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!

<6')'! $!! $*0! $"! $)'!+6'!&$%%'%!-1!+6'!*'(+)-*!$*0!,)-+-*!)'%,'3+/.'4:5!$*0! #(" , %)!

/%! +6'! 2/*0/*7! '*')7:! -1! $! *(34'(%! </+6! " ! *'(+)-*%! $*0! % ! ,)-+-*%8! D-! 0'%3)/2'! +6/%!

2/*0/*7!'*')7:5!$!%/&,4'!&-0'4!<$%!,)-,-%'0!2:!.-*!X'/H%n3O')!/*!IgYW!^YWX'_8!D6/%!/%!

+6'! 1$&-(%! ;4/N(/0! 0)-,! &-0'4;8!>! *(34'(%! 6$%! +6'! 36$)$3+')/%+/3%! -1! $! 4/N(/0! 0)-,! -1!
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!
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1)-&! ,$)'*+m%! 7)-(*0! %+$+'! +-! 0$(76+')m%! %+$+'%! /*! !90'3$:%! &$O'%! /+! 0/11/3(4+! +-! 0'0(3'!

$33()$+'!%9.$4('%8!

3#&'./!0122!0'12%&'0',/2!

! D6'! /*')+/$!&$%%! 3-(40!2'!&'$%()'0!&-)'!0/)'3+4:! 1)-&! /-*!&-+/-*! /*! '4'3+)-&$7*'+/3!

1/'40%8!D6'!&-+/-*!-1!/-*%!E&$%%! $5!36$)7'! (G!/*!$!%+$+/3!&$7*'+/3!1/'40!/%!1-44-<'0!2:5!



! `!

$
(

=
#)
*

, (1.2)!
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3-))'4$+/-*p!DFA9&#5!C+-)$7'!)/*75!$*0!B'**/*7!+)$,8!

! 45"6!#!&'+6-0! /%!(%'0! /*!CK>?>q!$+!?"ac\! ^IZe'_5!DFA"! $+!k>\k! ^dWX-_5! $*0!
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<6')'! -! /%! +6'! 14/76+94'*7+65! ,! /%!k-)'*+H! 1$3+-)8!D6/%! /%! )'$))$*7'0! 1-)&(4$! 1)-&! ^cN8!

EI8ZG_8! T'%,/+'! $! 4-<! &$%%! )'%-4./*7! ,-<')! -1! .$(= $/∆$) ~ 104 5! +6/%! &'+6-0! 3$*!

$33'%%! %6-)+! 4/.'0! *(34'/! </+6! +6'! -)0')! 01/2 ~ 1 µs8!D6')'1-)'5! +6'! &$%%'%! -1! (*%+$24'!

*(34'/!1$)!1)-&!+6'!.$44':!-1!%+$2/4/+:!3$*!2'!&'$%()'0!</+6!+6/%!&'+6-08!

! 7/8&1$'! &#,$! /%! (%'0! /*! ?$)'9?"9?/*7! $+! ?"ac\! ^IYf$_! $*0! cC?! $+! PC"! ^dVA)_5! $*0!

K"?Ak9QC?!$+!k$*H6-(!^JgX$_5!$%!-*'!-1!+6'!<$:%!+-!/*3)'$%'!&$%%!)'%-4./*7!,-<')!2:!

'U+'*0/*7!+6'!14/76+94'*7+68!X6'*!-,')$+/*7!/*!/%-36)-*-(%!&$%%!%,'3+)-&'+):!E"C#G!&-0'!
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+-!(%'!3-40!'4'3+)-*%!+-!3--4!+6'!/-*%!-)2/+/*7!/*!+6'!)/*7!$*0!0'+')&/*'!+6'!&$%%!1)-&!+6'!
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.$ ~ 1065!/+!)'N(/)'%!+6-(%$*0%!-1!/-*%!1-)!+6'!&'$%()'&'*+!$*0!+6'!$,,4/3$24'!6$4194/1'!/%!

4/&/+'0!+-! 01/2 ~ 5 s! 0('!+-!+6'!4-*7!3--4/*7!+/&'8!

! 9',,#,$! /&1:!&$%%! %,'3+)-&'+):! /%! +6'! ,)'%'*+4:!&-%+! $33()$+'!&'+6-0! 1-)!&'$%()/*7!

$+-&/3!&$%%8!?'4$+/.'!&$%%!(*3')+$/*+/'%!$36/'.'!IJ+&'!^I`#:_!1-)!%+$24'!*(34'/!$*0!IJ+%!1-)!

(*%+$24'!*(34'/8!"*!B'**/*7!+)$,5!$!%+)-*75!(*/1-)&!$U/$4!&$7*'+/3!1/'40!/%!(%'0!+-!3-*1/*'!

,$)+/34'%!)$0/$44:5!$*0!$!N($0)(,-4'!'4'3+)/3!1/'40!/%!(%'0!+-!3-*1/*'!+6'&!$U/$44:8!D6'!&-+/-*!

-1!+6'!/-*!3-*1/*'0!/*!+6'!&$7*'+/3!1/'40!/%!7/.'*!2:!^cN8!EI8[G_!<6/36!/%!$!+)$*%1-)&$+/-*!-1!
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D6'!&'$%()'&'*+!-1!+6'!3:34-+)-*!1)'N('*3:! 1)! ,)-./0'%!+6'!$+-&/3!&$%%8!T('!+-!+6'!+/&'!

)'N(/)'0! 1-)! 6/769,)'3/%/-*! 1)'N('*3:! &'$%()'&'*+%5! /+! /%! %(/+$24'! 1-)! &'$%()'&'*+%! -1!

*(34'/!</+6!)'4$+/.'4:!4-*7!4/1'+/&'%!0-<*!+-!IJJ!&%8!A)'N('*3:!&'$%()'&'*+%!)'N(/)'!$+!

4'$%+!%'.')$4!0-H'*!/-*%!$*0!$)'!*-+!$.$/4$24'!1-)!+6'!%&$44!:/'40!-1!/-*%8!B'**/*7!+)$,%!6$.'!

2''*!/*%+$44'0!$+!?"!2'$&!1$3/4/+/'%!$44!-.')!+6'!<-)408!"CFkD?>B5!+6'!1/)%+!B'**/*7!+)$,!

&$%%!%,'3+)-&'+):!1-)!)$)'!/%-+-,'%5!<$%!/*%+$44'0!$+!+6'!"CFkTc!1$3/4/+:!$+!Qc?\!^g`@-_!

+-!,)-./0'!6/76!,)'3/%/-*!&$%%!&'$%()'&'*+%!-1!+6'!/-*%!,)-0(3'0!2:!"CFk8!C(2%'N('*+4:5!

B'**/*7!+)$,%!<')'!/*%+$44'0!$+!%'.')$4!-+6')!1$3/4/+/'%5!/*34(0/*7!]fAkD?>B!$+!]:.n%O:4n!

^JYa-_5!QBD!$+!>)7-**'!\$+/-*$4!k$2-)$+-):!^gVC$_5!kc@"D!$+!\CQkM#Ce!^JYC3_!$*0!

CK"B9D?>B!$+!PC"!^JYC/_8!
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! ?'3'*+4:5!$!*'<!+:,'!-1!-*94/*'!&$%%!%,'3+)-&'+')!6$%!2''*!0'.'4-,'0!+6$+!0-'%!*-+!(%'!$!

&$7*'+/3!1/'40o!;<45"!E#(4+/,4'!?'14'3+/-*!D/&'9F19A4/76+G!&$%%!%,'3+)-7)$,6!^IYB4_8!

"*!+6/%!/*%+)(&'*+5!/-*%!$)'!/*='3+'0!/*+-!$!+)$,!1-)&'0!2:!+<-!'4'3+)-%+$+/3!&/))-)%5!<6/36!

)'14'3+!+6'!/-*%!2'+<''*!+6'&8!D6$*O%!+-!&(4+/,4'!)'14'3+/-*%5!+6'!14/76+94'*7+6!3$*!2'3-&'!

4-*7')!^gJX-_8!T()/*7!+6/%!+/&'5!+6'!/-*%!$)'!%',$)$+'0!$33-)0/*7!+-!+6'/)!&$%%9+-936$)7'!

)$+/-! $/( 8! @:! &'$%()/*7! +6'! +/&'9-1914/76+! +! -1! +6'! /-*%! '&/++'0! 1)-&! +6'! +)$,! +-! +6'!
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<6')'! 2 ! /%!+6'!'11'3+/.'!$.')$7'!,-+'*+/$4!$*0! -! /%!+6'!14/76+94'*7+68!#?DFA!,)-./0'%!$!

4-*7! 14/76+94'*7+6! /*! $! %&$44! %,$3'! $*0! 6/76! &$%%! )'%-4./*7! ,-<')! E .$ >  105 G8!

#'$%()'&'*+!+/&'%!$)'!-*!+6'!-)0')!-1!&/44/9%'3-*0!$*0!+6/%!&'+6-0!3$*!2'!$,,4/3$24'!1-)!

$!%/*74'!/-*8!D6'%'!/*%+)(&'*+%!$)'!/0'$4!1-)!&$%%!&'$%()'&'*+%!-1!'U-+/3!/%-+-,'%8!T'+$/4'0!

-,')$+/*7!,)/*3/,4'!/%!0'%3)/2'0!/*!Q6$,8!Z8Z8!#?DFA!/%!$.$/4$24'!$+!2-+6!"CFk!$*0!/*914/76+!

1$3/4/+/'%5! '8785! P>?"C! $+! ?"ac\! ^IY"+_5! "CFkD?>B! $+! "CFkTc! ^IZX-_5! D"D>\! $+!

D?"e#A!^Ig>*_5!A?C!$+!PC"!^IWT/_5!QBD!$+!>)7-**'!^I`K/_!$*0!]fAkD?>B!$+!]:.n%O:4n!

^ZJB'_8!

!



! d!

67<! 2&3&=5>?5"9%(#.-9".'2$"9(2:%'"
! A-)!6/769,)'3/%/-*!&'$%()'&'*+%!-1!*'(+)-*9)/36!*(34'/5!+6'!%(,')3-*0(3+/*7!?$0/-$3+/.'!

"%-+-,'!@'$&!C',$)$+-)!E@/7?"BCG!$+!?"@AM?"ac\!/%!+6'!2'%+!36-/3'!%/*3'!/+!3$*!,)-./0'!

&-%+!/*+'*%'!(*%+$24'!*(34'$)!2'$&%!/*!+6'!<-)408!A()+6')&-)'5!+6'%'!%6-)+94/.'0!*(34'/!$)'!

%(/+$24'! 1-)! N(/3O! $*0! $33()$+'! &$%%! &'$%()'&'*+! 2:! (%/*7! #?DFA8! K-<'.')5! /+! /%!

/&,-%%/24'!+-!0/)'3+4:!(%'!+6'!6/769'*')7:!2'$&%!,)-./0'0!1)-&!@/7?"BC!</+6!#?DFA8!X'!

6$.'! +6')'1-)'! 0'.'4-,'0! $!?$0/-9A)'N('*3:! 3$),'+9+:,'! /-*!7(/0'!P$%!Q'44! E?APQG! /*!

-)0')! +-! 3-*.')+! +6'! 6/76! '*')7:! 2'$&! /*+-! $! 4-<9'*')7:! 6/769N($4/+:! /-*! 2'$&8! "*! +6'!

$(+(&*!-1!ZJZJ5!+6'!0'.'4-,'0!?APQ!%:%+'&!<$%!3-(,4'0!+-!#?DFA!$*0!+)$*%,-)+'0!+-!

-,')$+'! 2'6/*0! +6'! S')-T'7)''! %,'3+)-&'+')! $+! +6'! 0-<*%+)'$&! -1! @/7?"BC5! <6')'! +6'!

3-*+/*(-(%!-,')$+/-*!$*0!+'%+/*7!-1!+6'!3-&2/*'0!%:%+'&!6$.'!2''*!3$))/'0!-(+8!D6'!%:%+'&!

<$%!)'$0:!1-)!+6'!-*4/*'!-,')$+/-*!=(%+!2'1-)'!+6'!%+$)+!-1!+6'!ZJZJ!</*+')!3$&,$/7*!-1!+6'!

/*92'$&!s9)$:!'U,')/&'*+%!^IZT-_!-1!+6'!*'<!K/Q>?"!,)-='3+!^ZIX/_5!<6/36!'*$24'%!+6'!

1/)%+!-*4/*'!3-&&/%%/-*/*7!-1!*'<!-()!%'+(,!E3$44'0!ST9#?DFAG!/*!,$)$%/+/3!-,')$+/-*8!D6'!

ZJZJ! K/Q>?"! 3$&,$/7*! 6$0! 2''*! 3$))/'0! -(+! </+6! 1/.'! 'U,')/&'*+%! /*! \-.'&2')! $*0!

$*-+6')!+<-!/*!T'3'&2')8!T()/*7!+6/%!3-&&/%%/-*/*7!)(*5!&$%%!&'$%()'&'*+%!3-.')/*7!+6'!

&$%%!*(&2')!)$*7'!1)-&![J!+-!I[J!<')'!3$))/'0!-(+8!#-)'!+6$*!VJ!*'(+)-*!)/36!*(34'/!6$.'!

2''*!&'$%()'0!E%''!/*!Q6$,8!Y8Y8ZG8!"*!,$)+/3(4$)5!+6'!$(+6-)!6$%!)'%,-*%/24'!1-)!+6'!$*$4:%/%!

-1!+6'!&$%%'!&'$%()'&'*+!-*!*'(+)-*!)/36!*(34'/!$+!$)-(*0!&$%%!*(&2')!'"#!WJt`J5!<6')'!

*'<!&$7/3!*(&2')%!E$"#!YZ5!Y[G!6$.'!2''*!)',-)+'08!

! D6'!1/)%+!0'%3)/,+/-*!-1!+6'!*'<!%(29%6'44!$"#"YZ!$)-%'!1)-&!$!%+(0:!-1!+6'!!90'3$:%!-1!!(a5!
!'Q$! $*0! !(C3! ^dWK(_8! D6/%! <$%! 1-44-<'0! 2:! DFA"! &$%%! &'$%()'&'*+%! ^dWX-_5! <6/36!

%6-<'0! %:%+'&$+/3$44:! %+)-*7! 2/*0/*7! '*')7/'%! $+! $" #" YZ! ^gJD(5! g[C'5! gd@$_8! !90'3$:!

%,'3+)-%3-,:!%+(0/'%!$+!\CQk!'U+'*0'0!+-!+6'!/%-+-,'%!-1!C35!D/5!L!$*0!Q)5!,)-./0/*7!1()+6')!

'./0'*3'!1-)!$!%(29%6'44!$+!$"#"YZ!$*0!%(77'%+'0!$"#"Y[!%(29%6'44!$+!!)Q$!^JIB)5!JY#$5!

J[k/_8!"*92'$&!"!%,'3+)-%3-,:!-1!!)Q$!$+!?"ac\!3-*1/)&'0!+6'!$"#"Y[!%6'44!'11'3+!/*!!)Q$5!

$4+6-(76!-*!$! %&$44')! '11'3+! +6$*! +6'!$!u!YZ! '11'3+! /*! !'Q$! ^IYC+_5! $*0!<6/36!<$%! 4$+')!

%(,,-)+'0!2:!&$%%!%,'3+)-&'+):!)'%(4+%!^Id#/_8!"*!+6'!*'/762-)/*7!/%-+-,/3!36$/*%5!&$%%!

%,'3+)-&'+):!)'%(4+%!$*0!"9)$:!%+(0/'%!6$.'!%(,,-)+'0!+6'!,')%/%+'*3'!-1!$"#"YZ!%(29%6'44%!

/*!>)5!a!$*0!C3!/%-+-,'%!^IW?-5!IWv(5!IWC+_5!$*0!6$.'!%(77'%+'0!$!)$,/0!<'$O'*/*7!-1!+6'!

$" #! Y[! %(2%6'44! 7$,! /*! ()9%6'44! *(34'/! $+! S! w! ZJ! ^IVC+_8! F*! +6'! -+6')! 6$*05! 4-<94:/*7!

'U3/+$+/-*!'*')7/'%!^ggK$5!JYC-5!Jd>05!Jg>-_5!N($0)(,-4'!3-44'3+/./+/'%!^IJk=5!IYQ)_5!$*0!
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$+-&/3!&$%%'%!^IZ\$5!I`#'5!Id#-_!6$.'!2''*!&'$%()'0!/*!Q)!9!A'5!$*0!+6'%'!'U,')/&'*+$4!

)'%(4+%!3-*%/%+'*+4:!6$.'!%(77'%+'0!+6'!0'1-)&$+/-*!$+!$)-(*0!$"#![J!-*!!"#!Z[9Z`5!'.'*!

+6-(76!$!u![J!/%!O*-<*!$%!$!%(29%6'44!&$7/3!</+6!%,6')/3$4!%6$,'8!

!

"*!+6/%!+6'%/%5!"!,)'%'*+!+6'!0'.'4-,&'*+!-1!?APQ!3-&2/*'0!</+6!#?DFA!EST9#?DFAG8!

D6)-(76! +6'! 0'.'4-,&'*+5! <'! 6$.'! 0'&-*%+)$+'0! '11/3/'*+! $*0! %:%+'&$+/3! &$%%!

&'$%()'&'*+%!-*!*'(+)-*9)/36!*(34'/!,)-./0'0!1)-&!@/7?"BC!$+!?"ac\8!D6')'1-)'!"!$4%-!

,)'%'*+!+6'!'.-4(+/-*!-1!+6'!%6'44!%+)(3+()'!-1!+6'!Y[!%(29%6'44%!)'.'$4'0!2:!+6'!%:%+'&$+/3!

&$%%!&'$%()'&'*+!-1!C35!D/5!L5!$*0!Q)!/%-+-,'%!$+!$)-(*0!$"#"YZ5!Y[!2:!(%/*7!ST9#?DFA8!

!

!

!

!

! !



! IJ!

! !



! II!

4! 567%/38%*+"$&8%+9'0&"*0&0%:32%,&
!

D6/%!36$,+')!/*+)-0(3'!$*!-.')./'<!-1!+6'!'U,')/&'*+$4!&'+6-05!+6'!'U,')/&'*+$4!0'./3'%!

$*0!+6'/)!-,')$+/-*!,)/*3/,4'%8!

!

476! @.-+(2#'-9"-, ".1+'-12#'A%"'&-#-B%&"
?$0/-$3+/.'!/%-+-,'%!E?"%G!3$*!2'!,)-0(3'0!./$!%'.')$4!O/*0%!-1!*(34'$)!)'$3+/-*%!0','*0/*7!

-*!+6'!O/*'+/3!'*')7:!)$*7'8!"*!+6'!'*')7:!)$*7'!34-%'!+-!+6'!Q-(4-&2!2$))/')5!1(%/-*!$*0!

+)$*%1')!)'$3+/-*%!3$*!2'!(%'1(45!$*0!/*!+6'!6/76')!'*')7:!)$*7'!$2-.'!+6'!A')&/!.'4-3/+:5!

1)$7&'*+$+/-*!$*0!1/%%/-*!2'3-&'!+6'!&$/*!%-()3'%!-1!+6'!,)-0(3+/-*8!K')'!<'!/*+)-0(3'!

+6'!1)$7&'*+$+/-*!$*0!1/%%/-*!&'+6-0%5!<6/36!$)'!%(/+$24'!1-)!+6'!,)-0(3+/-*!-1!*'(+)-*9)/36!

*(34'/!$+!+6'!&'0/(&!+-!6'$.:!&$%%!)'7/-*8!

!

"&1$0',/1/#8,!8=!9&8>'./#?'2!1,-!41&$'/2!

e*%+$24'!*(34'/!$)'!,)-0(3'0!</+6!1)$7&'*+$+/-*!0('!+-!%3$++')/*7!2'+<''*!*(34'/!$2-.'!+6'!

A')&/!'*')7:!-1!+6'!*(34'(%8!A)$7&'*+$+/-*!)'$3+/-*!/%!)',)'%'*+'0!2:!+6'!+<-9%+',!,)-3'%%!

-1! $2)$%/-*9$24$+/-*! ^VWK(_8! A)$7&'*+%! $)'! O/*'&$+/3$44:! 3-*3'*+)$+'0! /*! +6'! 1-)<$)0!

0/)'3+/-*5!+6'!'*')7:!$*0!$*7(4$)!%,)'$0!0/%+)/2(+/-*%!$)'!%&$445!$*0!+6'!&'$*!.'4-3/+:!-1!

+6'!,)-='3+'0!1)$7&'*+!/%!34-%'!+-!+6$+!-1!,)/&$):!2'$&!^dg#-_8!D6'!1)$7&'*+%!,)-0(3'0!

3-.')! +6'! 1(44! )$*7'! -1! '4'&'*+%! 2'4-<! +6'! 6'$./')! 3-44/%/-*! ,$)+*')%! ^gIP$_8! B)-='3+/4'!

1)$7&'*+%!$)'!3$*!2'!%',$)$+'0!/*914/76+!%',$)$+-)%5!<6/4'!+$)7'+!1)$7&'*+%!3$*!2'!%',$)$+'0!

/*!"CFk!E"%-+-,'!C',$)$+-)!F*9k/*'G!1$3/4/+/'%8!

!

"#22#8,!8=!@'1AB!C%.?'#!

A/%%/-*!-1!6'$.:!*(34'/!,)-0(3'%!&'0/(&!&$%%!E$)-(*0!'!u!gJ!$*0!I`J5!()$*/(&!1/%%/-*!

3$%'G! /%-+-,'%!</+6!*'(+)-*9)/36!%/0'8!D6'!0/%+)/2(+/-*!-1!'4'&'*+%! /*! +6'! /*0(3'091/%%/-*!

,)-0(3+%!0','*0%!-*! +6'!&$%%!$*0!'U3/+$+/-*!%+$+'!-1! +6'! 1/%%/4'!*(34'(%8! "*0(3'091/%%/-*!

)'$3+/-*%!3$*!2'!7'*')$+'0!</+6!4-<!$*0!6/76!'*')7:!2'$&%8!"*!7'*')$45!+6'!,6$%'!%,$3'!-1!

1/%%/-*! ,)-0(3+%! /%!&(36! 4$)7')! +6$*! +6$+! -1! 1)$7&'*+$+/-*! ,)-0(3+%8!>! +$)7'+! -1! 6'$./')!

'4'&'*+%!%(36!$%!$!()$*/(&!3$*!2'!$,,4/'0!/*!"CFk!1$3/4/+/'%5!<6/4'!1$%+!6'$.:!/-*!2'$&%!

$*0!4/76+!'4'&'*+!+$)7'+%!$)'!(%'0!/*!/*914/76+!%',$)$+-)%8!"*!4$++')!3$%'5!+6'!1/%%/-*!/%!3$44'0!





! IY!

! D6'!1-3$4!,4$*'!36$&2')%!$+! +6'!1-3/!$)'!'N(/,,'0!</+6!2'$&4/*'!0'+'3+-)%!E'878!,4$%+/3!

%3/*+/44$+-)%5! BB>Q5! $*0! %-! -*G! $*0! 0'./3'%! (%'0! +-! +(*'! @/7?"BC! $*0! +-! 0/$7*-%'! $*0!

/0'*+/1:!,$)+/34'%!/*!+6'!?"!2'$&8!B$)+/34'!/0'*+/1/3$+/-*!/%!,')1-)&'0!/*!+6'!%'3-*0!%+$7'!-1!

@/7?"BC5! <6/36! $44-<%! &'$%()'&'*+%! (*0')! 4-<! 2$3O7)-(*0! 3-*0/+/-*%8! D6'! ,$)+/34'!

/0'*+/1/3$+/-*!&'+6-0!/%!2$%'0!-*!+6'!DFA9&#9$*!&'+6-05!/*!<6/36!+6'!1)$7&'*+b%!+/&'!-1!

14/76+!EDFAG5!&$7*'+/3!)/7/0/+:!E&#G5!$*0!'*')7:!4-%%!E$*G!$)'!&'$%()'0!</+6!+6'!2'$&4/*'!

0'+'3+-)%!+-!'%+/&$+'!+6'!1)$7&'*+b%!&$%%9+-936$)7'!)$+/-!E'M%G!$*0!$+-&/3!*(&2')!E!G8!DFA!

/%!&'$%()'0!2'+<''*!+<-!+6/*!,4$%+/3!%3/*+/44$+-)%!4-3$+'0!$+!AY!$*0!AV5!$*0!$*!/%!&'$%()'0!

$+!AV!(%/*7!$!&(4+/9%$&,4/*7!/-*!36$&2')!E#eC"QG!-)!$!%+$3O!-1!%/4/3-*!0'+'3+-)%8!D6'!&#!

/%!&'$%()'0!(%/*7!+<-!%'+%!-1!,-%/+/-*9%'*%/+/.'!,$)$44'4!,4$+'!$.$4$*36'!3-(*+')%!EBB>QG!$+!

AY!$*0!AW5!$*0!/*!+6'!%'3-*0!6$41!-1!+6'!%'3-*0!%+$7'!(%/*7!+6'!BB>Q!0'+'3+-)%!$+!AW!$*0!

AV8!B$)+/34'!/0'*+/1/3$+/-*!/%!3-*1/)&'0!2:!0'+'3+/*7!0'4$:'0!s9)$:%!'&/++'0!$1+')!+6'!%6-)+9

4/.'0!/%-&')%!0'3$:!/*!1)$7&'*+%!2:!(%/*7!$!7')&$*/(&!0'+'3+-)!$+!AV!-)!$*-+6')!1-3$4!,4$*'!

0-<*%+)'$&8! @:! -2%')./*7! +6'! s9)$:%! $%%-3/$+'0! </+6! /%-&')%5! (*$&2/7(-(%! ,$)+/34'!

/0'*+/1/3$+/-*!3$*!2'!$36/'.'08!D6/%!+'36*/N('!/%!3$44'0!/%-&')!+$77/*7!^gWP)_8!#-)'!0'+$/4%!

-*!,$)+/34'!/0'*+/1/3$+/-*!3$*!2'!1-(*0!/*!)'1')'*3'%!^JdF6_!$*0!^IJF6_8!

2"!"2! >(#&?(9#((*)%('/#&6(/(#*
D6'!S')-T'7)''!%,'3+)-&'+')!ESTCG!/%!4-3$+'0!$+!+6'!0-<*%+)'$&!-1!@/7?"BC!$%!%6-<*!/*!

A/78! Z8I8! "+! /%! 0'%/7*'0! $%! $! +<-92'*0! $36)-&$+/3! %:%+'&! </+6! $*+/9&/))-)! %:&&'+):5!

3-*%/%+/*7!-1!+<-!0/,-4'%!$*0!%/U!CDq%8!D6'!1-3$4!,4$*'%!$)'!4$2'4'0!Ad9AII!EA/7()'!Z8IG8!

D6'!&$7*'+%!-1!+6'!STC!$)'!+6'!%$&'!0'%/7*!$%!+6'!&$7*'+%!-1!+6'!@/7?"BC8!D6'!-2='3+!

,-/*+!-1!STC!/%!$+!Ad5!<6')'!+6'!%'3-*0$):!+$)7'+!/%!4-3$+'08!D6'!&/004'!1-3(%!$+!Ag!$*0!AIJ!

/%!&-&'*+(&!0/%,')%/.'5!$*0!+6'!1/*$4!1-3(%!$+!AII!/%!1(44:!$36)-&$+/38!D6'!%$&'!0'%/7*!-1!

2'$&4/*'!0'+'3+-)%!$*0!0'./3'%!$%!+6'!@/7?"BC!$)'!/*%+$44'0!/*!+6'!1-3$4!,4$*'!36$&2')%8!@:!

(%/*7!+6'%'!0'+'3+-)%5!B"T!<$%!,')1-)&'0!2$%'0!-*!+6'!DFA9&#9$*!&'+6-0!$%!1-)!@/7?"BC5!

$*0!2'$&!,()/+:!$*0!'*')7/'%!$+!AII!<')'!-2+$/*'08!

! F()!'U,')/&'*+$4!0'./3'!<$%!/*%+$44'0!$+!+6'!0-<*%+)'$&!-1!+6'!STC!$+!AII8!D6/%!&$0'!/+!

,-%%/24'!+-!,')1-)&5!'8785!/*92'$&!'U,')/&'*+%!$+!Ad!$*0!+-!,')1-)&!-()!'U,')/&'*+!$+!AII!

/*!,$)$44'48!>!%'3-*0$):!?"!2'$&!+6$+!0-'%!*-+!3-*+)/2(+'!+-!+6'!)'$3+/-*!$+!Ad!$*0!$4%-!$!

+')+/$):!?"%!$%!+6'!)'$3+/-*!)'%/0($4!$+!Ad!$)'!/*='3+'0!/*+-!-()!%:%+'&8!D6/%!&'+6-0!3$*!$44-<!

(%!+-!,')1-)&!+<-!'U,')/&'*+%!0()/*7!+6'!%$&'!2'$&!+/&'5!4'$0/*7!+-!'11/3/'*+!-,')$+/-*!

$33'4')$+-)!'U,')/&'*+%!/*!+/&'!3-*%+)$/*+%8!



! I[!

!
!
474! 0C;DE"
! Q-*+/*(/*7!$0.$*3'%!1-)!&(4+/,4'9)'14'3+/-*! +/&'9-1914/76+!&$%%!%,'3+)-7)$,6!E#?DFAG!

6$.'! ,4$:'0! $*! ./+$4! )-4'! /*! +6'! 1$%+! $*0! $33()$+'! &'$%()'&'*+! -1! %6-)+94/.'0! (*%+$24'!

*(34/0'%! ,)-0(3'0! $+! )$0/-$3+/.'! /%-+-,'! 2'$&! 1$3/4/+/'%! <-)40</0'8! C/*3'! /+%! /*.'*+/-*!

^gJX-_5! $! 4-+! -1! '11-)+%! 6$.'!2''*!0'.-+'0! +-! /&,)-.'! +6'!,')1-)&$*3'5! 4'$0/*7! +-!*'<!

-,,-)+(*/+/'%!%(36!$%!+6'!)'%-4(+/-*!$*0!%',$)$+/-*!-1!/%-2$)%!$*0!/%-&')/3!%+$+'%5!$*0!+6'!

,)'3/%'!&'$%()'&'*+!-1!,)'./-(%4:!(*O*-<*!*(34'$)!&$%%'%8!

!

2"2"!! <#1+'1%-(*
! D6'! 2$%/3! ,)/*3/,4'! -1! #?DFA! /%! +-! )'14'3+! /-*%! )','$+'04:! 2'+<''*! +<-! E(%($44:!

3-*3'*+)/3G!'4'3+)-%+$+/3!/-*!&/))-)%5!</+6!+6'!$/&!-1!1-3(%/*7!+6'!/-*%!+-!$!DFA!0'14'3+-)!

</+6!$!DFA!0/%+)/2(+/-*!$%!*$))-<!$%!,-%%/24'!$1+')!+6'/)!4-*7!14/76+!,$+68!D-!+6/%!'*0!+6'!/-*!

-,+/3$4! $2'))$+/-*%! 2'! &/*/&/H'05! <6')'! -*'! -1! +6'! 3)(3/$4! /*7)'0/'*+%! 1-)! +6'! #?DFA!

%:%+'&!/%!+6'!0/%+)/2(+/-*!-1!&/))-)!.-4+$7'%!1-)&/*7!$!36$)$3+')/3!%6$,'8!F*!-*'!6$*05!+6'%'!

,-+'*+/$4%!$)'!-,+/&/H'0!+-!O'',!+6'!)$0/$4!/-*!-,+/3$44:!%&$445!<6/36!/*+(/+/.'4:!&'$*%!+6$+!

+6'!)$0/$4!'U,$*%/-*!-1!+6'!/-*!2'$&!/%!O',+!$%!%&$44!$%!,-%%/24'!$+!$44!,-%/+/-*%!+-!$,,)-$36!

$!-*'90/&'*%/-*$4!%:%+'&8!F*'!/&,-)+$*+!0'.'4-,&'*+!/*!+6/%!3-*+'U+!<$%!+6'!/*+)-0(3+/-*!

-1! %+)-*7!*'7$+/.'!.-4+$7'%! $+! 3')+$/*!,-%/+/-*%! /*! +6'! %:%+'&! E*'7$+/.'! /-*!-,+/3$4! 4'*%G!

^!"#$%_5!<6/36!$4%-!%').'%!1-)!)$0/$4!3-*1/*'&'*+!/*!7'*')$48!

&

K')'5!<'!/*+)-0(3'!6-<!+-!3-**'3+!l$+-&/3!&$%%m!</+6!l+/&'9-1914/76+m!/*!7'*')$48!>!%3'*$)/-!

/%! 7/.'*! /*! <6/36! $*! /-*! %+$)+/*7! 1)-&! $*! /*/+/$44:! 1/'4091)''! )'7/-*! </+6! H')-! '*')7:! /%!

$33'4')$+'0! 2:! $*! $33'4')$+/*7! .-4+$7'! 50 ! 1-)! $! 0/%+$*3'! -1! 670 ! $+! +6'! +/&'!-)/7/*! $*0!

%+$)+%!/+%!14/76+8!D6'!/*/+/$4!O/*'+/3!'*')7:! 80! -1!+6'!/-*!</+6!36$)7'! (! /%5!

80 = (50670. (2.1)!

! "*!)'$4/+:5!%</+36/*7!+)$*%/+/-*%!+$O'!$!1/*/+'!$&-(*+!-1!+/&'5!6-<'.')5!/+!/%!$)7('0!/*!̂ ZJ?-_!

+6$+!+6'!%:%+'&$+/3!(*3')+$/*+/'%!3$(%'0!2:!+6'&!$)'!*'74/7/24'!/*!+6/%!&'$%()'&'*+8!

! "*!+6'!3$%'!-1!$*!/-*!</+6!/*/+/$4!'*')7:! 80! $+!,-%/+/-*! 70! +)$.'4/*7!/*!+6'!'4'3+)-%+$+/3!

1/'405!+6'!O/*'+/3!'*')7:! 8(7)! $+!,-%/+/-*! 7! %$+/%1/'%!+6'!1-44-</*7!'N($+/-*8!D6'!O/*'+/3!

'*')7:! 8(7)! $+!,-%/+/-*! 7! -1!$*!/-*!/*!-*'90/&'*%/-*$4!&-+/-*!/*!$*!'4'3+)-%+$+/3!1/'40!



! IW!

5(7)! (*0')!+6'!/*/+/$4!3-*0/+/-*%!EO/*'+/3!'*')7:! 805!,-%/+/-*! 70G!%$+/%1/'%5!

8(7) = 80 + ( ∫ 5(7)
+

+0

:7. (2.2)!

D6'! +/&'9-1914/76+! 0;< ! +-! )'$36! +6'!0'+'3+-)!3$*!2'!3$43(4$+'0!1)-&!+6'! 0;< ! /*+'7)$4!

1)-&!+6'!/*/+/$4!,-%/+/-*! 70! +-!+6'!0'+'3+-)! 7o!

0;< = ∫
:7

√28(7)
$

+

+0

 

= ∫
:7

√2 {(50670 + ( ∫ 5(7)+
+0

:7}
$

+

+0

 

= √
$
(

× ∫
:7

√2 {50670 + ∫ 5(7)+

+0
:7}

+

+0

 

= √
$
(

× Const. . (2.3)!

D6(%5!+6'! 0;< ! /%!,)-,-)+/-*$4!+-! √$/(5!$*0!+6'!3-*%+$*+!3-&,-*'*+!0','*0%!-*4:!-*!

+6'!7'-&'+):!$*0!+6'!0/%+)/2(+/-*!-1!+6'!'4'3+)-%+$+/3!1/'408!@:!&'$%()/*7!+6'!+/&'9-1914/76+!

-1!/-*%!-1!<'449O*-<*!&$%%'%!$%!)'1')'*3'!$+!+6'!%$&'!+/&'5!+6'!3-*%+$*+!3-&,-*'*+!3$*3'4%!

-(+!$*0!+6'!&$%%!/%!0'+')&/*'0!2:!+6'!1-44-</*7!

$ = (
$,-.

(,-.
(

0;<
0;<,-.

)
2

, (2.4)!

<6')'! $,-. 5! (,-. 5! $*0! 0;<,-. ! $)'! <'449O*-<*! &$%%5! 36$)7'5! $*0! +/&'9-1914/76+5!

)'%,'3+/.'4:8!

!

! "*!+6'!#?DFA!%:%+'&5!+6'!/-*%!$)'!)'14'3+'0!2'+<''*!$!,$/)!-1!'4'3+)-%+$+/3!&/))-)%5!<6/36!

*-+!-*4:!,)-./0'!$!4-*7!14/76+!,$+65!2(+!$4%-!&/*/&/H'!+6'!+/&'!%,)'$0!-1!+6'!/-*%8!T'%/7*/*7!

+6'! %6$,'!-1! +6'!&/))-)!,-+'*+/$4! +-!3$*3'4!-(+! +6'!'*')7:!0/%,')%/-*!-1! +6'! /-*%5! '*')7:!

/%-36)-*-(%!3-*0/+/-*%!3$*!2'!$36/'.'0!$*0!&$%%!)'%-4./*7!,-<')!3$*!2'!&$U/&/H'08!>!

%36'&$+/3!-1!+6'!'*')7:!/%-36)-*-(%!2'6$./-)!/%!%6-<*!/*!+6'!4-<')!,$)+!-1!A/7()'!Z8Z8!









! Ig!

2-+6!/-*%!1)-&!+6'!7$%!3'44!$*0!1)-&!+6'!)'1')'*3'!/-*!%-()3'5!/-*%!1)-&!+6'!7$%!3'44!$)'!

$33(&(4$+'0!3-*+/*(-(%4:!/*!+6'!4/*'$)!BD!$%!%6-<*!/*!A/78!Z8W8!

!

D6'!#?DFA5!-,')$+/*7!2:!$2-.'9&'*+/-*'0!&'36$*/%&5!)'N(/)'%!+6'!$*$4:+'!+-!2'!/*='3+'0!

/*+-!+6'!4/*'$)!BD!</+6!$!4-<!'*')7:!2'$&!E4'%%!+6$*!1'<!'LMNG8!K-<'.')5!@/7?"BC!2'$&%!

6$.'!6/76!'*')7:!E%'.')$4!6(*0)'0!#'LM*(34'-*G5!+6')'1-)'!?APQ!/%!/*+)-0(3'0!+-!3-*.')+!

+6'&!+-!6/76!N($4/+:!$*0!4-<!'*')7:!2'$&%8!

! !



! ZJ!

47<! CEFG"
@/7?"BC!3$*!,)-0(3'!$!</0'!)$*7'!-1!(*%+$24'!*(34'/5!<6/4'!+6'!?"!2'$&!6$%!6/76!'*')7:!

Ex!ZJJ!#'LM*(34'-*G!$*0!6$%!$!4$)7'!'*')7:!%,)'$0!/*!,6$%'!%,$3'8!F*!+6'!-+6')!6$*05!%4-<!

?"!2'$&%!</+6!4-<!'*')7:!Ex!%'.')$4!O'LG!$*0!%&$44!'&/++$*3'!$)'!'%%'*+/$4!+-!&'$%()'!+6'!

&$%%! -1! *(34'/! </+6! 6/76! ,)'3/%/-*! (%/*7! +6'! #?DFA8! X'! 6$.'! /*+)-0(3'0! +6'! ?$0/-!
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-1!+6'!'11'3+/.'!0'7)$0')!+6/3O*'%%8!
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! D6'!?"!2'$&%!,)-./0'0!</+6!@/7?"BC!/%!0'4/.')'0!+-!AII!</+6!$!3')+$/*!36$)7'!%+$+'8!"*!+6'!

,)-3'%%!-1!0'3'4')$+/*7! +-! +6')&$4! '*')7:! /*! $!&$+')/$45! +6':!,/3O!(,!'4'3+)-*%! 1)-&! +6'!

&$+')/$4! $*0! +6'/)! 36$)7'! %+$+'! 36$*7'%! +-<$)0! *'(+)$48! A/*$44:5! +6'! 36$)7'! %+$+'! -1! +6'!

+6')&$4/H'0! /-*%! /%! 0'+')&/*'0! 2:! +6'! 3-&,'+/+/-*! </+6! +6'! /-*/H$+/-*! '*')7:! -1! +6'!

%())-(*0/*7! &$+')/$48! @:! (%/*7! 6'4/(&! 7$%5! /+! /%! ,-%%/24'! +-! /*3)'$%'! +6'! ,)-2$2/4/+:! -1!

%()./.$4!$%!$*!/-*!</+6-(+!*'(+)$4/H$+/-*8!A-)!'U$&,4'5!+6'!4/+')$+()'!^J`T'_!%6-<%!+6$+!+6'!

%()./.$4!,)-2$2/4/+:!-1!?*!/-*%!/*!6'4/(&!7$%!/%!(,!+-!$2-(+!YJy8!

!

2"B"B! :D*1&+*9,14(*
! "*!+6/%!%'3+/-*5!<'!/*+)-0(3'!$!&$*/,(4$+/-*!+'36*/N('!1-)!+)$*%,-)+/*7!$*0!'U+)$3+/*7!/-*%!

+6')&$4/H'0! /*! 6'4/(&! 7$%8! \-)&$44:5! /-*%! &-.'! +-<$)0! '4'3+)-0'%! </+6! 4-<! '4'3+)/3!

,-+'*+/$4!$*0!$)'!$0%-)2'0!+6')'8!D6':!3$**-+!2'!O',+!/*!%,$3'!E+6/%!)'%+)/3+/-*!/%!O*-<*!$%!

c$)*%6$<b%!+6'-)'&G8!K-<'.')5!/+!3$*!2'!+)$,,'0!/*!%,$3'!2:!(%/*7!&$7*'+-%+$+/3!EB'**/*7!

+)$,G! -)! 0:*$&/3! '4'3+)/3! 1/'40%! EB$(4! +)$,G8! "*! ,$)+/3(4$)5! +6'! B$(4! +)$,5! <6/36! 3$*! 2'!

/&,4'&'*+'0!-*4:!</+6!'4'3+)-0'%!$*0!$!,-<')!%(,,4:5!6$%!$0.$*+$7'%!-1!+6'!'$%:!-,')$+/-*!

$*0!%,$3'!%$./*78!

+,-,-,.! /012"340("

! X8!B$(4!/*.'*+'0!$!&'+6-0!+-!%+$24:!+)$,!/-*%!*'$)!+6'!3'*+')!+-!1-()!'4'3+)-0'%5!-1!$,,4:/*7!

$!6/7691)'N('*3:!'4'3+)/3!1/'40!</+6!&(+($44:!/*.')+'0!,6$%'!$%!%6-<*!/*!+6'!A/78!Z8d8!D6'!

'N($+/-*!-1!&-+/-*!-1!+6'!/-*%!E&$%%! $5!36$)7'! (G!/*!2(11')!7$%!/%!7/.'*!2:!
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�N�Z�M�B�S���d������ �V�N

�� ������ �E�F�H�S�F�F
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�W�B�D�V�V�N

�)�F�M�J�V�N�������� �������� �5�P�S�S

�d���������D�N

�d�� �F�7���J�P�O�T������ �����������.�F�7���O�V�D�M�F�P�O

"#$%&'!*)H)!C36'&$+/3!1-)!'*')7:!0'7)$0')!%:%+'&8! !



! ZZ!

$Ï +
(
K

İ = −(∇Φ(I, +), (2.5)!

<6')'! K = K0O0/O ! /%! +6'! /-*! &-2/4/+:! /*! 7$%! $+! ,)'%%()'! O 5! O0 ! /%! +6'! $+&-%,6')/3!

,)'%%()'5! K0 ! /%! +6'! /-*! &-2/4/+:! (*0')! O0 ! $*0! Φ! /%! +6'! ,-+'*+/$48! "*+)-0(3/*7! +6'! 7$%!

0(&,/*7!1$3+-)! P = (/K$5!^cN8!EZ8WG_!/%!

Ï + Pİ +
(
$

∇Φ = 0. (2.6)!

! D6'!?A!'4'3+)/3!1/'40!-1!B$(4!+)$,!3$*!2'!$,,)-U/&$+'0!$%!$*!?A!N($0)(,-4'!'4'3+)/3!1/'405!

$%!%6-<*!/*!A/78!Z8d8!

!

!

D6'*5!+6'!N($0)(,-4'!,-+'*+/$4! Φ! $*0!1/'40! Q! /%!$,,)-U/&$+'0!2:!

Φ(I, +) = 20
72 − R2

S0
2 cos 1+ (2.7)!

Q(I, +) = −∇Φ =
20

S0
2 (

−7
R

) cos 1+ = Q(I) cos 1+ , (2.8)!

<6')'! S0! /%!)$0/(%!-1!$!3/)34'!/*%3)/2'0!/*%/0'!+6'!N($0)(,-4'!'4'3+)-0'%8! !

! D6'!'11'3+/.'!'4'3+)/3!1/'40!/%!'%+/&$+'0!2:!(%/*7!+6'!,%'(0-9,-+'*+/$4! /*!+6'!N($0)(,-4'!

1/'40!$%!%6-<*!/*!A/78!Z8d8!T/./0'!+6'!&-+/-*!-1!$*!/-*!/*+-!$!&'$*9&-+/-*!,$)+!$*0!$!&/3)-9

./2)$+/-*!+')&5!

I = I(̃+) + W(+) = I(̃+) + HQ(I) cos(1+ + X) , (2.9)!

<6')'!3-*%+$*+! H! /%!0'+')&/*'0!2:!%(2%+/+(+/*7! ^cN8! EZ8gG_! 1-)! ^cN8! EZ8`G_8!D6(%5!&/3)-9

./2)$+/-*!+')&!/%!'U,)'%%'0!2:!

!

"
#

! "! #$%&'

( "! #$%&'

!"#$%&'())*+%'*,-"#

"#$%&'!*)I)!Q)-%%9%'3+/-*$4!./'<!-1!k/*/')!B$(4!+)$,!Eq($0)(,4'!?A!/-*!+)$,G!



! ZY!

W(+) = −
(

$1
Q(I)√

12 + P2
cos(1+ + X) , (2.10)!

<6')'! X! /%!$!0'4$:!3-&,-*'*+!3$(%'0!2:!7$%!0(&,/*7!$*0!%$+/%1/'%!

tan X = P. (2.11)!

D/&'9$.')$7'!1-)3'!-.')!-*'!,')/-0!0('!+-!+6'!?A!'4'3+)/3!1/'40!7)$0/'*+!/%!

Z̃(Ĩ) = (〈Q(Ĩ) cos 1+ + W(+) ∇Q(Ĩ)cos 1+〉time average 

= −∇Q2(I)̃
(2

4$
1

12 + P2 . (2.12)!

"1!<'!)'7$)0!+6'!+/&'9$.')$7'0!1-)3'!$%!3$(%'0!2:!+6'!,%'(0-9,-+'*+/$4! ]eff 5!

]eff(I)̃ =
(2

4$
1

12 + P2 Q2(Ĩ), (2.13)!

C(2%+/+(+/*7!^cN8!EZ8dG_5!<'!7'+5!

]eff(I)̃ =
(220

2

4$(12 + P2)S0
2 (

S
S0

)
2
. (2.14)!

D6'!,$)$2-4/3!,-+'*+/$4!+)$,%!/-*%!$+!$)-(*0!+6'!3'*+')!-1!+6'!B$(4!+)$,8!D6/%!,%'(0-9,-+'*+/$4!

&'+6-0!<$%!/*+)-0(3'0!2:!K8!T'6&'4+!/*!+6'!^`VT'_8!

+,-,-,+! 56"704(83"

"*!+6'!3$%'!-1!+6'!N($0)(,-4'!4/*'$)!B$(4!+)$,5!+6'!,%'(0-,-+'*+/$4!'*')7:!/%!7/.'*!2:!^cN8!

EZ8I[G_5!$*0!<6'*!+6/%!/%!'U+'*0'0!+-!&(4+/,-4'%!E2^9,-4'%5!%''!A/78!Z8gG5!+6'!,%'(0-,-+'*+/$4!

'*')7:! ]eff(S)! /%!

]eff(S) =
(2^220

2

4$(12 + P2)S0
2 (

S
S0

)
2!−2

. (2.15)!

D6/%!'N($+/-*!<$%!-2+$/*'0!/*!+6'!%$&'!<$:!$%!T'6&'4+b%!+/&'!$.')$7/*7!&'+6-0!^JgX'_8!

k'+! (%! 3-*%/0')! +6'! 3$%'!<6')'! ^! /%! %(11/3/'*+4:! 4$)7'! /*! +6/%! 'N($+/-*8! "*! +6/%! 3$%'5! +6'!

,-+'*+/$4!/%!%+'',!*'$)!+6'!'4'3+)-0'%!$*0!14$++'*%!-(+!*'$)!+6'!3'*+')5!$*0!36$*7'%!+-!$!2-U!

%6$,'!$%!$!<6-4'8!"*!-)0')!+-!3$43(4$+'!+6'!2'6$./-)!*'$)!+6'!'4'3+)-0'5!+6'!1-44-</*7!.$)/$24'!

+)$*%1-)&$+/-*!/%!$,,4/'0!$%!

S → R: R = S0 − S. (2.16) 

K')'5!<'! /*+)-0(3'! ,/+36! l`m5! +6'! 0/%+$*3'! 2'+<''*! *'/762-)/*7! '4'3+)-0'%5! $%! %6-<*! /*!

A/7()'!Z8g5!

` =
aS0

^
. (2.17)!



! Z[!

!

!

X6'*! ^! /%!%(11/3/'*+4:!4$)7'5!+6'!'4'3+)-0'!3-*1/7()$+/-*!3$*!2'!)'7$)0'0!$%!$4&-%+!14$+!$+!

+6'!./3/*/+:!-1!+6'!'4'3+)-0'%!E%''!A/78!Z8IJ!E$GG5!$*0! ]eff(R)! /%!'3,)'%%'0!$%5!

]eff(R) =
a2(220

2

4$(12 + P2)`2 lim
!→∞

(1 −
aR
^`

)
2!−2

 

=
a2(220

2

4$(12 + P2)`2 exp (−
2a
`

R) . (2.18)!

D6/%! /*0/3$+'%! +6$+! $*! 'U,-*'*+/$4! )',(4%/.'! ,-+'*+/$4! /%! 7'*')$+'0! $)-(*0! +6'! '4'3+)-0'8!

A()+6')&-)'5!2:!$,,4:/*7!$!3-*%+$*+!.-4+$7'!4-<')!+6$*!+6'!%())-(*0/*7%!+-!+6'!'4'3+)-0'%5!

$*! '4'3+)-%+$+/3! 1/'40! E,(%6/*7! '4'3+)/3! 1/'40G! 50 ! /%! %(,')/&,-%'0! /*! +6'!0/)'3+/-*!-1! +6'!

'4'3+)-0'%!E9:!0/)'3+/-*G!$*0!+6'!,-+'*+/$4!2'3-&'%!

]eff(R) =
a2(220

2

4$(12 + P2)`2 exp(−
2a
`

R) + (50R. (2.19)!

A-)!'U$&,4'5!<6'*!+6'!,$)$&'+')%!$2-.'!&'*+/-*'0!$)'!%'+!$+!+6'!.$4('%!$%!%6-<*!/*!A/78!

Z8IJ5!+6'!,-+'*+/$4!2'3-&'%!$%!%6-<*!/*!A/7()'!Z8IJ!E2G!$*0!$!&/*/&(&!,-/*+!/%!3)'$+'08!

D6/%!$44-<%!+6'!/-*%!+-!2'!+)$,,'0!</+6-(+!6/++/*7!+6'!'4'3+)-0'%5!$*0!+6/%!/-*!+)$,,/*7!0'./3'!

/%!3$44'0!$*!?A!3$),'+8!

! "

"!

# $
%"!

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

*&'!"+,#

-
-

"#$%&'!*)J)!Q)-%%!%'3+/-*$4!./'<!-1!$!&(4+/,-4'!?A!+)$,8!

>!3--)0/*$+'!+)$*%1-)&$+/-*!1)-&! S! +-! R! /%!%6-<*8!



! ZW!

!

!

C/*3'!+6'!?A!3$),'+!$3+($44:!3-*%/%+%!-1!$!%')/'%!-1!%+)/,'0!'4'3+)-0'%!-*!$!+<-90/&'*%/-*$4!

%()1$3'5! +6'!'U$3+!,-+'*+/$4! $%!$! 1(*3+/-*!-1!0/%+$*3'! 1)-&! +6'!3$),'+!3$**-+!2'!-2+$/*'0!

$*$4:+/3$44:5!2(+!$!2'++')!$*$4:+/3$4!'U,)'%%/-*!-1!+6'!'4'3+)/3!1/'40!2:!2-(*0$):!3-*0/+/-*!

$,,)-U/&$+/-*! 6$%! )'3'*+4:! 2''*! 0')/.'0! ^IIC3_8! D6/%! $,,)-U/&$+/-*5! $4+6-(76! &-)'!

3-&,4/3$+'05!/%!'N(/.$4'*+!+-!^cN8!EZ8Ig__5!'U3',+!1-)!+6'!.'):!./3/*/+:!-1!+6'!'4'3+)-0'!ER b

`G8!

! D6')'!$)'!+<-!&'+6-0%!1-)!+)$*%,-)+/*7!/-*%!+)$,,'0!-*!+6'!?A!3$),'+!%()1$3'!/*!$)2/+)$):!

0/)'3+/-*%o!+6'!'4'3+)-%+$+/3!1/'40!7)$0/'*+!ETQ!&-0'G!-)!+6'!$(0/-91)'N('*3:!E>AG!+)$.'4/*7!

<$.'!E>A!&-0'G!/%!%(,')/&,-%'0!-*!+6'!?A!%/7*$45!$*0!+6'!3-&2/*'0!%/7*$4!/%!$,,4/'0!-*!

+6'!?A!3$),'+!E?AQG8!

! !
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�F

�O
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�J
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�M
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<
�F

�7
�>

�%�J�T�U�B�O�D�F���G�S�P�N���3�'���D�B�S�Q�F�U���<�N�N�>

!"#!$#

! !"" "#$
% &' ( )** +, -'

. # ( /* +0
1 ( )* +234
5 ( * 67/ +88

9# ( )* +0 :8'
!"#$%&&$'())*$+&&$,

"#$%&'!*)(K)!E$G!C36'&$+/3!-1!+6'!3)-%%9%'3+/-*$4!./'<!-1!$!)$0/-1)'N('*3:!E?AG!

3$),'+!$*0!E2G!+:,/3$4!,-+'*+/$4!'*')7:! ]eff 8!"*!$00/+/-*!+-!+6'!?A!.-4+$7'%! 20! +-!

3)'$+'!$!)','44/*7!1-)3'5!$!%+$+/3!.-4+$7'! 2low! $*0! 2high! $)'!$,,4/'0!+-!3)'$+'!$*!

$++)$3+/*7!1-)3'!</+6!%+)'*7+6! 50! <6/36!,(%6'%!+6'!/-*%!+-<$)0%!+6'!3$),'+8!

!
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! !



! ZV!

;! <%:%$'78%*+&('/&=>?)&
!

! X'!6$.'!0'.'4-,'0!$!?$0/-9A)'N('*3:!3$),'+9+:,'!/-*!7(/0'!P$%!Q'44!E?APQG!$+!$!CkFX!

?"!2'$&!1$3/4/+:!ECkFX?"G!/*!?"ac\!?"@A8!D6/%!?APQ!/%!+6'!1/)%+!'N(/,&'*+!+-!'U+)$3+!

+6'!(*%+$24'!*(34'/!,)-./0'0!/*!@/7?"BC!$%!6/769N($4/+:!%4-<!?"!2'$&%8!

!

<76! H%&'/9"-, "CEFG"
! \'(+)-*9)/36!*(34'/!-1!-()!/*+')'%+!,)-./0'0!</+6!@/7?"BC!6$.'!4-<!/*+'*%/+/'%!$*0!%6-)+!

4/1'+/&'%8!D6')'1-)'5!+6'!O':!/%!+-!'U+)$3+!)$)'!?"%!1)-&!+6'!7$%!3'44!'11/3/'*+4:!$*0!N(/3O4:8!

>1+')!+6'!'*')7:!0'7)$0$+/-*5!+6'!'*')7:!%,)'$0!-1!?"!2'3-&'%!4$)7')5!3-&,$)'0!</+6!+6'!

'*')7:!$33',+$*3'!-1!+6'!7$%!3'44!/*!+6'!3$%'!-1!$!1$%+!?"!2'$&!,)-./0'0!</+6!@/7?"BC8!"*!

+6/%! 3$%'5! /1! +6'! 3-*.'*+/-*$4! ?APQ! ^JWD$_5! /*! <6/36! $! ?A! 3$),'+! <$%! 4-3$+'0! $+! +6'!

0-<*%+)'$&!-1!+6'!7$%!3'44!$*0!-*!+6'!2'$&!$U/%5!/%!$0-,+'05!EIG!+6'!$.')$7'!'U+)$3+/-*!+/&'!

3$*!2'3-&'!4$)7'5!EZG!+6'!?A!3$),'+!3$*!2'!36$)7'0!(,!2:!+6'!0/)'3+!6/++/*7!</+6!+6'!1$%+!?"!

2'$&5!3$(%/*7!$!&$41(*3+/-*5!$*0!EYG!+6'!0/%+-)+/-*!-*!+6'!'4'3+)/3!1/'40!/*!+6'!7$%!3'44!</44!

2'!'*6$*3'0!2:!+6'!%,$3'!36$)7'!'11'3+!-1!+6'!4$)7'!*(&2')!-1!K'!/-*%!3$(%'0!2:!+6'!2'$&!

'*')7:!4-%%!0('!+-!+6'!4-*7!%()./.$4!+/&'!-1!K'!/-*%!/*!+6'!7$%!3'448!"*!-)0')!+-!%-4.'!+6'%'!
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Design work of rf ion guide system at the SLOWRI facility

A. Takamine,! 1 M. Rosenbusch,! 1 P. Schury,! 2 J. Y. Moon,! 3 M. Wada,! 1,! 2 H. Miyatake, ! 2 Y. Ito, ! 1

T. Sonoda,! 1 Y. X. Watanabe,! 2 Y. Hirayama,! 2 T. Sato,! 1 T. M. Kojima, ! 1 I. Katayama, ! 1 H. Wollnik, ! 1,! 4

and H. Ueno! 1

We are developing an rf ion guide1) gas catcher cell
at the SLOWRI facility towards online commission-
ing in FY2017. We initially designed a large traveling
wave rf carpet for the ion transport in the gas cell.
The carpet had such a large capacitance due to its
large area of 600 cm2 with 0.28 mm pitch and 0.14 mm
separation for stripe electrodes that the resonance fre-
quency was less than 1 MHz to obtain a voltage greater
than100 Vp.p. .

We designed a new conÞguration that consists of
three-stage rf transport electrodes as shown in Fig. 1
so as to reduce the areas of the rf carpets. The Þrst
electrode is composed of DC, RF+DC, gap, RF+DC,
and DC parts with long strip electrodes. It produces
a hemisphereÕs electrostatic potential to collect ther-
malized ions onto the central RF+DC parts. When
the ions reach close to the electrode surface, they are
guided to the gap by the rf ion guide method,1) ex-
tracted from the gap, and pulled onto the second elec-
trode by electrostatic Þelds between the Þrst and the
second electrodes. We utilize the ion surÞng method2)

to transport the ions downstream with a traveling wave
produced with superimposed RF and AF Þelds. When
the ions arrive at the downstream edge, they are again
pulled onto the third electrode, transported to an exit
hole, and extracted to the outside of the gas cell. We
plan to place a block in front of the third electrode to
avoid the direct impinging of ion beams on the elec-
trode. This scheme has an advantage in that He ions,
which create space charge, produced by beam thermal-
ization can be killed on the Þrst electrode because of
the small mobility of He ions. Although the ion surÞng
method provides faster transport compared with the
conventional rf ion guide method, it is more suscepti-
ble to a space charge e! ect. This is why we selectively
use the two methods.
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Fig. 1. New design of the rf ion guide system in the gas cell.
The size of the cuboid frame is 160! 260! 1470 mm.
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Fig. 2. Enlarged drawing of a part of the Þrst-stage elec-
trode.

The DC potential conÞguration on the Þrst electrode
determines the amount of ions collected in a narrow re-
gion, which is important to reduce the area of an RF
part. Because the ionÕs motion simply follows the lines
of the electric Þeld, a! 1/x potential produced by a
point charge would be the best solution to focus ions.
In order to emulate such a Þeld, we designed a DC part
as shown in the Fig. 2 by changing the width of each
electrode. The blue line in Fig. 2 shows the poten-
tial with a constant voltage step between the adjacent
electrodes and the red line shows a! 1/x potential on
the DC part and a ! x potential on the RF+DC part.
We also conÞrmed that the! 1/x potential produces
the best focusing ion collection among three types of
potentials (! 1/x , ! x, and ! log(x)) in SIMION sim-
ulations. From the simulation result, we set the area of
each RF+DC part as 121 cm2 (25 mm" 485 mm) with
0.32 mm pitch and 0.16 mm separation. We expect
that the capacitance will be reasonably small and we
can apply an rf voltage at several MHz with su" cient
voltages for the rf ion guide. We will start an rf test
with an actual electrode soon.

Simulations for space charge in this conÞguration are
also in progress. The simulation is based on a state-
of-art simulation code Ò3DCylPICÓ3) in coorperation
with Dr. Ringle from NSCL. In the simulation for
the case of the incoming beams in the mid-heavy mass
region, preliminary results show that this system will
be tolerable to an incoming beam intensity of 106 pps.

We Þnalized the design of the Þrst-stage rf carpet.
The designs of the second- and the third-stage elec-
trode will also be Þnalized soon. We plan to start of-
ßine tests of the rf transport system using ion sources
from Mar. 2017 and conduct online commissioning in
the later half of FY2017.
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Fourth Report on O ! ine Tests for RF Carpet Transportation in RF
Ion Guide Gas Cell at the SLOWRI Facility

A. Takamine,! 1 S. Iimura,! 1,2,3 D. Hou,! 3,4,5 M. Wada,! 3 M. Rosenbusch,! 3 S. Chen,! 3,6 W. Xian, ! 3,6 S. Yan,! 3,7

P. Schury,! 3 Y. Ito, ! 1,8 T. M. Kojima, ! 1 T. Sonoda,! 1 Y. X. Watanabe,! 3 H. Ueno,! 1 and H. Ishiyama,! 1

A new gutter structure RF ion guide gas cell1) was
developed at the SLOWRI facility. The gas cell com-
prises two RF carpet (RFC) stages. We previously
reported on the transportation e! ciencies of the 1st
stage RFC for various gas pressures and various RF
frequencies.2,3) In this report, the transport e ! ciency
including the 2nd stage RFC is presented.

The 2nd RFC comprises concentric ring electrodes
with a pitch of 0.26 mm (electrode width of 0.1 mm
and inter-electrode spacing of 0.16 mm); there is a
! 0.65 mm exit hole at the center of the 2nd RFC. Ions
are collected onto the 1st carpet and transported to the
inner edges of the pair of the 1st RFCs. After they are
pulled over the edge to the 2nd RFC by a DC Þeld,
they are delivered to the exit hole by the Òion surf-
ingÓ transport technique that uses the combination of
two-phases RF and four-phases audio-frequency (AF)
Þelds4) (Fig. 1). A segmented quadrupole ion beam
guide (smQPIG) is placed behind the exit hole. The
ions are transported to a high vacuum region by the
smQPIG through di" erential pumping stages.

We recently investigated the transport e! ciency in-
cluding the 2nd RFC in o# ine tests. Cesium ions were
produced from a surface ionization ion source at the
inner wall of the gas cell. The entire setup has been
described in Ref.1) . We measured the ion currents on
the RFCs and subsequently on the smQPIG. The RFC
transport e! ciency was deÞned as the ratio of the two
currents.

Figure 2 shows the test results in 133 mbar of room
temeperature He gas as a function of the AF voltages
for various AF frequencies. The RF voltages applied
to the 1st and 2nd RFCs were 103 Vpp at 8.15 MHz
and 111 Vpp at 10.06 MHz, respectively. The push DC
Þeld between the 1st and 2nd RFCs was! 40 V/cm.
We achieved ! 90% transport e! ciency with an AF
frequency of 125 kHz in this measurement. The plots
show a sudden drop at 12-15 Vpp for AF frequencies
" 125 kHz, because the AF signals became highly dis-
torted by the AF/RF coupling circuitry. An attempt
to improve the circuit characteristics is afoot.

This gas cell was coupled to an MRTOF mass spec-
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Fig. 1. Sketch of 1st RFC and 2nd RFCs around the exit
hole with an ion trajectory in blue.
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Fig. 2. O! ine test results on the transport e " ciency for
Cs+ as a function of AF voltages at various AF fre-
quencies.

trograph for a parasitic experiment during the Hi-
CARI campaign in 2020. The online experiment re-
sults about this gas cell are reported in other articles
by S. Iimura and D. Hou in this issue.
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Fourth Report on O ! ine Tests for RF Carpet Transportation in RF
Ion Guide Gas Cell at the SLOWRI Facility

A. Takamine,! 1 S. Iimura,! 1,2,3 D. Hou,! 3,4,5 M. Wada,! 3 M. Rosenbusch,! 3 S. Chen,! 3,6 W. Xian, ! 3,6 S. Yan,! 3,7

P. Schury,! 3 Y. Ito, ! 1,8 T. M. Kojima, ! 1 T. Sonoda,! 1 Y. X. Watanabe,! 3 H. Ueno,! 1 and H. Ishiyama,! 1

A new gutter structure RF ion guide gas cell1) was
developed at the SLOWRI facility. The gas cell com-
prises two RF carpet (RFC) stages. We previously
reported on the transportation e! ciencies of the 1st
stage RFC for various gas pressures and various RF
frequencies.2,3) In this report, the transport e ! ciency
including the 2nd stage RFC is presented.

The 2nd RFC comprises concentric ring electrodes
with a pitch of 0.26 mm (electrode width of 0.1 mm
and inter-electrode spacing of 0.16 mm); there is a
! 0.65 mm exit hole at the center of the 2nd RFC. Ions
are collected onto the 1st carpet and transported to the
inner edges of the pair of the 1st RFCs. After they are
pulled over the edge to the 2nd RFC by a DC Þeld,
they are delivered to the exit hole by the Òion surf-
ingÓ transport technique that uses the combination of
two-phases RF and four-phases audio-frequency (AF)
Þelds4) (Fig. 1). A segmented quadrupole ion beam
guide (smQPIG) is placed behind the exit hole. The
ions are transported to a high vacuum region by the
smQPIG through di" erential pumping stages.

We recently investigated the transport e! ciency in-
cluding the 2nd RFC in o# ine tests. Cesium ions were
produced from a surface ionization ion source at the
inner wall of the gas cell. The entire setup has been
described in Ref.1) . We measured the ion currents on
the RFCs and subsequently on the smQPIG. The RFC
transport e! ciency was deÞned as the ratio of the two
currents.

Figure 2 shows the test results in 133 mbar of room
temeperature He gas as a function of the AF voltages
for various AF frequencies. The RF voltages applied
to the 1st and 2nd RFCs were 103 Vpp at 8.15 MHz
and 111 Vpp at 10.06 MHz, respectively. The push DC
Þeld between the 1st and 2nd RFCs was! 40 V/cm.
We achieved ! 90% transport e! ciency with an AF
frequency of 125 kHz in this measurement. The plots
show a sudden drop at 12-15 Vpp for AF frequencies
" 125 kHz, because the AF signals became highly dis-
torted by the AF/RF coupling circuitry. An attempt
to improve the circuit characteristics is afoot.

This gas cell was coupled to an MRTOF mass spec-
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Fig. 1. Sketch of 1st RFC and 2nd RFCs around the exit
hole with an ion trajectory in blue.
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Fig. 2. O! ine test results on the transport e " ciency for
Cs+ as a function of AF voltages at various AF fre-
quencies.

trograph for a parasitic experiment during the Hi-
CARI campaign in 2020. The online experiment re-
sults about this gas cell are reported in other articles
by S. Iimura and D. Hou in this issue.
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contaminants in the helium gas during this Þrst on-line
test. While some of the radioactive species were dispersed
across molecular sidebands (e.g. 55ScOH+ with e! ciency
of less than 10! 4), very reasonable ion transport could be
reached for many other species,e.g. 85As+ with 0.16 %
and 137Te+ with 1.3 % total system e! ciency [51].

A major mission of the commissioning was the test of
components using true on-line beam. Nevertheless, the
commissioning was highly successful for the study of nu-
clear masses with more than 70 atomic masses measured
during the campaign. Around neutron-rich Ti and V iso-
topes, our results include isotopes from Sc to Fe with
55Sc, 58Ti, and 59V being the most exotic ones measured
in this region, which improve nuclear masses recently
measured using the TOF-B! method at NSCL [77] and
RIBF [16] being the forefront of nuclear mass studies in
this region. In the neutron-rich region above Ni, nuclides
have been studied reaching from Ga to Kr with 84Ga,
86Ge, 89As, and 91Se as most exotic species. Among
those isotopes,88,89As have been measured for the Þrst
time while three other mass values provide a signiÞcant
improvement of the previously performed measurements.
Another region addressed with success is from Mo to Rh
isotopes including the Þrst mass measurement of112Mo.
In the fourth region addressed,i.e. near 132Sn, the sep-
aration of the ground state and the isomeric states of
134g,m Sb has been demonstrated [78] reaching a resolv-
ing power of Rm = 5 .5 á105 at that time (see Fig. 10).
We note that this time period was before carrying out
the new tuning and measurements reported in Sec. III.
The excitation energy of the isomer in 134Sb was mea-
sured to be " E = 268(11) keV being in agreement with
" E = 279(1) keV in the literature [79]. In total, three
isotope masses have been measured for the Þrst time and
eleven other isotope masses improve the presently known
uncertainty of AME2020 [67, 68] signiÞcantly. The data
is presently under evaluation and will be discussed in

FIG. 9. Nuclear mass measurements during parasitic oper-
ation and the results by the ZD-MRTOF system (adapted
from [76]). Background color code illustrates the measured
precision from AME (see Nucleus-win for reference).
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FIG. 10. IdentiÞcation of nuclear ground state and isomeric
state of 134 Sb+ with a resolving power of Rm = 550 000
achieved prior to the most recent optimization.

separate dedicated frameworks.
Various di#erent stable ion species, well-known ra-

dioactive ion species, and molecular ions were available
as isobars throughout the online measurements for most
of the observed spectra. This rich data set allowed to
make a Þrst study the of accuracy of the mass measure-
ments along with the observation of unknown (or not well
known) radioactive ion species. In Fig. 11 a mass evalu-
ation of twenty di #erent ion species with mass numbers
82-91 is shown. As presently only isobaric mass calibra-
tion is used systematic (mass dependent) e#ects become
negligible, and in this analysis the uncertainties of the
TOF measurements are assumed to purely depend on
the total counting statistics of analyte and reference ions.
The isobaric reference ions used for the measurement
at each mass number are (listed from lower to higher
mass number): 82! 84Kr + , 84Kr 1H+ , 86Kr + , 86Kr 1H+ ,
12C1

3H16O19
2 F+ , 89Rb+ , 90Kr + , 79Br

12
C+ . Unstable ions

like 90Kr + are part of the on-line beam.
For this data set of twenty di #erent ion species, the

weighted mean deviation of the measured masses from
the AME2020 data is as low as 2.26(0.80) keV, and the
weighted mean relative mass deviation yields"m/m =
2.80(99) " 10! 8. However, a more accurate study of
the accuracy limits requires separate measurements with
higher statistics and will be performed in o#-line condi-
tions.

V. SUMMARY

The new multi-reßection time-of-ßight experiment for
nuclear mass measurements downstream of the ZeroDe-
gree spectrometer of RIKENÕs BigRIPS facility has been
introduced and relevant technical details have been dis-
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C.Vacuumsetup

Thevacuumsystem(seeFig.4)isoptimizedtoallow
forsu!cientheliumgaspressureinthePaultrapswhile
preservingultra-highvacuuminsidetheMRTOFcham-
ber,andwhilekeepingthelengthofthetransfersection
moderatelyshort.TothisendthelinearPaultrapsare
fullyencapsulatedbythinmetaltubesbeingalsoapart
ofthemountingstructureforthem.Thetubesfurther
reachinsidetheholderoftheßationtrapandprovide
fullsealingtowardstheoutertrapchamber.Thecircuit
boardswiththeelectrodestructureoftheßationtrap
aregluedtotheholdersothatthelinearPaultrapsand
theßationtrapareaclosedvolumereferredtoasin-
nertrapchamber.Heliumgasisinjecteddirectlyinto
theßationtrapusinganaccessportatthetrapholder,
whichalsosuppliesthelinearPaultraps.Theonlyleak-
agetotheoutertrapchamberisduetothenecessary
0.7mmapertureforionejection.Theinnerandouter
trapchamberareseparatelypumpedbyturbomolecu-
larpumps(TMP),whichprovidestheÞrsttwoessential
pumpingstages(EdwardsSTP-451,andEdwardsSTP-
H451C).

FIG.4.Sketchofthevacuumsystemwithtreedi!erential
pumpingstagestoreducetheheliumloadintheMRTOF-
MS.ThesymbolsG1,G2,G3denotevacuumgauges.

ThenextpumpingbarriertowardstheMRTOFde-
viceisenabledbythedesignoftheoutertrapchamber.
Thesteererunitisinstalledintoacylindricalhousing
tosealtheoutertrapchambertowardsthesubsequent
iontransfersection.Theapertureattheentranceofthe
steerersectionhasa6mmdiameter,andattheexitthe
pulseddrifttubeismountedhavingalengthof150mm
with15mmdiameter.Thesetwounitsprovideasecond
pumpingbarrier.

ThetransfersectionisseparatelypumpedbyTMP
(SEIKOSEKISTP-301)withindependentpre-pumpand
theadjacenttubetothepulseddrifttubehasalarger
diametertoallowforsu!cientgasßowtotheTMP.
ThethirdandlastpumpingbarriertowardstheMRTOF
chamberisthe6mmapertureatthegatevalveinopen
state.Thechamberofthemassanalyzerispumpedby
twoTMPsinparallel(EdwardsSTP-451),ofwhichthe
backendsarefurtherpumpedbyasmallerTMP(Ed-
wardsNEXT85D)toprovidemoree!cientpumpingby
alow-pressurebackend.ThisvacuumconÞgurational-
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FIG.5.Normalizedionintensityof39K+ionsasafunction
ofthenumberoflapsperformedintheMRTOF-MS.Atthe
highestinvestigatedlapnumbertheionsÕßightpathis2.2km
whileeachlaphasaßightpathofapproximately1.8m.The
correspondingTOFforthisA/qisontheorderof20ms.

lowspresentlyforabout3á10!6Pacausedbythehelium
streamintotheMRTOFchamber(outertrapchamber
withgaugeG1:2á10!2Pa),whilethepressureinsidethe
ßationtrapisestimatedtobeontheorderof1Pa(no
vacuumgaugeinsidethetrap).Despitetheadditional
e"orts,someoftheresidualheliumgasintheMRTOF-
MScausesunwantedejectionsofionsfromtheMRTOF
systemwithincreasingßightpathofions.Asshownin
Fig.5,thetransmissionofsingly-charged39K+ionsover
thecourseof1200lapsismeasuredtobeabout70%
whiletheßightpathisontheorderof2kmandthetime
ofßight21ms.Usualoperationisdonewithlapnumbers
between500and700whereabout80%ofthepotassium
ionshavebeentransmitted.Theestimatedmeanfree
pathisabout5km.

D.MeasurementSequence

Asdescribedin[57],bothlinearPaultrapsareusually
Þlledwithionsindependently(andsimultaneously)from
eachsource:thereferenceionsourceandtheon-linehe-
liumgascatcher.BothofthelinearPaultrapstransfer
ionsalternatelytothecentralßationtrap,wherethe
ionsarecooledandthenejectedtowardstheMRTOF
system.Exceptfortheshortmomentoftransfertothe
ßationtrap,bothlinearPaultrapsarecontinuouslyin
accumulationandcoolingmode(axialtrappingpoten-
tialdepthisontheorderof!10V).Whileoneofthe
lineartrapinjectsionsintothecentraltrapthepoten-
tialoftheotherlineartrapisinfullyclosed(accumu-
lationandtrapping)mode,wherethepotentialofthe
segmentclosesttotheßationtrapisareßectingwell.
Thisalternateinjectionenablestheconcomitantrefer-
encingmethod[18,57]whichallowsforhighlyfrequent
measurementsofreferenceions(atpresentevery50ms)
andthusforexcellentcompensationofTOFdriftsmainly
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boardswiththeelectrodestructureoftheßationtrap
aregluedtotheholdersothatthelinearPaultrapsand
theßationtrapareaclosedvolumereferredtoasin-
nertrapchamber.Heliumgasisinjecteddirectlyinto
theßationtrapusinganaccessportatthetrapholder,
whichalsosuppliesthelinearPaultraps.Theonlyleak-
agetotheoutertrapchamberisduetothenecessary
0.7mmapertureforionejection.Theinnerandouter
trapchamberareseparatelypumpedbyturbomolecu-
larpumps(TMP),whichprovidestheÞrsttwoessential
pumpingstages(EdwardsSTP-451,andEdwardsSTP-
H451C).

FIG.4.Sketchofthevacuumsystemwithtreedi!erential
pumpingstagestoreducetheheliumloadintheMRTOF-
MS.ThesymbolsG1,G2,G3denotevacuumgauges.

ThenextpumpingbarriertowardstheMRTOFde-
viceisenabledbythedesignoftheoutertrapchamber.
Thesteererunitisinstalledintoacylindricalhousing
tosealtheoutertrapchambertowardsthesubsequent
iontransfersection.Theapertureattheentranceofthe
steerersectionhasa6mmdiameter,andattheexitthe
pulseddrifttubeismountedhavingalengthof150mm
with15mmdiameter.Thesetwounitsprovideasecond
pumpingbarrier.

ThetransfersectionisseparatelypumpedbyTMP
(SEIKOSEKISTP-301)withindependentpre-pumpand
theadjacenttubetothepulseddrifttubehasalarger
diametertoallowforsu!cientgasßowtotheTMP.
ThethirdandlastpumpingbarriertowardstheMRTOF
chamberisthe6mmapertureatthegatevalveinopen
state.Thechamberofthemassanalyzerispumpedby
twoTMPsinparallel(EdwardsSTP-451),ofwhichthe
backendsarefurtherpumpedbyasmallerTMP(Ed-
wardsNEXT85D)toprovidemoree!cientpumpingby
alow-pressurebackend.ThisvacuumconÞgurational-
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1

20040060080010001200
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ion
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FIG.5.Normalizedionintensityof
39

K
+

ionsasafunction
ofthenumberoflapsperformedintheMRTOF-MS.Atthe
highestinvestigatedlapnumbertheionsÕßightpathis2.2km
whileeachlaphasaßightpathofapproximately1.8m.The
correspondingTOFforthisA/qisontheorderof20ms.

lowspresentlyforabout3á10!6Pacausedbythehelium
streamintotheMRTOFchamber(outertrapchamber
withgaugeG1:2á10!2Pa),whilethepressureinsidethe
ßationtrapisestimatedtobeontheorderof1Pa(no
vacuumgaugeinsidethetrap).Despitetheadditional
e"orts,someoftheresidualheliumgasintheMRTOF-
MScausesunwantedejectionsofionsfromtheMRTOF
systemwithincreasingßightpathofions.Asshownin
Fig.5,thetransmissionofsingly-charged39K+ionsover
thecourseof1200lapsismeasuredtobeabout70%
whiletheßightpathisontheorderof2kmandthetime
ofßight21ms.Usualoperationisdonewithlapnumbers
between500and700whereabout80%ofthepotassium
ionshavebeentransmitted.Theestimatedmeanfree
pathisabout5km.

D.MeasurementSequence

Asdescribedin[57],bothlinearPaultrapsareusually
Þlledwithionsindependently(andsimultaneously)from
eachsource:thereferenceionsourceandtheon-linehe-
liumgascatcher.BothofthelinearPaultrapstransfer
ionsalternatelytothecentralßationtrap,wherethe
ionsarecooledandthenejectedtowardstheMRTOF
system.Exceptfortheshortmomentoftransfertothe
ßationtrap,bothlinearPaultrapsarecontinuouslyin
accumulationandcoolingmode(axialtrappingpoten-
tialdepthisontheorderof!10V).Whileoneofthe
lineartrapinjectsionsintothecentraltrapthepoten-
tialoftheotherlineartrapisinfullyclosed(accumu-
lationandtrapping)mode,wherethepotentialofthe
segmentclosesttotheßationtrapisareßectingwell.
Thisalternateinjectionenablestheconcomitantrefer-
encingmethod[18,57]whichallowsforhighlyfrequent
measurementsofreferenceions(atpresentevery50ms)
andthusforexcellentcompensationofTOFdriftsmainly
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Vacuum
setup

T
he

vacuum
system

(see
F

ig.
4)

is
optim

ized
to

allow
for

su!
cient

helium
gas

pressure
in

the
P

aultraps
w

hile
preserving

ultra-high
vacuum

inside
the

M
R

T
O

F
cham

-
ber,

and
w

hile
keeping

the
length

of
the

transfer
section

m
o

derately
short.

To
this

end
the

linear
P

aultraps
are

fully
encapsulated

by
thin

m
etaltubes

being
also

a
part

of
the

m
ounting

structure
for

them
.

T
he

tubes
further

reach
inside

the
holder

of
the

ß
at

ion
trap

and
provide

fullsealing
tow

ards
the

outer
trap

cham
ber.

T
he

circuit
boards

w
ith

the
electro

de
structure

of
the

ß
at

ion
trap

are
glued

to
the

holder
so

that
the

linear
P

aultraps
and

the
ß

at
ion

trap
are

a
closed

volum
e

referred
to

as
in-

ner
trap

cham
ber.

H
elium

gas
is

injected
directly

into
the

ß
at

ion
trap

using
an

access
port

at
the

trap
holder,

w
hich

also
supplies

the
linear

P
aultraps.

T
he

only
leak-

age
to

the
outer

trap
cham

ber
is

due
to

the
necessary

0.7
m

m
aperture

for
ion

ejection.
T

he
inner

and
outer

trap
cham

ber
are

separately
pum

ped
by

turbom
olecu-

lar
pum

ps
(T

M
P

),
w

hich
provides

the
Þ

rst
tw

o
essential

pum
ping

stages
(E

dw
ards

S
T

P
-451,

and
E

dw
ards

S
T

P
-

H
451C

).
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4.

S
ketch

of
the

vacuum
system

w
ith

tree
di!

erential
pum

ping
stages

to
reduce

the
helium

load
in

the
M

R
T

O
F

-
M

S
.

T
he

sym
b

ols
G

1,G
2,G

3
denote

vacuum
gauges.

T
he

next
pum

ping
barrier

tow
ards

the
M

R
T

O
F

de-
vice

is
enabled

by
the

design
of

the
outer

trap
cham

ber.
T

he
steerer

unit
is

installed
into

a
cylindrical

housing
to

seal
the

outer
trap

cham
ber

tow
ards

the
subsequent

ion
transfer

section.
T

he
aperture

at
the

entrance
of

the
steerer

section
has

a
6

m
m

diam
eter,

and
at

the
exit

the
pulsed

drift
tube

is
m

ounted
having

a
length

of
150

m
m

w
ith

15
m

m
diam

eter.
T

hese
tw

o
units

provide
a

second
pum

ping
barrier.

T
he

transfer
section

is
separately

pum
ped

by
T

M
P

(S
E

IK
O

S
E

K
IS

T
P

-301)w
ith

independentpre-pum
p

and
the

adjacent
tube

to
the

pulsed
drift

tube
has

a
larger

diam
eter

to
allow

for
su!

cient
gas

ß
ow

to
the

T
M

P
.

T
he

third
and

lastpum
ping

barrier
tow

ards
the

M
R

T
O

F
cham

ber
is

the
6

m
m

aperture
at

the
gate

valve
in

open
state.

T
he

cham
ber

of
the

m
ass

analyzer
is

pum
ped

by
tw

o
T

M
P

s
in

parallel(E
dw

ards
S

T
P

-451),
of

w
hich

the
back

ends
are

further
pum

ped
by

a
sm

aller
T

M
P

(E
d-

w
ards

N
E

X
T

85D
)

to
provide

m
ore

e!
cient

pum
ping

by
a

low
-pressure

back
end.

T
his

vacuum
conÞ

guration
al-
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N
orm

alized
ion

intensity
of

39K
+

ions
as

a
function

of
the

num
b

er
of

laps
p

erform
ed

in
the

M
R

T
O

F
-M

S
.

A
t

the
highestinvestigated

lap
num

b
er

the
ionsÕ

ß
ightpath

is
2.2

km
w

hile
each

lap
has

a
ß

ight
path

of
approxim

ately
1

.8
m

.
T

he
corresp

onding
T

O
F

for
this

A
/q

is
on

the
order

of
20

m
s.

low
s

presently
for

about3á10
!

6
P

a
caused

by
the

helium
stream

into
the

M
R

T
O

F
cham

ber
(outer

trap
cham

ber
w

ith
gauge

G
1:

2á10
!

2
P

a),w
hile

the
pressure

inside
the

ß
at

ion
trap

is
estim

ated
to

be
on

the
order

of
1

P
a

(no
vacuum

gauge
inside

the
trap).

D
espite

the
additional

e"orts,
som

e
of

the
residualhelium

gas
in

the
M

R
T

O
F

-
M

S
causes

unw
anted

ejections
of

ions
from

the
M

R
T

O
F

system
w

ith
increasing

ß
ight

path
of

ions.
A

s
show

n
in

F
ig.5,the

transm
ission

ofsingly-charged 39K
+

ions
over

the
course

of
1200

laps
is

m
easured

to
be

about
70

%
w

hile
the

ß
ightpath

is
on

the
order

of2
km

and
the

tim
e

ofß
ight21

m
s.

U
sualoperation

is
done

w
ith

lap
num

bers
betw

een
500

and
700

w
here

about80
%

ofthe
potassium

ions
have

been
transm

itted.
T

he
estim

ated
m

ean
free

path
is

about
5

km
.

D
.

M
easurem

ent
S

equence

A
s

described
in

[57],both
linear

P
aultraps

are
usually

Þ
lled

w
ith

ions
independently

(and
sim

ultaneously)
from

each
source:

the
reference

ion
source

and
the

on-line
he-

lium
gas

catcher.
B

oth
of

the
linear

P
aultraps

transfer
ions

alternately
to

the
central

ß
at

ion
trap,

w
here

the
ions

are
co

oled
and

then
ejected

tow
ards

the
M

R
T

O
F

system
.

E
xcept

for
the

short
m

om
ent

of
transfer

to
the

ß
at

ion
trap,

both
linear

P
aultraps

are
continuously

in
accum

ulation
and

co
oling

m
o

de
(axial

trapping
poten-

tial
depth

is
on

the
order

of
!

10
V

).
W

hile
one

of
the

linear
trap

injects
ions

into
the

central
trap

the
poten-

tial
of

the
other

linear
trap

is
in

fully
closed

(accum
u-

lation
and

trapping)
m

o
de,

w
here

the
potential

of
the

segm
ent

closest
to

the
ß

at
ion

trap
is

a
reß

ecting
w

ell.
T

his
alternate

injection
enables

the
concom

itant
refer-

encing
m

etho
d

[18,
57]

w
hich

allow
s

for
highly

frequent
m

easurem
ents

of
reference

ions
(at

present
every

50
m

s)
and

thus
forexcellentcom

pensation
ofT

O
F

drifts
m

ainly
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! [W!

!

!

! !

!"#$ %
&' %

()*+",$%
-$./012+1)!% 34%()*+",$%

! !"#$%&&%%%+ 94 V%345'%/6"#7$0 % %

! '$"((")
*+,%( %%%+ 94 V%89+$0#).+%$*$/+0)-$%)!%&'%$*$/+0)-$%"00":%

! '$"((")
-..%( %%%+ 69 V%;!!$0#).+%$*$/+0)-$%)!%&'%$*$/+0)-$%"00":%

! /#,01$
*+,%( %%%+ 59 V%89+$0#).+%$*$/+0)-$%)!%<!"%34' %

130 V22 (8.1 MHz)%
! /#,01$

-..%( %%%+ 45 V%;!!$0#).+%$*$/+0)-$%)!%<!"%34' %

! /#,01$
3"45 %%%+ 15 V%=$61!-%)>%<!"%34'?%>"/$%+)%>"/$%@1+6%A#$%34' %

! 6.701$ %%%+ 10 V%A#$%34'?%B4%.1,!"*C%10 V22 (75 kHz)% 90 V22 (9.9 MHz)%

! 829!
+: %% %+ 9 V%D2.+0$"#%$-,$%)!%EF;5%$*$/+0)-$.%

300 V22 (6.7 MHz)%
! 829!

7*;. %% %+ 0 V%&)@!.+0$"#%$-,$%)!%EF;5%$*$/+0)-$.%

! <=2>
+: %%

%" 5 V%
!""#$#%!&'()*+

"((%'), % D2.+0$"#%$-,$%)!%GFH%$*$/+0)-$.%>)0%,".%
/$**%I>0)!+J%.1-$%

480 V22 (3.2 MHz)%

%+ 20 V%
-.-"&'()+&(+/0%

! <=2>
?-77&%%%

%" 10 V%
!""#$#%!&'()*+

"((%'), % K1--*$%2"0+%)>%GFH%$*$/+0)-$.%>)0%,".%/$**%
I>0)!+J%.1-$%%+ 10 V%

-.-"&'()+&(+/0%

! <=2>
7*;. %%

%0 V%
!""#$#%!&'()*+

"((%'), % &)@!.+0$"#%$-,$%)!%GFH%$*$/+0)-$.%>)0%
,".%/$**%I>0)!+J%.1-$%" 2.5 V%%

-.-"&'()+&(+/0%

! 1> %% %~0 V%
4*"+%1)!%+0"2%>)0%K3H84%#"..%
#$".90$#$!+?%.$$%LAA3)M%>)0%-$+"1*.%

640 V22 (3.0 MHz)%

! (=2>
7*;. %%

%30 V%
!""#$#%!&'()*+

"((%'), % &)@!.+0$"#%$-,$%)!%GFH%$*$/+0)-$.%>)0%
"*N"*1%1)!%.)90/$%I0$"0J%.1-$%

200 V22 (2.6 MHz)%

%" 1 V%
-.-"&'()+&(+/0%

! (=2>
?-77&%%%

%" 22 V%
!""#$#%!&'()*+

"((%'), % K1--*$%2"0+%)>%GFH%$*$/+0)-$.%>)0%"*N"*1%
1)!%.)90/$%I0$"0J%.1-$%%8 V%

-.-"&'()+&(+/0%

! (=2>
+: %

%6.7 V%
!""#$#%!&'()% D2.+0$"#%$-,$%)!%GFH%$*$/+0)-$.%>)0%

"*N"*1%1)!%.)90/$%I0$"0J%.1-$%%20 V%
"((%'),*+

-.-"&'()+&(+/0%
%
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! [V!

C! <"+"&"*"$D,3,&"*0&/%,1$+,&
!

=76! @%.,-.*192%"-, "CEFG"
!

! D$24'!W8I!%6-<%!+6'!'11/3/'*3/'%!1-)!%'.')$4!?"!%,'3/'%!</+6!B"To!+6'!+-+$4!'11/3/'*3:!EftotalG!

-1!'$36!?"!<$%!3$43(4$+'0!$%!+6'!)$+/-!-1!+6'!3-(*+!)$+'!-2%').'0!$1+')!#?DFA!+-!+6'!3-(*+!

)$+'!2'1-)'!?APQ!2:!,4$%+/3!%3/*+/44$+-)8!D6'!%+-,,/*7!'11/3/'*3:!EfstopG!/%!+6'!1)$3+/-*!-1!

?"%!%+-,,'0!2:!+6'!?AQP!$*0!<$%!'.$4($+'0!(%/*7!k"CcRR!^JdD$_!2$%'0!-*!+6'!&'$%()'0!

'*')7:!0/%+)/2(+/-*!-1!'$36!?"8!X/+6!+6'!$,,4/3$+/-*!-1!&-*-36)-&$+/3!2'$&!-,+/3%!/*!+6'!

1(+()'!^ZJQ6_5! fstop! /%!'U,'3+'0!+-!2'!/&,)-.'0!2:!$!1$3+-)!-1!W!-)!&-)'8!

!

!

D6'!+)$*%,-)+!'11/3/'*3:!EftransG!<$%!-2+$/*'0!2:!0/./0/*7! ftotal! 2:! fstop8!\-+'!+6$+! ftrans!

/*34(0'%!*-+!-*4:!?APQ!2(+!$4%-!/-*!7(/0'5!/-*!+)$,!$*0!#?DFA!+)$*%&/%%/-*8!>%!%6-<*!

/*!D$24'!W8I5!$!)'$%-*$24'! ftrans! -1!&-)'!+6$*!IJy!<$%!-2+$/*'0!1-)!&$*:!?"%8!D6'! ftrans!

0','*0%!-*!%'.')$4!1$3+-)%5!/*34(0/*7!+6'!/*3/0'*+!2'$&!/*+'*%/+:5!<6/36!3-*+)/2(+'%!+-!+6'!

%,$3'936$)7'!'11'3+!^JWD$_5!+6'!&$%%9+-936$)7'!)$+/-5!<6/36!$11'3+%!+6'!%+$2/4/+:!-1!+6'!?A!

+)$,!^ZJD$_5!+6'!6$4194/1'5!<6/36!4'$0%!+-!0'3$:!4-%%'%5!$*0!+6'!36'&/3$4!,)-,')+/'%!-1!+6'!

/*3-&/*7! %,'3/'%! 0('! +-! /&,()/+/'%! /*! +6'! K'! 7$%8! D6'%'! &-4'3(4$)! 1-)&$+/-*%! 3$*! 2'!

%(,,)'%%'0!2:!1()+6')!3--4/*7!-1!+6'!?APQ8!"&,)-.'0!,')1-)&$*3'!<$%!3-*1/)&'0!2:!+6'!

41L?'!F)()!D-+$4!'11/3/'*3/'%! EftotalG!&'$%()'0!</+6! +6'!0'+'3+-)%!-*!STC!

$*0!+6'!#?DFA8!C+-,,/*7!'11/3/'*3/'%!EfstopG!<')'!3$43(4$+'0!1)-&!k"Cc00!

</+6!'U,')/&'*+$4!2'$&9'*')7:!0/%+)/2(+/-*!-1!?"8!D6'!+)$*%,-)+!'11/3/'*3/'%!

EftransG!3-))'%,-*0!+-!/-*!+)$*%&/%%/-*!1)-&!+6'!7$%!3'44!+-!#?DFA8!



! [d!

'U,')/'*3'!-1!+6'!3):-7'*/3!7$%!3'44!/*!P>?"C!""!^IVC3_!8!

! !

>4%-5! A/78! W8I! %6-<%! +6'! /*+'*%/+:! -1! &'$%()'0! ?"%! $+! #?DFA! $%! $! 1(*3+/-*! -1! +6'!

+'&,')$+()'!-*! +6'!?APQ8!X'!(%'0!6/76!,()/+:!K'!7$%! EPI!7)$0'G! $*0! +6'!K'!7$%!<$%!

1()+6')!,()/1/'0!+-!%(29,,2!4'.'4%!</+6!$!6'$+'0!7'++')!7$%!,()/1/')!E#-*-D-))5!BC[9#DIWG8!

K-<'.')5! )'%/0($4! /&,()/+/'%5! '8785! '&/++'0! 1)-&! +6'! 36$&2')! <$44! <6'*! ?"! 2'$&%! $)'!

/*='3+'0!/*+-!+6'!?APQ5!3$*!)'0(3'!+6'!'11/3/'*3:!2:!&-4'3(4$)!1-)&$+/-*!-)!*'(+)$4/H$+/-*!

-1! +6'! +$)7'+! /-*%8!D6')'1-)'5! 1()+6')!,()/1/3$+/-*!<$%!,')1-)&'0!2:!$!(%'!-1!3--4/*7! +6'!

?APQ8!"*!+6/%!'U,')/&'*+5!+6'!?APQ!<$%!3--4'0!0-<*!+-!IdJ!a8!

8!

!

!
! >%!%6-<*!/*!A/78!W8I5!/+!<$%!-2%').'0!+6$+!$%!+6'!+'&,')$+()'!/*3)'$%'05!+6'!*(&2')!-1!/-*%!

-1! /*+')'%+! 0'3)'$%'0! $*0! +6'! *(&2')! -1! 3-*+$&/*$*+! &-4'3(4'%! /*3)'$%'08! "+! /%! $4%-!

/*+')'%+/*7!+-!*-+'!+6$+!+6'!%4/76+!0'3)'$%'!2'4-<!IgJ!a!&$:!%(77'%+!$!2)$*36/*7!+-<$)0%!Z0!

36$)7'!%+$+'!1)-&!%/*74'!36$)7'!-1!?"%!-1!/*+')'%+!^IVC3_8!

!

! D6)-(76!+6/%!-*94/*'!3-&&/%%/-*/*7!<'!6$.'!2''*!$24'!+-!'.$4($+'!.$)/-(%!,')1-)&$*3'%!

$*0!6$.'!1-(*0!+6$+!+6')'!/%!$!)--&!1-)!+6'!/&,)-.'&'*+!%(36!$%!3--4/*7!,')1-)&$*3'!-*!

ht2

Entries  70847
Mean    222.9

Std Dev     5.632

Underflow       0
Overflow    37.59

Integral   285.7

Skewness 1.276! 
Kurtosis   2.314
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ht2

Entries  70847
Mean    222.9

Std Dev     5.632

Underflow       0
Overflow    37.59

Integral   285.7

Skewness 1.276! 
Kurtosis   2.314

sweep*2e-4+180 {abs(20801250-tof/(1+d_tree.dr/20640719))<100}
ht1

Entries  12652
Mean    195.9
Std Dev     12.52

Underflow       0
Overflow      109
Integral  1.254e+04
Skewness  0.9592
Kurtosis  0.05128

ht0
Entries  1980
Mean    197.5
Std Dev     13.19

Underflow       0
Overflow       28
Integral    1952
Skewness   1.053
Kurtosis 0.03809! 
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! [g!

+6'!?APQ8!X'!$)'!3())'*+4:!0'.'4-,/*7!$!4-*7')!7$%!3'44!EI8W!&!4'*7+6G!$*0!-()!O*-<4'07'!

-2+$/*'0!6')'!</44!2'!$0-,+'0!1-)!+6'!0'.'4-,&'*+!-1!+6'!4-*7')!7$%!3'448!

! "



! WJ!

=74! 01&&"-, "9%(#.-9>.'2$"9(2:%'"J'#$"2&3&=5>?5"
!

K"2"!! LAD*67))*6(7),#(6(+/*
D6'!'U$3+!1-)&(4$!1-)!+6'!)'4$+/-*!2'+<''*!&$%%!$*0!DFA5!/*+)-0(3'0!/*!Q6$,8!Z5!/%!

$+ = (+
$, − (,$-

(,
(

++ − +0

+, − +0
)

2
+ (+$-. (5.1)!

D6'! $+! $*0! $,! $)'!$+-&/3!&$%%!-1!/*+')'%+!$*0!)'1')'*3'5! (! $)'!36$)7'!-1!'$36!/-*5! $e!

/%!'4'3+)-*!&$%%8!D6'!2/*0/*7!'*')7:!-1!+6'!'4'3+)-*!/%!-*!+6'!-)0')!-1!$!1'<!'L5!<6/36!/%!

*'74/7/24'! 7/.'*! +6'! 3())'*+! &'$%()'&'*+! $33()$3:8!D6'! ++ ! $*0! +, ! $)'! +6'!DFA! -1! +6'!

$*$4:+'!$*0!)'1')'*3'!/-*%!)'%,'3+/.'4:5!$*0! +0! /%!$!3-*%+$*+!-11%'+!0('!+-!+6'!3/)3(/+%!-1!+6'!

0$+$!$3N(/%/+/-*!%:%+'&8!

! A/7()'!W8Z!%6-<%!$*!'U$&,4'!-1!+6'!DFA!%,'3+)(&%!<'!-2+$/*'0!/*!+6'!'U,')/&'*+8!
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1-)!?"%!'U+)$3+'0!1)-&!?APQ!$*0!E2G!1-)!aR!1)-&!+6'!-1194/*'!/-*!%-()3'8!D6-%'!
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! WI!

K"2"2! LAD*?#15/1+9*
! "*!+6'!3$%'!-1!4-*79+')&!&'$%()'&'*+%5!+/&'!14(3+($+/-*!3$*!-33()!-*!$!DFA!%,'3+)(&!E$%!

%6-<*! /*! A/78! W8YG8! D:,/3$4! %-()3'%! -1! +6'! +/&'! 14(3+($+/-*! $)'! +6')&$4! 'U,$*%/-*! $*0!

3-*+)$3+/-*! -1! +6'! #?DFA! %,'3+)-&'+')5! 0)/1+/*7! -1! .-4+$7'%! 1)-&! +6'! ,-<')! %(,,4/'%!

0','*0/*7!-*!+'&,')$+()'5!$*0!+6'!14(3+($+/-*%!-1!.-4+$7'%!0('!+-!+6'!4/&/+%!/*!+6'!%+$2/4/+:!

-1! +6'! ,-<')! %(,,4/'%8! "*! -)0')! +-! -2+$/*! ,)'3/%'! 14/76+! +/&'5! +6'! +/&'! 14(3+($+/-*! <$%!

3-))'3+'0!2:!+6'!1-44-</*7!&'+6-08!

!

!

!

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

D6'!DFA!0)/1+!<$%!3-))'3+'0!2:!(%/*7!+6'!14/76+!+/&'!-1!)'1')'*3'!/-*%!<6/36!<')'!,)-./0'0!

1)-&!+6'!-1194/*'!$4O$4/!/-*!%-()3'!$%!&'*+/-*'0!2'1-)'8!D6'!3-))'3+/-*!<$%!,')1-)&'0!$%!

+6'!1-44-</*7!%+',%8! !
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! WZ!

!

!

!

C+',!I8!D6'!$.')$7'!+/&'!-1!14/76+! 0C̃! 1)-&!+6'!)$<!0$+$!-1!+6'!0)/1+9+)$3O/*7!/-*m%!,'$O!

<$%!0'0(3'0!E"*!A/78!W8Y!3$%'5!0)/1+9+)$3O/*7!/-*!/%!(%a0!1)-&!$4O$4/!/-*!%-()3'G8!

!

C+',!Z8!c$36!DFA!-1!+6'!0)/1+9+)$3O/*7!/-*! 0C"
5!<6/36!<$%!%(2+)$3+'0! 0C̃5!<$%!,4-++'0!$%!$!

1(*3+/-*!-1!+6'!&'$%()/*7!3:34'! h! </+6!'.'):!ZW!&%!/*+').$45!$%!%6-<*!/*!A/78!W8[8!D6'!%9

%N($)'!1/++/*7!1-)!$!%(/+$24'!</0+65!/*0/3$+'0!$%!l%4/3'!</0+6m!/*!A/78!W8[5!<$%!0-*'!(%/*7!$!

,-4:*-&/$4!1(*3+/-*!-1! h! (,!+-!+6/)0!-)0')!
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3$(%/*7!$!4$)7')!(*3')+$/*+:!+-<$)0%!+6'!*'(+)-*9)/36!%/0'8!A()+6')&-)'5!+6'!)'N(/)'0!DFA!
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O'L5!<6/36! 4'$0! +6'! /&,)-.'&'*+%!(,! +-!$2-(+!-*'!-)0')!-1!&$7*/+(0'!3-&,$)'0! +-! +6'!
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! `g!

O"F"!! LN&$+(,/#&+*)(%7#7/1&+*(+(#9.*7+4*(6%1#1'7-*)0(--*97%*
! D<-9*'(+)-*!%',$)$+/-*!'*')7:!Ev2!G5!0'1/*'0!/*!^cN8!E`8IG_5!)'.'$4%!+6'!2'6$./-)!-1!+6'!

/*+'))'4$+'0!%6'44%5! !

v2!(%, ") = [$(%, " − 2) + 2$! − $(%, ")]'2 

= #(%, ") − #(%, " − 2) 

= w5(%, " − 2) − w5(%, ") + 2($! − x), (6.1) 

<6')'! $5! $! 5! #5! w5 5! $*0! x! $)'! $+-&/3! &$%%5! *'(+)-*! &$%%5! 2/*0/*7! '*')7:5! &$%%!

'U3'%%5!$*0!$+-&/3!&$%%!(*/+5!)'%,'3+/.'4:8!"*!^cN8!E`8IG_5!+6'!*'(+)-*!%',$)$+/-*!'*')7:!/%!

0/)'3+4:!0')/.'0!1)-&!+6'!&$%%!0/11')'*3'!2'+<''*!+6'!/%-+-,'%8!A)-&!$!%:%+'&$+/3!+)'*0!-1!

+6'! v2!! -1!$!3')+$/*!/%-+-,'!36$/*5!$!)$,/0!0)-,!-1! v2!! )',)'%'*+%!$!%6'44!34-%()'!<6')'!+6'!

2/*0/*7! -1! +6'! *'U+! +<-! *'(+)-*%! 2'3-&'%! %(00'*4:! <'$O5! $*0! $! 14$+! 2'6$./-)! -1! v2!!

/*0/3$+'%!+6'!%6'44!%+)(3+()'!0-'%!*-+!36$*7'!.'):!&(368!

! A/7()'!`8V!%6-<%!+6'! v2!! -*!'$36!/%-+-,/3!36$/*!-1!$"#!ZV!9![[!$*0!!!u!Ig!9!Z`8!D6'!

3-4-)'0! 0-+%! $*0! 4/*'%! 'U3',+! 1-)! )'0! -*'%! /*0/3$+'! +6'! 'U,')/&'*+$4! 0$+$! '.$4($+'0! /*!

>#cZJZJ!$*0!)'3'*+!'U,')/&'*+$4!0$+$!^ZJ#'5!ZJ#/_5!$*0!)'0!-*'%!/*0/3$+'!'U,')/&'*+$4!

0$+$!/*34(0/*7!-()!'U,')/&'*+$4!.$4('%8!D6'! v2!! 0'3)'$%'%!</+6!/*3)'$%/*7!*'(+)-*!*(&2')!

$*0!+6'!2/*0/*7!'*')7:!2'3-&'%!<'$O')!+-<$)0%!+6'!*'(+)-*!0)/,!4/*'!$%!$!7'*')$4!+)'*08!

D6'!4$)7'!O/*O%!$,,'$)!$+!3$*-*/3$4!&$7/3!*(&2')!$"#!Zd!-*!+6'!36$/*%!1)-&!S!u!Ig!EaG!+-!

ZY! ELG!$,,'$)8!>4%-5!34'$)!O/*O%!$,,'$)!$+! %(29&$7/3!*(&2')!$"#!YZ!$*0! % ~! ZJ! EQ$G!

/%-+-,'!</+6!,)-+-*!&$7/3!*(&2')8!

! "*!A/78!`8V5!+6'-)'+/3$4!3$43(4$+/-*!$)'!$4%-!,4-++'08!D6/%!3$43(4$+/-*!/*0/3$+'0!2:!0$%6'0!

4/*'!/*!A/78!`8V!/%!+6'!&/3)-%3-,/3!+6'-)'+/3$4!3$43(4$+/-*!</+6!+6'!.$4'*3'9%,$3'!1-)&(4$+/-*!

-1!+6'!/*9&'0/(&!%/&/4$)/+:!)'*-)&$4/H$+/-*!7)-(,!ELC9"#C?PG8!D6/%!,)'0/3+/-*!<$%!(%'0!

1-)!+6'!3-&,$)/%-*%!</+6!'U,')/&'*+$4!.$4('%!/*!4$+'%+!&$%%!&'$%()'&'*+%!-*!C3!/%-+-,'%!

/*!^ZIk'_8!D6/%!&-0'4!)-(764:!)',)-0(3'%!+)'*0%!-1! v2!! -*!+6-%'!/%-+-,'!36$/*%8!
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"#$%&'!G)I)!c&,/)/3$4! %6'44!7$,! y2!! -1!*'(+)-*9)/36!Q$5!C35!D/5!L5! $*0!Q)!

/%-+-,'%8!T$+$! /%!1)-&!>#cZJZJ!^ZIK(_!R!)'3'*+!^ZJ#'5ZJ#/_!E24('G!</+6!

-()!0$+$!E)'0G!$%!1(*3+/-*!-1!*'(+)-*!*(&2')8!T-++'0!4/*'!)',)'%'*+%!+6'-)'+/3$4!

3$43(4$+/-*%!-*!+6'!&-0'4!-1!LC9"#C?P!^ZIC+_8!



! VZ!

"*! -)0')! +-! /*.'%+/7$+'! +6'! %6'44! 7$,! 2:! (%/*7! +6'! +<-9*'(+)-*! %',$)$+/-*! '*')7:5! +6'!

'&,/)/3$4!*'(+)-*9%6'44!7$,!Ey2!G!/%!0'1/*'0!2:!+6'!1-44-</*7!'N($+/-*5!

y2!(%,  ") = v2!(%,  ") − v2!(%,  " + 2) 

= 2#(%,  ") − #(%,  " − 2) + #(%,  " + 2). (6.2) 

>%!3$*!2'!%''*!1)-&!+6'!^cN8!E`8ZG_5! y2!! /*0/3$+'%!+6'!%:%+'&$+/3!36$*7'%!-1!+6'!%4-,'%!-1!

v2!8!D6/%! /%!-1+'*!(%'0! +-! /0'*+/1:!%6'44!'11'3+%8!D6'! y2!! )'%(4+%! 1-)! +6'! /%-+-,'%! /*! +6/%!

%+(0:!$)'!%6-<*!/*!A/78!`8d!$%!$!1(*3+/-*!-1!*'(+)-*!*(&2')!$*0!/*!A/78!`8g!$%!$!1(*3+/-*!-1!

,)-+-*!*(&2')5!)'%,'3+/.'4:5!+-7'+6')!</+6!+6'!+6'-)'+/3$4!&-0'4!-1!LC9"#C?P!^ZIC+_8!

"*!A/78!̀ 8d5!/*!$44!/%-+-,'%5!$!%+)-*7!%6'44!'11'3+!1-)!'U,')/&'*+$4!$*0!+6'-)'+/3$4! y2!! /%!%''*!

$+!N = 285!+6'!34$%%/3$4!&$7/3!*(&2')8!A-)!Q$5!+6'!6'/76+!-1!'U,')/&'*+$4! y2!! ,'$O!$+!N 

= 28!/%!$2-(+!`!#'L!$*0!/%!34-%'!+-!H')-!$+!N = 26!$*0!N = 308!D6'!6'/76+!-1!,'$O%!(,!+-!

[!#'L!$)'!$4%-!-2%').'0!$+!N = 32!$*0!Y!#'L!$+!N = 348!D6(%5!1-)!Q$!/%-+-,'%5!+6'!34-%'0!

%6'44!'11'3+%!$)'!34'$)4:!%''*!$+!N = 28,!$!u!YZ5!$*0!Y[!^Id#/_8!

A-)!C3!/%-+-,'%!$%!%6-<*!/*!A/78!`8d5!'U,')/&'*+$4! y2!! $)'!(,0$+'0!-*!$"#!YZ!$*0!$"#!Y[!

/*!+6/%!<-)O!E)'0!4/*'G8!D6-%'!0$+$!$)'!<'44!3-*%/%+'*+!</+6!+6'!.$4('%!1)-&!>#cZJZJ!E24('!

4/*'G8!D6')'1-)'5!+6'!,'$O!-1!+6'!%6'44!7$,!-*!$"#YZ!$*0!*-!'U/%+'*3'!-1!+6'!,'$O!-*!$"#!Y[!

1-)!C3!/%-+-,'%5!<6/36!<')'!0/%3(%%'0!/*!)'18!^ZIk'_5!$)'!3-*1/)&'0!/*!+6/%!<-)O8!

! A-)!D/!/%-+-,'%5!'U,')/&'*+$4! y2!! $)'!(,0$+'0!1)-&!$"#!YZ!+-!$"#!Yd!/*!+6/%!<-)O!E)'0!

4/*'G8!F*!$"#!YZ5!+6'!,'$O!-1!+6'!%6'44!7$,!/%!34'$)4:!-2%').'05!6-<'.')!+6'!6'/76+!-1!+6'!

,'$O!/%!Z8`!#'L5!4-<')!+6$*!-*'%!/*!Q$!$*0!C35!$*0!6/76')!+6$*!-*'%!/*!L5!Q)5!A'5!$%!%6-<*!

/*!A/78!`8g8!D6')'1-)'5!34-%'0!%6'44!2'6$./-)!%+/44!)'&$/*%!-*!$"#!YZ!/*!D/!/%-+-,'8!>4%-5!$+!

$)-(*0!$"#!Y[5!+6'!,'$O!%6$,'!E,$)$2-4$!%6$,'G!/%!%''*!/*!+6'! y2!! 1)-&!>#cZJZJ!E24('!

4/*'G5!6-<'.')!/*!-()!(,0$+'0! y2!! +6'!%6$,'!/%!.$*/%6'0!$*0!&-*-+-*/3!0)-,%!+-<$)0!$"#!

Yd!/%!-2%').'08!D6')'1-)'5!*-!'U/%+'*3'!-1!+6'!34-%'0!%6'44!'11'3+!-*!$"#!Y[!/*!D/!/%-+-,'!/%!

%(77'%+'08!D6'!(,0$+'0! y2!! -*!$"#!Y[!/*!D/!/%!I8`!#'L5!<6/36!/%!%/&/4$)!+-!-*'%!/*!C35!L5!

Q)!$*0!A'!$%!%6-<*!/*!A/78!`8g8!D6/%!$4%-!%(,,-)+%!+6'!.$*/%6&'*+!-1!34-%'0!%6'44!'11'3+!-*!

$"#!Y[!/*!D/!/%-+-,'%8! !

! A-)!L!/%-+-,'%5!'U,')/&'*+$4! y2!! $)'!(,0$+'0!1)-&!$"#!YZ!+-!$"#!Yd!/*!+6/%!<-)O!E)'0!

4/*'G8!D6'!(,0$+'0! y2!! 6$%!$!&-*-+-*/3!0)-,!+-<$)0!$"#"[J5!%(77'%+/*7!*-!'U/%+'*3'!-1!

34-%'0!%6'44!'11'3+!-*!$"#!YZ!$*0!Y[8!"+!%6-(40!2'!*-+'0!+6$+!+6'! y2!! $)-(*0!$"#!Y[!1)-&!

+6'!>#cZJZJ!E24('!4/*'G!0$+$!6$%!4$)7'!'))-)%!/*!D/!$*0!L5!&$O/*7!/+!0/11/3(4+!+-!(*0')%+$*0!

+6'! 0'+$/4'0! %+)(3+()'8! "*! +6'! ,)'%'*+! 0$+$5! +6'! y2! ! $+!$"#! Y[! $)'! -2+$/*'0!</+6! 6/76')!



! VY!

,)'3/%/-*! $*0! $)'! %4/76+4:! %&$44')! /*! 2-+6! 3$%'%! )'4$+/.'! +-! >#cZJZJ! .$4('%5! 34'$)4:!

%(77'%+/*7!+6'!0/%$,,'$)$*3'!-1!+6'!34-%'0!%6'44!'11'3+!-*!$"#!Y[!/*!D/!$*0!L8! !
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F*!+6'!-+6')!6$*05!+6'-)'+/3$4!3$43(4$+/-*!-*!+6'!&-0'4!-1!LC9"#C?P!E0-++'0!4/*'G!/%!$4%-!

%6-<*!/*!A/78!`8d!$*0!`8g8!D6'!LC9"#C?P!3$43(4$+/-*5!$4+6-(76!/+!3$**-+!)',)-0(3'! v2!!

%-!&(36!/*!A/78!`8V5!3$*!)',)-0(3'!H/7H$7!,$++')*!<'448!K-<'.')5!LC9"#C?P!3$43(4$+/-*!
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"#$%&'!G)J)!c&,/)/3$4!%6'44!7$,! ∆2!! 1-)!/%-+-*'%!</+6!+6'!3$*-*/3$4!&$7/3!*(&2')!

-1!$"#!Zd5!+6'!*'<!&$7/3!$"#!YZ5!$*0!Y[8!T$+$!/%!1)-&!+6'!>#cZJZJ!^ZIK(_!</+6!

)'3'*+!&'$%()'&'*+%!^ZJ#'5!ZJ#/_!E24('!4/*'G5!$*0!</+6!-()!<-)O!E)'0!4/*'G8!D6'!

+6'-)'+/3$4!3$43(4$+/-*!-*!+6'!&-0'4!-1!LC9"#C?P!/%!/*0/3$+'0!2:!0-++'0!4/*'%8!



! V[!

-1+'*!-.')'%+/&$+'%!+6'!'U,')/&'*+$4!.$4('%!/*!A/78!`8d!$*0!`8g8!D6'!0/11')'*3'%!2'+<''*!

'U,')/&'*+$4! $*0! +6'-)'+/3$4! .$4('%! /*! *(34'/! </+6! $" #! YZ9Yd! $)'! )-(764:! I! 9! Z! #'L8!

c%,'3/$44:5!4$)7'!-.')'%+/&$+/-*!$,,'$)%!-*!L!$*0!Q)!/%-+-,'%8!

! *



! VW!

O"F"2! A+(*+(,/#&+*)(%7#7/1&+*(+(#9.*7+4*+(,/#&+*%71#*'&##(-7/1&+*
! "*! -)0')! +-! 'U+)$3+! 1()+6')! /*1-)&$+/-*! -*! *(34'$)! %+)(3+()'! %:%+'&$+/3$44:! 2:! (%/*7!

/&,)-.'0! 'U,')/&'*+$4! &$%%'%5! -*'9*'(+)-*! %',$)$+/-*! '*')7:! Ev! G! $*0! ,$)/*7! '*')7:!

0'0(3'0!1)-&! v!! $)'!0/%3(%%'0!/*!+6/%!%'3+/-*8! v!! /%!0'1/*'0!$%!1-44-<%!

v!(%, ") = [$(%, " − 1) + $! − $(%, ")]'2 

= #(%, ") − #(%, " − 1) 

= w5(%, " − 1) − w5(%, ") + $! − x. (6.3)!

>%!<'44!$%!+6'!+<-9*'(+)-*!%',$)$+/-*!'*')7:5!+6/%!/%!$4%-!$!N($*+/+:!-2+$/*'0!0/)'3+4:!1)-&!

&$%%8!A/7()'!`8IJ!%6-<%!+6'! v!! -*!'$36!/%-+-,/3!36$/*!-1!$"#!ZV!9![[!$*0!!!u!Ig!EaG!t!Z`!

EA'G8! D6'! 3-4-)'0! 4/*'%! 'U3',+! 1-)! )'0! -*'%! /*0/3$+'! +6'! 'U,')/&'*+$4! 0$+$! +$O'*! 1)-&!

>#cZJZJ!^ZIK(_!$*0!)'3'*+!'U,')/&'*+$4!0$+$!^ZJ#'5ZJ#/_5!$*0!)'0!-*'%!/*0/3$+'!+6-%'!

'U,')/&'*+$4!0$+$!R!-()!'U,')/&'*+$4!.$4('%8!
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"#$%&'!G)(K)!F*'!*'(+)-*!%',$)$+/-*!'*')7/'%!-1!*'(+)-*9)/36!a5!Q$5!C35!D/5!L5!Q)5!

#*5!$*0!A'!/%-+-,'%!$%!$!1(*3+/-*!-1!*'(+)-*!*(&2')8!c$36!4/*'!3-4-)!%6-<%!/%-+-,/3!

36$/*!-1! '$36!'4'&'*+8!C-4/0! 4/*'%!$)'!'U,')/&'*+$4!.$4('%!2:!>#cZJZJ! ^ZIK(_!

/*34(0'0!)'3'*+!&'$%()'&'*+%!^ZJ#'5ZJ#/_8!?'0!4/*'%!$)'!(,0$+'0!.$4('%!/*!+6/%!

<-)O8!



! V`!

! D6'! v! ! 0'3)'$%'%! </+6! /*3)'$%/*7! *'(+)-*! *(&2')! $*0! +6'! 2/*0/*7! '*')7:! 2'3-&'%!

%&$44')!+-<$)0%!+6'!*'(+)-*!0)/,!4/*'!Ev! = 0G!$%!$!74-2$4!+)'*08!D6'!4-3$4!+)'*0%!%6-<!$!

H/7H$7!,$++')*!0','*0/*7!-*!+6'!'.'*9-00!*(&2')!-1!*'(+)-*%8!D6/%!+)'*0!/*0/3$+'%!+6$+!+6'!

2/*0/*7!'*')7:!/*3)'$%'%!</+6!*'(+)-*!,$/)/*78! !

!

! A/7()'! `8II! %6-<%! $! %36'&$+/3! 0)$</*7! -1! +6'! *'(+)-*! %/*74'9,$)+/34'! '*')7:! $*0! +6'!

)'4$+/-*%6/,!2'+<''*!*'(+)-*9%',$)$+/-*!'*')7/'%!$*0!*'(+)-*!,$)/*7!'*')7/'%8!>%!%6-<*!/*!

A/78! `8II5! +6'! A')&/! 4'.'4! -1! +6'! *(34'(%! $,,)-$36'%! +6'! (*2-(*0! 4'.'4! </+6! /*3)'$%/*7!

*'(+)-*! *(&2')5! +6(%! +6'! -.')$44! %:%+'&$+/3%! -1! v! ! 0'3)'$%'%5! 6-<'.')5! 0('! +-! ,$/)/*7!

/*+')$3+/-*5! 7)-(*0! %+$+'! '*')7:! $+! " = even! /%! 4-<')! +6$*! +6$+! $+! " − 15! +6')'1-)'! $!

H/7H$7!,$++')*! /%! -2%').'08!K')'5! ∆!
(3) ! 3-))'%,-*0%! +6'! ,$/)/*7! 7$,!,$)$&'+')5!<6/36! /%!

'U,)'%%'0!$%!+6'!0/11')'*3'!/*!*'(+)-*!%',$)$+/-*!'*')7:!2:!+6'!1-44-</*7!'N($+/-*5!

∆!
(3)(%, ") =

(−1)R

2
[2#(%, ") − #(%, " − 1) + #(%, " + 1)] 

=
(−1)R

2
[v!(%, ") − v!(%, " + 1)]. (6.4)!

! D6'! ∆!
(3) ! /%! 'U,')/&'*+$44:! 'U+)$3+'0! 1)-&! -009'.'*! %+$77')/*7! EFcCG! -1! 2/*0/*7!

'*')7/'%! E# G! 2:! +6)''9,-/*+! 1/4+')! ^gdC$_8! "*! +6'! )'1')'*3'! ^JZK/_5! ∆!
(3)(" = odd) ! /%!

! + 2! ! + 1! " 1

! ! " # 1 ! ! " + 2! " " + 1! ! "
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2! !
(" )(" # 1)!

"#$%&'!G)(()!C36'&$+/3!0)$</*7!-1!%/*74'!,$)+/34'!'*')7:!1-)!*'(+)-*!$*0!

)'4$+/-*%6/,!2'+<''*!*'(+)-*!%',$)$+/-*!'*')7/'%!$*0!,$)/*7!'*')7/'%8!



! VV!

,)'%'*+'0! $%! +6'! 2'%+! %(/+'0! &'+6-0! 1-)! +6'! 'U+)$3+/-*! -1! ,$)/*7! 7$,! ,$)$&'+')%! 1)-&!

'U,')/&'*+$4!0$+$8!D6'! ∆!
(3)(" = odd)! 1-)!+6'!/%-+-,'%!-1!Q$5!D/5!L5!Q)5!A'!/*!+6/%!<-)O!

$)'! %6-<*! /*!A/78! `8IZE$G! $%! $! 1(*3+/-*!-1! *'(+)-*!*(&2')! +-7'+6')!</+6! +6'! +6'-)'+/3$4!

3$43(4$+/-*%!^ZIC+5Ig#$_8!
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"#$%&'!G)(*)!E$G!\'(+)-*!,$)/*7!,$)$&'+')%! ∆!
(3)! -1!*'(+)-*9)/36!Q$5!D/5!L5!Q)5!$*0!

A'! /%-+-,'%! +$O'*! 1)-&! >#cZJZJ! ^ZIK(_! /*34(0/*7! )'3'*+! &'$%()'&'*+%!

^ZJ#'5ZJ#/_!E24('G!$*0!-()!0$+$!E)'0G!$%!$!1(*3+/-*!-1!*'(+)-*!*(&2')!E$"#!-00G8!

T-++'0!4/*'%!$*0!0$%6'0!4/*'%!$)'!+6'-)'+/3$4!3$43(4$+/-*%!-*!+6'!&-0'4%!-1!LC9"#C?P!

^ZIC+_!$*0!kSe!^Ig#$_5!)'%,'3+/.'4:8!>4%-5!%36'&$+/3!/44(%+)$+/-*%!-1!%/*74'9,$)+/34'!

-)2/+$4%! $)'! %6-<*! 1-)! E2G!D/! $*0! E3G! 1-)!Q$5! )'%,'3+/.'4:8!D6'! $))-<%! /*0/3$+'! +6'!

$++)$3+/.'!+'*%-)!1-)3'8!



! Vd!

"*!A/78!`8IZ!E$G5!1-)!D/!$*0!L!/%-+-,'%5!+6'!(,0$+'0! ∆!
(3)! $)'!,)-./0'0!1)-&!$"#!YY!9!YV!/*!

+6/%!<-)O8!"*!2-+6!3$%'%5!+6'!(*3')+$/*+/'%!1-)! ∆!
(3)! $)'!4$)7'4:!/&,)-.'05!3-&,$)'0!+-!+6'!

,)'./-(%!.$4('%5!$%!%6-<*!/*!A/78!̀ 8IZE$G8!>4+6-(76!*-!/*3)'$%'!-1!,)'./-(%! ∆!
(3)! E24('!4/*'G!

<$%!-2%').'0!-*!$"#!YW!1-)!D/!$*0!L!/%-+-,'%8!>*!-*%'+!-1!+6'!/*3)'$%'!-*!+6'!/&,)-.'0!

∆!
(3)! 6$%!2''*!34'$)4:!%''*!1-)!+6'!1/)%+!+/&'8!>*0!2-+6!3$%'%!-1!D/!$*0!L5!+6'!/*3)'$%'!-1!

∆!
(3)! $)'!%''*!+-<$)0!$"#![J!/*!A/78!`8IZE$G8!F*!+6'!-+6')!6$*05!+6'! ∆!

(3)! -1!D/!/%-+-,'%!$+!

$)-(*0!$"#![J!6$.'!6/76')!.$4('%!3-&,$)'0!</+6!Q)!/%-+-,'%8!K-<'.')5!+6'!(*3')+$/*+/'%!

-1! ∆!
(3)! -1!D/!/%-+-,'%!$+!$)-(*0!$"#![J!$)'!%+/44!4$)7'!1-)!0'+$/4'0!0/%3(%%/-*8!D6/%!2'6$./-)!

6$%!+6'!,-+'*+/$4!+-!)'.'$4!%6'44!'.-4(+/-*!+6)-(76!3-&,$)/%-*!</+6!&/3)-%3-,/3!+6'-)'+/3$4!

3$43(4$+/-*%!%(36!$%!%6'44!&-0'4%8!"*!*'U+!36$,+')5!<'!</44!0/%3(%%!+6'!-(+4--O!-1!+6/%!/%%('8! !



! Vg!

F! )'*2$1,3'*&
!

! \(34'$)!&$7/3!*(&2')%!6$.'!2''*!1-(*0!-*!*(34'/!34-%'!+-!!9%+$2/4/+:!4/*'8!K-<'.')5!/*!

*'(+)-*9)/36!*(34'/5!&$7/3!*(&2')%!0/%$,,'$)!$*0!*'<!&$7/3!*(&2')%!$,,'$)5!<6/36!6$%!

2'3-&'!+6'!%(2='3+!-1!/*+'*%'!)'%'$)36!/*!)'3'*+!:'$)%8!>+!,)'%'*+!*'(+)-*9)/36!*(34'/!3$*!

2'!,)-0(3'0!$+!+6'!6/76'%+!/*+'*%/+:!/*!+6'!<-)40!$+!?"@A!@/7?"BC8!#$%%'%!-*!+6'%'!*(34'/!

3$*!2'!&'$%()'0!</+6!6/76!,)'3/%/-*!(%/*7!#?DFA5!<6/36!3$*!2'!$*$4:H'0!/*!=(%+!$!1'<!

&/44/%'3-*0%8!#?DFA!&$%%!&'$%()'&'*+!)'N(/)'%!$!%4-<!?"!2'$&!</+6!+6'!'*')7:!-1!O'L5!

$4+6-(76!?"!2'$&!</+6!%'.')$4!6(*0)'0%!-1!#'LM*(34'-*!,)-./0'0!2:!?"@A8!"*!-)0')! +-!

%-4.'! +6/%! 36$44'*7'5! <'! 6$.'! 0'.'4-,'0! +6'! ?APQ8!>*0! +6)-(76! -()! 0'.'4-,&'*+%! 1-)!

?APQ!$*0!#?DFA!<6/36!6$.'!2''*!*'<4:!/*%+$44'0!$+!?"@A!@/7?"BC!$%!%6-<*!/*!+6/%!

+6'%/%5!<'!6$.'!0'&-*%+)$+'0!'11/3/'*+!&$%%!&'$%()'&'*+%!</+6!6/76!,)'3/%/-*8!

! "*!-()!?APQ!0'.'4-,&'*+5!$!*'<4:!0'%/7*'0!'4'3+)-0'!%+)(3+()'!6$%!2''*!/*+)-0(3'0!$*0!

+6'!+)$*%,-)+!3-*0/+/-*%!6$.'!2''*!-,+/&/H'0!$+!-1194/*'!+'%+%8!D6'!+)$*%,-)+!'11/3/'*3/'%!-1!

&-)'!+6$*!dJy!6$.'!2''*!$36/'.'0!1-)!'$36!'4'3+)-0'!%'3+/-*!2:!/*.'%+/7$+/*7!3-*0/+/-*%!

%(36!$%!+6'!7$%!,)'%%()'5!?A!1)'N('*3:5!$*0!?A!$&,4/+(0'8!D6'!?APQ!6$%!2''*!/*%+$44'0!$+!

+6'!0-<*%+)'$&!-1!+6'!@/7?"BC!2'$&4/*'5!<6/36!6$%!2''*!3-&2/*'0!</+6!+6'!#?DFA8!F*9

4/*'! 'U,')/&'*+%! <')'! ,')1-)&'0! %:&2/-+/3$44:! </+6! +6'! /*92'$&! "9)$:! %,'3+)-%3-,:!

'U,')/&'*+%!EK/Q>?"!3$&,$/7*G5!$*0!&$*:!*(34'/!</+6! ! =! [J9I[J!<')'! /*='3+'0! /*+-!

-()!%:%+'&8!>%!+6'!)'%(4+5!+6'!+)$*%,-)+!'11/3/'*3:!-1!$2-(+!Id!y!/*!&$U/&(&!<$%!$36/'.'0!

1-)!$44!%:%+'&!/*34(0/*7!?APQ!$*0!#?DFA8!D6'!)-2(%+*'%%!-1!+6'!*'<!'4'3+)-0'!%+)(3+()'!

<$%! 3-*1/)&'0! 2:! $4&-%+! O'',/*7! +6'! '11/3/'*3:! '.'*! $+! 2'$&! /*+'*%/+/'%! $2-.'! d! O3,%!

/*='3+/-*8!

! #$%%'%!-*!&-)'!+6$*!VJ!*(34/0'%!6$.'!2''*!&'$%()'0!$+!+6'!-*94/*'!'U,')/&'*+8!"*! ! =!

WJ9`J5! &$%%'%! -*! IW! *'(+)-*9)/36! *(34'/! 6$.'! 2''*! &'$%()'08! >&-*7! +6'&5! +6'! &$%%!

,)'3/%/-*%!-1!!!C35!!"D/5!!#D/5!!"L5!!$L5!!#L5!$*0!!%L!6$.'!2''*!%/7*/1/3$*+4:!/&,)-.'0!</+6!

%'.')$4!IJ!O'L!-)!4'%%!(*3')+$/*+/'%8!>4%-5!0'+')&/*'0!&$%%'%!-*!!#D/5!!#L!$*0!!%L!6$.'!2''*!

0'./$+'0! 1)-&!.$4('%!2':-*0! +6'!(*3')+$/*+/'%! /*!>#cZJZJ8!cU,')/&'*+$44:!0'+')&/*'0!

&$%%'%! /*! +6/%! <-)O! </+6! 6/76! ,)'3/%/-*! '*$24'%! +-! %+(0:! +6'! %:%+'&$+/3%! -1! *'(+)-*!

%',$)$+/-*!'*')7/'%8!D6'!'&,/)/3$4!%6'44!7$,%! y2!! '.$4($+'0!1)-&! v2!! /*0/3$+'%!+6$+!+6'!

,'$O!$+! " =! YZ!1-)!D/!/%-+-,'%!/%!34'$)4:!-2%').'05!%(77'%+/*7!$!34-%'0!%6'44!2'6$./-)!$+!



! dJ!

" =! YZ!1-)!D/!/%-+-,'%8!F*!+6'!-+6')!6$*05!*-!,'$O%!$+! " =! Y[!1-)!C35!D/!$*0!L!/%-+-,'%!

$)'! -2%').'05! %(77'%+/*7! *-! '*')7:! 7$,! -1! " =! Y[! <6/4'! 4$)7'! %6'44! 7$,! $+! " =! Y[!

$,,'$)%! /*! Q$! /%-+-,'%8! >4%-5! -*! +6'! ,$)/*7! '11'3+! /%! 0/%3(%%'0! 2:! ∆!
(3) ! 0'0(3'0! 1)-&!

(,0$+'0! v!5!+6'!-*%'+%!-1!+6'!/*3)'$%'&'*+%!$+! " =! YW!1-)!D/!$*0!L!/%-+-,'%!$)'!34'$)4:!

-2%').'05!%(,,-)+/*7!*-!'*')7:!7$,!$+! " =! Y[8!F()!0'.'4-,'0!?APQ!$*0!#?DFA!%:%+'&!

'*$24'0! +-! %:%+'&$+/3$4! %+(0:! -1! %6'44! 7$,! $+! " =! YZ5! Y[! $*0! ,$)/*7! '11'3+! $%! ,)-+-*!

*(&2')!36$*7'%!1)-&! % =! ZJ!+-!ZY5!</+6! " =! Zd!9![J8!

! &



! dI!

G! A1+$''H&
!

! >%!&'*+/-*'0! /*!C'38!`8[8Z5! +6'!,$/)/*7!'*')7/'%!-1!D/! /%-+-,'%!$+!$)-(*0!$"#![J!6$.'!

6/76')!.$4('%!3-&,$)'0!</+6!Q)!/%-+-,'%8!

! K')'5!<'!%6-<!'U,')/&'*+$4!'U3/+$+/-*!'*')7/'%!-1!+6'!1/)%+!ZR!E5(21
+)G!-*!Q$5!D/5!Q)5!A'!

$*0!\/!/%-+-,'%!/*!A/78!d8I8!D6'! 5(21
+)! .$4('%!-*!Q)!$*0!A'!/%-+-,'%!7)$0($44:!0'3)'$%'!

+-<$)0!$"#![J8!D6'!%/&/4$)!+'*0'*3:!3$*!2'!%''*!-*!D/!/%-+-,'%8!

!

!

! ?'3'*+4:5! 5(21
+)! -*!"'D/!E$"#"[JG!<$%!-2%').'0!<6/36!/%!/*0/3$+'0!2:!+6'!,4-++'0!,-/*+!

-*!$"#![J!-1!D/!/*!A/78!d8I5!$*0!+6'!$(+6-)!%(77'%+%!$!0'1-)&'0!"'D/!7)-(*0!%+$+'!^ZJQ-_8!

>4%-5!+6'!$(+6-)!%(77'%+%!+6$+!3-*1/7()$+/-*!&/U/*7!2'+<''*!*'(+)-*!)(!$*0!9:!-)2/+$4%8!

F*!+6'!-+6')!6$*05!$%!%6-<*!/*!A/78!`8IZ5!+6'! ∆!
(3)! -1!D/!/%-+-,'%!$+!$)-(*0!$"#![J!6$.'!

6/76')!.$4('%!3-&,$)'0!</+6!Q)!/%-+-,'%8!>4%-5! v2!! $*0! ∆2!! /*0/3$+'!%+)-*7!%+$2/4/+/'%!/*!

+6'!./3/*/+:!-1!"'D/!$%!3$*!2'!%''*!/*!A/78!̀ 8V!$*0!̀ 8d8!C8!#/36/&$%$!'+!$485!<6-!6$.'!&'$%()'0!

&-%+!'U-+/3!D/!/%-+-,'%!+-!0$+'5!%(77'%+%!+6$+!+6'!%+)-*7!%+$2/4/+/'%!/*!+6'!./3/*/+:!-1!"'D/!$)'!
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^dVA)_! @8!A)$*HO'5!$172,"MF>341D,"?83;=:>"/;A>,"58>,!@!*EO*F!Id!EIgdVG8!

^dg#-_! T8!#-))/%%':5!/;A><702"58H<8P"G5!DJEZG![`J!EIgdgG8!

^gJQ$_! ?8A8!Q$%+'*5!$172804"C34173148")4=D"0"C<D(28"/84>(873<H85!FU1-)0!e*/.')%/+:!
B)'%%5!EIggJG8!

^gJD(_! v8k8!D(5!v8P8!S6-(5!T8]8!L/'/)$5!]8#8!X-(+')%5!S8f8!S6-(5!K8k8!C'/1')+5!$*0!
L8P8!k/*05!!,"/;A>,"'Q"'3=D<7"$1728<!DDH5!Y`I9Y``!EIggJG8!

^gJX$_! c8!a8!X$)2()+-*5!]8!>8!@'3O')5!$*0!@8!>8!@)-<*5!/;A>,"58H,"G!E(5!II[V!EIggJG8!

^gJX-_! K8!X-44*/O!$*0!#8!B)H'<4-O$5!MF384F03<=F02"R=14F02"=)"?0>>"C(8734=D834A"0F:"
M=F"/4=78>>8>!EIggJG8!

^gIP$_! ]8!P$/&$)0!$*0!a8!C36&/0+5!$172804"/;A><7>"'5!FD(EYG!VJgtV[W!EIggIG8!

^g[C'_! K8k8!C'/1')+5!]8#8!X-(+')%5!T8]8!L/'/)$5!K8!X-44*/O5!v8P8!S6-(5!v8k8!D(5!S8f8!
S6-(5!P8X8!@(+4')5!!,"/;A>,"'!DEJ5!ZW9YZ!EIgg[G8!

^gWP'_! K8!P'/%%'4!83"02,5!'FF102"58H<8P"=)"$172804"0F:"/043<728"C7<8F78!EF5!I`Y9ZJY!
EIggWG8!

^gWP)_! ?8!P)H:<$3H!83"02,5!/;A>,"S833,"Q!DFF5![Yg!EIggWG8!

^g`@-_! P8!@-44'*!83"02,5!$172,"MF>341D,"?83;=:>"/;A>,"58>,!>!DGI!`VW!EIgg`G8!

^gV@'_! #8!@')*$%!'+!$485!/;A>,"S833,!Q!E(F5!III!EIggVG8!

^gV@)_! ?8! @)(*! $*0! A8! ?$0'&$O')%5! 5TTKN" 'F" =JU873" =4<8F38:" :030" 0F02A><>"
)40D8P=4BO"$172,"MF>341D,"?83;=:>"/;A>,"58>,!MDIJ!EIggVG!dI8!

^gV#/_! X8!#/++/7!83"02,5!'FF102"58H<8P"=)"$172804"0F:"/043<728"C7<8F785!EHEIG!ZVt!``!
EIggVG8"



! gZ!

^gVC$_! P8!C$.$)0!83"02,5!$172,"/;A>,!>!G*G!YWY!EIggVG8!

^gd@$_! f8! @$/5! T8]8! L/'/)$5! K8k8! C'/1')+5! $*0! ]8#8! X-(+')%5! 'M/" G=F)848F78"
/4=788:<F9>!EFF5!gJ!EIggdG8!

^gd#(_! P8!#(*H'*2')75!/VMSTCT/VMG'S"K5'$C'GKMT$CQ5TW'S"CTGM*KW"T6"
ST$XT$" C*5M*C" '" ?'KV*?'KMG'S" /VWCMG'S" '$X" *$IM$**5M$I"
CGM*$G*C5!,$7'%!ZJdYtZIJ[!EIggdG8!

^gdC$_! X8!C$+(z$5!]8!T-2$3H'<%O/5!$*0!X8!\$H$)'</3H5!/;A><702"58H<8P"S83384>!I(5!
YWgg!EIggdG8!

^ggK$_! #8!K$**$<$40!83"02,O"/;A>,"58H,"S833,!I*!IgYI!EIgggG8!

^JJK$_! #8!K$(%&$**!83"02,5!$172,"MF>341D,"?83;=:>"/;A>,"58>,!>!EEG!W`g!EZJJJG8!

^JIB)_! ]8!"8!B)/%3/$*0$)-!83"02,5!/;A><7>"S83384>"&!F(K)(!IV!EZJJIG8!

^JIC$_! K8!C$.$=-4%5!'3=D<7"/;A><7>"03"'77828403=4>N"?0>>"C(8734=D834A5!Z[W!EZJJIG8!

^JZK/_! C8!K/4$/)'!83"02,5!/;A><7>"S83384>!@!FD(!`I!EZJJZG8!

^JYa-_! L8!C8!a-46/*'*!83"02,5!$172,"MF>341D,"?83;=:>"/;A>,"58>,!@!*KE!WJZ!EZJJYG8!

^JY#$_! B8!A8!#$*+/3$!83"02,O"/;A>,"58H,"G!GH!JI[YII!EZJJYG8!

^JY#$_! B8!A8!#$*+/3$!83"02,O"/;A>,"58H,"G!GI!J[[YII!EZJJYG8!

^JYC3_! C8!C36<$)H!83"02,5!$172,"MF>341D,"?83;=:>"/;A>,"58>,!@!*KE!WJV!EZJJYG8!

^JYC/_! P8!C/O4')!83"02,5!$172,"MF>341D,"?83;=:>"/;A>,"58>,!@!*KE![dZ!EZJJYG8!

^JYC-_! F8!C-)4/*!83"02,O"*14,"/;A>,"R,"'!(G!WW!EZJJYG8!

^JYL'_! X8!L')O')O'! $*0! T8B8! a/)O2:5! K;8" 5==6<3" 3==2B<3" )=4" :030" D=:82<F9O" 87=F)!
RKDKD*E(!EZJJYG!#FkDJJV8!

^JYX-_! K8!X-44*/O!$*0!>8!Q$%$)'%5!MF384F03<=F02"R=14F02"=)"?0>>"C(8734=D834A!**H!
ZIV!EZJJYG8!

^J[k/_! C8!\8!k/00/3O!83"02,O"/;A>,"58H,"G!HK!J`[YJY!EZJJ[G8!

^J[#$_! #8!#$+-%5!D6'%/%5!P/'%%'*!EZJJ[G8!

^JWa-_! K8!a-()$5!D8!D$36/2$*$5!#8!e*-!$*0!#8!f$&$0$5!/4=9,"K;8=4,"/;A>,!((D!YJW!
EZJJWG8!

^JWk/_! f(8!>8!k/+.*-.!83"02,5!$172804"/;A><7>!>!HFG!Y!EZJJWG8!

^JWD$_! >8!D$O$&/*'5!83"02,5!58H<8P"=)"C7<8F3<)<7"MF>341D8F3>!HG5!IJYWJY!EZJJWG8!

^J`T'_! B8!T'*0--.'*!'+!$485!\"#!>!FFI!WdJ!EZJJ`G8!

^JV@$_! @8!@$%+/*!83"02,5!/;A>,"58H,"S833,!JJ5!JZZWJY!EZJJVG8!

^Jd>0_! B8!>0)/36!83"02,O"/;A>,"58H,"G!HH!JW[YJ`!EZJJdG8!

^JdF6_! D8!F6*/%6/!'+!$485!R,"/;A>,"C=7,"R(F,!HH5!JdYZJI!EZJJdG8!

^JdD$_! F8@8!D$)$%-.5!T8!@$H/*5!$172,"MF>3,"?83;,!@!*GG![`WV!EZJJdG8!



! gY!

^Jg>-_! \8!>-/!83"02,O"/;A>,"58H,"S833,!(K*!JIZWJZ!EZJJgG8!

^JgX$_! #8!X$*7!83"02,5!MFN"MF3,"R,"?=:,"/;A>,!c!(I!YWZ!EZJJgG8!

^JgX'_! ?8!X'%+')5!R,"/;A>,"&N"'3,"?=2,"T(3,"/;A>,!E*!IW[JJI!EZJJgG8!

^IJk=_! ]8!k=(*7.$44!83"02,O"/;A>,"58H,"G!I(!J`IYJIE?G!EZJIJG8!

^IJF6_! D8!F6*/%6/!'+!$485!R,"/;A>,"C=7,"R(F,!HJ5!JVYZJI!EZJIJG8!

^IIC3_! C8!C36<$)H5!MF384F03<=F02"R=14F02"=)"?0>>"C(8734=D834A!*JJ!VI!EZJIIG8!

^IIC6_! a8! C6/2$+$! 83" 02,5! YR*$XSQZ,[N" '" $8P" S<J404A" )=4" $172804" C7<8F78" 0F:"
*F9<F884<F9OY!R,"$172,"C7<,"K87;F=2,5!EI5!I!EZJIIG8!

^IZT-_! B8!T--)*'*2$45!/4=948>>"=)"K;8=483<702"0F:"*\(84<D8F302"/;A><7>"+[.+!EZJIZG8!

^IZa(_! D8!a(2-!'+!$485!/4=9,"K;8=4,"*\(,"/;A>,5!JYQJJY!EZJIZG8!

^IZ\$_! C8!\$/&/!83"02,O"/;A>,"58H,"G!IG!JI[YZW!EZJIZG8!

^IZe'_! D8!e'%$O$5!C8!C6/&-()$5!$*0!K8!C$O$/5!/4=9,"K;8=4,"*\(,"/;A>,!*K(*5!JYQJJV!
EZJIZG8!

^IZX-_! ?8!\8!X-41!83"02,5!$172,"MF>341D,"?83;=:>"/;A>,"58>,!>!GIG!dZ!EZJIZG8!

^IYQ)_! K8!k8!Q)$<1-)0!83"02,O"/;A>,"58H,"S833,!((K!Z[ZVJI!EZJIYG8!

^IY"+_! f8!"+-!'+!$485!/;A><702"58H<8P"Q!II!JIIYJ`!EZJIYG8!

^IYB4_! X8!?8!B4${5!D8!T/3O'45!$*0!Q8!C36'/0'*2')7')5!MF384F03<=F02"R=14F02"=)"?0>>"
C(8734=D834A!DEJ6DFK8I!IY[!EZJIYG8!

^IYC+_! T8!C+',,'*2'3O!83"02,5!$03148!Ek-*0-*G!FK*5!ZJV!EZJIYG8!

^IYf$_! f8!f$&$7(36/!'+!$485!$172,"MF>341D,"?83;=:>"/;A>,"58>,!@!D(H!`Zg!EZJIYG8!

^I[C3_! B8!C36():!83"02,5!MF384F03<=F02"R=14F02"=)"?0>>"C(8734=D834A!DFJ8Ig!EZJI[G8!

^IWT/_! D8!T/3O'4!83"02,5!$172,"MF>341D,"?83;=:>"/;A>,"58>,!>!HHH!IVZ!EZJIWG8!

^IW?-_! #8!?-%'*2(%36!83"02,5"/;A>,"58H,"S833,!((E!ZJZWJI!EZJIWG8!

^IWC+_! T8!C+',,'*2'3O!83"02,5"/;A>,"58H,"S833,!((E!ZWZWJI!EZJIWG8!

^IWv(_! v8!v(!83"02,5!G;<F8>8"/;A><7>"G!DJ5!IJ[JJI!EZJIWG8!

^I`T-_! B8!T--)*'*2$45!'M/"G=F),"/4=7,!(HFD5!JVJJJZ!EZJI`G8!

^I`K/_! D8!K/)%6!83"02,5!$172,"MF>341D,"?83;=:>"/;A>,"58>,!@!DHG!ZZg!EZJI`G8!

^I`#'_! S8!#'/%'4!83"02,O"/;A>,"58H,"G!JD!JYWdJW!EZJI`G8!

^I`#:_! c0&(*0!P8!#:')%5!$03148"/;A><7>!IZ!gd`!EZJI`G8!

^IVC3_! B8!C36():!83"02,5!$172,"MF>341D,"?83;=:>!@!EKH5!I`J!EZJIVG8!

^IVC+_! T8!C+',,'*2'3O!83"02,5!/;A><702"58H<8P"G!JG!J`[YIJ!EZJIVG8!

^IdT-_! B8!T--)*'*2$4!83"02,5!5M]*$"5M&6"(4=(=>02!\,IdIZ9)/21IVY!EZJIdG8!

^Id#/_! C8!#/36/&$%$!83"02,5!/;A><702"58H<8P"S83384>!(*(5!JZZWJ`!EZJIdG8!



! g[!

^Id#-_! #8!#-(7'-+!83"02,5!/;A><702"58H<8P"S83384>!(*K5!ZYZWJI!EZJIdG8!

^Ig>*_! C8!>:'+!C$*!>*0)!|'%!83"02,5!/;A>,"58H,!Q!JJ!J`[YIY!EZJIgG8!

^Igk-_! a8!k-00')%5!$)v/.oIgIZ8JJd[[!EZJIgG8!

^Ig#$_! \$9\$!#$!83"02,5!G;<F8>8"/;A>,"G!ED!J[[IJW!EZJIgG8!

^IgD$_! >8!D$O$&/*'!83"02,5!5M]*$"'7782,"/4=9,"58(,!F*5!IYg!EZJIgG8!

^ZJQ6_! C8!Q6'*!83"02,5!5M]*$"'7782,"/4=9,"58(,!FD!EZJZJG8!

^ZJQ-_! #8k8!Q-)+}%!83"02,5!/;A><7>"S83384>!&!IKK!IYWJVI!EZJZJG8!

^ZJ#'_! S8!#'/%'4!83"02,5!/;A><702"58H<8P"G!(K(5!JWZdJIE?G!EZJZJG8!

^ZJ#/_! C8!#/36/&$%$!83"02,5!/;A><702"58H<8P"S83384>!(*F5!IZZWJI!EZJZJG8!

^ZJB'_! K8!B'*++/4!~$!83"02,5!*/R" 8̂J"G=F),!*DJ!IVJJZ!EZJZJG8!

^ZJ?-_! #8!?-%'*2(%36!83"02,5!MF384F03<=F02"R=14F02"=)"?0>>"C(8734=D834A!EFG8II`Y[`!
EZJZJG8!

^ZJD$_! >8D$O$&/*'!83"02,5!5M]*$"'7782,"/4=9,"58(,!FD!EZJZJG8!

^ZIT(_! c8!T(*4/*75!D6'%/%5!f-)O!EZJZIG8!

^ZIK(_! X8]8! K($*75! #'*7! X$*75! A8P8! a-*0'.5! P8! >(0/5! $*0! C8! \$/&/5! G;<F8>8"
/;A><7>"G!EF5!JYJJJZ!EZJZIG8!

^ZIk'_! c8!k'/%+'*%36*'/0')!83"02,5!/;A><702"58H<8P"S83384>!(*G5!J[ZWJI!EZJZIG8!

^ZI\\_! \\TQ!F*9k/*'!T$+$!C')./3'!1)-&!+6'!c\CTA!0$+$2$%'8!

^ZI?-_! #8!?-%'*2(%36!83"02,5!5M]*$"'77,"/4=9,"58(,!FF!EZJZIG8!

^ZIC+_! C8!?8!C+)-2')75!]8!T8!K-4+5!>8!C36<'*O5!$*0!]8!C/&-*/%5!/;A><702"58H<8P"S83384>!
(*G5!JZZWJI!EZJZIG8!

^ZIX/_! a8!X/&&')!83"02,5!5M]*$"'77,"/4=9,"58(,!FE!EZJZIG8!

^ZZ?-_! #8!?-%'*2(%36!83"0285!$)v/.oZIIJ8IIWJV!EZJZZG8!

!
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