
���������
	���� �������� ����� ��� ����� ��� �!�#"%$'& �(�)��"*���
�����!�+��$-,.$'����$'/ 01�2�(,43 56�
	��

798;:=<?>@>;ACBEDCF%G#8;H IKJC<MLONPFQ798R7�SUT?L�V
AWFYX�8Y7Z<\[]T?^_J`>%a@F;bc8Q7 JC^_[M^d<MLOAeF
X�8QfgT\Lchji�^kS A F%lm8Rf
i�^dV�i6>jnoT\LgpqF%H�8;rmstl9u6^_vPT\h a F%rm8trxwcno<\JyT A F

bc8YX�IK<qu)IzL%T{vdvd<|AjFRbc8t}48YXxJC<Pu6^ p FR~�8;�.^dSzSK�`>CJq�<Mn*�!Fclm8%b6T\h�ic<\SKV6<P�.�`V{T+NkF
� 8���8%bM<MicLc�@<MLgp�FR}48%��wc�@� N F%�4i�8;�O^_�Q<M�`^dw�J A F;r�8tlm8R��noI�>yi A F

��8Y�2�wcnon�^_J@^dJ%�
� <\Jg>yi�^�X�:=l�����hd<MSKSUT?�Y<\JyT{>yIz<ML

�W�]���_�����2 �¡ ¢c��£W C�¥¤Y¦�£W§©¨!ª�¬«'����¥¤® C�°¯Y±'�² C��«`£`³@´�µ)�²«@ '·¶`�k«'�e¸
��¦Y¹Yº`»e¼²¦°½!¾%¿`´!À?�W�Á'�©�Â¤¥��eª�Q¯Y±'�² C��«`£`³
Ã!¸

Ä ±'ÅÆ«'t�P�2 '£ Ç®«'£e�(È{·¶`�k�Â«'£j¸\¯)¾�Ã'½�É-¸6ÊË´U¿@¿CÃeÌÎÍ.µ)�U«@ `Ï¶@�d«'�Ð�]�� y��³'¸6ÊP�²«'�d§Ñ�
Ò ¦®«'Á!«`¨k¹%�¥¤¬��«'�²§�ÓZÔ�«CÕÂ±'�U«@��±'�ÑÖ!¸=�6±¬ C�|Ì!×`Í@Ã!¸6Ø_Í@Í@ÍOÙ�Á`���¥¨Ï±Î±!Ú2ÛYÁ`�¬ÜYÝ#«!¤ÑÓCt�j¶@��±'�e¸ Ä �

½jÉ`¿WÌÎÍ'´�×'ÞCÃeÌ©¸2À\ºjÛ
ß µ%��¤©�©¨t¨E¤�§©Ój«Uà��_à�á£j�®ºd§�Óyâ����¥�±'�P���¬à©±'�Ñ¤�§�Óy£j�j¶'¸6¾c¨Ï«`�d§�Ú-¤¥���²«!¤Â¤¬�ÆÃ!¸ Ä ´�×�Øe½yãCÃ Ä «`�ÑÅ(¤¥��«C `��¸

µ%�©�ÑÅÆ«'�_Ö
ä Ô�«CÕÂ±'�U«@��±'t���+ C�°¾)ÓCÖ!¤¥�å¬£W� æ{Ó¬»�¡ �Â±'�Ñçå©£_�Æ�¬�� �¡ Û°¤¥���²±Ñè�«'�����§¬£�¨·��¤Â¸�À?�_tÁ`���Ñ¤Ñ���ª�® y�

é ±'�d�Eèe��¨�¨E����Q¼²¼Â¸M¾�¨·«@§Ñ�°¢c£@¶y���P�R¯Y«`��«'�¨�¨Ï±'�W¸6Êm´%¿ÎØdÉ`ã@Í é ±'�_�Eèe�©¨t¨ê����|�]�Â C��³ZÍ'¸MÊP�²«'�d§¥�
ë¥Ô{«CÕ�±'�²«`��±'����®Ô?�Kèd�¥t�k§Ñ��´�¹;t�j¶`£_�©��¸\¢;§Â±'¨ì�°¾%±'¨êÖ`�í��§©ÓC�Wçå©£_�¥¸
¹%±'£e�í�2 C�®ºd«@§¬¨Ï«'Ö!¸]Ê]´²ã@Ã@Ã`½CÞ+¾%«`¨Ï«'t¤©�Â«'£x�]�Â C��³`¸6Êq�U«'�k§Ñ�

î|ï\ð©ñÎò!óWô`ñ
õ%öW÷9øcù²ú+û©ü`ý·þ`ÿ�����÷��²÷©ÿ�þ�����öe÷
	Qü���� ü���;ü����?ü'ÿ��`÷��Rÿ�÷¬ü����_ü`û�÷9õ?÷¬ý·÷¬ù�û�þ��P÷���	�� ���eõ"!
# � ýìý%$P÷ û©ü`ý��&$WÿÑü'�²÷�()��*)+,�&�@ö-� # �&��ö9û�þ@ù.���ìû/��ÿÂü0�.öe÷¬ü�1��)�·þ2*_ù�3�ú4*9þ`ÿ.(e÷©ÿ5�²þ6(W÷��²÷©ÿ.����*e÷7��öW÷
ÿ�÷¬ù��kþ2*_ù²÷;þ��8��öe÷Qû©ü`ý·þ`ÿ.�9��÷��²÷©ÿ:�²þ(ÿ�÷¬ýìü'����1��ìù����ìû%öe÷¬ü01-�;�ìþ2*Wù�ý9�&�@ö<�²÷©ÿ:��öWü�*>=e÷�?eü�*+÷A@B�P÷©ÿ.����÷�*-�
# ü`ù%û©ü'ÿ�ÿ.�ì÷�( þ2CD�%ü'�E��öe÷5	F��ú�öe÷¬ü01-�G�·þ2*H��ü`û��ìý��&�I�JCWù.��*D����öe÷F=eÿÂü'�2��÷�*-����÷��_ü'ÿÂü'�²þ`ÿ5�K=%�L�,!�3
õ%öW÷;��÷¬ü`ù�CeÿÂ÷�(.ÿ�÷¬ù��kþ2*_ù²÷Æ÷A@eöM�&$,�&��ù=ü�*)CM*e÷A@B�P÷¬ûA�²÷�()��÷¬ü'��Ceÿ�÷J�tþ`ÿ2ý��&�@ö-�N�·þ2*_ù�?�þ��M�Pþ@ù��&�²÷;�²þ
��öWü'��þ�$dù²÷©ÿ�1`÷�(�ü'�Æý·þ # ��*Wû��9(e÷�*<�(÷�*e÷©ÿ����POQ��þ`ÿÆüR�2�&1`÷�*S(e÷��Pþ@ù��&�²÷�(x÷�*e÷©ÿ.����?T��öe÷Zþ�$_ù²÷©ÿ.1`÷�(
ù����2*Wü`ý%�ìùL�`ÿ�÷¬ü'�²÷©ÿN��þ`ÿU��öe÷¬ù²÷��·þ2*_ù"��ö_ü�*R�tþ`ÿU�WÿÂþ��²þ2*Wù���þ`ÿN��þ`ÿ�÷V�`÷�*e÷©ÿÑü`ýìý&�RWYXVZ5�;��*M����CM�
�·þ2*,�&[���*D�\�_ü'ÿ.���ìû©ý·÷¬ù�!�30]Rþ # ÷�1`÷©ÿ�?'�,CWý ù²÷Ëù�öWü'�P÷¬ù?ü'ÿ�÷^��þ2CM*M(U�²þL$P÷Ëü`ý���þ@ù�� ��(e÷�*-���ìû©ü`ý<�tþ`ÿ\û©ü'ÿ�$Pþ2*
�·þ2*_ùRü�*M(�W_X7ZN�_ü'ÿ.���ìû©ý·÷¬ù�? # �&��ögü|ù.�&�2*M�&`_û©ü�*-�RùÂý·þ # ù�û���*-���ìýìý ü'���·þ2*#û�þ2�7�Pþ2*e÷�*-����*
û�þ2*-�²ÿÂü`ùa�
�²þG��öe÷�÷A@B�²ÿÂü'�Pþ@ýìü'���·þ2*R��ÿ�þ2�b��öW÷2ýìþ # ��÷�*e÷©ÿ.���c$P÷¬öWü01��·þ`ÿ03edQü'��ü#þ2*R��öe÷�÷�*e÷©ÿ����gÿ�÷¬ù²þ@ý�CM���·þ2*
��þ`ÿN��öe÷J��*M(M�&1B��(MC_ü`ýMø�ù�úYû�ÿ���ùa��ü`ýìù®ü�*M(4þ2*)��öe÷+ý·þ@ùÂù°þ��E�·þ2*WùF(,Ce÷7�²þc*�CWû©ý·÷¬ü'ÿ®ÿ�÷¬ü`ûA���·þ2*Wù5��*
��öe÷®û©ü`ý·þ`ÿ.����÷��²÷©ÿRü'ÿ�÷=ü`ýìù²þ7�_ÿ�÷¬ù²÷�*-�²÷�(83

f �©ÖÆâË±'�² !¤Ag
¾qÛ��\ºPg

h^i/j4kei.l�mPn%o0pMq�r;l�nan�j0stn�uVv^w9o�jxylzj�i"{}|.l~j/me|/j �P���Uu�x0j/rHqBj�iU�����'�



� �������	��
�����������

��������������� �"!#�%$'&��(*)+�,�.-/(0�%�21435��67�8����9:��;*67<�3��>=?�@&�-A14�#BDCFE7GIH:;KJ*���8L��NMOJ�)+��L4�
�7(*��JPHQ<+LR��H:)��4�.��L��7(0)�$S)+������� �T(P�%$U;P��J*�79Q9:HQJ*��VWJP<YX��Z9[��\]L�6^���7_`Xa$`b#-A14-cHQLed�f+fag4h
��&�-K14�Aij;A����HQLkH:L�;lJP(0\�����LaJ%V�J*���D9[��(*)+�m��(*�7�nJP�79Q�7;067<+3��2=o&�-p�#BDCqd GsrtHQ9:967<�u+��(@J*���
�7L���(*)�$v(P��L�)+�wX��NJ.rx���7L�d�fKy2��z{��L�_}|+f�fK�A��z}h �����x&W-p�~rtHQ9:9a6�<+��3](*H:;0�wJ*��(*���x;0\�X4�
;0$O;0J*�7��;7��ZJP(P��6^���7(�����_��8<���E��Z9[�%$+��(*;�<��x6�(*<+;0;*��_~;*HQ9:H:6�<+LY;0J*(*HQ3�;@H:LaJP��(*9[��67�7_YrtH�JP�
� 6�<+Lau+��(0JP��(#��<�H:9:;�VOrt�]�7(*��H:L�JP���AHQL�67HQ_��7LaJt)a�������m(P�%$n67<+Lau+��(0J*;�HQL�J*<8�D�%���	�k35��H:(7V
�2�x;*�/67��9:<�(*H:����J*�7(8=��]h��n(P��_�H:��JPHQ<+Lk9Q�7L�)�J*��;@H:LkJ*��H:6^��L���;*;7VW����_��D<���E	��|���67(0$O;lJ^��9Q;^B
;P����3�9QH:L�)/J*���t�79Q�76�J*(*<+����)+L]��JPHQ6N�T;*��<�r��7(p�7L]�7(*)�$+VO��L�_���L���LaJPHQ67<+HQL�67HQ_��7L]67��;*�]H:�79Q_D��<+(
u+�NJP<+HQL�)m6^�5��(*)+��_�67<+;0��HQ6�(*�%$4;�h4���]�K&�-p��rtH:9Q95X���67<+��3�<+;*��_n<��pE%����9:�7���7LaJ*;x6%��9:9:��_
JP<�r��7(*;�V��n��_]�A�%��6^�'<����}J*(P��6^���7(���L�_'�867��9:<�(*H:����J*�7(���<O_�\�9Q��h

�.L><+(0X�HQJ7V�JP�����7L]�7(*)�$'67��9:HQX�(P� JPH:<�L���L�_'J*����(*�7;03�<�L�;*�v��<+L]HQJP<�(*H:L])D<��sJ*���m67��9:<+(0H:���N�
JP��(mrtH:9Q9��,M]3]9:<+H�JmJP�]�Z�7L���(*)�$S_��73�<+;*H�JP;D<��t6�<+;*��H:6,�.(*��$����7��u�$RHQ<+L�;�=��7;0;*��L�J*H[��9Q9Q$~�/V
bvV��}V�14HW��L�_'�5��B,h��sH:)�h�Ev_�HQ;*3�9:�%$4;#�DJ.$O3�H:67��9W�7L���(*)�$�;03���6�JP(0\��c<��s6%��(0X�<+L2H:<�L�;#��J
��&�-K14�Aij;��5H:)���Jv��9�JPH�JP\�_��2=o���a���O�nBNVW��;v67��9:6�\�9[��J*�7_UrtHQJ*��JP�]��6�<4_��n��!#��y'��C�|�Goh
����H:;v;*3��76NJP(*\]��HQ;v_���3�9:�NJP��_R��Jv9:<�r �7L]�7(*)�$S_�\]��JP<2JP����)+�7<��n��)�L���J*H:6867\]J*<�¡���L�_
3��7����;���(*<+\]L�_U¢2�@�Nz@£�L�\�6�9:�7<�L¤h��¥HQJ*��H:LkJ*���D6%��9:<+(0H:����JP��(7V���<+;0J@HQ<+L�;/rtHQ9:9H:L�_�\]67�
L�\�679Q�%��(A(0�%��6NJPH:<�L�;KrtHQJ*�¦�x;�<�(K��L�\�6�9:��H?h¤�����D<�JP����(*;�=�9Q�7;*;KJ*�5��L¦|+fa§¨��<+(A�5�%B�rtH:9:9
<+L�9�$K;*\4¡���(�HQ<+L�H:©7��JPHQ<+LK��L��7(0)�$@9:<+;0;7h%-�;J*���IH:<+L@��L��7(0)+H:��;���(*�I679Q<+;*�pJP<�J*���I��HQL�H:�}\]�8�
H:<+L]H:©%� JPH:<�Ln�7L]�7(*)�$U=o��X�<+\4J#dD�@�Nz@£�L�\�6�9:��<+L�Bx��L]_26�<+(*(0�7;03�<+L]_�J*<}JP���2ªl9:<+)a��(*HQJ*����H:6
(*HQ;*�7«Z3���(0J@<��IJ*���D�7L���(*)�$a�T9:<+;0;A67\�(lu+��V¤J*���D_�HQ;0JP(0H:X�\4JPH:<�L�;/<��wHQ<+L�H:©7��JPHQ<+L>��L��7(0)�$Y_��,�
3�<�;*HQJ*�7_ZrtHQJ*��H:L�J*���8E+hj¬+¬D67�D�TJP�]H:6^�Z�x;0�x6�(0$O;0JP��9:;�V�rtH:9:9��NM4��HQX�HQJ�r��79Q9��._]��5L���_'3��%���O;�V
�%��6^�e67<�(*(*��;*3�<+L�_�HQL�)YJP<¦�Y_�HQ¡��7(0�7LaJ8�79Q�7���7LaJ'=o��H:)�hsd+BNV����®JP��(D67<+(0(*�76NJPHQ<+LR��<+(})+��<��
���NJP(0H:6%��9�N¡���6�J*;7h¤�����m�7L���(*)�$'6%��9QH:X�(*��JPHQ<+L�6%��LYX��m��;0JP��X�9:HQ;*����_YXa$>6�<+��3���(*HQL�)�J*���
��6�J*\5��9W3��%����3�<+;*H�JPH:<�L�;�rtHQJP��JP�]<+;*�v3�(*��_�H:6NJP�7_>X�$>y'<�L�J*�N�"����(*9Q<�;0H:�}\�9:��JPHQ<+L�;�V�;*\�6^�
��;8JP��<+;0�>\�;0�7_�J*<S3�(0<4_]\�67�2JP���2;*3��76NJP(*\]� HQL¯�sHQ)�hId4hI�TJ��}\�;lJnX��>;lJP(*��;*;0�7_¯JP����J
��9QJ*��<+\�)��'JP�]�}�5�v3��%���2HQ;/X�(0<a��_¤V�H�JP;#9:<�r°�7L���(*)�$2��_�)+�}HQ;#r��79Q9�_��N5L���_¤h�����HQ;/��_�)+�
H:;v9:<O6%��J*�7_~��(*<+\�L]_eg4h±g>�@�Nz}�W��<+(m<+(0H:��L�JP��JPHQ<+L¤V�JP�]�Z�%u+�7(*��)+����L��7(0)�$�_��73�<+;*H�JP��_`��J
JP���@��� M4H:�}\]�²<��JP�]��9Q<+L�)+H�JP\�_]H:L5��9��7L]�7(*)�$�_��73�<+;*H�JPHQ<+LZ3�(*<�59:�K��<+(t��L'<+LO�"� M4H:;�|+f+f
�@�Nzc)a������� �.(*��$¦HQ;D��X�<+\]J�d+�Y�A��zmhs����HQ;D���NJP��<O_~JP��\�;D3](*<�uOH:_���;8��Le��_��7³�\5� JP�
67<�u+��(P��)��v<�u+��(���<+;lJt<���J*���@\�;*�N��\�9��7L]�7(*)�$�(P��L�)���h

����H:;D67��9:HQX�(P� JPH:<�L�3�(0<46��7_�\](*�ZL���67�7;0;*H�J^��J*�7;DJP���Z3](*H:<�(m��L�<�rt9:��_�)+��<���JP�]�Z(*�7;03�<�L�;*�
<���J*���}�x;0��67(l$4;lJ^��9Q;�J*<�JP�]�v(0�79[� JPHQuOHQ;0JPHQ6AH:<+L];�<��sH:LaJP��(*��;0J%h��TJ��5��;/X��7��L>9Q<+L�)��OL]<	rtL
JP�5� J@X�<�J*��<�(*)a��L]H:6D��L]_¦HQL�<+(0)a��L�HQ6};*6�H:LaJPHQ9:9[� JP<+(0;/�NM4��HQX�HQJ@L]<+L4�.9QH:L��7��(/(0�7;03�<+L];*�7;�C�¢�G
JP<´��H:)���9Q$µH:<+L�HQ©7HQL�)¯35��(lJPHQ679:��;7VA9QH:���RHQ<+L�;��KJP���`��HQ)+�°H:<+L�HQ©%��J*H:<+L¶_]�7L�;0HQJ.$°67(0�%��J*�7_

· ø�þ`ÿ�ÿ�÷¬ùa�Pþ2*M(M�9*D�(ü�CM��öeþ`ÿ�3�¸Q��� ü��ìý Oeý·þ��a�0¹Qû�÷�*-$M�D3 ��*Oº�]»�3 �tÿ

d



��(*<�\�L�_ J*���2H:<+Le35��J*��9:�7��_�;8JP< ³�\��7L]6^��H:L�) H:LaJP��(P��6NJPHQ<+L�;8X��NJ.rx���7L¯J*���'�,M467HQJ*�7_
��<�9:�76�\�9:��;7VaHQL�rt��HQ6^�n35��(0J�<���J*������L��7(0)�$�)+<O�7;wH:LaJP<�L�<+L4�T(P��_]H[��J*HQu+��_]�76%�%$�6^�5��L�L]�79:;�h
�����nª*��6�J*HQu���J*<+(l�T_��73�9Q��J*H:<+L}�a$O3�<�JP����;*HQ;*«ZCq� G�3�(0<�u4HQ_��7;w�@;*HQ��3�9Q���NM43�9:��L5��J*H:<+LD��<+(�J*���
³�\��7L�6^�]H:L�)���¡��76�J7�x��;8J*���2�79:��6�J*(*<+L4�T��<+9Q�Z35��H:(D_]�7L�;0HQJ.$`H:L]67(*�7��;*��;7VIJP����L�\��}X��7(�<��
\�L�<O676�\�3�H:��_���95;0HQJ*�7;I;*��(0H:L���;w��L�_8JP�]�#(0�7��L5��LaJI�79Q�76NJP(*<�L4�.��<�9:��35��HQ(�_���L�;*H�J.$D6%��L]L�<�J
67<+LaJ*(*H:X]\]JP�ZJP<¦;*6�H:LaJPHQ9:9:��JPHQ<+L���<+(89:��6^�~<��/�%u���H:9[��X�9:����9�;0HQJ*�7;7h��#<	r���u��7(�V�L�\����7(0<+\�;
;0J*\�_�H:��;��5�%u+�A3](*<�u+��_�J*�5��Jx(*�%��9:HQJ.$8HQ;x��<+(*�#67<���3�9Q�NMn��L�_�J*�5��Jx<�JP����(x3�(0<46��7;0;*�7;#��(0�
H:Lau+<�9Qu+��_¤hI�����7;0�'HQL�679Q\�_���L�<+LO�.(P��_�H[��J*HQu����NM467H�J^��J*H:<+L];8rtH�JP�e�U3�(*<+X���X�H:9QHQJ.$�;*67��9:HQL�)
³�\5��_�(*��JPHQ6%��9Q9Q$�rtHQJP�DJ*���t35��H:(s_��7L�;0HQJ.$'C���G5<+(pJ*���t_��7;lJP(*\]6�JPHQ<+L�<�����9:��6�JP(0<+L4�T��<+9:�x35��H:(0;
��Jt�NM46�HQJP��_2��6�J*HQu���JP<�(�;*H�JP�7;�C���GoV�<+(����7(0�79Q$�_�HQ(*�76NJt(*��67<+�}X]H:L5��J*H:<+L�h]-¶3�(0�767HQ;*�A_��NJP��(l�
��HQL5��J*H:<+LA<��4JP��������<+\�LaJ<���3](*<O_�\�67��_}9:HQ)+�aJ��;�#��\�L]6�JPHQ<+L�<��]J*����_]�73�<+;*H�JP�7_v�7L���(*)�$�V
&w=o�wBNV+�m\�;0JIX���3���(0��<+(0����_}��(*<+� ��676��79Q�7(P� JP<+(�_���J^�]h�-/9�JP��<+\])+�D;*�Nu+�7(*��9�;0J*\�_�H:��;p�5�%u+�
X����7L8_��Nu+<�J*�7_�J*<A_���J*�7(0��HQL�H:L�)�JP��HQ;s��\�L�6NJPH:<�L�� Jp9:<�reH:L�6�H:_���LaJp�7L���(*)�$�Cjg GoV�J*���7(0���5��;
X����7L�L�<2r�<+(0�Y_��7_�HQ6%��J*�7_¦JP<>�x;*�KX���$�<+L�_�E%f+f>y2��z@£ LO\]679:��<+L�J*<2J*���8X���;0Jv<���<�\�(
��L�<�rt9:�7_])+��V4��L�_8u+��(0$�9:H�J*JP9Q�xJP<v<�JP�]�7(IH:L�<�(*)a��L]H:6�;*6�H:LaJPHQ9:9:��JP<+(0;tC��]V�¬ G?ha������;*67��(*6�HQJ.$8<��
_5��JP�/;0J*�7��;s��(*<+�¶J*���x����6NJsJP����J�;067H:LaJ*H:9:9:��JPHQ<+LA_��NJP�76NJP<+(0;I��(*��H:L5��3�3�(*<�3�(*H:��JP�I��<+(s���%�	�
;*\�(0H:L�)8JP�]��J*<�J^��9���HQL���J*H:6A�7L]�7(*)�$'<���(*��9[��J*HQuOH:;lJPHQ6KH:<+L];�H:L2;0J^��L�_5��(0_>L�\�679Q�%��(t3��a$O;*HQ67;
�NM43��7(*HQ����LaJP;7�4JP���KHQ<+LZ(P��L�)+�KHQLnJP���A_]��JP��6�J*<+(�X��767<���HQL�)}67<���35��(P��X�9Q��J*<}JP���KHQLaJP�7("�
��6�J*H:<+Lm9:�7L])�JP�D��;�JP�]��H:<+Lm�7L���(*)�$vH:L�6�(*�7��;*��;7V�J*����3�(0<+X5��X�HQ9:H�J.$K��<+(���LDH:<+Lv\�L�_���(*)+<+HQL�)
�DLO\]679:�7��(t(*�7��6�J*H:<+LZrtHQJ*��H:L�J*���@_���J*�76NJP<+(#X���67<+���7;t�,M]6��7��_�H:L�)�9Q$Z��HQ)+�¤h

�S�'_����L��>JP�]�>³�\��7L]6^��H:L�)~����6�JP<�(n��;8JP�]�>(P� JPH:<������ �
	�� £� ä ë �'rt���7(0����� �
	�� HQ;�J*���
���7��;*\](*�7_�;0H:)+L5��9���<+(��})+HQu��7LZ35��(lJPHQ679:�/��L�_ZHQ;�3�(*<�3�<+(lJPHQ<+L5��95JP<}J*���A67<�9:9:��6�J*�7_�9QH:)+�aJ%V
 ä ë �UHQ;�J*���Y6%��9Q67\�9:��JP��_�_���3�<�;*HQJ*�7_{��L��7(0)�$�uOH[��H:<+L�HQ©%��J*H:<+L���L�_�� H:;��~6�<+L�;lJ^��LaJ
��_��0\�;lJP��_2;0<DJP�5��JxJP���K³�\���L�6^��HQL�)D����6�J*<+(�H:;/EK��<+(�3�(0<�JP<+L];7V���L�_Z��<�(*�K)+��L��7(*��9:9�$8��<+(
���}Ex��H:L�HQ�}\��µHQ<+L�HQ©7H:L])#3���(0J*H:679Q�7;x=?y'���p;PBNh�-�Js9:<�rRHQL�67HQ_��7LaJ��7L���(*)�$�JP����³�\��7L�6^�]H:L�)
����6�J*<+(AH:;A<�X�;*��(0u+��_SJP<�X��D9:<�r��7(AJP�5��L E+h¤��(0<+� J*���DJP(0�7L�_¦<���9:<�r��.��L��7(0)�$k_5� J^�]V�H�J
6%��LZX��/�,M43���6�JP��_2J*�5��J�JP��HQ;�����6NJP<+(�H:L�6�(*�%��;*�7;A=o��L�_�J*��\�;xJP����JxJ*���K³�\��7L]6^��H:L�)8�N¡���6�J
_��76�(*�7��;*��;^B�rtHQJ*�'J*���mHQ<+L>��H:L]��JPHQ6v��L��7(0)�$+V���;�J*���m(0�7;0\�9QJ�<��pJ.r�<�67<+L]67\�(0(*H:L])n��¡��76NJP;
Cj�	G?��JP���#_���67(*�7��;*�A<��¤JP����H:<+L]H:©%� JPH:<�LD_��7L�;0HQJ.$n��;�J*���/_]�73�<+;*H�JP�7_��7L���(*)�$�H:;w9:<�r��7(x��L�_
JP���#H:L]67(*�7��;*HQL�)A��(P��6NJPHQ<+L�<��¤�7L]�7(*)�$86%��(0(*H:��_�<�¡�X�$��K��9:��6�JP(0<+L�;�hO-�;��A��9:�76NJP(0<+L�;I�5�%u+�
��(*��L�)+��)+(0�%��J*�7(tJP�5��L�JP�]�v(*��_�H:\];�<���JP����3�(0H:����(0$n67<+9Q\���LS=o��X�<+\4J�¢+f+f�L]��B,V�JP���N$
�7;06%��3���J*���A67<�9:\���L2��L�_�3�(*<O_�\�6��@9:H:)���JxrtHQJP����HQ)+�Z����6�H:�7L]6�$�H:LZJ*���@(*�7)�H:<+LZ<���9:<�r
H:<+L]H:©%� JPH:<�L�_��7L];*HQJ.$�h

����H:;�35��3��7(3�(*��;*��L�J*;p(*��;*\�9�JP;s<�����L}�,M]3��7(0H:���7LaJ�67��(*(0H:��_m<+\]Js��JJP�����@��;*��9:9:;06^�5���®J����\](
146^�arx��(*HQ<+L��7L4��<+(*;06^�O\]L�)`=?��14�^V! A��(*��;0JP��_]J,B,V���H:��H:L�)n��JA_��NJP�7(0��HQL�H:L])nJP���D³�\���L�6^�4�
H:L�)Z����6NJP<+(0;K��<+(@(*��9[��J*HQuOH:;lJPH:6vH:<+L];A9:H:)���J*�7(/J*�5��L��5��h��TJ@����_��8\�;*�8<���JP�����5(P��)+����LaJ
14�73���(P��J*<+(t=���!/1]BNV+� ¡�<+(0_�H:L])A�K)+(*�7��J��5�,M4H:X�HQ9:HQJ.$�HQLD3�(*<O_�\�6�H:L�)A��L�_8;*�79Q�76NJPH:L])A_�HQ¡��7("�
�7LaJ�HQ<+L�;*3��76�H:��;7h������/35��3��7(�HQ;x<+(0)a��L�HQ©7�7_���;x��<+9Q9:<�rt;7�aJP�]�K_���J*�76NJP<+(�6^����(P��6NJP��(*H:;lJPHQ67;
��(*��3�(0�7;0�7LaJP��_{H:L`;*��6�JPHQ<+L�d4V�JP���2_5��JP����L5��9Q$O;0H:;DH:;8_���;*6�(*H:X��7_ H:L`;*��6�J*H:<+L�|]hp�����
_�HQ¡��7(0�7L�6��7;K<�X�;*��(0u+��_k��<+(#H:<+L�;���L�_>3�(*<�J*<+L�;/��(*��_�H:;067\�;0;*��_¦HQL';0�76NJPH:<�Lk¢�V�H:L2rt��H:6^�
67<+��3�9Q�7���7LaJ^��(l$n_���J^�D67<�L�67��(*L�HQL�)DJP���@3�\�9Q;*�A;0�5��3��7;#��(*�@��9:;*<D3](*�7;0�7LaJP��_¤h�14�76NJPHQ<+L�;
����L]_k��3](*�7;0�7LaJ@��_]_�HQJ*H:<+L5��9¤(*��;*\�9�JP;#(*�79Q��u���LaJ#JP<�J*���mHQL4�T��H:)+�aJt6%��9:H:X](P��J*H:<+L¤V4<+L'J*���
_���J*�76NJP<+(I�7L]�7(*)�$8(*�7;0<+9:\4JPH:<�L���L�_DJP���t9:<�;*;I<���H:<+L�;p_]\���JP<�LO\]679:�7��(p(*�7��6�J*H:<+L];w(0�7;03���6N�

|



tit

10
-8

10
-7

10
-6

10
-5

10
3

10
4

10
5

E/A (MeV/nucleon)
F

lu
x 

(m
2 s 

sr
 M

eV
/n

u
cl

eo
n

)-1

CREME
Carbon

=%�&�D3YZ'3��F��*e÷����ìû/��÷�*W÷©ÿ����G(M�ìùa�²ÿ.��$,CD���·þ2*+þ��6û�þ@ù����ìû/��ÿÂü0�Zû©ü'ÿ�$Pþ2* �·þ2*Wù%ü'�U	��Y�U��õ +}�&�@ö<�%ü`ý���� �
��CM(W÷�ü`ù;û©ü`ýìû�CWý ü'�²÷�( # �&��ö#ø ��¸���¸E3

energy

10

10 2

10 3

0 2000 4000 6000 8000 10000
Energy (MeV)

C
o

u
n

ts C
O

NeMg

Si

Fe

=%�&�D3Oº�3O¸T@��P÷¬ûA�²÷�(G(M� ùa�²ÿ.�&$,CM���·þ2* þ��%�·þ2*M��[¬ü'���·þ2*|÷�*e÷©ÿ����H(e÷��Pþ@ù��&�²÷�(H$��J��öe÷�û�þ@ù.���ìû/��ÿÂü0�H�ìþ2*Wù
��*+þ2*e÷=ø�ù²ú)û�ÿ���ùa��ü`ý ?�û�þ`ÿ�ÿ�÷¬ûA�²÷�(G��þ`ÿ\�`÷©þ2��÷��²ÿ.�ìû©ü`ýP÷��P÷¬ûA��ùE(MCW÷"�²þÆù�ý ü�*<�²÷�(>�²ÿÂü��²÷¬ûA�²þ`ÿ.�·÷¬ù�3Wõ;öe÷
�Æü��9*H�k÷¬ü	��ù%ü'ÿ�÷®ýìü'$P÷¬ý·÷�(Zü`û©û�þ`ÿ.(M��*M�7�²þ���öe÷�÷¬ý·÷��Æ÷�*<��ù\��öW÷�� û�þ`ÿÂÿ�÷¬ùa�Pþ2*M(H�²þD3
JPH�u+�79�$+h��x<�L�679Q\�;*HQ<+L�;#��(*�A)�HQu+��L'HQL�;*�76NJPHQ<+LkgOh


 ��a���O�������������]�����������������	�����

- 3�(0<�JP<�J.$O3��}6%��9:<+(0H:����JP��(t��<O_�\�9Q�v��L�<�rtL¦��;/J*���D�pL�)+HQL��7��(*H:L])�y'<O_��79�=o�wykB#rx��;
\�;*��_YH:L2JP���}�,M43���(*H:���7LaJ7h��TJ/67<+��3�(*HQ;*��;K�n6�(*<+;0;*�7_Y9:�%$+�7(0;K<���E�d��x;*�t67(l$O;0J^��9:;7V�|ad4hj�
67� M¯d4hj�ag¦6�� M E+hj¬+¬�6�� H:L�_]H:���7L�;0H:<+L�;�VI;*HQJ0JPHQL�)�HQL�HQL�_�HQuOHQ_�\5��9�6��79:9Q;�����_��2<��
6%��(0X�<�L8�X���(*;7ha�.L8JP�]�#�,M43���(*H:���7LaJ7V�JP���t6�(0$O;0JP��95�n��H:L8� M4H:;�rx��;I��<+(0H:©�<+LaJ^��9]��<�(�<4_]_4�
9[��X��79Q�7_Y9:��$��7(0;v��L�_¦u��7(lJPH:67��9���<+(A�Nu+�7LO�.9[��X���9:�7_U<+L]�7;7h�I��6^�¦67(l$4;lJ^��9IHQ;A(*�%��_�<+\4J���J

¢



�%��6^�D��L�_}Xa$�J.rx<K3]��<�JP<O_�HQ<4_���;7V���9:��(*)+�w<+L��K=lE+h��#6����^B���L�_}��;*����9Q9a<+L��@=�f]h±d��#67���,B,h
�I��6^��3���<�J*<4_�HQ<4_]��HQ;���;0;*<O67H[� JP�7_�rtH�JP�nJ.r�<D�79Q�76NJP(*<�L�H:6�6^�5��H:L];xrtHQJ*��_�HQ¡��7(0�7LaJ�)a��H:L�;�V
9:�7��_�H:L])kJP<��YJ*<�J^��9�<�����<�\�(8�7L���(*)�$R(*��L�)+��;�rtH�JP�e��3�3](*<%M4H:����JP����\�9Q9��T;*6%��9:�nu���9Q\��7;��
d�f+fYy2��z}V�E+hj�Y�@�Nz}V�E	dk�A��z}VwE�f+fk�@�Nz =�(0�����7(0(*��_~JP<Y��;}&���K�]Vs&W���}E�V��/���K�]V
�/���}E�H:LUJP���8��<+9Q9:<�rtH:L�)]V�(*��;*3��76NJPHQu��79�$�B,h����]��6�(0$O;0JP��9�9QH:)+�aJAJP��3���(7VW67<�(*(*��;*3�<+L�_�HQL�)
JP<RJP�]�¦9QH:)+�aJ�� J*JP��L�\5��JPHQ<+L¥��9Q<+L�)RHQJ*;Z�n��H:L¥� M4H:;�V���9Q9:<�rt;nJP�]�¦�]HQJ�3�<+;*H�JPH:<�L{��9:<�L�)
JP���>67(0$O;lJ^��9/� M4H:;�J*<~X��kH:L]����(*(0�7_���(0<+� JP���k(0�79:��JPH�u+�k����<+\]L�Jn<��A9QH:)+�aJ����7��;*\�(0�7_
��J��%��6^� �7L�_¤hw�����>��y r���;8�J0JP�7_ rtHQJP� ��3](*<�J*<�J.$O3��'<��/J*���2��H:)+�aJ��79:��6�J*(*<+L�HQ67;�V
rt��H:6^��r���;�u+�7(l$n;0H:��H:9:��(sJP<�JP���#5L5��9�<+L���h4���]�A��L5��9Q<+)@35��(lJ�67<�L�;*HQ;0JP��_�<��W��L�-A14�l�
=7ª0-�3�3�9QH:6%� JPH:<�L�143���67H�56x�.LaJP��)+(P� JP�7_}�xH:(067\�H�JP«�B¤67<���3�(0H:;0H:L�)#�t6^�5��(*)��x3�(0�%����3�9:H�5�7(�V��
;*�5��3�H:L�)K����3]9:HQ��7(�=�;0�5��3�HQL�)�J*H:����� |]h����¤;PB���L�_}�mE	d	�TX�HQJ-  @�/h ������9:��J*J*�7(;P����3�9Q�7_
JP��������3�9:H�JP\�_]�p<��]J*���x��L5��9:<�)#;0H:)+L���9+JP��(0<+\�)+�v���(P��6^��� �#<+9:_�;0JP��)+����J��#]M4�7_m_��79:��$
JPHQ�������®JP��(�J*���/JP(0H:)+)��7(x;0H:)+L���9?ha����HQ;��79Q�76NJP(*<�L�H:6�;x;*\4¡���(*�7_�;0H:)+L�H�56%��L�JxH:LaJP��)+(P��9�L�<�L4�
9:HQL��%��(0HQJ.$YHQL�����(*�7LaJmH:LS9Q<�r��.67<�L�;*\���3]J*H:<+L¦-A14�l�x;�V�rt��HQ6^�Srx��;}67<�(*(*��6�J*�7_~��<+(�\�;*HQL�)
6^�5��(0)+�N�TH:L��0��6�JPHQ<+L����7��;*\](*�7���7LaJ*;7h

-/L�<�JP����(p_���J*�76�J*<+(7Va(0������(*(*��_DJP<@��;�J*���#y'H:L]H:6%��9?V �7³�\�H:3]3���_8rtH�JP�D��HQ)+�4�T3���(0��<+(0�n��L]67��V
_�H:;067(0��JP����9:�76NJP(0<+L�H:6�;Dr���;8\�;0�7_���9QJ*�7(*L���JPH�u+�79�$���<�(D67<+��35��(0H:;*<�L¤h��TJ867<�L�;*HQ;0JP��_�<��/�
9[�%$+��(*;2<��m|e6�(0$O;0JP��9:;2�%��6^��V#<��vJ*����;*�����kJ.$43�����;2��<�(�JP���¦�wy�ht�����¦�79:��6�J*(*<+L�HQ6
6^�5��HQL 6�<+��3](*H:;0�7_e;*HQ��HQ9[��(��79Q�7���7LaJP;���;DJP��<�;*�2H:L�6�9:\�_���_ HQLRJP���2�wy -K14�l�x;7hw�����
;*�5��3�H:L�)�JPHQ����;p<��¤JP�]�/����3�9QHQ5��(*;�r��7(*�/67<+��35��(*��X�9:����<�(IJ*����J.r�<m6^����H:L�;�h�- L�<�J^��X�9Q�
_�HQ¡��7(0�7L�6��vrx��;/J*���m-  @�/V���;#JP���}y'H:L]H:6%��9\];*�7_U��;0JP��L�_5��(0_¤VE	d	�.X]HQJ#3��7���+�.;0�7L�;0H:L�)
-  @� =?�x-/�wb zAg��a�+B,h�������y'HQL�H:67��9�rx��;A��<+\�LaJP��_U<+L¦����<�uOH:L�)���(*� ��L�_U67<+\]9:_
J^�����7L¥H:L¯��L�_¯<+\4JZ<��AJP�]�kX��7��� H:L���(0<+LaJZ<��AJP�]�Y�wy�h������>J.r�<`_���J*�76NJP<+(0;Z�5��_
H:L�_]�73��7L�_���LaJ�zAy>�¯��6�³O\]H:;*H�JPHQ<+LZ;0$O;0J*�7��;7h

	x<�J*�e_]��JP��6�J*<+(*;8rx��(*��3�9:��67��_e6�9:<+;0�ZJP<kJP�]�'�s!/1S5L5��9x��<467��9�3�9:��L���hIy'<+;lJ8<���J*���
�NM43��7(*HQ����LaJ�r���;�3��7(l��<+(*���7_ZrtH�JP���}3�(0H:����(0$�b�H�X��7���¨��JKE+h±g}<+(/E��@�Nz@£�L�\�6�9:�7<�L¤V
3�(*<O_�\�6�H:L�)D;0�76�<+L�_5��(l$ZH:<�L�;A=�ª067<O6^�aJ^��HQ9�X��%����«�B�HQLnJP���
	��A3�(*HQ�n��(l$8J^��(0)+��J�9Q<467��JP��_
��J�JP���Z�s!/1U�7LaJP(*��L�67��h��5<+\�(v��!�1¦_�HQ3�<�9:���n��)�L���J*;v;0�79:��6�J*�7_~JP�]��JP(*�%u+�7(0;*HQL�)kH:<�L�;
��676�<+(*_]H:L�)KJ*</JP����H:(�����)+L]��JPHQ6x(0H:)+HQ_�HQJ*H:�7;��L]_}JP���t��;0;*<O67H:��JP��_D_���J*�76�J*H:<+LD;l$O;0JP��� 3�(0<��
uOH:_���_���<�(t�Du��7(l$Z3�(*��67HQ;*�@H:_���LaJPHQ�6%��J*H:<+LZ��L�_'��L��7(0)�$Z���%��;0\�(*������LaJt<���J*���AH:<�L�;�<+L
��LD��u��7LaJ0�TXa$��T��u��7LaJxX���;*HQ;7h����]��_���J*�76�J*H:<+LD;l$O;0JP��� rx��;p67<+��3�<+;*��_}<����}\�9�JPHQrtHQ(*�I3�(0<��
3�<�(0JPHQ<+L5��967<�\�LaJP�7(0;�=?y2� �w��BK;*\]3�3�9Q$OHQL�)�JP���mH:<+Lk3�<+;0HQJPHQ<+L�;�V�3�9:��;0J*H:6v;*67HQLaJPH:9Q9[��J*H:<+L
_���J*�76NJP<+(0;���L5��X�9QH:L�)YJPHQ���,�.<��[�?�5H:)���Jv���%��;0\�(*������L�J*;7Vw��L�_ �Y;*��)+����LaJP�7_ H:<+L]H:©%� JPH:<�L
6^�5���}X��7(�V�y��K14�l�/VO$4HQ�79Q_�H:L�)���L��7L���(*)�$a�T9:<+;0;x���%��;0\�(*������L�J7h4���]�K�wy ��L�_Zy'H:L�HQ6%��9
rx��(*��3�<+;0HQJPHQ<+L���_SX��7��HQL�_�J*����9[��;0Jv3�9[��;lJPHQ6�_]��JP��6�J*<+(7Vrt��H:6^�~3](*<�uOH:_���_~JP����JP(*HQ)+)+��(
;*HQ)+L5��9x��<�(8J*����JP��(0�7�2��67³�\�HQ;*H�JPH:<�Le;l$O;0JP����;�hI�����'9:��J*J*�7(8<+3��7(*��JP��_ ;l$4L]6^��(*<+L]<+\�;*9�$
=�<+L]9Q$Y<+L]��<��x�7H�JP����(�J*���n�wy <+(�J*���ny'H:L�HQ6%��9s<+3���(P��J*H:L�)'��Jv�2J*H:����B,V���L�_�;*�5��(0�7_
�k67<+����<+L�u���JP<U;0H:)+L5��9wJ*<U��676�<+\�LaJD��<+(vJ*����_�H�¡���(*��L�67�ZHQL~_��%��_`J*H:����hW�����Z_5� J^�
;0J*(*�%����;�rx��(*�Z���7(*)��7_~<��HQL���h �p(*<+3��7(v;0$OL�6^��(0<+L�H:©7��JPHQ<+L~6�<+\�9:_SX���u+�7(0HQ5��_R\�;*HQL�)
JPHQ����;0J^����3�;�JP�5��Jtr��7(0�v(0�767<�(*_���_2��<+(��7��6^�>�Nu+��L�J�H:LZJ*���@_�HQ¡��7(0�7LaJ#;0JP(0�%����;7h

�5<+(p67<O6^�aJ^��HQ9�X��%����;�V+JP���#��!�1Drx��;IJP\�L]�7_n<�Ln-A£�����dKHQ<+L�;7V���L�_�J*���#67<+\�LaJ*H:L�)�(P��J*�
��J�JP�]���,M4HQJ�rx��;t9:H:��HQJ*�7_�JP<89:��;*;�JP�5��L>d�f+f ��©�h��/J*���7(�(0\�L�;�rx��(*��6%��(0(*HQ�7_�<+\]J�rtH�JP�

�



Atomic number
5 10 15 20 25 30

C
o

u
n

ts

10

210

310

410

=%�&�D3�»�3;� �²þ2�;�ìû�*�CM�N$P÷©ÿS(M� ùa�²ÿ.�&$,CM���·þ2* þ��R�·þ2*Wù�ü`ù���÷¬ü`ù�Ceÿ�÷�( $�� ��öe÷�=%�L� �·þ2*,�&[¬ü�
���·þ2*D�íûÂöWü��5$P÷©ÿ ���U�jú�ø ��þ`ÿE��öe÷=û�þ�û ����ü��ìý ��$P÷¬ü�� ÿ�CM*Wù�3
�D3�(*HQ�n��(l$ · � �¥X��7���2V]JP������!�1�X���H:L�)DJ*\�L��7_2;*<���;�JP<83�(0<�u4HQ_��@X��7����;�<��s3](*<�J*<+L�;
<+( �e35��(lJPH:6�9:��;7h���<�(#J*���7;0�D(*\�L�;�rtHQJP�>9:H:)���J#35��(0JPHQ679Q�7;7V�JP�]�}9[��;lJ/3]9[��;lJPH:6v;*6�H:LaJPHQ9:9[� JP<+(
r���;�(0�73�9:��67��_2Xa$2��d}67�D�TJ*��H:6^��_���J*�76�J*<+(tJP<8�����73'J*���AJP(0H:)+)+��(�����67HQ�7L�6N$���H:)��¤h

� �� �%�+� ���W�	����� ����� ��� �5�����
	 �7� �

���� ������������������ "!#��$��&%�'

�����tH:L�6�H:_���LaJIH:<+L�;�r��7(0��;0�79Q�76�J*�7_�Xa$D\�;*HQL�)AJP���tHQL]��<+(*����J*H:<+L���(*<+� JP���#��!�1}H:<+L�HQ©%� �
JPHQ<+L�6^�����}X��7(�y��K14�l�°=o��H:)�h�|mBNhO�����/;0H:)+L5��9�����3�9QHQJ*\�_��7;I;06%��9Q�#rtH�JP��J*���/6^�����}X��7(
)a��;3�(*��;*;0\�(*��V�rt��HQ6^�mH:;�7³�\5��9�J*<�J*���x� JP��<+;*3��]�7(*HQ6I3�(*��;*;*\](*��h�-/;s�#6�<+L�;*��³�\��7L�6���V�J*���
y �K1O�l� 6%��9QH:X�(*��JPHQ<+Lnu���(0H:�7_2��;#�D��\�L�6NJPH:<�L2<���J*H:����h�����HQ;�u���(*H:��JPHQ<+L�r���;�6�<+(*(0�76�J*�7_
��<+(�<�u+��(#J*���8E�fDL�H:)+�aJt_�\](P��J*H:<+LZ<���JP���@�,M]3��7(0H:���7LaJ%h

��)( *��+*,'.-/!10�23�������� "!#��$��&%�'

�����8L�<+L4�T9:HQL��%��(0HQJ.$�6�<+(*(0�76�J*H:<+LU��L�_U3���_��7;lJ^��9�;0\�X]J*(P��6NJPH:<�LU��<�(A��9:9W��<+\�(A(*��L�)+��;A3���(
67(l$4;lJ^��9�rx��(*��3���(0��<+(0����_µ\�;0H:L�)¯6�<4� ��67H:��LaJP;>_]��JP��(*��H:L���_ ��(0<+� 6^�5��(*)��N�.HQL��0�76NJPHQ<+L
���7��;*\](*�7���7LaJ*;7h���������X�;0<+9:\4JP�D�7L]�7(*)�$U6%��9QH:X�(*��JPHQ<+L'��<+(KJ*���89:<�r��7;0J@(*��L�)+�'=�&���K�aB
r���;��7;lJ^��X�9QH:;0���7_ZXa$n��_��0\�;lJPH:L])mJP���/���7��;*\�(0�7_Z_���3�<�;*HQJ*�7_4�T�7L���(*)�$�_�HQ;0JP(0H:X�\4JPH:<�L�;�<�X4�
J^��HQL��7_~��<�(�E+h�gY�@�Nz 3�(*<�J*<+L�;}J*<kJP���Z6�<+(*(0�7;*3�<+L�_]H:L�)Y_�HQ;0J*(*H:X]\]JPHQ<+L�;}3�(0�7_�HQ6�J*�7_`Xa$
���p-/b���¢n=o�sHQ)�h+¢�B,h+�����#9[��J0JP�7(p_]H:;0J*(*HQX�\]JPHQ<+L�;�����_�J*<vX��t;*���%��(0�7_8rtHQJ*���@)a��\];*;*H:��L
_�H:;lJP(0H:X�\]J*H:<+Lm<���rtHQ_]JP��f]hj��y'��z¥JP<@X���J0JP�7(I(0�73�(0<4_�\]67��JP���t�,M]3��7(0H:���7LaJ^��9�_5��JP��=®JP��HQ;
��¡��76NJ}rtH:9Q9wX��n��\�(lJP����(m_�HQ;*6�\�;*;0�7_`X���9:<�r�BNh��r�<Y_�HQ¡��7(0�7LaJD6%��9:H:X](P��J*H:<+LU3�(0<46��7_�\�(0�7;
rx��(*����<+9Q9:<�rx��_¤�	JP���t��_ �0\�;0J*����L�JIX���J.r��7��L�J*����J.rx<@_�HQ;0J*(*H:X]\]JPHQ<+L�;�rx��;p_�<�L���_�H:(0�76NJP9Q$
H:L�JP���t5(*;lJ�67��;*��VOrt��HQ9:�#H:L8JP����;*��67<+L�_�VOJ*����J.r�<}_�HQ;0JP(0H:X�\4JPH:<�L�;prx��(*�/;0�735��(P��J*�79Q$8�Jl�
JP��_mrtHQJ*�m&W��L�_���\}_�HQ;0JP(0H:X�\4JPH:<�L�;7V���L�_mJP�]��(0�79[� JPHQu���6�<+Lau+��(*;*HQ<+Lm����6NJP<+(0;r��7(0��_���(*HQu��7_

�



Energy (MeV)
6 8 10 12 14 16 18 20

C
o

u
n

ts

0

500

1000

1500

2000

2500

3000

3500

Energy (MeV)
6 8 10 12 14 16 18 20

C
o

u
n

ts

0

500

1000

1500

2000

2500

3000

3500

Energy (MeV)
6 8 10 12 14 16 18 20

C
o

u
n

ts

0

500

1000

1500

2000

2500

3000

Energy (MeV)
6 8 10 12 14 16 18 20

C
o

u
n

ts

0

500

1000

1500

2000

2500

3000

=%�&�D3��D3cøcü`ý��&$WÿÂü'�²÷�(�(e÷��Pþ@ù��&�²÷�(B��÷�*W÷©ÿ����S(M�ìùa�²ÿ��&$,CD���·þ2*_ùV�tþ`ÿRZ'3�� 	Y÷�� �Wÿ�þ��²þ2*_ù6��ùa�B�5$kþ@ý ù�!
û�þ2�7�dü'ÿ�÷�(��²þ ��öe÷Oû�þ`ÿ�ÿ�÷¬ùa�Pþ2*M(,��*D�
	�¸:���Yõ�� �Wÿ�÷�(M�ìûA���ìþ2*WùÆù���÷¬ü'ÿÂ÷�(�$��
	B3�� �#÷�� ��öM� ù4�
�²þ��`ÿÂü�� ù�!�?,��þ`ÿE��öe÷F`_ÿÂùa� �tþ2CWÿw¸�� ýìü��`÷©ÿÑù�3

��(*<+�¶J*�����Js(*��;*\�9�JP;7hq������67��9:HQX�(P��J*H:<+L@6�<4� ��6�H:��L�J*;s��<+\�L]_DH:LvJ*����J.r�<A3�(0<46��7_�\�(0�7;I��(0�
67<+L];*H:;lJP��L�J#rtHQJ*��H:L�f4h±d+§ <+LZJP�����%u+��(P��)+��V5rtHQJP�2�D��� M4H:�}\�� _�H�¡���(*�7L]67��<��pdOh��a§�h

�x(*<+;0;l�T6%��9QH:X�(*��JPHQ<+L�X���J.r��7��L _�H�¡���(*��L�J���L��7(0)�$¯(*��L�)+��;n��<+(nJ*���Y;P�����k6�(0$O;0JP��9/rx��;
3���(0��<+(0����_nXa$867<���35��(*H:L])�J*����_���J^�����7��;*\�(0�7_�H:L�J*���#<	u��7(09[��3�3]H:L�)v(*�7)�H:<+L�;�=���X�<�\]J
�+f+fk-  @� 6^����L�L���9:;m�@<+\4JD<��#¢af+¬a�2�/��<+(mJ*���Z\�3�3��7(D(*��L�)+�%Bv<�����_��*��6��7LaJ8(P��L�)+�7;�h
y'\�9�JPH:3]9Q$OH:L�)'JP���'&W� �K�¦67��9:HQX�(P� JPH:<�LS67<O����6�H:�7LaJ*;�Xa$RJP�]��J*��\�;�<�X]J^��HQL��7_`(0�79[� JPHQu��
����6�J*<+(*;m3�(*<�uOH:_���_`;*\�6�67�7;0;*H�u+�79�$~JP�]�Z6%��9QH:X�(*��JPHQ<+L�6�<4� ��67H:��LaJP;}��<+(mJ*���nJ*��(*���Z\�3�3��7(
(P��L])+�7;#&W���}E+V ��� �K����L�_ �����}E+h

�� � � ��' ��#���.* '.-/!10�23�������� "! ��$1�&%�'

- ;0H:��H:9[��(�3�(*<O67��_�\�(0�vrx��;/��<+9Q9:<�rx��_'��<+(tJP�]�}y'HQL�H:67��9?h5���]�}3�(*<�JP<+L'(*\�L�;#rx��(*�}3��7("�
��<+(*���7_8rtHQJ*���]H:)+�4�T)a��HQL8����3]9:HQ��7(*;�h+�����#(*��9[��J*HQu+�t��9:�76NJP(0<+L�H:6t)a��H:L�;�rtH�JP��(*�7;03���6�J�JP<
JP����9:<�r��.)+��H:L�����3�9:H�5�7(0;�\];*�7_~��<�(�J*����(*��;0Jm<���JP�]���NM43��7(*HQ����LaJvr��7(0�Z�7;0JP��X�9QH:;*�]�7_
Xa$UH:L��0��6�JPHQL�)2�2;0H:��H:9:��(/6^�5��(*)+��H:LYJP�]��3�(0�%����3�9QHQ5��(*;@��L�_¦67<���35��(*H:L])�J*���8<+\]J*3�\]J
����3�9:H�JP\�_���;7h������#��X�;*<�9:\]J*���7L���(*)�$D67��9:HQX�(P� JPH:<�Lm_���(*HQu��7_8��(*<+� JP����3](*<�J*<+L8_5��J^�Krx��;
6^���76^���7_2rtHQJP�Z)+������� �T(P�%$O;���(*<���� � � b��};*<+\](*67��h�zI�7(l$n)+<O<O_Z��)+(0�7�7���7LaJv=od+§8B�X��,�
J.rx���7L2JP���@6%��9:H:X](P��J*H:<+L�67<O����67HQ�7LaJP;t<+X]JP��H:L]�7_�Xa$�JP���AJ.r�<8���NJP��<O_�;�rx��;�<�X�;*��(0u+��_¤h
�����/67��9:HQX�(P� JPH:<�L8rx��;���9:;*<�67<���35��(*�7_�JP<mJ*�5��J��7;lJ^��X�9QH:;0���7_n��J����I!#b rtHQJ*�Zd�fm�@�Nz
�}\�<+L];x��<+(�J*���A;P������67(0$O;lJ^��9Q;7h�-�)a��H:L�VOJ*���A��)+(0�7������L�Jxr���;���<�\�L�_�JP<mX��K�,M467�79Q9:��L�J7h

g



���� ��� -/' �� ��' 0�� -/$ -/!
	 ��' ��$��&%�'

�����>³�\���L�6^��HQL�)�����6NJP<+(0;7VIH?hq��h�J*���2(P��J*H:<¦X��NJ.rx���7L¯���%��;0\�(*��_¯��L]_ JP�]�7<+(0��JPHQ6%��9t_��,�
3�<�;*HQJ*�7_��7L���(*)�$�Varx��(*�#<+X]J^��H:L���_���<+(�J*���tu���(*H:<�\�;pH:L�6�H:_���LaJ�HQ<+L�;�J*��(*<+\])+��J*���t��<+9:9Q<	r��
H:L�)8;lJP�73];7h

� �����YHQL�67HQ_��7LaJZHQ<+L�;nr��7(0�U;*�79Q�76NJP�7_´Xa$¯\�;0H:L�)~J*���YH:L4��<+(*����JPHQ<+L ��(0<+� JP���U��!�1
HQ<+L�H:©7��JPHQ<+L`6^�5���}X��7(Zy �K14�l�/hx�����k(*��;*\�9�JPHQL�)~_���3�<+;0HQJ*�7_4�T�7L���(*)�$ _�H:;lJP(0H:X�\]J*H:<+L];
���%��;0\�(*��_~H:LUJP�]��5(0;0JD��L�_~9[��;0Jv9[�%$+��(*;}��(*��_�H:;03�9[�%$+��_~H:LS�sH:)]h����<+( ���A�~=?�@B,V
���}E%¢e=o14H®Bm��L�_ ���@d�f`=o���aBmH:<�L�;7hpb#<U)+�7<+����J*(*HQ6%��9�67<+(0(*�76NJPHQ<+L`�5��_`JP<UX�����34�
3�9QH:��_n��;�JP����35��(0J*H:6�9:�7;IJP(*�%u+�7(0;*��_�J*���K6�(0$O;0JP��9�3��7(03���L�_�H:6�\�9[��(wJ*<vJP�]�K9[�%$+��(x3�9:��L���h
�����D_]H:;0J*(*HQX�\]JPHQ<+L�;K�,M4��H:X�H�J@��rx��9:9 �._��N5L��7_UHQ<+L�H:©7��JPHQ<+L>��L��7(0)�$Y3��%����V¤;0�76�<+L�_5��(l$
3��%����;w��JI9Q<	r��7(p��L��7(0)�$867<�(*(*��;*3�<+L�_�HQL�)AJP<@6^�5��(0)+�N�T6^�5��L�)�H:L�)@��u��7LaJP;�H:L}rt��HQ6^��J*���
3�(0H:����(0$>H:<+L];�9Q<+;0J8E�VsdOVW|]VphQh�h�V3](*<�J*<+L�;7VW<+LUJP<�3S<����26�<+LaJPH:L�\�\]� _�\��8JP<2��<+(0�
HQL��79:��;0J*H:6KL�\�6�9:�%��(�(*�%��6�JPHQ<+L�;v=�rtH�JP��_���3�<+;0HQJ*�7_2�7L���(*)�$�;0<+���NJPHQ����;��NM467���7_�HQL�)�J*���
HQ<+L�H:©7��JPHQ<+L4�T3��7���U�7L���(*)�$]BNVw)+(0<	rtHQL�)Y��<+(8_��7��3���(n9:��$��7(0;7h�y'<+;lJnL�\�6�9:�%��(l�.(0�%��6NJPHQ<+L
�Nu+�7LaJ*;v6�<+\�9:_UX��D�79QH:��H:L5��J*�7_kXa$YHQ��3�<+;0H:L�)Z�Z;0�79:��6�J*H:<+LY<��wJP�]��6�(0$O;0JP��9p��H�JA�}\�9 �
J*H:3�9QH:67H�J.$+hO�TJtr���;t6^����6^����_kJP�5��J�J*����3��7����9:<O6%� JPH:<�L�(*���n��HQL��7_�HQL�;*��L�;*H�JPHQu��AJP<DJP��HQ;
;0�79:��6�J*H:<+L¤h

� �����/H:<+L�HQ©%��J*H:<+L��7L]�7(*)�$n3��%����;�HQLnJP���/H:<+L4�T;*��9:�76NJP��_���H:;lJP<+)�(P����;wr��7(0�K�J*J*�7_�rtH�JP�
)a��\�;*;0H[��L���\�L�6NJPH:<�L�;v=�;*<�9:H:_�6�\�(0u��7;KHQL'��H:)�h���BNh������@�J�rx��;#3���(0��<+(0����_'HQL�_���3���L4�
_���LaJP9Q$S��<+(D�%��6^� �7L�_ <��#JP����67(l$O;0J^��9?hI�5<+(}JP�]�'��<�(*H:©�<+LaJ^��9x9[�%$+��(*;7VpJ*����(P��J*H:<Y<��
J*���nJ.r�<Y���7��L�;vu���(0H:��;};*HQ)+L�HQ�6%��LaJP9�$YrtHQJ*�SJP���nH:<+L �sV����L�HQ����;0J*H:L�)2JP����9:��JP��(P��9
_�HQ;*3��7(0;*H:<�Ln<���J*���/HQ<+L�;���9:<+L�)�JP���#��<467��9�3�9[��L]�/6%��\�;*��_ZX�$�JP�]�K;*3��76NJP(*<����NJP�7(���L�_
;lJP�7����H:L�)���(*<+�cJP�]�D9:H:)���J/��J0JP�7L�\5� JPH:<�L>rtHQJ*��H:L>J*���}6�(0$O;0JP��9t=7ªl9:H:)���J#J^��3���(*H:L])+«�BNh
����HQ;@_��73��7L�_]�7L�6���H:;@H:9Q9:\�;lJP(*��JP��_YH:L��sH:)�h¤����<+(AJ*�����(*;0Jv9[�%$��7(7h����]���%u+��(P��)+��<��
J*����J.r�<n��L��7(0)+H:��;#rx��;#67<+L];*H:_]�7(*��_>HQL2J*���v(0�7;lJ/<���JP���v��L5��9Q$O;*HQ;7V���;#HQJ�rx��;���<�\�L�_
J*<�X��@H:L�;0�7L�;0HQJ*HQu+�KJ*<DJP��HQ;#�N¡���6�J#H:L�;lJP\�_�HQ�7;�rtHQJ*��67<+;0��HQ6A�}\�<+L�;vCFE+E7Goh

� �����Z(0�7;0\�9QJ*H:L�)k���%��L~�7L���(*)+HQ�7;D<+X4J^��HQL��7_~��<+(�JP���Z_]HQ¡��7(*��LaJDH:<+L];mrx��(*��J*���7L`_�H �
uOH:_]�7_8Xa$mJP�]<+;*�t�NMOJ*(P��6NJP�7_8��(*<�� J*�������p-Kb#��¢@;*H:�m\�9[��J*H:<+L];�HQL8�@;0H:��H:9:��(�����;*��HQ<+L
=��sH:)�h�g+B�JP<D$OH:��9:_ZJP�]��³�\���L�6^��HQL�)�����6NJP<+(0;7h

�����K���%��;0\�(*��_Z³�\��7L�6^�]H:L�)D����6NJP<+(0;���(0�K_�H:;03�9[�%$��7_���;x�v��\�L�6NJPH:<�L�<���JP�]�KH:<+Ln��JP<���HQ6
L�\��}X��7(�HQLZ�sH:)]h4�4h��5<+(x9QH:)+�aJ7VO�]H:)+�4�T�7L���(*)�$�H:<�L�;7V�JP���/³O\]�7L�6^��HQL�)D����6�J*<+(*;���(*�/��<�\�L�_
JP<AX���)+(*�7��JP��(�JP�5��L2E�V�H?hq��h�JP�������%��;0\�(*��_8�7L���(*)+HQ�7;I��(0��)+(*�7��JP��(�JP�5��L}J*���t6%��9Q67\�9:��JP��_
<+L���;7VWXa$�d�|a§ ��<+( ���A��=?��BNh����]H:;�;*HQJ*\5��J*H:<+LYHQ;�<�3�3�<�;*HQJ*�DJP<�JP�5��J�6�<+����<+L�9�$><�X4�
;*��(0u+��_2��Jx9Q<�r¥H:L�6�H:_���L�J��7L]�7(*)�$�rt����(*�/J*���K³�\���L�6^��H:L])m����6�J*<+(*;�9:HQ��X��79Q<	r¯\�L�HQJ.$�hO���
rtH:9Q9a(*������(�J*</JP��HQ;�\]L��NM43��76�J*�7_8��¡��76NJp��;Kª*��LaJPHQ³�\��7L�6^�]H:L�)+«�H:L�JP���w��<+9:9Q<	rtHQL�)�h%���]H:;s�N�[�
���76NJs67��LvX��IJP(P��6^���7_m_�<�rtLvJP<#9:<�r��7(H:L�6�H:_���LaJ���L��7(0)�$AJP����L���;�J*<#J*���tE��A��zA£�L�\�679Q�7<+L
_5��JP�]Vp��;D;0<+���ZHQ<+L�;8��3]3�(*<a��6^�e<�(D(*�%��6^�e��\�9Q9x;lJP<+3�3]H:L�)YHQL`J*���Z6%��9:<+(0H:����JP��(Z=��sH:)�h
¬aBNh��5<+(#�NM]����3�9:��V���)+(P��_]\5��9�JP(*��L�;*H�JPHQ<+L'J*<	rx��(0_>JP���m�OL]<	rtLY9Q<�r��.�7L]�7(*)�$'X��7����uOHQ<+(
=�³�\���L�6^��H:L])�����6NJP<+(� E	BxH:;�<+X];*�7(lu+��_>��<+( ���}E	�}H:<+L];t��;�JP���@HQ<+L�;t;*9Q<	r _�<�rtL¤h

�



Energy (MeV)
0 1000 2000 3000 4000 5000 6000

C
o

u
n

ts
1

10

210

310 Z=8

Energy (MeV)
0 1000 2000 3000 4000 5000 6000

C
o

u
n

ts

1

10

210

310

Z=8

Energy (MeV)
0 1000 2000 3000 4000 5000 6000

C
o

u
n

ts

1

10

210

310 Z=14

Energy (MeV)
0 1000 2000 3000 4000 5000 6000

C
o

u
n

ts

1

10

210

310

Z=14

Energy (MeV)
0 1000 2000 3000 4000 5000 6000

C
o

u
n

ts

1

10

210

310

Z=20

Energy (MeV)
0 1000 2000 3000 4000 5000 6000

C
o

u
n

ts

1

10

210 Z=20

=%�&�D3���3 dR÷��Pþ@ù����²÷�(B��÷�*e÷©ÿ���� (M�ìù��²ÿ.�&$,CD���ìþ2*Wù"�Æ÷¬ü`ù�Ceÿ�÷�(��9* ��öe÷�`WÿÑùa�;��ý·÷��z��!Qü�*M(9ýìü`ù��;��ÿ.�&�@ö-��!
¸ � ýìü��`÷©ÿÑù"��þ`ÿ7Z'3��H	Y÷����*�CWû©ý·÷©þ2*��V?8�B��?Pø�ü>�·þ2*WùV�z�tÿÂþ2� �²þH$Pþ��a�²þ2� ÿ�÷¬ùa�P÷¬ûA���&1`÷¬ý&�M!�3kõ;öe÷
ù²÷¬û�þ2*,(Wü'ÿ��7�P÷¬ü	�jù)ü'��ý·þ # ÷©ÿ�÷�*W÷©ÿ����Æû�þ`ÿ�ÿ�÷¬ùa�Pþ2*M(;�²þ(ûÑöWü'ÿ��`÷A�íûÑöWü�*D�2��*D�2÷�1`÷�*-��ù ��* # ö,�ìûÂö7��öW÷
�Wÿ����Æü'ÿ�� �·þ2*_ùYýìþ@ùa�7Z'?5º�?�»�?%3&3&3&?8�WÿÂþ��²þ2*Wù�3qõ%öe÷�ù²þ@ý��9(
û�Ceÿ.1`÷¬ù°û�þ`ÿ�ÿ�÷¬ùa�Pþ2*M(6�²þH��öe÷V�@ü�CWù�ù�� ü�*
`M��ù%þ�� ��öW÷F�·þ2*M�&[¬ü'���·þ2*H�P÷¬ü	��ù�3

�5<+( ���.35��(lJPHQ679:��;7VO��;wJP���K_]H:;0J*(*HQX�\]JPHQ<+LnHQ;xL�<�J�)a��\];*;*H:��L4�T;*�5��3��7_�V4JP�]�K³�\��7L�6^�]H:L�)}����6,�
JP<+(I�5��;�X��7��L�_���J*�7(0��HQL��7_�Xa$�;06%��9QH:L�)AJ*����67��9:6�\�9[� JP�7_�_���3�<+;0HQJ*�7_n_]H:;0J*(*HQX�\]JPHQ<+L8;*<v��;
JP<YX��7;lJ�(0�73�(0<4_]\�67��J*�������7��;*\�(0�7_`<+L���hp�sHQ)�hQE%f>_�H:;03�9[�%$O;8�k67<���35��(*H:;0<+LRX���J.r��7�7L
���7��;*\](*�7_ ��L]_¶6%��9Q67\�9:��JP��_ _��73�<+;0HQJP��_¶�7L���(*)�$µ_�H:;lJP(0H:X�\]J*H:<+L];7VtJP���S��<�(*���7(>X��7HQL�)
;*67��9:��_¦Xa$U������6NJP<+(D=lE��jfa�+�+BP� · =�L�<�;0���7��(*HQL�)Z�5��;AX��7��LS��3]3�9:HQ�7_>J*<�J*�����@�I-/b���¢
_�H:;lJP(0H:X�\]J*H:<+L5BNh������A³�\��7L]6^��H:L�)D����6NJP<+(x��JAE+h�g}�A��zA£�L�\�679Q�7<+L�H:;wJP��\�;AE+hjfa�+�	��f]hjf+fa�Oh

¬



0.95
0.96
0.97
0.98
0.99

1
1.01
1.02
1.03
1.04
1.05

6 8 10 12 14 16 18 20 22 24

Atomic number
E

-/E
+

EM

=%�&�D3 ��3D�;ü'���·þ(þ��_��öe÷���÷¬ü�*|÷�*e÷©ÿ��2�·÷¬ù ��÷¬ü`ù.Ceÿ�÷�(|ü'� ��öW÷"� # þ2÷�*M(Wù)þ��{ü(û�ÿ���ùa��ü`ýe��*���öW÷"`WÿÑùa�
��öeþ`ÿ��&[©þ2*<��ü`ýz!�ýìü��`÷©ÿ0?_ü`ù;üV�KCM*WûA���·þ2* þ��%��öe÷5�·þ2*Zü'�²þ2���ìûF*�CM�5$P÷©ÿ�3

Atomic number
0 5 10 15 20 25 30

D
ep

o
si

te
d

 e
n

er
g

y 
(M

eV
)

1

10

210

310

410

=%�&�D3 �-3 �"1`÷©ÿÂü'�`÷G(e÷��Pþ@ù��&�²÷�(.÷�*e÷©ÿ�������þ`ÿ5��öW÷J�·þ2*M��[¬ü'���·þ2*��P÷¬ü	�9ü`ù(üt�KCM*WûA���·þ2*.þ��\��öe÷H�·þ2*
ü'�²þ2��� ûF*-C,�N$P÷©ÿ�?eü`ù;û©ü`ý û�CWýìü'�²÷�( # ����öt	�¸^� �Rõ �D3
� �����%�a��� �%�����

� ��� �,% 	�� ��! ��� %�'�� ��$ � %�$ � -/! � ��$&�

-/;#JP���m��LaJPH:³�\���L�6^��HQL�)���¡��76NJ/rx��;K\�L]�NM43���6�J*�7_¤V��}\�9QJ*H:3�9Q�A67(0<+;*;"�.6^����6^�O;@�5�%u��}X����7L
3���(0��<+(0����_¤h �����x)+<O<O_}��)+(0�7������L�JsX��NJ.rx���7L�y'HQL�H:67��9O��L�_D�wy²(0�7;*\]9QJP;�=o�sHQ)�h	�aB(0\�9:��;
<+\]J���L@�79Q�76NJP(*<�L�H:6�;l�.(0�79:��JP��_�3](*<+X�9Q�7�2V%;*HQL�67�pJ*����y2H:L�HQ6%��9��n�����7;\�;*�w<��43��7���+�.;0�7L�;0H:L�)
-  @�x;�rt��H:9Q�8J*������y -A14�l�x;};*����3�9:�DJP�]����L5��9:<+)�;*HQ)+L5��9Q;���J}��]M4�7_~_]�79[�%$YJ*H:���
JP��(0<+\�)+���S�(P��6^� � ��<+9Q_�;lJ^��)+��h��TJ��}\�;lJ�X��>����3�����;*HQ©7�7_eJP�5� J�J*���>9Q<+L�)+H�JP\�_�HQL5��9
;*��<�r��7(�3�(*<��9:�7;8���%��;0\�(*��_¯��J����I!#b ��<�(��]H:)+�4�T�7L���(*)�$S�79Q�76�J*(*<+L];k=���� E�fS�A��zAB
��L�_e6%��9QH:X�(*��JP��_~rtHQJ*�eJ*���2��X�<�u��23](*<O67�7_]\�(*�S=�\�;0H:L�)U��HQ)+�4�T�7L���(*)�$R�m\�<+L�;8H:L];0JP�7��_
<���3](*<�J*<+L�;^B�rx��(*����<+\�L�_~C E	d	G�JP<nX���H:L�u+�7(l$>)�<4<O_2��)+(*���7���7LaJ#rtHQJP�2JP���m�@�I-/b���¢
3�(*��_�H:6NJPHQ<+L�;7h�����HQ;/��)+(*���7���7LaJK_�����<�L�;0J*(P��J*�7;�J*���@u���9:H:_]HQJ.$�<���JP���v6%��9QH:X�(*��JPHQ<+LZ3�(0<��
67��_�\�(*�>��L�_ �0\�;0J*HQ5��;�J*���2H:��3�9:HQ67HQJ}��;*;0\���3]JPHQ<+LeJ*�5��J8JP�]�7(*�2H:;8L�<�³�\��7L�6^�]H:L�)¦��<+(

E�f



0.8
0.85
0.9

0.95
1

1.05
1.1

1.15
1.2

1.25
1.3

0 2 4 6 8 1012141618202224262830

Atomic number

Q
u

en
ch

in
g

 f
ac

to
r

EM
minical

=%�&�D3���3��#÷¬ü`ù�Ceÿ�÷�(���Ce÷�*WûÑöM��*D�6��ü`ûA�²þ`ÿÂùÆü`ùÆü6�KCM*WûA���·þ2*xþ��L��öe÷H�_ü'ÿ����ìû©ý·÷Zü'�²þ2��� ûG*-CM�5$P÷©ÿ�3
õ%öW÷+ù²þ@ý��9(
(eþ���ùG��þ��P÷�*xù��-C_ü'ÿ�÷¬ù�!=û�þ`ÿ�ÿ�÷¬ùa�Pþ2*M(
��öe÷}¸�� � �c��*M�ìû©ü`ýz!U(Wü'��üB3Mõ%öe÷ ùa��ü'���ìùa��� û©ü`ý
÷©ÿ�ÿÂþ`ÿÂù6ü'ÿ�÷\*e÷��@ý��&�2��$_ý·÷�?0��öW÷%ùa�jù��²÷��Æü'���ìû CM*Wû�÷©ÿ���ü��9*<���·÷¬ù6ü'ÿÂ÷)÷¬ù������Æü'�²÷�(7�²þ�$P÷I»��>3`õ%öe÷ $P÷¬ü��
÷�*e÷©ÿ.���H� ùUZ'3��;	Y÷�� �*-C_û©ý·÷©þ2*83

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1 2 3 4 5 6 7 8

6
9
12
15
18
21
24
27

Z

Layer

Q
u

en
ch

in
g

 F
ac

to
r

EM   1 GeV/nucleon

=%�&�D3���3}�;ü'���·þÆþ��Q��÷¬ü�*t��÷¬ü`ù�Ceÿ�÷�( �2û©ü`ýìû�CWýìü'�²÷�(t(e÷��Pþ@ù��&�²÷�( ÷�*e÷©ÿ��2�ì÷¬ù;ü`ù;üV�KCM*WûA���ìþ2*Zþ�� ��öW÷
¸ � ý ü��`÷©ÿE��þ`ÿ"(M� �k÷©ÿ�÷�*-�\�·þ2*�ü'�²þ2��� ûF*-C,�N$P÷©ÿÂù�3eõ%öW÷U$k÷¬ü�� ÷�*e÷©ÿ����G�ìùUZ5	Y÷�� �*�CWû©ý·÷©þ2*83
��H:)��4�.��L��7(0)�$2�79:��6�J*(*<+L�;�V��}\]<+L�;A��L]_k3�(*<�JP<+L�;�h��TJA���%$2X��v\�;*�N��\�9sJP<n(*�7H�JP��(P��J*�vJP����J
JP���x6%��9QH:X�(*��JPHQ<+Lv3��7(l��<+(*���7_vrtHQJP�m)a�����n� �T(P�%$O;��(0<+� � � � b/��;*<+\�(067����<+(JP����y'H:L�HQ6%��9
H:;�HQL2�,M467�79Q9:��L�J���)�(*�7������LaJ#rtH�JP�ZJP����Jt<+X]JP��H:L���_Z��(*<+�¨3](*<�J*<+L�;7h

�KL��/67��Lnr�<+L�_���(�HQ�¤J*���K_�H�¡���(*��L�67��H:L�J*���K³�\���L�6^��H:L])m����6�J*<+(*;�_���J*�7(0��HQL��7_n��<�( ���}E
35��(lJPH:6�9:��;@��L�_¦H:<+L�;AHQ;AL�<�Jv��L¦��(lJPHQ����6�J@(*��9[��J*�7_YJP<ZJ*���8_�HQ¡��7(0�7L�6���HQL¦;0�5��3��8<���J*���
_��73�<+;0HQJP��_U�7L���(*)�$Y_]H:;0J*(*HQX�\]JPHQ<+L�;���)a��\�;*;0H[��Lk��<+(/H:<+L�;�V�&W��L�_5��\4�.9QH:������<+( ���}ED35��(lJPH �
679Q�7;�=�HQLU35��;*;0H:L�)]V¤HQJA�m\�;0J@X��DL�<�J*�7_UJP�5��J/JP���8_�H�¡���(*�7L]67�8X��NJ.rx���7L¦JP���D��<4_]�8��L�_

E+E



Energy (MeV)
35 40 45 50 55 60

C
o

u
n

ts

0

100

200

300

400

500

600

700

800

900

=%�&�D3 Z�	B3#ø)þ2�7�_ü'ÿ��ìù²þ2* $k÷�� # ÷©÷�* ��öe÷ (W÷��kþ@ù.�&�²÷�( ÷�*e÷©ÿ���� (M� ùa�²ÿ.�&$,CM���·þ2* �Wÿ�÷�(,�ìûA�²÷�( $-�
	�¸:���Yõ�����öM� ùa�²þ��`ÿÂü��J!®ü�*M( ��öe÷G��÷¬ü`ù�CWÿ�÷�(�þ2*e÷���ùa�B�N$Pþ@ýìù�?\÷�*e÷©ÿ�����ÿ�÷�(MCWû�÷�( $�� ��3 ����!
��þ`ÿNZ'3��;	Q÷����*�CWû©ý·÷©þ2*��)�dü'ÿ����ìû©ý·÷¬ù�3
�%u+�7(*��)+��u���9:\���;m<���JP���n��;0$O�����NJP(*HQ6�_]H:;0J*(*HQX�\]JPHQ<+LU6%��9Q67\�9:��JP��_¦J*���n9:��J*J*�7(@35��(lJPHQ679:��;
H:;w<+L�9�$��a§8BNh�����H:;w3�<+;*;0H:X�HQ9:HQJ.$}�5��;IJP��<+(0<+\�)+�]9Q$8X��7�7LnH:Lau+��;0JPHQ)a��J*�7_¤h���;0H:L�)�_�HQ¡��7(0�7LaJ
��;*;0\���3]JPHQ<+L�;7VOJP���A��� M4H:�m\��²_]��uOH[��J*H:<+Ln<��WJP���A67��9:HQX�(P��J*H:<+L�67<+L];0J^��L�J*;t�7;0JP��X�9QH:;*�]�7_
��(*<+�cJ*��� ���}Em3���(0J*H:679Q�7;t_�HQ;0JP(0H:X�\4JPH:<�L�;�HQ;#��<�\�L�_>J*<nX��m9:<�r��7(#JP�5��Lk|a§�h��TJ�H:;#JP��\�;
�NM4679Q\�_���_¦J*�5��JAJP�]��_]HQ¡��7(*��L�67�8HQLY;*�5��3��8<��IJP���8_�HQ;0J*(*H:X]\]JPHQ<+L�;K��(*�8������6�J*<+(AH:LkJ*���
<+X�;0�7(0u��7_>���7��JP\](*�7;�h

�����~_���3�<�;*HQJ*�7_ ��L��7(0)+H:��;k6%��9:67\]9[��J*�7_µXa$ ���p-/b���¢�r��7(0�~67<+��35��(0�7_µJ*<�JP�]�S(*�,�
;*\�9�JP;t<���<�JP�]�7(t6%��9Q67\�9:��JPHQ<+L�;�1]!#�ly CFE�|�GoV�b��l14� C E%¢�G?V��@�p-Kb��t|4V5_�HQ¡��7(0�7LaJtu+�7(0;*HQ<+L�;
<��t�@�p-Kb#��¢�VW<+(@X�$¦;0H:��3�9Q$>H:LaJP��)+(P��J*H:L�)ZJ*��� 	���JP�]�N� 	�9:<O6^�¦��<+(0�}\�9:�]h¤������(*��;*\�9�JP;
;*��<�r��7_�9:H�J*JP9Q��_]H:;*3��7(0;*HQ<+L¤V�J*����(*�N���7(0�7L�6��#(0�7;0\�9QJ*;p)+HQu��7L8Xa$81]!t�ly¨X���H:L�)DE	§°��L�_8¢�§
��H:)����7(IJP�5��L�JP�]�A�@�I-/b���¢v3�(*��_�H:6NJPH:<�L�;w��<�(���HQ<+L�;w��L�_�3](*<�J*<+L�;w(*�7;03���6�J*HQu+��9Q$�h ��;"�
H:L�)v1]!t�lycH:L�;lJP�%��_�<��¤�@�I-/b���¢@rx<�\�9:_���6�J*\5��9Q9Q$}�Nu+��LnH:L]67(*�7��;*��J*����HQ<+L8³�\��7L�6^�]H:L�)
����6�J*<+(*;t_�HQ;*3�9:�%$+�7_2H:L���H:)�h5�4h

����LZJP������LaJ*H:³�\��7L]6^��H:L�)8�N¡���6�J#X��A_]\��KJP<��}3��a$O;*HQ6%��9�3�(0<46��7;0;�� Jt3�9[�%$�HQL�JP���A;067HQL4�
JPHQ9:9[� JP<+(��@-�;/���7LaJPHQ<+L��7_'�%��(09:HQ�7(7V5³�\���L�6^��HQL�)�H:;#\�L�_]�7(*;lJP<O<4_>��;/(0�7;0\�9QJ*H:L�)8��(*<+�¨J*���
�NM467H�J^��J*H:<+LR<��/L�<�L4�.(*��_�H[� JPHQu���_���)+(*���7;8<��#��(*�7��_�<+� HQLRJP���Z;067H:LaJ*H:9:9:��JP<�(mX��76%��\�;*��<��
JP���A�]H:)+��HQ<+L�HQ©%��J*H:<+L�_��7L�;0HQJ.$���(*HQ;*H:L])m��(*<+� JP�]�A35��;*;*��)+�A<����}9:��(*)+�,� �'HQ<+L¤VOX�(*HQL�)+HQL�)
��X�<+\]J@��L�<�L4�.9QH:L��7��(/9QH:)+�aJ/��\]L�6�J*H:<+L��#=�� mBNV�rt����(*��� ¨H:;�JP���D��L��7(0)�$k_���3�<�;*HQJ*�7_
rtHQJ*��H:L�JP����67(l$O;0J^��9?h�-�JK9Q<	rµH:L�6�H:_���LaJ/��L��7(0)�$+V�JP������¡��76NJK<+L]9Q$�_���3���L�_�;/<�L
	 ��	��
= 	xHQ(*��;7i]&W��r CFE�f�G[B�X�\]J#��J���H:)+�n�7L���(*)�$�V5HQJ���9:;*<DX��76�<+���7;�_���3���L�_���L�J�<+L�J*���AH:<+L �s�
��Js�#]M4�7_�	 ��	��WV	J*���x�]H:)+����(��sV�J*�����]H:)+����(�����L�_mJP��\�;JP����)+(*�7��JP��(J*��� �%�.��9:��6�JP(0<+L
�7��H:;0;*H:<�L¤V	(*�7_]\�67HQL�)KJP���x³O\]�7L�6^��HQL�)�Cjg	G � h+1OH:L�6���	 ��	��8_���67(*�7��;*��;w��L�_}JP�]�x��(P��6NJPHQ<+L
<��pJP�]�m�7L]�7(*)�$>67��(*(0H:�7_>X�$ �%�.�79Q�76NJP(*<�L>H:L]67(*�7��;*��;A��;#JP���}3���(0J*H:679Q�v��L��7(0)�$'H:L�6�(*�%��;*�7;�V
X�<�JP�Z����6�J*<+(*;t6�<+L�67\](tJ*<n�D(0�7_�\�6NJPHQ<+L�H:L�³�\��7L�6^�]H:L�)n��Jt��H:)����7(���L��7(0)�$+h

�TJwH:;IH:L�;lJP(0\�6�J*HQu+�tJP<�67<���35��(*��JP���t³�\���L�6^��H:L])m����6�J*<+(*;I���%��;0\�(*��_���Jx��14��rtH�JP�8JP��<�;*�
<+X]JP��H:L���_ CFE	� G@HQLµ�`3�(0��uOH:<+\];'�,M]3��7(0H:���7LaJ'��J>�@-/b��"& X��79Q<�r g�| y'��zA£�L�\�679Q�7<+L
=o�sHQ)�h�E+E	BNh����]�n9[� J*JP��(v�,M43���(*H:���7LaJ�r���;}3���(0��<+(0����_�rtH�JP��J*���n;*������6�(0$O;0JP��9:;�V �p�"b

� d�Ce÷V�²þG��öe÷��ìÿQýìþ2*D� ÿÂü�*D�`÷¬ù�?�� ÷¬ý·÷¬ûA�²ÿ�þ2*WùQ÷¬ùÂû©ü'�k÷7��öW÷��_ÿ.���Æü'ÿ�� �ìþ2*M�&[¬ü'���·þ2*Oû�þ@ý�CM�;*gü�*,(
ý·÷¬ü01`÷N��öe÷��ìÿc÷�*e÷©ÿ����G��*ZüÆý·÷¬ùÂù\(e÷�*Wù²÷F�·þ2*,�&[¬ü'���·þ2*Zÿ�÷��2�ìþ2*83

E	d



Energy (MeV/nucleon)
10 210 310

Q
u

en
ch

in
g

 f
ac

to
r

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3
Z=6

Z=8

Z=14

Z=26
Z=6

Z=8

Z=14

Z=26

GANIL GSI

antiquenching

quenching

=%�&�D3 Z�Z'3]ø�þ2�7�,�ìýìü'���ìþ2*Oþ��E��öe÷ ��Ce÷�*WûÑöM��*D�t��ü`ûA�²þ`ÿÂùV��÷¬ü`ù.Ceÿ�÷�(xü'�V	�� �;ú4��ü�*M( 	F�jú�ü`ù(ü
�KCM*WûA���·þ2*=þ��D��öe÷:�ìþ2*�� ù�÷�*e÷©ÿ.���U�k÷©ÿ *-C_û©ý·÷©þ2*8?���þ`ÿ ��öW÷:(M� �P÷©ÿ�÷�*-� �·þ2*_ùqÿ�÷¬ý·÷�1'ü�*<� �²þ���öW÷Ëþ2*B��þ`ÿ�$}�&�
û©ü`ý���$WÿÂü'���·þ2* þ��T	��Y�U��õ�� ù;û©ü`ý·þ`ÿ.����÷��²÷©ÿ03
_�H:<O_���;'��L�_´J*���Sy'H:L�HQ6%��9/�79:��6�J*(*<+L�HQ67;2��;'��J>�v1O����L�_¥JP�]��_5� J^�Rrx��(*����L5��9�$4©��7_
rtHQJ*�n�@;*HQ��HQ9[��(�3](*<O67�7_]\�(*��h �#<�rx�Nu+�7(�V];0H:L�6��#J*����HQ<+L�;I;0J*<+3�3��7_�H:L�;0H:_��#�v6�(0$O;0JP��9?V+J*���
³�\5��LaJPH�J.$��#=  ����� Brx��;p��6NJP\5��9:9Q$����%��;0\�(*��_2=�rt����(*�  ����� H:;JP����HQ<+L}HQL�67<+��H:L])���H:L]��JPHQ6
�7L���(*)�$]B,V]��L]_�JP�]��³�\���L�6^��H:L])v����6NJP<+(w_5&£�_5�Srx��;w_��7(0HQu+��_�Xa$8_�HQ¡��7(0�7LaJPH:��JPHQ<+L8<���J*���
��\�L�6NJPH:<�L5��9��J0JP��_2<�L�J*���@_5��JP�]h�-�Jt9:<�r H:L�6�H:_���LaJt�7L���(*)�$�V�JP���@�NM43��76NJP�7_'³�\��7L�6^�]H:L�)
;*H�JP\5��J*H:<+L>=�³�\���L�6^��HQL�)}����6�J*<+( ��E�BIHQL�_��7��_�3�(0��u���H:9Q;�X]\]JxJ*���/³�\���L�6^��H:L])}����6�J*<+(*;�(*H:;0�
rtHQJ*��J*����HQ<+L��7L���(*)�$�V]��;I�,M]3��76NJP��_���(*<+� J*������X�<�u��/67<�L�;*HQ_��7(*��JPHQ<+L�;7ha���]�A��14�s_5� J^�
����9:9�(P��J*���7(tL�HQ67��9Q$�HQLZJP���AJP(0�7L�_2<��JP���v�A-Kb#�"&S_5��JP�]h

�5(*<+� �sHQ)�h�E+E+V���LaJ*H:³�\��7L]6^��H:L�)'H:;@JP��\�;vL�<�Jm��;v;0\�(*3](*H:;0H:L�)>��;�HQJ��n�%$Y5(0;0J}��3�3��%��(�h
��<�r���u+��(7V+rt�a$m�/9:HQ)+�aJsHQ<+Lm9Q�%��_�;JP<K��<+(0��9QH:)+�aJ�3���(py'�Nz{<���_���3�<+;0HQJ*�7_}��L��7(0)�$mJ*�5��L
�k3�(*<�JP<+L~HQ;m\�L]679:�7��(7h�-¨L�\�679Q�%��(m��¡��76�J8����;}X��7�7L`6�<+L�;*HQ_��7(0�7_¤V�X�\]J}J*���Z<+X�;0�7(lu+�7_
L5��(0(*<�rtL��7;0;�<��sJP�]��HQ<+L�HQ©%��J*H:<+L�3��7����;���������;�JP��HQ;�u+�7(l$�\�L�9QH:����9Q$�h

� �)( � ��� � - ��� � � -

�����`ª*��L�J*H:³�\���L�6^��H:L])+«>�N¡���6�JDHQL�_�H:67��JP��;m�2_�HQ¡��7(0�7L�6��nHQL�JP�]�n;*6�H:LaJPHQ9:9:��JPHQ<+LY3�(*<O67��;*;
��<+(w3�(*<�J*<+L�;x��L�_����7�%uO$�H:<�L�;7h��TJxJ*��\�;���3�3��%��(*;xHQLaJP�7(0�7;lJPH:L])vJP<vH:Lau+��;0J*H:)a��J*��J*����J*H:���
_��73��7L]_��7L�6��D<��sJ*���m9QH:)+�aJt<+\4JP3�\]J7V�rt�]H:6^�>HQ;�<�X�;*��(0u+��_eC�¢�GJ*<nX��v_]HQ¡��7(*��LaJKX���J.r��7�7L
3�(*<�JP<+L�;n��L�_ ���%�%uOH:��(nL�\�679Q�7H���J�9:<�rcH:L]67H:_]�7LaJn��L��7(0)�$µ=o�w£�L�\�6�9:�7<�L �@E�f+f~y2��z@B,h
�����Z9:HQ)+�aJm<�\]JP3�\4JD6%��LRX���_���;*6�(*H:X��7_e��;vJP����;0\�� <���J.rx<Y�,M]3�<+L���LaJPH[��9x��\�L�6NJPH:<�L�;
��;*;0<46�H[��J*�7_ZrtHQJ*�>�}����;lJ#��L�_'�D;*9:<�rµ67<+��3�<�L��7LaJ��

�#=	�0B � � ��

� C���� �NM43=�� �
��� B��

=lE�� � B��� �,M]3=�� �
��� B"G

E�|



�pX��7H:L])�JP�]�m(*��9[��J*HQu���r��7HQ)+�aJK<���J*���v����;0JK6�<+��3�<+L]�7LaJ%h�����;0J/��L�_k;09:<�r¶6�<+��3�<+L���LaJP;
��(*HQ;*�}��(0<+� J*���D_��7�,M467HQJP��JPHQ<+LU<���_�HQ¡��7(0�7LaJ@;0JP��JP��;�<���J*���D;*6�H:LaJPHQ9:9[� JP<+(mC�¢�G?h������D����;lJ
67<+��3�<+L��7LaJs67<+(0(*�7;03�<�L�_�;sJ*</JP����(P��_]H[��J*HQu+�w6%��3]JP\�(0��Xa$m��9]��6�J*HQu���J*<+(W;*HQJ*�7;�<���9:<O<+;*��9Q$
X�<�\�L�_k��9:�76NJP(0<+L4�.�]<+9:�@35��HQ(*;m=��,M]6�HQJ*<+L�;^B,V�rt��<�;*�v��<�(*����JPHQ<+L�H:;����%u�<+(*��_Y��J���H:)+�'H:<+LO�
H:©7��JPHQ<+L'_]�7L�;0HQJ.$+h¤�KLkJP���v<�JP����(K�5��L]_¤V�J*���};09:<�r°67<+��3�<+L��7LaJK��(*HQ;*�7;#��(*<+�cJ*���}6%��34�
JP\�(0�/<���H:L�_]HQuOH:_�\���95�79Q�76�J*(*<+L];���L�_���<+9Q�7;w(*�7;0\�9QJ*H:L�)�H:L�JP�����NM467H�J^��J*H:<+L�<�������JP��;0JP��X�9Q�
;0JP��JP��;sL�<�Js��6�67�7;0;*HQX�9:�IJP<��NM467H�JP<+L�;�h����]H:;3�(*<+3��7(lJ.$ �0\�;0J*HQ5��;�JP�]��\�;0�x<��5��9:� ��9QH+�5��9QH:_���;
9:HQ���m�x;*�t��<+(�3]\�9:;0�N�.;0�5��3��}H:_]�7LaJPH�56%��J*H:<+L�V��8JP��6^��L�H:³�\��}rtHQ_��79�$2\�;*��_YH:L>9Q<�r��.�7L]�7(*)�$
���%�%u�$a�.HQ<+L'L�\�6�9:�7��(�3��a$O;*H:6�;7h

�sM]3��7(0H:���7LaJ^��9:9Q$�V�H�JKrx��;A��<+\�L�_ CFE���GpX��79Q<	r |+f2y'�Nz@£�L�\�6�9:��<+LYJP�5��J ����� g ������L�_
(*���n��HQL�;���;*;*��LaJPH[��9:9Q$�67<�L�;0JP��LaJ#��<�(���9:9�35��(lJPH:6�9:��;�rt����(*�%��; ����� f ���	�PE ������L�_Zu���(*H:��;
;*HQ)+L�HQ�6%��LaJP9�$�rtH�JP�~J*���Z35��(lJPH:6�9:��L���JP\�(0��h����]�2;09:<�r 67<+��3�<+L��7LaJ8(0�73�(0�7;*��LaJP;���<+(0�
JP�5��L |�fa§ <���J*���kJP<�J^��9�9:H:)���J�$OH:��9:_¯��<+(�3](*<�J*<+L�;7V�rt��H:9Q�>HQJ�H:;Z��9Q��<�;0J�L]�7)+9QH:)+HQX�9:�
��<+(����%�%u�$¯HQ<+L�;7hw�.L¯(0���"h/Cjg GoVIJP���'3�\�9:;0�k;*����3��'���7��;*\](*�7_¯rtH�JP���S3���<�J*<�JP\]X��2��<+(
9:<�r��.��L��7(0)�$2���%�%u�$kHQ<+L�;m=o�w£�L�\�6�9:�7<�L � ��fZy'�Nz@Btrx��;/��<�\�L�_>J*<��NM4��HQX�HQJ�<+L�9�$�<+L��
67<+��3�<+L��7LaJ7V5�5�%u4HQL�)��D_��767��$ZJ*H:���A<��s�a��f}L�;�h

�.L�J*����(0�79:��JPH�u4HQ;0J*H:6�_�<+����HQL¤V�JP�]��3�\]9:;*�#;*����3���;x�5�%u��/L�<�J�X��7�7Ln���7��;*\�(0�7_���<+(I���%�%u�$
H:<+L];vJP<2JP���nX���;0J}<��t<+\�(m��L�<�rt9Q�7_�)+��hs-�;}�>;09:<�r 67<+��3�<+L��7LaJvrtHQJP�~�>_��767�%$�J*H:���
9:<+L])+�7(KJ*�5��LU;*�Nu+�7(*��9 ����HQ;A�7;0;*�7LaJ*H[��9Q9Q$>�9QJP��(*��_�<+\4J@X�$>JP���8;*����3�H:L])'����3�9QHQ5��(*;�V¤�
_�HQ¡��7(0�7LaJp���7��_�H:L])�<���J*��������;0J^£�;*9Q<	r 67<���3�<+L���L�J*;p��<+( ���}Et35��(0J*H:6�9:�7;���L�_8���%�%u�$8H:<�L�;
rx<�\�9:_8��¡��76NJpJP�������%��;*\�(0�7_8³�\��7L�6^�]H:L�)@����6�J*<+(*;���L�_83�<�;*;*HQX�9Q$v9:�7��_}JP<KJ*����<+X�;0�7(lu+�7_
ª*��LaJPHQ³�\��7L�6^�]H:L�)+«���¡��76NJ%h

����H:;D6�<+L�;0H:_���(P��J*H:<+LR��<�JPH�u���JP��_`�k67<+��3�9:������LaJ^��(l$S�,M]3��7(0H:���7LaJ%V�rt�]H:6^�Rr���;�3��7("�
��<+(*���7_m��)a��HQLm� Jp��14�¤rtHQJ*�}��E+h±g��@�Nz@£�L�\�6�9:��<+L8�SX��%���2h	��������HQ� r���;�JP<����7��;*\](*�
JP����;*����3��8<���JP���83�\]9:;*��;���<�(m�°H:<+L];v��L�_�6�<+��35��(*�8H�JAJP<ZJP�5� Jv<�X]J^��HQL��7_U��<+( ���}E
35��(lJPH:6�9:��;7h��p\�9:;0�7;s��(0<+� �x;*�W67(l$O;0J^��9:;s(0�%��_m<+\]J���HQJ*���7(WrtHQJ*�D�#����;lJ �p��<�J*<+L�HQ; � ��d�fad�f
3���<�J*<�JP\]X���<+(���(0<+� �>3��]<�JP<O_�H:<O_�����;0;*<O67H[� JP�7_�rtHQJP�S�'6^�5��(*)+��3�(*�7����3]9:HQ��7(Arx��(*�
(*��67<+(0_��7_>rtH�JP�'��_]H:)+H�J^��9¤<�;*67HQ9:9Q<+;*6�<+3���V�;*��(0uOH:L])���;��8�5��;*�4�T-  @�/h�������_�H:)�HQJPHQ©%��J*H:<+L
(*��;*\�9�JP;�rx��(*�@JP(*��L�;0����(*��_'HQL2(0�%��9¤J*H:���/uOH[�8��� �p� 	¥H:LaJP��(0����6��AJP<�� ���/h

������3�\�9:;0�7;trtHQJ*�26�<+(*(0�7;03�<+L]_�H:L�)8�J*;���(*�@_�H:;03�9[�%$��7_>HQL2�sH:)�h�E	d8��L�_¦E�|}��<+(�67<+;0��HQ6
�}\�<+L];n=�9:�N�®J,B/��L]_~�¶H:<+L];�=�(*HQ)+�aJ,B,h��5<+(/JP�]��3]��<�JP<�JP\�X���VW�Z(*HQ;*�}J*H:���}<�����fZL�;@�5��;
X����7LU67<�L�;*HQ_��7(0�7_YH:LkJ*���m�J7V�rt��HQ9:��JP���mJ*(P��L];0���7(K��\]L�6�J*H:<+Lk<��pJP���D6^�5��(*)+�,�.;*��L�;*H�JPH�u+�
3�(*�7����3�9:H�5�7(w�5��;�X��7��L���;*;0\����7_ZJP<}X��/J*�5��J�<���}3���(0���76NJ�H:LaJ*�7)+(*��JP<+(wrtHQJ*�Z�m_���6%�%$
JPHQ���#<��W¬+| �¤;7hO�����/�J�u���9:\���;x<+L�JP���#5)+\�(0�7;�6�<+(*(0�7;*3�<+L�_�J*<vJ*���/JPHQ���t6�<+L�;0JP��LaJ�<��
JP��������;0Jx67<+��3�<�L��7LaJ@= ��� B,VOJ*<mJP����JPH:���#67<+L�;lJ^��LaJ�<���JP���K;09:<�r¥67<���3�<+L���L�JA= ��� B���L�_
JP������(P��6NJPHQ<+L�<���JP����JP<�JP��9I(*��3�(*��;*�7LaJ*�7_`Xa$�J*��������;0J}6�<+��3�<+L]�7LaJZ=®�^B,h �p9Q�%��;0��L�<�JP�
JP�5� JxJP�]�K(*��9[��J*HQu+�tr��7H:)���J�<���JP����;*9Q<	r¥6�<+��3�<+L]�7LaJ�H:;I��<+\�L]_�JP<}X��/_�H�¡���(*��L�Jx��<+(wJ*���
J.rx<>_���J*�76�J*<+(*;�Vs��LS��¡��76NJ}3�(0<+X5��X]9Q$Y_�\]��JP<2JP����_�H�¡���(*�7LaJ�r��%u��79:��L�)�J*�R;*�7L];*HQJ*HQuOHQJ.$
��<+(�J*���A3���<�JP<O_�H:<O_��K��L�_�JP���/3���<�J*<�JP\�X���h4�����A��<+;0J�HQ��3�<+(lJ^��LaJw���%��J*\�(*��V]��<�r���u+��(7V
H:;pJP����J���<�(wX�<�J*�n_��NJP�76NJP<+(0;7V�JP���#3�\�9Q;*�#;*�5��3���;���(0��<+X];*�7(lu+��_�JP<mX��#L��%��(09Q$DHQ_��7LaJ*H:6%��9
��<+(#�}\�<+L�;/��L�_k�µH:<+L�;�V5rtHQJP�>��;0H:)+L�H�56%��L�J�;*9Q<�r¶67<+��3�<+L��7LaJ/H:L2X�<�J*�k6%��;*�7;�h����]H:;

E%¢



s)µTime (
-2 0 2 4 6 8 10 12 14

P
u

ls
e 

h
ei

g
h

t 
(a

rb
. u

n
it

s)

-20

-15

-10

-5

0

sµ = 0.95 fτ

sµ =  7.1 sτ

f = 0.92 

cosmic muons

s)µTime (
-2 0 2 4 6 8 10 12 14

P
u

ls
e 

h
ei

g
h

t 
(a

rb
. u

n
it

s)

-25

-20

-15

-10

-5

0

sµ = 0.86 fτ
sµ =  6.2 sτ

f = 0.94 

Carbon

=%�&�D3DZ,º�32��÷��z��O��^CWý ù²÷���ü01`÷©ÿÂü'�`÷�(Æþy1`÷©ÿ�»�º �Q÷�1`÷�*-��ù�! ��÷¬ü`ù�CWÿ�÷�( # �&��ö���öe÷ �_öeþ��²þ���CD$P÷ �tþ`ÿ]û�þ@ùa�
��� ûU�5Ceþ2*_ù�3_õ%öe÷®ù�CD�P÷©ÿ.���7�Pþ@ù²÷�( û�Ceÿ.1`÷¬ù;û�þ`ÿ�ÿ�÷¬ù��kþ2*,(G�²þ;`M��ù�OM��ü`ù��;û�þ2�7�Pþ2*e÷�*-���K(Wü`ù�öW÷�(}!�?
ù�ýìþ # û�þ2�7�Pþ2*e÷�*-� �K(eþ��4��(Wü`ù�öe÷�(P!�?Q�²þ���ü`ýN��ù²þ@ý���(P!�3 �"�&�@ö<��O^��ü��Æ÷ �z�}CWýìù²÷ ü�1`÷©ÿÂü'�`÷�(Ðþ01`÷©ÿ � �
÷�1`÷�*-��ù�! ��þ`ÿNZ'3��J	Y÷����*�CWû©ý·÷©þ2*Oø �·þ2*Wù�3

s)µTime (
-5 0 5 10 15 20 25 30 35

P
u

ls
e 

h
ei

g
h

t 
(a

rb
. u

n
it

s)

0

0.1

0.2

0.3

0.4

0.5

sµ = 1.29 fτ
sµ =  7.6 sτ

f = 0.76 

cosmic muons

s)µTime (
-5 0 5 10 15 20 25 30 35

P
u

ls
e 

h
ei

g
h

t 
(a

rb
. u

n
it

s)

0

1

2

3

4

5

sµ = 1.14 fτ
sµ =  5.7 sτ

f  = 0.80 

Carbon

=%�&�D3BZ,»�3���÷��z��O��:CWýìù²÷L��ü�1`÷©ÿÂü'�`÷�( þ01`÷©ÿEZ �R÷�1`÷�*<��ù/!Y�Æ÷¬ü`ù�Ceÿ�÷�( # �&��öN��öe÷ �_öeþ��²þB(M�·þB(e÷��QûÂö_ü'ÿ��`÷
�WÿÂ÷¬ü��7�_ý��&`_÷©ÿ���þ`ÿ+û�þ@ù.���ìû ��Ceþ2*Wù�3]õ;öe÷#ù�CD�P÷©ÿ.�9�7�Pþ@ù²÷�(�û�CWÿ�1`÷¬ù û�þ`ÿ�ÿÂ÷¬ùa�Pþ2*M( �²þ�`M��ù�OT��ü`ù��
û�þ2�7�Pþ2*e÷�*-�:�K(Wü`ùÂöe÷�(}!�?Îù�ýìþ # û�þ2���kþ2*W÷�*<�:�K(Wþ��4��(Wü`ù�öe÷�(}!�?y�²þ���ü`ýP��ù�þ@ý���(}!�3��"�&�@ö<��O'��ü���÷"�z�,C_ýìù²÷
ü01`÷©ÿÂü'�`÷�(gþ01`÷©ÿxº�»�÷�1`÷�*<��ù�!E��þ`ÿNZ'3���	Y÷�� �*-C_û©ý·÷©þ2*gø �ìþ2*Wù�3
;*HQ��HQ9[��(0HQJ.$�H:L'J*���}3�\]9:;*�v;*�5��3��vH:;���JK<O_�_�;#rtHQJP�2rt�5��J�rx<+\]9:_kX��m�,M]3��76NJP��_k��(*<+� �
L5��H�u+�K�,M4J*(P��3�<+9:��JPHQ<+Ln<��WJ*���AX����5�%uOH:<+(�3�(*�Nu���H:9:HQL�)}� J�9:<�r��7(���L��7(0)�$+V5��L�_Z�n�����7;�J*���
H:LaJP��(*3�(0��JP��JPHQ<+L�<���J*������LaJPHQ³O\]�7L�6^��HQL�)���¡��76�J��D9:H�J*J*9:�/��<+(0�A6^�5��9:9Q�7L�)�H:L�)�h

� �A� ������	e� � �7� �o���	�����

�����2��14�A_5��JP�k��9:;0<k3�(0<	uOHQ_��Z�'u��7(0$S67<+Lau��7L�HQ�7LaJ8r��%$SJ*<kH:Lau��7;0J*H:)a� JP�nJ*�����7L]�7(*)�$
(*��;*<+9Q\]JPHQ<+L�<��WJP�]�A67(0$O;lJ^��9Q;�;*HQL�67�KJ*���A_��73�<+;0HQJP��_Z�7L���(*)�$�JP��(0<+\�)+��HQ<+L�H:©7��JPHQ<+L8u���(*H:��;
X��NJ.rx���7L¥��X�<+\]Jn��f�fSy'�Nz ��<�(n� H:<+L�;DJ*<�<�u+��(����@�Nz ��<+(����2H:<�L�;'=o�sHQ)�h±g�B}��L�_
JP���@_�HQ;0J*(*H:X]\]JPHQ<+L�;t��(0��L���(*(0<	r@h��5<+(�3](*<�J*<+L�;7V���;����7LaJPHQ<+L���_'��X�<�u+��V5JP���v�@�I-/b���¢
_�H:;lJP(0H:X�\]J*H:<+L];7V4r��79Q9��JtXa$�&W��L�_���\Z��\�L�6�J*H:<+L];7V��5��_�J*<DX��@;0���7��(*��_2Xa$�f4h��8y'�Nz°JP<
�n� JP6^�SJ*����<+X�;0�7(lu+�7_`<+L]�7;mr��79Q9?VWH?hq��h���X�<+\]J8��§ <���JP�������%��LS�7L]�7(*)�$+h������n;P�����
��¡��76NJ�r���;�;*���7LZrtHQJ*�n67<�;*��H:6/�m\�<+L�;�h4�TJ��m\�;0JxX���;0JP(0�7;0;*�7_�JP����JxJ*���/��L��7(0)�$n_]H:;0J*(*H �

E	�



X�\]J*H:<+L�;/<+X�;*��(0u��7_~� JKJP���}J.r�<��7L�_];�<��wJ*���D67(l$O;0J^��9:;@��(0�mrx��9:9�6�<+(*(0�79:��JP��_¤V�3�(0<�u4HQL�)
JP�5� J�JP��HQ;t�+§ _�H:;03���(*;*HQ<+LZH:;xH:LaJP(0H:L�;0H:6/HQL�JP���/9:H:)���Jx3�(*<O_�\�6NJPHQ<+L���L�_�L�<�J�_�\��KJP<}J*���
9:HQ)+�aJ�67<+9Q9:��6�JPHQ<+LZ3�(0<46��7;*;t<+(t\�L]_��7(0�7;0J*H:����JP��_��79:��6�J*(*<+L�HQ6AL�<+HQ;*��h

�.Ln6�<+LaJP(P��;0JwJP<@JP���t3�(0<�JP<+L�6%��;0��VaJP�]��_�HQ;0J*(*H:X]\]JPHQ<+L�;���<+(p���7�%uO$�HQ<+L�;w��;*;0\����/�@)a��\�;"�
;*H:��L ;0�5��3���h#�����UrtH:_]J*��;~=�!/y>1�B�<��mJP�]��_�HQ;0J*(*H:X]\]JPHQ<+L�;����7��;*\](*�7_´��<+(ZJP���U5(0;0J
y'H:L]H:6%��9�9:�%$+�7(���(*��_�H:;03�9[�%$+��_ZH:LnJ*���/J*<+3�35��L]�79�<���sH:)�h�E%¢}��;��v��\�L]6�JPHQ<+L�<���J*���KHQ<+L
��JP<���HQ6mL�\��}X��7(�=�<�3���L¦;0³�\5��(*��;^B,hW��<�(K67<+��35��(0H:;0<+L¤V¤��9:;*<Z;0��<�rtLSHQLkJP���D35��L��79I��(0�
JP�����@�p-Kb#��¢�6�<+(*(0�7;03�<+L]_�H:L�)Du���9Q\��7;�=�;*<+9QH:_�_�<�JP;^B,h5�����A�NM43��7(0H:���7LaJ^��9�rtH:_]J*��;��NM��
67���7_8JP���t�NM43��76NJP�7_�<+L���;wXa$8�/����H:(*9�$m6�<+L�;lJ^��LaJI����6�J*<+(�<���|+fa§�h+���]�#(0�79:��JPH�u+�xrtHQ_]JP��;�V
<+X]JP��H:L���_nXa$�_�HQuOH:_]H:L�)@JP���#rtH:_]J*��;xXa$�JP����67<+(0(*��;*3�<+L�_�HQL�)}���%��L��7L���(*)+HQ�7;���(*�/3]9:<�Jl�
JP��_eHQLRJP���ZX�<�J*J*<+� 3���L��79x<��K��H:)�h�E%¢�h������;P�����Z�NM4��(*67HQ;*�Zrx��;8(*�73��%� JP�7_`��<+(mJ*���
5(*;lJ�9[�%$��7(x<��¤JP���K��y¦h]�5<+(IJP���/_5��J^�v��;*;0<46�H[��J*�7_nrtH�JP�Z� JP<+��H:6tL�\��}X��7(0;�X��NJ.rx���7L2�
��L�_¦d�f>= ��� �K��(P��L])+��B,V�J*���}�79Q�76NJP(*<�L�H:6vL�<+H:;0�mHQ;/L�<�J/L��7)�9:H:)�H:X�9Q��V�JP�]�}67<+LaJ*(*H:X]\]JPHQ<+L
_��7_]\�67��_k��(*<+��J*����3���_��7;lJ^��9WrtH:_]J*�k����<+\�LaJ*H:L�)DJP<���X�<+\]J���y2��z¨=���<+(�JP�]�m�7L]�7(*)�$
;*\������7_~<�u+��(}JP����J.rx<Y��L�_�;8��;v67<+L�;0H:_���(*��_e�]�7(*�%BNh��AL]67�nJ*��H:;}�N¡���6�JDHQ;vJP������LRH:L
��676�<+\�LaJ%V5J*���7(0��HQ;t�}����H:(���)+(*���7���7LaJ#X��NJ.rx���7L>J*������y ��L�_>y'HQL�H:67��9�u���9Q\��7;�h

��rx<S_�HQ¡��7(0�7LaJ�3�(*��;*67(0H:3]J*H:<+L];�(0�7)a��(0_�H:L])¦J*���'(0�7;0<+9:\]J*H:<+L`_���3���L�_���L�67�k<�L JP�]�'_��,�
3�<�;*HQJ*�7_`�5�%u+�2X��7�7L`JP��;0J*�7_¤Vp6�<+(*(0�7;*3�<+L�_]H:L�)YJP<YJ*���ZJ.rx<¦67\�(lu+��;�_�HQ;*3�9:�%$+�7_eH:L~J*���
X�<�J*JP<�� 35��L���9�<����sHQ)�h�E%¢�h����]��JP�]H:6^�}6�\�(0u��/67<�(*(*��;*3�<+L�_�;wJP<v��6�<+L�;lJ^��LaJ�HQL�;0J*(*\����7LO�
J^��9�(0�7;0<+9:\]J*H:<+L2<���f]h±���+§���_�_]�7_k³�\5��_](P��J*H:6%��9:9Q$�JP<�JP����6%��9:67\]9[��J*�7_�(*��9[��J*HQu+�ArtHQ_]JP��;�h
- )+<O<4_k��)+(*���7���7LaJArtHQJ*�kJP���m_5��J^��HQ;K<+X]JP��H:L]�7_>��<+(K��9:9H:<+L];7V�X]\]JKJP�]���+§ _]H:;*3��7("�
;*HQ<+L8<+X�;*��(0u��7_���<�(�3�(*<�JP<+L�;IHQ;�H:L�6�<+L�;0H:;0J*�7LaJIrtHQJ*�}JP��HQ;p3�(*��;*67(0H:3]J*H:<+L�h+������JP��HQLD67\�(lu+�
67<+(0(*��;*3�<+L�_�;@JP<2��3�(*��;*67(0H:3]J*H:<+L¦��;0;*\���H:L])'��;0J*<46^����;0J*H:6DJP��(*� =�;*6%��9:H:L])���;8E	£�� mB
��_�_���_ ³�\5��_�(P��J*H:67��9:9�$ J*<`J*���Y67<�L�;0JP��LaJ2J*�7(0� =���� �� ��� �
	 ��� · ��}B,Vt��	2��L�_ � ·X���H:L�)���_��0\];0JP��_�;0<~��;8JP<�(*�73](*<O_�\�67�2;*HQ�}\�9�J^��L���<+\�;09Q$SJ*���>(0�7;0<+9:\]J*H:<+L];}��<+\�L�_e��<+(
3�(*<�JP<+L�;���L�_>b�H�= ���@d��+BNh������m��_��0\�;lJP��_>u���9:\���;#��(*�v��	��Af]h�d4E	d8��L�_>� · �@d�¬ag�y'��zmh
������JP��HQL 6�\�(0u��>;*9QH:)+�aJ*9Q$~<�u��7(*;0��<O<�JP;8JP���2_5��JP�U��<�(�HQ<+L�;}rtH�JP� �´9:<�r��7(8JP�5��L E�f4h
	x�7;0H:_���;nJP�]H:;n;09:HQ)+�aJ�_]H:;*6�(*��35��L�6N$+V�;0\�6^�¥�SL�<+LO�.L���)+9:HQ)+H:X�9Q��;0J*<46^����;0J*H:6>J*�7(*� =�<+L�9Q$
(*��³O\]H:(*��_SJP<k��676�<+\�LaJm��<+(@JP�]�n3�(0<�JP<+LS_5��J^�+B@HQ;v�5��(*_SJ*<>(*��67<+L]67H:9Q��rtH�JP�SJ*���n9:��(*)��
L�\��}X��7(t<���3���<�J*<��.��9:�76NJP(0<+L�;t67<+9Q9:��6�JP��_�=o��X�<+\]J#�+f�fa£+y'�Nz¶��<+(�JP���@;0�n��9Q9�_�HQ<4_]��BNh

�����#H:L�;lJP(*\]����L�JP��9���L��7(0)�$D(*��;*<+9Q\]JPHQ<+L8_��7_]\�67��_���(*<�� JP�]�7;*�#_5��JP�AH:;pL���)+9:HQ)+H:X�9Q��rtH�JP�
(*��;*3��76�JpJ*</JP�]�x_�HQ;*3��7(*;0H:<+LmH:LmJ*���x_���3�<�;*HQJ*�7_D��L��7(0)�$m3](*��u���HQ9:HQL�)#��<�(�JP�]���79Q�76�J*(*<+����)��
L���J*H:6v;*��<�r��7(*;AJ*<�X��m���7��;*\�(0�7_kHQLk<+(0X�HQJ7h��.LY6�<+L�;0�7³�\��7L]67��VWH�J�rtHQ9:9WL�<�J/67<+LaJP(0H:X�\4JP�
;*HQ)+L�HQ�6%��LaJP9�$nJ*<8J*���@(*��67<+L�;lJP(0\�6�J*�7_4�T�7L���(*)�$2(*��;*<+9Q\]JPHQ<+L¤h

 �I� �	�8�%�~�¤�� ��� ����� � �����	�������

�.L~<+(0X�HQJ7VW�>9[��(0)+�D��(P��6NJPHQ<+LS<��xJP����H:<+L�;@JP(*�%u+�7(0;*HQL�)>JP�]�n6%��9:<+(0H:����JP��(KrtH:9Q9p\�L�_���(*)+<
L�\�679Q�%��(D(0�%��6NJPH:<�L�;7h����]H:;D��(P��6NJPHQ<+LR6%��L`X��Z�NMOJP(*��6�J*�7_e��(*<+� <+\�(D_5� J^�]Vp��;�L�\�6�9:�7��(
(*�7��6�J*H:<+L�;w9:�7��_�J*<D�v)�(P��_�\���9�_��73�9Q��J*H:<+L�<��¤JP�]�/H:<�L�H:©7��JPHQ<+L83��7����;���<+(w_��7��3���(�9[�%$��7(*;�h

E��



0

10

20

30

40

50

60

70

6 8 10 12 14 16 18 20 22 24 26 28 30

W
id

th
 (

M
eV

)

0

1

2

6 8 10 12 14 16 18 20 22 24 26 28 30

Atomic number

R
el

at
iv

e 
w

id
th

 (
%

)

Minical
GEANT4

=%�&�D3,Z �D3jõ{þ��YO�� �9(D��öWùMþ��e��öe÷���÷¬ü`ù.Ceÿ�÷�(t��þ��P÷�* ù �-CWü'ÿÂ÷¬ù�!\ü�*M(Æû©ü`ýìû�C_ýìü'�²÷�(c��ù²þ@ý9��(7(eþ���ù�!T(e÷A�
�Pþ@ù��&�²÷�(D��÷�*e÷©ÿ����U(M�ìùa�²ÿ��&$,CD���·þ2*_ù,�_ýìþ��a�²÷�(=ü`ù\ü\�zC,*WûA���·þ2*°þ��D��öe÷:�·þ2*=ü'�²þ2��� ûT*-C,�N$P÷©ÿ�3��)þ��a�²þ2�GO
ù�ü��Æ÷Qü`ù �²þ��G��þ`ÿ ��öe÷Qÿ�÷¬ýìü'���&1`÷ # ��(D��ö_ù�3yõ%öW÷Yû�Ceÿ.1`÷¬ùcû�þ`ÿ�ÿ�÷¬ùa�Pþ2*M(J�²þV��öe÷"� # þ7�_ÿ�÷¬ù�û�ÿ.�&�,���·þ2*Wù
(e÷¬ùÂû�ÿ.�&$P÷�(H��*H��öe÷F�²÷A@B��3
�sH:)]h�E	�}_�HQ;*3�9:��$O;�J*���@3��7���n$OH:��9:_2��;t�}��\�L�6NJPH:<�L2<���J*���@9[�%$+��(#L�\��mX���(t��<�(�_�HQ¡��7(0�7LaJ
H:<+L���J*<+��HQ6DL�\��}X��7(*;�hW�����n6^�5��(*)+�,�.6^�5��L])+H:L�)267(0<+;*;v;*��6�JPHQ<+L¤V �e6%��L�X����7;lJPH:����J*�7_
��(*<+� ��L'�,M]3�<+L���LaJPH[��9�J�<+L�JP���v3�<�H:LaJP;t<����sH:)�h�E��4V5;*HQL�67�@JP����$OH:�79Q_2��<�(#9:�%$+�7(#H?V����
6%��L�X��trt(0HQJ0JP�7L���;w�K��\�L�6NJPHQ<+L8<���J*���#�%u+�7(*��)+�t_���3]JP��		�4��;
��� ����������Oh+�����#(*��;*\�9�JPHQL�)
67(0<+;*;I;*��6�J*H:<+L�;w��(0��67<+��35��(0�7_DJP<AJ*����JP<�JP��9�(0�%��6NJPH:<�LD67(*<�;*;I;*��6�JPHQ<+L�;I<����(*H:3���JP��H�C E	g	G
H:LR��H:)�hIE��]h�-¨(*�7��;*<�L5��X�9Q����)+(0�7������L�J}H:;v��<�\�L�_¤VJP���Z���%��;0\�(*��_R6^�5��(0)+�N�T6^�5��L�)+HQL�)
67(0<+;*;8;*��6�J*H:<+L�;8X��7HQL�)Y;*9QH:)+�aJP9�$¦9:<�rx��(}JP�5��LeJ*����JP<�JP��9x(0�%��6NJPHQ<+L`67(*<�;*;8;*��6�JPHQ<+L�;�Vp��;
�NM43��76�J*�7_¤h

� � ����� �����%�������

�����w(*�7;03�<�L�;*�w<��OJP�����@&W-K14�R�x;0�¤6%��9:<+(0H:����JP��(�J*<#�]�%�%u�$@H:<+L�;W;0H:��H:9[��(�J*<tJ*���I67<+;0��HQ6
(P�%$O;mHQL�<+(0X�HQJ��5��;mX��7�7LS;0JP\]_�H:��_SH:LS��LS�,M43���(*H:���7LaJv3���(0��<+(0����_~��Jm��14�/rtH�JP��J*���
��!�1�hp�����><�X�;*��(0u+��_ ª*��LaJPHQ³�\��7L�6^�]H:L�)+«¦��¡��76NJ�HQ;�\]L��NM43��76�J*�7_{X�\4JnHQ;�6�<+��35��JPHQX�9:�
rtHQJ*��JP���KJ*(*�7L]_2��;0JP��X�9:HQ;*����_2��J�9:<�r��7(���L��7(0)�$+h5���]�A;*H:��H:9:��(*H�J.$DH:L�J*���A3�\�9Q;*�A;0�5��3��7;
<+X�;0�7(0u��7_m��<�( ���DEI35��(0JPHQ679Q�7;W��L�_m�¦HQ<+L�;���L��5��L�6��7;JP���I6^�5��9Q9:��L�)+�pJP<t_��Nu4HQ;*����;*H:��3�9Q�
�NM43�9:��L5��J*H:<+L���<+(�J*��H:;����7��JP\�(0��h

E	g



0.2

0.3

0.4

0.5

0.6
0.7
0.8
0.9

1

1 2 3 4 5 6 7 8 9
Layer

R
el

at
iv

e 
yi

el
d

Z
8

14

19
24

=%�&�D3<Z ��37¸Q@B�P÷©ÿ.����÷�*-��ü`ý'���ì÷¬ý�(Qþ��B��öe÷T�·þ2*M�&[¬ü'���ìþ2*U�P÷¬ü	�L*eþ`ÿ��Æü`ý��&[©÷�(U�²þ���öWü'��þ��B��öe÷T`WÿÑùa��ýìü��`÷©ÿ
ü`ùMüL�zC,*WûA���·þ2*�þ��,��öe÷)ý ü��`÷©ÿT*�CM�N$P÷©ÿ�?y�tþ`ÿQ�·þ2*_ù # ����ö�W_X ��?BZ �D?DZ �Yü�*M(/º ����ù²÷��;� �íý·þ��@ü'ÿ.�&��ö,���ìû
ù�û©ü`ýì÷y!�3jõ%öW÷�(Wü'��ü # ÷©ÿ�÷L��÷¬ü`ù�CeÿÂ÷�( # ����ö7��öe÷ �t��*,�ìû©ü`ý 3@õ%öe÷Yý���*e÷¬ùËû�þ`ÿ�ÿ�÷¬ùa�Pþ2*M(7�²þ(÷A@B�kþ2*W÷�*B�
���ìü`ý_`M��ù\�²þ���öe÷F(_ü'��üB3

2

2.5

3

3.5

4

4.5

5

5.5

4 6 8 10 12 14 16 18 20 22 24 26 28 30
Atomic number

cr
o

ss
 s

ec
ti

o
n

 (
b

)

data
Tripathi

=%�&�D3YZ ��3]¸Q@B�P÷©ÿ.����÷�*-��ü`ýqû�ÿ�þ@ù�ùRù²÷¬ûA���·þ2*Wù"(e÷�(MCWû�÷�(G��ÿ�þ2� ��öW÷5(e÷¬û�ÿ�÷¬ü`ù�÷N��*G�B�·÷¬ý�( þ��%��öe÷N�ìþ2*B�
�&[¬ü'���ìþ2*��P÷¬ü	�Ðü`ùZü �KCM*WûA���·þ2*�þ��F��öe÷ �·þ2*mü'�²þ2��� û6*�CM�5$P÷©ÿR��ù²þ@ý9��(�(Wþ���ù�!�3cõ%öe÷Oõ{ÿ.���_ü'��öM�
û�ÿ�þ@ùÂù4�íù²÷¬ûA���·þ2*WùRü'ÿ�÷=ù�öWþ # *H��þ`ÿRû�þ2�7�dü'ÿ.�ìù²þ2*���þ��P÷�* (eþ���ù/!�3

�¥�5��J*��u+��(K�NM43�9:��L5��J*H:<+L'��<+9Q_�;7V5JP�]�m³�\��7L]6^��H:L�)�����6�JP<�(*;#���7��;*\�(0�7_>��<�(�HQ<+L�;/67��L>X��
\�;*��_R��<+(mJP�]�ZH:L4�?�5H:)+�aJv6%��9QH:X�(*��JPHQ<+L~��;}9:<+L])Y��;}JP�]��$~67��L`X��n;P������9Q$��NMOJP(*��3�<�9[��J*�7_
JP<���H:)+�]�7(#�7L���(*)+HQ�7;7V�¬+fa§�<���JP���v67<+;0��HQ6N�T(P�%$�H:<+L];#����uOHQL�)Z��L'�7L���(*)�$2H:L2JP���v(P��L])+�
E+h��S�2E%f �A��zA£�L�\�679Q�7<+L ��6�67<+(0_�H:L�)RJ*<¯��!#�wy>� Cq| G?h����]��³�\���L�6^��H:L])��T����6NJP<+(�_��,�
3���L�_���L�67�Y<+L¯J*���kHQ<+L���L��7(0)�$¯HQ;���6NJP\5��9Q9Q$R��<+\]L�_�JP<SX��kL]�7)+9QH:)+HQX�9:��X���J.r��7�7L°E+hjf
��L�_�E+h±g��A��z@£ LO\]679:��<+LR=��sH:)]h¤E+E	B,V�rt��H:9Q�A_5�w£�_4M2u���(*HQ�7;tXa$kg�§²H:L�JP��HQ;t(P��L�)���h������
³�\��7L�6^�]H:L�)��?����6�J*<+(n\]L�67��(0J^��H:LaJ.$¯��;*;*<O67H:��JP��_ rtH�JP� J*���>���%��;*\�(0�7���7LaJZ��L]_�JP���'�NM��
JP(*��3�<�9[��J*H:<+L�JP<KJP�]���7L���(*)�$m_�<+����H:L}(0�79Q��u���LaJpJP<��@&�-A14�eH:;���;0J*H:����JP��_mJP<@X���X��NJ*J*�7(
JP�5��L>|a§�h

E��



� ���¤���� � �O
 ��� �O�����

�TJpH:;��K3�9Q�%��;0\�(*�wJP</J*�5��L��@JP������676��79:��(P��J*<+(�J*�%��� ��Jp�v14�¤��<�(s3�(0<	uOHQ_�H:L�)/��H:)+�O�.³�\5��9QHQJ.$
X��7����;7h+������(*��u+��(0$�)+(P� JP����\]9]JP<@�°ha��(*��\]J*�n��L]L¤V��Dh 	x<+(*�NJP©���$���L�_�����hO-�\�����L�L
��<+(�JP����H:(#���79Q3'HQL'J*���v6�<+��3�9:������L�JP��(0$�(*\�L'3���(0��<+(0����_k��J/��14�^h��IL]9:H:)���J*�7L�HQL�)8_�H:;"�
67\�;0;*HQ<+L�;trtHQJP�
	�<O�79W�@��9QH:L���(0�@��6^��L�<�rt9:�7_])+�7_¤h

� �� ��� �4�� � �

� Z� 	U�Y�U��õ ��û��·÷�*_û�÷ ��ÿÂþjûÑö-CeÿÂ÷�O_ö<�a�a�YO � �y�@ýìü`ùa��3 �@ùa��û'3 *Wü`ù�üB3 �`þy1 �-ÿ�÷¬ù�þ2CeÿÂû�÷¬ù �y$WÿÂþjûÑö-CeÿÂ÷¬ù�3
� º� ö-�a�a�_O � � #E#�# ���@ýìü`ùa��3 ùa��ü�*M�tþ`ÿ.(_3 ÷�(MC
� »� �53��D3 õ:��ý �!ü2÷��Rü`ý 3&?��Cø �w¸ ��¸ � ��O,� �%÷�1B�ìù��·þ2* þ�� ��öe÷®ø)þ@ù��;�ìû��;ü��D¸ �k÷¬ûA��ù;þ2* �t�ìû�ÿÂþ'�

¸�ý·÷¬ûA�²ÿ�þ2*M� û©ùRø)þB(e÷��B?WúT¸¸¸Ðõ{ÿÂü�*_ù�3 �"C_û©ý 3}��û�� 3&? �6þ@ý 3 � �D?,�M�_3qºBZ � 	�oºBZ � 	R�4Z � � ��!�3
� �� � 3e�F3}�{÷©þD?4¸T@��P÷©ÿ.���Æ÷�*<��ü`ý8�²÷¬ûÑöM*M� ��Ce÷¬ù"�tþ`ÿ �"C_û©ý·÷¬ü'ÿYü�*,( �Mü'ÿ����ìû©ý·÷ �Ëö-�jù.�ìû©ù5���j÷¬û�þ2*,(

÷�(,�&���·þ2*8?}���_ÿ.��*D�`÷©ÿ �6÷©ÿÂýìü'�D? ��÷©ÿÑý���*}!�?B�_3YZ � ��3
� �� �N3��L3��cCeÿ�ÿÂü0�|ü�*M(t�N3��#÷��`÷©ÿ�? ��ö<��ù�3,�;÷�1}3_Z,º�ºc�4Z � �BZ0! �BZ ��3
� �� �N3køL3 �\þ # ÷¬ýìý?ü�*M(G�T3,�53,]Yü'ÿ�ÿÂü`ö8?��M3dø�öe÷��G3 � ��?%�4Z � ��Z0!UZ � � ��3
� �� �)3 �Mü'ÿÂý·þ�� ÷��;ü`ý 3&? �LCWû©ý 3 ú4*Wùa�²ÿ�3eü�*M( ��÷���ö83}� � ��ºc�®º 	 		º2! � � �|ü�*M( ÿ�÷�� 3M��öe÷©ÿ�÷���*_3
� �� �)3,]53P��ü`ýìü��Æþ2*�ü�*M(t�P3 � 3M�YöWý·÷�*8? ��ö<��ù�3M�;÷�1}3��pº �c�4Z � �BZ0! � 		º ��3
� �� �e3 ��3 ��ûÂö,��*M(Wý·÷©ÿ�÷���ü`ý ? �Ëÿ�þjû'3
Z ���ö�ú4*<�²÷©ÿ�*Wü'���·þ2*Wü`ý�ø)þ@ù����ìû �;ü�� ø�þ2*D�t÷©ÿÂ÷�*Wû�÷

� ��ü�*D�@ü`ýìþ`ÿ�÷�? Z � ��»2!�? ��? �%»�3
� Z�	���M3 �"3�� �·ÿ �jù�?'õ%öe÷�õ%öe÷©þ`ÿ.�®ü�*M( �]ÿÑü`ûA���ìû�÷cþ��e��û��9*<���ìý ýìü'���·þ2*(ø�þ2CM*<���9*D�V� �\÷©ÿ��@ü��Æþ2*8? �;÷ #

� þ`ÿ �}?�Z � � �-!�3
� Z�Z���M3,�L�7�P÷Y÷��Rü`ý 3&?WúT¸¸¸�õ{ÿÑü�*Wù�3 �LCWû©ý 3}��û�� 3&? �6þ@ý�3 �BZ'3&? �Rþ ��?M�M�_3Oº 	 	��y�oº 	DZ�Z'?T�®º 	 	 �-!�3
� Z,º� �L3,�{þ��a�;÷��;ü`ý�3&?M��*H�Wÿ�÷��_ü'ÿÑü'���·þ2*83
� Z,»�e�D�%ú ��?_ö-�a�a�_O � � #E#�# 3 ù²ÿ.��� 3 þ`ÿ�� ���B�%ú � ���B�%ú ��º 	 		»�3 ö-���
� Z �� �Rú���õU?Wö-�a�a�_O � �y�_ö-�jù�� û©ù�3 *M�ìùa��3 �`þy1 � ��ö<��ù��;÷��zdQü'��ü ������ü'ÿ �!õ?÷A@B� �y�Wÿ�þ��`ÿÂü��Æù�3 ö<���Æý
� Z ����M3��)ÿ�÷��`÷©þ2*8? ��öMd ��öe÷¬ù�� ù�? �"*M��1`÷©ÿÂù��&�I�+þ�� �)þ`ÿ.(e÷¬ü�CB@e?,=eÿÂü�*_û�÷�?]º 	 	 �
� Z ��}= 3��)÷�*eÿÑü`ûÂöM�{÷��;ü`ý 3&? �LCWû©ý 3eú4*Wùa�²ÿ�3Wü�*M( ��÷���ö83}��º �BZ>�4Z � � �2!FZ,» �-3
� Z ��}�N3 �73_õ?ÿ.�&�_ü'��ö,�d÷��Rü`ý 3&? �LCWû©ý 3 ú4*Wùa�²ÿ�3eü�*M( �#÷���ö83�� Z�Z � �4Z � � �2!w» � �-3

E�¬


