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? @BADCFE GHEJI K @MLONFPRQOEJI

SUTWVYX[Z/\]Z�^`_aTcbed[fhgiZh^ jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkj l

m npo
qkrFs�tvu�wyx'u{z}|�~���� ���Hz���wyt�� �
� �����c���]�c���"���4���+�F�����W������� �

  j   ¡�¢ be£�g¥¤�b
¦+§©¨Ygyª¬«�¯®�S jkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkj °
  j > ¡ § ¢ d±^²Tcbed[§ ¢�³ ^e´�d ¢ bed[X[X�Tcbed[§ ¢ Zµb�¶4¨YZ ¢ ´²·Yd ¢Y¸ jkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkj °
  j¹l º�d[^e¦+§»^¥d[b¥d±¼�\]Z¯X¾½¿ZµÀ]¦+£hgid±Z ¢ ´�Zk_�Z ¢ £hZ/T�¨Áªy¬Â ¡ «Jjkj/jkjkj/jkjkjkj/jkjkj/jkjkj  hÃ

  j¹l]j   ªÄ£h§»_�£�begid±Zk\]¨O\]£�b¥Z1´µbeZh¨YgÅjkj/jkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkj  hÃ
  j¹l]j > Æ T�d±^e´�Z8T�¨ ³ ´�d[VYX±Z�^`Z�b�\]£1´�X[Z ¢ ´²·]Zh_�Z ¢ b�jkjkj/jkjkj/jkjkjkj/jkjkj/jkjkj  hÃ
  j¹l]j¹l Â`§»b²T�b¥d±§ ¢ ^
Z�b�\]£�Ç ¢ d[b¥d±§ ¢ ^�jkj/jkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkj   l

È É`�1�%Ê��'�U����Ë%�ÍÌÎ�Ï��ÌÎÐ3�1���W�8���ÎÑc� �3Ò
> j   Ó d[£1\]Zh^ib²TW¨�ÀÔjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkj  �Õ
> j > º�£�beZ1´ÖbeZh¨Ygi^Ä®Ïd[X±d±´�d[¨Y_ j/jkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkj  h×

> j > j   Ø bÖT�X[§ ¢Y¢ T ¸ ZkZ ¢ £ ¢ Zhg ¸ d[Zk¦%T�g
X[Zh^`¦]dÙ´�^
£hXÙTW^ibed±¶4¨YZh^Újkjkjkj/jkjkj/jkjkj  h×
> j > j > Û £hg¥dÜÇ%´1Tcbed[§ ¢ \]Z¯XÝ½Þ£�bÖT�X[§ ¢Y¢ T ¸ Z jkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkj   °

> j¹l º�£�beZ1´ÖbeZh¨Ygi^Äßà^ ¡ jkjkj/jkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkj  há
> j¹l]j   ¡v¢ beZhgãâ�£�b²TWX[§ ¢Y¢ T ¸ Zk\]Zh^
ä©§©d[Zh^ jkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkj  há
> j¹l]j > Ø bÖT�X[§ ¢Y¢ T ¸ ZkZ ¢ ^¥§©¨Yg¥´�Z 22Na

jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkjkj/jkj >©>
> j Õ S�T�VYX[Z8TW¨åg¥£1´1T�¦YdÜbe¨YXÙTcbed[¼Újkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkj >Wæ

ç è�Ð3�1�ÏÑ�é��ê���Y�c���'�ëÌ��ëìF���]���»íÎ�ê��Ë ç%î
l]j   ßÅTWgãbeZh^

(ECsI ,∆ESi)
j/jkjkj/jkjkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjïl Ã

l]j > ßÅTWX±´�¨YX�\]Zk\]£h¦+ðWb�\F½¿£ ¢ Z�g ¸ d±Z¯¦%TWg�d±§ ¢ d[^ÖTcbed[§ ¢ jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkjñl  
l]j¹l ò
b¥d±X[d[^ÖTcbed[§ ¢ \]Z¯XÙTóg¥£�¼�£hg¥Z ¢ ´�Z�®Ïd[X[dÙ´�d[¨Y_Hjkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkjñl»l
l]j Õ ßô§©¨YgiV+Zh^�\]Z¯X[¨Y_�d[fhg¥Z{j/jkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkjñl Õ
l]jöõ Ø gig¥Zh¨Ygi^
^¥¨Yg
X[Zh^�´�§»¨YgiV'Z�^�\]Z¯X[¨Y_�d±f�g¥ZRjkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkjñl ×

l]jöõ�j   Ø g¥giZh¨Yg¥^�^i÷�^ib¥£h_aT�b¥d±¶4¨YZh^ô\]¨YZh^àø¯XÙT¯_�£�b¥·Y§�\]Z�\]Z�\]£�b¥Zhg¥_�d ¢ Tcbed[§ ¢ \]¨
¶4¨YZ ¢ ´²·Yd ¢Y¸ jkj/jkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkjñl ×

l]jöõ�j > ß�T�XÙ´µ¨YXÎ\]Z¬XÝ½ÞZhg¥g¥Z�¨Yg ¸ X±§»V%TWX[ZOj/jkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkjñl æ
l]j × ßÅTW^`\]Zh^
d[§ ¢ ^kù+ß ³ Â ³%ú�³ ®Ïd ³�Æ Z jkj/jkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkjñl á

Ò û/�'éýüÎ��Ñ8�+���h�'�J�3þ'�Ï�OÊ�ÿ[����ü)Ð�Ñ������Î�©�����Oè��	� Ò"È
Õ j   Ó gi£h^¥Z ¢ bÖTcbed[§ ¢ \F½ ¡ Âyº�
� jkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkj Õ3>
Õ j > º�£�beZhgi_�d ¢ T�b¥d±§ ¢ \�Zh^�´�§4Z��´�d±Z ¢ be^�\]Zk¶4¨YZ ¢ ´e·Yd ¢Y¸ j/jkjkj/jkjkjkj/jkjkj/jkjkj Õ3>
Õ j¹l ßÅTWgãbeZ

(ECsI ,∆ESi)
´�§»g¥g¥d ¸ £hZ/\]¨O¶4¨]Z ¢ ´²·Yd ¢Y¸ jkj/jkjkjkj/jkjkj/jkjkjkj/jkj Õ3×

l



���U�������Ï� ÒF�
� É���ü�ÐÏÑ������Î�©���������� Ò��

�j   ß�T�XÙ´µ¨YX±^�\]Zk\]£h¦+ðWbe^`\F½¿£ ¢ Z�g ¸ d±Z�jkj/jkjkj/jkjkjkj/jkjkj/jkjkjkj/jkjkj/jkjkj/jkj Õ©æ
� ����Êê���+Ë+Ñ8��ü�íU��� Ò��

Õ
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ACBDA E�FHGJILKJMNGPORQ=S�KUTWV4XZY\[
]_^a`cbedgfihDjk`�h�j�lnmpo4qcjsrktvu fwlyx�zpt{`|z�zpd}z~o��Lj�:zc�@`|�eh�� �
« ½Þ£�bÖT�X±§ ¢Y¢ T ¸ Z�Z ¢ £ ¢ Zhg ¸ d[Z�\]¨�´1T�X±§»g¥d[_�f�b¥g¥Z�\]Zpª¬«�¯®ÏS Z�^¥bk¨ ¢ \]Zh^k¦+§»d ¢ be^/´�X[£h^�\]Z X�T

g¥£h¨Y^¥^¥dÜbeZ \]ZóX�Tp_ d±^¥^¥d[§ ¢ j ¡ X)^¥ZhgeTpgi£8TWX[d[^e£óZ ¢ ä©§©X�T�Ç ¢ \]Zó¦+Zhg¥_�Zµb¥begiZó¨ ¢ ^¥¨Yd[äÏd)¦Yg¥£1´�d[^¯Z�bk\�Z
_�Zh^¥¨Yg¥Z�gôbe§»¨]beZÄ\]£hg¥dÜä3Z¬\�ZÄX¾½¿£hX[Z1´µbegi§ ¢ d±¶4¨YZÄZ�b�\]Zh^�\�£�beZ1´µb¥Zh¨Yg¥^ ³ \]¨YZ¯T�¨�^ibeg¥Z�^e^Å\]¨�XÙT ¢ ´�Zh_�Z ¢ b
Z�b�T�¨óäÏd±Zhd[X[X±d[^¥Zh_�Z ¢ b ¦Yg¥£�_aT�b¥¨Yg¥£Å¦Ygi§8ä3§�¶3¨Y£�¦%T�g)X¾½¿d[g¥g²TW\]dÙT�b¥d±§ ¢ ¦%T�g)X[Zh^�g²Th÷©§ ¢ ^�´�§»^¥_�d±¶4¨YZh^1j»«�Z
¦Yg¥d ¢ ´�d[¦+Z�\]Z�X¾½¿£µbÖT�X±§ ¢Y¢ T ¸ Z�Z ¢ £ ¢ Zhg ¸ d±Z�´�§ ¢ ^¥d[^¥b¥Zaø�¨]b¥d±X[d[^¥Zhg ³ ¦%TWgi_�d�X[Zh^kg²Th÷©§ ¢ ^k´�§©^¥_�d±¶4¨YZh^ ³
X[Zh^�d[§ ¢ ^�X[§©¨Yg¥\]^�giZhX�TcbedÜä�d[^ibeZh^�¦]g¥§�´e·YZ�\]¨O_�d ¢ d[_�¨Y_ñ\F½¿d[§ ¢ d[^²Tcbed[§ ¢ ¶3¨Yd�begeT1ä©Zhg¥^¥Z ¢ byø ´²·%TW¶4¨YZ
d ¢ ^¥b²T ¢ b¬X±Zh^ÄV%TWgig¥Z8T�¨�ÀÁ\]Z�ßô^ ¡ \]¨ ´1TWX[§»g¥d[_�f�begiZ©j"«�Zh^¬¦Ygi§»b¥§ ¢ ^ ³ ¦%T�gÄZµÀ]Zh_�¦]X±Z ³ ¦+Zhgi_�Z�b¥b¥g¥§ ¢ b
\F½¿£�b²TWX[§ ¢Y¢ ZhgpX±Z ¸ T�d ¢ X[ZÁ¦YX[¨Y^�¼�§©gãb « Ø��¬æ Z ¢ \]£h¦+§»^²T ¢ b Z ¢ ä�d[g¥§ ¢

12MeV
\�T ¢ ^ ´²·%TW¶4¨YZ

V%T�g¥g¥Z8T�¨ b¥g²Thä3Zhgi^e£ ³ X±Z�^ d±§ ¢ ^ ¼�ZhgóZ ¢ \]£h¦+§»^ÖT ¢ b ¦Yg¥fh^�\]Z
6.7GeV

£µbÖTWX[§ ¢Y¢ Zhg¥§ ¢ b X±Z ¸ T�d ¢ X±Z
¦YX[¨Y^Å¼:T�d±VYX[Z�� Ø���  j Ø)¢ ¨]b¥d±X[d[^²T ¢ b ³ ¦ ³ �`Z ³ ß ³ Â ³Yú�³ ®Ïd ³�Æ Z ³ § ¢ £�b²TWX[§ ¢Y¢ Zhg²T�TWd ¢ ^¥d'b¥§©¨]b¥Zh^ÅX[Zh^
´²·%T�d ¢ Zh^�\F½¿£hX[Z1´µb¥g¥§ ¢ dÙ¶3¨YZ©j

«ÎT¯¦Yd[Zhg¥g¥Zy\F½¹T»´e·Y§©¦Y¦+Z�_�Z ¢ bÅ\]Zy´�Zµbà£�b²TWX[§ ¢]¢ T ¸ ZyZh^ibàXÙT¯¦%TWgi¼:T�d[b¥Zy´�§ ¢Y¢ T�d[^¥^ÖT ¢ ´�ZÄ\]¨p¶4¨]Z ¢ â
´²·Yd ¢Y¸Y³ ´1TWgeT»´Öbe£hg¥d[^ibed±¶4¨YZ¬d ¢ begid ¢ ^¥f1¶3¨YZ¯\]¨�ßà^ ¡ ¶4¨Yd"¼:T�d[b
¶4¨YZ¬XÙT�¶4¨%T ¢ bedÜbe£¯\]Z¬X[¨Y_�d[fhgiZ ¸ £ ¢ £hg¥£hZ
\�T ¢ ^�X[Z�ßà^ ¡ Zh^ib�¨ ¢ Za¼�§ ¢ ´µb¥d[§ ¢�¢ § ¢ X[d ¢ £1TWd[g¥Zp\�¨Ô\]£h¦+ð»b�\"½¿£ ¢ Zhg ¸ d[Zp\F½Þ¨ ¢ d±§ ¢ X±§»¨Yg¥\ ³ ^eZ�X±§ ¢
X¾½¿Zh^¥¦+f1´�Z`Zµb�X¾½¿£ ¢ Zhg ¸ d±Z`\]Z
X¾½¿d[§ ¢�³ ´�§©_ _�Z`´�Z�X�T¬Z�^¥b�\]£1´�gid[b Z ¢ \]£�bÖT�d[X+TW¨ ¦%TWgeT ¸ g²T�¦Y·YZ   j > j ¡ X�Zh^ib
d ¢ be£hgiZh^¥^ÖT ¢ b�\]Z¬´�§»_�¦YgiZ ¢ \]g¥Z¬T�¨�_�d[Zh¨�ÀpX¾½ÞZ�"Zµb
\]ZÄ¶4¨YZ ¢ ´²·]d ¢Y¸ Z ¢ X[ZÄ_�Zh^¥¨YgeT ¢ b�økbe§»¨]beZh^ÅX[Zh^
£ ¢ Zhg ¸ d[Zh^�Z�bÅ¦+§»¨YgÅ¨ ¢ _aT8À]d±_�¨Y_ \F½Þd±§ ¢ ^Å¦+§©¨YgàX±Z�^�V%T�g¥giZ8TW¨ÏÀ�\]Zkßô^ ¡k� S�Xi��´�Zhgib¥d[Ç�£�^�ª¬«�¯®�S ³
\F½öT�¨]bÖT ¢ bÅ¦YX[¨Y^�¶4¨YZÄX[Zh^àä©T�X[Zh¨Yg¥^�\]Z¬¶4¨YZ ¢ ´²·Yd ¢Y¸ g¥Zh¦+§»gib¥£hZh^�\�T ¢ ^ÅXÙT/X±dÜb¥b¥£hg²Tcbe¨YgiZÄ^e§ ¢ bÅ¦+§»¨YgÅX[Z
_�§»d ¢ ^`\]dÜä3Zhgi^¥Zh^8j

« ½ÞZµÀ]¦+£hg¥d[Z ¢ ´�Z�_ Z ¢ £hZÍTW¨}ªÄÄÂ ¡ « T1ä©Z1´å¨ ¢ ¼:T�d±^e´�Z8T�¨�\]Z 78
36Kr

ø�°Wl2�OZ ÛC��¢ ¨�´�X±£�§ ¢ T
¦+Zhg¥_ d±^�X�T¬_�Zh^¥¨Yg¥Z�\]¨a¶4¨YZ ¢ ´e·Yd ¢Y¸ ¦+§»¨Yg be§»¨Y^�X±Zh^�d±§ ¢ ^ ³ \]Zh^ô¦Ygi§»b¥§ ¢ ^àT�¨	�4gi÷�¦]b¥§ ¢�³ \F½¿£ ¢ Zhg ¸ d[Z
TWX[XÙT ¢ b�\]Z Ã ø °�l2��Z ÛC�c¢ ¨�´�X[£h§ ¢ j�ßôZ�b¥b¥Z�ZµÀ]¦+£�g¥d[Z ¢ ´�Z ¼�¨]b�\]Z�¦]X±¨Y^ó¨ ¢ ¦Yg¥£�X±¨�\]Z�d[_�¦+§»gib²T ¢ b
¦+§©¨]g�¨ ¢ Z�TW¨�beg¥ZåZµÀ�¦+£hg¥d[Z ¢ ´�Z�\]Zå¦YX[¨Y^ ¸ geT ¢ \�ZÍT�_�¦YX[Zh¨Yg�_�Z ¢ £hZ�TW¨ëªk® ¡ Z�b�´�§»¨]ä�g²T ¢ b�X�T
¦%T�gibed[Zp·%T�¨]beZa£ ¢ Zhg ¸ d[Z�\]Z Ã j × ø   jö°ÍªÄZ ÛC��¢ ¨�´�X[£h§ ¢ jU«ÎT�´�§©_ ¦%TWgeTWd[^¥§ ¢ Z ¢ begiZpX[Zh^ó\]§ ¢Y¢ £hZh^
§©V�beZ ¢ ¨YZh^�¦%TWgó´µZh^ \]Zh¨�ÀÔZµÀ]¦+£hgid±Z ¢ ´�Zh^ ¦+Zhgi_�Z�b¥b¥g²T�\]Z�´�§ ¢ ¼�§©gãbeZhg�XÙT�_�Zh^¥¨Yg¥Z�\]Z�^óZ�'Z�be^ \�Z
¶4¨YZ ¢ ´e·Yd ¢Y¸ ø�be§»¨]beZh^
X[Zh^`£ ¢ Zhg ¸ d±Zh^`\�T ¢ ^
X±Z�^`V%T�g¥g¥Z8T�¨�Àå\]Z�ßô^ ¡ \]Z�ª¬«�¯®�S¬j

ACB|� E@Q=F������GJ�Q=F4�����:��FHGJ�������GJ�Q=F �NG��aS���F�������F��

`T�¦Y¦+ZhX[§ ¢ ^à_�TWd ¢ b¥Z ¢ T ¢ bàX[Zh^ôV%T�^¥Zh^à\]Zh^ô¦Yg¥§Ï´�Zh^¥^¥¨Y^Å\F½Þd±§ ¢ d[^²T�b¥d±§ ¢ Z�bÅ\�Z�^e´�d ¢ bed[X±XÙTcbed[§ ¢�³ ´1T8â

g²TW´µbe£hgid[^¥b¥dÙ¶3¨YZh^k\]¨ ¦�TW^¥^²T ¸ Z�\F½Þ¨ ¢ d[§ ¢ \�T ¢ ^¯X[Z�´hTWX[§©gid±_ f�begiZ©jF«�§»g¥^e¶4¨�½Þ¨ ¢ Z ¦%T�gib¥dÙ´µ¨YX±Z ³ T�¨]begiZ
¶4¨�½Þ¨ ¢ ¦Y·Y§»b¥§ ¢ §©¨ ¨ ¢ £hX[Z1´µb¥g¥§ ¢�³ beg²Thä3Z�g¥^¥Z \]ZóXÙTp_aTcbed[fhgiZ ³ ZhX[X[Zó÷Á\]£�¦'§»^¥Z�\]ZóX¾½¿£ ¢ Zhg ¸ d±Zó¦%TWg
d[§ ¢ d[^²T�b¥d±§ ¢ Z�b¬¦%T�g¬ZµÀ]´�d[b²T�b¥d±§ ¢ Tcbe§»_�d±¶4¨YZ©j"« ½¿d[§ ¢ d[^²T�b¥d±§ ¢ Zh^ibk\]ZóX[§»d ¢ X±Zó¦Ygi§�´�Z�^e^¥¨Y^¬¦Yg¥£h¦+§ ¢ â
\]£hg²T ¢ b Z�b ^¥ZpbegeT»\]¨YdÜb ^¥d[_�¦YX±Z�_�Z ¢ b ¦%T�góX�TÁ´�gi£8T�b¥d±§ ¢ \�Z ¦%T�d±giZh^ £hX[Z1´µbegi§ ¢@� begi§©¨�j)«ÎTÍ¦+Zhgib¥Z
\F½¿£ ¢ Zhg ¸ d±Z�\"½¿¨ ¢ Z
¦%TWgãbed±´�¨YX[Z �w�©³

β
� ³ beg²Thä3Z�g¥^²T ¢ b�¨ ¢ Z`£h¦%T�d±^¥^¥Zh¨Yg

dx
\F½¿¨ ¢ _aTcbe£hg¥dÙT�¨ � ��³ ���Zh^ib

\]§ ¢Y¢ £hZ¬¦%T�g Ê�� �Ý�+Ñ�éÁ�UÊ��OÌÎ� � �3�cí��2¡ � Ê��F�»í Thä3Z1´�¨ ¢ ZÄ¦Yg¥£1´�d[^¥d[§ ¢ \]ZÄXÝ½Þ§©g¥\]g¥Z¬\]Z  g¢ Z ¢ begiZ
40MeV/c

Z�b
6GeV/c

¦+§©¨Yg
¨ ¢ ¦Yd[§ ¢�³ XÝ½Þ£1¶4¨%Tcbed[§ ¢£�i  j   �àZh^ib�beZhX[X±Zk¶4¨�½Þ£1´�g¥dÜbeZk\�T ¢ ^=¤ æ+¥ ù

−dE
dx

= Kz2 Z

Aβ2

[
1

2
ln

(
2me c

2β2γ2Tmax

I2

)
− β2 − δ2

] �i  j   �

°



§}¦ K
A

= 4πNAr
2
emec

2

A
= 0.307075MeV.g−1.cm2 ¦+§»¨Yg

A = 1g.mol−1

re = e2

4πε0mec2
= 2.817940325 fm

g²Th÷3§ ¢ ´�XÙT�^e^¥d±¶4¨YZ/\]Z¯X¾½¿£�X±Z1´Öbeg¥§ ¢
Tmax

Zh^¥b
X¾½¿£ ¢ Zhg ¸ d[Z/´�d ¢ £�b¥dÙ¶3¨YZk_aT8À]d[_�¨Y_ï¶4¨Yd�¦+Zh¨�b`¤�beg¥Z¯\]§ ¢Y¢ £�øó¨ ¢ £hX±Z1´Öbeg¥§ ¢ X[d[VYg¥Z
øóXÙTó^¥¨YdÜbeZk\F½¿¨ ¢ Z/´�§»X[X±d[^¥d[§ ¢ j
δ
¦+Z�g¥_�Z�b`\]Zk´�§©gig¥d ¸ Zhg`\�Zh^`Z�'Z�b¥^�\]Zk\�Z ¢ ^¥d[b¥£©j

I
Zh^ib`X¾½¿£ ¢ Z�g ¸ d[Z¯_�§8÷3Z ¢Y¢ Zk\F½ÞZµÀY´�dÜbÖTcbed[§ ¢ Z ¢

eV
j

NA = 6.0221415× 1023 mol−1 Z�^¥b
X±Z ¢ §»_�VYg¥Z¯\F½¿Îä©§ ¸ TW\]g¥§Yj
me c

2 = 0.510998918MeV
Zh^ib`XÙTó_aT�^¥^¥Zk\]Z¯XÝ½Þ£hX[Z1´µbegi§ ¢ j

{¦YX[¨Y^�V%T�^e^¥Zk£ ¢ Zhg ¸ d[Z ³ \]Zh^y´�§»g¥giZ1´µbed[§ ¢ ^�^¥§ ¢ b ¢ £1´�Zh^¥^²TWd[g¥Zh^�¦+§»¨Yg
beZ ¢ d±g�´�§»_�¦]b¥Z/\F½¿Z�'Z�be^
\F½Þ£1´�g²T ¢ j+ ¦YX±¨Y^Ä·%T�¨]beZ�£ ¢ Zhg ¸ d[Z ³ T�¨�âv\]Zh^¥^e¨]^¬\]Z

6GeV/c
³ X[Zh^ÄZ�'Z�be^yg²TW\]d�Tcbed[¼�^¬\]Z�ä�d[Z ¢Y¢ Z ¢ b

b¥g¥fh^ôd[_�¦+§©gãbÖT ¢ be^1j�ºÄT ¢ ^àX[Z ¸ T�_�_�Zy\F½¿£ ¢ Zhg ¸ d±ZÄ¶3¨Yd ¢ §©¨]^àd ¢ b¥£hg¥Zh^¥^¥Z ³ Z ¢ b¥g¥Z
0
Z�b

73MeV
¦�TWg

¢ ¨�´�X±£�§ ¢�³ X[Zh^�Zhg¥giZh¨Yg¥^�\�T ¢ ^�X[Zh^ ´1T�XÙ´�¨YX[^�\]Z�\]£h¦+ðWb�\F½¿£ ¢ Zhg ¸ d[Z�^¥§ ¢ b�\]§ ¢ ´àbegifh^�¼:T�d[VYX[Zh^ Z�b�§ ¢ X[Zh^
¢ £ ¸ X[d ¸ ZhgeT�¦%TWg�XÙT�^¥¨Yd[b¥Z©j Ó §»¨Yg�X[Z�´1T�^Ä\F½¿¨ ¢ _aT�b¥£hg¥dÙT�¨Á´�§»_�¦+§»^¥£ � \]§ ¢ byX[Z ßô^ ¡ � ³ § ¢ ^e§»_�_�Z
X[Zh^�\]£h¦+ðWb�\F½¿£ ¢ Zhg ¸ d±Za´�§»g¥g¥Z�^e¦+§ ¢ \�T ¢ bóøå´²·%TW¶4¨YZa´�§»_�¦+§»^ÖT ¢ b¥ZaZ ¢ ´�§ ¢ ^ed±\]£hgeT ¢ b�X[Zh^/V+§ ¢Y¢ Zh^
¦Ygi§©¦+§»gib¥d±§ ¢ ^`_�§»XÙTWd[g¥Zh^1j

«�Zh^ôV%TWgig¥Z8T�¨�Àa\]¨p´hTWX[§©gid±_ f�begiZÄ\�Z¬ª¬«�¯®�SJ^¥§ ¢ bà´�§ ¢ ^ibedÜbe¨Y£h^à\]Z�^e´�d ¢ b¥d±X[XÙT�b¥Zh¨Yg
ßô^ ¡ \]§»¦+£
T�¨åb¥·%TWX[X[d±¨]_Oj%«�Z�ßà^ ¡ ¦]¨Yg ¢ Z ¸ £ ¢ fhg¥Z/¶3¨�½¿¨ ¢ Z¯¼:T�d±VYX[Z/¶4¨%T ¢ bedÜbe£k\]ZkX[¨Y_�d[fhg¥Zk\�T ¢ ^
X±Z¯VYX±Z�¨OZ�b
X¾½¿¨]X[b¥g²T8â�äÏd±§»X[Z�b8j]«�ZÄ\]§©¦�T ¸ Z¯TW¨abe·%T�X±X[d[¨Y_ ¦+Zhgi_�Z�b�\F½öT�¨ ¸ _�Z ¢ beZ�gàb¥g¥fh^à¼�§»gibeZh_ Z ¢ bÅXÙT�¶4¨%T ¢ bedÜbe£
\]Z�X±¨Y_ d±fhgiZ
¦Yg¥§Ï\]¨YdÜbeZ
Z ¢ Tp§�§»¨]bÖT ¢ b ¨ ¢ Z`´�§»_�¦+§©^²T ¢ beZ`\�T ¢ ^ X[Z�§iTW¨ ¢ Z�økõ»õ Ã©Ã �j3«ÎTÄ^e´�d ¢ bed[X[X�T8â
b¥d±§ ¢ Zh^ib�¨ ¢ Z�'Z�b)beg¥f�^�_�d ¢ Zh¨Yg)¦%T�g)g²T�¦Y¦+§©gãbôøyX¾½¿d[§ ¢ d±^²Tcbed[§ ¢ Z ¢ beZhgi_�Z�\]Z
¶4¨�T ¢ b¥d[b¥£
\F½Þ£ ¢ Zhg ¸ d[Z
_ d±^¥Z¬Z ¢ §�Zh¨�j Ó §©¨Yg�X[Z�ßà^ ¡²³ ¨ ¢ _�§Ï\]fhX[Z¯^ed[_�¦YX[dÜÇ�£k\]Z¯^e´�d ¢ bed[X±XÙTcbed[§ ¢ Zh^ib
¦Yg¥§»¦+§©^¥£¯¦%T�g¨¤ ×+¥ ¤ö° ¥ ù

{
T l++ + electron −→ T l+? −→ T l+ + photon

^e´�d ¢ bed[X[XÙT�bed[§ ¢
T l+ + trou −→ T l++ g¥£ ¸ £ ¢ £hgiZh^e´�Z ¢ ´�Z �i  j > �

ßôZ�_�§Ï\]fhX[Zô_ Z�bUZ ¢ §vZh¨�\]Zh^U¦�TWd[g¥Zh^Î£hX[Z1´µbegi§ ¢�� b¥g¥§©¨/d[^e^¥¨Y^U\]Z�X¾½¿d[§ ¢ d±^²Tcbed[§ ¢ ¶4¨]d4^¥Z�g¥Zh´�§©_�VYd ¢ Z ¢ b
^¥¨Yg�\]Zh^�^edÜb¥Zh^`be·%T�X±X[d[¨Y_ ³ X[Zh^ ¢ §c÷4TW¨�ÀO\]Zkbe·%T�X[X±d[¨Y_ ^¥Z�\]£h^¥ZµÀY´�dÜbeZ ¢ byZ ¢ ^¥¨YdÜbeZ/Z ¢ £h_�Z�b²T ¢ b�¨ ¢
¦Y·]§»be§ ¢�³ ä3§»d[g
X[Z¯^e´²·Y£h_aT   j   j

©«ª¬�®   j  -¯ ßà§»X[§ ¢Y¢ Zk\F½¿d[§ ¢ d±^²Tcbed[§ ¢�¸ £ ¢ £hgi£hZk¦%T�g
X[Z¯¦%T�^e^²T ¸ Zk\F½¿¨ ¢ d[§ ¢ X[§»¨Yge\å\�T ¢ ^�\]¨Íßô^ ¡ j

«�§©gi^e¶4¨�½¿¨ ¢ d[§ ¢ X[§»¨Yge\pbegeThä3Zhg¥^¥ZÄ¨ ¢ _aTcbe£hgid�T�¨ ^e´�d ¢ bed[X[X�T ¢ b ³ X[Z¯\]£h¦+ðWb`\F½Þ£ ¢ Zhg ¸ d[Z � \ Ø°� \4À��
Zh^ib X[§�´1T�X[Zh_�Z ¢ b begifh^ d[_�¦+§©gãbÖT ¢ b ³ XÙT \]Z ¢ ^¥dÜbe£ \F½Þd±§ ¢ d[^ÖTcbed[§ ¢ Zh^ibå\]§ ¢ ´Íbegifh^ ¼�§»gib¥Z X[Z X[§ ¢Y¸

æ



\]Z XÙT ´µ§©X[§ ¢]¢ Zý\F½¿d[§ ¢ d±^²Tcbed[§ ¢ j�ßôZ�b¥b¥Z ¸ g²T ¢ \]Z \]Z ¢ ^¥d[b¥£ \F½¿d[§ ¢ d[^²Tcbed[§ ¢ TW¨]b¥§©gid±^¥Z X¾½¿§»¨]ä3Zhgãbe¨YgiZ
\F½öT�¨]begiZh^yä©§©d[Zh^¬\�Z�giZ1´�§©_�VYd ¢ TWd[^¥§ ¢ ¦+§»¨YgyX±Z�^ÄZµÀY´�dÜbe§ ¢ ^ ³ ¶4¨YdU¦+Zh¨]ä©Z ¢ b ¢ §WbÖT�_�_�Z ¢ by¦Yg¥§WÇYbeZhg
\]Zh^�d±_�¦]¨Yg¥Z�be£�^ó¼�§»ge´�£h_�Z ¢ bó¦Ygi£h^¥Z ¢ beZh^ó\�T ¢ ^�X±Z�´�g¥d[^ibÖT�X ³ ä©§©d[g�XÙTOÇ ¸ ¨]g¥Z   j > j Ó ¨]d±^e¶4¨YZabe§»¨Y^
X[Zh^kZµÀY´�dÜbe§ ¢ ^ ¢ Z�¦Ygi§�\]¨Yd[^¥Z ¢ bk¦%TW^/\�Z�X[¨Y_�d[fhg¥Z�Z ¢ ^¥Z�giZ1´�§»_�VYd ¢ T ¢ b ³ § ¢ §©V]^eZ�giä3Z�\]§ ¢ ´ó¨ ¢ Z
^²T�b¥¨Yg²Tcbed[§ ¢ \]Z�XÙTa¦Yg¥§Ï\]¨�´µbed[§ ¢ \]Z�X±¨Y_ d±f�g¥Z©j Ó X[¨Y^ ¸ £ ¢ £�g²TWX[Zh_�Z ¢ b ³ § ¢ ´�§»_�¦YgiZ ¢ \ TWX[§©gi^¯¶4¨]Z
XÙT ¦Yg¥§Ï\]¨]bed[§ ¢ \]ZkX±¨Y_ d±fhgiZ ³ \]d[g¥Z1´µb¥Zh_�Z ¢ b`X±d[£hZ�øóXÝ½¹T»´ÖbedÜä©Tcbed[§ ¢ \]Zh^`^edÜbeZ�^`be·�TWX[X[d±¨Y_ ³%¢ ½ÞZh^ib�¦%T�^
X[d ¢ £8T�d[g¥Z�Z ¢ ¼�§ ¢ ´µbed[§ ¢ \]¨Ô\]£h¦+ðWb�\F½Þ£ ¢ Zhg ¸ d[Zp\]Zh^/d[§ ¢ ^ ³ ´�Z�b�Z�'Z�b�\]Z�^²T�b¥¨Yg²Tcbed[§ ¢ Z�^¥b�T�¦Y¦+ZhX±£
¶4¨YZ ¢ ´e·Yd ¢Y¸ j

©«ª±¬L®   j >²¯ ®�´²·Y£�_aTÁ_�§ ¢ begeT ¢ b�XÙTÁ^²T�b¥¨Yg²Tcbed[§ ¢ \]ZåXÙT ^e´�d ¢ bed[X[X�Tcbed[§ ¢ Z ¢ b¥g²Tg³ ¢ T ¢ b�X[Zh^�Z�"Zµbe^
\]Zp¶3¨YZ ¢ ´²·Yd ¢Y¸ \YT ¢ ^�¨ ¢ Z�begeT ¢ ´²·]Zp\]Z�X�TO´�§»X[§ ¢Y¢ Z�\F½Þd±§ ¢ d[^²T�b¥d±§ ¢´� Z ¢ ¼�§ ¢ ´�£hZ~�k´µg¥£h£hZa¦�TWg/X[Z
¦%T�^e^²T ¸ Zk\F½Þ¨ ¢ d[§ ¢ X[§»¨Yge\Fj

«�Zk´1T�^`\]Zh^
£hX[Z1´µbegi§ ¢ ^
Z�b`\]Zh^
¦Y·Y§»b¥§ ¢ ^`¶4¨Yd�\]£h¦+§»^¥Z ¢ b`X[Zh¨Yg
£ ¢ Z�g ¸ d±Z¯Z ¢ ¦Ygi§cä©§�¶4¨%T ¢ b`\]Zh^
¸ Z�g¥V+Zh^`£�X±Z1´Öbeg¥§»_aT ¸©¢ £�b¥d±¶4¨YZh^�\�T ¢ ^`X[Zk_�T�b¥£hg¥dÙTW¨å^¥ZhgeTóZµÀ]¦YX[d±´�dÜbe£�T�¨O\]£hVY¨]b�\]Z¯XÙTó¦%T�gibed[Zkl]j

á



ACB¶µ ·U���¸ORQ=�¹�cGº�»½¼��¾��¿À�«Á�OÂILKº���F��°�ZÃ ��F�IL�Z�=S TWXÅÄ E@V
Æ�ÇwÈ�Ç¶Æ z�rÊÉ«Ë r�Ì]sYtvuÎÍy�ÅÍ�r�Ì]u�x�Ì]u���s

«�Z}\]d[^¥¦+§©^¥dÜbed[¼O¨]bed[X±d[^¥£}X[§©gi^R\]Z�XÝ½ÞZµÀ]¦+£µâ
gid±Z ¢ ´�ZMZh^ibë´�§ ¢ ^¥b¥dÜbe¨Y£M\]ZM\]Zh¨�ÀñT�^e^¥§�â
´�dÙTcbed[§ ¢ ^�\]Zå\]£�beZ1´µb¥Zh¨Yg¥^ ¦Yg¥Zh^e¶4¨]Zåd±\]Z ¢ â
b¥dÙ¶3¨YZh^1j]ßà·%TW¶4¨YZyX[§WbÅ´�§©_ ¦Yg¥Z ¢ \�¨ ¢ V%TWg�â
giZ8TW¨Í\]Z�^e´�d ¢ bed[X[X�TcbeZh¨]g û����2Ï¶Ð�ÊÒÑ £1¶3¨Yd±¦+£
ø ´e·%T»¶4¨]ZåZµÀ�begi£h_�dÜbe£å\F½¿¨ ¢ Z ¸ g²T ¢ \]ZåZ�b
\F½Þ¨ ¢ Zp¦+Z�bedÜbeZp¦Y·Y§Wbe§Ï\]d[§�\]Z�Z�b�beg¥§»d[^ó\]£µâ
b¥Z1´µbeZh¨]g¥^�^¥d[X±d±´�d[¨Y_D¦YX�TW´�£h^Ó§�¨Y^ibeZa\]Z�ä»T ¢ b
´�ZBV%TWgig¥Z8T�¨!´�§»_�_�ZBX±ZB_�§ ¢ beg¥Z ¢ b�X�T
¦Y·]§»be§ ¸ g²T�¦Y·Yd[Z   j¿l Z�b
X�T�Ç ¸ ¨YgiZ   j Õ j ©°ª¬L®   j¹l ¯ ªÄg¥§»^�¦YXÙT ¢ ^e¨YgÅX[Z¯\]£�b¥Z1´µbeZh¨YgÅ¦YXÙT»´�£kT�¨

V'§»¨]b�\�Zk^¥§ ¢ ^e¨Y¦]¦+§©gãbÄø�X¾½¿d ¢ be£hgid±Z�¨Yg`\]ZkXÙTó´�¨]ä3Z©j
º�Zå¦YX[¨Y^ ³ X¾½¿Z ¢ ^¥Zh_�VYX±ZåZh^ib�^¥§©¨]b¥Z ¢ ¨�¦%T�g ¨ ¢ VYgeTW^�¦YdÜä3§WbÖT ¢ b�¶4¨Yd�¦+Zhg¥_ Z�ba\�Zå¦YXÙT»´�Zhg X±Z

\]£µbeZ1´µb¥Zh¨Yg¯øp\]Zh^¯T ¢]¸ X[Zh^¯´�§»_�¦Yg¥d[^ÄZ ¢ begiZ Ã ◦ Z�b  »  ◦ ¦%T�gÄg²T�¦Y¦+§©gãbkøaX¾½öT8À]Zó\]¨Á¼:T�d±^e´�Z8T�¨ Z�b¯ø> _ñ\]¨å¦+§»gib¥Zµâv´�d±V]X±Z©j

©«ª¬�®   j Õ:¯ º�d±^¥¦+§»^¥d[b¥d±§ ¢ ø
0◦
\]Zh^�£hX±£h_ Z ¢ be^U\]¨/\]£�beZ1´ÖbeZh¨Ygi^ ³8× \]d[§�\]Z�^U^¥d±X[d±´�d[¨Y_ Z�b > V%T�g¥g¥Z1TW¨�À

\]Z�ßô^ ¡ j

Æ�ÇwÈ�ÇÒÔ Õ ��t_Ö�x'u�� �H×¬x"tÀØÄ��u¸Ö uyÌ�Í�r�x"��u�w�xÚÙ�u¸Ë u�w«Ì
«�Za¼:T�d[^²´�Z1TW¨Ôd ¢ ´�dÙ\]Z ¢ b�Zh^ib�¨ ¢ ¼:T�d±^e´�Z8T�¨ \"½¿d[§ ¢ ^�\]Z 78Kr

\F½¿£ ¢ Zhg ¸ d±Z
73MeV/nucleon

³
^¥§»d[b ¨ ¢ Z�£ ¢ Zhg ¸ d[Z`´�d ¢ £�bed±¶4¨YZ�b¥§»bÖT�X[Z`\F½ÞZ ¢ ä�d[g¥§ ¢ õ�j °

GeV
¦%TWg�¦%T�gibed±´�¨YX[Z©j4ßàZ�bibeZ�¼:TWd[VYX[Z
£ ¢ Zhg ¸ d[Z

 1Ã



§�¨Y^ibedÜÇ�Z�¶4¨YZ�X¾½¿ZµÀ�¦+£hg¥d[Z ¢ ´�Z�^¥§»d[byd ¢ ^ib²TWX[X[£hZó\�T ¢ ^yX�T�´�¨]ä3Zóø ä�d±\]Z=ÛÝÜpÞ{ß@à�á~Þ�â�^¥¨YgyXÙT�X[d ¸©¢ Z ª Õ
\]¨OªÄ¬Â ¡ ««¤   ° ¥ j Ó §»¨YgÅ¦Yg¥§Ï\]¨Yd[g¥Z¬¨ ¢ _aT8À]d[_�¨Y_ \F½ÞZh^¥¦+f1´�Zh^
\F½¿d[§ ¢ ^�Z�b
´µ§©¨]ä�gid[g�XÙT�¦YX[¨Y^ÅX�T�g ¸ Z
¸ T�_�_�Z¯\F½¿£ ¢ Z�g ¸ d±Z ³Y¢ §»¨Y^yThä3§ ¢ ^
¨]bed[X[d±^¥£k\]Zh^�´�d[VYX[Zh^�\]Z ¢ Tcbe¨YgiZkZµb�\F½Þ£h¦%TWd[^¥^¥Zh¨Yg`\]dn�'£hgiZ ¢ beZh^kù
¯�Õ ´�d[VYX±Z�^y\F½ ú gkù > j  » ©³%>»>»Ã]³YÕ©á3> Z�byõ Õ3Ã

mg/cm2

¯�> ´�d[VYX±Z�^y\]Z Ó X±§»_�Výù�õ Õ jö°�Z�b Õ õ Õ
mg/cm2

«ÎT�Ç ¸ ¨Yg¥Z   jöõ�¦Yg¥£h^¥Z ¢ b¥Z¯X±Z¯¦Ygid ¢ ´�d[¦+Z/\]Z¯¼�§ ¢ ´µb¥d±§ ¢Y¢ Zh_�Z ¢ by\]Z¯X¾½¿ZÖÀ]¦+£hg¥d[Z ¢ ´�Z©j

©«ª±¬L®   jöõ ¯¬Ó g¥d ¢ ´�d[¦+Zô\]Z X¾½¿ZµÀ]¦+£�g¥d[Z ¢ ´�Z�ù1X[Z ¼:TWd[^e´�Z8T�¨�\]Z«ã¬gi÷Ï¦]be§ ¢ ¼�g²T�¦Y¦+Z X�T
´�d[VYX[Z�¦Ygi§cä©§�¶4¨�T ¢ b
\]Zh^Ug¥£8TW´µb¥d±§ ¢ ^ ¢ ¨�´�X[£8TWd[g¥Z�^)¶4¨Yd4£ä§�Z1´µb¥Z ¢ b)\]Zh^Ud[§ ¢ ^8jWßàZ�^�d[§ ¢ ^Ub¥g²Thä3Zhgi^eZ ¢ bUX[Zà\]£�beZ1´ÖbeZh¨YgU^¥d[X±d±´�d[¨Y_
§2¦Ád[X[^¬^¥§ ¢ b¬d±\]Z ¢ b¥d[Ç�£�^¬¦Y¨Yd[^¬^1½öT�g¥g¥¤µbeZ ¢ b¬\�T ¢ ^¬X[Z�^e´�d ¢ bed[X±XÙTcbeZh¨Ygkßà^ ¡ \�T ¢ ^¬X[Z1¶4¨YZhX�§ ¢ _�Zh^¥¨Yg¥Z
XÙT ¶4¨%T ¢ bedÜbe£k\]Z¯X[¨Y_�d[fhg¥Z ¸ £ ¢ £hg¥£hZ»j

«�Z \�£1´�X±Z ¢ ´²·YZh_�Z ¢ bOZ�^¥b g¥£1TWX[d[^e£ ¦%T�g ¨ ¢æå~ç X[§ ¸ d±¶4¨YZ \]Zh^å\]£�b¥Z1´µbeZh¨Ygi^ ^ed[X[dÙ´µd±¨Y_ ³ Z�b X[Z
¦%Tcb¥beZhg ¢ \]Zh^�VYdÜb¥^ ³ Z ¢ g¥Z ¸ d±^ib¥g¥£/\�T ¢ ^`X[Zh^y\]§ ¢Y¢ £hZh^ ³ ¦+Z�g¥_�Z�b�\]Z/^²Thä3§»d±g`¶4¨YZhX[^y\]£�b¥Z1´µbeZ�¨Yg¥^�§ ¢ b
\]£1´�X[Z ¢ ´²·Y£ÍX¾½öTW´h¶4¨Yd[^¥dÜbed[§ ¢ ¦+§»¨Ygp´²·%TW¶4¨YZ�£�ä3f ¢ Zh_ Z ¢ b8j úy¢ b¥g¥§»¨]ä3Zhg²T X[ZÍ^e´²·Y£�_aT ¸ X±§»V%T�XÄ\�Z
X¾½¿£hX[Z1´µbegi§ ¢ d±¶4¨YZ¯Ç ¸ ¨Yg¥Z   j × ¦%T ¸ Z  8> j

« ½¹T»´h¶3¨Yd±^¥dÜbed[§ ¢ Z ¢ b¥Zh_�¦Y^�g¥£hZ�XÎZh^ib¬T�^e^¥¨Ygi£hZ/¦%TWg`¨ ¢ ^i÷�^ibef�_�Z¨è�éëê{ì ¦Yd[X±§WbÖT ¢ by¨ ¢ ´²·%T�^¥^ed[^
Û � Ø j�«�Z�¦Yg¥§ ¸ geTW_ _�Z \F½¹T»´�¶4¨Yd[^edÜbed[§ ¢ TÍ£�b¥£ \]£�ä3Z�X±§»¦Y¦+£ ^¥¦+£1´�dÜÇ%¶4¨YZh_�Z ¢ b�¦+§»¨Yg ´�Zµb¥beZ�ZÖÀÏâ
¦+£hg¥d[Z ¢ ´�Z�Z�bÄ¦+Zhgi_�Z�bÄX¾½¿£1´µg¥dÜbe¨Yg¥Z�\]Zh^¬\]§ ¢Y¢ £hZh^Ä^¥¨YgÄ\]d[^e¶4¨YZ�\]¨Yg¬ø�¨ ¢ Z�¼�g¥£1¶4¨]Z ¢ ´�Zó\F½ÞZ ¢ ä�d[g¥§ ¢
  �{� � j3«�Z`´�§Ï\]Zh¨Yg ¨]bed[X[d±^¥£
Zh^¥b ¨ ¢ _�§�\]¨]X±Z Û � Ø \]Z�bv÷�¦+Z�íëîëïðÛ´ñÝòðóðôöõÝ÷ëÜ}øúùë÷+ê�âðàgê{û/îëü{í
´1T�¦%TWVYX[Z¯\�Z¬´�§�\�Zhg�\]Zh^Å^¥d ¸»¢ T�¨�À T ¢ T�X[§ ¸ d±¶4¨YZh^
\]Z Ã ø Õ»Û ^e¨Yg  1> VYd[b¥^Å¦+§©¨YgÅ´²·%TW´�¨ ¢ Z¬\]Z¬´�Zh^
l > ä3§»d[Zh^1j

 » 



©«ª¬L®   j ×=¯ ®�´e·Y£h_aT ¸ X[§©V�TWX�\]Z¯X¾½¿£hX[Z1´µb¥g¥§ ¢ dÙ¶4¨]Z�\"½öTW´h¶4¨Yd[^edÜbed[§ ¢

 8>



ÆvÇwÈ�ÇwÈ ý ÉºÌ]�ºÌYtÀÉ�w-Ö uyÌ�Í`rÊþ¬w�tÿÌ]t_É�wÓÖ
Û §»dÙ´µd�X[Zh^
g¥£h¼�£hg¥Z ¢ ´µZh^`Z�b ¢ §WbÖTcbed[§ ¢ ^yTW\]§»¦]be£hZh^ ³ X¾½Þ¨]bed[X±d[^²T�b¥Zh¨Yg�T�X[Z¯¼:T�d±^e´�Z8T�¨O\�T ¢ ^
X[Zk\]§»^kù
¯ ª¯º¬ª��Úù%ªÄg²T ¢ \]Z/º�d±§Ï\]Z/\]¨åV%T�g¥giZ8TW¨O\]¨��yT�¨]b ³ ´�ðWbe£�ª¯TW¨�´e·YZ
¯ ª¯ºÄº0�Úù+ªyg²T ¢ \]Z/ºyd[§�\]Zk\]¨åV%TWgig¥Z8T�¨O\]¨��yTW¨]b ³ ´�ðWbe£/º�g¥§»dÜb
¯�Ó º¯ª��Úù Ó Z�bedÜbeZ/º�d[§�\]Zk\]¨OV%T�g¥giZ8TW¨O\�¨ �yT�¨]b ³ ´�ðWbe£�ª¯T�¨�´²·YZ
¯�Ó º¬º0�Úù Ó Z�b¥d[b¥Z/ºyd[§Ï\]Z/\]¨åV%T�g¥g¥Z8T�¨O\]¨��yTW¨�b ³ ´�ð»b¥£�º�g¥§»dÜb
¯ ª¯º¬ª � ù%ªÄg²T ¢ \]Z/ºyd[§Ï\]Z/\]¨åV%T�g¥giZ8TW¨O\]¨ � T�^ ³ ´�ðWbe£�ª¯T�¨�´²·YZ
¯ ª¯ºÄº � ù+ªÄgeT ¢ \]Z�º�d[§�\]Zk\]¨åV%TWgig¥Z8T�¨�\]¨ � TW^ ³ ´�ðWbe£/º�g¥§»dÜb
¯�Ó º¯ª � ù Ó ZµbedÜbeZ/º�d±§Ï\]Z/\]¨åV�TWg¥giZ8T�¨�\]¨ � T�^ ³ ´�ðWbe£�ª¯T�¨�´²·YZ
¯�Ó º¬º � ù Ó Z�bedÜbeZkºyd[§�\]Zk\]¨åV%TWgig¥Z8T�¨O\]¨ � TW^ ³ ´µð»b¥£�º�g¥§»dÜb
¯ º Ø ® ¡væ»Ã ª�� §»¨OS   ù�\]£�b¥Z1´µbeZ�¨Yg
^ed[X[dÙ´µd±¨Y_ï_�d ¢ ´�Z ³ V%T�g¥giZ8T�¨�\]¨��yT�¨]b ³ ´�ð»b¥£�ª¯T�¨�´²·YZ
¯ º Ø ® ¡væ»Ã º0�M§©¨OS > ùY\]£�beZ1´ÖbeZh¨Yg
^¥d[X±d±´�d[¨Y_ñ_ d ¢ ´µZ ³ V%TWgig¥Z8T�¨�\�¨��yTW¨]b ³ ´�ðWbe£/º�g¥§»d[b
¯ º Ø ® ¡ õ Ã©Ã �M§©¨OS
õ ùY\]£�beZ1´µb¥Zh¨Yg
^¥d[X±d±´�d[¨Y_ñ£h¦�TWd[^ ³ V%T�g¥giZ8TW¨O\�¨ �yT�¨]b
¯ º Ø ® ¡væ»Ã ª � §»¨OS
l ù�\]£�b¥Z1´µbeZh¨Yg
^¥d[X[dÙ´�d[¨Y_ï_�d ¢ ´�Z ³ V%T�g¥giZ8TW¨O\]¨ � T�^ ³ ´�ðWbe£�ª¯T�¨�´²·YZ
¯ º Ø ® ¡væ»Ã º � §©¨OS Õ ùY\]£�beZ1´µb¥Zh¨Yg
^¥d±X[d±´�d[¨Y_ñ_�d ¢ ´�Z ³ V�TWgig¥Z8T�¨O\]¨ � TW^ ³ ´�ðWbe£/º�g¥§»dÜb
¯ º Ø ® ¡ õ Ã©Ã � §©¨OS × ù�\�£�beZ1´µb¥Zh¨Yg
^¥d±X[d±´�d[¨Y_ñ£h¦%T�d[^ ³ V�TWg¥giZ8T�¨�\]¨ � T�^
¯ ª¯º0�`^kù GDGH+GDDH

2

«�¨Y_�d[fhg¥Z¬ä�¨]Zk¦%T�g
X[Zh^ ¸ geT ¢ \]Z�^�\]d[§�\]Zh^�\]¨åV%T�g¥giZ8TW¨O\]¨å·%T�¨]b
¯ ª¯º � ^kù GDGB+GDDB

2

«�¨]_�d±f�g¥Z¬ä�¨YZ¯¦%T�g
X[Zh^ ¸ g²T ¢ \]Zh^`\]d±§Ï\]Zh^�\]¨åV%T�g¥g¥Z1TW¨O\]¨åV%T�^
¯�Ó º��
^/ù PDGH+PDDH

2

«�¨Y_�d[fhgiZ¬ä�¨YZ¯¦%TWg�X±Zh^
¦+Z�bedÜb¥Zh^�\]d[§�\]Z�^y\]¨åV�TWg¥giZ8T�¨�\]¨å·%T�¨]b
¯�Ó º � ^/ù PDGB+PDDB

2

«�¨Y_�d[fhg¥Z¬ä�¨]Zk¦%T�g
X[Zh^
¦+Z�bedÜbeZh^�\�d±§Ï\]Zh^�\]¨åV%T�g¥giZ8TW¨O\]¨åV%T�^
®Ï¨]g`X±ZkV%T�g¥g¥Z1TW¨�\]¨�·%T�¨]b ³ X±Zh^`¦Yg¥£1TW_�¦YX[dÜÇ%´1TcbeZh¨Ygi^Ä\]Zh^ÄªÄgeT ¢ \]Zh^yºyd[§Ï\]Zh^�Z�by\]Zh^ Ó Z�b¥d[b¥Zh^

º�d±§Ï\]Zh^¬^¥§ ¢ b¬d ¢ ä3Z�g¥^¥£h^ ³ d[X ¢ Z�^¥§ ¢ bÄg¥Zh_�d[^ÄZ ¢ V+§ ¢Y¢ Z�¦YX�TW´�Zó¶4¨�½öT�¦Yg¥fh^ÄXÙT�Ç ¢ \�¨Á¼:TWd[^e´�Z8T�¨ Z�b
X¾½¿§»¨]ä3Zhgib¥¨Yg¥Zk\]Z¯XÙT ´�¨]ä©Z©j

úy¢ T�¦Y¦+ZhX[X±Zób¥£hX[Zh^e´�§©¦+Z X¾½öT�^¥^¥§�´�dÙTcbed[§ ¢ \F½Þ¨ ¢ \]£�beZ1´µb¥Zh¨Yg¬^¥d±X[d±´�d[¨Y_HZ�b¯\]¨ V%TWgig¥Z8T�¨ \]Zaßô^ ¡
´�§»g¥g¥Zh^¥¦+§ ¢ \�T ¢ b ³ ¶4¨]d+¦+Zhg¥_�Z�bÅ\F½¿§»V]b¥Z ¢ d±gôX±Z�^à·Yd±^ib¥§ ¸ g²T�_�_�Zh^�ø > \]d[_�Z ¢ ^¥d[§ ¢ ^

(ECsI ,∆ESi)
³

ä3§»d±g¬X�TpÇ ¸ ¨YgiZ > j¹l�¦%T ¸ Z   °Ïj Ó T�g¯ZµÀ�Zh_�¦YX[Z�X[Z �1Ð]Ê��Ï�1�©�+ü�� Ða�}¡��è��O� ¦+Zhgi_�Z�b/\F½Þ§©V]b¥Z ¢ d[g
X¾½¿·Yd[^ibe§ ¸ g²T�_�_�Z

(ECsI ,∆ESi)
Thä©Z1´

ECsI
\]§ ¢Y¢ £hZÄ¦%T�gàX±Z�^ ¸ geT ¢ \]Zh^�\]d[§Ï\]Zh^�\]¨�V%T�g¥giZ8TW¨�\]¨

·%T�¨]b`Z�b
∆ESi

\]§ ¢Y¢ £hZ¯¦%TWg�X±Z¯¦YgiZh_�d[Zhg`\]£�b¥Z1´µbeZh¨Yg
^¥d[X±d±´�d[¨Y_ñ\]¨åV%TWgig¥Z8T�¨�\�¨O·%T�¨]b8j
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« ½¿£�b²TWX[§ ¢Y¢ T ¸ Z¬Z ¢ £ ¢ Zhg ¸ d[Z¬\]Zh^
\�dn�'£hg¥Z ¢ be^�\]£�b¥Z1´µbeZh¨Ygi^�Zh^ibÅV%TW^¥£Ä^¥¨YgÅX[ZÄ¦Ygid ¢ ´�d[¦+Z¯\]ZÄgi£h¼�£µâ
giZ ¢ ´�Z¯ZµÀ]¦YX[d±´�d[b¥£k¦%T�g
X¾½¿£1¶4¨%Tcbed[§ ¢£�Ý> j   �à^¥¨YdÜä»T ¢ b¥Z�ù

E = α(c− c0)
��Z Û �Ý> j   �

§}¦
E
Zh^ib`X¾½Þ£ ¢ Zhg ¸ d[ZkZ ¢ �OZ Û j

c
Zh^ib
X±Z ¢ §»_�VYgiZk\]Z �©�+���+�¸� \F½¿Äº¯ßyj

c0
Zh^ib`XÙT�ä»T�X±Zh¨]g`\]¨ ü���Ð�Ì������1�%Ê Z ¢ ´1T ¢ TWX�\F½Þ¬º¬ßÄj

α
Zh^ib`X[Z/´�§4Z��´�d±Z ¢ by\]Z �©�'�+þ+�ÏÑc�8���'� Z ¢ �OZ ÛC� ´1T ¢ TWX¾j

�aB�A �ú�kI�¼����yG¹�=S\Á
«ÎT¬\]£�beZhgi_�d ¢ T�b¥d±§ ¢ \]Zh^ ¦Yd[£1\]Zh^ib²TW¨�À ¢ £h´�Zh^¥^edÜbeZ`\�Z
g¥Zh´�§©¨Ygid±g�øÄ¦YX[¨Y^¥d[Zh¨Yg¥^ ^¥§©¨Yg¥´�Zh^�\F½¿d ¢ ¼�§»gãâ

_�T�b¥d±§ ¢�³ d[X3¼êTW¨]bÎZ ¢ Z�'Z�b�beZ ¢ d[gÎ´�§»_�¦]b¥ZàøÅXÙT�¼�§»d±^Î\]¨kVYg¥¨]d[bU\]Z X¾½¿£�X±Z1´Öbeg¥§ ¢ d±¶4¨YZ�Z�bÎ\F½¿£�ä©Z ¢ be¨YZhX[X[Zh^
¢ § ¢ X±d ¢ £8T�g¥dÜbe£h^`\]ZkX¾½¿Äº¯ß�Z�b � §©¨O\]Zh^�T�_�¦YX[d[Ç%´1TcbeZ�¨Yg¥^1j
¯ º�§ ¢Y¢ £hZ�^ Æ T�d±^e´�Z8T�¨�ù \�T ¢ ^yX[Zh^y\]§ ¢Y¢ £hZh^y^¥§»¨Y^y¼êTWd[^e´�Z8T�¨ ³ X±Z�^y¦Yd[£1\]Zh^ibÖT�¨�ÀOg¥Zh_�¦YX[d[^¥^eZ ¢ b
X±Z�^y´1T ¢ T�¨�ÀO´�§©gig¥Zh^¥¦+§ ¢ \�T ¢ bÄø XÙT�ä©T�X[Zh¨Yg
ä�¨]Zk¦%TWg
XÝ½Þ¬º¬ß�\�T ¢ ^`¨ ¢ Z¯ä©§©d[ZkX[§©gi^²¶3¨�½¿¨ ¢ Z
TW¨]b¥g¥Z¬ä©§©d[Z/T \]£1´�X[Z ¢ ´e·Y£ � ä3§»d±gÅÇ ¸ ¨Yg¥Z > j   �Öj
¯ º�§ ¢Y¢ £hZ�^�õ�Þ�á{â2÷��Áù § ¢ d ¢ §vZ1´µbeZó\�T ¢ ^ybe§»¨]beZ�X¾½¿£hX[Z1´µb¥g¥§ ¢ dÙ¶3¨YZó¨ ¢ ^¥d ¸»¢ T�X�d±^¥^¥¨ \F½¿¨ ¢Á¸ £µâ
¢ £hg²TcbeZh¨]g¬\F½Þd±_�¦]¨YX±^¥d[§ ¢F³ ´�Z1´�dU¦+§©¨YgÄ\]d �"£hgiZ ¢ beZ�^ybeZ ¢ ^¥d[§ ¢ ^ ³ \�T ¢ ^ÄX[Z�VY¨]b¬\]Z/ä3£hg¥dÜÇ�ZhgyXÙT
X±d ¢ £8T�g¥dÜbe£O\]Z X¾½¿¬º¬ß Z�b�\]Zå´1T�g²TW´µbe£�g¥d[^eZ�g�X[Zh^ ¸ TWd ¢ ^�\]Zh^�TW_�¦]X±dÜÇ%´1TcbeZh¨Ygi^8j) ´²·%TW¶4¨YZ
beZ ¢ ^¥d[§ ¢ ´µ§©gig¥Zh^¥¦+§ ¢ \ ¨ ¢ ¦Yd±´¯\�T ¢ ^`´e·%T»¶4¨]Z¬ä3§»d±Z¯\]Z¯X¾½¿¬º¬ßyj%ò ¢ Z¯gi£ ¸ giZh^¥^ed[§ ¢ X±d ¢ £8T�d[g¥Z
^¥¨Yg)b¥§©¨]b�X[Zh^�¦YdÙ´�^�¦+Zhg¥_ Z�b�\]Z�\]£�beZhgi_�d ¢ Zhg�XÙTyä»T�X±Zh¨Yg øÄX¾½¿§»g¥d ¸ d ¢ Z`¶4¨YdY´�§»g¥g¥Z�^e¦+§ ¢ \ \]§ ¢ ´
TW¨ó¦Yd[£1\]Zh^ibÖT�X%ø�äÏdÙ\]Z ³ ^¥§»d[b�XÙT�ä»TWX[Zh¨Yg)X[¨YZ�X[§©gi^²¶3¨�½öT�¨�´�¨ ¢ ^¥d ¸©¢ T�X ¢ Z�g¥Z ¢ beg¥Z�\�T ¢ ^�XÙT�ä3§»d[Z©j
Ó ¨Yd[^¯¨ ¢ Zóg¥£ ¸ g¥Zh^¥^¥d±§ ¢ \F½¿§»ge\]giZ > T�¦Y¦YX[d±¶4¨Y£hZ ^¥¨YgÄX±Zh^¬¦Yd±´�^¯¼êTWd[VYX[Zh^ � ¼êTWd[VYX[Z ¢ §»_�VYgiZ \]Z
´1T ¢ TW¨�Àý\�T ¢ ^kXÝ½Þ¬º¬ß��y¦+Zhg¥_ Z�b�\]ZóbeZ ¢ d[g/´�§»_�¦]b¥Z�\]Z�XÙT ¢ § ¢ X[d ¢ £8T�g¥dÜbe£�\]Z�XÝ½Þ¬º¬ß ø
V%TW^¬´1T ¢ T�¨�ÀÁZµb¯\]Z \]£�b¥Zhg¥_�d ¢ ZhgÄXÙT�ä©T�X[Zh¨YgÄX�Ta¦YX[¨Y^:§�¨Y^ibeZó\]¨Á¦Yd±£h\]Zh^ibÖT�XÝj úy¢ ^1½öT�^¥^¥¨Yg¥Z
Z ¢ ^¥¨YdÜbeZ/¶3¨YZ¯X±Z¯g²TW´h´�§»ge\ Z ¢ b¥g¥Z¯X[Zh^`\]Zh¨�ÀOTp§�¨Y^ibeZh_ Z ¢ be^
Zh^ib�´µ§©g¥giZ1´µb � ä3§»d±gÅÇ ¸ ¨Yg¥Z > j > �Öj
¯�Ø gig¥Zh¨Yg¯ù X[Zh^�Zhg¥giZh¨Yg¥^)^¥b²T�b¥d±^ib¥dÙ¶4¨]Zh^ ^¥§ ¢ b ¢ £ ¸ X±d ¸ Z8TWV]X±Zh^�´1T�g�^¥§»¨Y^�¼:T�d±^e´�Z1TW¨�´�§©_ _�Z�¦+§»¨Yg
X±Z�^�gi¨ ¢ ^Å¦Y¨YX[^eZ�g ³ § ¢ \]d±^¥¦+§»^¥Z¯\F½Þ¨ ¢ begifh^ ¸ g²T ¢ \ ¢ §©_�VYg¥ZÄ\F½¿£�ä©f ¢ Zh_�Z ¢ b1j]« ½Þd ¢ ´µZhgibedÜbe¨�\�Z
\F½¿§»g¥d ¸ d ¢ Z�^i÷�^ibe£h_aTcbed±¶4¨YZ�^e¨YgyXÙTp\]£�b¥Zhg¥_�d ¢ Tcbed[§ ¢ \]Zh^Ä¦Yd[£1\]Zh^ibÖT�¨�ÀÍZh^ib¯\�§ ¢Y¢ £hZ�¦%T�gÄXÙT
\]d �"£hgiZ ¢ ´�ZôZ ¢ begiZôX[Zh^U¦Yd[£1\]Zh^ibÖT�¨�À�ø�ä�d±\]ZôZ�bUX[Zh^U¦Yd±£h\]Zh^ibÖT�¨�À�´²·Y§»d±^¥d[^1j»ßàZ�bibeZ�d ¢ ´µZhgibedÜbe¨�\�Z
Zh^ibà¼:T�d[VYX±Z ³ \]Z�X¾½¿§»ge\]giZÄ\]Z > §©¨pl/´1T ¢ TW¨�À�^¥¨Yg  hÃ©Ã Z ¢a¸ £ ¢ £hg²T�XÝj Ó §»¨Ygô´�Zhgib²TWd ¢ Zh^ôä©§©d[Zh^ ³
§ ¢ ¢ Z�\]d[^¥¦+§©^¥Z�¦%T�^/\]Z�\]§ ¢Y¢ £hZh^��ðÞ�á{â2÷�� ³ § ¢ ´²·Y§»d[^edÜb�T�X[§©gi^kX�Tpä»T�X±Zh¨Ygk\]¨ý¦Yd[£1\]Zh^ibÖT�X
^¥§©¨Y^Î¼:T�d[^²´µZ8TW¨ ³ X¾½¿Zhgig¥Zh¨Yg�£�bÖT ¢ b�\]Z�_ ¤h_�Z�_ Zh^¥¨Yg¥£hZ�¦%T�gÎX¾½¿£1´hTWgãb)ø
XÙT�ä»T�X±Zh¨]g�ø�ä�d±\]Z©j Ó §»¨Yg
begi§©d[^�\]Z�^kä©§©d[Zh^ ³ ´�Z�bibeZ�£1´1T�gib/Zh^ib/d[_�¦+§»gibÖT ¢ b �Ý>WÃ ´1T ¢ T�¨�Àý¬º¬ß�� ³ ´�Za¶3¨Yd ¢ ½ÞZh^¥bk¦%TW^
g¥£8T�X[d±^ibeZ ³ X¾½¿Zhg¥giZh¨Yg`T�b¥b¥g¥d[VY¨Y£hZ¯Zh^ib�T�X±§»g¥^�Ç]À]£hZkø l ´1T ¢ T�¨�À ¬º¬ß�´�Z¯¶4¨Yd�´�§»g¥g¥Zh^¥¦+§ ¢ \Oø
XÝ½ÞZhg¥giZh¨Yg
_aT8À]d[_�¨Y_ §»VY^eZ�giä3£hZ¯^¥¨Yg�X±Zh^�TW¨]b¥g¥Zh^�ä3§»d[Zh^8j

«�Zh^�ä»TWX[Zh¨Ygi^`§»V]beZ ¢ ¨YZ�^
Ç ¸ ¨Yg¥Z ¢ b`\�T ¢ ^
X[Z¯b²TWVYX[Z8T�¨Ogi£1´1TW¦YdÜb¥¨YX�Tcbed[¼ > j æ]³ ¦%T ¸ Z >Wá j
 hÕ



©«ª±¬L® > j  �¯/Ó d[£1\]Zh^ib²TWXÏ^¥§»¨Y^�¼êTWd[^e´�Z8T�¨�¦+§»¨Yg � è�� � j�«�Z�¦YdÙ´�Zh^ib�Tp§v¨Y^ibe£ô¦%T�gU¨ ¢ Z ¸ TW¨Y^¥^¥d[Z ¢Y¢ Z©j
«�Zh^ ´�§»¨Y¦Y^�^e§»¨Y^�X[Z�¦Yd[£1\]Zh^ibÖT�XY^¥§ ¢ b \]¨Y^�TW¨ÏÀ�ä»TWgid�Tcbed[§ ¢ ^ \]Z�XÙTÄX[d ¸©¢ Z
\]ZÅV%TW^¥Z
\]§ ¢ b�XÙTyb¥Z ¢ ^¥d±§ ¢
Zh^ib`¦%T�g¥¼�§»d[^ ¢ £ ¸ T�b¥dÜä3Z©j

©«ª±¬L® > j >\¯ º�£�beZhgi_�d ¢ T�b¥d±§ ¢ \]Z�^k¦Yd[£1\]Zh^ibÖT�¨�À�ùF°§�¨]^¥b¥Zh_�Z ¢ b¯§»ge\]g¥Z   Zµb > ¦+§©¨Yg � è�� � ³
¦+§©¨]g¬XÝ½¹Tp§�¨Y^ibeZ�_�Z ¢ bk\"½¿§»ge\]g¥Z > ¦+§»¨Yg � è�� � § ¢ giZh_aT�ge¶4¨YZ�X�TaX±£ ¸ fhgiZ�´�§»¨Yg¥VY¨YgiZ ´1TWgeT»´Öbe£µâ
g¥d[^ibed±¶4¨YZk\F½¿¨ ¢ Z ¢ § ¢ â�X[d ¢ £8T�g¥dÜbe£/øó¼:T�d[VYX±Z¬beZ ¢ ^¥d[§ ¢ j

  õ
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ßà·%TW¶4¨YZ/V%TWgig¥Z8T�¨Á\]Z ßô^ ¡ Zh^iby£1¶4¨Yd[¦Y¦+£�\]Z > \]£�beZ1´µb¥Zh¨Yg¥^y^¥d[X±d±´�d[¨Y_ _�d ¢ ´�Zh^Ä\]Z

89µm
Z�b

\F½Þ¨ ¢ \]£�b¥Z1´µbeZh¨]g
^¥d[X±d±´�d[¨Y_ï£h¦%TWd[^`\]Z
500µm

j�« ½¿£�b²TWX[§ ¢Y¢ T ¸ Z¯Z ¢ £ ¢ Zhg ¸ d[Z¯Zh^ib
g¥£8T�X±d[^¥£k\]Zk\]Zh¨�À
_�T ¢ d[fhg¥Z�^/d ¢ \]£h¦+Z ¢ \�T ¢ b¥Zh^ ³ \F½Þ¨ ¢ Z�¦%TWgãb ¸ g��W´�ZaT�¨�À ¦Yd±´�^k£hX�T�^ibed±¶4¨YZh^/\F½öT�¨]beg¥Z ¦%TWgãb�ø�X¾½öT�dÙ\�Z
\F½Þ¨ ¢ Z¯^¥§©¨Yg¥´�Z�T�X[¦Y·%T�begi§©d[^
¦Yd±´�^8j
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«�§©gi^e¶4¨YZ�X[Zh^ód[§ ¢ ^ \]Z�ã¬gã÷�¦]b¥§ ¢ \]¨ ¼êTWd[^e´�Z8T�¨ beg²Thä3Zhgi^¥Z ¢ b�X�TÍ´�d[VYX[Z�^²T ¢ ^�¦Yg¥§8ä3§Ï¶4¨YZhgó\]Z

gi£8T»´Öbed[§ ¢�¢ ¨�´�X[£8T�d±giZ ³ X¾½¿d ¢ b¥£hg²TW´µbed[§ ¢ Zh^ib�¨ ¢ d±¶4¨YZh_ Z ¢ b)\]Z�bv÷�¦+Zô£hX�T�^ibed±¶4¨YZ©j»ßôZÅ´hTW^�\]Z�Ç ¸ ¨]g¥ZôZh^¥b
X[Z�¦]X±¨Y^y¦]g¥§»V%TWVYX[Z��'\�T ¢ ^yX[Zh^Ä\]§ ¢Y¢ £hZh^Ä´�Z1´�dÎ^¥Z/b¥g²TW\]¨YdÜby¦%TWg�¨ ¢ Z�TW´h´�¨Y_�¨YXÙTcbed[§ ¢ ^ibÖTcbed[^ibed±¶4¨YZ
\]ZÁ¦+§©d ¢ b¥^å¶4¨YdÄ¼�§»g¥_�Z ´�Z ¶4¨YZ X¾½¿§ ¢ T�¦Y¦+ZhX[X±Z X[Z ü����MÌÎ� Ì����ô�Î�8���'�ñÐ�Ê��%���c��ì���� Z�bå\]§ ¢ b
§ ¢ ¦+Z�¨]b�´1T�X±´�¨YX[Zhg
¦Yg¥£1´µd±^¥£h_�Z ¢ b
XÝ½Þ£ ¢ Zhg ¸ d[Z/ø�¦%TWgãbed[g
\]Z¬XÝ½Þ£ ¢ Zhg ¸ d[Zkd ¢ ´�d±\]Z ¢ b¥Zk\]¨å¼êTWd[^e´�Z8T�¨ ³ \]Z
X¾½¿£�¦%TWd[^¥^¥Zh¨YgU\]Z�´�d[VYX[Z�Z�bU\]Z X¾½¿£h¦%T�d[^e^¥Zh¨YgÎ\]Z ^¥d±X[d±´�d[¨Y_MbegeT1ä©Zhg¥^¥£hZ � ä3§©d[g�X±Z�bÖT�VYX[Z8TW¨ > j   g¥£�^e¨Y_�T ¢ b
´�Z�^`´1T�X±´�¨YX±^e�Öj+ßôZ�b¥b¥Z¬_�£�be·Y§Ï\]Z ¢ ½¿Zh^ib
¦%T�^`TW¦Y¦YX[d±´1T�VYX±Z/T�¨�À \]£�beZ1´µb¥Zh¨Yg¥^�^ed[X[dÙ´µd±¨Y_ £h¦%T�d[^`S`õ�Z�b
S × ´1T�gkd±X[^/^¥§ ¢ bkbeg¥f�^/XÙTWg ¸ Z�_�Z ¢ b/^²T�b¥¨Yg¥£h^k¦%T�g�\�Z�beZhX[^�\]£�¦+ð»b¥^�\F½¿£ ¢ Zhg ¸ d[Z©jUßàZh¨ÏÀÏâv´�d�^¥Zhgi§ ¢ b
£�b²TWX[§ ¢Y¢ £h^`¦%T�g
¨ ¢ Z¯^¥§©¨Yg¥´�Zk´�§©_ _�Zk\]£1´�gid[byT�¨å¦%T�g²T ¸ geTW¦Y·YZ > j > j > j
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���*� ® > j  Ó¯ S�T�VYX[Z8T�¨å¦Yg¥£h^¥Z ¢ b²T ¢ b
X[Zh^
gi£h^¥¨YX[b²T�b¥^`\]¨O´�§Ï\]Zk\]Z¯\]£h¦+ð»b`\F½¿£ ¢ Zhg ¸ d±Z»j�«�Zh^�ä»TWX[Zh¨Ygi^
\ Ø�� �OZ Û �
¦+§©¨Ygy¨ ¢ \]£�b¥Z1´µbeZh¨Ygy^ed[X[d±´�d±¨Y_!\]Z
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\]Zh^ ¦+Z�b¥d[b¥Zh^�\]d[§�\]Z�^ô¶3¨YZ�XÝ½Þ§ ¢ ¨]bed[X[d±^¥Zhg²T¬\�T ¢ ^ X¾½¿£1¶3¨%T�b¥d±§ ¢a> j > j©«�Zh^ ¦Yd±´�^ § ¢ b�£�be£�g¥ZhX[Z�ä©£h^
\�T ¢ ^`X[Z¯b²TWVYX[Z8T�¨ > jöõ�Z�b`X[Zh^
g¥£h^¥¨YXÜbÖTcbe^
^e¨]g
X�T�Ç ¸ ¨Yg¥Z > jö°�j

S > â Ó º0�`^ S Õ â Ó º � ^
\ Ø�� ®Ïdi� Ø�� ßô^ ¡ � \ Ø�� ®Ïdi� Ø�� ßà^ ¡ �

ßàd[VYX[Z 
�¨ ¢ _�Z8T ¢ gi_�^ é �4�%� g¥_�^ 
�¨ ¢ _�Z8T ¢ gi_�^ é �4�+� gi_�^
>  h× l  há©> j × > j¹l ÈÚ�����  1> jöõ  © »   1á©> j æ > jö° È�ç��Ïç °Ïj¹l
l   õ Ã >WÃ»Ã jö° > j Õ ÈÚ�%î%î  hæ j¹l æ©Ã >»Ã»Ã j Õ > j æ ÈF�w¨�©  8> j ×
Õ  �Õ3× >»> °�jö° > j × È%È�ç'�  �Õ j á æ©æ >©> °�j á > j æ �]�Yç%ç  ©  j Õ
õ   l × l  há j × Õ j Ã �%�%�ð�   °Ïj > Õ õ8â Õ3× â Õ ° l >�  j¹õ Õ j¹õ �%ç��«ª¾�   °Ïj Ã
°   l á l ×»Ã j > Õ j Ã �+ÈF�  �Õ j æ l3õ8âvl × âvl3°8âvl æ l × lYj æ lYj × ¨��ð�«ª��  8> j ×

���*� ® > j¹õ ¯�¡�¢ beZ�gãâ�£�bÖT�X[§ ¢Y¢ T ¸ Z�\]¨ V%T�g¥g¥Z8T�¨ \]Z�ßô^ ¡ \]¨ ·%T�¨]b¯Zµbk\]Z ´�ZhX[¨Yd�\]¨ V%T�^/øaX¾½öT�dÙ\�Z
\]Z�^`¦Yd±´�^
£hX�T�^ibed±¶4¨YZh^
äÏ¨Y^`¦%T�g
X[Zh^`¦+ZµbedÜbeZh^�\�d±§Ï\]Zh^1j

BH = αHB ×BB
�Ý> j > �

§2¦
BH

giZh¦Yg¥£h^¥Z ¢ b¥ZkXÙT�X±¨Y_ d±fhgiZ¯äÏ¨YZk\�T ¢ ^
X[ZkV%T�g¥giZ8T�¨�\]Z�ßô^ ¡ \]¨��yT�¨]b1j
BB

giZh¦Yg¥£�^eZ ¢ beZ¯X�T�X±¨Y_ d±fhgiZ¬ä�¨YZk\�T ¢ ^`X[Z¯V%TWgig¥Z8T�¨O\]Z�ßô^ ¡ \]¨ � TW^1j
αHB

Zh^ib
X±Zk´�§4Z�a´�d[Z ¢ b�\F½¿d ¢ b¥Zhgãâ�£�bÖT�X[§ ¢Y¢ T ¸ ZkZ ¢ b¥g¥Z¯X[ZkV%T�g¥giZ8TW¨O\�¨ �yT�¨]b
Z�b�´�ZhX[¨Yd�\]¨ � T�^8j
«ÎT ä»T�X±Z�¨Ygy\F½¿d ¢ b¥Zhgãâ�£�b²TWX[§ ¢]¢ T ¸ Z�§»V]beZ ¢ ¨YZ/Z ¢ begiZ/X[Z/V%T�g¥g¥Z8T�¨Í\]Zóßô^ ¡ \]¨�·%T�¨]byZ�by´�ZhX[¨Yd
\]¨�V%TW^�Zh^ib

αHB = 1.297 ± 0.005
jôßàZ�bibeZ ä»TWX[Zh¨Yg�Zh^ib�V]d±Z ¢ ¦YX[¨Y^�£hX[Z�ä3£O¶4¨YZO´�Z�ø

¶4¨Y§»d%XÝ½Þ§ ¢ T�¨Yg²T�dÜbô¦Y¨�^1½öTcb¥beZ ¢ \]g¥Z ³ ¦+Zh¨]biâ�¤�begiZ
÷�T8âÝbiâ�d[X%d±´�d%¨ ¢ Z�'Z�bà\�¬pø¬XÝ½Þd ¢ ä3Zhgi^ed[§ ¢ \]Zh^
¦Yg¥£8T�_�¦YX[dÜÇ%´1T�b¥Zh¨Yg¥^1j

Ô:ÇwÈ�ÇÒÔ n	Ì]� �_É�w�w���� uMu�wWÖëÉ��`sYx'u 22Na
« ½¿£�b²TWX[§ ¢Y¢ T ¸ ZkZ ¢ £ ¢ Zhg ¸ d±Z/\�Zh^�\]£�b¥Z1´µbeZh¨Ygi^Äßà^ ¡ Zh^ib`g¥£8T�X[d±^¥£/øó¦%TWgãbed[g`\]Z¯g¥¨ ¢ ^
Z ¢ ^¥§»¨Yge´�Z

22Na
³ ä3§»d±g�^e´²·]£h_aT > j æ ´�d â�\]Z�^e^¥§»¨Y^1j�º¬T ¢ ^�X[Zp\]£�beZ1´ÖbeZh¨Yg�§ ¢ ä©§©dÜb ¢ §»g¥_�TWX[Zh_�Z ¢ b�X[Zp¦Yd±´pø

511keV
\]Z�X¾½öT ¢Y¢ d[·Yd[X�Tcbed[§ ¢ \]Zh^�¦+§©^¥dÜbeg¥§ ¢ ^ ³ X[Z�¦Yd±´�ø

1275keV
\]Zh^ó¦Y·]§»be§ ¢ ^ó\]Z \]£h^¥ZµÀ]´�dÜâ

b²T�b¥d±§ ¢ Z�b¯¨ ¢ ¦YdÙ´ ø
1786keV

´�§»g¥giZh^¥¦+§ ¢ \�T ¢ b�T�¨�À ´�§©d ¢ ´�d±\]Z ¢ ´�Zh^1j�«�Zh^¯£ ¢ Zhg ¸ d[Zh^k\]£h¦+§©^¥£hZh^
^¥§ ¢ b
¼êTWd[VYX[Zh^ ³ § ¢ ¨]bed[X[d±^¥Zk\�§ ¢ ´¬\]Zh^`TW_ ¦YX±dÜÇ%´1TcbeZh¨]g¥^�â`�pÞ�����÷ \]Z ¸ TWd ¢ ¼�§©gãb ³ ¶3¨YdF^¥§ ¢ b
Z ¢ ^¥¨YdÜbeZ

>©>



©«ª±¬L® > jö° ¯ 
�£ ¸ g¥Zh^¥^¥d[§ ¢ X±d ¢ £8T�d±giZ�^e¨]g�X[Zh^Ä\]£h¦+ðWbe^Ä\F½Þ£ ¢ Zhg ¸ d[Z�´�§©gig¥Zh^¥¦+§ ¢ \�T ¢ b¯T�¨�ÀO¦YdÙ´�^�£hXÙTW^ãâ
bed±¶4¨YZh^k¦+§»¨Yg¯d ¢ beZhg�â�£�bÖT�X±§ ¢Y¢ Zhg¯X±Z V%TWgig¥Z8T�¨�\]¨ ·%T�¨]bkZ�bkX[Z�V%T�g¥g¥Z1TW¨ý\]¨ýV%T�^1j

α
Zh^ibkX�T�¦+Z ¢ beZ

\]Z¯XÙT \]g¥§»dÜbeZ/Tp§�¨Y^ibe£hZ»j

©°ª¬L® > j æ=¯ ®�´²·Y£h_�T \]Zk\]£h^¥d ¢ be£ ¸ g²Tcbed[§ ¢ \]Z 22Na
j

> l



d ¢ b¥Zhgãâ�£�bÖT�X[§ ¢Y¢ £h^ÄThä3Z1´¬X±Zh^yTW_ ¦YX±dÜÇ%´1TcbeZh¨]g¥^}{ÜÝà�âw�2÷ðÜpÞFj%º�Zk¦YX[¨Y^ ³ ^¥Zh¨YX[Zh^�X[Zh^ ¸ g²T ¢ \]Zh^y\�d±§Ï\]Zh^
¦+§»^¥^¥f1\]Z ¢ b�¨ ¢ ¸ T�d ¢ ^e¨ ��^²T ¢ b�¦+§©¨Yg�ä3§»d[g)XÙTy^e§»¨Yg¥´�Z ³ Z�b \]¨ó¼:T�d[b \]ZÅX¾½¿d ¢ ä3Zhgi^¥d±§ ¢ \]Zh^)¦Yg¥£8T�_�¦YX[d â
Ç%´hT�b¥Zh¨Yg¥^ ³ X¾½¿Z ¢ ^¥Zh_�VYX[Z`\]Z`X¾½¿£µbÖTWX[§ ¢Y¢ T ¸ Z`Z ¢ £ ¢ Zhg ¸ d[Z�\]Zh^�\]£�beZ1´ÖbeZh¨Yg¥^àßà^ ¡ Z�^¥b g¥£8T�X±d[^¥£yøÄ¦%TWgãbed[g
\]Z�^ ¸ geT ¢ \]Zh^¬\]d[§�\]Z�^¯\]¨ÁV%T�g¥giZ8T�¨ \]¨ÁV%T�^1j�ßô§©_ _�Z�X[Z�_ § ¢ b¥g¥Z�XÙT�Ç ¸ ¨Yg¥Z > j áY³ X[Zh^Ä^¥¦+Z1´µbegiZh^

©«ª¬�® > j á	¯ 

¨ ¢�>©> õ ³ ^¥§»¨Yge´�Z 22Na
¦+§»^¥£hZ�^¥¨Yg¬X[Z�V%T�g¥giZ8TW¨ý\]¨ V%T�^1j�«ÎT�´�§©¨YgiV+Z�´�§ ¢ bed ¢ ¨YZ

giZh¦Yg¥£h^¥Z ¢ beZ/X�T ¼�§ ¢ ´µbed[§ ¢ Tp§�¨Y^ibe£hZ/¦+§»¨Ygy\]£�beZ�g¥_�d ¢ Zhg�X[Zh^y¦+§»^¥d[b¥d±§ ¢ ^Ä\]Zh^ > ¦Yd±´�^1j+«�Zh^y´�§©¨YgiV+Zh^
Z ¢ ¦+§»d ¢ bed[X[X±£h^`g¥Zh¦]g¥£h^¥Z ¢ b¥Z ¢ b`X[Zh^`\]dn�'£hgiZ ¢ beZh^`´�§©_ ¦+§©^²T ¢ beZh^1j

^¥§ ¢ bàVYgi¨Yd[b¥£h^àZ�bôX±Z�^eZ�¨Yd±X'\]Zy\]£1´�X[Z ¢ ´e·YZh_�Z ¢ bà£�bÖT ¢ bôb¥g¥§»¦p·�TW¨]b ³ X±Z�¦Yd±´Äø
511keV

Zh^ibÅ´�§»¨Y¦+£©j
úy¢ ¢ Z�¦+Zh¨]b�\]§ ¢ ´ ¨]bed[X[d±^¥Zhg/¶3¨YZ�X[Zh^k¦YdÙ´µ^�ø

1275keV
Z�b

1786keV
¦+§©¨Yg¯X¾½¿£�bÖT�X[§ ¢Y¢ T ¸ Z�Z ¢

£ ¢ Zhg ¸ d±Z©j�«ÎT�¦Yg¥§�´µ£1\]¨Yg¥Zk\F½öTp§v¨Y^¥b¥Zh_�Z ¢ b
Zh^ib`XÙTó^¥¨YdÜä©T ¢ b¥Z�ù
¯ Tp§�¨Y^ibeZ�_�Z ¢ b \F½¿¨ ¢ Z ¼�§ ¢ ´µb¥d[§ ¢ ÷2ì��¡�pê�÷+êðß�à}÷{áëáë÷�® ûÝÜpÞ�âëâ{à}÷+êëê�÷¡¯°®/û Ü+Þ@âðâðà2÷pêðêÚ÷w±
¦+§©¨Yg`\�£�beZhg¥_ d ¢ Z�g
X[Zh^`¦%T�g²T�_�f�begiZh^`\]Z¯XÝ½ÞZµÀ]¦+§ ¢ Z ¢ bed[ZhX[X[Z©j
¯ Tp§�¨Y^ibeZ�_�Z ¢ bà\]ZyXÙTk¼�§ ¢ ´Öbed[§ ¢ ÷2ì��¡�pê�÷pê{ß@à2÷ðáðáë÷³²rÚàpì�´ð÷¶µ·® û Ü+Þ@âðâðà2÷pêðêÚ÷�¯�^e¨]gôX[Z�¦Yg¥Zµâ
_�d[Zhg
¦Yd±´¬¦+§©¨Yg`\]£�b¥Zhg¥_�d ¢ Zhg�X±Zh^
¦%TWgeTW_ f�begiZh^`\]ZkXÙT�¦Yg¥Zh_�d[fhgiZ ¸ TW¨]^e^¥d[Z ¢Y¢ Z©j
¯ Tp§�¨Y^ibeZ�_�Z ¢ bô\]Z`XÙT¬¼�§ ¢ ´µbed[§ ¢ ÷2ì��¡�pê�÷pê{ß�à}÷{áëáë÷³²rÚàpì�´ð÷¶µ·® û Ü+Þ@âðâðà2÷pêðê�÷¡¯!²D�à~ì¶´ë÷�µ·®
ûÝÜpÞ�âëâ{à}÷+êëê�÷.±�^¥¨YgÄX[Z�^eZh´�§ ¢ \Í¦Yd±´�¦+§»¨Yg¬\]£�beZhgi_�d ¢ ZhgÄX[Zh^¬¦�TWg²T�_�f�b¥g¥Zh^¬\]Z�XÙTa^¥Z1´�§ ¢ \�Z
¸ T�¨Y^¥^¥d±Z ¢Y¢ Z©j
¯ ^¥¨Y¦+Zhg¥¦+§»^¥d[b¥d±§ ¢ \]ZaX�TO¼�§ ¢ bed[§ ¢ ÷2ì��¡�pê�÷+êðß�à}÷{áëáë÷³²rÚàpì�´ð÷¶µ·® û Ü+Þ@âðâðà2÷+êëê�÷¡¯!²D�à~ì¶´ë÷�µ
® ûÝÜpÞ�âëâ{à}÷+êëê�÷.±*²D�à~ì¶´ë÷�µ�^¥¨Yg�X[Z
^¥¦+Z1´µbegiZ ³ ¦+§»¨Yg)ä3£hg¥dÜÇ�Zhg�XÙT¬¶4¨%TWX[dÜbe£`\]Z�XÝ½¹Tp§�¨Y^ibeZ�_�Z ¢ b8j

Ó §©¨Ygk£�ä»TWX[¨YZhg/XÙTå¦Ygi£1´�d[^ed[§ ¢ \]Z�XÝ½¹Tp§�¨Y^ibeZh_ Z ¢ b ³ § ¢ d ¢ b¥g¥§�\�¨Yd[b�¨ ¢ Z�Zhgig¥Zh¨Yg�\]Z ±  ~¢ ^¥¨YgkX[Zh^
ä»T�X±Zh¨]g¥^y_�§8÷3Z ¢Y¢ Zh^y\]Zh^ ¸ T�¨Y^¥^¥d±Z ¢Y¢ Zh^ ³ ¦Y¨Yd[^yX¾½¿§ ¢ ^¥¨Y¦+Zhg¥¦+§»^¥Zó\�Z ¢ §©¨]ä©Z8T�¨ÁX¾½¿Z ¢ ^eZ�_�VYX[Z�\]Z�XÙT

>WÕ
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©«ª±¬L® > j  1Ã-¯ 

¨ ¢p>»> õ ³ ^e§»¨Yg¥´�Z 22Na
¦+§©^¥£hZ`^¥¨Yg X[Z`V�TWg¥giZ8T�¨a\]¨�V%TW^1j3«�Zh^ ä»T�X±Z�¨Yg¥^�_ §c÷©Z ¢Y¢ Zh^

\]Zh^ ¸ TW¨Y^¥^¥d[Z ¢Y¢ Zh^�§ ¢ b�£�be£à\]£1´1T�X[£hZh^�\]Z ±1%
¦+§»¨Yg)\�£h_�§ ¢ beg¥Z�g�XÙT`¦Yg¥£h´�d±^¥d[§ ¢ \]ZàX¾½¿£µbÖT�X±§ ¢Y¢ T ¸ Z©j

¼�§ ¢ bed[§ ¢ ^e¨]g¯X[Zh^¯^e¦+Zh´µbeg¥Zh^1j�ßàZh´�d ¢ §»¨Y^¯¦'Z�g¥_�Z�bk\F½¹Tp��g¥_�Zhg¯¶3¨YZ XÝ½ÞZhg¥giZh¨Yg¯^i÷�^ib¥£h_aT�b¥d±¶4¨YZ ^¥¨Yg
XÙTó¦+§©^¥dÜbed[§ ¢ \]Zh^`¦]dÙ´�^
Zh^ib`d ¢ ¼�£hgid±Z�¨Yg¥Z�ø  ~¢ ´�§©_ _�Z¯X[Zk_ § ¢ beg¥Z¬X�T�Ç ¸ ¨YgiZ > j  1Ã j

Ó §©¨]g�\]£µbeZhg¥_ d ¢ Zhg/X[Zh^�´�§4Z�a´�d[Z ¢ b¥^ó\F½¿£µbÖT�X±§ ¢Y¢ T ¸ ZaZ ¢
MeV/canal(ADC)

³ § ¢ £�bÖT�VYX[d[b
¨ ¢ Zóg¥£ ¸ g¥Zh^¥^¥d[§ ¢ X±d ¢ £8T�d[g¥Z ^¥¨Yg¬X[Zh^¬¦YdÙ´µ^/ø

1275keV
Z�b

1786keV
³ Z ¢ d ¢ beg¥§Ï\]¨Yd[^²T ¢ bk\]Zó¦YX[¨Y^

X[Zh^`¦Yd[£1\]Zh^ib²TW¨�À�beZ�X±^`¶4¨]Zk´1T�XÙ´�¨YX[£h^`^¥Z1´µb¥d±§ ¢�> j   jY«ÎT�Ç ¸ ¨YgiZ > j  ©  _�§ ¢ begiZ¯X[Zh^
g¥£h^¥¨YXÜbÖTcbe^`\]Z¬X�T
g¥£ ¸ g¥Zh^¥^¥d[§ ¢ X[d ¢ £1TWd[g¥Z©j

« ½Þ£�bÖT�¦+Z�Ç ¢ TWX[ZÄ´�§ ¢ ^¥d±^ibeZ¬økd ¢ beZhg�â�£�bÖT�X±§ ¢Y¢ ZhgàX[Zh^�T�_�¦YX[d[Ç%´hT�b¥Zh¨Yg¥^Óâ`�pÞ�����÷�Z�bB Ü àëâ.��÷ëÜ+Þpø
X¾½öT�dÙ\]Z
\]Z��2Þðê@â¸�ðÞ�á{â2÷��aùW¦+§©¨Yg ´e·%T»¶4¨]Z`´e·%TWd ¢ Z
\F½¿£hX[Z1´µb¥g¥§ ¢ d±¶4¨YZ ³ § ¢ Z ¢ ä©§©d[Z�¨ ¢ ^¥d ¸©¢ T�XY¦Y¨YX[^¥£
\]§ ¢ by§ ¢ ¼:T�dÜb�ä»TWgid±Z�gy\]Z/_�T ¢ d[fhgiZ�´�§ ¢Y¢ ¨YZ�X¾½öT�_�¦YX[dÜbe¨�\]Z©j� ´e·%T»¶4¨]ZóT�_�¦YX[dÜbe¨�\]Z�´�§»g¥giZh^e¦+§ ¢ \
¨ ¢ ¦Yd±´�\�T ¢ ^óXÙT�ä©§©d[Z ´�§»g¥g¥Z�^e¦+§ ¢ \�T ¢ beZ ³ ä©§©d[góX¾½ÞZµÀ]Zh_�¦YX[Z \]Z�XÙT�Ç ¸ ¨Yg¥Z > j  1> j úy¢ g¥ZhX[f�ä3ZpX�T
ä»TWX[Zh¨Yg�_�£1\]dÙT ¢ Z¯\]Zk´²·%TW¶4¨YZ¬¦YdÙ´Ä¦Y¨Yd[^
XÝ½Þ§ ¢ ¼:T�d[b
¨ ¢ Z¯gi£ ¸ giZh^¥^ed[§ ¢ X[d ¢ £1TWd[g¥Zk\]Zh^`´hT ¢ T�¨�À ¬º¬ß
^¥¨Yg¬X[Zh^kTW_�¦YX[dÜbe¨�\]Zh^¯\]Zh^¯¦Y¨YX[^¥Zh^¯¦+§»¨Yg¯´1T�g²TW´µbe£hgid[^eZhg¬X[Z ¸ TWd ¢ \F½¹TW_�¦YX[dÜÇ%´1Tcbed[§ ¢ \]ZóXÙT�´e·%TWd ¢ Z
\F½¿£hX[Z1´µb¥g¥§ ¢ d±¶4¨YZ©j Ó T�g�´�§©_ ¦%TWgeTWd[^¥§ ¢ \]Zh^ ¸ TWd ¢ ^ \]£�beZ�g¥_�d ¢ £h^�Thä3Z1´ÅX[Zh^�T�_�¦YX[d[Ç%´1TcbeZ�¨Yg¥^Lâ��+Þe�¡�2÷
Z�b¹{ÜÝà�âw�2÷ðÜpÞ ³ § ¢ d ¢ b¥Zhgãâ�£�b²TWX[§ ¢]¢ ZàX±Z�^)\]Zh¨�À�´²·%Tg³ ¢ Zh^)\F½Þ£hX[Z1´µbeg¥§ ¢ d±¶4¨YZà¦+§»¨Yg)´e·%T»¶3¨YZôä3§»d[Z � ä©§©d[g
bÖT�VYX[Z8TW¨ > j × �Öj

úy¢ T�¦Y¦YX[d±¶4¨YZ�T�X±§»g¥^`´�Zh^`´�§ÏZ��´�d[Z ¢ be^�\"½¿d ¢ beZhg�â�£�bÖT�X±§ ¢Y¢ T ¸ Z/\�Zh^yT�_�¦YX[d[Ç%´hT�b¥Zh¨Yg¥^`¦+§»¨Yg
§»V�â
beZ ¢ d[g�X[Zh^�ä»T�X±Zh¨]g¥^�Ç ¢ TWX[Zh^Ä\F½Þ£�bÖT�X±§ ¢Y¢ T ¸ Z�Z ¢ £ ¢ Zhg ¸ d[Z�¦+§»¨Yg�X[Zh^ ¸ g²T ¢ \]Zh^Ä\]d[§Ï\]Zh^Ä\]¨�V%TWgig¥Z8T�¨
\]¨ V%T�^ôThä©Z1´ÅX±Z�^ôT�_�¦YX[d[Ç%´hT�beZ�¨Yg¥^º{ÜÝà�âw�2÷ðÜpÞ ³ ä3§»d±g)X[ZÅbÖT�VYX±Z8T�¨ > jö°Ä¶4¨YdY\]§ ¢Y¢ Z
X[Zh^ ´�§ÏZ��´�d[Z ¢ be^
α
\]Z¯XÝ½Þ£1¶4¨%Tcbed[§ ¢Í> j   j

> õ
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©«ª¬�® > j  » H¯ 
�¨ ¢ >»> õ ³ ^¥§»¨Yge´�Z 22Na
¦+§©^¥£hZ�^e¨]gkX[Z�V%T�g¥giZ8TW¨�\]¨ýV%T�^ ³ g¥£ ¸ g¥Zh^¥^¥d[§ ¢ X±d ¢ £8T�d[g¥Z

^¥¨Yg�X±Z�^`¦Yd±´�^yø
1, 275

Z�b
1, 786MeV

Z�b`X[Zk¦]d±£1\]Z�^¥b²TWX

©«ª¬�® > j  1>=¯ 
�¨ ¢Í>»ÃWÕY³ ª¯ºÄº � ³ g¥¨ ¢ �ðÞ�á{â2÷��Áù%ø�´²·%TW¶4¨YZk¦Yd±´/´�§»g¥giZh^¥¦'§ ¢ \å¨ ¢ Z�TW_ ¦YX±dÜbe¨�\�Z
\]£µbeZhg¥_ d ¢ £�Z�¦%T�gyX[Z ¸ £ ¢ £hgeT�b¥Zh¨YgÄ\F½¿d[_�¦Y¨]X±^¥d[§ ¢ j'«�§»g¥^e¶4¨YZ�X[Zh^�beZ ¢ ^ed[§ ¢ ^¯T�¦Y¦YX[dÙ¶3¨Y£hZh^Ä^¥¨�´h´�Zh^¥^¥d â
ä©Zh_�Z ¢ bÄ^e§ ¢ bÄb¥g¥§»¦Á¦Yg¥§�´e·YZ ³ X±Zh^Ä¦YdÙ´µ^¬^eZ�^¥¨Y¦+Zhgi¦+§©^¥Z ¢ b ³ ´�Zó¶4¨YZ�XÝ½Þ§ ¢ §©V]^eZhgãä3Z�dÙ´�d�T�¨]b¥§©¨Yg¬\]Z
>WÃ»Ã ´1T ¢ TW¨�ÀFj

>»×



� ��»%È�î � è�� � � è è �
�`Zhd ¸ ·4b Ó d±´ ®Ïd ¸ _�T Ó d±´ ®4d ¸ _aT
 1Ã j Ã  hÕY  ° Ã jö°   õ æ õ�j Ã Õ j ×
á j Ã  8>Wæ õ   j Ã  �Õ l á j Ã l]j Ã
æ j Ã  ©  õ >   j Ã  1>»æ õ�j Ã l]j Ã
°�j Ã  1Ã] 1á   j Ã  » hÕ3> j Ã l]j Ã
õ]j Ã °»õ > j ×   j Ã æ l æ j Õ õ�j Ã
Õ j Ã ×Y há jöõ   j Ã ×»áY  j > > j Ã
lYj Ã Õ3æ»× j Õ   j Ã õWl4°Ïj á > j Ã
> j Ã l3õWl]j¹l   j Ã l á3> j × Õ j Ã

¼ ���+�8�e½ ¼ ����Ì �Ïç%ç«ªÙî%ç æ °�j Õ3Ã �4Ò��«ªÜÒ"î á3> j Õ©æ
Zhg¥g Ã j¿l©l î¾ª±î�© > j  1× î«ªÙç%ç

Zhgig � Zh^ibe�   j Ã©Ã Ã j¹l á   j Ã©Ã > jöõ Õ
�¿¨ ��è�� � ��èåè �
�`Zhd ¸ ·4b Ó d±´ ®Ïd ¸ _�T Ó d±´ ®4d ¸ _aT
 hÃ j Ã   ° ×»× j æ >WÃ °Ïj¹l  há©á»Ã j Ã °»°Ïj Ã
á j Ã   õ3°�l]j Ã   l æ jöõ  hæ©Ã]  j Õ æ©> j Õ
æ j Ã  �Õ� �Õ j    1>»æ j¹l  h×©Ã õ�j Õ æ»Ã j >
°�j Ã  1>WÕ©á j ×  »  õ�jöõ  �Õ� há j   °   j¹l
õ]j Ã áY �Õ j ×  » hÕ jöõ  hÃ l Õ j æ ° æ jöõ
Õ j Ã ° Õ»Õ j¹l õ»õ]j¹õ æ l4°Ïj Õ õ»õ�j >
lYj Ã õ3° × j á Õ °�j × ×WÕ3> õ × j °
> j Ã Õ�  l]j Õ Õ©æ j¹õ Õ õ   j Õ õ × j Õ
  j Ã > õ   j   Õ ° >W×»á õWl]j æ

¼ ���+�8�e½ ¼ ����Ì �w¨'�Zª[Ò%Ò °»°�j ×©æ �{�+È!ª±î�¨ °   j Ã °
Zhg¥g õ]j¿l   î¾ª ��© > jö° á î«ª[Ò!©

Zhgig � Zh^ibe�   j Ã©Ã °Ïj °�l   j Ã©Ã Õ j Ã»×
�¿¨À» � ��»%È�î ��È¡©!ª �'� î«ª�©�Á �]ÈÚ�«ªÂ©�© î«ª±çZÁ

 hÃWÕ j áë¢  1Ã °Ïj  g¢ Ã`ÄJÅqÆ`Ç
���*� ® > j ×�¯ ¡�¢ beZhg�â�£�bÖT�X±§ ¢Y¢ T ¸ ZO\]Zh^pT�_�¦YX[dÜÇ%´1TcbeZh¨Yg¥^�\]Z ¸ T�d ¢ ×6

Z�b ×1/20
j «�Zåg²T�¦Y¦+§©gãb

be·Y£h§»g¥d±¶4¨YZó\]Zh^ ¸ T�d ¢ ^ÄZh^ib¯\]§ ¢ ´ó\]Z  1>»Ã]³ ¶4¨YZ�X¾½¿§ ¢ g¥Z�begi§©¨]ä©Z øa_�§»d ¢ ^¯\]Z  hÃë¢ ¦]g¥fh^1j�ßôZ�b¥b¥Z
\]d[^e¦+Z�g¥^¥d±§ ¢ ¦%T�g²T�d[b g²T�d±^¥§ ¢Y¢ TWV]X±Z`¦%T�g g²T�¦Y¦+§»gibàøÄXÝ½Þ¨]bed[X±d[^²Tcbed[§ ¢ \]Z`´�§»_�¦+§»^ÖT ¢ b¥^�£hX[Z1´µb¥g¥§ ¢ dÙ¶3¨YZh^
^ibÖT ¢ \�TWg¥\]^1j

> °



ª¯º¬ª � Ø g¥g ª¯ºÄº � Ø g¥g
Ã á l]j ° > j ° á lYj >   j Ã

  j > °»õ á ° > j Ã  g¢  1Ã l Õ jöõ  g¢
  j ° æ©×   l >WÃ jöõ  g¢  hÕ©Ã õ�j Ã  g¢
c0

á l]j á > j ° á lYj¹õ   j Ã
1/αx6

×»æ©æ j   Õ j Õ °�l × j á Õ j ×
x6/x20

 1> õ]j á Ã jöõ ¢  8>Wæ j × Ã j¿l ¢
1/α

õ�j Õ©× ° Ã j æ�¢ õ]jö°Wl > Ã j ° ¢
α

î«ª¾�ð�%ç î«ª �!Á î«ª:�]�]Ò î«ª��¡Á
���*� ® > jö° ¯�Ø bÖT�X[§ ¢Y¢ T ¸ ZkZ ¢ £ ¢ Zhg ¸ d[Z/\]Zh^ ¸ geT ¢ \]Zh^�\]d[§�\]Z�^y\�¨OV�TWgig¥Z8T�¨�\]¨åV%T�^/ù]Z ¢ _�¨YXÜbed â
¦YX[dÙT ¢ b�X[Zh^�´�§ÏZk�a´�d[Z ¢ b¥^
\F½Þ£�bÖT�X[§ ¢Y¢ T ¸ Z¬Z ¢ ^e§»¨Yge´µZÄZ�b�\F½Þd ¢ b¥Zhgãâ�£�b²TWX[§ ¢Y¢ T ¸ Z¯\]Z�^
TW_ ¦YX±dÜÇ%´µb¥Zh¨Yg¥^ ³
§ ¢ §»V]bed[Z ¢ b`X[Zh^
ä»TWX[Zh¨Ygi^�\]Zh^`´�§4Z�a´�d[Z ¢ b¥^

α
\�Z¯XÝ½ÞZ1¶4¨%Tcbed[§ ¢�> j   j

�aB4È [£�ÊÉ���L�=S KJI��N�¨O��eGJS����GJ�»
«�Z
bÖT�VYX[Z8TW¨ > j æ geTW¦Y¦+Z�X±X[Z�X[Zh^ô´�§ÏZk�a´�d[Z ¢ b¥^à\F½¿£�b²TWX[§ ¢Y¢ T ¸ ZÄT�d ¢ ^ed%¶4¨YZ`X[Zh^�¦Yd±£1\�Zh^¥b²TW¨�À�¦+§»¨Yg

X¾½¿Z ¢ ^eZ�_�VYX[Z/\]Z�^�\]£�b¥Z1´µbeZh¨Ygi^1j
• ªyä�^²º ù+ª¯T�¨�´²·YZ¬ä3Zhgi^e¨Y^�º�gi§©dÜbeZ
• ª¯º`ä�^ Ó º ù+ªÄg²T ¢ \]Zh^�º�d±§Ï\]Zh^
ä©Zhg¥^¥¨Y^ Ó Z�b¥d[b¥Zh^�ºyd[§Ï\]Zh^
• �
ä�^ � ù � TWgig¥Z8T�¨Íßà^ ¡ \]¨��yTW¨]b�ä3Zhgi^¥¨Y^ � TWgig¥Z8T�¨Íßà^ ¡ \]¨ � TW^
• α ù+ßà§4Z��´�d±Z ¢ by\]Zk´�§ ¢ ä3Z�g¥^¥d±§ ¢ Z ¢ �OZ Û ¦�TWg`´hT ¢ T�X�\F½¿¬º¬ß}\]Z¯XÝ½Þ£1¶4¨%Tcbed[§ ¢�> j   j
• c0

ù Ó d±£h\]Zh^ibÖT�X�Z ¢ ´hT ¢ T�X�\F½¿¬º¬ß}\]Z¯XÝ½Þ£1¶4¨%Tcbed[§ ¢�> j   j
• Errα

ùY¦+§»¨Yge´�Z ¢ bÖT ¸ Zk\F½¿d ¢ ´�ZhgãbedÜbe¨�\]Zk^¥¨Yg�X[Zh^
ä»TWX[Zh¨Ygi^�\]Z
α
j

• Errc
ùYd ¢ ´�ZhgãbedÜbe¨�\]Zk^¥¨Yg�X±Z�^
ä»TWX[Zh¨Ygi^�\]Zh^
¦Yd[£1\]Zh^ibÖT�¨�ÀåZ ¢ ´1T ¢ T�X�\F½¿¬º¬ßÄj

>»æ



Ë �'��� �pè�û �pþ��1è � èpþ�� ¼ è � þ�� �
α Errα c0 Errcª¯º¯ª�� Ã   î¾ª �%ç��Z©   j æ�¢ ¨@�«ªÜÒ Ã j  

ª¬º¬º0�     j   �¡ª±î%ç+È%ç   j æ�¢ �+ç«ª:� Ã j >
ª¯º¬ª � Õ   î¾ª:�ð�+È�� Ã j æ�¢ �+ç«ª�� > j °
ª¯ºÄº � õ Ã j á»Õ î¾ª:�]��Ò+Ò Ã j ° ¢ �+ç«ªÙÈ   j Ã
Ó º¬ª�� >     j Ã»×] 8> Ã j °»°   î¾ª ���YÒ"ç   j Õë¢ ¨�ÒÌª � Ã j  
Ó º¬º0� l   j Ã l î¾ª ���Ïî@�   j Õë¢ �Ú�«ªÂ© Ã j  
Ó º¬ª � ×   Ã j   õ á»Õ   j >Wá ° �¡ª:�3ÒZ¨@�   j¿l ¢ �Z©!ªÂ© l]j Ã
Ó ºÄº � °   j >»æ �¡ªÜÒZ¨��+î   j¿l ¢ �Z©!ª � l]j Ã

º Ø ® ¡væ©Ã ª��  hæ î¾ªÙÈ�î%ç�Ò Ã j á�¢ ��È%È!ª�© Ã j¹l
º Ø ® ¡�æ»Ã º�� >WÃ î¾ª:�Ïç%î�� Ã j á�¢ �@�«ªÜÒ Ã j Õ
º Ø ® ¡væ»Ã ª � >»> î¾ªÙÈ�ç%î"� Ã j á�¢ �ÏîYÒÌªÙî Ã j Õ
º Ø ® ¡væ»Ã º � >�Õ î¾ªÙÈ%ÈF�Y� Ã j á�¢ ����ªÂ© Ã j æ
º Ø ® ¡ õ Ã©Ã � >W× î«ªÙî+È�¨YÒ'ç > j >2¢ ����ª:� Ã j Ã
º Ø ® ¡ õ Ã»Ã � >Wæ î«ªÙî+È+�¶¨�� Ã j ×�¢ �"�ZªÂ© Ã jöõ
S`® ¡væ©Ã ª��  há î¾ª±î+È�î�Ò ' Ã j >2¢ �Ïî%ç«ªÙç > j  
S`® ¡væ©Ã º�� >�  î¾ª±î+ÈF�+� ' Ã j >2¢ �+ç«ªÜÒ Ã j >
S`® ¡�æ»Ã ª � > l î¾ª±î+È�î+ç ' Ã j >2¢ ����ªÜÒ   j æ
S�® ¡�æ»Ã º � > õ î¾ª±î��ð��� ' Ã j >2¢ �%�Ïî«ª � Ã j æ
S�® ¡ õ Ã©Ã � > ° î¾ª±î+È�î�� ' Ã j >2¢ ��¨«ª±î   j¹l
S`® ¡ õ Ã»Ã � >Wá î¾ª±î+È�î"� ' Ã j >2¢ �'È!ª±î l]j Ã

���*� ® > j æ�¯ S�T�VYX±Z1TW¨�g¥£h´1TW¦YdÜbe¨YXÙTcbed[¼Ä\]Zh^�´µ§ÏZ��´�d±Z ¢ be^�\F½¿£�b²TWX[§ ¢Y¢ T ¸ ZO\]Zh^�\]£�b¥Z1´µbeZh¨]g¥^1j «�Zh^
ä»T�X±Z�¨Yg¥^
Ç ¢ TWX[Zh^�\F½Þ£�bÖT�X±§ ¢Y¢ T ¸ Z¯^e§ ¢ byT~��´²·Y£h^
Z ¢ ´hTWgeT»´µb¥fhg¥Zh^ ¸ geTW^1j

>»á



Í Î �6*Ó5�ÐÏ )�3 .�*�)}143 
´, Ñ ,´5	3/;GÒ/)�3��
«�Z ¶4¨YZ ¢ ´e·Yd ¢Y¸ Zh^¥bå\]£�b¥Zhg¥_�d ¢ £ ¦%T�g�X±Z�^O´�§»¨YgiV'Z�^O\]Z \]£�¦+Z ¢ \�T ¢ ´�Z Z ¢ begiZ XÙT ¶4¨%T ¢ bedÜbe£

\]ZaX[¨Y_�d[fhg¥Za_�Zh^¥¨Yg¥£hZaZ�b�X[Z�\]£�¦'ðWbó\F½¿£ ¢ Z�g ¸ d±Z Tcb¥b¥Z ¢ \]¨ \�T ¢ ^�X±Z ßà^ ¡ ¦+§©¨Yg�´²·%TW¶4¨YZpZ�^e¦+f1´µZ
\F½Þd[§ ¢ ¤ Õ}¥ j'«�Z�\]£h¦+ðWb¯\F½Þ£ ¢ Zhg ¸ d[Zó\�T ¢ ^ÄX[Z�^¥d±X[d±´�d[¨Y_ Zh^ibÄVYd[Z ¢ ´�§ ¢Y¢ ¨ ³ Z�bÄX[Z�^¥d[X±d±´�d[¨Y_ ¢ ½ÞZh^ibÄ¦%TW^
^¥§»¨Y_�d[^�T�¨�¶3¨YZ ¢ ´²·Yd ¢Y¸Y³ d[X+^eZ�gibÅ\]§ ¢ ´y\]Z�¦+§©d ¢ bÅ\]Z�g¥£h¼�£�g¥Z ¢ ´�ZyZ ¢ beg¥Z�X[Zh^Å\]§ ¢Y¢ £hZh^àZ�bàX[Zy´1TWX±´�¨YX
¦+§»¨Yg
£�b²TWVYX[d[g
X[Zh^`´�§»¨Yg¥V+Zh^�\�Z¯X[¨Y_�d[fhg¥Z©jY«ÎTóX[¨Y_�d[fhg¥Z¬_�Zh^¥¨Yg¥£hZ¯Z�^¥b
ZµÀ�¦Yg¥d[_�£hZ¯Z ¢ �OZ ÛB¸ g��»´�Z
ø�X¾½¿£�b²TWX[§ ¢]¢ T ¸ Z�Z ¢ £ ¢ Zhg ¸ d±Z�\]¨ ßô^ ¡ gi£8TWX[d[^¥£óT1ä©Z1´/¨ ¢ Z�^¥§©¨Yg¥´�Z 22Na

Z�bÄ\]§ ¢ ´�^²T ¢ ^yZ�'Z�b¬\]Z
¶3¨YZ ¢ ´²·Yd ¢Y¸ j

µ	B�A � �¨K�G¹���
(ECsI ,∆ESi)

�X¾½öT�d±\]Z
\]Zh^ ´�§ÏZk�a´�d[Z ¢ b¥^�\F½¿£�b²TWX[§ ¢Y¢ T ¸ Z`\]Zh^ \�£�beZ1´µb¥Zh¨Yg¥^ ³»¢ §©¨Y^�^¥§©_ _�Zh^)_aTWd ¢ b¥Z ¢ T ¢ b Z ¢
_ Zh^e¨]g¥Zk\F½¿£�b²TWVYX[d[g�\]Zh^�´hTWgib¥Zh^ Ð����ÏÑ8Ë'���ÁÌÎÐÏü��+�hÐ4�ÁÌÎ�%�Î��Ê��Á�8�êÊê�ê�3�:�Îé

(δESi)
Z ¢ ¼�§ ¢ ´µbed[§ ¢

\]ZkX¾½ Ð����ÏÑ8Ë'��� é �Ï�8�ÎÑ8Ð4� ÌÎ�%�Î�aÊ��ýû��D�
(ECsI)

´�§©_ ¦YX±fµbeZh_�Z ¢ b�£�bÖT�X±§ ¢Y¢ £hZ�^yZ ¢ £ ¢ Zhg ¸ d[ZkZ�b
´�Zh´�d�¦+§»¨Yg�´²·%TW¶4¨YZ �1Ð]Ê��Ï�1�©�+ü�� � ä3§»d[g ¦%T�g²T ¸ g²TW¦]·YZ   j¹l]j¹l¬¦%T ¸ Z   lë�Öj Ó §©¨Yg�§©V]b¥Z ¢ d[g�\]Zh^�´1TWgãbeZh^
Thä3Zh´¬¨ ¢ _�TcÀ]d[_�¨]_ï\]Z¯^ibÖTcbed[^ibed±¶4¨YZ ³ § ¢ ^¥§©_ _�Z¬X±Zh^
gi¨ ¢ ^
¦+§»¨Yg
X[Zh^e¶4¨YZhX[^
X±Z�^�´µ§ ¢ \]dÜbed[§ ¢ ^�\]Z
´1T�VYXÙT ¸ Z�^¥§ ¢ bô^¥d[_�d[X�T�d[g¥Zh^�_aTWd[^ô¶4¨Yd�Z ¢ g¥Z�ä»T ¢ ´²·YZ`¦Yg¥£h^¥Z ¢ b¥Z ¢ bà\]Zh^ô\]d �'£hg¥Z ¢ ´µZh^à\]Z ¢ T�b¥¨Yg¥Z�\]Zh^
´�d[VYX[Zh^�Z�b�\]Z�¦'§»^¥dÜbed[§ ¢ T ¢Y¸ ¨YXÙTWd[g¥Za\]¨ \�£�beZ1´µb¥Zh¨Yg ³ ´�Zh´�dô\�T ¢ ^�X[Z�VY¨]b�\]Za´�§»¨]ä�g¥d[g�T�¨�_�d[Zh¨�À
b¥§©¨]byX[Z�¦YXÙT ¢�³ ´W½¿Zh^ib¬ø�\]d[g¥Z/be§»¨]b¥Z�XÙT ¸ T�_�_�Z�\]Z ¢ §c÷4TW¨�ÀO¦Ygi§�\]¨YdÜbe^¬T�d ¢ ^edU¶4¨YZ/X±Zh¨Yg ¸ TW_ _�Z
\F½Þ£ ¢ Zhg ¸ d[Z©j

©«ª¬�® l]j  Ó¯ ßÅTWgãbeZ
ECsI

äÏ^
∆ESi

£�bÖT�X±§ ¢Y¢ £hZkZ ¢ £ ¢ Z�g ¸ d±Z¯¦+§©¨Yg
X[Z¬be£hX[Zh^e´�§»¦+Z/S   âãª¯º0�`^8j

®Ï¨YgåX�TR´1T�gib¥Z�l]j  »³ § ¢ ä3§»dÜbÁT�¦Y¦%T�g²Tg³Ùb¥g¥Zý¨ ¢ Z�TWXÜbeZ�g ¢ T ¢ ´�Z�\]Z � § ¢ Zh^�\]Z ·%TW¨]b¥ZýZ�b�\]Z
l Ã



¼êTWd[VYX[ZÁ\]Z ¢ ^edÜbe£Í\]ZÍ´µ§©¨Y¦Y^p¶4¨Yd`¼�§©gi_�Z ¢ ba¨ ¢ Z�^ibegi¨�´µbe¨YgiZÍ\]Z�X[d ¸©¢ Zh^p¦�TWg²T�X[X±f�X±Zh^1j Ø�¢ ¼êTWdÜb ³ ø
´e·%T»¶3¨YZ�X[d ¸©¢ Z�´�§©gig¥Zh^¥¦+§ ¢ \Í¨ ¢ Z�Zh^¥¦+f1´�Zó\F½Þd±§ ¢ \]§ ¢Y¢ £�Z ³ X[Zh^y¦YdÙ´µ^Ä£hXÙTW^ibed±¶4¨YZ�^¬´�§©gig¥Zh^¥¦+§ ¢ \�T ¢ b
T�¨Á¼êTWd[^e´�Z8T�¨ \]ZH�Ïgã÷�¦]be§ ¢ \]§ ¢Y¢ Z ¢ b¯\]§ ¢ ´�X�T�g¥£h¼�£hg¥Z ¢ ´�Z

z = 36
j Ó §»¨YgÄgiZ1´�§ ¢Y¢ TWdÜbegiZ ´e·%T»¶4¨]Z

Z�^e¦+f1´µZ ³ d[XÎ^¥¨ ��by\]Z�´�§»_�¦]b¥Zhgy\]Z/X±d ¸»¢ Z�Z ¢ X[d ¸©¢ Zóø�¦%T�gibed[gy\]Z/X�T g¥£h¼�£�g¥Z ¢ ´�Z ³ ^²T»´e·%T ¢ bÄ¶3¨�½¿¨ ¢
\�£1´1TWXÙT ¸ Z
\F½Þ¨ ¢ Z�X[d ¸©¢ ZÅä3Zhg¥^)X[ZÅV%TW^�´�§©gig¥Zh^¥¦+§ ¢ \�øÄ\]d[_�d ¢ ¨YZhg)X[Z ¢ ¨Y_�£hgi§kTcbe§»_�dÙ¶3¨YZ
\]Z   ¦'§»¨Yg
X[Zh^ ¢ §8÷ÏT�¨�ÀåX±§»¨Yge\�^8j Ó §©¨Yg`X[Zh^ ¢ §8÷ÏT�¨�ÀåX±£ ¸ Zhgi^ ³Ú� ¥   Z�b � ¥ >�³ d[XÎ¼êTW¨]b�¤�b¥g¥Zk¦%TWgãbed±´�¨YX[d±fhgiZh_�Z ¢ b
¦]g¥¨�\]Z ¢ bk´1T�g¬§ ¢ \]d[^ibed ¢Y¸ ¨YZóX±Zh^¯X[d ¸©¢ Z�^/´�§»g¥giZh^¥¦+§ ¢ \�T ¢ b�T�¨�ÀÁd[^e§Wbe§»¦+Zh^�ù"¦Yg¥§Wbe§ ¢�³ \]Zh¨�be§ ¢ Z�b
b¥g¥dÜbe§ ¢ § ¢ b�´²·%TW´�¨ ¢ ¨ ¢ ZÍX±d ¸»¢ ZÁ\]d±^ib¥d ¢ ´µb¥ZÍ^e¨]gpX[Zh^abe£hX[Zh^e´�§»¦+Zh^�£h¦%TWd[^1jà« ½¿§»V §�Z1´µbed[¼/T ¢Y¢ § ¢ ´�£
Z�^¥b�\]Za\]£�b¥Zhg¥_ d ¢ Zhg/¦+§»¨Yg�´²·%TW¶4¨YZaZh^¥¦+f1´�Za\F½¿d[§ ¢ X�TO\]£�¦+Z ¢ \�T ¢ ´µZ �

ECsI
³

∆ESi
� ³ \]§ ¢ ´a\]Z

giZ1´�§ ¢Y¢ TWdÜb¥g¥Z
Z�b�\F½¿ZµÀÏbeg²T�d[g¥Z
XÙTÄX[d ¸»¢ Z`\]Z`´e·%T»¶3¨YZ
z
øÄ¦%T�gibed[g \]Z
XÙT¬´1T�gibeZ©j©«ÎTÄ_�£�b¥·Y§�\]Z
´²·Y§»d±^¥d[Z

´µ§ ¢ ^¥d[^ibeZyøybeg²TW´�Zhg�Ó zpoÚtÚj�llnj Ó jko�� X[Zh^�^¥£h¦%T�g²Tcbeg¥d±´�Zh^ � Z ¢ begiZ
X±Zh^ X[d ¸»¢ Zh^ô\]Z
z
³ Ç ¸ ¨Yg¥Z`l]j > ��¦Y¨Yd[^

\"½¿¨]bed[X[d±^¥Zhgy¨ ¢ T�X ¸ §»g¥dÜbe·Y_ Zó¶4¨]d�\]£�b¥Zhg¥_�d ¢ Z�XÙT�X[d ¸»¢ Z�_�£1\]dÙT ¢ Z�¦+§ ¢ \]£hg¥£hZ�¦%TWg�X[Z ¢ §©_�V]g¥Z�\]Z
´µ§©¨Y¦Y^
Z ¢ begiZk´²·%TW´�¨ ¢ Zk\F½¿Z ¢ b¥g¥Zh^
ZhX[X[Zh^1j

Ó §»¨Yg ´²·%TW¶4¨YZå´1T ¢ T�X�^¥¨Yg X¾½¹TcÀ]Zå\�Zh^ � � ßô^ ¡ � ³ § ¢ ´1T�XÙ´�¨YX[Z X�TÍ_�§8÷3Z ¢Y¢ Z�¦+§ ¢ \]£hg¥£hZ ^¥¨Yg
X¾½¹TcÀ]ZÐÔ � ®Ïdi��øóX¾½öT�d±\]Z/\]Z¯X¾½¿£1¶3¨%T�b¥d±§ ¢ l]j   j

Ym =

∑binh
biny=binb

nbcps× biny
∑binh

biny=binb
nbcps

� l]j   �

§}¦
Ym

Zh^ib`XÙT�ä»T�X±Zh¨]g`_ £1\]dÙT ¢ Zk´1T�XÙ´µ¨YX±£hZ»j
biny

Zh^ib`XÙT ¢ ¨Y_�£hgi§�\]¨O´1T ¢ T�X�^¥¨Yg
X¾½öT8À]ZÐÔ � ®4d�Öj
binb

Zh^ib`XÙT ¢ ¨]_�£hg¥§�\]¨O´1T ¢ T�X�^e¨Yg�XÝ½¹TcÀ�Z�Ô{¦+§©¨Yg
XÙTó^¥£h¦%T�g²TcbegidÙ´�Zk\]¨åV%T�^8j
binh

Z�^¥b
XÙT ¢ ¨Y_�£hgi§�\]¨�´1T ¢ T�X�^¥¨Yg
X¾½öT8À]ZÐÔ ¦+§»¨Yg
X�T�^e£�¦%TWgeT�b¥g¥d±´�Z/\�¨O·%T�¨]b8j
nbcps

Zh^ib
X±Z ¢ §»_�VYg¥Z¯\]Zk´�§©¨Y¦Y^`\�T ¢ ^`X[Zk´1T ¢ TWX
biny

øóX¾½öT�VY^e´�d±^¥^¥Z¬À ´�§ ¢ ^¥d±\]£hg¥£»j

«�Zh^ ¢ §»¨]ä3ZhX[X±Z�^�X±d ¸»¢ Zh^yTWd ¢ ^¥d�§©V�beZ ¢ ¨YZh^�´1T�g²TW´µbe£�g¥d[^eZ ¢ b�XÙT�\]£h¦+Z ¢ \�T ¢ ´µZ
ECsI ∆ESi

¦'§»¨Yg
´e·%T»¶3¨YZyd[§ ¢ jÏ«ÎT¯Ç ¸ ¨Yg¥Zyl]j¹l/_ § ¢ b¥g¥Z`X±Zh^à\]Zh¨�À�£�b²TW¦+Zh^ ¢ £1´�Zh^¥^²TWd[g¥Z�^�økX¾½¿§»V]beZ ¢ bed[§ ¢ \]Zh^àX[d ¸©¢ Zh^ ³
Z ¢ §}�'g²T ¢ b`¨ ¢å¸ g¥§»^
¦YX�T ¢ ^¥¨Yg�X±Z�^

z
¼êTWd[VYX[Zh^1j

{¦�TWgib¥d[g�\]Zh^`X[d ¸©¢ Zh^`§©V]b¥Z ¢ ¨YZh^ ³ § ¢ ´�gi£hZk¦+§©¨Yg`´²·%TW¶4¨YZ � ¨ ¢ bÖT�VYX±Z8T�¨�\]Zh^�´�§Ï§»ge\]§ ¢Y¢ £hZh^
\�Zh^Î¦+§»d ¢ be^

(ECsI ,∆ESi)
³ Z ¢ £1´²·%T ¢ bed[X[X±§ ¢Y¢ T ¢ bUVYd ¢ ¦%T�g�VYd ¢<�

δGDHs = 10MeV
Z�b
δGDBs =

2MeV
�à^¥¨Yg�XÝ½¹TcÀ]Zk\�Zh^yT�VY^e´�d±^¥^¥Zh^ ³ ´»½¿Z�^¥b�ø \]d[g¥Z¯¦+§»¨Yg
XÙTóX±¨]_�d±f�g¥Z¬ä�¨YZk\�T ¢ ^`X[Z�ßà^ ¡ j

«ÎT�giZ1´�§ ¢Y¢ TWd[^¥^ÖT ¢ ´�Z�\]Zh^�X[d ¸»¢ Zh^)Zh^ib�\�§ ¢ ´à\]d[g¥Z1´µb¥Zh_�Z ¢ b)X[d[£hZ
ø`¨ ¢ ZàV+§ ¢Y¢ Zà^ibÖTcbed[^ibed±¶4¨YZà^¥¨Yg
b¥§©¨�b
X±Z¬¦YX�T ¢ j Ø ä�d±\]Zh_�_�Z ¢ b ³ X�T�g¥£�¦%TWgãbedÜbed[§ ¢ \]Zh^`´�§»¨Y¦Y^ ¢ ½ÞZh^ib`¦%T�^
·Y§»_�§ ¸ f ¢ Z ³ Z ¢ ¼�§ ¢ ´µbed[§ ¢
\�Zh^/g¥£ ¸ d±§ ¢ ^�\]¨�¦YXÙT ¢ ´�§ ¢ ´�Zhg ¢ £hZh^�X¾½¿Zhgig¥Zh¨Ygk^¥¨Yg/XÙT ¦+§©^¥dÜbed[§ ¢ \]Zh^/X[d ¸©¢ Zh^/Zh^ib�\]§ ¢ ´�¦YX[¨Y^/§©¨
_ §©d ¢ ^�d±_�¦+§»gib²T ¢ beZ©j Ó §©¨]g�X±Zh^

z
£hX[Z�ä3£h^ ¢ §»b²TW_ _�Z ¢ b ³ \]Zh¨�À � § ¢ Zh^�\]ZÅbegifh^�¼:T�d±V]X±Z
^ibÖTcbed[^ibed±¶4¨YZ

giZh^¥^¥§©gãbeZ ¢ b ³ ø�V%T�^¥^¥Z¯£ ¢ Z�g ¸ d[Zk\YT ¢ ^
X[Z/ßà^ ¡ Z�b�ø�¦YX[¨Y^
·%T�¨]beZ¬£ ¢ Zhg ¸ d[Z¯Z ¢ b¥g¥Z¬X[Zh^`\]Zh¨ÏÀ X[§»b¥^`\]Z
´µd±VYX[Z � ä3§»d±gÅÇ ¸ ¨YgiZklYj   �Öj

µ	B � � �=��:S��£¼��¾¼�ILO	Õ�G ¼4¿ÀI�F��LKJ�=�� O��CK �Q=F����¸��Gº�Q=F
«�Zh^Î´1T�X±´�¨YX±^�^¥§ ¢ b�gi£8TWX[d[^¥£h^�¦%TWg�¨ ¢ ¦Yg¥§ ¸ geTW_�_ Z Z ¢kÆ §»gib¥g²T ¢ \]Z ´1TWX±´�¨YX4\�Z�\]£h¦+ðWbU\F½Þ£ ¢ Zhg ¸ d[Z

¦�TWgUd[§ ¢ d[^²Tcbed[§ ¢ V%T�^e£�Zà^¥¨YgUXÙT�¼�§©gi_�¨YX[ZÅ\�Z � Zµbe·YZµâ � X[§�´e· � £1¶4¨%Tcbed[§ ¢p  j   �Öj»ßà§»_�_�Zô¦%T�g²T�_�f�begiZ
\"½¿Z ¢ b¥g¥£hZ ³ d[X'¼:T�¨]bàX±¨Yd+¼�§»¨Yg ¢ d[gàX[Zh^Å\]d �"£hgiZ ¢ b¥^Å_�T�b¥£hg¥dÙTW¨�À�beg²Thä3Zhgi^¥£h^�T�¦Yg¥fh^àXÙT/´�d±V]X±Z � ®Ïd[X[dÙ´�d[¨Y_ ³
ßô^ ¡ � ³ Zµb`X[Zh^�\]d �'£hg¥Z ¢ be^`d[§ ¢ ^1j

l  



©«ª¬�® l]j >�¯ yX ¸ §©gid[b¥·Y_�Z¬\]Z¬giZ1´�§ ¢]¢ TWd[^¥^²T ¢ ´�Z¯\]Zh^ÅX±d ¸©¢ Zh^¯ù]^¥£hX[Z1´µb¥d±§ ¢ \F½Þ¨ ¢ Z¬X[d ¸©¢ Z ¸ g��W´�ZkT�¨�À
^¥£h¦%T�g²TcbegidÙ´�Z�^ ³ ´hTWX±´�¨YX�\]Z¯XÙTó_�§8÷3Z ¢Y¢ Z¯¦+§ ¢ \]£hgi£hZk¦+§©¨Yg
´²·%TW¶4¨YZkVYd ¢ \]Z¯X¾½öT8À]Zk\]Zh^yT�VY^e´�d[^¥^eZh^1j

©«ª¬�® lYj¿l ¯ ºy£�b¥Zhg¥_�d ¢ Tcbed[§ ¢ \]Zh^�X±d ¸»¢ Zh^�\]Z � ùWZ ¢ ¢ §»d[g¥Z ³ X[Zh^�^¥£h¦%T�g²TcbegidÙ´�Z�^�b¥g²TW´�£hZh^�øyX�Ty_aT�d ¢�³
¦Y¨]d±^
Z ¢ g¥§»¨ ¸ Z ³ X[Zh^
X±d ¸»¢ Zh^`g¥Z1´µ§ ¢Y¢ ¨]Zh^`¦%T�g
X¾½öT�X ¸ §»g¥dÜbe·Y_�Z©j

l >



ßô§ ¢ ´�Zhg ¢ T ¢ b X[Zh^ é �]�8ÐÏÑ����%�¸�B�cÑ8�3þ'�ÏÑc�hÐÏ� ³ X[Zh^�£h¦%T�d±^¥^¥Zh¨Ygi^ \]Zh^ó¶4¨%Tcbeg¥Z�\]£µbeZ1´µb¥Zh¨Yg¥^�^¥dÜâ
X[d±´�d[¨Y_ _�d ¢ ´�Zh^�^¥§ ¢ b�VYd[Z ¢ ´�§ ¢Y¢ ¨YZh^ ³ T�¨ _�d±´�gi§ ¢ ¦Ygifh^ ³ Z ¢ giZ�ä»T ¢ ´e·YZp¦+§»¨Yg�X[Zh^ó\]£�b¥Z1´µbeZh¨Ygi^
£�¦%TWd[^ ³ § ¢R¢ ½öTÁ¦�TW^�\]Z ä»T�X±Zh¨Yg ZµÀYT»´µb¥Z©j ºyZ _�¤h_�Z�¦'§»¨Yg X[Zh^�V%T�g¥giZ8TW¨�ÀR\]Z�ßà^ ¡²³ X[Zh¨Yg¥^�´1Tcâ
geT»´Öbe£hg¥d[^ibed±¶4¨YZh^a^¥§ ¢ baVYd[Z ¢ ´�§ ¢Y¢ ¨YZh^a¦Y¨Yd[^e¶4¨YZÍ´�ZO^e§ ¢ bp\]Zh^p´µg¥d[^¥b²TW¨�ÀJ´�ZhgãbedÜÇ�£h^�ÖhªÄ«�¯®�S×Ö ³
´µZh¦+Z ¢ \�T ¢ bôXÝ½Þ·%TWVYd[X[X�T ¸ Zy¶4¨Yd�X[Zh^�Z ¢ be§»¨YgiZ`Z�bà¶3¨Yd�¦+Zhg¥_�Z�b ¢ §WbÖT�_�_�Z ¢ b�\]Z`X[Zh^ô_ Z�b¥b¥g¥Z�ø¬XÝ½¹TWV]g¥d
\�Z�b¥§©¨]b¥Z�^¥§©¨Yg¥´�Z�X[¨Y_�d ¢ Zh¨Y^¥Z ³ Zh^ibÄ¨ ¢ ¦+§»X[÷Ï_�fhg¥Z�V%T�¦]bed[^e£CñwØ�±`ÙwÙ.Ù�Z�b¬\]§ ¢ bÄXÙTa´�§»_�¦+§»^edÜbed[§ ¢
Z�^¥bk_�TWX�´�§ ¢Y¢ ¨YZ©j Ó X[¨Y^k¦Yg¥£1´µd±^¥£h_�Z ¢ b ³ ´�Z _aT�b¥£hg¥dÙT�¨ýZh^ib/´�gid[b¥dÙ¶4¨]Z�´1T�gk¨ ¢ Z�¦%T�gib¥d±Z�\]Zh^kd[§ ¢ ^
b¥g¥fh^ÅX±Z ¢ be^�^1½öT�g¥g¥¤µbeZ ¢ b
\]Z1\�T ¢ ^ ³ ´�Z¯¶3¨YdF¼êTWdÜb
¨ ¢ Z¬´�§©¨Y¦]¨Yg¥Zkø/beg¥f�^�V%TW^¥^¥Z¬£ ¢ Zhg ¸ d[Z©j�º�d �"£�g¥Z ¢ b¥Zh^
´µ§©_�¦+§»^¥d[b¥d[§ ¢ ^`§ ¢ b`£�b¥£¬beZh^ibe£hZh^`\�T ¢ ^`X[Z/´hTWX±´�¨YX�¦+§©¨Yg
Zh^¥^²Th÷3Zhg`\]Zk\]£µbeZhg¥_ d ¢ Z�g`X¾½Þd±_�¦�T»´µb`gi£hZhX
\�Z¯X�T ¢ T�b¥¨Yg¥Zk\]Zk´�Z¯_aT�b¥£hg¥dÙT�¨�j

�ÍT�b¥£hg¥dÙT�¨ ßô§»_�¦+§©^¥dÜbed[§ ¢ º�Z ¢ ^¥dÜbe£
(g/cm3)

Ø ¦%TWd[^¥^¥Zh¨Yg
®Ïd 28Si

> j¿l©l æ©á
µ
_

Û � >WÃ©Ã»Ã
C4H4O2

  j¿l©l × õ
µ
_

ßô^ ¡e� SÅXi� 133Cs127I
Õ j¹õ    há j á _�_

���*� ® lYj  -¯ «�d±^ibeZk\�Zh^`_�T�be£�g¥dÙTW¨�À ¨]b¥d±X[d[^e£�^�\�T ¢ ^`X[Zk´�§�\]Zk\]Zk´1T�XÙ´�¨YX

Ó §»¨Yg¯XÙT ���Y�c�ÎÑ8�ÔÌÎ�Ï�����'�Î� ³ X[Z ¦Yg¥§ ¸ geTW_ _�Z ¢ Z�^¥d[_�¨YX[Z ¦%T�^kX[Zh^¯g¥£8TW´µbed[§ ¢ ^ ¢ ¨�´�X[£8T�d[g¥Zh^
ZµbyXÙT�¦Yg¥§Ï\]¨�´µbed[§ ¢ \F½¿d[§ ¢ ^y¦Ygi§cä©§�¶4¨Y£hZ/¦%T�g�X¾½¿d[_�¦%TW´µbÄ\]¨ �4gi÷�¦]b¥§ ¢ \]¨�¼êTWd[^e´�Z8T�¨Í^e¨]g�XÙT�´�d[VYX±Z©j
¡ XÅ¼:T�¨]b�\]§ ¢ ´�¼�§»¨Yg ¢ d[góX�T ¢ Tcbe¨YgiZ d[^¥§»b¥§©¦Yd±¶4¨YZå\]Z�^�\]dn�'£hgiZ ¢ be^ d[§ ¢ ^�¶4¨Ydàä3§ ¢ bób¥g²Thä3Zhgi^eZhg�X[Zh^
\�£�beZ1´µb¥Zh¨Yg¥^1j Ó §©¨]g)´�ZhXÙT ³ § ¢ ¨]b¥d[X±d[^¥ZÅ¨ ¢ ^¥§»¨Y^�¦Yg¥§Ï\]¨Yd[b�\]£�g¥dÜä3£Å\]¨�_�§Ï\]fhX[ZNïðõëîwÚ�¤  hÃ+¥ ¤  » ¥ ¤  1áp¥ ¶4¨]d
\�§ ¢Y¢ Z�¦+§»¨YgÄ´²·%TW¶4¨YZ�Zh^¥¦+f1´�Zó\F½Þd±§ ¢ XÙT�_aT�^¥^eZ�\]Z�XÝ½Þd±^¥§Wbe§»¦+Z�X[Z�¦YX[¨Y^Ä¦Ygi§©V%T�VYX[Z©jFßàZ�^¥§ ¢ b¬´�Zh^
d[^¥§Wbe§»¦'Z�^�¶4¨YZ ¢ §»¨Y^yThä3§ ¢ ^
¨]bed[X[d±^¥£¯¦+§©¨Yg
X[Zk´1TWX±´�¨YXÎThä3Z1´¨÷ðá.�{âðâ�Û,Ü"j

{¦�TWgib¥d[g�\]Zh^�\]§ ¢Y¢ £hZh^�´�d âv\]Zh^¥^e¨]^ ³ ÷{á`� âëâ`Û%ÜO´hTWX±´�¨YX[Z/¦+§»¨Yg�´²·%TW¶4¨YZk£hX[£h_�Z ¢ b�Zµb�¦+§»¨Yg`XÙT
¸ T�_�_�Zy\F½Þ£ ¢ Zhg ¸ d[ZÄ¶4¨Yd ¢ §»¨Y^àd ¢ b¥£hg¥Zh^¥^¥Z � \]Z Ã ø�°�l��OZ ÛC�c¢ ¨�´�X[£h§ ¢ ��X±Zy\]£h¦+ðWb�\F½Þ£ ¢ Zhg ¸ d[ZÄ\�T ¢ ^
´e·%T»¶3¨YZ¯_aTcbe£�g¥dÙTW¨�jY«�Z¬¦�TW^
\]Zk´1T�X±´�¨YXFZh^ib`\]Z/°Wl Ã �©Z�ä �c¢ ¨�´�X[£h§ ¢ j Ø�¢ ^¥§»gibed[Z ³ X±Z¯´�§�\�Z¯g¥Z ¢ ä3§»d±Z
¨ ¢ b²TWVYX[Z8T�¨ �Ê�©³

∆ESi
³ \ Ø��êÛ � >WÃ»Ã©Ã � ³

ECsI
��ø¬¦%T�gibed[g�\]¨�¶4¨YZhXY§ ¢ ¦+Zh¨]b�g¥Z1´�§ ¢ ^ibeg¥¨]d±giZ`¨ ¢ Z

´hTWgãbeZ
(ECsI ,∆ESi)

´1T�XÙ´�¨YX[£hZ/´�§»_�_�Z¬X±Z¯_�§ ¢ begiZ¯XÙT�Ç ¸ ¨Yg¥Zkl]j Õ j
B´µZ¯¦+§»d ¢ b`\]Z¬X¾½öT ¢ T�X[÷�^¥Z ³ § ¢ T�¦+§©¨]g
´²·%TW¶4¨YZ¬d[§ ¢�³ X�T�\]£h¦+Z ¢ \�T ¢ ´�Z

(ECsI ,∆ESi)
d[^¥^e¨]Z

\"½¿¨ ¢ Z�¦%TWgãb�\]Zh^ \]§ ¢]¢ £hZh^�Z�b�\F½¹TW¨�beg¥Z�¦%TWgãb�\]¨�´1T�XÙ´µ¨YX ³ ¶4¨�½Þd±X�´�§ ¢ ä�d[Z ¢ b�\]Zå´�§»_�¦%T�g¥ZhgóZ ¢
¨�bed[X±d[^²T ¢ b/XÙTpä»T�X±Zh¨Ygk\]¨ý\]£�¦'ðWb/\F½¿£ ¢ Zhg ¸ d±Z�\YT ¢ ^¯X±Z ^¥d[X±d±´�d[¨Y_�´�§»_�_�Zóg¥£h¼�£�g¥Z ¢ ´�Z Z�bk¨ ¢ ´�§Ï\]Z
\"½¿d ¢ beZhgi¦+§©XÙTcbed[§ ¢ j

µ	B¶µ ÝWGJ�������¸��GJ�Q=F ¼��Z�� KJIL»+ILKJ��F��°� Y\�������N��S�Ã
Ó §»¨Yg/\]£�beZhgi_�d ¢ Zhg/X[Z��2ÞÚ÷+ê��=��àgê{û ³ § ¢ ä©Zh¨]b�\�§ ¢ ´�£�ä»T�X±¨YZhg�¶3¨YZhX[X±Z�^¥Zhg²T�d[b/X�T�ä»TWX[Zh¨Yg�\]¨

\�£h¦+ð»b \F½Þ£ ¢ Zhg ¸ d[Z \�T ¢ ^�X[ZOßô^ ¡a� ´1T�XÙ´µ¨YX�k¦+§»¨Yg�X[Zh^�ä»T�X±Zh¨]g¥^ \�Z
∆ESi

¶4¨YZpX¾½¿§ ¢ TÍ\�T ¢ ^�X[Zh^
\�§ ¢Y¢ £hZ�^ ³ Thä3Z1´Í¦+§»¨Yg�VY¨]bå\]ZÁX[Zh^ ´�§©_ ¦%TWgiZhgåøÔXÙTÔX[¨Y_�d[fhg¥ZÁZ�'Z1´µb¥d[ä©Zh_�Z ¢ b�äÏ¨YZ \YT ¢ ^�X[Zh^
\�§ ¢Y¢ £hZ�^`¦+§©¨Yg`´�Z�^`_�¤�_�Zh^�ä»TWX[Zh¨Yg¥^`\]Z

∆ESi
j

«�Z¯¦]g¥§ ¸ g²T�_�_�Z¬\F½¿d ¢ beZhgi¦+§©XÙTcbed[§ ¢ ¦%T�g
´�§»¨Yg¥V+Z¯\]Z¯^¥¦YX[d ¢ Z¯d ¢ beZhgãä�d±Z ¢ b`\]§ ¢ ´¬¦+§»¨Yg�¼:T�d±giZ¯XÙT
´µ§©gig¥Zh^¥¦+§ ¢ \�T ¢ ´�Z�Z ¢ begiZ�X[Zh^¯\�§ ¢Y¢ £hZ�^¬Z�b¬XÙT�^ed[_�¨]X�Tcbed[§ ¢ jFºÄT ¢ ^ÄXÙTa_�Zh^¥¨Yg¥Z�§}¦Ád±X)TW¦Y¦+ZhX[X[Z \]Z
¢ §©_�V]g¥Zh¨Y^¥Zàg¥§»¨]bed ¢ Zh^)ZµÀ�b¥Zhg ¢ Zh^ ³�¢ §»¨Y^ Thä3§ ¢ ^�ä©£hg¥dÜÇ�£Å^¥§ ¢ V+§ ¢ ¼�§ ¢ ´µb¥d[§ ¢Y¢ Zh_ Z ¢ b�^¥¨YgU¨ ¢ ¦+§»X[÷3â
¢ ð©_�Zô^ibÖT ¢ \�T�ge\Fj Ø)¢ ^¥§©gãbed[Zà\]Zà´�Zô¦Yg¥§ ¸ geTW_�_ Z ³ § ¢ §»V]bed[Z ¢ b)\]§ ¢ ´ô¦+§»¨Yg�´²·�T»¶4¨YZô£hX[£h_�Z ¢ b ³ ¨ ¢
¢ §©¨]ä©Z8TW¨ÍbÖT�VYX±Z1TW¨ ¶3¨Yd ¢ §»¨Y^¯\]§ ¢Y¢ Z ¢ b¬X[Zh^¬¦%T�g²T�_�f�b¥g¥Zh^Ä^¥¨Yd[ä»T ¢ be^óù

∆ESi
³
ECsI
� _ Zh^¥¨Yg¥£hZ~� ³

l©l
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h2EdE
Entries  7201
Mean x    1812
Mean y   112.7
RMS x     1717
RMS y    123.9

h2EdE
Entries  7201
Mean x    1812
Mean y   112.7
RMS x     1717
RMS y    123.9

E(CsI) vs dE(Si)

©«ª±¬L® l]j Õ=¯ ßÅTWgãbeZ
(ECsI ,∆ESi)

´1T�XÙ´�¨YX[£hZk¦%T�g-÷ðá.�{âðâ�Û,Ü�¦+§©¨Yg
¨ ¢ be£�X±Zh^e´�§»¦+Zk_�d ¢ ´�Z©j

ECsI
� ´1T�XÙ´�¨]X±£hZ~�Öj]«�ZÄ¦%T�^�\]Z¬´1T�XÙ´�¨]X"Zh^¥bÅX[d[£¯ø�X¾½¿£h´²·%T ¢ bed[X±X[§ ¢Y¢ T ¸ Z¯\]ZÄXÙT/X±d ¸»¢ Z¯\]Z � d ¢ d[b¥d�T�X ³ § ¢

T�\]§ ¢ ´ó¨ ¢ ¦%TW^¬b¥§©¨Y^¬X±Z�^
10MeV

\�T ¢ ^¯X±Z�ßà^ ¡ \]¨ ·%TW¨]b¯Z�b¯¨ ¢ ¦%T�^¬be§»¨Y^
2MeV

\�T ¢ ^¯X[Z
ßô^ ¡ \]¨åV%T�^1j

µ	B4È � Q=S�K³ÉR���P¼��¾��S�Ã �qÞLKJ�
«�Zh^ bÖT�VYX±Z1TW¨�À �

∆ESi
³
ECsI
� _�Zh^¥¨Yg¥£hZ~� ³

ECsI
� ´1T�XÙ´µ¨YX±£hZg� �)§©V]b¥Z ¢ ¨Y^�¦Yg¥£1´�£1\�Zh_�_�Z ¢ b�¦+Zhgãâ

_ Z�b¥beZ ¢ b`\]Z¯b¥g²TW´�Zhg
X[Zh^`´�§©¨YgiV+Zh^�\]Z¯X[¨Y_�d[fhg¥Z¯¦+§»¨Yg`´²·%TW¶4¨YZ
z
³ ø�^²T1ä©§©d[g�X�TóX[¨Y_�d[fhgiZ¯äÏ¨YZ � Z ¢

�OZ Û ^¥¨YgkX¾½öT8À]Z�\]Zh^k§©g¥\]§ ¢]¢ £hZh^e�¬Z ¢ ¼�§ ¢ ´µb¥d±§ ¢ \]Z�X¾½¿£ ¢ Zhg ¸ d±ZaT�bibeZ ¢ \]¨YZ � Z ¢ �OZ Û ^¥¨YgkX¾½öT8À]Z
\]Z�^àT�VY^²´µd±^¥^¥Zh^e��\�T ¢ ^�X[Zyßà^ ¡ ´�§©_ _�Z
X[Z`_�§ ¢ b¥g¥Z
XÙTÄÇ ¸ ¨]g¥Z`lYj × j4Â`§»¨Y^�\]d±^¥¦+§»^¥§ ¢ ^ô\]Z æ X[§»b¥^ô\]Z
\]§ ¢Y¢ £hZh^ô\]d �'£hg¥Z ¢ be^�_aT�d±^ Z ¢ ¦%TWgãbed[Z`X[d±£�^ô¦%T�g X[Zh^�d ¢ beZhg�âv£µbÖT�X±§ ¢Y¢ T ¸ Zh^�ù Õ \]£�b¥Z1´µbeZh¨Ygi^�^¥d±X[d±´�d±¨]_
_ d ¢ ´�Z�^ÄøaT�^¥^¥§�´�d[ZhgÄT�¨�À ¸ g²T ¢ \]Zh^y\]d±§Ï\]Zh^yZµb¬T�¨�ÀO¦+Z�b¥d[b¥Zh^y\]d±§Ï\]Zh^1j+«�Zh^y´�§»¨Yg¥V+Zh^y\]Z/X[¨Y_�d[fhg¥Z
§»V]beZ ¢ ¨YZh^óThä3Z1´�´�Zh^ æ be£�X±Zh^e´�§»¦+Zh^�^e§ ¢ b�^¥¨Y¦+Zhgi¦+§©^²T�VYX[Zh^ øO¶3¨YZhXÙ¶3¨YZh^�¦+§»¨Yge´�Z ¢ b¥^�¦Yg¥f�^ � õ ¢ �
^¥¨Yg�XÙTÍ¦YX[¨Y^ ¸ g²T ¢ \]Z�¦%T�gibed[Z \]Zh^ � § ¢ Zh^ \]Z�giZ1´�§»¨]ä�g¥Zh_ Z ¢ b ´�Z ¶4¨YdÅ´�§»_�¼�§»gib¥Z�X¾½¿£µbÖTWX[§ ¢Y¢ T ¸ Z
Z ¢ £ ¢ Zhg ¸ d[Zó\]Zó\�£�beZ1´µb¥Zh¨Yg¥^1j+yd ¢ ^ed ³ ¦+§©¨]gÄg¥£h\]¨Yd±giZ�X[Zh^Äd ¢ ´�ZhgãbedÜbe¨�\]Zh^ ³ § ¢ ¨]bed[X±d[^¥Z�X[Zh^ ¸ geT ¢ \�Zh^
\]d[§Ï\]Zh^
ø/¼�§©gãb ¸ TWd ¢ økV%TW^¥^¥Zy£ ¢ Zhg ¸ d[Z ³ ¦Y¨Yd[^ÅX[Zh^Å¦+ZµbedÜbeZh^�\]d[§Ï\]Zh^Å¦+§©¨YgôX�Tk¦%TWgãbed[Z¯øk¦YX[¨Y^Å·%T�¨]beZ
£ ¢ Zhg ¸ d±Z©j

«�Z§�}Þ�÷pêZ�2�yàDê ûåZh^¥bÄ_�d[^¬Z ¢ £�ä�d±\]Z ¢ ´µZó¦%TWgÄX[Zó¼êTWdÜb¯¶4¨YZ�X[Zh^¯\]Zh¨�ÀÁ´�§4§©g¥\]§ ¢Y¢ £hZh^¯§ ¢ b¯\]Zh^
ä»T�X±Zh¨]g¥^¬\]d �'£hg¥Z ¢ b¥Zh^ � XÙTa\]g¥§»dÜbeZ/begeT»´�£�Z�Z�^¥byXÝ½Þd±\]Z ¢ bedÜbe£~�
Z�b ¢ Z�\]£h¦+Z ¢ \]Z ¢ b¬¦%T�^ÄX[d ¢ £8T�d±giZh_�Z ¢ b
X¾½¿¨ ¢ Za\]Z�X¾½öT�¨]begiZ©jÎ« ½Þ£ ¢ Zhg ¸ d[Z�_�Zh^¥¨Yg¥£hZ � §»ge\]§ ¢Y¢ £hZ~�Ä¦Yg¥§8ä�d[Z ¢ b�\]Zh^/X[d ¸»¢ Zh^�\]Z�XÙT�Ç ¸ ¨YgiZal]j¹l ³
T�X[§©gi^)¶4¨YZôX¾½Þ£ ¢ Zhg ¸ d±ZÅTcb¥beZ ¢ \]¨YZ � TWV]^²´�d[^¥^¥Z~��Zh^ib)\�§ ¢Y¢ £hZô¦%T�gUXÙT
Ç ¸ ¨Yg¥Zàl]j Õ ¦+§©¨Yg

∆ESicalculee =
∆ESimesuree

j
l Õ



©«ª¬L® lYj¹õ ¯ Æ § ¢ ´µb¥d±§ ¢Y¢ Zh_�Z ¢ b \]¨ ¦Yg¥§ ¸ geTW_ _�Z \F½Þd ¢ beZhg¥¦+§»XÙT�b¥d±§ ¢ j úy¢ ´�§»_�¦%T�g¥Z
LCsI
� _�Zh^¥¨Ygi£hZ~�àZµb

ECsI
� \]£h¦+§©^¥£hZ~�à¦+§»¨Yg
¨ ¢ _�¤h_�Z

∆ESi

l3õ



©°ª¬L® lYj ×=¯ ßà§»¨Yg¥V+Zh^`\]Z¯X±¨Y_ d±fhgiZk¦+§»¨Yg`¶4¨YZ�XÙ¶4¨YZ�^`d[§ ¢ ^

Ó X[¨Y^)¦Yg¥£1´µd±^¥£h_�Z ¢ b ³ g²T�¦Y¦+ZhX±§ ¢ ^ ¶3¨YZÅX[Z�\]d[^e¦+§»^¥dÜbed[¼+Z�^¥b T�¨Y^¥^ed�£1¶4¨]d±¦Y¦+£�\]Z�\]Zh¨ÏÀó\]£�beZh´µbeZh¨Ygi^
^¥d[X[dÙ´�d[¨Y_�£h¦%TWd[^�øå¼�§©gãb ¸ T�d ¢�³ TcÇ ¢ \]Z�¦+Zhg¥_ Z�b¥begiZ�XÙTå_ Zh^¥¨Yg¥Za\]Z�^�´�§»¨Yg¥V+Z�^�\]Z�X[¨Y_�d[fhg¥Za\]Zh^
d[§ ¢ ^¬X[Zh^Ä¦YX±¨]^¬X[£ ¸ Zhg¥^ �w�^ß`× �µjFßàZh¦+Z ¢ \YT ¢ b¬d[X�T�£�b¥£�beg¥f�^¬´�§©_�¦]X±ZµÀ�Z \F½Þ§©V�beZ ¢ d[g¬\]Zh^Äg¥£h^¥¨YXÜbÖTcbe^
´�§»·Y£hgiZ ¢ be^
Z ¢ begiZk´�Zh^
b¥£hX[Zh^e´�§©¦+Zh^`£h¦%T�d[^`Z�b`X[Zh^`X[Zh^
b¥£hX±Z�^²´µ§©¦+Zh^`_�d ¢ ´�Zh^ ³ Z ¢ g²T�d[^e§ ¢ \F½¿¨ ¢ \�÷�^ãâ
¼�§ ¢ ´µb¥d±§ ¢Y¢ Zh_ Z ¢ b/\]Zh^¯\]£�beZ1´ÖbeZh¨Yg¥^¬£h¦%T�d±^ � ´µZhgibÖT�d ¢ Zh_�Z ¢ b ¢ § ¢ ^e¨ ��^²TW_ Z ¢ bk\]£h¦YX[f�be£�^k��Z�bk\]Z
X¾½¿d ¢ ´�ZhgãbedÜbe¨�\]Zy¶3¨Yd%^¥¨YVY^¥d±^ibeZ�¶4¨%T ¢ bÅø¯X[Zh¨Yg�£h¦%T�d[^e^¥Zh¨Yg�g¥£hZhX[X[Z©j�ßàZh^�d ¢ ´µZhgibedÜbe¨Y\]Zh^à¼�§ ¢ bà¶4¨YZ`XÝ½ÞZhgãâ
giZh¨Yg�^¥¨Yg`X[Zh^Ä´µ§©¨YgiV+Zh^Ä\]Z/X[¨Y_�d[fhg¥Z/¦+§»¨Yg�X[Zh^�d±§ ¢ ^yX[£ ¸ Zhg¥^ �w�^ß`× �
¶4¨]Z/X¾½¿§ ¢Í¢ Z/¦+Zh¨�by_�Zh^¥¨Yg¥Zhg
¶3¨�½öThä3Z1´kX±Zh^�be£�X±Zh^e´�§»¦+Zh^Ä£h¦%T�d[^ ³ Zh^ib¬\]Z/XÝ½Þ§©g¥\]g¥Z�\]Z   õ ¢ j+«�Zh^Ä´�§»¨Yg¥V+Zh^Ä\]Z�X[¨Y_�d[fhg¥Z�\]Zh^yd[§ ¢ ^
X[£ ¸ Zhg¥^¯^¥§ ¢ b¯¦Yg¥£h^¥Z ¢ b¥£hZ ^¥¨Yg¬XÙTpÇ ¸ ¨YgiZ�l]j °aZ�b¯_�§ ¢ begiZ ¢ b¯¶4¨YZ X[Zh^¯Z�'Z�be^¯\]Z�¶4¨YZ ¢ ´²·Yd ¢Y¸ ^¥§ ¢ b
b¥g¥fh^�¼:T�d±VYX[Zh^ ³ ä3§»d[g ¢ ¨YX[^ ³ ¦+§»¨Yg�X±Zh^�¦]g¥§Wbe§ ¢ ^�Z�b�X±Zh^�¦�TWgãbed±´�¨YX±Z�^

α
³ ¦Y¨Yd[^ó¶4¨�½Þd[X±^�^1½öT�_�¦YX[dÜÇ�Z ¢ b

geTW¦Yd±\]Zh_�Z ¢ byøó_�Z�^e¨YgiZk¶4¨YZ¯X[Z � \]Zh^`d[§ ¢ ^yT�¨ ¸ _�Z ¢ beZ ¢ b8j

µ	Brà á KJK¹��S�Kº� ��S�K ���� �NQ=S�K³ÉR���P¼��¾��S�Ã �qÞLKJ�
ÈLÇãâLÇ¶Æ n�s]s]u���sÝÖÎÖ`ä�Ö2Ì�r�Ë ��ÌYt��Å��u�ÖÎÍy�`u�ÖæåH��� Ë r�ÌÝÙ�ÉLÍ�u�Í�u�Í`ryÌ�u�sÝË tç¢

w`��Ì]t_É�wWÍ��è���`u�wyxÝÙytãwN�
«ÎT _ £�be·Y§Ï\]Z \]Z \]£µbeZhg¥_ d ¢ Tcbed[§ ¢ \]Zh^ X±d ¸»¢ Zh^O\]Z � ¢ ½¿Z�^¥b ¦%T�^ ¦%T�g¥¼:T�d[b¥Z©j
º�Z _aT ¢ d[fhg¥Z

£�äÏdÙ\]Z ¢ beZåZhX[X±Zåd ¢ begi§�\]¨YdÜb�¨ ¢ VYdÙTWd[^�X[§»g¥^e¶4¨YZåXÙT ´�§»¨Yg¥VY¨]g¥ZO\]ZåX�TÁX±d ¸»¢ Z�\]Z�äÏd±Z ¢ b�begi§©¦�¼�§©gãbeZ
§»¨ VYd±Z ¢ X±§»g¥^e¶4¨YZ ³ T�¨�´�§ ¢ b¥g²T�d±giZ XÙTÍX[d ¸»¢ Z Zh^ibóbegifh^ó¦YX�TcbeZ ³ X[Z

δESi
\]£h¦+Z ¢ \R¼�§©gãbeZh_�Z ¢ b�\]Z

X¾½¿£h´²·%T ¢ bed[X±X[§ ¢ T ¸ Z©j Ó §»¨Yg�´1T�g²TW´µb¥£hg¥d[^eZ�g�´�Zh^�Z�g¥g¥Zh¨Ygi^�^i÷�^ib¥£h_aTcbed±¶4¨YZh^ ³ ´�Z�bibeZå_�£�b¥·Y§�\]Z�TÁ£�be£
T�¦Y¦YX[dÙ¶3¨Y£hZ�^¥¨Yg \]Zh^ô\]§ ¢]¢ £hZh^�^ed[_�¨YX±£hZ�^àT1ä©Z1´yªy£8T ¢ b Õ äYõ�j > ¤ á+¥ ¤   õ ¥Ý³ ^²T ¢ ^ ¦Yg¥Z ¢ \]giZ`Z ¢ ´�§©_ ¦]beZ

l ×
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©«ª¬L® lYjö° ¯ ßà§»¨Yg¥V+Zh^¯\]ZóX±¨Y_ d±fhgiZ ¦+§»¨Yg¬X[Zh^¬d±§ ¢ ^¯X[£ ¸ Zhg¥^1jF«�Zh^¬¦Yg¥§Wbe§ ¢ ^¯Z�b¬X[Zh^¯¦%T�gib¥dÙ´�¨]X±Zh^
α^¥§ ¢ b�begifh^ ¦+Zh¨ ³ ä©§©d[g ¢ § ¢ ^¥§»¨Y_�d[^ôTW¨�¶3¨YZ ¢ ´²·Yd ¢Y¸ j3«�½ÞZ�'Z�bô\]Z
¶4¨YZ ¢ ´²·Yd ¢Y¸ Zh^ib�\]Z
¦YX[¨Y^ Z ¢ ¦YX[¨Y^

¼�§©gãbyø�_�Zh^¥¨Yg¥Zk¶3¨YZ¯X±Z � \]Z¯X¾½¿d[§ ¢ T�¨ ¸ _�Z ¢ beZ©j

l4°



X[Zh^`Z�'Z�be^�\]Zk¶4¨YZ ¢ ´e·Yd ¢]¸ j%«ÎTó^¥d±_�¨YX�Tcbed[§ ¢ ´�§ ¢ ^ed±\]fhgiZ/¨ ¢ be£hX[Zh^e´�§»¦'Zk_�d ¢ ´�Z�®Ïd �
89µm

�ÅZµb�¨ ¢
V%T�g¥giZ8TW¨�\]Zpßà^ ¡ j�« ½¿£1´e·%T ¢ bed[X±X[§ ¢ T ¸ Z � VYd ¢Y¢ d ¢Y¸ �¬\]Z�X�T ´1TWgãbeZ �

ECsI
³
δESi
�ÄZ�^¥b/^¥d[_�d[XÙTWd[g¥Zaø

´�Z�X±¨Ydy¨�bed[X±d[^¥£Á¦+§»¨YgpX[Zh^aä�geTWd[^�\]§ ¢Y¢ £hZh^1j úy¢ TÔ\�§ ¢ ´�¦Y¨}´�§»_�¦%T�g¥ZhgaX±Z�^pä»T�X±Zh¨]g¥^ \�Z
ECsI\]£µbeZhg¥_ d ¢ £�Zh^yT�¨�À�ä»TWX[Zh¨Yg¥^
d ¢ d[b¥d�T�X[Zh^`¦+§©¨Yg`¶4¨YZ�XÙ¶4¨]Zh^`d±§ ¢ ^ � ä3§»d[g�Ç ¸ ¨Yg¥Zkl]j æ �µj

º�Zh^�gi£h^e¨]X[b²T�b¥^�§»V]beZ ¢ ¨]^ ³ § ¢ \]£1\]¨YdÜb�¶4¨YZ ¦+§©¨Yg X[Zh^ � £hX±Zµä3£h^
(z > 10)

X¾½¿Zhgig¥Zh¨Yg giZh^ibeZ
d ¢ ¼�£�g¥d[Zh¨Yg¥Z�ø�l ¢ ^e¨]g�XÙT`¦YX[¨Y^ ¸ geT ¢ \]Zà¦%T�gibed[ZÅ\�ZàXÙTy´µ§©¨YgiV+Z©j»º�½öT�¨]begiZà¦%T�gib ³ Thä3Z1´ô¨ ¢ be£�X±Zh^e´�§»¦+Z
£h¦�TWd[^�Z�b ¨ ¢ £1´²·%T ¢ bed[X[X±§ ¢Y¢ T ¸ Zå¦YX[¨Y^ ¼�§»gib�\]Z XÙT ´hTWgãbeZ �

ECsI
³
δESi
�/§ ¢ ¦+Zh¨]b�gi£1\]¨Yd[g¥Zå\]Z

_ ¤h_�Z�X¾½¿d ¢ ´�ZhgãbedÜbe¨�\]Z�Z ¢ âv\]Zh^¥^¥§»¨Y^�\]Zh^/l ¢ ¦+§»¨YgkX[Zh^ � X[Zh^k¦YX±¨Y^k¼:T�d[VYX±Z�^8jUßôZ1´�d Zh^ib/´�§ ¢ ¼�§»gibe£
¦%T�g�X¾½¿¨]bed[X[d[^ÖTcbed[§ ¢ \]Z�^ ¸ g²T ¢ \]Zh^a\]d[§�\]Zh^pø V%T�^¥^¥ZO£ ¢ Zhg ¸ d[ZOZ�ba\�Zh^�¦+Z�bedÜb¥Zh^a\]d[§�\]Zh^pø ·%T�¨]beZ
£ ¢ Zhg ¸ d±Zk\�T ¢ ^`X[Z�ßô^ ¡ j

©«ª¬�® l]j æ�¯�Ø gig¥Zh¨Ygi^à^i÷�^ibe£�_aT�b¥dÙ¶3¨YZh^àd ¢ \]¨YdÜbeZy¦%T�gàXÙTk_�£�b¥·Y§�\]ZÄ\�ZÄ\]£�beZ�g¥_�d ¢ Tcbed[§ ¢ \]¨p¶4¨YZ ¢ â
´e·Yd ¢Y¸ ^¥¨Yg�¨ ¢ Zk´1TWgãbeZ �

ECsI
³
∆ESi
�à´1T�XÙ´�¨]X±£hZ�Thä3Z1´/ªy£8T ¢ b Õ

ÈLÇãâLÇÒÔ é ����x"�y�6Í`u �6��u�s]s]u��`s·���_É�Øy���vu
« ½¿d ¢ ´�ZhgãbedÜbe¨�\]Z¯^e¨Yg�X±Zh^`´�§»¨Yg¥V+Zh^`\]ZkX[¨Y_�d[fhgiZkZh^ib`\]¨YZ/ø�begi§©d[^
^¥§©¨Yg¥´�Zh^
¦Yg¥d ¢ ´�d[¦%TWX[Zh^/ù
¯ £�bÖT�X[§ ¢Y¢ T ¸ Z/Z ¢ £ ¢ Zhg ¸ d[Z/\]Zh^`\]£�beZ1´µb¥Zh¨Yg¥^
^¥d±X[d±´�d±¨Y_�ù

∆ESi¯ £�bÖT�X[§ ¢Y¢ T ¸ Z/Z ¢ £ ¢ Zhg ¸ d[Z/\]Zh^`\]£�beZ1´µb¥Zh¨Yg¥^yßà^ ¡ ù
ECsI¯ _�£�be·]§�\]Zk\]Z¯g¥Z1´�§ ¢ ^ibegi¨�´µbed[§ ¢ \]Zh^
X±d ¸»¢ Zh^1j

-X¾½öT�dÙ\]Zy\]¨abÖT�VYX[Z8T�¨ > j æ ¦%T ¸ Z >WáY³ § ¢ £�bÖT�VYX[d[bÅ¶4¨YZyX¾½Þd ¢ ´�Z�gibedÜbe¨�\�ZÄ^¥¨YgôX¾½¿£ ¢ Z�g ¸ d±Z
ECsI

Z�bà^e¨Yg
X¾½¿£ ¢ Zhg ¸ d±Z/^¥d[X[dÙ´�d[¨Y_

δESi
^e§ ¢ b ¸ X[§©V�TWX[Zh_�Z ¢ byd ¢ ¼�£hgid±Zh¨]g¥Zh^Äø >2¢ � Z ¢ ^¥¨Y¦Y¦+§»^ÖT ¢ b�¨ ¢ ZkZhg¥giZh¨Yg

\]Z õ ¢ ^¥¨Yg�X±Z�^å¦]d±£1\]Z�^¥b²TW¨�À}Z�b Z ¢ ¦Yg¥§»¦%T ¸ Z8T ¢ båX[Zh^ Zhg¥giZh¨Yg¥^ \]Z _aT ¢ d[fhg¥Z ¶4¨�T»\]geT�b¥dÙ¶4¨]Z~�µj
l æ



Ó §»¨Yg¬¤�begiZó¦YX[¨Y^¯¦Yg¥£1´�d[^ ³ ´�Zh^¬d ¢ ´�Z�gibedÜbe¨�\�Zh^¯¦+Zh¨]ä3Z ¢ b/\]£�¦%TW^¥^¥Zhg >�¢ ø�begifh^¬V%TW^¥^¥Z £ ¢ Zhg ¸ d±ZóZ�b
\�Z�ä�d[Z ¢Y¢ Z ¢ b�\]Z¯XÝ½Þ§©g¥\]g¥Zk\]Z  g¢ øó·�TW¨]b¥Zk£ ¢ Zhg ¸ d±Z©j

«�Zh^¯Zhg¥giZh¨Yg¥^¬^i÷�^ibe£h_aTcbed±¶4¨YZh^¬^e§ ¢ bk\]Z X¾½Þ§©g¥\]g¥Z�\]Z l ¢ \F½¹TW¦Ygi£h^¯X±Z ´²·%T�¦Yd[b¥g¥Z�l]jöõ�j   j Ó §»¨Yg
\�£�beZhgi_�d ¢ Zhgå¶4¨YZhX[X[Z Z�^¥b XÝ½Þd ¢eê ¨YZ ¢ ´�Zý\]Z X¾½¿Z�g¥g¥Zh¨Yg�^¥¨Yg X[Zh^å´�§©¨]g¥V+Zh^O\]ZÁX±¨Y_�d[fhgiZ \]¨YZh^�T�¨�À
d ¢ ´�ZhgãbedÜbe¨�\]Z�^
^¥¨Yg

∆ESi
³ § ¢ ^¥Z¬g¥£h¼�fhg¥Z¯ø�X�T�^¥d±_�¨YX[b¥d[§ ¢ ªÄ£8T ¢ b Õ j úy¢ \]£�beZhgi_�d ¢ Z¬X[Zh^
´�§©¨]g¥V+Zh^

\�Z X[¨Y_�d[fhg¥Z ¨ ¢ ZÁ¦Yg¥Zh_�d[fhgiZ ¼�§»d±^OThä3Zh´ÁX[Z V+§ ¢
δESi

³ ¦]¨Yd±^ ¨ ¢ Z \�Zh¨�À]d[fh_�Z ¼�§»d[^OT1ä©Z1´ >2¢
\"½¿Zhg¥giZh¨Yg�ù

1.02 ∗ ∆ESi
j úy¢ ´�§»_�¦%T�g¥ZpZ ¢ ^¥¨YdÜbeZpX[Zh^ó£ ¢ Zhg ¸ d±Z�^�beg¥§»¨]ä3£�Zh^ \YT ¢ ^ó´²·%TW¶4¨YZ�´1TW^

¦+§»¨Yg`¶4¨YZ�XÙ¶4¨YZ�^`d[§ ¢ ^1j�« ½¿Z�g¥g¥Zh¨]g
d ¢ \]¨YdÜbeZk^¥¨Yg�XÝ½Þ£ ¢ Zhg ¸ d[Z�ßà^ ¡ Zh^ib�\]Z¯X¾½¿§»ge\]giZk\]Zkl ¢ j
yd ¢ ^¥d ³ ^1½Þd±X+§ ¢ Tp§�§»¨]beZ�X±Zh^àl/^¥§©¨Yg¥´�Zh^Å\F½ÞZhg¥giZh¨Ygà¶4¨%TW\]geT�bed±¶4¨YZ�_�Z ¢ b ³ § ¢ beg¥§»¨]ä3Z�¨ ¢ Zyd ¢ ´�Zhg�â

b¥dÜbe¨�\]Z ¸ X[§©V�TWX[Z�\]Z XÝ½Þ§©g¥\]g¥Z�\]Z Õ øåõ ¢ j�º�Z ¦YX[¨Y^ ³ X¾½¿d ¢ ´�ZhgãbedÜbe¨�\]Z Zh^¥bk¦]X±¨Y^¯¼:T�d±VYX[Zaø�_�Z�^e¨YgiZ
¶3¨YZyX¾½Þ§ ¢ _�§ ¢ beZ�Z ¢ £ ¢ Zhg ¸ d±ZyZµbÅ¶4¨YZ�X±Zh^ôd±§ ¢ ^à^¥§ ¢ bà¦YX±¨]^àX±§»¨Yge\]^1j]ßôZÄ´hTWX±´�¨YX ¢ Zy¦Yg¥Z ¢ \a¦%T�^àZ ¢
´µ§©_�¦]b¥Z�X[Zh^ Zhgig¥Zh¨Ygi^ ^ib²T�b¥d±^ibed±¶4¨YZh^�^¥¨Yg�XÙTÄ¦+§»^¥dÜbed[§ ¢ \]Z�^ X[d ¸©¢ Z �

ECsI
³
∆ESi
� ³ \�T ¢ ^ XÙTÄ_�Z�^e¨YgiZ

§}¦�ZhX±X[Zh^�^¥§ ¢ b ¢ £ ¸ X[d ¸ Z1TWVYX[Zh^�^¥¨Yg/X�Tå¦]X±¨Y^ ¸ g²T ¢ \]Za¦�TWgib¥d[Zp\]Zh^�X[d ¸©¢ Z�^8j�ßàZh¦+Z ¢ \YT ¢ b ³ § ¢ ä©§©dÜb
T�¦Y¦%T�g²Tg³±beg¥Z�X[Zh^/Zhgig¥Zh¨Ygi^/^ibÖTcbed[^¥b¥d±¶4¨YZh^/^¥§©¨Y^k¼�§»g¥_�Z�\]Za\]d[^¥¦+Zhg¥^¥d[§ ¢ \]Zh^k¦+§©d ¢ b¥^�\]Zh^/´�§©¨]g¥V+Zh^
\�ZóX[¨Y_�d[fhg¥Z�¦+§©¨YgÄ¨ ¢ Z ¸ T�_�_�Zó\F½¿£ ¢ Z�g ¸ d±Z \�§ ¢Y¢ £hZóZ�b¬¦+§»¨YgÄX[Zh^¯d[§ ¢ ^¬X[Zh^¬¦YX[¨Y^¬X[§©¨Yg¥\]^ � ä3§»d[g
Ç ¸ ¨YgiZh^�l]j   Z�b�l]j × �µj

ªÄX[§©V�TWX[Zh_�Z ¢ b ³ X[Zh^�_�Zh^¥¨Yg¥Zh^ \]Z
¶4¨YZ ¢ ´²·]d ¢Y¸ Z�'Z1´µb¥¨Y£hZh^ ^¥§ ¢ b)ä©T�XÙTWVYX[Zh^ ¦+§»¨Yg)be§»¨Y^ X[Zh^ d[§ ¢ ^
\�Z � ¥   ø�l × Z�b`¦+§©¨Yg`\]Zh^�£ ¢ Z�g ¸ d±Zh^yTWX[XÙT ¢ by\]Z Ã øa°�l��OZ ÛC�c¢ ¨�´�X[£h§ ¢ j"ßôZh¦+Z ¢ \�T ¢ b ³ ¦+§»¨Yg`X±Z
´hTWgiV+§ ¢ ZóZ�b¯X¾½öT � §WbeZ ³ X[Zh^¬_�Zh^¥¨Yg¥Zh^¬^1½öT�g¥gi¤�beZ ¢ b/øaZ ¢ ä�g¥§ ¢ õ Ã �OZ ÛC�c¢ ¨�´�X[£h§ ¢ ´1TWgÄX±Zh^¬£ ¢ Zhg ¸ d[Zh^
´µ§©gig¥Zh^¥¦+§ ¢ \�T ¢ b¥Zh^`^¥§ ¢ byøóXÙT�X±d[_�dÜbeZk\]Z¯X�Tó\�÷ ¢ T�_�d±¶4¨YZ/\�Zh^
b¥£hX[Zh^²´µ§©¦+Zh^`_�d ¢ ´�Zh^
Z�b`£h¦�TWd[^1j
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¡ ´�d
Ç ¸ ¨Yg¥Z ³ Z ¢ë¸ ¨Yd[^eZ�\]ZOg¥£h¼�£hg¥Z ¢ ´µZ ³ X±Zh^a´�§»¨Yg¥V+Zh^p\]ZOX[¨Y_�d[fhg¥ZO¦+§»¨Yg�X±Zh^�d±§ ¢ ^�X±Zh^�¦YX[¨Y^

¦+Z�gibed ¢ Z ¢ b¥^`¦+§»¨Ygyª¬«�¯®�S¬j�ù�Ç ¸ ¨YgiZh^�l]j á ø l]j   l]j
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©«ª¬�® l]j  hÃ=¯ ßà§»¨Yg¥V+Zh^`\]Z¯X±¨Y_ d±fhgiZ¯¦'§»¨Yg
X¾½öT � §WbeZ©j
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©«ª¬�® l]j  » -¯ ßô§»¨Yg¥V+Zh^`\]Z¯X±¨Y_ d±fhgiZ¯¦+§©¨Yg
X¾½¿§1À�÷ ¸ f ¢ Z©j
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È�B�A �ÎK¹I��¸��FHG¹��Gº�kQ=F ¼4¿_E@ÄZ·ÿþ�X
¡ Âyº�
� Zh^¥b�\]£�beZ1´µb¥Zh¨YgóT8À]d±^i÷�_ £�beg¥d±¶4¨YZ

4Π
\]Zh^ibed ¢ £ øåX�T�\�£�beZ1´µb¥d±§ ¢ \]Zh^�¦Yg¥§Ï\]¨YdÜbe^ó\]Z

gi£8T»´Öbed[§ ¢ ¢ ¨�´�X[£8T�d±giZ ³ ´�§©¨]äÏg²T ¢ b ¨ ¢ Z�X�T�g ¸ Z ¸ T�_�_�Z�\�÷ ¢ T�_�dÙ¶3¨YZ �i  �OZ Û â × ªÄZ Û �µj»«ÎT¬´µ§©¨�´²·]Z
ZµÀÏbeZhg ¢ ZÄ\]¨�\]£�beZ1´µb¥Zh¨YgàZ�^¥bÅ´�§ ¢ ^ib¥d[b¥¨Y£Ä\]Zy^e´�d ¢ bed[X±XÙTcbeZh¨Ygi^`ßà^ ¡e� SÅX� ´�§»¨Y¦YX±£�^
ø�\�Zh^àb¥¨YV+Zh^Å¦]·Y§Wâ
b¥§©_�¨YX[b¥d±¦]X±d±´1TcbeZh¨Ygi^8jF« ½ÞZµÀ]¦+£hg¥d[Z ¢ ´�Z ¡ Âyº0
� Tp\]§ ¢ ´ TW¨]^e^¥d�£�be¨�\]d[£óX±Zh^¬Z�"Zµbe^¯\]Z ¶4¨YZ ¢ ´e·Yd ¢Y¸
\�T ¢ ^k\]Zh^¯\]£�beZ1´µb¥Zh¨Yg¥^�ßô^ ¡k� S�Xi�H¤ ×p¥ ¤¹° ¥ jF«ÎTp_�£�be·Y§Ï\]Z�\]Z \]£�b¥Zhg¥_�d ¢ Tcbed[§ ¢ \]¨ ¶4¨YZ ¢ ´²·]d ¢Y¸ Zh^¥b
^¥Zh_�VYX�T�VYX[Z
ø�´�ZhX±X[Z
TW\]§»¦]be£hZÅ\�T ¢ ^�´�ZÅ\]§Ï´�¨Y_�Z ¢ b ³ ´�Zh¦+Z ¢ \�T ¢ b�XÙT�_ Zh^¥¨Yg¥ZÅ\]ZàXÙT�X±¨Y_ d±fhgiZ ¸ £ ¢ £Öâ
gi£hZ`\�T ¢ ^ X±Zyßô^ ¡ Z�b�X¾½¿£�b²TWX[§ ¢Y¢ T ¸ Z`Z ¢ £ ¢ Zhg ¸ d[Z�\]Zh^�\]£�beZ1´µb¥Zh¨Yg¥^ ^¥§ ¢ b�beg¥fh^�\]d �'£hg¥Z ¢ be^1j4ºyZ
¦YX[¨Y^ ³
\�T ¢ ^¯X[Zh^¯g¥£h¼�£�g¥Z ¢ ´�Zh^\¤ ×p¥ Z�b	¤¹° ¥Ý³ ¨ ¢ Z ¼�§»g¥_�Zó¼�§ ¢ ´µb¥d±§ ¢Y¢ ZhX[X±Z�^¥d[_�¦YX[dÜÇ�£hZ Zh^¥b¯d ¢ begi§�\]¨YdÜbeZ ¦+§»¨Yg
´1T�g²TW´µb¥£hg¥d[^eZ�g¯X[Zh^k´�§©¨]g¥V+Zh^k\]Z X[¨Y_�d[fhg¥ZóZ�bk§»V]beZ ¢ d±g¬¨ ¢ Z ZµÀ]¦]g¥Zh^¥^¥d±§ ¢ ^¥d±_ ¦YX±Z \]¨ý¶4¨YZ ¢ ´²·Yd ¢Y¸ j
ßôZ�b¥b¥Z¯¼�§ ¢ ´µbed[§ ¢]¢ ZhX±X[ZkZh^ib`geTW¦Y¦+ZhX[£hZ/´�d âv\]Zh^¥^¥§©¨]^ Õ j   j

L = a1

{
E0

[
1− a2

AZ2

E0

ln

(
1 +

1

a2
AZ2

E0

)]
+ a4a2AZ

2ln

(
E0 + a2AZ

2

Eδ + a2AZ2

)} �:Õ j   �

§}¦ • L
Zh^ib`XÙT ¶3¨%T ¢ bedÜbe£k\]Z¯X[¨Y_�d±f�g¥Z ¸ £ ¢ £hg¥£hZk\�T ¢ ^
X±Z�ßô^ ¡ j

• E0
Zh^ib`X¾½¿£ ¢ Zhg ¸ d[Z/\�£h¦+§©^¥£hZ/\�T ¢ ^
X±Z�ßô^ ¡ j

• Z
Z�b

A
^e§ ¢ b
g¥Zh^¥¦+Z1´µb¥d[ä©Zh_�Z ¢ b`X[Z ¢ ¨Y_�£�g¥§aTcbe§»_�d±¶4¨YZ¯Z�b
X�Tó_�TW^¥^¥Zk\]Z¯X¾½¿d[§ ¢ j

• a1
´hTWgeT»´µb¥£hg¥d[^¥ZkX[Z Ë%�+�ê� Z�b�ä©T�¨]b
b¥·Y£h§»g¥d±¶4¨YZh_�Z ¢ b   j�\�T ¢ ^ ¢ §Wbeg¥Zk´1T�^1j

• a2
´hTWgeT»´µb¥£hg¥d[^¥ZkX[Z ì������Î�WíU�ê��Ë j

• a3
Zµb

a4
¦+Zhg¥_ Z�b¥beZ ¢ b�\]Z¯¦YgiZ ¢ \]g¥Z¯Z ¢ ´�§»_�¦]beZ¯X[Zh^
£hX±Zh´µbeg¥§ ¢ ^

δ
j

• \�T ¢ ^�´�Z�bibeZ/T�¦Y¦Yg¥§1À]d[_aTcbed[§ ¢�³ a4 = 0
¦+§©¨Yg

E/A ≤ a3
Z�b

a4 6= 0
^¥d ¢ § ¢ j

• Eδ
¥
A× a3

ºÄT ¢ ^�X�T�g¥£h¼�£hgiZ ¢ ´�Z\¤¹° ¥Ý³ ´�Zµb¥beZ¬¼�§»g¥_ Z¬¼�§ ¢ ´µbed[§ ¢]¢ ZhX±X[Z¯Zh^ib�Tp§v¨Y^¥b¥£hZ¯^¥¨YgÅX±Z�^`\]§ ¢]¢ £hZh^
d[^¥^e¨]Zh^
\F½Þ¨ ¢ Z�ZµÀ�¦+£hg¥d[Z ¢ ´�Z�_�Z�b¥b²T ¢ b/Z ¢ §�Z�¨�¨ ¢ ^i÷�^ibef�_�Z � Z��¯® ¢ øål > Z�b

50MeV
¦%T�g ¢ ¨�´�X[£h§ ¢�³

\�T ¢ ^�X[Z/VY¨]by\]Z�\]£hg¥dÜä3Z�g�X[Zh^�¦%T�g²T�_�f�begiZh^�¦Ygi§©¦YgiZh^y\]Z�¶4¨YZ ¢ ´e·Yd ¢Y¸ ¦+§©¨Yg`X±Zh^y\]£µbeZ1´µb¥Zh¨Yg¥^¬ßà^ ¡
\F½ ¡ Âyº�
��j�Â`§»¨Y^
¦+§»¨Yg¥g¥§ ¢ ^`\]§ ¢ ´¯´�§©_�¦�TWgiZhg
X[Zh^�ä©T�X[Zh¨Yg¥^`\]Zk´�Zh^
¦%T�g²T�_�f�begiZh^�øó´�Zh¨�À d[^e^¥¨Y^
\]Z ¢ §©^`\]§ ¢Y¢ £�Zh^8j

È�B � ·WINGJ�LKJÃ ��F���GJ�Q=F ¼���� �NQa��� �N���FHGº� ¼��¾�aS���F�������F��
ºÄT ¢ ^ ¢ §»b¥g¥ZÅ´1T�^ ³ X[Z�´�§4Z��´�d±Z ¢ b

a1
ä»T�¨]b   j�´1TWg�\�T ¢ ^�X¾½¿£1¶4¨%Tcbed[§ ¢óÕ j  »³ ¦+§©¨]g�¨ ¢ ¦]·Y§»b¥§ ¢

γ
³

§ ¢ T
L = a1 ∗E0

³ ´µZÄ¶4¨]d'´�§»g¥g¥Zh^¥¦+§ ¢ \�ø ¢ §WbegiZ�£�bÖT�X[§ ¢Y¢ T ¸ ZÄZ ¢ ^¥§»¨Yge´�Z
(e+, γ)

\]¨ ßô^ ¡ j úy¢
Tp§v¨Y^ibeZ�\]§ ¢ ´`XÙT¯¼�§ ¢ ´µb¥d±§ ¢Y¢ ZhX[X[Z Õ j  »³ Z ¢ d[_�¦+§©^²T ¢ b

a1 = 1.
³ ^¥¨Yg�´²·%TW¶4¨YZ �©³ ¦Y¨Yd[^ô§ ¢ _�§8÷3Z ¢Y¢ Z

´e·%T»´�¨ ¢ \]Zh^�´�§ÏZk�a´�d[Z ¢ b¥^
a2
³
a3
Z�b
a4
j%«ÎT�\�d±^ibegid±V]¨]bed[§ ¢ \]Z/´²·%TW´�¨ ¢ \�Z�´µZh^y´�§4Z�a´µd±Z ¢ be^�Z ¢

¼�§ ¢ ´µb¥d±§ ¢ \]Z � Zh^ib�¦Ygi£h^eZ ¢ be£hZÅÇ ¸ ¨YgiZ Õ j   j©«ÎTÄ\�d±^¥¦+Zhg¥^¥d[§ ¢ ^¥¨Yg)X[Zh^ ´�§4Z�a´�d[Z ¢ b¥^ Zh^ib�T�^e^¥Z � ¼�§»gibeZ ³
X[Zyb²TWVYX[Z8T�¨ Õ j   \]§ ¢]¢ ZÄX±Zh^�´µ§ÏZ��´�d±Z ¢ be^Å_�§8÷3Z ¢ ^Å\]ZÄXÙT/¼�§ ¢ ´µbed[§ ¢Y¢ Z�X±X[Z¬^¥¨YgÅ\]d �'£hg¥Z ¢ b¥Zh^Å¦YXÙT ¸ Zh^
\]Z �©³ ´�Zó¶4¨Yd�¦+Zhg¥_ Z�b¯\F½öT�¦Yg¥£1´µd±ZhgÄX±Zh^¬d ¢ ´�ZhgãbedÜbe¨�\]Z�^8j ¡ X�Zh^ibkTW¨Y^¥^¥d�d ¢ be£hgiZh^¥^ÖT ¢ b¯\]Zó´�§©_ ¦%TWgiZhg
X[Zh^�´�§ÏZk�a´�d[Z ¢ b¥^�§©V]b¥Z ¢ ¨Y^aT1ä©Z1´å´�Zh¨�À�\F½ ¡ Â�º�
� ´µ§©_�_ ZåX[ZO_ § ¢ b¥g¥Z X±Z b²TWVYX[Z8T�¨ Õ j   j «�Zh^
´�§4Z��´�d±Z ¢ be^ ¡ Âyº�
� ^¥§ ¢ b�´�Zh¨�À g¥Z1´µ§©_�_�T ¢ \]£h^`\�T ¢ ^
X±Z¬bÖT�VYX[Z8TW¨   \]Z\¤¹° ¥ j

Õ4>



«ÎTÄ¼�§ ¢ ´µbed[§ ¢Y¢ ZhX±X[Z`Z�^¥b�ä»TWXÙT�VYX±Z
¦+§»¨Yg�b¥§©¨Y^�X±Zh^�d±§ ¢ ^ Z�b�be§»¨]beZh^ X[Zh^ £ ¢ Z�g ¸ d±Zh^�\]Z Ã øk°�l2��Z Û
¦�TWg ¢ ¨�´µX±£h§ ¢ jÎ«�Z�_�Z�d±X[X[Zh¨Yg�T»´h´�§»ge\ýZh^ib�§©V�beZ ¢ ¨�¦+§»¨Yg � ¥ × ø � ¥ >W× ´�§©_ _�Z�X[Za_�§ ¢ b¥g¥Z�XÙT
¼�§ ¢ ´Öbed[§ ¢Y¢ Z�X±X[Z/^¥¨Y¦+Zhgi¦+§©^¥£hZ�øó¶4¨YZhX±¶4¨YZh^`´�§»¨Yg¥V+Zh^�\]Z¯X[¨Y_�d[fhg¥Z¯^¥¨Yg
XÙT�Ç ¸ ¨Yg¥Z Õ j > j

ªÄ¬Â ¡ «
a1 a2 a3 a4

Moyenne(6 < z ≤ 20)
  j Ã j¹l ×]  > jöõ Õ ° Ã j Õ3> °

Moyenne(20 < z ≤ 35)
  j Ã j >W×]  l]j °  há Ã j Õ»Õ3×

Moyenne(6 ≤ z ≤ 35)
  j Ã j¹l  há l]j  hæ»× Ã j Õ»Õ l

StdDev
  j Ã j   l3°   j Ã©æ»× Ã j Ã õ©õ

INDRA
ä©T�g¥dÙT�VYX±Z©j

0.25 3.1 0.27

���*� ® Õ j  -¯ ß�T�X±´�¨YX±^`\]Zk´�§ÏZ��´�d[Z ¢ be^`_�§8÷©Z ¢ ^`\]Z¯X�T�¼�§ ¢ ´µbed[§ ¢]¢ ZhX±X[Z ¡ Â�º�
��j

« ½¿£1´hTWgib�Z ¢ b¥g¥Z�X[Zh^�ä»T�X±Zh¨Ygi^�\]Z�^�´�§4Z�F´µd±Z ¢ be^ ¡ Âyº0
��Z�b ¢ §©^)ä©T�X[Zh¨Yg¥^�¦+Zh¨]b ^1½¿ZµÀ]¦]X±d±¶4¨YZhg \]Z
\�dn�'£hg¥Z ¢ beZh^Ug²T�d±^¥§ ¢ ^ ³8¢ Zô^eZ�g²T�d[bãâv´�ZÅ¶4¨]Zô¦%TWgãb�¨ ¢ Zà\]d �"£hgiZ ¢ ´�ZÅ\�Zôb²TW¨�À/\]Zà\]§©¦%T ¸ Z�T�¨�b¥·%TWX[X[d±¨Y_
\�Zh^ó\]£�b¥Z1´µbeZh¨Ygi^�ßà^ ¡ j)ßôZh¦+Z ¢ \�T ¢ b ³ X�T�´1T�¨Y^¥Zp¦Ygid ¢ ´�d[¦%T�X±ZpZh^ib�^²T ¢ ^�\]§©¨]b¥ZpXÙT�\]d �"£�g¥Z ¢ ´�Z�\]Z
b¥Z1´²· ¢ §»X[§ ¸ d[Z/\]Z¯XÙTó_�Z�^e¨YgiZk\�Z¯X�T�X[¨Y_�d[fhg¥Z ¸ £ ¢ £hg¥£�Z/\�T ¢ ^
X[Z�ßà^ ¡ j Ø�¢ Z�'Z�b ³�¡ Âyº0
�B¨]b¥d[X±d[^¥Z
\�Zh^�b¥¨YV+Zh^ó¦]·Y§»b¥§©_�¨YX[b¥d±¦YX[d±´1TcbeZh¨Yg¥^�T�¨ÔbeZ�_�¦Y^ó\]Zpg¥£h¦+§ ¢ ^¥Z�geTW¦]dÙ\]ZpZ�b�g¥£1´�§»X[b¥ZåT�d ¢ ^¥dà_�§»d ¢ ^
_ §©d ¢ ^¯\]Z X[¨Y_�d[fhg¥Zó¦%T�g¬g²T�¦Y¦+§»gib/TW¨�ÀÁ¦Y·Y§Wbe§Ï\]d[§�\]Zh^k¶4¨Yd)£1¶3¨Yd±¦Y¦+Z ¢ b ¢ §»^¯V%T�g¥giZ8TW¨�À \]Z�ßà^ ¡
Zµb�¶4¨YdFd ¢ bef ¸ g¥Z¯X±Z¯^¥d ¸©¢ T�X�^¥¨Yg
¨ ¢ Z/\]¨Ygi£hZk\]ZkX¾½Þ§©g¥\]g¥Zk\]Z

5µs
j
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©«ª¬L® Õ jWV ¯ ®Ï¨Y¦+Zhgi¦+§©^¥dÜbed[§ ¢ \]Zh^¬´�§©¨]g¥V+Zh^¯\]Z�X±¨Y_ d±fhgiZóZ�b¬\]Z�X�Ta¼�§»g¥_ Z�¼�§ ¢ ´µbed[§ ¢]¢ ZhX±X[Zó¦%TWgeTcâ
_ £�begid±^²T ¢ b`X[Zk¶4¨YZ ¢ ´²·]d ¢Y¸ Thä3Z1´¬X[Zh^`´�§ÏZ��´�d[Z ¢ be^yªÄ¬Â ¡ «�\]¨ bÖT�VYX[Z8TW¨ Õ j   j
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�NQ¨K¹Kº��¨IL�¾¼�S �aS���F�������F��
y¦Yg¥f�^ T1ä©§©d[g)´1T�g²TW´µbe£hgid±^¥£ÅZ ¢ bed[fhg¥Zh_�Z ¢ b)X±Z�¶3¨YZ ¢ ´²·Yd ¢Y¸ ¦+§»¨Yg�b¥§©¨Y^�X±Zh^)d[§ ¢ ^)Z�b)¦+§©¨YgUbe§»¨]beZh^

X[Zh^k£ ¢ Zhg ¸ d[Zh^ ³ d[X Zh^ibk¦'§»^¥^¥d±VYX[Za\F½Þd ¢ beg¥§Ï\]¨Yd[g¥Z�X±Z�¶4¨YZ ¢ ´²·Yd ¢Y¸ \YT ¢ ^kX±Zh^/´1T�XÙ´�¨]X±^1j� ¦%T�gibed[g/\]Zh^
´1T�X±´�¨YX[^a\]¨J´�§Ï\]Z�\]ZO\�£h¦+ð»ba\"½¿£ ¢ Zhg ¸ d[Z ÷{á`� âëâ � ä3§©d[g�´²·%T�¦YdÜbeg¥ZOl]jWV2� ³ § ¢ ¦+Zh¨�ba´�§»g¥gid ¸ Zhg�XÙT
´1T�gib¥Zå\]ZåXÙTÍÇ ¸ ¨Yg¥ZålYj Õ ¦%T ¸ ZOl Õ \]¨�¶4¨YZ ¢ ´e·Yd ¢]¸ Z ¢ ¨]bed[X±d[^²T ¢ b�X�TÁ¼�§ ¢ ´µb¥d±§ ¢Y¢ ZhX[X[Z ¡�¢ \]g²TÍZ�b
^¥¨Y¦+Zhgi¦+§©^¥ZhgyX[Z�gi£h^e¨]X[b²T�by§©V�beZ ¢ ¨ T�¨�ÀÍ\]§ ¢Y¢ £hZh^Ä´�§»_�_�Z/X[Z�_�§ ¢ begiZ�XÙT Ç ¸ ¨YgiZ Õ j¹l]j'« ½¹T»´h´�§»ge\
Zh^ibÅb¥g¥fh^�V+§ ¢ ^¥¨YgÅX�T�¦YX[¨Y^ ¸ g²T ¢ \]Z¬¦%TWgãbed[Z¯\]ZÄX�T�´1T�gibeZ���d[X ¢ Z¬^¥Z¬\]£ ¸ g²TW\]Z¯¶4¨YZ¬¦+§»¨Yg�X[Zh^ � X[Zh^
¦YX[¨Y^
£hX±Zµä3£h^`Z�b�øó·%T�¨]beZ¯£ ¢ Zhg ¸ d[Z©j
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