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ê�%¶é&%�é ] w¥pry}²tw¥y}pruNw¥ut«�o�x|prut¦¬¦�u ¨ y�sr~4/zv"�z¦�u�wb�zs µ «�qtw¥p�~¬u`%*%*%*%*%*%$%*%$%*%*%$%*%+% é650a
ê�%¶é&%.- M�O`_ %*%*%*%*%*%$%*%$%*%*%$%*%+%$%*%$%*%*%$%*%$%*%*%*%*%*%$%*%$%*%*%$%*%+% é650a
ê�%¶é&% ì U � µ x|v ¨ uQ²8xzy?pr{?y}pru�%*%*%$%*%+%$%*%$%*%*%$%*%$%*%*%*%*%*%$%*%$%*%*%$%*%+% é65|ê

ê�%7- a wr~¬¦¬~�s¥��wr~¬x|v ¨ u8s+q�©|u8v}u8«�u8v¡w¥sb³ µ {?p�~ ¨ uts�%$%*%$%*%*%$%*%$%*%*%*%*%*%$%*%$%*%*%$%*%+% é6502
ê�%7-�%�é M u�wru8«�o?s ¨ uQ«�x|v¡wrq8u Rt

%$%*%+%$%*%$%*%*%$%*%$%*%*%*%*%*%$%*%$%*%*%$%*%+% é65zí
ê�%7-�%.- M u�wru8«�o?s ¨ u ¨ u8s�²8u8v¡wru Ft

%*%+%$%*%$%*%*%$%*%$%*%*%*%*%*%$%*%$%*%*%$%*%+% é|ézé
ê�%7-�% ì M �Þ¦ª��p�/|uty?pg²(��p¥�z²�w¥q8p�~¬s`w¥~43�y?u ¨ y�sr~</|v"�z¦ Rt + Ft

%*%*%*%*%$%*%$%*%*%$%*%+% é|é6-
ê�%7-�% ë M�d u�&o�x|s¥�zv¡w ¨ uQ¦ª� M�O`_ è ¯ utw¥��%$%*%$%*%*%$%*%$%*%*%*%*%*%$%*%$%*%*%$%*%+% é|é6-
ê�%7-�%., M uNpr� µ x|v ¨ u9²tx|y?p�{?y?pru�%*%$%*%+%$%*%$%*%*%$%*%$%*%*%*%*%*%$%*%$%*%*%$%*%+% é|é(ì

ê�% ì H s�w¥~�«���w¥~¬xzv ¨ u X ����� sry}pTy}v��zv ¨ u ¨ xzv?v?q8uts %*%$%*%$%*%*%*%*%*%$%*%$%*%*%$%*%+% é|é(ì
� % ���A��� � e < � ��,=��� ��� <�� � -=< � �&�8>X���Q���e-�<â�8�)� � ,���	E�����|<"�|��,.	 � -=<"� � ,.��>X� : ��� � ,=��>��|�� ,=� λ �|���4�q� � '�'}�2�%¶é M uNo?prx0�?¦�¦¬x|vB/z~�w¥y ¨ ~¬v"��¦	%$%*%$%*%*%$%*%+%$%*%$%*%*%$%*%$%*%*%*%*%*%$%*%$%*%*%$%*%+% é|é(í2�%7- M�d uqm�u�w ®�V�R+UT^`KQIg[�(NV %*%$%*%*%$%*%+%$%*%$%*%*%$%*%$%*%*%*%*%*%$%*%$%*%*%$%*%+% é8-�52�%7-�%�é ® x ¨ ´t¦¬uQ�zv?�z¦ µ w¥~<3�y?u %*%*%$%*%+%$%*%$%*%*%$%*%$%*%*%*%*%*%$%*%$%*%*%$%*%+% é8-�52�% ì I x|«�o"�zp¥��~¬srxzv ¨ uQ¦ d ubm�utw ®4V�R+U+^`KQIg[�(NV �(©zu8²9¦¬u8s ¨ x|v?v?qtu8s _ ¦ µ�d s H�µ u?%*%$%*%+% é8-zê2�% ì�%�é Z x|sr~¶w¥~�x|v ¨ y�«���&~�«ây?« %$%*%+%$%*%$%*%*%$%*%$%*%*%*%*%*%$%*%$%*%*%$%*%+% é8-zê2�% ì�%.- _ ¦¬y?²�w¥y"��wr~¬x|v ¨ u X ����� utw ¨ q�w¥u8p�«�~�v"��wr~¬x|v ¨ u λ ¡t¢¤£¥�§¦¨¢ %*%*%*%$%*%$%*%*%$%*%+% é8-�í
� ¤ ��� � ,t©������)� � , � < � ,���	ý����-�<�� � � � �¡� ��,�������-±� ��*�� 	�� � �&	 � ' d 'V %¶é Z x|~�v¡w ¨ d ~�«�o?�z²tw %*%*%*%$%*%$%*%*%$%*%+%$%*%$%*%*%$%*%$%*%*%*%*%*%$%*%$%*%*%$%*%+% é(ë}éV %7- V vB/z¦¬u8s ¨ d ~�v?²8~ ¨ u8v?²tu %*%$%*%$%*%*%$%*%+%$%*%$%*%*%$%*%$%*%*%*%*%*%$%*%$%*%*%$%*%+% é(ë}é
A % < � �����@>X� � ,���	Y�X� � >���	@� ' d �
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ÁSÂÄÃ�ÅÇÆ1È"É^ÊuÃ�ËqÆ$Â
V o?p�´8s+y?v?u`�?v ¨ uNsr~¬´t²8¦�uNpr~¬²×³}u�u8v ¨ qt²8x|y}©zu8p`w¥u8sb«��Æ��u8y?p�u8sLo�x|y?pg¦¬�âo?³ µ s�~43�y?uQ²8xzv�wru8«�o�xzp¥�z~�v?uzè

²8u ¨ q8{?y&w ¨ ujÌ�Ì�´t«�u�sr~¬´t²8¦�ue�z¦�¦ª�z~¶wL©|x|~�pb¦ d �(©z´8v?ut«�utv�w ¨ d y}v?uâo?³ µ sr~<3)y}uâv?x|y}©zu8¦�¦¬uzè�o�x|p�wrq8ueo?�zp ¨ uts
o?~�x|v?v?~�u8prs�w¥ut¦¬sÇ3)y}u Z ~¬utprpru V yB/zu8p ç V s`w¥prxzo?³ µ s�~43�y?u(î�è0ÍW~¬²twrx|p [ u8s�s8è M xzy?~¬s M u8o?p�~¬v?²tu U ~¬vB/|y}utw ç o?³ µ¡·
sr~<3�y?u ¨ u8sTo"�zp`w¥~¬²ty?¦¬uts×î è}utwr²0%b%]%

ÎuÏÑÐÒ é&%¶éJÓÕÔ�Ö ÒzË"ÖW×"È×Ý}ÎØ×"Ï�àáÏ9ÓXÜ Ë)Ô�Ð�Ñ¬Ð×Ö�à=Õ¥ÏÆÊÆÖ×Ï×Î"ÈTÓ)Ð×ÖW×}ÒzÕ Ö Ð×Ý�ÛeÓzÕ×Ï�ÌÍàáÈLÑ¬ÈLÉÚÙ�É�ÈbÐ�Ñ¬Ð×Ö�à=Õ¥ÏÆÊÆÖ×Ï×Î"ÈWÖW×}ÒzÕ Ö Ð
M uEê2�zx&Û}w�éÆí}é8-^p"az³�é8-&è�ÍW~¬²twrx|p [ utsrsâ��¦¬¦ª��~�wNo?p�u8v ¨ pru�s�x|v utv¡©|x|¦�p�{�x|p ¨�¨ d y?v�{"�z¦�¦¬x|v��(©zu8²p s�x|vP{�xzp ¨ -�²×³?�z«â{?p�u8s^p ~�x|v?~¬sr��w¥~�x|v)% I uBo�q8p�~¬o?¦�uzè�3�y?~���¦¬¦ª��~�w�¦¬u�«�utv?u8p�o�utv ¨ �zv¡wEo?p�´8s ¨ u	a

³?uty?pruts ¨ y}p¥�zv¡w(è�p y}v?u§�z¦�wr~�w¥y ¨ u ¨ u�o?¦�y?s ¨ u=,05&5&5�«�èL�z¦�¦ª�z~¶w�¦�y?~Wo�u8p�«�u�wrwrpru ¨ u�«�x|v¡w¥prutp93�y?u
¦¬u4p¥� µ xzv?v?u8«�u8v¡w ¨ qt²×³"�zp�/zu(�zv¡w2¦¬utsCq8¦�q8²�w¥prxzsr²8xzo�uts ç ²×³"�z«e{?pru	p�~�x|v?~�s¥��wr~¬x|v é&%¶é�î�è��r� ¨ ~�sCsry?o}o�x|s�q
©|utv?~¬p ¨ u�¦ª� pr� ¨ ~�x¡�z²twr~�©)~�wrq�wru8p�pru8s`w¥p�uzègs d ~�v�wru8v?s�~<�#��~�w2�(©|ut²�¦ d �z¦�wr~�wry ¨ u ç ²bF�%u�Ø/B%Wé0%.-|îÜ% M uBp�q8sry}¦�w×��w
¨ u�²8uts�x|{}sru8p`©���w¥~�x|v?s��z¦¬¦¬�z~�wjntwrpru�~¬v¡w¥utpro?p�qtw¥q ¨ u^F=�0Ýtx|výs�~¬«�o?¦¬uE²tx|«�«�uEq�w×�zv¡w�y?vYpr� µ x|v?v}u8«�u8v¡w
u�)wrp�n8«�u8«�u8v¡wTo�q8v?q�w¥p¥��v�w8è"u8v¡w¥pr�zv¡w ¨ �zv?s+v?xzwrpruQ��wr«�x|s�o?³?´tpru0% M uQp¥� µ x|v?v?ut«�utv�wb²8xzsr«�~43�y?u�©|utv"�z~¶w
�z¦�x|prs ¨ d ntwrpruQ~ ¨ u8v¡w¥~¤�"q0%

ì
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ÎuÏÑÐÒ é&%7-9ÓTè Ð×Ö×Ï�Ë&ßzÈ�Õ àáÈCÓzËÕrÒ0é¡Ï�Ô"Ô�È�É�È�Ô"à�Ö×ÏÆÊ�ÉÞÌ=Ú8Ë"È2È�Ô�êAëAê0ìEÎ}ÒzÕîí�ÌäÖ�à±Ï�Õ1ï�È×Ê×Ê8Å�ð�Òòñ Ö Ë)Õ×È�È�Ô×}ÒzË)à�Û Ö ÒzË"ÖW×"È�É�Ï�Ô"à=Õ×ÈÞÑ¬È×Ê�Î�Õ¥È�ÉÞÌ�ó�Õ×È×ÊÞÉ�È×Ê�Ë&Õ¥È×Ê�Ó)ÈÚêAëAê&ôöõ�ê�÷¥ÝNÈ�àbË)Ô�ÈCÖ�Õ¥Ï�Ì¬Ê×Ê8ÒzÔ�Ö×È�Ô�È�à=à±È�ÓzËÄøSË�ã
Ó)ÈCÖ×ÏÆÊ�ÉÞÌ=Ú8Ë"È×Ê�ÒzßzÈ×ÖâÑrÜ ÒzÑ à.ÌÍà=Ë?Ó)È8ÅJð�Ò*ñ Ö Ë)Õ¥ÈCÈ�Ô=×}ÒzË)àbÛBÓzÕ¥Ï�ÌÍà±ÈÄé�Ò�Ø(Ï�Ë)à±È�Ñ¬È×ÊÞÉ�È×Ê�Ë&Õ¥È×Ê�Ó)È1êAëAê]ù	õ§ì�÷tÅú ÑüûtÒzË?ÓzÕ�Ò�Òzà.àáÈ�Ô�ÓzÕ¥È*êAë&ô�ý�È�à�Ë&Ô�È�É�È×Ê�Ë&Õ¥ÈNÓ)È�þSû(Ï�à ÿ�È�Õ�õLô�÷¥Ý�Õ¥ÈáÎ�Õ¥Ð×ÊÆÈ�Ô"à±Ð×È9È�Ô�Ó)È×Ê×ÊÆÏ�Ë¡Ê/Î"Ï�Ë)Õ/Î}ÒzÕ ßzÈ�Ô"ÌÍÕ
ÒzË�Ó)È�Ñ¶ÛCÓ)È 15 Km È�àLÏzå�ÊÆÈ�Õ ßzÈ�ÕNÑ¶ÒEÓ)Ð×Ö�Õ×Ï�Ì¬Ê×Ê8ÒzÔ�Ö×ÈQÓzË*ø/Ë�ã2Û1×}ÒzË&àáÈeÒzÑ à.ÌÍà=Ë}Ó)È

H v�éÆí|ì02}è Z ~¬u8p�pru V yB/zu8pJ«�utsry?pr�9¦�u+w¥�zy& ¨ uT²8x � v?²t~ ¨ utv?²8uTu8v¡w¥p�u ¨ uty&�è)wrprx|~�s�x|yÚ3�y"��w¥pruT²8xz«�o ·
w¥uty?prs ° u8~4/zu8pâutv�F�x|v}²tw¥~�x|v ¨ u2¦¬uty?p�q8²(��p�w¥ut«�utv¡w�% V y}²8y?v?u ¨ qto�utv ¨ �zv?²tu4v d q�w×�z~¶w��z¦¬x|p�s���wrwru8v ¨ y?u
¨ �zv}s/¦�uT²8�zs ¨ d y?v1D"y& ¨ uTp¥� µ xzv�²8xzsr«�~43�y?uTo?pr~�«��z~�pru�% I u8s/«�utsry?p�u8s/«�x|v¡wrpr´8p�u8v¡wu3)y d �zy�²8x|v¡wrp¥�z~�pruzèp�²tx|y?p�wru ¨ ~�s�w×��v?²8u�è�¦¬uts�²8x � v?²t~ ¨ utv?²8uts�s d ~¬v¡w¥utv?sr~¤�#�z~�u8v¡w�% ^ ¦�u8v�� ¨ q ¨ y}~�w 3�y?uâ¦�u$D"y) ¨ uâo?�zp�wr~¬²8y}¦¬u8s
¨ q�w¥u8²�w¥q�²tx|prp�u8sro�x|v ¨ �z~�wEo}prx|{"��{?¦¬ut«�utv�w9p ¨ u8sEo?�zp�wr~¬²8y}¦¬u8s�sru8²tx|v ¨ ��~¬prutsE~¬s�sry?uts ¨ u8sE~�v�wru8pr�z²twr~¬x|v?s
�(©|ut²�¦ d �z~�p ¨ u�o"�zp`w¥~¬²ty?¦¬utsNo?pr~�«���~¬pruts�o?¦�y?sQq8v?utp�/|q�w¥~43�y?uts]% M u8s9o?prut«�~�´8p�u8sNu8s`w¥~�«���wr~¬x|v}sNu8v§q8v?utp�/|~�u
¨ x|v}v?´8p�u8v¡w�3�y?ut¦43�y?uts 1013 eV � ë�� %

Z pr´8s ¨ uÕ-&,2�zv?s9o?¦¬y}wNw¥�zp ¨ è�¦ d q]3�y?~¬o�u ¨ u ¸ x|³?v M ~�v?sr¦�u µ ¨ u�¦ d u }o�q8p�~¬utv?²8u:Í�x|¦�²(�zv?x U �zv?²×³ � ,��¨ q�w¥u8²�w×��¦¬uNo?p�u8«�~¬utpLqt©|qtv?u8«�u8v¡wW�zy ¨ u8¦4p ¨ u 1020 eV èBF�p¥��v?²×³?~�srs¥��v�wT¦�uNsru8y}~¬¦ °*')( %
ë
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Çá�
Çä å�����½å�ã���åCãÇä à�����á�� ä ã��`å�� ä`Þ�
Çß�å
����� � � Ê�ÆjÉ"!"ÉöÅ$# %'&)( #�Ã *+# Ã�Å � Â�,-!	Æ+ÅxÃ È"#., Å ��/ Æ$Â�, Ê�Æ0,�1

2 Ë431É�#., È65�É"*ÜÃ�Å � 7�� ÉöÃ-#.,98 Â�#�Å;:*Ë4#.,
^ ¦�o�u8y}wSo"�zpr���¬wrpruT²8y?p�~¬u8y) ¨ d �z{�x|p ¨ u8pS¦�ubo}prx|{?¦�´8«�u ¨ u8s ULIgab[WH ç a ¦�w¥pr��³?~</|³ H v?utp�/ µCI x|sr«�~¬²U � µ î�o"�zpJ¦¬uty?prs ¨ ~¤m�qtpru8v¡wrsS«�x ¨ uts ¨ uTwrp¥�zv}sro�x|p�wS�z¦¬xzprs�3�y?ubv}x|y?sSv}ub²tx|v?v"�z~�srs�x|v?sJo"�zsJ¦¬u8y}p/v"��w¥y?p�u

utw�¦�u8y?p�s�x|y?p�²8uzèz«��z~�sÙ~¬¦&u8s`w/utsrs�u8v¡w¥~�u8¦ ¨ uL²tx|v?v"����w¥p�uLo�x|y}pÙ²×³"�03�y?uTo"�zp`w¥~¬²ty?¦¬u/²(�zv ¨ ~ ¨ ��w¥uL¦¬uty?prs�q�©|utv ·
w¥y}u8¦¬¦�u8sQ~¬v¡wru8p¥��²tw¥~�x|v?sQ�zy§²8xzy?prs ¨ u�¦¬u8y}p9o}prx|o"��/¡��w¥~�x|v����"v ¨ u�o�xzy}©|x|~�pQpru8s`w¥p�u8~¬v ¨ pru�¦ª�Ep�u8²×³?utpr²×³?u
¨ utsbs�x|y?pr²tu8s�p ¨ u8s ¨ ~�s�w×��v?²8utsbo?¦�y?sLprq ¨ y?~¶w¥u8sb%

 =<G =<| rò�z��N�� {`�����?>A@�B
H v�éÆí0a&a}è(o�u8y ¨ u�w¥ut«�o}s@��o?pr´tsX¦¬�g«�~�sru�utv9q�©)~ ¨ utv?²8u ¨ y+F�x|v ¨Q¨ ~<m�y?s�²tx|sr«�x|¦¬x0/|~43�y?uÙo?�zp Z utvB�8~¬�zs

utw-Ch~�¦¬srxzv � aD�.è ° p�u8~¬s�u8v � êE�)utwXo"�zpr�z¦¬¦�´8¦¬ut«�utv¡w ' ��w¥s�u8o?~�v�u�w ( y��8«�~¬v � 2���«�x|v¡wrpr´8p�u8v¡wÇ3)y}u/²tu8sX«Õnt«�uts
o?³?x�w¥x|v?s ¨ x|~�©zu8v¡wC~�v¡w¥u8pr�0/|~�p��(©zu8²�¦¬uts�pr� µ x|v?sC²tx|sr«�~43�y?uts ç s�~b²tuBsrxzv�w ¨ u8sEo}prxzwrx|v?s×î�utw�~¬v ¨ y}~¬pru
y?v?u�o�u8p�wru ¨ d qtv?u8pG/|~¬u ¨ u�¦¬�2o?�zp�wr~¬²8y}¦¬uâ~�v?²8~ ¨ u8v¡w¥u�% I u�«�q8²8�zv?~�sr«�uÞu8s�w��zo}o�ut¦¬q�o?³?xzwrx|o?p�x ¨ y}²tw¥~�x|v)%M �^�B/|y?pru�é&% ì�v}x|y?s ¨ x|v?v}u�¦¬�2s�u8²�w¥~¬xzv u4F�²8�z²8u ¨ y�o}³?q8v?xz«�´tv?u ç prqtsrx|v"��v?²8u ∆ î�utv=F�x|v?²�w¥~�x|v ¨ u
¦ d q8v}u8p�/z~¬uÞ�

ÎuÏÑÐÒ é&% ìjÓHG È×Ö�à.ÌäÏ�Ô§ÈJIhÖrÒ)Ö×È9Ó)ÈLÎØ×"Ï�à±Ï×Î�Õ¥Ï8ÓzË"Ö�à.ÌäÏ�Ô�Ó)ÈSÎ�ÌäÏ�Ô}Ê�Ê�Ë&Õ�Ó)È×ÊLÎ�Õ¥Ï�àáÏ�Ô}Ê

6 	�������,����t�&>X,=-g�X��-=<�� � <"� � ,���	Y� ��� ��� � ���J� � 	X������,=�
O �zv?sN¦�ue²tu8v¡w¥p�u ¨ uâ«��zsrs�uâ¦ª��sr~�wry"��wr~¬x|v4u8s�wWw¥u8¦�¦¬u$3)y}uâ¦¬u�o?prxzwrx|v�utwW¦¬u�o?~¬x|v�srx|v¡wN~�«�«�x|{?~�¦¬u8sb%I u8¦¬�Wu8v¡wrp¥���¬v?uSo"��p�²8xzv?srqb3)y}u8v¡wJ3)y}ug¦¬uty?p@©)~�wru8s�sruguts�w�~ ¨ u8v¡w¥~<3�y?uS~�v ¨ q8o�u8v ¨ �z«�«�utv�w ¨ yÞpruto�´tpru�% Z ��p
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xá0
xä�åL����Cå`ã��xå�ãÇä à�����á��ä ãcçbç]ç ÞMß�à�á�â]ãÇä�å�æ&ç
w¥pr�zv?s|F�x|pr«���w¥~�x|v ¨ u M x|p�u8v¡w � ¨ u$F=�z²�w¥uty?p γ u�w�o"�zpb�zo?o}¦¬~¬²8��w¥~�x|v ¨ uâ¦¬��²tx|v?srutp�©���wr~¬x|v ¨ ue¦ d q8v}u8p�/z~¬uzè
v?x|y}sTxz{}w¥utv?x|v?sQ�

E0 = Ef + Eπ

ç é0%�é�î
Ef = γ mp

ç é0%.-|î
Eπ = γ mπ

ç é0% ì¡î
H v"F=�z~�s¥�zv¡w+¦ d �zo}o?prx(&~¬«���w¥~�x|vö3�y?u Ef

u8s`w+©|x|~�sr~¬v ¨ u E0
xzv4x|{&w¥~¬utv¡wQ�

γ ≈ E0

mp

ç é0% ë�î
utwb�z~�v?sr~��

E0 − Ef

E0
≈ mπ

mp
≈ 15 %

ç é&%7,|î
i xzy?s+x|{}w¥utv?x|v?s ¨ xzv?²Qy?v?u9o�utp�w¥u ¨ d q8v}u8p�/z~¬u ¨ d u8v¡©)~¬p�x|v 15 % %H v4²tx|v?s�~ ¨ qtp¥�zv¡wTy?v?uQ²8xz¦¬¦¬~�sr~�x|vÚF�prxzv�w¥�z¦¬u�è}v?xzy?sT�Æ©zx|v?s9�

(P µ
p + P µ

γ )2 = m2
p + m2

γ + 2 P µ
p . P µ

γ = m2
p + 2 (E0 Eγ + E0 Eγ)

ç é0%7a¡î
(mp + mπ)2 = m2

p + 4E0 Eγ

ç é0% ê|î
Oed xNM§�

E0 =
2 mπ mp + m2

π

4 Eγ

ç é0%72¡î
i xzy?s+s¥�(©|x|v}s�3�y?u9¦ d q8v?utp�/|~�u�«�x µ u8v?v}u ¨ utsbo}³?xzw¥xzv?s IL®�¯ uts�w 0.5 10−3 eV %i xzy?s+x|{}w¥utv?x|v?sT�z~�v?sr~�y?v4s�u8y?~�¦ ¨ u��

E0 ≈ 1020 eV
ç é0% í¡î

% , ¢ ��� � <?���|��>���� � � F �)	¿�
M u9¦�~¬{?p�u�o"�zp�²8x|y}prs+«�x µ u8v�u8v¡w¥p�uò-â²8xz¦¬¦¬~�sr~�x|v?sSuts�w9�

λ =
1

σ n

ç é&%¶é65¡î
] �z²×³"��v�w`3)y d p�¦¬��p�q8s�x|v"�zv?²tuzè σ ©��zy}w 0.55 «e{�utw�3�y?uâv�è�¦ª� ¨ u8v}sr~�wrqe«�x µ u8v}v?u ¨ y IL®4¯ è�uts�w

¨ u 410 γ/cm3 è|v}x|y?s�x|{}wru8v?xzv?s�y?v�¦¬~¬{}pruSo?�zpr²tx|y?prs�«�x µ utv ¨ uL¦ d xzp ¨ p�u ¨ y ® o�²0% O x|v}²gw×�zv¡w�3�y?u+¦¬uts
o?p�xzw¥x|v}sÙ~¬v?²t~ ¨ utv¡w¥sÙx|v¡w�y}v?ugq8v}u8p�/z~¬ugs�y?o�qtpr~�u8y?p�u p 5.1019 u§Í ç ©z��¦¬u8y}p ¨ uL¦¬�bprqtsrx|v?�zv?²8u(î�~¬¦�s�o�u8p ¨ u8v¡wp�²×³?�03�y?uW~�v�wru8pr�z²twr~¬x|v��(©|u8²Wy?v�o?³}xzw¥x|v�u8v¡©)~¬p�x|vBé8, % ¨ ub¦�u8y?pJq8v}u8p�/z~¬u0% O ub²8u F=�z~�w8è��zy�{�x|y}w ¨ d y?v
o"�zp�²8x|y}prs ¨ ueé65&5 ® o�²zè)¦ª�Nw¥xzw¥�z¦¬~¶w¥q ¨ utsSo?p�xzw¥x|v}sS�zy}p¥��y}v?uWqtv?u8pG/|~¬ub~¬v�F�qtpr~¬uty?pru p 5.1019 u§Í ç ²bF�% _ ~</
é&%fë�îq% i x|y}sÞo�x|y&©|x|v?s ¨ x|v?²E²8xzv?²8¦�y?pruEutv ¨ ~¬sr�zv¡wÄ3)y}uE²8uEo?³?qtv?x|«�´8v?uE~�v¡w¥u8p ¨ ~�we¦ d x|{?s�u8p�©���wr~¬x|v ¨ u
o?p�xzw¥x|v}s ¨ d q8v?utp�/|~�ubs�y?o�q8pr~�u8y?p�u`p 5.1019 u§Í ©|u8v?�zv¡w ¨ d y?v?u ¨ ~¬s�w¥�zv?²tuWsry}o�qtpr~¬uty?pru�p�é6505 ® o�²0% I u8¦¬�
~¬«�o�x|sru+y?v?u F�x|p`w¥uT²8x|v¡w¥pr�z~¬v¡wrubs�y?p/¦¬� ¨ ~¬s�w¥�zv?²tu ¨ uts/s�x|y?p�²8u8s ¨ d ab[WHJIgU sr~#²8uts ¨ utprv?~�´8pruts/qt«�u�wrwru8v¡w
u8v�o"�zp`w¥~�u ¨ u8s+o?p�xzw¥x|v}s]%
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ÎuÏÑÐÒ é&%fë"ÓPQ ßzÏ�Ñ Ë&à=ÌäÏ�ÔcÓ)È�ÑrÜ Ð�Ô�È�Õ Ö ÌäÈCÓ)È×Ê�Î�Õ¥Ï�àáÏ�Ô}ÊCÑ¬Ï�Õ¥ÊEÓ)ÈCÑ¬È�Ë)Õ�Î�Õ¥Ï×Î}Ò Ö Òzà.ÌäÏ�ÔýÓ¡ÒzÔ}Ê�Ñ¬È)R;SKTgÝQÈ�Ôû(Ï�Ô�Ö�à=ÌäÏ�Ô Ó)ÈeÑ¬È�Ë)Õ�Ð�Ô�È�Õ Ö ÌäÈâÓ)È�Ó)ÐáÎ}ÒzÕ àäÅ�R/È Ö Õ�Ò�ÎØ×)Ì=Ú8Ë#ÈÞÒ�Ð�à±ÐeÕ¥ÐrÒzÑ Ì¬ÊÆÐ�È�ÔEÎ�Õ¥È�Ô�ÒzÔ"àSË)Ô�È�ÓzÌ¬Ê�à=Õ Ì=å8Ë&à=ÌäÏ�Ô
Ê�Ë)ÌÍß�ÒzÔ"à/Ë)Ô�ÊáÎ"È×Ö�à.Õ¥È�Ó)ÈÞÖ×Ï�Õ Î"ÊQÔ�Ï�ÌÍÕSÎ"Ï�Ë)ÕQÑ¶ÒEÓzÌ¬Ê�à.Õ Ì=å8Ë)à.ÌäÏ�Ô§È�Ô Ð�Ô�È�Õ Ö ÌäÈ9Ó)È×ÊgÎØ×"Ï�à±Ï�Ô}Ê9ÓzË6R;SKT
¤ ��� � <?�#< � ,���	c�X�)��	X� F <">� 

Z x|y}pE¦¬u8sEv}x µ �zy&�èg¦ d ~�v�wru8pr�z²twr~¬x|vP�(©zu8²�y?vho?³?xzwrx|v ¨ y IL®�¯ ©���u8v¡w¥pr�z~¬v}u8pEy?v?u�p�q8s�x|v"�zv?²tu/|q8�zv¡w¥u ¨ ~�o�x|¦¬�z~¬p�u 3)y}~�²8x|v ¨ y?~�wpâ²(�zs�sru8pL¦�u�v?x µ ��y)% I utw�w¥uNp�q(�z²�w¥~¬xzvCv d u8s�wTo"��sgsruty?¦¬ut«�utv�w ¨ y?uQ�zy&
o?³?x�w¥x|v?s ¨ y IL®�¯ «��z~¬s/q]/¡�z¦�u8«�u8v¡wL��y&Co}³?xzw¥xzv?s ¨ yÚF�xzv ¨E¨ ~<m�y?s/²8x|s�«�x|¦�x&/|~<3)y}ub~�v�F�p¥�zp�x|yB/|u�% a v
²(��¦¬²8y}¦ ¨ uW¦ d u8v}sru8«e{?¦¬u ¨ u8s/o�utp�w¥uts ¨ d q8v}u8p�/z~¬uzè)~¬v}²8¦¬y?�zv¡wSqb/¡�z¦¬ut«�utv¡wS¦�u8sJo�utp�w¥utsgo"�zpJubm�utwrs I x|«�o}wrx|v
utwâo"�zpe²tprq8��w¥~�x|v ¨ u�o"�z~¬p�u�o"��pe~¬v¡wru8p¥��²tw¥~�x|v ¨ y²×³"�z«�o ¨ yv?x µ ��ysry?pâ¦�u IL®�¯ è�²8xzv ¨ y?~¶w:p ¨ uts
¦¬xzvB/|y?uty?prs ¨ d ��wrwrq8v�y"��wr~¬x|v ¨ d utv¡©&~�prx|vYé65&5 ® o�²Úp�é65&5 H u§Ínu�wâu8v¡©)~¬p�x|vcé65 ® o�²öp -05&5 H u§Í � íD�o�x|y?pLy?v�v?x µ �zy ¨ u F�u8pb%
¤ ��� � <?�#< � ,���	c�X�)� ��� � � ��	@�

H v�²tu 3)y}~?²8x|v}²8u8p�v?u+¦¬uSwrp¥�zv}sro�x|p�w ¨ u8s�o?³?x�w¥x|v?s�pNy?¦¶w¥pr�W³"�zy}wruLq8v?utp�/|~�uzè�~¬¦}v}uLs d �0/|~�wÙo?¦¬y?s ¨ d y}v?u
o�u8p�wru ¨ d qtv?u8pG/|~¬uQ«��z~¬s ¨ d y}v?u ¨ ~¬s�o"�zpr~¶w¥~�x|v ¨ �zv}sb¦ d q�w×��w��?v"�z¦ ¨ uQ¦ª�âo?�zp�wr~¬²8y}¦¬uN~¬v}~�w¥~¬�z¦¬u�%M u�o}³?q8v?xz«�´tv?u ¨ u�o?prx ¨ y?²�w¥~�x|v ¨ u�o"�z~�pruts γ γ → e+ e− o�x|s�sr´ ¨ uCy?v s�u8y?~�¦/utv qtv?u8pG/|~¬u ç ¨ ��v?s
¦¬uN²tu8v¡w¥p�u ¨ uQ«��zsrs�uzè�p m2

e/ECMB
î ¨ u9¦ d xzp ¨ p�u ¨ y Z u§Íñs�y?pT¦¬u8s+o?³}xzw¥x|v}s ¨ y IL®�¯ % M utsbo?³}xzw¥x|v}s

¨ d y?¦�wrp¥�C³"��y}w¥uts�qtv?u8pG/|~¬utsN~¬v¡w¥utp¥�0/|~�srs�u8v¡w��zy?srs�~��(©|u8²�¦¬u$F�x|v ¨ IR
ç ^ v�F�p¥� ·áU xzyB/|uÆîTutwQ¦¬uòF�xzv ¨ p¥� ¨ ~�x

URB
ç a v}~�©|utprsr�z¦ U � ¨ ~¬x ¯ �z²Wo�/|p�x|y?v ¨ îL~�v ¨ y?~�s¥�zv¡w ¨ ~¤m�qtprutv�wrs+v?~�©zu(�zy& ¨ uQ²8x|y?o}y?pru�%M �e¦¬xzvB/|y?uty?p ¨ d ��w�w¥qtv)y?��w¥~�x|v�¦ ç E î ¨ qto�utv ¨ F�x|p�wru8«�u8v¡w ¨ u E

ç ²bF�% �Ø/Cé0%.,|îÜ% M �9o?prx ¨ y?²�w¥~¬xzv ¨ u�o?�z~¬p�u

ê



æ&ç¤æ&çK��à Þ	��
xá0
xä�åL����Cå`ã��xå�ãÇä à�����á��ä ãcçbç]ç ÞMß�à�á�â]ãÇä�å�æ&ç
sry}pW¦¬u*F�x|v ¨4¨ ~<m�y?s�/|�z«�«��Þ~¬v ¨ y?~�w ¨ x|v?²�y?v?u�{"�zv ¨ ue~¬v¡w¥utp ¨ ~¶w¥u$p�¦ d x|{?s�u8p`©z��w¥~¬xzv 1011 eV < E <
1020 eV %M u8sCo}³?xzw¥xzv?sEsrut«â{?¦¬utv¡w ¨ x|v?²�pru8s`w¥utp ¨ uB{�x|v?sC²8�zv ¨ ~ ¨ ��w¥s�o�xzwru8v¡w¥~�u8¦�söp y?¦¶w¥pr� ³"�zy}wru8sEqtv?u8pG/|~¬uts
«��z¦4/|p�qb¦ d u &~¬s�wru8v?²tu ¨ u�¦¬� O x|y?{}¦¬u Z prx ¨ y?²�w¥~�x|v ¨ u Z �z~¬p�u ç O�Z�Z îS¦¬~�«�~¶w×�zv¡wJ¦¬uty?prsSo?prx|o?�0/¡��wr~¬x|v?sb% ^ ¦
v d u8s`wJ�z¦¬x|p�s�o"��s�u�&²8¦�y ¨ d x|{}sru8p`©|utpJy}vÞ²×³"�zvB/|ut«�utv¡w ¨ uL²8x|«�o�x|s¥�zv¡wru ¨ y:D"y& ¨ u ULI p ¨ u8s�qtv?u8pG/|~¬uts
sry}o�utpr~¬uty?pruts�p 1020 u§Íj%M u8s9«�utsry?p�u8s9ubm�u8²�w¥y?qtu8sâo"��p HJ°QUbH�R � é65�� ¨ y=F�x|v ¨�¨ ~¤m�y}s*/|�z«�«��Cu8v¡wrpruÕ5�%�é�utw�é6505 ° u§Í x|v¡w
o�u8pr«�~¬s ¨ u9²8xzv�wrp¥�z~�v ¨ p�u�¦�u*D"y) ¨ u$/¡��«�«��Äp�y?¦¶w¥p¥�Þ³"��y}w¥u�q8v?utp�/|~�u�o"��pb¦ d ~�v�wru8p�«�q ¨ ~ª�z~�pru ¨ ue¦�u8y?p�s
²(��sr²(� ¨ u8sQq8¦�u8²�w¥prxz«��0/zv?qtwr~43�y?u8sWsry?pQ¦¬u IL®�¯ ç Z prx ¨ y?²�w¥~¬xzv ¨ u Z �z~�pruâu�w ^ v¡©|u8p�sru I x|«�o}w¥x|v ] ²(��w ·
w¥utpr~�vB/�îq%

ÎuÏÑÐÒ é0%.,�Ó ð�Ï�Ô Ö Ë"È�Ë&Õ�ÓXÜ ÌÍÔ"à±È�Õ�Ò)Ö�à=ÌäÏ�Ô4Ó)È×ÊJÎØ×"Ï�àáÏ�Ô}Ê+Ê�Ë&Õ�ÓzÌ U�Ð�Õ¥È�Ô"à�Êxû(Ï�Ô�Ó�Ê�Ó)È�Õ�Ò¡ÓzÌ=Òzà=ÌäÏ�Ô}Ý@ÌÍÔ�û ÕrÒzÕ¥Ï�Ë Ö ÈV úXW=Y ÝMôDZ V R;SKT Y È�à�ÕrÒ¡ÓzÌäÏ VE[ W T Y Å�ð�Ò�Ñ Ì Ö Ô�ÈJÎ"Ï�ÌÍÔ"à=ÌÍÑÍÑ¬Ð×È�É�Ï�Ô"à=Õ¥ÈSÎ"Ï�Ë)Õ�Ö×Ï�ÉWÎ}ÒzÕ�ÒzÌ¬ÊÆÏ�Ô�Ñ¶ÒÞÑ¬Ï�Ô Ö Ë"È�Ë&Õ
ÓXÜ Òzà=à±È�Ô"Ë}Òzà.ÌäÏ�Ô�Î"Ï�Ë)ÕNÑ¬È×ÊLÎ�Õ¥Ï�à±Ï�Ô}Ê

 =<G =<]\ �?�BN�{`�=^��M����N�O P�����O���� ���B��O�N��`_+���a@�b�c=�������
a v?u+F=�z²tx|v ¨ uQ²8x|v¡w¥xzy?prv?utp+¦¬uNo?p�x|{?¦¬´t«�u °*')( uts�w ¨ d ~¬«��0/|~�v?u8p/¦ª�Þo?prxzo"�0/¡��wr~¬x|v ¨ u9o?�zp�wr~¬²8y}¦¬u8s

v d ~¬v¡w¥utp¥�0/z~¬srsr�zv¡wQo"�zsQ�(©|ut²�¦¬u8sNo}³?xzw¥xzv?s ¨ y IL®�¯ % IWd u8s`we¦�uâ²(�zs ¨ u8sQv?u8y&w¥pr~�v?x|sb% U qt²8ut«�«�u8v¡wQu8s`w
�zo?o?�zpry?u�¦ d ~ ¨ q8u:3�y d y?v?u�¦ª�zpG/|uÞo"�zp`w¥~�u ¨ u8s ULIgaW[bH o�xzy?prpr�z~�wNo}prxÆ©|utv?~¬p ¨ u�¦ª� ¨ qtsr~¬v¡wrq]/|pr��w¥~�x|v ¨ y
{�x|srx|v ' o?prx ¨ y?~¶wÞo"�zp��zv?v}~¬³?~�¦ª��wr~¬x|v ¨ u2v?u8y}wrpr~�v?x|s1p�y?¦�wrp¥��³"�zy}wru8s�q8v}u8p�/z~¬u8s�s�y?p�¦¬u8s�v?uty}w¥p�~¬v?xzs
²8xzsr«�x|¦¬x&/z~43�y?u8s � é|é4�.è¡¦¬u '�·á¯ y?prs`w�% V �"v ¨ u+o�x|y&©|x|~�pÙ²8x|«�o"�zp�u8p�¦�u�D"y&���w�w¥utv ¨ y��zy&�x|{}sru8p`©���w¥~�x|v?s8è
v?x|y}sb��¦¬¦¬xzv?sg²8xzv?sr~ ¨ q8p�u8p 3�y"��w¥p�uQo�x|~�v¡w¥sLu8s�srutv�wr~¬ut¦¬s9�
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Óho?p�x|{"�z{}~¬¦¬~¶w¥q ¨ uQo?prx ¨ y?²�w¥~¬xzv ¨ y 'edÓ ¨ q�w¥utpr«�~¬v"��wr~¬x|v ¨ uQ¦ª� ¨ ~¬s`w¥p�~¬{?y}wr~¬x|v�u8v�q8v?utp�/|~�u ¨ u9¦¬�âo?prx ¨ y?²�w¥~�x|v ¨ uQo?prxzwrx|v dÓho?p�x|o"�0/|��w¥~�x|v ¨ u8s+o?p�xzw¥xzv?sL©|u8p�sb¦¬�ew¥utprpru�è"o�utp�wru ¨ d qtv?u8pG/|~¬u dÓh²tx|«�o?�zp¥�z~�srx|v ¨ y sro�u8²�w¥p�u�x|{}sru8p`©|q�utw9o?prq ¨ ~�w8è�qt©��z¦�y"��w¥~�x|v ¨ u�¦ª�E«��zsrs�u ¨ u8s9v?u8y}wrpr~�v?x|sQpru ·

¦�~43�y?u8sLu�w D"y& ULIgab[WH %M�d qtv?u8pG/|~¬u ¨ u+prqtsrx|v?�zv?²8u�è ¨ �zv?s�¦¬uLs µ s�w¥´t«�ub�zy�pruto�x|s ¨ uts�v?u8y}wrpr~�v?x|s�prut¦¬~43�y?uts�u8s�w ¨ xzv?v?q8u+o"��pT�

Eres
i =

M2
Z

2mi
= 4.2 1021 eV

1 eV

mi

ç é&%¶é|é�î
V ©zu8² ® �Q«��zs�sru ¨ y ' è mi

«���srsru ¨ y2v?uty}w¥p�~¬v?x�%i xzy?s�²tx|v?v"��~¬srs�x|v?se�Æ©zu8²�y?v?u�wrpr´tse{�x|v?v?u�o?prqt²8~�sr~¬xzv ç ²bF�%��Ø/B%�é&% a¡î�è�¦¬� ¨ ~¬s�wrpr~�{?y}w¥~�x|v ¨ d ~¬«�o?y?¦¬s�~¬x|v
u8«�o�x|p�wrq8uLo"�zp�¦¬uLo?p�xzw¥x|v ç utw�¦ d �zv¡wr~¬o?p�xzw¥x|v"îX~¬s�sry ¨ u+¦ª� ¨ q8s�~¬v¡w¥qb/|p¥��wr~¬x|v ¨ y�{�x|s�x|v ' è|v?xzwrq8u Qp(Ep)ç ¦¬� ¨ q8s�~¬v¡w¥qb/|p¥��w¥~¬xzv ¨ y ' �Þqtw¥qQq�w¥y ¨ ~�q8uQo?p�q8²8~�srqt«�utv�wW�zy M�H�Z îÜ%

ÎJÏÑÐÒ é&% a$ÓHf ÕrÒ)Ö�à=ÌäÏ�Ô�ÓXÜ ÌÍÉWÎ�Ë)Ñ Ê�ÌäÏ�Ô§È�ÉWÎ"Ï�Õ àáÐ×ÈgÎ}ÒzÕQÑ¬ÈLÎ�Õ×Ï�àáÏ�Ô�Ó¡ÒzÔ}ÊQÑ¶ÒEÓ)Ð×Ê�ÌÍÔ"àáÐ Ö Õ�Òzà.ÌäÏ�Ô�ÓzË Z0

I x|«�«�u�v}x|y?sL¦ d �(©|x|v}sg©&y�è?¦¬uTw¥p¥��v?sro�x|p�w ¨ u8sLo?p�xzw¥x|v}sg©z�òn�w¥p�uNu8v¡w¥pr�Æ©zqQo"�zpg¦ d uqm�u�w °$')( % ^ ¦�©��
¨ x|v}²Õn�w¥pru�u8s�srutv�wr~¬ut¦u3�y?u�¦¬u8sQo?p�xzw¥xzv?s�s�x|~¬utv¡w�o}prx ¨ y?~�wrs*p�«�x|~¬v}s ¨ u 100 Mpc ¨ u�¦¬� R u8p�pru ¨ x|v?²3�y?uN¦ d ~¬v¡wru8p¥��²tw¥~�x|v�v}u8y}wrpr~¬v}xÞv?u8y}wrpr~�v?x��z~�wS¦¬~�u8y ¨ ��v?sL²8uN«1n8«�ub©zx|~¬s�~¬v"�0/zu0% O u8y&Co�x|s�sr~�{?~¬¦�~�w¥qts/s�x|v¡wp4utv¡©&~�s¥�0/zu8peo�x|y?p�¦ª�2¦¬x)²(�z¦�~¬sr��w¥~�x|v ¨ y F�x|v ¨ ¨ u�v?u8y}wrpr~�v?x|s]% O �zv}sey?v�o}pru8«�~¬utp�²8�zs8èXx|v�u8v¡©)~¬s¥��/|u
¦ d u�&~�s�w¥utv?²8u ¨ d y?v�³"��¦¬x ¨ uLv}u8y}wrpr~¬v}x|sÙo?p�q8srutv¡w ¨ �zv?s�v?xzwrpru�/|�z¦ª��&~�u ç ¨ �zv?s�²tuL²(�zstè|o?¦¬y}s ¨ uLo?p�x|{?¦¬´t«�u
�(©|ut² °*')( î@utw ¨ ��v?s�¦¬uLsrut²8x|v ¨ ²8�zs8è¡x|v�²tx|v?sr~ ¨ ´8p�u+y?v?u ¨ ~¬s`w¥p�~¬{?y}wr~¬x|vÞu )w¥p¥��/¡�z¦ª��²tw¥~<3�y?ugutw�y}v?~<F�x|p�«�u
¨ uQv?uty}w¥p�~¬v?x|sb%M �9�B/|y?pruEé0% êCv?x|y}s ¨ x|v?v?u�¦�u8sN¦¬~�«�~¶w¥utsbs�y?o�qtpr~�u8y?p�u8s ¨ y	D"y& ¨ ~<m�q8prutv¡w¥~¬ut¦ ¨ uÞv?uty}w¥p�~¬v?xzsNo�x|y}p
¦¬utsNu�&o�q8pr~�u8v?²tu8s °9M�abH ç ° x|¦ ¨ s�wrx|v?u M y?v"��p a ¦�wrp¥�z³}~4/|³ H v?utp�/ µ î è _ ¦ µ�d s HÙµ u ç u8v�v?xz~¬p×î è�u�wQo�x|y}p
¦¬uts�u�&o�qtpr~�u8v?²tu8s V yB/|utp8è VN®�V�iWOLV ç V v¡w¥�zpr²�w¥~¬² ® y}x|vC�zv ¨ i u8y}wrpr~¬v}x O u�w¥ut²tw¥xzp V prp¥� µ îÙutw K C M
� ì&5D�.è)utvC{?¦�u8y�è ¨ �zv}s/¦�ub²8�zsSxNM�¦¬uts/v?uty}w¥p�~¬v?xzs/v?ubsrutp¥�z~�u8v¡wSo?�zsSx|{}sru8p`©|qts]% H v�©zu8p`w(è)~¬¦"s d �0/|~¶w ¨ yÕD"y&
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xá0
xä�åL����Cå`ã��xå�ãÇä à�����á��ä ãcçbç]ç ÞMß�à�á�â]ãÇä�å�æ&ç

ÎuÏÑÐÒ é&% ê*Ógf Ñ ËzãEÓzÌ U�Ð�Õ¥È�Ô"à=ÌäÈ�Ñ�Ó)È9Ô�È�Ë)à.Õ ÌÍÔ�ÏÆÊ

¨ u�v}u8y}wrpr~¬v}x|s ¨ ��v?sS¦�uW²(��s ¨ y '�· {?y?prs`w�% M �e{"�zp�pru ¨ d utprpruty?pg³?xzpr~4�tx|v¡w×�z¦�ub~�v ¨ ~<3)y}uW¦ d ~¬v}²8u8p`w¥~¶w¥y ¨ u+s�y?p
¦ª�â«��zs�sru ¨ y�v?u8y}wrpr~�v?x�utwT¦ª�e©zu8p�wr~¬²8�z¦¬uN~�v ¨ ~43�y?uN¦ d ~�v?²8utp�wr~�w¥y ¨ uNsry?p+¦�uNo"�zp¥��«�´�w¥pru ¨ u [ y?{?{?¦�u H0

%^ ¦�u8s`wWo�x|s�sr~¬{}¦¬u ¨ u+F=�z~¬p�uNy?v?u9u8s�wr~¬«���w¥~�x|v ¨ u9¦ª�Þ«��zsrs�u ¨ y�v?uty}w¥p�~¬v?x1p�¦ d �z~ ¨ u ¨ u8s ¨ x|v?v?qtu8s ¨ ~¬s�o�x ·
v?~�{?¦¬utsTs�y?p+¦¬uts ab[WHJIgU % V w¥utpr«�uzè"x|v�o�u8y}w+©|xz~¬p 3�y?u ¨ u8sTu�&o�qtpr~�u8v?²tu8sW²tx|«�«�u V yB/|u8pTx|y K C M
o�u8pr«�utw�w¥p�x|v¡w ¨ uT²8xzv�wrp¥�z~�v ¨ p�ub²tuW«�x ¨ ´t¦¬u�% ^ ¦�uts�w�p�v?xzwru8pJ3�y?u ¨ ��v?sS²tutwrwru��zo}o?prx)²×³?uzè)¦ª�Q«��zsrs�u ¨ uts
v?uty}w¥p�~¬v?x|s+uts�w ¨ q]/zq8v?qtprq8u ç

mi = m îq%
° p � ²8u�p�y}v?uW~�«�o�x|p�w¥�zv¡w¥u+s�w¥��w¥~�s�wr~43�y?uT�zy ¨ u8¦ p ¨ u 1019 u§Í�~�¦"sru8pr�eu8v}sry?~¶w¥uWo�x|s�sr~¬{}¦¬u ¨ d u�)w¥pr�z~¬p�u

¨ uQ¦ª�jF�xzpr«�u ¨ y4s�o�ut²twrpru9y?v?uQu8s`w¥~¬«���wr~¬x|v ¨ u9¦¬�Þ«��zs�sru ¨ utsbv}u8y}wrpr~¬v}x|s ç ²bF�%��Ø/B%�é&% 2¡îq%M ubo}prx|{?¦�´8«�u+«�����uty?p�3�y d ~�v ¨ y?~¶wJy?v?u+w¥u8¦�¦¬uT�zo?o}prx)²×³?ubuts�wu3�y d ut¦¬¦�uTv}q8²8utsrs�~�w¥ub¦ d u�&~¬s`w¥utv?²8u ¨ ubv}u8y}wrpr~ ·
v?x|s�²8x|s�«�~<3)y}u8s ¨ uSwrpr´ts�³"�zy}wru8s�q8v}u8p�/z~¬u8stè ≈ 1022 u§Íj% I uts�v?u8y}wrpr~�v?x|s ¨ xz~�©|utv¡w�o?prxÆ©|utv?~¬p ¨ ugsrxzy?pr²tu8s3�y?~�srx|~�u8v¡wS²8�zo"�z{}¦¬u8s ¨ d �z²8²tq8¦�q8prutp ¨ u8sSo}prxzwrx|v?s ¨ d qtv?u8pG/|~¬uTu8v?²tx|prubo?¦¬y}su/|pr�zv ¨ u ¨ u F=�0Ý8xzvöp�o�x|y}©zx|~¬p
o?p�x ¨ y}~¬pruN²tu8s+v?uty}w¥p�~¬v?x|s+o"��pL²8x|¦�¦¬~¬s�~¬x|vC�Æ©zu8² ¨ uQ¦ d ³ µ ¨ prx&/|´tv?u ¨ �zv?s+¦¬��s�x|y?p�²8u0%
 =<G =<ih j ����� �B���lk������=^J�������S����������P��kImj c

M ��²8xzy?o?y?p�u °$')( è¡²tx|«�«�uTv?x|y?s/¦ d �Æ©zx|v?sJ©&y�è&uts�wg~�v ¨ y?~¶w¥uTo"�zpJ¦ª�Qo?³?xzwrx · o}prx ¨ y?²twr~¬x|v ¨ ubo?~¬x|v}s
sry}pS¦¬uts/o}³?xzw¥xzv?s ¨ y IL®�¯ pj-�% ê�ì ( % I u8s ¨ u8prv}~¬´8p�u8sS�zv?v?qtu8s8è ¨ uWv}x|«â{?p�u8y?s�u8sSu &o�qtpr~¬utv?²8utsgx|v¡w/u8y
o�x|y?p�{?y&wN¦ª��«�u8s�y?pru ¨ uÞ²8uâpr� µ x|v?v}u8«�u8v¡w9utw ¨ uesrx|v�~¬s�xzw¥p�x|o?~�u0% i x|y}sN²8x|v?v?�z~¬s�srx|v?s��zy���x|y?p ¨ d ³)y}~
¦ª�ewru8«�o�qtp¥��wry?pru ¨ uN²8utw�w¥uQp¥� ¨ ~ª��wr~¬x|vC�Æ©zu8²Qy?v?uNwrpr´8s /|pr�zv ¨ uNo}prq8²t~¬s�~¬x|v2�z~�v?sr~�3)y}u9s�u8sT�zv?~�srxzwrprx|o}~¬u8sç
∆T
T

≈ 10−5 îq%R x|y}w¥uqF�x|~¬stè¡²8utsS«�u8sry}pru8s/x|v¡wSq�w¥qTubm�u8²�w¥y?qtu8s ¨ ��v?s/¦�u+s µ s�wr´8«�uWsrxz¦ª�z~�pru0% M �Nw¥³?qtx|pr~�u ¨ y	i ¯ ~4/ ·á¯ �zvB/�i
o?p�qt©|xz~�wg¦ d u &~¬s�wru8v?²tu ¨ d y?v�wru8¦�p¥� µ x|v}v?u8«�u8v¡w ¨ �zv}s/w¥xzy}wg¦ d y?v}~�©|utprstè&«��z~¬s ¨ uts/w¥³}q8x|p�~¬u8sS�z¦�wru8p�v"��w¥~¶©|uts
� é8-��Jo"�zp`w¥~¬sr�zv?uts ¨ d y?v�y?v?~�©zu8p�ses�w¥��w¥~<3�y?uzè�o?p�x|o�xzsru8v¡w ¨ u8s�u�&o?¦¬~�²(��wr~¬x|v}s9pr� ¨ ~�²(�z¦�u8«�u8v¡w ¨ ~<m�q8p�u8v¡w¥uts
¨ u�¦ d u�&~¬s`w¥utv?²8u ¨ y IL®�¯ % I u8s9w¥³?qtx|pr~�u8sQsrxzv�wQwrx|y}w¥uqF�x|~¬sQ~�v?²(�zo?�z{?¦¬uts ¨ d u�&o?¦¬~<3�y?u8pQy?v?u�qt©zu8v¡w¥y}u8¦¬¦�u
©��zpr~¬��w¥~�x|v ¨ uÞ²tutw�w¥uÞw¥ut«�o�q8pr��w¥y?p�u��(©|u8²Ä��% IWd uts�w ¨ �zv?sQ²tuÞ{?y}w+3�y?u ¨ u�prqt²8u8v¡wru8s9u�&o�qtpr~�u8v?²tu8s9x|v¡w
²×³?utpr²×³?qjp ¨ qtw¥utpr«�~¬v?utpL¦ª�ewru8«�o�qtp¥��wry?pru ¨ uQ²8u F�x|v ¨�¨ ~<m�y?s p ¨ u8s �N~¬«�o�x|p`w×�zv¡wrs]%
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ÎuÏÑÐÒ é&%72$ÓgQ Ê�à=ÌÍÉ�Òzà.ÌäÏ�Ô�Ó)È9Ñ¶Ò�É�Ò�Ê×ÊÆÈ�Ó)È×Ê9Ô�È�Ë)à.Õ ÌÍÔ�ÏÆÊ
M ��«�qtwr³?x ¨ u ¨ u�«�u8s�y?pru9²8x|v}sr~¬s`w¥u$p�x|{}sru8p`©|utpW²8utp�w¥�z~¬v?sT«�x ¨ uts ¨ u�wrp¥�zv?s�~�wr~¬x|v?s ¨ u�s`w¥pry}²tw¥y}pru$�?v?u
x|y ¨ u9prxzw¥��w¥~�x|v ¨ u9«�x|¦�q8²ty?¦¬u ¨ ~ª��wrx|«�~<3�y?u � é(ì���w¥ut¦¬¦�u8s 3�y?u�¦�u I/µ �zv}x&/|´8v}u ç Igi î+xzy Ig[ ¨ �zv}s ¨ uts/¡�z¦¬��&~¬utsgsr~¶w¥y?qtu8sTu8v¡w¥p�u9y}v 3�y"�zsr�zp+utwTv?x|y}s]% I x|v?s�~ ¨ qtprx|v}sTy}v4s µ s`w¥´t«�u$p ¨ u8y&�v}~�©|u8�zy&2x�M

∆E = E2 − E1 ≈ kB T (T ≈ 2.7 ◦ ( ut¦�©)~¬v ) ç é&%¶é8-|î
M ��¦¬xz~ ¨ u ¯ x|¦�w��8«��zv?v4v?x|y?s ¨ x|v?v?uâ¦¬��o�x|o?y?¦¬��w¥~�x|v ¨ uâ²×³"�z²ty?v ¨ d uty&�utv?F�x|v?²�w¥~¬xzv ¨ uâ¦¬��w¥ut«�o�q ·
p¥��w¥y?p�u R utw ¨ uQ¦ d qt²(�zp`w ¨ d qtv?u8pG/|~¬uQutv�wrpru9²8uts ¨ u8y&�v?~¶©|u8�zy& ∆E %

n(E2)

n(E1)
∝ e

−∆E
kT

ç é&%¶éÆì¡î
H v ¨ qtwru8pr«�~¬v?�zv¡wg¦ª�9o�xzo?y?¦ª��w¥~¬xzv ¨ u�²×³"�03�y?uNv?~¶©|u8�zyCo"�zp/¦ d �zv"�z¦ µ sru ¨ u8sg{"��v ¨ u8s ¨ d qt«�~�srs�~¬x|v�x|y

¨ d �z{?s�x|pro}wr~¬x|v�è?~¬¦�uts�wTo�x|srs�~¬{?¦�u ¨ u ¨ qtwru8pr«�~¬v}u8p R %] ~+v?x|y}s�v?xzy?s�o}¦ª�0Ýtx|v?s ¨ �zv?s�¦¬u2²8� ¨ pru ¨ yUi ¯ ~4/ ·±¯ �zv�/�iC�z¦¬xzprs8è�¦ª��w¥u8«�o�q8p¥��w¥y?p�u ¨ y IL®�¯ ¨ x|~�w
©��zpr~�u8p+�(©|ut²$� ç ¨ �zv?sT¦¬uWo"�zsrs�qzè#¦ d y?v?~¶©|utprs+qtw¥�z~�w+o?¦�y?sL²×³"�zy ¨ îg²8x|«�«�uÞ�
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Çä ÞMå����`å ä Þ�
xß�å ÞMß�à�á�â]ãÇä�å�æ&ç

T (z) = T (0) (1 + Bz)
ç é&%¶é(ë�î

xNM ¯ uts�wby?v2o"�zpr�z«�´�w¥p�u ¨ y iÜ�?w8i ç
≈ 1 îq%

ÎJÏÑÐÒ é&% íjÓ S§È×Ê�Ë&Õ¥ÈeÓ)È TCMB
Î"Ï�Ë&Õ�ÓzÌ U�È�Õ¥È�Ô"à�Ê ÿ

M �Ä�Ø/zy?pru�é&% í�«�x|v¡w¥p�u*3�y?u�¦¬uts ¨ ~<m�q8prutv¡w¥u8sTx|{?s�u8p`©z��w¥~¬xzv?s+srx|v¡wbu8vB��²8²8xzp ¨ �(©zu8²e²tu$3�y?u9o?p�q ¨ ~¶w
¦ª�Þw¥³}q8x|p�~¬u ¨ yîi ¯ ~4/ ·á¯ �zvB/Øi�% ] ~�¦�u8sTx|{?srutp�©���wr~¬x|v?s ¨ u�²8utsbu }o�q8p�~¬utv?²8utsN�(©z��~¬u8v¡wT²8xzv ¨ y?~¶w�p�¦ª�Þv?x|v ·
u�&~�s�w¥utv?²8u ¨ y IL®�¯ è�v?x|y}s���y?pr~�x|v?sNo?y�u�&o?¦¬~<3�y?u8pN¦¬�2o}prx|o"��/¡��w¥~�x|v ¨ uts�o?p�xzw¥xzv?sQsry?p ¨ u�¦¬xzvB/|y?uts
¨ ~�s�w×��v?²8utsTo}y?~¬sG3)y d ~�¦�v dfµ �zy?p¥��~�wLo?¦�y?s ¨ d ubm�utw °$')( %
���qp � #.,r,�Æ$ÉöÅMÊs#., È�#utwv?xzy'{

M �Bo?prx ¨ y?²�w¥~¬xzv ¨ uEo"�zp`w¥~�²8y?¦�u8sey}¦�w¥pr��q8v}u8p�/zqtw¥~<3�y?u8s�o�u8y}w:n�w¥p�uEu8v¡©)~¬s¥��/|q8uEs�y?~�©��zv¡w ¨ uty&«�u ·
w¥³}x ¨ uts3�y?uQsrx|v¡w+¦ d �z²t²8q8¦�q8pr��w¥~�x|v ç ²×³?�z«�o2x|yExzv ¨ u ¨ uN²×³?x)²8s¥îgutw+¦ª� ¨ q8sr~�v¡w¥q]/zp¥��wr~¬x|v ¨ u9o?�zp�wr~¬²8y}¦¬u8s
«��zsrs�~�©|uts]% i x|y?sS�z¦¬¦�x|v?sJ�z{�x|p ¨ u8p ¨ �zv?sS²tu�o"�zpr�0/|pr�zo?³?ub¦¬u8sJ{�x|prv?utsgsry}pS¦¬utsSqtv?u8pG/|~¬utsSu8v¡©)~¬sr�0/|u8�z{?¦¬uts
u8v^F�x|v?²�w¥~�x|v ¨ uQ¦ª�âsrxzy?pr²tu�u�w ¨ y4«�x ¨ u ¨ uQo?prx ¨ y?²�w¥~�x|v)%

é8-



ÞMß�à�á�â]ãÇä�å�æ&ç æ0ç|n�çK��å��O����
xä ÞMå��O�`å�ä`Þ�
Çß�å
 =<}\~<| �N������������A���BN�{`�u
���������

M ��o?p�u8«�~¬´tpru�~ ¨ qtuÕ3�y?u�¦ d x|v§o�uty}we�Æ©zx|~¬ptè����"v ¨ d �z²8²tq8¦¬qtprutp ¨ uts�o"��p�w¥~�²8y?¦�u8sQ²×³"�zpG/|q8uts8èXu8s`weo"��p
¦ d y}wr~¬¦¬~�s¥��wr~¬x|v ¨ ug²×³"�z«�o?s�qt¦¬ut²tw¥p�~43�y?utsÙy?¦�wrp¥�T~¬v¡w¥utv?sruts ç

∆V > 1020 ÍNîq% ® �z¦�³?u8y?p�u8y?s�u8«�u8v¡w(è|�zy?²8y}v?u
srxzy?pr²tuL²8x|v?v�y?uLv}uLo�x|s�sr´ ¨ u ¨ ugw¥ut¦¬¦�u8s�²8�zp¥��²tw¥qtpr~�s�w¥~<3�y?u8stè|sruty?¦¬s ¨ u8s�²×³"�z«�o?s�«��0/|v?q�w¥~<3)y}u8s@©��zp�~ª�z{}¦¬u8s
utw+wrpr´8s+~�v�wru8v?s�u8sTo�uty}©|utv¡w�n�w¥pruQp�u8v?²tx|v¡w¥prqts]%V �?v ¨ u�©zx|~¬p�3�y?ut¦¬¦¬uts�srx|v¡wX¦¬utsXs�x|y?p�²8u8sX²(��o"�z{?¦�u8s ¨ d �z²8²tq8¦�q8prutp ¨ u8s�o"�zp`w¥~¬²ty?¦¬uts&��y?s�3�y d p ¨ u�wrpr´tsX³?�zy}w¥uts
q8v}u8p�/z~¬u8stè�~�¦�F=��y}w�²×³?utpr²×³?utp ¨ u8sWprq]/z~¬x|v?sW�z²8²tq8¦�q8p¥��w¥pr~�²8uts ¨ uew¥�z~¬¦�¦¬u M �(©|ut²Þy?vB²×³"�z«�o�«��0/|v?q�w¥~43�y?u
«�x µ u8v4¦¬x)²(�z¦ ¯ 3�y?~�²8xzv��"v?u9¦¬x|v�/zw¥ut«�o?sL¦�u8s+o"�zp`w¥~�²8y?¦�u8s]% M�d q8v}u8p�/z~¬uQ«���}~�«���¦¬ubwr³?q8xzpr~43�y?u ¨ �zv}sT²tu
²(��sTuts�w9�

Emax = βZBL ≈ β Z
B

1 µG

L

1 kpc
EeV

ç é0%�é8,zî
xNM�é H u§Í�� 1018 u§ÍV % ® % [ ~�¦¬¦ª��s+��p�u8o?p�q8srutv¡w¥q ¨ ��v?sb¦�u ¨ ~ª�0/zp¥�z«�«�u [B, L]

ç �Ø/|y}pru�é&%�é�5¡î ¨ ~<m�q8p�u8v¡w¥sTx|{)��u�w¥s���s�w¥p�x|o?³ µ¡·
sr~<3�y?u8sTsry?s�²8uto}w¥~�{?¦¬uts ¨ d n�w¥pru ¨ utsbs�x|y?p�²8u8sb�z²t²8q8¦�q8pr��w¥p�~¬²8uts]%
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Çä ÞMå����`å ä Þ�
xß�å ÞMß�à�á�â]ãÇä�å�æ&ç
a v?uN«�qtwr³?x ¨ u�u8v¡©)~¬sr�0/|u8�z{?¦¬uWo�x|y}pg¦ª�eo}prx ¨ y?²twr~¬x|v ¨ uNo"�zp`w¥~¬²ty?¦¬utsSy?¦¶w¥pr�eq8v?utp�/|q�w¥~<3)y}u8sLu8s`w+¦ d �z² ·

²8qt¦¬qtp¥��wr~¬x|v ¨ ~¤m�y}sr~�©zuNo"�zpLx|v ¨ u ¨ uQ²×³?x&²ts ç _ u8p�«�~ ¨ d xzp ¨ p�u�é � é(ëD�ªîgx|y2¦ d �z²8²tq8¦�q8p¥��w¥~¬xzvCs�wrx&²×³"��s�w¥~<3�y?uç _ utpr«�~ ¨ d xzp ¨ p�uò- � é(ëD�Íî3�y?~@o�u8y&w��(©|xz~¬p+¦¬~�u8y ¨ �zv?s ¨ ~<m�u8p�u8v¡w¥sTx|{)��u�w¥s���s�w¥p�x|o?³ µ sr~<3)y}u8s�²tx|«�«�uQ¦¬uts
v?x µ ��y&4�z²twr~<F�s ¨ u+/¡��¦ª��&~¬uts ç VT°Qi î
% �&��	�� F <">� Y<"� � ,�fá�����B�#<"-�<} �,��î! � � 1	#

M u8s VT°9i ²tx|«�o�x|s�q8sNsr�zv?s ¨ x|y}wruÞo"�zpNy?v�wrprx|y�v?x|~�p�«��zsrs�~<FJu8v�¦¬uty?pN²8utv¡w¥pru�è�srx|v¡w9srxzy?pr²tu ¨ u
��utwrs ¨ uTo?�zp�wr~¬²8y}¦¬u8s�y?¦¶w¥pr�Qp�u8¦¬��w¥~¶©&~�s�wru8s��z²t²8q8¦�q8p�q8u8sJo"�zp ¨ utsS«�x|y}©zu8«�u8v¡w¥s ¨ u+s�wrpry?²�w¥y?p�uW«��0/|v?q�w¥~43�y?uç _ utpr«�~Íî�è ç ²qF�%&�Ø/B%�é&%¶é|é�îq% Z xzy?pSy?vEpr� µ x|vC«�x µ utv ¨ u�¦ d x|p ¨ pru ¨ u 0, 02 pc u�wgy?vE²×³"��«�oC«��0/|v}qtw¥~<3�y?u
¨ uT¦ d x|p ¨ pru ¨ u 5 G v?x|y?sJx|{}wru8v?x|v}sSy?v?uTq8v}u8p�/z~¬u Emax ≈ 1020 u§Íò% I u�wrw¥uT©��z¦¬uty?p�v d uts�wS²8u8o�u8v ¨ �zv¡w
o"�zsâwrpr´ts�p�q(�z¦�~¬s`w¥u0% H výuqm�u�w�v?x|y?s ¨ u�©|x|v?sÞwru8v?~�pÞ²8x|«�o}w¥u ¨ u8s ¨ qb/|p¥� ¨ ��w¥~�x|v?sÞu8v qtv?u8pG/|~¬u ¨ y}u8s1p
¨ ~¶©|u8p�s�o?prx)²8utsrs�y?s ¨ d ~�v¡w¥u8pr�z²twr~¬x|v}s ¨ ug¦¬�Wo"�zp`w¥~¬²ty?¦¬uS�z²8²tq8¦�q8prqtu+�(©|u8²+¦�uS«�~¬¦¬~�u8y�u8v¡©)~¬prxzv?v"�zv¡w��z~�v?sr~�3�y?u
¨ utsNo�utp�w¥uts�o"�zpWp¥� µ x|v}v?u8«�u8v¡wQs µ v?²×³}prxzwrprx|v�utw�o"�zp ¨ ~<m�y?sr~�x|vB²8xz«�o}wrx|v)% K v�o�uty}w ¨ x|v}²âu8s`w¥~¬«�u8p
¦ d q8v}u8p�/z~¬uN«���&~¬«ây?« p Emax ≈ 1019 u§Íj%

ÎuÏÑÐÒ é&%¶é|é�ÓgG ÖW×"Ð�É�Ò�ÓXÜ Ë&Ô�È��+ÒzÑ¶Ò(ã|ÌäÈ9Û���ÏüézÒzË Ô Ö�à.Ì û

% �&����<"�X,=�#�#<"-�<} �,��&�
M u8s�p¥� ¨ ~¬x&/¡��¦ª��&~¬uts ç ²bF�%M�Ø/B%Sé&%�é6-|î$F�x|v¡w�o"�zp`w¥~¬u ¨ uE¦ª�B²8¦¬�zsrs�u ¨ u8s VT°9i % H výuqm�u�w(è�¦�u8s VT°Qi

v d qtw¥�zv¡wâo"�zs$p2s µ «�q�w¥p�~¬u�sro?³?qtpr~<3)y}uzèX¦¬u8s9x|{?s�u8p`©z��w¥~¬xzv?s ¨ q8o�u8v ¨ utv¡w ¨ u�¦ d ��&u�s�u8¦�x|v ¦�u]3�y?u8¦�x|v�¦¬uts
©|xz~�w�% K v2o�u8y}w ¨ x|v?²Qo?prq�w¥utv ¨ pru ¨ ��v?s+¦¬u�²8� ¨ pru ¨ u�wr³?q8xzpr~¬uts ¨ d y}v?~<�"²8��w¥~�x|v?s � é8,&è�é6a)è�é�ê)è�é62D�.èB3�y?u¦¬uts _ y?�zs¥�zp�s8è�¦¬uts�/¡�z¦ª��}~�u8s ¨ u ] u µ F�u8p�w8è�¦¬u8s�{?¦¬�0�(��prs8è¡¦�u8s�p¥� ¨ ~¬x&/|�z¦ª��&~�u8sÙs�x|v¡wSy?v�sruty?¦#utw/«Õnt«�ugw µ o�u
¨ d x|{)��u�wT©)y�srx|y}s ¨ utsT�zvB/|¦�u8s ¨ ~¤m�qtpru8v¡wrs]%

é(ë



ÞMß�à�á�â]ãÇä�å�æ&ç æ0ç|n�çK��å��O����
xä ÞMå��O�`å�ä`Þ�
Çß�å
M u8sQp¥� ¨ ~¬x&/|�z¦ª��&~�u8s ¨ u�w µ o�u _ÙUT^�^ ç ��utwrs9o}y?~¬s�s¥�zv¡w¥stè�w¥p�´8sQ²8x|¦�¦¬~�«���wrq8s¥îTsrutp¥�z~�u8v¡w*p2o?pr~�x|pr~@²(�zo"��{?¦¬uts
¨ d �z²8²tq8¦�q8prutp ¨ uts�o?p�xzw¥xzv?s p ¨ u8s@q8v?utp�/|~�u8s ¨ uS¦ d x|p ¨ pru ¨ u 1021 u§Íò% H v�ubm�utw8è ¨ d ~¬«�o�x|p�w¥�zv¡w¥u8s�x|v ¨ u8s ¨ u
²×³?x)²8sJsruTo?prxzo"�0/|u8�zv¡wS¦�uL¦¬x|vB/ ¨ uÙ��utwrs/qt«�~�s ¨ uTo"�zp�wJu�w ¨ d �zy&w¥pru ¨ uT¦ª�Np¥� ¨ ~¬x&/|�z¦ª��&~�uSo�u8pr«�utw�w¥pr�z~¬utv�w
y?v?u9�z²t²8qt¦¬q8pr��w¥~�x|v ¨ uNw µ o�u _ u8p�«�~ ç x|p ¨ pruÞé�î ¨ utsTo?�zp�wr~¬²8y}¦¬u8sb%

ÎuÏÑÐÒ é&%¶é8-+Ó W Ð Ö ÌäÏ�Ô�Ó)ÈNÑ¶ÒEÖ×Ï�Ô}Ê�àáÈ�ÑÍÑ¶Òzà.ÌäÏ�ÔBÓzË RMé Ö Ô�ÈâÈ�Ô��+å�ÊÆÈ�Õ ß�Òzà=ÌäÏ�Ô���Ås�gÔ�Î"È�Ë)àJÕ×È�É�ÒzÕ�Ú8Ë"È�Õ�Ñ¬È×Ê×"Ï�àXÊáÎ"Ï�àÍÊNÒzËzã�Ó)È�Ë�ãCÈ�ã|à=Õ Ù�ÉÞÌÍà±Ð×Ê�Ó)È×ÊXØ(È�àÍÊ8Å�R/È×ÊbÉÚÙ�É�È×Ê×"Ï�àXÊáÎ"Ï�àÍÊ×Ý�È�ÔBå×Ò�Ê�Û�ÓzÕ¥Ï�ÌÍà±È×Ý�ÊÆÏ�Ô"à@ßÆË�ÊNÓ¡ÒzÔ}Ê
Ë)Ô�ÈeÒzË&à=Õ¥È9Ñ¬Ï�Ô Ö Ë#È�Ë)Õ�ÓXÜ Ï�Ô�Ó)È8Å

% �&� �¡� ��,.-��)�â�§	X�)> � ����	X�
V ©zu8²ây}v�p¥� µ x|v ¨ u�sruty?¦¬ut«�utv�w�3�y?u8¦<3�y?u8s�o)~�¦¬x|«�´twrprutsTu�wWy}v?u ¨ u8v?s�~�w¥q ¨ d y?v?u9²8u8v¡w¥�z~¬v?u ¨ u9«�~�¦ ·

¦¬~�x|v?s ¨ uQwrx|v?v?utsbo?�zp cm3 è"¦�u8sLq�w¥x|~�¦¬u8s pÞv?uty}w¥p�x|v?sTsrx|v¡wT¦¬uNs�~¬´b/|u ¨ uQ²×³"�z«�o?s+«��0/zv?qtwr~43�y?u8sLu )w¥p�n ·
«�u8«�u8v¡wg~�v�wru8v?s�u8s ç

≈ 1012 ° îq% O u�o?¦¬y}s8è?��v?~¬«�q8uts ¨ d y?v?u�~�«�o�x|p`w×�zv¡w¥u+©)~�wru8srs�u ¨ u�p�xzw×��wr~¬x|v ç ¨ y?up�¦ª�Þ²8x|v}sru8p`©���w¥~�x|v ¨ y4«�x|«�u8v¡w+²8~�v?qtwr~43�y?uÆî è#u8¦¬¦�u8sLo�u8p�«�u�wrw¥utv¡w ¨ uNwrpr´8sTo?y?~�srsr�zv¡w¥u8sW�z²8²tq8¦�q8p¥��w¥~¬xzv?s]%^ ¦�u8s�wpev?xzwru8pg¦ d u }~�s�wru8v?²tu ¨ ubwru8¦�sSx|{)��u�w¥s ¨ ��v?sSv?x�w¥prub©|x|~�sr~¬v?�0/|u ç ²8xz«�«�ub¦�u IgU+V�¯gH utwuÍ H�M�V îÜ%
I u8p`w×�z~�v?u8sbqtw¥xz~¬¦¬uts p�v?uty}w¥p�x|v?stè�qt«�u�wrw¥utv¡w ¨ utsWpr� µ x|v?s Ì u�w ¨ utsW{�x|y�m�q8uts ¨ u9p¥� µ xzv?s�/¡��«�«���%I uCs�x|v¡w ¨ utsâ«���/|v?qtw¥�zprstè�x|y�u8v}²8x|p�u ]?°QU ç ] x0FÍw ° ��«�«�� U uto�u8��w¥utp×îq% I uCo?³}q8v?x|«�´8v}uCv d �4qtwrq

«�~¬s9u8vqt©)~ ¨ u8v?²tu93�y?uCw¥p�´8sâp�q8²8ut«�«�u8v¡w8è@u�wÞu8s`wÞu8v?²tx|pruE«��z¦�²8xzv?v�y)% K v�o�u8v?s�uE²8u8o�u8v ¨ �zv¡wÄ3�y?u
¦¬utsL«���/|v?qtw¥�zprsSsru8pr�z~¬utv¡w ¨ u8s+qtwrx|~¬¦�u8spÞv?uty}w¥p�x|v?s���u8y?v}u8s8è"o�x|s�srq ¨ �zv¡wby}v4²×³"��«�o2«��0/|v?q�w¥~43�y?ubw¥pr´ts
~¬v¡wru8v?s�u0% M uâpr� µ x|v?v?ut«�utv¡w Ì ¨ uâ{"��srsruÞqtv?u8pG/|~¬u�è�s�u8p¥��~�w�qt«�~�sWo"��p ¨ u8sNo?�zp�wr~¬²8y}¦¬u8sW�z²8²tq8¦�q8prqtu8sNo"��p
¦¬uN²×³?�z«�o�«��0/|v?q�w¥~43�y?u�% I u8¦�y?~�²8~.èØpÞ²(�zy}sru ¨ uQs¥�Þw¥prxzo /|pr�zv ¨ uQ~�v�wru8v?s�~�wrqzè?u }utpr²tu ¨ utsT²tx|v¡w¥pr�z~¬v¡w¥uts
~¬«�o�x|p�w¥�zv¡w¥u8sWsry?pN¦¬�C²8prx0Û}w¥u ¨ uÞ¦ d q�w¥x|~�¦¬uòpEv?uty}w¥p�x|v?stè�o?prxÆ©|x�3�y"�zv¡w9y?v?u�pry}o}w¥y?p�u ¨ uÞ¦ª�C²tprx&Û}wruzè�u�w
y?v?uQ¦�~¬{�q8p¥��w¥~¬xzv ¨ d q8v?utp�/|~�u9s�x|y?sF�x|p�«�u ¨ uQpr� µ x|v?s /¡�z«�«���%M u:F=�z~¬{?¦�uâp¥� µ x|v ¨ u�²tu8s9qtw¥xz~¬¦¬utsN²8x|v¡wrp¥�z~�v�wQ¦�u8sQo"�zp`w¥~�²8y?¦�u8sQ�z²t²8q8¦�q8p�q8u8s$p2o�utp ¨ p�u�y}v?uÞw¥pr´ts$/zp¥�zv ¨ u3�y"�zv¡w¥~¶w¥q ¨ d qtv?u8pG/|~¬u�o"�zp�p¥� µ xzv?v?u8«�u8v¡wes µ v?²×³?p�xzw¥p�x|v²8uÕ3)y}~/v?xzy?se¦�~¬«�~�w¥ueu8v�qtv?u8pG/|~¬uÚp 3�y?u8¦<3�y?u
1016 u§Íò%
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æ&çon�çK�xå��K����
Çä ÞMå����`å ä Þ�
xß�å ÞMß�à�á�â]ãÇä�å�æ&ç

% �&���(>����8<"> � �E�C< ��� <T! �C< ��� < � < F AÞ>���� � ��� � A #
M u8s�sry?p�s¥�zy&w¥s:/¡�z«�«�� ¨ q8²tx|y}©zu8p�wrs��zy ¨ q8{?y&w ¨ u8s��zv}v?q8uts�ê�5 F�x|v¡w�o"�zp�wr~¬u ¨ u8s�o?³?qtv?x|«�´8v?uts

�zs`w¥prxzo?³ µ s�~43�y?uts�¦¬utsbo?¦�y?sT«�qt²8x|v?v�y?sb% I u�srx|v¡w ¨ u8sb{�x|y�m�qtu8s ¨ u�pr� µ x|v?s`/|�z«�«�� ¨ d q8v?utp�/|~�ue�z¦�¦ª�zv¡w
¨ u 3�y?ut¦43�y?u8so�u§ÍCpâo?¦¬y}sr~¬uty?prs ¨ ~4�8�z~¬v?uts ¨ u ° u§Íâè&~¬¦�s ¨ y?p�u8v¡w ¨ u 3�y?ut¦43�y?u8sF�pr�z²twr~¬x|v?s ¨ uNsrut²8x|v ¨ u+p
o?¦�y?sr~�u8y?p�sL«�~�v)y&w¥u8sb%¯SV�RT]}H è�ut«â{"�zpG3)y}qÄpC{�x|p ¨�¨ uÞ¦ d x|{?s�u8p`©z��w¥x|~�pru IL°QULK ç I x|«�o}w¥xzv ° �z«�«�� ·±U � µ�K {?srutp�©���w¥xzp µ î
«�~¬sSutv4xzpr{?~¶w¥uWo?�zpL¦ª� iTVN]&V utv§é(í|í}éN�Þo�u8pr«�~�w ¨ uN²(��p¥�z²�w¥u8p�~¬s�u8pLo?¦�y?s ¨ u*-|ê�5&5âsry?p�s¥�zy&w¥s /¡�z«�«��
utw ¨ d qtwry ¨ ~¬utp+¦¬u8y}p ¨ ~�s�wrpr~¬{}y}w¥~�x|v ¨ �zv?sT¦ d u8s�o"�z²tu0% U uto"�zp`w¥~¬u ¨ u9«��zv?~¬´tpruNy?v}~<F�x|p�«�u ¨ �zv}sb¦�uN²8~¬ut¦ ç ²bF�%�Ø/B%#é&%¶éÆì¡î è�x|v�xz{?srutp�©|uWy?v?u���yB/|«�u8v¡w×��wr~¬x|v ¨ uT¦¬uty?p/v}x|«â{?p�uW�(©|ut²W¦¬� ¨ ~�s�w¥�zv?²8u�% I u�wrwruWx|{?s�u8p`©z��w¥~¬xzv
o�x|y?prpr�z~�w�o?p�x�©zu8v?~�p ¨ u�¦¬u8y}peqt©zu8v¡w¥y}u8¦¬¦�uCx|p�~4/|~�v?u�²8x|s�«�x|¦�x&/|~<3)y}u0% O u8se²8x|v¡w¥p�u8o"��p�w¥~�u8sâs�x|v¡wÞo"�zp|F�x|~¬s
x|{?s�u8p`©|q8uts ¨ �zv?sC¦�u8s ¨ xz«��z~�v?u8s1Ìâè K o&w¥~43�y?u�x|yPp¥� ¨ ~¬x � éÆíD� % M utsE²(�zy?s�u8s ¨ u�¦ d qt«�~�srs�~¬x|v ¨ u�²8uts
{�x|y�m�q8u8s /¡��«�«��âpruts�w¥utv¡wW«��0/|p�qWw¥x|y&wb«��z¦�²8x|«�o?pr~�sruts]%

ÎuÏÑÐÒ é&%¶éÆì^Ó W ÐáÎ}ÒzÕ à=ÌÍà.ÌäÏ�ÔYÓ¡ÒzÔ}Ê�Ñ¬È�Ö�ÌäÈ�ÑSÓ)È×Ê�Ê�Ë&Õ¥Ê8ÒzË)à�Ê Ö ÒzÉÞÉ�Ò�È�Ô"Õ¥È Ö Ì¬Ê�à.Õ¥Ð×ÊQÎ}ÒzÕ�T Ô0��G�Q ÝQÈ�ÔcÖ×Ï��
Ï�Õ�Ó)Ï�Ô"Ô�Ð×È×Ê Ö ÒzÑ¶Ò)Ö�à.Ì=Ú8Ë"È×Ê8ÅuðXÈ×Ê2Ö×Ï�Ë)Ñ¬È�Ë&Õ¥Ê�ÌÍÔ�ÓzÌ=Ú8Ë#È�Ô"àWÑ¶Òòø/Ë"È�Ô�Ö×È×Ý�Ö"Ü È×Ê�ài�`Û��`ÓzÌÍÕ¥È�Ñ¬È�ø/Ëzã�ÓXÜ Ð�Ô�È�Õ Ö ÌäÈEÓzË
Ê�Ë)Õ×Ê8ÒzË)àJÌÍÔ"à±Ð Ö Õ¥ÐNÊ�Ë)Õ9Ñ¶ÒEÓzË)Õ¥Ð×ÈQàáÏ�à ÒzÑ¬ÈeÓ)È9ÑrÜ Ð�ßzÐ�Ô�È�É�È�Ô"àäÅ

M ��©)~¬x|¦�u8v?²tu ¨ ub²8utsgo?³?qtv?x|«�´8v?uts ç ²tx¡�z¦¬utsr²tu8v?²tu ¨ d qtw¥xz~¬¦¬uts/{}~¬v"�z~�pruts8è [Tµ o�u8p�v?xÆ©z�ö%b%]%¥î/o�xzy?prpr�z~�wntwrpruE¦�uCsr~�´]/|u ¨ d x|v ¨ u8s ¨ uE²×³?x)²8s��z²t²8q8¦�q8pr�zv¡w ¨ u8s�v?x µ �zy&©)~ª�B¦�uC«�q8²(��v?~¬s�«�u ¨ u _ utpr«�~Su�w�o?prx ·
¨ y?~�s¥�zv¡wby?v�s�o�ut²twrprueutv E−2 o�x|y}©��zv¡w���wrw¥ut~¬v ¨ pru ¨ u8sbq8v?utp�/|~�u8s ¨ u9¦ d x|p ¨ p�u ¨ u 1020 eV % a v�o�x|~�v¡w
~¬«�o�x|p�w¥�zv¡w p�sr~</|v"�z¦�u8p+u8s`w`3�y?u�¦¬u8sTp¥� µ x|v?s�²tx|sr«�~43�y?utsb¦�u8sTo?¦¬y?sTq8v}u8p�/zqtw¥~<3�y?u8s�xz{?srutp�©|qts p�²tu+��x|y}p
o�x|~¬v¡w¥utv¡w ¨ �zv?sT¦ª� ¨ ~�prut²tw¥~�x|v ¨ uts ¨ uty& °QUb¯ ¦�u8s+o?¦¬y}sL~¬v¡w¥utv?sruts]%
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ÞMß�à�á�â]ãÇä�å�æ&ç æ0ç|n�çK��å��O����
xä ÞMå��O�`å�ä`Þ�
Çß�å
 =<}\~<]\ �N�����������k NM���������
_ �z²8u+pâ¦¬� ¨ ~�F�²8y}¦�w¥q ¨ u�w¥p�x|y}©|utp ¨ u8sL«�q8²8�zv?~¬s�«�utsL²(�zo?�z{?¦¬uts ¨ d �z²8²tq8¦¬qtprutp ¨ u8s+o"�zp`w¥~�²8y?¦�u8sp ¨ uts

q8v}u8p�/z~¬u8s ¨ uQ¦ d x|p ¨ pru ¨ u9¦¬�Þ²8u8v¡w¥�z~¬v?u ¨ uS��x|y}¦¬u8stè?x|v4�Þsry?o?o�x|s�q�¦ d u }~�s�wru8v?²tu ¨ u�o"��p�w¥~�²8y?¦�u8s�Ì s�y?o�utp
«��zsrs�~�©|uts8è"~�v?s�w¥�z{?¦¬uts8è?xzy4«�qtw¥�zs�w¥�z{?¦¬uts]%

X =⇒ Quarks + Leptons =⇒ Jet(π, p, n) =⇒ (γ, ν, l, p)
ç é&%�é�a¡î

I u8sgo?�zp�wr~¬²8y}¦¬u8s ç Ì î ¨ x|~�©zu8v¡wgp�u8«�o?¦¬~�p�y?v�²tu8p�w¥�z~¬v�v?x|«â{}pru ¨ uW²8xzv ¨ ~�wr~¬x|v}sJo�x|y?p/o�xzy}©|x|~�p�ntw¥p�u
x|{�u8p`©z��{?¦¬utsN�Ó ¨ qtsr~�v�wrq]/|pr��w¥~�x|v2prqt²8u8v¡wru ç�� é65&5 ® o�²Qo�xzy?pLs¥��wr~¬s|F=�z~¬p�u p�¦¬�â²8x|y}o?y?pru °*')( î dÓ MX >> 1020eV

d
Ó �(©|xz~¬p�y}vÞp¥�zo?o�x|p`w ¨ utv?sr~¶w¥qgs�y?p�w¥ut«�o}s ¨ uS©)~¬u ç

ρX/τX
î@²8xz«�o"��w¥~¬{}¦¬uJ�(©|u8²L¦�uuD"y) ¨ u UgIgaW[WH

x|{}sru8p`©|q9s¥�zv}sbo�x|y?p+�zy&w×�zv¡w ¨ qto"�zsrs�u8pb¦ª� ¨ utv?sr~¶w¥q ¨ uQ«���w¥~¬´tpru�v}x|~¬p�uNsry?o?o�x|s�q8u0%
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dx
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Φγ(π0)(E, t) ≈ 2

∫

MX
Ñ

E

Φπ0(ε, t)
dε

ε

ç é&%¶é62¡î
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Φν+ν̄(π±)(E, t) ≈ 2.34
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Ñ

2.34E

Φπ++π−(ε, t)
dε

ε
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utwT¦¬� I ³?ut©)~¬¦�¦¬u�%
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ÞMß�à�á�â]ãÇä�å�æ&ç æ&ç©��ç�
ª�L�`å�� â.��â�� Þ���å��`å«�¬�	������å�� å�� á=��ä â�� å��:ãBà���å�

ÎuÏÑÐÒ é&%¶é6a*ÓHQ ã|à=Õ×Ð�ÉÞÌÍàáÐ�ÓzËCÊáÎ"È×Ö�à=Õ×ÈQÓ)È×ÊQÕ�Ò0é�Ï�Ô}ÊeÖ×ÏÆÊ�ÉÞÌ=Ú8Ë#È×ÊõLô&ì�÷tÅ�þ/Õ ÌÍÔ�Ö�Ì Î}ÒzÑ¬È9Ó)Ð×Ê8Ò)Ö×Ö×Ï�Õ�ÓCÈ�Ô"à=Õ¥ÈQÑ¬È×Ê
È�ãtÎ"Ð�Õ ÌäÈ�Ô�Ö×È×Ê f Ñ é�Ü Ê Q é�ÈÞÈ�à�ïWÌ W È×ÊeÓXÜ Ë)Ô�ÈgÎ}ÒzÕ àLÈ�à Ô � Ô�G�Ô ÓXÜ ÒzË)à.Õ¥ÈLÎ}ÒzÕ àäÅ

 =<¦h.<ih rò�z��NJy½{$N����§����NJO[�B���Gyz�������
V {"�zs�sru�q8v?utp�/|~�uzè(¦�u8s)D"y) ¨ u�p¥� µ x|v?s�²8x|s�«�~<3�y?u8s�q�w×�zv¡wX~¬«�o�xzp�w×��v�wrs8è�~¬¦�u8s�wXo�x|srs�~¬{?¦�u ¨ u�o?p�x&²tq ¨ utppÞy?v?u9�zv"��¦ µ sru ¨ ~�pru8²�w¥u ¨ uQ¦¬uty?pL²8xz«�o�x|sr~¶w¥~�x|v�©)~ª� ¨ utsTsr��w¥ut¦¬¦�~�w¥utsgx|y ¨ u8s+{"��¦¬¦¬xzv?s]%M�d utv?srut«â{?¦�u ¨ u8s�«�u8s�y?pruts�ubm�u8²twry?q8uts�pb{"�zsrs�u+q8v?utp�/|~�ugsrut«â{?¦¬uS~¬v ¨ ~<3�y?u8pM3�y?uL¦�u8sÙpr� µ x|v?s�²tx|sr«�~43�y?uts

srutp¥�z~¶w�u8v¿«�����uty?pru§o"�zp`w¥~¬u�²tx|«�o�x|s�q8s ¨ d qt¦¬qt«�utv�wrs4¦�q]/|utprstè 87 % ¨ d ³ µ ¨ p�x&/|´tv?uzè 12 % ¨ d ³?q8¦�~¬y?«
utwâsru8y}¦¬u8«�u8v¡w 1 % ¨ d q8¦�q8«�u8v¡w¥sÞo}¦¬y?s�¦¬x|y?p ¨ s]% M � �Ø/|y?p�uBé&%¶é�ê4«�x|v¡w¥p�uC¦ d �z{�x|v ¨ �zv}²8u�p�u8¦¬��w¥~¶©|u ¨ u8s
q8¦�q8«�u8v¡w¥sL²×³}~¬«�~43�y?u8s ¨ �zv?sL¦¬uWs µ s�wr´8«�u9s�x|¦ª��~¬pru��z~¬v?s�~�3�y?u ¨ �zv}sL¦¬uNp¥� µ x|v?v?ut«�utv�wT²tx|sr«�~43�y?u�% i xzy?s
²8xzv?s�w¥��w¥x|v}s�y?v?uL{�x|v?v?ug²tx|prp�u8s�o�x|v ¨ �zv?²tu ¨ u8s��z{�x|v ¨ ��v?²8uts�u�&²8uto}w¥q+o�x|y?pÙ¦�uS¦¬~¶w¥³?~�y?«�èÆ¦¬ug{�q8p µ ¦�¦¬~�y?«
utwb¦¬uN{�x|p�u*3�y?~�s�u9©zx|~¬utv�wW��m�u8²�w¥q8s ¨ d y?v F=��²tw¥uty?p 106 ¨ �zv?sT¦¬uNpr� µ x|v?v?ut«�utv¡w�²8xzsr«�~43�y?u0% M u9«Õnt«�u
o?³?qtv?x|«�´8v?u�w¥x|y}²×³?u�qb/¡�z¦¬ut«�utv¡we¦�u8s9q8¦¬qt«�utv¡w¥s��z¦¬¦¬�zv¡w ¨ y�²(��¦¬²8~�y?« �zyHF�u8pb% I u�o?³?q8v}x|«�´tv?u�o�u8y&wntwrpru+~¬v¡wru8pro}prqtwrqL²8x|«�«�ug¦ d u�&~¬s`w¥utv?²8u ¨ uLp�q(�z²�w¥~¬xzv?s ¨ uLsro?�z¦¬¦¬��w¥~�x|v ¨ �zv}s�¦¬uL«�~¬¦¬~�u8y�~¬v¡w¥utprs�wru8¦�¦ª�z~�pru0% H v
ubm�utw8è�¦ª�1F�p¥�0/|«�u8v¡w¥��w¥~�x|v ¨ d q8¦�q8«�u8v¡w¥sN²tx|«�«�u�¦¬uâ²8�zpr{�x|v?u�è�¦ d �0�txzw¥uâxzy�¦ d xÆ µ /|´tv?u ç IgiWK îTsry?p ¨ uts
o?p�xzw¥x|v}s ¨ y «�~�¦¬~¬uty�~¬v¡w¥utprs`w¥u8¦�¦ª�z~�pruÞo?p�x ¨ y?~�w9y?v?u1F�x|p�wruÕ3�y"��v�wr~�wrq ¨ d q8¦�q8«�u8v¡w¥s�o?¦¬y}s�¦�q]/|utprs9²8x|«�«�u
¦¬u2¦�~�w¥³}~¬y?«�è�¦�u�{�q8p µ ¦¬¦¬~�y?« u�w�¦�u2{�x|p�u4utv?pr~�²×³?~¬s�s¥�zv¡w�²8x|v}sr~ ¨ q8p¥��{?¦¬ut«�utv�w�¦¬uty?prs�o?p�x|o�xzp�w¥~�x|v?s ¨ ��v?s
¦¬u�p¥� µ x|v?v?ut«�utv�w�²8x|s�«�~<3�y?u0% M ��²8xz«�o"��p¥�z~�srx|v ¨ u8s��z{�x|v ¨ �zv}²8u8s�u8v¡w¥p�u Igi�K u�w�¦�u4¦�~�w¥³}~¬y?«�èÙ¦¬u
{�q8p µ ¦�¦¬~¬y}«;u�wb¦�uN{�xzpruNv?x|y}sTp�u8v?s�u8~</|v?uQsry?p+¦�u8s 3�y"�zv¡w¥~¶w¥q8s ¨ uQ«���w¥~�´8p�u�~¬v¡w¥utprs`w¥u8¦�¦ª�z~�pruTw¥p¥�(©zu8prs�q8uts]%

V ³"�zy&w¥u�qtv?u8pG/|~¬u�è&¦�u�D"y&�qtw¥�zv¡wLu�)wrp�n8«�u8«�u8v¡w�F=��~¬{?¦�uzè�¦ª�9sru8y}¦¬u�o�x|srs�~¬{?~�¦¬~¶w¥q+prqtsr~ ¨ u ¨ �zv?sS¦ d �zv"� ·
¦ µ s�u ¨ u�¦ª�â²tx|«�o�x|s�~�wr~¬x|v ¨ u8s+o"��p�w¥~�²8y?¦�u8s/sru8²tx|v ¨ ��~¬pruts ¨ u8s/|utpr{�u8s+��wr«�xzsro?³?qtpr~<3)y}u0% M uNpr�zo?o�x|p�w ¨ u
¦ª� ¨ u8v?s�~�wrqÞu8v¡w¥p�uÞ«ây?x|v?s ¨ d y?v}uÞo"�zp�w�utwQq8¦�q8²�w¥prxzv?s ¨ d �zy}w¥p�uâo"�zp`wNv?x|y}sNpru8v}sru8~</|v?uÞs�y?pN¦¬uâv}x|«â{?p�u
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æ&ç���ç�
;���`å�� â.��â���Þ���å��`å��e�.������å�� å�� á=��ä â�� å=�Äã�à���å�� ÞMß�à�á�â]ãÇä�å�æ&ç

ÎuÏÑÐÒ é0%�é�ê$Ó R/Ï�ÉWÎ}ÒzÕ�ÒzÌ¬ÊÆÏ�Ô�Ó)È�Ñ¶Ò�Ö×Ï�ÉWÎ"ÏÆÊ�ÌÍà.ÌäÏ�Ô§Ó)È×Ê�Õ�Ò0é¡Ï�Ô}ÊÞÖ×ÏÆÊ�ÉÞÌ=Ú8Ë#È×ÊeÒzË�ã�å×Ò�Ê×ÊÆÈ×ÊÞÐ�Ô�È�Õ Ö ÌäÈ×ÊeÒzË�ã
Ò¡å�Ï�Ô�Ó¡ÒzÔ�Ö×È×ÊWÊÆÏ�Ñ¶ÒzÌÍÕ¥È8Å

¨ uQ«��zsrs�u ¨ u9¦¬�âo"�zp`w¥~¬²ty?¦¬u�%IWd u8s�w ¨ �zv}s�²tutwrwru�xzo}w¥~<3)y}u13�y d �2qtw¥q�²8xzv?s�wrpry?~¶w¥u�¦ d u�&o�q8pr~�u8v?²tu (NV�]?ISV�O�H è�u8v V ¦�¦¬u8«��0/|v}uzè��ü�"v
¨ d qtwry ¨ ~¬utp4o}¦¬y?s2o"�zp`w¥~�²8y?¦�~¬´8p�u8«�u8v¡w2¦ª� prqb/|~¬xzv ¨ y /|u8v}x|y utv¿w¥utpr«�u ¨ u�²tx|«�o�x|s�~�wr~¬x|v)% I ³"�z²8y}v?u
¨ uts�s`w×��wr~¬x|v?s ¨ q�w¥ut²tw¥p�~¬²tu8s*3)y}~J²tx|«�o�x|s�u8v¡w9¦¬u ¨ q�w¥ut²tw¥uty?peuts�w*F=�z~�wru ¨ d y?v���srsrut«â{?¦¬�0/|u�� ¨ qb3)y?��w ¨ u
sr²t~¬v¡w¥~�¦¬¦¬��w¥uty?prs�utw ¨ d �z{?srxzpr{�u8y?p�s ç ²bF�% �B/B%gé&%¶é62¡î èÙo�utpr«�utw�w×�zv¡w ¨ d x|{}wru8v?~�pÞy?vw¥pr´tsÄ/|p¥�zv ¨ o�x|y}©zx|~¬p
srqto"�zpr��w¥uty?p]%M � �Ø/|y?p�u�é&%¶éÆí�v?xzy?sâ«�x|v¡w¥pru�¦¬u8s�prqtsry?¦¶w×��wrsâx|{}wru8v�y?sÞo"�zp (NVN]?ISVWO�H ²tx|v?²8utprv"��v�w�¦¬�4²tx|« ·
o�x|sr~¶w¥~¬xzv�²×³?~¬«�~43�y?u ¨ uts�pr� µ x|v?s�²8x|s�«�~<3)y}u8s9�zy Z u§Íò% H ¦¬¦�uÞ~¬v ¨ ~<3�y?uÄ3)y}u�¦�u ° u8v}x|y�o�u8y&wjn�w¥pruÞ©)y
²8xz«�«�ue¦¬��sry?o�u8p�o�xzsr~�wr~¬x|v ¨ uÞ¦ª�Õ�?v ¨ y�sro�u8²�w¥pru ¨ utsNo?prx�w¥x|v?sWutw ¨ utsQv?x µ �zy&�è�¦�uâo?p�u8«�~¬u8p�/|u8v}x|y
qtw¥�zv¡w ¨ Û p�¦ª� ¨ ~�sro"�zp�~�wr~¬x|v ¨ utseo?p�xzw¥x|v}seutw�¦¬u�srut²8x|v ¨ p�¦ª� ¨ ~�sro"�zp�~�wr~¬x|v ¨ yHF�u8p8èX¦¬uts ¨ u8y& qtw¥�zv¡w
srqto"�zp�q8s ¨ d y}v"F=�z²�w¥uty?p�-0aÞ²8x|p�pru8s�o�xzv ¨ �zv¡w�p�¦¬�â²×³"�zpG/|u ¨ y"F�utp]%V w¥p�´8sb³"�zy}wruâq8v?utp�/|~�uzè _ ¦ µ�d s HÙµ u � ì|ì&è�ìzëD�äèS3�y?~�x|{}sru8p`©|uÞ¦�u ¨ q�©|ut¦¬x|o?o�u8«�u8v¡wN¦�x|vB/|~¶w¥y ¨ ~¬v"�z¦ ¨ u
¦ª�?/zu8pr{�uzè�y&w¥~¬¦�~¬s�uC¦ª�Bo?p�x0F�x|v ¨ u8y?p ¨ y£«���}~�«ây?« ç ÌW«���?îe²tx|«�«�uC~�v ¨ ~¬²8��w¥uty?p ¨ u2¦ª�Bv?��w¥y?p�u ¨ y
o?p�~¬«��z~¬p�u0% ^ ¦¬sT«�x|v¡w¥prutv¡wN�z~�v?sr~�3�y?uâ¦¬��²8xz«�o�x|sr~¶w¥~�x|v2sru8pr�z~�w ¨ x|«�~¬v?qtu�o?�zp ¨ u8s�v?x µ �zy& ¨ ujF�u8pW�zy&
�z¦�u8v¡w¥x|y}prs ¨ u 1017 eV utw ¨ u�©)~¬utv ¨ p¥��~�w+o?¦�y?s+¦¬q]/zu8pg©|utprs 1019 eV %VT°NVN]&V � ìA,E�Ù«�x|v¡w¥prutp¥�z~¶w 3)y d �zy�²tx|v¡w¥p¥��~¬pru9sry}p�²8u�wrw¥uÞ«1n8«�u*/¡�z«�«�u ¨ d q8v?utp�/|~�uzè���y?²8y?v�²×³?�zvB/|u ·
«�u8v¡w ¨ �zv?s+¦ª�â²tx|«�o�x|s�~�wr~¬x|vCv d �zy}p¥�z~¶wL¦¬~�u8y)%I u8s ¨ ~�©|utp�/|utv?²8uts2srx|y?¦�~4/|v}u8v¡wC¦¬� ¨ ~±F�²ty?¦�wrq 3�y d x|v¡w2¦¬uts ¨ qtwru8²�w¥u8y}prs��zycs�x|¦Wo�x|y?p ¨ qtw¥utpr«�~¬v?utp�¦¬�
²8xz«�o�x|sr~¶w¥~�x|v1pQwrpr´8s/³"�zy}wrubqtv?u8pG/|~¬ub�z~�v?sr~�3�y?uW¦¬�9v}q8²8utsrs�~�w¥q ¨ d �Æ©zx|~¬pJy?v ¨ qtwru8²twru8y?pg�z¦¬¦�~ª�zv¡w�¦�u8s ¨ u8y&
w¥ut²×³?v?~<3)y}u8s ¨ d xz{?srutp�©���w¥~�x|v?sb%
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ÞMß�à�á�â]ãÇä�å�æ&ç æ&ç©��ç�
ª�L�`å�� â.��â�� Þ���å��`å«�¬�	������å�� å�� á=��ä â�� å��:ãBà���å�

ÎuÏÑÐÒ é0%�é62`Ó [ Ô�Ó)Ð�à±È×Ö�àáÈ�Ë)ÕNÓ)ÈWÑrÜ È�ãtÎ"Ð�Õ�ÌäÈ�Ô�Ö×È	Z Ô�G R Ô�è�Q Å Ô Ë4Ö×È�Ô"à=Õ¥È+ÊÆÈ�à=Õ¥Ï�Ë&ßzÈWË&ÔEÊqéÆÊ�à�ó�É�È9Ö×Ï�É¬�
Î�Ñ¬È�ã&ÈâÖ×Ï�ÉWÎ"ÏÆÊÆÐ�Ó)ÈWÊÆÖ�ÌÍÔ"à.ÌÍÑÍÑ¶ÒzàáÈ�Ë&Õ¥ÊâÈ�àgÓ)ÈâÖW×}ÒzÉ�å8Õ¥È�Û ñ�Ñ Ê8Åxð�È9Õ¥Ð×ÊÆÈrÒzËBÈ�Ô�Ñ Ë&Ì²�áÉÚÙ�É�ÈbÊÆÈÞÖ×Ï�ÉWÎ"ÏÆÊÆÈ9Ó)Èù�³�ýâÊÆÖ�ÌÍÔ"à=ÌÍÑÍÑ¶Òzà±È�Ë)Õ¥ÊÞÈ×ÊáÎ}Ò)Ö×Ð×Ê9Ó)È 13 m

 =<¦h.<tX ´h���B���)�B�B����P�����N����������
DE� Z��¡ �,���	 � <?��	 ��� ,.��>��

M u8s ¨ utprv?~�u8prs�p�q8s�y?¦�w¥��w¥s ¨ uL¦ d u�&o�qtpr~�u8v?²tu (NVN]?ISVWO�H srut«â{?¦�u8v¡w�~¬v ¨ ~43�y?utpM3�y?uL¦¬ugpr� µ x|v?v}u8«�u8v¡w
²8xzsr«�~43�y?uTsru8pr�z~�wJ²tx|«�o�x|s�qzèt��y?sG3)y d �zy�sru8²tx|v ¨ /zu8v?x|y�è)utvC«�����u8y?p�u+o"�zp�wr~¬u ¨ uTo"�zp`w¥~¬²ty?¦¬uts�²×³"�zp�/zq8u8sb%] ~�v}x|y?sF=�z~¬s�x|v?sg¦ d ³ µ o�xzw¥³?´tsru+3�y?uQ¦ª�â²tx|«�o�x|s�~�w¥~�x|vE�zyEv}~�©|u8�zy ¨ uN¦ª�â²×³?u�©)~¬¦¬¦�u�utwT��y ¨ u8¦ pÞp�u8s�wru ¨ y
«1n8«�u+w µ o�uzè)~¬¦?©��*F=��¦¬¦¬xz~¬p�o}pru8v ¨ prubu8vC²tx|«�o&w¥u+¦ d u�&~¬s`w¥utv?²8u ¨ u8s/²×³"�z«�o?s/«��0/|v}qtw¥~<3�y?u8sJ/¡�z¦¬�z²twr~43�y?u8s
utwâu�)w¥pr�0/¡�z¦¬�z²twr~43�y?u8s ¨ �zv?se¦ª�4p�u8²×³?utpr²×³?u ¨ u�srx|y?p�²8uts]% M u8se¦¬x|vB/zy?u8y?p�s ¨ uCo}prx|o"��/¡��w¥~�x|v q�w×�zv¡w ¨ u
¦ d x|p ¨ pru ¨ u 3)y}u8¦43�y?uts ¨ ~<�(�z~�v?u8stèÙ©|x|~�pÕ3�y?ut¦43�y?u8s�²8utv�w¥�z~¬v}u8s ¨ u ® o�²zèJ¦¬uts�²×³"��«�o?s�o?p�q8srutv¡w¥s ¨ ��v?s
¦¬u�«�~¬¦�~¬utyc~¬v¡w¥utprs`w¥u8¦�¦ª�z~�pruBs�yµF�srutv�w?p ¨ qt©)~¬utp2¦ª�o"�zp`w¥~¬²ty?¦¬u�²×³?�zp�/|qtu�u�w2w¥prxz«�o�u8v¡w2¦ d x|{?s�u8p`©z��w¥u8y}p
sry}pT¦¬�â¦¬x)²(�z¦�~¬sr��w¥~�x|v ¨ u9¦¬�âsrx|y}pr²8u ¨ �zv}sL¦ d u8sro?�z²8u�% ^ ¦)F=�zy}w ¨ x|v}² ¨ ~¬sro�x|s�u8p ¨ uQ«�u8sry}pru8s ¨ uts+²×³"�z«�o?s
«��0/|v?q�w¥~43�y?uts�/¡�z¦ª��²tw¥~<3�y?u8s�u�w@u )w¥p¥��/¡�z¦ª��²tw¥~<3�y?u8s�u�w ¨ u�¦�u8y?p�sX¦�x|vB/|y}u8y?p ¨ uJ²8xz³?q8p�u8v?²tuS���?v ¨ d u8s`w¥~�«�utp
²8xz«�«�u8v¡w+u8s`wb��m�ut²twrq9¦�u�w¥pr�zv?sro�x|p`w ¨ u8s+p¥� µ xzv?sb²tx|sr«�~43�y?uts]%O ~¤m�qtpru8v¡wru8sC«�qtwr³?x ¨ u8s ¨ u�«�u8s�y?pru ¨ u�²×³"��«�o?s�«���/|v?qtwr~43�y?utsÚp ¨ ~¬s`w×�zv?²tuzèJ²8x|«�«�u�¦¬��p�xzw×��wr~¬x|v_ �zp¥� ¨ � µ è�¦ d uqm�u�w ' u8ut«���v�è�¦¬��o�xz¦ª�zp�~¬s¥��w¥~¬xzv ¨ u�¦ª�B¦¬y}«�~�´8pru�s�wru8¦�¦ª�z~�pru�x|y¦ d q8«�~¬s�sr~¬xzv�s µ v?²×³?p�xzw¥p�x|v
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æ&ç���ç�
;���`å�� â.��â���Þ���å��`å��e�.������å�� å�� á=��ä â�� å=�Äã�à���å�� ÞMß�à�á�â]ãÇä�å�æ&ç

ÎuÏÑÐÒ é&%¶éÆí@Ó W Ð×Ê�Ë&Ñ àäÒzàÍÊ§Ó)È�Z Ô�G R Ô�è�Q ÒzËhþTÈ�í È�à�ÒzË Ó)È�Ñ¶Û¡Å¬�gÔ ßzÏ�ÌÍàâÑ¬È×ÊBÓzÌ U�Ð�Õ¥È�Ô"àÍÊ Ö È�Ô�Ï�Ë�ã
Ò�Î¡Î}ÒzÕ�ÒzÌÍà.Õ¥ÈgÎ"Ï�Ë)ÕQÑ¬È×ÊâÖ×Ï�ÉWÎ"ÏÆÊ8ÒzÔ"àáÈ×ÊeÈ�Ôjû(Ï�Ô�Ö�à=ÌäÏ�Ô�Ó)ÈQÑ¬È�Ë)ÕQÕrÒ�Î¡Î"Ï�Õ à/Ó)ÈâÖW×}ÒzÕ Ö È8Å�ð�Ò�Õ¥Ð Ö ÌäÏ�Ô�È�ÔeØtÒzË)Ô�ÈV Ö Õ Ì¬ÊÆÐ Y Ö×Ï�Õ Õ¥È×ÊáÎ"Ï�Ô�ÓCÒ�Ñ¶Ò:ÿ�Ï�Ô�È�ÓXÜ ÌÍÔ�Ö×È�Õ à=ÌÍà.Ë}Ó)ÈgÎ"Ï�Ë)Õ9Ñ¬È�û(È�ÕtÅ
o�u8pr«�utwru8v¡w ¨ d u�)w¥pr�z~¬p�u ¯ ¨ ��v?s+²8u8p`w×�z~�v?u8s �tx|v?u8s ¨ uQ¦ d y?v?~¶©|utprs]%M�d ��v"�z¦ µ s�u ¨ uts ¨ x|v?v}q8u8sN²tx|v?²tu8prv?�zv¡wNv?xzwrpruj/|�z¦ª��&~�u9wru8v ¨ p ¨ x|v?v?utp�y?v?u�©z��¦¬u8y}p ¨ u ¯ ¨ uâ¦ d x|p ¨ pru
¨ u��

B = 4 ± 1 µG
ç é&%7-05¡î

V ©|u8²9y?v?uQ¦�x|vB/|y?uty?p ¨ uQ²8xz³?q8p�u8v?²tu ¨ u 10 p 100 pc %Z xzy?pe²tuÕ3�y?~Ju8s`w ¨ y�²×³?�z«�o�u�)w¥pr�0/¡�z¦¬�z²twr~43�y?u�è�~¬¦�srutp¥�z~¶w ¨ u�¦ d x|p ¨ pru ¨ y nG �(©|u8² ¨ u8s�¦¬x|vB/zy?u8y?p�s
¨ u�²8x|³}q8prutv?²8u ¨ u�¦ d xzp ¨ p�u ¨ y Mpc % M � ¨ qt©)~ª��wr~¬x|v��zvB/zy?¦ª�z~�pruÞo"��p9¦�u8s9²×³"�z«�o?s9«��0/zv?qtwr~43�y?u8sQuts�w
¨ x|v}v?q8u9o"�zpL¦ d �zo}o?prx(&~¬«���w¥~�x|v ¨ u ¯ x|³?«ö�

θ ≈ 0.5◦ Z

(

E

1020 eV

)−1 (

d

10 Mpc

)1/2 (

lc
1 Mpc

)1/2 (

B

1 nG

) ç é&%7-&é�î
o�x|y?pL¦¬uN²×³?�z«�o�«��0/|v?q�w¥~43�y?uNu )w¥p¥��/¡�z¦ª��²tw¥~<3�y?u0%

θ ≈ 0.15◦ Z

(

E

1020 eV

)−1 (

d

10 kpc

)1/2 (

lc
1 pc

)1/2 (

B

10 µG

) ç é&%7-&-|î
o�x|y?pL¦¬uN²×³?�z«�o�«��0/|v?q�w¥~43�y?u /|�z¦ª�z²�w¥~<3)y}u0%M u ¨ qt¦ª�z~)w¥u8«�o�x|prut¦ ¨ ÛÄp�¦¬� ¨ ~¤m�qtpru8v}²8u ¨ uLo?�zpr²tx|y?prs 3)y}~?u8s`w�F�x|v?²twr~¬x|v ¨ uL¦ d q8v}u8p�/z~¬uSo�x|y?p�y?vÞ²×³"�z«�o
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ÞMß�à�á�â]ãÇä�å�æ&ç æ&ç©��ç�
ª�L�`å�� â.��â�� Þ���å��`å«�¬�	������å�� å�� á=��ä â�� å��:ãBà���å�
¨ x|v}v?qQu8s�w9�

τ ≈ 0.6 Z2

(

d

10 Mpc

)2 (

lc
1 Mpc

) (

B

1 nG

)2 (

E

1020 eV

)−2

103 ans
ç é0%.-zì|î

Z xzy?p�y?v?u+o?prxzo"�0/¡��wr~¬x|v ¨ uT¦�x|vB/|y}u8y?p d ¨ �zv}sJy}v�²×³"��«�o?s�«��0/|v?q�w¥~<3)y}u ¨ u+¦¬x|vB/zy?u8y?p ¨ u+²8x|³?qtprutv?²8u
lc
% Z x|y}p ¨ utsgq8v?utp�/|~�u8s/~¬v�F�qtpr~¬uty?pruts�p 1018 eV è)¦¬uts/pr� µ x|v?sS²8x|s�«�~<3)y}u8sS²×³?�zp�/|qts ¨ x|~¶©|utv�wSsry?~¶©)pru ¨ u8s

w¥pr����u8²�w¥x|~�pruts�s d utv?prxzy?¦ª�zv¡w��zy}wrx|y?p ¨ uts�¦�~4/|v?uts ¨ u�²×³"�z«�o?s ¨ u�¦¬�	/¡�z¦ª��}~�u0% V y ¨ u8¦ p�~�¦¬sÞo�x|~¬v¡w¥utv¡w
o?p�x|{"�z{?¦�u8«�u8v¡w+¦ª� ¨ ~¬prut²twr~¬x|v ¨ uQ¦¬uty?prsLs�x|y?p�²8u8sb%
� 	X,.�8� � ��� � ,=�2� ��� >X- � , � -�� � �

M�d �zv?�z¦ µ sru ¨ uts ¨ ~¬prut²twr~¬x|v?s ¨ d �zp�pr~¶©|q8u9utwT¦¬�âpru8²×³}u8pr²×³}u ¨ uQ«ây?¦¶w¥~¬o}¦¬utwrsgsrut«â{?¦�u8v¡w ¨ x|v?²9�(©|x|~�p+y?v
srutv?sTo�x|y}p ¨ u8sTq8v?utp�/|~�u8s+sry}o�qtpr~¬uty?pruts p 1018 eV %M�d u &o�qtpr~¬utv?²8u VT°NVN]&V èS3�y?~X�z²t²8y?«ey?¦¬u ¨ uts ¨ xzv?v?q8uts ¨ uto?y?~�sTo}pr´8s ¨ u�é8,��zv?s8è#pr�zo?o�x|p�wru9y}v?u9�zv?~ ·
srx�w¥prxzo?~¬u�u8v�o?prxÆ©|utv"�zv?²tu ¨ y ²tu8v¡w¥p�uö/¡�z¦¬�z²twr~43�y?u��(©|ut²�y?v ¨ qb�"²t~�w�²8x|p�pru8s�o�xzv ¨ �zv¡w:p�¦ª� ¨ ~¬p�u8²�w¥~¬xzv
x|o?o�x|s�q8u � ì0a}è"ì¡ê�� %V y · ¨ ut¦ p ¨ u 1019 eV è|¦¬uts�prq8s�y?¦¶w×��wrs ¨ u8s ¨ ~¤m�qtpru8v¡wru8s�u�&o�q8pr~�u8v?²tu8s�o"�zs�srqtu8sJsru8«e{?¦¬utv�w�s d ��²8²8xzp ¨ utpJs�y?p
y?v?u�prq8o?�zp�wr~�w¥~�x|v§³?x|«�x&/|´8v}u ¨ uts ¨ ~¬p�u8²�w¥~¬xzv?s ¨ d �zp�pr~¶©|q8u�% VT°NVN]&V srut«â{?¦¬u�«���¦4/|p�q�wrx|y}wex|{?srutp�©zu8p
¦ d u�&~�s�w¥utv?²8u ¨ uJ²8~¬v�3 ¨ x|y?{?¦�utw¥sXutw ¨ d y?vewrpr~¬o}¦¬utw ¨ d qt©zq8v?ut«�utv¡w¥s ¨ ��v?s�y?ve²8u8p�²8¦�u ¨ u ¨ ~ª��«�´�w¥pru 2.5◦

ç ²bF�%�Ø/B%�é&%.-�5¡îq% M �Eo?p�x|{"�z{}~¬¦¬~¶w¥q ¨ d xz{}w¥utv?~¬pN�Eo"��p�w¥~�p ¨ d y?v?u ¨ ~�s�w¥p�~¬{?y&w¥~¬xzv��z¦¬q8��w¥xz~¬pru ¨ uâw¥ut¦¬sN«ây}¦�w¥~�o?¦¬u�w¥s
u8s`w9pru8s�o�ut²twr~�©|ut«�utv¡w 0.05 % utw 1.66 % % I u�wrwru�q�w¥y ¨ u�p�u8s`w¥u�«���¦4/|p�q�w¥xzy}wQu�)w¥pGn8«�u8«�u8v¡w9srutv?sr~�{?¦¬u
�zy&B²8x|v ¨ ~�wr~¬x|v?s ¨ d ��v"�z¦ µ s�u��Co�x|s`w¥u8p�~¬x|p�~Ùutw ¨ ut©)p¥�9ntwrpru�prut²8x|v ¨ y?~�wruÞsrx|y}s+F�xzpr«�u ¨ u�o?prutsr²tpr~¬o&w¥~¬xzv
o?p�q8qtw¥�z{?¦�~¬u ¨ �zv}sT¦�u ¨ q8o�x|y?~�¦¬¦�u8«�u8v¡w ¨ uts ¨ x|v?v?qtu8s F�y}w¥y?p�u8sb%

-&,



æ&ç���ç�
;���`å�� â.��â���Þ���å��`å��e�.������å�� å�� á=��ä â�� å=�Äã�à���å�� ÞMß�à�á�â]ãÇä�å�æ&ç

ÎuÏÑÐÒ é&%7-05"Óhè ÌÍÕ×È×Ö�à=ÌäÏ�Ô}ÊEÓXÜ ÒzÕ�Õ ÌÍßzÐ×È×Ý�È�Ô Ö×ÏÆÏ�Õ�Ó)Ï�Ô"Ô�Ð×È×Ê2ÐrÚ8Ë?ÒzàáÏ�Õ Ì=ÒzÑ¬È×Ê×Ý9Ó)È×ÊEÕ�Ò0é¡Ï�Ô}Ê�Ö×ÏÆÊ�ÉÞÌ=Ú8Ë"È×Ê2ÒzË¶�
Ó)È×Ê×Ê�Ë¡Ê�Ó)È 4 1019 eV È�Ô"Õ¥È Ö Ì¬Ê�à.Õ¥Ð×È×Ê9Î}ÒzÕ Ô � Ô�G�Ô Å ð�È×Ê4ÖrÒzÕ�Õ¥Ð×ÊCÕ×Ï�Ë Ö È×Ê�È�àQÑ¬È×ÊCÕ×Ï�Ô�Ó�ÊCßzÈ�Õ à�ÊCÕ×ÈáÎ�Õ¥Ð+�
ÊÆÈ�Ô"àáÈ�Ô"à/Ñ¬È×Ê9Õ�Ò0é¡Ï�Ô}ÊâÖ×ÏÆÊ�ÉÞÌ=Ú8Ë#È×Ê9Ò0é|ÒzÔ"àSÓ)È×ÊÞÐ�Ô�È�Õ Ö ÌäÈ×Ê > 1020 È�à (4 − 10)1019 eV Õ¥È×ÊáÎ"È×Ö�à.ÌÍßzÈ�É�È�Ô"àäÅð�È×Ê�Ö×È�Õ¥Ö�Ñ¬È×Ê�Î�Ñ Ë¡Ê Ö Õ�ÒzÔ�Ó�ÊWÌÍÔ�ÓzÌ=Ú8Ë#È�Ô"à@Ñ¬È×Ê�ÉÞË)Ñ à.Ì Î�Ñ¬È�àÍÊ V à.Õ Ì Î�Ñ¬È�à/È�Ô�É�ÒzË&ßzÈ Y Å=R/È×ÊQÐ�ß0ó�Ô�È�É�È�Ô"à�ÊQÏ�Ô"à/Ð�àáÐ
È�Ô"Õ¥È Ö Ì¬Ê�à.Õ¥Ð×ÊÙÎ}ÒzÕLÑ¬ÈTÕ¥Ð×ÊÆÈrÒzË�ÓXÜ Ô � Ô�G�Ô Ó)È 100 km2 È�Ô"à=Õ×ÈTÑ¬È ê�· û(Ð�ßÆÕ�ÌäÈ�Õ êAëAë¶¸eÈ�àXÑ¬È�ô�ê�Ø Ë&ÌÍÑÍÑ¬È�àxìµ¸°¸0ê�Ý
Ñ¬È×Ê�ÒzÔ Ö Ñ¬È×Ê�ÿ�Ð�Ô"ÌÍàÑ×}ÒzË�ã�ÊÆÏ�Ô"àJÌÍÔ�û(Ð�Õ ÌäÈ�Ë)Õ¥Ê�Û 45◦

vCÆjÂ^Ês*bÉ�,�ËqÆ$Â
] ~ ¨ uLprq8²tu8v¡w¥uts�qtw¥y ¨ u8sÙwru8v ¨ utv¡wJp�«�x|v¡wrpru8p@y?v?uL«�u8~�¦¬¦¬uty?pru�²tx|«�o}prq8³}u8v?s�~¬x|v ¨ yòD?y& ¨ uts�p¥� µ xzv?s

²8xzsr«�~43�y?u8s�utw ¨ uSs¥��²8xz«�o�x|sr~¶w¥~�x|v ¨ �zv?sÙ¦¬���8x|v}uL�z¦¬¦¬�zv¡w#��y}s�3�y d �zyÞsrut²8x|v ¨ /|utv?x|y�è�y?v?ugwru8¦¬¦�uS��v"�z¦ µ s�u
o�x|y?pL¦ª�:�tx|v?u ¨ uQ¦ª�â²×³?u�©)~¬¦¬¦�uNutwb�zy · ¨ u8¦4pâpruts�w¥u9³"�zsr�zp ¨ u8y?s�u0%M u8s+prqtsru8�zy& ¨ u ¨ q�w¥ut²tw¥uty?prsb�zy2srxz¦�srut«â{?¦¬utv¡w+x|{?srutp�©zu8p8è ¨ uto?y?~�sLo?¦¬y?s ¨ u9ë&5Þ�zv?s8è ¨ u8s+p¥� µ xzv?s+²8x|s ·
«�~43�y?u8s ¨ d x|p�~4/|~�v?u�o?p�x|{"�z{}¦¬u8«�u8v¡w+u &wrp¥�0/|�z¦ª�z²�w¥~<3)y}uzè ¨ xzv�wT¦�u8sLq8v}u8p�/z~¬u8s+u }²t´ ¨ utv¡w 1020 eV %i xzy?sW�(©zx|v?sb©)y�è��zy ¨ q8{?y&w ¨ u9²8u�²×³"�zo?~¶w¥p�uzè�3�y?ue¦ d ~�v�wru8pr�z²twr~¬x|v ¨ u�²8utsWo"�zp`w¥~�²8y?¦�u8s ç s�~X²tues�x|v¡w ¨ uts
v?x µ ��y&?îb�(©|ut²e¦¬u F�x|v ¨4¨ ~¤m�y}sT²tx|sr«�x|¦�x&/|~43�y?u+p 2.7 K utv�wrp¥���¬v?u9y?v?u+F�x|p�wru9²×³�y}wru ¨ y"D"y&�x|{}sru8p`©|q
o�x|y?p ¨ u8sgqtv?u8pG/|~¬utsSs�y?o�qtpr~�u8y?p�u8sp 5 1019 eV è)pru8v ¨ �zv¡w�3�y"��sr~¬«�u8v¡wSx|o"�03�y?ubv?xzw¥p�uW²×³"��«�o ¨ d x|{}sru8p ·
©���w¥~�x|vEo�x|y?p ¨ u8s ¨ ~�s�w¥�zv?²8uts+u�&²8q ¨ �zv¡w`3�y?ut¦43�y?u8s ¨ ~<�(�z~�v?u8s ¨ u ® o�² ç °*')( îq%^ ¦+v?u�sru8«e{?¦¬u�o"�zs�v?x|výo?¦¬y?s�u }~�s�wru8p ¨ u4«�q8²8�zv?~¬s�«�uts�²8x|v¡©|utv¡w¥~¬xzv?v?u8¦�s ¨ d �z²t²8q8¦�q8pr��w¥~�x|vT3�y?~+o�u8p ·
«�utwrwru8v¡w ¨ u�o?p�x ¨ y}~¬pru ¨ u8s�o"�zp`w¥~¬²ty?¦¬utsòp ¨ u�w¥ut¦¬¦�u8s9q8v?utp�/|~�u8s8èXutwâ�zy?²ty?v?uCs�x|y?pr²tuCo�x|y}©��zv¡wòn�w¥pruÚp
¦ d x|p�~4/|~�v?u ¨ u�²8u8s�p¥� µ xzv?se²tx|sr«�~43�y?uts�v d u8s`wâp�q8o�u8p�wrx|pr~�q8uÕp ¨ u8s ¨ ~¬s�w¥�zv?²tu8seu�w ¨ �zv?s ¨ u8s ¨ ~¬prut²twr~¬x|v?s
²8xzprprutsro�x|v ¨ ��v�w9��y&�x|{}sru8p`©���w¥~�x|v?s]% ^ ¦�v?x|y}s`F=�zy}w ¨ xzv?²���wrwru8v ¨ pruÞ¦ª��v?x|y}©zu8¦¬¦�uò/|qtv?q8pr��w¥~�x|v ¨ u ¨ q ·
w¥ut²twru8y?p�s 3�y?~�x0m�p�~¬pr��y?v?u�wrpr´ts/|p¥�zv ¨ u�s�w¥��w¥~�s�wr~43�y?u pewrpr´8sL³?�zy}w¥uWq8v?utp�/|~�uzè}o�u8p�«�u�wrw¥�zv¡w ¨ u8s+q�w¥y ¨ uts
�zo?o}prx0F�x|v ¨ ~¬uts/s�y?pS¦�u8s ¨ ~¬prut²twr~¬x|v?s ¨ d �zp�pr~�©zq8u�è}¦¬u+s�o�ut²tw¥p�u�u8v�q8v?utp�/|~�uzè)~¬v��"p�«���v�wJx|y�v?x|v�¦ d u &~¬s�wru8v?²tu
¨ y�sruty?~¬¦ °*')( è}utwr²0%b%]%M uLw×�z{?¦�u(�zy2é&%¶éTprq8s�y?«�uTs�y?²8²t~¬v?²�w¥ut«�utv�w/¦¬uts�sr~4/zv"��w¥y}pru8s�u }o�q8p�~¬«�u8v¡w×��¦¬u8s�o�x|y?p ¨ ~¤m�qtprutv�wru8s�srxzy?pr²tu8s
utwT«�x ¨ u8s ¨ uNw¥pr�zv?s�o�x|p`w�%
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ÞMß�à�á�â]ãÇä�å�æ&ç æ&ç©��ç�
ª�L�`å�� â.��â�� Þ���å��`å«�¬�	������å�� å�� á=��ä â�� å��:ãBà���å�

¹»º½¼©¾E¼©¿ÁÀ.Â½Ã°º Â½Ä�ÀXÅqÆ½º�À	Àq¿ Ç~È�Æ½Ã°º�À É-º�¹»Ê°ËÍÌqÎÏÀXÂËÍÀ	Åq¼ÍÀqË Ðq¿ÁÀqº½¾E¼ÍÀ	Ñ½ÒÔÓ;Õ ÒÖÄ¯× ¿Á¹+Ø�È�Ã¯×
γ, ν
×ÙÀ+Õ

Ú ÀXÂ½¼©¿�Æ�Ðq¾Eº�È�Æ½¼Í¹»¿ Û]Â�¹»Æ½º�¹»Ä�À E−1 γ ×ÙÀ�× ν ×NÄ�Ò}ÜÞÝ§ß�Õ Î�È»Â�Â�À~Æ½º�ÌXÂà¾Eº�È�¿ Ú ÀÒÔá�¹»ÄNâiã~¹+äà¿åÕ Ú Ã°º�ÐXÀ Ú À	æ�¼ÍÀ~Æ½º�ÌXÂà¾Eº�È�¿ Ú À
ç ÅXÅXÐqËÍÐqº�È�Æ�ÀqÃ°º è;Ë©ÃÁÂ½Æ�Àqº½¼©¿°¾

E−2 Ä°º�¹»Æ�¹»¿ÁÂ+×°¿Á¹ÞØ�È�ÃNé Ä¶È»Â Úëê ¹»ÊNì½ÀqÆ�Â=Ä°º�¹�Å�íÁÀXÂÒÔî�¹»Æ½Æ�¹»ÎaïÄåÕ ÅX¹»¿°¿DÃÁÂÂ�¹»Ã°º�ÅXÀ.Äµ¹»¿ÁÅqÆ½ÃÁÀqË©ËÍÀð âiî;Ã°º�Â�Æ ñ Ú�ò ÜÞÝEÝ�óôÄ�Å E−1 γ ×ÙÀÏ× ν × Ä�Ò²õ§ß�Õ È»ÅXÅXÐqËÍÐqº�È�Æ�ÀqÃ°º�ÂsÀq¿ÁÅX¹»º�ÀÄ°Ë©ÃÁÂ=Ðq¿ÁÀqº½¾§ÀqÆ½¼Íö�ÃÁÀXÂ
÷ø;ù Ò é0%�é�Ó)G Ì Ö Ô�Òzà=Ë&Õ¥È×ÊâÈ�ãtÎ"Ð�Õ ÌÍÉ�È�Ô"àäÒzÑ¬È×ÊSÎ"Ï�Ë)Õ�ÓzÌ U�Ð�Õ×È�Ô"àáÈ×Ê�ÊÆÏ�Ë)Õ¥Ö×È×ÊâÈ�à/É�Ï8Ó)È×Ê9Ó)È9à.Õ�ÒzÔ}ÊáÎ"Ï�Õ à
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æ&ç���ç�
;���`å�� â.��â���Þ���å��`å��e�.������å�� å�� á=��ä â�� å=�Äã�à���å�� ÞMß�à�á�â]ãÇä�å�æ&ç
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µ  ï;«óú�ù�ü�ô ú

¬ ³ ù�ôh´�ù4ú ¹zº õöôc÷ ¾ ôýü4ð ôc÷ ï�ù4ø ¹ ÷ö«  ³ ü4ú�°²±öôY÷

õ ï º ÷ ò » ¹ ðó÷Côýü"ûGïGù ¹ ú�ü4ô ª ú�ôYü�ü4ô ü ¼ ý l ¸

M �B²8x|v?s`w¥p�y?²twr~¬x|v ¨ y ¨ qtwru8²twru8y?p V+aW°9H�U ¨ q8{?y&w¥q8u2utv�-05&5}é��zy?p¥�Bo�x|y?p�{?y}w ¨ uÚF�x|y?p�v?~¬p�y?v/|pr�zv ¨ v?x|«â{?p�u ¨ u ¨ xzv?v?q8uts�²tx|v?²8utprv"��v�w�¦¬uts�pr� µ x|v?s�²8x|s�«�~<3�y?u8sÕp§y}¦�w¥pr�§³?�zy}w¥u�q8v}u8p�/z~¬u0% ] ~�w¥y}q
u8v V p�/|utv¡w¥~¬v}uöp é8,�5&54« ¨ d �z¦�wr~�wry ¨ uzè�~�¦J²tx|y}©)pr~�p¥�Bì05&5&5 o�~�¦¬x|«�´twrpru8s9²(��prprqts]% I x|v?s�wr~�wry?q ¨ u ¨ u8y&
o"�zp`w¥~�u8s ¨ ~�s�wr~¬v?²�w¥u8s�3�y?uÞsrx|v¡w ¨ d y?v?ueo"�zp�w�¦¬u8sWs�w×��w¥~¬xzv?s ¨ uÞs�y?pGF=��²8u ç é6a&5&5�²ty}©|uts×î�utw ¨ d ��y}w¥p�uâo"�zp`w
¦¬uts ¨ qtwru8²twru8y?p�s`pòD"y?xzpru8s�²8utv?²8u ç w µ o�u _ ¦ µ�d s HÙµ u8s¥î�è#~¬¦�sru8pr��¦�uNo?prut«�~�u8p ¨ q�w¥u8²�w¥uty?pb³ µ {?p�~ ¨ ug�r�z«��z~¬s
²8xzv?s�wrpry?~¶w�% O u�o"�zpQs¥�2v"��wry?pru�è�~¬¦Ùo�u8p�«�u�wrwrp¥� ¨ d xz{}w¥utv?~¬pNy?v}u�s`w×��wr~¬s�wr~43�y?u��z~�v?sr~M3�y d y?v?u�o?prqt²8~�sr~¬xzv
u8v}²8x|p�uÙ�r��«��z~�s���w�w¥u8~�v¡w¥u0% Z x|y?p+é6a&505�s�w×��w¥~¬xzv?s8è¡~�¦}u8s`wg��wrw¥utv ¨ y�u8v¡©)~¬p�x|v�ì05Qq�©|´tv?u8«�u8v¡w¥s/o"�zp��zv��zy ·
¨ utsrsry}s ¨ u 1020 eV utw�3�y?u8¦<3)y}u8sNì05&5&5�qt©|´tv?u8«�u8v¡wrsQ�zy · ¨ u8srs�y?s ¨ u 1019 eV o�x|y?pTy?v D"y&�©��zpr~¬�zv¡w
u8v E−3 %
p���� þ ÅÇÆ0!9ÅÇË48�Ã-8 #�Ã È"8~ÿe#	*qÆ�!K!g# 2 # Â:Ã È"#., :0#�Å��g#., � Ã 2 Æ0,�! 7 8s1

ÅÇË43ÕÉ"#.,
O q ¨ ~¬qÄp�¦ d q�w¥y ¨ u ¨ u8s ¨ ~�prut²tw¥~�x|v?s ¨ d ��prpr~¶©|qtuzè ¨ ue¦ d q8v?utp�/|~�ueutw ¨ uâ¦ª��«��zs�sru ¨ u8sNo"�zp`w¥~�²8y?¦�u8sWo}pr~ ·

«��z~¬p�u8s8è)¦ d K {?srutp�©���wrx|~¬p�u Z ~¬u8p�pru V yB/|utp�F�x|y?prv}~¬p¥� ¨ u8sL«�qtwr³?x ¨ u8sL²8xz«�o?¦�q8«�u8v¡w×��~¬pruts ¨ ��v?sL¦ d u�)w¥pr�z² ·
w¥~�x|v ¨ u8s9~¬v�F�x|pr«���w¥~�x|v?s ¨ u�²×³"�03�y?u1/|u8p�{�u�% V ©��zv¡w ¨ d u &o�x|s�u8p9o?¦¬y}s9utv ¨ qtw×��~¬¦¬sN¦�u8sNw¥ut²×³?v?~<3)y}u8s ¨ u
¨ q�w¥u8²�w¥~�x|vEutwS¦¬u8s�/|p¥�zv ¨ u8y?p�sL�zs�srx)²8~¬qtu8spâ²×³?�z²8y?v ¨ uts ¨ uty&Es�x|y?s ¨ q�w¥ut²tw¥uty?prstè#��wrw¥�zp ¨ x|v?sSv}x|y?sgs�y?p
¦¬utsL²(�zpr�z²twrq8p�~¬s�wr~43�y?utsT~�v¡w¥pr~�v?sr´b3�y?u8s ¨ u8s /|utpr{�u8sb��w¥«�x|s�o?³?q8p�~43�y?uts]%
\~<G =<| IHNuy½{$N����§����N�O
% �&��	�� F <">� 

] ~�¦ª�2o"�zp`w¥~¬²ty?¦¬u�o?p�~¬«��z~¬p�uâu8s`wây?v�o?prx�w¥x|v§x|y o}¦¬y?s*/|q8v}q8p¥��¦¬u8«�u8v¡w9y?v�v}x µ �zy�è�u8¦�¦¬uÞ©��4utvB/|u8v ·
¨ p�u8pLy?v?uQ²8�zsr²8� ¨ u ¨ d ~¬v¡w¥utp¥�z²�w¥~¬xzv?sL³"� ¨ p�x|v?~<3)y}u8s]% M uQv?xz«â{?pru ¨ uN³"� ¨ p�x|v?s+²8p�x0�¬wgwrx|y}w+��y�¦�x|vB/ ¨ uts
¨ ~¤m�qtpru8v¡wru8s`/|qtv?q8pr��w¥~�x|v?s ¨ d ~�v¡w¥u8pr�z²twr~¬x|v}s���y?sG3)y d pEy?vBs�u8y?~�¦�utv�q8v?utp�/|~�uòp�o"��p�w¥~�p ¨ yB3�y?u8¦Ù¦�u8sbo?~¬x|v}s
²×³"�zpG/|q8s+s�u ¨ q8s�~¬v¡w¥´b/|prutv�wTutv�«ey?x|v?sb% K v�o�u8y&wL²8x|v}sr~ ¨ q8prutp+u8v2«�x µ u8v?v?u 3�y d p�²×³"�03�y?u+/|q8v}q8p¥��w¥~¬xzv

-zí



n�ç¤æ&çK�xå��m å�ä���å��öà�ã$� �.��á�ß���ä â���
xå� ÞMß�à�á�â]ãÇä�å n�ç
¨ d ~¬v¡w¥utp¥�z²�w¥~�x|v?s8è¡utv¡©&~�prx|v 30 % ¨ ub¦ d qtv?u8pG/|~¬uLuts�wJw¥pr�zv?sGF�qtprqtubs�x|y?s�F�x|pr«�u ¨ d y?v?uT²(�zs�²(� ¨ uTq8¦�u8²�w¥prxz«�� ·/|v?q�w¥~<3)y}u ç HJ® î��zy�wrp¥�(©|utprs ¨ u8s π0

ç ²qF�%��B/B%�-�%�éÆîq% H v�©)~�prx|v 90 % ¨ ub¦ d qtv?u8pG/|~¬uT~¬v}~�w¥~¬�z¦¬u ¨ uW¦¬�*/|utpr{�u
srutp¥���zy9�"v"�z¦�s�x|y?s F�x|pr«�u�qt¦¬u8²�w¥p�x|«���/|v?qtwr~43�y?u�%M�d q8v?utp�/|~�u ¨ ~�srs�~¬o�q8uTo"�zpJ¦ª�Q²8x|«�o�xzs¥�zv¡w¥ubq8¦�u8²twrprx|«��0/|v}qtw¥~<3�y?u+u8s�w�3�y"�zsr~�o?p�x|o�xzp�w¥~�x|v?v?ut¦¬¦�u p�¦ d q8v}u8p ·

ÎJÏÑÐÒ -�%¶é`Ó?è Ð�ßzÈ�Ñ¬Ï×Î¡Î"È�É�È�Ô"à�ÊÆÖW×"Ð�É�Òzà=Ì=Ú8Ë#È9ÓXÜ Ë&Ô�È Ö È�Õtå�È�Òzà=É�ÏÆÊáÎØ×"Ð�Õ Ì=Ú8Ë#È
/|~�u/w¥x�w×�z¦�u ¨ ug¦¬��/|utpr{�u0% Z x|y?p�²tu�3�y?~?u8s`w ¨ uts�«ây?x|v?stèz¦�u8y?pÙv}x|«â{?p�uSw¥xzw¥�z¦äè��zyÞs�x|¦äè��zyB/z«�utv�wrug«�x|~¬v?s
p¥��o?~ ¨ ut«�utv¡w�3)y}ub¦ d qtv?u8pG/|~¬u ¨ uT¦ª��o?�zp�wr~¬²8y}¦¬uLo?p�~¬«��z~¬p�uzè�utwJ²8uTo?pr~�v?²8~�o"�z¦�u8«�u8v¡w�pQ²(�zy?s�u ¨ y�wrp¥�zv?s|F�u8p`w
¨ d q8v?utp�/|~�uCsrxzy?sjF�x|p�«�u�q8¦�u8²twrprx|«��0/|v}qtw¥~<3�y?u0% I utwÞuqm�u�wÞu8s`wÞ~¬«�o�x|p�w¥�zv¡w ¨ ��v?sâ¦¬u�²(� ¨ pru ¨ u�¦ª� ¨ ~¬s ·
w¥~�v?²twr~¬x|v2utv�wrpru9v?x µ �zy)�¦�x|y?p ¨ s+x|y4¦�q]/|utprsb% O u8sWs�~¬«ây}¦ª��wr~¬x|v?s � ì&2§�Xo?prq ¨ ~¬s�u8v¡w�3�y?u9¦¬uQv?xz«â{?pruQw¥x�w×�z¦
¨ uN«ây}x|v?s+�zy2srxz¦�²8p�x0�¬wg²8x|«�«�u E0.85 % Z �zpL²8xzv?srqb3)y}u8v¡w(è#sr~.è ¨ �zv}sLy?v?uNo?p�u8«�~¬´8p�uN�zo?o}prx(&~¬«���w¥~�x|v�è
v?x|y}s9©zx µ x|v?sây}v v?x µ ��y�²8x|«�«�u�¦¬�Esry?o�u8p�o�x|s�~�wr~¬x|v ¨ u V v�y?²t¦¬q8xzv?s ç «�x ¨ ´t¦¬u ¨ u�sry?o�u8p�o�x|s�~�wr~¬x|v#î
¨ d q8v?utp�/|~�u E/A è�¦¬u�v?x|«â{}pru�wrxzw×��¦ ¨ uâ«ây?x|v}sWu8v�/|u8v ¨ prqÞo"�zpby?vBv?x µ �zy�²8x|«�o�x|srq ¨ u V v�y?²t¦¬qtx|v?s
¨ x|v}v?u8pr��p�u8¦ª��w¥~�©zu8«�u8v¡w pÞy?v?u+/|utpr{�u9~�v?~�wr~¬qtuWo"�zp+y?v�o?p�xzw¥x|v ç o�x|y}pLy?v?uQ«Õnt«�uNqtv?u8pG/|~¬u(î��

NA
µ = A0.15 Np

µ

ç -�%�é�î
% �&� �@� � � ��	X�

M u8s`/|utpr{�u8sb~¬v?~¶w¥~¬qtu8s+o"�zp ¨ u8sbo?³?xzwrx|v?s�utvB/|utv ¨ prutv¡wNy?v?u�²(�zs�²(� ¨ ueq8¦¬ut²twrprx|«��0/|v?q�w¥~<3)y}u0% M u ¨ q ·
©|ut¦¬x|o}o�ut«�utv�w ¨ y�o?prx0�?¦J¦�x|vB/|~¶w¥y ¨ ~¬v"�z¦@o�uty}w$ntw¥p�u�©)y�²tx|«�«�uÞ¦¬��s�y?²8²tu8srs�~¬x|v ¨ d ~�v¡w¥u8pr�z²twr~¬x|v}s��(©zu8²
¦ d ��wr«�x|s�o?³?´tpruÞo"�zpQ¦ d ~�v�wru8p�«�q ¨ ~ª�z~�pru ¨ u�o?prx)²8utsrsry}s ¨ qto�utv ¨ �zv¡w¥s ¨ u�¦ d q8v?utp�/|~�u ¨ u8s9o"�zp`w¥~�²8y?¦�u8s]% M uts
o?³?x�w¥x|v?s ¨ u9³"�zy}wru8sTq8v?utp�/|~�u8s+©|x|v¡wb²8p�q8u8p ¨ utsbo"��~¬pruts e+ e− ��y?s�3�y d p�y}v�sruty?~¬¦ ¨ d utv�©)~�prx|v 20 MeV
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ÞMß�à�á�â]ãÇä�å n�ç n�ç¤æ&çK�xå��m å�ä���å��^à�ã$�6����áJß���ä â���
Çå��
p�o"��p�w¥~�p ¨ yB3�y?u8¦Ù¦¬� ¨ ~¤m�y}sr~¬xzv I x|«�o}w¥xzv ¨ ut©)~�u8v¡wNo?p�q8o�x|v ¨ qtp¥�zv¡w¥u ç ²bF�%S�Ø/B%�-�%7-|îq% Z x|y}pW²8uj3)y}~�u8s`w
¨ utsNq8¦¬ut²twrprx|v?stè�~¬¦�sb©zx|v¡w�~�v¡w¥u8pr�0/|~�p��(©|ut²�¦¬��«���w¥~�´8pru�u8v�q8«�utw�w×�zv¡wNy}v§o}³?xzw¥xzv ç ¯ prut«�s�s�wrp¥�z³?¦�y?vB/�î
��y?sG3)y d p�y?v�sru8y}~¬¦ ¨ d u8v¡©)~¬p�x|v 80 MeV xNM�¦¬u dE/dX ¨ ut©)~¬utv¡w ¨ xz«�~�v"�zv¡w�%

ÎuÏÑÐÒ -�%7-Ó"G È×Ö�à=ÌäÏ�Ô�ÈJIPÖrÒ)Ö×ÈSà±Ï�àäÒzÑ¬ÈÙÎ"Ï�Ë)ÕTÓ)È×Ê�ÎØ×"Ï�àáÏ�Ô}Ê×Ý�È�Ô û(Ï�Ô�Ö�à.ÌäÏ�ÔCÓ)ÈLÑrÜ Ð�Ô�È�Õ Ö ÌäÈ×ÝXÓ¡ÒzÔ}ÊgÑ¬ÈWÖrÒzÕtå�Ï�Ô�È

V y ¨ utsrsry}s ¨ u 1019 eV è@¦¬u8sj/|u8p�{�uts ¨ uCo?³}xzw¥x|v}sÞx|v¡wÞy?v?uEs�~4/|v"��w¥y?p�uC²(�zpr�z²twrq8p�~¬s�wr~43�y?u ¨ y?u^p
¦ d ubm�utw MXZJ® ç M ��v ¨ �zy Z x|«�utp¥�zv}²×³)y}²Wo ç éÆí&,zì¡î � ì|í§�gutw ® ~4/ ¨ �z¦ ç éÆíA,0a|î � ëA5D�ªîq% I u�wÞubm�utw��4o�x|y}p
~¬v}²8~ ¨ u8v?²tu ¨ d �zyB/|«�u8v¡w¥utpÙ¦ª�b¦¬x|vB/zy?u8y?p ¨ d ~¬v¡w¥utp¥�z²�w¥~¬xzvâq8¦�u8²twrprx|«��0/|v}qtw¥~<3�y?uzè��z¦¬¦�x|vB/|u8�zv¡w�¦�uSo?p�x0�"¦&¦¬x|v ·/|~¶w¥y ¨ ~�v"�z¦ %

% �&��	��&> � ��,=	X���
M u8s�v?u8y&w¥pr~�v?x|sâo�u8y&©|u8v¡w�q]/¡��¦¬u8«�u8v¡w ¨ x|v?v?utp�v"�z~¬s�s¥�zv}²8u^pBy?v?u9/zu8pr{�u2��wr«�x|s�o?³?qtpr~43�y?u�è�«��z~¬s

²8ut¦¬¦�u · ²t~}²tx|«�«�u8v}²8uLu8v1/|qtv?q8pr�z¦?o?¦�y?s�¦¬x|~�v ¨ �zv}sJ¦ d ��w¥«�x|sro?³}´8pru�3)y}u ¨ �zv?s�¦¬ug²8�zs ¨ u8s�v?x µ �zy&�x|y ¨ uts
o?³?x�w¥x|v?s�²8�zpÙ¦�u8y?pÙs�u8²�w¥~¬xzvÞu4F�²(�z²tu+u8s�w�F=��~¬{?¦�u ç y}vÞv?u8y}wrpr~�v?x ¨ u 1018 u§Íh�Ny?v}uLo?prx|{?�z{?~¬¦�~�wrq ¨ d ~�v�wru8p ·
�z²�w¥~¬xzv ¨ u 10−5 ¦¬x|p�s�3�y d ~¬¦�o"�zp�²8x|y}p�w�y?v}ugq8o"��~¬srs�u8y?p ¨ d ��w¥«�x|sro?³}´8pru ç

10 km è�x|y 1000 g.cm−2 î � ë?é��ªîq%M � ¨ q�w¥ut²tw¥~�x|v ¨ d qt©zq8v?ut«�utv¡w¥sNv?uty}w¥p�~¬v?x|sbu8s`w ¨ x|v}²$F=�(©|x|p�~¬s�q8ue¦�x|prsG3�y?ue²tu8y& · ²t~�s�x|v¡w�F�x|p`w¥u8«�u8v¡wb~¬v ·
²8¦�~¬v?qts�²8�zpC¦ª�=3)y?�zv¡w¥~�wrq ¨ d ��w¥«�x|s�o?³?´8p�u@p o"�zp�²8x|y}pr~¬p�u8s�wE�z¦¬x|p�s�o?¦�y?sC~�«�o�x|p�w¥�zv¡w¥u�èJxzyP¦¬x|p�s�3�y d ~¬¦¬s
~¬v¡wru8p¥��/|~¬s�sru8v¡wb�(©|ut²�¦¬� R utprpruQs�x|y?sT~¬v?²t~ ¨ utv?²8uNpr�zs¥�zv¡wru0%M � /|utpr{�u�~�v?~�wr~¬q8uÞuts�wey?v?uÚ/zu8pr{�u�³"� ¨ p�x|v?~43�y?uÕ3�y?~/o�u8y&wòntwrpru��z²8²tx|«�o"�0/|v?qtu ¨ d y?v?u�²8x|«�o�x|s¥�zv¡wru
q8¦�u8²�w¥prxz«��0/zv?qtwr~43�y?u ¨ �zv?sg¦�uW²(��sgxNMC¦�uWv?uty}w¥p�~¬v?xÞ~�v?~�wr~ª�z¦?uts�w+y?v νe

% O �zv}sL²8u�²8�zs8è&¦ª�j/|utpr{�u�u8s`w ¨ q ·
w¥ut²tw¥�z{?¦¬uSutw�²tx|v¡w¥~¬utv¡w�u8v?²tx|pruLsr��²8x|«�o�xzs¥�zv¡w¥uSq8¦¬ut²twrprx|«��0/|v?q�w¥~<3)y}uS¦¬xzprs�3�y d u8¦�¦¬uS��wrwru8~¬v¡w�¦�u ¨ q�w¥ut²tw¥uty?p
²8xzv�wrp¥�z~�prut«�utv�wpây?v?u`/|utpr{�u ¨ u�o?p�xzw¥xzv�è}v?x µ �zy2x|yEo?³?xzwrx|vE~¬v}²8¦¬~�v?q8u�3�y?~��â²8xz«�«�u8v?²tq�o?¦�y?sg³"�zy&w
¨ �zv}sÞ¦ d ��w¥«�x|sro}³?´8p�u�utw ¨ x|v¡wÞ¦ª�4o"�zp�wr~¬u�q8¦¬ut²twrprx|«��0/|v?q�w¥~<3)y}uC�Bqtwrq2�z{?s�x|pr{�q8uE�(©��zv¡w ¨ uEo?�zp�©zu8v?~�p

ì}é



n�çon�çK���Ù���	��å�ä�	�à�ãs��â�ä å á�â�åJä ä åhà�
s å�ä ÞMß�à�á�â]ãÇä�å n�ç
�zy ¨ q�w¥u8²�w¥uty?p]% a v ντ

è��zo?p�´8sòF�x|p�«���w¥~¬xzv ¨ d y?v τ èÙu8s`w�q]/¡�z¦�u8«�u8v¡w ¨ q�w¥u8²�w×�z{}¦¬u ç ²qF�%M�Ø/B%�-�% ì¡îÜ% H v
pru�©��zv?²×³?u�è�y}v νµ

v?u F�x|pr«�u8pr�Þo"�zsLy?v?u*/|utpr{�uNsryµF�s¥��«�«�u8v¡wT~¬«�o�xzp�w×��v�wru0%

ÎJÏÑÐÒ -�% ìjÓ?è Ð�àáÈ×Ö�à.ÌäÏ�Ô�ÓXÜ Ë&Ô ντ
ÌÍÔ"àáÈ�ÕrÒ Ö Ì¬Ê×Ê8ÒzÔ"à�Î}ÒzÕâÖ×Ï�Ë)ÕrÒzÔ"àgÖW×}ÒzÕ Ö ÐeÓ¡ÒzÔ}ÊQÑ¶Ò � È�Õ Õ×È8Å

\~<G =<]\ �����B���S����������{������������
M ��s�wrpry?²�w¥y?p�uâsro"��w¥~ª��¦¬u ¨ d y}v?uò/|utpr{�uâo�uty}w`n�w¥p�ue©)y?uâ²8xz«�«�u�y}v ¨ ~¬sG3�y?u ¨ uâo?�zp�wr~¬²8y}¦¬u8s 3�y?~�s�u

¨ qto?¦ª�z²tu8v¡w$pE¦ª�C©)~�w¥utsrs�u ¨ u�¦¬�C¦¬y?«�~¬´tpru0% I ³"�z²ty?v?u ¨ d ut¦¬¦�uâ~¬x|v}~¬sruÞu�w9u�&²8~¶w¥u�¦¬utsN«�x|¦�q8²ty?¦¬uts ¨ d ���8xzwru
N2

è�²(�zy}s¥�zv¡w�¦ d q8«�~¬s�sr~�x|v ¨ uLp¥� ¨ ~¬��w¥~�x|v?s ¨ �zv?s aL· ÍYo?prx)²×³?u0% M�d ~¬v¡wru8v?s�~�w¥q ¨ ug¦ª�b¦¬y?«�~¬´tpruS²tx|prp�~4/|qtu ¨ uts
ubm�utwrs�/|qtx|«�qtw¥p�~43�y?utsbu�w���wr«�xzsro?³?qtpr~<3)y}u8s8è#p�ubD"u�wrw¥u�¦¬u ¨ q�©|u8¦�x|o?o�u8«�u8v¡w�¦�x|vB/|~¶w¥y ¨ ~¬v"�z¦ ¨ ue¦¬�1/zu8pr{�uzè
¦¬uNs�~4/|v?�z¦�~¬v¡wrq]/|p�qNqtw×��v�wTo?p�x|o�x|p�wr~¬x|v?v}u8¦�pÞ¦ d q8v}u8p�/z~¬u ¨ qto�x|s�q8u�%M uQv?x|«â{?p�u ¨ uQo"�zp`w¥~¬²ty?¦¬uts8è�F�xzpr«��zv¡wL¦ª�âo"��p�w¥~�uNq8¦�q8²twrprx|«��0/|v}qtw¥~<3�y?uzè&²8prx��¬wLw¥xzy}wT�zy2¦¬x|v�/ ¨ y4o}prx0�"¦
¦¬xzvB/|~�wry ¨ ~�v"�z¦äè&o�xzy?pW��wrw¥ut~¬v ¨ pru9y?v?u�©��z¦�u8y?pT«���&~¬«��z¦¬uQ�zo}o�ut¦¬q8u Xmax

% I utwrwruj3�y"�zv¡wr~�w¥q ¨ q8o�u8v ¨ p
¦ª�ÚF�xz~¬s ¨ uÞ¦ d qtv?u8pG/|~¬uÞu�w ¨ uÞ¦ª�C«��zs�sru ¨ y§p¥� µ xzv§²tx|sr«�~43�y?uÞo}pr~¬«��z~�pru0% Z xzy?pNy?v?u�q8v}u8p�/z~¬u ¨ x|v}v?q8u�è
y?vEv?x µ �zy2sru ¨ q�©|u8¦�x|o?o�uNo?¦¬y}sgp¥�zo}~ ¨ ut«�utv�w�3)y d y?v2o?p�xzw¥xzv ¨ �zv?sg¦ d ��w¥«�x|sro?³}´8pru ç o"�zp`w¥~�u8¦¬¦�u8«�u8v¡w ¨ ÛpÞ¦ª�Þsrut²twr~¬x|v2u4F�²8�z²8u ¨ uQo?prut«�~�´8p�uN~¬v¡w¥utp¥�z²�w¥~¬xzv#îq%M �§o�x|s�~�w¥~�x|v ¨ y£«���}~�«ây?« o�x|y}p�y}výo?p�xzw¥xzvY�zy�/|«�utv¡w¥uzè ¨ �zv?s�¦¬uts�s�~¬«ây}¦ª��wr~¬x|v?stè ¨ d u8v¡©)~¬p�x|v ¨ u
55 g.cm−2 o"��p ¨ qt²(� ¨ uNutvEq8v?utp�/|~�u0% ] ~�v?xzy?sgy}wr~¬¦¬~�srx|v}s/¦�uW«�x ¨ ´t¦¬u ¨ u�sry}o�utpro�x|sr~¶w¥~¬xzv�è}��¦¬x|p�sS¦ d q8v}u8p ·/|~�u ¨ u�²×³"�03�y?u�v)y}²8¦¬qtx|v ¨ y�v}x µ �zy§u8s�w ¨ xzv?v?q8u�o"�zp E/A % I u8¦¬��v?xzy?sQ²8x|v ¨ y?~�w8è�o�xzy?pNy?v§v?x µ �zy
¨ uòF�utp ç

A = 56 î�pCy?v	Ì�«���B~�v�F�q8p�~¬uty?p ¨ d u8v¡©)~¬p�x|v 100 g.cm−2 pC²8ut¦¬y?~ ¨ d y?v�o?p�xzw¥xzv�è�o�x|y?p�y}v?u
q8v}u8p�/z~¬u �}&u0%Z xzy?pLy?v�o?³?xzwrx|v�è?¦�u�«���}~�«ây?v�è�Ì�«����è}uts�wTo?¦¬y}sLo?prx0F�xzv ¨E¨ �zv?s+¦ d ��wr«�xzsro?³?´tpru�% M�d uqm�u�w MXZJ® �z² ·
²8utv¡w¥y?u9²8u�wrw¥u ¨ ~¤m�qtpru8v}²8u0%

p��qp � 5�
��K,�#�Å;ÿ � Ã�Æ*ËqÅ;# þ Ë4#�ÅxÅ;#�[É�:�#�Å
\~<}\~<| rò��P�����������������P�������N��B��������O����
¤ ��,=	X�¡, � �

M � ¨ qtwru8²�w¥~¬xzvâo"�zpxD"y?x|p�u8sr²tu8v?²tuLu8s`w�{"�zs�q8ugs�y?pÙ¦¬uJo?p�~¬v?²t~¬o�u ¨ u ¨ qtwru8²twr~¬x|v ¨ u8sÙo}³?xzw¥xzv?s�qt«�~�s@o"��p
¦¬uts�«�x|¦¬qt²8y?¦�u8s ¨ d ���8xzwru ¨ ug¦ d ��wr«�xzsro?³?´tpru/¦¬x|p�s ¨ ug¦�u8y?p ¨ q8s�u�&²8~¶w×��wr~¬x|v�% I uts�«�x|¦�q8²ty?¦¬uts@s�x|v¡w�u�&²8~¶w¥q8uts
o"�zp+¦�u8s+q8¦�u8²twrprx|v}sb~�srsry}s ¨ uQ¦¬�Ä/zu8pr{�u9q8¦¬qt²twrprx|«��0/|v?q�w¥~<3)y}u ¨ u8s π0 ¨ �zv?sT¦ª�Þ³"�zy}wru9��w¥«�x|sro}³?´8p�u0% M u

ìA-



ÞMß�à�á�â]ãÇä�å n�ç n�çon�çO���Ù���	��å�ä�	�à�ãs��â�ä å á�â�å�ä ä�åTà�
s åJä
w×��y& ¨ uâo?p�x ¨ y}²tw¥~�x|v ¨ uâ¦¬y?«�~¬´tpru ¨ ujD?y?x|prutsr²tu8v?²tuÞu8s�wWw¥pr´ts�F=�z~�{?¦¬u�è ¨ uâ¦ d x|p ¨ pru ¨ uâëCo}³?xzw¥xzv?sWo"��p
«�´tw¥p�u ¨ uTwrp¥����ut²tw¥xz~¬pru ¨ d q8¦�u8²twrprx|v}s/u�wgv?u+©��zpr~�u 3�y?uTw¥p�´8suF=��~¬{?¦�u8«�u8v¡wJ�(©|u8²b¦ª�Nw¥ut«�o�q8pr��w¥y?p�u ç ²bF�%A�Ø/B%-�%fë�îq%

ÎuÏÑÐÒ -�% ëÚÓ�� ÒzË�ã�Ó)È�Î�Õ¥Ï8ÓzË#Ö�à=ÌäÏ�Ô Ó)È�Ñ Ë)ÉÞÌ�ó�Õ¥È�Ó)Èø/Ë#Ï�Õ¥È×ÊÆÖ×È�Ô�Ö×È�Î"Ï�Ë)Õ�Ó)È×ÊCÐ�Ñ¬È×Ö�à=Õ¥Ï�Ô}Ê�Ó)È 1.4 MeVÒzßzÈ×ÖQË)Ô�È9ÌÍÔ�Ö�Ì=Ó)È�Ô�Ö×ÈNßzÈ�Õ à=ÌäÖrÒzÑ¬ÈâÈ�à�Î"Ï�Ë)Õ�ÓzÌ U�Ð�Õ¥È�Ô"à±È×Ê�Ê8ÒzÌ¬ÊÆÏ�Ô}Ê8Å
M�d qt«�~�srsr~�x|v ¨ uS¦ª�+¦¬y}«�~�´8pru�uts�wÙ~�srxzwrprx|o�uJutwÙv}q8²8utsrs�~�w¥u ¨ x|v?² ¨ u8s@«�~�prx|~�prs ¨ uu/|p¥�zv ¨ u/w¥�z~¬¦�¦¬u0% I utwrwru

«�qtw¥³}x ¨ u ¨ u ¨ qtwru8²twr~¬x|v��zs�wrprut~¬v¡w�¦ d ~�v?s�w¥�z¦¬¦¬��w¥~�x|vöp�v?u$F�x|v}²tw¥~�x|v?v?utp�3�y?u�¦ª��v)y}~�w(è��(©|ut²ey?v�²8~¬ut¦�w¥pr´ts
¨ qb/¡�0/|qÞu�wNs¥�zv}sN¦¬y?v?u�% M �C²8x|v}v"�z~¬s�s¥�zv}²8u ¨ uÞ¦ d q�w×��w ¨ uÞ¦ d ��w¥«�x|s�o?³?´8p�u ç wru8«�o�qtp¥��wry?prueutwQo?p�u8srs�~¬x|v"î
v?x|y}sâprutv?srut~4/|v?u�sry?pâ¦�u�w¥�zy& ¨ d ��{?srx|p�o}w¥~�x|v ¨ uC¦ª��¦�x|vB/|y}u8y?p ¨ d x|v ¨ uEy}wr~¬¦�~¬srqtu ç 2&2�� ¨ ys�o�ut²tw¥p�u
¨ d q8«�~¬s�sr~¬xzv ¨ uQ¦ d �0�8xzwru ç ²qF�%B�Ø/B%S-�%7,|îSsruQs�~�w¥y}uNu8v¡w¥p�ueì&505�v}«nutwTë�,05âv}«CîÜ%

ÎuÏÑÐÒ -�%.,*Ó)G Î"È×Ö�à=Õ¥È�Ó)È�øSË"Ï�Õ¥È×ÊÆÖ×È�Ô�Ö×È�Ó)ÈQÑrÜ Ô ÿ�Ï�à±È
ì|ì



n�çon�çK���Ù���	��å�ä�	�à�ãs��â�ä å á�â�åJä ä åhà�
s å�ä ÞMß�à�á�â]ãÇä�å n�ç
M�d ��w�w¥qtv)y?��w¥~�x|v ¨ y@F=�z~¬s�²8u(��y ¨ u�¦¬y?«�~¬´tpru ¨ y?p¥�zv¡wQs�x|v�o"�zsrsr�0/|u ¨ �zv}sN¦ d ��w¥«�x|sro}³?´8p�uâu8s`w ¨ y?uÄp

y?v?uQ²tx|«â{?~�v"�z~¬s�x|v ¨ d �z{?s�x|pro}wr~¬x|v2u�w ¨ ~<m�y?sr~�x|v)%
D ,t�J>X�(,���	 � < F -��&,�� � �M � ¨ ~<m�y?s�~¬x|v U � µ ¦¬u8~</|³cuts�w2²(��p¥�z²�w¥q8p�~¬s�q8uBo"��pCy?v?u�s�u8²twr~¬x|vPu+F�²(�z²tu�©��zp�~ª�zv¡w�²8x|«�«�u λ−4 �(©zu8²
¨ d ~¬«�o�xzp�w×��v�wrsg¦¬xz{�uts+�Æ©��zv¡wTutwb�zp�pr~�´8pru ¨ �zv?s+¦ª� ¨ ~�s�wrpr~¬{}y}w¥~�x|v ¨ u8sT�zv�/|¦¬uts ¨ u ¨ ~<m�y?sr~�x|v)%

P (θ) ∝ 1 + cos2 θ
ç -�%.-|î

V y�v?~�©zu(�zy ¨ u�¦ª��«�utp8è�utw�o�x|y?pby?v?u�o?prx|o?�0/¡��wr~¬x|v4³?x|pr~<�8x|v¡w¥�z¦¬u�è"¦ª��¦�x|vB/|y}u8y?p ¨ d ��wrw¥qtv�y"��w¥~�x|v ¨ y?u
�Þ¦ª� ¨ ~¤m�y?s�~¬x|v U � µ ¦¬u8~</|³Eu8s`w ¨ d utv�©)~�prx|v 22 Km p 400 nm utw 7 Km p 300 nm

D ,t�J>X�(,���	 e ,=� ! ��� �����8��- # �M ��srut²twr~¬x|vBu+F�²(�z²tu ¨ u ¨ ~¤m�y?s�~¬x|v4u8s`w�F=�z~�{?¦¬ut«�utv�w ¨ qto�utv ¨ �zv¡w¥u ¨ ue¦ª��¦¬x|vB/zy?u8y?p ¨ d x|v ¨ u ¨ uâ¦ª��p¥� ·
¨ ~¬��w¥~�x|v ç

∝ 1/λ î/utwTo?p�q8srutv¡w¥uey}v?u ¨ ~¬s`w¥pr~�{?y}wr~¬x|vöF�x|p`w¥ut«�utv�w ¨ ~¬pr~</|q8ub©|u8p�sb¦ d �(©��zv¡w�%
H v o?¦�y?s ¨ u�¦¬�E¦¬y?«�~¬´tpru ¨ uÄD"y?x|p�u8s�²8u8v}²8uzèX¦ª�^/|utpr{�u�o}prx ¨ y?~�wQy}v v?x|«e{?pruÞw¥p�´8s9~¬«�o�xzp�w×��v�w ¨ u

o?³?x�w¥x|v?s I ³}u8prutvBozxÆ© ¨ ��v?s�¦ª� ¨ ~�prut²tw¥~�x|v ¨ y�o?p�~¬«��z~¬p�u/~�v?²8~ ¨ u8v¡w]% M�d ��vB/|¦¬u ¨ d qt«�~�srs�~¬x|vâuts�w ¨ uL¦ d x|p ¨ pru
¨ u4é ¨ ub/|prq�% ^ ¦Ju8s`w ¨ x|v?²�v}q8²8utsrsr�z~¬p�u ¨ u�²8x|v?v?���¬wrpru�¦ª�^3�y"�zv¡w¥~¶w¥q ¨ u�¦�y?«�~�´8p�u I ³}u8prutvBozxÆ© ���"v ¨ u
o�x|y}©|xz~¬p+¦ d u�)w¥pr�z~¬p�u ¨ u8sbx|{?srutp�©���wr~¬x|v?sTutw ¨ u ¨ qtwru8p�«�~�v?u8pT¦ª��²8x|v¡wrpr~¬{}y}w¥~�x|v ¨ ue¦¬�ÄD"y}x|prutsr²8utv?²8u ç ²bF�%�Ø/B%M-�% a¡îq% M ��¦¬y?«�~¬´tpru I ³?u8p�u8vBo�xÆ© utwÞ¦¬�4¦¬y}«�~�´8pru ¨ uÚD?y?x|prutsr²tu8v?²tu�s�x|v¡w��zy?s�sr~g�üm�ut²tw¥qtu8s�o"�zp�¦¬uts
o?p�x|o?pr~�qtwrq8s ¨ ~¤m�y}sr~�©zu8s ¨ uÞ¦ d ��w¥«�x|sro?³}´8pru�% M�d ~¬v¡w¥qtp�ntw ¨ d �(©zx|~¬p�y}v ¨ qtw¥ut²twru8y?p ¨ �zv}s�y?v?u:�tx|v?u ¨ qtsru8p ·
w¥~<3�y?u�w¥ut¦¬¦¬u�3�y?uN¦ª� Z �z«�o?� ¨ d V p�/|utv¡w¥~¬v}uNu8s�w ¨ x|y?{?¦�uÞ�?�(©|x|~�p ¨ utsTv�y?~¶w¥sL¦�u8sgo?¦�y?sgs�x|«â{?p�u8s+o�xzsrsr~�{?¦¬u
utwb�(©|xz~¬pLy?v?uQo�x|¦¬¦�y}w¥~�x|vE��wr«�xzsro?³?qtpr~<3)y}uN«�~�v?~¬«��z¦¬u�%

M u ¨ qtw¥ut²twru8y?p ¨ uD"y?x|p�u8s�²8u8v}²8ub©�� ntwrpru+²8xzv?s�wr~�w¥y}q ¨ u3)y?��w¥p�ub{ � w¥~¬«�u8v¡wrs��z{?p�~�w×��v�wJa�wrq8¦¬utsr²tx|o�uts
²×³"�z²ty?v ç ²qF�%J�B/B%�-�% ê|î�srx|~¶w�y}vYw¥xzw¥�z¦ ¨ u	-�ëB% I ³?�03�y?uB«�~¬prxz~¬p8è�²8x|v?s`w¥~¶w¥y"�zv¡w�¦¬u2w¥q8¦�u8s�²8x|o�u���y}v?u
sry}o�utpG�"²t~¬u ¨ u 1, 5 m2 o�xzy?pey?vpr� µ x|v ¨ uC²tx|y?p�{?y?pru 3, 4 m % M utsâw¥qt¦¬u8s�²8x|o�u8sesru8p�x|v¡w�q]3�y?~�o�qts ¨ u
²(��«�qtp¥�zsb²8x|v?o�x|s�q8u8s ¨ ueë|ë&5�o?³?x�w¥x|«ây}¦�w¥~�o?¦¬~�²(��wru8y?p�s ç

22 × 20 o?~�}ut¦ ¨ u 1, 5 ◦ îTs�x|~�wby?vB²×³"��«�o ¨ u
©)y?u ¨ u 30 ◦ × 30 ◦ �zy�w¥x�w×�z¦ % M�d ��}u�x|o&w¥~43�y?u ¨ utsNw¥q8¦�u8s�²8x|o�u8s9u8s`w�~�v?²8¦�~¬v?q ¨ u 16 ◦ o?�zpNp¥�zo}o�x|p`w*p
¦ d ³?x|p�~4�tx|v¡w×�z¦�u0% M ��o�x|p�wrq8u ¨ y ¨ qtwru8²�w¥u8y}pbuts�w ¨ d y}v?uN©&~�vB/zw¥�z~¬v?u ¨ u+o)~�¦¬x|«�´twrpruts p 1019 eV %
7 ��,����#����� � - � � � ����	@,=��>��

Z x|y}p9¦¬�Eo"�zp�wr~¬uâqt¦¬qt²tw¥p�x|v?~<3)y}uzè�¦¬uâwrq8¦�u8sr²tx|o�u�uts�w9²8xzv?s�wr~�w¥y}q ¨ u�wrprx|~�sNv?~�©zu(�zy) ¨ uÞw¥p�~4/&/|utp]% M utsZJ®4R s ç o}³?xzw¥xz«ây?¦�wr~¬o?¦�~¬²8��w¥uty?prsgxzy�o?~�}ut¦¬s¥î+s�x|v¡w�¦¬y}s�p 100 ns % M u9w¥p�~4/&/|utp ¨ uev}~�©|u8�zy é ç
100 Hz î¨ qt²8¦¬utv?²×³?uEs�~/¦�u�sr~</|v"�z¦ ¨ uöa�o?~¶&ut¦¬s ¨ q8o"�zs�sruCy}v²8u8p`w×�z~�v�sruty?~¬¦ % M �4¦ª�zpG/|u8y?p ¨ uC²tx � v}²8~ ¨ u8v?²tu�u8s`w

o?p�x&/|p¥��«�«��z{?¦�uWu8v¡wrpru�é�u�wTìA- µ s]%
M u�w¥pr~</&/|utp ¨ uNv?~¶©|u8�zy -e~¬«�o�x|s�u�3�y d �zy2«�xz~¬v?s�, ¨ u8sLo?~�}ut¦¬sgs�x|~¬utv¡w+�z¦¬~</|v?qts ç é [ �E®�«�~¬p�x|~¬p¥î ç ²qF�%�Ø/B%�-�% í¡îq% M u4wrpr~</&/|u8p ¨ u4v?~�©zu(�zyPì ç

0.03 Hz/miroir îÞpru]/|�zp ¨ u4sr~ ¨ u8y)Ywrpr~4/0/|u8p�s ¨ u4v?~�©zu(�zy -F�x|p�«�utv�wby?v�s�u]/|«�u8v¡w ¨ d �zy�«�x|~�v?s�a�o?~�}ut¦¬sb% M ue{}pry?~¶wWuts�w ¨ u 2.3 phe/100 ns o�x|y?pTy?vB²t~¬u8¦Xs¥��v?s
¦¬y}v?ugutw < 0.5phe/100 ns o�x|y?pÙ¦ d qt¦¬q8²�w¥p�x|v?~43�y?u�% M ��F�utvBntwrpruLu8vÞwru8«�o?sÙo�x|y?pÙ¦�u8sÙ©)p¥�z~�sÙqt©zq8v?ut«�utv¡w¥s
�Þqtwrq+�&}qtu�utv¡w¥pru 0.4 µs utw 10 µs %

ìzë



ÞMß�à�á�â]ãÇä�å n�ç n�çon�çO���Ù���	��å�ä�	�à�ãs��â�ä å á�â�å�ä ä�åTà�
s åJä

ÎuÏÑÐÒ -�%7a$Ó R/Ï�Ô"àäÒzÉÞÌÍÔ�Òzà=ÌäÏ�Ô�Ó)ÈQÑ¶Ò�Ñ Ë)ÉÞÌ�ó�Õ¥ÈQÕ¥È��(Ë#ÈLÎ}ÒzÕQÑ¬È�Ó)Ð�àáÈ×Ö�à±È�Ë)Õ�Ó)È�øSË"Ï�Õ¥È×ÊÆÖ×È�Ô�Ö×È8Å

ÎuÏÑÐÒ -�% ê*Ó í}Ë"ÈeÓzË�Ó)È×Ê×Ê�Ë�Ê�ÓXÜ Ë)Ô ÏÆÈ�ÌÍÑ�Ó)ÈQÉ�Ï�Ë"ÖW×"È8Å
: <"-=, ¢ ��< � ,���	

M ��prut²8x|v}s�w¥p�y?²twr~¬x|v�o?prqt²8~¬s�u ¨ y�o?prx��"¦#¦¬x|vB/z~�w¥y ¨ ~¬v"��¦?v?q8²tu8s�sr~�wru ¨ uT²8x|v}v"���¬wrpruT¦ª�Q²8x|v¡©zu8prs�~¬x|vÚ3)y}~
q�&~�s�w¥uQutv�wrpru V�ONI ²8x|y}v�wTu�w D?y& ¨ uQ¦¬y?«�~¬´tprubpru]Ýty�o"��pL²×³"�03�y?u9o?~¶&u8¦ %
: <"-=, ¢ ��< � ,���	 < ¢ �8��-.>������)� �Æ� -��)�(�|� � �&�E�M �1it{"��w�w¥u8p�~¬ug~�¦¬¦�y?«�~�v"��wrpr~¬²tuAi��zo?o�u8¦�q O p�y?« u8s`wJy?v�o�u�w¥~�wÙ² µ ¦¬~�v ¨ pru ¨ ugw¥qbD?x|v�q8«�utwrw¥�zv¡w ¨ u8s�o?y}¦¬sruts
¨ u�¦¬y?«�~¬´tpru a Í ¨ ��v?s�y}v?u�{"��v ¨ u�qtw¥p�x|~�wru��zy}w¥xzy?p ¨ u 375 nm

ç ²bF�%��Ø/�%x-�%�é�5¡îq% H ¦¬¦�u�o�utpr«�utw9y?v?u
~¬¦�¦¬y?«�~¬v?��w¥~�x|vây?v?~¤F�x|pr«�u ç pe«�~¬uty&13�y?u 3 % î/��yCv?~�©zu(�zy ¨ u�¦ d x|y}©zu8p`w¥y?p�u ¨ y�wrq8¦¬utsr²tx|o�u�% Z x|y?pS²tutw�w¥u
²(��¦¬~¬{}p¥��wr~¬x|v�è�¦�u�D"y& ¨ uN¦¬y?«�~¬´tprubq8«�~¬sguts�w+²8xzv?v�y ¨ u`F=��Ý8x|v2~¬v ¨ q8o�u8v ¨ �zv¡w¥uQ�(©|ut²9y}v?uNo?prqt²8~�sr~¬xzv ¨ u

ìA,



n�çon�çK���Ù���	��å�ä�	�à�ãs��â�ä å á�â�åJä ä åhà�
s å�ä ÞMß�à�á�â]ãÇä�å n�ç

ÎuÏÑÐÒ -�%72$Ó �+ÒzË#ÖW×"È���ÎØ×"Ï�àáÏ�Ó)È9Ñ¶Ò2ÖrÒzÉ�Ð�Õ�ÒQÎ"ÏÆÊ�ÌÍà=ÌäÏ�Ô"Ô�Ð×È�Ó¡ÒzÔ}ÊQÑ¬ÈgÎ�Ñ¶ÒzÔòû(ÏÆÖrÒzÑ�ÓzË4àáÐ�Ñ¬Ð×Ö×Ï×Î"È��è Õ¥Ï�ÌÍàáÈ��"ÎØ×"Ï�àáÏÞÓzË"ê)È�ÕQå��zà.ÌÍÉ�È�Ô"àSÖ×Ï�Ô}Ê�à=Õ Ë&ÌÍàSÈ�Ô ìµ¸°¸üìzÝÇð�ÏÆÊ+��ð�È×Ï�Ô�È×Ê×Ý�ÒzÌÍÔ}Ê�ÌÙÚ8Ë"ÈNÑrÜ ÒzÔ"àáÈ�Ô"Ô�ÈQÓ)È�Ö×Ï�É¬�
ÉÞË)Ô"ÌäÖrÒzà.ÌäÏ�Ô�Ò�Ê×ÊÆÏÆÖ�ÌäÐ×È

ÎuÏÑÐÒ -�% í$Ó ð�È×ÊÞÖ�ÌÍÔ�ÚJñ Ö Ë)Õ¥È×Ê�Ó)Èeå×Ò�ÊÆÈgÎ"Ï�Ë)ÕQÑ¬È�Ó)Ð×Ö�Ñ¬È�Ô�ÖW×"È�É�È�Ô"àJÓXÜ Ë&Ô � ì fMè Å

¦ d x|p ¨ pru ¨ u 10 % % M u8sNubm�utwrs ¨ y?s+pE¦ª��wrp¥�zv?s�«�~�srs�~¬x|v ¨ u8s �"¦�wrpruts�x|o}wr~43�y?u8stè��zy ¨ ~¬�zo?³?pr�0/|«�uzè)pC¦¬�
prqqD"u8²�w¥~¶©&~¶w¥q ¨ u8sâ«�~¬p�x|~¬p�s8èxp�¦ d q4F�²8�z²8~¶w¥qö3�y"�zv¡wr~43�y?u ¨ uts ZJ®4R stè��zyî/¡��~¬v ¨ utsâo?p�q · ��«�o?¦�~äèX�z«�o?¦¬~.è
utwòp�q8¦�q8²�w¥prxzv?~43�y?u ¨ ~4/z~�w×��¦¬uÞsrxzv�wew¥x|y?s�~¬v?²t¦¬y?s ¨ �zv}se¦ª��o?prx)²8q ¨ y?p�u0% M utseprqtsry?¦¶w×��wrsex|{&w¥u8v�y?seo�x|y}p
¦¬uQw¥qt¦¬utsr²8xzo�uâë ¨ uâ¦ d�� ~¬¦ M x|s M u8x|v?uts�²8xzv ¨ y?~�sru8v¡w`p�y?v?uâ²tx|v?s`w×�zv¡w¥u ¨ ue²8�z¦¬~�{?p¥��wr~¬x|v ¨ u�¦ d x|p ¨ pru ¨ u
4.5 γ/ADCcount %: <"-., ¢ ��< � ,=��	ý�X��-±��< ��� ��� �@� ©)���§�M �Þ²8x|v?v?�z~¬s�s¥�zv?²tu ¨ u9¦ d q�w×��w ¨ uQ¦ d ��w¥«�x|sro}³?´8p�uNu8s�wTx|{&w¥u8v�y?u$pÞ¦ d �z~ ¨ uÞ�Ó ¨ uWs�w×��w¥~¬xzv?sS«�qtwrq8xâ¦�x&²8�z¦¬~�srq8utsS��y?o?pr´ts ¨ u�²×³?�03�y?uN{ � wr~¬«�u8v¡w ç ë�î/�z~�v?sr~S3�y?u�s�y?pg¦¬ubprqtsru(��y ¨ u

s�y?pGF=�z²tu dÓ ¨ d y?v¦¬�zsrutp ¨ q8o�x|¦¬�zpr~�srq�q8«�utwrw¥�zv¡w ¨ uC²tx|y?p`w¥u8sÞ~�«�o}y?¦¬s�~¬x|v?s ç
355 nm î ¨ uto?y?~¬sÞ¦�u�p�q8sru8�zy ¨ u

s�y?pGF=�z²tu ç 3�y?u8¦<3)y}u Km îÜ% M uts+wr~¬p�sTs�x|v¡w�F=��~�w¥sg©zu8p`w¥~¬²8�z¦¬ut«�utv¡wT���"v ¨ d q�w¥y ¨ ~�u8p+¦ª�Þ¦�y?«�~�´8p�u ¨ ~<F ·F�y?s�q8u2o"�zpÞ¦�u8sâ«�x|¦�q8²8y}¦¬u8s ¨ uE¦ d ��w¥«�x|s�o?³?´8p�u ç U � µ ¦�u8~</|³�utw ® ~¬uÆîÜ% I u2«Õnt«�u�¦ª�zs�u8pâo�u8p�«�u�w
�zy}srsr~ ¨ d q�w¥y ¨ ~¬u8pS¦¬u:i w¥~¬«�~¬v�/�i ¨ uN²×³"�03�y?u�w¥qt¦¬utsr²8xzo�uQ�z~�v?sr~S3�y?uN¦¬uty?prsSo?prqt²8~¬s�~¬x|v9/zq8x|«�qtwrpr~43�y?uç R ~¬prs�©|utp�w¥~�²(�z¦TutwC~¬v?²t¦¬~¬v}qÆîq% I u�wrw¥u�~¬v?s`w×�z¦�¦ª��wr~¬x|vuts�w2�zo}o�ut¦¬q8u IgM�_ o�x|y}p	i I utv�wrp¥�z¦ M �zsrutp_ �z²t~¬¦¬~¶w µ i ç ²qF�%��Ø/B%S-�%¶é|é�î dÓ ¨ d y?v�s µ s�wr´8«�u M�^±OLV�U o�utpr«�utw�w×�zv¡w ¨ uW«�u8s�y?prutp/¦¬�No?prx0F�xzv ¨ u8y}p/x|o&w¥~43�y?uL©zu8p�wr~¬²8�z¦¬u+u8v1F�x|v?² ·
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ÞMß�à�á�â]ãÇä�å n�ç n�çon�çO���Ù���	��å�ä�	�à�ãs��â�ä å á�â�å�ä ä�åTà�
s åJä

ÎuÏÑÐÒ -�%�é�5jÓHG é�Ê�àLó�É�ÈeÓ)ÈâÖrÒzÑ Ì=å8Õ�Òzà=ÌäÏ�Ô�Î}ÒzÕ�ÓzÕ�Ë)É�Å

wr~¬x|v ¨ uQ¦ d �z¦¶w¥~¶w¥y ¨ u�èBpÞ¦ d �z~ ¨ u ¨ uQ¦ª�â¦�y?«�~¬´8p�u�prq�w¥p�x ¨ ~¤m�y}srq8uQo"��pL¦ d ��w¥«�x|sro}³?´8p�u dÓ ¨ uNwr~¬prs ¨ u9{?�z¦¬¦�x|vCsrxzv ¨ u9q]3�y?~¬o�q8s ¨ uQ²8�zo}w¥uty?prs ¨ uNw¥ut«�o�q8pr��w¥y}pruNutw ¨ uQo?p�u8s�sr~¬xzv)%

ÎuÏÑÐÒ -�%¶é|é�Ó ð�ÈôR/È�Ô"à=Õ�ÒzÑwð�Ò�ÊÆÈ�Õ f Ò)Ö�ÌÍÑ ÌÍà�é|Å

� �)�|��	@� � ��>@� � ,���	ý� � � � �¡� ��,.��>��
V o"��p�w¥~�p ¨ u8sbsru8y}¦¬u8s ¨ x|v?v}q8u8s ¨ y ¨ q�w¥ut²tw¥uty?p ¨ u*D"y?x|p�u8s�²8u8v}²8uzè�~¬¦�u8s`w�o�x|srs�~¬{?¦�u ¨ u ¨ q�w¥utpr«�~¬v?utp

¦ª� ¨ ~¬prut²twr~¬x|v ç
θ, φ î�è?¦�uNo�x|~�v¡w ¨ d ~¬«�o"�z²tw ç

Xi, Yi
î ¨ uQ¦ª�ò/zu8pr{�u9�z~¬v}sr~)3�y?u9srx|v2qtv?u8pG/|~¬u�%

O �zv?sTy?v�o?prut«�~�u8pSwru8«�o?s8è"v}x|y?s+o�xzy}©|x|v}s ¨ q�w¥utpr«�~¬v?utpL¦¬uNo?¦¬�zv93�y?~�o"�zsrs�uQo"�zp+¦¬u�wrq8¦¬utsr²tx|o�uQu�w3�y?~�²tx|v¡w¥~¬utv¡w+¦ d ��&u ¨ uN¦ª�ò/|utpr{�u ç ]&O�Z î pâ¦ d ��~ ¨ u ¨ u8sLo?~�}ut¦¬s+� µ ��v�w ¨ x|v?v?qQy?v2sr~</|v"�z¦ % M u ]}OWZ u8s`w
¨ q�w¥u8p�«�~�v?q1p�¦ d ��~ ¨ u ¨ d y?vH�?wes�y?p9¦¬u8sQo?~�&u8¦¬s9�(©|ut²�y?v�o�xz~ ¨ sQsry}p�²×³"��3)y}u�o�x|~¬v¡w9o?prxzo�x|p`w¥~�x|v?v?ut¦�p
¦ d �z«�o?¦¬~¶w¥y ¨ u ¨ y�sr~</|v"�z¦�pru8²ty?u8~�¦¬¦�~ ¨ �zv}sb¦�u�w¥y?{�u ç o?~�&u8¦ÍîÜ%H v?sry}~�w¥u�èg¦ d ~¬v�F�x|pr«���w¥~�x|vsry}pE¦¬u8s�w¥u8«�o?s ¨ d �zp�pr~¶©|q8u ¨ uB¦ª��¦¬y?«�~¬´tpru ¨ u?D"y?x|p�u8s�²8u8v}²8u�sry?p�²×³"�03�y?u

ì¡ê



n�çon�çK���Ù���	��å�ä�	�à�ãs��â�ä å á�â�åJä ä åhà�
s å�ä ÞMß�à�á�â]ãÇä�å n�ç

ÎuÏÑÐÒ -�%�é6-�Ó í�Ì¬Ê�Ë}ÒzÑ Ì¬Ê8Òzà.ÌäÏ�ÔEÓXÜ Ë&ÔBÐ�ßzÐ�Ô�È�É�È�Ô"à�Ê�à±Ð�Õ¥Ð×ÏÞÈ�Ô"Õ¥È Ö Ì¬Ê�à=Õ×Ð�Î}ÒzÕTÑ¬ÈWÓ)Ð�àáÈ×Ö�àáÈ�Ë&ÕWÓ)È�øSË"Ï�Õ¥È×ÊÆÖ×È�Ô�Ö×È8ÅÔ¯Ö ÒzË#ÖW×"È×ÝgÑ¬È×ÊWÎ�Ì�ã&È�Ñ Ê�Ò0é|ÒzÔ"à+Ë)Ô�È�Õ¥ÐáÎ"Ï�Ô}ÊÆÈ×ÝbÈ�àbÛBÓzÕ¥Ï�ÌÍàáÈ×ÝLÑ¬È×ÊâÊ�Ì Ö Ô�ÒzË�ãBÓ)È×ÊbÎ�Ì�ã&È�Ñ Ê�È�ÔÕû(Ï�Ô�Ö�à=ÌäÏ�ÔÓzË
àáÈ�ÉWÎ"Ê8Å

o?~�}ut¦�v?xzy?sNo�utpr«�utw ¨ u"iq�?wrwru8p�ie¦¬u8sbw¥prxz~¬sWo?�zp¥�z«�´twrpruts Rp
è χi

u�w T0

ç ²bF�%��Ø/�%�-�%¶éÆì¡î ¨ qtw¥utpr«�~¬v"��v�w
¦¬uts+�zvB/|¦�u8sT�z~�v?sr~)3�y?uQ¦�uNo�x|~�v¡w ¨ d ~�«�o?�z²tw]%

ÎuÏÑÐÒ -�%�éÆì$Ó W È×Ö×Ï�Ô}Ê�à=Õ Ë#Ö�à=ÌäÏ�Ô Ö Ð×Ï�É�Ð�à=Õ�Ì=Ú8Ë"È8Å
M u8s+w¥u8«�o?s ti

¨ d �zprp�~�©zq8u ¨ u8sTo?³?x�w¥x|v?s ¨ ��v?s+²×³"�03�y?u9o?~¶&u8¦ ç
Xi

îSsrxzv�w ¨ xzv?v?q8sTo"�zpN�

ì&2



ÞMß�à�á�â]ãÇä�å n�ç n�çon�çO���Ù���	��å�ä�	�à�ãs��â�ä å á�â�å�ä ä�åTà�
s åJä

ti = T0 +
Rp

c
tan

(

χ0 − χi

2

) ç -�% ì¡î
M uâo?¦ª��v ]}O�Z u8s`wN{?~�u8v ¨ utw¥utpr«�~¬v?q�è�o?�zpW²tx|v¡w¥prue¦¬u9o�x|~�v¡w ¨ d ~¬«�o"�z²�wWp�u8s`w¥uâo�u8y�o?p�q8²t~¬s ¨ y F=�z~�w

¨ u+¦ d y}wr~¬¦¬~�s¥��wr~¬x|v ¨ d y?v�x&ut~¬¦}y}v?~43�y?u�% H v�ubm�utw8è¡¦ª�No�x|srs�~¬{?~�¦¬~�wrq ¨ u+wrp¥�(©��z~¬¦�¦¬utp�u8v�s�wrq8p�q8x|s�²8x|o?~�uT�zo?o�x|p�wru
y?v?u�{}~¬u8vP«�u8~�¦¬¦�u8y?p�u4o?p�q8²t~¬sr~�x|vcs�y?pE¦ª� ¨ qtw¥utpr«�~¬v"��w¥~¬xzv ¨ yPo�x|~¬v¡w ¨ d ~�«�o"��²tw ç ~¬v¡w¥utprs�u8²twr~¬x|v ¨ u@-
o?¦¬�zv?s×îÜ% I u�w�~�v?²8x|v¡©zq8v?~�u8v¡w ¨ ~�sro"�zpr���¬w ¨ �zv}sW¦¬u�²(�zsbo?prqtsrutv�w ¨ y ¨ qtwru8²�w¥u8y}p V+a�°QHJU ¨ y F=��~�w ¨ ue¦¬�
o?p�q8srutv?²8u ¨ d y?v ¨ qtw¥ut²twru8y?p ¨ uQsry?p|F=�z²8u+3�y?~�o�u8p�«�u�wrw¥pr� ¨ uQ¦¬ut©zu8pLw¥x�w×�z¦�u8«�u8v¡w+²8u�wrw¥u9�z«e{?~4/|y � w¥q�%
� �)�|��	@� � ��>@� � ,���	Y���B-±� � 	�������,��

a v?u`F�xz~¬sJ¦ª�j/|qtx|«�qtw¥p�~¬u ¨ qtwru8p�«�~�v?q8u�è}~¬¦�u8s`wLv?qt²8u8s�s¥�z~�pru ¨ uW²8x|v?v?���¬wrpru�¦�uWo?p�x0�"¦�¦�x|vB/|~¶w¥y ¨ ~¬v"�z¦ ¨ u
¦ª�ò/zu8pr{�u9�z~¬v}sr~)3�y?u9¦¬uNv?xz«â{?pru ¨ d qt¦¬u8²�w¥p�x|v?s+u8v^F�x|v?²�w¥~¬xzv ¨ u9¦¬�âo?prx�F�x|v ¨ uty?p]%I u8sTo"�zpr�z«�´tw¥p�u8sTsrx|v¡wTprut²8x|v}s�w¥p�y?~�wrs�p�¦ d �z~ ¨ u ¨ u9¦ d �z«�o}¦¬~�wry ¨ u ¨ u�¦¬�Þ¦¬y?«�~¬´tpru�p�u]Ý8y}u ¨ ��v?sb¦�u8s+o?³?x ·
w¥xz«ây?¦�wr~¬o?¦�~¬²8��w¥uty?prsb% a v}u$F�x|~�sb¦¬��²8�z¦¬~�{?p¥��wr~¬x|vExzo}w¥~<3)y}u�u�w�q8¦�u8²�w¥prxzv?~43�y?u��zo?o?¦�~43�y?qtuzè#¦¬u9sr~</|v"�z¦�v?xzy?s
o�u8pr«�utw ¨ uâ²(��¦¬²8y}¦¬u8pb¦ª�Ú3�y"��v�wr~�wrq ¨ uÞ¦¬y}«�~�´8pru9q8«�~¬s�uâ�zy�v}~�©|u8�zy ¨ uÞ¦ d ��&u ¨ uÞ¦ª�Ú/zu8pr{�u0% ^ ¦�uts�wQv?q ·
²8utsrsr�z~¬p�u ¨ uCo?p�u8v ¨ p�uEu8v²tx|«�o&w¥uC¦¬��²8x|v¡w¥�z«�~�v"��wr~¬x|v ¨ ysr~</|v"�z¦/o"�zp�¦ª� ¨ ~¤m�y}sr~¬xzv ¨ uC¦¬��¦¬y?«�~¬´tpruI ³?utpru8v�ozxÆ©S% M u8s1/|utpr{�u8s ¨ x|v¡w�¦ d ��&uEu8s`w�~�v�F�q8p�~¬u8y}p:p 20 ◦ o�u8y}©zu8v¡wÕntw¥p�u��zy?srs�~+²8x|v¡w×��«�~�v?q8uts ¨ uF=�0Ýtx|v ¨ ~¬prut²twru�o"��p9¦¬��¦�y?«�~¬´8p�u I ³?utpru8v�ozxÆ©S% V �"v ¨ d u�&²8¦�y?pru�²8u�wrw¥u�²8xz«�o�x|s¥��v�wru ¨ y�s�~4/|v"��¦äè�v?xzy?s
o?p�x&²tq ¨ x|v}sgo"�zp/~�w¥qtp¥��wr~¬x|v}s/s�y?²8²tu8srs�~�©zu8s ç é659«���&~�«ây?«�îq% M u�o?p�x0�"¦�¦¬x|vB/z~�w¥y ¨ ~¬v"��¦"qtw×��v�wgv?q8²tu8srsr�z~¬p�upÞ²8u�wrw¥u9x|o�q8pr��w¥~�x|v)%

ÎuÏÑÐÒ -�%¶é(ë ÓÄÔ�Ö ÒzË#ÖW×"È×Ý�Ñ¶Ò�ñ Ö Ë)Õ¥È+Õ¥ÈáÎ�Õ×Ð×ÊÆÈ�Ô"àáÈSÑ¬È+à±È�ÉWÎ"Ê+ÓXÜ ÒzÕ Õ�ÌÍßzÐ×ÈLÓ)ÈLÑ¶ÒQÑ Ë&ÉÞÌ�ó�Õ¥È+Ó¡ÒzÔ}ÊLÑ¬È×Ê�Î�Ì�ã&È�Ñ ÊTÈ�Ôû(Ï�Ô�Ö�à=ÌäÏ�ÔEÓ)ÈLÑ¬È�Ë)ÕbÐ�Ñ¬Ð�ß�Òzà=ÌäÏ�Ô�ÅØð�È×Ê�Î"Ï�ÌÍÔ"àÍÊWÖ×Ï�Õ Õ¥È×ÊáÎ"Ï�Ô�Ó)È�Ô"àXÒzË�ã�É�È×Ê�Ë)Õ×È×ÊbÈ�à�Ñ¶ÒÞÖ×Ï�Ë)Õ8å�È+Û�ÑrÜ Ò�Ø Ë¡Ê�à±È�É�È�Ô"à
Ó)ÈQÑ¶Ò�û(Ï�Ô�Ö�à=ÌäÏ�Ô?ì)Å ô�ÅÔ ÓzÕ×Ï�ÌÍàáÈ×Ý�Î�Õ¥Ï�ñ�Ñ�Ó)ÈQÑ¶Ò�Ñ Ë&ÉÞÌ�ó�Õ¥ÈQÕ¥È×Ö�Ë"ÈâÈ�Ôjû(Ï�Ô�Ö�à=ÌäÏ�Ô�ÓzË�à±È�ÉWÎ"Ê V Î"Ï�ÌÍÔ"à Y Å�ð�Ò�Ö×Ï�Ô"à=Õ Ì=å8Ë&à=ÌäÏ�Ô�Ó)ÈQÑ¶Ò�Ñ Ë¶�
ÉÞÌ�ó�Õ¥È�RÇ×"È�Õ×È�Ô! ¡Ï�ß�È×Ê�à�Ô�Ð Ö Ñ Ì Ö ÈrÒ¡å8Ñ¬È�Î"Ï�Ë)ÕTÖ×È�à@Ð�ßzÐ�Ô�È�É�È�Ô"àäÅ�ð�È×ÊbÖ×Ï�Ô"à=Õ Ì=å8Ë&à=ÌäÏ�Ô}Ê+Ó)ÈgÓzÌ U+Ë¡Ê�ÌäÏ�Ô W Ò0é�Ñ¬È�Ì Ö ×
È�ààSBÌäÈNÊÆÏ�Ô"àJÌÍÔ�ÓzÌ=Ú8Ë#Ð×È×Ê8Å

a v?uF�x|~�s�¦ª��¦�y?«�~�´8p�u ¨ uD"y?x|p�u8s�²8u8v}²8uW~�srx|¦�q8u�èz~¬¦}u8s�wJo�x|srs�~¬{?¦�u ¨ d u�)w¥pr�z~¬p�uL¦¬uLv?x|«e{?pru ¨ d q8¦�u8²�w¥prxzv?s
u8v*F�x|v?²�w¥~¬xzv ¨ uJ¦¬�Lo?prx0F�xzv ¨ u8y}p@u�w ¨ d ����y}s�w¥utp@²tutw�w¥u ¨ ~¬s`w¥pr~�{?y}wr~¬x|vQ�(©|ut²S¦¬�F�xzv?²twr~¬x|v ¨ u ° �z~¬s�sru8p ·±[ ~¬¦¬¦¬�zs
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n�çon�çK���Ù���	��å�ä�	�à�ãs��â�ä å á�â�åJä ä åhà�
s å�ä ÞMß�à�á�â]ãÇä�å n�ç
ç ²qF�%"u]3�%S-�%fë�îq%

NGH(X) = Nmax

(

X

Xmax

)
Xmax
λGH

e
−X−Xmax

λGH

ç -�% ë�î
i xzy?s+x|{}w¥utv?x|v?sT�z~�v?sr~�¦ª�Þo?prx�F�x|v ¨ uty?p ¨ y2«���&~�«ây?« ¨ u9¦¬�ò/|u8p�{�u�è Xmax

%
M u9v}x|«â{?p�uQwrxzw×��¦ ¨ d q8¦¬ut²twrprx|v?s+v?xzy?s ¨ x|v?v?u9�z²t²8´ts�pÞ¦ d q8v}u8p�/z~¬uNo"�zpL¦¬�âprut¦ª��wr~¬x|v��

E = 1.11
Ec

X0

∫

Ne(X) dX
ç -�%.,zî

K M Ec
²8xzprprutsro�x|v ¨ pe¦ d qtv?u8pG/|~¬ub²8pr~¶w¥~<3)y}u ¨ yEp¥� µ x|v?v?ut«�utv�w ¨ u�F�prut~¬v"�0/zu ç ¯ pru8«�srs`w¥pr�z³?¦¬y}vB/�î/u�w

X0
u8s`w�¦ª�W¦�x|vB/|y?uty?p ¨ uSp¥� ¨ ~¬��w¥~�x|v ¨ uL¦ d q8¦¬qt²twrprx|v ¨ �zv?s�¦ d �z~�p]% M u�F=�z²twru8y?pLé0%�é|éS²8x|p�pru8s�o�xzv ¨ p�¦ª�Wo?p�~¬s�u

u8v§²8xz«�o}wru ¨ u�¦ d q8v?utp�/|~�uâu8«�o�x|p�wrq8uÞo"�zpN¦�u8sQo"�zp`w¥~�²8y?¦�u8s�v?u�o"��p�w¥~�²8~�o"�zv¡wNo"�zs9�zy�s�~4/|v"��¦ ç v?uty}w¥p�u8stè
¦¬utsL«ây?x|v}sTu�w¥²(îq%
\~<}\~<]\ rò��P�����������������P���������VW�J�w�
¤ ��,=	X�¡, � �

M � ¨ q�w¥u8²�w¥~�x|v ¨ u�sry?p|F=�z²8u9srutp¥�C��srsry}prq8u�o"�zp9é6a&5&5 ¨ q�w¥u8²�w¥uty?prs I ³}u8prutvBozxÆ©?p�u(��y�prqto"�zp`w¥~¬s+s�y?p
y?v�prq8s�u(�zy�w¥pr~¬�zvB/|y}¦ª�z~�pru ¨ d u8v¡©)~¬p�x|v 3000 Km2 % I u8s/²8y}©zu8stè ¨ u 3.6 m ¨ u ¨ ~ª�z«�´twrpru+utw ¨ u 1.2 m ¨ u
³"�zy&w¥u8y}p ç ²bF�%B�Ø/�%�-�%¶é8,|î�è}srx|v¡wTu8s�o"�z²8qtu8s ¨ u�é&%., ( «"%

ÎuÏÑÐÒ -�%�é6, ÓTÔ[Ö ÒzË"ÖW×"È×ÝgÎ�Ñ¶ÒzÔhÓzË�Ê�ÌÍàáÈEÊ�Ë?Ó¡ÅTÑ¬È×ÊâÎ"Ï�ÌÍÔ"à�ÊEÕ×Ï�Ë Ö È×Ê2Õ¥ÈáÎ�Õ¥Ð×ÊÆÈ�Ô"à±È�Ô"àQÑ¬È×ÊBÖ�Ë)ßzÈ×Ê4Û ÈJU�È�àRÇ×"È�Õ¥È�Ô! ¡Ï�ßâÈ�à�Ñ¬È×Ê�Ñ Ì Ö Ô�È×ÊbßzÈ�Õ à±È×ÊNÓ)Ð�Ñ ÌÍÉÞÌÍàáÈ�Ô"àÙÑ¬È×Ê�ÖW×}ÒzÉWÎ"Ê�Ó)ÈWßÆÌ¬Ê�ÌäÏ�ÔBÓ)È×ÊWàáÐ�Ñ¬È×ÊÆÖ×Ï×Î"È×Ê8Å Ô ÓzÕ¥Ï�ÌÍàáÈ×ÝÙË)Ô�È
Ö�Ë)ßzÈeÓzËBÓ)Ð�àáÈ×Ö�à±È�Ë)Õ�Ó)È�Ê�Ë)ÕtûtÒ)Ö×È

M�d u8�zy�o?y}pr~<�?q8u9²8x|v¡w¥utv�y?u ¨ �zv}sby?v4s¥�z²9x|o"��3)y}u ç RJµ ©|ubo&îWo�utpr«�utw�p�¦¬��¦�y?«�~¬´8p�uN²8p�q8q8u�¦¬x|p�s ¨ y
o"�zs�s¥�0/zu ¨ uLo"�zp`w¥~�²8y?¦�u8s�²×³?�zp�/|qtu8stè ¨ d ntw¥p�uLprqqD"q8²×³?~�ugsry}p�¦¬u8s@o"�zp�x|~¬s ¨ y ¨ qtwru8²�w¥u8y}p ¨ u�F=�0Ý8xzvÞx|o}w¥~�«���¦¬u
���"v ¨ d n�w¥pruSpru8²ty?u8~�¦¬¦�~¬u�o"�zp�ìWo?³?xzwrx|«ây?¦¶w¥~�o?¦¬~�²(��wru8y?p�s ç íWo�x|y?²8uts×î ¨ ~¬sro�x|s�q8sÙs�y?pÙ¦ª�bo"�zp�wr~¬uJsry?o�q8p�~¬uty?pru�%
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ÞMß�à�á�â]ãÇä�å n�ç n�çon�çO���Ù���	��å�ä�	�à�ãs��â�ä å á�â�å�ä ä�åTà�
s åJä
M�d ��²]3�y?~¬s�~�wr~¬x|v ¨ uts ¨ x|v?v?qtu8s ç ²qF�%&�Ø/B%�-�%¶é6a¡î�uts�wJubm�u8²�w¥y?qtuWo"��p ¨ u8s V�O�I o�utpr«�utw�w×�zv¡w ¨ u+v�y?«�q8pr~�srutp-W²(��v"�zy&âo"�zpÙo?³}xzw¥x|«ey?¦�wr~¬o?¦�~¬²(��w¥u8y}p ç y?vÞ³"��y}w�/¡�z~�veutw�y}vÞ{"�zs�/¡�z~�v ¨ ugpr�zo?o�x|p�w�ìA-|îq% I u8s ¨ xzv?v?q8uts
srxzv�w�wrp¥�z~¶w¥q8uts�o"�zp�y?v9«�~¬²8p�x|o?p�x&²tu8srs�u8y?p�o�u8p�«�u�wrw¥�zv¡w ¨ u ¨ qtwru8pr«�~¬v}u8p�sr~z¦¬u�sr~</|v"�z¦zu8v?p�u]/|~�s�w¥p�q�prut«�o?¦�~�w
¦¬utsL²8x|v ¨ ~�wr~¬x|v?s ¨ u ¨ q8²t¦¬utv?²×³?u8«�u8v¡w]% M uN²tu8v¡w¥p�u ¨ d ��²]3�y?~¬s�~�wr~¬x|vCuts�wTu8v}sry?~¶w¥uNo?p�qt©|utv�y�o"�zpLpr� ¨ ~�xò3�y?u
¦ª�âs`w×��wr~¬x|v��Þx|{?s�u8p`©|qey}v�s�~4/|v?�z¦ ç s�~�²8ut¦¬y?~�²t~ ¨ q8o"��srsru9y?v�sruty?~¬¦ªîq%M�d ��¦¬~¬«�u8v¡w¥��w¥~�x|v ¨ uT¦ d q]3�y?~�o�ut«�utv�w/q8¦�u8²�w¥prxzv?~43�y?u+utw/p¥� ¨ ~¬x9u8s`wuF�x|y}prv?~�uTo?�zp�y?v?uW{?��wrwru8pr~�u+pru8²×³?�zp�/|qtu
o"�zpLy}v4o"��v?v?u(��y4s�x|¦ª�z~�pru�%

ÎuÏÑÐÒ -�%�é6a$ÓHG ÖW×"Ð�É�ÒCÓzË2ÊqéÆÊ�àLó�É�ÈeÓXÜ Ò¡Ú8Ë&Ì¬Ê�ÌÍà=ÌäÏ�Ô�ÓXÜ Ë)Ô�ÈNÊ�à Òzà=ÌäÏ�Ô�Ñ¬ÏÆÖrÒzÑ¬È
M u8sTsr~4/zv"�zy&C{?pry}wrs+srx|v¡wTu�&o?p�~¬«�q8s+u8v V�ONI ²8x|y?v¡w]%

: <"-=, ¢ ��< � ,���	
Z x|y}p�¦ d ��v"�z¦ µ s�uzèÙ¦�u8sÞsr~</|v"�zy) srx|v¡w�²8xzv�©zu8p`w¥~¬s�utv#"%$'& ç ßzÈ�Õ à=ÌäÖrÒzÑTÈrÚ8Ë)ÌÍß�ÒzÑ¬È�Ô"àQÉÞË#Ï�Ô î�èÙ²tu^3)y}~

²8xzprprutsro�x|v ¨ ��y�s�~4/|v"��¦�¦¬�z~¬s�srq+o"�zp�y?v�«ây?x|v�©|utp�w¥~�²(�z¦#o"��srs¥��v�wg�zy�²tu8v¡w¥p�u ¨ ub¦ª�N²8y&©|u0% I utw�w¥ub©��z¦�u8y?p
u8s`w�F=��²8~¬¦�u8«�u8v¡w+«�u8sry}p¥�z{?¦�uQu8v�utv?prub/|~¬s`w¥pr�zv¡wb¦�u8sT«ây?x|v}s ¨ y F�x|v ¨ ²8xzsr«�~43�y?u0% M uQp¥�zo}o�x|p`wTu8v¡w¥p�ue¦¬u
sr~</|v"�z¦}¦ª�z~�srsrqLo?�zp�¦¬uts�«ây?x|v?s ¨ yÄF�x|v ¨ ²tx|sr«�~43�y?u+utwJ¦�u8s�«ây?xzv?s�y?v?~43�y?ut«�utv¡wJ©zu8p`w¥~¬²8�zy&�uts�wJx|{}wru8v�y
u8v£y}wr~¬¦¬~�s¥�zv¡wÞ¦¬��²8x � v?²8~ ¨ u8v?²tu��Æ©zu8² ¨ u8y&£s�²8~�v�wr~¬¦�¦ª��wru8y?p�sâo?¦ª��²8q8s��zy · ¨ utsrsry}s�u�w�utv · ¨ u8srs�x|y?s ¨ d y}v?u
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n�çon�çK���Ù���	��å�ä�	�à�ãs��â�ä å á�â�åJä ä åhà�
s å�ä ÞMß�à�á�â]ãÇä�å n�ç
s�w¥��w¥~�x|vEw¥uts�w � ëA-)è"ë¡ìD� %a v�«ây?x|v�©|u8p`w¥~�²(�z¦Xo?prx ¨ y?~¶wWutv¡©&~�prx|v	-05&5&5&5�o?³?x�w¥x|v?s I ³?u8p�u8vBo�xÆ© ¨ �zv?sb¦ª��²8y}©zuzèÙé�5&5�o?³}xzw¥x)q8¦�u8² ·
w¥p�x|v?sbqtw×��v�w��z¦¬xzprsTpru8²ty?u8~�¦¬¦�~¬s ¨ �zv?sb²×³"�03�y?uÞo?³}xzw¥x|«ey?¦�wr~¬o?¦�~¬²(��w¥u8y}p]% M u�v?x|«â{?p�u ¨ u(")$'& ç ~¬v¡w¥qb/|prq(î
��w�w¥u8v ¨ y?s8èwp 1000 m è#u8s`w ¨ d u8v¡©)~¬p�x|v	2&5�o�x|y?pTy?v?uj/zu8pr{�u ¨ u 1019 eV u�wWëA505&5�o�x|y?pTy?v?u$/|u8p�{�u$p
5 1020 eV % M �Þs¥��w¥y?pr��w¥~�x|v ¨ y�{"�zs /¡�z~�vEu8s`w���w�w¥utv ¨ y?u9�zy&Eu8v¡©)~¬prxzv?s ¨ u*azëA5*")$'& o�x|y}pLy?v4{}~¬v)%

7 ��,����#���
M u ¨ q8²t¦¬utv?²×³?u8«�u8v¡wEs�u F=�z~¶w ¨ �zv?sCy?vYo?prut«�~�u8p�w¥u8«�o?s��zycv?~¶©|u(��y ¨ uB¦¬��s�w¥��w¥~�x|vY¦�x&²8�z¦¬u�% M u

w¥p�~4/&/zu8p ¨ u�v}~�©|u8�zycé ç R é�îQu8s�weprq8�z¦¬~�srq ¨ uÕF=��Ý8x|v�qt¦¬ut²tw¥p�x|v?~<3)y}uÕ/|p � ²8uÚp4y?v ²8~¬p�²8y?~¶w9~¬v¡w¥qb/|prq�o?prx ·/|pr�z«�«��z{?¦�u ç,+'-/. Ó Z prx&/zp¥�z«�«���{?¦¬u M x&/|~�² O u�©&~�²8u(î � ëzë���% O u8y)Þ²8xzv ¨ ~�wr~¬x|v}s@~�v ¨ q8o�u8v ¨ �zv¡w¥uts8è|«��z~¬s
�zo?o}¦¬~43�y?qtu8s�sr~�«ây?¦¶w×�zv?qt«�utv¡w(èzo�u8p�«�u�wrwru8v¡w ¨ u ¨ q8²t¦¬u8v}²×³?u8pJ²8uLw¥p�~4/&/zu8pg�¡¦�x|prsG3)y d y?v�s�u8y?~�¦"u8s�w ¨ qto"�zs�srq
sr~�«ây?¦¶w×�zv?qt«�utv¡w�sry}p�¦¬utsWw¥p�x|~¬sbo?³?xzwrx|«ây?¦¶w¥~¬o}¦¬~¬²8��w¥uty?prs+x|y�¦�x|prsG3�y d y}v�²8u8p`w×�z~�v�v?x|«â{}pru ¨ ue²(�zv"��y&�è
v?x|v?F�xzpr²8qt«�utv¡wN²8x|v}srq8²ty}w¥~¤F�s8è ¨ qto"�zs�sru8v¡w9y?v�s�u8y?~�¦ ¨ �zv}sNy?v?uòF�u8v�ntw¥p�uÞu8vBwru8«�o?s ¨ x|v?v}q8u0% M ueo?pru ·
«�~¬u8p/w µ o�u ¨ u R é9s d �zo?o}¦¬~43�y?uNutv /|qtv?q8pr�z¦��zy&Es�w×��w¥~¬xzv?s+o?prx)²×³?u8s ¨ y�² � y?p ¨ uQ¦ª�:/|utpr{�u9�z¦¬x|p�s3�y?u
¦¬u ¨ u8y&&~¬´t«�uEuts�w�o?¦¬y}s�� ¨ �zo}wrq2o�x|y}pÞpru8²ty?u8~�¦¬¦�~¬pe¦�u8sÞs�~4/|v"��y& ¨ u2s`w×��wr~¬x|v?sÞs�~�wry?q8utsÕp ¨ u^/|pr�zv ¨ uts
¨ ~�s�w×��v?²8uts]% M utsâsruty?~¬¦�s�u�wjF�utvBntwrpru8seu8v wru8«�o?ses�x|v¡wÞ����y?s`w¥qts ¨ uÕF=��Ý8x|v p4prut²8y?ut~¬¦�¦¬~¬pNy}v�«�~�v?~¬«ey?«
¨ d qt©zq8v?ut«�utv�wrs�F�x|p`w¥y?~¶w¥s ç ¨ uts�/|utpr{�u8s ¨ uWo�utwr~�wruTqtv?u8pG/|~¬u(î�u�w�p9�(©|x|~�p�y?v�w×��y& ¨ u+w¥pr~</&/|utp ¨ uW¦ d x|p ¨ pru
¨ u�é65&5 [ �0%M uâo"�zs�s¥�0/|u���yBv?~�©zu(�zy=- ¨ u ¨ q8²t¦¬u8v}²×³?u8«�u8v¡w ç R -zîbu8s`w ¨ q8²t~ ¨ qâo?�zp�y?v�o?p�x&/|pr�z«�«�u9~¬v?s`w×�z¦�¦¬q��zy

ÎuÏÑÐÒ -�%�é�êÕÓ�0 Ë}Òzà.Õ¥ÈÄ×"È�ã�Ò Ö Ï�Ô�È×Ê×Ý�Ö×Ï�Ô"àáÈ�Ô�ÒzÔ"à�Ó)È×ÊÞÊ�àäÒzà=ÌäÏ�Ô}Ê�ÊÆÏ�Ô"àTÌÍÑÍÑ Ë¡Ê�à.Õ¥Ð×ÊCÒzË&àáÏ�Ë)ÕCÓXÜ Ë)Ô�ÈÞÊ�à Òzà=ÌäÏ�Ô
Ö×È�Ô"à=ÕrÒzÑ¬È×Ý�Î"Ï�Ë&Õ�Ë)Ô�ÈNÎ"Ï�Õ�à=ÌäÏ�Ô Ó)È�Õ¥Ð×ÊÆÈrÒzË�Ì=Ó)ÐrÒzÑ¶Å�þ+Ï�Ë&Õ�Ë)Ô�ÈEÖ×Ï21ÍÔ�Ö�Ì=Ó)È�Ô�Ö×È�Û?ô�Ê�àäÒzà=ÌäÏ�Ô}Ê×ÝTË&Ô � ô§È×Ê�à
Ó)Ï�Ô"Ô�Ð�Ê�Ì�ì � ì�ÊÆÏ�Ô"àNà.Õ¥Ï�Ë)ßzÐ×Ê4Ó¡ÒzÔ}Ê�Ñ¬È×Ê�Ó)È�Ë�ã2Î�Õ¥È�ÉÞÌäÈ�Õ¥ÊÚ×"È�ã�Ò Ö Ï�Ô�È×ÊCÒzßzÈ×ÖEË)ÔYàáÈ�ÉWÎ"Ê�Ò�Î¡Î�Õ¥Ï×Î�Õ ÌäÐ8Åþ+Ï�Ë&Õ�Ë&Ô�È4Ö×Ï21ÍÔ�Ö�Ì=Ó)È�Ô�Ö×È�Û"ùÊ�à Òzà=ÌäÏ�Ô}Ê×ÝNÑ¶Ò�Ê�à Òzà=ÌäÏ�ÔPÒ¡Ó¡ÓzÌÍà=ÌäÏ�Ô"Ô�È�ÑÍÑ¬ÈCÓ)Ï�ÌÍà$Ù�à=Õ×È2Ó¡ÒzÔ}ÊCË)ÔPÓ)È×ÊEÚ8Ë}Òzà.Õ¥È
Î�Õ¥È�ÉÞÌäÈ�Õ¥Ê`×"È�ã�Ò Ö Ï�Ô�È×Ê8Åè È�Ë�ã�È�ã&È�ÉWÎ�Ñ¬È×Ê�Ó)ÈEÖ×Ï�Ô�ñ Ö Ë)ÕrÒzà=ÌäÏ�Ô�ÊÆÏ�Ô"àWÓ)Ï�Ô"Ô�Ð×Ê8Å [ Ô�È�Ö×Ï21ÍÔ�Ö�Ì=Ó)È�Ô�Ö×È�Û�Ú8Ë?Òzà=Õ¥È�Ê�à Òzà=ÌäÏ�Ô}Ê�ÒzßzÈ×Ö�Ó)È×Ê
ÖrÒzÕ Õ¥Ð×ÊâÈ�à/Ë)Ô�ÈÞÖ×Ï21ÍÔ�Ö�Ì=Ó)È�Ô�Ö×È9Ûöô�Ê�à Òzà=ÌäÏ�Ô}ÊeÒzßzÈ×Ö�Ó)È×ÊâÖ×È�Õ¥Ö�Ñ¬È×Ê
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ÞMß�à�á�â]ãÇä�å n�ç n�çon�çO���Ù���	��å�ä�	�à�ãs��â�ä å á�â�å�ä ä�åTà�
s åJä
v?~¶©|u(��y ¨ u�¦ d x|p ¨ ~¬v"��wru8y?p ç,34+'5 î ¨ u�¦¬�es�w¥��w¥~�x|v)% I ut¦¬y?~ · ²t~�~�«�o�x|sru ¨ u8sL²tx|v ¨ ~¶w¥~�x|v?sgo?¦�y?sgs`w¥pr~�²twru8sgs�y?p
¦¬uNs�~4/|v?�z¦ ç s�u8y?~�¦�o?¦�y?s+q8¦¬u�©|q(î+�ü�"v ¨ d x|{&w¥u8v}~¬pLy?v2w×�zy) ¨ u ¨ q8²t¦¬utv?²×³?u8«�u8v¡w ¨ u$-05 [ ��%M u8s R -âsrx|v¡wTu8v¡©zx µ q8sW�zy4s µ s�w¥´t«�u ¨ d �z²b3)y}~¬sr~¶w¥~�x|vE²8utv�wrp¥�z¦�3�y?~ ¨ q8²8¦�u8v?²×³}u�y?vEwrpr~4/0/|u8p ¨ u9v}~�©|u8�zy�ìç R ì|îLs�~��zy2«�xz~¬v?sLì�s�w¥��w¥~�x|v?stè?²8x|«�o"��wr~¬{?¦�u8sgs�o"��wr~¬x · w¥u8«�o�x|prut¦¬¦¬ut«�utv¡w(è�x|v¡wTsr~4/zv"�z¦¬qWy?v R -�%
� �)�|��	@� � ��>@� � ,���	

M �Bo?prut«�~�´8pru�qtw×��o�u ¨ u�¦ª��p�u8²8xzv?s�wrpry?²�w¥~¬xzv ©��?n�w¥pru ¨ u ¨ qtwru8pr«�~¬v}u8pâ¦�u8sâo"��p¥�z«�´twrpru8sj/|q8x|«�q ·
w¥p�~43�y?uts ¨ uB¦¬� /|u8p�{�u4w¥u8¦�sÚ3�y?u�¦ d ��&u4utwE¦�u�o�x|~¬v¡w ¨ d ~�«�o"��²tw�% I u8sEo?�zp¥�z«�´twrpruts�srutp�©zu8v¡w�²8x|«�«�u
©��z¦¬uty?p ¨ d ~¬v}~�w¥~¬�z¦¬~�s¥��wr~¬x|v ¨ �zv?sÞy?v£����y}s�w¥ut«�utv¡w�o?¦¬y?sj/|¦¬x|{?�z¦/o}pru8v?�zv¡w�u8v²8xz«�o}wruCy?v?u9/zq8x|«�qtwrpr~¬u
o?¦�y?s ¨ qtw¥�z~¬¦�¦¬qtu0%

ÎuÏÑÐÒ -�%�é�2*ÓgQ ßzÐ�Ô�È�É�È�Ô"àJì¶³°³Aê]ù�ý6� [ Ô Ð�ßzÈ�Ô�È�É�È�Ô"à�à�é Î�Ì=Ú8Ë"ÈeÒzË�Ó)È×Ê×Ê�Ë�Ê�Ó)È 5 1018 eVQ Ô ×}ÒzË&àSÛ Ö ÒzË"ÖW×"È(� W Ð×ÊÆÈrÒzË�Î�Õ¥Ï�àáÏ�à é×Î"ÈeÒzßzÈ×ÖQÑ¬È×Ê(7�Ê�àäÒzà=ÌäÏ�Ô}Ê9à±Ï�Ë"ÖW×"Ð×È×ÊgÎ}ÒzÕQÑrÜ Ð�ßzÈ�Ô�È�É�È�Ô"à ÅQ Ô§å×Ò�Ê�Û Ö ÒzË"ÖW×"È(� Ô Ø Ë¡Ê�àáÈ�É�È�Ô"àgÓ)ÈQÑ¶Ò1ð è�f ÅÔ ÓzÕ¥Ï�ÌÍà±È8�Øð�È×ÊLà=Õ�Ò)Ö×È×Ê Ô`è R�Ó)È�ù�Ê�à Òzà=ÌäÏ�Ô}Ê�Î"Ï�Ë)Õ+Ó)È×Ê+ÓzÌ¬Ê�à ÒzÔ�Ö×È×ÊTÖ×Ï�ÉWÎ�Õ Ì¬ÊÆÈ×ÊbÈ�Ô"à=Õ¥È 439 m È�à 1480 mÓ)ÈQÑrÜ Ò(ã&ÈeÓ)ÈQÑ¶Ò Ö È�Õtå�È8Å�ð�ÈNÊ�Ì Ö Ô�ÒzÑ�È×Ê�à+È�Ô�Ë)Ô"ÌÍà±ÐeÓ)È"í Q S
M �2o}pru8«�~¬´tpruÞuts�w¥~�«���w¥~¬xzv ¨ y§o�x|~�v¡w ¨ d ~¬«�o"�z²tw�u8s�w+F=�z~¶w¥uâutv�²8�z¦¬²ty?¦ª��v�w�¦ª�Eo�xzsr~�wr~¬x|v ¨ y�²tu8v¡w¥p�u

¨ u1/|p¥�(©)~�wrq ¨ u8s9s�w¥��w¥~�x|v?s9� µ �zv¡w ¨ x|v?v?q�y?v�sr~4/zv"�z¦äè�o�xzv ¨ q8p�q�o?�zpQ¦ª�Ep¥�z²t~¬v?u�²8�zprp�q8u ¨ y s�~4/|v"��¦�% ] ~
v?x|y}sN²8x|v?s�~ ¨ qtprx|v}s ¨ �zv?sQy?v?uÞo}pru8«�~¬´tpruÞ��o?o?prx(&~¬«���wr~¬x|v�è�3�y?u�¦¬u$F�prx|v¡w ¨ uÞo?�zp�wr~¬²8y}¦¬u8s�F�x|pr«��zv¡wN¦¬u
¨ qt{?y}w ¨ u�¦¬�:/|u8p�{�uQu8s`wWo}¦ª�zv�è"~�¦�u8s`wWo�x|s�sr~¬{}¦¬u ¨ u ¨ qtwru8p�«�~�v?u8p ¨ u9«���v?~¬´tpruQ�zv"��¦ µ w¥~<3)y}uN¦ d ��&u ¨ u�¦¬�/|utpr{�u ç ²bF�%"��v?v?u�&u V îÜ%M u ¨ qtwru8²�w¥u8y}p ¨ uNsry?p|F=�z²8uNv?xzy?s ¨ x|v?v}uQ�z²8²t´8s pâ¦ª� ¨ ~¬s�wrpr~�{?y}w¥~�x|vC¦¬��w¥qtp¥�z¦�u ¨ y2s�~4/|v"��¦�% I u8¦¬¦�u · ²8~�o�u8y&wntwrpru ¨ qt²8pr~¶w¥uQ²8xz«�«�u�y?v?uQ¦�x|~ ¨ uQo?y?~�srsr�zv?²8u9�(©|ut²�y}v�wru8pr«�uQ²8x|p�prut²tw¥~¤F 3�y"� ¨ p¥��wr~43�y?uÞ�

LDF(r) =

{
(

r
1000 � )β+γ ln(r/1000 � )

; r > 1000 «
(

r
1000 � )β+γ ln(300/1000)

; r < 1000 «
ç -�%7a¡î

ë¡ì



n�çon�çK���Ù���	��å�ä�	�à�ãs��â�ä å á�â�åJä ä åhà�
s å�ä ÞMß�à�á�â]ãÇä�å n�ç
�(©|u8²�p�¦ª� ¨ ~¬s`w×�zv}²8u�o�u8p�o�utv ¨ ~�²8y?¦¬�z~¬p�u ¨ d y?v?u�s�w×��w¥~¬xzv�p�¦ d ��}u�% H ¦�¦¬u�u8s�wC�zo?o�u8¦�q8u M�O`_ o�x|y}pM ��w¥utp¥�z¦ O ~¬s`w¥pr~�{?y}wr~¬x|v _ y?v?²�w¥~�x|v)%M�d uts�wr~¬«���w¥~�x|vC~¬v}~�w¥~¬�z¦¬u ¨ utsbo"��p¥�z«�´twrpru8s β utw γ ¨ q8o�u8v ¨�¨ uQ¦ d �0�8~�v�y}w¥³ θ �

β0(θ) = 0.7 arctan(6(0.65 − cos θ)) − 3

γ0(θ) = 0.05 sin(8(cos θ − 0.6)) − 0.5

ç -�% ê|î
Z prx)²8q ¨ y?pru+�"v"�z¦�u ¨ uQ¦ d u8s`w¥~¬«���wr~¬x|v ¨ u8s+o"�zpr�z«�´�w¥p�u8sLprut²8x|v}s�w¥p�y?~�wrs��Ó H w×��o�u*5E�M ��o}pru8«�~¬´tpru+qtw¥�zo�u ¨ uT¦ d ����y?s`w¥u8«�u8v¡w�/|¦¬x|{?�z¦}©��$n�w¥pru ¨ u ¨ qtw¥utpr«�~¬v?utp�y?v?uWo}pru8«�~¬´tpruTu8s`w¥~¬«�� ·

wr~¬x|v ¨ u S1000
è�3�y?~Ùp�u8o?p�q8s�u8v¡w¥u�¦ d u�)wrp¥�zo�x|¦ª��w¥~¬xzv ¨ y�s�~4/|v?�z¦ p 1000 m ¨ ue¦ d ��&uzè)p�¦ d �z~ ¨ u ¨ u

¦¬�âs�w×��w¥~¬xzv�¦¬�âo?¦¬y}sTo}prx)²×³?u ¨ u 1000 m ©)~ª�Þ¦ d qb3)y?��w¥~�x|v -�%7aÞu�wb¦�u8sLo"��p¥�z«�´twrpru8s β0
u�w γ0

%Ó H w×��o�u�é��V ��y?s�wru8«�u8v¡w ¨ u S1000
utw ¨ uQ¦¬�âo�x|s�~�wr~¬x|v ¨ y�o�x|~¬v¡w ¨ d ~¬«�o"�z²�w�%Ó H w×��o�u$-C�O qto�utv ¨ �zv¡wrs ¨ y�v?x|«â{?p�u ¨ u/s`w×��wr~¬x|v?s ¨ ��v?s@¦ d q�©|qtv?u8«�u8v¡w(è β u�w γ srx|v¡wÇ/|p¥� ¨ y?u8¦�¦¬u8«�u8v¡wX~¬v}²8¦¬y}s

¨ ��v?s+¦ d ����y?s�wru8«�u8v¡wT²8x|«�«�u�o"�zpr�z«�´�w¥p�u8sL©��zpr~¬�z{?¦¬uts]%Ó H w×��o�u9ìE�M uöF�prxzv�w ¨ u8sÞo"��p�w¥~�²8y?¦�u8s ¨ uE¦ª� /|utpr{�uEu8s`w�u8v prq8�z¦¬~¶w¥q�²tx|y?p�{�q ç ²bF�%Ç�B/B%�-�%7-05¡îÜ% ^ ¦Suts�w ¨ x|v}²
v?qt²8utsrs¥��~¬pru ¨ uÞo?prutv ¨ pruÞutv�²8x|«�o}wruâ²8u�wQubm�utw9���"v ¨ uâv?uÞo"�zs��Æ©zx|~¬p ¨ uÞ{?~ª��~¬sTsry?pN¦¬� ¨ qtwru8p ·
«�~¬v"��w¥~¬xzv ¨ ue¦ d ��&u ç ²qF�%w�Ø/�%�-�%¶éÆí¡îÜ% a v?uâo?p�u8«�~¬´8p�uâ�zo}o?prx(&~¬«���w¥~�x|v ¨ y�p¥� µ x|v ¨ uâ²8x|y}pr{?y?p�u
o�u8y}w n�w¥pru F=�z~¶w¥u ¨ u+F=��Ý8x|v4�zv"�z¦ µ w¥~43�y?u�%M � ¨ utprv?~�´8prueqtw×��o�uâ©��öntwrpru ¨ d y}wr~¬¦�~¬srutpbwrx|y}w¥utsN¦¬uts`/|p¥��v ¨ u8y}prs ¨ q�w¥utpr«�~¬v?qtu8sNo?p�q8²8q ¨ u8«�«�u8v¡w
¨ ��v?sLy?v4����y?s�wru8«�u8v¡wT~¬v?²t¦¬y"��v�wg¦ª�â²8xzy?pr{?y}pru ¨ y^F�prx|v¡w ¨ d x|v ¨ uzè?¦ d ��&u�è?¦¬uNo�x|~¬v¡w ¨ d ~�«�o"��²twLu�w
¦�uNsr~4/zv"�z¦�pEé65&505�«�´twrpruts]%

ÎJÏÑÐÒ -�%¶éÆí$ÓHQ Õ Õ¥È�Ë&ÕNÊqé�Ê�àáÐ�É�Òzà=Ì=Ú8Ë#ÈâÈ�Ô ÖrÒ�Ê9ÓXÜ Ò�Ø Ë�Ê�àáÈ�É�È�Ô"à�Î�Ñ¶ÒzÔ�Å

ë|ë



ÞMß�à�á�â]ãÇä�å n�ç n�çon�çO���Ù���	��å�ä�	�à�ãs��â�ä å á�â�å�ä ä�åTà�
s åJä

ÎuÏÑÐÒ -�%7-05@Ó Q ã&È�ÉWÎ�Ñ¬ÈBÓXÜ Ò�Ø Ë¡Ê�à±È�É�È�Ô"àâÓzËcÕ�Ò0é�Ï�Ô Ó)È�Ö×Ï�Ë&Õtå8Ë)Õ¥È�Î"Ï�Ë)Õ�Ë)Ô�Ð�ßzÐ�Ô�È�É�È�Ô"à9Ê�ÌÍÉÞË)Ñ¬Ð8Å ÔÖ ÒzË"ÖW×"È×Ý�ÑrÜ Ò(ã&È�È×Ê�à@Ó)È�à±È�Õ ÉÞÌÍÔ�ÐÙÎ}ÒzÕLË)Ô�Ò�Ø Ë¡Ê�à±È�É�È�Ô"à?Î�Ñ¶ÒzÔ4È�à�ÛâÓzÕ¥Ï�ÌÍà±È×Ý�ÌÍÑ�È×Ê�à�Ó)È�àáÈ�Õ ÉÞÌÍÔ�ÐbÓ¡ÒzÔ}Ê+ÑrÜ Ò�Ø Ë¡Ê+�
àáÈ�É�È�Ô"àgÓzË�Õ�Ò0é�Ï�Ô�Ó)ÈÞÖ×Ï�Ë)Õtå8Ë&Õ¥È�õ ù�³|÷tÅ
M uQsr~4/zv"�z¦�pEé65&505â«�´�w¥pruts+v?x|y?s+o�u8pr«�utw ¨ u ¨ q�w¥utpr«�~¬v?utpL¦ d q8v?utp�/|~�u�²8x|«�«�uNqtw×��v�w9�

E(EeV ) =

(

S1000(
Í HJ® ® ¨ q�w¥ut²tw¥uty?p )

−1.07 + 25.8 cos(θ) − 23.5/ cos2(θ) + 5.7/cos3(θ)

)1/0.95 ç -�%72¡î
I utw�w¥uQo"�zpr�z«�qtw¥p�~¬sr��w¥~�x|vCo?p�x�©)~�u8v¡w ¨ uQsr~¬«ey?¦ª��wr~¬x|v}s]%
�^�)�BVWN��Øyz��O������

M�d K {?s�u8p�©���wrx|~¬p�u Z ~�u8p�pru V yB/zu8p8è�²tx|y}©)p¥�zv¡w/y?v?uTsry?p|F=�z²8u ¨ uTì&5&505+o�« 2 ¨ u�©)p¥�z~¶w(è¡sr~"xzv�²tx|v?sr~ ¨ ´8p�u
¦¬u$D"y&�xz{?srutp�©|q�o"��p VT°QV�]&V ¨ �zv}sN¦ d ³?q8«�~¬s�o?³?´8p�uâv?x|p ¨ è ¨ q�w¥ut²tw¥utpQy?v?uâw¥p�u8v¡w×��~¬v?u ¨ d q�©|q8v}u8«�u8v¡w¥s
o"�zpQ��v �zy · ¨ utsrsry}s ¨ u 1020 u§Í u�weì05&5&5E�zy · ¨ u8s�sry?s ¨ u 1019 u§Íò% M�d u4F�²8�z²8~¶w¥q ¨ u ¨ qtwru8²�w¥~¬xzv pE²8uts
q8v}u8p�/z~¬u8sQuts�w ¨ u2é65&59�ö% O u8sQqt©zq8v?ut«�utv�wrs ¨ u�o?¦�y?sN{"�zs�sru�q8v?utp�/|~�uÞo�xzy?prp�x|v¡wQq]/¡�z¦�u8«�u8v¡w+ntwrpru�x|{ ·
srutp�©zq8s8è�«��z~¬sL�(©zu8²9y?v?uQu4F�²(��²8~�wrq ¨ u$,059� p 3 1018 u§Íò%

M ��w×�z{?¦�u:-�%¶éâ«�x|v¡w¥p�uâ¦¬utsWprqtsry?¦¶w×��wrs�x|{}wru8v�y?sQo"�zp i ��wr³"�z¦�~¬u Z ¦¬� µ u]� � ëAaD�@sry}pN¦ª��²tx|«�o"�zp¥��~¬srxzv
¨ uts ¨ ~�sro�u8p�sr~¬xzv?sLx|{?s�u8p�©zq8utsWutwb��w�w¥utv ¨ y?utsbo�x|y?pLy?v}u9qtv?u8pG/|~¬uQ«�x µ u8v}v?u ¨ u < E >≈ 1018 eV %M�d xz{?srutp�©���w¥~�x|v§³ µ {?p�~ ¨ u ç ¨ q�w¥ut²tw¥uty?p ¨ u�sry}pGF=�z²tu + D"y}x|prutsr²8utv?²8u(î�o�u8pr«�utw ¨ d �z«�q8¦¬~�x|prutp�srutv?sr~�{?¦¬u ·
«�u8v¡wT¦ª�âo?p�q8²8~�sr~�x|v2sry?pT¦ª�âp�u8²8xzv?s�wrpry?²�w¥~¬xzv4«��z~¬sSv?u*F�xzv?²twr~¬x|v?v}u 3)y}u�é65:� ¨ y2w¥ut«�o?s+o"��pTpr�zo?o�x|p�w
�zy ]}O %
vCÆjÂ^Ês*bÉ�,�ËqÆ$Â

M�d K {?s�u8p�©���wrx|~¬p�u Z ~�u8p�pru V+a�°QH�U u8s�w��zy���xzy?p ¨ d ³�y?~+¦¬uEo?¦�y?sÄ/|p¥��v ¨ K {?s�u8p`©z��w¥x|~�pru ¨ u�p¥� µ xzv?s
²8xzsr«�~43�y?u8s��r�z«��z~¬s�²tx|v?s�wrpry?~¶w�% ^ ¦ ¨ x|~¶wun�w¥p�uW�z²×³}ut©|q ¨ d ~�²8~#«�~�-�5&5&a�% ^ ¦#²8xz«�o}wruW��y���x|y?p ¨ d ³�y?~�o?p�´8s ¨ ua&5&5 ¨ q�w¥ut²tw¥uty?prs ¨ uQsry}pGF=�z²tu8sTutw9é8-ew¥qt¦¬u8s�²8x|o�u8s+x|o�q8pr��w¥~�x|v?v?ut¦¬sb%° p � ²tupWsrxzv�~�«�o�x|p`w×�zv¡w¥uJsry}pGF=�z²tu ¨ u ¨ q�w¥u8²�w¥~�x|v�èz~�¦&o�u8p�«�u�wrwrp¥� ¨ d �zyB/z«�utv�wru8p�²tx|v?sr~ ¨ q8pr�z{?¦�u8«�u8v¡wÙ¦¬�

ë�,



n�çon�çK���Ù���	��å�ä�	�à�ãs��â�ä å á�â�åJä ä åhà�
s å�ä ÞMß�à�á�â]ãÇä�å n�ç
ÍJ�z¦¬uty?prsLxz{?srutp�©|qtu8s ÍJ�z¦�u8y?p�s+��wrwru8v ¨ y?u8s

]}O
σX

ç ]&OT·±[+µ {"î é(ëA5Ù« éÆì&5Ù«
σY

ç ]}O+·±[Tµ {#î é8-&,�« éÆì&5Ù«
σθ

ç ]&OT·±[+µ {"î 1.7◦ 1.8◦

σφ sin θ

ç ]}OT·á[Tµ {#î 1.8◦ 1.8◦

σ∆E/E

ç ]}O+·±[Tµ {#î 52 % 41 %_ÙO
σX

ç _�OT·±[+µ {"î -zì&5Ù« ë?é65Ù«
σY

ç _ÙOT·á[Tµ {#î ë�ê&é�« ë?é65Ù«
σθ

ç _ÙO+·±[Tµ {#î 3.7◦ 3.1◦

σφ sin θ

ç _ÙOT·á[Tµ {#î 5.6◦ 3.1◦

σ∆E/E

ç _ÙO+·±[Tµ {#î 8 % 8 %

÷ø;ù Ò -�%¶é Ó R/Ï�ÉWÎ}ÒzÕ�ÒzÌ¬ÊÆÏ�Ô�Ó)È×ÊNÓzÌ¬ÊáÎ"È�Õ¥Ê�ÌäÏ�Ô}Ê�Ïzå�ÊÆÈ�Õ ßzÐ×È×ÊNÒzËzã�ÓzÌ¬ÊáÎ"È�Õ¥Ê�ÌäÏ�Ô}ÊNÒzà=àáÈ�Ô�ÓzË#È×Ê V Ê�ÌÍÉÞË&Ñ¶Òzà=ÌäÏ�Ô Y Ý
Î"Ï�Ë)Õ9Ñ¬È×ÊNÕ×È×Ö×Ï�Ô}Ê�à=Õ Ë#Ö�à=ÌäÏ�Ô}Ê GBè È�à fMè Î}ÒzÕNÕrÒ�Î¡Î"Ï�Õ àSÒzËzãÕ×�ézå8Õ Ì=Ó)È×Ê8Å
s�w¥��w¥~�s�wr~43�y?u ¨ u8sbp¥� µ x|v}sW²8xzsr«�~43�y?u8sW�zy · ¨ u8¦4p ¨ u 1019 u§Íâè�q8¦�q8«�u8v¡wW~�«�o�x|p`w×�zv¡w ¨ �zv}sW¦ª�Þp�u8²×³?utpr²×³?u
¨ uQ¦ d u�&o?¦�~¬²8��w¥~�x|v ¨ uQ¦¬uty?pLx|p�~4/|~�v?u0%] �Qv"��wry?pru+³ µ {?pr~ ¨ u+¦¬y?~?o�u8p�«�u�wrwrp¥�Ns¥�zv}s ¨ xzy}w¥u ¨ u+prqt²8x|v}²8~¬¦�~¬utpÙ¦¬uts ¨ u8y&�wru8²×³?v?~<3�y?u8s ¨ u ¨ qtwru8²�w¥~¬xzv?s
utw ¨ d �zo?o�x|p`w¥u8p ¨ u8sTprq8o�x|v?s�u8s 3�y"�zv¡w�p�¦ d u &~¬s�wru8v?²tu ¨ u9¦¬�â²8x|y}o?y?pru °*')( %

ëAa



¬ ôh±<;öú�ûcø ô «óïñüCù4ú�ô

µ ï ò�ú�ð ü4ïGù4ú ¹½º õ\± õ ³ ù�ô�´�ù�ôh±öü õöô ÷9±öü>=Jï½´ô

ë�ê





?:º ù2ü ¹ õ\±\´�ù4ú ¹½º @ ò�ï ´ ï ò�ú�ð ü4ïGù4ú ¹½º

A �9²8�z¦¬~�{?p¥��wr~¬x|v ¨ y ¨ qtwru8²twru8y?p ¨ u+sry}pGF=�z²tuTuts�w/y?v?uLw � ²×³?u ¨ q8¦�~¬²(��w¥uLutwJ²tpry?²t~ª�z¦�u ¨ x|v¡w ¨ q8o�u8v ¨ u8v¡w
¦ª�ò3�y"��¦¬~�wrqNutwT¦ª�âo}prq8²t~¬s�~¬x|v ¨ utsTp�q8s�y?¦�w¥��w¥s+x|{}wru8v�y?s ç qtv?u8pG/|~¬u�è?utwr²0% îq%

B �"v ¨ uQo�x|y}©|xz~¬pgp�u8²8xzv?s�wrpry?~�pruQ¦¬utsLo"�zp¥��«�´�w¥pruts/|q8xz«�q�w¥pr~<3�y?u8s ¨DC y?v?u+/|utpr{�uzè"~�¦�u8s`wTv?q8²tu8srsr�z~¬p�u
¨ uÞ²tx|v?v"����w¥p�uÞ�(©|u8²�¦¬��«�ut~¬¦�¦¬u8y}pru9o?prqt²8~¬s�~¬x|v�o�x|s�sr~¬{}¦¬ue¦�uew¥ut«�o}s ¨DC ��prpr~¶©|qtu ¨ u8sNo"��p�w¥~�²8y?¦�u8s ¨ �zv?sN¦¬u
¨ q�w¥u8²�w¥uty?p]% A ��²8�z¦¬~�{?p¥��w¥~¬xzv�wru8«�o�x|p�u8¦�¦¬uQu8s`wQ�zsrs�y?prqtuÞo"�zpby?v�s µ s�wr´8«�u °�EGF çIHKJML:NPOQJ E L:RTSVUWSXLQYZSXY /F\[ R�UT]_^�`G]�UbaZYZ]dceOQfgUW] iih SX^6] h O /0/ SXY /Øi�%9j ]�f�k_ci]_Y9UW]iR�OQYPOQJ [ RT]_RlRTaZflmZ]_a\n�cia!o:]iR�p�aZ^6]_JXJM]_RdqrR�k_sPOutfTki]_RvmZ]

11 m
`wL:Y9Uvs�]ifT^6SXR)mZ]8ciL:^xsZOQfT]if)JyO�sZf�k_ciSXRTSML:Y*]_Y*UT]_^6sZRzmZa{R [ R�UT|_^6]dH EGF ]iUvL:Y9UvciL:YZmZaZSVU

p ^xLQY}UTfT]if 3 a!](JXO~fTk_R�L:JXa/UWSXLQY>k�U�OQSVU�mZ] 8 ns %A ]_R�^~aZLQYZR�sZf�L/m!aZSMUTR�mPOQY!R�J C O�UW^6L:RTs!�Z|_f�] F L:aZf�YZSXR�RT]iY}U�JyOxNZOQRT]*mZ]�JyOxc_OQJXSMNZfWO2UWSXLQY�mZ]iR�mZk�UW]_c�tUW]iaZfTRKmZ]{R�aZf F OQci] % A ]{sZfTSMYZc_SMs�]~m!kio:]iJXL:s!s�k{c_LQYZRTSMR�UW] p mZkiUT]_f�^xSMYZ]_f�mZ]iR 3 aZOQY9UWSMUTk_RKfT]iJyO�UTSMoQ]_R�OQa/nRTS / YPOQa\n�mZ]iRK^~aZL:YZRdUW]_JMJX] 3 a!]6JXO�mZSMR�UWf�SXNZa/UWSXLQY�mZ]*J C OQ^6sZJMSMUWa!mZ](m!a�RTS / YPOQJ%SMY9UWk / fTk�q�c F�%��Ø/�%��B%�� ` %� JXJM] F L:aZf�YZSMU�mZ]_R�o�OQJM]_aZf�R�c_OQfWOQc�UWkifTSXRgUWS 3 a!]_R�s�]_fT^6]iU�U�OQY9U�mZ]*ceOQJMSXNZf�]_fdJX]_RdmZkiUT]_c�UW]_a!fTRK]_Y�aZYZSVUWk(mZ]RTS / YPOQJ�]_Y / ]iYZmZf�k(sPO�f�aZY�^�aZL:Y�o:]if�UWSMceOQJGq Í �G� ` %E LQaZf8c_] 3 aZS4]_RgU�mZ]KJXO~ceOQJMSXNZfTO�UWSML:Y�mZ]iR�s!�ZLQUWLQ^~aZJMUTSXsZJMSXc_O�UW]iaZfTRi�/]iJXJX]�RT]�mZk_f�L:aZJX]�]iY>UTfTL:SMR�kiUWOQs�]iRK�Ó JM] / OQSMY�mZ]*c��PO 3 aZ]{sZ�ZL�UWL:^~a!JMUWSMsZJXSMceO�UT]_aZf�]_RgU�Oup�aZRgUWk{s�LQaZf 3 aZ]{JyO F f�k 3 aZ]_Y!c_]6mZ]_R�UWf�S /&/ ]_fTRmZ]KYZSVo:]_OQa - mZ]KJXO~R�U�O2UWSXLQY>R�L:SMU8m!]�J C LQfTmZf�]�mZ] 20 Hz
d

Ó J C k�o:L:JMa!UWSML:Y�mZa / OQSXY�]iR�U�^6L:YZSMUTL:fTki]�]iU�]iYZfT] / SXRgUWfTki]KmPOQYZR8JX]iR8mZL:YZYZki]_R dÓ ]�U � YZOQJX]i^x]iY}U_�9JyOKceOQJMSXNZfTO�UWSML:Y*OQN!RTL:JMaZ]d]iR�UlmZkiUT]_f�^xSMYZk_]�sPOQfvaZYZ]dRTk 3 a!]_YZci]�mZ]�^x]iRTaZf�]dmPO�YZRmZ]iR8mZkiUT]_ciUT]_aZf�RdUT]_R�UTR %� L:a!R�OQJMJXL:Y!R)o:L:SMfGmZOQYZRGc_]�c��POQsZSVUWfT]��}�\a!]dJXOKciL:YZYPO�SXRTRTOQYZci]dmZ]�c_]iR�R�]_aZJMRlsPO�fWOQ^6|iUTfT]_RvY C ]_RgUbsPO�RRTa F RTOQY9UW]��
j OQY!R�aZYZ]dsZfT]i^xSM|_f�]�sZOQf�UTSX]Q�ip�]8UWfTOQSMUT]_fTOQSPmZ]�J C SMY!�PaZ]iYZc_]�m C aZY�c��ZOQYZ�:]i^x]iY}U�mZ]�Y!SMo:]_OQa�m C ]_OQa�mPO�YZRJX]iRvc_a!oQ]_R�R�aZfvJyO�mZk�UW]_f�^xSMYPO�UTSXL:Y*mZaxRTSM�:YPOQJI� E aZSXR�p C ]�n/s�L:RT]ifWOQS'aZYZ]8UW]ic��ZYZSM�\a!]d�}aZ])p C O�SPmZkioQ]_JXLQsZs�ki]s�L:aZf�mZk�UW]ifT^6SXYZ]if�JX]_R��POQa!UT]_aZf�R�m C ]_OQa�mPOQYZR�JM]_R�c_a/o:]_R p sPOQfgUWSMf�mZ]_R i NZa m ]ifTR�mZ]*^~a!L:Y i �D��YZ]sPOQfgUWSM]�UWL:a!UdOQa!RTRTS�SM^xs�L:f�UWOQY9UW]��}aZS4�rOQSVU�sPOQfgUWSM]�mZ](JXO~ceOQJMSXNZfTO�UWSML:Y�]iR�UdJyO*fTkis�L:Y!RT]�mZa�m!kiUW]iciUT]_aZfd�
mZSV��kifT]_Y9UTRbU [ s�]_R�m!]�sPOQfgUWSXciaZJX]iR_�!��]_JMJX]�t c_S�mZL:SMUl¡iUTfT]�s�L:aZflJX]�^6SX]ia/nxfT]_s!fTL\mZaZSMUT]�sPO�fbJyO�R�SX^~a!JyO�UTSXL:Y
O�¢PY��}aZ]~UTL:a!UT]_R�JX]iR�OQYPO�J [ RT]iR�NPOQR�k_]_RKR�aZf�JX]iR�RTSM^~aZJyO2UWSXLQYZR8RTL:SM]_Y9U�JX]iR�sZJMaZR�]�n!OQc�UW]iR�s�L:R�RTSXN!JX]Q� A O
mZ]ifTYZSM|_fT]�sPOQf�UTSX]dmZ]�c_]�c��ZOQsZSMUTfT]�f�]_JXO�UW]ifWO�JM]�sZf�LQUWL\c_L:JM]�]�n!s�k_f�SX^6]_Y9U�O�JDOQSMYZRTS��}aZ]�JX]iRbfTkiRTaZJVU�O�UTRb�}aZ]
YZL:a!R�Oeo:L:YZR8L:N/UW]_Y}aZR�R�aZfbJXO�ceOQJMSXNZfTO�UWSML:Y6mZa�mZkiUT]_c�UW]_a!f�m!]�RTaZfg�rOQc_]KOeoQ]_c�mZ]iR�k_JX]iciUTfTL:YZR�m!]�£!��¤~�*¥
� ] Í SXR�RTaZR8m C aZYZ]�RTLQaZfTci]�m!] F UWfTLQY}UTSXaZ^§¦:£!�

� ¦
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µ ¨ª©¬«®�¯>°>± ²

?*³µ´·¶ ± ³ª¸ ± ¹ º ¶ª³ ¸ ¨ª© ³¼» ±¾½ ± ³ ¯ ¹¼± ³ �¿À±¾© ¶
¹ ºQ±¾© ¶ ¹ª© ³ªÁ Â ± Á ¸Ã¶ ¿�± Á Á�¶ ° Â ©
¹¼ÄÃ¯�±Å°�½  ³ ©Æ¯�DÇ ³ ¹ ¶ Á  »È³ © Â

A ](f�k_RT]_OQa�m!]�R�aZf��rO�c_]�mZa�m!kiUW]iciUT]_aZfi��ciL:^xs�L:R�kK�{UT]_fT^6]KmZ]{ÉËÊ:£:£*cia!o:]iR�m C ]eOQa���a/UWSXJMSXR�]�JyO*mZk�tUW]iciUTSXL:Y�mZ]�JXO~JXaZ^6SX|ifT]����!]_fT]iYZÌQLËo>k_^6SXR�]�mPOQY!R�JXO~c_a!oQ]KsPOQf�JX]iR�sPOQfgUWSXciaZJX]iRbc��POQf��:k_]iR8mZ]KJyO~�:]ifTN�]
s�L:aZfKfT]ic_L:YZRgUWf�aZSXf�]xc��PO�c_aZYÍm!]xci]_R�kio:kiYZ]_^6]_Y9UTR������POQc_a!YZ]�mZ]6c_]iR(cia!o:]iR_�%OQ�:SXR�RWOQY9U�c_LQ^x^6]{aZY
ceO�JXL:f�SX^6|iUWf�]zs�LQaZf%JXO�sPO�f�UWSM]lkiJX]iciUWf�L:^xOQ�:YZk�UWSX�}aZ]��ËYZL:aZR���L:aZfTY!SMUwaZY~R�SX�:YPO�J�q�SXY9UWki�:fTke`�s!fTL:s�L:f�UTSXL:Y!YZ]_J
��J C kiYZ]_f��:SX]�mZ]_R�sPOQf�UTSXciaZJX]iRdSMYZc_SMmZ]_Y9UW]iR{q γ, e

`�����]_R�sPO�f�UWSMc_aZJM]_R8o:L:Y9U�s�]_f�mZfT](]_R�RT]_Y9UTSX]_JMJX]i^x]iY}U�JX]iaZf
k_Y!]_fT�QSX]KRTL:a!R8��LQfT^6]�mZ]Km �GÎ m!ÏÐqrJXO~s�]if�UW]KsPO�f�]i��]iU����Z]_f�]_YZÌ�LËo�k�U�OQY9UKÉË£:£~��L:SMR�sZJXa!Rb�rOQSXNZJM]Ë`��

� L:a!RvOQaZfTSML:YZR)s!a6cifTL:SMfT]��:��sZfTSML:fTSI�u�\a C SMJZ]�n/SXRgU�OQSVU)aZY!]�fT]_JXO�UWSML:Y~R�SX^6sZJX]l]_Y9UWf�]��ZOQa!UW]iaZfzm C ]eOQa{]�UYZL:^�NZfT]bm!]�sZ�ZLQUTL/kiJX]_c�UWf�L:YZR)L:N!RT]_fgo:kiRDÑ � L:aZRvO�JXJXLQYZR%^6L:Y9UWf�]_f_�Q��J C OQSXm!]�m C aZY{^xL\mZ|iJX]�R�SX^6sZJX]����}a C SXJ]_YÒ]_R�U(UWL:a/U~OQa/UWfT]i^x]iY9Ue� F S,��YZL:a!R�YZ]xRTL:^6^x]iR(sZOQR�SMY!��L:fT^6k_Rxq�sPOQf�aZYÍ�}aZ]_JMc_L:Y!�\a!]�^xL [ ]_Y'`KmZa
c��POQY!�:]_^6]_Y9U�mZ]�YZSVo:]eO�a>m C ]_OQa�mPOQYZR�JM]_R�c_a/o:]_Ri�'c_]_JXO~YZL:aZR�ciL:YZmZa!SMU��~mZ]iR�]ifTf�]_aZf�R�R [ R�UWki^�O2UWSX�}aZ]iRRTa!f�JXO~ceOQJMSXNZfTO�UWSML:YD�

A C k�UWaZmZ](mZ]_R�fTkis�]ifTciaZRTR�SXL:YZRdRTaZf8JM]_R�RTSX�QYPOQa/n�m!a�c��PO�YZ�:]_^6]_Y9U�mZa�Y!SMo:]_OQa�m!](J C ]_OQa�O{kiUTkK^xL�tUWSVo:ki]�sPOQfGJX]8�rOQSVUl�}aZ]dc_]iRbc��POQYZ�Q]_^6]_Y9UWRi�/��aZSVUW]8m C ]eOQa�sZOQf�]�n!]i^xs!JX]Q�}Y C kiUWOQY9UbsPO�R�^6L:YZSMUTL:fTkiR_�9YZLQaZRRTLQaZ�POQSVUWSXLQYZR�m!kiUW]ifT^6SXYZ]if�R C SMJ}]�n/SXRgU�OQSVU%aZY�^xL [ ]iY*mZ]�m!kiUW]iciUT]_f)ci]_R%o�OQf�SyO�UTSXL:YZR�sPO�f�mZSV��kifT]iY}UT]_R)�QfWOQY/tmZ]iaZfTR�mZk_m!aZSMUT]_R8mZ]_R�UTfWOQci]_R B j ���

ÓxÔ_Õ Öª×(ØÚÙ�Û�ÜÞÝ�Ü·ß>à�×�á�×{â�ã�Ü8älá4Û�×�å�æ

ç O�cifTkeO2UWSXLQY*mZ]_RGsZ�ZLQUTL:YZRl���Z]ifT]_Y!ÌQLËoxOKJMSX]ia*RTaZfvaZYZ]�JXLQYZ�:aZ]iaZfzmZ]8J,èéL:fTm!fT]bmZ]
1.2 m

qrs�L:aZfvaZY
^~aZLQY�oQ]_fgUWSXc_OQJ

T (Ec) > 240 MeV
`��DRTLQSMU�]iYê�}aZ]iJX�}aZ]iR(YPO�YZL�RT]_ciL:YZmZ]iR_� � LQaZRKRWOeo:L:Y!R��}aZ]{JM]_aZf

¤/É



ë\ì�í!ì�îÍï�ð�ñvòwóôð�óöõ�÷�ø%ó õ)ùdú�ûzü_ý�þdó�ë\ì
YZL:^�NZfT]�]iR�Ue�'sPO�f�aZYZSMUTk�mDèék_YZ]ifT�:SM]�]�U�mZ]KJXL:YZ�QaZ]_aZfi�ZmZL:Y!YZkKsPOQfK�

dN

dE dL
=

α

~c
sin2 θ

Oeo:]_c
cos θ =

1

βn

qIÿ/�MÉu`
���

θ
]iR�U�J,è�OQYZ�QJX]K���Z]ifT]iYZÌQLËoÒq

= 41◦
�6RTO�UWaZfTO�UWSML:Y�s�L:aZf�J,èé]eO�a'`�]iU�Y>J,èéSXYZmZSMc_]�m!]�JIè�]_OQa qrY�� � Î ÿ9`��ç ]_Rbs!�ZLQUWLQ^~aZJMUTSXsZJMSXc_O�UW]iaZfTRzL:Y9U�aZYZ]�NPO�YZmZ]�m!]�mZkiUTk_c�UWSXLQY�]_Y�kiYZ]_f��:SX]���^6S��PO�a!UW]iaZf�mZLQYZYZk_]�sPOQf��

∆E ≈ 1.2

0.4 µ
− 1.2

0.6 µ
= 1 eV

ç è�kiYZ]_f��:SX]{^6L [ ]_Y!YZ]�]iR�U
Ē ≈ 2.5 eV

� E L:aZfKmZ]6J,èé]eO�aD�4YZL:aZR�L:N!UT]_YZLQYZR�aZYêYZL:^�NZfT]6mZ]6sZ�ZLQUTL:YZR
q
γ
`�m!]6�

∆E
dN

dEdL
= ∆E

α

~c

7

16
= 1.6 104 γ/m

qrÿ!� ¥Q`
E L:a!f�aZY!]êJML:YZ�:a!]_aZf�mZ]

1.2 m
]�U>aZYZ]ê]��6ceOQciSMUTkê�}aPO�Y}UTSX�}aZ]êmZ] ¥Qÿ�����YZL:a!R>LQN!UW]iYZL:YZR>aZY

YZL:^�NZfT]6mZ]
γe

m!] � Ê:£Q£!� ç O>RTaZfg�rOQc_]xmDèéaZYÍsZ�ZL�UWL:^~a!JMUWSMsZJXSMceO�UT]_aZf�]_R�U�mZ] 400 cm2
]�U~JXO>R�aZf��rOQci]

RTa!s�kifTSX]iaZfT]�m!]bJyO�cia!o:]��:L � R�L:Y9UzmZSXR�s�LQRTk_RzJM]_R)s!�ZLQUWLQ^~aZJMUTSXsZJMSXc_O�UW]iaZfTRi�Ë]_R�U)mZ]
10, 2 m2

�9��]_JXO�mZL:Y!YZ]
aZYZ]�sZfTL:NZOQNZSXJMSMUTk�m!]~fT]ic_]ioQL:SXfdaZY�sZ�ZL�UWL:Y�O�sZfT|iR�JyO6sZfT]i^xSM|_fT](fTk��P]�n/SXLQY�RTaZf�JX]�R�L:JwmZ]

4 10−3
R�L:SMU

]_Y9o\SXf�L:Y
18.2 γe/Pmt

� ç ]_R�sZ�ZLQUTL:YZR���L:Y9U8aZY�OQJMJX]_f t f�]iUWLQaZf�]iY É � YZRK�
4.4 ns/m · 1.2 m · 2

cos(41◦)

qIÿ/��ÿ9`
ç O¾mZk_cifTL:SMRTRWO�YZc_]Í^6L [ ]iYZYZ] mZaöR�SX�:YPO�J(L:N!RT]_fgo:ki] ]�n/s�kifTSX^6]_Y9UWOQJX]i^x]iY}U�]_RgU�mZ]

70 ns
����]iJyO

c_LQYZmZaZSVU��{a!Y�YZLQ^~NZfT]�UTLQU�OQJ�mZ]KsZ�ZLQUTL/kiJX]_c�UWf�L:YZR�mZ]{�
18.2 γe . 70 ns

14 ns
= 92γe/Pmt

qIÿ!� � `
� n/s�kifTSX^6]_Y9UWOQJX]i^x]iY}U_�zJX]>YZL:^~N!fT]>L:NZRT]if�oQk�]_RgU�sZJMa!U
	QU

100 γe/Pmt
�G��]iU�UW]�m!SM��k_fT]iYZc_]�]_RgU�mZa!]

��J,èé]�n/SXRgUW]iYZc_]�mZ]iR
δ
fWO [ R_�G��]_JXO�c_L:YZm!aZSMU6��aZY YZL:^~N!fT]�mZ]�sZ�ZL�UWL\k_JX]iciUTfTL:YZR*SMY9UWk_�QfTk�s�L:aZf*JX]iR{ÿ

sZ�ZL�UWL:^~a!JMUWSMsZJXSMceO�UT]_aZf�R�mZ]
300 γe

�

ÓxÔ
� � ×6Ý��ãiÜ Ý�Ü·ä����~Ü
ç ]l^��/m!|��X]z�}aZ]GY��:a!R%O������:Y!RDa!U
�����MRT]_fi�ËO�¢PY�mDèékiUTaZm��X]if��yO��}aPOQY9U
�VUWkGmZ]��XaZ^��X|ifT]zfT]��_aZ]G]_Y����:YZc�U
���QY

mZ]��XO��POQa/UW]_a!f)mDèé]eOQaD��c��:Y!R �XRgUW]���m!�XfT]l�}aDè�a!YZ]�c_a!oQ]�RT]bc��:^6s"�:fgUW]lc��:^6^x]laZYZ]bc_Oeo#�VUWk%$'OQN!f [ t'&w]_f ��U
m��:Y9U(�X]iR�mZ]_a\n>^)�Mf �*�MfTR�R+�:Y9U�m��XRgU�OQY9UWR8mZ]

1.6 m
�

1.2 m

cos(41◦)
= 1.6 m

qrÿ!��¤:`
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,.-0/%1 ÿ!�MÉ325476�8:9<;�=>8:=@?<A:B�=
� �:a!RdOC�����QYZRb^xO��XY9UW]iYPOQY9U8kiUTaZm��M]_f%�yO*f�k_sD�:YZRT]KmZ]E�XO{cia!o:]�mPOQY!R�m!]_a/n>c_OQR8m��XRgU
�XY!ciUWR��
É:�d��a!oQ](sZOQf��rO��VUW]
j k�¢PY��M]�c��:^6^6]�O [ O�Y}U~aZYZ]F���:YZ�:a!]_aZf(mDè�O�NZR �:f�s!U
���:Y

Lw

�XY!¢ZY��X]xs"�:a!fG�Iè�]_OQa O��MYZR �G�}aDè�a!YZ]
f�ki�P]iciU
�Vo:�MUWk

Rtyvek

mZ]
100 %

sD�:aZf>�M] h [ o:]_Ì'� � �:aZR�m!�XRTsD�:R+�:YZR~mDèéaZYZ]�RTaZfg�rOQc_]�O�aÍR �*�GmZ]
f�ki�P]�n!���:Y mZ]

10.2 m2
]iU6mDèéaZYZ]>RTaZfg�rOQc_]�U
��U�O��M]�mZ]�m!kiUW]iciU ���:Y qH�M]_R6ÿês!���QU
�\ceO2UW���\mZ]_RW`~mZ]

1200 cm2
� ç O6sZf+�:NPOQN!�����VUWk�m!](mZk�UW]iciU
���:YI&¾mDè�a!Y�sZ����U
�:Y>sPOQfJ�,èéaZY>mZ]_R8UWf+�*�XR8sZ�!�QU
�:^�a��MU �Vt

s����Xc_O�UW]iaZfTR8s�]_a!U�¡iUWf�]�mZk�¢PY��M](c��:^x^6]E�X]�fWOQs!s"�:fgU�m!]G�XO6R�aZf��rOQci]�mZ]iR�sZ����U
�\ceO�UT���/m!]_R�]iUdmZ]�XOxRTa!f��rOQci]~RTaZs�k_f+�X]iaZfT]*mZ]>�yOxcia!o:]
Tpmt

��^~a��VU
�Ms����Mk�sPOQf��Iè�]<�xc_OQc��VUWk(�\aZOQY9U
�X�}aZ]�mZ]_R�sZ�!�QU
��t
^~a!�MU
�Ms����MceO�UT]_aZfLKÐq�mZ]E�,èM�:fTm!fT]�mZ]

23 %
�

420 nm
`��

j èM� � �
P = Tpmt Q =

0.12

10.2
0.23 = 2.70 10−3 qIÿ/��Ê9`

N ���MU � �O�M]�Y��:^~NZf�]dm!]�s!���QU
�QYZRl�Qk_YZkifTk_R.�X]J���QYZ�KmZaxsZOQfTc��:aZfTRGmZ](�yO�sPOQfgU
�Mc_a��M]�mPOQYZRP�yO�c_a/o:]
]�U~YQ�M]�Y��:^�NZfT]xmDè�OC���X]ifgt fT]iU �:aZf�R_��Y��:aZR(s"�Qa!o*�:Y!R~mZ|_RR���:fTR�mZk�UW]_f�^)�MYZ]_fS�X]xR �M�:YPO��vmPOQY!R@�X]iR
sZ�!�QU
�:^�a��MU �Xs����XceO2UW]_a!fTR_�

S(t) = NTpmtQ(1 − Tpmt)
n−1 ≈ NTpmtQ e−nTpmt = NTpmtQ e

tTpmt
14

qIÿ/� � `
���

t = n 14 ns
�

N ]{sD�:RT]{OC���:f�RT�yO��}aZ]_RgU
���:Y�mZ]U�,èé]i��]iUK�}aZ]{s�]ia!U(Oeo*�*�MfT�yO�m��M^)�MY\a/U
���QY�mZa�Y��MoQ]eOQaêmZ]U�,èé]eO�a
R�aZfJ�X]�R �M�:YPO��WV
ç ]_R8^~a!�*XZRK�N �"�yO��ZOQa!Y
Z�[�\bmDèMZeOC[]ZiR+Y%\�k_m�[!��Y
Z�mDè^[!X��rOC_�Y
Z�[�\8¥/�!O�����\TRL��Z3X���`~N�\ ZaY
��YWO���m�Z�sZ����Y �*XZR�����Z�t
\+Z�XZÌC�uo � �Iè^ZiR+Y�OC[ZRTR+�,� � O��XRdmPO�XZRa[�Xb�yOQs!R�m�Z>Y Z�`6sZR3�Mm�Z�X�Y �X�O[�Z~OC[b_eOQRdm�Z~mZkisPO�\+Y{qgÉ � XZR
sD�*[�\

1.20 m c ��Z_R%s!����Y
��XZR)sPO�\+_��*[!\ \ ��XOYv¥�O�����Z�\�Rd\+Z�Y
��[�\TRzOC[@����Z�[�m!Z�É�mDèM� � [�X�Z�s�\ �:NZOQN�������YTk
mDèé¡�Y \ Z8mZk<Y
Z�_<YWk�¥����*�XRzs���[ZRz�*\TO�XZm�Z��Oe3ZJ_�Z��rO���Y_����Z%X��*`~N�\+Z8m�Z8sZ����Y �*XZRvm�f�Y Z�_<Y
fdOQs�\T|iR

14 ns

¤Qÿ



ë\ì�í!ì�îÍï�ð�ñvòwóôð�óöõ�÷�ø%ó õ)ùdú�ûzü_ý�þdó�ë\ì
\+Z_R+Y ZE_��*XZRgY�O�X�Y_�D��X�h�f�i"Z�X�hPO�`�`)Z�X�YJh�ZE�yO@jPO�[#Y
Z�[!\(h�è^Z_O�[D�
ç Z_RJf���Z�_<Y
\+�*XZRK�
ç Z�_��*`�i"��\+Y
Z�`)Z�X�YGh!Z_R>f���Z�_�Y
\+�*XZRK�rO�_�Zx�I[!Xk_ljPO�X!�*Z�`�Z�X�Y@h!ZFX��nm*ZeOC[khDèMZeO�[7Z_RgY>Y
\+o_RSh��M�qp
��f�\ Z�X�Y_� ç ZiR3i�j��CY
�*XZRd�Lj�Z�\ Z�XZÌ��Wmrf<Y�O�X�Yd�*f�X!f�\ fiRahZO�XZR3��Z_RJi�\+Z�`���Z�\�RJ_�Z�X�Y ��`�o�Y
\+Z_R(hDèMZeO�[D���XO
NPOC�XRTR+Zah![�X���m�ZeO�[FXDè�O2�sZ�_�Y
ZaiPOQRP�yOTm�O���Z�[�\.h!Z � _��*`�`)ZJi�\+f�_�f�h�Z�`)`�Z�X�Ye�#`�OC�XR�h�[x�rOC��YG�O[�Z
�XO)_�[#m*Z*OF[!X�Z>jPOC[!Y
Z�[�\3hDèMZeOC[b\ f�h![���Y Z>h�ZG`)�*�nY
��fQ���XO)i�\+�:NPOQN������nY
fTh�Z@h!f�Y
Z�_�Y Z�\�[�X5i�j���Y �*X
ZiR+YU��Z)h��*[ZN!��Z�h�Z�_�Z�����ZF���*\TR��O[�Z��yOIjPO�[!Y Z�[�\RhDèMZeOC[tZiR+YUh�Z

1.2 m u i"�*[!\@[�Xv��X�Y Z�\+m�O�����Z�h�Z
Y Z�`�iZR�¢!w#f c �� �*[ZR�_��*XZR+YWOCY
��XZRTh��*X�_*�O[�ZR�Iè^��X�Y
f_��\WO���ZGh�[�R+�X�*XZO��xiD�*[�\�h!Z_RTf���Z�_<Y
\ ��XZR�Z_RgYE��X�h!f�iDZ�X�hPOCXOY Z
h�ZE�XO@jPO�[!Y Z�[�\JhDèMZeO�[syz_�Z��:[!�{XDè^ZiR+Y(iPOQRJ��ZT_eOQRJiD�*[�\J��ZiR%`@[��*XZRi�
ç ZF_ljZO�XZ�*Z�`)Z�XOY@h�Z�X��nm*ZeOC[QhDèMZeO�[Qm:��Z�X�YRh��*X�_6�rO�[ZR�R Z�\>�yOI__O����MN�\WO|Y
����X R+�._�Z�_ljPO�XZ��Z�`�Z�X�Y
XDèMZ_RgY(iPOQRJi�\ �MR%Z�XI_��*`�i!Y
Z��
ç O*R ��`@[��yO|Y
����Xr}
ç Z_RUh�Z�[#w �*\TO�i�j��M�:[!Z_RU_��~p�h�ZiRTR ��[ZR)`��*X�Y
\+Z�X�YU[�XtZ<w#Z�`�i���Z]h!Z]\+f_R+[���YWOCY��:N!Y
Z�XO[ÅO�m*Z�_I[!X�Z
R+��`@[��XOCY
���*XUh�[�h�f<Y
Z�_<Y
Z�[�\8O�m*Z�_T��Z3i�\+�:�*\TO�`)`�Za�Ef_O�X�Y%�����O���I� ç Z�i!\ Z�`���Z�\�OGf�Y
f3�:N!Y
Z�XO[�Z�X
R+��`@[��XO�X�Y�ÉË£:£R`@[!�*XZR%h�Z{É>�EZ<m�Z�YJ��Z�R Z�_��*X�h ÉË£:£:£Rf���Z�_<Y
\ ��XZRJh�Z{ÉË£��IZ��~�

,P-0/%1 ÿ!��¥S2k�:���U�RAz6|�!�>8:=G�r�a= í
&��*[�\P��Z_R�`@[!�*XZR�yO�XOEjZO�[!Y
Z�[�\Ph�[Fi�\+Z�`���Z�\GN!��X�Z_R+YlN���Z�X���h�Z�XOY �X�O[�ZCy:��X�h�f�i"Z�X�hPO�`�`)Z�X�Y.h!Za�XOjPOC[!Y
Z�[�\�hDè^Z_O�[�y}O�m*Z�_a[!X�ZJ_��*XZRgY�O�X�Y Zah�Z%Y Z�`�iZR�h�ZJh�f�_�\ �*�MRTRWOCX�_�Z(h�ZJ`)����Y
��f�y|_�Z8�O[��z_���X�h�[��nY
�R[�X�ZE��XOY f_�*\TO���ZTh![]X!�*`~N�\+ZSh!ZSi!j���Y
�:f���Z�_<Y
\ ��XZR%h�ZE`)����Y
��fQ�

¤C�
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,.-0/%1 ÿ/��ÿG2k�:�������<;�=l?<�H�
6|�!�G8:=G�:�R4�= í
&��*[�\L��Z_RPf���Z�_�Y \ �*X!R�y!��ZdR+�X�*XZO���hPO�XZR.��Z(i�\ Z�`)��Z�\vN���X)Z_RgY%h��*[ZN!��Z u _�[#m*Z�h�Z

0.6 m c h�[6�rO���Y.h�[iPO�RTRWO��*Z)h!Z_RSi�j���Y �*XZR�R [�\S�yO�R [!\��rO�_�ZxR+[�i"f�\ ��Z�[�\Sh�Z��yO�_�[!m�ZFh�Z�[#w����*�MRSi!��[ZRKR ��[!m*Z�XOY��O[�Z
hPOCXZRJ��ZE_eOQRJhDèM[�X�ZS_�[#m*Z>h!Z

1.2 m
Z�Y��O[�ZG��ZTX��*`~N!\ ZEh�ZEi�j���Y �*XZR(i�\ �:h�[��nYWR%ZiR+Ya��h�Z�XOY �X�O[�Z��

ç Z%Y
Z�`)iZR�h!Zah�f�_�\+�*�XR�RWO�X�_�ZJf�m*����[PO�X�YP_���`)`�Z%i"��[�\���ZiR�`@[��*XZR�y�_�Z��yOT_��*X!h�[���YPiD�*[�\���Z_R�f���Z�_�pY \ �*XZR��R[�X>R �M�*XPO�����X�Y
f_��\ fT��X!h�f�iDZ�X�hZO�X�Yah!ZS�XORjPO�[!Y Z�[�\JhDèMZeO�[��
¥/�d�L[!m�ZG\+feO����XRgY
Z
� �*[ZR)OC������XZR�`�O���X�Y
Z�XZO�X�Y)O�XZO����\R Z�\x��ZL_eO�R%�O[��!R+ZL\TO�i�i�\+�#_lj�ZL��ZPi���[ZRdh�ZL�XOa\+feO�����Y
fJ}|�P�Om�Z_Ì@Z<Y
Z_O�[@��`�iPO�\g�rO���Y ZQ�W���*[ZR���Z_Rdi�j���Y �*XZR%�O[��#X�ZbR+�*X�Y�iPOQRxh�f�Y Z�_�Y f_R�iPOC\x��ZiRxi�j!��Y
�*`>[���Y ��i�����_eO|Y
Z�[!\TR
R+�*X�Y3\+fi�zf�_lj��XR(iPO�\J�yORiPOC\+Y
��ZEjPO�[!Y ZSh![5���:m�Z_Ì�y"Y \WO�m*Z�\TR+Z�X�Y

1.6 m
h�è^Z_O�[ u Z�X5`��W�*Z�X�X�Z c y'R Z\+fi�zf�_lj��XR�R Z�X�Y%R [�\��yO�iZO�\+Y ��Z���X/��f�\ ��Z�[�\+Z�h�[S�P�Om�Z_ÌEZ�Y�\ Z<Y
\TOWm�Z�\�R Z�X�Y

1.6 m
hDèMZeO�[��2�LZ��yO%_��*X�h�[��nY

�R[�X�ZEh���`)��XO[!Y
���*X�h�[]X��*`~N!\ ZTh�ZSi�j���Y �*XZR%hDèM[�X>�rO�_�Y Z�[�\
k
�R_ljPOQ�O[�Z(O�����Z�\'p�\ Z<Y
�*[!\_�

k = RpmtR
2
tyvek e−

3.2
<Lw> u ÿ/��� c� �

< Lw >
Z_RgYa�XO@���*X!�*[�Z�[!\%hDè�O�NZR �*\+i!Y
���*X�h�ZS�,èMZeO�[D�

k = (1 − Tpmt) (1 − Ttyvek)
2 e−

3.2
<Lw> ≈ e−Tpmte−2Ttyvek e−

3.2
<Lw> u ÿ/��¦ chDè�O�[!Y \ Z%iPOC\+Y�y�X��*[ZRzRTOWm��*XZRPZ<w#iDf�\ ��`)Z�X�Y�O���Z�`�Z�X�Yz�O[�ZJ��ZbR+�X�*XZO��!h�f�_�\+����Y�Z�w!iD�*X�Z�X�Y
��Z�����Z�`�Z�X�Ye�

�LZ��yORZ�X�Y
\TO���X!ZS[!X�Z�OCY Y f�XO[POCY ���*X�h�[>R �M�*XPO���h!f�Y
Z�_�Y fGhDèM[�X>�rO�_�Y Z�[�\
k
�R_ljPOQ�O[�Z(O�����Z�\gp�\ Z<Y
�*[�\

u 14 ns c }
¤:¤
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k = e
−14

τ u ÿ!�VÉË£ c�LZK�O[��{h��*X!X�Z)}
14

τ
= Tpmt + 2 Ttyvek +

3.2

< Lw >
u ÿ!�VÉ:É c

N ����Y%j]�yO@jPOC[!Y
Z�[�\JhDè^Z_O�[�y�O����*\TR��XO@\ Z��yOCY ���*X�ÿ!�VÉ:ÉEh�Z<m#��Z�X�YS}

14 h
1.2

τ
= Tpmt + 2 Ttyvek +

3.2 h
1.2

< Lw >
u ÿ!�VÉu¥ c

1

τ
=

6 10−3 + Ttyvek

5.8 h
+

1

4.4 < Lw >
u ÿ!�VÉËÿ c

ç Z_RJ`@[!�*XZRE}
ç O�jPO�[#Y
Z�[!\�h�[Ui�\ Z�`)��Z�\%N!��XRXDèMZ_RgY�i���[ZR���h�Z�X�Y �X�O[�Z���X�h�f�iDZ�X!hPO�`�`)Z�XOY�h�Z%�yO3jZO�[!Y
Z�[�\�hDèMZeO�[��
§ XUZi�"Z�Y�y��yO�����XZ�*[�Z�[�\�iPO�\+_��*[!\ [�ZJiPO�\��XO3��[!`)��o�\ ZLhPO�XZR��Iè^Z_O�[U\ Z_RgY
ZJ�yO�`6¡�`�Z�iD�*[�\

1.2 m
�*[iD�*[�\

0.6 m u Z�X 14 ns c y!`xO��XR.h�Z�[#w�\ fi��Z<w#���*X!R�R [�i�i!��f�`�Z�X�YWO���\+Z_R%h���`)��X:[!Z�X�Y���Z�X��*`~N!\ Z�h�Z
i�j!��Y
�:f���Z�_�Y \ �*X!R_� ç O6�O[PO�X�Y
�nY
f>h!Z>��[!`)��o�\ ZEhPOCXZR3��Z>i�\+Z�`���Z�\8N���XrZ_RgY�h���X�_>��X!��f�\+��Z�[!\ ZSi"�*[!\
0.6 m

�]_�Z�����Z@iD�*[�\
1.2 m

�{&d�*[!\S_�Zx�O[���ZiR+YGh�ZU�yO�h�f�_�\+�*�XR�RWO�X�_�Z�y��yO��O[PO�X�Y ��Y
fUh�ZU��[�`)��o�\+Z
�*f�X�f�\+f�Z�f<Y�O�X�Y�¥K���*�MR.i���[ZRLiDZ�Y ��Y ZahPOCXZRL��Za__OQRb�

0.6 m
yOZ�YL�,è�OQNZR+�*\ i!Y ���*X�h�[�Z�O�[#w)\ f��zZ<w#���*XZR

¥����*�XRPi���[!R.��`)iD�*\+YWO�X�Y
ZCy���ZJY
Z�`�iZRPh�Z3h!f�_�\+�*�XR�RWO�X!_�Z�R+Z�\WOGh��*X�_ai���[ZRPiDZ�Y
�nY��O[�ZahPO�XZR.��ZiR.__OQR
1.2 m

� ç O��O[PO�X�Y
�nY
f%Y
��YWO���Z%h!Z(��[�`���o�\+Z�h�f<Y
Z�_<Y
f�ZaiD�*[�\�[�X�`@[���X6R+Z�\TOGh��*X!_(��X!��f�\+��Z�[�\ Z�hZO�XZR
��ZT_eOQRJhDèM[�X�ZEjPO�[#Y
Z�[!\(h�è^Z_O�[I��X!��f�\+��Z�[�\ ZK�

1.2 m
�

ç Z_RJf���Z�_<Y
\+�*XZRE}
ç OFjPOC[!Y
Z�[�\�h�[bi�\+Z�`���Z�\�N���XrhPO�XZRT��Z>__OQR�hDèM[�X�ZRjPOC[!Y
Z�[�\�hDèMZeO�[bh!Z*£!��Ê�`¨X!Z~R Z�\WO�i���[ZR���Zh���[ZN���Z%h![x�rO��nY�h�[�X��*`~N�\+ZJh�Za\+fi�zZ�w#���*XZRvR+[�\.��Z%�P�Om�Z_Ì�h�Z�[#w{�����XR�i���[ZRv�*\WO�X!hD��&d��[�\._�Z8�:[!�
ZiR+Y�h!Z@�yO{�O[PO�X�Y
�nY
f>h!Z>��[!`)��o�\ Z(�Lj�Z�\ Z�XZÌ��WmDy{Z�����ZEZ_RgYT��h�Z�X�Y
�X�O[�ZGhPO�XZRa��ZiR3h�Z�[#wr__OQR�y�R Z�[���ZiR��Z_R�\+fi�zZ�w!���*XZRbR+[�\%��Za�P�Om�Z_Ì�y�h�Z�[#w����*�XR.i���[!R�X��*`~N!\ Z�[!R Z_R�y!m*��XOYJh!��`���XO[�Z�\.�yOS_��*XZRgY�O�X�Y ZTh�Zh�f�_�\+�*�XR�RWO�X�_�ZQ�
ç O*R ��`@[��yO|Y
����Xr}
ç Z_RJ\+f_R [!��Y�O|YWRJ�:N!Y Z�XO[ZRdOWm�Z�_>�Ef_O�X�YJ�UZ�Y N e N ��`©�����C�4R+�*X�Ya\+f_R+[�`)fiR�¢Z�*[�\ Z�ÿ!�M���

ÓxÔ�Ó ª ×(å>æ4âJ«���Ü8å>älÜ ÝQ¬���å�Ü äzà���á�Ü Ýk¬'��å �®�älá�ÜJ��Û¯� Ý�ÜÚã�® à�®S��°
á�ÜJ��Û Ýk¬ ÜJ®G� æ���Û<ã�® ±k²´³

ç O�¢zµ*[�\+Z�ÿ!¶^�R`��*X�Y
\+Z�·O[�ZE��Z�R+��µ*XZO��sY
�CY�O��"i�\ �:h�[��nY%iPO�\���Z_R%i�j!��Y
�*X!R%X�Z�R Z�`~N���ZTiZOQR8O��"Z�_�Y fiPO�\P[�X�Z3_lj:[#Y
Z�h�[FX���m�ZeO�[�h!Z3�,èMZeOC[�¶O¸��"Z�X�Z_RgY�O�[!Y \ Z�`)Z�XOYLi"��[�\.��Z_RP`@[��*X!RLZ�YL��ZiR.f���Z�_<Y
\+�*XZR�¶#&d��[�\[�X�ZdNPO��MRTR ZahDèM[�X��rO�_<Y
Z�[!\Lh�Z�[#w"y#�*X�OCY Y Z�X�h)[�X�R ��µ*XPO���Z�X�µ*Z�X!h�\ faiPO�\L��Z_RP`@[��*X!RLh���`)��X:[!f(h!Z
30 %

¤QÊ
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,.-0/%1 ÿ!¶^�>2
γe/h

=<�@¹�6|�s?<�»º¼6|�b8:=E;n½�¾!½�A#��=<A:�>8�¿À= ½�ARÁz6|A:�>8�º Â��<�
=<�z���HÃ�Áz=l�>8:=�Á!½����Hº¼?<A#;�=l�

,.-0/%1 ÿ!¶ ¤(2�ÄTº��<�»��ºHÅ�A:�»º¼6|��;n½����<�+½�;�=38�A��<ºnÆ��D½�;s=<�:Æ:=<�D8��
��Á!½��JA#�s=LÆ:=<��Å<=38:=�ÁD�
6|��6|�58:=
1019 eV Ç ì!È�É�Ê

Z�Y(��Z�R ��µ�XPO���h�Ë>O�[:w�f���Z�_�Y \ �*X!RdOC[�µ*`�Z�X�Y
fEh�Z
75 %

¶
ç O�¢zµ*[�\+Z�ÿ!¶�¤a`��*X�Y
\ ZL�yO3h��MR+Y \ �XN![!Y
���*XG�XOCY
f�\WO���ZLh�[*R+��µ*XZO��#iD�*[�\xh��M�"f�\+Z�X�Y
ZiR�iPO�\+Y ��_�[���ZiR�¶C&�\+�#_lj!Z%h�[_�ÌE[�\Ph�Z(�yOTµ*Z�\TNDZ u � 500 m c y���Z�R+��µ*XZO��zZ_RgY�h��*`���X!f%iPO�\���ZiR.i�j!��Y
�*X!R�yO�*XFiDZ�[#Y.h!�*X�_�Riè�O|Y Y
Z�X�h�\+Z��[�X�Za`)�:h��V¢z_eOCY ���*XRh![�R ��µ*XPO���Y \ oiR.`���X���`)Z u ��X!��f�\ ��Z�[�\+ZdOC[)iD�*[�\+_�Z�X�Y c ¶:Í 1000 m

y��yOE_���`~N���XZO��XR+�*X
¤*�



ë\ìÏÎ\ì>þa¢P¡)÷wò�ý!ú�ýÃð�óôò4ú õ�÷�ø%ó¬ýZú3 �ð�ú�þ�ì_ìiì õ)ùdú�ûzü_ý�þdó�ë\ì
h�ZiR�¥rZ��sZ<YWRUZ�X�Y
\TOC�qX!Z�[�X�Z�_ljO[!Y
Z]h�[ÃR ��µ*XPO��LY ��Y�OC�LhDèMZ�X�m:��\+�*X

10 %
¶dÍ

1500 m
yd�yOrh���`)��XO[!Y
���*X

R_è�O�µ*µ�\WO�m*Z�iD�*[�\{OCY+Y
Z���X�h�\+Z
15 %

¶�¸���O�i�iZO�\WOC��YRh��*X!_�X�f�_�Z_RTRTO���\+ZIh!Z�i�\ f<m*Z�X!��\Uh�Z�Y
Z�����ZF_lj:[#Y
Z�Z�X
`��*X���Y �*\WOCXOY���Z_R%jZO�[!Y
Z�[�\TRJhDèMZeOC[5hPO�X!R(��Z_R%h�f<Y
Z�_�Y
Z�[�\TR�¶
§ X5i���[ZR(h�ZG_�Z�Y3Zi�"Z�Y�yzm:��Z�X�Y�Riè�O�Ð+��[!Y
Z�\a�XO�h���`)��XO[!Y
���*X�hDèM[�X��rO�_<Y
Z�[�\ah!Z�[#wIh�ZG�yO*R [�\g�rO�_�ZG�yOCY f�\TO���Z
h�[�h!f�Y
Z�_�Y Z�[�\�¶P�LZ��XOGZ�XOY \WOC��X�Z([�X�Z3_ljO[!Y Z�h�[�R+��µ*XZO��zi�\ ��i"�*\gY
���*X�X�Z�����Z8�S�yOTm�O�\ �XOCY
���*XUh�Z3�XO�R+[�\��rO�_�Z
Y
�CY�O���Z�h�ZE_��*����Z�_�Y
���*X�¶

ÓxÔ�Ñ Ò§â8æ���ã�á�®Ká Ý�Ü Ók®(å�Ý�®�Û Übá ÜLÔxá4Û�®�älá�Õ�×�å Ý�Ü ã�® ãi×(å�Ö>��ÜJ��Û
Ýk¬�®�Ù>æ4×�Û�ß�á�Õi×(å Ý�Ü·ã�¬ ÜJ®S� ÜbáÐÝ�Ü·ã�® Û%â�×>Ü8älá�Õ��)Õ�á�âÚÝ�� ÓÙØ)��Ü%Ú

ç Z_R3`�Z_R+[�\ ZiR�yDZ�Û"Z�_<Y
[�f�Z_R�iPOC\3Ü3¶s�IZ�h���XPO#yDÜ3¶sÝL��X���ÞrO�ß��¼yzeG¶ N [�iPO�X��nYWR�ÌO��O�X!h>Ï>¶"Ý.Z�\+Y �*[Q����àC�
h�Z��XOa_��*XZR+YWO�X�Y
Z%h�Z.Y
Z�`�iZRdh�Z�h�f�_�\ ���XRTRTO�X�_�Z%h�Z_R)R+��µ*XZO�[#wGhPO�XZRx�yO3_�[!m*Z%iD�*[�\dh���Û"f�\+Z�X�Y
ZiR�jPO�[!Y Z�[�\�R
hDèMZeO�[sy�X��*[!R��*X�Y�iDZ�\+`)�MRdhDèMZ<w:Y \WO���\ Z��XOa\ f<ázZ�_<Y
�nm#�nY
f.h�[R�P�Om�Z_Ì*O���XZR �O·O[�Z%�XOa����X�µ*[�Z�[�\dh�è�OQN!R �*\+i!Y
���*X
h�ZE�,èMZeOC[]h!ZS�XO@_�[!m�Z�â���O�X�hZO�\Wâ u _<Þ'¶^Z�·�ÿ!¶VÉËÿ c ¶

,.-0/%1 ÿ#¶�Ê@2ã47=l�<A:�
=R8�AI�'=<�3Áz�@8:=@8:�l?<�
6|º��l��½��s?l=@=<�R¹�6|�s?<�»º¼6|�78:=G;n½�¾!½�A:�'=<A:�R8�¿À= ½�Aã=�Â�=l?<�»Az�l=E�<A#�A:�s=R?<A#B�=E��=l�<�
e3Z_R(`�Z_R [!\ Z_R8R+��`����yOC��\ ZiR�Z�Û"Z�_�Y [�f�ZiR3iPOC\bÏ@¶zÝLZ�\+Y �*[>O�X�hIÜ3¶D�IZ�h!��XPO*R [!\>â ç OC[�\WOzâ@�^ä�å�� u hPOCXZR�yOR&�O�`�iPO c h��*X!X�Z�X�Ya��Z_R�m�O���Z�[�\�R8R [��nmQOCXOY Z_RE}

Rtyvek = 0.90 Ttyvek = 0.10

ä��



õ)ùdú�ûzü_ý�þdó�ë\ì ë\ìÏÎ\ì>þa¢P¡)÷wò�ý!ú�ýÃð�óôò4ú õ�÷8ø)ó¬ý!ú� �ð�ú�þ(ìiì_ì

Lw = 99 m¸��:Z_R+Y�æ3X���Y Z�\d·:[!ZL�,èMZ<w:Y \WO�_<Y
����X>h�Z._�Z_RxiPO�\WOC`)o<Y
\ ZiRxXDèMZ_RgY�iD�:RTR+�XN���Z.·O[�Z�R �:�,èM�*X>h��MR iD�:R Z.h�ZL`�Z_R+[�\ ZiR
æ{O�[]`)�*��XZR�h�Z�[#w]jPO�[#Y
Z�[!\TRJhDèMZeO�[]h���Û"f�\+Z�X�Y
ZiR�¶

ª ×�å�ä�ã���æ�Õ�×(å
ÜLZa_ljZO�i���Y \ ZJX��*[!R�OEi"Z�\ `��XR�h�Z(_���`)i�\+Z�X�h!\ ZJ·O[Dè^[!X�Z3h���`)��XO[!Y
���*X@h�[)X���m�ZeO�[�h�Z(�,èMZeO�[UhPO�X!R.�XO

_�[#m*ZRXDè�OCÛ"Z�_�YWO���Y3iPOQR���Z(R+��µ*XZO��dh�è^[�X!Z*R ��`�i���ZSh!��`���XO[!Y
���*X]i�\ �*iD�*\gY
����X�X�Z�����ZSæF_�Z�����Z<p�_��¼¶ ç O)m�O�\+�yO|p
Y
���*X�h�ZiRdR+��µ*XPOC[#w�h�f�i"Z�X�h]h�ZE�yORXPOCY [�\ ZTh�ZiRaiZO�\+Y ��_�[!��Z_RL·:[!�{��Z_RJ�*X�YJZ�X�µ*Z�X!h�\ f�Z_R�¶ ç ORh���`���XO[!Y ���*X
hDèM[�XãÞrO�_�Y Z�[�\Th�Z�[#wãh�ZU�XO�jPO�[!Y Z�[�\ThDèMZeOC[ u Z<w#Z�`�i���ZRZ�w:Y
\ ç�`)Z c hPO�XZRT�Iè^Z�XZR Z�`~N���ZRh!Z_REh�f�Y Z�_<Y
Z�[!\TR
_���X�h�[���\WO��nYJæ�[!X�ZKR �*[ZR(Z_RgY
��`�OCY ���*XFh�[�R+��µ*XZO���iD�*[�\J��ZiR(_�[!m*ZiRa_���Y [�f�ZiR3æRi���[ZRJh�ZGä�å*å�`èh![I_�ÌS[!\
h�ZR�XOFµ*Z�\�N"Z>Z�YEæ��XOFh���`���XO[!Y ���*XIh�Z@�XO�R [�\gÞrO�_�Z@Y ��Y�OC��Z>h!ZR_��*����Z�_<Y
���*X�¶DéaXbY
Z��xZ<ÛsZ<YE_��*X�h![���\TO���Y3æ
[�X�ZE`��#h!��êz__OCY
���*X�h�ZE�,èMZ_RgY
��`�OCY Z�[�\Lh�ZE�,èMf�X�Z�\ µ*��Z�y���Z�R ��µ�XPO��{æ

1000 m u N ÉWå�å*å c ¶
¸��dZiR+Yah��*X�_�OQNZR+�*��[�`�Z�X�Y(X�f�_�Z_R�RWO���\ ZGh�Z>_��*X�XPOC��Y
\+ZSZ<Y3h!Z>`��*X���Y �*\ Z�\%��ZiRajPOC[!Y
Z�[�\TR(hDèMZeO�[�O|êzXh�ZEX�ZEiPOQRJiDZ�\+h�\ ZE��ZiRJ��X!Þ��*\+`�O|Y
����XZR._��*X�Y
Z�X:[!Z_R3hZO�XZRJ��Z�R+��µ*XPOC��`)ZiR [�\+f�¶

ë ��[ZR�O�m��*XZR(`)�*X�Y \ fEf�µ9OC��Z�`�Z�X�YJ·O[�ZSX���Y \ ZS`)�:h�o���Z�R ��`)i!��ZT\ Z�i�\ �:h�[��nY8N���Z�XI��Z_R%m�O�\ �XOCY
���*XZR�h!ZG�XO_���XZR+YWO�X�Y
ZSh�ZEh�f�_�\ �*�MRTRWOCX�_�ZEh�[>R ��µ*XPO���Z�X]Þ���X�_�Y ���*X�h�[�Y
Z�`)i!R%i"�*[!\(h!��Û"f�\ Z�X�Y
Z_RJjPOC[!Y
Z�[�\TRJhDèMZeO�[s¶

ä�à
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ì íª©¬«®�¯>°>± î

± Á�¶ °>± ¹¼± Á ³ �¿À±ðï ¶òñ ¹ ºQ±ðï ¶ ¹©ï ³ªÁ Â ± Á
¹¼ÄÃ¯�± ¸ ¯>± ¶ ° Á ¹¼± Á�¶ °IóPï ¸ ± «ôï ° ¶ ¯� Â  Á ïÆ¯�DÇ ³ ¹¼±
Â ï ¹¼Ä Á  ³ ¯>Ä » °5ïÆ¯�DÇ ³ ¹¼± Á ½ ¶ Ç ³ªÁ

ÜL�*`�`)Z(X��*[ZR�O�m*�*XZRLi�[���ZJm*����\PhPO�XZR���Za_ljZO�i���Y \ Z(i�\ f�_�f�hPO�X�Y�y��XOS\+f�iD�*XZR+Z�hDèM[�X�Z3_�[!m*ZEæSh���Û"f<p\ Z�X�Y
Z_R�iZO�\+Y ��_�[!��Z_R�iD�*[�\xh!Z_R�X��nm*Z_O�[#w>hDè^Z_O�[>m�O�\+�yOQN���Z_R�Z_RgY�Y
\+o_Rxh!��Û"f�\ Z�X�Y
Z�¶ ç O3·O[PO�X�Y
�nY
fLh!Z���[�`���o�\ Zh�f<Y
Z�_<Y
f�ZSiD�*[�\L[�X�f���Z�_�Y \ �*X�m�O*O�[�µ�`)Z�XOY Z�\�·O[POCX�h���Z�X��nm*Z_O�[�hDè^Z_O�[�m�O@h���`���XO[�Z�\bO����*\TR.·:[!ZTi"�*[!\
[�X)`@[��*X�yO_�Z�Y Y Z3`�ç�`�ZJ·:[ZO�X�Y
��Y fam�OGh!��`���XO[�Z�\�¶*¸��DZ_R+Y.h��*X!_3��X!h��XR+i"Z�XZRWOQN!��ZJh�Z3_��*X�XPO|��Y
\+ZJ��Z_RPjPO�[:pY
Z�[�\TRShDèMZeO�[ OCêzX�·O[�Z��yO�h�f�Y Z�\+`)��XPOCY
���*Xbh�Z��yO�h��MR+Y \ �XN![!Y
���*Xb�yOCY f�\TO���ZRh�[êR ��µ*XPO��»ysZiR+Y
��`�O|Y
Z�[!\Th�Z
�,èMf�X!Z�\ µ���ZTh�ZE�yO@µ�Z�\TNDZ�yzX!Z�R+�*��YJiZOQRJZ�\ \+�*X�f�Z�¶ÜLZS_ljPO�i��nY
\ ZS`��*X�Y
\ Z�\WOU·O[Dè^���{Z_RgY3iD�:RTR+�XN���ZEh�ZGh!f�Y
Z�\ `���X�Z�\J_�Z_R(jPO�[#Y
Z�[!\TR3Z�X5[!Y �����XRWOCXOY��yOUh�f_R+��X�Y
f�pµ*\TOCY
���*X�h�Z_RJ`@[!�*XZR�OCY
`��:R+i�j�f�\+��·O[�ZiR(hZO�XZRJ��ZiR(_�[!m*ZiR�¶

Ñ�Ô_Õ � âbáwà�×6Ý�Ü
õ(ö+÷�ög÷ ørù�ú'û3ü"ú'ýGþ

ÜL�*`�`)ZUX��*[!RG�Iè�O�m*��XZRG`��*X�Y
\+f)hZO�XZRS��ZU_ljPO�i��nY
\+Z)i�\+f�_�f�hPO�X�Y�yd�XO]·O[PO�X�Y ��Y
f�h�Z���[�`���o�\ ZR_�\ f�f�ZiPO�\a[�Xb`@[���XrZ�YTiZO�\3[�Xbf���Z�_�Y
\+�*XbX�Z>m�O�\+��ZSiPOQR�h!Z@�yOF`�ç�`�ZEÞrO����*XbZ�XrÞ��*X�_<Y
����X5h�Z@�XO)jPOC[!Y
Z�[�\hDèMZeO�[Fj�¶ ç O�R Z�[!��Z3_��*X�XPOC�XRTRTO�X�_�Z3h�[�R+��µ*XZO��zZ�X�µ�Z�X�h�\+f�iPO�\P��ZiRL`@[!�*XZRPX�Z�R+[!�UY�iPOQRLæGh�f<Y
Z�\ `���X�Z�\
j�¶ ç Z�R ��µ*XPO��!h�f�����m:\ f%iPOC\���Z_R�Í3eTÜtZiR+YPZ�X�`3�>y*���:ÞrO�[!Y�h��*X!_(_��*X�XPO|��Y
\+Z%�yO�_��*X�m*Z�\�R ���*X)`a�ap�f�X�Z�\+µ*��ZiD�*[�\%Z�X!R [��nY
ZEh�f�Y Z�\+`)��X�Z�\%j]Z�X][!Y
�����MRWO�X�Y%�Iè^f�·:[ZOCY
���*X�R [��nm�O�X�Y
ZU}

∆Eµ(MeV ) = 2 MeV/cm . h(cm) u �!¶MÉ c
ç Oth�fiR ��XOY f�µ*\TOCY
���*XÙh�[ÿ`@[��*XÿZ�X f���Z�_�Y \ �*XÙZ�Y � X�Z�[#Y
\ ��X��:R�m�O#OCi�i"��\+Y
Z�\��yOv\ f�i"�*X!R Z7æ _�Zi�\+�:N���o�`)ZC¶ ç è^f���Z�_�Y
\+�*X�y{�MRTR [�h�ZU_�Z<Y Y Z)h�fiR ��XOY f�µ*\TOCY
���*X�R ZUY
\+�*[!m*Z6O�m*����\E[�X�ZUf�X!Z�\ µ���ZRY
\+o_REi���·O[�f�Z

R [!\%äQÿ>�IZ�� u R iDZ�_�Y \ Z�h!ZT�I��_lj�Z��"$x��µS��¶VÉ c yO_�Z3·O[���Þ��*[�\ X!��Y.[�X�Z3\+f�Þ�f�\ Z�X!_�Z�Z�X�f�X�Z�\ µ*��ZaiDZ�\+`)Z<Y YWO�X�Yh�ZRh�f<Y
Z�\ `���X�Z�\Tj�¶ N ��X!�*[ZREiPO�\gm*Z�X!�*XZRGæ�h�f�Y Z�_�Y Z�\S��ZiR�f���Z�_�Y \ �*X!RS�MRTR+[ZRTh�ZU_�Z<Y Y
ZUh�fiR ��XOY f�µ*\TOCY
���*X�y
O����*\TR%X���[ZRJi"�*[!\ \ ��XZR%h�f�Y Z�\+`)��X�Z�\%�XOUjZO�[!Y
Z�[�\JhDèMZeO�[]iPO�\%�Iè^Z�w!i!\ Z_R�R ���*X�R+[���m�O�X�Y Z�}
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h(cm) ≈ 53

2

Eµ

Eelectron
u �!¶ � c

,.-0/%1 ��¶VÉ32��*Áz=l?<�H�
=>8:=�4rº¼?l¾z=<;

õ(ö+÷�ö�� � ý3ýaù
	%ü
�aþ ý�����#ú����aþ
ç Z(X!�*`~N�\+Z%h�ZJi�j���Y �*XZR.ÜLj�Z�\+Z�XZÌC�WmF_�\ f�fiR�iPO�\���ZiR�`@[��*XZR�y*m�O�\ ��Z�Z�X�i�\ Z�`)��o�\+Z8O�i�i�\+�Ww#��`�OCY ���*X

_���`)`�Z�j�¶ ç èMZ<w#i�\+Z_RTR+���*X>h�[@X��*`�N�\ Z�Y
��YWO���h�Z.i�j���Y �#f���Z�_<Y
\+�*XZRwR [�\d��Z_R�Y
\+�*�XR�i�j!��Y
�*`>[���Y ��i�����_eO|Y
Z�[!\TR
Sum µ

iDZ�[!Y�Riè^f�_�\ ��\ ZE_���`)`�ZR}

Sum µ = N0 Eµ

(

1 + e−
∆t
τ +

(

e−
∆t
τ

)2

+ ...

)

=
N0 200 h

1 − e−
∆t
τ

u �!¶�ÿ c
� �

N0

Z_RgYJ��Z�X!�*`~N�\+Z�`)�W��Z�X�h�ZTi�j��CY
�:f���Z�_�Y \ �*XZR�y!iPOC\
MeV

h�Z
dE/dX

Z�Y�R+[�\%��ZiR8ÿ@i�j���Y �Cp
`@[��nY
��i�����_eOCY Z�[�\�R�y:h�f�Y Z�_�Y f_RdO�i�\+o_RJ�yORi�\+Z�`���o�\+ZT\ f<ázZ<w#����X�¶&d��[�\

2 MeV/cm
h�Z

dE/dX
hPO�XZRR�Iè^Z_O�[�y

Eµ = 200 h MeV
y�� � j ZiR+YU�yOrjZO�[!Y
Z�[�\RhDèMZeO�[ Z�X

`�o�Y
\+Z�¶
∆t(ns) = 12 h

Z_RgYa��Z�Y
Z�`)iZRJhDè�O�����Z�\L\ Z�Y �*[�\Jh�ZiR(i!j���Y
��XZR�¶

Sum µ =
N0 200 h

1 − e−
∆t
τ

≈ 200 N0
h τ

∆t
= 200 N0

τ

12
u �!¶^� c

Ê �
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���

τ
Z_RgY(h��*X�X�fEiPOC\(�Iè^f�·O[POCY
���*X�ÿ!¶VÉËÿ!¶

e3Z_R(h��*X!X�f�ZiRaZ�w!iDf�\+��`�Z�X�Y�OC��Z_R�yZR ��XOY(Þ��*[�\+X���ZiR%iPO�\%�XOU_�[!m*ZFâ ç ÍJé��JÍRâR�^ä�åC�»¶
Ttyvek

Z<Y
LW

i�\+��m:��Z�X�X�Z�X�YEh�[bê�YEh�[bY
Z�`)iZR3h�ZRh�f�_�\ �*�MRTRTO�X�_�ZUh�[�R+��µ*XPOC� u τ c Z�XbÞ��*X�_<Y
���*Xrh�ZR�XO
jPO�[#Y
Z�[!\(h�è^Z_O�[ u h cSu _�Þ'¶�iZO�\WO�µ�\WO�i�j!Z(ÿ#¶^� c Z<YJ� � �yO@_���[�\TNDZEZ_R+Y(X���\ `xO����MR f�Z�æ

1.2 m
¶

,.-0/%1 ��¶ � 254�=l�<A:�l=S8�A��<ºnÆ��D½�;"º0�z�'�¼Æ��
���+=<���3Ä����>�<A:�T;�=l� ��!.�R��=<�G¹�6|�s?<�Hº¼6|�b8:=a¾��+?<���3Áz6|A:��;n½?<A:B�=#"{½�A:�+½
&d�*[!\T��Z_R3f���Z�_�Y \ �*XZR�y���Z>X��*`~N�\+Z@h�Z@i!j���Y
�:f���Z�_<Y
\ ��XZRTi�\ �:h�[��nY�ZiR+YTê!w#Z�ys_eO�\��Iè^f�X�Z�\+µ*��Z>h�f�iD�:R f�ZiPO�\T�Iè^f���Z�_�Y
\+�*Xb�,èMZ_RgYEf�µ9OC��Z�`�Z�X�Y u 53 MeV c ¶�ÜLZ�_���Z_RgYTm:\WO���iD�*[�\���Z_RTf���Z�_<Y
\+�*XZRTh�Z{NPOQR�R ZUf�X!Z�\ µ���Z

O���XZR ��·O[�ZSiD�*[�\%[�X]X���m�ZeO�[]hDèMZeO�[>R [!i"f�\ ��Z�[�\(æ
25 cm

¶

Sum e =
N0 Ee

1 − e−
∆t
τ

≈ N0 Ee
τ

12 h
u �!¶Ïä c

���
Ee

ZiR+Y��,èMf�X!Z�\ µ���Z�h�Z%�Iè^f���Z�_�Y
\+�*XRZ�X
MeV

¶ ë ��[ZR�_��*X!R ��h!f�\ ��XZR���_���·O[�Z%�,èMf���Z�_�Y \ �*XRiDZ�\+hRY
�*[!Y Z
R ��XIf�X�Z�\+µ*��ZTiPOC\

dE/dX
¶

τ

h
= 1 / (

6 10−3 + Ttyvek

5.8
+

h

4.4 Lw
) u �!¶�Ê c

Ê:ÿ
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ÜLZ�Y+Y
Z3Þ��*\+`@[���Z(`��*X�Y
\+Z�N���Z�X)·:[!Z���Z�R ��µ*XPO���i�\+�#h�[!��Y.iPO�\L�Iè^f���Z�_�Y
\+�*X�OC[�µ*`�Z�X�Y
Z(·O[PO�X�h�j�h!��`��np

XO[�Z�¶
ë �*[!R.iD�*[!m��*XZRL`xO���XOY Z�XPOCXOY�i!\ f�h!��\ ZJ�XOEm�O���Z�[�\�h�[)\WO�i!i"�*\gYGR �*`�`)Z%h![�R ��µ*XPO��!hDè^[!XF`@[���XxR+[�\

R ��`)`�ZTh�[>R ��µ�XPO��sh!ZS�Iè^f���Z�_�Y
\+�*X u h�ZEh�fiR ��XOY f�µ*\TOCY
���*X c O�m*Z�_G[!X�ZEZ<w#i�\ ZiRTR+���*X�R ��`�i���Z@}
Sum µ

Sum e
=

200 N0
τ
12

N0 Ee
τ

12 h

=
200

53
h u �!¶Ï� c

h = 0.26
Sum µ

Sum e
u �!¶�� c

ç Z�YWOQN���Z_O�[Ù��¶VÉ7\+Z�iD�*\+Y Z���Z_R�`�Z_R [!\ Z_R]Z�Û"Z�_<Y
[�f�Z_RIhPO�XZR ç O�[�\WOviD�*[�\�h�Z�[#w X���m�ZeO�[#w hDè^Z_O�[
h��nÛsf�\ Z�X�YTR(Z<Y(�yO@i�\+f�h���_�Y
���*X�h�ZEjPO�[!Y Z�[�\JhDèMZeOC[Ii�\+�Wm*Z�XZO�X�Y3h�ZE�XO@`)f<Y
j��:h�ZEZ<w#iD�:R f�ZG_��{h�Z_R�R [ZR�¶

j u ` c \ f�Z�����Z
Sum µ/Sum e h(m) = 0.26 Sum µ/Sum eÉ*¶ � å ± å!¶�å/É É Î å#¶ � ÿ É*¶MÉeÿå!¶���å

±
å!¶�å/É É Î å#¶�ÿ � å!¶��/É

$&%('d1 ��¶VÉ32*)J�l�<A:; ��½���8:=l�E�F=l�<A#�
=l�G8:=S�zº0B�= ½�AI8�¿À= ½�Ar=�Â�=l?<�HA��l=l�>8�½��!��"�½�A:�+½

Ñ�Ô
� +ÆÛdÕ_æ4Ü Ý�ÜÞÝ�×(å>å�â�Ü8æÐÜbá Û�â8æ���ã�á�®Káwæ§ß�×G��Û<ã�® ä����~ÜÞÝk¬-,ÀÛ)æ�®JØ
õ(ö.��ög÷ /%þ102�aý433þ6587 ü��:9�þ;3=<?>vù@�27A

e�O�XZR>��Z�_eOQRGhDè^[!XQh�f�Y Z�_<Y
Z�[!\@iPO�\gÞrO���Y�y{��Z6R iDZ�_�Y \ Z)h�Z��I��_lj�Z�� u _<Þ'¶�ê�µ�¶d�!¶MÉ c Z_RgY@`xO|w#��`@[!`©æ
53 MeV

¶�ÜLZ�Y+Y
Z�m�O���Z�[�\�`xO|w#��`xO���Zah�f�i"Z�X�h]h�ZT�yO@\+f_R ����[!Y ���*X�Z�XIf�X�Z�\+µ*��Z3h�[�h�f�Y Z�_�Y Z�[�\�¶ ç Z �a� Nh�ZI�yOã����µ�X�Z�h�Z�NPO�R Z5h!Z_R�$:Í�eTÜ ZiR+Y�h�è^Z�XOm:��\ �*X å#¶Ïäãi"�*[!\)[�X i���_]h�Z5`>[��*Xðækä�å!¶.ÜLZ��XO7X���[ZR
_���X�h�[��nYRæI[!X�Z�\ fiR �*��[!Y
���*X�hDè^Z�X�m#��\ �*X

1%
h�Z)� § � u ��Z�\gY
��__O���Z�·O[��nmQOC��Z�X�YR�I[��*X c y�R+�*��Y 2 MeV

u 1%
h�Z

240 MeV c ¶�éaX�ZUY
Z�����Z>\ f_R+�*��[#Y
����X�_��*X�h�[!��YSæ�[�X7h!f�i��XO�_�Z�`)Z�XOYSh�ZU�XO�m�O���Z�[�\T`xO|w#��`xO���Z
h�[>R iDZ�_<Y
\ ZSh�ZG�I��_lj�Z���O�[:w�Z�X�m:��\+�*XZRJh�Z

40 MeV
¶

õ(ö.��ö�� /CBD5'þ{üE0#ú�	�ûF33þD�G3:BD�#ú'ûH02BDI�ù
7J0#ú�	�û��K33þML;�:	Pû þ10;NE�POQ0#þ�ùðø��:5��#þ�N
ë �*[!R�RTO�m*�*XZRG·O[�ZU�yO�h�[�\+f�ZUh�ZUm#��ZRh�[�`@[��*XãZ_RgY>h!Z

2.2 µs
Z<YG·O[�Z���Z@á�[#wãh�Z�`@[��*X!RThPO�XZR

��ZiRL_�[!m*ZiR�Z_RgY%h�Z�ÿSR Taß�¶ N �DX��*[ZR.ÞrO��XR+�*XZRP�,èMj��XRgY
�*µ*\TO�`�`)Z%h�Za�yOEh���Û"f�\+Z�X�_�Z�Z�X)Y
Z�`�iZR.Z�X�Y
\+Z3��Z
1er`@[���X u ·O[��xh!f�_���Z�X�_lj!Z��Iè�OC_�·O[��XR+��Y ���*X c Z<YT��Z@i!��_�R+[���m�O�X�YT_�Z�YEf<m*f�X!Z�`�Z�X�Y�y{X���[ZR�h�Z<m#\+���*X!RT�:N!Y
Z�X���\

� _��*`�iD�:RWO�X�Y Z_RE}
2Ù[�X!Z3Z<w#iD�*X�Z�XOY ��Z�����Z�O�m*Z�_3[�X!Z3_���XZR+YWO�X�Y
Z3h!ZaY
Z�`)i!R.h�Z

2.2 µs
·O[���_���\ \ ZiR iD�*X�h�\TO���Y�O�[#w�f���Z�_<p

Y \ �*XZR%m�Z�XPO�X�Yah�ZE�yO@h�fiR ��XOY f�µ*\TOCY
���*X�h�Z_RJ`@[!�*XZRVU2Ù[�X!Z>Z<w#iD�*X�Z�XOY ��Z�����Z�O�m*Z�_>[�X!Z>_���XZR+YWO�X�Y
Z>h!ZGY
Z�`)i!Rah�Z
330 µs

·O[���_��*\+\ Z_R+i"��X�h�\WOC��YdO�[Iá�[#wh�ZE`@[!�*XZR�¶
Ê��



õ)ùdú�ûzü_ý�þdó Î\ì Î}ì�í!ì>ûvþ�üg¡/ó¾ð�óôð*ï% 3 a¢vó.¡>ó�ýÃþ(¢.¡%÷�ò�ý!ú�ýx¡

,.-0/%1 ��¶�ÿG2rÄEº��<�H��ºHÅ�A#�Hº¼6|��8:=E;n½�8�º Â��<�
=<�s?l=>=<�b��=<�3Áz�����!�?��=<�z�H�
=XW>ÁDº¼?l�@?l6|�!�W�l?<A:�»º ¹
�

ë �*[!R�X�Z@_��*XZR ��h�f�\+�*XZRTiPO�R3��_��x��Z_R3f<m*f�X�Z�`�Z�X�YWR�O�m*Z�_R[�X
∆t < 400 ns

OCêzXbh�Z~Riè�O�RTR [!\ Z�\T·O[�Z
�,è�O�`�i����nY
[�h!ZFh�[ti�\ Z�`)��Z�\*R+��µ*XPOC��Z_RgY�R+[!�6RWO�`�`)Z�X�Y�ÞrOC�XN���Z�O�mQOCXOY�hDè�O�_�_�Z�i#Y
Z�\���Z�R+Z�_��*X�h¾R+��µ*XPOC�¼¶
ë ��[ZR�XDèM�:NZR+Z�\+m��*XZREiPOQR�y"êzµ�[�\ Z@�!¶�ÿ!yDh�Z@h!f�_�\+�*�XR�RWO�X!_�ZRZ<w#iD�*X�Z�XOY ��Z�����ZGh�Z

2.2 µs
Z<YTh�Z@i!��[ZR����%OCi#piPO�\TOC��Y � ND�:R�R Z_R(\ ZiR iDZ�_<Y
��m�Z�`�Z�X�Y�O�[!Y
��[�\Jh�Z

2.5
Z<Y

7 µs
¶

ç Z5h��XO�µ*\TO�`)`�Z�h�Z
∆t

Z�X Þ��*X�_<Y
����X h�ZI�yO7�XO�\ µ�Z�[�\)æ7`��ajZO�[!Y
Z�[�\Fh![¾R Z�_��*X�hôR+��µ*XZO��¼y�`��*X�Y
\+Z·O[DèM[�X�µ*\TO�X�hFX!�*`~N�\+Z(h!Z�R Z�_��*X!hZR�R+��µ*XPOC[#w��*X�YL[!X�Za�XO�\ µ�Z�[�\�h�Z
12 ns

¶ � \�Y
�*[#Y�R+��µ*XPOC��m*Z�XZO�X�Y�h�Z�,èMZeOC[F_���XOY Z�XO[�Z�hZO�XZRL�XOS_�[!m*Z3h��*��Y�O�m*�*��\._�Z�\gY�O���X�Z_RP_eO�\TO�_�Y f�\+�XR+Y ��·O[�ZiRLZ�XFiPO�\+Y ��_�[�����Z�\�[�XFY Z�`�iZRPh�Z
h�f�_�\ ���XRTRTO�X�_�Z@hDèMZ�X�m:��\ ��X

70 ns
h�Ë�O�[#wI`@[!��Y
��i���ZiRJ\ f�á�Z<w#���*X!R3h�ZG�yO)��[�`���o�\+Z�R [�\3��Z_R(iPO�\+�*�XR(h�ZG�yO_�[#m*Z�¶�¸��#Z_RgY�h��*X�_.Þ��*\+Y Z�`�Z�X�Y�i�\+�:NPOQN���ZL·O[�Z%_�Z_RzR ��µ*XPO�[:w>i!\ �Wm:��Z�X!X�Z�X�Y�hDèM[�XUi�j�f�X��*`�o�X�Z�i!jO�\R+��·O[�Z

��X�Y Z�\ X!Z(OC[]i!j���Y
��`@[���Y ��i�����__OCY
Z�[�\�¶
ç Z_REâ<ÍaÞ0Y
Z�\%&�[��XR+Z�â�R+�*X�Y%�yO>iZO�\+ÞrO��nY
Z(������[ZRgY
\WO|Y
����X)hDèM[�X�Y Z��si!j�f�X���`)o�X�Z�¶ ç O>\TO��XR+�*X�iD�*[�\��XO�·O[�Z�����ZX��*[!RL�:NZR+Z�\gm*�*XZR8OC[!Y�O�X�Y.hDèMÍaÞ0Y
Z�\�&�[��MR Z3ZiR+Y%·O[�ZaX���Y \ Z3_��*X�h��nY
���*X)h!Z3h�f�_���Z�X�_lj�Z�`)Z�XOYJZiR+YL[�X�R Z�[����
R [!\~R Z�[���Z�`)Z�XOY@[�X R Z�[���&�`>Y�ydZ<YRX��*Xv[�X!Z�_��ZY¼X�_���h�Z�X!_�Z�R+[�\>Y
\+�*�XR�¶�&d�*[�\>_ljPO�·O[�Z�Y
\+��µ*µ�Z�\�y�X���[ZR�*[!m:\+�*XZR3[!X�ZGÞ�Z�X�ç�Y \ Z>h!Z

10 µs
� � X!�*[ZR3Z�X�\ Z�µ*�XRgY
\+�*XZRaY �*[!Y�¶DÍa[r_���XOY \WO���\ ZCyDiD�*[�\(_�ZG·O[��dZiR+Y3h�Z_R_�[#m*Z_R(h�ZEi�\+f<p�i!\ �:h�[�_�Y ���*Xsy!�yO@_��*X�h��nY
���*X�h�Z�Y
\+��µ*µ�Z�\�ZiR+Y([�X�ZE_��[Y�X�_���h�Z�X�_�Z�Y Z�`�i"�*\+Z�����Z3h!Z_R�ÿU&�`GY

O�m*Z�_S[!X>R+Z�[�����R+[�\%_ljPO�_�[�XIh�è^Z�[#w�h�Z
0.1 V EM u N ���]\8R%ÝL[!Û"Z�\�R c ¶z¸��"Z_RgYah!�*X�_�_��yO���\L·O[�ZE��ZiR�ÍaÞ0Y Z�\&�[��XR+ZEX�ZKR Z�\+�*X�Y(iPOQRJ�:NZR+Z�\+m�OQN!��Z_RJhPOCXZRa��Z_R%h���X�X�f�ZiRai!\ �Wm*Z�XPO�X�Y3h!Z_R N ���]\8RJÝL[!Û"Z�\�R�¶

ç OFêzµ*[�\+Z@��¶M��y"·O[��x\ Z�i!\ f_R+Z�X�Y
ZU�XO)h��MR+Y
\+�XN�[#Y
����X5h�Z@h!��Û"f�\ Z�X�_�Z>Z�XbY
Z�`)iZRaZ�X�Y
\+Z � i���_iR3_��*XZR f�p_�[#Y
��Þ�R�ybOQf<Y
frÞrO��nY
Z5Z�XÙ��`�i"�:RTO�X�Y�iD�*[�\�_��*X�h��nY
���*X¾R [!\���Z�R+Z�_��*X�hÿi���_rh�è�O�m*����\�[�X!Z�O�`)i!����Y [�h�Z
`xO|w#��`xO���Z.hDè�OC[F`��*��XZR

35 mV
Z<Y.[!X�Za�XO�\ µ�[�Z�[�\PæE`)�zjZO�[!Y
Z�[�\PhDè�OC[)`��*��X!R

50 ns
OCêzXFh!Z�R+[�i�i�\+�np`�Z�\P�yOG_��*X�Y
\+�XN�[!Y ���*X�h�ZiREâ�ÍaÞ0Y Z�\L&�[!�XR Z*âC¶ ç OEêzµ*[�\+Z3��¶M�>`��*X�Y
\+Z3_��yO���\ Z�`�Z�X�YP·O[�Z�_�Z�Y Y Z3_��*X�h��nY
����X_���X�h�[��nY8N���Z�XIæU�yO~R+[�i�i�\+Z_R�R ����X5h�ZE_�Z<Y Y ZS_��*`�i"�:RTO�X�Y
ZEh�ZKR ��µ*XPO��sX��*X�h�f_R+��\+f�Z�¶

Ê�ä
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,.-0/%1 �!¶^��2 ÄEº��<�»��ºHÅ�A:�»º¼6|�t8:=l��8�º Â��<�
=<�s?l=l��=<� ��=<�3Áz�^���!�?��=<�z�H�
=_WFÁDº¼?l�]?l6|�!�W�l?<A:�Hº ¹
�F½<ÁD�l9l�R�<AWÁE`ÁD�
=l�l�<º¼6|�ã8:=l�:��¹��'=<��!.A:;��W=l�
ÍaêzXFhDè^f�i�[�\+Z�\lO�[F`���Z�[#wUX���Y \ Z�R f���Z�_<Y
���*X)h!Z_RL`>[��*XZRGR_èMf�YWO�X�Y�h�fiR ��X�Y f�µ*\+f_RLZ�XFf���Z�_<Y
\+�*XZR�yOX���[ZRiD�*[!m*��XZRU��`xO�µ*��X!Z�\>·O[�Z���Z_RU`@[��*X!R*R Z�h�f_R+��X�Y
f�µ*\WOCXOY�hPOCXZRU�yOr_�[#m*Z]h�f�iD�:R Z�X�YF`��*��X!R@hDèMf�X�Z�\ µ*��Z

·O[DèM[�X�`@[��*X�Y
\TOWm�Z�\�RWO�X�YJ�yOE_�[#m*Z�¶�e3Z3_�Z3ÞrO���Y�y�Z�X�R+f���Z�_�Y ���*X!XPO�X�Y���Z_RPf�m*f�X�Z�`�Z�X�YTR(h!�*X�Y���Z(i�\+Z�`���Z�\
R ��µ*XPO���ZiR+Y@h!Z)ÞrO��MN���ZRf�X�Z�\+µ*��ZCydX���[ZR>h�Z<m:\ ����XZR>h���`)��XO[�Z�\E��ZRÞ��*X!hQh�ZF`>[��*XZRSX�Z�R+ZFh�fiR ��XOY f�µ*\TO�X�YiPOQR�¶
ç O5êzµ*[�\+Z���¶�ä5X��*[ZRR`��*X�Y
\+Z�·O[Dè^[!X�Z�Y
Z�����Z)_��*[�i![�\ Z�h���`)��XO[�ZFh�Z��XO5`�ç�`�ZFÞrO�����Xv��ZFÞ��*X!hvZ�YU��Z
R ��µ*XPO��s_�ZE·O[��{\ Z�X�hI��XO[!Y
����Z�_�Z�Y Y ZG_��*[�i�[!\ Z�¶

õ(ö.��öba cdBD�e��5.027f02�
ë �*[!R(iD�*[!m��*XZR(Z_RgY
��`�Z�\%�XO@jPO�[!Y Z�[�\JhDèMZeOC[Ij u ` c hZO�XZRJ�yOR_�[#m*Z�y�O�m*Z�_G�XO>Þ��*\ `>[���Z�R+[���m�O�X�YS}

Peak µ

Peak e
=

200 h

Epeak−michel
u �!¶�à c

��� � å*å�_��*\+\ ZiR iD�*X�h�æ
200 MeV

iPO�\T`�o�Y
\+Z�y"·:[!��Z_RgYG�Iè^f�X�Z�\+µ*��ZGh�f�iD�:R+f�ZUiPO�\T[�Xã`@[!�*XrY
\TO|p
m*Z�\TRTO�X�Y%�yOS_�[!m�Z�Z�Y

Epeak−michel

Z_RgY%�,èMf�X!Z�\ µ���Z�yOZ�X��IZ��@y#h�Z3�Iè^f���Z�_�Y
\+�*XF�MRTR+[�h�Z3�XOGh�fiR ��XOY f�µ*\TOCY
���*X�¶
ë ��[ZRI�QN!Y
Z�X��*XZR�y(iD�*[�\��XOv_�[!m�Zkh�Z��,èM¸'& ë hDè � \�RWO��*y�O�i�\+o_R>R �*[!R+Y
\TO�_�Y ���*Xÿh�[ N�\ [!��Y]h�Z_R]Í�e�Ü3y
13.6 ± 2 mV

iD�*[�\S��ZUi���_)h!ZF�,èMf���Z�_<Y
\ ��X7Z<Y
71 ± 0.1 mV

i"��[�\G��Z)i!��_Uh�[Q`@[!�*X�¶�e3ZFi!��[ZR�y��XO
jPO�[#Y
Z�[!\GhDèMZeOC[kf�YWO�X�YSh�Z

1.2 m u `�Z_R [!\ Z���X�h�f�i"Z�X�hPO�X�Y Z c y�X���[ZRG�QN!Y
Z�X��*XZRS[�X�Z�f�X�Z�\ µ*��ZUi"�*[!\G��Zi���_Th�ZE�,èMf���Z�_�Y \ �*X�h�ZU}

Epeak−michel =
Peak µ

Peak e
200 h =

13.6

71
240 u ��¶MÉ�å c

Ê:Ê
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,.-0/%1 ��¶�äE2rÄEº��<�H��ºHÅ�A#�Hº¼6|�b8:=E;n½F8�º Â��<�l=<�s?l=S=<�r��=<�3Áz�g���!�?��=<�z�H�
= WGÁDº¼?l�G?l6|�!�W�l?<A#�Hº ¹
�g�'Å�;�=<A]�)½<ÁD�
9l�?l6|AWÁDA#�
=T�<A:�S;n½�B|½�;�=<A#�G8:=S; ¿ º0�z���¼Æ�� ½�;�=E8�AUÁD�
=<�Rº¼=<�3�<ºnÆ��D½�;

,P-0/%1 ��¶�ÊG2��*Áz=l?<�H�l=R=<���<�s=<�¼Æ�º¼=S8:=l�@�<;�=l?<�»�
6|�!�>8:=G8:�l�<º0�z��=¼Æ��+½��»º¼6|�

Ê��
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Epeak−michel = 46 ± 6 MeV u ��¶VÉ:É cÜLZG·O[��{ZiR+Y(��f�µ*o�\+Z�`�Z�X�Y8R [!i"f�\ ��Z�[�\(æ��XO>m�O���Z�[�\�R [�i!i"�:R+f�Z u > 40 MeV c ¶
ç è^f<Y
[�h�ZT`�Z�X!f�Z�R+[�\��yOG_�[!m�ZThDè � \�RWO���X���[ZR�h��*X!X�ZT[�X�Z�i!\ Z�`���o�\ Za��h�f�Z�·O[PO�X�h�æ@�XOSÞrO��MRWOQN������nY
f

h�ZiR�`�Z_R+[�\ ZiR�Z�Y���ZiR{`)�W��Z�XZR�æ�`�Z�Y Y \ Z�Z�XSÌE[!m:\+ZlO|êzXEhDè^ZiR+Y ��`�Z�\��XO�jPO�[!Y Z�[�\{hDèMZeOC[�¶W¸��*Z_RgY�X�f�_�Z_RTRTO���\+Z
`xO���X�Y
Z�XPO�X�YJh�ZS`)��XOY \ Z�\%_��*`�`)Z�X�YJZ<w#i�������Y
Z�\%_�Z<Y Y
ZEY
Z�_lj�X���·:[!Z>hPO�X!R(��ZT_eOQR(\ f�Z��{h�ZiRa_�[!m*ZiR3hPOCXZR
�yOR&�O�`�iPO!¶

Ñ�Ô�Ó � Õiæ�ÜÞÜ8å ×{ÜJ���6Û%Ü Ý]®�å�æ ã�Ü8æÐä�×(å�Ý�Õ�á�Õ�×�å�æ Ý�Ü·ã�¬ ÜLÔ�ß�âbÛdÕiÜ8å�ä�Ü
õ(öiaJög÷ j@þD�vü1	�û�3aú.0!ú�	�û�� ù
B{þD5�5'þD��k 5'þD�P/C5�	Alm�Kno�:pGþ�ù
�

�I�*X�Y
\+�*XZRS`�OC��X�Y
Z�XPO�X�YE·O[Dè^����Z_RgY>iD�:RTR+�XN���ZUh�ZUh�f�Y Z�\ `���X!Z�\E��ZiRSjZO�[!Y
Z�[�\TRShDèMZeO�[7æ�iPO�\+Y ��\Th�ZiR
N ���q\8R�ÝL[#ÛsZ�\TR�h�Z_R�h��*X�X!f�Z_R)h�Z�i�\ f�p�i�\+�#h![�_�Y ���*X�¶ ç Oã`)f<Y
j��:h�Z�ZiR+Y)��h�Z�XOY ��·O[�Z]æã_�Z�����Z�Z�w!iD�:R+f�Z
i�\+f�_�f�h�Z�`�`�Z�X�Y u Z�X][!Y �����MRWO�X�Y%��ZTi���_TZ�X�OC`)i�����Y [�h�Z�h�ZiR8R ��µ�XPO�[#w�h!ZS`>[��*XZR%Z<Yah�è^f���Z�_<Y
\+�*XZR c ¶

,.-0/%1 �!¶Ï�L2FÄEº��<�H��ºHÅ�A#�Hº¼6|�)8:=�; ¿ ½��3ÁD; º0�HA!8:=J8�AG�<ºnÆ��D½�;:º0�z���¼Æ��l�%8:=l�(�<B�9<�s=<�F=<�z����ÁD�
6|B�=<�D½��z�{8:=l�H��;�6srx�
t A�Â�=<�
�

ç è^j��MR+Y �*µ*\WOC`)`�Z�N���Z�[�i�\+f_R+Z�X�Y
ZS�yO@h��MR+Y \ �XN![!Y
���*XFh�[�R+��µ*XPOC�sh�ZE�yO(R �*`�`)Z�R [�\%��Z_R8ÿR&�`>YJh�ZT�XOY
Z�XZR ���*X�`�O�w!��`�OC��Z(Z�X�\+Z�µ*�MR+Y
\+f�ZEiPO�\%��Z_R N ���]\8RaÝ.[!ÛsZ�\TR�¶ ç èMj��MR+Y
��µ*\WO�`�`�Z3\ ��[�µ*ZTZ_RgY(��ZT`�ç�`�Z�·O[�Z
��ZGN���Z�[�y�O�m*Z�_L[�X�ZL_��*[�i�[!\ ZbR+[�\x��Z_RdY Z�`�iZRxh�è�O�\+\ �nm*f�Z.h�Z � Y
\TO�_�ZiR�_��*X!R f�_�[!Y
�nm*ZiR u ∆t < 3 µs c ¶CÜLZ�Y+Y
Z_���[�i�[�\+ZaX���[ZR�i"Z�\ `�Z�YPhDèM�XR ����Z�\���Z_R�f���Z�_<Y
\ ��XZR�m*Z�XZO�X�YLh�Z(�yOTh�fiR ��XOY f�µ*\TOCY
���*XUh�Z_RP`@[���XZR�¶ ç OTêzµ*[�\+Z��¶^�5`��*X�Y
\ Z)��ZiR>\ fiR [��nY�OCYTR@�:N!Y Z�XO[ZRRiD�*[�\G� � _�[#m*Z_RRh!Z�i�\ f�p�i�\+�#h![�_�Y ���*X�¶ N �lO�[�_�[�X�Z�_���\ \ f��yOCY ���*X

Ê*�



õ)ùdú�ûzü_ý�þdó Î\ì Î\ì ë}ì�ò�óP¡ õ�ï% dð�ü_ýwü�ï% �¡�ð�óôò�¤ óJh�û�¢vþ�ü ó� �õ)ó
XDèMZ<w#�XRgY�O��nYTZ�X�Y \ Z

Eµ

Z<Y
Ee

y���ZR\WO�i�iD�*\gYTh�ZU_�ZiRSh!Z�[#wãµ�\WO�X�h!Z�[�\�R(OC[�\WO��nYT[�Xã\ `6RTh�Z
12 %

y��*\3_�Z
h�Z�\ X���Z�\�R+ZaY \ �*[!m�Z�ç�Y \ Zah�Z

6 %
¶:¸���OCi�iPO�\TOC��Y.h��*X�_a·O[�Z

Eµ

Z<Y
Ee

R+�*X�Y�_���\ \ f���f�Z_RLZ<Y�h���X�_3·O[�Z��Iè^��X
`�Z_R [!\ ZKN���Z�X��,èMf�X�Z�\ µ*��ZThDè^f���Z�_�Y
\+�*XZRJ�XR�R [ZRJh�ZE`@[!�*XZR�¶
õ(öiaJö�� cdBD�e��5.027f0Qý=	u�aùv5'þD� ü1�:9�þD�K33þÿý3ù@B�w�ý3ù@	C3��3üx0#ú8	�û

,.-0/%1 �!¶��G2*)J�l�<A:; ��½��0�JÁz6|A#�CyzW5?<A:B�=l�G8:=%ÁD�
��ÁD�
6�8�Az?<�»º¼6|�

R =
µ

e
=

2 MeV.cm−1 . h(cm)

Ee

u ��¶VÉ � c

h(cm) = R
Ee

2
u ��¶VÉËÿ c

Ee =
240

5.2
= 46 ± 0.5 MeV u ��¶VÉ�� c

ë �*[!R3�:N!Y Z�X���XZR3�XO�`�ç�`�ZGf�X�Z�\+µ*��ZSiD�*[�\(��ZSi���_Sh�Z_Raf���Z�_�Y \ �*X!R3�XR�R [ZRah�Z>�XO�h!f_R ��X�Y
f�µ�\WOCY ���*XIh�[`@[���X]·O[�ZShPO�X!R(�XO@_�[!m�ZGh�è � \TRTO��*¶
ÜL�*`�`)ZxX��*[ZR{�Iè�O�m*��XZR�m:[ShZO�XZR���Z�_ljZO�i���Y \ Z�i�\+f�_�o�h�Z�XOY�yW�,èMf�X�Z�\ µ*��Z�h�ZiR�f���Z�_�Y
\+�*XZR{XDèMZ_RgY�iPOQR{_���XZR+YWO�X�Y
ZZ�X]Þ��*X�_<Y
����XIh�ZS�yORjPOC[!Y
Z�[�\3hDèMZeOC[5Z�Ya�,èMf�X!Z�\ µ���ZTh�ZiR3`@[���XZRaX�è^ZiR+YaiPOQR(i�\ �*iD�*\gY
����X�X�Z�����ZEæU�yORjPO�[:p
Y
Z�[�\JhDèMZeO�[�¶z¸��{ZiR+Y(h��*X!_SX!f�_�ZiRTRTO���\+ZGh�ZE_��*\ \+��µ*Z�\�_�Z�N��yOC�XR�¶$x��XPO���Z�`)Z�X�Y�y!�XO@jPO�[!Y Z�[�\JhDèMZeOC[IX���[ZRJZ_R+Yah��*X!X�f�ZEiPO�\T}

Ê*à
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h(m) =
0.29µ

e

1 + µ
e

5
100

u ��¶VÉ�ä c

,.-0/%1 ��¶�àG2|{�º0B�= ½�A58�¿À= ½�Ar8�½��!�T;�=l�@?<A#B�=l�>8:=LÁD�l�%ÁD�
6�8�Az?<�»º¼6|�b½<ÁD�l9l�>?l6|�<�
=l?<�Hº¼6|�m�����

ª ×�å�ä�ã���æ�Õ�×(å
ë �*[!RL�:N!Y Z�X���XZR�yO[�X�Y
\ oiRlND�*X�O�_�_��*\ h)Z�X�Y
\+Z3�yOT_�[!m*ZahDè � \�RWO���Z�Y.��Z_RP_�[#m*Z_R.h�Z3i!\ f(i�\ �:h�[�_<Y
����X

u Epeak−michel = 46 MeV c ¶ ç Z_R�_��*\+\ f��XOCY
���*XZR@�QN!Y
Z�X:[!Z_RFZ�X�Y
\ Z
Eµ

Z<Y
Ee

X��*[!R�iDZ�\+`)Z<Y Y Z�X�Y�h�Zm�O�����h�Z�\.X���Y \ Z�`�f�Y j��#h!Z�Z�YJX���[ZR%_��*X!h�[��XR+Z�X�Y(æ@[�X�ZTi!\ f�_��XR+���*X�R+[�\%��ZiR�jPO�[!Y Z�[�\�R%hDèMZeO�[�h�ZT�Iè^�*\+h�\ Z
h�Z

6 % u êzµ*[�\+Z��!¶�à c ¶�¸���Z_RgY@æ�X��CY
Z�\E·O[�Z6R [��nY
Z�æ�_�Z<Y Y
Z�f�Y [�h�ZCy�[!X7X���[!m*Z��lOC��µ*�*\+��Y j�`)Z(NPOQR+f6R+[�\_�Z<Y Y Z�`)f<Y
j��:h�Z.Z_R+YxZ�XR_��*[�\xh�è^��XZR+YWO����XOCY
���*XEhPO�XZRd��Z_R�R+YWOCY
���*XZRx���#__O���ZiRwOCêzX@h�ZL`)ZiR [�\+Z�\x��Z_RdX���m�ZeO�[#whDèMZeO�[Fh�Z3_ljPOC_�[�X�Zah�Z_RL_�[!m�Z_R�¶�ÜLZ3_ljPOCi���Y \ ZdOSÞrO��nY.�Iè^�QN:Ð+Z�Y.hDèM[�X�Z3X!��Y
Z(��X�Y
Z�\ X�Z>��ä�ÿC�DZ�YPÞ�Z�\WOS�,èM�:N:Ð+Z<Y
hDèM[�X�O�\gY
��_���Z�Y Z�_lj�X!��·O[�Z@æ��yOIâ � àCY jI¸�X�Y Z�\ XZOCY
���*XPO��dÜL�:R+`)��_S��O��\RTÜL�*X!Þ�Z�\ Z�X�_�Z*âG·O[��%OC[�\WO�����Z�[�Z�X¸�X�h�ZEZ�X � å�å�ä#¶

��å



ì í©ï¬«®�¯>°>± }

~ ÄÅ« Ç ³ªÁ ± ¹ ¶ ¹¼Ä ¯>± ¸ ¯>± ¶ ° ¹¼± Á�¶ °]ó.ï ¸ ± � ¹¼± Á
Ä Â ± ¸ ¯>°�Ç ³ªÁ ¹¼± � ¶ ± Â � ¶ ± Á ±S� ± ¯ ï ¶òñ

¶ Ç ³ªÁ ¹¼± � ¶ ± Â � ¶ ± Á � ±S�

� å{á4Û�×6Ý]��älá�Õ�×(å
ç Z_R(iPO�\+Y ��_�[���ZiR�h�f�Y Z�_<Y
f�ZiR�O�[>R ���¼y��MRTR [!Z_RJh�Z_R(\WO����*XZRJ_��:R+`)��·O[�Z_RJhDèM[���Y \WORjPO�[#Y
ZEf�X�Z�\ µ*��Z�yZR+�*X�YZ_R�R Z�XOY ��Z�����Z�`)Z�X�YJ_��*`�i"�QR f�ZiR%hDèMf���Z�_�Y \ �*XZRJZ<YJh�ZEi�j���Y �*XZR%h�ZT·O[�Z���·O[�Z_R3�IZ�� Z�YJh!ZT`@[��*XZR8OC[!Y
�*[!\

h�Z
1 GeV

¶

,.-0/%1 ä:¶MÉ�2)ÄTº��<�»��ºHÅ�A:�»º¼6|�)8:=L; ¿À�<�s=<�¼Æ�º¼=J?<º0�s�<�Hºb��A�=%8:=l��Á!½����»º¼?<A:;�=l�J½�AS�W6|;�Áz6|A:�LA:�s=�Æ:=<��Å<=%8:=�ÁD�l6|��6|�!�
�

1019 eV
�»�<º0�RA#;n½��Hº¼6|�����-)��&� Ç���� É � � 900 m

8�Aã?l6W=<A:� Ê {�º0B�= ½�A58�¿À6�Å<�W=<��B|½��»º¼6|�
1000 g.cm−2

ÍaêzXRh!ZbR ��`@[���Z�\d��ZLh�f<Y
Z�_�Y
Z�[�\�h�ZlR [�\gÞrO�_�Z%h�Z.�yO3`xO�X���o�\+Z.�XOai���[ZRxi�\+f�_��XR ZLi"�:R�R �MN���ZCyC���:X!�*[ZRxÞrO�[#Y
�/É
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_���X�XPOC��Y
\ ZU��Z*R ��µ�XPO���·O[�Z�h�f�iD�:R Z�_ljPO�_�[�X�Z)h�Z_RSiPO�\gY
��_�[���ZiR�Y
\TOWm�Z�\�RWO�X�Y@��ZUh�f�Y Z�_�Y Z�[�\SZ�X�Þ��*X�_<Y
����X
h�ZE��Z�[�\TRJf�X�Z�\+µ*��ZiR�¶

ç Z5Þ��*X�hðh!Z5`@[���XZR�_��QR `���·O[�Z_R�O�`~N��XO�X�YFX!�*[ZR�iDZ�\+`)Z<Y�hDèM�:N!Y Z�X���\�ÞrO�_�����Z�`�Z�X�YF��Z_RxR ��µ�XPO�[#w
Y��:i���·O[�ZiRa·O[DèM���MR%Z�X�µ�Z�X�h�\+Z�X�Y>��ä/É��¼¶�¸��{Z�XIZiR+YJY
��[!YdO�[!Y
\+Z�`�Z�X�YJiD�*[�\J��ZiR%f���Z�_�Y \ �*XZRJZ<Ya��Z_R%i�j!��Y
�*X!R�¶
���*��_�����Z_R�Y
\+�*�XRvO�w!ZiR�h�ZJ�,èMZ<w#i"f�\ ��Z�X�_�Z(·O[�ZJX���[ZR�O�m��*XZR�h�f�_���h�fJh�ZJ`�Z�X�Z�\�i"�*[!\�\ f�iD�*X�h!\ ZJZ�X�iPO�\gY
��Z
æR_�ZiRa·O[�ZiR+Y
���*XZRE}
É*¶(e3f<Y
Z�\ `���XPOCY ���*X)h�[�X��*`�N�\ Zah�Z�i�j��CY
�:f���Z�_�Y \ �*XZRLhPO�XZR���Z_R.i�j���Y �*`@[��nY
��i!����__OCY
Z�[�\TR�y�i"��[�\Lh�ZiR

`@[!�*XZR%Y
\TOWm�Z�\�RWO�X�Ya��ZTh�f<Y
Z�_<Y
Z�[�\VU
� ¶J¸�X|Ð+Z�_�Y ���*XbhDèMf���Z�_<Y
\ ��XZRTi�\ �Wm�Z�XPO�X�YShDèM[�X�Z*R+�*[�\ _�ZUh�Z

Strontium90
y{æ��,è�O���h!Z>hDèM[�X�R iDZ�_<Y
\ �|p

`�o�Y \ Z~O|êzXbh�Z>h!f�Y
Z�\ `���X�Z�\3��Z>X��*`�N�\ Z@h!Z>i�j��CY
�:f���Z�_�Y \ �*XZR3Z�XrÞ��*X�_<Y
���*X5h�Z>�,èMf�X�Z�\ µ*��Z>_���X�f<p
Y ��·O[�ZTh�ZE�,èMf���Z�_<Y
\ ��X]��X�_���h�Z�X�YDU

ÿ!¶JÍ�Ð+[ZR+Y Z�`�Z�X�YTh�ZG�yOxR+��`@[!�yOCY ���*X�O�[:wriPOC\WO�`�o�Y \ Z_R(h�ZiR�`@[��*X!R3Z�Y3_��*`�iPO�\TO��XR+�*X5h!Z_R�R+��`@[!�yO|p
Y ���*XZR%h�è^f���Z�_<Y
\+�*XZR�O�m*Z�_S��ZiR%\ fiR [��nY�OCYTR(Z�w#i"f�\ ��`�Z�X�YWO�[#w"¶

�{Ô_Õ �6Übá�°���ß ÜLÔ�ß�ÜbÛxÕiØ Ü8å*á�®�ã
ç Z�R+i"Z�_�Y \ �*`�o�Y \ ZE·O[�ZGX!�*[ZR�O�m*�*XZR([!Y �����MR f�iD�*[�\%_�Z�Y+Y
ZSZ<w#i"f�\ ��Z�X�_�Z(OUf�Y fE_��*XZRgY
\+[���YJZ<Ya__O����MN�\ fiPO�\��!¶ ç ¶��E[#�*�*X�X!Z�Y�yE�!¶�ÜbO�������Z�\ Z�YbO�X�h��E¶!¸�µ*Z�\TR j!Z���` h�ZT�,èM¸�XZR+Y ��Y [!Y�h�ZX�JZ�_lj�Z�\ _lj�Z N [ZNZOCY
�*`���·O[�Zh�Z N Y
\WO�RTND�*[�\ µ!¶ ç OIêzµ*[!\ Z�ä#¶ � i�\+Z_R+Z�X�Y
Z�[�XÍR+_lj�f�`xObh�[v`��*X�Y�O�µ*Z�Z�Y@�yO5i�j!��Y
�ãä:¶�ÿ5�Iè^Z�XZR Z�`~N���Z

Z<w#iDf�\+��`�Z�X�Y�O��»¶

,.-0/%1 ä#¶ � 2���?l¾z�<��½F8�A���Áz=l?<�H�l6|�F9<�H�
=G½�A58:=l�l�<AO�>8:=E;n½a¹�=<�1�<�H�
=G8�A�!L�R�&W]8:=E;n½]?<A:B�=G8�¿ � �
��½�Ã
ç OxR ��[�\ _�Z@\WO�h!���9O�_<Y
�nm*ZE·O[�Z>X���[ZR�O�m*��XZR3[!Y �����XR f�ZEZ_R+Y3h�[

Strontium90
O�m*Z�_>[�X�Z�O�_�Y ��m:��Y fEh�Z

1 mCi u 37 MBq c ¶ ç è^f�X�Z�\+µ*��ZJ_���X�f<Y
��·O[�Z%h!Z_R�f���Z�_�Y \ �*X!RPZiR+YGR f���Z�_�Y
���*X�X�f�ZJµ*\���_�Z�O�[U_ljPO�`�i�`xO�µ*X!f<pY
��·O[�Z�OWÐ+[ZR+YWOQN���ZJh�Z(�yOKND�:N���X!Z u 0.15 Tesla
æ

1 MeV c h�f�����m:\WO�X�YlO���XZR �zh�ZiRLf���Z�_<Y
\+�*XZR�Ð+[ZR ·O[Dè^æG[�X!Z
� �
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,.-0/%1 ä:¶�ÿ�2_"�=���Áz=l?<�H�l6|�F9<�H�
=-��½�B|½��z���W6|�)º0�!�<�¼½�;0;n½��Hº¼6|�F8�½��!�.;n½>?<A#B�=%8�¿ � �
��½�Ãq�s���#�P�<A#�.;�=a?l6|A:B�=<�
?<;�=
8�A�!L�R�&W Ê
f�X!Z�\ µ���Z3h!Z

2.3 MeV
¶:é(XFm:��h�Zai�\ ��`�O���\ Z%ZiR+Y%X�f�_�ZiRTRWOC��\ Z3hPO�XZR.��Z�R iDZ�_�Y \ �*`�o�Y \ Z�OCêzX�h�Zah���`���XO[�Z�\�yOIh���Û"[ZR ���*XQ`@[!��Y
��i���ZC¶ § XtZ<ÛsZ<Y�ydi"�*[!\@h�Z_RRf���Z�_�Y
\+�*XZRRh�Z

0.5 MeV
Y
\TOWm�Z�\�RWO�X�Y���ZiR

12 cm
hDè�OC��\

u 1 Atm c h�Z��XO>_ljPO�`�N�\ ZT`xO�µ*X�f<Y
��·:[!Z�y:�,è�O�X�µ*��Zah�ZTh!��Û"[ZR ���*X�Z_RgY%h�Z
20◦

¶ ç Z3m:��h�Z3·:[!ZTX��*[ZR8O�m*��XZR
�:N!Y Z�XO[tæb�,è�O���h�Z)hDèM[�X�Z�iD�*`)iDZ�i�\+��`xO���\+Z u 5 10−3 Atm c X��*[ZR{OriDZ�\+`)�MR>h�Z�\+f�h�[���\ Z��Iè�O�X!µ*��Z�h�Zh��nÛs[ZR+���*X�æ

1.4◦
¶zÜLZ�Y+Y
ZTm�O���Z�[�\�ZiR+Y8R [#�xRTO�X�Y
ZC¶ § X�Z<ÛsZ<YJ��Z�Rg�/RgY
o�`)ZEh�Z�Þ�Z�XOY ZEi"Z�\ `�Z�Y YWO�X�Y%�yO(R �*\'p

Y
��ZGh!Z_R3f���Z�_�Y
\+�*XZR�y"_��*X�h�[��nY�æ�[�Xr_�	*X�Z>h�è^�*[#m*Z�\gY
[�\+Z@`�����Z�X�X!Z>h�Z
5◦

¶ ç O�_eO����XN�\TOCY
���*X�Z�X5f�X�Z�\ µ*��ZZ_RgYEÞrO���Y Z@Z�X�[!Y
�����MRWO�X�YTh�ZiREf���Z�_�Y \ �*XZRE`��*X���f�X�Z�\+µ*f�Y ��·O[�Z_RSi�\+��m�Z�XPOCXOYGh�ZU_���XOm�Z�\�R ����Xk��X�Y Z�\ X!ZRh�Z
R ��[�\ _�Z_RUh�Z

207Bi
Z<YRh�Z

137Cs
¶ ç è^f�·:[!�����MN�\ Z)Z�X�Y
\+Z��yO5i![��XR�RWO�X�_�Z�h�Z��yO�R �*[�\+_�ZCy�Z�YR��Z_R*OCX�µ*��ZiR

hDèMZ�X�Y
\+f�ZEZ�Y�h�Z�R �*\gY
��Z3h�ZiR(f���Z�_�Y
\+�*XZR�X!�*[ZR%_���X�h�[��nYJæ>[�X�ZT\+f_R+�*��[!Y ���*X)Y
��YWO���ZaZ�X�f�X�Z�\ µ*��Z�h�Z
7 %

æ
1 MeV

¶ ç ZTX���`~N�\ ZEhDèMf���Z�_<Y
\ ��XZRJZ�X�Þ��*X�_�Y ���*X�h�ZE�Iè^f�X�Z�\+µ*��Z�_���X�f<Y
��·:[!ZSZiR+Y(i�\+Z_R Z�X�Y
fGê�µ*[�\ ZSä:¶^��¶
ç ZTh�f�_���Z�X�_lj�Z�`�Z�X�Y�R_èMZ�Û"Z�_<Y
[�ZS����\TR ·O[�ZT[!X]f���Z�_�Y
\+�*X�Y
\TO�m*Z�\�R ZS��ZiR�h�Z�[:w�R _���X�Y
�����yO|Y
Z�[!\TRLh�è^f�iPO��XR�R Z�[�\
0.1 mm

¶"ÜLZ��yO���X�h![���YJ[�X!Z>iDZ�\+Y Z>hDèMf�X!Z�\ µ���ZSi"�*[!\a�Iè^f���Z�_<Y
\+�*XIh�è^Z�XOm:��\ �*X
0.04 MeV

y�·O[���Z_RgY�i�\+�XR ZZ�X]_���`)i!Y ZThPO�XZRJ�XOU__O����MN�\WO|Y
����XFh�[]h�f�Y Z�_<Y
Z�[!\�¶
ç Z�R iDZ�_<Y
\ ��`)o<Y
\ Z�O>f�Y f���X!R+Y�OC����f(æS�yOGi!�yO�_�Z3h�[�&�`>Y � hPO�X!R��yOS_�[!m�Z�hDè � \�RWO��*¶�éaX�Z(Þ��*�XRGR �*\gY
�MRh�[�R+i"Z�_�Y \ �*`�o�Y \ Z�y"��ZiRaf���Z�_<Y
\+�*XZRaY \WO�m*Z�\TR+Z�X�YE[�X�Z>Þ�Z�X�ç�Y \ Z@Z�Xri��XOQR+Y ��·O[�Z u `Rp ç�ç e�& § c h�Z

2.9 mmhDèMf�iPOC�XRTR+Z�[�\dZ�YxhDè^��X�h���_�Z�h�ZL\+f�Þ�\TO�_�Y ���*X
np = 1.49

O�mQOCXOYxhDèMZ�X�Y
\+Z�\xhZO�XZRx�Iè^Z_O�[>h!Z.�XO(_�[!m*Z
ne = 1.33

u _<Þ'¶�êzµ�¶�ä:¶ � c ¶ç OF`�Z_R [!\ Z*O�[5X���m�ZeO�[bh�ZiR�h�Z�[#w�OC[!Y
\+Z_RT&�`>Y�y"hDèMf�m�Z�X�Y
[!Z��XRE_ljPOC`)iZR3\ f_R+��h�[!Z��XRah�[ZRTæ)�yOxND�:N���X�Z�y
iDZ�\ `�Z�YUh!Z]_��*X�_���[�\+Z�·:[!Z]��Z�R iDZ�_<Y
\ ��`)o<Y
\ Z�X!Z]iDZ�\gY
[�\�N"Z�iPO�RR��Z_RU&�`>Y�¶ ç ObjPO�[!Y Z�Y Z�XZR+���*X h�ZiR&�j���Y �*`@[��nY
��i!����__OCY
Z�[�\TR�ÉbZ<Y�ÿ OQf�Y fbi"�*\gY
f�Zbæ

1800 V
OCêzX h�è^�:N#Y
Z�X!��\�[�XÙµ9OC��X¾OCi�i�\ ��w#��`xOCY ��Þ

h�Z
2 106

¶ ç è�O�_�·O[��MR ��Y ���*X�h�ZiRGh���X�X�f�ZiR~O]f�Y
f�\ f_O����MR f�ZxO�m�Z�_�[�X7�:R _��������:R+_��*iDZUæêÉ��E��µ9O N O�`�i���ZiR�y_���X�X�Z�_<Y
f>æ�[�X5&PÜ u�� ��Xzà�ä c m:�yOU[�X5iD�*\gY��E&�¸'Ý3¶ ë ��[ZR�O�m��*XZR3Z�X�\ Z�µ*�XRgY
\+fGh�ZiRaY \WO�_�Z_R(h�Z
500 nsO�m*Z�_G[�X>N���X�X���X!µRh�Z

1 ns
m:�XOU[!X�Z�O�_�·O[��MR ��Y ���*X�f�_�\+��Y
ZEZ�X ç OQN�m:��Z�\E¶

�Qÿ
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,.-0/%1 ä:¶^�r2¢¡�½�A[� 8:=r?l6|�3ÁD�¼½WÆ:=58:=l�r�<;�=l?<�H�l6|�!���W6|���¼½��z�@8�Av��Áz=l?<�H�l6|�F9<�H�
=b=<�r¹�6|�s?<�»º¼6|� 8:=];�=<A#��<�s=<�»Æ�º¼=@?<º0�s�<�Hºb��A�=
�{Ô
� ª ®�Û�®�älá�âbÛdÕ_æDá�Õ�«)��Ü Ý�� æ{Õ�Ö(å�®�ã Ý�Ü8æ Ø ��×(å�æ Ý�®(å�æ ã�® äL����Ü

Ýk¬�,�Û%æ�®(Ø
ç ZJY \ ��µ*µ*Z�\�·O[�ZJX���[ZR�O�m��*XZRP[!Y
�����XR+f�yQOCêzXUhDèMZ�X�\+Z�µ*�MR+Y
\+Z�\Ph�Z_RvR+��µ*XPOC[#wUh�ZJ`@[���XZR�y�ZiR+YPh�f�_���Z�X�_lj�f

iPO�\3��Z@&�`>Y~É{OWm�Z�_U[�X�R+Z�[����xh�Z
7 mV

¶ ç è^�QR _��������:R _��*i"Z(O�f�Y fR\ f�µ*��fGh�Z@Y
Z�����Z(R �*\gY
Z@·O[�ZR��Z~R ��µ*XPO��_���`)`�Z�X�_�Z
50 ns

OCi�\ oiR.��Z(h!f_N�[!YLh�Z(�yO�Y
\TO�_�ZC¶ ç Z(i���f�h�Z_RgY�O���ZiR+Y�__O���_�[���f8R+[�\.��Z_R � åEi�\ Z�`)��Z�\TRvN���XZR
Z�X�Y
Z�`)i!R�yPR ����Y8R [!\ � åUX!R u Z<w#_�Z�i!Y
fSiD�*[�\J��ZiR%`@[��*XZRJ� � ��Z�N���X�X!��X�µRZiR+Y(h�Z

2 ns/bin
¶ c

ç Z_Rxi!j���Y
��XZR�ÜLj�Z�\ Z�XZÌ��WmDy*i�\+�#h�[!��YWR�iPO�\���ZiRd`>[��*XZR�y�R+�*X�YzOQNZR+�*\TNDf_R�Y
�*[#Y)O�[G���*X!µah�Z.��Z�[�\TRdiPO�\gp_���[�\TR�y�iPO�\��,èMZeO�[sy*��Z%���Om*Z_ÌUZ<Y.��Z_R�i�j!��Y
�*`>[���Y ��i�����_eO|Y
Z�[!\TR�¶CéaX!Z(µ�\WO�X�h!Z�[�\�_���`)`�Z��yOTh�f�_�\+�*�XR�RWO�X�_�ZY
Z�`)iD�*\+Z�����ZTh�[�R+��µ*XPOC��OC��XZR+��·O[�ZG��ZSX��*`~N!\ ZSh�Z>i�j!��Y
�:f���Z�_�Y \ �*X!Ra__O�\WO�_<Y
f�\ �XR+Z�X�Y��XO�_�[!m*Z u \ f<ázZ�_<Y
�~pm:��Y f�h�[����:m�Z_Ì�y�OQNZR+�*\ i!Y ���*X�h!Z��,èMZeO�[sy!Z�Y _�¶�¶�¶ c iDZ�\+`)Z<Y Y�OCXOY�O���XZR+�"h�è�O�Ð+[!R+Y
Z�\%��ZiR�iPO�\TO�`)o<Y
\+Z_R�hPOCXZR�yO~R+��`@[!�yOCY ���*X�O|êzXI·O[DèMZ�����ZT\+Z�i�\+�#h�[!�XR ZT��Z_RJ�:NZR+Z�\gmQO�N���ZiR(i!jO�\R+��·O[�Z_R�¶
ç Z]Y Z�`�iZR�h�ZIh!f�_�\+�*�XR�RWO�X!_�Z5h![ÅR ��µ*XPO��8O�f�Y fI�:N#Y
Z�XO[ðZ�X `��W�*Z�X!XPO�X�Y���Z_RRY
\TO�_�ZiRFh�Z]`@[��*X!R)Z<YZ�Xvi!\ �:_�f�hZO�X�YUæ5[�Xkê!YRZ<w#iD�*X�Z�X�Y ��Z��lR [�\>[�X�Z�iPOC\+Y
��Z)h![ R ��µ�XPO�� u iDZ�[ÃO�i!\ o_R>��Z�`�O|w#��`@[�` c ¶ ç O`�����Z�X�X!Z�ORf�Y fE�:N!Y
Z�XO[�Z�O�m�Z�_ � å*å*å>Y \WO�_�Z_Ra$#Í�e�Ü u _<Þ'¶�$x��µ!¶zä#¶�ä c ¶

τ = 51 ± 2 ns
ç ORê�µ*[�\ ZGä#¶�Ê@X��*[!R(`��*X�Y
\+ZT��Z�R+i"Z�_�Y
\+ZEh�Z_RJ`@[���XZR8O���X!R ��·O[�ZE�yO@_��*`�i"�:RTO�X�Y
ZTf���Z�_<Y
\+�*`�OCµ*X�f<p

Y
��·O[�ZTh�Z_RJ\TOW���*XZR%_��:R `���·O[�ZiR(h!Z�NPOQRTR+ZEf�X�Z�\ µ*��ZThPO�XZR%�XO>Þ�Z�X�ç<Y
\ Z
50 − 250 ns

¶ ç ZTi!��_�h�ZiRJ`@[��*XZRZ_RgYaæ]}
15 ± 0.5 V.ns

�C�



õ)ùdú�ûzü_ý�þdó��}ì �}ì�í/ìÒõ%ú�þ�ú�õ�ýd¢vþ8üg¡�ýwü<£{÷�ó ð�÷ ¡/ü� J dú�òÒð�óP¡�î¾÷lï% �¡

,.-0/%1 ä#¶�ä�2�4�6|Ã�=<�z�s=a�<A:��W!�����G�»�+½:?l=l�T8:=J4rAz6|�!���F6|�z�H�+½��z��A:�s=E8:�l?<�
6|º��l��½��s?l=E=£��Áz6|�s=<�z�»º¼=<;0;�=38�A�<ºnÆ��D½�;d=<�>¹�6|�s?<�Hº¼6|�ã8�A]�'=<�3Áz�

,.-0/%1 ä#¶�Ê.2UÄEº��<�H��ºHÅ�A#�Hº¼6|�)8:=P; ¿ º0�z�'�¼Æ��+½�;�=�8:=P;n½��»�+½:?l=u¤2�3Ä��ã8:=l�.�RA�6|�!�L8�½��!�P;n½x¹�=<�1�<�H�
=
50−250 ns

ÜLZ�Y+Y
ZUm�O���Z�[�\TX��*[ZREiDZ�\+`)Z<Y Y
\TO�iPO�\E�yO�R [!��Y
ZRh!Z)h�f<Y
Z�\ `���X�Z�\T��ZRX��*`�N�\ ZUh�ZUi�j��CY
�:f���Z�_�Y \ �*XZREiPOC\`@[���X�¶
�*ä
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e3f�Y Z�\+`)��X��*XZR(��ZTX���`~N�\ ZS`�����Z�XIh�ZEi�j���Y �#f���Z�_<Y
\+�*XZR(��X�Y
f�µ*\ fiR(iZO�\a`>[��*X�¶z¸��{X���[ZR(ÞrOC[!Y(i"�*[!\
_�Z��yO!y"_��*X!XPOC��Y \ ZG��Z~R+��µ*XPOC�d��XOY f�µ*\+f@i�\+�#h�[!��Y�iZO�\�[�X�R Z�[���i�j!��Y
�:f���Z�_�Y \ �*Xs¶ ë ��[ZR�O�m*�*X!RSZ�X�\ Z�µ*�XRgY
\+f
500 ns

h�Z�Y
\WOC_�ZFÍ3eTÜ i"��[�\Gh!Z_R@f���Z�_<Y
\+�*XZR>h!Z
2 MeV

¶�Í _�Z�R+��µ*XPOC�¼y�m:��Z�XOY�R_è�O�Ð+�*[!Y Z�\G[�XkÞ��*X�h
[�X��nÞ��*\ `�ZEh�Z>i!j���Y
�:f���Z�_<Y
\ ��X5[�X���·O[�Z>h�ËræFh�Z>iDZ�Y ��Y Z_RJÞ�[���Y Z_R3h!Z>��[!`)��o�\ ZE\+f_R ��h�[�Z�����ZiRahZO�XZR3X!��Y
\+Z
R+�\RgY
o�`�Z�¶ ç è^j!�XR+Y �*µ*\TO�`)`�Z�h�ZE�Iè^��XOY f�µ*\TO���ZTh![�R+��µ*XPOC�{hPO�XZR(�yO@Þ�Z�X!ç�Y
\+Z

300 − 500 ns
ZiR+Ya[�X�ZSß��*X!Z

� � R Z�[��d��ZKN�\ [��nY(Z_R+Yai�\+f_R Z�X�Y u ��ZEX��*`~N�\+ZG`��W�*Z�X5h�ZSi�j���Y �#f���Z�_�Y
\+�*X]hPO�XZR(_�Z<Y Y
ZSÞ�Z�X�ç<Y
\+ZGZiR+Y(Y
\ oiR
��X#Þ�f�\ ��Z�[�\�æ>É c Z<Y(X��*[ZRJiDZ�\ `�Z�YJh!ZEÞrOC��\ Z3[�X�R+i"Z�_�Y \ ZSh�ZEi�j���Y �#f���Z�_<Y
\+�*X�[�X���·O[�ZC¶

,.-0/%1 ä#¶��E2*¥3º��<�'6 Æ��+½��R�F=S8:=T; ¿ º0�z�'�¼Æ��+½�;�=-�sÁz6|A:�TA:�s=E�»�+½:?l=:�3Ä�� 8:=�Áz¾z6|�'6W�<;�=l?<�H�
6|�5A:�zºb��A�=-�L=<�z�»�
=
300

=<�
500 ns

ë �*[!R���`)iD�:R+�*XZR@[�X R Z�[����Lh�Z
0.2 V.ns

Z�YUX��*[!R�Z�w:Y
\WOCi"�*���*XZRR��Z�R iDZ�_�Y \ Z�h�[ti�j���Y �#f���Z�_�Y
\+�*X[�X���·O[�ZFZ�XQh�Z_R�R �*[!R@h�[ÍR+Z�[���� u m*�*��\G����µ*X!Z�iD�*��XOY ������f�ZGêzµ*[�\+Z�ä#¶�� c y�X���[ZR>�:N#Y
Z�X!�*XZR>[!X�ZF`��W�*Z�X!X�ZiD�*[�\%�,èM��X�Y f�µ*\TO���Z�h!Z�}
0.35 ± 0.03 V.ns$x��XPO���Z�`)Z�X�Y�y�R+��X��*[ZRE\+Z�m*Z�X��*XZR>æ��yO�êzµ*[�\+Z)ä#¶�Ê#y�X��*[ZRE�:N#Y
Z�X!�*XZRS[�X7X!�*`~N�\+ZR`)�W�*Z�Xkh�ZUi�j!��Y
�Cp

f���Z�_<Y
\ ��XZRJ��X�Y
f�µ*\ fiR(iD�*[�\%[!XI`@[!�*X�h�Z
(15 ± 0.5)V.ns / (0.35 ± 0.03)V.ns = 44 ± 4

�{Ô�Ó ª ®�Û�®�älá�âbÛdÕ_æDá�Õ�«)��Ü®Ý�� æ{Õ<Ö�å�®Kã Ý�Ü8æ â�ãiÜ8älá4Û�×(å>æÀÝ�®�å�æ ã�®ÚäL����Ü
Ýk¬�,�Û%æ�®(Ø

ë �*[!R{O������*XZR>`xO���XOY Z�XPOCXOY@f�Y
[!h���Z�\@��Z�R+��µ*XZO��Li�\+�#h![���YRiZO�\@h�ZiRRf���Z�_�Y \ �*XZRRh!Z�·:[!Z���·O[�ZiR)�IZ���XR�R [ZRJh�[>R iDZ�_<Y
\+�*`)o<Y
\+ZSh!f�_�\+��YJ_��np�h!Z_RTR+[ZR�¶
�QÊ



õ)ùdú�ûzü_ý�þdó��}ì �}ì ë\ìÒõ%ú�þ�ú�õ�ýd¢vþ8üg¡�ýwü<£{÷�ó ð�÷ ¡/ü� J dú�òÍð�óP¡]¢vò�ó�õ�ý�þ�ï% �¡
¦ öiaJög÷ �§L ý�5'ú.02��33þML¨	��þ{ûaû3þM3aþD�K�:ú�I�û�7u��©èþ{û4O-	�û3üx0#ú8	�ûª3��«0#þAL ý��

N [�\�_ljZO�_�[�X!ZTh�Z_RLY \WO�_�Z_R�Í3eTÜ3y��*XF��`�i"�:R+Za[!X�R Z�[!���Dh�Z
5 mV

¶!éaX�ZaÞ��*�XRP��Za`�O|w#��`@[�` h�f<Y
Z�\'p
`���X�fCy��*X*R+[�i"Z�\ iD�:R Z%Y �*[!Y
ZiR���Z_RdY
\WOC_�Z_R�Z�XUÞrOC�XRWOCXOY�_��*\+\ Z_R+i"��X�h�\ ZJ��Z_R)N���XZR�h�[U`xO|w#��`@[�`¦h�ZiR�h�Z�[#w
R iDZ�_<Y
\+Z_R�¶ ç ZiR%i�j���Y �#f���Z�_<Y
\+�*XZR%�XR�R [ZR%h!Z_R%f���Z�_<Y
\ ��XZR%h�Z

2 MeV
O���XZR �"·O[�ZT_�Z�[#w�m*Z�XPO�X�Y(h�Z_R�Þ�[!��Y
ZiR

h�ZR��[�`)��o�\+Z�R ��XOYEhZO�XZRE�yO)Þ�Z�X�ç�Y \ ZRZ�X�Y Z�`�iZR
50 − 250 ns u _<Þ'¶sêzµ�¶{ä#¶��#¶�O c Z�YE��ZiR�i�j��CY
�:f���Z�_�Y \ �*XZR

h�ZS�yO@Þ�[��nY
ZTh�ZS��[�`���o�\ Z�R+Z�[���ZKR �*X�YahPO�XZR(�yO@Þ�Z�X!ç�Y
\+ZGZ�X]Y Z�`�iZR
300 − 500 ns u _<Þ'¶"$d��µ�¶�ä#¶��#¶�N c ¶ ç O�yOC\ µ*Z�[�\�æF`��np�jPO�[!Y Z�[�\a`)�W��Z�X�X�ZRZiR+YTh!Z

8 ± 1 ns u ä:¶���O�Z<Y�N c Z<YT�,è�O�`�i����nY
[�h!ZS`��W�*Z�X�X�ZRZ_RgYTh�Z
55 ± 1 mV u ä#¶��{O c Z<Y(h�Z

48 ± 6 mV
hPO�XZRJ�XOU\+f�µ*���*X�h�[>N�\ [!��Y u ä:¶��*N c ¶ç è�OC`)i�����Y [�h�Zbh�[�R ��µ�XPO��Eh�Z_RIi�j���Y �#f���Z�_�Y
\+�*XZR�Z_RgYr[�X!��Þ��*\+`)f�`)Z�XOY]h��MR+Y \ �XN![�f�ZFÐ+[ZR+·:[�è�æ

100 mV
u _<Þ'¶xêzµ�¶�ä#¶VÉWårZ�Y@ê�µ�¶�ä#¶VÉ:É c Z�YUh�[QÞrO��nY@·O[DèM���P� O��nY@[�XÃR Z�[����.h�Z

5 mV
�yO]m#\TO���ZF`)�W�*Z�X�X�Z�ZiR+Y�æ

55 − 5 = 50 ± 1 mV
iD�*[�\J�yO>êzµ�[�\ ZGä#¶^�{OUZ<Y

43 ± 6 mV
i"��[�\%�yO@êzµ*[!\ ZGä#¶^�{Ns¶

N ��X���[ZR(R+[�i�iD�:R ��XZRG[!X�Z)h!�XR+Y \ �MN�[!Y
���*Xrh�Z)&d���XRTR+�*X�y{�Iè^j��MR+Y �*µ*\WOC`)`�Z>h�ZU�XO�ê�µ*[�\ Z)ä#¶^�>O]_��*X�Y
��Z�X�Y
2.5%

h�ZdR ��µ�XPO�[#w�h�Z3h��*[ZN���Zai!j���Y
�:f���Z�_<Y
\ ��XZRL_�Z3·O[��DOSi"��[�\.��X�_���h�Z�X!_�Z3h!Z�h���`���XO[�Z�\��,è�O�`)i!����Y [�h�Z
`�����Z�X�X!ZRh�[bi�j���Y �#f���Z�_�Y
\+�*Xr[�X!��·O[�ZRæ

0.975 × 50 = 48.7 ± 1 mV
yD_�ZR·O[��dZ_RgYTZ�XêO�_�_��*\+h�O�m*Z�_

�yO>ê�µ*[�\ ZGä#¶^�*N�¶
ç è^��X�Y
f�µ�\WO���Z�h�[>R ��µ�XPO���`��W�*Z�X]hDèM[�X]i�j���Y �#f���Z�_<Y
\+�*X�Z_R+Y(h���X�X�f�ZSiPO�\T}

∫

V dt ≈ (0.0487 ± 0.001 V ) × (8 ± 1 ns) = 0.39 ± 0.05 V.ns u ä:¶MÉ c
·O[��{Z_RgY�æR_��*`)iZO�\ Z�\JæU�XO@`)ZiR [�\+ZEh���\+Z�_�Y ZEh�[IiZO�\WO�µ�\WO�i�j!ZSä#¶ � }

∫

V dt ≈ 0.35 ± 0.053 V.ns u ä#¶ � c
ÜLZE·O[���Z_R+Y(Z�X�O�_�_��*\+h5æR`���Z�[#w�·O[DèM[�X>R ��µ�`�O!¶
¦ öiaJö�� ¬ÿú���0:ù�ú?���0!ú�	�ûF3aþD�®0!þAL ý��G3¯<�7�ù!ù�ú?9uB{þ;3aþD�G�#ú�I�û�7u��©

ç O�h��MR+Y \ �XN![!Y
���*XQY
Z�`)iD�*\ Z�����Z�h�Z_R�i�j��CY
�:f���Z�_�Y \ �*XZR6O�\+\ �nmQOCXOYUhZO�XZR���Z_RUi�j!��Y
�*`>[���Y ��i�����_eO|Y
Z�[!\TR�XR�R [ZREh�ZiRE`@[��*XZRKR+[���YE[�X!Z����*�xZ�w#i"�*X!Z�X�Y
��Z�����Z�¶ ç ��\TR ·O[�Z�X��*[!RS��X|Ð+Z�_<Y
�*X!RTh�Z_REf���Z�_<Y
\ ��XZREh�Z{NPOQRTR+Zf�X!Z�\ µ���Z�y���Z_RRi�j!��Y
�*X!RFÜLj!Z�\ Z�XZÌ��Wm i�\ �:h�[��nYWRRh�����m*Z�X�YxR+[���m:\+Z]�XOr`)ç�`)Z����*��h�Z�h�f�_�\+�*�XR�RWO�X�_�ZIZ�wOp
iD�*X�Z�X�Y ��Z�����ZC¶ ç OQêzµ*[�\+Z�ä#¶^à X!�*[ZR�`��*X�Y
\ Z5�yOQh��MR+Y
\+�XN�[#Y
����Xðh�Z_R�Y Z�`�iZR�hDè�O�\ \+��m*f�Zbh�Z_R�i�j!��Y
�*X!RÜLj�Z�\ Z�X!Ì��WmbiD�*[�\(h�Z_R�f���Z�_�Y
\+�*XZR�h!Z

2 MeV
¶ ë ��[ZR��:NZR+Z�\gm*�*XZR�N!��Z�XI[�X�Z@h!f�_�\+�*�XR�RWO�X!_�Z@Z�w!iD�*X�Z�X#p

Y
��Z�����ZS_��*`�`)Z(R [�\T�XO)êzµ*[!\ Z�ä#¶�ä#¶ ç O�h��nÛsf�\ Z�X�_�ZRh�Z
5 ns

Z�X�Y
\ ZR��Z_R�h!Z�[#wbY Z�`�iZR�h�ZRh!f�_�\+�*�XR�RWO�X!_�ZXDèMZ_RgY3·O[�ZEh�ZE·O[�Z���·O[�Z_R�R ��µ*`�O�R�Z�Y(XDèMZ_RgY3iDZ�[!Y(ç<Y
\ ZEiPO�R�R+��µ*X!��êz__OCY
�nm*Z�¶
ë �*[!RaiD�*[!m��*XZR3Z�w:Y
\WOC��\ Z�O�[!RTR ��h�ZS�,è�O�`�i����nY
[�h!Z�Z�Yah�ZS�yOR�yO�\+µ*Z�[!\(h![�R+��µ*XPOC��Y
Z�`�iD�*\ Z��{��ZEµ9O���Xh�ZiRai�j!��Y
�*`>[���Y ��i�����_eO|Y
Z�[!\TR(}

Q = I t =
49 ± 1 mV

50 Ω
(8 ± 1) ns = 8 ± 1 pC u ä#¶�ÿ c

ç ZSµ:O���X�h�ZE�Iè�O�`�i�����êz__OCY
Z�[�\Lf���Z�_<Y
\+�*X���·O[�ZEf<Y�O�X�Y(h�Z�ÿ � y���ZTµ9O���X�OQNZR ����[�Z_RgYah!�*X�X�fEiPO�\E}

Gpmt =
8 10−12

1.6 10−19

1

32
= 1.6 106 u ä:¶^� c

�*�
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,.-0/%1 ä#¶��G25476|Ã�=<�z�s=S�'=<�3Áz6|�
=<;0;�=G8:=l�3�<ºnÆ��D½�AZ��8:=%Áz¾z6|��6W�<;�=l?<�H�l6|�!�.Áz6|A#�S°½��>;�=l�G�<;�=l?<�H�
6|�!�T8:=
2 MeV

=<�x;�=l�.Áz¾z6|��6|�!�E8:=l��¹�A:º0�'=l�E8:=a; A#�Rº¼9<�
=T8�½��!��; ¿ º0�z��=<��B|½�;0;�=
50− 250 ns ±Å8��;�=l�.¹�A:º0�'=l�)8:=>; A:�Rº¼9<�l=G�W=<A#;�=l�R8�½��!�R; ¿ º0�z��=<��B|½�;0;�=

300 − 500 ns Ê �.=l�L¹�A:º0�'=l�U8:=R; A:�Rº¼9<�
=@�
=�ÁD�
��`�W=<�z��=<�z�
4%

8:=l�LÁz¾z6|�'6W�<;�=l?<�H�
6|�!�G8:=l�@�<;�=l?<�H�l6|�!�S8:=
2 MeV

ë �*[!RL\ Z<Y
\+�*[!m*��XZR�N���Z�X)�yO�m�O���Z�[�\.·O[�Z(X��*[!RbO�m:���*XZRGR [!i�i"�QR f�Z3æGiPOC\+Y
��\�h�Za�XOEY Z�XZR+���*X)��`�i"�QR f�Z
O�[#w�i�j���Y �*`@[��nY
��i!����__OCY
Z�[�\TR�¶

�{Ô�Ñ Ò§â8æ���ã�á�®KáwæÐÜLÔ�ß�âbÛdÕ_Ø Ü8å*á�®G�FÔ
ç O�h��nÛsf�\ Z�X�_�Z�`xO�Ð+Z�[�\+Z�·:[!�%Z<w#�XRgY
Z]Z�X�Y
\+Z]`>[��*XZRUZ�Y�f���Z�_<Y
\+�*XZR{R Z�Y
\+�*[!m*Z>O�[tX��nm*ZeOC[ h�Z��XO

·O[PO�X�Y
�nY
fJhDèMf�X�Z�\ µ*��ZJh�f�iD�:R f�Z�y:h��*X�_JZ�XFX��*`�N�\ ZJh�Z(i�j���Y �#f���Z�_�Y
\+�*XZR�¶:ÜLZ�_���X���[ZR�_��*X�h![���Y.æE[!Y
�����XR+Z�\[�X�Z�O�i�i�\+�#_lj!ZFh��nÛsf�\ Z�X�Y ZxNPO�R f�Z�R [�\S��Z�_��*`�i!YWO�µ*ZUh�[QX���`~N�\ Z�hDèMf�m�f�X�Z�`)Z�XOYTR{O��9O�X�Y@h!�*X�X�f)[�Xi�j��CY
�:f���Z�_�Y \ �*Xr_��*`�iPO�\ f~O�[rX��*`�N�\ Z@h!Z>Y
\+��µ*µ*Z�\3h���X�X�f@iPOC\���Z(R iDZ�_�Y \ �*`�o�Y \ ZCy�_�Z�_��)R+[���m�O�X�Y�[!X�Z
h��MR+Y
\+�XN�[#Y
����X�h�ZS&d�*�MRTR ��X�O|êzXIh!ZSh!f�Y
Z�\ `���X�Z�\%[�X]X��*`~N�\+ZE`)�W�*Z�X�¶
ë ��[ZR�O�m*�*XZR�i�\+�XR�h�ZiR�h��*X�X�f�Z_R�iD�*[�\�äQf�X!Z�\ µ���Z_R�_���X�f<Y
��·:[!Z_R�h���Û"f�\+Z�X�Y
ZiRb}

0.5 MeV
y

1 MeV
y

1.5 MeV
y

1.75 MeV
y

2 MeV
¶ ç Z�R ��µ�XPO��3f���Z�_�Y
\+��·O[�ZrhZO�XZR���ZiRFá'OQR+j Í�eTÜòZ_RgY�X�f�µ:OCY
�nÞ'y.hPOCXZRY
��[!Y3��ZE\ Z_RgY
ZGh�[r_ljPO�i!��Y
\+Z�y���ZKR+��µ*X�Z�R Z�\WO�_ljPO�X�µ*f�OCêzXIhDè�O�m��*��\(h�Z_Ra·O[PO�X�Y
�nY
f_Rai"�QR ��Y ��m�Z_R(hPO�XZR(��ZiRj��MR+Y
��µ*\WO�`�`�Z_R�¶�&d�*[�\(_ljPO�·O[�Z>\ [�X�y��XOUh!�XR+Y \ �MN�[!Y
���*X�h�[5`xO|w#��`>[�` u O�`)i!����Y [�h�Z c Z_R+Ya\ Z�i�\ fiR Z�XOY f�Z

���
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,.-0/%1 ä#¶^àL2@ÄEº��<�»��ºHÅ�A:�»º¼6|��8:=l�P��=<�3Áz�L8�¿ ½�����º0B��l=��L8:=l�{Áz¾z6|�'6W�<;�=l?<�H�
6|�!��Áz6|A:��8:=l���<;�=l?<�H�
6|�!�L8:=
2 MeV

hPO�X!RG�XO�Þ�Z�X�ç�Y \ Z
50 − 250 ns u _<Þ'¶�êzµ�¶dä#¶VÉWå c O���XZR ��·O[�Z�hPO�X!RG�XO�Þ�Z�X�ç�Y \ Z

300 − 500 ns u _�Þ'¶�$x��µ�¶
ä#¶VÉ:É c O|êzXbhDèM�:N!Y
Z�X���\3��Z@X��nm*Z_O�[bh�Z*N�\+[���Y u Þ�[���Y Z>h�ZR��[�`���o�\+Z c ¶ ç Z*R+��µ*XPOC�)O�\+\ ��m�O�X�Y�O�i�\ oiR 200 ns

yh��*X!_SZ�XIh!Z�j��*\�RJh�ZE�yORß��*X!Z�R+��µ*XZO��¼y#Z_R+Y(h�Z
1.2 %

Z<YJÞrO���Y%�Iè^�QN:Ð+Z�YJhDèM[�X�ZS_���\ \ Z�_�Y ���*X�¶
ç ZSi!��f�h!Z_R+YWO��{Z_RgYJê!w#f>æ

6 mV
¶ ë �*[ZRJh�f<êzX��XR�R �*X!Ra��Z_R%·O[PO�X�Y
�nY
fiR�R+[���m�O�X�Y Z_RS}

Ntotal

_��*`)`�ZT��ZTX!�*`~N�\+Z�Y
��YWO���h�ZE��\ ��µ�µ*Z�\
Ns

_��*`�`)ZT��ZTX��*`~N!\ ZThDèMZ�X�Y
\+f�ZiR�O�[�h�ZiRTR [!R3h�Z�ÊR`3�¦hPO�X!R(�XO@Þ�Z�X�ç<Y
\ Z
50 − 250 ns§ w N _���`)`�Z��,èMZ<w:Y \WO�iD�*�yO|Y
����X�i��yO|Y
Z�Z�XIh�ZiRTR+�*[ZR3h!Z

6 mV
Nb

Z�Y § w!Ýÿ�Iè^f�·O[���m�O���Z�X�YJh�Z_RJ·O[PO�X�Y ��Y
fiRJi�\ f�_�f�h!Z�X�Y
ZiR�hPO�XZRJ�XO@ß��*X�Z
300 − 500 nsç �*\TR+·O[�ZEX��*[ZR%i�\+Z�X���XZRJ��ZTi�[��MR ZT`xO|w#��`@[!` hZO�XZRJ�yO>Þ�Z�X�ç�Y \ Z

50 − 250 ns
X��*[ZRJX�ZTh��MR _�\ ��`���X!�*XZRiPOQRaZ�X�Y
\+Z~R ��`)i!��ZEZ�Ya`@[��nY
��i!��Z_RJi�j!��Y
�:f���Z�_�Y \ �*X!R�¶ ç Z>X��*`�N�\ Z�O�[5h�ZiRTR+[ZRTh�[�R+Z�[����d_��*X�Y
��Z�X�Y�h��*X!_

��ZiR8R ��`�i���Z_R%Z�Y(`@[!��Y
��i���ZiR�i�j��CY
�:f���Z�_�Y \ �*XZR�¶zÍ¦iPO�\+Y ��\%h�ZE�Iè^f�·:[ZOCY
���*X�_��np�h�Z_R�R �*[!R�y�X��*[ZR(\ Z<Y
\+�*[!m*��XZR��ZTX!�*`~N�\+ZT`)�W�*Z�X5h�ZEi�j!��Y
�:f���Z�_�Y \ �*X!RJæUiZO�\+Y ��\%h�ZiR(·O[POCXOY ��Y f_RJ`)ZiR [�\+f�ZiRG}

1 − e−Npe =
(Ns + ExS) − (Nb + ExB)

Ntotal
1.012 u ä#¶�ä c

ç O@êzµ*[�\+Z>ä:¶MÉ � O���XZR �s·:[!ZG�XO>Y�OQN���ZSä#¶VÉSh!�*X�X�Z�XOY(��Z_RJ\ fiR [��nY�OCYTR(h!ZSX!�:R%`)ZiR [�\+Z_R�¶
ç Z_R6NPO�\ \+Z_R�hDèMZ�\ \+Z�[�\�R)i!\ �Wm:��Z�X!X�Z�X�Y)h�Z_R)Z�\ \+Z�[�\�RxRgY�OCY �XRgY
��·O[�ZiR6O���XZR+�%·O[�ZIh!Z_R�Z�\ \+Z�[�\�RxRg�\R+Y
f�p`xOCY
��·:[!Z_REh�Ë�ZiR@æ��,èMZ<w:Y
\TO�i"���yOCY ���*Xbh�ZiR(R+��µ*XZO�[#w�Z�X7h�Z_R�R �*[!R>h�[ R Z�[!����Z�Y�O�[#wã_��*\ \+Z�_<Y
����XZRGh!Z)�XOÞ�Z�X!ç�Y
\+ZEZ�X]i��yOQRgY
��·:[!Z u m*����\%Z<w#i�����__OCY
���*X�_��{h�ZiRTR+�*[ZR c ¶

��à
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,.-0/%1 ä#¶VÉWåS2*�(�#=<�3ÁD;�=S8�¿ ¾:º��<��6 Æ��+½��R�F=S8�A@ÁDA:;��W=E��½²�*º0�RA#�¦Áz6|A#�S8:=l�>�<;�=l?<�»�
6|�!�G8:=
2 MeV

8�½��!�;n½a¹�=<�1�<�H�l=
50 − 250 ns

,.-0/%1 ä#¶VÉ:Éa2*�(�#=<�3ÁD;�=S8�¿ ¾:º��<��6 Æ��+½��R�F=S8�A@ÁDA:;��W=E��½²�*º0�RA#�¦Áz6|A#�S8:=l�>�<;�=l?<�»�
6|�!�G8:=
2 MeV

8�½��!�;n½a¹�=<�1�<�H�l=>=<�r�'=<�3Áz�S�#��� � � ���U�!�
¦ öHõ(ög÷ ³�pGþ10m3aþM5�7´Olþ{û�µ10:ù�þ þ{û ý�5�7u��0!ú����aþ

ÝL��Z�X ·O[�ZQ��Z_R]f���Z�_�Y \ �*X!R5iDZ�\ h!Z�X�Yr�XOt`�ç�`�Z7f�X�Z�\+µ*��Z�iPO�\]����X��XRTOCY
���*XÙhPO�XZR � ¶�àt`)` hDè^Z_O�[
u nw

�~É*¶�ÿ:ÿ c �*[bh�Z@i!�yOQRgY
��·O[�Z u np

�~É*¶M��à c y"X!�*[ZR�h�Z<m*�*X!REY Z�X���\�_���`)i!Y Z>h�[bÞrO��nY3·O[DèM���MR�i�\+�#h�[!�XR Z�X�Y
i���[ZRah!ZG��[�`)��o�\+ZEÜLj�Z�\+Z�XZÌC�WmrhPO�X!Ra��ZSi!�yOQRgY
��·O[�ZE·O[�ZGhPO�XZR(�,èMZeO�[s¶DÜLZGi�j!f�X��*`�o�X!Z>Z_RgY3h!Ë�O�[�ÞrO���Y·O[�Z��Iè^��X�h���_�ZRh�ZF\+f�Þ�\TO�_�Y ���*X7h�[Qi��XOQR+Y ��·O[�Z�Z_R+Y>i���[!R>µ*\TO�X�hk·O[�ZF_�Z���[���h�ZF�Iè^Z_O�[�¶ § XQ�*[!Y \ ZCyd_�Z�Y Y Z��X�Y Z�\+ÞrOC_�Z>iDZ�[#Y�ç�Y \ Z@��Z(R+��o�µ*Z@h�ZG\ f�á�Z<w#���*X!R3Y
��YWO���ZiRa��X�Y
Z�\+X�Z_R3h�Ë�Z_R�O�[#w5h���Û"[ZR ���*XZR(`@[��nY
��i!��Z_RJh�ZiR

�*å
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,.-0/%1 ä:¶MÉ � 2§{S6|��Å��
=58:=RÁz¾z6|�'6W�<;�=l?<�H�
6|�!�r=<�r¹�6|�s?<�»º¼6|� 8:=]; ¿À�<�s=<�¼Æ�º¼=5?<º0�s�<�»ºb��Az=I8:=];n½]Á!½����»º¼?<A:;�=
?l¾!½��»Æ:�l=Eº0�s?<ºH8:=<�z��= Ê¥T½�A#��°x4�=l�<A:�l=%Áz6|A:�>8:=l�R�<;�=l?<�»�
6|�!�_���H�<ºH½��:Æ�;�=l�?�F=<��Áz6|A:�>8:=l�S�RAz6|�!�_�+?<�
6|º¶�·� Ê "�½�; ºnÆ��s=@?l6|�z�»º0�zAz=�F6|�z�H�l=�;�=l���
�l�<A:; ��½��0��6�Å��'=<�zA���½�B�=l?UA:�t�F6�8:9<;�=>�<º0�3ÁD;�=F8:�l?<�<º0��Á!½���; ¿À�Q��A�½��Hº¼6|� � Ê �¸y Ê "E¿ ½�Å<�W?<º��l�W=
8�AFÁz6|º0�z�a?l6|���
=l��Áz6|�D8�½��z�%½�A[�I�RAz6|�!�)=l�<�

280 MeV
?l=l?<ºP�s¿À=l�<�dÁ!½|�G�W6|�v�<�s=<�»Æ�º¼=)?<º0�s�<�Hºb��Az=@��½�º��A:�s=R�<�s=<�¼Æ�º¼=T�F6|ÃO=<�z�s=G8:��Áz6W�W�l=.Á!½��EA#�b�RAz6|�rº0�s?<ºH8:=<�z� Êt ½|�*°�¹�6W6|� �<A#�I;�=l�bÅl½|�l�W=l�ã�<�s=<�»Æ�º¼=l�ã?l6|���l=l��Áz6|�D8�½��z��=l�5½�A[�ð�<;�=l?<�H�
6|�!� Ê "�=l�5�H�<ºH½��:Æ�;�=l�ã?l6|���
=l��`

Áz6|�D8:=<�z�.½�AZ���F=l�<A:�
=l�@=<�P;�=l�R�<�'6|º0;�=l�G½�A[���
�l�<A#; �¼½��0�>8�AUÁD�
6 Æ��+½��R�F=S8:=T�<º0�RA:;n½��»º¼6|�^��Ä#��º0�

f���Z�_<Y
\ ��XZRJh�ZKNPOQRTR+Z_R(f�X�Z�\ µ*��Z_RJZ�Y(Z�XOY \WOC��X�Z�\%[!X�ZGiDZ�\gY
ZEh�ZE��[!`)��o�\ ZC¶

¦ öHõ(ö�� �P��I&L þ{ûH027J0#ú8	�ûª33þ6587 ýaù
	C3:�3üE0#ú�	�ûF3aþM5���L ú�º�ù�þ¼»½�aþ�ù�þ{û�¾u	�9
ç O5mQOC��Z�[!\@h�Z��Iè^��X�h���_�ZFh�[vi!�yOQRgY
��·O[�Z u np

�~É*¶M��à c XDèMZ_R+YUiZOQRR��Z�R+Z�[��LiPO�\WOC`)o<Y
\ Z)·O[���_���X�h�[��nYæ�[�X�Z6O�[�µ�`)Z�XOYWOCY
���*Xrh�ZU�XO�i�\ �:h�[�_<Y
����X�h!ZR��[�`���o�\ Z�¶ ç Z*R Z�[!����ÜLj�Z�\ Z�XZÌ��Wm�iPOQR�R Z�h�Z
0.26 MeViD�*[�\%�,èMZeOC[�æ

0.17 MeV
hPO�XZR%��Z�i��XOQR+Y ��·O[�Z�¶ ë �*[ZR�RTO�m*�*XZR(·O[�ZE�yO>·O[POCXOY ��Y fTh�ZE��[�`���o�\ Z3i!\ �:h�[���Y Z

�!É



�}ìÏÎ\ì>þa¢P¡)÷wò�ý!ú�ýx¡>óJh�û�¢vþ8ügî�ó� {ý!ú6÷Ah õ)ùdú�ûzü_ý�þdó��}ì

T ¿ÁÀJÂÄÃxÅ Npe brut¿ÄÆ[Ç.È�ÉËÊ�ÌÍÇ.Î�ÏÐÒÑÔÓ È�ÂiÅ
Õ×Ö?Ø�Ø Â�Ù ÐÒÑ Ö?ÚÛ Â Ú�Ü Ð Ø Â Ê�ÌÍÇ.Î�ÏÐ�ÑÔÓ ÈQÂ

Npe final¿ÄÆ[Ç.ÈJÎÒÂ�È�ÌÔÂiÅ Æ Ø�Ø Â�È ØÎ Ð Ç Ð�Ñ Î Ð�ÑÔÓ È�Â Ý8Þ Î
Ð Â�ßAÇ ÐÒÑÔÓ È�ÂÂáà Ð Ø Ç.Ê Ö ÌÄâ Ý8Þ Î

Ð Â�ßAÇ Ð�ÑÔÓ ÈQÂÊ�ÌÍÇ.Î Ð�ÑÔÓ ÈQÂ
ã â ä ã â ã?å?ã Ïçæ ã�è ã â ãQébå æ�â æ è ébå â ä è ê�èé ã â ã ä?ë É
ì è ã â ã?íQé ìQâ å�è æ�â î è ä èé â ä ã â é?é æ Ïçæ è ã â ébã ë ìQâ éiè äQâ ì è å�èé â î.ä ã â ébå ä Ï¶ä è ã â é?é ë å â å�è æ�â ã�è å�èå ã â ébå ä Ï¶ä è ã â é?é ë å â å�è æ�â ã�è å�è
$H%�'x1 ä#¶VÉ�2
ïDð²ñçð²òóò@ô�õ=öz÷(ò@ôQøáù²ú�ô�û�ú�ò
ü�ýþúþÿ���ô��������²ú	��û8ô
������ üQñ¶ô?û-ýþø?ð²ò^ôQò

MeVïDð²ñçð²òóò@ô��gö���ð����Qø�ô�� ð��sôQò��[ô����Zð]ý�ð�üQñ¶ô?û-ýþø?ð²ò���ø��×ýïDð²ñçð²òóò@ô��=öAïDð²øQø?ô�û-ýþúþð]ò! "���#�@ñ úáÿ$�óôQø%�&�Sø�ü����ZñÄý'�]ý(�Qø)�Zý���ð��[ø(�2ø�ôQò��]ø?ô:ôQò�û�ð��*�@ýbôCñ+� ô-,Hô�ý.�[ô�ñ/�0� ôQò21-ýþø?ô:ôQò�2ñ3�4�Qýþúáÿ$�óôïDð²ñçð²òóò@ô65�ö���ð����Qø�ô�� ð��sôQò��[ô����Zð]ý�ð�üQñ¶ô?û-ýþø?ð²ò7�8���2ø
9��:û�ð²øQø�ô?û-ýþúáð²ò7�ïDð²ñçð²òóò@ô�:4;=<Sô-ý*>#öz÷(øQø?ô)�Zø���ý'�]ýþú	�Qýþúáÿ$��ô�ô�ý.���4��ýbü)�"�]ýþúþÿ���ô
Z_RgY(i�\ �*iD�*\gY
����X�X�Z�����Z3æ

sin2(θc)
y��Iè�OC[�µ*`�Z�X�Y�OCY ���*XFh�ZG��[�`���o�\+Z3ZiR+Yah��*X�_Eh��*X!X�f�ZEiPO�\T}

1 − (1/n2
p)

1 − (1/n2
w

T − 0.17

T − 0.26
= 1.26

T − 0.17

T − 0.26
u ä:¶�Ê c

ÜLZSÞrOC_�Y
Z�[�\%Z_RgY3X!�*X�X�f�µ*����µ*Z_OQN���Z�Z�Y(h��*�nY%ç�Y \ ZEi�\+�XR%Z�X]_���`)i!Y Z�¶zÍ
0.5 MeV

���"Z_RgY3h�Z{É*¶��Qÿ
¦ öHõ(öba ¬ÿú8L ú'û���0!ú�	�û 3aþd5�7 ý3ù@	C3��aüE0#ú�	Pû 33þP5���L ú8º�ù!þP3��aþ@?M3aþD�rù
BBA�þ1©%ú8	�û:�

0@	J027u5'þD�vúgû&0!þ�ù!û3þD�
ç è�O�X!µ*��ZTh�ZE\+f�ázZ�w!���*X�Y
��YWO���Z�hZO�XZRJ��ZTi��XOQR+Y ��·O[�ZTZiR+Yah��*X�X�fEiPOC\%�yO@������h�Z N X�Z�����}

np

nw
· sin θp ≥ 1 u ä#¶Ï� c

θp ≥ 63.2 ◦

ç è�O�X!µ*��Z�ÜLj�Z�\+Z�XZÌC��mQZ_R+Y�y�æ�RTOCY
[�\TOCY
���*X�y�h�Z
47.8◦

Z�Y@��ZFh�Z�`)��O�X�µ*��Z)h![v_�	*X�ZFh�Z�R ��\+Y
��ZFh�ZiRf���Z�_<Y
\ ��XZRxh�[(R iDZ�_<Y
\ ��`)o<Y
\ Z.Z_RgY�h�Z
5◦

¶ ç Z_Rxf���Z�_�Y
\+�*XZR�h�Z�NZOQRTR+ZLf�X!Z�\ µ���Z.m��*X�Y)R+�*[!Û"\ ��\�h�Z.h���Û"[ZR+���*XZR
`@[��nY
��i���ZiRLZ�Y(h���X�_�O���XZR+��f�`�Z�Y+Y
\+ZSh!ZS�XO@��[�`���o�\ Z�hZO�XZRJ��ZiR(_��*X�h��nY
���*X�h�ZE\ f<ázZ<w#����X�Y ��Y�OC��Z�¶
ç ZX�3� N h�ZE�,è�O�X�µ���Z3h!ZGh��nÛs[!R ����X�`@[���Y ��i���Z�R+[�\J�yO@h��MR+Y�OCX�_�ZEiPO�\+_��*[!\ [�ZEZ_RgY3h!�*X�X�f�ZSiZO�\T}

θ0 = 13.6
T + m

T 2 + 2mT

√

x

X0

(

1 + 0.038 ln
x

X0

)

u ä:¶�� c
Í�m*Z�_

m = 0.511 MeV
Z<Y

X0 = 480 mm

¦ öHõ(ö�õ cdBD�e��5.027f02�G3:�DC 	�ûH0#þ¼»½7�ù
5�	
§ X5i�\+Z�XPO�X�YaZ�XI_��*`�i!Y
ZE��ZTh §GÎ h!Ï@y��XOUh!��Û"[ZR ���*X�`@[���Y ��i���Z�y:��ZiRa\+f�ázZ�w!���*XZRJ��X�Y Z�\ X!Z_RdO���XZR+�{·O[�Z�,è�O�X�µ���ZEÜLj�Z�\ Z�XZÌ��WmIZ<w!O�_�YaZ�X�Þ��*X�_<Y
���*X�h�ZG�Iè^f�X�Z�\+µ*��ZCy�X��*[!Ra�:N#Y
Z�X!�*XZR(��Z_R%_��*\ \+Z�_<Y
����XZR3æ{O�i!i"�*\gY
Z�\

� �



õ)ùdú�ûzü_ý�þdó��}ì �9ì¶�}ì�ú3 dú�òFE�¡!óôð�ó.¡�þ(¢.¡%÷�ò�ý!ú�ýx¡Òï�G�ý�ó� �÷x¡
æRX��:RJh��*X!X�f�ZiRahPOCXZRJ�yO@Y�OQN!��ZEä#¶VÉ*¶
Í

0.5 MeV
yC�Iè�OC[�µ*`�Z�X�Y�OCY ���*XEh�ZL�yOJ��[�`���o�\ ZLÜLj�Z�\+Z�XZÌC��m>Z_RgY�i���[!Rxµ*\TO�X�h�Z.·:[!Z���ZiRdiDZ�\gY
Z_Rx��X�Y
Z�\ X�ZiR�y

æ
1 MeV

��ZiR%i"Z�\+Y
ZiRJh�Ë�Z_R�O�[:w�\ f<ázZ<w#���*XZRJ��X�Y
Z�\ X�ZiRJh�Z�m:��Z�X�X�Z�XOYai���[ZR%µ*\WOCX�h�Z_R�y�i�[��MR%Z�X�O�[�µ*`�Z�X:p
Y�OCXOYL�,èMf�X�Z�\ µ*��ZJ_�Z_RLh�Z�[#wF·O[PO�X�Y
�nY
fiR.Y
Z�X�h�Z�XOY%æGh���`)��X:[!Z�\�i"��[�\.h!�*X�X�Z�\L[�XFÞrOC_�Y
Z�[�\L_��*\ \+Z�_<Y
��Þ�h�Z�É*¶
ç è^ZiR+Y ��`xOCY
���*XEh�Z_R�Z�\ \+Z�[�\�RdÞrO��nY
Z_R�hPO�X!Rx�yOJ_���\ \ Z�_�Y ���*XGh�[�Z�æ(�yOJÞ�Z�X�ç<Y
\ Z.i��yO�R+Y
��·O[�Z.ZiR+Yxh��*X�X�f�ZL��OQN���Z
ä#¶VÉ@Z�Y3m#��Z�X�YTi�\+��X�_���iPOC��Z�`�Z�X�Yah�ZR�yO�i"�QRTR �MN���ZSm�O�\ �XOCY
���*X u Z�X�m:��\ ��X 3% c h�ZR�Iè^��X�h���_�ZSh�Z@\ f<Þ�\WO�_<Y
���*X
h�[]i��yO�R+Y
��·O[�Z�¶
ÜLZ�Y+Y
Z�_���\ \ Z�_�Y ���*XTZiR+Y�O�i�i�����·O[�f�Z�æ

Npe raw u X��*`~N�\+Z�`)�W��Z�XEh�Z�i�j��CY
�:f���Z�_�Y \ �*XZR c Z�Y�h���X�X�Z
Npe final·O[��{Z_RgY3�XO>m�O���Z�[�\%h���\+Z�_<Y
Z�`�Z�X�YJ_��*`)iZO�\ f�ZGæR�XO{R+��`@[!�yOCY ���*X u N e N ��` c ¶

�{Ô�� H å�®�ã�Ø�æ�Ü·Ý�Ü8æ Û�â8æ���ã�á�®�áwæ§×(Ù�á�Ü8å��>æ
Í iPO�\gY
��\Lh�ZiR�h��*X�X!f�Z_R%Z�w#i"f�\ ��`�Z�X�YWO���ZiR�i"��[�\L��Z_R�`@[!�*XZR�y#X��*[ZRLi"�*[#m*�*XZR�y�XPO[Y»m*Z�`)Z�XOY�i�\ f�h���\+Z

��Z�X���`~N�\ ZPh�ZPi�j���Y �#f���Z�_�Y
\+�*XZR�i"��[�\dh!Z_R�f���Z�_�Y \ �*XZRdh�ZP·:[!Z���·O[�ZiR
MeV

¶ ç OJi�\ �:h�[�_<Y
���*XGh!ZL��[!`)��o�\ Z
ÜLj�Z�\ Z�X!Ì��WmUZ_RgY�i�\ �*iD�*\gY
����X�X�Z�����ZPæ��yOa���*X�µ�[�Z�[�\dh�Z%�yO(Y
\WOC_�Z�yC·O[���Z_RgY�Z�����ZP`)ç�`)Z�i!\ �*iD�*\+Y ���*X!X�Z�����ZPæ
�,èMf�X!Z�\ µ���Z�h�f�i"�:R+f�ZC¶ ë �*[ZR�O�m*�*XZR�`�Z_R [!\ f

44
i�j��CY
�:f���Z�_�Y \ �*XZR�iD�*[�\�[�XS`@[��*XEhPOCXZRd�XO%_�[!m�Z.hDè � \TRTOW��y_�Z�_���_��*\ \+Z_R iD�*X�hZO�X�Y>æ�[!X�ZUf�X�Z�\ µ*��ZRh�f�iD�:R f�ZUh�Z

280 MeV
¶ ç ZRX��*`~N!\ ZRh�ZRi�j!��Y
�:f���Z�_�Y \ �*X!RTiPO�\

&�`>YRiPOC\
MeV

hDèMf�X�Z�\ µ*��Z�h�f�iD�:R+f�Z�Z_RgYUh��*X�_�h�Z
44/280 = 0.16

¶ ç Z_RUf���Z�_<Y
\+�*XZR@�*X�YU[�XÃR+Z�[����ÜLj�Z�\ Z�X!Ì��Wm�h�Z
0.26 MeV

Z�X)Y
Z�\+`)ZahDèMf�X�Z�\ µ*��Z�_���X�f�Y ��·O[�Z
T

¶!ÜLZ��XO>X��*[ZRLh��*X�X�Z3h��*X�_a[�X�X��*`~N!\ Zh�ZEi�j��CY
�:f���Z�_�Y \ �*XZR%Z�XIÞ��*X!_�Y
���*X�h�ZE�,èMf�X!Z�\ µ���ZTh�ZU}

Npe(T ) ≈ 44

280
(T (MeV ) − 0.26) u ä#¶^à c

ë ��[ZRLh�Z<m*�*X!R�O�Ð+�*[!Y Z�\Læ>_�Za`)�:h�o���Z8R ��`�i���Z(·O[�Z���·O[�ZiR%_��*\+\ Z�_<Y
���*XZR�¶ ç �*\�R ·O[�Z��XOGiPO�\gY
��_�[���Z(_ljZO�\ µ*f�ZiDZ�\ hKR+[!�6RWO�`�`)Z�X�Ydh�è^f�X�Z�\+µ*��Z�Z<YdZiR+Y�i�\+�#_lj!ZPh![(R+Z�[����OÜLj�Z�\+Z�XZÌC�Wm"y�O����*\TR��XO�i�\ �:h�[�_<Y
���*XTh�Z���[�`���o�\ Z
XDèMZ_RgY3i���[ZRJæ*RWOCY [�\WO|Y
����X]Z<Y(h���`���XO[�ZC¶
ç O RWOCY [�\WOCY ���*X Z_R+Y]�:N#Y
Z�XO[�Zã���*\TR+·:[!Z

β = 1
_�Zã·O[���Z_RgY]·:[ZOQR ��`)Z�XOY���Zr_eO�R�i"�*[!\�h�Z_R�`@[���XZR_��QR `���·O[�Z_R�¶ ë �*[!RJm��*[����*XZRJ_eO���_�[���Z�\���ZT\WO�i!i"�*\gYE}

R(T ) =

∫ T

0.26
sin2(θ) dT

∫ T

0.26
sin2(θsat) dT

=

∫ T

0.26
(1 − 1

(βnw)2
) dT

(1 − 1
n2

w
)(T − 0.26)

u ä#¶VÉWå c
(1 − 1

n2
w
)(T − 0.26) − 1

n2
w

∫ T+m

0.77
m2

E2−m2 dE

(1 − 1
n2

w
)(T − 0.26)

u ä#¶VÉ:É c

R(T ) = 1 − m
ln

√

T
T+2m

0.26+2m
0.26

(n2
w − 1)(T − 0.26)

u ä#¶VÉ � c
Í�m*Z�_

m = 0.511 MeV
¶

ë ��[ZRL�:N#Y
Z�X!�*XZRLêzXZO���Z�`)Z�XOY.�yOS·O[PO�X�Y
�nY
f(h�Z���[!`)��o�\ ZaÜLj�Z�\ Z�XZÌ��Wm�i!\ �:h�[���Y ZaiZO�\L[�XFf���Z�_�Y \ �*X)iPO�\3}

Npe(T ) ≈ 0.16 (T − 0.26) R(T ) u ä:¶MÉËÿ c
�:ÿ
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Npe(T ) = 0.16 (T − 0.26) − 0.1

[

ln

√

T

T + 1
− ln

√

0.26

1.26

]

u ä#¶VÉ�� c
ÜLZ�Y+Y
ZJÞ��*X�_<Y
����X�ZiR+Y.\ Z�i�\ fiR Z�X�Y f�Z�iPOC\P[!X�Za����µ*X!Z�X��*��\ Z%êzµ*[�\+Zaä#¶MÉ � ¶ ë �*[!RP_��*XZRgY�OCY �*XZRP·:[!Za�Iè�O�_�_��*\+h
Z_RgY(i���[!Y 	�Y8RWO|Y
�XRgÞrO��XRTO�X�Y%`xO���µ*\+f��yO~R+��`�i�����_��nY
f3h![I`��#h!o���ZC¶

ª ×�å�ä�ã���æ�Õ�×(å
ë �*[!R�O�m��*XZR�`)ZiR [�\+fã�yOQ\ f�i"��XZR Zãh�[ÿh�f�Y Z�_<Y
Z�[!\]h!ZêR+[�\+ÞrOC_�Z�ævh�Z_R�f���Z�_<Y
\ ��XZR�h�Zb·O[�Z���·:[!Z_R

MeV
h�è^f�X�Z�\+µ*��Z�_���X�f<Y
��·:[!Z�¶ ë �*[ZR*O�m��*XZRRZ�X!R [��nY
Z�_��*`)iZO�\ f)��Z_RG\ fiR [��nY�OCYTR@h�Z�X��QR@`)ZiR [�\+Z_RUæ5�XO

R ��`@[��XOCY
���*X�¶ ë ��[ZR@iD�*[!m*��XZR@_���X�_���[�\ Z�·O[�ZF_�Z�Y+Y
Z�R+��`@[��XOCY
���*X�\ Z�i!\ �:h�[���YGh�ZFÞrOC���*X RTOCY
�MR+ÞrO��MRWO�X�Y
Z
��ZiRa`�Z_R+[�\ ZiR3Z�w!iDf�\+��`�Z�X�Y�OC��Z_R�R [!\�ÿ��*\ h�\+Z_Rah�ZGµ�\WO�X�h!Z�[�\(Z�Xrf�X�Z�\+µ*��ZC¶"ÜLZ�Y Y Z>f<Y
[�h�Z>æ�ÞrO��nYJ�,èM�:N:Ð+Z<Y
hDèM[�X�ZSi�[ZN�����__OCY
���*X�hPO�XZR(�yOR\+Z�m:[�Z ë [�_���ZeO�\J¸�XZRgY
\+[�`)Z�X�YWR�OCX�hr�]Z�Y
j!�#hZRa��X]&�j��/R+��_iR��JZ_R Z_O�\ _lj5Í
�^ä � �»¶

���
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ÜLZ�Y+Y
Z�iPO�\+Y ��ZCy{i"�*\gY�O�X�YKR+[�\G�XO�_eO����XN�\TOCY
���*Xrh�[�h�f�Y Z�_<Y
Z�[!\>h�Z{R [!\+ÞrO�_�Z�ywO]iDZ�\+`)�MRTh�ZU`)��XOY \ Z�\
�,èM��X#áz[�Z�X!_�Z(·:[!Z3iD�*[!m�O���YlO�m*����\P[�XF_ljPOCX�µ*Z�`�Z�X�YLh�Z3X��nm*Z_O�[FhDèMZeOC[�R [�\P�yOEh��MR+Y
\+�XN�[#Y
����X��XOCY
f�\WO���ZJh�[
R ��µ*XPO��»¶ ç ORh���`���XO[!Y ���*XFhDè^[!X]ÞrO�_<Y
Z�[�\Jh�Z�[#w�h�ZE�yO@jPO�[#Y
Z�[!\(h�è^Z_O�[IhZO�XZRJ��ZiR(h!f�Y
Z�_�Y Z�[�\�Ra_��*X�h�[��nY(æ
h���`)��X:[!Z�\x�Iè^��X!áz[�Z�X�_�Z%h!Z_R�`@[��*X!RvO�[Uh�f�Y \ ��`�Z�X�Y�h�Z%�XO�iPO�\gY
��ZLf���Z�_�Y \ �*`xO�µ*X�f<Y
��·:[!Z�y��XO�h��XRgY
\+�XN�[!Y ���*X
�yO|Y
f�\TO���ZRh![ÒR ��µ*XPO���h!Z�m:��Z�XOY>i���[!RS\TO���h!Z�Z<Y>��X�h�[��nYEh��*X�_)[�X�Z�`�OC[!m�O��XR+Z�ZiR+Y ��`xOCY
���*Xbh�[ÒR+��µ*XZO���æ
1000 m

¶ § X5i���[ZRJh�ZE_�Z<Y3Z<ÛsZ<Y�yzm:��Z�X�Y�R_è�O�Ð+�*[#Y
Z�\(�yORh���`)��XO[!Y
���*X�hDèM[�XIÞrOC_�Y
Z�[�\Jh�Z�[:w5h!ZS�XO*R [�\gÞrO�_�Z
�yO|Y
f�\TO���ZJh�[Fh�f�Y Z�_�Y Z�[�\LZ�X�Y
\TOC�qXPOCXOY.[�X�Zah���`���XO[!Y ���*XUh�[�R ��µ�XPO���i�\ ��i"�*\gY
���*X�X�Z�����ZJæS�yOTm�O�\ �XOCY
���*XUh�Z
�yO~R+[�\+ÞrOC_�ZEY
��YWO���Z�h!ZS_��*����Z�_<Y
����X�¶

ç Oa`�f�Y
j!�#h�Z�h�ZP`�Z_R [!\ ZLi!\ �*iD�:R f�Z�y�[!Y �����MRWO�X�Y��XOJh!f_R ��X�Y
f�µ�\WOCY ���*XSh�Z_Rd`@[��*X!RdhPOCXZRd��Z�h�f�Y Z�_�Y Z�[�\�y
O@_���X�h�[��nYJæ@h�Z_RJ\+f_R [!��Y�O|YWR�`��*X�Y
\TO�X�Y%·O[Dè^���sZiR+YJiD�:RTR+�XN���Z�h�ZT`�Z_R [!\ Z�\%�XO>jPO�[#Y
Z�[!\%hDè^Z_O�[�O�m*Z�_S[!X�Z
i�\+f�_��MR ���*X�h�ZE�,èM�*\ h�\+ZTh�Z

5 %
¶�ÜLZ�Y+Y
ZE`)f<Y
j��:h�ZEh�ZE`�Z_R [!\ ZEZ_RgYaZ�XI_��*[�\�R(h!ZEY Z_RgYaZ�XIÍa\ µ*Z�X�Y
��X!ZSZ<Ym�O�OQN"��[!Y
��\�R [!\T[�X�ZR_���XOY \ �MN�[!Y
���*Xãæ��yO � àCY
jb¸�X�Y
Z�\ XPO|Y
����XPO���ÜL�:R+`)��_���OW�bÜL�*X!Þ�Z�\ Z�X!_�ZU·O[��zO�[�\TO����Z�[vZ�X ¸�X�h!Z]Z�X Í%�*Ë!Y � å*å�ä:¶ ç è^Z�w#i"f�\ ��Z�X�_�Z]`�Z�X�f�Z�R [�\U��ZFh�f�Y Z�_�Y Z�[�\�h�Z�R [!\+ÞrO�_�Z]h!�XR iD�*X��MN���ZFæ

� \TRTOW�ÍOri"Z�\ `��XRGi"�*[!\@�yOri�\+Z�`���o�\ Z)Þ����XR@h�Z)Y
Z_RgY
Z�\��XO5\ f�i"��XZR Z�h�[ h�f<Y
Z�_�Y
Z�[�\Uærh�ZiR�iZO�\+Y ��_�[!��Z_R
O�[!Y \ Z(·O[�Zah!Z_RL`>[��*XZR�¶!ÜLZ<Y Y ZaZ�w!iDf�\+��Z�X�_�Z�OGiDZ�\ `��XR�h�è�O�Ð+[!R+Y
Z�\Li���[ZR�êzX�Z�`�Z�X�Y.��ZiRPiZO�\WO�`�o�Y \ ZiR.h�ZiR
R ��`@[��XOCY
���*XZRLh!Z_R(h�f�Y f�_�Y Z�[�\�Rah!Z�R+[�\+ÞrOC_�Z�¶ ë ¸g�IÍ ��ä � � c ¶��O���µ*\ f�Y
��[!Y�y�Z�XSm:[�ZLh�ZP_���X�XPOC��Y
\ Z���ZP`���Z�[#wEiD�:RTR+�XN���Z���Z�_��*`�iD�*\+Y Z�`�Z�X�Y�h�Z._ljZO�·O[�ZLh�f<Y
Z�_�Y
Z�[�\ÞrO�_�Z(OC[]f<m*f�X�Z�`�Z�X�YWR�y"·O[�Z���·O[�ZiRaf<Y
[�h�ZiRa_��*`�`)ZR}

2Ù�XO@\ f�iD�*XZR+ZGh!Z_RJ_�[!m�Z_R3æUh!Z_R(f���Z�_�Y \ �*XZR%Z<Y(h�Z_R(i�j���Y �*XZRJZ�X�Y \ Z
1 MeV

Z�Y
15 MeV

U2Ù�XO@\ f�iD�*XZR+Z>æRh�ZiRJ`@[��*XZRJ��X�_�����X�fiR�µ*\��C_�ZSæRh�Z_R(j��:h��:R _��*iDZ_RJh�ZKR _���X�Y
�����yO|Y
Z�[!\TRVU
2Ù�Iè^��X!áz[�Z�X�_�ZEh�ZE�yOR_��#·O[�ZSZ�X]i��yO�R+Y
��·O[�ZEZ�Y(h�[�RTO�_EZ�XI�P�Om*ZiÌ�R [�\(�yOR\ f�i"��XZR ZSh�Z_R(_�[#m*Z_R�O�[#wiPOC\+Y
��_�[���Z_R%h�ZKNPO�RTR ZiRaf�X�Z�\+µ*��ZiRVU2Ù�Iè^ZiR+Y
��`�O|Y
����XSh![Rh��yO�`�o�Y \ ZCyCh���X�_�h�Z��XOdR+[�\+ÞrO�_�Z%h�Z_Rx_�[!m�Z_R�y�h!ZLÞrO�����XUæ3_��*X!XPOC��Y \ Z.��ZLX!�*`~N�\+Z

h�ZT� § �©iPO�\J`�o�Y \ ZT_eOC\ \ fC¶\ ZiR+Y Z�X�Y�æ@ÞrO���\ ZC¶

��ä
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J °�Ç  Á BK¾½ ± «ôï °�¯�D±

L º:4¹¼± ³ ¯�NM ¸ ïö¯�DÇ ³ ¹ ¶ °5ïPO�Ç ³ ¸ Ç Á ½ D� ¶ ±
«ª°�4½ ï D°>±

���





Q*³ ¯�°�Ç<¹ ¶ª¸ ¯�DÇ ³ � Â ï ¸ ÇÈ½ « Ç Á �¯�DÇ ³ «ª°�4½ ï D°>±

ç O�_��*`�i"�QR ��Y ���*XIh�[b\WO����*X�X�Z�`)Z�XOYS_��:R `���·O[�ZRæ)jPO�[!Y ZRf�X�Z�\ µ*��Z@Z_RgYE[�X�ZRh�ZiRT·:[!Z_R+Y ���*X!REæ��yO|p
·O[�Z�����Z�m�OJh�Z�m��*��\{\+f�iD�*X�h�\+Z.�Iè � NZR+Z�\+m�OCY �*��\+Z�&���Z�\ \ Z�Ía[�µ*Z�\�¶�$z�*\+Y�h�Z�h�Z�[#wEY
Z�_lj�X���·:[!Z_Rxh!ZPh!f�Y
Z�_�Y ���*X�y
���si"Z�\ `�Z�Y Y \WOR[�X�ZTm�f�\ �nêz_eO|Y
����X]_�\ �*�MR f�ZTh�Z_R(\ fiR [��nY�OCYTR(�QN!Y
Z�X:[!R�¶

ç Z_RSh�Z�[#w�iZO�\WO�`�o�Y \ ZiRT��Z_REi���[ZREi�\ ��`)Z<Y Y
Z�[�\TRKR+�*X�YGi!\ �:NPO�N���Z�`)Z�XOYE�XO�i�\ ��Þ���X�h�Z�[!\Sh![7`xO|w#�np
`@[�` h�[ h�f<m*Z����*i�iDZ�`�Z�X�Y�h�Zb�XOkiPO�\gY
��Z5f���Z�_<Y
\ ��`�O�µ�X�f�Y ��·O[�Z5h!Zb�yOkµ*Z�\TNDZ

X ßAÇ�à Z�Y��yO�h�Z�X!R ��Y f
`@[���X���·O[�ZKO�[>R ���¼¶

ç O5h��XRgY
��X�_�Y ���*X�hPO�XZR>��Z6R ��µ�XPO���Z�X�Y
\+Z��yO]iPO�\gY
��Z�f���Z�_<Y
\ ��`�O�µ�X�f�Y ��·O[�Z�Z�Y@�XOIiPOC\+Y
��Z)`>[��*X���·:[!ZX�f�_�Z_R�R �nY
Z�[�XQh!f�Y
Z�_�Y Z�[�\UæIÞ���\+Y@iD�*[!m��*��\�R f�iPO�\TOCY
Z�[�\�¶ ç ZiR@h�f<Y
Z�_<Y
Z�[�\TRRh�Z�R [�\gÞrO�_�Z�h!Z��,èM�:NZR+Z�\+m�O|p
Y
����\ ZaX�Z�h��MR iD�:R Z�X�Y%iPOQR�h�è^[�X�h!Z_R ��µ*X�iPOC\+Y
��_�[�����Z�\�yO`�OC�XRP��Ûs\+Z�X�Y�y#h�[FÞrO��nYLh!Z���Z�[�\TR�jZO�[!Y
Z�[�\TRLhDè^Z_O�[
u 1.2 m c yD[!X�Z�R+Z�XZR+�XN�������Y f�O�_�_�\ [�Z�O�[#wI`@[��*X!R�¶"e�O�XZRa��ZS_eO�h�\+Z>h�[5_ljPO�i��nY
\ Z(Ê!y*Ð+ZG`��*X�Y
\+Z�\TO���·:[�è^���Z_RgY>iD�:R�R �XN!��ZRhDèMZ<w:Y
\TO���\+ZR��ZUX��*`�N�\ Z{OQN!R �*��[7h�ZU`@[!�*XZREhPO�XZRE_ljPOC·:[!ZFh�f<Y
Z�_<Y
Z�[�\GZ�X7[#Y
�����XRTO�X�YT��ZiR
i�\+�*i�\ ��f�Y f_RPh�Zah!�XRTRg�:`)f<Y
\ ��ZJh�Za�XOT\ f�á�Z<w#���*X)h�Z(�yOE��[�`���o�\ Z(ÜLj�Z�\ Z�X!Ì��WmFf�`)�MR ZJiPO�\���Z_RP`@[��*XZR�hPOCXZR��ZiR%_�[!m�Z_R�¶

&d�*[!\R_�Z�·O[��%Z_RgYUh�Z
Xmax

y)R+Z�[��MRR��ZiR@Y
f���Z_R+_��*iDZ_R�y)R Z�XZR �MN���ZiR{O�[ h�f�m�Z�����i�i"Z�`)Z�X�YUh�[ i�\ ��ê������X�µ*��Y [�h���XPO��¼y|Þ��*[�\+X��XR�R Z�X�Y%[!X�O�_�_�o_R�h!��\ Z�_�Y�æ>_�Z<Y Y
Z3µ*\WO�X!h�Z�[�\�¶
��Zah�f�m�Z����*i�iDZ�\WOC�shPO�X!R���Z(_ljPO�i��nY
\+Z
�#yd[�X�Z�`�f�Y
j!�#h�ZFh�Z�`)ZiR [�\+Z���X�h!��\ Z�_�Y Z�h�Z

X ßAÇ�à iPO�\R��Z)h�f�Y Z�_<Y
Z�[!\�h!Z�R [�\gÞrO�_�Z�iDZ�\+`)Z<Y Y�OCXOY@h�Z`@[��nY
��i�����Z�\JiPO�\�[!XrÞrO�_�Y Z�[�\~É�å��yO�RgY�OCY �XR+Y ��·O[�Z@Z<YT·O[���iDZ�\+`)Z<Y Y
\TOF�,èM�:N!Y Z�X�Y
���*Xrh�ZR\+f_R+[���YWOCYWR�i!\ f����np
`���XPO���\ ZiRbR [�\J�XO@_��*`�i"�QR ��Y ���*XFh�[�R+i"Z�_�Y \ ZSh�Z

3 1017 eV
æ

5 1018 eV
¶

ç Z)h�Z�\ X���Z�\E_ljPO�i!��Y
\+Z�y{·O[���XDèMZ_RgY>iPO�RGh���\ Z�_�Y
Z�`)Z�X�YG\+Z�����fUæ��yO�_��*`�iD�:R �nY
����Xrh�[k\TO��*�*X�X!Z�`�Z�X�Y
_��QR `���·O[�Z�y�h!�*X�X�ZJ·O[�Z���·O[�Z_RP��h�f�Z_R�_���X�_�Z�\ XPO�X�YP��Z%h!f�m*Z����*i!i"Z�`)Z�XOY.h�ZiRPµ�Z�\TNDZ_RPhPO�X!RP�Iè�O|Y
`��:R i�j!o�\ ZZ�Y�Z<w#i"�QR ZJ[�XR`��#h�o���Z.hDè^Z�w:Y
\WOC_�Y
���*XRh�Z��XO�R Z�_�Y ���*XRZ<�)__O�_�ZJh�ZLi�\ Z�`)��o�\ ZL��X�Y
Z�\WO�_<Y
����X@_��:R+`)��·O[�Z<p O���\æRiPO�\gY
��\%h!ZS_��*XZR+��h�f�\WOCY ���*XZR%i!jO�\R+��·O[�Z_R�R [!\(��Z_R%áz[�_<Y
[PO|Y
����XZR%h�Z
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L ± S ¶ Ç ³ ¸ Ç ¶ª³ ¯� ³¼» SUT Á�¶ ° Â ï ¿ÀÇÈD± ¹¼±
Â º:4¹¼± ³ ¯�NM ¸ ïö¯�DÇ ³ ¹ ¶ °IïPO�Ç ³ ¸ Ç Á ½ D� ¶ ±

VXWZY ½ ï YBW ±

� å{á4Û�×6Ý]��älá�Õ�×(å
ç OQ`)ZiR [�\+Zbh�Zr�yO7_��*`�i"�QR ��Y ���*X h�Z_R�é:T § Ü��¨Þ��*[!\ X��nY�hDèM��`�i"��\+Y�OCXOY Z_R)_��*X�Y
\TO���X�Y Z_R�R+[�\���ZiR

`��#h�o���ZiR�Y
j�f��*\ ��·:[!Z_RJh�ZT��Z�[�\%i�\+�*iPO�µ9O|Y
����X�Z�Y(h�ZT��Z�[�\%�*\+��µ*��X�Z�¶ ç ZiRJX��W�9O�[#w]���*[�\+hZR8O�i�iPOC\WO��MRTR Z�X�Y_���`)`�Z�i���[ZR�ÞrO�_�����ZiR�æKO�_�_�f���f�\ Z�\�iPO�\��,èM��X�Y Z�\ `�f�h!�yO���\ ZPh�ZJ_ljPO�`�iZR�f���Z�_�Y \ �*`xO�µ*X!f�Y
��·O[�Z_R�y*`�OC�XR%R+�*X�Y
R [!R _�Z�i!Y
�MN���ZiR>hDèMç�Y \ Z)i�j���Y �#h�fiR ��XOY f�µ*\+f_RShPO�XZRG�yO�R ��[�\ _�ZF�*[ R [�\S��Z�[�\GiZO�\ _��*[�\TR�Ð+[ZR+·:[�è�æ5�XO�Y
Z�\+\ ZC¶
ç Z_R���O�`�`xOU\TO��/R3Z�Y�X!Z�[!Y \ ��X!�:RdR+�*X�Y�iD��Y
Z�X�Y
��Z�����Z�`�Z�X�Y(��Z_Ra[�X���·:[!Z_R�R+��µ*XZOCY
[�\+Z_Rah�Z_Ra`)�:h�o���Z_R(��ZiRi���[ZRRZ<w#��Y ��·O[�Z_R*R+[�\U�,èM�*\ ��µ*��X!Z)h�ZiRR\WO��*��XZRU_��*`���·O[�ZiR�¶ ç �*\�R ·O[�Z�X��*[ZRRZ�w!O�`)��X��*XZR>��Z_RRh!��\ Z�_�Y ���*XZR
hDè�O�\ \+��m�f�ZU�*[���Z*R iDZ�_<Y
\+Z)Z�X7f�X�Z�\+µ*��Z6O�[�X���m�ZeO�[�h�ZU�yO�Y Z�\ \+Z�y{�XO�_��*X�XPOC�XRTRTO�X�_�Z)h�ZU�XO�_ljZO�\ µ*ZUh�ZiRiPO�\gY
��_�[���Z_R%Z_RgY(_�\ [!_��yOC��Z�¶
ç ZbX��*`~N!\ Zbh�Zb`@[!�*XZR�hPO�X!R][!X�Zbµ*Z�\�N"ZêOCY `)�QR i�j�f�\ ��·:[!ZrZ_RgYI[!Xÿ��X�h���_eOCY Z�[�\�h!Z��XOk`xOQRTR+Zbh�Z�yO@iZO�\+Y ��_�[!��Z�¶!ÜL�*`�iPO�\+f�ZKO�[�i�\+��Y
�*Xsy��,èMf�X�Z�\ µ*��Z3hDèM[�X]XO[�_���f��*X�hPO�X!R%[�XIX!���:O�[����*[!\ h�Z_RgY(�:N!Y
Z�XO[�Z
Z�XUh��nm:�XRWOCXOY��Iè^f�X�Z�\+µ*��Z.Y
��YWO���Z.h�[)X!���:O�[UiPO�\���Z�X��*`~N!\ Z%h�ZJXO[�_���f��*Xs¶OÜLZ��XOEZ�X�Y
\WO|�qX�Z�[!X)X���`~N�\ ZLh�Zµ*f�X�f�\TOCY
���*XZRThDèM��X�Y
Z�\WO�_<Y
���*Xãi���[ZRTÞrO��MN���ZCysh���X�_U`)�*��XZR�hDèMf�X!Z�\ µ���ZUi"Z�\ h�[!Z6R+�*[ZREÞ��*\ `�ZRh�ZU_eO�R _eOCh�Zf���Z�_<Y
\ ��`�O�µ�X�f�Y ��·O[�ZTZ�Yai���[ZRJh�ZGi!���*XZR%_ljZO�\ µ*fiR3h�Z�NPOQR�R ZSf�X�Z�\ µ*��ZKR ZSh�f_R+��X�Y
f�µ*\WO�X�YaZ�XI`@[��*XZR�¶DÜLZ
\ fiR [��nY�OCY.µ*f�X�f�\TO��"ZiR+YbO�i�i�����·O[�f(·:[ZO����nY�OCY ��m*Z�`)Z�X�YLæEY
�*[!RL��ZiR.`��:h�o���Z_RPjPO�h�\+�*X���·O[�ZiRLhDèM��X�Y Z�\WOC_�Y
���*X�¶ÜLZ%_ljPO�i!��Y
\+Z�R Z�\WOT_��*X!RWO�_�\ f(æ��,èMf�Y [�h�Z%hDèM[�X�Z%X���[!m*Z�����ZL`)f<Y
j��:h�Z%iDZ�\ `�Z�Y+Y�O�X�Y�iDZ�[#Y�ç�Y
\+Z%hDèMZ<w:Y
\TO���\+Z
�yO@h!Z�XZR+��Y
fEh�ZE`@[!�*XZRJiPO�\%h�f<Y
Z�_�Y
Z�[�\TRai"��[�\%_ljPO�·O[�ZSf�m�f�X�Z�`)Z�XOY�¶
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ç O)��[!`)��o�\ ZSÜLj!Z�\ Z�XZÌ��Wm5i�\ �:h�[��nY
ZEhPO�XZRa�,èMZeO�[]h�ZiR3_�[#m*Z_R3iPO�\(��Z_R(f���Z�_<Y
\ ��XZRah!Z�NPOQR�R ZGf�X�Z�\ µ*��Zh�Z��XO5µ*Z�\�N"ZFZ_R+YUf�`)�MR Z�h!Z�ÞrO����*XQY \ oiR@�XR+��Y
\+�*i"ZCyxh�[QÞrOC��Y@h!Z���Z�[!\@h���Û"[ZR+���*XQ`>[���Y ��i���Z�¶�&d��[�\R��ZiR`@[���XZR�y��XO�Y
\WOWÐ+Z�_�Y �*��\+Z@Z_RgY�N���Z�X�i!��[ZREh�\+�*��Y Z�ysZ�X�Y
\WO|�qXPO�X�YE[�X!Z�f�`)�MRTR+���*Xbh�ZU��[�`)��o�\+ZRÜLj�Z�\ Z�X!Ì��Wm
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O�[!Y �*[�\Sh�ZF�XOIh���\ Z�_�Y
���*X�hDè�OC\ \ �nm*f�ZFh�Z)�yOIiZO�\+Y ��_�[!��Z�¶�é(XQh�ZiR@i�j���Y �*`@[��nY
��i�����_eOCY Z�[�\�R�\ Z����*�nY~O���XZR �
[�X�ZU·O[PO�X�Y ��Y
fUh�ZU��[�`)��o�\+Z@i���[!RT��`�i"�*\gY�O�X�Y Z@·O[�ZU��Z_REh�Z�[#wêO�[#Y
\ ZiR�OC[#wb_��*[�\TRSh�ZiR6ÉWä�i!\ Z�`���o�\ ZiR
XPO�X!��R+Z�_���X�h�Z�¶ ç Z_REi�\+�*i�\ ��f�Y f_REh���Û"[ZR+��m*ZiRGh![ RTO�_)_��*X�Y
Z�XPO�X�Y>�Iè^Z_O�[ u ��Z����Om*ZiÌ c Z�X�Y
\TOC�qXZO�X�YG[!X�Z
[�X��nÞ��*\ `��XRTOCY
���*XFh!ZS�XO@��[�`���o�\ Z�OCi�\ oiR(h!Z�[#w]�*[�Y
\+�*�XRL\ f�á�Z<w#���*X!R�¶
ç O>`�f�Y
j!�#h�ZahDèMZ<w:Y
\TO�_�Y ���*X�·O[�Z.Ð+Z(m�O��XR.Z<w#i"�QR Z�\LhPO�XZR�_�Z�_ljPO�i!��Y
\+Z3_��*XZR �MR+Y ZTæ>·O[PO�X�Y
�nêzZ�\L��Z(h�Z�µ*\+f
h�ZTh��MRTRg�#`�f�Y \ ��Z�hDèM[�X�i�j���Y �*`@[��nY
��i!����__OCY
Z�[�\�m:�XRJæ>m:�XR%h�ZiR%h�Z�[:w>O�[!Y \ Z_R%Z�X�Þ��*X�_�Y ���*XFh�ZT�yO@XPO|Y
[�\+Z
h�ZE�yO@iZO�\+Y ��_�[!��ZTZ�Y(h�ZKR+�*XI��X�_���h�Z�X!_�Z�¶

` ö+÷�ög÷ �P�eCL¨B10#ù!ú'þM3�7�û��m5'þM�:ú�IPû:7u5�33þD�KL;��	�û��
ç Z�Þ��*X�h�h�ZT`>[��*XZR�_��:R `���·O[�ZiR�Y
\TOWm�Z�\�RWO�X�YJ[�X�h�f<Y
Z�_�Y
Z�[�\Jh�Z�R+[�\+ÞrO�_�Z u ≈ 10 m2 c Z_R+Y�OCi�i�\ ��w#�np

`xOCY
�nm*Z�`�Z�X�YEh�Zxÿ�RXT(ß�¶ ç è^f���Z�_�Y
\+�*X���·:[!Z�i!\ f_R+Z�X�Y
Z)hPO�XZRS_ljPO�·O[�Z)h�f�Y Z�_<Y
Z�[!\>iDZ�\ `�Z�YEh�è^Z<ÛsZ�_�Y
[!Z�\
h�ZiR�â�\ [�X{â(R iDf�_��yO���Z�`�Z�X�Y�h�f�h���fiREæF�,èMZ�X!\ Z�µ��XR+Y \ Z�`)Z�XOY3h�ZR_�ZGÞ��*X�h u _<Þ'¶"êzµ!¶ � ¶VÉËÊ c ¶�&��*[�\�_�Z�Y Y Z*O�_�p
·O[��XR+��Y ���*X�y�X���[ZR3h��MR iD�:R ��XZR�hDèM[�X�R+Z�[����xh�Z

5 mV
·O[��x\+Z�i�\+f_R Z�X�Y
ZRZ�X�m:��\+�*Xb[�Xrh!�nw#��o�`)ZSh�[�R ��µ*XPO��

`�����Z�X]h�[]i���_TZ�X]Y Z�XZR+���*X]hDèM[�XI`>[��*X�¶

,.-0/%1 Ê#¶MÉR2m�L�Q¾!½�A:� � Æ�½�A�?l¾z=-�(�H�+½:?l=EÁD�l6�8�A:º0��=SÁ!½���;�=EÁ!½|�l��½WÆ:=F8�¿ A#� �RAz6|� 8�½��!��;�=�8:�<��=l?<��=<A#�
���F6|Ã�=<�z�s=3�<A:�T;�=l�X�SÁz¾z6|��6|�RA#; �Hº�ÁD; º¼? ½��'=<A:�
�?� Ê "�=l�E�H�
6|º��G½�A#�H�
=l�f�dÆ�A:�l=l�>?l6|�<�
=l��Áz6|�D8:=<�z� � ;n½�8�º Â���`�
=<�s?l=@=<�z�H�l=S;�=T�<ºnÆ��D½�;�8�¿ A#�FÁz¾z6|��6|�RA:; �»º�ÁD; º¼? ½���=<A#�>=<�P;n½F�F6|Ã�=<�z�s=��'Å�º0� � Å�º0�Z� Ê
ç O)êzµ*[�\+Z~Ê!¶VÉ u Z�XrjZO�[!Y3æFµ9O�[�_lj!Z c \+Z�i�\+f_R+Z�X�Y
ZR��Z(R+��µ*XPOC��`��W�*Z�X�X�f~R+[�\3��Z_Rdÿ)i�j��CY
�*`@[!��Y
��i����~p_eO|Y
Z�[!\TR�O��9O�X�YSh�f�Y Z�_<Y
f�[�Xã`@[��*X�¶ ç èMZ�X!\ Z�µ��XR+Y \ Z�`)Z�XOYSZiR+YSZ�Û"Z�_<Y
[�f{R [!\ � å�N!��XZRTh�Z

25 ns
¶ ç Z_R�ÿ
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O�[!Y \ ZiRPiZO�\+Y ��Z_Rxh�ZJ�yOaêzµ�[�\ ZJ\ Z�i�\ fiR Z�XOY Z�X�Y.�,èMf�_eOC\+YPæT�yO3`��W�*Z�X�X�ZJh�ZJ_ljPO�·O[�ZJi�j��CY
�*`@[!��Y
��i�����_eOCY Z�[�\�¶
ÜL�*`�`)ZPX��*[!R��,è�O�m*�*XZR%R [�i�iD�:R+f%i�\ f�_�f�h!Z�`�`)Z�XOY�y�[�XRh!Z_R�i�j��CY
�*`@[!��Y
��i�����_eOCY Z�[�\�R{`)��XOY \ Z.[�X�Z��XO�\ µ*Z
h��MR+�:`)f<Y
\+��ZJiPO�\P\WO�i!i"�*\gYlO�[Fh�Z�[#w�O�[!Y \ Z_RlR [�\.��ZJi�\+Z�`���Z�\vN���XFZ�X)Y
Z�`)i!R.h�[�R ��µ�XPO��¼¶ ë �*[ZRPm*Z�\ \ ��XZR
i���[ZR�Y�O�\+hã·:[!Z�_�Z�YSZ�Û"Z�YSXDèMZ_RgYSiPOQREi�\ fiR Z�XOYGiD�*[�\T��ZiRTf���Z�_�Y \ �*X!R�¶ § XãZ�Û"Z�YSi"��[�\T_�ZiRSh!Z�\ X!��Z�\�R�y{�XO
��[!`)��o�\ ZGÜLj�Z�\ Z�XZÌ��Wmrf<Y�O�X�Y3f�`��XR ZSh�ZSÞrO����*X]Y
\+o_R3�MR ��Y \ �*iDZ�y�_�Z�Y�Z<ÛsZ<Y�h���\ Z�_�Y
���*X�X�Z���h�Z>��[�`)��o�\+ZTX�Z
iDZ�[!Y(iPOQRJç<Y
\ ZE�:N!R Z�\gm*fC¶
&d��[�\J·:[ZO�X�Y
��ê�Z�\J_�Z<YaZ<ÛsZ<Y�yCÐ+ZEi�\+�#_�o�h�ZEZ�X � f�YWO�i"ZiRG}

2Ùi�\+Z�`���o�\ Z�`�Z�X�Y�y�Ð+Zah�f<Y
Z�\ `���X�Z(�yO�m�O���Z�[�\P`)�W�*Z�X�X�Zah�Za�Iè�O�R+�:`)f<Y
\+��ZJZ�X)[!Y
�����XRTO�X�Y���ZiR.h���X�X�f�ZiR
Z�X�\ Z�µ*�XRgY
\ f�Z_RUiPO�\R��Z_R]â�Ý.[!ÛsZ�\Rh�ZI�I[��*X!RWâC¶ ç Orêzµ*[�\+Z�Ê!¶ � `��*X�Y
\+Z��yO5h!�XR+Y \ �MN�[!Y
���*Xvh�Z��XO
R+�*`)`�Z�R+[�\a��Z_R � å*N���XZR%Z�X]Y
Z�`)iZR%h![Ii���[ZRJµ*\WOCX�h�f�_eOC\+YaæR�yO@`�����Z�X�X!ZGh�ZE_ljPOC·:[!Z(N���Xã}

20
∑

ti=1

Max (Pmα(ti) − moyenne(ti))
O�m�Z�_

α = 1, 2, 3 u Ê!¶VÉ c

,P-0/%1 Ê!¶ � 2bÄEº��<�H��ºHÅ�A#�Hº¼6|�ã8:=S;n½U�W6|�R�F=G8�ARÁD; A��3Æ�� ½��D8R�<ºnÆ��D½�;�8�º Â��<�
=<�z�»º¼=<; Ê
�XOLh��XRg�:`)f<Y
\ ��Z�`�����Z�X�X!ZP�QN!Y
Z�X:[!ZlO�m�Z�_�_�Z<Y�Z_R+Y ��`xOCY
Z�[�\�iD�*[�\{[�XE`@[!�*XTZ_RgYdh!Z

80.3 ADC count
y_�ZS·O[��{\+Z�i�\+f_R+Z�X�Y
ZGZ�X�m:��\ ��X

35 %
h�[>R ��µ�XPO��sY ��Y�O��»¶2Ùh�Z�[#w#��o�`)Z�`)Z�XOY�y!iD�*[�\�_ljZO�·O[�ZKN���X�Z�X�Y Z�`�iZR�hDèM[�X�Z�Y \WO�_�ZTÍ�eTÜ hDèM[�X�f�m�Z�X�Z�`)Z�XOY(\+f�Z�� u _�Þ'¶êzµ!¶PÊ!¶�ÿ c yzZ<YJi"�*[!\(��Z_R8ÿRi�j��CY
�*`@[!��Y
��i�����_eOCY Z�[�\�R�y�Ð+ZE_eO���_�[���Z@}

∆α(ti) = Pmα(ti) −
1

3

3
∑

α=1

Pmα(ti) u Ê#¶ � c
à:ÿ
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i�[!�XR%i�\+Z�X�hZR(�yO@i!��[ZRJµ*\TO�X�h�ZTm�O���Z�[�\�h�Z

∆α(ti)
Z�Y(�:N!Y ��Z�X!R%��ZTX��*`�N�\ ZEh�ZE`@[���XZR%iPO�\E}

Nµ =

∑

ti
∆α(ti)

80.3
u Ê#¶�ÿ c

� � ��Z�ÞrO�_�Y Z�[�\JXO[�`�f�\ ��·O[�ZEZ_R+Y(�:N#Y
Z�XO[]hPO�XZR(�,èMf�YWO�iDZ*É*¶

,.-0/%1 Ê!¶�ÿ@2��<;0; A��<�»�+½��Hº¼6|��8:=E; ¿À�<�¼½<Áz= W Ê

` ö+÷�ö�� a>ù
7�üsþ_bH�P¬M» 3ù@��0#þ
ç OIêzµ*[�\+Z�Ê!¶M�r`��*X�Y
\ Z)[�Xvf�m�f�X�Z�`)Z�X�Y)\+f�Z��Lh�[ ÿr`xO�\�R � å�å���¶déaX�Z�i!\ Z�`���o�\ Z�O�XPO��n�/R+ZFX���[ZRiDZ�\ `�Z�YJh!ZS���#__O����MR Z�\L�,èM��`�iPO�_<Y%Z�YJh!ZSh!f�Y
Z�\ `���X�Z�\J�,è�O|w#Z�¶
éaX�Z%ZiR+Y ��`xOCY
���*X>i�\+f�����`���XPO���\ Z�h�Z��Iè^f�X�Z�\+µ*��ZLh�Z%_�Z<Y�f�m�f�X�Z�`)Z�XOY.��Z.i��yOC_�Z�O�[Rh!Z_RTR+[ZRPh�Z

1019 eV
¶

ç O�á�o�_lj�Z)\ �*[�µ�Z�_��*\ \+Z_R+i"�*X!hQæ��yO�h���\+Z�_<Y
����X�h�è�O�\+\ �nm*f�Z�h�Z��yO�µ*Z�\TNDZ�¶ ç Z_RS_�Z�\ _���Z_RSm*Z�\gYWR�R �*X�YG��ZiRh�f<Y
Z�_<Y
Z�[�\TR�OW�:O�X�Y@\+Z���[7h�[ÒR+��µ*XZO���Z�YSÞrO��XRTO�X�YEiPO�\gY
��ZUh�Z��,èMf�m�f�X�Z�`)Z�X�Y u �XO�R [�\gÞrO�_�Z)h�[7_�Z�\+_���Z�Z_RgY
i�\+�*i"��\+Y
���*X�X�Z�����Z�æ@�,èM��X�Y Z�XZR+��Y
f3h�[�R+��µ*XZO�� c ¶ ç ZE_�Z�\ _���Z.ÐTO�[�X�ZT_��*\ \+Z_R+i"�*X!h5æR[�X�h�f<Y
Z�_<Y
Z�[�\�O�m�Z�_S[�X
R ��µ*XPO��d��X!Þ�f�\ ��Z�[�\�O�[�R Z�[����dZ�YT��Z_RT_�\+�*�nwI\+�:R ZiRT\ Z�i!\ f_R+Z�X�Y
Z�X�Y>��Z_R�RgY�OCY ���*XZRaÞ��*\+Y [���Y Z_R�\+Z�iDf�\ f�Z_RThPOCXZR
�,èMf�m�f�X�Z�`)Z�X�Y�¶

θ
Z�Y

φ
R+�*X�Y3��Z_R8O�X�µ���Z_R%Z�XI_��#��\ h��*X!X�f�ZiRdR+i�j�f�\+��·O[�ZiR�¶

N ��X���[ZRE\ Z�µ:O�\ h���XZRE�yO�h���Û"f�\+Z�X�_�ZUZ�X�Y
\+Z���Z_RTY
\TO�_�ZiREÍ�eTÜ h!Z�_ljZO�·O[�Z)i!j���Y
��`@[���Y ��i�����__OCY
Z�[�\�O�m�Z�_
�yOSY
\WOC_�Z�`��W�*Z�X!X�Z�yzX���[ZR��:NZR+Z�\gm*�*XZRJiD�*[�\LY �*[!Y Z_R%��ZiRbR+YWOCY
���*XZR.��Z�i�j!��Y
�*`>[���Y ��i�����_eO|Y
Z�[!\ � _��*`�`)Z
O��9O�X�YJ_��*����Z�_�Y f3��Z3i���[ZR�h�Z���[�`���o�\+Z�¶ ç O>êzµ*[�\+Z�Ê!¶�äGZ_RgYJ[�X�Z<w#Z�`)i���Z�h�Z�_�Z�Y+Y
ZT�:NZR+Z�\gmQO|Y
����X�i"��[�\���Z
h�f<Y
Z�_<Y
Z�[�\ �Z� �#¶

ç O3êzµ*[�\+Z�Ê!¶�Ê3\ fiR [�`�Z%��ZiRdm�O���Z�[�\TRxh�Z_RzO�R+�:`)f<Y
\+��Z_Rxh�Z%_ljPO�·O[�Z%i�j!��Y
�*`>[���Y ��i�����_eO|Y
Z�[!\{i"�*[!\xY
�*[!R��ZiR%h�f�Y Z�_<Y
Z�[!\TR3h!ZS_�Z�Y(f�m�f�X�Z�`)Z�X�Y@}
à��
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,.-0/%1 Ê!¶M�@2rÄ@�<�'=l?<��=<A:�l�S8:=T�<A#�0¹�½:?l=E��6|A�?l¾z�l�%Á!½��TA:�k�<B�=<�s=<�F=<�z� Ê

,.-0/%1 Ê!¶�ä)2QÄEº Â��<�
=<�s?l=)=<�z�H�
=U;�=l�@�<ºnÆ��D½�A[�b8:=�?l¾!½���Az=�Áz¾z6|�'6|�RA:; �Hº�ÁD; º¼? ½��'=<A:�)=<�(;�=<A#�
�U�F6|Ã�=<�z�s=l�-�
Áz6|A:�S;�=S8:�<�'=l?<��=<A#�XW�Wdc Ê �i�.B��<�s=<�F=<�z���
�l=<; �

asym =
∑

ti

Pmα(ti)− < Pm(ti) >

< Pm(ti) >
vs

ë [!`)f�\ �Uh�ZKR+YWOCY
���*X u Ê!¶^� c
à�ä
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,.-0/%1 Ê!¶�ÊS2fez½�;�=<A:�E8:=l�G½|�<Ã|�F�<�»��º¼=l�LÁz6|A:�>?l¾!½���Az=�Áz¾z6|�'6|�RA:; �Hº�ÁD; º¼? ½��'=<A:�G=<�.8:�<�'=l?<��=<A:�3�<A#�EA:�7�<B���`
�s=<�F=<�z���
�l=<; Ê

N �*X�Y(\ Z�i�\ fiR Z�X�Y f_R3[!X���·O[�Z�`)Z�XOY(��Z_RJh�f�Y Z�_<Y
Z�[!\TR(Z�X�Y
Z�`�iZRJZ�Y(X���X�RTOCY
[�\+f_R�¶
32 u hPO�XZR%��Z�Y
\+��µ*µ*Z�\ c − 6 u iPOQRJZ�X]Y Z�`�iZR c − 1 u RWOCY [�\ f c = 25

ç O�êzµ�[�\ Z6Ê!¶���`��*X�Y
\+ZR[�XÍOC[!Y
\+Z�f<m*f�X�Z�`�Z�X�Y@\+f�Z��vOWm�Z�_)[�XÒOCX�µ*��Z{OCß���`>[!Y
jPOC��h���Û"f�\+Z�X�Y u θ =
334.8 ◦ c ¶ ç OUi!��[ZRJµ*\TO�X�h�ZKOQRg�:`)f<Y
\ ��ZTZ_RgYaY �*[|Ð+�*[�\�R%�:NZR+Z�\+m�f�Z(R [�\J��ZTi!j���Y
��`@[���Y ��i�����__OCY
Z�[�\�ÿ#¶

à:Ê
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,.-0/%1 Ê!¶��E2fez½�;�=<A:�E8:=l�G½|�<Ã|�F�<�»��º¼=l�LÁz6|A:�>?l¾!½���Az=�Áz¾z6|�'6|�RA:; �Hº�ÁD; º¼? ½��'=<A:�G=<�.8:�<�'=l?<��=<A:�3�<A#�EA:�7�<B���`�s=<�F=<�z���
�l=<; Ê
` ö+÷�öba ³�02�:33þM3aþ�5�<Hú'ûgA��3þ{ûaüsþ;3aþM5�<b7�û�Iu5'þ�7ih"ú£L;��0@�:7u5��e�aùv5'þD�m7&�ó�L¨B10:ù�ú'þD�

ë �*[!R~O�m*�*X!R~R ��`@[���f�ÉWå�å*å]`>[��*XZRGi"�*[!\G_ljPOC·:[!Z�O�X�µ*��Z6O�ß���`@[!Y
jZO��vO�m*Z�_F[�XQiD�*��X�YShDèM��`�iPO�_�Y[�X��nÞ��*\ `�f�`�Z�X�Y(\ f�iPO�\gY
�wR [�\a�yO{R [�\gÞrO�_�Z@h![rh�f�Y Z�_<Y
Z�[!\�¶ ç è�O�X�µ*��ZGß�f�X��nY
jPOC��ZiR+Y�ê#w!f>æ
40 ◦ ¶sÜL�*`�`)Z

,.-0/%1 Ê!¶^�E2����<Ã|�F�<�»��º¼=G=<�G¹�6|�s?<�Hº¼6|�b8:=3; ¿ ½��:Æ�;�=E½&j�º0�RA:��¾!½�; Ê "�½R�<º0�RA:;n½��»º¼6|� � �<����¹�½�º0��=T�RAz6|�UÁ!½���RAz6|� Ê
X��*[!RSiD�*[!m��*XZRS��Z@m��*��\KR [!\S�XO�êzµ*[�\+ZxÊ#¶��!ys�yO�m�O���Z�[�\Th�Z��,è�OQR+�:`�f�Y
\+��Z@iD�*[�\E_ljPOC·:[!ZF&�`>YSZ_RgYEY
\ oiR

à��
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Þ��*\gY
Z�`�Z�X�Y._��*\+\ f���f�Z3æG�Iè�O�X!µ*��Z�O�ß���`@[!Y jPO��»¶ ç Z_R�h�Z�[#w)����µ*X�Z_RPX��*��\ ZiR.`��*X�Y
\+Z�X�Y��Iè�O�ß���`@[#Y
jUh�Z_RLh�Z�[#w
f�m�f�X�Z�`)Z�X�YWRL\+f�Z��XR�Z�YPX��*[!RPiDZ�\+`)Z<YPh�ZJi�\ f�h���\+Z(��Z%i�j���Y �*`@[��nY
��i�����_eOCY Z�[�\�Rxi�\+f_R Z�X�Y�O�X�Y.�yOTi���[!R�Þ��*\+Y Z
OQRg�#`�f�Y \ ��Z�¶ ç ZE&�`>Y � iD�*[�\��Iè^f<m*f�X�Z�`�Z�X�YdÊ�����ä\É � Z�YJ��ZT&�`>Y8ÿ@iD�*[�\%�Iè^f<m*f�X!Z�`�Z�X�YdÊ:Ê*�:ÿ*�*�#¶�Ü�èMZ_RgY
Z<w!O�_<Y
Z�`)Z�XOYa_�ZE·O[���O�i!iPO�\WO|��Y%Z�w!iDf�\+��`�Z�X�Y�OC��Z�`�Z�X�Y%êzµ�[�\ ZiRdÊ#¶�ÊUZ�Y�Ê!¶��#¶
N �(X��*[ZRxR [�i!i"�:R+�*XZR�`xO���XOY Z�XPOCXOY)·O[�Zr��Z_RF`>[��*XZR)hDè^[!X�Z5µ*Z�\TNDZ�O�\+\ �nm*Z�X�Y�OWm�Z�_b��ZI`�ç�`�Z�OCX�µ*��Z
O�ß���`@[!Y jPO��»y�i"��[�\)[!X h�f<Y
Z�_<Y
Z�[�\�h��*X!X�f�ylO�����\TRU��ZiR)`@[!�*XZRUY
\WO�m�Z�\TRTO�X�Y���Z]h�f<Y
Z�_<Y
Z�[�\F_��*X�Y
\ �MN�[�Z�p
\ ��XOY3æU�,è�OQR+�:`�f�Y
\+��ZThPOCXZRa��ZE`)ç�`)ZS&�`>Y�¶ ç è�OQR+�:`�f�Y
\+��ZTY
�CY�O���ZT`)ZiR [�\+f�Z>iZO�\J[�Xr&�`>Yah���m:�MR f�ZEiPOC\
�,è�OQRg�#`�f�Y \ ��Z��:N!Y Z�XO[�ZSi"�*[!\%[�XI`>[��*X�i"Z�\ `�Z�Y(hDèMZ<w:Y
\TO���\+ZT��ZTX���`~N�\ Z�OQN!R �*��[�¶

[xÔ
� ª ×(Ø ßI®�Ûx®SÕiæ4×�å Ý�Ü Ý�Õlk�âbÛ�Ü8å*áwæ Ü8æDá�ÕiØ ®Ká�ÜJ��Û%æ Ý�� å�×(ØÚÙ�Û�Ü
Ý�ÜÞØ ��×�å�æ

` ö.��ög÷ ³���0#ú8L¨7f0#þD�(ùnm·�:ú£L;�:587J0#ú�	�û�o
ÍaêzXbh!Z@_��*`�iPO�\+Z�\ah���Û"f�\+Z�X�YWR�OC��µ*�*\+��Y j�`)ZiRah�è^Z�w#Y \WO�_<Y
���*Xrh�[bX���`~N�\ ZGh�Z@`@[!�*X�ysX!�*[ZR�O�m*��XZR

R ��`@[���f u O�m*Z�_>�yO{R ��`>[��yOCY ���*X�_��*`�i���o<Y
ZSh�[rh�f<Y
Z�_<Y
Z�[�\3h�Z(R [�\gÞrO�_�Z N e N ��` �M���|� c ÉWå*å*å�å�`@[!�*XZR(h�Z
1 GeV

Z<Y�ÉWå*å*å�å7f���Z�_<Y
\ ��XZRFh�Z
10 MeV u \ Z�i!\ f_R+Z�X�Y�OCXOY��Iè^f�X�Z�\+µ*��Z]`�����Z�X�X!Zbh�Z5_�Z_R�iPO�\gY
��_�[���Z_R

O�[�R �*�{iD�*[�\([�X�ZSµ*Z�\�N"ZSh�ZS·O[�Z���·:[!Z
1019 eV c O�m*Z�_>iD�*��XOY(hDèM��`�iPO�_<Y�O���f_OCY
����\ Z�R+[�\(�yO*R [�\gÞrO�_�ZGh�[

h�f<Y
Z�_<Y
Z�[�\�y|[�X�Z�h��MR+Y
\+�XN�[#Y
����XTh�Z.�Iè�OCX�µ*��Zxß�f�X!��Y
jZO���Z�X
cos3 θ. sin θ

Z�Y�[�X�ZPh��MR+Y
\+�XN�[#Y
����XT[�X���Þ���\ `�Z�h�Z�,è�O�X�µ���Z�O�ß���`@[#Y
jPO��»¶*ÜLjZO�·O[�ZaiZO�\+Y ��_�[!��ZbR+��`@[���f�Z%X���[ZR�Þ��*[�\ X!��Yvÿ�Y
\TO�_�ZiR.Í3eTÜth!Z � åKN!��XZR�_ljPOC_�[�X�ZC¶

§ R+Y ��`xOCY
Z�[�\
=

20
∑

t=1

§ w!i!\ Z_R�R ���*X
t u Ê#¶Ïä c

ÀJÈ Ö?Ú Î ÆsÌÔÂbÙ Ð Ø�Ö?Ú Î�¿ 10 MeV ÅÆqàQÊ Ø Â�ÎÒÎ Ñ Ö?Ú À Ö Þ Â
Ú�Ú Â Mµ Ý

Ñqp ßAÇ σµ À Ö Þ Â
Ú�Ú Â Me Ý

Ñqp ßAÇ σe r Ç.Ù Ð Â�È Ø2s ÂzÎ-t�Ê-Ç Ø Ç ÐÒÑ Ö?ÚÀfÇ�à “

Pmα(t) − 1
3

P3
i=1 Pmi(t)

” ë?ìQâ ã å î£â æ î£â î ébã â ã å â ëÀfÇ�à (Pmα(t) − Pmi(t))
é ä ã â ì æ é â é ébå â ã é äQâ é ìQâ ìÀfÇ�à “

Pmα(t) − 1
2

P

i6=1 Pmi(t)
” ébã î£â ã å äQâ ä ìQâ ä æ�â å æ�â ã

$H%�'x1 Ê!¶VÉ�2K�.6|�3Á!½�� ½�º��W6|�r8:=G8�º Â��<�
=<�z���>=l�<�»º0��½���=<A#�
�>8�A]�s6|��Å��
=G8:=E�RAz6|�!�[����º0�RA#;n½��Hº¼6|�Z�
ç Z_R�m�O���Z�[�\TRzR+�*X�Y.Z�XU_��*[�i!RPh�è^Í3eTÜ3¶ ç Z�ÞrOC_�Y
Z�[�\�h�Z�R f�iPO�\TOCY
���*XUhPO�XZR���Z.Y�OQN���ZeO�[{Ê#¶MÉJZ_RgYPh�f�êzX!�_���`)`�ZR}

N $
=

Mµ − Me
√

σ2
µ + σ2

e

u Ê#¶�Ê c
` ö.��ö�� C ��	�û��um·¬ 	�û3û�B{þD�Qù@B{þD5�5gþD��o

ë �*[!R)O�m*�*X!RxZ�Û"Z�_<Y
[�f.�yOJ`)ç�`)Z�i�\+�#_�f�h�[!\ ZPi"�*[!\d��Z_R�`@[��*XZR�i�\+�Wm*Z�XZO�X�Y�h�Z_Rdh��*X�X!f�Z_R�¶ ç OJêzµ*[�\+Z
Ê!¶^àG\+Z�i�\+f_R Z�X�Y
ZT�yOSh��XRgY
\+�XN�[!Y ���*XUh�Za�,èM��X�Y
f�µ*\WOC��ZJh�Z3�XOEY \WO�_�Z3Í3eTÜðh�Z_RbR+��µ*XZO�[#w�Z�X!\ Z�µ��XR+Y \ fiR�iPO�\P��ZiRâiN�[#ÛsZ�\ah�ZE`@[!�*XZRWâ|¶ ç O*ND�:RTR+Z>h�ZEh�\+�*��Y ZS\+Z�i�\+f_R+Z�X�Y
ZG�yORiPO�\gY
��ZEh�[>R ��µ*XPO��{\+f�Z�����Z�`)Z�X�YJZ�X�µ*Z�X�h�\+f�Z

à*�
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,.-0/%1 Ê!¶^àG2��*Áz=l?<�»�
=@=<��½��3ÁD; º0�HA!8:=G8:=S; ¿ º0�z�'�¼Æ��+½�;�=G8:=T;n½F�»�+½:?l=G8�¿ A:�b�»��ºnÆWÆ:=<�E�RAz6|� Ê
iPO�\xh�Z_R�`@[���XZR�Z�Y��XO3iPO�\gY
��ZLµ9O�[�_lj�ZJ\+Z�i�\+f_R Z�X�Y
ZJ��Z�R+��µ*XPOC�#h�Ë6O�[:wUiPO�\gY
��_�[���ZiRxf���Z�_<Y
\+�*`�OCµ*X�f�Y ��·O[�ZiRh�ZKNPOQR�R ZiRaf�X�Z�\+µ*��ZiR�¶

ç è^f�X�Z�\+µ*��Z@`��W�*Z�X�X�Z@h�ZiR�f���Z�_<Y
\ ��XZR�i�\+��m�Z�XPOCXOY�h�Z_R�â�Ý.[!ÛsZ�\3h�ZR�I[��*XZR�â>Z_RgYKO�i�i�\+��w!��`�O|Y
��m�Z<p`�Z�X�Y
60 MeV

¶�¸���XDèMZ_R+Y>iPOQRGi"�:R�R �MN���ZUh�ZxR f���Z�_<Y
����X�X�Z�\Sh�ZiR>f�X!Z�\ µ���Z_RS��X#Þ�f�\ ��Z�[�\+Z_RGæ
24 MeV

Z�X\WOC�XR ��X�h![�R Z�[�����h�ZJ�Iè�O�_�·O[��XR+��Y
���*XR[!Y �����MR f u 10 % de 240 MeV c ¶#ÜLZ_RPf���Z�_�Y \ �*X!R.X�Z�R Z�\ �*X�Y.h��*X�_(iPOQR
[!Y �����MR fiR���_��¼¶

ÀJÈ Ö?Ú ÎÆqàQÊ Ø Â�ÎÒÎ Ñ Ö?Ú À Ö Þ Â
Ú�Ú Â Mµ Ý

Ñqp ßAÇ σµÀfÇ�à “

Pmα(t) − 1
3

P3
i=1 Pmi(t)

” ê?ã â å å?å â ìÀfÇ�à (Pmα(t) − Pmi(t))
é ì é â î ì.æ�â æÀfÇ�à “

Pmα(t) − 1
2

P

i6=1 Pmi(t)
” ébã?ã â ë å?å â ê

$H%�'x1 Ê!¶ � 2K�.6|�3Á!½�� ½�º��W6|�58:=>8�º Â��<�
=<�z���>=l�<�»º0��½���=<A#�
�>8�A]�s6|��Å��
=S8:=S�RAz6|�!�[�'8:6|�z�s�l=l�T�
�l=<;0;�=l�?�

ë �*[!R@i"��[!m*�*X!RRX���Y
Z�\>·O[�Z��Iè�O�_�_��*\+hQZ�X�Y \ Z��XO�R ��`@[��XOCY
���*X�YWOQN���Z�Ê!¶VÉ�Z�Y>��ZiR@h��*X�X!f�Z_R>Z<w#i"f�\ �~p`�Z�X�Y�O���Z_R�YWOQN���ZKÊ#¶ � Z_RgY�N"�*Xs¶

[xÔ�Ó Ò§â8æ���ã�á�®Káwæè®J�~Ü8ä¼ã�® äzà�®8yeå�Ü ä�×(Ø ß�ã�bá�Ü Ý�Ü·æ{ÕiØ ��ã�®�á�Õi×(å
ç Z_R�\ fiR [��nY�OCYTR�i�\ fiR Z�X�Y f_R5hZO�XZR�_�ZãiPO�\TO�µ*\TO�i�j�Zb�*X�Y�f<Y
fã�:N!Y Z�XO[ZR�Z�Xÿ[!Y
�����MRWO�X�Y�[!X�Zã_ljPOC�qX!Z

_���`)i���o�Y Z%h�Z8R ��`>[��yOCY ���*X>hDè^f<m*f�X�Z�`�Z�X�YWR�¶#Ía��\+Z_R(��ä�ä�� u KE� N ��Z�Ya��ä���� c OTf<Y
f([!Y
�����XR+fLiD�*[�\�µ*f�X�f�\+Z�\���ZiRµ*Z�\TNDZ_R�y N e N ��` �M�*�|�di"�*[!\a�XO6R+��`@[��XOCY
���*X�h�[rh!f�Y
Z�_�Y Z�[�\ah�Z�R+[�\+ÞrO�_�Z~O���XZR ��·O[�Z@�XO�\+Z�_��*XZR+Y \ [�_<Y
���*X
R+YWO�X�hPOC\ hbh�ZiR�f�m�f�X�Z�`)Z�XOYTREh�[rh�f<Y
Z�_<Y
Z�[�\Th�Z~R+[�\+ÞrO�_�Z�¶ ë �*[ZR�OWm��*XZR�[#Y
�����XR+fG��å�åFµ*Z�\�N"ZiR�h�ZSÞ�Z�\�Z<Yh�ZTi�\+��Y
��X�æ@[�X�ZTf�X�Z�\+µ*��Z�h!Z

1020 eV
¶ ç ZiR8O�X�µ���Z_RLß�f�X!��Y
jZO�[#wFh�Z_R%µ*Z�\TNDZ_R�R+�*X�YJ_��*`�i�\ �MRLZ�XOY \ Z

0 ◦Z�Y
60 ◦ O�m*Z�_G[�X]iD�*��X�YJhDèM��`�iPO�_<Y8O���f_OCY
����\ ZdR [�\(��ZT\+f_R+ZeO�[�¶

à*à
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` öiaJög÷ j�<HþD��0#ú8L¨7f0#þD�(ù

Pmα(t) − 1

3

∑

3

i=1
Pmi(t)

Dperp

\+Z�i�\+f_R+Z�X�Y
ZT�XOSh��MR+YWO�X�_�Zai"Z�\ iDZ�X�h!��_�[!�yO���\ ZJZ�X�Y
\+Z�[�X)h�f�Y Z�_�Y Z�[�\Lh�Z�R+[�\+ÞrO�_�Z3Z<Y��,è�O|w#Z(h�Z3�XO
µ*Z�\TNDZ�¶

,.-0/%1 Ê!¶VÉWåJ2_)�½��»º¼6E8�A��s6|��Å��
=L�
=l?l6|�!�<�»��A:º0�x8:=��RA�6|�!�.�<A#�%;�=�BW�+½�ºs�s6|��Å��
=(8:=��RA�6|�!�#�
µrec/µvrai

�=<�>¹�6|�s?<�Hº¼6|�ã8:=S;n½�8�º��<�¼½��s?l=�Áz=<��Áz=<�D8�º¼?<A#;n½�º0�
= � ; ¿ ½²�#=
Dperp

Ê
ç O]êzµ*[!\ Z�Ê#¶MÉWå]`)��XOY \ Z�·O[Dè^����Z<w#�XRgY
ZF[!XÍN��yOC�XREhPO�XZRG��Z�\WO�i!i"�*\gY>h![QX��*`~N!\ Z�\ Z�_��*XZRgY
\ [!��YGh�Z`@[���XZRzR [�\���Z�m#\TO���X���`~N�\ ZJh�Z%`>[��*XZR�Z�XRÞ��*X!_�Y
���*XUh�Z

Dperp

¶ ç Z_RvNPO�\+\ ZiRPh�è^Z�\ \ Z�[�\TR�\+Z�i�\+f_R Z�X�Y
Z�X�Y�yO�h��XR+i"Z�\TR+���*XrXZOCY
[�\+Z�����Z�¶sÜLZ�Y�f�_eOC\+YEæF�Iè^[!X���Y f>iDZ�[!YTç<Y
\+Z@_��*\+\ ��µ*fGiZO�\�[�X�ZGÞ��*X�_�Y ���*X5iPO�\WO�N"�*����·O[�Z
Ð+[ZR+·:[�è�O�[:wUZ�X�m:��\+�*XZR�h�Z

2400 m
¶ ç Z_R�\+f_R [!��Y�O|YWR��:N#Y
Z�XO[ZR�iD�*[�\���Z_R�i�\+��Y
�*X!RzR �*X�YvR ��`)���yO���\ ZiR�Z<YvR �*X�Y_���\ \ ��µ*f_R%iZO�\J�yO@`�ç�`�Z�Þ��*X�_�Y ���*Xs¶

,.-0/%1 Ê!¶VÉ:É32rÄTº��<�»��ºHÅ�A:�»º¼6|��8�A]�+½<Á�Áz6|�<�
µrec/µvrai

½<ÁD�
9l�E;n½]?l6|���
=l?<�Hº¼6|�)Á!½��+½�Å<6|; ºb��A�=
ÉWå�å
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ç Obê�µ*[�\ Z�Ê#¶MÉ:É�`��*X�Y
\+Z�·O[�Z�X��*[!R�iD�*[!m��*XZRR�:N#Y
Z�X!��\@[�X!Z�i�\ f�_��XR+���*Xvh�è^Z�XOm:��\ �*X

10 %
R [�\U��Z

X��*`�N�\ ZTh�ZS`@[���XZR8O�i�\+o_RJ_��*\+\ Z�_�Y
���*X�h�[>N��yO��MR
` öiaJö�� j�<HþD��0#ú8L¨7f0#þD�(ù

Pmα(t) − 1

2

∑

i6=1
Pmi(t)ç Z_R{êzµ*[�\+Z_R�Ê!¶VÉ � Z�Y�Ê!¶VÉËÿ%`)��XOY \ Z�XOY���Z�`)ç�`)Z�Y��:iDZ�h�Z�\ f_R+[���YWOCYwO�m*Z�_.[�XSZ_RgY
��`�OCY Z�[�\s��f�µ�o�\ Z�`)Z�X�Y

h��nÛso�\ Z�X�Y�¶ ç ORi�\+Z�_��XR ���*X�R Z�`~N���ZTç<Y
\+ZS`��*��XZR�N"��X�X�ZEi"��[�\%_�Z<YaZiR+Y ��`xOCY
Z�[�\�y�Z�X�m#��\ �*X
17 %

¶

,.-0/%1 Ê!¶VÉ � 2 )%½<Á�Áz6|���ã8�A �s6|��Å��l=ð8:= �RA�6|�!� �
=l?l6|�!�<�H�<A:º0�5�<A:� ;�= BW� ½�º]�s6|��Å��
=ð8:=ð�RAz6|�!�
�
µrec/µvrai

��=<�@¹�6|�s?<�Hº¼6|�ã8:=E;n½�8�º��<�¼½��s?l=�Áz=<��Áz=<�D8�º¼?<A:;n½�º0�l= � ; ¿ ½²�#=
Dperp

ÉWå/É
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,.-0/%1 Ê!¶VÉËÿG2rÄTº��<�»��ºHÅ�A:�»º¼6|��8�A]�+½<Á�Áz6|�<�
µrec/µvrai

½<ÁD�
9l�E;n½]?l6|���
=l?<�Hº¼6|�)Á!½��+½�Å<6|; ºb��A�=
[xÔ�Ñ H ß�ß�ã�Õiä�®�á�Õi×(å ®G�FÔ â��>8å�Ü8Ø Ü8å{áwæÀÛ%â�Ü�ãiæ

ÜLZ_R�O���µ*��\ ��Y j�`�Z_RT�*X�YSf�Y f)Y
ZiR+Y f_R�R+[�\Sh�Z_RGf�m*f�X�Z�`�Z�X�YTR@\ f�Z��XR�¶ N [�\S�yO�êzµ*[�\+Z�Ê#¶MÉ��!y���Z_RE_eOC\ \ fiR
\ Z�i�\ fiR Z�XOY Z�X�YS��Z�R ��µ*XPO���\ Z���[biPOC\3��ZGh�f�Y Z�_<Y
Z�[!\�h�Z~R+[�\+ÞrO�_�Z�y"Z�Xr[�X!��Y
fGh�Z>`>[��*X5m�Z�\+Y ��__O�� u � § � c yZ�X)Þ��*X�_�Y ���*XFh�Z�RTO>h��XRgY�O�X!_�ZTæS�,è�O|w#Z�¶ ç ZiR�_�Z�\ _���Z_RLZ�Y���Z_R._�\ ���nw�\ Z�i�\ fiR Z�XOY Z�X�Y(��Z(X��*`~N!\ Z3h!Z�`@[��*X!R
hPO�X!R%��ZTh�f<Y
Z�_<Y
Z�[�\�yzf<mQOC��[�fTiPOC\%��Z_RLh�Z�[#w]ZiR+Y ��`xOCY
Z�[�\TR�i!\ f�_�f�h�Z�X�YWR�yDZ�X�Þ��*X!_�Y
���*X�h�ZT�XO@h��XRgY�O�X�_�ZEæ�,è�O|w#Z�¶
ë ��[ZR�RWO�m*�*X!R�·O[�Z�i�\+�#_lj!ZPh![G_�ÌS[!\{h�Z��yO�µ*Z�\TNDZ�yW�XO�iPO�\+Y ��Z�f���Z�_�Y
\+�*`xO�µ*X�f<Y
��·O[�ZxZ_R+Y�Y \ o_R���`)iD�*\+YWO�X�Y
Z
Z�YGh��*X!_F·O[�ZF��ZUX��*`~N�\+Z)h!Z)`@[!�*XZR>ZiR+YG`)����XZRE��`�iD�*\+YWO�X�YE·:[!ZF�yO�m�O���Z�[�\TY
��YWO���ZUh�[ R ��µ*XPO�� u Z�X� § � c ¶�&d�*[!\Rh�Z_RUh��MR+Y�OCX�_�ZiR)æb�Iè�O|w#Z�i!��[ZRR��`)iD�*\+YWO�X�Y
ZiR�yx�XOriPO�\gY
��ZF`@[��*X���·O[�Z�h�Z��yOrµ�Z�\TNDZ�Z_RgYh��*`���XZO�X�Y
Z�¶ ç OTêzµ*[�\+Z�Ê#¶MÉ��S_���X!êz\ `�Z(h��*X�_�N���Z�XF·O[�Za��Z_R�ZiR+Y
��`�O|Y
Z�[!\TRP·:[!ZaX���[ZRbO�m*��XZRLf<Y
[�h���fJ��_��
R ��XOY�R+Z�XZR+�XN���Z_R(æ��XO@_��*`�iD�:RWO�X�Y ZT`@[��*X���·O[�ZEh�Z_RJµ*Z�\TNDZ_RJh�ZS\WO��*�*X!R(_��:R `���·O[�ZiR

ç O�ê�µ*[�\ Z6Ê!¶VÉ�ä�`��*X�Y
\ Z>��ZR\WOCi�i"��\+YEh�[ãX��*`�N�\ ZUh�ZR`@[!�*XZRE\ Z�_��*XZRgY
\+[���YTR�R [�\E��Z*R+��µ*XZO��xY
�CY�O��
u Z�X m*Z�` c Z�X Þ��*X�_�Y ���*Xth�ZI�yOãh��XRgY�O�X�_�Z5æ��,è�O|w#ZIiD�*[�\��,èMZ�X!R Z�`�N���Z]h�Z_R)f�m�f�X�Z�`)Z�XOYTR�h�ZI�,è�O�X�X�f�Z
� å*åC��yshDèMf�X!Z�\ µ���ZR_���`)i�\+�XR+Z@Z�X�Y
\+Z

8.5 1018 eV
Z<Y

1.15 1019 eV u _�Z�\+_���ZRm:��h�Z c ¶ ç Z_RTiD�*��X�YWRT\+�*[�µ*ZiR
\ Z�i�\ fiR Z�XOY Z�X�YG��Z_Ra\ fiR [��nY�OCYTR��:N!Y Z�XO[ZREiPO�\��XOxR+��`@[��XOCY
���*X]h�ZRµ*Z�\�N"ZiRTh�Z@i�\+��Y
��XZRTæ

1019 eV
¶�&d��[�\��ZiR�R+��`@[��XOCY
���*XZR�y�����X�Z(R_è�O�µ*��YaiPOQRah�[rX���`~N�\ ZGh�Z>`>[��*XZRa\ Z�_��*XZRgY
\ [!��YWRa`�OC�XRJh�[rX���`~N�\ ZG\ f�Z���h�Z

`@[���XZR8R ��`>[���fiR�¶zÜLZiRa\+f_R+[���YWOCYWRJi�\+f�����`)��XPO���\ Z_RGR Z�`~N���Z�X�Y(ç�Y
\+ZE_��*`�iPOCY �XN���Z_R�O�m*Z�_Gh!Z_R(i�\ ��Y �*XZR�¶

ª ×�å�ä�ã���æ�Õ�×(å
ÜLZ>_ljPOCi���Y \ ZEX��*[ZRdO)iDZ�\+`)�MR%h�ZS`)�*X�Y \ Z�\J·O[�ZGh�Z_RdO���µ��*\ �nY
j�`�Z_RbNZOQR fiR�R [!\a�XOUh!�XRTRg�:`)f<Y
\ ��ZEh�Z�,èMf�`��XR�R ���*XIh!Z>�yO���[�`���o�\ ZGÜLj�Z�\ Z�X!Ì��Wmrh�ZiR�`@[���XZR3iDZ�\+`)Z<Y Y�OC��Y(hDèMZ<w:Y
\TO���\+Z>[�X�ZG·O[PO�X�Y
�nY
f>i!\ �*iD�*\gpY
���*X�X�Z�����ZdOC[�X��*`~N!\ Z�O�NZR �*��[Fh�Z3`@[��*XZR.hPO�XZRL[�X�h�f<Y
Z�_<Y
Z�[�\%Z�YL_�Z�O�m*Z�_�[�X�Z3i�\ f�_��XR+���*X)h�Z��Iè^�*\+h�\ Z

ÉWå �
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,.-0/%1 Ê!¶VÉ��>2����<�»º0��½��Hº¼6|�ã8�A]�s6|��Å��l=S8:=S�RA�6|�!�G8�½��!�TA#�k�<B��<�s=<�F=<�z���
�l=<; Ê

,.-0/%1 Ê!¶MÉWäE2
log 10(µ/signal)

=<�>¹�6|�s?<�Hº¼6|�ã8:=S;n½�8�º��<�¼½��s?l=�Áz=<��Áz=<�D8�º¼?<A#;n½�º0�
= � ; ¿ ½²�#=S°
�.=<�
?<;�=l�EBWºH8:=l�S°�8:6|�z�s�l=l�G=£��Áz�<�<º0�F=<�z�¼½�;�=l�
�.=<�
?<;�=l��ÁD;�=<º0�!�E�
6|A�Æ:=S°��<º0�RA#;n½��Hº¼6|�)ÁD�
6|��6|�!�

1019
=2e

h�Z
10 %

¶
��O���µ*\ f.Y
�*[!Y�y*���/R Z�`~N���Z%iD�:R�R �XN!��Z%hDè�O�`�f������*\ Z�\x�XO�·:[ZO����nY
fLh!Z_R�Z_RgY
��`xOCY Z�[�\�R�Z�X�i�\ Z�XPO�X�YPZ�XU_��*`�i!Y Z�yO�h�f�i"Z�X�hPO�X!_�Z�h�ZU�,è�O�`)i!����Y [�h�ZGh�ZU�yO�h��XRg�:`)f<Y
\ ��ZRZ�XãÞ��*X�_<Y
����X�h!Z��Iè�OCX�µ*��Z>ß�f�X!��Y
jZO���Z�YSh�ZUY
Z�X���\
_���`)i!Y ZGh!Z_R�R ��µ�XPO�[#w>RTOCY
[�\+f_RahPO�XZR(��ZiRah�f<Y
Z�_�Y
Z�[�\TR3i�\ �:_lj�Z_R(h�[riD�*��XOYJh�è^��`)iPOC_�Y(Z�XI[!Y
�����XRTO�X�YJ��ZiR_eOCXPO�[#w�NZOQRJµ9O���X�h!Z_R(i�j���Y �*`@[��nY
��i!����__OCY
Z�[�\TR�¶éaX!ZFi�\+Z�`���o�\+ZUZ_R+Y ��`xOCY
���*Xãh�[kX!�*`~N�\+Z)h�Z)`@[��*X!R(R+[�\G[!XQ����YSh�Z�h��*X!X�f�ZiR@hDèMf�X�Z�\ µ*��Z)`��W�*Z�X!X�Z

ÉWåQÿ



^9ìÏÎ\ì�ú�ûvûvò�ü�õ%ú�ýwü�ï%  ú6÷Ah ¢�ø)ñ� �óGî�ó� *ýx¡�þa¢vóvò�¡ õ)ùdú�ûzü_ý�þdó_^9ì
1019 eV

yO_��*`)iZO�\ f�Z�O�[#wxR ��`@[��yO|Y
����XZR���X!h���·O[�Z�\WO��nY��yOEi�\ fiR Z�X!_�Z�h�Z(i�\+��Y
�*X!R.hPOCXZRL��Z_R�f�m�f�X�Z�`)Z�XOYTR�¶

ÉWåC�
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} Á�¶ W|} Y��X�XYBW|}@��{|} ��} X � �|� V ï W �B}
� � {|}P��{|}@��W ��} ����W óPï ��}

������(���|���*� Õ ���
Ü������!�!���� ZR{O�¡��¢�ZR¤£� �¥-��¡���¦	§©¨PO¢�ZR¤¥	��ª�«PO¬£�¦	)§)� ��®°¯�®Á��± ¥XO�£�§���Þ'����¨��² �§©¨� ��xO´³�¦-�© 2�X¨��¥yO�µ��4§�¶N���_R·8 ��¸¦	��¨�¦-ª_O¬$�² �§�$§)¹iR�£� �¦MRTRTO¢�78¨��º¥XO!ª²���!£�:R�¦	$¦	���|¨� ¸§WO�»¢�������²�!�²�¼�ª4�:R��!¦	½¾ 2� ®N¿ �iR¨�Àl$�4ªl$�² �§TR�¨��¤Á� ���§��_R)ª²�4��ª²� ± ½¼ �¦i���7�O¬ª4ª4¹iR�O¬ �¨�Àl¡��²¥-��£�£�4���4�7�¥-�¢��µ�¦	) �¨�¦	�PO¢¥.¨��!¥XO�µ��4§�¶N��£�4§
Â���²))�4�7g¨��"�!�iR) �§��4§

X ßAÇ�à O�¡��²ª� 2���"§)À_R���¥- �$¦-�¢�Ã¨��"¥ÅÄÆ��§)¨�§��8¨�� 20 g.cm−2 ®Ç O¢¥	«��4 2§)�4 !R)�4���4�7 ± ¥	�8ª²»¾ª4¥	�"¨BÄÈ �$¦-¥	¦XRTO¬$¦	����¨��iR�)À4¥	�_R)ª²��£�_Rg¨��8Á� ���§��_R)ª²�4��ª²� ± OQR�)§)�²¦-�7WRgÉ¤���8Ê'����ª]Â$¦	�������²§�½¼ ���¥	�_R%�¼ �¦°WRlRWO¢�ZR�¥- ���� ± �iR��R��4 �¥	�4���4�7�¨���¥ËÄÈ�¢§)¨�§���¨��
10 %

®�Ì �²ª4¦B¦	�!£�:R)�dO¢ �¨2À²$�²ª²)�4 �§¨��KR) 2§�ÊrO¢ª²��¨2��¨2¦XR)£�:R��4§�¨��KR)�iR�£�§���£�§��_R��� 2)¦-¥XR�¨BÄÈ¦	¨��4�7)¦	Í�ª_O¬$¦	��� ®Ì ��ª�«ZO¢£�¦	)§)��£�§�À_R)�²�7$�¸ ��2����À²$«2��¨���¨BÄÆ�l³¾)§WO¢ªl$¦-�¢�P¨� Î£PO¢§WO¬�!¹l$§)�
X ßAÇ�à £PO¬§!¥	�|¨2À²$�²ª²)�4 �§!¨��R) 2§�ÊrO¢ª²� ®.¿ �_R�À²¡�À²���4���4�7TRº«7»¾¶�§)¦	¨��_R�¨�À²)�4ªl$À_R�O¢ Ïª4�� �§�R"¨��!¥ËÄ�O¬����À4� �¢Ð¢Ð¢Ñ ¡����7����� ZR"£�4§)���²�$§��¨��¤���²�$§)�¤�²�ÒÀ²¡¾¦-¨��²��ª4��¥-�iR�ª4�¢§)§)À²¥yO¬)¦-���!R�½¼ �¦��l³�¦MR�$�²�7��²�7$§)��ª²�4§�WO¢¦-�!R8£PO¢§WO¬�!¹l$§)�iR8¨� �Ó2ÔÕ�²�¥-�

X ßAÇ�à ± �²g¨BÄÆ�_R·$¦-���4§�¥XO©£�§)À²ª4¦MR)¦-�¢�|�¢¶2$�²�¾ 2��£PO¬§�ª4�²�$���!�iR) �§��"¦-��¨�¦	§)�²ª²$� ®
Ö�×4Ø ÙÏÚ ��Û%� Ú �6� Ú �Ã�Ü� ÚÞÝ �Ã�(ß¬à�� ÚáÚ �ãâ¼ä+å�æ Ú � Ú â²à æ Ú �0ç Ú

¿ ��¨�Àl$�4ªl$�² �§�¨��>R) �§·ÊrO¢ª4�Z£N�²§)���²!¥ÅÄÆ��¶ZR��4§�¡�O¬)¦-���v¨� @£2§)�¢Í�¥�)§WO¢�ZR·¡��²§TRWO¬¥x¨��iR�µ��²§)¶�_R ®*¿ �4 �§�RªeO¬§WO¢ªl$À4§�¦XR·$¦-½¼ ��iRbO¢ �R)��¥¨�À4£�4�2¨��4�7�¨���¥-�² �§TR*��¦	¡¢�eO¢ �³!¨��x¨�À²¡¢�4¥-�¢£�£N�²�!�²�7 ®�¿ �iR%¨��² �³�£2§)¦-�2ª4¦-£ZO¢ �³£PO¢§TO¢��¹²$§��_R�£N�²§)���²��O¢�7�¨���¨2À²$�²§)��¦-���²§"¥-����¦	¡¢�eO¢ �¨BÄ�O&¡�O¢�2ª4�4���4�7º¨��!¥XO|µ¢�4§)¶� ± ½¼ ��!¥ÅÄÆ����£�4 �
O¢£�£�4¥	�4§ºèS�¢µ¢�º¨���¥yO�µ��4§�¶N��è ± R)���7�¨éÄÈ ��2�©£PO¢§·x¥ËÄÈÀ²���4§�µ�¦-� ± �l�¨BÄ�O¢ 2)§)��£PO¢§· ± ¥yO�£�§)�¢Ê'�¢��¨��4 2§x¨BÄ�O¢¦-§$§TO�¡��4§�R)À²�Ãê=�²�

g.cm−2 ëxì
X p Ø�Ö È Ú)s =

X í
î Ø Ð�Ñ ÙiÇ.Ì0

cos θ

êÅï ®	¯ ë
��ð

X í
î Ø ÐÒÑ ÙbÇ.Ì0

§)�²£�§)ÀiR)�4�7)��¥XO�£�§)�¬Ê'����¨��² �§x¡��²§�)¦-ªeO¬¥-�©¨BÄ�O¢¦	§�O¢ Ò��¦°¡��eO¬ ñ¨� �R)��¥(�²
θ
¥ËÄ�O¢�2µ�¥-��ò4À4�2¦	$«ZO¢¥ ®

X í
î Ø ÐÒÑ ÙbÇ.Ì0

É Ç O¬¥yO¢§�µ� ��8�_R·g¨��"¥ÅÄÆ��§)¨�§��8¨��
870 g.cm−2 ®ó �¢ ZR~O¢¥	¥-���!R��xO¢¦	�¼)�4�PO¬�¼�¨�À²ª4§)¦	§)��ôZ£PO¢§TO¢��¹²$§��_R�£�§)��£�:R�À_Rº¨ZO¢�ZR�õÈö Ñ¢÷ ª4�¢�!����À²�O¬�¼ºª4��§�§)À²¥-À_RºÉ

X ßAÇ�à ± �²�$�²�7$�4§�¨��"ª²���!£2§)�4�2¨�§)�"ª4�iR�¥	¦-�²�ZR ®
¯&Ð ö



ø&ù°ú�ù|û.üPý�þxÿ(ü��gÿ(ü���� ý�ü����	��
����ü üxÿ�û�� ���güPý�ü@û����gü����%ü ���������4ÿ	��ü ø&ù
���������  �!#"%$�&'!$�")(*!)(,+.-0/�"%(�1212(43�$65#728:9�;�1<(=!>;:5@?A+CB=!#"%72(

¿ O�R�$§� �ª²) �§)�¤)�4��£N��§��4¥	¥-��¨� �R)¦-µ¢�PO¢¥.¨PO¢�ZR8¥	�_R�¨�Àl$�²ª²$�² �§TR�¨��~R� �§�ÊrO¬ª4� ± �iR�" ��ñ¦	��¨�¦	ªeO¬)�4 �§�¨��¥ÅÄED¢µ���¨���¥XOZµ��²§)¶� ® ÔxÀ²Í��2¦XRTR����ZR
tX

ª4�������!¥	�!$�²�!£!R©��ð
X %

¨� ÍR�¦-µ��PO¬¥6)�¢�O¢¥GO�Àl$À��¢¶ZR)�²§�¡�À ®ó �¢ ZR�£N�� �¡����ZRdO¢¥	��§TR%¨2À²Í���¦	§�¥-��)�4��£ZR�¨��"�!���7)À4�
Rt
± �l�¨2��¨2�_R)ª²�4�7$�

Ft

¨� >R)¦-µ¢�PO¢¥Bª²���!��� ì
Rt = t50 − t10

�²
Ft = t90 − t50

êÅï ®GF ë

HJILKNM ï ®°¯�OQPSRUTWVYX<Z\[^]`_aZ\[b]dcfeQg�h ie=jAk#jYl Å jmjY[Jg#jonph ]LerqJisjYe=RUjog\itX<Zruv]LXwi#Xx_Yi#lynzZw_Y[^l{isRY[^i#lUj�[|jYXw}
~ cfl�jYnLn`ja�

¿ O�Í�µ� �§��"ï ®°¯ �����7$§)��½¼ ��8£N�¢ �§� ��2��µ��4§�¶N�����4 ����¤ê=£�§��¢Ê'����¨�� ë ±  ���¨�Àl$�4ªl$�² �§�É© �����¨2¦XR�WO¢��ª²�¨����2��À4��§)�a�²��¦	�¨��iRx£PO¢§·$¦	ª4 �¥	�_Rg£�§)�&¡��²�PO¢�78¨BÄÆ ���O¢��µ�¥	��£�¥	 ZRgµ�§WO¢�2¨�½¼ ��º¨ZO¢�ZRx¥	��ª_OQRx¨éÄÈ ��2�ºµ��²§)¶�£�¥	 ZR�D¢µ�À²� ®i¿ ��R)¦-µ¢�PO¢¥%¦	��¨� �¦°¤£PO¢§�¨��Ã$�²¥-¥	�_R©£PO¬§�$¦	ª4 �¥	�_R¤�²�¼)§WO¢�7�O�¡��4ª| ���µ�§TO¢��¨#O¢��µ�¥	��¨PO¢�ZR�¥-�¨�Àl$�4ªl$�² �§��²��µ��²��¨�§)�� ��êR)¦	µ��PO¢¥�£2¥- ZR"À²WO¢¥-À¤�l�¨�����ª� ��Ò$�4��£ZR"¨��������7$À4���l�¨2��¨2�_R)ª²�4�7$�!£�¥- !Rµ�§TO¢��¨ ®
�������d� �����

¿ O"¨2�4�ZR�¦	$À�¨2��£PO¢§�)¦-ª² �¥-�iRvO¢ *R)��¥
S(x)

¨�À²£N�²��¨!¨2��§ ± ¥XO�¨�¦XR·�O¢��ª²��É�¥ÅÄ�O´³�� ®7¿ O�Ê'����ªl$¦	���© 2)¦-¥-¦MR)À²�£�� �§6§)�4£2§)À_R��4�7$�²§�ª²�_R*¡�O¢§�¦yO¬)¦-���!RzR4Ä�O¢£�£�4¥-¥	��¥yO ¿ Ô�� ± £N�� 2§xè ¿ O¬$�²§WO¢¥dÔx¦MR�)§)¦-¶2 2$¦	���<�d 2��ª²)¦-����èg�l£�4 2��²)§)��O¢£�£2§)��³�¦-��À4�8£PO¢§ ì
ln S = a + bx + cx2

O�¡��²ª
x = ln

r

1000

êÅï ® ô ë
¯&Ð\�



���������4ÿ	��ü ø&ù ø�ù	ú�ù|ûFü@ý�þxÿ(ü��gÿ(ü��	�ný�ü�������
#����ü ü�ÿ û�� ����ü@ý�ü@û�����ü:���%ü
¿ ÄÈ�]³�£N���2�4�7$¦	�4¥-¥	�*¨2�

a
§)�²£�§)ÀiR)�²�¼)�%¥-�GR)¦	µ��PO¢¥¾É

1000 m
±
S1000

½¾ 2¦��iR� ± �4�º£�§)�²�!¦	¹4§)�lO¢£�£2§)��³�¦-�xO¬$¦	��� ±¥-¦	��ÀeO¬¦-§)���4��À4�2�4§)µ¢¦-� ± −b
§)�4£2§)À_R��4�7$��¥ÅÄÆ�l³�£�:RWO¬�¼g¨��8¥ËÄ�O¬£�£�§)��³�¦-�xO¬)¦-���!¨��8¥-��¦N¨��"£� �¦MRTRWO¬��ª4�

1/rb
É

1000 m
�l

c
¥yO©¨�Àl¡¾¦yO¬)¦-���|É¤¥yO©¥	��¦B¨��"£� �¦MRTRTO¢��ª4� ®ó �¢ ZR8RWO�¡����!R�½¼ ��KR)¦� 2���"µ��4§�¶N�"�_R·����4 ����!ê

X �,�d� ¶POQR�¨PO¢�!Rg¥ËÄ�O´$���:R)£�«2¹4§)� ë ± ¥XO©¨��4�!R)¦	)À"¨��"£PO¢§�)¦°Âª4 2¥-�_RJ� Ç ê
γ
�²6À²¥-�4ªl$§���� ë R)�²§WO�£2¥- ZRi¦-��£��§�WO¢�7$� ®7Ì �4¥yO"¨���¦°i¦-��£�¥-¦	½¼ ��4§� 2����£2¥- ZRiµ�§TO¢��¨��g§WO¢¦	¨��4 2§¨��8¥XOº¨�¦XR·$§�¦-¶� 2)¦-���!¥yO¬)À4§TO¢¥-� ® Ó¾¦ ± O¬ Ãª4���7$§TO¢¦-§�� ± ¥-���xO´³�¦-�© 2�ÀR)�8£�§���¨� 2¦	%£2¥- ZR�«PO¬ 2�¨PO¢�!R�¥ÅÄ�O¬$���¬Â

R)£2«�¹4§�� ± ¥-�_R��© 2���ZR�£�§)�²��¨�§����7x ��2��£PO¬§�g£�¥- !R�¦	�!£��§�WO¢�7$��¨ZO¢�ZRg¥-�KR)¦	µ��PO¢¥ ± ¦-�2¨� �¦XRTO¢�7g �����£N�²�¼)�£�¥	 ZR�¨��¢ �ª4��£�� �§*¥yO ¿ Ô�� ®� ¥�O¢£�£ZO¢§WO��	�¨2����ªx¦	�7$À4§��_R�RWO¢�7�¨��g¡���¦	§�R)¦ �����$�4¥	¥-�gª4��§�§)À²¥yO¬)¦-�����l³�¦XR·$� ®
�������^� ��;,?�/:9�3�(*&=/�$�"��$�")(

HJILKNM ï ®�FyO���jYX ~ _�g�h Z\l{l{]L�\VUj�g#jU_ ~ Z\l{[^]dRYin`jU_0jYe� rcfe=RY[^]dcfe¡g#jynzZ<g\]`_Y[¢Z\e=RUjy£�nph Zruj ~ cfi#l�i#e=j�k#jYl Å j
g#j ~ l�cf[|cfe¤£ 37 ◦ jY[�£ 1019 eV

�,¥,jU_wRUcfi#l Å jU_�_¦cfeW[§g#jU_ ~ Z\lpZ Å cfn`jU_�g\i¡[^¨ ~ j tg = ar2 �

¿ ��§WO�»��¢� ¨���ª²�� �§)¶2 �§)��¨2  Ê'§)���7º¨���µ��²§)¶���_R·©¥ËÄÈ �� ¨��_R©£ZO¢§WO¢��¹²)§)�iRº½¼ BÄÆ¦-¥GR)�4�º¶�¥-�!�PO¬$ 2§)�4¥¨��!ª4��§�§)À4¥	�4§�O&¡¢�4ª�¥	�
X �,�d� ®(¿ �_R©�© 2���ZR ± ½¼ �¦GR)���7¤¥	�_R�£�§)�²�!¦	¹4§)�iRº£PO¬§�$¦	ª4 �¥	�_R�É�O¢§�§)¦°¡��4§�¨PO¢�ZR�¥-�iR¨�Àl$�4ªl$�² �§TR ± ¦-��£�:R)�²�¼i¥XO�ª²�� �§�¶� �§)�g¨� �Ê'§)���76¨BÄ�O¢§)§�¦	¡�À²��¨2�_R�£ZO¢§�)¦-ª4 2¥-�_R�ê'ª²Ê ® Í�µ ® ï ®�F ë ®¾Ì �4ª4¦�R)�²�©¶�¥	����6£POQR�O¢¥-¥	�4§�¨PO¬�ZR0¥	�GR��4�ZR(¨BÄÆ �����ª²��§)§�À4¥XO¬$¦	����O&¡¢�4ª*¥-�i��O#³2¦	�© �� ®r© ����µ��²§)¶�*¦	��¦	)¦-À²� £PO¢§F ��º£2§)�¢)���¨��

1019 eV
O&¡¢�4ª� ��{O¬��µ�¥	��ò4À²��¦	)«PO¢¥¾¨��

37 ◦ O�R����¤��O#³2¦	�© �� O¢ �³º�4�7¡¾¦-§����ZR�¨2�
780 g.cm−2 ®¢¿ Ä�D¢µ¢��«ªN�4ªl$¦°Ê0¨��"¥XO�µ¢�4§)¶�8�_R·x¨2������À"£PO¢§ ì

¬ µ�� îL =
X í
î¯®z°²±´³ �¢µ0

cos 37
− 780 ≈ 310 g.cm−2 êÅï ®ÈÑ ë

¿ �"§WO�»����|¨��"ª4�¢ �§)¶� 2§)�"�!�&»¢�4��£�� �§� 2�Z£�§��¢$�¢�|¨2��ª²�²�$�"À4���²§)µ�¦	�"�_R�g¨��"¥ËÄÈ��§�¨�§)�8¨2�
10 Km

®¿ O¤¨��4�ZR�¦	)À�¨2��¥ËÄ�O¬¦-§%�iR�g¨������2À4�(O¢£�£�§��&³�¦	��O¬)¦	¡¢�4���4�7�£PO¢§ ì
¯&Ð ï



ø&ùE¶2ù���ÿ��
û�����xÿ��Y·N¸ ýxüJ��þy¹�ü�¸xü:º�ü�¸¤ÿ»�Q�<¼������
ý�ü:� ���������4ÿ	��ü ø&ù

ρ � ±´® (g.cm−3) = 1.2 10−3 e−
h(km)

8
êÅï ® ö ë¿ O©½¾ ZO¢�7$¦	)À�¨BÄ�O¢¦-§i$§TO�¡��4§�R)À²��¨2�4£� �¦MR%¥ÅÄÆ¦-��Í���¦v�� ZR)½¼ BÄÈÉ© ����KO¢¥°$¦°$ �¨��

h
O¢ �¨��iRTR) !Rg¨2 Ã��¦	¡¢�eO¢ Ã¥XO���4§��_R· ì

Lair(g.cm−2) =

∫ ∞

h

1.2 10−3 e−
h(km)

8
dh

cos θ
=

1000

cos θ
e−

h
8

êÅï ®�� ë
ó �� !Rg£�� 2¡¢���ZRg¨�����ª"�iR�$¦	�!�²§�¥ÅÄ�O¢µ����Yªé�²ª²)¦	ÊzO¬ �½¼ ��4¥����7gÀ²)À"À4��¦XR�¥-�iR��© ����!R ì

¬ µ�� îL��½�¾|¿ (g.cm−2) =
X í
î¯®À°`±´³ �¢µ0

cos 37
− 1000

cos 37
e−

11.4/ cos 37
8 ≈ 880 g.cm−2

êÅï ® ï ë
� ¥�R)�²�©¶�¥	�Ã½¾ 2�|¥	�_R¤�© 2���ZR{R)��¦	�4�7�À4��¦XR¤¶2¦-�4��£�¥	 ZR¤«PO¢ �!¨ZO¢�ZR¤¥ÅÄ�O¬)�!�:R�£�«�¹²§)�Ã£PO¢§¤§TO¢£�£��§��Éñ¥XO£�:R)¦°$¦-�¢�Î¨� Î��O#³2¦	�© �� À²¥-À²ª²$§����xO¢µ���Àl$¦-½¼ �� ®6¿ �Z§WO�»��¢�@¨���ª²�� �§�¶� �§)�Z§)�iR�$�]Â ·Â+¦-¥� ��P£PO¢§WO¬�!¹l$§)�¦-�7)À4§)�iRTRTO¢�7�¨PO¢�ZR%¥XO�¨�Àl$�²§)��¦-�PO¬)¦-����¨� Ã�xO´³�¦-�© 2��Á ¿ �xª�«PO¬£�¦	)§)��ª²���ZRWO¬ª4§)À�É©¥ÅÄÆ�«ªN�² Ç O¬$§�¦-�¾ª�«%Â2Oê=ª�«ZO¢£�¦	)§)��Ã ë ���� ZR*£N�²§)���²))§WO�¨���ª²����£�§)�²��¨�§)��£N�¢ �§)½¼ ���¦¦-¥��2��R)�²�©¶�¥	��£PO�R��l³�¦MR�$�²§*¨2�x¥-¦	�4��¨�¦-§��4ªl�4�7)§)�

X �,�d� �²g¥XO�ª²�� �§�¶� �§)�"¨� �Ê'§)�¢�¼�¨éÄ�O¢§�§)¦°¡�À4�"¨��iR�£ZO¢§�)¦-ª4 2¥-�_R�¨2��¥XO©µ��4§�¶N� ®
Ö�×�Ä Å �,Æ²âYÆ Ý à8�,Æ²��� � Ú�Ý Û§Ç Ú � ÚAÈ Ú �¤� Ý�ÉwÊ çÃ�	Æ4� Ú�Ý

¿ �_R ��Ð�Ð À²¡¢À4���²�!�²�¼TR�«7»¾¶�§)¦	¨��_R6§)�²ª4 ��²¦-¥	¥-¦XR)O¢ �ª4�� �§�R*¨2�g¥ËÄ�O¬����À4� F¢Ð¢Ð¢Ñ ¡����76���� ZR6£�4§)���²�$§���¨��¡��¢¦-§�R�¦(¥	�_R�£PO¢§WO¬�!¹l$§)�iRx£�§���£�:R)ÀiR�ª4¦ Â+¨��iRTR) !R�R)���78ª²��§)§�À4¥	À_R�O�¡¢�4ª
X �,�d� ®=Ë �� �§�ª�«ZO¢ª4 ��ñ¨2�_R8À²¡¢À4���]Â���4�7WR ± ���� !R)O�¡����!R)R) )Ì6RTO¢�!���4�7 ¨éÄÈ¦	�2Ê'��§)�xO¬)¦-���"£�� �§0§��4ª²���ZR�)§) �¦	§)�*¥-�_R(À²¡¢À4���²�!�²�¼TRi¨����xO¢��¦	¹4§)�¦-�2¨�À4£�4��¨ZO¢�7$�!êb��Ô �²xÓ2Ô ë ®¿ O8Í�µ� �§���ï ® ô�É"µ9O¢ �ª�«��g�����7$§)��½¼ ��g¥ÅÄÆÀ4�2�4§)µ¢¦-���_R·$¦-��À4��£ZOQR*¥	��¨�À²)�4ªl$�4 2§�¨���R) �§·ÊrO¢ª4�8R��4�©¶�¥	�A�²$§��

HJILKNM ï ® ô O<ÍA]^Z\]`_AjYeW[^l�jNnph´VYe=jYlbk\]dj:P%ÎÏjY['Ð�Î�Ñ ~ i]`_Ng\]`_Y[bl{] Å i#[b]dcfeÒg#j X Ó=ÔdÕ ~ cfi#l < E >= 5 1017 eV

¦-��Ê'À4§)¦	�4 �§��"É�ª²�4¥	¥-�8�_R·$¦	�!À²��£ZO¢§�¥-�"¨�À²)�4ªl$�4 2§�¨��"Á� ��¢§)�_R�ª4�²��ª4� ®é¿ O¤Í�µ� �§��©ï ® ô�É�¨2§)��¦°$�8�����7$§)�"¥XO¨�¦MR�$§�¦-¶� �$¦-�¢�Ã¨��_R
X �,�d� £N�¢ �§� �����À4���²§)µ�¦	�"�!�&»��²������¨�� 5 1017 eV

®d¿ �
X �,�d� �!�&»��²�Z�iR��ª4����£PO´Â$¦	¶�¥-��O�¡��²ªº¥	�_Rg¨�������À²�_Ry�(¥	»Ä�R���»�� ®é¿ O�Í�µ� �§)�ºï ®ÆÑ �����7$§���¥XO�¥	��ª_O¢¥-¦MRWO¬)¦-����¨2�_Rx£��¦	�¼TR�¨éÄÈ¦	�!£PO¬ª²WR¨��iR%À²¡¢À4���²�!�²�¼TR ®d¿ �_R F ò4�����iR%¨�¦MR�$¦	��µ� PO¬¶�¥-�iR�R) 2§%¥yO"Í�µ� �§���§)�²£�§)ÀiR)�4�7)�4�7g¥-�xª�«ZO¢�!£�¨��x¡¾ ��8¨��iR F

¯&Ð Ã



���������4ÿ	��ü ø&ù ø&ùE¶2ù��%ÿ��
û�����xÿ��Y·N¸ ý�ü:��þy¹�ü�¸xü:º�ü�¸�ÿ»�Q��¼��§�A�
ý�ü:�
»��² �³�O¢ª²) ��4¥	¥-�4���4�7g�4�Z£�¥yO¬ª4�!ê Ì ��¦	«¼ ��4ª²���4�Z«PO¢ 2xÉ�µ:O¢ �ª�«����² ¿ �QR�¥	�4�����iR��²�¸¶POQR ë ®¿ ���2���©¶�§��¨BÄÆÀ²¡¢�4���²�!�²�¼TR��_R��¦-��£N��§·�O¢�7�£�§�¹_R�¨��iR�$À²¥-�iR)ª4�¢£N�iR�¨� PÊrO¢¦°�¨2 PÁ� �³P£�¥- !R�¦-��£��§�WO¢�7�É�¶POQRTR��À4�2�4§)µ¢¦-� ®F¿ O�¨�¦²ªNÀ4§��4��ª²��¨��!£��£� 2¥yO¬)¦-���ñ�²�¼)§)� Ì ��¦-«¼ ��²ª4�|�² ¿ �:R"¥-�²�����_R"�iR��¨� ��xO¢ ÏÊrO¬¦	8½¼ ���¥-�iR¨�Àl$�4ªl$�² �§TR�£�§)�¾ª�«��_R�¨�� Ì ��¦	«¼ ��4ª²�!���KR����7��¢£NÀ²§WO¬)¦-�����2�4¥XR�½¼ ��"¨��²£� �¦MRg£�4 |¨��8$�²�!£!R

H:ILKNM ï ®ÆÑmO×ÖAcf]LeW[¯_0g�h ]LX ~ Z#RY[Jg#jU_wVY�\VYe=jYXØjYeW[L_�T#¨ Å l{]^g#jU_�_Yilon`j�l�VU_¦jpZ\i
ó �� !R £N�� �¡����ZR0��O¢¦	�7$�4�ZO¢�7�ª4�¢§)§)À²¥-�²§�¥-�iR0£PO¢§TO¢��¹²$§��_R�¨2 ¤¨�À²)�4ª²)�4 �§ ¨2�bR) �§·ÊrO¢ª4��É�¥ÅÄ�O¢µ����Yªé�²ª²)¦	Ê¨��"¥yO©µ¢�4§)¶�

X Ù ® ¾|½�¿pÚ − X �,�d� ®

���¢�§��� ��(Û!(,+.-�5>3�(Ü+C/�9J!B�(
Rt¿ ��R)¦-µ¢�PO¢¥2§��4ª² ��4¦	¥-¥-¦¾¨PO¢�!R�ª�«PO¢½¼ ���¨�Àl$�4ªl$�² �§i¨���R) �§·ÊrO¢ª4���2�� ZR £�4§)���²�¨���¨�À²)�4§��!¦	���4§�¥	��$�²�!£!R¨����!�¢�¼)À4��¨� �R�¦-µ��ZO¢¥ ®dÌ ��$�²�!£ZRgÀ²¡¢��¥- 2��O�¡��²ªº¥XO�¨�¦MR�WO¢��ª4��É!¥ËÄ�O#³2� ®W� ¥F¨���¦	��l$§)��¨�Àl$�4§��!¦	��À"$�� �Â

���� �§�RgÉ�¥XO©�Ý�²�!�8¨2¦XR�WO¢��ª²�(O´Í���¨���£�� 2¡¢��¦-§�R4Ä�O¢¶ZR�)§WO¢¦	§)�"¨��"ª4�l))�"¡�O¢§�¦yO¬)¦-��� ®
Ë �� 2§*¨��² �³xR�WO¬$¦	���ZR6É� 2�����<�4����¨�¦XR·�O¢�2ª4�g¨���¥ËÄ�O#³2� ± ¦-¥��]³�¦XR�)�x ��2��OQR·»¾�!Àl$§)¦	��ê=µ�À²���!Àl$§�¦-½¼ �� ë¨PO¢�!R�¥	��$�4��£ZRg¨��"�!�¢�¼)À4�"¨� �R)¦-µ¢�PO¢¥ ® Ó� �§g¥yO©Í�µ� 2§)��ï ® ö ± ���� ZRg£�� 2¡��¢�ZRg¡¢��¦-§�½¼ ���¥-�iRg£ZO¢§�)¦-ª4 2¥-�_R�4�7)§WO¢�7�¨ZO¢�ZR�¥	�*¨�Àl$�²ª²$�² �§ ¯ ���7� ��*O¬��µ�¥-�6¨BÄÆ¦-��ª²¦-¨��²��ª4�*£PO¢§.§WO¢£2£N��§·�Ég¥ÅÄ�O´³���£�¥	 ZR.µ�§WO¢�2¨©½¼ ���¨PO¬�ZR¥-�"¨�Àl$�²ª²$�² �§ F�®NÌ �²¥yO¤¡QO��4��µ¢�4��¨�§��4§� ���R)¦	µ��PO¢¥�£2¥- ZRgÀ²WO¢¥-À"�²x£�¥- !Rg¦	�!£��§·�O¢�7�¨PO¢�!Rx¥-�"¨�Àl$�²ª²$�² �§¯�®W� ¥éÊrO¬ 2g¨�����ª"£�§��4��¨�§����²�Zª²����£2$�8ª²�²))��O�R�»¾�!Àl$§�¦-��êIO¬�!���7·Â O�¡�O¢¥ ë ®�Ì �²ª4¦F£N�² 2��²)§)��£PO¢§WO¬�!Àl$§)À£PO¢§� 2��OÞ�� !R�$�²�!�²�7�R� �§�$�� ZR�¥	�_R�¨�Àl$�4ªl$�² �§TR�¨��"¥ÅÄÆÀ²¡�À²���4���4�7 ì

τ(r, ζ) = Rt
r

1000
(1 + α cos ζ)

êÅï ® Ã ë
ß ð

τ
�_R·6¥-�%$�²�!£!R ¨����!���7)À4��¨PO¢�ZRi ��2��R·�O¬)¦-��� ±

α
�_R·6¥-�%ÊrO¢ªl$�4 2§6¨éÄ�OQR·»¾�!Àl$§)¦	� ±

ζ
�_R·*¥ËÄ�O¬��µ�¥-�¨PO¢�!Rg¥	��£�¥XO¢��£N�²§)£�4��¨�¦	ª4 �¥XO¢¦-§��x¨��"¥XO©µ��4§�¶N�"�4�7)§)�"¥-�iR�¨�À²)�4ª²)�4 �§�R��l�¥ÅÄ�O�¡QO¬¥B¨��8¥yO©µ¢�4§)¶�"�²

Rt

�_R·¥-��)�4��£ZR�¨��"�!�¢�¼)À4�8ª²��§)§�¦-µ�À8¨��"¥ËÄ�OQR·»¾�!Àl$§)¦	���²g¨��¢����À�É
1000 m

®¿ O�Í�µ� �§���ï ®�� É�µ:O¢ �ª�«��¤���¢ ZR8�!�¢�¼)§)�© 2���¤ª4��§�§)À²¥yO¬)¦-���¸�²�7$§)�¤¥	�º$�²�!£!R�¨��¤�����7$À4�º�²"¥ÅÄ�O¢µ���«ªN�4ªl$¦°Êé¨��¢����À�£PO¢§ ¥	�N��Ô ®¼Ì �l))�g¨2À4£�4��¨PO¬��ª4�g£N�² 2:�²)§)��£PO¢§TO¢��À²$§�À4��£PO¬§  �����Ê'����ªl$¦-�¢�¤¥-¦-�2ÀeO¢¦	§)� ì
Rt = a(X Ù ® ¾|½�¿�Ú − X �,�d� ( ��Ô )) + b

¯&Ð\à



ø&ùE¶2ù���ÿ��
û�����xÿ��Y·N¸ ýxüJ��þy¹�ü�¸xü:º�ü�¸¤ÿ»�Q�<¼������
ý�ü:� ���������4ÿ	��ü ø&ù

HJILKNM ï ® ö O×PSRUTWVYX<Z\[b]`_aZ\[^]dcfe×g#jonph Zf_Y¨fXØVY[^lY]djmZ\XØcfeW[JZ\�fZ\n,gáZ\e)_yn`jU_mg#VY[2jURY[|jYil�_mg#j�_Yi#lL «Z#RUja�
Ó� �§xª4�¤�<�4���©¥-�¢x¨BÄÆÀ²¡�À²���4���4�7TR ± ���� !R8£N�� �¡����ZR8�xO¢¦	�¼)�4�PO¬�¼ ± É�£PO¬§�$¦	§x¨��iR8£PO¢§TO¢�!¹l$§��_R

a
�²

b¨��"¥yO©¥	¦-��À_O¢§)¦MRWO¬)¦-����¨�À²)�4§)��¦-�2�4§� ����"�iR�$¦	��O´$¦-�¢��¨��
X �,�d� ( Ó2Ô )

®
X �,�d� (SD) =

b − Rt

a
+

870

cos θ

êÅï ®�à ë

H:ILKNM ï ®E�0O�âJcfl{l�VYnzZ\[b]dcfeãjYeW[^l�j
X ÓSÔbÕ ( Ð�Î )

jY[
Rt¿ �_R�ª4��§�§)À4¥XO¬$¦	���ZR8��¶�$�4�¼ ��iR�R� �§�¥XO�Í�µ� �§���ï ®E� É|µ9O¬ �ª�«��6R)���7�¶�¦-�²��ª²�4¥-¥	�_R"£�§�À²¡¾ ��_Rº�4� ï ®	¯¢®	¯�®¿ O Í�µ� �§��Ïï ®E� É ¨�§)��¦°$�Z�!���7)§)�¸¥	�_R�ª²��§)§�À4¥yO´$¦-�¢�ZR�¨��

X �,�d� ( Ó2Ô )
O�¡��4ª

X �,�d� ( ��Ô )
®�¿ O ¨�§���¦	)�§)�²£�§)ÀiR)�²�¼)�º¥XO©£�§)�²�!¦	¹4§)�8¶2¦XRTR��4ªl$§)¦	ª4� ®d¿ O©Í�µ¢ �§)��ï ® ï©¨���������¥yO©¨2¦XR�)§)¦	¶� 2$¦	���Ã¨�� ì

X �,�d� ( Ó2Ô ) − X �,�d� ( �0Ô )

X �,�d� ( ��Ô )¯�¯�Ð



���������4ÿ	��ü ø&ù ø&ùE¶2ù��%ÿ��
û�����xÿ��Y·N¸ ý�ü:��þy¹�ü�¸xü:º�ü�¸�ÿ»�Q��¼��§�A�
ý�ü:�

HJILKNM ï ® ï OQÖJl�VURY]`_Y]dcfe¡_Yi#lonzZäg#VY[2jYl{Xw]Le'Z\[^]dcfeåg#j
X ÓSÔbÕ �¦]^Z<n`j�[2jYX ~ _0g#j�XØcfeW[|VUj

ó �� !R��¢¶2$�²�����ZR�£N�¢ �§8 �����£PO¢§TO¢�!Àl$§�¦XRWO´$¦-�¢��O�¡��4ª
Rt
± ¥	�©$�²�!£ZR"¨��������7$À²��¨2  R�¦-µ��PO¬¥ ±  2���£�§�À4ª4¦MR)¦	����¨BÄÈ�²�7¡�¦	§)���

15 %
RWO¢�ZR�¶�¦XO¢¦XR�R�»\R�)À4�xO¬$¦	½¾ 2� ®

���¢�§�d� ��(Û!(,+.-�5>3�(43�(�5#&=(�9:!)(
Ft¿ �g)�4��£ZRi¨���¨2�_R)ª²�4�7$�x¨� �R�¦-µ��PO¬¥��_R·bO�ªN�4ªl$À ± ª²�����!��¥-�%)�4��£ZR6¨��������7$À²� ± ¨BÄÆ ����dOQR·»���À²)§)¦	�µ�À²���!Àl$§�¦-½¼ �� ®)� ¥��_R�gª²��§)§�¦-µ�À�¡¾¦yO¤¥XO©�Ý�²�!�8£PO¬§WO¢��À²)§)¦XRTO¬$¦	�����l��_R��§WO¬�!�²��À"É

1000 m
®

H:ILKNM ï ® Ã O�âJcfl{lUVYnzZ\[^]dcfeãjYeW[^l�j
X ÓSÔbÕ ( Ð�Î )

jY[
Ft

HJILKNM ï ®�à0O×ÖJl�VURY]`_Y]dcfet_Yi#l0nzZØg#VY[2jYl{Xw]Le'Z\[^]dcfeåg#j
X ÓSÔbÕ �¦]^Z<n`j�[2jYX ~ _0g#jmg#jU_¦RUjYeW[|j

¯�¯¢¯



ø&ùE¶2ù���ÿ��
û�����xÿ��Y·N¸ ýxüJ��þy¹�ü�¸xü:º�ü�¸¤ÿ»�Q�<¼������
ý�ü:� ���������4ÿ	��ü ø&ù
ó �� !Rx��¶2)�4���¢�ZRx£�� �§g �����£PO¢§TO¢�!Àl$§�¦XRWO´$¦-�¢��O�¡¢�4ª

Ft

ê=ªlÊ ® Í�µ ® ï ®�à ë ±  �����£�§)À²ª4¦MR)¦-�¢�Z¨BÄÆ�4�7¡¾¦-§����
15 %

RWO¢�ZR�¶�¦XO¢¦XR�R�»\R�)À4�xO¬$¦	½¾ 2���l8R) �§g ���£�¥- !Rg¥	����µ¤§TO¢��µ��"�4�
X �,�d� ®

���¢�§�^� ��;C12;�"%8�(�$�"�&=;�"%;�&'!BS")7�5á!72æ§$�(ç3�$�5#7�8�9�;:1
Rt + Ft¿ �_R*)§)��¦MR6Í�µ� �§)�iR�R� �¦	¡�O¢�7$�iR������7$§��4�7�¥	�_R6ª4��§�§)À²¥yO¬)¦-���ZRi�²�¼)§)�

X �,�d� �l�¥XO�¥XO¢§)µ¢�4 �§ +»¾£�¦-½¼ ��x¨� R)¦	µ��PO¢¥BÉ
1000 m

®�¿ �iRg§�À_R� �¥	WO¬WR8R)�¢�¼g¨� |�<�4������§)¨2§)�"¨��"µ�§WO¬��¨��4 2§g½¼ ��"£�� �§
Rt

�l
Ft
®

HJILKNM ï ®	¯&Ð0O�âJcfl{l�VYnzZ\[^]dcfeãjYeW[bl�j
X ÓSÔbÕ ( Ð�Î )

jY[
Rt + Ft

HJILKNM ï ®	¯�¯�O�ÖJl�VURY]`_Y]dcfew_Yi#l�nzZog#VY[|jYl{Xw]Le'Z\[b]dcfeÝg#j
X ÓSÔbÕ �¦]^Z�nzZynzZ\lbk#jYi#l�[^¨ ~ ]^èaiWjNg\i0_Y]zk\e'Z\n#£ 1000 m

© ���Ã£2§)À4ª²¦XR�¦-��� ¨��Ã¥ËÄÈ�¢§)¨�§���¨��
17 %

�_R·���¶2)�4�¼ ��Ã�²�ª²�4ª²¦bRWO¢�!R�¶2¦yO¢¦MR(R·»/R·$À²��O¬)¦-½¼ ��Ïê'ª²Ê ® Í�µ ®ï ®°¯�¯ ë ®*¿ �>R)ª_O¬))�4§�£2¥-�¢!¨�� Rt

�4�PÊ'�¢��ª²)¦-���v¨��
Ft

�����7$§)�|½¼ ���ª²�_R�¨2�4 �³v¡�O¢§)¦XO¢¶�¥	�_R{R)���7!$§)¹iRÊ'��§·$�4���4�7�ª4��§�§)À²¥-À4�iR ®'� ¥F�BÄÆ»�O�¨�����ª�£POQRx¨éÄÈ¦	�¼)À4§��²xÉ! 2)¦-¥-¦MR)�²§
(X �,�d� (Rt) + X �,�d� (Ft))/2

�4��¡¾ ��¨BÄ�O¢��À4¥-¦	��§)�²§�¥XO�§�À_R���¥- 2)¦-��� ®
���¢�§�¯é �äê^(=ë§-m/�5#;:9:!ì3�(í1�;î�m�Û�ðïyñã(=!;

¿ OñÍ�µ� �§)�|ï ®	¯ÞF �2�>R��4�©¶2¥-�Ã£POQR¤���²�$§����4�vÀ²¡¾¦-¨2�4��ª²�| 2����ª4��§�§)À4¥XO¬$¦	��� �²�7$§)��¥ËÄÈ�]³2£�:RTO¢�7�¨��¥yO ¿ Ô�� �²
X �,�d� ( ��Ô )

®�¿ �_R|¨�Àl$�4ªl$�² �§TR Ì «��4§��4�%Â¬�#¡U 2)¦-¥	¦XR)ÀiRÃ£PO¢§�¥-�ñ§�À_R��eO¢ f¨�� R� �§�ÊrO¬ª4�Ò£N�¢ �§��¶ZR��4§·¡��4§¤¥	�!£2§)�¢Í�¥6¥yO´$À4§TO¢¥ ± ÊrO�¡¢��§)¦MR)�4�7 ± ¨�  ÊrO¬¦	�¨���¥	�4 �§�À4£PO¬¦XRTR��4 �§º����� ��À²µ�¥-¦	µ��eO¬¶�¥-�Zê
1.2 m ë ± ¥XOª4�¢�!£�:RWO¬�¼)�"�© �����¦	½¼ ��"£PO¢§�§WO¬£�£N�¢§�gÉ�¥yO¤ª4����£�:RWO¢�7)��À²¥-�²ª²$§����xO¢µ���Àl$¦-½¼ ��8¨2�_R�µ��4§�¶N�iR ®¿ O�¨2¦XR·Â$§�¦-¶� �$¦-�¢��¥yO¬)À4§TO¢¥-��¨� �R�¦-µ��ZO¢¥é��¶!R)�4§·¡�À�R)�²§WO¤¨�����ª"¥	���!À²¥yO¢�2µ����4�7)§)�"¥-��R�¦-µ��ZO¢¥B�© ��¢��¦-½¼ ���ê ¿ Ô��

µ
ë

¯�¯¦F



���������4ÿ	��ü ø&ù ø&ùGò¾ù�ü:�Fÿ���º¡�xÿ��Y·N¸ ýxü
X ó�ô)õ �����6�	¸4��¸nýxü ýw·N¸�¸xþiü:�

�²�À4¥	�4ª²)§)���xO¢µ��2À²$¦	½¼ ���ê ¿ Ô��»ö�÷ ë ® ó �¢ ZR������7$§��4§)�¢�ZR*¨ZO¢�ZR�¥	��ª�«PO¢£�¦°$§)��Ã�½¼ ���¥-��R)¦-µ¢�PO¢¥��© ��¢���_R·RWO¬�ZRº¨��¢ 2$�!¥yO¢§�µ��4���4�7�¦-��¨2À4£�4��¨PO¬�¼º¨� 
X �,�d� ± ª4�!½¾ 2¦*�]³2£2¥-¦-½¼ ��!£N�² 20�²$§���£�� �§�½¾ 2��¦*�2�� ZR����R)�²�©¶�¥	���ZR�£POQR���¶!R)�4§·¡��²§x¨��"ª4�¢§)§)À²¥yO¬)¦-�����4�7$§���¥ËÄÈ�]³2£�:RTO¢�7�¨2��¥XO ¿ Ô��v�l

X �,�d� ®

H:ILKNM ï ®°¯ÞF�OøâJcfl{l�VYnzZ\[b]dcfe¤jYeW[bl�j
X ÓSÔbÕ ( Ð�Î )

jY[
b
Ñ:nph´j�u ~ c¦_aZ\eW[Jg#jonzZ<¥,Î�Ð

���¢�§�dù ��(í");�?�/�9ú3�(4&=/�$�")��$�"%(
¿ O�Í�µ� �§��"ï ®°¯ ôº�����7$§��x½¼ BÄÆ¦-¥����R)�²�©¶�¥	��£POQR%�]³�¦XR�)�4§%¨2��ª4��§�§)À²¥yO¬)¦-�����4�7$§��

R ³ ¾|½ ®zû ½ ®°î �² X �,�d� ®Ì �4ª²¦F£N�� 2§)§WO¬¦	N�l$§)�"�]³2£2¥-¦-½¼ �À8£ZO¢§�¥ÅÄ�O¢§)µ� 2�!�²�¼WO¬$¦	����ÊrO¢¦°$��¨ZO¢�ZR�¥-�8£PO¬§WO¢µ�§TO¢£�«���ï ®°¯�® ô ®

HJILKNM ï ®°¯ ô OøâJcfl{l�VYnzZ\[b]dcfeãjYeW[^l�j
X ÓSÔbÕ ( Ð�Î )

jY[
R üþý|ÿ����^ÿ����

Ö�×�� �UÝ �,Æ È à8�,Æl�º� � Ú
X 	�
� Ý ��� ��� à�� � Ú �������ÃÛ Ú�Ý

¿ O�Í�µ¢ �§)�ºï ®°¯�Ñ �����7$§��"¥-�_R�¡�O¢§�¦yO¬)¦-���ZR�¨��
X �,�d� �4�ZÊ'�¢��ª²)¦-���|¨��"¥ÅÄÆÀ4���²§)µ�¦	�"�²g¨���¥yO¤£PO¢§·$¦-ª² �¥-�¦-�2ª4¦-¨2�4�7$� ®é¿ �_Rx£N��¦	�7WRg§)�4£2§)À_R��4�7$�²�7�¥	�_Rg§)ÀiR) �¥°�O¬TRx��¶2)�4�¼ ZR�£ZO¢§x¥ËÄÈ�]³2£À4§�¦-�²��ª4�m�0¥	»ÄéR���»�� ®B¿ O�¨�À]Â£�4��¨PO¬��ª4��¨������xO´³~O�¡��4ªg¥ÅÄÆÀ4�2�4§)µ¢¦-� ± £N�¢ �§ ¥-�iR £�«��¢)���ZRi���%$¦	�4�7i£POQR ª²����£2$��¨���¥ËÄÈ�Yªé�l ¿,Ë Ç ®¼¿ �iR£��¦-�7WR��]³�£NÀ²§)¦-���4�7WO¢ �³�R��4�©¶�¥	�4�7g¦-��¨2¦-½¼ ��4§� 2��O¢¥	¥-À²µ��4���4�7�¨��"¥XO©ª4����£N�QR)¦	)¦-����O&¡¢�4ª�¥ÅÄÆÀ4���²§)µ�¦	� ®ó �� !Rº¨�¦MR)£�:R)���!Rº�xO¢¦-�7$�²�PO¢�7�¨BÄÆ �����£ZO¢§WO¢��À²)§)¦MRWO¬)¦-���Ò½¼ �¦6���� ZR�£N�²§)���²�¨BÄÈ�¢¶2$�²��¦-§

X �,�d� É¥ÅÄ�O¢¦	¨��º¨��º£PO¢§WO¬�!¹l$§)�iR�¨� ñ¨�Àl$�²ª²$�² �§"¨��*R) 2§�ÊrO¢ª²�*O�¡��4ª� ��2�¤£�§)À²ª4¦XR�¦-����¨��¤¥ÅÄÆ��§)¨2§)�º¨2�
15 %

®=© $¦-¥	¦°Â
¯�¯ ô



ø&ùGò¾ù|üJ��ÿ���º¡�xÿ��Y·N¸ ý�ü
X ó�ôõ ���������4ÿ	��ü ø&ù

HJILKNM ï ®°¯�ÑwOåÖ�l�c2 rcfe'g#jYi#l�g\iðX<Zruv]LXwiX g#j0nzZ�k#jYl Å j��
X ÓSÔbÕ�� jYew rcfe=RY[^]dcfe g#j0nph´VYe=jYlbk\]dj ~ cfil�n`jU_g#cfeWe=VUjU_�j�u ~ VYl{]LXØjYeW[dZ\n`jU_�g#j�nph´j�u ~ VYl{]djYe=RUj�Ð�n ¨�h _��J¨@j��¢l�cfe'gf_ ~ n`jY]Le)_ � �s¥,jU_�n ]zk\e=jU_�l�j ~ l�VU_¦jYeW[2jYeW[,n`jU_l�VU_Yin [dZ\[L_mg#jU_y_Y]LXwinzZ\[^]dcfe)_�������P��WjY[ � ~ cfilon`jU_oe=cf¨\Z\i\u g#j� rjYl�Ñ�n`jU_ ~ l�cf[|cfe)_�jY[:n`jU_ ~ TWcf[2cfe)_a�

R)�¢�ZR ª4�iR §)À_R� �¥	WO¬WR�R) �§ ¥ËÄÈ�²�ZR)�²�©¶�¥	��¨��iR ¨�������À²�_R ¨� ¤¨2À²$�²ª²)�4 �§i¨��bR� �§�ÊrO¬ª4��ê
≈
Ã7ö Ð�Ð�Ð Àl¡�À4�2�4���4�7WR ë ®

¿ OÃÍ�µ� �§)�!ï ®°¯ ö ± �!���7)§)�¤¥ÅÄÆÀ²¡¢��¥- �$¦-�¢�ñ¨��
X �,�d� ± ¨�À²)�4§)��¦-�2À4��ÉÃ¥ÅÄ�O¢¦-¨��º¨� ñ$�4��£ZR"¨���¨��iR)ª4�²�7$�

Ft

¨��iR8À²¡¢À4���²�!�²�¼TR�¨2 Ï¨2À²$À²ª²)�4 �§"¨��~R� �§�ÊrO¬ª4� ± �²�¸Ê'����ªl$¦-�¢�ñ¨� ñ¥-��µ:O¢§)¦°$«�����¨2�©¥ÅÄÆÀ4���²§)µ�¦	��ê=£��¦	�¼§)�¢ �µ�� ë ®i¿ �_R�¥-¦-µ¢���_R¤�²�Î£��¦-�7)¦-¥-¥	À�§��4£�§�À_R)�²�7$�4�7Ã¥	�_R�§)ÀiR) �¥°�O¬TR���¶2$�²�¼ ZR!£ZO¢§{R)¦-�º �¥yO¬)¦-��� ± §��_R)£�4ª]Â$¦°¡��²�!�²�¼��²�v¡¢�4§�!£�� �§¤¨��iR!���&»:O¢ �³v¨��ÃÊ'�4§��l!�²�P¶�¥	�4 �£�� �§�¨��_R�£�§��¢$�¢�ZR ®i¿ �_R�À²)��¦-¥	�_R¤���¢¦-§)�§)�²£�§)ÀiR)�²�¼)�4�7�¥	�_R�¨����2��À4�iR��0¥°»Ä�RA��»�� ®
ó �� !R�£�� 2¡¢���ZRºª²���ZR·�O¬)�4§�ê=ª²Ê ® Í�µ ® ï ®	¯ ö ë ½¼ ���¥	�_R8¡�O¢¥-�² �§TR"§)�²ª4���!R�$§� �¦	)�_R�¨�� X �,�d� R)���7�$§)¹iR£�§���ª�«��iR�¨��iR!§�À_R� �¥	WO¬WR��l³�£À4§)¦	�!�²�7�O¢ �³v¨2�ð�0¥°»Ä�RÝ��»�� ®*¿ OêR·�O¬)¦XR·$¦-½¼ �����¶�$�4�¼ ��Zµ�§�D¬ª4�ZÉÏª²�²))���À²$«2��¨����_R�i¨2�� �¶�¥	�%¨��%¥XOx¥-�² �§ ®�� ¥ZR)�²�©¶�¥-��¨�����ª%½¼ ���¥XOxª4�¢�!£�:R)¦°$¦	���º¨� �§TO&»¢�������²�!�²�7iª4�:R��!¦	½¾ 2�R)�²�©¶�¥	��R²Ä�O¬¥-¥-À²µ��4§bO&¡¢�4ª�¥ÅÄÆÀ4���²§)µ�¦	� ± £ZOQRTRTO¢�7�¨2 |Ê'�²§ ± É

3 1017 eV
O¢ �£�§)�¬$���|É

5 1018 eV
®

� �º����â²� Ý Æl���
Ì ��ª�«PO¢£�¦°$§)�8O8£�4§��!¦MR�¨����!�¢�¼)§)�²§ ± µ�§pD¢ª4�8O¬ �³�À²¡¢À4���²�!�²�7WR6«¼»¾¶�§�¦-¨��iR ± ½¼ BÄÆ¦-¥��]³2¦MR�)�� �����ª4��§�§)À]Â¥yO´$¦-�¢�Ã�4�7$§��

X �,�d� �lxª²�4§�WO¢¦-�!Rg£ZO¢§WO¢��¹²)§)�iR�¨� |¨�Àl$�4ªl$�² �§x¨���R) 2§�ÊrO¢ª²� ®¿ O6R·$§) 2ª²$ 2§)��)�4��£N�¢§)�4¥	¥-�¨��iR�R)¦-µ¢�PO¢ �³�§)�²ª4 ��²¦-¥-¥	¦XR�¨PO¢�ZR8¥	�_R�¨�Àl$�²ª²$�² �§TR"¨��*R� �§�ÊrO¬ª4�¤���� !R8£N�²§)���²8¨BÄÆ��¶2)�4��¦	§�¨��iR8£�§)À²ª4¦XR�¦-���!R¨��"¥ÅÄÆ��§�¨�§)�8¨��
15 %

± �²�7¡�¦	§)���
100 g.cm−2 ®����§�%¨BÄÈ 2����R�WO¬$¦MR�$¦	½¼ �� ¯&Ð�Ð Ê'�¢¦XRbR� �£NÀ²§)¦	�4 �§��"É�ª²�4¥	¥-�x¨2 |¨2À²$�²ª²)�4 �§�¨���Á� 2��§)�iR)ª4�²��ª4� ± ¥-��¨�Àl$�²ª²$�² �§¨���R� �§�ÊrO¢ª²�Ã���� ZR{O¸£�4§��!¦MRº¨���¡¢��¦-§º¥ÅÄÆÀ²¡��¢¥- 2)¦-����¨��Ã¥yO�£2§)�¢Ê'���2¨��4 �§¤¨2 v�xO´³�¦-�º �� ±

X �,�d� ± O�¡¢�4ª¥ÅÄÆÀ4�2�4§)µ¢¦-� ®�Ì �_RÃ§�À_R� �¥	WO¬WR�£2§)À4¥	¦-��¦-�PO¬¦-§)�iR*R)�²�©¶�¥-�²�7Ãª4����Í�§)���4§�¥	�_R!§)À_R� �¥	WO¬WR���¶2$�²�¼ ZRÃ£PO¢§Ø�0¥	»ÄéR
��»��{R) 2§8 ��êO¢¥-¥	À4µ��²�!�²�¼x¨��¤¥yO!ª4����£N�QR)¦	)¦-����O�¡��4ª�¥ËÄÈÀ²���4§�µ�¦-� ® ÔºÄÆ¦-ª²¦� ��êO¢� ± ���� ZR8¨�¦MR)£�:R)�²§)���!R8¨��R) ÌxRTO¢���!�²�¼�¨2��R��O´$¦XR·$¦	½¾ 2�8É¤«PO¢ 2)�8À4���²§)µ�¦	���4�Ã¡¾ ��"¨BÄÆ¦-��¨�¦	½¼ ��4§%¥XO©£�§)ÀiR)�²��ª4��¨BÄÆ ����8À²¡¢�4�7$ 2�4¥-¥	�ª4�¢�!£�:RWO¬�¼)�"£�«��¢)���|É¤)§)¹iRg«ZO¢ 2$�"À²���4§�µ�¦-� ®

¯�¯4Ñ



���������4ÿ	��ü ø&ù ø&ù ò¼ùZü:�Fÿ���º¡�xÿ��Y·N¸ný�ü
X ó�ô)õ

HJILKNM ï ®°¯ ö OÛÖJl�c2 rcfe'g#jYilðg\i�X<Zruv]LXwi#X g#jðnzZ¤k#jYl Å j��
X ÓSÔbÕ�� jYe× rcfe=RY[^]dcfe*g#jðnph´VYe=jYlbk\]dj ~ cfil

n`jU_Òg#cfeWe=VUjU_Òg\iìg#VY[2VURY[|jYi#läg#j�_YilL «Z#RUj �¢l�cfe'gf_ÝlUcfi\k#j � jY[ ~ cfilÝn`jU_Òg#cfeWe=VUjU_äj�u ~ VYlY]LXØjYeW[dZ\n`jU_Øg#jnph´j�u ~ VYl{]djYe=RUj�Ð�n ¨,h _!�J¨@j"��VY[|cf]Ln`jU_�e=cf]LlUjU_ � �S¥,jU_yn ]zk\e=jU_�lUj ~ l�VU_¦jYeW[|jYeW[�n`jU_yl�VU_Yi#n [¢Z\[L_�g#jU_�_Y]LXwinzZ\[^]dcfe)_������P��WjY[ � ~ cfi#lon`jU_oe=cf¨\Z\i\u g#j� rjYl�jY[:n`jU_ ~ l�cf[2cfe)_a�

¯�¯ ö



ø&ùGò¾ù|üJ��ÿ���º¡�xÿ��Y·N¸ ý�ü
X ó�ôõ ���������4ÿ	��ü ø&ù

¯�¯r�



# $&%('*),+.-./ 0

1 2 /43 /5+ %6+.-7)98;:<$>=?% /5+ @A% B /DC � -7/ E>/ @A%
C�/F:�+7)98HG /JI :4%(:5/ )AG � @A%(C"+7)AK � /
# 8LCMB )AK � /�NPO )9-

λ Q�R!SUTWVXR

Y�����(���|���*�,Æl���
Z �¢ 2wO¢ "¥-���2µ�¨��i�!����)§WO�¡�O¢¦-¥¬¨���$«2¹_R)� ± �²Ä�O¢¦¬À²)ÀlO¬�!�²��ÀiÉ� 2$¦	¥-¦XR��4§N¨��_R�R)¦	�© �¥XO¬$¦	���ZR�¾ 2�!À²§)¦-½¼ ��iR¨��¤µ��²§)¶��ê ¬ ¦-§��_R¤õÈö�ö ÷Ë±�Ì ��§�R)¦²Â�O�õ ö �´÷ �²)ª ®²®4® ë O¬Í��ñ¨BÄÈÀl$ �¨2¦-�4§8¥	�4 �§�R�£�§���£�§)¦	À²)À_R��l8¥-�² �§TR��Yªé�lWR�R� �§¥-�8¨2À²$�²ª²)�4 �§ ®Ç O¢¥	µ�§)À*¥-�² �§TR( 2$¦	¥-¦XRTO¬$¦	���ZR�¦	�¼)�4�ZR�¦	¡¢�_R £PO¢§(¥yOgª4�����© ��PO¬ 2$À*¨��_R\[ Ì§©^] � ± �l ª4�²¥yO�O´Í��©¨BÄÆ�4��§)�l$¦	§)�4§¥-�Z£�¥- !R�µ�§TO¢��¨P�2���©¶�§��¸¨BÄÆ��¶ZR)�²§�¡�O¢¶�¥	�_R!£�«7»/R�¦-½¼ ��iR ± ª4�iR�R)¦	�© �¥XO¬$�² �§TR�£N�²¦-���²�7�É�§��4£�§���¨� 2¦-§)�Z¥-�iR¨����2��À4�iR��]³2£À4§�¦-���4�7�O¬¥-�_R ®

HJILKNM Ã ®°¯oO
X ÓSÔbÕ  rcfe=RY[^]dcfeãg#j0¥,cpk`_bac�d� � �	¥,jU_ Å Z\e'g#jU_�RUcfl{l�jU_ ~ cfe'g#jYeW[NZ\i�u Å cfl{e=jU_�£

68 %
g#j0nzZ

g\]`_Y[^lY] Å i#[^]dcfe
¿ �_R�¨��² �³ñµ¢À4��À²§WO¬)�4 �§�R8«PO¢¨�§�����¦-½¼ ��iR�½¼ ��~R����7fehg�Óji¢�l�ê'£N�� 2§�e� PO¢§�Â7Âkg"¥	 ����¸Ó¾$§�¦-��µ����¾¨��4¥

¯�¯ ï



���������4ÿ	��ü?l¾ù
m ¦	)« �!¦	��¦ni¢�lº£2§)�¾¨� �ª²)¦-��� õÈö�ï ÷ ë �²�Ópohq �
¿F¿ õ ö\Ã ÷Å± £�§)ÀiR)�4�7)�4�7�O¬ ZRTR�¦%¨��_R¤¨2¦²ªNÀ4§)�²��ª4�iR������ ��À]Âµ�¥	¦-µ��_O¢¶�¥-�iR ®d¿ O!Í�µ¢ �§)�mÃ ®	¯ �!���7)§)�� ��ñ�l³��4��£�¥	�º¨���¨�¦²ªNÀ4§��4��ª²�~R) �§x¥yO�£N�:R�¦	)¦-���Z¨� ¸�xO´³�¦-�© �� �4�Ê'����ªl$¦	����¨�  ¿ �¢µ9O¢§)¦°$«�����¨��"¥ËÄÈÀ²���4§�µ�¦-� ®
© �2�KO¢ 2$§���¨�¦zªéÀ²§)�4�2ª4��$�¢ 28O¢ ZR�R)¦B¦	�!£��§·�O¢�7$�gª4�¢�ZR)¦MR�$�"É©§��4µ9O¬§)¨��²§%¥yOº£ZO¢§�)¦-��¨�§���¦	)�x¨��8¥XOº¨�¦MR�$§�¦°Â¶� 2)¦-����¨��_R�Á� �ª²) PO¬$¦	���ZR%¨2�

X �,�d� ± Í�µ� 2§)�yÃ ®�F�± £N�¢ �§% ��Ã¨��¢��O¢¦	���g�4�ÃÀ4�2�4§)µ¢¦-�x¨2������À ®�¿ �_R Ç �¢�¼)�Ì O¢§�¥-�|£�§)Àl¡���¦	�4�7©½¼ ��!ª4�²�$�!¨�À4ª²§)��¦MRTRWO¬��ª4�!�l³�£N�¢���4�7$¦	�4¥	¥-�
Λ
R���¦	�§��4¥-¦	À4��É

λ ³¯®�r � ±´® £ZO¢§" �� ÊrO¢ªl$�4 2§ª4�¢�ZR�WO¢�7�¨2 |+»¾£� ì
Λ î ��s = χ λ ³¯®�r � ±´® êbÃ ®	¯ ë

HJILKNM Ã ®�FyO7��ujYX ~ n`jyg#j�g\]`_Y[^l{] Å i[^]dcfe×g#j X ÓSÔbÕ Z\�\jUR�i#eåZ�t{iá_Y[2jYXØjYeW[�j�u ~ cfe=jYeW[^]djYn�g#jynzZØèaiWjYiWj�g#jg\]`_Y[^lY] Å i#[^]dcfe

χÌ ��§�R)¦`Â2O´Âkehg�Óji¢�l ¯�® ôÌ ��§�R)¦`Â2O´Â
Ó�¦-¶7»¾¥-¥ ¯�®°¯ ö
uwvyx»M Ã ®°¯�OWzNZ ~á~ cfl{[w{ χ = Λ/λcr−air¿ O�WO¢¶�¥-��Ã ®	¯ �����7$§���ª²¥yO¢¦	§)�²�!�²�¼% ����"¨�¦²ªNÀ4§��4��ª²�"�4�7$§���ª²�_R�¨��4 ¾³|µ�À4��À²§WO¬)�4 �§�R�«ZO¢¨�§)�¢��¦-½¼ ��iR ®Ç O¢¥	µ�§)À*¥ÅÄ�O�¡QO¬�¼WO¢µ��6½¼ ���§)�²£�§)ÀiR)�4�7)�4�76ª4�_R%R)¦-�º �¥yO¬)¦-���!R.�¼ ���À4§�¦-½¼ ��iR ± �²¥-¥-�iR(�éÄÈ�²��§��_R·$�4�7 £ZOQR�����¦-�ZR��¶ZR�ª4 �§��_R�O¬ �³�»��² �³�¨2�x¥ÅÄÆ 2)¦-¥-¦MRWO¬)�4 �§ ® ¬ Í���¨����!¦	�4 �³�ª²����£�§)�²��¨�§)��¥yO"£�«7»\R)¦-½¼ ��x�!¦MR)���4�����² �¨PO¬�ZR¥-��¨�À²¡¢�4¥	��£�£�4���4�7�¥-���2µ�¦	) �¨�¦-�ZO¢¥�¨��_R�µ¢�4§)¶�_R ± ���¢ ZR�O�¡����!R��4�7$§��4£�§�¦XR�¨BÄÆÀ²WO¢¶�¥-¦	§* 2�Ã�!�¾¨�¹4¥	��R�¦-��£�¥-��²dO¢�ZO¢¥	»¼$¦	½¼ ��8�l³�£�:RWO¢�7g¥-�iR�¨�¦²ªNÀ4§��4�7$�iRgÀl�O¢£�_R�¨PO¬�ZR�¥-�4 2§g¨2À²¡��²¥-��£2£N�²�!�²�¼ ®

i¢�Z)§WO¢¦°$�²§WO¢¦�¨PO¬�ZR�ª²�Zª�«PO¬£�¦	)§)��¨2��¥ÅÄÆ�l³�¦MR�$�²��ª4�|¨BÄÆ ����¸ª²���7$§TO¢¨�¦-ªl$¦	���Î¨ZO¢�ZR�¥XOÏ£ZO¢§WO¢��À²)§)¦MRWO¬)¦-���¨� Ò£�§��¢Í�¥�¥	����µ�¦°$ �¨�¦	�PO¢¥.¨��_R"µ��²§)¶�_R"«PO¢¨2§)����¦	½¼ ��_R8�²��£�«7»\R)¦	½¼ ���¨��_R"«PO¢ �$�_R"À²���4§�µ�¦-�iR��l"�4�Ò£�«7»7Â
R)¦	½¼ ���O¬$���:R)£2«�À4§�¦-½¼ �� ®

¯�¯ Ã



���������4ÿ	��ü?l¾ù l¼ù	ú�ù|ûFü����y·N
»�
û û:·N¸��N�4ÿ��(ý��2¸���û
Ì ��ª�«ZO¢£�¦	)§)�6£N�QR)�4§TO�O¢ !RTR)¦¼¥	�_R.¶POQR)�iR0¨BÄÆ ��©���¾¨�¹4¥	�vO¢�PO¢¥°»¾)¦-½¼ �� ± ¨2À4ª4§�¦	¡�O¢�7(¥-�iª4����£��§�)�4���4�7.¨BÄÈ 2���µ�§TO¢��¨��² �§��!�iR) �§TO¢¶�¥-�8�]³�£NÀ²§)¦-���4�7WO¢¥-�²�!�²�¼ ±9|

X �,�d�~} �²�RTO�¨�¦MR)£�4§�R)¦-�¢� ®Ì �4ª²¦����� ZR�£N�²§)���²))§WO©¨��8§��4�����7$�²§�É©¨��_R�µ�§TO¢��¨��² �§TR�£2«¼»\R�¦-½¼ ��_R�µ�À²��À4§TO¢¥-�iR%$�²¥-¥-�iR�½¼ ��"¥yO(R)�4ªl$¦	����«Ì�ª_O¢ª4��ª4�:R��!¦	½¼ ��lÂ O¢¦-§ ± É¤£PO¢§·$¦-§�¨��_Rg¨������2À4�_R��0¥°»NÄéRA��»�� ®
� ×4Ø ÙÏÚ*� �(�h�Zâ�âl�º�Ãæ�Æl�.���äÆ²�|à"â

© �!µ�§WO¢�2¨!���¢�©¶�§)�g¨��g�!�iR) �§��_R*�²6¨BÄÆ�l³�£NÀ²§)¦	�4��ª²�_R%¨��g£�«7»\R)¦	½¾ 2�x¨��iR�«PO¢ �$�_R6À4�2�4§)µ¢¦-�_R6 2)¦-¥-¦MRWO¢�7¨��iR�ªeO¬¥-��§�¦-��¹²$§��_RÃ«PO¬¨�§)���2¦-½¼ ��_R ± ���7�£�4§��!¦MR|¥XO £PO¢§WO¬�!Àl$§)¦MRWO¬)¦-��� ¨2 u£�§��¢Í�¥"¥-���2µ�¦	) �¨�¦-�ZO¢¥x¨��iR«PO¢¨2§)���ZR�ê�q���ªUÂ��² ¬ ¥iõÈö à´÷ ë £N�¢ �§�¨��_R�À²���4§�µ�¦-�iR�+»¾£�¦	½¼ ��_Rg¨BÄÆ�4�7¡¾¦-§)�¢� 100 GeV
®

N � ö (X) = k

[

w

(

X

X0

)a−1

e
−b X

X0 + (1 − w)

(

X

λI

)a−1

e
−d X

λI

] êbÃ ®GF ë
ó �� !R�£N�¢ 2¡����!R�¡���¦	§x½¼ ��©ª²�²))�©Ê'����ªl$¦-�¢���_R·8ª4�¢�!£�:R)À²�©¨��©¨2�4 �³�Ê'����ª²)¦-���!R

Γ
±  2���©�_R·8À4¥	�4ª]Â$§����xO¢µ���Àl$¦-½¼ ��¤êIO�¡��²ª

X0
ë ± ¥yO*R)�²ª4����¨2���iR�g«PO¢¨�§�����¦	½¾ 2��êrO�¡��4ª λI

ë ®Ì «PO¢½¼ ���£PO¢§TO¢��¹²$§��8�_R·�¨2������À"£PO¢§ ì
a = 0.61 + 0.32 log E

b = 0.22

d = 0.91 − 0.024 log E

w = 0.46

E
�_R·��²�

GeV� �¸£�«7»\R)¦	½¾ 2�©¨��_R�§WO�»��¢�ZR�ª4�QR)��¦-½¼ ��_R ± ¥yO¤Ê'����ª²)¦-���Z 2$¦	¥-¦MR)À4�"£�� �§g£PO¢§TO¢�!Àl$§��4§�¥-��¨�À²¡¢�4¥	��£�£�4���4�7¥-�¢��µ�¦	) �¨�¦	�PO¢¥¨��_R�µ��²§)¶�_Rg«PO¢¨�§�����¦-½¼ ��iRgÉ�«ZO¢ 2$�"À²���4§�µ�¦-�KO� ����8$�¢ 2$�KO¢ �$§)�8Ê'��§��!� ì
N �j� (X) = N �,�d�

(

X

X �,�d�
)

X �`���
λ ���

e
−X−X �`���

λ ��� êbÃ ® ô ë
X �,�d� �_R·g¥yO¤£N�QR)¦	)¦-���Ã¨2 |�xO´³�¦-�º �� �l

λGH

¡�O¢ 2��²�7¡�¦	§)���
70 g.cm−2 ®¿ Og£ZO¢§WO¢��À²)§)¦MRWO¬)¦-����¨2��gKO¢¦XR�R)�²§·Â ] ¦-¥	¥yOQR�êbÃ ® ô ë õ ��Ð¬÷Ë± §)�4£2§)�¾¨� �¦	.¥	�_RF¨������2À4�_R.¨��6¥ÅÄÆ�l³�£À4§)¦	�4��ª²�:� ¿ o©Ä�R
Â��oo�6Ó ± �²�ª²���7$¦	�4�7 ± ª²���7$§WO¬¦-§)�²�!�²�7gÉ�¥XOºÊ'����ª²)¦-���tÃ ®�F�±  2���" ���¦-½¼ ��8Ê'���2ª²$¦	���

Γ
®¿ O8Í�µ� �§)�AÃ ® ô8���� !R �!���7)§)�%¥XO�¨�¦²ªNÀ4§��4��ª²�g�²�7$§)��¥	�_R ¨��² �³¤+»¾£�_Ri¨���£PO¢§TO¢�!Àl$§�¦XRWO´$¦-�¢� ± £N�� 2§  ��£�§��¢$���|¨��

100 GeV
®N¿ O�«PO¢ 2)�4 �§g�²�¥yO�£�:R)¦°$¦-�¢�|¨2 ��xO´³�¦-�© ��ãÀ²WO¢�7x���¢§)�xO¢¥-¦MR)À4�iR8O¢ �³|�<�4���_R¡�O¢¥-�² �§TR ®Ì �����!�²�7ºª²�_Rº¨2�4 �³�£PO¢§TO¢��À²$§�¦XRTO¬$¦	���ZR8£�4 2¡¢�4�7¤�4¥	¥-�iR0�l$§)��O¢ ZR�R)¦6¨�¦²ªNÀ4§��4�7$�iR ± ª�«PO¢ª4 2����¨BÄÆ�4�7$§���4¥	¥-��§��4¥	�²¡�O¢�7g¨BÄÈ�¢¶ZR)�²§�¡�O¬$¦	���ZR ®

¯�¯rà



l¾ùE¶2ù|û�� ü�
�
�üxÿøºt�xÿ	���Y·o�����y� ���������4ÿ	��ü?l¾ù

HJILKNM Ã ® ô O×ÖJl�ck��n�n`cfe#k\]L[bi)g\]Le'Z\n ~ cfi#loie=j�k#jYl Å j0g#j ~ l�cf[|cfeåg#j 100 GeV

� ×�Ä Ù ä Ú��ÒÚ ��� �6���;Y�� �(�*� �

� �¢�§��� � /N3���12(*;�9�;�1|?�!72æ§$�(

� O �j¡�¢¤£¦¥¨§©¡�¢�ª¤«WO¬�,¢¬¯®ZO¬°ZR²±¨¢�®jª´³X¢©±¨µX�j�,¢©£"¢©°`«�®j¢�±yO ¶X¢¤¡�·,¢�¢iR�«�±d¸¹¥¨°p«�¢©¡TO¬º¤«�¥»µX°7®j¢¼±yO"�PO¬¡½«¾¥»º¤¿j±»¢�j¡�¥»£xO¬¥»¡�¢8OÀ³¬¢©º²¿°�°jµÀÁ9O¬¿ ®j¢�±d¸�O¬¥¨¡gê ¬ ò©µ¬«�¢�µX¿ ß^Â Áb¶X§©°¢ ë´ÃjÄ ¢¤«�«¾¢�¥¨°`«¾¢©¡TO¬º¤«�¥»µX°xOP±¨¥»¢¤¿�ÅP¿°j¢��j¡�µ¬ÆÇµX°cÈ®j¢¤¿j¡ÊÉb¿¥A®jª©�,¢©°j®7®j¢h±Ë¸Ìª©°j¢¤¡�¶X¥¨¢¬f��¢h±XO¼°jµ¬«¾¢¤¡WO¬¥
λ(E) Ã¬ �¡�§_RÍº¤¢¤«�«�¢

1 ®	î ¥»°`«¾¢¤¡WO¬º´«¾¥»µ¬° N(E)
�PO¬¡½«¾¥»º¤¿j±»¢iR�R�¢©º©µ¬°j®PO¬¥¨¡�¢_R>R�µ¬°p«.º¤¡�ª©ª¤¢_R Ã i¬¢Î°j¢Îº¤µX°ZR�¥¨®jª©¡�¢©¡TO¬¥Ép¿j¢h±»¢iR��j¥»µX°!R

(π0, π±)
j±yO¼�PO�¡�«¾¥¨¢²·PO¬¡½ÁXµX°¥»Ép¿j¢�¡�¢¤�j¡�ªiR�¢¤°p«WO¬°`«�R�¢©¿j±¨¢©£"¢©°`«

10%
®j¢_R��ZO¬¡�«�¥»º©¿±»¢_R Ã � ¢°jµX£�·j¡�¢Ï®j¢

π0
¢_R½«f®jµX°j°jª��PO�¡

N/3 Ã � ±U¢iR�«PÅM°jµ¬«�¢©¡�O¬¿ZR�R�¥UÉp¿9¸Ì¿j°j¢�ÆÇ¡WO¬º´«¾¥»µ¬°Ð°µX°Î°jª©¶X±¨¥»¶X¢_O¬·j±¨¢�®j¢±Ë¸Ìª©°¢©¡�¶¬¥»¢�®j¿.�j¡�¥¨£�O�¥»¡�¢^�Ñ¢¤¿«��¤«�¡�¢h¢©£"�Ñµ¬¡�«¾ª¤¢��PO¬¡�±¨¢�±»¢eO�®j¢©¡¤j¢©±¨±»¢�R�¢¤¡WO�°jµ¬«�ª©¢
k Ã� ±A¢_R½«!®jµX°jº�ÆrO¬º¤¥»±»¢�£�O¬¥¨°`«¾¢©°ZO¬°`«Ê®j¢h®jª¤«�¢©¡�£"¥»°¢©¡�±Ë¸Ìª©°¢©¡�¶¬¥»¢²®j¢fº�ÒPO¬Ép¿j¢

π0 ì

(1 − k)
E

NÓÞF�Ô



���������4ÿ	��ü?l¾ù l¾ù�¶�ùZû�� ü:
»
�üxÿøº¡�xÿ	�A�Y·o�����y�
Ä ÒPO¬Ép¿j¢ π0

³�OÎ®jµX°j°¢©¡
2 γ
º©¡�ª_O¬°`«�O�¥»°ZR�¥�®j¢©¿ Â ¶X¢¤¡�·,¢_R"ª©±¨¢©º¤«�¡�µX£xO¬¶X°ª¤«¾¥¨Ép¿j¢_RxOÕ³X¢©º7¿j°j¢.ª©°j¢¤¡�¶X¥¨¢£"µÖÁ¬¢©°j°¢P®j¢ ì

0.5(1 − k)
E

N
Ë µ¬¿j¡yº¤¢wÉp¿j¥b¢_R½«�®¢_R��¥»µX°ZR�º�ÒPO�¡�¶XªiR©~¥»±`¢ Â ¥MR�«¾¢×®j¢¤¿ Â ¥XRTR�¿j¢_RØ�,µ:RTR�¥»·j±¨¢_R©uR�µX¥¨«Ø¥»±MRA¥»°`«¾¢¤¡WO¬¶¬¥XRTR�¢©°`«%OÀ³¬¢©ºw¿j°°jµÀÁ9O�¿Ï®9¸�O�¥»¡Ø�ÑµX¿¡�®jµX°°j¢©¡Ù¿°¼¶X¡WO�°j®¼°jµX£�·j¡�¢w®j¢��j¥¨µX°ZR�ê�®jª¤�Ñ¢¤°j®�®j¢

E ë R�µ¬¥¨«Ù¥¨±XR�R�¢Ú®jª_R�¥»°`«¾§¤¶X¡�¢¤°p«Ù¢©°¿j°�£�¿jµX° Ã � O��j¡�ª©®jµX£"¥»°ZO¬°jº©¢!®j¢^±Ë¸Ì¿j° µX¿ ±Ë¸�O¬¿«¾¡�¢^®¢_RÚ�Òjª©°jµ¬£¦§¤°j¢_R�®ª©�,¢©°j®M®j¢^±Ë¸Ìª©°j¢¤¡�¶X¥¨¢^®¿��j¥»µ¬°º�ÒPO¬¡�¶Xª Ã ¬ ¿<·,µX¿«�®9¸¹¿°<º©¢©¡½«�O¬¥¨°W°jµX£�·j¡�¢P®9¸¹¥¨°`«¾¢©¡TO¬º¤«�¥»µX°!R¤ê�¢¤°`³c¥¨¡�µX°Òô¦µX¿<Ûj,º¤Æ Ã O�°<q ë ±d¸¹¢¤°ZR�¢¤£¼·j±¨¢®j¢iR¼�j¥»µ¬°ZR�R�¢�®jª_R�¥»°`«¾§¤¶X¡�¢¤°`«Ï�Ñµ¬¿j¡�®jµ¬°j°j¢©¡P±»¢iR�£¼¿jµ¬°ZR�Ép¿j¢M°jµ¬¿ZR�µX·!R�¢©¡½³XµX°!R{O¬¿ÍR�µ¬± Ã�Ä ¢©º©¥�O¬¡�¡��¤«�¢O¬±¨µX¡TR�«�µ¬«�O¬±¨¢©£"¢©°`«�±¨¢�®jª¤³¬¢©±»µ¬�j�Ñ¢¤£¦¢¤°`«^®¢f±XOÏ¶X¢©¡�·Ñ¢ Ã� O¼Ü�¶X¿j¡�¢0Ã Ã Û�¡�ªiR�¿j£"¢h±»¢iR!®¥²ªÑª©¡�¢¤°`«¾¢_RÊª´«�O¬�,¢_RÊ®j¿.®jª¤³¬¢©±¨µX�j�,¢©£"¢©°`«�®¯¸¹¿j°¢f¶¬¢©¡�·,¢ Ã

HJILKNM Ã Ã Û O×PSRUTWVYX<Z\[^]`_aZ\[b]dcfe×g\iQg#VY�\jYn`c ~á~ jYXØjYeW[:g�h i#e=j�k#jYl¤ÝYj�T)Zág\l�cfeW]^èaisj�gáZ\e)_onph Z\[bXØc¦_ ~ T�ÞYl�j
Ä µX£"£¦¢¤°%�©µX°!RÚ«¾µX¿c«�®9¸�O¬·Ñµ¬¡�®M�PO¬¡�R�µX£"£¦¢¤¡Ú±d¸¹¢¤°ZR�¢¤£¼·j±»¢�®j¢_R��j¡�µ¬Ü�±MRÚ±»µ¬°j¶X¥¨«�¿j®j¥¨°PO¬¿ Â ®j¢iR�¶X¢©¡�·Ñ¢iRª©±¨¢©º´«¾¡�µ¬£�O¬¶¬°jª¤«�¥»Ép¿j¢_RØ¥XR�R�¿j¢iRÙ®j¢iR

π0 Ã Ë µX¿¡Ùº©¢¤±yOÖ¥»±p¢iR�«U°jª¤º©¢iRTRWO�¥»¡�¢Ú®j¢Úº¤µX°j°PO��¨«¾¡�¢w±d¸¹ª¤°j¢©¡�¶X¥»¢×®j¢_R��j¥»µX°!RO¬�j¡�§_RÊº�ÒPO¬Ép¿j¢f¥»°`«�¢©¡WO�º¤«¾¥¨µX° Ã � ¸Ìª©°j¢¤¡�¶X¥¨¢�¢_R½«�®jµ¬°j°jª©¢h�PO�¡�±yOÏ£¼¿j±�«¾¥»�±»¥»º¤¥¨«�ª ì
ÓÞFbÓ



l¾ùE¶2ù|û�� ü�
�
�üxÿøºt�xÿ	���Y·o�����y� ���������4ÿ	��ü?l¾ù

N ß���à�á îL° ≈
(

E

mec2

)0.222 êbÃ Ã Û ë
Ë µX¿¡!±¨¢�£¦µ¬£¦¢¤°p«©j°jµX¿!RdO�±»±»µ¬°ZR�°jª¤¶X±»¥¨¶X¢©¡�±d¸¹ª¤°j¢©¡�¶X¥»¢�¢¤£¦�,µX¡½«¾ª©¢��ZO¬¡�±»¢�±¨¢eO¬®j¢¤¡ Ã� ¢Ï®jª¤³¬¢©±¨µX�j�,¢©£"¢©°`«f®9¸¹¿°j¢�¶X¢©¡�·Ñ¢�ª©±¨¢©º´«¾¡�µ¬£�O¬¶¬°jª¤«�¥»Ép¿j¢¼�,¢©¿«o�´«¾¡�¢"®ª©º©¡�¥¨«h�PO�¡�±Ë¸�O¬�j�j¡�µ Â ¥¨£�O�«�¥»µX° q®j¢"[Êµ:RTR�¥�õ �Ó²÷ ÃØÄ ¢´«�«¾¢�ÆÇµX°jº´«¾¥¨µX°99°jµ¬¡�£xO¬±»¥MR�ª©¢P¢¤«f®jª¤�Ñ¢¤°j®PO¬°`«P®j¢¦±d¸�O�¶X¢¼®j¢"±yO�¶X¢¤¡�·,¢�º©µX£"£¦¢Ï�ZO¬¡WO~È£"§¤«¾¡�¢(R�¢©¡TOÑ®ZO¬°ZR^«�µX¿«�¢�±yO{R�¿¥¨«¾¢P®j¿ º�ÒZO¬�j¥¨«�¡�¢�Ñ¿«�¥»±¨¥XR�ª¤¢h�ÑµX¿¡^®jª¤º©¡�¥»¡�¢P±»¢f�j¡�µ�Ü�±�®9¸¹¿°j¢¼¶X¢¤¡�·,¢m�×âê�ª¤±»¢¤º¤«¾¡�µX£xO¬¶X°jª´«¾¥»Ép¿j¢ ë´Ã� O¼Ü�¶X¿j¡�¢0Ã Ã ö¼£"µX°`«¾¡�¢�±¨¢��j¡�µ�Ü�±A®j¢h±yO¼º_OQR�º_O¬®j¢0�wâ&®j¢iR^®j¥zª¯ª¤¡�¢¤°p«TR π0

�,µX¿j¡�®¥²ªÑª©¡�¢¤°`«¾¢_R!ª©°¢©¡�¶¬¥»¢_R Ã

HJILKNM Ã Ã ö O×ÖJl�ck��n,g#j�nzZ RpZf_¦RpZág#j��×ã g#jU_mg\] ä�VYl�jYeW[¯_
π0 ~ cfi#lmg\] ä�VYl�jYeW[|jU_�VYe=jYlbk\]djU_

� µX¡TR�Éb¿¢�±Ë¸Ìª©°¢©¡�¶¬¥»¢�O¬¿j¶X£"¢©°`«�¢¬p°jµX¿ZR×�,µX¿³Xµ¬°ZRÚµX·!R�¢©¡½³X¢¤¡�Ép¿j¢^±XOf¶¬¢©¡�·,¢��wâå¥XR�R�¿j¢^®j¢_R×�j¡�¢¤£¦¥¨¢©¡�R
π0
®j¢_R�º©¢©°®W�j±»¿!R!·ZOQR^®ZO¬°ZRÊ±Ë¸�O�«¾£"µ:R��jÒj§©¡�¢¬�º¤¢PÉp¿j¥�¢_R½«�O~«�«¾¢¤°j®j¿ Ã â�O�¥XR�º©¢fÉp¿j¥�¢_R½«��j±¨¿ZRÊª¤«�µX°j°PO¬°`«©º¬¸Ì¢_R½«�Ép¿j¢�±XO¦¶X¢¤¡�·,¢�¥MRTR�¿¢�®j¢iR�R�¢¤º©µX°®

π0
°j¢P®j¢_R�º©¢©°®Ð�ZOQR�O¬¿!RTR�¥�³b¥¨«�¢PÉp¿j¢¼±XO"�¡�¢©£"¥»§¤¡�¢ Ã ¬ �PO¬¡½«¾¥»¡®j¢

50 TeV
A±d¸¹¢¤°ZR�¢¤£¼·j±¨¢¦®j¢iRP¶¬¢©¡�·,¢_Rm�×â ¢_R½«�º¤µX°`«¾¢¤°b¿�®PO¬°ZRf±yOÍ�j¡�¢¤£¦¥¨§©¡�¢¬Aº©µ¬£¦£"¢�®j¢_Rf�Ñµ¬¿j�Ñª¤¢_R[Ê¿ZRTR�¢_R©æº¤¢PÉp¿j¢h±Ë¸ÌµX°Í�,µX¿j¡�¡TO¬¥¨«�O¬�j�,¢©±»¢¤¡�¿j° è¤¢«ªÑ¢¤«^â ¬ Z [ � ß Ä ]�ç ¬ è Ã

ÓÞF\F



���������4ÿ	��ü?l¾ù l¾ù�¶�ùZû�� ü:
»
�üxÿøº¡�xÿ	�A�Y·o�����y�

H:ILKNM Ã Ã �0OåPSRUTWVYX<Z\[^]`_aZ\[b]dcfeQg#jÐè|nph´jÇä�jY[UãMé0�9z�ê�ëyâyì!í�éÎè

� ¸¹¢ Â ¥MR�«�¢©°jº¤¢P®j¢hº¤¢P�jÒª©°jµX£"§©°¢f¢iR�«!®jîj¢�O¬¿ÍÆrO¬¥�«�Ép¿j¢ ì
O ±XOï£¼¿j±¨«�¥»�j±¨¥»º¤¥¨«¾ª�O�¿j¶X£"¢©°`«¾¢<®jµ¬¿jº©¢¤£¦¢¤°p«.¢´«Í�PO¬¡Mº©µ¬°ZR�ª¤Éb¿¢©°`«W±d¸¹ª¤°j¢©¡�¶X¥»¢W®¢_R

π0
O¬¿j¶X£"¢©°`«�¢±¨µX¡TR�Éb¿¢W±Ë¸Ìª©°j¢¤¡�¶X¥¨¢W®j¿ð�j¡�¥»£xO¬¥»¡�¢�O�¿j¶X£"¢©°`«¾¢ ÃÊÄ ¢©±XOï¥»£"�j±»¥¨Éb¿¢7Ép¿j¢<±¨¢_R�¶X¢¤¡�·,¢_R �×â O¬¿j¡�µX°`«±¨¢©¿j¡�R�£�O Â ¥¨£¼¿j£6R��j±»¿!R�·POQRÊ®PO¬°ZRÊ±d¸�O�«�£¦µQR��jÒj§¤¡�¢

O ±XOÍ®¥XR�«WO¬°jº¤¢¦£"µÀÁX¢©°°j¢¦¢¤°`«¾¡�¢"±»¢iRhº©µX±¨±»¥XR�¥»µX°!R²®j¢_Rf�j¥¨µX°ZRhº�ÒPO¬¡�¶Xª_Rf®j¥»£"¥»°p¿j¢Ï±¨µX¡TR�Ép¿j¢¦±d¸¹ª¤°j¢©¡�¶X¥»¢O¬¿¶X£¦¢¤°`«¾¢�¢¤«!º¤¢©±yOÏ®j¿ÍÆrO¬¥�«�®j¢h±Ë¸�O¬¿j¶X£"¢©°`«WO�«¾¥¨µX°�®j¢h±yO*R�¢©º¤«�¥»µX°Í¢YÌ¦º_O¬º©¢(OÕ³X¢¤ºP±d¸¹ª¤°j¢©¡�¶X¥»¢
ÓÞF ô



l¾ùE¶2ù|û�� ü�
�
�üxÿøºt�xÿ	���Y·o�����y� ���������4ÿ	��ü?l¾ù
ñ ;�"%;:+CB=!#"%725;�!72/�9 3�((òðóDô# � �õt�5ö~÷?ô\���¼óí 
ø ¢©�¿j¥XR Ó¦à ï�öc\¥»±!¢ Â ¥XR½«¾¢W¿°j¢<�PO¬¡TO¬£¦ª´«¾¡�¥XRWO~«¾¥»µ¬°ù®j¿ð�¡�µ¬Ü�±!±»µ¬°j¶X¥¨«�¿j®j¥¨°PO¬±�®j¢iRM¶X¢©¡�·Ñ¢iRä�×â ¢©°«¾¢¤¡�£"¢�®j¢�ÆÇµX°jº´«¾¥»µ¬°

Γ Ã
N(X) = A X0.5 X �`��� e−0.5 X

êbÃ Ã ö ë
ß ð

X
¢_R½«!¢©°.¿j°j¥¨«�ªh®j¢

X0
Ã ø O¬°ZRÊ±Ë¸�O¬¥¨¡© X0 = 37 g.cm−2[Êª©ª©º¤¡�¥�³XµX°ZR�Ã Ã ö¼¢©°Í«¾¢©¡�£¦¢�®¢ g.cm−2 ì

N(X) = A X
X �`���

74 e−
X
74

êbÃ Ã � ëú ¥U°jµ¬¿ZRP¡�¢©£"�j±yO��©µX°ZR
74
�PO¬¡

70
ê�¿°ÒR�Ò¥¨Æn«h®j¢

5 % ë °jµX¿ZRhµX·«�¢©°jµ¬°ZRP¢ Â O¬º¤«�¢©£"¢©°`«�±XO�ÆÇµX¡�£¼¿±»¢¼®j¢gKO¬¥XR�R�¢©¡kÈ ] ¥»±»±XOQRJÃ Ã ô Ã� ±×°jµX¿ZR*O��j�PO¬¡TO��»«P®jµX°jº¦º©±XO¬¥»¡�¢©£"¢©°`«�£xO¬¥¨°p«�¢©°PO�°p«PÉp¿9¸¹ÅW�PO¬¡�«�¥»¡f®9¸Ì¿j°j¢�º¤¢©¡�«WO¬¥»°¢ ª©°¢©¡�¶¬¥»¢ñêÇ¢©°`³b¥»¡�µX°
1014 eV ë ±»¢¼�¡�µ¬Üj±�®j¢iR�¶X¢©¡�·Ñ¢iR²ÒPO¬®j¡�µX°j¥¨Éb¿¢_R�¢_R½«�ª©±¨¢©º´«¾¡�µ¬£�O¬¶¬°jª¤«�¥»Ép¿j¢¬,º©¢ÏÉp¿j¥�¢ Â �j±»¥¨Ép¿j¢¼�,µX¿j¡�Ép¿jµ¬¥¿j°j¢Ê�PO�¡WO¬£"ª¤«�¡�¥XRTO�«¾¥¨µX°�«�¢©±»±¨¢�Ép¿j¢Êº©¢¤±»±»¢Ú®j¢^g�O¬¥MRTR�¢©¡½È ] ¥¨±»±yO�R©ÖÉp¿j¥�¢_R½«w¿°j¢Ê�PO¬¡WO�£¦ª´«¾¡�¥MRWO�«�¥»µX°P�j¿j¡�¢©£"¢©°`«
�×â êÇ³¬µX¥»¡�º¤¥¯®j¢iRTR�¿ZR ë �¡�¢©�¡�µb®j¿j¥¨«w«¾¡�§_R�·j¥¨¢©°M±¨¢_RÚ®µX°j°jª¤¢_R�¢ Â �,ª©¡�¥»£"¢©°`«�O¬±¨¢_R�Åf«¾¡�§iR�ÒPO¬¿«�¢²ª©°¢©¡�¶¬¥»¢²¢´«º©¢"Ép¿j¥\¢ Â �j±¨¥»Ép¿j¢6O¬¿ZR�R�¥×Éb¿¯¸¹¢¤±»±»¢{R�µX¥¨«h®j¥zª¯ª¤¡�¢¤°p«�¢¦®¢_Rf�PO¬¡WO�£¦ª´«¾¡�¥MRWO�«�¥»µX°!R�«�Áb�Ñ¢xO¬º©º¤ª©±¨ª©¡WO~«¾¢©¿¡�ÅÍ�j±»¿!R·POQR�R�¢fª©°j¢¤¡�¶X¥¨¢ Ã
��B=!(S"W+C729�;�!72/:9�3�(?û�+C;�ë
� ¸¹ª¤°j¢©¡�¶X¥»¢W¢¤£¦�,µX¡½«¾ª©¢.�PO¬¡ ±»¢.±»¢eO�®j¢©¡¦¢_R�«�®jµX°j°jª¤¢W�PO¬¡

kE Ã e²¿PO¬°® k = 1
w±XO�º©µ¬±»±»¥MR�¥¨µX°J¢_R�«ª©±XOQR�«�¥»Ép¿j¢�`¥»±PR©¸�O¬¶X¥�«lO¬±»µX¡�RzR�¥¨£¦�j±¨¢©£"¢©°`«\®j¢^±yO��j¡�µ¬�PO¬¶9O�«�¥»µX°�®j¢!±yO��PO�¡�«¾¥¨º©¿j±¨¢Ê¥»°j¥�«¾¥yO�±»¢ Ã ó µ¬¿ZRw°¢^°jµ¬¿ZR¥»°`«�ª©¡�¢iRTR�¢©¡�µ¬°ZR^�ZOQRÊ¥»º©¥DO¬¿7º_OQRÊµ�ð

k
¢_R�«!�j¡�µcº�Ò¢f®¢ Ó Ã�Ù«¾¿j®¥»µX°ZR�«�µX¿ZRÊ®9¸�O¬·Ñµ¬¡�®Í±yO�³�O¬±¨¢©¿j¡�®j¢

X �,�d� �,µX¿j¡ k = 0 Ã� ¢h£�O Â ¥¨£¼¿j£ü®j¢h±yO¼¶X¢¤¡�·,¢f®¿7�j¡�¢©£"¥»¢¤¡
π0
¢_R�«^®jµX°°jªh�PO¬¡ ì

X1 = λ s r � ±´® + 9

7
X0 + X0 ln

(

E

2N1 82 MeV

) êbÃ Ã ï ë
¬

λ s r � ±´® «�¤¸�OÞ��µX¿«�¢ 9X0/7
º©µX¡�¡�¢_R��Ñµ¬°j®PO¬°`«Õp¢¤° £"µÖÁ¬¢©°j°¢¬/O¬¿¦º¤µX£"£¦¢¤°jº©¢¤£¦¢¤°p«w®j¢Ê±yOh¶X¢¤¡�·,¢��×â

O¬�j¡�§_R¼±XO º©¡�ªeO�«�¥»µX°�®j¢_R¼®¢©¿ Â
γ Ã � ¢ ÆrO¬º´«¾¢©¿¡ F ®PO¬°!R¼±»¢¦±»µX¶9O�¡�¥¨«�Òj£"¢�³b¥¨¢©°`«Ï®j¿ïÆrO¬¥�«�Ép¿j¢ ±»¢ π0

R�¢®jªiR�¥»°`«�§©¶X¡�¢M¢©° F
γ Ã N1

¢_R�«�±XO7£¼¿±¨«¾¥¨�j±»¥¨º©¥�«¾ª¼«¾µ�«�O¬±¨¢ �,µX¿j¡�¿°j¢Mª©°j¢¤¡�¶X¥¨¢
E Ã i¸�O�RTR�µbº©¥¨¢MÅ X1

)O~Ü�°®j¢Ï�,µX¿³¬µX¥»¡²º_O¬±»º¤¿j±»¢¤¡²±yO¦£¦µÀÁX¢¤°j°j¢�®j¢
X �,�d� R�¿j¡²«¾µ¬¿«¾¢Ï±¨¢_R²¥¨°p«�¢©¡TO¬º¤«�¥»µX°ZR¤¯¿j°Î�,µX¥»®!R α = 1/3

Ép¿j¥º©µ¬¡�¡�¢iR��,µX°j®7Å"±d¸¹ª¤°j¢©¡�¶X¥»¢^«¾µ¬«WO¬±»¢�¢¤£¦�,µX¡�«�ª��PO¬¡�±¨¢_R
π0
®j¢h±yOÏ�j¡�¢©£"¥»§©¡�¢�¥»°`«¾¢¤¡WO¬º´«¾¥¨µX° Ã� ¢_R��j¥¨µX°ZR²º�ÒZO¬¡�¶XªiR�º©¡�ª©ª_RfÅ�±XO �j¡�¢¤£¦¥¨§©¡�¢�¥»°`«�¢©¡WO�º¤«¾¥¨µX° ³¬µX°`«�Å�±¨¢©¿j¡!«¾µX¿¡²¥»°`«¾¢¤¡WO¬¶¬¥»¡�¢´«�®jµX°°j¢©¡�®j¢iR

π0
Ép¿j¥zR�¢¤¡�µX°`«f±»¢�º©µX£"£¦¢¤°jº©¢¤£¦¢¤°`«h®j¢�±yO�R�¢©º©µ¬°j®j¢"¶X¢©¡�·Ñ¢

EM Ã � ¢Ï£�O Â ¥¨£¼¿j£ý®j¢�º©¢´«�«¾¢*R�¢©º¤µX°j®j¢¶X¢¤¡�·,¢f¢iR�«!®jµX°°jªh�PO¬¡ ì
X2 = λ s r � ±´® + λπ r � ±´® + 9

7
X0 + X0 ln

(

E/N1

2N2 82 MeV

) êbÃ Ã Ã ë
� ¢f�,µX¥¨®ZR8OQRTR�µcº¤¥»ªhÅ�º©¢´«�«¾¢KR�¢©º©µ¬°j®j¢f¶X¢©¡�·Ñ¢��×â*¢iR�« ì

β = (1/3) × (2/3) = 2/9

ÓÞF Û



���������4ÿ	��ü?l¾ù l¾ù�¶�ùZû�� ü:
»
�üxÿøº¡�xÿ	�A�Y·o�����y�
ø ¢h£<�©£"¢��ÑµX¿¡�±yO¼«¾¡�µX¥XR�¥»§©£"¢�¥¨°`«¾¢©¡TO¬º¤«�¥»µX° ì

X3 = λ s r � ±´® + 2λπ r � ±´® + 9

7
X0 + X0 ln

(

E/(N1 · N2)

2N3 82 MeV

) êbÃ Ã à ë
� ¢�°jµX£¼·j¡�¢�®9¸Ì¥»°`«¾¢¤¡WO¬º´«¾¥»µ¬°ZRÙÒPO¬®¡�µX°j¥¨Ép¿j¢_RU¢iR�«\®9¸Ì¢©°`³b¥»¡�µX°�ôhµ¬¿ÏÛ�ê�º¤Æ Ã O¬° Ã q ëþÃ � ¢_R\�j¥¨µX°ZRÙº�ÒZO¬¡�¶XªiRR�¢h®jªiR�¥¨°p«�§©¶X¡�¢©°`«^¢©°ZR�¿j¥¨«�¢f¢¤°7£�¿jµX°ZR Ã� ¢h�ÑµX¥¨®ZR8OQR�R�µbº©¥»ªhÅÏº¤¢¤«�«�¢f«�¡�µX¥MR�¥¨§©£"¢²¶X¢©¡�·Ñ¢o�×â*¢_R�« ì

δ = (1/3) × (1/3) × (2/3) = 2/27ó µ¬¿ZR²�,µX¿³Xµ¬°ZR²®jµX°º¼µX·«�¢©°j¥¨¡�£xO¬¥»°`«¾¢¤°PO¬°`«^±yO¦£"µÀÁX¢¤°j°j¢Ï®j¢iR²£�O Â ¥¨£¼¿j£6RÊ®j¢_R8ô¦¶X¢©¡�·Ñ¢iRy�×âÿº©µX¡kÈ¡�¢iR��,µX°j®PO�°p«dO¬¿ Â «¾¡�µX¥XR�¥¨°p«�¢©¡TO¬º¤«�¥»µX°ZR�ÒZO¬®j¡�µ¬°j¥»Ép¿j¢iR ì
α X1 + β X2 + δ X3

Σ
= X1 +

β + δ

Σ
λπ r � ±´® (1015 eV ) +

δ

Σ
λπ r � ±´® (1013 eV ) · · ·

êbÃ Ã ÓÀÔ ë
−β + δ

Σ
X0 ln(N2) −

δ

Σ
X0 ln(N3)

êbÃ Ã ÓXÓ ë
ß ð

Σ = α + β + δ

ó µX¿!RdOÕ³¬µX°ZR!º©µX°ZR�¥»®jª¤¡�ªh¥»º¤¥9±»¢iR8R�¢©º´«¾¥¨µX°ZRÊ¢«Ì"ºeO�º©¢_R!º©µ¬£¦£"¢�º©µX°!R�«�O�°p«�¢_R ÃË µ¬¿j¡�¿j°¢�¶X¢¤¡�·,¢�®j¢
1018 eV

µX° �Ñ¢¤¿«�R¤¸�O~«�«¾¢¤°j®j¡�¢¼Å ¿j°¢�£¼¿j±�«¾¥¨�j±»¥¨º©¥¨«�ª�®9¸ÌµX¡�®j¡�¢ F
(N2)

®9¸Ì¢©°`³b¥»¡�µX°Ó Û Ô �PO�¡�«¾¥¨º©¿j±¨¢_R�¢´«Ê®9¸¹¢¤°`³c¥¨¡�µX°�ö Ô �,µX¿j¡Ê±Ë¸ÌµX¡�®¡�¢"ô|êIOÕ³X¢¤º¼ehg ú iv� Z êÇº¤Æ Ã ¢¤É Ã Ã Ã Û ë�ë´Ã� ¸�O��j�j¡�µ Â ¥»£xO�«�¥»µX°PÉb¿¥º©µ¬°ZR�¥MR�«¾¢ÊÅ^®j¥»¡�¢�Ép¿j¢�º©¢iRÙ³�O¬±»¢¤¿j¡TRÙ¡�¢_R½«¾¢©°`«\º¤µX°ZR�«WO¬°`«¾¢iR×¢¤°¼ÆÇµX°jº´«¾¥»µ¬°¼®j¢�±Ë¸Ìª©°¢©¡½È¶X¥¨¢²°9¸Ì¥»°j®j¿¥¨«ÊÉp¿9¸Ì¿j°j¢h¢©¡�¡�¢©¿¡!£"¥»°¥»£"¢�®j¿MÆrO¬¥�«�Ép¿j¢h±yO¼£¼¿j±�«¾¥¨�j±»¥¨º©¥¨«�ª�³QO�¡�¥»¢�º¤µX£"£¦¢²±XO¼�j¿j¥MRTRWO�°jº©¢
0.2®j¢h±Ë¸Ìª©°¢©¡�¶¬¥»¢�¢¤«!Ép¿9¸Ì¢©±¨±»¢�¥»°`«�¢©¡�³b¥¨¢©°`«Ê®PO¬°ZRÊ¿j°.±»µ¬¶9O¬¡�¥�«¾Òj£"¢ ÃË ¡�¢¤°jµX°ZR

λπ r � ±´® = 2 X0

Å
1015 eV

¢¤«
2.5 X0

Å
1013 eV

ß °Î�Ñ¢¤¿«h®jµ¬°jº�£�O¬¥¨°`«¾¢©°ZO¬°`«�¥»°`«¾¡�µc®¿j¥»¡�¢º©¢iR!³�O¬±¨¢©¿j¡�R�®PO¬°ZR�Ã Ã ÓXÓ O�Ü�°.®j¢KR�¥¨£¦�±»¥¨Üj¢©¡Ú±¨¢�¡�ªiR�¿j±�«�O�« ì
X �,�d� ≈ λ s r � ±´® + X0 ln

(

E

2N1 82 MeV

) êbÃ Ã ÓÞF ë
e²¿j¥4R�¢¤¡WO6O¬�j�,¢©±»ª²«�µX¿«�O¬¿.±»µ¬°j¶Ï®j¢h£�OÏ¡�ª©®PO¬º´«¾¥¨µX°Í±yOw��µX¡�£�¿j±»¢hâ Ã
Ë µX¿¡7¿j°?�j¡�¥¨£�O�¥»¡�¢7®j¢

1018 eV
�±yOì��µX¡�£¼¿j±¨¢Ðâ °jµ¬¿ZR7®µX°j°j¢Ð¿j° £xO Â ¥»£�¿j£ ¥¨°ÆÇª©¡�¥»¢¤¿j¡M®j¢

3 g.cm−2
Å�±XO!³�O¬±¨¢©¿j¡ØµX·«�¢©°p¿j¢��PO�¡�±yO�R�µX£"£"¢w®j¢iRÙÛ²�j¡�µ¬Ü�±MR�ª©±¨¢©º´«¾¡�µ¬£�O¬¶¬°jª¤«�¥»Ép¿j¢_R�ê ¬ �j�j¡�µ Â ¥¨£�O�«�¥»µX°qð®j¢h[Êµ:RTR�¥ ë´Ã Ë µX¿j¡�¿°.�¡�¥»£xO¬¥¨¡�¢�®¢ 1019 eV

±¨¢�£�O Â ¥¨£¼¿j£ ®jµ¬°j°jªh�PO¬¡�±XOw��µX¡�£¼¿±»¢�â¼R�¢h«�¡�µX¿c³X¢
15 g.cm−2

¢©°ù®j¢_R�R�µX¿ZR Ã ó µX¿ZR��,µX¿³Xµ¬°ZR¦º¤µX°ZR�¥»®jª¤¡�¢©¡"Ép¿j¢.±yO<�j¡�ª¤º©¥MR�¥»µ¬°4¢iR�«xR�¿)Ì6RTO¬°`«¾¢ �,µX¿j¡Ï¿°j¢O¬�j�¡�µbº�Òj¢KR�¢©£"¥AÉp¿PO¬±¨¥¨«�O~«¾¥¨³¬¢ Ã
ñ "%725#(4(�9�&=/:+.-�!(*3�(�5 � 12(�;�3�(S")5 �
� OÎ�¡�¥XR�¢M¢©°4º©µX£"�«�¢�®j¢Í±Ë¸Ìª©°j¢¤¡�¶X¥¨¢�¢©£"�,µX¡�«�ª©¢M�PO¬¡Ï±¨¢Òè � ¢eO�®j¢©¡�èM®ZO¬°ZR�±yOW®jª´«¾¢¤¡�£"¥»°PO�«�¥»µX°�®j¿£xO Â ¥»£¼¿j£ü®j¢h±yOÏ¶X¢¤¡�·,¢��Ñ¢¤¿ Â �¤«�¡�¢�ÆrO¬¥�«¾¢²¢¤°7¡�¢©£"�j±yO\�_O¬°`«

E
�PO¬¡

(1 − k) E
®PO�°ZR^±XOw��µX¡�£¼¿±»¢hâ Ã

ÓÞF ö



l¾ùE¶2ù|û�� ü�
�
�üxÿøºt�xÿ	���Y·o�����y� ���������4ÿ	��ü?l¾ù

∆X �,�d� = X �,�d� (k) − X �,�d� (k = 0) = X0 ln

(

(1 − k)
N(E)

N((1 − k) E)

) êbÃ Ã Ó ô ë
ø O¬°!R!±¨¢�ºeO¬®¡�¢h®j¢Pehg ú i¬¢´«Õ

N(E)
¢_R�«!®jµ¬°j°jª©¢f�PO¬¡AÃ Ã Û Ãø ¸Ìµ�ð9

∆X �,�d� = X0 ln
(

(1 − k)0.78
)

≈ 0.8 X0 ln(1 − k)
ê^Ã Ã Ó Û ë

� ¸¹ª¤±yOQR½«¾¥»º¤¥¨«�ª(O"�Ñµ¬¿j¡Ê¢«ªÑ¢¤«²®¢P¡�¢©£"µX°`«¾¢©¡!±»¢f£xO Â ¥»£¼¿j£�®j¢P±XO"¶¬¢©¡�·,¢f®PO¬°ZR^±Ë¸�O�«¾£"µ:R��Òj§©¡�¢ Ã Ë µ¬¿j¡
k < 1

�±yO�³�O¬±»¢¤¿j¡8O¬·ZR�µX±»¿¢�®j¢
∆X �,�d� ¢iR�«^¥»°ÆÇª¤¡�¥»¢¤¿j¡�¢²Å X0

Ãâ�O¬¥MRÚº¤¢²°9¸Ì¢_R�«��POQR�±¨¢dR�¢©¿j±Ñ¢«ªÑ¢¤«�®j¢�±Ë¸Ìª©±yO�R�«¾¥¨º©¥�«¾ª Ã �U°�¢Yª¯¢´«Õc±yOP�ZO¬¡�«�¥»º©¿±»¢!±»¢eO�®j¢©¡wÉb¿¥DO��,µX¿j¡wª©°j¢¤¡�¶X¥¨¢
kE
³�O.ÆrO¬¥¨¡�¢�¿j°j¢¦¶X¢©¡�·Ñ¢��º©¡�ª_O¬°`«*O¬¥¨°ZR�¥U®¢_R

π0
¢¤«P�PO¬¡�R�¿j¥�«¾¢"¿j°j¢ ¶¬¢©¡�·,¢Ý�wâ ®jµX°`«�±¨¢�£�O Â ¥¨£¼¿j£

R�¢¤¡WOÏÆÇµX°jº´«¾¥»µ¬°.®¢
k ì
X �,�d�,µ î �¢Ú î¯® = X �,�d� (k = 0) = λ s r � ±´® + X0 ln

(

k
N(E)

N(kE)

) êbÃ Ã Ó ö ë

Xmax leader = X �,�d� (k = 0) = λp−air + 0.8 X0 ln (k)
êbÃ Ã Ó¦� ë

Ë O�¡�R�¿j¥¨«�¢¬9±XO ³�O¬±»¢¤¿j¡�£¦µÀÁ¬¢©°j°j¢"®j¢iRf®¢©¿ Â º¤µX°`«¾¡�¥»·j¿«�¥»µX°!RoÃ Ã Ó Û.¢´«0Ã Ã Ór� ÅÍ±XO�³QO�¡�¥yO~«¾¥»µ¬° ®j¢Ï�²£xO Â¢©°ÍÆÇµX°jº´«¾¥¨µX°Í®j¢h±Ë¸Ìª©±yO�R�«¾¥¨º©¥�«¾ª�®µX°j°j¢ ì
(1 − k) ∆X �,�d� + k ∆X �,�d�	µ î �¢Ú î¯® = kλ s r � ±´® + 0.8 X0 [(1 − k) ln(1 − k) + k ln(k)]

êbÃ Ã Ó ï ë
ó µX¿!R�³XµÀÁXµ¬°ZRÙÜ�¶X¿j¡�¢§Ã Ã ï^Ép¿j¢�±d¸¹¢Yª¯¢´«Ù®j¢ k

¢iR�«U�j±¨¿ZR��,¢¤«�¥¨«yÉp¿j¢
0.5 X0

�,µX¿j¡
k < 0.5 Ã � ¸¹¥¨°���¿j¢¤°jº©¢®j¿.±»¢_O¬®j¢©¡�¡�¢_R½«¾¢f®jµX°jºh¡�ª¤®j¿j¥�«¾¢�R�¿¡!±XO¼®jª¤«�¢©¡�£¦¥¨°PO�«¾¥¨µX°M®j¢h±yO�³�O¬±¨¢©¿j¡�£"µÀÁX¢¤°j°j¢f®j¢

X �,�d� Ã
� /�9�&�1�$�572/�9ú3�( � 1Yê^(��0(=!J� ó��å�4ô
	 � ÷�� ó �
Ä ¢P�ZO¬¡WO¬¶¬¡WO¬�jÒ¢�°jµX¿ZR�OÏ�Ñ¢¤¡�£"¥XR ì
O ®j¢�£¦µX°`«�¡�¢©¡^Ép¿j¢Ï�Ñµ¬¿j¡�®j¢iR�ª©°j¢¤¡�¶X¥¨¢_R�R�¿j�,ª©¡�¥¨¢©¿j¡�¢_RhÅ

1014 eV
Ñ±¨¢��¡�µ¬Ü�±y±»µX°¶X¥¨«�¿j®j¥»°ZO¬±A®9¸Ì¿j°j¢¶X¢¤¡�·,¢¼ÒPO¬®¡�µX°j¥¨Ép¿j¢¼®PO¬°!R²±Ë¸�O�«¾£"µ:R��jÒj§©¡�¢¼¢_R½«�¢_R�R�¢¤°p«�¥»¢¤±»±»¢¤£¦¢¤°`«�ª©±¨¢©º¤«�¡�µX£xO¬¶X°ª¤«¾¥¨Ép¿j¢ Ã¯Ä ¢Ï�jÒjªþÈ°jµ¬£¦§¤°j¢¬Fè´±Ë¸Ì¢«ªÑ¢¤«!â ¬ Z [ � ß Ä ]�ç ¬ è�°jµX¿!R8O6O�±»µX¡�R��Ñ¢¤¡�£"¥XR�®¯¸¹¢ Â �±»¥»Ép¿j¢¤¡��Ñµ¬¿j¡�Ép¿jµX¥¯¥»±¯¢ Â ¥XR�«�¢¿j°¢¼«¾¢©±¨±»¢P®j¥²ªÑª©¡�¢©°jº¤¢{OÀ³¬¢©º�±yO¦�PO¬¡WO�£¦ª´«¾¡�¥MRWO�«�¥»µX°7ÅM·POQR�R�¢Ïª©°¢©¡�¶¬¥»¢ Ã ó µX¿!RKOÀ³¬µX°ZRh¢©°!R�¿j¥�«¾¢Ï�j¿9ÅÏ�PO¬¡½«¾¥¨¡�®9¸Ì¿j°j¢f�PO¬¡WO�£¦ª´«¾¡�¥MRWO�«�¥»µX°Ò�wâÐ�¡�¢¤«�¡�µX¿c³X¢©¡!±yO¼�ZO¬¡WO¬£"ª¤«�¡�¥MRWO�«�¥»µX°�®¢�gKO¬¥MRTR�¢¤¡½È ] ¥»±¨±yOQR�

O ®9¸Ìª©°µX°jº©¢¤¡Ú¿j°¢^ÆÇµX¡�£¼¿j±»¢�O¬°ZO¬±¨Áp«¾¥¨Ép¿j¢^Ép¿j¥,�,¢©¡�£"¢¤«w®j¢^®jª¤«�¢©¡�£"¥»°¢©¡\±yOh�ÑµQR�¥¨«�¥»µX°"®j¿¦£�O Â ¥¨£¼¿j£®j¿.�j¡�µ¬Ü�±9±¨µX°j¶X¥�«¾¿j®j¥¨°PO¬± ì X �,�d� O ®j¢^£¦µ¬°p«�¡�¢¤¡wÉp¿j¢²±¨¢dR�¥»¶X°ZO¬±�³c¿ �PO¬¡×±»¢!®jª¤«�¢©º¤«�¢©¿j¡Ú®j¢�R�¿¡�ÆrO¬º¤¢�ª¤«WO¬¥¨«w¢_R�R�¢¤°p«�¥»¢¤±»±»¢¤£¦¢¤°`«Úº¤µX£¦�,µ:R�ª®9¸Ìª©±¨¢©º´«¾¡�µ¬°ZR�¢´«�®j¢¦�jÒjµ¬«�µX°ZRP®j¢ ±XO.�j¡�¢©£"¥»§¤¡�¢�¥»°`«¾¢¤¡WO¬º´«¾¥¨µX°�ÒZO¬®j¡�µ¬°j¥»Ép¿j¢¦¢¤«P®j¢ £¼¿µX°ZRf®j¢ ±XO®j¢¤¡�°j¥¨§©¡�¢ Ã
ÓÞF��



���������4ÿ	��ü?l¾ùl¼ù ò¾ùã�N·Aºð�����������S·N¸ ýxü@û�� ü�
�
�üxÿìº¡�xÿ	���Y·o���^�o�Ï��¹�ü��ÎûFü:�|ý�·A¸�¸xþiü:�¡
�û,¼0� �ü�¼ ü

HJILKNM Ã Ã ï O ∆X ÓSÔbÕ jYem rcfe=RY[b]dcfe×g#jonph´VYnzZf_Y[b]dRY]L[|V

��� � ��� È ������� Æ�� �������! #"$� � �&% � � � �;YØ� �(� � � � Ç �(') �� � �����+*
��,-� �/.  Ê " � ��Ê �

� �b�A��� ñ /�5#7¢!)72/�9�3�$ +C;�ëN7�+Ü$�+
Ä µX£"£¦¢¦°jµX¿ZRÏ±d¸�OÕ³Xµ¬°ZR¼£"µX°`«¾¡�ª ®PO¬°ZR¼±¨¢��PO¬¡TO¬¶X¡TO¬�jÒj¢¦�j¡�ª¤º©§©®¢©°`«ÕU±¨¢��j¡�µ�Ü�±Ú±¨µX°j¶X¥�«¾¿j®j¥¨°PO¬±U®j¢iR¶X¢¤¡�·,¢_RØÒPO¬®j¡�µX°j¥»Ép¿j¢iR�¢_R�«yÉp¿POQR�¥\R�¢©£¼·±yO¬·j±¨¢\Å!¿°P�j¡�µ¬Ü�±`ª¤±»¢©º´«¾¡�µX£�O�¶X°jª¤«�¥»Ép¿j¢ ÃÖÄ ¢w�ZO¬¡WO¬¶¬¡WO¬�jÒ¢×°µX¿ZRwOO¬¿ZR�R�¥b�Ñ¢¤¡�£"¥XR�®9¸Ìª¤«WO¬·j±»¥¨¡A±yO���µX¡�£¼¿±»¢×âüÉp¿j¥b¢ Â �j¡�¥»£"¢

X �,�d� ¢¤°PÆÇµX°º¤«¾¥¨µX°f®j¢Ú±d¸¹ª¤°j¢©¡�¶X¥»¢ Ã � ¢×¶X¡TO¬�jÒj¥¨Éb¿¢º©¥ È�®j¢iRTR�µX¿ZR�°jµ¬¿ZRÚ®jµ¬°j°j¢�±XOP®j¥MR�«�¡�¥»·¿«¾¥¨µX°¦®¢
X �,�d� ¢©° ÆÇµ¬°jº¤«�¥»µX°¦®j¢�±d¸¹ª¤°j¢©¡�¶X¥»¢!�Ñµ¬¿j¡Ú±¨¢_R×¢ Â �Ñª¤¡�¥¨¢©°jº¤¢_R��±�Á/RA�ÙÁ¬¢ � ¢¤« �p� Ã� OÝ��µX¡�£¼¿j±»¢²â 0^Ã Ã ÓÞF21 °j¢h°jµX¿!R!�,¢©¡�£¦¢´«Ê�POQRÊ®j¢h®j¥MRTR�µbº©¥¨¢©¡ λ

®j¢
ln(N)ú ¥A°jµ¬¿ZR�Ü Â µX°ZR

X �,�d� Å 680 g.cm−2
Å

1018 eV
�°jµX¿!RÊµX·«¾¢¤°jµX°ZRÊ±XO¼¡�¢©±XO�«¾¥¨µX°�R�¿¥¨³�O¬°`«¾¢43

λp−air − 37 ln N = 689 − 37 ln

(

1018

82 106 eV

) 0bÃ Ã Ó Ã 1
λp−air − 37 ln N = −170

0bÃ Ã Ó¦à51

N = 100 e
λp−air

X0 ( 1018)
0bÃ Ã F¬Ô51

ÓÞF76



l98Gò98|û�� ü�
�
�üxÿøºt�xÿ	���Y·o�����y�nüxÿvûFü:�|ýw·N¸�¸xþiü:�¡
�û,¼0� ��ü�¼�ü ���������4ÿ	��ü?l98

HJILKNM Ã Ã Ã O X Ó=ÔbÕ jYem rcfe=RY[^]dcfeåg#j�nph´VYe=jYlbk\]djy]Le=RY]^g#jYeW[|j

�U°ù¿«�¥»±¨¥XRWO�°p«P±»¢iRÏ¡�¢¤±yO�«�¥»µX°ZRmÃ Ã ÓÞF �Ã Ã Ó¦à ¢´«<Ã Ã F�Ô �°jµ¬¿ZRÏµX·«�¢©°jµX°!R"¿°j¢M¡�¢¤±yO�«�¥»µX°ÍR�¥»£"�j±»¢¦¢©°`«¾¡�¢
X �,�d� ¢´« E

3
X �,�d� = 680 + X0 ln

(

E

1018

) 0bÃ Ã FcÓ:1

HJILKNM Ã Ã à0O X Ó=ÔdÕ jYe� rcfe=RY[^]dcfeåg#jonph´VYe=jYlbk\]djo]Le=RY]^g#jYeW[|j4;?ã×Z\[bl{]dc¦RUT5<\Z
= µX¿!R�º©µ¬°ZR�«WO�«¾µX°!RdR�¿j¡^±XO�Üj¶X¿j¡�¢0Ã Ã à �Ép¿j¢�±XO¼ÆÇµX¡�£¼¿±»¢�Ã Ã FcÓ 0Çº©¢¤¡�º©±¨¢P·±»¢©¿ 1 ¡�¢©�j¡�µc®¿j¥¨«Ê«¾¡�§_R!·j¥»¢¤°

ÓÞF Ã



���������4ÿ	��ü?l98 l98Gò98Zû�� ü�
�
�üxÿøº¡�xÿ	�A�Y·o�����y� ü�ÿ ûFüJ��ýw·N¸�¸�þiüJ�t
�û�¼�� �Ãü�¼ ü
±»¢iR�®jµX°j°ª©¢_R!¢ Â �,ª©¡�¥»£"¢©°`«�O¬±¨¢_RÊ¢©°>R�¿�j�ÑµQRWO¬°`«!Ép¿j¢

λ ³¯®�r � ±´® ¢¤« N(E)
R�µX°`«^º¤µX°ZR½«�O¬°`«WR Ã

� �b�A�d� �Ø12$�&s!)$�;�!)72/�9ú3�(
X >4?:@ (=!ì3�B=!(S"%+C7�9�;�!)72/�9ú3�(

λ ACBEDF?:GHB� OÝ��µX¡�£¼¿j±»¢²â 0Çº¤Æ Ã ¢¤É Ã Ã Ã ÓÞF71 °jµX¿ZRÊ®jµX°°j¢ X �,�d� º©µX£"£"¢�ª¤«�O�°p«!±XO~R�µX£"£¦¢�®¢f®¢©¿ Â «�¢©¡�£"¢_R Ã
X �,�d� = λ s r � ±´® + Xγπ0

0bÃ Ã FvF21
ßJI

Xγπ0

¡�¢©�j¡�ª_R�¢©°`«¾¢P±»¢�£xO Â ¥»£¼¿j£ü®j¢h±yO~R�µX£"£¦¢�®j¢iRÊ¶X¢©¡�·Ñ¢iR��×â&®j¢_RÊ®j¥zª¯ª¤¡�¢©°`«TR
π0
R�¿jº©º¤¢_RTR�¥¨Æ�R Ã= µ¬¿ZR)RWOÕ³¬µX°ZRUÉp¿j¢�±yO!®j¥XR½«¾¡�¥»·j¿«�¥»µX°P®j¢�±XO^�j¡�µ¬ÆÇµX°j®j¢¤¿j¡Ù®j¢Ú�j¡�¢¤£¦¥¨§©¡�¢w¥»°`«¾¢¤¡WO¬º´«¾¥¨µX°

λ ³^® r � ±´® ¢_R½«U®j¿¼«�Áb�Ñ¢�3
P (λ) = H(λ) e

− λ
λ KML �ON P 0bÃ Ã F7Q51

ßJI
λ s r � ±´® ¢_R�«�±»¢.±»¥»·¡�¢.�PO¬¡�º¤µX¿j¡�R�£¦µÀÁ¬¢©°ð®9¸Ì¿j°ð¡WOÕÁ¬µX°Fº©µQR�£"¥»Ép¿j¢W®PO�°ZR ±d¸�O¬¥¨¡¦¢´« H

×±yOÎÆÇµX°jº´«¾¥»µ¬°®9¸ ] ¢_OÀ³b¥MR�¥»®¢ ÃË µX¿¡!º¤¢PÉp¿j¥A¢iR�«!®j¢iRR��¿º¤«¾¿ZO�«¾¥¨µX°ZR�®j¢
Xγπ0

�®¢©¿ Â ÆrO�º¤«¾¢¤¿j¡TR!¢©°>R�µ¬°p«!¡�¢_R��,µX°ZRTO¬·j±¨¢_RS3
O ±¨¢_R&��¿jº´«¾¿PO~«¾¥»µ¬°ZRÊ®j¢h±yO¼£¼¿j±�«¾¥¨�j±»¥¨º©¥¨«�ª = 
O ±¨¢_R&��¿jº´«¾¿PO~«¾¥»µ¬°ZRÊ®j¢h±Ë¸Ìª©°j¢¤¡�¶X¥¨¢�®j¢h±yO¼�PO¬¡½«¾¥¨º©¿j±¨¢²¥»°jº¤¥»®j¢¤°`«¾¢ ÃË ¡�¢©°µX°ZR!®j¢_R(��¿jº´«¾¿PO�«�¥»µX°!R�¶9O¬¿ZR�R�¥»¢¤°j°j¢iR^�,µX¿j¡

Xγπ0
Ã

P (Xγπ0) =
1√
2πσ

e
− 1

2

„

X
γπ0−µ

σ

«2 0bÃ Ã F Û 1
� ¸¹ª´«¾¿j®j¢P®j¢f±yO�®j¥XR½«¾¡�¥¨·j¿«�¥»µX°M®j¢P±yOÏ£¼¿j±�«¾¥¨�j±»¥¨º©¥¨«�ª^«�µ¬«�O¬±¨¢�®j¢�±XOÏ�j¡�¢¤£¦¥¨§©¡�¢h¥¨°p«�¢©¡TO¬º¤«�¥»µX°T0ÇÜ�¶ Ã Ã Ã ÓÀÔ51£"µX°`«¾¡�¢ Éb¿¯¸¹¿j°¢<�PO¬¡�«�¥»¢W°µX°ð°jª©¶¬±»¥»¶¬¢eO¬·j±¨¢7®¢_RMª¤³¬ª©°j¢¤£¦¢¤°`«WR.¥»°`«¾¢¤¡WO¬¶X¥�« ®¢WÆrO\�©µX°ù«¾¡�§iRMª©±XOQR�«�¥»Ép¿j¢ Ã�U°`³c¥¨¡�µX°

15 %
®PO¬°ZR�±»¢\º_OQR�®j¢\±yO�R�¥¨£¼¿j±yO~«¾¥»µ¬°�®j¢ ÓÀÔXÔXÔ¬Ô �j¡�µ¬«�µX°ZRØÅ

2 1018 eV Ã ø O¬°!Ry¿°f«�¢©±9R�º¤ª©°PO�¡�¥»µ±»¢!±»¢_O¬®j¢¤¡Ú¢©£"�,µX¡�«�¢^±XOP£xOÞ��¢©¿j¡�¢^�ZO¬¡�«�¥»¢!®j¢²±Ë¸Ìª©°¢©¡�¶¬¥»¢!®j¢�±XOP�PO¬¡½«¾¥¨º©¿j±¨¢!¥¨°jº©¥¨®j¢©°`«�¢¬b¡�¢©º¤¿j±yO�°p«Ú±»¢!®jª©·¿«®j¢W±XO�¶X¢¤¡�·,¢�O¬�j¡�§_RM¿j°j¢�R�¢©º¤µX°j®j¢Î±¨µX°j¶X¿j¢¤¿j¡ ®¯¸¹¥¨°p«�¢©¡TO¬º¤«�¥»µX°
λ2
Ã�Ä ¢©º©¥��Ñ¢¤¿«ä�¤«�¡�¢<¡�ª_R�¿£¦ªW�ZO¬¡�±»¢R�º�Òª©£xOÝÃ Ã ÓXÓ Ã

� ±�¢_R½«w®µX°jº�¢_R�R�¢¤°p«�¥»¢¤±,Ép¿j¢Êº¤¢©º©¥PR�µX¥¨«Ù�j¡�¥MRU¢©°"º©µX£"�«¾¢�®ZO¬°ZRU±»¢iRU��¿jº¤«�¿PO�«�¥»µX°ZRU®¢
X �,�d� Ã ú µX¥¨« F ± ¿WV¯µ±yO�ÆÇ¡TO¬º¤«�¥»µX°Í®9¸Ìª¤³¬ª©°j¢¤£¦¢¤°`«WR^«�¡�§iR!¥¨°jª©±XOQR�«�¥»Ép¿j¢iR©PO¬±¨µX¡TR

X �,�d� R©¸Ì¢©º©¡�¥¨«Êº¤µX£¦£"¢X3
X �,�d� = Finel (λ1 + XEM) + (1 − Finel) (λ1 + λ2 + XEM)

0bÃ Ã F2Y21
ßJI °µX¿ZRÊ�j¡�¢¤°jµX°ZRÊ±XO�£"µÀÁX¢¤°j°j¢h®j¿.±»¥»·¡�¢²�PO�¡�º©µ¬¿j¡TRÊ£"µÖÁ¬¢©°.º©µX£"£"¢�¥»®j¢¤°p«�¥»Ép¿j¢43

〈λ1〉 = 〈λ2〉 = λ0

0bÃ Ã F\�51
�Ù«¾¿j®j¥¨µX°ZRÊ£xO¬¥»°`«¾¢¤°PO¬°`«Ê±»¢iR&��¿jº´«¾¿PO�«�¥»µX°!R!®¢

X �,�d� �j¡�µX�¡�¢©£"¢©°`«Ê®j¥�«¾¢iR ÃÄ µX£"£¦¢¤°jº©µX°!R!�ZO¬¡Ê±»¢hºeOQR!ª©±XOQR�«�¥»Ép¿j¢Z0rOÀ³¬¢©ºP¿j°7�,µX¥¨®ZR (1 − F ± ¿WV¯µ )
1 Ã ¬ �j�Ñ¢¤±»µX°!R S

±yO*R�µX£"£"¢�®j¢®j¢¤¿ Â ¢ Â �,µX°j¢©°`«�¥»¢©±¨±»¢iR
S = λ1 + λ2

0bÃ Ã F2621� O�ÆÇµX°º¤«¾¥¨µX°M®j¢h®j¥MR�«¾¡�¥»·j¿c«¾¥»µ¬°M®j¢_RÊ�j¡�µX·PO¬·j¥¨±»¥�«¾ªX0 Ë ø � 1 ®j¢
S
¢iR�«^®jµX°j°jª¤¢h�PO¬¡S3

ÓÞF�à



l98Gò98\[�� ü�
�
�üxÿøºt�xÿ	���Y·o�����y�nüxÿ][Fü:�|ýw·N¸�¸xþiü:�¡
^[,¼0� ��ü�¼�ü ���������4ÿ	��ü?l98

HJILKNM Ã Ã ÓÀÔ¡O�Îo]`_Y[^l{]�Ýai[^]dcfe�g#jänzZ¤Xwi#n [b] ~ n ]dRY]L[|Vä[|cf[¢Z\n`jtg#j nzZ ~ l�jYXw]ËÞYl�jä]LeW[|jYl�Z#RY[b]dcfe�c¬Ýa[2jYeWiWj ~ Z\l_Y]LXwi#nzZ\[b]dcfeåg#j
10000 ~ l�cf[|cfe)_mZ\�\jURoi#e=jwVYe=jYldk\]djog#j 2 1018 eV

�

H:ILKNM Ã Ã ÓXÓ�OWzAj ~ l�VU_¦jYeW[¢Z\[^]dcfe¡_¦RUTWVYX<Z\[^]^èaisj�g#j�nzZ ~ l�jYXw]ËÞYlUjy]LeW[2jYl�Z#RY[^]dcfe

P (S) =

∫ S

0

®
λ

λ0

¢ − λ
λ0

1

λ0

¢ −S−λ
λ0

0bÃ Ã F Ã 1

P (S) = H(S) e
− S

λ0
S

λ2
0

0bÃ Ã F\à51
= µX¿!R!�,µX¿³¬µX°ZR!£�O�¥»°`«¾¢¤°PO¬°`«Êº©µX°`³¬µX±»¿j¢¤¡Ê±yO�gKO¬¿ZRTR�¥»¢¤°j°j¢�OÕ³X¢©º0Ã Ã F\à �Ñµ¬¿j¡�±»¢�º_OQRÊª©±yO�R�«¾¥¨Ép¿j¢43

S V¯µ = λ1 + λ2 + Xγπ0 = S + Xγπ0

0bÃ Ã QXÔ51
Ó_Q¬Ô



���������4ÿ	��ü?l98 l98Gò98�[�� ü�
�
�üxÿøº¡�xÿ	�A�Y·o�����y� ü�ÿ`[FüJ��ýw·N¸�¸�þiüJ�t
^[�¼�� �Ãü�¼ ü

P (S V¯µ ) =

∫ +∞

0

S

λ2
0

¢ − S
λ0

1√
2πσ

e−
(Sel−S−µ)2

2σ2
®
S

0bÃ Ã QÓ:1

P (Sel) =
1

λ0
e

„

−Sel
λ0

+ µ
λ0

+ σ2

2λ2
0

«

∫ +∞

0

S

λ0

¢ −
 

S−

 

Sel−µ− σ2

λ2
0

!!2

2σ2

®
S√

2πσ

0bÃ Ã QáF21
� °`«¾¡�µb®j¿j¥MR�µX°!R

Intg(x)
º©µ¬£¦£"¢²ª¤«WO¬°`«!¿j°j¢�ÆÇµX°jº´«¾¥»µ¬°.®¢f±XO�ÆÇµX°jº´«¾¥»µ¬°.®¯¸¹¢¤¡�¡�¢¤¿j¡

erf(x)

Intg(x) =
1 + erf

(

x√
2

)

2
=

∫ +∞

−x

®
t√
2π

¢ − t2

2
0bÃ Ã Q2Q51

ø ª¤Üj°j¥XR�R�µX°ZR
y
º¤µX£¦£"¢X3

y =
S −

(

S V^µ − µ − σ2

λ0

)

σ
=

S

σ
− y0

0bÃ Ã Q Û 1

P (S V¯µ ) =
1

λ0

¢ „−S acb
λ0

+ µ
λ0

+ σ2

2λ2
0

«

∫ +∞

−y0

(y + y0)σ

λ0
e−

y2

2

®
y√
2π

0bÃ Ã Q5Y21

P (S V¯µ ) =
e
−S acb

λ0

λ0

σ
¢ „ µ

λ0
+ σ2

2λ2
0

«





¢ − y2
0
2

√
2πλ0

+
y0

λ0

Intg(y0)





0bÃ Ã Qv�51
ø O¬°!RM±»¢Wº_OQRM�j¿j¡�¢©£"¢©°`«Í¥»°jª¤±yOQR½«¾¥¨Éb¿¢¬×±yOïº©µ¬°p³¬µX±»¿c«¾¥»µ¬°F®j¢<±Ë¸Ì¢ Â �,µX°j¢¤°p«�¥»¢¤±»±»¢7¢¤«Í®j¢<±XO5gKO¬¿ZR�¥¨¢©°j°¢®jµX°°j¢43

S ± ¿WV¯µ = λ1 + Xγπ0 ,
0bÃ Ã Q5621

P (S ± ¿WV¯µ ) =

¢ −S N d aHb
λ0

λ0

¢ „ µ
λ0

+ σ2

2λ2
0

«

Intg(y0).
0bÃ Ã Q Ã 1

�Ù«ÊÜ�°PO¬±¨¢©£"¢©°`«Ê°jµX¿ZR!µX·«�¢©°jµ¬°ZRÊ±yO Ë ø �4®¢
X �,�d� �,µX°j®ª©¡�ª¤¢h�PO¬¡Ê±yO¼ÆÇ¡WO�º¤«¾¥¨µX°M®9¸Ìª¤³¬ª©°j¢¤£¦¢¤°p«TR²ª©±XOQR½È«¾¥¨Ép¿j¢hº©µX£"£¦¢�ª¤«�O�°p«e3

P (X �,�d� ) =

¢ −X �`���
λ0

λ0

¢ „ µ
λ0

+ σ2

2λ2
0

«



(1 − F ± ¿WV¯µ )




σ
¢ − y2

0
2

√
2πλ0

+
σy0

λ0
Intg(y0)



 + F ± ¿WV¯µ Intg(y0)





0bÃ Ã Qvà51
OÕ³X¢¤º

y0 =
X �,�d� − µ − σ2

λ0

σ

0bÃ Ã Û Ô51
Ó_QcÓ



l98Gò98\[�� f�
�
^fxÿøºt�xÿ	���Y·o�����y��fxÿ][gf:�|ýw·N¸�¸xþhf:�¡
^[,¼0� �if�¼^f ���������4ÿ	�jf?l98

HJILKNM Ã Ã ÓÞF�OQÖ�Î�Ð�g#j X ÓSÔbÕ ~ cfi#lSkä�fZ\n`jYil�_0g#j F lnmþ�po
= µX¿!RdO��j�Ñ¢¤±»µX°!R!±d¸¹ª¤Ép¿PO�«¾¥¨µX°q0bÃ Ã Qvà21 ±yO�ÆÇµX¡�£¼¿j±»¢�� Ã� O¦Ü�¶X¿j¡�¢wÃ Ã ÓÞF £"µX°`«¾¡�¢�Ép¿j¢¼±d¸¹¥¨°p«�¡�µb®j¿jº´«¾¥»µ¬°7®j¢�±yO"ÆÇ¡TO¬º¤«�¥»µX°7®9¸Ìª¤³Xª¤°j¢©£"¢©°`«TRf®µX°`«²±yO¦�j¡�¢¤£¦¥¨§©¡�¢¥»°`«�¢©¡WO�º¤«¾¥¨µX°Í¢_R½«!«�¡�§iR!ª¤±yOQR½«¾¥¨Éb¿¢f¥¨°j®j¿j¥�«�¿j°j¢hº¤µX¿j¡�·¿j¡�¢f®j¢h±yOÏ�PO¬¡½«¾¥¨¢�®j¡�µX¥�«¾¢�®j¢h±XO¼®j¥XR½«¾¡�¥¨·j¿«�¥»µX°M®j¢iR

��¿jº´«¾¿PO~«¾¥»µ¬°ZR¼®j¢
X �,�d� ÃUÄ ¢¤º©¥�¢ Â �j±»¥¨Éb¿¢M�ÑµX¿¡�Ép¿jµX¥w¿j°ÃOÞ��¿ZR½«¾¢©£"¢©°`«�¢ Â �,µX°j¢¤°`«¾¥»¢¤±�®j¢Mº¤¢¤«�«�¢M£Ý�¤£¦¢º©µ¬¿j¡�·,¢Ú®j¥zª¯ª¤¡�¢GR�¿j¥�³�O¬°`«Ù±yORr©µX°¢�R�¿¡�±»¢¤Ép¿j¢©±b¥»±p¢_R½«Ù¢Yª¯¢¤º¤«¾¿ª Ã = µX¿ZR)RTOÕ³XµX°ZR�Éb¿¢Ú±»¢iR�®j¢¤¿ Â ¶Xª©°jª¤¡WO�«�¢©¿j¡�R

HJILKNM Ã Ã Ó_Q0O×Îy]`_Y[bl{]�Ýai#[b]dcfeåg#j�nph´VYnzZf_Y[^]dRY]L[|V"�dPs]�Ýa¨�nLn�jY[�����P��WjY[ � £ 1018 eV
jY[�£

1020 eV

Ó_QvF



���������4ÿ	�jf?l98 l98Gò98�[�� f�
�
^fxÿøº¡�xÿ	�A�Y·o�����y�sf�ÿ`[gfJ��ýw·N¸�¸�þhfJ�t
^[�¼�� ��f�¼Uf
ÒPO¬®¡�µX°j¥¨Ép¿j¢_Ryº©µX£"�PO¬¡�ª_R�®ZO¬°ZR�±XO!«WO¬·j±»¢:Ã Ã Ó °9¸Ì¿«�¥»±»¥MR�¢¤°p«Ø�PO�R�±»¢iR�£<�©£"¢_RØ®j¥XR½«¾¡�¥»·j¿«�¥»µX°!RØ®¯¸¹¥¨°jª©±XOQR�«�¥»º©¥�«¾ª0�º´Æ Ã Ü�¶ Ã Ã Ã ÓtQ51 ÃæÄ ¢¤±yO¼º¤µX°j®j¿j¥�«!ÅÏ¿j°j¢�º©µ¬¿j¡�·j¿¡�¢h®j¢h±yO��ZO¬¡�«�¥»¢�®j¡�µX¥¨«�¢²®j¢�±yO¼º¤µX¿j¡�·Ñ¢h®j¥zª¯ª¤¡�¢©°`«�¢��ÑµX¿¡±»¢iR�®j¢©¿ Â ¶Xª©°ª©¡WO~«¾¢©¿¡TRÊÒPO¬®j¡�µX°j¥¨Éb¿¢_RÊ¢¤«Ê®jµ¬°jº�®j¢_R�³�O¬±¨¢©¿j¡�R�®j¢�±Ë¸�OÞ��¿ZR½«¾¢©£"¢©°`«!®j¥zª¯ª¤¡�¢©°`«�¢_R�£xO¬±»¶X¡�ª²±»¢ÆrO¬¥�«�Ép¿9¸¹¥¨±4R�µX¥�«�ÆrO¬¥�«�R�¿j¡Ê±XO�£<�©£"¢�r©µ¬°j¢ Ã� O�Üj¶X¿j¡�¢0Ã Ã Ó_Q £¦µX°`«�¡�¢hÉp¿j¢�±XOÏÆÇ¡TO¬º¤«�¥»µX°.®9¸Ìª¤³¬ª©°j¢¤£¦¢¤°p«TR²Ép¿POQR�¥y¥¨°jª©±XOQR�«�¥»Ép¿j¢_RÊ¢iR�«^�j±»¿ZRÊ�,¢¤«�¥¨«¾¢h®PO�°ZRú ¥¨·pÁb±¨±¬Ép¿j¢\®PO¬°ZRyehg ú i¬¢¤«©Õ®jµX°j°ZO¬°`«%O�¥»°ZR�¥¬�j±¨¿ZRA®9¸Ì¥»£"�ÑµX¡½«�O¬°º©¢UÅ�±yO��ZO¬¡�«�¥»¢Ù�j¿¡�¢©£"¢©°`«Ø¢ Â �,µX°j¢¤°p«�¥»¢¤±»±»¢º©¢!Ép¿j¥�«¾¢¤°j®MÅh®j¥»£"¥»°p¿j¢¤¡U±yO²³�O¬±»¢¤¿j¡\®j¿ ·j¥XO¬¥XRR0Çº©µX°!R�«�O�°p«�¢

χ
®ZO¬°ZR

Λ VL��s = χ λ ³¯® r � ±´® 1 ®ZO¬°ZR ú ¥»·`Áb±»±��PO�¡¡WO��j�Ñµ¬¡�«!Å"ehg ú i¬¢´« Ã¬ ��j±»¥¨Éb¿µX°ZR�£xO¬¥»°`«¾¢¤°PO¬°`«Ê±yO�ÆÇµ¬¡�£¼¿j±¨¢o� R�¿j¡Ê±»¢iR�®jµX°j°ª©¢_R�R�¥¨£¼¿j±¨ª©¢_R�3

H:ILKNM Ã Ã Ó Û O éÙt{i@_Y[|jYXØjYeW[�g#jU_�q�iWRY[^i%Z\[^]dcfe)_mg#jju�X<Zru@�
� ¸�OÞ��¿!R�«¾¢¤£¦¢¤°`«�¡�¢¤°`³XµX¥¨¢7¿j°¢7³�O¬±»¢¤¿j¡�®j¢

λ ³¯® r � ±´® ®j¢ 46.3 g.cm−2
R�µX¥�«¦Å

1.5 %
�j¡�§_R¦±yO<³QO�±»¢©¿¡¿«�¥»±»¥MR�ª¤¢¦�PO�¡�±yO�R�¥»£�¿j±yO�«�¥»µX°v0

47.0 g.cm−2 1 Ã � ±bO¬�j�ZO¬¡WO��¨«�®µX°jº�Ép¿j¢M±XO.ÆÇµX¡�£¼¿j±»¢Ý� ¢´«Ï±Ë¸�O¬�j�j¡�µcº�Ò¢¿«�¥»±»¥MR�ª¤¢U�ÑµX¿¡Ø±d¸¹ª¤°jµX°jº¤¢©¡�O¬�j�,µX¡�«�¢©°`«Ø¿j°j¢w¢ Â �j±»¥¨ºeO�«�¥»µX°��ÒpÁ\R�¥»Ép¿j¢bO�¿�·j¥XO¬¥XRA¢ Â ¥MR�«WO¬°`«�¢¤°p«�¡�¢×±Ë¸�O¬�j�j¡�µcº�Ò¢
R�¥¨£¦�±»¢²®9¸Ì¿j°j¢h¢ Â �,µX°j¢¤°`«¾¥»¢¤±»±¨¢�¢¤«!±yO�³�O¬±¨¢©¿j¡�¡�ª©¢©±¨±»¢¤£¦¢¤°p«Ê¿c«¾¥»±¨¥XR�ª©¢ Ã¬ ��j±»¥¨Éb¿µX°ZRh±Ë¸Ìª©Ép¿PO�«�¥»µX°v0bÃ Ã Qvà21 R�¿j¡f±»¢iRP®jµ¬°j°jª©¢iR�¢ Â �,ª©¡�¥»£"¢©°`«�O�±»¢_R���±�ÁX¢iRm�ÙÁX¢iR~O�Üj°�®9¸Ì¢_R½«¾¥»£"¢©¡h±XOR�¢¤º¤«�¥»µX°.¢«Ì"ºeO�º©¢fº©µ:R�£¦¥¨Éb¿¢KO¬¥»¡ Ã= µX¿!R.�,µX¿³¬µX°ZRÍº©µ¬°ZR�«WO�«¾¢¤¡�R�¿j¡Í±yOÐÜ�¶X¿j¡�¢ãÃ Ã Ó:Y Ép¿j¢Î±¨¢_R�OÞ��¿!R�«¾¢¤£¦¢¤°`«WR>R�µX°`«Í®j¢<«¾¡�§_RM·,µX°j°j¢iRÉp¿PO¬±¨¥¨«¾ªiR{O¬¿J³c¿¢7®j¿

χ2/
°®j± Ã � ±�R�¢©£¼·j±¨¢©¡TO¬¥¨«ÏÉp¿j¢.±yOWÆÇ¡TO¬º¤«�¥»µX°5®9¸Ìª¤³¬ª©°j¢¤£¦¢¤°`«WR�¥¨°jª©±XOQR�«�¥»Ép¿j¢_RÏ¡�¢_R½«¾¢R�¢¤°ZR�¥¨·j±»¢¤£¦¢¤°`«^¥¨®j¢©°`«�¥»Ép¿j¢f¢©°ÍÆÇµX°jº¤«�¥»µX°.®j¢h±Ë¸Ìª©°¢©¡�¶¬¥»¢ Ã,Ä ¢´«�«�¢f³�O¬±¨¢©¿j¡�R�¢©£¼·j±¨¢f«�µX¿«�¢¤ÆÇµX¥MR�¿j°7�,¢©¿7�j±»¿!R¶X¡TO¬°j®j¢hÉp¿j¢h®PO¬°ZRÊ±XO{R�¥»£¼¿±yO�«�¥»µX°w0 ¬ � [�� úyx ehg ú i¬¢´« 1 Ã

= µX¿!R ¡�¢¤£�O�¡�Ép¿jµX°ZR¤Êº©µX°`«¾¡�¢Ð«�µX¿«�¢ÒO�«�«¾¢¤°p«�¢¬!Ép¿j¢�±XO R�¢©º´«¾¥»µ¬° ¢«Ì"º_O¬º©¢�º©µ:R�£¦¥¨Éb¿¢´È O�¥»¡�R�¢¤£¼·j±¨¢®j¥¨£¦¥¨°b¿¢©¡�OÕ³X¢¤ºP±d¸¹ª¤°j¢©¡�¶X¥»¢Z0Çº¤Æ Ã Üj¶ Ã Ã Ã Ó¦�51 Ã�Ä ¢©±yOÏ�,¢©¿«��´«¾¡�¢h®jî7Å�3
O ¿j°¢f®ª©º©¡�µX¥XR�RWO¬°º©¢f®j¿7°µX£¼·j¡�¢�®9¸¹ª¤±»ª¤£¦¢¤°p«TRÊ±»µX¿j¡�®ZR8OÕ³X¢¤ºP±d¸¹ª¤°j¢©¡�¶X¥»¢^

Ó_Q7Q
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�
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HJILKNM Ã Ã Ó:Y�O Îo]`_Y[^l{]�Ýai[^]dcfeìg#j X Ó=ÔbÕ £ < E >= 4 1017 eV
Ñ
7.5 1017 eV

jY[
2 1018 eV

��ÎmcfeWe=VUjU_
Ð�n ¨ájWh _²�J¨@j

O ±XO¦®jª¤º©¡�µ¬¥XRTRTO¬°jº¤¢¼®9¸Ì¿j°j¢¼¡�ª_R�µ¬°PO¬°jº¤¢*OÕ³X¢©ºÏ¿°W£�O Â ¥¨£¼¿j£;¢¤°p«�¡�¢ Y ¢¤« F�Ô Z ¢$zL®PO¬°ZR^±»¢�º¤¢©°`«¾¡�¢®j¢h£xOQRTR�¢ Ã

HJILKNM Ã Ã Ó¦�AO PSjURY[^]dcfetj|{�RpZ#RUj�RUc¦_YXw]^èaiWj�Z\]LlN�a_�VYe=jYlbk\]dj��d��etcflpg\l�j�g�h Z ~á~ Z\l{]L[^]dcfe~}���k\Ñ^����Ñ��C�ÑU�7��� �
¬ ¿.³b¿ ®j¢iR�·PO¬¡�¡�¢iR^®9¸Ì¢©¡�¡�¢¤¿j¡TR¤Ñ¥¨±A¢_R�«^�,µ:RTR�¥»·j±¨¢f®¯¸¹¢ Â «�¡WO¬�,µX±¨¢©¡!¿j°j¢�R�¢©º´«¾¥¨µX° ¢YÌ¦º_O¬º©¢Pº©µX°!R�«�O�°p«�¢�OÕ³¬¢©º
� Ã � ±4R�¢¤£¼·j±»¢�®¥²Ì"º©¥¨±»¢¬cº©¢¤�Ñ¢¤°j®PO¬°`«Õæ®j¢h®j¥¨¡�¢�Ép¿9¸Ì¢©±¨±»¢hº©µX°`«�¥»°p¿j¢fÅ{O¬¿j¶X£"¢©°`«¾¢¤¡ Ã

Ó_Q Û



���������4ÿ	�jf?l98 l98Gò98�[�� f�
�
^fxÿøº¡�xÿ	�A�Y·o�����y�sf�ÿ`[gfJ��ýw·N¸�¸�þhfJ�t
^[�¼�� ��f�¼Uf
�����i'� �� �,Æ ���
� O¼�j¡�¢¤£¦¥¨§©¡�¢^�PO¬¡½«¾¥»¢^®j¢²º¤¢²º�ÒPO¬�j¥�«¾¡�¢�O��,¢©¡�£"¥XRw®j¢²£"µX°`«¾¡�¢©¡ÚÉp¿9¸�OÕ³X¢¤ºf±d¸¹ª¤°j¢©¡�¶X¥»¢�c±¨¢��j¡�µ¬Ü�±Ñ±»µX°j¶¬¥�È«¾¿®j¥»°PO�±�®9¸¹¿°j¢^¶¬¢©¡�·,¢!ÒPO¬®j¡�µX°j¥»Ép¿j¢Ê«¾¢¤°j®PO¬¥�«wÅf®j¢´³X¢¤°j¥»¡×®j¢Ê«�Ác�,¢�ª¤±»¢¤º¤«¾¡�µX£xO¬¶X°jª´«¾¥»Ép¿j¢e0n³X¢¤¡TR

50 TeV
1�j¿j¥MR^Ép¿9¸Ì¥»±�ª´«�O¬¥�«^�,µ:R�R�¥»·±»¢h®j¢f®jª©¡�¥¨³X¢¤¡�®9¸Ì¿j°j¢�O¬�j�j¡�µcº�Ò¢(R�¥»£"�j±»¢��¿j°j¢f¢ Â �j¡�¢iRTR�¥»µX°W®µX°j°PO¬°`«�±yO��j¡�µ�ÈÆÇµX°j®¢©¿j¡Ê£xO Â ¥»£xO¬±»¢!®j¢f±yO¼¶X¢¤¡�·,¢ Ã� O�R�¢©º¤µX°j®j¢!�PO¬¡½«¾¥»¢Ê®j¢Êº¤¢^º�ÒPO��j¥¨«�¡�¢�Of�,¢©¡�£¦¥MR©`Åh�PO¬¡½«¾¥¨¡U®j¢Êº©µX°ZR�¥»®jª¤¡WO�«�¥»µX°��jÒ`Á\R�¥¨Ép¿j¢¬b®9¸Ì¥»°`«¾¢¤¡��j¡�ª¤«¾¢¤¡±»¢iR���¿º¤«¾¿ZO�«¾¥¨µX°ZRÚ®¢

X �,�d� ¢´«�®9¸Ì¢©°Í¢ Â «�¡WO¬¥¨¡�¢^¿j°j¢²¶X¡TO¬°j®j¢¤¿j¡Úº¤µX£"£¦¢!±yO�R�¢©º´«¾¥¨µX°M¢«Ì"ºeO�º©¢�º©µQR�£"¥»Ép¿j¢´ÈO¬¥¨¡8O¬¥»°ZR�¥AÉp¿j¢�±XO��¡�µX�,µX¡�«�¥»µX°Í®9¸Ì¥»°`«�¢©¡WO�º¤«¾¥¨µX°ÍÉp¿POQR�¥ È�¥¨°jª©±XOQR�«�¥»Ép¿j¢¬®jµX°j°PO�°p«�O¬¥¨°ZR�¥A¿j°>R�¢¤°ZR��ÒpÁ\R�¥»Ép¿j¢ÅÏ±yOÏº©µ¬°ZR�«WO¬°`«¾¢
χ
R�µ¬¿³X¢¤°p«^¿«�¥»±»¥MR�ª¤¢²£�O�¥XR�¥»°`«�¡�µb®j¿j¥¨«�¢²®j¢�ÆrO\�¤µX° ¬ ®7Òjµbº Ã

Ó_Q2Y
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�
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# 8LG&:J@��&CM)98LG C��>- @A% :58LB ' 8LCM),+7)98HG '&-7)AB %()9-7/

i¬¢hº©µX°jº¤±»¿j¡TO¬¥9º¤¢f«�¡WOÕ³�O¬¥»±�R�¿j¡Ê±Ë¸Ì¥»®¢©°`«¾¥�Ü�ºeO�«�¥»µX° �PO¬¡Ê±»¢iR�¡�¢©£xO¬¡�Éb¿¢_R8R�¿j¥�³�O¬°`«¾¢_Re3
O ±¨¢_R¼�j¡�¢©£"¥»§¤¡�¢_R�O¬°PO¬±�Á\R�¢_RÏº¤µX°jº¤¢©¡�°ZO¬°`«�±Ë¸Ì¢ Â «¾¡TO¬º¤«�¥»µX°�®j¿J°jµX£¼·j¡�¢ ®j¢M£�¿jµX°ï®PO�°ZRÏ±»¢iR�®jª´«¾¢©ºþÈ«�¢©¿j¡�R�®j¢{R�¿j¡½ÆrO¬º©¢Ï¥¨°j®j¥»Ép¿j¢¤°`«hÉb¿¯¸¹¥¨±Ù¢_R½«h�Ñµ:R�R�¥¨·j±»¢¼®¯¸¹¢ Â «�¡WO¬¥¨¡�¢Ï±¨¢©¿j¡²°µX£¼·j¡�¢{O¬·ZR�µ¬±»¿�OÕ³X¢¤º"¿°j¢¡�ª_R�µ¬±»¿«�¥»µX°�®j¢!±Ë¸ÌµX¡�®¡�¢Ê®j¢

10 % Ã � ¸�O¬�j�j±¨¥»º_O�«¾¥¨µX°Ï®j¢!º©¢¤«�«¾¢^£¦ª´«¾Òjµb®j¢8R�¿j¡×±»¢iRw®µX°j°jª¤¢_RÚ®¢ F¬Ô¬Ô Ûº¤µX£¦�ZO¬¡�ª¤¢_R*O¬¿ Â R�¥»£¼¿j±XO�«¾¥¨µX°ZRKR�¢¤£¼·j±¨¢ ¥»°®j¥»Ép¿j¢¤¡�R�«WO�«¾¥MR�«�¥»Ép¿j¢©£"¢©°`«�±yO7�¡�ª_R�¢©°jº¤¢Í®j¢��j¡�µ¬«¾µX°!R�,µX¿j¡P¿j°j¢Mª©°¢©¡�¶¬¥»¢�£"µÀÁX¢©°°j¢�®j¢
1019 eV

¢©°ÃO¬º¤º©µX¡�®ÃOÕ³X¢©ºÍ±¨¢_R�¡�ª_R�¿j±¨«WO�«WR¼µ¬·«¾¢¤°b¿!RÏ®PO¬°ZRÏ±¨¢º�ÒPO��j¥¨«�¡�¢ 6 
O ±XOÊº¤µX¡�¡�ª©±XO�«¾¥¨µX°�®j¢\¶X¡WO�°j®j¢©¿¡yº¤µX£¦£"¢U±yO�R½«¾¡�¿º¤«¾¿¡�¢\«¾¢©£"�,µX¡�¢¤±»±»¢�®j¿(R�¥»¶X°ZO¬±X®PO¬°!Ry±¨¢_R�®jª¤«�¢©º´«¾¢©¿¡TR®j¢�R�¿j¡½ÆrO¬º©¢KOÕ³X¢¤º

X �,�d� £"µX°`«¾¡�¢²Ép¿9¸Ì¥»±¯¢iR�«��,µ:R�R�¥»·±»¢�®¢�¡�¢©£"µX°`«¾¢¤¡�Å¼±XO��j¡�µ�ÆÇµX°j®j¢¤¿j¡�®j¿M£xO Â ¥�È£¼¿£ ®j¢�±XOf¶X¢¤¡�·,¢�¢´«bO¬¥¨°ZR�¥æ£¼¿±¨«¾¥¨�j±»¥¨¢©¡Ù�ZO¬¡ ÓÕÔXÔ ±XO�R½«�O�«�¥XR�«�¥»Ép¿j¢!®j¥XR��Ñµ¬°j¥»·j±¨¢8R�¿j¡w±»¢_R×Ò`Áb·j¡�¥¨®j¢_R Ã� ¢_Rh¡�ª_R�¿±¨«�O~«WRh�j¡�ª¤±»¥¨£¦¥¨°PO¬¥»¡�¢_RdR�¿j¡h±Ë¸Ìª¤³¬µX±»¿c«¾¥»µ¬°<®j¿�£xO Â ¥»£�¿j£¼OÕ³X¢¤º¦±d¸¹ª¤°j¢©¡�¶X¥»¢Ï¥¨°j®j¥¨Éb¿¢©°`«f¿j°º�ÒPO�°j¶X¢©£"¢©°`«Ú®j¢�º¤µX£¦�,µ:R�¥¨«¾¥¨µX°"®j¿�R��Ñ¢¤º¤«¾¡�¢¬c�POQRTRTO¬°`«�®9¸Ìª©±¨ª©£"¢©°`«WRw±»µX¿j¡�®ZRlO¬¿«¾µ¬¿j¡
3 1017 eV

Å±¨ª©¶X¢¤¡TR�³X¢¤¡TR
5 1018 eV ÃÑÄ ¢¤«�«¾¢f£¦ª´«¾Òjµb®j¢�R�¢©¡WO"�j¿j·j±¨¥»ª¤¢�R�µX¿ZRÊÆÇµX¡�£¦¢�®9¸Ì¿j°j¢fº©µ¬°p«�¡�¥¨·j¿«¾¥¨µX°.Å"±XOF\à «¾Ò � °`«¾¢©¡�°PO�«�¥»µX°PO�± Ä µ:R�£"¥»ºh[�OÕÁ Ä µX°ÆÇ¢¤¡�¢¤°jº©¢fÉp¿j¥�O¬¿j¡TO�±¨¥»¢¤¿.¢¤° � °®j¢h¢©° ¬ µXî« F¬ÔXÔ5Y O ±XOÊ¡�ª©¥¨°p«�¢©¡��j¡�ª´«�O�«�¥»µX°h®j¢iRØ®µX°j°jª¤¢_R�®¢×±d¸¹¢ Â �Ñª¤¡�¥»¢¤°jº©¢:��±�Á,¸�R��ÙÁX¢×�PO¬¡�±»¢U£"µb®j§©±¨¢U®jª¤³¬¢©±»µ¬�j�Ñª\®PO�°ZR±¨¢Ú®j¢¤¡�°j¥¨¢©¡�º�ÒZO¬�j¥¨«�¡�¢w¥»°j®j¥¨Ép¿j¢ÚÉp¿j¢�±XOdR�¢©º¤«�¥»µX°Ï¢YÌ"ºeO¬º¤¢�®j¢��j¡�¢©£"¥»§¤¡�¢Ú¥¨°`«¾¢©¡TO¬º¤«�¥»µX°Pº©µ:R�£¦¥¨Ép¿j¢´È O¬¥»¡

R�¢©£¼·j±¨¢^®¥»£"¥»°p¿j¢©¡lOÕ³X¢¤º²±Ë¸Ìª©°j¢¤¡�¶X¥¨¢ ÃcÄ ¢�¡�ª_R�¿j±¨«WO�«Ú�,¢©¿c«§�¤«�¡�¢^®jîMÅ�±XOf®jª¤º©¡�µX¥XR�RWO¬°jº¤¢²®j¿�°µX£¼·j¡�¢®9¸Ìª©±¨ª©£"¢©°`«WRM±¨µX¿j¡�®ZR�OÕ³X¢¤º�±d¸¹ª¤°j¢©¡�¶X¥»¢ Ã i¬¢<¡�¢iR�«�¢©¡WO�¥Ë�£xO¬±»¶¬¡�ª.±»¢WÆrO¬¥�«�Ép¿j¢Îº©¢iR.¡�ª_R�¿j±¨«WO�«WR�R�µX°`«º¤µXÒjª©¡�¢©°`«WR�OÕ³X¢¤ºw±¨¢_RA¡�ªiR�¿j±�«�O�«TRA®j¢_R F º�ÒPO¬�¥¨«¾¡�¢_R��j¡�ª©º©§¤®j¢©°`«TR©~�j¡�¿j®¢©°`«wR�¿j¡�±»¢¤¿j¡A¥»°`«�¢©¡��¡�ª¤«WO�«¾¥¨µX° Ã

Ó_Q26
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# 8LG&:J@��&CM)98LG

¬ ¿f��µ¬¿j¡�®9¸ÌÒp¿j¥Ë~±»¿°j®j¥ Ó Û^ÆÇª´³b¡�¥»¢¤¡ F�ÔXÔ5Y À±d¸¹µX·!R�¢©¡½³�O�«¾µX¥¨¡�¢ Ë ¥»¢¤¡�¡�¢ ¬ ¿¶X¢©¡y®j¥XR��Ñµ:R�¢Ú®j¢ �2QÓ ®jª¤«�¢©º´«¾¢©¿¡TR®j¢�R�¿j¡�ÆrO¬º¤¢hµX�Ñª¤¡WO�«�¥»µX°°j¢©±MRÚ¢¤«Ê®¢ ÓÞF «¾ª¤±»¢_R�º©µX�,¢_R¤��Ñ¢¤¡�£"¢¤«�«�O¬°`«�¿j°¢KO¬º©Ép¿j¥MR�¥¨«�¥»µX° ¢©°Í£¦µb®j¢²Ò`Áb·j¡�¥»®j¢ Ã= ¸�OÕÁ9O¬°`« �POQR º¤¢_R�R�ªW®j¢7º©¡�µ\�»«�¡�¢.®j¿j¡WO�°p«¦±Ë¸�O¬°j°ª©¢ F¬ÔXÔ Ûj\¥¨±8O¬¿j¡WOÐ�Ñ¢¤¡�£"¥XR�®j¢7¡WOQR�R�¢©£�·j±»¢¤¡¦�j¡�§_R¦®j¢ÓÀÔXÔ¬ÔXÔXÔ ª¤³¬ª©°j¢¤£¦¢¤°p«TR�¢©°¦£¦µb®j¢8R�¿j¡½ÆrO¬º©¢^¢¤«w�j¡�§iRÚ®j¢ ÓÀÔXÔ¬Ô ª´³Xª©°¢©£"¢©°`«WR�¢¤°�£"µc®j¢ÊÒ`Áb·j¡�¥¨®j¢ Ã � ±æ¡�¢¤�j¡�ªþÈR�¢¤°`«¾¢�O�¿f��µX¿j¡�®9¸¹Òp¿j¥\±¨¢"�±»¿ZRf¶X¡WO�°j®�®ª¤«¾¢¤º¤«�¢©¿j¡P®j¢¦¡TOÕÁXµX°ZRPº©µ:R�£¦¥¨Ép¿j¢_R�O¬¿�£¦µX°®j¢�¢¤«�O¬¿j¡WOÍ�,¢©¡�£"¥XR®9¸Ìª©¶9O�±»¢©¡Ú¢©°M£"µX¥»°ZRw®9¸Ì¿j°>O¬°M®j¢²ÆÇµX°jº´«¾¥¨µX°j°j¢¤£¦¢¤°p«�±»¢�°µX£¼·j¡�¢�®9¸¹ª´³Xª¤°j¢©£"¢©°`«WRÊ¢¤°j¡�¢¤¶X¥XR½«¾¡�ªiR��PO¬¡�±d¸¹¢ Â È�,ª©¡�¥¨¢©°jº¤¢���±¨Á,¸éRA�UÁ¬¢P®¿j¡WO¬°`« ÓÀÔ O¬°ZR Ãâ�O¬±¨¶X¡�ª²«�µX¿«©�®j¢h°jµX£¼·j¡�¢©¿ZR�¢_RdO¬°j°jª¤¢_R!®j¢h�j¡�¥MR�¢h®j¢h®jµX°°jª©¢iR^¡�¢_R�«�¢©°`«²°ª©º©¢iRTRTO¬¥»¡�¢_R!¢©°Í³c¿¢P®j¢h�,¢©¡kÈº©¢¤¡�±Ë¸Ìª©°¥»¶X£"¢^®¢_R�¡WOÕÁ¬µX°ZR�º©µQR�£"¥»Ép¿j¢_R Ã e²¿j¢¤±»±»¢iR�R�µX°`«Ê±»¢©¿¡TR�R�µX¿j¡�º©¢_R¤�±»¢¤¿j¡TRw°PO�«¾¿¡�¢_R�¢´«�º©µ¬£¦£"¢©°`«bR�¢�j¡�µX�PO¬¶X¢¤°`«�È�¥¨±XRsÁ ¬ ¿«�O¬°`«U®¢�Ép¿j¢_R½«¾¥»µ¬°ZRvO¬¿ Â Ép¿j¢©±¨±»¢iRÙ®j¢¤³b¡TO²¡�ª©�,µX°j®¡�¢�±d¸ ß ·ZR�¢©¡�³�O�«�µX¥»¡�¢ Ë ¥»¢¤¡�¡�¢ ¬ ¿j¶¬¢©¡©®j¢iR�«¾¥¨°jªfÅ¼ÆÇµX°jº¤«�¥»µX°°j¢©¡��j¡�§_R!®j¢ F¬Ô O¬°ZR Ã
�U°�O�«�«�¢©°j®ZO¬°`«�±Ë¸Ì¥XR�R�¿j¢f®j¢�º¤¢¤«�«¾¢¼¶X¡TO¬°j®j¢(OÕ³X¢¤°p«�¿j¡�¢Ï¥¨°j¥¨«�¥»ª¤¢f�ZO¬¡Rz�¥»º´«¾µX¡ ] ¢iRTR²¢´« Ë ¥»¢¤¡�¡�¢ ¬ ¿j¶¬¢©¡©µX°Í�,µX¿j¡�¡TOÏ¡�¢¤«�¢©°j¥¨¡Ê�j±»¿ZR�£"µb®j¢_R½«¾¢©£"¢©°`«!®j¢hº©¢´«�«�¢h«�Òj§_R�¢P±¨¢_R��,µX¥»°`«TR�R�¿j¥�³QO�°p«TRS3
O ±XO¼£¦ª´«¾Òjµb®j¢�®j¢h£"¢_R�¿¡�¢h�j¡�µ¬�Ñµ:R�ª©¢��¿«¾¥¨±»¥XRTO¬°`«�±yO¼®ª_R�¥¨°`«¾ª©¶¬¡WO�«�¥»µX°Í®j¢iR!£�¿jµX°ZRÊ®PO¬°!R!±¨¢²®jª´«¾¢©ºþÈ«�¢©¿j¡¤:O�º¤µX°j®j¿j¥�«\Å�®j¢iRU¡�ªiR�¿j±�«�O�«TR�£"µX°`«¾¡WO�°p«ÙÉb¿¯¸¹¥¨±c¢iR�«\�,µ:RTR�¥»·j±¨¢Ú®j¢�£"¢_R�¿j¡�¢¤¡Ù±yO!ÒPO¬¿«�¢©¿j¡�®9¸¹¢_O¬¿
OÕ³X¢¤º^¿°j¢Ê�j¡�ª¤º©¥XR�¥»µX°�®j¢Ê±d¸¹µX¡�®j¡�¢�®¢

5 % ÃpÄ ¢´«�«�¢!£"ª¤«�Òjµb®j¢Ê¢_R�«×¢¤°¦º¤µX¿j¡TR\®j¢Ê®jª¤�j±»µ¬¥»¢©£"¢©°`«U®ZO¬°ZR±¨¢�¡�ª_R�¢eO¬¿�
O ±d¸¹¢ Â �,ª©¡�¥»¢¤°jº©¢�£"¢©°jª¤¢6R�¿j¡h±»¢�®jª´«¾¢©º´«¾¢¤¿j¡P®¢6R�¿j¡�ÆrO�º©¢"®j¥XR��ÑµX°¥»·j±¨¢ÏÅ ß ¡�RWOÕÁêOM�Ñ¢¤¡�£"¥XR��,µX¿j¡�±XO�j¡�¢©£"¥»§¤¡�¢�ÆÇµX¥MRÙ®j¢Ê«¾¢_R½«¾¢¤¡×±XO²¡�ª¤�ÑµX°!R�¢!®j¿¦®ª¤«¾¢¤º¤«�¢©¿j¡wÅ�®j¢_R×�PO¬¡½«¾¥»º¤¿j±»¢iRvO¬¿«�¡�¢_R\Ép¿j¢Ê®j¢iRw£¼¿µX°ZR ÃÄ ¢´«�«¾¢^¢ Â �,ª©¡�¥¨¢©°jº¤¢�Of�Ñ¢¤¡�£"¥XR\®9¸�OÞ��¿ZR�«�¢©¡w�j±»¿ZR\Ü�°j¢¤£¦¢¤°`«�±»¢iRw�ZO¬¡WO¬£"§¤«�¡�¢iRw®j¢iR�R�¥»£¼¿j±XO�«¾¥¨µX°ZRU®j¢iR®jª´«¾ª¤º¤«¾¢¤¿j¡TR!®j¢KR�¿¡�ÆrO¬º¤¢^
O ±¨¢_R��j¡�¢©£"¥»§©¡�¢_RKO¬°ZO¬±¨Á\R�¢iRhº©µX°jº¤¢©¡�°PO¬°`«�±d¸¹¢ Â «¾¡WO�º¤«¾¥¨µX°<®j¿Ð°jµX£¼·¡�¢Ï®j¢�£¼¿jµ¬°ZR�®PO¬°ZRh±¨¢_R�®jª´«¾¢©ºþÈ«�¢©¿j¡�R�®j¢{R�¿j¡½ÆrO¬º©¢Ï¥¨°j®j¥»Ép¿j¢¤°`«hÉb¿¯¸¹¥¨±Ù¢_R½«h�Ñµ:R�R�¥¨·j±»¢¼®¯¸¹¢ Â «�¡WO¬¥¨¡�¢Ï±¨¢©¿j¡²°µX£¼·j¡�¢{O¬·ZR�µ¬±»¿�OÕ³X¢¤º"¿°j¢¡�ª_R�µ¬±»¿«�¥»µX°�®j¢!±Ë¸ÌµX¡�®¡�¢Ê®j¢

10 % Ã � ¸�O¬�j�j±¨¥»º_O�«¾¥¨µX°Ï®j¢!º©¢¤«�«¾¢^£¦ª´«¾Òjµb®j¢8R�¿j¡×±»¢iRw®µX°j°jª¤¢_RÚ®¢ F¬Ô¬Ô Ûº¤µX£¦�ZO¬¡�ª¤¢_R�O�¿ Â R�¥»£�¿j±yO�«�¥»µX°!R*R�¢©£�·j±»¢7¥»°j®j¥¨Ép¿j¢©¡6R�«WO�«¾¥MR�«¾¥¨Ép¿j¢©£"¢©°`«�±XOÐ�¡�ª_R�¢©°jº¤¢<®j¢ �¡�µ¬«�µX°�,µX¿j¡�¿j°¢fª¤°j¢©¡�¶X¥»¢h£"µÀÁX¢©°°j¢P®¢
1019 eV


O ±XOÍº¤µX¡�¡�ª©±XO�«¾¥¨µX°<®j¢�¶X¡WO�°j®j¢©¿¡fº¤µX£"£¦¢Ï±XO�R½«¾¡�¿jº¤«�¿j¡�¢�«¾¢¤£¦�,µX¡�¢¤±»±¨¢¼®j¿ÒR�¥»¶X°ZO¬±Ù®PO¬°!Rf±¨¢_Rh®jª´«¾¢©ºþÈ«�¢©¿j¡�R¦®j¢�R�¿j¡½ÆrO¬º©¢�OÕ³X¢¤º

X �,�d� £¦µ¬°p«�¡�¢ÍÉp¿9¸Ì¥»±Ê¢_R½« �,µ:RTR�¥»·j±¨¢7®¢7¡�¢©£"µX°`«¾¢©¡¦ÅÎ±yOÎ�j¡�µ¬ÆÇµ¬°j®j¢©¿¡®j¿7£�O Â ¥¨£¼¿j£ ®¢�±yO�¶X¢¤¡�·,¢P¢´«�O¬¥¨°ZR�¥�£¼¿j±�«¾¥¨�j±»¥¨¢©¡Ú�ZO¬¡ ÓÕÔXÔ ±XO6R½«�O�«�¥XR�«�¥»Ép¿j¢f®j¥XR��Ñµ¬°j¥»·j±¨¢�R�¿j¡^±»¢iRÒ`Áb·j¡�¥¨®j¢_R Ã � ¢iRP¡�ª_R�¿±¨«�O~«WRf�j¡�ª¤±»¥»£"¥»°ZO¬¥»¡�¢_R�R�¿j¡P±d¸¹ª´³XµX±¨¿«¾¥¨µX°Î®j¿ï£xO Â ¥»£¼¿£¼OÕ³X¢¤º ±Ë¸Ìª©°¢©¡�¶¬¥»¢�¥»°cÈ®j¥¨Ép¿j¢©°`«�¿°�º�ÒPO¬°j¶¬¢©£"¢©°`«�®j¢^º©µX£"�,µ:R�¥�«¾¥»µ¬°"®¿�R��,¢©º´«¾¡�¢��PO�RTRWO�°p«Ú®9¸Ìª©±»ª¤£¦¢¤°`«WRÚ±¨µX¿j¡�®ZR�O�¿«¾µX¿¡
3 1017 eV

Å�±»ª¤¶X¢©¡�R�³X¢¤¡TR
5 1018 eV


Ó_Q\à



l98Gò98\[�� f�
�
^fxÿøºt�xÿ	���Y·o�����y��fxÿ][gf:�|ýw·N¸�¸xþhf:�¡
^[,¼0� �if�¼^f ���������4ÿ	�jf?l98
O ±XO�¡�ª¤¥»°`«¾¢¤¡��j¡�ª¤«WO�«¾¥¨µX°F®j¢iR�®jµX°j°ª©¢_RM®¢W±Ë¸Ì¢ Â �,ª©¡�¥¨¢©°jº¤¢×��±�ÁÑ¸éRÒ�ÙÁ¬¢<�PO¬¡ ¿°ð°jµX¿³¬¢eO¬¿ð£"µc®§©±»¢¥¨°j®j¥»Ép¿j¢�Ép¿j¢f±yO*R�¢©º¤«�¥»µX°.¢«Ì"º_O¬º©¢f®j¢h�j¡�¢¤£¦¥¨§©¡�¢f¥¨°`«¾¢©¡TO¬º¤«�¥»µX°Mº¤µ:R�£"¥»Ép¿j¢þÈ O¬¥¨¡�R�¢¤£¼·j±»¢�®¥»£"¥»°p¿j¢©¡
OÕ³X¢¤º�±Ë¸Ìª©°j¢¤¡�¶X¥¨¢ ÃXÄ ¢�¡�ª_R�¿j±¨«WO�«Ù�,¢©¿c«��¤«¾¡�¢�®jî"Å�±XO�®jª©º¤¡�µX¥MRTRTO¬°jº©¢�®¿"°µX£¼·j¡�¢�®9¸Ìª©±»ª¤£¦¢¤°`«WRÙ±¨µX¿j¡�®!ROÕ³X¢¤ºP±d¸¹ª¤°j¢©¡�¶X¥»¢�µ¬¿ Å�±yOÏ�j¡�ª_R�¢¤°jº©¢P®9¸Ì¿j°j¢f¡�ª_R�µX°PO¬°º©¢f�cÈ���O¬¿ Â O�±»¢©°`«�µX¿j¡TRÊ®j¢

14 TeV
®PO�°ZR^±¨¢º¤¢©°`«¾¡�¢P®j¢h£xOQRTR�¢ Ã

Ó Û Ô
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� -./FB )��ù-7/ /FC"+7)AB % +7)98LG E>/ @A% ���ù8LB �J+.-7)9/ E>/
@ 2 �����FG>/DB /DG +

� ��� � � Æ �X%���" Æ È �\� '�%
� ¢��ÑµX¥¨°`«Ù®9¸Ì¥»£"�PO¬º´«Ù¢_R½«\¢_R½«¾¥»£"ª��PO�¡Ù±»¢�º¤¢©°`«¾¡�¢�®j¢�¶X¡TOÀ³b¥�«¾ª�®j¢iRzR�«WO�«¾¥¨µX°ZRzOÕÁ9O�°p«\®µX°j°jª�¿j°{R�¥»¶X°PO�±Ë�,µX°j®jª¤¡�ª©¢iR^�ZO¬¡�±yOÏ¡WO�º©¥»°¢�ºeO¬¡�¡�ª©¢h®j¿>R�¥¨¶X°PO¬±�3

Ximpact =

∑n
i=1

√
Sixi

∑n
i=1

√
Si

0 ¬ Ã Ó_1
Yimpact =

∑n
i=1

√
Siyi

∑n
i=1

√
Si

0 ¬ Ã F71
OÕ³X¢¤º�0

xi


yi
1 ±»¢iR²º©µbµX¡�®jµX°j°jª¤¢_Rh®j¢�±yO�R½«�O�«�¥»µX°

i
9¢¤«

Si

±d¸¹¥¨°`«¾ª©¶¬¡WO¬±¨¢�®j¿�R�¥¨¶X°PO¬±�®PO¬°ZR�º¤¢¤«�«�¢{R�«�O~«¾¥»µ¬°¢©°\����� Ã
� � Ä � �� e �� � �T" Æ �i' Æ ���(�\'��

ß °.º¤µX°ZR�¥»®j§¤¡�¢hÉp¿j¢h±»¢_RÚ�PO¬¡�«�¥»º¤¿j±»¢iR�®j¢�±yO¼¶X¢¤¡�·,¢�R�µX°`«Êº¤µX°`«¾¢©°p¿j¢iR�®PO�°ZR�¿j°Í�j±yO�°MÉb¿¥4R�¢h®jª©�±yO¬º¤¢Å¦±XO�³b¥�«¾¢_R�R�¢P®j¢P±XO"±¨¿j£"¥»§©¡�¢Z0ÇÜ�¶¬¿j¡�¢ 6 Ã Û 1 Ã ú µX¥�« ~k
±¨¢h³¬¢©º´«¾¢©¿¡²�Ñ¢¤¡��,¢©°j®¥»º©¿±yO¬¥¨¡�¢fÅ"º¤¢��j±XO¬°T0Ç³X¢¤º¤«�¢©¿j¡®j¥¨¡�¢©º´«¾¢¤¿j¡w®¢�±Ë¸�O Â ¢!®j¢^±XOf¶¬¢©¡�·,¢ 1 p¢¤«

~n = −~k Ã ~n OP�,µX¿j¡×º©µbµX¡�®µX°j°jª¤¢_R�0 u  v  w 1 p®PO¬°!Rw±¨¢dR½Á/R½«¾§¤£¦¢®j¢hº©µbµX¡�®jµX°j°jª¤¢_R�0�¢iR�«Õ�°µX¡�®9ZO¬±¨«�¥¨«¾¿®j¢ 1 ¢¤«!¢iR�«^°jµX¡�£"ªX3
u2 + v2 + w2 = 1 Ã

� O��j¡�¢©£"¥»§©¡�¢�R�«WO�«¾¥¨µX°F¢iR�«�«�µX¿jº�Òjª¤¢]0�¢©° Ô Üj¶X¿j¡�¢ 6 Ã Û 1 �PO¬¡ ±»¢ �±yO¬°ôO�¿F«¾¢©£"�ZR t0
Ã ß °ð¡WO¬£"§©°¢±Ë¸ÌµX¡�¥»¶X¥¨°j¢Ú®j¢iR×«�¢©£"�ZRwÅ

t0
¢¤«×±Ë¸ÌµX¡�¥»¶X¥¨°j¢�®j¢iRwº¤µcµX¡�®jµX°j°ª©¢_RGO¬¿ Â º©µbµX¡�®jµ¬°j°jª©¢iRw®¢!º¤¢¤«�«¾¢�R�«�O~«¾¥»µ¬° Ã Ë µ¬¿j¡º�ÒPO¬Ép¿j¢�R�«WO�«¾¥¨µX°¡3

ti = ti − t0
0 ¬ Ã Q21

xi = xi − x0

0 ¬ Ã Û 1
yi = yi − y0

0 ¬ Ã Y71
Ó Û Ó



�~8E¶�8 ��¸m�R[gf:�|ý � �2¸m�»�
ýJf�¸��^f��¸�¸jf^¢�f��~8t���jf:º¡�¤£��Rf¥f:�Fÿ���º¡�xÿ��Y·N¸ ý¦f¥[,�x��þ�·Aº�þxÿ	���¤f ýJfv[�� þy¹�þ�¸¦f:º�f�¸¤ÿ

k

i OM
HJILKNM ¬ Ã Ó�O×ÖJnzZ\eåg#j�k#jYl¤ÝYj

� ¢��j±yO�°M®j¢�±yO�¶¬¢©¡�·,¢²«¾µ¬¿jº�Òj¢�±yO~R½«�O�«�¥»µX°
Mi

O¬¿�«¾¢¤£¦�ZR
ti
Ã � O¼®j¥XR½«�O¬°º©¢�¢©°`«�¡�¢h±yO�R½«�O�«�¥»µX° Mi

¢¤«Ê±»¢�j±XO¬°<®j¢Ï±yO¦¶X¢©¡�·Ñ¢�Å
t0
¢_R½«

di = cti = −−−→
OMi · ~n = −xiu − yiv

Ã ß °<º©µX°j°ZO��»«�±¨¢_R ti
¢´«h±»¢iR40

xi


yi
1 Ã Ë µ¬¿j¡^®ª¤«¾¢¤¡�£"¥»°j¢¤¡ u

¢¤«
v
,¥¨±9ÆrO¬¿«^®j¢©¿ Â ª¤Ép¿PO�«¾¥¨µX°ZR Ã ú µX¥¨«!µX°7¿«¾¥¨±»¥XR�¢�±»¢iR!®¢©¿ Â R�«WO�«¾¥¨µX°ZR�OÕÁ9O¬°`«±»¢��±»¿ZR�®j¢KR�¥»¶X°PO�±^3

d1 = − x1u − y1v
0 ¬ Ã �21

d2 = − x2u − y2v
0 ¬ Ã 671

ú µX¥�«�µX°.£¼¿j±�«¾¥»�±»¥»¢!±Ë¸Ìª©Ép¿PO~«¾¥»µ¬°M�PO¬¡
x
�j¿¥XR��PO¬¡

y
¢¤«!µX°MÆrO¬¥�«Ê±yO�³�O¬±»¢¤¿j¡�£"µÖÁ¬¢©°j°¢§3

xd = − x2u − xyv
0 ¬ Ã Ã 1

yd = − xyu − y2v
0 ¬ Ã à21

OÕ³X¢¤º

xd =
1

N

N
∑

i=1

xidi , xy =
1

N

N
∑

i=1

xiyi ...
0 ¬ Ã ÓÀÔ21

ø ¢
u
¢´«

v
µX°.®jª¤®j¿j¥¨«Ê±¨¢_R�³�O¬±»¢¤¿j¡TR�®¢

θ
¢´«

ϕ

u = sin θ cos ϕ
0 ¬ Ã ÓXÓ:1

v = sin θ sin ϕ
0 ¬ Ã ÓÞF21

w =
√

1 − u2 − v2 = cos θ
0 ¬ Ã Ó_Q51

θ = arccos(w)
0 ¬ Ã Ó Û 1

ϕ = arctan(v/u)
0 ¬ Ã Ó:Y21

Ó Û F



O G&G>/T� / ¨

© ª «¬\®°¯ �±³²�´ ®¶µ ¯¸· ¹ � ®¶µº

» °.�j¥»µ¬°.º�ÒZO¬¡�¶XªfÅÏ¿j°j¢h®j¿¡�ª©¢f®j¢�³b¥»¢
cτ = 7.8 m ÃæÄ ¢©±XOÏ¢©°`«¾¡TO�¼�°j¢h¿j°.�PO¬¡�º©µX¿¡TRÊ£¦µÀÁ¬¢©°.®j¢43

LD(m) =
E

0.14
7.8 = 56 E(GeV )

0M½ Ã Ó:1
� O"±¨µX°j¶X¿¢©¿j¡�®9¸Ì¥»°`«�¢©¡WO�º¤«¾¥¨µX°Í®9¸Ì¿j° �j¥¨µX°Í®PO¬°ZR!±Ë¸�O¬¥¨¡�¢_R½«Õ,ÅÏ·POQRTR�¢�ª¤°j¢©¡�¶X¥»¢�

120 g.cm−2 Ã � OÏ®j¢©°!R�¥¨«�ª®j¢h±Ë¸�O¬¥¨¡�¢_R½«^®µX°j°jª¤¢(O��j�j¡�µ Â ¥»£xO�«�¥¨³X¢¤£¦¢¤°`«Ê�PO¬¡�3
ρair(g.cm−3) = 1.2 10−3 e−

h(km)
8

0p½ Ã¿¾ 1
� OÏ±»µX°j¶¬¿j¢©¿j¡�®¯¸¹¥¨°p«�¢©¡TO¬º¤«�¥»µX°Í®j¢´³c¥¨¢©°`«Õ�¥¨°j®jª¤�Ñ¢¤°j®PO¬£"£¦¢¤°`«Ê®j¢eÀÁ3

LI(h) =
120

ρ(h)
= 103 e

h
8 m

0p½ Ã Q21
= µ¬¿ZRbRWOÕ³¬µX°ZRÊÉp¿j¢²±Ë¸Ìª©°¢©¡�¶¬¥»¢�®¢_R��j¥¨µX°ZRÚ®¥»£"¥»°p¿j¢dOÀ³¬¢©º�±d¸�O¬±�«¾¥�«¾¿j®j¢ Ã#Â �j¡�§_R�±XO��j¡�¢¤£¦¥¨§©¡�¢�¥»°`«�¢©¡WO�º¤«¾¥¨µX°9
LD >> LI

b±»¢iRÚ�j¥¨µX°ZRÚ¥¨°`«¾¢©¡TO¬¶X¥MRTR�¢¤°`«�Å�®jª´ÆrO¬¿«�®¢��,µX¿³Xµ¬¥»¡�R�¢²®jªiR�¥»°`«�ª©¶X¡�¢©¡�¢¤°�£¼¿jµX°!R Ã � ¢iR�£¼¿jµX°!Rº©µ¬£¦£"¢©°jº¤¢©¡�µX°`«�ÅeÃ¤«¾¡�¢��j¡�µc®¿j¥¨«TR×±¨µX¡TR�Ép¿j¢�±XOf±¨µX°j¶X¿j¢¤¿j¡×®9¸¹¥¨°`«¾¢©¡TO¬º¤«�¥»µX°
LI

R�¢¤¡WO�ª¤¶9O¬±¨¢�Åf±yOh±»µX°j¶¬¿j¢©¿j¡®j¢h®jªiR�¥»°`«�ª©¶X¡TO�«¾¥¨µX°¡3
LD = LI ⇒ E = 18 e

h
8

0p½ Ã Û 1ø O¬°!Rw±¨¢�ºeO¬®j¡�¢Ê®j¿ £"µc®§©±»¢ÚÒPO¬®j¡�µX°j¥»Ép¿j¢jÄSÅ úyÆ ¢¤«©`±yO�£¼¿j±�«¾¥»�±»¥»º¤¥¨«�ª\«�µ¬«�O�±»¢�®j¢Ê±Ë¸Ì¥»°`«�¢©¡WO�º¤«¾¥¨µX°
π−Air¢_R½«!®jµX°j°jª¤¢P�ZO¬¡�3

Ntot = 5.6 E0.222
lab

0p½ Ã Y71� OÏÉb¿ZO¬°`«¾¥¨«�ªh®9¸�O�¥»¡Ú«�¡WOÕ³X¢¤¡TR�ª¤¢�®9¸Ì¿j°j¢(O¬±�«¾¥¨«�¿j®j¢
h
Å"±d¸¹¥¨°Ü�°j¥Ñ¢_R½«^®µX°j°jª¤¢P�PO�¡�3

Lair(g.cm−2) =

∫ ∞

h

1.2 10−3 e−
h(Km)

8
dh

cos θ
=

1000

cos θ
e−

h
8

0p½ ÃÈÇ 1
� OÏÜj¶X¿j¡�¢�º¤¥�È�®j¢_R�R�µX¿ZRÊ£"µX°`«¾¡�¢�Éb¿¢�±yO¼�j¡�µc®j¿º¤«¾¥¨µX°M®j¢h£¼¿jµ¬°M¢_R�«!¥¨£¦�,µX¡�«WO¬°`«¾¢�O¬¿«¾µ¬¿j¡�®j¢

8 km�,µX¿j¡Ê¿j°j¢f¶X¢©¡�·Ñ¢�³¬¢©¡�«�¥»º_O¬±»¢ Ã À\°.®j¢iRTR�µ¬¿ZR�®j¢ 6 km
j±¨¢h°jµX£¼·j¡�¢h®j¢h�j¥»µX°!R!º�ÒZO¬¡�¶XªiR^¢iR�«^°jª©¶¬±»¥»¶¬¢eO¬·j±¨¢¬º¬¸Ì¢_R½« ±XOïÜ�°?®¢Ð±XO5¶X¢©¡�·Ñ¢ÎÒPO¬®¡�µX°j¥¨Ép¿j¢ Ã!Ä ¢¤º©¥h°jµX¿ZRÍ�,¢©¡�£¦¢´«7®¯¸¹µX·c«¾¢©°¥»¡M±Ë¸Ìª©°¢©¡�¶¬¥»¢<£"µÖÁ¬¢©°j°¢�®j¢iR£¼¿jµ¬°ZR©Ñ¢©°`³b¥»¡�µ¬°

20 GeV Ã � O¦Ü�¶X¿j¡�¢X½ Ã Ó °jµX¿!R²£¦µ¬°p«�¡�¢PÉb¿¯¸�O¬¿ Â ª©°¢©¡�¶¬¥»¢_R�O¬¿ Â Ép¿j¢©±¨±»¢_R^°jµX¿ZR�°jµX¿ZR¥»°`«�ª©¡�¢iRTR�µX°ZR©æ±¨¢�°jµX£¼·j¡�¢�£¦µÀÁ¬¢©° ®¯¸¹¥¨°p«�¢©¡TO¬º¤«�¥»µX°ZR�ÒZO¬®j¡�µ¬°j¥»Ép¿j¢iR!¢iR�«!®9¸Ì¢©°`³b¥»¡�µX° Q µX¿.Û Ã
Ó Û Q



É¦Ê¦Ê f^¢Jf¥ËJ8�[ É�ÌhÍ�Î-Ï�Ð�ÑRÒÔÓCÎ-Ê�Ï f¥Õ Ð�Î-ÊJÖ

×ÙØOÚ-Û ½ Ã Ó¦Ü é¦Ý [b]L[pÞ�ß9à�ßÔáãâCäw]`_U_Y]dcfeåß9àU_eäXÞWcfe)_~àY[Je=c�ä"Ý�æWà�ßÔá ]LeW[çàCæ�è9éY[b]dcfe)_

Ó Û¬Û



¨ ´�êìë�´ ® � ¬�ªs«ìí ´ ·

î Ó�ï z Ãnð ¢_R�R©�ñUÒ`Á/R Ãóò ¢©¥¨«TR Ã Ó ¾ õô2ô2ö\0 Ó ô ÓXÓ:1 Ã
î ¾ ï z Ãnð ¢_R�R©�ñUÒ`Á/R Ãóò ¢©¥¨«TR Ã ÓtQ  ÓÀÔ ö�Û�0 Ó ô Ó ¾ 1 Ã
î Q�ï Å Ã ñÙÆÇµ¬«Wr¤¢©¡© ò�Ã ñUÒ`Á\R Ãó¾ Q  ÓÀÔ ¾ 0 Ó ô Q Ç 1 Ã
î Û ï ñ Ã÷Â ¿j¶X¢¤¡Ê¢¤«jø Ã â�O7r¤¢¬ Ä µX£"�«�¢�¡�¢©°®j¿ ®j¢h±d¸�O¬º_O¬®jª¤£¦¥¨¢²®j¢_R8R�º©¥»¢¤°jº©¢iR ¾ Ô56  ¾2¾ ö�0 Ó ô Q ö 1 Ã
î Y�ï Æ Ã � ¥»°!R�±»¢´ÁXõñUÒ`Á\R Ã øÊ¢¤³ Ã � ¢´«�« Ã ÓÀÔ  Ó Û Ç 0 Ó ô Ç2¾ 1 Ã
î Ç ï Â�Ã÷Â�Ã ñy¢©°�r©¥yO�R!¢´«(ù ¥»±XR�µX° Â � Æ yz\µ¬± Ã Ó Û ¾ j� Ã Û Ó ô\0 Ó ô Ç Y21 Ã
î 6�ïPç Ã Å�¡�¢©¥MR�¢¤°�ñUÒ`Á\R Ã øÊ¢¤³ Ã � ¢´«�« Ã ³¬µX± Ã Ó Ç � Ã 6 Û5ö\0 Ó ô Ç7Ç 1 Ã
î÷ö ï Å Ã÷ú�Ã¿ò O~«WR�¢¤�j¥»°Í¢´«Rz ÃnÂPÃ ç ¿yr�¸¹£"¥»° Æ À ú ñ � ¢¤«�« Ã j³XµX± Ã ÛjÌ� Ã 6 ö\0 Ó ô Ç2Ç 1 Ã
î÷ô ï ÅSûyü5ýEþ�ÿ ú������ þ�ý Â ��� ñ	��
\R ��� O � ø(þ� � þ�� ø � Y ô\0��_ô2ô2ö 1����5Q5Y������
î�� ��ï ú ÿ�þ�þ������xO7ÿ(þ�ý Â ��� Â! Æ�� � ô � � Y ¾ Q#"¤Y7Q�� 0��_ô2ô2ö 1$�
î��%� ï Â � ø � ü � ��O �'& O�ÿ)( � w3*�yþ  "  �,+ � �%�%�%��� ¾ -��ôXü�./q0 ¾ �%� � 1$�
î�� ¾ ï102� ð ./
 � þ�O7ü &�Æ � z � = üPO�ÿ ��� �2O7ÿ � ñUÿ3. � � ø �,4 . � � � .2ü & .2ü ÂJ¾ ö ¾ � �_ô��#0��_ô Ç �#1  Â�¾ ô � � � Q ö�0��_ô Ç2Ç 1��
î�� Q�ï Æ �657�68 . 4 þ ��� .�O7ü & Å � Æ �65 O�ý�ý9�yþ��8R ��: � ùÒO7ü � 3 ñ	��
\R ��� O � øRþ� � þ��<; � z=. � Ç � � � ¾ Q��%� ¾ �
î�� �7ï Å � ñÔþ ��� þ�ý � þ�ÿ � ñ	��
/R ��� R�O7ü & O�R�ýWÿ).  ��
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î Q%��ï �5ýEý  36+%+�./� � � �PO�� � þ & �,+
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þ�ü�þ�ÿ ��� þ_RMD�þ�ýR��þ�þ�ü
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\R � Å � z=. � � ¾ � �  � � �%� � � " ���%�_ô�0��_ô2ô Y21$�
î Q Ç ï = � ð OA
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î ����ï Â � ½ �-5 �'�%& O �K� ñ	��
\R � øRþ� � � � �2Q 0��_ô Y Ç 1 � �_ö��%� �
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= þ��
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î � ö ïG4 
 �  � þG;�O � .2ÿ�þ�ý "�O O��  O � üyþ � ü�.�ýWþ � ü5ýWþ�ÿEüyþ � Å�O  " = .7ýWþZ0 ¾ �%� ¾ 1b�56 ¾ �î � ô ï = .�ýWþ � ü5ýWþ�ÿEüyþ �
î Y���ïGO � þ���þ�ü5ý � üZO 5 þ &�� üPO � (�O/ � þ�ÿR½�þ�ÿ�ý9.%� � ü�.7ýWþ � ü5ýWþ�ÿ�üyþ � ÅKO  " = .7ýEþZ0 ¾ ���2Q512� ô�� �î Y � ï ñ � ½bO�� � þ�.Zþ�ý Â � � � = � ��� � P ü!R�ýWÿ � O7ü & 5 þCý9� � Â � Ç Q 0 ¾ �%� � 1 � 62Y��î Y ¾ ïG4`� ødO�ü � ��.2ü�þ�ý Â � � � = � ��� � P üZR�ýWÿ � O�ü & 5 þ�ý9� � Â z=. � Y7Q ö�+�� "¤Q  � � ö QC"R� ô Y 0 ¾ �%�2Y21��î Y7Q�ïG4`� ødO�ü � ��.2ü�þ�ý 57� » ÿ3DZO7ü � = .�ýWþ � ü5ýEþ�ÿEü�þ � ÅKO  = .7ýEþ ¾ �%�2Q#" � �����î Y��7ï ñ � þ�ÿEÿEþ~½ ���'� . � ÿ � ÅKO  ü�.�ýWþi0 ¾ �%���#1B� � � �`P ü &�� ÿEþ � ý 5 þeOQR)�yÿEþ���þ�ü#ý].�? Xmax

� � ý9��ý9�yþ 4 �yÿ)?rO � þ
;¦þ�ýEþ � ý3.2ÿ �

î Y2Y�ïG4`� Æ �~4 ��� �
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���./ � 4`�64`�-H R�ý�O  � �yþ�ü���. �Q: O & �,0 ��� �,� Ç�� �tô2ô%���!� ������G�S�G�,e O � �G
���./ � 4`�~4-�-H R�ý�O  � �yþ�ü���. � ñ	��
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� �_ô2ô � � �
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� �_ô � ¾ � �î Ç5¾ ï ð � ð �-5 � þ � �7þSþ�ýdO � � �yÆ � ñ	��
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��� ¾ 4 � ��d���O & �>R  þ � ýWÿ3.��N�CýWÿEþ�O�� & þiRTR3�!R & þ � Oj?|þ�üyÃ�ýEÿEþ & ��ñ	��ý ¾ & þ � O � ��7þ & k H ÿTRTOA
 � ¾
� ���
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��� � 8 þ�R  þ � ýEÿ3.%�X��ýEÿEþ � OAQO�ü#ý�R).2ü � üZR�ý�O �'� O�ý � .2ü & O7ü!R � O � ��2þ & k H ÿ�RWOA
 � � [�d�R)�yÿ � þ
� .%��2þ�ÿ ��� þ & ��ñ	��ý ¾ �-�1�G�1�G�1�1�G�1�]�G�1�G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� � �

���*� ú O���[ & þ � .%�  ý�O � þ & þ_R_d � þ � ýEÿ3.2ü!RlR).2ÿ�ýWO7ü5ý & �6R  þ � ýWÿ).%�N�CýWÿ�þjþ�üN?Y.2ü � ý � .2ü & þ � þ��yÿd�üyþ�ÿ �%� þ ��� ü�d�ý ��W �yþ �1�1�G�1�G�1�1�G�1�]�G�1�G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� ���
���6� 5 ./
2þ�üyüyþ�R3�yÿ ¾ �%��� ýWÿWO � þ_R & þ 5 ��.2üZR=�N.7ü#ýEÿWO7ü5ý=�yü�þ & d � ÿ). � R�RWO7ü � þ(þ�[  .2üyþ�ü5ý � þ �'� þ& ��R �'� üPO � þ�ü�?Y.7ü � ý � .2ü & �iýWþ��  R �G�1�]�G�1�G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� �%�
��� Ç ; � R�ýWÿ � D���ý � .2ü & þ � k � ü5ý9d � ÿWO � þ & þ � O�ýWÿWO � þ 0 Â ; O & þ_R2����.2üZR & O7üZR � O]?|þ�üyÃCýWÿEþ 50−

250 ns
�1�G�1�G�1�]�G�1�1�G�1�G�1�1�G�]�1�G�1�G�1�1�G�1�G�1�]�G�1�1�G�1�G�1�1�G�]� �%�

���6� ð � R�ý9. � ÿWO��X�Zþ & þ � k � ü5ý9d � ÿWO � þ �  .%�yÿl�yü�þ�ýWÿTO � þ Â ; O & þ  ��.7ý3.�d � þ � ýWÿ).2ü®�yü �'W �yþ �þ�ü5ýWÿ�þ
300

þCý
500 ns

�G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�G�]�1�G�1�1�G�1�G�1�1�1� � Ç��� ö 5 ./
2þ�üyüyþSýWþ��  .2ÿEþ ��� þ & þ_R8R �'� üPO���[ & þ  ��.7ý3.�d � þ � ýWÿ).2üZR �1�1�1�1�1�G�1�G�1�1�G�1�]� � ö
��� ô ; � R�ýWÿ � D���ý � .2ü & þ_R(ýWþ��  R & k�O7ÿ�ÿ � �d�þKR & þ_R  ��.7ý9.�d � þ � ýEÿ3.2ü!R  .%�yÿ & þ_R>d � þ � ýEÿ3.2üZR & þ

2 MeV
�G�1�1�G�1�]�G�1�G�1�1�G�1�G�1�]�G�1�1�G�1�G�1�1�G�1�]�G�1�G�1�1�G�1�G�1�]� � ô

��� � � À@[�þ��  � þ & kS� � R�ý3. � ÿWO��N�Zþ & �  � � REþ«�xO#[ � �����  .��yÿ & þiRcd � þ � ýWÿ3.7üZR & þ 2 MeV& O7üZR � O�?|þ�üyÃCýWÿEþ
50 − 250 ns

�1�G�1�1�1�1�1�G�1�G�1�1�G�1�G�]�1�G�1�1�G�1�G�1�1�1� ö �
��� �%��À@[�þ��  � þ & kS� � R�ý3. � ÿWO��N�Zþ & �  � � REþ«�xO#[ � �����  .��yÿ & þiRcd � þ � ýWÿ3.7üZR & þ 2 MeV& O7üZR � O�?|þ�üyÃCýWÿEþSþ�ü\ýEþ��  R>� �%� z ���%� üZR �1�G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� ö �
��� � ¾ � .%��DyÿEþ & þ  ��.�ý9.�d � þ � ýEÿ3.2üZR(þ�üh?Y.2ü � ý � .2ü & þ � kSd�üyþ�ÿ �%� þ ��� ü�dCý �'W ��þ & þ � O  O7ÿ�ý ��� � � þ� �PO7ÿ � d�þ � ü ����& þ�ü5ýWþ �1�1�G�1�G�1�1�G�1�]�G�1�G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� ö��
Ç � � 4 ��� üPO ��& kS�yü��c��.7ü & O�üZR � þ & dCýWþ � ýWþ��yÿ �G�1�G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� ô ¾
Ç � ¾ ; � R�ýWÿ � D���ý � .2ü & þ � O*R3.%�X�Zþ & �  � �ZR � ÿTO7ü & R �'� üPO ��&��'� d�ÿ�þ�ü5ý � þ � �¯�G�1�G�1�1�G�1�]� ô%�
Ç � � PR��� �ZR�ýEÿWO�ý � .2ü & þ � kSdCý�O  þ ¾ �U�G�1�1�G�1�]�G�1�G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� ô �
Ç �*� ;Fd�ýEþ � ýWþ���ÿTR & þKR3�yÿE?rO � þSý9.%� � ��d_R  O7ÿa�yü�d�7þ�üyþ���þ�ü5ý �M�G�1�1�1�1�1�G�1�G�1�1�G�1�]� ô �
Ç �6� ; �'� d�ÿ�þ�ü � þUþ�ü5ýWÿ�þ � þ_R�R ��� üPO���[ & þ � �PO W �yþ  ��.7ý3.%�c� � ý �  ���'� O�ýEþ��yÿ þ�ý � þ��yÿ�RT�X.C
7þ�üyü�þ_R �

 .��yÿ � þ & dCýWþ � ýWþ��yÿ ¾2¾ ��� � ÀV%d�ü�þ��Zþ�ü5ý¦ÿ)d�þ � � �G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� ô �
Ç � Ç �GO � þ��yÿ & þiR�OQRE
��NdCýWÿ � þ_R  .%�yÿ � �PO W �yþ  ��.7ý3.%�c� � ý �  ���'� O�ýEþ��yÿ�þ�ý & d�ýEþ � ýWþ���ÿdR)�yÿ!��üd��d�üyþ���þ�ü#ýjÿ3d�þ � ���1�1�1�G�1�G�1�1�G�1�]�G�1�G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� ô Ç
Ç �6� �GO � þ��yÿ & þiR�OQRE
��NdCýWÿ � þ_R  .%�yÿ � �PO W �yþ  ��.7ý3.%�c� � ý �  ���'� O�ýEþ��yÿ�þ�ý & d�ýEþ � ýWþ���ÿdR)�yÿ!��üd��d�üyþ���þ�ü#ýjÿ3d�þ � ���1�1�1�G�1�G�1�1�G�1�]�G�1�G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� ô �
Ç � ö Â RE
��Xd�ýEÿ � þ�þ�üh?Y.7ü � ý � .2ü & þ � k�O7ü ��� þ�O ��� �c�
ý9�PO � ��8 O{R � ��� � O�ý � .2üvzfdCý9d]?rO � ýEþ��c��.2ü

 O7ÿa�c��.2ü �°�G�1�1�1�1�1�G�1�G�1�1�G�1�]�G�1�G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� ô �
Ç � ô 4  þ � ýEÿEþSþ�ü�O��  ��� ý9� & þ & þ � k � ü5ý9d � ÿWO � þ & þ � O~ýWÿWO � þ & k*�yüiýWÿ �'�%� þ�ÿa�c��.2ü �±�1�G�1�]� ô2ô
Ç � � � ødO�ý � . & �Sü�.%�cDyÿ�þ^ÿEþ � .2ü!R�ýWÿ)� � ý & þ	�c��.2üZR4R)�yÿ � þm
ÿTO � ü�.��cDyÿEþ & þ	�c��.2üZR � µrec/µvrai

�
þ�ü¬?Y.2ü � ý � .7ü & þ � O &�� R�ý�O7ü � þ  þ�ÿ  þ�ü &���� � � O � ÿEþ]z � k�O#[
þ Dperp

���1�1�G�1�G�1�1�G�1�]� � ���
Ç � �%�²; � R�ýWÿ � D���ý � .2ü & ��ÿTO  � .2ÿ�ý µrec/µvrai

O  ÿ3�_R � O � .2ÿEÿ�þ � ý � .7ü  O7ÿWO�D-. �'��W �yþ �1�G�1�]� � ���
Ç � � ¾ ødO  � .7ÿ�ý & �Áü�.%�cDyÿ�þ & þ³�c��.7üZR�ÿ�þ � .2üZR�ýEÿ3� � ý�R)�yÿ � þ®9ÿWO � ü�.%��DyÿEþ & þr�c��.2üZR

� µrec/µvrai

�-þ�ü�?Y.7ü � ý � .2ü & þ � O &�� R�ýWO7ü � þ  þ�ÿ  þ�ü &��'� � � O � ÿ�þ]z � k�O#[
þ Dperp
�1�G�1�]� � � �

Ç � �/��; � R�ýWÿ � D���ý � .2ü & ��ÿTO  � .2ÿ�ý µrec/µvrai

O  ÿ3�_R � O � .2ÿEÿ�þ � ý � .7ü  O7ÿWO�D-. �'��W �yþ �1�G�1�]� � � ¾
Ç � � � ÀzR�ý � ��O�ý � .7ü & �\ü�.%�cDyÿ�þ & þ]�c��.2ü!R & O7üZRB�yü�d�%d�üyþ��Zþ�ü5ýjÿ3d�þ � �>�1�G�1�G�1�1�G�1�]� � � �
Ç � � � log 10(µ/signal)

þ�ü¬?Y.2ü � ý � .2ü & þ � O &�� R�ý�O7ü � þ  þ�ÿ  þ�ü &��'� � � O � ÿ�þ�z � k�O#[
þ �1�G�1�]� � � �
� � �



Ò�É Ë�� � Ïl�ÙÖ�§�Ó�\�ÐÔÍ!�ÙÖ ÒyÉ Ë�� �¥Ïl�ÙÖ�§�Ó�\ZÐ Í>�ÙÖ

��� � 4 � ��d���O�ý � RTO�ý � .2ü & k*�yüyþ � þ�ÿ3D�þZþCý & þ � k � ü�¡Q�yþ�ü � þ & �°��OC[ � �c��� R3�yÿ � O�R�ýEÿ3� � ý9�yÿ�þ
ýWþ��  .2ÿEþ ��� þ ���G�1�1�1�1�1�G�1�G�1�1�G�1�]�G�1�G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� � � Ç��� ¾ ú þ��  R & k�O7ÿ�ÿ � %d�þ & þiR  O7ÿ�ý ��� � � þiR-þ�ü¬?Y.2ü � ý � .2ü & þ � O &�� R�ý�O7ü � þ1z � O � þ�ÿ)Dóþ �G�1�]� � �%�

��� � ½ � O � R~þ�ü#ýEÿEþ � k*d�üyþ�ÿ �%� þ 4 ; þCý 0 ; �  � � R &�� R�ýWÿ � D���ý � .2ü & þ X ´Mµ�¶  .%�yÿ < E >=
5 1017 eV

�1�G�1�1�]�G�1�G�1�1�G�1�G�1�]�G�1�1�G�1�G�1�1�G�1�]�G�1�G�1�1�G�1�G�1�]� � � ö
���*� ñm. � ü5ýWR & k � �  O � ý & þ_RBd��d�üyþ���þ�ü5ýWRF��
�Dyÿ ��& þiRdR)�yÿ � þ�ÿ3diREþ_O�� �1�1�1�G�1�G�1�1�G�1�]� � � ô
���6� 4 � ��d���O�ý � RTO�ý � .2ü & þ � k�OQR)
��Xd�ýEÿ � þ�O��N.7ü#ý�OA�O �T& O7üZR � þiR & d�ýWþ � ýEþ��yÿ�R & þKR)�yÿ)?rO � þ � � �%� �
��� Ç O .2ÿEÿ)d � O�ý � .2ü þ�ü5ýEÿEþ

X ´Mµ�¶ ( 0 ; )
þCý

Rt
�]�G�1�G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� �%� �

���6� ñUÿ3d ��� R � .2ü�R3��ÿ � O & d�ýEþ�ÿ)� � üPO�ý � .2ü & þ
X ´Mµ�¶  � O � þJýWþ��  R & þ]�X.2ü5ý9d�þ �G�1�1�G�1�]� �%���

��� ö O .2ÿEÿ)d � O�ý � .2ü þ�ü5ýEÿEþ
X ´Mµ�¶ ( 0 ; )

þCý
Ft

�]�G�1�G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� �%���
��� ô ñUÿ3d ��� R � .2ü�R3��ÿ � O & d�ýEþ�ÿ)� � üPO�ý � .2ü & þ

X ´Mµ�¶  � O � þJýWþ��  R & þ & þiR � þ�ü5ýWþ �1�1�G�1�]� �%���
��� � �©O .2ÿEÿ)d � O�ý � .2ü þ�ü5ýEÿEþ

X ´Mµ�¶ ( 0 ; )
þCý

Rt + Ft
�G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� �%� ¾��� �%��ñUÿ3d ��� R � .2ü R3�yÿ � O & dCýWþ�ÿ3� � üPO�ý � .2ü & þ

X ´Mµ�¶  � O � O � O7ÿ � þ��yÿSýR
  ��W �yþ & � R ��� üZO � z
1000 m

�1�G�1�G�1�]�G�1�1�G�1�G�1�1�G�]�1�G�1�G�1�1�G�1�G�1�]�G�1�1�G�1�G�1�1�G�]� �%� ¾��� � ¾ O .2ÿEÿ)d � O�ý � .2ü þ�ü5ýEÿEþ X ´Mµ�¶ ( 0 ; )
þCý

b
�Q� knþ$[  .:RTO7ü5ý & þ � O 8 ; 0 �G�1�G�1�1�G�1�G�1�]� ���/�

��� �/� O .2ÿEÿ)d � O�ý � .2ü þ�ü5ýEÿEþ
X ´Mµ�¶ ( 0 ; )

þCý
R ·Y¸R¹9ºy»9¹9ºy¼ �G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� �%�A�

��� � � ñUÿ3.�?Y.2ü & þ��yÿ & �¬�xO#[ � �c��� & þ � O � þ�ÿ3D�þ � X ´Mµ�¶ ��þ�ü�?Y.2ü � ý � .7ü & þ � k*d�üyþ�ÿ �%� þ �G�1�]� �%� �
��� � � ñUÿ3.�?Y.2ü & þ��yÿ & �¬�xO#[ � �c��� & þ � O � þ�ÿ3D�þ � X ´Mµ�¶ ��þ�ü�?Y.2ü � ý � .7ü & þ � k*d�üyþ�ÿ �%� þ �G�1�]� �%� �
ö � �

X ´Mµ�¶ ?Y.2ü � ý � .7ü & þ 8 . � � � � À_� ��8 þiRbDPO�ü & þ_R � .2ÿ�ÿEþiR  .2ü & þ�ü#ýbO���[XD-.2ÿEü�þ_Rbz 68 %
& þ

� O &�� R�ýEÿ � D���ý � .2ü �1�1�1�G�1�G�1�1�G�1�]�G�1�G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� �%� �
ö � ¾ À@[�þ��  � þ & þ &�� R�ýEÿ � D���ý � .2ü & þ X ´Mµ�¶ O/7þ � �yü~O I �!R�ýWþ���þ�ü5ý^þ�[  .2üyþ�ü#ý � þ ��& þ � O W �yþ���þ& þ &�� R�ýWÿ � D���ý � .2ü �1�1�1�1�G�1�G�1�1�G�1�]�G�1�G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� �%�tö
ö � � ñUÿ3. � ��� .2ü ��� ý9� &�� üPO �  .%�yÿB�yüyþ � þ�ÿ3D�þ & þ  ÿ3.7ý3.2ü & þ 100 GeV

�G�1�G�1�1�G�1�G�]� � ¾ �ö �*� 4 � ��d���O�ý � RTO�ý � .2ü & � & d�7þ � .  � þ���þ�ü5ý & kS�yü�þ � þ�ÿ3D�þ��PO & ÿ).2ü �'W ��þ & O7üZR � k�O�ý9�X.:R  ����ÿ�þ2� ¾ �ö �6� ñUÿ3. � ��& þ � O � OQR � O & þ�À 5 & þ_R &��y� d�ÿEþ�ü5ýTR
π0  .%�yÿ &��y� d�ÿEþ�ü5ýEþ_RBd�üyþ�ÿ �%� þ_R �1�G�1�]� � ¾7¾ö � Ç 4 � ��d���O�ý � RTO�ý � .2ü & þ L�� k÷þ � þ�ý 5 ÂUú ø P H]O ð e Â L �G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� � ¾ �ö �6�

∆X ´Mµ�¶ þ�ü¬?Y.2ü � ý � .7ü & þ � k*d � O�R�ý �'��� ý9d �]�G�1�G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� � ¾ �ö � ö
X ´Mµ�¶ þ�ü¬?Y.2ü � ý � .2ü & þ � k*d�üyþ�ÿ �%� þ � ü ����& þ�ü5ýWþ �G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� � ¾ öö � ô
X ´Mµ�¶ þ�ü¬?Y.2ü � ý � .2ü & þ � k*d�üyþ�ÿ �%� þ � ü ����& þ�ü5ýWþ1½ 5 O�ýWÿ � . � ����O �1�1�1�G�1�G�1�1�G�1�]� � ¾ öö � � � ; � R�ýWÿ � D���ý � .2ü & þ � Oj�c� � ý �  ������� ý3d(ý3.7ý�O � þ & þ � O  ÿEþ�� � ��ÿEþ � ü#ýEþ�ÿTO � ý � .2ü �G�1�1�G�1�]� �/� �

ö � �%��øRþ  ÿ3diREþ�ü#ýWO�ý � .2ü>R � ��d���O�ý ��W �yþ & þ � O  ÿEþ�� � ��ÿEþ � ü#ýEþ�ÿTO � ý � .2ü �1�1�G�1�G�1�1�G�1�]� �/� �
ö � � ¾ ñ=; 0 & þ X ´Mµ�¶  .%��ÿ ¾ �O � þ��yÿ�R & þ F ¾J¿9¼YÀ �1�G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� �/� ¾ö � �/��; � R�ýWÿ � D���ý � .2ü & þ � k*d � O�R�ý �'��� ý9d � 4 � D�
 ��� þ�ý¦ÄSÅ 4 Æ þCý$�az 1018 eV

þ�ý!z
1020 eV

�G�1�]� �A� ¾ö � � � Â I �ZR�ýWþ���þ�ü#ý & þiRa¡Q� � ý3�PO�ý � .2üZR & þ�(F��O#[ ���G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� �/���
ö � � � ; � R�ýWÿ � D���ý � .2ü & þ

X ´Mµ�¶ z < E >= 4 1017 eV
�
7.5 1017 eV

þ�ý
2 1018 eV

� ;F.2ü�ü�d�þiR
0 � 
7þ�kéRRÀ	
7þ �G�1�1�1�1�1�G�1�G�1�1�G�1�]�G�1�G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� �/� �

ö � � Ç 4 þ � ý � .2üiþ�� � O � þ � .:R3� ��W �yþ " O � ÿ2\RBd�üyþ�ÿ �%� þ �G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� �/� �
Â � �ìñ � O7ü & þ � þ�ÿ3D�þ �1�1�1�1�G�1�G�1�1�G�1�]�G�1�G�1�1�G�1�G�1�1�1�1�1�G�1�G�1�1�G�1�]� � � ¾
½ � � Â � ý � ý3� & þ & kSd�� � RTR � .2ü & þiR!�c��.2üZR(þ�ý(ü�.��cDyÿEþ & k � ü5ýEþ�ÿWO � ý � .2üZR �1�1�G�1�G�1�1�G�1�]� � ���

� � ¾



Á · ¹ · ¬ ±�´ · ¹ ·vµ ² º

Æ þG�.%� & ÿTO � R(ý9.%�
ý & k�O�D-.2ÿ & ÿEþ���þ�ÿ ��� þ�ÿ 5 þ_R�R � þ��yÿ�R 0 ÿWO7ü�¢�. � R¦ø ��� �PO�ÿ & þ�ý�½�þ�ÿEüZO7ÿ &h& k Â � �xO � üyþ
 .%�yÿa��k�OA%. � ÿ8O ��� �yþ �����'� O���R�þ � ü & � 8 O�D`.7ÿWO�ý3. � ÿ�þ & þ � k Â ��� d � d�ÿWO�ýWþ���ÿ 8 � ü�deO � ÿEþ �

Æ þ-ý � þ�üZR_z�ÿEþ��Zþ�ÿ ��� þ�ÿ	d � O � þ���þ�ü#ý 5 .2üZR � þ��yÿhÀ^ý � þ�ü�üyþ Â � � d ��W � � R�k÷þ_R�ý�ý3.%� I .%�yÿ�RvR3.%� ��� d & �XD-.2ü& d�ÿ3.%� � þ��Zþ�ü5ý & þ]�xOXý3���_R�þ�þCý W � � OXý3.%� I .%��ÿTRBd�ý3d &�� R  .2ü � D � þ  .��yÿ(ÿ3d  .2ü & ÿEþ1zj��þiR W �yþiR�ý � .2üZR �Æ þ ÿEþ���þ�ÿ ��� þ 5 .7üZR � þ��yÿ4Å�d�ÿTO7ÿ & 4 ��O &#I O & k�OA%. � ÿ*O ��� þ  ý9d & þ«?rO � ÿEþ  O7ÿ�ý � þ & þ��X.2ü I ��ÿ)
 & þý9���_REþeþ�ý  � �ZR  O7ÿ�ý �'� � �'� ��ÿ�þ��Zþ�ü5ý 5 O & O��Zþ 4 
 �  � þ 8 þ�þiR " ø>.:R � þ�ÿRþCý 5 .2üZR � þ��yÿRñ � þ�ÿ�ÿEþe½ ���'� . � ÿ  .%��ÿOA%. � ÿ8O ��� þ  ý3d & knÃCýWÿEþSÿTO  � .2ÿ�ýEþ��yÿ�R �5 þ�ÿ ��� z Â � O � ü O .2ÿ &�� þ�ÿ & k�OA%. � ÿ�O ��� þ  ý3d & þ &�� ÿ �'� þ�ÿ � þ�ý�ýWþ4ý9���iREþ � þ�ý & þf��k�OA�. � ÿ  þ�ÿ)� � R & þýWÿTOAQO ����� þ�ÿ & O7üZR � þiRa��þ ���'� þ���ÿEþ_R � .2ü &�� ý � .2üZR �
Æ þj%.%� & ÿWO � R1�xO � ü#ýEþ�üPO�ü#ýSÿ�þ��Zþ�ÿ ��� þ�ÿ W ��þ ��W �Tk*�yü W � �=� .%�  ýWþjd�ü�.2ÿ)�Nd���þ�ü#ý  .%�yÿ��X. ���`W �yþ � "W �Tk*�yü W � � ��k�O�D�þeO�� � .%�  O  � .2ÿ�ý9d � 5 O7ÿ � þ � » øR½ Â �G�Â5 þ�ÿ ���=& þ4üyþ I O��xO � R�OA%. � ÿ � .%�  ý9d~ý3.2üýWþ��  R  .%�yÿhÿ3d  .7ü & ÿEþFz1�Zþ_R � ü�ü�.%�cDyÿTO�D � þ_R W �yþ_R�ý � .7üZR � �Zþ�ÿ ���,& þ!��k�O/�. � ÿ=� � RvR3��ÿ � þ � ��þ�� � ü & þ� þ W ��þ � k*.2ü+ü�k�O  � ÿEþ�ü &  OQR & O7üZR � þ_R ��� 
ÿ�þ_RTÃ Æ þ¦ü�kS.%��D ��� þ�ÿWO �  OQR � þ_Ra�~O�üyü�d�þiR & þ¦ýEÿWOA�O ���,& O�üZR � OD-.2üyüyþ]�����Zþ��yÿ W �yþ I k�O �  OQRTR)d�þiR�OA2þ � ý3. � �Æ k�O � d � O � þ���þ�ü5ýl�yüyþ  þ�üZR3d�þ  .��yÿ � knþ�üZREþ��cD � þ & þ_R  þ�ÿTR3.7üyüyþ_RKOA7þ �cW � �m��� ONd�ý3d*O � ÿ)deO�D � þ & þýWÿTOAQO ����� þ�ÿ �gÆ þeO7ü � .�Ä � þ�ý(REþiR  ÿ3d ��� þ���[ � .7üZREþ ��� R � 4 
 �  � þ � ñ�O�� ��� ÀzR�ýEþ �'� þ � � O�ý9�PO ��� þ � O d ����� þN�xO � RO��ZR�R �ÔÆ . � þ � 
9üyþSþ�ý¦Å�þ�üyþ� � ��7þ  .%�yÿ � þ��yÿadCýWþ�ÿ�üyþ �'� þ � þ�ü5ý ���'� þiRTREþ �Æ þ�%.%� & ÿWO � R{O��ZRTR � ÿEþ���þ�ÿ ��� þ�ÿf;�O7ÿ3��.  .%�yÿ~ý3.%�ZR*R�þ_R � .2ü!REþ �'� R~ýEÿ3�_R  ÿ)d ��� þ���[ �  .%��ÿ*RWO � þ�ü "ý �'��� þ_RTR�þ�þCý~RTO  ÿ3diREþ�ü � þ�O�� W ��.�ý ��&�� þ�ü � PR� Oªd�ý3d  .%�yÿG�N. �  � �ZR W �Tk*�yü � . ��� � � �yþ & þ+ýEÿWOA�O ���K� �yüL�� ÿTO7ü & ?|ÿ3��ÿEþ & þ � O  ��
\R ��W �yþ L � � ;F.%D�þ�ÿ � ü�?Y.2ÿ3�xO�ý � �{R � �½ � þ�ü�R)Åyÿ �%I þ�ÿ�þ��Zþ�ÿ ��� þ]d � O � þ���þ�ü5ýjý3.%��ýWþ � O � . ��� O�D`.2ÿTO�ý � .2ü Â � � þ�ÿ ��I k�O � ý3.%� I .%�yÿ�Rjþ���O � O � ÿEþ1z& þiR  þ�ÿTR).2üyüyþiR~ýWÿ3�iR &�� R  .2ü � D � þ_Reþ�ý�R)
��  O�ý9� ��W �yþ_R � À^ý  � �ZR  O7ÿ�ý ��� � ��� ��ÿEþ���þ�ü#ý I þ+ÿ�þ��Zþ�ÿ ��� þ � þiRd W � �  þiRG?|ÿTO7ü�¢eO � REþiR �  .��yÿ � þ_R � . �'� O�D-.2ÿWO�ý � .7üZR � & þZý9.%�!R�ýR
  þiR|� W �yþ�ü�.%�ZR�OA%.2üZR  �Z�Zþ�üyþ�ÿ�þ�ü "REþ��cD � þ �
Æ þF%.�� & ÿWO � R2�xO � ü#ýEþ�üPO�ü#ý�ÿEþ���þ�ÿ ��� þ�ÿ_�Zþ_R&ñ�O7ÿEþ�ü5ýWR  .%�yÿhý9.%��ý � þ W �Tk ��� Rb.7ü#ýb?rO � ý  .%�yÿ_�N. � � Æ þüyþ�ýWÿ).%��7þ�ÿWO � R  ÿ3.�DPO�D � þ��Zþ�ü5ý  OQR & þ]�X.7ýWR8R3���xRTO��X��þ�ü#ýB?Y.2ÿ�ýWR  .%�yÿ � þ��yÿ&ý9d��N. ��� üyþ�ÿ�ý9.���ýWþ]�xOÿEþ � .2ü�üPO � R�RWO7ü � þ � ý9.%�
ýWþX��O � ÿWO�ý � ý3� & þ  .��yÿ � þ�ýEýEþ�R �  ÿ)d ��� þ��!REþ�O �'& þ W �Tk �'� R1.2ü5ý~R)�Z�hk�O  � .2ÿ�ýWþ�ÿI .%�yÿ8O  ÿ3�iR I .��yÿ � d  ÿEþ���2þ(O  ÿ)�_RBd  ÿ�þ���7þ �5 þ�ÿ ��� ñ�O  O � 5 þ�ÿ ��� 5 O��xO7ü½ � þ�ü�R)Åyÿ & þRýEÿ3�_R_?Y.2ÿ�ýEþ_R  þ�üZR)d�þ_Rb%.2ü5ý  .%�yÿ=�Zþ_R�ÅSÿTO7ü & R�ñ%O�ÿEþ�ü5ýTR � �xO�ýEþ�ÿEü�þ � RhþCý  O�ÿ�ýWþ�ÿEüyþ � R9�þ�ýÙý9.���ý  O7ÿ�ý ��� � ��� ��ÿEþ���þ�ü5ý_z1�X.2ü+ÅSÿTO7ü &  ��ÿEþ � ñ%O�� � � W � � �hk�O�O  � ÿ � R_zG��kSd���þ�ÿ)7þ ���'� þ�ÿ & þ � þ W � �



��knþ�ü#ý3.%�yÿ�þ �QW � � ��k�O & .2ü�ü�dSþ�ü� � þ & k÷Ã�ýWÿ�þ � �yÿ � þ���[ �
5 þ�ÿ ��� z Æ þeO7ü 4 d�DPOQR�ý � þ�ü  .%�yÿ�R).2üÃO�� � ý � d & þ�ý3.%� I .%��ÿTR � þ�ý�R3.2ü R).%��ý � þ�ü �@5 þ�ÿ ��� 5 .2üZR � þ���ÿ

ú O���ý9� & þf��k�OA�. � ÿ>?rO � ý�ÿ�Ã�7þ�ÿSþ�ü°�Zþ  O7ÿ � O7ü5ý & þ � þ�ý » ü � 2þ�ÿTR W � � %.��ZR  OQRTR � .2ü�üyþ ��& þj��k�O/�. � ÿýWÿTO7üZR)� � R � þ�ýdO��X.%�yÿ & þ � O4ñ	��
\R ��W �yþ �
ñm.%��ÿ+ýWþ�ÿ3� � üyþ�ÿ � ý9.%�
ýWþ}�xO³ÿ�þ � .7üyüPO � RTRWO�ü � þª�O77þ�ÿ�R��N.2üÅO�� � þ�Å���þ�üPO�þ � � 4 .�.  
�� �a5 þ�ÿ ���& k�OA%. � ÿ>dCý9d � z �Q& k�OA%. � ÿ8R3�h�hk*d � .%��ýWþ�ÿ W �PO�ü &fI k÷þ�ü�O/�O � RBDóþiR3. � ü � ��þ�ÿ ���Â& k�OA%. � ÿ & .2üyü�d(RTO7üZRRÿ � þ�ü

O�ý�ýWþ�ü & ÿEþSþ�ü\ÿEþCý9.%��ÿ �
5 þ�ÿ ��� �



Á Æ º��¹ Æ

;¦þ  � � R  � �!R & þ_� � O7üZR �C& þ_RÔÿ3diREþeO���[ & þ & d�ýWþ � ýEþ��yÿ�R)O��(R3. � .2ü5ým.%DZR�þ�ÿ)�d2�yü�þ &��'� O � üyþ & þÙÿWOA
%.7üZR� .QR3� ��W �yþ_R & k*.2ÿ ���%� üyþ  ÿ).%DPO�D � þ��Zþ�ü5ý(þ�[9ýEÿWO � O � O � ý ��W �yþ ��& .2ü5ý � þ_RBd�üyþ�ÿ �%� þ_R(þ�[ � � & þ�ü#ý 1020 eV
�

8 k H DZR�þ�ÿEQO�ý9. � ÿEþ�ñ � þ�ÿEÿ�þ Â » ÅSÀÙø � O � ý9�yþ ��� þ��Zþ�ü5ý-þ�ü � .2üZR�ýEÿ3� � ý � .2üiþ�ü Â ÿ � þ�ü5ý � üyþ � OfdCý9d�R  d ��� O � þ "�Zþ�ü5ý � .2ü�¢��  .%��ÿ	d ��� O � ÿ ��� ÿ � þ��G
/R�ý9��ÿEþ & þ � þ��yÿ	.2ÿ �'�%� ü�þ �%8 O  ÿ�þ�� � ��ÿ�þ  O7ÿ�ý � þ & þ � þ�ý�ýWþ-ý9���_REþ�O�d�ý3d� .7üZRWO � ÿ3d�þ�z � knþ$[  .:R)d & þ � O  ÿ3.%D � d��xO�ý ��W �yþ  ��
\R �'W ��þJþ�ýbO���[ZýWþ � �yü ��W �yþiR & þ & d�ýEþ � ý � .2üN��ý �'��� R3d�þiR �8 O  O7ÿ�ý � þ�R3� � QO�ü#ýEþ~ýWÿTO � ýEþ & � & d�2þ � .  � þ��Zþ�ü5ý & k*�yü¡ü�.%��7þ � .%�
ý ���m& þj�Zþ_R3��ÿEþ & �¡ü � 2þeO�� & knþ_O��& O7ü!R � þiR & dCýWþ � ýWþ��yÿTR & þ�R3��ÿ)?rO � þ~þ�ý & þ � ON� � REþeþ�üªÇ1��
ÿ�þ & k*�yüyþ~þ$[  d�ÿ � þ�ü � þ & þ � O ��� DyÿWO�ý � .2ü & þiR& dCýWþ � ýWþ��yÿTRFz & þ_RBd � þ � ýEÿ3.2ü!R & þ W �yþ ��W �yþiR 5 þ � �
ñ	� � R � üPO � þ���þ�ü5ý � � � �PO  � ýEÿEþ_R{R).2ü5ý � .2üZRTO � ÿ)d_RXz � k÷þ�[  .QR3d & þiü�.%��2þ �'� þiRj�NdCý9��. & þ_R & k�O7üZO � 
\REþiR � RTO7ü5ý�z & d�ýWþ�ÿ3� � üyþ�ÿ � O � .%�  .:R � ý � .2ü & � ÿTOA
%.2üyü�þ��Zþ�ü5ý � .QR3� ��W �yþ  ÿ � ��O � ÿEþiþ�ý«z³dCý9� &�� þ�ÿ � þiR
 ��d�ü�.%�X��üyþiR  ��
\R ��W �yþ_R W � � .2ü5ý ��� þ�� & O7üZR � þ & d�7þ � .  � þ���þ�ü5ý & þ_R � þ�ÿ)DóþiR & O7üZR � k�O�ý9�X.:R  ����ÿ�þ �

È¥ÉQÊCË�Ì�ÍYÎ�Ë �9ÿWOA
%.7üZR � .:R3� ��W �yþiR ��� þ�ÿ)DóþiRbO�ý3�N.:R  ��d�ÿ ��W �yþiR � H DZREþ�ÿ)�O�ý9. � ÿEþjñ � þ�ÿEÿEþ Â � � þ�ÿ ��� .%�  . "R � ý � .2üiø O » ð À �



Ï ê º ² ¬�ª ±T²

0 .2ÿ2�X.2ÿEþjý9�PO7üv� � 
2þ_O7ÿTR � üyþ�ýR�b.2ÿ)�\RB.�? & þ�ýWþ � ý3.2ÿTRa.2ü ý3�yþ � ÿ).%�yü & �ZO/7þ].%DZREþ�ÿ)7þ & ýWþ�ü � .:R3� ���
ÿWOA
\RB.�?  ÿ3.%DPO�D � 
+þ�[9ýWÿTO � O � O � ý ��� .2ÿ ���%� ü � �B��.:REþeþ�ü�þ�ÿ ��� þ_R(þ$[ � þ�þ & 1020 eV

�
ú �yþ\ñ � þ�ÿEÿEþ Â » ÅeÀhø H DZR�þ�ÿEQO�ý9.2ÿE
 �V� �yÿEÿ�þ�ü5ý � 
 � ü � .2üZR�ýEÿ3� � ý � .2ü � ü Â ÿ � þ�ü5ý � üPO � �bO�RZþiR  þ ��� O �'� 
& þiR ��� üyþ & ý9. ��� þeO7ÿa�  ý3�yþ]��
\R�ýWþ�ÿ)
¬.�?Ôý9��þ � ÿa.7ÿ ����� ü �
ú �yþ � ÿTR�ý  O7ÿ�ýc.�?&ý3� � Reý9�yþiR � R & þiR � ÿ � D�þ_R  ��
\R ��� O �  ÿ).%D � þ��xR(O7ü & ý9�yþZýWþ � ��ü ��W �yþiRj.�? & þCýWþ � ý � .2ü�ZR�þ & �
� þ$[9ý � .%�Zþ_R-ý9�yþ � O ��� DyÿWO�ý � .2ü  O7ÿ�ý � P ý � R8O  � ÿ3.9O � �yþ & ý9�yÿ).%� � �r�Ü ú �yþ & þ�2þ � .  �Zþ�ü5ý!.�?%O4ü�þ��<�Zþ�ý3��. & ý3.{R3�yÿE2þ�
iý3�yþ��bO�ýEþ�ÿ � þ�2þ � ¤

Ü ú �yþ�REþ�ý�ý � ü � �  .�?�O7ü~þ�[  þ�ÿ � �Zþ�ü5ý�ý3.l��þ_OQR3��ÿEþ�ý3�yþ�R)�yÿ)?rO � þ & þCýWþ � ý9.2ÿ�ÿEþ_R  .7üZREþ&ý3.Jþ � þ � ýEÿ3.2ü!R.�?%Oc?|þ�� 5 þ � �
ú �yþ�ü � � üZO ��� 
 � � � �PO  ýWþ�ÿ�RKO7ÿEþ & þ��.7ýWþ & ý9. þ$[  .:R�þ~üyþ��±�Zþ�ý3��. & Rl.�?vO7üZO � 
\REþiR�O � � � ü �f& þ�ýEþ�ÿ3� � "
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