEL �

�0� 2.17 7D���v��6Xz*8�� ���!�!����7�� "�2�4 = �m��� M . ��^C� [40] �
A �4HpK M4x V 7<W�X : ��p(���	H�����}2x�.��'}�����7���� V 7<W�X�9 40K 8 h! HY�Z��pE#"�?�8h
7�6;:$� F =�V 7HW�X�"���g��% $��p�� D1 �p�=7c� ��7 M�Nv�"H��% $��p�� D2 ��&���'�(A0*e 9
A = �) ��

B
] HpK M! V 7<W�X : 3% $��p���9j)�*�h�?��U�=7c�i��7 M�NRA =�V 7HW�X�9�E#"�?�7�6�� V 7HW�X
"K� D1 �U�=7c�[��7 M	Nv� D2 ��&���'�( �<.>= �) ��

C 2 V 7<W+*�, ( �	H ): ��p$���	H�� 27Al(n,α)24Na 9 27Al(n;n′,γ,· · · )27Al �B^L4 = � �.-)/+g� � V
7�W�X+"@Y�p �<. ��60�*8���1+"Le 9 : �#�2-0 V 7HW@X�"�f .43@. D1 & D2 7#5+Z!� k+l�m ,�0.e9 A = �) ��

D 2 V 7DW6*7, (
] H ): 38 ��p���9+)�*$h�?�� C �DE��9 #*:,�"�2 :�� �;-< V 7�WcX�">f .�3c.

D1 & D2 7#5�Zv� k�l�m ,�0*e 9 A = �) ��
E random coinsidence: =�>;E�^j��?�7�6����) ��
F ���+X�7�6���Y�Z :

k ��@�N+A"Pb0�9 4 = ���+X�"�3� $��p���9j)+*�h�?�7#5+Zv�����+XR�CB0D �� k+l�m ,�7�6;:E� F =+V 7HW�X�" D1 & D2 7�5 :
��p �H.>= �+ ��
8 = � 9 . M V 7<W@X�FHG#I�J�K:L�7NME 23�7�.	��O & �)O�9�P�Q�lSR�K MT V 7<W@X+"6F�G#I�J�K:L�7NM
��ATU�a�
 �4V#W

COMPTEL �<X+Y 9 . M� )FZG)I�J:K�L"79Mo0@Y � �  �7�4�� V O�P8X�g=H[ +\�p#]8 TOF A<K�8
a^Y 9  TOF 7�6;: 9 . M�0'YZ�QATU�^ = [33]

W 9  TOF  �_�`baHf� ����A0�� 2.18 7DC �#W � � Lp^
D2 ��M	NRA =�c D1 � k�l�m , A = 6<�.8�d�eT7b�CX#Y TOF _�`% �f:g9h)i0I (Forward peak) 0Tj :0p� 9 a.�:kNG�� ��B V#W A�K A48�" MCY D & E & F a�^p4 = d�eT7A�.X�T aml7n+N�8 TOF _�`�7�8p4+U�$
:^Y�f0g9h)i0I�0Tj :0pATU�� 1/3

X P�X�o V#W8p M@7#Y A 9 B X�q�r ��s B k�l�m ,�0*e 9 A =�V 7HWX���2 V  ���Y7t8u.Y�a�AQ6<�� �8�^6FZG)I:J�K�L�7�M ��2 :;k8G�� c � �[U)o V#W 8 = Y C 7�-L^�U�
D1 �#*�,+"�e 9 .0v+V 7<W@X4d6eT7b��aTw�x+"�-�K�8j^ W+y 4�U)Y�� 2.18 7�2 V 6��*7#Y)f:gNh#i:I�0zj
: p�A;U��{Y�f� �|%az}h!X#F�G#I�J�K7L�7NM ��2A:~Y�6�|�h{� V ^ ? ?+��8+^jei:]
��+"�s ABK>4 = 9 a
")��� V#W
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Chapter 3

Advanced Compton Imaging

3.1 Advanced Compton � �������	��
�����
3.1.1 � �����������

Advanced Compton ���:X�Y�M	N V 7<W@X� +g �%a.E�F�I�G�i & �"!$#SO� +g%�%a.E�F#I�GSi$0.\ V 9a&�)Y�5+Z V 7�W@X� )g%�8a'E�F#I�GSi�0*\ V�W /�H$�0X�Y�� 3.1  +6��@7�Y0M	N V 7HW@X� �E�F#I�GSi�0
Eγ Y	M�N0g ��0 ~g Y��'!(#SO% 4S�U�E�F#I�G�iL0 Ke Y��'!0g ��0 ~e Y V 7HW�X% *M�N*)A0 φ Y(#SO% ��'!)A0 ψ Y ~g a ~e  �8,+,)A0 α a-+ V#W KRA.Y ~g, ~e X+^�- .�.-/ "�e�Ii� IZa-+ V#W

α

~e,Ke

~g, Eγ

φ

~s,E0

ψ

� 3.1: b�?�(*0 � 3.2: ARM a SPD

9  8a#BzY�5�Z V 7<W�X% ,1320g � ~s Y+E�F#I�G�i E0 X
E0 = Eγ +Ke (3.1)

~srcs =

(

cosφ− sinφ

tanα

)

~g +
sinφ

sinα
~e (3.2)

a54�/+N�7H7 p . V#W 9�9 �6Y�M�N*) φ X
cosφ = 1 − mec

2

Eγ +Ke

Ke

Eγ
(3.3)

��2 V#W4�g�Y ~g a ~e  76*) α 7�-�^�U6Y�(*0_6;: K*8�M�N�7#Y
cosαgeo = ~g · ~e (3.4)

4�g�Y Eγ a Ke K MTS�U�M�N�7#Y
cosαkin =

(

1 − mec
2

Eγ

)

√

Ke

Ke + 2mec2
(3.5)
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� 3.3: Eγ 7��$+ V φ, ψ, α  	b�� (E0 = 662keV)
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� 3.4: E0 7��(+ V αlim

a 7 + 9 a . ��B V#Wa 9 !,�6Y α 7�XD���	��"�a�
 A.Y�5�Z V 7HW�X% �E�F#I�G�i E0  ��6?ba�ATU6Y
cosαlim =

{

0 (k < 1)
k−1
k+2

√

k2−1
k(k+2) (k ≥ 1)

k =
E0

mec2
(3.6)

a��+� M . V#W/�g% ����
	_6;:(���7�6U: DG�AM . V Y0M�N*) φ & #SO� �� !*) ψ & 6*) α  M�N V 7HW@X% QE�F#I
G�i Eγ 7�� + V b��b0�� 3.3 7#Y�5�Z V 7HW�X% �E�F#I�G�i�7��%+ V α  D�����% 	b��b0�� 3.4 7DC + W
8 = Y 9 . M! ����
	% 4>�p7X Appendix A 7�8�a2��U�$ a W4�g�Y Advanced Compton �7%$$^�U6Y[d�eT7A� �[ 7)�P�_

�%X

• ARM (Angular Resolution Measure) : M�N ) φ  	`�(���P
ARM = φgeo − φkin (3.7)

• SPD (Scatter Plane Deviation) : ~g a ~e  �� V M�N
��S% 	`
����P
SPD =

(

~g ·
((

~g × ~srcs
|~g × ~srcs|

)

×
(

~g × ~s

|~g × ~s|

)))

arccos

((

~g × ~s

|~g × ~s|

)

·
(

~g × ~srcs
|~g × ~srcs|

))

(3.8)

K A.Y ~s X#5�Z V 7HW@X% Dh*2% ,1320g%�+Y ~srcs X	[�3�5�7+6;: \�M .>= g �
 ��$g ��7�_8��U��*0 p . V ( � 3.2)

W

3.1.2 � ��
b�� �b�������
V 7HW�X� *M�N7g � ~g a5#SO[ �� !0g � ~e a� �8"+,) α X#Y03% Compton Imaging ��X��+^���v� �O

P���� :^Y 9  α ���;:H�=7c�[��7 M�N[ �d�eT7A� 0Tj : p"+ 9 a! #"#�$��� V#W) α X (3.4) Y .�% a;X (3.5) �&�p:('��bM . V  6Y (3.4) X	K 8+N)�LO�P� �D��+*�a % Y (3.5) X4S�U�M
N��LO�P% �D)�+*�a + V = �+YQ\�M . V �2-� α X l ^)�*�	����� V#Wy 4+U6Y

αgeo ' αkin (3.9)

aB^9�-,/.A0!0)'*+ V 9 a&�+Y��	��\�p�]%�p�"7��i� 7 M	N & M	N V 7<W@X�\�p�] �6&*#S'S(�aB^9�-1
2[ 
D� 43$5
6 p . V#W

Advanced Compton Imaging �:X 9  α ��� V 5	6)��k4GU�- 
� V87 Y>��7��i�$7 M	N �:X��+^)F9G�IJ�K:L�78M ( 9 2.17 ��:�� V C & D & E & F ;'#SO &=<+>�O ) �+-�^�U:X#Y veto counter 0$4�?�@)��j :BADC9 a! *�FE V#W
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3.2 Doppler broadening
9 . 8 ������U E = �=7��[�$7 M�N%X�Y����F�	��
 %H= #SO�a� k�l+m� a % U�����U E =%.  3��� V

(unbound Compton)
W % K % Y���4 �\F6#]$�#:�^�U0X#Y #SO%X	��O���;S_�O����% ����&7�>���&����M

? . U
: :~Y � V���� � �Si�0�9A4#U�!�" % U$^ V =�# Y�$�%�� E V �"7��[� 7 M�N (bound Compton) �X#Y�/=H4 ��<���'&F�#:$^�U'(U^� )6�U�C V [42]
W

• M�N�)cS�* : +$� 100keV /=H4 	, ��� � ��i� +&�OF�.-%+ V0/�1 )cS�*� /?�@$K���2�3 W
•
/�1 )� �_�` : Klein- 4�5% 	>K M76�M . V )�8�_�` �.9 s Y�f0g & c g /�1  /?
@�K���:;�AM . V�W

•
/�1 V < W�X &>='!(#SO% ��� � ��i�_�? :

/�1 f[ #SO% ��� � ��i# 0 �:X�� C v>e� �@A0BA<-
=�# Y / 4 ��� � �SiDX�CpK M�� VEDGF�H�I )�8F� /�1�p0J[V�K <0LNM  ��� � �Si# 34��% �@$�/�O @#Y unbound Compton P ORQ�S p�J[V @% .T�U �NVXW+_�`ZYBA<- (Doppler broadening)

W
Compton Imaging ��X+Y K <�L�M\[ /�1 )]Y /�1 K <	LNMG[ ��� � ��i8a^='!(#�O [ ��� �\��i�P O6 V�W!yGH U#Y K <0L'M;[ /�1 ) [ D ��_�8 (ARM) X Doppler broadening [0`�a  �b$EFCdc E;Y ARM [��e�f�gba�� H U�W V#W
Doppler broadening X /�1 f [ #�O [ !�"F��hXi3+ V .'[ � [ �)Y]j [ #6O���� [ #6OGY�k Eml vF% IP��&� n^Y /�1;K <�LNM\[ ��� � ��i [�o ONp X	q��%+ V#W 9 3.5 � Doppler broadening �&� V ARM [r  sn0YBt + W � nvu�w [ #�x [ |Gy  NA H U�W V���� � ��i# �� p C � V�I # Y Doppler broadening [c�z . � p C|{ ARM [ r  }n .�~ p � O J�� W����0a  #_�P��	� F�I {N��x��� Z �	-$+�� ARM [����Y49 3.6 �	t +'�Z� J � n�{ Z  �b�E'W .N[�� j Doppler broadening [	`�a . b�E$C ��� �BW]yR� �/ �������! N��P����\� O �	{�9 3.7 [ ��y8�	{���� K <�L'M\[ ��� � ���# .�;W'��{ ARM [ r  snB ~ �'�O J�� W��	�X� J�� {���� K <0L.M [ ��� �X���� '� CB�� � jR{ #�x [ !�" ��� �;����YE��� � E�����y

����� I # { Doppler broadening [ c�z& N� J�� WDC I # ���X� O J �.�

9 3.5: #�x��� [ ARM � [.� � (E0 = 200keV,
Si) [42]

9 3.6: Z �&��� ARM [ r  sn [42]

9 3.7: Doppler broadening [ ��� �;���+*��
> [42]
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3.3
�������

Advanced Compton ��� � {
	 <���B< /�1 [ /�1���� [ D��  �"�� � I # { K <BL'M [�������� Y��� � D�� �$E��'�Z� [ /�1���� Y D��! � [ � { K <�L�M [ /1 �!� ~g �#"�x [ =�$ ��� ~e � ���.� ~g [_�8 �&%(' [*) 6*+ [ ��,���-�� � { ) 6.+�/ [*0�132�4 �	�65 P&5�{ ~e [7� � { ) 6*+ [�8 8�9.�XP H�In|{�=:$ ����[ D�� 2 � W��*"�x [ l�;!97<�P HNI n  �;� {="�x�9 ) 6*+ <Y?> �;��E 27@�A �CBED /�1
2�4 n|{�"�x [ =�$ �!��[.FEG YCH3I H.� 5 F WN{ SPD [ D�� _�8GYCJ �  ��� 2 I�.��K H'� { SPD �
��[*L 8���-�� [ ��e!M�f�g � "�x [ B�D /�1 � W]y���� 2 I��.�
"�x [*0�1 x 2 : A � /�1 L �

θrms =
13.6MeV

βcp

√

x

X0

[

1 + 0.038 ln

(

x

X0

)]

(3.10)

�ON�P � J � [43] �G������{ βc, p � "�x [�Q 8 � !�"�R�{ X0

�
radiation length ��5 I � � [TS
2�4 H.�U:V � J � /�1 L Y49 3.8 W 9 3.9 2 t  �

"�x [ l�;ZYTX;��� ) 6.+ ��5 � { Si strip ) 6.+ZYTY�Z;� 4 yCI;���NY0�X��� ��{ �!� YB6Z� [�2 �[ , % & ��\�] I I # {!^*_!��`� Si strip Y?a�b�P 2 ? I�H.�.c Eed A I C �� I O I�W���K H	� {�f U �J�g
Si Y ≥ 500µm

�Th nid A ����� 2 I��	�65EPj5^{�=E$k"�x [ ��� �;����9 500keV ` H.�3l ∼ 60◦

[ /�1 Y @�A � I # {�=E$ ��� Y?XX�� [ �Tm 5BW �EWZyN���#9/9 3.9 P Oon
p ��`��	��� � { 1 q�r [ ArKEs Y � W��0l�; ) 6.+t�k` J�g { 50keV [ =�$k"�x [��!� Y ∼ 1mm ��X;� O J�J�g	/�1 L � ∼ 15◦ 2:;�������?9��FEB{ Si [*u f 4 n lN� ��P 2 _�8�9Ev�W��EK H'� {�=E$�"�xZYCX ��� ) 6.+ � ^7_ [*) 6
+ 4 n l'K:s [*) 6.+ [�� ye9.wx5 � W�� �zy;��.�

track length [mm]
-210 -110 1 10

 [
d

eg
re

e]
rm

s
θ

0

10

20

30

40

50

60

70

80

90

50keV

Ar 1atm

Ar 2atm

Xe 1atm

Si

track length [mm]
-210 -110 1 10

 [
d

eg
re

e]
rm

s
θ

0

10

20

30

40

50

60

70

80

90

Ar 1atm

Ar 2atm
Xe 1atm

Si

100keV

track length [mm]
-210 -110 1 10

 [
d

eg
re

e]
rm

s
θ

0

10

20

30

40

50

60

70

80

90

200keV

Ar 1atm

Ar 2atm
Xe 1atm

Si

9 3.8: "�x [ B�D /�1 2�4 � /�1 L ( "�x [ ��� �;��� �*{ P O 50keV W 100keV W 200keV { K:s [�| 8 �
20◦C ��5 I � )
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9 3.9: "�x [ B�D /�1 234 � /�1 L ( "�x [ l�� �7{ P O 500µm W 1mm W 5mm { K�s [7| 8 � 20◦C �
5 I � )
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3.4 ���������
	��
MeV

K <	LNM\[���
2�� W ��� { COMPTEL ��� [���
234 ����� � 2002 � 2����� � O J"!�# ��%$ [ INTEGRAL 5BP�I'&�{)( [+* � LXeGRIT W MEGA W CLAIRE �EW H�I W,& ' P [��.-./10.2�
��q�3�4.5 2!4 n7698�/ [ � � 9;:=< J�� W�� [?> ��`��	� F�I { INTEGRAL

l.K <0L.M)@=A � /�<CB�[D � �:5 � Coded Aperture Imaging Y�E�W � W�� I?F {CG 2�H.I M�I s?J 2 LK YEt  4 y?I;M:_ 2N  �PO�Q � COMPTEL � q=< O I�W ( R 3.10) � 4 H�� {\� [+�.�32"�kA �B��O�Q [�))S + �R{9( J 2�4 �P���9UT I�J�� W��.�)(��*��{ ‘COMPTEL [ 10 V [ OWQ ’ Y )%S + ["XCY[Z]\ �  �.�
COMPTEL

� R 3.11 [�4 y?I_^�c ��` YBA ' )%S + ��5 �;a U � J {.b'c 2�B�d1eWf g 9N� # 5TI AJ�g
1mCrab [ �.� lih � 2 I��	� 5EP 5TIE9 O {WR 2.18 [!4 y 2 bjc 2�B.d1e�fkgmlCn �1ok9;pq&|{ SN

9Ur�s 2Pt P HNI�I?F 2 {?4Wu [ COMPTEL [ OWQ � R 3.10 [�4 y 2 mCrab 2 � 2 v lxw3g I�WN��K H� { COMPTEL �y_z [ ^�c ��` YP{ H�I Advanced Compton | AWd �k` J!g {.b,c 21B�d9eWfkg}l?n
�=o [ � �	P O SN [ b�~�IC�?��9 h � 2 I n|{ Z]\ OWQ [��W� 9U��T��%���.�

Advanced Compton Imaging Y+E�W�� MeV � f��NM | A.d � {�bk�)&v� A �;���1� [!4 yeI % ' [�)S +XP O�� � �+�;�.�
• lE; )%S + �=� f+�NM Y�	 f�� Pf���� �+��{.��$k"�x [ l�; �P��� K%� ��YP�G�
• �?� � fi�'M�)�S + �=	 f7� if]�.� ���9�"� f��.M YP��"�c�z!�7X9�'{U�?���s�i�.� K�� �Y�� �

(U���U� 2 ' W ��]=� �+�;�� ��ZY�¡�� � W,& �

R 3.10: ¢!I X/ � f+�NM�)%S + [ OWQ [41] R 3.11: COMPTEL [ ^�c ��` [41]

� f_��M Yk	 f:�x�f��=� ���{���$�"�x [���� �+�1� K£� ��YTX%�;��l�; )�S +3� � {�"�x [ ��$
�3� Y+¤=¥ 2 X£�X� \k] 9!`��N�EKk¦ � { Si [
4 y.I�^�_ [7)�S + 4 n l {�B�D �1�Z[ c�z
9 4 n}§ IW=� s )�S +
9=w 5 � WX�N� 5�P 5 {%� s;� 8 Qt9�¨ ��W9� F 2 	 fE� +fP�1�Z[U�=�)© �1` 9.¨ �k&
I�¦ � 5"ªGy��X�T9�«W¬s�_�\���1R 3.12 2 50cm  [ � s �
	 fE� +fx�=� 9�h,���_¥1® Y�t  �Z��
4 n { 50cm×50cm×50cm [ � s � [ 	 f�� Pf���� [ ^�c �1`\� Xe 1 q�r!� ∼ 30cm2(1MeV) ��I n�{
COMPTEL [ ^�c �W` ∼ 40cm2(1MeV) �yN�=Q 2 I}n�{)� s � l¯ � 	 f:� �fi�W� � ���X����9��° �.�ª"��{.� s [P±.² � ��"�c�z W NW³C�32+´ Zt	 f�� xf]�.� 9;µ�� 2 I�� l¶ 9·�ª�5P¸��;R 2.2 2 t]��X� 4 y 2 { Z 9U¨ �¸ � y#9!	 f�� if���� 9µ�� 2 I�U��� K�� ��¹ � 9 r & { Doppler broadening

¶
c�z l]º ��»]�X�����9» 2 {�"�x ¶ �E$ �k�=¼ ¤?¥ 2 X9��� 2 � {!	 f�� xf½�.�£¼ h ��5 � ° »¿¾ mm

¶
y ��2 ¤"¥ 2 X���Ik& ��� I£»eI?¸.�T"�x ¶ ��� K�� � � ¾�À keV 2 I����o9_�?TG�i���"� F { Minimum
Ionizing Particle(MIP)

¶ ¾ mm
¶ l�; ¼ 3 �?� � �U¾1À µm

¶ ��,���-�����X)��� \�] 9k`��.�� � {�l�; )%S + 2 ]=� �+�;�� �� ��5 ��� {
• "�x ¶ ¾ � I��7ZÁ& Bq&|{ Z � I��.ZÁ&¿¨]�;¸�	 f�� if����
2 ^�ÂtI�� s
• MIP

¶ l�; ¼ ¾1À µm
¶ ��,���-�� W sub mm

¶ /?Ãk��X)�Ä»��;� )%S +
• 50cm×50cm×50cm

¶;Å.Æ.` � s )%S +
�i¸=¦U�����#9 ]1� �����	���"Ç�M�I)È @"É �CÊ 01f bX��� � { È @"É �?yUË ¶+Ì "=qWo ¶ � F { Å?Æ�` �
1mm �W� ¶ /"Ã�� ¶ È @"É � ¶ ¬�, � y"8 2 � 4 ! �)�7I?¸�� 4 ¦ � {;Í 5P¸ )�S +!9 \:] 2 I=¦ � &E�	�
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R 3.12: 	 f�� Pf����k¼�� �  ¥�® (50cm  )

� � { ��� � f�����¼ X���� )%S + � {���; )%S +���	 f�� if���� 5+� �.� � f+���k¼�� ®�v & X���?� F 2 {���; ))S + ¶
	�� ¼ I�*Z & Å �7I �.` ���� \�] 9�`����=ª?��{U�E$�"�� 2 `Wª��½��� K)� �¼�� ��I?¸���� �C�.� 9;µ�����`�� ¶ ��� ��� �+�9��� f+��� � ¾WÀ keV �"¾ MeV
¶ ��� K)� � ¼ l ¦��¸����:KÄ¦����.¾1À keV �"¾ MeV

¶ � f+���k¼ X)������� ¶ �%���� �!:R�9 ]=� �+�"����.� � f+���k¼ X)��� )%S + ¶ ��,���-�� �x�W� K%� �	��-�� � � ARM �!� ¶ L Q���-�� 2 vÁ& ! �
�
�
#��W� s 2 Ar ¼�$ ���  �;��R 3.6

° »%� Doppler broadening 2!4 � ARM
¶
& 9'� � 1MeV � 0.5◦

�TI���� �.� � f+��� ¶ ��,���-����%�?ª��?� f+�������k�!� ¶
(���) Q � � Dopplar broadening 2�4 �
ARM

¶�& 9*�m�1� 2 º �������?9·kª�5�¸+����,���-�� 2_N  �"� fP���.�����!� ¶,(��-) Q ¼/. 3.1 2ª � F ���0��� 4 �1� ��� � f+����)�S + ¶ ��,���-�� � � ∼ 1mm ��Qt`C� g 4 ¸���ª�������; )%S + ¶�W� K%� �	��-�� � �32 2 ¨]�;¸Z�54 � 56� Doppler broadening
¶+7 � S  �W� K%� �	��-�� ¼ ��F � �

. 3.2
¶ 4 � 2 I8����� ¶ . 3.2

¶
9 4 � l ��� � f+����)%S + ¶ ��� K%� ����-���9=vÁ&6� l � ARM
�

vÁ& � Ik»?I.¸��� � ° »:� ��� � f�����)%S + 2 ]=� �P�"�� �� � �
• �E; )%S + ¼/; � �=F �-< A ¶;ÅE��`£¶ )%S +
• ¾�À keV �?¾ MeV

¶�& ¸��.� K%� �¹ �
• ∼ 1mm �WQ ¶ ��,���-�� � �>= ¶ �W� K%� �	��-��

�P¸>�+��� 2 I����
. 3.1: ��� � f+����)�S + ¶ ��,���-�� �P� f+�������k�!� ¶
(���) Q��,���-�� ��� � f���� ¶,?A@ 0�1

(FWHM) 10cm 30cm 50cm
1mm 0.6◦ 0.2◦ 0.1◦

5mm 2.9◦ 1◦ 0.6◦

10mm 5.7◦ 1.9◦ 1◦

. 3.2: �W� K%� � E0

¶ � f+��� ¶ Doppler broadening
¶ ��B 9 7 � S  ��� K%� �	��-��

E0 [keV] ARM (FWHM) �.��L �W� K)� �	��-��
500 1◦ ∼ 30◦ 4% (450keV)

∼ 40◦ 3% (400keV)
∼ 70◦ 1% (300keV)

1000 0.5◦ ∼ 20◦ 3% (900keV)
∼ 40◦ 1.5% (700keV)
∼ 60◦ 0.1% (500keV)
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Chapter 4

µ-PIC & MeV
� � � � �

4.1 MeV ���	��
 ����
4.1.1 ����������������� �"!�#$�����

Advanced Compton % ¼ E9¸�� MeV � f+��� | A�d.¼ � �'& �,���)(+* S-,�.���� � fP��� * S-,0/1 ¸ �+� �)()* S2,0/ 1 ¸ �43 Å.Æ+57698 ¸'��:<;)=)> 6 MIP
¶ �)?A@ h�6CB fEDGFPf���� µ��IH��<JK*S-, @�� �.� � f���� * SL,I/ 1 ¸-��3 Å<M.`	6 ~ & ¸.�.� K)�ON ¹ � 6QP = ¶ �):O;+=+> . ��� K)�ON ;=+>'@2R �"S �=���"T ° TUHV@Ä» �OWCÇYX�H
�+(+* SL,'Z\[ �9È @"É4N Ê 01f b N 3 Å�ÆO5 .^] ° ¸K_ fKD` fCB�¼ y"8 /P���Y& � � . 3 Z �ba����.� K��ON ;+=+> ¶L8 ¸EcEd)e<* S-, 3 ÅOM.`)f / B J F @ °.° �� F ��� � f+��� * S2,�. T/�\3 $ ¸ / &�¸��

gihAjlk

mon mopmon

qsrut h mwv γqsr h mwv γ

x giy{zµ

|~}{���{��������� m

��� ������������������}
�

4.1: MeV �I� ���I�Y��dU�)� �
� � Z �)��� /V�E�A& � micro TPC ¼ �)()*I� ,�. T6����:+*I�2���A��Ê�� N �¡ K�¢*I� ,k¼U£)¤I¥�b¦ � *§� ,�.¨& �\©��~H Advanced Compton �4�.d (

�
4.1) ª~«<¬ �K�§OZ\[ �
� micro TPC ®L¯+° .HY±��<²�� µ-PIC 3,� ∼ 100µm . ² � 8 ².��:<;+=)>�ª´³¡±
�)²)H<@�µ:�<¶�·KH M+¸ ª~³�±E¹b*§� ,AZ\[

�
�4ºO¹
�¼» ] H-½<¾�ª´³ 1 *§� ,G. T��\3 8 ² ¥ J2¿\ÀVÁ�ª~Â0�8� .EÃLZ ·+�
�\�'�UÄÅ� N �" 2�l*§� ,3
�VcEd+e+*§� ,I/LÆ\Ç+ÈYÉOÊ+ËKÌAÍON ;+=+>I®-Î Z¼Ï"Ð @KÑVcKd)eÒ©§Ó Ã¢Ô+Õ'Z\[�Ð ¹OÖ2ÑK×+(+*A� , ªØÅÙ M)¸ ªb¶�·0Ú Z ·~Ñ)ÛAÜ\® [\ÐYÃ ® Ã¨ÝYÈ§Ð ® Z Ñ £)¤I¥ �L¦KÞ�ªUß)ÁYà�Úâá§ã ÐYä4. @ Z · Ð2åä ® micro TPC .^æ :O*A�L�I�'�´ÄÒ� N �0 L�l*'� , ª~ç4²�¹ Advanced Compton ����dV/ ©AÓsÑ sub
MeV è MeV ® Ê\ËEÌ0Í<N2é�ê0/+ë ²)ì COMPTEL ® 10 í�®-î\ï�ª'ð¨ñ &¼å W�ò<Ñ\ó<ô0®2×\(�ªbá§ãÒµÈ§ÐLõ Ñ\óVô 6iö óOô�÷\øOù / © ÐOúY�ON�û �Vü ÃUý > Z4[ ÓsÑ ≥ 10MeV /'Ã î�ï�ªU³ 1 äY. @ Z · Ð2å
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4.1.2 �����
«+¬�Ñ 10cm×10cm×8cm ® micro TPC . 10cm×10cm×1 ú �bÄY® Anger � NaI(Tl) �A�bÄ�� N �¡ � *I� ,�. ª��AÜ��
	��OÑ MeV ¥ �b¦KÞ �4��d ®� Ý�� . TUì��� <Z4[�Ð (

�
4.2) å micro TPC ® F `¥�N 3 £�¤I¥ �L¦EÞ)*I� ,IZ4[\Ð NaI(Tl) �A�bÄ�� N �� K� *I� ,AZ�� ãKÑ��4òI®-*I� ,"/���� @ [ ±V¹. ·K®VÜ�� N�� ª���·��! §© Ù / T´ì)² Ð (

�
4.3) å ºO¹-ÑE*§� , ®�"$Ó / veto counter #%$0®�� N¼Ì'& 3W�(�)\:GT~ì�²�H+² å

�
4.2: MeV ¥ �L¦¼Þ �Y��d  Ý��

�
4.3: MeV ¥ �L¦¼Þ �Y��d ® DAQ
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4.1.3 � ���������	�§��
���
MeV ¥ �U¦-Þ �\�.d  Ý�� çA®+�Y�~ÄÒ� N �I L�l*A� ,�. T´ì2Ñ � 4.4 ®'© Ù H 10cm×10cm×1 ú �~Ä® monolithic NaI(Tl) �'�~ÄÅ� N �" -�¢*§� ,§/ 3/4 ú �~Ä��)óVô<¿<í�� (PMT) ª 5× 5 /��4Ç ¹ Anger� ���.d ª���çÒT~ì<² ÐLå 5×5 °I® PMT ®<���§ª���� / AD � �GT Ñ"!4ì$#�T � 	�� Ð�ä4.¨Z+Ê+Ë¼ÌAÍVNªUÂ�Ñ PMT ®+�%�A®"&�' æ :�ª ¥ �L¦KÞ0®�(*) æ : . TUìKÂ Ð2å
137Cs ª�+-, 2mm ® B ` �VN � ª/. T´ì-0*)�T Ñ 1cm a 1-132 T¨ì)²ÅÚ . � 4.5 ®'© Ù H"&4'<;*5'@¼Âµ È§Ð¼å �§�-Ä�� N �� K�¨*0� , ®"6"®KòI3$� 5 ;45§@-7  \¹)Ö�&�' 2 µ æ :�ª"8AÖ Ð'äY. @ Z ·KH�Ú¨HÐ @KÑ  '§® −3 è 3cm ®:9 Ø Z 3�&4' . æ : .b/ 1:1 ÷ ;Y@ 1 Ú å ºV¹-Ñ � 4.5

2 µ æ :O;+=+>I3 FWHMZ 6.7mm . Â µ È§Ð2åä ® Anger � �Y�.dO/ ©§ÓâÂ µ È ¹ 137Cs ®OJ=<�> F Ì ª � 4.6 / Ñ Ê�ËEÌ§Í<N ;)=+>I® Ê+ËEÌ§Í<N�?@4A ª � 4.7 /�B'&¼å � 4.7  ®�C�Þ03 fitting / ©IÓ Â µ È ¹ Ã ® Z Ñ
FWHM [ % ] = 3.3 × 102 (Eγ [keV])−0.52 (4.1)

.ED � Ð2å

�
4.4: Anger � NaI(Tl) �0�LÄ � N �� K�´*0� ,

[48]
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4.2 µ-PIC

Advaced Compton Imaging ®-*I� ,0/Oë ²+ìEÑ�� . H Ð ®)3����4óOô0®-×)(�ª�� È��
	���0/ á§ã¡µÈAÐ 2 . ² Ù Î Z�[)Ð-å óVôI3�� 5 @�� S Ú^ó��"ª´³�±-ì+² Ð ¹<Ö / Ñ��=& £+¤I/ ©V±-ìEò��)®����"ª��'²@�� ZY[\ÐKå! ±¼ìOÑ\ó<ô0®"���Yò��'ª �#0/ Â Ð+/ 3¼Ñ 8 ² æ :�;)=�>�ªb³¡±E¹2×�()*0� , @�$�R / HÐ2å�ä ®A© Ù H2×)()*I� ,�. TUì micro TPC ª �E� T´ì ë ÓsÑ � ®-¯)° . H'±¼ì)² Ð ®O@ µ-PIC Z4[\Ð2å
4.2.1 µ-PIC (Micro Pixel Chember) [46]

�
4.8: uPIC ®-½+¾

1999 % 2 µ �E� @"&§Ö"µ È ¹ µ-PIC 3-ÑV» ] ó�'+½+¾�ª´³�±E¹ Micro Pattern Gas Chamber ®)(+* Z[ Ó Ñ � 4.8 ®'© Ù /LÆ�,�-!. �"ª0/�( Ó / T~ì�1!243 �4Ç ¹'© Ù65 ½<¾�ª~³"±E¹ ¥�7"8 ��9�:#; Ð-å ¯�<=!>@? ú4A & Ñ\ó!' = Cu 3 Ni ª ��B"C�D ¹ Ã ®�3 5 ±2ì�² Ð2å�EGF >"H Ì = 400µm I!J#: �LK : ë ÓsÑMON�P &�QU�LR P & = +�SOT Ð ò���3 strip Q 5 ±2ì�² Ð-å"äbÈ 3Y©IÓ Ñ�U§² æ
V�W�X�Y :[Z]\#^�_IÜ)� D` ý�Y :#; Ð-å ºO¹ F >"H Ì �§®¼ó�'+½<¾L3 D ¹ äOQ :KÑ Micro Strip Gas Chamber(MSGC) :�a"bL3 5 ±ì\²\¹�cYóL3A© Ð ó!'4C
d =�e · 5 Ú 5 Ó Ñ µ-PIC f
g�:�UI² ¥�7 ¿4À+Á�ªih�j
I Ô
k 3-Â ÐYä�Q ` :I·Ð-å�l µ�3-Ñ avalanche
` e · Ð ® = M#N�P & ®�m§Úon
pI®OÜ!:#; Ð ®�:KÑ ∼ 107count/(sec q mm2) Q ² Ù© Ù65 ¶�rOï (=)L3-÷ D ì Ã r4² å�s ¾L3�t D ì Ã Ñ µ-PIC

=
uv? �vw ¯�<I®�x�y�: Ý µ È ì)² Ð ¹<Ö2Ñ ÔÕ 32¶�· 5 Ã ®\ª Ý Ó ##T)² Q ² Ù{z�| ` ;�ÓsÑV«+¬ = 10cm×10cm Q ² Ù Ã ® `"} 1  :O; Ð (
�

4.9) å

�
4.9: 10cm ~ uPIC Q�8 ���0®��)»��#�!� [47]
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16cm

16cm

�
4.10: ASD

u ? M � u � P & [49]

�
4.11: Ê ��� P���P

16ch sum AMP

16ch sum AMP

Discri.PreAMP Xposition
Xwidth	

Yposition
Ywidth	

Clock-
counter

Event- 
number	 	

Position 
encoding 
module

Memory
module

Digital
256ch

Digital 
256ch

Analog
256ch

Analog

Analog
256ch

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

�
4.12: µ-PIC � P ���	� � 7	
�� [50]

ºK¹LÑ µ-PIC ®�_'Ü+� D����Ã�� 3 �-� lUÈ ì+² ÐLå uv? M � u 3 = Ñ CERN LHC ATLAS ���A® Thin
Gap Chamber çL3 �V�[l-È ¹�j k
. 16nsec ® ASD(Amplifier Shaper Discriminator) chip [44] ª�^�3¼Ñ
j k�. 80nsec ® ASD

` �E� [45] lLÈ Ñ � 4.10 ®A© Ù�5 ¯��43���� D ìEç'²Oì�² Ð2å0ä ® uv? M � u � P
& 2 µ =#u ? M � u ®)���A® M���� ü �
� Q ON/OFF ®�� û
�-Ì�� � ®��Yò"ª���j�3�� Ó´��� Ð¼å � û
�LÌ ��� = Ê ��� P���P (

�
4.11) � Q � µ È Ñ FPGA 3A©IÓ"!�#43"� � lLÈ j�I���� Q�QEÃ 3 VME $0®

memory board � Q%� µ ÈIÐ¼åYÊ �&� P'�!P = Ñ ()(�: 1024ch ®$( � ` ý�Y :�;ÅÓ Ñ 50MHz ® clock :
pipeline ò�*I®�U�+-,�.¡ª0/ Ù å�ä ® � 4.12 ®)� 7	
	� 3A©IÓ Ñ µ-PIC ®21 B w æ
V ��� ` Â�µ È§Ð2å
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4.2.2 µ-PIC ��������	��
�
µ-PIC

= Æ�,�-�. �I®'© Ù 3 ¥�7 ¿4À�3A©V±-ì � � ª~Â Ði8 ��9�:O; Ð-å� ±2ì ¥�7 ¿4ÀOÁ ` �b®ÒÚVµ²¼Â µ È§Ð 2 Q ² Ù ® = Ñ 8 ��90® A Y ª B T�&�� 5 ñ . :�; Ð2å µ-PIC ª��IÖ\¹-»�'ó!')½�¾¡ªU³�� ¥
7�8 ��9 = Ñ MON�P & - � R P & IY®���� ` .�� µm Q���� 3�nI²\¹OÖ¼Ñ�cYó ` a�bv3 5 Ð2å z 3 ¥�7 Q ó' Q��� �!)Q ` � º\±¼ì�² Ð#"$ ( %*&�Î )

` Ñ�cYó0ª e äOD ##T\² Q�& ã¡µ È ì ë Ó Ñ'¦ ú > ��' � P)(
8 ��9§® " ��ÑK½<¾	$ ä ®Y© Ù65 %=&+Î =+* 	 µ È 5 ² [47] å ©V±-ìKÑ,.-0/O3V¦ ú > �+' � P�( 8 ��9 =c4ó�3A©AÓ ¥�7 ¿\À<Á�ª�132 lLÈ Ñ!f�g�: = ;�º�Ó ¶"· 5 ¿4ÀOÁ ` Â�µ È 5 ² å�, ã É Ñ MSGC : = 1000ÚOµ~² ` 2�4�:O;Y±V¹ å
D 2 D Ñ µ-PIC

= Ñ5 4.13 ®'© Ù 3 “ f�g�: ”∼ 2× 104 Q ² Ù ¥!7 ¿\À<Á�ª76)ù D ì)² Ð2åIä~È = ¦ ú
> �+' � P)( 8 ��9 Q�D ì = Ñ ��� 32¶�·2² å º<¹LÑ Ô�k A Q ² Ù98 3:��²+ì Ã Ñ ¥�7 ¿4ÀOÁ�ª 6000 ;�ï
3+<"±K¹�º+º>= 1000 j�I�?&$ Ã ®#@�A Ô�k 1 Ý ` �<« lbÈ ì)² Ð2åIä ®'© Ù 3 µ-PIC

= Ñ Ô�k 2 ��UA² ¥
7 ¿4À<Á ` Â µ È§Ði8 ��9�:O; Ð2å
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5 4.13:
MON�P & 3�BC D ¹ HV 3-÷�T ÐO¥�7 ¿4À<Á

D	EF
10cm×10cm ® 8 ¸ ª 400µm I�J�: F >�H Ì ªHG V D ìO² Ð ¹VÖUÑ F >iH Ì�. = 256×256 = 65536pixels

3 Ã 5 Ð2å)IVÈ�JKÈ ® F >�H Ì ` Æ�,O-�. �0®A© Ù 3 ¥�7 ¿4À�ª ë0ä T ` Ñ�UYóK = !§ì4® F >�H Ì 3ML
.43 � ã<ì)² Ð ¹<Ö2Ñ F >�H Ì ®+NOI®#PQA² 5 � ` ; Ð�Q~¥!7 ¿\ÀOÁ = "R$ 3Y©§ÓTS 5 ±-ì D ºE²¼ÑV¶ 8¸ :O; ÐYäOQ ª-ø 2 D · È 5 Ú 5 ±¼ì D º Ù å

µ-PIC 3:�\²+ìEÑ I ®�,:U A ª�V Ç ¹�W�X ` 5 4.14 :O; Ð2å�äbÈ 2 µ Ñ 8ZY 94! 8 : RMS : ±7% Q² Ù ��� 3[,:U 5�\ 7 ¿4À<Á ` Â µ È ì�² ÐYä�Q ` X�Ð2å
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4.2.3 X � 
��������� � µ-PIC

µ-PIC 3��§Ö�] \ 7 ' B
	 P û�� �$Ó� 	)Ð4äOQ :KÑ�U�� æ�V�W�X�Y : X Þ ú�� P û ( ü ` :��´Ñ 7 <
> w Ì�� ��j�3�� ÐYä�Q ]!:�� Ð X Þ 8ZY 9 Q�D ì 1 Ý l � ÐYä�Q ` :�� Ð-å5 4.15 3 55Fe � 0�) D�� Q �	] 8�Y 9�! 8 2������ È���7 < > w Ì���B T å! 3 �#"AÇ���$ Ù 3 "
$ 3 $VÐ&%('�) ]+*�� = � l � � ÖKÑ 8ZY 94! 8 2,� 7 < > w Ì-� � ì �2Ê4ËEÌIÍ P W�X�Y = 5.89keV :
30%(FWHM) Q 5/. ì�� Ð2å0 � Ñ X Þ û�1VË�2 P �!� ç3�+ì �4� È/� X Þ!5!6 ú/� P û�� 5 4.16 3 B T å u ��P�7 ] X Þ�586 ú� P û : = Ñ u �!P�7:9 �^]�; Ë #=6+ô^]�<!= ` =(. �0Ó Q#> ì � ÈAÐ2å ó�'�I0]�I!J = 400µm :O; Ð ]:EÑ æ
V�W�X�Y ]�?!@8A = 400µm√

12
' 115µm Q 5�B `DC ä ] 
�7 wFE�G P w�]�6^]i� W 2,� CIH V�W�X�Y =

120µm Q ?!@(Av3�n-�JA ` ���
K�L � B�M 0 � C 2.0 N /1mm ] 7 ? B w ` W �L:-� L � B/O Q ` 8P :� B�M
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5 4.15: 55Fe ] 7 <�> wFQ ( 8ZY 94! 8 q Ar)[51]
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5 4.16: X R ú/� P û (
\ 7TS Xe 1mm U V S 
�7 w�E�G P w W S u ��P�7 )[51]
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4.3 micro TPC

4.3.1 “micro TPC” ����� �����
�
	��� ` \ 7
�(�������4	 B Q C I ]����L3�� . L 	� ` 	:� l K B�M�O ]�	��� ��� � 2 5 	 "��2 	 , k ]�+
!�: 8ZY 9�� Q#" 1 l%$ B Q C 	& ` 8^Y 9v3('&)�T B j(* = C 	R� l K � H V,+ � 8^Y 90 :�]#��L3�-/. L&0�K�L/1 B+M%2 . L43�5 3 w ? \ P%6 8�Y 9 �87:9 C w ?H\ P + � ��;�3=<
> ` � � KB 0 :0]�j#I �@?�k T B Q C 	R� l K � H VA+ � 8ZY 9 0 :3][��� �@? B3O Q ` :-� C Z�\�^&B�C ` �4�K B
Multiple Wire Proportional Counter (MWPC) � MSGC

5�D ��8ZY 9 Q�D L 6 � K,E C�F 	���^]G \#^���� ��?�k :�� B/O Q 3 5(B�M�O ] $,H 5�I 7	
	��� Time Projection Chamber (TPC) QKJ
L M

5 4.17: micro TPC ]�M�N 5

µ-PIC
= Z \�^�B(C � � B�O Q ]�:/� B[\ 7�80Y 9#:�; B ]�: C TPC Q�D L=O 6 T B8O Q ` :/� C µ-PIC� 6 � B TPC � micro TPC Q�J�K :�� B ( 5 4.17)

M
MeV

\ (�P R^� �
Q 3&R�� L = C NaI(Tl)
I ( E2 P I�S ( 8)Y 9 � w ? \ P Q�D L C O ] micro TPC �@T&U 	�Z]���� Q8V W Q:X P �ZY �Z[ B 8)Y 9 Q

D L 6 � L � B�M

5 4.18: micro TPC ] drift cage
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4.3.2 ���������	��
�����	�����(�����������! #"$
F 	���_^ $ B 	&%�' \&( � ^*) . � 	��+-,&.0/21 ^ �
� +�3 	54 �4+ 9 B�6 C87&9�:<; ! v '�=*>?A@CB B+M ,&.D/ : =!> ?A@ ; ! v+ E C 	&4GF�! E

6IHJ( :LKNM
P ^ $:� C v+ = µ+

E
P

6PORQ K B�M�OO ' C�S�TJ9�U µ+ E�"�V ! (mobility)
6 $ EIK C H5( ^ $:�CW 0 B 9�U 'GX B�M7JY�C 	� : =*> ?Z@ ^![8� L E ,5.0/ : $,H ^ 759\: "8V !�] 3 1 C*^8_ 'GX B+M 	!4 E

:�` 6 C 	
 : =!> ?Z@ ; ! v− E HJ(*a  6 :cb8d�e�f�g�h�h&i0j τ 68k L

v− =
eE

me
τ (4.2)

6lORQ K B+MNm
4.20 ^�	&4 E ^L1 B B 	� : =*> ?A@ ; ! :cnpoDjrq B MO!O ' C τ E E

P ^cs�t B B : ' C8u�v 68k L v−
`

E
P ^cs�t B B/O�6 ^ 3 B�M�wJx C m 4.20 ^ q Q KB�y H ^Lz|{ . E

P ^�Rp} L ` HJ( :c~�� �&��� S ^ y � v− E��	� 1 npo B��L�
�������p�
g * t = 0 ^�Rp}8�!�p�:^��8� B|� 	� E z HJ(*a  6 :c�����N� ^ y �C� � B|�L� g * t +��p� x ^

Rp}8�5� dx � ^ct�� B|�c�  U dN Ec� �  U0j N
68k �!z

dN =
N√
4πDt

exp

(

− x2

4Dt

)

dx (4.3)

6lORQ<� �c�	��� '!z D E<� ���8U 6 B|�L�� �	y � z 1 �N� � �0:<�p�p �¡ E σx =
√

2Dt z 2 �N�G' E σxy = 2
√
Dt
6 3 �L� � �p��U D E z H( :<~�� �&¢8£ ^<s�t B�� ]*z �5¤ : 4 ��E � 4:^ ` s�t B��L� m 4.21 ^ 1cm =*> ?A@ Q $ x�6 � : �5¤: � � (σxy)

j¥q B��
TPC ^�R8}&�*z �!¤ : � � E<¦|§<¨ : �8� a8©8ª j W 9 B��r« 6 3¬ z � � ]*® Q }L¯5°�±8��� a8©8ªE!²�³23 �c�
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4.3.3 � ����
������ �����
micro TPC

j 6 }8�!z 20MHz '
	�� ¸ = 6����¸ = :���� @ �p� j µ-PIC
: V /�� ¸
�5¸ '�� � 6 z
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4.23: micro TPC '��%$ ��x �&¤ (662keV

H / P) : T�U �&¤ )
: ! #

� :
micro TPC

:�*(+-, 3�. ª j�/10 ) µ
��¤ j 6 }&� ? 9 kcx � micro TPC

:�2�3 ^14 Q (65 �87I / 5¶I¸
9 j � � z�: : { g�j @ > HN¸D68k � micro TPC
j V1; Q $ x (

m
4.24)

� wJx z � : 6 � :
µ-PIC

: HJ(8< �(=�] ∼ 4000
6 3 � y H z�	�� ¸ =#^�> ? B|� � � KDj�@ A k<x �

m
4.24:

/B0 )
µ ? 9
CD� @ 	 � 4

O
4.1: tracking efficiency

#count #count/#trigger
trigger 51721
Nhit ≥ 1 25760 49.8%
Nhit ≥ 3 10488 20.3%
Nhit ≥ 5 3458 6.69%
Nhit ≥ 10 178 0.344%
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tracking efficiency/ 0 )
µ
�8¤ E z�� a V�W�� X ¸ ] � } : ' Minimum Ionizing Particle (MIP)

6�� [ �p� 6 ]8' � �<�
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4.3.4 flash ADC �����
micro TPC ' E z���� �	� ¸ !�# j flash ADC (FADC)

j�
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4.3.5 �������
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 � : ' ¤ `�� . �p�	j7> �<B*� � z 7 �\/ 5��*¸·6Jk ��� 
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4.3.6 Bragg O*P
micro TPC
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Chapter 5

� � �
MeV � � � � � �

5.1 ‘ � 	 ’ 
�� ������������
5.1.1 �������! �"$#�%�&('*)kP+���! -,*.0/

MeV 132547638:9<;>=5?$@BA�RDC<EGF i W ^ XBH<I31325476<J �LK = Anger M38:9<;ON ��� J �LK =
micro TPC PRQTS i:U NDVXWONZY Anger MO8X9B;>PRQ<S\[X]5^ 5.1 Y �+� J �_K P`Q$S\[T]5^ 5.2 = {:a Pb WLc>dXeTfX] t | � =_gihDj$klFD[nmohqprVXW t N5P`stWLc

^ 5.1: H<I31325476<J �LK =:�<u
Scintillator NaI(Tl)v J �LK 3/4 w32yxRz single anode PMT

5 × 5 {r= array
volume 10cm×10cm×1 w32yx

fiducial volume 6cm×6cm×1 w32yx
position resolution 6.7mm (FWHM)
energy resolution 11.2% @ 662keV (FWHM)

FWHM [%] = 3.3× 102 (Eγ [keV])
−0.52

^ 5.2:
��� J �LK =:�<u

gas Ar 90% + C2H6 10%
(drift |T} 4.0cm/µsec)

gas gain ∼ 6000
clock 20MHz

volume 10cm×10cm×8cm
fiducial volume 7cm×7cm×7cm

3D position resolution 0.67mm (σ)
energy resolution 35.8% @ 31.0keV (FWHM)

FWHM [%] = 2.0× 102(Ke [keV])−0.51
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5.1.2 ��������"B� �! -,���	
�� P� � P���� s W������ ����� s W>1O254n6!hDJ �LK f����$WON�� Y � � U fT=�!�"r]yJ �_K =$#
�&%RP(' A [�) *�3SX=>f`Yt1r2_476!]�+�, v f.-�/tstWnc.0&132rP>[ �54 6 a b +�, v h87 6 a NqstWN Y(9�/B6�:ihqJ �_K � � ).*�"lFq[(;=<?>�@BA3C$W5c!FD�!F Y7J �_K � � !�"!hE;�<RN Y7J �_K P8- /:sW v F�G A(!�"r=.H�IrP$J�'�KlFD[�L b < bNM Y"��OrP.P�Q&A����SRn[*F U a cTVU f7Y.WBX:]5J �_K =RsZY\[�< P89�/<6 :ohE;]� Y�^<CBE�%�_B`>132y476 �.�3aBb N�c$2�dfeq2hg*hktSB[X132L476SAnpjiBfk�.`�l\6ihE7XY.9m/$6�: h�;tSm`�n0N5=�o�gihE^<C$E�%�_B`L6�:*=(p&;�N sOW UNqfRYOw:9.q&rt2.s<hE,]R.`7c.tGF Y 9&/<6�:0N Jku K =�!�"r]�v�wGN stWLc

Eγ
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~e
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x
5.1: [3Sn6�:*=Bw:9.q&rt2.s

N U.y fRYR?$@\A*=�zt2Dx|{Dq&z5}72 JSu K =�� ~�A��]%LS3`\VnY.���BJku K =�� M hE� a U N5]`fk�b S`c T�U f>Y�� a H<Iih��3V:W 6 a b�� ;rPrF$`7c U _ ]nY�c:2�d�eD2 H<I*]�� a H$I�A.��p*P��3S3`V>f3C<W_c U `LY�� a HBI3= a ALH<IO1O2y4n6r=.�����S� q.A�#��k< bNM YBz:2yxN{�q�z5}n2 J�u K PrN$R[X] �&���S� q�*��<ur=$g f�7!hnstW U N5P b W5c
%B�5PLY����<Jju K =��&~N� U `��]%nS`c U =�`BVnY 100keV �7= �&���j� q<=�� F P b WrN Y����<Ju Kk� fX](� U M ���h�XP��V� N�u\[(,�R_[ F U S7Y J��m� F = �����k�.q�A(��OtfS� b < b R_[ F U a c� a fRY G ) keV �$}3=��OS��&���k� q>fX]LY����<H<Ir=��� �A.#��j<¡���qY3� F =$J�� aBb =�¢�O�£$}

A�¤�< b WLc U _|�5= U NE��� YBd:et= 2 ¥ M =��&¦ a.§ hE,3S7Y T _S¨�_ P>QTS<[n?$@$A*=$©<u�ª3«ih,]R.`7c
• ¬ S® ¯3°�±�²�³�®3´Vµ$¶(·�¸V¹�³�º�µ�» : -�/31O25476O= �&���k� q E0 h�C���� 4 V$w�Rn[<S:WN>F Y J��3� F = �����S� qB]���OV¼��:P5Y�� F =�J�� aBb�½ H<I31O254n6r=��&���k�.q*NZH<I aVbhD��O3P 6 M 7 [RY.-�/O132y4763= �.�3aBb = ¾$^BC<EXstW_c U _:P 6 M J��3� F A(���\Jku K =8�
�oN�u\[�,]Rn[iF U RL[j�h^<C<E�A�¿>u3P b WLc

• À�ÁBÂ�Ã Ä�Å : J �3� F = �����k��qrNÆJ�� aBbÇ½ HBIO1t254n6r=������S�.q*NZHBI aVb h�� O$Y -
/t132y4763= �&���k��q ½È�.�&aBb =�É a h�^<CBE s:WLc U =8Ê�Ë<Y.���BJku KkÌ f�J��m� F A�� UW�>�@�AmCTW `BVnY�J �m� F = �&���k��q<=$�]%nSk�7=�A(Í�ÎBÏ:P8Í5Ð�_OWLcU `nY micro TPC =�Ñ.Ò�Ófe a�b A x 5.1 = 6 a P b W 6 aÕÔ ;�F$`Rc T =�ÖOf>Y�J��V� F =(�&�*]

micro TPC ���×7���_OWVØVÙ5eÚgih clock =8Û&ÜrP�Ý5ÞTW�ßtf�7j`Rc�%��yPLY�cX2�d�eD2hg3]�� F =����=�à�gt= Ì Y.á]� clock =8âtS(g NBF Y�� F =�J�� aVb ]5Y5cT2�dNeq2hg*h�ã�ä�å3V<= 3 g*h�c$2�d|eq2�g=�æ$Or]�,mç&�:P�l>6tf fitting FD[ T = aVb hE7j`7c� a Y��m�$J5u K N$zO2Lxf{8qmz5}72qJ5u K NL=$p3;Sè.é!P\QXS$[:]RY�J&�V� F =��m���5��q:h 6 M
#]�5<`N7W�`<VnY x 5.2 = 6 a P$���$Jju K N�zO25xf{Eq3z�}72 Jku K = �(ê h��|�BFD[ Ô ;�F�`Rc�%S�PLYO132_476r=LH<I aSb ~g =8ë&ìohEí=� s 6 a PnY����<J5u K N$zt2yxf{Eq3z�}72 Jku K =�!3"ih8#]�7VP*N�R.`7cU = MeV 1O2y4<8X9B;`P 6 R_[$7��î_V`\w�ï!2�eZ= � K*h x 5.3 P8ð:snc(J��3� F =8��� ½ ���(�S��qNZHBIt1O2y4n63=�ñ ò�g ½ �����S�.q.�]�ZYkc$2�d|e 2 HBIBA 6 <ó^�ô]%�_<[�õ M YR6�:r=8p�;]�îö�÷��î_[$S:WLc
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x
5.2: ���<Jku K N�z 2yx|{Eq&z�}72 Jku K =�p&;Vè�é ( Ö : 6�:�� 6 M e : � 6 M )
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° = 88.14kinα

°
 = 33.37φ

° = 54.77ψ
° = 13.09θ
°

 = -3.11φ∆
° = -21.81δ∆

 + 12.2
e K-3 10× 1.18≤ eL

° - 5limα ≥ geoα
 = 0.032

trackχ
°

| = 3.04kinα-geoα|

�
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� � �� � � � �
:

� � � � � � �
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:

� �� �  ! " # $ �� �� �

) cathode-drift:micro TPC

%

� �� �� &' 	 ( )*

FADC

" # $ �� �� +, - NaI:

. � /0 1 .32 � 45 6	 78 9: * ;< %� �� �� � �� 	 � � � - 3D view:3

=> ?@ 45 6	

A � * B �	 � � - top-down:

�� � � �C % � D � E - back-forward:

�� � � � � F % � D � E -
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5.2 ��� ������
	 ���������
�����������
5.2.1 ���
- /r1325476*= �&���k��q E0 hEw]Rn[$S:WrNBFD[RY�J��V� F =$J�� aBb ~e

½ H<I*1325476r=LH<I aBb
~g ND�&���k� q Eγ hE��O stWLc U =*N��qY�J��m� F = �&���k��q<]

Ke = E0 −Eγ (5.1)

N stWLcU = a�§ fX]5Y�� F = ������� qThE��OGF b S3`\VnY.J��m� F A(���<J�u K ��� �5��u\[!F U R�`*NBF[j�h^<C<EBA�¿>urP b WLc
5.2.2 !#"�$&%('1O254n6r=�^<CBErP*)lF Y`dXet= 6 a b #��j<ó*5�7[ 5 +-,X=B8kÙje hE, a U Nqf7Y/.10XstW`w.ïi2�eh32 M u>sLc
fiducial volume

z:2qxN{�q�zj}L2 JSu K = fiducial volume ]_YVz 2qx�{�q�zj}L2 v =8� ê *54VAn6BM�©!h76�R_[BSXW389 N\F�` ( ^ 5.1) c � a Y����BJ�u K PRQTS\[T]3d5Ò7:t2�d<;mqZÑ = G A>=1? Fq[$S�`�`BV<P_Y µ-PIC =5J
u$n3= aA@ 7.7cm×7.7cm =AB�*BA7J�uCB�N b R�`LcoFE�!F Y U _ 6 M � �OfED U _V`$J �m� F ]�^BC<E3P]_jS÷ b S&`BVnY �*F = 7cm×7cm×7cm hHG��18 9 NBF ( ^ 5.2) Y ���r=CI 1 gBA U<J � P�CTWV� J h3G� b w.ïLK�e_NBF�`7c
effective event

J �m� F J J�� aVb h�öS÷XW\PB]LY � F J ���!h 2 gBd Ötf>M�%$÷:WE>�@BAmC<WLc�WBXRY�J�� aBb hCNVTW J PLY.åOV J 3 g*h8lPOtf fitting Qq[PN:V�`7c 6 R5[7Y micro TPC P 6 W�� F J � � J hit
G
Nhit PQTSB[

Nhit ≥ 3 (5.2)

NDS aSR5T hHUVQ�`7cU `LY Eγ ,Ke P`QTSB[RY TWJCX-Y ���
Eγ > 0 Ke > 0 (5.3)

A�@ZN�%8_tWLc
reconstructable event

fiducial volume N Nhit [ ÙSe hh¥5R(`\w�ï\K�e PRQBS\[(^/]5^*h�, a c_Q��`Q Eγ ,Ke

J g_a 6 Ry[T]_Y
(3.3) b (3.5) aCc_d cosφ b cosα hAe/f3stW_g Y cosφ < −1, cosα < −1 g b Rn[LQ>h a c U<J 6 a b wïLK�e ]Ci1jlk φ b ~e g ~g J "1k α a X-Y AnmN<&m�R*oLQ>h\p�`5q>r ‘ ^1]1^tsj�<m5d$w.ïLK�e ’ g5Q3o<2Mvu d3`<w 6 R>oEr Eγ g Ke a

∣

∣

∣

∣

∣

(

1 − mec
2

Eγ

)

√

Ke

Ke + 2mec2

∣

∣

∣

∣

∣

≤ 1 (5.4)

g3dxp R5TLy Uts>w
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event selection

^5]1^tsS��`>w.ï`K�e J p @ r.�����Su��-sScZK�dfeHK iWj ½ ztK��|{�q&z�}>K��Su��ts��&� ñ ò y
	U QHo5d��m� J y Í��uB%*m�< o��Wmj�HmWdEw*c5RAo<r<./0]%�_�����ï`K�e¡A(á �����k`��xg��&ç�_��
���J 6 p3m RWT sErkC��������.ï`K�e y Í&Î����*w
• � a 6 M �.� : Advanced Compton Imaging s��*r! �"BÏta$# J�aBb ���&%_K('<O�A � o5�h^l]1^
�$¿*)-smC��*w�t Qvr�WBX J [ d>O�: J ��+.q�rtK�s J Ê�Ë1r T5J�a�§�, � r���+�q�r y 7-�A) a(.
÷��En y ¥��HmWd>r��Su(� J0/jy � ( ztK��N{�q�zj}*K1��u(� � )

, �12�3(Q8`�4 pHa055]5^76
8��m�J � u:9�; gAa Q(<<w
• åtq J 3 g fit

J0=�>
: �*? J�@ ��A b �*r�å_q J 3 g y lWOts fitting ��� ; gAa�4CBEDtold��GFEr; J

fit
, �HDZ�18�<JIPO(gÕà!K(g J0L!M_J0N*O!P FJQ 5.2

J0P 4�B0RTS-UCd�R J �0V*W5i5j�F�XtdWod��_g5Q3o u d�<<w
Y q J 3 K J(=�> J(N�O!P ≤ 0.67mm (5.5)

• α ≥ αlim : % K('<O J ilj�A�Z ~g gT[\? J�@�] A�Z ~e g JJM k α a*^nd1oEr�_�`�%_K�'<O J\a�bGcd�e ,gf
(3.6) s�h�i f 8��&j�k P F�l�m����<wn4\o>o>r α F�j�k P 4�B�R
p > k76>dCR J �*r5.10

6
8���4-pHm��GqLK-r s��Wm5d , r\[*? J�@\] A�Z y
s\t a0ug6�i f 8lold5m5d , rns�v��_g���w!8
��<5q>r ; J 4-p3m��GqLKnrx� [$y rE���*w

αgeo ≥ αlim − 5◦ (5.6)

• [G? J�@�] k ≤ 90◦ : zZKG{|r3K inj a*}nd5oEr�[*? J�@�] k ψ � ψ ≤ 90◦ s�v��*wn4\o>oEr!51]^ a�4�BED f 8�<�_!`�%_K0'<O J0~�� A�Z ~s g�[*? J�@!] A�Z ~e a�^nd5o<r
~s · ~e ≥ 0 (5.7)

g7dxp R5Txy UVQ(<<w
‘α’ cut

event selection hEs J [�y r y�� p5gSr αgeo − αkin

J(> 4���� 5.4
J 4-p3a5m��*w�zZKJ{:r3Kvi1j-s�v

8��*r αgeo = αkin g m�� ; g�F<.l0ts�U\�*w�� 5.4 s��*r αgeo − αkin = 0
y���� a�� e�� a1m�o>old��*wc-oAo<r ; J � e�� J B > y 2�B���� ; g7s<r�znK�{�rHK i5j y&�*� a0��i�<\�Gq`K$r y�� B������Cw ; 8

4�B r
|αgeo − αkin| ≤ 5◦ (5.8)

gHdLp [�y r y�� p wZh*<CrC� y r�K J0�n�0�J� dEb����
��r�A�Z J0���\>\� ) J0� 6<mC# a�4�B�[G? J(@] A�Z�FJ��iJ��8lo5d1mWd���q`K$r �Cr ; J ‘α’ cut g event selection
J
α j\k P [�y rSa�4�B¢¡(g£� ; g

F1s�U*�*w
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5.2.3 ��������	�
h�
CrJD f 8�<\�Gq�$r b�� y r s��$���Jq��-rEF�������z���{ r�� iWj-s�v�� ;�� yTt�� ����</q��Cr

%��&'��� "!�#�$ φ �G^&%(' ��)+* <<w�%,�0'��- ��(./ ��� y10�2 � * '�34�(./ ���65 z&��{ r1��K 5!�#�%��0'��/ �7�8�K- 3 K ,7f:9�;�<�= ��>�?����@!�#�$ φgeo

� 3-A,�@BDC e AFE��HG���I ,7f D f 8J !�#�%��&'��- a!b�c d*e ,7fLK�M&<	= � (3.3) ��4�B¢D f 8 J !�#�$ φkin

�  @NPO,Q � J � � 5.5  �4R ��S J�T
5(U�V�W�UG<(X�q��-rY��^	%�'�Z('CR[3 ;  φkin-φgeo N�O&�*}�%('\3�I��,W�]7608�< φkin = φgeo  �^_ ��`Fa�o�'	% J X�qb�nr�F�v�Bc3 t-d ��e	f	G���I-g�W�z���{:r@�h!	#FQ"i ; * <�X*qb�nrjQ
��i�'&%J�T a*<�3 α cut a�W	� y rHQ � R(�:k�l 6
8 J XGq��$r: �Z�� J ;�� F k�l 6&8 J F�3 φkin-φgeo N�O���}%�'&� y rY "m�?FQ�n J � 3 φkin ' φgeo  �o�p/ (Z	X�q��nrHF���Bq3/r�84s�t/ �o�p/ �X�qF�nrYu�� y r��4�BE¡ � 608&'	% J�T 4\o�'�3�� y rHF s * 9cv %�< �xw i f 8 J�T
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α cut y/���7o�< event

� 5.5:
a�bGc d\e d f D f 8�<�!�#�$ φkin

� 9�;&<&= S�!�#�$ φgeo  �NPO

���/z�{�|�}-~4�������q�
� y r��P �!�#��P�j�"�, ��\� � r c Q&� 5.6 �@3�� y rH� �  4X�q/��r��, ��(��Q�Q 5.3 �j]&� T fiducial

event  cut ��4�Bq3 Eγ ≥ E0

� S J event F�¡�@3�y�A\!�#g4�B�R a�b�c d�e FGkn6�%�X�q��$r�R�5�U�V
��3P
���� y r£6(8&'	% J�T 5�U�V,W�UG<	X�qF�nrYu selection cut

�
α cut ��4�B(6 f ��� y rT608�3�j� = �@� J XGq�-r: "!�#P���@���� a�b�c d*e ��� � r c u"3�G���I- "� � d f�� a J1� ?- @� _ W�3 N� W ���  (S�%��(� � r c � S�o�'	% J�T

� 5.6: � y r��- �!�#-�-�"���/ ���� � r c (137Cs)

Q 5.3: � y r�� �  �X�qF�-r��
cut #event
raw 1870561

fiducial 254445
effective 97717

reconstruct 46207
select 2157
final 734
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���������	��

137Cs Q��` *���� ��� f���� XGq��-r���3 α cut a�W& � '	 (� y rxQ d�� '�� ��� U�V�X�� e�� Q��

5.7 ��3 2 ^� 137Cs Q��������!` *�� �� �X�� e � Q�� 5.8 ��]P� T � �  ‘+’ u�! �  ���. ��� Q1]* '�% J"T � f"��� X#� e�� u�34�(.FQ � % �0����$�% ��� e�� Q\S * '!}'& 3 2 ^� ��(.�R!U � %&��(�)W�U�'	% J�* �,+ n	' � � J�Ta � 3.-�S J a�b�c d\e  "��.�G^	%('CR�X � e�� �./ * '�Z J � 3�� 5.9 0�� 5.10  �1 R S�X#� e��+ � f"��� T 22Na u 137Cs 2,W�u�S�% + ��. ��� Q
��i f"� '	% J�T�3�4 W\3 a�b�c d\e  �5�% 133Ba�G^	%�'&u�3 ��6 = �@�(./ 4 Z���7-o"'&u�% J R� � �3C� e��  ��� u�S-U98Y
 � '!}:&q3���.- ��� Q
��iJ� � '�%	S�% T;* � u�3�GC��I �� � �*^&%�'��=<?>�@-W�>&? * '	% J ��A 3!_�`/�-����� a�bGcd*e	+ 5B8HS J �G^ �	C\] [	D- a\b�c d*e	+ k;EF8hSG&�3 C\] 4 Z + ��i	�H8�8hS�o�'(% J ��A �:w i f� J�T
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� 5.7: 137Cs (662keV)

X [cm]
-15 -10 -5 0 5 10 15

Y
 [

cm
]

-15

-10

-5

0

5

10

15

(4.0, 4.25)

(−4.0, −4.25)

� 5.8: 137Cs×2
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� 5.9: 22Na (511keV)

X [cm]
-15 -10 -5 0 5 10 15

Y
 [

cm
]

-15

-10

-5

0

5

10

15

(4.0, −4.25)

� 5.10: 133Ba (356keV)
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ARM & SPD

Advanced Compton Imaging �G} � J XJq�Cr �� 1$��	( ��� u"3 ARM(Angular Resolution Measure)�
SPD(Scatter Plane Deviation)  2 $��PW�?��GE � J�T
ARM

� u�3��-�"���/ �!�#�$/ � ?����- * � W�vG&q3 � '� �z��G{:r1���#�����
	 ¤  ����� e��W�v J�T ARM u (3.7)
d f h�i f"� 3�� 5.11  1 R S�( ¥ ��S J�T;*  �( ¥  RMS u 14.7◦ W�v J�T a� 3 ARM  �( ¥  �� y rH�91 J �&�bQ�� 5.12 ��],� T � U	V-WCU � X*q �7rx� selection cut

5
α cut

�
event cut Q d#� '	%:8 * � W\3 ARM  �( ¥  
� + & +�� a�o�'	%:8 m�D + n	' � � J�T
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� 5.11: ARM  �( ¥ (137Cs)
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reconstruct

select

final

� 5.12: cut �/ ARM (137Cs)

3 4 3�z(�0{nrh��!\#�uGv J 1 ^� ����-Q�� J�T SPD
� u *  ����P � ?�����Q�� * 3 Advanced Compton

Imaging � ���  ����� e�� W�v J�T (3.8) � 1F&�h�i f � J SPD u�� 5.13  1 R S�( ¥ � S'&c3�( ¥  
RMS u 23.2◦

� S J"T � y r �/� SPD  ( ¥ Q�n J � � 5.14  �1 R �(S J�T � U�V�W�U ��� � W	u 0◦ �
� e�� u���^$R� � 360◦

��6 �
� + o�' * a�o�'	% J + 3P� y rY� 19& k�l E � J XGqF�nr� (Z�Q � &£�* '	%:8 * � W\3 0◦ Q �J� � � J � e�� + �-o�'	%:8 * �,+ � J�T
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� 5.13: SPD ( ¥ (137Cs)
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� 5.14: cut �/ SPD (137Cs)
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5.3
���������	��
���������������

5.3.1 ����  4�� � u�--S'&q3 C\] [�D/ a�bGc d\e Ke

5 C!] 4 Z ~e 3(!�#! �/ a�bGc d\e Eγ

5 !�# 4 Z ~sQ1>�?P� J�T;* � � 1F&q3�_!`��-�"���/ a�bGc d\e E0

�#"�$ 4 Z ~s Q (3.1)
5
(3.2)

d f � J�T� *&% W\3('*),+� �e	f	G���I/u�3/r� fiducial volume
+ kGE�% ��A�C�] [�D a�bGc d�e�+ SnU=8S J � 3�e&f�GC��I �t.- � [�D + ��' � o�' * a R T;*  91 R S�X*qb�nrHu�_�`/�-����� a�b�c d!eQ � & *0/ � * � ��S J  �W\3 C�] [�D + e�f	G���I-g(W(1-a�o�'�% J 1 R S	X�qb�nr[Q � &£�(�3254 +

v J�T&6 * 3,7�[&8�D/ �e�fbQ t !/�J��i f"� '�u�%	S�%09�3 C�] [�D + 1-a�o �  d3: U<; � �  d Q
micro TPC  �� y r>= d f u@?.A�W�U�S�% T�B o�'\3DC3EGF�/IH,J d f ?.A�� J 2,4 + v J�T�3�4 3 C!]
[�D/ a�b*c d!e�+ kGE�� � J � 3!V�W�!�#� 1 & C�] 4 Z�Q R a;8H��i f"� S�%� �W\3 * � �*^&%�'LKM,N � J 2,4 + v J�T

5.3.2 OQP�R#SUTV � = ��u �  43� � �=<@� y rhQ�� J�T * d * 3![�D- a�bGc d\e� % R H,J +XW i J ��A 3,r � �O�� J � y r +XW i J#* � ��S J�T
fiducial volume, effective event & reconstructable event
* � f �G^&%�'�u"3 C!] [	D/ a�bGc d*e >�?Q�� J * S�%	�4O3Y�S�% ��A 3���. a�bGc d\e Q 2 o'	% JIZ\[  ��) � �=<1W�v J�T

event selection
C\] [	D + e�f�G���I � W&1�a J * � + �*� � U�V/�G} � J 2,4�>�@ � S J ��A 3���./ a!bGc d\e Q2 o"'�% J<Z([  (� y r:�^]�i�3 C\] [	D- a�b�c d*e � M � JX_0` � C*] [�D + e�f(G���I d f ��' � o' * a�o � X�qF�nrhQ4� y rL� J >�@ + $ � ]�w J�T
• a 4 1F& "�$
•
Y A  3 = fit  @b�(

• α ≥ αlim

• [.D/ C!] $ ≤ 90◦

• 5 a�bGc d\e [�D/ �� y r :
C!] [�D/ a�bGc d\e�+ kHE�% � 3!V�W�!�#/ (X\cdK�SnU�% T 1\o�'\3

Ke ≥ 40[keV] (5.9)

� *�� T
•
: Ue; � [�D/ (� y r :

� U�V,W�U � X�qF�nr:��^&%�'\3 C!] [�D/ (micro TPC
� W�¡ � *�� )

a
bJc d*e� e�f/ ^fGE� 4OXYFQ\{\F y rL� J � 3�� 5.15  1 R ��S J�T * � 19&q3 dE

dX  �k;E�%�V�(� SnU�S�V�(/ 2 ^�v J�* � + ( d J�T dE
dX  (kHE�%�V�(/u MIP  dE

dX � % % ��A 3 C\] [	D/ ��^a!bGc d\e uJSnU 8 micro TPC
� W�uX1-a f S�% * �,+hg\i E � J�T 1\o�'�3

length [cm] ≤ 1.2× 10−3(Ke[keV])2.2 + 1 (5.10)

� % R >�@ ( � �  �!��'1F&@K#j,k �o�p ) Qml *�� T

‘α’ cut

selection cut a�W ¤ o � XJq��$r � M * 3(j�y�� a\bJc dGe Q 2 o"'�% JmZ([  �() � �@m�3 αgeo −αkin�@n.o�QJ^ � J�T
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� 5.15:
C!] [�D/ a�b�c d\e� e(f/ @f

E ( =��/u MIP  dE
dX Q1]P� )

� 5.16:
� U�VGE ��� �(� � r c (137Cs)

5.3.3 ������������q�
137Cs Q �\` * 3 � U�V-� 19& � f"�#� � y r��/ 0_\`-���"���/ 4�(� � r c Q�� 5.16 ��3P� y r�� � (XGq�-r �- @���Q�� 5.4 �"]�� T 137Cs

d f u 662keV  ����@��� + � J + 3 α cut a�W ¤ o � X�q��-r (�(� � r c �*}&%�'LK 662keV
$�% ��� e��.+ WCU�'&% J�T a � 3 500 � 600keV � d�� ' K\X�qb�nr +

l�m * '	% J + 3 * � u���. d f  ���"��� + GC��I��_ J a���z���{:r@�h!	# *�� K� ��� w � J�T abGc d\e ( ��� ��^&%�'�u�3 662keV �*}�%�' FWHM W ∼ 21%
� S�o � T

���������	��

137Cs Q �\` *���� ��� f?����� U�V-X � e�� Q�� 5.17 ��]P� T � '� �XGqF�-r W&u��(. ��� Q
��if"� '	%�S�% + 3�� 5.16  �� e��  ���(/ �Z � &£��� � ��. ��� + u�o�U & � ��i f"� '	% J�T �(� �

r c � *  �X#� e � d f 3 500 � 600keV  �X�qF�7rYu�3���. d f  ��/�"��� + G���I/��_ J a/��z��G{:r�H!�# *
a�b�c dGe 0 "3$ 4 Z�Q���i�' * a�o � K� �W�vH&q3 * ��f  (X�q�-r + � + o � X�� e�� Qm)B&
� * '	% J �xw i J#* �,+ W�U J�T

� 5.4: � y r�� �  �X�qF�nr��
cut #event
raw 1870561

fiducial 254445
effective 106216

reconstruction 89887
select 1063
final 375
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� 5.17: 137Cs  � U�V-X#� e��
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ARM & SPD

_\`-���"���/ a�b�c d*e Q 2 o�'	% J � U\ ��)  	� � �"m&3 �\� � U�V/ �  "$���( ��� Q������J�TX6 * 34G���I��(_ J a/��z&�G{�r1�H!�# * ' * a!o � K� �u��� hH(JFQ��$o�'	% J  4W�3 α cut a\W ¤
&q3	��^	��� � r c WC� e�� Q\S * '	% J X�qF�-rY��^&%�'� (Z�
	��� J�T

ARM  �( ¥ u*� 5.18  �1 R ��S�o�'	% J�T a/ 4(� ���� J � 3�( ¥  �J� + 0◦ ��S 8q3�( ¥ K!U� %�S�� e�� �(u�S�o�'	%	S(% T *  �( ¥  RMS u 16.7◦
� SG&q3\_!`,�-�@���/ a�b�c d*e Q 2 o�'	%J^Z\[  �&) � ��� '��-% ` ��S�o�'&% J�T36 * 3�� y rq�/� ARM  �( ¥ Q\n	'&%:8 � ( � 5.19) 3,� y

rY� 1F&�r( �( ¥ +�� a�o�'	%'8 m�D + n	' � � 3�� y r + � X,W�v J#* � Q1] * '	% J�T
ARM  �( ¥  ��� ` + 0◦

d f 
 � '	% J  	u�3 � U�VGE ��� X#� e�� ( � 5.17) �*}	%�'\3�X�qF�nr+ ��6 = ���B8 � + o�'�% J�* � +���� W�v J"T * d * 3 * ��f  (XGq��-r + 3 m/���$o�'�U ��� y � /��� �n�:S	 d 3���. d f  ��-�@���FQ � U�V * � � S d o � X�qF�nr�S	 d u�3a � ( d o�'	%	S�% T
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� 5.18: ARM (137Cs)
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� 5.19: � y r��/ ARM (137Cs)

3�4 3 SPD ��^&%('�uG� 5.20  1 R ��S�o�'�}'&c3	( ¥  RMS u 34.3◦
� S J�T ARM  �( ¥ � ���J � � e��  �G� ` u ∼ 0◦ W43	�5j M�� S�( ¥ W�v J�T SPD uG[�D C�] 4 Z +�� � ��X-%&' 8 J + 3

SPD  �( ¥ + M	� � % R * � u�e�f�G���I/ "e�f	�	f �� + 4 Z	��v&a;&"!!l * '	%	S�% * � Q1] * '	%J�T a � 3,� y r��/ SPD QJ� 5.21 ��]P� T;* � d f Kj3�� y r + � X/� v %�'	% J#* � + ( d J�T
SPD �G^�%('DK[3G_\`��-�1���- a�bJc d*e Q 2 o�'�% J ��� �#� '$��% ` �(S�o�'�% J"TF* � u^a- ��) � �#� 3 C\] [.D- a�b�c d*e  (k;E�%�XGq�$r + � y r y-�"�$o�':8 J ��A �:w i f?� J"T ��� � UV/��}	%('\3���%- �$���( ��� Q� J ��u"e�f(G���I,W�v J micro TPC  6'& Q*K�o � S-U 8:� J 2\4 +

v J�T
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� 5.20: SPD (137Cs)
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� 5.21: � y r �/ SPD (137Cs)
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5.4 Classical Compton vs. Advanced Compton
*�* a�W� � U�V�X#� e�� u����/� � U�V-� 1�o�' � � =/Q!{,F y r * '	% � T * d * 3 *�* a\W& �) � 1F& 1 X�qF�nrx� M � J ARM

5
SPD r ���.�  �$���( ��� + � f"� � T;* � f  ` u�3-XGqb�nr����� f"���0�  ��\b �Yw i J#* � + W�U J�T 1�o�'�3 4 Z�q � r c Q (ARM

4 Z , SPD
4 Z ) = (φ, δ) WGh

i�3 � U�V-� 1\o�' � f"���(� Q (φkin, 0)
� * '\3

P (φ, δ) =

{

exp
(

− (φ−φkin)2

2σ2
ARM

)

× exp
(

− δ2

2σ2
SPD

)

|φ− φkin| ≤ σARM and |δ| ≤ σSPD

0 |φ− φkin| > σARM or |δ| > σSPD

(5.11)

� % R 1 R S(W,Z�^�U� �� + &�Q � � �43 * � Q & (�� J�* � W�X�� e�� Q � J 3 � % R * � Q � o � T9* 4�� W�u�3 1 X�qF�-r + � 5.22  1 R S	��
/��S J�T
�P ��-�@���/ a!bGc d*e Q 2 o�'	% JIZ,[  �() � 1�o�' � f"�#� X#� e�� ( � 5.8) Q@3 *  4�� W� U� * '�Z J � � 5.23  �1 R ��S'&q3 *  G���*}	%�'LK 2 ^� ���. + (�)PW�U�'	% J#* �,+ ( d J�T
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� 5.22: W�Z\^CU�X�q��nr (1 X�qF�nr )
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137Cs×2

� 5.23: W,Z\^CU�X�qF�nrY��1 J X#� e��
3�4 3��/ 4�� d f SPD

4 Z	 hH,JFQ �no�' * a R 1 R S�3
P (φ) =

{

exp
(

− (φ−φkin)2

2σARM

)

|φ− φkin| ≤ σARM

0 |φ− φkin| > σARM

(5.12)

� % R 1 R S&WPZ���� J � 3 1 XJq�Cr���^�%�'�� 5.24  �1 R S event circle
+ � f � 3 Classical Compton� ��1 J ��) � �$%- ��,c��(S J�T � 5.23

� � <�� e � �G^	%�'�3 *  0W,Z*^�U event circle Q & ( *�� X
� e�� QJ� 5.25 ��]P� T 2 ^� ���.�u 3�� (�),W���'�u�% J K\ � �3 ��6 = �����/�
� + o ����� ��� �+ n�� � J�T9* � u�3�e�f(G���I � A��1B C���A/E��HG���I- ��� Q�
�� * '� �+*�� � % R 3�G���I- ���  �- 4"! +�� � W�v J�T * d * 3�� 5.23 W�u *  1 R S ��� �#� � + n$� � 
"3 Classical Compton

�
W� ��� �%� � Q�&�Z	0&�FE(Q�]P���\c � K('�) J�T a � 3 *�* W&u Advanced Compton

� W � U�VHE �� X#*�,+:�#-	%�' ��. *� 9�3 Classical Compton
� W&u 2 &/)�S(% α �#1 J �102+eK43254W * a�6"'�%J�T&B 6�'�3 � 0�7�/�� � �n�: �8:9-� 1�6�'�u�E��@��X#�"� �	+ �	��� J#* �,+0g\i E � J�T
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5.24: <�Z�-1� event circle (1 X=*F�>+ )
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5.25: <�Z�-?� event circle � 1 J X#�=� �
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5.26: X=*���+��-� 1 J X��"� �  � % (Ad-

vanced Compton
�

)
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5.27: X%*-�?+ �P��1 J X��%� �  � % (Clas-

sical Compton
�

)

a � 3 � U	VF�91=& � � � J X ��� �  �X�* � + ���91 J � %-Q ; 5.26
5 ;

5.27 ��],� T;* � 1=&c3
Advanced Compton

� W�u�3 100 X"*b� +IK � ��� 2 -P ���. Q�(�)�W�� J�* �+ ( d J�T;* � � M * 3
Classical Compton

� ��1 J X��=� � �./�W&u 600 X#*���+ � 6"'DK 2 -� @�(.FQ�� � ��(�)PW2�"'�% J �u�'�% + � % Ts��:1 &�39�;<��>0�+ C20	�4W�u Classical Compton
� 1 &hK Advanced Compton

�  �
 R,+ 3�u Jd �	�� �,%	X��=� �.+ � � � J � '�) J�T Classical Compton
� W&u	�	D��- "3$ 4�� Q�� � �(u � ?PW

�\S�%� �W�3 � ?/ �� 6�d �" ��/�"�4�/ ����������(�(�?7 +��/Q� J � ��u�3(2,
�X��"� � ��/ + 2\4��S 6�':8 J�T * d * S + � Classical Compton
� W� �X#�=� � �	/���u�3 ; 5.27 ��]GE � J 1 R ��3G1

& � 8�E%5	 �X=*��>+ � + 2\4 � E � J�T�� !�3 COMPTEL K�� J %�� 6 * d�� )>� � '�%	S(% T * � 1
&q3! -S�%�X=*F�>+��,WLK�X#�=� �	+ � � � J � % R =dK Advanced Compton

�  #"5=- 3 - � '�) J�T
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Chapter 6

� �

6.1 MeV � ����� ���	��
�������	�
* � a\W����\c d ��� Advanced Compton

��� 1���X=*��>+��������"�! �#"%$ + ! � �!& �(' � &)�
micro TPC * Anger + NaI(Tl) ,(�.-0/��1,�23�54(687�9;:(< [�=%> � '\),+ ' sub MeV � MeV ?%@��A �.B8 �C�D=�1EF�HGF*JILK27 + ��M#N(O1P�Q � ' �H�SR�*TO3UWV.X�Y!Z![]\^� MeV

A �_B3 (`�D%ae'\)+b� !%c 9#d�*.e���* � 6.1 �(fFg �]h �8Z
� 6.1: performance of prototype (137Cs 662keV):SPD �_i �(j,o!k#l�m3nLo��qpLrts � 9 5mm u^v ' �
)S��*]wqY�*#�H�ql

parameter i]x(j%yHk%l for known energy sources full resonctruction
ARM (RMS) ∼ 0.5◦ 14.7◦ 16.7◦

SPD (RMS) 10 ∼ 20◦(5mm) 23.2◦ 34.3◦

energy resolution (FWHM) — — 21%
final event/fiducial event — 0.37% 0.076%

z]{ A �qB! �� � � � ���S9;| 63}1~F��*��H�q�t��* �#�%� "%$ *q�b�3���.�3�%� � -t~%}��J� ARMm_�]i�j]y!k]l � m.��wJ}1~ h ~HZ^R;XSmq�S,F�;-W/J�%,b28��4^6q7�� � ��� �L�.�]� c����%� �#� c O!��!� � hq�%c�� ��w;}1~ h ~�RS* � f��8Z#�%s#� SPD
��� ~L}�m8�^`�0b� � f�����<%�%���q %¡��# h ~C�¢��£���#<!M¤�J6bwqY1Y]e � yHk1l�� 2 ¥1u�¦§* ARM ¨b�ª©�~3�%� ' m h ~�Z�«]�q¬%®*]w.}H�]¯%°j �q±£² Y#C�¢������q³��qN´��XFYLµ��S¶ �8·S¸ �_¹]º(OH»1¼ �8½ V�¾ h �¿�]4�68À%Á�9JÂ�*]w;}1~S�8ZdLY8��Ã � �.�%��sHÄ£9.Å#Æ ¸ ��*�� ARM

�
SPD � �8Ç �%� "]$ �!stO3©�~q�%� �]hS² }%~S�8Z SPD�H� ~L}tmq� Ç �]� "]$ �L`^È��ÊÉ �_± ��C3¢Ë�Ë�ª�qpLrtn�o��LÌ]Í!Î(ÏL�HO!�LÐS� A �;B3 ��LÌ%Í3Î^ÏL�9J| ² }1~��^*3�!�_�]� � Å1Ñ1} ½ V8~ ( Ò 6.1) Y#e8�!�]Ó#�%���_À]�Ë9.Ô(Õ3Ö ¸ ¾¿�Ln�o��qp#r1sS×LO3ØÙ � ¾%¾ hF² }1~S�LY]eË*�Ú = XF�8Z%�%s ARM �_©tÛ ��� ~]}�m8� micro TPC �#Ì1ÍHÎ�Ï#�_�%� c�h �OHÜ Ù �5X(�HOH�]Ý��b*�R�Þ.ibß#mq�(à ² }1~ h ~�Z
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Ò 6.1: p]r�nLo��LILK�á0�âÎ (known energy source �qã%º ��� ~]}tm E0 −Eγ �q�%ä )
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6.2 �������
6.2.1 �	��
�����
µ-PIC & micro TPC����� ��� ~L}1~�� micro TPC ����� ' m8�Lp#r�n�o(O fiducial volume àW�;6L}�� ² }�w3d�gH�3�LO�^~1Y]e3�Lp]rtnLo��#Ì%ÍHÎ�ÏL��9TØ Ù�� Xt}%~ h ~1C�¢Ë��� O!� ¾ �%\§w;}%~S�qZbR;X�9;��! ¸ � � m8�
micro TPC �����b«#�(�3��9#"b��¾ ¸ �%$�&FO('1�8Z![%\%�tÒ 6.2 �(f�g h 30cm×30cm � µ-PIC 9 �)�* ' 't�8Z�R!� 30cm + µ-PIC

� f�� �#[%\�� �1� �%� c 9%, ² Ytd%d fiducial volume 9%-�.Sj � "Ë��¾¸ �SRF*JO &#c ' 'W�¿�Wf��/"£� h Ì1ÍHÎ�Ï#�t�8p]rSnLo�9 fiducal volume v '�0 V Ù � X^�(RS*JO21�3' �L�8Z

Ò 6.2:
��4 j ��5 � V_XFY 30cm + µ-PIC

�]s#�#Ý76t�q�%� �98 ~]}!�1nLo��qp]r�s�×1m micro TPC �;:�e1� 3 <Ë9�=� ' fitting
¸ �SR�* � f� NF}#~1Y3Z�wTàËw �^R3� ‘ :^e#� 3 < ’ �%-�>��#?ËVL9A@%}#<��^*��LÒ 6.3 �Sf�g �#B(h ¾H*H� 2 ∼ 3cm m-DC ' ~t�qZ fitting

¸ ��R�* '�E =�FHG#-IC ' ~(Jt��Kt9ML(eL}%~(J1��K�K�N3�]Ó#�#�OK_À#��m ½ Vq~Ë*.mP Ù h ~�Z�R�K;:�e�K 3 <DK#-�>SO�?¤¾ hS² }�w3d ² }#~(JQK]m�NSR�T%U �)sF×�K�VXW�YZTAW�G8O 2mm *[ ~]Y#e ' ')J_Z;\ ² }�N#]DG SPD s1×�K;+�^��#� c 9!×�_ ¸ J%`7G�N micro TPC K%a � 9 []\DK 20MHzf��q�Hb¤¾ ¸ Jc$�&FO('dJqZH[%\)N micro TPC 9 50MHz
' a � V > J�Y�e1G]a�f]O Ç $ wgN MeV

A W_B ^`�D#ahGqp�i wHfSg#*#wJ}]~(J^*HRHÞ ' ')JqZLÒ 6.4 G_U ¸ fSgcG�N micro TPC 9 50MHz
' a � V > JRS* ' N 20MHz( Ò 4.22) G8ÅtÑhjOGA<SO!MtXt}%~kJqZbR�K micro TPC K clock up GSf��lN SPD sF×�K�+^]�%� c K#×A_�93ÒIJ8Z

Ò 6.3: :�e)K 3 <OK�?WV

cathode [cm]

-5 -4 -3 -2 -1 0 1 2 3 4 5

anode [cm]

-5
-4

-3
-2

-1
0

1
2

3
4

5

d
ri

ft
 [

cm
]

0

1

2

3

4

5

6

7

8

Ò 6.4: 50MHz clock
' K9m�oZK�-)> (recoil proton

of neutron, 252Cf)

60



�
6.2: Ar, Xe, CF4 K8Å]Æ

gas Z 1 �%o '%YW�MK!nLo%³ drift �d^ [cm/µsec] dE
dX MIP

[keV/cm] W l [eV]

Ar 18 18 3 ∼ 4.5 2.7 26
Xe 54 54 4 ∼ 5 6.8 22
CF4 C:6 F:9 42 6 ∼ 8 7 54

d�Y#N A W.B3 ]� "#$ G 8 Õ�J;p#rtnHoDK#-�>OG � ~#}�N micro TPC à£� N���XIJ;<IK����;s]Ö2-DC��sS×%m_Ü	�OG z X%}^R h à ² Y3ZbwJàbw h O£�/N�
��IG]m3n�o^m_�]Ó]�L�OGFf ² }2"Ë��¾ -�>Ë9����J�R�*�2'W� N]ÝD6kK����(Ot~ � ���#}Sm�d�J = Õ ' m h ~�Z9\ ² }hN#N®� XFY#µF�S¶%9��1À Gq�1� ¸ J]Y]edG�MN]Ý%É�-�>��)> G � ~]}!�%�ts�Ä£9��Fe(J;$�&SO('dJ8ZPLQ7GAN]�1��� ' '(J A I(G � ~%}(K���� �M$�& ' '(J8ZLÝI6Sm�N���~ A I�� �#Á^O!N®�5X JSf(g Ar
90% + C2H6 10% *J~£g"!�#%$&
 4(' � ² Y3Z0w;à�wgN�) '�* � ¸ JHà(G^f�� A I ' ~SÞ�~SÞ,+ Ù �5XDJKLO A I&-/.10DK�]�2OK!� � $('£� N�
3��N µ-PIC K#a � 
�4�m Ar �1Õ�$�m h ¾ N Xe Ö CF4 5 ~ ² Y AI�$��7638tO3N�� X1}%~(J [47] Z8ÝOK�9 MeV

A W.B�:^`tD]a � K A I 5 wJ}tm#N Ar
�
Xe
�
CF4 5 ~ ² Y AI%O�;�<OG�=SO ² }1~(J (

�
6.2) Z Ar mq¯W�>�(~ A I1�?�LÁ(O3N´��X9NH�%Ó%�]� K_À%�£�TÅ#ÆFj ½ V8~]O�N

MIP K dE
dX O ½ V�¾�p#r�n�oOK�-Q>(O3N	@ ¾lN#p]r1nLoFO A I * $!Â 5 ¸ Ì%ÍHÎ^Ï#�F� ½ V�¾ h JqZ Xe m

Z Oh"��3~1Y]eBA(W�Y§�%W5�]� Kq�]�BC�D��SOh"��3~HZWw;à�w h OW� N Ar E K��?�#Á�mqN´��X�F�N�d#Yq�Ó%�%�OKqÀ%�W�c"��3~!ZËR.X0�;G · w CF4 mAN�G(HhK_�%o	I K Z O ½ V3~ h OW�H�MN 1 �%oOKq³�m_�¤¾�AW�Y0�MW5�]�FO�J � G h � N MIP K dE
dX � 7keV/cm 5 "Ë�8~1Y#e�N�p#rtnHoOK#-�>FO�K	LOGqN���XhNtÌ%ÍÎ�Ï#��K�"��3~�nLo�d�$ * �M$��9JSR 5 O�1�3/$��9J8Z�N�wgN dE

dX Oh"��3~��%s?$2N W l � Ar Ö Xe K 2¥�¨��%G h�² }%~(JLYLe!nPO£V.XkJqn�oOK.³�m]¨ 5 C��"+3Q � h ~HZ(VS�%G#N R�TcU �R��^SO!»%¼IG��^~1Ye�N Ar
�
Xe G8Å�Ñ R2T%U0�)sF×�K �%� �]� c O3©¤¾ h J8Z£�#K�SLI��T�9?t��TB$('£� NL¯%°�jkG��#K(fSgh S#I '�U gTà�mqÝ%É K�V�W/$d'dJ8Z

XMY1Z\[^]�X\_�Ya`/b&c
���9� G 8 Õ�J	dkW�egfJ��dihAW7-M.�0 �HN micro TPC

'^j gkD��FO!»%¼7G ½ V�¾ N]yW��XSY;+�^DK_���w;à�@7JSR 5 O�$�� h à ² Y!Z micro TPC K���� � Ý]Éd"���¾ hF² }]~0¾TY]e�N	-%.8À%Á K#×A_ �>l�e}2N/dIW,emf;��dnh�Wo-/.10 K�D���p("^m�q�rM$d'dJqZPN�w N%dIW�e\fJ��dshAWo-%.�0 K�"�D��1ÛDG�t(~�Nu%v .bwc6&w �>D�� G8Å�x§w;}1� Ù J8ZL[%\)NWRJX7Gb�1g ·�yF¸ JHà�-�z * $('dJ8Zd�YANBd7W�e\fT��dsh�W7-M.�0OK#Ì%Í!Î(Ï#�_�]� c 5 �]� �]� c mAN2]OG ARM G_ ]¡ ',{ Ù J_Z MeVS W�|�:�` }ta �d��� K3dIW�e\f;�3dsh�W>-%.&0�m�N1�	~�� K NaI G single anode PMT
',� Ñ(Y Anger� ` }1a&$7' ² Y��hN��_X3$Sm�L?�#À1Á G3ã�9����/���\�gN(Ì1Í�Î�Ï%�q�1� c Ö �t� �1� c K]×�_�m�@�w~P�^«B��$�N Anger

� `?}%a9GLà	QDJ�dIW,emf;��d(h�Wo-%.10 5 w;}2N monolithic/segment scintillator +
Flat planel PMT Ö segment scintillator + photo-dyode array 5 ~ ²P� ��K��HÜ Ù �o��}1~kJ1�(�,�0�;K� w.~?dIW�e\f;��d(h�Wo-%.10OG(f�� N(Ì1ÍHÎ�ÏL�q�%��� � �1� �%�	�1�OG]×A_m���t}1~ ¾����M$('dJ1�
6.2.2 �����\� �7�	�s�
�AK MeV SDW�|�:/�?}��!m�N��3�&�DK��	 �
 4 GB¡^�£¢�¤(¡^�¦¥&§ ¸ J MeV SDW,|�: 'a¨�* ¸ J����$d'£� N�©�ªm���(G#×1Õ�}	«&¬ '^%® }%~(J��P�3���B$dK,¯�  ( Ò 6.5) m�N�_3°IK�± ��²tÖtàdG�³)J 5 ´�µ¶ 5 9 ´9: ¶ K�· 2 6	¸��M$('W�lNSÒ 6.6 KM¡ ¹�³&ºQ�M�2N	�)^ 3 ∼ 40km »�$A_�¼ ¸ J��� OGM¡�� 5 ∼ 6½�¾ E ¨�* $^�hJ1� ¨�* ·�¿ 5 wJ}1mAN ¨	* ¸P�/³ ½	¾�À ��? ¾ N MeV Á�ÂB$�Ã7JH~&º9� $d'dJ;N Crab Ö

Cyg X-1 �&;�< G�³ ² }1~(J1�» � NPÄ%��Å ÆkK1Ç � 5 w;}�N�I%È&É?$ � ~Ë�o�IJ,I/SOW,|&:/Ê }H��Ë7WPÌa-%.�0 5 w;})K�a � �oÍ�Îw;}1~kJ1�s�,�7G � ~]}�mAN Appendix B G3» 5 ® J1�
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Ò 6.5: �?�&�� �
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Appendix A

Advanced Compton Imaging
�

A.1 ����� ���	��
 [53]

u�¦ $Sm3�1�iS W�|P: K]ÌtÍHÎ�Ï%� ' Eγ N#�1�)+ ' φ N]�1�Ss^× ' ~g N%p]rSn#o K�da�ÌtÍ�ÎbÏ]� '
Ke N%p]r�+ ' ψ N%p]r�sF× ' ~e 5 wHN ~g 5 ~e K�O�+ ' α 5 ¸ J1�%» � N z#{ SOW�|&: K#Ì1ÍHÎ�Ï#� ' E0 N�� sF× ' ~s 5 ¸ J ( Ò A.1) ��N�wgN ~s, ~e,~g mq�(}�� � ¢�á0�âÎ 5 ¸ J1�s�(�;GAN(A(W2Y§�%W5�%�Ëm xy �D��M$��g�2J 5 wgN z]{ SOW�|�: K!sF× ' x � G 5 J � 5 G ¸ J1�

α

φ
ψ

E0

~s

Eγ
~g

Ke~e

z]{ SOW�|&:

�%�/SOW�|&:

p]rtnLo
Ò A.1: +%³����

��K 5 �cN]�%��� K	SOW�|&: 5 nLo K��JÐ��)a���mAN
pµ

γ =

(

E0

c
,
E0

c
~s

)

=

(

E0

c
,
E0

c
, 0, 0

)

pµ
e =

(

mec,~0
)

= (mec, 0, 0, 0)

(A.1)

�%�%É�m
p′γ

µ
=

(

Eγ

c
,
Eγ

c
~g

)

=

(

Eγ

c
,
Eγ

c
cosφ,

Eγ

c
sinφ, 0

)

p′e
µ

=

(

Ke +mec
2

c
, p′e~e

)

=

(

Ke +mec
2

c
, p′e cosψ,−p′e sinψ, 0

) (A.2)

5 � �DJ1���%� K��%É G � ~]}�)a���,����FàW�/N
pµ

γ + pµ
e = p′γ

µ
+ p′e

µ

p′e
µ

= pγ
µ + pe

µ − p′γ
µ (A.3)
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» � N (A.1)
�
(A.2) àW� N

pγµpγ
µ = p′γµ

p′γ
µ

= 0

peµpe
µ = p′eµp

′
e
µ

= (mec)
2

pγµpe
µ = peµpγ

µ = E0me

pγµp
′
γ

µ
= p′γµ

pγ
µ =

E0Eγ

c2
(1 − cosφ)

peµp
′
γ

µ
= p′γµ

pe
µ = Eγme

(A.4)

u�_g¡�� N
p′eµp

′
e
µ

=
(

pγµ + peµ − p′γµ

)

(

pγ
µ + pe

µ − p′γ
µ)

(mec)
2 = 2

(

E0me −Eγme −
E0Eγ

c2
(1 − cosφ)

)

+ (mec)
2

∴ Eγ =
E0

1 + E0

mec2 (1 − cosφ)

(A.5)

» � N p′e0
= pγ

0 + pe
0 − p′γ

0 ¡�� N
Ke

c
+mec =

E0

c
+mec−

Eγ

c

∴ Ke = E0

(

1 − 1

1 + E0

mec2 (1 − cosφ)

) (A.6)

�(�;GAN peµpe
µ = p′eµp

′
e
µ ¡�� N

(mec)
2

=

(

Ke

c
+mec

)2

− p′e
2

∴ p′e =

√

Ke

c2
(Ke + 2mec2)

(A.7)

\ ² }2N
pγ

1 + pe
1 = p′γ

1
+ p′e

1

E0

c
=
Eγ

c
cosφ+ p′e cosψ

cosψ =
E0 −Eγ cosφ

p′ec

=

(

1 +
E0

mec2

)

√

√

√

√

1 − cosφ

2 + E0

mec2

(

E0

mec2 + 2
)

(1 − cosφ)

(A.8)

5 ³(J1�

A.2 �����
(A.5) � (A.6) � (A.8) à�� N E0, cosφ, cosψ � Eγ ,Ke

' �
	�� N
E0 = Eγ +Ke (A.9)

cosφ = 1 − mec
2

Eγ +Ke

Ke

Eγ
(A.10)

cosψ =

(

1 +
mec

2

Eγ +Ke

)

√

Ke

Ke + 2mec2
(A.11)
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5 ³(J1�
~s �AN ~e 5 ~g GM¡ ² � � ¸ � 5 ��$ � JQK�$2N
~s = ξ~g + η~e (A.12)

5 8 ¾ �(��K 5 � N ~s · ~g = cosφ ¡�� N
cosφ = ~s · ~g

= ξ|~g|2 + η~g · ~e
= ξ + η cosα

(A.13)

» � N |~s| = 1 ¡�� N
1 = |~s|2

= ξ2|~g|2 + 2ξη~g · ~e+ η2|~e|2

= ξ2 + η2 + 2ξη cosα

(A.14)

�
(A.13) ¡�� N ξ = cosφ− η cosα ³�K�$2N � (A.14) Gq¬�� ¸ J 5 N

(cosφ− η cosα)2 + η2 + 2η cosα(cosφ− η cosα) = 1

η2(1 − cos2 α) + cos2 φ− 1 = 0
(A.15)

¡ ² � N
η± = ±

√

1 − cos2 φ

1 − cos2α

= ±
∣

∣

∣

∣

sinφ

sinα

∣

∣

∣

∣

(A.16)

� GAN
ξ± = cosφ∓ cosα

∣

∣

∣

∣

sinφ

sinα

∣

∣

∣

∣

(A.17)

η± = ±
∣

∣

∣

∣

sinφ

cosα

∣

∣

∣

∣

(A.18)

5 �3Þ&$�N φ ��SIW�|�:OK
	��Q+M³�KP$AN 0◦ ≤ φ ≤ 180◦ ��» � N ~e 5 ~g K�O�+ α ��N α ≤ 180◦ $d')J�� ¡ ²� N sinφ ≥ 0, sinα ≥ 0 5 ³(JQK�$2N
ξ± = cosφ∓ sinφ

tanα
(A.19)

η± = ± sinφ

sinα
(A.20)

~s± =

(

cosφ∓ sinφ

tanα

)

~g ± sinφ

sinα
~e (A.21)

����$2N� �o� � ~s± G�� 	 � N ~e 5 K��A� ' 5 J 5 N
~s± · ~e = ξ±~g · ~e+ η±|~e|2

= ξ± cosα+ η±

= cosα

(

cosφ∓ cosα
sinφ

sinα

)

± sinφ

sinα

= cosα cosφ±
(

1 − cos2 α
) sinφ

sinα
= cosα cosφ± sinα sinφ

= cos(α∓ φ)

(A.22)

��� $2N ~s · ~e = cosψ = cos(α− φ) ³�K�$2N ~s+ K � ��� G�³dJ1�
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� _g¡�� N����%SOW�|�: K#Ì1ÍHÎ�Ï�� 5 �� � × �
E0 = Eγ +Ke (A.23)

~s =

(

cosφ− sinφ

tanα

)

~g +
sinφ

sinα
~e (A.24)

5 ����� G�� � ÛB$ � J1�
A.3 ‘α’

	

α � 	��%SIW�|&: 5�
������� ³����M$���� � $���G(H � 	���� � ���������! #" ~p′γ , ~p
′
e

'%$ 	 �

cosα =
~p′γ · ~p′e
∣

∣

∣

~p′γ

∣

∣

∣

∣

∣

∣

~p′e

∣

∣

∣

(A.25)

5'& �(�1� (A.1) � (A.2) ) �'� �*����+�,��m¡��
0 =

Eγ

c
sinφ−

√

Ke (Ke + 2mec2)

c2
sinψ

E0

c
=
Eγ

c
cosφ+

√

Ke (Ke + 2mec2)

c2
cosψ

(A.26)

¡�- � �
~p′γ · ~p′e =

Eγ

c
cosφ

√

Ke (Ke + 2mec2)

c2
cosψ +

Eγ

c
sinφ

(

−
√

Ke (Ke + 2mec2)

c2
sinψ

)

=
Eγ

c
cosφ

(

E0

c
− Eγ

c
cosφ

)

+
Eγ

c
sinφ

(

−Eγ

c
sinφ

)

=
E0Eγ

c2
cosφ−

E2
γ

c2
cos2 φ−

E2
γ

c2
sin2 φ

=
Eγ

c2
(E0 cosφ−Eγ)

(A.27)

��. ¡��/�
cosα =

Eγ

c2 (E0 cosφ−Eγ)

Eγ

c

√

Ke(Ke+2mec2)
c2

=
E0 cosφ−Eγ

√

Ke (Ke + 2mec2)

(A.28)

5 �10�2�� (A.10) ) �'� cosα � Eγ ,Ke 3 $ 	 �

cosα =
E0

(

1 − mec2

E0

Ke

Eγ

)

−Eγ
√

Ke (Ke + 2mec2)

=
E0 −Eγ −mec

2 Ke

Eγ

√

Ke (Ke + 2mec2)

=

(

1 − mec
2

Eγ

)

√

Ke

Ke + 2mec2

(A.29)

4 & �(�1�4 �10�2�� E0 = Eγ +Ke ³ � 2�� cosα � E0, Eγ 3
$ 	��

cosα =

(

1 − mec
2

Eγ

)

√

E0 −Eγ

E0 −Eγ + 2mec2
(A.30)
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Eγ ≤ E0 ) �'� k =
Eγ

mec2 < 1 2 � cosα ≤ 0 � ��� � k ≥ 1 2 � � cosα ��K � ����� 3 4 �1�
∂(cosα)

∂Eγ
=

mec
2

√

E0 −Eγ + 2mec2

(

√

E0 −Eγ

E2
γ

−
(

1 − mec
2

Eγ

)

1

(E0 −Eγ + 2mec2)
√

E0 − Eγ

)

=
mec

2

Eγ

√

(E0 −Eγ) (E0 −Eγ + 2mec2)

E0

(

E0 + 2mec
2
)

−Eγ

(

2E0 +mec
2
)

Eγ (E0 −Eγ + 2mec2)

(A.31)

¡��/� ∂(cos α)
∂Eγ

= 0 3�� � � � � �
Eγ =

E0

(

E0 + 2mec
2
)

2E0 +mec2

=
k(k + 2)

2k + 1
mec

2

(A.32)

� 4 � �	� � �(- � �
max (cosα) =

(

1− 2k + 1

k(k + 2)

)

√

√

√

√

k − k(k+2)
2k+1

k − k(k+2)
2k+1 + 2

=
k − 1

k + 2

√

k2 − 1

k(k + 2)

(A.33)

��. ) �'�
cosα ≤ cosαlim =

{

0 (k < 1)
k−1
k+2

√

k2−1
k(k+2) (k ≥ 1)

(A.34)

4 ³��1�

A.4 
������������������� 	 ��!#"%$�&��
')(+*

��,.- "0/��21��436587��/� cosφ, cosψ 9;: �=< � 	?> �A@ ) 3CB8D �FE (A.10) � (A.11) 7��/�
∂ cosφ

∂Eγ
= mec

2Ke(2Eγ +Ke)

E2
γ(Eγ +Ke)2

(A.35)

∂ cosφ

∂Ke
= − mec

2

(Eγ +Ke)2
(A.36)

∂ cosψ

∂Eγ
= − mec

2

(Eγ +Ke)2

√

Ke

Ke + 2mec2
(A.37)

∂ cosψ

∂Ke
=

(

(Eγ +Ke)(Eγ +Ke +mec
2)

Ke(Ke + 2mec2)
− 1

)

mec
2

(Eγ +Ke)2

√

Ke

Ke + 2mec2
(A.38)

7�- � � Eγ ,Ke � error 3 ∆Eγ ,∆Ke

4 � � 4 � cosφ, cosψ � error ∆(cosφ),∆(cosψ) � �

∆(cosφ) =

√

(

∂ cosφ

∂Eγ

)2

∆E2
γ +

(

∂ cosφ

∂Ke

)2

∆K2
e

=
mec

2

(Eγ +Ke)2

√

K2
e (2Eγ +Ke)2

E4
γ

∆E2
γ + ∆K2

e

(A.39)

∆(cosψ) =

√

(

∂ cosψ

∂Eγ

)2

∆E2
γ +

(

∂ cosψ

∂Ke

)2

∆K2
e

=
mec

2

(Eγ +Ke)2

√

Ke

Ke + 2mec2

√

∆E2
γ +

(

(Eγ +Ke)(Eγ +Ke +mec2)

Ke(Ke + 2mec2)
− 1

)2

∆K2
e

(A.40)
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4�� �+E���� ���	� 5 cosα 5�� 	 � (A.29) )��'�
∂ cosα

∂Eγ
=
mec

2

E2
γ

√

Ke

Ke + 2mec2
(A.41)

∂ cosα

∂Ke
=

(

1 − mec
2

Eγ

)

mec
2

√

Ke (Ke + 2mec2)
(A.42)


 - � �
∆(cosα) =

√

(

∂ cosα

∂Eγ

)2

∆E2
γ +

(

∂ cosα

∂Ke

)2

∆K2
e

=
mec

2

Eγ (Ke + 2mec2)

√

Ke (Ke + 2mec2)
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Appendix B

MeV
� � � � � �

B.1 �����
	�� !
��
��� � X ������������� �"! � 1�#65%$�&�')( �+* <-, $+. �/'0&��+E X ��1%2)�43 �	� 2�( � < ����5�4�6( SPECT(Single Photon Emission Computed Tomography) � PET(Positron Emission Computed

Tomography)
4 &�- �47/889 9;: . ����< � �>=@? �>A0B 54C/D 35E)F '0&��+E+G��IH5�)����� 3 $ &�'J/K

��L�M �%N/! 35O �5�;P�� ‘ Q)�;P ’
4SRUT �(�+E

SPECT � PET � � & B.1 5���� 7�� ��V/W �"X &�Y0Z@[��"\0] 3�^ ] 54_@` � ��]a<�)bHcY0Z . �
�dY/Z � 3 ]/e�)6Hgf � ���UG 4 2 � �+h � */i ��jlkUm�n 3 35o�p/q ��� 4 & �r( � 2��6s/�lQ t05 71-';uvH ���4w/xa��y � � E SPECT �Uz|{�}�~�� 2;�0# 3>� - �@�������>~@�|�r� '6( * 3>�0�0��� ���� �  #" 4�� 5%�U}l~0�?9�� � � 7 ��56����( � 2��*� ( � B.1) E �/� PET � �@� � � 9�� �0��� ���)5
511keV � 2 � � �)�5�r� 9r�/�/�)5 ( �@G 4 35� $ ����( � 2 � ^ ] �"��  35��� � ���5�I�d~0����� '(+* 2r�¡s  /¢ � 2 � � �)�>�"� � �%£ 3 4 �UG 4 2"� ¤ � \0¥ 35¦ � ( � B.2) E0& §�� 5%$/&�')( ���)��r� '0(+* 5/�4¨�&�\0¥ 1/©43 9rª�« . ����©/¬0�l 4®� 5 '0(+* � 9;:¯( OU° �@'0&��FEG � Q��;P*2 $ &|H � � ‘ ¨�&�\/¥�1/©�3 3d± - ��������� '0(F* ’

4 �d' �)z��;²! d�"³�}/´0(¶µ/·05
E 9(-�'/$Is/� µ-PIC 3 $ &�� MeV �)���r�)³�}/´�(��)���r� '0(2* 4 �5'r¸ $0¹ 3 4 B8D H ��º+E

»
B.1: Q��;P�2l¼�&6H ��ºdY0Z/�/Q/t ( ½ :SPECT ¾ :PET)[54]

source energy [keV] ¿�À@Á [hour]
99mTc 141 6.01
123I 159 13.2

201Tl 68-80.3 72.9
67Ga 93,184,300 78.3
131I 364 192.9

111In 171,245 67.9

source ¿;À@Á [min]
11C 20.4
13N 9.96
15O 2.07
18F 109.7

82Rb 1.25
68Ga 68.1

� B.1: SPECT Â/Ã � [54] � B.2: PET Â/Ã � [54]
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B.2 3D �����������
µ-PIC 	�¼U&�� MeV �)���r�)³U}/´�
�����)���r�������������rz��;²��5����	5uaº���
����@º>f �� ( z��;²��5� � ) !6H�" �4��¤#�r�$��	 ¦ ºUG��25 � º+E 7�%�'��6G��4f � � 9 2 ��� � T'&�( f*)+	',ºUG$� 9 ¹ 3)5 � s-� 3 .0/ m 5�� ¤#�>\0¥#	5f � ,�ºUG$� 9�
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70



� B.4 �87 � � �U}%~0�0	�������
ru1��_��2h���	
f(x, y) = S exp

(

− (x− x̄)2

2σ2

)

exp

(

− (y − ȳ)2

2σ2

)

+N (B.1)
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 S, x̄, ȳ, σ,N �	����	�
+´/}%~��2�AK>' fitting 	 O % � E '0(+* !bH>�MH*I65���,�º σ ��
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� B.5:
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