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U "%(#& 2% 2"S-&"1( K"(A%!&% 2- ,"I!% +4! 1-!& :15%( 2%& +71#1(&L 2- :","%- 24(& ,%0-%,

1( ":46%8 4-' ,1(6-%-!& 2;1(2%& 2;%' "#4#"1( %# 2%  1,,% #"1() V1:+#%?#%(- 2%& A4,%-!&

!%,4#"A%:%(# .1!#%& 2%&  1%R "%(#& 2% 2"S-&"1( 24(& ,% 21:4"(% 2- A"&"I,% Kµs ≈ 100cm−18

,;4I&1!+#"1( %&# (/6,"6%4I,% +4! !4++1!# 9 ,4 2"S-&"1( 24(& ,4 +,-+4!# 2%& #"&&-& I"1,16"0-%&

4-' ,1(6-%-!& 2;1(2%& A"&"I,%& %# +!1 7% W3 H µa << µsL8 ,4 +!1.1(2%-! 2;":46%!"% 2% ,4

:" !1& 1+"%  1(.1 4,% %&# ,":"#/% 9 %(A"!1( 50µm 24(& ,%& :","%-' I"1,16"0-%&)

Q *4 2/6!424#"1( 2%&  %,,-,%& A"A4(#%& %&# &" !4+"2% 4-' ,1(6-%-!& 2;1(2% 2;%' "#4#"1( +!1 7%&

2- I,%-8 0-;", %&# (/ %&&4"!% 2;%:+,15%! 2% .4"I,%& "(#%(&"#/& +1-! %' "#%! ,%& P-1!1+71!%& 9

-( +71#1() X% +,-&8 ,%& 2"S/!%(#& +71#1?21::46%& 4&&1 "/& 9 ,;4I&1!+#"1( 2% ,;%' "#4#!" %

1(# ,"%- 24(& #1-# ,% A1,-:% 2% ,;/ 74(#",,1( #!4A%!&/ +4! ,% .4"& %4- K2"4I1,1L8 5  1:+!"&

%( 2%71!& 2- A1,-:% .1 4, 2% ,;1IJ% #". K,4 <=>L)

*4 :" !1& 1+"% 2% P-1!%& %( % +4! %' "#4#"1( :-,#"+71#1("0-% +%!:%# 2% +4,,"%! %( 6!4(2%

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

 !"! #$%&'%() )* %&*+$,*- .) /0 1%'$2-'2(%) 13/*%(42*2&

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

$4!)!(,5"'6 #!"# #+ 7!%*' -+ $-"# .!(("'6 -+ 8"!%'#.'(.' '9.,)&' : /'"9 $4!)!(# ;<=>?@6 $",#

-+ 2&(&%+),!( /' #'.!(/' 4+%*!(,5"' ;ABC@ 5", '#)6 (!"# -' 1'%%!(# /+(# -+ #",)'6 "( .!()%+#)'

.!*$-&*'()+,%' ') /,#$!(,0-' #,*"-)+(&*'() +1'. -+ <=>?D

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

E'))' )'.4(,5"' '#) 0+#&' #"% -F'9.,)+),!( /' 8"!%'#.'(.' : $-"#,'"%# $4!)!(# +0#!%0&# 5"+#,3

#,*"-)+(&*'() ;'()%' 10−18 ') 10−16 #'.!(/'#@6 .%&+() +,(#, "(' '9.,)+),!( /!() -F&('%2,' )!)+-'

'#) &2+-' : -+ #!**' /'# &('%2,'# /'# $4!)!(#D G,(#,6 "(' *!-&."-' 8"!%'#.'()' '9.,)+0-' $+%

"( $4!)!( /F&('%2,' hν ') /' -!(2"'"% /F!(/' λ '#) #"#.'$),0-' /FH)%' '9.,)&' $+% /'"9 $4!)!(#

/F&('%2,' *!,),& hν/2 /!(. /' -!(2"'"% /F!(/' /!"0-' 2λD =+% '9'*$-'6 "(' '9.,)+),!( *!(!$4!3

)!(,5"' /+(# -' /!*+,(' "-)%+31,!-') !" -+ $+%),' 0-'"' /" #$'.)%' 1,#,0-'6 $'") H)%' %'*$-+.&' $+%

"(' '9.,)+),!( 0,$4!)!(,5"' /+(# -' /!*+,(' /" %!"2' !" $%!.4' ,(7%+3%!"2'D I+ 8"!%'#.'(.' '#)

+-!%# 2&(&%&' : "(' -!(2"'"% /F!(/' $-"# .!"%)' 5"' .'--' /" %+J!(('*'() /F'9.,)+),!( ;,., /+(#

-' 1'%)@D E' $4&(!*K(' + /!((& (+,##+(.' : -+ )'.4(,5"' /' 8"!%'#.'(.' ,(/",)' $+% '9.,)+),!( :

/'"9 $4!)!(# ;<=>? L  !"#$%"&"' ()*+&,&+"' -./"012*1'*1@ ') '#) ,--"#)%& M2"%' NDOD

 !"#$%  !" #  !"#$"%%& '& (")*+,-.! -!%/*!01 !**2-3$",3 *&- /$+4&--2- '5")-+$/3!+, 6 2, &3 '&27 /8+3+,-

/&$%&33",3 *51%!--!+, '& 92+$&-4&,4&: ;< 4+$$&-/+,' 6 *513"3 &74!31: = &-3 2, 13"3 >!$32&*

/&$%!- /&,'",3 2, 3&%/- 3$?- 4+2$3@ !* ,& 4+$$&-/+,' /"- 6 2, ,!>&"2 '51,&$#!& "23+$!-1:

I+ 8"!%'#.'(.' '#) /,)' '"' .+'3,+01 .+% #!( ,()'(#,)& /&$'(/ (!( -,(&+,%'*'() /' -F,()'(#,)&

/F'9.,)+),!(D >( $+%),."-,'% /+(# -' .+# /' -F'9.,)+),!( : /'"9 $4!)!(#6 -F,()'(#,)& /' 8"!%'#.'(.'

/&$'(/ 5"+/%+),5"'*'() /' -F,()'(#,)& /F'9.,)+),!(D

I+ #'.),!( 'P.+.' /F+0#!%$),!( : /'"9 $4!)!(# σ2p '#) 0'+".!"$ $-"# 7+,0-' 5"' .'--' : "(

$4!)!(D  &+(*!,(#6 -F,()'(#,)& /' -+ 8"!%'#.'(.' 2&(&%&' /&$'(/ /" .+%%& /' -+ $",##+(.' ,(#3

)+()+(&' /F'9.,)+),!(6 .' 5", '9$-,5"' -F,()&%H) /F"),-,#'% /'# #!"%.'# -+#'% : ,*$"-#,!(# /' 7!%)'
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 !"##$%&' "%#($%($%)' '( *' +$",-'  !"##$%&' ./0'%%' P̄ 1 *' .$%"23' 4 / ("."#'3 -5'6&$&"() *5'78

&"($("/% (/!( '%  3)#'39$%( -'# )&:$%("--/%# ,"/-/;"<!'# *'#  :/(/8*/..$;'#= >% '?'(1 -5"%('%#"()

*' @!/3'#&'%&' ./0'%%' '#( */%%)'  $3 A

IF ≈
P̄ 2
exc

fτ
σ2p ,

/B τ '#( -$ *!3)' *'# ". !-#"/%# '( f -'!3 &$*'%&' *' 3) )("("/%= C$3 '7'. -'1 $9'& !%' #/!3&'

-$#'3 +'.(/#'&/%*'  3/*!"#$%( (0 "<!'.'%( *'# ". !-#"/%# *' *!3)' τ = 100fs 4 -$ &$*'%&' *'

100MHz D108HzE1 /% /,("'%( !%  3/*!"( fτ = 10−5= F"%#"1 -5'6&$&"() *5'7&"($("/% 4 *'!7  :/8

(/%# *5!% @!/3/ :/3' */%%) #'3$ 105 +/"#  -!# ;3$%*' #" /% !("-"#' &' (0 ' *' -$#'31  -!(G( <!5!%

-$#'3 &/%("%!  /!3 -'<!'- fτ = 1=

C/!3 ."'!7 "--!#(3'3 &'  3/ /# '( -$ 3$3'() *' -5)9)%'.'%( H$,#/3 ("/% #".!-($%)' *' *'!7

 :/(/%#H1 9/"&" &' <!' 3$  /3('%( IJ'%K L M9/,/*$1 NOOPQ A 4 -$ -!."23' *! R/!31 !%' ./-)&!-'

 /##)*$%( !%' ,/%%' #'&("/% '6&$&' *5$,#/3 ("/% 4 !% D/! *'!7E  :/(/%D#E $,#/3,' !%  :/(/%

9"$ !%' "%('3$&("/% ./%/ :/(/%"<!' '%9"3/% !%' +/"#  $3 #'&/%*'1 '( $,#/3,' $! (3$9'3# !%' "%8

('3$&("/% ," :/(/%"<!' #".!-($%)' *'!7  :/(/%# (/!('# -'# 10 ."--"/%# *5$%%)'#= F"%#"1 -$ +$",-'

 3/,$,"-"() *!  3/&'##!# *5$,#/3 ("/% 4 *'!7  :/(/%# */"( S(3' &/. '%#)'  $3 -5'. -/" *5!%'

#/!3&' -!."%'!#' 4 ". !-#"/%# !-(3$8&/!3('#1 */%( -$ &$*'%&' '#( $*$ ()' $!7 ('. # *' 3'-$7$8

("/%# &$3$&()3"#("<!'# *' -$ @!/3'#&'%&' D*' -5/3*3' *' -$ %$%/#'&/%*'E= T'&" '7 -"<!'  /!3<!/" &'

%5'#( <!5'% 19611 $ 32# -' *)9'-/  '.'%( *5/#&"--$('!3# -$#'3 ". !-#"/%%'-# IU"#'1 NOOOQ V IW3$(8

(/%1 NOOXQ1 <!' IY$"#'3 L W$33'((1 NOZNQ /%( /,('%! -5'7&"($("/% *' @!/3'#&'%&' 4 *'!7  :/(/%#

*$%# -' &/. /#) CaF2 : Eu2+1 '( <!' IM"%;: L [3$*-'01 NOZ\Q /%( '#(".) -$ #'&("/% '6&$&'

*5$,#/3 ("/% 4 (3/"#  :/(/%# IJ"$# 3/1 ]^^]Q=

_$ +$",-'  3/+/%*'!3 *' &:$. D+/3( #'&("/%%'.'%( $7"$-E '#( !%' &/%#)<!'%&' *' -$ %/%

-"%)$3"() '% "%('%#"() *' -5$,#/3 ("/% 4  -!#"'!3#  :/(/%#1 -$ @!/3'#&'%&' )($%( '##'%("'--'.'%(

 3/*!"(' *$%# !% 9/-!.' *' -5/3*3' *! +'.(/-"(3' D10−15L /! 1µm3
E &'%(3)' #!3 -'  /"%( +/&$- *'

-5/,R'&("+1 '( -"."()'  $3 -$ *"?3$&("/%= F9'& &'((' ('&:%"<!'1 -5'7&"($("/% '#( */%& '7(3S.'.'%(

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

-5/,R'&("+ 4 -5$"*' *5!% *"$ :3$;.' &/%+/&$-= _$ @!/3'#&'%&'  '!( S(3' &/--'&()' '% &:$. -$3;'1

&' <!"  '3.'( %/% #'!-'.'%( *' *)('&('3 -'#  :/(/%# ,$-"#("<!'#1 .$"# $!##" !%' ;3$%*'  $3("'

*'#  :/(/%# *"?!#)#  $3 -' ."-"'!= `%  '!( $!##" ./%(3'3 I['$!3' $"3'1 ]^^]Q <!' *$%# -$ -"."('

*"?!#"9'1 &$# /B (/!# -'#  :/(/%# #/%( *"?!#)# !% ;3$%* %/.,3' *' +/"# $9$%( *5S(3' &/--'&()#

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

-"'! '( *"3'&("/%E1 -5"%('%#"() &/--'&()' '% ."&3/#&/ "' ," :/(/%"<!'1 *"."%!' #'!-'.'%( &/..'

[exp(−2µexcs z0)] /z
2
0 D$9'& µexcs A &/'6&"'%( *' *"?!#"/%  /!3 -$ -/%;!'!3 *5/%*' *5'7&"($("/%

 3/&:' abE $-/3# <!5'% ."&3/#&/ "' &/%+/&$-' D4 (3$9'3# !% *"$ :3$;.'E1 '--' *"."%!' &/..'

[exp(−µ′excs z0). exp(−µcolls z0)] $9'& -$  3/+/%*'!3 *5".$;'3"' D$9'& µ′excs A &/'6&"'%( *' *"?!#"/%

 /!3 -$ -/%;!'!3 *5/%*' *5'7&"($("/% 9"#",-' /!  3/&:' cdE= e/(/%# <!' -' &/'6&"'%( *' *"?!#"/%

4 &/%#"*)3'3 *$%# -5"%+3$3/!;' '#( ,'$!&/!  -!# +$",-' <!' *$%# -' 9"#",-'= T'((' &$3$&()3"#("<!'
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 !"#$%  !" #  !"#$%"& '()*&+%!$,+- '" ',./%"-$& $,&&0& *,+1+2,30"&4 5"& !%,-#,!)1"& %),"& 1)&"% &+-$ %"6

!%/&"-$/"&4 5"& $,&&0& /$)-$ #+7!+&/& "- 7+8"--" '" 75% '(")09 1" &!"#$%" '()*&+%!6

$,+- '" 1(")0 ) /$/ 701$,!1,/ !)% #" 7:7" ;)#$"0% <=20%" $%)'0,$"9 ">$%),$ '0 &,$" ?

 !!"# $$ %&'() %*+) ,-.$ ('/001%%&$ ,(,234$ ('/003$ &./0",(!1/)  !&' @4

 !"#$ %&# '" #"(' &)& $&*" +" '& ,-./0#.0%-" 1-%20$0 -3("4

*+',(-'. /) 01)2"&'$'&3+ 4&%#3'3+&56)

5-" 3(" $/6# %/0.2" +( ,-./0#.0%" .0 70.&' " $"/,"# +" %/- .-%" +" 70 .$-0  "," $ "$ +"

/8#0'($-0 9 '& ,-./0#.0%-" ,('$-%20$0 -3(" &%%0/$" &( ,0- # $/0-# &,8'-0/&$-0 # ,&:"(/"# ;

<4 $%&'()('*+ ,*&),'-./ '+(0'+-123/4/+( 5 .0,,"  0(# '!&)0 # )( %/8.8+",," $9 '!($-'-=

#&$-0 +!( $/0( .0 70.&'  !"#$ %'(#  8."##&-/" ." 3(- %"/,"$ '& .0''".$-0 +" '& >(0/"#." ."

" .2&,% '&/*"9 &,8'-0/& $ &- #- #0 "?.&.-$8 +& # '" .&# +"# ,-'-"(@ +-A(#& $#9 '!"?.&.-$8

+" .0''".$-0 +-,- (& $ .0,," 1/z20 "$  0 %'(# .0,," exp(−µcolls z0) " .0 70.&'4

B4 6*+73/30- 89*+8/ 89/%&'()('*+ /( 89.4'--'*+ :'/+ -.;)0./- 5 '!"@.-$&$-0 /8&'-#8"

+& # '!- 7/&/0(*" "$ '!8,-##-0 +& # '" )-#-1'" #0 $ &-#8," $ #8%&/&1'"# #%".$/&'"," $9 ."

3(- &,8'-0/" .0 #-+8/&1'"," $ '& /8:".$-0 +" '!"@.-$&$/-."4

C4 <0*=*+8/30 8/ ;.+.(0)('*+ /+ 4','/3 8'>3-)+( 5 '& +-A(#-0 +" '& '(,-6/" %&/ '"#

$-##(# 1-0'0*-3("# "#$ '" %/0."##(# %/- .-%&' '-,-$& $ '& %/070 +"(/ +!-,&*"/-" " ,-./0=

#.0%-"4 D"# $-##(# 1-0'0*-3("# #0 $ " "A"$ %"( &1#0/1& $# +& # '& %&/$-" /0(*" "$ %/0.2"

- 7/&/0(*" +( #%".$/"4 D!&1#0/%$-0 "#$ 70 .$-0 +( .0(%'" '0 *("(/ +!0 +" = .2/0,0%20/"9

.0,," '" ,0 $/" '& E*(/" <4F4 D& %'(%&/$ +"# ,0'8.('"# 0/*& -3("# 0 $ ( " 70/$" &1#0/%=

$-0 +& # '!('$/&)-0'"$4 G(##-9 '"# %/070 +"(/# +" %8 8$/&$-0 +& # '!H4I4 #0 $ "@$/J,"," $

7&-1'"# K3("'3("# ,-./0 #L4 M& # '" )-#-1'" K1'"(9 )"/$9 :&( "L '!&1#0/%$-0 #!"A".$(" %/- =

.-%&'"," $ &(  -)"&( +" '!28,0*'01- " "$ +" '& ,8'& - "4 D" /0(*" "$ '" %/0.2" - 7/&/0(*"

K0.6 N 1.2µmL #0 $ %"( &1#0/18# "$ %8 6$/" $ %/070 +8," $ +& # '"# $-##(#9 ."$$" %8 8$/&=

$-0 8$& $ '-,-$8" %&/ '& +-A(#-0 0%$-3(" " ,-./0#.0%-"9 0O '"# %20$0 # 1&'-#$-3("# #0 $
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 !! "#$ %!&

 !"#$%  !" #  !!"#$%&$'() *" +(),)-.-)$ ')$%')#/0"- *- !& 1"(%-#+-)+- 2%(*"'$- 2&% -3+'$&$'() 4'25($()'0"-

*&)# ")- -326%'-)+- %6&!'#6- &" !&4(%&$('%-7 8& +"9- +()$'-)$ ")- #(!"$'() *- 1"(%-#+6')- *-

+()+-)$%&$'()7 8:-3+'$&$'() !')6&'%- -#$ &##"%6- 2&% ") !&#-% +()$')" 9'#'4!- ;λ = 488nm< &!(%#

0"- !:-3+'$&$'() 4'25($()'0"- -#$ +%66- 2&% ") !&#-% '.2"!#'())-! =-.$(#-+()*- ')=%&%(">-

;λ = 1032nm<7

'" ($)*+!)+,$ (-%#$,.+#+"/ %0 1)$#2#$+" 32"! %0$"4*2*+-5 #$* 67"78) 3 %2 3$($"-#$+"

!$5"$8)2#$9 3- )+ :)$ "# 3 3$;-!$+" 29 ) %2 %+"5- -* 30+"3 30 1)$#2#$+" <*75$( 3 3$;-=

!$+"  "#* >$  # ?2@% $5./ µs ≈ 1
λx / 29 ) 1 < x < 4 2- ,*+8# 30-" ,%-! 5*2"3 ,*+4+"3 -*

3 ,7"7#*2#$+" 3 ! ,.+#+"!  1)$#2# -*!& A$"!$/ %2 ,+!!$6$%$#7 30$(25 * 3 ! #$!!-! 6$+%+5$B- !

$"#2)#!  " ,*+4+"3 -*/ #+-#  " 52*32"# -" *7!+%-#$+" #*$3$( "#$+"" %% ($)*+(7#*$B-  !#

%0-" 3 ! 2#+-#! (2C -*! 3 %2 ($)*+!)+,$ (-%#$,.+#+" < 1 (,% D 500µm 32"! % ) *9 2-

3- *2#/  ! " "# EF. $(/ GHHIJK&

L& $%&'&()*+,%-./+' /' 0%&'&'&1-,-'2 3245-'6 7 % *2@+"" ( "# $"4*2*+-5 -#$%$!7  !#

6 2-)+-, (+$"! #+1$B- ,+-* % ! #$!!-! B-0-" *2@+"" ( "# 9$!$6% B-$ ,*+3-$# 3 ! 7#2#!

 1)$#7! 3 ) *#2$" ! (+%7)-% ! B-$ 3 9$ "" "# 2%+*! *72)#$9 ! ).$($B- ( "#/  # )+"3-$! "# M

%2 (+*# ) %%-%2$* & N ,%-!/  " ($)*+!)+,$ OP'Q/ % )+"8" ( "# $"#*$"!RB- 3 %0 1)$#2#$+"

, *( # 3 * !#* $"3* % ! 79 "#- %! ,.+#+=3+((25 ! 2- 9+%-( 4+)2% 3 %0+6C )#$4 )2* % !

,.+#+"! $"4*2*+-5 ! " !+"# B-2!$( "# ,2! 26!+*67! 2$%% -*!&

A$"!$/ %2 ($)*+!)+,$ 3 S-+* !) ") ,2*  1)$#2#$+" 6$,.+#+"$B-  !# -" # )."$B- ,2*#$)-=

%$R* ( "# 6$ " 232,#7 ,+-* %0$(25 *$ 3- 9$92"#&

T2 ,+!!$6$%$#7 3 )+(6$" * 3$;7* "#! )+"#*2!# !/ "+#2(( "# %2 OP'Q  # %2 UVW  !# 752% ( "#

%0-" 3 ! 2#+-#! 3 %2 ($)*+!)+,$ (-%#$,.+#+"& P%-! *7) (( "#/ %2 OP'Q 2 7#7 )+(6$"7 M 302-#* !

)+"#*2!# ! # %! B- %2 57"7*2#$+" 3 #*+$!$R( .2*(+"$B- <OVWK EX %$"/ GHHGJ Y EZ.-/ GHH[J Y EU-"/

GHH[J Y EN762** / GHH\J B-$ , *( # 3 *797% * % ! .7#7*+57"7$#7! 3 ! ,*+,*$7#7! +,#$B- ! 3- ($=

%$ - !+"37 <%2 OVW  !# ,*+3-$# 2-1 $"# *42) !K/ +-  ")+* %2 ($)*+!)+,$ ,2* 3$;-!$+" ?2(2"

2"#$=U#+)] ! !#$(-%7 <ZA?U = Z+. * "# A"#$=U#+)] ! ?2(2" U)2## *$"5K/ B-$ , *( # 30 1)$# *
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 !"#$%&'#(#)% "# (*+# +# '&,-.%&*) +# +&/!-#)% -.+&$.01 2NH23 CH44454

67#  #)%&#" +# %-.'.01 -!."& ! .0 $*0- +# $#%%# %89 # . :*-%!  0- "7!%0+# #% "7.)."; # +# 

 &<).01 +#  #$*)+# 8.-(*)&=0# :-*+0&% :.- "# $*"".<9)# #% ". (;* &)#4 >7.& !<."#(#)% :.-%&$&:!

+# ?.@*) :*)$%0#""# A "7!%0+# +# "7#B$.$&%! +# $*""#$%&*) #) (&$-* $*:&# ,&:8*%*)&=0#3 #) .+.:%.)%

)*%.((#)% 0) :-*<-.((# +#  &(0".%&*) C*)%# D.-"*  *0 C.%".,4

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

E&#) =07!%.)% (*&) -!:.)+0 =0# ". F0*-# $#)$# :.- #1$&%.%&*) ,&:8*%*)&=0#3 $# :-*$#  0 

+7*:%&=0# )*) "&)!.&-# . :*0-%.)% !%! 0%&"& ! :"0 &#0- .))!# .'.)% "7&)'#)%&*) +# ". (&$-* $*:&#

GHIJ :*0- '& 0."& #- +# %&  0 #)+*<9)# 2%#)+*) +# =0#0# +# -.%5 KL*%83 MNONP4

*(&+"&%)

6. <!)!-.%&*) +#  #$*)+# 8.-(*)&=0# # % 0) :-*$#  0 $*8!-#)% +0 +#01&9(# *-+-#4 Q)#

 *0-$# ". #- &)%#) #3 <!)!-."#(#)% &(:0" &*))#""#3 +# ?-!=0#)$# ω3 #1$&%# 0) (&"&#0 =0& +&/0 #

"7#1$&%.%-&$# #)  *) 8.-(*)&=0# A 2ω3  .) :8!)*(9)# +7., *-:%&*)4
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(!$ *,&)"$*'-$ ;)* +/,'*=-!-+ () B'-2+*'--!,!-+ !- %/=*,! B!,+'$!2'-(!7 F- N!) (! P"+%!$ 1

(!-$*+/ -!)+%! &%'2<! *-B%#%')=! 3Q? 0.3; 0.6; 0.9; 1.5; 25 3A(,)-( K&+*2$6 R'%S6 FT5 &!%,!+

(.#++/-)!% 1 0'"'-+/ "# &)*$$#-2! () "#$!%7  # (!-$*+/ () P"+%! ('*+ U+%! #(#&+/! 1 ".'4N!2+*B

)+*"*$/7  # +%#-$,*$$*'- ="'4#"! () ,*2%'$2'&! 1 810nm !$+ (! ".'%(%! (! Tmicrosc ≈ 15%7 M
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3TND0.3 ≈ 50%56 N)$;).1 Q? 0.9 #0!2 ".'4N!2+*B 60× 3TND0.9 ≈ 12%57
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 !"#$%  !  "  !"#$%" &'()*++*,- &. /0+"% 1* 2  0 "- 3,-#$*,- &" /0 /,-4.".% &',-&" !,.% &"+ !.*+5

+0-#"+ &" !,)!"+ &*6(%"-$"+ 7"8$%0*$ &. +*$" 2  !!"# $$ %%%& '( )*)+!& '(,$ -(%+.(/-0$

1234566& "-7 9:

 !"#$%&"  " '!()*"+$,-  . /,+%(0+(1" 2345567 89/)%, :" ;"+<#('(:= 2>?@AAB @,#0,7 '" -9,0+"9.

'90"% 1,C($"  9#0 '" 1'9#  " +"$$" 1.1,''"7 09#0 $%9#0'9$,(# #($9)'"B D" -9,0+"9. "0$ &'9%:, 9. /(="#

 !.# $&'"0+(1" 1"%/"$$9#$  " /( ,E"% 09 $9,''" "$ 09  ,C"%:"#+" 9E# F.!,' %"/1',00" +(/1'G$"/"#$

'9 1.1,''" 9%%,G%"  " '!()*"+$,-B D" $&'"0+(1" "0$ +(#0$,$.&  !.# 1%"/,"% :%(.1"  " '"#$,''"0 1(0,H

$,(##&"0 I '9 0.,$"  . 0+9##"% 20+9# '"#0A  (#$ '" -(="% ,/9:" "0$ +(#-(# . 9C"+ '" -(="% ()*"$  "

'9 '"#$,''"  " $.)" F., "0$ 1'9+&"  9#0 '" 0$9$,-  . /,+%(0+(1"B 8"$$" '"#$,''"  " $.)" 9 .#"  ,0$9#+"

-(+9'" #(%/9',0&" 2ftube = 180mm  !"# $%&'()*+, -" ./0**1**"'"23 4"* 056" 317* "*3 48921 (:/

%" /:((0/3 "23/" %: 41*3:2 " 70 :%" 4"  "33" %"231%%" "*3  "%%" 4"* 056" 317* ;G = ftube/fobj+,

<=:23 4>:33"124/" %>056" 317? %" 7:1* ":) (:**" (:/ )2 '1/01/ 41 !/0@A)" ;BCD4 E/)? F!/0':

G" !20%0.& F0/(,? H0 I12.!:'? JG? KL<+ A)1 *"/3 M *8(:/"/ %>024" "E 13:3/1 " 4" %: N)0/"* "2 "

A)1 *"/: /83/041O)*8",

P0)/ %"* 5"*012* 4" 20* "E(8/1"2 "*? )2" %:'" 4"'1Q024" ;λ/2+ 4>0/4/" 0 "2 A):/3# 0(31'1*8"

(0)/ 830nm ;RSBQSTU? V4')24 $(31 *? KW+ 0) : !/0':31A)" 4:2* %: .:''" 700− 1000nm "2

A):/3# "3 MgF2 ;RSBQDBT? V4')24 $(31 *? KW+ "*3 (%: 8" *0)* %>056" 317? "2 %1") "3 (%: " 4" %:

/0)" (0/3"Q9%3/"* )31%1*8" (0)/ %: '1 /0* 0(1" 4" N)0/"* "2 " "2  !:'( %:/.", ->0/1"23:3102 4"

 "33" %:'" "*3  023/X%8" M %>:14" 4>)2" (%:312" 4" /03:3102 ;PHDYFF? Z"[(0/3+ (0)/ '0419"/

(/8 1*8'"23 "3 :)30':31A)"'"23 %: (0%:/1*:3102 4) %:*"/ 4:2* %>8 !:231%%02, -"  !01E 4" %: %:'"

"3 *:  :/: 38/1*:3102 *023 41* )38* 4:2* %"  !:(13/" *)1=:23? *" 3102 \,S,\,

-"* 056" 317* )31%1*8* *023 4" ':/A)" $%&'()* ;4X,NA = 0.1; 10X,NA = 0.25; 60X,NA =

1.2+, ->0)="/3)/" 2)'8/1A)" NA ; !"#$%&'( )**#$+!$#+ "*3 %:  :(: 138 4>)2 056" 317 4" '1Q
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 !" #$ %&'()*')+&, %-./&+0)/)1&2-, "3

NA = n sin θNA !" NA #$%& '()"*+,- #',+ .+/" 0%11, 2/0&# 3%" 4'11,(5" "+ *" 4'%/ #"%6 /0,7

1'&1 3%, 1'&+ 5,8"1 0%6 4/'4/,8+81 -'&#09"&+05"1 #" #,:/0*+,'& #" 50 5%9,;/" <

= 05'/1 3%" 5$"6+"&1,'& 50+8/05" #" 50 >?@ 1$044/'6,9" *'99" NA−1A 5$"6+"&1,'& 06,05" #,7

9,&%" *'99" NA−2 "+ #'&* 5" B'5%9" -'*05 #,9,&%" *'99"

1
NA3  

= 5$"C*0*,+8 #" *'55"*+,'& ηcoll #" 50 D%'/"1*"&*" 0%29"&+" +E4,3%"9"&+ *'99" NA2
F"&

5$0(1"&*" #" #,:%1,'& < ηcoll =
1
2(1− cos θNA) ≈ θ2NA

4 ≈ NA2

4n2 G 

!"1 '()"*+,-1 H ,99"/1,'& #$I%,5" ':/"&+ 5" 9",55"%/ NA F)%13%$H 1.4G 90,1 &" 1'&+ 401 0#04+8"1

H 5$'(1"/B0+,'&  ! " "# "& 4/'-'&#"%/ J& ":"+A 5$%+,5,10+,'& #$I%,5" 4'%/ 0%29"&+"/ 5" NA #$%&

'()"*+,- "&2"&#/" #"1 0("//0+,'&1 14I8/,3%"1 ,94'/+0&+"1 H -'/+" 4/'-'&#"%/ #0&1 5"1 9,5,"%6

(,'5'2,3%"1 *0/ 5$,&#,*" #" /8-/0*+,'& #" 5$I%,5" "1+ +/;1 #,:8/"&+ #" *"5%, #"1 9,5,"%6 '(1"/B81 K5

"1+ #'&* 4/8-8/0(5" #$%+,5,1"/ #"1 '()"*+,-1 H ,99"/1,'& #$"0% F,&#,*" #" 5$"0% 4/'*I" #" 5$,&#,*"

#"1 9,5,"%6 (,'5'2,3%"1 '(1"/B81GA ':/0&+ %& NA 4'%B0&+ 0++",&#/" 1, 2A "&2"&#/0&+ #'&* 4"%

#$0("//0+,'&1A 4"/9"++0&+ 0,&1, #"1 '(1"/B0+,'&1 H 45%1,"%/1 *"&+0,&"1 #" µm #" 4/'-'&#"%/ #0&1

5"1 9,5,"%6 (,'5'2,3%"1 

!0 4/'-'&#"%/ #$,902"/," "1+ 9'#,L8" 40/ +/0&150+,'& B"/+,*05" F06" zG #" 50 */890,55;/" #"

50 450+,&" 4'/+"7'()"+ ?0 9'+'/,10+,'& "1+ *'&+/M58" 40/ 5" 5'2,*,"5 #% 9,*/'1*'4"A 4"/9"++0&+ #"

/805,1"/ 0%+'90+,3%"9"&+ #"1 4,5"1 #$,902"1 F1+0*N1G 0B"* %&" /81'5%+,'& #" 0.1µm O&" 450+,&"

#" +/0&150+,'& PQ/RIQ%R"/ FS"+R50/A T55"902&"G 4"/9"+ #" #8450*"/ 5$8*I0&+,55'& 1%,B0&+ 5"1 06"1

x "+ y F/81'5%+,'& 0.1µmG !" 1,2&05 28&8/8 0% 4',&+ -'*05 "1+ #8+"*+8 "& +/0&19,11,'& H +/0B"/1

%& *'&#"&1"%/ 0#04+8 FNAcond ≈ NAobj 4'%/ 50 ?UVGA '% 05'/1 "& 84,*'55"*+,'& FW>J@G 40/

5$'()"*+,- ,902"%/ 
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H %& L5+/" ,&-/0/'%2" FBG39A ?ZU[WWG K5 "1+ ,94'/+0&+ #" *'&&0\+/" 5" &'9(/" #" 4I'+'&1 89,1

#0&1 5" B'5%9" -'*05 40/ 5$"6*,+0+/,*" H 810nm 4'%/ 10B',/ *'99"&+ 50 L5+/"/ "C*0*"9"&+ O&

*05*%5 /04,#" 4"/9"+ #" /"&#/" *'94+" #" 5$,94'/+0&*" #% *I',6 #" *" L5+/" < &'%1 0B'&1 B% 3%"

5"1 ,94%51,'&1 -"9+'1"*'&#"1 *0#"&*8"1 H 76MHz 28&;/"&+ %&" 4%,110&*" 9'E"&&" P̄ ≈ 100mW

0% -'E"/ #" 5$'()"*+,- 4× 40/ "6"945" !0 5', #" >50&*N 4"/9"+ #" /"5,"/ 50 -/83%"&*" #$%& /0E'&7

&"9"&+ ν F"& U"/+RG H 5$8&"/2," E #% 4I'+'& F"& ]'%5"1GA 40/ 50 /"50+,'& < E = h.νA '^ h "1+ 50

*'&1+0&+" #" >50&*N [/A ν = c/λ Fc 8+0&+ 50 *858/,+8 #" 50 5%9,;/" #0&1 5" B,#"G "+ 5" 501"/ 8+0&+

0**'/#8 H 810nmA 5$8&"/2," #$%& 4I'+'& "1+ #'&* 8205" H E = 2.4 10−19J A '% ≈ 1.5eV  !0 4%,17

10&*" 9'E"&&" 8+0&+ 5" 4/'#%,+ #% &'9(/" #" 4I'+'&1 40/ 5$8&"/2," #$%& 4I'+'& F"& ]'%5"1GA 40/

50 *0#"&*" #"1 ,94%51,'&1A '& "& #8#%,+ 3%" 5" &'9(/" #" 4I'+'&1 "6*,+0+"%/1 1%1*"4+,(5"1 #$.+/"

#8+"*+81 "1+ #" 5$'/#/" #" N ≈ 1010 !0 +/0&19,11,'& #$%& L5+/" ,&-/0/'%2" +E4" _V`a #" 1mm

#$840,11"%/A H 50 5'&2%"%/ #$'&#" 810nmA "1+ T 810nm
BG39−1mm = 1.3 10−5 Z"50 1,2&,L" 3%$0B"* %& +"5

L5+/"A "&B,/'& 105 4I'+'&1 1"/'&+ #8+"*+81 !" L5+/02" 0#83%0+ 4'%/ 1$0:/0&*I,/ #" 5$"6*,+0+/,*" 1"

*'94'1" #'&* #" #"%6 L5+/"1 _V`a #$1mm #$840,11"%/A 0B"* [T 810nm
BG39−1mm]2 = 1.7 10−10A 9',&1

#$%& 4I'+'& "6*,+0+"%/ 1"/0 #8+"*+8 

?, *" L5+/02" "1+ &8*"110,/" 4'%/ 1$0:/0&*I,/ #" 5$"6*,+0+/,*" H 810nmA ,5 &$"1+ 401 1%C10&+
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 !"#$%  ! " #  !"#$%" &'()*++*,- ./01 "$  23 &" $*++4 5*,6,7*84" "9#*$( : ; !<,$,-+ : 810nm=  (6"#$*,-

+!"#$%>6" !>% ?6$%>7"+ !,4% 4-" "9#*$>$*,- : 810nm @ 6> ./01 "+$ +(6"#$*,--(" !>% 4- ?6$%"

A3BC 2mm D 4- ?6$%" !>++"E<>4$ 2FGBH6! I 6>  23 "+$ +(6"#$*,--(" !>% 4- ?6$%" A3BC

2mm D 4- ?6$%" !>++"E5>-&" J.KLEKMN=

 !"# $% &'(%)(%# *"% +, -./0 %$ #'(#!&12"31!$ 4 #'3%$)% &% 567 #'(#!&12"3'%89 !" *"% +, 567

%$ (#,$3:1331!$9 +, ;"!#%3)%$)% '(,$( ':13% &,$3 (!"(%3 +%3 &1#%)(1!$3< =%3 )!:>1$,13!$3 &%3 &%"?

@%"? &% A+(#%3 :13 %$  +,)% 3"# )B,)"$% &%3 C!1%3 3!$( 1++"3(#'%3 AD"#% E<EF9 !G +, 3" %# !31(1!$

&%3 3 %)(#%3 &% -./09 &% 567 ,1$31 *"% &%3 A+(#%3 "(1+13'3 :!$(#% *"H1+ %3(  !331>+% &H13!+%#

%I),)%:%$( +%3 31D$,"? -./0 %( 567 J

K L%" &% A+(#%3 &% +, C!1% -./0 J +H,"(!;"!#%3)%$)% &% +, :,(1M#% >1!+!D1*"% %?)1('% N &%"?

 B!(!$3 N 810nm %3( %$ D'$'#,+% ':13% %$(#% 450 %( 600nm 43 %)(#% &% +, -./0 AD"#%

E<EF8< /$  +"3 &H"$ O7PQ &% 2mm &H' ,133%"# *"1 ,&:%( "$% (#,$3:1331!$ &% 94% N 450nm

%( &% 58% N 600nm  !"# "$ :,?1:": &% 97% ,"(!"# &% 500nm9 %3( ,@!"(' "$ A+(#%  ,33%R

B,"( *"1 )!" % +%3 +!$D"%"#3 &H!$&% %$ &%33!"3 &% 430nm< =, ;"!#%3)%$)%  %"( &!$) S(#%

&'(%)('% 3,$3 #13*"% &HS(#%  %#(">'%  ,# +, 567< =, ;"!#%3)%$)%9  #!&"1(% %33%$(1%++%:%$(

&,$3 +% C!+":% T!),+9 )!$(1%$( +% 31D$,+ "(1+% *"1 $')%331(% &HS(#% +,#D%:%$( ,: +1A' ,"

:!U%$ &H"$  !"# $%& &'!( )$()*+ #!, 4.V8< =, C!1% &% )!++%)(1!$ &% +, ;"!#%3)%$)% %3( &1(%

W&%3),$$'%W9 )H%3(RNR&1#% *"% +% 31D$,+ &% ;"!#%3)%$)% &'(%)(' #% ,33%  ,# +%3 3),$$%#3 *"1

>,+,U%$( +% T,13)%," +,3%# &,$3 +%  +,$ T!),+ &% +H!>@%)(1T< .!"# ,"D:%$(%# 31D$1A),(1C%:%$(

+% )B,: &% C"% &% $!(#% 3U3(M:%9 "$% C!1% &% )!++%)(1!$ $!$ &%3),$$'% 4$!$ &'>,+,U'%8 ,

'(' &'C%+!  '% X=% 7#,$&9 FYYZ[< =%  #1$)1 % &% )%((% C!1% $!$ &%3),$$'% %3( &% )!++%)(%#

+, +":1M#%  ,# ' 1;"!#%3)%$)%9 3,$3 #% ,33%#  ,# +%3 3),$$%#39 %$  +,\,$( +% &'(%)(%"# 4.V8

&,$3 "$  +,$ )!$@"D"' &% +,  " 1++% &% +H!>@%)(1T &" :1)#!3)! %< ]!$(#,1#%:%$( N +, C!1%

)+,331*"% &%3),$$'%9 !$ &'(%)(% +%3  B!(!$3 &12"3'3 *"1 !$( '(' )!++%)('3  ,# +H!>@%)(1T &" T,1(



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

 !" #" $%&'( )" *!" )! )+,(-,+.+/ ",. (0-$%" )" $"#!+ )" #1-23"$.+/ #!+4'5'"6 71&'8#+-0&.+-9

&((-0.8" "9 ."0'" )1":$&$+.8 )" $-##"$.+-9 )" #& ;!-0",$"9$" ",. ,+<9+=$&.+*"6 >", .0&*&!?

,-9. 0&((-0.8, )&9, #& )"09+@0" (&0.+" )" $" $%&(+.0"6

A B"! )" =#.0", )" #& *-+" CDE F "9 (#!, )1!9 GEHI )" 2mm )18(&+,,"!0  !+ &)'". !9"

.0&9,'+,,+-9 )" 88% J 405nmK ",. &3-!.8 !9 =#.0" +9."0/80"9.+"# $"9.08 ,!0 405nmK &*"$ !9"

#&0<"!0 J '+4%&!."!0 )" 10nm LM)'!9) N(.+$,K O-0PK QRS6 >" 3"! )" =#.0", ("0'". )-9$

)" 9" ,8#"$.+-99"0  !" #" ,+<9&# +,,! )" #& <8980&.+-9 )" ,"$-9)" %&0'-9+ !"6 T-!0 $-##"$."0

#& CDEK -9 !.+#+," "9 .0&9,'+,,+-9 !9 TU LDVWXXK D&'&'&.,! T%-.-9+$,K U&,,YK Z0&9$"S

0"/0-+)+ .%"0'-48#"$.0+ !"'"9.6 7& ,-0.+" )" $" TU[ )8#+*0" !9 $-!0&9. (0-(-0.+-99"# J

#1+9."9,+.8 )8."$.8" ,!0 $" .!2"6 >" ,+<9&# (&,," J .0&*"0, !9 $-9*"0.+,,"!0 $-!0&9.4."9,+-9

&*"$ !9 <&+9 )" 106V A−1K +)"9.+ !" J $"#!+ )", TU +9."09", )! '+$0-,$-("6 \N)+9K ]^^I_

-9. '-9.08  !1+# 8.&+. (-,,+2#" )" 08&#+,"0 )", "?(0+"9$", )" (-#&0+'8.0+" CDE &*"$ "9

'-Y"99" ,"!#"'"9. !9 (%-.-9 )8."$.8 (&0 (+?"#6

45*).-/&)1 6- %&'()*')+, %-./&+0)/)1

`-!, &*-9, *! #& 08,-#!.+-9 )1!9 '+$0-,$-(" $-9/-$&# "9 +9.0-)!+,&9. #& 9-.+-9 )" TCZ6

M9 +'&<"0+" '!#.+(%-.-9K &! #+"! )! $0+.@0" )" a&Y#"+<%K -9 (08/@0"0& #& #&0<"!0 J '+4%&!."!0

LZbDUS )! $&008 )" #& 08(-9," +'(!#,+-99"##" -(.+ !" )! '+$0-,$-(" LPSF 2
S6 7", 8 !&.+-9,

(-!0 $&#$!#"0 #", #&0<"!0, ω J 1/e )", (0-=#, )1+9."9,+.8, #&.80&!? LxyS ". &?+&!? LzS &!? $&008,

L$-''" +9)+ !8, ,!0 #& =<!0" c6cHS ,-9. )-998", (&0 \d+(/"#K ]^^H&_ F

ωxy =















0.320 λ√
2 NA

(-!0 NA ≤ 0.7;

0.325 λ√
2 NA0.91

(-!0 NA > 0.7;

ωz = 0.532λ

[ √
2ln2

n−
√
n2 −NA2

]

Lc6cS

-e ωxy ",. #& 08,-#!.+-9 #&.80&#"K ωz #& 08,-#!.+-9 &?+&#"K λ #& #-9<!"!0 )1-9)" )1"?$+.&.+-9K n

#1+9)+$" )" 08/0&$.+-9 )! '+#+"! "?$+.8 ". NA ",. #1-!*"0.!0" 9!'80+ !" )" #1-23"$.+/6

7" *-#!'" )1"?$+.&.+-9 J )"!? (%-.-9, ",. )-998K "9 +9.8<0&9. #& PSF 2
K (&0

Vxyz = π3/2ω2
xyωz Lc6]S

M9 (0&.+ !"K 9-!, ",.+'-9, #& 08,-#!.+-9 )" 9-.0" ,Y,.@'" -(.+ !" "9 )8(-,&9. !9" =9" $-!$%"

)" ;!-0-(%-0" "9 ,-#!.+-9 )"  !"#$ %&'LM?$+.-9K f&Y.-9K NDK QCgSK )+#!8" J 10−4mol/l )&9, )"

#1"&!6

7)%+.5%,1/* 8 .$ /,'01&2-, 69&%$:,(&,

`-!, &*-9, *! #" (0-$8)8 )1&$ !+,+.+-9 <8980&#" )1!9" +'&<" )-!2#" [TMZhCDE )" #& '5'"

i-9" )1+9.805.6 `-!, &##-9, J (08,"9. )8$0+0" #", )+j80"9., -!.+#, #-<+$+"#,  !" 9-!, &*-9, !.+#+,8,

(-!0 #", .0&+."06
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 !"#$%  ! " #  !"#$% &'()*+,-,+". / &(0) 12",".%3 4-5 6 70(% -)+-$( (, $-,8!-$( &(% 1!"#$% IPSF (, IPSF 2
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5. ,%"!/ "./ ,6'()%*+#,,-* 4%/ 4#@!, 56!*;#/-* 10µsD "-#+ .* +!$4" 56%(7.#"#+#-* 5! 2, 64s 4-./

.*! #$%&! 4,!#* ()%$4 5! 512× 512 4#@!,"> E, !"+ 4-""#3,! 56'()%*+#,,-**!/ 4,." 4/'(#"'$!*+D !*
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5! (! 7.! ,6-* ;!.+ -3"!/;!/>

 !" 5#H'/!*+" +/%#+!$!*+" 56#$%&! -*+ '+' /'%,#"'" ? ,6%#5! 5! "(/#4+"  !"#!$ BI)! J%2

+)K-/L"D G%+#(LD JMC 5';!,-44'" !* /-.+#*! 4%/ *-" "-#*"> G-." %;-*" '&%,!$!*+ .+#,#"' ,!
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 ! "#$%&'$&(#) *#(+&,&-#./) &(0%!-, 1!-' 2) 1&"!#-) 1/ (%&$+) #-3%!%&/4) (&/% 25)6$#,!,#&-

), 1!-' 2) 7#'#*2) (&/% 2! 8/&%)'$)-$) 0"#')9 $5)', 2) (+0-&":-) 1) 1#;/'#&- 1) 2! 2/"#:%) ./#

2#"#,) 3&-1!")-,!2)")-, 2! (%&3&-1)/% 15#"!4)%#)9 ), -&- 25!*'&%(,#&- ./# ()/, <,%) -042#40)=

 ! 1#;/'#&- #-,)%7#)-, > 2! 3&#' !/ -#7)!/ 1) 25)6$#,!,#&- ), 1) 2! $&22)$,#&-=  ) ,%!#,)")-, 1)

25)6$#,!,#&- )', %)2!,#7)")-, $&"(2)6) $!% #2 3!#, #-,)%7)-#% 2! 1#'()%'#&- '(!,#!2) ), ,)"(&%)22)

1) 25#"(/2'#&- 1) (&"()9 $&-,%!#%)")-, !/ (+0-&":-) 1) $&22)$,#&- ./# -) 3!#, #-,)%7)-#% ./) 2!

1#'()%'#&- '(!,#!2)= ?0!-"&#-'9 25)6$#,!,#&- ), 2! $&22)$,#&- '&-, 1)/6 (+0-&":-)' 10$&/(20' ),

#2 )', 1&-$ (&''#*2) 1) ,%!#,)% 2! $&22)$,#&- #-10()-1!"")-, 1) 25)6$#,!,#&-=

@!-' /- (%)"#)% ,)"('9 -&/' !7&-' '#"/20 -/"0%#./)")-, 2)' )A$!$#,0' 1) $&22)$,#&- 1)

2! BCDE 1)' 7&#)' 1)'$!--0) F@GH ), -&- 1)'$!--0) F?@GH #"(20")-,0)' '/% 2) "#$%&'$&()

"/2,#(+&,&-= @!-' /- ')$&-1 ,)"('9 -&/' !7&-' $+)%$+0 > $&"(%)-1%) 25#-8/)-$) 1) 2! 40-0%!,#&-

1) 8/&%)'$)-$) +&%' 1/ 7&2/") 3&$!2 1) 25&*I)$,#3= J)' '#"/2!,#&-' -/"0%#./)' &-, 0,0 #-#,#!2)")-,

107)2&((0' 1!-' 2) $!1%) 1) 2! ,+:') 15KL")%#$  !"#$ !/ ')#- 1) 250./#() *#&(+L'#./) 1) 25M-',#,/,

1) C+L'#./) 1) N)--)' O )%!L9 PQQRS=

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

/-/ +,*%&//),

+,"$"&'- .) "/00)"'&/1

 5)A$!$#,0 1) $&22)$,#&- 1/ "#$%&'$&() )', 2) %!,#& )-,%) 2) -&"*%) 1) (+&,&-' $&22)$,0' (!% 2)

"#$%&'$&() ), 2) -&"*%) ,&,!2 1) (+&,&-' 0"#' (!% 2)' 1#;0%)-,)' '&/%$)' 1) 8/&%)'$)-$) )6$#,0)'

1!-' 250$+!-,#22&-=  5)A$!$#,0 1) $&22)$,#&- η0 15/- &*I)$,#3 1) "#$%&'$&() 15&/7)%,/%) -/"0%#./)

NA 7#'T>T7#' 15/-) '&/%$) (&-$,/)22) #'&,%&() (2!$0) )- '&- 3&L)% )', 1&--0)9 )- 25!*')-$) 1)

()%,)' &(,#./)' F!*'&%(,#&-9 1#;/'#&-9 %08)6#&-H9 (!% U

η0 =
N

 !""

N
#$%&

=
ΩNA

4π
=

1− cos θNA

2
, FV=WH

&X Ncoll/Nexcit )6(%#") 2) %!((&%, 1/ -&"*%) 1) (+&,&-' $&22)$,0' !/ -&"*%) 1) (+&,&-' 0"#'9

), ΩNA 25!-42) '&2#1) '&/'T,)-1/ (!% 2) 1)"#T!-42) 15&/7)%,/%) θNA 1) 25&*I)$,#3 F$3 Y4/%) V=VZH=

 &%'./) 2) "#2#)/ 1)7#)-, ,%:' 1#;/'!-,9 2)' (+&,&-' ./# )- 0")%4)-, &-, '/*# 1) -&"*%)/')'

1#;/'#&-' ), &-, ,&,!2)")-, ()%1/ 2! "0"&#%) 1) 2)/% $&-1#,#&- 150"#''#&-= @!-' $),,) 2#"#,)

1#;/'#7)9 /- "&1:2) /-#1#")-'#&--)2 1) 1#;/'#&- 1!-' /- "#2#)/ 1#;/'!-, ')"#T#-Y-# 2#"#,0 (!%

/-) '/%3!$) 2#'') $&-1/#, > 25)6(%)''#&- '/#7!-,) 1) 25)A$!$#,0 1) $&22)$,#&- ηd O[)!/%)(!#%)9 PQQPS U

ηd ∼= (1− cos θNA)
(

1− cos2
(rfov
wd

))

= 2η0

(

1− cos2
(rfov
wd

))
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') /9/2;,( '( .$11(.2+$& 6"!#!,;2#(/ #("#</(&2</ /)# 1! =-)#( >?>@8?

A!&/ 1( .!/ $B rfov << wdC .( D)+ (/2 2$)5$)#/ 3#!+ "$)# 1(/ $45(.2+%/ 0 -#!&'( '+/2!&.(

'( 2#!3!+1 (2 '!&/ 1! 1+,+2( '+7)/+3(C 1*(E.!.+2< '( .$11(.2+$& ηd (/2 "#$"$#2+$&&(11( !) .!##< ')

.:!," '( 3)( ') /9/2;,( '( .$11(.2+$& F

η ∼=
2η0r

2
fov
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 !""
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#$%&

C +1 %!)2 "$)3$+# .!1.)1(# .( #!2+$ (&
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') ,$'( '(/.!&&<?

I$,,( &$)/ 1*!3$&/ <3$D)< "#<.<'(,,(&2C 1*+,"1<,(&2!2+$& '*)&( 3$+( '( .$11(.2+$& &$&

'(/.!&&<( /)# &$2#( ,+.#$/.$"( ,)12+":$2$& ! "(#,+/ '*!)-,(&2(# 1( .:!," '( 3)( ') /9/2;,(C

/( #!""#$.:!&2 '( .(1)+ '(/ $45(.2+%/ ()KJ,L,(/C (& <2!&2 "1)/ '( 20 %$+/ /)"<#+()# 0 .(1)+ '(
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 !" #$#% #" &'!( #")# *# *+$, +-". /&&# )-"*,+% "0!"1-+" 2 ," 3!+" #" #4)!)+%0 *# )-&&#)%+-"

56-5-6%+-""#& !, )!660 *, )7!15 *# 8,#9 *!" &! &+1+%# *+$, +8#. /" 6#8!")7#9 *!" &# 603+1# 

+"%#610*+!+6# *# *+$, +-" )-66# 5-"*!"% !,: 56-;-"*#,6 *'+1!3#6+# z0 , ,#&&#1#"% !%%#+"%# 
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V# 10%7-*# M-"%# N!6&- >MN?  -"% %6L ,%+&+ 0# 5-,6  +1,&#6 *# "-1(6#,: 56-(&L1# 

*!" (#!,)-,5 *# *-1!+"# >@"!")#9  )+#")# 57A +<,# ...?. W" 0"-")0 *#  -" 56+")+5# ! 0%0

56-5- 0 5!6 V,: #% !& X  !"#$ %&'%($ )($ "**)+,"%+&#$ !( )" -.%/&!( 0&#%( 1"2)&3 &# $'**&$(

4'( )" 4'"#%+%. */5$+4'( 4'( )6&# 7('% !.%(2-+#(2 ($% )" 7")('2 -&5(##( !6'#( 7"2+"8)( ")."%&+2(9
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 ! "#$%&! '%( %)*&*#+,( '% *-..%*+#-"/ .& (%!.% 0!&"+#+, &**%((#1.% %23,4#5%"+&.%5%"+ %(+

.% 4&33-4+ ηDS/ηNDS '%( %)*&*#+,( '% *-..%*+#-" %" 5-'% '%(*&"", %+ "-" '%(*&"",/ %+ "-"

*6&*!"% '% *%( 0!&"+#+,(7 8" %9%+/ *% 0!:-" 5%(!4% %(+ .% 4,(!.+&+ ':!" 34-*%((!( ':%2*#+&+#-"

%+ ':!" 34-*%((!( '% *-..%*+#-"7 ;,&"5-#"(/ *-55% *%( '%!2 34-*%((!( (-"+ #"',3%"'&"+( %+

0!% .:%2*#+&+#-" %(+ .& 5<5% 3-!4 .%( '%!2 5-'%( '% *-..%*+#-" =5<5% -1>%*+#? %+ 5<5% (-!4*%

.&(%4@/ .% 4&33-4+ %"+4% .%( (#A"&!2 *-..%*+,( (%.-" .%( '%!2 5-'%( "% ',3%"' 3&( '% .:%2*#+&+#-"7

B%( 5%(!4%( %23,4#5%"+&.%( '%( (#A"&!2 CD8E *-..%*+,( (%.-" .%( '%!2 $-#%( *-44%(3-"'&"+%( '!

5#*4-(*-3% 5!.+#36-+-" -"+ ,+, 4,&.#(,%( %" ?-"*+#-" '% .& 34-?-"'%!4 ':#5&A%4#% (!4 '! +#((!

6,3&+#0!% 34-$%"&"+ ':!" 5-'F.% 5!4#"/ (%.-" !" 34-+-*-.% ',*4#+ '&"( .& +6F(% '% '-*+-4&+

': G5%4#*  !"#$ HB%4&G/ IJJKL/ %+ 34,(%"+,( MA!4% N7NK7

D-!4 .%( (#5!.&+#-"( OP *-44%(3-"'&"+%(/ #. %(+ ",*%((&#4% '% '#(3-(%4/ -!+4% '%( 3&4&5F+4%(

'%( -1>%*+#?( %!2Q5<5%( ='#(+&"*% '% +4&$&#. wd 3-!4  !"# $%&'()*+ %+ 4&G-" '% .& .%"+#..% ?4-"+&.%

rofa 3-!4 !,'%*(- ."!)' (,+"'/"+@/ '%( *6&53( '% $!% '%( $-#%( '% *-..%*+#-" RS %+ ;RS "-+,( θ
DS
fov

%+ θNDS
fov 4%(3%*+#$%5%"+7 B%( 3&4&5F+4%( !+#.#(,( (-"+/ 3-!4 .:-1>%*+#? T.G53!( D.&" 3- 60X U

#55%4(#-" ':%&! V wd = 2.0 mm W rofa = 1.8 mm W rNDS
fov = 320 µm W rDS

fov = 14 µm7

;-!( &$-"( '-"* 3! *-53&4%4 .:%23,4#%"*% &$%* .%( *-!41%( +6,-4#0!%( -1+%"!%( 3&4 (#5!.&+#-"

OP7  #"(#/ '&"( .% 1!+ ':,$&.!%4 .%( 3%4?-45&"*%( '%( $-#%( RS %+ ;RS/ "-!( &$-"( +4&*, .&

$&.%!4 5-G%""% %" #"+%"(#+, '%( 31 #5&A%( &*0!#(%( %" ?-"*+#-" '% .& 34-?-"'%!4 ='% 0 U 60µm@
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#$,. +D $,'+, >2B2' /($( 3 #B$.( 3 + 3,F/. '( + /(23 + $++"!,/ + G ! + +(.2!(2. + 01.,##$,. + ) '/ +

G ! ="2.  ' ),!."+!"-, )2#(,-4"("',>2 7 E"2+ -./+ '("'+  '+2,( 2' )/(4"3 3/6 #"--/ $2

#$1".$(",. - .) (($'( #$ . !"'+(.2!(,"' 3 !4$)-+ 3B"., '($(,"' 3 -."(/,' + 01.,##$,. + -$.

),!."+!"-, 3 + !"'3 4$.)"',>2 )"32#/  ' -"#$.,+$(,"'7 A (( ( !4',>2 - .) (  ' <$,( 3 

. !"'+(.2,. # + !4$)-+ 3B"., '($(,"' 3 #B$9 -.,'!,-$# 3 #$ +2+! -(,1,#,(/ '"' #,'/$,. $++"!,/ 

$29 01. +D  ' +2--"+$'( 2' +*)/(., 3 (*- !*#,'3.,>2 -"2. #$ +2-.$)"#/!2# H4$.)"'":

-4". HD  ( 2' )"3&# -#$'$,. 7 E"2+ $6"'+ -2 )"'(. .D -"2. # !"##$%&'  ( #$ )*"+,' D >2 ! (( 

"., '($(,"' !"I'!,3 $6 ! ! ## 3 #$ 01. 7 8$ )/(4"3 - .) ( /%$# ) '( 3 . )"'( . G #B,)$% 

3 + .$--".(+ 3 + !")-"+$'( + 3 #$ +2+! -(,1,#,(/ '"' #,'/$,. D ρ = χzzz/χxzx  ( ξ = χzxx/χxzxD

$,'+, >2BG 2' ,)$% ,'3/- '3$'( 3 #$ -"#$.,+$(,"'D "2 ,)$% ,+"(."- 7 J"' !"'(.$+( 3/- '3

-.,'!,-$# ) '( 3 #$ !"'! '(.$(,"'  ' 4$.)"'"-4". +7 8 3,+-"+,(,<  9-/.,) '($#  ( # + -."!/:

3/+ 3B$2(")$(,+$(,"' >2, "'( /(/ 2(,#,+/+ -"2. ./$#,+ . # + ,)$% + JKL  ( @MNO $2 !"2.+ 3 ! +

(.$6$29 3 (4&+ +"'( /%$# ) '( -./+ '(/+ 3$'+ ! !4$-,(. 7



 ! "#$%&'()*

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

 ! "#$%& '()*+, !&- "#,&-+-(. /! /!(0 &#$-!& /! %$#-.+,!&1 2!& %$#-.+,!& 3#,"-+#,,!22!& !- 2!&

%$#-.+,!& &-$("-($*2!&4  !& %$#-.+,!& 3#,"-+#,,!22!& 5#(!,- /!& $62!& -$7& /+8!$& *( &!+, /! 2* "!22(2!

!- /! 29#$:*,+&)! ;

< 2!& %$#-.+,!& /! -$*,&%#$-1 =(+ *&&($!,- 2! -$*,&3!$- /!& /+>.$!,-!& )#2."(2!& /*,& !- !, /!'#$&

/!& "!22(2!&1

< 2!& %$#-.+,!& $.:(2*-$+"!&1 =(+ )#/(2! 29*"-+8+-. /9*(-$! %$#-.+,!&1

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

/*,& 2* "!22(2! #( 29#$:*,+&)!1

< 2!& %$#-.+,!& )#-$+"!&1 %!$)!--*,- *(0 "!22(2!& #( #$:*,+&)!& /! &! )#(8#+$4

?9*(-$! %*$-1 2!& %$#-.+,!& &-$("-($*2!& 3*@#,,!,- 2!& #$:*,+&)!&1 2!& &-$("-($!,- !- %!$)!--!,-

A 2* "!22(2! /! )*+,-!,+$ &#, #$:*,+&*-+#, /*,& 29!&%*"!4 B*$)+ "!22!&C"+1 2!& "#22*:7,!& &#,- %*$-+"(C

2+7$!)!,- $!%$.&!,-*-+3&4 D, %*$2! E/!& "#22*:7,!&E "*$ +2 !, !0+&-! /+>.$!,-& -F%!&1 &! /+&-+,:(*,-

2!& (,& /!& *(-$!& %*$ 2!& /+>.$!,-!& "#)G+,*+&#,& /!& -$#+& "'*H,!& %#2F%!%-+/+=(!& *&&#"+.!& =(+

2!& "#)%#&!,-4

 !"!" #$% &'()*$+,% ,-.$% &$ /011234+$%

 !& "#22*:7,!& &#,- (,! 3*)+22! /! :2F"#%$#-.+,!& IG$!(&!& &F,-'.-+&.!& !- &."$.-.!& %*$ 2!&

"!22(2!& /!& -+&&(& "#,5#,"-+3& !- /+8!$& *(-$!& -F%!& "!22(2*+$!&4 J2& $!%$.&!,-!,- 2!& %$#-.+,!& 2!&

%2(& *G#,/*,-!& /! 29#$:*,+&)!1 &#+- %2(& /( =(*$- /! 2* )*&&! %$#-.+=(! -#-*2!4 J2& &#,- 2! %$+,C

"+%*2 "#,&-+-(*,- /!& -+&&(& "#,5#,"-+3& /( "#$%& '()*+, K80%L1 =(+ &!$8!,- A &#(-!,+$ !- A $!2+!$

2!& *(-$!& -+&&(& /( "#$%& M?+  (22#1 NOONP4  !($& 3#,"-+#,& %$+,"+%*2!& &#,- /#," "!22!& /9*--*"'!1

/9!,8!2#%%! #( /! $!)%2+&&*:!1 /9+&#2*-+#, !- /! %$#-!"-+#, #( !,"#$! /( -$*,&%#$- /*,& 2! "*& /(

-+&&( &*,:(+,4 Q#(& $!-$#(8#,& /#," /9(,! %*$-1 /( "#22*:7,! /+-  !"#$%" " #& /*,& 2!& -!,/#,&1 2!&

"*$-+2*:!&1 2!& #&1 2* %!*( !- 2!& 8*+&&!*(0 &*,:(+,&1 !- /9*(-$! %*$- /( "#22*:7,! /+- '($ )#&&*&+ $#

*(-#($ /!& "!22(2!&4

D, %!(- "2*&&+I!$ 2!& "#22*:7,!& /9*%$7& 2!($ #$:*,+&*-+#, !, "#22*:7,! IG$+22*+$!& K"#)%#&.&

/! IG$!&1 /! IG$+22!&1444L !- "#22*:7,!& ,#, IG$+22*+$!&4  !& "#22*:7,!& IG$+22*+$!& "#,37$!,- 2!($ $.C

&+&-*,"! A /!& -+&&(& "#))! 2! -!,/#, #( 29#&4  !& "#22*:7,!& ,#, IG$+22*+$!& 3#$)!,- /!& $.&!*(0

/*,& 2!& )!)G$*,!& G*&*2!& !- &#,- +)%2+=(.& /*,& 29*$"'+-!"-($! -$+/+)!,&+#,,!22! /!& IG$!&

"#22*:.,+=(!&1 !- &9#$:*,+&!,- !, %2(&+!($& 3*)+22!& ;

*L 2!& "#22*:7,!& 3#$)*,- /!& $.&!*(01

GL 2!& "#22*:7,!& RSTJU KR+G$+2 *&&#"+*-!/ "#22*:!,& V+-' +,-!$$(%-!/ -$+%2! '!2+0L1

"L 2!& "#22*:7,!& )+"$#IG$+22*+$!&1

/L 2!& "#22*:7,!& 3#$)*,- /!& IG$+22!& /9*,"$*:!1

!L 2!& "#22*:7,!& -$*,&)!)G$*,*+$!& #( WSTJU KW!)G$*,! *&&#"+*-!/ "#22*:!,& V+-' +,-!$$(%-!/



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

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

*( $%+ ,-$$./01%+ 2% $. *.3"$$% 2%+ 34$ "#$%'"1%+ 534$ "#$%  !"#$% &%$"' 2-3."1 .12 "1 %!!4# "-1(6

7 ,% 8-4!) 9:  ;#%+ 2"<=!%1 + 2% ,-$$./01% +-1 !=#%! -!"=+) 2"<=!.1 $%+ 41+ 2%+ .4 !%+ /=>

1= "?4%3%1 ) ,&"3"?4%3%1 % "3341-$-/"?4%3%1 6 @1% AB!% 2% ,-$$./01% 52".30 !% 2% 10 C

100µm( #%4 1% !%1*%!3%! +-" ?4D41 +%4$  ;#% 2% ,-$$./01%) +-" #$4+"%4!+ E -1 #.!$% .$-!+ 2%

AB!% 2% ,-$$./01% &= =!-2;1% F#-4! !%G4%) H."$%; I J"/ &) 1989K6

L.!3" $%+ /!.12%+ ,$.++%+ 2% ,-$$./01%) ,%$4" 2%  ;#% M +%  !-4G% 2.1+ $%+ -+) $. #%.4) $%+ $"/.3%1 +)

$%+  %12-1+) $. ,-!1=% % $%+ #.!-"+ G.+,4$."!%+) $%  ;#% MM +% !% !-4G% 2.1+ $%+ ,.! "$./%+) $%  ;#% MMM

2.1+ $%+ #.!-"+ G.+,4$."!%+ % $. #%.4) $%  ;#% MN 2.1+ $%+ $.3%+ B.+.$%+ #.! ","#.1 C $. *-!3. "-1

2% $. 3%3B!.1% B.+.$%) % $%  ;#% N 2.1+ $. #$4#.! 2%+  "++4+ "1 %!+ " "%$+6 J%  .B$%.4 96O6O 2=,!" 

2% 3.1"0!% #$4+ ,-3#$0 % $% !P$% .++-,"= .4' 2"<=!%1 +  ;#%+ 2% ,-$$./01%+6

J%+ ,-$$./01%+ AB!"$$."!%+ +-1 2%  ;#%+ M) MM) MMM) N % QM) % #.!3" ,%4' $C) $% ,-$$./01% 2%  ;#%

M) ?4% $D-1 %' !." ."+=3%1 C #.! "! 2%  %12-1) . #.! ",4$"0!%3%1 = = = 42"= .4 1"G%.4 + !4, 4!.$

%1 4 "$"+.1 $. 2"<!., "-1 #.! !.;-1+ Q 5RQ( % $. 3",!-+,-#"% =$%, !-1"?4%6 S.1+ $. +4" % 2% ,%

3.14+,!" ) $%  %!3% T,-$$./01%T +% !.##-! %!. C ,%$4" 2%  ;#% M) +.4* 3%1 "-1 ,-1 !."!%6

 !"! #$%& '()%)*(+,& -, .)%%/*01&

J% !P$% B"-$-/"?4% 24 ,-$$./01% %+ 2-4B$%6 SD41% #.! ) .G%, $D=$.+ "1%) $%+ #!- =-/$;,.1%+ % $%+

/$;,-#!- ="1%+) "$ *." #.! "% 2% $. 3. !",% %' !.>,%$$4$."!% 5UVW( !%+#-1+.B$% 2% $. ,-&=+"-1 2%+

 "++4+ % 2%+ -!/.1%+6 S.1+ ,%! ."1%+ #. &-$-/"%+) $. #!-$"*=!. "-1 2% UVW %+ $% !=+4$ . 2D41% !=>

#-1+% ,",. !","%$$% +4" % .4' ./!%++"-1+ !=,4!!%1 %+ +4B"%+ #.! 2%+ -!/.1%+ 5*-"%) !%"1) #-43-1+666(6

SD.4 !% #.! ) $%+ ,-$$./01%+ AB!"$$."!%+ =,&.*.42%1 2%+  "++4+ ,-33% $%  %12-1) $D-+ 5,-$$./01% M(

% %1 .++-,". "-1 .G%, 2D.4 !%+ ,-3#-+.1 %+ 2% $. 3. !",% %' !.>,%$$4$."!%  %$+ ?4% $D=$.+ "1%) "$+

.##-! %1 C $. *-"+ !=+"+ .1,% % =$.+ "," = C 2%+  "++4+ ,-33% $. #%.4 -4 $%+ #.!-"+ G.+,4$."!%+6

J%+ ,-$$./01%+ 1-1 AB!"$$."!%+ *-!3%1 2%+ !=+%.4' 2.1+ $%+ 3%3B!.1%+ B.+.$%+ 5,-$$./01% MN() "$+

+-1 "3#$"?4=+ 2.1+ $D-!/.1"+. "-1  !"2"3%1+"-11%$$% 2%+ AB!%+ ,-$$./=1"?4%+ 5,-$$./01%+ MQ) QMM)

QMN)666 ( -4 2.1+ $D.1,!./% 2%+  "++4+ 2% !%,-4G!%3%1 .4'  "++4+ ,-18-1, "*+ +-4+>8.,%1 + 5,-$$.>

/01%+ NMM) QNMM(6 J%+ .$ =!. "-1+ 24 ,-$$./01% +% !=#%!,4 %1 +4! $% *-1, "-11%3%1 2% 1-3B!%4'

 "++4+ % -!/.1%+6

 !"!2 345,.4,5& -, .)%%/*01& 6'5(%%/(5&

J. 3-$=,4$% 2% ,-$$./01% . 41% + !4, 4!% ,.!., =!"+ "?4% %1  !"#$% &=$",% 2!-" %) *-!3=% 2% X

,&.Y1%+ #-$;#%# "2"?4%+) $%+ ,&.Y1%+ α6 J. *-!3% 3. 4!% 2% ,%  %  !"#$% &=$",% $-1/4% 2% 300nm

+D.##%$$% $%  !-#-,-$$./01%6 J% 2-3."1% &=$",-Z2.$ 2% ,%+ ,&.Y1%+ α #!=+%1 % 41% /$;,"1%  -4+ $%+

 !-"+ !=+"24+6 W% .,"2% .3"1= *." ."1+" #.! "% 2D41% 41" =  !"#%# "2"?4% (GlyXY ) +% !=#= .1 n

*-"+ % "12"+#%1+.B$% #-4! $. ,-1*-!3. "-1 %1 &=$",% /.4,&% 2% ,&.?4% ,&.Y1% α6 H"%1 ?4% ,&.?4%

 ;#% ." +. #!-#!% % 41"?4% +=?4%1,% 2D.,"2%+ .3"1=+)  -4+ +-1 #!"1,"#.$%3%1 ,-3#-+=+ 2%

/$;,"1% 5Gly( #-4! 35%) 2% #!-$"1% 5X( #-4! 7 C 9% % 2D&;2!-';#!-$"1% 5Y ( #-4! 12 C 14%



 ! "#$%&'()!

*+%) )' ,'(-"'-() .&,'(&/-'&01 2$1, 3), '&,,-, 4$($"'5(&,'&6-),

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

 ! [α1(I)]2α2(I)  !" #$%&$" '$(# (" )*+,&$('!" - %(.$"  %+,($!

*('$%($!/

90% #0 - )),+1($ #20( 3$%'.4%."

'%,&$ #$ )2 !

[α1(I)]3 #$%&$" #$('*($ 5 %&$ &*($0%$

  ! [α1(II)]3 -,%'*),+$" 60&$0% 3*'%.$" (0-)$0! 70)7 !0! &,8 %*',*%$ #,(! )$! -,%'*),+$!

   ! [α1(III)]3 #$%&$" &0!-)$ !90$)$''*90$" 7,% *! #$! 3,*!:

!$,0;///

,!! -*. ,3$- )$ '<7$ =

"! α1(V ) α2(V ) α3(V ) 7 0& (" - %(.$"  !/// '*!!0! - (8 (-'*5!" ,!! -*. ,0 '<7$ =

# ! α1(XI) α2(XI) α3(XI) -,%'*),+$" - %7! 3*'%." (0-)$0! 70)7 !0! ,!! -*. ,3$- )$ '<7$ ==

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

 "! [α1(IV )]2α2(IV ), α1−α6 &$&4%,($! 4,!,)$! 5 %&$ #$! %.!$,0; >?" (2$!' 7,! !'%*.

$( &*-% !- 7*$ .)$-'% (*90$

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

" ! α1(V I) α2(V I) α3(V I) #$%&$" -,%'*),+$" 7),-$('," 7 0& (" 7,% * #$!

3,*!!$,0;" (0-)$0! 70)7 !0!

'*!!0! - (8 (-'*5!" ,!! -*. ,0 '<7$ =

0,*+,""'( -1#&/+#$'

"  ! [α1(V II)]3 7$,0" 8 (-'* ( #$%& :.7*#$%&*90$!" &090$0!$

 %,)$" #$%&*;

), 5 %&$ #$! @4%*))$! 7$%&$' )2,-:

-% -6,+$ #$ ), ),&$ 4,!,)$ ,0 '*!!0

- (8 (-'*5 ! 0!:8,-$('/

23('#45 6'5#$!&#45

"   ! [α1(V III)]2α2(V III) -$))0)$! $(# '6.)*,)$!" &$&4%,($ #$ ?$!-$&$'

#! [α3(X)]3 -,%'*),+$ 6<7$%'% 7*90$ &*(.%,)*!.

 !""#$%&'( 07 89

 #! α1(IX) α2(IX) α3(IX) -,%'*),+$" - %7! 3*'%." - %(.$ ,!! -*. ,3$- )$ '<7$ ==

#  ! [α1(XII)]3 )*+,&$('" '$(# (" 7.%*-6 (#%$ ,!! -*. ,3$- )$ '<7$ = $' ===

# "! [α1(XIV )]3 #$%&$" '$(# ( 7),-$('," 7 0& (" 7,% * #$!

3,*!!$,0;" 5 *$

,!! -*. ,3$- )$ '<7$ =

# #! [α1(XIX)]3 %6,4# &< !,%- &$ 60&,*(

##! [α1(XX)]3 .7*'6.)*0& - %(.$(" '$(# (" 7$,0 ,0 !',#$ $&:

4%< ((,*%$" -,%'*),+$ - !',)

## ! [α1(XXI)]3 7,% * #$! 3,*!!$,0; !,(+0*(!

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

#   ! [α1(XIII)]3 .7*#$%&$" 5 ))*-0)$ #$ -6$3$0;" 7 0& (" 5 *$"

-6 (#% -<'$!" $(# &<!*0&" *('$!'*(

#"  ! [α1(XV II)]3 8 (-'* (! #$%& :.7*#$%&*90$! %$(5 %-$ )2,(-%,+$ #$ ), ),&$ 4,!,)$

;4":,<"'5,&'(

#"! [α1(XV )]3 @4% 4),!'$!" -$))0)$! &0!-0),*%$! )*!!$!" %$*("

7,(-%.,!

#*!!.&*(.! A 7%1! #$ ), ),&$ 4,!,)$

#$! &0!-)$!

#" ! [α1(XV I)]3 @4% 4),!'$!" ,&(* !" B.%,'*( -<'$!

#"   ! [α1(XV III)]3 7 0& (" 5 *$ - )),+1($ #$ 8 (-'* ( #2,(-%,+$

 !"#$  !" #  !" #$%&'!()" )*+!" #! ,-../01(!"2 3)/4.!/5 )'/#5$) 6 +/')$' #5 "$)! 7  !!"# $$ %&'

()*)"%+),' -./$ ()*)$ 0-11,/%& 8 #!'($1'! 9$"! 6 :-5' /;'$. <=>=2?



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

 !"#$% #" &'(")* +" %$,-." /" .0(0&1&1$%! n 23.1" 043#","%& 32"5 #" &'(" /" 5$##346%"* 73%! #" 53!

/8 5$##346%" 9-.1#31.": #" /$,31%" ;0#15$</3# "!& /1&  !""#$%&'()*: 5="!&>?>/1." 8% /$,31%" !3%!

1%&"..8(&1$% (3. /"! 5;3@%"! %$% ;0#15$</3#"!* A&3%& #" (#8! ("&1& 351/" 3,1%0 32"5 !"8#","%& 8%

3&$," /=;'/.$46%" /3%! !3 5;3@%" #3&0.3#": #3 4#'51%" $558(" 8%" ($!1&1$% 5"%&.3#" /3%! #=;0#15":

&3%/1! B8"X "& Y $%& #"8.! 5;3@%"! #3&0.3#"! $.1"%&0"! 2".! #="C&0.1"8.* D"51 (".,"& 8% 3!!",-#34"

5$,(35& /" E 5;3@%"! α ($8. F$.,". 8%" &.1(#" ;0#15" /.$1&": #3 ,$#058#" /" (.$5$##346%"*

+"! 9-."! /" 5$##346%" !$%& 5$%!&1&80"! /=8%" ,8#&1&8/" /" &.6! #$%48"! 9-.1##"! "& #3 /1!&.1>

-8&1$% /" #"8.! /13,6&."! "!& /1."5&","%& ."#10" ? #"8.! F$%5&1$%! GH3..': IJKLM* D"! 9-."! $%& 8%

/13,6&." 23.13%& "%&." 10 "& 300nm: "& /"! #$%48"8.! B81 ("82"%& 3##". N8!B8=? B8"#B8"! 5"%&31%"!

/" µm* +3 !&.85&8." 9-.1##31." /8 5$##346%" ,$%&." 8%" .0(0&1&1$% /" ,$&1F! "% -3%/" &.3%!2".!3#"

53.35&0.1!&1B8" B83%/ $% #=$-!".2" 38 ,15.$!5$(" 0#"5&.$%1B8": /=8%" (0.1$/" (.$5;" /" 67nm:

5$,," #" ,$%&." #3 948." O*I*

+"! ,$#058#"! 1%/121/8"##"! /" 5$##346%" /" EPP%, /" #$%4 !$%& 3C13#","%& 3#14%0"! /3%! #3

9-." !"#$% #" ,$/6#" /" Q$/4" GQ$/4": IJREM: $S #3 (!"8/$>(0.1$/151&0 1%&".%" /" #3 ,$#058#"

/" 5$##346%" F351#1&" #" /053#34" /"! 1%&".35&1$%! ,$#058#31."!* D"& 3..3%4","%& (.$/81& /$%5 /"!

5;3%4","%&! .048#1".! /" /"%!1&0 0#"5&.$%1B8": (.$/81!3%& #"! -3%/"! 53.35&0.1!&1B8"! /" 67nm

$-!".20"! /3%! #"! 9-."! /" 5$##346%" "% ,15.$!5$(1" 0#"5&.$%1B8"  948." O*I5)*

 ! "# $%&'()*

+3 ,'$!1%": ,$&"8. ,$#058#31." !" 9C3%& !8. #=35&1%": "!& 8%" (.$&01%" B81 N$8" 8% .T#"

F$%/3,"%&3# /3%! #"! ,053%1!,"! /" #3 5$%&.35&1$% ,8!58#31."* A##" !" ."&.$82" /$%5 /3%! #"!

5"##8#"! /"! 2".&0-.0! B81: 3!!$510" ? 8%" 35&1%": N$8"%& 8% .T#" /" 5$%&.35&1$%: &"##"! #"! 5"##8#"!

,8!58#31."!* U# "C1!&" (#8!1"8.! &'("! /" ,'$!1%": B81 /1V6."%& (3. #" %$,-." /" W&X&"W  8%" >

,'$!1%" Y: UZ-> $8 /"8C >#3 (#8(3.& /"! 38&."! ,'$!1%"!>): (3. #3 #$%48"8. /"! /1V0."%&"! (3.&1"!*

+3 ,'$!1%" /" &'(" UU "!& 5"##" B81 5$%!&1&8" #=3((3."1# 5$%&.35&1#" /8 ,8!5#" !&.10 !B8"#"&&1B8"* [%

,8!5#" !&.10 "!& 5$%!&1&80 /" 5"##8#"! ,8!58#31."! 5$,($.&3%& 8% 1,($.&3%& ,3&0.1"# 5$%&.35&1#"*

D"#81>51 !" 5$,($!" /" %$,-."8!"! ,'$9-.1##"!: !&.85&8."! &8-8#31."! 3##$%40"! /=8% /13,6&."

/" 1 ? 2µm: 5$%!&1&80"! /" ,'$9#3,"%&!  9#3,"%&! 9%! 5$%!&1&80! /=35&1%" 3!!$510! ? /" #3
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.-=!/ .(* .-=!/9 '6 ;%(#. '>&*-!+"("-&+ '!, 07*!, '>6+ ,?,"@#! 07*-//(-*!1 A//! ( $"$ +&##$!

2B8CDE F2*-!+"("-&+ B-!/' C!;&+' D(*#&+-; E-;*&,;&.?G .(* ,!, (6"!6*, H2'-+9 IJJKL M H2'-+9

IJJNL M H2'-+9 IJJOL1 4( #$"%&'! +>6"-/-,! <6! 4 -#(P!, (;<6-,!, .(* #-;*&,;&.-! '! ,!;&+'!

%(*#&+-<6! (Q!; 4 .&/(*-,("-&+, /-+$(-*!, '6 )(-,;!(6 /(,!* -+;-'!+" 7-!+ '$0+-!,9 !" .!6" :"*!
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'! *!#&+"!* R 6+! -+)&*#("-&+ '>&*-!+"("-&+ /&;(/!9 (-+,- <6>R 6+ *("-& ρ '!, $/$#!+", .*-+;-.(6=

'6 "!+,!6* '! ,6,;!."-7-/-"$ +&+ /-+$(-*!9 .(*(#@"*! *!/-$ R />&*P(+-,("-&+ ,"*6;"6*(/! '!, %(*#&8

+&.%&*!, '(+, /( 07*!1 4>-#(P!*-! 2B8CDE ( $"$ (../-<6$! (6 ;&//(P@+! H2'-+9 IJJKL M H2'-+9

IJJNL9 R /( #?&,-+! H2'-+9 IJJNL !" (6= (=&+@#!, H2'-+9 IJJOL1 A+ .*-+;-.!9 ,&+ '&#(-+! '! Q(8

/-'-"$ ,>$"!+' R "&6"! ,&6*;! '! P$+$*("-&+ '! ,!;&+'! %(*#&+-<6! 07*-//(-*! (?(+" 6+! ,?#$"*-!

,6U,(+"! FQ&-* ,6-"!G1

V.*@, (Q&-* .*$,!+"$ /! .*-+;-.! '! /( #$"%&'! 2B8CDE !" ,&+ -#./$#!+"("-&+ !" (6"&#("-8

,("-&+ (6 ,!-+ '! +&"*! #-;*&,;&.! #6/"-.%&"&+9 +&6, Q!**&+, <6!/<6!, !=!#./!, '>(../-;("-&+,

(6 ;&//(P@+! !" R /( #?&,-+!1

 !"!# $%&'()*+*,-) .( /+ 0&*1-.( 234567

S&6, +&6, .*&.&,&+, '! ;(/;6/!* /( *$.&+,! CD5 '>6+! 07*! '-,.&,$! '(+, /! ./(+ )&;(/ '!

/>&7W!;"-)1 4!, 7(,!, .%?,-<6!, '! /( *$.&+,! !+ .&/(*-,("-&+ '! ,?,"@#!, 07*-//(-*!, .*$,!+"(+"

6+! *$.&+,! CD5 ,&+" 7-!+ $"(7/-!, HX&"%9 YOKOL M HC"&//!*9 IJJIL M H (#.(P+&/(9 IJJIL M H2'-+9

IJJKL M HZ,-/&'-#-"*([&.&6/&,9 IJJO(L1 S&6, /!, *$,6#&+, '(+, ;!""! .(*"-!1

4! ;%(#. E2ω
'! ,!;&+'! %(*#&+-<6! .*&Q-!+" '! /( .&/(*-,("-&+ +&+ /-+$(-*! P 2ω

-+'6-"! .(*

/! #$/(+P! '! ;%(#., $/!;"*-<6!, Eω
-+"!+,!, R /( )*$<6!+;! ω '(+, /! #-/-!61  !""! .&/(*-,("-&+

+&+ /-+$(-*! !," '$;*-"! .(* />$P(/-"$ "!+,&*-!//! P 2ω
α =

∑

βγ χ
(2)
αβγE

ω
βE

ω
γ 9 &\ χ

(2)
αβγ !," /! "!+,!6*

'! ,6,;!."-7-/-"$ +&+ /-+$(-*! /&;(/ '>&*'*! 2 !" &\ /!, -+'-;!, α9 β !" γ '$;*-Q!+" /!, ;&&*'&++$!,

'6 /(7&*("&-*! FX9 Y 9 ZG1 4!, .*-+;-.(/!, %?.&"%@,!, 6"-/-,$!, .&6* (../-<6!* +&"*! #$"%&'!

2B8CDE ,&+" ]

H-L /! ,?,"@#! !," ./(+(-*!9 (Q!; /( 07*! '(+, /! ./(+ )&;(/ '! />&7W!;"-) '6 #-;*&,;&.!1

H--L />-+"!+,-"$ CD5 !," P$+$*$! .(* '!, ,6.*(#&/$;6/!, /&+P6!, !" 0+!,9 '! ,?#$"*-! ;?/-+'*-<6!

C∞ HX&"%9 YOKOL M HC"&//!*9 IJJIL M H^-//-(#,9 IJJ_L M HZ/&"+-[&Q9 IJJ`(L /! /&+P '! />(=! .*-+;-.(/ '!

/( 07*!1 Z(* ;&+,$<6!+"9 />-+"!+,-"$ '! ,!;&+'! %(*#&+-<6! !," -+"!*.*$"$! R .(*"-* '6 "!+,!6* '!
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 ! "#$%&'&(&%) *+* (&*),&-# χ(2)
.#  /0)%-&# Cn 1n ≥ 623 ,4#" "#% ,5# .#  /0)%-&# "+*%#*! .,* (#

$(,* 6+",( XZ #% &*"(&*) .7!* ,*8(# φ $,- -,$$+-% 9 (7,5# Z: ;#%%# </$+%<= # # % %+!>+!- 4,(&.#

$+!- (#  / %=0# ?'-&((,&-# @!# *+! )%!.&+* 3 @!&  +*% .)"-&% "+00# .# ,  #0'(,8# .# ?'-# 

#% .# ?'-&((# "+*.#* ) #% '&#* +-&#*%) AB-,%C(3 DEEFG H AI&", %-+3 DEEJG H AK(+%*&L+43 DEEM,G: N#

%#* #!- .#  ! "#$%&'&(&%) *+* (&*),&-# χ(2)
3 "+0$-#*. ,(+- F "+0$+ ,*%# &*.)$#*.,*%# χ

(2)
zzz3

χ
(2)
iiz = χ

(2)
izi 3 #% χ

(2)
zii 3 ,4#" i = x +! y AI/#3 OPQJG:

A&&&G &( *7/ , $, .7,*,(/ # .# (, $+(,-& ,%&+* -),(& )# 9 (, .)%#"%&+* R (7&*%#* &%)  7)"-&% ,(+- 

AS%+((#-3 DEEDG H AK(+%*&L+43 DEEM,G H A?8!-# D:Q,2G R

I2ω(θ) ∝ [χxzx sin 2θ]
2 + [χzzz cos

2 θ + χzxx sin
2 θ]2 1D:O2

,4#" θ = ψ− φ (7,*8(# #*%-# (, $+(,-& ,%&+* (&*),&-# .! (, #- #% (7,5# .#  /0)%-&# Cn3  & (7+-&#*%,T

%&+* ψ .# (, $+(,-& ,%&+* .! (, #- # % "+**!#: N# "<,0$ .! (, #- &*"&.#*%  # $-+$,8# .+*"  #(+*

(7,5# Y 3 #% # % $+(,-& ) (&*),&-#0#*% ,4#" !* ,*8(# ψ $,- -,$$+-% 9 (7,5# X: N7,5# .#  /0)%-&# Zχ

.# χ(2)
# % +-&#*%) ,4#" !* ,*8(# ,C&0!%,( φ $,- -,$$+-% 9 (7,5# Z3 "+00# -#$-) #*%)  !- (, ?8!-#

D:Q,2: S#!( (# -,%&+ ξ = χzxx/χxzx #% ρ = χzzz/χxzx $#!4#*% U%-# 0# !-) 3 ,&* & @!# (7,*8(# φ:

V4#" "# </$+%<= # 3 +* $#!% 0+*%-#- @!# (7&*%#* &%) SWX #* "<,@!# $&5#( .7!*# &0,8# $#!%

U%-# )"-&%# "+00# R

I(φ, ψ) = U + V cos(2φ− 2ψ) +Wcos(4φ− 4ψ) 1D:D2

%+!>+!- .,* (# ", +Y (, $+(,-& ,%&+* *7# % $, ,*,(/ )# 9 (, .)%#"%&+*:

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

7-*#)!&'(')*& δ ,! +( /0#! 8*##!%"*&, 9 +-(&5+! !&'#! +!% (:!% Z !' ZF 6 7-*#)!&'(')*& ,!

+( "*+(#)%(')*& ,. +(%!# "(# #(""*#' 9 X !%' ψ6 ; +-)&'$#)!.# ,! +( /0#!3 +! %!52!&' <)%.(+)%!

+-*#)!&'(')*& +*8(+! ,! +-(:! ,! %=2$'#)! Zχ ,! +( %.%8!"')0)+)'$ &*& +)&$()#! χ
(2)
3 *#)!&'$! (<!8

.& (&5+! φ "(# #(""*#' 9 +-(:! Z6 "! >!.: )&'!#"#$'(')*&% ,! +-(&5+! "*+()#! θ #!&'#(&' ,(&% +(

?*#2.+(')*& ,! ρ +*#%@.! +( /0#! !%' 8*2"*%$! ,-1(#2*&*"1*#!% (=(&' .&! 1="!#"*+(#)%(0)+)'$

βzzz +-!2"*#'(&' %.# '*.'!% +!% (.'#!% A ρ = 2/ tan2 θ6
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/01 #/--2" *! .3&'(!'"&(2 ./"!- I0 !( *! ./ #$'#!'(-/(&$' .$#/.! c(r) !' 4/-5$'$,4$-!"6 7. !"( &58

,$-(/'( *! '$(!- 90! .3290/(&$' :6: -!"(! ;/.&*! 90/'* .3/1! *! "<52(-&! Zχ '3!"( ,/" */'" .! ,./'

&5/=!) 5/&" .3!1,-!""&$' *!" /5,.&(0*!" U ) V !( W *!;&!'( +$'#(&$' *! .3/'=.! *32.2;/(&$' *!
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7. !1&"(! *!01 #/" ,/-(&#0.&!-" ,$0- .!"90!." &. !"( ,$""&A.! *! -!5$'(!- F 0'! ;/.!0- *! ρ !(

θ6 >/'" 0' ,-!5&!- #/") .$-"90! .! (!'"!0- *! "0"#!,(&A&.&(2 '$' .&'2/&-! χ(2)
!"( *! "<52(-&! Cn

Gn ≥ 6H !( 90! ./ -I=.! *! J.!&'5/' "3/,,.&90! KJ.!&'5/') LMN:O) .! (!'"!0- *! "0"#!,(&A&.&(2 '$'

.&'2/&-! '3/ ,.0" 90! *!01 #$5,$"/'(!" χzzz !( χzxx &'*2,!'*/'(!") !( ξ = 16

>/'" .! "!#$'* #/") "$0" .34<,$(4I"! *30'! &"$(-$,&! /?&50(/.! *!" $-&!'(/(&$'" *!" 4/-5$'$8

,4$-!" GC=0-! :6PAHH /0 "!&' *! #4/90! CA-&..!) .! *2;!.$,,!5!'( !"( "&5&./&-! F #!.0& *2#-&( ,$0-

*!" *2,Q(" !' 5$'$#$0#4! *! 5$.2#0.!" '$' .&'2/&-!" G5$'$#$0#4! *!  /'=50&-8R.$*=!(( ,/-

!1!5,.!H6 7. !"( /.$-" ,$""&A.! *! -!.&!- χ(2)
/0 (!'"!0- *34<,!-,$./-&"/A&.&(2 5$.2#0./&-! β(2)6 S& #!

(!'"!0- *34<,!-,$./-&"/A&.&(2 ,$""I*! 0'! #$5,$"/'(! /1&/.! βzzz *$5&'/'(!) $' -!(-$0;! ξ = 1

!( ρ = 2/ tan2 θ KT!&'?) LMPEO U KS4!') LMPMO U KR-!;!() LMMNO U K !-/<) :VVWO6

>/'" #!" *!01 #/" *! C=0-!) ξ = 1) '$0" /;$'" 5$'(-2 /0 ./A$-/($&-! G52(4$*! XY8STZH 90!

.!" ,/-/5I(-!" *3$-&!'(/(&$' φ !( *! #$0,./=! ρ ,$0;/&!'( B(-! $A(!'0" F ,/-(&- *! "!0.!5!'( W

&5/=!" /#90&"!" /;!# W ,$./-&"/(&$'" .&'2/&-!" F 0) 45) 90 !( 135o KX*&') :VV[O U KX*&') :VVPO6 \!((!

52(4$*! / 2(2 *2;!.$,,2! ,/- /'/.$=&! /;!# .!" 52(4$*!" *! #<#./=! *! ,4/"! !' ]Z^ KX*&')

:VVNO6

_' *2C'&""/'( I⊥ ∝ [χzxx I0 c(r)]
2
#$55! 2(/'( .3&'(!'"&(2 5!"0-2! .$-"90! ./ ,$./-&"/(&$'

*0 ./"!- !"( ,!-,!'*&#0./&-! F Zχ) &. ;&!'( "& ξ = 1

U =
I⊥
8
(3ρ2 + 2ρ+ 7)

V =
I⊥
2
(ρ2 − 1) G:6EH

W =
I⊥
8
(ρ2 − 2ρ− 3)

$` ρ = χzzz/χzxx6 S$0" #!-(/&'!" 4<,$(4I"!" G&"$(-$,&! /?&50(/.! *!" 4/-5$'$,4$-!" /0 "!&' *!

./ CA-&..!H) ρ *$''! 0'! &'+$-5/(&$' $-&!'(/(&$''!..! F .32#4!..! *! ./ "(-0#(0-! KD.$('&a$;) :VVN/O6

 3290/(&$' :6: / 2(2 ,-&'#&,/.!5!'( 0(&.&"2! ,$0- 5!"0-!- .! ,/-/5I(-! ρ K]$(4) LM[MO U Kb&/4$)

:VV[O U KT/') :VVPO !' "0,,$"/'(  !"#$"# 90! Zχ !"( ,/-/..I.! F .3$-&!'(/(&$' /,,/-!'(! *! ./
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 !"#$$%& '(%)*#+,*#-. /% ρ 0%1* 2*"% %3%4*15% )1" 1.% 0-"*#-. /(#+,6% 0-1" ,7-#" 1. +%#$$%1"

",00-"* )#6.,$ )1" !"1#*8 -1 +2+% 0#9%$ 0," 0#9%$ :;/#.8 <==>? @ :A)#$-/#+#*",B-0-1$-)8 <==C4?&

D$$% %)* -!*%.1% E 0,"*#" /(1. F%1 /(#.*%.)#*5) ,4G1#)%) ,7%4 n 0-$,"#),*#-.) /1 $,)%" %.*"% 0 %*

180o8 -1 0 %* 360o H$, )I+5*"#% #.*"#.)JG1% /% $(%90"%))#-. <&< +-.*"% G1% $%) #.*%"7,$$%) 0− 180o

%* 180− 360o 4-.*#%..%.* $, +2+% #.K-"+,*#-.L& M%**% )1#*% /(#.*%.)#*5) %)* %.)1#*% ,F1)*5% 0,"

1.% +5*N-/% /% +-#./"%) 4,""5) , . /(-!*%.#" 1.% %)*#+,*#-. /% ρ& O-1*%K-#)8 )# ξ %)* #.4-..18

*-1) 4%) 0,",+J*"%) 0%17%.* 2*"% -!*%.1) E 0,"*#" /% 6 ,4G1#)#*#-.) ,19 0-$,"#),*#-.) $,)%" nπ/68

%. ,F1)*,.* $(5G1,*#-. <&< ,7%4 $(#.*%.)#*5 /%) 0#9%$)8 0," 1.% +5*N-/% /% +-#./"%) 4,""5) .-.

$#.5,#"%&

', +5*N-/% 1*#$#)5% 0-1" "%+-.*%" ,19 0,",+J*"%) /(-"#%.*,*#-. φ %* /% 4-10$,6% ρ %)* $,

)1#7,.*%& D. 0-),.* In(φ) = I(φ, ψn) 0-1" $(#.*%.)#*5 /% $, n !"#

0-$,"#),*#-. #.4#/%.*% ,7%4

ψn = nπ/ψ8 %* %. 4-+!#.,.* 4%) P #.*%.)#*5)8 #$ 7#%.* E 0,"*#" /% $(5G1,*#-. H<&<L Q

I02(φ) = [I0(φ)− I2(φ)]/2 = V cos(2φ)

I31(φ) = [I3(φ)− I1(φ)]/2 = V sin(2φ) H<&PL

%. *%.,.* 4-+0*% /% $(,..1$,*#-. /1 *%"+% 0"-0-"*#-..%$ E cos(4ψ − 4φ)& '%) /#35"%.4%) /(#.R

*%.)#*5) I02(φ) %* I31(φ) 0%"+%**%.* /(-!*%.#" 2φ 4-+0"#) /,.) $(#.*%"7,$$% [−π, π]& D. 0-),.*

c = cos(2φ) %* s = sin(2φ)8 $(,.6$% 2φ = atan2(s, c) /,.) [−π, π] %)* -!*%.1 E 0,"*#" /% $, K-.4*#-.
)*,./,"/ STUV M atan28 K-.4*#-. #+0$5+%.*5% /,.) $, 0$10,"* /%) $,.6,6%) /% 0"-6",++,*#-.8

%* /5 .#% 4-++%

atan2(s, c) = arctan(s/c) 0-1" c > 0

= π + arctan(s/c) 0-1" c < 0 %* s > 0 H<&WL

= −π + arctan(s/c) 0-1" c < 0 %* s < 0

X% 0$1)8 $(,.6$% 2φ %)* /-..5 0," I02(φ) %* I31(φ) )-1) $(NI0-*NJ)% G1% $% )#6.% /% V %)* 4-..1&

'(,00$#4,*#-. /% 4%**% +5*N-/% E 4N,G1% 0#9%$ /(1.% #+,6% +J.% E 1.% #+,6% /% $(-"#%.*,*#-.

φ /% $(,9% /% )I+5*"#% Zχ /% χ(2)
& U# 4%* ,9% /% )I+5*"#% 4-Y.4#/% ,7%4 $(-"#%.*,*#-. "5%$$% /%

$,  !"#$$%8 $(#+,6% /%) -"#%.*,*#-.) φ "%0"5)%.*% /#"%4*%+%.* $% 4N,+0 /(-"#%.*,*#-. /%)  !"#$$%)

#+,65%) %. +#4"-)4-0#% UZ[& T-*-.) G1% φ 0%1* 2*"% /5*%"+#.5 ),.) ,+!#6\#*58 +2+% )# $%)

7,$%1") /% U 8 V %* W 7,"#%.* /(1. 0#9%$ E 1. ,1*"%8 *,.* G1% $% )#6.% /% V "%)*% N-+-6J.% )1"

*-1*% $(#+,6%& T5,.+-#.)8 $, 7,$%1" /% φ %)* /54,$5% /% π/2 )# $% +,17,#) )#6.% %)* ,**"#!15 E V &

S 0,"*#" /% $(5G1,*#-. <&]8 %* /%) "5)1$*,*) 01!$#5) 0," :U*-$$%"8 <==<? @ :O#,N-8 <==>? @ :Z,.8 <==^?8

.-1) 0-17-.) "%+,"G1%" G1(%. 65.5",$8 ρ > 1 ,7%4 V > 0 0-1" $, 4-$$,6J.% /% *I0% V8 *,./#) G1%

ρ < 1 ,7%4 V < 0 0-1" $, +I-)#.%& A," 4-.)5G1%.*8 1.% 4-.7%.*#-. 1*#$#)5% 0-1" *"-17%" $(,.6$%

/(-"#%.*,*#-. φ $-") /% $(,00$#4,*#-. /% $, +5*N-/% ;_RUZ` %)* /-..5% 0,"



 ! "#$%&'()*

 !"# V > 0, 2φ = atan2(−I31,−I02) $%&'(

 !"# V < 0, 2φ = atan2(I31, I02) $%&)(

 !"# *+,-". /,0."# 12345.46357 175.*57.  ,#  38.09 .4 :!4*53!4 1" 5; . 1. 5366" <,=!#35,3#. 3<,>79

? 6,/!3# 1" *!00,>@4. !" 1. 0, <;!634.&

A2,< 035"1. 1" *!45#,65. 1.  !0,#36,53!4 |V | .65 .653<7  ,# |V | =
√

I202 + I2319 .5 "4. 3<,>.

3417 .41,45. 1. 0,  !0,#36,53!4 34*31.45. ,/.* "4. 345.46357 U  ."5 B5#. !C5.4". .4 <!;.44,45

 38.0  ,#  38.0 0.6 n 345.4635769 ? 6,/!3# U =
∑

n In/n& D4. 5.00. 3<,>. EFG 36!5#! . , 17=?

757 !C5.4".  ,# HG,!9 %II'J .4 ,11353!44,45 K 3<,>.6 ,*-"36.6 ,"8  !0,#36,53!46 34*31.45.6 09

π/3 .5 2π/3& L. .41,459 ," <!346 M 3<,>.6 6!45 47*.66,3#.6  !"# #.<!45.# ? φ& N!5!46 -". U

.5 |V | 17 .41.45  #34*3 ,0.<.45 1. 02345.46357 I0 1" 0,6.# 34*31.459 1. 0, *!4*.45#,53!4 0!*,0.

.4 +,#<!4! +!#. c(r) .5 1.6 *!< !6,45.6 1" 5.46."# χ(2)
9 *!< #36.6 1,46 ρ& O!"# #76"<.#9 0,

175.#<34,53!4 1. φ 1!44. 02!#3.45,53!4 1. Zχ9 !#3.45,53!4 :!#5.<.45 *!##707. ? 02!#3.45,53!4 1.

0, PC#300. .00.Q<B<. $4!"6 0. /.##!46  ,# 0, 6"35.(9 .5 0. #,53!

r = |V |/U = 4(ρ2 − 1)/(3ρ2 + 2ρ+ 7) $%&R(

-"3 .65 "43-".<.45 "4. :!4*53!4 1. ρ9 .5 -"3 6.#, "530367  ,# 0, 6"35.  !"# 02.653<,53!4 1. *.

 ,#,<@5#.& L!<<. ρ /,#3. 1. 0 ? +∞9 rρ .65 "4. :!4*53!4 *#!366,45. /,#3,45 .45#. −4/7 .5 4/3&

A27-",53!4 %&R  ."5 B5#. 34/.#67.9 *. -"3 1!44.  !"# ρ > 0 S

ρ =
r + 2

√

4(1 + r)− 5r2

4− 3r
$%&T(

,/.* r = |V |/U 6!"6 02+; !5+@6. -". ρ > 1 $ !"# 0. *!00,>@4.( .5 r = −|V |/U 63 0 < ρ < 1

$ !"# 0, <;!634.(9 *,# 6."0. 0, /,0."# ,C6!0". 1. |V |/U  ."5 B5#. <.6"#7. ?  ,#53# 1. 02,4,0;6.

 !0,#3<75#3-".&

N!"6  !"/!46 ,3463 <.6"#.# 02!#3.45,53!4 φ 1. 02,8.  #34*3 ,0 1. χ(2)
.5 "4 5.#<. 1. *!" 0,>. ρ

,/.* 6."0.<.45 M 3<,>.6& N!"6 ,/!46 .4 !"5#. <!45#7 -". φ .65  ,#:,35.<.45 *!##707 ? 02!#3.45,53!4

1.6 PC#300.6 HU1349 %II)J V HU1349 %IIRJ HP>"#.6 %&WK.( .5 %&WX.(J&

Y34639 0. *+,< 12!#3.45,53!4 <.6"#7  ,# EFG 6. *!4:!41 ,/.* 0. *+,< 12!#3.45,53!4 1.6

PC#300.6 $*!00,>@4. !" <;!634.(& L2.65 "4 #76"05,5 3< !#5,45 -"3 17*!"0. 12"4. <.6"#. 13#.*5.

12!#3.45,53!49 *!45#,3#.<.45 ? C.,"*!" 1. #76"05,56 "53036,45 "4. #.*!465#"*53!4 3413#.*5.9  ,#

.8.< 0.  ,# 5#,35.<.45 123<,>. ,/.* 1.6 ! 7#,5."#6 >#,13.45&

A, <75+!1. UZQEF[ 47*.6635,45 ," <!346 M 3<,>.6 EFG 6"**.663/.6 ,/.* 13\7#.45.6  !0,#3Q

6,53!46 1" 0,6.#9 .00. <.5 .4 =." "4 >#,41 4!<C#. 12! 7#,53!46 -"230 .65 47*.66,3#. 12,"5!<,536.#9

5,45  !"# >,>4.# 1" 5.< 6 -".  !"# <343<36.# 0.6 .##."#6  !663C0.6& L2.65 *. -". 4!"6  #76.45!46

1,46 0.  ,#,>#, +. 6"3/,45& ]."8 .8.< 0.6 12,  03*,53!46 1. 4!5#. <75+!1. 6!45 1!4476 1,46 0,

6"35. 1. *. *+, 35#.9 0,  #.<3@#.  !#5,45 6"# 0. *!00,>@4. 366" 1" 5.41!4 12,>4.,"9 0, 6.*!41. 6"#

0, <;!634. 1" <"6*0. 1. /.,"&
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 !"! #$%&'$()*+*,-) (* +.*-$+*,/+*,-) 0( &+ $'*1-0( 234567

:,(1&(,),; $<13*,0$')/6

 ! "#$%&$#'#( !)%*+#,!-'./ 0'#/#$* !$' 1!/0# "*1+#' .0 12.%#'+! 34 5&0+ 1&-'+6/!+ /7&+#!-'.'#&-

"! /. %&/.+#$.'#&- "0 /.$!+ !)1#'.'!0+8 0-! /.,! "!,#9&-"! :λ/2; !$' %/.1*! $&0$ /7&<=!1'#(8 !-

/#!0 !' %/.1! "! /. +&0! %&+'! >/'+!$ 0'#/#$*! %&0+ /. ,#1+&$1&%#! "! ?0&+!$1!-1! !- 12.,% /.+@!4

 7&+#!-'.'#&- "! 1!''! /.,! !$' 1&-'+6/*! A /7.#"! "70-! %/.'#-! "! +&'.'#&- :5BCDEE8 F!G%&+';4

 . /.,! λ/2 %!+,!' "! (.#+! '&0+-!+ /. %&/.+#$.'#&- +!1'#/#@-! "0 /.$!+ :+&'.'#&- "70- .-@/! 2θ8 &H

θ !$' /7.-@/! "! +&'.'#&- "! /. /.,! λ/2; '&0' !- 1&-$!+I.-' /. -.'0+! +!1'#/#@-! "! /. %&/.+#$.'#&-4

F&0$ .I&-$ 1&,,!-1* -&$ !)%*+#!-1!$ !- 0'#/#$.-' 0-! /.,! λ/2 .12+&,.'#J0! !' '+.#'*! .-'#9

+!?!'$ ".-$ /. @.,,! 700 − 1000nm :/.,! !- J0.+'K !' MgF28 +*(4 LMN9CN38 O",0-" P%'#1$8

QR;4 F&0$ -&0$ $&,,!$ I#'! .%!+S0 J0! 1!''! /.,! @*-*+.#' 0- $#@-./ TUV %.+.$#'! (&+'!,!-'

"*%!-".-' "! $&- &+#!-'.'#&- %.+ +.%%&+' A /. %&/.+#$.'#&- "0 /.$!+ #-1#"!-'4 E!''! "*%!-".-1!

!- %&/.+#$.'#&- :>@0+! W4X.;8 ,!$0+!$ +!%+*$!-'*!$ %.+ /!$ 1!+1/!$ %/!#-$; %!0' Y'+! $#,%/!,!-'

#-'!+%+*'*! %.+ 0-! /&# !- cos4 &0 sin4 :!- (&-1'#&- "! /. +*(*+!-1! 12&#$#! %&0+ /!$ .-@/!$; "!

/7.-@/! "7&+#!-'.'#&-8 1.+ /! J0.+'K %&$$Z"! 0-! $0$1!%'#<#/#'* -&- /#-*.#+! "&,#-*! %.+ 0-! $!0/!

1&,%&$.-'! :

chixxx &0 d11;4  7*%.#$$!0+ "! J0.+'K -*1!$$.#+! A /. +*./#$.'#&- "70-! /.,! λ/2 .12+&,.'#J0! !-

.$$&1#.'#&- .I!1 MgF2 !$' '!//! :e = (2k+1)λ
2∆n 8 .I!1 k ∈ N; J0! /! $#@-./ TUV %+&"0#' !$' -&-

-*@/#@!.</! %.+ +.%%&+' .0) $#@-.0) @*-*+*$ %.+ /! 1&//.@Z-! &0 /. ,[&$#-!8 !' '+Z$ $0%*+#!0+ .0

<+0#' "! (&-" ".-$ /!$ #,.@!$ TUV4

 !"#$%  !" #  !"!#$%"&'!$&() *+ ,!-+' *+-&.()*+' /  ! 0)$+)'&$%' 123 4%)%"%+' 5!" ,+' ,!-+' *+-&.()*+'

!#6"(-!$&78+ +$ *9("*"+ 0: ;9!<8'$+-+)$ =,&4)+ 5,+&)+> *+' 5(&)$' *+ -+'8"+' #(""+'5()*!)$'

? ,! 4%)%"!$&() *+ '+#()*+ 6!"-()&78+ *+ ,! ,!-+ !#6"(-!$&78+ +'$ "%!,&'%+ ? 5!"$&" *98)+

%78!$&() +) sin4 / I = I0 sin
4(θ − θ0) @ "!  !"!#$%"&'!$&() *+ ,! ,!-+ λ/2 *9("*"+ 0 ? ,!

,()48+8" *9()*+ ,!'+" =λ = 810nm>A !B+# !)!,C'+8" ? ,! *%$+#$&(): ;9!<8'$+-+)$ =+) $"!&$

5,+&)> *+' 5(&)$' *+ -+'8"+ +'$ "%!,&'% ? 5!"$&" *+ ,! ,(& *+ D!,8' =I = a+ I0 cos
2 θ>A a 8)+

#()'$!)$+:



 ! "#$%&'()!

 !"# $%!&# '!&( !)*+ )!", "&- .$/- λ/2 '0!,',- 1 2 830nm 3,+45 67897:;< ='/"&' >)*?(#<

@AB '!&* .0+)$?##-", -#* .$ )."# 4$?C.- )!##?C.- )!", "&- *-..- .$/- 3e = λ
2∆n ≈ 0.830

2.9 10−3 ≈ 103

20 ≈
50µmB5 D$ ,+)!&#- EFG '- (-**- .$/- -#* '!&&+- HI",- J5K$B 3/-#",-# ,-),+#-&*+-# )$, '-#

($,,+#B5 L-**- 4!?# .$ '+)-&'$&(- -& )!.$,?#$*?!& -#* &!M+- '$&# .- C,"?* '- 4!&' '-# ?/$I- N

.- #?I&$. EFG )$,$#?*- '- .$ .$/- -#* '!&( &+I.?I-$C.-5 L-**- .$/- -#* -& !"*,- #)+(?H+- )$, .-

(!&#*,"(*-", (!//- O"$#?9$(P,!/$*?O"- '$&# "& '!/$?&- #)-(*,$. '- ±2% $"*!", '- .$ .!&I"-",

'0!&'- (-&*,$.-< (0-#*929'?,- ?(? '$&# .- '!/$?&- 814−846nm5 =..- )-"* '!&(  !"#$"# Q*,- "*?.?#+-

2 &!*,- .!&I"-", '0!&'- '- *,$%$?. '- 810nm5  !"# $%!&# &+$&/!?&# %+,?H+ O"- .$ )!.$,?#$*?!&

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

$&$.M#-", 3.!? '- S$."#< HI",- J5KCBB5 L-**- /+*P!'- )-,/-* -& !"*,- '- (!&&$?*,- ),+(?#-//-&*

.0!,?-&*$*?!& '-# .?I&-# &-"*,-# '- .$ .$/- λ/2< $H& '- '+*-,/?&-, .0$&I.- ψ '- .$ )!.$,?#$*?!& '"

.$#-, ?&(?'-&* 3HI",- J5T$BB5

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

D0?&*-,),+*$*?!& '- )P+&!/R&-# C?!.!I?O"-# !C#-,%$C.-# -& /?(,!#(!)?- !)*?O"- &+(-##?*- I+9

&+,$.-/-&* .0$(O"?#?*?!& '0"&- #+,?- '0?/$I-# -& 4!&(*?!& '0"& )$,$/R*,- -U*+,?-",5 V"- (- #!?*

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

-U*+,?-",-< .$ #M&(P,!&?#$*?!& '0"& +%R&-/-&* (!&*,W.+ $%-( .0$(O"?#?*?!& '0?/$I-# )$, "& /?9

(,!#(!)- )-"* #0$%+,-, *,R# "*?.-5 D$ ).")$,* '-# .!I?(?-.# O"? )?.!*-&* "& /?(,!#(!)- )!", .0$(9

O"?#?*?!& '0?/$I-# -& #+,?-< 4!",&?##-&* '-# #?I&$"U '- #M&(P,!&?#$*?!& O"? )-"%-&* Q*,- "*?.?#+#

)!", '+(.-&(P-, '-# !)+,$*?!&# -U*-,&-#5 X" .?-" '0$(O"+,?, "&- ($,*- '0?&*-,4$Y$I- '+'?+- 2 (-**-

#M&(P,!&?#$*?!&< &!"# ),!)!#!&# '0"*?.?#-, .0-&*,+- $"'?! '- .$ ($,*- #!& '0"& ZL HU- !" )!,*$C.-5

 !"# ),+#-&*!&# '$&# .$ #"?*- "&- *-(P&?O"- "*?.?#$&* D$C[\=] )!", #M&(P,!&?#-, .0$(O"?#?*?!&

'0"&- #+,?- '0?/$I-# $%-( .$ ,!*$*?!& '0"&- ).$*?&- *!",&$&*- /!*!,?#+-5

D$ /+*P!'- >69EFS +*$&* C$#+- #", .$ /-#",- '- .0?&*-&#?*+ EFG -& 4!&(*?!& '- .0+*$* '-

)!.$,?#$*?!& '" 4$?#(-$" .$#-, ?&(?'-&*< .0+.+/-&* -U*+,?-", 2 (!&*,W.-, -#* "&- ).$*?&- '- ,!*$*?!&

3Z^_1<  -`)!,*B -&*,$?&$&* .$ .$/- '-/?9!&'- 3='/"&' >)*?(#< @AB5 D0$&I.- '- ,+4+,-&(- '-

.$ ).$*?&- -#* '+H&? '$&# .$ '-#(,?)*?!& '" '?#)!#?*?4 -U)+,?/-&*$.< )."# P$"* '$&# (- (P$)?*,-5

L-**- ).$*?&- -#* )?.!*+- )$, "& .!I?(?-. 4!",&? )$, .- (!&#*,"(*-", 3ESL9S>a\> <  -`)!,*B<

-* (!//"&?O"- %# .- ),!*!(!.- ^EJ;Jb[J75  !*!&# ?(? O"- '-)"?# .$ H& '-# $&&+-# 90< .-# ZL

(!//-,(?$.?#+# &- '?#)!#-&* )."# '0?&*-,4$(- #+,?- 3!" )!,* L>SB< ?&'?#)-&#$C.- )!", (!//"9

&?O"-, -& ^EJ;J5 \. -U?#*- (-)-&'$&* "&- $.*-,&$*?%- O"? (!&#?#*- 2 ?&#*$..-, "& +/".$*-", '-

)!,* #+,?- 3)$, -U-/).-  !!"#$$%%%&'!()* )"&*+,$-.)/0.1$234& !,B5 =& ?&4!,/$*?O"-< "&-

+/".$*?!& (!&#?#*- 2 #"C#*?*"-, "& +.+/-&* /$*+,?-. )$, "& .!I?(?-.5 D$ /?#- -& ).$(- '0"& *-.

.!I?(?-. )-,/-* '- '?$.!I"-, $%-( .$ ).$*?&- ^L_1 %# "& )!,* @Ec -& "*?.?#$&* "& (dC.- @Ec

%-,# ^EJ;J 3ESL9@Ec<  -`)!,*B5 \. -#* $.!,# )!##?C.- '0-&%!M-, .-# ?&#*,"(*?!&# -* '0$(O"+,?, .-#

'!&&+-# "*?.-# I,d(- $" .!I?(?-. '- )?.!*$I- '+'?+ 4!",&?* )$, .- (!&#*,"(*-",< /$?# +I$.-/-&* 2

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

).$*?&-5 X?&#?< .- '+%-.!))-/-&* '0"& ),!I,$//- )-,#!&&$.?#+ -#* )!##?C.-< -& "*?.?#$&* .- .!I?(?-.
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 !"#$%  !"# $  !"#$%"!#&&' () *!+"!#&&' ,#-./012

 ! "#$%#&''&()$* +&,-./01 23) & "$3# "#)*4)"&5 &6&*(&%!  78(#!  9 )9 : 57)*(!#;&<&%!=

>$3# '!((#! !* "5&4! 57&3($'&()?&()$*1 3* ?)%*&5 *$#'&5)?9 @@+ A0−5V B !?( "#95!69 ?3# 573*

 !? "$#(?  3 ,$C()!# D5E'"3? F-GH>IJ 4$*(#K5&*( 5! '$ 35! 4$*;$4&5  3 ')4#$?4$"!= L! ?)%*&5
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&8*%& *6%+6 .(' 3* ,5&7$)' PQH !: ?'8,'& )1$K&'%68 31$86'%&*&6$% )'+ LK8633'+ *A'# (%' K$%%'

?85#6+6$%/

R'+ A*3'(8+ ?85#6+'+ )' ρ ?'(A'%& -&8' $K&'%('+ '% *%*34+*%& 3' +62%*3  !" ,$4'% )1(%' SPT

'% O$%#&6$% )' 31*%23' )' ?$3*86+*&6$% )( O*6+#'*( 3*+'8 6%#6)'%&; '& '% *U(+&*%& 315.(*&6$% </< ?$(8

'+&6,'8 3' 8*&6$ r = |U |/V / I$(8 #' O*68'; 31*#.(6+6&6$% *(&$,*&6.(' )' D< 6,*2'+ V )6G58'%&'+

?$3*86+*&6$%+ 6%#6)'%&'+ nπ/12; $F n = 0; 1...; 11 * 5&5 'G'#&(5'/ J6%+6; 315A$3(&6$% )( #$%&8*+&'

'% O$%#&6$% )' 3* ?$3*86+*&6$% 6%#6)'%&' '+& 633(+&85' L2(8' </DW*HKE +(8 )'(@ SPT )' 20 × 20

?6@'3+/ X'+ )'(@ SPT $%& 5&5 #7$6+6'+ V 31Y63 ; ?$(8 *A$68 )'(@ $86'%&*&6$%+ #3*68','%& )6G58'%&'+/
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:%./'),66&'( ;5< 〈ρ〉 ± σρ θ ±∆θ  !"#$

%&''(#)*" +"*!&* !,(#*"(-  . /0(#"1$ 234565789 1.8± 0.3 46.7± 2.4

%&''(#)*" +"*!&* !,(#*"(-  79 /0(#"1$ 234565789 1.4± 0.1 50.1± 0.1

:;&1/*" 0-1<'" !" ="(- 234565789 0.6± 0.2 61.8± 4.1

:;&1/*" 0-1<'" !" ="(- 7345389> 0.6± 0.1 61.6± 3

 !"#$  !" #  !"#$%& '()#**#& +# ρ ,($% "# -(""!./*# #0 "! ')(&1*#2 〈ρ〉 #0 σρ &(*0 %#&,#-013#4
'#*0 "! 3!"#$% '()#**# #0 "! +531!01(* &0!*+!%+ +# ρ -!"-$"5#& +1%#-0#'#*0 6 ,!%01%
+#& 1'!.#& 7892 :#& !*."#& ,("!1%#& θ̄ #0 "#& 1*-#%010$+#& !&&(-15#& ∆θ &(*0 -!"-$4
"5#& 6 ,!%01% +# ";5<$!01(* =2>> ? θ± = atan

(√

2/(〈ρ〉 ± σρ)
)

@ (A σρ -(%%#&,(*+ 6
";1*-#%010$+# +# '#&$%# +# ρ@ +;(A 1" 31#*0 θ̄ = (θ+ + θ−)/2 #0 ∆θ = (|θ+− θ−)|/2@2

 !"#$%&'($) *+, ()'+),('", -$.+))+, /01 *+, *(2"3+)'+, 456, +,' '378"+ 9:&3+ ;<=>8? +' +,'

7@&,'"+ A73 %!"B&7'($) ;<;<  +, 7@&,'+-+)', $)' "'" 3"7%(,", +) &'(%(,7)' %7 -"'C$*+ *+, -$()*3+,

8733", %()"7(3+ 7#+8 %+, D A737-E'3+, U F V cos(2φ)F V sin(2φ)F W cos(2φ) +' W sin(2φ)<  +, 8$+GH

98(+)', *+ 8$33"%7'($) 8$33+,A$)*7)' 7&I *+&I 7@&,'+-+)', ,$)' ,&A"3(+&3, J 0.98<  !$3(+)'7'($)

9K3(%%7(3+ -$.+))+ φ +,' *$))"+ 9:&3+ ;<=>*H+?F 3+A3",+)'"+ A73 &)+ K733+ K%7)8C+ ,&A+3A$,"+

J %!(-7:+ (,$'3$A+ *+ 8C7B&+ 456< L$--+ $) A+&' %+ 3+-73B&+3 J %!M(% F %+, *+&I *(3+8'($),

*$))"+, A73 %+, K733+, K%7)8C+ 8$33+,A$)*+)' A73G7('+-+)' J %!$3(+)'7'($) 3"+%%+ *+, 9K3+,<

L$--+ )$&, %!7#$), #& A3"8"*+--+)'F %!()#+3,($) *+ %7 3+%7'($) +)'3+ r = |U |/V +' ρF +' %!C.H

A$'CE,+ ,'(A&%7)' B&+ ρ > 1 A$&3 %+ 8$%%7:E)+F A+3-+' *!$K'+)(3 31! %!"B&7'($) ;<NF ρ = 1.4± 0.1

A$&3 %!+IA"3(+)8+ K7,"+ ,&3 %!78B&(,('($) *+ =; (-7:+, /01F +' ρ = 1.8±0.3 *7), 8+%%+ J > (-7:+,

O'7K%+ ;<><>?< L+, 3",&%'7', ,$)' A+3'()+)', A73 37AA$3' J 8+&I B&+ %!$) A+&' '3$&#+3 *7), %7 %(''"H

37'&3+<  +, #7%+&3, -+,&3"+, A$&3 ρ #73(+)' +)'3+ 0.8 A$&3 *+, '+)*$), (--7'&3+, P4$'CF =NQNRF J

2.6 A$&3 *+, '+)*$), 7*&%'+, PS(%%(7-,F ;TTDRF +) A7,,7)' A73 *+, #7%+&3, ()'+3-"*(7(3+, PU3+&)*F

=NVWR X P/'$%%+3F ;TT;R< L+, #73(7'($), ,$)' 8+3'7()+-+)' *&+, 7&I *(2"3+)8+, +)'3+ %+, '(,,&,F J

%+&3 7:+F -7(, ":7%+-+)' 7&I *(2"3+)', ,.,'E-+, *!(-7:+3(+ &'(%(,",< Y) +2+'F +) 1979F %+ ,.,'E-+

*+ 4$'C +' U3+&)* +,' ()87A7K%+ *+ 3",$&*3+ %+, 9K3(%%+, ()*(#(*&+%%+,F +' -$.+))+ *$)8 %7 #7%+&3

*+ ρ ,&3 *+ :37)*+, Z$)+, $[ %!7%(:)+-+)' *+, 9K3+, )!+,' A7, A73G7('<

Y)9)F (% +,' ":7%+-+)' A$,,(K%+ *+ 3+-$)'+3 J %7 -+,&3+ *+ %!7):%+ *+ %!C"%(8+ *+ %7 -$%"8&%+

*+ 8$%%7:E)+ θcol< \7), %!C.A$'CE,+ $[ %7 ,&,8+A'(K(%('" )$) %()"7(3+ +,' (,,&+ *+ %!7337):+-+)'

*!C73-$)$AC$3+, 7#+8 &)+ ,.-"'3(+ 7Z(-&'7%+ O9:&3+ ;<VOK??F +' B&+ %+ '+),+&3 *!C.A+3A$%73(,7H

K(%('" -(83$,8$A(B&+ A+&' ]'3+ 8$33+8'+-+)' 7AA3$I(-" A73 &)+ 8$-A$,7)'+ 7I(7%+ &)(B&+ βzzzF

7%$3, ρ +,' 3+%(" J %!7):%+ A$%7(3+ θ *+ %!7I+ A3()8(A7% %(" J βzzz 8$),+3#7)' %!7I+ *+ ,.-"'3(+ 7I(7%+

Zχ ^

ρ = 2/tan2θ O;<==?

5) '3$&#+ 7%$3,F A$&3 ρ = 1.4±0.1F θ±∆θ = 50.1o±1 +' A$&3 ρ = 1.8±0.3F θ±∆θ = 46.7o±2.4<
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,"#3!&./"' !-#"''&,"!, 02/,&0&'%,&$! +" 4%)./"/)' #$!,)%',%!,' '(-#&B./"' +-($'-' '/) +"' #$/("'

3&',$0$@&./"' '/&7%!, /! ()$,$#$0" ;&"! +-B!&= ,"0 ./" 0" )$/@" C&)&/' ./& '" BA" '/) 0"' #$00%@5!"'8

D$/' %7$!' 7/ +%!' 0" #3%(&,)" E ./" #"),%&!' #$00%@5!"' B;)&00%&)"' ", 0% 4?$'&!"= +"/A #$46

($'%!,' 4%:"/)' +/ 4/'#0" './"0",,&./" +"' %!&4%/A 7"),-;)-'= @-!-)%&"!, /! '&@!%0 CFG '$/'

"A#&,%,&$! ;&(3$,$!&./"8 9% 4&#)$'#$(&" CFG (")4", +2&4%@") '%!' 4%)./%@" #"' ',)/#,/)"'= %7"#

/!" )-'$0/,&$! #$4(%)%;0" %/A ,"#3!&./"' 3&',$0$@&./"' /,&0&'-"' "! )$/,&!" (%) 0"' ;&$0$@&',"'8 H"

(0/'= 02-4&''&$! +" >/$)"'#"!#" "A#&,-" 1 +"/A (3$,$!' (")4", +" 7&'/%0&'") "! %/,$>/$)"'#"!#"

0% 4%,&5)" ;&$0$@&./" ./& #$!,&"!, +" !$4;)"/A >/$)$(3$)"' "!+$@5!"'8

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

+,$-)(&) .)/ '($,)/ "01201"'&3)/

9% ',)/#,/)" +"' +&I-)"!,"' ,)%4"' #$!:$!#,&7"' J-(&4?'&/4= (-)&4?'&/4 ", "!+$4?'&/4K

% -,- )-'$0/" "! 4&#)$'#$(&" -0"#,)$!&./" 1 ;%0%?%@" LD&'3&4/)%= MNNOP Q LD&'3&4/)%= MNNRP8 <"'

,)%7%/A $!, (")4&' +" 4",,)" "! -7&+"!#" 02%'("#, #$4(%#, +/ #$00%@5!" +%!' 0" (-)&4?'&/4= ",

02$)@%!&'%,&$! (0/' %0-%,$&)" +/ #$00%@5!" +%!' 02"!+$4?'&/4 JB@/)" S8T8

U0 %((%)%V, #0%&)"4"!, 0$)' +" 02%!%0?'" +"' ()"4&5)"' &4%@"' +" 4&#)$'#$(&" 4/0,&(3$,$!&./"

+" #$/("' ,)%!'7")'"' +" 4/'#0"' './"0",,&./"' ;$7&!' %+/0,"' J+&I-)"!,"' )%#"'K= +" *W,/' +" ;$6

7&!' 1 +&I-)"!,' ',%+"' +" +-7"0$(("4"!, $/ "!#$)" +" '$/)&'= ./" 02-(&4?'&/4 ", 0" (-)&4?'&/4

()$+/&'"!, /! '&@!%0 CFG *$), JB@/)" S8RK8

<" '&@!%0 CFG ()$7&"!, "''"!,&"00"4"!, +/ #$00%@5!" +" ,?(" U= ;&"! $)@%!&'- "! *%@$,' -(%&'=

#$4(%#,'= +" '$)," ./" 0" '&@!%0 CFG ()$+/&, '$&, &!,"!'"8 X! )"7%!#3"= 02"!+$4?'&/4 !2"! -4",

./" ,)5' *%&;0"4"!, $/ (%' +/ ,$/, JB@/)" S8YK8 X! "I",= 02"!+$4?'&/4 "', #$!',&,/- 4%:$)&,%&6

)"4"!, +" #$00%@5!" +" ,?(" UZ !$! B;)&00%&)" L9&',)%,= MNN[P Q L9&',)%,= E\\\P= ./& !2-4", +$!#

(%' +" '&@!%0 CFG= 4%&' -@%0"4"!, +" #$00%@5!"' B;)&00%&)"' +" ,?(" U ", UUU8 <"("!+%!,= +%!'

02"!+$4?'&/4= #"' B;)"' +" #$00%@5!"'= +2/! +&%45,)" 7%)&%!, "!,)" E\ ", M\\!4= '$!, $)&"!,-"'

%0-%,$&)"4"!, 0"' /!"' (%) )%(($), %/A %/,)"' ", !" #$!',&,/"!, +$!# (%' +" *%@$,' $)@%!&'-'

#$44" #2"', 0" #%' +%!' 0% ,)%4" +" (-)&4?'&/4= #$44" 0" 4$!,)" 0% B@/)" S8T8 <"#& ("/,

"A(0&./") 02%;'"!#" +" '&@!%0 CFG *$),8
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 !"#$%  !" #  !"#$ %$ !&'()*')+&$ ,-$'.()/&01$ 2 3"-"4"#$ %1 .&**1 ')/5)/'.&6 &/.("!1*'1-"&($ %$ !1*'-$

3)7&/ %$ .4+$ 8$!& .$/%&/)*1* "+(9* %&**)-1.&)/ %$* :3($* !1*'1-"&($*;  ! <=$/%)!4*&1!

>?@ $*. 1/$ #"&/$ '4-&/%(&01$ $/7$-)++"/. 1/$ :3($ !1*'1-"&($ 1/&01$; <$ +,(&!4*&1! >A@

$*. ')!+)*, %$ +-1*&$1(* ')1'B$* %$ ')--"#9/$ )(#"/&*,$* $/ 6$1&--$.; >#()**&**$!$/. 150×C

3"(($ %=,'B$--$ 100µm@; "! A"()& %=1/$ #"&/$ %=$/%)!4*&1! >#()**&**$!$/. 1.100×C 3"(($

%=,'B$--$ 10µm@; #! D,."&- %$ 3@ !)/.("/. -=)(#"/&*".&)/ %$* :3(&--$* %$ ')--"#9/$ ')!+)*"/.

-=$/%)!4*&1!; >#()**&**$!$/. 21.500×C 3"(($ %=,'B$--$ 500nm@ E$..$ :#1($ $*. &**1$ %$

FG&*B&!1("C HIIJK

 ! "#$ % &'$"( )*" +,&# -"($,.&# -,#/ '& +.#$.&0*" +" 1"$.$"# 23("# #"43!,&$ 5,.(" 1,($." +"

!6"&+'47#.*48 9"# :$*+"# +6.44*&';4,()*,0"# +"<."&&"&$ ,!'(# &:-"##,.(" 1'*( -'41("&+(" -"

)*" (:<=!" ">,-$"4"&$ !" #.0&,! ?@A8

 ! !" #$%&'()' *' $+,-.('/ '0 1,23' 4,0&)52*)0%4'

B, 47'#.&" :4"$ *& #.0&,! +" ?@A 5'($ "$ 3."& -'&&* C-5 -D,1.$(" EF8 B, 4.-('#-'1." ?@A

'G(" *&" $"-D&.)*" +6.4,0"(." % 5'($ -'&$(,#$" +"# #,(-'4=("# #*( 5'&+ &'.(8  ! "#$ 1'##.3!"

+6'3$"&.( +"# .4,0"# D,*$"# (:#'!*$.'&#/ ,-)*.#"# ,<"- *& '3H"-$.5 60×;IJ1.2 % .44"(#.'& +6",*/

+" 235× 235µm2
"$ &" 1(:#"&$,&$ )*" +"# #,(-'4=("#8



 ! "#$%&'()*

 !"#$%  !" #  !  !"#$ %&' ()*& + ,-./0 1234$ 5637$ 89"4:;$9:$ 1$ !3:5<$ )$!= 8$41=46:3: 1$ >6?

;=4 "13<8$@ A" )*& 9B;C<$ <$: 1=DB9$48$: 89"!$: 1$ 7B9=!E:=3!@ %$564:89358=64 F 7"98=9

1$ 4 =!"#$: "5G3=:$: "3 4× (<$ 9$563;9$!$48 1$: =!"#$: <"=::$ "77"9"H89$ 34$ 596=I0@

'"99$ 12B5J$<<$ K 1mm@ "!  !"#$ %&' ()*& + ,-./0 1234$ 5637$ 89"4:;$9:$ 1$ !3:5<$

#":89654$!=3:?:6<$3: 1$ :639=: "#B$ 1$ 11 !6=:@ %$564:89358=64 F 7"98=9 12=!"#$: 10× 5$

G3= 1644$ F <" 9$564:89358=64 868"<$ 34 $D$8 1$ !6:"LG3"#$@ #!  !"#$ ,-./ 1234$ 5637$

89"4:;$9:$ 1$ !3:5<$ 1$ >6;=4 '<641 12MG3=8"=4$ F N698 1B;$<677$!$48 !3:53<"=9$@ O>P$58=N

60×Q >"99$ 12B5J$<<$ K 50µm@ $!  !"#$ )*&Q !R!$ %O G32$4 50@ %!  !"#$ %&' K ,-./?50

+ )*&?10@



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

 !"#$%  !" #  !  ! "#$%&! ' ()*+,! - +.#"!/ 01234 567 !, 879 (:$;! %*$<! ,)#;/=!)/! (! .$/%>!

"#/,)*%;!.+$/?/*>!$/ (! /*$)+/ #"@! (! 11 .*+/A BCD!%,+E 60×4 C#))! (:@%&!>>! - 50µmA "!
F.#"!/ 01234 567 !, 879 (:$;! %*$<! ,)#;/=!)/! (! .$/%>! 5!.+ ,!;(+;*/$/ (! C*=+;

#($>,!A BCD!%,+E 60×4 C#))! (:@%&!>>! - 50µmA

 !"# $%!&# %" '"() *(+,-.**. /0,1!/+210'".3 *.# 451.# 6. /7!#0&. #. 6+,!/8!#.&2 .& *."1#

+*+/.&2# 6. 5$#. 9 *.# #$1,!/:1.#; <$ #"8.18!#020!& 6.# 4*$/.&2# 6($,20&. .2 6.# 4*$/.&2# 6.

/7!#0&. 6"1$&2 *$ ,!&21$,20!& /"#,"*$01. 0/8*0'". "& ,-$&=./.&2 6. *$ *!&="."1 6" #$1,!/:1.;

>& !"21.3 *$ *!&="."1 6. ,.# #$1,!/:1.# %$10. .& ?!&,20!& 6. *(+2$2 6" /"#,*. 9 $" 1.8!#3 ,!&21$,2+

!" +201+; @. 8-+&!/:&. 6. ,!&21$,20!& 1+#06. 6$&# *($221$,20!& .&21. *.# 4*$/.&2# 6($,20&. .2 6.

/7!#0&.; <$ *!&="."1 6. *$ 5$&6. A 1.#2. ,!&#2$&2. 6"1$&2 2!"2 *. 81!,.##"# 6. ,!&21$,20!&3 2$&B

60# '". *$ 5$&6. C3 8*"# ,!"12. $" 1.8!# '". *$ 5$&6. A3 #. 1$,,!"1,0. 6($%$&2$=. .& ,!&21$,20!&

D,? 4="1. E;F 6" ,-$8021. EG;

<(0/$=.10. /"*208-!2!&0'". 6.# /"#,*.# #210+# .& ,!"8.# *!&=02"60&$*.# 8.1/.2 6. 1./!&2.1

) 6.# 0&?!1/$20!&# 6(!161. #21",2"1$*.# .2 ,.3 601.,2./.&2 ) 8$1201 6.# 0/$=.#; H$1 .I./8*.3 *$

4="1. J;K 81+#.&2. 6.# $,'"0#020!&# #0/"*2$&+.# LH>MNOPQ 6. /"#,*.# .& ,!"8.# *!&=02"60&$*.#

*$0##$&2 $88$1$R21. *$ /7!#0&. .2 6!&, *.# #$1,!/:1.#3 /$0# +=$*./.&2 "& 1+#.$" 6. ,!**$=:&.

4510**$01.;

<. ,!"8*$=. 6. ,.# 0&?!1/$20!&# 8."2 #($%+1.1 "20*. 6$&# *$ ,$1$,2+10#$20!& 6. /"#,*.#3 .&

8$120,"*0.1 8!"1 *(+2"6. 6. *$ 2.&61.2+ 6. *$ %0$&6.; >& !"21.3 0* .#2 8!##05*. 6. /.#"1.1 21:#

81+,0#+/.&2 *$ *!&="."1 6.# #$1,!/:1.# %0#05*.# #"1 "&. 0/$=.# OPQ .2 ,.3 6. 8*"#0."1# ?$S!&#;



 ! "#$%&'()*

 !"#$%  !" #  !  !"#$ %&' ()*+,-.& /012$ 3415$ 642#781/72"6$ /$ !1936$ -$!7 8$2/724919 /$ :4;72

"/168$< =:>$387? 60×,@A1.2 B 7!!$C9742 /0$"1D :"CC$ /0E3F$66$ G 50µm< "!,#!  !"#$ %&'

()*+,-.& /012$ 3415$ 642#781/72"6$ /$ !1936$ /$ 941C79 "#E$ /$ 8 !479< =:>$387? 60×,

@A1.2 B 7!!$C9742 /0$"1D H44! 3×D :"CC$9 /0E3F$66$9 G 10µm<

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

 ! "#$%&!'(!( $)*+#,!( !-.(*!"* /#'& $!('&!& 01 0#"2'!'& ,!( (1&3#$4&!(5 61 *!3+".7'!

01 /0'( '*.0.()! !(* 01 $)*+#,! ,! ,.8&13*.#" 01(!&5 9" !8!*: 3+17'! (1&3#$4&! )*1"* 3#$/#()

10*!&"1*.;!$!"* ,! %1",!( < !* = %.!" ,)>".!( 3#$/#(1"* ,!( ?#"!( 301.&!( !* (#$%&!(: 0! 2&1,.!"*

,@.",.3! ,! &)A&13*.#" &)/)*.*.A 3&)) ,!( !8!*( ,! ,.8&13*.#" 7'1", '"! >"! 3#'3+! ,! $'(30! !(*

)301.&)! /1& '" A1.(3!1' ,! 0'$.4&! /'.((1"*5  @1/&4( 01 *+)#&.! ,! 01 ,.8&13*.#": #" ,),'.* 7'! 01

,.(*1"3! !"*&! 0@#&,&! ?)&# !* 0! $1-.$'$ ,@."*!"(.*) ,' /&!$.!& #&,&!: (#.* 01 A&)7'!"3! (/1*.10!:

!(* ,.&!3*!$!"* &!0.)! B 01 /)&.#,! ,' &)(!1' ,! ,.8&13*.#" 3#$/#() /1& 0!( (1&3#$4&!(5 6!(

,.$!"(.#"( *C/.7'!( ,!( (1&3#$4&!(: ,! 1.2µm B /0'( ,! 3µm: (#"* /0'(.!'&( A#.( ('/)&.!'&!(

1'- 0#"2'!'&( ,@#",!( ,' ;.(.%0!: 1'*#&.(1"* 1."(. 3!( $!('&!( DE1F1. G E'"*?: HIJKL M D;1"

N!'"."2!": HIOPL5 Q!/!",1"* 3!**! $)*+#,! &!7'.!&* ,! 0#'&,( *&1.*!$!"*( ,!( )3+1"*.00#"( ,!

$'(30!( /#'& #%*!".& '"! >2'&! ,! ,.8&13*.#" "!**!: $.(! B /1&* /#'& 0!( $'(30!( ,! 3!&*1."(

/#.((#"(5

+,-./)/( 0) 1$(",23()1 &11/) 04/- %(,56 1D

6! /&#>0 ,@."*!"(.*) ,@'"! 0.2"! *.&)! 0! 0#"2 ,@'"! $C#>%&.00! %.!" #&.!"*)! R>2'&! K5IS /!&$!*

,! &!$#"*!& B 01 0#"2'!'& $#C!""! ,!( (1&3#$4&!( ,! 3!**! >%&!5 9" !8!*: 3! /&#>0 )*1"* 0@.$12!

,! 0@10*!&"1"3! !"*&! 0!( ?#"!( (#$%&!( !* 301.&!( ,!( (1&3#$4&!(: 0! /&!$.!& #&,&! ,! 01 *&1"(A#&$)!

,! T#'&.!& ,! 3!**! A#&$! (."'(#U,10! 3#&&!(/#",: ,1"( 0@!(/13! ,!( A&)7'!"3!(: B 01 /)&.#,!

$#C!""! ,' /&#>0: (#.* 01 0#"2'!'& $#C!""! ,!( (1&3#$4&!(5 9" #'*&!: .0 !(* !";.(12!1%0! ,@'*.0.(!&

'"! /1&*.! #' *#'*! 0@.$12! 137'.(! /#'& !8!3*'!& 3!**! $!('&!5

 1"( 0! 31( #V 0!( >%&!( ,! $C#(."! (#"* *#'*!( #&.!"*)!( ,! 01 $W$! $1".4&!: 01 *&1"(A#&$)!

,! T#'&.!& B ,!'- ,.$!"(.#"( RXTP S ,! 3!**! .$12! "#'( &!"(!.2"! ('& 01 0#"2'!'& $#C!""! ,!(

(1&3#$4&!( /&)(!"*( ,1"( *#'* '" 3+1$/ ,! ;'! ,@'" #%Y!3*.A 60X: (#.* !";.&#" 235× 235µm2
5



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

 !"#$%  !" #  !  !"#$ %&' ($ !)*+,$ -./01 "(),2$ $1 +.)3$ ,.1#02)(01",$ 4100 × 100µm5 6 "! 78.9,

:; (<)1$ 9-8$ 428"02 =")1$ *)8 4"55 6 #! >8"1*?.8!@$ ($ A.)80$8 :; () 38.9, (<012$1*02@ 4-5B

C$ 38$!0$8 30+D E.8* .8(8$ F@8.D +.88$*3.1( G ," ?8@H)$1+$ *3"20",$ !.I$11$ +8@@$ 3"8 ,$*

*"8+.!J8$*B %" /",$)8D G 0.48µm−1
+.88$*3.1( G )1$ ,.1#$)8 !.I$11$ ($ 2.08µmB

3#&%-# 4# (.,5%#%- 4# &6-'.$7-#& 48%,# +$65# 9:;

 !"#$%&'&($)$"*# +% ,) $&)#-.*&/(% +% 0*1&"%& 2304 +!1#% "/)5% *6&% +% #*/7&%1-%- "#.*&/)8

$"*#-9

:)#- 1# '&%/"%& $%/'-; ,!)#),<-% +%- "/)5%- =*#$%#)#$ 1#% $%>$1&% )&$"?="%,,% -"/',% '%&/%$

+!(@"$%& +% @*"& +%- .&(A1%#=%- ')&)-"$%- "#$%&.(&%& )@%= ,%- .&(A1%#=%- +% ,) $%>$1&% +!($1+%9 B"

,) $%>$1&% '*--C+% 1#% =%&$)"#% -$&1=$1&% 2'(&"*+"="$(9994; ", %# "&) +% /D/% '*1& ,% /*+1,% +% ,)

$&)#-.*&/(% +% 0*1&"%&9 E# %6%$; -" ,) $%>$1&% %-$ /*"#- *&+*##(%; @*"&% =*/',C$%/%#$ ),()$*"&%;

,% -'%=$&% +1 /*+1,% +% -) $&)#-.*&/(% +% 0*1&"%& %-$ (5),%/%#$ ),()$*"&%; ", %-$ ),*&- +"F=",%

+!%# $"&%& +%- "#.*&/)$"*#-9 G()#/*"#-; ,% -'%=$&% +% ,) 30 '&(-%#$% 5(#(&),%/%#$ =%&$)"#- '"=-9

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

J9 ,% '"= +*/"#)#$ +)#- ,% -'%=$&% +*##% ,) +"&%=$"*# '&"#="'),% +% ,) $%>$1&%9

K9 ,) ,*=),"-)$"*# +%- '"=- '%&/%$ +% +($%&/"#%& ,) '(&"*+% -')$"),% .*#+)/%#$),% +% ,) $%>$1&%9

L9 =M)A1% '"= &%'&(-%#$% 1#% '(&"*+"="$( -')$"),% +)#- 1# -%#- ')&$"=1,"%&

N"#-"; ,%- "/)5%- A1" -*#$ +% '1&- =*-"#1- *1 +% '1&- -"#1- *#$ +%- $&)#-.*&/(%- +% 0*1&"%&

')&$"=1,"C&%/%#$ -"/',%-; -*"$ 1# /*$". @%&$"=), A1" -% &('C$% +)#- ,!"/)5%9  ) $&)#-.*&/(% +%

0*1&"%& +!1# -"#1- M*&"O*#$), '&(-%#$% $&*"- '*"#$- ),"5#(- M*&"O*#$),%/%#$; =!%-$ P +"&% +)#- ,)

+"&%=$"*# '%&'%#+"=1,)"&% P ,) '(&"*+"="$( +1 /*$".9  % '*"#$ =%#$&), 2+% =**&+*##(%- 2Q;Q44 &%8

'&(-%#$% ,) /*<%##% +% ,!"#$%#-"$( +% ,!"/)5% "#"$"),% 2,!*&+&% Q4 $)#+"- A1% ,%- +%1> )1$&%- '*"#$-

&%'&(-%#$%#$ ,) .&(A1%#=% 2@%&$"=),% *1 M*&"O*#$),%4 +%- -"#1- 21 ! *&+&%49 R,1- ,) .&(A1%#=% +1

-"5#), %-$ (,%@(%; ',1- ,%- '*"#$- -*#$ %-')=(-9 R*1& 1#% "/)5% P +%1> -"#1- )@%= +%1> .&(A1%#=%-



 ! "#$%&'()*

 !"#$%&' ()$!*)&'%+,-,&' ,' .,$'!/%+,-,&'0 +,1 2!/1  , +% 3456 1)&' %+)$1 2+71 ,12%/#1 ()$!*)&8

'%+,-,&' 1! +% 9$#:7,&/, ()$!*)&'%+, ,1' 2+71 #+,.#, :7, +% 9$#:7,&/, .,$'!/%+,;

 !"#$%  !"# $  ! "! #! !"##$%&' ()*+)#%,-.$' /0.' *. +*,&' +*1.0)'2 ",&', -.$ 0$' 3456 -., 0$.%' '*&#

"''*7,)' 80,(&$ 1. 9"':;

<)&1! #$)&1 -%!&',&%&' 7& 2%'',$& =#)-#'$!:7, -) >+,0  )&' +% 9)$-, &?,1' 2%1 /()!1!, %7

(%1%$ 0 /%$ ,++, /)$$,12)& %7@  !"#$,&',1 )$!,&'%'!)&1 :7, 2,7' 2$,& $, +,1 -A)BC$!++,1  %&1

7& -71/+,; D% 9)$-,  , /, 2%'',$& !&E7,&/, +% 3456  , +?!-%=,0 /)--, +, -)&'$, +% B=7$,

F;GH%I ,' +% 3456 :7! +7! ,1' %11)/!#,; J& 2,7' &)',$ 17$ /,'', 34 +% 9)$-, ,& /$)!@ /,&'$#, 17$

+?)$ $, H; D,1 )$!,&'%'!)&1 2$!&/!2%+,1  ,1 -)'!91  , /,'', 34 1)&' )$!,&'#,1 K +% 2,$2,& !/7+%!$,

 ,1 )$!,&'%'!)&1 2$!&/!2%+,1  7 2%'',$&0 /)--, +, -)&'$, +% B=7$, F;GH3456L%I; M! )& -) 7+,

/, 2%'',$& %.,/ 7&, %+',$&%&/,  , C%& ,1 C+%&/(,1 ,' &)!$,1 K  !"#$,&',1 9$#:7,&/,10 +,1 3456

:7! ,& $#17+',&' /)&'!,&&,&' +?!&9)$-%'!)&  , /,'', -) 7+%'!)&; D%  !1'%&/, 1#2%$%&' +?)$ $, H  7

1 ! )$ $, ,1'  ?%7'%&' 2+71 =$%& , :7, +% 9$#:7,&/,  , -) 7+%'!)&  ,1 C%& ,1 ,1' #+,.#, LB=7$,1

F;GHC8/II; <,' ,@,-2+, !++71'$, +% 27!11%&/,  , +% '$%&19)$-#,  , 4)7$!,$  ?7&, !-%=,0 ,'  ,1

!&9)$-%'!)&1 :7, +?)& 2,7' ,& '!$,$;

N22+!:7)&1 -%!&',&%&' +% 3456 K 7&, !-%=, MOP C$7',  , -A)1!&,0 2#$!) !1#, 2%$ +% 2$#8

1,&/,  , 1%$/)->$,1; Q& 9)&/'!)&  ,1 )$!,&'%'!)&1 2$!&/!2%+,1  ,1 -A)BC$!++,10 !+ ,1' 2+71 )7 -)!&1

%!1#  , '!$,$  ,1 !&9)$-%'!)&1  , +% 3456  ?7&, !-%=, MOP; D% B=7$, F;GG%I 2$#1,&', 7&, !-%=,

MOP  , -71/+, C).!& % 7+', ,& /)72, +)&=!'7 !&%+,; D,1 -A)BC$!++,1 1)&' ')7',1 )$!,&'#,1  ,
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 !"#$%  !"" #  !  !"#$ %&' ()"*++$+ ,-*.$*/+0 12*3$ ,-*4$ 56+7-.-#68*$ .-3#67*163".$ 1$ !*+,.$ 9-:

;63 "1*.7$< =$+ 1-*9.$+ >?,5$+ +@!9-.6+$37 .2-/6$37"76-3 4/63,64".$ 1$+ !@-A9/6..$+< (9"//$

12B,5$..$ 10µm0< "! CDEF 1$ "0< =2B,5$..$ 12637$3+67B $+7 4"++B$ $3 log 4-*/ !6$*G 4$/,$:

;-6/ .$+ 16HB/$37+ -/1/$+< #! 61$! 8*$ "0< $! 61$! 8*$ 90<

 ! "#"$ "!%&'($)  ! *+,- ./& $01 !0023&4$ 5 3$11$ &"!6$ $01 7!3& $ 5 1(!&1$()  ! 8&01!%3$ $%1($

 $ 3$%1($ 92(8($ :; $1  $ <($"&$( "!=&"/" 91>3?$ ($<(40$%1!%1  $ <&3 8/ <($"&$( 2(8($; $01 8&@

($31$"$%1 ($ &4$ 5  !  2%6/$/( "2A$%%$ 8$0 0!(32"'($0 8$  B&"!6$ $%1&'($ 9C6/($ DEFFG;;E H%

($I!%3?$) 0&  $0 "A2CG(&  $0 <(40$%1$%1 < /0&$/(0 2(&$%1!1&2%0) 32""$ 3B$01  $ 3!0 C6/($ DEFF3;)

! 2(0  ! *+,- ./&  /& $01 !0023&4$ $01 < /0 8&J3& $"$%1 &%1$(<(41!G $)  ! 1>3?$ 8/ <($"&$( 2(8($

41!%1  !(6$"$%1 41! 4$) 0!%0 <&3 <(&%3&<! 8&01&%31 9C6/($ DEFF8;;E

K2/( <!  &$( 3$ <(2G '"$ 8B&%1$(<(41!1&2%) %2/0 !I2%0 3?2&0& 8$ 84I$ 2<<$( /% <(26(!""$ 5

<!(1&( 8B/%$ LG2M1$ 5 2/1& 0L 8&0<2%&G $ 0/(  $  26&3&$ 8$ <(26(!""!1&2% N!1 !G) $1 848&4$ !/

1(!&1$"$%1 8B&"!6$E O2/0 <(40$%12%0 5 <(40$%1  $ <(&%3&<$ 8$ 3$ <(26(!""$E P$0 0$/ $0 I!(&!G $0

8B$%1(4$ 02%1  $  &$% 8B!(G2($03$%3$ I$(0  B&"!6$ 5 1(!&1$( !&%0& ./$  $ Q22" /1& &04  $ 3!0 43?4!%1

9 ! "&0$ 5  B43?$  $ $01 !/12"!1&04$;E



  !"#$%&'()

 !"#$%  !"# $  !  !"#$ %&' (512 × 512 )*+$,-. /012$ 341)$ ,42#*51/*2",$ /$ !1-3,$ 647*2 "/1,5$

(8"1--$- 341,$19-.: ;$- /416,$- <=3>$- -?!64,*-$ ,049*$25"5*42 )9*23*)",$ /$- !?4@69*,,$-:

A"99$ /0B3>$,,$ 10µm: "! CD *--1$ /$ ". *-4,B$ $5 49*$25B$ )419 E1$ ," 849!$ /1 !"-E1$

"*5 ,$ !*2*!1! /0*2<1$23$ -19 ," FGHI: #! J2 >"15 K FGHI /$ 6.: J2 6"- K FGHI /$ 6.L

,$- *25$2-*5B- -425 $2 B3>$,,$ log: ;$- *25$2-*5B- /$ 3$- FGHI -425 -4!!B$- )"9 ,*#2$ /"2-

,$ 615 /0465$2*9 ,$- )94@,- $!L 4M ," )4-*5*42 /$- 1 ! )*3- >49- 49/9$ N $-5 /*9$35$!$25 9$,*B$

O ," ,42#1$19 /$- -"934!=9$- !4?$22B$ -19 5415$ ," CD :

 ! "#$%& '()*!+ ,%-.&/0& $/& 12!#& 345 06,17$& 8& 269.1/& 9: ;&. .!%<92=%&. .9/0 >1&/

?1.1>;&.( @ ,!%01% 8& <&00& 12!#&A 1; &.0 ,9..1>;& 8B&C&<0$&% 81%&<0&2&/0 ;! DE*F( G&,&/8!/0A

<922& /9$. ;B!?9/. ?$A .1 ;&. ">%&. 8& 269.1/& ,%&//&/0 8&. 9%1&/0!019/. 81?&%.&.A <922& <B&.0

;& <!. .$% <&0 &H&2,;&A !;9%. ;! DE*F %-.$;0!/0& .&%! 81I<1;&2&/0 1/0&%,%-0!>;&( J9$% -?10&% <&

,K-/92=/&A ;! .-;&<019/ 8& ,;$.1&$%. L9/&. 9: ;&. .!%<92=%&. .9/0 09$. >1&/ 9%1&/0-.A ,&%2&0 8&

<%-&% 8&. 2!.7$&. 7$1 .&%?&/0 M 0%!10&% <&. L9/&. .-,!%-2&/0 N'()*>++( G&. 2!.7$&. ,&%2&00&/0

8B&C&<0$&% ;! DE*F $/17$&2&/0 .$% ;&. L9/&. .-;&<019//-&.( G&. 0%!/.O9%2-&. 8& E9$%1&% .9/0 &/P

.$10& 2981"-&. &/ O9/<019/ 8& ;B9%1&/0!019/ ,%1/<1,!;& 8& ;! 0Q<K& O9%2-& ,!% ;B9%8%& L-%9(  B1/0-%R0

8B$/& 0&;;& 2981"<!019/ &.0 8& ,9$?91% .922&% ;&. 1/0&/.10-. 8&. ,1H&;. ,!% ;1#/&A !"/ 8B9>0&/1%

$/ ,%9"; M 8&$H 812&/.19/. !$H ,1<. ;&. ,;$. "/. ,9..1>;&. N'()*8++( S/& O91. <&00& 9,-%!019/

%-!;1.-&A ;! ,9.1019/ 8$ ,%&21&% 2!H12$2 &/ 8&K9%. 8& ;B9%8%& L-%9 8!/. ;B&.,!<& 8&. O%-7$&/<&.A

&.0 81%&<0&2&/0 %&;1-& M ;! ;9/#$&$% 296&//& 8&. .!%<92=%&. 8& ;B12!#& 345(

@?&< <&00& 2-0K98&A 1; &.0 ,9..1>;& 8B-0$81&% ;! ?!%1!019/ 8& ;! ;9/#$&$% 8&. .!%<92=%&. &/ O9/<P

019/ 8B$/ ,!%!2=0%& &H0-%1&$%( J!% &H&2,;&A ;BTUV@ 8& G;&%29/0 E&%%!/8WDK&1H /9$. ! O9$%/1

$/& .-%1& 8B-<K!/01;;9/. ,%-.&/0!/0 81C-%&/0&. 0&/8%&0-.( G&,&/8!/0A !$<$/& <9%%-;!019/ &/0%& ;!

0&/8%&0- 8&. <&. -<K!/01;;9/. &0 ;&. ;9/#$&$%. 8& .!%<92=%&. 7$1 ;&$% .9/0 !..9<1-&. /B! ,$ R0%&

21.& &/ -?18&/<&(

X/ %&?!/<K&A /9$. !?9/. &/?1.!#- 8& 2&00%& &/ ,;!<& $/& &H,-%1&/<& 9: $/ -<K!/01;;9/ 8&

2$.<;& N>9?1/ 9$ !$0%&+ &/ <9$,& ;9/#10$81/!;& .&%!10 ,;!<- &/0%& 8&$H 29%. ,9$% ,9$?91% <9/0%!<P

0&% &0 -01%&% ;B-<K!/01;;9/ M ?9;9/0-A 8!/. ;& >$0 8& ?1.$!;1.&% &/ 81%&<0 $/& 86/!217$& 8& <9/0%!<P
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 !"#$%  !" #  ! "! #! !"#$%& '() *% "+&,-%& *% ./012& #*+-3%& %2 ,/+4%& -/2$13+*12#-%&5 6%& "+&,-%&

&/23 7%&4%,310%"%23 ,/237#,38& 9#:; #+ 7%4/& 9.: %3 83178& 9,:5 <#77%& *=8,>%--% ? 10µm5 $!

@%478&%23#31/2 *+ 3A4% B./C3% D "/+&3#,>%&B *% -# *1&4%7&1/2 *%& 0#-%+7& /.3%2+%& 4/+7 -%&

-/2$+%+7& "/A%22%& *% &#7,/"E7%& 4/+7 ,>#F+% &871% 9n %&3 -% 2/".7% *% "%&+7%& 78#-1&8%&

4/+7 ,>#F+% &871%:5 G# ./C3% ,/231%23 50% *%& 0#-%+7& %3 -# .#77% ,%237#-% 12*1F+% -# 0#-%+7

"/A%22% 4/+7 ,>#F+% &871%5

 !"#$ %&' () *!+, ,# -()., /01#,  ,((, ,2-3&!,#., ,+  &4+ /!5.!(,' /1 6)! /, (03 ) /,  !"# $# %!&'

71! ,+ 1# ,#&)!/!++,*,# -&"8&,++!6 /, () *1+.1() 1&, !# ,&9,#)# ,#9!&"# 24 :,1&,+ )-&4+ (0);) <

 )8, /, (0)#!*)($ =).71,+  !"!#$# /, (0>?@A /, B(,&*"# C,&&)#/DE:,!2 ) /"#. *!+ F #" &,

/!+-"+! !"#  &"!+ +3&!,+ /03.:)# !(("#+ &3)(!+3,+ )9)# (, + )/, /,  !"# $# %!&' F +)9"!& 1#, +3&!,

/, ."1-,+ )1 &,-"+' "G (, *1+.(, F 3 3 ."#+,&93 F  ,*-3&) 1&, )*;!)# , -,#/)# 24 :,1&,+ -1!+

."#8,(3 -"1& -"19"!& -&) !71,& (,+ /3."1-,+$ H#, /,12!4*, +3&!, ."#.,&#, /,+ 3.:)# !(("#+ /,

*1+.(,+ 3 !&3+' 71! "# 3 3 -!#.3+ ,# &, /,12 *"&+ -1!+ 3 !&3+ F -(1+ /, 50%$ I#J#' ()  &"!+!4*,

+3&!, /03.:)# !(("#+ ."#.,&#, /,+ *1+.(,+ ."# &). 3+' 71! "# 3 3 -().3+ /)#+ /, (0,)1 )9,. /, ()

8().,' -1!+ ."#8,(3+ ,  &)#.:3+ ,# ."1-,+ :!+ "("8!71,+$

K) J81&, L$ML -&3+,# , 1# ,2,*-(, /0).71!+! !"# NOP -"1& .:).1#, /, .,+ +3&!,+' F +)9"!& 1#,

!*)8, /, *1+.(, ."# &). 3 QL$ML)RR' 1#, )1 &,-"+ QL$ML;RR , 1#, 3 !&3 QL$MLR' )9,. -"1& &3+1( ) +

< lcontr. >= 1.26µm  < lrepos. >= 2.51µm  < letir. >= 3.80µm!



 ! "#$%&'()*

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

 ! "#$%&'$&(#) $&!*&$+,) -) ./&%)'$)!$)0 #, )'1 (&''#2,) -) $+%+$13%#')% ,) 14() -)' 52%)'

"/'$/,+#%)' (+% #""/!&67#'1&,&8#)0 ,)/%' %3(+%1#1#&!' +4+!1 /!) #!./)!$) '/% ,)' (%&(%#313' -)

,+ 9#+!-)0 )! (+%1#$/,#)% '/% ,+ 1)!-%)13: ;+ $+%+$13%#'+1#&! -)' 52%)' "/'$/,+#%)' + 38+,)")!1

/! #!13%<1 "3-#$+,0 )! (+%1#$/,#)% -+!' ,)' "+,+-#)' $7%&!#=/)' &2'1%/$1#9)' -/ (&/"&! >?&'@)%0

ABBBC D >?%))!0 ABBEC: ;F#""/!&67#'1&,&8#) (+% '#"(,) )1 -&/2,) "+%=/+8) )'1 /! (%&$3-3 $&/1)/G

)! 1)"(' -) (%&$3-/%) )1 )! "+1#H%) 2#&,&8#=/): I, )'1 )! )J)1 !3$)''+#%) -F+9&#% (,/'#)/%' $&/()'

'3%#3)' (&/% )J)$1/)% ,)' "+%=/+8)' $&%%)'(&!-+!1' +/G -#J3%)!1' 14()' -) 52%)': K)' "317&-)'

-F+!+,4') !/"3%#=/) ()%")11)!1 )!'/#1) -) $+%1&8%+(7#)% ,)' -#J3%)!1' 14()' -) 52%)':

;+ "#$%&'$&(#) LM N -) $&/()' 1%+!'9)%')' -) "/'$,)' ()%")1 -F&2')%9)% !+1/%),,)")!1

/!) +/1&./&%)'$)!$) -) 1<1)' -) "4&'#!) ,&$+,#'3)' '/% $)%1+#!)' $),,/,)' "/'$/,+#%)' )1 !&! '/%

-F+/1%)'0 $&"") ,) "&!1%) ,+ 58/%) O:PQ:

 !"#$%  !"# $  !"#$% &'()*+,- $. /-0 1$ !2%34$ 1$ %5267% 89 !57%: $; 352<$ .6";%=$6%$> ?@A$3.7B

60×C @"66$ 1DE3F$44$ 50µm>

R)11) 58/%) %)!- $&"(1) -) ,+ -#J3%)!$) 9#'#2,) #!1/#1#9)")!1 )!1%) ,)' -)/G 8%+!-)' *+"#,,)'

-) 52%)': I, ')"2,)%+#1 )! )J)1 =/) ,)' 52%)' +4+!1 ,) (,/' ()1#1 -#+"H1%) 3")11)!1 /! *&%1 '#8!+, -)

./&%)'$)!$)0 1+!-#' =/) ,)' 8%&'')' 52%)' !F)! 83!H%)!1 =/+'#")!1 (+':  ! &/1%)0 S ,F#!13%#)/% -)'

$),,/,)' "/'$/,+#%)'0 &! %)"+%=/) S $)%1+#!' )!-%&#1' /! '#8!+, TU? -#J/'0 #,,/'1%3 (+% ,+ .H$7)

V+/!) '/% ,F#"+8) TU?: R) '#8!+, )'1 (%&-/#1 (+% -)' "4&52%#,,)' =/#0 ,&%' -) ,+ -3$&/()0 &!1

9%+#')"2,+2,)")!1 8,#''3)' (&/% 9)!#% 'F&%#)!1)% '/% ,+ $&/() -) 1),,) "+!#H%) =/F),,)' 3")11)!1

/! '#8!+, TU?: ;+ TU? 9#'#2,) '/% ,+ 58/%) O:PQ $&%%)'(&!- +/ $&,,+8H!) 52%#,,+#%) -) 14() I

$&!1)!/ -+!' ,) (3%#"4'#/":

R)11) 31/-) 31+!1 )!$&%) +/ '1+-) (%3,#"#!+#%)0 (,/'#)/%' 31+()' %)'1)!1 S *%+!$7#% +9+!1 -)

(&/9&#% 3")11%) -)' 74(&17H')' %),#+!1 ,F#!1)!'#13 -) LM N 3"#') +9)$ ,) 14() -)' -#J3%)!1)'

52%)': W! $&/(,+8) )!1%) ,F#"+8)%#) "/,1#(7&1&!#=/) )1 ,F#""/!&67#'1&,&8#) )! $&/()' '3%#3)'

()%")11%+#1 -) 9+,#-)% /!) "317&-) -) $+%+$13%#'+1#&! -/ 14(+8) -)' $),,/,)' "/'$/,+#%)' (+%

"#$%&'$&(#) LM N0 '+!' "+%=/+8):
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 !"#$%  !"# $  !  !"#$ %&' ()*+, $- ./0#$ $1 23& $- 4$.15 670-$ 8/09$ 1."-:4$.:$ 6$ !0:8;$ 6$ </4=-

"60;1$> +8?$;;$ 9;$=- 8?"!9 @ 235µm 6$ 8A1B> "! CB1"=; 6$ "5> #! %$8/-:1.081=/- DC E

9".1=. 670-$ 9=;$ 67=!"#$: "8F0=:$: 9". 9": 6$ 2µm $- GH 60 !I!$ B8?"-1=;;/- F0$ "5J<5>

$!  !"#$ %&' 670-$ 8/09$ 1."-:4$.:$ 6$ !0:8;$ </4=- B#";$!$-1 (=!"#$ 6$ 235µm 6$

;".#$5>

3+,4%(5-+*6 .7&#-86# 9 (:6(5&*+,#

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

%4%()5.(+6!' &' "7.6!' )"7./(+00#/ 8#!$/+% *.$ 09:;< &' =0'$5#/(>?'$$./&@A7'+B . )() 'C'">

(!)- "' 6!+ . *'$5+% &' 5'(($' D E#!$ 0. F!#$'%"'/"' &' 0. *$#()+/' )0.%(+/'1 G9)0.%(+/' /9'B+%('

6!' "7'H 0'% ,'$()I$)% '( '%( &+%*#%)' '/ JI$'%- 5.+% %!$(#!( '/ 0.5'% &+%"#/(+/!'%- '/ *.$(+"!0+'$

&./% 0. *'.!- 0'% *#!5#/% '( 0'% ,.+%%'.!B %./3!+/%1 K./% "'% #$3./'%- '00' "#/8L$' &'% *$#*$+)()%

&9)(+$'5'/( '( &#/" &9)0.%(+"+()1 G9)0.%(+/' '%( %)"$)()' *.$ 0'% JI$#I0.%('% %#!% 8#$5' &' ($#*#)>

0.%(+/' 6!+ 0. *#045)$+%' &./% 0. %!I%(./"' 8#/&.5'/(.0'1

G9)0.%(+/' . 0. *.$(+"!0.$+() &9.,#+$ !/' 3$./&' %'"(+#/ 'M"."' &9.I%#$*(+#/ D &'!B *7#(#/%-

'00' F!#$'%"' &#/" 8#$('5'/( %#!% 'B"+(.(+#/ I+*7#(#/+6!'1 N. %($!"(!$' '%( "'/($#%45)($+6!'- "'

6!+ 'B*0+6!' 6!9'00' /' 3)/L$' *.% &' NOP1 G. J3!$' Q1RS.T 5#/($' 0. 8#$(' .!(#F!#$'%"'/"' &'



 ! "#$%&'()*

 !""! #$%"&'(! )*$'++,'$!- .( #!/" &0,+!1!(" (%"!$ +! 2,'" 3/! +!4 )*$!4 5!  %++,06(! 47!($%/+!("

,/"%/$ 5!4 )*$!4 57&+,4"'(! 89%'$ 5&",'+ :-;<*==- >, )0/$! :-;< = '++/4"$! +, #%44'*'+'"& 57'1,0!$ "$64

)(!1!(" +, 1,"'6$! *'%+%0'3/! ,9! /( %*?! "'2 @ 2%$" AB 8' ' 60×CAB1.2 @ '11!$4'%( 57!,/=- >,

$! %(4"$/ "'%( :D !4" !E! "/&! ,9! +7!F"!(4'%( GH1,0!I :D J'!K!$G 5/ +%0' '!+ H1,0!I- L()(M

+, )0/$! :-;<5= 1%("$! !( 1N1! "!1#4 +7,/"%O/%$!4 !( ! 5! +7&+,4"'(! ,9! +!4 )*$!4 1/4 /+,'$!4

8PQLR !( $%/0!=M !" +!  %++,06(! )*$'++,'$! 8STU !( 9!$"= #$&4!(" 4/$ +, 1N1! V%(! 57'("&$N"-

W!""! &"/5! #$%4#! "'9! $&,+'4&! 5,(4 +!  ,5$! 57/(!  %++,*%$,"'%( ,9! B((!  !"#$%# !"

I, 3/!4  &'&#!# 5! +7HAXB 5! W+!$1%(" R!$$,(5YPZ!'F 1%("$! +7&"!(5/! 5!4 #%44'*'+'"&4 %2C

2!$"!4 #,$ +7'1,0!$'! 1/+"'#Z%"%('3/! 5/ 1/4 +! 43/!+!""'3/!- D/ 4,$ %16$! @ +,  !++/+! 1/4 /C

+,'$! !( #,44,(" #,$ +!4 "'44/4  %(?%( "'24 5/ 1/4 +! 43/!+!""'3/!M +7'1,0!$'!  %/#+&! PQLRYSTU

#!$1!" 57!(9'4,0!$ /(! &"/5!  %1#+6"! #%/$ 1!""$! !( &9'5!( !  !$",'(!4  ,$, "&$'4"'3/!4 5/

1/4 +! 8+'&!4 !("$! ,/"$! @ +, "!(5$!"&= ,'(4' 3/! #%/$ "!("!$ 5! 1'!/F  ,$, "&$'4!$ +!4 4",5!4

 +&4 5/ 5&9!+%##!1!(" 1/4 /+,'$! 2[",+ - \(! "!++! &"/5! 5!9$, #$!(5$! !(  %1#"! 5'E&$!("4

#,$,16"$!4 !F"&$'!/$4 @ +, "! Z('3/! 57'1,0!$'!M  %11! +!  %("$]+! 5! +, 3/,+'"& 5!4  %/#!4 Z'4C

"%+%0'3/!4M %/ !( %$! /(  %/#+,0! !("$! & Z,("'++%(4 '11/(%C1,$3/&4 !" 4,(4 1,$3/,0!M #%/$

1'!/F  %1#$!(5$!  ! 3/' !4" @ +7%$'0'(! 5!4  %("$,4"!4 PQLR !" STU-



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

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

2$'3.*./$4"! 5 ,67*"0! 0" -.,,(8%/!

$&',$4"7 0(/1 ,( 92).1! 37'(*$4"! -3!:

,6;.&&!





 !

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

 !"#$%& '()*+!,-& &+ .$//*012&

 ! "#$%&' ()*!+,-.' '&+ /)"0,' 1%22' 34!11.2.3!+,%0 /' 2!+$,1' '5+$!61'33.3!,$' 789:; 7+,&6

&.& 1,1!+$,1,'3&; /!0& 3' <%,'= $)&.3+!0+ /4.0' !>$'&&,%0= 3' *3.& &%.?'0+ 1($%0,-.'@  ! 1,$$(%&' '&+

3' &+!/' 3' *3.& )?%3.) /' 3! "#$%&'= !&&%1,!0+ A 34!11.2.3!+,%0 /' 89: /'& *'$+.$#!+,%0& ?!&6

1.3!,$'& '+ !$1(,+'1+.$!3'& !B!0+ *%.$ 1%0&)-.'01' 3! *'$+' /'& <%01+,%0& ()*!+,-.'& -.' &%0+ 3!
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N7*/ /'-+"&%/ *#% 0'$G7 %  % &67/% <=> /'9'$-5+% %$ .-+" % 8*%+8*% &7"$ +!'6G-#$"++7# "0-2',

"+ %&$ $/D&  "R6"+%  % $/7*.%/ *#  "&97&"$"? %19'/"0%#$-+ #% 9%/0%$$-#$  !-68*'/"/ 8*%  %& "0-2%&

#7# &-$*/'%&3 S700% +% 07#$/% +- ;2*/% H3I ), +!-5&%#6%  % 9"6  !"#$%#&"$'  -#& +!G"&$72/-00%

 !"#$%#&"$' #% 9%/0%$ 9-&  !75$%#"/  !"#?7/0-$"7# &9'6";8*% &*/ +%& @7#%& ;5/7&'%& 7* #7#  % +-

5"79&"%3 E% 9+*&, #7*& -.7#& #7$' 8*% 97*/ 75$%#"/  %& "0-2%& &-#& &-$*/-$"7# 97*/  %& '6G-#K

$"++7#& 6"//G7$"8*%&, %$  %& '6G-#$"++7#& &-"#&, +% 2-"#  * NJO  7"$ .-/"%/  -#& *#% 2-00%  % M (

IT3 S%$$% 2/-# % .-/"-$"7#  % 2-"#&, 67*9+'% ( +-  "R6*+$'  !-A*&$%/ 9/'6"&'0%#$ &- .-+%*/ 97*/

75$%#"/ *#% "0-2% &-#& &-$*/-$"7#, %&$ *# 97"#$ 6/"$"8*% 97*/ +- 0"&% %# 9+-6%  % $7*$% 0'$G7 %



 !" #$%&' (' $%))*+,-' ./&0))*0&' 1*& 20$&%3$%10' #45 "67

 !"#$%  !" #  !"#$% &'( )*+, -./",01223, )$ 431$ "+ %0")$ 567 ".8+1%$% "9$. +, 3:;$.014 4×−NA0.1< "=

>$ #"1, )+ ?@ $%0 AB- C g1 D3+E 3:0$,1E +,$ 1!"#$ 8+"%1!$,0 D"% %"0+E-$ F3.5× 3.5mm2
G

:= @H!$ 1!"#$ 8+$ "= !+201D21-$ D"E 4.7 $0 E"!$,-$ C 2*-./$22$ )*1,0$,%10- 6IJ:10 [0−4095] G

.= @H!$ K3,$ )*1,0-EH0 8+$ "=7 2$ #"1, )+ ?@ $%0 AB- C 4.7× g1 G )= L3!D"E"1%3, $,0E$ 2$%

/1%03#E"!!$% )*1,0$,%10-% D3+E 0E31% #"1,% )+ ?@ g17 2.15× g1 $0 4.7× g1<

 !" #$%&'"(#)*"( &+",(#,-"(./ 0, #1#(2 &# -#!"& 3+",(#,-"(. ,.4#--*")# %'!) 4*&4!&#) &# -4')# 3.5,"

#, 6/7 #-( -#,-. 8()# 9'3"5. %'!) 4:* !# #$%.)"#,4# 3;-  !# &# ,"<#*! 3+",(#,-"(. 4:*,=#2 %'!)

%'!<'") #1#4(!#) !,# 3"-4)"9",*("', #,()# &#- ).="',- 5>)'-.#- #( -*",#- *<#4 &* 989# %).4"-"',2

 !#& !# -'"( &# ,"<#*! 3# 5>)'-# 3# &+.4:*,("&&', "9*=./ ?*) 4',-. !#,(2 &* 3"@4!&(. 3# ()'!<#)

!, -#!"& 3+",(#,-"(. 3# ).A.)#,4# %'!) 8()# #, 9#-!)# 3# 4'9%*)#) 3"1.)#,(- -4')#- ,'!- ",4"(# B

3.<#&'%%#) !,# 9.(:'3# !("&"-*,( 3#- "9*=#- -*(!).#-/ C"#,  !# 4#&* )#%).-#,(# !,# %#)(# 3+",A')D

9*("', "9%')(*,(#2 #, %*)("4!&"#) %'!) &#- E',#- B A')(#- 4',4#,()*("',- #, 4'&&*=;,#2 4+#-( &# %)"$

B %*F#) %'!) %'!<'") "9%'-#) !, -#!"& 3+",(#,-"(. 3# ).A.)#,4# !," !#2  !#& !# -'"( &+.4:*,("&&',

"9*=.2 #( *",-" %'!<'") #1#4(!#) 3")#4(#9#,( 3#- 4'9%*)*"-',- #,()# -4')#-/

G* 3#-4)"%("', 4'9%&;(# 3# ,'()# 9.(:'3# 3# -4')",= #-( 3.<#&'%%.# %*) &* -!"(#2 #( 4'99#,4#

%*) &* %).-#,(*("', 3+!, 9'3;&# -"9%&# %'!) 3.4)")# &+",(#,-"(. HIJ #, A',4("', 3#- 3"1.)#,(-

%*)*9;()#- #$%.)"9#,(*!$ *",-"  !# 3# &*  !*,("(. 3# 4'&&*=;,# %).-#,( 3*,- &# A'"# :!9*",/ K#

9'3;&# #-( #,-!"(# <*&"3. %*) 3#- 9#-!)#- #$%.)"9#,(*&#-/ L'!- 9',()',- #,5,  !# &+",(#,-"(.

=.,.).# %*) &# 4'&&*=;,# 5>)"&&*")# 3*,- &# A'"# :!9*", #-(  !*,("5*>&# *--#E %).4"-.9#,(2 #(

#-( 4'9%*).# 3+!, '>M#4("A B !, *!()# %'!) 3#- %#("(#- <*&#!)- 3+'!<#)(!)# ,!9.)" !# N4 ×
−NA0.1; 10×−NA0.25O/

8&91*&*:0%- ('3 9$;*-:0))%-3

P*,- &# 4*- 3+!,# %";4# '%.)*('")#2 *!()#9#,( 3"( !, <'&!9# "9%')(*,( 3# %).&;<#9#,( 3#

9*(";)# >"'&'=" !#2 &#- 9.3#4",- *,*&F-#,( B &+Q"& ,! #( 3.(#)9",#,( &#- E',#- 3+",(.)8(/ R&- )#3.D

4'!%#,( &* %";4# %'!) #, -')(") 3# %&!- %#("(- .4:*,("&&',- 3+!,# (*"&&# *3*%(.# B 3#- S4*--#((#-S

-(*,3*)3"-.#-/ K#- A)*=9#,(- <',( 4',-("(!#) &# >&'4 3# %*)*@,# 4',(#,*,( &+.4:*,("&&', ("--!&*")#

B %*)(") 3! !#& 3#- 4'!%#- 3# ("--!- -#)',( ).*&"-.#-/ P*,- &# 4*- 3# %).&;<#9#,( 3# >"'%-"#-2 "&

,+#-( %*- ,.4#--*")# 3# &#- )#3.4'!%#)/

G#- 4*--#((#- -',( 3#- %#("(#- >'T(#- #, %&*-(" !# %#)4.#- 3# 9!&("%&#- ()'!- 3# (#&&# -')(#  !+',

%!"--# "9%).=,#) #@4*4#9#,( &#- .4:*,("&&',- #, &#- %&',=#*,( 3*,- &#- 3"1.)#,(- >*",- 3# %)'D

3!"(-/ G#- %).&;<#9#,(- -',( ')"#,(.- #( %&*4.- 3*,- &* 4*--#((#2 3# -')(#  !# &* E',# 3+",(.)8(



 !" #$%&'()*+

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

2+* !.%3+* *4#-%0.+* "+ &% 3,!3%,%.#(0 "+* 3,!&5-+ +0.* *(0. &% "!*67",%.#(0 "+* !$6%0.#&&(0*

3%, 40 )%#0 "8%&$((&9 40 )%#0 "+ .(&450+ 3(4, ,+ 3&%$+, &8%&$((& # 3,!:0%0. &8!$6%0.#&&(09 34#*

40 )%#0 "+ 3%,%;0+ <4# 3+, +..,% "+ $6%**+, &+ .(&450+1 2% .+ 3!,%.4,+ "+ $+* )%#0* %-(#*#0+ &+*

40oC1 2+* !$6%0.#&&(0* %#0*# "!*67",%.!* +. 3%,%;0!* *(0. *(,.#* "+ &% $%**+..+ 3(4, =.,+ 3&%$!*

"%0* 40+ 3+.#.+ $4-+ +0  !.%& 3,!$6%4>!+ ' 40oC1 ?0 .+$60#$#+0 ,+ 3&#. %&(,* &% $4-+ "+ 3%,%;0+

&#<4#"+ $6%4>!+ ' 52oC 34#* &% 3(*+ "#,+$.+ +0. *4, 40+ 3&%<4+ ,+/,(#"#**%0.+9 ' −3oC +0-#,(01
@-%0. <4+ &% 3%,%;0+ 0+ *+ A:+ $( 3&5.+ +0.9 $8+*.B'B"#,+ %4 )(4. "840+ "#C%#0+ "+  #04.+*9 &+

.+$60#$#+0 3,+0",% *(#0 "+ "!3(*+, ' &% *4,/%$+ "+ &% $4-+9 40 $(4-+,$&+ <4# *8+ )(#.+,% 3%,/%#.+B

 +0. %-+$ &+ 6%4. "+ &% $4-+ .(4. +0 !.%0. 3&%0 %-+$ &+ /(0"1 ?0+ /(#* <4+ &% 3%,%;0+ +*. "4,$#+9

&+ )&($ *+ "! (4&+ /%$#&+ +0.9 *%0* 3+,.+1 D0 % "(0$9 &8!$6%0.#&&(0 )#+0 (,#+0.! #0$&4* "%0* &+ )&($

<4# %E+4,+ +0 *4,/%$+ "840 $F.!9 &+ )&($ "+ 3%,%;0+ 34#* &+ /(0" "+ $%:+..+ <4# 3+, +..,% "+

3(*#.#(00+, &+ )&($ *4, 40  #$,(.( +1 ?0+ /(#* <4+ &8!$6%0.#&&(0 +*. +0 3&%$+ *4, &+  #$,(.( +9

&8!.%. "+ *4,/%$+ "4 )&($ +*. ,+.,%-%#&&! 3(4, +0&+-+, &% 3%,%;0+ +0 *4,3&4*9 34#* (0 (35,+ &% $(43+

"840+ A0+ $(43+ "8!3%#**+4, $(0*.%0.+ +. )#+0  %G.,#*!+ H3 (4 5µm +0 ,(4.#0+I1 2+ .+$60#$#+0

3&%$+ %&(,* $+..+ A0+ $(43+ /,%:#&+ *4, 40+ &% + "+  #$,(*$(3+ <4# %4,% 3,!%&%)&+ +0. !.! ,+$(4B

-+,.+ "840+ *(&4.#(0 "8+%4 +. "8%&)4 #0+9 &%<4+&&+ *+,% +0*4#.+ 3(*!+ *4, 40+ 3&%<4+ $6%4>%0.+ '

37oC1 @ $+..+ !.%3+ *8(35,+ 40 ,+$4#. "+ &% 3%,%;0+ <4# 3+," +0 !3%#**+4, "%0* &+* C(0+* 6(,*

"+ &% )#(3*#+1 @ &8%#"+ "840 3#0$+%49 &% .,%0$6+ "+ 3%,%;0+ $(0.+0%0. &% $(43+ "8!$6%0.#&&(0 '

%0%&7*+, +*. "!&#$%.+ +0. !.%&!+9 34#* &+ *4,3&4* "8+%4 +*. +0&+-!1 ?0+ /(#* <4+ &% 3%,%;0+ $(&&+

*4;*%  +0. ' &% &% +9 (0 &% 3&%$+ "%0* 40+ !.4-+ ' 50oC 3(4, A0#, "+ &% *!$6+, $( 3&5.+ +0.1

2+* !$6%0.#&&(0* 3,!3%,!* +.  #* ' 0(.,+ "#*3(*#.#(0 3%, &8!<4#3+ "+ J,40(  !"#$% HK!3%,B

.+ +0. "8@0%.( #+ L%.6(&(:#<4+9 MF3#.%& L(0.$6%#&&(49 NOPPOQI *(0. "+* $(43+* .#**4&%#,+*9

3,(-+0%0. "+ 3#5$+* (3!,%.(#,+*9 "+ 1cm2
3(4, 50µm "8!3%#**+4, +. *(0. #**4* "+ 12 3%.#+0.* ' "+*

*.%"+* "+ A),(*+* -%,#!*1 2+* )#(3*#+* +0 $(43+* 6#*.(&(:#<4+* (0. 40+ !3%#**+4, *.%0"%," "+ 5µm

+. *(0. #**4+* "+ 41 3%.#+0.*9 3,!*+0.%0. !:%&+ +0. 40+ A),(*+ 6!3%.#<4+ ' "+* *.%"+* "#-+,*1 K+*

$(43+* "+ 15µm +. 50µm "8!3%#**+4, (0. !:%&+ +0. !.! ,!%&#*!+* 3(4, &+* )+*(#0* "+ 0(.,+ !.4"+1

R(4* &+* 3,!&5-+ +0.*  #* ' 0(.,+ "#*3(*#.#(0 *(0. #**4* "+ 3%.#+0.* 3,!*+0.%0. 40+ A),(*+ "4 /(#+

$6,(0#<4+9 ' "#>!,+0.* "+:,!* "+ *!-!,#.!9 &#!+ %4S -#,4* "+* 6!3%.#.+* J (4 T9 (4 ' 40+ $(0*( B

 %.#(0 "8%&$((& +S$+**#-+1 2+ *+4& $,#.5,+ "#*$,# #0%0. # 3(*! 3(4, 0(* !.4"+* +*. 40 0#-+%4 "+

*.!%.(*+ /%#)&+ H< 5%I +. 40+ %)*+0$+ "+  %,<4%:+ %4S $(&(,%0.* 4.#&#*!* 6%)#.4+&&+ +0. 3(4,

!-%&4+, &+ *.%"+ "8%-%0$+ +0. "+ &% A),(*+1 28# %:+,#+  4&.#36(.(0#<4+ QMUVRLOW % !.! ,!%&#*!+

*%0* "!3%,%;0%:+9  %,<4%:+ (4 4.#&#*%.#(0 "+ &% + $(4-,+B()X+.1 2% "!.+, #0%.#(0 "+* *.%"+* "+

A),(*+*BY+.%-#, 3(4, $+* !$6%0.#&&(0* +*. ,!%&#*!+ 3%, 40  !"+$#0 *3!$#%&#*! *4, "+* $(43+* *!,#!+*1

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

P(.,+ *7*.5 + # %:+4, +*. $+&4# "!$,#. "%0* &+ $6%3#.,+ 2 "+ $+  %04*$,#.1 2+ &%*+, +*. %$$(,"!

' &% &(0:4+4, "8(0"+ "+ 810nm 3(4, .(4.+* &+* %$<4#*#.#(0*1 2+* # 34&*#(0* "+ 200fs %-+$ 40



 !" #$%&' (' $%))*+,-' ./&0))*0&' 1*& 20$&%3$%10' #45 "67

8/9'$:0;3 wxy(µm)(1) wz(µm)(1) wz(µm)(2)  !" #µm$

10× %&'( )*+, -./0 0.73 9.7 13.5± 0.3 1410

4× %&'( )+*+, -.1 1.83 60.8 65± 5 3525

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

(1)
1 )'&$23&$"4 /3&%!3/) )& 35$3/) 1/e () /3 PSF 2

'".' 67#"&68') 9.) '3 -"!2) '"$& :3.''$)44) ;,- <= >

(2)
1 ("44%)' )5#%!$2)4&3/)' >

?@A B ,632# () C.) () /D"*+),&$- ;?$)/( @- A$)E=0

 !"# $% &'(' ) )*+ $% 76MHz, -*+ (*.!&)-'%- /)&/".!)&%0%+ (!& "+% .!0% 1"!& $2*+$% -) "'%

!3!+ .! &*"% (*& %4*56%/ )7-8 9(&:- - !5).)-! )*+ $" .!-%&, .! (")--!+/% %- /*+- !+ %, ; 620mW ,

% .% 7!)-/%!" .!-%& %- %+3*<' 3%&- .2*56%/ )7 -'.%/ )*++' = !5.%!" >8?@8

A% -)B+!. CDE %- /*..%/ ' %+  &!+-0)--)*+ (!& "+ /*+$%+-%"& $2*"3%& "&% +"0'&)1"% 0.3 =FG4

HAIJK, L.<0("-@8 A! .*+B"%"& $2*+$% $2%#/) ! )*+ %- 5.*1"'% (!& "+ M. &% BG39 $% 2mm

$2'(!)--%"& =A!05$! N%-%!&/O L( )/-, J9@, % .! CDE %- /*..%/ '% ;  &!3%&- "+ M. &% (!--%45!+$%

; 405nm =10nm $% .!&B%"& ; 0)4O!" %"&, P$0"+$ L( )/-, Q*&R, HS@ (!& "+ (O* *0". )(.)/! %"&

= FG @ ; &%7&*)$)--%0%+  O%&0*'.%/ &)1"% =D!0!0! -" DTU>>@8 A2!/1")-) )*+ $%- )0!B%- CDE

%- &'!.)-'% %+ /*$!B% $% 1245) 8 A%- )0!B%- -*+ %+&%B)- &'%- !" 7*&0! &$H, -!+- /*0(&%--)*+,

$)&%/ %0%+ 3)! .% .*B)/)%. $% /*+ &V.% $" 0)/&*-/*(% =W."*3)%X >8Y/, L.<0("-@8 A! 3) %--% $%

5!.!<!B% " ).)-'% %- .! (."- .%+ % $)-(*+)5.%, /*&&%-(*+$!+ ; "+  %0(- $% &'-)$%+/% $" .!-%&

-"& .2'/O!+ )..*+ (!& ()#%. $2%+3)&*+ 10µs, -*) 2.62s (*"& "+% )0!B% (.%)+ /O!0( $% 512 × 512

()#%.-8 K!+- .% 5" $% /*"3&)& .% 0Z0% /O!0( 1"2"+ *56%/ )7 4×, !3%/ "+ *56%/ )7 10×, 9 )0!B%-

512×512 -*+ !/1")-%- !" *0! )1"%0%+ !3%/ "+% (.! )+% $% $'(.!/%0%+ %+X−Y =[\&]O\"-%&,

I%- .!&, 9..%0!B+%@8 H+ 0*+ !B% /*0(*-) % $%- )0!B%- %- %+-") % %^%/ "', %  &*+1"' (!& .!

&'B)*+ $2)+ '&Z /*&&%-(*+$!+ !" /O!0( $" 4× (*"& (%&0%  &% .! /*0(!&!)-*+ $%- !/1")-) )*+-8

A% B!)+ g $" _[` ! ' ' !  %+ )3%0%+ 0%-"&' %+ 7*+/ )*+ $% .!  %+-)*+ !((.)1"'% !" /*+ &V4

.%"& $!+- .% 5" $% 3'&)M%& .2'1"! )*+ gPMT ∝ (VPMT )
α

!3%/ .2%#(*-!+ α = 8, %+ !//*&$ !3%/ .!

3!.%"& $'$") % $% .! /*"&5% $" /*+- &"/ %"& (&'-%+ '% $!+- .! +* )/%  %/O+)1"% $" _[`8 C)B+!.*+-

)/) 1"% .! &%(&*$"/ )5).) ' $" (!&!0: &% B!)+ %-  &:- 5*++%8

a*"- !3*+- $*+/ /O*)-) $% /*+ &V.%& .% +)3%!" $2)+ %+-) ' $% .2)0!B% !/1")-% %+ 6*"!+ -"& .%

B!)+ $" _[`, %+ B!&$!+ "+% (")--!+/% .!-%& /*+- !+ %, /% 1") ! (*"& !3!+ !B% $% (%&0%  &% .!

/*0(!&!)-*+ $)&%/ % $%- 3!.%"&- $2)+ %+-) '- CDE8 a*"- +% 7!)-*+- 3!&)%& 1"% .% +)3%!" $% $' %/4

 )*+, !" *&)-!+ !)+-) "+% /*0(!&!)-*+ 1"!+ ) ! )3% $% .2)+ %+-) ' *5 %+"%8 _*"& .%- !/1")-) )*+-

!3%/ .%- *56%/ )7- 4× % 10×, .! (")--!+/% .!-%& $2%#/) ! )*+ %- M. &'% &%-(%/ )3%0%+ ; 0% % 

50%, /% 1") $*++% /*00% (")--!+/%- 0%-"&'%- ; .! -*& )% $%- *56%/ )7-, 106.6mW % 51.2mW 8

_*"& /*++!b &% (&'/)-'0%+ .% 3*."0% 7*/!. -*+$' (!& .%- *56%/ )7-, +*"- !3*+- 0%-"&' .% (&*M.

!#)!. wz $% .! _CW =$'M+) $!+- .% /O!() &% 2@ $%- $%"# *56%/ )7- (!& `_PW %+ " ).)-!+ "+% /*"/O%

0)+/% $% -*." )*+ 10−4mol/l $% I$&"4J!)(620 =P#/) *+, K!< *+, LD@ $!+- $% .2%!"8 J%- (&*M.-

!#)!"# wz *+ ' ' %- )0'- %+ !6"- !+ .%- $*++'%- $2)+ %+-) ' $% .! `_PW %+ 7*+/ )*+ $" (!- $%



 !" #$%&'()*+

 !"#$%  !" #  !  !"#$%!&'(')*& %+,$-(')./! 0!% PSF 2
0!% 0!/1 *23!+')4% /')5)%$% +*-"(#$!% 6 57$"()%%!/#

07/& $+,(&')55*& 0! 50µm8 "! 9#*:5% !1"$#)-!&'(/1 !& z 0!% *23!+')4% 4× ;•< !' 10× ;�<=

!' "#*:5 07)&'!&%)'$ !& > ;�< 07/&! ")?+! *"$#('*)#! ;#$< 0! 50µm 07$"()%%!/# #!+*&%'#/)'

6 57*23!+')4 10×8 @!% 5)A&!% +*&')&/!% +*##!%"*&0!&' (/1 (3/%'!-!&'% !B!+'/$% !' !1"5)+)'$%
0(&% 5! '!1'!8 %! C-(A!% 'D")./!% 07/&! ")5! !& > (+./)%! (E!+ 57*23!+')4 10×8 F(##! 07$+,!55! G
400µm8

 !"#$%&'&() &( z* +,-+ #./0",)/1+&  .-(& 2$34$)4,(  & 5,3'& 6$-++4&((&* &) %& "$3 #$ '!)/, &

 &+ ',4( 3&+ %$33!+ 784"5&#* 9::;$<= >.!"$4++&-3  &+ "41%&+ ,"!3$),43&+  & 5,4& /-'$4( 4'$?!&+ $

"- @)3& "3!%4+!'&() &+)4'!& &( $%A-!3$() -(& "4#&  .4'$?& B  4C!3&()&+ "3,5,( &-3+ D !"#$%&E

$2&% #.,FG&%)45 10×  .,-2&3)-3& (-'!34A-& 0.25= >$ 2$34$)4,(  .4()&(+4)! &+) #B $-++4 $G-+)!& "$3

#$ '!)/, &  &+ ',4( 3&+ %$33!+ "$3 #$ 5,3'-#&

p(z) =
1

2
A

[

erf

(

z − zi
wz

)

+ erf

(

zf − z
wz

)]

DH=9E

I&))& 5,3'-#& &+) 2$#$F#& ",-3 -(& %,-%/& '4(%& -(45,3'&  .!"$4++&-3 e B #$ "3,5,( &-3 z &) ",-3

-( "3,J#  & KLM 6$-++4&(= A &+) -(& 2$#&-3  .-(45,3'4+$)4,(  & #.4()&(+4)!* zi &) zf %,33&+",( &()

3&+"&%)42&'&() B #$ 2$#&-3 4(4)4$#& &) J($#&  & #$ "3,5,( &-3  .4'$?&34&* %& A-4 $'1(& zf = e+zi=

N,-+ $2,(+ %/,4+4  .-)4#4+&3 #$ 2$#&-3 )3,-2!& &O"!34'&()$#&'&() ",-3 wz= >$ 5,(%)4,( &33&-3

D'(()( *+,%#-),E &+)  !J(4& %,''&

erf(x) =
2√
π

∫ x

0
e−u

2

du DH=;E

>$ J?-3& H=;$E ',()3& #&+ "3,J#+ )0"4A-&+ &( z  .-(& "41%& ,"!3$),43&  .&(243,( 50µm  .!"$4++&-3

$4(+4 A-& #&+ PSF 2
 &+ ,FG&%)45+ -)4#4+!+ D%. 2$#&-3+  $(+ #& )$F#&$- H=PE= K,-3 #.,FG&%)45 4×* #$

",+4)4,(  & #.!%/$()4##,( $  - @)3& $G-+)! $2&% "3!%$-)4,( $- %&()3&  & #$ KLM  & #.,FG&%)45= Q,-+

#&+ )3$4)&'&()+  .4'$?&+ &) #&+ $($#0+&+ D+&-4##$?&+* +%,3&+ LR6E ,() !)! &C&%)-!+ $2&%  &+ +%34")+

STQ>TU  !2&#,""!+ $- +&4(  & #.!A-4"&=



 !" #$%&' (' $%))*+,-' ./&0))*0&' 1*& 20$&%3$%10' #45 "67

 !"!# $%&'(%)'*+ (, &% -.)/*(, (, 01*2,3 045

 !"#$ %&'(" !")$*+,) -*$ !"(+.(!*$ /* +',"* 0),1'/* /* $.'"(+2 3456 +'7$ /)&*-'!!'+$ /%+$

.*,,* !%",(* 7+* %!!"'.1* !-7$ 87%+,(,%,(&*6 %&*. -% !")$*+,%,('+ /97+ 0'/#-* $(0!-* !*"0*,,%+,

/* "*-(*" -9(+,*+$(,) 345 )0($*6 %7: /(;)"*+,$ !%"%0#,"*$ *:!)"(0*+,%7:< =* 0'/#-* *$, &%-(/)

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

8-9'-309: #45 '9 $%-$'-9&*90%- '- $%))*+,-'

>% 345 ),%+, 7+ !"'.*$$7$ +'+ -(+)%("* *, .'1)"*+, /* /(;7$('+6 -9(+?7*+.* /*$ /(;)"*+,$

!%"%0#,"*$ /*$ '@A*.,(B$ CD 6<<<E *, /* -% .'+.*+,"%,('+ *+ 1%"0'+'!1'"*$ $7" -9(+,*+$(,) 345

)0($* *$, /(F.(-* G *$,(0*" G .%7$* /* -% .'1)"*+.*< =*!*+/%+,6 +'7$ !'7&'+$ ,*+,*" 7+ .%-.7-

%!!"':(0%,(B 87( $*"% &%-(/)  !"#$%&'"&'< H+ *;*,6 ,'7,*$ -*$ (0%2*$ /* B'(* 0'+,"*+, 7+ B'",

/)$'"/"* /9'"(*+,%,('+ *, /* .'+.*+,"%,('+ /*$ "%0(I.%,('+$ /* .'--%2#+* I@"(--%("*< H+ '7,"*6 -%

J3K /*$ '@A*.,(B$ G B%(@-* '7&*",7"* +70)"(87* .'7&"* 7+* *:,*+$('+ %:(%-* *, -'+2(,7/(+%-* @(*+

!-7$ 2"%+/* 87* -*$ -'+27*7"$ /9'+/* /9*:.(,%,('+ ,L!(87*$< J%" .'+$)87*+,6 '+ !*7, $9%,,*+/"*

G .* 87* -9(+,*+$(,) )0($* ")$7-,* /97+* $'00* (+.'1)"*+,* /* $(2+%7: .'1)"*+,$ 2)+)")$ !%" /*

!*,(, %0%$ /* .'--%2#+* I@"(--%("*< =*,,* (+,*+$(,) $*"%(, /'+. !"'!'",('++*--* G mN2
6 %&*. N -*

+'0@"* /91%"0'+'!1'"*$ !")$*+, /%+$ 7+ %0%$ /* .'--%2#+* ';"%+, 7+* .'+,"(@7,('+ .'1)"*+,*

*, m ≈ CΩ6 -* +'0@"* /9%0%$ !")$*+, /%+$ -* &'-70* B'.%-< 3'7$ 7+* ,*--* 1L!',1#$*6 -9(+,*+$(,)

2-'@%-* *$, !"'!'",('++*--* %7 &'-70* Ω /* -% J3K6 *, /'(, $* .'0!'",*" *+ B'+.,('+ /* -9'7&*",7"*

+70)"(87* .'00* -9(+,*+$(,) 2)+)")* *+ ?7'"*$.*+.* *:.(,)* G /*7: !1','+$< D'7$ &)"(I*"'+$

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

*:!)"(0*+,%7:< >9(+,*+$(,) 345 !*7, $9)."("* .'00*

ISHG ∝ gPMT
2I20

∫

d3xP (x)C̄ CM<ME

'N gPM *$, -* 2%(+ /7 JO6 T *$, -% ,"%+$0($$('+ 2-'@%-* /7 /($!'$(,(B '!,(87* (0%2*7"6 C̄ -%

.'+.*+,"%,('+ *;*.,(&* *+ 1%"0'+'!1'"*$6

P (x) = exp(−(x2 + y2)/w2
xy)exp(−z2/w2

z)

*$, -* .%"") /* -% J3K6 $'7$ %!!"':(0%,('+ 5%7$$(*++* &%-(/* !'7" -9*:.(,%,('+ G /*7: !1','+$

PQ(!B*-6 R(--(%0$6 R*@@6 2003S6 *, I0 -9(+,*+$(,) /%+$ -* !-%+ B'.%-<

T%+$ -9%!!"':(0%,('+ !%"%:(%-* CB%(@-* /(&*"2*+.* /7 B%($.*%7 !%" "%!!'", G $'+ %:* /* !"'U

!%2%,('+E6 ωxy ≈ NA−1 *, wz ≈ NA−2< H+ $7!!'$%+, /%+$ 7+ !"*0(*" ,*0!$ 87* -9)!%($$*7" /*

-9).1%+,(--'+ *$, 2"%+/* /*&%+, -* !"'I- %:(%- /* -% PSF 2
6 -* &'-70* /* -% PSF 2

*$, /'++) !%"

Ω ≈ w2
xywz ≈ NA−46 *, I0 ≈ NA2

!'7" -9(+,*+$(,)< J%" .'+$)87*+,6 < I >∝ NA−4(NA2)2 *$,

(+/)!*+/%+, /* -9'7&*",7"* +70)"(87* /* -9'@A*.,(B .'+$(/)")6 .'00* .9*$, -* .%$ !'7" -% VJHK<



  ! "#$%&'()*

 !"# !$% &'(#)! *+,- (.+/0!"%#1 10× *'- !2!3*(!4 3'#$ *+,- (! 4×4 (.5*'#$$!,- e )! (.5"6'7%#((+7
)!&#!7% *!%#%! )!&'7% (.5%!7),! '2#'(! )! (' PSF 2

8e << wz94 !% $!,(!3!7% ,7! *'-%#! ), &+(,3!

)! (' PSF 2
"+7%-#/,! ', $#:7'(; <! &+(,3! !=!"%#1 fΩ $+7)5 )!&#!7% '(+-$

fΩ ≈ NA−2
∫ e/2

−e/2
exp

(−z2
w2
z

)

dz ≈ NA−4erf

(

e

2wz

)

8>;?9

'&!" f = erf
(

e
2wz

)

,7 1'"%!,- :5+35%-#@,!; A+%+7$ @,! erf(x) → 1 @,'7) x → ∞4 "! @,# !$%
&'(#)! @,'7) e >> wz;

B'- "+7$5@,!7%4 *+,- "6'@,! +/0!"%#14 (.#7%!7$#%5 *!,% $.5"-#-! "+33!

ISHG ∝ gPMT
2fC̄ 8>;C9

D+,$ )! %!((!$ 6E*+%6F$!$4 (.#7%!7$#%5 DGH :575-5! 7! )5*!7) ), NA )!$ +/0!"%#1$ @,.', %-'&!-$

), 1'"%!,- :5+35%-#@,! f 4 !% !$% *-+*+-%#+77!((! I ,7! "+7"!7%-'%#+7 !=!"%#&!; A+,$ *+,&+7$

)+7" !$*5-!- "+3*'-!- (!$ #7%!7$#%5$ !7%-! !((!$;

J7 ,%#(#$'7% ,7 5"6'7%#((+7 )!  !"#$%&'4 %E*#@,!3!7% ,7 5"6'7%#((+7 )! 1+#! $'#7 KL4 +7 "6+#$#% )!

-5:(!- (! :'#7 gPM ), BM )! 3'7#F-! I '&+#- ,7! #7%!7$#%5 3+E!77! < I >= rIsat4 r *!-3!%%'7%

)! N2!- ,7! #7%!7$#%5 )! -515-!7"!4 $,- %+,%! ,7! O+7! ).#7%5-P% +, QRS 8Q!:#+7 R1 S7%!-!$%94

"!%%! -5:#+7 ).#7%5-P% 7! "+3*+-%'7% @,! )!$ O+7!$ $'#7!$; T(+-$4 < I >= rIsat ≈ grT
2fC̄ref 4 !%

(.#7%!7$#%5 +/%!7,! '&!" "! :'#7 gr )! -515-!7"!4 *+,- ,7! ',%-! "+7"!7%-'%#+7 !7 "+((':F7! )+77!

ISHG

rIsat
=

C̄

Cref
8>;U9

<.#7%!7$#%5 7+-3'(#$5! !$% '(+-$ *-+*+-%#+77!((! I (' "+7"!7%-'%#+7 !=!"%#&! !7 "+((':F7! C̄4 !% I

(' &'(!,- ).#7%!7$#%5 )! -515-!7"! r;

+,-.&'&/. 0) r1 2$3,) 34( 0) 5$ 678 3$&.)

A+,$ '&+7$ 7+%5 @,! (! $#:7'( DGH :575-5 *'- (' "+7%-#/,%#+7 /'$'(! )! (' 3'%-#"! !2%-'V

"!((,('#-! ), 1+#! !$% %+,0+,-$ (' 3P3! 6+-$ )!$ O+7!$ *+-%'(!$4 !% "!4 #7)5*!7)'33!7% ), $%')!

M5%'&#- WH'#(6+,$%!4 XLYLZ;  !%%! *-+*-#5%5 )!$ -5:#+7$ 7+7 N/-+%#@,!$ *!,% '(+-$ P%-! !2*(+#%5!

!7 %'7% @,! -515-!7"! #7%!-7! *+,- "'(#/-!- (! 3#"-+$"+*!; <' N:,-! >;>'9 *-5$!7%! )!$ QRS )!

3'%-#"! !2%-'V"!((,('#-! $'#7! $,- ,7 5"6'7%#((+7 1+-%!3!7% N/-+$5 8$%')! K> M5%'&#-9;

<! :'#7 )! -515-!7"! ), BM !$% N25 I *'-%#- ).,7 5"6'7%#((+7 7+7 N/-+$5 8KL M5%'&#-94 )'7$

(! /,% ).+/%!7#- ,7! #7%!7$#%5 3+E!77! 5@,#&'(!7% I r = 4% )! %+,%! (' :'33! ).#7%!7$#%54 4% )!

40954 $+#% 164;  ! :'#7 )! -515-!7"! ), BM 5%'7% )5$+-3'#$ N254 7+,$ '&+7$ *'$$5 (!$ 5"6'7%#((+7$

)! *#F"!$ +*5-'%+#-!$ )! 1+#! 6,3'#74 )!$ )#=5-!7%$ $%')!$ KYVK> M5%'&#-; B+,- "6'@,! 5"6'7%#((+74

,7! $5(!"%#+7 )! C QRS 8)! 80 × 80pix9 )! MJ !$% !=!"%,5!4 !% (!,-$ #7%!7$#%5!$ 3+E!77!$

$+7% "'(",(5!$; <' )#$*!-$#+7 )! "!$ #7%!7$#%5$ 3+E!77!$ !$% *-5$!7%5! $+,$ (' 1+-3! )! [/+\%!$



 !" #$%&' (' $%))*+,-' ./&0))*0&' 1*& 20$&%3$%10' #45 """

 !"#$%  ! "  ! "#$%&'$ ($ )*'$+,-./ ($ 6 012) 380 × 80 &-#$')! ($ 4"5 ) -/$ )67 6/$ -% 8$ 9:; 4×
3<= -+-!> ?! @-)&$7)-./ ($ 'A-/,$/)-,* %.B$//$ ($) (-C*7$/,$) 012) ($ 4"5 )*'$+,-.//*$) )67

(-C*7$/,$) -% 8$) D ,.6) '$) ), ($) <E4*, F-7> G$ 8 -/ (6 H4 $), '$ %I%$ &.67 ,.6) '$)

*+J /,-''./) D 6/ 87.))-))$%$/, (.//*K $,  *,*  L6),* &.67 .?,$/-7 r = 4% 3).-, < ISHG >=

164K 7$&7*)$/,* & 7 ' '-8/$ J.7-M./, '$! )67 6/ *+J /,-''./ <N>

 !"#$%&'()* +,#-) ./.01/ 2& 3&4)#- !"5)66)7 "# 4& !89:&6) 9) ')$ :6%)6$:%8$7 ;"#- '(&<#)

8'(&6%:44"6 )% ;"#- 4)$ 9)#= "0>)'%:?$ 10× )% 4×7 $"6% %"#>"#-$ %-@$ ;-"'()$ 9) 4& 3&4)#- r = 164

&%%)69#)/ A) -8$#4%&% )$% #6) ?"-%) :69:'&%:"6 <#) 4& BCA 6"6 +0-"$8) & #6) 9:$%-:0#%:"6 )6

'"44&,@6) <#&$:!)6% #6:?"-!)/

D4 3:)6% 9EF%-) !"6%-8 <#) 4& BCA 9E#6 8'(&6%:44"67 <#E:!;"-%) $"6 $%&9) 9) +0-"$)7 ;)#%GF%-)

#%:4:$8) ;"#- 98+6:- 4) ,&:6 gr 9) -8?8-)6')/ A);)69&6%7 :4 )$% ;-8?8-&04) 9E)H)'%#)- ') '&4:0-&,)

&3)' #6 8'(&6%:44"6 $&:6 IJ/ K&6$ 4& $#:%) 9) ') '(&;:%-)7 6"%-) !:'-"$'";) )$% :!;4:':%)!)6%

'&4:0-8 9) ')%%) !&6:@-)7 $&#? !)6%:"6 '"6%-&:-)/ A) '&4:0-&,) 9":% F%-) )H)'%#8  '(&<#) ?":$ <#)

4)$ 8'(&6%:44"6$ 9:H@-)6% $":% ;&- 4)#-$ %5;)$ L;:@')$ ";8-&%":-)$ '(:-#-,:'&4)$ "# 0:";$:)$17 $":%

;&- 4)#-$ 8;&:$$)#-$/

6%21*&*03%- ('3 0-7'-30783 4× '7 10× 39& (' )* :;6 3*0-'

D4 )$% !&:6%)6&6% ;"$$:04) 9) 38-:+)- 4& 3&4:9:%8 9)$ 8<#&%:"6$ ./M )% ./N/ C6 6) $84)'%:"66&6%

<#) 9)$ -8,:"6$ 9E:6%8-F% 9) !&%-:') )=%-&G')44#4&:-) $&:6)7 4& 3&4)#- 9# OB LV 1 & 8%8 &>#$%8)

;"#- "0%)6:- #6) $#:%) 9E:!&,)$ 9E:6%)6$:%8$ !"5)66)$  27 37 4 )% 5% 9) 4& ,&!!) 9E:6%)6$:%8

%"%&4)/ 2)$ :!&,)$ !)6&6%  9)$ :6%)6$:%8$ !"5)66)$ $#;8-:)#-)$ "# 8,&4)$  6% 6E"6% ;&$ 8%8

-)%)6#)$ '&- 4) ,&:6 9# OB '"-)$;"69&6% :6%-"9#:$&:% #6 6:3)&# 9) $&%#-&%:"6 %-"; 84)38/ 2) ,&:6

9# OB )6 ?"6'%:"6 9) 4& %)6$:"6 9E&4:!)6%&%:"6 )$% 9"668 9&6$ 4& 9"'#!)6%&%:"6 '"6$%-#'%)#-

;&- gPM ≈ (VPM/1000)
8
/ P"#$ &3"6$ 38-:+8 )=;8-:!)6%&4)!)6% 4& 3&4:9:%8 9) 4E)=;"$&6% 8/

2)$ :!&,)$ %5;:<#)$ 9) ')$ &'<#:$:%:"6$ $"6% 9"668)$ +,#-) ./Q&1 )% 01/

C6 $#;;"$&6% <#) 4E8<#&%:"6 ./N )$% 3&4:9) )% <#) 4& '"6')6%-&%:"6 )H)'%:3) C̄ref )6 '"44&,@6)

9&6$ 4& BCA $":% :698;)69&6% 9# $%&9) 9E83"4#%:"6 9) 4& +0-"$) 9)$ 8'(&6%:44"6$ '"!!) 4E:69:<#)



  ! "#$%&'()*

 !"#$%  !" #  !"#$% &'( )$ *" +,- ."%"*$ /012 )3452$67% #"36% )1 8+ 9022$%/06)"67 : r = 2; 3; 4 $7

5% < "= 0.>$973? 4×−NA0.1 @ .= 0.>$973? 10×−NA0.25 @ 9= ("36% )1 8+ 9022$%/06)"67 @

)= -0225*"7306% $672$% *$% #"36% )1 8+ /012 *$% 0.>$973?% 4× $7 10×A

 ! "#$%& '(')*+ ,- .&$/ 01!//&-2%& 3 4& 5$&  & #!6- 2$ 78 0,6/ $-& 9,-4/6,-  6-:!6%& 2& r( ;&46

&0/ <:%6":+ 4,==&  & =,-/%&  ! "#$%& '(>4*+ ,?  &0 2&$@ 0:%6&0 2& #!6-0 g4×r &/ g10×r + <!%6&-/

 6-:!6%&=&-/ !<&4  & -6<&!$ 216-/&-06/: =,A&--& r B4,%%: !/6,-  6-:!6%& !<&4 R2 = 0.998*(

C& =!-6D%& . $0 #:-:%! &+ .,$% 4E!5$& <! &$% 2& r+  &0 E60/,#%!==&0 216-/&-06/:0 2&0 ,)F&4/690 4×
&/ 10× 0,-/ 4,=.!%!) &0( ;& ! 6-265$& 5$& 0$% 4&0 %:#6,-0 21G;8 -,- ")%,/65$&0+  & 4,  !#D-&

&0/ 260/%6)$: $-69,%=:=&-/ !$@ 2&$@ :4E&  &0 0,-2:&0 .!%  &0 2&$@ ,)F&4/690(

C& . $0+ &- $/6 60!-/  1:5$!/6,- '(H+  &0 #!6-0 2$ 78 =&0$%:0 0,-/ 0&-0:0 0$6<%&  ! %& !/6,-

0$6<!-/& I

g10×r =

(

T4×
T10×

)2

f4×g
4×
r B'(J*

K& 9!4/&$% #:,=:/%65$& f = erf
(

e
2wz

)

2&  1,)F&4/69 4× &0/ ≈ 0.41+ &/

(

T4×

T10×

)2
≈ 4.33 !"#$%

&"'()% *$+',# '"-. g10×r ≈ 1.8g4×r  /"&&% )% &"-#$% )0 123$% 4 5'67 )0 ."$$+)0#,"- %-#$% )%8 20,-8

0938#+8 *"3$ )%8 ":9%.#,;8 4× %# 10× %8# ),-+0,$% <R2 = 0.99267 0=%. 3-% *%-#% ≈ 1.95 /%##% =0)%3$

%8# )+2($%&%-# 83*+$,%3$% > .%))% *$+',#% *0$ -"#$% &"'()% ?)38,%3$8 $0,8"-8 *%3=%-# %@*),A3%$ .%#

+.0$# B C,D )0 ."-.%-#$0#,"- %- ."))02(-% '%8 E"-%8 '% FG/ 8+)%.#,"--+%8 *%3# )+2($%&%-# =0$,%$7

)%8 ":9%.#,;8 4× %# 10× -% 8"-'0-# *08 )% &H&% =")3&% I C,,D )0 ."))%.#,"- '3 8,2-0) JKL *%3# H#$%

',M+$%-#% 'N3- ":9%.#,; > )N03#$%7 )%3$8 "3=%$#3$%8 -3&+$,A3%8 +#0-# ',M+$%-#%8 I C,,,D )0 ."$$%.#,"-

2+"&+#$,A3% '0-8 )NOP*"#O(8% '3 *$"1) L0388,%- %8# 8%3)%&%-# 3-% 0**$"@,&0#,"- I C,=D )%8 %M%#8

'% ."O+$%-.%7 -+2),2+8 '0-8 -"#$% &"'()%7 *%3=%-# ,-#$"'3,$% 3-% '+*%-'0-.% %- NA 

Q,%- A3N,) P 0,# 3- *%#,# +.0$# %-#$% -"#$% &"'()% %# )N%@*+$,%-.%7 )%8 '"--+%8 8"-# ;"$#%&%-# ."$R

$+)+%8 ),-+0,$%&%-#7 0))0-# 0,-8, '0-8 )% 8%-8 '%8 OP*"#O(8%8 +&,8%8 *"3$ '+=%)"**%$ -"#$% &"'()% 

J3,=0-# )0 &H&% &+#O"'")"2,%7 )N,-S3%-.% '3 ;0.#%3$ 2+"&+#$,A3% f <0**0$0,880-# '0-8

)N+A30#,"- 4 56 %8# > *$+8%-# =+$,1+% /%##% +#3'% %8# :08+% 83$ 3-% 8+$,% '% #$",8 ."3*%8 O,8R

#")"2,A3%8 8+$,+%8 'N+*0,88%3$8 57 15 %# 50µm $%8*%.#,=%&%-#7 ,883% '% ."3*%8 O,8#")"2,A3%8 '%



 !" #$%&' (' $%))*+,-' ./&0))*0&' 1*& 20$&%3$%10' #45 ""6

 !"#$!%$ &% #'(!%)($ * &%+, $('&%$ -.('/!0 &!1.0%)($2 34 %( 356 7) %,%8#9% &:';<+!$!(!") &% ;%$

.;=')(!99")$ %$( &")). >?+0% 56@'A;B #"+0 +) #'(!%)( '+ $('&% 356

 !"#$%  !" #  !"#$% &'( )$ *+,-$% ./%0+1+#/2,$% %34/3$% )5,6$ 7/+-%/$ )$ -"0/$60 ", %0")$ 89 :30";/4 <

"= 5µm > 7= 15µm > *= 50µm > )= ?+4431"0/+6 $604$ 1$ #"/6 ), @: $0 15/6;$4%$ ), A"*0$,4

#3+!304/2,$ f B9CD=C

C"88% 9%$ (0"!$ .;=')(!99")$ ")( +)% .#'!$$%+0 &!1.0%)(%$2 9' ;'9! 0'(!") &+ ?'!) &+ D- #"+0

" (%)!0 IMEC ≈ 164 %$( %1%;(+.% * ;='<+% E"!$6 F) $:'((%)&2 /!' 9:.<+'(!") 56@2 * ;% <+% 9% ?'!)

&+ D- $"!( #0"#"0(!"))%9 * 1/f 2 $"!( gPM ∝ 1/f 6 C"88% 9:!)&!<+% 9' >?+0% 56@&B2 ;%;! %$( /.0!>.

#"+0 9%$ &%+, $.0!%$ &:.;=')(!99")$ 34 %( 35 #+!$<+% 9%$ &!1.0%)($ ?'!)$ &+ D- 8")(0%)( +)%

 "))% ;"00.9'(!") 9!).'!0% '/%; 9% E';(%+0 ?."8.(0!<+% 1/f GR2 = 0.997 %( 0.9942 0%$#%;(!/%8%)(B6

C%$ 0.$+9('($ &.8")(0%)( 9' #%0(!)%);% &% 9:.<+'(!") 56@ #"+0 ./'9+%0 9:!)(%)$!(. &+ $!?)'9 HIJ

.8!( #'0 9% E"!% =+8'!)6

7%21*&*03%- ('3 3$%&'3 4× '8 10×

K9 ' .(. 8")(0. &')$ 9' #'0(!% #0.;.&%)(% <+% )"(0% 8"&L9% #"+0 &.;0!0% 9:!)(%)$!(. HIJ ?.A

).0. #'0 9% E"!% =+8'!) G.<+'(!")$ 56@ %( 56MB (0'&+!(  !%) 9%$ 0.$+9('($ %,#.0!8%)('+, !$$+$ &%

 !"#$!%$ %) ;"+#%$ =!$("9"?!<+%$2 $')$ 8'0<+'?% #0.'9' 9%6 N' &%0)!L0% .('#% %$( &% ;"8#'0%0

9%$ /'9%+0$ &% $;"0%$ HIJ &.>)!$ #'0 9:.<+'(!") 56O #"+0 9%$ 8P8%$ Q")%$ &:!)(.0P($ &% &!1.0%)($
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 ! "#$%&# '# ()*"+ $%,((-$. /!,0 !$# &#"-$0%&!"%,-$ #0% #1#"%!*#2

3#0 '#!4 *% /#0 5&* (,0 %,-$ '),6 7#0 "-$%,78#0 #% &#"-$0%&!"%,-$9 0-$% #$%,:&#6#$%  !%-6 %,0*#0.

;, < =>?@A /-!& () "B!,0,%,-$ '#0 /,(#0 '),6 7#0  ;#" (# "-$%&C(# '# ( /( %,$# '# '*/( "#6#$%

5x, y9 DE&F+ 8F#&. #% ;, D %( = /-!& ( &#"-$0%&!"%,-$ '#0 ,6 7#0 10×  ;#" /-!& &#$'!. !$#

,6 7# '# ( 6G6#  ,&# B!) ! 4×2
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/-00,=(# (#0 F-$#0 0 ,$#0 #% I=&-0*#02 J,$0,. 0!& '#0 ,6 7#0 4× #% 10× '# =,-/0,#0 "+,&,&7," (#0

I=&-0*#0  "B!,0#$% ' $0 (#0 "-$',%,-$0 '),6 7#&,# /&*'*I$,#0.  ;#" (# 7 ,$ '! '#%#"%#!& /#&6#%K

% $% '# I4#& (),$%#$0,%* 6-L#$$# 7*$*&*# / & ( D@3 0 ,$# H 4% '# (),$%#$0,%* 6 4,6 (# 0 %!&*#.

$-!0  ;-$0 0*(#"%,-$$* '#0 F-$#0 $-$ I=&-0*#0 5MN9 #% I=-0*#0 5N92 <#0 +,0%-7& 66#0 '# "#0

F-$#0 '),$%*&G%0 0-$% /&*0#$%*0 I7!&# O2P2

Q-!& *(,6,$#&  ! 6 4,6!6 ( "-$%&,=!%,-$ '#0 F-$#0 0 ,$#0. $-!0  ;-$0 "+-,0, '# I4#& ( 

; (#!& '# 0#!,(( 7# '#0 ,6 7#0 H 25% '# (),$%#$0,%* 6 4,6 (#. 0-,% !$ 0#!,( '# 10242 @$ #1#%. -$

"-$0% %# 0!& (#0 +,0%-7& 66#0 '),$%#$0,%* '# ( F-$# MN 5I7!&# O2P9. '-$" 0 ,$#. B!# ( 7& $'#

6 R-&,%* '#0 "-$%&,=!%,-$0 #$ ,$%#$0,%* 0# %&-!;# 0-!0 ( = &&# '# 1024. B!# "# 0-,% /-!& !$#

,6 7#  "B!,0#  ! 4× -!  ! 10×2 S# /(!0. 6G6# #$ *(,6,$ $% (#0 ,$%#$0,%*0 #$ '#00-!0 '# 25% '#

Tsat. !$# T-&%# "-$%&,=!%,-$ '#0 F-$#0 I=&-0*#0 #0% "-$0#&;*#2

S#0 ,6 7#0 UVW %L/,B!#0. /-!& '#!4 *"+ $%,((-$0 NX #% NO. 0-$% /&*0#$%*#0 I7!&# O2Y 9 5#$

"-(-$$#92 Z,#$ B!) ! $,;# ! 0/ %, (. ()*"+ $%,((-$$ 7# 0-,% ',1*&#$% 55122 #% 13002 /,4#(0 /-!&

(#0 ,6 7#0 4× #% 10× &#0/#"%,;#6#$%9. (#0 ,6 7#0 0#6=(#$% %&:0 0,6,( ,&#02 3#( ,$',B!# B!# (#0

 7&*7 %0 '# "-(( 7:$# 0-$% &#( %,;#6#$% +-6-7:$#0 H ()*"+#((# '# ()*/ ,00#!& '# $-0 *"+ $%,((-$0

5≈ 50µm92 3#%%# "-$0% % %,-$ #0% "-+*&#$%#  ;#" (# T ,% B!# ( % ,((# %L/,B!# ')!$# %#((# 0%&!"%!&#

'# "-(( 7:$# #0% '# B!#(B!#0 "#$% ,$#0 '# 6,"&-$02 Q & "-$0*B!#$%. ,( $)#0% / 0 *%-$$ $% B!)!$#

 ,&# /&-R#%*# ') 7&*7 %0 '# "-(( 7:$# -=%#$!# H / &%,& '# 0"-&#0  "B!,0  !4 -=R#"%,T0 4× #% 10×



 !" #$%&' (' $%))*+,-' ./&0))*0&' 1*& 20$&%3$%10' #45 ""6

 !"#$%  !" #  !"#$%"& '()#*+"& ,-. */! +01&&)&&"#"23& 4× "3 10× *4"5 r = 4%6 7" 58*#$& 3.4×3.4mm
"&3 %" #9#" $1/0 %"& '"/! 1:;"53)<& =/2" )#*+" 10× >3*23 /2" 51#$1&)3)12 '" 9 )#*+"&?6

 2 51%122" @  ! A#*+"& :0/3"& ,-. *4"5 r = 4% B "! A#*+"& &"/)%%>"& *4"5 tr = 1024 B #!

C"512&30/53)12& DE 100 × 100 × 50µm 5100"&$12'*23& */! CFA& 0"$0>&"23>"& "2 ;*/2" &/0

%"& )#*+"& ,-. 10×6

 !"#$%  " &#  #'()*$% + ,# -!$ %*% # % -!$.&'/ 0*& )* .12&# 3+4-56 !7 )# &#-!$ %&2-%"!$ 8# 

*-92" "%"!$ *2 10× #$ :!)2'# '!$%&#$% 2$# ;!&%# &#  #'()*$-# *:#- )# 0&!<#-%"!$ =>+

?$# ;!" )# &#-!$ %&2-%"!$ 8# "'*1# 10× #@#-%2/# 6 )#  -!&#  !$% 8!$- -*)-2)/ #$ 0*&%*$%

8A2$  #2") tr/r6 !7 t4% = 1024 # % )#  #2") 2%")" / 0!2& r = 4%+

B* -!&&/)*%"!$ #$%&# )#  -!&# * /%/ 92*$%"./# C )* ;!" 0*& )# -!#D-"#$% 8# -!&&/)*%"!$ 8#

E#*& !$ #% )# -!#D-"#$% 8# -!&&/)*%"!$ 8# -!$-!&8*$-# ρL 8# B"$ FB"$6 GH4HI J FB"$6 =KKKI+ L*$ 

&#$%&#& 8*$ )# 8/%*") 6 )# -!#D-"#$% 8# -!&&/)*%"!$ 8# E#*& !$ R '# 2&# -!''#$% 8#2M 92*$%"%/ 
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X  ! Y "#$! %&$'(&) * $! +#))'%' " ,Y = aX + b + ǫ #- ǫ ) .)'" $! /$ 0)/&!12 3$ 4(&!5 .%/" % "

6/($!&!'" X  ! Y "#$! %&' "  $!)  %% " %&$'(&) * $!5 .%/" % +# 7+& $! 8 9 ()"#$ |R| " )( .)#+: 

8 %;/$&!'5 6/ %% 6/ "#&! %( . $! a #/ %;#)8#$$' < %;#)&=&$ b2 > +# 7+& $! 8 +#))'%(!&#$ 8 

+#$+#)8($+ 8 >&$ ρL * "/) "& X = Y +ǫ ? + 6/& +#)) ".#$8 < /$ +#))'%(!&#$ %&$'(&) (@ + /$ 

. $! 8 1  ! /$ #)8#$$' < %;#)&=&$ $/%% 2 9() +#$"'6/ $!5 ρL " )( .%/" (8(.!' .#/) '@(%/ ) "&

8 /A "+#) " "#$! '=(/A2 B% . /! '=(% * $! C!) *#$!)' 6/ ρL ≤ |R|5 )'"/%!(! &$!/&!&4  $ .()!($!

8/ .)&$+&. 6/;/$ *#8 8 +#))'%(!&#$ %&$'(&) ='$')(% ,9 ()"#$1 #D) .%/" 8 E A&0&%&!' .#/)

+#))'% ) 8 /A  ".F+ " 6/;/$ +#$8&!&#$ 0 (/+#/. .%/" "!)&+! 5 +: )+:($! < +#))'% ) 8 " 8#$$' " % 

%#$= 8 %( 0&"" +!)&+ 8 . $! 1 .(""($! .() %;#)&=&$ ,>&$12
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8&D') $!" "+#) " .#/) % " +#/.% " r  ! tr 8#$$'" "#$! !)F" "&*&%(&) "2 > " +# 7+& $!" 8 R 9 ()"#$
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 !" #$%&' (' $%))*+,-' ./&0))*0&' 1*& 20$&%3$%10' #45 ""6

r 2% 3% 4% 5%

tr 512 768 1024 1280

4× 4% !" 4× r # a $%&'(&) .963 .994  1.02

# R $*&+,"-') .999 .999  .999

# ρL $./') .998 .999  .998

10× 4% !" 10× r # a .936 .989  .980

# R .998 .999  .999

# ρL .990 .999  .999

4× r !" 10× r # a .990 .996 .992 .976

# R .997 .996 .993 .993

# ρL .997 .996 .993 .993
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 !!"#$%&#'( )* "% +,&-')* )* .$'/*

012 3 "4,5%"6%&#'( )* "% 78/'.*

-,!%&#96* $-*: "41'++*

I ! "#" $%&#'" (!&)  ! *!'#+, *'"-"(,&#, ./,  ! $+-'%)-%*+, 012 *,'$,# (3%4#,&+' /& )-%',

'"*"#!4 ,5 6!4 , ,# '%4/)#,5 (/ -%  !78&, 64'+  !+', (!&)  , 9%+, :"*!#+./,; <%#', *'%#%-% ,

,=*"'+$,&#! (3+$!7,'+, ,)# 4!)" )/' /&, -%$4+&!+)%& 4+,& -:%+)+, ,&#',  , &+>,!/ (, 7!+& gr (/

("#,-#,/'5 ,# /& ),/+ t *,'$,##!&# (, 4+&!'+),'  3+$!7, 012 +))/, (, -,##, ("#,-#+%&; ?%/#,)  ,)

!-./+)+#+%&) '"! +)",) *%/' -,##, "#/(, ',)*,-#,&# (,) -%&(+#+%&) (3+$!7,'+, #,  ,) ./,  3+&#,&)+#"

(/ )+7&! (, ),-%&(, :!'$%&+./, "$+), *!' /&, @%&, )!+&, (,  ! ABC )!+&, (/ 9%+, "7! , 4%

(,  ! >! ,/' $!=+$! , (,  ! 7!$$, (3+&#,&)+#" (+)*%&+4 ,; D>,- -,##, ),&)+4+ +#" (, ("#,-#+%&5  ,

),/+ (, 4+&!'+)!#+%& (,) +$!7,) 012 *%/' "#!4 +'  , )-%', ,)# (, 25%; C,##, -%$4+&!+)%& !-./+E

)+#+%&F),/+  !7, *,'$,# (, )3!G'!&-:+' (,  ! -%&#'+4/#+%& (,  ! $!#'+-, ,=#'!E-,  / !+', H)!+&,H;

<%/) !** +./%&) (")%'$!+) -,##, $"#:%(, (, )-%'+&7 012 ,& '%/#+&, )/' (,) -%/*,) :+)#% %E

7+./,) (, 4+%*)+,) :"*!#+./,) (, 5µm (3"*!+)),/'; I,) (+G"',&#,) !(!*#!#+%&) &"-,))!+',) J -,##,

!** +-!#+%& )%&# (+)-/#",) *%+&# *!' *%+&#; B&6&5 -,##, $"#:%(, (, )-%'+&7 012 ,)# -%$*!'",

!>,- /& *!&, (, $"#:%(,) *'"E,=+)#!&#,)5 ("$%&#'!&# !+&)+  ! >! +(+#" ,#  ! *,'#+&,&-, (, -,##,

#,-:&+./, (3+$!7,'+, *%/' (,) !** +-!#+%&) 4+%$"(+-! ,);
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 !" #$%&'( #)* (+& ,-%.(-'( '/ $%+.'( 0-(1%2%3-4+'( 5
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 !"# $%&&#% %' ()*+% '!&#% $,&-!.% .% /+!#0'1 234 %' #!"&0'% /"# .%/ 50!(/0%/ -,(*&06"%/

%' 7"% .8"'% *(()0+*&0!' 50!$,.0+*)%9 '!"/ *7!'/ .,7%)!((, "' (#!&!+!)% .8*+6"0/0&0!' ("0/ .%

&#*0&%$%'& .80$*1%/: ;!"/ (#,/%'&!'/ .*'/ +%&&% (*#&0% )* .%/+#0(&0!' .% +% (#!&!+!)% %& )8*(()0<

+*&0!' .% '!&#% $,&-!.% .% /+!#0'1 234 = )8,&".% .8"'% /,#0% .% +!"(%/ -0/&!)!106"%/ .% 5µm9

6"0 %/& )8,(*0//%"# /&*'.*#. .%/ +!"(%/ ,&".0,%/ (*# )%/ $,.%+0'/ *'*&!$!(*&-!)!10/&%/ )!#/ .%

)8,7*)"*&0!' .8"' /&*.% .% >5#!/%: ;!"/ +!$$%'?!'/ (*# @"/&0>%# )% +-!0A .% )8!5@%+&0B 0$*1%"#

"&0)0/, (!"# +%&&% *(()0+*&0!' %' &%#$%/ .% #,/!)"&0!' %& .8,+-*'&0))!''*1% /(*&0*): ;!"/ (#,/%'<

&!'/ %'/"0&% "'% ,&".% .% (-!&!&!A0+0&, .% )8%A+0&*&0!' 50(-!&!'06"% *" /%0' ." B!0% -"$*0' %'

B!'+&0!' .% )8!5@%+&0B "&0)0/,: C%/ 50!(/0%/ ,&*'& %'#!5,%/ .*'/ .% )* (*#*D'%9 %& )* (*#*D'% ,$%&<

&*'& .% )* 2349 '!"/ ,&".0!'/ /!' 0'E"%'+% /"# )* $,&-!.% .% /+!#0'1: ;!"/ (#,/%'&!'/ %'>' )*

$,&-!.% .% &#*0&%$%'& .80$*1% 6"0 '!"/ (%#$%& .% .,&%#$0'%# (#,+0/,$%'& )%/ F!'%/ .% )80$*1%

!++"(,%/ (*# )%/ 50!(/0%/9 %' "&0)0/*'& )8*+6"0/0&0!' G HI (!"# '% >'*)%$%'& (#%'.#% %' +!$(&%

6"% )* +!'&#05"&0!' ." +!))*1J'% >5#0))*0#% *" /+!#% 234:
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,#$%-('../-0

C* 6"*#*'&*0'% .8,+-*'&0))!'/ .% 5µm .8,(*0//%"# $0/ = '!&#% .0/(!/0&0!' (*# )% .,(*#&%$%'&

.8*'*&!$0% (*&-!)!106"% .% )8-K(0&*)  !'&+-*0))!" .% LH;;H2 !'& &!"/ "'% )!'1"%"# .% 20mm

*" $0'0$"$9 +%&&% )!'1"%"# $0'0$*)% ,&*'& #%+!$$*'.,% (!"# M&#% /01'0>+*&07% *" '07%*" .%

)8,+-*'&0))!''*1% %' 7!)"$% ." B!0%: N%&&% /,#0% .8,+-*'&0))!'/9 70%#1% .% &!"& $*#6"*1% O#!"1% 20<

#0"/ !" *"&#%P9 (#!70%'& .% +!"(%/ -0/&!)!106"%/ /,#0,%/9 +8%/& = .0#% 6"% (!"# "' /%") (#,)J7%$%'&9

()"/0%"#/ +!"(%/ /!'& #,*)0/,%/9 (%#$%&&*'& .8%Q%+&"%# ()"/0%"#/ &%/&/ .*'/ )% 5"& .8!(&0$0/%# )%

.0*1'!/&0+: N%&&% /,#0% .% (*&0%'&/ * ,&, +-!0/0% +*# %))% (%#$%&&#* .% +!$(*#%# )%/ /+!#%/ 234

*7%+ &!"&% "'% 5*&&%#0% .8*"&#% $%/"#%/ OI05#!&%/&9 I05#!/+*':::P:  #,+0/!'/ 6"80) '% /8*10& 6"%

.8"'% ,&".% (#,)0$0'*0#% 6"0 .%7#*0& M&#% +!$(),&,% (*# )8,&".% .8"'% /!0A*'&*0'% .8*"&#%/ (*<

&0%'&/9 (!"# M&#% ()"/ /01'0>+*&07% ." (!0'& .% 7"% /&*&0/&06"%:

N!'&#*0#%$%'& = )8,&".% *R*'& (%#$0/ .% 7*)0.%# '!&#% $,&-!.% 2+!#% 234 /"# .%/ 1#*'.%/

(0J+%/ !(,#*&!0#%/ O1cm2
%'70#!'P9 )%/ 50!(/0%/ %' +!"(%/ -0/&!)!106"%/ /!'& 50%' ()"/ (%&0&%/9

+!$$% )80))"/&#% )* >1"#% S:T: U"% )8!' *+6"0%#& "'% 0$*1% .8"'% 50!(/0% = )8*01"0))% *7%+ "'

!5@%+&0B 4× !" 10×9 )% +-*$( .% )80$*1% '% +!"7#% @*$*0/ &!"& )8,+-*'&0))!': V0'/09 )80$*1% 234
.8"'% 50!(/0% %' +!"(% -0/&!)!106"% +!$(!#&% "'% F!'% +!'&%'*'& "'% (!#&0!' .% 50!(/0%9 $*0/

)* $*@!#0&, .% )80$*1% %/& !++"(,% (*# .% )* (*#*D'%9 -!#/ ,+-*'&0))!' 50!)!106"%:
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 !"#$%  !" #  ! "#$% & '(#) *+ ,'#%('+( -.'&/&0'- 1+ +2 3 14 '0/'11+5 6+( - &&7( +) %#')2'117( %&7-'(+ 1+

-. $% '$ 07 % & /) #,8+-2'9 4× : ,! ;$ 0+( <=> ?@ABC +) &#/0+ +2 DE= +) F+&2! *+ %'G-+(

#%7& 2#'&+( ? !!  /H (2 *+( CI +2 CJ  -K/'(+(  F+- /) #,8+-2'9 4×5 -! ;$ 0+( <=> ?@ABC

+) &#/0+ +2 DE= +) F+&2! *+ -#/%+( .'(2#1#0'K/+( *+ ,'#%('+( ?"! 3 14 '0/'11+L (2 *+( CI +2

CJ  -K/'(+(  F+- /) #,8+-2'9 4×5 > &&+( *47-.+11+( ,! +2 -! M 500µm5

80%-9 :' 26 &;(%2+1-%/ '1 :' 2<;$06/1-22%//63' (.61-62 .%+& 2' ($%&-/3 #)*

 !"#$%&!' ()*%+!' +",+,'!&# -.!/!0#*!" *& (01$&#%22,&&$3! !41$*'#%5 -! 2$ 6$#%7"! 8%,2,3%)*!9

!& %6$3!$&# 2! :,2*6! !&#%!" -! 2.(01$&#%22,& $:!0 *&! #"7' 5,"#! "(',2*#%,&9 0.!'# ; -%"! $:!0 -!'

,8<!0#%5' -! 5,"# NA =NA > 1>? @! 8*# !'# (:%-!66!&# -! 0,22!0#!" 2! 6$4%6*6 -.%&5,"6$#%,&'

+,''%82! AB#"*+2!"9 CDDEF G AH!&$9 CDDEF?  !' $++",01!' #"7' +"(0%'!' ',&# &($&6,%&' 0,I#!*'!' !&

#!6+' -.$0)*%'%#%,&9 !'+$0! 6(6,%"!9 #!6+' -! #"$%#!6!&# -.%6$3! !# -.!4+2,%#$#%,& -!' -,&J

&(!'? B% 0!' 6(#1,-!' ,&# *& +,#!&#%!2 +,*" $++,"#!" -!' "(+,&'!' #"7' K&!' $*4 +",8276!'9

+$" !4!6+2!9 -! '#"*0#*"$#%,& -* 0,22$37&! -$&' 2$ LM !# 2!' $3"(3$#' K8",#%)*!' ; -%/("!&#'

'#$-!'9 %2 '!682! &($&6,%&' )*.!22!' ',%!&# #",+ 2,*"-!' )*$&- %2 &! '.$3%# )*! -.(#$82%" *& '0,"!

+!"6!##$&# -! -(#!"6%&!" *& :,2*6! -! 0,22$37&! -$&' *&! +!"'+!0#%:! -! -%$3&,'#%0? M:%-!6J

6!&#9 2.!'#%6$#%,& -* :,2*6! -! 0,22$37&! '!"$ -.$*#$&# +2*' +"(0%'! )*! 2.(01$&#%22,&&$3! '!"$

+"(0%'9 !# 0! :,2*6! '!"$ +"(0%'(6!&# (:$2*( )*! '% 2.,& !'# 0$+$82! -! ',&-!" #,*# 2.,"3$&!? N"

-$&' 2! 0$' -! 2$ 8%,+'%! -* 5,%! ; 2.$%3*%22!9 2! :,2*6! -! 2$ 8%,+'%! !'# #"7' 5$%82! +$" "$++,"# ;

#,*# 2.,"3$&!9 !# 2!' O*0#*$#%,&' +",:!&$&# -! 0!# (01$&#%22,&&$3! ,&# -! #,*#! 5$P,& -! 3"$&-!'

01$&0!' -.Q#"! 8%!& +2*' 5,"#!' )*! 0!22!' )*! 2.,& 0,66!##"$%# !& *#%2%'$&# *&! !'#%6$#%,& *& +!*

+2*' 3",''%7"! -! 2$ )*$&#%#( -! 0,22$37&!? R,*' $:,&' -,&0 +"%' *& +$"#% "(',2*6!&# ,++,'( ;

2.!41$*'#%:%#(9 !& 01,%'%''$&# *& ',*' (01$&#%22,&&$3! '+$#%$2 $:!0 *& ,8<!0#%5 ; 5$%82! NA9 +!"J

6!##$&# -.*&! +$"# -.%&#(3"!" '*" 2.(+$%''!*" -! 2$ 0,*+! 1%'#,2,3%)*!9 !# -.$*#"! +$"# -.$:,%" *&

2$"3! 01$6+ -! :*!? R,*' $:,&' $%&'% ',*1$%#( $:,%" *&! +",0(-*"! "!2$#%:!6!&# '%6+2!9 2.,8<!0#%5

(#$&# -.Q#"! "!+"('!&#$#%5 $:!0 *&! %&0!"#%#*-! "$%',&&$82!9 '$&' +,*" $*#$&# Q#"! !41$*'#%5?



 !! "#$%&'()*

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

'*&+*, $3%,($(-#,(.! )3%! .45*",(6 7 '*,(,* .%8*&,%&* !%+1&(2%*9 :# -(+'$* ".+'#&#(-.! )*- 8.;

$%+*- -.!)1- '#& ,&.(- .45*",(6- 4× <=>0.10 10× <=>0.25 *, 60× 7 (++*&-(.! )3*#% <=>1.20
'*&+*, )* -* 6#(&* %!* ()1* )*- 6#",*%&- +%$,('$("#,(6- 7 #''$(2%*& '.%& ".+'#&*& $3*-'#"* +1;

+.(&* !1"*--#(&*0 *, $* ,*+'- )* &1#$(-#,(.! )*- *?'1&(*!"*- '.%& $31"@#!,($$.!!#/* )3%! 8.$%+*

).!!19 :* "#$"%$ )*- 8.$%+*- )*- PSF 2
)*- )(A1&*!,- .45*",(6- *-, &1#$(-1 7 '#&,(& )* $# 6.&+%$*

B9C '&1-*!,1* )#!- $* "@#'(,&* B )* "* +#!%-"&(,0 *, &#''*$1* ("( D Vobj = π3/2ω2
xyωz9 :* &#,(.

V4×/V10× *-, )* $3.&)&* )* 300 V10×/V60× )* $3.&)&* )* 600 *, *!E! $* &#,(. V4×/V60× *-, )*

$3.&)&* )* 15.0009 F*- .&)&*- )* /&#!)*%& (!)(2%*!, "$#(&*+*!, 2%* '.%& #''$(2%*& $# +1,@.)* )*

-".&(!/ GHI0 %,($(-*& %! .45*",(6 )* /&.--(--*+*!, -%'1&(*%& 7 4× ".!-(-,* *! %! ,&#8#($ *?(/*#!,
*! '$#"* +1+.(&* *, *! ,*+'-9 J#!- !.,&* #''$("#,(.!0 $*- #"2%(-(,(.!- )3(+#/*- )* 4(.'-(*- *!

".%'*- @(-,.$./(2%*- -.!, ).!" &1#$(-1*- #8*" $3.45*",(6 4×9 <.%- &#''*$.!- 2%3*! '$%- )* /#(! )*
,*+'- *, )* '$#"* +1+.(&*0 !.%- '.%8.!- #5.%,*& $* &1-%$,#, .4,*!% )#!- $* "@#'(,&* '&1"1)*!,0

7 -#8.(& 2%3%! -".&* &1#$(-1 #8*" $3.45*",(6 4× *-, #4-.$%+*!, 12%(8#$*!, 7 %! -".&* .4,*!% #% 10×9

<.%- #8.!- "@.(-( )3%,($(-*& $3.45*",(6 4×;<= 0.10 $* "@#+' )* 8%* )* "*, .45*",(6 *-, -%K;

-#++*!, /&#!) '.%& '.%8.(& ".%8&(& ,.%,* %!* 4(.'-(* #8*" %!* )(L#(!* )3(+#/*-9 J* '$%-0 "*,

.45*",(6 -* "#&#",1&(-* '#& %! '&.E$ #?(#$ ωz ≈ 60µm )* $# PSF 2%( (!,M/&* ,.%,* $31'#(--*%&

)*- ".%'*- @(-,.$./(2%*-9 :31"@#!,($$.!!#/* -'#,(#$ *-, &1#$(-1 *! 512× 512 '(?*$- '#& (+#/*9 F*-

)*&!(M&*- -.!, ).!" -.%- 1"@#!,($$.!!1*-9 N! *A*,0 '.%& *?'$.(,*& #% +(*%? $# &1-.$%,(.! )% +(;

"&.-".'*0 $# ,#($$* )3%! '(?*$0 )(&*",*+*!, $(1* 7 $31"@#!,($$.!!#/* -'#,(#$0 ).(, O,&* #% +#?(+%+

1/#$* 7 $# +.(,(1 )% '.%8.(& )* &1-.$%,(.! ".!61&1 '#& $3.%8*&,%&* !%+1&(2%* )* $3.45*",(69 P&0 %!*

(+#/* (--%* )* $3.45*",(6 4× 6#(-#!, 3.525mm )* "Q,10 '.%& 512 '(?*$- .! .4,(*!, %!* 8#$*%& )*

6.88µm '#& '(?*$0 "* 2%( *-, ,&M- -%'1&(*%& #% '&.E$ $#,1&#$ )* $3.45*",(6 2ωxy ≈ 4µm9 <.%- #8.!-

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

".$$#/M!* *-, )* $3.&)&* )* 2%*$2%*- "*!,#(!*- )* +("&.!-0 +#(- #%--( "#& !.%- -.%@#(,.!- !.%-

'$#"*& )#!- )*- ".!)(,(.!- )3(+#/*&(* !.! ()1#$* *! 8%* )3*?,*!-(.! )*- +1,@.)*- )3(+#/*&(*

GHI 7 $3*!).-".'(*0 -#"@#!, 2%* $*- *!).-".'*- ,&#8#($$*!, #8*" )*- (+#/*- 7 6#(4$* &1-.$%,(.!9

S#(!,*!#!, 2%* !.%- #8.!- E?1 !.- ".!)(,(.!- )3(+#/*&(*0 ($ *-, (!,1&*--#!, )* &*/#&)*&

".++*!, -* ".+'.&,*!, !.- 1"@#!,($$.!- -.%+(- 7 %!* *?"(,#,(.! 4('@.,.!(2%*0 *! ,*&+* )*

'@.,.)1/&#)#,(.!0 *! 6.!",(.! )*- )*%? .45*",(6- 4× *, 10×9

+#,',-./($-$'&,0 -) 12)3"&'$'&,0 4&%#,',0&56) 76( 1) 8,&) #69$&0

:* )(-'.-(,(6 +(- *! '$#"* '.%& 81&(E*& $# '@.,.,.?("(,1 )* $3*?"(,#,(.! 4('@.,.!(2%* *! 6.!";

,(.! )* $3.45*",(6 %,($(-1 *-, "*$%( )*- ".!)(,(.!- )3(+#/*&(* )1"&(, '&1"1)*++*!,9 :# -,#4($(,1

)* $# '%(--#!"* $#-*& )3*?"(,#,(.! T620mW *! -.&,(*U *-, ".!,&Q$1* ,.%, #% $.!/ )* $3*?'1&(*!"*

'#& %! '%(--#!"*;+M,&* T<.8# VJWXX0 P'@(&;G'(&(".!0  Y0  G=U &*$(1 7 %! .&)(!#,*%& 8(# $*

$./("(*$ :#4Z[N\9 :# '%(--#!"* *! -.&,(* )*- .45*",(6- *-, )* $3.&)&* )* 100mW '.%& $* 4×
<=0.1 *, )* 50mW '.%& $* 10× <=0.259 J#!- $3#''&.?(+#,(.! '#&#?(#$*0 $* 8.$%+* -.!)1 '#&

$*- .45*",(6- T'.%& NA < 0.7U *, )* $3.&)&* )* Ω ≈ NA−40 "* 2%( ).!!* %! &#,(. *!,&* 8.$%+*-
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Ω4×/Ω10× ≈ 40 !" #$ %#&'() %) *+,"# - %)(&" .)/ '&"//+$%)/ 0)/&*1)/ )$ /#*,") .)/ #23)%,"4/5

#$ %#$/,+,) 6&) (+ '&"//+$%) )7)%,"8) .+$/ () 8#(&0) /#$.1 +8)% (9#23)%,"4 10× )/, )$8"*#$ 20

4#"/ '(&/ :*+$.) %)(() .+$/ () 8#(&0) /#$.1 '+* (9#23)%,"4 4× ;),,) ."71*)$%) .)8*+", /) *)//)$,"*

+& $"8)+& .) (+ '<#,#.1:*+.+,"#$ "$.&",) '+* (9)=%",+,"#$ 2"'<#,#$"6&) +& ,*+8)*/ .) %)/ .)&=

#23)%,"4/ 

>) '*"$%"') .) %),,) )='1*")$%) )/, .9#2/)*8)* (918#(&,"#$ .) (9"$,)$/",1 0#?)$$) :1$1*1) '+*

() 4#") <&0+"$ /&* (9"0+:) :(#2+() @512× 512 '"=)(/A5 +"$/" 6&) /&* ,*#"/ BCD/ @80× 80 '"=)(/A E

.)&= F#$)/ .) GH; /+"$) @$#,1)/ !"# ), !"$ /&* (+ I:&*) J K+AA ), &$) F#$) I2*#/1) @$#L

,1) % /&* (+ I:&*) J K+AA >918#(&,"#$ .) (+ 8+()&* .& /%#*) !MN '#&* %)/ 6&+,*) F#$)/ /#$.1)/

)/, 1:+()0)$, %#$,*O(1) >)/ +%6&"/","#$/ /#$, )7)%,&1)/ '+* /1*") .) 105 (+ .)*$"P*) "0+:) .) (+

/1*") 1,+$, /+&8):+*.1) '#&* *1+("/)* ()/ ."71*)$,)/ 0)/&*)/ >)/ I:&*)/ J K+AL2AL%A .#$$)$, ()/

*1/&(,+,/ .) %),,) )='1*")$%) 

C$ #2/)*8) &$) .1%*#"//+$%) :1$1*+() .) (9"$,)$/",1 QRHS5 (1:P*)0)$, '(&/ *+'".) '#&* (9#2L

3)%,"4 10× 6&) '#&* () 4× ;),,) .1%*#"//+$%) )/, ,*P/ 4+"2()5 +,,)":$+$, ≈ 92% .) (+ 8+()&*

0+="0+() '#&* (9#23)%,"4 10× ), ≈ 95% .) (+ 8+()&* 0+="0+() '#&* (9#23)%,"4 4× ), %)5 +& 2#&,

.) 300 '+//+:)/ .& (+/)* .+$/ () '(+$ "0+:) +& /)"$ .) (91%<+$,"((#$ D( $) /) .1:+:) '+/ .)

,)$.+$%) '+*,"%&("P*) %#$%)*$+$, () %#0'#*,)0)$, .) (+ .1%*#"//+$%) .) (+ QRHS :1$1*1) '+* ()/

F#$)/ /+"$)/ #& I2*#/1)/ 

H$ %) 6&" %#$%)*$) ()/ "$,)$/",1/ !MN 0#?)$$)/5 #$ $) %#$/,+,) '+/ .) .1%*#"//+$%) /":$"I%+,"8)

), %)5 6&)(6&) /#", (+ BCD %#$/".1*1) >) '<1$#0P$) .) :1$1*+,"#$ .) /)%#$.) <+*0#$"6&) 1,+$,

&$ '*#%)//&/ .) ."7&/"#$ $#$ ("$1+"*)5 "( )/, (#:"6&) 6&9"( '*#.&"/) 0#"$/ .) %<+$:)0)$, +& /)"$

.) (91%<+$,"((#$ 6&) () '*#%)//&/ .910"//"#$ .) T&#*)/%)$%) )=%",1) - .)&= '<#,#$/ 6&" (&"5 )/,

'*#.&", '+* &$ '<1$#0P$) .9+2/#*',"#$ 

H$I$5 ()/ 8+()&*/ .)/ /%#*)/ !MN .)/ ."71*)$,)/ BCD/ *)/,)$, "$%<+$:1)/ +& %#&*/ .)/ +%6&"/"L

,"#$/ .9"0+:)/ ;) %#$/,+, )/, )$ +%%#*. +8)% %)(&" *1+("/1 '*1%1.)00)$,5 %#$%)*$+$, (9"$,)$/",1

0#?)$$) !MN 6&" $) 8+*") '+/ $#$ '(&/ 

>) '*#,#%#() .9+%6&"/","#$ .)/ "0+:)/ !MNUQRHS 1,+$, .1/#*0+"/ 2")$ .1I$" ), .1,+"((15 $#&/

'*1/)$,#$/ - '*1/)$, (91,&.) /&* (+ '*1/)$%) .) '+*+V$) .+$/ $#/ 1%<+$,"((#$/5 6&" )/, %#&'(1)

+8)% &$) 1,&.) /&* (9"$T&)$%) .) (91'+"//)&* .)/ 1%<+$,"((#$/ 

9%/1&-,+1-%/ :' 26 .6&6;/' 6+ ($%&-/3 #)*

>9"0+:) !MN .9&$) 2"#'/") )$ %#&') <"/,#(#:"6&) %#0'#*,) &$) F#$) %#$,)$+$, &$) '#*,"#$

.) 2"#'/")5 0+"/ (+ 0+3#*",1 .) (9"0+:) )/, #%%&'1) '+* .) (+ '+*+V$)5 <#*/ 1%<+$,"((#$ 2"#(#:"6&) 

C$ ')&, +(#*/ /) '#/)* (+ 6&)/,"#$ .) (+ '*1/)$%) .) (+ '+*+V$) +& /)"$ 0W0) .) (91%<+$,"((#$5 %)

6&" '#&**+", "0'("6&)* &$) %#$,*"2&,"#$ !MN '+*+/",) R#&* %#$I*0)* #& "$I*0)* (+ '*1/)$%) .)

'+*+V$) .+$/ ()/ 1%<+$,"((#$/5 $#&/ +8#$/ )7)%,&1 &$) 1,&.) .) /')%,*#/%#'") B+0+$ X) '(&/5

(9"$T&)$%) .) %),,) '+*+V$) 8+*") )$ 4#$%,"#$ .) /#$ 1'+"//)&* .) .1'O, Y$) 1,&.) .) (910"//"#$

.) !MN )$ 4#$%,"#$ .) (91'+"//)&* .) (+ %#&%<) .) '+*+V$) + .#$% 1,1 0)$1) 



 !" #$%&'()*+

 !"#$%  !" #  !"#$%&"' ()* &'%)'*&%+* ,- ./012 3+'+4+)* 564 #) 7"&) 8$96&' )' 7"':%&"' ($ '"9;4)

(<6:=$&*&%&"'>  ! ?963)* @2A 4× B)' 86$% C ;644) (<+:8)##) 500µmD )% 10× B)' ;6* C

;644) (<+:8)##) 180µmD ,- . )% 012 ()* (&E+4)'%)* F"')* (<&'%+4G%* ("'% #)* &'%)'*&%+*

9"H)'')* *"'% 9)*$4+)*> "! +!"#$%&"' ()* &'%)'*&%+* ,- . 9"H)'')* )' 7"':%&"' ($ '"9;4)

(<6:=$&*&%&"' I #<";J):%&7 4× )' 86$% )% I #<";J):%&7 10× )' ;6*> #! +!"#$%&"' ()* &'%)'*&%+*

012 9"H)'')* )' 7"':%&"' ($ '"9;4) (<6:=$&*&%&"' I #<";J):%&7 4× )' 86$% )% I #<";J):%&7

10× )' ;6*> $! +!"#$%&"' () #6 !6#)$4 ($ *:"4) 012 ()* (&E+4)'%)* @K? )' 7"':%&"' ($

'"9;4) (<6:=$&*&%&"' I #<";J):%&7 4× )' 86$% )% I #<";J):%&7 10× )' ;6*> %& ' ()*+$*,,-.

$./ #*0+"./ "! .1 #! 2 +3. .,1+. 0.5 .1 14 (./ 3,1.,/31-/ -1 ,1 ,*+5 (3/-.6
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#.'$1&%($%.-' 8696/ :;+/' ,-%.(-' $0-&+&3-$62' :' <%-' 0+96-/

 ! "#$%&'#$ ()*+$ +$ ,"$-)#.,-."&$ /!%!0 -.0-$#0$ *0 ,&%"1$ +("2) +$ "!#!30$ +$ 15µm

+4("!&,,$*# ,*# *0$ 1!%$ +$ %&-#.,-."$5 60$ "#(,$0)!)&.0 )#', ,*--&0-)$ +$ 1! ,"$-)#.,-."&$

/!%!0 $,) +.00($ $0 !00$7$ 85

 $ ,"$-)#$ +$ 1! "!#!30$ $,) .9)$0* "!# ,.*,)#!-)&.0 +$ 1! -.0)#&9*)&.0 +* ,&:0!1 +$ 1! 1!%$

+$ %&-#.,-."$5 60 "#$%&$# ,"$-)#$ $,) !-;*&, $0 <.-!1&,!0) 1$ <!&,-$!* ,*# 1! 1!%$ =>:*#$ ?5@ !"AB

"*&, *0 ,$-.0+ $0 <.-!1&,!0) ,*# 1! "!#!30$ =>:*#$ ?5@ #"A5  ! ,.*,)#!-)&.0 +$ 1! -.0)#&9*)&.0

+$ 1! 1!%$ C -$11$ +$ 1! "!#!30$ ,*# 1!%$ "$#%$) +4.9)$0&# 1$ ,"$-)#$ /!%!0 +$ 1! "!#!30$

=>:*#$ ?5@ $"A5

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

"$ "*4*1 +" .( &0-&$%(#$/0* +"& +"-5 !0-% *" 6(%+"% 7-" .( &/6*($-%" +" .( !(%(2*"  $"8

9:;"#$/< 100×−NA0.758

 $, #!&$, .9,$#D($, ,.0) $0 !--.#+ !D$- -$11$, )#.*D($, +!0, 1! 1&))(#!)*#$ EF#!9&$B GHHIJ K

EL.9&0$)B GHHMJ5

N!0, *0 ,$-.0+ )$%",B *0$ ()*+$ +$ ,"$-)#.,-."&$ /!%!0 +4*0$ -.*"$ O&,).1.:&;*$ +$ 9&.",&$

+$ <.&$ O*%!&0 +$ 50µm +4("!&,,$*# ! ()( #(!1&,($ +!0, 1$, %P%$, -.0+&)&.0, $7"(#&%$0)!1$, ;*$

"#(-(+$%%$0)B $0 "#$0!0) ,.&0 +$ <.-!1&,$# 14$7-&)!)&.0 !* %&1&$* +$ 14(-O!0)&11.05  $ ,"$-)#$

#(,*1)!0) <!&) !""!#!&)#$ )#.&, -.%".,!0)$, +&,)&0-)$, =>:*#$ ?5QA R *0 <.0+ +$ S*.#$,-$0-$B 1!

,&:0!)*#$ +$ 1! "!#!30$B !&0,& ;*$ +$, "&-, +$ "1*, <!&91$, &0)$0,&)(, 0$ -.##$,".0+!0) "!, C 1!

,&:0!)*#$ /!%!0 +$ 1! "!#!30$5

T$ ,"$-)#$ $,) #$"#(,$0)( !D$- -$1*& +$ 1! "!#!30$B .U#!0) !&0,& 1! ".,,&9&1&)( +$ +()$-)$# +$,

"&-, &,,*, +$ 1! 9&.",&$ +$ <.&$ =>:*#$ ?5QA5

 $, -.0)#&9*)&.0, .9,$#D!91$, C 1002cm−1 $) 1657cm−1B ,.0) :(0(#!1$%$0) !))#&9*($, C 1! "O(0VW
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 ! !"#"$ %!&#'$ !(#")* $+ !,- ./0,1$($"+2 '$2 !(#'$2 I %')/#3) '4," !&#'$ &!/50-6 #7,$* 89$!'$:

;<<=>? @" /$.!/'!"+ 1 ,2 A"$($"+: 0" 1$,+ "0+$/  ! 1/)2$"&$ '$ 1#&2 '$ 1 ,2 B!#5 $2 #"+$"2#+)2 C

1233cm−1: 1339cm−1 $+ 1368cm−1 7,# 10,//!#$"+DE+/$ !++/#5,)2 !, ./0,1$($"+ '$2 !(#'$2 III:

C '$  4!')"#"$ $+ !, ./0,1$($"+ CH3 /$21$&+#3$($"+ 8F5,5!G$/: ;<<H> I 8J0: ;<K<>? L$ "0(5/$,-

+/!3!,- 10/+$"+ 2,/  4)+,'$ 1!/ 21$&+/02&01#$ M!(!" '$  4)30 ,+#0" '$  ! (!+#N/$ 5#0 0.#7,$ $"

B0"&+#0" '4," 1!/!(N+/$ $-+)/#$,/ %!.$"+ 1!+O0.N"$: $+&???*? 8P/!5#$: ;<<Q>  ! "#$ 0"+ (0"+/) 7,4# 

$2+ 1022#5 $ '$ /$(0"+$/ !,- #"B0/(!+#0"2 '$ 2#."!+,/$ '$  ! (!+#N/$ 5#0 0.#7,$ 1!/ '$2 +$&OD

"#7,$2 '$ +/!#+$($"+ ",()/#7,$? R "4$2+ 1!2 ")&$22!#/$ '4!  $/ !,22#  0#" 10,/ "0+/$ )+,'$:  $

21$&+/$ =?S &0(10/+!"+ 2,T2!(($"+ '4#"B0/(!+#0"2?

 !"#$%  !" #  !"#$%" &'(') *+,)" #-,!" ./0$-1-2/3," *" 50µm *+4!'/00",% /00," *+,)" 5/-!0/" *" 6-/"7

")%-54" *')0 *" 1' !'%'8)" 9 0!"#$%"  !": ;" 0!"#$%" *" 1' !'%'8)" )" )-/" !'0 ")$/<%"(")$

1' 0/2)'1 4(/0 !'% 1' ('$/<%" 5/-1-2/3," =%'/"0 !-/)$4"0>: ;" 0!"#$%" *" %464%")#" *" 1' !'%'8)"

"0$ %'!!"14 ") =?>:

U0,2 !30"2 1, 052$/3$/ 7,$  ! 2#."!+,/$ M!(!" '4,"$ &0,1$ O#2+0 0.#7,$ "0" (!/7,)$ $2+

B0/+$($"+ 1$/+,/5)$ 1!/  ! &0"+/#5,+#0" '$  ! 1!/!T"$: 6 &0(1/#2 $" (0'$ &0"B0&! : !3$& ,"$

/)20 ,+#0" !-#! $ '$  40/'/$ '$ 2µm? J! 1!/!T"$ $2+ '0"& 5#$" 1/)2$"+$ '!"2 +0,+  4)&O!"+#  0"?

J! +$&O"#7,$ '$ 2&0/$ VWX ')3$ 011)$ '0#+ '0"& +$"#/ &0(1+$ '$ &$++$ &0"+/#5,+#0": $+  4) #(#"$/

'/!2+#7,$($"+?

J! 1!/!T"$ )($+ ," 2#."! VWX /$ !+#3$($"+ B!#5 $ &0(1!/) C &$ ,# )(#+ 1!/  $ &0  !.N"$

A5/#  !#/$ $+ &$: C 1,#22!"&$2  !2$/ ).! $2? Y$1$"'!"+: &$++$ &0"+/#5,+#0" 1$,+ 3!/#$/ $" B0"&+#0"

'$  4)1!#22$,/ '$  4)&O!"+#  0" &0"2#')/)? R &0"3#$"+ '0"& '$ 7,!"+#A$/ &$ 2#."! 10,/ 10,30#/ $"

+$"#/ &0(1+$: 0, !, (#$,-: 24$" !Z/!"&O#/: +0,+ $" .!/'!"+ C  4$21/#+ 7,$ &$++$ &0"+/#5,+#0" $2+

!11$ )$ C )30 ,$/ 2$ 0"  4)1!#22$,/ '$  4)&O!"+#  0"?
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#)* 9' 26 .6&6:/'

 ! "#!$%&#! '( )*+,-&..(/0 '( )- 1&#,.&(2 52 15 #/ 50µm2 &) "-/% (! ,0(3&(0 )&(/ -'-,%(0 )(

4-&! gr '/ 56 ,#/0 %#/7#/0. 4-0'(0 /! !&8(-/ '*&!%(!.&%+ '( 0+"+0(!$( 9 r = 4% '( .&4!-) :;<

4+!+0+ ,-0 )- 6 = .-&!(>

?) $#!8&(!% (!./&%( '( $-0-$%+0&.(0 )( .&4!-) :;< ./.$(,%&1)( '*@%0( 4+!+0+ ,-0 )- ,-0-A!(>

 ! (B(%2 $#33( &) (.% $#!C03+ '-!. )*+%/'( D-3-! ,0+.(!%+( ,0+$+'(33(!% E>F>F2 &) G - '( )-

,-0-A!( '-!. %#/% )*+$H-!%&))#! +%/'&+> I02 )(. 3#)+$/)(. '( ,-0-A!(2 -,0J. -8#&0 +%+ $H-/B+(.

./A.-33(!%2 .*#04-!&.(!% '( 3-!&J0( K/-.&L$0&.%-))&!( (% $(% -00-!4(3(!% (.% .#/0$( '( :;<

.#/. (M$&%-%&#! 3/)%&,H#%#!&K/(> ?) $#!8&(!% '#!$ '( K/-!%&C(0 $( .&4!-) ,-0-.&%( ,#/0 )( $#00&4(0

#/ 3&(/M2 .*(! -B0-!$H&0 $#3,)J%(3(!%2 (% -&!.& !( $#!.&'+0(0 K/( )( .&4!-) +3&. ,-0 )( $#))-4J!(

C10&))-&0(>

 !"#$%  ! "  !  !"#$ %&' ()*$ +,-.$ /01*20$ +$ 5µm +,3*"022$-45 6$2 7$((4$2 8 $( 9 0.+0:-$.( 4$2*$;(0<$=

!$.( 7$2 >1.$2 1? 07 .,) " :-$ +$ 7" *"4"@.$ $( ;$77$ 1? 2$ 20(-$ 7" /01*20$5 "! A$*432$.("(01.

+$ ()*$ /10($2 B !1-2(";C$2 +$ 7" +02*$4201. +$2 <"7$-42 +,0.($.20(3 %&' !1)$..$ #3.3=

43$ *"4 7" *"4"@.$ 2$71. 7,3*"022$-4 +$2 ;1-*$2 C02(171#0:-$25 6" /"44$ $. *10.(07732 B 164

4$*432$.($ 7$ 2$-07 B *"4(04 +-:-$7 7$2 *0D$72 21.( ;1!*(32 +".2 7$ 2;14$5

N- C4/0( E>E1O 3#!%0( )- '&.,(0.&#! '(. &!%(!.&%+. :;< 3#G(!!(. 4+!+0+(. ,-0 )- ,-0-A!(2

,-0 DI?. '( 50 × 50 ,&M().2 (! "#!$%&#! '( )*+,-&..(/0 '(. $#/,(. H&.%#)#4&K/(.> N(. '&B+0(!$(.

#1.(08+(. (!%0( )(. 8-)(/0. '*&!%(!.&%+. :;< (! "#!$%&#! '(. +,-&..(/0 8&(!!(!% '/ "-&% K/( )-

8-)(/0 '( 4-&! g -/43(!%( -8($ )- '&3&!/%&#! '( )*+,-&..(/0 '( )*+$H-!%&))#!2 $#33( !#/. )*-8#!.

3#!%0+ )#0. '( )*+%-,( '( 8-)&'-%&#! '( )- 3+%H#'( '( :$#0(. :;< P(! ,-0%&$/)&(0 C4/0( Q>RO> S(

$( "-&%2 )(. +$H-!%&))#!. C!. .#!% )(. ,)/. ./.$(,%&1)(. '( 4+!+0(0 /! .&4!-) :;< '( %G,( T10/&%T>

U+-!3#&!.2 $#33( )( 3#!%0( )- 1-00( 9 164 0(,0+.(!%-!% )( .(/&) 9 ,-0%&0 '/K/() )(. &!%(!.&%+.

.#!% $#!.&'+0+(. '-!. )( .$#0( :;< PC4/0( E>E1OO2 )(. $#!%0&1/%&#!. '( )- ,-0-A!( P%#/7#/0. (!

8-)(/0. 3#G(!!(.O .(0#!% .(/&))+(. (% !( ,-0%&$&,(0#!. K/( '( 3-!&J0( 3-04&!-)( -/ .$#0(>  !

0(8-!$H(2 )#$-)(3(!%2 )- ,-0-A!( ,(/% 4+!+0(0 /! .&4!-) :;< '#!% )*&!%(!.&%+ .( .&%/( -/ '(../.



 !" #$%&'()*+

 ! "#!$%& '(# )*+,- # *.!$/0%#(+# 1 2#%%# 34*"#(+*# 34*2* #))#(+ 0 *+* )$"# #( 5!/4# 3-!4

*/0%!#4 %# "2-4#  # 2#++# 30406(# "#!%#7 #+ 2# 3-!4  #" 2-!3#" ,$"+-%-8$.!#"  # 57 15 #+ 50µm&

9#" 2-( $+$-("  :$)08#4$# 4#"3#2+#(+ %# 2-!3%# 80$(  ! ;< gr = $(+#("$+* )->#((#  # %0 <?@

 # %0 A$-3"$# 1 r = 4%  # %0 80))#  :$(+#("$+* +-+0%#& @#" 4*"!%+0+" )-(+4#(+ .!# %# "2-4# BCD

)->#(  # %0 30406(# #"+ 34-2,#  # 2% 3-!4 !(# 2-!3#  # 5µm7 1% 3-!4 !(# 2-!3#  # 15µm #+

#(E( 0.5% 3-!4 !(# 2-!3#  # 50µm& @#" 2-(+4$A!+$-(" "-(+ (*8%$8#0A%#"7  :0!+0(+ 3%!" .!:#%%#"

(# 2-(2#4(#(+ .!# %0 8*(*40+$-(  # "#2-( # ,04)-($.!#  # %0 30406(# "#!%#&

90 30406(# 8*(F4# !( "$8(0% BCD .!$ (:#"+ 30" "!6"0))#(+ $)3-4+0(+ 3-!4 2-(+4$A!#4  #

)0($F4# "$8($E20+$/# 0! "2-4# BCD& ;-!4 2-(2%!4# 2#++# 304+$# "!4 %0 )$"# #( 5!/4#  ! 34-+-2-%#

#G3*4$)#(+0% (*2#""0$4# 1 %:0 03+0+$-(  :!(# )*+,- #  # "2-4# BCD 3-!4 !(# 033%$20+$-( A$-=

)* $20%#7 (-!" 34*"#(+-(" 1 34*"#(+ %# +40$+#)#(+ 033%$.!* 0!G $)08#" BCDHI;?J 3#4)#++0(+

 :*+0A%$4 %# "2-4# BCD&

 !"!# $%&'()**+,+-% ./ *012+ 345

@-))# (-!" %:0/-(" */-.!* 3%!" +K+  0(" 2#++# 304+$#7 !(# $)08# 02.!$"# 1 %:-AL#2+$M 4×  :!(#

A$-3"$# #( 2-!3# ,$"+-%-8$.!# 2-)3-4+# !(# 304+$#  :$)08#  # )0+$F4# A$-%-8$.!# N%0 A$-3"$#O7 )0$"

%0 )0L-4$+*  # %:$)08# #"+ -22!3*# 304  # %0 30406(#& @#++# 304+$2!%04$+* #"+ A$#( /$"$A%# E8!4#

P&P0O& Q% M0!+  -(2 #(/$"08#4 !( +40$+#)#(+  :$)08# 2030A%#  # "*%#2+$-((#4 0!+-)0+$.!#)#(+ #+

"0(" #44#!4 %0 A$-3"$# "#!%#&

;-!4 2#%07 %#  -!A%# 2-(+40"+# I;?JHBCD  $"3-($A%# #( )$24-"2-3$# )!%+$3,-+-($.!# #"+ !(

0+-!+ )0L#!4& ?( #R#+7 %# M-$# *+0(+ 2-("+$+!*  # (-)A4#!G S!-4-3,-4#" #( -8F(#"7 $% #"+ 3-""$A%#

 :-A+#($4 !(# $)08#  # S!-4#"2#(2#  # %0 A$-3"$#7 2-!3%*# 1 !(# $)08# BCD  ! 2-%%08F(# EA4$%=

%0$4# 3-+#(+$#%%#)#(+ 34*"#(+  0(" %0 A$-3"$#7 2-))# -( 3#!+ %# /-$4 "!4 %0 E8!4# P&T2O& @#"  #!G

$)08#" "-(+ +-+0%#)#(+  *2-!3%*#" 2047 A$#( .!:#%%#" 2-%%#2+#(+ !(# $(M-4)0+$-( "!4 %0 )U)# V-(#

 :$(+*4U+ #+ #( )U)# +#)3"7 %#"  #!G )- #"  # 2-%%#2+$-( I;?J #+ BCD "-(+ $(+4$("F.!#)#(+

"*304*"& W$("$7 #( 033%$.!0(+ !(# M-4+# "#("$A$%$+* "!4 %#  *+#2+#!4  # %0 /-$# I;?J7 $% #"+ 3-""$A%#

 :-A+#($4 !(# $)08#  # S!-4#"2#(2# "0+!4*#  ! 34-E% "30+$0%  # %0 A$-3"$#7 #+ %:!+$%$"#4 #("!$+#

3-!4 4*0%$"#4 !( )0".!# 0!.!#% $% #"+ 3-""$A%#  # "!3#43-"#4 !(# $)08# BCD7 2-))# %:$%%!"+4# %0

E8!4# P&X&

9:-AL#2+$M 4 × −NA0.1 !+$%$"* 0>0(+ !(# 4*"-%!+$-( 0G$0%# ωz ≈ 60µm7 %# /-%!)# "-( *

0!8)#(+# 0/#2 %:*30$""#!4  # %:*2,0(+$%%-(7  -(2 3%!" $% > 0  # S!-4#"2#(2# 8*(*4*#& @-(24F+#)#(+7

%#" 2-!3#" ,$"+-%-8$.!#"  # 15 #+ 50µm  :*30$""#!4 8*(F4#(+ "!6"0))#(+  # S!-4#"2#(2# 3-!4

3-!/-$4 "0+!4#4 %0 /-$# I;?J "0(" 34-A%F)#& 9#" 2-!3#" ,$"+-%-8$.!#"  # 5µm "-(+ #( 4#/0(2,#

+4-3 E(#" 3-!4 "0+!4#4 %0  *+#2+$-(  # %0 I;?J7 2:#"+ %# +40$+#)#(+  :$)08#7 #( 304+$2!%$#4 %#

"#!$%%08#  # %:$)08#7 .!:$% M0!+ 0%-4" -3+$)$"#4 3-!4 -A+#($4 !( )0".!# I;?J&

9# +40$+#)#(+  :$)08# 3#4)#++0(+  :-A+#($4 %# "2-4# BCD 2-44#"3-( 0(+ 1 %:*2,0(+$%%-( #"+ 4*0%$"*

0/#2 Q)08#Y Z[& \0"A0( 7 ]0+$-(0% Q("+$+!+# -M C#0%+,7 'BW^7 1 304+$4  # 2-!3%#"  :$)08#"

I;?JHBCD7 "0!/#804 *#" 0! M-4)0+  !"#$7 "0(" 2-)34#""$-(&
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 !"#$%  !" #  !!"#$%&$'() *$&+, +&% *$&+, -" $%&'$,.,)$ )".*%'/", %*&!'#* #"% !,# 0("+!,# -1'.&2,#

3456789: -, ;'(+#',# <*+&$'/", ,) 0("+,# <'#$(!(2'/",#=  !  .&2,# 3456 ,$ 89: >?&"##,#

0("!,"%#@A (;B,0$'? 4×CDE0.1A *0<,!!, +!,') 0<&.+ ≈ 3.5mm= "!#$! F .&#/", ;')&'%, (;$,)",

G +&%$'% -, !1'.&2, 3456 ;%"$, +&% H!$%&2,A &"2.,)$&$'() -" 0()$%&#$, +"'# #,"'!!&2, ,$

;')&%'#&$'() I "!#$$! F '.&2, 89: #,"'!!*, G 25% -, !& 2&.., $($&!, -1')$,)#'$*= J,# KL0<,#

')M,%#*,# ')-'/",)$ !,# &%$,?&0$# -, #'2)&"N 2*)*%*# <(%# -, !& ;'(+#',= %!  .&2, O:P 0(.C

+(#*, -,# -,"N '.&2,# -, ;@= J,# +'N,!# "$'!,# &" #0(%, 89:A 0(..")# &"N -,"N '.&2,#

&++&%&'##,)$ ,) B&"),= &!  .&2, 89: #,"'!!*, ,$ .&#/"*, +&% !1'.&2, ;@C2&"0<,= J, #0(%,

89: ,#$ 0&!0"!* +&% !, %&$'( ,)$%, !, )(.;%, -, +'N,! 89: 0()$,)" -&)# !, .&#/", 3456A

-()$ !1')$,)#'$* 89: ,#$ #"+*%',"%, &" #,"'! -, 25%A #"% !, )(.;%, $($&! -, +'N,!# G 1 -"

.&#/", 3456=



 !" #$%&'()*+

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

)*#%".%(, ,' 0$%&( .!$0&,( )&(0&'#0,( 3

45 6!'( 7' .$,"&,$ 0,".(/ -8&"!9, :;<= ,(0 0$!&0*, .%7$ %>0,'&$ 7' "!(?7, >&'!&$, )*-&@

"&0!'0 -! >&%.(&, ), -! .!$!A',5 ;%7$ #,-!/ &- B!70 C%7,$ (7$ -, #%7.-, #%'0$!(0,D(,7&- ),

-8&"!9,/ .%7$ )&(0&'97,$ -, "&,71 .%((&>-, -! >&%.(&, .%7$ .%7+%&$ >&'!$&(,$ -8&"!9,5 6!'(

-, >70 )8*-&"&',$ 0%70 !$0,B!#0 ), E7%$,(#,'#, ', #%'#,$'!'0 .!( -! >&%.(&,/ #%"", ), -!

"!0&F$, 9*'*$!'0 ), -! E7%$,(#,'#, G%$( ), -! >&%.(&, H#G,+,71/ .%&-555I/ 7', !'!-J(, ,(0

,K,#07*, .%7$ #%".0,$ -, '%">$, )8%>C,0( >&'!&$,( .$*(,'0 (7$ -8&"!9,5 L8&- J ! .-7(&,7$(

%>C,0( )*0,#0*(/ (,7-( #,71 ?7& %'0 7', (7$B!#, .-7( 9$!'), ?787', +!-,7$ )%''*, ,0 #%$@

$,(.%')!'0 M -! >&%.(&, (%'0 #%'(,$+*(/ -,( !70$,( *0!'0 (7..$&"*(5 <'N'/ #, "!(?7, ,(0

(!7+,9!$)* !7 B%$"!0  !" ,0 -! (7$B!#, &"!9, ), -! >&%.(&, ,(0 #!-#7-*, .%7$ *+!-7,$ -, (#%$,

LOP ), #,00, .%$0&%' ), >&%.(&,/ (%&0 NTPEF
α / .%7$ -8&"!9, α5

Q5  , "&'&"7" ), 0$!&0,",'0 ,(0 ,K,#07* (7$ -8&"!9, LOP/ #,00, &"!9, *0!'0 .%$0,7(, ),

-8&'B%$"!0&%' 70&-, !7 (#%$, LOP5 R', (,7-, *0!., ), (,7&--!9, H0%7C%7$( M t4%I !+,# >&'!@

$&(!0&%' ,(0 $*!-&(*,5 R', %.*$!0&%' >%%-*,'', ,(0 !-%$( $*!-&(*, M .!$0&$ )7 "!(?7, :;<=

$,.$*(,'0!'0 -! (7$B!#, ), -! >&%.(&, ,0 -8&"!9, LOP (,7&--*,5 2,00, %.*$!0&%'/ 7' #$ %&'

(!)*+/ #%'(&(0, ! #$*,$ 7', 0$%&(&F", &"!9,/ %S -,( .&1,-( "&( M 4 (,$%'0 #,71 .$*(,'0( M -!

B%&( (7$ -, "!(?7, :;<= ,0 (7$ -8&"!9, LOP (,7&--*,/ !71 "T",( #%%$)%'*,( (.!0&!-,(5 U-

,' $*(7-0, 7', &"!9, >&'!&$,/ %S -,( .&1,-( M 4 (%'0 )*'%">$*( .%7$ #!-#7-,$ -, (#%$, ),

#,00, .%$0&%' ), >&%.(&,/ (%&0 NSHG
α / .%7$ -8&"!9, α

V5 <'N'/-,( *0!.,(  ,0 ! (%'0 !70%"!0&?7,",'0 $*&0*$*,( .%7$ 0%70,( -,( .%$0&%'( )87', "T",

>&%.(&,/ ,' 9*'*$!-/ 7', )&W!&', )8&"!9,(5 U- ,' $*(7-0, 7' (#%$, LOP 9-%>!- .%7$ 7', >&%.(&,

)%''*, #%".%(*, ), n &"!9,( 3

SSHG =

∑n
α=1N

SHG
α

∑n
α=1N

TPEF
α

%S

∑n
α=1N

SHG
α $,.$*(,'0, -, '%">$, ), .&1,-( #%'(0&07!'0 -, #%--!9F', N>$%0&?7,/ ,0

∑n
α=1N

TPEF
α ,(0 -! (7$B!#, 0%0!-, ), -! >&%.(&,5

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

X%0$, "*0G%), ), (#%$&'9 LOP ! *0* !..-&?7*, M 7', #%G%$0, ), 44Y .!0&,'0(/ *07), ?7& ! *0*

$*!-&(*, !7 #%7$( ), -! 0GF(, ),  7#  !"#$%&'() ZP!&-G%7(0,/ Q[[YH0GF(,I\5 2,( $*(7-0!0( (%'0

.$*(,'0*( N97$, ]5^ .!$ 7' 9$!.G&?7, ), 0J., >%_0, M "%7(0!#G,(5  ,( (#%$,( (%'0 $,9$%7.*( ,'

B%'#0&%' ),( (0!),( `*0!+&$ Z:G, `<:abUc #%%.,$!0&+, 9$%7./ 4YYV\ ?7& %'0 *0* !00$&>7*( M #,(

.!0&,'0( !7 #%7$( )7 )&!9'%(0&# #-&'&?7, $*!-&(* ,' !"%'0 ), '%0$, *07),5

2,( $*(7-0!0( "%'0$,'0 7', >%'', #%$$*-!0&%' ,'0$, -,( (#%$,( LOP ,0 -! -,#07$, `*0!+&$ ),

#,( "T",( *#G!'0&--%'(/ !+,# 7' #%,A#&,'0 ), #%$$*-!0&%' ), L.,!$"!' ρ = 0.75/ "*0G%), ?7&
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60"%'( )$ E%1(9

C(44( 24$)( )2 %&4"( #$( *!  1+"%'+%31( )( '(+%&)( <!" %&1#$( ('4 $& %$41* )( +<%1R 3%$"
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'6 -. (*#(*/&.#(' &' #*6/' )(*/!#A  HI .9'( &0."6/') )(*/!#A J  !" #$%& %'( &)!*+$%*,% -$ .!/!'
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"+&(% #-()% &%#& 1% $+,'%# =)#&+/+8)B,%# 1% 5µm> F%# 7G7%# )7!8%# !6!)%"& '%(7)# 12-&!0/)( ,"

#$+(% 9:; '!( /! 7-&=+1% 1-$()&% 1!"# /%# '(-$-1%"&# '!(!8(!'=%#>

"! /! #-()% 12)7!8%# H;A =!,&% (-#+/,&)+" @14.000 × 19.000 × 3 ')<%/#C !$B,)#% %" 7)$(+#$+')%

$=!7' /!(8% #,( /%# 7G7%# -$=!"&)//+"#* !'(I# /%# !6+)( 7!(B,-# !, (+,8% 9)(),#> J%&&% #-()%

12)7!8%* !$B,)#% '!( /2-B,)'% 1% K> &'#() @L"8%(#C* ! -8!/%7%"& #%(6) . -&!0/)( ," #$+()"8 '!(

/! 7-&=+1% 12=)#&+7+('=+7-&()%>

J%# 1%,< #-()%# 1% /%$&,(% +"& -&- (-!/)#-%# . 15 M+,(# 12)"&%(6!//%* /% $=+)< 1% $+77%"$%(

'!( /%# )7!8%# $=!7' /!(8% !D!"& -&- &)(- !, =!#!(1> F%# /%$&,(%# +"& %"#,)&% -&- (-!/)#-%# %"

1+,0/% !6%,8/%* $2%#& . 1)(% B,% /2+(1(% 1% '(-#%"&!&)+" 1%# )7!8%# ! -&- &)(- !, =!#!(1 '!( ,"

'(+8(!77%* %& B,% ") /% N/%$&%,(N @A>  !"#$%C* ") /%# $=%($=%,(# '(-#%"&# @J> *+$% %& 7+)4

7G7%C* "% $+""!)##!)%"& /% #$+(% 5-&!6)( 1-M. !&&()0,- !, '!&)%"& 1% /2)7!8% '(-#%"&-%> F%#

)7!8%# "% '+(&!)%"& B,2," #%,/ ",7-(+* &+,&%# /%# (-O-(%"$%# '%(7%&&!"& 12)1%"&)P%( /%# )7!8%#

!D!"& -&- #,''()7-%#> LP" 1% $+"#%(6%( ,"% $%(&!)"% )"&%(!$&)6)&- '+,( #-/%$&)+""%( %& 6)#,!/)#%(

!, 7)%,< $%(&!)"%# Q+"%#* /%# )7!8%# +"& -&- '(-#%"&-%# !6%$ /% /+8)$)%/ R(O!"S)%T #,( ," -$(!"

12+(1)"!&%,(> F% 7-1%$)" ! !)"#) ', #-/%$&)+""%( %& Q++7%( #,( 1%# Q+"%#* $+77% )/ /% O%(!)&

%" $+"1)&)+"# "+(7!/%# !6%$ #+" 7)$(+#$+'%> F! 8(!"1% 1)U-(%"$% )$) '(+6)%"& 1% /! '/,# O+(&%

/)7)&!&)+" %" 8(+##)##%7%"& %" 9:;* . $!,#% 1, O!)0/% -$=!"&)//+""!8% #'!&)!/ 1%# )7!8%#* $=+)<

B,% "+,# !6+"# %<'/)B,- #%$&)+" V>W>W 1% $% $=!')&(%>

LP" 12-6!/,%( /! $+"$+(1!"$% %"&(% /%# 1)U-(%"&%# #-()%# 1% /%$&,(%* "+,# !6+"# ,&)/)#- /%

$+%X$)%"& Y!''!>

#, '),<'&,51 3, =)>,5 ? @$++$

F% &%#& "+" '!(!7-&()B,% Y!''! @κC 1% J+=%" ZJ+=%"* W[\]^ '%(7%& 1% $=)U(%( /2!$$+(1

%"&(% 1%,< +0#%(6!&%,(# +, &%$=")B,%# /+(#B,% /%# M,8%7%"&# #+"& B,!/)&!&)O#> K/,# 8-"-(!/%7%"&*

/% &%#& #&!&)#&)B,% Y!''! %#& ,&)/)#- 1!"# /%# -&,1%# 1% (%'(+1,$&)0)/)&- B,) "-$%##)&%"& 12%#&)7%(

/2!8(-7%"& %"&(% 1%,< -6!/,!&)+"# /+(#B,2+" -&,1)% ,"% 6!()!0/% 1)#$+"&)",%* )$)* /! 6!/%,( 1,

#$+(% 345-&!6)(> J% $+%X$)%"& '(%"1 1%# 6!/%,(# %"&(% −1 %& 1* %& /! $+"$+(1!"$% %#& 12!,&!"&
7%)//%,(% B,% /% Y!''! %#& '(+$=% 1% 1> F% Y!''! 6!,& 0 /+(#B,% /%# 1%,< M,8%7%"&# #+"& %U%$&,-#

!, =!#!(1 1% 7!")I(% )"1-'%"1!"&%>

A7B5&1&)5 ?  !"# /% $!# 12,"% -&,1% 12!$$+(1 %"&(% 1%,< +0#%(6!&%,(# #&!&)#&)B,%7%"& )"1-4

'%"1!"&# !D!"& r 7+1!/)&-# 1% M,8%7%"&* !6%$ r ≥ 2* /% $+%X$)%"& Y!''! #2-$()& κ = Po−Pe

1−Pe
*



 !" #$%&'()*+

,--./0 κ

 !" ## $% > 0.81

&'$ 0.61− 0.80

(')*+* 0.41− 0.60

(*),'"+ 0.21− 0.40

(-./-,0 0.00− 0.20

%+10 (-./-,0 < 0.0

 !"#$  !" #  !"#$ %&'(()#% !* +',!-# %! .'//' '00)(1$2 0!,)3 45'3%102 67889

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

 (("*+1" -'1- $,23%'(24-" +,)*+/%"*+ *#" +"- 516"7"*(-8 9"- +'**/"- &/-1$( *("- +"- +"1: '.;

-"&! ()'*- -'*( #$ --/"- + *- 1* ( .$" 1 +" #'*()*6"*#"0 #'77" )$$1-(&/ % & $ <61&" =8>>8 ?'1&

&"7%$)& #" ( .$" 10 )$ @ 1( +/*'7.&"& #'7.)"* +" # - #'&&"-%'*+"*( A 1*" # -" #'*-)+/&/"8 ? &

":"7%$"0 $ # -" p(11) +1 ( .$" 1 =8>> #'&&"-%'*+  1 *'7.&" +,/#2 *()$$'*-  3 *( /(/ #$ --/-

+ *- $ # (/6'&)" C1 A $ @')- % & $" 516" B "( $" 516" C8 9 ! $"1& +" $ # -" p(12) -"& $" *'7.&"

+,/#2 *()$$'*- #$ --/- + *- $ # (/6'&)" C1 % & $" 516" C 7 )- #$ --/- C2 % & $" 516" B8

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

2-(.-5

D*  %%"$$"  $'&- #'*#'&+ *#" '.-"&!/" Po0 $ %&'%'&()'* +"- )*+)!)+1- #$ --/- + *- $"- # -"-

+) 6'* $"- +" #'*#'&+ *#" +1 ( .$" 1 +" #'*()*6"*#"0 -')( $ -'77" +" #"- "E"#()@- +) 6'* 1:

+)!)-/" % & $" *'7.&" ('( $ +,/#2 *()$$'*- N 8 9 #'*#'&+ *#"  $/ (')&" Pe "-( /6 $" A $ -'77"

+"- %&'+1)(- +"- )*+)!)+1- 7 &6)* 1: +)!)-/" % & $" *'7.&" +,/#2 *()$$'*-  1 # &&/8 9, ##'&+

"-( +, 1( *( %$1- /$"!/ F1" $ ! $"1& +" G %% "-( %&'#2" +" 10 "( $, ##'&+ 7 :)7 $ "-(  ((")*(

Hκ = 1I $'&-F1" Po = 1 "( Pe = 0.58

J9 *+)-0 >KLLM !* ',: '*( %&'%'-/ 1* #$ --"7"*( +" $, ##'&+ "* @'*#()'* +" $ ! $"1& +" G %% 

%&/-"*(/ + *- $" ( .$" 1 =8>8

1* #2*3#'*4( 5%&&% &2467)7 8 9" #'"N#)"*( G %% *" ()"*( % - #'7%(" +" $,/# &(

"*(&" $"- # (/6'&)"- +" #$ --"7"*(8 D&0 "( -1&('1( "* 7/+"#)*"0 #"( /# &( %"1(  !')& +" 6& !"-



 !" #$ %&'()*')+&, -./ ')%%, )01&2 3, 3&$45)*1&' 6&)%73&'$2 8 9:;

κ κw

 !" #$ %&  !"'( 0.35) [0.15− 0.56] 0.66) [0.53− 0.79]

 !" #$ %& !*+"'( 0.37) [0.17− 0.57] 0.63) [0.48− 0.78]

 !"'( %& !*+"'( 0.44) [0.24− 0.64] 0.66) [0.52− 0.80]

 !"#$  !" #  !"#$%"&'( )*++* κ "' )*++* +!&,-.-( κw -/*01*&' 0* $!&$!.,*&$" "&'." ,"12

314"5"&'( 61*0%'*'%7(8 9"( /*0"1.( "&'." $.!$:"'( (!&' 0"( %&'"./*00"( ," $!&;*&$" <

95%8

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

7!/'" ,.!,!#' -' -!""'. 0  /+ &"' -'#  +#'# -& 4+82'+& -'  !"41"6'" '9 &" ,!1-# wij :5$ *

+.%!.%9 '4 %&1 .';<4' 2=1>,!.4+" ' %&' 2=!" +44.18&' +& -$#+  !.-( ?!&.  '44' $4&-'9 "!&# &4121#!"#

-'# ,!1-# -'  !" !.-+" ' ,2&4@4 %&' -'# ,!1-# -' -1# !.-+" '( 7'# ,!1-# A+.1'"4 -' 1 ,!&. 2'#

 +#'# -' 2+ -1+6!"+2'9 0 0 ,!&. 2'#  +#'#  !..'#,!"-+"4 +& ,2&# 3!.4 -$#+  !.-( )'  /!15 -'# ,!1-#

-&  !'B 1'"4 *+,,+ ,!"-$.$ κw '#4 .$+21#$ #'2!" &" #C#4<>' -' ,!"-$.+41!" 21"$+1.' !D  /+%&'

,!1-# #'  +2 &2' ,+.

wij = 1− |i− j|
r − 1

7'#  !'B 1'"4# !"4 $4$  +2 &2$# +A' 2' 2!61 1'2  !" #( E '#4 &" '"A1.!""'>'"4 -' ,.!F

6.+>>+41!" +1"#1 %&=&" 2+"6+6'9 -$-1$ +&5  +2 &2# #4+41#41%&'#( ?2&#1'&.# 218.+1.1'# ,'.>'44+"4

-'  +2 &2'. 2'#  !'B 1'"4# *+,,+ '4 *+,,+ ,!"-$.$# #!"4 -1#,!"182'#( G2 '#4 $6+2'>'"4 ,!##182'

-=!84'"1.  '#  !'B 1'"4# 0 ,+.41. -=&" #14' 1"4'."'4 -$-1$ H  !!"#$$%&'()!*+,&--&.+/0($)12.*$

3&""&+ !4)(

<7*021$1* ,1 &51,(+(71$1&)5*

I.!1#  !>,+.+1#!"# !"4 -!" $4$ 'J' 4&$'#9 #&. 4.!1# #$.1'# -' 2' 4&.'# -1J$.'"4'#9 0 #+A!1. 2+

2' 4&.' K$4+A1. -'# $ /+"4122!"# #$.1$# >+.%&$# +& .!&6' L1.1&# -' .$3$.'" ' M"!4$' NELFE$3NO9 2+

2' 4&.' K$4+A1. #&. 2'# >P>'# $ /+"4122!"# -' 5µm -=$,+1##'&. +C+"4 '&5 +&##1 $4$ >+.%&$# +&

.!&6' L1.1&#9 '4 .$+21#$' ,+. Q.&"! I&.21" M"!4$# NELFQINO9 '4 '":"9 2+ 2' 4&.' K$4+A1. -1.' 4' -'#

1>+6'# LRS 8.&4'#9 '" 3+&##'#  !&2'&.# >+1# "!" 4.+14$'#9 'J' 4&$' ,+. Q.&"! I&.21" $6+2'>'"49

'4 "!4$' MNLRSFQINO(

)' 4+82'+&  !"4'"+"4 2'# .$#&24+4# !84'"&# ,!&. 2'#  !'B 1'"4# *+,,+ κ '4 *+,,+ ,!"-$.$#

κw '#4 -!""$ 4+82' T(U(U( V"' .',.$#'"4+41!" 6.+,/1%&' -'  '#  !>,+.+1#!"# +A' 2'#  !'B 1'"4#

*+,,+ ,!"-$.$# %&1 C #!"4 +##! 1$#9 '#4 ,.$#'"4$' :6&.' T(WU(

)'# A+2'&.# -'#  !'B 1'"4# *+,,+ "!" ,!"-$.$# "' -!""'"4 ,+# -' 8!"# .$#&24+4# M-' >$-1! .'

0 >!-$.$O( X" .'A+" /'9 2'#  !'B 1'"4 *+,,+ !84'"&# '" +Y!&4+"4 &"' ,!"-$.+41!" 21"$+1.' #!"4

+& -'##&# -' 0.619 '4 2'# 1"4'.A+22'# -'  !":+" ' 0 95% "' -'# '"-'"4 ,+# '" -'##!&# -' 0.419  '

%&1 1"-1%&'9 #'2!" 2' 4+82'+& T(W Z)+"-1#9 W[\\]9 &" 8!" +  !.-( ^" ,'&5 41.'. ,2&#1'&.# .'>+.%&'#

-'  '# .$#&24+4#(
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 !"#$%  !"# $  !"#$%!&'(')*& +#(",)-.! /!% %0*#!% 1$'(2)# $'(34)% "*.# 4!% '#*)% 4!0'.#!% 5  67 $89  67:;

!' 6<=7:;>  !  67 $8 2!#%.%  67:;> ?!% )0@&!% #*.+! A'#)(&+4!% 2!#% 4! ,(.'B )&/)-.!&'

.&! %.#!%')C(')*& /! 4( 4!0'.#!  67:; "(# #(""*#' D 4( 4!0'.#!  67 $89 '(&/)% -.! 4!% 34!.

A'#)(&+4!% 2!#% 4! 3(%B )&/)-.!&' .&! %*.% !%')C(')*&> ?!% 0!#04!% )&/)-.!&' .&! 0*&0*#/(&0!>

κw = 0.669 [0.53− 0.79]> "!  67 $8 2!#%.% 6<=7:;> κw = 0.639 [0.48− 0.78]> ?!% !44)"%!%

)&/)-.!&' .&! 8*#'! /)%0*#/(&0!> #!  67:; 2!#%.% 6<=7:;> κw = 0.669 [0.52 − 0.80]> $!

:)4(& +#(",)-.!9 "(')!&' "(# "(')!&'9 /!% '#*)% 4!0'.#!% 1$'(2)# (2!0 !& #$8$#!&0! !& 3(%9 4(

4!0'.#!  67 $8>



 !" #$ %&'()*')+&, -./ ')%%, )01&2 3, 3&$45)*1&' 6&)%73&'$2 8 9:9

 !"# $%&'!($) *& '!++, -!+-!($&+-, ,+#(, *,. $,"/ *,-#"(,. 01#&23( '&.1,. ."( $,. 34&5,. $,

-!"6,. 73.#!*!538",. -!*!(1,. &" (!"5, 93(3". .1(31,. :κw = 0.66) 3+#,(2&**, $, -!+;&+-, < 95%

[0.53 − 0.79]= 3+$38", "+, (,6(!$"-#3'3*3#1 3+#,( ,# 3+#(&>!61(&#,"( -!((,-#, 6!"( -,##, .1(3,? @&

.,-!+$, (,4&(8", -!+-,(+, *%12&*"&#3!+ $3(,-#, $, .-!(,. 01#&23( < 6&(#3( $%34&5,. 9AB (,-!+.>

#("3#,.? @,. $,"/ -!46&(&3.!+. C9>C1D  ! 9AB>E ,# C9>E  ! 9AB>E $!++,+# $,. -!,F-3,+#.

G&66& 6!+$1(1. ."61(3,"( < 0.61 :3+#,(2&**, $, -!+;&+-, < 95% > 0.48=) 3+$38"&+# -*&3(,4,+# *&

6!..3'3*3#1 $%1#&'*3( "+ .-!(, 01#&23( < 6&(#3( $%34&5,. 9AB $%1-7&+#3**!+. .&+. &"-"+ 4&(8"&5,?

H 6&(#3( $, -,. (1."*#&#.) !+ 6,"/ (,5&($,( 6*". 6(1-3.14,+# *,. .3+5"*&(3#1. !'.,(21,. $3>

(,-#,4,+# ."( *,. $,"/ #I6,. $%34&5,.) -,**,. $, 43-(!.-!63, ,+ -7&46 *&(5, 7&"#, (1.!*"#3!+ <

6&(#3( $%1-7&+#3**!+. 4&(8"1. &" (!"5, 93(3".) ,# -,**,. &-8"3.,. ,+ 9AB < '&.., (1.!*"#3!+) <

6&(#3( $%1-7&+#3**!+. 23,(5,. $, #!"# 4&(8"&5,? @,. $3J1(,+#,. .3+5"*&(3#1. 6(1.,+#1,. 3-3 !+# 1#1

(121*1,. *!(. $,. $,"/ .,..3!+. $, *,-#"(,. &2,- E("+!  !"#$%?

;)%+$($&*)5* 3<&%$4,* 3, ')0+,* =&*1)2)4&>0,* $'>0&*,* ,5 %&'()*')+&, ,5

'=$%+ 2$(4, ,1 ,5 %&'()*')+&, -./

K!". (&66,*!+. 8", *,. $,"/ .1(3,. $%34&5,. -!46&(1,. 3-3 !+# 1#1 &-8"3.,. &2,- $,"/ 41>

#7!$,. $, 43-(!.-!63,. D!+$&4,+#&*,4,+# $3J1(,+#,.? L,-3 346*38", 8", *,. 3+D!(4&#3!+. 8",

+!". 6!"2!+. ,+ #3(,( .!+# $, +&#"(,. $3J1(,+#,.) ,# !+# $, 5(&+$,. -7&+-,. $%M#(, -!46*14,+>

#&3(,.? @,. 6&(#3-"*&(3#1. ,# 6!3+#. $, -!46&(&3.!+ N&5(&+#. ,+#(, *,. 34&5,. 3..",. $,. $,"/

#,-7+38",. $1-(3#. 3-3 -!+-,(+,+# O

P *,. Q.6&-,. R!(#,. :QR= S.&3+.S)

P *,. QR 5*!'"*,"/ &2,- ,/6&+.3!+)

P *%&*#,(+&+-, #I638", ,+#(, QR ,# T,3+,. L,+#(!*!'"*&3(,. :TL=)

P *& -&6."*, $" D!3, :6!3+# $%,+#(1, $, *& '3!6.3,=)

P *& ;'(!., -,(-*&+# *,. +!$"*,. ,+ ,/6&+.3!+ &(-3D!(4,)

P *& ;'(!., .3+".!U$&*,?

L,. $3J1(,+#. 6!3+# .!+# $3.-"#1. ,# 3**".#(1. 6&( $,. ,/,46*,.) ;5"(, V?WX?

#,* ?@ A Y&+. *& 6*"6&(# $,. -!"6,. 73.#!*!538",. $, '3!6.3,. $, D!3, A"4&3+) !+ 6,"# !'.,(2,(

*%&*#,(+&+-, $, *& 6(1.,+-, $%QR &2,- $,. TL V?WX !? @& #&3**, $, *%,.6&-, ,+#(, "+ QR ,# .,. TL

,.# (3-7, ,+ 3+D!(4&#3!+? 93 -,. $,"/ .#("-#"(,. .!+# #(Z. 6(!-7,. *%"+, $, *%&"#(,) !+ ,.# #(Z.

-,(#&3+,4,+# ,+ 6(1.,+-, $%"+ .#&$, [\) 2!3(, $%"+, -3((7!.,? 9!+# -!+.3$1(1. .&3+.) *,. QR !] *&

6(1.,+-, $, -!**&5Z+, ., *343#, < *& 61(3671(3, $, *%QR :[^>[W=) -!44, 3**".#(1 ;5"(, V?WX"!? H"

$,*< $, -,##, 61(3671(3,) *& 6(1.,+-, $, -!**&5Z+, ,.# -!+.3$1(1, -!44, 1#,+$", !" 1*&(53,) *%QR

,.# &*!(. $3# S5*!'"*,"/S ,# *, .#&$, [_ ,.# $1-(1#1 :V?WX#!=? `* & 1#1 +!#1 8", *,. 34&5,. 9AB

D&3.&3,+# ',&"-!"6 43,"/ (,..!(#3( *,. *3.,(,#. $, -!**&5Z+, ,+ '!($ $, 2,3+,) &3+.3 8", *,. .,6#&

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

234 #+!() !& $+/5)'6"+ *7',&8+%'+9 :+# ',&8+# ;<= #()$ %+0%-#+)$-+# +) 1&"##+# /("!+"%# *+

$>0+ ?@'%+? +$ )7()$ 0&# -$- $%&'$-+#A $("$ /(,,+ !+# ',&8+# *+ ,'/%(#/(0'+ B;9  !C 8&"/5+ D

',&8+ ;<= E F *%('$+ D ',&8+ *+ ,'/%(#/(0'+ /5&,0 !&%8+ *7-/5&)$'!!()# /(!(%-#9 3G D 3#0&/+

G(%$+9 "! 3#0&/+ 0(%$+ 8!(H"!+"I9 #! C!$+%)&)/+# +#0&/+ 0(%$+ J .+')+ /+)$%(!(H"!&'%+9 $!

4&0#"!+ *" 1('+A 0(')$ *7+)$%-+ *+ !& H'(0#'+9 %! @'H%(#+ /+%/!&)$ !+# )(*"!+# +) +I0&)#'()

&%/'1(%,+9 &! @'H%(#+ #')"#(K*&!+9 '! C#0+/$ )(*"!&'%+A +I0&)#'() &%/'1(%,+ *+ !& LH%(#+

.'#'H!+ +) ;<=A ,&'# 0&# #"% !7',&8+ B;9



 !" #$ %&'()*')+&, -./ ')%%, )01&2 3, 3&$45)*1&' 6&)%73&'$2 8 9:;

#$ '$+*02, <  !" #$"%&'($) #*!+$) ,$ -'*+)'$). *( +$!% *-)$"/$" 0 !($ ,$) ,$!1 $1%"23'%2) ,$

452#6&(%'44*(. !($ %"7) 8*"%$ #*(#$(%"&%'*( ,$ #*44&97($. #*""$)+*(,&(% 0 4& #&+)!4$ ,! 8*'$. )*'%

4$ +*'(% ,5$(%"2$ ,$ 45&'9!'44$ *+2"&(% 4& -'*+)'$ :;<= !; >$%%$ ?*($ +&"%'#!4'7"$ (5'(%$"/'$(% +&)

,&() 452/&4!&%'*( ,! )#*"$ @2%&/'";

#$ =6()*, ',('2$51 2,* 5)302,* ,5 ,>+$5*&)5 $('&?)(%, < >&"&#%2"')%'A!$ ,$ 4&

#'""6*)$. 4& +"2)$(#$ ,$ #$%%$ B-"*)$ $( $1+&()'*( &"#'8*"3$ C$( &"# ,$ #$"#4$D 8&#'4$3$(% "$#*(E

(&'))&-4$ &-*!%'% *-4'9&%*'"$3$(% &! ,'&9(*)%'# @2%&/'" FG C:;<="!D;

#$ =6()*, *&50*)@3$2, < H&() 452%&-4'))$3$(% ,! )#*"$ @2%&/'". !( 32,$#'( &(&%*3*+&E

%6*4*9')%$ '9(*"$ 4& B-"*)$ )'(!)*I,&4$; J44$ (5$)% +&) "2/24&%"'#$ ,5!( )%&,$ @2%&/'" +&"%'#!4'$".

$% & 2%2 "$4&%'/$3$(% +$! 2%!,'2$; K( +$!% ,5&'44$!") (*%$" A!$ #$%%$ B-"*)$ )'(!)*I,&4$ $)% %"7)

,'L#'4$3$(% ,')#$"(&-4$ )!" 45'3&9$ "*!9$  '"'!) ,$ 4& B9!"$ C:;<=#!D; J( "$/&(#6$. $( 3'#"*)#*E

+'$  MN. 4& B-"*)$ )'(!)*I,&4$ "$))*"% $( #*(%"&)%$ #*33$ ,$ 4& B-"*)$ O"29!4'7"$O. $% & ,*(#

!($ '3+4'#&%'*( (*( (294'9$&-4$ ,&() 4$ #&4#!4 ,! )#*"$  MN;

H5&!%"$) #*33$(%&'"$) 23') +&" P"!(* Q!"4'( 4*") ,$ 4& )2&(#$ ,$ 4$#%!"$ ,$) '3&9$)  MN )*(%

+*"%$!") ,5'(8*"3&%'*() '(%2"$))&(%$); R&" $1$3+4$. ,&() 4$ #&,"$ ,5!($ 2%!,$ +4!) #*3+47%$.

'4 )$"&'% $(/')&9$&-4$ ,$ #*!+4$" !($ '(8*"3&%'*( ,$ S!*"$)#$(#$ CQRJFD &/$# 45'3&9$  MN;

J( $T$%. #$"%&'($) '(8*"3&%'*() !%'4$) 0 452%&-4'))$3$(% ,! )#*"$ @2%&/'" (5&++&"&'))$(% +&) )!"

45'3&9$  MN. #*33$ 45&)+$#% ,$) %"&/2$) $(%"$) 4$) 62+&%*#U%$) *! 4$) 62+&%*#U%$) $!1E3V3$);

J( "$/&(#6$. #$"%&'() 2#6&(%'44*() 23$%%$(% !( 8*"% )'9(&4  MN. 40 *W 4$ #*(%"&)%$ ,! #*4*"&(%

X ($ "2/74$ "'$( ,$ +&"%'#!4'$". +&" $1$3+4$ +*!" 4$) &)+$#%) (*,!4&'"$). #*33$ 4$ ,23*(%"$

45$1$3+4$ ,$ 4& B9!"$ :;<=$!;

J( #*(#4!)'*( ,$ #$%%$ ,')#!))'*(. '4 $)% "$))*"%' A!5&/$# !( 429$" &++"$(%'))&9$ ,$) #*(%"&)%$)

"2/242) +&" 4& 3'#"*)#*+'$  MN. '4 $)% %*!% 0 8&'% +*))'-4$ ,5$T$#%!$" !($ 2/&4!&%'*( ,5!( )#*"$ @2E

%&/'" 0 +&"%'" ,5!($ '3&9$  MN. #$ A!' $)% #*""*-*"2 &/$# 4$) "2)!4%&%) %"&,!'%) +&" 4$) #*$L#'$(%

Y&++& +*(,2"2) C> 0.61D;

 !"!# $%&'()(*+%, -. +/%)0 123 (40/ 567*+8%&%)'7%&98)*0

Z+"7) &/*'" ,23*(%"2 4& "*-!)%$))$ ,$ 4& 32%6*,$ ,$ )#*"'(9  MN &++4'A!2$ )!" ,$) +'7#$)

*+2"&%*'"$) $% ,$) -'*+)'$) $( #*!+$) 6')%*4*9'A!$). $% &+"7) 45&/*'" #*(8"*(%2$ &!1 )#*"$) FE

@2%&/'" ,$ "282"$(#$. (*!) #*3+&"*() 3&'(%$(&(% (*) "2)!4%&%) &/$# #$!1 *-%$(!) &/$# 4$)%&%"'

2#6&(%'44*() +&" 6')%*3*+6*32%"'$;

#, *')(, A&*1)%)(+A)%71(&B0,

[& %$#6('A!$ ,56')%*3*"+6*32%"'$ ,2/$4*++2$ 0 Z(9$") +&" 452A!'+$ ,$ R&!4 >&47) +$"3$%

,52%&-4'" !( )#*"$ ,$ A!&(%'B#&%'*( ,! #*44&97($ "$)+*()&-4$ ,$ 4& B-"*)$ 62+&%'A!$;  ' 4& B(&4'%2

,5!($ %$44$ 32%6*,$ $)% #*3+&"&-4$ 0 #$44$ ,! )#*"$  MN. 4& 32%6*,$ !%'4')2$ $)% -'$( ,'T2"$(%$;



 !! "#$%&'()*

 !""! #$"%&'! (")*)+! (,! )#-.! /&(*!(0 123456 7 8&0"! 0$+&*(")&, '9(,! /&(:! %)+"&*&.);(!

#-0;($! -<!/ (, /&*&0-," +! =>-," +(0 *! /&**-.?,!@ A,! "!/%,);(! '9-,-*B+! '9)#-.! :!0#!"

'9$"-C*)0 (, +/&0!6 :&(0/!,"-.! '! :)>!*+ /&00!+:&,'-," 7 '! *- =C0&+! :-0 0-::&0" 7 *9-)0 "&"-*!

'! *- C)&:+)!@

D :-0")0 '9(,! /&(:! %)+"&*&.);(! /&*&0$!6 :*(+)!(0+ )#-.!+ +&," -/;()+!+ -<!/ (, #)/0&+/&:!

!, /%-#: *-0.! 1&CE!/")8 20×6 0$+&*(")&, )#-.! F 0.5µm/pix5 -("&#-")+$ ')+:&,)C*! -( GH*! I#-J
.!0)! '(  KA '9D,.!0+@  !+ )#-.!+ +&," 0!/&,+"0()"!+ -("&#-");(!#," :&(0 ,! 8-)0! ;(9(, +!(*

=/%!0 )#-.! 0!:0$+!,"-," "&("! *- C)&:+)! 1+B+"?#! '9-/;()+)")&,  !"# !$%&6 D:!0)& L!/%,&*&.)!+6

I,/@6  D6 AMD5@

 !""! )#-.! 0!/&,+"0()"! -( 8&0#-" '()*) 1 !"#)!$%& +,-./"0  0,1&6 8&0#-" :0&:0)$"-)0!5 !+" '!

.0-,'! "-)**!6 7 +-<&)0 E(+;(97 14.000×19.000×3 :)>!*+6 :&(0 +!(*!#!," 36Mo@ G&(0 /&#:-0-)+&,6

(,! )#-.! '! #N#! "-)**! -( 8&0#-" '(.,2 ,&, /&#:0!++$! :?+!0- !,<)0&, 3Go@ O- /&#:0!++)&,

'( 8&0#-" '()*) !+" '&,/ +-,+ :!0"!6 !" !+" (")*)+$! :&(0 *9)#-.!0)! #$')/-*! &( .$&+:-")-*!@

O9!>:*&)"-")&, '9(,! "!**! )#-.! +! 8-)" :-0 (, *&.)/)!* '! <)+(-*)+-")&, '$')$6 34"5& !$%&6 ;()

:!0#!" '9!P!/"(!0 ')P$0!,"!+ &:$0-")&,+6 /&##! *- +-(<!.-0'! '!+ )#-.!+ +&(+ ')P$0!,"+ 8&0#-"+6

!, /-++-," *- 0$+&*(")&, &( !, /&#:0!++-," *9)#-.! +!*&, *!+ C!+&),+@

O9)#-.! '! *- /&(:! !,")?0! !+" !,+()"! +!()**$! :-0 (, :0&.0-##! '$<!*&::$ :-0 Q(*)!,

 %-).,!-( -( GH*! I#-.!0)! '(  KA '9D,.!0+6 ;() :!0#!" '! /*-++)=!0 *- "&"-*)"$ '!+ :)>!*+ !,

;(-"0! /-"$.&0)!+ C)!, ')+"),/"!+6 *!(0 -""0)C(-," (,! <-*!(0 C)!, :0$/)+! +!*&, (, -*.&0)"%#! 6/778

9:4&"#) ;(! ,&(+ ,! '$"-)**!0&,+ :-+ )/)@  !""! #$"%&'! '! /*-++)=/-")&, - $"$ #)+! -( :&),"

!, /&**-C&0-")&, -<!/ '!+ #$'!/),+ -,-"&#&:-"%&*&.)+"!+ ;() &," "0-)"$ R7 *- #-),R *!+ )#-.!+6

&P0-," -),+) (,! C-+! +(0 *-;(!**! Q(*)!,  %-).,!-( +9!+" 0!:&+$ :&(0 '$<!*&::!0 *! :0&.0-##!

'! "0-)"!#!,"@ O!+ :-0")!+ '9)#-.!+ %&0+ '! *- C)&:+)! -(0&," *- <-*!(0 06 *!+ S&,!+ /&,+)'$0$!+

/&##! $"-," =C0&+$!+ -(0&," *- <-*!(0 306 *- #-"0)/! !>"0-J/!**(*-)0! -(0- *- <-*!(0 208 "-,')+

;(! *!+ S&,!+ '! +"$-"&+!+ -(0&," *- <-*!(0 255@ T, +! "0&(<! -),+) !, :0$+!,/! '9(,! )#-.! !,

,)<!-(> '! .0)+ C)!, ')+"),/"+6 -)+$#!," #-,):(*-C*!@ O! +/&0! '9%)+"&#&0:%&#$"0)! !+" $"-C*) !,

8-)+-," *! 0-")& !,"0! *! ,&#C0! '! :)>!*+ -B-," :&(0 <-*!(0 30 1*!+ S&,!+ =C0&+$!+5 +(0 *! ,&#C0!

"&"-* '! :)>!*+ > 0@

U&"&,+ )/) ;(9(,! /&(:! %)+"&*&.);(! '! C)&:+)! ,(#$0)+$! !" "0-)"$! :-0 *! +B+"?#! '9-/J

;()+)")&,  !"# !$%& !+" 8&0"!#!," '$:!,'-,"! '! *- /&,/!,"0-")&, !, /&*&0-," +! =>-," +(0 *!+

/&**-.?,!+@ G&(0 +9-P0-,/%)0 '! /!""! '$:!,'-,/!6 *9$;():! '! G-(*  !"#$ - '$/)'$ '9$"-C*)0 (,

"0-)"!#!," '9)#-.! 'B,-#);(!@ O!+ +/&0!+ '9%)+"&#&0:%&#$"0)! +&," 0$-*)+$+ 'B,-#);(!#!,"6

-<!/ (, ,)<!-( '! +!()**-.! ')P$0!," :&(0 /%-;(! $/%-,")**&,6 $<&*(-," !, 8&,/")&, '( /&,"0-+"!

'$"!/"$ !,"0! (,! S&,! '! 8&0"! /&,/!,"0-")&, !, /&**-.?,!6 8&0"!#!," #-0;($ :-0 *! /&*&0-,"6

!" (,! S&,! +-),!@ G-0 /&#:-0-)+&,6 *!+ +/&0!+ MK3 +&," 0$-*)+$+ "&(E&(0+ '! *- #N#! #-,)?0!

1:()++-,/! *-+!0 !" ,)<!-( '! '$"!/")&, '( GV 0$.*$ 7 4% +()<-," *- :0&/$'(0! #-),"! 8&)+ '$/0)"!6

!" +!()**-.! /&,+"-,"+5@  !""! ')P$0!,/! '! "0-)"!#!," '!+ )#-.!+ !+" (, :&)," )#:&0"-,"@



 !" #$ %&'()*')+&, -./ ')%%, )01&2 3, 3&$45)*1&' 6&)%73&'$2 8 9: 

 !"#$%  !"# $  !"#$%$&'!( )*' '+!%*' ,-. */ -0 &''1' )*' "2"*' +!1#*' 3&'/!4!5&61*' 75µm8 9  !

 !%%:4$/&!( *(/%* 4*' )*1; '+!%*'< R2 = 0.62< "! =*#%:'*(/$/&!( />#* ?@!A/*' B "!1'/$+3*'?

)* 4$ %:#$%/&/&!( )*' C$4*1%' )* '+!%*' *( D!(+/&!( )1 '/$)* 0:/$C&% )* %:D:%*(+*E %*5%!1#:*'

#$% '/$)* FGHFI */ FJHFK )L$#%M' 4$ 4*+/1%* =,H%:D<

;)%+$($&*)5 3,* 3,0< *')(,*

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

*$12 %()3,*$- 4561#$ 789:;< $) $. 1)&/&-!.) +,%%$ -+,#$ =()!>&# *$ #(?(#$.+$ /$ @AB#(?< +C$-) D

*&#$ +$/1& E1& ! ()( ()!F/& G!1 5/ *$ /C$!1G -1# *C!1)#$- +,1"$- *$- %H%$- F&,"-&$-8 I,1- >$##,.-

$.-1&)$ /C$0$) *C1. !1)#$ +3,&2 *$ #(?(#$.+$8

 ! 561#$ 789:!; !""$//$ "/1-&$1#- +,%%$.)!&#$-8 JC!F,#*< F&$. E1$ +$- -+,#$- !&$.) ()( $?B

?$+)1(- -1# /$- %H%$- (+3!.)&//,.- 4!1 %!#E1!6$ "#'-;< /! +,##(/!)&,. /&.(!&#$ $.)#$ /$- #(-1/)!)-

*$- *$12 )$+3.&E1$- $-) ?!&F/$ "1&-E1$ R2 = 0.628 K.-1&)$< /$- !&#$- *$ 5F#,-$- %$-1#($- "!# /$-

-+,#$- ALM -,.) -1"(#&$1#$- D +$//$- %$-1#($- $. %,#"3,%()#&$ "1&-E1$ /! %!N,#&)( *$- >!/$1#-

*$- -+,#$- ALM -$ )#,1>$.) $. *$--,1- *$ /! F&--$+)#&+$ *$ /! 561#$ 789:!;8 O$))$ )$.*!.+$ $-)

#$)#,1>($ -1# /! 561#$ 789:F;8 I(!.%,&.-< /$- *$12 %()3,*$- -("!#$.) *$ %!.&'#$ D "$1 "#'-

(E1&>!/$.)$ /$- *$12 6#,1"$- PQBP9< PRBPSBP:8 I,),.- +$"$.*!.) E1$ /C(+!#) *$ -+,#$ $.)#$ /$-

*$12 6#,1"$- $-) "/1- 6#!.*$ $. ALM E1C$. L=8  C(+!#) $.)#$ /$- >!/$1#- *$- -+,#$- ALM $) L=

"$1) "#,>$.&# *$ "/1-&$1#- ?!+)$1#- T

U  ! ALM %$) $. (>&*$.+$ /$ +,//!6'.$ *$ )V"$ W $) +$/1& *$ )V"$ WWW /,#-E1C&/ $-) !--,+&( !1

)V"$ W8  $ #,16$ A&#&1- -$ 52$ -1# "/1-&$1#- )V"$- *$ +,//!6'.$- ",1# /$- %$))#$ $. (>&*$.+$8

 ! ALM $) /! %,#"3,%()#&$ .$ %$-1#$.) *,.+ "!- ?,#+(%$.) /$ %H%$ -&6.!/8

U A& ,. !16%$.)$ /! #(-,/1)&,. *$- &%!6$- ALM< ,. +,.-)!)$ E1$ /$ +,//!6'.$ $-) "#(-$.)

"!#),1) $) *$ %!.&'#$ *&01-$ *!.- /$ ?,&$8  $ "#,F/'%$ $-) *$ *&0(#$.+&$# +$ E1& $-) "3VB

-&,/,6&E1$ 4=KO; *$ +$ E1& $-) "!)3,/,6&E1$ 4+,//!6'.$ 5F#&//!&#$ B 5F#,-$ -&.1-,X*!/$;8 Y#<

/$ #,16$ A&#&1- .$ +,/,#$ "!- 1.&E1$%$.) /! 5F#,-$< %!&- (6!/$%$.) 1.$ "!#)&$ *$ /! =KO8

U  C3&-),%,#"3,%()#&$ $2"/,&)!.) *$- &%!6$- 3!1)$ #(-,/1)&,. %$) $. (>&*$.+$ +$#)!&.$-

+,%",-!.)$- *$ /! =KO E1& -,.) "#&-$- $. +,%")$ *!.- /$ -+,#$8  $- -+,#$- ALM ()!.)

#(!/&-(- D "!#)&# *C&%!6$ F!--$ #(-,/1)&,.< +$))$ +,.)#&F1)&,. .C$-) "!- +,.-&*(#($8 W/ ?!1*#!&)



 !" #$%&'()*+

 !"#$% & '()* +,%- #%,** **$!$.- /60×/ ',)% ',)0, % -$. % 1,!'-$ 2$ 1$--$ 1,.-% 3)- ,.4 5.

%$0".16$7 ($* *-%)1-)%$* 2$ 1,(("#8.$* 93% ((" %$* 2$ #%".2$* 2 !$.* ,.* *,.- -,)-$* '% *$*

$. 1,!'-$ 2".* ($* *1,%$* :;<7 -".2 * =)>$. !,%'6,!?-% $7 1$%-" .$* *-%)1-)%$* @1,!!$

(" '?% '6?% $ 2$* 0$ .$* 1$.-%,(,3)(" %$*A *,.- ?( ! .?$* 2$ (>"."(B*$4

C)$(=)$* ', .-* 2$ (" 9#)%$ D4EF"A 2$ 1,%%?("- ,. $.-%$ ($* 2$)G !?-6,2$* ,.- ).$ ',* - ,.

$G,- =)$*7 ') *=)$ 2$* ', .-* 2) #%,)'$ HI/HE '%$..$.- 2$* 0"($)%* 2$ *1,%$* :;< *)'?% $)%$*

& 10%4 J" %?+?%$.1$ & '"%- % 2$ ("=)$(($ .,)* "0,.* 3"*? 1$--$ 1,%%?("- ,. $*- (" ($1-)%$ K?-"0 %

L:/%?+ ?-"3( $ & '"%- % 2$* !M!$* 3 ,'* $*7 !" * *)% 2$* 1,)'$* 2 N?%$.-$*4 O,)* "0,.* 0) 2".* ("

'"%- $ D4P4E (> .Q)$.1$ 2) 3 " * 2>?16".- ((,."#$ *)% ($* *1,%$* :;<4 R. '$)- "(,%* (?# - !$!$.-

*$ 2$!".2$% * 1$--$ 1,%%?("- ,. .>")%" - '"* '()* 2$ *$.*7 * .,)* +" * ,.* 2$ (" ($1-)%$ K?-"0 %

$N$1-)?$ '"% S%).,  !"#$% *)% 1$--$ !M!$ *?% $ 2>?16".- ((,. 2$ 5µm7 .,-%$ %?+?%$.1$4

J" 9#)%$ D4ED '%?*$.-$ 1$--$ .,)0$(($ 1,!'"%" *,.4

 !"#$%  !" #  !"#$%$&'!( )*' '+!%*' ,-. */ -0 &''1' )*' "2"*' +!1#*' 3&'/!4!5&61*' 75µm8 9  !

 !%%:4$/&!( *(/%* 4*' )*1; '+!%*'< R2 = 0.62< "! =*#%:'*(/$/&!( )* 4$ %:#$%/&/&!( )*' >$4*1%'

)* '+!%*' *( ?!(+/&!( )@1( '/$)* 0:/$>&% )* %:?:%*(+*A %*5%!1#:*' #$% '/$)* BCDBE */ BFDBG

)@$#%H' 4$ 4*+/1%* =,DIJ<

:)% (" 9#)%$ D4ED"A7 (" ',* - ,. 2$* 2 N?%$.-* ', .-* .$ 16".#$.- '"*7 $. %$0".16$7 1$%-" .*

', .-* ,.- 16".#? 2$ #%,)'$4 5. $N$-7  ( .>B " '()* 2$ ', .-* "''"%-$.".- ") #%,)'$ HI/HE =) 

2?'"**$ ).$ 0"($)% 2$ *1,%$ :;< 2$ 10%4

O,)* "0,.* 16$%16? & 1,!'"%$% 9.$!$.- ($* 2 N?%$.1$* ! *$* & T,)% '"% 1$ 2$%. $% ', .-7 $.

*)'$%',*".- (> !"#$ :;< *$) ((?$ & (> !"#$ 6")-$ %?*,()- ,. !,%'6,!?-% =)$ 1,.*- -)?$ ). =)$/

!$.- 2$* ' G$(* %$'%?*$.-"- +* 2$ (" 93%,*$4 U,)% 1$ +" %$7  ( +")- %$1,.*-%) %$ ).$  !"#$ 1,!'(8-$

2$ 1,)'$ 6 *-,(,# =)$ 2$ 3 ,'* $ 6?'"- =)$7 & '"%- % 2$*  !"#$* )- ( *?$* ',)% 2?-$%! .$% ($*

*1,%$*4 5. :;<7  ( *>"# - $. #?.?%"( 2>).$ 2 V" .$ 2> !"#$* 12 3 -* 2$ 512 × 512 ' G$(*4 U,)%

%$1,.*-%) %$ 2$ +"W,. (" '()* 928($ ',** 3($ (> !"#$ $.- 8%$7 ,. *$ *$%- 2$*  !"#$* 2$ Q),%$*1$.1$

2 *',. 3($* @XU5HA4 Y.$ +, * =)$ (> !"#$ 2$ (" 3 ,'* $ $.- 8%$ $*- '%M-$7 (> !"#$ :;< $*- *$) ((?$

& tr = 25%7 2$ +"W,. "."(,#)$ & (" !?-6,2$ 2$ *1,%$ :;<4 Z '"%- % 2$ (> !"#$ ;K 6")-$ %?*,/

()- ,. =) 1,.- $.- =)"-%$  .+,%!"- ,.* 2 *- .1-$* @93%,*$7 *-?"-,*$7 K5[ $- V,.$* 6,%* 3 ,'* $7



 !" #$ %&'()*')+&, -./ ')%%, )01&2 3, 3&$45)*1&' 6&)%73&'$2 8 9:;

 !"#$ %&'()**+ ,-". ,$ ./0$)12-,,-,. 3"$ 0$. 425$0. )-##$.4-,67,1 8 092,:-#;712-,  <#-.$& =$.

6$"5 2;7!$. <2,72#$. >?@ $1 ?A .-,1 $,."21$ ."4$#4-./$.& B7# )C7,)$+ ,-". ,97D-,. 47. -<.$#D/

6$ 6/)707!$ 7,!"072#$ $,1#$ 0$. 6$"5 7)3"2.212-,.+ )$ 3"2 :7)2021$ !#7,6$;$,1 07 ."4$#4-.212-,+

6-,1 -, 12#$ ",$ 2;7!$ E@F G D$#1 4-"# 07 >?@+ #-"!$ 4-"# 07 ;-#4C-;/1#2$ $1 H7",$ 4-"# 07

)-0-)702.712-, 6$. 6$"5 )-;4-.7,1$. I !"#$ %&'(*&

E744$0-,. 3"$ 0$. 2;7!$. >?@ -,1 /1/ .-". /)C7,1200-,,/$. .471270$;$,1 I744#-52;712D$J

;$,1 69", :7)1$"# 2* 4-"# 0$. #72.-,. 2,623"/$. 67,. 07 .$)12-, %&'&' 70-#. 3"$ 09/)C7,1200-,,7!$

.471270 6$ 097)3"2.212-, $, ;2)#-.)-42$ )C7;4 07#!$ $.1 76741/$& K$11$ 62L/#$,)$ 6$ #/.-0"12-,

$1 69/)C7,1200-,,7!$ .471270 $.1 200".1#/$ ."# 0$.  !"#$. %&'(6J$*& M-". #$;7#3"-,. 3"$ 07 ANK

$.1 ;-2,. 7447#$,1$ $, ?A 3"9$, >?@& K$)2 4$"1 .9$54023"$# 69",$ 47#1 47# 07 62L/#$,)$ 6$

#/.-0"12-, $,1#$ ?A I≈ 0.5µm* $1 >?@ I≈ 4µm*+ $1 697"1#$ 47#1 47# 09/D$,1"$0 :72<0$ )-,1#7.1$

2,6"21 47# 0$ #-"!$ >2#2". 67,. 0$. O-,$. 6$ :72<0$ )-,)$,1#712-, $, )-007!P,$& N, #$D7,)C$+ 4-"#

0$. O-,$. 8 :-#1$ )-,)$,1#712-, 6$ )-007!P,$  <#20072#$+ -, )-,.171$ ", <-,,$ )-0-)702.712-, 6$.

)-;4-.7,1$. >?@ $1 ?A& M/7,;-2,.+ -, )-,.171$ 3"$ 1-". 0$. <-#6. 6$ <2-4.2$.+ 0$. 4/#24C/#2$.

6$ D$2,$. )$,1#-0-<"072#$. -" 69$.47)$. 4-#1$. .-,1 .Q.1/;7123"$;$,1 /)7#1/. 6" .)-#$ ?A+ 17,62.

3"9$, >?@+ )$11$ )-,1#2<"12-, $.1 R7!#7,1$ $1 200".1#/$ 47# 6$. RP)C$. 2,D$#./$.+  !"#$. %&'($*&

K$11$ 62L/#$,)$ 67,. 0$. ;/1C-6$. 6$ 1#721$;$,1 692;7!$ 4-"# 7..2!,$# 0$. 425$0. D7026$.+ $1 3"2

."44#2;$ 40". 692,:-#;712-, $, ?A+ $54023"$#721 3"$ 0$. .)-#$. >?@ .-2$,1 40". :-#1. 3"$ 0$.

.)-#$. ?A&

S7,. 07 )-,12,"21/ 6$ )$ 1#7D720 6$ )-;47#72.-, $,1#$ 0$. .)-#$ >?@ $1 ?A+ 20 $.1 4-..2<0$

6$ )-##/0$# )$. .)-#$. 7D$) 0$. 7"1#$. ;/1C-6$. 697,70Q.$+ 2,D7.2D$. $1 ,-, 2,D7.2D$.+ 62.4-,2<0$.

4-"# )$11$ ;T;$ )-C-#1$ 6$ 4712$,1.& E744$0-,. 3"$ )9$.1 07 62.4-,2<2021/ 6$ 1-". 0$. H$"5 6$

6-,,/$. 3"2 7 )-,6"21 8 ./0$)12-,,$# )$. 4712$,1.&

 !"!# $%&'()(*+%, -. +/%)0+ 123 (40/ 50+ (.6)0+ 60+6+

U4#P. 7D-2# 6/;-,1#/ 07 #-<".1$..$ 6$ 07 ;/1C-6$ 6$ .)-#2,! >?@ -<1$,". 8 47#12# 6$ 42P)$.

-4/#71-2#$. $1 6$ <2-4.2$. $, )-"4$. C2.1-0-!23"$.+ $1 74#P. 097D-2# )-,:#-,1/ 7"5 .)-#$. VJA/17D2#

6$ #/:/#$,)$ 72,.2 3"97"5 .)-#$. 69C2.1-;-#4C-;/1#2$+ ,-". 700-,. )-;47#$# ,-. #/."0171. 7D$)

)$"5 -<1$,". 47# 62L/#$,1. 1$.1. ,-, 2,D7.2:.& M-". )-;47#$#-,. 6-,) ,-. .)-#$. >?@ 7D$) 0$.

.)-#$. -<1$,". 47# V2<#-AP1#$+ V2<#-1$.1+ V2<#-.)7,+ 72,.2 3"97D$) 0$. )-,)$,1#712-,. ./#23"$.

697)26$ CQ70"#-,23"$& K$. 62L/#$,1. 1$.1. -,1 /1/ 6/)#21. 67,. 092,1#-6")12-, 6$ )$11$ .$)-,6$

47#12$ 6$ 1CP.$&

B-"# )-;;$,)$#+ ,-". 4-"D-,. )-;47#$# 0$. D70$"#. 6972#$. UWEXK 6$ )C7)", 6$ )$. 1$.1.+

3"$ ,-". 7D-,. )70)"0/ $, 4#$,7,1 4-"# #/:/#$,)$ 07 4#$;2P#$ 0$)1"#$ VJA/17D2#+ E>J#/: Y 0$. UWJ

EXK 6$. .)-#$. >?@ $1 ?A .-,1 /!70$;$,1 4#/.$,1/. I !"#$ %&'Z*&

=$. :72<0$. D70$"#. 6$. UWEXK 6$. 1$.1. .7,!"2,. $1 6" V2<#-.)7, 4$"D$,1 T1#$ $54023"/$.

47# 0$ :721 3"$ 0$. 4712$,1. -,1 /1/ <2-4.2/. $, #72.-, 69", ;7,3"$ 6$ )-,)-#67,)$ $,1#$ )$.

;T;$. 1$.1. ,-, 2,D7.2:. 6$  <#-.$& =9C2.1-;-#4C-;/1#2$ $1 0$ .)-#$ >?@ 6-,,$,1 0$. ;$200$"#.



 !" #$%&'()*+
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+* 5µm5 6% +'%3!(%$* 7!(&"* $% "#-%"&'&'!( +*) 8%$*/") -"')*) -%" $*) +',#"*(&) &*)&)5 6*)

-!'(&) 9$*/ "*-"#)*(&*(& $* 3"!/-* :;<:= *& $*) -!'(&) 8*"& $* 3"!/-* :><:?@ +A%-"B) $%

$*1&/"* C#&%8'" DE<"#45



 !" #$ %&'()*')+&, -./ ')%%, )01&2 3, 3&$45)*1&' 6&)%73&'$2 8 9 9

 !"#$ %&"'!($ ($ )*!#+,- ./0 1 23+45$ NA 3 &"& 3(36"&$ 1 53 6#!45&%3"+78$ 6!)&$ 63# ($)

*!86$) 38))+ 9,$): 3;$* 63# $<$%65$: 53 6#+)$ $, *!%6"$ ($ 53 -&,&#3"+!, ($ )$*!,($ '3#%!,+78$

63# 53 63#3=,$> ?$) &*'3,"+55!,) 3@3," 23+" 5A!4B$" (A8,$ &"8($ *5+,+78$ $<'38)"+;$: ,!8) 3;!,) 68
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E71#&!# (! /!""! &0$8!> O! .706#!1+!+ -"1(!+ #!+"!." 3 #-$'&+!# +1# '$ /$#$/"-#&+$"&7. (1 01+/'!
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 ! "# $%$&'() *) +,,-*,##.)$ $/0.-123) (,415) RSM (θ, ψ, z′) 3&151$. /,3- *.+-1-) 5)$ +06#7

8)()#&$ *) *1-)+&1,#$ *)$ /0,&,#$! 9:6;) z′ )$& 6518#. 6<)+ 56 *1-)+&1,# *) /-,/686&1,#

*3 /0,&,#= )& 5)$ 6#85)$ θ >*.?);1,#@ )& ψ >6A1(3&@ $)-<)#& B *.+-1-) 5) +06#8)()#& *)

*1-)+&1,# *3 /0,&,#!

9)$ /0,&,#$ $,#& 1#1&165)()#& .(1$ *) (6#1'-) 1$,&-,/) /,3- $1(35)- 5) /0.#,('#) *) ?3,7

-)$+)#+)= B /6-&1- *) 56 /,$1&1,# >xinitial, yinitial, zinitial = (0, 0, 0)@! 96 *1-)+&1,# *) +0623) /0,&,#

)$& *.C#1) /6- $)$ +,$1#3$ *1-)+&)3-$ µ *,#& 5)$ +,,-*,##.)$ *6#$ 5) -)/'-) Rc $,#& D

µx = sinα.cosβ

µy = sinα.sinβ >E!F@

µz = cosα

9) /-)(1)- /6$ *3 /0,&,# $) G61& 65,-$ $)5,# +)&&) *1-)+&1,# ~µ= $6 5,#83)3- s .&6#& 3#) <6-1645)

65.6&,1-) 231 *./)#* *) 5:1#<)-$) *3 514-) /6-+,3-$ (,%)# µt! 96 5,#83)3- *) /6-+,3-$ $31& 56 5,1

*) /-,464151&. D

p(s) = µt.exp(−µt.s) >E! @

H6&564 #,3$ G,3-#1 3#) -,3&1#) *) 46$) 231 )$& 3# 8.#.-6&)3- *) #,(4-) 65.6&,1-) ξ *6#$

5:1#&)-<655) [0, 1]! I,3- 5:3&151$)-= 15 G63& *,#+ )J)+&3)- 3# +06#8)()#& *) <6-1645) /,3- /6$$)- *)

s B ξ! 96 +,#$)-<6&1,# *) 56 /-,464151&. *,##) p(s)ds = dξ= 231 /)-()& *:,4&)#1- /6- 1#&.8-6&1,#

56 -)56&1,# D

s =
−ln(ξ)
µt

>E!K@

E/-'$ &1-68) *:3# #,(4-) 65.6&,1-) ξ )& +65+35 *3 /6$ s= 56 #,3<)55) /,$1&1,# *3 /0,&,# *6#$

Rc <63& D

x← x+ µx.s

y ← y + µy.s >E!L@

z ← z + µz.s
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p(cosθ) =
1− g2

2(1 + g2 − 2g cos θ)3/2
 !"#$

%& '( )*+,(-. /0*123%,.%42( 5 (3, 65*' 7 8 g =< cos θ >" 9( :;:( <-( 4%-. '( 4*3 s= %1 4(-,

,.%->(. '* ,.*13)%.:*,2%1 <-2 4(.:(, /( 5616.(. '* >*.2*?'( *'6*,%2.( cos θ 7 4*.,2. /- 1%:?.(

*'6*,%2.( ξ /23,.2?-6 -12)%.:6:(1, (1,.( 0 (, 1 8

cos θ =
1

2g

(

1 + g2 −

[

1− g2

1− g + 2gξ

]2
)
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ψ = 2πξ  !"H$

A* 1%->(''( 4%32,2%1 /- 4C%,%1 +%132/6.6( /*13 Rc 3(.* /%1+ /%116 4*. 8

µ
′

x =
sin θ

√

1− µ2z
(µxµz cosψ − µy sinψ) + µx cos θ

µ
′

y =
sin θ

√

1− µ2z
(µyµz cosψ + µx sinψ) + µy cos θ  !"I$

µ
′

z = − sin θ cosψ
√

1− µ2z + µz cos θ
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