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√
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"#$ %&'(%)*' $' &'$+,-.' (% /',-0+%+-1) '23',-4')*%( &' '$*% '+5%+-1) 65'

,'(%+-7)% c◦ 8 c�9 +7) '( 3,-)+-3%( -)*',:$ &' /',-0+%, ') ;7,4% -43(<+-*% (%

'23,'$-1) &' =%/-',9 >+? @A?BC?

>) '$*' *,%.%D7 $' 3,'0,-1 '23,'$%, (% >+? @A?EC 5$%)&7 5) <)&-+' +7,,-&7 3%,%

(%$ $54%$9 '$*7 '$9 $' '$+,-.-1 j = 2m + 19 +7) m = 0, 1, 2, ... F 8 $' '$+,-.-1
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∞
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"#$"% ω %& '( )*%+,%$+-( ($.,'(*/ 0('+,'($"#1

∂2ϕ(z,t)

∂z2 = eiωt d2φ(z)

dz2 2

∂2ϕ(z,t)

∂t2
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i2ω2eiωtφ(z) = −ω2eiωtφ(z)3 &% &,&4-4,2%$ %&4#& 5('#*%& %$ '( 6+/ 78/ 9: ;(*(

#<4%$%*1

d2φ(z)

dz2
= −
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φ(z) 78/8=:

2 %>;'%($"# '( *%'(+-?$ %$4*% w@ c 2 %' $A>%*# "% #$"(& k1

ω = ck, 78/8 :

'( 6+/ 78/8=: 4#>( '( )#*>(1

d2φ(z)

dz2
= −k2φ(z). 78/88:
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78/8D:

2 %>;'%($"# k = ω
c
"% '( 6+/ 78/8 :@ '( 6+/ 78/8D: 4(><-E$ &% ;,%"% %F;*%&(*

(&G1
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∣
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∣

∣
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L = jπ ⇒
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jπ, con j = 1, 2, ... &'('!)

*+% ,#$ -., /0%1+%$12., .$3+-.0%, "% 0%,#$.$12.( 4- 5.-#0 j = 0 $# ,% 6#7. %$

1+%$6. 8. *+% 1#00%,9#$"% . +$. 0#6.12:$ 0;32". "% 6#". -. <.00. .-0%"%"#0

"% ,+ %=%( >#7# ω = 2πf -. 41( &'('!) ,% 1#$52%06% %$ -. 1#$#12". %?90%,2:$@

f =
c

2L
j, &'('A)

"#$"% 1#7# ,% %?9-21: .002<. c %, -. 5%-#12"." "% -. #$". 6#0,2#$.- 8 6#7.

-#, 5.-#0%, c◦ : c�B L %, -. -#$326+" "% -. <.00. 8 j = 1, 2, ... %, %- $C7%0# "%

$#"#, %$ -. .79-26+" "% #$". 6#0,2#$.-(

D$. 5%E *+% ,% #<6+52%0#$ -., %?90%,2#$%, 9.0. -., 5%-#12"."%, "% 90#9.3.12:$

%$ -#, F2,6%7., G 8 H 8 -. %?90%,2:$ 9.0. -., /0%1+%$12., "% -#, 7#"#,

$#07.-%, "% #,12-.12:$ 6#0,2#$.-B %$ %- ,23+2%$6% 1.9;6+-# ,% %?9#$% -. /#07.

%$ *+% ,% +,.0#$ 9.0. #<6%$%0 %- .$I-#3# %-I,621# "% -., %,1.-%0., "% J.$$2%0K
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/*4&# )!+&# $)%#,)!&-"# 0%"#"!$&! &-5*!&# &!&-)56&# /)! -&# "#/&-"%&# +"
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 - 0%,3"% #,#$"3&1 %"0%"#"!$&+) "! -& >,5= ?=@ ;&< 4 A*" #" %"B"%,%. /)3)

9,#$"3& C1 /)!#,#$" +" *! /)!(*!$) +" N /,-,!+%)# /,%/*-&%"# +" %&+,) R
/)! -)!5,$*+ D&%,&'-" ln1 n = 1, 2, ..., N 1 #"0&%&+)# 0)% 0"A*"E)# /,-,!+%)#
+" -)!5,$*+ ǫ ≪ ln 4 %&+,) r < R ≪ ln= F#$" "# "- &!.-)5) "-.#$,/) +"-
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 ! "#$" $%&'&() #" "*+,"&%- ", $.%*/!) 01')/2" 3&0/"!2) 1!& $%&2100/4! ,/'%" 2",

/!5,.#  !"#$%6  ! &''(#)$*&+,-.  !"$ &- $/ 01&', )% "! -$2, &  !",3 & (, +&/4!-&( 0#-$%
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(a)

(b)

"#$%&' () * +'&&', %,'-', .'&' /01232& 4', 2,5'42&', -2 6'33#2&781'&9* :';

0'&&' 5/3 524-', -2 4/3$#1%- <'&#'042 = :0; <#$' 5/3 524-', -2 #$%'4 4/3$#1%-

.2&/ -#>2&2312, '41%&',) ?'&' 24 8#,12@' AB ln = l/(1 + nγ)B n = 1, ..., 14C 5/3
l = 10.8 5@B γ = 0.091B ǫ = 2.52 @@ =

√

G/ρ = 3104.7 @D,) E/, &'-#/,

-2 4/, 5#4#3-&/, .2F%2G/, = $&'3-2, ,/3 r = 2.415 @@ = R = 6.425 @@B

&2,.251#<'@2312) H3 24 8#,12@' +B l = 5.0 5@B w = 1.905 5@ = cn = c(1+nγ)B
n = 1, ..., 15 5/3 c = 2027.3 @D, = γ = 0.02786) H4 '35I/B '41%&' = 4/3$#1%-

-2 4/, 5%0/#-2, .2F%2G/, ,/3 w′ = 5.0 @@B h′ = 5.0 @@ = ǫ′ = 6.0 @@B

&2,.251#<'@2312)

.&/.'$'5#J3 %,'-/ 23 4', &2>2&235#', K!B LB  MNB 5/@/ ,2 <2&O @O, '0'P/) E/,

8#,12@', A = + ,2 5/3,1&%=2&/3 @'F%#3'3-/ %3' .#2Q' ,J4#-' -2 '4%@#3#/)

H3 .&#@2& 4%$'& ,2 -#,5%12 24 -#,2G/ -2 2,1/, ,#,12@', =B ' 5/31#3%'5#J3B

-2,-2 %3 .%31/ -2 <#,1' 5%'4#1'1#</B 4', >&25%235#', -2 4/, @/-/, 3/&@'42, =

4', '@.4#1%-2, -2 /3-' .'&' <#0&'5#/32, 1/&,#/3'42,) RO, '-24'312 ,2 %,' 24

@S1/-/ -2 4' @'1&#Q -2 1&'3,>2&235#'B F%2 ,2 -#,5%12 23 24 '.S3-#52 +B = ,2

/01#2323 4', .&/.#2-'-2, -2 4/, @/-/, 3/&@'42,B F%2 ,2 5/@.'&'&O3 5/3 4',

@2-#5#/32, 2T.2&#@231'42,)

U/3 24 V3 -2 -#,2G'& 4/, 8#,12@', A = + ,2 2@.#2Q' 5/3 4/ F%2 ./-&W' 44'@'&7

,2 %3 @/-24/ -2 0'&&' #3-2.23-#2312 23 24 5%'4 5'-' 5%2&./ /,5#4' #3-2.237

-#2312@2312 -24 &2,1/ :<2& 24 '.S3-#52 A) ;) E', >&25%235#', -2 4/, @/-/,

3/&@'42, 1/&,#/3'42, f
(n)
j -2 4' 0'&&' n 5/3 4/3$#1%- ln = <24/5#-'- -2 /3-' cn
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2ln
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'*&'" j "# ", &>?"+* '" &*'*# "& ,( (?),.$@' '" *&'(7 A(+( *-$"&"+ @&

/*&B@&$* '" C+"/@"&/.(# "D@.'.#$(&$"# #" /*&#.'"+(& '*# *)/.*&"#E F( #"( D@"
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;G"+ ()L&'./" K73=5 #" $*?(+*& -(++(# /.+/@,(+"# /*&
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√

G
ρ
'*&'" ρ "# ,( '"&#.'('5 G ", ?1'@,* '" /*+$" F l @&( ,*&6.$@'

(+-.$+(+.( IB(7 M(F D@" N(/"+ &*$(+ D@" "& -(++(# /.+/@,(+"# ,( G",*/.'(' &*

'")"&'" '", +('.* 2345 )%67  39:7 A(+( ", J.#$"?( O ;G"+ ()L&'./" K7<=5 #"
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)(+%?"$+* γ "# ('.?"&#.*&(, F (B@#$(-,"7
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√
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"#$%&' () * +,&#-.'.#/0 ,12,&#3,04'5 6, 5' ,12&,7#/0 6, 8'9#,& 2'&' .'5.%5'&

,5 3:3,04: 6, 4:&7#/0 MT ; <.) = )>?) @#.A' ,12&,7#/0 2,&3#4, .'5.%5'& 5'

<.) =() ?) <0 ,5 ,B, 6, 5'7 'C7.#7'7 w = 1.91 .3 D h 7:0 ,5 '0.A: D 5' '54%&';

&,72,.4#9'3,04,; 6, 9'&#'7 C'&&'7 =9#$'7? 5#7'7; 7#0 ,74&%.4%&'; .:0 7,..#/0

4&'079,&7'5 &,.4'0$%5'&) <0 ,5 ,B, 6, 5'7 :&6,0'6'7 7, $&'-./ ,5 .:.#,04, 6,

9,5:.#6'6,7 =2%04:7 'E%5,7? cexp
�

/cexp
◦

; 6:06, cexp
◦

= 3190 3F7; D 6, 5' 4,:&G'
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√

α
I
; 4:3'6: 6, 5' <.) = )HI?;
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,5 '2L06#., @)

M5 &,7:59,& 5'7 <.7) =() ? D =()(? 7, :C4%9#,&:0 5:7 9'5:&,7 6, hn 4'5,7 N%,

cn = c
1+nγ

)

<04:0.,7

f
(n)
j =

{ √

G
ρ

(1 + nγ) j/2 l para el Sistema A

c (1 + nγ) j/2 l para el Sistema B,
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D 5'7 6#O,&,0.#'7 ∆f
(n)
j = f

(n+1)
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(n)
j 7:0 #$%'5,7 '*

∆j ≡ ∆f
(n)
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{ √

G
ρ

γ j/2 l para el Sistema A

c γ j/2 l para el Sistema B,
=()P?
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"#$ %&#"'$ $() *)+',')+*')-'$ +'" .)+*%' n/

01(2# $' +*$%&-' '" 3*$-'4# 0/ 5&#)+( '" ,#264'-2( #27*-2#2*( γ '$ *8&#" #

%'2(9 $' :(24# &)# 7#22# "(%#"4')-' ,'2*;+*%#/ <$-# 7#22# "(%#"4')-' ,'2*;=

+*%# 4&'$-2# &) '$,'%-2( +' 7#)+#$ > ?/ 5&#)+( γ 6= 0 #,#2'%' &) '$,'%-2(

%(4,"'-#4')-' +*:'2')-'/ <" )&'@( '$,'%-2( '$ $'4'A#)-' # "# '$%#"'2# +'

B#))*'2=3-#2C/

0)-'$ +' ,2'$')-#2 "($ %6"%&"($ +' "($ 4(+($ )(24#"'$ ,#2# '$-' $*$-'4#9 D

"&'8( 4($-2#2 "($ 2'$&"-#+($ )&4E2*%($ D 'F,'2*4')-#"'$9 $' 1#26 &) #)6"*$*$

%&#"*-#-*@( ,#2# @'2 G&E -*,( +' '$,'%-2( $' ,(+2.# '$,'2#2 +'" 4(+'"( +'

7#22# *)+',')+*')-'/ H#2# "#$ :2'%&')%*#$ 46$ 7#A#$9 "# "()8*-&+ +' ()+# λ
'$ +'" 4*$4( (2+') +' 4#8)*-&+ G&' L ≈

∑N

n=1 ln9 D "# 7#22# %(4,"'-# $'

'F%*-#/ H'2( %&#)+( λ +*$4*)&D' D ""'8# # $'2 +'" (2+') +' l1 = l
1+γ

9 "#

7#22# 46$ "#28#9 "# 7#22# 19 $' 'F%*-# ') &) '$-#+( 'G&*@#"')-' # $& 4(+(

)(24#" 46$ 7#A(/ <" 2'$-( +' "#$ 7#22#$ '$-6) :&'2# +' 2'$()#)%*#9 ,(2 "(

G&' $& #4,"*-&+ +*$4*)&D' # 4'+*+# G&' $' '$-6 46$ "'A($ +' "# 7#22# 1/
H(2 "( -#)-(9 '" '$-#+( $' "(%#"*I# #"2'+'+(2 +' '$-# J"-*4#/ <) %*'2-( $')-*+(

'$-( '2# +' '$,'2#2$' D# G&' $' '$-6 ,'2-&27#)+( &)# '$-2&%-&2# ,'2*;+*%#

,#2# (7-')'2 &) $*$-'4# &)*+*4')$*()#" +'$(2+')#+(9 G&' 4&'$-2# $*'4,2'

#4,"*-&+'$ +' ()+# "(%#"*I#+#$/ 0&4')-#)+( "# :2'%&')%*# 'F%*-#+(2# ,(2

∆19 <%/ KL/MN9 "# 7#22# %() "()8*-&+ l2 = l
1+2γ

9 '$-( '$9 "# 7#22# 29 $' 'F%*-#26

#1(2# D '" 2'$-( '$-#26 :&'2# +' 2'$()#)%*#/ H(2 "( -#)-( "#$ #4,"*-&+'$ +'

"#$ @*72#%*()'$ +*$4*)&D') %():(24' $& +*$-#)%*# # "# 7#22# 2 $' *)%2'4')-#/

O# #4,"*-&+ +' ()+# )&'@#4')-' '$-6 "(%#"*I#+# ,'2( #1(2# #"2'+'+(2 +' "#

7#22# 2P E$-# -*')' &)# :(24# $*4*"#2 # "# #4,"*-&+ +' ()+# G&' "# 7#22# 1
-').# #)-'$9 ,'2( '$-6 "*8'2#4')-' +':(24#+#9 %(4,2*4*+#9 D -2#$"#+#+# +'

"# 7#22# 1 # "# 7#22# 2/ <" 4*$4( #28&4')-( $' #,"*%# %&#)+( "# 7#22# n +'

"()8*-&+ ln = l
1+nγ

$' 'F%*-#/

O( G&' $' 1# 1'%1( '$ ,2(+&%*2 &)# <B3 Q)*-#9 '$-( '$9 N '$-#+($ "(%#"*=

I#+($ %() &)# +*:'2')%*# +' :2'%&')%*#$ %()$-#)-' +#+# ,(2 "# <%/ KL/MN/ 3*)

'47#28(9 'F*$-') 46$ '$%#"'2#$ D# G&' 4(+($ )(24#"'$ %() +($ ( 46$ )(+($

-#47*E) $' ,&'+') 'F%*-#2 ') %#+# 7#22#/ H(2 'A'4,"(9 -(4#)+( j = 2 ')

"# <%/ KL/RN $' (7-*')' &)# $'8&)+# '$%#"'2#/ <$-# '$%#"'2# '$ +*:'2')-' +' "#

,2*4'2# +'7*+( # G&' "# +*:'2')%*# +' :2'%&')%*#$ '$ #1(2# '" +(7"' G&' ') "#

'$%#"'2# 46$ 7#A#9 %(4( $' @' +' "# <%/ KL/MN/ O($ '$-#+($ $() )&'@#4')-'

"(%#"*I#+($ D -(+($ -*')') &)# :(24# $*4*"#2 #&)G&' %(4,2*4*+($/ <F*$-' &)#

-'2%'2# '$%#"'2# %() ∆3 = 3∆1 D #$. ,#2# (-2($ @#"(2'$ +' j/ S) #28&4')-(
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OSCILADOR

CAMAC

EMAT

DETECTOR

EXCITADOR

AMPLIFICADOR DE POTENCIA
AMPLIFICADOR

SENSIBLE A
LA FASE

AMPLIFICADOR

BARRA DE ALUMINIO

CURSOR

PS1PS2iman

bobina barra

!"#$%& '(') *"&#%&+& ,- ./01$-2 ,-/ ,"2302"4"50 -63-%"+-74&/( 8&%& -/ 9"24-:

+& ; 4&740 -/ ,-4-<40% <0+0 -/ -6<"4&,0% 207 =>;?2@ +"-74%&2 1$- 3&%& -/

9"24-+& A -/ -6<"4&,0% B$- $7 4%&72,$<40% 3"-C0-/D<4%"<0@ 5-% -/ &3D7,"<- E( (

2"+"/&% 3&%& -/ 9"24-+& A +$-24%& 4&+."D7 /& -6"24-7<"& ,- 5&%"&2 =F9( G&

,"B-%-7<"& -74%- /&2 -2<&/-%&2 ,- /& +-<H7"<& <$H74"<& I /&2 -/H24"<&2 -2 1$- -7

/&2 J/4"+&2 -/ -23&<"&+"-740 -74%- %-207&7<"&2 70 -2 /& +"2+& 3&%& ,"B-%-74-2

-2<&/-%&2(

9- <&/<$/&%07 /&2 3%03"-,&,-2 ,- /02 -"#-7+0,02 ,- /&2 .&%%&2 ,- /&2 !"#2( '(K

L&M I L.M <07 <07,"<"07-2 & /& B%074-%& ,- -64%-+02 /".%-2 $2&7,0 -/ +D40,0

,- /& +&4%"C ,- 4%&72B-%-7<"& 3&%& 07,&2 40%2"07&/-2@ +D40,0 ,"2<$4",0 -7 /&

%-B-%-7<"& N O I ,-2&%%0//&,0 &1$P -7 -/ &3D7,"<- A( 9- +","-%07 /&2 B%-<$-7:

<"&2 I /&2 &+3/"4$,-2 ,- /02 +0,02 70%+&/-2 $2&7,0 -/ 2"24-+& -63-%"+-74&/

,-2<%"40 -7 /& !"#( '('( =7 /02 &3D7,"<-2 E(' I E(Q 2- ,&7 +H2 ,-4&//-2 &/

%-23-<40( 9- $2R $7 4%&72,$<40% -/-<4%0+&#7D4"<0 &<J24"<0 L=>;?M 1$- -2

+$I 5-%2H4"/ I B$7<"07& & .&S&2 B%-<$-7<"&2( =/ =>;? <072"24- ,- $7 "+H7
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"#$%&' !()* "&+,%+-,#'. /+ 01. 21/1. -1&2'0+. /+0 3#.4+2' 5 ,121 6%-,#7-

/+0 8'&92+4&1 '/#2+-.#1-'0 γ(

8+&2'-+-4+ : %-' ;1;#-' : 6%+ /+.'&&100'/1 &+,#+-4+2+-4+ +- +0 <';1&'41=

&#1 /+ >#;&',#1-+. ?09.4#,'.

 

@ AB( C%+/+ +D,#4'& 1 /+4+,4'& .+0+,4#E'2+-4+

E#;&',#1-+. ,128&+.#1-'0+.F 41&.#1-'0+. 1 G+D#1-'0+.( ?- +0 '8H-/#,+ I(J .+

/#.,%4+ +- 61&2' ,%'0#4'4#E' +0 6%-,#1-'2#+-41 /+0 ?K5L ,121 +D,#4'/1& :

/+4+,41& /+ E#;&',#1-+. ',M.4#,'.( ?- +0 &+,%'/&1 /+ 0' "#$( !(! +0 ?K5L .+

,1-N$%&7 8'&' /+4+,4'& E#;&',#1-+. 41&.#1-'0+.O EH'.+ 0' &+6+&+-,#' @ B(

 

 ! "# $!%&'&(&) *" +'"!,'-% ./%',-%0 12345+-67(% 4)8"#)%9
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"#$%&' ()*+ "&,-%,.-#'/ 0, 12/ 3202/ .2&3'1,/ 0,1 4#/5,3' 6 7%, 0'. ,1 ,8,-52

0, ,/-'1,&' ,19/5#-' 0, :'..#,&;45'&<) ='&' -'0' >'12& 0, j 1' -21%3.' 0, 1'

#?7%#,&0' -2&&,/@2.0, ' 12/ >'12&,/ ,A@,&#3,.5'1,/B 1' -21%3.' 0, ,. 3,0#2

'1 &,/%15'02 .%3C&#-2 7%, /, 2D5#,., 0, ,3@1,'& ,1 3C5202 0, 1' 3'5&#? 0,

5&'./8,&,.-#' E 1' -21%3.' 0, 1' 0,&,-F' 3%,/5&' 12/ &,/%15'02/ '@&2A#3'02/

/#$%#,.02 ,1 320,12 0, D'&&' #.0,@,.0#,.5,) G. 12/ -91-%12/ /, %/H %. >'12&

,8,-5#>2 0, r/R #$%'1 ' 0.353 I JB >,& ,1 '@C.0#-, K) L' #.-,&5#0%3D&, ,. 12/

>'12&,/ ,A@,&#3,.5'1,/ ,/ 3,.2& 7%, 0.01 %) G. 12/ &,-%'0&2/ /, 3%,/5&'.

1'/ '3@1#5%0,/ 0, 2.0' 5,H&#-'/ @'&' %. ,/5'02 ,. ,1 ,A5&,32 0, 1' ,/-'1,&'

E 25&2 ,. ,1 -,.5&2 0, C/5')

G. 1' "#$) ()! /, 3%,/5&' ,1 ,/@,-5&2 0,1 4#/5,3' 6 -232 8%.-#H. 0,1 @'&9;

3,5&2 '0#3,./#2.'1 γ) M232 /, 3,.-#2.H '.5,&#2&3,.5,B @'&' γ = 0 '@'&,-,

%. ,/@,-5&2 0, D'.0'/B E -2.82&3, γ '%3,.5' 12/ .#>,1,/ 0, -'0' D'.0' /,

/,@'&'. @'&' 82&3'& 1' G:4) L'/ 8&,-%,.-#'/ 0, 12/ 3202/ .2&3'1,/ 0, 1'

D'&&' 7%, /, 3%,/5&' ,. 1' "#$) ()N O'P /, 0'. ,. 1' "#$) ()* @'&' γ = 0.091)
G. @&#3,& 1%$'& F'E 7%, .25'& 7%, 12/ &,/%15'02/ 5,H&#-2/ -2#.-#0,. 3%E

D#,. -2. 12/ ,A@,&#3,.5'1,/) 60,39/B ,1 5&'5'3#,.52 -%'1#5'5#>2 @&2@2&-#2;

.' %.' @&#3,&' '@&2A#3'-#H. D'/5'.5, D%,.') 4, @%,0, >,& 0, ,/5' Q$%&'

7%, 12/ ,/5'02/ 82&3'. %. -2.R%.52 0, ,/-'1,&'/ 0, :'..#,&;45'&<B -232 /,
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"#$%&' ()*+ ,#-./0' 1+ 2304'&'2#56 7/ 8'- '048#.%7/- 7/ 367' /94/&#0/6.'8/-

:4%6.3-; 236 8'- 2'82%8'7'- 43& /8 0<.373 7/ 8' 0'.&#= 7/ .&'6->/&/62#' :2%&?'

236.#6%';) @'- 8A6/'- ?/&.#2'8/- #67#2'6 8' 43-#2#56 7/ 83- 2%/&43- 2#8A67&#23-

4/B%/C3- :0%/-2'-;)

7#-2%.#5 '6./-)

@' 4&#0/&' D'67' 2304%/-.' 43& 83- 0373- /9./67#73- 63 -/ 0%/-.&' /6 /-.'

$&EF2') G5./-/ B%/ 8'- >&/2%/62#'- /6 83- /9.&/03- 7/ 2'7' /-2'8/&' 63 .#/6/6

8' 0#-0' 7#>/&/62#' /6 >&/2%/62#' 2303 'B%/88'- ' 8' 0#.'7 7/ 8' /-2'8/&')

H-.3 -/ 7/D/ '8 />/2.3 7/ D3&7/ /6 8'- '048#.%7/- 7/ 367' 832'8#='7'- 2/&2'

7/ 83- /9.&/03- 8#D&/-) I303 -/ 0%/-.&' /6 83- &/2%'7&3- 7/ 8' "#$) ()! 8'

'048#.%7 /6 /8 D3&7/ 2'&/2/ 7/ %6' 43&2#56 7/ 8' '048#.%7 7/ 367' B%/ 83-

/-.'73- /6 /8 2/6.&3 7/ 8' /-2'8/&' .#/6/6)

H6 8' "#$) ()* -/ 0%/-.&' 8' 2304'&'2#56 7/ 8'- '048#.%7/- 7/ 367' ./5&#2'-

J /94/&#0/6.'8/-) K-.'- -/ 832'8#='6 '8&/7/73& 7/ 8' D'&&' n) L3& /M/0483N

/6 8' "#$) ()* :'; 8' -/9.' D'&&' &/-%/6' J /6 8' "#$) ()* :D; 3.&3 /-.'73
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"#$%&' ()*+ "&,-%,.-#'/ 0, &,/1.'.-#' 0,2 3#/4,5' 6 7'&' 2'/ 4&,/ 7&#5,&'/

,/-'2,&'/ ,28/4#-'/ 0, 9'..#,&:34'&;) <'&' -'0' $&8=-' 2' -12%5.' #>?%#,&0'+

510,21 0, @'&&' #.0,7,.0#,.4,A -12%5.' 0, ,. 5,0#1+ 5B4101 0, 2' 5'4&#>

0, 4&'./C,&,.-#' D -12%5.' 0, 2' 0,&,-E'+ 5,0#0'/ ,. ,2 2'@1&'41&#1)

-1&&,/71.0#,.4, ' 2' 5#/5' ,/-'2,&' ,/48 21-'2#>'01 '2&,0,01& 0, 2' 0B-#5'

@'&&') F5@'/ 4#,.,. 2' 5#/5' C1&5' 7,&1 2' G@H ,/48 58/ -157&#5#0') I'/

"#$/) ()! G-H D G0H 5%,/4&'. 01/ ,/4'01/ 0, 2' /,$%.0' ,/-'2,&'A -1. n = 6
D n = 11A &,/7,-4#J'5,.4,) I' 21-'2#>'-#K. /, 1@/,&J' .%,J'5,.4, DA -151

,&' 0, ,/7,&'&/,A 2'/ '572#4%0,/ 'E1&' 5%,/4&'. 01/ .101/ ,. 2'/ @'&&'/ ?%,

&,/%,.'.) LK4,/, ,2 ,M-,2,.4, '-%,&01 ,.4&, 4,1&N' D ,M7,&#5,.41 0,/7%B/ 0,

'O%/4'& 2' '24%&' 0, 2' '572#4%0 0, 1.0' 4,K&#-' ,. %. /121 7%.41)

P151 /, 5,.-#1.K '.4,&#1&5,.4,A ,2 3#/4,5' 6 5%,/4&' 7&17#,0'0,/ /#5#2'&,/

' 2'/ 0,2 3#/4,5' F) Q. 2' "#$) ()* /, 5%,/4&' ?%, 2'/ C&,-%,.-#'/ 0, 21/ 5101/

.1&5'2,/ C1&5'. %. -1.O%.41 0, ,/-'2,&'/ 0, 9'..#,&:34'&;) Q. ,/4' =$%&'A

2' -12%5.' 0, 2' #>?%#,&0' -1&&,/71.0, '2 510,21 0, @'&&' #.0,7,.0#,.4,A 2'

-12%5.' 0, ,. 5,0#1 '2 -82-%21 -1. ,2 5B4101 0, 2' 5'4&#> 0, 4&'./C,&,.-#'

D 2' -12%5.' 0, 2' 0,&,-E' ' 2'/ 5,0#0'/ ,. ,2 2'@1&'41&#1) 3K21 /, 5#0#,&1.

'2$%.'/ C&,-%,.-#'/ 0, &,/1.'.-#'A '?%,22'/ ?%, ,&'. -'.0#0'4'/ 7'&' #2%/4&'&

'2$%.'/ '572#4%0,/ 0, 1.0') <'&' ,/4, /#/4,5'A 7'&' -'0' J'21& 0, j E'D

N = 15 ,/4'01/A n = 1, 2, ...N .%5,&'01/ 0, '@'O1 E'-#' '&&#@' -1.C1&5,
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"#$%&' ()*+ ,-. '/01#2%34. 34 -53' 341 6#.24/' 78 9': %5' 1-;'1#<'3' 45

1' 24&;4&' ='&&' ;-5 >&4;%45;#' f = 44.256 ?@< A 9=: -2&' 1-;'1#<'3' 45 1'

3B;#/' ='&&' ;-5 >&4;%45;#' f = 51.258 ?@<) C'. 1D54'. E4&2#;'14. 3-=14. '

1- 1'&$- 341 4F4 34 1' ='&&' #53#;'5 1' 0-.#;#G5 34 1'. /%4.;'.)

;&4;4 1' >&4;%45;#' A H%4 ;-&&4.0-5345 ' ;'3' %5- 34 1-. H%#5;4 ;%=-#34.

$&'534. ;-/- 1-. #1%.2&'3-. 45 1' "#$) ()I9=:) J-/- 45 41 6#.24/' KL 'H%D

2'/0-;- .4 /%4.2&'5 1'. >&4;%45;#'. 34 &4.-5'5;#' 34 1-. /-3-. 4M2453#3-.)

N.2-. /-3-. 4M2453#3-. -;%&&45 ' ='F'. >&4;%45;#'. 0'&' 1'. H%4 1' 1-5$#2%3

34 -53' λ 4. 341 /#./- -&345 34 /'$5#2%3 H%4 L ≈ l N A 1' ='&&' 45 .%

;-5F%52- .4 4M;#2')

,4.0%B. 34 %5 0&#/4& #524&E'1- 34 >&4;%45;#'. 45 H%4 '0'&4;45 1-. /-3-.

4M2453#3-.L ;-5>-&/4 ;&4;4 1' >&4;%45;#' A 1' 1-5$#2%3 34 -53' λ 4. 341 -&345

34 lL 1' 1-5$#2%3 34 1-. ;%=-#34. $&'534.L .4 4/0#4<'5 ' 4M;#2'& 1-. /-3-. 5-&O

/'14. /P. ='F-. 34 1' 0&#/4&' 4.;'14&' 34 Q'55#4&O62'&? 41P.2#;'L R;) 9K) :

;-5 j = 1)

J-/- .4 /45;#-5G '524&#-&/4524L 41 .#.24/' 7 /%4.2&' 0&-0#43'34. .#/#1'O

&4.) 64 0&4.452'5 45 1' "#$) ()*L ;-/- %5 4F4/01-L 3-. '/01#2%34. 34 -53'

0'&' 1' 0&#/4&' RQ6 341 6#.24/' 7) R5 ;-52&'.24 ;-5 41 6#.24/' KL 4.2'.

'/01#2%34. 34 -53' 2#4545 ;'.# 1' /#./' >-&/'L 04&- 4.2P5 2&'.1'3'3'. A 5-

4.2P5 ;-/0&#/#3'.) SG24.4 H%4 41 /B2-3- 34 1' /'2&#< 34 2&'5.>4&45;#' %5#O

3#/45.#-5'1 'F%.2' 1'. '/01#2%34. 34 -53' 4M04&#/452'14. ' 04.'& 341 T4;T-

H%4 w A hn 5- .-5 /%;T- /P. 04H%4U-. H%4 l)
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 ! "#$" $%&'&() #" *%"#"!$+ ,& -)!#$%.--/+! 0" 0)# #/#$"1&# ",2#$/-)# 3." *%"4

#"!$&! &,5.!&# &!&,)56&# -)! ", 7"!+1"!) -.2!$/-) -)!)-/0) -)1) "#-&,"%&#

0" 8&!!/"%49$&%: ; 89<=  # .! "("1*,) 0" .! &!2,)5) -,2#/-) & .! #/#$"1&

-.2!$/-)= >&0) 3." #" ?&! "!-)!$%&0) "! #+,/0)# @ "! #/#$"1&# +*$/-)#A ",

?&'"%,&# "!-)!$%&0) $&1'/B! "! #/#$"1&# ",2#$/-)#A ?&-" 0" ,&# "#-&,"%&# 0"

8&!!/"%49$&%: .! 7"!+1"!) .!/C-&0)%A *%"#"!$" "! 1.-?)# #/#$"1&# 76#/-)#A

-,2#/-)# @ -.2!$/-)#=

D&# )!0&# $)%#/)!&,"# "#$.0/&0&# *&%& *%)0.-/% ,&#  89 "#$2! -&%&-$"%/E&0&#

*)% #. "#*"-$%) "3./"#*&-/&0)=  F/#$"! *&%& !G1"%)# 0" "#-&,"%& 0" 8&!!/"%4

9$&%: j ≥ 1 @ ,&# &1*,/$.0"# 0" )!0& "#$2! ,)-&,/E&0&#= H)1) &*,/-&-/)!"#
#" *."0" *"!#&% "! .!& '&%%& -)! .!& -/"%$& "#$%.-$.%& @ 7)%1&0& *)% -/"%$)

!G1"%) 0" -."%*)# #"*&%&0)# *)% )$%)# -."%*)# 12# *"3."I)# 3." ?&-"! ,&#

J"-"# 0" &-)*,&1/"!$) "!$%" ,)# *%/1"%)#=  ! "#$" -)!$"F$) 0&!0) .! 5),*"

"! &,5.!) 0" ,)# -."%*)# 0" 0/-?& '&%%& #" )'$/"!" .!& -/"%$& 7%"-."!-/&A ,&

7%"-."!-/& *%)*/& 0", -."%*) 3." 7." 5),*"&0) @ 3." 7)%1& *&%$" 0" 0/-?&

"#$%.-$.%&= K&1'/B! #" *."0" *"!#&% "! "!J/&% .!& 7%"-."!-/& "#*"-6C-& &

$%&JB# 0" ,& 1"!-/)!&0& '&%%& -)! "#$%.-$.%& @ )'$"!"% -)1) %"#.,$&0) ,&

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

 ! -)!$%&#$" -)! ", &!2,)5) +*$/-) 0" ,&# %"7"%"!-/&# LMA NA OA PQR 0)!0"

#+,) *."0"! )'#"%J&% ,& /!$"!#/0&0 0" ,& 7.!-/+! 0" )!0&A "! "#$" $%&'&()

#" )'#"%J&%)! ,&#  89 0/%"-$&1"!$" -)1) #" 1."#$%& "! ,&# S/5#= T=U @ T=N=

VN
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"#$%&'( '$ %)#)$*+, -+* -*)%$*. /$0 1.' .%-1)23#$' #$ +,#.( ),4135$,#+ '3'

6.'$' 7')8,+9: ;.' .%-1)23#$' %3$'2*., 1+4.1)0.4)<,: =.%>)?, '$ +>'$*/.*+,

$'4.1$*.' #$ @.,,)$*AB2.*C #$ +*#$, '3-$*)+*:

D,. 4+,2),3.4)<, ,.23*.1 #$ $'2$ 2*.>.E+ 4+,')'2$ $, %$#)* 1.' +'4)1.4)+,$'

#$ F1+4G: H$4+*#.,#+ 1+ %$,4)+,.#+ $, 1+' 4.-I231+' J 5 K( 1.' +'4)1.4)+,$' #$

F1+4G '$ *$L$*$, . 3, 4+%-+*2.%)$,2+ M3$ 2)$,$, 1+' $1$42*+,$' $, 3, 4*)'2.1(

1+' 43.1$' $'2&, >.E+ 1. .44)<, #$ 3, 4.%-+ $1?42*)4+ $'2&2)4+ $N2$*,+O $'2$

4.%-+ $'2&2)4+ -*+#34$ 3, %+/)%)$,2+ +'4)1.2+*)+ #$ 1+' $1$42*+,$' #$,2*+

#$1 4*)'2.1: ;. )#$. '$*I. -*+#34)* $, $1 PQ"= $N4)2.#+* 3,. 4+%>),.4)<,

#$ +'4)1.4)+,$' '),3'+)#.1$' 4+, #)6$*$,2$' 6*$43$,4).' 5 $'23#).* '3 $/+134)<,

$, $1 2)$%-+ -.*. %$#)* 4<%+ /., ),2$*L*)$,#+ $,2*$ $11.' . 1+ 1.*8+ #$ 1.

>.**.( 4+, 3,. 4)$*2. $'2*3423*.( #.,#+ 138.* . 1.' +'4)1.4)+,$' #$ F1+4G:

P'2$ $'23#)+ *$M3$*)*I. .,.1)0.* 1. $/+134)<, $, $1 2)$%-+ #$ 1. -*+-.8.4)<,

#$ +,#.' .4R'2)4.' . 2*./?' #$ 3,. /.*)11.:
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 ! "#$%&' ( )'*$+,-))#.* "% !/$ "'$ 0/,,/$ %!1$+#)/$ %$2%)#/!%$3 !!/4/"/$ 5#$6

+%4/ 7 ( 5#$+%4/ 83 )-(/$ '*"/$ +',$#'*/!%$ 2,%$%*+/* /*/!'9:/$ )'* !/$

%$)/!%,/$ "% ;/**#%,65+/,< $% =#>' %42!%/*"'3 )'4' #"%/ )%*+,/!3 %! 4'"%!'

"% 0/,,/ #*"%2%*"#%*+% ?-% $% 2,%$%*+/ /?-: ( -$/*"' %! 4@+'"' "% !/ 4/+,#>

"% +,/*$A%,%*)#/ ?-% $% 2,%$%*+/ %* %! /2@*"#)% 8B

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

C' ?-% )/,/)+%,#>/ / !/$ %$)/!%,/$ "% ;/**#%,65+/,< %$ ?-% -* $#$+%4/ 2%,#.6

"#)' %* 2,%$%*)#/ "% -* )/42' %!@)+,#)' %$+1+#)' %D+%,*'3 +#%*% -* %$2%)+,'

"% %*%,9:/$ %?-#"#$+/*+%$ ( )'* /42!#+-"%$ "% '*"/ !')/!#>/*"/$ %* )/"/ -*'

"% !'$ 2'>'$ "% 2'+%*)#/!B  * %! /*1!'9' /)E$+#)' ?-% /?-: $% 2,%$%*+/3 !'

?-% $% 0-$)/ %$ ?-% !/$ A,%)-%*)#/$ "% ,%$'*/*)#/ "% !'$ 4'"'$ *',4/!%$ $%/*

%?-#"#$+/*+%$ ( ?-% !/$ /42!#+-"%$ "% '*"/ $% F/(/* !')/!#>/*"' %* )/"/ -*'

"% !'$ )-%,2'$ "% !/ 0/,,/B

C/$ 0/,,/$ ?-% $% "#$%&/,'* $% 2,%$%*+/* %* !/ G#9B HBIB J/0% 4%*)#'*/,

?-% )/"/ -*/ "% !/$ 0/,,/$ %$+1 4/?-#*/"/ / 2/,+#, "% -*/ $'!/ 2#%>/ "%

/!-4#*#' ( ?-% $% !%$ "#' !/ A',4/ %42!%/*"' -* +',*' ' -*/ A,%$/"',/B C/$

"%$),#2)#'*%$ ?-% $% "/* / )'*+#*-/)#.* $'* 2/,/ =/)%, "% %!!/$ -* %$+-"#'

$#$+%41+#)'B 7 !/ 2,#4%,/ "% !/$ 0/,,/$ $% !% !!/4/,1 5#$+%4/ 73 G#9B HBI K/L3

HM



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

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

2./'.-0) ln3 n = 1, 2, ..., N " &)4./.*.& 4$/ 4)5+)6$& #'0'%*/$& *) 0$%1'(+*

ǫ ≪ ln " /.*'$ r < R ≪ ln7 8&() )& )0 .%90$1$ .#:&('#$ *) 0. /);)/)%#'. <!=

*$%*) &) +&> +% &'&()?. >4('#$ #$% .%#@$& 2./'.-0)&7 A 0. &)1+%*. -.//. &) 0)

00.?./9 B'&()?. C3 D'17  7! E-F3 " #$%&'&() *) +%. -.//. /)#(.%1+0./ ;$/?.*.

4$/ N #+-$'*)&

 

1/.%*)& *) .%#@$ #$%&(.%() w " 0$%1'(+* #$%&(.%() l7 G')%)%
*';)/)%()& .0(+/.& hn 4./. n = 1, 2, ..., N H #$% w, hn ≪ l7 I&($& #+-$'*)&

)&(9% &)4./.*$& 4$/ $(/$& 4)5+)6$& #+-$'*)& *) *'?)%&'$%)& h′, w′, ǫ′ ≪ l7
8&() )& )0 .%90$1$ )09&('#$ *) 0$& &'&()?.& >4('#$& #$% +% 1/.*')%() )% )0

J%*'#) *) /);/.##'>% . 0$ 0./1$ *) 0. *'/)##'>% *) 4/$4.1.#'>% 5+) &) +&> )%

0.& /);)/)%#'.& <K3 L3 !M=7 A?-.& -.//.& &) ?.5+'%./$% . 4./('/ *) +%. 4')N.

&>0'*. *) .0+?'%'$ " ?9& .*)0.%() &) )O40'#. )0 4/$#)*'?')%($ 4./. @.#)/0.&7

A P% *) *'&)6./ 0.& *$& -.//.& 5+) &) )?40)./$%3 &) *'&#+() .5+J 0$ 5+)

4$*/J. 00.?./&) +% ?$*)0$ *) -.//. '%*)4)%*')%() )% )0 #+.0 #.*. +%$ *)

0$& #+)/4$& 1/.%*)& 5+) ;$/?.% +%. -.//. $&#'0. )% ;$/?. '%*)4)%*')%() *)0

/)&($7 Q./. #.*. +%$ *) 0$& n #+)/4$& #$% 0$%1'(+* ln 5+) ;$/?.% 0. -.//.3

&) (')%) +%. )O4/)&'>% 4./. 0.& ;/)#+)%#'.& *) 0.& $%*.& ($/&'$%.0)& )% ?$*$&

%$/?.0)& f
(n)

j 3 #$% 2)0$#'*.* *) $%*. ($/&'$%.0 cn " j %$*$& )% 0. .?40'(+*

*) $%*. )% )0 #+)/4$ n7 R'#@. )O4/)&'>% 4./. 0.& ;/)#+)%#'.& &) ($?> *)

0. )#+.#'>%S f = c
2L

j3 I#7 ET7TUF3 .1/)19%*$0) 0$& J%*'#)& .4/$4'.*$&3 *) 0.

&'1+')%() ?.%)/.S

f
(n)

j =
cn

2ln
j. EA7!F

A 4./('/ *) 0. I#7 EA7!F &) 4+)*) $-()%)/ +% #$%,+%($ *) ;/)#+)%#'.& *)

/)&$%.%#'. )5+'*'&(.%()& #$%&'*)/.%*$ *$& #.&$&S &) ($?. +%. 2)0$#'*.* *)

$%*. P,.3 cn = #$%&(.%() ∀n3 " &) 2./J. 0. 0$%1'(+* lnH $ &) ($?. +%. 0$%1'(+*

P,.3 ln = #() ∀n3 " &) 2./J. 0. 2)0$#'*.* *) 0. $%*. cn7 Q./. )0 B'&()?. A

&) ($?./$% -.//.& #'/#+0./)& #$% 0$%1'(+*)& ln = l/(1 + nγ)3 n = 1, 2, ..., N
" cn ≡ c◦ =

√

G/ρ *$%*) ρ )& 0. *)%&'*.*3 G )& )0 ?>*+0$ *) #$/()H l )&

+%. 0$%1'(+* '%'#'.0 ./-'(/./'.7 V$?$ ". &) *',$ .//'-.3 )% -.//.& #'/#+0./)&

 

 ! "#$" $%&'&() #" "*+,"&%- ", $.%*/!) 01')/2" 3&0/"!2) 1!& $%&2100/4! ,/'%" 2",

/!5,.#  !"#$%6  ! &''(#)$*&+,-.  !"$ &- $/ 01&', )% "! -$2, &  !",3 & (, +&/4!-&( 0#-$%

 #/+&$/,% ". '&(&-,-#4(&*06  ! "#+&7), ,)# 01"%+)# 5")*.$%/0)# 81" 9)%*&! ", :/#$"*& ;

2"'"! #"% %"9"%/2)# 0)*)< +&%&,","+=+"2)# 5%&!2"# 0)! #"00/4! $%&!#>"%#&, %"0$&!51,&% 2"

&!03) 0)!#$&!$" w ? ,)!5/$12 0)!#$&!$" l@ "$06 ? +&%&,","+=+"2)# +"81"7)# 0)! #"00/4!

$%&!#>"%#&, %"0$&!51,&% 2" 2/*"!#/)!"# h′, w′, ǫ′ ≪ l6 A) &!$"%/)% "# 1!& '1"!& %&B4! +&%&

1#&%< 01')/2"6
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"# $%"&'()#) *& )%+%*)% )%" ,#)(&- .#,# %" /(01%2# 3 0% 1&24 ln = l 5

cn = c(1 + nγ)6 '&* c 7*# $%"&'()#) '&*01#*1% #,8(1,#,(#- 9" +#,:2%1,& γ %0

#)(2%*0(&*#" %* #28&0 '#0&0-

9*1&*'%06 0701(175%*)& %* "# 9'- ;<-=>6 ln = l/(1 + nγ) 5 cn =
√

G/ρ +#,#

%" /(01%2# < 5 0701(175%*)& ln = l '&* cn = c(1 + nγ) +#,# %" /(01%2# 3 0%

&81(%*%?

f
(n)

j =

{ √

G
ρ
(1 + nγ)j/2l para el Sistema A

c(1 + nγ)j/2l para el Sistema B,
;<-!>

5 "#0 )(@%,%*'(#0 ∆f
(n)

j = f
(n+1)

j − f
(n)

j 0&* (A7#"%0 #?

∆j ≡ ∆f
(n)

j =

{ √

G
ρ
γj/2l para el Sistema A

cγj/2l para el Sistema B,
;<- >

"#0 '7#"%0 0&* (*)%+%*)(%*1%0 )%" B*)('% n6 %" *C2%,& )% '7%,+& %* "# 8#,,#- 9*

'#)# '#0&6 +#,# 7*# l 5 7*# j )#)&06 "&0 $#"&,%0 ∆j 04"& )%+%*)%* )%" $#"&,

)%" +#,:2%1,& #)(2%*0(&*#" γ- <*1%0 0% )(D& E7% "#0 %*%,AB#0 %*1,% *($%"%0

'&*0%'71($&0 %* "#0 %0'#"%,#0 )% F#**(%,G/1#,H )%+%*)B#* )% "# (*1%*0()#)

)%" '#2+& %"I'1,('& %01:1('& %J1%,*& 8#D& %" '7#" %01#8# 0&2%1()& %" %"%'1,4*-

9* %" '#0& %":01('& γ K#'% "#0 $%'%0 )%" '#2+& %"I'1,('&- /( γ = 0 %* 9'- ;<-!>

0% &81(%*% 7*# 8#,,# "&'#"2%*1% +%,(4)('# L!M 5 "&0 %01#)&0 0&* %J1%*)()&0- /(

γ 6= 0 0% &81(%*%* "#0 %0'#"%,#0 )% F#**(%,G/1#,H %":01('#0 5 "&0 %01#)&0 0&*

"&'#"(N#)&0-

 !"! #$%&'()**+,% -./ 0+&'.12  

< +#,1(, )% "&0 $#"&,%0 0%"%''(&*#)&0 +#,# &81%*%, "#0 @,%'7%*'(#0 #+,&+(#)#0?

l = 10.8 '2 5 γ = 0.0916 0% '#"'7"#,&* "#0 "&*A(17)%0 ln = l/(1 + nγ) )%

"&0 )(@%,%*1%0 '7%,+&0- .&, %J+%,(%*'(# %* %" "#8&,#1&,(& 0% 0#8% E7% )%D#*)&

'&2& 0%+#,#'(4* %*1,% "&0 '7%,+&0 )% "&*A(17) ln &1,#0 8#,,#0 2:0 +%E7%O#0

)% "&*A(17) ǫ = 2.52 '2 5 ,#)(& r = 2.415 226 0% '&*0(A7% E7% '#)# 7*&

)% "&0 '7%,+&0 )% "&*A(17) ln E7%)% )I8("2%*1% #'&+"#)& '&* %" ,%01&6 '&2G

+&,1:*)&0% %" 0(01%2# '&2& 7* 2&)%"& )% '7%,+& (*)%+%*)(%*1% +#,# '#)#

ln- 9* "# P#8"# ;<-=> 0% 27%01,#* "&0 $#"&,%0 2%)()&0 )% ln E7% 0% &817$(%G

,&*- Q# 2:J(2# )(0',%+#*'(# %*1,% %" $#"&, '#"'7"#)& )% ln 5 %" 2%)()& %0
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!" #$% &&$ '(!( )*+ !" ",-+, .)"/0+, !" 1+*23-)! ln ",-4 ,"0(/(!+ !" ,)

.+*-32)+ 0+/ 1( .(*-3!(! ǫ = 2.52 .&$ 5(/( 1+, .41.)1+, .+* "1 &6-+!+ !" 1(

&(-/37 !" -/(*,8"/"*.3( ," &3!39 1( :"1+.3!(! !" 1(, +*!(, -+/,3+*(1", "* )*(

;(//( /"!+*!( !" 1( &3,&( (1"(.39* <)" 1( ;(//( !" 1( =32$  $% >(? +;-"*3"*!+

"1 :(1+/ "@0"/3&"*-(1

 

!" cn ≡ cexp
◦

= 3104.7 &A,$ ')(*!+ ," !3,.)-" &4,

(;(B+ "1 C3,-"&( D ," "@013.( .+&+ ," &3!"* ",-(, :"1+.3!(!",$

')(!/+ E$%F G+*23-)!", &"!3!(, !" 1+, .)"/0+, .31H*!/3.+, 2/(*!", !"1 C3,I

-"&( EJ =32$  $% >(?$

KL&"/+ !" .)"/0+ ln
.31H*!/3.+ >n? >.&?

% M$M#

N M$%O

 P$OP

O Q$MN

R Q$ON

S S$MM

Q S$S#

P S$NR

M R$MO

%# R$SS

%% R$O#

%N R$%S

% O$MR

%O O$QR

5(/( "1 0/+.",+ !" &(<)3*(!+ ," )-31379 )* -+/*+ .+* /"21(, *)&6/3.(, "* ,),

!+, "B", !" &+:3&3"*-+$ C" -+&9 )*( ;(//( /"!+*!( !" !34&"-/+ 12.85 .& T

," 1" 8)"/+* U(.3"*!+ 1+, .)"/0+, .+* 1(, 1+*23-)!", ln 0/":3(&"*-" .(1.)1(!(,

T !"B(*!+ .+&+ ,"0(/(.3+*", 1(, 0"<)"V(, ;(//(, !" 1+*23-)! ǫ = 2.52 .& T

/(!3+ r = 2.415 &&$ G(, .++/!"*(!(, <)" !(* 1( 0+,3.39* !" 1+, .(&;3+, !"

4/"( >s + S? + !" /(!3+ >r + R? 0(/( 1+, !38"/"*-", .)"/0+, !" (.)"/!+ ( 1+,

:(1+/", !" zi "* 1( =32$ D$% ," 0/","*-(* "* 1( W(;1( >E$ ?$ X,-+, :(1+/", ,+*

1+, <)" ," ),(* 0(/( 3&01"&"*-(/ "1 &6-+!+ !" 1( &(-/37 !" -/(*,8"/"*.3($

 

 !"# $%&'( )# &% $#&'*+)%) "%,-+./ !# 0!% 1%(% &'! *0#(1'! *+&2/)(+*'! 1#30#4'! #/ #&

*5&*0&' *'/ #& ,."')' )# &% ,%"(+6 )# "(%/!7#(#/*+%8 9'( )+!#4' "')'! &'! *0#(1'! *+&2/)(+*'!

1#30#4'! "+#/#/ &%! ,+!,%! )+,#/!+'/#!: (%)+' r = 2.415 ,, ; &%(<' ǫ = 2.52 *,= #>*#1"'

#/ &'! #>"(#,'! )# &% -%((% )'/)# &% &'/<+"0) #! ǫ/28
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"#$%&' () * "''&%+,$%$- %+ .'- /$012'- %+ &$%2' %+ .$ 1$&&$ %+. 32-4+0$ (5

%',%+ z0 = 0 6 z2n+1785 92: ;)<) "'0' i = 2n + 15 /', i = 29 -+ '142+,+

n = 145 =#+ +- +. ,>0+&' %+ /2.2,%&'- %+ &$%2' R) ?, .$ 92:)  )< @$A 6 .$

92:) ;)< -B.' -+ 0#+-4&$, %2+C %+ D-4'-)

i zi@00A

E E

< <) F

F <EE)FGH

 <EF)GGH

! <I!)<!F

J <IK)KFF

K FH<)!JH

G FH )I<H

H  K )<KK

I  KJ)KFK

<E ! I)IF<

<< !!F) H<

<F J<F)FKI

< J<!)GFI

<! JHE)G<H

<J JH )<GH

<K K!J)JHK

<G K!H)EJK

<H GEG)J! 

<I G<E)EE 

FE GKK)J! 

F< GKI)EE 

FF HFF)IGH

F HFJ)!FH

F! HGG)E!<

FJ HGI)!I<

FK IFH)I!J

FG I <)!<J

FH IGH)I< 

FI IHE)F  
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"#$% &'( )# *()%+,$#$ $( -.%-#/#+,01 $( )#2 %1$#2 3%.2,%1#)(2 $(-(1$(4 (1

/(1(.#)4 $() 5%5(13% -%)#. $( ,1(.+,# .(2-(+3% #) (6( $( )# 7#..# 2( *,% )#

-%2,7,),$#$ $( $,2(8#. '1# 2(/'1$# 7#..# # )# &'( 2( )( 9'(.# +#57,#1$% ()

:.(# $( )# 2(++,01 3.#12*(.2#); <1 +%12(+'(1+,#4 () 5%5(13% -%)#. $( ,1(.+,#

+#57,# = -%. )% 3#13% )# *()%+,$#$ $( -.%-#/#+,01 $( )#2 %1$#2 3%.2,%1#)(2;

>%5% 2( $,6% #..,7#4 )# 2(++,01 3.#12*(.2#) $( (23( 2,23(5# (2 '1 .(+3:1/')%

&'( *# #'5(13#1$% 2' :.(# +%19%.5( *#5%2 -#2#1$% $( ,?&',(.$# # $(.(+@#

-%. +#$# '1% $( )%2 +'7%,$(2 &'( 9%.5#1 )# 7#..#; A%. 2(1+,))(? = -%. .#?%1(2

$( 9#7.,+#+,01 $( )# 7#..# 2( (2+%/,0 &'( 20)% '1# $( )#2 $,5(12,%1(2 $( )%2

.(+3:1/')%2 9'(.# +#57,#1$%; B( (),/,0 )# #)3'.# h 5,(13.#2 &'( 2' #1+@% w
2( 5#13,(1( +%123#13(C $( (23# 5#1(.#4 () (1D2,5% +'7%,$( 3(1$.: '1 :.(#

$#$# -%. () -.%$'+3% hnw; B( (2+%/,0 &'( )#2 *()%+,$#$(2 $( )%2 $,9(.(13(2

+'7%,$(2 (23D1 $#$#2 -%. c�(n) = c(1+nγ)4 = -#.# +#)+')#. (23#2 *()%+,$#$(2

2( .((2+.,7,(.%1 )#2 <+2; EF;GHI4 EF;G!I = EF;GJI (1 3D.5,1%2 $( '1 K1$,+( n &'(

1'5(.# )%2 +'7%,$(2

 

-#.# )%2 &'( *# #'5(13#1$% hn4 = -%. )% 3#13% c�(n)4

5,(13.#2 w 2( 5#13,(1( +%123#13(; <13%1+(24 -#.# )# <+; EF;GHI4 2( 3,(1( &'(L

c�(n) = c◦

√

αn

In

, EM;HI

$%1$( c◦ =
√

G
ρ
(2 )# *()%+,$#$ $( )# %1$# 3%.2,%1#) (1 '1# 7#..# .($%1$# =

1% 3,(1( () K1$,+( n -%.&'( +%5% =# 2( *,% (1 () >#-; F (23# *()%+,$#$ 1%

$(-(1$( $() .#$,% $( )# 7#..#; N#57,D1 (1 .()#+,01 # )# (+'#+,01 #13(.,%.4 )#

<+; EF;G!I 3%5# )# 9%.5#L

αn =
256

π6

∞
∑
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∞
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 ! "#$%"&'() *+" &" ,-.'")" $!%! /! 0"/,1'2!2 .!3-'4) &" +&! $!%! /,& 1+-,'2"& $"5

*+"6,& ") "/ 17/1+/, 1,) "/ 34.,2, 2" /! 3!.%'8 2" .%!)&9"%")1'!: ;,% 2'&"6, .,2,& /,&

1+-,'2"& $"*+"6,& .'")") /!& 3'&3!& 2'3")&',)"&< /!2,& w′
= 5.0 33= h′

= 5.0 33 >

/!%?, ǫ′ = 6.0 33= "#1"$., ") /,& "#.%"3,& *+" "& ǫ′/2:
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"#$%&'($)(* +%,% (& '-'($)- +-&%, .( #$(,/#%* .( &% 0/1 231456* )($('-7

In =
hnw3 + h3

nw

12
. 281!6

8& 797)#)9#, c�(n) = c(1 + nγ) ($ &% 0/1 281:6* &-7 ;%&-,(7 .( hn 7( -<)#($($

.( ,(7-&;(, &% (/9%/#=$>

c(1 + nγ) = c◦

√

αn

In

, 281?6

(7)- (7* 797)#)9@($.- &%7 0/71 281A6 @ 281!6 ($ &% 0/1 281?6>

c(1 + nγ) = c◦

√

√

√

√

√

√

√
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C%@ D9( ,(/-,.%, D9( ($ &% 0/1 281B6 c, γ @ w 7-$ ;%&-,(7 EF-7 /-$-/#.-7 +(,-

$- %7G c◦* &% ;(&-/#.%. .( 9$% -$.% )-,7#-$%& +%,% 9$% <%,,% ,(.-$.%1 8$)( &%

-+/#=$ .( .()(,'#$%, &-7 ;%&-,(7 .( ρ @ .( G +%,% /%&/9&%, c◦ =
√

G
ρ
* &- D9(

7( H#I- ($ (7)( ),%<%F- J9( )-'%, 9$% <%,,% ,(.-$.% .( %&9'#$#- .( &% '#7'%

%&(%/#=$ D9( &% <%,,% .( &% "#K1 14 2<6 @ '(.#, c◦* (7)- (7* 7( .()(,'#$= cexp
◦

1

L( )-'= 9$% <%,,% ,(.-$.% .( %&9'#$#- .( &-$K#)9. L = 1.005 ' .( &%,K- @

4M3N .( .#O'(),- @ 7( (P/#)%,-$ @ .()(/)%,-$ -$.%7 )-,7#-$%&(71 0'+&(%$.-

&% 0/1 2313?6 J-,'%'-7 &% (/9%/#=$> f = c
exp

◦

2L
j* .-$.( f (7 &% J,(/9($/#% .( &-7

'-.-7 $-,'%&(7 .( -7/#&%/#=$ )-,7#-$%&* j (& $Q'(,- .( $-.-7 .( &% %'+&#)9.

.( -$.% @ L &% &-$K#)9. .( &% <%,,%1 R,%E/%$.- Sf vs j T* "#K1 814U

 

7( +9(.(

/%&/9&%,> cexp
◦

= 3190.1 'M71

V-$ (7)( Q&)#'- .%)- ,((7/,#<#'-7 &% 0/1 281B6 D9( E$%&'($)( +(,'#)( /%&W

/9&%, &-7 ;%&-,(7 hn* (7)- (7>

c(1 + nγ) = cexp
◦
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√
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∞
∑
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[
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0 2 4 6 8 10 12 14 16 18 20 22 24 26 28número de nodos
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a (
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)

pendiente = 1587.114 1/s

"#$%&' ()*+ ,-.-&/#0'1#20 3- 4' 5-461#3'3 3- 4' 603' .6&7#60'48 cexp
◦

8 -0 %0'

9'&&' &-3603' 3- &'3#6 R = *:;< = 460$#.%3 L = *)>>? /) @A1-B.6 -4 1-&68

467 B%0.67 760 4'7 C&-1%-01#'7 3- &-760'01#' /-3#3'7 = 4' 4D0-' 160.#0%' -7

%0 'E%7.- B6& /D0#/67 1%'3&'367)

F'/9#'& -4 G&-' 3- 4' 7-11#20 .&'075-&7'4 (hnw) 3- 467 1%96#3-7 -7 46 H%- I'1-

H%- 5'=' 1'/9#'036 4' 5-461#3'3 3- 4' 603' .6&7#60'4 ' 46 4'&$6 3- 4' 9'&&')

( /'0-&' 3- -E-/B46 7- #03#1' 12/6 1'41%4'& 467 367 B&#/-&67 5'46&-7 3- hn)

J' 5-461#3'3 3-4 B&#/-& 1%96#3-8 n = 18 B'&.#-036 3- 4' 5-461#3'3 '&9#.&'&#'

c = 2027.3 /:78 -4 B'&G/-.&6 '3#/-07#60'4 γ = 0.02786 = 3- 4' -AB&-7#20

c�(n) = c(1 +nγ) -7+ c�(1) = c(1 + γ) = 2083.8 /:7 = B'&' %0' w = 1.905 1/

H%- 7- /'0.#-0- KE' B'&' .6367 467 1%96#3-7 H%- C6&/'0 4' 9'&&') L% '4.%&'

h1 7- 69.#-0- 3- &-7645-& 4' -1%'1#20 c�(1) = cexp
◦
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I1
8 -7.6 -7+

c�(1) = cexp
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∞
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∞
∑
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[
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"# "$%"# &# $'()#%# *+# h1 = 0.781 ,-.

/0$12 &# *+)#1# *+# 32 4#3$,)"2" "#3 &#5+%"$ ,+'$)"# (#%52 #3 423$1 "2"$ 6$17

c�(2) = c(1 + 2γ) = 2140.3 -8&9 2&: *+# &+ 23(+12 h2 &# $'()#%# "# 1#&$34#1 32

#,+2,);% c�(2) = cexp
◦

√

α2

I2
9 #&($ #&7

c�(2) = cexp
◦

√

√

√

√

√

√

√

256

π6

∞
∑

m=0

∞
∑

p=0

1

(2m + 1)2(2p + 1)2

h2w
[

2m+1

h2

]

2

+
[

2p+1

w

]2

h2w3+h3

2
w

12

,

< +&2%"$ 2%=3$52-#%(# 32 -)&-2 )%&(1+,,);% "# >2(0#-2(),2 &# $'()#%# #3

423$1 h2 = 0.812 ,-.

?212 ,23,+321 3$& 423$1#& hn #% 32& #@61#&)$%#& *+# &# "2% 211)'2 A+# &+B,)#%(#

02,#1 32& &+-2& ,$% 3$& $,0$ 61)-#1$& (C1-)%$&9

7
∑

m=0

7
∑

p=0

. /3 1#&$34#1 32&

#,+2,)$%#& &# $'()#%#% ,)#% 12:,#&9 ,+2(1$ 423$1#& 1#23#& < #3 1#&($ &$% %D-#1$&

)-25)%21)$&. E2& ,+2(1$ 12:,#& 1#23#& ()#%#% "$& 423$1#& 1#6#()"$&9 +%$ -#%$1

*+# $(1$9 < 2621#,#% 6$&)()4$& < %#52()4$&F "# C&($&9 #3 -#%$1 6$&)()4$ #& #3

*+# &# ($-2 ,$-$ 32 23(+12 hn "#3 #%C&)-$ ,+'$)"# < #& #3 423$1 *+# &# 1#6$1(29

<2 *+# $,+11# *+# #&(# 423$1 02,# *+# 32 4#3$,)"2" "# 32 $%"2 ($1&)$%23 42<2

2+-#%(2%"$ ,$%A$1-# n ,1#,#. G3 $(1$ 423$1 6$&)()4$ 02,# *+# 32 4#3$,)"2"

42<2 ")&-)%+<#%"$.

E$& 423$1#& "# 32& 4#3$,)"2"#& c�(n)9 32& 23(+12& hn ,23,+32"2& < 32& 23(+12& hn

-#")"2& 6212 32 '2112 "#3 H)&(#-2 I &# 61#&#%(2% #% 32 J2'32 K/.LM.

?212 -2*+)%21 #3 H)&(#-2 I &# 621(); "# +%2 '2112 "# 23+-)%)$ ,+2"12"2 "#

+%2 6+352"2 6$1 32"$. H# ,$-61#%"#1= *+# 1#&+3(; -=& 32'$1)$&$ 02,#1 #&(#

&)&(#-2 *+# #3 H)&(#-2 /. N&2%"$ +%2 A1#&2"$12 < 421)2& 6)#O2& "# 26$<$

0#,02& #@ 61$A#&$ 6212 2P+&(21 3$& "#&%)4#3#& *+# )'2 (#%)#%"$ 32 '2112 #% #3

61$,#&$ "# -2*+)%2"$9 &# A+#1$% 1#'2P2%"$ "$& "# 3$& 32"$&9 +%$ $6+#&($ "#3

$(1$9 "# 32 '2112 ,+2"12"2 $1)5)%23 6212 A$1-21 3$& ,+'$)"#& "# )5+23 3$%5)(+"

6#1$ ,$% 23(+12& *+# )'2% 2+-#%(2%"$ 2 3$ 3215$ "# 32 '2112 < &#6212"$& 6$1

32 -)&-2 ")&(2%,)2 +%$ "#3 $(1$.
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"#$%&' ()*+ ,-.'/0%$%-1 /$./#.$%$1 2 $.3#&$1 /$./#.$%$1 2 4-%0%$15 6$&$ .'1

/#7'0%-1 8&$9%-1 %-. :013-4$ ;5 <08)  )= >7?)

@A4-&' %- c�(n) hn /$./#.$%$ hn 4-%0%$

/#7'0%- >n? >4B1? >/4? >/4?

= C5DE )E D)FE= D)FE*

C C5=*D) D)E=C D)E=E

 C5=!G)F D)E*H D)E**

* C5CH )C D)EED D)EEC

H C5 D!)F D)!=G D)!=G

G C5 GG)C D)!HH D)!GD

F C5*CC)F D)!!G D)!EC

E C5*F!)= =)D ! =)D*D

! C5H H)G =)DEF =)DFC

=D C5H!C)= =)= ! =)=*C

== C5G*E)G =)=!G =)=!*

=C C5FDH)= =)CFD =)CHE

= C5FG=)H =)  E =)  *

=* C5E=E)D =)* C =)*CE

=H C5EF*)H =)HGC =)HFE

4I904$ %01/&-6$9/0$ -93&- .$ $.3#&$ /$./#.$%$ 2 .$ 4-%0%$ -1 /-&' 6$&$ h5 2 .$

4JK04$ -1 %- LD)D=G /4 6$&$ h15) M. N$.'& 4-%0%' %- w -1 wmed = 1.905  !

" #$ %# $& $'()*+,% %# $& -&..& #/ %# 0123  !2 4'!' /# 5#.6 #( $'/ .#/,$+&%'/7

#/+&/ %*/ .#8&( *&/ (' 9,#.'( (*():( 8.'-$#!& 8&.&  '(/#),*. ,( #; #$#(+#

& ,#.%' #(+.# +#'.<& " #;8#.*!#(+'2

=&.& #$ >*/+#!& ?7 $&/  ''.%#(&%&/ zi @,# %&( $& 8'/* *A( %# $'/  &!-*'/ %#

6.#& Bs ' SC %# $& /#  *A( +.&(/5#./&$ 8&.& $'/ %*9#.#(+#/  ,-'*%#/ %# & ,#.%'

& $& D*)2 ?2E /# 8.#/#(+&( #( $& F&-$& BG2HC2 I/+'/ 5&$'.#/ /'( $'/ @,# /# ,/&(

8&.& *!8$#!#(+&. #$ !J+'%' %# $& !&+.*K %# +.&(/9#.#( *&2

L'/ 5&$'.#/ !#%*%'/ %# zi /# M* *#.'(  '( ,(&  *(+& !J+.* & ).&%,&%& #(

!*$<!#+.'/ BN#;A!#+.'C7 $&/ 9.&  *'(#/ %# !*$<!#+.'/ @,# /# .#8'.+&( 8&.&

&$),('/ 5&$'.#/ /'(  *9.&/ #/+*!&%&/ " /# 8,#%# %# *. @,# ,( 'O' #(+.#(&%'

8,#%# M& #. $# +,.&/  '( ,(& *( #.+*%,!-.# %# ±0.2 !!2 I$ 5&$'. %# zi
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"#$ %$ &'()*+'"# ,-. )$ /& 0&1/& 234 5 6%) "#**)'7#$8) & z12 = 333 99

+$8+"& 6%) /& 1&**& )$ )') 7%$(# (+)$) %$ /+:)*# 8);)"(#< )/ )=(*)9# #7%)'(#

& )') 7%$(# (+)$) %$& *)8%""+>$ 8) &7*#=+9&8&9)$() ? 99 "#9# 7&*() 8)

%$ )**#* &""+8)$(&/ )$ )/ 7*#")'# 8) 9&6%+$&8#3 @#9# ') 7%)8) #1')*A&*

8) /& "#97&*&"+>$ )$(*) ()#*B& 5 )=7)*+9)$(#< (&$(# 7&*& /&' ;*)"%)$"+&' 8)

*)'#$&$"+& "#9# 7&*& /&' &97/+(%8)' 8) #$8& 9)8+8&'< )/ 7)6%)C# 8);)"(# )$

z12 5 /&' 7)6%)C&' 8+'"*)7&$"+&' )$ z21, z26, z27, z28, z29, z30 y z31 )$(*) /&'

ziD' "&/"%/&8&' 5 9)8+8&' $# +$E%5)$ '+:$+F"&(+A&9)$() )$ /#' *)'%/(&8#'3
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"#$%&' ()*+ "''&%,-$%$. zi /#, %$- 0$ 1'.2324- %, 0'. 3$562'. %, 7&,$ 8s ' S9
%, 0$ .,3324- :&$-.;,&.$0 1$&$ 0'. %2<,&,-:,. 3#6'2%,. %, $3#,&%' $ 0$ =2>) ?)@A

%'-%, z0 = 0 B z2n+1CD) "'5' i = 2n+1A 3'- i = 31 ., '6:2,-, n = 15A /#,
,. ,0 -E5,&' %, 3#6'2%,. %, %25,-.2'-,.+ l = 5.0 35A w = 1.905 35 B hn) F-

0$ =2>) G)! 869 B ,- 0$ =2>) ?)@ .40' ., 5#,.:&$- %2,H %, I.:'.) F0 ;$0'& 3'-

$.:,&2.3' ., ,J1023$ ,- ,0 :,J:')
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!L GML GML

!*   L   L
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2

ε
2+ +

z1

z2

i
s

S

si z i+1

Z

εl2

z2n+1

l7

"#$%&' ()*+ ,-./-0&1' 2- 3' 4'&&' 33'/'2' 5#60-/' 7) 78%1 zi 2-9.0' 3'

:.6#;#<9 2- 3.6 ;'/4#.6 2- &'2#. = si -6 -3 >&-' ?s . S@ 2- 3' 6-;;#<9 0&'96A-&6'3

2-3 #BC6#/. ;#3#92&. 2- &'2#. ri ?r . R@) 5- 0./' z0 = 0 = z2n+1 = L)

-60> 2'2' :.&+

ǫ
2
+ li+

ǫ
2
) D60- 5#60-/' 7 6- ;./:.&0' -9 E.&/' %9#2#/-96#.B

9'3 =' 8%- R ≪ liF 6#-92. li 3' 3.9$#0%2 2- 3' 4'&&' i = R ≪ λ = 2π/kF ;.9 λ
3' 3.9$#0%2 2- .92' 2-3 /.2. 9.&/'3 2- .6;#3';#<9 0.&6#.9'3 = k 6% 9G/-&.

2- .92')

H' 4'&&' 33'/'2' 5#60-/' ( 6- '9'3#I< ;./. 6# -60%A#-&' E.&/'2' :.& %9

'&&-$3. 2- N ;-32'6 %9#0'&#'6 2- #$%'3 3.9$#0%2F ;'2' %9' 2- -33'6 E.&/'2'

:.& 0&-6 ;%4.#2-6F A-& "#$ ?()J@F 2.92- 3' '30%&' 2-3 ;%4.#2- 8%- -60> -9 -3

;-90&. 2- 3' ;-32' %9#0'&#' A' '%/-90'2. ;.9E.&/- &-;.&&-/.6 3' 4'&&' 2-

#I8%#-&2' ' 2-&-;K') D3 >&-' 2- 3' 6-;;#<9 0&'96A-&6'3 2- 3.6 ;%4.#2-6 :-8%-L.6

-6 s = -3 >&-' 2- 3' 6-;;#<9 0&'96A-&6'3 2- 3.6 .0&.6 ;%4.#2-6 -6 S) H' 3.9$#0%2

2- ;'2' ;-32' %9#0'&#' -60> 2'2' :.&+

ǫ′

2
+ l + ǫ′

2
) D60- 5#60-/' ( 0'/4#C9 6-

;./:.&0' -9 E.&/' %9#2#/-96#.9'3 =' 8%- w, hn ≪ l = l ≪ λ)

D9 %9 -68%-/' /%= $-9-&'3 :'&' ;%'38%#-&' 2- 3.6 2.6 6#60-/'6F "#$) ()!F 3'

'/:3#0%2 2- .92' -9 -3 ;#3#92&. i :'&' -3 5#60-/' 7 . :'&' -3 ;%4.#2- i -9

-3 5#60-/' ( 6- 0./' 2- 3' -;%';#<9+ ϕ(z, t) = φ(z)eiωt
F D;) ?J)*M@N = 2- 3'

-;%';#<9+ φ(z) = Aeikz +Be−ikz
F D;) ?J)J @N '$&-$>92.3-6 -3 6%4192#;- iF -60.

-6F &-6:-;0#A'/-90-+

ϕi(z, t) = φi(z)e
iωt, ?()*@

φi(z) = Aie
ik(z−zi−1) +Bie

−ik(z−zi−1)
?()J@
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!"#$%& '()* +,-.,/%0& 1, 2& 3&%%& 22&.&1& 4"5/,.& '( 67$0 zi 1,8-/& 2&

9-5":";8 1, 2-5 :&.3"-5 1,2 <%,& si =s - S> 1, 2& 5,::";8 /%&85?,%5&2 1,2 "@

A5".- :$3-"1,B C& 5,& 1, 2&1-5 w′, h′ =8- .-5/%&1-5 C :-8 h′ = w′> - 1, 2&1-5

w, hn( 4, /-.& z0 = 0 C z2n+1 = L( D2 5"#8"E:&1- 1,2 9$8/- 8,#%- ,8 2& 9&%/,

5$9,%"-% 1,2 :$,%9- 1, 2& ,F/%,.& 1,%,:G& 5, ,F92":& ,8 ,2 &9A81":, H()(

9&%& zi−1 ≤ z ≤ ziB i = 1, 2, ..., 2n+1I 1-81, 8- G&C 7$, :-8J$81"% 2& i =
√
−1

,8 2& ,F9-8,8:"&2 :-8 2& i 1,2 "@A5".- :$,%9- 1, 2& 3&%%&( K&5 :-81":"-8,5 1,

:-8/"8$"1&1 ,8 z = zi 5-8 2&5 5"#$",8/,5*

L> M$, 2& &.92"/$1 1, -81& ,8 zi ,8 $8 :$,%9- 5,& "#$&2 & 2& &.92"/$1 1,

-81&B /&.3"A8 ,8 ziB ,8 ,2 :$,%9- 7$, 5"#$, 5"#8"E:& 7$,*

ϕi|zi
= ϕi+1|zi

⇒ eiωtφi

∣

∣

zi

= eiωtφi+1

∣

∣

zi

⇒

φi|zi
= φi+1|zi

, ='(N>

."5.& :-81":";8 7$, 2& 5&/"5J&:,8 /&8/- ,2 4"5/,.& 6 :-.- ,2 4"5/,.& '(

)> M$, ,2 .-.,8/- 1, /-%5";8 7$, ,O,%:, $8 :$,%9- ,8 zi 5-3%, ,2 :$,%9-
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./%=.(%0*%) A1 I B13 2)*/ %)-

(

A2

B2

)

= MF
1→2

(

A1

B1

)

(

A3

B3

)

= MF
2→3

(

A2

B2

)

⇒

(

A3

B3

)

= MF
2→3M

F
1→2

(

A1

B1

)

.

N?&(.#0>/ )@.%)(E#+%0*% %)*% ?$/.%>(+(%0*/ )% *(%0%-

(

A2n+1

B2n+1

)

= MF
2n→2n+1M

F
2n−1→2n · · · · · ·M

F
2→3M

F
1→2

(

A1

B1

)

J@% %0 8/$+# #9$%E(#># )% %).$(9% >% &# )(H@(%0*% +#0%$#-

(

A2n+1

B2n+1

)

= MF

(

A1

B1

)

, 4,35 7
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"#$"%

MF = MF
2n→2n+1M

F
2n−1→2n · · · · · ·M

F
2→3M

F
1→2. &'()*+

,- .-/012 0%345/-$/%6 MF
6 %3 4$- .-/012 "% !7! 8 5- 9:( &'() + /#.- 5-

;#0.-<

(

A2n+1

B2n+1

)

=





MF
11 MF

12

MF
21 MF

22





(

A1

B1

)

, &'()=+

# /-.>1?$

A2n+1 = MF
11A1 +MF

12B1 &'()@+

B2n+1 = MF
21A1 +MF

22B1, &'()A+

"#$"% A2n+1 8 B2n+1 3#$ 5#3 :#%B:1%$/%3 "% 5- -.C51/4" "% #$"-6 9:( &'(!+<

φi(z) = Aie
ik(z−zi−1) +Bie

−ik(z−zi−1)
:#$ zi−1 ≤ z ≤ zi6 i = 1, 2, ..., 2n+ 16 %$

%5 %7/0%.# "%0%:D# "% 5- >-00-(

E#.# 8- 3% %7C51:F -$/%01#0.%$/% %3/% /0->-G# 3% 0%3/01$H% - >-00-3 :#$

%7/0%.#3 51>0%3( 9$ %3/- 31/4-:1F$6 5-3 :#$"1:1#$%3 - 5- ;0#$/%0- "% I%4.-$$6

9:( &!(J@+6 %$ /?0.1$#3 "%5 K$"1:% i /#.-$ 5- ;#0.-<

∂ϕi

∂z

∣

∣

∣

∣

z=0

= 0 y
∂ϕi

∂z

∣

∣

∣

∣

z=L

= 0 &'(LM+

"#$"% 5- 9:( &'(J+< ϕi(z, t) = φi(z)e
iωt

8 5- 9:( &'(!+< φi(z) = Aie
ik(z−zi−1) +

Bie
−ik(z−zi−1)

1.C51:-$ N4% C-0- i = 1

∂ϕ1

∂z
= eiωt dφ1

dz
= eiωt

[

ikA1e
ik(z−zi−1) − ikB1e

−ik(z−zi−1)
]

.

9O-54-$"# %$ z = 06 :#$ z0 = 06 8 343/1/48%$"# %$ 5- C-0/% 12N41%0"- "% 5-

9:( &'(LM+ 3% #>/1%$% :#.# 0%345/-"#<

A1 −B1 = 0 &'(LJ+

8 C-0- %5 %7/0%.# "%0%:D# "% 5- >-00- "#$"% i = 2n+ 1 3% #>/1%$%<

∂ϕ2n+1

∂z
= eiωt dφ2n+1

dz
= eiωt

[

ikA2n+1e
ik(z−z2n) − ikB2n+1e

−ik(z−z2n)
]

.

9O-54-$"# %$ z = z2n+1 = L 8 343/1/48%$"# %$ 5- C-0/% "%0%:D- "% 5- 9:( &'(LM+

0%345/- N4%<

A2n+1e
ik(L−z2n) −B2n+1e

−ik(L−z2n) = 0. &'(L!+
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"#$%&%#'()*+ ,-$ ./$0 120!34 ' 120!54 () ,- ./0 120674 $( +8%&()( ,- +%9-

(/#-/&:) ;-9- A1 ' B1<

(

MF
11e

ik(L−z2n) −MF
21e

−ik(L−z2n)
)

A1+
(

MF
12e

ik(L−z2n) −MF
22e

−ik(L−z2n)
)

B1 = 0.
1206!4

.) /+)/,#$&:)= $( +8%&()( (, $&$%(>- *( (/#-/&+)($ ?+>+@A)(-$ ;-9- A1 ' B1<

(

1 −1
MF

11e
ik(L−z2n) −MF

21e
−ik(L−z2n) MF

12e
ik(L−z2n) −MF

22e
−ik(L−z2n)

)

×

×

(

A1

B1

)

= 0

+ %->8&A)<

P

(

A1

B1

)

=

(

0
0

)

, 120664

*+)*(<

P =

(

1 −1
MF

11e
ik(L−z2n) −MF

21e
−ik(L−z2n) MF

12e
ik(L−z2n) −MF

22e
−ik(L−z2n)

)

.

B+>+ ,-$ ./$0 120664 $+) ?+>+@A)(-$= ,+$ C-,+9($ ;(9>&%&*+$ *( k /+99($;+)D

*() - ,-$ 9-E/($ *(< det(P ) = 00 F-$ G9(/#()/&-$ -)@#,-9($ ω= ./0 1707H4= *( ,+$
>+*+$ )+9>-,($ *( ,-$ +)*-$ %+9$&+)-,($ ω = vT k $( +8%&()() )#>A9&/->()%(

8-99&()*+ det(P ) /+>+ G#)/&:) *( k0 B#-)*+ ;-9- #) C-,+9 k = kR $( +8%&(D

)( det(P ) = 0= ()%+)/($ ,- G9(/#()/&- -)@#,-9 *( 9($+)-)/&- ($ ωR = vT kR

+ fR = 1
2π

vT kR ,- G9(/#()/&- *( 9($+)-)/&-0 B+) ,-$ 9-E/($ kR $( /-,/#,-) ,-$

->;,&%#*($ *( +)*- #$-)*+ ,- ./0 12074= ($%+ ($= $( (C-,I- ,- G#)/&:)<

φi(z) = Aie
ikR(z−zi−1) +Bie

−ikR(z−zi−1)
1206 4

;-9- zi−1 ≤ z ≤ zi= i = 1, 2, ..., 2n + 1J *+)*( ?-' K#( 9(/+9*-9 ,- *&G(9()/&-

()%9( i =
√
−1 () ,- (L;+)()/&-, ' ,- i *(, &DA$&>+ /#(9;+ *( ,- 8-99- + ,-

&DA$&>- /++9*()-*- z0
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!'$)*/ %*7#$)*/ 8 9:;< ("#%++/,,%(/ "! ", =%>/+%$/+)/ (" ?)>+%*)/!"#  ,@#6

$)*%# (", A!#$)$2$/ (" B)"!*)%# CD#)*%#E FG:96B%-&2# 9/+",/# HIJK0 1" L%*"
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("# (" ,%# /!(%# $/+#)/!%,"#0

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

%*3'+2*, 4567#8

 ,  9:; */!#$% (" 2!% >/>)!% O (" 2! )-@! &"+-%!"!$" P2" &+/(2*" 2!

*%-&/ -%5!'$)*/ !/ L/-/5'!"/0  #$" ()#&/#)$)3/ "# 3"+#@$), "! ", #"!$)(/ ("

P2" */! ()4"+"!$"# */!Q52+%*)/!"# (" ,% >/>)!% O ", )-@! #" &2"("! ".*)$%+

/ ("$"*$%+ /!(%# */-&+"#)/!%,"#E $/+#)/!%,"# O R".)/!%,"#0  ! ,% C)50 B0S
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!"#$ !% &'%!()*+ #$! ,$! -).&%)$! /*!$! 0* 1'% #* %2/.(*/."+3,%(%//."+ ,%

4%2.$+*#%! %! !.&.#*) * #* ,% #*! /$&-)%!.$+*#%!5 6*)* 4%2.$+*#%! !% /$#$/* #*

/$+78')*/."+ ,%# 9:;< ,% #* =.85 >5? @*A %+ %# &*+($ ,% #* B*))*5 C"(%!%

1'% +$ D*0 /$+(*/($ &%/E+./$ %+()% %# 9:;< 0 #* B*))*5

(b)

(d)

iman

(a)

(c)
bobina

barra de aluminio

=.8')* >5?F G.H%)%+(%! /$+78')*/.$+%! ,%# 9:;<5 >*&B.*+,$ #* /$+78')*3

/."+ ,% #* B$B.+* 0 %# .&E+ *!I /$&$ !' -$!./."+ !% -'%,%+ %2/.(*) $ ,%(%/(*)

,.H%)%+(%! (.-$! ,% $+,*!F @*A 0 @BA /$&-)%!.$+*#%!J @/A 0 @,A ($)!.$+*#%!5 9!(%

()*B*K$ !% /$+/)%(* !"#$ *# '!$ ,% #* /$+78')*/."+ @/A5

9+ #$! %2-%).&%+($! ,% L.B)*/.$+%! */M!(./*! %+ B*))*! $ L.8*! $/'))% 1'%

/$+ #.8%)*! ,%!*#.+%*/.$+%! ,%# 9:;< !% -)$,'/%+ #$! ()%! (.-$! ,% $+,*!

&%+/.$+*,$! *)).B*J /$+ #* !*#L%,*, ,% 1'% !% -)$,'/% &'0 %7/.%+(%&%+3

(% #* $+,* -*)* #* /'*# !% /$+78')" %# 9:;< 0 *-*)%/%+ &'0 ,.!&.+'.,*!

#*! $()*!5 9+(%+,%) /'*#.(*(.L*&%+(% #* H$)&* /$&$ H'+/.$+* %# 9:;< -*)*

%2/.(*)3,%(%/(*) /*,* '+$ ,% #$! (.-$! ,% $+,* *0',* * %+(%+,%) #$! %!-%/()$!

%2-%).&%+(*#%!5 >$+ %!(% -)$-"!.($ !% ,.!/'(% -).&%)$ /"&$ */(M* %!(% ,.!3

-$!.(.L$ !. !% '!* -*)* ,%(%/(*) 0 %2/.(*) L.B)*/.$+%! /$&-)%!.$+*#%!J 0* 1'%

-*)* #*! 4%2.$+*#%! $/'))% *#8$ !.&.#*)5 6$!(%).$)&%+(% !% *+*#.N* (*&B.O+ %+

H$)&* /'*#.(*(.L* /$&$ H'+/.$+* %# 9:;< -*)* %2/.(*) 0 ,%(%/(*) L.B)*/.$+%!

($)!.$+*#%!5
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i

T

B

bobina

iman

aluminioΣ

"#$%&' ()*+ ,#'$&'-' ./0 1234) 5' 6%7/&89#/ Σ &/7&/6/:;' %:' 7<&9#=:

./ 0' >'&&' ./ '0%-#:#< <69#0':.<) ?/ #:.#9' %: 0'@< 9%'0A%#/&' 9<: 0' 0/;&'

T B 9<: B 0' #:.%99#=: -'$:C;#9' :< D<-<$C:/' 7&<.%9#.' 7<& /0 #-E:

7/&-':/:;/)

F'&' /G9#;'& B ./;/9;'& <:.'6 9<-7&/6#<:'0/6 /: %:' >'&&' -/;E0#9' 6/ /-70/'

0' 9<:8$%&'9#=: H'I ./ 0' "#$) ()J) 3A%K 6/ ':'0#@' 6% L%:9#<:'-#/:;< 9<-<

./;/9;<& ./ .#9D'6 <:.'6) 5' "#$) ()* -%/6;&' %: .#'$&'-' /6A%/-E;#9< ./0

1234 M* N *OP) (%':.< 0' 6%7/&89#/ -/;E0#9' Σ <69#0' /: 0' -#6-' .#&/99#=:

A%/ /0 /Q/ ./ 0' ><>#:'N 0' #:.%99#=: -'$:C;#9' BN :< D<-<$C:/'N ./0 #-E:

7/&-':/:;/ 7&<.%9/ %: R%Q< -'$:C;#9< 9'->#':;/ ΦT ' ;&'SC6 ./ 9%'0A%#/&

0'@<N 9<-< /0 -'&9'.< T /: 0' "#$) ()*) 16;<N ./ '9%/&.< ' 0' 0/B ./ "'&'.'BN

E = −
dΦ

dt
H()JI

<&#$#:' %:' L/-N ET = −dΦT

dt
N A%/ ' 6% S/@ $/:/&' %:' 9<&&#/:;/ ./ &/-<0#:< <

./ "<%9'%0; i) 16;' 9<&&#/:;/ i /6 7&<7<&9#<:'0 ' 0' ./&#S'.' ;/-7<&'0 ./0 R%Q<

-'$:C;#9< ΦT + i ∝ dΦT

dt
N B /6;' S'&#'9#=: ./ R%Q< -'$:C;#9< /6 7&<7<&9#<:'0N

/: %:' 7&#-/&' '7&<G#-'9#=:N ' 0' S/0<9#.'. ./ 0' 6%7/&89#/ ΣN /6 ./9#&+

dΦT

dt
∝ vΣT Q%:;':.< /6;'6 .<6 #./'6 6/ 7%/./ '8&-'& A%/+ i ∝ vΣ) F<& <;&<

0'.<N 0' 9<&&#/:;/ ./ &/-<0#:< i $/:/&'.' 7<& /0 R%Q< -'$:C;#9< ΦT 9'->#':;/

.' <&#$/: ' %:' #:.%99#=: -'$:C;#9' A%/ S'&#' 9<: /0 ;#/-7<N Bi(t)N A%/
/:;<:9/6 7&<.%9/ %: R%Q< S'&#'>0/ /: 0' ><>#:'N Φbobina ≡ ΦbN A%/ ' 6% S/@

#:.%9/ %:' L/- /: C6;' B 7<& 0< A%/ 6/ 7%/./ ./9#& A%/+ Φb ∝ i) ?# .#9D' L/-
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"# #$%&#$'# ()*) #+ ,)+%-.# #$%/# +-" %#/*&$-+#" '# +- 0)0&$- "# %#$'/1 23#4

Vbobina ≡ Vb = −dΦb

dt
5 6237 "# 83#'# '#(&/ - *-$#/- '# ()$(+3"&9$: )%/- ,#; #$

8/&*#/- -8/)<&*-(&9$: 23#4 Vb = −dΦb

dt
∝

d
dt

i ∝ d
dt

vΣ: #" '#(&/: 23# #+ ,)+%-.#

&$'3(&') #$ +- 0)0&$- #" 8/)8)/(&)$-+ - +- -(#+#/-(&9$ '# +- "38#/=(&# Σ5

6>)/- "# -$-+&;- #+ ?3$(&)$-*&#$%) '#+ @A6B ()*) #<(&%-')/ '# +-" )$'-"

()*8/#"&)$-+#" "&C3&#$') +- D&C5 E5F 23# *3#"%/- 3$ '&-C/-*- #"23#*1%&()

'#+ @A6B5 @$ #"%# (-") +- "38#/=(&# Σ #"%1 &$&(&-+*#$%# #$ /#8)") G ->)/-

"# -8+&(- 3$ ,)+%-.# -+%#/$) - +- 0)0&$-: V
′

bobina ≡ V
′

b : >-(&#$') 23# (&/(3+#

3$- ()//&#$%# #+H(%/&(- 8)/ +-" #"8&/-" '# H"%-5 I- ()//&#$%# #+H(%/&(- #$ +-

0)0&$- 8/)'3(# - "3 ,#; 3$- &$'3((&9$ *-C$H%&(- '&,#/C#$%# B
′

bobina ≡ B
′

b

23# &$'3(# 3$ J3.) *-C$H%&() Φ
′

T ,-/&-0+# #$ #+ %&#*8) ")0/# +- "38#/=(&# Σ
- %/-,H" '# 3$ +-;) T (3-+23&#/- ()*) #+ *-/(-') #$ +- D&C5 E5F5 K# #"%)

"# 83#'# ,#/ 23#4 V
′

b ∝
dΦ

′

T

dt
5 I- ,-/&-(&9$ %#*8)/-+ '#+ J3.) *-C$H%&() Φ

′

T

&$'3(# - %/-,H" '# +- +#G '# D-/-'-G 3$- ?#*: E
′

T = −
dΦ

′

T

dt
: 23# - "3 ,#;

8/)'3(# #$ #+ +-;) T 3$- ()//&#$%# '# /#*)+&$) i
′

L 8)/ +) 23#4 i
′

∝
dΦ

′

T

dt
: G '#

+- /#+-(&9$ -$%#/&)/4 V
′

b ∝ i
′

5 @"%- ()//&#$%# '# /#*)+&$) i
′

#<8#/&*#$%- 3$-

?3#/;- '#0&'- - +- &$'3((&9$ *-C$H%&(- '#+ &*1$ 8#/*-$#$%# B - %/-,H" '#

+- 8-/%# *-C$H%&(- '# +- ?3#/;- '# I)/#$%;: MFN: 81C5 ONPQ4 FL = i
′
∮

T
dℓ×B:

')$'# dℓ #" #+ ,#(%)/ '&?#/#$(&-+ '# +)$C&%3' ")0/# #+ +-;) T 8)/ #+ 23# (&/(3+-

+- ()//&#$%# i
′

: ,#/ D&C5 E5F ')$'# >-G 23# 8#$"-/ - i ()*) i
′

5 K# +- #<8/#"&9$

8-/- FL G '# +- /#+-(&9$ #$%/# V
′

b # i
′

"# 83#'# -=/*-/ 23#4 V
′

b ∝ ||FL||5

K-') 23# #+ #.# '#+ &*1$ 8#/*-$#$%# #" 8#/8#$'&(3+-/ - +- "38#/=(&# Σ
G '-') 23# B -%/-,&#"- #+ +-;) T : #"%# ,#(%)/ "# 83#'# #"(/&0&/ ()*) 3$-

()*8)$#$%# 8-/-+#+- - +- "38#/=(&# Σ *1" 3$- ()*8)$#$%# 8#/8#$'&(3+-/ -

'&(>- "38#/=(&#: #"%) #"4 B =
(

B‖

)

Σ
+(B⊥)Σ5 R)/ )%/) +-'): 8-/- #+ ,#(%)/ dℓ4

dℓ =
(

dℓ‖

)

Σ
5 K# +) -$%#/&)/ "# 83#'# ,#/ 23#: 8)/ "&*#%/7-: 8-/- ')" 83$%)"

p G q )83#"%)" ")0/# #+ +-;) T "# %&#$# 23#: 8-/- #+ 83$%) p4 dℓ =
(

dℓ‖

)

Σ

G B =
(

B‖

)

Σ
+ (B⊥)Σ: *&#$%/-" 23# 8-/- #+ 83$%) q4 dℓ = −

(

dℓ‖

)

Σ
G

B = −
(

B‖

)

Σ
+ (B⊥)Σ5 6"7 23# '# +- #<8/#"&9$ 8-/- +- ?3#/;- '# I)/#$%; "#

83#'#$ #"(/&0&/ +-" ()$%/&03(&)$#" (dFL)p G (dFL)q: #"%) #": 8-/- +- 8/&*#/-

'# #++-"4

(dFL)p = i
′
{(

dℓ‖

)

Σ
×

[(

B‖

)

Σ
+ (B⊥)Σ

]}

=

= i
′
{(

dℓ‖

)

Σ
×

[(

B‖

)

Σ

]

+
(

dℓ‖

)

Σ
× [(B⊥)Σ]

}

SE5FT
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" #$%$ (dF)q&

(dFL)q = i
′
{

−
(

dℓ‖

)

Σ
×

[

−
(

B‖

)

Σ
+ (B⊥)Σ

]}

=

= i
′
{(

dℓ‖

)

Σ
×

[(

B‖

)

Σ

]

−
(

dℓ‖

)

Σ
× [(B⊥)Σ]

}

. '()*+

,- .$/ 01/) '()2+ " '()*+ /- 3- 45- $. /56$%.$/ /7.8 45-9$: .8/ #%;6-<

%8/ =>%6;:8/ 9- .$/ 6;/6$/ " 45- -. %-/5.=$98 -/ 5: 3-1=8% #$%$.-.8 $. -?-

9-. ;6@: #-%6$:-:=- " #8% .8 =$:=8 #-%#-:9;15.$% $ .$ /5#-%A1;- Σ) ,-

.8 $:=-%;8% -/ 1.$%8 45- #$%$ -. .$B8 T /7.8 C$D%E$ 45- C$1-% .$ ;:=-F%$.&

FL = i
′
∮

T

{(

dℓ‖

)

Σ
×

(

B‖

)

Σ

}

) G$%$ 1$.15.$% .$ H5-%B$ =8=$. /8D%- .$ D$%%$I

(FL)totalI /- 9-D-%E$: 18:/;9-%$% =89$/ .$/ 18:=%;D51;8:-/ 9- .$/ H5-%B$/ /8D%-

=89$/ .$/ /5#-%A1;-/ -:1-%%$9$/ #8% .$B8/ #$%$.-.8/ $. .$B8 T I 6@/ =89$/ .$/

18:=%;D51;8:-/ -: -. ;:=-%;8% 9- .$ D$%%$) 0/=- 1@.15.8 -/ 9-6$/;$98 .$D8%;8/8

- ;::-1-/$%;8) 0: -/=- =%$D$?8 /- 5=;.;B$ /8.$6-:=- .$ H5-%B$ FL /8D%- -. @%-$
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= ϕ̇BAC1

cosϕ. +,- /

23$%( 41 5(&56&( 1& 768$ 9(:);'<5$ ( '%(=;4 01& 5>%56&$ C2 01 ?%1( AC2
@ 14'$ 14@

ΦC2
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(-%- .0 @-0"3.# %. 0$ *$))$1 I$%$ 0$:-5 '-*). "# /0$#- /$)$0.0- $0 /0$#- Y Z
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∮
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"-6 0$%(-6 -0$#6(-6 6-8*# #+ +&>- T / +-6 ,#1(-*#6 dℓ×r ('#%#% $%& 1-.0-%#%(#
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2
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1#+# "# @2%> BT = BT î 7 ∢(BT ,Ab) = 0< A2$*'*27%)-/ %) "# %?1+%$'()

1#+# ΦAb
$% *'%)% @2%> ΦAb
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=
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+*(+). :'1*0#& %)(+) #'"01(+'1#+) "+ *0;+& +* %$%1(- 3#%* 90% "%3%'"% "% *+ $&%4

10%'1#+. <+ 3&-$0'"#"+" "% %$%1(- 3#%*= "%>'#"+ 1-2- *+ "#)(+'1#+ δ 3+&+ *+

10+* *+ +23*#(0" "% 0'+ -'"+ 3*+'+ ?#+@%&+ "#)2#'0A% 3-& 0' $+1(-& 1/e= %)(B
"+"+ 3-&C

δ =

√

2

ωµσ
, DE.FGH

"-'"% 1-2- +'(%) ω = 2πf %) *+ $&%10%'1#+ +';0*+&= 3+&+ %* +*02#'#- *+

3%&2%+I#*#"+" 2+;'J(#1+ %)C µ = 1.2566650× 10−6
KL2 A *+ 1-'"01(#?#"+"=

+ 20 ◦C= %)C σ = 3.78× 107
ML2=

 

1-' %)(-) "+(-) *+ /1. DE.FGH 90%"+ 1-2-C

δ =
0.08185956

√
f

. DE.FNH

O-& %@%23*-= 3+&+ 0'+ +*%+1#P' (83#1+ "% +*02#'#-= )# f = 100 K,= *+ 3&-4

$0'"#"+" "% %$%1(- 3#%* %)C δ = 0.819 12 A 1-' f = 100 QK,= %)(% ?+*-& %)

δ = 0.0260 12. O-& *- (+'(-= + $&%10%'1#+) +*(+) %* 1+23- 2+;'J(#1- 3-"&8+

'- 3%'%(&+& *- )0>1#%'(%. /' %)(% 1+)-= *+ 1-'>;0&+1#P' D"H "% *+ R#;. E.F=

1-' *+ 10+* (+2I#J' )% 30%"%' %S1#(+& A "%(%1(+& -'"+) (-&)#-'+*%)= %) 2B)

+3&-3#+"+ 3+&+ $&%10%'1#+) +*(+) A (+2I#J' 3+&+ ?+*-&%) ;&+'"%) "%* &+"#- R
"% *+ I+&&+.

/' %)(+ T*(#2+ 3+&(% "% *+ )%11#P' )% "#)10(% 10+*#(+(#?+2%'(% 1P2- $0'1#-'+

%* /567 1-2- %S1#(+"-& "% -'"+) (-&)#-'+*%) %' 0'+ I+&&+. M# )% 1-*-1+ %*

(&+')"01(-& 1-2- %' *+ R#;.E.F D1H A )% +3*#1+ 0' ?-*(+@% +*(%&'- + *+ I-I#'+=

J)(+ 3&-"01#&B 0'+ #'"011#P' 2+;'J(#1+ ?+&#+I*%C Bbobina ≡ Bb(x, y, z, t) ≡

Bb(x, y, z)cos ωt =
[

(Bb)x î + (Bb)y ĵ + (Bb)z k̂
]

cos ωt= *+ 10+* '- )% #'"#4

1+"+ %' *+ R#;. E.U. M% %)(B 1-')#"%&+'"- "% 2+'%&+ 20A ;%'%&+* 90% %)

3-)#I*% %?+*0+& *+ #'"011#P' 2+;'J(#1+ 90% 3&-"01% *+ I-I#'+ %' 10+*90#%&

30'(- "% 1--&"%'+"+) (x, y, x) A + 10+*90#%& (#%23- t. V+"- 90% *+ I+&&+ %)(B

#'#1#+*2%'(% %' &%3-)-= *-) 18&10*-) C1 A C2 %)(B' (+2I#J' #'#1#+*2%'(% %'

&%3-)-= 1-2- *-) "#I0@+"-) %' *+ R#;. E.U= A 3+&+ *-) 10+*%) *-) ?%1(-&%) +)-4

1#+"-) + )0) B&%+)= (+2I#J' #'#1#+*2%'(%= )-'C AC1
= −AC1

î A AC2
= −AC2

ĵ=

 

 !" #$#%!&' $(%!)('*$+('" ,! -($,',!#. henry ≡ H = V · s/A = kg ·m2
· s 2

·A 2
/

siemens ≡ S = Ω 1 = kg 1
·m 2

· s3
· A2

0 '#1 2-! "' 3)+4-(,$,', ,! !4!*%+ 3$!" δ !#%5
!( &!%)+#6



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

"#$%#&'()*+#,'#- ."(+#"/ $# &*0&10* #0 213/ +*4,5'(&/ * '"*)5$ 6#0 &7"&10/

C1 6# "*6(/ R8 &#,'"*6/ #, x = 0 &/, 0 ≤ y ≤ R 9 0 ≤ z ≤ R: %"/61;

&(6/ %/" Bb(x = 0, y, z, t): #$'/ #$8 Φ
′

C1
< Φ

′

C1
= [Bb(x = 0, y, z, t)] · AC1

=
([

(Bb)x=0 î + (Bb)y ĵ + (Bb)z k̂
]

cos ωt
)

·

(

−AC1
î
)

= − (Bb)x=0 AC1
cos ωt8 /

$#* =1#<

Φ
′

C1
= − (Bb)x=0 AC1

cos ωt. >?-@AB

C0 213/ +*4,5'(&/ * '"*)5$ 6#0 &7"&10/ C2 6# "*6(/ R8 &#,'"*6/ #, y = 0 &/,

0 ≤ x ≤ R 9 0 ≤ z ≤ R: #$8 Φ′C2
- D0 $#" 0* (,61&&(E, +*4,5'(&* Bb(x, y, z, t)F

6()#"4#,'# "#$10'* /G)(/ 6# 0* H(4- ?-I =1# Φ′C2
= 0- D=17 0/ =1# (,'#"#$*, $/,

0*$ &/+%/,#,'#$ 6# Bb(x, y, z, t) #, #0 %0*,/ #, #0 =1# $# #,&1#,'"* #0 &7"&10/

C28 #$ 6#&(" #0 %0*,/ XZ8 %*"* #0 &1*0 y = 0 9 '*+G(5, (Bb)y = 08 #,'/,;

&#$< Φ
′

C2
= (Bb(x, y = 0, z, t)) ·AC2

=
([

(Bb)x î + (0) ĵ + (Bb)z k̂
]

cos ωt
)

·
(

−AC2
ĵ
)

= 08 %/" 0/ =1#<

Φ
′

C2
= 0. >?-JFB

K* $# +/$'"E =1# $E0/ L*9 213/ +*4,5'(&/ * '"*)5$ 6#0 &7"&10/ C1- ?/+/

$# 6(3/ *""(G*8 6#,'"/ 6#0 &7"&10/ C1 L*9 /'"/$ +1&L/$ 0*M/$ 6# 0/$ &1*0#$ $#

&/,$(6#"*"N 1,/ #, %*"'(&10*"8 #0 00*+*6/ 0*M/ T 6# "*6(/ RT 9 =1# #,40/G* 1,

N"#* AT = πR2
T - C0 213/ +*4,5'(&/ * '"*)5$ 6#0 N"#* AT 6#0 0*M/ T %"/61&(6/

%/" 0* (,61&&(E, +*4,5'(&* Bb(x, y, z, t)8 #$'/ #$8 Φ
′

AT
8 #, &/,&/"6*,&(* &/,

0* C&- >?-@AB8 #$'N 6*6/ %/"<

Φ
′

AT
= −AT (Bb)x=0 cos ωt. >?-J@B

O# *&1#"6/ * 0* 0#9 6# H*"*6*9< E = −dΦ/dt8 C&- >?-@B8 0* P#+ E
′

T %"/61&(6*

%/" #0 213/ )*"(*G0# Φ
′

AT
8 #$<

E
′

T = −ωAT (Bb)x=0 sen ωt. >?-JJB

C$'* P#+ E
′

T %"/61&# 1,* &/""(#,'# I
′

T #, #0 0*M/ T 8 =1# *0 (41*0 =1# T $#

#,&1#,'"*, *0/3*6/$ #, #0 %0*,/ Y Z- D$/&(*,6/ 1,* "#$($'#,&(* R *0 0*M/ T 8

0* &/""(#,'# #$<

I
′

T =
ωAT (Bb)x=0 sen ωt

R
. >?-JIB



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

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

T '12'$)3'*(%*

,* 3#3'*(# 0' (#$&)4* # (#$+,' τ 0'5)0# % -% 2%$(' 3%/*6().% 0' -% 7,'$8%

0' 9#$'*(8 :;<= 2>/? @<ABC FL =
∮

T
I

′

T dℓ×B= 0#*0' B = −B ĵ '& -% )*0,..)4*

3%/*6().% 0'- )3>* 2'$3%*'*('= D)/? E?F? G' %.,'$0# % -% $'7'$'*.)% :;<= 22?

@< H@<IB= -% (#$.% τ '&(> 0%0% 2#$C

τ =

[

1

2
I

′

T

∮

C

r× dℓ

]

×B, JE?;AK

0#*0' r '& '- L'.(#$ 0' 2#&).)4* +,' L% 0'&0' '- '-'3'*(# 0)7'$'*.)%- 0'

-#*/)(,0 dℓ= &#5$' '- -%8# T 2#$ '- +,' .)$.,-% -% .#$$)'*(' I
′

T = "%&(% ,* 2,*(#

&#5$' '- 'M' X 0#*0' '&(> -% 5#5)*%? N'.#$0%*0# +,' '- -%8# T '&(> &#5$' '-

2-%*# Y ZC

r = x̂i + yĵ + zk̂ y dℓ = (dℓ)y ĵ + (dℓ)z k̂,

r×dℓ = x (dℓ)y k̂− x (dℓ)z ĵ + y (dℓ)z î− z (dℓ)y î,

r×dℓ =
(

y (dℓ)z − z (dℓ)y

)

î− x (dℓ)z ĵ + x (dℓ)y k̂,

0#*0' )*('/$%*0#C

∮

T

r×dℓ =

∮

T

[

y (dℓ)z − z (dℓ)y

]

î−

∮

T

[x (dℓ)z] ĵ +

∮

T

[

x (dℓ)y

]

k̂

O $'.#$0%*0# '- L%-#$ 0' B = −B ĵ &' #5()'*' 0' -% P.? JE?;AKC

τ =
1

2
BI

′

T

∮

T

[

x (dℓ)y

]

î−
1

2
BI

′

T

∮

T

[

y (dℓ)z − z (dℓ)y

]

k̂. JE?;QK

P* -# +,' &)/,' &' .#*&)0'$% ,* L%-#$ RM# 0' z= '&(# '&= z = zp? S%$% ,* 2,*(#

&#5$' '- 'M' Y C y = RT = '- $%0)# 0'- -%8# T ? G' #($% 7#$3%= -%& .##$0'*%0%&

0' '&(' 2,*(# &#* (x, RT , zp) O 2%$% '- .,%- (dℓ)y=RT
= 0 O (dℓ)z = (dℓ)zp

?

T,&()(,O'*0# '* -% P.? JE?;QK= 0#*0' "%O +,' .%35)%$

∮

T
2#$ ,*% &)32-'

)*('/$%-= &' ()'*' +,'C

τ (x, RT , zp) =
1

2
BI

′

T

∫

[

x (dℓ)y=RT

]

î−
1

2
BI

′

T

∫

[

RT

{

(dℓ)zp

}

− zp (dℓ)y=RT

]

k̂

O &)32-)R.%*0#C

τ (x, RT , zp) = −
1

2
BI

′

T

∫

[

RT (dℓ)zp

]

k̂. JE?; K
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"#$# %& '()*+ ,-./*$-0+1 y = −RT 2 0+) 0++$3%)#3#, (x,−RT , zp)2 '#$# %&

0(#& (dℓ)y=−RT
= 0 '%$+ (dℓ)z = − (dℓ)zp

4 ,(,*-*(5%)3+ %) &# 607 897:;< ,%

+=*-%)% #>+$#1

τ (x,−RT , zp) =
1

2
BI

′

T

∫

[

x (dℓ)y=−RT

]

î−

−
1

2
BI

′

T

∫

[

(−RT )
{

− (dℓ)zp

}

− zp (dℓ)y=−RT

]

k̂

3% 3+)3%1

τ (x,−RT , zp) = −
1

2
BI

′

T

∫

[

RT

{

(dℓ)zp

}]

k̂. 897:!<

?#0-%)3+ &# ,(.# 3% &#, 60,7 897: < 5 897:!< ,% +=*-%)%1

τ (x, RT , zp) + τ (x,−RT , zp) = −BI
′

T

∫

[

RT

{

(dℓ)zp

}]

k̂, 897:@<

3+)3% ,% .(%,*$# A(% '#$# %,*% '#$ 3% '()*+, ,-./*$-0+, ,+=$% %& %B% Y 2 /,*#

0+)*$-=(0-C) # &# *+$0# )%*# %,*D # &+ &#$E+ 3%& %B% Z 5 '+$ &+ *#)*+ %& &#F+

0-$0(&#$ T *-%)3% # E-$#$ #&$%3%3+$ 3%& %B% Z '$+3(0-%)3+ &# *+$,-C) 3% &#

,%00-C) *$#),G%$,#& 3% &# =#$$# %) z = zp7 6, 0&#$+ A(% zp %, 0(#&A(-%$ '()*+

# &+ &#$E+ 3% &# =#$$#7

H% 0+),-3%$#) #>+$# +*$+ '#$ 3% '()*+, ,-./*$-0+,7 H- ,% 0+),-3%$# '$-.%$+ %&

'()*+ ,+=$% %& &#F+ T 0+) 0++$3%)#3#, (x, 0, zp+RT )2 3+)3% RT %, %& $#3-+ 3%&

&#F+2 0+.+ y = 0 ,C&+ A(%3# #)#&-F#$ %) &# 607 897:;< A(%1 (dℓ)y = − (dℓ)y=0

5 ,(,*-*(5%)3+ %) &# 607 897:;< ,% +=*-%)%1

τ (x, 0, zp + RT ) =
1

2
BI

′

T

∫

[

x
{

− (dℓ)y=0

}]

î+

+
1

2
BI

′

T

∫

[

(zp + RT )
{

− (dℓ)y=0

}]

k̂. 897:I<

6& '()*+ ,-./*$-0+ #& '()*+ #)*%$-+$ *%)3$D 0++$3%)#3#, (x, 0, zp−RT )2 '#$#
%& 0(#&1 (dℓ)y = (dℓ)y=0 5 ,(,*-*(5%)3+ %) &# 607 897:;< A(%3#1

τ (x, 0, zp −RT ) =
1

2
BI

′

T

∫

[

x (dℓ)y=0

]

î +
1

2
BI

′

T

∫

[

(zp −RT ) (dℓ)y=0

]

k̂.

897JK<
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"#$%&'( )%* +,*- ./-012 3 ./-452 *6 (7896&6:

τ (x, 0, zp + RT ) + τ (x, 0, zp −RT ) = −BI
′

T

∫

[

(RT ) (dℓ)y=0

]

k̂, ./-4;2

'(&'6 (8<% =6> *6 $#6*8<% ?#6 )% *6,,9@& 8<%&*=6<*%) '6 )% 7%<<% 896&'6 % A9<%<

%)<6'6'(< '6) 6B6 Z C%<% C<('#,9< )% 8(<*9@& '6 )% 7%<<%D E6,E( ?#6 6*8F '6

%,#6<'( ,(& )% +,- ./-0!2-

+& )( %&86<9(< *6 ,(&*9'6<@ #& )%>( <6C<6*6&8%89=( T D '6 <%'9( RT ?#6 6*G

8F '6&8<( '6) ,H<,#)( C1 3 C(< 6) ?#6 ,9<,#)% )% ,(<<96&86 I
′

T D C%<% ,%),#)%<

%)A#&(* =%)(<6* '6 )% 8(<,% &68% τ n %C)9,%'% % )% 7%<<% ,#%&'( 6) 6B6 '6 )%

7(79&% 6*8F 6& z = zp- I8<%* ,(&8<97#,9(&6* % τ n =6&'<H%& '6 *#$%< )%*

8(<,%* '679'%* % 8('(* )(* )%>(* '6&8<( '6) ,H<,#)( C1D ,%'% #&( '6 6))(* ,(&

*# C<(C9( <%'9( 3 ,(& #&% ,(<<96&86 6)J,8<9,% %*(,9%'%- "9 *6 '6&(8% ,(& x
′

6) ,6&8<( '6 ,H<,#)(* C%<%)6)(* % C1D J*86 6*8%<H% ,6&8<%'( 6& x
′

= 0- /(&
)% &(8%,9@& %&86<9(<D ,(&8<97#,9(&6* %'9,9(&%)6* % )% 8(<,% &68% C<(=6&'<H%&

'6 )% *#$% '6 8('%* )%* 8(<,%* C<('#,9'%* C(< 8('(* )%>(*D *(7<6 C)%&(* C%G

<%)6)(* %) C)%&( Y ZD ?#6 *6 6&,#6&8<%& 6& ,H<,#)(* 6&8<%'(* 6& x
′

6= 0D 6*
'6,9<D −R ≤ x

′

< 0 3 0 < x
′

≤ RD 3 ?#6 ))6&%& 6) =()#$6& '6 )% 7%<<%K

&#6=%$6&86 ,%'% #&( '6 )(* )%>(* ,(& *# C<(C9( <%'9( 3 ,(& #&% ,(<<96&G

86 6)J,8<9,% %*(,9%'%- /(&*9'6<%< )%>(* ,6&8<%'(* 6& x
′ ∼= R *6<H%& ,($(

L,H<,#)(* '(7)%'(*M ?#6 *6A#9<H%& )% N(<$% '6 )% N<(&86<% '6 )% 7%<<% 3 6) %&FG

)9*9* *6<H% $F* ,($C)9,%'(- "9A#96&'( ,(& )% )H&6% '6 6*8% '6*,<9C,9@& %C<(G

O9$%'%D C6<$H8%*6 ,(&*9'6<%< ?#6 )(* )%>(* *(& ,H<,#)(* C%<% 8('% x
′

C%<%

?#6 C(< $6'9( '6 )%* +,*- ./-0!2 3 ./-4;2 *6 C#6'%& ,%),#)%< )(* '9N6<6&G

86* =%)(<6* '6 )% 8(<,% C%<% ,H<,#)(* ,6&8<%'(* 6& x = x
′

,(&

∣

∣x
′
∣

∣ ≤ R- P%*

+,*- ./-0!2 3 ./-4;2 &( '6C6&'6& 6OC)H,98%$6&86 '6 xD %*H ?#6 C%<% 8($%< 6&

,#6&8% )% 9&N(<$%,9@& '6 )(* '9N6<6&86* )%>(* ,9<,#)%<6* ?#6 ))6&%& 6) =()#$6&

'6 )% 7%<<% E%7<H% ?#6 ,%$79%< 6& '9,E%* 6,#%,9(&6*: RT → Rlazo 6 I
′

T → I
′

lazo

3 B#&8( ,(& 6*8( Q)89$( ,%$79%< (Bb)x=0 → (Bb)x )( ?#6 % *# =6> 9$C)9,%

,(&*9'6<%< #&% <6*9*86&,9% 6N6,89=% R C%<% ,%'% #&% '6 )%* ,(<<96&86* 6)J,8<9G

,%* 6& )(* )%>(*- R6 %,#6<'( ,(& )( %&86<9(<D )% +,- ./-0!2 *6 ,(&=96<86 6&:

τ (x, Rlazo, zp)+ τ (x,−Rlazo, zp) = −BI
′

lazo

∫

[

Rlazo

{

(dℓ)zp

}]

k̂D )% +,- ./-4;2

6&: τ (x, 0, zp + Rlazo) + τ (x, 0, zp − Rlazo) = −BI
′

lazo

∫

[

(RT ) (dℓ)y=0

]

k̂ 3 )%

+,- ./-042 *6 ,(&=96<86 6&: I
′

lazo =
ωAlazo(Bb)

x
sen ωt

R
D '(&'6 Alazo 6* 6) F<6% '6

,%'% #&( '6 )(* )%>(*-
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"#$%&$'( )*%& *)+,) ') ,')&* &-+(.,/&'&* *) -#)') &0+/&+ 1#) 2& %(+3& $)%&4

τ n4 -+('#3,'& -(+ 2& ,$'#33,5$ /&6$7%,3&4 B4 ')2 ,/8$ -)+/&$)$%) *(9+)

2&* 3(++,)$%)* )273%+,3&*4 I
′

lazo4 )$ 2(* ',:)+)$%)* 2&;(* 1#) 22)$&$ )2 <(2#/)$

') 2& 9&++& -+('#3) 2& %(+*,5$ ,$,3,&2 ') 7*%& &2+)')'(+ ')2 )=) Z )$ )2 -#$%(

z = zp4 1#) )* 2& -(*,3,5$ ')2 )=) ') 2& 9(9,$& ')2 >?@AB).3,%&'(+C >*%& %(+3&

$)%&4 τ n4 1#) )* :#$3,5$ ')2 %,)/-( & %+&<7* ') 2& ).-+)*,5$ -&+& 2& 3(++,)$%)

)273%+,3&4 I
′

lazo4 )* 2& 1#) 3(/#$,3& 2& %(+*,5$ &2 +)*%( ')2 /&%)+,&2 ') 2& 9&++&

3($:(+/) %+&$*3#++) )2 %,)/-(C D#&$'( *) ,$E)3%& )$ 2& 9(9,$&4 *,%#&'& )$ zp4

#$ <(2%&=) 3($%,$#( ') :+)3#)$3,& &$6#2&+ ω 1#) 3(,$3,') 3($ #$& :+)3#)$3,&

&$6#2&+ ') +)*($&$3,& ') 2& 9&++&4 ω ≡ ωR = 2πfR4 2& %(+3& $)%&4 τ n4 &-2,3&'&

)$ )*) -#$%( 3(/#$,3& 2& %(+*,5$ &2 +)*%( ') 2& 9&++& -&+& -+('#3,+ #$& ($'&

%(+*,($&2 )*%&3,($&+,& )$ 2& 9&++& )$ )2 /(/)$%( )$ 1#) 2&* -7+','&* ')2

*,*%)/& ,6#&2&$ & 2& )$)+6F& ,$E)3%&'&C G& ($'& %(+*,($&2 )*%&3,($&+,&4 )$

z = zp, *) -#)') )*3+,9,+ & -&+%,+ ') 2& >3C HDCIJK ϕ(z, t) = ϕ0(z) cos ωt 3($

ϕ0(z) = 2A cos ω
c
z ≪ 14 3(/(K

ϕ(zp, t) = 2A cos
ωR

c
zp cos ωRt = 2A cos kNzp cos ωRt, HDCLMJ

'($') c )* 2& <)2(3,'&' ') 2& ($'& %(+*,($&24 kN =
ωR

c
= 2π

λN

)* )2 $N/)+(

') ($'&4 λN = 2L
N

)* 2& 2($6,%#' ') ($'&4 L )* 2& 2($6,%#' ') 2& 9&++& E

N = 1, 2, ...4 )* )2 $N/)+( ') $('(* )$ 2& &/-2,%#' ') 2& ($'& %(+*,($&2C
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SA

SCH

S
S

flecha−tubo roscado

S
S

A

SCH

S

tuerca de nailon

pilar de construccion
pla

ca 
de 

alu
mi

nio

rodamientocon suchumacera

"#$%&' ()*+ ,#-.' -%/0&#1&+ 23%4'20&'- 5 67$%81- 217 -%- -1/1&.0-9 5 -180&'-

/'&' 7#:08'&) ;1/1&.0 <0 8' 23%4'20&' SCH 9 -1/1&.0 <08 67$%81 SA 5 -1/1&.0

<0 8' -180&' SS) =' >023' 0-.6 ?@' '8 &1<'4#07.1 <0 8' 23%4'20&') =' %7#A7+

>023'B.%C1 &1-2'<1 -0 3#D1 217 %7 .'E%0.0 0F/'7-#:1) G8 .%C1 &1-2'<1 /'-' '

.&':H- <0 8' .%0&2' <0 7'#8179 4#-4' E%0 0-.6 ?@' '8 <0-8#D'<1&9 71 41-.&'<19

'8 $#&'& 08 .%C19 /&1/1&2#17' 8' .&'22#A7 '8 <0-8#D'<1&)

I1&4'7 /'&.0 <08 217@%7.1 JKL9 "#$) ()*) M1& 08 &1<'4#07.1 <0 8' 23%4'20&'

<0 8' #DE%#0&<' /'-' %7' >023') N .&':H- <08 &1<'4#07.1 <0 8' 23%4'20&'

<0 8' <0&023'9 71 41-.&'<'9 /'-' %7' >023' 46- 8'&$' E%0 8' '7.0&#1&) G-B

.' >023' <08 8'<1 <0&0231 0-.6 '21/8'<' /1& 40<#1 <0 %7' 4'7$%0&' ' %7

<0-.1&7#88'<1& 08H2.&#21 E%0 I1&4' /'&.0 <08 217@%7.1 JKL) (%'7<1 $#&' 08 <0-B

.1&7#88'<1& 81 3'20 .'4C#H7 08 .%C1 &1-2'<1 <07.&1 <0 8' .%0&2' <0 7'#817

 !

5

80 214%7#2' 41:#4#07.1 '8 <0-8#D'<1& <08 0F2#.'<1&) O7' <0-2&#/2#A7 '7681$'

-0 .#070 /'&' 8' .&'22#A7 <08 <0-8#D'<1& <08 <0.02.1&) G8 .%C1 &1-2'<1 0-.6

4'E%#7'<1 ' /'&.#& <0 %7 .%C1 <0 '8%4#7#1 <0 P)Q 449 PRQS9 K)** 4T '8

E%0 -0 80 3#D1 &1-2' 0F.0&#1& <0 PRQS 217 QU 3#81- /1& /%8$'<') G-.0 .%C1

 !

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

+, 1!'+' 2'".%"#)"*"#)"3



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

"#$% &' %()%* +#$&,,#-'&* . /%. 01& 2&'&$ ,1#+%+- &' ,3(- *& %,-45% % 5%

6&,/% +& %,&$- #'-7#+%)5&8 9% *-51,#3' 01& *& +#- :1& 5% *#"1#&'2&; (%01#<

'%$ &' 1' &72$&(- +& 5% 6&,/% 1'% $-*,% &72&$#-$ +& =>?@A %,-45%$5% % 1'

2%01&2&

 !

&74%'*#B- +& =>?@ . C*2& %5 21)- $-*,%+-8 9% 21&$,% +&5 2%01&2&

*& ,-5-,% &' &5 #'2&$#-$ +&5 21)- $-*,%+- . &5 &72$&(- +& 5% 6&,/% ,-' $-*,%

&72&$#-$ +& =>?@ *& %2-$'#55% &' &*2% 21&$,%8 D5 -2$- &72$&(- +& 5% 6&,/% 2#&'&

(%01#'%+% $-*,% &72&$#-$ +& =>E@ . B% /%,#% 1'% ,/1(%,&$%A 5% 6&,/% +& 5%

+&$&,/% &* (F* 5%$"%8 9%* 21&$,%* +& =>E@ &' 5%* 6&,/%* %*#&'2%' *-)$& 5-*

$-+%(#&'2-* +& 5%* ,/1(%,&$%*8 G5 %4$&2%$ 1' 4-,- 1'% +& 5%* 21&$,%* +&

=>E@ *& 2&'*% &5 ,-'H1'2- “flecha ←→ tubo roscado←→ flecha” . 5-* 2%01&<

2&* &74%'*#B-* *& %)$&' "%$%'2#I%'+- 5% 1'#3' flecha ←→ tubo roscado8 D'
$&5%,#3' % 5% J#"8 K8LA '- *& (1&*2$%' +&5 5%+- +&$&,/- 5-* *-4-$2&* +& 5%*

,/1(%,&$%* SCH . 5-* *-4-$2&* +& 5-* +&*2-$'#55%+-$&*8 M*2-* &*2F' %#*5%+-*

(&,F'#,%(&'2& +& 5-* *-4-$2&* SA . SSA .% +&*,$#2-*A 4%$% &B#2%$ B#)$%,#-'&*

#'+&*&%)5&*8 N' ,#$,1#2- ,-'2$-5% % 5-* +&*2-$'#55%+-$&*A J#"8 K8!8

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

D' 5% J#"8 O8O *& 4$&*&'2% &5 +#%"$%(% +& )5-01&* +&5 %$$&"5- &74&$#(&'2%5 .

% 5- 5%$"- +& 5% 4$&*&'2& *&,,#3' *& &745#,% 5% #'2&$$&5%,#3' &'2$& 5%* +#:&$&'2&*

4%$2&*8 N'% PK ,-' *#*2&(% -4&$%2#B- 9#'17 . 4-$ (&+#- +& 1' 41&$2- *&<

$#%5 QR<EOEA +&'-2%+- 4-$ PR=A ,-'2$-5% %5 KGSGK T !"#$%&' ($%!")%&*

+&),$'&"&-% )-*  !-%'!. U . 4-$ (&+#- +& -2$- 41&$2- *&$#%5 QR<EOEA +&'-<

2%+- 4-$ PREA ,-'2$-5% %5 -*,#5%+-$8 R& ,1&'2% ,-' +-* 4$-"$%(%* 4%$% 5%

PK; 1' 4$-"$%(%A PV=A /%,& )%$$#+-* +& :$&,1&',#% . &5 *&"1'+- 4$-"$%(%A

PVEA (#+& 5% %(45#21+ +& -'+%8 G()-* 4$-"$%(%* *& 12#5#I%' 4%$% &*21+#%$

5-* (-+-* +& -*,#5%,#3' ,-(4$&*#-'%5A 2-$*#-'%5 . 6&7#-'%5 4$&*&'2&* &' 1'%

)%$$%W *# &5 +&2&,2-$ . &5 &7,#2%+-$ &*2F' &' 5% ,-'X"1$%,#3' 4%$% &*21+#%$

(-+-* 2-$*#-'%5&* ,-(- &* &5 ,%*- +&5 4$&*&'2& &*21+#-A 5-* 4$-"$%(%* PV=

. PVE $&"#*2$%' )%$$#+-* +& :$&,1&',#% - %(45#21+&* +& -'+%* 2-$*#-'%5&*8

D5 KGSGK ,-'*#*2& +& 1' *#*2&(% +& (3+15-* ,-'&,2%+-* % 2$%BC* +& 1' )1*

,-(Y' +& +%2-* +& EZ )#2* . 1' (&"%/&$2I8 D' &*2& &74&$#(&'2- *& 1*%$-'

 !

 ! "!#!$%! &'%%(&)! (* (+"!,'# (+- )!&'. /* (+)( )%!$!0' "'% 1+'+ 2 &'+)13$%(+ +( 1+!

#! "!#!$%!- )!41()(.



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

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

 !

*$ '/ 0#/1*234"#2 5/5(&640# 5 "46435( 789: #

8;9 :#/1*23*2< "* => ?43$ "* 2*$#('04&/ "*( 0'5( $* '$52#/ "#$ 05/5(*$) '/#

@525 (**2 *( 1#(35A* B'* *$ @2#@#204#/5( 5 (5 5%@(43'" "* 14?2504&/ "* (5 ?5225

C B'* @2#14*/* "* (5 $*0'*/045D E"*3*03#2→5%@(4F05"#2 7G46H :H.<→ 5%@(4I

F05"#2 $*/$4?(* 5 (5 J5$*→ !"! →K:L C *( #32# 05/5( @525 (**2 *( 1#(35A*

"414"4"# */ (5 $*0'*/045D 0'2$#2 7G46H :H <→:8M8:→K:7KN=<L ) B'* *$

@2#@#204#/5( 5 (5 @#$404&/ "*( "*3*03#2 5 (# (526# "* (5 ?5225 */ *$3'"4#H O$3*

$*6'/"# 05/5( "*( 89: 35%?4P/ $* '$5 @525 %*"42 (5 @#$404&/ "*( *Q0435"#2)

C5 B'* $&(# $* %'*1* '/# "* *((#$ 5 (5 1*RH O/ '/ 520S41# "* (5 K: $* 625?5/

(#$ "53#$ (*T"#$H O( $*6'/"# %&"'(# "*( :8M8: *$ *( %#"*(# +!U+ VWXY

 "

7V/@'3 W53*;X'3@'3 Y*64$3*2< "*( 0'5( $* '$52#/ $*4$ 05/5(*$ # $5(4"5$) 32*$

@525 0#/32#(52 *( %#3#2 B'* %'*1* 5( "*3*03#2 C #32#$ 32*$ 05/5(*$ # $5(4"5$

@525 0#/32#(52 *( %#3#2 B'* %'*1* 5( *Q0435"#2) G46H :HZH

O/ (5 G46H +H+ (5 $*0'*/045D EK:7KN-<↔ #$04(5"#2L 4/"405 B'* (#$ @2#625%5$

KW= # KW- S*0S#$ */ GXY[Y8\ @525 (5 K: 0#/32#(5/ 5( #$04(5"#2D '/

@2#625%5 FA5) */32* #32#$ @52]%*32#$) (5 5%@(43'" "* 1#(35A* "* (5 $*^5(

$4/'$#4"5() S50* '/ ?5224"# "* J2*0'*/045 7KW=< # %5/34*/* FA5 '/5 J2*0'*/045

7KW-<H O/ *$35 %4$%5 F6'25 (5 $*0'*/045D

E#$04(5"#2→

{

amplificador sensible a la fase
amplificador de potencia→ excitador

}

L)

@#2 '/ (5"#) 4/"405 B'* *( #$04(5"#2 @2#@#204#/5 (5 J2*0'*/045 "* 2*J*2*/045

B'* /*0*$435 *( 5%@(4F05"#2 $*/$4?(* 5 (5 J5$* @525 J'/04#/52_ C @#2 #32# (5"#

4/"405 B'* *( 15(#2 "* 5%@(43'" "* 1#(35A* "* (5 $*^5( $4/'$#4"5() @2*145%*/3*

$*(*004#/5"5 */ *( #$04(5"#2) $* */1T5 5( 5%@(4F05"#2 "* @#3*/045 C "*$@'P$

5( OM8[ *%@(*5"# 0#%# *Q0435"#2 */ *( N4$3*%5 8 # $* */1T5 5( 325/$"'03#2

@4*R#*(P03240# *%@(*5"# 0#%# *Q0435"#2 */ *( N4$3*%5 ` @525 @2#"'042) */

0'5(B'4*25 "* (#$ "#$ 05$#$) '/ *$@*032# 3#2$4#/5( 7KW=< # (5 %*"4"5 "* '/5

#/"5 3#2$4#/5( 7KW-<H

 !

 !"#" $% &'#'(") * ") '+,- !#,"./'(- 0" ±12 34 ' ±125%6 45

 "

7( 380+(- 9:;< ,!"#" 1= >!,) 0" .")-(+&!8# * ?".3!," "#&"#0". - '?'@'. )"("&,!/'A

3"#," )+) 1= )'(!0') 0" /-(,'B" 0" C 4DE5
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salida

VDD = 9 V

C1

R3 C2R4C3

bobina del
EMAT detector

FET
G

S
D

R2

R1

"#$%&' ()*+ ,-./#01'23& 24 '/5' #-.42'61#' 24 465&'2') 738 9'/3&48 24

/'8 13-.3646548 4-./4'2'8 836+ ":; <=>? ?@ A!B*> CΩ@ A<BD)! CΩ@

AEB!)D CΩ@ A?B!)D FΩ@ (!B(<B(EB?)* µ" 24 5'65'/#3) G4 %8H %6' I'54J

&K' &41'&$'I/4 24 L M)

N6' I&494 2481&#.1#H6 24 1H-3 84 #6#1#'6 /38 4O.4&#-46538 48 /' 8#$%#4654) G4

%5#/#P' %6 381#/3813.#3 .'&' -36#53&#P'& 238 84Q'/48 #-.3&5'6548+ /' 84Q'/ 24/

381#/'23& R%4 84 469K' 5'653 '/ '-./#01'23& 8468#I/4 ' /' S'84 13-3 '/ '-J

./#01'23& 24 .35461#'@ T /' 84Q'/ 24/ 2454153& 53-'2' 465&4 4/ '-./#01'23&

T 4/ 2454153& 8468#I/4 ' /' S'84@ "#$) E)E T "#$) ()*@ T' 84' R%4 84 -#2' %6

48.415&3 24 &4836'61#'8 3 %6' '-./#5%2 24 362' .'&' '/$U6 -323 63&-'/)

N6' 94P R%4 485V '/#64'2' /' I'&&' 46 485%2#3 83I&4 4/ 8#854-' -41V6#13 84

-#24 4/ 48.415&3 24 &4836'61#'8 53&8#36'/48 46 %6 #654&9'/3 24 S&41%461#'8)

W'&' /3 '654&#3& 84 13&&4 4/ .&3$&'-' WX! 46 /' W( 23624 84 0Y' 4/ 9'/3&

24/ 93/5'Y4 24 /' 84Q'/ 24/ 381#/'23&@ 4/ 6U-4&3 24 1'6'/ 24/ ,Z( R%4 /44 4/

93/5'Y4 24/ '-./#01'23& 8468#I/4 ' /' S'84 T /'8 S&41%461#'8 #6#1#'/ T 06'/ .'&'

['14& 4/ I'&&#23) :/ 48.415&3 ' -42#&@ 46 5#4-.3 &4'/@ 84 9' $%'&2'623 46

%6 '&1[#93 24 /' W( T 84 '6'/#P' 46 8% -36#53& .'&' #& 53-'623 /'8 241#8#3J

648 .4&5#646548) \2465#01'2'8 /'8 &4836'61#'8 53&8#36'/48 83I&4 4/ 48.415&3 84

.&31424 ' 84/411#36'& %6' 24 4//'8 .'&' &4'/#P'& /' -42#2' 24 /' '-./#5%2 24

362' 13&&48.362#4654 ' /3 /'&$3 24 /' I'&&') W'&' 485' -42#2' 24 /' '-./#5%2
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del
CAMAC
ADCalambre comun

VDC

−
Mn

+

+

−

Ma

(2)
(1)

(3)

nicromel

caiman

 !"#$% &'() *!%"$%+% ,-./0$!/1 2,- 2!3!41$ 2, 31-0%5,' 614 /#%2$%214 7#80,%9

214 418 -14 :+,/%8!4+14: /18 4#4 7#8014 2, /180%/01 ;•< =8 > =%' ?- 7#801

2, /180%/01 ,80$, ,- $12%+!,801@ ,- 8!/$1+,- > -% $#,2% 2, /1A$, ,4 =8' ?-

7#801 2, /180%/01 ,80$, ,- $12%+!,801@ ,- %-%+A$, /1+B8 > -% $#,2% 2, /1A$,

,4 =%' &18 #8 /%!+C8 ,80$, -14 ,5,4 2, -%4 214 $#,2%4 2, /1A$, 4, 718,8

,8 /180%/01 ,-./0$!/1 -14 +,/%8!4+14 ;/#$41$<' D4014@ E514 %- 2,4-!F%21$ 2,-

?=GH ,I/!0%21$@ 4, +#,3,8 41-!2%$!%+,80, % -% !FJ#!,$2% > % -% 2,$,/K%'

2, 182% 4, %5#40%8 7$!+,$1 -14 !80,$$#701$,4 2, 4,"#$!2%2 ,8 -14 ,I0$,+14

2, -% A%$$% > 4, /1$$, ,- 7$1"$%+% LMN ,8 -% L& J#, 7!2, 2,/!2!$ 4! +13,$

,- 2,0,/01$ 1 ,- ,I/!0%21$@ ,- 8B+,$1 2, /%8%- 2,- G*& J#, -,, ,- 31-0%5,

2,- %+7-!E/%21$ 4,84!A-, % -% O%4,@ ,- 8B+,$1 2, /%8%- 2,- G*& J#, -,, ,-

31-0%5, 2!3!2!21 2,- 2!3!41$ 2, 31-0%5, > J#, ,4 7$171$/!18%- % -% 714!/!P8

2,- 2,0,/01$Q,I/!0%21$ 41A$, -% A%$$%@ ,- 3%-1$ 2, -% O$,/#,8/!% 2, $,418%8/!%

> -%4 714!/!18,4 !8!/!%- > E8%- ,80$, -%4 J#, 4, 3% % +13,$ ,- 2,4-!F%21$ 2,-

2,0,/01$Q,I/!0%21$' H%+A!.8 -% +,2!2% 2, -% %+7-!0#2 2, 182%@ ,8 0!,+71

$,%-@ 4, 3% "#%$2%821 ,8 10$1 %$/K!31 2, -% L& > 4, %8%-!F% ,8 4# +18!01$

7%$% !$ 01+%821 2,/!4!18,4'

?4 /183,8!,80, $,"$,4%$ % -14 /!$/#!014 2, -%4  !"4' &'R@ &'( > &'S 7%$% %"$,"%$

%-"#8% !8O1$+%/!P8 !+71$0%80,'

&1+,80%$!1 %- /!$/#!01 %+7-!E/%21$ 2, %-0% !+7,2%8/!% 2, ,80$%2%@  !"' &'R'

614 3%-1$,4 2, -%4 /1+718,80,4 #4%2%4 418)  ?H NTUV(V@ WXYRU ZΩ@ WNY['X
ZΩ@ W\YX'[ ZΩ@ WVYX'[ =Ω@ &XY&NY&\YV'R µ 2, 0%80%-!1' ], #4P #8%

A%0,$^% $,/%$"%A-, 2, S _' 6% ,I7,$!,8/!% J#, 4, 0#A1 O#, J#, 7%$% /%2%  ?H



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

"#$ %$ #%& $' ()% *+#$,)% -),.) "#$ /)0,1)+ (2% 3)(2+$% 4$ ()% +$%1%5$'/1)%

67 8 6! *)+) 2*51019)+ () :)')'/1) 4$( /1+/#152; <2' (2% 3)(2+$% +$*2+5)42%

%$ 2,5#32 #') :)')'/1) 4$ )(+$4$42+ 4$ == $' $( 1'5$+3)(2 4$ >+$/#$'/1)%

4$ ?;= ) =?? @A9; B( )0*(1C/)42+ $%5D 4$'5+2 4$ #') /)E) 4$ )(#01'12F ()%

51$++)% 4$( /1+/#152 8 () 4$ () /)E) %2' ()% 01%0)%; G) /)E) 4$ )(#01'12 %$

CE) )( 4$%(19)42+ 4$( 4$5$/52+ *2+ 0$412 4$ 42% 3)+1(()% +2%/)4)%F ()% 4$ (2%

$H5+$02%F "#$ )*)+$/$' $' () *)+5$ 1'>$+12+ 4$ I= $' () J1:; <;K L)M;

<20$'5)+12 )( 41):+)0) $(N/5+1/2 4$( 4131%2+ 4$ 32(5)E$F J1:; <; ; G) (.'$)

3$+51/)( $'5+$ O' 8 O) 1'41/) /2'5)/52 $(N/5+1/2 8 $' () *+D/51/) $% #' /)10D';

B' () J1:; !;! $( <P6QR6 $%5D >2+0)42 *2+ O' 8 O) 8 $% $( 01%02 /#+%2+

4$( "#$ %$ -),(& )++1,) $' $( %$H52 *D++)>2 4$ () Q$//1&' S;!; Q1:#1$'42 /2'

() J1:; <; F $( *#'52 4$ /2'5)/52 L=M %$ -192 /2' 42% *$"#$T)% *()/)% 4$

/2,+$F $'5+$ ()% "#$ *)%) $( '1/+20$(F >#$+5$0$'5$ )*+$5)4)% *2+ 42% 52+'1((2%
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