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β ,77; 7O93 F&* )C!)*$<)'# $ !)*-.*<)/ $' $/)

#0)  . ("%%)/ )" #M=) # @"%%)*+ .- #0) 1&*.!)"' P*"D$#"#$.'"% F> )*D"#.*+ 41PF6,7Q9 #0"# $ '.#

"%$@')/ "%.'@ #0) )" #M=) # "C$ >&# <"E) #0) "'@%) γ = 18 = π/10 =$#0 $#3 :' #0$ (" );

#0) (.'/$#$.'

−→
β · −−→AB = 0 $  #$%% D)*$B)/ "# #=. #$<) t1 "'/ t2 )"(0  $/)*)"% /"+ )C()!# $- #0)

D)%.($#+ D)(#.* .- #0) !*)-)**)/ -*"<) <"E) " !.%"* "'@%) χ < |γ| = π/10 .* χ > π−|γ| = 9π/10
=$#0 *) !)(# #. #0) 1"*#0 *.#"#$.' "C$ 4 )) ?$@&*) 47663 A0$ <)"' #0"# .&* )C!)*$<)'# $ 

D$*#&"%%+ $' )' $#$D) #. #0) -*"(#$.' Ω/(4π) =
∫ γ

0
sin θdθ < 5% .- "%% #0) !.  $>%) "%$@'<)'# 

.- #0) !*)-)**)/ -*"<) D)%.($#+ D)(#.*3 R.#) #0"# #0) *)-)*)'() -*"<) .- #0) S. <$( T$(*.="D)

U"(E@*.&'/ 4χ ≈ 97 6 $ "(()  $>%) #. .&* )C!)*$<)'#3

 !"#$% &' A0) D)%.($#+ D)(#.*

−→
β =$#0 *) !)(# #. #0) %">.*"#.*+ -*"<) *.#"#) .' " (.') .-

"'@%) χ "*.&'/ #0) 1"*#0 "C$ 4#0)  <"%% (.'#*$>&#$.' /&) #. #0) *.#"#$.' .- #0) 1"*#0 "*.&'/

#0) V&' "'/ #. #0) !*)()  $.' "'/ '&#"#$.' .- #0) 1"*#0 "C$ "*) /$ *)@"*/)/ 0)*)63 A0) "'@%)

>)#=))' D)(#.*

−→
β "'/  )@<)'# WU D"*$) >)#=))' π/2−γ−χ "'/ π/2−γ+χ3 A0)';

−→
β >)(.<)

.*#0.@.'"% #. WU .'%+ $- π − |γ| ≥ χ ≥ |γ|3

?.* π−|γ| ≥ χ ≥ |γ| ; #0) <"C$<&< <)" &*">%)  &!)*%&<$'"% D)%.($#+ $ ,779 4 )) "% . 12 34X6

"'/ 456 $' Y)-3,7K96J
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βt,max =

√

√

√

√

1 +
(1− β2) [1− ρ2]
[

ρ+A 2πβδat
T

]2 ,  !"

#$%&%

A =

√

sin2 χ cos2 γ − cos2 χ sin2 γ .  '"

 () *$% %+&*$ &,*+*(,- .+/ +-. ρ = dAB/∆d 0 #$%&% dAB () *$% ,1*(2+3 1+*$ 4%*#%%- 1,(-*)

5 +-. 6 (- *$% 3+4,&+*,&/ 7&+8%9 :+&+8%*%& βt,max ;&%+*3/ .%2&%+)%) ,<* ,7 *$% (-*%&=+3

π − |γ| ≥ χ ≥ |γ|>??@9 A7 βt < βt,max0 %+2$ .+/ 23,)% *, *(8%) t1 +-. t2 *$% 1+&+8%*%& Smax

)$,<3. B<81 7&,8 *$% C<+-*<8 =+3<% Smax = 0.2071 *, *$% 6%33DE3+<)%&DF,&-%DG$(8,-/DF,3*

=+3<% Smax ≤ 09
G,8% %H1%&(8%-*+3 *%)*) ,7 *$% )<1%&3<8(-+3 8,.%3) $+=% 4%%- 1%&7,&8%. 4<* -, =(,3+*(,-

,7 *$% C<+-*<8 8%2$+-(2) 1&%.(2*(,-) $+) 4%%- 7,<-. +-. ,-3/ 3,#%& 4,<-.) βt,max 7,& *$%

=%3,2(*/ βt ,7 *$% )<1%&3<8(-+3 )(;-+3) $+=% 4%%- %)*+43()$%. >??0 ?I0 ?!0 ?J@9 A- *$% 1&%=(,<)

E,-7%&%-2% #% &%1,&*%. ),8% 1&%3(8(-+&/ &%)<3*) ,7 +- (81&,=%. %H1%&(8%-* +-. $%&% #% &%1,&*

*$% K-+3 &%)<3*)>?L@ #$%&% *$% 8+H(8<8 .%*%2*+43% =%3,2(*/ ,7 *$% )<1%&3<8(-+3 2,88<-(2+*(,-)

() (-2&%+)%. 4/ +4,<* *#, ,&.%&) ,7 8+;-(*<.%9

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

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

M, (-2&%+)% *$% =+3<% ,7 *$% 8+H(8<8 .%*%2*+43% +.(8%-)(,-+3 =%3,2(*/ βt,max0 ,-% $+) *, 8+N%

*$% %H1%&(8%-*+3 1+&+8%*%&) ρ +-. δat (- OC9 !" +) )8+33 +) 1,))(43%9 M, ;%* + )8+33 =+3<% ,7

ρ = dAB/∆d #% %H13,(* *$% 3+&;% .()*+-2%) +=+(3+43% (- *$% OPQ ;+33%&/  dAB ≈ 1200 8" +-. #% <)%

+- (-*%&7%&,8%*&(2 8%*$,. *, %C<+3(R% *$% ,1*(2+3 1+*$) dA +-. dB #(*$(- L µm dA ≈ dB ≈ 600
8"9 M$% K-+3 <-2%&*+(-*/ ∆d ≈ 0.22 88 ,7 *$% %C<+3(*/ ,7 *$% %S%2*(=% ,1*(2+3 1+*$) () .<% *,

8+-/ %&&,& ),<&2%) (-23<.(-;  (- ,&.%& ,7 &%3%=+-2%" *$% K-(*% *$(2N-%)) ,7 *$% 1,3+&(R(-; 3+/%&)0

*$% +(& .()1%&)(,-0 *$% <-2%&*+(-*/ ,7 *$% (-*%&7%&,8%*&(2 8%+)<&%8%-*0 +-. *$% #+=%1+2N%*)

#(.*$  *$% +-+3/)() ,7 *$% %&&,& ),<&2%) () ;(=%- (->?J@"9 M, ;%* + =%&/ )8+33 +2C<()(*(,- *(8% δat
#% .%=%3,1 + $(;$ (-*%-)(*/ ),<&2% ,7 %-*+-;3%. 1$,*,-) +-. #% 8(-(8(R% 1$,*,-) 3,))%) <)(-; +

)<(*+43% ,1*(2+3 +11+&+*<) +-. 7%%.4+2N 1&,2%.<&%) *, )*+4(3(R% *$% 1$,*,-) 1+*$)9

M$% %H1%&(8%-*+3 +11+&+*<) $+) 4%%- +3&%+./ .%)2&(4%. (- .%*+(3 (- T%79 >?J@ +-.0 *$<)0 #%

)$,# ,-3/ + =%&/ )(813(K%. )2$%8% (- U(;<&%I #$%&% *$% 7,<& &%7%&%-2% ,1*(2+3 4%+8) <)%. *,

)*+4(3(R% *$% 1&,1+;+*(,- ,7 *$% %-*+-;3%. 1$,*,-) 4%+8) +-. *, %C<+3(R% *$% ,1*(2+3 1+*$) +&%

-,* )$,#-9 U(;<&%I +" )$,#) *$% )/)*%8 <)%. *, ;%-%&+*% + $(;$ (-*%-)(*/ 4%+8 ,7 %-*+-;3%.

1$,*,-) #(*$ + )<V2(%-* 1<&(*/  U(.%3(*/ W X9YL"9 5 1<81 3+)%& 4%+8 () 1,3+&(R%. +* ZL 

#(*$ &%)1%2* *, *$% $,&(R,-*+3 +H() 4/ + 1,3+&(R%&0 1+))%) *$&,<;$ + λ/2 13+*%0 + 6+4(-%*DG,3%(3

2,81%-)+*,&0 + 2,81%-)+*(-; 13+*% 4 +-. () 7,2<)%.  )1,* .(+8%*%& %C<+3 *, X9! 88" +* *$%

2%-*%& ,7 *#, +.B+2%-* 556 -,-3(-%+& ,1*(2+3 2&/)*+3 13+*%)  ?Y9XL *(3* +-;3%0 0.56 88D*$(2N-%))"

2<* 7,& */1% A 1$+)% 8+*2$(-; >?'@9 M$% 556 13+*%) $+=% *$% ,1*(2+3 +H%) 3/(-; (- *$% $,&(R,-*+3

+-. =%&*(2+3 13+-%0 &%)1%2*(=%3/9 [,#-D2,-=%&)(,- ;%-%&+*%) *#, ,<*;,(-; 4%+8) ,7 %-*+-;3%.

1$,*,-) +* *$% +=%&+;% #+=%3%-;*$ λ = 2λp = 812.6 -8 *$+* 8+(-3/ 1&,1+;+*% +* *#, )/88%*&(2

+-;3%)  ±2.4? " #(*$ &%)1%2* *, *$% -,&8+3 *, *$% 2&,))%. 556 13+*%)9 M$% %-*+-;3%. 4%+8) +&%

.%=(+*%. (- ,11,)(*% .(&%2*(,-) +3,-; *$% 786 ;+33%&/ 4/ *#, &(;$*D+-;3% 1&()8)0 1+)) *$&,<;$

*$% .(+1$&+;8%. 2,81%-)+*(-; 13+*%) CA +-. CB +-. %H(* 7&,8 *$% 2%-*&+3 *+43%9 :3+*%) 40 CA

+-. CB +&% <)%. *, (-2&%+)% *$% 1<&(*/ ,7 *$% %-*+-;3%. )*+*%>?\0 ?Y0 IX@9 A- )<2$ + #+/ #% ;%* +

$(;$D(-*%-)(*/ ),<&2% ,7 %-*+-;3%. 1$,*,-)  Ntot ≈ 23000 2,(-2(.%-2%)])" (- +- %-*+-;3%. )*+*% ,7

)<V2(%-* 1<&(*/9 M$% 4%+8) ,<*;,(-; 7&,8 *$% 2%-*&+3 *+43% +&% 2,33%2*%. 4/ *#, 3+&;% +2$&,8+*(2

3%-)%) LA +-. LB $+=(-; + ! 8 7,2+3 3%-;*$ +-. + JL 28 .(+8%*%& +) )$,#- (- U(;<&%I 4"9 M$%



9th International Workshop DICE2018  : Spacetime - Matter - Quantum Mechanics

IOP Conf. Series: Journal of Physics: Conf. Series 1275 (2019) 012035

IOP Publishing

doi:10.1088/1742-6596/1275/1/012035

6

 !"#$% &' ()  !" #$%&'() ($$(*(%+, %# -"."*(%" !&-! &.%".,&%/ 0"(1, #2 ".%(.-)"3 $!#%#.,4 C5
CA (.3 CB (*" (.&,#%*#$&' '#1$".,(%#* $)(%", +,"3 %# -"% ( ,+6'&".% 73")&%/ #2 %!" ".%(.-)"3

,%(%"4  !" $+1$ 0"(1 &, 2#'+,"3 (% %!" '".%*" #2 %8# '*#,,"3 (39('".%   ! $)(%", :;<4=> %&)%

(.-)"? 8!"*" ".%(.-)"3 $!#%#., (*" -"."*(%"3 (.3 "1&%%"3 (% %!" (@"*(-" (.-)", ±2.42 8&%!
*",$"'% %# %!" $+1$ )(,"* 0"(14  !" 8!#)" ,/,%"1 &, %!"*1#,%(%"3 8&%!&. =4A B4 *)  !" #$%&'()

,'!"1" +,"3 %# $*#3+'" ( ACA *"() &1(-" #2 %!" ,#+*'" D #2 %!" ".%(.-)"3 $!#%#., #. $#)(*&E"*,

PA (.3 PB (% (0#+% F== 1 2*#1 D4  !" 7-+*" &, .#% %# ,'()"4 LA, LB, L
′
A (.3 L

′
B (*" ,$"'&())/

3",&-."3 15 '1G3&(1"%"* ('!*#1(%&' )".,", ()&-."3 ()#.- %!" "#! -())"*/ (.3 !(@&.- ( 6.0014
PA (.3 PB (*" (0,#*$%&#. $#)(*&E&.- 7)%"*,4 FA (.3 FB (*" ,"%, #2 (39('".% #$%&'() 7)%"*,5 OA5

OB (*" #$%&'() )".,",5 DA (.3 DB (*" $!#%#. '#+.%&.- 3"%"'%#*,4 $ %# ! (*" ")"'%*#.&' ,/,%"1,

%!(% %*(.,2#*1 %!" #+%$+% @#)%(-" $+),", &.%# #$%&'() $+),",5 8!&),% ! %# $ %*(.,2#*1 %!" #$%&'()

$+),", &.%# @#)%(-" $+),",4 HIJ &, ( K(%&#.() L.,%*+1".%, B#1$('%HIB %!(% $*#@&3", ( *"()

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

L′
A "#( L′

B " " (&$ "#1' "**!+2&%" '-/ 344 % 5!+%  .' $+6!1' 7 &#  .' 8,6!'9 :0+ !'"- ;<;

&%",'$ =493 %% 0&('> +5  .' $+6!1' +5  .' '# "#,-'( *.+ +#$ "!' *!+(61'( "  .' 1'# '!$ +5  .'

-&#'"! ")$+!* &+# *+-"!&?'!$ PA "#( PB =:.+!-") @ABCD>9 E+6! !'5'!'#1' )'"%$ " 0"F'-'#, .

λR =3G; #% =#+ $.+0# &#  .' E&,6!' )6 '2 '#$&F'-/ ('$1!&)'( &# D'59HI;J> "!' 6 &-&?'(  + "-&,#

 .' +* &1"- $/$ '%K  + 'L6"-&?'  .' +* &1"- *" .$ "#(  + M''* 6#('! 1+# !+-  .' ('F&" &+#$ +5

 .' '# "#,-'( )'"%$ (6'  +  .' "&!  6!)6-'#1' "#(  +  .' F'! &1"- ,!"(&'# $ +5  .' "&! !'5!"1 &F'

&#('29 C#  .&$ 0"/  .' $*+ $ +5  .' '# "#,-'( )'"%$ +#  .' *+-"!&?'!$ !'%"&#'( 82'( 0& .&#

±0.4 %% (6!&#,  .' 0.+-' G ("/$ %'"$6!'%'#  &%'9 N"1. +5  .' '# "#,-'( *.+ +#$ )'"%$

+6 ,+&#, 5!+%  .'  0+ *+-"!&?'!$ PA +! PB *"$$'$  .!+6,. " 8- '!&#, $' =FA +! FB &# E&,6!'O

)>> %"(' )/  0+ -+#,P*"$$ +* &1"- 8- '!$ =λc = 765 nm>  ." $ +*  .' !'5'!'#1' 3G;P#% )'"%$ "#(

" )"#(*"$$ 8- '! =λ = 810 nm±20 nm>9 :.'#K '"1. )'"% &$ 5+16$'( )/ " $/$ '% +5 +* &1"- -'#$'$

=OA +! OB> +# " %6- &%+(' +* &1"- 8)'! ."F&#, " -"!,' #6%'!&1"- "*'! 6!' =49OQ> "#( " 1+!'

(&"%' '! +5 200µm 1+##'1 '(  + " A'!M&# N-%'! *.+ +#$P1+6# '! %+(6-'9 :.' +6 *6 *6-$'$ +5

 .' *.+ +#$ 1+6# '!$ "!'  !"#$5+!%'( &# + +* &1"- *6-$'$ =6$&#,  .' @RS;TTNUVQOIP3V %+(6-'$

+5 B+! '- B' 0+!M$>  ." *!+*"," ' &#  0+ %+#+%+(' +* &1"- 8)'!$  +0"!(  .' 1'# !"- +* &1"-

 ")-' 0.'!'  .' '# "#,-'( *.+ +#$ "!' ,'#'!" '(9 E&#"--/K  .' +* &1"- *6-$'$ "!'  !"#$5+!%'(

","&# &# + '-'1 !&1 *6-$'$ "#( $'#  + "# '-'1 !+#&1 1+&#1&('#1' 1&!16& 9 W# '-'1 !+#&1 1+6# '!

1+##'1 '(  + " B" &+#"- C#$ !6%'# $ R+%*"1 XWY 1+6# $  .' W-&1' *6-$'$ NAK  .' Z+) *6-$'$

NBK "#(  .' 1+&#1&('#1'$ *6-$'$  9

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

C#  .' *!'F&+6$ R+#5'!'#1' XCRN I4;3HI;J 0' !'*+! '( $+%' *!'-&%&#"!/ !'$6- $ 0.'!'  .'

%'"$6!'%'# $ +5  .' *!+)")&-& &'$ Pi = P (αi, ξi) =& [ 4PO> "**'"!&#, &# 'L9=I> 0'!' %"('

$'L6'# &"--/9 :.' *!+1'(6!' #''('( $+%' 1+#$'16 &F' !+ " &+#$ +5  .' *+-"!&?'!$ )'5+!' " $&#,-'

F"-6' +5 Smax 0"$ +) "&#'( -'"(&#,  + " -+#, "1L6&$& &+#  &%' δat ≈;44 $ 5+! '"1. %'"$6!'%'# 

+5 Smax9 C#  .' 8#"- '2*'!&%'#  .' "1L6&$& &+#  &%' δat ."$ )''# ,!'" -/ !'(61'( %'"$6!&#,

'"1. +5  .' 5+6! *!+)")&-& &'$ Pi &# $611'$$&F' ("&-/ '2*'!&%'# "- !6#$9 :.' *+-"!&?" &+# "#,-'$

αi "#( ξi "!' $' )'5+!'  .' )',&##&#, +5 '"1. &P . !6# %"(' +5 219 $611'$$&F' "1L6&$& &+#$ +5  .'

1+&#1&('#1'$ N(αi, ξi) "#(  .' 1+!!'$*+#(&#, *!+)")&-& &'$ Pi = N(αi, ξi)/Ntot "!' +) "&#'(9 :.'

*!+1'(6!' &$ 56--/ "6 +%" &?'( 6$&#, " B" &+#"- C#$ !6%'# $ R+%*"1 XWY 0.'!' " !'"-  &%'

@WZ\CNU *!+,!"% !6#$9 :.' !'"-  &%' *!+1'(6!' '#$6!'$ " 56-- 1+# &#6& / +5  .' "1L6&$& &+#$

"#( " 1+#$ "# "1L6&$& &+#  &%'9 :.' F"-6'$ +5 *"!"%' '!$ ρ "#( δat "!'

ρ = 1.83× 10−7, δat = 0.247 s. =G>

W ]-+)"- A+$& &+#&#, ^/$ '% =]A^> B' 0+!M :&%' ^'!F'! =:SI444W> *!+F&('$  .' "1 6"-

R++!(&#" '( _#&F'!$"- :&%' =_:R> HO;K OIJ 0& . "# ")$+-6 ' "116!"1/ )'  '!  ."# ; %$9 ^&#1'

 .' &#F'$ &," '( *.'#+%'#+# &$ !'-" '(  +  .' N"! .`$ !+ " &+#K 0' $/#1.!+#&?'  .' "1L6&$& &+#$

0& .  .' N"! .`$ !+ " &+#  &%' t = θ × 240 $ 0.'!' θ &$  .' N"! . D+ " &+# W#,-'=NDW> HOOJ

'2*!'$$'( &# (',!''$9 :.' $/#1.!+#&?" &+# *!+1'(6!' &$ 56--/ "6 +%" &?'( "#( & '#$6!'$  ." 

'"1. "1L6&$& &+# !6# $ "! $ "  .' _:R  &%'  ." 1+!!'$*+#($  +  .' ?'!+ ]!''#0&1. N"! .

!+ " &+#  &%'HITJ9 E+6! "1L6&$& &+# !6#$ '"1. 0& . " (6!" &+# +5 O3 N"! . !+ " &+# .+6!$ =")+6 

OT .K TV %&#K "#( a $ &#  .' $ "#("!( _:R  &%'> "!' *'!5+!%'(  + +) "&#  .' 5+6! *!+)")&-& &'$

Pi 0& . & [ 4K;KIKO  ." "**'"! &# NL9=I>9 :.' $*6!&+6$ $ " &$ &1"- 1+&#1&('#1'$ "!' $6) !"1 '(9

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

E&,6!'$ V=">PV=(> $.+0  .' *!+)")&-& &'$ Pi = P (αi, ξi) = N(αi,ξi)/Ntot +) "&#'( &#  .' $611'$$&F'

!6#$ =& [ 4K;KIKO>9 X6'  +  .' -"!,' #6%)'! +5 *+&# $ =219> "1L6&!'( &# '"1. !6#K  .' '2*'!&%'# "-

%'"$6!'( F"-6'$ "!' (&$ !&)6 '( 0& .&# " )-"1M !',&+# ."F&#, "  .&1M#'$$ +5 $'F'!"- $ "#("!(
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 !"#$%#&'() *&%! %+! ,-!$% (%$.#/#%0 &1 &2- !32#45!'% %+$% !'(2-! %+! 12// 6&'%#'2#%0 &1 %+!

5!$(2-!5!'%( 7#%+&2% $'0 #'%!--24%#&'  2-#', %+! 7+&/! 5!$(2-#', %#5! 8$.&2% 9  $0(:) ;+!

(&/# ,-!!' /#'! -!4-!(!'%( %+! $"!-$,! "$/2!< $' %+! ,-!!'  &%%! /#'! -!4-!(!'%( %+! "$/2!

4-! #6%! .0 32$'%25 5!6+$'#6( 1&- %+! 42-! 5$=#5$//0 !'%$',/! (%$%! #' >3)8?: 8@ !/#%0

F = 1:) ;+!  #(6-!4$'60 .!%7!!' %+! (&/# $'  &%%! /#'!( #' #6$%!( %+$% !#%+!- &2- !'%$',/! 

(%$%! #( '&% 6&54/!%!/0 42-! 8F ≈ 0.95: &- (&5! (0(%!5$%#6 '&#(! #( 4-!(!'%) ;+! !=4!-#5!'%$/
-!(2/%( #' A#,2-!( B8$:CB8 :  & '&% !=+#.#% $'0 !"# !'% 4!$D &2%,&#', 1-&5 %+! '&#(! -!,#&'

$' < %+2(< '& $44$-!'% .-!$D &7' &1 %+! 32$'%25 5!6+$'#6( 4-! #6%#&'() E((25#', %+$% %+!

#'"!(%#,$%! 4+!'&5!'&' +$( %+! ($5! 4!-#& #6#%0 $( %+! >$-%+ -&%$%#&'< &'! 6$' 6$/62/$%! %+!

Smax "$/2! $% !$6+ >$-%+ -&%$%#&' %#5! .0 (2.(%#%2%#', #'%& %+! %+!&-!%#6$/ !=4-!((#&' &1 Smax

#' >3)8F: %+! Pi 6&'%-#.2%#&'( &1 A#,2-! B 5!$(2-! $% %+! ($5! >$-%+ -&%$%#&' %#5!  #' %+!

(266!((#"! -2'()

 !"#$% &' G-&.$.#/#%#!( a)P0, b)P1, c)P2 and d)P3 5!$(2-! #' (266!((#"! -2'( "!-(2( %+!

H-!!'7#6+ !$-%+ -&%$%#&' %#5!) ;+! 219 "$/2!( 5!$(2-! #' !$6+ -2' $-! 6&''!6%! .0 (%-$#,+%

/#'!( /!$ #', %& %+! -!(2/%#', ./$6D -!,#&'( #' %+! @,2-!) ;+! $632#(#%#&' %#5! #( δat ≈ 0.247 () ;+!
,-!!' (&/# /#'!( -!4-!(!'% %+! $"!-$,! "$/2!( &1 %+! 5!$(2-! 4-&.$.#/#%#!(I < P0 >= 0.38087<
< P1 >= 0.06999< < P2 >= 0.07187< < P3 >= 0.08378) ;+! ,-!!'  &%%! /#'!( 6&--!(4&' %&

%+! "$/2!( 4-! #6%! .0 32$'%25 5!6+$'#6( 1&- $ 42-! 5$=#5$//0 !'%$',/! (%$%!I P0 = 0.4267<
$' P1 = P2 = P3 = 0.0732)

J#%+ %+#( 4-&6! 2-! 7! ,!% %+! -!(2/%( (+&7' #' A#,2-! K8$: 8./$6D -!,#&': $' %+!

6&--!(4&' #', 1-!32!'60  #(%-#.2%#&' ρ0 (+&7' #' A#,2-! K8.: 7+!-! ./$6D 4&#'%( -!4-!(!'%

%+! !=4!-#5!'%$/ -!(2/%( $' %+! (&/# ,-!!' /#'! #( %+! .!(% @% 7#%+ %+! H$2((#$' 12'6%#&'

A exp
[

−(Smax−<Smax>)2/(2σ2)
]

7#%+ (%$' $-  !"#$%#&' σ = 0.01272 $' < Smax >= 0.15523)
;+! ,-!!' (&/# /#'! #' A#,2-! K8$: (+&7( %+! $"!-$,! "$/2! < Smax > $' %+! ,-!!'  &%%! /#'! #(

%+! 32$'%25 5!6+$'#6( "$/2! Smax = L)FLM? 1&- %+! 5$=#5$//0 !'%$',/! (%$%! #' >3)8?:8F = 1:)
N'1&-%2'$%!/0< %+! 4+!'&5!'&' %+$% #( #'"!(%#,$%! +!-! +$( '&% !=$6%/0 %+! ($5! 4!-#& #6#%0
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 !"#$% &' ()  !"!#$%$" Smax &$"'(' %)$ $!"%) "*%!%+*, %+#$ *-%!+,$. ('+,/ %)$ "$0!%+*,

Smax(t) = P0(t) − P1(t) − P2(t) − P3(t)1 2)$ /"$$, '*0+. 0+,$ +' %)$ !&$"!/$ &!0($ <
Smax >= 0.155233 4)+0$ %)$ /"$$, .*%%$. 0+,$ "$5"$'$,%' %)$ 6(!,%(# #$7)!,+7' !&$"!/$ &!0($

< Smax >= 0.207 5"$.+7%$. 8*" %)$ 5("$ #!9+#!00: $,%!,/0$. '%!%$ +, ;61<=>1 *) ?"$6($,7:
.+'%"+-(%+*, ρ0 *8 %)$ 219 #$!'("$. &!0($' *8 Smax +, !"-+%"!": (,+%'1 2)$ '*0+. /"$$, 7("&$ +'

%)$ @!(''+!, A% 4+%) '%!,.!". .$&+!%+*, σ = 0.01272 !,. < Smax >= 0.155231

!' %)$ ;!"%) "*%!%+*, -$7!('$ %)$ -"$!B+,/ *8 6(!,%(# #$7)!,+7' ')*(0. *77(" 4)$, &$7%*"

−→
β

-$7*#$' *"%)*/*,!0 %* &$7%*"

−−→
AB1 C($ %* %)$ "$&*0(%+*, #*%+*, *8 %)$ $!"%) !"*(,. %)$ '(,

!,. *%)$" #+,*" #*%+*,' <5"$7$''+*, !,. ,(%!%+*, *8 %)$ ;!"%)D' !9+'>3 &$7%*"

−→
β .*$' ,*% "$%(",

$9!7%0: %* %)$ '!#$ *"+$,%!%+*, 4+%) "$'5$7% %* %)$ 0!-*"!%*": 8"!#$ !8%$" *,$ ;!"%) "*%!%+*,

.!:1 C$,*%$ -: ti1 !,. ti2 %)$ '(77$''+&$ %4* (,B,*4, %+#$' .("+,/ %)$ +E%) #$!'("$#$,% "(,

<i = 0−3> 4)$"$ %)$ *"%)*/*,!0+%: 7*,.+%+*,
−→
β ·−−→AB = 0 +' '!%+'A$. !,. -: Pi(tij)3 4+%) i = 0−3

!,. j = 1, 2 3 %)$ 5"*-!-+0+%+$' P03 P13 P2 !,. P3 #$!'("$. !% %)$'$ %+#$' +, %)$ '(77$''+&$ "(,'

<i = 0−3>1 F8 βt < βt,max3 !00 *" '*#$ *8 %)$'$ 5"*-!-+0+%+$' ')*(0. -$ .+G$"$,% 8"*# %)$ 6(!,%(#

#$7)!,+7' &!0($' !,. %)$ 7*""$0!%+*, 5!"!#$%$"'

Smax (j) = P0 (t0j)−
3

∑

i=1

Pi (tij) <H>

')*(0. '!%+'8: %)$ I$00EJ0!('$"EK*",$EL)+#*,:EK*0% +,$6(!0+%:1

M$ .* ,*% B,*4 4)!% !"$ %)$ %+#$' tij !,. 4$ 7!,,*% 7!07(0!%$ Smax(j) -(% +% +' *-&+*('
%)!% Smax (j) ≥ S = MIN (P0) − MAX (P1) − MAX (P2) − MAX (P3) 4)$"$ MIN (Pi)
!,. MAX (Pi) !"$ %)$ !-'*0(%$ #+,+#(# !,. #!9+#(# #$!'("$. &!0($' *8 Pi .("+,/ $!7)

!76(+'+%+*, "(,3 "$'5$7%+&$0:1 ?"*# %)$ $95$"+#$,%!0 .!%! +, ?+/("$ N 4$ /$% S = 0.04237 !,.
%)(' Smax (j) ≥ 0.04237 ≈ 3.3 σ1 2)$ 5"*-!-+0+%: %)!% ! &!0($ *8 Smax (j) 0*4$" %)!, *" $6(!0
%* O$"* 7*(0. -$ 7*#5!%+-0$ 4+%) *(" #$!'("$. &!0($' +' p ≤ 1

2erfc
[

0.04237/(
√
2σ)

]

= 4.3 · 10−4
3

4)$"$ $"87 (x) +' %)$ 7*#50$#$,%!": $""*" 8(,7%+*,1 P% 0$!'% %4* -"$!B.*4,' *8 Smax ')*(0.

*77(" .("+,/ %)$ %+#$ *8 QR ) !,. %)$ 5"*-!-+0+%: P %)!% -*%) %)$'$ -"$!B.*4,' )!55$, )$"$

+' P = p2 ∼ 2 × 10−7
1 2)$,3 4$ 7!, 7*,70(.$ %)!% %)$"$ +' ,* $&+.$,7$ *8 ! -"$!B.*4, *8 %)$

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

%)!, %)$ #!9+#(# #$!'("!-0$ &!0($ βt,max 1

L(-'%+%(%+,/ ρ = 1.83× 10−7
!,. δat = 0.247 ' +, ;61<R> 4$ *-%!+, %)$ 0*4$" -*(,. βt,max *8

%)$ '(5$"0(#+,!0 &$0*7+%+$' !' ! 8(,7%+*, *8 %)$ (,B,*4, !.+#$,'+*,!0 &$0*7+%: β <β < 1> *8 %)$
5"$8$""$. 8"!#$ !,. *8 %)$ !,/0$ χ1 P77*".+,/ %* ;61<R>3 βt,max "$!7)$' %)$ #!9+#(# &!0($ !%

%)$ -*".$"' χ = |γ| !,. χ = π− |γ| *8 %)$ "$/+*, !77$''+-0$ %* *(" $95$"+#$,% !,. %)$ #+,+#(#
&!0($ !% χ = π/21 J("&$E! +, ?+/("$ R ')*4' *(" βt,max &$"'(' %)$ (,B,*4, !.+#$,'+*,!0

&$0*7+%: β *8 %)$ 5"$8$""$. 8"!#$ +, %)$ (,8!&*"!-0$ 7!'$ χ = π/21 F, %)$ 7!'$ *8 %)$ J*'#+7
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 !"#$% &'  !"#$  %&'(% )&$ βt,max #*+!$% ',)*-.$/ -. '!" $01$"-2$.) !%-.3 456789

7ρ = 1.83 × 10−7
: δat = 0.247 s: *./ γ = 18 9 #$"%!% )&$ !.;.'(. */-2$.%-'.*+ #$+'<-)= β

'> )&$ 1"$>$""$/ >"*2$ >'" χ = π/2? <!"#$ ! -% )&$ "$%!+) ',)*-.$/ -. @$>6 ABCD 7ρ = 1.6 × 10−4
:

δat = 4 s *./ γ = 0 9? <!"#$ " -% )&$ "$%!+) ',)*-.$/ -. @$>6 ABBD 7ρ = 5.4 × 10−6
: δat = 360 s

*./ γ = 5.9 9 *./ <!"#$ # -% )&$ "$%!+) ',)*-.$/ -. @$>6 AB8D 7ρ = 7.3 × 10−6
: δat = 1800 s

*./ γ = 0 96 E. )&$ <*%$ '> <!"#$ # *+%' )&$ +'<*+-)= *./ )&$ >"$$/'2F'>F<&'-<$ +''1&'+$% ($"$

*//"$%%$/6

G-<"'(*#$ H*<;3"'!./ >"*2$ 7β ≈ 10−3, χ ≈ 97 9 ($ 3$) βt,max ≈ 5 × 1066 I&$ ')&$" <!"#$%
"$1"$%$.) )&$ $01$"-2$.)*+ #*+!$% '> βt,max ',)*-.$/ -. )&$ 1"$#-'!% $01$"-2$.)% ABB: BC: B8D6

E. <'.<+!%-'.: .' $#-/$.<$ >'" )&$ '<<!""$.<$ '> %!1$"+!2-.*+ <'22!.-<*)-'.% &*% ,$$.

>'!./ -. '!" $01$"-2$.) *./ * &-3&$" +'($" ,'!./ >'" )&$ %1$$/ '> )&$ %!1$"+!2-.*+ &*% ,$$.

$%)*,+-%&$/6 J$ "$2-./ &$"$ )&*): /!$ )' )&$ -.<+-.*)-'. '> '!" *11*"*)!% (-)& "$%1$<) )' )&$ $*%)F

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

#$<)'" '> )&$ 1"$>$""$/ >"*2$ *./ )&*) '!" $01$"-2$.)*+ "$%!+)% &*#$ ,$$. ',)*-.$/ !./$" )&$

*%%!21)-'. )&*) )&$ <'++*1%$ '> )&$ 1'+*"-M*)-'. %)*)$ '<<!"% *) )&$ *,%'"1)-'. 1'+*"-M$"%6

()*+,-.%/"%0%+12

J$ *<;.'(+$/3$ )&$ N'./*M-'.$ O-%* >'" P.*.<-*+ %!11'")6 J$ *<;.'(+$/3$ )&$ 4QR *./

SE@QR %)*T )&*) 2*/$ 1'%%-,+$ )&$ $01$"-2$.) *./: -. 1*")-<!+*": N6 N$""-.-: N6  *",'3.*.-: U6

O*'+- *./  6N*,'MM-6 J$ *"$ $%1$<-*++= 3"*)$>!+ )' G6 H-*.!<<- 7O-%* O&=%-<% V$1*")2$.)9 *./

)' W6  '")$%$ 7SE@QR9 >'" )&$-" -.#*+!*,+$ *./ <'.)-.!'!% <'.)"-,!)-'. )' )&$ %'+!)-'. '> 2*.=

$+$<)"'.-< *./ -.>'"2*)-< 1"',+$2%6 N-.*++=: ($ *<;.'(+$/3$ X6 Q-%-. >'" &$+1>!+ <'22$.)% *./

I6 N*$))- >'" &$+1>!+ %!33$%)-'.% '. "$*+F)-2$ 1"'<$/!"$%6

3%4%$%+)%2

AYD 4-.%)$-. U: O'/'+%;= H *./ @'%$. X YZCK $%&'( )*+( 567Y[9 \\\]\^[

ABD H$++ _ W YZ8` $%&',"' 7 YZK]B[[

ACD  +*!%$" _ N: a'".$ G U: UW&-2'.= *./ a'+) @ YZ8Z $%&'( )*+( -*..( 897B9 ^^[

A`D  +*!%$" _ N *./ a'".$ G U YZ\` $%&'( )*+( / 7:7B9 KB8
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 !" #$%&'( #) *+,-.+/0 1 +20 345&/ 6 789:  !"#$ %&'$ (&))$  !;:!< 79=>?79=@

 A" B&2$&2 C &) *+$ :=7! ,*)-.& "#$ A9:

 @" 6-D$(-2+ E &) *+$ :=7!  !"#$ %&'$ (&))$ %%";:!< :!=>=7

 9" FG+,H I J &) *+$ :=7!  !"#$ %&'$ (&))$ %%";:!< :!=>=:

 8" 34$&2K&,0 L) CD/'G+/0( *) 6+/(G4M 3) 3&0&N&/ J) O/(&5&, P) 3+D E +20 L&-2KD/(&/ B

:=7@  !"#$ %&'$ (&))$ %%!;7< =7=>=:

 7=" P&Q(42) ,&((&/ (4 3 C&2(,&R) 7A8:ST)7983>>@) K A) U/-2-(R V4,,&5& I-./+/R) V+H./-05&) WJ

 77" #..4( C X &) *+$ :=7A  !"#$ %&'$ (&))$ %%$;:!< =A77=:

 7:" *+Y-&$ X V L +20 C/4Q2 1 3 789A /!& 0!1#) 23 )!& *)145 * 62#7-##213 18 )!& 4"#)&.2&# 18

9-*3)-4 :!"#27# '+2(4 &0Z &0 ;V+H./-05&[ P&Q \4/N] V+H./-05& W2-Y&/$-(R X/&$$<

 7T" V4''-+/4 C :=7T  !"#27# ;##*"# #$ !T7?!>@

 7>" V4''-+/4 C :=7! <1-.3*+ 18  !"#27#5 =138&.&37& >&.2&# $#$ =7:=!>

 7!" ^.&/G+/0 X B 7898 # /&+,-$(-' H40&, K4/ _D+2(DH (G&4/R Q-(G + ,4'+,-(R %/4%&/(R ?-*3)-4

)!&1." *36 :27)-.&# 18 .&*+2)"5 81-36*)213#@ 23)&.:.&)*)213#@ *36 3&A *#:&7)# &0 F'G4HH&/$

L ;C&/,-2[ P&Q \4/N] F%/-25&/`a&/,+5< %% 7A8?:=7A

 7A" C4GH * +20 B-,&R C 1 788T /!& -362'26&6 -32'&.#&5 *3 13)1+1027*+ 23)&.:.&)*)213 18

9-*3)-4 4&7!*327# ;34D(,&05&)I42042)<

 7@" 6-$-2 P :=7> ?-*3)-4 =1..&+*)213# 23 ,&A)132*3 >:*7& *36 /24&5 B*#)&. )!*3 (20!)

=144-327*)213 1. ,13+17*+2)" ;E-,+24] F%/-25&/ E-,+2< %% 79!?:=T

 79" C+2'+, 1) X-/42-4 F) #'b2 #) I-+25 \) F'+/+2- a +20 6-$-2 P :=7: ,*)$  !"#$ & 9A@?9@=

 78" V4''-+/4 C) c+&((- F +20 c/42d42- I :=79  !"#$ %&'$ C !';!< =!:7:>

 :=" #$%&'( # :==: C&,,e$ (G&4/&H] UG& 2+-Y& Y-&Q 4K +2 &f%&/-H&2(+,-$( ?-*3)-4

DE3F#:&*G*H+&#5 B.14 I&++ )1 ?-*3)-4 J381.4*)213 &0 C&/(,H+22 3 # +20 g&-,-25&/ #

;F%/-25&/<

 :7" V4''-+/4 C) c+&((- F +20 c/42d42- I :=7@ <1-.3*+ 18  !"#27#5 =138&.&37& >&.2&# &&( =7:=TA

 ::" F+,+/( *) C++$ #) C/+2'-+/0 V) 6-$-2 P +20 g.-20&2 B :==9 ,*)-.&  " 9A7?9A>

 :T" V4''-+/4 C) c+&((- F +20 c/42d42- I :=77  !"#$ (&))$ # )'" T@8?T9>

 :>" ^D/4%&+2 6/+Y-(+(-42+, O.$&/Y+(4/R)G((%$]SSQQQ&54`5Q-(S W3I  !!"#$%%&&&'()*+)&',!

 :!" C+/2&+ U 1) C+2'+, 1 *) I-+25 \ V +20 6-$-2 P :=7T  !"#$ %&'$ C &&;:< =::7:T

 :A" \-2 1 &) *+$ :=7T  !"#$ %&'$ (&))$ %%(;:A< :A=>=@

 :@" JQ-+( X 6) L+N$ ^) LG-(& # 6) #%%&,.+DH h +20 ^.&/G+/0 X B 7888  !"#$ %&'$ C $(;:<

3@@T?3@@A

 :9" #,(&%&(&/ 1) 1&M/&R ^ +20 JQ-+( X :==! K:)$ ;L:.&## %) 98!7?98!8

 :8" #N$&,/40 6 E) #,(&%&(&/ 1 C) 1&M/&R ^ 3 +20 JQ-+( X 6 :==@ K:)$ ;L:.&## %" !:A=?!:A7

 T=" 3+25+/+i+2 3) 6455-2 E +20 JQ-+( X :==8 K:)$ ;L:.&## %' 798:=?798TT

 T7" XJ F&-0&,H+22 C 6D-24( I * 788: ;L:+*3*)1." >-::+&4&3) )1 )!& C#).131427*+

C+4*3*7@7:$M ;WF P+Y+, O.$&/Y+(4/R)W2-Y&/$-(R F'-&2'& .44N$)E-,, L+,,&R)V#<

 T:" P+(-42+, 3+0-4 #$(/424HR O.$&/Y+(4/R) 3-'N c-$G&/ G4H&%+5&)  !!"#$%%&&&'-.'/01*'

(23%405,# (0%6" (7(0,2(#%!,7(#' !7

 TT" h 3 :=7: C N27)213*." 18 C#).1314"@M36$&6 ;OfK4/0] OfK4/0 W2-Y&/$-(R X/&$$,<


