
Brookhaven National Laboratory 

U.S. Department of Energy
USDOE Office of Science (SC)

Collider Accelerator Department

April 2005

M. Blaskiewicz

Longitudinal Stochastic Cooling Update, FY05

BNL-99340-2013-TECH

C-A/AP/189;BNL-99340-2013-IR

Notice: This technical note has been authored by employees of Brookhaven Science Associates, LLC under
Contract No.DE-AC02-98CH10886 with the U.S. Department of Energy. The publisher by accepting the technical
note for publication acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable,
world-wide license to publish or reproduce the published form of this technical note, or allow others to do so, for
United States Government purposes.



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.  



C-A/AP/#189 
April 2005 

 
 
 

Longitudinal Stochastic Cooling Update, FY05 
 
 
 

M. Blaskiewicz 
 

 

 
 
 
 
 

 
 
 
 
 
 

Collider-Accelerator Department 
Brookhaven National Laboratory 

Upton, NY  11973 
 



���������
	���
�����������	�����������	���� �!�"�����#���%$'&(
)�*	�+-,/.10'2�3

465(7�8:9<;>=�?A@CB�?:DCEGF
HJI"KML!NPORQ�SUTVIXWZY[Y[\P]_^`LaNcbed

fhg�iGjUk`lnm[j

o�p�q"rts�utv�p[qxwyrPqxz_{ |�}�~<v#p�z_|�}���v�v�~<~�����u[�(|��<|�}�qx{��:~_���-�����a��|�w����Pq���qxu`}��:��~�{�}��<�t��v�z_��v�~�z_|�}���u[��rPqxz_{
|�}�~�v�p�z_|�}���v/v�~<~�����u���|���|�}�qx{�|���u�}���~X|�����u����tv�z_uU}"�*z��<|��yo�p[q/���-����|��<|�}�qx{ ��|¡w[qx|�����u�qxw¢}�~y£_q�q��¤rPqxz_{
�-��}�pt��u�}�p[q)��¥6rtstv�£_q�}�¦Rz_|J~_���P~�|�qxw1}�~§v�~<~�����u[����}J}�~§z(|�{�z_���nqxu[q����_�1|�����qxz_w���¨���|�~[¦P}�p[q��©z_v�}�}�p�zG}J}�p[q
rPqxz_{ª��|�rtstu�v�p[qxw���|cst|�qxw)}�~�{���ut��{���«�q*}�p[q�£���v�£_q�����~C��q��M��qx¬`st����qx{)qxu`}�|���o�p[qx|�q�v�~�u�|��­w[q���zG}���~�u�|cz_�­��~��®�:~_�
z�¯���zGrt��q�v�~`~��­��u[��|��<|�}�qx{°zG}�{)~�w[q���zG}�q)v�~�|�}��)o�p���|�u[~_}�q�|�st{�{�zG����«�qx|�}�p[q)}�p�q�~_���yz_u�w¢�­{)�t��qx{)qxu`}�zG}���~�u
~_�cv�~`~��­��u[�)��u§�-�����±z_u�w�|�p�~��-|���p�zG}���q¡{�zx��q�²���qxv�}�w�s[����u���¥�³�´�µ<�

¶�·¹¸»º#¼�½¿¾�ÀCÁ�Â�¼*ÃCÄ�Ä_¾¿º#Å¿Å�ÆeÇ`ÈÊÉ�Ë�Ì�ÍxÎ�Ï�ÍÊÐxÑ_Ò�ÇÊÓ`È¹ÔÖÕG×CØ

Ù



��� �������
	���
�������	��
���P@��`9<8���@�����; �!�tD���9<;"�>?:D�D��#��8A?�$&%¢?'$)(�*�+ ,-��9<;�.R@Ê@�$!90/&/&1#@ÊDC?©9��>@�23�4�51);6�57�@���?'7y@98 Ù5:<;>= .&�?�

�!��@)?�7�/P8:@@7y@@$A��9���?'�5$���� 9�.&1"�[9029.�90$&2�=�?:D�=`@�1�;"Bt; ��@�7 B�?C�!�9.R@G907%@�$P@@16%�?A@Ê;D�0� ÙFE5E�G @@HJI�$A�PDC8:@@�5$
B�9<;K2P90�&$L��?'$&%P5NMO1"�5%51>@C;>; ?�$3�!�P?A; 901>@Ê9P��9`;J.R@Ê@@$Q7y902P@�90$&2!9 8'�5$&%�?C�!�&2�?�$�9<8�D��#��8:?'$&%¢;"Bt; ��@�7R�4�51
(�*�+ , ?A;��&$&2P@@1¡D@�5$P; �!16��D@��?'�5$)8TS :VU0= 5

���P@XW&1>;"�Y��@Ê; �O�0�¹D@�?��8A?�$&%"?�$Z(�*�+ , ?A;*;#D��P@�2&��8:@�2��4�51<[]\ EL^ 90$&2§?C�*?A; 90/_/&16�5/_1>?©9>��@`�6��;6�_7�7y901>?AEÊ@
�5�&19�&$_2P@�1#;"��9�$&2P?�$_%a�0�
�&�_Bb�6�P@ ; Bt;"��@@7 B�?:8:8"BX�01>=¹5c+d$ ;>@CD@��?'�5$ Ù �6�P@3/&�LBe;#?:DC;e�0�/D��#��8:?'$&% ?:;
1>@f�t?:@CB�@�2n5g+d$y;>@CD@��?'�5$ ; �!��@�/�9�1"��?AD��P8:901>;O���h�!��@i(�*�+ , D@�?�<8:?�$_% ; Bt;"��@@7 901>@�2P?:;#D��P;#;>@@2¢90$&2�[j�<=t=`@�1lk
M�8©90$�D�=X;>?'7Z�P8©9>��?��0$P;X�0�]�!��@ D@�?�<8:?�$_%§;"Bt;"�>@�7 901#@J/_1>@Ê;#@�$L��@@2�5

����� ��	Z	�mY���onqpDr�s�tV����t
7�@f�4�51>@�2P?A;>D@�P;>;#?�$&%��!��@J2�@@��9`?:8:;X�0�<�6�P@)D��#��8A?�$&%�; Bt;"��@@7 ?'��?A;�90/&/&1"�5/&1#?©9��>@��!�u1>@f�e?A@CBv�!�P@��&$_2P@�1lk

8'Bt?'$&%�/_�ABt;#?:DÊ;�8 Ù�:w;?:h^#:yx�= 5D���P@Z(�*�+ , ; Bt;"��@@7 B�?A8:8z�5/R@�1>9���@ ?�$9�!�P@ UK{}|�G *"EJ�41#@�~A�P@�$�D@B�1�90$&%<@
90$&2N�6�P@��eD��_�0�6�>=AB1;>?'%5$�9<8A;�?'$��!�P?A;�1�9�$&%�@�9�/&/�@Ê901J;"7��#�0�!��B�?'�6�¢8:?'�"��8A@"@f�t?�2P@@$PDÊ@��0� ?'$&2P?C�e?'2&��9<8¹; B?$#k
D��&1"�0�!1"�5$¤;>?'2P@�.P90$&2P;C5i�i2_2P?'�>?��5$�9`8:8'B : �!��@Z/&16�07y?'$P@�$L�¡;"B#$PD��&1"�0�!1"�5$ ;>?'2P@�.�9�$&2P;i�tDÊD@�&1�9>��8��_B��0162P@@1
DÊ8'��;>@N�6���!�P@o1#@@�0��8��_�>?��5$ 8A?�$P@X90$&2 B�?:8A8`.R@¢;6�&/_/&1>@C;>;>@@2�.LBQ�6�P@�D��#��8:?'$&%�W�8C��@@1Ê5�[V�51(;6�PD�� 9¤DG9<;#@
?'����9<;�.�@C@�$¤D@�5$_WV1"7y@@2e�!�P9����6�P@(; �!�tD���9<; ��?:D/D��#��8:?'$&%�1�9��>@Ê;��4�01�.&�_$PD��P@�23.R@G907�;¡901>@J�!�P@/;�907�@(9`;
�!�_��;>@o�4�51�D@�[9<; ��?�$_%�.�@Ê907y;�B�?C�!���!��@¢;�907�@o/�@Ê9<=!D@�&161#@�$L�e8 ;�= 5�����@�1>@f�4�51>@ : D@�5$P;#?�2P@@1�9®D@�[9<; ��?�$_%
.R@G907 B�?'�6��� /�901 ��?:DC8:@C;Ê53�c@@�u��2P@�$&����@¢9<EC?�7Z�?�!�!B�?C�!��1>@C;6/R@ÊDf���!�e�6�P@�9<DÊDC@Ê8A@�1�9>�!�51 :Y�h� .R@��!��@
;"B#$PD��_16�5$&�0�P;Z1>@f�5��8'�_��?'�5$Q/R@�1#?��#2 :w�<����;>� I �h��: 90$&2���.�@���?'7y@�9<;K7y@Ê9<;6�_1>@�2 ?�$��!�P@�8©90.��51>9��!�51 B
�41�9�7y@`59� @���;>@18'�5$&%�?C�!�&2�?�$�9<8*D��#�5162P?'$�9��>@��h90$&2!?C��;���?'7y@�2P@�1#?'�`9��>?'��@ ����� �5I � �)9<;
2_B#$�9�7y?ADG9<8
�`901>?'.P8:@C;Ê5�����@K/&�P9<;>@�;6/P9<DÊ@J2P?:; �!1#?�.&�_�>?��5$N�4�_$PD@�>?��5$o�4�51��6�P@�.�@Ê907 ?:;�2�@ÊD��07�/���;>@@2 9`;

�u���#� � �6�" P¡ ¢£¤�¥y¦0§ 8T� { � ¤ �4�"  = § 8 �Q{Q� ¤ �¨�"  = � Ù  
� � � � � �6�" w©ª� ¦ � � ���?�6�" h©ª��«f� � ���#�6�" f� � ;  

¬O~A��9���?'�5$ Ù ?:;Z�!��@�­)8A?�7��5$L�!�F�t?:D���2P?A;"�61>?�._�_��?'�5$��4�51
�6�P@9.�@Ê907 8T® = BD�P?AD�� ?A;�¯"�P;"��BD1>?C��?'$&%�2&�_BD$
�!��@��!1>9�¯#@ÊDf�!�51#?:@Ê;K�0���!��@X?�$&2�?'�t?�2&�P9<8°/�901"�>?:DC8:@Ê;C5�+d$±@@~#�P9���?'�5$v� ;  K� � � � �6�" )?:;J�!�P@X9F�<@�1>90%�@¢D���901>;#@
%51>9<?�$P@@2�/&��9<;#@¡;"/�9<DC@�2�?:;"�61>?'.&�_��?'�5$ : BD�P?:D���@@�0��8'�<@Ê;g���<@�1O�!��@"D@�?�<8:?�$_%i��?'7y@�;>DG9`8:@<5Y���P@�WV$P@D%51�9`?�$P@@2
�eD��&���6��=LB32P?A;"�61>?�._�_��?'�5$ D@�5161#@Ê;6/��5$&2�?�$&%o�!��� � ?:;���« : 90$&2)� ¦ ?:;�9XD���901>;#@�%01�9<?'$P@�2�/R@�1 �!�&1".�9���?'�5$�5
���P@�719�±�?'7Z�&7 ;"��90.P8:@�; Be; ��@@7²%�9<?�$®?:;)8A?�7�?'�>@�2�.LB��!��@�1#@�~A�P?'1>@�7�@�$L���!�P9��
� ¦ .R@�B�@Ê8A8O.�@@��9���@@2�5

;



��8A;6� : �!�P@y@���@ÊDf���0��� ¦ �5$)�!�P@��5.P;>@@1"�<@�2a�eD��&�0�"��=LB ;>?�%0$�9<8�?:;K1>@@� @@1>@@2Q�!� 9`;(;>?'%5$�9<8�;"�&/&/&1#@Ê;>;#?��5$n5
���P?A;"?A;��!�P@�/&1#?�7y901"B��!�#��8h�4�01�902>¯"�P; ��?�$_%u�6�P@�%[9<?'$o�0�<�6�P@�;"Bt;"�>@�7 5
� ��@@1y;"�&�51"����?'7y@�;#DG9<8A@Ê;�B�@�$P@�%�8A@ÊDf���6�P@P�>?�7�@92P@�/R@�$&2�@�$PDC@��0�J� � 5�����@ 8:?'$P@G9�1>?:EC@�2�H�8:9<;6�F�

@�~A��9>��?��0$9�4�01�� ¦ ?:; :
� � ¦
� � © � � � ¦

� � {���� �	��
 ����
���� �4�"  §�� ��� { � �  
� � �
�0� � E � ��SL 

BD�P@@1>@N�!��@X;"�6�eD���9`;"��?ADXD��#��8A?�$&% =�?:D�=<@@1§?:;/8��tDG9��>@�2 9���9<EÊ?'7Z�_�6��� � : �6�P@¤Q�SUQ����z�5�<8'��9�%�@X9<D@16��;#;
�!��@
=�?:D�=`@�1�?:; ��� �4�"  : ��
 ��������� ?:;`�6�P@i�6�0��9<8R@�$�@�16%�BN�0�M9�; B?$�D��&16�5$_�5�P;D/�901 ��?:DC8:@ : � ?:;g�!�P@�D��P9016%�@i/�@@1
/�901 ��?ADÊ8:@ : §�� ���5 J?A;��!�P@�/R@�1>?'�?2�?:D�2P@C8'��9��4�_$PD@�>?��5$ : � ?:;��6�P@��41>@�~A�P@@$PD@B ;#8:?�/N��9`D@�!�01 : 90$_2 
 � � I � 5

���P@y=t?AD�=<@@1Z�5��8C��90%�@�2P@@/�@@$&2P;Z�5$)�!�P@XD@�&161#@�$L��9��J�!��@N/P?:D�=A�&/ : 8��tDG9��>@�2!9����"! 5�,X�5$P;#?�2P@@1K�!��@
1>@C;6/��5$P;#@P���"9eW�8'�>@�1�D@�?��8A?�$&%h;"Bt;"�>@�7 9>��9¤;>?'$&%�8:@��41>@@~#��@�$PDfB$#� ;6���!��9>� ��� �4�"  � %� @ ±?/]� {'& #� �" �5
���P@@$

%� ��{)( 
 �*#�  �8,+�«f�"#� ���"!z  ©-+ ¦ �"#� ���"!   = � � U  
BD�P@@1>@ ( 
 � �  J?:;D�!��@K�!1>90$P; � @�1�?'7�/R@�2P90$PDÊ@J�0���6�P@(D@�?�<8:?�$_%�; Bt;"��@@7 : + ¦ �"#� ���"!  �?:;D�!�P@K/�@@1"�6�&16.�9>��?��0$
D��_161>@@$L�J9��O�6�P@D/P?:D�=A�&/ : 9�$&2.+�«@�*#� ���"!z �?A;��!�P@��tD��&�0�6�>=LByD@�&161#@�$L��9��O�!��@�/�?:D�=A�&/�5O���P@D7�?�$A�P;�;#?�%5$�?:;
D��&��;#@�$h;6�u�!��9��¡9u/y�<;>?'�>?'�<@�1>@Ê;#?:; ��90$PDC@K1#@Ê;"�P8'�>;"?'$�@�$P@@16%0B�8'��;>;C5g����@K/P8:90$�?:;��6����9<=<@��!��@Z�eD��_�0�6�>=AB
D��_161>@@$L��9<;D�!��@J2_1>?'�t?'$&%���@�1"7��4�51�9u.�@Ê907c�!1>90$P; � @�1D�4�&$PD@�>?��5$h90$&2 DG9`8:D���8©9��>@��!�P@�1>@C;6�P8C��?'$&% %� ;#@Ê8'� kD��0$P;>?A;"��@@$L��8'B ?'$PDÊ8'�&2P?'$&%��!�P@ @���@ÊDf������� ¦ 5ª����?:;�?:;�D��0$PDÊ@@/_�!��9`8:8'BQ�!�P@ ;�907�@ 9<;�DG9<8AD��P8:9���?'$&%��!��@
@���@ÊDf���0���P?'%5�¢?�$L�>@�$P;#?'�dBo�5$9�!��@ ; ��90.�?:8:?C�dB���� 90$P(�[ ;"Bt;"�>@�7 5

�]��/_16�tDÊ@Ê@@2 D@�5$P;>?'2P@�1��6�P@�?�2P@@$L��?'�dB

§�� ���5  � /£¤�¥10 /
@ ±?/]� &32 �5 6I ;>� �

90$&2 ;>@f�
� ¦ � � ���5  � /£¤�¥10 /

4 ¤ � �  �@f±?/ � &32 8 � { � � =j{5& #� �z©-6"�" 87 � ^  
���P@J/y�<;>?'�>?'�<@)D��5$P; ��90$L�)6���9`;�.R@Ê@@$ ?'$PDÊ8'�&2P@�2o�6�y?'$P;6�&1#@ 9�DÊ90�P;�9`8]1#@Ê;"/y�5$�;>@�8 |�= 9�$&2 B�?A8:8w.R@�;>@f���6�
EÊ@@16��9����6�P@)@�$&2n5g+ ��?A;�B`�51"�6�P$_�0��?'$&%Z�!��9>��B�@ 901#@�$&�0��B`�5161#?:@@2h9�.y�5�?��@f±?/��5$P@�$L�>?©9<8w2P907�/�?�$&%�2&��@
�!���6�P@�� @Ê@�2_.�9<D�=�;"Bt;"�>@�7 : ;6�u�!�P@�2P?:9�D��P8C�D/�901"�>;��0�O� 90$_2�90�<; ;D�51>?'%�?�$�9`8RB`�51>=X901>@�$&�0�D$�@Ê@�2�@�2�5

�?�&.�;"��?C�!�_�>?�$&%§@@~A��9���?'�5$Q� ^  �?'$A�6��@�~A��9��>?��5$)��S5 `Be?A@Ê8'2P;��!�P@�;#@@���0�*@@~A��9���?'�5$P;
�=6 {5& #�   4?> � �  h© & �	@ 4?> � %� �A� � ��;>� 
 ��� �

� � � � �  
�5� � � x  

S



BD�P?AD���%�?C��@C;
4?> � �   � Ù

6Y© & � @��){ #�  
%� � � � ��;�� 
 ��� �

� � � � �  
�0� 7 � ®5 

+d$L��@@%51�9��>?�$&%ª� ®0 u�F��@@1 � 90$&2ª$_�5167y9<8:?AEÊ?'$&% 90/&/_16�5/&1#?©9��>@Ê8CB�Bt?:@Ê8'2P;��!�P@�/�@@1"�6�&16.�9>��?��0$ D@�&161#@�$L���4�51
@G9`D�����9�167��5$P?:D`5

+ > � %� �A� � ��;>� 
 ��� �
���������	

��� 0 �
�
�0���+

6<© & � @j��{ #�  
� %�u� �  

�0� � � |  
BD�P@@1>@ �+§?A;O�!�P@¡9���@�1>90%�@�.�@Ê907 D��&1"1>@@$A� : �6�P@��4��8:8&�41>@@~A�P@�$PDfB1;"/&1>@Ê902N�0�y�!�P@�.�@Ê907 ?:;�
�� ��: 90$_2��!��@
$&�51"719`8:?:EC@�2��41#@�~A�P@�$�D@B�2P?:; �!1#?�.&�_�>?��5$ %�u� �  �;�9��>?:;"WP@Ê;�� �0� %��� �   � Ù 5����P@�/�@@1"�!�_16.�9��>?��5$®D@�&161#@�$L�
9����6�P@�/P?:D�=A�&/h?:;��!��@�$P%�?'�<@�$P.AB

+ ¦ �"#� ���"!   � /£
� ¥10 /

+ ���
&=� ���"! { � �   7 ���L 

���_B ;>@@�'+ ¦ �*#� ���"!z  ���
� %��� �"#�  �BD�P@�1#@

� �*#�   � � �� /£¤�¥10 /
8A?�7� � �"! 	 �0� �

&32 � �"! { � �  
6 © & � 2A�Q{ #�  

� %��� �  
�0� � � ÙFE  

?:;��6�P@�.�@Ê907c�61�90$P; � @�1��4�&$PDf��?'�5$¢B�?'�!�
�#�Y� �+ ���;>� 
 � � � 7 � Ù�Ù  

� DÊ8��<;>@�2P�4�5167��4�01��6�P@/?'$_WV$P?C��@�;6�_7 ?A;D%�?'�<@�$¤?'$���/&/�@@$&2P? ±P�(5V�ª?'�6���!��@Ê;>@K2P@@W&$P?'�>?��5$P;"@�~A��9>��?��0$
� U  X.�@CD��57�@Ê;

%� ��{)( 
 �"#�  �8,+�«@�"#� ���"!  z© %� �
� � �*#�   = �
Bt?:@C8�2P?'$&%

%� � { ( 
 �"#�   +�«@�"#� �!�"!  
Ù © ( 
 �"#�   �
� � �"#�   � Ù�;  

¡ {)(%$ �"#�  �+�«@�"#� ���"!z  � � Ù SL 
BD�P@@1>@¢B�@9��9��<@P2�@@WV$P@@2}�6�P@'&"2&1#@Ê;>;#@�2�(6?�7�/R@�2�90$�DÊ@ : ()$ � �  x5Q¬O~A��9��>?��5$ � Ù�;  K1#@Ê8©9>��@Ê;Z�6�P@N�!����9<8
=�?:D�=`@�1Z�5�<8'��9�%�@��6�e�!�P@P�tD��&�0�6�>=LB±D��_161>@@$L� : ?�$PDC8��&2�?�$&%P�!�P@XD@�5�P@@1>@�$L��@8�n@CD@��;������!�P@N.R@G9�7h53�t?�$PDC@
�!��@�DÊ?'1>D@�P?'�61"B�.R@@��B�@Ê@@$9�6�P@i/�?:D�=A�&/¢90$_2��!��@�=�?:D�=`@�1�?A;�8A?�$P@Ê901O�!�P@¡;6�&/_1>@Ê;#;>?'�5$N.LB Ù © ( 
 �"#�   �#� � �"#�  
?:;�/&1>@C;>@@$A� ?'$e�!�P@(;>?�%0$�9<8�9����!��@Z/P?:D�=A�&/ : �&/P; �!1>@Ê907b���-90$LBeW�8C��@�1#?�$&%�5i��8A;6� : ;>?�$�DÊ@
�6�P@Z2P@@1>?'�`9��>?��5$

U



$&�_BD�P@@1>@�1>@C8:?A@�2Z�5$ � «].�@C?�$&%)9��eD��&�0�"��=LB�;#?�%5$�9`8 : �6�P@J;>907y@�;6�&/_/&1>@C;>;>?'�5$§B�?:8A8?.R@��5/R@�1>9���?C��@�?'$Z.R@G907
�!1>90$P; � @�1��4�&$PDf��?��0$P7�@G9`;6�&1#@�7�@�$L��;C5

�]�N�&$&2P@@1>; ��90$&23�&�_B�?�$PDC8��&2�?�$&%u�!�P@(D��5�P@@1>@@$A��1#@Ê;"/y�5$�;>@§8:?'7y?C��;��!��@�;"Bt;"�>@�7 %�9<?�$hD��5$P;#?�2P@@1i�!��@
2P@@$&�57�?�$�9��6�51z�5$J�!�P@g1>?'%5�L��;#?�2P@g�0��@�~A��9��>?��5$N� Ù�;  x5 + �&�!�P@@1>@�?:;M9D�`9<8'�P@°�0� #� BD�P@�1#@`�!��@`2P@@$&�57�?�$�9>�!�51
?:;���@@1"B ;"719`8:8D�!�P@@$ª9!;67y9<8:8'+�«�DG9�$�Be?A@Ê8'2�9!8©9�16%�@ %� 5 � �P@@$��!�P@�%�9<?�$ ?A;�¯"�P; �o1>?'%5�L�X;"���!��9��
Ù © ( 
 �"#�   �
� � �"#�   � E?: �5$P@�DG90$P��9���@/90$h9016.�?'�!1>901"B %� �4�51�$&�u2&1>?C��@ 9��¡9<8A8¿5����P?A;�?:;��!��@ ; ��90.�?:8:?C�dB
8:?'7y?C�G5�+ ���6�P@e%[9`?�$a?:;�?�$PD@1>@Ê9<;>@@2��5$P@P%�@@�>;1@ ±_/��5$P@@$L��?©9`8:8'B�%516�_B�?�$_% %� �4�51�$&�Q2&1#?'�<@<5 �]�!D��P@CD�=
BD�P@f�!�P@@1�9
%�?'�<@�$N%�9<?�$X?A;�; ��90.P8A@i�5$�@�719`=<@Ê;J9
/�901>907y@f�!1#?:D�/P8��0�`�0� ( 
 �"#�   �
� � �"#�  g�5$��!��@�D��57�/P8A@f±
/P8:90$P@ : 9<;"9��4�_$PD@�>?��5$9�0� #� 5O+ �Y�6�P?:;�D@�&1"�<@K2&�t@Ê;D$&���¡@@$PDÊ?'1>DC8:@ { Ù5: �!�P@�; Be; ��@@7Z?:;�;"��90.P8A@<5

�]�o/&16�tDÊ@C@�2 B�@�7
�P;"�)D@�5$P; �!16��D@���!��@§@�~A��9��>?��5$P;i�0�g7��0�>?��5$P�4�51�� � 8 � = 5J�]�o2&�N�6�P?:;�D@�5$P;#?�2P@@1�9
��?'7y@¡?�$L��@@1"�`9<8 ���`�!��9>��?:;J8:9016%<@�D��07�/�9�1>@�2o�6�Z�!�P@�1#@@�5�<8��_�>?��5$o/R@�1#?��#2N.&�_��;"719<8A8�D@�57�/�901>@@2o�!�Z�!��@
D��#��8A?�$&%���?'7y@`5]� @f� � � � � �   � � .R@`�6�P@g/&16�5.P90.P?:8A?'�dB��!��9��*9�/P901"�>?:DÊ8A@�B�?'�!�J1>@f�5��8'�_��?'�5$��41>@�~A�P@@$PD@B � 9��
��?'7y@`�Y��9`;�9�1#@@�5�<8��_�>?��5$Z�41#@�~A�P@�$�D@B�?�$Z�6�P@�?�$L��@@1"�`9<8 8 � © � � � © � © � � = 9��O�0© ���x5g�t?�$PDC@�/�901"�>?:DC8:@Ê;
901#@"D@�5$P;#@�1"�<@�2 � � � � � �   � � � Ù 5Y�¡8:;6� : ;>?�$�DÊ@ �Z� D��0$A��9<?�$�;�9)8:9016%�@�$A�&7
.�@@1O�0��?'$&2P@�/R@�$_2P@�$L�-=�?:D�=�;
B�@K7y9�BN�P;#@J�6�P@�DÊ@�$L�61�9<8c8A?�7�?'�g�!�P@@�51>@@7Z90$&2P/&�_�

� � � � �   � Ù� ;���� � � { � � { ��   � I ;�� � 7 � Ù�U  
���P@�/�901"�>?:DC8:@u7�����?��0$�2_�&1>?'$&% �Z�)?A;J�6�P@1D@�57Z.P?'$�9���?'�5$3�0��9 ;67��?���!�3�4�51>DC@X90$&2!9�1>90$&2&�57 B�9<8A=R5
*¡@@$PDÊ@ �� � #��� � �6�"  �Z�w©��?���Z�" �90$&2 � � � ; #	�� � �6�"  �Z�h©��?���Z�" x5i8 Ù�U0=

�i/_/P8'Bt?�$_%Z�!�P@�D��0$&2P?'�>?��5$P9<8h/&1"�5.�90.�?:8:?C�dB��6���!�P@�/&��9`;>@ ;6/�9<DC@�2P?:; �!1>?'.&�_�>?��5$o%�?C��@C; :
� � � � �6�h©'�Z�"  { � � � � �"�"  � 	 � � 8 � � �Q{ � � �  "� � � �){ � �6�"  {Q� � � � �  "� � � � �6�"  = 7 � Ù�^  

��;#;6�&7�?�$_% �Z��?:;-;6�&�01"�JD@�57�/�901>@@2��6�
�!�P@���?'7y@�?�$L�>@�1"�`9<8j�F��@@1�BD�P?AD��9� � D���90$_%�@Ê;�9�/&/&1>@CDÊ?:90.P8'B�9�$&2
@f±?/�9�$&2P?�$_%��6�P@�?�$L��@@%51�90$_2 ?'$ 9u��9�Bt8��51�;#@�1>?A@Ê;"?�$ � Be?A@Ê8'2P;

�Z� � � �
� � � �

� �

�� { � � � � �6�"  	 � � � � � � �   � © �

� ��
 � � � � �6�"  	 � � � � � � �   ��� I ;������� ©��?���Z�"  �� ÙFx  

� �
� �


�� { �� � � � � �"�" w© �
� ����� ��

� �
; � � � � �6�" �� ����

���� ©��?���Z�" �7 � Ù ®5 
��?'�t?'2P?�$&%
�5�_� �Z��90$_2P��9<=�?�$&%��Z� � E Bt?A@Ê8�2�;

� � �
� � � �

� �

�� { #��� � �6�" 6� � � � �6�" z© �

� �"! #	�� � �6�" 6� � � � �6�" $# ���� 7 � ÙF|  

^



�]��DÊ9<8:D@�P8©9>��@ #	 90$&2 #� D��0$P;>?'2P@�1��!��@J2_1>@Ê;#;>@@2hB�9<=<@J/y����@�$L�>?©9<8
� $ �¨�"  � Ù

;>�
/	
0 /
(%$ � �   � {5&4� � �0� � � Ù �L 

BD�P@@1>@��!�P@�2&1#@Ê;#;>@�2h?�7�/�@@2�90$PDC@)?:;�2P@fWV$P@@2h?'$ @@~A��9���?'�5$)� Ù�;  �90$&29�!�P@)?'$L��@�%01�9<8�?A;JB�@C8:8w2�@@WV$P@@2��4�51
;"��90.P8A@/D@�?��8A?�$&%�5��¡;#?�$&%��!�P@J2&1#@Ê;>;#@�2¤B�9<=<@
/y�0�>@�$L��?:9<8w�!��@(=�?:D�=`@�1��0��8'��90%�@/9<;¡9��4�&$PDf��?'�5$�������?'7y@�?:;
%�?C��@�$P.LB

��� �4�"  � /	 � +�«@� �"!O�6� {��  �� $ � �   ��� � � ;0E  
BD�P@@1>@��!�P@K�eD��&���6��=LB�D@�&161#@�$L��?A;�2&�P@��!���R�&$PD@�5161#@Ê8:9���@@2�/�9�1"��?ADÊ8A@Ê;Ê5

+�«@���#�6�"  � ¢£¤�¥y¦ �
�Y�
;>� /£

� ¥10 /
�
&=� 8T� { � ¤ �4�"  = � ;eÙ  

��;#;6�&7�@o�!��9>� � ¤ �<9�1>?:@C;§;>8'��B�8CB±D@�57�/P901>@@2��6���!�P@o2P@CDG9�B���?'7y@��0��� $ �¨�" (;6�3�!��9>��� ¤ �4� {��  
	
� ¤ �¨�"  {��?� ¤ �¨�" �5O���P?A;D%�?'�<@Ê;

� � �4�"  � { ¢£¤�¥y¦ /
£

� ¥10 /
� � ¤ �4�" 

;>� �
& � 8 �"! { � ¤ �4�"  = ()$ 8 ��� ¤ �4�"  = � � ;5;  

���P@
�0��8'��90%�@/?:;�8'�eDÊ9<8:?AEÊ@�2 ?�$��1;6�N�6�P@Z/�901 ��?ADÊ8:@ @�$�@�16%�B¤D���90$_%�@Ê;)?'$�2P?:;#D�1#@@��@(;"��@@/P;Ê5J��;#;6�&7�?�$_%
$&���F��@�1#8©90/��0�Y�6�P@
�eD��&�0�"��=LBP.�90$&2P;¡90$&2P2&1"�5/&/P?'$&%��6�P@���9<;"�D��@@167�;¡?'$o�!�P@��4�51>DC@JBt?A@Ê8�2�;D�6�P@�;>?'$&%�8:@
/�901 ��?ADÊ8:@�@�~A��9��>?��5$P;D�0�<7��0��?'�5$ � �
�@I � � � ��
� � � �>�4�" J9�$&2

�� � � #� ¢£¤�¥y¦ /
£

� ¥10 /
�
&=� 8T�"! { � � ©a�
���4�"  { � ¤ �4�"  = � ¤ �¨�"  ()$ 8 ��� ¤ �4�"  = �

� #� /£
� ¥10 /

�
&=� 8T�"! { � � = � �0�¨�"  ()$ 8 ��� �0�¨�"  =

© #� £
¤��¥ � /

£
� ¥10 /

�
& � 8 �"! { � � ©}�
���¨�"  { � ¤ �¨�"  = � ¤ �4�"  (%$ 8 ��� ¤ �¨�"  = � ; SL 

� ��� � �f z© £
¤��¥ ��� 8 �
� { � ¤ � � ¤ = � ;�U  

BD�P@@1>@ #� � �A� � I&� � �� 
 � ��
  �9�$&2N�!�P@��4�51>DC@���9<;`.�@C@�$92P@ÊD@�57�/y��;#@�2¢?'$A�6�§9(;#@Ê8'� k �4�51>DC@�90$_2��!�P@��4�51>DC@
2&�P@N�6���!�P@o�0�6�P@�1�/P901"�>?:DÊ8A@Ê;C5Q�t?�$PDC@ #	 ��� � #� �   B�@9$P@Ê@@2}WV1#;"�u�51"2P@�1�/R@�1 �!�&1".�9��>?��5$Q�6�P@��01"B��6�
DG9`8:D���8©9��>@ #	h5}[V�51 #� �!��@h8A@G902P?'$&%���@@167 ?A;ZWV1>; ���5162P@@1�?�$ #� .&�_�y9 ;>@CD��5$&2a�5162�@�1���@@167 ?A;�9<8:;"�

x



/&1#@Ê;>@@$L�G5g�<��;"��901"���6�P@�@f±?/�90$P;#?��5$ ;>@f���
� � �4�"  ��� � � �w©�� �i�6�P@�$
� � ¦ �4�"  � ��� � � �  l�w© £

¤ �¥ �
�	

� � � ¦ � 8 �
� � �4� ¦   { � ¤ � �¨� ¦  f� � ¤ �6= � � ;5^  

�
� ¦ �4�"  � �	
� � � ¦ � � ¦ �4� ¦   � � ;0x  

BD�P@@1>@�� � �4�"  	�� � © � � � ��©�� � ¦ �¨�" �5)�"@f±#��@f±?/�90$_2h9`8:8j��@�1"7y;`�!�§;>@CD��5$_2P�0162P@@1J?�$ #� 90$&2o%�@f���!��@
�!����9<8h�4�01>DÊ@��5$9/�9�1"��?ADÊ8A@�� :

�� ��� ��	
	 � ��� � � � © � � ¦ �4�" " z© £
¤��¥ � � 8 �
� � �¨�" z©a�
� ¦ �4�"  { � ¤ � �¨�"  { � ¤@¦ �¨�" f� � ¤ � © � ¤@¦ �4�"  = 7 � ; ®5 

	 ��8 � � � © � � ¦ �¨�"  = © £
¤��¥ ��� 8T�
� � �4�"  { � ¤ � �4�" f� � ¤ �6= © � ¤@¦ �4�"  � � 8 �
� � �4�"  { � ¤ � �4�"  � � ¤ �"=

© £
¤��¥ � 8T�
� ¦ �4�"  { � ¤f¦ �4�"  = ��� 8T�
� � �4�"  { � ¤ � �4�"  � � ¤ �6= � � ;0|  

BD�P@@1>@O�!�P@�;"�&.P;>D@1>?'/_��;]�5$ � 2P@@$&�0��@°/�9�1"��?:9<802�@�1>?C�`9���?C��@Ê;C5 ��/y�0$/9��<@�1�9�%�?�$&% : �6�P@O��@@167�;z/&16�5/��51 ��?��0$�9<8
�!�N� ¤@¦ �4�" "90$&2 � ¤@¦ �4�" "?'$�� ;�|  D2�@Ê;>D@1>?'.�@
�6�P@�@8�n@CD@���0��/�901"�>?:DC8:@
� 9`D@��?'$&%��0$e�!�P@(@G9<D����0�O�6�P@
���!�P@@1
/�901 ��?ADÊ8:@C;�?'$��6�P@i.R@G907 90$_2N��9��t?�$&%J�!�P@C;>@�/�9�1"��?ADÊ8A@Ê;-;6�&.P;#@�~A�P@@$A�>8'B�.�9<D�=�1>@G9`D@���0$�/�901 ��?ADÊ8:@���5����P?A;
@���@ÊDf�¡B�9<;"?�$PDC8��&2�@�2 D��57�/P8:@f��@C8'B1BD��@�$��6�P@ ?�7�/�@@2�90$PDC@�B�9<;�2&1>@C;>;#@�2 : ;6�u�!�P@���@@167�;D/&16�5/��51 ��?��0$�9<8
�!�u� ¤f¦ �4�" �9�$&2 � ¤@¦ �4�" �B�?:8:8j.R@�?�%0$&�51>@@2�5����P@��>@�1"7c/&1"�5/y�01"��?'�5$�9<8V�6���
� ¦ 2P@C;>D@1>?�.R@Ê;��6�P@)@���@ÊDf�D�0�z�!��@
1�9�$&2&�57��0��8'��90%�@��416�57��6�P@
�0�6�P@�1�/�901 ��?:DC8:@C;"DÊ90�P;#?�$&%��!�P@K/&��9<;#@
�0�O/P901"�>?:DÊ8A@����!�1D��P90$&%�@ : 9<8C��@�1#?�$&%
�!��@)D��#��8:?'$&%
1>9���@`5O���P?:;X�>@�1"7%B�?:8A8y.R@)=<@@/_�G5°�]�§;>@CD��5$&2P�51"2P@�1X�6�P@�$P@f���4�51>DC@��5$9/�901 ��?:DC8:@���?A;X�!�P@@$

�� � � ��8 � � � © � � ¦ �¨�"  = © £
¤��¥ � � 8T�
� � �4�"  { � ¤ � �4�" f� � ¤ �6= ©a�
� ¦ �4�"  ��� 8T�
� � �4�"  { � ¤ � �¨�" f� � ¤ � = 7 � ; �L 

���P@K[V��=�=<@�1lklM�8©9�$PD�=XD��t@�9�DC?:@�$L�>;�901#@
#��� � �@  � Ù

���
� � �	
� �� �>�4�"  � ���

��� � � � � � ��� ��S E  

#	�� � �@  � Ù
; �Z�

��������
� �	
� �� �>�4�"  � � ������

� �
� � � � � � � ��� ��S Ù  

BD�P@@1>@Z�!��@�90$&%5�P8:901�.&1�9<D�=`@@�>;K2P@@$&�0�>@§9���@�1>90%�@C;J�F�<@�1�9<8A8�?'$P?'�>?©9<8z/&�P9<;>@C;/9�$&2��F��@�1��6�P@�@@$P@�1"%�?:@C;��0�
�!��@�/�901 ��?:DC8:@C;`�0�6�P@�1`�!��90$�/�901"�>?:DC8:@��¹5O����@i��?'7y@"?�$L��@@1"�`9<8��Z��?A;�;"�&�51"�JD��57�/�901#@�21B�?C�!���6�P@�D��#��8A?�$&%
��?'7y@�.&�_��8��5$&% D��57�/�901#@�2��!���!�P@XD@�5�P@@1>@�$�DÊ@o��?'7y@��0�"90$LB±; ��9��>?:; ��?:DÊ9<8��V�PDf�!��9��>?��5$�;Ê53�c2P@f��9<?A8:@@2
DG9`8:D���8©9��>?��5$X?A;�%�?'�<@�$ ?�$9�i/_/�@@$&2P?C±�7�5

#	�� �   � � #� � /£
� ¥10 /

� ��� (%$ � ���   � � � � � �  � � � ��S ;  

®



#� { � #	� � � #� /£
� ¥10 /

�
&=� 8T�"! { � � = � ()$ 8 ���°=�� ��� �  87 ��S5SL 

���P?A;"?A;��!�P@��P;"��9<8z1#@Ê;6��8'�
8 ^A:jx�= 90$_2P�6�P@�2P@�$P;#?'�dB9�5.R@@Bt;"9u2�907�/�@@2P2�? �y�P;>?'�5$¢@�~A��9��>?��5$
� � �
� � � �

� �

�� { ��� �  6� � � � �6�" w© #	�� � �6�"  � � �

� � ���� 7 ��S U  

���@��� ��r�� �
r���� t&s�tV�����
+d$L�!1>90.�@Ê907 ;>DÊ9��6�>@�1#?�$&%J1�9��>@Ê;°�4�51°%5��8'2�.R@G9�7y;�?�$�(�*�+ , 901#@D�0�w�51"2P@�1g�5$P@��&�5�_1i8 Ù5: S :AU0=�: ;#@@�"��?�$_%

�!��@(;>DÊ9<8:@J�4�51D�!�P@/D��#��8:?'$&%y; Bt;"��@@7h5 � /_��?ADG9<8zWV.R@�1#;¡B�?:8A8z�!1�9�$P;67�?'�D�!��@(;>?'%5$�9<8 �416�07��!�P@K/P?:D�=A�&/��6�
�!��@§=t?AD�=<@@1Ê5
�]�¢=<@C@�/6D���; ��2&�_BD$��!�P@§DÊ90.P8:@C;)901#@§?�$P;#?�2P@J�!�P@Z�6�&$&$P@C8�90$&2 B�@�901>@(B`�51#=t?'$&%9�5$��!��@
B�@C8:8'��B���D@�5�&$L��@@1 k�DC8��tD�=[B�?:;>@� °1#?�$&%�WV1#;"�Ê5����P@�/P?:D�=A�&/y?:;�?�$��!��@ Ù�; � ; DÊ8'�eD�=(;"�!1>9<?�%0�A�-;#@ÊD@�>?��5$y90$&2u�!��@
=�?:D�=`@�1�?:;�?�$��!�P@ U � ; DC8��tD�=y; �!1>9<?�%5�L��;>@CD@��?'�5$�5O����; �!�51>90%�@�@@$P@�1"%0B��!�P@i�41#@�~A�P@@$PD@B1;>8:?'/X?:;`2&�57�?�$�9>��@�2
.LBP2P?:;"/�@@1>;>?'�5$ ?�$9�!�P@/901>DC;�9�$&2��6�P@
/P?AD�=A�&/¤90$_2 =�?:D�=`@�1�9�1>@ ?�$ ;"�!1>9<?�%0�A�";#@ÊD@�>?��5$�;Ê5����P@@1>@@�4�01>@ : �!��@
@���� @ÊDf��?C��@�2P@Ê8:9�BXB�?:8A8h.R@��<@�1 B�DÊ8��<;>@��!� E 7 x5x �!�&1"$P;D�51 ����� | 7 ^�� ;C5

�?�&.�;"��?C�!�_�>?�$&%)@ ±?/Y� { &=���<�!���  Y�4�51�@ ±_/]� & � 8 �"! { � � =   ?�$�@@~#�P9���?'�5$���S5SL  9�$&2�BD1#?'�>?�$&% ( 
 � ���   �
( � � ���  �@ ±_/]� & ���°�	�  XBe?A@Ê8'2P;

��� �   � #� /£
� ¥10 /

�
&=�N��� � ��{)�<�   � ( � � ���  

Ù © ( 
 � ���   �
� � � ���   7 ��S ^  
���P@�;"��90$&2�9�162 ;6��8'�_��?'�5$��4�51 ( � � �   ?:;Z�!����;>@ 9��5$P@o�!�&1"$�2P@Ê8:9FBQ$&�0�>D��}W�8C��@@1Ê5�[V�51§9�$a?'$&/&�_�

;>?'%5$�9<8 ��
 > @f±?/]� {'& � �" X�0$P@�%�@@�>; �
��� � � 8 Ù�{ @ ±_/]� & �°�y�   = ��
 > 5g[V�51X��B`��;6�PD��PW�8'�>@�1#;�?�$¢;>@@1>?A@Ê; ����� � �8 Ù�{ @ ±?/]� & �°�y�   = � ��
 > 5 �<��¯"�&2&%<@3�6�P@31>@C8©9��>?'��@ @���@ÊD@�>?'�<@�$P@C;>;e���K�`901#?��5�P;¢;#D��P@�7�@Ê; D��0$P;>?'2P@�1o�!��@
2P?'7y@@$P;>?'�5$P8:@C;>;D�`901>?:90.P8:@�� � � � ��{��<�   �y� 5�[�?�%5�&1#@ Ù ;"�&�_B�;�/P8�����;i�����!�P@K�<9�1>?��0�P;�W�8C��@@1>;Ê5�[j1"�57
�!��@�/P8��0�>;J?'�J?:;�DÊ8A@G901`�!��9����6�P@���B`�uWP8'��@@1>;�?'$¢;>@�1#?:@C;��P9F�<@�D��#��8:?'$&%
�5�?���!��9§8©901"%�@�1`�<9`8��P@������P�!�P90$
�!��@�;#?�$&%<8:@ZW�8C��@�1C5����P?:;��61�90$P;#8©9��>@Ê;)?'$A�6� 9�8:9016%<@�1�9<8A8��_BJ9�.P8:@
�41#@�~A�P@@$PD@B31>90$&%�@��4�51��6�P@���BX�9W�8'�>@�1#;
?�$¢;#@�1#?:@Ê;C5°�i$&�0�6�P@�1D/&1"�5/R@�1"�dB��0�]�!�P@���B`��WP8'��@@1>;�?'$¢;>@�1#?:@C;�?:;��!�P9��D.y���!�N�!��@ D@�?�<8:?�$_%�90$&292P?:�h��;>?��0$
��@@167�; : 90$&2��!�P@C?�1�2P@@1>?'�`9��>?'�<@Ê; : �`90$P?A;6� 9���� � E 5}�ª?C�!���!�P@o��B`�)W�8C��@@1>;�?�$ ;>@@1>?A@Ê;��!�P@ D��#��8A?�$&%
;"Bt; ��@�7 ?A; &".P8A?�$&2�(��!�3/�901 ��?:DC8:@C;Z$P@G9�1Z�!�P@�DÊ@@$L��@�1u�0�D�6�P@9.&�PD�=<@f�G5�+ ��?:;�B`�51 �!��$&�0�>?�$&%��6��9����!��@
?�7y90%�?'$�901 Bu/�901"�>;��0�X8 ÙX{ @f±?/]� & �y  = > @ ±_/]� & � �	� I �h�  �901>@�/P8'�0�6�>@�2¢?'$9[*?�%5�_1>@ Ù 5O���P@�D��#��8:?'$&%K�4�51#DÊ@)?'$
��S ^  �?:;�1#@G9<8c;"�u�6�P@Ê;#@JWP8'��@@1>;D1>@@~A�P?�1#@J._16�[9029.�9�$&2�/_��9<;>@�;"�P?'�¨�>@�1>;C5

��8'�5$&%�B�?'�6�)�!��@18��_B 8A@@�<@Ê8-;"Bt;"�>@�7²�5$P@�7
�P;"�(D�1>@Ê9���@��!�P@�$P@ÊDC@Ê;#;�901 B)�0��8'��90%�@<5PMO1>@f�t?��5�P;/@Ê; ��?Ck
7y9���@C;98 Ù<Ù�= %[9��<@P1"7y;K�<9`8��P@C;Z.�@f��B�@C@�$ Ù 90$&2 U =LH : 2P@@/�@@$&2P?�$_%��0$�.�@Ê907 /�9�1�907�@@�>@�1>;C5)��9<=�?�$_%

|



-1.5

-1

-0.5

 0

 0.5

 1

 1.5

 2

 2.5

 3

-2 -1.5 -1 -0.5  0  0.5  1  1.5  2

x
¥n��������������~_}�|§~_��¯ÊzG�#��~�s�|§�t��}�q���|�v�p�qx{)qx|��6��z�¯_qxu�w�zG�x¦
	���
xq�²<��������� ��� � ����� ��� q�²�������� �! #"%$ w�zG��£±rt��s[q_¦
	%��
xq�²��������&� �'� � ����� �
�¤q�²�������� �! � "%$ ��qxw�¦)(�q�²���������� �'� � ����� �*�¤q�²�������� �! ( $ ������p`}�rt��s�q_¦+(�q�²���������� ��� � ����� �
�
q�²�������� �! � ( � o�p[q�w[qx��z��§��|�|�q�}�}�~,� ��� � �.- ´0/2131<¦ez_|���u§�-�������
9 Ù = � �!1>90$P; � @�1�?'7�/R@�2�9�$PDÊ@�%�?'�<@Ê;�9h=t?AD�=<@@1�/y�_B�@�1Z�0� Ù�x =L� 5�+d$Q/&1>?'$PDÊ?'/P8:@��5$P@XD@�5�P8'2±;>DÊ9<8:@��&/
�!��@�.&1"�[902).�90$&2 =t?AD�=<@@1>;Z�P;#@�2 9>�
[ �������01
,�¬°( �q�6�h;"�&/&/P8CB��6�P@�$P@ÊDC@Ê;>;>901"B��5�<8'��9�%�@�._�_�K�6�P?:;
B`�5�P8�2!?�$L�5��8C��@ ÙFE �51J7��51>@�.&16�[9�2Q.�90$_2±=�?:D�=<@@1>;�90$_2Q�!1>9F�<@Ê8A?�$&% BJ9���@��!�&.R@X907�/P8A?'W�@@1>;Ê5��?��D�� 9
;"Bt; ��@�7 ?:;D~A�P?C��@�D��57�/P8A?:DG9>��@�2 90$_2¤90$h9<8'�>@�1"$�9���@�;"��8��_�>?��5$�?A;�2�@Ê;>?'1�90.�8:@<5`���P@ =<@@B9�6���!��@K/&1"�5.P8A@�7
?�$L�0��8'�<@�2u1>@C?�$L��@@16/&1#@@��?'$&%)@G9�1>8:?A@�1MBX�51#=o8 ÙFE�= 5Y+d$�7X�5��;>;�9�162<; ;°�51>?'%�?�$�9`8#/P90/�@@1Y�!��@���9<D@���6��9����6�P@�.R@G907
?:;O._�&$PD��P@@2X9<8A8��_B�@@2��4�51�9)8©901"%�@�1#@�2&�PDf��?'�5$y?'$�2�9���9��61�90$�;67�?:;>;#?��5$�1>9���@C;Ê5Y�ª?C�!�u7��?2P@@16$ZWV.R@�1°�5/?��?:D
8:?'$P=�;J�6�P?:;�?A;K$&�h8��5$_%�@�1/90$!?A;>;"�P@ : .&�_�Z��?:;J$&�0��?'�5$��0���P;#?�$&% 9e[V�5�&1#?:@�1�;#@�1>?A@Ê;��!��2P@ÊD@�57�/���;#@��!��@
;>?'%5$�9<8L�41"�57 �!�P@X.&�&$PD���$�9>�!�&1>9<8:8CB)8:@Ê902P; �!�i��;>?�$_%)9i[V�5�&1#?:@@1�;#@�1>?A@Ê;]�!�i1#@�/&1#@Ê;#@�$L�O�!�P@�=�?:D�=<@@1Y�5�<8'��9�%�@<5
���P@§D@�5$PDÊ@@/_��?:;¡?:8A8��P; �!1�9>��@�2h?�$�[�?�%5�&1#@ ; 5J[V�51�.&�&$PD��P@C;��0��8:@@$&%0�!� � � 9XD��#��8A?�$&%��5��8C��90%�@/D��F��@@1>?'$&%
�!��@J.P90$&29�416�57 4 0 � @ 0 I � � �!� 4 � ��@ � I � � DÊ90$9.�@�1>@@/&1>@C;>@@$A�>@�2 9`;

� �4�"  �
> !£

¤!¥ >54+6 > �4�" �;#?�$z� ;>� 2 �"I � �  z©87 > �4�" �D@��;F� ;>� 2 �"I � �   � ��S x  
BD�P@@1>@ 6 > �¨�" 190$&297 > �¨�" ���9���@690/_/&16�5/_1>?©9>��@��`9<8'�P@Ê;X9<;¢@G9<D�� .&�_$PD�� /P9<;>;#@Ê; 90$&2��`901 B ;67��#�0�!�P8CB
.R@@��B�@Ê@�$}.&�&$�D��P@Ê;C5Q¬�9<D�����@@167 ?�$Q�6�P@X;"�&7 ?A;
%�@@$P@�1>9���@@2}��;>?�$_%®9e$�901"16�_Bq.�90$&2 DÊ9F�t?C�dB�5��ª?'�6�
9�.&�&$PD��a8:@@$&%0�6���0� � ���b^ $P; � Ù I ;0E0E 4e*¡EXB�@9$P@Ê@@2 ;tÙ DG9��t?'��?A@Ê;Z�6� ;6/�90$��!��@ U k |LG *¡E�.�90$&2�5
���P@N._16�[902�.P90$&2�/&�P9<;>@¢;"�P?'�¨�>@�1(?A;
1#@�/P8:9<DÊ@@2�.AB!9;:�I U 8A@�$&%0�6���0��DÊ90.P8:@��4�51(@Ê9<D�� DG9��t?'�dB<5��ª?'�6�

�



-0.2
-0.15

-0.1
-0.05

0
0.05

0.1
0.15

0 10 20 30 40 50 60 70 80 90

¥n������� ���¿���­s�|�}���zG}���~�u1~_�*}�p[q�u�zG����~���rtz_u�wX£���v�£_q��"v�~�u�v�q���}���o�p�q�re��s[q�}���z_v�q ��|J}�p[q)¯_~���}�zG�_q ~�u[q)�*~�s���w
p�z�¯_q�s�|���u[�"z¡r���~�z_w rtz_u�w |��<|�}�qx{�¦<z_u�w/}�p[q�rts�u�v#p ��|M����qx|�qxu`}M~�u�����w�s[����u���}�p[q-}���{�q���}M�­|�u[~�u�� «�q���~[� o�p[q
��qxw§}��#z_v�q"��|�z�|�q�}�~_��utzG����~��artz_u�w§v�zx¯���}���qx|-�-��}�p��:��qx¬<s[qxu�v���qx|
� ��� ��� � ��� � /�/�/­�

;eÙ DG9��t?'��?A@Ê;�?�$PD@�5�P@@1>@�$L�>8'B 902&2P?'$&%)�6�Q/&1"�?2_�PDÊ@ U =AHb�!�P@P�5��8C��90%�@P/R@�11DÊ9��e?C�dBa?:;�8:@Ê;#;��6��90$ Ù =LH§5
���P@/DG9��t?'��?A@Ê;���9���@	��I�
 	 ÙFE5E � 5X�ª?C�!� ÙFE5E $P;�.R@@��B�@Ê@�$�._�&$PD��P@C;�9 ÙFE 4e*¡EK.�90$&2�B�?'2_�!��%�?'�<@Ê;iS
@fk �4��8�2�?�$&%u��?'7y@C;��4�51D�!��@K�5�<8'��9�%�@J�6�X;>@f�6�>8:@
.R@@��B�@Ê@@$3.&�&$PD��P@C;Ê5i�ª?C�!� ULE � 907�/P8:?CW�@�1#;��6�P@ |�G *"E
DG9��t?'�dBXDG90$P%�@�$�@�1�9>��@ 90$P167�;��5��8C��90%�@���� Ù 7 | =LH : BD�P?AD��h;"�&�5�P8'2�.R@ 902P@@~#�P9���@`5

�]����9<=<@h902_�`90$L��9�%�@����i�!��@�$�9�1616�_BZDÊ9��e?C�dB�.�90$&2eB�?�2_�6�a�!��@�2&1#?'�<@ ;#?�%5$P9<8��4�51�@G9<D�� DG9��t?'�dB ?:;
/P?A@ÊDÊ@�B�?:;#@ ;#?�$A�P;#?��#2�9<8¿5Y���P@K1>9GB';>?'%5$�9<8y�416�57q�!�P@�/P?AD�=#�_/ :��h� �4�" �?A;�8©90%5%<@�2 90$&2h902&2P@@2�/_16�#2&�PDÊ?'$&%

� ¦ �¨�"  ��
 0V¦£
¤!¥ � �h� �4� {-2 � �  

� ¦ � �   � �h� � �   
 0V¦£
¤�¥ � �

&�2A� � �

� �h� � �   ;>?'$z��� � � � I ;  
;>?'$ � � � � I ;   �

&4� � � ��� { Ù  6I ; ��SL®5 

BD�P@@1>@�� � ÙFx �4�51��!�P@e/&1>@C;>@�$L��D@�5$_WV%5�_1�9��>?��5$�9�$&2 .y���!�ª�>?�7�@ 90$_2��41>@�~A�P@@$PD@B�2&�57y9<?�$P;y901#@
;6�_��BD$n5X�t?�%5$�9`8:;`�`901 B1?'$���?'7y@�9<;J@ ±_/]� { &4� �" �5O���P@�WP8'��@@1 � ¦ � �  6I �h� � �  -?A;�D@�57�/���;#@�2o�0�M8:?'$P@Ê;-B�?'�6�
S02�7 �4�P8A8�B�?�2_�6� � E 7 |5|5^ I � � � { Ù � �°� Ù�Ù 4e*"E : ;>@@/�901�9>��@�2�.LB Ù I � �O��;0E5E 4e*¡E`5��¡@ ±#� :�� ¦ �4�" J?:;
/&1"�eDC@Ê;>;#@�2P�!�&1"�5�&%5�9�!�P@��5$�@��6�&16$92P@C8©9�Bo$&����D��9W�8'�>@�1>;D%�?C�t?�$&%P5

� � �4�"  ��� ¦ �4� {����   {};�� ¦ �4� {����`{��h�  z© � ¦ �4� {����g{};>�y�  
� � � �   ��� ¦ � �   � &4�°��� 
� ÙD{ �

&4�°�h� �� � ��S |  
BD�P@@1>@��!�P@��>?�7�@�?A;�$&�_B 1#@@� @�1#@�$PDC@�2P�!�Z�!��@)=t?AD�=<@@1D�t?:9
�!�P@�2P@C8©9�B �	��:_�y� ?A;X�!��@J1#@@�0��8��_�>?��5$�/�@@1>?��#2 :
90$&2¤B�@���9���@���9<=<@@$3��B`��DG9<;#DG902�@�23�5$P@Z�6�&16$�2P@C8©9�B�$&�0��D���W�8C��@@1>;Ê5 �"@f±#���!�P?A;�;>?'%5$�9<8�?:;¡;6/P8A?'�)9�$&2
/&�_�g�!�_16�5�&%0��.�90$_2&/�9<;#;`W�8C��@�1#;`���h�4�P8A8¹B�?'2_�!� ÙFE5E 4e*"E�DÊ@@$L��@�1#@�2o�5$�7Z�P8C��?�/�8:@Ê;O��� ;0E5E 4e*"E�5O¬�9<D��

ÙFE



-0.3

-0.2

-0.1

 0

 0.1

 0.2

 0.3

 176  178  180  182  184

vo
lta

ge

time (ns)

ideal
actual

¥n������� ����qxz_�­��|�}���v�|���{¡st��zG}���~�u§~_�c}�p[q�u�zG����~C� rez_u�w�£���v�£_q��J|���|�}�qx{§�-o-p[q���qxwy}���z_v�q���|�}�p[q���w[qxz_�R¯_~���}�zG�_q
�:~_��z r���~�z_wyrtz_u�w�|��<|�}�qx{�¦�z_u�w�}�p[q�rts�u�v#p���|-����qx|�qxu`}-~�u�����wts[����u[�)}�pt��|�}���{�q¡��}���|-u[~�u�� «�q���~[�-o�p[q¡rt��s[q
}���z_v�q���|�}�p[q�¯_~���}�zG�_q��:��~�{ �0��u�zG����~C�!rez_u�w/v�z�¯<��}���qx|�� o�p[��q�q�rtstu�v�p[qx|*����qxv�q�qxw[qxw(}�p[qJ~�u[q�|�p[~��-u¹� o�p[q���q
��| ¯_q����§����}�}���q�v���~�|�|�}�z_��£e�

�0���!�P@ ;>?'%5$�9<8A;�?A;u$P@G901#8'B�/�?:@ÊDC@CB�?A;>@ ;#?�$A�P;#?��#2�9<8�90$&2a@G9`D���%5�t@Ê;u�!�6?'��;�=�?:D�=`@�1C5 [*?�%5�_1>@9S ;"�&�_B�;
;>?'7Z�P8:9���?'�5$N1>@C;6�P8C��;��4�51��6�P@ 9<D@�6��9<8�; Be; ��@@7 : ?�$�DÊ8��_2P?�$&%�1#@G9<8A?:; ��?:D¡@�1"16�51#;Ê5���&1#?�$&%��!��@X[]\ EL^ D��5/&/R@�1<16�&$ B�@`/P8©9�$K�5$J��9��t?�$&%��!�P@X®�k |iG *¡Eg.�90$&2K�0�_�6�P@�; �!�tD���9<; ��?:D-D��#��8A?�$&%
;"Bt; ��@�7 �5/R@�1�9>��?��0$�9<8�?�$��!�P@�B�@C8:8��_B 1#?�$&%P5<� D@�57�/_�_��@@1�D@�?2P@¡BJ9<;-BD1>?C�6��@@$��!�/@@�`9<8'��9���@D�!��@i2&1#@Ê;>;#@�2
?�7�/R@�2�90$�DÊ@�90$&2P$A�&7�@�1>?ADG9<8A8'By?�$L��@@%51�9>��@)@�~A��9>��?��0$Q� S U  x5O���P@K2�?:;"�61>?'.&�_��?'�5$ � � � � �6�" �B�9<;¡9<;>;"�&7y@@2
;"B#7�7y@f�!1#?:D�9�.y�5�?� �<��: 90$&2��6�P@§?�$�?'��9`8]2�?:;"�61>?'.&�_��?'�5$hB�9<;���9`=<@�$��6�N.�@Z�6��9����4�01��!��@§DÊ@�$L�>@�1��0�°�!��@
(�[ ._�PD�=<@f�G5N���P@�.��5�&$&2�9�1"B®D��0$&2P?'�>?��5$®9>�J�6�P@�@�2&%�@u�0�`�!�P@�(�[v._�PD�=<@f�(B�9<;Z� �K� E 5�[*?'%5�&1#@ U
;6�_��B�;D�!��@ @ ±?/�@CD@��@@23�eD��&���6��=LB�;"�&/&/&1#@Ê;>;#?��5$ 9��i® G *"E��4�01�9��dB#/P?ADG9<8cD@�5/&/R@�1D.&�&$�D��¤90$&2P�5/_�>?�7y9<8
%[9<?'$ B�?'�!� U 4PHc�5$3�!�P@�;"�6�51�9�%�@yDÊ9��e?C��?A@Ê;Ê5�[*?'%5�&1>@ ^ ?A;��4�51 x 49H�5o,X�#��8:?'$&%¢DG9<8AD��P8:9���?'�5$P;�B�@�1#@
2&�5$�@(B�?'�6� 90$&2¤B�?C�!�&�5�?��?�$L�61�90.R@G907 ;#DG9��"��@�1#?�$&%�� +�7��& x5w[V�51�+�7�� DG9<8AD��P8:9���?'�5$P;D�!�P@KWV1>; �);"�>@�/¤B�9<;
�!��DÊ9<8:D@�P8©9��>@�+�7��o%516�_B��!�P1�9>��@Ê;D�P;#?�$&%�9§;>?'7�/�8:@�7��?2�@Ê8°8 Ù S = 5

Ù
��� � Ù� �

�

� � �
�� � � � �
 � � ���

| 
�� � � 6 �
	 �� � 
 ¦ 	 �
 ��� � I ; � �
�

��S �L 

Ù
� 


� Ù6 �
� 6 �� � � � �

�6 �
� 	 �� © � 	��� 
 � ©�� � 	 �   �


 �
� Ù
��� � ULE  

+d$�@�~A��9��>?��5$P;i��S �L  90$&2�� ULE   : �
�
?:;��6�P@�167�;°�`9<8'�P@D�0�°��� { � �  6I�� ��: 6 � ?:;O�6�P@�1"7y;O�_$?kd$&�0167y9<8:?AEÊ@�2

Ù�Ù



 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0  5  10  15  20  25  30  35

S
ch

ot
tk

y 
po

w
er

 (
ar

b)

f-n-f0 (kHz)

cooling off
cooling on

¥n������� ���[v�p[~_}�}�£<�/|�����u�z_�e|�s[������qx|�|���~�u s��t|�}���qxz_{ ~_�¹}�p[q�u[~_}�v#p��t��}�q���|*zG}�� �J�-«J�:~_� ��� ��´	�Jv�~_���Pq�� ��~�u�|
�-��}�p
����
V~_���-¥ z_utw u[qxzG�¡~_��}���{�z_�c��z_�­u��/o�p�q |��Pqxv�}���s�{ ~�u }�p[q s[�t��q���ptz_����~_� }�p[q/��q�¯_~���s[}���~�u�����u[q
v���~�|�qx|�}�}�~����J��«"��|�|�p[~��-u¹�

�&�51#?:E@�5$L��9<8�@�7�?'�6��90$PDC@ : � 
 ?:;X�6�P@)DÊ8:9<;>;#?:DG9`8h1�9�2P?��P;X�0��9�D@�5/&/R@�1�$A�PDC8:@���; : � � ?A;X�!�P@�$A�&7
.�@@1��0�M?��5$P;
/R@�1
._�&$PD�� : � 	 Ù�| 7 ^ ?:;��!�P@N,X�5�P8'�57Z.!8'�5%[901#?'�6�&7 : � 
 ¦ 	 �
 � � ^ 7 ^ 7 ¦ 	 � ?:;��!��@X9���@@1�90%�@��0���!��@
16�#�0�D�0�]�!��@��61�90$�;"��@@1>;#@K.R@@��9u�4�&$�D@��?'�5$ : 9�$&2� 	 �� © � 	��� 
 � © � � 	 �   �


 �
� 	 E 7 E�UA^ 7

?:;��!�P@§9��<@�1�9�%�@�2P?:;"/�@@1>;#?��5$ ;"~#�P901>@@2��F�<@�1�.R@@��9e5J����@Z�!1�9�$P;"�<@�1>;#@u2P?:; �!1>?'.&�_�>?��5$P;"B�@@1>@�9<;#;6�&7�@�2��6�
.R@��4��8:8'ByD��0�&/P8:@@2 9�$&2 G 90��;>;>?'�5$�5O���P@J167�;�7��57y@@$L�!�&7%;6/&1#@G902 BJ9<;�DÊ9<8:D@�P8©9��>@�29�P;#?�$&%�� ��:

� �� �4�"  �
	 � �){Q�Y�   � � � � � �6�"  �0�

	 � � � � �6�"  �5� 7

���P@J2P? �y�P;#?��5$¢D@�e@89yDC?:@@$A��B�9<;�7��#2P?'WP@�2N�!�
#	�� �   � #	�� �  z© � �� �¨�" 

; � � �4�"  �

;6�Z�6��9����6�P@)@@�0��8��?��?��0$N�0�z�!��@�167�;�90%51#@Ê@�2XB�?C�!�N�6�P@�;>?'7�/�8:@i7��#2P@Ê8�5O�e?'7Z�P8©9>��?��0$P;g�4�01�D��0/&/�@@1JB�?'�6�
90$&2hB�?'�!�_�5�_��+�7�� 90$&2 U 4PH �5$e�6�P@(; �!�51>90%�@(DÊ9��e?C��?A@Ê;�9�1>@(;"�&�_BD$®?�$�[�?�%5�&1#@ x 5�[*?'%5�&1>@c®�?A;��4�51
x 4PH�5

Ù�;



 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0  5  10  15  20  25  30  35

S
ch

ot
tk

y 
po

w
er

 (
ar

b)

f-n-f0 (kHz)

cooling off
cooling on

¥n�����[µ ���[v�p[~_}�}�£<�/|�����u�z_�e|�s[������qx|�|���~�u s��t|�}���qxz_{ ~_�¹}�p[q�u[~_}�v#p��t��}�q���|*zG}�� �J�-«J�:~_� ��� ��´	�Jv�~_���Pq�� ��~�u�|
�-��}�p 1	��
V~_���-¥ z_utw u[qxzG�¡~_��}���{�z_�c��z_�­u��/o�p�q |��Pqxv�}���s�{ ~�u }�p[q s[�t��q���ptz_����~_� }�p[q/��q�¯_~���s[}���~�u�����u[q
v���~�|�qx|�}�}�~����J��«"��|�|�p[~��-u¹�

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 0  0.0005  0.001  0.0015  0.002

de
ns

ity

(p - p0)/p0

initial
1 hour, no cooling with IBS

1 hour, cooling with IBS
1 hour, cooling no IBS

¥n����� 1 �-�*~<~�����u[� �-��}�p � ��� �J��«�|��<|�}�qx{��:~_� � � ��´ � v�~_�t��q��J��~�u�|-�-��}�p ��� 
ª~_�M��¥®z_u�wyu[qxzG��~_�t}���{�z_�
��z_��u��

Ù S



 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0  0.0005  0.001  0.0015  0.002

de
ns

ity

(p - p0)/p0

initial
1 hour, no cooling with IBS

1 hour, cooling with IBS
1 hour, cooling no IBS

¥n����� �5�-�*~<~�����u[� �-��}�p � ��� �J��«�|��<|�}�qx{��:~_� � � ��´	�"v�~_�t��q��J��~�u�|-�-��}�p 1	� 
ª~_�M��¥®z_u�wyu[qxzG��~_�t}���{�z_�
��z_��u��

���������
	���
�����
���

�����

���P?A;o/�90/R@�1�?:;�9 ;6�_7�7y901"Bª�0�J�!�P@ B`�51>=����(;#@@��@@1�9<8J/R@��5/P8A@<5 +d$v/�901 ��?AD��P8:901N+��6��90$P=���5�4 5
7X1#@�$&$�9�$ : ��5¹4hD G ?'$&$P?:; : (�5jM*9<;"~#��?�$P@C8:8:? : 90$_2���5_� @Ê?�5

� �  �� � �¢qx�Ö¦t¨¡���-s[�_����q���~[¦�!#"%$'&Ê¨%()&Ê���-��� � � �G¦ � �+*,*G´ �
� �  �� � �¢qx�Ö¦��#-��."/* � ��´ �<¦t� � � � � �+*,* � � �
� �  � ��! ��z_|�£���q��-��v�«_¦ � � � ��!*��qxu�u�z_u�¦��n����z_{)q���~�u�¦ � �0�¢qx�Ö¦ �M��~�v�q�qxw���u[��|�~_� �P¨-� �G´_´ �<¦ �n~_��}���z_u�w21J��¦
� �,* � � �+*,* � � �

� �  � ��! ��z_|�£���q��-��v�«_¦ � � ���3!���qxu�u�z_u�¦ � �0�¢qx�Ö¦&� ��~<v�q�qxw��­u[��|�~_�'- �P¨-� �G´_´ �[�
� µ  �� ��! ��|�~_��u�z_u[~[¦e�J��$¹q�qx{�z_utu�¦�¨-� �6v�~�u�� � �`¦t�eµ � �<¦e¨�� �4"-q�� ³ ~_��£e¦ � �+* � � � �
� 1  (�� ��~�p��Ö¦e�#-��." � � ��´ �<¦ �Uµ �<¦�� �+* � � � �
� �  |�q�q65+798:7����-�¿v#p���{�zG��s¹¦<;=!*z_|���v �M����u�v����t��qx|�~_���M�­z_|�{�z ��pU��|���v�|�¦�¨ ��}�zG}���|�}���v�z_��¨-�t����~�z_v�p�>?!*qxu��

@ z_{���u3&_��s�{�{���u���|�¦ � �+* � � �
� �  $M��$Rz_u�wtz_s�¦BA�7DC#E:FHGI7KJL7NM�7NM37POQ7�R�S¹¦�� �_µ<¦�� �+* ��1 � �
� *  1��#������u�z_�n�*~_��£yr<� ���T-���U�p���qxuUrPqxv�£�¦D$M� ����1���u�|�}�qx��u�¦�CVE�F�GWO.5IXH7�Y�Z¹¦'[ �<¦����\* �<¦+� �+* �G´ � �nz_��|�~�|�q�q

5]8+-�� � �^$R���©|�p���}�«�z_u�w_$M� �����M��}�zGq�¯<|�£�����CVE:FHGa`cbed,fhgi`�j�5+kl`lbmG �nq�����z_{�~�u �M��qx|�|+� �+* �0� � �5���^(�~�{�q_¦`�#-M�%"

Ù�U



� � ��´ �<¦�� � �Ê´�¦�� �+* � � � �
� ��´  (�� !*~�s�|�|�zG�#w�¦#C ��� b�7KA � ` j�k<J�M����	� O�

�%beb�7.M�bIE ��� f����35��:dHG�������� $Rqxv�}�s[��q<"�~_}�qx|�~�u;�Mp`��|�� �,*31<¦

� �<�t����u[�_q�� 
cq����­zG�[¦�!*q�������u �+* � � � � � �,*<�
� �3�  �� � �¢qx�Ö¦ � � ! ��z_|�£���q��-��v�«_¦ � � ����!*��qxutu�z_u�¦ - �P¨-� �G´_´ �[¦t�3* ���G¦�� �G´_´ � � �
� � �  ����������u�|�£<�_¦ � � � � ��z_u[�[¦ C d � kl`lb+f 5��%beb 5IfN5 � d,k ��� G#¦'R���¦�� ��´��`¦�� �+* � � � �
� � �  ¨¡� 
¡�e¥[qxw[~_}�~�¯�¦¹� ��¨ &Ê¨ �V& � 1 �<¦ � �G´_´ � � �:qx¬<s�zG}���~�u�| ��´ z_utw �3� � �
� � �  �-qx{)qx{"rPq���}�ptzG}� ��� � {)qxz_ut|� ��� � � �"! ´�z_|.�#! ´��

� pDp ��������$ �&% �(' � m<
 � ����	�� 	*) ��r�� ���&)°����� ����tV
�� ��� �,+�
 � ����	��.- R
S0/
���P@�?�$?WV$P?'�>@);6�&7 ?:;�%�?C��@�$P.LB � ���"! { � �  �B�?'�6�

� � �5  � /£¤!¥10 /
�
&32 �

:Z© &32A� � �4� Ù  

BD�P@@1>@�: � 6 { & #� 5�����@i�!1#?:D�=�?:;°�!�JWV$&2¢9
2�? ��@�1>@@$L��?©9`8R@@~A��9���?'�5$��4�01 � ���0 °�!�P9��X�P9<;J9(DC8���;#@�2��4�0167
;6�<8��_�>?��5$�5O,X�5$P;>?'2P@�1

� �� � � /£¤�¥10 /
&32 � &�2 �
:�© &32L� �4� ;  

� Ù
� /£¤!¥10 /

� &32A� © : { :y  � &32 �
:
© &32L� �4��SL 

� Ù
� /£¤!¥10 /

�
&�2 � { :

� � ���0  �4� U  

� ;>� §�� � �5 � { :
� � ���0 87 �4� ^  

[V�51 E � � � ;�� B�@���9���@ � ���0  �21 @f±?/ � { :j�5I �   : BD�P@�1#@ 1 ?:;�9�D@�5$P;"��90$L�G5g[V16�57 @�~A��9>��?��0$Q�4� Ù  
B�@�;#@Ê@��!�P9�� � ���5  � � � ��© ;>�   : ;6�o�4�51);"719`8:8]/y��;#?'�>?'��@ � : � � ;>� © �y  �31 @ ±_/]� { :��yI �  x5 �¡@ ±#�
B�@(?�$L�>@�%51>9���@J.y���!�¤;#?�2P@C;i�0�*@�~A��9��>?��5$��4� ^  ��416�07 ;>�e{ ���6� ;>� © �690$&2P�!�P@@$e��9`=<@K�6�P@(8A?�7�?'��9`;
� � E 5°���P?A;�%�?'�<@Ê;

1546RÙD{ �
{};>� :�I �879 � ;>� I � 7 �4� x  

Ù�^



�?�&.�;"��?C�!�_�>?�$&%��6�P?:;�@ ±_/_1>@Ê;#;>?'�5$��4�51 1 %�?C��@C;

� ���5  � ;>�
� �

{ :��0I �
ÙD{ �

{};>� :�I � � �4��®5 

BD�P@@1>@��!�P?A;�@f±?/&1>@C;>;#?��5$h?:;�%5�#�?2N�4�01 E � � � ;>� 90$&2 � � �5  � � ���D© ;>�  �5

� pDp ��������$�� % )°	���� ����� p�m � �o��� ��	��8) )°����� ������t
G ��?�$&%�.�9<D�=��!� @f±?/P8A?:DC?'��@ ±?/&1>@C;>;>?'�5$P; : 90$_2�$P@�%�8A@ÊDf��?�$_%e�!�P@N�>@�1"7y;
�6��9���B�?A8:8g2P?:;>90/&/R@G901K�&/��5$

9���@@1�90%�?'$&% : @@~A��9���?'�5$Q� ; �L X.R@ÊD@�57�@Ê;

�� � � ��� � � �  z© #� £
¤ �¥ �

£
�

� ¤ ��( F$ � ��� ¤ �  @8 ÙD{5&=� �
� ¦ = � {5&=� ���
� �`{ � ¤ � ©a�"! { � �   � ��7 Ù  
BD�P@@1>@��
� �X� �
� � �4�" *@@�>D<5g�e?'$PDÊ@ �� ?:; 9�1#@G9<8V$A�&7
.�@@1 B�@�B�@@1>@��41>@C@��!��D��57�/P8A@f±(D��5$>¯"�_%[9���@��6�P@���@@167�;
?�$)�!�P@X;"�&7 90$&2 ( F$ ?:;J�!�P@XD@�57�/P8:@ ±!D@�5$>¯"�&%�9���@N��� (%$ 5�[j�01 #���!�P@¢9��<@�1�9�%�@o�0���!��@�WV1>; �Z��@@167
Bt?:@C8�2P; ��� � �f x5°[j�01`�!��@�;>@CD��5$&2N�>@�1"7 : ;>?�$�DÊ@ � ���
	 � � ��� � 	 � �4�51�9016.�?'�!1>901"B�	 : B�@�719�B
D��0$P;>?'2P@�1
4 � � ��� � �6�"  � � � ¤ ��( F$ � ��� ¤ �  @8 ÙD{5&=� �
� ¦ �¨�"  = � {5&=� ���
� � �¨�"  { � ¤ � �4�" z©}�"! { � �   � � � � � � � � ��� �

B�?'�6�
� �� �0�¨�" �
 � � � � � � � ��� � ��� � � �  z©a� #� /£

� ¥10 /
4 � � ��� � �6�"  ��7 ;  

� $P8'B��!�P@��>@�167c/&16�5/��51 ��?��0$�9<8y�6���
� ¦ B�?:8:8�;6�&1 �t?'��@/9���@@1�90%�?'$&%u�F��@�1�� ¤ :
4 � � �F� � �6�"  � { &=� � � ¤ ��( F$ � ��� ¤ �  

�	
� � � ¦ � � ¦ �4� ¦   � { & � ���
� � �4�"  { � ¤ � �4�"  ©a�"! { � �   �

��� � � � � � ��� 7
�¡;#?�$&%�@@~#�P9���?'�5$ � ;0^  J90$&29�!�P@���9<Df���!��9>���!�P@�� ¤ ;"901>@�?�$_2P@�/R@�$&2�@�$L��8CBo2P?:; �!1#?�.&�_�>@�2

4 � � ��� � �6�"  ��{'& � #� � � � ¤ ��()$ � ��� ¤ �   � � �	 � � � ¦
���	
� � � � � {5& � � � � �g{)� ¤ �  ��¨� { � �   �

��� � 7
�¡;#?�$&%��6�P@�%�@�$P@@1>?AD��4�0167Z�P8:9

�	
� � � ¦

� �	
��� � � �   � � � �

�	
� � � { � ¦   � � � ¦   � � ¦

ÙFx



4 � � �F� � �6�"  � { &=� #� � � � ¤ ��()$ � ��� ¤ �   � � �	 � � � ¦ �4� { � ¦   � {5&=� � � � �°{Q� ¤ �  @�4� { � ¦   �
� � �

� #� �
� � � �

� � � ¤ ��()$ � ��� ¤ �   � � �	 � � � ¦ � { & � � � � �°{Q� ¤ �  @�4� { � ¦   �
��� �

� #� �
� � � �

� � � ¤ ��()$ � ��� ¤ �   � � �	 � � � ¦ � { & � � � � �°{Q� ¤ �  d� ¦ �
� � � ��7�SL 

+d$P;#@�1"�>?�$&%e��7XSL �?�$L�!����7 ;  J90$&2P$&�0�>?�$&%Z�6��9�� 4 � � ��� � �6�"  � 4 F � � �F� {'� �6�" 
� �� �>�4�"  
 � � � � � � � ��� � ��� � � �  z© � #� �

; /£
� ¥10 /

�
� � � �

� � � ¤ ��()$ � ��� ¤ �   � � �	0 � � � ¦ � { & � � � � �g{�� ¤ �  l� ¦ �
� � ���7 U  

¬O~A��9���?'�5$ª��7�SL �%�?C��@C;��6�P@y9F�<@�1>90%�@u�4�51>DC@��5$�/�901 ��?ADÊ8:@ �¹5 ���_B B�@���;>@u�!�P@�9<;#;6�&7�/_��?'�5$3�!��9����Z�
?:;�8:9016%<@�D��57�/�901#@�29�!��90$LB¢; ��9��>?:;"�>?:DÊ9<8nD@�5161#@Ê8©9>��?��0$N��?�7�@ : BD�P?:D��9�!�_16$P;��!��@ ?'$L��@�%01�9<8w�F�<@�1D� ¦ ?'$A�6��9
2P@C8'��9Z�4�&$�D@��?'�5$�5O���P?A;D%�?'�<@Ê;��!�P@�WV$P9<8w1>@C;6�P8C�

#��� � �@  � ��� � �f z© � #� � �� � � /£
� ¥10 /

� � � ()$ � ��� ��  � � � � � � �f � � � ��7 ^  

[V�51X�6�P@�2P? �y�P;>?'�5$�D��t@�9�DÊ?A@�$L��B�@J�5$P8CBN$P@C@�29�!�P@��>@�167
#	�� � �f  � Ù

; �Z� � � � � ¦ ���Z�"  � ��� ��� � � � � � ��� 7 ��7 x  
�e?'$PDÊ@��Z��?A; ;"719`8:8*D@�57�/�901>@@2��6�o�!�P@�D��#��8:?'$&%��>?�7�@Z�!�P@���@@167 ��� � � �  l��?�$®@�~A��9��>?��5$a� ;5^  �B�?:8A8Y.R@
$P@@%�8:@CD@��@@2�5°���P?:;D%�?C��@C;
#	�� � �f  � Ù

; �Z�
��������

	 � �� � � #� ¢£¤!¥y¦ /
£

� ¥10 /
�
&=� 8T�"! { � � ©a�
� � �4�"  { � ¤ � �4�"  = � ¤ ��()$ 8 ��� ¤ �6= ������

� �
��� � � � � � � ���7�®5 

�)1>?'�>?�$&%��0�_���!�P@�2&�0�&.P8:@);"�&7 90$&2h9���@@1�90%�?'$&%u�F��@�1�� ¤ 2�?©90%5�0$�9<8:?AEÊ@C;�B�?'�6�P1#@Ê;"/�@CD@���!� 2 90$&2 �
#	�� � �f  � � #� �

; �Z�
� /£
� ¥10 /

� � ¤ ��()$ 8 ��� ¤ �"= � � 	 � �� � � ¦ 	 � �� � � � � & � � � � �`{�� ¤ �  ��¨� ¦ { � �   �
��� � ��7 |  

�e@f� � ¦ � � ¦ { � � 90$&2 � � � �4� ¦ ©�� �  6I ; ;"���6��9�� � � ¦ � � � � ��� ¦ ��� � 5
#	�� � �f  � � #� �

; �Z�
� /£
� ¥10 /

� � ¤ ��()$ 8 ��� ¤ �6= � � 	 � �� ��� � 	 �����0 ��� � ��� ¦ � &=� � � � �°{Q� ¤ �   � ¦ �
� � � ��7��L 

Ù ®



���_B B�@���;>@��!��@�9<;>;"�&7�/?��?��0$��!��9>� § �-?A;J8©901"%�@�D@�57�/�901>@@2XB�?'�6��90$LBXD��0161>@C8©9��>?��5$���?'7y@¡;6�Z�!�P9����!��@
�`9<8���@J��� � � 719�Bo.R@(D@�5$P;>?'2P@�1#@�2¤8:9016%<@����<@�1�9<8�7���;"�D�6�P@ BD�_��8:@J1�90$_%�@K��� ?�$L�>@�%51>9���?'�5$�5����P?A;��6�&16$�;
�!��@ ;#@ÊD@�5$&2 ?'$L��@�%01�9<8�?'$L�!� ;>� § 8 � � � � �O{Q� ¤ �   = Bt?:@Ê8'2P?�$_%

#	�� � �@  � � #� � /£
� ¥10 /

� � � ��()$ 8 ��� � �6= � � � � � � � �  � � � � ��7 ÙFE  

�!��@e2P@C;>?�1#@�2�1#@Ê;"�P8'�Ê5 + �1?:;yB`�51 �!�[BD�P?:8A@P�6��$&�0�>@��6��9��19!D��57�/�901>90.P8A@P1#@Ê;"�P8'���&��8�2�;��4�51�.&�&$�D��P@�2
.R@G907�;J8 ÙF;>= 5

ÙF|


