
Prepared for the U.S. Department of Energy under Contract DE-AC02-09CH11466.

Princeton Plasma Physics Laboratory

PPPL- 

Pamela Hampton
Text Box
PPPL-



Princeton Plasma Physics Laboratory 
Report Disclaimers 

 

Full Legal Disclaimer 

This report was prepared as an account of work sponsored by an agency of the United 
States Government. Neither the United States Government nor any agency thereof, nor any of 
their employees, nor any of their contractors, subcontractors or their employees, makes any 
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, 
completeness, or any third party’s use or the results of such use of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof or its 
contractors or subcontractors. The views and opinions of authors expressed herein do not 
necessarily state or reflect those of the United States Government or any agency thereof. 

 

Trademark Disclaimer 

Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof or its 
contractors or subcontractors.  

 
 

PPPL Report Availability 
 

Princeton Plasma Physics Laboratory: 
 

 http://www.pppl.gov/techreports.cfm  
 
Office of Scientific and Technical Information (OSTI): 

http://www.osti.gov/bridge 

 

Related Links: 
 

U.S. Department of Energy 
 
Office of Scientific and Technical Information 
 
Fusion Links 



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

+-,/.(021/1&3245,&0216123278,69;:=<#>�161�?@3BA�C
AED

FHG;I�JLK5MONEP�Q&ROSLG�T�I�SUPWVBMUSXP2T=SYJ�RZP�T[MXS]\�R-G;I�K

^_ROQ&T�RO\a`�IcbdI�`[RZefRZP2T�MUShgfMX` iXI

T[SkjcMUS�`[T=S5IlROQWmnROoXS5I@P�MXpUq5K5Q&MfK5q5S5R-rsT[VtgfT[ruJ�`�RZP2T�MUS�Gwv

x6y�4{zY|L}X4"~

������9&���':�,/9���.��/�=������<����=�����Y�����
,/����:�,/���/3�������9��'�':�,/9l3�4Lx�1/�;���6�&3;�a���

���@�����[ �¡���¢"£'£Y¤¦¥�§�¨�©"ª�£'£[«�¬l­��[¡� ¯® ��¢L£�£Y¤¦¥�§�¨�©aª�£�£[«�¬l �§U°�§�±�²�³ ¥�­ ´µ£'£f¤¦¥�§�¨�©aª�£'£=«=¶

·�¸º¹�»½¼�¾�¿-À�¾ÂÁÄÃ(Å�ÆÂÇÂÈ�¿OÉ
À�Ã(»ÊÀ�ÆÂË½¼UÌ�¼�ËÊÀ�ÍEÀ�¿(»½Å�¾ÏÎ�Å�Ë Ð'¼�Ã[Ñ;Æ�À�È
¼�Á¦Å�¾ÄÒÂÈ
¼�ÇÂÁÂÅ�Ó�¿
Ã�À�¾ÂÈ
»½¼�¾�¿�¹�Å�¾'¿(»½¾�Ç�À�¿
»½Å�¾;Ñ�»½ÈOÁE¼�Ð'¼�Ë½Å�Ò�¼�Á¦¿
Å�È(Å�Ë Ð'¼Y¾EÅ�¾ÂË½»½¾Â¼[À�Ã-À�¾Â»½È
Å�¿(Ã
Å�ÒÂ»½¹
¿
ÔÂ¼�Ã(Õ5À�Ë�¹�Å�¾ÂÁÂÇE¹�¿
»½Å�¾"À�Ã
»½È(»½¾ÂÖ-×�Ã(Å�ÕØ×�ÇÂÈ(»½Å�¾ºÒEËÊÀ�È(Õ5À-È(»½ÕUÇÂËÊÀ�¿(»½Å�¾EÈ=Ù�Ú
Û5À�ÁÂÁE»½¾ÂÖXÜÂÃ(È
¿@À�¾ÂÁ�Ý�Å�Ã@È(¼�¹�Å�¾ÂÁ�Å�Ã(ÁÂ¼�ÃlÀ�Ã�¿(» Ü�¹�»ÊÀ�Ë�¿
»½Õº¼�ÁÂ¼�Ã
» Ð�À�¿
» Ð'¼[È@¿
ÅX¿
ÔÂ¼OÈ�ÛEÈ�¿(¼�Õ"Ñ
¿
ÔÂ»½È�¿%Û�Ò�¼UÅ�×
Õº¼ ¿(ÔÂÅ�ÁÞÀ�ÁEÐ�À�¾Â¹�¼�ÈO¿(ÔÂ¼UÃ(¼�È(ÇEË ¿(»½¾ÂÖf¿
»½Õº¼ Ó%ÁÂ¼�Ò�¼�¾ÂÁÂ¼�¾�¿O¾ÂÅ�¾ÂË½»½¾Â¼[À�ÃZß
àZ·
È�¿(Å5È�¿(¼[À�ÁEÛÞÈ�¿�À�¿
¼�Ñ�á�ÔE»½¹�ÔÞ»½È�¿
ÔÂ¼XÈ(Å�Ë½ÇE¿
»½Å�¾"¿(Å5Æ�¼XÈ(Å�ÇÂÖ�Ô'¿=Ù/â%¾"¿
ÔÂ»½È
ÒÂÃ
Å�¹�¼�È(È[ÑEÅ�¾EË Ûf¿(ÔE¼OÈ
¿
» ã/¾Â¼�È(ÈlÕ5À�¿(Ã
» Íf» ¿
È(¼�Ë ×�»½È@»½¾'Ð'Å�Ë Ð'¼�ÁLÈ
ÅX¿
Ô�À�¿@¿
ÔÂ¼-¾�ÇÂÕº¼�Ã(»½¹[À�Ë�¹[Å�ÕºÒEË½¼�Í�» ¿%Û5À�¾ÂÁ�¼�Ã(Ã
Å�Ã(ÈB¹[À�¾�Æ/¼ZÖ�Ã(¼[À�¿(Ë ÛfÃ(¼�ÁÂÇÂ¹�¼�Á;ÙÂâ%¾5×�À�¹�¿[ÑE¿
ÔÂ»½ÈBá@Å�Ã
ä
»½ÈlÀ�¾L¼�Í�¿
¼[¾EÈ(»½Å�¾ÞÅ�×2»½¾'¿(¼�Ö�Ã�À�¿
»½¾ÂÖº¼ ¸º¹�»½¼�¾�¿�Ë½»½¾Â¼[À�Ã�¼�Ë½Ë½»½ÒE¿(»½¹ZÈ(Å�Ë Ð'¼�Ã(È@×�Å�Ãl×�ÇÂÈ
»½Å�¾LÈ
»½ÕYÇÂËÊÀ�¿
»½Å�¾LÅ�¾"åBÃ�À[Û5æXç�·�Ù

èláBÅOÈ(¹�ÔE¼[Õº¼�È�À�Ã(¼lÁÂ¼�Ã(» Ð'¼�ÁU»½¾U¿
ÔÂ»½È�á@Å�Ã
ä/Ñ�Ü�Ã(È�¿
À�¾EÁfÈ(¼�¹�Å�¾ÂÁfÅ�Ã
ÁÂ¼�Ã&É
À�Ã(»ÊÀ�ÆÂË½¼�Ìl¼�ËÊÀ�ÍÂÀ�¿
»½Å�¾ÂÈ=Ù�é�Å�ÇÂÃ�×�À�¹ ¿(Å�Ã
È
À�Ã
¼�Å�ÆEÈ(¼�Ã
Ð'¼�ÁY¿
Å-Æ�¼�¹�Ã
» ¿(»½¹[À�ËE×�Å�Ã2¼�¸f¹[»½¼�¾Â¹ Û
À�¾ÂÁ�ÒÂÃ
¼�È(¼�Ã
Ð�À�¿(»½Å�¾�Å�×OÈ
Å�Ë½ÇE¿
»½Å�¾;ê ÈfÈ
Û�ÕºÕº¼ ¿(Ã
»½¹ºÈ
¿
Ã(ÇÂ¹ ¿
ÇÂÃ(¼"À�Ã(»½È(»½¾EÖ"×�Ã
Å�Õ{Ò/¼�Ã
»½Å�ÁÂ»½¹�Æ�Å�ÇÂ¾ÂÁ�À�Ã�Û�¹�Å�¾ÂÁÂ» ¿
»½Å�¾;ëBÃ
¼ Ü�¾Â»½¾ÂÖÄÕº¼�È(ÔÂ¼�Èf»½¾�ÁE» ã6¼�Ã
¼[¾'¿º¹�Å�Å�Ã(ÁÂ»½¾�À�¿
¼
ÁÂ»½Ã
¼�¹�¿
»½Å�¾ÂÈ[Ñ�»½¾E» ¿(»ÊÀ�Ë½»½ì�»½¾ÂÖ�¾ÂÅ�¾ÂË½»½¾E¼=À�Ã
ÒÂÃ(Å�¹�¼[È
È=Ñ�Ð�À�Ã�ÛE»½¾ÂÖ�¿
»½Õº¼�È�¿(¼�ÒÂÈ@»½¾5Æ�Å�¿
Ô5¿
¼�ÕºÒ�Å�Ã�À�Ë/À�¾ÂÁ5È(Ò�À�¿
»ÊÀ�Ë/ÁÂ»½Ã(¼�¹ ¿(»½Å�¾EÈ=Ñ�À�¾ÂÁ�À�¹�¹[ÇEÃ�À�¿
¼[Ë Û�Ö�¼�¾Â¼�Ã�À�¿ »½¾ÂÖ ¾ÂÅ�¾ÂË½»½¾Â¼[À�Ã
È�¿(» ã/¾Â¼�È(ÈYÕ5À�¿(Ã
» Í6Ù�é2»½Ã
È
¿XÜ�¾Â¼�ÃfÕº¼�È(Ô�È
¹[À�Ë½¼LÈ
ÔÂÅ�ÇÂË½Á�Æ�¼�¿(À�ä�¼�¾í»½¾�È
¿
Ã(Å�¾ÂÖÞ¿
Ã�À�¾ÂÈ
Ò/Å�Ã�¿ºÁÂ»½Ã
¼[¹ ¿
»½Å�¾;î�ï�¼ Í�¿Y¿
ÔÂ¼aÈ�ÛEÈ�¿(¼�Õ{»½Èf¹[À�Ã(¼ ×�ÇÂË½Ë ÛÏ»½¾Â» ¿(»ÊÀ�Ë½»½ì�¼�Á�Æ'Û�¿
ÔÂ¼
È
Å�Ë½ÇE¿(»½Å�¾Uá�» ¿
ÔfË½»½¾Â¼[À�Ã&¹�Å�¾ÂÁÂÇÂ¹ ¿
» ÐE» ¿%Û/îEèlÔÂ»½Ã
Á;Ñ�¿
»½Õº¼@È
¿
¼�ÒºÀ�¾ÂÁºÃ(¼�ËÊÀ�ÍEÀ�¿(»½Å�¾f×�À�¹ ¿(Å�Ã
À�Ã(¼@Ð'¼�Ã
¿
¼ Í�Ó%ÆÂÀ�È(¼�ÁfÐ�À�Ã
»½¼[ÁfÀ�¾ÂÁºÅ�ÒE¿
»½Õº»½ì[¼�ÁºÀ�¿�¼[À�¹�Ôf¿
»½Õº¼@È
¿
¼[Ò6î�é2»½¾�À�Ë½Ë Û'Ñ
¿
ÔÂ¼�¾ÂÅ�¾ÂË½»½¾Â¼[À�ÃfÈ�¿(» ã/¾Â¼�È(ÈYÕ5À�¿(Ã
» Í�»½ÈUÇÂÒ�Á�À�¿(¼�ÁðÆ�Ûañ
ÇEÈ
¿fÈ
¹[À�Ë½»½¾ÂÖÄ¹[Å�Ã
Ã(¼�È(Ò�Å�¾ÂÁE»½¾ÂÖÏË½»½¾E¼=À�ÃUÅ�¾Â¼Lá�» ¿
Ô�¿(ÔE¼LÐ'¼�¹ ¿(Å�ÃºÖ�¼�¾Â¼�Ã�À�¿
¼�Áð×�Ã(Å�Õò¾ÂÅ�¾ÂË½»½¾Â¼[À�ÃY¿
ÔÂ¼�Ã(Õ5À�Ë
¹�Å�¾ÂÁÂÇE¹�¿
» Ð�» ¿%Û�Ù

ó �[ô�õ
¥�­�¢�® ë�¾ÂÅ�¾ÂË½»½¾E¼=À�Ã�À�¾Â»½È
Å�¿(Ã
Å�ÒÂ»½¹O¿
Ã�À�¾ÂÈ
Ò/Å�Ã�¿=îÂÒÂÈ(¼�ÇÂÁÂÅ�Ó�¿(Ã(À�¾ÂÈ(»½¼�¾'¿Z¹�Å�¾'¿(»½¾�Ç�À�¿
»½Å�¾;î�ÉBÀ�Ã
»ÊÀ�ÆÂË½¼-Ìl¼[ËÊÀ�ÍEÀ�¿
»½Å�¾;î�ö'À�¹�Å�ÆÂ»ÊÀ�¾a×�Ã(¼�¼�ï�¼ ál¿(Å�¾a÷OÃ
Û�Ë½Å=Ð�» ¿
¼[Ã(À�¿(»½Å�¾6î
¾ÂÅ�¾EË½»½¾Â¼[À�Ã�Õ5À�Ö�¾E¼�¿
Å�Ô'ÛEÁÂÃ
Å�Á�ÛE¾�À�Õº»½¹�È
»½ÕYÇÂËÊÀ�¿
»½Å�¾;î

ø ¤"ùÞù/ú�û�ü[���[¨Oý2² ±�®�®�  °
��±�¨� �¥�§�® ë/þ�ÿ�é@ç��Eî��Eç�è����Eî����'å����Eî	��
�élç[ÿEîÂélÙ �EÙ½ç

� èlÔÂ»½È@á@Å�Ã
äº»½È�È
ÇÂÒÂÒ�Å�Ã
¿
¼�Á"Æ'Ûaà�
Z· åBÅ�¾'¿(Ã(À�¹ ¿OàZ·&Ó���å�����Ó���þ'å������������EÙ
� åBÅ�Ã
Ã(¼�È(Ò�Å�¾ÂÁÂ»½¾EÖºÀ�ÇE¿
ÔÂÅ�Ã=Ù�·�Õ5À�»½Ë�ë�ñ�¹�ÔÂ¼�¾��ZÒEÒÂÒÂË�Ù Ö�Å=Ð

���&� �����
	��(�����B	������������
	��Z�����������
��� �'�Ä!#	��%$&�'��	��(��)'*

y[�2��4{1616>�1�����A��61��2����9;:� �y[�2��4 A�1;>�D���1;>��6�Þ,/92.���9&� �! >�1/1�?#"��Â��.�,/�%$'&&���/9&�'���

<;:[:��)(* + -,%,%,Þ0 :��/9/.10�0 �',�0 243/ �5�,+22��9&��.��



� � ý�©E�[§

�������	��

���������������

���������� "!#�%$'&)(*��+,(-$'.�/0�� )1
�2�� )+3��&)(54� )!#�7698;:=<�4�.?>3�@4@>A(*B?/��@4�(54@>C!*�D�?!#��&) E�?>A(5F2(*�� )�@!*4@F�!*$' )1G4�.?>
F�+,(*&H1I!#��B'��1I4� "!#��1
(*�
J >K+,!0B?>A&)>AB J /L4�.?>G��!#&)&"!NMO )�?P-�?!#��&E )�?>A(5FQ>A&)&) "$'4� )1O>AR0��(54� "!#�

S
S#TKUWV?X

S*Y
S#T[Z]\

S
S#^_UWV�`

S*Y
S#^KZbadc U 8 Z

!#�e(3f5gdF�>A1I4�(*�?P#��&E(5F_B?!#+e(* )�,hjilklgCmn6 o	p�q X :?r%6 o	p�q ` :�MO "4�.-��!#�?Fts*>
F�4@>Iu0>A�Q(54_h U o	p�o Z <?i U o	p�q X0Z <?k U q X p�q `vZ <�(*��B
g U o	p�q `5Z�w0x .?>21I!0!*F�B� )�'(54@>O )�yP# "s*>A�z )�zkQ(5F�4@>A�� )(*� U T p ^ Z �@/0��4@>A+{(*��B,B' )��1IF�>
4� "|
>ABe(*�b+->A��. U T'} p ^�~ Z�w�x .?>2+,(5P#�?>
4� )1
� >A&)B7 E�[B� "F�>A1I4@>AB� )��4�.?> ^ B' "F�>A1I4� "!#�n<�(*��B�(*1
1I!*F�B' )�?P#&"/�M_>z1
(*���@>
4 V?X�a 8e(*��B V?` (*�3(*���?!#�'&) )�?>A(5F�������1I4� )!#�
!*�t4�.�>-4@>A+-$�>
F�(54��?F�> Y <H$'(5F�(*&)&">A&�4@!�+e(5P#�?>
4� )1 � >A&EB�&) )�?> wnx .?>
F�>
��!*F�>-M_>,1
(*�7!#+e "4 V X (*��B7B�>A�?!*4@> V ` J / Vn� 4@!
+,(5�*>� "4��l+->A(*�' )�?P-+-!*F�>�1
&">A(5F w�x .?>K$�>
F� "!	B� )1 J !#���'B�(5F�/e1I!#��B' "4� "!#�L )�l�@>
4l!#�L>AB?P*>A��h�g�(*��B%i2kj<�(*�'B%gj )F� )1�.'&">
4
J !#����B�(5F�/�1I!#��B' "4� "!#���3(5F�>%�@>
4�!#��>AB?P*>A�-h�i�(*��B�kQg wyx .� )�3�@>
4��?$�(*&)&)!�MO�3���34@!��@>
$'(5F�(54@>%4�.?>�>I��>A1I4��-!*�OP*F� EB
+, )��(*&E "P#��+->A��42��F�!#+�4�.�> J !#����B'(5F�/L>I��>A1I4�� wnx .�>3�?$'$�>
F J !#����B�(5F�/*<�kQg3<�F�>
$'F�>A�@>A��4�4�.?>�+,(54@>
F� E(*&�����F���(*1I>3MO.?>
F�>
4�.?>-4@>A+-$�>
F�(54��?F�>e )�G&"!NM�<H(*��B�4�.�> J !#����B�(5F�/�1I!#��B� "4� )!#��4�.?>
F�>e )� Y]�n� a 8 w hQ4�4�.?>z&"!�M_>
F J !#����B'(5F�/*<nh�ij<H4�.�>
 )�?��!NM J !#����B�(5F�/z1I!#��B� "4� "!#�% E� Y���� U T Zba 8
o \�� o#� �E�H� X �' 	¡�¢ � � ¶ w
£¤ )�' "4@>K>A&">A+->A��4OB� )��1IF�>
4� "|A(54� "!#�76¥fN:HP*>A�?>
F�(54@>A�O4�.?>[��!#&)&)!�MO )��P���!#��&) )�?>A(5Fl�@/	�@4@>A+

U§¦�X
XO\¨¦�`�`0U�©-Z@Z§©ªa¬«�­�® U f Z

«  )��4�.?>Q+,(*����+,(54@F� 9u w#¦�X
X (*��B ¦�`�`�U Y Z (5F�>_4�.?>Q�@4� 9�n�?>A����+,(54@F� )1I>A��1I!#�¯4@F� J �?4@>AB J /[!*$�>
F�(54@!*FC°�±=²° X ± (*��B³°° ` UWV � °@²° ` Z <
F�>A�@$�>A1I4� "s*>A&"/ w�©  E�]4�.?>t4@>A+-$�>
F�(54��?F�>t$�F�! � &">y4@! J >b�@!#&"s*>AB w�´ .?>A� V �  )��&) )�?>A(5FA< ¦�`�`	U�©-Z F�>AB���1I>AB[4@! V � ¦�`�`¯wNµ >
M24@!#�	¶
·GF�/	&"!�s�+,>
4�.?!0B�1
(*� J >����@>AB�4@!%�@!#&"s*>-�@/	�@4@>A+ U f Z�w iQ�?4j�'����(*&)&"/% "4G )�jR0�� "4@>3>Iu0$�>A���� )s*>C4@!%�?$nB�(54@>-¸#(*1I! J  E(*��(54
>A(*1�.� "4@>
F�(54� "!#� w h�&"4�.�!#�?P#.�4�.?>3¸#(*1I! J  )(*�?¶=��F�>
>[sv(5F� E(54� "!#��6¥¹0< � :y )�2+,!*F�>�>
ºe1
 ">A��4
<� E�?��!*F�+,(54� "!#�L!*�¤4�.?>C¸¯(*1I! J  )(*�� E�
�@4� )&)&��?>
>AB�>AB%4@!,��!*F�+»4�.?>G$�F�>A1I!#��B� "4� "!#��>
F w
�¼��4�.� )��M_!*F���M_>%$�F�>A��>A�¯4,(*��(*&"4@>
F���(54� "s*>%MQ(A/*<D½D(5F� E( J &">%¾2>A&)(vu?(54� "!#�¿6¥À0<
ÁN:=<y4@!��@!#&)s*>%4�.?>%�?!#��&) )��>A(5F���/0�@4@>A+

U 8 Z�wHx .� E�� )�G(%1
&E(*���G!*�t )4@>
F�(54� "s*>e+->
4�.�!0B��jMO.' )1�.��@!#&)s*>-4�.?>->A&)&) "$'4� )1�>AR0��(54� "!#��� J /�(*B�B� )�?P � F���4K(*�'B�ÂN!*F[�@>A1I!#��B



� ±�­  �±�û�² �Y­��=² ±=«�±�¨� �¥'§¦® ¥�² ¡��l³ ¥'­-§�¥�§�²  �§���±�­X´f±��'§��[¨%¥�©�ô'¢'­�¥[¢�ô�§�±'´U ��5®� ¯´Yú�² ±�¨� �¥'§ �

!*F�B?>
Fl4� )+,>KB�>
F� "s5(54� "s*>K4@>
F�+,�Q4@!,>AR wEU 8 Z 4@!,1I!#��s*>
F�4O "4l4@!,�?!#�'&) )�?>A(5F_$'(5F�( J !#&) )1�!*FO.�/�$�>
F J !#&) E12>AR0��(54� "!#�%(*��BL4�.?>A�
+,(5F�1�.� )�?P34�.?>G�@/	�@4@>A+»4@!-�@4@>A(*B?/L�@4�(54@> w �¼��4�.� )�Q+,(5F�1�.� )�?P�$�F�!	1I>A���
<	!#��&)/,4�.?>G�?!#��&) E�?>A(5F_��4� 9����>A���Q+,(54@F� 9u ¦ `�` U�©�Z
 "4��@>A&"�� )�l )��s*!#&"s*>AB�(*��B��?>
>AB��l4@! J >��?$nB�(54@>ABLF�>
P#��&)(5F�&"/ w
´ >%.�(�s*> J >
>A������ )�?P�4�.' )�[4§/�$�>L!*�O )B�>A(�!#��k_F�(�/���8�� 4@!�B?>A�� "P#��>
ºe1
 ">A��4-&) )�?>A(5FC>A&)&) "$'4� )1,�@!#&"s*>
F��C��!*F���¹5g

1I!0B�>j6¥ÁN: w h�&)4�.?!#�?P#.C�§4�4�(5�*>A�y&"!#�?P*>
F¤4@!K1I!#�¯s*>
F�P*>*<*>A(*1�.- "4@>
F�(54� "!#�3 )��+C�'1�.�1�.?>A(5$�>
F¤4�.�(*�C!*4�.?>
Fy "4@>
F�(54� "s*>Q�@!#&"s*>
F��Q6
	�:
�@!-4�.�(54O )42�@4� )&)&�MO )�'�Q!#�%s*>A1I4@!*Fj(5F�1�.� "4@>A1I4���F�>AB�+,(*1�.� )�?>A� w
x Mt!%s*>
F��� "!#���G!*�_½D(5F� )( J &)>,¾2>A&)(vu?(54� "!#��(5F�>e )+-$'&)>A+->A�¯4@>AB w !#��>, )� � F���4G!*F�B?>
F�s5(5F� )( J &)>3F�>A&)(vu	(54� )!#� J /�(*B�B� E�?P

� F��@4O!*F�B?>
FO4� E+->CB?>
F� "sv(54� )s*>�4@>
F�+���4�.?>[!*4�.�>
Fj )���@>A1I!#��B !*F�B?>
Fjsv(5F� )( J &">GF�>A&E(vu	(54� "!#� J /�(*B�B� )�?P-!#��>3+-!*F�>C�@>A1I!#��B
!*F�B?>
Fl4� )+,>�B?>
F� "s5(54� "s*>G4@>
F�+ w�x .?>��?!#��&E )�?>A(5Fl "4@>
F�(54� "!#��1
(*� J >�1I!#+-$'&">
4@>AB� )�L4 M_!z�@4@>
$��
m

¦�
�������� �@!#&"s*>G>AR wEU 8 Z MO )4�.%&) )�?>A(5Fl1I!#��B��'1I4� "s0 )4 /�8
o ��� V � � 8
o�� w
¦�
�������� �@!#&"s*>G>AR wEU 8 Z MO )4�.%�?!#��&) )��>A(5FQ1I!#�'B���1I4� "s	 "4 / V � a Y ÿ ¢ � w
x .?>j��!#&)�?4� "!#�z��F�!#+�� ¦ 
����!� �	 E�_�'�@>ABL(*�l(*�% )�� "4� )(*&'P#�?>A���Q��!*F"� ¦ 
#�$�%� � w �yu	$�>
F� )+->A��4��bM� )&)&'��.?!�Md4�.�(54l4�.' )�t E�_(

s*>
F�/�$�!NMt>
F�����&��@4@F�(54@>
P*/�4@!%(*1
1I>A&">
F�(54@>e1I!#��s*>
F�P*>A��1I> w�´ >-MO )&)&�(*&)�@!%B?>A+-!#�'�@4@F�(54@>-.?!�M 4@!�1�.?!0!#�@>,(5F�4� � 1
 E(*&H4� )+,>
�@4@>
$ ��F�!#+ kQ£'&d1I!#��B� "4� "!#� (*��B�F�>A&E(vu	(54� "!#� ��(*1I4@!*F-��F�!#+ B� )�@$�>
F��� "!#��F�>A&)(54� )!#��4@!7(*1�.� ">
s*>%!*$�4� E+, "|A(54� "!#� w¤x .?>A��>
$'(5F�(*+->
4@>
F��eB� 9��>
Fz E��>A(*1�. 4� )+->A��4@>
$¨(*��B¨ )��B� "s	 )B��'(*&bP*F� EB�$�!# )�¯4z(*�eM_>A&)& w hj� >
ºz1
 ">A�¯4zM_(�/�4@!�P*>A�?>
F�(54@>�4�.�>
�@4� 9�n�?>A���G+,(54@F� 9u7 )��(*&)�@!�4@! J >eB� )��1
�'���@>AB� )��!*F�B�>
F[4@!�$�F�>A�@>
F�s*>,4�.?>z�@/0+e+->
4@F�/��@4@F���1I4���F�>-!*�l4�.?>e�@!#&E�?4� "!#��(*�[(
F�>A����&)4_!*��$�>
F� "!	B� )1 J !#����B�(5F�/z1I!#��B� "4� "!#� w

(?�*)y�)
�+��G��

�-,v
�
�,/.10�230#���E�0�40#�����?�-56,N

����07.8+��:9 ,/5;,/+

x .?>G�@!e1
(*&E&">AB � F���4_!*F�B?>
F2F�>A&)(vu?(54� "!#�� E�l! J 4�(* )�?>AB J /%(*B�B� )��P3( � F��@4l!*F�B?>
FO4� )+->�B?>
F� )sv(54� "s*>G4@>
F�+»4@!,>AR w�U 8 Z

S7<
S7= a

S � Y
S*T � \

S
S#^ UWV �

S*Y
S*^ Z�® U ¹ Z

gK )��1IF�>
4� "|A E�?P- "42 )�L4@>A+-$�!*F�(*&]B' "F�>A1I4� "!#� J / � �� "4@>GB� 9��>
F�>A��1I>�(*��B��@$'(54� )(*&nB� )F�>A1I4� "!#���l(*�� )�%�@/	�@4@>A+ U f Z <'M_>[.�(�s*>

U
8
> = «@?BA?¦ C/DEC0Z§©GF�H ç a 6 8> = « \¬U 8 ?BA�Z�¦�CIDEC?Z : ©GFJ?7«�c#® U���Z




 � ý�©E�[§

o � A
� 8 w�´ .?>A� ACa o	<'4�.?>��@/	�@4@>A+  )�l����&)&"/,>Iu	$'&) E1
 "4��?MO.?>A� ACa 85<�4�.?>[��/0�@4@>A+  )�l����&)&"/z )+-$'&) E1
 "4���M�.?>A� ACa ç

� <
4�.?>��@/	�@4@>A+  )�l��4�( J &">�(*��B%.�(*�O��+,(*&)&">A��4_4@F�����1
(54� "!#�L>
F�F�!*FO(*�lM_>A&)& w�¦ C/DEC�a ¦�X
XO\ ¦�`�`�U�©,Z�w'x .?>G�@/	�@4@>A+ +,(5F�1�.?>A�
��F�!#+��04�.�4� )+->A��4@>
$�4@!L�?>Iu	4 U � \ 8 Z 4�.�4� E+->A�@4@>
$ w > =  )�O4�.�>3(5F�4� � 1
 )(*&�4� )+->C��4@>
$�M�.� )1�.���.?!#�'&)B J >C1�.?!#�@>A��4@! J >
��+,(*&)&0>A�?!#��P#.-4@!�+,(5�*>24�.?>2��1�.?>A+->��@4�( J &">2(*��B J  "PK>A�?!#�?P#.-4@![(*&E&"!�M�4�.?>2��/0�@4@>A+{(5$�$�F�!#(*1�.e�@4@>A(*B?/��@4�(54@>OR0�� )1��0&)/ w
h�1
1I!*F�B� )�?P-4@!�kl£8&�1I!#��B� "4� )!#�n< > =  )�QF�>A&E(54@>AB�4@!e+->A��.���1
(*&">A� > T  )� T B' "F�>A1I4� "!#�%(*��B > ^  )� ^ B� "F�>A1I4� )!#� J /

> = � 8f
8

ç� X ± \�V � ç� ` ± a
> T > ^
�

f
� `� X \�V � � X� `

� > T > ^
�
�> = U À Z

��!*F3>Iu	$'&) )1
 "4C1
(*�@> U A�a o Z�w � J s	 "!#����&"/*<HMO.?>A� Vn��a 8�(*��B > T (*��B > ^ (5F�>�4�(5�*>A� 4@! J >� )B?>A��4� )1
(*&W<H4�.�>�( J !�s*>
��!*F�+C��&E(5>j )�_F�>AB'��1I>AB�4@!-4�.?>Ks*>
F�/z��(*+, )&E )(5Fb>Iu	$�F�>A���� "!#����!*FOf5g .?>A(5421I!#��B��'1I4� "!#��>AR���(54� )!#� w ��!*F�>�1
(*� J >GB?>
F� )s*>AB
 "�HM_>[B� "��>
F�>A��4 �> = MO )4�.%F�>A�@$�>A1I4l4@! > T (*�'B > ^

S �> =
S > T a ? f ?

� `� X ± \ V � ç� `
U � `� X \�V]� � X� ` Z � a

f 8> ^
� ` ±� X ± ?�V �

U � `� X \�Vn� � X� ` Z �
p

S �> =
S > ^7a ? f

ç� X ?�V � � X� ` ±
U � `� X \�V � � X� ` Z � a

f > T> ^ � V � ? � ` ±� X ±
U � `� X \�V � � X� ` Z � ®

´ .�>A� V ��� 85<H+-!#�@4C&) "�*>A&"/ Mt>,M� )&)&¤.�(As*> °	���
° � X
� o�(*�'B»°����
° � ` � o wHx .� E�G���?P*P*>A�@4��[4�.�(54 > T ��.�!#��&)B J >-4�(5�*>A��(*�
&)(5F�P*>�(*�O$�!#���� J &">*<0MO.� E&"> > ^ (*�O��+e(*&)&n(*�l$�!#���� J &"> w
x .?>l1I!#�¯s*>
F�P*>A�'1I>O!*����1�.?>A+-> U���Z 1
(*� J >Q(*�'(*&"/�|
>ABe )�34�.?>l��!#&E&"!�MO E�?P�MQ(A/ w��  "s*>A��4�.?>l��!*F�+�!*��4@F�(*���� ">A��4y�@!#&)�?4� )!#�

!*�y>AR wEU ¹ Z (*���< a � ��� 
 �� )����� X  ¡ �� )� C � ` �� <�4�.�>C!*$�>
F�(54@!*F ° ±° X ± \ °° ` UWVn� °° ` Z .�(*��>A "P*>A��sv(*&E�?>A��� � CLa�� � U � ±  ± ¡ \ V]� C ±  ±� Z�w
� (*��B � (5F�>-4�.?>-+-!0B�>��0��+ J >
F��K )� T (*��B ^ B' "F�>A1I4� "!#���A<�F�>A��$�>A1I4� )s*>A&"/ wnx .?>A��4�.?>,B?>A1
(�/0 )��P�F�(54@>, )� ? � ç�ç (*��B
4�.?>�1I!*F�F�>A��$�!#�'B� )�?P�B?>A1
(A/	 )�?Pe4� )+->�1
(*� J >G��!#����B J /

= a
8
� ç�ç a

8
� �

8
ç  ± ¡ \�V � ç  ±� ®



� ±�­  �±�û�² �Y­��=² ±=«�±�¨� �¥'§¦® ¥�² ¡��l³ ¥'­-§�¥�§�²  �§���±�­X´f±��'§��[¨%¥�©�ô'¢'­�¥[¢�ô�§�±'´U ��5®� ¯´Yú�² ±�¨� �¥'§ ÿ

x .?>G�0��+ J >
Fl!*�y "4@>
F�(54� )!#���2�?>
>AB?>AB���!*FO1I!#��s*>
F�P*>A��1I>�1
(*� J >G$�F�>AB' )1I4@>AB J /

� } 
�� � =
> =�a

f
� �

ç� X ± \�V � ç� ` ±ç  ± ¡ \�V � ç  ±� a
f
� �
� ±¡  ± ¡ \�V �

� ±�  ±�ç  ± ¡ \�V � ç  ±� ®

´ .�>A� V �����

� } 
�� �
f
� �
� �`	�

8
À
� `
� X U

� X � `*Z ��
 U � X � `5Z�®

U � X � `vZ  )��4�.?>e�0��+ J >
FG!*�l���?�	�?!NMO��� w h���4@>
F3�@!#+->,>Iu	$�>
F� )+->A��4��
<nM_>,��!#�'��B�4�.?>,!*$�4� E+, "|
>AB�1I!0>
ºe1
 ">A��4C��.?!#�'&)B
J > 
 a o ® Á � ��!*Fj4�.?>�$�F�! J &">A+ M_>C(5F�>3�@4���B?/	 )�?P w hj&)�@!z��F�!#+ 4�.?>C��!#&)&)!�MO )��P->Iu0$�F�>A���� "!#��Mt>C��!#���'B%4�.?>C�0��+ J >
FO!*�
 "4@>
F�(54� "!#�'�l )��1IF�>A(*�@>A�O(*� V � P*>
4���&)(5F�P*>
F

� � } 
��
� V � a

f
� �

U � �` ? � �X Z
U   � 	¡ \�V �   ¡  � Z � �

o

(*�2&"!#�?P,(*� > ^ � > T w�x .� )�l )�l E&)&)���@4@F�(54@>AB� E�L4�.?>�F�>AB%1
�?F�s*>�!*�y£� )P w 8 w


 6 �¼���@>
F�4 � P#�?F�>,8G( J !#�?4O.�>
F�>I: �

�����3,5���0�����¯

� ,N
[
:,/. 0�230*�������40¯���7�?� 5;,v

�E�#07. +;�:9-,/5;,/+

����(*B�B' "4� "!#��4@!����?$'$'&"/�( � F���4j!*F�B?>
F�B?>
F� "s5(54� "s*>�4@>
F�+  E� >AR wbU ¹ Z <]4�.?>,��>A1I!#��B�!*F�B?>
FGF�>A&)(vu	(54� )!#�� )�K! J 4�(* )�?>AB J /
(*B�B� )��P3(-F�>A&)(vu	(54� )!#�%��(*1I4@!*F�<���<�(*��B�(e�@>A1I!#��B%!*F�B�>
F24� )+->�B?>
F� "sv(54� )s*>G4@>
F�+ 4@!,>AR w�U 8 Z

S � <
S�= � \

f
�
S7<
S7= a

S � Y
S#T � \

S
S#^lUWVn�

S#Y
S#^GZ�® U Á Z



þ � ý�©E�[§

hOP#(* E�� "421
(*� J >�B� )��1IF�>
4� "|
>AB

« © F�H ç
? f © F \�© F � ç

> = � \�«
8
�
© F�H ç

?�© F � ç
> = a A	¦ C/DEC#© F�H ç \dU 8 ?�A�Z�¦ C/DEC¯© F ?�«�c p

!*F2F�>A(5F�F�(*�?P*>AB�(*�

6 U 8 \ ��
� Z¼« ?BA	¦�CIDEC : © F�H ç a
?[U 8 ? � 
� Z¼«¿© F � ç \ 6¥f « \ > = � U 8 ?�A�Z�¦ C/DEC : © F ? > = � « c¯®

U 	 Z

´ >��?>
>ABL4�.?>G�@!#&)��4� "!#���_(54 J !*4�. �04�.%(*��B U � ? 8 Z 4�.%4� )+->K�@4@>
$'�Q4@!,�?$nB�(54@>j4�.?>G�@!#&)��4� "!#�L(54 U � \ 8 Z 4�.%4� )+->K�@4@>
$ w
x .?>[kQ£'&�1I!#��B' "4� "!#�%1
(*� J >G>Iu	$�F�>A���@>AB�(*� > = � U ç� ±¡ \�V � ç� ±� Z � 8 w'x .?>
F�>
��!*F�>*<

> = � 8� ç� X ± \�V � ç� ±� a � > T > ^� � `� X \�V � � X� ` a�� > T > ^� f � f� � `� X \�V � � X� ` U��#Z
��!*FQ>Iu	$'&) )1
 )4_1
(*�@> U A3a o Z�w hOP#(* )�]<?4�.?>G( J !Ns*>G>Iu0$'F�>A���� "!#�L )�QF�>AB���1I>AB�4@!-4�.?>K��(*+e )&) )(5FQ�@4�( J  )&E "4 /e1I!#�'B� "4� "!#����!*FOf5g
1I!#�¯s*>A1I4� )!#��>AR��'(54� "!#��MO.?>A� V � a 8�(*��B > T (*�'B > ^ (5F�>-4�(5�*>A��4@! J >- )B?>A��4� )1
(*&W< x .?>�F�>A&)(vu?(54� "!#����(*1I4@!*F[1
(*� J >
��!#�'��B J /�&"!0!*�0 E�?Pe��!*F�4�.�>C4@F�(*�'�� ">A��4j�@!#&E�?4� "!#��!*�b>AR wEU Á Z (*�jM_>A&)& w�x .?>3B�>A1
(A/�F�(54@>A�j��(54� )�@��/�� � ? �� � \ � � C a o	<
!*F�� a ç�
	 U ç� ± ? � � C Z ç ¢ � ® £?!*FO!*$'4� )+,(*&]B�(*+,$' )�?P?<	M_>[1�.?!0!#�@> � � a ç�
��� a 8��	6 U   ±�  ± ¡ \�V � Z � ±  ±� :=<' w > w <

� a
8

�
� ç  ± ¡ \�V]� ç  ±�

� a�� q X q `� f � � f�   �  ¡ \�V]�   ¡  � U��#Z
(*��BL4�.?>[�0��+ J >
Fl!*�� "4@>
F�(54� "!#���l��!*FO1I!#��s*>
F�P*>A��1I>�1
(*� J >G$�F�>AB� E1I4@>AB J /

� } 
�� � ���

a ç
��� �� ¡ ± H���� �� ±�� �� ± ¡ H���� �� ±� a ç

��� � ±¡� ± ¡ H�� � � ±�� ±�� �� ± ¡ H���� �� ±� a ç
� � ±�� � ±¡ H���� � ±�� ±�� H���� a ç

�!� ±�� � ¡� � H�� � �
�

� ¡� ±�� H���� � � X � `



� ±�­  �±�û�² �Y­��=² ±=«�±�¨� �¥'§¦® ¥�² ¡��l³ ¥'­-§�¥�§�²  �§���±�­X´f±��'§��[¨%¥�©�ô'¢'­�¥[¢�ô�§�±'´U ��5®� ¯´Yú�² ±�¨� �¥'§ �

´ .�>A� V � ���

� } 
�� � U
8
��� � `� X Z � � X � ` � 
 � � X � `�®

�yu	$�>
F� )+->A��4��Q��.?!�Md4�.'(54l4�.?>G!*$�4� )+,(*&n1I!0>
ºe1
 ">A��4lM_!#��&)B J > 
 a o ® Á w'x .?>G�0��+ J >
FQ!*�¤ "4@>
F�(54� "!#�% )�'1IF�>A(*�@>A�2(*�l4�.�>
1I!#��B���1I4� )s0 "4§/ V �  )��1IF�>A(*��>A� wHx .� E�G1
(*� J >,����B?>
F��@4@!�!	B���F�!#+ 4�.?>,��!#&)&"!NMO )�?PL>Iu	$�F�>A���� "!#�7(*��B�4�.�> J &)(*1���1
��F�s*>,!*�
£¤ "P w 85m

� � } 
��
� V � a

8
�

� ¹ � �` \�V � � �` ?
� ¹ � �X \�V � � �`¹ \ V � � o ®

�'��� 0#
I� 0���.1,-
�,/.10�230#���E�0� +
´ .�>A� V �  E�_(*�L�?!#�'&) )�?>A(5F_���'��1I4� "!#�z!*� Y < V � 1�.�(*��P*>A�2(*� Y F} ~ 1�.�(*�?P*>A�2(54Q>
s*>
F�/zP*F� )B�$�!# )�¯4 U�� p
	 Z (*��B�>
s*>
F�/e4� )+,>
�@4@>
$ � w¤x .?>
F�>
��!*F�>*<H4� )+,>��@4@>
$�(*��B�F�>A&)(vu?(54� "!#����(*1I4@!*F�1�.�(*�?P*>A�-(*�3M_>A&)& w�x .� )�[ E�[MO.�/74�.?>L��(*+->��5½D(5F� )( J &)>
�� E�
P# "s*>A� w £�F�!#+{�?!NM !#�n<���1�.?>A+,>A� U���Z  E�D1
(*&)&">AB-½K¾ U���Z <0��1�.�>A+-> U 	 Z ½j¾ U 	 Z <�(*��B V �  )�yF�>
M2F� "4@4@>A�,(*� V F} ~  E�,�?!#��&) E�?>A(5F
1
(*�@> w £?F�!#+ 4�.?>[(*�'(*&"/0�� )�QP# "s*>A�� )�L4�.�>�$�F�>
s	 "!#���_4 M_!z��>A1I4� "!#���
<�M_>[.�(�s*>

> = F} ~ �
8
f

8
ç� X ± \�V F} ~ ç� ` ± a

> T > ^
�

f
� `� X \�V F} ~ � X� ` U 8
o Z

��!*FO½j¾ U���Z (*��B

> = F} ~ �
8� ç� X ± \�V C} ~ ç� ±� a � > T > ^� � `� X \�V F}¥~ � X� ` a�� > T > ^� f � f� � `� X \�V F} ~ � X� ` U 8*8 Z

� F}¥~ a � q X q `� f � � f�  ��  ¡ \�V F}¥~  0¡ ��
U 8Af Z



� � ý�©E�[§

��!*F�½j¾ U 	 Z�wnx .?>C1�.�(5F�(*1I4@>
F� E�@4� )1
��!*� �> = F} ~ � �� �� ¡ H������� � ¡� � ��!*F�½K¾ U���Z (*��B �> = F} ~ � � �

� � �� ¡ H�� ���� � ¡� �
��!*Fj½K¾ U 	 Z MO "4�.�F�>A�@$�>A1I4

4@! > T (*��B > ^ (5F�>jP# "s*>A�L(*�Q1I!#�¯4@!#�?FQ$'&)!*4��_ E�e£¤ "P w f w £�!*Fl4�.?>j1
(*��>jM�.?>A� V � a 85< �> = F} ~  )�t��/0+,+,>
4@F� )12M� "4�.eF�>A�@$�>A1I4
4@! U > T p > ^ Z (*��B%P*>
4O+e(vu	 )+e "|
>AB%(54 > T a > ^ w'x .� E�l )�Q! J s	 "!#���O )�L4�.?>[�?$'$�>
FQ4§Mt!z$'&"!*4�� w £?!*F�4�.?>[1
(*�@>[MO "4�.�&)(5F�P*>

Vn� <¯���'1�.,(*� V]�ta 8
o 
  )��4�.�> J !*4@4@!#+{4 M_![$'&)!*4��
< Y 1�.'(*�?P*>A�b+-!*F�>lF�(5$' )B�&)/[ )� ^ B� "F�>A1I4� "!#��!*4�.�>
Fb4�.�(*� T B� "F�>A1I4� )!#� w
x .?>
F�>
��!*F�>�&)(5F�P*> > T (*��B%F�>A&E(54� "s*>A&"/L��+,(*&)& > ^ MO )&)&�!*$�4� )+, )|
>G4�.?>[1I!#��s*>
F�P*>A��1I> w


 6 �¼���@>
F�4 � P#�?F�>[f�( J !#�?4O.�>
F�>I: �

h &) "4@4�&)>j>Iu	4@F�(-M_!*F��LMO )&E&�.?>A&)$%4@!z����B�>
F��@4�(*��B�½K¾ U���Z (*�'BL½j¾ U 	 Z J >
4@4@>
F w �¼�L��(*1I4
<� "�HM_>[B?> � �?>GF�>A�� )B'��(*&

� F a�� C/D�C Y F ?
	 c

(54 ��4�.?>�4� E+->A�@4@>
$]<?4�.?>A��>�4 M_!z��1�.?>A+->A��1
(*� J >GF�>
M2F� "4@4@>A�L>AR0�� "s5(*&">A��4�&"/�4@!

© F�H ç a © F \ > = « � ç � F
� © F \���« � ç � F

© F�H ç a �
ç
H ±
 ��
 © F ?

ç
H ±
 ��
ç
H ±
 ��
 © F

� ç \ ��
 ±ç
H ±
 � 
 «

� ç � F
� �]© F \dU 8 ?��¤Z§© F � ç \���« � ç � F ®

gj>
$�>A�'B� )�?P3!#��.?!NM¬4@!e1�.?!�!#��> � (*��B � <�4�.�>
/�1I!#��s*>
F�P*>�B� 9��>
F�>A�¯4�&)/ w
£�!*F_&) E�?>A(5Ft1
(*�@> UWV � a 1I!#����4�(*�¯4 Z < > = (*��B �z(5F�>K1I!#���@4�(*��4_�@!C4�.�(54 � (*��B � (5F�>j1I!#���@4�(*��4 w0x .�>
/,(5F�>O>AR0�� "s5(*&">A��4

4@! � F��@4z(*��B¨�@>A1I!#��B¨!*F�B?>
FL�@4�(54� "!#��(5F�/� "4@>
F�(54� "!#��� w £?!*FL!*$�4� )+e(*&O1�.�!# )1I>A��!*� > = (*�'B ��<Q�@>A1I!#��B¨!*F�B?>
Fz+,>
4�.?!0B
1I!#�¯s*>
F�P*>A�OMO )4�.%(*�%!*F�B?>
F2!*�y+,(5P#�' "4���B?>K��(*�@4@>
FO4�.�(*��4�.?> � F���4_!*F�B?>
FO+->
4�.?!	B w
£�!*FG4�.?>-�?!#��&) )��>A(5Fj1
(*�@>,B' )��1
������>AB .?>
F�>*< > = (*��B � s5(5F�/�(*�G "4@>
F�(54� "!#���j$�F�!01I>
>AB wnx .�>
F�>
��!*F�>*<�4�.�>
/ 1I!*F�F�>A��$�!#�'B

4@!,�?!#���@4�(54� )!#��(5F�/ � F��@4Q(*��B%�@>A1I!#��BL!*F�B�>
F2+->
4�.?!	B�� w gK 9��>
F�>A�¯421�.?!# )1I>A�l!*��!*$�4� )+,(*&��@>AR0�?>A��1I>A�2!*� > = F (*��B � F 1
(*�
F�>
$�F�!	B���1I>�kQ.?> J /	��.?>
se "4@>
F�(54� "!#�n<'k_!#�����?P#(54@> � F�(*B' ">A�¯4
<�¾� )1�.'(5F�B��@!#�L "4@>
F�(54� )!#�n<	!*Fl4�.?>G!#�?>G��.?!NMO�% )��4�.� )�_M_!*F�� w
µ >
s*>
F�4�.?>A&">A���
<'4�.?>�(*�@/	+-$�4@!*4� )1GF�(54@>�!*�y1I!#�¯s*>
F�P*>A�'1I>C(5F�>�4�.�>[��(*+->[(*�2��!*F24�.�>[�@4�(54� "!#��(5F�/z!#�?>A�36 � : w



� ±�­  �±�û�² �Y­��=² ±=«�±�¨� �¥'§¦® ¥�² ¡��l³ ¥'­-§�¥�§�²  �§���±�­X´f±��'§��[¨%¥�©�ô'¢'­�¥[¢�ô�§�±'´U ��5®� ¯´Yú�² ±�¨� �¥'§ �
�?���-�-5;,v

�E�#07.H� + +;� ,I+

���z$�F�(*1I4� E1
(*&�(5$'$'&) )1
(54� "!#� Mt>G(5F�>jP*!# )�?P�4@!34�(5�*>G4�.?>K>AR��'(*&��� )P#� U=a�Z  )�z4�.?>j4 M_!->Iu0$'F�>A���� "!#�'�DP# "s*>A����!*F > =bJ / U 8
o Z
(*��B U 8*8 Z�w g �?>,4@! ��!#�����' "��!*F�+ +->A��.?>A�C(*��B7�?!#��&E )�?>A(5F� "4§/�!*�Q4�.?>z$�F�! J &">A+�< > = (*��B�4�.?>eB�(*+-$� )�?PL��(*1I4@!*F �7(5F�>
+-!	B� � >AB J /���1
(*&) )��Pz��(*1I4@!*F�� = �������
	 (*��B � ��������	 w]x .?>3!*$�4� )+,(*& > = (*�'B �� E� J !*4�.�1
(*�@>A�C1
(*� J >���!#����B J /�4����� E�?P
4�.?>A�@>G4§Mt!z$'(5F�(*+->
4@>
F�� w'x .� )�l E�l����+,+,(5F� "|
>AB% )�L4�( J &">,8 w

 6 �¼���@>
F�4l4�( J &">,8�( J !#�?42.?>
F�>I: �

� X � `
  )��4�.?>Q�@4�( J  E&) "4 /C1IF� "4@>
F� "!#�C��!*F�½K¾ U���Z M�.?>A� V]�ta 8 w �� �� ¡ H�� � � ¡� � !*F �� �� ¡ H�� �� � � ¡� �  )��4�.?>Q>Iu04@F�(�4@>
F�+  "� Vn�  )�¤�?!#��&) E�?>A(5F
!*Fj(z��1
(*&)(5FjMO.� )1�.� )��&)(5F�P*>
Fj4�.�(*� !#�?> w � � X � `� �  E�24�.?>3�@4�( J  )&) )4 /%1IF� "4@>
F� )!#����!*F�½K¾ U 	 Z MO.?>A� V � a 8 w � �

� � �� ¡ H���� � ¡� �
!*F

� �

� � �� ¡ H�� ���� � ¡� �
 )�y4�.?>�>Iu04@F�([4@>
F�+{ )� V �  )�b��!#��&) )�?>A(5Fy!*F_([��1
(*&E(5FbMO.� E1�., )�b&)(5F�P*>
Fb4�.'(*�,!#�?> w £?!*Ft4�.�>OF�>A&)(vu?(54� "!#�e��(*1I4@!*F

��< �   ¡  ��� � �  )�Q4�.?>�1IF� )4@>
F� "!#�L��!*F2½j¾ U 	 Z MO.�>A� V � a 8�(*�'B � �

� � �� ¡ H�� � � ¡� �
!*F � �

� � �� ¡ H�� ���� � ¡� �
 )�Q4�.?>�>Iu	4@F�(�4@>
F�+�MO.?>A� V �

 )�l&)(5F�P*>
FO4�.�(*�%!#�?>�!*F��?!#��&) )��>A(5F w
�¼��!*F�B?>
F�4@!7+,(vu? )+, "|
> > = < A�a 8% E�31�.?!#�@>A�� )��4�.� E�CM_!*F�� w ��>A��.���1
(*&">A� > T (*��B > ^ (5F�>%1�.�!#�@>A� J (*�@>AB !#�

4�.?>�P#�' )B?>A&) )��>A�,B� )��1
�'���@>AB  E��4�.?>�$�F�>
s	 "!#���z�@>A1I4� "!#��� w hj��(*�¨>Iu?(*+-$'&">*<_Mt>�.�(�s*> � X¨a U 8AÁ ? 8 Z r f \ 8 (*��B
� `Ca�U À	8 ? 8 Z r f \ 83�@!�4�.�(54 > T  )�K¹e4� )+->A��P*F�>A(54@>
FG4�.�(*� > ^ w � X (*�'B � ` (5F�>C4�.?>��0��+ J >
F�!*�b1I!*F�F�>A�@$�!#��B' )�?P
P*F� )B�$�!# )��4��l )� T (*��B ^ B� )F�>A1I4� "!#��� w �¼�L4�.� )�l1
(*�@>[½j¾ U���Z 1I!#��s*>
F�P*>AB  E�Lf � p 	vo � �0��+ J >
Fl!*�¤ "4@>
F�(54� "!#�'�2(542!*$�4� )+e(*&
= �����
��	 a o ® 8�	 � ��MO.� E&">K½j¾ U 	 Z 1I!#�¯s*>
F�P*>AB  )��85p�¹5o � �0��+ J >
Fl!*�y "4@>
F�(54� )!#���2(542!*$�4� E+,(*& = �����
��	 a o ®¥� 85p � �����
��	 a o ® � 	 w
£?F�!#+ .�>
F�>GMt>C1
(*����(�/�4�.'(542½j¾ U 	 Z  )� +3��1�.%��(*��4@>
F U .?>
F�>[f5o,4� )+->A� Z 4�.'(*�%½j¾ U���Z�w x .' )�Q )�2(*&"MQ(A/	�l4@F��?>G��!*FO4�.�>
1�.?!# E1I>A�K!*� > = (*��B ���@>AR0�?>A��1I>A�G )� 4�.� )�jM_!*F��  )�DMt>-1�.?>A1���4�.?>�>Iu	$�F�>A���� )!#���O!*� � } 
�� ��!*F J !*4�.�1
(*�@>A� w hj1I4���(*&)&"/� )4
 )�j>A(*�@/�4@!L�'��B?>
F��@4�(*�'B 4�.'(54G4�.?>-B� 9��>
F�>A��1I>3!*�t4�.?>A )FK(*��/0+-$�!*4� )1�1I!#��s*>
F�P*>A��1I>,F�(54@>A�� )�K(*��!*F�B?>
FG!*�_+,(5P#�� "4���B�> w
�O>A�'1I>G��F�!#+��?!�M¬!#��Mt>GMO E&)&'!#�'&"/z����>G½j¾ U 	 Z�w h�&)4�.?!#�?P#.� "4@>
F�(54� "!#�%���'+ J >
F��l�@>
>A+e�l4@! J >�&)(5F�P*>*<?>A(*1�.  "4@>
F�(54� "!#�
 )�Qs*>
F�/%1�.�>A(5$�>
s*>A��1I!#+,$'(5F�>AB%4@!z¸¯£ µ ·{MO.� )1�.LF�>AR��' "F�>A�Q$�F�>A1I!#�'B� "4� "!#�� E�?P w
µ >Iu	4K&)>
4�� ���@4���B?/�4�.?>- )+-$'(*1I4K!*�t E�� "4� )(*&) )|A )�?P-!#��1I!#��s*>
F�P*>A��1I> w hj�G+->A��4� "!#�?>AB J >
��!*F�>*<�4�.?>-�?!#��&) )��>A(5F�$�F�!01I>A���

1
(*� J >� )�� "4� E(*&) "|
>AB J /�4�.?>[�@!#&E�?4� "!#�L��F�!#+³4�.?>[&) E�?>A(5F2�@/	�@4@>A+»MO "4�.%1I!#�'�@4�(*�¯4 Vn�
w�x .' )�l�@!#&)�?4� )!#�%.�(*�2(-�@/	+,+->
4@F� E1
�@4@F���1I4���F�>G(*�OB?>A+-!#�'�@4@F�(54@>AB� )��£� )P w ¹- )� U T p ^ Z 1I!0!*F�B� )�'(54@>��@/0��4@>A+ w

 6 �¼���@>
F�4 � P#�?F�>[¹�( J !#�?4O.�>
F�>I: �



ç�� � ý�©E�[§

x .?>C�� )|
>[!*� V � 1�.�(*�?P*>A�j��F�!#+ 8
o � 4@!�8
o�� w �  )s*>A� 4�.�>3&) E�?>A(5F��@!#&E�?4� "!#��M� "4�. B' 9��>
F�>A�¯4j�� "|
>3!*� V � <�4�.?>3�0��+ J >
F
!*�H "4@>
F�(54� )!#���_��!*FQ4�.?>G�?!#��&E )�?>A(5Ft��/0�@4@>A+³4@!�F�>A(*1�.%�@4@>A(*B?/��@4�(54@>� )�tP# "s*>A�L )��4�.?>�4�( J &">�f w0´ >K��!#����Bz4�.?>G�?!#��&) E�?>A(5F
1I!#�¯s*>
F�P*>A��1I>CB?!0>A�����¥4�.�(As*>[+3��1�.�B� 9��>
F�>A��1I>�(*��&"!#�?P,(*�O4�.?>�&) )�?>A(5F2��!#&)�?4� "!#�%.�(*� V ��� f w �§42!#�'&"/zB� )s*>
F�P*>A�2MO.�>A�
(�P#�?>A���� )�QP# "s*>A� J / V � a 8 w

 6 �¼���@>
F�4l4�( J &">[f-( J !#�?42.?>
F�>I: �

x .?>3+e(5F�1�.� E�?PL$�F�!	1I>A���G )�j>
s*>A�7(*1
1I>A&">
F�(54@>AB J / sv(5F�/0 )��P > = (*�'B ��(54G>A(*1�.�P*F� )B�$�!# )��4 U�� p
	 Z (*��B�>
s*>
F�/ 4� )+,>
�@4@>
$ � w?´ >���!#����B�4�.?>� "4@>
F�(54� "!#�LMt!#� �¥4l>
s*>A��1I!#�¯s*>
F�P*>C "� > = (*��B �L(5F�>�1�.�!#�@>A������ )��!*F�+e&"/, )��>A "4�.?>
Fl4@>A+-$�!*F�(*&�!*F
�@$'(54� )(*&nB' "F�>A1I4� "!#��� w
£¤ )�'(*&)&"/,M_>GP# "s*>[(*�%>
ºz1
 ">A�¯42(5$'$�F�!#(*1�.�4@!e�?$nB�(54@>K4�.?>��?!#�'&) )�?>A(5Fl�@4� 9�n�?>A���l+e(54@F� 9u ��`�`�U Y Z (54l>A(*1�. 4� )+->G�@4@>
$ w

x .?>G�0��+->
F� )1
(*&n E�¯4@>
P*F�(54� )!#��.�(*�l4@! J >�1
(5F�>
����&E&"/e1�.�!#�@>A�� )�L!*F�B?>
F24@!,�*>
>
$ 4�.?>[�@/	+,+->
4@F� E1G�@4@F���1I4��?F�>K(*��(-F�>A���'&"4
!*��$�>
F� )!0B� E1 J !#����B'(5F�/e1I!#��B� )4� "!#� w � >A�?>
F�(*&E&"/z4�.�>
F�>G>Iu	 E�@4��

¦ `�` U�©-Zba ?
���

V �
S � }
S#^

S � ~
S#^ ���

MO "4�.	� } (*��B � ~ 4�.�> � 4�.L(*��B 	*4�. J (*�@>j���'��1I4� "!#���t )� � �' "4@>2>A&">A+->A��4Q�@$'(*1I> w	� �e>A(*1�.�4@F� )(*�?P#&">*<0(*������+e )�?P �� )�b4�.�>
 )��B?>Iu F������� E�?Pe4�.?F�!#�?P#.7(*&)&¤!*�_4�.?>,1I!#&)&"!	1
(54� "!#��$�!# )��4��
<�4�.?>A��!#��>-M_(�/�4@!���!*F�+3��&)(54@> ¦�`�`	U�©-Z (54 �04�.�4� )+->,�@4@>
$
Mt!#�'&)B J >

¦
} ~
`�` U�©-ZDa��

C	� U
� Z¼V F U � Z

S � }
S#^�U � Z

S � ~
S#^¬U � Z�
bU � Z

MO.?>
F�>
� U
� Z < V F U � Z <*(*��B 
DU � Z (5F�>_4�.?>Q1I!*F�F�>A�@$�!#��B' )�?P2M_>A "P#.�4
<51I!#�'B���1I4� "s	 "4 /*<5(*��B-¸#(*1I! J  )(*��(54 �n4�.3$�!# )��4 w ° � �° ` U � Z

(*��B ° � �° ` U � Z (5F�>�s5(*&)�?>AB%(5424�.?>A��>�$�!# )�¯4��l(*�OMt>A&E& w h��O(-���'��1I4� "!#�L!*� Y < V F U � Z 1
(*� J >G��!#����B J /

�
�
U Y F� Z ÿ ¢ � � � U � Z !*F �

�

6 Y F� � � U � Z : ÿ ¢ �

MO.?>
F�>
�Q )�G4�.�>, )��B?>Iu�F������� E�?Pe4�.?F�!#�?P#.7(*&)&¤!*�_4�.?>�kQ(5F�4@>A�� )(*��P*F� )B�$�!# )��4��K!#��>A(*1�.�4@F� E(*�?P#&"> w iQ�?4�>Iu	$�>
F� )+->A��4��



� ±�­  �±�û�² �Y­��=² ±=«�±�¨� �¥'§¦® ¥�² ¡��l³ ¥'­-§�¥�§�²  �§���±�­X´f±��'§��[¨%¥�©�ô'¢'­�¥[¢�ô�§�±'´U ��5®� ¯´Yú�² ±�¨� �¥'§ ç�ç

��.?!NM»4�.�(54,4�.?>��@/	+,+->
4@F� )1L�@4@F���1I4��?F�>� )�-B?>A�@4@F�!N/*>AB J /�4�.�>�( J !Ns*>�4 M_!7��!*F�+3��&)(54� "!#��� w¤x .?>A� Mt> B?>A�� "P#�?>AB 4�.�>
��!#&E&"!�MO E�?PC��!*F�+3��&)(

¦
} ~
`�` U�©,ZyadV F} ~ �

C � C
S � }
S¯^ U � Z

S � ~
S#^¬U � Z�
bU � Z

MO.� )1�.%&">A(*B��Q4@!

¦ CIDEC a ¦ X
X \ � F ¦ `�`

MO.?>
F�>�� F  )�l(,s*>A1I4@!*FOMO "4�.%1I!#+,$�!#��>A�¯4�� } ~ a V F}¥~ (542>A(*1�.�P*F� )BL$�!# )��4tP# "s*>A� J / U�� p
	 Z�w�x .?>
F�>
��!*F�>*<?M_>�1I!#��1
&)��B�>
4�.�(54_4�.?>j��!#��&) )�?>A(5Ft�@4� 9�n�?>A���_+,(54@F� 9u ¦�`�` 1
(*� J >��?$nB�(54@>AB J / �����@4_��1
(*&) )��P�4�.?>K&) )�?>A(5F_�@4� 9�n�?>A���_+,(54@F� 9u ¦�`�` ���� E�?P
�?!#��&) E�?>A(5F�s*>A1I4@!*F�� w�x .� )�[(5$'$�F�!#(*1�. �?!*4�!#��&)/7�� "P#�� � 1
(*�¯4�&"/�F�>AB'��1I>A�[4�.�>�1I!#+-$��?4�(54� "!#� 1I!#+-$'&">Iu? "4§/*< J �?4C(*&)��!
$�F�>A�@>
F�s*>A�b4�.?>j�@/	+,+->
4@F� )1��@4@F���1I4���F�>O!*�n4�.?>�$�>
F� "!	B� )1l�@!#&)��4� "!#� w¯x .�>��?!#��&E )�?>A(5Fb�@!#&E�?4� "!#�e E�b��.?!NMO�� )�e£¤ "P w�� (5P#(* )�
 )� U T p ^ Z 1I!0!*F�B� )�'(54@>��@/0��4@>A+ w'x .?>�&E )�?>A(5Fl )�� "4� E(*&�P#��>A���lMO "4�. V � a f�r78
o 
 P# "s*>A�� )�L4�.?>C&">
��4l$�&"!*42 )�l(5$�$'&E ">AB w


 6 �¼���@>
F�4 � P#�?F�> � ( J !#�?4O.�>
F�>I: �

�����O�0����.E� +;�E�0�-+

h���(*��>Iu	4@>A���� "!#��!*�OB?>
s*>A&)!*$' )�?P >
ºe1
 ">A��43>A&E&) "$�4� )1e�@!#&"s*>
F��3��!*F3������ )!#���� )+3��&)(54� )!#�7!#��k_F�(�/���8��2<¤½D(5F� )( J &)>z¾2>I¶
&)(vu?(54� "!#�  )�C1I!#�'�@4@F���1I4@>AB J / J /�(*B�B� )��P � F���43(*��B�ÂN!*F���>A1I!#��B�!*F�B?>
F�4� )+->LB?>
F� "s5(54� "s*>�4@!�4�.?>%�?!#��&) )��>A(5F[>A&)&) )$�4� )1
>AR��'(54� "!#�L(*��BL+,(5F�1�.' )�?P34�.?>KF�>A����&"4� E�?P[4� )+,>I¶ B?>
$�>A��B?>A��4
	tgJ�t�_4@!,�@4@>A(*B?/z��4�(54@> w ������4@>A(*BL!*��¸#(*1I! J  )(*�n< � ��&"/,4�.�>
�@4� 9�n�?>A���l+,(54@F� 9uL )4��@>A&"�� E�l )�¯s*!#&)s*>AB�(*��B��?>
>AB'�l4@! J >��?$nB�(54@>AB%(542>A(*1�.  "4@>
F�(54� "!#� w
x Mt!���1�.?>A+->A�-.�(*� J >
>A��P# "s*>A�n< � F���43(*��B���>A1I!#��B !*F�B?>
F�½D(5F� )( J &">%¾2>A&)(vu?(54� "!#��� w £?!#��F,����+,>
F� )1
(*&_ )�����?>A��.�(*�

J >
>A��B� )��1
�����@>ABnm x .?>e+->A��.���1
(*&">zF�(54� "!?<���!#��&) )�?>A(5F[$�F�!	1I>A���[ )�' "4� )(*&) "|A(54� )!#�n<�sv(5F� E( J &">,4� )+,>e�@4@>
$ (*��B7F�>A&E(vu	(54� "!#�
��(*1I4@!*F�<H>
ºe1
 ">A��4C1
(*&E1
��&)(54� "!#��!*�_4�.�>z�?!#��&E )�?>A(5F��@4� 9�n�?>A���C+,(54@F� 9u w �¼�7����+e+,(5F�/*<]4�.?>�+->A��.��?>
>AB���4@! J > � �?>
F[ E�
B� "F�>A1I4� )!#�LMO "4�.%�@4@F�!#��Pe1I!#��B���1I4� )s0 "4§/-��1I!#��s*>
F�P*>A��1I>�1
(*� J >��@$�>AB%�?$ J /L���� )��P-4�.?>��@!#&)�?4� )!#�%��F�!#+ 1I!*F�F�>A�@$�!#��B' )�?P



ç�� � ý�©E�[§

&) )�?>A(5Fj�@/	�@4@>A+ (*�j(*�� )�' "4� )(*&nP#�?>A������4� E+->3��4@>
$�(*�'B�F�>A&E(vu	(54� "!#����(*1I4@!*FG.�(*�j4@! J >Csv(5F� )>AB (54K>A(*1�.�P*F� )B�$�!# )��4�(*��B
>
s*>
F�/�4� )+->��@4@>
$�(*�[M_>A&)& �H!#��&"/�4�.?>��?!#��&) )��>A(5F�s*>A1I4@!*FA<y���@>AB�4@!��?$nB�(54@>z4�.?>z��!#��&) )�?>A(5FC�@4� 9�n�?>A���[+e(54@F� 9u�<��?>
>AB��
4@! J >e�?$nB�(54@>AB�F�>
P#�'&)(5F�&"/ wHx .?>
F�>
��!*F�>*<]4�.?>,!#�'&"/�1I!#+,$'�?4�(54� "!#��1I!#���� )�@4���!*�lF�>A�?>
MO )��P > = F}¥~ < � F} ~ <H(*�'B � F (54C>A(*1�.
 "4@>
F�(54� "!#�]<�(*��B�(5$�$'(5F�>A�¯4�&"/�4�.?>A�@>%(5$�$�F�!#(*1�.?>A��F�>A���'&"4��C E��(���>Iu? J &">*<�>
ºe1
 ">A��4
<y(*��B�F�! J ���@4�(*&"P*!*F� "4�.'+ 4@!��@!#&"s*>
�?!#��&) E�?>A(5FO�@/	�@4@>A+,� w x .?>3�@>A1I!#��B !*F�B?>
FK��1�.?>A+,>3 )��(*��!*F�B?>
F�!*�D+e(5P#�� "4���B?>C��(*��4@>
F�4�.�(*� 4�.?> � F��@4O!*F�B?>
Fj!#�?>CB���>
4@!,4�.?>��@$�>
>AB���$%!*����&)!�M_>A�@4O+-!	B?>�B?>A1
(�/0 )��P w
�������	��

� ������� � � 


x .?>e(*�?4�.?!*F3M_!#��&)B�&E "�*>,4@!�P# "s*>�1I!*F�B� )(*&D4�.'(*�?�0�[4@! ��¹5g P*F�!#�?$���!*F34�.?>A "FC�'�@>
���'&bB� )��1
������ "!#�'�G(*��B�1I!#����4�(*�¯4
���?$�$�!*F�4�� w

� ,�� ,v
:,5����,/+
� ç���� ß&À�Ã(ä5¼ ¿�À�Ë�Ù½Ñ �������EÑ�ï�Å�¾ÂË½»½¾Â¼[À�ÃlÈ(»½ÕUÇÂËÊÀ�¿(»½Å�¾�È
¿
ÇÂÁÂ»½¼�È�Å�×�¿(Å�ä�À�Õ5À�ä�È�À�¾ÂÁ"Î�èlÈ=Ù�� úÂ�=² ���;ú�®� �¥�§ ��!#" Ñ-
����EÙ
� �$�2ö5åBÔÂ¼�¾;Ñ�Îaå ö'À�Ã(ÁE»½¾;Ñ �_Ì#Î�¿
Ã�À�ÇÂÈ
È=Ñ ������ÿEÑ6Î�Å�Ë ÐE»½¾ÂÖfÀ�¾Â»½È(Å�¿
Ã(Å�ÒÂ»½¹O¿
Ã�À�¾EÈ(Ò�Å�Ã
¿�¼&%�ÇÂÀ�¿(»½Å�¾"Å�¾LÕº»½È�À�Ë½»½Ö�¾Â¼�Á5Ö�Ã(»½ÁEÈ=Ù#'(� ý�ù)��"�*�+-, Ñ6ç�����þ/.�ç���� � Ù
� �$�2à �H÷O¾ÂÅ�Ë½Ë�ÑÂà#·í÷O¼�Û'¼�È[Ñ ������
ÂÑ/ö'À�¹�Å�ÆÂ»ÊÀ�¾EÓ�×�Ã(¼�¼�ï�¼ ál¿
Å�¾EÓ�÷OÃ
Û�Ë½Å=Ð5Õº¼ ¿
ÔÂÅ�ÁÂÈ=ë�ÀXÈ(ÇÂÃ�Ð'¼ ÛLÅ�×&À�ÒEÒÂÃ(Å'À�¹�ÔE¼[ÈZÀ�¾ÂÁ"À�ÒEÒÂË½»½¹[À�¿(»½Å�¾ÂÈ[Ù5� �(¥'´�0��(1B©�ô�®&� �2+-3#" Ñ

��ÿ��4.�� � ��Ù
� 
5� � ·
Ã(¾6Ñ�É76Z»½Å=Ð�À�¾EÖ�»½Ö�Ë½»�ÑEà8·�÷O¼ Û'¼�È=Ñ-8µà#Î�ÕºÅ�Å�ä�¼�Ñ/ç � � 
ÂÑ�è�Å=á@À�Ã(ÁÂÈ@Ò�Å�Ë Û�À�Ë½Ö�Å�Ã(» ¿
ÔÂÕº»½¹�Ë½»½¾Â¼[À�Ã
È�ÛEÈ�¿(¼�Õ È(Å�Ë Ð'¼�Ã(È�×�Å�ÃB¾EÅ�¾ÂË½»½¾Â¼[À�ÃB¼�Ë½Ë½»½ÒE¿
»½¹�ÒÂÃ
Å�ÆÂË½¼�ÕºÈ=Ù

ù:9 ø ¤ � ù6�= ;�lý&¥�´<0�ú�¨=� ��+ * Ñ�þ��Eç>. �����EÙ
� ÿ$��?Hè�é�¼�¾ÂÖÂÑ�������þEÑ�
Z¾L¿
ÔÂ¼�ÁÂ»½È(¹�Ã(¼ ¿
¼-ÁEÛ�¾�À�Õº»½¹O¾�À�¿
ÇÂÃ(¼�Å�×�¿
ÔÂ¼-¹�Å�¾�ñ�ÇÂÖ'À�¿(¼XÖ�Ã�À�ÁE»½¼[¾'¿�Õº¼ ¿(ÔÂÅ�Á;Ù5� ��¥�´<0���1
©�ô�®&� �(@�+A+ Ñ � ç>. � �EÙ
� þ$�2ö5åBÔÂ¼�¾;Ñ�öºÚBÃ(¼�È(ËÊÀ�Ç;Ñ)6Hé�Ç;Ñ/Î�ö'À�Ã(ÁÂ»½¾;Ñ-� ß�À�Ã
ä/Ñ-������þEÑ/ï�¼ á_À�ÒÂÒÂË½»½¹[À�¿
»½Å�¾ÂÈ�Å�×�Á�ÛE¾�À�Õº»½¹ZÃ(¼�ËÊÀ�ÍÂÀ�¿
»½Å�¾"»½¾LÀ�ÁEÐ�À�¾E¹[¼�ÁÞÈ
¹[»½¼�¾'¿(» ÜÂ¹X¹�Å�ÕºÒÂÇ�¿(»½¾ÂÖÂÙEß&À�Ò/¼�Ã

ÒEÃ(¼�È(¼�¾'¿(¼�ÁÞÀ�¿�â�Î�â�ålÎ/ê ��þEÑ/àOÀ�Ë½»ÊÀ�¾6Ñ�åBÔÂ»½¾�ÀEÑ6ç[ÿ/.�ç�� �ZÇÂÖ�ÇÂÈ�¿=Ù
� �/��?ØÎEÀ�À�Á;Ñ;ç � � þEÑ ®
©E±�0E�B9�¨%�=­�±�¨� ¯¡��X´f�=¨¯©Â¥[¢�®@³ ¥�­-®C0�±'­ ®��f²  ¯§���±�­ ®�ô�®�¨%�[´Y® Ñ�ß2�8Î5ß
ÇÂÆEË½»½È(ÔÂ»½¾ÂÖºå@Å�ÕºÒÂÀ�¾�Û'Ù
� �$�/
�áB¼ ��Í�¼[Ë½È
È(Å�¾;Ñ6ç � � þEÑ 9 ¨��=­�±�¨� �¡���ù6¥�² ú�¨� �¥'§Þ¤¦�[¨�©E¥=¢�® Ñ/å@À�ÕUÆÂÃ(»½ÁÂÖ�¼ED�¾Â» Ð'¼�Ã(È
» ¿%Û5ß
Ã
¼[È
È=Ù



� ±�­  �±�û�² �Y­��=² ±=«�±�¨� �¥'§¦® ¥�² ¡��l³ ¥'­-§�¥�§�²  �§���±�­X´f±��'§��[¨%¥�©�ô'¢'­�¥[¢�ô�§�±'´U ��5®� ¯´Yú�² ±�¨� �¥'§ ç��
������� �	��
���
���� � ��������� ����������� 
����ÉOÌ � 
 ¶ ×�Å�ÃlË½»½¾Â¼[À�ÃlÒÂÃ
Å�ÆÂË½¼�Õ É-Ì � � ¶ ×�Å�Ã�Ë½»½¾E¼=À�ÃlÒÂÃ
Å�ÆÂË½¼�Õ

� 
��������� ! "� �� ¡$#�% � � ¡� �'& 
�(*)*+�,.-
��
��0/ ������ / " / "1 � �� ¡2#3% � � ¡� � & 
�(*)�+4,.-� � � 5 ¡ 5 �/ "76 / "8 � �� ¡ #3% � � ¡� � & � (*)�+4,.-É-Ì � 
 ¶ ×�Å�Ã@¾ÂÅ�¾ÂË½»½¾Â¼[À�Ã�ÒÂÃ(Å�ÆÂË½¼�Õ ÉOÌ � � ¶ ×�Å�Ãl¾ÂÅ�¾ÂË½»½¾Â¼[À�ÃlÒÂÃ
Å�ÆÂË½¼�Õ

��
:9; < �=������ ! "� �� ¡2#3% �� � � ¡� � & 
 (*)*+4,.-
� 
:9; < � / ������ / " / "1 � �� ¡ #�% ���� � ¡� � & 
 (*)�+4,.-� 9; < � � 5 ¡ 5 �/ "76 / "8 � �� ¡ #3% �� � � ¡� � & � (*)*+4,.-



ç�
 � ý�©E�[§
������� ����
 ��
���� � ������� � �:�������:� 
����� � ç � � 
 ÿ þ ��Ñ �EÑ � Ñ½ç���� �[� ç����
� ;�� ( ÁE» Ð'¼[Ã
Ö�¼ ç��Eç�� ç��Eç�� ç���� � ç���� � ç���� � ç������



� ±�­  �±�û�² �Y­��=² ±=«�±�¨� �¥'§¦® ¥�² ¡��l³ ¥'­-§�¥�§�²  �§���±�­X´f±��'§��[¨%¥�©�ô'¢'­�¥[¢�ô�§�±'´U ��5®� ¯´Yú�² ±�¨� �¥'§ ç[ÿ

��� �����#� ��� � 
 � ����	

£¤ "P#�?F�>-8 w'x .�>�1I!�>
ºe1
 )>A�¯4 
  E� J !#����B?>ABL(*��B%F�>A&)(54@>AB%4@! V � w
£¤ "P#�?F�>�f w > =  )�lF�>A&)(54@>AB�4@! > T (*��B > ^ w
£¤ "P#�?F�>�¹ w &� )�?>A(5FO�@!#&E�?4� "!#�%(54 µ u a ¹	85< µ / a 8
o?8 w
£¤ "P#�?F�> �?w'µ !#��&) )��>A(5F2�@!#&)�?4� "!#�%(54 µ u a ¹	85< µ / a 8
o?85< = �����
��	 a o ®¥� 85p � ��������	 a o ® � 	 w

½j¾ U 	 Z  )�l�@4�( J &">GMO.?>A� = �������
	 � o ®¥� 8 �'½j¾ U���Z  )�2�@4�( J &">GMO.?>A� = ��������	 � o ® 8�	 �?w



ç[þ � ý�©E�[§

0 20 40 60
0

0.2

0.4

0.6

0.8

κ
||

c

é2»½Ö�ÇÂÃ
¼fç�ÙBèlÔÂ¼-¹�Å�¼ ¸º¹�»½¼�¾'¿ � »½ÈlÆ�Å�ÇÂ¾ÂÁE¼[Á"À�¾ÂÁaÃ
¼[ËÊÀ�¿
¼�Áa¿
Å � � Ù



� ±�­  �±�û�² �Y­��=² ±=«�±�¨� �¥'§¦® ¥�² ¡��l³ ¥'­-§�¥�§�²  �§���±�­X´f±��'§��[¨%¥�©�ô'¢'­�¥[¢�ô�§�±'´U ��5®� ¯´Yú�² ±�¨� �¥'§ ç �

0.20.30.4

0.
5

0.5

0.
6

0.60.7

0.
7

0.8

0.
8

0.
9

0.9

0.9

δ 
y

δ x, VR(4), κ
||
 = 100

0.01 0.02 0.03 0.04 0.05

0.02

0.04

0.06

0.08

0.1

0.40.50.6

0.
7

0.70.8

0.
8

0.9

0.
9

δ 
y

δ x, VR(7), κ
||
 = 100

0.01 0.02 0.03 0.04 0.05

0.02

0.04

0.06

0.08

0.1

0.0002

0.0004
0.0006

0.00080.001

δ 
y

δ x, VR(4), κ
||
 = 104

0.01 0.02 0.03 0.04 0.05

0.02

0.04

0.06

0.08

0.1

0.
01

0.015

0.02 0.025
0.03

δ 
y

δ x, VR(7), κ
||
 = 104

0.01 0.02 0.03 0.04 0.05

0.02

0.04

0.06

0.08

0.1

é2»½Ö�ÇÂÃ(¼ �EÙ ��
 »½ÈlÃ(¼�ËÊÀ�¿
¼�ÁL¿
Å � X À�¾EÁ � ` Ù



ç�� � ý�©E�[§

5

10

15

20

25

30

35

40

κ
||
=100

0 0.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

5

10

15

20

25

30

35

40

45

κ
||
=103

0 0.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

5

10

15

20

25

30

35

40

45

κ
||
=106

0 0.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

5

10

15

20

25

30

35

40

45

κ
||
=109

0 0.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

é2»½Ö�ÇÂÃ
¼ �EÙ���»½¾Â¼[À�ÃlÈ(Å�Ë½Ç�¿(»½Å�¾aÀ�¿ZïlÍ � �Eç�Ñ�ï�Û � ç��Eç�Ù



� ±�­  �±�û�² �Y­��=² ±=«�±�¨� �¥'§¦® ¥�² ¡��l³ ¥'­-§�¥�§�²  �§���±�­X´f±��'§��[¨%¥�©�ô'¢'­�¥[¢�ô�§�±'´U ��5®� ¯´Yú�² ±�¨� �¥'§ ç �

5

10

15

20

25

30

35
35

40
40 45

κ
||
=2 × 104

0 0.2 0.4 0.6
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1 51015
20

25

30
30

35

35

40

40

40 4545

κ
||
=T5/2

0 0.2 0.4 0.6
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

é&»½Ö�ÇEÃ(¼ 
ÂÙ8ï�Å�¾ÂË½»½¾Â¼[À�ÃlÈ(Å�Ë½ÇE¿
»½Å�¾"À�¿�ïlÍ � �Eç�Ñ�ïlÛ � ç��Eç�Ñ 
 (*)*+4,.- � ��� 
Âç � � (�)*+4,.- � ��� ����ÙEÉ-Ì � � ¶ »½ÈlÈ
¿(À�ÆÂË½¼Oá�ÔÂ¼�¾ 
 (�)*+4,.-�� ��� 
ÂçfîEÉOÌ � 
 ¶ »½ÈlÈ�¿�À�ÆÂË½¼
á�ÔE¼[¾ 
 (*)*+�,.-�� ���½ç ��
ÂÙ



 
 
 
 



The Princeton Plasma Physics Laboratory is operated 
by Princeton University under contract 
with the U.S. Department of Energy. 

 
Information Services  

Princeton Plasma Physics Laboratory 
P.O. Box 451 

Princeton, NJ 08543 
 
 
 
 

Phone: 609-243-2245 
Fax: 609-243-2751 

e-mail: pppl_info@pppl.gov 
Internet Address: http://www.pppl.gov 


	M_Richman_extender.pdf
	Background
	Extender
	Parallel Algorithms

	Speed Optimization
	Efficient Parallelization
	Optimizing Representation of Plasma Surface
	Results


	Automation
	Fortran 90 module
	Generalized PBS job scripts

	Conclusion
	PBS batch job template


	report number: 4476
	Title: Pseudo-transient Continuation Based Variable Relaxation Solve in 
Nonlinear Magnetohydrodynamic Simulations
	Date: December, 2009
	authors: Jin Chen


