
HAL Id: hal-00216213
https://hal.science/hal-00216213

Submitted on 31 May 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Modeling of Radiation-Induced Bystander Effect Using
Monte Carlo Methods

J. Xia, L. Liu, J. Xue, Y. Wang, L. Wu

To cite this version:
J. Xia, L. Liu, J. Xue, Y. Wang, L. Wu. Modeling of Radiation-Induced Bystander Effect Using
Monte Carlo Methods. The Seventh International Symposium on Swift Heavy Ions in Matter, Jun
2008, Lyon, France. �hal-00216213�

https://hal.science/hal-00216213
https://hal.archives-ouvertes.fr


����������	�

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

�
���*
��,�-���
���(�.�/�(�,01�*��"

2�3+4+576987:*;�<=8?>A@CB,<EDGF74IHJBK<L3+>NM92N<=8749OP<=49H*;�3QF�RAMAST3+H+8U4VH�WX874IH
YIZE[AZ]\T^'\`_,a$[7b7ced�[AZEc7df_%chgQi!j7kNlL\m[7d+npoq_sr�tLk�ru[UvAw(x7\Nk�oUvyc7lLcNzN_s{?YAk�oAcec7lAchg}|po�_sr~tLk�r�{?n�\q�?tEv�z��$vAtE��\Nd�r�t=Z _s{

� \Nt �Ut]v?z��?�7�U�����q{?n�\Nc�|�l�\�� r+�T\�|�j7b7lLtLk'chgK�poytEvA[
BK< ��3Q4�W)3

^'\�_�aQ[7b7c7dG[AZEc7d�_�c�g���cNv � \�[?� � tLcU\�v�zVtEve\N\Nd�tEv?zs{m��v7rmZ]t=ZEjAZE\'chg�n�lL[UrG��['npom_sr~tLk�r�{I�$oAtEvA\�r�\+�'kN[Uw7\��u_�chg
YAkNtL\�vekN\�r�{m�%\LgN\NtA�7�y�7���I��{?n�\Nc�|�lL\�� r��u\�|�j7belLtLk&chgK�poytEvA[

�J�������?�9 U�N¡

¢¤£}¥+FU¦�<=OPF74AD�§%§�69:V¨JF7©JD�6}8�DTD�6}F�¦�87©V<=8ND�<=:941<=4+©s3Q57F7©�ª9«�§�DG8U49©9FU¦�Fy¬`¬GF75�DKFN£+<­§�D�§,<=415eFy®�®`§�M�:¯¦

D�<h§N§�3QFs§�M$:9¦'F�°¯FU4�ª+<=:�®=:9H�<�5787®Q:¯¦�H+8U49<`§�O1§&¨*69F74P<�¦�¦�87©9<�8�DGF7©J¨
<ED�6#F749FU¦�H+F�D�<�5�<=:94�§K:9¦&;�±`¦�8U«+§N²V³G4

D�69<h§(¥+8U¥+FU¦�M&8�´µ:94sDGFP¶�8U¦G®=:·O*:+©9F7®&<`§�©9FU°+F7®=:9¥+F7©¸DG:¹§�D`3Q©s«1D�69FPO#F7576}8y49<`§mO1§�:9¬,ª9«$§�DG874}©9FU¦

F7¬`¬�Fe5�D)3+4}©9FU¦)D�69Fº57F7®=®­§/§G¥$8U¦m§�F7®»«¼¥+:9¥V3Q®=8�DGF7©½57:¯4}©¯<LD�<=:94�§�²1¾&69<­§-O*:+©9Fy®fM¸ª+8V§�Fe©¿:94¿:V39¦

¥9¦�F�°+<f:}3�§
FU£9¥+FU¦�<=O#F74sD%¨
69<�576)O*87©9FPD�69F�57F7®=®`§�§G¥+8U¦�§~Fy®=«X®=:�5e8�DGF7©)<=4X8¸¦G:}3+4}©)©V<h§�6}M,¬�:�5�3�§~Fs§

O#87<»4+®»«À:94ÁD�6}FÁ§�¥+8ND�<=87®�57698?¦�875�DGFU¦�<h§�D�<f5}§�²�¾Â6}FÁ§�<�OJ3Q®�8UD�<=:¯4µ¦�Fs§�3$®]D�§Ã§�3�575eFs§N§�¬­3Q®=®»«-¦�F787576ÄD�69F

8UH9¦�FeFyOJFy4ADT¨*<]D�6JD�6}F�FU£}¥+FU¦�<hO#F74sDG87®$©98NDG8V²s´µ:9¦�F?:}°¯FU¦�M+:sD�69FU¦&ª9«$§�DG8U49©9FU¦KF7¬�¬GF75�DÂF�£9¥+F?¦q<�O#Fy4AD'<h§

87®`§�:�57:¯O
¥V39DGF7©�ª9«*D�69<­§�OJ:�©9F7®u8749©1¬�<=4+8y®�®»«#D�69F�O*:+©9Fy®&§�3Q5s5eF7F7©�§�<=41¥9¦�F7©9<�5�D�<=4IHPD�69F�¦�FA§�3Q®ED�§N²

¾&69FP5e:¯O�¥Q8U¦�<`§�:94Å:9¬%§�<�OJ3Q®�8�DG<=:¯4+§!¨J<ED�61D�69F#F�£9¥QFU¦�<=O#Fy4ADG87®T¦�Fs§�3$®]D�§�<=4+©¯<�578�DGFA§!D�6}FP¬�F78s§�<Lª$<�®h<EDG«

:9¬pD�6}F�OJ:�©9F7®+8U4}©
D�6}F!°Q87®»<�©9<ED�«#:¯¬&§~:�O*F%°+<EDG87®�O#F7576+8749<`§�O¸§Â8}§m§�3QO#F7©$²

Æ9ÇPÈuÉ'Ê¤ËIÌ ²fÍIÎ+²]±�8sÏ}ÐTÑA² Ë Î$²ÓÒ�ÔVÏ ËIÌ ²LÍIÕ$² WÖÔ

×�Ø�ÙºÚ%ÛVÜ�Ý¯Þ ¡�³G¦�¦�87©V<=8ND�<=:94ß<=4}©s3�57Fe©Àª9«$§�DG8749©9FU¦àF7¬`¬�F75NDGM�§�¥+8U¦m§�F7®L«�©¯<`§�D�¦q<LªI39DGF7©ß57F7®=®`§�M�´Á:¯4ADGF

¶�8U¦�®=:¸§�<=O�3Q®h8ND�<=:94$²

> 2�3$4}5y6}87:�;�<�8�8U49©�BK<EDGF74VH�BK<f3á57:94sD�¦G<fªI39DGF7©*F7âs3Q87®=®»«�D­:�D�69<`§&¥+8U¥+FU¦G²

ã ¶!:9¦�¦�FA§�¥+:949©9<»4IH#8�39D�69:9¦?ä��qO�£93QFAå)¥9æV3u²]F7©s3u²]574



���
 
	��$�������	�� U��
����


 D`3Q©V<=FA§�<=4Ã¦�Fe57F74sD(©9F75e87©9Fs§�6}8e°¯F�¥9¦�:V°+Fe©¸D�698�D�8�¦~87©V<�:}ª+<=:+®=:¯H+<=5787®u¥�6+F749:9O#F749:94Ã4}8yO#F7©

��� 8e©¯<�8�DG<=:94 ³G49©s3Q57F7©��%«Q§�DG8U4}©�FU¦�¢K¬`¬�F75ND���� � ³���¢���57:V3+®=© ªQF :Vª$§~FU¦�°+Fe© ¨*<ED�6 °+8U¦�<=:V3�§

FU4}©V¥+:�<=4sD�§ � ��� ��� ²���49®=<=æ+F�D�¦�87©V<EDG<=:94987®&5e:¯4}©¯<EDG<=:�4+§%<=4P¨*69<�576PD�69F�¨*6}:¯®�F*57F7®=®&:9¦�:9¦�H+8U49<h§�O¼¨*8V§

<=¦�¦�87©9<=8�DGFe© 8?49©/©987OP8?H$F7©Ö6}:�O*:9H+FU4+F7:V3�§�®f« 8y4}©/©¯<L¦mF75ND�®f«¯M � ³���¢ ¦�FU¥9¦�Fs§~FU4sD�§¸8)¥+8U¦�87©9<LH+O

§�69<�¬hD,<=4á:}3+¦&3+49©9FU¦m§�DG8U4}©¯<=4VH�:9¬TD�69F�¦�87©V<=:Vª+<=:�®=:9H+<h5e8y®pFy¬G¬�F75ND�§�:9¬&<=:¯49<=ÔA<=49H1¦�87©9<=8�DG<=:941<»4*¨�69<�576

F�£ID�¦�87±�4A3Q5y®�F78?¦Å8U4}©ßFU£VD�¦~87±�57FU®=®L3Q®h8?¦ÅF7¬�¬�F75ND�§ÅO*8U« 87®­§~:�57:94yD�¦G<fªI39DGF·D�:ÖD�69FÄ¬�<=4+87®�ª+<=:�®f:¯H+<�5787®

57:94�§~F7âs3QF74957FV§ �  �� ² � ³���¢À87®­§~:Ã<=O*¥�®=<�FV§¤D�698NDK©98yOJ8UH+FV§,¨*<=®h®u:�5e5�3+¦�<»414}:¯4}±�<L¦�¦�87©9<�8�DGF7©157F7®=®`§�<=4

¦�Fs§G¥+:¯4+§�F!D­:
D�6}F�§�<LH+4987®`§¤¬`¦~:�O�4+F7<LH�6Vª¯:¯¦�<=4VH#<L¦�¦�8e©¯<�8�DGF7©*57F7®=®`§N²

Ò�®ED�6}:}3+H96 � ³!�!¢ 698s§1ª¯F7F74/87©9O�<]D`DGF7©/8U49©C°+F?¦q<�¬�<�FA©Cª9«/4s3QO#FU¦�:V3�§�F�£}¥+FU¦�<hO#F74sD�§�M!D�6}F

3+49©9F?¦q®=«+<=49H O*F757698749<`§mO¸§¹¦~FyOJ8y<=4.°¯8UHV3QFV²#"u:¯¦XF�£¯8UO*¥�®�F7M�D�69FU¦~F 8?¦�FCO#874V«ºFU£9¥+FU¦�<�OPF74AD�§

§�6}:}¨J<»4IH¹FU°+<�©9Fy4AD�®L«1D�6}8�D,D�69F*®=FU°QF7®&:�¬ � ³���¢�<`§�<=49©9FU¥QFU4}©9Fy4AD(:9¬¤D�69F#©V<­§�DG8U495eF�ª+F�D`¨JF7FU41D�69F

DG8U¦�H+F�DGFe©Å57FU®=®`§�874}©¸D�69F�ª9«$§�DG874}©9FU¦�57F7®=®`§ � $&% '&� ²�¾&69FPOJFs5?698749<`§�O1§�¨*<EDG69<»4}MT69:V¨*FU°¯FU¦�M&8U¦�F1§�D�<=®=®

3+4Væ+49:V¨
4$²


 :¸¬�8?¦�M�8�¬�F�¨ OP8ND�69F7O#8�D�<f5787®TO*:+©9F7®­§~MT§�3p5y6á8s§(��8*) �,+&� 8U49©-� 
 )�´ � .&� M�F�DG57M$698�°¯F�ª+F7F74

Fs§�DG8�ª+®=<­§�6+Fe©àDG:¹F�£}¥�®f8y<=4X8749©Å¥9¦�F7©9<�5�D,D�6}F1F�£9¥+FU¦�<=O#F74sD~8y®&¦~Fs§�3Q®ED�§N²u¾&69Fs§mF1O*:+©9Fy®`§�¥+87<=©¹O*:9¦�F

8�D�DGFU4sD�<=:941:94�D�6}F�O*:�©s3Q®=8�DG<=:941:�¬&¥+8?¦�87OPFNDGFU¦�§�8e5757:9¦�©V<=4VHPDG:�D�69F
F�£9¥+FU¦�<=O#F74sDG87®�©98�DG8�D�6}8U41:94

D�69F 3+49©9FU¦�®»«+<=49H ª+<=:�®=:9H+<=5A8y®/O#FA57698749<`§�O¸§�² � F757F74AD�®»«eM/8 ´µ:94sDGF ¶�8U¦�®=: OJF�D�69:+© ¨*8A§

©9F�°¯Fy®f:¯¥+F7©CD­: §�<=O�3Q®h8NDGF D�69F � ³���¢½<=4ß§�¥+8?¦�§�FÄ57:949©9<LD�<=:94 � /0� ª+8A§�F7©Ö:94ÄD�69FÄF�£}¥+FU¦�<»O#F74sDG87®

¦�Fs§�3$®]D�§ � '0� ²X¾Â6}F §�<=OJ3Q®�8�D�<=:949MC6}:}¨JF�°¯FU¦�M ¨J8s§ß3+4}8Uª+®hF DG: ¥9¦�Fe©V<=5�DÖD�6}F 8U¥9¥9¦�:V£+<»O#8�DGF7®=«

¦�8U4}©9:�O*<=ÔAF7©Å©9<`§�D�¦�<LªV39DG<=:94Å:9¬�©987O#8UH+F7©Å5eFy®=®`§�<=4ÃD�6}FPF�£}¥+FU¦�<hO#F74sD�§�3+4sD�<=®¤6}8U°+<»49H¹<=4sD�¦~:�©s3Q57Fe©

D�69F21A§�698?æ�<=49H#F7¬`¬�FA5�D!39²



³�4�D�69F�®=8V§�D ¬�F�¨º«9Fe8U¦�§�M$O*:9¦�F�F�£9¥+F?¦q<=O#F74sDG87®+¦�Fs§�3Q®ED�§'698U°¯F�57:9O#F�:V3VD 5?:¯4}57FU¦�49<=49H*D�69F�§�:V¦`D

:9¬CD�69F §�<»H+4987®�<»49H O*:+®hFe5�3$®�Fs§�¦�F7®�FA8s§�F7© ¬`¦�:+O D�69F <L¦�¦~87©¯<f8�DGF7© 57F7®�®­§ 8749© D�6}F §�<LH+4+8y®`§ �

D�¦�8U4+§�O*<­§N§�<f:�4¹8U4}©·<=4sDGFU¦~875�D�<=:94Ã¨*<ED�6�D�69F�ª9«$§�DG8U49©+FU¦�57F7®=®`§N² � 4}F1:¯¬,D�6}F¸O*:$§�D�¦�F757FU4AD�¦�Fs§�3$®]D�§

©9<h§m57:V°+FU¦�Fe© D�698�D¹D`¨
:¿¥9:$§�§�<Lª+®�F ª9«Q§�DG8749©9FU¦�§�<LH�4}87®h<h4IH ¬�8e5�DG:¯¦m§�M�� � 8U49© ¾��2"u±
β
Ñ?MÅ8U¦�F

<=4V°+:�®L°QF7©Ö<=4 � ³���¢ � �0� ²("$3+¦�D�69FU¦�O*:9¦�F7M,D�69Fs§~F D`¨J: §G<=H94987®h<=49H/¬�8e5�DG:V¦�§á8U¦�F)<=4sDGFU¦~©9FU¥+FU49©9F74AD�ä

¾�� "u±
β
Ñ
<h§�5e:¯4$§�<�©9FU¦�Fe©¸D�:Ãª+F�D�6}FP©9:V¨�4+§�D�¦�F78?O¿¥9¦�:+©s3Q5�D�:¯¬,¦~87©¯<f8�D�<f:¯4}±~<=4}©s3Q57F7©�� � M�¨
69<h®�F

� � ®fFe°¯F7®�¨*<=®h® 87®­§~:¸ª+F*87¬`¬GFs5NDGF7©áª9«¸¾��2"u±
β
Ñ?M$¨�69<�576�578U41ª+F�¦�F7®�F78s§~F7©Ã¬`¦�:�O DG8U¦�H+F�DGF7©15eFy®=®`§

8U4}© D�6}Fy4º©9<h¬`¬`3u§�F ¬`¦~FsF7®=« <=4ßD�69F/O#F7©¯<L3QO ©s3QFCDG:�<ED�§C§�DG8�ª+<=®h<ED�«}²�Ò 5e8y®�57<L3$O#±�©9F?¥+Fy4}©9F74sD

¥+8�D�6A¨*8U«�¨*8V§&¥9¦�:9¥9:$§�Fe©�D�:�ª+F%¦~Fs§�¥+:94�§�<Lª+®�F�¬�:9¦TD�69F%<=4ADGFU¦�±�OPF7O�ª9¦~8y4}F!D�¦�8U4+§�OP<`§N§�<=:�4 � �&� ²

¾&69<­§�¥9¦~Fs§�F74sD(§�<=O�3Q®h8ND�<=:94�<h§(87®­§~:¸ª+8A§�F7©�:¯4P´Á:¯47DGF*¶,8U¦�®=:�O*F�D�69:+©9MT8?<»O*<=49Hà8�D%§`D`3Q©s«}<»49H

69:V¨ D�69FÅª9«$§�DG8?49©+FU¦157F7®=®`§1¦�F78e5�D#<»4-©9<»¬�¬GFU¦�F74sD#©V<`§�DG8U4+57Fs§1¬`¦~:�O D�6}F)57F7®h®�<L¦�¦~87©¯<�8�DGFe©À<=4ÄD�69F

57FU4ADGFU¦/:9¬ÁD�6}F¼©V<­§�6Q²Å¾&69F¼57:V¦�¦~Fs§�¥+:949©V<=4VH FU£9¥+FU¦�<=O#F74sDG87®X©98�DG8 <h§ß¬`¦~:¯O :V3+¦Ö¥9¦�F�°+<=:V3�§

F�£}¥+FU¦�<hO#F74sDGM!¥+F?¦�¬�:¯¦GO*F7©C<=4µ8¹57F7®h®`§�§�¥+8U¦�F7®=«µ©9<­§�D�¦�<fªI3�DGFe©À§G<ED`3Q8�D�<=:94 �,�	�&� ²'Ò�§1§�69:V¨�4µ<=4)D�69F

¬�<=HV3+¦�FÃÑ?M,Ñ?Õ9Î157F?®»®`§'¨*FU¦~F�¥V39D'<=418�¦�:V3+49©1©9<h§�6*¨*69<h®�F�D�69F�5eFy®=®u<»4*D�69F�5eFy4ADGFU¦¤¨J8s§�<L¦�¦~87©¯<f8�DGF7©

8�D�Ñ
�%«X;�±�¦~8e«+§�²¤¾&69FàFy4}©V¥+:�<=4sD�<`§P§�3+¦�°+<f°Q87®`²'¾&6+FÃ¦�Fs§�3$®]D�§P§�6}:}¨JF7©·D�6}8�DGM,8U¬hDGFU¦�D�6V¦~F7FÅ©98U«$§ �

5�3Q®ED`3+¦�F7M�D�6}FU¦�F ¨J8s§µ49:½:}ªI°+<=:}3�§Á©¯<�¬`¬�FU¦mF7495eF <=4 D�6+F OJ8UH�49<]D`3Q©9F�:�¬ � ³!�!¢ ¨*<EDG69<=4.D�6+F

ª9«$§�DG8749©9FU¦'57F7®=®`§'8�D ©V<=¬�¬GFU¦�F74AD&©V<`§�DG8U4957FA§TDG:�D�69F�<L¦�¦~87©¯<f8�DGF7©*57F7®=®�<=4�D�69F�57F74ADGFU¦&:9¬$D�69F�©V<`§�6$²

� �
 
�
�U���	�����,� �	��� ���������

¾&69<­§(§�<=OJ3Q®�8�DG<=:¯4á57:94�§�<`§�D�§�<=4�D�6}F�O*:}D�<f:¯4á:¯¬TD�6}F�§�<LH+4987®`§�8749©�D�6}Fy<�¦!<=4ADGFU¦�875�D�<f:¯4*¨*<ED�6�D�6}F

57F7®=®`§¤3Q49©9FU¦�5eFU¦�DG8U<=41O#F757698749<`§�O1§N²9³�D'<h§�8s§N§�3QO#F7©�D�698�D�D�6}F�:¯¦G<LH�<=4+87®T§�<=H+4987®`§�8U¦�F�¦�F7®hFe8s§�F7©Pª+«

D�69F�5eFU4sD�¦�87®�57F7®�®Å<L¦�¦�8e©¯<�8�DGF7©¼©9<L¦�F75ND�®L«I²�Wµ<EDG6.D�6}F Dh¨J:¿©V<=O#Fy4+§�<=:�4¿§�<�O*¥�®�<h¬�<h5A8�DG<=:949MÃ¬`¦~:¯O



¢K<»4$§�DGF7<»4�¢�âs3Q8�D�<f:¯4}M}D�6}F�D�<=O#F�<=4sDGF?¦�°Q87®
∆
D 5?:}3+®=©�ªQF�©9F757<=©9Fe©�ä

� Ü ��������� ∆∆∆∆ 	 �UÑ��

Ò�¬hDGFU¦�F7875U6
∆
D­MpD�69FÃ§G<LH+4+8y®'O*:V°QFs§�81©V<`§�DG8?4957F1875e57:¯¦~©s<=49H�®=«¹874}©·<ED�§�©V<�¦�F75�DG<=:94·<�§�¦�8U4}©9:�O*®h«

§�F7®�F75�DGFe©$²�
JFU¦�F?M�� ¦�FU¥9¦�FA§�FU4AD�§�D�6}F¸D`¦~8U4�§�®�8�DG<=:94987®�O*:¯ª+<h®�<ED�«Ä:+¬%D�69F·§�<LH+4987®�<=4·D�6}F O#F7©9<L3$OJM

¨
69<h576*5e:}3Q®=©�ªQF�©9F�DGFU¦�O*<=4+F7©�ª9«�D�6}F�O#8s§N§':9¬$D�69F�O*:�®�F75�3Q®=F � � ��� ² 
 <=4+57F�¾�� "u±
β
Ñ(57:V3+®=©*âs3Q<EDGF

®h<=æ+F7®»«�ª+F)D�69FÖ§�<=H�4}8y®�<=49H�O*:�®�F75�3Q®�F7M
� <­§à5769:$§�F?4ß8A575e:¯¦�©V<=4IH DG:CD�69FCOJ8}§m§à:�¬15U«ADG:¯æ+<=49F

��¾�� "�±
β
ÑC<h§X:949F/O#FyO�ªQFU¦X:9¬Å5U«ADG:9æ�<=49F ��MJD�6}8�DÅ<�§Ä8�ª¯:}39D-Ñ?Î��#)*8V²
¾Â6A3�§�M�D�69Fß§�<=H+4987®!�»§

D�¦�8U4+§�®=8�DG<=:94987®&O*:¯ª+<�®h<ED�«Å<`§�8U¥9¥9¦�:V£+<=OP8NDGFy®L«µÑ?Î���49O���§����G²���<=8��#MpD�6}F¸§�<=O�3$®�8�DG<=:94¸D�<=O#FP5e:}3+®=©

ª+F*57:94V°+F?¦�DGF7©�D�:PD�69F�¦�Fe8U®$D�<»O#F*<»4PD�6}F*Fe£}¥+FU¦�<hO#F74sDGMu8�4}©áD�6}Fá§�<=O�3Q®h8ND�<=:94PD�<=O#F�<=4PD�69<`§�§�D`3Q©V«

¦�FU¥9¦~Fs§�FU4AD�§ Ì�� 69:V3+¦�§ :¯¬�¦�F787®VDG<=OPF�8A§TD�69F�F�£}¥+FU¦�<hO#F74sDu©9<=© � '&� � �&� ²

Ò�¬hDGFU¦,Fe875U61§�DGFU¥+MQF7875U61§�<LH+4987®9¨*<h®�®�ª+F�F�£Q87O*<»4+Fe©�ª9«P<]D�§¤¥+:$§�<]D�<=:94#8U49©#875757:9¦�©V<=4VH+®»«á57F7®`®

©987O*8UH+FV§T¨*<�®h®9ªQF�©9F�DGFU¦�O*<=4+F7©$²I¾�:P©9Fs§~5U¦�<Lª+F!D�6}F%¥9¦�:�5eFs§�§'O*:9¦�F%¥9¦�F757<`§�F7®=«eM}D�6}F�¬�:�®=®=:V¨*<=49H#8U¦�F

D�69F%O#87<=4*8V§�§�3$O*¥VDG<=:¯4+§'©s3+¦�<=4VH�D�69F�©9F�DGF?¦�O*<»4+8ND�<=:94*<=4�D�69F%¥9¦�FU°+<=:V3�§'O*:+©9Fy® � /&� ä

�UÑ���Ò ¦�Fe875�D�<=:94ßª+F�D`¨JF7FU4º8ß§�<LH+4987®#8749©º8Cª9«$§�DG8?49©9F7¦X57FU®=®#:�575N3+¦�¦�F7©ß¨�6}FU4ßD�69F/©V<`§�DG8?4957F

ª+FND`¨*F7F74ÖD�69FÖ§�<LH+4987®*8749©ÖD�69Fµ57F7®h®
5AFy4ADGFU¦1¨*8s§�®=FV§m§ÃD�698?4ß8Ä¦�F78e5�D�<=:94 ¦~87©¯<L3�§��*²�� ¨J8s§

8s§m§�3QOPFe©
DG:�ª¯FPÑ?Î
µ
O1Ï

� � �T¨
69F749FU°¯FU¦,8�¦�F78e5�D�<=:94#:�5e5�3+¦�¦�F7©9MsD�6}FJ§G<LH+4987®�¨J8s§'¦�3$®fF7©P:V3VDu:9¬�D�6}FJ§�<=O�3Q®�8�DG<=:¯4}M¯¨
69<h®�F�D�6}F

57F7®=®¯¨J:V3$®=©�ª¯F�57:¯4+§�<�©�FU¦~F7©*8s§'©987O*8UH+F7©�¨*<]D�6�¥9¦~:}ª¯8�ª+<h®�<ED�« Æ! #"%$ Ï

��Õ �Tª9«+§�DG8?49©9FU¦'57F7®�®­§Â57:}3Q®=©*<»4�D`3+¦�4*F7O*<ED'§�<LH�4+87®`§T¨*<]D�6�¥9¦~:}ª¯8�ª+<h®=<ED�« Æ!&�$ ²

��8s§�F7©�:94PD�69F�O*:$§�D'¦�F75eFU4sD�F�£9¥+F?¦q<=O#F74sDG87®�¦�Fs§�3$®ED�§~MpD�6I<­§�¥9¦~Fs§�FU4AD,OJ:�©9F7®T¬�:+5�3�§~F}§(:94�D�6}F

<hO*¥9¦�:V°+F7O#F74sD�§á:¯4)D�6}F)8�ª¯:}°QFX8s§�§�3$O*¥VDG<=:94$§ � /&� ²¤Wµ<ED�6Ö<=4sD�¦�:+©s3Q5U<=4VHµD�69F)¬�<»¦m§�D#8s§m§�3QO*¥VD�<=:94

57:9O�¥+®hFNDGFy®L«�<=4sDG:�D�6}F�O*:�©9F7®=M$6}:}¨JFU°+FU¦�M¯D�6}FU¦�F�<`§�8U41<�O*¥+:¯¦`DG8U4sDK5?:9¦�¦�F75�D�<=:9418s§'DG:JD�69F*§�F757:949©



8s§m§�3QO�¥VDG<=:94�äT¨�6}Fy4¹D�69F·§�<�H�4}8y®�69<ED�§�D�69FÅ5eFU®=®hM�<=¬%D�69FÅ57F7®=®�<`§*©987O#8UH+F7©9M¤D�69F·§G<LH+4987®¤¨*<�®h®,ª+F

¦�3Q®=F7©�:V3VDá¬`¦�:¯O D�69F §�«+§�DGF7O*M*<`²]FV²�8�ª$§~:¯¦�ª+F7© ª9«/D�69F/57F?®»®�²

J:}¨JF�°+F?¦�MJ<=¬PD�6}FÖ57F7®=®�<`§à49:VD

©987O*8UH+F7©9M�D�6}F¸§�<=H94+87®,§�69:V3+®=©Ã¦�FND`3+¦�4¸D­:áD�6}FPO*F7©9<L3$O 8U49©à57:¯4AD�<=4A3QFJD�:ÅO*:V°+F*¦�8U4}©9:�O*®»«¹<=4

D�69F*O*F7©9<L3$O <=4$§�DGFe87©Å:9¬¤ª+F7<=49H¹8�ª�§~:¯¦�ª¯F7©$²�¾&69<h§�87O*F74+©9O*F74sD�6}8s§�8�H9¦�F78�DK<»49¬G®f3QF74}57FP:94¸D�6}F

O#875U¦�:�©9<h§�D�¦�<LªV39D�<=:941:+¬'©98yO#8UH+Fe©157F7®h®`§N²9³�418�ª+<=:�®f:¯H+<�5s87®T§mF74+§�F7M�<ED,OJFs874+§¤D�698ND,<ED'<`§K¥+:p§m§�<fª+®�F

¬�:9¦¤D�69F�§�<�H�4}8y® ��¾��2"u±
β
Ñ��&D�:Pª+F�ª¯:}3+4}©�D�:�D�69F�57F7®=®�O1F7O�ª9¦�874}F�8749©�D�69F?41<»4+©s3Q5eF�8�§�F?¦q<fF}§�:¯¬

©9:V¨�4+§�D�¦�F78?O <=4AD�¦�8757F7®h®L3Q®�8U¦,¦�F78e5�D�<=:94$§N² � D�6}FU¦�¨*<�§�F7M�<ED'O#8e«�®�F78U°¯F�D�69F�5eFy®�®u8y4}©Pæ+F7FU¥�O*:V°+<»49H

¦�8U4}©9:�O*®»«X<=4ÅD�69FÃO*Fe©¯<L3QOÃ²uÒ�§�DG:ÃD�6}F�D�69<L¦�©):949FeM D�6}F¸¥+8U¦~8UO#F�DGFU¦ Æ!& $ <h§
87®`§�:)<=4sD�¦�:+©s3Q57F7©$²


 <=4}57F·D�69F·ª9«Q§�DG8749©9FU¦�5eFy®�®`§Ã6}8U°+FÄ57:�O
¥+8U¦�8�DG<L°+F7®»«Ö¨�F78Uæ�F7¬`¬�F75ND�§�M�<ED1<h§¸8}§m§�3QO#F7©CD�698�D�D�6}F

ª9«$§�DG8749©9FU¦'57F7®=®`§T¨*<�®h®9¦�F7±GFyO#<ED 8�DuO*:$§�Dp:¯4}F�§�<LH�4+87®=<=49HPO*:+®hFe5�3$®�F!DG:�D�6}F�OJF7©¯<L3QO.<�¬$D�69FU«#©9:�²

"$3+¦�D�6}FU¦�O*:¯¦~F7MP®=<»¬GFV§�¥+874 <`§ 87©9©9F7© 8s§ 8ß49FN¨ ¥+8?¦�8UO#F�DGFU¦G²�Ò�5�D`3Q8U®=®»« F787576¼§�<»H+4987®�<»49H

O*:�®�F75N3$®�Fº©¯<`§�8?¥9¥$F78?¦�§Ä¨*<EDG6 D�<=O#F7MÅ<`²]FV²�D�6}F.®=<=¬�FßD�<=O#F §�69:V3$®=© ª¯F.5e:¯4+§�<h©9F?¦�F7©$²P³�4 D�69<`§

§�<=O�3$®�8�DG<=:949MP8ß§�<LH+4987®�¨J:}3Q®=©ßª+FÖ¦�F7O*:V°+F7©.<=¬¹<ED�§XF�£+<`§�D�<=4VH�D�<=O#F FU£¯57F7F7©$§ÅD�69FÖ®=<h¬GFs§�¥+874Q²

��<f:�®=:9H�<=5e8y®�®»«X§�¥+FA8Uæ+<=4VH+M�D�69<`§�®=<h¬GFs§�¥Q874Å©9:+Fs§(49:sD�4}F757Fs§m§�8U¦�<�®»«�¦�F7¬GFU¦!D­:áD�6}F�¦�F787®&®=<h¬GF¸§G¥+874Å:�¬

5U«ADG:¯æ9<=49FI²V³­D O*8U«*ª+F%D�69F�875�D�<E°Q8�D�<=4IH�D�<=O#F�8749©P<]D�§':}°¯FU¦�87®=®$8?¥9¥9¦�:}£+<�O#8�D�<f:¯4#O*8U«#87®­§~:¸<=4}5y®L3Q©9F

D�69F%¥+:$§�§G<Lª+<h®h<]D�«J:�¬$D�69F�§�<LH+4+87®!�»§Tª¯:}3+4}©¯<=49H�DG:�D�69F�5eFy®=®9ª939D$¨
<ED�69:V39D 578�3�§�<=4IHP©987O#8UH+FV§N²

¾&69F�¥+FU¦~57FU4sDG8?H+F�:¯¬&4}8�D`3+¦�87®=®»«á©+8yO#8UH+Fe©157F7®»®`§�<`§�87®`§�:1<=4+57®f3Q©9Fe©$²¯³�D&<h§K¥9¦�:¯¥+:$§�Fe©JD�:#:}ª¯FU«

8 ��8�3�§�§'©9<`§�D�¦�<LªI39D�<=:94�ä

� � �

µ
8U4}©

σ
¦�FU¥9¦�FA§�FU4AD�§�D�6}F)O*F7874C°+87®L3QFÄ8749©/©9F�°+<�8�DG<=:94/:¯¬�D�6}FÄ©V<h§�D�¦�<LªI39D�<=:949M�¦�Fs§G¥+F75�D�<L°+F7®=«AM

¨
69<h576*8?¦�F!ª+:VD�6*:VªsDG87<=49Fe©�¬`¦�:9OßD�69F�©98�DG8(:¯¬$D�6}F�57:¯4AD�¦�:9®9H9¦�:V3+¥$§&<=4�D�69F�FN£9¥+FU¦�<hO#F74sD � � �&� ²



� �
 
� �7� � �=�m�

³�4*D�69F�§G<»O�3Q®�8�D�<f:¯4}MQD�6}F�4s3QO�ª+FU¦�:¯¬TD�6}F�:9¦�<LH+<=4+8y®u§�<»H+4987®`§,H+F74}FU¦�8�DGF7©P<=4*D�69F�57F?4sDGFU¦K:¯¬�D�69F

©9<h§�61<`§�§�F�D&D­:�ª+FÃÑ?Î9M � Î1:V¦�Õ9Î$² "�:¯¦�Fe875U61:9¦�<LH+<=4+87®Â§�<�H94987®T4A3$O�ªQFU¦�M Æ! #" $���Æ�& $ 8U49©1®=<h¬GFs§�¥+874

8U¦�F
87©���3u§�DGF7©PO*874A3Q8y®�®»«*DG:1O*8Uæ+F�D�6}F�¬�<=4+87®�©9<`§�D�¦�<LªV39DG<=:¯4á8UH9¦�F7F�¨*<ED�6�D�6}F�F�£}¥+FU¦�<»O#F74sDG87®�©98NDG8V²

´µ:+©s3+®�8�DGF7©�¥+8U¦�8UOJF�DGFU¦�§X8U¦~F §G69:V¨�4º<=4ßD�69FÁDG8Nª+®hF ÑA²�¾&69F ¬�<LHV3+¦�F � §�6}:}¨#§ÅD�69FÖ¦�Fs§�3$®]D�§

<=4+57®f3Q©9<=49H�D�69F�57:9O�¥+8U¦�<`§�:94�ª+F�D`¨JF7FU4�D�6}F�§�<=OJ3Q®�8�DG<=:¯4J8y4}©�D�69F�F�£}¥+FU¦�<hO#F74sDG87®9¦�Fs§�3$®ED�§

Ò�§,D�6}F�¬�<=HV3+¦�F � ©9FUO*:94�§�D�¦~8�DGFs§�M$¬�:9¦(F7875U6Å§~F�D':9¬¤¥+8?¦�8UO#F�DGFU¦�§~M�D�69F�H+FU49F?¦�87®pD�¦~FU49©1:9¬ÂD�6}F

¦�8�D�<f:Å:¯¬�©98yOJ8UH$Fe©Å57F7®=®­§�<»4à©9<h¬�¬�FU¦~Fy4AD(8U¦�Fe8s§�8?H9¦�F7Fs§�¨
F7®»®T¨J<ED�6¸D�6}FPF�£}¥$F?¦q<=O#F74sDG87®&©98NDG8V²$¾&69F

O#8UH+49<ED`3Q©9F.:9¬)ª9«$§�DG8U49©9F?¦ÖF7¬`¬GFs5NDGM¸<`²]FV²*D�69F�¦�8�D�<f: :V¬Ä©987O#8UH$Fe©¿57F7®=®`§Ö<=4 F78e5y6½8U¦~F787MÅ<h§

57:9O�¥+8U¦�8ND�<L°+F7®=« <=4+©9FU¥+F749©9F74AD¹:9¬ÃD�69F�©V<`§�DG8U4}57Fß¬`¦�:VO D�6}Fß57F?4sDGFU¦G²�¾&69F ¬�<=¦�§�D·8U¦�F78/698s§ 8

¦�F7®=8�DG<L°+F7®»«µ69<=H+69FU¦#©987O*8UH+FÅ¦�8ND�<=:�M¤ªI39D�H+FU49FU¦~8y®=®=«Äæ+F7F7¥+<»4IHÖ<=4)D�69F)§�8?OPFÅ®�FU°+F7®(8s§�D�69:$§�FÅ<=4

¬G8U¦�D�69F?¦*8U¦�F78A§N²�¢'°+FU4Ä<=4¹D�69FÅO*:$§�D�©V<�§�DG8U4AD
©V<­§�D�¦�<=5�D�:¯¬%D�6}FÅ©V<`§�69MÂD�6}F¸ª9«$§�DG8U49©9F?¦*F7¬`¬�F75ND*§­D�<=®�®

©9:+Fs§&49:sD ©9FUOJ:¯4+§�D�¦�8�DGF�:VªV°+<=:V3u§'©¯<=¬`¬GFU¦�F74+57Fs§�²

Wµ<EDG6)D�69FÅ<=O*¥9¦�:}°¯F7OPF74AD
:¯¬
8s§�§�3$O
¥VD�<=:94 � � ��M&D�6V¦�F7F¹§�F�D�§J:¯¬�¥+8U¦�87O*F�DGF?¦�§#8U¦�F�:}ªIDG8U<=49F7©

8UH9¦�FeFy<=4IH)¨*<EDG6·D�69FàFe£}¥+FU¦�<=OPF74ADG8y®�©98�DG8V² 
*:V¨JF�°+FU¦�M&D`69F?¦�FÅ8U¦�F¹§�FU°+FU¦~8y®(©9<h¬`¬GFU¦�F7495AFs§J87O*:�4VH

D�69F7O1²X¾&69FU¦�F §G69:V3$®f© ª¯F :sD�69FU¦�¦~8�D�<=:94987®Ä¦�FV§�D�¦�<=5�DG<�:¯4+§º8U49© :Vª$§~FU¦�°Q8�D�<=:94$§�M)¨
69<h576 8?¦�F

O#F74sDG<=:¯4}F7©�<=4�D�6}F�©¯<`§~5�3�§N§�<=:�4Q²

���
 
� 
h��  ���m� 
����

� 87©9<h8ND�<=:¯4#³�49©s3p57F7©-�(«$§�DG8U49©9FU¦'¢�¬`¬�FA5�D�� � ³��,¢��,698A§¤ªQF7FU4á©¯<`§~57:}°QF?¦�F7©�ª+:VD�6����	�
����
���8?49©

�����
���
� �,�!� � � ²A¾&69F%H+8U¥���3Q495ND�<=:94*<=4sDGFU¦�5eFy®=®L3Q®h8?¦'57:�O*O�3Q49<h5e8�D�<f:¯4 � ��2m³�¶ �T¨*8s§ ¥9¦�:}°¯F7©�D­:�¥9®=8U«#8

§�<LH+49<h¬�<�57874AD�¦�:¯®fF¸¨*69F74X¥�6V«Q§�<h5e8y®(57:94sDG8e5�D�§�ª¯F�D`¨*FeFU4Ä49F7<=H�6Vª¯:¯¦�<=4VHµ5eFy®�®`§*8U¦�FÅ<=4V°+:+®f°QFe© �,� � � ²



"$3+¦�D�6}FU¦�O*:9¦�F7M¯D�6}F�³�¶¤´ FU£9¥+F?¦q<=O#F74sD�§�3+H9H+Fs§�DGF7©�D�6}8�DTD 69FU¦~F�§�69:V3$®f©áª¯Fá§�<=H+4987®=<=49HÃO*:+®hFA5�3Q®�Fs§

<=4�D�69F�O#F7©9<f3QOº8A5757:V3+4sDG<=4VHP¬�:9¦�D�6}F�D�¦�8?4�§�O*<`§N§�<=:�4*:9¬$D�69F�©987O#8UH+F�§�<=H�4}8y® � �  �� ²

¾&69<­§ ¥9¦�Fs§�F74AD)OJ:�©9F7®�¬�:�5�3�§~Fs§µ:94 D�6}F <=4ADGFU¦�57F7®=®E3Q®h87¦¹D`¦�8U4+§�OP<ED`DG<=4VH¼¥9¦G:�57FA§�§µ<=4¼57F7®=®�§

§�¥+8?¦�§�F7®»«J¥+:¯¥V3Q®�8�DGF7©P5?:949©9<ED�<f:¯4$§�²VÒ�§&¨*8V§,OJFy4AD�<f:¯4}F7©18�ª+:V°+FeM¯D�69F%D�¦�8U4+§�O�<]D`D�<=4VH�§�<=H�4}8y®�<=4�D�69F

O#F7©9<f3QO¿<`§�¾�� "�±
β
Ñ�O*:$§�D'¥9¦G:Vª+8�ª+®L«yMp¨
69<h576�57:V3+®=©PªQF�D�69F*©I:}¨
4�§�D�¦�F787O¼¥9¦�:+©s3Q5�D�<f:¯4�:9¬ÂD�6}F

<=4sD�¦�8e57F7®h®L3$®�8U¦X¦�F7875ND�<=:¯4�¨*<ED�6�D�69F/¥+8U¦`D�<=57<»¥+8ND�<=:94 :¯¬ � � M18U49©ßD�6V¦�:V3+H96 8 ¶�8 �G>C¥+8�D�6s¨J8U«

¥9¦�:Vª+8�ª+®L«}²V¾&69FV§~F%¦�Fs§�3Q®ED�§':9¬`¬GFU¦�F7©�D�69F!ª¯8V§�<­§'¬�:9¦�D�69<h§'Oá:�©9FU®VD­:�¦�F?49F�¨�D�69F�8s§m§�3QO�¥VD�<f:¯4+§N²I¾Â69<`§

O*:+©9F7®!<=O*¥9¦�:V°+F7©C§~:¯O#FPªQ8s§�<�5¸¥+8?¦�D�§
:¯¬�D�69FÃO*FND�69:+©9:¯®=:9H9«X:¯¬�D�69F1¥9¦�FU°+<=:V3�§�´Á:¯4ADGFÃ¶�8U¦�®=:

§�<=O�3$®�8�DG<=:94�ä}D�6}F�§�<LH+4987®`§¤¨J:}3Q®=©P¦�FND`39¦�4*D�:JD�6}F�O*F7©9<L3$O¼<=4$§�DGFe87©1:¯¬Tª¯F7<»49H1¦�3$®=Fe©1:}3ID&¨�6}FU41<ED

¬G8y<�®`§¤D�:�578�3�§~F�©98UO*8?H+F}§'D�:�D�6}F�57FU®=®`Ï�8749:sD�6}FU¦,¥+8U¦~8yOJF�DGFU¦�M$®=<»¬GFV§�¥+8749M�<h§�8e©9©9F7©¸<=4*D�69<­§�OJ:�©9F7®`²

"$3+¦�D�6}FU¦�O*:9¦�F7MTD�69F�8s§�§�3$O�¥VDG<=:94)¬�:9¦�¥+8?¦�8UO*F�DGF?¦ Æ!& $ <`§
8U¥9¥9¦�:V°+F7©ÃD­:·ª+F1O*:¯¦~Fáª+<=:+®=:¯H+<=5787®�®»«

¦�F78A§�:9498Uª+®�F9ä�87¬hDGFU¦,D�6}F¸§�<LH+4987®'¾�� "u±
β
Ñ*®=Fe87©�§!DG:PD�69F*¥9¦�:+©s3Q5�D�<=:94à:¯¬ � � ª9«Ãª+<=4+©9<=49HÃDG:áD�6}F

57F7®=®$O#F7OJª}¦�874+F7M � � ¨
:}3+®=©*<=4�D`3+¦�4�¦�F?¥9¦�:�©s3Q5eF!¾��2"u±
β
Ñ?M98s§'8%¦�Fe±�FUO*<ED`D�<=4VH*¥9¦�:+©s3Q5�D�<=:94$²

Ò/O#874s3Q87®h®=«�87©N��3�§�DG<=4VH1¥9¦�:+57Fs§m§,HV3Q8U¦�8?4sDGF7Fs§'D�69F�8?H9¦�F7FUO#F74sD&ª¯F�D`¨*FeFU4�D�6}F�FU£9¥+FU¦�<=O#Fy4ADG8s®

©98�DG8½8U49©¿D�69F §�<»O�3Q®�8�D�<f:¯4 ¦�Fs§�3$®ED�§ :9¬/F787576 §�F�DÀ:V¬Ö¥+8U¦�87O#F�DGFU¦m§N² �%« 5e:¯O�¥+8?¦q<=49H D�6}F

¥+8U¦�87O*FNDGFU¦�§
8�D�©V<=¬`¬�FU¦~Fy4AD�®=FU°+F7®`§
:¯¬�D�69F�:¯¦�<�H�<=4+87®!§�<=H+4+87®¤4A3$O�ªQFU¦�MÂD�6}F¸¥+8?¦�8UO#F�DGFU¦
5U698?4VH+<»49H

D�¦�FU4}©Å5?:}3+®=©1ªQFP:Vª$§�F?¦�°+F7©$²�WÀ6+Fy41D�69F*:9¦�<LH+<=4+8y®&4A3$O�ªpFU¦%®fFe°¯F7®¤<`§(¦�F7®=8�DG<f°¯F7®»«à69<»H+6 ��4s3QO�� � Î

:9¦�Õ9Î���M Æ� #" $ <�§*57:9O�¥Q8U¦�8�D�<L°+F7®=«Ä®=:V¨ D­:Ä8�°+:+<=©)O#8Uæ�<�4VHÄ69<=H+6Ä©987O*8UHQFÃ¦�8�D�<=:Ä<»4¹D�69FÅ5eFU4sDGFU¦

8U¦�Fe8V²s´µ:9¦�F?:}°¯FU¦�M�¬�:9¦TD�69F�69<=H�6}Fs§�D'®=FU°¯Fy®p:�¬�D�6}F�:9¦�<LH+<=4+8y®u§�<»H+4987®�4s3QO�ªQFU¦�M Æ!& $ §�6}:}3+®=©#87®­§~:�ª+F

O�3Q5761®=:}¨JFU¦¤D­:157:V3+4yDGF?¦�875�Du¨�<ED�61<]D�§%§�5e8y®�F�F7¬`¬GFA5�Dm²VWÖ69<�®hF�D�69F�:9¦�<LH+<=4+8y®&§�<LH+4+87®�4s3QOJªQF?¦!®fFe°QF7®

<`§�¦�F7®h8ND�<L°+F7®=«Ä®=:V¨ ��4s3QO���Ñ?Î ��M Æ! #" $ 8U49© Æ &�$ 4}F7F7© D­: ª¯F¸ª+:VD�6¹69<LH�6ÅDG:¹¦�F7875U6ÅD�6}F¸H+F749F?¦�8s®

D�¦�FU4}©�<»4JFe£}¥+FU¦�<=OPF74ADG8y®+©98NDG8V²



Ò*§ Æ! #" $ 8U49© Æ!& $ ©V<=¬�¬�F?¦!¬`¦~:¯O¼Fe87576Ã§�FND':9¬&¥+8U¦�87O#F�DGFU¦�§~M¯D�69FU¦~F�§�6}:}3Q®=©�ª+F
©¯<=¬�¬�FU¦~Fy4}57FV§�:V4

D�69F·DGF?O�¥+:¯¦~8y®
5U6+8U¦~875�DGFU¦�<`§�D�<h5A§N² �(«/¦�F7¬�FU¦�¦�<=4VH/D�:CD�69FµF�£9¥+F?¦q<=O#F74sDG87®
©98�DG8 � '&� M�<ED�5?:V3+®=© ª+F

°+F?¦q<=¬�<�F7©ÃD�6}8�D,D�69F1©98?O*8UH+F1<»4�D�:sDG8U®&¦�Fe875U6+F7©¹8P¥+F78Uæ1¨
69F74¹Õ¹©98U«�§�8y¬hDGF?¦!D�69FP<�¦�¦�87©9<=8�DG<=:94¹:¯¬

;
±�¦�8�«I²9³�4*D�69F�§�<�OJ3Q®�8�DG<=:¯4}M�¨�6}Fy4*D�69F�:9¦�<LH+<=4+87®Â§�<=H+4987®T4A3$O�ªQFU¦�<`§�Õ9Î9M�D�6}F�®=:V¨¼®=FU°+F7®u:�¬ Æ! #" $

8U4}© Æ!&�$ O*8?æ$Fs§�D�6}F·§�<LH+4+8y®`§
874949<=6�<�®h8NDGF7©)8U¥9¥9¦~:}£+<=O#8UDGFU®L« � ©98U«$§*87¬hDGFU¦�D�69F�<L¦�¦�87©9<�8�D�<=:94$²T³�D

87®`§�:1<»4}©¯<�5A8�DGFs§'D�698�DuD�69F�©987O*8?H$F�¥+Fe8UæP¨*:V3Q®=©P¥9¦�:Vª+8Uª+®»«¸57:�O*F�:V39D � ©98�«Q§�87¬hDGFU¦�<L¦�¦�8e©¯<�8�D�<=:94

:9¦,F�°¯FU41Fe8U¦�®»<�FU¦G²VW/69<h®�F�<=4�D�69F�:sD�69F?¦ÂD`¨
:Ã§~F�D�§K:9¬&¥+8U¦�8UO#F�DGFU¦m§�MT§�<=495AF Æ!& $ <h§K¦�F7®=8�DG<f°¯F7®»«169<=H+69M

§�<LH+4+87®­§ æ+F7FU¥#FU£+<­§�D�<=4IHP¬�:9¦'Õ�©98U«Q§':¯¦'8%®=<ED`D�®�F�®=:94VHQFU¦�M}¨
69<�576�¦�F749©9FU¦m§TD�69F%¥9¦�Fe©¯<�5�DG<=:94*:¯¬$D�6}Fs§mF

D`¨
:P§�F�D�§ O*:¯¦~F%¦�F78s§~:¯4}8�ª+®�FV²

Ò�¬hDGFU¦1698U°+<=49HßO*:+©s3Q®=8�DGF7©/8U4}© 5e:¯O�¥Q8U¦�Fe©-D�6}F)¥+8U¦�8NO#F�DGFU¦�§~M!D�69FC§�<=O�3$®�8�DG<=:94/:¯¬#:sD�6}FU¦

F�£}¥+FU¦�<hO#F74sDT¨J8s§'O*87©9F%¨*<ED�6*¥+8U¦~8yOJF�DGFU¦�§K:VªsDG87<=49Fe©JD�:�DGFs§`D�<=¬�«�D�6}F�¦~8�D�<=:94987®h<ED�«#:9¬�D�69<`§,OJ:�©9F7®`²

³�4PD�6}FJ¥9¦~F�°+<=:V3�§,´µ:94yDGF*¶�8U¦�®f:ÃO*:+©9Fy® � /&� M¯D�69F�ª+8A§�<h5*FU£9¥+F?¦q<�O#Fy4ADG87®T5e:¯4}©¯<EDG<=:94P¨*8A§¤D�698ND Ë�� Ñ

57F7®=®`§¤¨JFU¦�F�§~F�D`D�®=F7©1:941F78e5U61©9F7¬�<»4+<EDGF�§G¥+:}D <=418�¦�Fe5�DG8U4VHV3Q®=8U¦�©¯<h§�6á8749©�D�69F
©V<­§�DG8U495eF
ª¯F�D`¨JF7FU4

D`¨
:P49F7<LH+6Vª+:9¦�<=4VHá5AFy®=®`§,H9¦~:}3+¥*¨*8s§KÎ$²]Õ�Í�O*O*M9¨*<EDG6JD�6+F�57FU4AD�¦�87®$5eFy®�®�<L¦�¦�87©9<�8�DGF7©$²9¾&69F�¦�Fs§�3$®]D�§

:9¬pD�6}F%¥9¦�F�°+<=:V3�§'O*:+©9Fy®V¨J<ED�6}:}39D 1s§�6}8Uæ�<=49H#F7¬`¬�Fe5�D!3�8U¦�F�§G69:V¨�4*<=4*¬�<=HV3+¦�F�Õ98V²

¾Â6}F�¥9¦~F�°+<=:V3T§&¨J:¯¦�æ#H+FU49F?¦�8�DGF7©#5U:94sD ¦�87©V<�5�D�:9¦�«*¦~Fs§�3Q®ED�§¤D­:�D�69F�F�£9¥+FU¦�<�OPF74ADG8y®Q©98�DG8 � '&� ² � 4

D�69F*57:94sD ¦�8U¦�«eMu:}3+¦K¥9¦�Fs§�F?4sDKO*:�©9F7®�¦�Fs§~:�®L°+F7©PD�69F�¥9¦�:Vª+®�F7O1²�Ò*§�§�69:V¨�4�<=4PD�69F*¬�<=HV3+¦�F*ÕVª+MpD�6}F

§�<=O�3$®�8�DG<=:94�¦~Fs§�3Q®ED�§K8UH9¦�F7F%¨JFy®=®9¨*<EDG6�D�69F�F�£9¥+FU¦�<=O#F74sDG8U®Q©98�DG8�§�69:V¨
4P<=4�D�69F�¬�<=HV3+¦�F � ² ª1:9¬�D�6}F

¦�FU¬�² � '&� ²}¾Â6}F�5U6}8U¦�875NDGFU¦�<h§�DG<=5�:¯¬�D�69F�§�<»O�3$®�8�DG<=:94�¦~Fs§�3Q®ED�§,<`§TD�6}8�D�D�69F�©98UO*8UH+Fe©P57F7®h®`§K8U¦�F�®=:+578�D�F?©

¦�8�D�6}FU¦¹¦�8U4}©9:¯O*®»«º<=4�D�69F/©9<­§�6ßD�6}874º57F74sD�¦�8U®=<=ÔAF7©º<»4�D�69F/57F74ADGFU¦�²�WÖ6}Fy4ºF7O*¥+®=:¯«+<=49H D�6}F

8s§m§�3QO�¥VDG<=:94¸D�6}8�D'D�69F¸§�<�H�4}8y®T¨J<»®�®Âª¯FP8Uª$§~:¯¦�ª+F7©ÅFU°¯Fy4à<h¬�<ED(¬�87<h®`§!DG:¹578N3�§�FP©98?O*8UHQFs§�M&87®=O*:�§�D

49:1§�<LH+4987®$<`§'8Uª+®�F!D�:PFA§�578U¥+F�¬`¦�:9OßD�69F�57F74ADGFU¦&:9¬$D�69F�©9<­§G69M+FU°+F74*<»4�D�69F�§�<ED`3Q8�DG<=:94�¨*6}FU¦�F Æ! #" $



<`§*âs3Q<EDGFÅ®=:V¨�² 
 <LH+4+87®­§J8U¦�FÅ87®=®(8Uª�§�:9¦�ª+F7©·ª9«XD�69FÅ5eFy®�®�§*<=4·D�6}FÅ57F74sD�¦G<h5à8U¦�F78V² 
J:}¨JF�°¯FU¦�M¤ª9«

8s§m§�3QOP<=49H D�698�D�D�69F.§�<LH94+87®P¨*<�®=®Å57:94sD�<=4A3�F�O*:V°+<»49H½<=4.D�69FßO*Fe©¯<L3QO <=4$§�DGFe87©¼:¯¬Åª+F7<=49H

8�ª�§~:¯¦�ª¯F7©9M�<]D,<`§(578U¥+8Nª+®hF*:9¬!§G¥9¦�F787©9<=49H¸D­:Ã8�®=:¯4IH$F?¦%©V<`§�DG8U4957FeMT®=F787©9<=49H¸D­:�D�69F�¦�Fs§�3$®ED&D�6}8�DTD�6}F

©987O*8UH+F7©*57F7®�®­§Â©¯<`§�D�¦�<LªV39DGF�5e:¯O�¥+8?¦�8�D�<L°+F7®»«á§�FU¥Q8U¦�8�DGF?®f«#<=4�D�6}F�©¯<`§�6$²

Ò�¬hDGF?¦*87®»®�M¤D�69F�¥+FU¦�¬�F75�D
8UH9¦�FeFyOJFy4AD�ª+F�D`¨JF7FU4¹D�69FÅFU£}¥$FU¦�<=O#F74sDG87®�©98�DG8Å8?49©·D�69F�¥9¦�Fs§�F74AD

§�<=O�3$®�8�DG<=:94�¦~Fs§�3Q®ED�§,<=4}©¯<�578�DGFA§,8�O�3Q®EDG<=±q§�DG8?H+F�87O�¥+®h<=¬�<�578UD�<=:94#:¯¬'§�<LH�4}87®¯D�¦�8?4�§�OP<`§N§�<=:+4P<=4 � ³!�!¢�²

Ò�49© ¾��2"u±
β
Ñ <`§�8 H+:�:+© 578U49©9<=©98�DGF¼:9¬ §�<=H+4987®h<=4+H O*:�®fF75�3Q®hF¼<=4 D�6}F O#F7©9<f3QO1²à¾¤69F

§�<=O�3$®�8�DG<=:94187®`§�:�©9FyOJ:¯4$§�D�¦�8�DGFA§¤D�698ND � ³!�!¢µ<`§'D�¦�<LH9H+FU¦�FA©�ª9«1ª¯:}D�6�D�69F�¥9¦q<=O#8U¦�«Å§�<=H+4987®`§�¬`¦�:�O

D�69F�<L¦�¦~87©¯<f8�DGF7©¼57F7®=®­§Á8y4}©.D�69Fß¦�F7±GFyO*<ED`DGFe© §�<�H�4+87®`§µ¬`¦�:�O D�69Fßª9«$§�DG8U49©9F?¦µ57F7®h®`§N² "$3+¦�D�6}FU¦

<=4V°QFV§�D�<LH+8�DG<=:94ß<`§�H+:�<=4VH :¯4ÖD�:.§`D`3Q©s«ÖD�6}FC©9F?¥+Fy4}©9F74+57FC:9¬�D�6}F °¯87®f3pFµ:¯¬ Æ  #" $ ��Æ & $ 8?49©

®h<=¬GFV§�¥+874#:¯4�D�69F�©V<=¬`¬�F?¦�F74sD'FN£9¥+FU¦�<=O#Fy4ADG87®$57:949©9<EDG<=:94$§!§�3Q5U6#8s§K©¯<=¬�¬�F?¦�F74sD'F?49©V¥+:9<»4AD�§�M$5eFU®=®­§K8749©

49:V3+¦�<h§�69<=49H#57:¯4}©¯<]D�<=:94$§N²

���
 
����

�����*"�	���


³�4ÄD�69<­§#¥+8U¥+FU¦�M�8Å´µ:94sDGFX¶!8?¦�®=: OJ:�©9F7®�<`§1©9FU°¯Fy®f:¯¥+FA©ÁD­: §�D`3Q©s«ÄD�6}F)O*FA5y6}8749<­§�O1§á:�¬

ª9«$§�DG8749©9FU¦¹F7¬`¬GF75�D�<=4�5eFy®�®`§Ä§�¥+8U¦�§~F7®»«�¥+:9¥V3+®�8�DGF7©�5?:¯4}©¯<]D�<=:94�§�²�¾Â6}FÀOJ:�©9F7®=M�ª+8s§~F7©�:¯4/D�69F

F�£}¥+FU¦�<hO#F74sDT¨
69F?¦�F�D�6}F�5eFy®�®`§,8?¦�FJ§G¥+8U¦�§mF7®»«�©¯<`§�D�¦�<LªV39DGFe©P<»4#8�¦�:V3+49©P©9<h§�6}Mp¬�:+5�3�§~F}§KO*87<=4�®=«1:94

D�69FC§G¥+8�D�<=87®�57698U¦~875�DGFU¦�<h§�D�<=5V§�²%¾&69FC§G<»O�3Q®�8�D�<f:¯4Ö¦~Fs§�3Q®ED�§¹§�3Q575eFs§�§�¬`3$®=®=«/¦�F787576CD�6}FÄ8UH9¦�F7F?O*F74sD

¨*<ED�6¹D�69FÃ¥9¦~F�°+<=:V3�§*F�£}¥+FU¦�<hO#F74sD�§N²'¾&69FÅ5e:¯O�¥+8?¦q<`§~:¯4 :¯¬%D�6}F·§�<=OJ3Q®�8�D�<=:94Ä8749©ÄFN£9¥QFU¦�<»O#F74sDG87®

¦�Fs§�3$®]D�§¤<=4}©¯<�578�DGFA§TD�69F�¬�F78V§�<Lª+<h®h<]D�«#:9¬$D�69F�O*:+©9Fy®+874}©
D�6+F!°¯87®h<�©¯<]D�«J:�¬&§�:�OJF�°+<EDG87®+O#F7576+8y49<`§�O1§

8s§m§�3QOPFe©$²



���������
	���
�����
���
������

����������� ���"!�#����
$%$'&�$'(��)�+*-,/.��10-23����4�5).768��9:$8;<$=��$85?>'&@.�(�&�9=$';A�+!B$'(�5�CD>'&�.E$'(+.�5�5

C�&F��$'(F9G�����IH�.�&KJL;���;A��!B&�>%CM;�41.�&+NL5���CO>'&�.E4�5�PAP3;Q.R.�����;A�S$8;A&���TVUV(�5W�S��$'(�&�.X9G�1H�H�.�5Y4Z;[�S$85\$'(K5

>R;A�L����4�;���P]9'�LH�HL&@.:$�>=.�&@C $'(K5_^M�`$R;A&�����PbaL4Z;�5���4Y5dce&+�L�����`$R;A&��O&�>b2f(�;A�L�hgR,%.��1�
$-^i&jT

k)l+mLnFo"l+pLl�qhk)l+p�p�o�o�pLr+s`T]tu;A�v�����xwy;Q� $'(K���+*z$'(�5z9:�LH�HL&�.{$|>=.�&�C $'(�5~}e.�5�9�;��L5��
$8� 9

�G����51.R!�.����
���S$85f��5
9�5Y�1.�4�(�ce5�P�P[&K#�9�(�;�HMg=}j�u��c�s�qK}�51*�;A�"!�����;[J�5).X9�;<$'0�T

 

� 
1�R
��)
�����


�:���+�B� �F���M�`���Z�����1���X�� A��¡=���£¢`¤��+�¦¥1§©¨�ª�«�«)¬��X­�¥�®�¯)°=¥
±)«
�

�Qª������ ���`�i�S�����X���)�V�X�) A��¡=�`�e¢`¤��+��¥1§©¨�ª�«�«1¬1²Z­�¥
±"��°=¥1§Z®
�

�Q¬���³�� ´��`µ¶¢¦ A�1�M�)·"¸£���'¹¦ <���)�+�`ºZ¥f¨�ªZ«�«�®1­Lº�¥�¥�°Aº�®�«
�

�Qº��¼»½�"µ½¾Z�F¿j�"��¾��@�W��µy���Z�F¿j�"À�Á����Y���jÂ"�L¸jÁY¢X���@Ã©�+Ä3¾Z�F³���´���µ¶¢¦ e������Àe��ÅF¾Z��¸e���'¹X Q���`��¢X��¢�¤: A¤¶ª�¯

¨�ª�«�«Y®1­�ª�º�¥SÆZª�¥@�`�

�A¥1�©´�� �W��Ç
�' A¤'¢`�VÈf� É���»£¢¦·<Ê"��Ë��1Ì��£�W�����1·QËZ���'�W���Y��»¼� Í©���M Q¹�Á��X¢¦·A�ÏÎ��)¡=��Ð`���V�X�) A��¡=��»e A�1·��e¯)º?¨���§Y§+±`­

¯1§�¬)Æ"¯1§+±��

�A®1�LÍf�¦Ð`�`»j�'¢��1�Z¢��Ñ�1Ð`�`»½��¿F <¡�¡A·Q¢`�Y�����¶�½��´���Â��X¹�Á"¤R�1���X�1 [��¡=�`�£¢)¤��+�¦¥�¥3¨�ª�«�«+��­Lº�«1ª`Æ�º�«
±Y�

�A¯1�Lµf��Ò� <Ë8ÓR���Y�������¶Î'�`´��`´½ÁYÌ���¤=¡Ô¾Y���1Ì��1Î��)¡=�`Ð`�`�V�X�) A��¡=��»£ Q�)·��)¯�§©¨�ª�«�«1¬)­Lº�¬1Æ"¥1ª"�

��±`�L���`»V�X·�·A���' <�Y A�1Í��XÃy·Q·Q�`�Y A�SÃ©�1�K�X¹X��¢�¡Q¡A A�`Ã��`�\�X <�8���Y A�1�½��Ò%�����Õ�����½Ã©�)ÈÏ¡Q¡��)·Q¢X����ÁY A�1���X�1 A��¡Ñ�`Ç
�8�S¡Ñ�`Í¶�Y¤{ <Ö��

��ª�ª©¨�ª�«Y«�®S­Lª�º�º)Æ�ª�¥��`�

�Q§���¸Ï��Â)Á��X�Y�1�W�`�+�)·QË����'�3���Z�¶´�� ���`Ç��' A¤:¢`�YÈÏ��¹`�`��¢X��¢VªZ¯f¨�ªZ«�«
±`­Lº�¬�º1ÆZº1º�«��

�:�¦«1�L¿�����¾Z�XÅj���\���1�"�`Ç��' [ÌZ��¡A¢V¹`�1Ö©Ö3¾��� A¹`��¡A ��1�+�

�:�`���L´��¦Ð��X¹X�`²"¤:�1�f�����¶Ð`���i�'ÓR¹` Q¢�¤:×�Ê
�Z�1Ç
�8�1¹)��Ò%��¡A·��RÃ¶¹��X�
��Â�¹¦ ��`Ø�Â)ÃI±+��¨���§+±`ºY­�®�¯)º�¯1°=®Y¯�¥@�`�

�:��ª��LÙ�� Î'�RÃ¶×`×���Ö©�+Â+� ���`��¢e³+�)·A¢`�����)ÐS��»½�`¿L <¡Q¡A·�¢`�1Ç��R�)¹1��Ò���¡A·��RÃy¹`�X����Â�¹X ��`Ø©Â1ÃW§+±y¨�ª�«Y«@��­Lº�¯1¬1Æ�ºY¯
±��



�:��¬���¸Ï���M�`¡QÁ�¢��8¤: Q·Q·"�����Õ¸Ï�`»¼�
ÂY¢�Ê
Ö©�1¾)�=��Î��)¡=�`Ð`�`���X�1 A��¡Ñ�`»£ Q�)·��Y¯@��¨���§�§Z¯S­Lº�ªF�RÆZº1ª�¯��

U��SNLPA5 k�T�� &L�
�LPA�S$8;A&@� .�5
9'��P $�9�&�>EHL�1.���C�5`$851.X9\�S$��+;A>'>R5).�5��
$�PA51J@5ZP=9\&@>u$'(�5�&�.R;Q!L;A�L��PE9�;Q!F�L��P

����CEN�51.8T

�����	�
����
������	����

���������
��� �
���! ��"� ���$#%��&
�'�(�
)$* *�+�*�*-, *�+�. )	+�/�0
1�* *%+�*�*2)$3 *�+�.�/ )	+�/�0
4�* *�+�*�*-1 *�+
)	/ )	+�/�0

 



�����������������

ce;A!+�L.�5?k�T
	%��5 9���C7HLP�5��@;=9�(W;Ô��$'(�5�5���HL5).�;�Ci5Z��$½#G(�5�.�5?k)n�lW4�5�PAP{9¶#751.�57P[&F4��`$85�� .��1����&�C�PÔ0

;A��$'(K5%�@;=9�(����K�G$'(K5%4�51��$'.�;[4%4�5�P�P+#��K9Ï�@;Q.�5�4S$8P[0i;Q.8.�����;��`$85���#�;<$'(?k),/0Gt�
:.��10�9�T

ce;A!+�L.�5?p�T�a�;AC���P��S$8;A&@�B.�5
9:��P<$�9i&F>G&K�L.�H�.�5`JL;A&K��9i5���H�51.�;ÔCi5��
$¦TyUÏ(K5�9�;ÔCE��P��S$85�� �@;�9�( (��+9i�

.����@; ��9B&F> r�l�l�l
µ
C�TE6R� 5YJ@51.R0 �).�5���q�>=.�&�C $'(�5 P�5�>=$�${& $'(K5].�;Q!L(
$8q�$'(K5�N@�1.X9

.�51H�.�5
9�51�
$ $'(K5 .��S$';A&v&�> ����Ci�1!L5��v4�5�P�P=9 .�5
9:��P<$85��v>=.�&FC $'(�5 5���HL5).�;ACi5��
$8q

9�;ACE��P��`$R;A&���#�;<$'( k)l�q3pLl �)��� n�l�&�.R;Q!L;Ô�L��Pu9�;Q!F�L��P=9`T�	�$'(K51.i��5�$8�);ÔP�5��BHL�1.���Ci5S$851.

J@��P[��5+9¼�).�5�9R(K&K#G��;Ô�u$'(�5f$8�SNLP�5Mk�T

ce;A!+�L.�5En��+TLU�&�H7JL;A5`# &F>£$'(K5���mVk�
R4�5�PAP�!�.�;A�7#�;<$8(��1�\5��L��C�HFP�5E&�>¼����CM�)!�5�HL�`$�$851.R�\&KN"$8�1;A��5��

N�0 $'(�5MH�.�5SJL;[&K�e9 � &��
$85�23�1.�PA&IC�&L��5ZP¶9�;�CE��P��S$8;A�+!?$'(�5M.�5�P�5��
9¦5�&�>¼^~9�;A!L����P�;A��!

C�&FP�5�4S��P�5+9EN�0 $'(�5 ;�.R.�����;��S$85�� �1����N�0�9'$8�1����51.i4�5�PAP=9�q¶#�;<$'(����fk)l�l�q�������� �el�T<l+mKq

�"!#�$�£l�TQoKT

ce;A!+�L.�5En
N�TLU�&�H7JL;�5S# &�>£$'(�5���mVk�
R4Y5ZPAP�!�.�;A�7#�;<$R(\�1��5��@�ZC�HLP�5E&@>¼����Ci�1!L5�HL�`$=$85S.R�\&KN"$8�1;A��5��

N�0 $'(�;{9uH�.�5�9�5��
$�C�&F��5�P39�;�CE��P��`$';Ô�"! $'(K5 .�5�PA5Y�
9¦5�&�>¶^D9�;�!F�K�ZP�;A��!BC�&FPA5�4`��P�5
9uN�0

$'(K5 ;�.R.�����;��S$85�� 4Y51PAPAq #�;<$'( ^%��pLl�q&�'�(��� �el�T<l�l£k)�Zq���!*�$�£lLT,+Fo �1�K� $'(K5 �K5S#�PQ0

H�.�&@HK&�9�5��EHL�1.��1C�5`$851.VPA;�>85
9RHL�����3k�TQoE���10L9¼;A�E.�5���P+$8;ÔCi5+T



�" <��¾)�'¢��

                   

0-1.5 1.5-3.0 3.0-4.5 4.5-6.0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

 

 

R
at

io
 o

f d
a

m
a

ge
d

 c
el

ls

Distance from irradiated cell (mm)

 experiment results  With 10 signals   
 With 20 signals       With 30 signals 

 
�" <��¾)�'¢Vª



�" <��¾)�'¢V¬��

�+  �1¾)�'¢V¬1²


