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�
1 � Gamma-Ray Burst

��� +,( Gamma-Ray Burst -f<9=���o���� �1+'-	� �OA9��=$1�
��6-��8� =Wo�! -� ������ #�-54����
1.1 Gamma-Ray Burst

Gamma-Ray Burst(GRB) (���� -���=�	�
��� -����/X�KLYc<#'@5UhbRXO��&5�� sec

����	6
�-	 >� #$-	!�"#�81�$&���&%�+�,,1'�LV���(!�9�/�#�376( 1052 erg -	)#�81'�+*
A$(�,�-69�.>�$	'�Wb0/�1���(��9���#�37�' 1048 erg F�A�+�,,1�*,�)-�2�(9�+35476#=,-8 ):9 o7�&�#+'(�%LBIDQA K�-<;�0�=�*,+�+� 8 �'.��&��%!+�,'18�R.#0 � A��9=�1��

GRB (�>'?�@�A  �-�B�P OO&C�D�.>�7E��> 69 Vela -����	��F�G>�#H ?2A$B�'�o�I'J
(�QLK�M#N#O���B�B�=��&P@?)A�W�=>+9=,B�� 	 
 	 oRQ  TS�+U><@c
V3<C GRB C)v�w�'
, " oW><?&A�Q  YX7Z'[�MYXL�&P]\	^�_���V�C�:C'`&a�
 � GRB Z'bdceC�f#g�+1���Vhi =�j#*#kmlon#g #�W�.&pLq�Z�Wr9sl:t '5uYvxw:X�y+zL\�^ i&{ j#*#k�|~}��<�L�e� ie�_����o_�l����T�7�7�]k7h i Fireball Model(Rees & Meszaros, 1992;Piran, 1998) ���d�\�^ol��o����� i�{ j��
1.2 GRB ������0�#����� X��]�<�� ¢¡�^+_ CGRO(Compton Gamma-Ray Observatory) £#¤¢X�Z
BATSE (Burst And Transient Source Experiment) k�¥�¦0^+j	§:z<¨e�ª©�«0¬�V\'^ i{ j'� BATSE ® NaI ¯T°�±V²�³�´�� PMT(Photo Multipier Tubes) q<µe¶&z�·�§ez'¨Tq
50 ¸ 2000 keV ¹'º�»~������l�©¼«0½�¾#q<¿�ÀLÁ'Â 50 ÃL��ÄÆÅÈÇ&É���Ê�ËrhÍÌÏÎ0�:®�ÐÑ ¹<Ò�\�^Lj'ÓÔl �Õ��Ö ¹Y×�Ø7Ù�ÚÜÛ+Á GRB ��`&aªh'_��TÝ7Á'Þ�ßdl GRB Á�p�à&g�á�®â

1.1 ¹�ãT·~äTÅ'¹'n�g�ådq#æ#j�ç�k����L�e��_���è#hél GRB ��ê�ëdì���í�îÆkï·+j	ðñ |�¡Èê&ë&ò�ó0ê&ëeô�õeÁ�g�ád¹	ö¢��_'�&÷~��·ej0®�ø�|�Áoq�l¢ç�Á'Þ�ß:® GRB Á'í&î��b�cLÁ'ù&ú+¹	f�g�è�h�ûé®�ê�ë�ì�ü+ý0³�¹7ædj�ç�k��ïãdþ]h i&{ j'��ÿ��e¹'lYç<Á��+Á
afterglow Á'`&aY¹Tä�� GRB ®'f#g0bdceÁ'ê�ë:Á�ô7q�í¢� i�{ j#ç#k���ã��	��
��
1.3 ������ ��������

GRB Á�����v��&³�� (flux Á�� Ö! #" ) � â 1.2 ¹	ã#·�� GRB ¹�ä$���0��%0��|'&~��hi�{ j���le®�ó {)( �	�L�*�0kml,+#ó���| ( �'-#�.�ï®'/#0Rh i,1 ¡2�ej��
BATSE Á�`�aLq#®'3�4$� Ö ® T90 q65�7.�	�+j<�~ç	�T®�l 50 ¸ 300 keV Á photon �
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+90

-90

-180+180

2704 BATSE Gamma-Ray Bursts

10-7 10-6 10-5 10-4

Fluence, 50-300 keV (ergs cm-2)

â
1.1: BATSE ¹eä7� i `da.�'� 
<¿ 2704 ÛYÁ GRB Á��d÷�� GRB � ��� Á<ê�ë+q�íço� i&{ j�ð ñ |~¡	¦�l�ê�ë�ò:¹��eô:h	
'��÷:¹0|#jo®�ø�qdædj���l0`�a � � 
'��÷+®�¿À+¹�n�gdåT¹���÷Rh i�{ j����e� ��l GRB ®�ê&ëdìdüYýo³7��f�g0b�c���í&îÆkÜ·+j#è�Áq�æ�j#ç#k����L�Tj��

â
1.2: GRB Á��6��v ��³��0Á	����
�+¹6� Ö l����:¹ GRB Á flux ��k��'
Tè�Á�qdæ�j'�� � |)&dl 3 4�� Ö Á GRB �����·Lj�� /#0Rh i�{ joÁ�®&®�ó {)( �	�L�*��kml +#ó��| ( �'-#�*�5q�æ�j��
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GRB Á�¿����&°~v¼Á � ÙïÃ �~��j!� Ö qdæ�j'�63#4 � Ö�� k'¹ GRB �ï���#·Ljek â 1.3ÁLä#Å	¹Y× �#Á��<³	���<ð �Lj'�!3#4 � Ö � 2sec ä$��
 {��� � Short Burst l 2sec ä$�� { è�Áo� Long Burst kï¥#¦�� i�{ j��

â
1.3: GRB Á'3�4$� Ö k p#à��YÁ����#� 2 ��Á���³���� ��T·+j�ç�k��¢¡ml GRB ®'3

4�� Ö ¹�ä�� i ���+¡ �Tj 2 ��Á������dædjdç�kÜ�<�T�#j'��3,4�� Ö � 2sec ä ��
 {���� Short Burst l 2sec ä�� � { è�Áo� Long Burst kï¥#¦�� i�{ j��

1.4 ��� � !�"
GRB Á�#%$���&�³�'�(��Vv �L®*)�+�,e�¢¡ Band et al. (1993)[3] ¹Tä7� i ��� ����


1.1 -Lq/.�� �ej��
N(ν) = N0(hν)α exp(−hν/E0) for hν < H (1.1)

N0(α − β)Eα−β
0 (hν)β exp(β − α) for hν > H

H ≡ (α − β)E0

021�3 ¹&æ�j54�6e�¢¡	Á87�9:®�:;�/'���<'�o�&÷ ∝ exp(− E
kT ) ¹*=ÆÅ?>�6�y�9�k	|�j��0l

GRB q#®*>26�y29Æk'®*@ { 1.1 -Lq�ã.���+j�ä�Å'¹A � ��:Á'&¢�Lh id{ j���ç�Áeç�k�]¡�l GRB ®d¯L°���ýªv5ý�°éy�9:ÁLäTÅ�|�ù 0 åd|�y�9CB2D�¹Tä��FE�� id{ jekHG;I�¡
�ej'�L� 
�l 1.1 -:Á*�C�+® 1CJ q α ∼ −1, β ∼ −2 q�ædj#ç�k��K)�+T�¢¡Èã�� � i&{ j'�L ¹ β ®Y}�Á GRB q:è&ä+ûNM¢� i�{ j��
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â
1.4: GRB990123 Á�#2$��;&0³�'�(��]v�����ù 0 å�yC9eÁ L�� qdædj8A � �/�Tq����&q� j 
�� GRB Á'y�9CB2D:®d¯T°���ýrv5ý�°5y�9Tq�æ�jek G;I�¡2�ej��
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1.5 Afterglow

1997
� ¹��~�'�� ~¡ � 
 BeppoSAX £�¤�®�lª}7ç�q�p�à�·:j����e�V¡�| { GRB �'l

Wide Field Camera(WFC � � Ç�É����#� ) ¹�ä$�������eÁ��&»�q	� ��
 GRB970228 ¹���� ®�
5p&à��Y¡ 8 � Ö ��� 3.5 � �e¹ X ������� (MECS,LECS) ¹�ä	� )�+Y���L� 
'��Ý
�T�<q&®�
 GRB ®	p&à������ �eÁ Ö"! ���#�Yû%$�û�ð ñ �?G�IY¡ � � { 
���
 BeppoSAX® â 1.5 ¹<ãL·¢äeÅ�¹ GRB pTà#�	�&��¹	'¢� � X �+q�(�E  |��r¡)$ � 4 �*� X-ray

afterglow ����#·+�-,���p 1  
�� ��¡�¹.
¢ç�Á GRB Á X-ray afterglow ¹�®�/oÇ	E�qè0��1�À�6L��)�+�����
&Ð��YÁ�2�3*/oÇ E������LqYè afterglow ��)�+eq � �4,L���L�e�

��

afterglow Á�p 1 576 
 GRB Á48�9e®&Ý7Á	3#4�� Ö Á�
 �'��¡;:  { è<Á�<dæd�!
<� !�=
 afterglow Á�> 1 ¹�ä$� ��¡ �+�<��³#´�®�?�@�å#¹�A;I�
 GRB Á�>dà�B�D+Á.B �#¹.2� |�C�D~��ß 
  
��
GRB Á4>�à�E7FeÁ L 5]è<Ý7Á � ��<�æ"����Ðo�+Á Keck-2 �7�7�+¹�ä � GRB970508 Á

/7Ç E afterglow Á8)�++<#® â 1.6 ¹'ã�·~äTÅ�¹.G*H0ö�I  
�:+J$#¯���KL�NM:Á�O7P����§+z$� ��
eÝ�Á.G�H0ö7IL�¢¡N
�ç�Á GRB ��Q"ReÁ�S~� �5��¡¼Â 7 T%E � Á�U�VY¹�æ"�ç*�����T�e�6
���ç �T¹�ä�� GRB Á'í&îL�	Q"R7�Tå��*H�<�æ"�#ç*���<ã��	��
o��W:¹��X � �����#ç*����|L�6
��TÝ�Á��"
�U�VL� L 5 �	��
'¿ � Á GRB ®7Y � ¹ ��� Á'ê&ë�ìZ <�íVço� � { �#ç*�ï���L�L� � { ���+� 
	
oð �~� <�¹ { û �&��Á GRB <d®	
eÝ�Á�[·+��ê&ë ( \&ê&ë ) �/)�+��	��
 GRB ®�Q�R7�Tå �*HTÁ�ê&ë:Á�ô]<�í¢� � { �-,L���L�L�� { ���

â
1.5: BeppoSAX £&¤Y¹Tä�� )�+��	��
 GRB970228 Á X-ray afterglow ��^:® GRB >à 8 � Ö �"
]_:® 3.5 � �:Á*)�+#��� Ö ���0è�¹	`�û5|L� � { �
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â
1.6: GRB970508 Á /7Ç�E�'C(���� ���]G*H7ö�I  
C:+J�$�¯��.KL�)MYÁ�O�P��e� 1
I#���
1.6 Fireball Model

Fireball Model <d®dý�³~²�°������8��´ γ ∼ � 100 Á	���7�#å�
&»Y�ï� ��C�+Á	�����Á����Y¹Tä�� GRB � � � -��� ���
GRB Á8Eo»LÁ6� Ö) ," ®���� �+¹&��<���· ����� 
 � ,T�~¡ 
 GRB ®�ù&úL¹	! � ��"# �¢¡�Á�$�9 <�æ�� � G;I~¡2�+��%=
¢ç<ÁLä�Å'&�! � �" # ¹ GRB Á�(�#%$��;&7³�<dæ

� 1052erg è�Á�#2$���&7³��*) �+-, �/.�0T�¢¡HE21:Á 1�J4365 ��7�%/
Uû8&#� 
 � 
�$
9&î+Á " # ®:9+° :	�:¹��  ��; ��<�&Vû<&.� 
=$C9+®�> � ç ��&Vû<&#�'��������å����
���*?,5#· � �N
�$C9 � � 
KE=1+®�$C9�î-%���7��å6�����-% " �]��� ��ç���¹�ä$� �7³
'@� �	�6.;#2$��;&7³&¹2&��%
+� 
�A<³�KB �*&#�'� �L� �%
 � � %C9e°�:	� � -� )�+-��� �*E21+®'ÿ:®��7³�'D� �	� ��� ��è�Á�< 
 GRB Á'ì <�® X ��7�»eÁ�#%$���&7³ ��& � ç ��¹:& ���~ç	�:�	E�Å�� 
 GRB ÁeäLÅF&6!��6& " # �]¡ <Yè69:°*:=� ( ÿ�® X

� ) %C> � ç �+�#ç*�'¹2&.�%
�)�+�,&ÿ���GÆû � ��< � �oÁ�<�æ����â
1.7 ¹ Fireball Model Á�H�I â �ïã�·��������+Á�>dàoîT��¡/J:KTå�L � E�F <�M�N��

��� �ï¥�¦��+�F����� Y�O�Á���� < GRB %�àQP���R=S�6Tå�¹�®.
2����T�å6�����+Y�OTÁ
��� <U�C<�VW�YX�
�� � 
Z=1�% 
����Y¹�ä$�\[�] � � 
�^�E:¹	_a`	��`0
L¯T°�7ýQ�mý°8$�9#·+�#ç�� < GRB b &�c  ��� ��R~ç<Á �6d+Á�^�E+Á�á�`�®�J�K�å�¹�MWe ��� � �
G�Igf � ��R$�Uf�¹�
�½C6  � 
�»U%hUû<&�e!
����:�-%i Ö 4Cj (ISM) bkl` � �*� Z
N������ < afterglow %�>�àd·+�+�FG;IWf2� ��� ��R
�7�:T#å��:���+¹�ä �Èà=c � � �o¯�°��7ým�mý�°<$�9+Á'�(;�m�nV�® Sari & Piran ¹�ä
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�
1.7: Fireball Model ����I � R���� 100 ������T	������� Y�O
����� ( M�N������ ) ��� �C<	VW�<X�
������Z=1-% 
������ �
 [:]�������^7E��	_m`���`��	�����Q�����<$��� �! ��0< GRB %	>#"  
%$'&  � 
)(U%*�+� 10 7,(-��h/.<&Ue0�������-%i	102Cj

(ISM) b�k�`43�5 (
Z N������ ) afterglow b76  >�8:9 ��; R
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�� T!�)��� � �'9 �#; R� �� � T����F$ � � � ;	��
 %���!�)�6& ;���������� νc ∝ γ2
c �

Z��-�����6V���� �"!��$#&%�9')(��#���+*0��,.-/�-�0��-kWf21 � ��� ; �������43��
� �)�)� νm ∝ γ2

m � b 56%'9798
� �6: � 2 � ��;,$ � �=<�9�>)?*��� ;/@
νc < νm(fast cooling) ��AB�

Fν ∝























(

ν
νc

)1/3
Fν,max νc > ν

(

ν
νc

)−1/2
Fν,max νm > ν > νc

(

νm

νc

)−1/2(
ν

νm

)−p/2
Fν,max ν > νm

(1.2)

νc > νm(slow cooling) ��AB�

Fν ∝























(

ν
νm

)1/3
Fν,max νm > ν

(

ν
νm

)−(p−1)/2
Fν,max νc > nu > νm

(

νc

νm

)−(p−1)/2(
ν

νm

)−p/2
Fν,max ν > νc

(1.3)

CD ��� ;�@ Fν,max � E)F���� ; peak flux
C�G  � p �0��-���&��H��.� �)! N(E) I

N(E) ∝ E−p J 8 � J�K �/L � C9G ;/@M"N � O�%��)�����'�43�� �P1 � � � ;Q�.
 � R KQS � � C9G ;�@ fast cooling � ;'$ �T�U � ;	V 9)�/0��-�QW 8 9/1 � � � ;���
6X R . � C/Y ( X 8 X  S � . � slow cooling

��;,$Z��[ � Y ( X 8 X  ��.\% @ � 1.8 �)]%��^%����_.`-�43aHZI	��8 � @E"F���� ; 1 � X9b J	c+d �������e3�� �P1 � � � ;Bf �"g J � ; J �  ��_�`��h3aH� E"F"i�jlknm6j � � 1.1 ���/o�p6q�L 879)% ;�@�r �&�$H����Qs C � fast,slow d�t k:�;,$ C fQu K q � �/L � � −p/2
C9G ; � C � 1 � I	v : 0��Z��w)x�HlyPz"{ C ".|����; J � ; J p = 2

C�G  � u K q � ��L � � −p/2 = −1 J�} ; @  :�B���&��H�����w"~9�
�_ C�G  � 1.1 ����w"~B���_ C�G ;�@�)� I 1.1 ���:$B�.� ; � 5 1/ν

� ; J L � � -2J�}  � β = −2 J � .n�.� � ;/@

1.7 ��� �h�� ?�� �6: � � GRB ���9� }"�.� H C9G ; Fireball Model
C � � ]'��1 �"�&� �#�	�

�'�43�� �P1 � C�G ; J ���)9)% ;�@ �������e3�� �P1 � � � ;�� ���0�; J2� o }��B�
�Q� � 879"%�9 � ] � '&��� � (�� 2.4.2 ��� �.��jlk 70% J\�$� f k � ; � C � GRB �� � E"F+I	v :  J � ��  99]���¡"; �"¢ � 1 �.�)� I�£B¤ � ;  J X C K ; J¦¥�§ 9)%;@ � � E)F � �- GRB j¨k r %�� � ( X E)F ���)�6© � GRB � Fireball Model �/ª«)¬  �	�����e3�� �P1 � C�G  �� "�® C ��¡";��/¯.°��$±   9&% ;  J X �*��� ; g² : @
]! C �´³�µ � GRB ��� �$¶�·Q¸ I&¹ �)~$��0���º"»H�¼�½ (3 ¾�¿"À ) ��Á�Â 8 � GRBÃ � � E"F+I�v :  J IBÄPÅ 879&% ;�@�Æ"Ç�È C �	 Ã � ��¶�·�¸ Ã '"É } ¶�· � � � �
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�
1.8: 0�� Ã �&�$H���� �"! X.u K q � C�G ; J$K Ã �����'�43�� �P1 � Ã _�`��43�H @

� � fast cooling
Ã A � 8�� slow cooling

Ã A Ã _"`��43 H @ fast J slow
C � C J G

Ã
� � Ã L ��X O : @
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� »���I���� 8 � ] Ã���� I�	�
 � ;�@� A'1�E)F C K ;  J I ¥�§ ; J � ¤ ; %$� � Ã
����� j¨k Ã ��� X � f � � Ã E)F X�� � J¦¥�§ k � ;/@ GRB J���� �B: }����������X! %�9)% ; J2¥�§ k �)9)% ;#" & J 879%$=* � � � (Blasar)

X G  �  7�hk��%�&%�9 f� � jhk21 � �&���'��� I�£6¤�8 �"% @)( � �'* %¡);¨I�+   ��, � �&½ X�-�. � ; J �
�	�����e3�� �\1 � I � ;�@ , � �"½���¡"; �)¢ X!/�0 C�G  � � � (��21�% J ¥�§ k43;$X � ¤ ; %- J j¨k2E)F�8 S � %�g ² : @
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�
2 � � �

2.1 ��� �	�� ��0�¡�
 } Ã C� v �B���Q� o � 0�;����h3�H J ¡";����h3�H�I +   9&% ;�@�� Ã ��43�H X �&� Ã �B��� �  �� � I	� � J % : @ � � � �0�;����43�H Ã ��K X A�� ��� k� �&� } o&�"� � J � ���h3�H X A������ 8 � v �6���Q� o } ��! C�" S$# "&%�' I&(*)" � � � # " � �9X G,+ @ ( � � 0�;��-�h3�H X A����.�./ + X ] Ã �B� X A�� ��� k �~�021 �&} ;�3lI54)� � J % : @ 2.1 � � o �)� � Ã � �76 Π I D / @
Π =

P‖ − P⊥

P‖ + P⊥
(2.1)

P‖ �0�;����43�H �98 v }��B� Ã � � � � P⊥ �0�;����43�H �Q� o }��6� Ã � � � C�G+ @
Π = 1

Ã J�K&: V � � � Π = 0
Ã J$K 4)� � C9G,+ @

2.2 ;=<�>@?BADCE���D�GF
2.2.1 H�IKJML.NKOKP SNRQ�R ½�S�T (Supernova Remnant:SNR) � �U&H7V�� ½�W�X J Y x H$X X T.U / + @ UH�V���½�W�X Ã SNR ��,�Z � , � �)½,U)H�V�� X GM[ � ] Ã \ [ I X ��j¨kP0]
 ( C)C^ ) ½�W X�_ [a` %�b�c&|Md 3.b)% + @] Ã 1.e �9��f ,$Z Ã , � ��½ X +�g�¡�; X�r { -�.ih b9% + � J��� [ 0"� X z�{jd
3 � \�kBÃ ½�W Ã ¡); ���   b Y 0$��l43ml�0P1�e h b)% + J¦¥�§ k43�b)% + @ Y 0$��l3nl�0P1�e Ã ;�3 � ¡"; X ±   b&%&3B©�� �oh b)% + fp� C9G.+ @�q,r � U)H7V�� ½�W�X
SNR

C9G,+ j � ½�W�j¨k f �]s9� � X � C � �BX E)Fod 3.b&% + @

2.2.2 AGNt � �����
(Active Galactic Nucleus:AGN)

f ��� ,Z Ã�u � $&~6����v��$H J ] Ã2wx "5y
(Accretion Disk) j+k } + @ AGN

Ã 17e �"��f w x "5y j+k Ã{z�| 1]e J9} x ��3j¨k Ã Y 0$��l43ml�0\1�e�~ Ã���z�| 1�e X�M� [ 3  �� �.� H X ¥�§ k43�b)% + @ w x"{y�C Ã���� ��� +&���,� | � � S�Y 02��le3nl�0\1�e ��� + � �BX���� C K + @ } x\�3 X ³lµ Ã �6� I � %�b&% + AGN
f�� � $ *�� � � (Blasar) J�� ©�3.b&% + @
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2.2.3 X � H�IKJML
X �,U)H7V�� C f , ��� ½���� Ã�� _ X ¡��&� �	�   b', ��� ½ Ã ¡�
 � w x / + J$K� V6»���l43ml�0P1�e ��� [�� X �lI	1�e h b� + J¦¥�§ k 3�b� + @ w x � _ f ¡�
��� C w x�� ( �"~ � ) I5c�|�/ + @ � Ã �.~ � Ã c�� ���   b X � Ã 1�e,U�����0 J � �6�X O : @ �   b � U9HB_������ J � X � Ã � ��6 J � � ��� I�� u + � J ��� [ U9HV�� Ã ¡); �)¢ ��� e �&��������� � + �"!�X�·$# +$%

2.2.4 LMXB

1'&)( X ��*"½�+ (Low-Mass X-ray Binary:LMXB) ,.- w x "&y�/ c�0Md 3 +$% z�|� e Ã2w x "{y , Ã���� f21'3 !7h54�6 d 3 � w x "{y.798;: � � + �"! /=< # +$%

2.2.5 BHC>�?'@ � v��BADC�E=FHG (Black Hole Candidate:BHC) � - w x "5yI/ c�0 d�3 +9% BH7 w x "&yKJML�79� e f Kerr BH
!

Schwarzschild BH , 1=3 6 �	N  /'O.+2% 1=3 7 46 ��� [ BH
7�P)Q)R�S.7$T�U�/BVWLYX�+9Z)[�\K/'O,+$%

2.3 ]_^ `badci���e
2.1 �	f / 7 f9g�h�i , � 4�6 d X � X j ��� + 1=3 , O.+2% 1=3 4�6 �lknm �9o�pf

ArielV
�

OSO-8
�

RHESSI
7.q g�, O�+9% r�s 4�6 o�p RHESSI(Reuven Ramaty High

Energy Solar Spectroscopic Imager) , 7 GRB
7 4�6 , f 80±20[%]

! �t ��uwv	x  13 6 / 4�6 d XIyB% h J h � RHESSI
fBz|{ r=s 4�6=} 7 o�p , OM[��H~w<$�|79���.� |��� /������ , f)��� �HV�L�XIyH� �'� 79�=�'/ o�p 7H�B����� !�� �b� � "�"� !�� JL���� � 4�6 ,'� �  !5��� LYX���� � %� 7�� t v9  &"¡ v ��� � ( ¢ @Y£ �¥¤H¦ @¨§ , � � )

1'3 4�6 � kMm y o�p � OSO-8o�p.©�ª , OM«�¬ Crab Nebula,Sco X-1,Cyg X-1,Cyg X-2,Cyg X-3
7

5  v$® i � %

2.4 ¯d°²±´³_µ_¶
���9,'� 1=3�3�· vD¸ ª � ¹�º�» R.79¼�½�¾�¿ vDÀ ����ÁIÂ � %|Ã'ÄBÅ § ÄÇÆ�È �9É {72~|<$�|Ê ,.-YË�� m ��� � ¼�½�¾�¿ , O � %

2.4.1 Ì|Í¨Î¨Ï
x�Ð ,$Ñ �ÓÒHÔ /$Õ & v�Ö�×=Ø �KÙ Õ & Ê�79Ú Ô)Û 7 ÒHÜ v � m �IÝDÞ�ß=ÄYà|á�â ª � %� 7 Ù : Ò�Ô /KÝHÞ'ß"Äãà ,�ä�å áDæ=ç.L�XDè ÐMé X"y Ù : v Ò�ê�ë / ¹�º é X �2ì¨� Xá í Ñ�¹�ºbÙ � tîì Ò)Ô 7 ä k"ï"ð ¬|Ý�Þ=ß"Älà v � � è Ð"ñ Ý § A / ? Ä�ò�ó ��ô ¡B¹º�,=�9¹�º é X � Ò�ê�ë �9õ 1=3 , 4�6 é X � /D¬ Ò�Ô;ö Þ�ó ��÷ 7 Ü�ø � ¬�ù�ú ïIð J
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o�p��
@
4�6���� A�� Þ ��� ���

F)G 	�
 ArielV@ 2.6 keV OSO-8@ 2.6 keV OSO-8@ 5.2 keV, 4�6 é XIy 1'3� , 4�6 é XIy 1'3�� , 4�6 é XIy 1'3�
Crab Nebula SNR 19.2±1.0[%] 19.2±2.8[%]

Sco X-1 LMXB � 7.7 0.39±0.20 1.3±0.40

A0620-00 BHC � 2

Cyg X-1 BHC 2.44±1.07 5.3±2.5

Cyg X-2 LMXB 1.00±0.88 3.1±2.2

Cyg X-3 10.2±7.4

Per Cluster ����� � 12.6

Cen X-3
£ A�� Þ � 18.2 � 27

Her X-1
£ A�� Þ � 62.1

GX339-4 BHC � 10.4

GX349+2 LMXB � 9.2 � 22.0

NGC6624 LXMB � 4.7 � 10.8

Ser X-1 LMXB � 17.9 � 64.8

4U1636-53 LMXB � 15.3 � 60.1

Cas A SNR � 26.4o�p��
F)G 	�
 RHESSI, 4�6 é XIy 1'3�

GRB021206 GRB 80±20 �
GRB030329 GRB � 80e
2.1:

¾��K7
X j v � � 1=3 4�6���� ì������! #"�� 1�3���$ ¢ @5£ Þ ¤B¦ @w§&% 80%

%
O �"�"Ù á��(' Ø �$ì r's 4�6 o�p RHESSI � GRB

4�6 %
80 ) 20%

7 x �+*-, � á 46 �9y $ �'Þ-.H79�=� $ o�p 7H�B����� Ù � � � ��� �'�'Ù � JML ��� � 4�6 % � � � Ù��� LYX=��� �
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L Ò)Ô á����.�5Õ�� v���À ª �Bè Ð;é	� � 7 %�
 j *-,��2y X j $ 4�6 é X �$ì

�
2.1:

í Ñ�¹�º 7��� � ì���j ïIð v , Ô á ¹�º �Y¬���7+, Ô 7�� À Ò)Ü ����� v����% O �$ì

2.4.2 ��� �"!$#%!&�DÎ¨Ï
GRB

7�*-, � á�' 6 Ø � y)(H¬�*KÄ)Ý�ß § ßIÄ ¹�º % ��+ é X �	,�- 7 * , � � ÷ 7¿ � % O � 7)J�á�.�/ ¡ v10 ( �2ì
x�Ð % Ñ ��Ò)Ô�$Dê�Ü ÊKá�2 Ñ Ø �|Ù : ¬ Ò�Ô � ß�Þ43DÄ15Hà v �|« F = −evB

7Dà�áâ ª � ä�å áHæ�ç.L�X �2ì|� 7 Ù : Ò�Ô 7 �6� 7 ��j ï"ð v Ò�ê�ë á ¹�º Ø �2ì.� X $ *Ä�Ý�ß § ßIÄ ¹�º % O �$ì
ù�7�¬Hù�ú|7 ê�Ü

B
7�Ê"á8��9

m
¬ Ò�:

q
7%; Ô($1< ��/ ¡ Ð � v

% Ñ �)��� ��Ù :l¬=�7�2 Ñ.��>�? 7�@ v%A t
γm

d~v

dt
=

q

c
~v × ~B (2.2)

��� ¬ ê�Ü v%B m yDCDEGF"ß82 Ñ á Ø �$ì ��72� Ñ�H ωB �
ωB =

1

dt
=

qB

γmc
(2.3)

% O �$ì�
2.2 � ; Ô 7�CDEIF"ß�2 Ñ áKJ�JMLMLIy � % O �2ìn� 7 Ù :N2 Ñ Ø � ; Ô J¥L �2¹�º $< � $ ¬ � 7 ¹�º|� ö Þ ¦ ÄGO v ��« ��j ï"ð áBÊ1P v1Q�R 1/ SKT ï"ð v	UWV X �9ì��1T¹�º $�X)Y)Z v�[ � T�� 1 T%\�] V 2 T�\ i % v8^D��V`_ y Ùba %�c �9ì 1 ] V 2 d % T	ef á

∆s Ù Ø ��Ù � ] V ∆s = a∆θ
%�c �2ì�d y2¬%g6h�i ¡ v ∆θ = 2/γ

% ¬ |∆v| = v∆θ,
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∆s = v∆t
%�c ��T % CDEIF"ß82 Ñ�T������ R (

�
2.4 ��� )

á
α Ù Ø �wÙ

∆θ

∆s
=

qB sin α

γmcv
(2.4)

a =
v

ωB sin α
(2.5)

∆s ∼ 2v

γωB sin α
(2.6)

1 T1\ ¬ 2 T1\ % T
	�� á�� _�I_ t1, t2 Ù Ø �wÙ ∆s = v(t2 − t1)
��«

t2 − t1 ∼ 2

γωB sin α
(2.7)

1 T�\ ¬ 2 T1\=] V T���º $1X�Y6Z�� [ � 	�� á tA1 , tA2 Ù Ø ��Ù ¬ tA2 − tA1 � ∆s/c
©�ª����� ��T %

∆tA = tA2 − tA1 =
2

γωB sin α

(

1 − v

c

)

∼ 1

γ3ωB sin α
(2.8)

Ù � �$ìn��� % γ � 1 ] V 1 − v/c ∼ 1/2γ2 T���� á��I����� �$ì@ ] V X�Y�Z($bX�Y Ø � � ë H.� γ3 � ��� �$ì *KÄHÝ�ß § ßIÄ ��º % T����K¡ � ë H ωc�
ωc =

3

2
γ3ωB sin α (2.9)

%�c �$ì
� � *KÄ�Ý�ß § ßIÄ ��º�T *-,¨á ��� �$ì � 2.3 T ��� � ; Ô�$ Ð � ~v

%
x-y
�� J T Q!

a T�" � ��� á Ñ � Ù ��� ��ì ; Ô �
	#� t′ = 0
% Ú \ á�$ � � T¨Ù Ø �$ì ~ε⊥ � Ð �

~v
��% 
 � ïIð T�&(' ñ Ý §*) ¬ ~n � X�Y�Z ïIð T�&(' ñ Ý §+)-%�c «�¬ &(' ñ Ý §*) ~ε‖Ù9� ~ε‖ = ~n × ~ε⊥ T
,#- á�. À ì�d0/ ¬ ~n Ù x

� Ù%T � Ø�R á θ Ù Ø �$ì; Ô($21 Ð � 2 Ñ á Ø ��ÙIa � ��º é	_ � Ò�ê�ë T�&�' � ë H c / «�¬ &�'4345 R c /« T76 � dW/dωdΩ � ; Ô T�'�8 ñ Ý §*) á ~r0(t
′)
¬); Ô T Ò�: á q Ù Ø �wÙ ¬

dW

dωdΩ
=

q2

4π2c

∣

∣

∣

∣

∫

[

~n ×
{(

~n − ~β
)

× ~̇β
}

κ−3
]

eiωtdt

∣

∣

∣

∣

2

=
q2ω2

4π2c

∣

∣

∣

∣

∫

~n × (~n × ~β) exp

[

iω(t′ − ~n · ~r0(t
′)

c
)

]

dt′
∣

∣

∣

∣

2

(2.10)

Ù:9 ª � ( ;=< B ��� ) ì � 2.3 ] V 2.10
@ T�>�?�@�,IH�TA-6H.�

~n × (~n × ~β) = −ε⊥ sin(
vt′

a
) + ε‖ cos(

vt′

a
) sin θ (2.11)

~β =
~v

c
,
∣

∣

∣

~β
∣

∣

∣
= 1

%�c «�¬
exp T Ê �
t′ − ~n · ~r0(t

′)

c
= t′ − a

c
cos θ sin

vt′

a
∼ 1

2γ2

[

(1 + γ2θ2)t′ +
c2γ2t′3

3a2

]

(2.12)
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�
2.2:

; Ô T CDEGF"ß	2 Ñ á�J ] V L / � ì < �6/ ¡ ; Ô ] V T���º.� < ��/ ¡ ö Þ ¦Ä�O � ��« ��� ï"ð áHÊ1P � Q�R 1/ SKT ï"ð � U VM_ �
/ (D¬ 1 T1\=] V 2 T�\ T#� % �º é%_ � , Ô ©�ª $bX�Y�Z�� [ � ì

�
2.3:

*IÄ�Ý�ß § ß"Ä ��º�T *�,¨á ��� �
/ ( T � ì�	7� t’=0
% Ú \ á�$ � Ð � v T ;Ô�$

x-y
�� J T Q ! a T�" � ��� á Ñ � Ù Ø �$ì
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%�c �9ìA/ © � ¬ 2.12
@ % � (1−v/c) ∼ 1/2γ2 T �=� á��=�$¬ v = c Ù �l��� �	ì 2.11,2.12@¥á

2.10
@ ����� ��¬

ε⊥
ïIð T��4@�Ù ε‖

ïIð T��4@ � @ ª �wÙ
dW

dωdΩ
≡ dW⊥

dωdΩ
+

dW‖

dωdΩ

dW⊥

dωdΩ
=

q2ω2

4π2c

∣

∣

∣

∣

∫

ct′

a
exp

[

iω

2γ2

(

θ2
γt′ +

c2γ2t′3

3a2

)]

dt′
∣

∣

∣

∣

2

(2.13)

dW‖

dωdΩ
=

q2ω2θ2

4π2c

∣

∣

∣

∣

∫

exp

[

iω

2γ2

(

θ2
γt′ +

c2γ2t′3

3a2

)]

dt′
∣

∣

∣

∣

2

θ2
γ ≡ 1 + γ2θ2

Ù��I�$ìn��� % ¬	� H á
y ≡ γ

ct′

aθγ
, η ≡

ωaθ3
γ

3cγ3
(2.14)

Ù ��
 Ø �wÙ ¬
dW⊥

dωdΩ
=

q2ω2

4π2c

(

aθ2
γ

γ2c

)2 ∣
∣

∣

∣

∫ ∞

−∞
y exp

[

3

2
iη

(

y +
1

3
y3

)]

dy

∣

∣

∣

∣

2

=
q2ω2

3π2c

(

aθ2
γ

γ2c

)2

K2
2
3
(η)(2.15)

dW⊥

dωdΩ
=

q2ω2θ2

4π2c

(

aθγ

γc

)2 ∣
∣

∣

∣

∫ ∞

−∞
exp

[

3

2
iη

(

y +
1

3
y3

)]

dy

∣

∣

∣

∣

2

=
q2ω2θ2

4π2c

(

aθγ

γc

)2

K2
1
3

(η)

Ù� . % a)�$ì Kα(η) � ��� ñ ��� ) ,IH�Ù�� � _ ¬ >�? T ��� ��� é%_ �$ì
Kα(x) =

π

2
iα+1Hα(ix) (2.16)

Hα(x) = Jα(x) + iYα(x)

Jα(x) =
∞
∑

m=0

(−1)m

m!Γ(m + α + 1)

(x

2

)2m+α

Yα(x) =
Jα(x) cos(aπ)J−α(x)

sin(aπ)

� � ¬ 3�5 R ?�@ á �K� �$ì � 2.4
��� � /�T�� *KÄ�Ý�ß § ßIÄ ��º�T���º���� %�c �$ì� T�; � /��4@ $ ��º���� %Dc �2ì ê�Ü ï"ð ] V R � α � � / ï'ð � ; Ô T�" � �6��T%�

� ïIð %�c «�¬ ��º¨� <�� / ¡ ö Þ ¦ Ä�O ( ;4< A ��� )
� �|«

α ± 1/γ T���� � U VN_�$ìn� _ á ��� Ø �wÙ ¬ 3�5 R� �! � dΩ = 2π sin αdθ Ù 9 ª ��T % ¬ 2.16
@¥á 3�5 R ?

@ ���
dW⊥

dω
=

2q2ω2a2 sin α

3πc3γ4

∫ ∞

−∞
θ4
γK2

2
3

(η)dθ (2.17)

dW‖

dω
=

2q2ω2a2 sin α

3πc3γ2

∫ ∞

−∞
θ2
γθ2K2

1
3
(η)dθ
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�
2.4:

*�Ä�Ý�ß § ßIÄ ��º T���º�� � á � � / � ì � TA; � /���@ $ ��º�� ��ì ê�Ü ïð ] V R � � � � / ïIð � ; Ô T�" � �6��T%� � ï"ð %Dc «�¬ ��º|� <�� / ¡ ö Þ ¦ ÄGO
( ;4< A �(� )

� �w« � )��MT ��@ �����
	 ( V _ �$ì��� 1/ S %�c �$ì

Ù��I��ì
" � Q ! a = γmc2/qB sin α Ù:����¡ � ë H ωc = 3γ2qB sin α/2mc
á������ 9

a8? Ø Ù
dW⊥

dω
=

√
3q2γ sin α

2c
[F (x) + G(x)]

dW‖

dω
=

√
3q2γ sin α

2c
[F (x) − G(x)] (2.18)

F (x) ≡ x

∫ ∞

x
K 5

3
(ξ)dξ , G(x) ≡ xK 2

3
(x)

x ≡ ω/ωc

Ù��I�2ì#" � �6��T ��� T � T = 2π/ωB

%�c ��T % &(' 	�� ¬ &(' � ë H c / « T���º
6 � � ��
 Ø �wÙ

P⊥(ω) =

√
3q2B sin α

4πmc2
[F (x) + G(x)] (2.19)

P‖(ω) =

√
3q2B sin α

4πmc2
[F (x) − G(x)]

Ù��I�$ì�����D� ë H c / « T *KÄ�Ý�ß § ßIÄ ��º�T *-, � � 2.1
@ �

2.20
@¥á ��� � �

Π(ω) =
P⊥(ω) − P‖(ω)

P⊥(ω) + P‖(ω)
=

G(x)

F (x)
(2.20)

% � é	_ �2ì.��� % ¬ *KÄHÝ�ß § ß"Ä ��º á�� � Ò�Ô T ��� ) � Þ @�� N(E)
$

N(E) ∝
E−p

%�c �wÙ Ø �wÙ ¬ N(γ) ∝ γ−p
% � c ��T % ¬�� Ò)Ô ] V T���º�T *-, � Π �
Π =

∫

G(x)γ−pdγ
∫

F (x)γ−pdγ
(2.21)
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Ù��I�$ì x = ω/ωc ∝ γ−2
%�c «�¬

F (x), G(x) T x ?�@ $�� ,IH � �����
∫ ∞

0
xµF (x)dx =

2µ+1

µ + 2

(

µ

2
+

4

3

)

Γ

(

µ

2
+

4

3

)

Γ

(

µ

2
+

2

3

)

(2.22)

∫ ∞

0
xµG(x)dx = 2µΓ

(

µ

2
+

4

3

)

Γ

(

µ

2
+

2

3

)

Ù � � �"�"Ù á�� � Ù 2.21
@ �

Π =
p + 1

p + 7
3

(2.23)

Ù��I�$ì��T @�á �'��� GRB T	,D- *�, � á �K� �2ì GRB � Ö�� ë Ê %�����) ¦ 1 Ð¥é	_ / ÒÔ�$ *IÄHÝ�ß § ß"Ä ��º � / � T %Dc ��Ù Ø ��Ù ¬ Ö�� ë Ê %���� ) ¦ 1 ÐMé	_ / Ò)Ô T�-� ) � Þ @ �.� p = 2
%=c � ( ;4< C ��� ) T % 2.23

����� ��� *-, � � Π = 70% Ù	�
 �� ��� T.Ù ���$ì�� _ � ê�Ü($�� � ��� ����� � Ü�� ] V T���º %�c ��T % ¬ *�,� T�,�-�� %�c �$ì
GRB TA��º · %=c � <�� / ¡ Ö�� ë Ê %�� ê�Ü�$�� ���=� �|Ù�� � VN_ �"! �)T % ¬
�bT�,�-�� � � ! *-, �($$# + % a��$ì

2.4.3 % �'& #���(�)Ã'ÄDÅ+*�Ä�Æ�È %,� � º , Ô T *�, ïIð �.- ��� � 2.7 T - � � Æ�È T�/ ï�0 $ L V _
�$ì Æ�È ��T *-,�13254 %,� �bT�/ ï�0 á6132 Ø ���"Ù % *-,¨á Y ú876��! �$ì, Ô($HÒ�Ô Ù:9 0 Ö�×IØ �,�'Ù�; - ��� Ë<���2ì , Ô � Ò�Ô ; ��� ) � Þ'á>=?7�@BADC� ��� ) ��E�F6G��5H

�
2.5: I"J$K * J�LBM�F6�.��� � H z N�T�O�T$P�Q�] V ��R 7 /�S C�T$U \�V ADC8WYXBZ[ � WB7\��! �5H

]
2.5 ; � [ - � ; x N�P.Q"; A�^._�`+* ) F�a�b�S C'T�U \.V A�CcWdX�Z [ � W [ ��H��R S Cfe5g�h"i F ν

@�X�Z�jfe S Cfe5g�h�i F ν ′
@�X�Z"j ; A�C T G�/�k,l )3m E�F
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Ee
@���h�� F pe

@ �BR S C ; � [ ��S C�e L�M���F θ
@
φ(θ: ��� @ φ: P0'�� )

@�X�ZBj�e$A
C3e � 2 � F θe

@
φe(θe: ��� @ φe: P
'�� )

W [ � W @ k�l )'m E W	�Bh��3e�
��� ��� _ _

hν = Ee + hν ′ (2.24)

hν

c
= pe cos θe +

hν ′

c
cos θ (2.25)

pe sin θe cos φe +
hν ′

c
sin θ cos φ = 0 (2.26)

pe sin θe sin φe +
hν ′

c
sin θ sin φ = 0 (2.27)

W ����H�� ��� V e pe
W

Ee
e ,�- � (pec)

2 = Ee(Ee + 2mec
2) V @ � _ F � ��W 2.24 �

2.27 � -��

hν ′ =
hν

1 + (hν/mec2)(1 − cos θ)
(2.28)

Ee = h(ν − ν ′) = mec
2 2ν2 cos2 θe

(hν + mec2)2 − (hν)2 cos2 θe
(2.29)

W ���\H ��R S C.e k�l )�m E T�A�C.e���� k�l )�m ED; � 7 ��� @���� ! W�� hν � mec
2W � ��� 	 � ��� � ;�!#"�$'��H�� e�^�% L�M"S C � ��R S C8W�&�W('*) k�l )'m E T �

",+�� ! H.- ; hν
T

mec
2 ; � 7\�0/�1 V � � !2&3)546��7 �.� W:@ L�M,S Cfe k,l )m E � θ = 0 8 efW�� hν V�9 4B@ θ = 180 8 efW�� hν/(1 + 2hν/mec

2) V�9:� W ����HBSC<; +>k"l ) m E�F6G�� A�C � θe = 0
efW�� 9 4 � F W �

Emax = hν
2hν/mec

2

1 + 2hν/mec2
(2.30)

W ���5H= / @�ADC F#>�? ADC W [ � W�@ I"J�K * J�LBM e LBM���@ e @�� � ��R S CBA � [ ��SC�e L�M�� F θ
@
φ
@.C�D ��F dΩ

@�E�F G0H�I F dσ
@�J�K"A�C2L�M F r0

W [ � W�@ Klein-

Nishina
e � ; +

dσ

dΩ
=

r2
0

2

E′2

E2
(
E

E′
+

E′

E
− 2 sin2 θ cos2 φ) (2.31)

E′ =
E

1 + (E/mec2)(1 − cos θ)

E = hν , E′ = hν ′ , r0 =
e

mec2WON �5H�P R S C�e k"l�Q m E e�R VTS 7�W
dσ

dΩ
= r2

0

1 − sin2 θ cos2 φ

1 + γ(1 − cos θ)2
[1 +

γ2(1 − cos θ)2

2(1 − sin2 θ cos2 φ){1 + γ(1 − cos θ)} ] (2.32)

γ =
E

mec2
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]
2.6: ����� A b !��,e�E�F G�H�I�e ��@ F�� H

P R S C�e k�l0Q m E T�� 7 N��'W	� P�LBM T�
� � A�N��� 7�����W6T�F<;�� H

 1

 0.5

 0

 0.5

 1

 1  0.5  0  0.5  1
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ax
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1keV
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]
2.7: � =90 8 e��"e P������ A b�� ��e ��@ F� H�P R S C3e�A�^�_ ` * Q W	���#N P�Q A L�M

��$�� [ � ��W6T�F ;�� H

WON�� H.P R S C�e k�l�Q m E TDA�C3e �:� k�l�Q m E A ��!��.�.F � �"� ^�%�@ γ
T �

� 7 N � @ dσ/dΩ # r2
0(1− sin2 θ cos2 φ)

e?*%$'& J LBM e ��@ F(� F�abDH �5e�^�% θ
A

b�� � # θ = 0
@

180 8�V*) � z N'V�9 4+WON � @ θ = 90
@

270 8�V*) � x N A,+?7���+�-�NF.� WON�� H φ
A b�� � # φ = 90

@
270 8�V�) � y N'V�9 4+W N � @ φ = 0

@
180 8�V*) � x

N A,+?7���+�-�NTF�� WON�� H]
2.6
A # /�/ S e�^�%�e P R S C�e k"l�Q m E�0 W�e θ

A b.� �,e E�F G0H�I�e ��@ F� F @ ] 2.7
A # θ = 90 8 e�^�%�e φ

A b�� �,e ��@ F�� F21 7,3 H φ
A b�� �,e F��<;

+ @ I,J$K546J�LBM.V # P R S C3e�AD^�_ ` 4 Q W	���.e P�Q A LBM � $�� [ � �,W>TTF;�� H = 3�@ γ
T.43�B7 N�� 6 P R S C3e k"l0Q m E T7� 7 N��,8<A b�$ � 4 $9& J:L�M; + e�: $ T.4*�B7 N � γ > 1

e � + � ��;�< V # � PDL�M T=
 � � A�N�� H
S C�e I,J�K>4\J:L�M e L�M G�H�I σ # 2.32 � F dΩ V I�F@?2�

σ =
3

8γ
σ0[{1 − 2(γ + 1)

γ2
} log(2γ + 1) +

1

2
+

4

γ
− 1

2(2γ + 1)2
] (2.33)

σ0 =
8πr2

0

3
= 6.65 × 10−25[cm2] , γ =

E

mec2W�N�� H σ0 # 4 $A& J�L�M e LBM GTH�I V @�XBZ � $ �ADC # U�C�B�ADC(E �O$ � � ��3F S C.T�XBZ@?2� a�k"l0Q m E T7G.HI?ON � W(? 3�^�%3e a e V�) � @=J k�l0Q m E e I
J�K>4\J:L�M'V # � $ A�K(L [ � H��� = V e M�N # >0? ADCBA�O�� LBM'V�) �$T�@�P�Q.e R�S�T V�U#"�$ �De # U�CBA C(E
��$ 3�ADCBA�O�� LBM'V�) � H*V T�@ P R S C3e k�l0Q m E T�43� � ^�% # ADC�e,C(E k
l�Q m E e W�N # � + � A �6�"�DH O="��@�C�E k�l0Q m E A�O���W�N F /�1 [ �'WXK�UC ) 3 � e I�J$K54>J�LBM e LBM GTH�I σatom # U�C�B�e�A�C3e Y�i V�) �\U�C(Z*[ Z

A
O(��

σatom = Zσ (2.34)

W S9\ � H
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�
3 � � � � � � � � � 	 
 �

3.1 ���������������������
& �"!#�%$'&)(+* Q #-,/.10 S ( S#2 )

e43 R6587:91; ?D34<'=8W , $#>'<'='?A@ 7CB R% "'D 34<6=1E �.V-F�U [ �HG"I#J V�) �4K JAXA
G"I#L1M#N6O'P6Q V # , ��eSR6T6G+IJ*A�O=� ,".)0/U 4 F"V �/W 7SX6Y \ � , R ? �%Z+["\+]+^+_ e,P"` 7 Uba 3 F 2011 ce-dfehgji 7lknm ?porq 7 = F � � �-KA�%s%o#qut knm)v s # ,xw \ly O z 4p{ |x}��6[\ t ) � K&%�)!r�~$6&�(1* Q#�+\ # , �.M+� 50 m

s-�+�+�js .)0r� 7C�+� gutx�l� ? ,"� 2"�z"�+�'��*/�8�S�j�x�l� 7H�1; ? 34<+='?A@#A�O�� �6�6�+��� ,'.10#� �1� Qu� ��A�O��� &us-�"�<N�� ,'�+ +¡"¢ � N��h£+¤js P+` 7lkh¥ A ,+¦+§'¨ M P+© 7 Uba Kª 3 , �%s �6\ t # [6\A« s4¬ F+�U+®+¯ 7H9); ? 3-°6±²s-L1M#³+´ 7 Uµa Kx¶  '#-·�6¸�¹ º 4¼» O�D�%½�¾p¿.�uÀ734Á Z6Â < t"s4Ã1Ä/³6´ � , · �6¸�¹ º 4ÆÅ �'³6´ , GRBs-³+´ ,rw \ s4Ç <+È >lÉx³6´ y O z .)0 - w \ U s)!+Ê6!l�~�"Ë~Ì1*�� 4 (L4) »4Í6Î v� 4n{ |x}+Ï6[6\6Ð s)Ñ6!/*~Òl* ³6´ 7 Uba � � N8� » OuÓ , [6\ L1M � G"I R+Ô1M »SÕÖlv � K

×
3.1:

&~�)!'�x$+&l(1* Q#�"\ s-Ø"Ù × K#Ú1Û 1 m Ü1Ý s �+\ s%ÞßÓ » �'à+� 50 m
sá { �~Òu�-Tjs � 7 �l� ? ,".)0"â ¾Ss � 2 s43+ã 5�7C9); ?��~<+=)& � ?�� �lä K

3.2 å�æèç�éê �1!#�%$+&)("*xë �6\ s4<6='?+ì²í ê �1!#�#("*xë �¼î+ï <1&l*#�8�S�j�~�l� s%ðl*ñ�ò#ófô t)õ ä K ê �)!r�'(1*#ë � í .)0'� 7hö ã v äl÷ � t~<+=�& 7hø ä ?1ìut�õ ä Kê �)!r�~$+&)(1*/ë �+\ t)í%ùrà+� 50 m
s-�+�+�js#(1*/ë 7 �l�ûú .)0"â ¾Ss � 2 7hö
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ã�ú��%<1& 7Hø ä K ÷ s#("*xëlí#Ì ò *�� ô �At6t�À�� y Ó��#Q » í-�6� .10 $��
	������� ,~."0/��� $ »���� � ,���� ?����)*x�f�h�j�%��� »����! $'& 7 ª â  �� �� ä K
2004 c 8 "A» í S-310 {$# ó�% 34 & ?At , î Ý � 150 km

s(' �'�6� gAt
10 m

s#("*xës �l��)+© »+*�, t$-/.���0�1 ú+2xKª 2 , *r�û�4�8�/�u�%í , <+=43 7 $�5µú�� ø 2+*r�û� 7 $�6�t$748µú:9rã v äl÷ � t

;
3.2: <4=4>1« t1s ê(?A@�?�B4C ë#�l�$)6©�D S-310 {$# óE% »!� Ó î Ý 150 km

s(' ��+� gut
10 m

s BAC ëAs �l� »+*�, t$-/.���0�1 úF2$D
G�HAIEJ ø äLK ìAt)õ ä D(M
	   <4=�>1« t1í(N�O JLP/Q ú+2 ö'� J�R ��(7�8 ú  AS¿UT  ¾  VD ÷ s � À ø ¾ ¿ ä �1�xë � ? í P/Q N�O
W P/Q 8 Ý t1õ ä D P/Q N�O XZY
� t�À ä�[�\�]�» í�^ Ó`_1õ ä�a�b�cV[�d JLeEf ä 2�. » P/Q 8 Ý J�eEf ä�a _ C �8�S��x�A� aFg�h�b õ ä D
3.3 ikjmlonqpsrutê�?4@�?�v I B4C ëVw�x²í�y{z eEf â ¾�|�} º C�~ ÊhÒ C JL� � c 4 �!b�� x������ ú c� ¾ » 5 � J â S � %������ Ï�� x Ð ����� ä D ÷(a á ë ?A�U~ ÊL�!� a Û � â�� c�� x� a+����a����+��� ��� c á ë ?A�U~V�V� aF��� 	���  ��¡ �4 ä D � x �$b�a 4 � � �í c�¢ 5 aV£$¤ �'ú¥�(¦�§�¨¥©�ªA« cE¬( %`® @ ó(¯ AaF°�±���� ��|�}!² � 5 ¡ ¨ ÷ ��!�/³µ´�¶�·�¸�¹4º!» e » ¨ GRB aF��� J�¼¾½ D � x � ����¿jí cAÀ ?�Á�Â�? J � x4ÃÄ�Å ª ��Æ�Ç ú � x v�È�É�Ê a+Ë�Ì4c�Í � ? ñAJ � xAÎ É ��Ï�Ç �¥Ð Î É a ù�Ñ ��� JL¼½ D � � �Fc ©�ªA« a+Ò�Ó J�Ô S�  <4=�Õ�Ö P�× ���4c %`�(����Ø � x a ® @�C$Ù!C �� J �� �ú¥�4U¨�D
3.4 GRB ÚonqpÛ�Ü�Ý�Þ b í ¯ ë ?���~��$� a�����K � a �4ßà�#úL� c êF?4@V?Fv I B�C ë$w�x � GRBá «�â Q � J �A��ã ¨ ÷ � J �� bú+�A�¨$D!ä ~�å�æ a�� ½  �ç/è�é�êEë ? a v�ÈAì�íÎ É a�Ò�Ó�b | e � íFî ²  �ï�a�b�c�<A=4> � b�a w�x �!ð ¨ ���/»$��� �  ¨�D g{�(cñ�?4@V?(v I B4C ê w�x � GRB

â Q+òàJ:ó�ô ã ¨�õEö(÷�ø a(ù ß � IPN(Inter Planetary

Network) »$ú f � ¡ ¨�D IPN
� í c�û�¤{a w�x �!ð�ü(ý ä ~+å�æ » â Q �F¡ ¨/��þ �+ÿ
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�
3.3:

ñ$?�@�?�v I B�C ê w4x a���� D í���� � w4x � ó4ô �F¡
	 C À ~ è ~V��~ J 2K�c�� x ��� R aVÀ ?�Á�Â�? J�ó�ô�� ý4ï ¨�D

 ã ¨¥â Q a�� ��� J+R ï�ý GRB a ������� J ·4¸ ã ¨���� b�� ¨�D � 3.4
í

2
ß a wx!� bAa IPN

J���� 	 � b�� ¨FD ¢�� D ��S � ¡�	 2
ß a w�x » GRB

J+Ô S ¨ �"! í t� ¡ ýAï 	 � ã ¨/� c � ² � D cos θ = ct
� # ³ c GRB a �$����� θ

J&%
' ¨)( »4b þ¨�D(w�xU� a+¢*�!»+� ¡ ¨�,*-�./# ´�¶�·�¸!»�b þ�¨ 	 ' c |�}!² �1032 � ¡ ¨ ñ�?A@�?v I B�C ê í IPN � � ü(ý54�6/7 #984÷+:<; ~ b�� ¨(D � 3.5
í

IPN b�a GRB a(´A¶·4¸{a+=�b�� ¨(D?>�@ a�ACB/» RXTE
�

BATSE a�è @�?5D/? ¯ ê�b��
³ cCE æCF a�A
B í BATSE

�
Ulysses a 2

ß a w�x b�a IPN b(·à�Aü 	 GRB a ��� bG� ¨�D9H�H b í
2
ß a w�x b�a IPN

# a�b�è @�? »�E æ�F ��»Vc 3
ß a w�x b�a IPN b í 1 I��F·à� ¨�D� 	 c |�}�² � � ¡ ¨GH�� �Uð/³ |�}�² � a Ù ÷ ¯ ��@U~<J » # 2 #U¨�H���K GRB a âQ � í�L � ý�ï ¨FD�|�} a Ã ³L� í |�} a È*M � N*O ��¡�	 ç!è4é�ê/ë ?�P*Q »+R O �&ST ã ¨ Ù�~+U<V$~XW »G� ¨ a�b�c |�}�Ã Ä w�x b í |�}!² � a Ù ÷ ¯ ��YU~9J »�Z"[ ��#¨ »�c ñ�\�Y�\(v*]G^C_ ê w�x b í�` ¡ » # ï�a�b õEö$÷�ø+� � ý í â?c ò a�d�e*f�g (2

kg
, º ) »G��³ih�j � í H ¡lk)m*n � ý ¼ ½ H�� � #U¨ a
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�
3.4: 2

ß��Fw4x » GRB
k Ô�� ¨ �5! í t � ¡ ý4ï ¨ a H�� � ¡ ² � GRB

���������
k ·�¸ ã ¨ a

�
3.5: GRB990506

�
IPN � � ´�¶�·�¸�a Î�þ ï > í BATSE

� h Ø � ï > í RXTE
�

è Y�\+D
\ ¯ ê��5h�E æ�í�� � 2
ß	�+w�xU�	�

IPN �Uð ¨ è Y�\ a IPN �Uð�³ GRB
� ´¶!»Eð 2 ·à�Aü(ý4ï ¨ a
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�
4 � � � � � �

Û��
� í
	 � 7 #���ß�� á «�â?c&� �
 I*h���I k�m*n � ý5h���� �+â?c ò ����ï ¨&�� k ·�¸ ã ¨ a�� 	 h â?c ò � b�� _�� k ·�¸ ã ¨�� ����� #�� Y õ \AÂ � ß ï�ý� "! ¨ a

4.1 #%$ Ú'&)(+*+,-�. í ¿  ã ¨ »5h 	 � 7 # á «�â?c � �/ I*h0��I k2103 � � 4.1 �54 � 	 a GRB �6 � ý í èAéVê/ë \87:9<; ²>=�? � Í ø �A@�B k2C ü 	 ��� »�D K L � ý4ï ¨FEHGFIU¨ a
`

`
`

`
`

`
`

`
`

`
`

`
`

`
`̀

á « �Fâlc����
JLK M Y ÷<N5O × ? � Í ø �A@�B «�P�Q�RS ½UT 3WV

or X�Y 3WV T X�Y T X�Y Tâlc�Z�[ \ ï ] ,W^ ç�ï_a`Wb V�\ :<; ��c�d<e�f ç/ï ç/ï \ ï
èAéVê�ë \87:9 gih

keV
hkj�gih"l

keV
gihkj

keV

�
4.1:

	 � 7 #�m T �
n?c5�5� �
 I E ��ICa GRB
�
o�prq íis�t<u�v$\
7:9�;:w =�?�<x ø �A@�B k2C ü 	 ���Fy L � ýWza{ EHGFI {�a

4.1.1 |r}�~������OL����m T nlc�� �"� M Y ÷<N2OL� k �az�ý m T k nlci� {�aM Y ÷�N2O�� �
�a� �
� QL�Lh k d h T Q � �a��� �8����� k θ h���� k λ h n
k2� �
� hE�� { E h 4.1 � ���<����� � �����
�F{�a

2d sin θ = nλ (4.1)��  �8¡"¢ � d
yi£ �F¤ � ��h�¥ � � s�t�uFv�\ � T0¦ y θ §k¨ q8OL� �
�F{�a©iª h X « �8O���[ � Pi¬k e�®¯u � §k¨ q/°�±k� {8² Pi¬k e³®¯u y �a�<´ q 6¶µ5·¸L¹ ¤Fº�»"¼

σ
m T0½�¾W¿�À�Á ¤Fº�»"¼

π
m T0½�¾ EÂ� { E ¿kÃ �aÄ�� » O��L[ � ¿0ÅiÆ��� » ¬�Ç Rσ = 1, Rπ = cos 2θ

¿ _iÈ�É e �:� » ¬WÇ Rσ = 1, Rπ = cos2 2θ
E ¤ {�² ªÊ µ ¿

Rσ � σ
½�¾ » ¿

Rπ � π
½�¾ » O��L[:Ë�Ì {8²�ÍiÎ · ¿ ����� θ = 45 Ï » E<Ð σ

½¾ »�Ñ y<OL� �
�F{�²nFÒ8�ÓE �a� y 45 Ï ¼�¤ � ÍkÔ q/Õ�Ö µ ¿�×rØ ® Ë���Ù �5Ú ¿ O�� TLÛ ^ » �L^ ¾�Ü ¼
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E {�� E2Ë<��� T0¦ » m T ¼ p � � {�� E2y�Ò�� {�² ª Ê µ ¿ nFÒ�Ò�� { T0¦ � 4.1 � ¼� ª � 3WV T »0Ñ E ¤ {8² ©iª ¿ ��� T0¦ » σ
½�¾ Ê�� ¼ n�Ò�� { » Ë�m T ^ay�\ z E<Ð� n�Ò�Z�[�y	��
 ¤ Î · µ © Ô ²

�
4.1:

OL�W��nrÒ�� »� � � ²0��� EHnrÒ�� ¼ × Ø ® q µ/· ��Ù �
Ú�{�� E5Ë Û ^ ¾�Ü¼ E�� ¿ m T ^ ¼ Òi� � E2yWÒ�� {�²

4.1.2 ��������� ~������T P ¦���� ��n�Ò���Ë � T PLQ�� ¼�� z · m T ¼ n�Òi� {�²P ¦ »	����skt0urv� �!#"�»Lskt0urv� :¼%$ Î ª T�¦ y�¡a¢rq��W��� { E0Ð ¿"TL¦ �$ Î · zk{ sWt<u�v& "¼ Æ · P ¦ q�'kI ¿)(�¦+* q �-, Ð�Òi� � E�y"Ì {8²��/� y T P�Q��Ë�Ì {8²�� » E<Ð/.�Ò �/��{ P ¦ � ��� Ti¦ » P0¬k e�®¯u:» §k¨ q�0�1LÒ32�� z�²��» P ¦ » 0 � ¼34�5	6�7�8ih�9 2
X « CCD

E zaÎ ª�: Ö�nFÒ8� » nFÒ8��Ë<;>=�I {�� EË�m T ¼@? {���A y�Ò�� {�²
T P�Q�� � ��� Ti¦ »isWt<u�v� y�P ¦ »��&�:sWt<u�v� Í �CB µED zFA Ð<q%G ºIH � �J 
 ¿WT0¦ »0s"t�uFv+ y3K�L {�ANM+O q�P�B µ ¿RQTS x�® SIU�V » § y�W0ÕYXaq ¤ {�²j ¾ ¤�s�t<u:v� �¼Z$ Î ª T�¦ � (�¦ » ] Ë<G º Û 
 � Ç µ�· z"{�[ ¦ ËWÌ { K \#[ ¦ ¼T [ ¦ A µ2· .FÒ�� {@] [:y<G ºI^ z�² K \#[ ¦ » (�¦ Ì ª � » T [&_ � »�`+a�b ´�c��(�¦�d�e ¼

Z
¿

Ek
¼

K \�[ ¦ »�����s"tiuFv+ A � {-A ¿ mec
2 > hν ≥ Ek

»�fYg Ë �h+i�j+k »�l�m Ë
σph,k =

4
√

2Z5

(137)4
σ0(

mec
2

hν
)−

7
2 (4.2)

A ¤ {�² Z5
q 6�7 � { » Ë	n zpo&q q ¤ {�A h   q�r�s q ¤ {���A y ¾ w {�² ©0ª ¿ ��#t ¦ »is�t�u�v) y ^ 
 ¤ {uA (hν)−7/2

q 6&7 µ�· M&O qvP+B"� {8² t ¦ »�sWt�u:v� y
hν � mec

2 » i�j+k X fug Ë �
σph,k =

3

2

Z5

(137)4
σ0

mec
2

hν
(4.3)
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�
4.2:

t [ ¦���� ��n�Ò8� »� � � (X « CCD) ² 1 ��� »��:t�u Ëpt [+_ �:y H Ð ¿ .Ò �
� ª t [ ¦ ¼ 2 ��� »��:t�u Ë�� � · t [ ¦ » .�Ò §a¨ ¼ n�Òi� {�²
A ¤ {8² ��� sWt<u�v� q j � { P+B � (hν)−1 A \ sWt<u�v� 	� q 6�
 ·�� 2 w q ¤ {8²
4.1.3 ��r~������
U�V ��n�Ò���Ë � QTS x�® SIU+V ¼�� z · mTt ¼ n�Òi� {�²t ¦ y�¡�¢Fq
���k� {YA Ð ¿ $ Î · zk{ sWt<u�v� �» £�� ¼ [ ¦ q�'�L · U+V � {��TAy"Ì {�²R�/� ¼ QTS x�® SIU�V A5z�z ¿ t ¦ AI[ ¦ A »����+`�a q Í �����WË�Ð { ( ���

2.4.3
Q#S x�® SIU+V

) ² Q#S x¶® SIU+V q Í�{ U+V t � �L�#t ¦ » [ ¬k e�®¯u A À"Á ¤§a¨ q U+V �
� 2�� z » Ë ¿pU+V�� »�� ��q/nFÒ�� ¼ Ö�Ð ¿pU+V t » Û ^ ¾LÜ ¼ A�{T��AË�mTt ¼ n�Ò�Ë�Ð {�²QTS x�® SNU�V »�� :� � ��Ì ª � » U�V ��! ¾LÜ �#" � ¼ θ
¿ § : � ¼ φ A � {�A 2.32�³Í �

dσ

dΩ
= r2

0

1 − sin2 θ cos2 φ

1 + γ(1 − cos θ)2
[1 +

γ2(1 − cos θ)2

2(1 − sin2 θ cos2 φ){1 + γ(1 − cos θ)} ] (4.4)

γ =
E

mec2Ë"Ì {�² 7 A µ5· θ = 90 ÏpA � {�A  � ��$ q dΩ = sin θdθdφ
¼�� z ·

dσ

dθdφ
= r2

0

sin2 φ

1 + γ
{1 +

γ2

2 sin2 φ(1 + γ)
} (4.5)

A ¤ � ¿ φ §a¨ » U�V �%! ¾�Ü � sin2 φ
»'& É S�(  �)�¼	* 
 ² ©0ª ¿ γ

¼,+ L · º.- ��%/�Ò8� » ÍkÔ#0 /FÒ2143 0 0L� ¤ = ¤�5�» Ë ¿76%8 t ¼,9 L;: ² � 4.3 0 E
¼

100 keV

A µ ª=< » ¿ θ = 0, 30, 45, 60, 90 Ï Ë » U+V ��! ¾�Ü ¼?>A@ ² 90 Ï §k¨ Ë<G º Û 52B t�3�C
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� �
� : ²

�
4.3: 100 keV A µ ª=< »�� =0,30,45,60,90 Ï Ë » § : ��� §a¨ » U�V ��! ¾LÜ ² 90 Ï ËG º���� 3 Û 
 C � �
� : ²

4.2 	�
��������
�/� © Ë���� µ ª /�Ò §�� » ¥���� = ¿�� � » /�Ò"!�Ë �;5 : /�Ò §�� ¼$#&% : ²©(' ¿ -�)+* /rÒ,!.- �0/ t µ � 9 L ¤%5 ��A ¤21 � = /�Ò(3%1433� 5 ² GRB

-"4 8
<�5 3�6 
 ¿=6�8 t ¼ . ) µ5· 5 : » Ë ¿ -7)�* /FÒ,!:Ë0-�/FÒ 00¨8� ¤�5 ² £ § ¿ t [¦���� * /�Ò,! A U�V * /�Ò,!9- 6%8 t ¼,9 L;: » Ë GRB ¨ Ð�Ë"Ì�: A;: L;: ²�

4.4
-=< ) t ¦ »?>�@(ACBp A (i¦&d�e Z 0"Í�Î · ¿ 4 SED « »,F�¤ i8G7H � ËWÌ%:%t

[&_ � ¿uQ#S�I ® S U+VW¿ [ ¦+j+Ji½ »K1 � 33WiÕ�X�Ë�Ì : � ¼?> µ ª º�» ËWÌ�: ² GRB� = » t ¦ - ¸�L X >0@�A&B& 100 keV M ! ¼�N�O 0 ¿7PRQTSUP�V keV
»�fug 0 D 5 ²� � = Z

3
10 M ! AXW�Y 5(Z o�q 0 j µ/· - 50

S
300 keV

ËR- QTS�I ® SIU�V 3)W�Õ
X+[,\�]:Ë�ÌR� ¿

Z
3

50
!+" A_^ Ð 5 n o)q�0 j µ2· - 50

S
300 keV

Ëpt [&_ ��3pW�ÕXWË�Ì�: ²7`�a � ¿ � »b>0@?A�B& dc - Z o)q » U+V�� A n o�q » _ � � Ë(e ½ Y=fhg UV * /FÒ,!�3(i�j:Ë�Ì�: Ak: L;: ²Cabg ¿pU�V * /FÒ,! »#B t�/FÒ(l�!&-"m » 2 `rÍ � º^ 
 ¿ /�Ò,3%1 º�n 
o[ 5bp Í�Î(q ¿7� � » /�Ò,!�Ë�- U�V * /�Ò,! ¼$rT��@ : p
4.3 sTt�uwv2xzy {}|�~������ M �K	�
���� �
B t�/9�,!.� ��� �E��@��9�+�7�h� A��=q+�h�+�.� ���2� S����?� � M A /K�(3 1�3���: pb����  U�V * /K�,! �v7 0�AR¡,¢=f = � ��� @ : p
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�
4.4: �������	��
����������� Z ���������! #"%$'&�(�)�*,+!- 50 . 300 keV /�0�12�354#6�78�2�3�9 "	:<;="?>!@�A�B�C 6�78�2�3ED!F�G�H AJIK�L 2�M �'-

4.3.1 NPORQTS	UPVXW�Y�ZT[,\�] M

4.6 ^_��`aB 9 "E:b;c"d>�@#/%e�f!B��� D ��A'g D_hci�6 ���kj�l�m φ �on 6i /%>�@pq�r�s 3Et�u "5v!��w�xzy|{}-�~z�#xE�����#�c�����'"5v!�!w#� 6�6 Bo�,�J�Px Nmax B
������x Nmin ���#�#�

�������z�,�P�o" =
Nmax − Nmin

Nmax + Nmin
=

sin /5���p�q�r!s /5�!� (4.6)

���������5-����!���c�����E"	���o��� M
3

100% g D A	��� h�� ���o/���!���z�����
" 2�M `}B 0 �_� 1 � 2 /���x���` �P�5- M

3�¡�¢ ���£ iE¤ ��£ � ��x���`}B�¥�/ ¡,¢
/5g DJ¦#§ ��¨����%© q xcª��	- � 4.5 �%>�@�« ¦#§5¬ / θ ����� M /5�®�xc¯��	-�~=�3 �

4.3
2 �°�?� � �������c�����'"5v���w	��� M x'±	²T³�`}Bo´!m θ µ�����:!¶�·�; h� ³o/ 2�M �'- θ = 90 ¸ 2 M Ao���R�=�T`}B��b³�© q Ao¹ 6 ~��zA r ���'-

� � B��� D ��/5g D q x Π BJº�»_¼�� � ���!���z�����E"�x M’ �½�#��� Π
3�¦�§5¬ /

�������z�,�P�o"����	�!� M x�+ 6�i

Π =
M ′

M
(4.7)

2 ªT¼��#�'-

4.3.2 ¾<¿�À�ÁÃÂ
>�@!Ä�����£ i � �oD ��/�Å�Æ=>�@_¼��JB GH Ä 2o¦#§ ¼%����³E/�/'ÇÈ`Éf 6 A ¦#§5ÊËXÌ 2�M �5- Ì Ao�_¼ 6 � D �!Í�/5Î,ÏJÐ!Ñ�AJ����{?�T`}B,���!���c�����E"5v!�,w	A�±
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�
4.5: 100keV ��� ������� M

�	��
����
90 �������������h�+�.� �0�2��� ���?� ���� �"!�# �

$&%�'�%)(+*,' # �.- (+*  0/ �21 �43 M 56�� %	' � �87 � ':9 # ¢ � �+;=<+!�# ��?> �  0@ACB/ �+1 �D32EFCG   M
� 7 � ' � -IH� 9 # ��� �KJ	L '"%)(+* � <HM� � � 7 � 'N9 #�O0PCQ 3 θ RDS QUT�V&WDX�Y8Z\[#^]�_)�C`4#��Ka � 4.5 > � θ = 90

�b> �McD!�#ed�fNg4h /ji2k&l 3 %	'�% #em � a0T&V&WDX�Y^Z\[ 9�n2* ��oIp � % � � �
4.6 3q !Ir�! M

ats^Y �47 QjuvO /ji 1 mvw&x � � `4# �

(a)
s^Y �47 QjuvO /ji 1 m�y{z � (b)M

Y �47 QjuvO /ji 1 m�y{z �
�

4.6: |&} % /ji 1I~e�D� � m2� � s8Y �C7 Q 9 # ~��I� � � M
Y �47 Q 9 # ~e�D� �

3 < ( O '�� Q % # �
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4.4 MDP��� m���� @�AeB�/Ii 1 �&3 M
� s�Y�� R � � ��7 � 9 #
	 3 % � � q��8� a M

a�s"Y���� Q�� � aKgCh /�i m ��� Y�� 9���� � u * MDP(Minimum Detectable Polarization)Y�� � # � MDP 3 `C#����� (
/ji 1 a"!$#$%$&jm�')#CL8a�!�#�($)

) � g4h"!$#.Y+* (O �K� a /ji-, � % � Jjmvg4h l m � � � `4# � MDP
�{J L � d�f/.D!DOvg4h /ji 1 �`4# � � Y+0 9 � 3σ

m21 o l � m MDP 3
MDP =

3
√

2

ηSFM

√

ηFS + B

T
(4.8)

S:
1$3&z&T

[cm2] η:
/ji 3$4

F:
!$#5%$&jm�6$798-:<;

[photon/cm2/sec] M: =?>5@BA+CEDGF � 69H-:$I
B: J 8-:$K�7 �GL m�6$798-:M; [photon/sec] T:

!$#�($)
[sec]

� 0 LU!�# �
B
��N�VJ L � � 9 # � 4.8

x 3
MDP =

3
√

2

M
√

ηS

√

1

FT
(4.9)

�/O �+P5Q # �
F,T 3 /�i 1 m ~��I� � Q - � % � m � a"1�3&z�T.Y�R"S � 9 # � /ji 1m ��� Y�T�P�#em 3 Mη

1
2 (B
�"U"V � % �

Mη) � `4# � Mη
1
2
� 7 � '�% !?W MDP 3  �X� a - �ZY � g4h l m�!$#5%$&.Y � /ji � � # � � Q % # ��

4.7
Q\[^]B_ ��@&A m2` � m

Mη
1
2
�

Mη
m

θ RDS mvT&VWIXDQ - #�aEb Y�� 9 � TVWIX 3 M
� ���87 � '"% # 90 � Y�c-d � u * � # � � > �ba Mη

1
2 3 90 � Y�c-d � u*

±40 �fe l � �C7 � %I(+* � #��Ka�T&V u 9�nv* ��q !Dd\f/g �Mhj3 � � % �i� � �+V
> # �j5k a /\i 1 m �$� Y�l$m 9 #�` � 3 zTnR�S�m ��� 3 Mη

1
2 ,
zCT � a�b 9 #�` � 3

M(ηS)
1
2
Y ��� � 9 # �

4.5 oqp�r sGtuo v\pGwyx{z| ��}$~ #)m R<� m2R5�CQ D ��� A
C I � h��-������� (PMT)
Q - (8* | ��} Y /Ii 9# � m��C`C# � | �$}E~ #jm R�� m�c �43 /�i 3�4Ca k�l m�� �+� � .�!�O R�� mMRE� �`4# � D ��� A+C I � 3�� �)� �0� uba-�$���E��Y�� � uvO �{� a q m2�����E�-�9� C Y,"� hIm D ��� A�C5DBF � ( � h )

Q����,u * | i 9 #+�E�Dm � � � `C# � D ��� A�C5D�F� Q - #vh 3 | �$} m��E���i� C Q2l&�,u * � # � � m�h 32�$� % m � a PMT
Q - (+*��� uba���� � u * i-� 9 # � � Q - � | ��} m"�E�-�9� C a� �¡\m2¢�£.Y �.#+¤I��¥§¦#2¨�©�ª2m /�i 1 ¥ 3 @0A�« a�¬" « Q Dn® � A
C I0Y���¯ |�° } Y
± i-²�³E´ m�µ ²�³ ¨

4.5.1 ¶i·�¸i¹�ºB» (PMT)
h5���5�5�E�

(PMT) ¼�½E¾ l a ½5¿EÀ$Á§Â h?Ã ®+Ä m-R�Å9¥�` ³ ¨ PMT Æ h?Ç�È °²§³ µ�ah$�0z Æ2É$Ê u"ah5�$¬� Æ9Ë�ÌMÍ PMT ÎMÏ m2ÐnÑ9c Æ h5���iÇ | iiÒ2Ói³ ¨
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�
4.7:

[Z]�_ ®���� m�` � m M,
s�m����
	�m�������������E¨��

=0 ��� ` � ¼ � 4.6 �
(b) Æ�� � =90 ��� ` � ¼ (a) Æ % À ²9³ ¨<±��� � � � ¼ � =40 ��� ( Æ�!#" µ Â%$&� �
=90 � ¥ ´ 0.5 e�')( � ² ¨

| � Ò�Ó
*�+ ��� ¼ PMT Î�� �"` Æ?Ë,$.-$¿ Ò�Ó �0/�� + �21 Æ�É$Ê43���5 * ��� ( |� ²9³ ¨���` Æ?Ë6$.-$¿)(8769 *:+ �"� ¼2É�Ê�� *�; Æ ¡ ( �
< 3��>= Ó (@?A$.B ² ¤9¥
PMT ¼ 100 C � ´ � �"�$��� (@DFEG= µ+Ç�¥§¦ ³ ¨ PMT ¼6=:� ��� Æ�Ë�ÌMÍG��½$¾�'H�YJIGK0L:M�N (PO�Q43�Í ¯ ³ ¨<© ª �R= Ó 5 ¥ ��O�S ¥ ¼HT�U�V �>W:X0Y ® �%ZP[
\ µ �]6^:_�`�a ¥�b

7 keV ��c �E���i� [ 5 ¥<±��Gd2e9¥gf ³ = µ+Ç�6h ÌMÍ ¯ ³ ¨

4.5.2 ikj�lnm:o,pkl4q#rts
Y ® �%Z@[g\ Æ�¼ Ò 5#u05-Â Å�v�Ç���w ²9³ Ç �6x Ó�y<Ó Æ�z�{��2|�{ Çgf $}��~2�BÆÀ4��Í����iÂ ´ �
(@�,�:��� Çgf ³ ¨

��� « µ Â ³ ��� Æ����iÂ�� � ¼ 50 � 300 keV � ���5¥6� ®GT���®���� Ç2�2�R�$¥gf ³
= µ+¥gf ³ ¨ � 4.4 Ë,$}� ¥§¦ ³0� 9�� ¯M��� � �EÇ,� ®GT4��®�����3 < ² ¯"¨¬� « µ Â ³ �E� Æ8���9Â�� � ¼���Æ ��� ³2� 98� ¯��E��¥ ���43+Í ¦ *:+2� ( +�� ¬ 3 < ² ¯ = µ+¥gf ³ ¨

• THUGV�� WGX�Y ®8� ZP[
\��� Y ®8� Z@[�\ (�V�� Z ®<Æ�� h 3���½  �#� 3�Í#� « THU�V�� WGX Æ�3 *i´ �¥gf ³ ¨2��  ��¡�¢H-�£ Ç�¤H¥?¥ " « � ��� «>Y ®8� Z@[
\ µ 3�Í�¦ ¯2< ² ¯"¨ O§ � ÂG¨ ��©�ª Z
Ç

3.6
µ�«#¬ Æ�� ¯ *� � ®�T4��®����®3 < ² ¯�¨ Ë�ÌMÍ����H�« Æ�¯g~ ²i³ ¨

• CsI(Tl)
Y ®8� Z@[
\

O § � Â:¨ ��©gª Z
Ç

54
µ �±° 50 � 300 keV

¥ ¼ +�� ¬� 3 < ² ¯�¨ NaI ²k³�´
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� ��Ç Â�°�� ¯0< ² ¯ ��� +�� Ç " ¦M¯ µ�¯ E ��� Çgf ³ ¨ 5 * �	�	
 �����9Ç ½
°fÉ	 <��	� � f ³�� 3 ¯��	����� ´ ¦#~ ��� ³�� Ë�Ì2ÍG� ¬� « µ 3+Í:¯#~ ²�³��
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�
5 � � � � � � � � 	


�� ��
4
� � ��� Óg* ����¢�� �� Æ�����Í���x0�8!�������� K�� ( EGS

Y��! 6Z [
Y#" � (�~��%$�&�'�(�) �,Y��* tZ@[#Y#" ��+�, $-&�'�(�)/.kU�0 [
\ (21 ��+!3 ( �

• THUGV�� WGX�Y � � ZP[
\ ��7 + 1 �/4�5
• CsI

Y � � Z@[
\ �7698
• CsI

Y � � Z@[
\ �/:�;%<
• � �� � 1�=?>A@ 8
• CsI

Y � � Z@[
\ > THUGV�� WGX�Y � � Z@[
\ ��B�C
5 * ��D�E +!F�G 3 * >�� ��H WGX�I U �#J MHNLK Y��* tZ@[#Y#" � (�~M�%$�N =OK ) �
5.1 EGSP�Q/R ��S!T R ��U K�� &�' +� EGS(Electron Gamma Shower)

+V, ) YM�W �Z [�Y�"�YX ~���) � EGS
[Z�\ R[]M^�_ � R*` �ba ���badc���� R[e�fMgYh X*ij�!kMl�monqp+�,�r $:DFE �s��t  �[g\ T n I U�u �#f ) � io�Wksl*m�nvpw>W!x < X ~M��$:DFE g�hy p��#f{z}|

EGS
�V ]V^�_ � R/~%���oR � ��Xv��� (�) >��v| ` � < �0� R[���%��� |���oR7� vV| ������R[� � R��V� m�� [������ �J³ Xqx < X ~���$�&�'�(�) � EGS

� �� ]%� Q�� 7| ` � §%� |k�s�*� � ���%xs|��s� ¡ |����{�v !��x�|Vi�¡� /�%xs|�¢	��£� | H   H  W�%x �>³ ��¤ ) � EGS
 ~%��� ��S/To¥ �[ ��  ¥ " �¦| ~��%�%§�¨ |�©%ª¥ �7 �v  ¥ " ��|�« ��� m��Y  ]�� �>³ R :%¬ ��Y® ° ¦M¯%°s$���$ |�±�² H  s³ " �R

EGS5


fortran ´%µ �7¶�· ° |*« ��� m��� !¸%¹ T%º�» ��¼ (KEK)
|�½�¾M�*¿sÀ[ �J� 4 ¸�¹ T�Á ��¾�  (SLAC)

| � ¥YÂ �vÃ�ÄMÅ*Æ�ÇYÈ ��Éq$���) �
5.2 ÊÌËÎÍÐÏÒÑÔÓÖÕØ×9ÙÛÚÜ °�Ý�Þ R!ß%à Þ7��S[T !�%x%á�> Éq$ ��¡�½�âjã7ä ¥ �qâO�v V¾%X _7å +/|�æ R%R[çzW+�è�ésáê> É!$ CsI(Tl) ¥ �/â��W �¾sX �ìëí¼Vî > � r�ï�ð 1�ñ | EGS

+�, )�¥ �* �2  ¥ " ��XWò ��$ | ��S[T R �YU ����Xvó%ô�¢�õ (2 kg)
R/ö�÷sø Þ GRB ��S +W±%ù �K R + &�ú%$�� ë ð¥ �* �2  ¥ " �!i � m� ¨ z�Å ��� õûz 1Vü R K R > (�) ð

• ý �V`Yþ s��¡*½%â9ã�ä ¥ �Wâÿ�2 M¾Y+/� Éq$����MÞ |����
40



• ý ���s� m��� � 50 � 300 keV Ý*Þ X�� �
•
��¡�½�â�ã[ä ¥ �qâO�v V¾ +PMT

R ��S R���� (Lower discriminator:LD)


7 keV

• CsI ¥ �Wâÿ�2 M¾ +PMT
R

LD


10 keV

•
��¡7½�â�ã[ä ¥ �2âO�v s¾}| CsI ¥ �qâL�v V¾ R�� � Þ7��SYÞ
	 ï�K R��� X��%x��� ���/> Éq$ � �

5.2.1 ������������s¡*½%â9ã*ä ¥ �!âÿ�2 �¾ R���`���R 4�5�� i�³  �q  ¥ " �7l� ! �+�"$#{X�%'& ) ð(
5.1
+ ��)+*%4 >-,!. *%4 R 2 / R 4�5 R10 S[T R12$3 ( X54 É ï*ð�6'718[| ( 5.2

R
(a)
8 )�*:9 ��`;� Þ R iM³�<��v  ¥�=?> l� @ �Xq| (b)

8A,$. *:9 �%`;� Þ R iM³�<��v ¥�=A> l� @ sX�4CB*ð ( ·D7FE�·HGCI � 8[|;J!K�L$M!N
O�N þDP ý � 65Q�ï�R$S ��T ³$<�v  ¥U=1>1V  @ � ¿%¡Mã��W8;X�G�Å�Y )�*:9�Þ!� L�M@N ( Z )
O�[ 	/Þ�\^] O T ³:<��v ¥�=�> Å!_:` É�Ý+a Y 100%

M�N
( b )

OU[ 	@\c] O T ³@<��2  ¥�=A> 8'I:dA`�e$fUO V   �ÅAg 9�É ` É�Ý d?` a G/ð��$h�Y�,@. *:9�Þ��H	W°�a X T ³�<o�v  ¥i=?>?V  @ *Å�jk7° G/ð Ü °H� Y )�*�9 O 0 _1l Þ!� CsI
O?m�n�8'I;d?` �:o å ·D7pO�q�r�Å�s a Y;t�uVÄv 8!�:w Þ!� X a ï ú%Þ ¤!G/ð ] O T ³�<��2  ¥�=?> P�x:yHv 8pz|{~} ë�� �A�;��Þ!� GÅ+Y*¸$� É X a���� ¾ Þ M�NVÅ@_CG1hsÅ?� Ý�É5a ðUI;d?`�Y 0 _1lUO � N � O 9$����Þ�	G �@1� w@��O�� aC�p9 8�� aA9�� P��$� B$� 	[Þ�� G[ð

(a) )+*�9 � N � O 0 _?l (b)
,@. *�9 � N � O 0 _?l

(
5.1: )+*�9 Y!,@. *�9 � N � O 0 _?l
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(b)
,@. *�9 � N � O 0 _1l Þ O 100%

M�N
( b )

[WL�M�N
( Z )

O T�� <�� ����=�>
(

5.2: );*$9 Y!,!. *$9 � N � Þ O T	� <�� �
��=�>AV!�  �ð );*$9 O � N � ÞC� L@MN
OAN þ�P ý�� 65Q�ï1R�S Þ�\-] O T� <�� ���i=?> Å�� 7��;Y�,$. *:9 O � N � Þ!�1]O T�� <�� ����=�>A� ��7���X a ð
5.2.2 CsI �����������
��� �

CsI �'> â!� �
" O$#�6 � Y�# a�%�&('*)�+-,/.�� O�N þDP10 ú 7��
G�O Þ32 P14 	 ëÞ�	 G[ð�576�5^Y98�õ [�55`�ó�ô�:�õCO 2 kg ;�� G�O Þ�& Ü Ý*ÞU\ # ë �YÞ�	 X a ð<�= ; M@N?>9@�8BA'8p�DC )�+�,*.;� ö�÷ � 50 � 300 keV E�FMÞ!� G ; Y GRB
O-G�Hä � , P7I�J X�� 	BK�L E−2

[ B�G�[ Y
50 keV

O�N þ � 300 keV
O�N þ OBM

30 N O L
; �-O Ý ��G Ü [�8�XHG[ð /�Ý { <�= O 0 _1l ; A�8 �� G1N þ � 50 � 100 keV

[ a dïQP )�+�,/.:�1R O�N þ Þ!� G[ð CsI �H> â!� �
";� Ü O ö�÷ O )�+�,/.:� PTS d*ï�N þP ,;E ��$0 ú G1#�6 Þ�� G Ü [ ;�U�V�Þ�� G/ð ( 5.3
8�4D5!ï$O � Y	W�X 4 	 6�Y 9$�O 0 _?l Þ Y CsI �H> â!� �
" O$#D6 �@�P g�&�ï1R$SUO 0 _BY�Z 2 O1g�[ P]\�^ 8 ý��N þ O )�+-,_.:� P [C{a`�b�ã��15[ï \ O Þ�� G[ð�c � 2 mm

Y�d � 3 mm
Y Z�� 5 mmÞC� G7ð ( 6 7~Y�# 6 P 3 mm

6 7
5 mm

81g�&'G�[
100 keV e ��O/f � ä Þ O 0 _$YZ ��% [Tg & gh 7 X a9; Y '	)�+�,*.��aR�Þ Y�Z ;�' ë XHd?` a G Ü [ ; E	6HG[ði5]65^Y <j= O�A
8 �
 G�N þ � 50 � 100 keV E�F�Þ!� G;O Þ 3 mm k 8�# ë B�G�l�m�ãU�

; X a [on'&�7p�
G!ðBqU8 2 mm
[or ë B'G
[-f � ä Þ!� G 100 keV e ��O 0 _QY�Z ; �ë X
dA`�5 Ý C ð�I:dA`+Y CsI �'> â!� �" O$#�6 � 3 mm

81s�tHB�G[ð
5.2.3 CsI �����������
��u�v_w
x�y áUO ç { P[÷�z

CsI �H> â{� �"+� _Q|iG�õ { �59 8�� a$} n�8�B
G~�[ ; sj�@dï ; Y�æ�O LU� � � s��!dA` a X a ð
CsI
O L��1��a�%�&o��� 8 T� <_� ���i=?>1V$�  P]� � ~C[ ; _Q|�G ; Y x�y�� 81�
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(
5.3: CsI

O�# 6 P
2 mm(

c
)
Y

3 mm(
d

)
Y

5 mm( Z )
[�5���[��;O$� �_)
+�,�.����[�O 0 _BY�Z�� '	)�+-,/.:�1R	�!� 5 mm ;�
�\ � a9; Y 100 keV k�� O 0 _BY�Z ��� 3

mm ������ [5X
dA` a G�O � 3 mm ;���� X�#D6 ��� G��

� B�G GRB
6 7�O�N���O L���� N��UO���� � s��!dA` a G:O � Y CsI

O L*;�� � XHG %
&����U� �D{ OAN���O L�� � d1`�5$�_C!�;N���O L*;�" X;B�#�G
[ T� <_� ���i=?>?V$�$ � N��UO&%�'�(�)�8+* \ �!`�qU8���,�- � X
dA`�5��_C.��~�O1R$S � 2 � E!Y 3 � Ek[�$ECB�G
~C[ � %/'�8HI;G0(�) P � 7-B�~C[ ; _Q|�G ; Y � �21�3 5&� PMT

[5476 ; L8 8�X'd?`�5��/C.�/���AY 1�3 B�G
PMT

[&9�O :	;@_�50476 ;�< ,CG�[ Y�=�_?l?> � ;@ K�8 A�B�X \ ODC�X
dA`	�?`�5��_C.�?q�C?YFEG,/HAY 4 � [ " X�IJ#�G�[ Y T��DK � �
�JL&M1V�� $ ; X
�$d�`j5B� a Y T�NK � ���JL&M7OQP�R�" M ;S�
;UT ��VNW@Y�X/Y � MN ;!��T C \1K h[Z�\7=�_ � �?X a ~�[&C;X'd1`�5$�_C!� T��K � ����L�M7O]P�R�" OQ>^ 6_Z

4 �a` { � � Y�bFc�O1> ^ 6_Z 20 �a` { " X aBE�F�;�d	���!�/e C.��f 5.4
C � \^ C

CsI
O ��L P [�dS�i[��+O T	�DK � �
�gL�M�O]P7R�" M

O?g
[ P `�bGhJiQ5��S�/f
6jZ~Y

4 � 6jZ IFk <FlG� Y 16 ��k 8 �/��% []g & M ; 8 ; Z�X a ~C[ ;�m 6 T � PMTO&b�c \ nG, T [ 12 �*;�d��N����T � ` dA`+Y CsI
O mDnF��L�� 12 � C1s�tUI T �

5.2.4 o�p�q	rts&u �
x�y�� ���/T `�v�GNwgh R��]M w{� �"Sx y$����zD{S|N}�~ Cas������7���G�F�7�S=	�l x&� � vD�-4 �F���]sG� T � z�{�|N}F~ =��1l�C ��������� � x 2 ��x >�� F�;!�/T�x

� �7=��&� x b�cg� ��T0� C1tG�D� � ��� 
a� Y�Z ; ��� ��� � � � x�� ;���hN��� k �
T �/f 5.5 �7�N����� �F���
[a� �G� � � x =���� x � � ���]I M(ηS)

1
2 x 100 keV �

x&� � �UM w!� �
"Sx bFc���C�`�bUh�ia5&� ��x��!��T ��W�X � �����	; W�X �!�/TQ��x
� � � ������[g���U¡ � $ � � �F��� T �Ff�6_Z � � � ��¢ �+IJ#&� � � 4 �+IJ#&� � bc x&n C � � �*; 8 ; Z � �/~ �T;�m 6 T �7EG,DH�� ��� 10 cm �/� 5 cm

�
7 cm xN£BE

F�x&� � � Y�Z ; �Q���
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f
5.4: CsI x&mDnF��L C `�T����DK � ���gL�MSOGP7R�" M x �
[/� ��L*;�< , T	��|�F

m ��� ; 8 ;UT�x�����NK ��� ��L�M7OQP�R�"$; 8 ;UT � M � ��L C � 50� IFk <Fl	�?;
16 ��k 8 ���G����
	%J� g & m ��� ; 8 ; Z \ ������ � ���D� T �

<i= x =���� x bDc�:�� 2 kg x C � ����/�U476�� � 1 kg E�F � PMT ; 200 g � 5�S� �UM w{��� " C��	, T bFc � 800 g k/�Q���/T ��~ x :���� ��
a��� � ;�� � ��xF�
��� 10 cm

� � � 5 cm x&y��G����T � ` ����~a������ /I T �

5.2.5 !#"	$ts&%('#$*)�+-,
`Dv�GNw�h R�.UM w0/�� "]� CsI .]M w0/�� "�x1}�1 C � �*� �32�4�x65�7?� ��C�>7�
F	;&8 ���D� T � x�y�� �:9<; � � x>=�?	;@?BA�A H M ;6C � ���ED �?q�CEF ����G]T �
5�7	x&
������-H xQE�F]����e C�I��J h R�K v MML ��N�OQP��SR���� 4.9 T IaZ�=���� xS� � � Mη

1
2
C3UWV G �NX�Y�C �

MDP �
MDP =

3
√

2

ηFSM

√

ηFS + B

T
=

3
√

2

M

√

1

T

√

1

ηFS

(

1 +
B

ηFS

)

(5.1)

�YX � � � T�x�� B/ηFS
� � � D[Z�\�]�^ IjZ x@_ � � J h R�K v MML&� x&`�G7¢ ���R���C J h R�K v MaL ��N�O*P0��b], T�cdGF� � T �@e�C�f A�G�C ���SR�� � =	�&� x3�� � Mη

C>UWV.�
g �

GRB xShD~�i flux
�

2[photon/cm2/sec] � P+� =�? C `�T MDP x ��j���k�lGhi I TG� f 5.6
C�mUI7V�W_��n����af x R��D�<o�p � �:9�; � �+x3=�?�� 5 mm ? P&� �� G�
a�q� � G�� �df ��G�m I T �df AQ� � 5 mm r��/�>=�? � ? P ��f ��� M G6C � �� T�s W G&s � ��� � � G�� ���0D �G9 A�t�uQ� F G�¢ � ��� T�s W G&v 4 T ���/C � �

G@w ��� T f ��G�xdyg� bG,_Z AGT �
` ���S��o�p � �:9�; � � x�5�7	� 5 mm

���� /I T �
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5.5: 100keV

C���� T�.UM w0/���� x bFc�� x3� � �S� ��������� ���QP��
	 � 6 cm
�

� � 8 cm
�� � 10 cm

�� � 12 cm
���QI��D9 A��@A�� ��� 3 � 15 cm r�� ( ��� 12 cm

x ¡�� $ � � � 13 cm r�� )
��j_���]�N¡�� $ ��� D �
��� �&� �N���UI7� � � �&C �+I#�� �5¢ � I�#�� � s��dG&w�� � £<5 C�� ����G��/T�� bFc x���� IjZ ��� 10 cm

� � �
5 cm x<���
 �"!�#UI T��

f
5.6: 100keV

C���� T o�p�$ �:9�; $ x3=�? C `�T�� � x ��j ��h�~�i � GRB x flux

� P+� 2[photon/cm2/sec]
� �j���

MDP
�&%]�D�/� T (B x&' �)()*,+ 5.3 -/.10 ) � 5

mm ? P&2 �43 C�� ��� � G�`5� � ���D� T&� f A +�� 5 mm r76 + =�? � ? P&2df �"6
M G6C,35� � T�s W G&s8� 2�� � � G��9� � D �1: A�t�u +EF G�¢ � � � T�s W G&v�;]T2N��C � � G@w�� � T f ��G�xdy�� b=<_Z A	T��
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5.2.6 �������
f�f r76�x�.��	� /�� .�
��6 +���� _ +3o�p�$���� _���� �����D��� ��� ���! #" �P+�D� 2 ���<G � GRB

�$&%/(�'/+�(�( i*) � 6�+�,&-#� +�.#/	�0� � b < ) � A21�)3 )�4)� .#/ 30 5 I 3 100 keV
� _�6�G ���QP�2 �43 � �270� /�� .8
�� ¡��:9*;< 5.7

� m2 ��_�6 ����=�> + 10 [photon/cm2/sec] 6	?0@�A�5 20 sec
�

GRB
I 3 �&B�C�DFE

G ;IH0JQPLK�M���K 4 " � f	�&B0C�D	E G t�v � GRB
+

BATSE
� � ��� ��N "#O + OP ��Q�RBI 3

30 5 t � 6�S�5 1 T�U�V �W$*% G�X�Y�6 3 "&Z�� 6�� " � .�/<I 3 ����� �
) "�O + � _���G2[L\ 6*]!^ K�Z`_#��a 7�� /cb .�
���G:d KaP rF4F+�,&- �We _�G�f <
) �g)�^ KMP r V �f�� N V ) _#��a 70� /cb .8
� +3N�e _ �>R0h���a 70��i b:j 
��k b*9 6�l�m  �"f2O ��N D +�x�n�i�� +o ?&p�q=6!] " � < 5.8

+�<
5.7
��a 7:��i b&j 
	�k b&9*;�Ne _ ��a 7���i b:j 
� ;sr 4 K l�m P&2�Z�� 6*] " � =�> + C,3 �t)2^ K 4 " GF+�u�v

�k b*9�+ 3>A&4&��d K 4 " �
N�^ K + g�w�x dLy ��O P ; b�<*" R�h + Q�R�I 3 30 z t2{ ;`| ,#��f <*" O P FOVcen +Q	R�I 3

90 z�r46 ; � b�� l0m Z`}#/ 2�~�O P FOVall
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 0.5

 1

 1.5

 2

 2.5

 3

 3.5

-50  0  50  100  150  200  250  300  350  400

no
rm

al
iz

ed
 c

ou
nt

agnle ( degree )<
5.7: 100 keV,

.�/
30 z ������O 3 � 100%

e _ (
�

)
O N�e _ (

�
)
��a 7���i b:j 
�

k b&9 � =:> + Flux G 10 photon/cm2/sec +�?:@�A:��G 20 sec
�

GRB G x d�y8� �0�P&2�O�PIK�M���2��*��=0> 6&] " � N�e _ � _�6 ;I�����s��2>R0h 6 Zc� 3�) _���a 70�
i b*j 
	�W��f 3`� " �

5.3 ��������� ��������� �����x d�y ��� q ;c��/!" �dy ���*M�O�PIK�� D�E�¡�C �£¢¥¤0¦2��§�¨ 3g� " �	©8ª � x d
y +�«�¬� 3¯® �±° � ")2�/�«�¬� 3 �W²0��³*��D�E0¡�C �8¢ +3b < ) � K�´ 4���+Fµ:¶
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5.8: l�m w ��a 7���i b:j 
���k b:9 � .�/���� +�� e _ �>R�h���_#��a 7���i b:j 


�k b:9 � o� ^ K 4 � 1+ .�/������>R0h���_���a 70��i b*j 
� ;������ 4 K��
	��a 7:��i b*j 
	�k b*9*; d  af&O �*d�� " �

6 +/: � t��� ZI��DFE0¡�C �£¢ O
�LK��=< ) � � 1�) 3 )04 Z	� �����  #" ��
� 6 +�: � 3 ��� D�E�¡�C �£¢ � x dy���� � U:V�� ����� +��
���! 
" ;$#�<2"	;%�
&2 #"�'
(
) + w�*  #" � ��DFE0¡�C �£¢ ��+
, O ���.- �  �" ;0/ 5.1 �!1  �' x dy �	��DE0¡�C �£¢ � + Diffuse 2 -ray

O
Cosmic ray ���
�  �"�' � �43!5 Cosmic ray

+76 n ;8 6�9 O� � O ��653 "�� 6 ��D	E0¡�C �£¢ ��:�;�o=< Diffuse 2 -ray 6&] "�'
x dy �	��DFE�¡�C �£¢+�,

Diffuse 2 -ray Cosmic ray> ;�? 6 @��!A ³ ( B 6 ) C 6��DFE0¡�C �£¢ �ED 9 O`� )04 FFv�� j�G � G +UD 6�9 O`��"
�
�.- �  �" ��DFE0¡�C �£¢ ��:�;�o ��DFE0¡�C �£¢ O
�IK�HI#J� )04
���IK2' x dy�L0�*+EM:�*+
N��  3 ���

h
h

h
h

h
h

h
h

h
h

h
h

h
h

h
h

h
hh/

5.1:
� DFE�¡�C �£¢ ��+
, O&:��  �" ' Cosmic ray

< FFv#� j�G � G O UD 6�9 O`�"�� 6 ��DFE:¡:C � ¢ ��:
;0o O ) "��O< Diffuse 2 -ray 6!] � + x d	y � L*�&+EM*�!+
N��  3 ���2 #"!Z	� � oQP�K�� < 3`� "�'
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5.3.1 � ���������	�

F	v�� j G � G ( 
�A ��� )
O%<

2
M�	�#� x d�y���
�A!�%�
� � ��� v��8����� P*;2O" � O ��N � � D�E�¡�C �8¢ ;�� D* �"���� �*] "�' ©8ª � x dy � �0h�<�!:C G#" D�Ej � " i b�$�O CsI

j � " i b�$�� ��� F	v#� j�G � G ;�O�" � O �2N � + !0C G	" D	Ej � " i b�$ � � %'& v(�8�)� �#*�;�� � d  �+ �'�-, "�'(.0/ 1+ x dy
M0�  3 CsI

��1(2 ��� � � Z��
<43 4 CsI ��5�6 � � K ��7 4	+ !0C G	" D�E � x d � � "�+�< )�4� � FFv�� j�G � G 6 n���N ��� D£� � " � O ��) "�'

5.3.2 UD

©£ª � x d�y0� < 50 8 300 keV
� @#�!A ³£;�9	: O
�IK 4 K +0; �   � @#�!A ³ ;

9 OI � / �(<(= ;�>*J �sK 4 "�'�?A@�B�C-D0b MFE#<(= (upper discriminator:UD)
<

� D�E�¡�C�G ¢ ; 9 O� � / � ZIH0/�J7'LK�MANO?�@PB�C0D�b E ? 6�� x d�y ;RQ 4 � O
, N x d � � J�S�T < 300 keV N �U?WV + UD

N N �YX�Z�[AJ � O �*d�� J � / �&] J�'

5.3.3 Cosmic ray

µ:¶�\*� N�< ?�@�B�CAD�b E ²	]�³ ����� [0J7' ;	E	^ OR_ � < CL` O�aPb E�ced�f gh `#i )j ; �lk µ0¶ ³ (Cosmic ray)
OYmPn � J7' µ0¶ ³ < ;�E o#p N�q �sr C µ:¶ ³�tu	v µ0¶ ³wNLo
,�� � J7'�r C µ:¶ ³�<xr C /#y E z#{ N�q �}|E;£� � JP~ E(� k 11 �'�� E r CL�	� E � {0�#� � N#�����P����V � J7' u	v µ:¶ ³�< �'�	� z	{ N�q(�4� { |���4�	�	� N�q�J0? `'�	� ��;#E o	p t ��/)j � �'��J � k ; � � P �����:�#� V  � 3�<�� �4� A����� � � '�O� j E ? ` < �'�'��� MeV

t�?0@PB�C0D#� � �PJ �#� k ©£ª(E4 A¡x¢wE CsI � < ^t£_ �¥¤ 7AjI¦xk  -¡4¢'§	¨)©£ª«,Y¬ P�J�' �( k ��� j E ?0@�B�CAD��7? ` L A¡x¢ N® JOS�T <xK�M-N�¯ , V°k UD
N�qA±U²´³ ���� ['µ , 50 8 300 keV E
@ G AL¶�E S�Tt�XxZ �A, J�t ��/Fj � J7'�7 � k�·	� E UD ��9 t¥¸ � � cosmic ray E 3!5 3 ¹	º 	�

E4 A¡4¢�� �
�«» � J£�	¼�< FL½ GL¾�G�GO¿�N�q0± 2 ¹'ºAE  A¡x¢�� �
�«» � � ½(� G �
E * ©YÀ	Á [�J � t ��9 t¥¸0J7'xÂ#�	Ã ¨ N 1014 eV

	� E cosmic ray �Ä ]ÆÅ � �	¼ <¯�Ç E 2 È ? ` ©RÉ-¡ [0J(Ê�¿	Ë���ÌÍ¾�Î�ÏL� ©Ro � [  k � E �	¼Ð~ 3 ¹'º 	� E  A¡
¢0�����Ð» � J E�� F�½ G�¾�GFGO¿�N�qA± 9 tY[�+ '�-, JAtÍÑ0/´j � J�'

5.3.4 Diffuse Ò -ray
Ó�Ô \�Õ N
<4Ö�K�× �O@ G AL¶�E4É ] (Diffuse 2 -ray) �Ø	Ù [AJ�')Ú E
@ G AL¶wExo

p-E�ÛP� < �	� u	v i (AGN)
t�Ü�� � �'��J  k ; � � P � < É ] §	¨ < ���'#�'Ý ¦�k� � §'Þ <4ß'à » � �'� � � '�²)³ E4 A¡x¢-E : ��áÐâLã	ä	å G)Ì t � J E <�! å ¿ " â

ãL� %'&�Å���k CsI ��5#6Ð» � J ( FL½ G�¾�GFG ¿ ��9 tI¸ � � )Diffuse 2 -ray � ��J�'
Diffuse 2 -ray E ¿#æ ãç� C < B�` E @PB�CAD#� © E

tY[AJAt
dN

dE
= 167E−2.38[photon/cm2/sec/ster/keV ] (5.2)
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� / » � J '(�'y��FN�� ¨�� 2π Ý j E Diffuse 2 -ray �Ä ]�[-J-t'Å��(k���� ��Õ k���#y��-� � ±
	�J
50 8 300 keV

7 �PE B(` � E 3!5 FL½ GL¾�G�GO¿ ��9 t¥¸ � �A~ E H<xk�! å ¿ " â4ãx� %#&eÅR� CsI �L5(6«» � J��� © ε(E)
k�� ��© θ

k���� ��© φ
t�ÅR��k

H =

∫ 300

50
ε(E)167E−2.38dE

∫ 2π

0
dφ

∫ π

2

0
sin θcosθdθ[photon/cm2/sec] (5.3)

t � J��

5.3.5 ����������� �"!$#
%'& E�(') q0±lk�*�+�× ��áÐâ�ã'ä#å�, Ì.-  A¡x¢ % y"/10�-�2#y Ý j�3 å ¿�4 âLã ¾
, 465R�87(N Ä ]ÆÅ
9�:ÆÅ�0�;�k CsI <>=�?«» �A@ Diffuse B -ray < � @ Ú�t ���Ý �C0��
 F¡�¢ % yED>� ¨�� 2π

�GF Ý j áçâ�ã�äPåG, ÌIH ,>J(¶w(Ä ] ÅC0CK�¼"L  F¡ +8
εf (E)

-P¾AM�N�5£�P¾"O , q0±IP 5.9
L0qRQ�D � @ �

P
5.9:  -¡4¢ % y Ý jSL áçâ�ã'ä	åR, Ì.L  -¡ +�UT (E)

ÚCL
εf © 5.3 V D�W Ä Å�� % y Ý jSL diffuse B -ray Bf

-

Bf = Hf × π(5)2 = 21[photon/sec] (5.4)

t � @ �

5.3.6 X ��������� �"!$#
 A¡4¢�Y y Ý jZL diffuse B -ray

-�[	Ã�×�D8\ ½G, ¾C] , ¿8D�q0±_^Æt » �A@ �FÅ Ý Å k`Ra�b>ced �fL�~�Lf-Sgf�f < -�� @  CsI ©ihfj Å.kf3 å ¿14 âOã�< 9f:�l @ Ú�t <Lá�â
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ã'ä#åR, Ì4t#Å������ l @ ��Ú>L Y y áÐâLã	ä	å�, Ì.L  -¡ +' εs

-
CsI Y y���L 2π

�
F Ý�� L Ä	��
 Å���¾AM�N�5£�P¾ O , D�A±�� � � � k Y y Ý�� L diffuse B -rayBs

-

Bs = Hs × π × 10 × 5 = 5.1[photon/sec] (5.5)


�� @ �

5.3.7 ����������� �"!$#
 w¡x¢ -xÂ'� D���±���� � � �P� @ L < 2�� Ý�� L diffuse B -ray

->k��	� » � ¦eD�����! #"	$ D�k�Â	�'Ã ¨e< 9�: » � �  -¡4¢ D�%'&Rl @�( L ')+* × <�, @ �.-x� å ��/021 ½ c Â�� -43�5'Ç�6 400 kg <�, @ L < k	5'Ç ©£§8729 c M�L4: 
 Ñ8; 7(Û=< 1 m
L

��� ¨e<?>)» 2.65 cm
L 9 c MA@ âLã ¿ <�B	C l @ �wÚ � � A¡x¢ L�;EDfD , @GF�H © ¾M>NG5R��¾�O ,JI ] c 
 l @ ��¾eM>NG5R��¾ O , DLK�� 0 I ] c © P 5.10

DJM8l��xÂ	N	Ã
¨ ��L ÄO� - Y ��k $ � kOP=��L 3 Q	R D � � � �A@ �wÚ>LTS ��U?V D'WTX 7 ¾eMCN�5£�¾"O ,4Ý��  -¡ +' © � � 5.3 V D�W Ä Å 7 2	� Ý�� L diffuse B -rayBb

- 9 c M�@ â�ã¿8L Û � - 1002[cm2] <�, @ L <
Bb = (4 × Hb s + Hb t + Hb b) × 1002 = 6.3[photon/sec] (5.6)


AY @ �

P
5.10:

2O� á´âxã	ä�å�, Ì L�¾RM�N�5[Z�¾ O ,JI ] c �  0¡4¢ 2O� Ý\� L diffuse B -ray-�� � ÄO� l @�( L8�0± ( Â	N	Ã ¨e< 9�:ÆÅ 7 3 å ¿�4 â�ã ¾ , 465]Z�71D ÄE^47  @�(L +)=* ×RD Y @ L < k 1 < 1 m
k >)» 2.65 cm

L 9 c MJ@ â�ã ¿ © Â�N'Ã ¨ L I ] c 
Å 7L -¡x¢ L���PGD4_  �
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5.4 � �������
5.2.6 �R< k
	�� Ä=� D2� @� L I�� Ne5[Z�¾GO ,Z<���������Ý � 30 � "	$ ¦ V 0>�8F Ý
� L GRB

-1]�Z�7 ©���� Å Y � V�� Y\�GY X�0���k���*�D�- ='?A< ��Y X-Ú 
£"!0Ý ^0���S V D$#eÅ 7 k áÐâ�ã	ä#åR, Ì - 30 � "�% Ý�� ('&)( ¢ D ÄO� l @ ��S�Ú < k�g áÐâ
ã'ä#å�, Ì+*�, ©.-'/ l�00�e\)132+Z�7�L
4�576£Ñ; @ �G\)132+Z87�684�5ÆÅ�0�K	¼ ����9��Ý\� 30 � "�: < , ^47 ( 3 å ¿�4 â�ã ¾ , 465]Z871D3;<6 ® ^�7 Å>/GQ L < &)($= L> +	�'�76�? ^L7 Å>/�Q �´Å�00@ ^L7 k \ 132=Z879@ &)(9A�B D�+  Ý7C Q Ý - > +	�'�69? ^L7 Å>/GQ +�D 
¥á«â�ã'ä#å�,7E 68F � l�+�D�L
G�HJI8X 
AY @ @�kLK V -�kNMPO <
GRB

L$Q�R & (JS0BTA 
�
 ( D (') l @ �P
5.11
-e\U1$2OZR7T6V4T5XW�0 &U(9= 6AMYW�0 ( L <2, @ ��\U1$2OZR7f- �T�U�J��Z

� 60 � "�$�[ X�0���F�D$#�l @ > +	�'�\6 0 
 l @2( L < k `�] 6 cm
k > ] 2 mm

L0^_ < < ��7 X @ �a`Tb�ceD�-e\U1
2OZ�7f- `d] 17 cm <J���U�"��Z�� 30 � "T$�[ X�0��F�D$#8l @ > +���e76
0 
 l @2( L (30 � \)1
2=Z87 )

6�4�5�l @ K 
 @�@�f ]
g WJX�@�k5�h�i�?�L'0���k�j'*�c Y `k] 6 cm
L

60 � \ 1
2=Z�7 
 W 7 X @ �\)1V2+Z87�@�3�l9^�4Lm�n0o , 465[Z871DVp @ ;G-$q ��r�s 6 θ 
 l @ 
 k�P 5.11
DJM

lE��QSD 3�l"^�4<m"n0o , 4 5]Z871L9t'�eL��au\6 10− (6/ tan θ)
D
v�� @ �"; L Y X9w! L4��e -$x�yzu 5 cm

ka{�yau
5− (3/ tan θ)

L$|L} <�B	CA<)� @ ��\ 132=Z�7 Y W�L�KI 
 L4��eT~�- ��eT~
=

5 × (5 − 3
tan θ ) × π

5 × 5 × π
= 1 − 3

5 tan θ
(5.7)


AY @ �7K V D� ^�7 \ 1
2=Z E ] V 0 ��� - π/2 − x
6 ��� L half angle 
 l @ 


∫ 2π

0
dφ

∫ π

2

x
(1 − 3

5 tan θ
) sin θcosθdθ (5.8)

<9� ] VA@ � 0�� WIk x ≥ π/6 <	Y � V.� Y �]Y X�� (x < π/6 < ��e�@"��D Y2^47 W>/GQ�J� Y L < k x < π/6 < - x = π/6 
 l V�� �LX )P
5.12
DR\L1$2OZR7V�YWik >�� D8� @�� RO��L > +T�Te�L����76AMelJ�0�T��- � R	�

D9��� Y�� F Z � L r�sG<, � k ��� Lay r 6 � W 7 X @ �a��� - > + ��ek6 � W k rs�� =0 < L > + �Tek6 1 
 W 7 X @ �0� < - � R	�)@z�T� <2, @ +�D D8� � cos θ < >+ ��e @zF ^�7 X @ �a� < -A\L1�2�Ze7z@A3�la^ 4\mJn�o , 4 5�Ze7�D>^ 
 l0;"D � �
5− (3/ tan θ) < > +O��e�@�F @ +�D ('� g ^�7 ] � D > +O��e�@�F @ �UW Z WIkA\�132+Z71->k S�L ! % ���dmJn���l ,7� 6�F � l�+�D�@ , @ �

5.5 ����� ��� �
%'& L$  � k�2	� Z�� ( % � Z�� L 30% ¡Ts L diffuse B -ray

@Jq � l @ �f2	� -"¢�£D
¤�¥¦W 7 ( =�? D )�§ @ Y X L < oOZ c � l @ K 
 6V¨; @ ��2O�Lo=Z c � L
© F - :u\6
PMT

LJyzu�k % u\6f3Tl"^�47m"n0o , 4 5]Z�7�LJyzu 
 l @ � Zaª�«�¬�L4: < k >]
2mm

Lz^�_ <�<���7 X @ ��3�l9^f4 m
nao , 4 5[Z 7�6®�¯ PMT
-

φ46mm
L

R1840

< , @ L < 2O�Lo=Z c � -�2=��£�°�L 83%
68¤�¥�l @ K 
 @ ($± @ ( L 
GY @ �e\)132+Z7z²�³

6
O < S�L A�B 6�´�µRl @ �
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P
5.11:

\ 1
2=Z���6�4�5XW�� & (�= L�P

5.6 � ����� � � 	�
���� O��$´�µ����� ^ � & (�= ���Ul�2=Z���6 � 5.2 � MXW��J�
�Ul�2=Z�� ��D
� R+���$© F }3©

( ���ar © )

CsI
� > ] 3 mm

CsI
� !�� � 12  ! lJ^#"\mJn$���0u

10 cm! lJ^#"\mJn$��% ]
5 cm! lJ^#"\mJn

,CsI
�$&$'

5 mm

� 5.2:
o�(�)+*GZ�o,�- �/. � �10XW����Ul�2=Z2�

5.7 3�4657498;:6<�=?>A@B
K�KC�ED�FHGIH�$*�,J�2DCK#L�� Y�Z8^ �1�0��F<K V ���E�$´�µ/�2D (NM K Y�Z8^ � &(�=/ONP/Q -a6SR1TJUWV��
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�
5.12: � 1
2��2� � > � �/. V & ($= � >���� e �
�T���9��� D � R � ���
	��z��0Z� � rTs ��� � F����+�Jy r��V� W M�� V��a�T��D >���� e �V� W F r�s�� =0

��� >��
� e � 1 � W M�� V��0� D ����� ���V�XW F���D ����� ��� � � � �"! ��#��
$ �
��V��C&% � ��'�I)( � R � D$� � � �$� [+* � cos � � � D��,� ��� e.-"F0/ M�� * �J���.�l�1��ED �2��� �2�H� � D/�9�W����l�1 3�4 � � ��� e.-�F�/ M��NM F�y r 60 5 � � K"6�0¢0£ � 0 ��� V9�87#��9 gX� ��: � Z � � diffuse ; -ray � F � U � D8-��2V9��<
= �
GRB �?>�@ U V � ����/ M F �A��� �J� �/. / MCB�D -FE * � V ZHG�I8Z D\M OW�"´�µUWV��
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5.7.1 ���������	��
��
5.2.5  �2D�F����T° ����� °+�$&$' ��� U�� � �/. / M���� )+* ��o,�-�1��Jn1� M

� 4���V�� � � ¨� E��-HF!����° �#"1�%$ M q�&('*).- � - !%+ -���� $ �-,�.W�C�10�/0 � 4��1V�� � ��( M � 4���V�� � -#� ! V
� � 5.13 � ����° �#"1�%$ �2143-5 �76 U!8�H�91�3:5+��'<;2F .�= / 0 E * �<�(> 0 � ��0W� ! VN��? M
-C42- = F����T° �@���° �#� U�� � - � � �$�:143 ��ACB (�D
- � � � 8����2� Q ! � � O*E D�F-G�H�I
-�JLK

$ M�� VNM�O�P*Q�'*1�395 [8]
�LR�P�S2T M�� V98

� � ��O�E �JD "2�U$ �9�(�(V �XWZY[W\Y �N]�^ 3 U_� � -a`<b ��� V#�#�$F�H�c �
PMT � P*dJUWV!e H8500( f�g�h +\i�jLkLl )

� .�I ��m E "on�p��Uq PMT ��r I � ��F� V98 m E "on�p��Uq PMT
D

1 s � PMT
�Lt�' � - "�� S2T M�u = F�,�.�1�3�-avD � PMT

�
�2V98
$ e $ F H8500

DNw�xW�Ny % 4��Lz � e�e�V#{*|�}�~� � T/V#�<�o} � / M�� � ��� ?�FM�O��ED r  JV,-�G Ia� .�I � w�x����%�����ED r PEU�V�� � -�� !&� � ���HFHL����ED
� � 8

�
5.13:

����V �#"�� U�V�� � � ��� ) * �<� , -"1o� j�� � 4�� � 1�3-5�8L����V D mE(� n�p��Uq
PMT ��r / M ]4^ 3$UL8

5.7.2 ���	���U���@��
��
GRB

�9Q�' >�@ �2D9��K��*V4�
�2V � ?�}�F����!�*V�� >�@ ��� I } >�@ z�� ��� d}2����U�� � -�� ! � � 8��L� � ?�F�� � GRB
� >�@ �2DL'*)�  � ���1U � ?�} ��¡ �H ! * U�V�� � -:`�b � � V-8 $ e $ FaQ('�14395��ED2����V �#"���¢�£ }9H ��¡<¤ U�V

� ����¥�¦ �(��§:¨C1o� j�� -:© * � V-8�ª � F "��«$ � ��$ M (@����V����4¬- �*� -® �#M * V*�*�L1�3 ��A (°¯ � 8
��T �9±L² U�V �#O*E ��$ ML³�´ � � O*E �#µ  �¶ i¸·�+º¹ ^ ;�» ¢ V�� � -L¼� � TV-8 �

5.14
} 6 U�� D��:� µ  o¶ i�·4+ � ¹ ^ ;�» ¢ �a� O*E � ��V-84�:� � Q(½ � �NO
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E D�� ¤ I������<�2-���K $ M � V GAPOM(Gamma-ray Burst Polarization Monitor)

[9]
�:R�P�S2T M�� V98
�:� � O�E �2D ³�´ �

PMT � 7�� ]�^ 3 $�±
	0���  ����JU�V�� � } � V��*��GIa�� I � ³�´ w�x�}#D� 8! �
�2V-8

�
5.14: � >�G��2��� ´ 1�3-5 � WZ¶ i�·�+ ��$ M µ  �¶ i�·�+ � ¹ ^ ;�» ¢ H ��¡<¤ $� 14395�8 B�D � D��EV�� � � * ��¡ � H ! * � ! VC-�� ]�^ 3 $�±
	 � PMT

-�H�c�}
`�b�8
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�
6 � � � � � � � � � 	 
 �

�� ª!���������!1�395���������¨����¸}
EGS

��� ¥�¦�� ��§:¨�� r �"!$# ��% � ����&� ¥�¦'� ��§L¨L�)($*,+.- 6 S-T !0/�1/ 8_� �"! �3244�5- EGS
�&� ¥�¦'� ��§

¨L�916�78:9�; ! 75<�}>=���)7�8�?�.@�� M
9 B �'A�B; ���&� ¥�¦'� ��§L¨DC:9E3F ; !/HG'I ��J�e<? G 8

6.1 KMLONQPSRUT VXWSY[ZM\^]
�5_�¥4¦`� ��§-¨baHc j��

M
�`de65f G 7e8$-hg 6.1

}jiekHg��`l5f��5m�} �
X n K0o?0p

EMX-101A5B
�#Qrqeq�sX9e; � ½�t k � ·Lj �o¨ �	¦�� � �,uev SNT � q�wS� ±,xy�z }2�p{; �

PMT+CsI
�b|�}S��~&� 1 % � d$�hf G5� �*�r� G)�

X n�� o"?ep�����qh}.� Πxgen

9h; ��7�8���� ��� G �0_L¥�¦�� �o§�¨"aec'� � � Mexp

�
�H� ¥�¦D� �4§�¨��)7�8�?�p�9��$� � ���&�D� ! 100%

��q$�`���S� ¢ � 9 # � �r_�¥�¦D���§L¨ha�cb� � �
Msim

9�f G 9 4.7
k�� �
Mexp

Msim
= Πxgen (6.1)9 15G>� � �>kH� ��� # �H� � G Πxgen

% f�0�jAe�3�����
X n3� oh?�p&�j�0q�}�9 E�Ff G - £ �r� G)�

6.1.1 ���.�¡ �¢£¡¤7�8e?0p$��¥e¦ ��§r¨&�>©�ªHf G)�
• X n�� o�?0p«3¬

IT 0®¡¯±° � ��²b³3´�µ"¶$�&�'·Ha0¸ �3¹ ³ X ne� oh?p EMX-101A5B �hºw�» � µ¼��½ ��¾À¿ ¯ ��* !e!,ÁeÂ�Ã �Ä�'Å !�/HG ��� � of G X n - 	�n �rqÄ;!0/HG"� 100 kV
� º w ��ÆÇX; !/¼G ���bÈrÉ 100 keV

�
X n % � G %bÊË q5�- 1�/h� g 6.4

�
X ne� oh?0p&��³�Ì&� ¯ �$�`l5f ��Í } % Í5/ ��� φ1 mm Î�Ï �

2 mm
�>Ð&� $Ñ>Ò � ¯ ; !,ÓrÔ�

•
u�v�ÕÖ �

100 mm Î�	�× 100 mm
�

12
|eØ¡Ù t ³eÚ ¿ �3² ® Ú�Û � ½ �

•
d$�)Ü
CsI(Tl)

² ® Ú{Û � ½���ÝÞ�ß ¯ ·��b³,¶.� PMT R7400U
�,à&��¡; !/HG)� CsI
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² ® Ú�Û � ½h- 20 � 2 � 4.9 mm
� E�� ��� �)! ´ ������� �$; !/5G��
	��)Î à��À;��§��.�����À�

ESR
��� #�� q�� � Ö
� !/HG)�

• �bx yu�v�ÕB9 d$�)ÜB9>�����¡� E �À��� ����	�	��bx �jÅ G � 9 %��� �r� G)�

(a)
7�8e?0p"!��¼g

(b)
7�8e?0p$#��¼g

g
6.1:

�¼_&% Û � ²(' ® a�cb�½�d67�8�?0p.��ik�g ���bx y � z ��uv�ÕÀ�0Ù t ³Ú ¿ ��² ® Ú{Û � ½&9±d.�"Ü&�H� G CsI+PMT
�*)0pB; Î 30 +�, 9)� Ã �¡� Í }&-&. �9 G)�

g
6.2: CsI(Tl)

² ® Ú�Û � ½ g
6.3:
d$�)Ü

(PMT+CsI)
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g
6.4: CdTe

d&��Ü¼�"Ae�X; ��� Æ º�� 100 kV
�À9 # � X ne� oh?p&��³�Ì&� ¯ � � ÈÉ5�

100 keV
�

X n % � !/5G

6.1.2 �¡ �¢������g
6.5
->7e8À� Ó0Ô f G X ne� oh?0p&�
	e�+¡�`l{; � g��0� G)� 1 � 1000 sec

�>A���
20 ���¡� � 9 # � CsI

��eA � � G ¹�� ®À¯�� �>~ Â � 4 � �����b��� ����� ( � :200-

625ch Î�� :625-1050ch Î� Ë :1050-1475ch Î�! :1475-1900ch)
�*-#" !�$ -{; Î�% �'&,� #( �

1
93; !�)�*,+ ; �¼� �r��Ù ° ¿ ¯ ; !�/rG�� g#-/. Î X ne� oh?p&� X n0Í }&-
0

±1%
�21}H��	��X; !/HG 943&� G)�

6.1.3 ���#576z ©$�j738�?�p5��>�qhA3�&��8:9 Î g 6.6
�;-5m'�<���,��� � ³�Ì�� ¯ �&� 30 +>=��bÎ?

12
2�� �b� �>� -<@ ¿ ��A t ®CB ��D /�� ¹E� ®S¯F� �<�G���E� � , 9��0Ù ° ¿ ¯ ;

��� ���r� G)� ÆeÇ º�� % 100 kV
� � �e�:H � = 100 keV

§ z �2I�J.� ¹E� ®¡¯K� %<LM f G �e- Î d&��Ü$��-�N  �O�P;Q,R � � 100 keV
�"q�wTS���:U � �GR�V I�W¼� ��Î<XY ��Z'[5½,��\

100 keV ]�^�_ �:` � ³�-$. ] SbacS 	 m�d'e���-�f �
X ne� o�gp�\��,�h�E��[ , e>�>�rq�} O�hjilk/O -��/m�a V f���� Î'n 6.6

��³�Ì$� ¯� ] �G�b�/�:[ , e>� -,opSba $ -qS Î |�}�r$�Ù ° ¿ ¯ts f � 90 u 100 keV
�2v;w�� $-qSba"� �D� � � O n 6.7

��x;y % Ûz[0² ' ® ¹ [G{b�r��f ��|�} \ ��~�� � Â�� �;-�f��� � |�} 2 mm
�
�E� s f � ���r��f �
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n 6.5: X ���� g��.��	������ 1 � 1000 sec
��U�� ] 20 ��� m �
	 � CsI

��,U�� �
f ¹/� ®¡¯��c] 4 � ���,�b�/��[ ��� ( � :200-625ch Î<� :625-1050ch Î� Ë :1050-1475ch Î
! :1475-1900ch)

��-7"�a $ -qS Î�% �/&h� # ( ] 1
e�S�a ),*G+ S ��� � ] Ù ° ¿ ¯ Sa V f�

X ����� g��$� Í�� \20�� 1%
�21 � ��	��qSba V f��

n 6.6: ����� ��³�Ì&� ¯ ��� 30 + =���Î ? 12 � ��³�Ì$� ¯ ��\ % �;&,�����¼¹/� ®S¯��O�h/V Î;% � h/V \>� � ���/� S ��� �����Gf�� X �e��� g��H�G\ Ö �,�b�/�:[e� Ã � � "! � ��� O Ö V ��� Î ³3Ì$� ¯ � �r� = � � Ö �,�h�E��[$#&�&%�'À� R f��( � \ 100

keV )�* �5��+ ���C] U��jS � V �3� 90 u 100 keV
������,��:[�v/w ]b$ -jSba,x�y %Ûz[0²(' ® ¹ [G{ ].-0/
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d,� ��� -�.#\ r® Ù ¯'® ��� � ����� -E. Î����$® ¹ [G{ ].-0/ �
	 Î��<�
f(x) = a + b sin(cx − d) (6.2)

	��� ¿ ¯ts fEe Î
Mexp =

b

a
= 0.087 ± 0.0145 (6.3)

e R f� 	��)Î 100%
+ �7]������ Å � e���� M

�0²�� % Ûz[² ' ®�� \ Msim = 0.60
	

��f
�
	 Î:X������! � �#" f X ��$�� g��%��+ ��� Πxgen

\
90 u 100 keV

	

Πxgen =
Mexp

Msim
= 0.145 ± 0.024 (6.4)

e R f$��d&�
X �'$�� g���� + � � \)(�*+� X'� 	 s 	-,bU�� �." a V a Î 90 u 100 keV�2v�w�	/�

X ��$�� g��%��+ �
� \ 0.122 ± 0.008
	���f
�
	 Î ( � � X�� 8�9#\0(/*��8,9 e |�} ��v/w�	<W m�a V f'd;e O21 �3" � � ( � �28,97\ M

�r²�� % Ûb[r²(' ®��
Msim = 0.60 ]>Ô V a  � �#" a V f
�4	 Î ²�� % Ûz[² ' ® ,�-/.  � ��""� g��5��xy % Ûz[² ' ® +6�7e½�\ X Y �
g��5� � �#e!8'9pSza V f�d'e O:1 �)" � d�e0, R f��

 19000

 20000

 21000

 22000

 23000

 24000

 25000

 26000

 27000

-50  0  50  100  150  200  250  300  350

co
un

t

angle [degree]

n 6.7:
U�� �)" � X ��$�� g��%��x;y % Û [0² ' ® ¹ [,{ � n 6.6

��³�Ì%7 ¯ , ] 90 u
100 keV

�2v;w�	 $ -TS Î4;�� r<,�Ù ° ¿ ¯ S � � � � |�} \ �<~�� � �<~ 1 � ,
�/� sf � �
	���f�
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6.2 �������������
	������ ��� ] �� s f X�� \ n �/- i , Ã������ e�Sba 57Co ]�Ó V Î�������� �����Ã���� e�Ù��,³3Ú ¿ 73² ® Ú�Û [r½:	 ��� S �$���eÃ���� � Í
� ] U f�d'e0,;-/. ������� ]0 � f � �
	���f��� � �
η
\ Î�������� � �)Ã���� � Í��c] N0 Î Ù��h³eÚ ¿ 73² ® Ú�Ûb[5½2	 ��� S

��Ã���� O CsI
² ® Ú�Ûz[5½�	��U �0""�,Í�� ] N1 obs

e s fEe Î
η =

N1 obs

N0
(6.5)

e R f��
N1 obs

\
�U"!�	��Gf O Î N0

\ �#���U s f�d�e�\ ��$ ="Î CsI
² ® Ú�Û [r½:	� %'&�� O ��� m �,Í�� N0 obs

O �U �0" f�8�( , Î')+*/^ 	���, ��� ��-�.��7\ / )+* , ��� S � , ��� �10 �C] N0

/�2�(qS �, ��� �10 �c] Nt

/ )+* � %'&�3 �C] µ
/ )+* ��4 �:] x

e s fEe5/
Nt

N0
= exp(−µx) (6.6)

	16 �0" f
�
	7/ )+* ,�%'& �0""� � � ] N0 obs

e s fEe5%'&��#\
N0 obs

N0
= 1 − Nt

N0
= 1 − exp(−µx) (6.7)

-:m�a7/
6.5
� -/. ���� �

η
\

η =
N1 obs

N0
= N1 obs

1

N0 obs

N0 obs

N0
=

N1 obs

N0 obs
{1 − exp(−µx)} (6.8)

e
2 � �
�U"! N0 obs,N1 obs

	 6 �)" f��Ed:� ���� � η
O98 � %�: [ 8 '�;:,;-/.  �

�#" f ���� � ηsim

e�8'9 s f�\ = 	���f�

6.2.1 <>=�?A@CB�DAE
X�� g��%��F"G ]IH+J ,LK�M s f�
•
, ����� 57Co>�L�'N � '� X'� 	,\ + � S a V f�e ;�� ,9O�mba�0 � O�P+Q mba7S�R i ��	1/TS+ � � �#� 	��GfI, �����c]VU i � 57Co

\ W�,
122 keV

�L, ���c]VX+Y�Z ,T, � Sa V f��
φ5 mm

��[+�7\ V�]T^`_�a 	>b�cTd�[fe s f�d�e0,gO>h CsI
8 ;Ti : [+j

, ��� ��� S R�V O i , s f�
• ����kl � 50 mm

/���m
100 mm

�
12 ;"nAo ��p"irq�7 8 ;Ti : [9j �

•
�� a
CsI(Tl)

8 ;Ti : [9j ]Is�t>u ewv�7 p1x<� PMT R7400U
	1y�z �|{ a�};f�
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n 6.8:
����'N � '��� � g��5��� � n � CsI

8 ; i :�� j��/� �#� �'�	��
� ]�� �"����
5 mm

��[��"\`} ]L^+_�a , ��"�� ����

6.2.2 <>=����
n 6.9

, 1 s � � CsI � �"� ,���� �! �� 100 "�#�$ { ] p�%�7 e ,-	������ 57Co
�L,� s � 122 keV

�'&)(&,+* � �-,/. , ��0	1 � 7/�/2 ")� }3���54 "5��6 q:7�7'�9;98 �: } �<;>=@? �343A3, O�h N0 obs

A ? ��B ,�/ o ��p'irq27 8 ;Ti :C� j ��� ��D�E�, �>FG� 100 sec #�$ { ] p�%%7Ce ,���H
6.10

	)I)��J o � p�i�q07 8 ;Ii :�� j&	 b�; o e ;KD�E { ]�L �T, ��F9��M>� }�� ]'� /N }�&)( ,+* ��O@P ,�Q)R � � , N �TS �/#�$��)" ��J�4-U �-VC6 q�7�7'�9;98 � : } �
;>=@? �343A�	 N1 obs

A ? ��J

H
6.9: CsI �WF�� ,��>� �� 3�-#)$ { ] p�%<7 eYX)J F��5� � �[Z F &�('X\* � 	3I3�

122 keV �',<. ,�]5^�p =>_ { ] p�%%7 e`X��-a �#"�� }@��J 40 b 200 keV
� OTP �!;

= { � N0 obs

A ? ��J

CsI
�

122 keV c ��%'&�3�d µ = 4.84[cm−1]
/74 � x = 0.2[cm] �!e>f { />H 6.9,

H
6.10
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H
6.10: o ��p'i q:7 8 ; i :!� j�������D�E Z F	�!#�$ { ] p�%%7 e X�J-D�E L �	Z F���	� Q�&>(<XT* � �)V�
 � c N } O�P�� Q>R	�� � N �3S ] p'%�� e X)��a���� � }���J

40 b 200 keV
� OTP �!;>= { � N1 obs

A ? ��J

�!;>= { � a��� ] N0 obs,N1 obs �IU S �
η =

N1 obs

N0 obs
{1 − exp(−µx)} =

56938

11920814
× 0.62 = 2.96 × 10−3 ± 2.7 × 10−5 (6.9)

ACQ���J�4�� ��� { � / 8����>:��"8�� ;������ � ���T� >�L�'N � ηsim = 2.95×10−3±
1.5 × 10−5 c I���J	4>4 c / η

�! #" � �� a �!$&%' #" � ±0.5mm
A { �(
�)'� }@��J*(+ / 8�����:!��8,� ;�- A �(. - �  #"�� O@P c0/21 { ] J94�� � O�h /43�5 ��:!�8�� ;76�89��j

M
�!:#; �#. A�< Q  �� / 8��9�|:C�`8�� ;��!=�>�?T�A@CB�� ] J
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�
7 � � �

7.1 GRB �����
	�� }�������� � I3S ] ����� � ��$�� { ]
GRB ��� :�� a �� ��!�� 0�"$#&% X('�)�+*  ]+, <&��-/.10 �@R ) ��d	� GRB

���20��4365 � ��� 5@� #>$ c�7 �9� ��M-;�V��J\4>4 c�897 Q�:<; A!Q3�2�'�=��>�? � �/� ? ��b�cTd � j �A@ * ? �A�B06C �'J R ]D�E9F � X �A@ * ? �9�G06C � c I���J2:��=H�I&?�� M ;�V h � 4�� � � KJML6N ? ��JO�B/Q ��� 5 � :�� c�7 �PI " � MDP c(Q/R ��5��J MDP
�

4.8 S O�h
MDP =

3
√

2

ηSFM

√

ηFS + B

T
(7.1)

S: T�U E ; [cm2] η:
:�� U N

F: #>$ ��V ��6 ! q9�1p [photon/cm2/sec] M:
3�5 �XW!� F �<Y 6�89��j

B: 6 q9�>7 !/Y 8���6 ! q9� p [photon/sec] T: #>$�Z . [sec]

c<[ B��+��J { � { MDP
�+\�] Z Q��=^ c I�S � � 2 � � � 6 qA��7 !$Y 8 �A_ �`]:6`+�=a�b c I3��J B

�
5 c c M ;V S ] 6 q9�)7 !�Y 8 �IU }'J GRB

�  5 Aed�f Z.
F
A

T
�

BATSE
�

4B g j�h�72� 1972 i � GRB j � j � U C J	4�� � O�hk� 1972i � GRB
�!� { �$l ��m9� S/N �Pn�o { ] MDP ��M ;�V �343A!�&�qp	��J

BATSE
�4r$s �

48.3% � 9
-t. #)$ { � } ] � c �5I3� MDP H+J � GRB

�
1
-t.

� � � �4>�?�u c<v 4'�Wd �
I��

MDP H+J � GRB
d

×
� � �4>�?

4π × 0.483 × 9
[ i /ster/year] (7.2)

c I���Jw �23�5 �XW!� F �<Y ��x�y c�7 � , <	�4� � �4>�? � FOVall

A ? �5A

FOVall =

∫ 2π

0
dφ

∫ π

2

0
sin θcosθdθ = π[ster] (7.3)

AWQ3��J�4��9C�U w �03 5 ��WC� F �qY ��z({�|)Qq}�~ �An�o { Q"} c ��� � � �&� � MR � ,<. �����(� 30 � �4}�~ � FOVcen

A ? �5A

FOVcen =

∫ 2π

0
dφ

∫ π

2

π

3

sin θcosθdθ =
π

4
[ster] (7.4)

AWQ@��J
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7.1.1 � �������	��
�����������������
H

7.1
� � � �!: ��� c -t.9: �=H I5Q GRB

d � MDP � A ��� h! "	#	$ V � c I% J&�'	(*)�+-,q>6?/./0 � 6  9�)7 !�Y 82143 % 4@A �!576 S/N
198;: B=< %�> �*?

@ fBA � GRB
� F 7;C�X�14D�EB< VW? % J�F7, D�E9F )-XHG Q# �*I7, D�E9F )<XHG I6 �-J�,4>�?K1 ±60 � �=L % &�'=(-)M+!N D�EXF )-XHG�1 
 ) $ , <	�!:���d c I 6 �KO� �P, r!Q

FOVall c � i d c I % J9R&�*S/T&�*U�, l �9C�U FOVcen c � D�E9F )-XHGQV# � D�E9F )-XHG I 6 ��&�'=(-)M+
+
D�E9F )-XWG��MX ! 6 c I % J9F&�*I6�-J	��YBZ���

FOVall c , D�E9F )<XHG[,	\�]�� U + > I % V �#����&7'=(-)M+9,_^` 9�aX !/Y G>cb U % U + 5�6 V >�?K1q�5S Q #_d C U + �_e > 897 J �9f U + N!QTS Q/g % OMN >;h� %;i d*$��
FOVcen c ,q>�? >�j g � c � D�EBF )-XkG ��&�'=(*)�+ ��5 % GRB

d �
l g ,am�NonG0qp g i 5 S Q ��&7'P(-)�+�, @ * <ar�� D E9F )-XWGs,4���	�=tBu >�v�%� 6 @ *�w %Mx �N w %�i

y
7.1:

vM%
MDP z -�.7:���H�I7p GRB { i : 3 | ��X ! 6-,4>6? r/} z � GRB { �~

3 | ,	? @ fBA �	�B�K1 n R p J Q 5 g >�?7�_� z�� GRB { 1 [ w i D�E9F )c�HG�1

�) $ , <�,;^� A�aX !/Y G > ~ >�% �-z �20	��� � >�? z<n R Q x \�]2?�I >-� J p��Q/g %	i &�'P(9)M+B1 
 ) $ , <7,;^� ��BX !/Y G x ~ >�%_> >�? x ��� � % �9z ��>�?rB} z , GRB { ,=�� Q #;d g �q>�?!�;� z x���x4� ) p g , <�NPm7Non90s��E��2p g iD�E9F )c�HG�1 @ * #	$ , <&� GRB �4��� 5 > 50% ��� # Q/g % N w % N �a��=�a��HI�p

GRB
,+-/.

1 � 2 i�z � w � 3�5B� W ) F� Y 1tC	d J��2J�� > z 7P�M� �(-�. 5 �
6 i�� GRB �4��� 1�:�� w % OMN > H�I z v�% OMN >_h!��%�i
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7.2 ��� ���K�����	��
�����
O � d z���� ] � ������� �(j���% Y >���� #	$ i���� 1 y 7.2

�! w i

y
7.2:
�"� #P$#� �=� ��j$�$% Y i &!'P(�)�+�, @ * <Br���%"& 2 mm zBz 7 $ D�E F )�HG�1 @ *�w %�i

7.3 ')(+*,.- ,0/�1�2�3 465�387�9�:<; ��=?>"@ GRB A8B �DC�� �$EGF 1IHK� Qag %�i /�1�53 �!J�K :?L�M g0N�O JQP >�R"S w %	i ,T- �VUXW ,�Y kg � �VC	� z v�%	i |�Z�[�z ,0L
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GRB �0A B �a�V� � #	$0� C;� Na# Q &�� � "������ @��A B � C���1
	���L EGS5 � ���q)  � ��N {������ � 5!6�� ��� � p���� �!��1I�#"%$=$ i'&#( � ^*)'+BX-,.�VG10/-1%$�2=: z L'3 �54 � 2!�VC76��98;:�< ��> �VC'=�> A<B�? 4 MDP
7 @ L

BATSE
23 A � C�$�2�BB� � GRB

��CD$FE'G x �H2 i y
7.1 z�I GRB �!A<B�? �.J�� Q , - � �CK6 zML=�7N�?7� �DC-A�=�> � @  O$72 i

A8B�? AHP gHQ#R I L�S.T {#U��!A<B�? @o�B� z!V <�=�>�W A v <'AGL A<B-? AHXZY Q�R� I L � ��A<B @I�VC z!V <0[�\ZAHX!Y5]_^�` 4 � <KaZb�2 L���� �!��@ ��� $�2 EGS5 � �c�0d  � � � ��eHWf@  w 2-g��0L*��h� J!ikj;gK� � 2 M, l ]_m#nO$729a � �^�o<L*��h� J�<
M, lpI7q�r�s7t u�v. � �c�0d  � � � ]�w-x;y!<;z;]0A� 4 � 29a

A B-? @ �DC�y!<P��h I9{�|�} $�YGL#P ?Z~'� h v�� <Ka GRB s0A8B-?�IH�!�7����4��� Y ~ Y�2-g�L ,�- s �DC76ZA Lp�.� : s GRB ��� Y � A8B @I�DC v�V <'� I7���!�#I� ��� ~ Y#A$L 50% N�?�A B $ � Y.<!]Fy!<�] L-[ �c� E;�.<
��� FOVcen v;I S T 1 �
2 U v L�� s��.�#� ��d 5� ��@!�7b5�p����� A v!V��.� L�S.T 5 � 6 U�s GRB s!A8B @�DC�y!<�z;]0A�=�> v�� <7a5z � � J!i GRB s7� Q��#� L� �¡-¢ � sK£;¤.��¥ A.<
�ZA¦ b � <7a b�2�§ U�s7¨#©#ª�«!¬ ��dH� d �9� Y �� A<B @�®DC�$�2�Y�a ¨�©#ª�«Z¬ �0d�!d I7¯�°�±�²Zv;� < s-v L GRB
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A � � � � � � � 	 


�
A.1: � O Ã ² � A

¹�	o��
c
��� g ª h�,�� Ã ² �����sR�� o���� v >��! Ã ²#"�$; ¤(v hkz

�
A.1
¹�% ª �yÀ?¹'& "($ ¡ �*)(+ �, Ã ² � o θ

� v >-�, �¹*(o
βc
� g v#¤�v h

,.� Ã ² �*�.��R��0Å hkz
• t = 0 : O �yÃ ²0/ 1

[ �.�YZ § hkz
• t = t1 = (R cos θ + d)/c :

".$ ¡ ¹ /
1
[2143 ª hkz

• t = R/βc :
,.�I[

A � ¹�143�;5& / 2
[ �.�YZ § hkz

• t = t2 = R/βc + d/c :
".$ ¡ ¹ /

2
[2143 ª hkz

p �0Å h�p0& ".$ ¡ [ $ h�6 Ã H �47 �#�48 ∆t
]

∆t = t2 − t1 =
R

βc
− R cos θ

c
=

R(1 − β cos θ)

βc
(A.1)

� �^h � � & ".$ ¡ Ã ² 6y>A,.� � 6 Ã H � (o vap

]

vap =
R sin θ

∆t
=

β sin θc

1 − β cos θ
(A.2)

γ � 1
� �(h ½ ²:9 1−β ∼ 1/2γ2

� � � &
θ
[ ��Z v p ª hIp sin θ ∼ θ, cos θ ∼ 1− θ2/2� �^h!;�p R�< À#p

vap ∼ 2γ2c

θ−1 + γ2θ
(A.3)
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p�����hkz ;.; � &���������	�
 ����IÃ ²
vap ∼ 2γ2c

θ−1 + γ2θ
≤ 2γ2c

2
√

θ−1γ2θ
= rc (A.4)

� �^hkz��������4]
θ−1 = γ2θ

� �^h � � &
θ =

1

γ
(A.5)

� p w 6 Ã H � (o vap

[ Á ���
γc R p � &����4] 6 Ã H�� /  R��0Å ¤�� g�� ¤(v hkz6 Ã H � (o vqp � � ¹ ½ h�����¹#] θ � ��� �^h � � A.5  ] ".$ Z § h Á � � θ

� �
hkz
! xe� &"�.� � 	oy[�#�$4¹� v&%�')( &-	o �, Ã ² 1/γ * ��+ v � %�, ¹ ( �.� (- Ã(½ v ;�pA¹ ½ hkz ; §.( �0/#¶2143 � ®�5�60p87 9�§:9 z
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� �
B

� � � � � � � � � 	 
 � � 

�����:9�������� 9���%�����%)( &
~n � � � Ã"! "�$�# �, �$�%�&�')(+*-, & R �/. #$�0�1 �2�:9)�43 $  65�798 9;:

~R(t′) = ~r − ~r0(t
′) , R(t′) = |~R(t′)| , ~n =

~R

R
(B.1)

~β ≡ ~u

c
, κ ≡ 1 − ~n · ~β (B.2)

~E(~r, t) = q

[

(~n − ~β)(1 − β2)

κ3R2

]

+
q

c

[

~n

κ3R
×
{

(~n − ~β) × ~̇β
}

]

(B.3)

~β(~r, t) =
[

~n × ~E(~r, t)
]

(B.4)

 6<"! $ < 9�=?>@��%BAC��% $;D �FE)( 0 1G$ 2
� 5IH�J �:9�: ;LK (�MN��%OAPM���% �� �QE 5SR 9I: ;LK6T / �LU & DWV E4( 1

�YXN$ 5 0�1 5�H�Z �\[^]�_a`bT�c~É 5Yd 9;:;LK � �.� $ E 5SR 9;: �.� $ EGe 8 Tgfih �:9)�
~Erad(~r, t) =

q

c

[

~n

κ3R
×
{(

~n − ~β
)

× ~̇β
}

]

(B.5)

~Brad(~r, t) =
[

~n × ~Erad(~r, t)
]

(B.6)

� X 9�:^�\� <+! $;%S&�jNk R � > $ � ��l�m (on�p 5�q6r�5�6I'9(s*t,)$ l m S �;uv U &
dW

dtdA
= S =

c

4π
E2

rad(t) (B.7)

dW

dA
=

c

4π

∫ ∞

−∞
E2

rad(t)dt (B.8)

5 �xwgK 9;:Syoz (+*{, �g| � 9 ���ST\}F~"������� ���6� 9)�

E(ω) =
1

2π

∫ ∞

−∞
E(t)eiωtdt (B.9)

E(t) =

∫ ∞

−∞
E(ω)e−iωtdω (B.10)

5SR > &\�6~F�^�\,�$���� � E(ω)
$&/ �\� ��<�� U

∫ ∞

−∞
E2

rad(t)dt = 2π

∫ ∞

−∞
|Erad(ω)|2 dω = 4π

∫ ∞

0
|Erad(ω)|2 dω (B.11)
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� X 9;:�� � U & B.8  6<�! %\&������ &o%\&��.� �YR � > $ �.�Slom (
dW

dA
= c

∫ ∞

0
|Erad(ω)|2 dω (B.12)

dA = R2dω (B.13)

dW

dωdΩ
= cR2 |Erad(ω)|2 (B.14)

5 �xwgK 9;: ;LK ( C.9  � C.5  "�gu v U

dW

dωdΩ
=

q2

4π2c

∣

∣

∣

∣

∫

[

~n ×
{(

~n − ~β
)

× ~̇β
}

κ−3
]

eiωtdt

∣

∣

∣

∣

2

(B.15)

� 7"d�� � 9g: ;�K �
	��!7� t′ = t−R(t′)/c � <9� U;���o� � � 9�� dt = κdt′ 5NR > &".$ # $����Y$ ���"� 6 96� ��U & |~r0| � |~r| <"! R(t′) ∼ −~n · ~r0 5NR 9 $ 5 & B.15  (

dW

dωdΩ
=

q2

4π2c

∣

∣

∣

∣

∫

~n ×
{(

~n − ~β
)

× ~̇β
}

κ−2 exp

[

iω(t′ − ~n · ~r0(t
′)

c
)

]

dt′
∣

∣

∣

∣

2

(B.16)

� X > &"w ! T'& ~n × {(~n − ~β) × ~̇β}κ−2 = d/dt′κ−1~n × (~n × ~β) 5SR 9 ; � ��<�� �
dW

dωdΩ
=

q2ω2

4π2c

∣

∣

∣

∣

∫

~n × (~n × ~β) exp

[

iω(t′ − ~n · ~r0(t
′)

c
)

]

dt′
∣

∣

∣

∣

2

(B.17)

� X 9;:;�K � �  m"���G8 9g�N� <+! $I%S&������!& %S&0�(� �9R � > $ � �Wl�m�� � �  Y5
R 9;:
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� �
C � � � � � �

� ��� $
	 d w P
&W���^,� ~

E
&�� m v = pc2/E

$ �\�)������� ��j9$ ��� ��� �
����� � 9���� ����� 9�:�� � <"! ���! �" 9�#6� 5)d 9 ���NT ($�Q� � $%� m ( ��& $� m �)>$' 	 d)( X ( U ( X ! X v : ��& $*� m (%+ �GT%,�-NU/."w v ��01� V/c

$32 3
$%465 5a�6� 9;:7

C.1
$ � � T ���6�/��� ��j �98�m θ+ 5/: � <�! � � T<;�= ��> �2�:9;:F��� $%?� �)(*@ 99A�B�C T � � UED6X 9 $ 5 � : � $ ��& �GF T � ���:99C 5 @ �/> � T (<H �I

u
��� � $ ��& ����' T � �W� 9<C 5 @ �
> � T (*H � I d �$JW8 �K��� �G$ M�L�C 5@ �/> � T�M H � I �EJ�8 X v �2� 9�:E��� �Y$ MNL�Ci� : � � $ � $NOF~QP 5%R����)M

7
C.1:

}�S�,UT1V��G$%W�X 7 :K��� � j ��Y\m '����6� ��� ��Z\[�� T �)> V��xwgKNUv ( :
(

Eu

cu

pu

)

=

(

γ −γ V
c

−γ V
c γ

)(

E
c

P cos θ

)

? γ =
1

√

1 − v2

c2

(C.1)
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� 798 � γ ∼ 1
� ��� ��Z)�

Eu = E − V1p cos θ+ (C.2)

Ed = E − V2p cos θ+ (C.3)

5SR Z;:3 T ��� � 5���� wgKNU : � T " Z)� d T ��� ��j �98�m θ− 5 ;�= Z)�2��Z;:Q[ $ � d
��� M � � $ ��& $ M�LKC 5 @ � U � �N�a, F~���� ��	 >�
 J $ 5 ����� �Y$ MNLKC 5@QZ)�

p
�

E
�

p′
�

E′
Tg�� ��Z;:�� � U ����� T

Ed = E′ − V2p
′ cos θ− (C.4)

E′u = E′ − V1p
′ cos θ− (C.5)

$���� ��	 >�
 J : ����� $F�N�a,�F~ E′
�

E
T%,\-\U ��� K e 8 ��� 0 U v Z < M �� $%� m v � � � ��0 U

E′u

Eu
=

E′d

Eu
=

(1 − V1v
c2

cos θ−)(1 − V2v
c2

cos θ+)

(1 − V2v
c2

cos θ−)(1 − V1v
c2

cos θ+)
(C.6)

5\R ZL:���� V � v 5;�W� U v Z $ 5 �/�F� $ 8Fm���� M ��! 5\R ZW� ��� U � v : cos θ+$#"�$�% M
< cos θ+ >=

∫ ϕ
0 cos2 θ sin θdθ
∫ ϕ
0 cos θ sin θdθ

=
1/12

∫ ϕ
0 sin 3θdθ

1/4
∫ ϕ
0 sin 2θdθ

=
1/12 limϕ→2π(1 − cos3ϕ)

1/4 limϕ→2π(1 − cos2ϕ)
=

2

3
(C.7)

5SR > � cos θ− = cos(π − θ+) = − cos θ+ <�!
< cos θ− >= −2

3
(C.8)

5SR Z;:Q[�[ <�! ��� T ��Z �N�Q,�F~���)$#"�$�% M
E′u

E
=

(1 + V1v
c2

2
3)(1 − V2

c2
2
3)

(1 + V2v
c2

2
3)(1 − V1v

c2
2
3)

(C.9)

� 798 Z;: V/c
$ �o3 $%465 5a�6� Z)�

E′u

E
∼

1 + 2
3(V1v

c2
− V2v

c2
)

1 + 2
3(V1v

−
V1v
c2

)
∼
{

1 +
2

3

v

c

(

V1

c
− V2

c

)}{

1 +
2

3

v

c

(

V1

c
− V2

c

)}

= 1 +
4

3

v

c

(

V1

c
− V2

c

)

+ ∂(2) = 1 +
4

3

(V1 − V2)v

c2
(C.10)

� X > � �N�Q,�o~ ��& V � Z\[���� �6< Z;:
∆E = E′ − E = v∆p

$���� �(' � � � ��� $/	 d wa$ & V � M E = c2p/v, E′ = c2p′/v

�()�* 0 U � v∆p = c2(p′ − p)/v 5SR > � C.10 + �)>

p′ = p +
4

3

(V1 − V2)

c2
vp (C.11)
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5SR Z <�!
∆p =

c2

v2

(

4

3

(V1 − V2)

c2
vp

)

=
4(V1 − V2)

3v
p =

4

3

(V1 − V2)p

v
(C.12)

� X Z;:^���)��������� X �N�Q,)o~ �	�6J�
� M v = c, E = pc
XN$ 5 � � ����� �N�,�o~�$ & V � M��6$ � ����� ���Q,�o~\T%,� ��Z;: 2�� ����� $ ��� $ � ��� M

∆p =
4

3

(V1 − V2)

c
p (C.13)

e 8 & V ��Z $ 5 � n
� ���"���6� Z)�

p1 = p0 + ∆p0 = p0

{

1 +
4

3

(V1 − V2)

c

}

p2 = p1 + ∆p1 = p1

{

1 +
4

3

(V1 − V2)

c

}

= p0

{

1 +
4

3

(V1 − V2)

c

}2

...
...

pn = pn−1 + ∆Pn−1 = pn−1

{

1 +
4

3

(V1 − V2)

c

}

= p0

{

(V1 − V2)

c

}n

(C.14)

lim
a→∞

{(

1 +
1

a

)a}b/a

= eb/a �)> 1

a
=

4(V1 − V2)

3c

��� ( �

pn =

{

1 +
4(V1 − V2)

3c

}n

=

[{

1 +

(

1

a

)}a]a/n

= exp
(n

a

)

= exp

{

4n(V1 − V2)

3c

}

(C.15)$ � � T ��� � ��T � 0 U���� � � � T & V � Za:F���G����������� X 
�� T�M E =

mc2, p = mv
XN$ 5 � � ��� $ & V M � � � X >

∆p =
4

3
(V1 − V2)m = const

→ pn = p0 + nmc

{

4(V1 − V2)

3c

}

(C.16)

5SR Z;:��� T�M �"! 5$#�% Z/�o� ' �'& � Zg:$� � $ ��& M*� m V2 5 ��� � j < ! 1�K�U v �U v Z $ 5 � V�� � �)8 ZL��� ')(* � m V2 5 � KSU v ( # TFX Z;: %N&�+ � � %\&�jk R�> > T : � < ! � �\ ;�= Z��o� ��M���, m9� N
��0 U

V v/4 5NR Z��/� #�% U v (��� M
NV2

� X Z;:)[ K\M �Q� � $ #-% Z . � � Pesc = 4V2/v
� X � U v Z\[S� �	/�0��Z�:

1−Pesc
M2143 � � <"! ��� ��j � ;�= > : �\ � " Z�' $ $ . ��5NR Z <"! �^��6��������� X 
� $ n

� ��� $ . � M
P (> n) =

{

1 − 4V2

c

}n

≈ exp

{

−4n
V2

c

}

(C.17)
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� X Z;: � ���6�
p
�)> 	 d v ��� � N(> p)

M
C.15,C.17 +6<"!

P (> n) ≈ exp

{

−4n
V2

c

}

= exp

{

−4nc
V2

c
· (V1 − V2)

3V2
· 3V2

(V1 − V2)

}

= exp

{

−4nc
(V1 − V2)

3c
· 3V2

(V1 − V2)

}

=

{

exp

(

4n
(V1 − V2)

3c

)}−
3V2

(V1−V2)

=

(

pn

p0

)−
“

3V2
(V1−V2)

”

(C.18)

� X > �
P (> n) ∝ p

−
3V2

(V1−V2) = p−µ+1 (C.19)- d � �b$ y�z (i* , ��� ! K Z�:\� X���� � R Z�� �b$ � ���	� :x� ��J �N� $ ��
N(p)

M
p−µ

T%,� ��Z;:Syoz (+*{,'���
µ =

3V2

V1 − V2
+ 1 =

r + 2

r − 1
(C.20)

M ��� �G$�
���,
r
$� 5���� Z�' $ 5 ��� _ ��5 
���wgK > ��� � 5 M r = 4

� X Z $
5 µ = 2

� X >
N(> p) ∝ p−2 (C.21)

5SR Z;:
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M$?��"! 5 $�� � A �o� A�� �o� $��	��
�� ���� q��^, O�� T � � U�� �������� ~�����O����� 5NR Zg: EGS

M�!#";,�~�$ � �&%(' K Z . w�X���O����) N$+* �W5�,	 wgKNU v U �.- K ! M�/ J TE	10�wgK Z;: 7 D.1
T�M

EGS5 � ~32 $54 & 7 �76 0 > :8:9 �)> : M1;S~�<)~5= ��> / T���? �)Z�@ � ;�~�<)~ � ~A2 ���W� EGS
$�B & 5SR Z

EGS � ~32 � X � U v Z;:;N~)<�~�MDC � $E� v > v�F T � P�~ FHG �JI:K�L ;N~)<�~ � ~M25N 0 U�O � X 8 K 'XQP�X v�R � ;S~�<6~ � ~A2 L � < P�CTSVU Z�W M�X	Y[Z]\ 05^(W�_��	��`��ba M KEK� R)cVd 07e�^\Z ! � ��f(;(g)<bg � gM2 L C � W	h T � Pig h G �kj a ��lb�)m	n�o 0e j ^!Z�p

7
D.1: EGS5 � gA2 W 4 & 7 p 819rq Z : M�;�g�<Dg5= R > / a5s ?VU Z�@ � ;�g�<#g

� g32 ��� R EGS
W B & _�t�Z

EGS � g32 p
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;�g�<#g � g32EN 0�e EGS
a�� U����5n�f6M ���#W�� J _�tNZ�p

• ****.f : fortran � gM2����+n�f p �5W q
	 Y h T � P7g h G ��L � ^
�.-1W��� L� 	���� U Z X�� R�� X�� e	^!Z�p �K> ����� W���� X P�� W��� 8 � � W ?��"!# � _�W�$�% L 
��#U Z ! ")fbg�$ � HOWFAR
�'& g��)(	* L � 	 !.")f#g�$ �

AUSGAB
'�[�[�a � X�� ZEp

• ****.data : *,+ & g����
��n�f p�h T � Pig h G � a ' �,� Z ?(� W�-�� *�+ � R� X�� e	^!Z�p
• ****.inp :

?	� & g(�"�.�in�f p ?	� W , 	 ��/ � ,,0�� R�� X1� e:^\Z5p\[�W�& g��XQPJ!.")fbg�$ � PEGS
R32�4 �� .W�5QZ�6�7 L 
��bU Z�p

78



� � � �

[1] Rees , M. J. , Meszaros P. 1992 , MNRAS 258 , L41

Relativistic fireballs : energy conversion and time-scales

[2] Piran , T. 1998 , Phys. Rept. 314 , 575

GAMMA-RAY BURSTS AND THE FIREBALL MODEL

[3] Band , D. L. et al. 1993,ApJ 413,281

BATSE OBSERVATION OF GAMMA-RAY BURST SPECTRA.I.SPECRAL DI-

VERSITY

[4] BATSE HomePage http://www.batse.msfc.nasa.gov/batse/

[5] EGS ����� HomePage http://rcwww.kek.jp/egsconf/index.html

[6] 	�
��� ��� � m 9� g1l�� a�� 	 X
9�� � N���� 9 W���@��

( �! �"!#��$ 2001%& �('
)

[7] )�*,+!- �/. 9(� g�l�� GRB030329
N�0�1 ��2�h l�3	 �

( 4�5��$ 2003
%�&

�('
)

[8] 6�7 '�8 �:9�;�<�=�j?> X
9�@ ��0�A ��B WDC�E�F�G�

( H�*(��$ 2003
%&JI '

)

[9] KML�N!O?P �Q�SR mUT � g�lV� @!W�X GAPOM
XJY Z�[�\ > X

T @(W�X N�] h
R_^a` gb W�F�G� ( cdL(��$ 2003

%&JI '
)

[10] Rybicki , G. B. , Lightman , A. P. , 1979 , WILEY INTER SCIENCE

Radiative Processes in Astrophysics

[11] KNOLL , F. C. , 2001 , cfe�"�#�gihkjl�m T X 2(n RpodqSrks t �vu

79


