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IKJML5NPO*QSR9TVUXWZY\[^]T_[a`b]WPQdceT_[fWPQhgjilkmknO,LPknoqprTV`s[mO,LtNPO*Qju$O*oqpPLPilknoqpPO,LtvwLPixIMO,Qnkmix[^]TV[eyzpPO*{|LPix[f}
~ O,LZO,pP{�i ~ [mO���ilknkmO,Qh[qTV[milJML�}*WPQS��QmY�TVL ~ WPL ~ NPO*kSTKU_TKNPO,{�ilknoqpPO,L5��QfTKNPO*k

NPJXo*[mJMQjQmO,QnWP{�LrT_[fWPQmTKYli\WP{
� ��Q*�/QmO*Q,�
LrTV[,���

IKJMQ ~ O,YlO ~ [dIMJKL���kmU_TKQd�wknIVTKL��
~ O,�9JMQmO*L5TK{��^���)��O*�Z[fO*{��;O*Q��7������i\L���WPLZN � ��oqp�gzO*NPO,L��
O*ilL ~ O,QmO*iloqp�[wTK{��X�z�KWZLPi��K�M�M�

��WZ[fTKoqp�[fO,Q*�� � ��Q,�)�X[mO,�PpPTKL���oqpZYlO,{�{�O,Q� QnJK`¡�
��Q,�
RrQmi\O,NPQniloqp£¢wWZilkmUVO,L� QnJK`¡�
��Q,�
¢SO,ilLZQmiloqp��¤TKL ~

u$T ~ NPO,Qd¥
O*Qn[fO*ilNPi ~ WPL ~ �
�M���)�KWPLZi��K�M�M�
p�[n[f�¦�¨§M§KTKQnoqpPi\I9�©[fW�ª«oqpPO,{�LPix[f}K�¬NPO�§V�PWP��§K�K�M�K­®§V�M���K¯
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É

��i\kmknO,Qn[fTV[fi\JML=TKL£NPO,QSR�TKU®WPYx[ ]TV[a` ]WZQjceTV[mWPQngji\kmkmO*LPkmoqpPTV`s[fO*LtNPO,Q
u�O,oqpZLPilknoqpPO,L�vSLPi\IKO,Qnkmi\[ ]TV[eyzpPO,{�LPix[f}KæZçÓLPkn[mi\[fW�[S` ]WZQ � p��Xkmi\U�æ
IKJML5��knU_TKQj�eknIVTKL��
yzpZO,{�LPi\[m}Kæ9�K�M�K�

è �M�7����O,ix[fO*L£i\LPU®Yé�
� � WP�PY\ilU_TV[fi\JMLPO*L
è ilL=O,L ~ YlilknoqpPO,QS�X�PQfTKoqpZO.{�i\[j�êu$TK�9O,YlY\O,L=WPLPN£­M­1�e�Z�PilY\NPWPL ~ O*L

ë Ê¤ìbÊ¤ËrØ%Ð
çÓ{¶íSTKpP{�O,L�NPilO*kmO,Qw�eQn�;O*i\[SgjWPQmNPO*L�}*g×O,i$�e�P�rTVQfTV[mWPQmO*Lt{|ix[e�M�^ª � JMYxª«çÓJMLPO*LZ`îTKYlY\O,L=�9O,L®WZ[f}�[�æ;WP{
�ZQmJK[mJMLPilO*Qn[mOðï-TKknkmO,Qno,Y\WPkn[mO,Q�¢eñ � ¢wò����¡ó � Lrô�­Z�\�x�7����WPLPNõU®YlO*ilLPOðilJKLPilknoqpPO¾ö�JKpPYlO*L®gzTKknkmO,Qnkn[mJK÷@O
ya¢ ñó � L�ô����x��øM�z�9O,i¦[milO�`ùO,L£u$O*{|�9O,QmTV[fWPQnO,L£},W£WPL�[fO*QmkmWZoqpPO,L¦�
��i\O(i\LtO,i\LPO,Qeö�JKQmJMLrTVO,L�[fYlTKNPWPL ~ kmú®WPO,Y\YlO.O,Qm}*O,W ~ [fO,L�yzY\WPkn[mO,Q�¢ ñ � ¢wòq�'�Óó�gjWPQnNPO,LðU®ilLPO�[fi\kmoqp�WPLPN
kn�;O*U�[fQmJKkmUKJK�Pilknoqp5WPL�[fO*QmknWPoqp�[��×��TK},W�gjWPQnNPO,L=knilO�i\L�O,i\LPO,{��M�^ª � JMYxª¡���9O,iloqpZO,Q){|ix[fpPi\Y\`ùOjO,i\LPO,kj¢SO�ª� WZ÷;O,Q ~ TKknO,k×TKWZ`9O,i\LPO,Q�u�O,{��;O*QfTV[mWPQ�}*gji\kmoqpPO*Lû¯K�MöõWZLPNû�MøK�MöÞ[fpPO*Qm{|TKYli\kmilO*Qn[,�$��i\OdüzO*kn[fi\{|{(WPL ~
NZO,QwüzilLPNZWPL ~ knO,LPO*Q ~ i\O,L5` ]WPQwyzY\WPkn[mO,QeNZO,Qe��Q ]JMýMO�L�ô�­P�x�\�7�1gjilQnN�O*Qm{ ]J ~ Yli\oqp�[jNPWPQmoqp5NPilO(þ�O,knkmWPL ~
NZO,Q$[mO,{��;O*QfTV[mWPQfTV�Pp ]TKL ~ i ~ O*L���ilknkmJM}*i�TV[milJMLZkmQfT_[fO,L'WPLPN(NPWPQmoqpêNZilO×�
Qn{|ix[m[mYlWPL ~ NPO*Q%i\LPLPO,QnO,Lê��LPO*Qhª
~ ilO,L�{�i\[n[fO*YlkS�;O*QmO,oqpZLPO*[mO,Q(��oqp�gjilL ~ WZL ~ kn`ùQnO,ú®WPO*LP},O*L¦�êu$O*{|�9O,QmTV[fWZQfTK�Pp ]TKL ~ i ~ O(ç¡íaªh���9O,U�[mQmO,Lði\{
ü×O,QmO*iloqp£NPO,Qd`ùQnO,ilO*Lt��¢dªh�X[mQmO,oqU®knoqp®gji\L ~ WPL ~ gjWPQnNPO,L5TKWZ` ~ O*LPJM{�{|O*L¦�
��i\O��eWZkn[qTVWPkmoqp�ª×WPLZN��w�Pkn[mQmO,ix`ùQmO,TKU�[filJKLPO,L�IMJKL£i\JMLPi\kmoqpPO*L�ö�JMpZYlO,L�gzTKkmknO,Qnkn[fJV÷@O*L�ya¢eñó � Lrô'�X�\�¨øM�
{�i\[$¢Sò7æM¢e�ÿWZLPN1��ò%WPLZNêNPilO)NrTKQmTKWZ÷;JMY ~ O*LPNPO*L��eknkmJM}*i�TV[milJMLPkn�PQmJK},O,knkmOagjWPQnNPO,Lêi\{ u$O*{|�9O,QmTV[fWZQhª
�9O,QnO,i\oqp��7øKö �Zilk¤�M�M�Kö WPL�[mO,QmknWPoqp�[�����k¤kn[mO,Y\Y\[¦kniloqp�}K� üe�7pPO*QfTKWZk,æ^NrTKknk�NZO,Q¤¢jªÓ�wªÓ�wWPkn[fTKWPkmoqpZ�PQmJM}*O,knk
}�gjilknoqpPO,L ya¢ ñ� WPLPN¹¢w� �9O,iS�^øKö YlTKL ~ kmTK{|O*Q'TKYlk(ø��¿�7�����	�.o,{�
fk�����i\kn[,æ$g×J ~ O ~ O,L ya¢ ñ
 {|ix[
 O*NPO,Qûö�JMYlY\ilkmi\JML¹O,i\LPO,L¿�eWPkh[qTKWPknoqp TKWPkh` ]WPpPQn[,� çÓLÿNPO,Q|�e�Pkh[fQnO,i\`ùQnO�TKU�[milJML IMJML ya¢ ñ� {�i\[1ïÃTVkhª
knO,Qnkn[fJV÷@{�JMYlO*U ]WPYlO*Lû�9O,JM�rTVoqp®[mO*[z{ûTKL�O,i\LPOSilL�IMO*QmkmOwu$O*{|�9O,QmTV[fWZQfTK�Pp ]TKL ~ i ~ UKO*i\[ � knilO,pZOe��O*oqUX�ZY�TV[n[nª
çÓY\YlWPkh[fQmTV[fi\JML����%��ilO*k×gjilQnN�IMJMQnY ]TKW�� ~ {�i\[aO*ilLPO*QaY ]TVL ~ O,QnO,L�ö�JM{��PY\O���YlO*�;O*LPkmNrTVWPO,Qa�9O,i9[fi\O*`ùO,L�u�O,{êª
�9O,QmTV[fWZQmO,L�O*QmU®Y ]TVQn[��%u$WPLZLPO,Y\L�NPWPQnoqp�O,ilLZO�üaTKQnQmi\O,QmOS�9O,i;[milO�`ùO,Lûu�O,{��9O,QfT_[fWPQnO,L�km�ZilO,Yx[z�9O,i9NPi\O,kmO*{
�®��kh[fO*{�O,ilLZO'WZL®[mO,Q ~ O,JMQnNPLPO�[fO.íSJMY\YlOV�

��� Ô�Ü¡Ø��)Ò��Ö)ËZÐPÊ¤Ë
çÓJKLPO,LPkn�;O*iloqpPO*Q,æVçÓJMLPO,LXªhþ�JMY\O,U ]WPY ª¡íjO�TKU�[fi\JML¦æ7��O*WZ[fO*Qmi\O,QmWZL ~ æ^�eWPkh[qTKWZkmoqpPQnO�TKU�[fi\JML¦æV�e�Pkh[fQmO*i\`ùQnO�TKU�[fi\JML¦æ
�wkmknJM},ilTV[fi\JMLPkmQnO�TKU�[milJML¦æayzYlWPkh[fO*Q,æa�PQnJK[fJKLPilO*Qn[fO�ï-TKkmknO,Qno,YlWZkn[fO*Q�¢wñ � ¢Sòb���¡ó�æz��O,WZ[mO,Qmi\WP{ ¢S�XNPQnilN
¢w��æPilJKLPilknoqpPO'ö�JKpPYlO*L®gzTKknkmO,Qnkn[mJK÷@O(ya¢eñó æZilL�[fO*Qmkn[mO,Y\Y�TKQnO,kSþ�O*NPilWP{
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���¨���¨� ���;O*QfTV[milJML�JK`$ú®WrTKNPQnWP�9JMYlO�{|TKkmkdkn�;O*o*[fQnJM{�O*[fO*Qmk �'�.�'���.�'�.�'�'�.�'���^�
���¨��� � ��TV[qT��ZQmJXo,O,knkmi\L ~ �'�.�'�'�.�'�.�'���.�'�'�.�'�.�'�'�.�'���.�'�.�'�'�.�'�����

��� � u�O,kh[w{�O�TVkmWPQnO,{�O,L�[fk����'�.�'�.�'�'�.�'�.�'���.�'�'�.�'�.�'�'�.�'���.�'�.�'�'�.�'���M�
��� �Z�x� þ�O�TVkmWPQnO,{�O,L�[eJV`%LPO*WZ[fQmTKY�NPO*LPkmix[Ó� ���.�'�'�.�'�.�'�'�.�'���.�'�.�'�'�.�'���M�
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�Z�x�M�¨� � QmJK[mJMLrTV[mO,N=gaTV[mO,Qjo,Y\WPkn[mO,QnkwTVLPN£gzTV[mO,Qjilo*O'i\L�[fpPO�çh�Pþ ���.�'�.�'�'�.�'���M�

�Z�¨� ���9O,o�[fQnJMkmo*JM���£TKLPN£kn[fQnWPo*[mWPQmO'JK`%¢ ñ � ¢wò����¡óÄ�.�'�'�.�'�.�'�'�.�'���.�'�.�'�'�.�'���M�
�Z� � �0���;O*Qmi\{|O*L®[fTKYé� � QnJ�NZWPo*[milJML=JK`%¢eñ � ¢wòb���¡ó'i\L�Têo*JMQmJMLPT1NZilkmoqpPTKQ ~ O�knJMWPQmo*O �.�'�����
�Z�¬­ udpPO*JMQn�9�×yaTKY\o,WPYlTV[fi\JML�JK`$ilL�[fO*QmLrTKY@O,LPO*Q ~ i\O,kd���.�'�'�.�'�.�'�'�.�'���.�'�.�'�'�.�'���M�

�Z�¬­P�x� ¥�i\�PQfTV[milJMLPTKY;O*LPO,Q ~ �SRUTWVYXaTKLPN£pPO,TV[jo�TK�PTKo,ix[Ó�[Z\T]V^X �.�'���.�'�.�'�'�.�'���M�
�Z�¬­P�¨� íSJV[qTV[milJMLrTVY@O,LZO,Q ~ �[R`_badc�TKLZN£pZO�TV[So�TV�rTKo,ix[Ó�[Z\_eadc"�'�.�'���.�'�.�'�'�.�'���gf
�Z�¬­P� � üzJMLPN£O,LZO,Q ~ ��IXk,�)�;JMLZN£O*L�[fprTKY\��� ���.�'�'�.�'�.�'�'�.�'���.�'�.�'�'�.�'�����

�Z�¨ø ��O�[fO,Qn{|i\LrTV[milJML�JV`%�9JMLPN=O,LZO,Q ~ ilO,khR`i]V^jdjå�'���.�'�'�.�'�.�'�'�.�'���.�'�.�'�'�.�'���M¯
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�XilLPo*Oz[fpPOaüzi ~ üaTKL ~ TKLZN�[fpPOz`ùJKYlYlJ7gji\L ~ L®WPo*YlO,TKQ$`ùWPknilJML(�PQmJXo,O*kmkmO*k
ilL([mpPOakn[fTKQmk*æM`ùJMQm{�ilL ~ pPO,T�I�i\O,Q
kn�;O*o,i\O,k�[fprTKLð[fpZO�i\LPi\[mi�TKY\Y\�£T�IVTKilYlTK�PY\O�p���NZQmJ ~ O*L¦æ�NPO,WZ[mO,QnilWP{£æ¤pPO,Y\ilWP{�TKLPN¾Yli\[mpPilWZ{åL®WPo*YlO,i æ�[fpPO
`ùJKQm{�O,N¾LXWZo,YlO,TKQ'km�9O,o,i\O,k'prT�IMO ~ TV[fpZO,QmO*N-i\L¾[mpPO�IVTKkh[(kn�rTKo*Oû�9O*[Óg×O,O,L�[fpPO�kn[fTKQmk*æ$[fpZO|knJVªÓo,TKYlY\O,N
i\L�[fO,Qnkn[mO,YlYlTKQe{�O,NZilWP{ � çh�Zþt��æ ~ i\IXilL ~ �;JMknkmi\�PY\�£Qmi\kmO([mJ�LPO*gÁ`ùJMQm{|TV[milJML£JK`)kn[fTKQmk*�(üzW�[�JMLPo*O�[fpPO
L®WPo*YlO,TKQ/�PQnJ�o*O,kmknO,k)kn[mJM�P�9O,N¦æ®TKLZN�[fpPOdL®WPo*YlO,iZQmO,o*JM{��Pi\LPO,N�gjix[fpêO*YlO,o�[fQnJMLPk%[mJ�`ùJMQm{ÁTV[fJK{|k*æMoqpPO,{êª
i\o�TKY¤�PQnJ�o*O,knkmO,keo,JMWPY\N�[fTKUKO.J^IKO,QeTKLPN5[mpPO,QnO(ilkST�Qmiloqp�oqpPO,{�ilkh[fQh� ~ JMilL ~ JML�ilL�[mpPO,knO(i\L®[mO,Qnkn[fO*YlYlTKQ
o*YlJMWZNPk×knilLPo*Ow{�ilY\Yli\JMLPk%JV`@�MO,TKQmk*��udpPilk)oqpPO*{|i\kn[fQh�1ilk ~ J7IMO*QmLPO*N����ê[fpPOj[fO*{|�9O,QmTV[fWPQnOeTVLPNûNPO*LPkmix[Ó�
o*JMLPNPix[fi\JMLPk,æ�QmTKL ~ i\L ~ `ùQmJM{�TK�9JMWZ[¶µeô��7�Mö TVLPN�·©¢wò�¸sô��7�,¹'o,{���
�`ùJMQ�NPO,LZkmO�o,YlJKWPNPk�[fJ=QmJKW ~ pPYx�
µeô��7�M�Kö TVLPNu·¬¢Sòº¸sô��7�K
�o,{���
�`ùJMQ�NPix÷@WPknO�o,Y\JMWPNPk*æ¦O,LPTK�PYli\L ~ 
 WPkh[�o,O*Qn[qTVilL�oqpPO*{|i\o�TKY��rTV[mp®gzT��Xk
[mJ=�PQmJXo,O*O,N¦�(R�JKQ�O��ZTK{��PYlOVæ�O,LPNZJK[fpPO*Qm{�ilo�QnO�TKo�[fi\JMLPk,æ�O���JK[fpPO*Qm{�ilo�QnO�TKo�[fi\JMLPk�gji\[mpðT��rTKQmQnilO*Q�JMQ
[mpPQmO*O�ª«�;JXNZ� �PQnJ�o*O,kmknO,kûTKQmO=kn[mQmJML ~ Y\�¹i\LPpPi\�Pi\[mO,N¹���¹[fpPO£{�O,L�[fi\JMLPO,N o,JKLPNPi\[milJMLZk,� vw� [fJ¾NrTV[mOKæ
{�JMQnO�[fprTKL �^�K��kn�;O*o,ilO*k�prT�IMO��;O*O,L-i\NPO,L�[mi»�rO*N¾i\L�[fpPO1çh�Pþ � `ùJMQ�T=Yli\kn[�knO,O�·©NZilkf�K�8¸
JMQ�· U_TKi����#¸s�bæ
{�JMkh[fY\�ð����{|i\o,QnJ^gzT�IMO|km�9O,o*[mQmJMkno,JM���Kæ)QmTKL ~ i\L ~ `ùQnJM{ [fpPO|{|JKkn[.kmil{��PY\O|{�JMYlO*o,WPY\O�¢wò�[fJ�{|JKQmO
o*JM{��PYlO��5knWP�Pkh[qTKLPo*O,k�Y\ilUKO.¢�y �e� c JMQ�y ¹ ¢ ¹ ���e`
o*JMWPQmknOKæ@¢wò�ilkj[fpZO�{|JKkn[eTK�PWPLPNPTKL�[�{|JKYlO,o*WPY�TVQkn�;O*o,i\O,kjgji\[fp£L®WP{��9O,QjNPO*LPkmix[filO*keTVk ~ i\IMO*L5TV�;J7IMOV�zudpPO'JK[mpPO,QSkm�9O,o*ilO,kwTKQnO'{(WPoqp�Y\O,knkeTK�ZWPLPNrTKL�[
gjix[fp�L®WP{��9O,Q
NPO,LZkmi\[milO*k)NZO*[fO*o*[mO,NûNZJ^gjL�[fJ��7�����e�$gji\[mp�QnO,kn�;O*o*[)[fJ.¢wò��/udpZOwoqpPO*{|i\o�TKYrQnO�TKo�[fi\JMLPk
NZQmi\IXi\L ~ [mpPOeO�IMJMY\WZ[fi\JML�JK`�knWPoqp=ilL�[fO*Qmkh[fO,Y\Y�TKQ
o*YlJMWPNZkaTKQnOw[fJ�T ~ QmO,TV[a�PTKQn[zilJML�ª«{|JKYlO,o*WPYlOdQnO�TKo�[fi\JMLPk� ·©kn{|il���%¸ æ!· ~ O,Qf�K�K¸s��J7gjilL ~ [fJ'[fpPOSYlJKL ~ ªÓQmTKL ~ OjT_[m[fQmTKo*[milJML��9O*[Óg×O,O,L�i\JMLPk)TKLPN|{|JKYlO,o*WPYlO*k,æ��PW�[dTKY\kmJ
~ TKkhª ~ QfTKi\LêilL�[fO*QfTKo�[fi\JMLPk � o*JMLZ`ùO*Q¼· NPilkm�M�8¸�JKQ�·©�9O,Qm�M�K¸��
TVLPN|LZO,WZ[mQfTKY ªÓLPO*WZ[fQmTKYP�PQnJ�o*O,kmknO,k¼·©U_TKil���%¸��PYlT��
TûIKO,Qh��il{��;JKQn[qTVL®[wQmJKYlOKæ;O,kn�;O*o,i�TVYlY\�£gjpPO*L¾i\JML�ª«{|JMY\O,o*WPYlO��PQnJ�o*O,kmknO,k.TKQmO(kmYlJ7g���udpPO*QmO1ilke`ùJKQeO��®ª
TV{|�PY\O�kn[milY\Y@TKL=i\L®[mO,LPknO�QmO,knO�TKQnoqp5i\L®[mO,QnO,kn[STV�;JMW�[jpPJ7g O��PTVo*[fYx�=¢wòd`ùJMQn{|kzJML=ilo,ObªÓo*J^IKO,QnO,N ~ QfTKi\LPk
i\L�[fpPO�çh�Pþ � � ilQnQmJMLZO,YlY\J�O*[rTKYé�A·©�Pi\Qf���®ærQmJMkm���%¸����
��WPQ��ZQmO,knO,L�[£WPLPNPO*Qmkh[qTKLPNZilL ~ JK`�[fpZOðTV`ùJMQmO*{|O*L�[filJKLPO,NÞ�PQnJ�o*O,knkmO,k£ilkû�rTKkmO*N�JKL�TVLÞilL�[fO*QmNPi\kmo,i ª
�ZYlilLPTKQn��g×JMQmU£JK`
JM�ZkmO,QhIVTV[fi\JMLrTKY�TKkh[fQmJKLPJM{�O,Qmk*æ@oqpPO*{|i\o�TKY¤[fpZO,JMQnO*[fi\o,ilTKLPk,æ9{�J�NPO*YlO*QmkSJK`�[fpPO.çh�Pþ=ª
oqpZO,{�ilkn[mQn�5TKLPN�O��Z�9O,Qnil{�O,L�[qTVYlilkh[fkw{|O,TKkmWPQnilL ~ [fpPO�TK�;J7IKOê{|O*L®[milJMLZO,Nt�PQnJ�o*O,knkmO,k�i\L5[fpPO(Y�TK�9JMQfT^ª
[mJMQn�K��udpPOwg×JMQnU��ZQmO,knO,L�[fO*N=ilL|[mpPilk
[fpZO,kmi\kz�9O,Y\JML ~ k
[fJ'[fpPOwY�TKkh[×o,TV[fO ~ JMQh�MæZi\L�IMO,kh[fi ~ TV[fi\L ~ o,YlWZkn[fO*Qmk
TVLPNÃilJKL�ªÓ{�JMYlO*o,WPY\O1ilL�[fO*QfTKo�[filJKLPk(T_[([fO*{|�9O,QmTV[fWZQmO,k(�PQmO�IKTVilYli\L ~ ilL�[mpPO�çh�Pþ¾�%udpPi\k.gzTKkêNPJMLPO|ilL
[mpPO=`ùQfTK{�O*g×JMQmU¹JV`e[fpZO5RrJMQnkmoqpPO*Q ~ QnWP�P�9Ot�¤TK�9JMQfTV[mJMQn�Ã�ekn[mQmJM�Zp®�Xknilo,k � R����¤���(`ùWPLPNPO*Nÿ���¹[fpPO
��O*WZ[fknoqpPO.R�JKQmkmoqp®WPL ~ k ~ O*{|O*ilLPknoqprTV`s[ � ��R��'���
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�áIKO,Qh��knO,LPkni\[mi\IMO'�PQnJM�;O�`ùJMQd[mpPO�o,JMLPNZi\[fi\JMLPkjilL�[mpPO.çh�Zþ TKQnO'{�JMY\O,o,WZYlO,kdo*JML�[qTKi\LPilL ~ NZO,WZ[mO,Qmi\WP{
TV[fJM{�k,�%udpPO,knO�o�TKLû�;OwO�TKknilY\��NPilkh[filL ~ WPilknpPO,N�`ùQmJM{ã[mpPO,i\Q×p��XNPQmJ ~ O,L�o*JML�[qTKi\LPilL ~ o,JKWPL�[fO,Qn�rTKQh[fkz���
[fpPO*ilQjNPi\÷;O,QnO,L�[�kn�;O*o*[mQfTKYB�rL ~ O*Qm�PQnilL�[fkwTKLPN5ilL=[fpPO.Y�TKkh[wNZO,o�TVNPO,k�TV�;JMW�[��V�|kmi\L ~ Yx�Mæ�kmJM{�O�NPJMWP�ZY\�� ce¢w��ò�æ®��òbyd� TKLPN�ya¢w��ò���¢'æKknO,Oju%TV�PYlO��di\L[· {|i\Y�����¸��/TKLPNêO*IKO,L1[fQnil�PYx�.NZO,WZ[mO,QfT_[fO,N1{�JMYlO*o,WPY\O,k� ce� 
 ·©Y\ilkm���#¸ æZya� 
 ��¢�· �rTKQf�V­K¸��
prT�IKO��;O*O,L|NPO*[mO,o*[mO,N�i\L|o*JMYlN|ilL�[fO*Qmkn[mO,Y\Y�TKQ�o*YlJMWPNZk,�)��WPQn�PQmi\kmi\L ~ Y\�Kæ
[fpPO'{|O,TKkmWZQmO,NtTK�PWPLPNPTKLPo,O.QfTV[milJMkjJK`%[fpPO'kmi\L ~ Y\��NPO,WZ[mO,QmTV[fO*N�{|JMY\O,o*WPYlO*kj[mJ�[mpPO,i\QwWZLPNPO,W�[fO,QmTV[fO*N
o,JMWPL�[mO,Qm�PTKQn[mk�[mO,LPN�[fJS�;O
Td`îTKo�[fJMQ�JK`�WP��[fJ'�7� � ~ QnO�TV[mO,Q�[fprTVL.O��Z�9O,o�[fO*N.`ùQmJK{ [fpPO)��§K¢ÃO*YlO*{|O*L®[fTKY� o,JKkm{�ilo7�zQmTV[fi\JêJK`$QmJMW ~ pPY\�5�g¾�ø��Ã����� � ��ç«[SilkdLPJ7g WPLPNPO*Qmkn[mJ�JXN¦ær{�JMkn[mY\��TKkST1QnO,knWPY\[jJK`$NPO�[qTKi\YlO,N
YlJ7gaª«[mO,{��;O*QfTV[mWPQmO�kn[mWPNPi\O,keJV`/ilJKL�ªÓ{�JMYlO*o,WPY\O�QmO,TKo*[milJMLZk,ær[fprT_[w[mpPilkSO,LPQniloqpP{�O,L�[wilkSY�TKQ ~ O,Yx��NPWZO.[fJ
[fpPO×�PpPO,LZJM{|O*LPJML�JV`'¿ i\kmJK[mJM�9O)`ùQmTKo*[milJMLrT_[filJKL6¿\�¤�wk$[fpZOzNPO*WZ[fO*QmilWZ{ i\L({�JMYlO*o,WPYlTKQ¤o,Y\JMWPNPk�ilk�{|JKkn[fYx�
o,JML�[qTVilLPO*N�ilL�[mpPO(`ùJMQn{åJV`)¢e��æ9i\[�i\k�TKknkmWP{�O,Nt[mprTV[w[fpPO�NZO,WZ[mO,Qmi\WP{�`ùQfTKo�[filJKLrTV[fi\JML5i\kei\LPi\[mi�TV[mO,N
�®� i\JML�ª«{|JMY\O,o*WPYlO��wªÓTV[fJK{ÛO���oqprTVL ~ O5QnO�TKo�[fi\JMLPk1ilL�IMJKY\IXilL ~ ¢e�åTKkê[fpPO£LPO*WZ[fQmTKYjQmO�TVo*[qTVL®[,�ÿ�ek
[fpPO*kmOdNPO*WZ[fO*QmilWZ{ÄO���oqprTVL ~ OjQmO,TKo*[milJMLPk/TKQmOaJV`s[fO,L�gjix[fpPJKWZ[�kmi ~ LPiÀ�ro�TKL�[%�rTKQmQnilO*Qmk/JML�[mpPO,i\Q/QmO,TKo*[milJML
�rTV[fp�gzT��1TKLPNêO��ZJV[fpPO*Qm{�iloaNPWZOa[fJ�},O*QmJ��9JMilL�[/IXi\�PQfTV[milJMLPTKY®O,LPO*Q ~ �êNZi\÷;O,QmO*LPo,O*k,æM[mpPO*��¿¬kmpZJ^IKO,Y�¿K[fpPO
NPO,WZ[mO,QnilWP{åJMLPO�ªégaT���[fJ�{�JMQmO.o,JM{��PYlO��t{�JMY\O,o,WZYlO,k*�'vw�t[fJ�NPTV[fOêJMLZY\�=[fpPQnO,OêJK`
[mpPO,knO��ZQmil{|TKQh�
NPO,WZ[mO,QmTV[fi\JML|QnO�TKo�[fi\JMLPk×TKQmOSU®LPJ7gjLû[fJ.�;Oj`îTKkn[,æX[mpPO,knO�TKQnOS[mpPOSQmO�TVo*[fi\JMLPk)JK`�¢ ñ
 æZya¢ ñ
 TVLPN�yzòb¢ ñògji\[fp£¢w�Á· {|i\Y����Mæ ~ O*Qf���VT�æ ~ O*Qf���V��¸é�

ª�«b0 ����
 2 � ��!,�¶ÂS#�!,� ������Âd��	,��
��
�ek(NZO,kmo*Qmi\�;O*N¹ilL�[mpPOû�ZQmO,o*O,O*NPilL ~ kmWP�PknO,o�[filJKLPk,æ�i\JML�ªÓ{�JMY\O,o,WZYlOêQmO,TKo*[milJMLZk,æ/i � OV��QnO�TKo�[fi\JMLPk(JV`a[fpPO
[Ó���9O

� ñ�Ã ü Ä!Å y ñ�Ã � Æ � �M�x�^�
TKLPN=O,kn�;O*o,i�TVYlY\�|[fpPO*ilQd�9O,prT�IXilJKQjTV[jo,Qh�MJ ~ O*LPilo�[mO,{��;O*QfTV[mWPQmO*k,æ�TKQnO�JK`%W�[m[fO*Qm{�JMkn[ji\{|�9JMQh[qTKLPo*Oe`ùJMQ
O����PY�TVilLPi\L ~ [fpZO£oqpZO,{�ilo�TVYaO*IKJMYlWZ[milJML¹JV`w[mpPO=çh�Pþ�����kmoqpZO,{�O£knpPJ7gjilL ~ [fpZO��rTKkmi\o=ilLPix[fi�TVY)�ZQmJVª
o,O,knkmO*kêilL-NZO,LPknO�TKLPNÃNZi\÷;WPkmO|o,YlJKWPNPk(i\k.�ZQmO,knO,L�[fO*N ilL�� ~ WPQmO5�M�\�Kæ%ilLZo,YlWZNPilL ~ [fpZOûp��XNPQmJXo�TKQn�;JKL
ilJMLPk�ya¢wñó � L�ô����x��øM�([mQmO�T_[fO,N ilL¹[mpPilk�[mpPO,knilk,�Â�0��o,O,��[|[mpPO=QmO�TVo*[fi\JMLPk1JK`wilJMLZk�gji\[fp {�JMYlO*o,WPY\O,k� {�JMkn[mY\�5gjix[fp¾¢wò��bæ�[fpPO*QmO|TKQmO�TKY\kmJ=QmO,TKo*[milJMLPk�gjix[fp¾¢jªÓTV[fJM{�k,æ�TKknkmJXo,ilTV[fi\JML�QmO,TKo*[milJMLPk'TKLZN�i\JML�ª
O,YlO*o*[mQmJML�NPilknkmJXo,i�T_[fi\IKOêQmO*o,JM{��ZilLrTV[milJMLZk'NZQmi\IXi\L ~ [fpPO�çh�Pþ=ª«oqpPO,{�ilkh[fQn�K��udpPO�kmi ~ LPi»�ro,TKLPo*O|JK`×[fpPO
ilJML�ª«{|JKYlO,o*WPYlOdi\L�[fO,QmTKo*[milJML�NPO*Qmi\IKO,kz`ùQnJM{ [fpZOeY�TVQ ~ Ojo,QnJMkmkzkmO,o�[fi\JML��9O*[Óg×O,O,L�i\JMLPk×TKLPN��9JMYlTKQmi\}�TK�PY\O
{|JMY\O,o*WPYlO*kjgjix[fp£QfTV[mO.o*J�O�Ç�o,ilO*L�[fkeWZ��[fJHÈ1������Éeo*{�
fk�����æ9TKLPN�[mpPO'o,QmJKkmkeknO,o�[filJKL5ilkjO�IMO,L�YlTKQ ~ O,Q
`ùJMQj{|JMY\O,o*WPYlO*kjgjix[fp5T|�9O,Qm{|TKLPO*L�[eNPi\�;JKYlO�{�JM{|O*L�[ � `ùJMQjilLPkh[qTKLPo*O(¢Sò�������çÓL5o*JML�[fQfTVkn[�æ9LPO*WZ[fQmTKYxª
LPO,WZ[mQfTKYSQmO,TKo*[milJMLZk ~ O*LPO,QmTKYlYx�Ã[fO*LPN¿[mJ-prT�IMO5QfTV[mO�o*J�O�Ç|o*ilO*L®[mk�TK�9JMWZ[��¾JMQnNPO,QnkûJK`�{ûT ~ LPi\[mWPNPO
YlJ7gzO*Q,�
üzWZ[
i\[
i\k�LPO,o*O,knkfTKQh��[mJ�kn[fQnO,knk×pPO*QmOd[fpPTV[�[fpPOji\L®IKO,kh[fi ~ TV[fi\JMLPk�JK`;ilJMLXªÓ{�JMYlO*o,WPY\O×QnO�TKo�[filJKLPk
LPJK[
JMLPYx�
kmO,QhIMOû[mJ��rY\Y�kmJM{�O�TKkh[fQnJM�Pp��Xkmilo,TKY)NrTV[qTV�rTKkmO*k,���eYlknJ5pPO*QmO|JMLÃO�TVQn[fp¾[fpPO*kmO�NPTV[qT�TKQmO|LPO,o*O,kmkmTKQn�
[fJ�O����PY�TVilL=[fpPO'Qmi\oqp5ilJKL�ªÓ{�JMYlO*o,WPY\O�oqpPO*{|i\kn[fQh�=ilL=[fpPO'WP�P�9O,QeTV[f{�JMkn�PpPO,QnO.i\LPi\[mi�TV[mO,N����£ilJMLZil},i\L ~
vS¥wª«�PpPJK[mJMLPk$TKLPN.o,JMkn{|i\o)QmTKNPilTV[fi\JML¦æ^TKLPN(TKYlknJS[mJwO*YlWPo*ilNrT_[fO�[fpPO)�PQnJ�o*O,kmknO,k/i\L.�ZY�TKkn{ûTKk�TKLZN(pPi ~ p�ª
[fO,{��9O,QfT_[fWPQnO?Ê�TV{|O*k,�dR%i\LrTKY\Y\�Mæ�[fpPO*kmO(i\L�IMO,kh[fi ~ TV[fi\JMLPkSTKQnO(TKY\kmJ1`ùWPLPNrTV{|O*L®[fTKY¤QmO*kmO�TVQmoqptgjpPi\oqp5ilL
[fpPO=Y�TVkn[êo*O,L�[fWPQh� JM�9O,LPO*N [mpPO=NPJ�JKQ�[fJ¾T�{|JMQnO�{|i\o,QnJMkmo*JM�PiloVæ��Pp��Xkmilo,TKYdIXilO*g"JK`wpPJ7g�T�QmO,TKo�ª
[filJKL5ilkw�PQmJXo,O*O,NPi\L ~ ilL�NPO*[fTKilY ��ü×�5TK�P�ZY\�XilL ~ Y�TKknO,QwkmoqpPO*{|O*k,æ�oqpPO*{|i\o�TKY$JMQe�Pp��Xkmi\o�TKY$ú®WPO,LPoqpZilL ~ æ
[fO,{��9O,QfT_[fWPQnO(NPO*�;O*LPNPO,L�[�{�O�TKknWPQmO*{|O*L�[fk,æ;JMQeJV[fpPO*QekmWZi\[qTV�PYlO'{|O�[fpPJXNPk*æ@NPO�[qTKi\YlO,N�kn[fTV[fObªÓkm�9O,o*i»�ro
QfTV[mO�o*J�O�Ç�o,ilO*L�[fk,æ�`ùJMQ�O��ZTK{��PY\O1`ùJKQ�YlJ7g Yx��i\L ~ �rLPO�kn[mQmWPo�[fWPQnO|JMQ�QnJK[qTV[milJMLPTKY%kh[qTV[mO,k,æ%TKk�gzO*YlY
TKk
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R$i ~ WPQnO=�M�\�K�.çÓLPix[filTKY%kh[fO,�Zk(ilLð[fpZO ~ TVkhªÓ�ZprTKkmO�o�TVQm�9JML�oqpZO,{�ilkn[mQn�ði\L�NPix÷@WZkmO|TKLPN¾NPO,LPknOûo*YlJMWPNZk,�
��JK{|i\LrTKL�[/�PQnJ�o*O,knkmO,kzTKQmOdNZilkmknJ�o*i�TV[mi\IKOaQmO*o,JM{��ZilLrTV[milJML ��Ë ��æ®�PpZJK[fJXNPilknkmJXo,ilTV[fi\JML �dÌ ��æ®TK�Pkh[fQmTKo*[milJML
QnO�TKo�[fi\JML¹JMQ�QmTKNPi�T_[fi\IKO�TKknkmJXo,i�T_[filJKL-gji\[mp ¢wò1JMQ�o,TKQm�9JML¹ilLZkmO,Qh[fi\JML � yañ��b�ÃR%i ~ WPQnO|[qTVUKO,L `ùQmJK{
· NPi\kf�M�K¸ �

kn{ûTVYlY®NPi\÷;O,QnO,LPo*O,k/i\L(}*O,QmJe�;JMi\L�[%O*LPO,Q ~ ilO*k/o�TKWZkmO,Nê���.ilknJK[fJM�Zilo)kmWP�Pkh[fix[fWZ[milJML.o�TKL��9Ozi\L�IMO,kh[fi ~ TV[fO*N¦�
RrWPQh[fpPO*Qm{�JMQmOVæ;[mpPO�{�O,L�[fi\JMLPO,N�{�O*[mpPJXNPk�TKY\YlJ7g [mJ�O����PYlJKQmO([mpPO ~ J7IMO*QmLPi\L ~ QmO,TKo*[milJML5NZ�XLrTK{�ilo,k*æ
~ i\IXilL ~ o,YlWZO,kjTK�9JMWZ[j�9JMkmknil�PY\O�ilL�[mO,Qm{�O,NZi�TV[mO,k,æX[fQmTKLPkmix[fi\JML�kn[fTV[fO*kSTKLPN={|JKYlO,o*WPY�TVQ×kh[fQmWZo*[fWZQmOK�)udpPO
JK�Z[qTKi\LPO,N��PLPNPilL ~ k�prT�IMO1JK`)o*JMWPQmknO�[fJ=�9O�o,JMQnQmJM�9JMQmTV[fO*N��®��[fpPO*JMQmO�[fi\o�TKY`ÍIÎ¬Ï�Ð�Ï�Ñ�ÏdÒ.o,TKYlo*WPY�TV[milJMLZk
JKQdJK[fpPO*Qd[Ó���9O,kSJK`$O����9O,Qmi\{|O*L�[fk,�
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u�J�kn[mWPNZ�.[fpPOdi\JML�ªÓ{�JMY\O,o,WZYlO
�PQmJXo,O*kmknO,k,æ®{|TKL��(O����;O*Qmil{�O,L�[fTKY�[mO,oqpPLPi\ú®WPO,k
prT�IMOd�9O,O*L1NPO*IXilknO,N1�9O�ª
~ ilLPLPi\L ~ gji\[fp�kmi\{|�PY\O.þ5TKkmk����;O*o*[mQmJM{�O*[mQmilo � þ5�P�Si\L®IKO,kh[fi ~ TV[fi\JMLPkSilL=[fpPO?�rQmkh[�prTKYx`�JK`/[mpPOê�V�V[fp
o*O,L�[fWZQn�M�1çÓLð[fpPO*kmO�O����9O,Qmi\{|O*L�[fk�[fpPO1�rTVkmiloêi\JMLPi\o��PQmJXo,O*kmknO,k'o,JMWPY\Nð�;OêJM�ZkmO,QhIMO*NÃ����ilJMLZil},i\L ~ T
~ TKkdJMQjT ~ TKkd{�iÀ�X[fWZQmO�TKLZN£NZO*[fO*o*[milL ~ [fpZO'{|TKknkdkm�9O,o*[mQmWP{�JV`�[mpPO�O��X[fQmTKo*[mO,N£ilJMLZk,��udpPO*kmO'{|O,T_ª
knWPQmO*{|O*L�[fk ~ T�IMO�[fpPO¶�rQnkn[SilLZkmi ~ p®[mkdilL�[fJê[mpPilkdi\L®[mO,QnO,kn[milL ~ �rO*YlN¦æPTKY\[mpPJMW ~ p�[mpPO*��g×O,QnO.pPTK{|�9O,QnO,N
���ê[mpPOS`îTVo*[
[fprT_[z{�JMkn[mY\�(JMLPY\�([fpPOSQmO*kmWPYx[fk)JK`@knWP�PknO,ú®WPO,L�[jJMQ
�rTVQfTKY\YlO,YZQmO�TVo*[fi\JML1kmO*úXWZO,LPo*O,kdo,JKWPYlN
�9OûJK�PkmO*QnIMO*N TKLPN-`ùWPQh[fpPO*Qm{�JMQmO�[fprT_[.[mpPOûi\L®[mO,QnLrTKY)O,LPO*Q ~ ��JK`a[mpPO�O,Y\O,o�[fQmJKL�ªÓi\{|�rTVo*[ ~ O,LZO,QfT_[fO,N

�



ilJMLPkagzTKkjNPiÀÇ|o*WPY\[d[mJ1o,JML�[fQnJMYé�
R%ilQnkn[×TKNZIVTKLPo*O,kai\L|[mpPilk��rO,Y\Nûo,TK{|Ojgji\[mp|[mpPO�TKN�IMO,L�[dJV` J�D�;C"K9¥ #7�*8l+�)-�Ö×()7�J æ®`ùJMQ)O��ZTK{��PYlOj[fpPO
R%YlJ7gjilL ~ �S`s[fO,Q ~ YlJ7g � R����j�PilJKLPO,O*QmO,N����5RrO,Q ~ WPkmknJML¦æ�RrO,pZkmO,L�`ùO,YlNðTVLPNð��oqpP{�O,Yx[fO*UKJM�Z`×TKLZNtY�TV[mO,Q
[fpPO���O,Y\O,o*[mO,N�çÓJML=R$YlJ7gÞu�WP�;O � ��ç¡R%uS�
NPO*IKO,Y\JM�;O*N=�®����{�i\[mpûTKLZN��eNrTK{�k � `ùJMQ×T(QmO�I�i\O*gõJK`¤�9JK[fp
kmO,O}· km{�is�K�%¸s�b�)çÓL£[fpPO�YlTV[m[mO,Qa[fO*oqpPLPi\úXWZOKæ9{ûTKknkhª«kmO,Y\O,o�[fO,N�QmO,TKo*[fTKL�[wi\JMLPkSTKQnO'i\L 
 O,o�[fO*N�i\L®[mJ�T1[mWP�;O
gji\[fp5T|WPLZi\`ùJMQn{ØÊrJ7gÁJV`
T|o,TKQmQnilO,Q ~ TKk*æ;WZkmWrTKY\Y\�=pPO*Yli\WP{��dçÓL�[fpPi\k�ÊrJ7g�æ9[fpPO.ilJMLPkwTKQnO(ilL�[mO,QmLPTKYlYx�
QmO,YlT8��O,N¾���ðo,JMY\YlilknilJMLZk,æ�TKLZN�[fpZO,L-{�JMQnOêNPJ7gjLPkn[mQmO�TV{�æ$T£LZO,WZ[mQfTKY
QmO,TKo*[fTKL�[ ~ TKk�o�TKL¾�;O|TKNPNZO,N¦�
udpPO��PQnJ�NPWZo,O,N�i\JMLPk×TKQmO��rLrTKY\Y\�1{�JMLPix[fJMQnO,N|TV[aNPix÷@O*QmO*L®[z�;JKkmi\[milJMLZk)JV`�[fpPO�ÊrJ7g�æZié�¬OK�
T_[zNPix÷@O*QmO*L®[
QmO�TVo*[fi\JMLÃ[fi\{|O*k,��u$J�[fpZilkêo�T_[fO ~ JMQn�-JK`w[mO,oqpPLZilú®WPO,k��9O,YlJKL ~ kêTKY\kmJt[mpPO�yaíw�)�Zv � yzi\L±ÙO*[milú®WPO�NPO
í�ÙO,TKo*[milJMLtO*Lð��LPo,JMWZYlO,{�O,L�[���WP�9O,QmknJMLPi\úXWZO1vwLPix`ùJMQm{�O7�d{|O�[fpPJXN5gjpPi\oqp�WPkmO*k�T��¤T�IKTVY$LPJK},},Y\O([fJ
�PQmJXNPWPo*O�T�WZLPi\`ùJMQn{�kmWZ�;O*QmkmJKLPilo�ÊrJ7gãJK`dLPO*WZ[fQmTKY)�PQmO*o,WPQnkmJMQnk � íjJ7gzO|O*[�TVYé�#· QmJ7gS¯K­K¸s�b�=�
Y\O,o�[fQmJKL
�;JM{(�rTKQmNZ{|O*L®[zJMQzYlTKkmO*Qa{�O*[fpZJ�NPk×o�TKL�[mpPO,L=�9O�WPknO,N�[fJ ~ O,LPO*QfTV[mO�ilJMLZkaJMQzQmTKNPi\o�TKY\k×gjpPJMknO�o,JKYlYli ª
kmilJKL£�ZQmJXo,O,knkmO*keo�TVL£�9O�ilL�IMO*kn[mi ~ TV[mO,N£ilL�[fpZOÚÊPJ^g��
�eLPJK[mpPO,QaTK�P�PQnJ�TKoqp=ilLû[mpPO�ilL�IKO,kn[mi ~ T_[filJKL�JK`¤ilJKL�ªÓ{�JMYlO*o,WPY\Owi\L�[fO,QmTKo*[milJMLZkzilk×[fpPO�WZkmO�JK` -v$!�Û #"%;t5 #7�*Kl)�+-	Ö6(B7�J �¿�wL¿O��ZTK{��PY\O=`ùJKQ|knWPoqpÞTð{|O�[fpPJXNÂi\k1çÓJMLÞy×�Xo,Y\JK[fQnJMLÿíjO,knJMLrTKLZo,O � çhyaíe��{|TKkmk
km�9O,o*[mQmJM{�O*[mQn� � `ùJMQ
T'QnO*IXilO�gÿknO,OM· {|TKQf�M¯#¸��/gjpZiloqpûi\k�kmi\{|i\Y�TKQ$ilL1JM�9O,QfT_[filJKL��ZQmilLZo,il�ZYlOa[fJ�[mpPO � O,L�ª
LPilL ~ [mQfTK�@���X[fTV[fi\oaO,Y\O,o*[mQmi\ojTKLPN1{ûT ~ LPO*[milo°�rO,Y\NPk�o,JML��rLPOd[fpPOdi\JMLPk/JKL�o*ilQno,WPYlTKQ%[fQmT 
 O,o�[fJMQnilO*k,�%udpZO
O*IMJKYlWZ[milJML¾JK`a[mpPO|i\JML¾{ûTKknkmO*k(ilL�T��PTV[fp�JK`aLPO*WZ[fQmTKY)QmO�TVo*[qTVL®[mk(o,TKL�[mpPO,LÃ�9O�JM�PkmO*QnIKO,N¹ilLXªÓkmix[fW
�®��O���o*i\[fi\L ~ [mpPOûo��Xo,YlJV[fQmJKL-{�JK[fi\JML�JV`d[fpPO|ilJMLPk'���ÃT£kmWPix[qTK�ZYlO|íwR�ª«kmi ~ LrTKY
TKLZNÃNPO*[mO,o�[filL ~ [fpPO
il{|T ~ Oêo,WZQmQmO*L�[fk�JK`z[fpPO|QmO,knJMLrTKL�[({ûTKknkmO*k,�£� [mQfTK��kmil{�ilYlTKQe[mJ�[fpZO � O*LPLPi\L ~ [fQmTK�-i\k'[mpPO � TKWPY
[fQfTV�Û· �rTKWr�M�%¸$gjpZiloqp5WZkmO,k�TKL5TVY\[fO*QmLrT_[filL ~ O*YlO*o*[fQnilo'ú®WrTKNPQnWP�;JKYlOÚ�rO,Y\N�`ùJMQjilJKL�o*JMLC�rLPO*{|O*L�[��j�w`�ª
[fO,Qd[mpPO�ilL�IMO*L®[milJML�JK`�[fpPO � TVWPY�[fQfTV�5TKLZN£[mpPO�YlilLZO�TKQdú®WrTKNZQmWP�9JMYlOVæ�TKYlknJ1pPi ~ pZO,QdJMQnNPO,Qj{�WPYx[fi\�;JMY\O
QfTKNPi\JVª«`ùQnO,ú®WPO*LPo*��[mQfTK�PkSTKLZN ~ WPi\NPO,k � J�o�[fWP�9JMYlO*k,ærpPO��ZTKNPO,o,TK�9JMYlO*kwO�[foK�¨�|O*{|O*Q ~ O*N¦�zçÓL£[fpPO��7�M�M�Vk,æ
T5QfTKNZilJVªé`ùQmO,ú®WPO*LPo*�¾i\JML�[mQfTK�Ão*JMLPknilkn[milL ~ JK`w�M�=km{|TKYlY)íSR�ªÓO*YlO,o�[fQnJ�NPO*k � o�TKY\YlO,N¾ilL�[fpPO�`ùJMYlY\J^gji\L ~
�M�^ªÓ�9JMY\OeilJKL�[fQfTV���)gzTKkjNPO*IKO,YlJK�;O*N����£��O,QnYliloqp�TKLPN=o,J7g×JMQmUVO,QmkF· ~ O,Qm���8¸¤TKLZN£JK�;O*LPO,N�[fpZO�gzT���[fJ
kmO,LZkmi\[mi\IKO'Y\J7gaª«[fO*{|�9O,QmTV[fWZQmO�ilL�IKO,kn[mi ~ T_[filJKLPkdJK`$ilJMLPk*�
þ�JMkn[�JK`S[fpZO£QnO,knWPY\[mk1gjix[fp¹[fpZO=[mO,oqpPLZilú®WPO,k|{|O*L�[filJKLPO,N TK�9J7IMO=prT�IMO£�;O*O,LÂJM�Z[qTVilLPO*NÂT_[1QmJXJM{
[fO,{��9O,QfT_[fWPQnOêTKLPN�i\L5[fpPOêO,TKQmYx�£O����;O*Qmi\{|O*L®[mk,æ�O*km�9O,o,ilTKYlYx�£ilL5[mpPO1þt�tQmO*kmWPYx[fk*æ@[fpPOêi\L�[fO,QnLrTKY�O,L�ª
O,Q ~ �tJK`
[fpZOêilJMLPkeilk�NPiÀÇ�o,WPYx[�[fJ�kn�;O*o,i\`s�K�(ç«`×ilJMLXªÓ{�JMYlO*o,WPY\O'QnO�TKo�[fi\JMLPk�TV[�Y\J7g [mO,{��;O*QfTV[mWPQmO*k�TKQmO
[fJ1�;O�i\L®IKO,kh[fi ~ TV[fO*N�T_[jNPO��rLZO,N�[mpPO,Qn{ûTVY¦o,JMLZNPi\[milJMLPk*ærTKkdLPO*O,NPO*N�`ùJMQjTVkn[fQnJ�oqpZO,{�ilkn[mQn�Kæ 
 WPkn[SkmJK{|O
JK`
[fpPOê{�O,L�[fi\JMLPO*Nt[fO,oqpZLPilú®WPO*k.o,TKLð�;OêTV�P�PYli\O,N¦�'udpPO���ç¡R$uzª¡TK�P�PTKQfTV[mWPk�prTKk��9O,O*Lð{|JXNPi»�PO,Nt[fJ
JM�Z[qTVilL�QfT_[fO�o*J�O�Ç|o*ilO*L®[mk�NPJ7gjL¾[mJ=¯M�MöÎ�®�to,JXJMYli\L ~ [fpZO1¢wO�ÊrJ7gÁ�®�tYlilú®WPi\NtLPix[fQmJ ~ O,L¦æ¦TKLPN�[fpPO� O,LZLPilL ~ [fQfTV�û[fO*oqpPLPilú®WPO�pPTKkz�9O,O*L�O��X[fO*LPNPO,N�[mJ([fO*{|�9O,QmTV[fWPQnO,kdTVkzYlJ7gõTKkw�7�Mö ���|WPkmi\L ~ Yli\ú®WPilN
¢wO(o*J�JKYlilL ~ ·©Y\WPi�¯�øA¸ �SudpZOêyaíS�×��v [fO*oqpPLPi\úXWZO�NPJXO,kmL×¿¬[eLPO,O*N�TKL��£O��X[fO*QmLrTKY�o,JXJMY\ilL ~ �9O,o�TVWPkmO�i\L�ª
[fO,QnLrTKY%[mO,{��;O*QfTV[mWPQmO*k�NPJ7gjLð[mJ£TK�;JKWZ[.�K�Mö TKQmOêJK�Z[qTKi\LPO,Nði\Lt[fpPOêknWP�;O*QmknJMLPilo1O��Z�PTKLPkmi\JML¦��udpZO
�M�^ªÓ�9JMY\O�[fQfTV��prTVkS[mpPO.WZLPilú®WPO.o�TK�rTV�PilY\i\[Ó��JV`/JM�9O,QmTV[fi\L ~ TV[eY\J7g [fO*{|�9O,QmTV[fWZQmO,kwTKLPN�YlJ7g LZO,WZ[mQfTKY
NPO,LPkni\[milO,k*�
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udpPO=O����;O*Qmi\{|O*L®[fTKYdQmO*kmWPYx[fk1�PQnO,kmO*L�[fO,N¿ilL¹[fpPi\k�[fpPO*kmi\k1g×O,QnO£[fTKUKO*LÂgjix[fpÂ�M�^ª«�;JMY\O�{|TKoqpPilLZO,kêilL
[fpPO.Y�TK�9JMQfT_[fJMQh�=JK` � QmJK`¡�;��Q,�;¢wWPTKLðyzpPO*L¾yzprTKL ~ T_[e[fpZO�çÓLPkn[mi\[mWZ[fO.JK`��a[fJK{|i\o(TKLZNðþ�JMY\O,o,WZY�TKQ
��o,i\O,LPo*O,k1ilL u$TKil�9O,i � u%TVi\gzTKL���TKLPN i\LÃ[fpPO ~ QnJMWP� JK` � QnJK`¡����Q*����ilO�[fO,Qê��O*QmYli\oqp¹ilLÂyzpPO*{|LPix[f}� ��O,Qm{|TKL��Z����udpPO�JM�9O,QmTV[fi\JMLrTKY;�PQmi\LPo,i\�PYlO*kaJK`�[fpPO*kmO'{ûTVoqpPilLPO*kjTKQmO�i\NPO,L�[milo�TVY�TKLPN£TKQnO'O����PY�TKi\LPO,N
ilL5knO,o�[filJKL¾���\�K��þ�JMQnO�NPO�[qTKi\YlkwTK�;JKWZ[e[mpPO1yzpPO*{|LPix[f}��M�^ªÓ�9JMY\O'{|TKoqpPi\LPO(knO*[mWP�¾TKQmO ~ i\IKO,Lti\L5[fpPO
QmO,kh[SJK`%oqpPTK�Z[fO*Q��X�
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udpZO|O��Z�9O,Qnil{�O,L�[qTVY/QmO*kmWPYx[fk'TKQmOêknWP{�{ûTKQnil}*O,NðilLt[mpPOê`ùJMQm{åJK`z�ZWP�PYli\kmpPO*N�JKQ�kmWP�P{�i\[n[fO*N¾�PTK�;O*Qmk
i\L£[mpPO.TK�P�9O,LPNPiÞ�;�dçÓL5u$TKil�9O,i ærO����;O*Qmi\{|O*L®[mkSg×O,QnO(o*JMLPNPWPo�[fO*N��PQmO*NPJM{�ilLrTKL�[mY\�ûgjix[fp��PQmJK[mJMLrTV[mO,N
gzTV[mO,Q�o*YlWPkh[fO,Qnkê¢eñ � ¢wòb���Óó � Lrô�­Z�\�x�7����ilL�IMO*kn[fi ~ TV[milL ~ [fpPO*ilQ(i\LZ`ùQfTVQmO,N-km�9O,o*[mQfTti\L-[fpPO�`ùQmO*O=��¢jª
kh[fQnO*[foqpZilL ~ QmO ~ ilJML¾TKLPN¾[fpPO�NPi\kmkmJXo,ilTV[fi\JML�ilL¾T=�rTV[mp-JK`a¢wO�TV['YlJ7gÄ[mO,{��;O*QfTV[mWPQmO*k,�|udpPOûo*JMQmQnO�ª
kn�;JKLPNPilL ~ �PTK�;O*Q�o�TKLð�9O1`ùJKWPLPNðilL¾TK�P�9O,LZNPiÀ�t�(æ¤TKLPNðknJM{|O1{�JMQmO(kmWP�P�ZYlO,{�O,L�[fTKQn��NZO*[qTVilYlk�TVQmO
o*JMYlY\O,o�[fO,N=i\L£oqpPTK�Z[fO*Qe���
çÓL(yzpPO*{|LPix[f}Væ_g×O
ilL�IMO*kn[fi ~ TV[mO,N�[fpPO
YlJ7gaªé[fO,{��9O,QfT_[fWPQnO�ilJML�ª«{|JKYlO,o*WPYlO�QmO,TKo*[milJMLZk�JV`Zkn{ûTKY\YKi\JMLPilo%p®��ª
NZQmJXo�TKQn�;JMLZk�ya¢ ñó � L�ô����x��øK�;gji\[fp'¢w��æ7¢wò$TKLPN.��ò���udpPO ~ J7IMO,QnLPilL ~ oqpPO*{|i\kn[mQn��QnO*IKO�TKY\O,N.Tjg×O�TKYx[fp
JV`%i\LZ`ùJMQm{|TV[milJML�TV�;JMW�[d[fpPO�JML ~ JMilL ~ O��ZoqpPTKL ~ Obªqæ9TK�Pkh[fQfTVo*[fi\JML�ª)TVLPN5TVkmkmJXo,ilTV[fi\JML�ª«�PQmJXo,O*kmkmO*k,æro*J^I�ª
O*Qmi\L ~ T¿QmTKL ~ OÃJV`1{|JMQnO�[mprTKL�f¿JMQnNPO,Qnk�JK`1{|T ~ LPix[fWPNPO¾ilL QmO�TVo*[fi\JML IKO,YlJXo,ix[fi\O,k�`ùQnJM{ TK�9JMWZ[
������É
o,{�
fk����$`ùJMQ/`îTKkh[)TK�Pkn[mQfTKo�[fi\JMLêQmO,TKo*[milJMLPk/[mJ'TK�;JKWZ[j�7�����	¹
o,{�
fk����%`ùJMQ%kmYlJ7gÂQfTKNZi�TV[mi\IMOaTKkmknJ�o*ixª
T_[filJKL��PQmJXo,O*kmknO,k,�)udpPO�QnO,knWPY\[mkjTKQmOwkm�PY\i\[aWZ��ilL�[fJ1�(�ZWP�PYli\o�TV[milJMLZk×i\Lû[fpPO�TK�P�9O,LPNPiÞ�;æ�[fQnO�TV[milL ~ [fpPO
[mO,{��;O*QfTV[mWPQmO�NPO*�;O*LPNPO*LPo,OêTVLPN£[mpPO�NZ�XLrTK{�ilo*kSJV`%[fpZO'QnO�TKo�[fi\JMLPkdgji\[mptya¢ ñ� � TK�P�9O,LPNPiÞ�£üd�dTKLPN
[mpPO'QmO�TVo*[fi\JMLPkjJK`�ya¢eñó � L�ô��Z�x��øM�zgjix[fpt¢w�ÁQnO,YlO�IVTKL�[S`ùJKQSi\L�[fO,Qnkn[mO,YlYlTKQdoqpPO*{|i\kn[fQh� � TK�Z�;O*LPNPiÀ�£yd���
udpZO|TVkmkmJXo,ilTV[fi\JMLt�PQnJ�o*O,knkmO,k'JK`zya¢eñó � L�ô��Zæ�øK��TKLPNðkmJM{�O�JK`)[fpZO,ilQeNPO,WZ[mO,QmTV[fO*N-TKLPTKYlJ ~ WPO,kegjix[fp
¢w� TKLZNû¢Sò � JKQmi ~ ilLrTKY\Y\���PYlTKLPLPO*NûTVk×T��PWP�ZYlilo,TV[fi\JML��bæ�TKQmOjNPO*kmo*Qmil�9O,N|ilL�oqprTK�Z[mO,Q)­'[mJ ~ O�[fpPO*Q
gjix[fp
knJM{�O�J7IMO,QhIXilO*gÄTKLPNðTVNPNPi\[milJMLPTKY¤WPLP�PWP�ZYlilknpPO,N�i\LZ`ùJMQn{ûTV[milJML�TK�9JMWZ[w[fpPO*kmO1ilL�[fO*QmO*kn[fi\L ~ �PpZO,LPJM{êª
O*LrTZ�

�M�



�7�



� » ¸ º¥��ÀÁ· ß

à á º À · ±�â ÀÄÆ��-¸�³

0�«#ª ã �
	�
�Âw	,��!,�����¬ä�	,��
 ������� �w���-���
	�� ��
��/�

udpZO�O����9O,Qmi\{|O*L�[qTKY�QmO*kmWPYx[fkai\L|[mpPilk
gzJKQmU�prT�IMO��9O,O*L�JM�Z[fTKilLPO*N|gjix[fpû[Óg×J�NPix÷@O*QmO,L�[zilJML�[fQfTV�û{|T_ª
oqpZilLPO*kao,JML�[fTKilLPi\L ~ TKk×[mpPO�o,O*L�[fQfTVY;�rTVQn[dT'YlJ7gaª«[mO,{��;O*QfTV[mWPQmOe�M�^ª«�;JKYlOjilJML�[fQmTK�¦�
RrJMQ
[fpPi\k×QnO�TKknJML¦æ
[mpPO ~ O,LPO*QfTKY
�PQnilLPo*il�PY\O,k�JK`×[fQmTK�P�Pi\L ~ O����;O*Qmil{�O,L�[mk(TKQnO|O����PY�TKi\LPO,Nðgji\[mp¾[mpPO�pPO,Y\��JK`±� ~ WPQnO��X�\�
�9O*`ùJKQmO ~ i\IXi\L ~ kmJM{�O�{�JMQmO�NPO�[qTKi\YlkdTV�;JMW�[S[mpPO.yzpPO,{�LPix[f}�{|TKoqpPilLZO�ilL�[fpPO�LPO��X[wknO,o�[filJKL¦�
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R$i ~ WPQnO����x�M�×��O*LPO,QmTKY¦�PQnilLPo*il�PY\O�JK`%T1[fTKLPNPO*{�{|TKkmkjkm�9O,o�[fQnJM{|O�[fQnilo�ilJKL�[fQfTV��O��Z�9O,Qnil{�O,L�[

vSkmWrTKY\Y\�Kæ$TVL�i\JML�[fQfTV�¾{|TKoqpPi\LPO1o,JMLZkmilkh[fk�JK`aTKL�i\JML J�$.()"8*g7 æ�T[�PQmkn[ 9:;tJAJS�0<v A7�" æ¦[mpPO|i\JML A"8;C5 æ�`ùJMYlY\J7gzO*N5T ~ TKilL=����T|kmO*o,JMLZN 9:;�JAJ¬��<� #7G" TKLZNm�rLrTVYlY\�û[fpPO'ilJML &B7G A7�*, A$." �audpZO(O����9O,Qnixª
{�O,L�[mk�TKQmO.o,JMLZNPWPo*[mO,NðilLtTû�PWPY\kmO,N�{�JXNPOK�wudpPO��PWPY\kmO�JV`
ilJMLPk ~ O,LZO,QfT_[fO,N�i\L�[mpPO�ilJKLtkmJMWZQmo,O(ilk
{|TKknk+�rYx[fO,QnO,N�`ùJMQ�[fpPOzilJMLPi\o
km�9O,o,i\O,k/[mJ��;O×ilL�IMO*kn[mi ~ TV[mO,Nêi\L([fpPO°�rQmkh[��rYx[fO,Q%TKLPN�[mpPO,Lêi\L 
 O,o�[fO,N(ilL�[fJ
[mpPOjilJMLê[mQfTK�¦�%¢wO*QmOj[fpPOjilJKLPk�o�TKL��9OSkh[fJMQnO,N|TKLPN�o,JXJMYlO*N¦�%udpZOSo*J�JKYlilL ~ JK`;[mpPOd[fQmTKLPkmYlTV[fi\JMLrTKY�TKLPN
i\L�[fO,QnLrTKY¦NZO ~ QnO,O,kSJK`�`ùQmO*O,NPJM{ WPkmWrTVYlY\�ûprTK�P�9O,LZkw����i\LPO,YlTKkn[milo�o*JMYlY\ilkmi\JMLPk
gji\[mp5Têo,JKYlN=�PWZ÷;O,Q ~ TKk*æ
{�JMkh[fY\�£pPO*Yli\WP{��S�w`s[mO,Q�QnO,YlT8�ZTV[fi\JML¦ær[fpPO(ilJMLPkeTKQmO�TKYlY\J^g×O,N£[fJ�i\L�[fO,QmTKo*[egji\[fp5LPO,WZ[mQfTKY${|JKYlO,o*WPYlO*k
JKQjT�Y�TKknO,Qd�9O�TK{ � LPJK[jknpPJ7gjL�i\LH� ~ WPQnO'���x�^�aTKNP{�i\[n[fO,N|[fJê[fpPO�[mQfTK�@���w`s[fO*Qa[fpPO�kh[fJMQmT ~ O��9O,Qmi\J�N@æ
[mpPO�QmO*kmWPYx[wJV`%[fpZO'i\L�[fO,QmTKo*[milJML=o,TKL��9O�JM�PknO,QnIKO,N�TVkwTê`ùWPLPo�[fi\JML=JK`/�PQnJ�NZWPo*[S{|TKkmkSTKLPN=[fQmTK�P�Pi\L ~
[mil{�Oz���êQnO,YlO,TKkmi\L ~ [fpZOa[fJK[fTKY�[mQfTK�1o,JKL®[mO,L�[)ilL�[fJ�[mpPOdkmO*o,JMLZN|{|TKkmk+�rY\[mO,Q
TKLPNêo*JMWPL�[fi\L ~ [fpPOd{|TKknkhª
�PY\[fO*QmO*N�i\JMLPkdilL�[mpPO�NPO*[mO,o*[mJMQ,�
��LPO.�PWPY\kmO(JV`
ilJMLPkwTKkwNPO,kno,Qmi\�;O*NðTK�9J^IKO(o*JML�[qTKi\LPk�TKQnJMWPLPN-�7�M�M���rTKQmO*L�[�ilJKLPkwgjpPi\oqp�TKQnO¢�rLrTVYlY\�
kh[fJMQnO,N ilLÃ[mpPO=�M�7ªÓ�9JMYlO|ilJML-[mQfTK�@�¾udpZilkêL®WP{��9O,Q�i\k�JK`So,JKWPQmknO�kmWP� 
 O*o*[1[fJ�kh[qTV[milkh[filo,TKY�ÊrWPo*[mWrT_ª
[milJMLZk,�
RrWPQn[mpPO,Qn{|JKQmOKæ�gji\[fp£JMLPO�knWPoqp5�PWZLPoqp5JMLZY\� $.�B7 [fQmTK�P�Pi\L ~ [fi\{|O�TVLPN $.�B7 �PQnJ�NPWZo*[S{ûTVkmk
i\kaQmO ~ ilkh[fO*QmO,N=T_[dT([fi\{|OV�/u�J ~ O*[jT.�;O�[m[fO*Qdo,JMWZL®[milL ~ kn[qT_[filkh[fi\o,kdTKLZN�[fpPOe[mil{�OeNPO*�;O*LPNPO*LPo,O�JK`$TKY\Y
JK�PkmO*QnIMO*N��ZQmJXNPWPo*[e{ûTVkmkmO*k,æ@[mpPO��PWZYlkmO*k�TKQmO.QmO*�;O,TV[fO*N�{ûTKL��£[fi\{|O*k � TK�;JKWZ[��K��[fil{�O,kf�j`ùJMQwO�TKoqp
�ZQmJXNPWPo*[S{|TKkmkjTVLPN£[Ó�X�Pi\o�TKY\Y\��`ùJMQd[ÓgzO*L�[Ó��NZi\÷;O,QmO*L�[jkn[fJKQfT ~ O�[mil{�O,k,�
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udpPOzNPO�[qTKi\Ylk�JK`��M�^ªÓ�9JMY\O�ilJML�[fQmTK�({|TKoqpPi\LPO,k�prT�IMO×�;O*O,L�NZO,kmo*Qmi\�;O*N.[fpZJMQmJMW ~ pPY\���®�(��O,QnYliloqp}· ~ O,Qm���%¸
TKLPN�{|TKL�� � pr� [fpPO*kmi\k�¿×·©knJMQf�K­Zæ��rTVWr�gfZæ®prTKWP����æXYlO,km�M��æXYlWZo��Z�VæXgzTKLr�Z�Kæ�Qnilo��M�%¸ æ�knJ([fpPO*kmOe`îTVo*[fkzTKQmO
LPJK[�QmO*�;O,TV[fO*N-pPO*QmOV�û��LPYx�tQnO,o,O*L�[(oqprTVL ~ O,k*æ�[mJM�Pi\o,k�il{��9JMQn[fTKL�[�`ùJMQ�[fpZilk�g×JMQmU�TVLPN¾[mpPJMknO1`îTVo*[fk
O,YlO*{|O*L�[qTKYd`ùJMQ�WPLPNPO*Qmkh[qTKLPNZilL ~ TKQmO�O����PY�TVilLPO*N¦�ÞudpPO,QnO�TKQnO�o*WPQmQnO,L�[fYx� [Óg×J �M�7ªÓ�9JMYlO�knO*[fWZ�Pk�ilL
yzpPO,{�LPi\[m}KæZ[mpPO�JMLPO�WPknO,N5i\L�[fpPi\kagzJMQnU�ilkjknpPJ7gjL�i\L[� ~ WPQmO.���¨���

R%i ~ WZQmO'���¨����udpPO�kmO�[fWP��JK`�[fpPO.�M�^ª«�;JKYlO�i\JML�[fQmTK�5TV�P�rTKQmTV[fWPk

udpZO -v$!�ÛJ�$!(B"8*g7 ilk×T.kn[mJMQfT ~ Owi\JML�kmJMWPQno,OegjpZiloqpûi\k×ix[fknO,Y\`¦TKLûi\JML|[mQfTK�|o,JMLZkmilkh[fi\L ~ JV`¤T.kh[qTKoqU
JK`�¯�QmO*o*[qTVL ~ WPYlTKQaíSR�ªÓO*YlO*o*[fQnJ�NZO,k,�%udpPO,knO�O,YlO*o*[mQmJXNPO,kdprT�IKO�o,WZ[hªÓJMWZ[mkailLZkmilNZOw[fJ(kn[fJKQmOe[mpPO�km�9O,o*ilO*k
~ O,LPO*QfTV[mO,N��®�ðO*YlO*o*[fQnJML¾il{��rTKo*[�JV`aT=LPO,W�[fQfTVY)�ZQmO,o*WPQmknJMQ ~ TKk,���w`s[mO,Q ~ O*LPO,QmTV[fi\JML¦æ�[fpPO�ilJKLPk�TKQmO
[fQfTV�P�;O*N�i\LðTKL¾O,L�IXilQmJKLP{|O*L�[�gjpPO,QnO�[mpPO*��o,TKL¾o,JXJMY/����o,JKYlYli\kmi\JMLPkw[mJ�[fpPO1kmJKWPQmo*O1[mO,{��;O*QfTV[mWPQmO� TKQnJMWPLPN-��øK�Mö'��æ¤JMQ'i\`zNPO,knilQnO,N¦æ/QnO�TKo�[(gjix[fp-JV[fpPO*Q(LPO*WZ[fQmTKY×{�JMY\O,o,WZYlO,k�[mJ�[fpZOûNPO*kmilQnO,NÃkn�;O*o,i\O,k,�
¥)TKQmilTV[fi\JML1JK`�[fpPOS[fQmTK�P�Pi\L ~ �rTVQfTK{�O*[mO,Qmk*æZ�PQnO,o*WPQmknJMQ ~ TKk×{|iÞ�X[fWPQnOeTKLZN��PQmO*kmknWPQmO��9O,Qn{|ix[fk×T ~ JXJ�N
o,JML�[fQnJMYjJ7IMO,Q1[fpZO ~ O*LPO,QmTV[fO*N¿i\JML o,JM{��;JKkmi\[milJML@�ÂRrWPQh[fpPO*Qm{�JMQmOVæ×[mpPO=kn[fJKQfT ~ O£�PQnJM�;O*Qn[Ó� JK`w[fpPO
kmJMWPQno,O�TVYlYlJ7gjk�YlJ7gÎ�PQnO,knkmWPQnO,k�[fJ��;O|WPkmO*N¦æ�kmJtTKk.[mJtUKO*O,�Ã[fpZO��PQmO*o,WPQnkmJMQ ~ TKk.�PQmO*kmkmWZQmO�ilL¾[fpPO
{ûTKi\L�oqprTK{��9O,QSTKkdY\J7g TKkd�9JMkmknil�PY\OK�
udpPO 9�;�JAJ?�0<� #7G"KJ {�O,L�[fi\JMLPO*N|i\L|knO,o*[milJML����x�eTKQnOw�9JK[mp|ú®WrTKNZQmWP�9JMYlOS{|TKkmk
km�9O,o�[fQnJM{|O�[fO*Qmk,��udpZO
�rQmkh[júXWPTKNPQmWZ�;JMY\O�{ûTVkmk´�rYx[fO,Qzilkj�V­�øV{|{ YlJKL ~ TKLPN�[fpZO�kmO,o*JMLPN5�,fM�K{�{£����LPO�kmWZoqp5ú®WrTKNPQnWP�9JMYlO

�,­



{|TKknk¼�rY\[mO,Qeo*JMLPknilkn[�JV`×­�QnJ�NZk�O�TKoqpðJK`��Xô��7¯K{�{¶NZi�TK{�O*[mO,Qeo*ilQno,WP{�kmo*Qmil�ZilL ~ TVL�ilLPLPO*Q�o,i\Qmo*YlO�JK`��� ô'�X�¨¯K{�{ QmTKNPi\WPk,�zíwR�ª×TVLPNt��y)ªéIMJMYx[qT ~ O*k � �PY\WPkUÊrJ�TV[milL ~ IMJKY\[qT ~ O7�dTKQnO(TK�Z�PYli\O,N�[fJ1[fpPO*kmO'`ùJMWPQ
QnJ�NZk,��ü×���PQnJM�9O,QmYx�êkmO*YlO*o*[fi\L ~ [fpPOwTK{��PYlix[fWPNPO*k
JK`@[mpPOeTV�P�PYli\O,N1IMJMYx[qT ~ O,k,æ�[mpPOS[mQfTKLZknIMO*QmkmTKY;[mQfT 
 O*o�ª
[mJMQmi\O,kaJV`$knJM{�O�{ûTVkmkmO*k ~ O*[jWZLPkn[fTK�PYlOM·©NrT�gw�,f,¸ æPknJ�[fprTV[dT�kmO,Y\O,o�[fO,N£{|TKkmkaJKQa{ûTVkmkdQfTVL ~ O�i\kaJMLPYx�
[mQfTKLZkm{�i\[m[mO,N�[fJ�[mpPO1O,LPN¾JK`)[fpPO�{ûTVkmk¼�rYx[fO,Q*�êçÓL�JKWPQ�o�TKknOKæ�[fpPO1knO,o,JKLPN-{|TKkmk�kn�;O*o*[fQnJM{�O*[fO*Q�ilk
JK�;O*QfTV[mO,N�ilLû{ûTKknkhª«kmO,Y\O,o�[fi\IKOe{�J�NZOeNPQni\IMO*L�����T(o*JM{|{�O,Qno,ilTKY¤�M� fMþ5¢w}�íSR��9J7gzO*QdkmWP�Z�PY\�Kæ�gjpPi\YlO
[mpPOh�PQmkn[z{ûTVkmk��rY\[mO,Q)ilk)JM�;O*QfTV[mO,N�i\LûO*i\[fpZO,Q){ûTKknkhª«kmO,Y\O,o�[fi\IKOeJMQ)YlJ7gaª«�rTKkmk){�J�NPOSNPQni\IMO*L����ûpZJM{|Obª
�ZWPilYx[�íSRÿ�;J7g×O,Q�kmWP�Z�PYli\O,k,��þ�JMQnO�`îTKo*[mk�TK�;JKWZ[�[fpZOêJM�;O*QfTV[milJML�{�JXNPO,k�JV`)[mpPOM�rQmkh[�ú®WrTKNPQnWP�;JKYlO
{|TKknkSkn�;O*o*[mQmJM{�O*[mO,QSTKQmO ~ i\IMO*L�i\L=kmO,o�[fi\JMLt�X�����¨���
udpZO�pPO�TVQn[êJK`d[mpPO�O��Z�9O,Qnil{�O,L�[�i\k.[mpPO 1@1��º5�$.<v7E-v$.�  #"%;t5 gjpPiloqp¹i\k.{�JMWPL�[fO*N¹JML�[fJ�T�o,YlJKkmO,N
o��Xo,YlO�¢SO�QmO�`ùQmi ~ O,QfT_[fJMQ*�%u�QfTK�P�ZilL ~ JK`¤[mpPO�ilJKLPkailL�[mpPO�QmTKNPi�TVY;NPi\QmO*o*[fi\JML�i\kdTKoqpPi\O*IMO*N�����TK�P�PYx��i\L ~
T1kmWZi\[qTV�PYlO'íSR¹IKJMY\[fT ~ O � [Ó�X�Pi\o�TKY\Y\����� �^�Mþ�¢w}Kæ�� � �ãøK�V¥��z[fJ1[fpPO(�M�ê�;JMY\O,k � [mpPO.�M�êQmJXNPkeTVQmO
O,TKoqp�JK`@JK`/�,{|{ NZi�TK{�O*[mO,Q)TKLPNû�gfK{�{ YlJML ~ æ�WPLPix`ùJMQm{�Y\�(o,ilQno,WP{�kmo*Qmi\�PilL ~ TKL|ilLPLZO,Q
o,i\Qmo,Y\OjJK`/��o*{
NZi�TK{�O*[mO,Qq�zJV`%[fpZO'[mQfTK�¦æPgjpZilYlO�[mQfTK�P�ZilL ~ ilL�[mpPO.Y\JML ~ ix[fWPNZilLrTKY;NPilQnO,o�[filJKL�TVLPN�o*JML�[fQnJMY¤JK`%[mpPO.i\JML
kh[fJMQmT ~ O�[mil{�O�ilk�NPJKLPOê�����PWPY\kmO,N¾O,L�[mQfTKLPo*O�TKLPN¾O���i\[�O*YlO,o�[fQnJ�NPO*k,��udpZO�WZLPilú®WPOêgjilNZO��rO,Y\Nð`ùQnO,O
QnO ~ i\JML=JK`�[fpPO.�M�^ª«�;JKYlOw[mQfTK��· ~ O,Qm���8¸¤{|TKUKO*kjO����;O*Qmi\{|O*L®[mkSTV[jYlJ7g�o,JMY\YlilknilJML|[fO,{��9O,QfT_[fWPQnO,kd�9JMkmknixª
�ZYlOK�/íSO,TKo*[fTKL�[jTKLPN��ZWZ÷@O*Q ~ TKknO,kdTVQmO�i\L®[mQmJXNPWPo*O,N�i\L®[mJ([fpZOw[fQmTK�������ZQmO�ª«o,JXJMYlO*N|[mWP�;O*k,æPQnO�TKoqpZilL ~
[mpPOF�rLPTKY$[mQfTK�t[mO,{��;O*QfTV[mWPQmO��9O*`ùJKQmO�O*L®[mO,QnilL ~ [mpPO�ilL�[mO,QfTVo*[fi\JMLtQnO ~ i\JML¦��udpPO�[mQfTKLZkmY�T_[filJKLrTKY¤TKLPN
i\L�[fO,QnLrTKY�NPO ~ QmO*O,k'JK`)`ùQmO,O*NPJM{�JV`×[mpPO|i\L 
 O,o�[fO*N¾i\JMLPk'TKQnOêo,JMWP�ZYlO,Nð[fJ�[mpPO|o*JMYlNðO*L®IXi\QmJMLP{�O,L�['���
i\LPO,YlTKkn[milo�o*JMYlY\ilknilJMLPk)gji\[mp=[mpPO � o*JML�[filL®WPJKWPkjJMQj�PWPYlknO,N��a�PW�÷@O*Q ~ TKkdJMQaIXi�TêQfTVNPi�TV[milJML@�
udpZO LS7�"87G|b"8-vz@7�"%;C A$." o,JMLZkmilkh[fkSJK`�T|�^ª«kn[qT ~ O�o,JMY\NPpPO�TVN � �¤O��X�;JMY\N5ía�'�Ä���7���aTKLZNtT�¢wO'o,JM{êª
�ZQmO,knkmJMQ � ��O*�X�9JMYlN¹í¦ï��M�b�5udpPO��rQmkh[�kn[fT ~ O�JV`a[fpPOûo,JMY\NPpPO�TVNÃo,JXJMYlk�[fpZOûQfTVNPi�TV[milJML¾kmpZilO,Y\NÃkmWZQhª
QnJMWPLPNZilL ~ [mpPO�[fQmTK��gjpPilY\Oe[fpZO�kmO,o*JMLPN£kn[fT ~ O�i\kailL ~ JXJXN�[fpPO*Qm{|TKY@o*JML�[qTKo�[dgji\[fp�[mpPO'�M�^ª«�;JKYlOei\JML
[mQfTK�@��udpPOekh��kh[fO*{ �9O,Qm{�i\[mk)[mpPOe[mQfTK��[fJ��9Oeo*J�JMY\O,N|NPJ7gjL�[fJêTK�Z�PQmJA��il{|TV[fO*Y\���7øKö gji\[fpZilL5�.�^§M�
pZJMWPQmk*�dudpPO.[mQfTK�£[fO*{|�9O,QmTV[fWPQnO�o�TKL��;O(TKN 
 WPkh[fO,N£gji\[mp5pPO,TV[fO*QSgji\QmO,kjgjilLZNPO,N�TVQmJMWPLZN£[mpPO.[mQfTK�
pZJMYlNPO*QjTKLPN£{|O,TKkmWZQmO,N=gji\[mp=o�TKQn�;JML£QmO*kmi\kn[fJKQmk,�
çÓJKLPk5[fQmTKLPkn{|ix[m[fO*Nõ[mpPQmJKW ~ p [mpPO-knO,o,JKLPNáúXWPTKNPQmWZ�;JMY\O�{|TKknk5km�9O,o�[fQnJM{|O�[fO*Q5O,L�[mO,Q5[mpPO ��;�<�n×�&B7I #7�*, #$@" ·©NrTVY fM�%¸ZgjpPO*QmOa[fpZO*�êTVQmOao*JMWPL�[fO*N1gjix[fp�pZi ~ p�O�Ç�o,ilO*LPo*�K��udpPilk%ilk%NZJMLPOd���êTKo*o,O*YlO,QmTV[fi\L ~
[mpPO,{ JML�[fJ|TKL=O,YlO*o*[mQmJXNPO�pPO,Y\N5T_[aª¡�M�KU�¥(æZgjpPO,QnO.knO,o*JMLPNrTKQh�=O,Y\O,o*[mQmJMLZkwTVQmO�O,{�i\[n[fO*N£JKL£i\{|�PTKo*[,�
udpZO,kmOjO*YlO,o�[fQnJMLPk
TKQnOjTKo,o*O,YlO*QfTV[mO,N1ilL�[mpPOdkfTV{|OapZi ~ p�IKJMY\[fT ~ O\�rO*YlN�[mJ.T ~ QmJMWPLZNPO,N1kmo*ilL�[fi\YlYlTV[fJMQ�JML
[mpPOjJM�P�9JMkmix[fOaknilNPOagjpZO,QmOj[fpZO*�1TKQnOdo,JML�IKO,Qn[mO,N|ilL�[fJ��PpZJK[fJMLZk,�/udpPOj�PpZJK[fJMLZk×TVQmO´�rLrTVYlY\�.NPO�[fO,o�[fO*N
���£Tê�PpPJV[fJM{�WZY\[fi\�PYli\O,Q
[fWP�9O�YlJXo�TV[mO,N=JMWZ[mkmi\NPO�JK`�[fpPO�IVTKo,WZWP{�oqprTK{��9O,Q*�
udpPO ~ O,LPO*QfTV[mO,N��PWPYlknO,k
JV`r[fpPO×�PpPJK[mJM{�WPYx[fil�ZYlilO*Q¦[fWP�9OzpPT7IKOjTwgjilN�[fp�JML.[fpPO×JMQmNPO*Q/JK`����KLPk,æKWPkmWrTVYlY\��[mpPOz{|T8��il{�WZ{ o,JMWPL�[
QmTV[fO�i\kaUKO*�Z[S�;O*YlJ7g �7��þ5¢S}�[fJ1T�IMJKilN=kfTV[mWPQfT_[filJKL¦�/udpPi\kdNPO*[mO,o*[milJML=knoqpPO,{�O�TKYlY\J7gjkaJMLPYx�ûo,TV[fi\JMLPk
[mJ5�9O|NZO*[fO*o*[mO,N¦æ/�ZWZ[(JKL�[fpZO|JK[mpPO,Q'kmi\NPO�i\['�;O,TKQmk'{|TKL��¾TKNZIVTKL�[qT ~ O,k,�=�0��o,O*�Z[([mpPO�T_`ùJMQmO*{|O*L�ª
[milJMLZO,N£pPi ~ p£O�Ç�o*ilO,LZo*� � WP�£[fJ£�7�M���1��ær[mpPO.NZO*[fO*o*[mJMQwknO*[mWP�tNPJXO,kSLPJK[wNPO ~ QfTKNPO�gji\[mp5knWPo,o*O,kmkni\IKO
IKO,L�[fi\L ~ k*æ$prTVk.LPO,TKQmYx�tLPJ£{|TKkmk�NPi\kmo,Qnil{�ilLrT_[filJKL¦æ@TVLPN-TVYlYlJ7gjk�[mpPO1�;JMknkmi\�PilY\i\[Ó��JK`zi\L�[fQmJXNPWPo*ilL ~ T
YlTKkmO*Q��;O,TK{Äi\L�[fJ�[fpZOe�K�^ªÓ�9JMYlO×{ûTVoqpPilLPOVæ®TKk
TKY\YZNPO�[fO,o�[fJMQ
o*JM{|�9JMLPO*L�[fk
TKQnOa[fQfTVLPknIKO,QmkmTKYlYx��Y\J�o,TV[fO*N¦�

â ¯ â ¯W® � Ø � Ý�Ý�Í Ñ�³SÑXÐZÊ�Í
udpZOð`ùJKQm{�O,Q�IVTKo,WZWP{ kn�Xkh[fO,{ JV`.[mpPO¾�M�^ª«�;JMY\Ot{|TKoqpPilLZOto,JMLZkmilkh[fi\L ~ JK`(QnJK[qTVQn�¿IVTKLZO��rTKoqU®ilL ~
�ZWP{|�Zk,æz[mWPQm�9J��ZWP{|�Zk�TKLPN NPix÷@WPknilJML �PWP{��Pk�prTKk��;O*O,LÿQnO,�PYlTKo,O*N¿i\L [mpPO£�KO�TKQû�K�M������� [ÓgzJ
{|T ~ LZO*[fi\o�TKY\Y\� Y\O*IXi\[fTV[fO*N¿[fWPQn�;J¹�ZWP{|�Zk=TKLPN TKLÞJMi\Yxªé`ùQmO,O£NPilTK�PpPQmT ~ { �PWP{��ÞJK`�[fpPOto*JM{��rTKL��� `ùO*i\÷;O,Q,� �¤TV[mO,Q1ilL �eW ~ WPkn[û�K�K����TðNZQfT ~ �PWP{��¹gaTKk|TKNPNZO,N [fJð[fpPO=kn�Xkh[fO,{ [mJ¾i\LPo,QnO�TKknO�[fpPO
o*JM{��PQmO*kmkmi\JML�QmTV[fi\JP� � YlO,TKkmOwQmO�`ùO,Q×[mJ¢� ~ WPQmO��X�¨��`ùJMQ)[mpPO�TVo*[fWPTKY;�ZWP{|�ZilL ~ kn�Xkn[mO,{ kmO*[mWP�=TKLPN|[fpPO
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�PWP{��PilL ~ kn�;O*O,NPkwJK`$QmO,kn�;O*o*[mi\IMO'NPO�I�i\o,OV�
��JXJ�N¹IVTKo*WPWP{ �PYlT7�Xk|T¾o*QmWPo*i�TKYdQnJMYlO=i\L [mQfTK�Z�PilL ~ O����9O,Qnil{�O,L�[fk*æaO,kn�;O*o,i�TVYlY\�-i\`wYlJML ~ [mQfTK�Z�PilL ~
[fil{�O,kaTKQmO�NPO*kmi\QmO,N=`ùJMQdknO,LPkni\[fixIMO�{�O�TKknWPQmO*{|O*L®[mk,æ�TKka[mpPO�JMLPYx���PQmTKo*[milo�TVY@Yli\{|ix[qTV[milJML1[fJ1i\JML�kn[mJMQhª
T ~ O�ilkêNZWPO�[fJð�rTKQmTKkmix[filoûQmO�TVo*[fi\JMLPkêgji\[mp �rTKoqU ~ QmJKWPLPN {|JMY\O,o*WPYlO*k,�Ãï i\[mpÃ[fpPO=LPO�g�kn�Xkh[fO,{£æaT
�rTKoqU ~ QmJKWPLPN��PQnO,knkmWPQnO�JML|[mpPOeJKQmNPO*Q×JK`%�7� ��� � {(�rTKQ
ilk)JM�Z[fTKilLPO*NûT_`s[fO,Q)�rTKUVO,JMW�[ � WZkmWrTKY\Y\����NrT��Xk
TV[)T�[fO,{��9O,QfT_[fWPQnOSLZJK[
O���o,O*O,NPi\L ~ fK� a yd�b��udpPOw�PTKoqU ~ QmJMWZLPN|{�JMY\O,o,WZYlO,k
TVQmOj{|JKkn[fYx��¢Sò���TKLZNû¢Sò
TKLPN=[fpPO*ilQjL®WP{��9O,QSNPO,LPkni\[Ó�£prTKkS�9O,O,L�NPO*[mO,Qn{|i\LPO,N£����QnO�TKo�[fi\JMLPkdgji\[mp�U®LPJ7gjLtQmTV[fO�o,JXO�Ç�o*ilO,L�[mk
[fJ1�;O�QnJMW ~ pZY\�t�?�-�����do,{ ��
 `ùJMQa¢wò��ÁT_[S�M�M�Mö � kmO*O�`ùJMQdO��ZTK{��PYlO�[mpPO�{|O,TKkmWZQmO,{�O,L�[ji\L[� ~ WPQmO
­P�¨�M��TKLPN �M�Â�7� � o*{ ��
 `ùJMQ�¢Sò��|���9O,QmTV[fi\L ~ [fpZO�o*JMYlNZpPO�TKN¾NPO*o,QmO,TKkmO*k'[mpPO�¢wò��ÎLXWZ{��;O*Q�NPO,L�ª
kmi\[Ó�£i\LPkmi\NPO'[mpPO.[mQfTK�5�®��TK�9JMWZ[���JMQnNPO,QnkeJK`
{|T ~ LZi\[fWZNPOKær[fpZO�¢wòe�rTKoqU ~ QmJKWPLPN�L®WP{��9O,QwNPO,LPkni\[Ó�
NPJ�O*kmL6¿©[SoqprTKL ~ O.QnO,{|TKQmU_TK�PYx�M�
udpPO|�ZQmO,knkmWPQnOûi\L¾[mpPOêIKTVo,WPWP{ oqpPTK{��9O,Q'ilk�{|O,TKkmWZQmO,N¾���ð[ÓgzJ£ilJML ~ TKW ~ O,k*æ$JMLZO�i\L¾[mpPO1QmO ~ ilJML
JK`/[fpZO¢�rQnkn[�ú®WrTVNPQmWP�9JMY\O.{|TKkmkwkm�9O,o�[fQmJK{|O�[fO,Q*æ;[mpPO(JK[mpPO,Qw{|JKWPL�[fO,N£[fJ�[fpPO.{ûTKi\L�oqpPTK{��9O,Q � kmO*O
� ~ WPQnO����¨�M����udpPOêIVTKo*WPWP{�i\L�[fO,QnYlJXoqU5kh��kh[fO*{ ilk�o*JMLPLPO*o*[fO*N�[mJ=[mpPOêY�T_[m[fO*Q�ilJKL ~ TKW ~ OVæ�kmp®WZ[n[filL ~
NPJ7gjL�TVYlY¤kmO*LPkmix[fi\IKOê�;J7g×O,Q�knWP�P�PY\ilO,kSgjpPO,L�[mpPOê�PQmO*kmknWPQmOêi\L5[fpPOêoqpPTK{��9O,Q�O��Zo*O,O*NPk1�7��� � {��rTVQ,�
udpPO,QnO5ilk�TKY\kmJ�T¾kn�PilLZLPilL ~ QmJV[fJMQ ~ TKW ~ O�o*JMLPLPO*o*[mO,N¿[mJ�[fpZO�i\LPkmi\NPO=JK`e[mpPO��M�7ªÓ�9JMYlOû[mQfTK�Â���¿T
kn[qTVilLPY\O,kmkSkn[mO,O*Y$[fWZ�;O�[fJ�{�O�TVkmWPQnO(TKo*o,WPQmTV[fO*Y\�=[fpZO(L®WP{��9O,QwNPO,LPkni\[Ó�£JK`�QnO�TKo�[qTKL�[e{|JMY\O,o*WPYlO*k � kmO*O
kmO,o�[fi\JMLt�X�¨�Z�x�^�b�

R%i ~ WZQmOd�X�¨�Z��cSO*g IKTVo,WPWP{Ákn�Xkn[mO,{ JV`r[fpPOj�K�^ªÓ�9JMYlO){|TKoqpPilLZOK�%udpZOd�PWP{��PilL ~ km�9O,O*NPk�`ùJMQ%LPix[fQnJ ~ O,L
cwò�TKQnO(i\LPNPilo,TV[fO*NtilL£[fpPO?� ~ WPQnO(`ùJMQSO�TKoqp��ZWP{|�@�eudpPO�o*JMQmQnO,kn�;JMLZNPilL ~ o,JM{��PQmO*kmknilJML�QfTV[milJMkwTKQmO� �7� � � `ùJMQw[mpPO.[Óg×J�{|TKilL£[fWPQn�;J|�PWP{��Pk�TVLPN��}�¹�7� ¹ `ùJMQj[fpPO.NPQfT ~ �PWP{��¦�wudpZO(o,JK{|�PQnO,knkmilJKL
QfTV[milJMkaJV`$[mpPO�[fWPQn�;J1�PWP{��Pka`ùJMQdp��XNPQnJ ~ O,L5¢wòwTKQmO'ø����7� � `ùJMQduSþ5v ­��M��þ¾æ�ø��-�7� � `ùJMQauSþ�v
�K�M��þ TKLPN��¬�-�7� ò `ùJMQa[mpPO�NPQfT ~ �PWZ{|�=u � �Ä�Z�K�M�
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â ¯ â ¯ â �¿É(Ê¤ËrØ%ÐPÌhÖ×Ï Ö×ì �SÝ�Ø�Ù�Ë�Ý�É(Ö×ÜhÊ ÍÎØ�ÑZÑ¿ÑZÉ(Ê � ÐPËrÖ×ÍÎÊ�ÐZÊ¤ËrÑ
�áú®WrTKNZQmWP�9JMYlO�{|TKknkSkn�;O*o*[mQmJM{�O*[mO,Qjo,JMLZkmilkh[fkSJK`�`ùJMWPQdo*�XY\ilLPNPQnilo,TKY@QnJ�NPkd[mJ1gjpZiloqp5i\L£TKY\[mO,QmLPTV[fi\L ~
JKQmNPO*QjIKJMY\[fT ~ O*kSJV`$[mpPO'`ùJKQm{"! �$# � Ä%� � o*JMk'&)(m�jTVQmO'TK�P�PY\ilO*N¦��udpPO'�PQmi\LPo,i\�PYlO*kdJK`%knWPoqptT1NPO�I�i\o,O
TVQmO��;O*kn[SO����PYlTKilLZO,N�gji\[mp=[mpPO�kn[fTK�PilY\i\[Ó�|�rTKQmTK{|O�[fO*Qmk+*�òeTKLZN-,*òwNPO��rLPO*N5��� · ~ O,Qm����ærNrT�gw�,fK¸

*�òdô ¯/. # a0.1,2 .1& ò . � ò� � ���x�^�

,*òdô ­3.4��a0.1,2 .1& ò . � ò� � ���¨�M�

gjix[fp�[fpZO�IVTKQni�TK�ZYlO,k
&¿ô �456� `ùQmO,ú®WPO*LPo*�£JK`%íSR �9J7gzO*QjkmWP�P�ZY\��7� ilLPkno,Qmi\�;O*N=QfTKNPi\WPkdJK`$ú®WrTKNPQnWP�;JKYlO�kn�Xkn[mO,{2 ilJML={|TKkmk, O,YlO*{|O*L�[qTKQh��oqprTKQ ~ O# a�æ'��a ��yÞIKJMY\[fT ~ O�TKLPN�TKLPN�íSR�ª¡TK{��PY\i\[fWZNPO �

udpZO,kmO
[Óg×JS�PTKQfTK{�O*[mO,Qnk¤TKQmO�i\L��PQmi\LPo,i\�PYlO$O����PQmO*kmknilJMLPk¤`ùJMQ@[mpPO
LPJMQn{ûTKY\il}*O,N�TK{��PY\i\[fWZNPO,k;JK`®[fpPO)íSR�ª
TVLPNÃ��y)ªSIMJKY\[qT ~ O,k'TK�P�ZYlilO*N¾[mJ£[mpPO�úXWPTKNPQmWZ�;JMY\O1QmJXNPk,����O*�;O*LPNPi\L ~ JKL�[fpZO,kmO1[Óg×Jt�rTKQmTK{|O�[fO*Qmk
[mpPO�[mQfTKLZknIMO*QmkmTKY�{�JK[fi\JML JK`'TKL¿i\JML¿i\LÿT¾úXWPTKNPQmWZ�;JMY\O5{|TKkmk�km�9O,o�[fQnJM{|O�[fO*Q�o�TKL¿�;O£kn[fTK�PYlO�JMQ
WZLPkn[fTK�PYlOVæSTKk�ilLZNPilo,TV[fO*N¿ilLÂ[fpPOtkh[qTK�ZilYlix[Ó� NPi�T ~ QfTK{ �X� ­-gjix[fp¿[mpPO�T8��O*k��;O*ilL ~ *®ò=TVLPN8,,ò7� ç«`
[mpPO�kmO*[(JK`a�PTKQfTK{�O*[mO,Qnk � *®ò#Æ9,,òb��ilk�YlJXo�T_[fO,Nðgji\[mpPilLð[fpZO�[mQmi�TVL ~ YlObªÓknprTK�9O,N¾QmO ~ ilJML¦æ�[mpPOûi\JMLPk�gjilY\Y
knWPQnIXixIMO�[fpZO��rTKknka[fpPQnJMW ~ pû[mpPO�ú®WrTKNPQnWP�9JMYlOVæZJK[mpPO,QhgjilkmOw[fpPO���TKQnO�WPLPkh[qTK�ZYlO�TKLZN�gjilYlY�O�IMO,L�[mWrTKYlYx�
pZi\[�[fpPO�QmJXNPk.TKLPN��;O�YlJMkh[��ûcwJ7g�æ%NPO*�;O*LPNPi\L ~ JML�O��ZTKo�[fY\��gjpZO,QmO|ilLð[fpPO�NPilT ~ QfTV{�gzO|JM�9O,QfT_[fO
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R$i ~ WPQnO����¬­P�
��ix÷@O*QmO,L�[zJM�;O*QfTV[milJMLû{|JXNPO,kzJK`$T�úXWPTKNPQmWZ�;JMY\O�{|TKkmkakn�;O*o*[mQmJM{�O*[mO,QjTKLPN�[mpPO,i\QzY\J�o,T_ª
[milJML=i\L£[mpPO�kn[qTV�PilY\i\[Ó��NZi�T ~ QmTK{£��udpPO(�rTVQfTK{�O*[mO,Q�*�òei\kwT1{�O�TKknWPQmO�`ùJMQa[fpZO(TK�Z�PYli\O,N£��y IKJMY\[fT ~ O
gjpZilYlO/,*òwi\kjTê{|O,TKkmWPQnO�`ùJMQa[fpPO'íSR TK{|�ZYli\[mWPNPOV�
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[fpPO=ú®WrTKNPQnWP�9JMYlO�`ùJMQê{|TKkmk1knO,YlO*o*[milJML¦æ
g×O�NPi\kn[milL ~ WZilkmp �9O*[Óg×O,O*L¿[ÓgzJ¾NPix÷@O*QmO,L�[�QmO ~ ilJKLPk1ilL¹[fpPO
kn[qTV�PilY\i\[Ó�|NPi�T ~ QfTK{ ���¬­�o,TKYlY\O,N 9:;�J�J��ÔJ�7�<v7�*, %-�y!7 TKLPN <v$�DM�º5);�JAJ {�J�NPOV�
ç«`zJMLZY\�tJKLPO1{ûTKknk�kmpPJMWZYlNð�;Oê[mQfTKLPkn{|ix[m[mO,N¦æ¦g×O�TKN 
 WPkh['[mpPO1kmO�[ � *�ò#Æ�,,òb�e`ùJMQ�[mpPO1kmO*YlO,o�[fO*N�{|TKkmk2 j)[fJê�9O�ilLZkmilNZOw[fpZO�kn[qTV�PilY\i\[Ó�1QmO ~ ilJKL�o,YlJKkmOe[mJ�[fpPO�[mil��TV[ � �Z�¨�K����æ �Z�¨�K�gf��b�%�wYlY@JV[fpPO*Qa{ûTVkmkmO*kjTKQmO
JMWZ[fknilNPO�[fpPOûkn[qTV�PilY\i\[Ó�ðQmO ~ ilJKLÃYlJXo�TV[mO,N�JMLÃ[fpPOûJM�;O*QfTV[milL ~ Yli\LPOûTVk�kmpPJ7gjL ilL¾[fpPOûNPi�T ~ QfTK{ ���¬­P�� Y\O�TKknOûLPJV[fO|[mprTV[.ilL¾[fpPO|QmO,YlTV[fi\JML-���\�ûTKLPN �X����[fpPO�[ÓgzJ�kh[qTK�Pi\Ylix[Ó�t�rTKQmTK{�O*[fO*Qmk�*®ò�TKLPN�,*òêTKQmO
QmO,o*il�PQnJ�o,TKY;[mJ�[fpPO�i\JML�{|TKkmk 2 æPkmJê[fpZO�JMQmNPO*QaJK`¤[fpZO�{ûTKknkmO*kdJML�[fpPO�Y\ilLPOwilkdTVkdilLPNPi\o�TV[mO,N�i\L�[fpPO
� ~ WPQnOK�ûç«`×gzO1g×JMWPYlN�Yli\UKO�[fJ£kmO*YlO*o*[(TKLPJK[mpPO,Q�{|TKkmk�ilLð[fpZO�ú®WrTVNPQmWP�9JMY\OKæ¤gzO�oqprTKL ~ O�*�ò(TVLPN�,*ò
ilL�T��PQnJM�9JMQn[milJMLrTVY¦{ûTVLPLPO,Q � ���=oqprTVL ~ ilL ~ [mpPO.IKJMY\[fT ~ O,k # awTKLPN���aq�dkmJ�[fprT_[S[mpPO'NPO,knilQmO*N5{|TKkmk
ilkeknpPi\`s[mO,Nti\L�[fJû[mpPO(kh[qTK�Pi\Ylix[Ó�=QmO ~ ilJML�TVLPN�TKY\Y�JV[fpPO*Q�{ûTVkmkmO*k�kmpZi\`s[fO*NtJMWZ[�TKYlJKL ~ [mpPO�Yli\LPOK�wç«`�[fpPO
JM�;O*QfTV[milL ~ Yli\LPO|i\L:� ~ WZQmO��X� ­ti\k(Y\J^g×O,QnO,N¦æ�i � OV��g×O=TK�P�ZY\� 
 WPkn[êT5km{|TKYlY)��yÁIKJMY\[fT ~ O # � [mJ5[fpPO
úXWPTKNPQmWZ�;JMY\O(QnJ�NPk*æ;g×OêJM�9O,QfT_[fO.[mpPOF�rYx[fO*Qwi\L5[fpPO(YlJ7gaªÓ�rTVkmke{�JXNPOK�wçÓLt[fpPi\keo�TVkmOKæ;[fpPO�JK�;O*QfTV[milL ~
YlilLZO.o*WZ[fke[mpPO(kh[qTK�ZilYlix[Ó��QmO ~ ilJKL5ilL�[fpPO.YlJ7gzO*Qe�rTVQn[�JV`�[fpPO.YlO*`s[w�9JMWPLPNrTVQn�M�w�ek�i\LPNPi\o�TV[mO,N5JKL5[fpPO
YlilLZOKæ�pPi ~ pPO,Q
{|TKkmknO,k
gjilY\YrYlilOdi\Lê[fpPOSWPLPkh[qTK�PY\OwQnO ~ i\JML¦æ�gjpPi\YlOd�9O ~ i\LPLPilL ~ `ùQnJM{ãkmJK{|Ojo,W�[fJK÷=IVTKYlWZOKæ
T£QmTKL ~ OêJK`zYlJ7g×O,Q�{ûTVkmkmO*k'gji\YlY$�;O1kn[fTK�PY\OK��ç«`zg×O��rLPTKYlYx�5NPJKL6¿¬[.TK�Z�PY\�ðTVL®�¾��y IMJKY\[qT ~ O�TV['TKYlY æ
[fpPO'JM�9O,QfT_[filL ~ Y\ilLPO�gji\YlY¦o*JMilLZo,ilNZO�gjix[fp=[fpPO�,,òhª¡T8��ilkSTKLZN�[fpZO.ú®WrTKNZQmWP�9JMYlO�i\kSkmTKilN=[fJ�JM�9O,QmTV[fO�ilL
[fpPO'íSR�ªÓJMLZY\�|{|JXNPOK��çÓL=[fpZilka[fpZO,kmi\k,æP[mpPO�{ûTKknkhª«kmO,Y\O,o�[fi\IKO'TKLPN£YlJ7gaªÓ�rTVkmkj{|JXNPOeg×O,QnO(TV�P�PYli\O,N�`ùJMQ
[fpPOÚ�rQmkh[�ú®WrTKNZQmWP�9JMYlOV�Sþ�JMQnO.NPO�[qTKi\YlkSTK�9JMWZ[S[fpPO*kmO'[ÓgzJ�{�JXNPO,kwTKQmO ~ ixIMO,L�ilL£[fpPO�`ùJMYlY\J7gjilL ~ [Óg×J
kmWP�PknO,o�[filJKLPk,�

¡ $�D¬��5);�JAJ}9�$'&)7
R�JKQaNPQmixIXilL ~ [mpPO¼�rQnkn[Sú®WrTKNPQnWP�;JKYlO�i\L�YlJ7gaªÓ�rTVkmkd{�J�NPOVæ�g×O�WPkmO*N5TêkmO*Y\`�ª«{ûTKNZO�íSR�ªÓ�9J7gzO*QdkmWP�P�ZY\�
JK`%[mpPO��PWPkmpXªÓ�PWPY\Yxªé[Ó���9OK�z��i\LPo,O�[fpPO*kmO'O,Y\O,o*[mQmJML=[fWZ�;O'�rTKknO,N5knil{��PYlO�JKkmo,i\YlYlTV[fJMQnkdTKQnO�IKO,Qh��QnJM�PWPkh[�æ
[fpPO��ÃTKQnO�kn[milY\Y
gji\NPO,Yx�¾WPkmO*N [mJtNPQni\IMO�íwR�[mQfTK�ZkêTKLPN ~ WZilNPO*k,æ
TKk.QmO*IXi\O*g×O,N ��� �KJMLPO*k,æ×��O,QmY\iloqp
TKLPNÃ�wLPNPO,QnkmJML · 
 JMLr�M��æ 
 JKLr�M�8¸ ��ï ix[fp-[mpPO�ú®WrTKNZQmWP�9JMYlO�YlJMTKN-o*JMLPLPO*o*[fO*N¦æ
i\[.prTKN¹T£`ùQmO,ú®WPO*LPo*�
JK`\�@ôê�K�M���=þ5¢S}K�1udpPO1WPknO|JK`)[fpZilk�QmO*Y�TV[mi\IKO,Y\�5pPi ~ pt`ùQmO,ú®WPO*LPo*��TKY\YlJ7gjk�[fJ=i\L 
 O,o�[�[fpPO1ilJKLPk�ilL�[fJ
[fpPO�[fQfTV�-WPLPNZO,Q�TVNPi�TK�PTV[fi\o�o*JMLPNPix[fi\JMLPk,æ�ié�¬OK�h[fpPO�[fQmTKLPknIKO,QnkfTKY×O,LPO*Q ~ �¾JK`a[mpPOûi\JMLPk.TV`s[fO*Q.Y\O�T�IXilL ~
[fpPO.úXWPTKNPQmWZ�;JMY\O.i\keUVO,�Z[�TKkeY\J^g TKke�9JMkmknil�PY\OK�judpPO�Y\J7gaªÓ�rTKknke�9JMWPLPNPTKQn�£QmO ~ ilJKL � YlO*`s[w�9JMWPLPNrTVQn�
JK`%[mQmi�TVL ~ YlObªÓknprTK�9O,N�kn[fTK�Pi\Yli\[Ó�ûQmO ~ ilJML=i\LS� ~ WPQmO.���¬­®�ailkjNPO*kmo,Qnil�9O,N��®��[mpPO'QmO,YlTV[fi\JML *�ò�� ���M��.1, òò
· ~ O*Qf���Xæ9NPT7gw�Kf,¸éæ;TKLPNtQnO,�PYlTKo,O*{|O*L�[�JK`�*�ò�TVLPN<,,ò����=`ùJMQn{�WPY�TVO(�X�\�êTVLPNð���¨� ~ ixIMO*kw[fpZO(YlJ7gaª«�rTKkmk
o,WZ[mJK÷ð{ûTVkmk

2�� ô ,�.4� òa& ò . � ò� . # a ¾ � ��� ���

�e�P�PY\ilo,TV[fi\JML5JK`�[mpPilkeQmO,YlTV[fi\JML5i\keknpPJ7gjL¾i\L�� ~ WPQnO1���¨ø�æ;gjpZO,QmOê[mpPO1ya¢eñó ª«{|iÞ�X[fWPQnO.o*JM{|i\L ~ `ùQnJM{
[fpPO�kn[fJKQfT ~ O£ilJKLÂknJMWPQmo*O�gzTKk�o*WZ[ûJV÷ T_`s[fO,Q�{|TKkmk£�^ø�æapZO,QmO��PQmO*NPJM{�ilLrTVL®[mY\� ya¢ ñ
 �ÞudpPOtíSR�ªTK{|�ZYli\[mWPNPO3��aSWPkmO*N�gzTKkwWZkmWrTKY\Y\��i\L£[mpPO�QfTKL ~ O.JV`z�^øV�V¥��rudpPi\kS[mJ ~ O�[fpPO*Qjgjix[fp �7� ô���� ¯1{�{�TKLZN
TKL ~ WPYlTKQe`ùQnO,ú®WPO,LZo*��&Äô �456� ô��K�Z�¨ø=þ5¢w} ~ ixIMO*k'WZk.T£��y IMJMYx[qT ~ OêJV`zJMLZY\� # abô��Z�¬­�¥�æ�WPknilL ~
[fpPO|TK�9J^IKOûQnO,Y�T_[filJKLtgji\[fp 2�� ô��^ø��¨ø=W¦� � Y\O�TKknO|LZJK[fO1[fprT_[.[mpPO|o,TKYlo*WPY�T_[fO,N���yáIKJMY\[fT ~ O1{�O�TKLPk
[fprTV[w�Z�¬­ê¥ ilkjTK�P�ZYlilO*N�[fJ�JMLPO��rTKi\QdJK`%ú®WrTVNPQmWP�9JMY\O'QnJ�NZk,æPgjpPi\YlOeª¡��� ­ê¥ ilkSTK�P�ZYlilO*N�[fJ1[fpPO�JK[mpPO,Q
�rTKilQ*�%ï i\[mpPJMWZ[zWPkmi\L ~ [mpPilkz��yÂIMJMYx[qT ~ OVæ�[mpPO�ya¢ ñ� ªÓ�9O�TKU � {|TKkmkw�#f��
ilLû[mpPO�km�9O,o�[fQnWP{ i\kzWPknWrTKYlYx�
kmYli ~ p�[fYx�tpPi ~ pPO,Q�[mprTKLð[fpPOûya¢ ñ
 ª«�;O,TKU � {|TKknk��7øM��æ�ié�¬OK�����ðWPknilL ~ [fpPO�YlJ7gaª«�rTKkmk'{�J�NPOêi\L � ~ WPQmO����ø�{|TKkmk��#fêi\kdkmWP�P�ZQmO,knkmO*Nt���£Tê`îTVo*[fJKQdJK`/T_[jYlO�TVkn[��7�,
S{�JMQmO�[mprTKL={ûTVkmk��^ø��
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R$i ~ WPQnO×����øX��þ5TKkmk$km�9O,o�[fQmWZ{ kno�TKLZLPilL ~ [fpZO×knO,o,JKLPN�ú®WrTKNPQnWP�9JMYlO
gji\[mp?�rQnkn[$ú®WrTKNPQnWP�;JKYlO
JM�9O,QfT_[fO,N
i\L(Y\J^gaª«�rTKknk${�J�NZOK��udpPilk$km�9O,o*[mQmWP{ gzTKk/QnO,o,JKQmNPO*NêTV`s[fO*Q×���M�w{�k�[mQfTK�Z�PilL ~ [fi\{|O)TKLZN�LPJeQnO�TKo�[qTKL�[
JKQd�PWZ÷;O,Q ~ TKknO,kSilL�[fpPO.�M�7ªÓ�9JMYlOwilJML�[fQmTK�¦�

� ;�J�J��ÔJ�7�<v7�*, %-�y!7�9:$'&B7
�wk�{|O*L�[filJKLPO,N¦æ;[fpPOêY\J^gaª«�rTKknk�{|JXNPOêTVYlYlJ7gjkS[fJ=ilL 
 O*o*[�[mpPOêilJKLPkwgjix[fptg×O,YlY ªÓNPO��rLPO*N¾Y\J7gÁU®i\LPO*[milo
O*LPO,Q ~ ilO*k1ilL�[fJt[mpPO��M�^ªÓ�9JMY\OûilJKL [mQfTK� NPWZO=[mJ�[fpPO�pPi ~ p¹`ùQmO*úXWZO,LPo*ilO,k1WPknO,N¦� üzW�[|JKL [mpPO�JK[mpPO,Q
knilNPOVæeix`�[fpPO�o*JVª«[mQfTKLPkn{|ix[m[mO,NÞYlJ7g×O,Q�{|TKknkmO,k=JM�Zkmo,WZQmO�[fpPO�QnO�TKo�[fi\JMLPk�[fJ¹�9O�ilL�IKO,kn[mi ~ T_[fO,N@æS`ùWPY\Y
{|TKknk(kmO*YlO*o*[fi\JML-i\k(NPO*kmi\QmO,N@�5RrJMQ�[fpPi\k,æ%g×OûpPT7IKOû[fJ5�PWZ[�JKWPQ(JM�9O,QmTV[fi\L ~ �;JMi\L�[(i\L�[fpZOûkn[fTK�Pi\Yli\[Ó�
NZi�T ~ QmTK{Û��� ­ðo*YlJMknO�[fJ�[fpPO�[mil� TV[ � �Z���V����æ �Z���V�gf����¾�e�Z�PYli\o�TV[milJMLÃJV`w[mpPO�QmO*Y�TV[milJML ���¨��gji\[mp¹[fpPO
�PTKQfTK{�O*[mO,Qnk�TKk ~ i\IMO*L TK�9J^IKOtkmpZJ^gjk*æepPJ7g×O*IKO,Q,æS[fprT_[û`ùJMQ�[fpPi\k��PWPQn�;JMknO5g×OtgzJMWZYlNÿLPO*O,NõíSR�ª
TV{|�PY\i\[mWPNPO,k�ilLÂO���o,O*kmk=JK`���aqô��7�K�M�V¥åO*IMO*LÞ`ùJMQ|IKO,Qn�ÂYlJ7g�{|TKkmknO,k*�á��J¹T-Y\J7gzO*Q|`ùQmO*ú®WPO,LPo����
pPTKN¾[mJ=�;O�TK�P�ZYlilO*N¦�1RrJMQ�[fpZilk�g×O|WPknO,N-T={�JXNPi»�rO*N¾íwR�ª«�;J7g×O,Q�kmWZ�P�PY\�tkmpPJ7gjL-i\LðkmoqpPO*{|Oû��� fZ�
udpZO�pPO�TVQn[êJK`z[fpPi\k(o,i\Qmo*WPi\[(ilk.T5NPJMWP�ZYlO|[mO*[mQmJXNPOû[fWZ�;O�[Ó���9Oû¥$���K¥w���3��� �gf�§_­���NPQni\IXilL ~ TKL
��y)ª«o,ilQno,WPix[�knpPJ7gjL�i\L5[fpPOêWZ�P�;O*Q��rTKQh[�JK`
[fpPO¢� ~ WPQnOK��ï i\[fpðTûIVTKY\WPO�JK`�� ô ���4��¢Äo�TVYlo,WZY�TV[mO,N
gjix[fpÃ[mpPO=o,JMi\YxªÓ�PTKQfTK{�O*[mO,Qnk ~ ixIMO*L i\LÃ[fpPOH� ~ WPQmO=TVLPNuZ ôå�C¾�ø_LrR � [Óg×Jðo�TK�rTVo,i\[mJMQmkêJV`.�,LrR ilL
knO,QnilO,kf��æKg×OdJM�Z[fTKilL(TKL�O*kn[fi\{ûT_[fO,N'`ùQmO*úXWZO,LPo���JK`��=ôÁ��� � �45U  ��Z(�nô��M���Kþ5¢w}V�/u$J ~ O*[mpPO,Q�gji\[fp.[fpPO
ú®WrTVNPQmWP�9JMY\O.Y\J�TKN � [fpPOÚ�rQnkn[�ú®WrTVNPQmWP�9JMY\O(prTKkwTûo,TK�rTKo*i\[Ó�=�9O*[Óg×O,O,L�[mpPO(QnJ�NPkSJK`
TV�P�PQmJA��il{|TV[mO,Y\�
�V�K�rR��bæVg×OS{�O�TVkmWPQnO¡�@ôê�K�¨��þ�¢w}K�$udpPOjNPJMWP�ZYlOa[fO�[fQnJ�NPOa[mWP�9Odilk%`ùJMQno,O*N�[mJ�QmWPL�TV[�[mpPilk%`ùQnO,ú®WPO*LPo*�
����[mpPO�`ùO*O,NP�PTKoqU�o,i\Qmo,WZi\[�YlO,TKNPi\L ~ [fJ=[fpPO ~ TV[mO,k�{|TKQmUVO,N ~ �|TVLPN ~ �g¿\��udpPO¬�rY�TV{|O*L®[�o*ilQno,WPix[�ilk
knWP�P�PY\ilO*Nðgjix[fp fV¥ � {|T8�;�1�V������u
�X�Pilo,TKY��rTKQmTK{|O�[fO*Qmk�`ùJMQ�[mpPO1�eLPJXNPOêIMJMYx[qT ~ O � kmWZ�P�PYli\O,N�`ùQmJK{
TVL5O��X[mO,QmLPTKY$�9J7gzO*QeknWP�P�PYx�P�jTKQnO|�7�K�V¥Á��yõgji\[mp5T�o,WPQnQmO,L�[eJK`a�7��� fK{��(æ ~ i\IXilL ~ TKL5íwR JMWZ[m�PWZ[
TV{|�PY\i\[mWPNPO�JK`/�@afôê�K�^ø_¥���udpZOt��y)ª«IKJMY\[fT ~ O*k|TVQmO£TK�P�PY\ilO*N [mJ¾[mpPO�ú®WrTVNPQmWP�9JMY\O£QnJ�NZk�gjix[fp [fpPO
kn{ûTVYlY/TVNPNPi\[milJMLPTKY%o*ilQmo*WPi\[�kmpPJ7gjL¾JML¾[mpPO1WP�P�9O,Q�Y\O*`s[��rTKQh[�JK`°� ~ WPQnOû�X� fZ�(udpPO�TV`ùJMQmO*{|O*L�[filJKLPO,N
��y NZi\÷;O,QmO*LPo,O.IMJMYx[qT ~ O # a�ilkwTK�P�PY\ilO*NtTKk�� # aS[fJû[mpPO�i\LP�PWZ[mke{|TKQmUVO,NðTKk�¢ Ã ¿;TKLPNÛ¿ÀÄ¢¿9`ùQmJM{¶TKL
O��X[fO,QnLrTKY0ÊPJ�TV[qTV�PYlO(��y �;J7g×O,Q�kmWZ�P�PY\�K���0�Zo*O,�Z[�[mpPilkSIMJMYx[qT ~ OVæ¦TKY\kmJ�T�ÊrJ�TV[�IKJMY\[fT ~ O # �¤£¦¥ {(WPkn[
�9OêTK�Z�PYli\O,N�[mJ=TKYlY¤ú®WrTKNZQmWP�9JMYlO(QmJXNPk,��udpZilkeIKJMY\[fT ~ O(NZO��rLPO*k�[fpPO(UXi\LPO*[milo.O,LPO*Q ~ �5JK`�[fpPO(ilJMLPkwilL

�7�



R%i ~ WZQmOw��� fZ�z�M� ��þ5¢S}eíSR ~ O,LPO*QfTV[mJMQ
`ùJMQ
NPQmixI�i\L ~ [fpPO`�rQnkn[aú®WrTVNPQmWP�9JMY\OSi\L|{|TKknkhªÓknO,Y\O,o*[mi\IKOw{�J�NZOK�

[fpPO.úXWPTKNPQmWZ�;JMY\OK�judpPO(��yõIMJMYx[qT ~ O,k�TVQmO'NPO,o*JMWP�PY\O,N5`ùQnJM{�[fpPO(íwR¤ªÓo,i\Qmo*WPi\[j�rTVQn[ � YlJ7g×O,Qw�rTKQn[wilL
kmoqpPO*{|O|��� f��w���to,TK�rTKo*i\[mJMQmk*�.udpPOê[mJK[qTKY$kmi ~ LrTKY ~ O,LPO*QfTV[mO,Nð���t[fpZO1íwR�ª«kmWP�Z�PY\�5TV[�[mpPO���üac�y)ª
JMWZ[f�ZWZ[fkjilk # �¤£¦¥ ! �$# a�Ä%��aro,JMk'&)(m�e�
�¤O�[A¿¬k�{|TKUVO�T km{|TKY\Y�ilY\YlWPkh[fQfT_[filL ~ O��ZTK{��PYlOV�Âç«`.gzOðg×JMWPYlNõYli\UKO�[fJ kmO*YlO*o*[ 2 ô'�V�KWõgjix[fp [fpPO
�rTKQfTV{|O�[fO,Qnk'TKk ~ i\IKO,L¾TK�9J^IKOKæ¤[fpPO*L�gjix[fp��¦ô��M� ��þ5¢w}Væ � *�ò7æ§,*ò��mô � �����K�M��æ¨�����K�,f���æ ��� ô����¨¯V{|{£æ@g×O
JM�Z[qTVilL # abô��,fZ�¨�-¥ TKLPNu�@afôê�7ø,fZ�¨��¥��dudpPi\k£{�O�TVLPk�gzO¾prT�IMO�[mJÂWPknO¾TKLõTKLPJXNPO�IMJMYx[qT ~ O�JV`
TK�P�PQnJ#��i\{ûTV[mO,Yx�-�7�,fV¥"TKLPN�T�IKJMY\[fT ~ O1JK`a� # aqô�øM���¬­=¥ TV�P�PYli\O,Nt[mJ£[mpPO���y)ªÓilLZ�PWZ[fk�JK`)[fpZO|íSR�ª
�;J7g×O,Q/knWP�P�PYx�M�%udpZO\ÊrJ�TV[�IMJKY\[qT ~ O # �¤£¦¥ i\k$JM��[fil{�il}*O,N'[fJeJK�Z[qTKi\L�TS{ûT8��i\{�WP{ o,JKWPL�[/JK`ri\JMLPk�gji\[fp
YlJ7gãU®ilLPO�[fi\o�O*LPO,Q ~ ilO*k,�=�"[Ó�X�Pi\o�TKY�IVTKY\WPO|i\k # �¤£¦¥ ô�Äw�C¾¬­K¥��¤udpPO�IMJMYx[qT ~ O�IVTKY\WPO,k ~ i\IKO,L¹TV�;J7IMO
TKQmO.ilL ~ JXJXNtT ~ QnO,O*{|O*L®[egji\[fp�[fpPO(IKJMY\[fT ~ O*k�TKN 
 WPkh[fO*N�ilLt�PQmTKo*[milo*OK��vSkmWrTKY\Y\�Kæ;{|TKkmkekmO,Y\O,o�[filJKLtilk
TKoqpPilO�IMO*N������PQmkn['TV�P�PY\�Xi\L ~ [fpZOêo�TKY\o,WPYlTV[fO*NðíwR�ªéIMJMYx[qT ~ O¨��aegji\[mp¾LZJ=��y)ª«IMJKY\[qT ~ O # a�TK�P�ZYlilO*N¦æ
TKLPN�[fpPO*L�JM�PkmO*QnIXilL ~ [mpPO�{|TKkmk�kn�;O*o*[fQnWP{ TKk�kno�TKLZLPO,N'����[fpPO�knO,o*JMLPN'úXWPTKNPQmWZ�;JMY\O�{ûTVkmk�TKLPTKY\�X},O*Q,�
udpPO,L�[fpZO���y)ª«IKJMY\[fT ~ O # azilkzknYlJ7gjY\��[fWZQmLPO*N�JML�kmJ([mprTV[a[mpPOe[mQfTKLPkn{|ix[m[mO,Nû{|TKknkaQfTKL ~ O�ilk×kmY\J^gjYx�
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R%i ~ WPQmO������X�
R/R%u �9J7gzO*Qjkm�9O,o*[mQmWP{�JV`z�M� ��þ5¢S}'íwR�ª ~ O,LZO,QfT_[fJMQ

LPTKQmQnJ^g×O,N'NPJ7gjL¦æ_WPL�[fi\Y,�rLrTKY\Y\�wJMLPYx�e[fpZO�NPO,knilQmO*N.{|TKknk��;O,TKU�ilk@YlO*`s[¦J^IKO,Q$TV`s[fO*Q¦{�ilLPJMQ¦TKN 
 WPkh[f{�O,L�[fk
[mJ1�;JK[mp<��ajTKLPN # a��
udpZO��;O*Qn`ùJMQn{ûTKLZo,OeJV`�[fpPO�íSR�ª ~ O,LPO*QfTV[mJMQzi\kzi\YlYlWZkn[fQmTV[fO*Nûi\L}� ~ WPQnO����¨�.kmpZJ^gji\L ~ [fpZO�R�TKkn[jRrJMWZQmilO*Q
u�QfTVLPkn`ùJMQn{ � R/R%uS�
�;J7g×O,Qakn�;O*o*[fQnWP{ JV`�[fpPO�íSR�ª ~ O,LPO*QfTV[mJMQ×[fTKUKO*L�gji\[mp�T(QmO*o*[fTKL ~ WPYlTKQ×gji\LPNPJ7g��
çÓL¹[mpPilkê{�O�TKknWPQmO*{|O*L�[�æ×TÃ�M�\���ð�ZQmJM�9O�gaTVk�o*JMLPLPO*o*[mO,N NPilQnO,o*[mY\��`ùQmJM{ Tð�¤O�yzQmJ7� ��kmo*ilY\YlJMkno,JM�9O
[mJ�[fpPO1JMWZ[m�PWZ[mk,æ¤kmJ=[fprT_[�[fpPOê{�O�TKknWPQmO*N¾`ùQnO,ú®WPO*LPo*���¦ô��M�¨ø,f�þ5¢S}êilk�knJM{|O�gjprTV[�pPi ~ pPO*Q�NPWPOê[fJ
[mpPO'{|i\kmkmi\L ~ o�TK�rTVo,i\[mi\IKO'ú®WrTVNPQmWP�9JMY\O.Y\J�TKNPk*�z�ekSo�TVLt�;O'kmO*O,L¦æ�[fpZO.o*ilQmo*WPi\[e��� f1kmWP�P�ZYlilO*keT�o,Y\O�TKL
íSR�ª«kmi ~ LrTKY%`ùJMQ�ú®WrTKNZQmWP�9JMYlO1JM�9O,QmTV[fi\JML¦��udpPO,QnO�TKQnO�TKYlknJ�knJM{|O1pPi ~ pPO*Q'pPTKQm{�JMLPi\o,k�IXilkmi\�PYlOVæ��PWZ[
[mpPO*�£TVQmO�kmWZ�P�PQmO*kmknO,N�����kmO�IMO*QfTKY¤JMQnNPO,QnkwJK`${|T ~ LPix[fWPNPOV�

â ¯ â ¯«ª ½�Ø%ÐPØ É�ËrÖ � Ê¤ÑZÑPÌhÏ¼�
ï pPTV[�JMLPO�Yli\UKO*k1[mJðUXLZJ^g ilL JMWPQêi\L�IMO,kh[fi ~ TV[fi\JMLPkêi\k�[fpPO=QfT_[fO�o,JXO�Ç�o*ilO,L�[�JK`eTKL ilJML�ª«{|JKYlO,o*WPYlO
QnO�TKo�[fi\JML�JK`¤[Ó�X�;Oê�M�x��gjpPO*QmO�[fpPO�i\JML��eñði\kaQmO,TKo*[milL ~ gjix[fp�[mpPO�LPO,W�[fQfTVY@{�JMYlO*o,WPY\O�üÿ[fJê�PQnJ�NZWPo,O
[mpPO�ilJKL=yañ/��udpPO�QfT_[fO�o*J�O�Ç|o*ilO*L®[­¬9ærT�{|O,TKkmWZQmO�JK`¤[mpPO�km�9O,O*N£JV`�[mpPO�QmO,TKo*[milJML@æZilk×�;O*kn[jNPO��rLPO*N
����[mpPO�QmO,YlTV[fi\JML

®¯ � (n�
ô�Ä ¯ � (n�0.4¬
.1° � ���¬­®�
gjpZO,QmO ¯ ilkS[fpPO.LXWZ{��;O*Q�JK`
�rTVQmO,L�[�i\JMLPkS��ñÃTVLPN�°-i\kw[fpZO(L®WP{��9O,Q�NZO,LPkni\[Ó� � ilL�o,{���
b�SJV`�[fpPO
LZO,WZ[mQfTKY¤QmO,TKo*[milJML��rTKQh[fLPO*Qeüe���wkSg×O(o,TKL5knO,O.`ùQnJM{�[fpZilkjQmO*Y�TV[milJML¦æP[mpPO'WPLPi\[j`ùJMQj[fpZO.QmTV[fO'o,JXO�Çêª
o*ilO*L®[­¬�i\kao,{ 
 k ��� �
çÓL�[fO ~ QfT_[filJKL�JK`¤[fpPO�O*úXWPTV[fi\JML���� ­ê`ùJMQ ¯ � (n�×�Xi\O,YlNZkjTKL=O����;JKLPO,L�[filTKY¦NPO*o�T���JK`
[mpPO�L®WP{��9O,QjJK`$�rTKQmO*L�[wi\JMLPkd�eñ/�
ü×WZ[�WPkmWrTVYlY\�Kæ)[mpPO,QnO�i\kêLPJK[ 
 WPkh[ûTðkmi\L ~ Y\O�ilJML�ª«{|JKYlO,o*WPYlO|QmO,TKo*[milJML JXo,o,WZQmQmi\L ~ ilL¹[fpZO�i\JML¹[fQfTV�¦æ
i\LPkn[mO�TKN|[fpPO*QmO�i\kzT.[mJK[qTVY9L®WP{(�;O*Q 2 JK`��rTVQfTKY\YlO,Y9TKLZN�§VJMQ)kmWP�ZkmO,ú®WPO*L�[wQnO�TKo�[fi\JMLPk ~ JMilL ~ JML¦��udp®WPk
i\L�[mpPOe{�JMkh[×o,TKkmO*k×[mpPOw[mil{�O�ªÓNZO,�9O,LPNPO*LPo,OSJK`¦[mpPOS�rTKQmO*L�[aTKLZNû�PQnJ�NPWZo*[ai\JMLPk
ilk
LPJV[ 
 WPkh[aT'kmi\{|�PY\O

���



kmilL ~ YlObªÓO����9JMLPO*L®[mi�TKYrJKLPOK��u�J(JM��[qTKi\L�[mpPOeQmTV[fOwo,JXO�Ç�o,i\O,L�[�¬,V �²± ô �gÆ�¾A¾A¾�Æ 2 �
JK`¦O*IMO*Qn�|o,JML�[mQmil�ZWZ[nª
ilL ~ QmO�TVo*[fi\JMLtkh[fO,�@æ�TKYlY¤JXo,o*WPQmQnilL ~ �PTKQmO*L®[�TKLPN��PQnJ�NPWZo*[�{|TKknkmO,k�TKQmO�QnO,o*JMQmNPO*NðTKk�T|`ùWZLPo*[milJMLtJV`
[fil{�OK�
udpPO*L�[mpPO,knO.QnO,o,JKQmNPO*N5[fi\{|O�NZO,�9O,LPNPO*LPo,i\O,k�TVQmO¶�P[m[mO,N=gji\[mp£[mpPO,JMQnO*[milo�TVY�o,WPQhIMO,kw�rTKknO,N5JKL
TtkmO*[�JK` 2 o*JMWP�PY\O,N QmO,TKo*[milJMLZk,�ð�eLrTVY\�®[fi\o�TKY)kmJMY\WZ[fi\JMLPk'[fJ5[mpPO�o,JMQnQmO*km�9JMLPNPi\L ~ kmO�[1JK`jo,JMWZ�PYlO*N
O,ú®WrTV[milJMLPk�i\Lt{�JMQmO�o*JM{��PYlO��to,TKkmO*k.TVQmO�LPJV[�TKY\gzT��Xk�`ùO�TKknil�PY\OKæ¦knJ£L®WP{�O,Qnilo,TKY%o,TKYlo*WPY�TV[milJMLZkwprT�IKO
[fJ=�;O1WPknO,N¦�|RrJMQ�[fpZilk,æ�g×O��PQmkn[.TKknkmWP{�O1kmJM{�OêQmO,TKkmJKLrTK�PY\O�i\LPi\[mi�TKY�o,JKLPNPi\[milJMLZk�`ùJMQ�[fpPO1L®WP{��9O,Q
JK`�ilJKLPk�TV[|[mil{�O=},O,QnJPædTKLZN¿[fpPO*LÿNPJ�km{|TKYlYz[mil{�O=kn[fO*�Pk�³
(êWPknilL ~ [fpPO�ilLC�PLPi\[mO,kmi\{ûTVYz`ùJMQm{ JV`
QmO,YlTV[fi\JML£���¬­Pæ

³ ¯ V¦ô Ä ¯ VM.4¬,V'.1°�.�³
( ± ôá�gÆA¾A¾A¾�Æ 2 Æ � ���¨øM�
gjpPO,QnOêTV`s[fO*QwO�IMO*Qn�tkn{ûTVYlY�[fi\{|O�kn[mO,�´³
(dg×O�kmWP��[fQfTVo*[¶µ ³ ¯ V�µX`ùQmJM{�[mpPO(L®WP{��9O,QwJK`��rTVQmO,L�[�i\JMLPk¯ V�JK`%[mpPO�QmO,TKo*[milJML ± TKLPN�TKNPN=[fpPO�kfTV{|O'TK{�JMWPL�[j[fJê[fpZO.o*JMQmQnO,km�9JMLPNZilL ~ �PQmJXNPWPo�[SilJML¦æZkmJ|[mprTV[
[fpPO�[fJK[fTKY¤L®WP{��9O,QeJV`/ilJKLPkwi\kwo*JMLPknO,QnIKO,N¦�SudpPO*kmO([mil{�O'kh[fO*�PkeprT�IKO([fJ|�;O'km{|TKYlY�O*LPJMW ~ p�`ùJMQj[fpPO
LXWZ{|O*Qmilo,TKY¦o,TKYlo*WPY�TV[milJMLûLPJK[j[fJ1YlO,TKN�[fJ1O,QnQmJMLZO,JMWPkjQnO,kmWZY\[fk*æ�ié�¬OK�

³
(�· �¬gV'.�° ± ôá�gÆA¾A¾�¾�Æ 2 ¾ � ��� f��
u$J kfT_[filkh`s�¿[mpPilk�o*JMLPNPix[filJKL¦æwWZkmWrTKY\Y\�Â�;O�[ÓgzO*O,L ���M�M�¹TKLPNá�7�K�M�M�-[fi\{|O5kn[fO*�Pk�TKQmO�WPknO,N¦�ãudpZO
QmO,knWPY\[1JV`eknWPoqpÿT�L®WP{�O,Qmi\o�TKYzkmil{(WPY�TV[milJML�ilk�[mpPO,L [fpPO�[mil{�O�NPO,�9O,LZNPO,LPo*O5JK`S[fpZO£i\JMLPi\oûkm�9O,o*ilO*k
`ùJMQ(T£o,O*Qn[qTVilLÃknO*[�JV`+¬,V �¸± ô��gÆA¾A¾�¾�Æ 2 �'TKLPN¹T[�C��O,N¹L®WP{��9O,Q.NPO,LZkmi\[Ó�¹°$��udpPO*kmOº¬,VzTKQmO�[fpPO*L
IKTVQmilO*N WPL�[filY�T QnO�TKknJMLrTK�PY\O��P[=[fJ [fpPOð{�O�TKknWPQmO*Nõ[mil{�OtNPO*�;O*LPNPO,LZo,ilO*k5i\k�JM�Z[qTVilLPO*N¦�ÎçÓLõ[mpPilk
[fpPO*kmilk*æ%[fpZOûL®WP{�O,Qmi\o�TKY)o�TVYlo,WZY�TV[milJMLPk�g×O,QnO�NPJMLPO|WPkmi\L ~ Íj»U¼1kno,Qnil�Z[mk(JML¹T¹½^Ï�Ð¦¾j¿*ª«�PY�T_[m`ùJMQn{�æ¤�PWZ[
TKL��ÃJK[mpPO,Q�knil{��PYlO��PQnJ ~ QfTV{|{�ilL ~ Y�TVL ~ WrT ~ O|gjilY\Y)TKYlknJtNPJP�¾�0�ZTK{|�ZYlO,k.`ùJMQ(QnO,o,JKQmNPO*N i\JMLÃ{|TKkmk
[fil{�O�NPO*�;O*LPNPO*LPo,i\O,k�TVLPN�[fpPO*JMQmO�[filo,TKY6�P[mkSo,TKL£�;O�`ùJMWZLPN�i\L�[fpPO¶� ~ WZQmO,kji\L£oqpPTK�Z[fO*Qw­Z�
0[«ÔÓ ­ �����¶� �����/#������ ��
��/�

â ¯«ª`¯W® À Ê¤Ø�ÑPÝ�ËrÊ�Í Ê�ÏzÐÞÖ)ì£Ï�Ê�ÝwÐPËrØ
Ü�Ù�Ê$Ï�ÑZÌÓÐ,³
�ekeknO,O*LtilL�O,ú®WrTV[milJMLt��� ­|JK`/[mpPO.�ZQmO,o*O,O*NPilL ~ kmO,o�[fi\JML¦æ�[fpPO.QmO,Y\i�TK�ZYlO�{�O�TKknWPQmO*{|O*L®[eJK`�QmTV[fO'o,JXO*`�ª
�ro,i\O,L�[fk�¬£NPO*�;O*LPNPkeJKL�[fpZO(TKo*o,WPQmTKo*�£i\L�o*JMWPL�[fi\L ~ [mpPO.L®WP{(�;O*QeJK`%ilJMLPk ¯ TKLPN5{�O�TVkmWPQnilL ~ [fpPO
LXWZ{��;O*Q�NPO*LPkmix[Ó�Á°ÿJK`j[fpZO�LPO,W�[fQfTVYaQmO,TKo*[milJML¹�rTVQn[fLZO,Q,� � QmO*kmknWPQmO*kûTKLZN¹LXWZ{��;O*QêNPO,LZkmi\[milO*kêTKQmO
LPJMQm{|TKY\Y\�.ilLPNPi\o�TV[mO,N1���1ilJML ~ TVW ~ O,k*æ®�PWZ[
`ùJMQ
JMWPQ
�PWPQn�;JKkmO,k){�JMQmOjTKo*o,WPQmTV[fOS�PQnO,kmknWPQmOw{|O�[fO*Qmk)TKQmO
LPO,O*NPO,N¦æ9`ùJMQjO��ZTK{��PYlO'o�TV�rTKo,ix[qTKLZo,O'{ûTKLZJM{|O�[fO*Qmk � üaTVQfTV[mQmJMLPkf�jJKQwkn�PilLPLZilL ~ QmJK[mJMQ ~ TKW ~ O,k,�dudpZO
yzpPO,{�LPi\[m}��M�7ªÓ�9JMYlOS{ûTVoqpPilLPOwWPkmO*kjT(km�ZilLPLPi\L ~ QnJK[fJMQ ~ TKW ~ Ow[Ó�X�;O'þ�ö.����íd�.�Xæ�i\Lû[fpPOw`ùJMYlY\J^gji\L ~
o�TKY\YlO,N£¥�i\kmo,J7IVTKoV�eç«[�i\keY\J�o,TV[fO*N5JMWZ[mkmi\NPO.[mpPOêTK�P�PTKQfTV[mWPk�TVLPNt{�O�TKknWPQmO*ke[fpPO(LXWZ{��;O*QeNPO*LPkmix[Ó��°
ilLPknilNPOj[fpPO��M�^ªÓ�9JMY\OSi\JML|[mQfTK�|����T(kh[qTKi\LPYlO*kmk×kn[fO*O,Y9[fWP�9Oeo*JMLPLPO*o*[fi\JML¦��udpPi\k×¥eilkmo*J7IKTVoeilk)km�9O,o*i»�rO*N
[fJ5�9O|TKo,o*WPQfTV[mO|gjix[fpPi\LÃø����=vSLZ`ùJMQn[mWPLrTV[mO,Yx�Mæ%ix['o�TKL��;OûTK�P�PY\ilO,N¾JMLPYx�t[fJ�NPO,LZkmi\[milO*k.LPJV[(Y\J^g×O,Q
[fprTKLÞ����� � {��rTKQ(TKLPN¹i\k(IMO*Qn�ÃknO,LPkni\[mi\IMO�[mJ5IXil�PQmTV[fi\JMLPk*æ%`ùJMQ�O��PTV{|�PY\Oûo,TKWPkmO*N �®��[fpPO�{�J7IXilL ~
NPilkn�PY�TKo*O,Q�JK`)[fpPO�o,JKYlNPpPO,TKN¾JMQ'TKo,o*ilNPO*L®[fTKYlYx�tknY�TK{�{|O*NðNPJ�JKQmk,��udpPO�{ûTVilLðoqprTK{��9O,Q�i\JML ~ TKW ~ O
NPJ�O*kmL6¿©[)prT�IMOS[fpPO*kmOSNPilkmTKNZIVTKL�[qT ~ O,k,æ®pPO*LPo,OVæ�ix[
o�TKL��9OSo,TKYli\�PQfT_[fO,N�T ~ TKilLPkh[�[fpPOd¥eilkmo*J7IKTVoK� � YlO,TKkmO
o,JMLZ`ùO*QU� ~ WPQnO(�X�¨��`ùJMQa[mpPO�YlJXo�TV[milJMLPkzJK`$[mpPO�[ÓgzJ��PQnO,kmknWPQmO.{|O�[fO*Qmk,�
� -�JA*g$�yt;�*[*g;�<	-vo+"%;C %-v$.�
udpPO�o�TKY\il�PQmTV[fi\JML¾JK`j[fpPO�i\JML ~ TVW ~ O�T ~ TKilLPkh[([mpPO�¥�i\kmo,J7IVTKo�i\k�NPO*�;O*LPNPO,L�[�JMLÃ[mpPO�TK�P�ZYlilO*N ~ TKk
TKk�gjilY\Ya�;O�O����PY�TKi\LPO,N �9O,Y\J^g TKLPN [fp®WPk1prTVk1[mJð�;O=�9O,Qn`ùJKQm{�O,N¹`ùJMQêO*IKO,Qh� QmO�TVo*[qTVL®[ ~ TVk�[fJð�;O
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pressure ion gauge pga / mbar

calibration H2 20.Jan 2003: 278+/-1

fit

R$i ~ WPQnOt�X�¨¯Z��yaTKY\il�PQmTV[fi\JML JK`�ilJKL ~ TKW ~ OtT ~ TKilLPkh[|¥eilkno,J7IVTKo�`ùJMQû¢wò ~ TVk,� udpZOtO,QnQmJMQnkû`ùJMQ1[fpPO
¥eilkno,J7IVTKoê�PQmO*kmknWPQmO/ÂtT]V
TKQnOêkn[fTKLPNrTKQnN�NPO*IXilTV[fi\JMLPke`ùJMQ��K��{�O�TKknWPQmO*{|O*L®[mk,�(��O,O�[mO��X[�`ùJMQS`ùWPQn[mpPO,Q
NZO*[qTVilYlk*�

WZkmO,N@�êudpPO1o�TKY\il�PQmTV[fi\JMLt�PQnJ�o*O,NPWPQnO1ilk�knil{��PY\��NPJMLPO1����i\L®[mQmJXNPWPo*ilL ~ [mpPO ~ TKk�[mJ£�9Oêo�TVYlil�ZQfTV[mO,N
i\L�[fJê[fpPO.�M�7ªÓ�9JMYlO�i\JML�[fQmTK�£TKLPN£{|O,TKkmWPQnilL ~ �9JK[fp£�PQnO,kmknWPQmO'{�O*[fO*QjQmO�TVNPilL ~ k � NPO*kmi ~ LrTV[fO*N�i\L�[fpPO
`ùJKYlYlJ7gji\L ~ ÂtT]V�TKLZN�ÂÄÃÆÅ,�1T_[��M�K�Möêæ
TKk|knpPJ7gjLÞilL�� ~ WPQnOt�X�¨¯ð`ùJMQ�¢wò��Þ�wk|o,TKLÿ�9O�knO,O,L¿ilL [fpPO
� ~ WPQmOVæ�[fpPO*QmO1ilk�T��PQnJM�;JKQn[fi\JMLrTKY�QmO*Y�TV[milJML5�;O�[ÓgzO*O,L-[mpPO�[ÓgzJ£QmO,TKNPi\L ~ k�gjpPi\oqp�o,TKLð�;OM�P[n[fO,N¾���ÂCTWV�ôÈÇ�.?ÂÄÃÆÅ Ã Â�a$É?É ~ i\IXilL ~ T�o�TKY\il�PQmTV[fi\JML=`îTKo*[mJMQ�JK`DÇ¤ô'�K�K¯û`ùJMQ�¢Sò7��udpPO�[fO*Qm{ÊÂ�a$É?É�i\k�Tû[fi\L��
QnO,knilNPWrTVYz�PQnO,kmknWPQmO�JV÷@knO*[�JV`d[fpPOû¥eilkno,J7IVTKo�TV[(YlJ7gÎ�PQmO*kmknWPQmO*kêkmO,O*L ilL�� ~ WPQmO����¨¯��tudpPOûIXilknil�PY\O
NZO*IXi�TV[milJML�`ùQnJM{Î[fpPO�Yli\LPO�TVQ±�P[STV[a�PQmO*kmkmWZQmO,kOÂtT]V¤O���o,O*O,NPi\L ~ �7� � ò {��rTKQzilkaNPWZO�[mJêilL�[fQnilLPknilo�LZJML�ª
Y\ilLPO,TKQmix[fi\O,kzJV`%[fpZO�¥eilkno,J7IVTKo�ilL�[fpPO�[mQfTKLPkni\[milJML=QmO ~ ilJKL�`ùQmJM{ `ùQnO,O�{�JMYlO*o,WPYlTKQ\ÊrJ7g [mJ|o*JML�[fi\LXWZWP{
~ TKk´ÊrJ7g · {|U®km�M�ZæZgjWZ[f���8¸ ��u%TV�PYlO'���x��kmWZ{|{|TKQmi\},O*ka[fpPO�o,TKYli\�PQfTV[milJML�`îTKo*[mJMQmk)Ç¾JK�Z[qTKi\LPO,N�`ùJMQ×[fpPO
­ ~ TKknO,k)WPkmO*N�ilL1[fpPi\k)g×JMQnU9æXLrTK{�O,Yx�1¢wò7æX¢w��æ���òzTKLPN|¢wOV��udpPOeo,TKYli\�PQfTV[milJML�`îTVo*[fJKQmk0ÇtJMQni ~ i\LrTV[mO
`ùQnJM{ [mpPO.�ZQmO,knkmWPQnO�NPQnJM��[mpPQmJMW ~ p5T1km{|TKY\Y¤TK�;O*Qn[mWPQmO'JK`�TVQmO�TÌË �;O�[ÓgzO*O,L5[mpPO.i\LPkmi\NPO�JK`/[mpPO.i\JML

~ TKk ¢wò ¢e� ��ò ¢SO
o�TVYlil�ZQfTV[milJMLû`îTVo*[fJKQ)Ç �K�K¯ ��øM� ­M­M­ �7�K�M�
QmO*Y�TV[mi\IKO�kmO,LZkmi\[mi\IXi\[Ó� �Z� �_ª¡�Z�¬­®ø ���¨��ø �Z�x�7�_ª¡���\�7¯
�PWP{��Pi\L ~ km�9O,O,N�Íÿ§�Ys§_k �V¯M� �MøK�

u$TK�PY\O����x�M�'þ�O�TVkmWPQnO,N ~ TKk�o�TKY\il�PQmTV[fi\JML�`îTKo�[fJMQnk�Ç��êçÓLPo*YlWPNPO*N�i\L�[fpPOê[qTV�PYlOêTVQmO�TKYlknJ�ilJML ~ TVW ~ O
knO,LPkni\[mi\IXi\[milO,k�QnO,Y�T_[fi\IKO�[fJ�LPi\[mQmJ ~ O*L¾cwò7æ$TKLPN¾�PWP{��PilL ~ km�9O,O*NPk¨ÍõJK`z[mpPO|{|TKi\L¾oqpPTK{��9O,Q�[fWPQn�;J
�ZWP{|�|uSþ5vw­M�M��þ�`ùJKQ)[mpPOwNZi\÷;O,QmO*L�[ ~ TVkmO,k � NrT_[qT�[qTKUVO,Lû`ùQnJM{ · �Z`ùO��M�8¸s�b��udpPOwLZJM{|i\LrTKYr�PWZ{|�Pi\L ~
kn�;O*O,N=JK`¤[fpZilkz�ZWP{|��`ùJKQacwòji\kz­��M�VYs§Vk*�/udpPO ~ TKkzo�TKY\il�PQmTV[fi\JML�`îTVo*[fJKQmk ~ ixIMO*L�pPO,QnO�TKQmOwIKTVYlilN�`ùJMQdT
knO,Y\O,o*[mO,N�ilJML ~ TVW ~ O�kmO*LPkmix[fi\IXix[Ó��JK`×�7�ê{��rTKQ����b�

�K�



[fQfTV�¹TKLPNÃ[mpPO�{|TKilL�oqprTK{��9O,Q*æ��PWZ[1TKY\kmJ£[fpPO�knO,LPkni\[mi\IXi\[Ó� � i\JMLPil},TV[fi\JML¾�PQmJM�PTK�PilY\i\[Ó�Z��JK`d[fpZO�ilJML
~ TKW ~ O�[fJ|NPi\÷;O,QnO,L�[ ~ TKkmO*keprTKkS[fJ|�;O.o,JMLPknilNPO*QmO*N¦�ju)�X�Pi\o�TKY$kmO,LZkmi\[mi\IXi\[milO*kSJV`�ilJML ~ TKW ~ O,kwQmO,YlTV[fixIMO
[fJ�cwòS`ùJMQa[fpPO ~ TVkmO,kSWPknO,NtTVQmO�TKY\kmJ1ilLPo*YlWPNZO,N£ilL�[qTK�ZYlO'���x�M�
udpPO�{|O*L�[filJKLPO,N£QfTV[milJê�9O*[Óg×O,O*L5[fpPO
�PQmO*kmkmWZQmO,kwilL�[fpZO�[mQfTK�£TKLZN£[mpPO�oqprTK{��9O,Qjo�TVL£�9O�O,kh[fil{|TV[mO,N=WPkmi\L ~ [fpPO�`îTKo�[fJMQ

� Ã ÍÎ Ë
Ï �45 2¬�Ð'µ � ���¨�M�

UXLZJ^gji\L ~ [mpPO��PWP{��Pi\L ~ km�9O,O*NºÍaæ�[fpZO�{|JKYlO,o*WPY�TVQ){|TKknk 2 TKLPNû[mpPOe[mQfTKLPkn{|i\kmknilJML|�PQmJM�PTK�PilY\i\[Ó� Î
`ùJMQe{�JMYlO*o,WPY\O,kS[fpPQnJMW ~ p�T|km{|TKYlY¤[fWP�9O�JK`)TVQmO�TÑË(��RrJMQw[mpPilkS`ùJMQm{(WPY�T1gzO1TKknkmWP{�O([mpPO([fQmTK��TKLZN
[fpPOjoqprTK{(�;O*Q)[mJ.�9OSTV[)kfTK{�Od[fO,{��9O,QfT_[fWPQnO`µ'��vSkmi\L ~ [mpPilk�QnO,YlTV[fi\JML�TKLPN1[fpPOSilJML ~ TVW ~ OjkmO*LPkmix[fi\I�ª
i\[fi\O,kj`ùQmJM{�[fTK�PY\O����x� ~ ixIMO*keQmO,TKkmJKLrTK�PY\O(QmO*Y�TV[mi\IKO(T ~ QmO,O*{|O*L�[��9O*[Óg×O,O,L�[mpPO(NPix÷@O*QmO*L®[eo�TKY\il�PQmTV[fi\JML
`îTKo*[mJMQmk)Ç/�
�[7I #7G"89s-	�);� %-	$.��$@|4�B7�(B #"%;�<\&)7��)JA-v �n
ï i\[fpÿ[mpPOðTK�9J7IMO�{�O�TKknWPQmO*Nõo,TKYli\�PQfT_[filJKL `îTKo�[fJMQnk¶ÇágzO�o,TKL NPO*[mO,Qn{|i\LPO5[fpZO��PQmO*kmkmWZQmOðJK`�[fpPO
LPO,WZ[mQfTKY×QmO,TKo*[fTKL�[�ilLZkmilNZO|[fpZO=�M�^ª«�;JMY\O1ilJML¾[fQfTV�¹i\`a[mpPOûi\JML ~ TKW ~ O �AÒ Í7�.TKLPN�[fpPOû[mQfTK� � Ñ²Óm�'TKQmO
TV[.[mpPO�kfTK{�O|[mO,{��;O*QfTV[mWPQmOV�=üzWZ[.WPkmWrTVYlY\�ði\L�{�JMkh[(O��Z�9O,Qnil{�O,L�[fk'[fpPO1[fQmTK�-i\k.o*J�JKYlO,N�NPJ7gjL-[fJ
YlJ7g [fO*{|�9O,QmTV[fWZQmO,k`µ.c^_SôÎ�7øKöÁgjpPi\YlO�[fpPO'�;JKilL�[�T_[wgjpPi\oqp�g×O�{�O�TKknWPQmO�[fpPO.�PQmO*kmknWPQmO�i\kwkh[fi\YlY¤TV[
µ�ÃÆÅjô��M�M�Kö1�ZçÓL£[mpPilkdo,TKkmOVæ�g×O�prT�IMO�[fJ1WPknO'[mpPO�QmO,YlTV[fi\JML · Y�TV`î�M¯#¸

ÂCc^_ÂÄÃÆÅ ô
Ï µ.c^_
µ�ÃÆÅ � ��� ¯��

TKLPN=[qTKU®ilL ~ i\L®[mJ1o,JMLPknilNPO*QfTV[milJML=[fpZO.NPix÷@O*QmO*L®[j[mO,{��;O*QfTV[mWPQmO*k,�zçÓL�[mQmJXNPWPo*[milJML�JK`�[fpPO'o�TKY\il�PQmTV[fi\JML
`îTKo*[mJMQ)Ç-TKLPN=kmJMYxIXilL ~ `ùJMQa[mpPO�LXWZ{��;O*QjNPO,LPkni\[Ó��°.c^_ei\L�[fpPO�i\JML�[fQfTV� ~ i\IMO*kjWPk

°!c^_zô Âtc^_¬�Ð6µ!c^_ ô�Ç ÂÔÃÕÅ¬�ÐDÖ µ.c^_ºµ�ÃÆÅ � ��� ���

TKLPN�ilLZkmO,Qh[fi\JMLûJK`¤[mpPOeIVTKYlWZOeJK`�[mpPO�üzJMYx[f}*{ûTKLZL�o,JMLZkn[qTVL®[�¬�ÐðTKLZNHµ�ÃÆÅ,ô��K�M�Mö ~ i\IKO,kaWZkz[fpPOh�rLrTKY
�PQfTKo�[fi\o�TKY¦QnO,YlTV[fi\JML

°!c^_zô�Çº.7­t¾x�7¯M�Ã�7� � � . ÂÄÃÆÅ  µ!c^_ o*{ ��
 � ���x�7���

`ùJMQ�NPO�[fO,Qn{|i\LPilL ~ [fpZOêLXWZ{��;O*Q�NPO,LZkmi\[Ó��°!c^_�JK`
[mpPOêLPO,W�[fQfTVY/QmO,TKo*[fTKL�[�ilLPknilNPO.JK`
[fpPO��M�7ªÓ�9JMYlO'ilJML
[fQfTV�¦æ;gjix[fp5[mpPO�NPO*LPkmix[Ó� ~ ixIMO*L�ilL5o*{ ��
 æ;[fpZO([fO*{|�9O,QmTV[fWPQnO�ilL�WPLPix[fkeJV`)ö"TKLZN5[fpPO(�PQmO*kmkmWZQmOêilL
{��rTKQ*�
��JM{�O�g×JMQmNZk(kmpZJMWPYlN-TKYlknJ5�9O|kmTKilN-TK�9JMWZ['[fpPOûTKo,o*WPQfTKo��¾JK`a[fpZOû{�O�TKknWPQmO*{|O*L®[.JK`a[mpPOûLZO,WZ[mQfTKY
NPO,LPkni\[Ó�×°!c^_7�$udpPOz¥eilkmo*J7IKTVoailk$km�9O,o,iÀ�rO,N�[mJ��9OaTKo*o,WPQmTV[fOzgjix[fpPi\L1ø���æK�ZWZ[/[fpZOao�TKY\il�PQmTV[fi\JML�`îTKo*[mJMQmk
TKQmO�TKYlknJ�knYli ~ p�[fY\�-kmO*LPkmix[fi\IKO£[mJ�[mpPO��9O,Qh`ùJMQm{|TKLPo*O=JK`�[fpZO��rTVoqUXi\L ~ �ZWP{|�ZkûTKLZN¿o�TVLÂ[fpZO,QmO�`ùJMQmO
oqprTKL ~ O.kmY\i ~ p�[fYx�=ilL=[fi\{|OV�wRrWPQh[fpPO*Qm{�JMQmOVæ9[mpPO(NZO*[fO*Qm{�ilLrT_[filJKL£JV`�°!c^_�NZO,�9O,LPNPk�TKYlknJûJML£[fpPO([mQfTK�
[fO,{��9O,QfT_[fWPQnO}µ!c^_ � kmO*O�QmO,YlTV[fi\JML¹�X�\�7�M��æ
TKLPN¹pZO,LPo*O�TVYlkmJ�[fpPO�[mO,{��;O*QfTV[mWPQmO�WZLPo,O*Qn[qTVilL�[fi\O,k�prT�IKO
[fJ5�9Oûo*JMLPknilNPO*QmO,N@�tR%i\LrTKYlYx�Mæ�[fpZO,QmOûilk'LPJK[êT£o,JMLZkn[qTVL®[�LPO,WZ[mQfTKY)NPO*LPkmix[Ó��[mpPQmJMW ~ pPJMWZ['[fpZO|[fQmTK�¦æ
QfTV[mpPO,Qa[mpPO,QnO�ilkdT�NPO*LPkmix[Ó��NPi\kn[fQnil�PW�[filJKLûgji\[mp=T�{ûT8��i\{�WP{ÎilL�[mpPO�[fQmTK�=o,O,L�[mO,Qdgji\[mp�NPO,o*QmO�TVkmilL ~
NPO,LPkni\[milO,k1TV�P�PQmJMTKoqpPilL ~ [fpPOû[Óg×Jð[fQfTV�¹O,LPNPkm· U_TKO�¯M�%¸é��çÓL¹[fJK[fTKYéæ%[mpPO�J7IMO*QfTKY\YaTKo*o,WPQmTKo*�Ã`ùJKQ([fpPO
NPO*[mO,Qm{�ilLPTV[fi\JML�JK`>°!c^_SilkdQmTV[fpPO*QjilL�[fpZO'QmTKL ~ O1�7���Î[fJ£�^ø����

�_­



â ¯«ª`¯ â À Ê�Ø�ÑZÝ�ËrÊ�Í Ê�ÏzÐÞÖ)ì Ø�½ äKÉ�Ý�Ë�Ì«Ðg³
��O*WZ[fO*Qmi\WP{åp��XNPQnilNPOVæ�¢e��æ9gaTKk�O��X[fO,LZkmi\IKO,Yx�tWPknO,N¾ilL5[mpPO�ilJKLPilo.p®�XNPQnJ�o,TKQm�9JML�O��Z�9O,Qnil{�O,L�[fk�NZO�ª
kno,Qnil�9O,N-i\L�oqpPTK�Z[fO*Q(­P�|ç«[.gzTKk.�PWPQmoqpPTKkmO*NÃ`ùQmJM{ yaTV{��PQmi\N ~ O1çÓkmJV[fJM�9Oû�¤TK�9JMQmTV[fJMQnilO*k'çÓLZoK�ûgjpPJ
kn�;O*o,ix`s�¹[fpPO=�PWPQni\[Ó�¹[mJ¾�9O�������æ×[mpPO=QmO,kh[û�9O,i\L ~ ¢wòûTKLPNÂ��ò��¿udpPO ~ TKkêgzTKk�o,JML�[qTVilLPO*NÂi\L¿T
­gfM�K{�Y�o�TKQn�;JML5kn[fO*O,Y�YlO*o*[fWZQmO(�9JK[n[fYlO�gjix[fp�T�o,JML�[fO*L�[�o,JMQnQmO*km�9JMLPNPi\L ~ [mJ�ø�LZJMQm{|TKY¤Ylix[fO,Q*ærié�¬OK�h[fpPO
�ZQmO,knkmWPQnO�ilLð[fpZO|kn{ûTKY\Y�o*�XYli\LPNPO*Q�gzTKk|�7�Z� ¯£�rTVQ,���wo,o,JKQmNPi\L ~ [mJ�[mpPO|{|TKL®WZ`îTKo�[fWPQnO,Q}·©QnJM�r���#¸éæ%TV[
�ZQmO,knkmWPQnO,kSO���o,O*O,NPi\L ~ �K�(�rTVQd¢e� o�TVL�QmO�TVo*[d[fJ.`ùJMQm{"T�kn[fTV[fi\kn[fi\o�TKY9{�iÀ�X[fWPQnOeJK`$¢Sò�ær¢e� TVLPN£��ò�æ
[mpPilkd�ZQmJXo,O,knkj�;O*ilL ~ LPO ~ Yli ~ il�ZYlOS�;O*YlJ7g øV���rTKQ,�/ï�O�gaTVL®[mO,N=[fJêo*JMLC�rQn{ [fpPO�TV�;J7IMO�kn�;O*o,i»�Po�TV[milJML
TVLPN�[mO,kn[mO,N5[mpPO(�ZWPQmix[Ó�=JK`�¢w�Ágji\[mpt�1NPi\÷;O,QnO,L�[eQnO�TKo�[fi\JMLPkSNPO,kno,Qmi\�;O*Nt�9O,YlJ7g��dcSJû{�J�NZi»�ro,TV[fi\JML
JV`¦[fpPO��M�^ª«�;JMY\Oj{ûTKoqpZilLPOSkmO�[fWP�ûgzTKkaLZO,o,O*kmkmTKQn�|`ùJMQ)[mpPilk)�PWPQn�;JKkmOK��udpZO�¢e� ~ TKk)`ùQnJM{ã[fpPOw�;JV[m[fY\O
gzTKk�Y\O�TKN¾[fJ5[mpPO�i\L®[mO,QmTKo*[milJML¾QmO ~ ilJML-ilLPknilNPO1[fpPO��M�^ª«�;JMY\Oê[fQfTV�-IXi�TtTKLÃTKNrTK�Z[mO,Q � yd�����M�7�=[fJ
�®gaT ~ O,YlJXoqU���æ�T1YlO,TKU_T ~ OeIVTKYxIMO'TKLPN£T1kn[qTVilLPY\O,kmkdkh[fO*O,Y�[fWP�9OK�

Ù 7�;t*, %-	$.� x " ñ � L ò
�wQ ~ JKL�o�TV[milJMLPk ~ O,LPO*QfTV[mO,N=ilL|[fpPO�knJMWPQmo*O�gzO*QmO�ilL 
 O,o*[mO,N�i\L®[mJ�[fpPOw[fQfTV��o,JML�[qTVilLPi\L ~ ¢e�áTKLZN�[fpPO
kn{ûTVYlY�il{��PWPQmix[fi\O,kjJK`×¢wò�TKLZNð��ò���ç«`)g×O��rQnkn[�TKknkmWP{�O�[fpZO�kmi\{|�PY\O(o,TKkmO�JV`×�ZWPQmO1¢Sò � JMQ���òq�wTKk
[mpPO�QmO,TKo*[milJML=�rTKQh[fLPO*Q,æP[mpPO,QnO.TVQmO�[ÓgzJ��PQnil{|TKQn�|QmO,TKo*[milJML=oqprTKLZLPO,Y\k,æ

�wQ ñ Ã ¢Sò Ä!Å �wQf¢ ñ Ã ¢ � ���x�M�^�
Ä!Å �wQ Ã ¢ ñò Æ � ���x�^�M�

TVL=¢jª¡T_[fJM{"TK�Pkh[fQfTVo*[fi\JML�oqprTVLPLPO,Y � TK�9JMWZ[d¯Mø��1�zTKLPN=T�oqprTVQ ~ O�[mQfTKLPkh`ùO,QaoqpPTKLPLPO*Y � �^ø��1�b��çÓL�[fpPO
�PTV[fp£JK`%¢wòj[fpPO*kmO'�PQmJXNPWPo�[fkjQmO,TKo*[j`ùWPQh[fpPO*Qj[mJ ~ i\IKO

�eQm¢ ñ Ã ¢Sò Ä!Å �eQ Ã ¢ ñ
 � ���x�7���
¢ ñò Ã ¢Sò Ä!Å ¢ Ã ¢ ñ
 � ���x��­®�

Y\O�TKNZilL ~ �rLPTKYlYx�|i\L�O*IKO,Qn�®[mpPilL ~ O,LZNPilL ~ WP�=i\L�¢ ñ
 ��çÓL 
 O*o*[fi\L ~ �eQmñði\L��PWPQnO.¢w��æ�[mpPO,knO.�PQnJ�o*O,knkmO,k~ O*[
T�Y\i\[m[mYlO
�Pix[/{�JMQmOao*JM{��PYli\o�TV[mO,N(NZWPOa[fJe[mpPOa[Óg×J��;JMknkmi\�PilY\i\[fi\O,k¤JK`;¢jªÓTV[fJK{ JKQ��wª¡TV[mJM{ TK�Pkh[fQfTVo�ª
[milJML@æ@�PWZ[�[mpPO�QnO�TKo�[filJKL�kmO,ú®WPO*LPo,O*k.knil{�ilYlTKQd[fJ£���x�M��[fpZQmJMW ~ p¾���\�,­�O,LPN�i\Lt[fpPOê�PQnJ�NZWPo*[mk�¢wòq��ñ
TVLPN=¢e� ñò ��udpZO,kmO�i\Lû[fWPQnL�QmO,TKo*[ji\Lû[fpPO�¢w� �rTV[mp=[mJ�NPO*WZ[fO*QfTV[mO,N�¢ ñ
 ªÓTKLrTKY\J ~ WPO*k,æXié�¬OK�n[mpPO,QnO�gjilY\Y�9O|TKL-O*úXWZilYli\�PQmi\WP{�NPi\kn[mQmil�ZWZ[fi\JMLðQfTKL ~ ilL ~ `ùQmJM{�¢ ñ
 [mJ5� ñ
 æ$NPO,�9O,LZNPilL ~ JML�[mpPO|[mO,{��;O*QfTV[mWPQmOV�ü×WZ[�gzOwTKQnOdilL�[fO*QmO,kh[fO*N|pPO*QmOjilLê[mpPOdNPO*[mO,Qn{|i\LrTV[fi\JMLêJK`�[fpZOw¢Sò×i\{|�ZWPQmix[filO*k%o*JML�[qTKi\LPO,N1ilL�¢w���MRrJMQ
[mpPilkjg×O(WPknO([fpPO.oqprTKQ ~ O.[mQfTKLPkh`ùO,QSoqprTKLPLZO,Y��X�\�^�X�d�ekekh[qTV[mO,N¦æ9[fpPi\kwoqpPTKLPLPO*Y��XilO*YlNPkw¢ ñò � {|TKkmke�M�
ix`¤[fpPO�TKQ ~ JML�i\JML�O,LPo*JMWPL�[fO*QmkwTKL£¢wòj{�JMYlO*o,WPY\O�TKLPN£¢e��ñ � {ûTVkmkj���zix`¤i\[dO*LPo,JMWZL®[mO,QnkwNPO*WZ[fO*Qmi\WP{
p��XNPQnilNPOV�d�ekmknWP{�ilL ~ O,ú®WrTKY¤QmTV[fO*kw`ùJMQd[fpZO.oqprTVQ ~ O�[fQmTKLPkn`ùO*QwoqpPTKLPLPO*Y�`ùJMQS¢Sò�TKLPN�¢e��ær[fpZilk ~ i\IKO,k
WZk�Tû{�O�TKknWPQmO�JV`�[fpPO(¢wò�o,JKL®[fTK{�ilLrTV[milJML�TKkwkmpPJ7gjLðilL�� ~ WPQmO���� �Z��RrJMQSo,Y�TVQmi\[Ó�Kæ;JKLPY\�£{|TKkmknO,k��
TVLPNÃ�£TKQmO1knpPJ7gjL¹TKLPN¾[fpPJMknO�`ùJKQ'�wQfñ%æ��eQm¢eñ%æ��eQm��ñ$æ�O*[moK�$TKQmO1JM{�i\[n[fO,N@�|udpPO|¢ ñ
 TKQmi\kmi\L ~ ilL[mprTV[°� ~ WPQnOei\k×NPWZOw[fJ'[fpPOwTK�9J7IMOe{�O,L�[milJMLPO*NûQnO�TKo�[filJKLPk×Y\O�TKNZilL ~ [fJ(TKLûO*úXWZilYli\�PQmi\WP{ NPi\kn[mQmil�ZWZ[fi\JML
JV`a¢ ñ
 ª¡TKLPTKYlJ ~ WPO,k*��udpPilk�{�O�TVkmWPQnO,{�O,L�[ ~ i\IKO,k�WPk�YlO*kmk�[fpPTKL ���¶JK`z¢wò'o,JKL®[fTKilLZO,NðilL¾¢e���@ç«[�ilk
LZJK[��9JMkmknil�PY\O�[mJ5{�O�TKknWPQmO|[fpPOû��ò�il{��PWPQni\[fi\O,k�gjix[fp�[mpPilk.{|O�[fpPJXN¦æ$�;O*o�TKWPknO�i\[.ilk'JM�Pkno,WPQnO,N ���
¢Sòb��ñ$æM�ZWZ[�i\[$ilk%TKkmknWP{�O,N�[fpPTV[/ix[%i\k/TK�PWZLPNrTKL�[�i\L([fpPOzkfTK{�OaTK{�JMWPL�[/TKk$[mpPOd¢wò�i\{|�ZWPQmix[filO*k,�¤udpPO
`ùJKYlYlJ7gji\L ~ {|O�[fpPJXN ~ ixIMO*k×WPk)[fpPOw�;JKkmkmi\�PilY\i\[Ó�.[fJ({�O�TVkmWPQnOe�9JK[fp�[fpPOe¢wòdTKLZN���òao*JML�[qTK{�ilLrT_[filJKL¦�
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R%i ~ WZQmO.��� �Z�j¢e�wª«�PWPQmix[Ó�={|O,TKkmWZQmO,{�O,L�[wgji\[fp�QmO,TKo*[milJML��eQ ñ Ã ¢e��§K¢Sò�TV[�T�[fQmTK��[mO,{��;O*QfTV[mWPQmO
JK`$�K�Möê�Z��pPJ7gjL=TKQmOeJMLPY\�1[mpPO��PQnJ�NPWZo*[fk×gji\[fpû{ûTKknkj� � ¢wòqñ��×TKLPN�{|TKkmka� � ¢w��ñtTKLPN=¢ ñ
 ���/udpZOYlilLZO,kaQnO,�PQnO,kmO*L�[e[fpZO'L®WP{�O,Qnilo,TKY¦kmJKYlWZ[milJML�JV`/TKL�TKNPO*ú®WrTV[fO�QmTV[fO�O*úXWPTV[fi\JML�kh�Xkn[fO*{�Yli\UKO�NPi\kmo,WZkmkmO*N
ilL=kmO*o*[fi\JML����¨���¨����udpPO.kni ~ LPTKY@`ùQmJK{�¢wòfñ¾i\kS�êJKQmNPO*QmkjJK`${ûT ~ LPi\[mWPNPO�YlJ7g×O,Qa[mprTKL�¢e��ñ$�
udpPO'¢ ñ
JMQmi ~ ilLrT_[fO,kw`ùQmJM{�[mpPO1QmO,TKo*[milJMLðkmO*ú®WPO,LPo*O�¢ ñ
 Ã ¢w�ÜÛÝ ¢Sòb��ñ Ã ¢e�ÞÛÝ ¢e� ñò Ã ¢w�ÜÛÝ � ñ
 Ã ¢w�YlO�TVNPilL ~ �PLrTKYlYx�û[mJ�O*ú®WPilY\il�PQnilWP{"TV[jYlJKL ~ O,Qdkh[fJMQmT ~ O�[fi\{|O*k � LPJV[jkmpPJ7gjL5i\L�[fpPi\k`� ~ WPQmO����
�a[e�K�Möêæ
[fpPO�O*ú®WPilY\il�PQnilWP{�NPi\kn[fQnil�PW�[filJKL5ilk�TK�;JKWZ[��Z� �Z����¢ ñ
 æ��Z�¨ø�����¢wòb��ñ$æ%�M�M�¨�Mø���¢e� ñò TKLPNð¯K¯Z���V���
� ñ
 �

x JAJ�$'*I-v;C %-v$.� pF� ñ
 � Lm�
ç«`
ya¢ ñ
 ilkjilL 
 O,o*[mO,N£ilL�[fJ1[fpZO�[mQfTK��o,JML�[fTKilLPi\L ~ ¢e�ÁTV[SYlJ7g [mO,{��;O*QfTV[mWPQmO*k,æ�i\[dgji\YlY×�PQmkn[wWPLPNZO,Q ~ J
[fpPQnO,O�`îTKkn[¦NPO,WZ[mO,QmTV[fi\JML�QmO�TVo*[fi\JMLPk�QnO,kmWZY\[fi\L ~ ilL'ya� ñ
 æ^gjpZiloqp�gjilYlY^[fpZO,L�`ùWPQn[mpPO,Q�QnO�TKo�[$���eQfTKNPilTV[fixIMOJMQ�[mO,QnLrTKQn�ÂTKknkmJXo,ilTV[fi\JML � �PYlO,TKkmO£o,JKLZ`ùO,Q�� ~ WPQnO�­P�¬­-i\L¿knO,o*[milJMLÂ­P� �¾`ùJMQ|TKL¿J7IKO,QnIXi\O*g¶JK`�[mpPO,knO
�PQmJXo,O*kmkmO*kq�b�

ya� ñ
 Ã ¢w� Ä.Å ya¢'� ñ� Ã p Ì � ���x�^øM�
ya� ñ
 Ã �K¢w� Ä.Å ya¢'� ñ� Ã ¢w� ¾ � ���x�#f��

udpPO,knO�TVkmkmJXo,ilTV[fi\JML-QnO�TKo�[fi\JMLPk�QnO,kmWZY\[fi\L ~ i\L ya¢.� ñ� � {ûTKknk1���^�'o�TKL¹�9O�JM�PknO,QhIMO,N ilLÃ[mpPO�{|TKkmk
km�9O,o*[mQmWP{ JK`�� ~ WZQmO5���\���¾TVk�g×O,Y\YjTKk�[mpPO=kmWP�ZkmO,ú®WPO*L�[={�WPoqp kmYlJ7g×O,Q|TKkmknJ�o*i�TV[milJML kh[fO,� [fJð[fpPO
o,YlWZkn[fO*Q=ilJMLõya¢'� ñ� � ¢w��� � {|TKkmk£�V­����ãudpPO¾il{��PWPQni\[fi\O,k|JK`�¢Sò5TVLPN ��ò ~ ixIMOðQmi\kmOt[mJÂknil{�ilY�TVQ
TKkmknJ�o*i�TV[milJML¹QnO�TKo�[filJKLPkêNPO*[mO,o�[qTK�PY\O£TKk1kmilNZO��;O,TKU®k|JK`w{|TKkmk����=i\L [mpPO=km�9O,o�[fQmWZ{�� u$TKU®ilL ~ `ùJMQ
kmil{��PY\ilo,ix[Ó��O*úXWPTKY�QmTKNPilTV[fixIMO×TKLPN.[mO,QnLrTKQn�'QmTV[fO×o,JXO�Ç�o,i\O,L�[fk�`ùJMQ�[mpPOaTVkmkmJXo,ilTV[fi\JML�gji\[fp(¢wò7æK¢e�ÿTKLZN
��ò � [fpZO,kmO�[Ó�X�9O,kdJK`¤QnO�TKo�[fi\JMLPkdTKLZN�[fpPO*ilQzNZO,�9O,LPNPO*LPo,O�JML�i\kmJK[mJM�Pi\oeo,JKLC� ~ WPQmTV[fi\JML�TKQnO�NPi\kmo,WZkmkmO*N
ilL5knO,o�[filJKL�­P� ­���æ@JKLPO(o,TKL�O,kh[fil{|TV[mO'`ùQnJM{�[fpPO��9O�TVU�i\L®[mO,LPkni\[milO,kS[fprT_[e[fpZO.[fJV[qTKY�il{��PWPQni\[Ó�=JK`)¢Sò
TKLPN���òSo*JML�[qTKi\LPO,N£ilL�[mpPO'¢e� ~ TKkdilkdY\O,knkj[mprTKL������
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R$i ~ WPQnO����x�7�Z�|þ5TVkmk�kn�;O*o*[fQnWP{ÛknpPJ7gjilL ~ [mpPO�TKknkmJXo,ilTV[fi\JML-JK`wya� ñ
 gjix[fp¹¢w��TV[([Óg×J�NPix÷@O*QmO,L�[
L®WP{(�;O*QaNPO,LZkmi\[milO*kaJK`±·©¢e�4¸�ô���¾�ø¶���7��� � o*{[��
 � NPJK[n[fO,N�Y\ilLPO��)TVLPN ·¬¢w�4¸sô��C¾¨ø¶���7��� ò o,{���
 � kmJMY\ilN
Y\ilLPO����$udpPOwya� ñ
 gzTKk)�PQmJXNPWPo*O,Nû���êi\L 
 O,o�[fi\L ~ ya¢ ñ
 ilL�[fJ�[fpPOd[mQfTK��TKLPN|��`îTKkn[)NPO*WZ[fO*QfTV[milJML1kn[mO,�Pki\L�¢w����udpPO�TKkmknJ�o*i�TV[milJML��PQmJXNPWPo�[fkjya¢'� ñ� � {ûTKknkd���7�×TKLPN�ya¢.� ñ� � ¢e��� � {|TKkmka�V­®�)TKQmOSI�i\kmi\�PYlOVæ�ZWZ[�[fpPO*QmOjTKQnOdTKY\kmJ�kmTV[fO*YlYlix[fO×�;O,TKU®k/[fJ�[fpZO\�rQmkh[)TKkmknJ�o*i�TV[milJML(�;O,TKU(NPWZOa[fJ�¢wò
TVLPN���ò�il{��PWPQmix[fi\O,k,�
udpZilkj{ûTVkmkdkm�9O,o�[fQnWP{�gaTVkS[fTKUKO*L5TV[wT�[fO*{|�9O,QmTV[fWZQmO�JK`z�^øKö TKLPN¾��kd[fQfTV�P�PilL ~ [mil{�OK�
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ÜhÜ�Ô�ÌhÑ®ÐPÖ)Ët³¶Ö×ì ØÈê×ë�Øíì���î|ï
� QnJK[fJMLPTV[fO*N-gaT_[fO,Q(o,YlWZkn[fO*Qmk(¢eñ � ¢wò����¡ó�TKQmO|LPJK[.JMLPY\�¾JK` ~ O,LPO*QfTKY)ilL�[mO,QmO*kn[êi\L-�Pp��Xkmi\o�TKY×oqpPO,{êª
i\kn[mQn�Mæ��ZWZ[×TKYlknJ��PY�T���i\{|�9JMQh[qTKL�[/QnJMYlO*k/ilLê[mpPOdilL�[fO*Qmkh[fO,Y\Y�TKQ%{|O*NPilWP{£æ�TV[m{|JKkm�PpPO*Qmi\oaoqpPO,{�ilkh[fQh�êTKLPN
�ZilJMY\J ~ ilo,TKY®kn�Xkn[mO,{�k,��udpPi\k
ilL�[fO*QmO,kh[
o,JM{�O,k
knWPQmO*Y\�(`ùQnJM{Á[mpPOjpPi ~ p1TK�PWPLPNPTKLPo,OSJK`�gzTV[fO*Q)JKL�O,TKQn[mp¦æ
TVLPN5TVYlkmJê`ùQnJM{ [fpZO'O,TKkmO'JK`$`ùJMQm{|TV[fi\JML�JK`%km{|TKYlY\O,Qao*YlWPkh[fO*Qmk,æ9TKkd[mpPO�gaTV[mO,QS{|JKYlO,o*WPYlOeprTKkwT1pZi ~ p
�ZQmJK[mJML�TKÇ�LPix[Ó��JV`d�#f�ø1UKo�TVYs§V{�JMY±·©p®WPLP�M¯K¸�[fJû`ùJMQn{�¢ 
 � ñ æ�[fpPO(kmil{��PY\O,kn[Skn�;O*o,ilO*k�ilL£[fpPi\keknO,Qmi\O,kgjix[fp=L�ô��M�
�0���9O,Qmi\{|O*L�[fk�gji\[mp-[fpZO,kmO=o*YlWPkh[fO,Qnk ~ J��rTVoqU�[fJ�[fpPO��7�M�K�Kk.gjpZO,L¹[fpPO=ö�O*�rTKQmY\O ~ QnJMWP� · o,WPLr�M�Zæ
YlTKWr¯��#¸;TKLPN=þ�O*JK[nªÓcwO*QzTKLZN�o,J7g×JMQmUVO,Qmk¶·©{�O,J�¯,f8¸;ilL�IMO*kn[fi ~ TV[mO,N|[mpPOeO*ú®WPilY\il�PQnilWP{ÁJK`¦[fpZO,kmOeo,YlWZkn[fO*Qmk
i\L��PWPY\kmO,N¾pPi ~ p��PQmO*kmknWPQmO�{ûTVkmk�km�9O,o�[fQnJM{|O�[fQniloêO����9O,Qnil{�O,L�[fk'TKLPNðNPO*NPWPo*O,N�[mpPOê�9JMLPNðO,LPO*Q ~ i\O,k
TVLPN1JK[fpPO*Q%[fpZO,Qm{�JXoqpPO,{�ilo,TKYZú®WrTKL�[mi\[fi\O,k%`ùQnJM{á[fpPOa[mO,{��;O*QfTV[mWPQmOdNPO*�;O*LPNPO*LPo,OSJK`�[fpPOdO*ú®WPilY\il�PQnilWP{
o*JMLPkh[qTKL�[fk*�dR%i\Qmkn[SY\J^gaª«QmO*kmJMY\WZ[fi\JML�ilLZ`ùQmTKQmO*N�kn�;O*o*[mQfT|JV` ~ TKk¡ªÓ�PpPTKkmO�gzTV[fO*Qeo,Y\WPkn[mO,Qj{�iÀ�X[fWPQnO,kjprT�IMO
�9O,O*LÂQnO,�9JMQn[mO,N ��� ��oqp�gzTKQm}£ilLÞ�7�M�M�Û·©knoqp��M�K¸ æ×�ZWZ[1i\[�gzTKk1JMLPYx�ÃT_`s[fO,Q�[mpPO�WPknO£JV`S[mpPO=o,JMQnJMLrT
NZilkmoqpPTKQ ~ O�knJMWPQno,O�·©knO�T��_­,¸�`ùJMQ��PQnJ�NZWPo*[milJMLÞJK`'i\L®[mO,QnLrTKYlYx� o,JMY\NÞo,YlWZkn[fO*Qmk£TKLPNÞ[mpPOðTK�P�PY\ilo,TV[fi\JML
JV`�{ûTKknkûknO,YlO*o*[milJML¿[mprTV[�{|TKL�� NPO*[fTKilY\O,NÂkm�9O,o*[mQmJMkno,JM�Zilo�ilL�IKO,kn[mi ~ T_[filJKLPk|o*JMWPY\Nÿ�;O5o,JMLPNZWPo*[mO,N¦�
udpZO-ðê�¬u��a��O,O ~ QmJMWZ�ÿilL�IMO*kn[mi ~ TV[mO,Nÿkn{ûTVYlYj�PQmJV[fJMLrT_[fO,NÂgaTV[mO,Q�o*YlWPkh[fO*Qmk � L�ô����\�¬­®�êilL¿[mpPO�`ùQnO,O
��¢dªÓkn[mQmO�[foqpPi\L ~ QmO ~ ilJML � ié�¬OK� ��øK�K��[fJ �M¯K�M�-o,{����n���PQmkn[�gjix[fpÿ[mpPOð¢wònª«{|O*kmknO,L ~ O*Q�[fO*oqpPLPilú®WPO� ��UXWZ{�WPQfT�O*[�TVYé�#· JMU®Wr¯gf8¸s�dTKLPN�Y�TV[mO,Qdgji\[mp£[mpPO'ilLZ`ùQmTKQmO*N�{�WZY\[fi@�PpPJK[mJML5NPi\kmknJ�o*i�TV[milJML � ç¡íwþ � ���
{�O*[mpPJXN � ð)O*p¹O*[�TVYé�#· �MO*pr¯M�,¸����£udpPO,knO�ilL�IMO*kn[mi ~ TV[milJMLZk.prT�IKO��;O*O,LÃO���[mO,LPNZO,N¹[fJtYlTKQ ~ O,Q'o,YlWZkn[fO*Qmk
· 
 i�TK�M�Xæ;gaTKLP���8¸/���tTK�P�PYx��i\L ~ �PQnO,NPi\kmknJ�o*i�TV[milJML�km�9O,o*[mQmJMkno,JM���ðQnO*IMO,TKYli\L ~ {|TKL��5kh[fQnWPo*[mWPQfTKY%ilLZ`ùJMQ¡ª
{|TV[milJMLêWP�ê[mJ.L�ô�¯�ilLê[mpPOd`ùQmO,OjTVLPN|�9JMLPNZO,Nû��¢dªÓkh[fQmO�[foqpPi\L ~ QmO ~ ilJMLPk � �M�K�M�e[mJ'�M�M�M��o,{ ��� �b�/RrJMQ
[mpPO,knOepPi ~ pPYx��kmJKY\IVTV[fO*N|o*YlWPkh[fO*Q)[mpPOwkn�;O*o*[mQfTKY9TKknkmi ~ LP{|O*L�[×�9O,o*JM{�O,k)ilLPo*QmO�TVkmilL ~ Y\�(NPi»Ç�o,WZY\[)NPWPOj[fJ
[mpPO({|TKLPix`ùJMYlN=JK`%kn[mQmWPo�[fWPQmTKY%i\kmJM{�O,Qnk,�jíjO,o,O*L�[fY\�Kæ@�wkm{�ilkSTKLPNto*J7gzJMQnUKO*Qmk�·©TKkm{|�M�8¸�JM��[qTKi\LPO,N£[fpPO
~ TKkhª«�PprTKknO�km�9O,o�[fQmWZ{�JK`�[fpZO��PQmJV[fJMLrT_[fO,N�gzTV[mO,QdNPi\{|O*Q � Lrô'�K�)ilL|[fpPOe`îTVQailLZ`ùQmTKQmO*N � fM�K�.[fJ����M�M�
o*{[���h�dWZkmilL ~ [mpPO�ç¡íeþ � �á[fO*oqpPLPilú®WPOV�
�e`�kn�;O*o,ilTKY¤ilL�[fO*QmO,kh[epPT7IKO�TKY\kmJ��;O*O,L5[mpPO'�;JMLZN5O,LZO,Q ~ ��NZO*IXi�TV[milJMLZkS`ùQnJM{ [fpZO(km{�JXJK[fp£kmO*úXWZO,LPo*O
i\LPNPi\o�TV[milL ~ kn�;O*o,i�TVY)kh[qTK�ZYlO1kn[mQmWPo�[fWPQnO,k(JKQ'knpPO,Y\Y
o,YlJKkmWPQnO,k,�ûudpPO��PQmkn[.kmpZO,YlY
o*YlJMknWPQmO�TV['L�ô�­�gzTKk
TVYlQmO,TKNZ�5JM�PkmO*QnIKO,NÃ���ðö�O,�PTKQmY\O1TKLPNð[fpPO1km�9O,o*i�TKY%kn[qTV�PilY\i\[Ó��JK`×[mpPilk�o*YlWPkh[fO*Q'o,TKL¾�;O1JM�PknO,QhIMO,N�ilL
{|TKL��ÃO����;O*Qmil{�O,L�[mk,� udpPO£¢eñ � ¢wò����¡ó=o*YlWPkh[fO*Q1gjix[fp L�ô�����i\k1TKYlknJ¾JK�PkmO*QnIMO*NÂ[mJ¾pPT7IKO�kn�;O*o,ilTKY
kh[qTK�ZilYlix[Ó� � kmO*OwOV� ~ �.· kmoqpP�gf,¸s�/TVLPN�[mpPilk�i\k)TKkmo*Qmil�9O,Nê[mJ(TM¿¬o,Y�T_[fpPQmTV[fOK¿Mo,Y\WPkn[mO,Q
kn[mQmWPo�[fWPQnOK��çÓL1[fpPOjY�TVkn[
�KO�TKQnkd{ûTVL®��{�O�TKknWPQmO*{|O*L�[fkaJK`�[mpPO��9JMLPN�O*LPO,Q ~ ilO*kaprT�IMOe�;O*O,L�NPJMLZOegji\[mp�NPi\÷;O,QnO,L�[dTV�P�PQmJMTKoqpPO,k

�K�



·©Y\J^I��M�Xæ�{|T ~ ���Væ®kmpZi��M�K¸9i\L|[fpZOeQfTVL ~ OSWP�û[fJ.L�ô��K¯ZæXTKYx[fpPJMW ~ p|[mpPO,QnO�TKQnOwkh[filY\YrkmJM{�OeNZilkmo*QmO*�rTKLPo*ilO,k
YlO*`s[,�ð��J^IKO 
 J7� TKLZN¹o,J7gzJKQmUKO*Qmkm· YlJ7I��M��æ$YlJ7I��Z�Mæ%o*WPQf����¸aNPO*{|JKLPkn[mQfTV[mO,NÃ[fpZO�`ùO�TKknil�Pi\Yli\[Ó�ðJV`jNPO*[mO,Qhª
{|i\LPilL ~ [mpPO5�9JMLPNÂO,LPO*Q ~ � JV`�km{|TKYlYzo,YlWZkn[fO*Qmk|�®� {�O�TKknWPQmi\L ~ [fpPO£NPilknkmJXo,ilTV[fi\JML QfTV[mO,k�ilLÂT-¢wO
�PWZ÷;O,Qa�rT_[fp ~ TKkaTV[aIVTKQmi\JMWPk)[fO,{��9O,QfT_[fWPQnO,ka[fJ ~ O*[mpPO,Qzgjix[fp�o,TKYlo*WPY�TV[milJMLZk×JK`�[mpPO�ilL�[mO,QmLPTKY;O*LPO,Q ~ �M�
udpPO*�£�9O,Qn`ùJKQm{�O,N=[fpPO*ilQjO����9O,Qmi\{|O*L�[w`ùJMQj�PQnJK[fJKLrTV[fO*N�gzTV[fO*Qwo*YlWPkh[fO*Qmkjgji\[fp�L�ô��Zæ¬­|WPknilL ~ T � TKWPY
[fQfTV�5TV[d[mO,{��;O*QfTV[mWPQmO*keTVQmJMWPLZN5�M�K�_ªhøK�K�Möê�ZudpPi\kjg×JMQnU � kmO*O.�PTK�;O*QSTK�P�9O,LPNPiÞ�=���aQnO,�PQnO,kmO*L�[fk�TVL
O��X[fO*LPkmi\JMLÃJK`a[mpPO,i\Q�{|O�[fpPJXN�[mJ5YlJ7g×O,Q�[fO*{|�9O,QmTV[fWPQnO,k*æ�TKYlY\J7gjilL ~ [fJ£kn[mWPNZ�¾[fpPO�gzO,TKUKO*Q��9JMLPNPO*N
o,YlWZkn[fO*QmkjL�ô�­P�x�\���Z�

ª`¯W®±¯ â ² ËrÖ�ÐPÖ×Ï�Ø%ÐPÊ¤Ù ÒÃØ%ÐZÊ¤Ë � ÜnÝ�Ñ®ÐPÊ¤ËrÑ¿Ø
Ï�Ù�Ò-Ø%ÐPÊ¤ËõÌ � ÊÄÌhÏ¶ÐPÔ�ÊÁÕ � À
� QnJK[fJKLrTV[fO*NõgzTV[mO,Q=o,Y\WPkn[mO,Qmk�¢eñ � ¢wò����Óó¾TKLPNõ{|iÞ�ZO*N o,YlWZkn[fO*Qmk£JK`'[fpPOð[Ó�X�;O¾¢eñ � ¢wò����Óó � ¢Sò��¤ñ� TKkSTKL£O��ZTK{��PYlO��zo�TKL�TKY\kmJ1�;O�`ùJMWZLPN�i\L=NPO,LPknO(i\L®[mO,Qnkn[fO*YlYlTKQao,Y\JMWPNPk*�×�wkjkmWP{�{ûTVQmil}*O,N=���£��WPYlO��
·©NPWZY��gf%¸éæ_[fpPO���TKQnO×{�JMkh[%�PQnJM�rTK�ZY\��`ùJMQn{|O*N(���'o,JMkn{|i\o�ªÓQmT��®ª«ilLPNZWPo,O*N(NPO*kmJMQn�Z[fi\JML(`ùQmJK{ NPWPkn[ ~ QfTVilLPk
gjpPiloqp-TKQmO1U®LPJ7gjL-[fJ£�9O�o*J7IMO,QnO,NÃgjix[fp�TKL�i\o,O1Y�T��KO,Q�o,JMLZkmilkh[fi\L ~ JV`d¢wòq�êæ$yd��æ�{�O*[fpPTKLPJMY
TKLZN
NPilknkmJMYxIMO,N�¢Sò���� 
 O,o�[filJKLêJK`9QfTV[mpPO,Q/YlTKQ ~ O � °´òõøK���¤gaTV[mO,Q�o*YlWPkh[fO,Q%ilJMLPk%prT�IMOSTKYlknJ��;O*O,L1{�O�TKknWPQmO*N
ilLÃ[fpZO�Y�TK�9JMQfT_[fJMQh��JKL i\{|�PTKo*[êJV`e¢SO�ñ;ª«ilJMLPk(TKLPN O,Y\O,o�[fQmJKLPk1JML¹ilo*OK� ��LPo*O�ilLÃ[fpZO ~ TKkê�PprTVkmOKæ
[fpPO*kmOûgzTV[fO*Q�o,Y\WPkn[mO,Qnk(o�TVL¹WPLPNPO*Q ~ JtO*YlO*o*[fQnJML�ª«ilJML¾QmO*o,JM{��ZilLrTV[milJML-TKLPNÃi\LCÊrWPO*LPo,O�[fpPOûo,JM{��PYlO��
oqpPO,{�ilkh[fQn��JK`$[mpPO�çh�Pþ��
ïÃTV[mO,Q�{�JMYlO*o,WPY\O,k%TKo,o*QmO*[mO,N�JML ~ QmTKilLPk$`ùJMQm{�ilL ~ TKLêilo*OdY�T��MO*Q/prT�IMOSTKY\kmJ�TKL1il{��9JMQn[fTKL�[%i\{|�rTVo*[/JKL
[fpPOjkn�XL�[fpZO,kmi\kzJK`;{�JMYlO*o,WPY\O,k/gjpPi\oqpûTKQnOjUXLZJ^gjL�[fJ�`ùJMQn{ÄIMO*Qn�1ilLZO�Ç�o,i\O,L�[fYx��ilLê[mpPO ~ TKk
�PprTKknOKæ®[fpPO
{|JMkh[z�ZQmJM{�ilLPO*L�[zO��PTV{|�PY\Ow�9O,i\L ~ [mpPO��PQnJ�NZWPo*[milJML|JK`¤¢wò � � ilQnQmJMLPO*YlY\J.O�[�TKYé�A·©QnJMkf�M�XæX�PilQm���%¸����/udpZO
gaTV[mO,Q�i\o,O.JMLtkmWZoqp ~ QfTKi\LPkei\kw[fpZJMW ~ p�[e[mJ��9OêTK{�JMQm�PpZJMWPkei\LtLrTV[mWPQmOH·©QnJMkf�M�8¸éæ;o,JML�[fTKilLPi\L ~ {|TKL��
{|i\o,QmJK�;JMQnO,k*�)çÓL�[mO,Qmkh[fO*YlY�TVQw¢dª¡TV[mJM{�kao�TKL�kn[miloqU�JML£kmWPoqp5T�knWPQn`îTVo,O.TKLPN£QmO,o*JM{��Pi\LPO�o�TV[fTKY\�®[milo�TVYlY\�
[fJ£{|JMY\O,o*WPY�TKQep®�XNPQnJ ~ O*L-O,ix[fpPO*Q(T_`s[fO,Q�{�i ~ QmTV[fi\JMLtJMLð[fpZO|knWPQn`îTKo*O|JKQ'���ð�9O,i\L ~ pZi\[����¾TKLPJK[mpPO,Q
¢jª¡T_[fJM{"o,JM{�ilL ~ `ùQnJM{"[mpPO ~ TKk¡ªÓ�PprTVkmOK�

ÓS«b0 ó �-�¶Âd��������Âj����ô �(
�� �$�/�)#�Âd��#���� �¬äÈõ Ã�ö õ � Ýø÷ L
udpPO¾gzTV[mO,Q={|JKYlO,o*WPYlOð¢Sòb� o*JMLPkmi\kn[mk�JK`(� TV[fJM{�k=TKLPNõprTKk=[fp®WPk��ÃIXil�PQmTV[fi\JMLrTKYw{|JXNPO,k*æ�JMLPO
TKkn�X{�{|O�[fQmi\o���¢dªÓkn[mQmO�[foqpðTV[����Mø,fûo*{[���qæ@JMLPO.kn�X{�{|O�[fQmi\oê��¢jª«kn[mQmO*[moqpðTV[��,f�øM��o*{[���wTVLPNtJMLPO
�;O*LPNPilL ~ {|JXNPO�TV[=�7øK��ø5o,{����b��ç«`Sg×O=ilLPo*JMQm�9JMQmTV[fOû[mpPO,knO�gaTV[mO,Q1{�JMYlO*o,WPY\O,k(i\L�[fJ��PQnJK[fJMLPTV[fO*N
gaTV[mO,QSo,Y\WPkn[mO,Qmkw¢eñ � ¢wòb���ÓóMærgzO'gjilY\Y¦o,O*Qn[qTVilLPYx���;O'TK�ZYlO�[fJ|JM�PkmO*QnIKO.[fpZO,kmO'IXil�PQmTV[fi\JMLPk,æPTKY\[mpPJMW ~ p
TV[�kmJM{�O*gjprT_[%{�J�NZi»�rO*N�`ùQnO,ú®WPO*LPo,i\O,k/NPWZO)[mJS[mpPO×p��XNPQnJ ~ O,LXªÓ�9JMLPNPi\L ~ i\L®[mO,QmTKo*[milJML¦�$��JK{|O
kmO*YlO*o*[fO*N
kn[fQnWPo*[mWPQfTVY×i\kmJM{�O,Qnk'JV`z[fpZO|gzTV[fO*Q.o*YlWPkh[fO,Qnk�¢ ñ � ¢Sò��'�Óó|`ùJKQ'Lrô'øX�\� ¯5TKQnO|NZO,�Pi\o*[fO*N-i\L � ~ WPQmOû�Z�\�
[fJ ~ O�[fpPO*Q|gjix[fp¿[mpPO,i\QûilL�`ùQfTKQnO,Nÿ�PQnO,NPi\kmknJ�o*i�TV[milJML km�9O,o�[fQfT-[fTKUKO*L ilLÂ[mpPOð��¢jª«kn[mQmO*[moqpPilL ~ QmO ~ ilJML
· gzTKLr�Z�Kæ 
 i�TK�M�%¸ ���ekzo�TKL��9O�knO,O,L@æPO�TKoqp=�PQnJK[fJKLrTV[fO*NûgzTV[fO*Qao,Y\WPkn[mO,QaprTVkdT(o,JKQmO�o*JMLPkmi\kn[milL ~ O*i\[mpPO,Q
JK`¤TKL�¢ 
 ��ñ5JMQ×¢ � � ñò æ�TKQmJKWPLPNûgjpPi\oqpû[fpZOwgzTV[fO*Qa{|JKYlO,o*WPYlO*k×o,TKL�o*YlWPkh[fO,Q*��udpPOeo*YlWPkh[fO*QmilL ~ o,Y\JMkmO[fJ5[mpPO�o,JKQmO�i\k(NPJM{�ilLPTV[fO*N-���-oqpPTKQ ~ ObªÓNPi\�;JKYlO�ilL�[fO*QfTKo�[filJKLPk�TKLZNÃ[fpPO��9JMLPNZkêTKQmO|o,JMLZkmO,ú®WPO*L�[fY\�
QfTV[mpPO,Q$kn[fQnJML ~ æ_gjpPilY\O)[mpPO×gzTV[mO,Q%{�JMY\O,o,WZYlO,k�ilL.JMWZ[mO,Q%knJMY\IVTV[milJML'kmpZO,YlY\k%TVQmOz�9JMLPNZO,N�����[fpPO)gzO,TKUKO*Q
p®�XNPQnJ ~ O*L(�9JMLPNPi\L ~ � kmO*O×�PTK�;O*Q�ilL'TK�P�9O,LZNPiÀ�������_��LPO�gzTV[fO*Q${�JMYlO*o,WPY\O/o�TVL.�9O
p®�XNPQnJ ~ O*L�ªÓ�9JMLPNPO*N
[fJ£�Mæ;��JMQS�|JV[fpPO*QSgzTV[fO*Qe{�JMYlO*o,WPY\O,kdi\L£[mpPO(o*YlWPkh[fO,Q � o,TKYlY\O,Nð�*ªfæ@�7ªzJKQw�^ªÓo,JXJMQnNPilLrT_[fO,Nr�jTVLPN�[mpPilk
o�TKL TKY\kmJ��9O�JM�PkmO*QnIKO,N¿i\LÃ[fpPO�`ùQnO,O£��¢jª«kn[fQnO*[moqpPilL ~ QnO ~ i\JML TK�9J^IKO=�gfM�M�to*{[���.i\LÃ[fpPO=km�9O,o�[fQmT
�Z�\�K�aïÃTV[mO,QS{|JKYlO,o*WPYlO*kdgjpPiloqp�TVo*[eTKkeT�kmi\L ~ YlO��PQnJK[fJKLtTKo*o,O,��[fJMQ*æ9`ùJMQSilLZkn[qTVLPo,O'Yli\UKO�[fpPO.�|JMW�[fO,Q
gaTV[mO,Q�{�JMY\O,o,WZYlO,k.ilLÃi\kmJM{�O,Q�øVçqæ$gji\YlY
prT�IMO�[mpPO,i\Q.[Óg×Jð¢jª¡T_[fJM{�k.`ùQnO,Oû[mJ�kn[fQnO*[moqpÂTVLPNÃ[fpPi\k(gjilY\Y
~ i\IKO�Qmi\kmO�[fJ1TVL�TVkn�X{|{�O*[mQmi\o�TKLPN=kh��{�{�O*[fQnilo��9O�TVUûilL�[mpPO�km�9O,o�[fQmT1Y\J�o,TV[fO*N=TKQmJKWPLPN£���V­��.o,{����
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R$i ~ WPQnO��Z�\�K�'¥eil�PQmTV[fi\JMLrTKY/�ZQmO,NZilkmknJ�o*i�TV[milJMLðkn�;O*o*[fQmT5JK`a¢eñ � ¢wò����¡ó�L�ô�ø��x�¨¯£ilLð[fpPO��9JMLPNPO*NÃTKLPN
`ùQnO,O|��¢jª«kn[fQnO*[moqpPilL ~ QmO ~ ilJKL � �M�K�M��o*{ ��� [fpPQnJMW ~ p��M�M�K�=o*{ ��� ���1udpPO�{|JMkh[��PQmJK�rTK�PY\OêilkmJK{|O*Qmk
`ùJKQdO�TKoqp�NPO ~ QnO,O�JK`$kmJMYxIVTV[fi\JML�L5TVQmO�TKY\kmJ1kmpPJ7gjL¦�×R%i ~ WPQmO�TKNrTK�Z[mO,N=`ùQmJM{�· gzTKLr�Z��¸é�

TVLPN=�gf�øK�.o,{ ��� �
�^ª«o,JXJMQmNPi\LrTV[mO,N�TKo*o,O*�Z[fJMQ¡ªÓNPJKLPJMQ×gzTV[mO,Qd{�JMYlO*o,WPY\O,k)prT�IMO�JMLPYx�5�w`ùQmO,O���¢dªÓ�9JMLPN
TVLPN�[mpPilk'ilk�JM�PknO,QhIKTV�PYlO|TKk.T�kmi\L ~ Y\O|TV�PkmJMQn�Z[fi\JML�TKQmJMWZLPNÃ���X�^ø=o*{ ��� ��R%ilLPTKYlYx�Mæ¤�_ª«o,JXJMQmNPi\LrTV[mO,N
gzTV[mO,Qê{�JMYlO*o,WPY\O,k(gjix[fp¹JMLPOûWPL®�;JMLZNPO,NÂ¢jªÓTV[fJM{ prT�IMO=TVYlkmJðTto*YlO,TKQ�kmi ~ LrTV[mWPQmO�TV[1�gfM¯K�to,{����b�
udpZO|TV�P�;O,TKQfTVLPo,O1JK`)[fpPi\ke`ùQmO*O|��¢dªÓkh[fQmO�[foqpPi\L ~ JK`z�_ªÓo*J�JMQnNPilLPTV[fO*N5gaT_[fO,Q�o,TKL��9OêJM�PknO,QhIMO,N¾IMO*Qn�
LZilo,O*Y\� i\LÂ[fpZO5km�9O,o�[fQmTÃ�®� ~ JKilL ~ `ùQmJM{ L�ô¶fð[fJÃL�ô���� çÓknJM{|O*Qmk}fKç1TKLPN�fVçmç�o*JML�[qTKi\L¿JMLPYx� �*ª
TVLPN��^ª«o,JXJMQmNZilLrTV[mO,NêgzTV[fO*Q×{�JMYlO*o,WPY\O,k*æMgjpPO,QnO�TKk×ilkmJK{|O*Q)�Vç«¥ o*JML�[qTKi\LPk
JMLPOw�_ªÓo*J�JKQmNPi\LrTV[fO*NêgaTV[mO,Q
{�JMY\O,o,WZYlOK�
udpZOw�9JMLPNPO*N���¢jªéIXil�PQmTV[fi\JMLPk
TKQnOSQnO,NPknpPi\`s[mO,NûTKLPN�o�TKL|�;Od`ùJMWPLZNûilLê[mpPOS`ùQnO,ú®WPO*LPo*��QmO ~ ilJKL|�9O,Y\J^g
�,fM�M��o*{[���([fJ ~ O*[fpZO,Q|gjix[fp [fpPO£I�i\�PQfT_[filJKLPk1NPWPO5[mJ�[fpZO5o,Y\WPkn[mO,Q|o,JMQnO,k,� þ�JMQnO5QnO,o,O*L�[�NPO*[fTKilY\k
TV�;JMW�[/[fpPOdkh[fQnWPo*[mWPQmOSTKLPNêç¡íaªÓkn�;O*o*[mQfT�JK`9ilJMLZilo
gaTV[mO,Q�o*YlWPkh[fO,Qnk
o�TKLê�9Oa`ùJMWPLPNêi\LS· gzTKLr�M�8¸éæ.· 
 i�TK�M�%¸ æ
· oqprTM����¸éæ)· gzTKLr�Z��¸¤JKQ?·¬TKkn{û�K�8¸�TKLPN£QmO�`ùO,QnO,LPo*O,kj[fpPO*QmO,i\L¦�
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udpPO|u$TKi\�;O*iz�K�^ªÓ�9JMYlO({ûTKoqpZilLPO1prTKk'�9O,O,L-WPkmO*N-[fJ£ilL�IMO*kn[mi ~ TV[mO�[mpPO��PQmJK[mJMLrTV[mO,NðgaT_[fO,Q.o,Y\WPkn[mO,Qmk
TKk�QmO*�;JKQn[fO*N¹ilL¹TV�P�;O*LPNPiÞ�-�.�%udpPO�o*JMQmJKLrT5NPi\kmoqprTKQ ~ O�knJMWPQmo*O�WPkmO*NÃ`ùJMQ([mpPO,knO�O����9O,Qmi\{|O*L�[fk�[fJ
�PQmJXNPWPo*O5Tðo,JML�[milL®WPJMWPk1�9O�TK{ JV`�¢ ñ � ¢wòq�'�Óó5i\kêO����PYlTKilLPO*NÂi\L¹[fpPi\k�knO,o�[filJKLÂgji\[mp¹[fpPO£pPO,Y\�ÂJV`
� ~ WPQnOê�Z�¨���eç«[�i\kwIKO,Qn�5o,JM{��rTKo�[�TKLZNtkmi\{|�PY\O(TVk�i\[wilkw�PWPilYx[w`ùQnJM{¶T=�XgzT ~ O,Y\J�oqU=QnO,NPWPo*ilL ~ WZLPilJML
TKLPNêT�üzc�y)ª«`ùO*O,NZ[mpPQmJKW ~ p¦�$udpPOaNPO*kmi ~ L�ilk$ilNPO*L®[milo,TKY�[fJw[mprTV[%NPO,kno,Qmi\�;O*Nê����cSilO,NZLPO,Q¡ªh��oqprT_[m[fO*�PWPQ ~
· ~ LZkf�gfK¸ ���eL�JKQmNPi\LrTKQn�|kn[fTKilLZYlO,knkzkh[fO,O*Y�kmO�gjilL ~ LPO*O,NPY\Oe[fi\��ilk×kmO*[d[mJ�pPi ~ p�IMJMYx[qT ~ O � TVQmJMWPLZN£øK�M�V¥

R%i ~ WPQmO��Z���X�zyzJKQmJMLrTêNPi\kmoqprTVQ ~ O�kmJKWPQmo*OKæ�� ~ WPQnO'TKNrTK�Z[mO,N=`ùQmJM{ · gzTKLr����¸

[fJ��V�M�V¥��bæ¤TKLPN-[mpPO��;JK[mO,L�[filTKY
NPi\÷;O,QnO,LPo*Oû�9O*[Óg×O,O*LÃ[fpPi\k'[mil��TKLPN�[mpPOûknJMWPQno,Oû�9JXNZ�¾ilLPix[fi�T_[fO,k�T
NPilknoqprTKQ ~ O�ilL£[fpPO�knWP�P�PY\ilO*N�¢wòb§V¢wò�� ~ TKkw{|iÞ��[mWPQmO � TKQnJMWPLPN�øK�ûu�JMQmQwJK`)T��K�Z�x��{�iÀ�X[fWZQmO7�b�wudpZO
QmO,knWPY\[milL ~ NPi\kmoqprTKQ ~ OSo,WPQnQmO,L�[di\k
WPkmWrTVYlY\�1i\L�[mpPOSQfTKL ~ OeJK`¦�M�j�¦�.�XudpZOeilJKLPilodkn�;O*o,ilO*k ~ O*LPO,QmTV[fO*N�ilL
[fpPOaNZilkmoqpPTKQ ~ OzWPLPNPO*Q ~ J�{|TKL��'o,JMY\YlilknilJMLZk¤gjix[fp([mpPOaLPO*WZ[fQmTKYZ�ZQmO,o*WPQmknJMQ ~ TKk%TV[/QnJ�JK{á[mO,{��;O*QfTV[mWPQmO
TKLPN=TKQnO�[fp®WPkdilL�[mO,QmLPTKYlYx�|o*J�JKYlO,N��9O*`ùJKQmO�[fpZO*��o,TKL=YlO,T7IKO�[fpPO�knJMWPQno,O�[fpZQmJMW ~ p=[mpPO'�Mø|�@{1ª«JMQmiÀ�ro,OV�
udpPO|knWP�PknO,ú®WPO,L�[êknWP�9O,QmknJMLPi\o|O��Z�PTKLPkmi\JML-�ZQmJ7IXilNPO*k�`ùWZQn[fpZO,Q'o,JXJMYli\L ~ NPJ7gjL�[mJ=[mO,{��;O*QfTV[mWPQmO*k.JV`
[fpPO'QfTKL ~ O�JK`z�7øK�MöÄknJ�[mprTV[So,Y\WPkn[mO,Qmi\L ~ o�TKL=[qTKUVO.�ZY�TKo*OK�)udpPOû��{�{ NZi�TK{�O*[mO,QdkmU®i\{|{�O,QdknO,YlO*o*[mk
[fpPO=o,O*L�[fO,Q|�rTKQh[|JV`w[mpPO��9O�TV{Û[fJð�9O5TKNZ{|ix[m[fO*NÃ[fJð[fpPO£pPi ~ p�ª«IVTKo*WPWP{ QmO ~ ilJML JK`w[fpPO��M�^ª«�;JKYlO
{ûTKoqpZilLPOV�/udpPilk×kmU®il{�{�O,Q
ilk°ÊrJ�TV[mO,N�LPJV[z{�JMQmOj[fpPTKLt�M�¨ø_¥��;O*YlJ7gÞ[fpPOwkmJMWZQmo,Oe�;JXNZ���;JV[fO,L�[mi�TKYr[fJ
T7IKJMilN=o*JMYlY\ilkmi\JML�ª«ilLPNPWZo,O,NûpPO�TV[milL ~ JK`�[fpZO.¢wñ � ¢Sò����¡ó�o,Y\WPkn[mO,Qnk,�
udpPO��;J7g×O,Q�knWP�P�PYx�ÿknoqpPO,{�O�JK`�[fpZO�o,JMQnJMLrT-NPi\kmoqprTVQ ~ OtknJMWPQno,O�ilk�TKYlknJÃú®WPi\[mO5kmi\{|�ZYlOK�ð��Y\J7g
IMJMYx[qT ~ O'�9J^g×O,QekmWP�P�ZY\�[ÊrJ�TV[mkw[mpPO�kmJKWPQmo*O��;JXNZ��TKLPNtTKYlknJ�T|pZi ~ p£IMJMYx[qT ~ O'�9J^g×O,QekmWP�P�ZY\�M�wudpPilk
pPi ~ p¾IMJMYx[qT ~ O|�9J7gzO*Q�kmWP�Z�PY\�¾ilL�[fWPQnLÃ�PQmJ7IXilNZO,k.[mpPOû�9JK[mO,L�[filTKY×NZi\÷;O,QmO*LPo,O|�;O�[ÓgzO*O,L¹[fpZOûkmJKWPQmo*O
�;JXNZ��TKLPN5[mpPO�LPO*O,NPY\O([fi\�¦�SçÓLt[fpPO�O*YlO*o*[fQnilo'o,i\Qmo,WZi\[w�;O�[ÓgzO*O,Lð[fpPO.kmJMWPQno,Oê�9J�N��5TVLPN5[fpZO�LPO,O*NPYlO
[fpPO*QmOwTKQmOSTKY\kmJ�[ÓgzJ.QmO*kmilkh[fJMQnk,æ®JMLPOjY\il{�i\[fi\L ~ QnO,knilkn[mJMQ � �^þ-&j�/[mJ(T�IKJMilN|TKo,o*ilNPO*L�[qTKYrJ7IMO*QmpPO,TV[fi\L ~ JV`
[fpPO�o*JMQmJKLrT(NPi\kmoqprTKQ ~ O�kmJKWPQmo*O�TKLPN=TKLZJK[fpPO*QaQmO*kmi\kn[fJKQ×[fJê{�O�TVkmWPQnOe[fpPOeNPilknoqprTKQ ~ O�o,WPQnQmO*L®[ � ��UJ&j���
udpPO1QmO�TVo*[fi\JMLPk�i\LPkmi\NPO([fpZO�knJMWPQno,O1�;JXNZ�tTKLPNðilLt[mpPO1kmWP�9O,QnkmJMLPi\o1O����rTKLPknilJMLðY\O�TKNPi\L ~ �rLrTVYlY\�£[fJ
¢eñ � ¢wò����¡ó � L�ô�­P�\�x�7�Z�x�¨�Ûo,JMWPY\N �PQmJXo,O*O,NõYlilUVOt`ùJMYlY\J7gjilL ~ � kmO*O-TVYlkmJ · gzTKLr�Z��¸����ÎR$ilQmkh[�æj[fpPO¾¢Sò

�M�



{�JMY\O,o,WZYlO,kjTVQmO�ilJKLPil}*O,N=����[fpPO�NPi\kmoqprTVQ ~ OV�
¢Sò Ã O � Ä!Å ¢ ñò Ã �VO � � �Z�x�^�

udpZO'`ùJMQn{|O*N£¢ ñò ilJMLZkdO,LPo*JMWPL�[fO*QS[mpPO'TK�PWPLPNPTKL�[�¢Sòw{�JMYlO*o,WPY\O,kaY\O�TKNZilL ~ [mJ1`ùJKYlYlJ7gji\L ~ QmO,TKo*[milJML
¢ ñò Ã ¢SòhÄ!Å ¢ ñ
 Ã ¢ � �Z�¨�M�

gjpZiloqp£ilkjO���JK[mpPO,Qn{|i\o��®�£TVQmJMWPLZN��M�¨�VO�¥���yzY\WPkn[mO,Qmi\L ~ JK`/¢Sòw{�JMY\O,o,WZYlO,ka[mJê[fpPO��PQnJ�NPWZo,O,N5¢ ñ
 [fJ�Xi\O,YlN¾¢ ñ
 � ¢Sò��/5=ilk�IKO,Qh�ðWPLPYli\UKO*Y\�tNZWPO�[mJ�[fpPO�YlJ7gÁ�PilLPNZilL ~ O,LZO,Q ~ ilO,k�JK`)[fpZO|p��XNPQmJ ~ O,L�o,YlWZkn[fO*Qmk
TVLPN5[fpZO(QmO*Y�TV[mi\IKO,Y\��pPi ~ p=[fO*{|�9O,QmTV[fWZQmO(JV`/[fpPO.kmJMWZQmo,O.JK`�QnJMW ~ pPYx�£�M�M�Möê��udpPO(¢ ñ
 o,TKL�[mQfTKLPkh`ùO,QTê�PQnJK[fJKL£[mJ|T�gzTV[fO*Qw{�JMY\O,o,WZYlO

¢ ñ
 Ã ¢Sòb��Ä!Å ¢ 
 � ñ}Ã ¢wò � �Z� ���
TVLPN=QmO,Y\O�TKknOe[fpZO�O,LPO*Q ~ �ûJK`%���¨¯M�VO*¥(�ZudpPO�QmO,TKo*[milJMLûYlO�TVNPilL ~ [fJ1¢ 
 ��ñto*JMWPYlN=TVYlkmJ ~ JêNPilQnO,o�[fY\�|���[mpPOe`ùJMY\YlJ7gjilL ~ QnO�TKo�[filJKL¦æ�gjpPi\oqp�ilka{�JMQnOeO���JK[mpPO,Qn{|i\o � ­P��øK�VO*¥��×NPWPOe[mJ�[fpPOepPi ~ pû�PQmJK[mJML=TKÇ�LPix[Ó�
JV`$gzTV[fO*Q,æ

¢ ñò Ã ¢wòb��Ä.Å ¢ 
 � ñ Ã ¢ � �Z�¬­®�
�ZWZ[�i\kw{�JMQmO�WPLZYlilUVO,Yx�Mæ��;O*o�TKWZkmOê¢Sò��ÄilkS�PQmO*kmO,L�[�i\L5T�YlJ7g o*JMLPo,O*L�[fQfT_[filJKLtilL=[fpPO.�PQmO*o,WPQnkmJMQ ~ TKk
{�iÀ�X[mWPQmOV�ÃudpPO£¢ 
 � ñ TKQnO�QmO,YlTV[fixIMO*Y\��kn[qTV�PYlO=TKLZN gji\YlYzLZJK[1NPJ¾TKL��-`ùWPQh[fpPO*Q1QmO�TVo*[fi\JMLPkêO��Zo*O,�Z[o*YlWPkh[fO*QmilL ~ �ÿudpPi\k|o*YlWPkh[fO,QnilL ~ o�TKLÂJMLPYx�¹prTK�P�9O,L¿ilL [fpPO£O����rTKLZkmilJKLÿQmO ~ ilJML NPWPO=[fJ¾[fpPO£YlJ7g×O,Q
�ZQmO*IVTKi\Yli\L ~ [fO*{|�9O,QmTV[fWZQmO,k*æ

¢ 
 ��ñ Ã ¢wò�� Ã þ Ä×Å ¢eñ � ¢wòb���¡ò Ã þ � �Z�¨øM�
¢eñ � ¢wò����¡ó ��� Ã ¢wò�� Ã þ Ä×Å ¢eñ � ¢wòb���Óó Ã þ � �Z� f��

gjix[fp�þ �;O*ilL ~ O,ix[fpPO*Qj¢wòwJMQj¢wòb���

Ó[«WÜ ­ �t�e�|�Dô62" ��!AÂS#�!,�.�/	,��
 �¬ä 	�
��/���)
t�(!Â��
t���73�	,���
çÓL|[fpPi\k×knO,o*[milJML|il{��;JKQn[qTVL®[
QnO,YlTV[fi\JMLPk�`ùJMQ
[fpPOSo�TKY\o,WPYlTV[fi\JML1JK`�i\L®[mO,QnLrTKY�O,LPO*Q ~ i\O,kzTKLPNûpZO�TV[zo�TK�rTVo�ª
ix[fi\O,kd`ùJMQa[fpZO'IXil�ZQfTV[milJMLrTVY�TKLPN�QmJK[fTV[fi\JMLrTKY¦{�JK[milJMLPkdJV`/{�JMYlO*o,WPY\O,kjTKQnO.NPO*QmixIMO,N@�audpPO,knO(QnO,Y�T_[filJKLPk
TVQmO1WPkmO*NÃilL�[mpPO|o,TKYlo*WPY�T_[filJKL�JK`z[mpPO1{|O,TKL¾IXi\�PQfTV[milJMLPTKY/O,LZO,Q ~ �ðJK`a�PQnJK[fJKLrTV[fO*N¾gzTV[mO,Q'o,YlWZkn[fO*Qmk
¢wñ � ¢Sò����¡ó�T_[dT.NZO��rLPO*N�[fO,{��9O,QfT_[fWPQnOhµ � TV�P�;O*LPNPiÞ�û� TKLPN�knO,o*[milJML��Z��øK��æ�TKLPN�TKY\kmJ.ilL|[mpPO�o*JML�ª
IKO,QnkmilJKL£�9O*[Óg×O,O*L��9JMLPNûO,LPO*Q ~ i\O,kjTKLPN��9JMLPN�O*L�[fprTKY\�PilO*k � ��� ­P� ���b�
þ5TKL���JV`�[fpPO�O*úXWPTV[fi\JMLPka�9O,Y\J^g
pPT7IKO(TVYlkmJ1�9O,O*L�knWP{|{|TKQnil},O*N�������oqp�[mO,QmknU®i´· J�oqpP�M�K¸ �
ªU¯984¯W® � Ìnà�ËrØ%ÐPÌ¡ÖzÏ�Ø
Ü�Ê$Ï�Ê¤Ë���³;:=<�>@?�Ø
Ï�Ù Ô�Ê¤Ø%Ð � Ø
É�Ø � Ì«Ðg³BAC<�>@?
� -vo)"8;� %-	$.�B;�<�7��B7G"%z@n
udpZOagaTV[mO,Q�o*YlWPkh[fO,Qnk
¢ ñ � ¢wò����¡óao,JMLPknilkh[�JK`ED ôÁ� Ã �>.îLêTV[fJK{|k%TKLPNê[fp®WPk�prT�IKO 2 ô �6.FD Ä�f.ô
�Ì.®L�Ä �tIXil�PQmTV[fi\JMLrTKY)LPJMQn{ûTVY×{�J�NZO,k,��ç«`jgzO�[qTVUKO�LPJ7g�JKLPO�JK`j[fpPO*kmO�IXil�PQmTV[fi\JMLrTKY){�J�NPO*k Ì V�¸± ô��M�x� 2 �zgjix[fp=i\[mkagzO*YlYxª«U®LPJ7gjL�prTVQm{�JMLPiloeJMkmo*ilYlYlTV[fJKQzO,LZO,Q ~ ��YlO�IMO,Y\k

R`V �HG ��ôJI�K Ì V�. �9G Ã �
� � � �Z�¨�M�
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gji\[fpê[mpPOdI�i\�PQfT_[filJKLrTKYZú®WrTVL®[mWP{ãL®WP{��9O,Q G��9G ô��Zæx�Mæ¨��æ\�x�¨��æMg×OwJM��[qTKi\L�[fpPOd`ùJMY\YlJ7gjilL ~ NPilkh[fQmi\�PWZ[milJML
`ùJMQa[fpPO�JXo,o*WP�rTV[milJML=JK`�[fpPO�IXil�ZQfTV[milJMLrTVY@YlO�IMO*YlkjTV[j[fO*{|�9O,QmTV[fWZQmO¼µ'�

¯ V �9G �¯ ô �L T]V^X . Ë ��MON PRQTSUWVYX ô · �`Ä Ë �7MON PRQURV�X ¸¦. Ë ��MON PWQFSURVYX � �Z� ¯��

gji\[fp�[mpPO�I�i\�PQfT_[filJKLrTKY@�PTKQn[mi\[fi\JMLPi\L ~ `ùWPLZo*[fi\JML L T]V^X ~ i\IKO,L�TKk
L TWVYX/ô Z[T]\ � Ë ��MON P Q SU V X ô �

�`Ä Ë � MON PRQU V X ¾ � �Z� ���

udpPO([fO*Qm{ �ò QmO*�PQmO*kmO,L�[milL ~ [mpPO(}*O,QmJ_ªÓ�9JMilL�[SI�i\�PQfT_[filJKLrTKY�O,LZO,Q ~ � �R^ � ¥��×�jilL£[fpPO�O����PQmO*kmkmi\JMLt`ùJMQR`V �HG �1i\L¿O*úXWPTV[fi\JMLÞ�Z�¨�¾o,TKLPo,O*Ylk|JMWZ[�i\L [mpPOtQnO,Y�T_[filJKLÂ���¨¯Z�õudpPO ^ � ¥�� gjilYlYSTKY\kmJð`ùWPQn[mpPO,Q|�;O
JM{|ix[m[mO,N1ilLê[fpZOj`ùJKYlYlJ7gji\L ~ O����PQnO,kmknilJMLZkaTKk
JMLPOSilk 
 WZkn[×ilL�[fO*QmO,kh[fO*NûilLê[mpPOwO*LPO,Q ~ ��TK�9J7IMOj[fpPOj},O*QmJVª
�;JMi\L�[dI�i\�PQfT_[filJKLrTKY9YlO*IKO,Y �)udpZO ^ � ¥��¿ilkdWPknWrTKY\Y\��i\LPo,Y\WPNPO*N£i\L�ÍIÎFÏ�Ð�Ï�Ñ�ÏdÒeo�TKY\o,WPYlTV[fi\JMLPk*�
udpPO�[fJK[fTKY¦O,LZO,Q ~ �[R`T]V^XR_ V � gji\[fpZJMWZ[ ^ � ¥��)�zilL�[mpPO ± [mp£IXil�ZQfTV[milJMLrTVY;{�J�NZO�JK`$TKL=O,LPknO,{��PY\O�JK` ¯
�PQmJK[mJMLrTV[mO,N�gzTV[fO*Qwo*YlWPkh[fO,QnkS¢eñ � ¢wò����¡ó'TV[j[mO,{��;O*QfTV[mWPQmO¼µ ilka[fp®WPk*�
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Association with H22  

H−D exchange with HD

D−H exchange with H22

HH22(HD)
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A new tandem mass spectrometer, containing a temperature-variable 22-pole ion trap, has been constructed.
It is applied, as a first application, to kinetic and spectroscopic investigation of charged water clusters produced
from a supersonic expansion. Using low-pressure He or H2 as buffer gas for collisional thermalization,
refrigeration of the ion trap allows a good control of the cluster temperature over the range 77-350 K. It
provides an accurate means of determining the dissociation energies of both protonated and deprotonated
water cluster ions [H+(H2O)n and OH-(H2O)m] by measuring the dissociation rates at various temperatures
along with their internal energies calculated from vibrational frequencies provided by density functional theory
calculations. In this report, results of the thermochemical measurements for H+(H2O)4-10 and OH-(H2O)3-7

at well-defined cluster temperatures are presented. The feasibility of using this ion trap to acquire temperature-
dependent infrared spectra of charged water clusters is also demonstrated with H+(H2O)6.

Introduction

An important parameter to measure and to control in the study
of ion chemistry1 and spectroscopy2 is the ion temperature.
Conventional thermometers, thermocouples for example, provide
accurate measurements of the temperature of solid and liquid
samples over a wide range. For the temperature determination
of high-pressure gas, one can measure the temperature of their
sample vessel because collisional motions will fully thermalize
the gas with its surroundings. The temperature of gas-phase ions
in a high vacuum system is more difficult to measure (and to
control) because the ions are intentionally isolated from the
vacuum chambers to avoid charge transfer. As a result, the
temperature of gas-phase ions is often far above 300 K owing
to the heating effect during ionization, which can create
unwanted reactions as well as spectral complications. Several
techniques have thus been developed for the reason of temper-
ature control, mainly to lower the temperature of the intention-
ally isolated ions, such as adiabatic expansion,3 evaporative
cooling,4 sympathetic cooling,5 laser cooling,6 and cooling by
collisions with cold buffer gas.7

The collisional cooling method, as to be discussed in this
report, is one of the most universal ways for the temperature
control (particularly for the internal degrees of freedom) of gas-
phase ions. In a storage cell, the buffer gas fills more or less
the entire region at a well defined temperature and pressure,
producing a thermal “bath”. Ions in the storage cell are confined

translationally by a time-varying electric field and thermalize
both internally and kinetically with the bath by collisions.
Temperature control of the storage cell can therefore be
performed to change the ion temperature. In the 1980s, Gerlich
and co-workers8-10 developed multipole radio frequency (RF)
ion traps, which serve as ion storage cells and can easily be
combined with lasers.8 Integration of the trap to a refrigeration
system enables active temperature control of the storage cell,
thereby allowing studies of the temperature dependence of ion-
molecule interactions9 as well as the thermodynamic and kinetic
properties of gas-phase ions and cluster ions.10

In this paper, a temperature-variable 22-pole ion trap inte-
grated into a tandem mass spectrometer is used for investigation
of charged water clusters, in both protonated [H+(H2O)n] and
deprotonated [OH-(H2O)m] forms, produced from a supersonic
expansion. These cluster ions are chosen because water is not
only of general interest in physical chemistry but also plays
important roles in interstellar space11 and in the atmosphere.12

The importance of the latter surely stems from the high
abundance of water on earth and the ease of charge separation
of the water molecule within clusters,13 as H2O has a high proton
affinity of 165 kcal mol-1 and basicity of 157 kcal mol-1 in
the gas phase.14

Experiments with the water cluster ions [H+(H2O)n] go back
to the 1970s when the Kebarle group15 first investigated these
ions in a pulsed high-pressure mass spectrometer and deduced
the cluster bond energies and other thermochemical quantities
from the temperature dependence of equilibrium constants. After* To whom correspondence should be addressed.
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emergence of the corona discharge source3 for production of
internally cold clusters, detailed spectroscopic investigations
followed,16-18 revealing important structural information for
cluster ions of a size up to n ) 8. Productions as well as spectral
assignments of larger clusters become much more difficult
because of the complex manifold of structural isomers. Of
special interest in the measurements of Kebarle15 and other
groups19-22 is the deviation of the cluster bond energy from a
smooth sequence, an indication for the existence of stable
structures involving shell closures. The first shell closure was
found to occur at n ) 4 for H+(H2O)n,15,19 and the special
stability of this cluster ion has since been observed in a number
of experiments, including the vibrational predissociation spec-
troscopic measurements of Yeh et al.16

In addition to the aforementioned bond energy measurements,
the temperature-variable 22-pole ion trap also opens new
possibilities to obtain temperature-dependent infrared spectra,
from which the population of various isomers as a function of
temperature can be inferred. For the cluster ions of interest in
this work, there exist many structurally as well as energetically
similar isomers, and these isomers are separated by barriers with
heights comparable to the strength (a few kcal mol-1) of the
hydrogen bonds that link the water molecules together. There-
fore, up to a certain temperature, structural isomerization can
occur. Accompanied with this isomerization, the intracluster
proton may migrate (through tunneling) and it can either localize
at a site close to one water molecule, forming an H3O+ (or OH-)
ion core, or delocalize between two water molecules, forming
an H5O2

+ (or H3O2
-) ion core.18,23,24 By monitoring the

evolution of the spectral changes with temperature, one may
investigate the intracluster proton-transfer process closely.

Theoretical analysis for the structural transformation of
H+(H2O)n (refs 25 and 26) and OH-(H2O)m (refs 27 and 28)
has been carried out at various levels of computation. Singer et
al.,26 for example, employed basin-hopping Monte Carlo
simulations, examined the topology of H+(H2O)8 as a function
of temperature, and concluded that the tree-like topology with
chains of H2O molecules emanating from a H3O+ core is favored
by Gibbs free energies at room temperature. The conclusion is
in accord with the spectroscopic observations of Jiang et al.18

for H+(H2O)5-8 produced in a molecular beam. However, in
the beam experiment, the workable cluster temperature range
is very limited, only about 140-200 K, disallowing a test of
the simulations. The temperature-variable 22-pole ion trap
clearly offers an excellent opportunity to study the isomeric
transitions under equilibrium conditions over a much wider

temperature range, potentially from 4 to 400 K. Furthermore,
the possibility of collision-induced isomerization can be ex-
plored.

In the kinetic and spectroscopic measurements of this work,
the reactant ions are first thermalized with buffer gas and then
analyzed as a function of both trapping time and laser frequency
as

where X is H+ or OH-. The third body M in eq 1 is nothing
but a medium for energy transfer, and it can be either He or H2

because they are light and chemically inert. The method of such
cluster bond energy measurements has recently been demon-
strated by Lovejoy and Bianco29 for small water cluster ions
H+(H2O)3,4 using a three-dimensional quadrupole ion trap (Paul
trap) at elevated temperatures, i.e., around 300-500 K. The
present study represents an extension of their work to larger
clusters at lower temperatures.

Experimental and Computational Sections

A. Experimental. The temperature-variable ion trap mass
spectrometer is composed of three differentially pumped vacuum
regions, denoted respectively by “Source”, “Lens & Selection”,
and “Reaction”. The heart of this spectrometer is the 22-pole
ion trap, as shown schematically in Figure 1. The trap consists
of 22 stainless steel rods with a diameter of 1 mm and a length
of 36 mm equally spaced on an inscribed radius of 5 mm. Pulsed
electrodes at the entrance and exit of the trap confine the ions
along the axial direction. The design of this trap is identical to
that described in detail in ref 9.

We produced the charged water cluster ions by a supersonic
expansion of corona-discharged H2/H2O (99/1) mixtures through
a room-temperature nozzle (∼100 µm in orifice diameter) at a
backing pressure of ∼100 Torr. The typical discharge voltage
used is 700 V and the resulting discharge current is about 30
µA. Downstream the nozzle, the ion beam is skimmed, focused,
and bent 90° toward the first quadrupole mass spectrometer for
mass selection. With this mass filter, we select clusters with a
specific solvation number n (or m) out of the mixture H+(H2O)n

Figure 1. Experimental layout of the temperature-variable 22-pole ion trap mass spectrometer. Shown on the right is the pulsed infrared laser
system.

X(H2O)n
* + Mf X(H2O)n + M* (1)

X(H2O)n98
Ea

X(H2O)n-1 + H2O (2)

X(H2O)n + hνf X(H2O)n-1 + H2O (3)
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[or OH-(H2O)m] coming from the source. After passing through
the filter, the selected ions are injected with low kinetic energy
into the 22-pole RF ion trap, which contains buffer gas at a
fixed pressure and temperature. While being stored, the ions
are thermalized by collisions with the cold buffer gas for either
kinetic or spectroscopic measurements.

Low temperatures of the ion trap are achieved by using a
liquid-nitrogen-cooled coldfinger counter-heated by a heating
wire winded around the trap holder. The temperature is
measured by two thermocouples (type E) attached directly to
the body of the 22-pole trap. The temperature range thus
obtainable is from 77 to 300 K, and above 300 K (using only
the heater without liquid nitrogen). The error in the absolute
temperature measurements is about (1 K, calibrated against
the liquid-nitrogen temperature.

Pressures of the buffer gas (either He or H2) inside the 22-
pole ion trap are measured using a conventional ion gauge
outside the storage cell. The ion gauge does not have the
accuracy of, for example, a spinning rotor gauge or a Baratron,
but in our application, we need only relative pressure readings
for determination of the bond energies (see below) and/or in
spectroscopic measurements. In assessing the molecular number
densities in the trap, we have to include the sensitivity factor
of the ion gauge for the used buffer gas [e.g., fHe ) S(He)/
S(N2) ≈ 0.15 and fH2 ) S(H2)/S(N2) ≈ 0.4] and the correction
for the Knudsen effect30

where nt and Tt are the number density and the temperature of
buffer gas in the trap, pg and Tg are the pressure and the
temperature of buffer gas in the gauge, respectively, and kB

stands for the Boltzmann factor. The typical value of nt used in
this experiment is 2 × 1013 cm-3, which suggests a collision
frequency of ∼104 s-1 between the trapped ions and the buffer
gas atoms (or molecules).

A RF amplitude (zero-to-peak) of V0 ) 50 V from a home-
built power source31 is applied to the 22 rods of the ion trap at
the fixed frequency Ω/2π ) 10 MHz. Short dc pulses applied
to the retarding electrodes control the entrance and exit of the
ions to be investigated. Operating under these conditions, the
ion trap allows storage of ions over a wide mass range; it keeps
the fragment as well as the parent ions of the reactions described
by eqs 2 and 3 for subsequent analysis. In the kinetic

measurements, the second quadrupole mass filter located just
behind the trap (cf. Figure 1) is set to the parent ion, from which
we monitored its decay in a time range up to 200 ms. The typical
repetition rate of the ion pulses, generated by the trap entrance
gating, in this cluster bond energy measurement is 5 Hz. In the
spectroscopic measurements, infrared laser pulses are introduced
into the ion trap to pump the collisionally cooled cluster ions
to the first vibrationally excited state at a repetition rate of 20
Hz. The laser beam with an energy of ∼2 mJ/pulse is generated
by difference frequency mixing of the Nd:YAG fundamental
photon (1064 nm) and the ∼760 nm output of a tunable dye
laser using a LiNbO3 crystal. After vibrational excitation, the
product ions are extracted from the ion trap and selected by
the second mass filter to obtain the infrared action spectra. The
typical storage time of the ions in the trap before the laser
excitation is 10 ms. The ion signals in both experiments are
detected by either a Daly detector (for positive ions) or an
electron multiplier (for negative ions) operated in an ion
counting mode.

We emphasize that, compared to the Paul trap, our 22-pole
storage cell has a wide field-free region, which effectively avoids
RF excitation and collisional defocusing of the trapped ions.
The feature is critically important for experiments conducted
at lower temperatures for larger and/or less strongly bound
clusters.10 Lovejoy and Bianco29 have examined the effect of
the applied trap driving voltage on the measured decomposition
rate constants for H+(H2O)4 and other cluster ion systems. Their
results show that the RF heating effect is nonnegligible at the
parameter qz > 0.3 when using the quadrupole ion trap as a
storage cell. For the multipole ion trap, Gerlich7 has defined an
adiabaticity parameter

which reduces to qz at 2n ) 4. Adopting V0 ) 50 V, Ω/2π )
10 MHz, the center-to-pole distance of r0 ) 5 mm, the pole
number of 2n ) 22, and the maximum turning radius of r̂ )
r/r0 ) 0.8 for the 22-pole trap used in this experiment, we have
η ≈ 0.02 at m/e ) 70. Because η is inversely proportional to
m, the values of this parameter for other ions (m/e > 70) listed
in Table 1 are all less than 0.02, which is well below the safe
operation limit (η < 0.3) of the multipole RF ion trap.7

B. Computational. Theoretically calculated vibrational fre-
quencies and molecular structures are used in assessment of
cluster internal energies as well as for spectral assignment. The

TABLE 1: Determination of the Dissociation Energies (kcal mol-1) of H+(H2O)4-10 and OH-(H2O)3-7 from Their Components
at the Mean Trap Temperature Tm (K) and Comparison with Literature Values

this work literature valuesc

clusters Tm Ea 〈Evib〉a akBTm
b Ediss Ediss

H+(H2O)4 325 10.2 ( 0.4 6.0 ( 0.4 0.97 ( 0.24 17.2 ( 0.7 17.3, 17.4
H+(H2O)5 227 6.8 ( 0.1 4.6 ( 0.4 0.68 ( 0.17 12.1 ( 0.5 12.3, 11.1
H+(H2O)6 203 4.9 ( 0.1 5.0 ( 0.5 0.61 ( 0.15 10.5 ( 0.6 11.2, 10.7
H+(H2O)7 181 4.0 ( 0.1 4.9 ( 0.8 0.54 ( 0.13 9.4 ( 0.9 10.2, -
H+(H2O)8 164 4.0 ( 0.1 5.0 ( 0.4 0.49 ( 0.12 9.5 ( 0.5 -, -
H+(H2O)9 155 4.2 ( 0.1 u.d. 0.46 ( 0.11 -, -
H+(H2O)10 150 4.0 ( 0.1 u.d. 0.45 ( 0.11 -, -
OH-(H2O)3 323 10.3 ( 0.1 4.9 ( 0.4 0.96 ( 0.24 16.2 ( 0.5 -, 15.5
OH-(H2O)4 254 6.9 ( 0.1 4.3 ( 0.5 0.76 ( 0.19 12.0 ( 0.6 -, 11.2
OH-(H2O)5 216 6.0 ( 0.1 4.3 ( 0.6 0.64 ( 0.16 10.9 ( 0.7 -, 10.7
OH-(H2O)6 203 6.3 ( 0.1 4.6 ( 0.4 0.61 ( 0.15 11.5 ( 0.5 -, 10.4
OH-(H2O)7 192 6.9 ( 0.1 u.d. 0.57 ( 0.14 -, 9.6

a Internal energies of H+(H2O)9, H+(H2O)10, and OH-(H2O)7 are undetermined (u.d.). b Adopting a ) 3/2 and assuming an error of 25%. c Values
adapted from thermochemical measurements (refs 15 and 19), following the procedures described in ref 29.

nt )
pg

kB�TtTg

(4)

η ) 2n(n - 1)
eV0

mr0
2Ω2

r̂n-2 (5)
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calculations, based on the density functional theory (DFT), are
performed using the commercial Gaussian 98 package.32 Utiliz-
ing a standard analytical gradient method, geometries of the
cluster ions were optimized without imposing any symmetry
constraints at the B3LYP level of computation with the
6-31+G* basis set (denoted as B3LYP/6-31+G*).

A large number of H+(H2O)4-10 and OH-(H2O)3-7 potential
minima are located in the course of the computation. They
correspond to isomers of chainlike, four-membered ring, five-
membered ring, double ring, and cage-like structures. The
structures and energetics of these isomers have been previously
reported.18,23 We depict in Figure 2 only the isomeric structures
of H+(H2O)4-8 that have been identified in a corona-discharged
supersonic expansion at an estimated cluster temperature of 170
K.16-18 For clusters of n e 6, they are predominantly the
chainlike structures (namely, HW4I, HW5I, HW6I, and
HW6II), whereas at n g 7, ring structures (HW7III, HW7IV,
HW7VI, HW7VIII, HW7X, and HW8II) exist. Such a
preference of five-membered ring formation in H3O+(H2O)n

stands as an interesting contrast to its structural analogue
NH4

+(H2O)n,33 of which the formation of symmetric four-
membered rings is strongly favored.

Results and Discussions

A. Kinetic Measurements. For bond energy measurements
temperature-dependent decays of the cluster ions, in He buffer
gas were recorded, as described by eq 2. At higher buffer gas
temperatures (>120 K), we observed a simple exponential decay
of the stored parent ions as the internal energy of some of them
comes close to the dissociation limit, and the collisions with
the buffer gas atoms help to overcome this barrier. At lower
temperatures (77-120 K), a part of the cluster ions are seen to
fragment due to collisions with the buffer gas atoms when they
enter the trap. The fragmentation, however, slows down after
20 ms of the storage (with a buffer gas pressure of pg ) 8 ×
10-5 Torr) and the number of the detected parent ions gradually
stabilizes. In the first 20 ms, the ions undergo about 200
collisions. It is therefore safe to assume that the ions are in ther-
mal equilibrium with the buffer gas at this time. It also suggests
that the time scale for the cluster ions to be completely equili-
brated in internal (rotational and vibrational) modes is ∼20 ms.

As an example of the measurements done, we show in Figure
3a the exponential decay of H+(H2O)5 (mass 91) in He buffer
gas at 8 different trapping temperatures (Tt) in the range 190-
240 K. The single exponential decays are indications that the

Figure 2. Low-energy isomers of (a) H+(H2O)4, (b) H+(H2O)5, (c) H+(H2O)6, (d) H+(H2O)7, and (e) H+(H2O)8. The O and H atoms are represented
by large open and small open circles, respectively, and the ion cores (either H3O+ or H5O2

+) are shaded for clarity. Shown here are only isomers
that have been previously identified in a supersonic expansion (ref 18).
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ensemble is in thermal equilibrium to a precision of about 1 K
because otherwise the decays would be curved corresponding
to a thermalization happening on the time scale of 200 ms. We
began the trapping with around 100 cluster ions per filling,
which may vary between 70 and 110, depending on the trapping
conditions used (for example, different buffer gas temperatures
and ion energies). Each data point in the figure consists of an
average of 200 ion trap fillings. The multiple data points given
for each temperature and storage time come from several
iterations to check for the primary beam stability. Exponential
fits to these curves give the pseudo-first-order rate constants
ranging from k′ ) 0.31 s-1 for Tt ) 192 K to k′ ) 7.21 s-1 for
Tt ) 238 K. The statistical errors obtained from the fits, as
shown in Figure 3b, are around 1% for the faster decays but
become much larger (approximately 20%, not shown) for the
slower decays at lower temperatures (Tt < 200 K). Such
obtained temperature-dependent rate constants follow the well-
known Arrhenius relation, k′ ) A exp(-Ea/kBT), where

is given as the linear slope in Figures 3b and 4a.
In making these plots, we have taken into account the change

of the buffer gas number density nt with trap temperature as
explained in eq 4. To limit the temperature range for later
analysis, we considered only the ∼5 highest temperature points
and made a fit weighted by experimental errors. Another reason
to consider only these points is that the residual reactive loss
of the water cluster ions (with a rate constant of ∼0.1 s-1) due
to contaminants in the vacuum chamber influences less the

measurements involving faster decays (or a larger k′). From the
fit in Figure 3b, we obtain a slope of -(3407 ( 50) in units of
Kelvin, which corresponds to an activation energy of Ea ) 6.8
( 0.1 kcal mol-1 for the H+(H2O)5 cluster ion.

From eq 6, we see that it is not important for the determi-
nation of Ea to know the exact pressure of He in the 22-pole
trap. Rather, it is the temperature dependence of k′ that matters,
because the absolute number density nt finally cancels out when
taking the logarithm and the derivative of k′ in relation 6. In
this experiment, we were working in (or very near to) the low-
pressure limit, where the pseudo-first-order rate constant k′ is
proportional to the He number density nt. Tests for the linearity
k′ ) k′′nt, where k′′ is the second-order rate constant, have been
made independently by varying the pressures. With twice the
pressure, for example, a factor of 2 increase in k′ was indeed
observed. This gives us the magnitude of the k′′ to be around
1 × 10-12 cm3 s-1 (cf. Figure 4), but we should allow for
an uncertainty factor of 2 for the result because of the
limited accuracy of the ion gauge in the He pressure measure-
ments.

To obtain the cluster bond energy, or the cluster dissociation
energy Ediss, from the kinetics measurements as described above,
we use the relation29,34

which applies to the special case of weak collisions and low
pressures; that is, the change of internal energy by one collision
is small compared to the total mean internal energy 〈Evib〉, and
if one collision lifts the ionic cluster over the dissociation
threshold Ediss, it decays faster than the next collision can take
place. The correction term akBTm in this relation accounts for

Figure 3. (a) Dissociation of H+(H2O)5 in the temperature-variable
22-pole ion trap at various temperatures. (b) Dissociation rate constants
of H+(H2O)5 as a function of ion trap temperature. The linear line
represents the best fit of the experimental data to the Arrhenius equation.

Ea ) -kB

∂ ln(k′)
∂(1/T)

(6)

Figure 4. Dependence of the dissociation rate constants of (a)
H+(H2O)n, n ) 4-10, and (b) OH-(H2O)m, m ) 3-7, on the ion trap
temperature. The linear lines represent the best fits of the experimental
data to the Arrhenius equation.

Ediss ) Ea + 〈Evib〉 + akBTm (7)
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the average energy transferred from the He bath to those clusters
sitting just below their dissociation limit and irreversibly lifted
over the dissociation barrier by collisions with the He atoms.
The temperature dependence of the factors such as the rate
coefficient for collision with buffer gas and the collision
efficiency are included in this term.34 Lovejoy and Bianco29

have carefully examined this term for a variety of (small) cluster
ions and found the value of the parameter a may vary from -1
to +3, depending on the ionic species, cluster size and
experimental conditions.

Theoretical evaluation of 〈Evib〉 is based on the vibrational
frequencies provided by the B3LYP/6-31+G* level of computa-
tion. We calculate the internal energies 〈Evib〉 at the median
temperature (Tm) of the temperature range of the ion decay
measurements. Continuing with H+(H2O)5 as the example, this
would be Tm ) 227 K and the calculated vibrational energy is
〈Evib〉 ) 4.6 kcal mol-1 for the isomer HW5I, which is the only
species identified in our previous spectroscopic experiments (cf.
Table 1). For the correction term akBTm, Lovejoy and Bianco29

have suggested two average values, a ) 1.2 and 1.8, obtained
respectively from the harmonic and free rotor treatments for
the torsional motions of the clusters. These two numbers give
an average difference of ∼1 kcal mol-1 between the pre-
dicted and the literature values of Ediss in the temperature range
300-500 K. As in our case, except that of H+(H2O)4 and
OH-(H2O)3, the ion trap is typically maintained at a temperature
less than 250 K, and the contribution from this correction term
to Ediss is significantly smaller. We therefore adopt a ) 1.5
(assuming an error of 25%), namely, only taking into account
the three external degrees of freedom of the free neutral water
molecule as the first-order approximation in the present treat-
ment.

With the values given above, we obtain a dissociation energy
Ediss ) 12.1 kcal mol-1 for H+(H2O)5. The standard deviation
deduced from the activation energy fit in Figure 3b is ∼0.1
kcal mol-1, but we have some uncertainties in the determination
of Tm, which in turn has a significant influence on the calculation
of 〈Evib〉. In addition to that, we have some uncertainties in the
DFT computation of the vibrational frequencies (especially the
lower-frequency modes, which are crucial in the temperature
range considered here) and also the uncertainties for the
coexistence of more than one isomer in the cluster production.
A combination of all these factors makes precise determination
of 〈Evib〉 very difficult. So, we would rather assume our total
error in the bond energy assessment to be of the order of 0.5
kcal mol-1 for this particular cluster ion, H+(H2O)5.

For H+(H2O)n of n ) 6-8, rather than to consider only the
lowest energy isomer as in the cases of n ) 4 and 5, we choose
to take into account all isomers that have been identified in our
previous experiments for the calculation of Ediss. The structures
of these isomers for each cluster size are depicted in Figure
2c-e. There are seven possible isomers for H+(H2O)7, for
example, and we have taken the average value of 〈Evib〉 for all
of them in the calculation. As for the clusters with n ) 9 and
10, identification of the structural isomers in a supersonic
expansion has not yet been accomplished. A reasonable as-
sumption to make is that their structures closely resemble those
of n ) 7 and 8, namely they contain only one or two five-
membered rings rather than compact cages. It is clear that the
calculation for the vibrational energies 〈Evib〉 of larger clusters
would become much less accurate because of the exponentially
increasing manifold of possible isomers. We expect the total
error in our bond energy assessment to be ∼1 kcal mol-1 for
these high-mass clusters.

We summarize in Table 1 and Figure 5 the measured and
the DFT-calculated components of Ediss for H+(H2O)n of n )
4-10. Figure 5a shows the dissociation energy Ediss as a sum
of the activation energy Ea, the vibrational energy at the median
temperature 〈Evib〉, and the small correction term akBTm. Going
from the large to the small solvation number n, the dissociation
energy for H+(H2O)n increases steadily, beginning in the regime
of bulk water with an evaporation enthalpy of ∼10 kcal mol-1.35

At n ) 4, the otherwise smooth sequence of the bond energies
makes a noticeable jump. Such a jump is expected if we examine
the structure of the most stable isomer for H+(H2O)4, i.e., HW4I,
which is symmetric and consists of a H3O+ core with three water
molecules surrounding it. For this cluster isomer, the first
solvation shell of H3O+ has been just filled, and all of the water
molecules are predominantly bound to the central ion by strong
charge-dipole interactions rather than hydrogen bonding as is
the case for water molecules in the outer solvation shells. Hence,
not surprisingly, it would take relatively more energy (17.2 (
0.8 kcal mol-1) to detach a water molecule from H+(H2O)4.
This shell filling effect has been observed in the earliest
experiment of Kebarle and co-workers.15

In Table 1, we also include the results of OH-(H2O)3-7 for
comparison with literature values. The listed internal energies
of OH-(H2O)3-6 are averages of the 〈Evib〉 of DFT-predicted
low-energy isomers. We may give an uncertainty of around (1
kcal mol-1 for these values because of the lack of the knowledge
of isomers that make contribution to our measurements.23

Analogous to the case of H+(H2O)n, the cluster bond energy of
OH-(H2O)m shows a steady decrease from 16.2 kcal mol-1 of
m ) 3 to 11.5 kcal mol-1 of m ) 6. However, unlike the cation
counterparts, no distinct shell effect is detected for the hydroxide

Figure 5. (a) Variations of the measured dissociation energies and
their components with the solvation number of H+(H2O)n. (b) Com-
parison of the dissociation energies Ediss obtained in this work with
literature values for H+(H2O)n at various n.
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ion, where filling of the first solvation shell is expected to
complete at m ) 3 for OH-(H2O)m, according to Meot-Ner and
Speller.19

A comparison of our results with other literature val-
ues15,19,20,21,29 is shown in Figure 5b. However, to compare our
measured bond energies Ediss with the bond enthalpies ∆
Hn-1,n

0 (T) as given in most publications from thermochemical
measurements, we have to calculate the difference in total
energies (i.e., translational, rotational, and vibrational energies)
of the products and reactants for the dissociation [eq 2] at the
given temperature T. Such a conversion based on theoretical
heat capacities has been performed (see refs 36 and 37 for details
of the calculation), although it is found that the difference
between the bond enthalpy and the bond energy is small,
typically less than 0.5 kcal mol-1. As shown in Figure 5b, the
agreement in Ediss among different measurements is very good
(within 1 kcal mol-1) except that of ref 20, where the reported
bond energies are systematically too low, whereas the bond
energies at n ) 6 and 7 from ref 21 seem to be too high in
comparison to ours and other measured values.

B. Spectroscopic Measurements. To obtain the infrared
spectra of gas-phase cluster ions, one always requires an intense
and stable precursor beam during the entire data-recording
period (typically 4 h). For H+(H2O)n, as determined by the
expansion conditions of our ion source, the size distribution of
the precursors in this experiment is often peaking at n ) 6 and
7. We therefore started the spectroscopic measurement with the
protonated water hexamer for the fundamental free-OH stretches
over the frequency range 3620-3760 cm-1. Because one
quantum of the free-OH vibration corresponds to an energy of
EIR ≈ 10.6 kcal mol-1, which is typically less than the
dissociation energy of Ediss ≈ 12 kcal mol-1 for most of the
cluster ions shown in Table 1, some internal energy must be
required for the dehydration of cluster ions under low-temper-
ature conditions when only single photons are absorbed by the
individual ions during each trapping cycle. Figure 6 illustrates
the correlations of the total vibrational energy 〈Evib〉 and the
ion temperature and the dissociation threshold of H+(H2O)n

using the cluster isomer HW6II (Figure 2c) as an example.
We employ H2, rather than He, as the buffer gas in the

spectroscopic measurement. This is because the hydrogen
molecule contains one internal degree of freedom, which makes
it easier to accept the vibrational energies of the trapped ions
than the helium atom in a cold environment. Moreover,
hydrogen is lighter than helium and so collisional excitation of

the trapped species can be minimized. In this experiment, the
cluster ions are typically confined in the ion trap for 10 ms
before the laser excitation. With the buffer gas density of the
order of nt ≈ 1013 cm-3 as described earlier for He, more than
100 collisions occur between the trapped ion and the H2

molecules. These stored cluster ions are therefore expected to
thermalize with their surroundings before the spectroscopic
measurements.

Figure 7 displays the infrared spectra of H+(H2O)6 at 77-
180 K in the free-OH stretching region. They are compared in
parallel to the first spectrum (the topmost) acquired at room
temperature without the buffer gas. The temperature of the
cluster ions trapped under such collision-free conditions is
roughly 200 K, as estimated from the measured metastable
dissociation rates fitted to an evaporative ensemble model.38,39

Notably, all of the spectra show 3 distinct features centered at
ν0 ) 3740, 3715, and 3650 cm-1, corresponding respectively
to the asymmetric, the 2-coordinated, and the symmetric free-
OH stretches of the water molecules in either the first solvation
shell or the second solvation shell of the H3O+ or H5O2

+ ion
core.18 The full widths at half-maximum (fwhm) of these three
absorption bands are all larger than 15 cm-1, but they decrease
significantly when H2 is introduced into the storage cell. An
average reduction factor of 1.7 is found for the spectrum
acquired at 200 K compared to that at 77 K. Table 2 lists the
spectral assignment, vibrational frequencies, and bandwidths of
the individual peaks observed at three different bath temperatures
in comparison to those obtained at room temperature without
H2 buffer gas.

Figure 6. Energy diagram of isomer HW6II of the H+(H2O)6 cluster.
The Evib area represents the DFT-calculated internal energies at different
temperatures, EIR is the average photon energy used in this work (∼10.6
kcal mol-1), and Ediss is the measured dissociation energy. The infrared
action spectra are recorded at temperatures above 77 K.

Figure 7. Temperature-dependent vibrational predissociation spectra
of H+(H2O)6 acquired at 77, 120, and 180 K in the free-OH stretch
region. They are compared to the spectrum acquired without buffer
gas in the trap held at room temperature. Shown at the bottom are the
calculated stick spectra of two lowest-energy isomers, HW6I and
HW6II (cf. Figure 2c).
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Shown at the bottom of Figure 7 are the DFT-calculated stick
diagrams of two isomers (HW6I and HW6II) for comparison
with the experimental spectra. These two isomers are the lowest
in energy among all stable structures of H+(H2O)6 and are
centered by the H3O+ and the H5O2

+ entity, respectively (cf.
Figure 2). Identification of them has been successful in a corona-
discharged supersonic expansion in our previous experiment.18

Because the source condition used by this new spectrometer is
similar to that of the room-temperature 8-pole ion trap apparatus
used in ref 18, we expect that these two chainlike isomers exist
in the present 22-pole ion trap mass spectrometer as well.

We note that in Figure 7 the shifts of the spectral band centers
with temperature are not significant enough (<1 cm-1) to lead
to any conclusive remarks. In comparison, the cooling effect
can be seen more readily in the change of the widths of the
absorption bands. As listed in Table 2, the fwhm of the
absorptions decreases roughly by factors of 1.2 and 1.1,
respectively, as the bath temperature is lowered consecutively
from 180 to 120 K and from 120 to 77 K. Overall, the fwhm
decreases by a factor of roughly 1.3 across a temperature change
range of ∆T ) -113 K. Such a bandwidth reduction is smaller
than we expected because an fwhm of less than 10 cm-1 has
already been observed for these bands at an estimated cluster
temperature of ∼140 K under collision-free conditions.18 We
attribute this unsatisfactory result to inefficient cooling of the
internal rotations of the solvent water molecules attached to the
H3O+ or H5O2

+ ion core.
The internal rotation within an ionic cluster was first observed

by Price et al.40 for H+(NH3)n generated by a supersonic
expansion and stored in an empty octopole ion trap. From the
rotation-vibration transitions resulting from a rotation of the
NH3 subgroups about its local C3 axis, they estimated a J
rotational temperature of ∼20 K and a K rotational temperature
of ∼45 K for these jet-cooled cluster ions. We have previously
also observed the subbands of the asymmetric free-OH stretch
transitions due to the nearly free internal rotation of H2O
attached to the NH4

+ core in NH4
+(H2O)n.41 These subbands

have a characteristic spacing of 55 cm-1, roughly twice the A
rotational constant of H2O along its C2 axis, suggesting a K
rotational temperature of ∼50 K. Such free internal rotations
clearly would play a significant role in band broadening when
the cluster temperature is not sufficiently low. In this experiment,
with the use of buffer gas, the rotational and vibrational
temperatures are both thermalized to the bath temperature owing
to the collisions. In a 77 K bath for example, the vibrational
temperature of the cluster ions produced from the supersonic
expansion is effectively lowered from ∼200 to 77 K, but
unfortunately, their rotational temperature is raised from ∼50
to 77 K. In this aspect, it thus comes of little surprise that the
bandwidths of these OH stretch transitions could be broadened
to more than 10 cm-1 due to coupling of the high-frequency

vibrations with the thermally excited internal rotations, as
observed experimentally.

Conclusions

We have shown that collisional cooling of protonated water
clusters [H+(H2O)n] and deprotonated water clusters [OH-(H2O)m]
can be achieved with chemically inert buffer gas (either He or
H2) in a temperature-variable 22-pole ion trap. Using this device
has enabled us to conduct infrared spectroscopy as well as
dehydration energy measurements under well defined conditions
in the temperature range between 77 and 350 K for both
positively and negatively charged cluster ions. In this work, we
have determined the first dehydration energies of the water
cluster ions from the dissociation activation energies measured
in experiments and the internal energies provided by theoretical
calculations. The results are in good agreement with literature
values. For H+(H2O)n, the cluster bond energy is determined
to decrease smoothly from ∼17 kcal mol-1 of n ) 4 to ∼9
kcal mol-1 of n ) 8, and no distinct shell effects have been
detected for the second solvation shell formation. In the
spectroscopic measurements, we obtain vibrational predisso-
ciation spectra of H+(H2O)6 in the free-OH stretch region at an
equilibrium cluster temperature of 77 K. Significant reduction
in the absorption bandwidths (up to a factor of 2) is observed
when cooling the cluster ion from 200 to 77 K. It corroborates
the suggestion that the combination of a temperature-variable
22-pole ion trap with infrared lasers is a promising approach
for the study of structural transformation (induced either by laser
excitation or by temperature change) of cluster ions.

The present work, together with previous experiments
conducted for laser-induced reactions of molecular ions42 in the
Chemnitz group, demonstrates the versatility and utility of this
unique trapping device. Future work of this collaboration
includes in situ growth and fragmentation43 as well as collision-
induced isomerization and deuteration44 of water cluster ions
in the temperature-variable ion trap in a precisely controlled
manner.
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Abstract

Reactions of methane cations, CHþ
4 , with H2, HD and D2 have been studied in a variable temperature 22-pole ion trap from

9 room temperature down to 15 K. The formation of CHþ
5 in collisions with H2 is slow at 300 K, but it becomes faster by at least one

0 order of magnitude when the temperature is lowered to 15 K. This behavior is tentatively explained with a longer complex lifetime at

low temperatures. However, since tunneling is most probably not responsible for product formation, other dynamical or statistical

2 restrictions must be responsible for the negative temperature dependence. In collisions of CHþ
4 with HD, the CHþ

5 product ion (68%

at 15 K) prevails over CH4D
þ (32%). Reaction of CHþ

4 with D2 is found to be much slower than with H2 or HD. The rate coefficient

4 for converting CHþ
4 into CH3D

þ by H–D exchange has been determined to be smaller than 10�12 cm3/s, indicating that scrambling

5 in the CHþ
6 complex is very unlikely.

6 � 2003 Published by Elsevier B.V.

7 Keywords: Laboratory astrochemistry; Reactive collisions; Deuteration; ISM: molecules; CHþ
4 ; CH

þ
5 ; CH4D

þ

1. Introduction

9 Collisions at very low relative velocities and with cold

0 reactants are of fundamental interest because they can
be used as a very sensitive probe of the potential energy

2 surfaces, especially if weak barriers or small endo-

thermicities are involved or if dynamical constraints

4 hinder the transition from reactants to products. In

5 addition, experimental studies of ion molecule reactions

6 performed at the low temperatures prevailing in dense

7 interstellar clouds are of key importance for under-

standing the synthesis of molecular species in interstellar
9 space. Rate coefficients are especially needed if they

0 change significantly as a function of temperature, in

contrast to the majority of the known reactions.

2 One of the best understood examples where the re-

activity changes remarkably with temperature is the

4 hydrogen abstraction NHþ
3 +H2 !NHþ

4 +H. This re-

5 action has been measured by several groups and using

6 complementary techniques, e.g., in a flowing afterglow

apparatus (FA) between 300 and 800 K [1], in a SIFT

apparatus between 80 and 300 K [2], in a Penning trap at

very low temperatures (11–20 K) [3], in a SIDT between

20 and 300 K [4], and finally in a 22-pole ion trap at 15
K [5]. In the early measurements starting from room

temperature it was observed, that the rate coefficient

falls with falling temperature. Later a minimum has

been identified at about 150 K and, finally, a significant

reincrease was found towards very low temperatures.

Furthermore, measurements with isotopic variants of

the ammonia ion reaction by Kim et al. [6], Adams and

Smith [7] and Dunn and Barlow [8] showed a pro-
nounced isotopic effect, i.e., the rate coefficient of the

reaction of NHþ
3 with D2 is lower than that with H2

while the reaction of NDþ
3 with H2 has a larger rate

coefficient than NHþ
3 +H2. Calculations by Herbst and

co-workers [9], using a statistical phase space approach,

confirmed the former hypothesis [3,4] that, at low tem-

peratures, the mechanism of NHþ
4 +H formation is

dominated by the initial formation of a long-lived
complex, from which tunneling through a small transi-

tion state barrier occurs. For high enough temperatures,

on the other side, the reaction rate increases due to the

www.elsevier.com/locate/chemphys
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increasing probability of classical passage over the

transition state barrier.

Some related observations have been made for the

isolectronic reaction, the hydrogen abstraction

CHþ
4 þH2 ! CHþ

5 þH ð1Þ
however, only at room temperature and above. This

interaction of methane cations with hydrogen has been

observed several decades ago in a mass spectrometer by

Munson et al. [10]. An absolute rate coefficient was first

measured by Kim et al. [6] in a 300 K Ion Cyclotron
Resonance (ICR) apparatus. This result and also the

measurements of Adams and Smith [11] performed in a

room temperature Selected Ion Flow Tube (SIFT)

showed that reaction (1) is very slow at room tempera-

ture despite the fact that the H atom transfer is slightly

exothermic. Only every 50th collision leads to a CHþ
5

product indicating some hindrance along the reaction

pathway, perhaps a potential barrier. The first dedicated
energy-dependent investigations were performed by

Federer et al. [12] who measured rate coefficients at

energies between 40 and 120 meV, accelerating the ions

in a Selected Ion Flow Drift Tube (SIFDT). They found

that the rate coefficients decrease with increasing energy.

The results presented in this paper, extend the mea-

surements into the opposite direction. In accordance

with the trend, the rate coefficients for the title reaction
continue to increase with falling temperature. The value

at interstellar temperatures is one order of magnitude

larger than at room temperature. In contrast, the

UMIST database for interstellar chemistry [13] contains

a fixed value for reaction (1) which is claimed to be valid

for a wide temperature range.

Federer et al. also studied the reverse of reaction (1),

CHþ
5 +H!CHþ

4 + H2, by injecting H-atoms into the
drift tube. In this case, it was observed that, at room

temperature, destruction of CHþ
5 is almost 10 times

faster than its formation, although the reaction is en-

dothermic in this direction. The experimental findings

have been taken as a hint that reaction (1) must be en-

doentropic, i.e., the free energy DG ¼ DH � TDS must

become negative above a certain value of T . This tem-

perature has been estimated to be 150 K [12]. The
question whether one is allowed to use simple thermo-

dynamics for describing a bimolecular reaction will be

raised in the discussion section. So far, the backward

reaction has not been measured below 300 K.

More insight into the energetics of a near-thermo-

neutral reaction can be obtained by using isotope sub-

stitution due to significant shifts in zero-point energies.

In addition the replacement of H by D can modify re-
markably the statistical factors, governing the reaction

[14]. Up to now only the combination CH4 +D2 has

been reported in the literature by Inoue and Wexler [15]

as well as Munson [10] who observed very low reaction

rates. It must be noted, however, that their low values

may have partly been caused by the non-thermal ex-

perimental conditions prevailing in their machines. In

the present contribution not only D2 but also the as-

trochemically important HD has been used as target.

One interesting additional aspect of this work is that
reaction (1) leads to CHþ

5 , a so-called hypercoordinated

carbocation (see [16] and references therein). Despite

many spectroscopic efforts culminating in the high-res-

olution infrared spectrum of White et al. [17] the

structure of this fluxional molecular ion is an object of

an ongoing debate since the spectrum is still awaiting an

assignment. One of the basic questions is, whether all

five hydrogen atoms are equivalent or whether the three-
center-two-electron bound favors a different structure,

e.g., a separate H2 sub-unit bound to a CHþ
3 ion. If there

are different bounds, isotope labeling leads to different

isomers which may be distinguished via chemical prob-

ing. Such an approach has been described in [18] where

CH4 and CD4 gas has been used to form different iso-

topomers of CHxD
þ
y and NH3 has been used as a

probing gas (see also [19]). From these experiments,
which have been performed at temperatures above 300

K, rather speculative conclusions have been drawn.

Unfortunately, the present work, dealing with cold

(CH4 �H2)
þ and (CH5 �H)þ collision complexes, does

not provides help to solve this puzzle; however, as briefly

outlined in the conclusion, more can be expected from a

dedicated research of forming CHþ
5 via radiative asso-

ciation of CHþ
3 +H2 and isotopic variants or from

probing CHþ
5 via scrambling collisions with D or HD,

especially at low temperatures.

2. Experimental

2.1. Basics of experiment

The laboratory measurements have been performed

in a variable temperature 22-pole ion trap machine. The

basics of the trapping technique are summarized in [20],

more details can be found in recent publications [21,22].

In brief, ions generated in a storage ion source, are mass

selected and injected into a 22-pole ion trap mounted

onto a closed cycle He refrigerator. Trapping of the ions

in radial direction is achieved by applying two opposite
phases of an rf generator (80 V, 17 MHz) to the 2� 11

poles of the trap, while confinement in longitudinal di-

rection and control of the ion storage time is done by

pulsing the entrance and exit electrodes. The wide field-

free region of the 22-pole trap makes experiments at low

collision temperatures possible. Reactant and buffer

gases are introduced by cooled tubes and are in thermal

equilibrium with the cold walls surrounding the trap.
The translational and internal degrees of freedom of the

ions are coupled to this environment by inelastic colli-

sions with continuously or pulsed introduced buffer gas

2
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7 or via radiation. In the present configuration, the lowest

temperature achieved was about 15 K, higher tempera-

9 tures are attained with heater wires winded around the

0 trap holder. Temperatures are measured at several

points with carbon resistors. Stored ions react with
2 target gas (here hydrogen) the number density of which

is determined with an ion gauge which is routinely cal-

4 ibrated with respect to a spinning rotor gauge. After

each trapping cycle, primary and product ions are ex-

6 tracted, analyzed by a second quadrupole mass filter

7 and finally detected with high efficiency by a Daly-type

detector.

9 2.2. Ion preparation and mass selection

0 The CHþ
4 ions are produced by electron bombard-

ment of methane gas (Messer-Griesheim 5.5 purity) in

2 an external rf storage ion source. Trapping the ions in

the source makes it possible to operate at pressures be-

4 low 10�5 mbar of methane. For pre-cooling the stored

ions to the source temperature of about 350 K, helium
6 gas is added to the source gas. Furthermore, electrons

7 with low kinetic energies (<18 eV) are utilized to reduce

internal excitation or fragmentation of the ions. After

9 extracting the ions through a pulsed electrode, they are

0 mass selected by a quadrupole operated either in the

low-pass or in the mass-selective mode. The low-pass

2 mode has the advantage of injecting ions with well de-

fined very low kinetic energies into the 22-pole trap;
4 however, at the expense of admitting also some lower

mass ions to the trap. The mass-selective mode fully

6 suppresses the unwanted ions but in this case with a

7 broader kinetic energy distribution. As mentioned

above, all ions are finally cooled to the desired low

9 temperatures by a short intense He pulse (�10 ms) in the

0 trap.

2.3. Target gas

2 The purity of the deuterium hydride (Cambridge

Isotope Laboratories Inc.) is specified to be 97%, the

4 major contamination being H2 and D2. This specifica-

5 tion has been confirmed in situ by a detailed analysis

6 based on the Arþ +HD charge transfer reaction in the

7 trap [23]. Arþ is known to react with HD mostly to
ArHþ and ArDþ, but about 10% of the reaction yields

9 HDþ by charge transfer. Assuming equal charge trans-

0 fer probabilities for the various hydrogen isotopes, the

H2 impurity can be derived directly from a comparison

2 of the Hþ
2 and the HDþ product signal. In this way, it

was confirmed that the H2-content in the bottle was less

4 than 1%. Direct determination of the D2 impurity is not

so simple with this method, because the signal of interest
6 (mass 4) coincides with other products from secondary

7 reactions, for instance with H2D
þ from a reaction of

ArHþ with HD. Nonetheless, it could be concluded that

D2 has the same abundance as H2, i.e., the total impu-

rity is less than 2%.

Another chemical test of the isotopic purity of the

HD target gas was based on the observation of prod-

ucts, formed via specific association reactions ([23]). For
example, hydrocarbon ions which do not react with HD

or which are already at the end of a deuteration se-

quence only can grow via such a process. For example,

association of CDþ
3 with HD yields CHDþ

4 while a

collision with H2 and D2 impurities produces CH2D
þ
3

and CDþ
5 ions, visible as ‘‘side-bands’’ of the central

peak in the mass spectrum. Also this method has lead to

an upper limit of 2% for the impurities, assuming equal
association probabilities.

The H2 and D2 gases used in these experiments were

purchased from Messer–Griesheim with specified purity

of 6.0 and 2.7, respectively.

2.4. Measuring procedure

The measurement of rate coefficients for chemical
reactions are performed in the trap in an iterative mode.

First, a pulsed bunch of ions is injected with low kinetic

energies into the 22-pole trap. The ions are then stored

for times varying from microseconds to minutes, the

main limitation being the residual gas components

which deplete the number of primary ions due to para-

sitic reactions. In the present case, the unwanted residual

gas components are mostly hydrogen and water. At

Fig. 1. The number of molecular ions, Ni, trapped and formed for each

iteration, is plotted as a function of the storage time t. Twenty different
times ranging from 30 to 450 ms were used. Every data point was

measured 15 times to obtain better statistics. After injection, primary

ions are relaxed to the ambient temperature by using an intense pulse

of He buffer gas. In this example, a mixture of both CHþ
3 and CHþ

4 has

been used. While the first ion remains almost unchanged, the second

one reacts with hydrogen, [H2]¼ 7:4� 1010 cm�3, to CHþ
5 . At the

temperature of this measurement (300 K), there are minor losses due to

reactions with H2O background gas leading to H3O
þ products. The

solid lines are solutions of an adequate rate equation system leading to

a set of rate coefficients (see Table 2).

3
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room temperature, for example, the water number

density was in the range of [H2O]¼ 1� 107 cm�3. At

cryogenic temperatures, this number is much lower, at

least by 2 orders of magnitude.

Typically, only a few hundred parent ions are trapped
per pulse in order to avoid saturation of the Daly de-

tector. For improving the statistics and for determining

the rates of the investigated reactions with good preci-

sion, the procedure ion formation/trapping and reaction/

analysis is repeated often (about 20 times) for typically

20 different storage times and for each of the masses of

interest. This is further explained with the example of

Fig. 1. In this 300 K experiment, about 700 CHþ
4 ions

are injected per pulse into the trap filled with hydrogen

at a number density of [H2]¼ 7:4� 1010 cm�3. As the

first mass filter was operated in the low-pass mode, in

addition some 500 CHþ
3 ions were in the primary ion

beam coming from the source. Also a few CHþ
2 were

initially present; however, they quickly react to CHþ
3 .

These ions do not disturb this investigation, as they re-

act extremely slow with H2 at room temperature. The
CHþ

4 ions are transformed via reaction (1) into CHþ
5 . In

addition, there are also a few H3O
þ formed via proton

transfer of stored ions to background water molecules.

The solid lines in Fig. 1 represent solutions of a set of

coupled rate equations describing the formation and

destruction of the corresponding ions. Initial conditions

are the number of various ions at short storage times as

well as the density of the neutral reactant gas and the
background gas. The coupled differential equations are

usually solved numerically with a set of assumed rate

coefficients which are varied systematically until the

agreement with the experimental data is satisfactory.

The output of this procedure is a set of rate coefficients.

3. Results

3.1. Temperature dependence

With the methods outlined above and illustrated in

Fig. 1, rate coefficients of reaction (1) have been deter-

mined for selected temperatures in the range from 15 to

300 K. Hydrogen number densities have been varied

between 1� 1010 and 1� 1011 cm�3. Typically, repeti-
tion periods between 500 ms and 1 s were chosen. The

resulting rate coefficients are shown in Fig. 2 as a

function of temperature. The errors for the rate coeffi-

cients are around 10% and are mainly due to uncer-

tainties in determining the effective H2 number density.

The indicated errors in the measured temperatures are

assumed to be 10 K for high temperatures and not more

than 5 K in the low temperature range. Inspection of
Fig. 2 reveals that the rate coefficient decreases by more

than one order of magnitude from (4:0� 0:2)�10�10

cm3/s at 15 K to (3.3� 0.2)�10�11 cm3/s at room tem-

perature. The data have been fitted using the function

k ¼ aðT=300Þb expð�c=T Þ. This parameterization is

commonly used for including experimental or theoreti-

cal results in reaction networks describing interstellar

chemistry [13]. For the high temperature range, the pa-

rameter c was set to zero while a and b were fitted
(straight line in Fig. 2). For including the low temper-

ature behavior, also c was varied. The resulting best fit

parameters are listed in Table 1.

At 300 K two earlier measured values are included as

filled triangles in Fig. 2. The result of Adams and Smith

[11] (upright triangle), k ¼ 3:3� 10�11 cm3/s, is in ex-

cellent agreement with the present work. Kim et al. [6]

have reported k ¼ 4:1� 10�11 cm3/s. In addition, values
from the SIFDT-measurements of Federer et al. [12] are

shown in Fig. 2 as filled squares. For comparing these

non-thermal results with the other ones, the mean ki-

netic energy of the drifting ions has been converted into

an effective temperature T by using simply the relation

hEtransi ¼ 3=2kT . According to their data, the rate co-

efficient reaches a value of around 6:5� 10�12 cm3/s at

an energy of 120 meV (corresponding to 960 K, see
Fig. 2). Due to the well-known difficulties of comparing

thermal rate coefficients with results from SIFDT ex-

Fig. 2. Temperature-dependent rate coefficients for reaction (1). The

results from this work (including error bars) cover the range from 15 to

300 K. These data have been fitted with kðT Þ ¼ aðT=300Þb for T > 50

K, see also Table 1. The two additional points at 300 K are from [11]

(NÞ and [6] (.Þ. At higher energies results from a SIFDT experiment

[12] are included (jÞ. For details see text.

Table 1

Temperature dependence of the rate coefficient, k ¼
aðT=300Þb expð�c=T Þ
Reaction a (10�11

cm3/s)

b c (K) Temperature

range (K)

CHþ
4 + H2 ! CHþ

5 + H 3.3 )1.12 0 50–300

3.4 )1.35 23 15–300

The indicated temperature ranges were fitted.
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2 periments, the deviation of the high temperature data

from the low temperature fit should not be over-inter-

4 preted. In any case, however, these data demonstrate

that the rate coefficient is still decreasing with increasing

6 kinetic and internal energies, which are equivalent to
7 temperatures of about 1000 K.

3.2. Formation of CH4D
þ in collisions with HD

9 Rate coefficients with a negative temperature depen-

0 dence have also been measured for reactions of CHþ
4

with HD and D2 at temperatures between 300 and 15 K.

2 Table 2 compiles the results for collisions with H2, HD
and D2. Also for the deuterated reactants the rate co-

4 efficients drop by at least one order of magnitude be-

tween 15 and 300 K. To get a deeper insight into the

6 underlying reaction dynamics, the two separated prod-

7 uct channels for collisions with HD,

CHþ
4 þHD ! CH4D

þ þH ð2aÞ
! CHþ

5 þD ð2bÞ

have been investigated at 15 and 300 K. One typical

measurement performed at 15 K and at a number den-

sity of [HD]¼ 3:5� 1010 cm�3 is shown in Fig. 3. In this

experiment around 1000 primary CHþ
4 -ions were in-

jected into the trap and every storage step was repeated
ten times. It can be seen that the number of CHþ

4 ions

decays exponentially while CHþ
5 ions (mass 17) and

CH4D
þ ions (mass 18) are formed. The origin of the

minor product 13CDþ
3 (mass 19) will be discussed below.

It is obvious that reaction (2b), i.e., formation of

CHþ
5 dominates over reaction (2a) leading to the deu-

terated CH4D
þ. Interestingly the branching fraction of

the formation of CHþ
5 increases from 0.58 at 300 K to

0.68 at 15 K. Special care has been taken for the

branching measurements not to be influenced by small

CH2D
þ-impurities injected with the CHþ

4 primary

beam. These species are completely deuterated in two

fast consecutive steps to CDþ
3 (mass 18) which are then

indistinguishable from the CH4D
þ products under in-

vestigation. These two species can be separated since

association of CDþ
3 in collisions with HD is much faster

than any further reaction of the CH4D
þ/CHþ

5 products

of reaction (2). Radiative and ternary association of

these CHþ
5 -analogues are at least three orders of mag-

nitude slower than those of CDþ
3 , see [23] for details.

The results for the branching fractions are included in

Table 2.

An important experimental test for understanding the

reaction mechanism is whether HD scrambling occurs in
a collision with HD, i.e.,

CHþ
4 þHD ! CH3D

þ þH2 ð3Þ
The CH3D

þ product has the mass 17 and it is therefore

indistinguishable from CHþ
5 from reaction (2b). One

clear hint that reaction (3) is only a minor channel

compared to reaction (2) is that the rate coefficients

determined from the exponential decay of CHþ
4 are quite

similar for collisions with H2 and HD at 15 K (see Table

2). Since this attenuation rate coefficient also includes

reaction (3) it can be deduced that the reactivity is not

much enhanced by taking HD instead of H2. Moreover,

at 300 K the reaction rate with HD is even smaller than
with H2. Thus the presence of the additional reaction

channel (3) does not seem to play a role.

Due to the mentioned mass overlap problem it is

hard to determine an accurate value for the rate coef-

ficient of reaction (3). However, a simulation of the

subsequent reaction steps has been used to derive an

upper limit. CH3D
þ is a deuterated version of CHþ

4

and will therefore most likely be subject of hydrogen
(deuterium) abstraction, similar to reaction (2). For

this consecutive reaction the same rate coefficients have

been assumed as for reaction (2) and the products are

CH4D
þ on mass 18 and CH3D

þ
2 on mass 19. CH4D

þ

from these subsequent reactions and from reaction (2)

Table 2

Rate coefficients (in units of 10�11 cm3/s) and branching fraction for

reactions with H2, HD and D2

T (K) H2 HD D2

k k CHþ
5 fraction

(%)

K

15 40� 2 45� 2 (68� 2) 12� 2

300 3.3� 0.2 2.2� 0.1 (58� 2) 1.1� 0.2

kL 157 132 – 117

kL denotes the Langevin rate coefficient for the corresponding

target molecule.

Fig. 3. CHþ
4 stored at T ¼ 15 K in pure HD ([HD]¼ 3:5� 1010 cm�3).

The rate coefficient derived form the decay of CHþ
4 is k ¼

ð4:5� 0:2Þ � 10�10 cm3/s, the branching fraction to form CHþ
5 is 68%.

Also visible as a product is 13CDþ
3 , originating from

13CHþ
3 parent ions

overlapping with the primary injected beam of CHþ
4 (both mass 16).

13CHþ
3 is completely deuterated in three fast reactions with HD.
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cannot be distinguished. A certain fraction of the mass

19 signal corresponds to 13CDþ
3 which stems from

13CHþ
3 (mass 16) entering the trap together with the

CHþ
4 parent ions. Its contribution has been determined

in independent measurements to be (0.7� 0.1)% as can

be seen in Fig. 3. In the simulation, the number of

mass 19 products would increase significantly above
this level when the rate coefficient of reaction (3) is

assumed to exceed 1� 10�12 cm3/s. Therefore one can

take this value as an upper limit. Kim and co-workers

give a similar upper limit for the exchange reaction of

CDþ
4 +H2 !CD3H

þ +HD ([6]). For the H-atom ex-

change in the reaction of CHþ
4 with D2 an even lower

limit of 1� 10�13 cm3/s has been derived in the present

study, see Table 3. In the latter case, the experimental
sensitivity to derive an upper limit is somewhat higher

due to the smaller total reaction rate, as detailed in the

following section.

Another indication that the four hydrogen atoms

bound to the carbon do not exchange with the atoms

from the target molecule comes from the CHþ
4 +D2

collision system. If scrambling would play a role in the

course of hydrogen addition, one would also expect
CH3D

þ
2 products where the colliding D2 is incorporated

while a hydrogen atom from the CHþ
4 parent is re-

moved. From a point of view of simple statistics this

case should occur in 4 out of 6 cases. However, the

signal on the corresponding mass is measured to be

smaller than 1% (see [23]). Therefore it can be concluded

that reaction (1) proceeds via addition of one hydrogen

atom which is abstracted from the incident target mol-
ecule.

3.3. Differences in collisions with H2, HD and D2

As has been mentioned above and can be seen from

Table 2, the rate coefficients for D-atom abstraction in

collisions of CHþ
4 are strongly dependent on tempera-

ture between 15 and 300 K. The rate coefficient at room
temperature has been determined before by Inoue and

Wexler [15] to be 0:9� 10�11 cm3/s. Note that their

value might be somewhat low due to the higher kinetic

energy of ions in ICR-experiments leading to non-ther-

mal conditions. Utilizing the technique of resonance-

heating, they also observed a falling rate coefficient with

increasing energy.

As can be seen from the summary in Table 2, the total

rate coefficients at T ¼ 300 K decrease substantially with

the level of deuteration of the neutral reactant. It drops

by a factor of three when using D2 instead of H2. A

similar drop is present at T ¼ 15 K. However, at low
temperatures the total rate coefficient with HD as a

target is significantly larger than that for H2. In contrast

to these findings the Langevin rate coefficients for the

three neutral reactants are not much different. Using

simply the averaged polarizability, one obtains

kL ¼ 1:57� 10�9 cm3/s for collisions of methane cations

with H2, kL ¼ 1:32� 10�9 cm3/s with HD, and

kL ¼ 1:17� 10�9 cm3/s with D2, the small changes being
due to the increasing reduced mass. The contribution of

the quadrupole term of hydrogen as well as the ion-di-

pole interaction for HD as target has been neglected in

this calculation. Nonetheless the dipole moment of HD,

which is 8:51� 10�4 debye [24] most probably plays a

role in favoring reaction (2a) over (2b) (see below). In

summary, other dynamical constraints have to be con-

sidered in order to explain the rather large differences in
the total rate coefficients for H2, HD and D2.

4. Discussion

Several pieces of information concerning the hydro-

gen abstraction reaction of CHþ
4 have been collected in

this work. First, at low temperatures reaction (1) is
proceeding at a substantial fraction of the collision rate.

Second, this reaction follows a strong negative temper-

ature dependence up to at least 1000 K. Third, reaction

(3), H–D exchange of CHþ
4 in collisions with HD, is

very slow. Therefore it can be assumed that H–H

scrambling is also very unlikely to occur. Fourth, the

branching ratio of reaction (2) is in favor of the hy-

drogenated CHþ
5 product over the deuterated CH4D

þ

product. Fifth, hydrogen abstraction is slowed down

when using HD or D2 instead of H2. In the following a

qualitative picture of the potential energy surface (PES)

is discussed and some remarks concerning reaction dy-

namics are made which may explain the experimental

facts.

Reaction (1) is near thermoneutral. From the heats of

formation of reactants and products at 0 K [13] an
exothermicity of 19 kJ/mol is derived. In Federer et al.

[12] a value of 5 kJ/mol has been used in their discussion.

This is the first information the PES shown in Fig. 4 is

based on. Since at 300 K, 98% of the CHþ
4 +H2 decay

back to the input channel, the transfer to the product

channel must be significantly hindered, e.g., by a po-

tential barrier, a dynamical bottle neck or by an ex-

tremely small phase space (endoentropic). It is
surprising that, at 15 K, the path towards products is

found in every fourth collision. As common in low-

temperature collision processes the discussion is simpli-

Table 3

There is no experimental evidence for H–D scrambling in CHþ
4 +HD/

D2 collisions

Reaction k (15 K)

CHþ
4 +HD!CH3D

þ +H2 <1� 10�12 cm3/s

CHþ
4 +D2 !CH3D

þ +HD <1� 10�13 cm3/s

The given values for the rate coefficients are upper limits for k from
the numerical solutions of the sets of coupled rate equations.
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0 fied if one makes the assumption that the abstraction

reaction (1) proceeds in two well separated steps. First,
2 an intermediate collision complex is formed which, at

low enough temperatures, may be long-lived even if the

4 H2 molecule is only loosely attached to the CHþ
4 ion,

CHþ
4 þH2 ! CHþ

4 �H2 ð1aÞ
6 An upper limit for the rate coefficient for this process,

7 K1a, is the Langevin rate coefficient kL. No substantial

barrier has to be overcome to reach this complex since

9 the measured low temperature rate coefficient amounts

0 to a considerable fraction of the collision limit, kL. This
complex is weakly bound since there does not exist a

2 bound CHþ
6 molecule. Due to its fragile nature the

complex usually redissociates quickly into the educts

CHþ
4 �H2 ! CHþ

4 þH2 ð1bÞ
but there must be a way to proceed towards products,

CHþ
4 �H2 ! CHþ

5 þH ð1cÞ
7 Within this simple model, the dynamics of the

CHþ
4 +H2 reaction system (1) is determined predomi-

9 nantly by the two decay rates for process (1b) and (1c),

0 K1b and K1c. As a consequence the rate coefficient for
reaction (1) can be approximated by

k ¼ kLK1c=ðK1b þ K1cÞ: ð4Þ
According to the Langevin model the rate coefficient kL

4 at which the reactants can overcome the centrifugal

barrier in the entrance channel to form the complex is

6 temperature independent. Therefore the complex for-

7 mation is thought to be of minor importance for the

temperature dependence of reaction (1). The second

9 important parameter in expression (4) is K1b. The order
0 of magnitude of the life time of the CHþ

6 complex,

sdis ¼ 1=K1b, may be about 1 ns at 15 K assuming that it

2 is similar to that of the CH6D
þ complex formed in

CHþ
5 +HD collisions. The latter complex is also bound

4 only by van der Waals forces and its lifetime has been

estimated from the rate of ternary association (see [23]).

Since it is rather safe to assume, within this simple

model, that the lifetime of the complex increases

monotonically with decreasing temperatures, K1b drops

accordingly. Statistical models usually predict a T n de-

pendence. The third and presently most uncertain pa-
rameter is the rate K1c. If tunneling would be the

determining process, this value would drop also signifi-

cantly with decreasing temperature. This would lead to

an obvious contradiction to the experimental observa-

tions. From the experimental results it can be concluded

that K1c � 1=3K1b at 15 K and K1c � 0:02K1b at room

temperature. This indicates that K1c may be only weakly

temperature-dependent.
As discussed above the lifetime of the complex is

rather long compared to the time scale of any internal

motion (vibration, rotation). This can be taken as an

argument that the collision complex has enough time to

redistribute the energy statistically among all states

which are in accordance with its good quantum num-

bers. If this is really fulfilled, the rates K1b and K1c can

be calculated from the relevant phase space volumina.
In this context it becomes evident, that the question,

whether a bimolecular reaction can be treated with

simple thermodynamic quantities as presented in [12]

and mentioned in Section 1, and whether it is allowed

to say that reaction (1) is an endoentropic reaction

must be obviously denied. The complete mixing of the

phase space is a necessary condition, but a statistical

theory which correctly describes the collision of two
molecules, must account properly for all constants of

the motion!

In the present case, especially with the unknown

structure of the CHþ
5 product, it is not easy to get a

reasonable estimate for the competing phase space vo-

lumina. However, it is presumed that also an exact

statistical calculation will lead to a result deviating from

the experimental observations. Most probably reaction
(1) is influenced by additional dynamical constraints,

hindering the access to some regions of the phase space.

There may be degrees of freedom which are only weakly

coupled, or there are additional hidden constants of the

motion, restricting the reaction steps (1b) and (1c). One

candidate is the total nuclear spin which plays an im-

portant role if identical atoms are involved as in the title

reaction.
Despite the fact that the NHþ

3 +H2 system and the

CHþ
4 +H2 are isoelectronic and that, at first side, the

negative temperature dependence of the rate coefficients

for both reaction systems may have a similar explana-

tion, the dynamical reasons must be quite different. For

the ammonia system, rate coefficients have been cal-

culated as a function of temperature and compared to a

variety of experimental results [1–4,6]. The theoretical
treatments were based on the minimum energy pathway

of Herbst et al. [9], which also has been used as illus-

tration in Fig. 4. In these calculations good qualitative

Fig. 4. Schematic illustration of the stationary points of the potential

energy surface for the CHþ
4 +H2 collision system. The absolute values

which are not known, have been adopted from [9] for the isoelectronic

NHþ
3 +H2 system. Note that there is probably no barrier in the

transition region. This is used here only symbolically for indicating the

fact, that the transfer from the left to the right is hindered by some

dynamical constraints.
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agreement has been obtained and it has been found

that tunneling is the dominant pathway at low tem-

peratures.

With increasing temperatures the complex lifetime

becomes shorter thus leading to a negative temperature
dependence. In the NHþ

3 +H2 case a minimum value for

the rate coefficients has been found at a temperature of

about 150 K followed by a positive temperature de-

pendence at higher temperatures. In this temperature

range, Fehsenfeld et al. have derived an effective barrier

height of 0.09 eV (9 kJ/mol) from an Arrhenius plot.

Taking tunneling into account, Herbst et al. [9] derived a

larger value of (20� 2) kJ/mol. In view of these con-
siderations one could argue that also CHþ

4 +H2 may

have a minimum in the rate coefficient at higher tem-

peratures. However, it is apparent from Fig. 2 that this

minimum must occur at temperatures exceeding 1000 K

implying a barrier height much larger than for the am-

monia system and subsequently even smaller reaction

rate coefficients. In reality the rate coefficients are more

than a factor of 100 larger thus ruling out tunneling in
the present case.

A more subtle question to address is why significant

isotope effects are observed when using deuterated

hydrogen instead of H2. When comparing the absolute

values of the rate coefficients for H2, HD and D2 one

has to take into account the branching ratios and the

fact that, for example in reaction (2), the unbiased

probability to pick an H atom from HD is only half
the one for H2 as a target in reaction (1). Accounting

for this the rate coefficient for the formation of CHþ
5 is

almost the same for HD and H2 at 300 K. However, at

15 K this channel is faster by a factor of 1.5 when

using HD instead of H2. In a similar comparison the

CH4D
þ product channel is favored at both tempera-

tures for HD as compared to D2 as a target by a factor

of about two. In general HD is reacting faster with
respect to H2 and D2. Therefore, the heteronuclear

nature of HD might be a root to understand the iso-

tope effect.

As has been discussed in detail in state selected low

temperature experiments on COþ +CO [25] the rate of

redissociation of a loosely bound complex depends

strongly on the rotational state of the reactants. It is

significantly slower for low lying rotational states than
it is for high energy states. Therefore one could inter-

pret the differences in collisions with H2 and HD as the

result of reactions with two species at different energies.

In fact, at 15 K only the lowest rotational state, j ¼ 0,

is occupied in HD while the n-H2 used in the experi-

ment consists of 75% o-H2 (j ¼ 1) and 25% p-H2

(j ¼ 0). Thus using n-H2 leads to a population of

higher energy states in the complex. However, as de-
scribed before, the H2, HD and D2 entities remain as

intact molecules in the complex. Therefore it is sup-

posed that orthopara conversion within the complex is

an unlikely process since it would require a nuclear

spin flip. Another way of converting H2 rotation into

internal energy of the whole complex would be proton

or H-atom scrambling between the ion and the neutral

molecule. The exchange reaction (3) has been shown to
be a very unlikely process. Also from the absence of

CH3D
þ
2 products in CHþ

4 +D2 collisions it may be

concluded that reorganization of hydrogen atoms or

molecules is not very probable, also at long complex

life times. In summary there is no obvious route for o-

H2 to release its internal energy to the complex in or-

der to decrease the lifetime. Dedicated experiments

with p-H2 should be performed to see whether the re-
sults are more consistent with those for HD or for n-

H2. From such experiments it might be possible to

judge whether the physical picture of an increased

temperature is correct.

A final question to discuss is the fact that CHþ
4

prefers to abstract the H atom from the HD target

molecule instead of the D atom. As discussed in detail

in [14], e.g., for Dþ
3 +H2 scrambling collisions, the

simple statistical weight of the competing product

channels determines often the outcome at elevated

temperatures while, at low temperatures, the difference

in zero-point energies restricts the formation of certain

product channels. Based on such results, the energeti-

cally lower lying product channel CH4D
þ +H would

dominate. If, however, scrambling is not occurring like

for the title reaction, the branching ratio is determined
by other mechanisms, may be just by the orientation of

the HD during the approach of the ion. An example

illustrating this is the isotopic branching ratio which

has been calculated for the Oþ +HD reaction using the

rotationally adiabatic capture theory [26]. The authors

find the branching ratio [OHþ]/[ODþ] larger than

unity, especially for non rotating HD. An explanation

based on a simple classical picture is that the isotopic
substitution separates the center of charge from the

center of mass leading to an enlarged orientation

probability of the H-atom facing the ion prior to re-

action. At the moment this is the most likely expla-

nation of the isotope effect observed in reaction (2),

however, it also may be taken as a hint to other dy-

namic restrictions controlling reaction (1).

5. Conclusions

Our investigations with a 22-pole ion trap show that

temperature dependent reaction rate measurements us-

ing different isotopic configurations give detailed insight

into the dynamics of ion-molecule reactions. In the case

of CHþ
4 +H2, a picture different from common tunnel-

ing mechanism, had to be drawn to explain the negative

temperature dependence of the rate coefficient. Detailed

calculations are needed to explain the dynamical re-
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strictions within the collision complex. The similarity of

2 the isotope effect of the hydrogen abstraction for

CHþ
4 +HD and Oþ + HD suggests that long-range HD

4 orientation via the dipole may play a role. Thus the

isotope effect may be partly related to the entrance
6 channel while the negative temperature dependence is

7 most probably affected by properties of the exit channel

of this reaction.

9 It is hoped that these studies encourage ab initio

0 calculations of the PES of the CHþ
4 +H2 system and

quantum chemical investigations, especially at low

2 temperatures. Dedicated experiments to measure the

energy dependence at higher collision energies may in-
4 dicate an minimum in the rate coefficient like in the case

5 of NHþ
3 +H2. The most important next experimental

6 step is, however, to study the reverse of reaction (1),

7 especially in the threshold region which should be

somewhere between 15 and 300 K. The combination of a

9 temperature variable 22-pole ion trap with a beam of

0 slow hydrogen atoms is close to completion and first

results for CHþ
5 +H and CHþ

5 +D are expected soon.
2 Besides the efficiency of the various reaction paths

leading to final product states in CHþ
4 +H2 collisions,

4 the question remains, whether all hydrogen atoms are

5 equivalent in the formed protonated methane. It is

6 rather sure that the dynamics of the reaction system

7 discussed in this paper are to complicated to draw

some related conclusions. An important experimental

9 observation providing information on the structure of
0 CHþ

5 is that this ion survives millions of collisions with

HD without deuteration. Another may be better de-

2 fined synthesis of CHþ
5 ions can be achieved via radi-

ative or ternary association. In any case it is very

4 challenging if not impossible to develop chemical

5 probing methods for distinguishing different isomers of

6 this floppy molecule. A more realistic approach with a

7 22-pole trap is probably to utilize the method of IR
laser induced reactions [27] and to record infrared and

9 far-infrared spectra of very cold CHþ
5 relaxed in p-H2

0 or alternatively in n-H2. Partial substitution of hydro-

gen with deuterium, may be also tritium can be used to

2 break the exchange symmetry. Of course this also may

lead to structural modifications due to changes in zero

4 point energies.
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Deuteration of CHn
+ (n=3-5) in collisions with HD measured in a low 

temperature ion trap 
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Abstract 
Deuteration of small hydrocarbon ions CHn

+ via H – D exchange (n = 3 - 5) has been 
studied in a 22-pole ion trap at a nominal temperature of 15 K. Sequential deuteration 
from CH3

+ to CD3
+ is very fast if one uses pure HD as target gas. Rate coefficients have 

been measured to be 1.65 × 10-9 cm3 s-1, 1.59 × 10-9 cm3 s-1, and 1.5 × 10-9 cm3 s-1. If, 
however, CH3

+ is relaxed in p-H2 containing traces of HD, the rate coefficient for iso-
tope enrichment is significantly smaller, (4±2) × 10-10 cm3 s-1. This important result is 
most probably due to symmetry selection rules influencing this reaction. The ions CH4

+ 
and CH5

+ are not observed, within the experimental uncertainties, to exchange H-atoms 
for D-atoms at all. Upper limits for the rate coefficients for forming CH3D+ and CH4D+ 
are 1 × 10-12 cm3 s-1 and 5 × 10-18 cm3 s-1, respectively. Hydrogen or deuterium abstrac-
tion in collisions of CH4

+ with HD occurs with a sum rate coefficient of 
4.5 × 10-10 cm3 s-1. Surprisingly, the more exoenergetic and statistically favored product 
CH4D+ is formed only in 1/3 of the reactive collisions, while CH5

+ dominates with 2/3. 
The results are discussed on the basis of the formation of long lived collision intermedi-
ates, open and closed shell ions, and barriers along the reaction path. All experimental 
data clearly indicate that conservation of total nuclear spin plays an important role in 
these low temperature chemical reactions involving identical nuclei. Implications of this 
laboratory work to isotopic fractionation in astrophysical environments are discussed. 

Key words 
laboratory astrochemistry, reactive collisions, deuteration, ISM: molecules, CH3

+, CH4
+, 

CH5
+, selection rules in chemistry, nuclear spin, statistical models 
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1. Introduction 
In the last two decades about twenty singly, some doubly and even triply deuterated 
molecules have been detected in cold interstellar clouds (Millar 2002). Recent observa-
tions include fully deuterated ammonia (Lis et al. 2002), triply deuterated methanol (Pa-
rise et al. 2004), and D2H+ (Vastel et al. 2004). It is well-known and reasonably well-
understood that the measured abundance ratios of the singly deuterated molecules to 
their non-deuterated counterparts are significantly larger than the D/H cosmic ratio, 
sometimes up to a factor 104. The D/H ratio has been determined to be around 1 × 10-5, 
e.g., by measuring the J = 0 ← 1 rotational line of HD. A recent example is the observa-
tion by Wright and coworkers (1999) towards the Orion Bar. Deuterium fractionation is 
strongly related to the physical conditions of the interstellar medium, namely low tem-
peratures (T = 10 to 100 K) and low-densities ([H2] ~ 103 cm-3 to 106 cm-3). The reason 
is that most deuterium exchange reactions are exothermic due to the difference in zero 
point vibrational energies of reactants and products. In molecular clouds most of the 
deuterium is contained in the form of HD. Therefore it is assumed that deuterium frac-
tionation is first initiated by simple ion-molecule collisions involving HD followed by 
D atom or deuteron transfer to more complex molecules provided that there are no sig-
nificant barriers on the reaction pathway. Up to date only three initial gas phase reac-
tions are included in the models, the reactions of H3

+, CH3
+ and C2H2

+ with HD. For 
more details see Millar (2002); Millar et al. (1989); Roberts et al. (2002), Maluendes 
et al. (1992), or Gerlich & Schlemmer (2002). 

Deuteration can be used as a very sensitive probe for the physical conditions existing in 
specific interstellar regions and for the chemistry occurring there. It can give hints to the 
temperature of the cloud, the densities of atoms, electrons and concentrations of specific 
molecules, and, as emphasized in this work, to the fractional abundance of o-H2. These 
insights into the prevailing conditions depend on our theoretical and experimental 
knowledge of many elementary processes. Modern model calculations (Roberts et al. 
2002, Millar 2002) take into account both gas phase as well as gas - grain processes; 
however, rather few reliable input data are available, such as rate coefficients from low 
temperature experiments or accurate quantum chemical calculations. Even with the so-
phisticated methods of quantum chemistry available today, barrier heights and other 
details of the potential energy surface often cannot be predicted with the required accu-
racy. Therefore low temperature experimental work is necessary to study the related 
processes. Investigations of ion-molecule reactions have been conducted with various 
techniques in the last decades, mainly at room temperature or at higher energies and 
under non-thermal conditions. In a selected ion flow tube (SIFT), Adams and Smith 
examined many reactions down to 80 K (Adams & Smith 1977, Smith 1992). In the 
eighties first trapping experiments have been developed in which chemical processes 
could be studied at temperatures of a few K and at low densities prevailing in dense 
interstellar clouds (Barlow & Dunn 1987, Gerlich & Käfer 1989, Gerlich 1995). The 
need for low temperature experiments is especially evident for reactions which show a 
different behavior at low temperatures in comparison to room temperature. One promi-
nent example is the chain of H-atom abstraction reactions starting with N+ in a bath of 
H2 and leading finally to NH4

+, which, via dissociative recombination with an electron, 
is assumed to be a major source of interstellar NH3 (Herbst et al. 1991, Gerlich 1993). 
Also for simple systems such as CH4

+ + H2 a negative temperature dependence has been 
observed recently (Asvany et al. 2004). 
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As mentioned above, there are only three molecular ions believed to contribute signifi-
cantly to the transfer of deuterium from HD to more complex species: H3

+, CH3
+, and 

C2H2
+. Besides elemental and molecular abundances, the main reason for this limited 

number is that many exothermic exchange reactions have transition state barriers inhib-
iting the reaction to proceed at low temperatures, one example being the reaction of 
HCO+ with HD (Smith et al. 2002). Therefore a major aim of theoretical treatments of 
the problem involves the prediction of barrier heights in order to classify the deuterium 
exchange reactions. The nature of the barriers has been discussed semi-quantitatively by 
Henchman et al. (1988). According to their model the ion AH+ and the HD form an en-
trance channel complex AH+··HD in which the reactants remain distinct. Via a transition 
state, H and D can be exchanged or a strongly bound complex can be formed where 
mixing of the chemically equivalent atoms occurs. Due to the exoergicity of the ex-
change process the complex prefers to decompose into AD+ + H2, as can be predicted 
from a simplified phase space theory just counting asymptotic states of the products. 

A classification of transition state barriers was proposed by Henchman et al. (1988) 
based on reactant ions with "filled" and "unfilled" valence shells. In the first case the 
entrance channel complex is only weakly bound and the energy of the transition state is 
much higher than the entrance channel. Therefore H - D exchange does not occur at low 
collision energies. In the second case the "unfilled" valence shell ion can form a 
strongly bound complex with a transition state which is way down in the valley of the 
attractive potential energy surface. In this situation H - D exchange can become a rapid 
process. Maluendes et al. (1992) replaced the somewhat misleading distinction between 
"filled" and "unfilled" valence shell ions by the more precise characterization based on a 
large and small HOMO - LUMO gap. For example they report for the CH3

+ + HD colli-
sion system, based on detailed ab initio calculations, that formation of CH2D+ is 
3.4 kJ/mol ( 405 K) exothermic and that scrambling can occur very efficiently in the 
strongly bound (-198 kJ/mol) collision complex which is characterized by a double well 
potential with a completely negligible barrier laying -192 kJ/mol below the reactants 
energy. Based on a simple statistical argument they predict that the overall efficiency 
for H - D exchange must approach unity at low temperatures. According to these guide-
lines, ions like H3

+ or CH3
+ and its isotopomers which are known to have strong chemi-

cal binding with hydrogen molecules, will undergo deuteration, while ions such as CH5
+ 

can form only a weakly bound CH5
+··HD complex and are therefore not expected to 

become deuterated in collisions with HD. 

It is an open question whether this simple reaction model holds for all astrophysically 
relevant systems or whether more details of the potential energy surface and dynamical 
calculations are needed in order to explain dynamical restrictions or for locating reac-
tion paths avoiding barriers. Fundamental questions are related to the role of tunneling 
or to the j-dependent capture cross section caused by the anisotropy of the 
ion-molecular hydrogen interaction potential. A special dynamical effect of deuteration 
may concern the CH5

+ + HD system studied here. According to recent theoretical work 
(e.g. Marx & Parinello 1999) the structure of CH5

+ is sometimes resembling to a CH3
+ 

and a distinct H2 entity. Due to this fluctuating nature one may speculate that it could be 
possible to exchange the incoming HD molecule for the complete H2 while the HOMO-
LUMO gap rule excludes the exchange of atoms. 

Besides the details of the potential energy surfaces, symmetry selection rules closely 
correlated with the separate conservation of the total nuclear spin play a central role in 
the process of deuteration as discussed for example for H3

+ + HD by Gerlich et al. 
(2002). Recently it was pointed out (Gerlich 2004) that the well-documented basic ideas 
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on symmetry selection rules in chemical reactions (Quack 1977) have not yet been im-
plemented in a consistent way into statistical models describing the influence of the 
ortho and para forms of the reactants in H - D scrambling. A well-documented example 
is the process of ternary and radiative association in CH3

+ + H2 collisions. It was at-
tempted by Bates (1987, 1991) to develop a theoretical model which explicitly treats the 
different nuclear spin configurations, for comparing results performed under different 
experimental conditions (Barlow & Dunn 1987, Gerlich & Kaefer 1989) and for making 
predictions for interstellar environments. The detailed experimental results obtained at 
10 K (Gerlich 1994 and 1995) did not show the increase for para hydrogen as predicted 
by the model of Bates indicating that it does not account properly for the restrictions 
imposed by the exchange symmetry. 

In addition to the just mentioned studies, the CH3
+ + H2 system has been the focus of 

many other experimental investigations. Isotope exchange and association reactions of 
CH3

+ and its deuterated analogues with H2, HD, and D2 have been studied in a variable 
temperature SIFT apparatus by Smith et al. (1982a). From forward and backward reac-
tion rates measured at 295 K, 205 K, and 80 K, enthalpy changes have been determined. 
In particular the rate coefficients for CH2D+ formation in CH3

+ + HD collisions have 
shown a negative temperature dependence. Extrapolation to interstellar cloud tempera-
tures has indicated that the collisional limiting value should be reached. Due to the fact 
that the backward reaction CH2D+ + H2 is rather endothermic and must be therefore 
slow it has been concluded that CH2D+ plays an important role in the synthesis of 
deuterated molecules in interstellar space (Smith et al. 1982b). 

Low temperature trap experiments, performed with hydrogen containing traces of HD, 
always show contributions from isotope enrichment (Gerlich 1995). Unfortunately, the 
analysis of such data is complicated by the fact that several product channels, interfering 
masses and back reactions of deuterated species in collisions with hydrogen (especially 
o-H2) complicate the evaluation of such data. Some related results were presented by 
Gerlich & Schlemmer (2002). Among others it was reported that the rate coefficient for 
isotope exchange in CH3

+ + HD is significantly smaller than the collision limit, if the 
ions are relaxed in p - H2. Since this is in contrast to the theoretical predictions men-
tioned above, H - D exchange reactions of CHn

+ (n = 3 - 5) have been reinvestigated in 
our laboratory. The experiments were carried out with pure HD in the trap in order to 
avoid complications with competing forward and backward reactions. 

2. Experimental 
The laboratory measurements have been performed in an ion trapping apparatus, which 
has been developed for investigating ion-molecule collisions at conditions representa-
tive of interstellar clouds. The ion guiding and trapping technique has been thoroughly 
reviewed by Gerlich (1992) while detailed descriptions of the temperature variable ra-
dio-frequency 22-pole ion trap has been given by Gerlich & Horning (1992) and by 
Gerlich (1995). This central element of the apparatus is shown schematically in Fig. 1. 
The trap consists of 22 stainless steel rods of 1 mm diameter circumscribing a circle of 
1 cm diameter and connected alternatively to the two phases of an rf power supply. 
Typical rf frequencies and amplitudes are Ω/2π = 17 MHz and V0 = 20 V, respectively. 
Radial confinement of the ion cloud is achieved by the very steep effective potential, 
created by the multipole rf field, whereas trapping in the axial direction is achieved by 
repulsive DC voltages applied to the entrance and exit gate electrodes. This arrangement 
is completely enclosed by copper walls (not shown in Fig. 1), which are mounted onto a 
closed cycle He refrigerator that can be cooled down to a nominal temperature of 10 K. 
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Reactant and buffer gases can be admitted to the 22-pole trap by cooled tubes. The ion 
cloud injected into the trap adapts to the trap temperature by collisions with the buffer 
gas leaked in either in a continuous mode or in short (~ms) intense pulses. 

The investigated ions are generated by electron bombardment, mass selected in a quad-
rupole mass filter and then injected into the 22-pole ion trap filled with the reactant gas. 
After a certain trapping time, the trap content is extracted by an electric pulse applied to 
the exit electrode, analyzed with a second quadrupole mass spectrometer, and detected 
with near unit efficiency by an ion counting detector (Daly-detector). For determining 
the changes of the ion composition due to reactions, the sequence (i) ion formation, (ii) 
injection, (iii) relaxation and reaction, and (iv) analysis is repeated many times for each 
product mass and typically for twenty different storage times. More details of the 
method and typical applications in interstellar gas phase chemistry, in cluster growth, or 
in state specific ion-molecule reactions can be found in recent publications (Schlemmer 
et al. 1999; Gerlich et al. 2002; Smith et al. 2002; Asvany 2004). 

For the preparation of ionic hydrocarbons CHn
+ (n=3-5) methane gas (Messer-

Griesheim, purity 5.5) was used at a pressure of about 10-5 mbar in an external rf storage 
ion source. The ions CH4

+ and CH3
+ are directly generated by electron bombardment 

while CH5
+ is created in the source by the subsequent reaction CH4

+ + CH4 → 
CH5

+ + CH3. To avoid internal excitation of the ions, the electron energy is kept as low 
as possible, typically 18 eV. Helium gas can be added to the source to thermalize the 
ions to the source temperature of ~ 350 K. In the case of CH3

+ and CH5
+, hydrogen has 

been used as an additional buffer gas in the source, as the reactions of CHn
+ (n=1-5) 

with H2 are known to stop at these two species and further association processes are 
unlikely at the high source temperature. In this way, D - or 13C - containing hydrocarbon 
ions with m = 15 u or m = 17 u, e.g., CHD+ or 13CH4

+, are quenched by chemical reac-
tions. 

After extraction of the primary ions from the source through a pulsed electrode, the ions 
are selected in a first rf quadrupole operated either at high frequencies and low dc dif-
ferences, i.e., in the low band-pass mode, or in the standard high mass resolution mode. 
In the first mode all ions with a mass smaller than a certain cutoff value are injected 
"smoothly" into the trap. This mode is used if very slow ions with a narrow energy dis-
tribution have to be injected into the trap and if the presence of lower mass ions does 
not disturb the reaction kinetics. The other mode (upper corner of the stability triangle) 
is used if it is necessary to inject exclusively ions of a particular mass into the 22-pole 
ion trap, of course at the expenses of a wider energy spread. For example, the mass-
selective mode was necessary to search for minor traces in determining the upper limit 
of deuteration of CH5

+ with HD. After injection of the ions into the trap through the 
pulsed entrance electrode, they are cooled down to the nominal temperature by using a 
short He pulse of typically a few ms and of high density (nmax ~ 1015 cm-3). 

The target gas HD has been purchased from Cambridge Isotope Laboratories Inc. who 
specify the purity of the deuterium hydride to be 97 %, the rest mainly being H2 and D2. 
We confirmed this specification by a detailed in situ analysis using the Ar+ + HD reac-
tion in the trap. More details about these tests have been reported by Asvany et al. 
(2004) and Asvany (2004). 

A wide range of storage times (< ms to > 100 s) and densities (< 108 cm-3 to 1015 cm-3) 
of the neutral reaction partner can be used in trapping experiments thus allowing for a 
large dynamic range in the determination of rate coefficients. The high sensitivity of the 
22-pole trapping apparatus is very important for the determination of very small rate 
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coefficients such as observed for the reaction between CH5
+ and HD. This sensitivity is 

achieved by optimizing the trapping time, the target gas number density and number of 
stored ions (typically 1000). Using the maximum values and accounting for the noise of 
the detector (typically one count per second), rate coefficients as small as 
k = 1 × 10-20 cm3s-1 can be determined. Depending on the reaction system investigated, 
this sensitivity is reduced by reaction channels leading to interfering product masses. 

3. Results 
3.1 Sequential H-D exchange in CH3

+ 

The following sequential reactions have been measured at a nominal temperature of 
15 K: 

 CH3
+ + HD → CH2D+ + H2 , (1a) 

 CH2D+ + HD → CHD2
+ + H2 , (1b) 

 CHD2
+ + HD → CD3

+    + H2 . (1c) 

All three reactions are exothermic due to differences in zero-point vibrational energy. 
For example the exoergicity of reaction (1a) has been determined to be 370 K (Smith 
et al. 1982a) or 405 K (Maluendes et al. 1992). A typical measurement of the sequential 
deuteration of CH3

+ is presented in Fig. 2. On average about 500 CH3
+ ions were in-

jected per pulse into the trap filled with HD at a number density of 1.8 × 1010 cm-3. In-
spection of Fig. 2 reveals a mono-exponential decay of the primary ions via reaction 
(1a) over four orders of magnitude. In the nearly pure HD environment, deuteration is 
so efficient that, within 0.3 s, the subsequent reactions (1b) and (1c) convert more than 
99% of all ions into fully deuterated CD3

+. Additional careful studies at longer reaction 
times revealed that the remaining number of CHD2

+ ions is at least a factor 1000 smaller 
than the CD3

+ ions with no indication for an onset of an equilibrium between these two 
product ions. In addition no residual CH3

+ or CH2D+ could be detected within the sensi-
tivity of the instrument. This implies that the hydrogenation reactions with HD are at 
least a factor of thousand slower than the deuteration reactions. 

The lines in Fig. 2 are numerical solutions to a set of appropriate rate equations yielding 
the three rate coefficients for reactions (1a-c) which are summarized in Table 1. Details 
of the fitting procedure of the data are reported by Asvany (2004). As can be seen from 
Table 1, the first deuteration step is 1.04 times faster than the second one, and the sec-
ond one is 1.06 times faster than the last one. Note that the rate coefficients for reactions 
(1a-c) are slightly larger than kL = 1.32 × 10-9 cm3s-1 where kL is the capture rate coeffi-
cient predicted by the Langevin model just using the polarizability of HD. Such a be-
havior has also been observed for the abstraction reaction CH2

+ + HD (Asvany 2004). 
The deviation of almost 20 % is larger than the estimated experimental uncertainties 
(±10 %) which are mainly due to the calibration of the pressure of the reactant gas and 
the determination of the actual trap temperature. The reliability of the measured number 
density has been cross checked using the calibration reaction Ar+ + HD for which the 
300 K literature value is 8.6 × 10-10 cm3s-1 (Ervin & Armentrout 1985). Other reaction 
rates measured for different ions with hydrogen and its isotopomers as reactant are also 
in good accordance with published rate coefficients. As discussed in more detail below, 
one of the reasons for the measured larger rate coefficients is the long range attraction 
with HD. 
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3.2 Reaction of CH4
+ with HD 

The slightly exothermic reaction of CH4
+ with hydrogen and especially its temperature 

dependence is subject of a separate paper (Asvany et al. 2004), so we summarize here 
only the most important results for deuteration. Of importance are the deuteration chan-
nel via H - D exchange, 

 CH4
+ + HD → CH3D+ + H2 , (2a) 

and the two abstraction reaction channels, 

  → CH4D+ + H (2b) 
  → CH5

+    + D . (2c) 

Fig. 3 shows the time evolution of Ni, the number of ions of type i, after initial injection 
of CH4

+ in a pure HD environment. The number density was [HD] = 5.0 × 1010 cm-3. It 
is evident, that the abstraction reactions (2b) and (2c) prevail. i.e., CH4

+ (m = 16 u) is 
converted to CH5

+ (m = 17 u) and CH4D+ (m = 18 u). At the temperature of this meas-
urement, the three reactions (2a-c) proceed with a sum rate coefficient of 
k = (4.5 ± 0.2) × 10-10 cm3s-1. The dominant product is CH5

+ with a branching fraction of 
68 %. Both abstraction reactions show the same strong negative temperature depend-
ence as has been reported for the interaction with H2 (Asvany et al. 2004). 

The problem in determining a reliable rate coefficient for reaction (2a) is that the prod-
uct CH3D+ appears at the same mass as the main reaction product, CH5

+. Therefore it 
was necessary to apply a more complicated analysis based on the careful evaluation of a 
variety of subsequent reactions. Especially important is that CH3D+ product ions formed 
via reaction (2a), would also abstract an H or a D atom in subsequent collisions with 
HD, leading to CH4D+ (m = 18 u) or CH3D2

+ (m = 19 u). As can be seen in Fig. 3, ions 
with m = 19 u are detected indeed; however, this minor product channel is assigned to 
be 13CD3

+. One proof is the time dependence of this channel which grows very similarly 
to the main products for t > 0.05 s. The slight difference at the beginning is due to the 
initial 13CH3

+ + HD processes. From this and other tests it is concluded that the m = 19 u 
ions are predominantly produced from 13CH3

+ via fast subsequent deuteration reactions 
with HD, in analogy to reactions (1a-c). Since these primary ions appear on the same 
mass as 12CH4

+, they cannot be eliminated by the first mass filter. Using chemical 
quenching in the ion source, the fraction could be reduced to below 0.5 % of the pri-
mary ions. Assuming that the secondary abstraction reactions of CH3D+ proceed with 
the same rate as those of the CH4

+ ion and accounting for other uncertainties, an upper 
limit of the rate coefficient, k < 1 × 10-12 cm3s-1, has been determined for reaction (2a) 
(see Table 1). 

3.3 Collisions of CH5
+ with HD 

Finally, we present experimental results for collisions of protonated methane, CH5
+, 

with HD. In extensive measurements no hint has been obtained that the exchange reac-
tion 

 CH5
+ + HD → CH4D+ + H2 (3a) 

takes place at low temperatures. As can be seen from Fig. 4, initially injected CH5
+ ions 

disappear slowly due to radiative and ternary association, i.e., via 

 CH5
+ + HD → CH5

+··HD (3b) 
 CH5

+··HD + HD → CH5
+··(HD)2 etc. (3c) 
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A rather high HD number density of [HD] = 1.7 × 1013 cm-3 has been used in the exam-
ple shown in Fig. 4. In addition the storage time was extended up to 4 s for further in-
creasing the sensitivity. In order to concentrate on the dominant association processes, 
and to find a limit for the deuteration reaction (3a), some less important trace ions such 
as m = 19 u, 21 u, and 24 u have been omitted in the plot but not in the evaluation. In-
spection shows that CH5

+ is growing in the HD bath according to reactions (3b) and 
(3c). At the high number density used in this experiment, association is dominated by 
three-body processes. The effective rate coefficients for reactions (3b) and (3c), i.e., the 
product k* = k3[HD], are determined from comparisons with numerical simulations to be 
both k* = 5.8 × 10-15 cm3s-1 (see fit in Fig. 4). Measurements at different HD number 
densities yield for the association reaction (3b) both the radiative and the ternary rate 
coefficients, kr = 2 × 10-16 cm-3s-1 and k3 = 2.9 × 10-28 cm-6s-1, respectively. Further de-
tails about the association processes of CHn

+ + HD and H2 (n=3, 5) have been discussed 
by Asvany (2004). 

To determine the upper experimental limit of the rate coefficient for reaction (3a), dedi-
cated measurements with long trapping time, high HD number density and a rather large 
number of CH5

+ ions have been conducted. As can be seen in Fig. 4, there is a minor 
amount of CH4D+ ions present in the trap. This fraction is most probably originating 
from CH3D+ or 13CH4

+ injected with the primary beam (m = 17 u). These ions react very 
fast to CH4D+ in a step similar to reaction (2c). The CH3D+ ions in the primary beam are 
generated in the ion source due to some back-streaming of HD from the trap. In Fig. 4, 
there is no increase of an CH4D+-signal which could be attributed to the deuteration step 
(3a). In total, the CH4D+ ions rather disappear due to secondary reactions, namely asso-
ciation similar to reaction (3b). Assuming equal association rates for CH4D+ and CH5

+ 
leads to the simulation (solid line) for the CH4D+ contribution shown in Fig. 4. Taking 
the experimentally determined standard deviation of the decay rate of CH4D+ into ac-
count, one obtains an upper limit for the rate coefficient for deuteration of CH5

+, reac-
tion (3a), k < 5 × 10-18 cm3s-1. This value is included in Table 1 as upper limit for this 
reaction. 

4. Discussion 
The systematic experimental study on the deuteration of CHn

+ (n = 3-5) ions in colli-
sions with HD reveals fast (CH3

+) and slow (CH4
+ and CH5

+) deuteration processes 
which, at first glance, can be predicted using the simple rule given by Henchman et al. 
(1988). In particular the slow reactions (2a) and (3a) are in agreement with the expecta-
tions from the model as they give a yes or no answer when the rate coefficient is as 
small as found. This is not so for the fast reaction. Especially the differences between 
the results obtained with pure HD and the previous measurements summarized by Ger-
lich & Schlemmer (2002) need some thoughts beyond the level of the model. 

4.1 CH3
+ + HD 

The effective sequential deuteration of CH3
+ in HD found in this study can be described 

by assuming that a strongly bound collision complex is formed (e.g. 198 kJ/mol without 
zero point energy as reported by Maluendes et al. (1992)). This complex is a hypercoor-
dinated carbocation, a molecule which has been subject of many experimental and theo-
retical investigations (see for example Sefcik, Henis & Gaspar 1974; Komornicki & 
Dixon 1987; Müller et al. 1997; Marx & Parrinello 1999; or White et al. 1999) since its 
first mass spectrometric detection in 1952. Most of these investigations show that there 
are only negligibly small barriers to the scrambling movements of H- or D-atoms. Re-
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cent theoretical calculations confirm the near equivalence of the H-atoms, obtaining a 
barrier height of only ~3.4 kJ/mol (Müller et al. 1997) for the C2v-transition between 
two minima of Cs symmetry. Since this molecule is already very floppy in its ground 
state, it is not easy to envision that dynamical effect can restrict the H-D scrambling, 
one exception may be complexes with large total orbital angular momenta. 

Using a simple statistical counting model, one expects from a decay of the CH4D+ colli-
sion complex a 40 % chance to get CH3

+ + HD products and a 60 % chance to get a 
deuterated ion, CH2D+ + H2. In the experiment deuteration is even more efficient than 
this simple counting of outcomes suggests. Maluendes et al. (1992) have proposed an-
other simple model for deuteration reactions with HD by treating separately the entrance 
and the exit channel, which can be reached via a transition state. Starting from the tran-
sition state, such a system can either deuterate (probability: x < 1) or fall back into the 
entrance complex (probability: 1-x). However, in the latter case due to the low collision 
energy and the large phase space being available for the entrance complex, the system 
has only a small chance to decompose back into reactants. Therefore it reaches the tran-
sition state over and over again until finally the deuterated ion is formed. In fact, the 
presently measured rate coefficients for pure HD turn out to be 10 – 20 % larger than 
the Langevin limiting value. HD possesses a dipole moment, an anisotropic polarizabil-
ity and, most importantly, a permanent quadrupole moment all contributing in addition 
to the long range ion-induced dipole interaction. Quantitatively, the dipole moment of 
HD (8.51 × 10-4 debye, see Thorson et al. (1985)) is too small to be of importance, while 
the quadrupole moment is known to influence the capture cross section, especially if 
hydrogen is in its rotational ground state. Of importance for the long range interaction 
and for orienting the HD is also the fact that the center of mass and center of charge is 
separated in HD. A detailed statistical calculation has to account for all this. 

As already indicated above rate coefficients for reaction (1a) have also been determined 
by analyzing data from trapping experiments, performed with H2, containing only traces 
of HD in its natural abundance, [HD]/[H2] = 3 × 10-4 (Gerlich & Schlemmer 2002, Ger-
lich 1995). These experimental data which have been obtained with the same apparatus 
as the new results, have been critically reevaluated and are included in Table 1. Most 
surprising is the result that relaxation of CH3

+ in p-H2 reduces the H-D exchange effi-
ciency by a factor 4 while the corresponding experiment with n-H2 leads to a result in 
agreement with the rate coefficient measured with pure HD. The rather large errors are a 
consequence of the complicated reaction scheme which involves p-H2, o-H2 and HD as 
reaction partners and a variety of competing reactions and inelastic collisions. In the 
reevaluation, deuteration of CH5

+ has been completely switched off in accordance with 
the results of the present study. It also was tested, that a faster backward process (re-
verse of reaction (1a)) could not lead to the necessary increase of the rate coefficient for 
the forward reaction. In addition a variety of possible experimental artifacts have been 
discussed and excluded as potential cause for the observed differences such as depletion 
of HD by condensation in the para hydrogen generator or any type of segregation of H2 
and HD in the trap itself. 

The difference between the present and the previous rate coefficients for reaction (1a) 
given in Table 1, must be a consequence of the relaxation of the stored CH3

+ ions in the 
ambient p-H2. For example, a well-understood result from 10 K trapping experiments 
(Gerlich 1995) is the dependence of the lifetime of CH3

+·H2 collision complexes on the 
ratio of the ortho to para hydrogen prevailing in the trap. In the case of nearly pure p-H2, 
the mean complex lifetime is 386 ns, much longer than in the case of n-H2, 123 ns. In 
analogy one would also expect that the CH3

+·HD complexes live longer in the para-
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hydrogen environment which would lead, in contrast to the experiment, to more scram-
bling. Also from a point of view of energetics, there are no obvious reasons for restrict-
ing the H-D exchange. Reaction (1a) is so exothermic (370 K), that many product states 
can be excited. Remain the specific populations of the para and ortho form of CH3

+. 
Inspection of the low lying rotational states (Crofton et al. 1988) reveals that there are, 
for pure p-CH3

+, at maximum two states accessible at 15 K. Note that the rotational 
ground state of p-CH3

+ is forbidden by symmetry. In contrast, relaxation of CH3
+ in n-

H2 can lead to higher rotational states of n-CH3
+. If there is no He buffer gas present, 

also the process of energy pooling explained by Gerlich et al. (2002) for H3
+ may play a 

role. Nonetheless it is very unlikely that these small changes in internal energy of the 
reactant ions are the reason for the difference in reactivity. 

In summary it is speculated that the restrictions imposed by the exchange symmetry and 
the conservation of total nuclear spin reduce the H - D exchange efficiency in the para-
environment. Only a complete statistical calculation accounting properly for all symme-
try selection rules may solve the problem as emphasized recently by Gerlich (2004). In 
order to stimulate such theoretical activities, more systematic experimental tests are 
planned based on a systematic variation of well-defined amounts of HD and o-H2 added 
to the p-H2 target gas or on separating relaxation and reaction by using a pulsed HD gas 
inlet. In addition, laser induced reactions (Schlemmer et al. 1999, 2002) shall be used to 
probe in the trap the stationary population of the ortho and para forms of CH3

+ and, 
potentially, determine state-specific rate coefficients. 

4.2 CH4
+ and CH5

+ + HD 
The results for the other two systems, studied in this work, seem to be easier to under-
stand. Obviously the CH4

+·HD collision complex decays rather quickly into the exo-
thermic channels (2b,c) leaving no chances for H-D exchange. Surprising is, however, 
that channel (2c) dominates. Also this may be caused by symmetry selection rules. 
More information on this system can be found in Asvany et al. (2004). 

The upper limit of the H - D exchange rate coefficient determined for low temperature 
collisions of CH5

+ with HD indicates that the approaching HD cannot penetrate into the 
"closed shell" of the CH5

+ sphere. At maximum one out of 108 collisions may lead to 
deuteration although collision complexes are formed with life times of a few ns corre-
sponding to thousands of vibrational periods, as derived from ternary association (As-
vany 2004). This complex must be considered as a cluster ion, where the HD molecule 
is bound only by a rather weak van der Waals forces to the central CH5

+ ion core. Ap-
parently the inner and outer H-atoms in this system are not at all equivalent and scram-
bling probably would require the breaking of the outer HD-bond. The barrier for this 
process is apparently too high to occur. The other possible reaction mechanism men-
tioned briefly in the introduction would involve the replacement of an H2 unit by HD 
which was suspected to be possible due to the fluxional nature of CH5

+. This can be 
ruled out by the present experiment. It may even be that the presence of the HD in the 
entrance channel complex leads to a slight structural rearrangement of the CH5

+ such 
that exchange becomes even more restricted. Infrared spectroscopy of CH5

+·(H2)n by 
Boo et al. (1995) and calculations have indicated that the presence of solvating H2 leads 
to a more rigid structure of the CH5

+ core. This leads to the interesting question, 
whether there is any chance that the stable CH5

+·HD cluster ion isomerizes spontane-
ously to the energetically favored CH4D+·H2 structure. Spectroscopy on stored ions or 
chemical probing could reveal such processes and help to find reaction paths which 
would need minutes instead of ns. 
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5. Interstellar implications 
Fractionation of deuterium in interstellar clouds is a complex affair. There are a variety 
of secondary exchange reactions, all of which compete with many other thermal and 
non-thermal processes such as radiative association, grain-surface reactions, mantle 
evaporation, dissociative recombination (Millar et al. 1989, Roberts & Millar 2000a, 
2000b; Millar 2002). It was mentioned in the introduction that a crucial point is the use 
of the proper temperature dependence of the rate coefficients. A recent example is the 
unexpected discovery of a large rate coefficient for hydrogen abstraction in CH4

+ + H2 
collisions at 15 K. The results from the present study clearly show that, in addition, it is 
a must to study the influence of the ortho and para-forms of the involved molecules both 
on inelastic collisions (energy pooling) and on H - D or D - H scrambling processes. It 
can be foreseen that, finally, state specific rate coefficients are required for understand-
ing in detailed the interactions of hydrogen and deuterium containing molecules with 
HD. The central role of conserving the total nuclear spin is best illustrated by the ineffi-
ciency of ortho - para transitions in scrambling H+ + H2 collisions (Gerlich 1989); how-
ever, we are still not yet able to fully understand the more complex reactions presented 
here. 

A variety of important conclusions can be drawn from the present results. There are 
presently no consequences concerning the role of CH5

+ since this ion has been known 
by chemists and modelers to be inert toward D-atom exchange in collisions with HD at 
room temperature. In accordance with theoretical considerations (Maluendes et al. 
1992) the present work confirms that this also holds at the low temperatures prevailing 
in the interstellar medium. If deuterated CH5

+ would be observed at all it may have been 
formed via radiative association of deuterated CH3

+ or H2. Also formation of CH5
+·HD 

via radiative association (Asvany 2004) is possible although probably too slow 
(kr = 2 × 10-16 cm3s-1) since CH5

+ is efficiently destroyed via dissociative recombination 
with electrons leading to CH4 and CH3 as described by Smith (1992). An interesting 
related project which is ongoing in this laboratory is the low temperature outcome of 
CH5

+ + H or D collisions. The question whether scrambling or CH4
+ formation prevails, 

is still open. 

Important for interstellar and circumstellar chemistry are the experimental findings for 
the methane cation, CH4

+, for which only data measured by Adams & Smith (1977) at 
room temperature have been available up to now. Our measurements (Asvany et al. 
2004) show that the reaction of CH4

+ with HD and H2 has a strong negative temperature 
dependence with rate coefficients at least one order of magnitude higher at 10 K than at 
room temperature. Inclusion of this new data in models (Le Teuff et al. 2000) will cer-
tainly have an impact on future model calculations of interstellar gas-phase chemistry. 

Deuteration of CH3
+ has been found to be rather fast and this ion will probably keep, 

together with H3
+ and C2H2

+, its central role in passing the interstellar deuterium, avail-
able as HD, to more complex molecules via gas phase reactions (Millar 2002, Gerlich & 
Schlemmer 2002). Due to their higher exothermicity, the deuterated hydrocarbon ions 
are of special importance for higher temperature interstellar clouds (e.g. Orion, 
T  = 70 K, Millar et al. (1989)). In order to get the models more realistic, the experimen-
tally determined rate coefficients have to be included, of course in addition to the gas-
grain interaction. For the recently measured reaction rate coefficients for forming and 
destroying H2D+ (Gerlich et al. 2002) this already has been done by Roberts et al. 
(2002). Remains the question which value one should take for reaction (1a). The result 
obtained with pure HD is a factor 1.3 higher than used by Millar et al. (1989). Nonethe-
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less it is not recommended to use this new value since it is rather certain that the rota-
tional population of the CH3

+ ions in interstellar space is different from the present 15 K 
experiment using He as cooling gas. It is also questionable whether thermalization in 
p-H2 really leads to an ion ensemble which is representative for dense interstellar 
clouds. If one assumes that cold p-CH3

+ ions dominate in dense interstellar clouds the 
much smaller rate coefficient given in Table 1 should be used in chemical model calcu-
lations. 
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Tables 
Table 1. Rate coefficients for various deuteration reactions at T = 15 K, for details see 
text. 
 

Reaction k / cm3 s−1 Remarks 

CH3
+ + HD → CH2D+ + H2 (1.65 ± 0.10) × 10-9 ions 350 K source 

target: pure HD 

n - CH3
+ + HD → CH2D+ + H2 (1.5 ± 0.8 ) × 10-9 relaxation of CH3

+ 

in n-H2 

p - CH3
+ + HD → CH2D+ + H2 (0.4 ± 0.2 ) × 10-9 relaxation of CH3

+ 

in p-H2 

 

CH2D+ + HD → CHD2
+ + H2 (1.59 ± 0.10) × 10-9 pure HD 

CHD2
+ + HD → CD3

+ + H2 (1.50 ± 0.10) × 10-9 pure HD 

 

CH4
+ + HD → CH3D+ + H2 < 1 × 10-12 Deuteration 

CH4
+ + HD → CH4D+ + H    32 % 

                   → CH5
+ + D       68 % 

(4.5 ± 0.2) × 10-10 
D-abstraction 
H-abstraction 

 

CH5
+ + HD → CH4D+ + H2 < 5 × 10-18 Deuteration 

 



   

 
Fig. 1. Schematic drawing of the 22-pole ion trap consisting of 22 stainless steel rods, 
each 1 mm in diameter and 36 mm long, circumscribing a circle of 10 mm diameter. As 
indicated, 11 rods fit into holes of the left ring, 11 into the right one. These two elec-
trodes are connected to the two ends of an rf coil providing the two phases of the rf. 
Inside of these holders, there is on each side an electrode, operated with pulsed dc volt-
ages. They are used for filling the trap with primary ions and for extracting the remain-
ing primaries and products towards the detector. The structure is surrounded by a copper 
box (not shown) which can be cooled to 15 K via a cold head.  

 

 

 

 

Fig. 2. The change of the number of different ions, Ni(t), extracted from the trap per 
iteration after a certain storage time t, shows the sequential deuteration of CH3

+. The 
nominal temperature was T = 15 K and pure HD with a number density of 
[HD] = 1.8 × 1010 cm-3 was used as reactant gas. After 0.3 s, nearly all ions are con-
verted into CD3

+. The lines are numerical solutions of a suitable rate equation system 
fitted to the data. The resulting rate coefficients are listed in Table 1. 
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Fig. 3. CH4
+ stored at T = 15 K and [HD] = 5 × 1010 cm-3. As can be seen from the Ni(t), 

H-atom abstraction is with 68% the dominant channel leading to the formation of CH5
+. 

Only 32% of the reactive collisions yield the deuterated product CH4D+. The total rate 
coefficient at this temperature is 4.5 × 10-10 cm3s-1. The 13CD3

+-signal comes from se-
quential deuteration of 13CH3

+-impurities contained in the injected 12CH4
+ beam 

(m = 16 u).  

 
 
 

Fig. 4. CH5
+ stored at T = 15 K and [HD] = 1.72 × 1013 cm-3. Two subsequent associa-

tion steps to CH5
+··(HD) and CH5

+··(HD)2 can be observed. The CH4D+ (or also 13CH5
+) 

signal stems merely from injected CH3D+-impurities (or 13CH4
+). The contribution to 

form ions with m = 18 u via deuteration of CH5
+ (reaction (3a)) is less than 

5 × 10-18 cm3s-1. Some other minor impurities stored in the trap have been omitted in this 
figure for simplicity. 
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