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#*:#=%+#*: #:,*9(%+#*:1 +)6 ;9'+ "6%B ')*A' +)6 #*:#=%+#*: *, :68+9%&

H %+*('?  )6 '6*:< %:< +)#9< "6%B #' +)6 96'8&+ *, +A* '(%&& "8Q

*, )!<9*56: 5%' +* #:96%'6 +)6 <6:'#+!1 %:< +* *:+9*& +)6 98:%A%!

6&6+9*: 56:69%+#*:1 A)*'6 "9*<8+#*: #' &%956 %+ +)6 ;9'+ ∼ RK ('

76%8'6 *, &%956 &**" 4*&+%56?  )6 L/// %:< S/ (6%'896(6:+' 5#46

#:,*9(%+#*: %7*8+ +)6 #("89#+#6' 789: +)9*85) #: +)6 #:#+#%& ")%'6

%:< A6 %: *("%96 +)6 96&%+#46 #("89#+! &646& #: +)6 +A* ')*+' T8'+

7! L/// %:< S/ '#5:%&'?  )6 NO@ '#5:%& 5#46' +)6 *96 6&6+9*:

+6("69%+896?  )6 PO@ '#5:%& (6%'896' +)6 "96'6:6 *, 98:%A%!

6&6+9*:? ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  $

 !$  )6 96'8&+%:+ *, +)6 "*&*#<%& (%5:6+# ;6&< Bθ %:< +)6 469+#%& (%5>

:6+# ;&6< Bv?  )6 (%5:6+# "96''896 <86 +* Bθ %+ +)6 #:7*%9< '#<6

#' &%956 %' *("%96< +* +)6 *8+7*%9< '#<6 2')*A: 7! <#Q696:+ '"%>

#:5 *, #9&6' *, Bθ3?  )#' #:7*%9<>*8+7*%9< '#<6 %'!((6+9! #: Bθ

5#46' %: *8+A%9< ')#,+ +* +)6 "&%'(% 2)**" ,*963?  * 7%&%:6 +)#'1

A6 :66< +* %""&! % 6M+69:%& ;6&< A)#) %: #:96%'6 +)6 *8+7*%9< Bθ

%:< <696%'6 +)6 #:7*%9< '#<6 Bθ '#(8&+%:6*8'&!? ! ! ! ! ! ! ! ! ! ! !  %

 !



 !"  !"#$%&" '()*&"% +,- %.& /-&0,"01)%0," 0" %.& 234 52 %,6)*)67

4% 0$ ,+ 879 ** :0)*&%&- )": ;< ** (&"#%.7 4% 0$ 0"$%)((&: )% %.&

%,/ /,-% ,+ %.& *).0"&7 >0()*&"% 0$ "&#)%0?&(@ A0)$&: A@ ;98 B

C0%. -&$/&% %, %.& ?&$$&(7  .& .&)%0"# 0$ )--0&: ,!% A@ ) $!//(@

,+ ;D 2*/&-& !--&"%7  .& A0)$0"# ?,(%)#& )": !--&"% 0$ .,$&"

)+%&- ,/%0*01)%0," C0%. %.& "!*A&- ,+ /-&0,"01)%0," &E/&-0*&"%$ 0"

234 527 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #$

 !% F()$*) /,$0%0," *&)$!-&*&"% ,0($ )": (0*0%&-G H)I  .& /()$*) /,J

$0%0," *&)$!-&*&"% ,0($ $.&*)%0G $.,C" A@ $/0-)($7 K0*0%&- 0$

$.,C" A@ %.& %.06 A()6 0-(&7  .& (,)%0," ,+ ,0($ $.,!(: A& )%

%.& *0:/()"& ,+ ,!%A,)-:L0"A,)-: )": %,/LA,%%,*7 4" 234 52G

%.&$& ,0($ )-& 0"$%)((&: )% %.& ,-"&-$ A&)!$& ,+ $/)& (0*0%)%0,"

)% %.& -&$/&%0?& *0:/()"&$7 HAI  .& (0*0%&- )": %.& /,$0%0," ,0($

0" 234 527 4" %.0$ /.,%,#-)/. ,"(@ %C, ,!%A,)-: ,0($ )" A& $&&"G

)": %.& ,%.&- %C, )-& ",% 0" %.& ?0&C7  .& ,0($ )-& $.0&(:&: A@ %.&

MM A,E %, /-,%&% %.&* +-,* %.& .&)% )": %.& )/)0%0?& /06 !/$7 ! ! #&

#!$ 4," $.&)%. +,-*)%0," )% %.& 0"%&-+)& ,+ /()$*) )": N,)%0"# *)%&J

-0)(7  .& -&#0," A&+,-& %.& $.&)%. 0$ )((&: /-&$.&)%.G C.0. )&(&-J

)%&$ %.& 0,"$ %, %.& 0," ),!$%0 $/&&: Cs )% %.& $.&)%. &:#&7  .&

/,%&"%0)( A&@,": %.& /-&$.&)%. 0$ %.& /()$*) /,%&"%0)(7  .& $.&)%.

%.06"&$$ 0$ ∼ 5λDG C.&-& λD 0$ %.& 3&A@& (&"#%.7  .& $/&&: ,+ 0,"$

)-& $.,C" A@ %.& :)$.&: (0"&$7 >,- %.& &(&%-," $.&)%. +,-*)%0,"

%.&0- 0$ ", "&&: ,+ /-&$.&)%. -&#0,"7 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! '$

 !!



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

3(4&%/# %.2 -#.-'./ +#-'-&%.# &( $#%-5+# *+(,# 5++#.&0 +#-*#&'3#467

8"# *+(,# '- ,'%-#2 1'&" +#-*#& &"# &"# 3#--#47 8"# 3%45# () &"#

-#.-'./ +#-'-&%.# -"(542 ,# "(-#. '. -5" % 1%6 &"%& &"# *(&#.&'%4

2+(* '. Rs 2(#- .(& #9#& &"# *(&#.&'%4 %& &"# *+(,# &'*7 :(+ &"#

;(%&'./ *(&#.&'%4 <Vf= $#%-5+#$#.&0 &"#+# '- .( .##2 () VB %.2 &"#

3%45# () Rs -"(542 ,# "(-#. &( $'.'$'># &"# &"# 5++#.& 2+%1. ,6

&"# *+(,#7 8"# "('# () Rs )(+ Vf $#%-5+#$#.& 2#*#.2- (. &"#

-"#%&" +#-'-&%.# ?@A0 @B℄0 )(+ &(D%$%D 4'D# *4%-$% Rs -"(542 ,# ()

&"# (+2#+ () ∼ MΩ %.2 )(+ &"# 4(1 2#.-'&6 %.2 4(1 &#$*#+%&5+#

*4%-$% '& -"(542 ,# () &"# (+2#+ () ∼ EFF MΩ7 ! ! ! ! ! ! ! ! ! ! ! ! ##

 ! 8"# *+(,# 5++#.& 3%+'%&'(. -D#&" 1'&" +#-*#& &( &"# ,'%- 3(4&%/#

VB7 8"'- 3%+'%&'(. '- .(+$%446 +#)#++#2 %- &"# *+(,# "%+%&#+'-&'-7

G+(,# 5++#.& %. ,# 2'3'2#2 '.&( &"+## +#/'(.-H <%= '(. -%&5+%&'(.

5++#.& Is +#/'(.0 ,#4(1 &"# ;(%&'./ *(&#.&'%4 Vf 0 '. &"'- +#/'(. (.46

'(.- %+# (44#&#2 %& &"# *+(,# %.2 .#%+46 %44 &"# #4#&+(.- %+# +#*#44#2

,6 &"# *+(,#0 <,= '.+#%-'./ *%+&0 &"'- *%+& '- ($,'.%&'(. () '(.

5++#.& %.2 '.+#%-'./ #4#&+(. 5++#.&0 %.2 <= #4#&+(. -%&5+%&'(.

5++#.& Ieo0 %,(3# &"# *4%-$% *(&#.&'%4 VP 0 '. &"'- +#/'(. %44 &"# '(.-

%+# +#*#44#2 %.2 (.46 #4#&+(.- %+# (44#&#2 %& &"# *+(,#7 8"# &1(

2%-"#2 4'.# +#*+#-#.&- &"# &%./#.& &( &"# +'-'./ *%+& () &"# 5++#.&

%.2 (. #4#&+(. -%&5+%&'(. 5++#.&0 &"# '.&#+-#&'(. () &1( &%./#.&

4'.#- '- &"# VP 7 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #$

 !# I -D#&" () &"# #4#&+(. %.2 '(. 5++#.& 3%+'%&'(. 1'&" +#-*#& &(

&"# *+(,# ,'%- 3(4&%/#7 I,(3# &"# VP 0 &"# *+(,# 5++#.& '- (.46 &"#

#4#&+(. 5++#.& %- &"# '(. 5++#.& '- >#+(7 J. &"# (&"#+ "%.20 &"#

#4#&+(. 5++#.& &( &"# *+(,# %& 4%+/# −ve VB '- >#+(0 "#+# &"# (.46

5++#.& &( &"# *+(,# '- &"# '(. -%&5+%&'(. 5++#.&7 I& &"# '.&#+$#K

2'%&# ,'%-'./ <,#&1##. Vf %.2 VP =0 ,(&" #4#&+(. %.2 '(. 5++#.&

(.&+',5&#- &( &"# *+(,# 5++#.&7 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #%

 !& 8+'*4# *+(,# ,'%-'./ -"#$#7 81( ;(%&'./ *(1#+ -5**4'#- %+# 5-#2 &(

,'%- &"# *+(,#-7 8( D##* &"# 1"(4# -6-&#$ ;(%&'./0 %44 $#%-5+#$#.&-

-"(542 ,# %++'#2 (5& %+#)5446 ,6 &%D'./ (.# () &"# &"+## *+(,#- %- %

+#)#+#.# <G10 '- +#)#+#.# *+(,#=7 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #'

 !!!



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

"%&' VP 4 5#*# .*!/#1  2 &$(  3 &*# /%&1#( −ve 0%"- *#1.#" "! "-#
.*!/#  14 6-%1 /%&1%$) 1-%," "-# .!"#$"%&' !, .*!/#1  2 &$(  3 /#'!0

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

7!&"%$) .!"#$"%&'4 91 & 0-!'# "-# !+.'#"# 1:1"#+ %1 7!&"%$)4 ! ! ! ! #$

 !% 6*%.'# .*!/# /%&1%$) 1-#+# ,!* (%*#" (%1.'&: !, Te; 0-#*# VB &$( R

%1 /%&1%$) 8!'"&)# &$( 1#$1%$) *#1%1"&$# "! +#&1<*# .*!/# <**#$";

*#1.#"%8#':4 6-%1 0-!'# 1:1"#+ %1 7!&"%$) &$( "-# +#&1<*#+#$"1

&*# &**%#( !<" 0%"- *#1.#" "! "-#  1 .*!/#4 6-# 8!'"&)# +#&1<*#(

&*!11 "-# R )%8#1 %$,!*+&"%!$ &/!<" "-# .'&1+& (#$1%": &$( "-#

7!&"%$) .!"#$"%&' !, .*!/#  2 =Vd2> 0%"- *#1.#" "! "-# .*!/#  1 )%8#1

"-# Te4 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #&

 !' 6-# *#'&"%!$ /#"0##$ Te &$( +#&1<*#( Vd2 &" (%?#*#$" /%&1%$) 8!'"3

&)#1; Vd34 @" 1-!01 "-# *&$)# !, Vd3 ,!* 0-%-; Te %1 (%*#"': .*!.!*3

"%!$&' "! "-# Vd24 6-# /%&1%$) 8!'"&)# =Vd3> 1-!<'( /# &"'#&1" ≥ 2Te;

"! -&8# & )!!( '%$#&*%": /#"0##$ Te &$( Vd24 ! ! ! ! ! ! ! ! ! ! ! ! ! # 

 !( A-#+&"% !, B&- .*!/# %$ +&)$#"% C#'(; =&> "!. 8%#0 !, B&-

.*!/#; =/> 8%#0 ,*!+ !$# 1%(# =<.1"*#&+>4 6-# <.1"*#&+ .*!/# %1 "-#

.*!/# 0-%- ,&#1 "-# 7!04 6-# $!+#$'&"<*# !, <.1"*#&+ &$( (!0$3

1"*#&+ %1 $!" <$%8#*1&'4 @$ "!D&+&D1; 1!+#"%+#1 "-# .*!/# ,&#1 "-#

.'&1+& <**#$" %1 (#C$#( &1 "-# <.1"*#&+ &$( "-# !"-#* !$# &1 "-#

(!0$1"*#&+4 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #)

 !$* A-#+&"% !, %!$ !''#"%!$ /: .*!/# %$ 1"*!$) +&)$#"% C#'( =ρi <

a)4 6-# %!$ 7<E !''#"#( &" "-# .*!/# %1 .*!8%(#( /: "-# *!11 C#'(

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

,<1%8# %!$ 1!<*#F4  *#1-#&"- %1 #'!$)&"#( &'!$) "-# C#'( (%*#"%!$4

6-# '#$)"- !, "-%1 !''#"%!$ *#)%!$ &'!$) "-# C#'( '%$#1 (#.#$( !$

"-# (%?<1%!$ !#H%#$" =D⊥>; %!$ &!<1"% 1.##( =Cs> &$( !$ .*!/#

'#$)"- =l>4 6-# !''#"%!$ '#$)"- %1 )%8#$ /: ∼ Csl
2/D⊥4 ! ! ! ! ! ! ! ##

 !$$ B&- .*!/# &**&$)#+#$" "! +#&1<*# "-# ‖ &$( ⊥ 7!01 1%+<'"&$#3

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

6-# ‖ &$( ⊥ &*# 0%"- *#1.#" "! "-# +&)$#"% C#'( BT (%*#"%!$4 ! ! #%

 !"



 !"  !"#%& '() *' %"%#+,- .%/0 1#23%-456 7%8 "&%29% :--5/+ 7Ip86

7.8 &,," ;,&+%45 7VL86 78 <α %/1 =))) 59#22#,/ &#/5 -%1#%+#,/26 718

<%-1 >?-%! 2#4/%& 7<>@86 758 ;5-+#%& A5&1 Bv6 %/1 7B8 3,-#C,/+%&

7δR8 %/1 ;5-+#%& 7δY 8 23#B+2 #/ +35 "&%29% ,&:9/ B-,9 +35 &#9#+5-

5/+5-D  35 %"%#+,- .%/0 1#23%-452 %-5 /,-9%&&! ∼ 25− 30 (ms)

&,/4D E,+3 VL %/1 Bv %-5 45/5-%+51 .! +35 %"%#+,- .%/02D ! ! ! ! ! #$

 !% 7%8 F-,/+ %/1 2#15 ;#5G2 ,B +35 H%3 "-,.5 35%1 72359%+#86 7.8

+," ;#5G ,B +35 '() *' +,0%9%0 23,G#/4 +,-,#1%& 25"%-%+#,/ .5?

+G55/ +35 &#9#+5- %/1 +35  ," %/1 @%1#%& "-,.5 35%1D  35  ," "-,.5

35%1 ,/2#2+2 ,B % 2#/4&5 I%/49:#- "-,.5 %/1 %/ :/9%4/5+#C51 H%3

"-,.5D '&& +35 95%2:-595/+2 ,B H%3 /:9.5- %-5 %--#51 ,:+ #/ +35

#,/ 2%+:-%+#,/ -54#,/D  35 1#-5+#,/ ,B +35 BT %/1 Ip %-5 #/1#%+51D #"

 !& F-,/+ ;#5G ,B +35 H%3 "-,.5 35%1 7J359%+# 23,G/ #/ F#4DKDL8D

 35 +,-,#1%&M",&,#1%& "&%+52 76 mm× 4 mm8 %-5 25"%-%+51 .! +35 N

99 %/1 +35 +,-,#1%&M",&,#1%& "#/2 7&5/4+3O4mm6 1#%95+5-O 1mm8

%-5 25"%-%+51 .! +35 PQ 99D  35 +,-,#1%& "&%+526 B,-92 % 9%4?

/5+#C51 H%3 "-,.56 %/1 :251 B,- +35 "%-%&&5& H%3 /:9.5- 7M8

95%2:-595/+D  35 +,-,#1%& "#/2 B,-92 % :/9%4/5+#C51 H%3 "-,.5

%/1 :251 +, 350 #+2 R,G 1#-5+#,/ ,/2#2+5/! G#+3 +35 9%4/5+#C51

H%3 "-,.5D  35 ",&,#1%& "&%+52 %-5 :251 +, 95%2:-5 +35 ",&,#1%&

R,G 1#-5+#,/ ,/&!D  35 +,-,#1%& %/1 ",&,#1%& 1#-5+#,/2 %-5 23,G/

.! φ %/1 θ -52"5+#;5&!D  35 +3-55 5/+-%& ",#/+ "-,.52 B,-9#/4 %

+-#"&5 I%/49:#- "-,.5 7B,-9#/4 5S:#&%+5-%& +-#%/4&58 %/1 +35 ",&,#1%&

25"%-%+51 "#/2 %-5 /,+ :251 B,- +3#2 5T"5-#95/+D ! ! ! ! ! ! ! ! ! ! ! #%

 ! @%G 1%+%6 7%8 2G55" .#%2 %/1 ,--52",/1#/4 I%/49:#- "-,.5 :-?

-5/+6 7.8 1,G/2+-5%9 "&%+5 :--5/+ IDN ,B +35 H%3 "-,.5 %/1 78

:"2+-5%9 "&%+5 :--5/+ IUP ,B +35 H%3 "-,.5D  35 H%3 /:9.5-

%/1 +35 5&5+-,/ :--5/+ 52+#9%+#,/ %-5 %--#51 ,:+ #/ +35 G#/1,G ,B

10− 20 ms6 1:-#/4 +35 Ip R%+?+,"D ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! #&

 !'  35 )?U 3%-%+5-#2+# ,B +35 :/9%4/5+#C51 "-,.5 B,- +35 "-,.5 .#?

%2#/4 ;,&+%45 B-,9 ?VW U +, LW UD  35 A++51 &#/5 #/1#%+52 I =

ae−bVB + c 6 G35-5 %OWDVPL6 .O?WDWKN %/1 O?WDKPL %/1 +35 -54-52?

2#,/ ,5X#5/+6 @?2S:%-5OWDNND )+ #2 +35 %;5-%45 ,B 2#T 2:522#;5

2G55"2D ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! # 

 !



 !"  !" #!$%!& '()*&+ ), +&+.()/ .+0'+(!.1(+ 0+!21(+$ 34 ! 5!/601%(

'()3+ 0)1/.+$ )/ .7+ .)' ')(. %/ $%27!(6+2 2%0%&!( .) .7+ '(+2+/.+$

)/+28  3" 9&)!.%/6 ').+/.%!& '()*&+ %/ %$+/.%!& $%27!(6+2: ;7+ (+$

$!27+$ &%/+2 !(+ .7+ *..+$ &%/+2 .) .7+ )((+2')/$%/6 $!.! ')%/.2: ! ! "#

 !$ <7+0!.% $%!6(!0 27)=%/6 '&!20! ')2%.%)/  +>!66+(!.+$": ;7+ '()3+

')2%.%)/2  )/ 3).7 (!$%!& !/$ .)' ')(.2" !(+ *>+$ =%.7 (+2'+. .) .7+

&%0%.+(? 31. '&!20! ')2%.%)/2 %/ $%@+(+/. $%27!(6+2 0!4 3+ $%@+(A

+/.: ;7+ &%0%.+( +/.+( %2 %/$%!.+$ 34 .7+ .=) $!27+$ &%/+2: B)2%.%)/

'()3+2 !(+ 12+$ .) +2.%0!.+ .7+ 7)(%C)/.!& !/$ D+(.%!& 27%,. ), .7+

'&!20! )&10/ +/.()%$ ,()0 .7+ &%0%.+( +/.+(: ;7+ Vφ = Er×Bθ?

Vθ? BT !/$ Ip $%(+.%)/2 !(+ %/$%!.+$: ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ""

 !% E)0'!(%2)/ ), .7+ 1'2.(+!0 JUP !/$ $)=/2.(+!0 JDN 1((+/. $+/A

2%.%+2? 0+!21(+$ 34 .7+ F!7 '()3+ '&!.+2: ;7+ F!7 /103+( %2

+2.%0!.+$ 34 .7+ !2400+.(4 %/ .7+ JUP !/$ JDN : ! ! ! ! ! ! ! ! ! ! "$

 !&  !" #!$%!& '()*&+ ), 0+!/ '&!20! $+/2%.%+2 0+!21(+$ 34 .7+ F!7

'()3+ !. (!$%!& ')(.? !/$  3" #!$%!& '()*&+ ), '&!20! $+/2%.4 0+!A

21(+$ 34 .7+ 2%/6&+ 5!/601%( '()3+ !. .7+ .)' ')(.: ;7+ +(()( 3!(2

%/$%!.+ .7+ 2!..+( %/ .7+ $!.!: ;7+ $%@+(+/+ %/ .7+ 0!6/%.1$+ !/$

.7+ $+!4 &+/6.72 !/ 3+ 2++/ ,()0 .7+ *61(+: ! ! ! ! ! ! ! ! ! ! ! ! ! "%

 !'(  !" #!$%!& '()*&+ ), .7+ F!7 /103+(2? !/$  3" G+'+/$+/+ ), F!7

/103+(2 )/ .7+ 0+!/ '&!20! $+/2%.4: ;7+ +(()( 3!(2 %/$%!.+ 2!..+(

%/ .7+ $!.!: ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "&

 !'' <)(.%/6 ), .7+ D+(.%!& 7!(6%/6 34 .7+ B,(%27 <7&1.+(  B<" H)=2:

;7+ $%(+.%)/ ), .7+ B< H)=2 %/ .7+ )1.3)!($ 2%$+ %2 %/ .7+ Ip $%(+A

.%)/ !/$ )'')2%.+ .) %. %/ .7+ %/3)!($ 2%$+: ;7+ %(&+ %/$%!.+2 .7+

5E9< !/$ .=) &%/+2 =%.7 !(()= 27)=2 .7+ $%(+.%)/ ), .7+ B< H)=2

,()0 3)..)0 .) .)' ), .7+ '&!20! )&10/: ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! $'

 !') I!&&))/%/6 .(!/2')(. !(.))/: ;7+ '(+,+(+/.%!& $%@12%)/ ), .7+ '!(A

.%&+2 )/ .7+ )1.3)!($ 2%$+ %2 /!0+$ !2 .7+ 3!&&))/%/6 .4'+ .(!/2')(.:

J. %2 3+!12+ ), .7+ 3!$ 1(D!.1(+ ), .7+ BT )/ .7+ )1.3)!($ 2%$+:

;7+ 3&1+ 7)(%C)/.!& !(()=2 27)=2 .7+ '&!20! $%@12%)/ !/$ .7+ .7+

3&!K !(()=2 27)=2 .7+ '&!20! H)= $%(+.%)/: ! ! ! ! ! ! ! ! ! ! ! ! ! $)

 !"



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

&) '!" 456 +,$-.$7 8"%" 9:; 9< $)1 9= $%" '!" ()-'$)'- $)1

9= > 9< > 9:7 >' '!" .&1?+,$)"; @"'A"") '!" 'A( *$"- (* '!"

,&.&'"% '!" B(A -+""1 Cv‖D &- )"$%,E F"%( $)1 &' &)%"$-"- '(A$%1-
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%5&'+0?4'*# G04 '5 &"# 5#.%&':# "#+''&; %*# %5- +0?4'*# G04 '5
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 ! >"# /%-'%+ </06+# 01 <+%*$% -#5*'&; '5 &"# #-.# /#.'05 '5I 8%9 5#.7
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 !" #$%&'(&#$% )*+*,- #".$,# (/ ",")-% *, '!" 0()1# /()"+ 3+ '( '!*,4 $5(3' +(."

$1'"),$'*6" +(3)" (/ ",")-% ('!") '!$, (,6",'*(,$1 $,# ,31"$) 7++*(, ",")-%

+(3)"8 9(,')(11"# ,31"$) /3+*(, *+ $ 1"$, $,# 1*.*'1"++ $1'"),$'*6" ",")-% +(3)"

0!*! $, -",")$'" ",().(3+ ",")-% 0*'!(3' $,% )$#*($'*6" :)(#3'8 ;, /3+*(,

)"$'*(,< '0( +.$11 $'(. ="8-< >< ?<  < >"@ ,31"* /3+" $,# )"1"$+" (," +(."0!$'

5*--") ,31"* $,# ,"3')(,+ $+ '!" )"$'*(, :)(#3'8 A() "B$.:1" '!" /3+*(, 5"'0"",

#"3'")*3. =1D
2@ $,# ')*'*3. =1T

3@ ,31"* -*6"+ >"1*3. =2He
4@ ,31"* =α :$)'*1"@

$,# $ ,"3')(, =on
1@ $+ )"$'*(, :)(#3'+8 C +!".$'* (/ '!*+ )"$'*(, *+ +!(0, *,

A*-8 D8D8

1D
2 + 1T

3 → 2He
4 + 0n

1 =D8D@

 !" ",")-% *+ )"1"$+"# *, '!" /(). (/ 4*,"'* ",")-% (/ $1:!$ :$)'*1" $,# ,"3')(,8

 !" ",")-% +!$)"# 5% '!" 2He
4 *+ E8F G"6 $,# 5% on

1 *+ DH8D G"68  !*+ ",")-%

*+ )"1"$+"# /)(. '!" .$++ #*I")"," 5"'0"", '!" )"$'$,'+ $,# :)(#3'+ =∆m@ $+

/(11(0+J

D(2−0.000994)mp+T (3−0.006284)mp → He(4−0.027404)mp+n(1+0.001378)mp,

=D8K@

 



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

 !"#"$ %!" mp &' %!" ()'' *+ ,#*%*-. /!" ()'' 0&1"#"-" 3∆m4 5"% ""- ,#*06

7% )-0 #")%)-% &' 0.01875mp. /!" "-"#89 #":")'"0 &' E = ∆mc2 = 2.818 ×
10−12joule = 17.59 MeV $  !"#"$ c &' %!" ',""0 *+ :&8!%. ;%!"# ,*''&5:" +7'&*-

#")%&*-' &- 1D
261D

2 ,:)'() )#"<

1D
2 + 1D

2 → 1T
3(1.01MeV ) +1 p

1(3.03MeV ) 3=.>4

1D
2 + 1D

2 → 2He
3(0.82MeV ) + 0n

1(2.45MeV ) 3=.?4

1D
2 + 2He

3 → 2He
4(3.67MeV ) + 1p

1(14.67MeV ) 3=.@4

A&87#" =.=<  !"#$% &'(*#$% (&*$$%+ ,* "-$." *-' /!"#$% $/ *&#*#!0 %!1'!" (%2
2'!*'&#!0 %!1'!"+ 3-' &'(*#$% 4&$2!* (&' -'1#!0 %!1'!" .#*- 5+6 MeV '%'&78
(%2 ( %'!*&$% .#*- 9:+9 MeV '%'&78+

A*# +7'&*- #")%&*- %* %)B" ,:)" %!" % * #")%)-% -7:"& '!*7:0 *(" :*'" "-*78!$

'* %!)% %!"9 *(" 7-0"# %!" &-C7"-" *+ -7:")# +*#"'$  !&! )#" '!*#% #)-8" +*#"'.

D"#" %!" +7'&*- -7:"& )#" *+ %!" ')(" !)#8" 3,*'&%&E"4$ '* %!"9  *7:0 -*% :&B" %*

'!)#" %!" :*)%&*-' E"#9 -")# %* ")! *%!"#. ;7# F*5 &' %* 5#&-8 %!"'" % * ')("

!)#8"0 -7:"& %*8"%!"# )-0 +*#" %!"( %* #*'' %!"&# *7:*(5 5)##&"#  . G" )-

0* %!&' 59 B"",&-8 %!"'" '():: -7:"& )% :)#8" %"(,"#)%7#". /!&' %"(,"#)%7#" )-

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

"% 3'**" 4+ %' !'** %,+ 5'64')  (!!"+!7 8,+ 96*"'# !+(%"'# !(%+ "* )(:")6) (%

+!%("# "'# %+)3+!(%6!+ /Ti2; *,'&# "# <"$7 =7> 9'! %,!++ ."?+!+#% 96*"'# !+(%"'#*7

<"$6!+ =7>@  !"#$% &'(*#$% &(*'" +$& *,' -(&#$!" +!"#$% &'(*#$%". /,' &(*' $+
+!"#$% &'(*#$% #" 0(1#0!0 (&$!%2 ( 3(&*#!4(& #$% *'03'&(*!&'5 '.6. *,' &'(*#$%
&(*' +$& *,' 2'!*'&#!07*&#*#!0 +!"#$% &'(*#$% #" 0(1#0!0 (&$!%2 899 keV .

8,+ !"%+!"'# 9'! 96*"'# !+(%"'#  !+(0+A+# "# %+!)* '9 .+#*"%- /ni2; "'# %+)3+!B

(%6!+ (#. +#+!$- '#C#+)+#% %")+ /τE2 "* .+C#+.  - D(&*'# E=℄7 G'!."#$ %'

%,"* !"%+!"'# %,+ 3!'.6% niTiτE *,'64.  + (% 4+(*% ∼ 5 × 1021 m−3keV s7 8,+

!(%+ '9 '44"*"'#*  +%&++# %,+ 96*"'# #64+" .+3+#.* '# %,+ #6) +! .+#*"%-; *' %,+

#6) +! .+#*"%- "* ( 3(!% '9 %,+ D(&*'#H* !"%+!"'#7 8,+ ,"$, *3++. '9 %,+ #64+"

(!+ ,+43964 "# 'A+!')"#$ '64')  (!!"+!7 8,+ %,+!)(4 *3++. "* +I6"A(4+#% %' %,+

%+)3+!(%6!+ '9 %,+ 3(!%"4+*7 J"#+ (% ,"$, %+)3+!(%6!+* %,+ 3!' ( "4"%- '9 %,+ '4B

4"."#$ #64+" %' 'A+!')+ %,+"! '46)#  (!!"+! "* ,"$,; "% (33+(!* "# %,+ D(&*'#H*

!"%+!"'#7 G% A+!- ,"$, %+)3+!(%6!+ %,+ !+4(%"A+ %")+ %,(% %,+ %&' #64+" *3+#.

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

4%#$1) %($0./" %(&,( ,!/) %( # ,/%#()#) ( $,"$  #1-#%( .%# 5∝ T 1/26 78℄ (/&

( $,"$ &#/), : 5∝ n2
i 6* , -. ) (/ .--#% 0,1,  ! 4! $  #1-#%( .%# (/& &#/), :2

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

1(,/ (,/  $# %#( ,!/ >!% ).?,#/  ,1#2

@$# -%!40#1 +, $  $#)# $,"$0: #/#%"# , $(%"# -(% ,0#) ,)  $(  $#: ),1-0: (/A

/! 4# -. ,/ ( !/ (,/#%2 ;)  $#: $(B# $,"$ #/#%":  $#: (/ 1!B#  !  $# B#))#0

+(00) (/& 0!)#  $#,% #/#%":* (/& %#!14,/# (  $# +(002 C!* +# /##& )!1# $,/"

 ! D##-  $#)# #/#%"# , -(% ,0#)  !"# $#% (/& (+(: >%!1 (/: 1( #%,(0 ).%>(# >!%

0!/"  ,1# +$,$ )$!.0& 4# ).?,#/  ! )( ,)>: E(+)!/ %, #%,!/2 F/# +(: ,) 4:  $#

1("/# , !/=/#1#/ 2 ; :0,/&%,(0 &#B,# +, $ (G,(0 1("/# , =#0& (/ 4# .)#&

 ! -%#B#/  $# 0!)) !> -0()1( -(% ,0# %(&,(00:* 4.  $# &%(+4(D ,)  $(  $# $(%"#

-(% ,0#) (%# ) ,00 >%## (0!/"  $# (G,(0 &,%# ,!/2 @$# -(% ,0#) 0!)# ( B#%: >() %( #

 $%!."$ #/&)* ()  $# $(%"# (/ 1!B# >%##0: (0!/"  $# 1("/# , =#0&2

F/  $# ! $#% $(/& ,/  $# %(&,(0 &,%# ,!/* -#%-#/&,.0(%  !  $# 1("/# , =#0&*  $#

1! ,!/ !>  $# $(%"# -(% ,0#) ,) %#) %, #& 4:  $# 1("/# , >!%# 5F⊥ = qv ×B6*

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

-%#B#/  $# (G,(0 0!))* 1("/# , 1,%%!%) (1# ,/ ! -, .%# ,/ +$,$  $# 1("/# ,

=#0& ) %#/" $ $(/"#) ,/  $# (G,(0 &,%# ,!/ 7)## H,"2 I2J℄2

@$,) !/=".%( ,!/ ,) ).#))>.0 .-  ! )!1#  #1-#%( .%#  ! !/=/#  $# -0()1( -(%A

 ,0#) 4. ./(40#  ! $!0&  $# -(% ,0#) >!% 0!/"  ,1# 4#(.)# !>  $# 0!)) !> $,"$

 #1-#%( .%#  $%!."$  $# #/& >(#) !> 1("/# , 1,%%!%2 @! !B#%!1#  $,) )$!% A

!1,/"* ( /#+ +(:  ! !/=/#  $# $(%"# -(% ,0#) +() -. >!%+(%& 4:  $# K.)),(/

-$:),,) ) 3"!% @(11 (/& ;/&%#, C(D$(%!B ,/ ILMN ,/  $# >!%1 !>  !D(1(D2 @$#

 !D(1(D ,) ( K.)),(/ +!%&* +$,$ 1#(/)  !%!,&(0 $(14#% +, $ (G,(0 1("/# ,

=#0&2 @$# -%!40#1 !> 0!)) !> $,"$ #/#%": -(% ,0#) ,/  $# 1("/# , 1,%%!% ,) )!0B#&

,/  !D(1(D 4: O!,/,/"  $#  +! !-#/ #/&) !>  $# (G,(0 1("/# , =#0&2 @$,) )!0B#)

 $# -%!40#1 !> (G,(0 0!)) !> $,"$ #/#%": -(% ,0#) ,/  !D(1(D2 @!D(1(D ,) (  !%!,&(0

&#B,#* +$,$ .)#)  $# (G,(0 !%  !%!,&(0 1("/# , =#0& () ( 1(,/ 1("/# , =#0&2

P!+#B#%* ( -.%#0:  !%!,&(0 1("/# , =#0& (.)#) B#% ,(0 $(%",/" !>  $# -0()1(

(/& $#/# , ,) ./) (40#2 3/ !%&#%  ! !B#%!1#  $,) &#=,#/: (  !%!,&(0 -0()1(

"



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

 !"#$% &'()  !"#$%& (&))*) +$,- *#+".)!%&*#/ 0$)$ F‖ &1 %2$ !3&!, 4*)$ *#
%2$ 5!)%&,$ -.$ %* ")!-&$#% &# %2$ (!"#$%& +$,- 4)*( Bo !% %2$ $#%$) %* Bτ !%
%2$ )$6$%&*# 5*&#%/ 72$ )$6$%&*# *4 5!)%&,$1 4)*( %2$ %8* $#-1 "&9$1 &% (&))*)
#!($/ 72$ !3&!, +$,- 1%)$#"%2 &1 (!3&(.( !% %8* $#-1 !#- (&#&(.( !% %2$ $#%$)/
:% 2!#"$1 %2$ 5!)%&,$1 5!)!,,$, 9$,*&%;< 82&2 &1 (!3&(.( !% %2$ (&--,$ *4 %2$
(&))*)< !#- =$)* !% %2$ )$6$%&*# 5*&#%1/ ># %2$ *%2$) 2!#- %2$ )$6$%&*# *4 2&"2
$#$)"; 5!)%&,$1 &1 #*% 5*11&?,$< !1 %2$ +$,- &1 #*% !?,$ %* (!@$ %2$&) 5!)!,,$, 9$,*&%;
=$)* !% %2$ $#-1/

#$$%+, !- #-%./ 01!1 "%+%$2,%- 2 3454!.25 6%5./ -4 ,12, ,1% +%, 72"+%,! 6%5. !-

1%5!25 2+. 1%+% ,1% 8%$,!25 12$"!+" 49 ,1% 352-72 !- 284!.%.' : ,4;272; 74.%5

!- -140+ !+  !"' &'< '

=4;272;- 43%+ 2 +%0 %$2 !+ 9#-!4+ $%-%2$1' >#--!2+- 2$% ,1% 6$-, ,4 %+,%$ !+

,4;272; $%-%2$1 2$%2' ?$%-%+,5@ 04$;!+" ,4;272;- 2$% ABBBCA D(℄/ F=CGH D<℄/

FI= DJ℄/ =4$% K#3$2 DG℄/ I:K= DL℄/ M:K= DN℄/ O=CL DP℄/ =IQ=R> D&H℄/ :KAIQ

S3"$2.% D&&℄/ :52,4$CT M4. D&U℄/ =TV D&(℄/ TRM?:KK D&<℄ 2+. :AB=W: D&J℄'

=4;272; $%-%2$1 12- 72.% 2 ,$%7%+.4#- 3$4"$%-- !+ 52-, JH @%2$-' X@ $%25!Y!+"

,12, +4 -!+"5% 4#+,$@ !- 2Z5% ,4 21!%8% ,1% 9#-!4+ 4+ !,- 40+/ .![%$%+, 4#+,$!%-

128% 47% 94$02$. 94$ 2 \4!+, 4552Z4$2,!8% 04$; !+ ,1% 6%5. 49 9#-!4+ !+ ,1% 94$7

49 B=I>/ !+  $2+% D&G℄'

  !"#$% &'(%) *$+, -)&%$)%&
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 !"#$% &'()  "#$%&' () &(*%$%* +'&" ,'-#.#/& 0#1, ('123 4"# &(.(',%1 0#1, ('12
%.# 52#, &( 6#/#.%&# &"# &(.(',%1 $%6/#&' 0#1, %/, &"# 7.'$%.8 &.%/2)(.$#. ,.'9#2
&"# &(.(',%1 71%2$% 5..#/& '/ &"# 6%23 :#.# &"# 71%2$% '2 &"# 2#(/,%.8 () &"#
&.%/2)(.$#.3 4"# .#251&'/6 "#1'%1 0#1, 1'/#2 %.# 257#.7(2'&'(/ () &"# &(.(',%1 $%6;
/#&' 0#1, %/, &"# 7(1(',%1 $%6/#&' 0#1,3 4"# 7(1(',%1 $%6/#&' 0#1, '2 6#/#.%&#,
<8 &"# 71%2$% 5..#/&3

*+,%- ./ ./,1$#1!./2 1.3+4+3, +/ 5% -!6!-%- !/1. 17. +1%".$!%,) 8!4!1%$ 1.3+9

4+3 +/- -!6%$1.$ 1.3+4+3' :;% 8!4!1%$<-!6%$1.$ !, #,%- 1. -%=/% 1;% >8+,4+

5.#/-+$? +/- ./1$.8 1;% >8+,4+ ,#$@+% !/1%$+1!./' *.1; 8!4!1%$ +/- -!6%$1.$

+$% .@ 1;$%% 1?>%,' A!4!1%$, +$%) B!C 1.$.!-+8 $+!8 8!4!1%$2 B!!C >.8.!-+8 $!/" 8!49

!1%$2 +/- B!!!C >.!/1 8!4!1%$' :;% .$$%,>./-!/" -!6%$1.$, +$% B!C 1.$.!-+8 -!6%$1.$2

B!!C >.8.!-+8 -!6%$1.$2 +/- B!!!C 5#/-8% -!6%$1.$ D&E℄' G.8.!-+8 8!4!1%$ +/- >.8.!-+8

-!6%$1.$ +$% 1;% 4.,1 #,%- ./="#$+1!./, !/ 1;% 8!4!1%$ +/- -!6%$1.$ 1.3+4+3,'

:.-+?2 +88 1;% 5!" 1.3+4+3, ;+6% >.8.!-+8 -!6%$1.$ ./="#$+1!./, 5%+#,% .@ !1,
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 !""!# %&"#%' %(!# ")! *'+,-+ ,.#/+! 0&"!#+"0%&1

203.#! 4156  "#$%&' ('%)*%$ +, &"# -*%.#/+0 1%2#* '3 &"# 1'$'&#* .1%-$%4 5"#
(%-"#( '*1# '- &"# 1'$'&#* #()#4 61%-$% '3-'(# &"# 1'$'&#* '- &"# $%'3 .1%-$% 7'&"
1+-#( 8#1( 1'3#- %3( &"# .1%-$% '3 1'$'&#* -"%(+7 '- &"# -*%.# +0 1%2#* .1%-$%
7'&" +.#3 8#1( 1'3#-4 9#*# &"# 8#1( 1'3#- +.#3 %& &"# 1'$'&#*4

7%8+-+8 *'+,-+ 0, 90(09!9 0&"% ":% #!30%&,; &+-!'<; -+0& *'+,-+ +&9 ,#+*!=%>

'+<!#?@ABC *'+,-+ D,!! 2031 415 /%# '0-0"!# @AB +&9 2031 41E /%# ")! 90(!#"%# @AB℄1

7)! -+0& *'+,-+ 0, ")! #!'+"0(!'< )%" *'+,-+ :)0) 0, %&G&!9 0& ")! '%,!9 G!'9

'0&!, +&9 ")! @AB *'+,-+ 0, ")! *'+,-+ 0& ")! %*!& G!'9 '0&!, :)0) 0, #!'+"0(!'<

%'91 H!#! ")! %*!& G!'9 '0&!, +#! ")! G!'9 '0&!, :)0) "%.) ,%-! -+"!#0+' ,.#/+!1

7)! @AB *'+,-+ :%#8, +, +& 0&"!#/+!  !":!!& ")! -+0& %&G&!9 *'+,-+ +&9 ")!

-+"!#0+' ,.#/+!1 I" )+, ")! -+J%# #%'! 0& 9!090&3 ")! -+0& *'+,-+ *.#0"< +&9

90>!#!&" %&G&!-!&" "0-!,; &+-!'< ")! !&!#3< +&9 ")! *+#"0'! %&G&!-!&" "0-! 1

  !"#$&' ()*)'+')# #$+' $, #-' !.'"!/' #$+' ,0')1 23 #-' 0!"#$&', $) #-' +!$) 0&!,+! !)1
#-' ')'"/3 ()*)'+')# #$+' $, #-' !.'"!/' #$+' ,0')1 23 #-' ')'"/3 $) #-' +!$) 0&!,+!4

 



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

 !"#$% &'()  !"#$%& #'%% ()*+,"#-. /"0&1-,1 -,23432 !13+&*,6 %37&1 3#/ 43"#
+%3!438 9:& ;&%/ %"#&! "#!"/& -:& !&+313-1"<=>?@A 31& -:& %,!&/ ;&%/ %"#&! 3#/
,'-!"/& -:& !&+313-1"< ;&%/ %"#&! 31& ,+&#! '+ 3- -:& /"0&1-,18 9:& B&#&;- ,C /"0&1-,1
-,23432 ,0&1 -:& %"4"-&1 -,23432 "! -:3- "# -:& /"0&1-,1 -,23432D -:& 43"# +%3!43
"! #,- "# -:& /"1&- ,#-3- E"-: -:& 43-&1"3% !'1C3&8 F# !"#$%& #'%% -:& ,'-B,31/
;&%/ %"#&! ,##&-! -, -:& "#B,31/ ;&%/ %"#&! C1,4 -:& ,-:&1 !"/& ,C #'%% +,"#- B'-
"# -:& /,'B%& #'%% ("8&8D E"-: -E, )*+,"#-!. -:& ,'-B,31/ ;&%/ %"#&! /, #,- ,##&-
-, -:& "#B,31/ ;&%/ %"#&! 3! -:& B,-: -,+ 3#/ B,--,4 +3-:! 31& B%,2&/ B7 -:& #'%%
+,"#-8

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

*$,-%./0 1,2%$ 3*456 !7 89% /#8%$ 1,2%$ /: 8/;,<,; -1,7<, =*%%  !"' &'> ,?@

 !"' &'(℄' B7 <%?8!/?%@ C%:/$%D 89% *45 ;%%-7 89% 9/8 -1,7<, ,E,2 :$/< 89% <,.

8%$!,1 7#$:,%D 7/ 89,8 89% !?8%$,8!/? /: 89% <,!? -1,7<, ,?@ 89% <,8%$!,1 7#$:,%

!7 <!?!<#<' F? 89% 1!<!8%$ 8/;,<,; 89% 1,78 1/7%@ G#H 7#$:,% 35I *6 1/,8!/?
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 ! "# "#" %& '(# )*'#+ *, !-+.*# /, ) '#+0 *1"  1 '(# " 2#+'3+ '34*)*4 '(# 5678

 ! "# "#" %& '(# )*91#'  :#,"; <(# 5678  ! '(# )*91#'  =-> !-+.*# *.'#+

?( ( '(# :#," , 1#! '3-( '(# , ) '#+@" 2#+'3+ *1" '(# )*91#'  :#," , 1#! 31 '(#

 11#+ ! "# 3. '( ! =-> !-+.*# *+# ,3!#"; A-# '3 '( ! B+3> ) '& 3. '(# )* 1 B,*!)*

? '( '(# )*'#+ *, !-+.*#  1 , ) '#+ 8C5D '(# B,*!)* !-+.*#  1'#+*' 31  ! ,*+9#

*! 3)B*+#" '3 '(# " 2#+'3+ 8C5; <( !  1'#+*' 31  ! )* 1,& '(# !B-''#+ 19 3. '(#

)*'#+ *, !-+.*# %& '(# B,*!)*  31!; E1 *1  "#*, 31" ' 31D ?# ?*1' '3  !3,*'# '(#

)* 1 B,*!)* .+3) *1& 4 1" 3. )*'#+ *, !-+.*#D !3 '(*' '(#+#  ! 13  )B-+ '&  31

 1 '(# B,*!)* '3 " ,-'#  '; <(#!#  )B-+ '&  31! '*4# -!#.-, #1#+9& 3. '(# B,*!)*

*1" +*" *'#  '; <(# +*" *' 31 33,! '(# B,*!)* *1" )*4#! '(# '#)B#+*'-+# + !# 3.

'(# B,*!)* " F-,'; E1 +#*, '&D ?# *113' 3)B,#'#,&  !3,*'# '(# B,*!)* .+3) '(#

)*'#+ *, !-+.*# #G#'!; <(# 8C5 B+32 "#! *1  !3,*' 31 32#+ '3 '(# )* 1 B,*!)*;

E1 , ) '#+ 8C5D  '  ! %#, #2#" '(*' *,, '(# B,*!)* !3, "  1'#+*' 31 '*4#! B,*# *'

'(# , ) '#+ ?( (  !  1 '(# " +#' 31'*' 3. '(# B,*!)*; H 1-)%#+ 3. *''#)B'! (*!

%##1 *++ #" 3-' '3 ) 1 ) I# '(# )*'#+ *, "*)*9# "-# '3 !B-''#+ 19 JKL℄; E1 *!#

3. " 2#+'3+ 8C5D '(# " 2#+'3+  ! 2#+& .*+ *?*& .+3) '(# (3' B,*!)* ?( ( +#!-,'!  1

,3? '#)B#+*'-+# B,*!)* 31'*' ? '( '(# " 2#+'3+ *1" ,#!!  )B-+ '&; <(#  )B-+ '&

?( (  ! 9#1#+*'#" *' '(# !3, " !-+.*# (*! '3 '+*2#, '(+3-9( '(# 8C5 +#9 31 '3

+#*( )* 1 B,*!)*; C1#  ' +#*(#! '(# )* 1 B,*!)*D  ' B*+' *,,&  31 I#! '(#+# *1"

!'*+'! +*" *' 19;

H1  )B3+'*1' !3-+# 3. '(# B,*!)*  1 '(# 8C5  ! '(# B,*!)* " G-! 31 .+3) '(#

)* 1 B,*!)*; H !,*% )3"#, 3. 8C5  ! B+#!#1'#"  1 '(# 7 9; K;N JKN℄; H! !(3?1  1

'(# 7 9; K;ND '(# " G-! 31 3. '(# B,*!)* *+3!! '(# '3+3 "*, )*91#'  :#," B3B-O

,*'#! '(# 8C5; <(# 8C5 ? "'(  ! "#'#+) 1#" %& '(# " G-! 31 3#F #1' *1" '(#

, ) '#+ '&B# *1" '(#  31 !3-1" !B##" JKL℄; <(# ! )B,# 8C5 ? "'( *1 %# ?+ ''#1

*! λSOL =
(D⊥L‖

Cs

)1/2
D ?(#+# D⊥  ! '(# " G-! 31 3#F #1'D L‖ 311#' 31 ,#19'(

*1" Cs  ! '(#  31 *3-!'  !B##" ;

<(# 8C5 B,*!)* 31'+3,! '(#  )B-+ '& ,#2#, *,319 ? '( '(# #1#+9& 31:1#)#1'

' )# /τe0 *1" B*+' ,# 31:1#)#1' ' )# /τp0 JKN℄; <(-! '(# -1"#+!'*1" 19 3. '(#

8C5 B,*!)*  ! #!!#1' *,; <(# 3)B,#'# 31'+3, 32#+ '(#  )B-+ '& 9#1#+*' 31  1 '(#

  !" #$%&"' () *+%+,"'- ."+."- ,!" 01'1**"* (##",+(# *"#2,! L‖ () ,!" 3"*. *+#"- 1#. !"#"
,!" 456 *"#2,!7

 



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

 !"#$% &'()  "#$%&' () &"# *+%,$% -'./,'(0 )1($ &"# $%'0 *+%,$% &(  234 5"#
-'./,'(0 () &"# *+%,$% )1($ &"# $%'0 *+%,$% ', ,"(60 78 &"# 9#1&'%+ %11(6,4 5"#
 23 6'-&": ,"(60 78 &"# -(/7+# %11(6: ', (0&1(++#- 78 &"# *%1%++#+ (00#&'(0
+#0;&" L‖: -'./,'(0 (#<'#0& D⊥ %0- '(0 ,(/0- ,*##- Cs4 5"# L‖ = πR: )(1 &"#
,'0;+# *(+('-%+ +'$'&#1  23: 6"#1# = ', &"# $%>(1 1%-'/,4 56( "%&"#- +'0#, %1#
&"# &6( )%#, () &"# +'$'&#1 %0- &"# $%&#1'%+ 6%++, ', ,"(60 78 &"# &"'? +'0#4

*+, !- ./0 1/--!23% 2#0 04% !51#$!06 "%.%$70%8 !. 04% *+, 7. 2% 5/:%8 26 04%

137-57 ;/<- !. 04% *+, =&>℄' @4!- 57A%- *+, $%"!/. 5/$% !51/$07.0 B$/5 04%

1/!.0 /B :!%< /B -0$/." 137-57 ;/<-C <4!4 576 73-/ !.;#%.% 04% /.D.%5%.0

/B 04% 57!. 137-57' @4%-% ;/<- 576 47:% /51/.%.0- !. 04% 0/$/!873 7.8 04%

7E!5#0473 F1/3/!873G 8!$%0!/.-' @4% *+, 137-57 ;/<- 7$% 8%-$!2%8 !. 04% .%H0

-%0!/.'

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

@4% /.0!.#/#- 5/:%5%.0 /B 04% 137-57 !- 0%$5%8 7- 04% 137-57 ;/<' @4% ;/<

!. 04% 137-57 576 2% 8#% 0/ -/5% 8$!B0 /$ 26 B/$%- 8#% 0/ 04% 1$%--#$% "$78!I

%.0 7.8 04% %3%0$! D%38' J37-57 ;/<- 7$% 1$%-%.0 04$/#"4/#0 04% 137-57 8%I

:!% !.3#8!." 0/A757A *+,' @4% 0/$/!873 "%/5%0$6 /B 04% 0/A757A 57A%- *+,

137-57 ;/<- !.0%$%-0!."' K. 04% -!513% *+, 5/8%3 !0 !- %H1%0%8 0470 137-57

;/< -4/#38 2% 1$%-%.0 .%7$ 0/ 04% 570%$!73 2/#.87$6 -#$B7%C 7.8 04%$% !- 7

-07".70!/. 1/!.0 !.I2%0<%%. 04% 0</ B7%- /B 3!5!0%$L8!:%$0/$' M%$% 04% -!.A 7I

  ! "#$ %&'()$ *+, "#$ -&./%&0! 120' "#$ '3&! ()3%'3 &% "#$ 0!)4 %0/2$ 01 "#$ ()3%'3

 !



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

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

!# 6!78 98:8 ; !- &<1& &+  %2  %& 12) !'&- '&2,&  %& (2!# 1'2-(2 =. )"--

>&'+ +!?/-!"# 2#+ &# &) !# "  %& @AB 2#+  2C&# 242. =.  %& 1'2-(2 3"4-  "

 %& #&2)&- $2& "$  %& '!(! &)*+!,&) ") =.  %& -!#C 2 !"#8 D/ !#  %& @AB5

1'2-(2 3"4- 2)& "=-&),&+ 2 2'' '"2 !"#- 2#+ &,&# 242. $)"(  %& '!(! &)*+!,&) ")8

EF5 G5 H5 9I5 9J5 IK5 I95 II5 IF5 IG5 IH℄8

6!7/)& 98:M  "#$%&' () *'$+,# *-%+#.(/ ,%0#- +,%*$% 1(2*3 4#-# &"# (5,0 6#.
-'7'58 &#-$ 9#"'56 &"# +,%*$% 1(2* '* &"# ,'$'&#- *'5: %&'(53 ;"# *+##6 () '(5*
-#%"#* &( Cs %& &"# *"#%&" #68#< 2"'" '* ∼ 10λD &"': =#>%88#-%&#6?3 ;"# $'6.
+,%5# 9#&2##5 &"# &2( )%#* -#$%'5 *&%85%&#6 %56 +,%*$% %#,#-%&#* (5 9(&" *'6#*
() &"'* $'6+,%5#3

N%& @AB 3"4- 1'2. -!7#!>2# )"'& !#  %&  )2#-! !"# =& 4&&# '"4 OBP 2#+ %!7% OQP

"#>#&(&# ("+&-8 N%& @AB 3"4 2# 2?&  %& +!)& !"# "$ )" 2 !"# "$  %& (2!#

1'2-(2 E9I℄8 ; !- "=-&),&+  %2  %& @AB 3"4 !#  %& "R/))&# +!)& !"# %&'1- !#

2%!&,!#7  %& B*Q  )2#-! !"# 2 '"4&) 1"4&)8 N%& B*Q  )2#-! !"# !#  "C2(2C- !- 2R

"(12#!&+ =.  %& -/++&# !#)&2-& !#  %& (&2# 1"'"!+2' ,&'"! . EIS℄8 N%& !#)&2-&

!#  %& 1"'"!+2' 3"4 ,&'"! . -& - 2  )2#-1") =2))!&)5 4%!% !#  /)# !#)&2-&-  %&

"#>#&(&# 8 N%!-  )2#-! !"# !-  )!77&)&+ =.  %& "#-& "$ 3/ /2 !"# -/11)&--!"#

=.  %& -%&2)&+ @AB 3"4-8 N%& @AB 3"4 2'-" %&'1- !# !(1/)! . )&(",2' 2#+  %/-

-)&&#-  %& (2!# 1'2-(2 $)"( !(1/)! !&- E9J5 IT℄8 N%!- !(1/)! . )&(",2' !- +"#&

 %)"/7%  %& !#)&2-& !#  %& $)! !"#2' $")& =& 4&&# 1'2-(2 2#+ !(1/)! . !"#-8

U'2-(2 3"4- 2)& ,&). "(1'&< 2#+  %!- "(1'&<! . 2# =& -&&# !#  %& $")( "$

+!?&)&#&- !# -!(/'2 &+*2#2'. !2'*(&2-/)&+ @AB 3"4- EI:℄8 N%& @AB 1'2-(2

3"4 !#  %& #&"'2--!2' 1! /)& !- +/&  " $")&- "#  %& !"#- 2/-&+ =. 1)&--/)&

+!?&)&#& 2'"#7  %& >&'+ '!#&- 2#+ ,2)!"/- "(1"#&# - "$ &'& )! >&'+8 V''  %&-&

  



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

 ! #$ %& '()*' #+ #, #+-%.%-/ 0, %12%(#%3 +4 #+-%.%- $,%5 )( #, 56%$.%

+(7( . (# +. $ 8)#, $+. #+&+)1%6  ! #$9 8,), .%- $ 56%$.% +(7( . (#

$+. 8,%# 1):'6#/ 0, $  ! #$ )(6'1 #, '&2%#'& 1&)4#9 3&%1) (# 1&)4# %(1

#, +'#;+%&1 $,)4# +4 #, 56%$.% 1' #+ ;%1 '&2%#'& +4 .%3( #) 7 61/ 0,'$ #, 

5& $$'& %6+(3 #, 7 61 6)( $ )$ 1)! & (# +( #, +'#;+%&1 %(1 )(;+%&1 $)1 / 0,)$

1)! & ( 3 ( &%# $ #, 56%$.% <+8 4&+. #, ,)3, 5& $$'& #+ 6+8 5& $$'& & 3)+(/

=( #, +#, & ,%(19 #, 5& $ ( +4 #, .%# &)%6 ;+1> )( #, 56%$.% 3 ( &%# $ %

5& $, %#, 8,), 3)2 $ &)$ #+ % <+8/ ?+. <+8$ %& $ 64 +&3%()@ 19 #, > +. )(#+

5)#'& ; %'$ +4 5& $ ( +4 $+. +#, & 1&)4#$/ 0, A7&$,B?,6'# & CA?D <+8$

+. $ )(#+ #,)$ %# 3+&>E )# , 65$ #+ $+&# +'# #, ,%&3 $ 5%&%#)+( %# #, #+5 %(1

;+##+. +4 #, 56%$.% +6'.(/ F#$ 1)& #)+( +( #, +'#;+%&1 $)1 )$ )( +B'&& (#

1)& #)+( %(1 %# #, )(;+%&1 $)1 )# )$ )( +'(# &B'&& (# 1)& #)+( GH℄/

J%K+& %'$ $ +4 56%$.% <+8$ %& $).)6%& )( %66 #+-%.%-$9 ;'# #, )& .%3()#'1 

%(1 &%1)%6 5&+76 $ 1 5 (1$ +( #, 56%$.% 5&+5 &#) $ #, & 9 3 +. #&>9 %(1 6+%#)+(

+4 6).)# &L1)2 &#+&/ F( 5+6+)1%6 6).)# &9 )4 56%$.% #+', $ #, 6).)# & )( 4'66 5+6+)1%6

56%( 9 #, +'#;+%&1 ?=M 7 61 6)( $ %& (+# +(( # 1 #+ #, )(;+%&1 7 61 6)( $9

%$ #, > +5 ( '5 %# #, 6).)# & ; 4+& #&%)(3 +( 4'66 #+&+)1%6 &+#%#)+(/ F( $', %

$)#'%#)+( #, 5%&#)6 5& $$'& &)$ $ +( #, +'#;+%&1 $)1 1' #+ #&%($5+&# %$>.. B

#&> C;%66++()(3 #&%($5+&#D/ =( #, +#, & ,%(19 )( %$ +4 6).)# 1 %& % +(#%# )(

5+6+)1%6 6).)# & 56%$.%9 #, +'#;+%&1 7 61 6)( $ %& +(( # 1 #+ #, )(;+%&1 $)1 

7 61 6)( $/ 0,'$ #, +'#;+%&1B)(;+%&1 <+8 1' #+ 5& $$'& %$>.. #&> )$ 5+$$);6 /

A%&%66 6 <+8 +.5+( (#$ 8,), %& 1&)2 ( ;> A? )+( '&& (# %(1 E × B <+8

& 2 &$ $ 8)#, #, & 2 &$%6 +4 BT %(1 Ip9 +( #, +#, & ,%(1 #, $)(- %#)+( +4 6).B

)# &L1)2 &#+& %(1 #, ;%66++()(3 #&%($5+&# 1&)2 ( <+8$ %& )(1 5 (1 (# BT %(1

Ip 1)& #)+($/ =( #, ;%$)$ +4 #,)$9 #, <+8$ %& 1)2)1 1 )( #8+ +.5+( (#$9 1&)4#

1&)2 ( %(1 #&%($5+&# 1&)2 ( 8,), %& BT %(1 Ip 1)& #)+( 1 5 (1 (# %(1 )(1 B

5 (1 (#9 & $5 #)2 6>/

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

0, ?=M 56%$.% <+8 ,%$ ;  ( $#'1) 1 )( .+$# +4 #, #+-%.%-$9 )(6'1)(39 NFFFBN9

O0BPQ9 OR09 0+& ?'5&%9 S?NRT U53&%1 9 S6%#+&BV J+19 0VW9 01 W %(1 NF0R

 !



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

 !" #" $" %" &&" &'" &!" ''" '(℄* +,- ./, 1234-567 /89 :;<,=8638>6 ?39-@ /2- ;6-9

<3 /@;@/<- <,- A3B ./, 8;?4-2" M = Kln(JUP/JDN) B,-2- KCD*!$ED*#$" /89

JUP /89 JDN /89 <,- =38 6/<;2/<=38 ;22-8< 9-86=<F /< <,- <B3 6=9-6 3G <,- ./,

1234-  !D℄* H8 9=I-2<32 <3J/?/J6" <,- A3B 1/<<-28 =6 ?32- 32 @-66 6/?- =8 61=<- 3G

9=K-2-8-6 =8 <,- 9=I-2<32 L-3?-<2=-6* +,- @=?=<-2 <3J/?/J6" +32- M;12/  %" !&℄"

N@/<32  !'℄" OH+P  '(" !!℄ /89 +E&D  !#℄ 6,3B /@@ <,- A3B 1231-2<=-6 B,=, /2-

346-2I-9 =8 <,- 9=I-2<32 <3J/?/J6* +,- ?/=8 1;2136- 3G 6<;9F =6 <3 J83B <,-

/;6-6 /89 <,- A3B 92=I- ?-,/8=6?6 4-,=89 <,- 346-2I-9 A3B6 /89 <3 J83B <,-=2

-K-<6 38 <,- ?/=8 1@/6?/ 1231-2<=-6* +,- J83B8 /;6-6 4-,=89 <,- 1@/6?/ A3B6

/2- QM A3B6" E × B 92=G<" =38=R/<=38 =?4/@/8-6" 13@3=9/@ /6F??-<2F 4F <,- 4/@E

@338=8L <2/86132< /89 @=?=<-2S9=I-2<32 6=8J /<=38  !$℄*

+,- MTU A3B ?-/6;2-?-8<6 /2- /22=-9 3;< /< 9=K-2-8< 13@3=9/@ @3/<=386 =8 <3J/E

?/J6* H8 N@//<32 VE.39" <,- ?-/6;2-?-8<6 ,/I- 4--8 /22=-9 3;< /< <,- @3B

W-@9 6=9- 5UXM7" ,=L, W-@9 6=9- 5:XM7 ?=91@/8-" /89 /< UXM 8-/2 <3 <,- 9=I-2E

<32  &'" '$℄* ./, 1234- ?-/6;2-?-8<6 /2- /@63 /22=-9 3;< /< <,- 3;<-2 ?=91@/8-

<3 2-?3I- <,- -K-< 3G =38=R/<=38 /89 13@3=9/@@F /6F??-<2= <2/86132< L-8-2/<-9

A3B6  !%℄* N@/<32 VE.39 =6 <,- W26< <3J/?/J =8 B,=, A3B ?-/6;2-?-8<6 =8

<,- :XM ?=91@/8- /2- /22=-9 3;<* H8 <,- 6/?- <3J/?/J" <,- 1/2/@@-@ A3B ./,

8;?4-2 <,/< 1-/J6 ∼' ?? G23? <,- UVXM /89 <,- 13@3=9/@ A3B 3G ∼ D*' <3 ∼&

<=?-6 3G -@-<238 9=/?/L8-<= I-@3=<F /2- 346-2I-9  &'" !Y℄*

H< =6 346-2I-9 <,/< 43<, E × B 92=G< /89 12-66;2- /6F??-<2F 1@/F ?/Z32 23@-6

=8 N@/<32 VE.39 MTU A3B* T8 <,- 3<,-2 ,/89" <,- 1@/6?/ A3B ?-/6;2-?-8<6 =8

[+E%D\" /< <,- UXM ?=91@/8-" 8-/2 <,- :XM 9=I-2<32 1@/<- /89 8-/2 <,- ]E13=8< =8

<,- UXM /2- /22=-9 3;<" /89 6,3B8 <,/< <,- A3B 2-I-26/@ 5A3B /B/F G23? 9=I-2<32

1@/<-7 3;26 /< <,- ?/=8 1@/6?/ -9L-  #" &(" !^℄*

H< =6 G3;89 <,/< QM A3B =6 <,- 92=I=8L ?-,/8=6? =8 <,=6 /6-* +,- /8/@F<=/@

?39-@ L=I-6 6=?=@/2 2-6;@<6  #℄* T8 <,- 3<,-2 ,/89" <,- ?-/6;2-9 A3B6 =8 [P+ /2-

@/2L- /6 3?1/2-9 <3 <,- ?39-@ 12-9=<=38  $" '^℄* X@3B6 =8 <,- [P+  $" '^℄ /89

+32- M;12/  %℄ /2- ?-/6;2-9 /< <,- <31 3G <,- 1@/6?/ 3@;?8" /89 =8 OHHHEO /< <,-

]E13=8< @3/<=38  !℄* H8 [P+" <,- A3B ./, 8;?4-2 3G ∼D*$ =6 346-2I-9 /89 =< =6

G23? 3;<43/29 <3 =843/29 MTU" B,=, ,/8L-6 6=L8 B,-8 <,- W-@9 9=2-<=38 =6 2-E

 !



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

 !"#!$% &' (# #)*+, ')-' ')! .-) ,012!" (# 1-3(101 -' ∼ 45 11 -+-6 7"*1 ')!

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

-"! -""(!$ *0' -' ')! 8:; 2!A*+ ')! 1($BA-,! CDE℄ -,$ (, ')! G;HIJKLBM"-$!

-' ')! 8:; 1($BA-,!@ -,$ -' ')! (,2*-"$ $( !"'*" A*-'(*, CDD℄% >)! <; =*+# -"!

*2#!" !$ '* 2! *,#(#'!,' +(') ')! 1-M,('0$! -,$ $("!'(*, *7 ')! 1!-#0"!$ =*+#

(, >9?% &, H&>I@ 2*') E×B -,$ <; =*+# -"! 1-N*" 7-'*"# 2!)(,$ ')! =*+# CEO℄%

>)! B"!##0"! -#611!'"6 (, ')! 8:; -,$ P:; $0! '* 2-AA**,(,M '6B! *7 '"-,#B*"'

BA-6# - #(M,(Q-,' "*A! (, M!,!"-'(,M ;R8 BA-#1- =*+#% &, S>KTUL@ ')! V0-,'(K

'-'( ! ! -A0-'(*, *7 ')! BA-#1- =*+# #)*+# ')-' ')!6 -"! M!,!"-'!$ '* 1-(,'-(,

')! #-1! B"!##0"! -A*,M ')! Q!A$ A(,!# CEW℄% >)! 1!-#0"!$ ;R8 =*+# (, S>KTU

CEW℄@ G;HIJ CDD℄@ G89G>RX 9K.*$ CD4℄ -,$ SI> C4W℄ -"! 7*0,$ '* 2! 7"*1 ')!

8:; '* P:; (, #(,MA! ,0AA $( !"'*" *,QM0"-'(*,% &' 1-6 2! $0! '* ')! B"!##0"!

$(Y!"!,! 2!'+!!, ')! 8:; -,$ P:;% &, GA-'*" 9K.*$@ !3B!"(1!,'# (, -AA B*##(K

2A! 1-M,!'( '*B*A*M(!#@ +)() (,A0$!#Z A*+!" #(,MA! ,0AA [8;\]@ 0BB!" #(,MA! ,0AA

[L;\] -,$ $*02A! ,0AA [H\] )- ! 2!!, -""(!$ *0'% &' (# 7*0,$ ')-' ')! B"!##0"!

!K7*A$(,M A!,M') (# ,!-"A6 ^ '(1!# A!## *, ')! P:; ;R8 -# *1B-"!$ '* ')! 8:;

;R8% _)!"!-#@ #0B!"#*,( .-) ,012!" -' ')! P:; (# *2#!" !$ (, 2*') #(,MA! ,0AA

*,QM0"-'(*,# -,$@ (, ')! H\ *,QM0"-'(*, ')! P:; .-) ,012!" (# `!"*% R,

')! *')!" )-,$@ ')! .-) ,012!" *, ')! 8:; (# ∼ 0.3 (, -#! *7 8;\@ -,$ ,!-"A6

`!"* (, ')! L;\% &, ')! P:;@ =*+ (# (, ')! *K0""!,' $("!'(*, 7*" 8;\ -,$ (,

')! *0,'!"K0""!,' $("!'(*, (, ')! L;\% >)! B"!##0"! -#611!'"6 !Y!' (# -A#*

*2#!" !$ (, >*"! ;0B"-% &, >*"! #0B"-@ ')! A*-'(*, *7 A(1('!" BA-#1- *,'-' B*(,'

(#  -"(!$ -,$ ')! .-) ,012!" 7"*1 #02#*,( '* #0B!"#*,( "-,M! -"! *2#!" !$%

&, SI>@ 1!-#0"!1!,'# -"! -""(!$ *0' 26 )-,M(,M ')! $("!'(*, *7 BT -,$ .-)

,012!" (# 7*0,$ '* $(Y!" 26 ∼ U%4 C5@ 4W℄% >)! (,"!-#! (, ')! 2-AA**,(,M '"-,#B*"'

(,$0!$ .-) ,012!" +(') BA-#1- $!,#('6 (# *2#!" !$%

>)! !Y!' *7 ')! $!,#('6 [n̄e] *, ')! ;R8 =*+ )- ! 2!!, *2#!" !$ (, G;HIJ

CDD℄@ SI> C4W℄@ G89G>RX 9K.*$ CD4℄@ >9? CDE℄ -,$ S>KTUL C^@ EW℄% >)! !Y!'

*7 ')! (,"!-#! (, ')! n̄e (# -A#* #'0$(!$ *, ')! "-$(-A B"*QA! *7 .-) ,012!"% &,

S>KTUL@ - $!,#('6 #-, (, ')! "-,M! n̄e ∼ (1− 3)× 1019 m−3 )-# 2!!, -""(!$ *0'

-,$ - $!"!-#! (, ')! =*+ .-) ,012!" -"! *2#!" !$ -' A-"M! $!,#('6 7*" 2*')

$("!'(*,# *7 BT % R, ')! *')!" )-,$ (, SI>@ 2*') $!"!-#! -,$ (,"!-#! (, ')!

 !



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

 !# $%&'() #!*( '(($ )(+,)-(. !- /!)0( .($12-3 4,) -#( -5, .2)(-2,$1 ,4 -#( BT 6

7$ 89:;<= #20# .($12-3 (>+()2&($-1 1#,5 -#( ?,5 )(*()1!/ !- -#( 4!) )(02,$ 4),&

-#( @AB9 5#()(!1 $(!) -#( @AB9 )(02,$ -#( ?,5 )(&!2$1 2$ ,C%))($- .2)(-2,$6

7- 21 (>+/!2$(. '3 -#( +,112'/( (D(- ,4 -#( .2*()-,) .(-!#&($- !- /!)0( .($12-36

 !# $%&'() &(!1%)(&($- !- -#( EAF 1#,51 .()(!1( 2$ -#(  !# $%&'() 4),&

± G6H -, ∼ G 2$ -#( .($12-3 )!$0( ,4 (1−8)×1019 m−3 4,) -#( -5, .2)(-2,$1 ,4 BT 6

7$ 8/!-,) AC ,.= .()(!1( 2$ -#(  !# $%&'() !- ,$( /,!-2,$ !$. 2$1($12-2*2-3

,4 n̄e 2$)(!1( !- -5, ,-#() /,!-2,$1 #!*( '(($ )(+,)-(.6

E#( 9I@ ?,5 !$ (D(- -#( @JK -)!$12-2,$ !$. -#( &!2$ +/!1&! ),-!-2,$ LMG℄6

E#( 9I@ ?,5 (D(- ,$ @JK -)!$12-2,$ #!*( '(($ 1-%.2(. (>-($12*(/3 2$ 8/!-,)

AC ,. LOP℄6 7$ 8/!-,) AC ,.= -#( 2&+,)-!$( ,4 -#( 9I@ ?,51 ,$ -#( @JK -)!$C

12-2,$ #!1 '(($ 1-%.2(.6 7- 21 4,%$. -#!- -#( #!$0( ,4 -#( ,)( +/!1&! ),-!-2,$

21 .2)(-/3 )(/!-(. -, -#( 9I@ ?,5 !- -#( 1(+!)!-)2>6 7- #!1 '(($ )(+,)-(. -#!-

-#( @JK -)!$12-2,$ )(Q%2)(1 /(11 +,5() 5#($ -#( 9I@ ?,51 !)( 21 2$ -#( ,C%))($-

.2)(-2,$6 E#( 9I@ ?,5 .,(1 $,- +/!3 !$3 ),/( 2$ -#( ,)( ),-!-2,$ ,$( -#( K

&,.( 21 !#2(*(.6 7$  !1-= &,.2R!-2,$ ,4 9I@ ?,5 .%)2$0 -#( @JK -)!$12-2,$ 21

,'1()*(. LS℄6 E#( (D(- ,4 -#( 9I@ ,&(1 2$ -()&1 ,4 -#( .()(!1( ,4 +!)-2/( ?%>

'3 -#( E × B ?,5 1#(!)= 5#2# 2$ -%)$ #(/+1 2$ @JK -)!$12-2,$ LPP℄6

E%)'%/($( 21 ,$( &,)( +,112'/( 1,%)( 4,) -#( 9I@ +/!1&! ?,56 E#( 1-%.3 ,4

2$-()+/!3 '(-5(($ -%)'%/($( !$. &(!$ ?,51 !)( !))2(. ,%- '3 &(!1%)2$0 -#(

T(3$,/.1 1-)(116 T(3$,/.1 1-)(11 21 -#( &(.2%& ,4 ,%+/2$0 '(-5(($ ?,51 !$.

-%)'%/($- -)!$1+,)-6 E#( /2$U '(-5(($ -#( -%)'%/($( !$. -#( &(!$ ?,51 #!*(

'(($ 1-%.2(. 2$ &!$3 -,U!&!U16 V;E (>+()2&($-1 LMO℄ 1#,51 ! .3$!&2 ,%C

+/2$0 '(-5(($ +!)!//(/ ?,51 !$. )!.2!/ -%)'%/($- -)!$1+,)-= (>+()2&($-1 1#,51

-#!- -%)'%/($( !$ .)2*( +!)!//(/ ?,51 2$ -#( 9I@ )(02,$ ,4 -#( -,U!&!U6 8$C

,-#() (>+()2&($- 2$ V;E -,U!&!U LMP℄ #!*( 1#,5$ -#( .%!/ ),/( ,4 -%)'%/($( !1

! .!&+2$0 !$. .()2*2$0 1,%)( 4,) -#( 9I@ ?,56 7$ -#( EVC77 1-(//!)!-,)= -#(

+/!1&! +),R/( !$. -%)'%/($( 5!1 2$*(1-20!-(. LMW℄= !$. 4,%$. -#!- !',*( ! ()C

-!2$ .($12-3 -#)(1#,/.= -#( +),.%-2,$ -()& P = − 〈ṽrM̃‖〉∂M‖

∂r
!$ !- !1 !$

($()03 12$U XP > 0Y 4,) -#( &(!$ ?,5 ,) ($()03 1,%)( XP < 0Y6 Z#()( M‖ !$. vr

!)( -#( +!)!//(/  !# $%&'() !$. -#( )!.2!/ *(/,2-3 )(1+(-2*(/36 7$ -#( KECH 

-,U!&!U= -#( R)1- (>+()2&($-!/ (*2.($( ,4 -#( ,))(/!-2,$ '(-5(($ -#( T(3$,/.1

 !



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

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

"#*+"!#& 455℄7 8! )% 3##( +3 #"2#& !)%! !)# !9"39,#(# '(&9#& :#;(+,&  !"#  

1'$)! 3# !)# &+1'(%(! 1#)%(' 1 !+ "#%!# !)# *+,+'&%, -+. %(& Er×B -+.  )#%"7

<"%*#=+> ,%;#" -+. %( 3# 1+&'?#& 3; %  1%,, *9> +@ .+"0'($ $% &9"'($ !)#

&' )%"$#7 AB*#"'1#(! )%2# 3##( %""'#& +9! '( CD=EFG 4HI℄ !+ # !%3,' ) !)# #>#!

+@ !)# $% *9> +( !)# <JK *,% 1% -+. 7 8! )% 3##( +3 #"2#& !)%! !)# *%"%,,#,

<JK -+. !+.%"& !)# &'2#"!+" '("#% # .'!) !)# $% *9> 3; ∼ (20 − 25)%7 8(

L888=L 4MN℄ %(& CD=EFGO !)# #>#! +@ $% *9> +( !)# '1*9"'!;  "##('($ )%2# 3##(

 !9&'#&7 8( CD=EFGO "#&9!'+( '( Zeff @"+1 "%($# PH75N=H7QRS !+ PH7MI=H7RRS7 8(

L888=LO &#"#% # '( !)# Zeff ' #B*,%'(#& 3; !)# # !%3,' )1#(! +@ !)# <JK *,% 1%

-+. 3; !)# &'2#"!+" *91*'($ +" '("#% # '( !)# <JK  )'#,&'($7 8( CD=EFGO !)# '1=

*"+2#1#(! '( !)# '1*9"'!;  )'#,&'($ .'!) !)# $% *9> ' #B*,%'(#& 3; !)# '("#% #

'( !)# <JK -+. %(& #,#!"+( &#( '!; %! !)# TU<7 8! 1%; 3# 3#%9 # +@ '("#% # '(

!)# @"'!'+(%, @+"# +@ 39,0 '+( +( !)# '1*9"'!; '+( 7 8( V,%!+" W=X+& 4HM℄ !)#

#>#! +@ !)# <JK -+. +( !)# '1*9"'!; "#1+2%, '  !9&'#& 3; !)# '1*9"'!; *9>

'(Y#!'+(7 8! )% 3##( @+9(& !)%! !)# '1*9"'!'# 3+"( %! !)# '( '&# 1'&*,%(# .%,,

1'$"%!# !+.%"& !)# '((#" &'2#"!+"O "#$%"&,#  +@ !)#  '($,#=(9,, Z=*+'(! ,+%!'+(7

8( VL8D[VO !)# '("#% # '( !)# X%) (913#" %! !)# !+* +@ !)# 1%)'(# %(& %3+2#

!)# KU< 1'&*,%(# &9"'($ !)# $% *9> ' @+9(& 4HQ℄7 D)# -+. "#2#" %, ' +3 #"2#&

%! !)# KU< 1'&*,%(#7

D)# <JK *,% 1% -+. %( 3# &'2'&#& '( !.+ %!#$+"'# O (%1#,; &"'@!=&"'2#( -+.

%(& !"%( *+"!=&"'2#( -+.7 D"%( *+"! &"'2#( -+. %"# BT %(& Ip &'"#!'+( '(&#*#(=

&#(!O +( !)# +!)#" )%(& !)# &"'@! &"'2#( -+. %"# BT %(& Ip &'"#!'+( &#*#(&#(!7

D"%( *+"! &"'2#( -+. '(,9&# !)# -+. $#(#"%!#& 3; !)# KU< %(& TU< *"#  9"#

% ;11#!";O  '(0 %!'+( +@ ,'1'!#"\&'2#"!+" %(& !)# &"'@! &"'2#( -+. '(,9&# Er×BO

&'%1%$(#!' &"'@! %(& ]< -+. 7 G '($ !)'  ;11#!"; %(& % ;11#!";O !"%( *+"!

%(& &"'@! &"'2#( -+. %"# # !'1%!#& @"+1 !)# 1#% 9"#& X%) (913#"7 8( V,%!+"

W=X+& 4HMO MQO RN℄O #B*#"'1#(! )%2# 3##( %""'#& +9! 3; "#2#" '($ !)# BT %(& IP 7

D)# # !'1%!'+( '(&'%!# !)#  !"+($ *"# #(# +@ 3%,,++('($ !"%( *+"! '( !)# V,%!+"

W=X+&7 8( DW^O !)# #B*#"'1#(! %""'#& +9! 3; "#2#" '($ !)# BT %(& Ip %(& !)#

"#2#" %, +@ !)# -+. &'"#!'+( )%2# 3##( +3 #"2#&O .)')O '(&'%!# !)# &+1'(%(#

+@ !)# &"'@! &"'2#( -+. 4HR℄7 8( CAD 4M_℄O !)# # !'1%!#& !"%( *+"! &"'2#( X%)

 !



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

 !"#$% &' ∼ 0.2(

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

)*$ '+!,- ./ 012 345'"5 6.7 54. 8 7&+* .+*$% 345'"5 35%5"$+$%' &' 5%%&$, .!+

& +*$ :;<)=: +.>5"5> 5+ ,&?$%$ + +.%.&,54 5 , 3.4.&,54 4.5+&. '( )*$ ".+&@$

#$*& , +*$'$ '+!,&$' &' +. . '+%!+ +*$ 012 345'"5 6.7 35++$% 5 , +. A , .!+

/5+.%' 7*&* 5 $?$+ 6.7' 5 , +. ,$+$%"& $ 3.''&#4$ 5!'$' #$*& , +*$'$ 6.7'(

)*$ %$@&$7 ./ $5%4&$% 7.%> '*.7 +*5+ +*$ 012 6.7' 5%$ @$%- ."34$B &  5+!%$C '.

+. ! ,$%'+5 , +*$'$ 6.7' & #$++$% 75- +*$&% "$5'!%$"$ +' & 544 +*$ +.>5"5>' 5%$

 $$''5%-C & 4!,& 8 :;<)=:( )*&' +*$'&' . :;<)=: 012 6.7 "$5'!%$"$ +'

*$43 +. "5>$ 5 84.#54 3&+!%$ ./ +*$ 012 6.7' 7&+* ,&?$%$ + +.>5"5>'( )*$ +*$'&'

&' ,&@&,$, & +. '$@$ *53+$%' & 4!,& 8 & +%.,!+&. 7*&* &' +*$ A%'+ *53+$%(

D*53+$% << ,$'%&#$' 5#.!+ +*$ #5'& . $3+ ./ +*$ :;<)=: +.>5"5> ,$'&8 (

)*$ #5'& .3$%5+&. 54 ,&58 .'+&' & 4!,& 8 4..3 @.4+58$C 345'"5 !%%$ +C 345'"5

3.'&+&. "$5'!%$"$ +C µ" & +$%/$%."$+$% E.%, 5@$%58$ ,$ '&+-FC './+ GH%5- E.%$

TeFC *5%, GH%5-' 5%$ ,&'!''$,( )*$ '*$"$' !'$, /.% +*$ @$''$4 4$5 & 8 5%$ 54'.

,&'!''$,(

D*53+$% <<< ,&'!''$' 5#.!+ +*$ +*$.%- 5 , ,$'&8 ./ 3%.#$' !'$, +. '+!,- +*$

012 345'"5 6.7' 5 , .+*$% 012 3%.3$%+&$'( )*$- & 4!,$ 25 8"!&% 3%.#$C )%&34$

3%.#$C 5 , I5* 3%.#$(

D*53+$% <J ,$'%&#$' +*$ %$'!4+' ./ 345'"5 6.7' "$5'!%$"$ +' 5+ 4.7 BT = 0.2 )

5 , 4.7 Ip = 25 >: KLM℄(

D*53+$% J 5,,%$''$' +*$ $?$+ ./ 5 '"544 85' 3!? ./ +*$ 7.%>& 8 85' . +*$ 012

345'"5 6.7 54. 8 7&+* .+*$% 012 345'"5 3%.3$%+&$'( : . +%.44$, 3!? ./ 7.%>& 8

85' &' 544.7$, ,!%& 8 +*$ 65+ +.3 3$%&., ./ 345'"5 !%%$ +( )*$ 35%544$4 6.7 I5*

 !"#$%M‖C %5,&54 35%+&4$ 6!B E〈ñṽr〉FC 345'"5 ,$ '&+-C O$- .4, '+%$'' ."3. $ +'

E〈ṽrṽθ〉, 〈ṽrM̃‖〉FC 5 , 6.5+& 8 3.+$ +&54 5%$ "$5'!%$, 5+ +7. +.%.&,54P3.4.&,54 4.H

5+&. '( I$5'!%$"$ +' '*.7' +*$ 3.4.&,54 5'-""$+%- & +*$ 012 35%5"$+$%' KQM℄(

 !



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

 !" #"$%&'"( M‖) Vθ = Er ×BT $*( ,''"%-,*(.*/ 0"1*,2(% %3'"%% '$(.$2 -',42"

%!,5% 3!" ,&-2.*/ 6"35""* #"$* 789 :,5 $*( 3&'6&2"*" ;<=) <>) <?℄A 7./*.BC

.$*3 "D"3 ,B /$% -&D $'" ,6%"'E"( ,* 3!" M‖) Vθ) Te $*( 3!" 3&'6&2"*" #"$*

:,5 ,&-2.*/A  !"%" #"$%&'"#"*3% $'" $''."( ,&3 .* !./! BT = 0.75  $*( !./!

Ip = 80 FGA

H!$-3"' IJ ("%'.6"% 3!" "%3.#$3.,* ,B 6,3! ('.B3 ('.E"* $*( 3'$*%-,'3 ('.E"*

:,5 ,#-,*"*3% B',# 3!" #"$%&'"( K$! *&#6"' .* !./! BT $*( Ip ;LM) <M℄A

 !" ('.B3 ('.E"* :,5 ,#-,*"*3 $'" $%1##"3'. $*( 3!" 3'$*%-,'3 ('.E"* :,5

,#-,*"*3 .% %1##"3'. 5.3! '"%-"3 3, 3!" !$*/" .* 3!" BT $*( Ip (.'"3.,*%

;L=) =M℄A N" !$E" $''."( ,&3 "O-"'.#"*3% 5.3! 3!" $.# 3, %"-$'$3" ,&3 3!" ('.B3

$*( 3'$*%-,'3 ('.E"* :,5 .* B,&' (.D"'"*3 ,#6.*$3.,*% ,B BT $*( IpA K"$%&'"C

#"*3% $'" $''."( ,&3 $3 35, (.D"'"*3 3,',.($2P-,2,.($2 2,$3.,*% ;<Q℄A

 !" ,*2&%.,*% $*( B&3&'" %,-" $'" -'"%"*3"( .* !$-3"' IJJA

 !



 !"#$%& '

()*%&%+$ ,-./0/$%1/ 23 4(5674

628"1"8

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

 !" #$% &# '()*+*) ,- * +".,/+ -,0" '()*+*) 123℄ *' '!" %5-','/'" 6(7 89*-+*

:"-"*7!< %5.,*= #$% &# (++,--,(5". ,5 >??@A- B,'! -,"5',C (DE"',F"- (6 G*H

-'/.I (6 ."5-,'I *5. /77"5' 9,+,'-< GDH -'/.I (6 5(F"9 7"J,+"- (6 (K"7*',(5 *5.

GH ,5F"-',J*',(5 *5. (5'7(9 (6 ".J" K!"5(+"5(5=  !" ('!"7 +(',F" D"!,5. '!"

#$% &# ,- '( '7*,5 '!" +*5K(B"7 ,5 F*7,(/- .,*J5(-',- *5. ('!"7 (K"7*',(5 7"L

9*'". ,--/"- (6 '!" 6/-,(5 J7*." +*!,5"= %' B,99 D" !"9K6/9 6(7 '!" 6/'/7" 9*7J"

'()*+*) +*!,5" (K"7*',(5=  !" +*!,5" K*7*+"'"7- B"7" !(-"5 ,5 *(7.*5"

B,'! '!" *F*,9*D9" ,5.,J"5(/- '"!5(9(JI *5. '( K7(F,." -/M,"5' *"-- 6(7 '!" .,6L

6"7"5' .,*J5(-',- 1-""  *D9" GN=>H 6(7 #$% &# ."-,J5 K*7*+"'"7-℄= %5 '!,- !*K'"7<

B" !*F" .,-/--". '!" #$% &# '()*+*) ."-,J5 *5. '!" F*7,(/- D*-, (K"7*',(5*9

.,*J5(-',-=

 !" 7"-' (6 '!" !*K'"7 ,- (7J*5,0". *- 6(99(B-O P"= %% ."-7,D"- '!" F*//+ F"--"9

(6 #$% &#< P"= %%% ."-7,D"- '!" 9,+,'"7 < P"= %Q ."-7,D"- '!" "9"'7(L+*J5"'-

(6 #$% &# *5. K9*-+* "R/,9,D7,/+< P"= Q ."*9- B,'! '!" K7",(5,0*',(5 C9*+"5'<

P" Q% .,-/--"- *D(/' '!" F"--"9 9"*5,5J '"!5,R/"-< P"= Q%% ."-7,D"- '!" D*-,

.,*J5(-',-< *5. P"=Q%%% ."-7,D"- '!" F*7,(/- (K"7*',(5*9 9,+,'- (6 #$% &#=

 !



 !"#$%& '( )*+%&%,$ -./010$%2 34 5)6785 739"2"9

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

'& 1#!-3! 3!562 2!7.8- R 9&:; 3
%& 1#!-3! 3.062 2!7.8- a 9&%; 3
<&  626.7!# 3!/0$4. >$#7 BT '&;  
?& @!A$4B A!462 CD!E %&;
;& 1#!-3! 822$04 Ip %;9 F)
G& H#$4260 4$3I$2!482$ Te ;99 $J
:& +60 4$3I$2!482$ Ti %99 $J
K& H0$2/B 60>0$3$04 4.3$ τE ; 3-
L& 1#!-3! 782!4.60 τ <99 3-

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

 M$ N!883 N$--$# 6A 4M$ )*+ ,) 46F!3!F .- 3!7$ 8I 6A 060O3!/0$4. @@ <9?P

3!4$2.!# .0 A682 C8!72!04-&  626.7!# $#$42.!# 7.-604.08.4B .- I26N.7$7 !4 4Q6

#6!4.60- A62 A!-4 I$0$42!4.60 6A 4M$ #66I N6#4!/$ R-$$ S./& %&'℄&  M$ N!883 N$--$#

.- 7$-./0$7 .0 -8M ! Q!B 4M!4 .4 !0 $!-.#B Q.4M-4!07 4M$ -4!4. !07 7B0!3. A62$-&

 M$ $-4.3!4$7 3!U.383 7B0!3. A62$ 807$2 4M$ Q62-4 607.4.60- .- ∼ 5 × 104

V$Q460- !07 7.-I#!$3$04 .- ∼ 0.4 mm&  6 !N6.7 4M$ 7.-I#!$3$04 782.0/ 4M$

7B0!3. A62$ ! -8.4!"#$ #!3I.0/ .- I26N.7$7&  M$ "!-$ I2$--82$ 6A 4M$ N!883

N$--$# .- ∼ 1 × 10−7 TorrW QM.M .- 3!.04!.0$7 "B 4Q6 482"6 36#$8#!2 I83I- 6A

%999 l/s -I$$7 $!M !07 4Q6 2B6I83I- Q.4M '9999 l/s -I$$7 $!M&  M$ 482"6

36#$8#!2 I83I- !2$ "!F$7 "B 4M$ 264!2B I83I- 6A G9 8". 3$4$2- I$2 M682

I83I.0/ -I$$7&  M$ I83I.0/ -B-4$3 .- M6-$0 .0 -8M ! Q!B 4M!4 .4 !0 Q.4M-4!07

4M$ M./M /!- #6!7 782.0/ 4M$ I#!-3! 7.-M!2/$- !07 /#6Q 7.-M!2/$ #$!0.0/&  M$

/667 #$!0 N!883 .- F$I4 "B 8-.0/ /#6Q 7.-M!2/$ #$!0.0/ !07 I8#-$ 7.-M!2/$

#$!0.0/ 6A N$--$# $N$2B 7!B&  M$ N!883 N$--$# .- 6A 3!562 2!7.8- 75 cm Q.4M

4M$ -C8!2$ 26-- -$4.60 6A 60 cm&  M$ Q!## 4M.F0$-- 6A 46I !07 "64463 I!24 .-

20 mmW !07 A62 .00$2 !07 684$2 I!24 6A 4M$ N!883 N$--$# .4 .- 10 mm&

 !* +,&,-'.

 M$ -.7$ "B -.7$ $U.-4$0$ 6A -6#.7 !07 I#!-3! .- 064 I6--."#$ Q.4M684 !0B .04$2O

!4.60&  M.- .04$2!4.60 .- 3!.0#B 60426##$7 "B 4M$ 4626.7!# 3!/0$4. >$#7 .0 4M$

46F!3!F "B 2$-42.4.0/ 4M$ 2!7.!# 364.60 6A I#!-3! I!24.#$-& X84 -4.## ! -./0.>!04

 !



 !"#$%& '( )*+%&%,$ -./010$%2 34 5)6785 739"2"9

 !"#$% &'()  !" #$%& !' ()% *+, -* (!./0/.1  &%2(3 (!4!$5/6 7%65 !$69 : ;<
/4% =9%5 (! >%2%4/(% ()% BT 1  &! "/$49 !' #%4($/6 7%65 Bv !$69 /4% =9%5 '!4 ()%
"6/90/ "!9$($!2 9(/?$6$(3@ 9)!&2 $2 6$>)( 4%5 !6!4 /25 ?3 6/?%69 :Bv1< /25 :Bv2<1
 )% 0/$2 !)0$ (4/29'!40%4 :A < $9 "6/%5 $29$5% ()% %2(4/6 ?!4% !' ()% 0/)$2%@
9)!&2 ?3 ()% 4%5 $4=6/4 9(4$"1  )% 0/)$2% $9 0/5% =" !' '!=4 B=/54/2(9 /25
(&! $9!6/($!29 /4% "4!#$5%5@ 9)!&2 ?3 (4$"6% 5/9)%5 6$2%9@ /25 !()%4 (&! C!$2(9 /4%
!25=($2>1  )% 0/)$2% )/9 (&%2(3 "!4(9@ /25 !=( !' ()!9% '!=4 /4% =9%5 '!4 ()%
C!$2(91 ;!4 ()% #/==0@ (&! 43! "=0"9 :DE< /25 (&! (=4?! 0!6%=6/4 "=0"9
: FE< /4% $29(/66%5 /( ()% 4/5$/6 !=(?!/45 "!4(91 G$0$(%4 $9 9)!&2 ?3 ()% ?6/.
9(4$"1

 !



 !"#$%& '( )*+%&%,$ -./010$%2 34 5)6785 739"2"9

 !"#$&' ()* !+ ,- #- #.' /-)+0!"1 2!&&34 5- "'3#"$# #.'  &!36! ()* -+ #.' 2.-&'

3)"7!' -7 #.'  &!36! .!6/'"8 ! &$6$#'" $3 $+3'"#'04 9:;5<9 $3 !  -&-$0!& "$+,

&$6$#'" #-=!6!=8 2$#. >? cm "!0$)38 !+0 $3 6!0' ) -7 ,"! .$#' #$&'34 5.' &$6$#'"

 "-#'#3 #.' 3-&$0 2!&& 7"-6 #.' .-#  &!36!4 9&& #.'  &!36! 3)"7!' $+#'"!#$-+

#!='3  &!' !# #.' &$6$#'"4 @)6/'" -7 !##'6 # .!A' /''+ 6!0' /1 6-0$71$+, #.'

&$6$#'" 3)"7!' !"'! $+ -+#!# 2$#. #.'  &!36!8 2.$. .'& 3 $+ "'0)$+, 3 )##'"$+,

BCD8 EF℄4

 !" #$%'()*+,-.%'/ 0. 123451

5.' #-"-$0!& 6!,+'#$ H'&0 BT $3 #.' 6!$+ -+H+$+, H'&0 $+ #.' #-=!6!=8 3.-2+ $+

#.' I$,4 >4>4 ;# !+ -+H+' #.' .!",'0  !"#$&'3 !+0 "'3#"$#3 #.'$" &-334 J-2'A'"8

-+&1 BT $3 +-# '+-),. #- -+H+' #.'  &!36! /'!)3' -7 #.' )"A!#)"' !+0 ,"!0$'+#

0"$7# -7 .!",'0  !"#$&'34 5.'3' 0"$7#3 !)3' 3' !"!#$-+ -7 .!",'0  !"#$&'3 !# #.'

#- !+0 /-##-6 -7 #.'  &!36! -&)6+ !+0 ,'+'"!#'3 ! A'"#$!& '&'#"$ H'&0 B3''

I$,4 >4>℄4 5.' "'3)&#$+, '&'#"$ H'&0 #-,'#.'" 2$#. #.' BT !)3'3 #.' E × B 0"$7#

-7 #.'  &!36! -&)6+ !+0 #.)3 #.' -&)6+ $3 )+3#!/&'4 5.$3 $3 -A'"-6' /1 #.'

"-#!#$-+!& #"!+37-"6 -7 #.' 6!,+'#$ H'&0 /1 3) '" -3$+, #.'  -&-$0!& 6!,+'#$

H'&0 Bθ 2$#. #.' BT 4 5.' Bθ #2$3#3 #.' 6!,+'#$ H'&0 &$+'3 $+#- ! .'&$!& 3.! '4

;+ 3). ! 3$#)!#$-+ #.' .!",'  !"#$&'3 !+ #"!A'& !&-+, #.' H'&0 &$+'3 7"-6 #- 

#- /-##-6 B3'' I$,4 >4K℄4 5.' Bθ $3  "-0)'0 /1 #.'  &!36! )""'+#4 ;+ #.'

.'&$!& 6!,+'#$ H'&0 &$+'3 #.'  !"#$&' !# -+'  -&-$0!&  &!+' !""$A'3 !# #.' 0$L'"'+#

 -&-$0!& &-!#$-+ !# #.' 3!6'  -&-$0!&  &!+' !7#'" ! #-"-$0!& "-#!#$-+ B3'' I$,4 >4E℄4

5.' .!+,' $+ #.'  -&-$0!& !+,&' -7 #.'  !"#$&' !7#'" -+' 7)&& #-"-$0!& "-#!#$-+ $3

!&&'0 #.' "-#!#$-+!& #"!+37-"6 !+,&'8 ι4 ;# !+ /' 0'H+'0 /1

ι

2π
=
R

r

Bθ

BT
. M>4CN

;+A'"3' -7 #.' "-#!#$-+!& #"!+37-"6 !+,&' M2π/ιN $3 =+-2+ !3 #.' 3!7'#1 7!#-"4

9:;5<9 .!3 #."'' 6!$+ H'&0 -$&34 5.'1 $+&)0' #-"-$0!& H'&0 -$&38 A'"#$!&

H'&0 -$&38 !+0 -.6$ H'&0 -$&34
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 !"#$% &'&(  !" #"$%&() !($*&+* ,- .)(/0( ,)10+ 23 B × ∇B (+4 Curvature
4$&-%5  !" BT 0(*+&%14" &+ %!" &+2,($4 /&4" &/ )($*" (/ ,0.($" %, %!" ,1%2,($4
/&4"6 &% *&#"/ ( *$(4&"+% &+ %!" BT 5  !&/ ∇B (+4 %!" 1$#(%1$" &+ %!" BT 6 2,%!
(1/"/ %!" #"$%&() !($*&+* ,- %!" .)(/0( ,)10+6 23 ±1

2
v⊥ρi,e

B×∇B

B2 (+4
mv‖
qB2

Rc×B
R2

c
6

7!"$" ± &/ -,$ &,+/ (+4 ")"%$,+/6 V‖6 (+4 v⊥ ($" %!" .($())") (+4 ."$."+4&1)($
#"),&%3 ,0.,+"+%/ ,- %!" .($%&)"/6 ρi,e ($" %!" &,+ (+4 ")"%$,+ 8($0,$ $(4&1/6
q &/ %!" !($*"6 (+4 Rc &/ %!" $(4&1/ ,- 1$#(%1$"5  !" #"$%&() !($*&+* *"+"$(%"/
9)"%$& :)"4 ;E<6 7!&! (1/"/ E × B 4$&-% ,- %!" .)(/0( ,)10+5

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

)* +,)-.+/ 01%*02 03$3!456 75"*%0! 9%64 :- ; 3!6< 5$% #<%4/ 5*4 %5= 3!6 =5<

<!> 0#$*< 5*4 5* ?% #<%4 03 5$$2 5 75>!7#7 3@ AB kA #$$%*0 1=!= !< %C#!D56%*0

03 0=% 75"*%0! 9%64 3@ E'A T 50 0=% %*0%$' -=% 9%64 $!FF6% 50 0=% F65<75 %4"% !<

< 2.5 %' -=% 3!6< 5$% <=31* !*  !"' &'E'

 !"! 123' $&)506%&3,&

-=% "5< 4!<=5$"% !< F$34#%4 5*4 0=% F65<75 #$$%*0 :Ip; !< 4$!D%* ?2 5 633F D360G

5"% "%*%$50%4 ?2 5* 5!$ 3$% 3=7! 0$5*<@3$7%$ 1!0= 5 5F5!02 03 5$$2 5 75>!7#7

3@ &B kA 5*4 5* <03$% 75"*%0! H#> #F03 B'I V s' -=% 3=7! 0$5*<@3$7%$ 3*<!<0<

3@ 5 75!* <36%*3!4 5*4 37F%*<50!*" 3!6<' -=% 75!* <36%*3!4 =5D!*" &JB 0#$*<

!< F65%4 !*<!4% 0=% ?3$% 3@ 0=% 75=!*% K<%%  !"' &'E℄ 5*4 566 30=%$ 37F%*<50!*"

3!6< 5$% F65%4 %C#!4!<05*0 @$37 0=% 75=!*% %*0%$' -=% +,)-.+ 4%<!"* F5$57G

%0%$< 3@ F65<75 #$$%*0 #F 03 &AB kA 5*4 F65<75 4#$50!3* 3@ ∼ MBB ms $%C#!$%

0=% H#> <1!*" 3@ ∼ E'& =/ !* 0=% 3=7! 0$5*<@3$7%$' -3 7!*!7!N% 0=% <0$%<<%< !*

 !
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 !"#$% &'()  !" #"$%&'()' '*'(& !"&+(& -(.)"'+ /"&0 B = BT +Bθ &+)"$1  !" BT

+$ $!*2) 34 '!" $*&+0 &+)"$5 Bθ 34 '!" 0($!"0 !(&6 +#&" ()0 Ip +$ $!*2) (' '!"
'*7 34 0($!"0 &+)"1  !" !"&+(& -(.)"'+ /"&0 &+)"$ *))"'$ '!" '*7 ()0 3*''*- *6
'!" 7&($-( *&%-)5 2!+! (%$"$ '!" $!*#' +#%+'+). *6 '!" 8"#'+(& !(#.+).1 9)
'*:(-(:$5 '!" 7*&*+0(& -(.)"'+ /"&0 ;Bθ< +$ .")"#('"0 34 '!" 7&($-( %##")'5 ()0
Bθ ≪ BT 1

*+% ,+-! *$/012,$-%$3 *+% 4#5 !1 16#0" 17--%*$!/887 2$,- 9 :'; =$ *, < :'; =$'

=+% 8,,> ?,8*/"% /8,0" 6!*+ *+% ,*+%$ !->,$*/0* >/$/-%*%$1 /$% 1+,60 !0  !"' &'@

/0A &';' B +!"+ ?/8#% ,2 *+% 8,,> ?,8*/"% !1 $%C#!$%A 2,$ D$%/EA,60 ,2 *+% "/1F

,0% *+% !0!*!/8 D$%/EA,60 !1 ,?%$ *+% 8,,> ?,8*/"% A%$%/1%A *, *+% 8,6%$ ?/8#%

6+!+ !1 1#G!%0* 2,$ *+% #$$%0* *, D#!8A #>3 *%->%$/*#$% *, $!1%3 /0A ,?%$,-!0"

*+% $/A!/*!,0 D/$$!%$ D7 *+% !->#$!*!%1' H0% *+!1 !1 /+!%?%A3 6% 0%%A 8,,> ?,8*/"%

I#1* *, 1#1*/!0 *+% >8/1-/ #$$%0* /1 A#$!0" *+!1 >+/1%3 *+% >8/1-/ $%1!1*/0% !1

?%$7 8,6' =+% 8/1* 1>!E% !0 *+% 8,,> ?,8*/"% !1 /#1%A D7 *+% 1#AA%0 2/88 !0 *+%

>8/1-/ #$$%0*3 /1 D,*+ /$% -/"0%*!/887 ,#>8%A'

J%0KL1 8/6 eL = −dφ
dt
"!?%1 / 1*$,0" *,,8 2,$ -/"0%*! -%/1#$%-%0*13 6+%$% eL

!1 8,,> ?,8*/"% /0A φ = BA !1 *+% -/"0%*! M%8A NBO 4#5 *+$,#"+ /$%/ A' =+%

+/0"% !0 *+% -/"0%*! M%8A !0 *!-% "%0%$/*%1 *+% 8,,> ?,8*/"%' =+% 8,,> ?,8*/"%

/0 D% -%/1#$%A D7 >8/!0" / *,$,!A/8 8,,> /$,#0A *+% ?/##- +/-D%$' P* 1%01%1

*+% +/0"% !0 *+% 4#5 D7 ,+-! *$/012,$-%$ /0A >8/1-/ #$$%0*' =, !0$%/1% *+%

 !
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 !"#$% &'()  !" #$%&')" *+&'+, $)+,- &!" !")'$) .")/ )',"01 2$%&')" 0&$%&0 3%+* $
#+)+'/$) #+0'&'+, 4 $,/ )$,/0 5# $& $ /'6"%",& #+)+'/$) )+$&'+, 78 $3&"% +*#)"&',-
+3 +," 35)) &+%+'/$) 9φ: %+&$&'+,1  !" !$,-" ', &!" #+)+'/$) $,-)" +3 &!" #$%&')"
$3&"% +," +*#)"&" &+%+'/$) %+&$&'+, '0 $))"/ %+&$&'+,$) &%$,03+%* ι1  !" /$0!"/
)'," '0 &!" ;)+50 +3 &!" ",&"%< +3 &!" *$!',"1

$%*!+,!*!-. /0 -1% 2%+3#$%2%4- 56 *//73 +$% #3%8 !4 9:;<=9' >+1 *//7 !3 7+33%8

-1$/#"1 + "#!8!4" -#,% -/ %43#$% -1%!$ 7/3!-!/4 +48 3+0%-.' 9 /+@!+* +,*% AB5CC

9DE !3 #3%8 0/$ -1% *//7' <1% 7*+32+ #$$%4- Ip !3 2%+3#$%8 ,. #3!4" + A/"/F3G!

/!*' <1% 7*+32+ #$$%4- +4 ,% 2%+3#$%8 ,. #3!4"H

eL = Kp
dIp
dt

I&'&J

Ip =
1

Kp

∫ t

0

eLdt I&'6J

F1%$% Kp = nAµo

2πr
H n !3 -1% 4#2,%$ /0 -#$43 +48 A !3 -1% +$%+ /0 $/33K3%-!/4 /0

%+1 -#$4 /0 A/"/F3G! /!*H a !3 -1% 7*+32+ /*#24 $+8!#3'

<1% -!2% 7$/L*% +48 2+"4!-#8% /0 -1% Ip !3 M%$. !27/$-+4- +3 !- !3 #3%8 -/ /4K

-$/* -1% 7*+32+ 7/3!-!/4 ,. -1% M%$-!+* 2+"4%-! L%*8 I3%% 4%@- 3#,3%-!/4J' <1%

A/"/F3G! /!* 1+3 (NOO -#$43 /0 <%P/4 !43#*+-%8 /77%$ F!$%' 9 /77%$ 0/!* /0

 !
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 !"# $$ %&')*+,, ', -,+. %/ ,&'+0. %&+ 1/2/3,)' /'0 45/$ +6%+5*70 ,%578 9+0.,!

:&+ /-%;-% /4 1/2/3,)' /'0 ', %7)+* <8 %&+ ,&'+0.+. %3',%+. ;7'5! :&+ 45+=-+*8

5+,;/*,+ /4 %&+ 1/2/3,)' /'0 ', > kHz 7*. %&+ 5+,/0-%'/* ', 1kA! :&+ ,7$;0'*2

57%+ 4/5 </%& ;07,$7 -55+*% 7*. %&+ 0//; ?/0%72+ ,'2*70 ', # kHz!
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@'2-5+ "!#A  !"#%& "&%'(% ')*+ *, -./ 0-1 2%3 &**" 4*&+%56 VL1 273 "&%'(% 89:
96;+ Ip1 23 469+#%& <6&= Bv1 2=3 )*9#>*;+%& ')#,+ #; "&%'(% *&8(; δR %;= 263
469+#%& ')#,+ #; +)6 "&%'(% *&8(; δY ?  )6 VL #' (6%'896= 7! % +*9*#=%& &**" *8+:
'#=6 +)6 +*98'? Ip #' (6%'896= 7! @*5*A'B# *#& "&%6= %9*8;= +)6 +*98' #; "*&*#=%&
"&%;6?  )6 δR %;= δY %96 6'+#(%+6= 7! +)6 ,*89 "*'#+#*; *#&' "&%6= %9*8;= +)6
+*98' #; "*&*#=%& "&%;6 C'66 D#5? E?F℄?  )6 6'+#(%+#*; *, +)6 Bv ,*9 +)6 -./ 0-
"&%'(% 6H8#&#79#8( #' %99#6= *8+ 7! +)6 %&8&%+#*;' ')*A; #; +)6 IJ69+#%& (%5:
;6+# <6&=I '6+#*;? D*9 +)6 <9'+ )%;= %&8&%+#*;1 A6 %96 8'#;5 Ip(kA) = Bv(G)

4.05

 !" #$% Bv %&#'()#'!*+ #! !*#"!- #$% .-)&() .!&'#'!*  !" ) /'0%* Ip1

 !
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 !"#$% &'()  !"#%& '() *' +,-. /%.% #0 -0.#01%.#-0 2#., 3#4 5678 9%: ;%/#%.</
"-2<; PR =<%+1;</ >! .,< >-&-=<.<;8 9>: Hα &#0< ;%/#%.#-08 9: ?))) &#0< ;%/#%.#-08
9/: 0<1.;%& -@!4<0 &#0< ;%/#%.#-08 9<: +-A. @B;%! 9CDE: %0/ 9A: ,%;/ @B;%! 9FDE:6
 ,< Hα +#40%& 4#G<+ 1+ .,< #-0#H%.#-0 #0A-;=%.#-08 .,< I;+. "<%J +,-2+ .,< #-0#H%B
.#-0 -A 0<1.;%& H %.-=+6  ,< +<-0/ %0/ .,#;/ "<%J #+ .,< ;<+1&. -A .2- +=%&& "1K
-A ,!/;-4<0 4%+ .- #0;<%+< .,< /<0+#.!8 %0/ .- -0.;-& .,< ;10%2%! <&<.;-0 4<0<;B
%.#-08 2,-+< ";-/1.#-0 #+ &%;4< %. .,< I;+. ∼ L7 =+ ><%1+< -A &%;4< &--" G-&.%4<6
 ,< ?))) %0/ M) =<%+1;<=<0.+ 4#G< #0A-;=%.#-0 %>-1. .,< #="1;#.#<+ >1;0 .,;-14,
#0 .,< #0#.#%& ",%+< %0/ 2< %0 -="%;< .,< ;<&%.#G< #="1;#.! &<G<& #0 .,< .2- +,-.+
N1+. >! ?))) %0/ M) +#40%&+6  ,< CDE +#40%& 4#G<+ .,< -;< <&<.;-0 .<="<;%.1;<6
 ,< FDE +#40%& =<%+1;<+ .,< ";<+<0< -A ;10%2%! <&<.;-06

 !"!# $%&'(*+ ,(%+- ./(+0 *1- 2+*03* 456(+(7&(63

*+% ,-".%/! 1$%22#$% 3. /+% !.43-$5 2!5% !2 6-$"% -2 3,1-$%5 /3 /+% 3#/43-$5

2!5%' *+!2 5!7%$%.% !. /+% ,-".%/! 1$%22#$% "!8%2 16-2,- -. 3#/9-$5 2+!:/' *3

 !
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 !!" !#$%& '%()!*+ "-!..$-! %* /0*1 +)/0%-2 %)2 0$*/0%-2 .+2!.3 4! 1%5! *0 %22

%) !6*-% 7!&2 41+1 %) !)1%)! *1! 7!&2 0) *1! 0$*/0%-2 .+2! %)2 -!2$! *1!

7!&2 0) *1! +)/0%-2 .+2!8 9* %) /! "0..+/&! /: *1! 5!-*+%& 7!&2 Bv ;.!! <+( =8>℄8

@1! Bv +) AB9@CA +. (!)!-%*!2 /: *40 "%+-. 0D 7!&2 0+&.8 E%1 "%+- 0D 0+&. +.

"&%!2 .:''!*-+%&&: %/0$* *1! '+2"&%)!8 @1! '%6+'$' 5!-*+%& 7!&2 -!#$+-!2 D0-

AB9@CA +. F8G @ "!- HA 0D "&%.'% $--!)*8 @1! 5!-*+%& 7!&2 +. $.!2 *0 0)*-0&

*1! "&%.'% "0.+*+0)3 41+1 2!"!)2. 0) *1! Ip8 @0 5%-: *1! Bv 4+*1 *1! *!'"0-%&

!50&$*+0) 0D Ip3 4! 1%5! % D!!2 /% .:.*!'8

<+($-! =8>I  !" #"$%&'()' *+ '!" ,*&*-.(& /(0)"'- 2"&. Bθ (). '!" 3"#'-(& /(0)"'-
2&". Bv4  !" /(0)"'- ,#"$$%#" .%" '* Bθ (' '!" -)5*(#. $-." -$ &(#0" ($ */,(#".
'* '!" *%'5*(#. $-." 6$!*7) 58 .-9"#")' $,(-)0 *+ -#&"$ *+ Bθ:4  !-$ -)5*(#.;
*%'5*(#. $-." ($8//"'#8 -) Bθ 0-3"$ () *%'7(#. $!-+' '* '!" ,&($/( 6!**, +*#":4
 * 5(&()" '!-$< 7" )"". '* (,,&8 ( "='"#)(& 2"&. 7!-! () -)#"($" '!" *%'5*(#.
Bθ (). ."#"($" '!" -)5*(#. $-." Bθ $-/%&'()"*%$&84

@1! )!!2 0D *1! Bv %)2 +*. '%()+*$2! %) /! .!!) /: *1! D0-! /%&%)! %'0)(

*1! 100" D0-! Fh =
µoI2p
2

(

ln8R
a
+ li

2
− 1

)

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

.$-! 0) +)/0%-2 %)2 0$*/0%-2 .+2!3 *1! "&%.'% !6"%).+0) D0-! Fp = 〈p〉2π2a23

*1! -%2+%& D0-! /!%$.! 0D "&%.'% "%-%'%()!*+ %)2 2+%'%()!*+ )%*$-! FB =
B2

T
(a)−〈BT 〉

2

2µo
2π2a23 %)2 *1! D0-! 0) *1! "&%.'% $--!)* /: *1! 5!-*+%& 7!&2 Fv =

IpBv2πR8 K1!-! li +. *1! +)*!-)%& "&%.'% +)2$*%)! %)2 〈 〉 +. -!"-!.!)*. *1!

%5!-%(! 05!- -0..J.!*+0)%& %-!%8 <0- "&%.'% "0.+*+0) !#$+&+/-+$' L%(%+).* *1!

!6"%).+0) +) *1! -%2+%& 2+-!*+0)M %&& *1!.! %/05! D0-!. .10$&2 /%&%)! *0 (+5!

 !



 !"#$%& '( )*+%&%,$ -./010$%2 34 5)6785 739"2"9

µoI
2
p

4πR

(

ln
8R

a
+
li
2
− 1

)

+ 2π2a2
(

〈p〉+ Bφ(a)
2

2µ2
−
〈B2

φ〉
2µo

)

+ 2πRIpBv = 0.  !"#$

%&'( )*+"  !"#$, -./ 0/&-134 (35+/-1 6/47 8'& -./ 9':1-1'+ /*;141<&1;( 3+ </

/=9&/::/7 3:,

Bv = − µoIp
4πR

(

ln
8R

a
− Λ− 1

2

)

 !">$

?./&/, Λ = βp+
li
2
−1, 3+7 βp =

〈p〉
B2

θ
(a)/aµo

1: -./ 9'4'1734 943:(3 </-3" @' A+'? -./

/*;141<&1;( 9':1-1'+ 3+7 :.39/ '8 -./ 943:(3, ?/ +//7 3+ /*;3-1'+ ?.1. 3+ -/44

9':1-1'+ 3+7 :.39/ '8 -./ 943:(3 1+ -./ 8'&( '8 (35+/-1 6/47 41+/:" @.1: 1: 7'+/

<B :'401+5 C&37DE.38&3+'0 /*;3-1'+ -.3- '++/-: -./ 943:(3 ;&&/+- 71:-&1<;-1'+

3+7 9&/::;&/ 1+ -/&(: '8 (35+/-1 F;=" G- 7/-/&(1+/: -./ /*;141<&1;( '+65;&3-1'+

'8 -./ (35+/-1 6/47 3: 8'44'?:H

R
∂

∂R

1

R

∂ψ

∂R
+
∂2ψ

∂z2
= −µoR

2∂p(ψ)

∂ψ
− µ2

of(ψ)
∂f(ψ)

∂ψ
 !"I$

?./&/ ψ = (1/2π)
∫

Bθ.ds 1: -./ /*;141<&1;( F;= 8;+-1'+ 3+7 f(ψ) = RBφ"

@./ Jst '&7/& :'4;-1'+ '8 C&37DE.38&3+'0 /*;3-1'+ 510/: -./ 1&;43& (35+/-1 F;=

:;&83/: 3+7 -./ !nd '&7/& 510/: /4419-1 :;&83/:" @./ Jst '&7/& :'4;-1'+ 1+ 1+0/&:/

3:9/- &3-1' 510/: -./ (35+/-1 F;= 8;+-1'+ ψ, /*;141<&1;( 0/&-134 (35+/-1 6/47

Bv, 943:(3 :.18- ∆r 3+7 -./ 6/47 ';-:17/ -./ 943:(3 K>L, >J℄" @./ N35+/-1 6/47

'(9'+/+-: 1+ -./ r 3+7 θ 71&/-1'+: 3&/H

Bθ =
1

Ro

∂ψ

∂r
=

1

2π

[µoI

r
+

1

Ro

(

− 1

2
µoI(ln

8R

r
)− C1

r2
+ C2

)

cosθ
]

 !"O$

Br = −
1

Ro

1

r

∂ψ

∂θ
=

1

2πRo

[

− 1

2
µoI

(

ln
8R

r
− 1

)

+
C1

r2
+ C2

]

sinθ  !"P$

?./&/ C1 = a2
(

Λ + 1
2

)

, C2 = −
(

ln8Ro

a
+ Λ − 1

2

)

3+7 Λ = βp +
li
2
− 1" @./:/ -?'

/*;3-1'+: K)*+"  !"O$ 3+7 )*+"  !"P$℄ 3&/ -./ <3:1: '8 943:(3 9':1-1'+ 7/-/&(1+3D

-1'+" @.;:, -./ /*;141<&1;( 9':1-1'+ 7/9/+7: '+ ;&&/+- 9&'64/ 3+7 A1+/-1 /+/&5B

'8 943:(3 93&-14/: 34'+5 ?1-. Bv 3+7 Ip K>!℄"

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

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

$84&!'+,! .$ !$$1 & /$3"+&% 0$%19 : (!+2,35 Bv &! !," 7+/$ "#$ '"&)+%+"6 &7&+!'"

"#$ /$3"+&% '#+2" +! 4%&'5& 4,'+"+,!9 ;,3 '"&)+%+"6 +! /$3"+&% '#+2"- .$ !$$1 ",

#&/$ & 3&1+&% 5&7!$"+ 0$%19 <#+' 3&1+&% 5&7!$"+ 0$%1 &! )$ 7$!$3&"$1 )6 "#$

Bv (3/&"(3$9 <#$ '"&)+%+"6 1$4$!1' ,! "#$ 1+3$"+,! ,2 "#$ (3/&"(3$- &' ,!$

(3/&"(3$ &! +!3$&'$ "#$ &+1$!"&% /$3"+&% '#+2" &!1 ,"#$3 &! 5,/$ "#$ 4%&'5&

)&= ", 5&#+!$ $!"$39 >$ &! 4(" "#$ '"&)+%+"6 ,!1+"+,! +! "$35' ,2 (3/&"(3$

+!1$8 ,3 "#$ 1$&6 +!1$8 &'

n = − R

Bv

∂Bv

∂R
> 0. ?@9AB

C(3/&"(3$ +! "#$ Bv +' !$$''&36 ", ,!"3,% "#$ /$3"+&% '#+2" )(" +2 "#$ (3/&"(3$ +'

%&37$ +" .+%% 5&=$ "#$ 4%&'5& #,3+D,!"&%%6 (!'"&)%$ &7&+!'" &! &+1$!"&% #&!7$ +!

"#$ #,3+D,!"&% 4,'+"+,! ,2 "#$ 4%&'5& ,%(5!9  " 4("' &! (44$3 %+5+" ,! "#$ 1$&6

+!1$8 .#+# +' EFG℄

0 < n <
3

2
. ?@9IGB

 ! :J <K:- /$3"+&% 0$%1 ,+% 4,'+"+,!' &!1 &54$3$L"(3!' &3$ #,'$! ", 5&=$ n +!

"#$ 3&!7$ ,2 G9M ", I9@9

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

;,3 7&' )3$&=1,.!- .$ !,35&%%6 1$4$!1 ,! '"3&6 $%$"3,!'- .#+# &3$ 43$'$!" +!

"#$ &"5,'4#$3$ )$&('$ ,2 +,!+D&"+,! )6 ,'5+ 3&6'9 <#$'$ $%$"3,!' #$%4 +! "#$

&/&%&!#$ 43,$''9  2 .$ 4(" ',5$ $8"3& $%$"3,!' ,"#$3 "#&! '"3&6 $%$"3,!'- .$ &!

3$1($ "#$ &44%+$1 /,%"&7$ &!1 "#$ )3$&=1,.! "+5$9 <#$ 43,$'' +!/,%/$1 +! 43,L

/+1+!7 "#$ ',(3$ ,2 $8"3& $%$"3,!' )$2,3$ "#$ 5&+! +,!+D&"+,! +' 1$0!$1 &' 43$+,!L

+D&"+,!9 N3$+,!+D&"+,! +' ('$1 $8"$!'+/$%6 +! &%% ",=&5&='- +!%(1+!7 :J <K:9  !

",=&5&='- "#$ 43$+,!+D&"+,! +' 1,!$ )6 "#$ 5+3,.&/$'- OCP ?$%$"3,! 6%,"3,!

3$',!&!$B- &!1 )6 "#$ 0%&5$!"'9  ! "#$ 43$'$!$ ,2 "#$ 43$+,!+D&"+,!- "#$3$ +' %$''

1$%&6 +! "#$ '"&3"(4- %,. %,,4 /,%"&7$ 2,3 1+'#&37$- &!1 #$!$ %$'' ,!'(54"+,!

,2 Q'- &!1 %$'' 3(!&.&6 $%$"3,!' 43,1("+,! EFR- FM- FF- FS℄9

 !
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 ! "# $%"& '( )*( +,-!. /01*-+2 1)/(4 /+!.,/(! '-*( 15 678 22 4-)2(/(* )!4 9:

22 ;(!./07 $0( 0()/-!. +**(!/ -! /0( '-*( -, 9< "2=(*( )!4 >-),-!. '-/0 *(,=(/

/1 /0( ?(,,(; -, 986 @7 ";; /0(,( ?);+(, 0)?( >((! 01,(! )5/(* !+2>(* 15 ,2);;

(A=(*-2(!/, /1 1=/-2-B( /0( +,( 15 =*(-1!-B)/-1! C;)2(!/ /1 *(4+( /0( -1!-B)/-1!

/-2(7 D( 0)?( 1>,(*?(4 /0)/ -5 '( 41 !1/ +,( /0( =*(-1!-B)/-1! C;)2(!/ /0( -1!E

-B)/-1! /-2( -!*(),(, :EF /-2(,7 $01*-+2 1A-4( 1)/-!. 15 /0( /+!.,/(! C;)2(!/

1* -/, 678 G /1 :76 G 41=-!. /1 /0( /+!.,/(! )! -!*(),( /0( (;(/*1! (2-,,-?-/H

>H 1*4(* 15 /0*((& >H *(4+-!. /0( '1*I 5+!/-1! 15 /0( /+!.,/(! '-*( J8K℄7 $0(

=*(-1!-B)/-1! C;)2(!/ -, ,01'! -! M-. :7N7

M-.+*( :7NO  !"#$%&" '()*&"% +,- %.& /-&0,"01)%0," 0" %.& 234 52 %,6)*)67 4%
0$ ,+ 879 ** :0)*&%&- )": ;< ** (&"#%.7 4% 0$ 0"$%)((&: )% %.& %,/ /,-% ,+ %.&
*).0"&7 >0()*&"% 0$ "&#)%0?&(@ A0)$&: A@ ;98 B C0%. -&$/&% %, %.& ?&$$&(7  .&
.&)%0"# 0$ )--0&: ,!% A@ ) $!//(@ ,+ ;D 2*/&-& !--&"%7  .& A0)$0"# ?,(%)#& )":
!--&"% 0$ .,$&" )+%&- ,/%0*01)%0," C0%. %.& "!*A&- ,+ /-&0,"01)%0," &E/&-0*&"%$
0" 234 527

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

P;),2) =+*-/H -, ) ?(*H -2=1*/)!/ -,,+( -! /1I)2)I,7 $0( -2=+*-/H ;(?(; 15 =;),2)

4-,0)*.( 2)-!;H 4(=(!4, 1! /0( ?(,,(; 1!4-/-1! >(51*( /0( =;),2) 4-,0)*.(7 $0(

?(,,(; 1!4-/-1! -!;+4(, /0( ');; 1!/)2-!)/-1!& '0-0 -! /0( 51*2, 15 21!1;)H(*,

 !
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 !  "#$%& '&( '*+ & ,-.℄0 12%  "#$%& '&( '*+ & '*% 32% 4 53 '+6&('&3 74869

*737%5 7& 32% 3 :'4':50 12% ;%<%;  ! 7486*737%5 52 6;( *%4'7& +%; = ' 8%*47557<%

;%<%;> '5 32% 27$2 ;%<%;  ! 7486*737%5 3':%5 '='# 32% 65%!6; %&%*$#  ! 32% 8;'54'

'&( 4':%5 32% 3%48%*'36*% *75% (7?6;3 ,@A℄0

12% '(5 *+%( 7486*737%5 '3 32% <%55%; =';;5 (%5 *+ 32%*4';;# '&( +# 32% 2%49

7'; *%'37 &5 =732 32% 8;'54' 2#(* $%&0 B& 3275 ='#> ='3%* CH2OD '*+ & (79 "7(%

CCO2D '&( 2#(* '*+ &5 '*% *%;%'5%( '&( $%3 (755 7'3%( 7& 32% 4'7& 8;'54' '&(

+% 4% 32% 4'7& 5 6*%5  ! E '&( F 7486*737%50 B486*% 8;'54' 75 ';5 565%837+;%

3 27$2 8* (637 & *'3%  ! *6&'='# %;%3* &5 ,-A℄0 12%# =7;; !6*32%* *%'3% 8* +9

;%45 7& 32% (752'*$% ! *4'37 & '&( 7& 32% 3%48%*'36*% +67;( 68  ! 8;'54'0 1265>

32%  &3* ;  ! 7486*73# ;%<%; 75 ' &%%55'*# 53%8 3 2'<% ' $  ( G6';73# 8;'54'

(752'*$% ,HI℄0 12% *%G67*%4%&35 ! * 32% (752'*$% ;%'&7&$5 '*%J ; = (%&573#>

; = 3%48%*'36*%> '&( %<%&;# (753*7+63%( 8;'54' =732 27$2 86487&$ 58%%(0 1275

%&56*%5 32'3 32% 7486*73# 5 6*% 4 ;%6;%5 CK2F> EO2> %30D '*% 8648%( =732 63

(755 7'37 &> 7 &7L'37 & '&( *%(%8 5737 &  &3 32% =';;50

12% 4'7& (752'*$% ;%'&7&$ 3%2&7G6%5 '*%J $; = (752'*$% ;%'&7&$ CMNED> 86;5%

(752'*$% ;%'&7&$ CONED> '&( %;%3* & #; 3* & (752'*$% CPEQD ;%'&7&$0 B&

RNB1SR> =% '*% 657&$ ';;  ! 32%4 '; &$ =732  '57 &'; +':7&$> +* &7L'37 & '&(

;732747L'37 &0

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

12% $; = (752'*$% ;%'&7&$ CMNED 7&< ;<%5 +7'57&$  ! 32% <%55%; =732 *%58%3 3 

8 5737<% %;%3* (% ,HT℄0 B& RNB1SR> =% '*% 657&$ ∼ 700V +7'5 ! * 3= %;%3* (%

=732 *%58%3 3 32% <%55%;> =272 75 $* 6&(%(0 B& MNE> ' ; = %;%3* & 3%48%*'36*%

8;'54' 75 *%'3%( =732 2#(* $%&  * 2%;7640 B& RNB1SR =% '*% 657&$ 32% 2#(* $%&

MNE0 12% <%55%; =';;5 '*% + 4+'*(%( =732 32% 2#(* $%& 7 &5U 32%5% 7 &5 (%5 *+

32% '(5 *+%( 7486*737%5 7& 32% ! *4  ! 2#(* $%&  48 6&(5J H2O> CH4 %30> !* 4

32% <%55%; =';;50 R!3%* (%5 *837 &> 32%5% =7;; +% 8648%(  63 +# 32%  &37&6 65

86487&$0 12% MNE 8'*'4%3%*5 7& RNB1SR '*% $7<%& 7& 1'+;% V0V0

 !
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 !"#$ %&%' ()* +( ,#-. )/02!34$ 5!3!6$7$30

8& 9:33$;7 )$;0/7< Js ∼ =&=> Am−1

%& ?#$73-;  $6@$3!7:3$ Te ∼ % $A
B& (;-C$ A-#7!4$ V ∼ 400V
D& E!4;$7/ F$#C B G/#
>& 5#!06! )$;0/7< ne ∼ 1× 1015 m−3

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

5:#0$ C/02!34$ #$!;/;4 :0$0 #-. C$;0/7<H #-. 7$6@$3!7:3$ !;C 06!## C:3!7/-;

7-I!6!I @#!06! C/02!34$0&  2$ 6!/; C3!."!I -J 72$ 5)9 /0 72!7 /7 @:7 #-70

-J 073$00 -; 72$ 6!2/;$ "< 72$ 3$@$7/7/K$ ;:6"$3 -J 02-70&  2$ ()* +( @:#0$

C/02!34$ #$!;/;4 @!3!6$7$30 !3$ 4/K$; /; 72$  !"#$ %&B&

 !"#$ %&B' ()* +( 5:#0$ )/02!34$ 9#$!;/;4 5!3!6$7$30

8& L26/ 9!@!/7-3 A-#7!4$ ∼ > kV
%&  -3-/C!# E!4;$7/ M/$#C ∼ =&8 T
B& N<C3-4$; 53$00:3$ ∼ %×10−5 Torr
D& 5:#0$ ):3!7/-; ∼ D ms
>& 5:#0$ O$@$7/7/-; O!7$ ∼ P== pulse/hour

 !"!1 2%'3-40 /5%43-40 6'&40,0' /%',0)0.

?#$73-; <#-73-; 3$0-;!;$ Q?9OR 2$!7/;4 #$!;/;4 /0 @$3J-36$C "< :0/;4 ! 07!;S

C!3C 6!4;$73-; 0-:3$ -J %&D> ,NT J3$U:$;< /; $V73!-3C/;!3< 6-C$ WX%℄& ( -;S

7/;:-:0 6/3-.!K$ /0 #!:;2$C @$3@$;C/:#!3#< 7- 72$ 7-3-/C!# 6!4;$7/ F$#C W0$$

M/4& %&8℄& ?9O #$!;/;4 @!3!6$7$30 J-3 ()* +( !3$ 4/K$; /;  !"#$ %&D&

 !"#$ %&D' ?#$73-; 9<#-73-; O$0-;!;$ 9#$!;/;4 5!3!6$7$30

8& O$0-;!;$ M3$U:$;< ∼ %&D> GHz
%&  -3-/C!# E!4;$7/ M/$#C ∼ =&=B> T
B& N<C3-4$; 53$00:3$ ∼ %×10−5 Torr
D& ?#$73-; 7$6@$3!7:3$ ∼ > eV
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 !" #$%&'# ()*+ $+)-./*0+*

 !"#$#" %&#'(!)*&) #( ,- %&.&%-% &(*! */! #*-'!0&-)1 ,#)& #(% -23-0&$-(*#45

 6- ,#)& %&#'(!)*&) #0- (--))#07 8!0 *6- $#6&(- !3-0#*&!( #(% *6- -23-0&9

$-(*#4 %&#'(!)*&) #0- -23-0&$-(* )3-&:5  6- ,#)& %&#'(!)*&) &(.!4.- )3-*0!9

)!3& $-#);0-$-(* !8 .#0&!;) &$3;0&*7 4&(-)< $#'(-*& $-#);0-$-(*) =4!!3 .!4*9

#'-< 34#)$# ;00-(*< 34#)$# 3!)&*&!( $-#);0-$-(*< .-0*&#4 $#'(-*& :-4% $-#9

);0-$-(*>< !0- 34#)$# %-()&*7 $-#);0-$-(* =$&0!/#.- &(*-08-0!$-*07> -*5 ?(

*6&) )-*&!(< /- /&44 %&);)) ,0&-@7 *6- .#0&!;) ,#)& %&#'(!)*&) !8 AB? CA5

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

 6- )6&8* &( *6- 3!)&*&!( !8 *6- 34#)$# !4;$( /&*6 0-)3-* *! *6- 4&$&*-0 -(*-0

#( ,- $-#);0-% ,7 *6- ;)- !8 3!)&*&!( 30!,-) DEF℄5  ! '-* *6- ,!*6 6!0&H!(*#4

=δR> #(% .-0*&#4 =δY > )6&8*< # )-* !8 8!;0 3!4!&%#447 )-3#0#*-% $#'(-*& 30!,-) #*

!(- *!0!&%#4 4!#*&!( &) 0-I;&0-%J */! 8!0 *6- 6!0&H!(*#4 )6&8* #(% !*6-0 */! 8!0 *6-

.-0*&#4 )6&8*5  6- 3!)&*&!( !8 8!;0 30!,-) #0- )6!/( &( K&' L5M=#> #(% K&' L5M=,>5

 6-)- 30!,-) #0- 34#-% &( !0(-0) &( AB? CA ,-#;)- !8 *6- 4#" !8 )3#- &(

*6- $&%%4- !8 *6- 8!;0 )&%-) !8 *6- 6#$,-0< /6&6 /!;4% ,- *6- &%-#4 3!)&*&!( !8

30!,-) DNL℄5 ?( AB? CA< *6- !9!0%&(#*-) =δR, δY > !8 *6- 34#)$# -(*0!&% 3!)&*&!(

/&*6 0-)3-* *! *6- 4&$&*-0 -(*-0 &) %-*-0$&(-% ,7 ;)&(' -I;#*&!() %-0&.-% ,7 O#P;

DNL℄5

 !"! 0,.1 234,5 6+(+('%)

Q#0% R90#7S) #0- 0-4#*-% *! 0;(#/#7 -4-*0!() &( *6- *!"#$#" 34#)$#5 T6-(

*6-)- 0;(#/#7 -4-*0!() 6&* # $#*-0&#4 *#0'-*< *6-7 30!%;- # !(*&(;!;) )3-*0;$

!8 ,0-$))*0#64;('5  6- 4#,-4 U6#0%U !$-) 80!$ *6-&0 #,&4&*7 *! 3-(-*0#*- *6-

$#*-0&#4)5  73&#447< 36!*!() /&*6 -(-0'7 4#0'-0 *6#( VWW keV 8#44 &(*! *6- 6#0%

R90#7 #*-'!075 ?( *6- 0;(#/#7 %!$&(#*-% %&)6#0'-)< *6- #330-&#,4- !(*-(* !8

*6- 34#)$# ;00-(* &) #00&-% ,7 # )$#44 3-0-(*#'- !8 -4-*0!()5  6- 0;(#/#7

-4-*0!() #0- $!)*47 '-(-0#*-% %;0&(' *6- 34#)$# ,0-#"%!/(J !(- *6-7 3&" ;3

*6- 30!'0-)) *6-7 #( ,- -X-*&.-47 !;34-% /&*6 *6- !6$& *0#()8!0$-0 ,-#;)-

!8 4!/ 0-)&)*#(-< #(% !();$- #44 *6- ;)-8;4 4!!3 .!4*#'- #(% 6#$3-0 *6- 34#)$#

 !



 !"#$%& '( )*+%&%,$ -./010$%2 34 5)6785 739"2"9

 !"#$% &'()  !"#$" %&#'('&) $*"#+,*$*)( &'!# "). !'$'(*,/ 0"1 23* %!"#$" %&#'('&)
$*"#+,*$*)( &'!# #3*$"('/ #3&4) 56 #%',"!#7 8'$'(*, '# #3&4) 56 (3* (3'9 5!"9
',!*7 23* !&"('&) &: &'!# #3&+!. 5* "( (3* $'.%!")* &: &+(5&",.;')5&",. ").
(&%;5&((&$7 <) =><2?=/ (3*#* &'!# ",* ')#("!!*. "( (3* &,)*,# 5*"+#* &: #%"*
!'$'("('&) "( (3* ,*#%*('@* $'.%!")*#7 051 23* !'$'(*, "). (3* %&#'('&) &'!# ')
=><2?=7 <) (3'# %3&(&A,"%3 &)!6 (4& &+(5&",. &'!# ") 5* #**)/ "). (3* &(3*,
(4& ",* )&( ') (3* @'*47 23* &'!# ",* #3'*!.*. 56 (3* BB 5&C (& %,&(*( (3*$ :,&$
(3* 3*"( "). (3* "%"'('@* %'9 +%#7

*%+,!-. /#!0* #1' 23%. 4$% -3% %0%-$6+, 7!-3 -3% 8%06!-. 04$"%$ -34+ 4 $!-!40

8%06!-. 96$ 73!3 -3% 4%0%$4-!+" 96$% !, 04$"%$ -34+ -3% 600!,!6+40 *$4" 96$%'

:+% -3%. $6,, -3!, 0!;!-< -3%$% !, +6-3!+" 73!3 4+ ,-61 6+-!+#6#, 4%0%$4-!6+

69 -3%,% %0%-$6+,' 23% ;4=!;#; %+6#+-%$ 69 $#+474. %0%-$6+ 6#$, 7!-3 -3%

0!;!-%$' 26 ;%4,#$% -3% %+%$". 69 -3%,% $4*!4-!6+,< 7% 348% 1#- 4 34$* >?$4.

*%-%-6$< 73!3 94%, -3% 0!;!-%$' 23% *%-%-6$ !, -3% @4AB20C *%-%-6$ 36#,%* !+

4 3%48. /#- ;684/0% D%4* .0!+*$!40 360067 /06E' 23!, !, *6+% -6 ;4E% ,#$%

-34- -3% *%-%-6$ !, "%--!+" -3% $4*!4-!6+, 9$6; -3% 0!;!-%$ ,!*%< +6- 9$6; -3% 6-3%$

,6#$%,' 23% 40!/$4-!6+ 69 -3% *%-%-6$ !, *6+% /. -3% ,-4+*4$* ,6#$% 69 -3%

F6/40-' @6$;400. !+ GHA2IG< !- !, E%1- 4- -3% J V 6#-1#- ,!"+40 6$$%,16+*!+"

-6 -3% J MeV 69 $4*!4-!6+,' 23% 34$* >?$4. ,!"+40 !, ,367+ !+ -3%  !"' &'KB9C'

 !"!# $%&()*+ ,&-.&)/(0)& 1&/20)&-&+( 34 5*6( 789/4

23% ,69- >?$4. BL>MC "%-, !-, +4;% 9$6; -3%!$ 067 1%+%-$4-!+" 167%$' 23% L>M

136-6+ %+%$". hν !, -.1!400. !+ -3% $4+"% JNN eV ≤ hν ≤ JN keV ' 23% !+-%+,!-.

 !
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 ! "#$ %& ' ()'&*+)  ! , -.)&& /-,)+('0 +'1%'-% .2  ! 30'&('4 5,) )63)-)1

('6%(*( )0)-+ . -)(3)+'-*+) %. 89:5;8 %& <=>?@>> eV 4 A) '+) *&%.B & !- #?

+'C -),.%D*) - ()'&*+) -,) , +1 'E)+'B)1 -)(3)+'-*+)  ! 30'&(' FC -,) ()-, 1

 ! 'F& +3-% . ! %0 +'-% 4 :. 89:5;8G -,) & !- #?+'C &C&-)(  .&%&-&  ! ' < mm 3%.?

, 0) '()+' H%-, IJ &%0% . &*+!') F'++%)+ 1)-)- +& /"K92 30')1 %. ' 0%.)'+ '++'CG

E%)H%.B -,) 30'&(' -,+ *B, ' 3%.?, 0) B) ()-+C LJ@℄4 5,) 3%. , 0) %&  E)+)1 FC

N= µm K)+C00%*( ! %0 - O0-)+ '00 -,) +'1%'-% . F)0 H I keV 4 5,) H, 0) &C&-)( %&

3*(3)1 FC -*+F ( 0)*0'+ 3*(3 '.1 &)3'+'-)1 !+ ( ('%. 89:5;8 E)&&)0 FC '

B'-) E'0E)P -,%& %& - %.&*+) -,) &'--)+%.B !+)) 3'-, ! + +'1%'-% . !+ ( -,) 30'&('4

5,) ).)+BC &).&%-%E%-C  ! "K9 %& <>> eV - I> keV 4 5,) & !- #?+'C &%B.'0 %& &, H.

%. -,) Q%B N4J/)24

 !"!# $%&'()* +%,'-.%/%&) 0* +(.23,4%5µ6 7&)%.8%.2/%9

).*

:. 89:5;8G H) ,'E) I>> RSTG U ,'..)0 , ( 1C.) %.-)+!)+ ()-)+ &C&-)( - 

()'&*+) -,)  +1 'E)+'B) 1).&%-C '.1 %-& +'1%'0 3+ O0)4 :- %& F'&)1  . ,'.B) %.

-,) 30'&(' +)!+'-%E) %.1)64 :. -,%& -),.%D*)G  .) F)'( %& 3'&&)1 -,+ *B, -,)

30'&('G '.1 ' &) .1  .)G ' +)!)+).) F)'(G %& *&)1 - B)- -,) 3,'&) &,%!- FC -,)

)0)-+ . 1).&%-C E'+%'-% .4 5,) 3,'&) &,%!-G δφ =
∫

(N −1)ω
c
dlG H,)+) N '.1 ω '+)

-,) +)!+'-%E) %.1)6 '.1 (%+ H'E) !+)D*).CG %& 1%+)-0C +)0'-)1 - -,) )0)-+ .

1).&%-C4 5,) ('6%(*( 3 &&%F0) 1).&%-C %. -,) 89:5;8 %& ∼ 2 × 1019 m−3G '.1

-,) 30'&(' !+)D*).C %& ∼ 50 GHzG H,%, %& 0)&& -,). -,) (%+ H'E) !+)D*).C4 :.

-,) '&) H,). -,) 30'&(' 1).&%-C %& 0'+B)+ -,'. -,) +%-%'0 1).&%-C ncG N F) ()&

%('B%.'+CG '.1 -,) %.-)+!)+ ()-)+ )'&)& - !*.-% .4

 !"!: ;,<(,)%< =23%. +%,'-.%/%&) 0* >2?2/%).*

K 0 ()-+C %& -,) ( &- H%1)0C *&)1 -),.%D*) - ()'&*+) +'1%'-)1 3 H)+ %. - V'?

('V&4 R).)+'00CG -H -C3)&  ! F 0 ()-)+ 1)-)- +& '+) *&)1 %. - V'('V&4 5,)&)

'+) -,) ()-'0 ! %0 +)&%&- +& '.1 -,) &%0% . 3, - 1% 1)& LJ=G JJ℄4 5,) F'&%&  ! -,)

()'&*+)().-& '+) -,) ,'.B)  ! +)&%&-'.)  ! -,) 1)-)- + H%-, -,) +'1%'-% .4 :.

+)).- C)'+&G -,) *&)  ! &%0% . 3, - 1% 1)&G 3 3*0'+0C V. H& '& -,) 8#WX 3, ?

- 1% 1)&G %. F 0 ()-)+& F) () E)+C 3 3*0'+ F)'*&)  ! -,)%+ !'&- +)&3 .&) -%()

 !
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 ∼ µs! "# %&'"() *% *+) &)*", -%., /)*)*%(#  ∼ ms!0 1* 2"# -%34/ .4 561785

*+"* 9:% ; <:% %- *+) *%*", .4'3* '%2)( .# ("/."*)/ =>?℄0 7+) A%,%&)*)( #B#*)&

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

("/."*.%4 )&.##.%4 /.#*(.A3*.%40 7+) /)*)*%(# A).4C 3#)/ "() 5DEF '+%*%/.%/)#0

7+) *2% "&)("# "() &%34*)/ %4 " ("/.", '%(* "4/ " *%' '%(* "* *+) #"&) *%(%./",

,%"*.%40 G%*+ *+) "&)("# +"H) "(("B# %- I> /)*)*%(# "4/ #)) *+) 2+%,) '%,%./",

(%## #)*.%4 %- *+) ',"#&" *+(%3C+ " #,.*0 7+) #'"*.", ()#%,3*.%4 %- *+.# "&;

)(" .# < cm "* *+) H)##), &./;',"4) "4/ *+) *)&'%(", ()#%,3*.%4 .# :09 ms0 7+)

/)*)*%( "(("B# "() &%34*)/ .4 EJF +"&A)(# "4/ %44)*)/ *% *+) ),)*(%4.#

.4 " %&'"* +%3#.4C &%34*)/ %4 *+) &"+.4) '%(*0 7+) ),)*(%4.# .4,3/)#

3(()4*;*%;H%,*"C) %4H)(*)(#K "&',.L)(#K L,*)(#K "4/ /(.H)(# -%( ",, '+%*%/.%/)#0

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

M')*(%#%'B .4 *%N"&"N# .4H%,H)# *+) #*3/B %- H"(.%3# )&.##.%4 ,.4) ("/."*.%4#K ,.N)

Hα, Hβ, CIII, OI )*0 14 561785K *+) HαK OIK "4/ CIII "() %A#)(H)/ ()C3,"(,B

"* *+) *%'OA%**%& "4/ .4O%3* '"(*# %- *+) ,.&.*)(0 7+)#) &)"#3()&)4* "() "((.)/

%3* *% )#*.&"*) *+) 4)3*(", .4P3Q0 7+) CIII ,.4)# -(%& *+) %''%#.*) #./)# %- ,.&;

.*)( C.H) 3# *+) .4-%(&"*.%4 "A%3* *+) ',"#&" &%H)&)4*0 F.#.A,) A()&##*("+,34C

%4*.433& ("/."*.%4 .# 3#)/ *% )#*.&"*) *+) Zeff 0 7+) EF ("/."*.%4 .# &%4.*%()/

-%( *+) +.C+)( +"(C) #*"*)# %- .&'3(.*.)#K ,.N) OV I, CV K "4/ FeXV 0 G%*+ C("R.4C

.4./)4) "4/ 4%(&", .4./)4) &%4%+(%&"*%(# "() 3#)/ *% &)"#3() *+) .4*)4#.*B

%- ()#%4"4) ,.4) ("/."*.%4 -(%& .&'3(.*BK "4/ " &3,*.*("N #')*(%&)*)( .# 3#)/

-%( *.&) "4/ #'") ()#%,H)/ H.#.A,) )&.##.%4 #')*(%#%'B =>S℄0

 !" #$%&'() *&+&,) &- .'/$+$/ 012%$,&'-

7%N"&"N ',"#&" )T3.,.A(.3& .# C%H)(4)/ AB '%2)( A","4) "4/ '()##3() A","4)0

7+) (.#) .4 ,%## %- ',"#&" )4)(CB *+(%3C+ ("/."*.%4 %( .4()"#) .4 *+) ',"#&"

'()##3() "4/ .*# C("/.)4* "A%H) #%&) )(*".4 ,)H), C.H)# (.#) *% H"(.%3# *B')# %-

.4#*"A.,.*.)#K 2+.+ &"B C.H) (.#) *% ',"#&" /.#(3'*.%40 M%&) %- *+) A"#. ,.&.*# .4

*+) 561785 *%N"&"N ',"#&" %')("*.%4 "()U /)4#.*B ,.&.* "4/ q ,.&.* =VI℄0 7+)

A)*" ,.&.* .# #&",, .4 %+&.",,B +)"*)/ 561785 ',"#&" "4/ *+)()-%() .* .# .C4%()/0

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

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

'/4-*-4%5  !" )&*&' /$ '!" #"$%&'( &$ '/4-*-4% #"+"$#% /$ '!" *"!-$&%* /6 '!"

%'./$7 "#7" //)&$75  !" "0-' *"!-$&%* 3"!&$# '!" #"$%&'( )&*&' &% %'&)) ,$".8

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

:' &% /3%".2"# &$ #&;"."$' '/4-*-4% '!-' - 2".( #&.'( +)-%*- -$ $/' 3" /+".-'"# -'

!&7! #"$%&'&"% <=>℄5 :' !-% 3""$ /3%".2"# '!-' 3( /+".-'&$7 &$ '!" +"-4"# #"$%&'(

+./@)"A 9" -$ &$."-%" '!" )&$" -2".-7"# #"$%&'(B '!&% &% '!" "2&#"$" /6 %'./$7

"#7" ./)" &$ %"''&$7 '!" #"$%&'( )&*&'5  !" #"$%&'( ,+'/ C5D nG &% /3%".2"# <=>℄A

9!"." nG &% '!" E.""$9-)# #"$%&'( )&*&' <=>℄

nG (1020m−3) ≡ Ip (MA)

πa2 (m2)
. FG5CCH

E//# 9-)) /$#&'&/$&$7 -$# 3/./$&I-'&/$ *"'!/#% -)%/ !")+ &$ &$."-%&$7 &$ '!"

-!&"2"# #"$%&'( <=>℄5  !"." &% - )/9". )&*&' /$ '!" #"$%&'( +./@)" 9!&! &% %"'

3( '!" .,$-9-( ")"'./$%5  !&% )/9". )&*&' &% ∼ 5 − 10% /6 '!" ,++". )&*&'5  !"

"%'&*-'"# #"$%&'( )&*&' &$ JK: LJ &% ∼ 5 × 1019 m−3A 9" $/.*-))( /+".-'" -'

∼ (1− 2)× 1019 m−3 '/ -2/&# '!" #"$%&'( )&*&'5

 !"! -./%)* 0.)23 +(,()

 !" %-6"'( 6-'/. )&*&' &% .")-'"# '/ '!" +)-%*- ,.."$' #"$%&'( +./@)"5 M/. '!"

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

6-'/. -' '!" +)-%*- 3/,$#-.( q(a) %!/,)# 3"> 2 <NO℄5 :$ JK: LJA '!" q(a) ∼ 3.5A

9!&! &% -3/2" '!" )/9". )&*&' <CPA DPA NC℄5

 !



 !"#$%& '

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

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

 !"#$%&'!& ")* '+* +*")' %, *-.*)!/*$'"0 .0"&/" &'12!*&3 4+*5 #!6*& 1& *5*& '%

&** '+* .0"&/"3 4+*5 "$ 7* 7"&!"005 2!6!2*2 !$'% '8% "'*#%)!*&9 "'!6* 2!"#$%&:

'!& "$2 ."&&!6* 2!"#$%&'!3 4+* "'!6* 2!"#$%&'!& ")* !$ 2!)*' %$'"' 8!'+ '+*

.0"&/" ;!3*3< *0*')!"0 .)%7*&= %) '+*5 "$ &*$2 " &!#$"0 !$&!2* '+* .0"&/" '% #*'

!'& )*&.%$&* ;!3*< 0"&*)&=3 >$ '+* %'+*) +"$2< '+* ."&&!6* 2!"#$%&'!& %00*' '+*

!$,%)/"'!%$ ,)%/ .0"&/" !$ '+* ,%)/ %, )"2!"'!%$& */!''*2 75 '+* .0"&/"3 ?"&&!6*

2!"#$%&'!& !$012*& &.*')%&%.5< !$,)")*2 2!"#$%&'!&< %.'!"0 @7*)&< "$2 6!&!70*

"/*)"3 >1) .)*&*$' &'12!*& %, A>B .0"&/" .)%.*)'!*& "0%$# 8!'+ .0"&/" C%8&

/"D*& 1&* %, &!$#0* B"$#/1!) .)%7*&< ')!.0* B"$#/1!) .)%7*&< "$2 E"+ .)%7*3

?0"&/" &+*"'+ .0"5& !/.%)'"$' )%0* !$ "00 '+*&* .)%7*& /*"&1)*/*$'&3 F$ '+!&

+".'*)< 8* 2!&1&&*& "7%1' '+* .0"&/" &+*"'+ "$2 6")!%1& .)%7*&3

4+* +".'*) !& %)#"$!G*2 "& ,%00%8&9 A*3 FF !& 2*6%'*2 '% '+* .0"&/" &+*"'+

&'125< A*3 FFF 2!&1&&*& "7%1' '+* B"$#/1!) .)%7* 7"&!&< A*3 FH 2!&1&&*& '+*

')!.0* .)%7* 7"&!& "$2 A*3 H 2*&)!7*& '+* E"+ .)%7*3

 !, -./01/ 234/%3

?0"&/" &+*"'+ !& '+* .%&!'!6* %) $*#"'!6* +")#* 0"5*) ,%)/*2 75 '+* .0"&/" ")%1$2

"$5 %7I*' !$&*)'*2 !$'% .0"&/"< !$ '+!& .)%*&& .0"&/" ')!*& '% &+!*02 !'&*0, ,)%/ "$5

 !
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 !"#% &!'(%)* !+ ,!)%-)./0 !)1%# )1/- ,0/ 2/ ,!)%-)./03 4-  1.%05.-6 ,#!%  7 )1%

,0/ 2/ +!#2 / ,#!)%).8% 0/9%# /#!"-5 / ,!)%-)./0  !"#% .-  "1 / :/9 )1/) )1%

'"0; ,0/ 2/ 5!% -!) +%%0 .) ,#% %-%3 4+ )1%  !"#% . /) )1% ,! .).8% ,!)%-)./0 :.)1

#% ,%) )! )1% ,0/ 2/ ,!)%-)./07 VP 7 )1% ,0/ 2/ %0%)#!- #" 1 )! )1% !'(%) /-5

+!#2 / -%6/).8% 1/#6% 0/9%# /#!"-5 .)7 .-  "1 / :/9 )1/) )1% ,!)%-)./0 (" ) !") .5%

)1%  1%/)1 . /#!"-5 )1% VP 3 <.2.0/#09 )1% .!- +!#2 / ,! .).8% 1/#6% 0/9%# /#!"-5

)1% -%6/).8% ,!)%-)./0  !"#% :.)1 #% ,%) )! )1% VP 3 =1. ,! .).8%>-%6/).8% 0/9%# . 

/00%5  1%/)13 =1% !00%).!- !+ )1% %0%)#!- .- )1%  1%/)1 #%6.!- . '9 )1% %0%)#!-

)1%#2/0  ,%%57
√

2Te/me3 ?- )1% !)1%# 1/-57 .- / % !+ .!-  1%/)17 !00%).!- !+

.!- /) )1%  1%/)1 . /) 1.61%# )1/- )1% .!- )1%#2/0  ,%%53 =1. /%0%#/).!- )!

)1% .!- . ,#!8.5%5 '9 )1% ,#% 1%/)1 #%6.!-7 5. "  %5 .- )1% -%@)  %).!-3

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

4- ,0/ 2/7 )1% .!- /#% 2"1 1%/8.%# )1/- )1% %0%)#!- &%363 ABCD ).2% 7 +!# E* /-5

-!#2/009 )1% .!- )%2,%#/)"#% &Ti* . 2"1  2/00%# )1/- )1% %0%)#!- )%2,%#/)"#%

Te3 F!)1 !+ )1% % 2/;% .!- )1%#2/0  ,%%5 8%#9 0%  / !2,/#%5 )! )1% %0%)#!- 3

=1% %G%) !+ 0/#6% 5.G%#%-% .- )1%#2/0  ,%%5 /- '%  %%- .- .!-  1%/)1 +!#2/).!-3

=1% .!-  1%/)1 +!#2/).!- /- '% %@,0/.-%5 '9 / H!/).-6 !'(%)  3 4- ,0/ 2/7 .+ :%

,") /-9 H!/).-6 !'(%)7 .) :.00 1/#6%5 -%6/).8% '9 %0%)#!- 7 / )1% %0%)#!- /#%

2!#% 2!'.0% )1/- .!- 3 =1%9 #%/1 )! )1% !'(%) I# ) /-5 1/#6% .) -%6/).8% '%+!#%

.!-  )/#) #% ,!-5.-63 ?-% .) 1/#6% -%6/).8%7 .) '%1/8% / / −ve ,!)%-)./0

 !"#%3 E%#% :% /- )/;% )1% −ve ,!)%-)./0  !"#% :.)1 #% ,%) )! )1% VP .- ,.)%

!+ )1% H!/).-6 !'(%)3 J!: )1% ,0/ 2/ .!-  )/#) 2!8.-6 )!  1.%05 .)3 K!# .!-

 1%/)1 +!#2/).!-7 .!- H"@  1!"05 '%  "L.%-)09 0/#6%7 :1.1 . ,!  .'0% !-09 :1%-

)1%#% . 2%1/-. 2 :1.1 /- /%0%#/)% )1% .!- )! 2/)1 ", :.)1 )1% %0%)#!-

H"@3 =1. /%0%#/).!- !+ .!- . 5!-% '9 )1% ,#% 1%/)13 4) . #%6.!- '%9!-5 )1%

 1%/)17 .- :1.1 / #% .5"/0 %0%)#. I%05 %@. ) /-5 :1.1 /%0%#/)% .!- )! )1%

.!-  !"-5  ,%%5 &Cs* M %% K.6 C3A℄3 4- )1% H!/).-6 2!5% )1% "##%-) !00%)%5 '9

)1% ,#!'% . O%#!7 / )1% .!- "##%-) . %P"/0 )! )1% %0%)#!- "##%-)3

=1% !-%,) !+ ,#% 1%/)1 :/ 6.8%- '9 )1% F!127 )! %@,0/.- )1% !' %#8%5 5.G%#Q

%-% .- )1% 2%/ "#%5 /-5 %@,%)%5 8/0"% !+ )1% .!-  /)"#/).!- "##%-) MDR℄3 =1. 

5.G%#%-% . '%/" % !+ !00%).!- !+ .!- /) )1%  1%/)1 %56% /) )1% 1.61%#  ,%%5

  !"#$%&' "()*$ %, #& "()*$ -.",* /*,%,$#&* -0/0$ '/"1&2 %, ∼MΩ0

 !
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 !"#$% &'()  !" #$%&'$ (!)*&'+!" &' '$% +"'%)(&% !( -.&#*& &"/ 0!&'+"1 *&'%)+&.2
3$% )%1+!" 4%(!)% '$% #$%&'$ +# &..%/ -)%#$%&'$5 6$+$ &%.%)&'%# '$% +!"# '! '$%
+!" &!7#'+ #-%%/ Cs  ! !"# $"# !" #%&#' ("# )*!#+!, - .#/*+% !"# )0#$"# !" ,$ !"#
)- $1 )*!#+!, -' ("# $"# !" !",3+#$$ ,$ ∼ 5λD4 5"#0# λD ,$ !"# 6#./# -#+&!"'
("# $)##% *7 ,*+$  0# $"*5+ ./ !"# % $"#% -,+#$' 8*0 !"# #-#!0*+ $"# !" 7*01 !,*+
!"#,0 ,$ +* +##% *7 )0#$"# !" 0#&,*+'

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

1$2&'$ 3&!( $4+)"%#*  !$ $4%* $#$ &2 " +'$*!$" ! '$5%&# 1$6&#,  !$ *!$" ! '$5%&#7

8 "# 1$ $4+)"%#$, "* 2&))&.*9

:!$#  !$ +'&1$ %* 1%"*$, −ve *0!  !" - eVB < Te

2
- $)$ '&#* "'$ * %)) "1)$  & &;$'<

&($  !%* '$ "',%#5 =$), "#, 5$ &))$ $, "  !$ +'&1$7 8 ($"#* +)"*(" "'&0#,

 !$ +'&1$ %* * %)) >0"*%#$0 '") "#, #& %&# *!$" ! 2&'(* 2&' 0 < − eVB < Te

2
7 ?!$

2&'(" %&# &2 *!$" ! * "' * .!$# VB %#'$"*$*  & (&'$ −ve  !"# Te

2
7 @&. (&* &2

 !$ $)$ '&#* "'$ '$+$))$, 16  !$ +'&1$7 A$'$  !$ +& $# %") "  !$ *!$" ! $,5$ %*

∼ BVB − Te

2e
C7 3$ .$$#  !$ *!$" ! "#, 0#,%* 0'1$, +)"*("-  !$'$ %* " >0"*%#$0 '")

'$5%&# %# .!%! +'&1$ +& $# %") +$#$ '" $*- "#, .!$'$  !$ %&#* 5"%# $#$'56 &2  !$

&',$' &2  !$ +& $# %") ,'&+ %#  !%* '$5%&#7 ?!%* %* "))$, +'$*!$" !7 ?!$ +& $# %")

,'&+ %#  !$ +'$*!$" ! %* ∼ Te

2e
7 ?!$'$2&'$  !$ (%#%(0( '$>0%'$, $#$'56 16  !$

%&#*- 2&'  !$ 2&'(" %&# &2 "# %&# *!$" ! %* W+ ≥ Te

2e
7 ?!%* '% $'%&# ."* ,$,0$,

16 3&!(7 ?!$ $)$ '&# ,$#*% 6 " "# "'1% '"'6 +&%# %#  !$ +'$*!$" ! &2 " +'&1$9

ne = nesexp
( e(V (x)−Vs)

Te

)

- .!$'$  !$ nes- Vs "#, V (x) "'$  !$ $)$ '&# ,$#*% 6 "  !$

*!$" ! $,5$- *!$" ! +& $# %")- "#, +& $# %") " "#6 "'1% '"'6 +&%# %#  !$ +'$*!$" !

'$*+$ %;$)67 D**0(%#5 nis = nes = ns- .!$'$ nis "#, nes "'$  !$ %&# "#, $)$ '&#

,$#*% 6 "  !$ *!$" ! $,5$7 E*%#5  !$ &# %#0% 6 "#, F&%**&#G* $>0" %&#- 3&!(

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

|eV s| ≥ Te
2

34567

8,"% "% 9(,- !"*$!"() +(! "() %,$&*, +(!-&*"()5 :(10 *,$ "() %&*;!&*"() ;!!$)*

+(! %;<"$)*=> )$?&*"#$ .!(/$ &) /$ 1!"**$) &%2

Is = eAsnisvis → Is = eAsn∞

√

−2eVs
Mi

exp
(eVs
Te

)

345@7

1,$!$ vis &) n∞ &!$ *,$ "() %.$$ &* *,$ %,$&*, $ ?$ &)  $)%"*> (+ *,$ ;) "%A

*;!/$ .=&%-&0 &) As "% *,$ %,$&*, &!$&5 B(! Vs = −Te

2e
0 CD)5 45@ /$(-$%

Is = 0.61eAsn∞

√

Te
Mi

34547

1,", "% ?!$&*$! *,&) *,$ .!$#"(;% ()$ 3"5$50 Is ∼ Asn∞e
√

Ti/Mi7 EF4℄5 H$ &) %$$

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

1$ &) )(* &=;=&*$ "() *$-.$!&*;!$ +!(- *,$ I&)?-;"! .!(/$5 J) KLJ8MK0 1$

;%$ Is = 0.5n∞AsCs *( $%*"-&*$ *,$ .=&%-&  $)%"*>0 1,$!$ Cs =
√

(Te + Ti)/Mi

&) Ti "% *,$ "() *$-.$!&*;!$ EF4℄5

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

H$ &) ?$* &) &..!(N"-&*"() (+ *,$ %,$&*, *,"O)$%% 3Xs70 /> &%%;-")? *,&*

$=$*!()  $)%"*> "% )$?="?"/=$ ") *,$ %,$&*,0 &) %(=#")? *,$ P("%%()Q% $D;&*"() 3/>

.;**")? dV (x)/dx = 0 &* *,$ %,$&*, $ ?$75 H$ ?$*2

Xs

λd
=

2

3

[

2

exp(−1)

]1/4[
(−eVB

Te

)1/2

− 1√
2

]1/2[
(−eVB

Te

)1/2

+
√
2

]

345R7

.;**")? VB = Vf 0 "* "% ∼ 3.75 +(! ,> !(?$) .=&%-&0 &) *,$) *,$ %,$&*, *,"O)$%%

"% ∼ 4λD EF4℄5 8,;% *,$ %,$&*, *,"O)$%% (! $! "% (-.&!&/=$ *( *,$ L$/>$ =$)?*,

3λD7
 5

  !"#! $!%&'( )* +**,)+'!. /)'( '(! 0$+*1+ *2!!%)%& 02,0!2'#3 )' )* '(! $!%&'( ,4!2 /()(
'(! 0,'!%')+$ 5+$$* ', 67!8

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

 !"#$%&' (')*+ , -. &/ ! /$!00 $+1!0 +0+1')3+ &"/+'1+3 &"1) 14+ (0!/$!5 64&/

+0+1')3+ $!7 *+ *&!/+3 )' 8)!1&"#5 64+ %''+"1 )00+1+3 *7 14+ +0+1')3+ #&9+/

14+ &":)'$!1&)" !*)%1 14+ 0)!0 +0+1')" 1+$(+'!1%'+; (0!/$! 3+"/&17; 8)!1&"# ()<

1+"1&!0; (0!/$! ()1+"1&!0; +0+1')" 3&/1'&*%1&)" :%"1&)" !"3 *7 /(+&!0 !''!"#+$+"1

&1 !" !0/) 3+1+'$&"+ 14+ (0!/$! 8)=/ ,>!4 (')*+.5 ?1 &/ 14+ /&$(0+/1 &" 1+'$ ):

3+/&#" !"3 !1 14+ /!$+ 1&$+; )"+ ): 14+ )$(0+@ 3&!#")/1&/ &" 1+'$/ ): 3!1! !"!07<

/&/5  !"#$%&' (')*+ &/ "!$+3 !:1+' 14+ ")*0+ ('&A+ =&""+' ?'9&"#  !"#$%&' BCD℄5 ?1

!" *+ 70&"3'&!0; /(4+'&!0; )' 8!1 &" /4!(+5 64+ /&A+ !"3 /4!(+ ):  - &/ #)9+'"+3

*7 14+ (0!/$! (')(+'1&+/ 0&F+G (0!/$! 3+"/&17; +0+1')" 1+$(+'!1%'+; &)" 0!'$)' '!<

3&%/; !"3 +0+1')" 0!'$)' '!3&%/ ,ρi,e.5 64+  - 3&$+"/&)"/ /4)%03 *+ /$!00 +")%#4

/) 14!1 14+ (')*+3 (0!/$! &/ ")1 !H+1+3 *7 14+ (')*+ &1/+0:5 64&/ (%1/ !" %(<

(+' 0&$&1 )" 14+ (')*+ /&A+5 I" 14+ )14+' 4!"3 14+ 0)=+' 0&$&1 ): (')*+ '!3&%/ &/

)"/1'!&"+3 *7 14+ '+J%&'+$+"1; a >> λd5 64+ 4)&+ ): (')*+ $!1+'&!0 /4)%03 )"<

/&3+' 14+ (0!/$! 3%'!1&)" !"3 Te5 K)' Te ,∼ L<M eV . /1++0 )' &')" $+1!0 &/ /%N&+"1;

*%1 :)' 4&#4 1+$(+'!1%'+ (0!/$! ∼ LO eV ; $)07*3+"%$ )' 1%"#/1+" $+1!0 /4)%03

*+ %/+35 P)=+9+';  !"#$%&' (')*+ !" ")1 *+ %/+3 &" 4)1 (0!/$! )"1&"%)%/075

?" 14+ ('+/+"+ ): $!#"+1& Q+03 14+'+ !'+ 14'++ !/+/; ,&.; =+!F $!#"+1& Q+03

,ρi,e ≫ a.; ,&&. $)3+'!1+ $!#"+1& Q+03 ,ρe ≪ a ≪ ρi.; !"3 ,&&&. /1')"# $!#"+1&

Q+03 ,ρi.e ≪ a.; =4+'+ a &/ 14+ (')*+ 3&$+"/&)"5 64+ =+!F $!#"+1& Q+03 !"3 14+

$)3+'!1+ $!#"+1& Q+03 !/+ !" *+ +@(0!&"+3 *7 14+ 14+)'7R 14+ /1')"# $!#"+1&

Q+03 !/+ &/ #+"+'!007 !9)&3+3 *+!%/+ ): 0!F ): /&$(0+ 14+)'+1&!0 +@(0!"!1&)" BCM℄5

64+ $!&" !39!"1!#+ ): %/&"#  !"#$%&' (')*+ )9+' )14+' 3&!#")/1&/ &/ 14!1 &1

#&9+/ 0)!0 $+!/%'+$+"1 ): (0!/$! (!'!$+1+'/5 64&/ !39!"1!#+ ):  -; 4)=+9+';

&/ 3&'+107 )""+1+3 1) &1/ /4)'1)$&"#/5 K)' 0)!0 $+!/%'+$+"1/; (')*+ 4!/ 1)

*+ &"/+'1+3 &" (0!/$! *7 $+!"/ ): ! (')*+ 4)03+' =4)/+ !'+! &/ 0!'#+' 14!" 14+

(')*+ &1/+0:5 64&/ !''!"#+$+"1 :)'$/ ! =!00 ,*)%"3!'7. &" !33&1&)" 1) 14+ +@&/1<

&"# (0!/$! *)%"3!'&+/ !"3 &" 14+ 0)/+ (')@&$&17; (0!/$! (!'!$+1+'/ $!7 3+9&!1+

:')$ 14)/+ &" 14+ !*/+"+ ): 14+ (')*+5

64+'+ !'+ 14'++ )$$)"07 %/+3  !"#$%&' (')*+ !''!"#+$+"1/; ,&. /&"#0+  !"#$%&'

(')*+; ,&&. 3)%*0+  !"#$%&' (')*+; !"3 ,&&&. 6'&(0+  !"#$%&' (')*+5 64+ /&"#0+

 !
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 !"#$% &'()  "#$%&' () *+(,# ,'%-'./ -"#$#0 1"#+# VB %.2 Rs %+# ,'%-'./ 3(4&%/#
%.2 -#.-'./ +#-'-&%.# &( $#%-5+# *+(,# 5++#.&0 +#-*#&'3#467 8"# *+(,# '- ,'%-#2
1'&" +#-*#& &"# &"# 3#--#47 8"# 3%45# () &"# -#.-'./ +#-'-&%.# -"(542 ,# "(-#. '.
-5" % 1%6 &"%& &"# *(&#.&'%4 2+(* '. Rs 2(#- .(& #9#& &"# *(&#.&'%4 %& &"# *+(,#
&'*7 :(+ &"# ;(%&'./ *(&#.&'%4 <Vf= $#%-5+#$#.&0 &"#+# '- .( .##2 () VB %.2 &"#
3%45# () Rs -"(542 ,# "(-#. &( $'.'$'># &"# &"# 5++#.& 2+%1. ,6 &"# *+(,#7 8"#
"('# () Rs )(+ Vf $#%-5+#$#.& 2#*#.2- (. &"# -"#%&" +#-'-&%.# ?@A0 @B℄0 )(+
&(D%$%D 4'D# *4%-$% Rs -"(542 ,# () &"# (+2#+ () ∼ MΩ %.2 )(+ &"# 4(1 2#.-'&6
%.2 4(1 &#$*#+%&5+# *4%-$% '& -"(542 ,# () &"# (+2#+ () ∼ EFF MΩ7

*+,"-#!$ .$/0% !1 23% -/12 4#,5+-%,2+6 +,5 7!5%68 #1%5 .$/0%9 23% /23%$ 27/ +$%

%:2%,5%5 ;%$1!/,1 /4 23% 1+-% /,%' <,% *+,"-#!$ .$/0% !1 !,1%$2%5 !, 23% .6+1-+

!2 /66%21 0/23 !/, +,5 %6%2$/, #$$%,21 5%.%,5!," /, !21 0!+1!,"' >3% 13%-+2!

/4 .$/0% 0!+1!," !1 13/7, !,  !"' &'('

>3% #1% /4 *+,"-#!$ .$/0% !1 0/#,5%5 08 %$2+!, ,#-0%$ /4 +11#-.2!/,1)

• >3% .6+1-+ !1 !,?,!2%@ 3/-/"%,%/#1 +,5 A#+1!,%#2$+6 !, 23% +01%,% /4 23%
.$/0%'

• B6%2$/,1 +,5 !/,1 3+;% C+:7%66!+, ;%6/!28 5!12$!0#2!/,1@ 7!23 Te >> Ti'
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•  !" #"$% &'"" ($)!* +& ",")'+%* $%. /+%* $'" ,$'0" $* +#($'" )+ )!" *!"$)!
)!/1%"**2

• 3!$'0" ($')/,"* .+ %+) '"$) 4/)! )!" ('+5" #$)"'/$,2

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

*!"$)!2

•  !" *!"$)! )!/1%"** /* *#$,, $* +#($'" )+ )!" ,$)"'$, ./#"%*/+%* +& )!"
('+5"2

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

 !" 7''"%) .'$4% 58 )!" ('+5" /* #"$*7'". $* $ &7%)/+% +& )!" $((,/". 5/$*

6+,)$0"2  !" '"*7,)/%0 '",$)/+% 5")4""% )!" ('+5" 7''"%) $%. )!" 5/$* 6+,)$0" /*

$,,". )!" ('+5" !$'$)"'/*)/2 9 *1")! +& /."$, ('+5" !$'$)"'/*)/* /* *!+4% /%

:/02 ;2;2  !" VB /* )!" 5/$* 6+,)$0"< /)* 6$'/$)/+% &'+# %"0$)/6" )+ (+*/)/6" 4/)!

'"*(") )+ )!" (,$*#$ (+)"%)/$, *$%* )!" (,$*#$ ",")'+% $%. /+% ./*)'/57)/+%

&7%)/+%2

=" $% ./6/." )!" :/02 ;2; /% )!'"" ($')*< ,"&) >$) ($') +& )!" !$'$)"'/*)/* *!+4*

)!" /+% *$)7'$)/+% 7''"%) ?Is@ +,,")". 58 )!" ('+5"< '/0!) */." *!+4* )!" ",")'+%

*$)7'$)/+% 7''"%) ?Ies@< $%. )!" #/..," "A(+%"%)/$, ($') /* $ +#5/%$)/+% +& 5+)!

/+% $%. ",")'+% 7''"%)2  !" (+)"%)/$, $) 4!/! )!" 7''"%) +,,")". 58 )!"

('+5" /* B"'+ /* $,,". )!" >+$)/%0 (+)"%)/$, ?Vf@2 C")4""% Vf $%. Vp< )!"'" /*

$ )'$%*/)/+% )+ ",")'+% 7''"%) .+#/%$)". '"0/+%2 9) )!" Vp< 5+)! ",")'+% $%.

/+%* $'" +,,")". $) )!" ('+5" )!"'#$,,82 9) )!" VP )!"'" /* %+ *!"$)! $'+7%.

)!" ('+5"2  !" ."%*/)8 ./*)'/57)/+% +& )!" ",")'+%* /% )!" *!"$)! /* 0+6"'%". 58

ne = n∞exp
(

e(VB−VP )
Te

)

< &+' VB < VP 2  !" '$%.+# ",")'+% 7''"%) )+ )!" *!"$)!

/* 0/6"% 58 ∼ 1
4
en∞veAs2  !" ('+5" 7''"%) $% 5" 4'/))"% $*D

Ip = Is + Iesexp
(e(VB − VP )

Te

)

?;2E@

4!"'" Ies ∼ 1
4
n∞CeAs /* )!" ",")'+% *$)7'$)/+% 7''"%) $%. Ce /* )!" ",")'+%

)!"'#$, *("".2 F"'"< )!" /+% 7''"%) /* $**7#". +%*)$%) $%. "G7$, )+ )!" Is<

$%. )!" ",")'+% 7''"%) Ie 6$'/"* $+'./%0 )+ )!" VB< 5",+4 )!" VP 2  !" VB

 !
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 !"#$% &'&(  !" #$%&" ($$")* +,$-,*-%) ./"*! 0-*! $".#"* *% *!" &-,. +%1*,2" VB3
 !-. +,$-,*-%) -. )%$4,115 $"6"$$"7 ,. *!" #$%&" !,$,*"$-.*-.3 8$%&" ($$")* ,)
&" 7-+-7"7 -)*% *!$"" $"2-%).9 :,; -%) .,*($,*-%) ($$")* Is $"2-%)< &"1%0 *!" =%,*-)2
#%*")*-,1 Vf < -) *!-. $"2-%) %)15 -%). ,$" %11"*"7 ,* *!" #$%&" ,)7 )",$15 ,11 *!"
"1"*$%). ,$" $"#"11"7 &5 *!" #$%&"< :&; -)$",.-)2 #,$*< *!-. #,$* -. %4&-),*-%)
%6 -%) ($$")* ,)7 -)$",.-)2 "1"*$%) ($$")*< ,)7 :; "1"*$%) .,*($,*-%) ($$")*
Ieo< ,&%+" *!" #1,.4, #%*")*-,1 VP < -) *!-. $"2-%) ,11 *!" -%). ,$" $"#"11"7 ,)7 %)15
"1"*$%). ,$" %11"*"7 ,* *!" #$%&"3  !" *0% 7,.!"7 1-)" $"#$".")*. *!" *,)2")* *%
*!" $-.-)2 #,$* %6 *!" ($$")* ,)7 %) "1"*$%) .,*($,*-%) ($$")*< *!" -)*"$."*-%)
%6 *0% *,)2")* 1-)". -. *!" VP 3

)#*+ ,-./% VP $%0%1* ,11 +2% 01,*3, !.4*' 54 +2!* $%"!.46 %1%+$.4 *2%,+2 !* 8.$3%9

,$.#49 +2% 0$.-% ,49 +2% #$$%4+ +. +2% 0$.-% !* Ies' :%1.; +2% VP 6 0$.-% *+,$+*

$%0%11!4" %1%+$.4* ,.$9!4" +. +2% 3,"4!+#9% .8 +2%!$ +2%$3,1 *0%%9< 1.; *0%%9

%1%+$.4* ,$% $%0%11%9 4%,$ +. +2% VP ,49 /%$= 2!"2 %4%$"= .$ +,!1 %1%+$.4* .8 +2%

>,?;%11!,4 ,$% $%0%11%9 .41= ,+ 2!"2 4%",+!/% VB ,* .30,$%9 +. +2% VP ' 54 +2!*

$%"!.46 +2% !.4 .11%+!.4 $%3,!4* !4%@%+!/% ,49 $%3,!4 4%,$1= .4*+,4+6 %?%0+

/%$= 4%,$ +. +2% VP 6 ;2%$% !.4 *2%,+2 *+,$+* 9%01%+!4" A*%%  !"' &'B℄' 5.4 #$$%4+

*2.; *.3% 9%$%3%4+ 4%,$ +. +2% VP 6 ,* +2% VB 2%$% !* 4.+ *#D!%4+ +. ,%1%$,+%

+. +2% 01,*3, !.4* +. :.23 *0%%9' E.3%+!3%* +2% *,+#$,+!.4 0,$+* .8 +2% 0$.-%

2,$,+%$!*+!* 9.%* 4.+ *2.; +2% #$$%4+ *,+#$,+!.4' 5+ !* ,#*%9 -= F4!+% +2!G4%**

.8 +2% *2%,+2 ;2!2 2,4"%* ;!+2 +2% VB' 54 ,*% .8 +2!G *2%,+2 +2% ,$%, .8 +2%

0$.-% *2.#19 -% .$$%+%9' 54 *#2 ,*%*6 +2% .11%+!.4 ,$%, 8.$ *02%$!,1 0$.-% !*

As ∼ Ap(1 +Xs/a)
2 ,49 8.$ =1!49$!,1 0$.-% !* As ∼ Ap(1 +Xs/a)'  .$ Xs ≪ a6

 !
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 !"#$% &'()  !"#$& '( $&# #)#$*'+ ,+- .'+ /**#+$ 0,*.,$.'+ 1.$& *#!2#$ $' $&#
2*'3# 3.,! 0')$,4#5  3'0# $&# VP 6 $&# 2*'3# /**#+$ .! '+)7 $&# #)#$*'+ /**#+$
,! $&# .'+ /**#+$ .! 8#*'5 9+ $&# '$&#* &,+-6 $&# #)#$*'+ /**#+$ $' $&# 2*'3#
,$ ),*4# −ve VB .! 8#*'6 &#*# $&# '+)7 /**#+$ $' $&# 2*'3# .! $&# .'+ !,$/*,$.'+
/**#+$5  $ $&# .+$#*:#-.,$# 3.,!.+4 ;3#$1##+ Vf ,+- VP <6 3'$& #)#$*'+ ,+- .'+
/**#+$ '+$*.3/$#! $' $&# 2*'3# /**#+$5

*+% As ,%./%0 Ap !1 ,.*+ 20%0 34&℄'

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

61 *+% 7!0#00!.1 .8 *+% #$$%1* .99%*%7 ,: *+% ;$.,%< =% +2>% 1.* !19#7%7 *+%

%?%* .8 .99!0!.10' @+% %9%*$.1 02*#$2*!.1 #$$%1* *. *+% ;$.,% =+%1 .99!0!.10

2$% 1%"9!"!,9% !0

Ies ∼
1

4
eAn∞Ce A&'BC

61 .99!0!.129 ;920/2< #$$%1* *. *+% ;$.,% !0 9%00 *+21 *+% 2,.>% /%1*!.1%7 >29#%

34&℄' Ies !1 .99!0!.129 ;920/2 21 ,% =$!**%1 20)

Ies ∼
1

4
n∞eApCe

( 1

1 + Cea
4D

)

A&'4C

=+%$% a !0 *+% $27!#0 .8 *+% ;$.,%< D !0 *+% 7!?#0!.1 .%D!%1* l = 3D
v
< 217 l !0

*+% /%21 8$%% ;2*+' @+%1

Ies ∼
1

4
n∞eApCe

(

1 +
3a

4l

)−1

. A&'EC

 !
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 !" l >> a# !%%&'&!(' )"* &+(!"),%*# )(- .!" l << a !%%&'&!(' )"* +!&(+ /! "*-0*

/1* 0""*(/ !%%*/*- ,2 /1* 3"!,*4 5( )'* !. 1&+1%2 &!(&6*- 3%)'7)# !%%&'&!(' 8&/1

/1* (*0/")%' )( ,* &+(!"*-9 /1*( /1* 7*)( ."** 3)/1 &' l ∼ (n∞λ
3
D)λD4 :2 0'&(+

/1* 3%)'7) !(-&/&!( ;n∞λ
3
D >> 1<# 8* )( +*/ l >> a4 5( 8*)=%2 &!(&6*- 3%)'7)#

!%%&'&!(' 8&/1 /1* (*0/")%' )"* '0>&*(/# )(- /1* l 7)2 ,* '1!"/*" /1)( λD4 5(

?@5AB?# !%%&'&!(' )"* &+(!"),%*# )' l ∼ 2 m4

 ! ! "#$%&'(' )* +,)-. /0$,$2.,('2(' 2) 3.2 Te $#4 n∞

• C0,/")/ /1* D)%0* !. Is ."!7 Ip /! +*/ Ie# 81&1 &' +!D*"(*- ,2 /1* Ie =

Iesexp
(

e(VB−VP )
Te

)

,*%!8 VP 4 ?''07&(+ /1)/ VP &' =(!8(4 5( ?@5AB?# /1*

Ip 7*)'0"*7*(/ )"* )""&*- !0/ (*)" /1* Vf )(- &( /1* Is "*+&!(4  !" /1&'#

8* 0'*- Ip = Is

[

1 + exp
(

e(VB−Vf )

Te

)]

4

• A)=* /1* %!+ !. /1* *%*/"!( 0""*(/ )(- 3%!/ &/ )+)&('/ /1* VB#

• A1* '%!3* !. /1&' %!+ 0"D* &' 3"!3!"/&!()% /! 1/Te4

• :2 0'&(+ /1&' D)%0* !. Te &( &!( ')/0")/&!( 0""*(/# 8* )( *D)%0)/* 3%)'7)
-*('&/2# n∞4

• 5. /1* @*,2* %*(+/1 &' '&+(&E)(/ !73)"*- /! 3"!,* ")-&0' a# /1*( /1* *.F
.*/&D* )"*) 7)2 ,* !""*/*- 8&/1 /1&' D)%0* !. λD4 A1&' 3"!D&-*' ) !""*/

D)%0* !. /1* 3%)'7) -*('&/24 A1&' '&/0)/&!( &' )D!&-*- ,2 1!!'&(+ /1* 3"!,*

'&6* '! /1)/ /1&( '1*)/1 )33"!G&7)/&!( &' D)%&-4

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

A1* /"&3%* H)(+70&" 3"!,* ;AHI< )' /1* ()7* '0++*'/# &' ) !7,&()/&!( !. /1"**

H)(+70&" 3"!,*'# '1!8( &(  &+4 J4K4 5/ !('&'/' !. /1* /1"** H)(+70&" 3"!,*'#

&-*(/&)% &( '&6* )(- '1)3*# )(- )/ -&L*"*(/ '/)/& 3!/*(/&)%4 A1* 81!%* 3"!,*

)"")(+*7*(/ &' M!)/&(+# '! /1* 0""*(/ !%%*/*- ,2 /1* AHI &' 6*"! NOO# OP# OQ℄4 5/

7*)(' "*%)/&D*%2 '7)%% -&'/0",)(* !. /1* 3%)'7) "*'0%/'# S0'/ )' &( /1* )'* !. /1*

-!0,%* 3"!,* NPT℄4 A*73*")/0"* 7*)'0"*7*(/ ,2 '&(+%* H)(+70&" 3"!,* "*U0&"*'

"&'&(+ ,&)' D!%/)+* ;D!%/)+* '8**3< )(- ) %!(+ 3"!*-0"* /! )%0%)/* Te ."!7 /1*

7*)'0"*- 3"!,* 0""*(/4 A1* AHI +&D*' 0' ."**-!7 ."!7 /1* D!%/)+* '8**3 )(-

 !
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 !" $%&"'()%" *)( *')"((+,- ). /0 01 2, (+,-3" 40,-%$+' *')&"5  "%*"'0 $'"

%"0($'"%", +( 3+%+ "/ &6  !"  +%" *"'+)/ ).  !" (7""* &+0( 8)3 0-"9  !"'" +( ,)

($! '"( '+ +), .)' :4; 0,/  !"  +%" '"(*),(" 3+%+ +( +%*)("/ &6  !" +, '+,(+

'"(*),("  +%" ).  !" *')&"1 :'+*3" *')&" *)*$30'+ 6 )%"( .')% + ( 0&+3+ 6  ) -+8"

+,( 0, 0,")$( Te %"0($'"%", 5 0,/ "0(6 /0 0 "803$0 +), *')"/$'"1

<+-$'" =1>?  !"#$% #!&'% '"()"*+ )-%.%/  0& 1&(2"*+ #&0%! )3##$"%) (!% 3)%4
2& '"() 2-% #!&'%)/  & 5%%# 2-% 0-&$% )6)2%. 1&(2"*+7 ($$ .%()3!%.%*2) )-&3$4
'% (!!"%4 &32 (!%83$$6 '6 2(5"*+ &*% &8 2-% 2-!%% #!&'%) () ( !%8%!%*% 9:17 ")
!%8%!%*% #!&'%;/

:!" *+,( ).  '+*3" *')&" 0'" *30"/ +, 3)(" *')@+%+ 6 ). "0! ) !"'1 :!+( *')@+%+ 6

+( /" "'%+,"/ &6  !" (!"0 !  !+A,"((1 2 ( 3)7"' 3+%+ +( ($!  !0 5  !"'" (!)$3/

,) &" 0,6 )8"'30**+,- ). (!"0 !( ).  !" 0/B0", *')&"(1 C33 ) !"' 0(($%* +),(

0,/ *'"0$ +),( 0'" (0%" 0( .)'  !" (+,-3" 40,-%$+' *')&"1 D!0*" ).  !"  !'""

*')&"( 0, &" 63+,/'+035 (*!"'+035 )' *30 "1 :!" *30(%0 +( 0(($%"/ (0%" 0 033

 !"  !'"" *+,( 3)0 +),(1 2.  !" *30(%0 +( ,) (0%" 0  !" 033  !" *')&" 3)0 +),(

 !",  !" /+E"'"," +, VP -+8"( '+("  ) "@ '0 $''", +,  !" *')&"(1

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

 !"#$% &'( )*+,) -!.) /+01."% .1 1*% 1*$%% 2$+-% 2!3) P1, P24 .35 P3 ,!1* $%)2%1

1+ 1*% VP '  $+7  !"' &'8 .35 &'(4 ,% .3 ,$!1%9

I1 = I2 + I3 :&';<

Vd2 = V2 − V1 :&'=><

Vd3 = V3 − V1 :&'==<

?*%$% I14 I2 .35 I3 .$% 1*% #$$%31 !3 1*% 2!3) .35 V14 V24 .35 V3 .$% -!.) 2+1%31!.0)'

@A 1,+ 2$+-% /+01."%) Vd2 .35 Vd3 .$% B%$+4 1*% 2+1%31!.0 +A %.* 2$+-% .1 !1) C+.1!3"

2+1%31!.0 Vf .35 3+ #$$%31 C+, !31+ %.* 2$+-%' @A 1,+ 3%".1!/% /+01."%)4 Vd2 .35

Vd3 .$% %D1%$3.00E .220!%5 1+ 1*% 2$+-%) P2 .35 P3 ,!1* $%A%$%3% 1+ 1*% 2$+-% P1 .)

)*+,3 !3 1*%  !"' &'84 1*%3 1*% 2+1%31!.0 +A 1*% 2$+-%) .$% 0+,%$ 1*.3 1*% C+.1!3"

2+1%31!.0 Vf .35 #$$%31) C+,!3" !31+ 1*%7 .$% 7.!30E 1*% 2+)!1!/% !+3 #$$%31'

F+3/%$)%0E4 A+$ 1*!) )!1#.1!+34 1*% 2+1%31!.0 +A 1*% P1 !) *!"*%$ 1*%3 1*% Vf 4 )+ 1*%

#$$%31 C+,!3" !31+ !1 !) 7.!30E .3 %0%1$+3 #$$%31' G*% #$$%31 C+,!3" !31+ 1*%

1*$%% 2$+-%) .1 .3E !3)1.31 .3 -% ,$!11%3 .)9

−I1 = −ApJesexp(−φV1) + ApJs(V1) :&'=H<

I2 = −ApJesexp(−φV2) + ApJs(V2) :&'=&<

I3 = −ApJesexp(−φV3) + ApJs(V3) :&'=I<

,*%$%4 φ = e
Te
4 Jes =

1
4
n∞e

√

2Te

me
%0%1$+3 ).1#$.1!+3 #$$%31 5%3)!1E4 Js = exp(−1

2
)n∞eCs

!) 1*% !+3 ).1#$.1!+3 #$$%31 5%3)!1E .35 Ap !) 1*% )#$A.% .$%. +A 2$+-%)'

 !"!/ 0()2%+3 $)4')%526%) 7Te8 092&452&+3

G*%$% .$% 1,+ ,.E) 1+ 7%.)#$% 1*% Te A$+7 1*% 1$!20% 2$+-%'  +$ )!720!!1E !1 !)

.))#7%5 1*.1 Js(V1) = Js(V2) = Js(V3)4 3+, A$+7 JK' :&'=H<4 :&'=&< .35 :&'=I<4

,% "%19
I1 + I2
I1 + I3

=
1− exp(−φVd2)
1− exp(−φVd3)

:&'=8<

 !
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 !"#$% &'()  !"#$"%&' (%&)*&+ !, "-*## .*!/# 0%"- *#1.#" "! "-# .'&1+& .!"#$"%&' VP 3
4#*# .*!/#1  2 &$(  3 &*# /%&1#( −ve 0%"- *#1.#" "! "-# .*!/#  13 5-%1 /%&1%$)
1-%," "-# .!"#$"%&' !, .*!/#1  2 &$(  3 /#'!0 "-# 6!&"%$) .!"#$"%&' &$( *&%1#1 "-#
.!"#$"%&' !, .*!/#  1 &/!7# "-# 6!&"%$) .!"#$"%&'3 81 & 0-!'# "-# !+.'#"# 191"#+
%1 6!&"%$)3

*+, !- *+ /% #0%, -1 ,%-%$2!+% -3% 4*5#% 16 Te'

7+ -3% ,!$%- ,!085*9 2%-31,: 1+% 16 -3% -3$%% 8!+0 16 ;<= 0*9 8$1/% >: !0 ?%8-

*- -3% @1*-!+" 81-%+-!*5 /9 $%214!+" -3% %A-%$+*5 415-*"% 01#$% Vd2 *0 031B+ !+

-3%  !"' &'C' ;3!0 2%*+0 -3*- -3% 1+,!-!1+ I2 = 0 *+, -3#0 I1 = I3 = I' ;3#0

DE' F&'GHI $%,#%0 -1)

1− exp(−φVd2)
1− exp(−φVd3)

=
1

2
F&'G(I

 !
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 !"#$% &'()  !"#$% #!&'% '"()"*+ )-%.% /&! 0"!%1 0")#$(2 &/ Te3 4-%!% VB (*0 R ")
'"()"*+ 5&$1(+% (*0 )%*)"*+ !%)")1(*% 1& .%()6!% #!&'% 6!!%*13 !%)#%1"5%$27  -")
4-&$% )2)1%. ") 8&(1"*+ (*0 1-% .%()6!%.%*1) (!% (!!"%0 &61 4"1- !%)#%1 1& 1-%
91 #!&'%7  -% 5&$1(+% .%()6!%0 (!&)) 1-% R +"5%) "*/&!.(1"&* ('&61 1-% #$().(
0%*)"12 (*0 1-% 8&(1"*+ #&1%*1"($ &/ #!&'% 92 :Vd2; 4"1- !%)#%1 1& 1-% #!&'% 91

+"5%) 1-% Te7

*!+% Vd3 !+ -.' /&'012 !3 4 56%7 89:;4"% <=!= !3 %6;%$+4::> "!8%+ ?> 4 @94;!+"

A9<%$ 3#AA:>B !; !3 A933!?:% ;9 7%;%$C!+% ;=% %:%;$9+ ;%CA%$4;#$% /Te2 39:%:> D$9C

;=% C%43#$%C%+; 9D Vd2' E=% %:%;$9+ ;%CA%$4;#$% C4> ?% 7!3A:4>%7 7!$%;:> 9+

4+ 4AA$9A$!4;% 89:;C%;%$ D9$ ;=% 43% 9D 3;4;!9+4$> A:43C43B 9$ 9+ 4+ 93!::939A%

D9$ ;=% 43% 9D ;!C% 84$>!+" A:43C43'

F+  !"' /&'G2 ;=% Te 84$!4;!9+ <!;= ;=% Vd2 !3 3=9<+ H((℄' E=% Te C%43#$%C%+;3

$%C4!+3 :!+%4$ ;9 ;=% Vd2 D9$ Te < Vd3/2 4+7 7!8%$"%+; D9$ Te > Vd3/2 H((℄'  9$

Te << Vd3B -.' &'01 ?%9C%3)

Te ≃
Vd2
ln2

/&'0(2

E=% 4?98% %.#4;!9+ "!8%3 #3 ;=% 7!$%; C%43#$%C%+; 9D Te D$9C Vd2 D9$ Vd3 ≥ 2Te'

 !
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 !"#$% &'()  !" #"$%&'() *"&+"") Te %), -"%./#", Vd2 %& ,'0"#")& *'%.')1 2($&%1".3
Vd34 5& .!(+. &!" #%)1" (6 Vd3 6(# +!'!3 Te '. ,'#"&$8 9#(9(#&'()%$ &( &!" Vd24  !"
*'%.')1 2($&%1" :Vd3; .!(/$, *" %&$"%.& ≥ 2Te3 &( !%2" % 1((, $')"%#'&8 *"&+"") Te
%), Vd24

 !" #$& '()*+

*+% ,-+ /$01% !2 - 031!4-5!04 06 570 8-4"3#!$ /$01%2 2%/-$-5%9 1: -4 !42#;-<

50$' =5 3%-2#$%2 5+% -2:33%5$: !4 5+% 9%42!5: !4 >07!4" /;-23- -5 5+% #/25$%-3

-49 907425$%-3 2!9%2 06 5+% /$01%' ?%$%@ 5+% #/25$%-3 -49 907425$%-3 9!$%5!042

$%/$%2%45 5+% 570 2!9%2 06 5+% ,-+ /$01% -;04" 5+% !04 >07 9!$%5!04 A#/25$%-3B

-49 0//02!5% 50 !5 A907425$%-3B C2%%  !"' &'D℄' *+% 04%/5 06 ,-+ /$01% +-2

1%%4 9%F%;0/%9 6$03 5+% !9%- 06 9!$%5!04 9%/%49%45 0;;%5!04 06 /$01% #$$%45 1:

5+% 8-4"3#!$ /$01% !4 >07!4" /;-23- CGH℄' *+% /$01% #$$%45 !2 9!I%$%45 -5 9!I%$<

%45 -4";%2 7!5+ $%2/%5 50 5+% 3-"4%5! J%;9 !4 5+% /$%2%4% 06 /;-23- >072 C(K@ (L℄'

M65%$ 8-4"3#!$@ 4#31%$ 06 309%;2 7%$% /$0/02%9 60$ 5+% ,-+ /$01%' *+%:

!4;#9%2@ ?#9!2 -49 8!92N: C(&℄@ ?-$10#$ -49 O$0#96005 C(H℄@ P5-4"%1: C(Q℄ -49

 !
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 !"$%&'(& )*+, *-℄/

0%1!23 4/56  "#$%&' () *%" +,(-# '. $%/.#&' 0#123 4%5 &(+ 6'#7 () *%" +,(-#3
4-5 6'#7 ),($ (.# 8'2# 49+8&,#%$5: ;"# 9+8&,#%$ +,(-# '8 &"# +,(-# 7"'" )%#8
&"# <(7: ;"# .($#.1%&9,# () 9+8&,#%$ %.2 2(7.8&,#%$ '8 .(& 9.'6#,8%1: =.
&(>%$%>83 8($#&'$#8 &"# +,(-# )%#8 &"# +1%8$% 9,,#.& '8 2#0.#2 %8 &"# 9+8&,#%$
%.2 &"# (&"#, (.# %8 &"# 2(7.8&,#%$:

 !7%' 8&7 9%7':; 18<3 8 (&3 7%=3&'%(&8> :%&3"% =(73> ?(2 !&=81&3"%@37 A8$

B2(C3 Dρi > aE, "( 73"32=%&3 "$3 F(G 'B337 ?2(= "$3 !B'"238= 8&7 7(G&'"238=

%(& 73&'%"; 7%H323&3 )*4℄, G$323 ρi 8&7 a 823 "$3 %(& 1;2(287%!' 8&7 B2(C3 287%!'

23'B3"%<3>;/ I$3 3'"%=8"37 73&'%"%3' 8" "$3 !B'"238= 7%23"%(& DB('%"%<3 '%1&E 8&7

7(G&'"238= '%73 D&318"%<3E (? "$3 A8$ B2(C3 823 1%<3& C3>(G/

ni = n∞ exp
(−1

2
− (vt ± v‖)

2

C2
s

)

D4/J*E

K$323 ni, vt, v‖ 8&7 Cs 823 %(& 73&'%"; 8" "$3 B2(C3, "$32=8> 'B337 (? %(&', F(G

'B337 8&7 %(& '(!&7 'B337 23'B3"%<3>;/ L; "8:%&1 "$3 28"%( (? %(& '8"!28"%(&

!223&" 732%<37 C; "$3  !7%' 8&7 9%7':;, A8$ &!=C32 DM = v‖/CsE 8& C3

73"32=%&37 C; !'%&1

JUP

JDN
= exp

(

4

√

Ti
Te
M

)

. D4/J5E

M" 8& C3 G2%""3& 8' JUP

JDN
= exp(kM), G$323 k = 4

√

Ti

Te
/ I$323 823 '(=3 728GC8:'

(? "$%' =(73> , 8' %" 73B3&7' (& "$3 %(& "3=B328"!23 G$%$ =38&' "$8" G3 8& 3'N

"%=8"3 "$3 %(& "3=B328"!23 ?2(= !223&" 28"%( %? "$3 F(G 'B337 %' :&(G&/ O&("$32

73=32%" %' "$8" %" %' 8 (&3 7%=3&'%(&8> =(73>, G$3238' %(& (>>3"%(& 8" "$3 B2(C3

%& "$3 !&=81&3"%@37 B>8'=8 %' 8 "$233 7%=3&'%(&8> B2(3''/

 !
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 !"#$%&' "#( ")!%* !+"! ,-!+/#01# $"2% 31(%40 )1* !+% 3"$#%!/5%( 6ρi < a7

8"+ 9*1&% :;<= ;>= ;?℄A B+% ,-!+/#01#C0 31(%4 /#4-(%0 !+% 2/010/!' %D%!

&' "00-3/#$ 313%#!-3 (/D-0/2/!' %E-/2"4%#! !1 !+% 9"*!/4% (/D-0/2/!'= F+/+ /0

/$#1*%( 9*%2/1-04' /# !+%  !"#$%&'C0 31(%4A B+/0 3"G%0 ,-!+/#01#C0 31(%4 31*%

*%"4/0!/A B+% !+%1*' $/2%0 !+% 8"+ #-3&%* /# !%*30 1) *"!/1 1) -90!*%"3 "#(

(1F#0!*%"3 -**%#!0 1) 8"+ 9*1&%A H# 3"$#%!/5%( 94"03"= !+% /1# 144%!/1# &'

!+% 9*1&% "*100 !+% I%4( 4/#%0 /0 9100/&4% &' !+% *100 I%4( (/D-0/1#= 0+1F# /#

J/$A KALMA N%"-0% 1) !+/0= !+% 9*%0+%"!+ /0 +/$+4' %41#$"!%( "41#$ !+% I%4( 4/#%0

!1 139%#0"!% !+% /# O-P 144%!%( &' !+% 9*1&% )*13 !+% (/D-0/1# O-PA

J/$-*% KALMQ  "#$%&' () '(* (++#&'(* ,- ./(,# '* 0&/(*1 $%1*#&' 2#+3 4ρi < a)5
6"# '(* 789 (++#&#3 %& &"# ./(,# '0 ./(:'3#3 ,- &"# /(00 2#+3 3';80'(* () &"#
'(*0 '* &"# ./#0"#%&" /#1'(*< '*3'%&#3 ,- &"# =>';80':# '(* 0(8/#=5 ?/#0"#%&" '0
#+(*1%&#3 %+(*1 &"# 2#+3 3'/#&'(*5 6"# +#*1&" () &"'0 (++#&'(* /#1'(* %+(*1 &"#
2#+3 +'*#0 3#.#*3 (* &"# 3';80'(* (#@'#*& 4D⊥A< '(* %(80&' 0.##3 4CsA %*3 (*
./(,# +#*1&" 4lA5 6"# (++#&'(* +#*1&" '0 1':#* ,- ∼ Csl

2/D⊥5

H# LRS 31(%4 ,-!+/#01# -0%( " E-"0/#%-!*"4 !F1 O-/( 94"03" :;>℄A T99*1P/3"!/1#

)1* !+% 1#% (/3%#0/1#"4 014-!/1# "*%Q ni= vi "#( VP 0/#$4% )-#!/1#0 1) x= F+/+ /0

!+% 3%"# 2"4-% 12%* !+% 4"!%*"4 %P!%#0/1# 1) !+% 144%!/1# *%$/1#A B+% 144%!/1#

*"(/-0 /0 "00-3%( !1 &% %E-"4 !1 !+% 9*1&% *"(/-0 6a7A B+% (/D-0/1# 1) 9"*!/4%0

/# !+% 144%!/1# *%$/1# /0 *%9*%0%#!%( &' !+% 01-*% 1) 9"*!/4%0 /# !+% %E-"!/1#0A

B+/0 01-*% (%!%*3/#%0 !+% 9"*"44%4 %P!%#! 1) !+% 144%!/1# *%$/1#A U1#0/(%*/#$

!+"! "44 !+% %4%!*1#0 "*% *%O%!%( &' !+% #%$"!/2% &/"0%( 9*1&%= %4%!*1# (%#0/!'

/0 $12%*#%( &' N14!53"## )"!1*

ne = n∞exp
(eV (x)

Te

)

6KAVM7
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 !"#"$ %!" &'(&#*+%∞ ,"-.%"& %!" +/0&10 2'0-%*%*"& 30# 3#.1 %!" .//"%*.- #"4*.-5

6!" VP = 0 *& 0&&'1",5 6!" ,*7'&*8" #0%" .3 *.- "9!0-4" ("% ""- .//"%*.- #"4*.-

0-, %!" .'%"# +/0&10 *& Ω ∼ D⊥

a2
5 6!" #0%" .3 /.&& .3 +0#%*/"&  !*! !0& 0/#"0,:

4.% &.1" 0"/"#0%*.- *- %!" +#"&!"0%! #"4*.- *& Ωni(x)$ 0-, #0%" .3 +0#%*/" 40*-

*& Ωn∞5 6!'&$ %!" .-" ,*1"-&*.-0/ .-%*-'*%: 0-, 1.1"-%'1 "2'0%*.-& 0#";

d(nivi)

dx
= Ω(n∞ − ni) <=5>?@

nimivi
dvi
dx

+miviΩ(n∞ − ni) = niZeE −
dpi
dx

+miviΩ(n∞v∞ − nivi) <=5>>@

#"&+"%*8"/:$  !"#" Ze *& %!" *.- !0#4"$ pi *& %!" *.- +#"&&'#"$ 0-, E = −dV (x)
dx

*& %!" "/"%#* A"/,5 B: &'(&%*%'%*-4 %!" dV (x)
dx

3#.1 B./%C10-- "2'0%*.-$ Cs =
√

Ti+ZTe

mi
$ 0-, '&*-4 *&.%!"#10/ *.-& 0++#.9*10%*.- <*4-.#*-4 dTi

dx
@$ %!" 1.1"-%'1

"2'0%*.- (".1"&;

nivi
dvi
dx

= −C2
s

dni

dx
+ Ωn∞(v∞ − vi) <=5>=@

6!*& "2'0%*.- 0-, %!" .-%*-'*%: "2'0%*.-& 0#" %!" % . 4.8"#-*-4 "2'0%*.-& 3.#

%!" +#"&!"0%! DEF℄5 H3%"# 10I*-4 &.1" %#0-&3.#10%*.-&$  " 0- 4"%$

dn

dM‖

= n.
(1− n)M‖ − (M‖∞ −M‖)

(M‖∞ −M‖)M‖ − (1− n)
<=5>J@

 !"#"$ n = ni

n∞
$ M‖ =

v‖
Cs
0-, v‖ *& %!" K. &+"",5 L2'0%*.- <=5>J@ DEF℄ !0& -.

"90% 0-0/:%*0/ &./'%*.-5 H- 0++#.9*10%" 0-0/:%*0/ &./'%*.- 0- ("  #*%%"- 0&;

n ≈ exp(M‖∞ −M‖). <=5>M@

0-, !"-"$ %!" #0%*. .3 %!" '##"-% ,"-&*%*"& .3 %!" % . &*,"& .3 N0! +#.(" 0- ("

 #*%%"- 0&;

R =
JUP

JDN
= exp(

M‖∞

K
) <=5>F@

0-,

M‖∞ = Kln(R) <=5>O@

 !
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 !"#$% &'(()  !# $%&'( !%%!)*(+(), ,& +(!-.%( ,#( ‖ !)/ ⊥ 0&1- -2+.3,!)(&.-345
6(%( ,#( θ 2- ,#( !)*3( &7  !# $%&'( 12,# +!*)(,2 8(3/5 9#( ‖ !)/ ⊥ !%( 12,#
%(-$(, ,& ,#( +!*)(,2 8(3/ BT /2%(,2&)5

 !"#" $!" K ∼ %&'()*&'(+, -./ 0./"1"./".$ 23 $!" 02. -./ "4"$#2. $"61"#-$7#"'

892:";  " !-:" 2.<0/"#"/ $!-$ $!"#" 0< 2.4= 1-#-44"4 >2 $2 $!" 6-?."$0 @"4/;

-./ .2 1"#1"./074-# >2 ; -./ $!" A-! 1#29" 0< B"1$ -42.? $!" @"4/ /0#"$02.'

C!" -92:" "D7-$02. 62/0@"< 0. $!" 1#"<"." 23 1"#1"./074-# >2 ;  !".  " 17$

A-! 1#29" -$ - "#$-0. -.?4"  0$! $!" 6-?."$0 @"4/' C!" A-! 1#29" -$ -.

-.?4" > 10o  0$! $!" 6-?."$0 @"4/ -. 9" 7<"/ $2 /"$"#60." $!" 1"#1"./074-#

14-<6- >2 < -4<2; <"" E0? %)'FF, GHH℄' J. $!0< -<"; $!" 244"$02. /".<0$= -$ $!"

6-?."$0 1#"<!"-$! "/?" %AKLM, 32# $!" A-! 1#29" -40?."/ -$ - -.?4" 2$!"#

$!-. 90o 0< 62/0@"/ 9= $!" 1"#1"./074-# >2 <; 03 -.= GHH℄'

N" -. "<$06-$" 92$! 1-#-44"4 -./ 1"#1"./074-# >2 < <0674$-."27<4= -42.?  0$!

$!" 2$!"# /0#"$02. >2 2612.".$< 9= 7<0.? <1"0-44= /"<0?."/ 1#29"; O7./"<$#71

1#29" GHP℄' J. 8QJCR8;  " !-:" 7<"/ $!" <0614" A-! 1#29" -40?."/ -42.? $!"

/0#"$02. 23 $!" $2#20/-4 6-?."$0 @"4/ -./ M = 0.43ln( JUP

JDN
); $2 "<$06-$" $!" >2 

A-! .769"#'

  ! "#$ &'$ (#$! "#$ &)$& *$"+) +, "#$ -)+.$ /' &0+!1 "#$ 2&1!$"/ 3$04 0/!$'5 "#$ '#$&"#
,+)2&"/+! /' 67'" 0/8$ "#$ 2&1!$"/ 3$04 ,)$$ &'$5 .7" /! &'$ +, &! &!10$ +, &)$& *$"+) (/"#
"#$ 3$045 & )$1/+! .$"($$! "#$ '#$&"# &!4 -)$'#$&"# /' ,+)2$4 (/"# "#$ "#/8!$'' +, "#$ +)4$)
+, /+! 0&)2+) )&4/7'9  " /' "#$ 2&1!$"/ -)$'#$&"#9 :#$ -&)"/0$' &)$ +00$"$4 &" "#$ ;<=>
(/"# "#$ '-$$4 Cs &!4 ;<=> #&!1$' "#$ 4/)$"/+! +, "#$ /+!'5 ,)+2 &0+!1 "#$ 3$04 0/!$' "+ "#$
-$)-$!4/70&) "+ "#$ -)+.$ '7),&$9

 !



 !"#$%& '

()"*+" ,-.* /0 1&"#%3-4 5"6%& -7

89:;<8 ;-="+"=

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

 !"#$%&'$"( )*& $+,!')-"& !/ 012 3!4# )! )*& +-$" ,5-#+-6 +&-#7'&+&")# *-8&

9&&" -''$&% !7) $" #&8&'-5 )!:-+-:# ;<6 =6 >6 ?@6 ?A6 @B6 @?6 @@6 @<6 @=6 @>℄D E*&

,5-#+- 3!4 $# (&"&'-55F ,'&#&")&% $" )*& /!'+ !/ G-* "7+9&'6 )*& '-)$! !/ )*&

3!4 8&5!$)F )! )*& 5!-5 $!" #!7"% #,&&%D H) $# 7#7-55F +&-#7'&% $" )*& )!'!$%-5 %$I

'&)$!" !' -5!"( )*& +-("&)$ J&5%6 $" 4*$* -#& )*&F -'& "-+&% )*& ,-'-55&5 3!4#D

G&-#7'&+&")# #*!4 )*-) )*& 3!4# *-8& #$("$J-") 5!-5 8-'$-)$!" $" -55 )*'&& %$'&I

)$!"# ;<6 =6 >6 ?@6 ?A6 @B6 @?6 @@6 @<6 @=6 @>℄D 0$"& )*& +-("$)7%& -"% 3!4 ,-))&'"

%&,&"% !" 5!-)$!"# !/ ,-')$5& #!7'&# -"% #$":#6 &#)$+-)$!" !/ 012 ,5-#+- 3!4#

$# $+,!')-") $" &8&'F )!:-+-: $"57%$"( KLHEMKD H" )*$# *-,)&' 4& '&,!') +&-I

#7'&+&") !/ ,5-#+- 3!4# $" )*& 012 '&($!" !/ KLHEMK )!:-+-: ;AB℄D N& ,'&#&")

)*& +&-#7'&% '-%$-5 ,'!J5& !/ )!'!$%-5 G-* "7+9&'# -) !"& )!'!$%-5O,!5!$%-5 5!I

-)$!" -"% ,7) /!'4-'% '&-#!"-95& &P,5-"-)$!" !/ )*& +&-#7'&+&")#D

K5)*!7(* +-("&)$Q&% G-* ,'!9& ;R>6 RS6 RT℄ $# (&"&'-55F 7#&% $" )!:-+-:6 )*&'&

-'& ,5-#+- %&8$&# 4*&'& $) $# "!) ,'-)$-5 )! 7#& +-("&)$Q&% ,'!9& 9&-7#& )*&F

-'& !,&'-)&% -) 5!4&' +-("&)$ J&5% -"% *&"& )*& '&U7$'&% ,'!9& #$Q& +-F 9&

5-'(&D N*&" ,5-#+- 3!4 $# +&-#7'&% 4$)* 7"I+-("&)$Q&% G-* ,'!9& ;R@6 A?6 A@℄6

$)# -7'-F $# U7&#)$!"-95& 9&-7#& )*& %-)- $")&','&)-)$!" $# 9-#&% !" *&7'$#)$

 !
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 !"#$ %&'℄) *!+#,#-. -##01 '2"3 #043!05$ 678 43 9$513!04 :5,# 4:!+0 1:51 4;#2

35$ ;-!<# =#! #1-> 34 -#?93-#" @!- 902 5=0#13A#" B!+  #549-# #01 %C'. CD℄)

E# 5--> !91  #549-# #014 !@ F5: 09 <#-4 30 1:# GHI ;$54 5 <> 9430=  5=2

0#13A#" F5: ;-!<#) 70 1:34 :5;1#- +# -#;!-1 @!$$!+30= !<4#-,513!04J K3L 1!-!3"5$

F5: 09 <#- 30-#54#4 +31: "34150# 30 1:# GHI. 50" K33L 1!-!3"5$ F5: 09 <#-

"#-#54#4 +31: 30-#5430= $!5$ "#0431>) M:#4# -#49$14 5-# #N;$530#" 30 1#- 4 !@

! <30#" "-3@1 "-3,#0 50" 1-504;!-1 "-3,#0 B!+4)

M:# -#41 !@ 1:# :5;1#- 34 !-=503A#" 54 @!$$!+4J G#) 77 "#4-3<#4 1:# #N;#-3 #015$

4#1 9; 50" -#49$14 5-# ;-#4#01#" 30 G#) 777) E# 1:#0 =3,# #413 513!0 !@ #N;#1#"

3!0 B!+4 @!- OP7MQO ;$54 5 30 G#) 7R. 50" 49  5-> !@ 1:# :5;1#- 34 ;-#4#01#"

30 G#) R)

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

M:# #N;#-3 #01 34 5--3#" !91 +31: 1:# 1!-!3"5$  5=0#13 S#$". BT T U)V M) M:#

!: 3 50" 1:# #?93$3<-39 ,#-135$ S#$"4 5-# ;-!"9#" <> 1+! 4#14 !@ 5;531!-

<50W4)

M:# ;$54 5 ;5-5 #1#-4 5-# 54 @!$$!+4J ;$54 5 9--#01 ∼ VX WO %4## Y3=) D)Z℄. #"=#
45@#1> @51!- ?K5L ∼ ')'. ;$54 5 "9-513!0 ∼ VX  4. !-# #$#1-!0 1# ;#-519-# ∼
ZUU #R. #01-5$ :!-"25,#-5=#" ;$54 5 "#0431> 5 × 1018 m−3. GHI ;$54 5 "#0431>

!@ 5 × 1017 m−3 50" 1:# +!-W30= =54 34 :>"-!=#0) F#549-# #014 5-# 5--3#" !91

!0 "3[#-#01 "5>4 <> W##;30= ;$54 5 9--#01 50" 1!-!3"5$  5=0#13 S#$" !041501

50" +5$$ !0"313!030= 34 "!0# 1:-!9=: =$!+ "34:5-=# $#5030= 50" ;9$4# "34:5-=#

$#5030= <#@!-# 415-130= 1:# #N;#-3 #015$ 4#443!0 !0 #5: "5>) M:# !04150> !@

+5$$ !0"313!030= K3)#). 3 ;9-31> -#$#54# "9-30= "34:5-=#L :!+#,#- 500!1 <#  5302

1530#". +:3:  5> -#49$1 30 $5-=# 4511#- 30 1:# "515)

M:# F5: ;-!<# 34  !901#" !0 1:# !91<!5-" 43"# Kθ = 0o, φ = 54oL) *#-# +# 94#

$3 31#- $!513!0 @!- 1:# 1!-!3"5$ -#@#-#0# 50=$# K3)#) φ = 0oL 1:51 30-#54#4 30 1:#

3!0 "-3@1 "3-#13!0 K$!W2+34# 54 4##0 @-! 1:# 1!;L) G3 3$5-$> 1:# ;!$!3"5$ 50=$#

!0,#013!0 34 49: 1:51 314 -#@#-#0# K3)#). θ = 0oL 34 !0 1:# !91<!5-"  3"2;$50#

 !
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 !"#$% &'()  !"#%& '() *' %"%#+,- .%/0 1#23%-456 7%8 "&%29% :--5/+ 7Ip86
7.8 &,," ;,&+%45 7VL86 78 <α %/1 =))) 59#22#,/ &#/5 -%1#%+#,/26 718 <%-1 >?-%!
2#4/%& 7<>@86 758 ;5-+#%& A5&1 Bv6 %/1 7B8 3,-#C,/+%& 7δR8 %/1 ;5-+#%& 7δY 8 23#B+2
#/ +35 "&%29% ,&:9/ B-,9 +35 &#9#+5- 5/+5-D  35 %"%#+,- .%/0 1#23%-452 %-5
/,-9%&&! ∼ 25 − 30 (ms) &,/4D E,+3 VL %/1 Bv %-5 45/5-%+51 .! +35 %"%#+,-
.%/02D

*+, !- !+$%*/%/ *012% -3% 4!, 56*+%' 73% /*4% 5$10% 316,%$ *6/1 *1441,*-%/

*+1-3%$ 8*3 5$10% -3*- 4%*/#$%/ -3% 5161!,*6 ,!$%-!1+ 19 56*/4* :1;/ 9$14 -3%

$*-!1 19 #5/-$%*4 *+, ,1;+/-$%*4 !1+ /*-#$*-!1+ #$$%+-/'

 !"#$% &'<=*> /31;/ * 9$1+- 2!%; *+, * /!,% 2!%; 19 -3% 5$10% 3%*,' 73% 3%*,

1+/!/-/ 19 *+ *6#4!+* %$*4! 316,%$ 1+ ;3!3 -;1 5*!$/ 19 416?0,%+#4 56*-%/ 19

,!4%+/!1+/ 19 4 mm×6 mm *$% 41#+-%, ;!-3 * -1$1!,*6 *+, 5161!,*6 /%5*$*-!1+/

19 @ 44 %*3 AB%%  !"' &'C℄' B!+% -3% !1+ "?$1E$*,!#/ !/ ∼ 2 44 91$ -3% BFG

 !
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 !"#$% &'()  !" #$%&' !&( )*(+ ,*+-) %. '/+ 0!/ 2$%3+ /+!(  )/+4!'*"5  3" '%2
,*+- %. '/+ 6789:6 '%;!4!; )/%-*&< '%$%*(!= )+2!$!'*%& 3+'-++& '/+ =*4*'+$ !&(
'/+ 9%2 !&( >!(*!= 2$%3+ /+!(? 9/+ 9%2 2$%3+ /+!( %&)*)') %. ! )*&<=+ @!&<4A*$
2$%3+ !&( !& A&4!<&+'*B+( 0!/ 2$%3+? 6== '/+ 4+!)A$+4+&') %. 0!/ &A43+$
!$+ !$$*+( %A' *& '/+ *%& )!'A$!'*%& $+<*%&? 9/+ (*$+'*%& %. '/+ BT !&( Ip !$+
*&(*!'+(?

*+,-.,/ 01% *+,0%- 23$. , .,"4%0!5%6 7,1 *$39%' :!.!+,$+;/ 0<3 .3+;96%4#.

<!$%- 32 = .. 6!,.%0%$ ,46 & .. +%4"01 %,1 ,$% ,+-3 .3#40%6 34 01% -,.%

%$,.! 13+6%$ <!01 , 03$3!6,+ -%*,$,0!34 32 => ..' ?3<%@%$/ ,- %A*+,!4%6 %,$+!%$/

01% *!4- ,4430 9% #-%6 03 6%0%$.!4% 01% .,"4!0#6% 32 *+,-., B3<-' :!4% *$39%-

,$% !4 *!4C*,0% 34D"#$,0!34 ,46 9301 ,$% 9!,-%6 03 −100 V !4 3$6%$ 03 E%%* 01%.

!4 !34 -,0#$,0!34 $%"!.%- -!.#+0,4%3#-+;/ !34 -,0#$,0!34 #$$%40 .%,-#$%.%40 ,0

01% *+,0% !- 430 ,F%0%6 9; 01% *$%-%4% 32 9!,-%6 *!4- GHI℄'

:!4% 01% K%9;% +%4"01 32 01% :LM *+,-., !- λD ∼ 35µm / 01% @,+#% 32 01%

-1%,01 01!E4%-- !- 2%< 0!.%- λD ,46 01#- -.,++ 3.*,$%6 03 01% N .. -%*,$,0!34

9%0<%%4 01% *+,0% ,46 01% *!4/ 01,0 ,@3!6- -1%,01C-1%,01 !40%$,0!34 G>N℄'  !"C

#$% &'(O9P -13<- 01% +3,0!34 32 7,1 *$39% <!01 $%-*%0 03 01% +!.!0%$ ,46 01%

#*-0$%,. B3< 6!$%0!34 !- 6%D4%6 ,- 01% 34% !4 <1!1 *+,-., B3<- 03 01% !34

-!6% 32 01% +!.!0%$' Q1% *$39% 3++%0!34 +%4"01 3$/ 01% -1,63< +%4"01 !- Csl
2/D⊥

/ <1%$% l !- 01% *$39% +%4"01/ D⊥ !- 01% $3--CD%+6 6!F#-!@!0; ,46 Cs !- 01% !34

,3#-0! -*%%6' R--#.!4" CsS &I E.T- 23$ Te = Ti = 10eV / l S & .. ,46 D⊥S

U m2/s O6%0%$.!4%6 +,0%$P/ 01% %-0!.,0%6 @,+#% 32 01% -1,63< +%4"01 !- ∼V'=( ./
<1%$% Te ,46 Ti ,$% 01% %+%0$34 ,46 !34 #$$%40 $%-*%0!@%+;' :!4% 01!- 6!-0,4%

 !
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 !"#$% &'()  !"#$ %&'( ") $*' +,* .!"/' *',0 12*'3,$& 4*"(# &#  &5676896
:*' $"!"&0,;<.";"&0,; .;,$'4 16 mm × 4 mm9 ,!' 4'.,!,$'0 /= $*' > 33 ,#0 $*'
$"!"&0,;<.";"&0,; .&#4 1;'#5$*?4 mm@ 0&,3'$'!? 1 mm9 ,!' 4'.,!,$'0 /= $*' AB
336 :*' $"!"&0,; .;,$'4@ )"!34 , 3,5#'$&C'0 +,* .!"/'@ ,#0 D4'0 )"! $*' .,!,;;';
+,* #D3/'! 1M9 3',4D!'3'#$6 :*' $"!"&0,; .&#4 )"!34 , D#3,5#'$&C'0 +,*
.!"/' ,#0 D4'0 $" *'E &$4 F"( 0&!'$&"# "#4&4$'#= (&$* $*' 3,5#'$&C'0 +,*
.!"/'6 :*' .";"&0,; .;,$'4 ,!' D4'0 $" 3',4D!' $*' .";"&0,; F"( 0&!'$&"# "#;=6
:*' $"!"&0,; ,#0 .";"&0,; 0&!'$&"#4 ,!' 4*"(# /= φ ,#0 θ !'4.'$&%';=6 :*' $*!''
'#$!,; ."&#$ .!"/'4 )"!3&#5 , $!&.;' G,#53D&! .!"/' 1)"!3&#5 'HD&;,$'!,; $!&,#5;'9
,#0 $*' .";"&0,; 4'.,!,$'0 .&#4 ,!' #"$ D4'0 )"! $*&4 'I.'!&3'#$6

!* *+,--%$ ./,0 ./% 1!*.,0% 34 ./% 0%,$%*. 4,% 5%-%.$30 *!1%6 34 -!+!.%$7 8/!/ !*

∼9 +7 ./% :$3;% 13%* 03. ,*. */,138 30 ./% -!+!.%$'

<03./%$ :$3;% /%,1 3+:$!*!0" , *!0"-% =,0"+#!$ :$3;% 5-%0"./>( ++7 1!,+%?

.%$>9++6 ,01 #0?+,"0%.!@%1 A,/ :$3;% 34 *,+% 1!+%0*!30 !* -3,.%1 30 ./%

.3: :3$. 5φ = 288o, θ = 90o6' <* %B:-,!0%1 %,$-!%$7 ./!* A,/ :$3;% ,003. ;%

#*%1 .3 1%.%$+!0% ./% +,"0!.#1% 34 A,/ 0#+;%$7 !. !* #*%1 30-C .3 1%.%$+!0%

./% .3$3!1,- D38 1!$%.!30 54$3+ *,.#$,.!30 #$$%0.* $,.!36' E/% *!0"-% =,0"+#!$

 !
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 !"#$% &'&(  !" #!$!% &!' ("))* +,!( !-# /00)(*/-#,-1 2!-134,0 *0/+) 400)-$%
&+' #/"-($0)!3 *5!$) 400)-$ IDN /6 $7) 8!7 *0/+) !-# &' 4*($0)!3 *5!$) 400)-$
IUP /6 $7) 8!7 *0/+)9 :7) 8!7 -43+)0 !-# $7) )5)$0/- 400)-$ )($,3!$,/- !0)
!00,)# /4$ ,- $7) ",-#/" /6 10− 20 ms% #40,-1 $7) Ip ;!$<$/*9

)$*+% !, #,%- .* /%0,#$% %1%.$*3 .%/)%$0.#$% 4Te5 +6 0))16!3" 0 ,7%%) +!0, 8*1.9

0"% 49:; < .* = >; <5' ?@% 708%A*$/ @0- 0 .$!03"#10$ ,@0)% 7!.@ .@% A$%B#%36

*A C DEF G,%%  !"' &'&405℄'  !"#$% &'I ,@*7, J9< @0$0.%$!,.!, /%0,#$%- !3 .@%

#$$%3. K0.9.*) -#$0.!*3 .@0. .6)!0116 %L.%3-, ∼ 10 ms' M. .@% ,7%%) A$%B#%36

*A C DEFN .@% @!"@%$ A$%B#%36 K#.#0.!*3 %L!,., !3 .@% )$*+% #$$%3. 03- .@%$%A*$%

7% @08% 08%$0"%- )$*+% @0$0.%$!,.!, !3 O ,#%,,!8% ,7%%), 03- ,/**.@%3%- .@%

-0.0 +6 I; µs /*8!3" 08%$0"% +%A*$% )$%,%3.!3" !3  !"' &'I'

P% @08% 1!/!.%- .@% 3%"0.!8% +!0, 8*1.0"% .* I .!/%, .@% K*0.!3" )*.%3.!01 !3

*$-%$ .* 08*!- 3*3,0.#$0.!*3 *A /%0,#$%- !*3 ,0.#$0.!*3 #$$%3. 03- 0$@!3" 0.

.@% )$*+% GQO℄' R!3% .@% )*,!.!8% +!0, *A .@% ,7%%) -*%, 3*. -$07 %1%.$*3 ,0.#9

$0.!*3 #$$%3.N 7% 0,,#/% .@0. .@% )$*+% -*%, 3*. )%$.#$+ .@% )10,/0'  #$.@%$N

%1%.$*3 .%/)%$0.#$% !, -%.%$/!3%- A$*/ .@% ,1*)% *A J9< @0$0.%$!,.!, !3 .@%

 !
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 !"#$%&'$&&( &) *$! +&,*" # -&*! *",./
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0"#1'! 2/34  !" #$% !'(')"(*+)* ,- )!" ./0'1/")*2"3 4(,5" -,( )!" 4(,5" 5*'+*/1
6,7)'1" -(,0 $89 % ), :9 %;  !" <))"3 7*/" */3*')"+ I = ae−bVB + c = >!"("
'?9;8@:= 5?$9;9AB '/3 ?$9;A@: '/3 )!" ("1("++*,/ ,"C*"/)= D$+E.'("?9;BB; #)
*+ )!" '6"('1" ,- +*F +."++*6" +>""4+;

5$! !.!*'& *!7-!',*1'! 8,9 (!*!'7" !( )'&7 -'&%! 1''! * " *$! +,**&- (1:

',*"& ;∼ 10 ms<= %> '!7&?" # *$! "& 9,*1',*"& 1''! * , ( *$! %> @**" #

, !A-& ! *",. 1'?! " *$!  !"#$%&'$&&( &) *$! +&,*" # -&*! *",./ 5$! ',(",.

-'&@.! &) !.!*'& *!7-!',*1'! "9 9$&8 " 0"#/ 2/B;,<= 8$"$ " (",*!9 Te " *$!

', #! &) C:D3 !E &?!' , ("9*, ! &) F3 77 " *$! GHI -.,97,/ J!'! *$! ',(",.

("9*, ! '!)!'9 *& *$! ("9*, ! %!*8!! *$! -'&%! ! *!' , ( *$! IK0G= 8$"$ "9

(!*!'7" !( )'&7 *$! -.,97, ! *'&"( -&9"*"& ,9 7!,91'!( %> 7,# !*" -'&%!9/

5$!9! 7,# !*" 7!,91'!7! *9 #"?! *$! &:&'(" ,*!9 ;δR, δY < &) *$! -.,97, ! :

*'&"( L9!! 0"#/ 2/D;)<℄/ 5$! '&99:9!*"& &) *$! IK0G "9 , "'.! 8"*$ , ',("19 &)

rL −
√

(δR)2 + (δY )2= 8$!'! rL "9 *$! ."7"*!' ',("19 L9!! 0"#/ 2/C℄/ 5$"9 ."7"*!(

& *,* &) -.,97, 8"*$ *$! ."7"*!' " NOP5QN ,..&89 *$! &1*%&,'( GHI @!.( ." !9

*& &  !* 8"*$ *$! " %&,'( GHI @!.( ." !9/ G" ! *$! -'&%! $!,( "9 7&1 *!( & 

, 7&?,%.! 9$,)*= 8$"$ , %! 7&?!( *& ("R!'! * ',(",. .&,*"& 9 8"*$ '!9-!* *&

 !
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 !" #$%$ "&'  !" (&)*"+,-./ 0$1 23" 23 *" 0" "&%$3"0 *5 )%*$3$36 $ 7$ !  !"

"3 &)$0 ()1$ $)38 9!" #2  "& $1 !)7":"& 3) ;30"& <""0*2= )3 &)# 230 :2&$"1 <&)%

1!) + )+1!) 21 ("&  !" (#21%2 ">;$#$*&$;%8 9!" :2&$2 $)3 )< ">;$#$*&$;% ()1$ $)3

$1  5($2##5 7$ !$3 ±5 %%' 7!$! $1 &"1()31$*#" <)& !236"1  !" (&)*"+,-./ 0$1+

 23"18

0 10 20 30
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T
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(a)

T
e
 = − 0.24(r−r
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(b)

V
f
 = − 0.357(r−r

sep
) − 3.5

.$6;&" ?8@A  !" #!$%!& '()*&+ ), +&+.()/ .+0'+(!.1(+ 0+!21(+$ 34 ! 5!/601%( '()3+
0)1/.+$ )/ .7+ .)' ')(. %/ $%27!(6+2 2%0%&!( .) .7+ '(+2+/.+$ )/+28  3" 9&)!.%/6
').+/.%!& '()*&+ %/ %$+/.%!& $%27!(6+2: ;7+ (+$ $!27+$ &%/+2 !(+ .7+ *..+$ &%/+2 .)
.7+ )((+2')/$%/6 $!.! ')%/.2:

B)"1  !" (&"1"3" )< #$%$ "& 3"2&  !" (&)*" #)2 $)3 2C"  !" (#21%2 D)7E /$3"

$ $1 7"## =3)73  !2  !"&" $1  )&)$02# :2&$2 $)3 $3  !" (#21%2 D)7 $3 #$%$ "&  )=2+

%2=1 FGH℄' 7" 7);#0 #$="  ) 2317"& 7!" !"&  !" (&"1"3" )< 3"; &2# 1);&" 3"2&

 !" #$%$ "& 2C" 1  !" %"21;&"%"3 8 .)&  !$1 (;&()1"' 7" !2:" "1 $%2 "0  !2  !"

(&)*" #)2 $)3 $1 ∼G % <&)%  !" 3"2&"1 J"#" &)3K <2" )<  !" #$%$ "&8 9!$1 0$1+

 23" $1 1%2## )%(2&"0  )  !" $)3+3"; &2# %"23 <&"" (2 !' λin ∼= L % <)& 2 3"; &2#

0"31$ 5 )< 1019 m−3 3"2&  !" #$%$ "&8 M"  !"&"<)&" )3#;0"  !2  !" (&"1"3" )<

3"; &2# 1);&" 3"2&  !" #$%$ "& 0)"1 3) 2C"  !" D)7 %"21;&"%"3 8

9!" &20$2# (&)N#" )<  !" D)2 $36 () "3 $2# $1 1!)73 $3 .$68 ?8@J*K 230 $ %25 *"

;1"0  ) 0" "&%$3"  !" &20$2# "#" &$ N"#0 )&  !" 211)$2 "0 0&$< :"#)$ $"1 21 0$1+

;11"0 $3 /"8 OP8 O 1!);#0 *" 3) "0 !"&"  !2  !" D)2 $36 () "3 $2# 2  !" Q9)(

 !
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 !"#$% &'()  "#$%&' ('%)*%$ +",-'.) /0%+$% /,+'&',. 1#2%))#*%&#(34 5"# /*,6#
/,+'&',.+ 1,. 6,&" *%('%0 %.( &,/ /,*&+3 %*# 72#( -'&" *#+/#& &, &"# 0'$'&#*8 69&
/0%+$% /,+'&',.+ '. (':#*#.& ('+"%*)#+ $%; 6# (':#*#.&4 5"# 0'$'&#* #.&#* '+
'.('%&#( 6; &"# &-, (%+"#( 0'.#+4 <,+'&',. /*,6#+ %*# 9+#( &, #+&'$%&# &"# ",*'=
>,.&%0 %.( ?#*&'%0 +"'@& ,@ &"# /0%+$% ,09$. #.&*,'( @*,$ &"# 0'$'&#* #.&#*4 5"#
Vφ = Er ×Bθ8 Vθ8 BT %.( Ip ('*#&',.+ %*# '.('%&#(4

*$+,%- .+01!+2 !3 2%"01!4%5 67!7 !28!01%3 1701 17% #$401#$% 028 90"2%1! :%.8

"$08!%21 0#3%3 %.%1$+23 1+ 8$!;1 #*60$83 <=(℄'

?07 2#9,%$ !3 8%1%$9!2%8 ;$+9 17% 9%03#$%8 $01!+ R = JUP/JDN 5 67%$% 17%

2#9%$01+$ !3 17% !+2 301#$01!+2 #$$%21 8%23!1@ !2 17% #*31$%09 8!$%1!+2 028 17%

8%2+9!201+$ !3 1701 !2 17% 8+6231$%09 8!$%1!+2 <3%%  !"' &'A℄' B7% ?07 2#9C

,%$ !3 8%1%$9!2%8 ,@ #3!2" 17% D#17!23+2-3 ;+$9#.05 M = 0.43ln(R) 5 67!7 !3

!28%*%28%21 +; 17% $01!+ +; !+2 028 %.%1$+2 1%9*%$01#$%3 <EF℄'

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

G% 704% 8%1%$9!2%8 9%02 *.0390 8%23!1@ nMean
eb ;$+9 ?07 *$+,% ,@ #3!2" 17%

;+$9#.0) 0.35enMean
eb Cs =

√
JUP × JDN <AH℄ 0285 17% *.0390 8%23!1@ ;$+9 3!2".%

I02"9#!$ *$+,% !3 8%1%$9!2%8 ;$+9 17% $%.01!+2) Js = 0.5enebCs 028 90J!2" 17!2

37%017 0**$+K!901!+2 <(E℄'
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 !"#$% &'()  !"#$%&'!( !) *+, -#'*%,$" JUP $(. .!/('*%,$" JDN -%%,(* .,(1
'&*&,'2 ",$'-%,. 34 *+, 5$+ #%!3, #6$*,'7 8+, 5$+ (-"3,% &' ,'*&"$*,. 34 *+,
$'4"",*%4 &( *+, JUP $(. JDN 7

 !"!# $%&'%( )*+,(-. +/ 0-%1 2-1.'34 %3 35- 6+7 %1& $%&'%(

)+*3.

*% +,-% .%,/#$%0 12,/., 0%3/!45 ,4 4+% $,0!,2 16$4 75 #/!3" 4+% 8,+ 1$67% ,30

4+,4 ,4 4+% 461 16$4 75 #/!3" , /!3"2% :,3".#!$ 1$67%' ;%/#24/ /+6< 4+,4 4+%

0%3/!45 /,2% 2%3"4+ λn =!'%'> ?@% 0%,5 2%3"4+A ,4 4+% 461 16$4 !/ 451!,225 B 4!.%/

6C 4+,4 ,4 4+% $,0!,2 16$4 D/%%  !"' &'E℄' G!.!2,$25> 4+% .,"3!4#0% 6C 4+% 12,/.,

0%3/!45 ,4 4+% 461 16$4 !/ &HI 4!.%/ /.,22%$ 4+,3 4+,4 63 4+% $,0!,2 16$4' J+%

1626!0,2 ,/5..%4$5 !3 0%3/!45 !/ !3 ,"$%%.%34 <!4+ /!.!2,$ .%,/#$%.%34 63 KLJM

46N,.,N $%16$4%0 75 O!44/ ,* $67 DPE℄'  $6. /!.12% GQ: .60%2 λn = (D⊥L‖/Cs)
1/2

> <+%$% L‖ !/ 4+% 633%4!63 2%3"4+ ,30 4+% %/4!.,4%0 -,2#% 6C 4+% L‖ ,4 4+% 461

16$4 !/ , πRq ∼ ( .> ,30 4+,4 ,4 4+% $,0!,2 16$4> ∼ ? .' R5 ,//#.!3" /,.% Cs

,4 764+ 26,4!63/> <% 674,!3 D⊥ ∼ 6 m2/s ,4 764+ 26,4!63/' J+!/ !/ 6.1,$,72%

46 4+% -,2#% 674,!3%0 C$6. 0!$%4 .%,/#$%.%34 DES℄' L4 /+6#20 7% 364%0 4+,4

/!.!2,$ %T#!2!7$!#. 63U"#$,4!63 .,5 7% %V1%4%0 !3 64+%$ 46N,.,N/> <+%$% ,4!-%

C%%07,N 634$62 !/ 364 #/%0' J+% 0%3/!45 1$6U2% ,263" <!4+ 4%.1%$,4#$% 1$6U2% ,3

7% #/%0 46 0%4%$.!3% 12,/., 1$%//#$% "$,0!%34> <+!2% 266N!3" C6$ ,3 %V12,3,4!63

6C .%,/#$%0 12,/., W6</ !3 /%' LX'

 !
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 !"#$% &'()  !" #!$%!& '()*&+ ), -+!. '&!/-! $+./%0%+/ -+!/1(+$ 23 04+ 5!4
'()2+ !0 (!$%!& ')(07 !.$  2" #!$%!& '()*&+ ), '&!/-! $+./%03 -+!/1(+$ 23 04+ /%.8&+
9!.8-1%( '()2+ !0 04+ 0)' ')(0: ;4+ +(()( 2!(/ %.$%!0+ 04+ /!00+( %. 04+ $!0!:
;4+ $%<+(+.+ %. 04+ -!8.%01$+ !.$ 04+ $+!3 &+.804/ !. 2+ /++. ,()- 04+ *81(+:

 !"!# $%&'%( )*+,(- +. /%1 2345-* %6& '78 9-:-6&-6-

+6 /-%6 9-68'7;

*% +,-% ,./0 1%,/#$%2 3+% $,2!,. 4$05.% 06 30$0!2,. 7,+ 9#1:%$ !9 3+% ;<=

4.,/1, >/%%  !"' &'?@A,B℄' D3 !/ 0:/%$-%2 3+,3 30$0!2,. 7,+ 9#1:%$ !9$%,/%/ E!3+

2!/3,9% 6$01 3+% =F ;' G+!/ 3$%92 +,/ :%%9 /%%9 !9 /%-%$,. 30H,1,H/I E+%$% 3+%

7,+ 9#1:%$ !9!3!,..J !9$%,/%/ ,92 3+%9 /3,$3/ 2%$%,/!9" >KI &I LI M@I MMI KKI KL℄

,$0#92 ∼ M@ 11 ,E,J 6$01 3+% =F ;' G+% 1%,/#$%2 30$0!2,. 7,+ 9#1:%$ ,/

, 6#93!09 06 3+% 1%,9 2%9/!3J !/ 4.033%2 !9  !"' &'?@A:B' D3 !/ 0:/%$-%2 3+,3

3+% 7,+ 9#1:%$/ 2%$%,/% E!3+ !9$%,/!9" 2%9/!3J' G+!/ 0:/%$-,3!09 !/ ,./0 !9

,"$%%1%93 E!3+ 1%,/#$%1%93/ 6$01 03+%$ 30H,1,H/I E+%$% 7,+ 9#1:%$ 2%$%,/%/

E!3+ !9$%,/!9" +0$2N,-%$,"%2 2%9/!3J >&I ?MI ?K℄' ;!9% 3+% !9$%,/% !9 +0$2N

,-%$,"%2 2%9/!3J 1,J ,./0 $%/#.3 !9 !9$%,/% !9 3+% ;<= 4.,/1, 2%9/!3JI !3 1,J

:% 09.#2%2 3+,3 3+% 3$%92 !/ /!1!.,$ E!3+ ;<= 2%9/!3J' G+% 2%$%,/% !9 4.,/1,

O0E/ E!3+ !9$%,/% !9 4.,/1, 2%9/!3J 1,J 40//!:.J !92!,3% , $0.% 06 %.%3$09

3%14%$,3#$%P%.%3$! 5%.2 !9 3+% 2$!-!9" 1%+,9!/1'

 !
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 !"#$% &'()*  !" #!$%!& '()*&+ ), -.+ /!. 1234+(56 !1$  4" 7+'+1$+1+ ), /!.
1234+(5 )1 -.+ 3+!1 '&!53! $+15%-89 :.+ +(()( 4!(5 %1$%!-+ 5!--+( %1 -.+ $!-!9

 ! "#$$%&'( )'#* +(-./%$0 ./1 )'#* 2$3%0.3%#/

+, !- !./0$,12, ,0 #23%$-,123 ,4% $05% 06 ,4% 501,!02 06 /51-.1 02,1, 8!,4 ,4%

5!.!,%$ !2 3%!3!2" ,4% 908 3!$%,!02'  0$ ,4!- /#$/0-%: 8% 41;% 3%,%$.!2%3 ,4%

3!$%,!02 06 /050!315 908 <= #-!2" 120,4%$ >14 /$0<% !2 ,4% -1.% /$0<% 4%13

?-%%  !"' &'@℄' +, -40#53 <% 20,%3 ,41, ,4% /$%-%2, /$0<% 02B"#$1,!02 1220, <%

#-%3 ,0 3%,%$.!2% ,4% .1"2!,#3% 06 /050!315 908 >14 2#.<%$ ?CD℄: <#, ,4% 908

3!$%,!02: 84!4 3%/%23- 02 ,4% /$0<% #$$%2, $1,!0: 12 -16%5= <% 025#3%3' E%

0<-%$;% ,41, ,4% /050!315 908 !- ,081$3- ,4% 02,1, 501,!02'

F08 30 8% %G/51!2 ,4% .1"2!,#3% 123 3!$%,!02 06 ,4% .%1-#$%3 ,0$0!315 908H

+, !- 8%55 I2082 ,41, !2 ,4% JKL /51-.1 ,4% .%1-#$%3 908 12 41;% -%;%$15 0.M

/02%2,-: 21.%5=: ,4% E × B 908: ,4% !02 N6$!-4MJ45#,%$ 908: ,4% <155002!2"

,$12-/0$, 123 ,4% !02 908 1#-%3 <= ,4%$.15 /$%--#$% "$13!%2, 1502" ,4% B%53

5!2% 3#% ,0 /1$,!5% -0#$%- 123 -!2I- ?&: O: P@℄' J!2% !, !- 3!Q#5, ,0 !25#3% 155

1<0;%M.%2,!02%3 61,0$- !2 1 .03%5: 8% /$%-%2, R#12,!,1,!;% %-,!.1,%- 06 %14 02%

-%/1$1,%5='

 !
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 ! !" E × B #$%&

 ! "#$! %&!'!()!* +( ,+-. /.0123 )"! &#*+#4 %&564! 57 85#)+(- %5)!()+#4 +( )"! 9:;

%4#'<#. ="! <!#'>&!* 85#)+(- %5)!()+#4 +' (!-#)+$! #(* +) +(&!#'!' 7&5< @AB C +(

)"! 7#& 9:; )5 −2 C +( )"! (!#& 9:;D +.!.D 5$!& # *+')#(! 57 ∼ 35 <<.  ! #( >'!

)"! <!#'>&!* !4!)&5( )!<%!&#)>&! %&564!D %&!'!()!* +( ,+-. /.01#3D #(* *!)!&<+(!

)"! %4#'<# %5)!()+#4 Vp 2E >'+(- )"! &!4#)+5(D Vp = Vf + 3.5Te . ="! !')+<#)!*

$#4>! 57 &#*+#4 !4!)&+ 6!4* +( )"! 9:; %4#'<# +' ∼ A FCG<D H"+" +' *+&!)!*
5>)H#&* #(* 5(')#() +( )"! 9:;. ,5& IJK=LI *+'"#&-!'D )"! %545+*#4 <#-(!)+

6!4* Bθ #) )"! 4+<+)!& +' M.MN =. ="! )5&5+*#4 85H $!45+)E #( 2! #4>4#)!* 7&5<

&#*+#4 5<%5(!() 57 )"! 75&! 2#4#(! !O>#)+5(P

Vφe =
Erm

Bθ
− 1

enebBθ

∆p

∆r
+ Vθe

Bφ

Bθ
1/.A3

H"!&!D Erm *!(5)!' )"! <!#'>&!* &#*+#4 !4!)&+ 6!4*D Vφe #(* Vθe #&! !')+<#)!*

O>#()+)+!'D #(* ∆p +' )"! %4#'<# %&!''>&! *+Q!&!(! 5$!& )"! *+')#(! 57 ∆r. I'@

'><+(- 9:; %4#'<# *!('+)E neb = 5×1017 m−3D #(* 25)" !4!)&5( #(* +5( )!<%!&#@

)>&!' 57 AM !CD )"! 9:; %4#'<# %&!''>&! #( 2! H&+))!( #' p = (3/2)nebkB(Teb+Tib)

#(* )"! %&!''>&! -&#*+!() ∆p/∆r +' !')+<#)!* )5 2! ∼ 120 Jm−4. RE #''><+(-

Erm ∼ 1 kV/mD Vθe ∼ 0.1Cs ∼ 4.5 km/sD SO. 1A3 -+$!' Vφe ∼ 20 km/s H"+" +'

∼ 0.4Cs. K) '"5>4* 2! (5)!* )"#) )"! 7&+)+5(G*#<%+(- )!&< +( )"! 75&! 2#4#(!

!O>#)+5( +' +-(5&!* +( SO. 1A3.

 ! !' (%) *+,-.0 10$234, #$%&

="! >&$#)>&! *&+7) +( )5F#<#F -!5<!)&E #>'!' $!&)+#4 "#&-+(-. ,5& 5>& !T%!&@

+<!()#4 5(*+)+5('D !4!)&5(' #><>4#)! 5( )"! )5% '+*! #(* +5(' 5( )"! 25))5<

'+*!. ="+' $!&)+#4 "#&-+(- #( -!) '"5&)!* !+)"!& 2E U7&+'"@9"4>)!& 1U93 85H

57 +5(' V'!! ,+-. /.AA℄. ="! U9 85H $!45+)E +' -+$!( 2E VPS = 2qsV⊥cosθ H"!&!D

V⊥ = Er/Bφ −∆rp/eniBφD ∆rp +' )"! &#*+#4 -&#*+!() 57 %4#'<# %&!''>&! #(* θ +'

)"! %545+*#4 #(-4!. ="! *+&!)+5( 57 U9 85H 5( )"! 5>)25#&* '+*! +' +( )"! *+&!@

)+5( 57 )"! <!#'>&!* )5&5+*#4 85H. ="+' <!"#(+'< <#E 2! +<%5&)#() +( 5>& #'!

'+(! IJK=LI !O>+4+2&+>< #445H' 5((!)+5( 2!)H!!( )"! )5% #(* 25))5< '+*!'

!$!( +('+*! )"! '&#%!@5Q 4#E!& V'!! ,+-. /.X℄. ="! !')+<#)!* $#4>! 57 )"! U9 85H

$!45+)E +' ∼ Cs. K) +' )"!&!75&! 52$+5>' )"#) U9 85H #45(! #((5) 2! )"! 5%!&#)+(-

 !
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 !#$%&' $%() *#!+! '#,-.( /! $%,*#!+  !#$%&' ,00,'&%1 *#! 23 4,5 6!.,&*78

9&1-+! :8;;<  !"#$%& !' #() *)"#$,- (,"&$%& ./ #() 0'"$1(  (-2#)" 30 4 5!617
8() 9$")#$!% !' #() 0 5!61 $% #() !2#.!,"9 1$9) $1 $% #() Ip 9$")#$!% ,%9 !::!1$#)
#! $# $% #() $%.!,"9 1$9)7 8() $"-) $%9$,#)1 #() ;<= ,%9 #6! -$%)1 6$#( ,""!6
1(!61 #() 9$")#$!% !' #() 0 5!61 '"!> .!##!> #! #!: !' #() :-,1>, !-2>%7

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

=#! /$..,,%&%1 %$*-+! ,> +,''?@!.( *+$%'0,+* A'!! 9&18 :8;B℄  $7 /! & 0,+*$%*

 !#$%&' ,> 0.$' $ 4,5' &% '&%1.! %-.. D3EF (&6!+*,+ *,G$ $G) 5#!+! .,5?@!.(

'&(! DH93F &'  $1%!*&$..7 ,%%!*!( *, *#! #&1#?@!.( '&(! DI93F A;B) BJ℄8 =#!

0.$' $ !K-&.&/+&- ) &% LMN=OL *,G$ $G) &' '-# *#$* &* $% /! , 0$+!( 5&*#

3E (&6!+*,+ ,%@1-+$*&,%) !P!0* *#$* *#! '!0$+$*+&P &' *#! 5!* $+!$) 5#&# &'

&% ,%*$* 5&*# *#! .& &*!+8 =#! @!.( .&%!) !6!% &% *#! '+$0!?,Q .$7!+ 0.$' $)

,%%!*' *#! H93 5&*# *#! I93 A'!! 9&18 :8R℄8 L' ,-+ 0+,/! 0,'&*&,% &' %!$+ *, *#!

 &( 0,&%* ,> *#! H93 0.$' $) ', *#! ,%*+&/-*&,% ,> 4,5' (-! *, *#! /$..,,%&%1

*+$%'0,+* &' %!1.&1&/.! A;B℄8

 !
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 !"#$% &'()*  !""##$%$& '(!$)*#(' !('##$, -./ *(/0/(/$'%!" 1%23)%#$ #0 './ *!('%4
"/) #$ './ #3'5#!(1 )%1/ %) $!6/1 !) './ 5!""##$%$& '7*/ '(!$)*#(', 8' %) 5/!3)/ #0
'./ 5!1 3(9!'3(/ #0 './ BT #$ './ #3'5#!(1 )%1/, -./ 5"3/ .#(%:#$'!" !((#;) ).#;)
'./ *"!)6! 1%23)%#$ !$1 './ './ 5"!< !((#;) ).#;) './ *"!)6! =#; 1%(/'%#$,

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

+,-. /-0 %1%3$,-. /$% 1,.3 4$,5 36% 5/!- 71/.5/ 89 $,..:;%10 0!<#.!,- 8%4,$%

36%9 %-3%$ 36% =>? 71/.5/' @6%9 "%3 ,11%3%0 ,- 3A, .!0%. ,4 36% 1!5!3%$ .#$4/%

36$,#"6 7/$/11%1 0!<#.!,-B /-0 3$/C%$.% /- /C%$/"% 0!.3/-% ,4 πRqa 8%4,$% 8%!-"

,11%3%0 /3 36% 1!5!3%$ .#$4/%' +- / .!571% (D =>? 5,0%1 4,$ .!-E /3!,- ,4 1!5:

!3%$ F(G℄B !3 /- 8% .6,A- 36/3 Pe + Pi +mnv2a = constantB A6%$% Pe /-0 Pi /$%

%1%3$,- /-0 !,- 36%$5/1 7$%..#$%. /-0 va !. 36% /58!7,1/$ I,A C%1,!39 ,4 !,-. ,-

/ ;%10 1!-%' =!-% 36% /58!7,1/$ I,A C%1,!39 !. J%$, /3 36% .3/"-/3!,- 7,!-3B 36%

36%$5/1 7$%..#$% /33/!-. !3. 5/K!5#5 C/1#% LP0 = Pe+PiM /3 36/3 7,!-3' N9 #.!-"

36% N,65 ,-0!3!,- ,- 71/.5/ 0%-.!39B 36% 36%$5/1 7$%..#$% /3 36% .6%/36 %0"% !.

P0/2' =!-% 71/.5/ 36%$5/1 7$%..#$% 0%$%/.%. A!36 $/0!/1 0!.3/-%B 36% C/1#%. ,4

36% ,-.3/-3 5#.3 /1., 0%$%/.% A!36 36% $/0!/1 0!.3/-% L/3 36% .3/"-/3!,- 7,!-3M

F.%%  !"' &'(O℄'

@6% .!-E /3!,- ,4 36% 1!5!3%$ 7$,0#%. 71/.5/ I,A !- 36% ,#-3%$ 1,EA!.% 0!:

 !
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 !"#$% &'()*  !" #$%&$'&() (* '!" +,$-.$ +%"--/%" $,()0 $)1 $%(-- '!" 3",1 ,&)"-
&) '!" 456 +,$-.$7 8"%" 9:; 9< $)1 9= $%" '!" ()-'$)'- $)1 9= > 9< > 9:7 >'
'!" .&1?+,$)"; @"'A"") '!" 'A( *$"- (* '!" ,&.&'"% '!" B(A -+""1 Cv‖D &- )"$%,E F"%(
$)1 &' &)%"$-"- '(A$%1- '!" ,&.&'"% *$"7  !" -+""1 &- -!(A) @E '!" $%%(A-7  !"
&)%"$-" &) '!" -+""1 Cmnv2‖D &- '( G""+ '!" +,$-.$ +%"--/%" ()-'$)' () '!" 3",1
,&)" $- '!" -'$'& +%"--/%" Pe+Pi $' '!" ,&.&'"% &- )"$%,E F"%(7  !" +,$-.$ +%"--/%"
1"%"$-" $- A" 0( $A$E *%(. '!" '!" 69H4; -( '!" %"'$%1$'&() '( '!" ."$-/%"1 B(A-
A&'! r − rsep7

$%,!-./ 01!1 !2 !. %3%,$-. 2!4% -5 ,1% 3!6!,%$ 7.4 -88-2%2 ,1% 6%72#$%4 9-0'

:1!2 -88-2!,!-. 4%$%72%2 0!,1 ,1% !.$%72!." 4!2,7.% 5$-6 ,1% ;< = 7.4 1%.%

%>837!.2 ,1% !.$%72!." ,$%.4 -5 ?71 .#6@%$2 0!,1 $74!73 4!2,7.%'

 !"#$% &'(& 21-02 ,1% 237@ A!%0 -5 BCD:EB =F; 837267 73-." 0!,1 9-02 "%.%$7,%4

@G 4!H%$%., 6%17.!262 !.3#4!." ,1% 2!.I 7,!-. -5 ,1% 3!6!,%$ JK$74 8 9-0L' :1%

4!$%,!-.2 -5 9-0 "%.%$7,%4 @G 4!H%$%., 6%17.!262 !.4!7,% ,17, E × B 7.4 M=

9-02 744 ,- "!A% ,1% 9-0 !. ,1% 6%72#$%4 3-I0!2% 4!$%,!-./ 7.4 9-02 7#2%4

@G 2!.I 7,!-. -5 ,1% 3!6!,%$ 7$% !. ,1% -88-2!,% 4!$%,!-. 7.4 6-2, 3!I%3G %>837!.2

,1% 6%72#$%4 $74!73 8$-N3% -5 ,1% ?71 .#6@%$' O-0%A%$ !, !2 .-, 8-22!@3% ,-

%2,!67,% !,2 -.,$!@#,!-. -. ,1% 6%72#$%4 ?71 .#6@%$ 7.4 2%87$7,% %>8%$!6%.,

!2 $%P#!$%4 ,- 4%,%$6!.% !,'

 !" #$%%&'(

Q% 17A% 8$%2%.,%4 6%72#$%6%.,2 -5 =F; 837267 9-02 !. ,1% BCD:EB ,-I767I

@G #2!." ?71 8$-@% -. 7 6-A7@3% 2175,' R74!73 4%.2!,G 8$-N3%2 7, ,1% ,-8 8-$,

7.4 ,1% $74!73 8-$, !.4!7,% ,17, "$74!%., 273% 3%.",1 7, ,1% ,-8 8-$, !2 37$"%$

 !



 !"#$%& '( )*"+," -*./+ 01 2&"#%4.5 6"7%& .8 9:;<=9 <.>",">

 !"#$% &'(&)  "#$%&' ('%)*%$ +, -./01-  23 4+567 89: %;( 80: ';('%&# <"=6>
'%? ?+%&'+;6 +, @%" <*+A# +; &"# *%('%? %;( &+< <+*&6 *#6<#&'B#?= %;( 8@#%6C*#(:
';('%&#6 &"# $#%6C*#( 4+5 ('*#&'+;7 0"# "%&"#( ?';#6 ';('%&# &5+ ,%#6 +, &"#
?'$'&#* %;( 8D?%6$% +;&%& <+';&: ';('%&#6 &"# +;&%& +, &"# <?%6$% 3EF 5'&"
&"# ?'$'&#* G6## F')7 H7I℄7 K+&# &"%& &"# +;;#&'+; ?#;)&" %& &"# &+< <*+A# '6 πRqa
%6 #L<?%';#( '; &"# &#L&7

*+,- *+,* ,* *+% $,.!,/ 01$*' 2+!3 ,- 5% %60/,!-%. !- *%$73 18 /,$"%$ 1--%*!1-

/%-"*+ ,* *+% *10 01$* 170,$%. *1 *+,* ,* *+% $,.!,/ 01$*' 2+!3 0%#/!,$ 3!*#,*!1-

,$!3%3 5%,#3% 18 3+!8*%. 0/,37, 1/#7- !- *1$#3'

9% +,:% 8#$*+%$ $%01$*%. 0,$,7%*$! .%0%-.%-% 18 ;,+ -#75%$3' <#$ 153%$:,=

*!1-3 1->$7 $%01$*3 8$17 1*+%$ *1?,7,?3@ ,-. *+%A ,.. *1 *+% %6!3*!-" .,*,5,3%'

 1$ %6,70/%@ B% 153%$:% *+,* ;,+ -#75%$ !-$%,3%3 B!*+ *+% $,.!,/ .!3*,-% 8$17

*+% CD E' E!7!/,$ 153%$:,*!1-3 +,:% 5%%- $%01$*%. 8$17 7,-A *1?,7,?3 ,-. !-=

*%$0$%*%. !- *%$73 18 3!-? ,*!1- 18 *+% /!7!*%$' C!?%B!3% 1#$ 153%$:,*!1- *+,* F1B

;,+ -#75%$ .%$%,3%3 B!*+ *+% !-$%,3% !- *+% ,:%$,"% /1,/ 0/,37, .%-3!*A !3

3!7!/,$ *1 153%$:,*!1- 8$17 1*+%$ *1?,7,?3'

9% +,:% 1-3!.%$%. 7%+,-!373 *+,* 7,A 5% $%301-3!5/% 81$ *+% 153%$:%. F1B' G*

!3 .%*%$7!-%. *+,* E ×B .$!8* ,-. HE F1B3 18 !1-3 +,:% 3!"-!>,-* 1-*$!5#*!1-3

*1 *+% 7%,3#$%. ;,+ -#75%$@ 3!-? ,*!1- 18 *+% /!7!*%$ 10013%3 *+% *B1@ ,-. F1B

.#% *1 5,//11-!-" *$,-301$* !3 !-3!"-!>,-* ,* *+% 1#*%$ 7!.=0/,-%I$,.!,/J 0$15%'

G* 7,A 5% -%%33,$A *1 ,$$A 1#* 8#$*+%$ %60%$!7%-* 5A $%:%$3!-" *+% *1$1!.,/ 7,"=

-%*! >%/. ,-. 0/,37, #$$%-* !- 1$.%$ *+% 3%0,$,*% *+% *$,-301$* .$!:%- F1B 8$17

 !



 !"#$%& '( )*"+," -*./+ 01 2&"#%4.5 6"7%& .8 9:;<=9 <.>",">

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

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

*&  !" /%1% "$ .(#  !" 3*/*%#./ )*+ #%$" %*( %0  *+.$#0  !" *( . *&  !" 4567

+% !  !" /%1% "$,

 !



 !"#$%& '

(&"#%*+, -".%& /0"12" 30+4

5+678"$7+9 47$! :"1 /;,

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

 !"$ %&'($)*+),'-$& . /01 (,'%2' !% 34$ !"3$&5'$ 6$37$$" 2'!" (,'%2' '"8 34$

2'3$&!', 7',,9 2*%3 *5 34$ (,'%2' 7',, !"3$&'3!*" 3':$% (,'$ !" 34!% &$;!*"< =4$

(,'%2' 7',, !"3$&'3!*" '" &$'3$ !2(>&!3!$%9 2'!",- 6- %(>33$&!"; *5 (,'%2' 5')

!"; *2(*"$"3% ?@A℄< C*7$D$&  /0 (,'%2' ('&'2$3$&%9 ,!:$ 8$"%!3-9 3$2($&'3>&$9

&'8!', $,$3&! E$,8 '"8 (,'%2' F*7% '&$ G>'"3!3!$% 34'3 8$3$&2!"$ 34$ ,$D$,% *5

%(>33$&!"; '"8 4$"$ ,$D$,% *5 !2(>&!3!$%< H5 34$%$ !2(>&!3!$% '&$ "*3 &$2*D$89

34$- '" $"3$& !"3* 34$ *&$ (,'%2' '"8 8!,>3$ !3 ?IJ℄< =4$ ('&',,$, (,'%2' F*7%9

!" ('&3!>,'&9 (,'- !2(*&3'"3 &*,$ !" 8$3$&2!"!"; 34$ ,*'3!*" *5 34$ %!": *5 (,'%2'

('&3!,$% '% 7$,, '% !2(>&!3!$%9 74$&$ $K!$"3 2$'"% *5 ('&3!,$ $L4'>%3 '" 6$

8$(,*-$8< =4$ $K!$"- *5 ('&3!,$ $L4'>%3 '" 34$" 8$3$&2!"$ 34$ !2(>&!3- *")

3$"3 !" 34$ 2'!" (,'%2' ?IA℄< H" &$$"3 -$'&% ' %!;"!E'"3 (&*;&$%% 4'% 6$$" 2'8$

!" >"8$&%3'"8!"; 34$  /0 F*7% :$$(!"; !" 2!"8 !3% &*,$ !" !2(>&!3- &$2*D', '"8

!" 0MC 3&'"%!3!*" ?NO℄< C*7$D$&9 34$&$ '&$ %$D$&', *34$& 2$34*8%9 "'2$,-9 (',,$3

!"P$3!*"9 $,$3&*8$ 6!'%!"; '"8 ;'% (>+ .QR1 5*& 2*8!5-!"; 34$ (,'%2' $8;$ '"8

*"E"$2$"3 !2(&*D$2$"3 !" '88!3!*" 3* 34$ 3&'8!3!*"', 2$34*8% *5 *"E"$2$"3

!2(&*D$2$"3 6- C)2*8$ *($&'3!*" ?AJ℄<

S$ 4'D$ >%$8 ' *"3&*,,$8 (>+ *5 7*&:!"; ;'% 5*& 2*8!5-!";  /0 (,'%2' (')

 !



 !"#$%& '( )&"#%+,- ."/%& 01"23" 41,5 6,789"$8,: 58$! ;"2 0<-=

 !"#$# %& '(# )* "!+ ,- #!%# $(# /0!/ ,0-,1!$,0- %02 #3 !4#$ 567 8/!%"!

8! !"#$# % !-9 (#-# 8/!%"! :0;% !/0-< $(# "!<-#$, =#/9 >?3 @@3 ABB℄& '(# )*

"!+ !/%0 ,- #!%# $(# 8/!%"!D,"82 ,$+ E ,$,0- E0 # >ABA℄ ;(,(3 ,- $2 -3 "!+ 9#D

 #!%# $(# Zeff >FG℄& '(# )* "!+ !/%0 !/$# $(#  !9,!/ #/#$ , =#/9 8 0=/# !% ;#//

!% $(# 8/!%"! 8 #%%2 # !$ $(# )* /0!$,0-3 ;(,( "!+  #%2/$% ,- $(# (!-<# ,- $(#

567 8/!%"! :0; 8!$$# -& H#!%2 #"#-$% ,- ! -2"I# 0E $0J!"!J% (!K# %(0;-

$(!$ $(# /0!$,0- 0E )* 8/!+% !- ,"80 $!-$  0/# ,- $(# "09,=!$,0- 0E 567 8/!%"!

8! !"#$# % !-9 :0;% >A@3 ABB3 ABF3 AB?3 ABL3 ABM℄& 5,",/! /+3 $(# )* "!+ !2%# $(#

:2$2!$,0- %288 #%%,0-3 ;(,( ,% !0"8!-,#9 I+ ! :!$$#-,-< 0E $(#  !9,!/ 8 0=/#%

0E $(# :0!$,-< 80$#-$,!/3 8/!%"! 9#-%,$+ !-9 N#+-0/9% %$ #%%>@B℄&

'(# 567 8/!%"! :0;% !- I# 9# ,K#9 I+ $(# -#0/!%%,!/ #4#$%3 ;(,( ,-/29#%

9 ,E$% !-9 8 #%%2 # < !9,#-$ !/0-< $(# =#/9 /,-#% >AM℄& O0;#K# 3 $(#%# -#0/!%%,D

!/ #4#$% "!+ -0$ I# %2P,#-$ $0 #Q8/!,- $(# "#!%2 #9 8/!%"! :0;% !-9 (#-#

0$(# #4#$% -##9 $0 I# 0-%,9# #9& N##-$/+ $(# /,-J I#$;##- $2 I2/#-# !-9

8/!%"! :0;% (!% I##- ,9#-$,=#9 !% ! 80%%,I/# "#(!-,%" $0 #Q8/!,- $(# 567 :0;%

>LF3 L?3 LL3 LR℄& S- $2 I2/#-# 9 ,K#- :0;%3 $(# #-# <+ !- ,-$# (!-<# I#$;##-

"#!- :0;% !-9 $(# $2 I2/#-# >LF3 L?℄& '2 I2/#-# !- !$ !% %02 # !% ;#// !%

%,-J E0 $(# "#!- 8/!%"! :0;%&

S- $(,% (!8$# 3 ;# (!K#  #80 $#9 #4#$ 0E )* 0- 8! $,/# :2Q3 H!( -2"I# 

!-9 #/#$ 0- $#"8# !$2 # ,- $(# 567  #<,0- 0E TUS'VT $0J!"!J >LW℄& '(#  !9,!/

8! $,/# :2Q ,% E02-9 $0 I# "!Q,"2" ;(#- $(# H!( -2"I# ,% -#! /+ 1# 0& X#

0I%# K# $(!$ #/#$ 0- $#"8# !$2 #  #92#% $0 -#! /+ (!/E 92 ,-< $(# )*& '(# 8! D

!//#/ H!( -2"I# % ! # !/%0 "#!%2 #9 !$ $( ## 9,% #$# 80/0,9!/ !-</#% ,- 0 9# $0

0-%$ 2$ $(# :0; 8!$$# -& '(# H!( -2"I# %(0;% (!-<# 0E :0; 9, #$,0- E 0"

,0- %,9# $0 $(# #/#$ 0- %,9# 0E $(# /,",$# 0-/+ 0- $(# 02$I0! 9 ",9D8/!-#& T$

0$(# /0!$,0-% $(# :0; 9, #$,0-  #"!,-% $(# %!"#3 I2$ $(# "!<-,$29# ,- #!%#%&

X# E2 $(# 0I%# K# $(!$ $(# # #Q,%$% < !9,#-$ ,- $(# #/#$ 0%$!$, N#+-0/9% %$ #%%

-#! $(# /,",$# #9<# !-9 ,$ :!$$#-% 92 ,-< $(# )*&

'(#  #%$ 0E $(# (!8$# ,% 0 <!-,1#9 !% E0//0;%Y 5#& SS 9#% ,I#% $(# #Q8# ,"#-$!/

%#$28 !-9 9,!<-0%$,% !-9 K! ,02% #Q8# ,"#-$!/  #%2/$% ! # 8 #%#-$#9 ,- 5#& SSS&

'(# 52""! + ,% 8 #%#-$#9 ,- 5#& SZ&

  



 !"#$%& '( )&"#%+,- ."/%& 01"23" 41,5 6,789"$8,: 58$! ;"2 0<-=

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

 !" #$% &# '()!+,-" .+,+/"0",) 12, 0!() "3.",(/"40 +," +) 125526)7 02,2('+5

/+-4"0( 8"5' 24 0!" +3() BT = 9:;<  = .5+)/+ >,,"40 ∼ ?9 @#= .5+)/+ '>,+0(24∼
?9 /)= 2," "5"0,24 0"/.",+0>," Teo ∼ A99 "B= "40,+5 2,'C+D",+-"' .5+)/+

'"4)(0E (1 − 2) × 1019 m−3= "'-" )+1"0E 1+02, qa ∼ A:< +4' FGH .5+)/+ '"4)(0E

neb ∼ 1× 1018 m−3:

I(->," <:J7  !"#$&'"() "* +!",$ -$./) .(/ &-$ 0.) +12 3.43$ "( "($
+"4"'/.45.6'71&-.4 +4.($8 9-$ 4'7'&$! ') )-":( ,; . &-'< '!4$8 9-$ 3$!&'.4
-.!0'(0 )-":) &-.& &-$ B×∇B ') +"'(&'(0 &" &-$ &"+ )'/$ "* &-$ +4.)7. =BT > .(?
&'4"<:')$ *!"7 &"+ "* &-$ 7.-'($@8 9-$ +4.)7. "417( ') )-'*&$/ '( &-$ "1&,".!/
)'/$ .(/ &" &-$ &"+ )'/$ *!"7 &-$ 4'7'&$! $(&$! A)$$ B'08 C8D> *"! &-$ 7$.)1!$/ δR
.(/ δY )-'*&℄8

:

#K2D" .+,+/"0",) +," 2K0+(4"' 6(0! #$% &# .>5)" .26", )>..5E L#MMFN=

6!(! 24)()0 21 0!" 02,2('+5 8"5' .26", )>..5E L<9 kA= O99 V N= 0!" 2!/( 8"5'

.26", )>..5E L±P9 kA= P kV N +4' 0!" D",0(+5 8"5' .26", )>..5E LJP:< kA= P kV N

 !



 !"#$%& '( )&"#%+,- ."/%& 01"23" 41,5 6,789"$8,: 58$! ;"2 0<-=

 ! "#$%& ' )%*+,-+,# '%. /'*+ #0'1$%& 1)/+, +2+-,)%$#3 40+ BT $# 5+1- $% '%-$6

2)5/$#+ '# #++% 7,)8 -0+ -)1 )7 -0+ -),"# #"0 -0'- B ×∇B $# 1)$%-$%& -)/',.#

-0+ -)1 #$.+3 40+ .$,+-$)% )7 12'#8' ",,+%- 9p $# 2)5/$#+ '%. -0+ +%-,)$. )7

-0+ ",,+%- 0'%%+2 ), )%-'- 1)$%- )7 -0+ :;<= /$-0 -0+ 2$8$-+, $# $% -0+ 1st

>"'.,'%- )% -0+ 2)/ ?+2. #$.+ @#++ <$&3 A3B℄3 40+ 8+'#",+. 0),$D)%-'2 '%. *+,-$'2

#0$7- )7 ' -!1$'2 12'#8' #0)- /3,3-3 -0+ 2$8$-+, +%-+, ',+ #0)/% $% -0+ ?&",+ A3E3

F22 8+'#",+8+%-# ',+ ',,$+. )"- $% .$#0',&+# /$-0 #'8+ '112$+. BT G '%. #$8$2',

9p3
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Shot # 22662

δ R

δ Y

<$&",+ A3EH  !"#$" &!'$( )&#*+*&( $,"#'-,$,(+ .*+/ -,#),+ +& +/, !*$*+,- ,(+,-0
1/, δR "(2 δY "-, +/, /&-*3&(+"! "(2 4,-+*"! #/*5+ &5 +/, )!"#$" &!'$( 5-&$ +/,
!*$*+,- ,(+,-6 -,#),+*4,!70 1/, )&#*+*4, 4"!',# &5 8&+/ δR "(2 δY #/&.6 &'+8&"-2
"(2 +&) #*2, #/*5+ &5 +/, )!"#$" &!'$( ,(+-&*2 9#,, :*;0 <0=6 5&- )!"#$" #/*5+
#/,$"+*℄0

3

I+'#",+8+%-# ',+ ',,$+. )"- .",$%& -0+ J'-6-)1 )7 -0+ 12'#8' ",,+%- '%. -0+

J'-6-)1 .",'-$)% $# ∼ KL 8#3 40$# +%#",+# -0'- 12'#8' $# $% +>"$2$ ,$"8 /$-0

)%#-'%- 12'#8' ",,+%- '%. *+,-$'2 ?+2.3 40+,+ $# %) 0+5 )% 12'#8' .+%#$-!

'%. +2+-,)% -+81+,'-",+3 40+ #0)-6-)6#0)- *',$'-$)% $% $81",$-! )%.$-$)%# 8'!

'2#)  + 1,+#+%-3 I+'#",+8+%-# )7 -0+ =M: 12'#8' 1','8+-+,# ',+ ',,$+. )"-  !

"#$%& ' 1,) + )%?&",'-$)% '# #0)/% $% <$&3 A3K N'O3 40+ 1,) + 0+'. $# #1+$'22!

.+#$&%+. 7), #$8"2-'%+)"# 8+'#",+8+%-# )7 12'#8' 1','22+2 J)/ I'0 %"8 +,G

1',-$2+ J"PG 1)2)$.'2 +2+-,$ ?+2.G +2+-,)% -+81+,'-",+ '%. ,'.$'2 +2+-,$ ?+2.3

40+ ,+#"2-# 1,+#+%-+. $% -0$# 0'1-+, ',+ ) -'$%+. 7,)8 ' %"8 +, )7 #$8$2', 0!6

 !



 !"#$%& '( )&"#%+,- ."/%& 01"23" 41,5 6,789"$8,: 58$! ;"2 0<-=

 !"#$% &'()  !" #%&'!() *)!+,!' -. (%& /,-0& %&!* -12+3,!()-14 )153*)1+ /)1
/,-0&6 !1* /5!(& /,-0&6 (%!( !,& 36&* .-, 7!% 13'0&, '&!63,&'&1(8 9,-0&6 :4;
!1* < !,& 36&* .-, )-1 6!(3,!()-1 3,,&1( !1* =4> !1* ? !,& 36&* .-, @-!()1+
/-(&1()!5 '&!63,&'&1(68  0" 5-!()-16 -. (%& A-/ /,-0&4 (%& B!*)!5 /,-0& !1* (%&
+!6 /3C D!5D& E)(% ,&6/&( (- (%& 5)')(&,8 F),&()-16 -. /5!6'! 3,,&1( !1* (-,-)*!5
'!+1&() 2&5* !,& !56- )1*)!(&*8

*$+"%, *!-/0$"%- 1/01 0$% 102%, +, *!3%$%,1 *04-'

5/% 6$+7% /%0* +,-!-1- +8 0, 09#:!,0 %$0:! /+9*%$ +, ;/!/ +,% <0/ 6$+7%

+,-!-1!," +8 0 60!$ +8 :+947*%,#: 6901%- +8 *!:%,-!+,- +8 3 mm × 4 mm  !

"#$%&'( )%( &#*# ()++, !'-)*)&'( ., / "" 0!'' 1 23 456℄5 89' !)"' -*#.' 9#+('*

!$--#*&! ) -) * #: &* -+' -*#.'3 !'-)*)&'( *)( )++, ., 4 ""5 89' &* -+' -*#.'

#%! !&! #: "#+,.('%$" - %! #: < "" ( )"'&'* )%( = "" +'%2&95 89' - %! )*'

#% &9' >'*& '! #: )% '?$ +)&'*)+ &* )%2+' #: ! (' = ""5 @ %' &9' A'.,' +'%2&9 #:

&9' @BC -+)!")  ! ∼ D4 µ"3 = "" !'-)*)& #%  ! 2##( '%#$29 &# )># ( #>'*+)-- %2

#: !9')&9!5

E*#.' 9')(! )*' "#$%&'( #% "#>).+' !9):&!3 #%' )& &9' *)( )+ -#*& (φ = 54o, θ =

45o) )%( )%#&9'* )& &#- -#*& Fφ G 288o3 θ G 90oH5 I'*'3 J' $!' + " &'* +#)& #% :#*

&9' &#*# ()+ *':'*'%' )%2+' (i.e. φ = 0o) &9)&  %*')!'!  % &9'  #% (* :& ( *'& #%

F+#KLJ !' )! !''% :*#" &9' &#-H3 )%( #$&.#)*( " (L-+)%' :#* &9' -#+# ()+ *':'*L

'%' )%2+' (i.e., θ = 0o) &9)&  %*')!'! ).#>' &9' " ( -+)%'5 1 2$*' 45=F.H !9#J!

&9' +#)& #% #: -*#.' 9')(! J &9 *'!-'& &# &9' + " &'*5 M%#&9'* -*#.'L9')( J &9

#%+, N)9 -*#.' -+)&'! #: O "" J (&9 )%( 6 "" 9' 29&  ! "#$%&'( #% &9' C1@

 !



 !"#$%& '( )&"#%+,- ."/%& 01"23" 41,5 6,789"$8,: 58$! ;"2 0<-=

 !"#$%&'( )φ = 54o, θ = 0o* +, -.&- /,0 $&--(1'  &2 3( ,'+-15-("6

7!851( 96:;  !"#$ %$&'( )%$!$ *%$ *)" +",-#'$./0 1,&*$2 2$1&!&*$' #- 3 00 &.'
&!$ 3 mm × 4 mm( &.' 4"!05.6 & 0&6.$*57$' +&% 1!"#$9 :%$ *)" *!51,$ 1!"#$
2$1&!&*$' #- 5 mm !&'5&,,- &!$ ".252*2 "4 3 mm ,$.6*% &.' 1 mm '5&0$*$! +",-#;
'$./0 15.29 :%$ *!51,$ 1!"#$ 15.2 4"!02 & $</5,&*$!&, *!5&.6,$ )5*% & 2$1&!&*5".
"4 3 mm9 :%$ /11$! *!51,$ 1!"#$ 52 /2$' 4"! *%$ $,$*!". *$01$!&*/!$ &.' 1&!*5,$
=/> 0$&2/!$0$.*9

< $!(=,#(%(-1! >&%>( &- -.( 3,--, $,1- )θ = 270o, φ = 90o* !+ 5+(" ?,1 ,'-1,%%("

@A6 B.( & ,5'- ,? !'C(-(" 8&+ !+ ,'-1,%%(" 32 >&12!'8 -.( >&%>( ,$('!'8 -! ( !'

-.( 1&'8( ,? D69#E69  + +, -.&- $%&+ & 511('- &'" !-+ (F5!%!31!5 $,+!-!,' 1( &!'

5'.&'8("6 B.( >&%>( ,$('!'8 "51&-!,' !+ GH(" &- ∼ E  +I 0.!. !+ (F5!>&%('-

-, &""!'8 ∼ 1 × 1018 .2"1,8('  ,%(5%(+6 7!851( 969 +.,0+ (H& $%(+ ,? +!8'&%+

?1, & $&1-!5%&1 <JKBL< "!+.&18(6 K- +.,5%" 3( ',-(" -.&- -.(1( !+ 1("5-!,' !'

/5-5&-!,' & $%!-5"(+ &'" !'1(&+( !' 1&"!&-!,' ,? $%&+ & ("8(6 K' &""!-!,'I -.(

@A &5+(+ +!8'!G&'- !'1(&+( !' $%&+ & "('+!-2 0.(' -.( 3&+( %!'( "('+!-2 !+ %,0

M+(( 7!86 969)&*℄6 O,0(>(1I -.( "('+!-2 !'1(&+( !+ ',- +!8'!G&'-I 0.(' 1("5-!,'

!' /5-5&-!,' & $%!-5"( !+  (&+51(" M+(( 7!8 969)&* &'" 7!86 969)?*℄6

 !
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 !"#$% &'&(  !"#$%&' () *+$,"% ./012. 3,'4"56&7 8"9 :4(53;"<&5"6&3 $%"'#"
3&=',*+ #&"'>5&3 ?+ µ@ ,=*&5)&5(#&*&5 "=3 <(%*"6& $>%'&' (= *4& 6"';$>A <"%<&B
8?9 %(($ <(%*"6&B 89 $%"'#" >55&=*B 839 5"3,"*&3 $(C&5 "%(=6 &36& "=3 (5& 4(53'
"' #&"'>5&3 ?+ .DEF ?(%(#&*&5 "#&5"B 8&9 '4(C' HαB :;000 "=3 <(%*"6& (= *4&
6"';$>A <"%<& 3>5,=6 GH;IJ #' ,=*( *4& 3,'4"56&B 8)9 K("*,=6 $(*&=*,"%B 869 ,(=
'"*>5"*,(= >55&=* "* $5(?& $,=' 8'&& JLM9 "=3 849 '()* D;5"+ ',6="%L 14& '4"5$ 3,$
,= '()* D;5"+ ',6="% ,' #"+ ?& ,6=(5&3 "' $,N >$ "=3 4&=& *4& '()* D;5"+ ',6="%
,=5&"'&' 3>5,=6 *4& 6"' $>AL

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

)*% $+,!+- .$/0-%1 /2 .-+13+ ,%41!567 3%+1#$%, +5 8/5* 5/. +4, $+,!+- .$/8%1

+$% 1*/94 !4  !"' &':' )*% $+,!+- .$/0-%1 /2 5*% ;/+5!4" ./5%45!+- +4, 5*% 3%+4

./-/!,+- ;/9 <%-/!567 Vθ = (Er × BT )/BT 7 4%+$ 5*% .-+13+ 8/#4,+$6 +$% 1*/94

 !



 !"#$%& '( )&"#%+,- ."/%& 01"23" 41,5 6,789"$8,: 58$! ;"2 0<-=

 ! " #$ %&$'($ )** +,-./0,1 2/-!3 3 ,. -0, 1,3,0+ !,1 45 -6,0-# !# 37, 1-3- 4,8

9:0,;< 37:/3 -!1 1/0 !# =>$ ":0 37, +,-./0,+,!3. -00 ,1 :/3 -3 37, 3:@ @:03A 37,

B,*1 * !, 7-. *:!# :!!,3 :! *,!#37A L‖ ∼ πRqa ∼ C +  ! 37, DEF @*-.+-A <7 7

 . .7:<! 45 37, .7-1:< 0,# :!  ! " #$ %&$G( -!1 ./4.,2/,!3 B#/0,.$ H7, IJ,0:K :9

080sep 0,@0,.,!3 37, FL"D *:-3 :!$ H7, B,*1 * !, 7-. .7:03 :!!,3 :! *,!#37 %∼
M +(  ! 37, * + 3,0 .7-1:<A  !1 -3,1 45 ID7:03 L‖K  ! 37, B#/0,.$ E! 37, :37,0

7-!1 37, B,*1 * !,. -3 37, 0-1 -* @0:4,. 7-. :!*5 .7:03 L‖$ H7, 1,!. 35 #0-1 ,!3

.-*, *,!#37 +-5 4, 0,*-3,1 3: 37, :!!,3 :! *,!#37A -!1  3 +-5 4, .7:03,0 9:0

.7:03 L‖ N.,, " #$ &$G%-A4(℄ NPQ℄$

" #/0, &$GR  !"#!$ %&'($)* '+ )",) %$!*-! ").*#/01 -)!*2&)" !/ /3) 4!5 /'% %&'6)
!." 465 &!"#!$ %&'6)7 83) 9)&/#!$ *3!"'; 6!." #."#!/)* /3) *)%!&!/#'. '+ /3) $'.,
L‖ &),#'. +&'- /3) *3'&/ L‖ &),#'.7 <!*3)" $#.)* !&) )0) (/*7

H7, 0-1 -* -!1 @-0-**,* @-03 *, 4-*-!, # 6,. 37, 9:**:< !# 0,*-3 :!R L‖/Cs =

λ2n/D⊥A -!1  3 -! 4, /.,1 3: 1,3,0+ !, 37, 0,*-3 :! -+:!# 37, :!!,3 :! *,!#37A

L‖A 37,  :! .:/!1 6,*: 35A CsA 37, 1,!. 35 .-*, *,!#37A λn -!1 37, @,0@,!1 /*-0

1 S/. 6 35A D⊥$ T3  !1 -3,. 37-3 *-0#,0 L‖ # 6,. *-0#,0 λnA @0:6 1,1 :37,0 2/-!3 3 ,.

0,+- ! /!7-!#,1$ H7 . :/*1 4, 37, 0,-.:! 4,7 !1 6,05 *-0#, λn  ! *:!# L‖ 0,# :!

-!1 .+-** λn ∼ M& ++  ! .7:03 L‖ 0,# :! N.,, " #$ &$G%-A4(℄$ U, -! ,.3 +-3, 37,

6-*/, :9 λn  ! 37, *:!# L‖ 0,# :! 45 -../+ !#A L‖ ∼ C +A D⊥ ∼ & +2.−1 -!1 Cs ∼
V& W+;.$ H7, ,.3 +-3,1 6-*/, :9 λn  . VQ ++ <7 7  . -@@0:X +-3,*5 P 3 +,. 37-3

:9 λn  ! .7:03 L‖ 0,# :!$ U, -! -*.: ,.3 +-3, 37, @-0-**,* 30-!.@:03 3 +, %
L‖

Cs
(A

-. <,** -. 37, 0-1 -* 30-!.@:03 3 +, % λ2
n

D⊥
( 90:+ 37,., 2/-!3 3 ,.$ H7, ,.3 +-3,1

6-*/,. :9 @-0-**,* 30-!.@:03 3 +,. 9:0 *:!# -!1 .7:03 L‖ -0, -@@0:X +-3,*5 QYY µ.

 !



 !"#$%& '( )&"#%+,- ."/%& 01"23" 41,5 6,789"$8,: 58$! ;"2 0<-=

 !" #$ µ% &'%('*+,'-./ 0+1+- &-. *2' & "+ - *& !%(3&* *+1'% +! *2' -3!4  !" %23&*

L‖ &'4+3!%  &'  ((&35+1 *'-. 677 µ%  !" 6# µ% &'%('*+,'-./ 829%: !' &-. 3!%* !*

"'!%+*.  * & "+ - "+%* !' -'%% *2 ! $ 11 1 . ;'  **&+;9*'" *3 *2' -3!4 3!!'*+3!

-'!4*2/ 82' -3!4  !" %23&* 3!!'*+3! -'!4*2% +! *2' % 1' "+%2 &4' 1 . ;' "9'

*3 -+1+*'" 3!* *  &' 3< *2' (- %1 ;39!" &. =+*2 *2' -+1+*'& >%'' ?+4/ $/6℄/ A'

 -%3 3;%'&,'  %1 -- +!&' %' +! (- %1 "'!%+*.  !" %+4!+B !* "'&' %' +! C3 *+!4

(3*'!*+ - "9&+!4 *2' DE >%'' ?+4/ $/$F<G  !" $/$F4G℄/

A' 2 ,' 1' %9&'" '-'*&3! *'1('& *9&' ;. 9%+!4 C3 *+!4 *&+(-' (&3;' %.%*'1:

=+*2  3!%* !* ; **'&. ;+ %+!4 (VB) = H7 I <3&  ( +& 3< *=3 (+!%/ 82' (- %1 

C3 *+!4 (3*'!*+ - 3< *2' *2+&" (+! =+*2 &'%('* *3 *2' (3%+*+,' (3*'!*+ - 3< *2' ( +&

3< *=3 (+!% FVdG +% 1' %9&'" <3& "'*'&1+!+!4 *2' '-'*&3! *'1('& *9&': Te/ A'

9%' *2' <3--3=+!4 &'- *+3! <3& "'*'&1+!+!4 TeJ Te = Vd/ln(2)/ K! 3&"'& *3 3;* +!

433" -+!' &+*. ;'*=''! 1' %9&'" (3*'!*+ - Vd  !" Te: *2' <3--3=+!4 3!"+*+3! % *L

+%B'%J VB > 2Te >MM℄/ 0+!' *2' 1 5+191 '5('*'" 0NO '-'*&3! *'1('& *9&'

+% ∼ 20eV >6$℄: *2'  ((-+'" VB +% %9P+'!* <3&  ((-+ *+3! 3< *2+% 3!"+*+3!/ ?+4L

9&' $/MF G %23=% *2' & "+ - (&3B-' 3< *2' 1' ! (3*'!*+ - 1' %9&'" ;. 9%+!4  --

*2&'' (+!% FE+! Q: E+! $  !" E+! MG +! "+%2 &4'% =+*239*R;'<3&'  !" "9&+!4 *2'

DE/ 82' (3-3+" - C3= ,'-3+*. Vθ +% "'*'&1+!'" <&31 *2' B**'" (3*'!*+ - (&3B-'

 !" %23=! +! ?+4/ $/MF;G:  !" +* +% +! +3! "+ 1 4!'*+ "&+<* "+&'*+3!/ K* +% 3;%'&,'"

*2 * Vθ 2 %  !' &-. 3!%* !* , -9' 3< 7/$ 1R% "9&+!4 *2' DE/

 !"!# $%&( )* +, )- $.&(/)- 0&12&/3(4/&5 ,)(&-(63. 7.48

(43(6)- 3-9 :&-;6(< 7.4(43(6)-

?+49&' $/HF G %23=% *2' 'S'* 3< DE 3! *2' '-'*&3! *'1('& *9&' Te  !" ?+4/ $/HF;G:

%23=% & "+ - (&3B-' 3< 1' %9&'" Te ;'<3&' 3& AR3  !" "9&+!4 *2' DE +! *2' 0NO

&'4+3!/ T'<3&' 3& AR3 DE: *2' *'1('& *9&' , &. +! *2' & !4' 3< $ 'I *3 #7 'I

=+*2  4& "+'!* % -' -'!4*2 3< 6$ 11/ K* +% 3;%'&,'" *2 * DE -' "% *3  ;39* $7U

&'"9*+3! +! '-'*&3! *'1('& *9&' * V+!4 (- '  * 6/$L# 1%  <*'& *2' '!" 3< ,3-* 4'

(9-%' 3! *2' DE , -,'/ 82' *3* - *+1' &'W9+&'" <3& &'3,'&. 3< Te *3 +*% 3&+4+! -

, -9' +% +! *2' & !4' #/MLX/Y 1% F!3* %23=!G/ K* +% (3%%+;-' *2 * *2+% &'3,'&. *+1'

+% &'- *'" *3 *2' 4-3; - '!'&4. 3!B!'1'!* *+1'/ 0+1+- & 3;%'&, *+3! 2 % ;''!

&'(3&*'" 3! *2' &'"9*+3! 3< ( &*+-' C95 =+*2 *2' DE >67$℄/

 !



 !"#$%& '( )&"#%+,- ."/%& 01"23" 41,5 6,789"$8,: 58$! ;"2 0<-=

 !"#$% &'()  !"#!$ %&'($)* '+ ,'!-#./ %'-).-#!$0 !." 123 Vθ = VE×B4 56) 7)&-#!$
*6!"'9 2!."* #."#!-) *)%!&!-#'. '+ $'./ '..)-#'. $)./-6 :;< +&'= -6) *6'&-
'..)-#'. $)./-6 :;< 1<#=#-)& :6!"'93 &)/#'.4 56) *-!& *>=2'$ #. -6) 1!3 !&)
-6) '&&)*%'."#./ =)!*?&)" 7!$?)* '+ vf "?&#./ -6) /!* %?@ 2> -6) -6&)) %#.*4

 !"#$% &'*) 1!3 A@)- '+ /!* %?@ '. )$)-&'. -)=%)&!-?&) =)!*?&)" 2> -6) -&#%$)
%&'2)B -6) =!C#=?= &)"?-#'. #. )$)-&'. -)=%)&!-?&) #* '2*)&7)" !2'?- D4E =*
!+-)& -6) )." '+ -6) 7'$-!/) %?$*) '. -6) /!* %?@ 7!$7)0 123 -6) &!"#!$ %&'($) '+
)$)-&'. -)=%)&!-?&) 2)+'&) '& FG' !." "?&#./ -6) /!*H%?@4

 !"#$% &'+ ,-./, 0-% $12!13 4$.53%, .6 7.$813!9%2 !.7 ,10#$10!.7 #$$%70 ;#0#1<

0!.7 =Ĩs/Is> 172 $..0 8%17 ,?#1$% =$8,> @13#% .6 0-% ;.10!7" 4.0%70!13 =Vf> /!0-<

.#0AB%6.$% 172 2#$!7" 0-% CD' E0 !, .B,%$@%2 0-10 0-% 7.$813!9%2 Ĩs/Is $%81!7,

7%1$3F 0-% ,18% !7 2!,-1$"%, B%6.$%A/!0-.#0 172 2#$!7" CD' G7 0-% .0-%$ -172H

 !



 !"#$%& '( )&"#%+,- ."/%& 01"23" 41,5 6,789"$8,: 58$! ;"2 0<-=

 !"#$% &'()  !"$ %& '() *+! %, -+$+($.%, %& /(0 .%, )($+1($.%, +11",$ (,2
/30 -%($.,' *%$",$.(45 67" -+$+($.%, ., .%, )($+1($.%, +11",$ .) ,%18(4.9"2 3+$
*%$",$.(4 -+$+($.%, .) )7%:, ., $7" &%18 %& .$) 1%%$;8"(,;)<+(1" /18)0 =(4+"5 67"
="1$.(4 )7(2%: 3(,2) .,2.($" )"*(1($.%, %& 4%,' %,,"$.%, 4",'$7 >?@ &1%8 $7"
)7%1$ %,,"$.%, 4",'$7 >?@ /@.8.$"1 >7(2%:0 1"'.%,5

*+%$% !, ,!"-!.0-* $%1#*!2- !- *+% Vf 3#*#0*!2- 1#$!-" *+% 45 6,%%  !"' &'(789℄'

;+% 28,%$<%1 !-$%0,% !- Ĩs/Is !-,!1% *+% =>? $%"!2- !, 2-,!,*%-* @!*+ A$%<!2#,

B%0,#$%B%-*, 6CDEF CDG℄'

 !"!# $%&( )* +, )- ,./01/ 23/-04)3(

 !"#$% &'CD ,+2@, *+% %HA%$!B%-*0IIJ 1%*%$B!-%1 $01!0I A$2.I%, 2K A0$*!I% 3#H 7Γr9

0-1 L0+ -#B8%$ 7L9 0-1  !"' &'CC ,+2@, *+% 1%A%-1%-% 2K Γr 2- L' M% -2@ #,%

*+% B%0,#$%1 <0I#%, 2K <0$!2#, I%-"*+, !- 2$1%$ *2 ,+2@ *+% 2-,!,*%-J 2K B%0,#$%N

B%-*,'  2$ %H0BAI%F *+% A%$A%-1!#I0$ 1!O#,!2- 2%P!%-* (D⊥) 0- 8% %,*!B0*%1

K$2B *+% $%I0*!2-) Γr = D⊥ neb/λnF @+%$% λn !, *+% 1%-,!*J "$01!%-* ,0I% I%-"*+'

QJ 0,,#B!-" λn ∼ 15 mmF *+% %,*!B0*%1 <0I#% 2K D⊥ ∼ 5 m2s−1' M% +0<% %,*!N

B0*%1 D⊥ 0* *+% =>? -%0$ *+% $01!0I A2$* 0-1 .-1 *+% <0I#% ,0B%' ;+% Γr 1%0J

I%-"*+F λΓF 0- 8% 1%*%$B!-%1 K$2B *+% 10*0 !-  !"' &'CD709 0-1 !* !, ∼CD BB' ;+!,
!, 2BA0$08I% *2 *+% <0I#% %,*!B0*%1 K$2B *+% $%I0*!2- λΓ = (λ−1n + 0.5λ−1T )−1F

@+%$% λT !, *+% 1%0J I%-"*+ 2K %I%*$2- *%BA%$0*#$%' QJ 0,,#B!-" λT ∼ C& BBF

@% %,*!B0*%1 <0I#% 2K λΓ ∼ CD BBF @+!+ !, ,!B!I0$ *2 *+% %HA%$!B%-*0IIJ 1%*%$N

B!-%1 <0I#%'

 !



 !"#$%& '( )&"#%+,- ."/%& 01"23" 41,5 6,789"$8,: 58$! ;"2 0<-=

 !"#$% &'()*  !"#!$ %&'($)* '+ ,!- %!&.#$) 0123 Γr = 〈ñṽr〉3 !4" ,5- .'&'#"!$ 6!7
4185)& 69 :7) ;)&.#!$ *7!"'< 5!4"* #4"#!.) *)%!&!.#'4 '+ $'4= '44).#'4 $)4=.7
>?@ +&'8 .7) *7'&. '44).#'4 $)4=.7 >?@ ,@#8#.)& >7!"'<- &)=#'49 :7) "!*7)"
$#4)* !&) )A)B(.*9
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 !"#$% &'((* :7) C!&.#$) 0123 Γr = 〈ñṽr〉 ;!&#!.#'4 <#.7 .7) .'&'#"!$ 6!7 4185)&
69 D. #4"#!.)* .7) #8%'&.!4) '+ .7) %$!*8! 0'<* #4 '4.&'$$#4= .7) &!"#!$ .&!4*%'&.
'+ %!&.#$)*9

+,-./%$ -01%$23.!-, !1 ./% 4355 !, ./% 63$.!5% 8#9 !, ./% 5-," -,,%.!-, 5%,"./

$%"!-, 3,: 6%3; !, ./% 1/-$. -,,%.!-, 5%,"./ $%"!-, -4 ./% <=>' ?% /32% -0@

1%$2%: ./3. ./% 5-," L‖ $%"!-, 43551 !,.- ./% 2%5-!.A 1/%3$ $%"!-, B1%%  !"' &'CD0E℄G

3,: 1/-$. L‖ $%"!-, !1 -#.1!:% ./% 1/%3$ $%"!-,' H/% I39!I#I $3:!35 .$3,16-$. !1

 !



 !"#$%& '( )&"#%+,- ."/%& 01"23" 41,5 6,789"$8,: 58$! ;"2 0<-=

 !"#$%#&  '(")&# (*# %#+ )(- "*#.$ $#/) 0 1"## 2)/3 43567.8℄3 :*# $.&).+ ;$ <+#  =

;.$()+# >'? 1"## 2)/3 43567.8℄ "* @" . A)0)A'A .( $B$sepC 6 @*)*  $$#"; 0&" ( 

(*# #0(#$  = (*#∼56 AA "*#.$ $#/) 0D #"()A.(#& =$ A $.&).+ ;$ <+#  = ; + )&.+ > @

%#+ )(- .0& ;.$.++#+ E.* 0'A!#$ =$ A 2)/3 43F7!8 .0& 2)/3 43567!8 $#";#()%#+-3

:*#  !"#$%#& ;$ <+# 12)/3 43567.8℄ ./$##" @)(* (*# ;$ <+# $#; $(#& )0 1G6D 56H℄3

:*# E.* 0'A!#$ )" &#<0#& ." M = v/CsD @*#$# v )" (*# ;+."A. > @ %#+ B

)(- .0& Cs )" (*# ) 0 . '"() ";##&3 I0  $&#$ ( .+'+.(# (*# E.* 0'A!#$D

@# A.J# .""'A;() 0  = (*)0 "*#.(* .0& '"# (*# $#+.() 0D M = 0.43ln(JUP/JDN)D

@*#$#D JUP .0& JDN $#";#()%#+- .$# ';"($#.A .0& & @0"($#.A '$$#0( &#0")()#"

 = (*# E.* ;$ !# ;+.(#" 1K6℄3 :*# ; ")()%# .0& (*# 0#/.()%# %.+'#"  =M )0&).(#

(*.( > @" .$# ( @.$&" ) 0 &$)=( =.# .0& #+#($ 0 &$)=( =.#" $#";#()%#+-3 :*# E.*

0'A!#$ A#."'$#A#0(" .$# .$$)#&  '( .( (*$## &)"$#(# ( $ )&.+ .0& ; + )&.+ + .B

() 0" ." &#"$)!#& #.$+)#$3 2)/'$# 43567!8 "* @" (*.( (*# E.* 0'A!#$ ;$ <+# *."

. "*#.$ )0 (*# + 0/ L‖ $#/) 03 2)/'$# 4355D "* @" &#;#0&#0#  = Γr  0 (*# E.*

0'A!#$3 L#  !"#$%# (*.( (*# $.&).+ ;.$()+# >'? )" A.?)A'A @*#0 (*# ;.$.++#+

E.* 0'A!#$ )" A)0)A'A3 I0 ;$#"#0#  = ")/0)<.0( ;.$.++#+ E.* 0'A!#$D (*#$#

)" . &#$#."# )0 (*# $.&).+ ;.$()+# >'?3 I( )" ; "")!+# (*.( (*# "*#.$ +.-#$ 0#.$ (*#

MN2O ;+.-" . A.P $ $ +# )0 (*# $#+.() 0 !#(@##0 (*# ;.$.++#+ E.* 0'A!#$ .0&

(*# $.&).+ ;.$()+# >'? ."  !"#$%#& )0 2)/3 43553

 !"!" #$%&'()*+,- ,. /0,1 2&(&'%)0 ,- *3& 4/5 6+7890)-&

1+*3 :;

2)/'$# 435Q7.8 "* @" ) 0 ".('$.() 0 '$$#0(" A#."'$#& !- (*# ';"($#.A .0& & @0B

"($#.A ")&# ;+.(#"  = (*# E.* ;$ !#3 :*#"# A#."'$#A#0(" @#$# (.J#0 .( (*# M2O

A)&B;+.0#D .! '( 4 AA !#*)0& (*# +."( + "#& >'? "'$=.# 7MN2O83 I( )"  !"#$%#&

(*.( (*# ';"($#.A ;$ !# '$$#0( )" +.$/#$ (*.0 (*# & @0"($#.A ;$ !# '$$#0(D )0B

&).()0/ (*.( ;+."A. > @ )" )0 (*# + J@)"# &)$#() 0 7)3#3D ( @.$&" (*# ) 0 ")&#

 = (*# +)A)(#$83 :*)" &)$#() 0 )" (*# ".A# ." $#; $(#& )0  '$ #.$+)#$  !"#$%.() 0

154℄3 R @#%#$D (*#$# )" > @ $#%#$".+ &'$)0/ (*# STD !#.'"# (*# ;$ !# '$$#0(  0

(*# & @0"($#.A ;+.(# )" +.$/#$ (*.0 (*.(  0 (*# ';"($#.A ;+.(#3 :*# &)$#() 0

.0& A./0)('&#  = (*# ;+."A. > @ $# %#$" .=(#$ (*# ST #U#( )"  %#$3 :*# > @

$#%#$".+ .0 !# #?;+.)0#& ." = ++ @"V :*# ST $#.(# ;$#""'$# &)U#$#0# &'# ( 

  



 !"#$%& '( )&"#%+,- ."/%& 01"23" 41,5 6,789"$8,: 58$! ;"2 0<-=

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

/5 '.+ 1 #(6# 7!3( # !%8 '.+ 9+ 0  $%+(, :( '.+ ;<  !#'$!% $( !% '.+ $!% ($0+

!2 '.+ 1*!/+ 1!($'$!%= $' *+#'+( 1 #(6# 7!3 $% '.+ #%'$ !>3$(+ ?$,+, '!3#*0( '.+

+ +'*!% ($0+ !2 '.+  $6$'+*@ 0$*+'$!%,
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(θ =0o, φ =54o)

A$8)*+ B,CDE  !" #$% &!'()!'*$% ()),%' $% (-&'),!. !%/ /$0%&'),!. -)$1,& 1,2$),
!%/ /()*%3 3!& -(45 !2',) 6 .& &.$$'7*%35  1" 8!7 %(.1,)& .,!&(),/ 1,2$),
 8" !%/ /()*%3 3!&9-(4  8GP " *% &,:,)!; /*&7!)3,&< =7, ,))$) 1!) *%/*!',& '7,
&!'',) *% '7, /!'!<

A$8)*+ B,CD?/@ (.!3( '.+ 6+#()*+0 F# )+( !2 G#. %)6/+*( /+2!*+ ?G@ #%0 0)*$%8

?GGP @ '.+ ;<, H' $( !/(+*F+0 '.+ 0)*$%8 '.+ ;<= '.+ G#. %)6/+* .#%8+( ($8%=

$,+,= '.+ 7!3 0$*+'$!% *+F+*(+(, -.+ 6#8%$')0+ !2 GGP $( 6#I$6)6= 3.+% '.+

'.+ 6#8%$')0+ !2 G $( 6$%$6)6, -.+ .#%8+ $% G#. %)6/+*= M −MGP ∼ J,CK

$% #  0$(.#*8+(, -.$( $%0$#'+( '.#' '.+ *+F+*(# $( #)(+0 /5 '.+  !# 1#*'$ +

(!)*+ !%'*$/)'+0 /5 '.+ ;<,

 !"!# $%&' ()**+,- ./0* 1+23-4 52+ 6373*+,

A$8)*+ B,CL?#@ (.!3( '.+ G#. %)6/+*( 6+#()*+0 #' '.*++ 1! !$0#  !#'$!%(, :(

# *+#05 +I1 #$%+0= '.+ 1!($'$F+M%+8#'$F+ G#. %)6/+* $%0$#'+( '.#' '.+ 7!3 $(

'!3#*0( '.+ $!%M+ +'*!% ($0+ !2 '.+  $6$'+*, A$8)*+ B,CL?/@ (.!3( '.+ (.+6#'$

0$#8*#6 !2 '.+ ( #/ 6!0+ !2 '.+ NOP, -.+ (! $0 #**!3 #' '.+ 1*!/+  !#'$!%(

 !



 !"#$%& '( )&"#%+,- ."/%& 01"23" 41,5 6,789"$8,: 58$! ;"2 0<-=

 !" $%&' %(& " )&% *! *+ ,-$'.$ /*0  ! " '($)1&' 2&+*)&30 %(*4% %(& 56 $!"

"$'(&" $))*0  !" $%&' %(& '$.& "4) !1 %(& 567 8(& .&$'4)&" " )&% *!'  !" $%&

%($% %(& /*0' .$9 ($:& '(&-- '%)4%4)&' *!!&% !1 %(& -*!1 *!!&% *! -&!1%(

)&1 *!' 0 %( %(& '(*)% *!!&% *! -&!1%( ;- . %&) '($"*0< )&1 *!'7 8( ' .$9 2&

&=,-$ !&" 29 ' .4-$% *! )&'4-%' )&,*)%&"  ! >?@A℄7 8(& ,*' % :& C$( !4.2&) $%

θ = 0o  ' *!' '%&!% 0 %( %(& E × B ") +% " )&% *!7 D! %(& *%(&) ($!"E %(&

!&1$% :& C$( !4.2&) $% %(& θ = 45o >'&& FGH  ! I 17 J7?K;2<℄ $!" θ = 90o >'&&

F8H  ! I 17 J7?K;2<℄ $! 2& &=,-$ !&" 29 %(& ,-$'.$ /*0 +)*. %(& *4%2*$)" %* %(&

 !2*$)"7 8( ' /*0 .$9 2& $4'&" 29 %(& " L&)&!&  ! ,-$'.$ ,)&''4)& 2&%0&&!

*4%2*$)" $!"  !2*$)" ' "&' %($%  ' 1&!&)$%&" 29 %(& 2$--**! !1 %)$!',*)%7 8( '

 ' $ ,*'' 2 - %9 2&$4'& %(& ,)*2&' $% FGH $!" F8H -*$% *!' .$9 2& *!!&%&" %*

%(&  !2*$)" ' "&  ! *4) $'&7 8(& 2$--**! !1 %)$!',*)% .$9 2& !&1- 1 2-& *! %(&

*4%2*$)" . "M,-$!& > 7&7E $% %(& -*$% *! FDH  ! I 17 J7?K;2<℄ >NJ℄7

I 14)& J7?KO  !" #!$!%%&% '!) *+,-&$ ,&!.+$&/ !0 0)$&& 12%23/!% %2!032*. !*/ 4+.0
-&)3*/ 0)& %3,30&$5  -" .%!- ,2/&% 26 0)& 789 .)2:3*; 1$2-& 12.3032*. !*/ ,&!.+$&/
<2: /3$&032*.= >)& 1$2-& %2!032*. !$& .)2:* -? @>A5 @BA !*/ @8A 3*/3!03*; '!)
1$2-&. !0 0)& 0215 $!/3!% !*/ 2+0-2!$/ ,3/C1%!*& $&.1&03D&%?5 @E#A 3*/3!0&. 0)&
%2!032* 26 ;!. 1+F D!%D&= >)& .2%3/ !*/ /!.)&/ !$$2:. .)2: 0)& <2: /3$&032*.
-&62$&G:30)2+0 !*/ /+$3*; ;!. 1+F= >)& /200&/ %3*&. !0 0)& @E#A %2!032* 3*/3!0&
0)& <2: /3$&032*. -&!+.& 26 %2!% 32*3H!032* .2+$& -? ;!. 1+F= >)& &$$2$ -!$ 3*
 !" .)2:. 0)& .!00&$ 3* 0)& /!0!=

P4) !1 %(& 56E %(& /*0 )&:&)'$- $% %(& θ = 0o $!"  !)&$'&  ! %(& C$( !4.2&)

$% θ = 45o $!" θ = 90o  ' *2'&):&"7 8(&  !)&$'&  ! %(& C$( !4.2&) $% θ =

45o $!" θ = 90o -*$% *!' $! 2& &=,-$ !&" 29 +4)%(&)  !)&$'&  ! %(& ,-$'.$

,)&''4)&  .2$-$!& $4'&" 29 %(& 567 Q%  ' ,*'' 2-& %($%  ! %(& 1)$" &!% )&1 *!

>'&& I 17 J7?@;2<℄E %(& /*0 ($' *!%) 24% *! +)*. *%(&) %($! !&*-$'' $- &L&%'

 !



 !"#$%& '( )&"#%+,- ."/%& 01"23" 41,5 6,789"$8,: 58$! ;"2 0<-=

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

 !"$""% !, /2% ,%7/ "%/!(,*

 !"! #$%&$' ()*+',- *. /',1)*-1$1& #,23*'%- 41),-- 56)7

&38 $3% 9&1:*61 ;(

82% 6%5,(0 " "/.%"" 2&" '%%, $"% /( "/$ 5 /2% .(0% (9 /$.'$0%,% !, :%,%.&/!,:

4%&, ;(<" &, )!% )%."& =>?1 >@1 >>℄* +, /2%"% "/$ !%"1 /2% 6%5,(0 " "/.%"" !"

&0$0&/% 9.(4 /2% ;$/$&/!,: ;(< )%0(!/!%"1 ,&4%05 δVr1 δVθ &, δM !, .& !&01

-(0(! &0 &, /(.(! &0  !.%/!(," .%"-%/!)%05* 82% %.:( ! &""$4-/!(, &00(<" $"!,:

/!4%B&)%.&:%" 9(. %,"%4'0% &)%.&:%"1 ,&4%051 〈δVrδVθ〉 &, 〈δVrδM〉 9(. -(0(! &0
&, /(.(! &0 6%5,(0 " "/.%""%" .%"-%/!)%05* +/ "2($0 '% ,(/% /2&/ 〈δVrδVθ〉 4&5

'% $"% 9(. "/$ 5!,: /2% -(0(! &0 ;(< :%,%.&/!(, =>>1 >C℄ &, 〈δVrδM〉 4&5 '%

$"% 9(. "/$ 5!,: /(.(! &0 ;(< :%,%.&/!(, =>@1 >C℄* D!:$.% E*F> "2(<" .& !&0 -.(B

G0%" (9 '(/2 /2%"% H$&,/!/!%"* +/ !" ('"%.)% /2&/ '%/<%%, >BI 44 '%2!, /2%

JKDL1 〈δVrδVθ〉 2&)%  %G,!/% :.& !%,/ !,  !"2&.:%" <!/2($/ MN* 82!" :.& !%,/

:%/" <&"2% ($/  $.!,: /2% MN* L!4!0&.05 /2% 〈δVrδM〉 &0"( 2&)% :.& !%,/ !,  !"B

2&.:%" <!/2($/ MN1 <2!2 :%/" <&"2% ($/  $.!,: /2% MN* 82%"% ('"%.)&/!(," &.%

!, &:.%%4%,/ <!/2 -.%)!($" 4%&"$.%4%,/" =>?1 >@1 >>℄*

D!:$.% E*F>O  !"#!$ %&'($)* '+ ,!- 〈δVrδM〉 !." ,/- 〈δVrδVθ〉0 12) 3)&4#!$ *2!"'6
/!."* #."#!4) *)%!&!4#'. '+ $'.7 '..)4#'. $).742 89: +&'; 42) *2'&4 '..)4#'.
$).742 89: ,:#;#4)& 82!"'6- &)7#'.*0 12) "!*2)" $#.)* *2'6 42) )<)=(4*0

P% 2&)% %"/!4&/% /2% .& !&0B-&.&00%04(4%,/$4 -.( $/!(, .&/% QPrM = −〈δVrδM〉∂M∂r R1

 !



 !"#$%& '( )&"#%+,- ."/%& 01"23" 41,5 6,789"$8,: 58$! ;"2 0<-=

 !" # "$ %&'(%($" %)()*!+,) '#(",+$(! # +* .Prθ = −〈δVrδVθ〉∂Vθ

∂r
/0 1#() +2* *3&

'*#$)*!+ % " + 4$),%+ !*(,4%56 72* !*8 +$9* '#(",+$(! # +* $!"$ +*4 +2 + +2*

+,#:,%*!*  +4  4  )()*!+,) 4(,#* 1(# +2* +2* )* ! ;(<0  !" '(4$+$9* '#(",&

+$(! # +* $!"$ +*4 +2 + +2* +,#:,%*!* $4 +2* )()*!+,) 4$!=6 72* *4+$) +*" 9 %,*4

(1 *3'*#$)*!+ % )()*!+,) '#(",+$(! # +* 1(# +2* ' # %%*% ;(<4  #* ∼ >6? × @A3

4−1  !" ∼ &? × @A3 4−1 !* # +2* 42* # #*8$(! B4** C$86 ?6@A.:/0 C$86 ?6@D. /℄6 72*

8# "$*!+ $! +2* F*5!(%"4 4+#*44  ''* #4 !* # +2* 42* # #*8$(!6 G* !(< ()' #*

+2*) <$+2 +2* # +* #*H,$#*" 1(#  ' #+$,% # I 2 !,):*#0
M2

‖

2τc
0 1#() F*1 BD>0 DJ℄0

<2*#* τc $4 +2* +,#:,%*!*  ,+(&(##*% +$(! +$)* . 44,)*" @A µ4/6 72* ' # %%*%

)()*!+,) '#(",+$(! # +*0 *4+$) +*" 1#() +2$4 *H, +$(! $4 ∼ > × @A3 4−10 <2$2

$4 ()' # :%* +( +2* )* 4,#*" '#(",+$(! # +* $! +2* 42* # ;(< #*8$(!6 K$)$% #%50

<* *4+$) +* '(%($" % )()*!+,) '#(",+$(! # +*4  4 ∼ 3 × 1012 GL=8  !" ∼ &J

× @A12 GL=8 !* # +( +2* 42* # #*8$(! B4** C$86 ?6M.:/  !" C$86 ?6@D.:/℄6 G*  !

*4+$) +* +2* '(<*# #*H,$#*" '*# ,!$+ ) 44 $! +2* +,#:,%*!* +( "*#$9* +2* ;(<4

+( +2* )* 4,#*" 4'**"  4 1(%%(<4N
V 2

θ

2τc
∼ @6> × @A12 GL=80 <2$2 $4 ()' # :%* +(

+2* )* 4,#*" 9 %,*46 72*  :(9* *4+$) +$(! 4,88*4+4 +2* $)'(#+ !* (1 '#(",+$(!

+*#)4 $! :(+2 ' # %%*%  !" '*#'*!"$,% # ;(< "5! )$46 G*  %4( O!" +2 + +2*

+,#:,%*!*  +4 :(+2  4  4(,#*  !"  4$!= $! +2* KPQ #*8$(!6 R(<*9*#0 1 # $!+(

+2* %$)$+*# 42 "(< #*8$(! +2* +,#:,%*!*  !" )* ! ;(<  #* "*(,'%*"6 72* ", %

#(%* (1 +,#:,%*!*  +$!8 :(+2 +2* 4(,#*  !" +2* 4$!= (1 )* ! )()*!+,) 2 4

:**! #*'(#+*" * #%$*# :5 BD>0 DJ0 DD℄6

S+ 42(,%" :* )*!+$(!*" 2*#* +2 + (,# )* 4,#*)*!+4 42(< "$4+$!+$(! :*+<**! %(!8

(!!*+$(! %*!8+2 KPQ  !" 42(#+ (!!*+$(! %*!8+2 KPQ0 <2*#* 4 '#*9$(,4 )* &

4,#*)*!+4 BD>0 DJ0 DD℄ #*'(#+ +2* "$4+$!+$(! :*+<**! +2* %(4*" O*%" %$!*  !" ('*!

O*%" %$!* #*8$(!46 Q$=*<$4*0 <* ,4* TU 1(# 4+,"5$!8 (!!*+$(! :*+<**! F*5!(%"4

4+#*44  !" +2* )* ! ;(<40 <2*#* 4 * #%$*# )* 4,#*)*!+4 ,4*" $!#* 4$!8 '% 4) 

"*!4$+5 BDJ℄0 +,#:,%*!+ 2* +$!8 :5 ,##*!+ ',%4* BDD℄  !" (2)$ "$42 #8*4 BD>℄ 1(#

+2$4 ',#'(4*6

 !



 !"#$%& '( )&"#%+,- ."/%& 01"23" 41,5 6,789"$8,: 58$! ;"2 0<-=

 !" #$%%&'(

 ! "#$! #&&'!( )*+ ,!#-*&!,!.+- )/ 01#-,# (!.-'+23 !1!+&). +!,0!&#+*&!3 4)#+5

'.6 0)+!.+'#13 7#" .*,8!&3 4*+*#+'). '.(*!( 0#&+'1! 4*9 #.( :!2.)1(- -+&!--

.!#& +&#.-'+'). 8!+;!!. +"! 1).6 )..!+'). 1!.6+" #.( +"! -")&+ )..!+'). 1!.6+"

<=> &!6').-? @"!-! ,!#-*&!,!.+- #&! #&&'!( )*+ '. )",' "!#+!( ('-"#&6!- ;'+"

#.( ;'+")*+ AB? @"! 01#-,# (!.-'+2 '- .!#&12 4#+ '. +"! +&#.-'+'). &!6'). '.('5

#+'.6 +"! &)1! )/ 1).6 )..!+'). 1!.6+"? =*& ,!#-*&!,!.+- /*&+"!& -"); +"#+

!1!+&). +!,0!&#+*&! '. +"! <=> &!6'). &!(*!- +) .!#&12 "#1/ (*&'.6 +"! AB #.( '+

&!)$!&- +) +"! )&'6'.#1 $#1*! '. C5D ,- #/+!& +"! AB? @"! 0)1)'(#1 4); $!1)'+2 &!5

(*!- .!#&12 +) E!&) (*&'.6 +"'- 0!&')(? F1+")*6" +"! 4*+*#+'). '. '). -#+*&#+').

*&&!.+ &!,#'.- .!#&12 -#,!3 +"! 4*+*#+'). '. 4)#+'.6 0)+!.+'#1 '- -'6.'G#.+12

&!(*!( ;'+" +"! AB?

F. '.+!&!-+'.6 )8-!&$#+'). '- +"#+ +"! 0#&+'1! 4*9 0!#H- ;"!. +"! 0#&#11!1 7#"

.*,8!& '- .!#& E!&)? I+ '- 0)--'81! +"#+ +"! -"!#& '. +"! 0)1)'(#1 4); $!1)'+2 #.(

0#&#11!1 7#" .*,8!& 01#2- # ,#J)& &)1! '. &!(*'.6 +"! &#('#1 0#&+'1! 4*93 #-

+"! ,#9',*, '. +"! 0#&+'1! 4*9 '- )*+-'(! +"! -"!#& 1#2!&?

 ! "#$! #1-) ).-+&*+!( +"! 4); 0#++!&. '. FKI@LF <=> 01#-,#? I+ '- )85

-!&$!( +"#+ +"! 0#&#11!1 4); '- +);#&(- +"! '). -'(! '. +"! 1','+!& -"#(); 8*+ '+ '-

+);#&(- +"! !1!+&). -'(! '. +"! 1).6 L‖ &!6'). )/ +"! <=> 01#-,# #+ +"! +)0 0)&+?

I+ '- 1'H!12 +"#+ +"! 4); -+&*+*&! '- # ).$!+'$! -"!11 '. +"! <=> &!6'). 8!#*-!

)/ -0!'#1 <=> ).G6*&#+'). '. FKI@LF +)H#,#H? @"'- "#- #1-) 8!!. )8-!&$!(

'. +"! .*,!&'#1 -',*1#+'). 82 <"#&,# !+ #1? MNOP℄? @"! 4); ('&!+'). '- +);#&(-

+"! !1!+&). -'(! )/ +"! 1','+!& #+ #11 +"&!! 1)#+').- '. +"! 0&!-!.! )/ AB .!#& +"!

1','+!& !(6!? @"*- +"!&! '- # 4); &!$!&-#1 #+ +"! )*+8)#&( ,'(01#.! '. +"! 1','+!&

-"#();? @"'- 0"!.),!.). #. 8! #++&'8*+!( +) +"! 1)#+'). )/ +"! AB $#1$! #.(

+"! -)*&! )/ 1)#1 ').'E#+'). )/ +"! 6#-?

 ! )8-!&$! +"#+ +"! +*&8*1!.! #+- #- # -)*&! #.( #- # -'.H /)& 8)+" 0#&#15

1!1 #.( 0)1)'(#1 ,),!.+*, '. +"! -"!#& &!6').3 ;"'" '- #+ +"! .!#& <=>? R);!$!&

8)+" #&! (!)*01!( '.+) +"! /#& <=>? =. +"! )+"!& "#.( +"! +*&8*1!.! #.( ,!#.

4); #&! (!)*01!( !$!&2;"!&! (*&'.6 +"! AB?

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

 !" #"$%&'"( )'$+",-. /$0"' 1)234 5-6%7 89 :;< =: >%"" ?!$+@"' A $9( B℄7 $9(

89 @!" -@!"' @-D$#$D% >B7 E7 FF7 FG7 FH7 FB7 FI7 GG7 GH7 GB7 GJ7 HH7 HE7 HK7 AB7 JA7

JI7 FFL7 FFF7 FFG℄ $9 M" (8N8("( 89@- %0##"@'8 $9( $%0##"@'8 -#+-9"9@% 68@!

'"%+"@ @- (8'"@8-9% -O @!" @-'-8($/ #$P9"@8 Q"/( BT $9( +/$%#$ &''"9@ IpR  !"

/$@@"' ("Q9"% @!" !"/88@0 -O @!" @-@$/ #$P9"@8 Q"/( >FG7 FFG℄7 6!8! 8% /$%%8Q"(

"8@!"' $% @!" +-%8@8N" !"/88@0 -'7 $% @!" 9"P$@8N" !"/88@0 ("+"9(89P -9 -'8"9@$@8-9%

-O @!" @-@$/ #$P9"@8 Q"/(R

<9 $90 !"/88@07 +/$%#$ 5-6% -9@$89% M-@! %0##"@'8 $9( $%0##"@'8 -#+-9"9@%R

 !" %0##"@'8 -#+-9"9@ -O @!" 5-6% $'" @'$9%+-'@ ('8N"9 $9( @!" $%0##"@'8

('8N"9 5-6% $'" ('8O@ ('8N"9 5-6%R  !" %0##"@'8 -#+-9"9@ (-"% 9-@ ("+"9(

-9 @!" (8'"@8-9 -O @-'-8($/ #$P9"@8 Q"/(7 BT $9( +/$%#$ &''"9@7 Ip7 $9( @!"

$%0##"@'8 -#+-9"9@ ("+"9(% -9 @!" (8'"@8-9 -O BT $9( IpR  !" %0##"@'8

-#+-9"9@7 D9-69 $% @'$9%+-'@ ('8N"9 -#+-9"9@7 8% P"9"'$@"( M0 @!" +'"%%&'"

P'$(8"9@ O-'"R ST$#+/"% $'"7 (8."'"9" 89 @!" +$'@8/" 5&T 89 @!" /-6 Q"/( %8("

13U)4 $9( @!" !8P! Q"/( %8(" 1VU)4R  !8% (8."'"9" 8% $&%"( M0 @!" M$//--989P

@'$9%+-'@ +"'+"9(8&/$' @- @!" Q"/( /89" >E7 FG7 GB7 FFG℄R )8#8/$'/07 +'"%%&'" P'$(8,

"9@ $/-9P @!" Q"/( /89" 8% $&%"( M0 @!" +$'@8/"W"9"'P0 %89D $@ @!" /8#8@"'R  !"

 !



 !"#$%& '( )*%+$,-"$,/+ /0 1&"+2#/&$ 3&,4%+ "+* 3&,0$ 3&,4%+ 56/72

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

5" 1 &')4! /&'0%!, '+64/'+7 E×B /&'0%, /' # 7+$%' /&'0%  +/ 89&!2:;264%$& <8;=

3).> ?6%2)472 %2$ 3). 1$6)'%" #$ !4&$/ '+ #)!% $@*$&'#$+%! &$0$& %) %2$ %)% 6

3). 1$6)'%", '>$>, %2$ !4# )0 !"##$%&'  +/  !"##$%&' )#*)+$+%!, '% !2)46/

5$ 6$ &6" 4+/$&!%))/ %2 % %2$ )&'7'+ )0 5)%2 )#*)+$+%!  &$ /'A$&$+%> B+ )&/$&

%) !%4/" %2$ &)6$ )0 *6 !# 3). )+ 76)5 6 )+9+$#$+% %'#$!, '% '! '#*)&% +% %)

/$%$&#'+$ %2$ %& +!*)&%:/&'1$+ 3).>

C@*$&'#$+%! 2 1$ 5$$+  &&'$/ )4% '+ DEF  +/ ?6 %)& E:G)/ %)- # -! '+ )&/$&

%) '!)6 %$ %& +!*)&% /&'1$+ )#*)+$+%! HIJ, IK, JL, IIJ℄> D2$ $@*$&'#$+%! )+ DEF

%)- # - 2 1$ !2).+  &$1$&! 6 '+ %2$ /'&$%')+ )0 *6 !# 3). .2$+ %2$ /'&$%')+!

)0 5)%2 BT  +/ Ip  &$ &$1$&!$/ .2'6$ -$$*'+7 %2$'& # 7+'%4/$!  +/ 2$6''%" ! #$

HIK℄> D2'! )5!$&1 %')+ '+/' %$! %2 % %2$ !"##$%&', )& %& +!*)&%:/&'1$+, )#*):

+$+% '! <IN:JN O= )0 %2$ *6 !# 3).! +$ & %2$ !$* & %&'@> P+ %2$ )%2$& 2 +/,

%2$ $@*$&'#$+% )+ ?6 %)& E:G)/ %)- # - 2 ! !2).+ !'7+'9 +%  #)4+% )0 !"#:

#$%&' )& %& +!*)&%:/&'1$+ )#*)+$+%> B+ %2'!  !$  6!) %2$ # 7+$%' 9$6/ 2$6''%"

'! -$*% 4+2 +7$/ .2$+ /'&$%')+! )0 BT  +/ Ip  &$ &$1$&!$/ HIJ℄> G)&$ /$% '6$/

$@*$&'#$+% 2 ! 5$$+ &$*)&%$/ &$$+%6" )+ %2$ %& +!*)&%:/&'1$+ *6 !# 3).! 5"

!'#46% +$)4! #$ !4&$#$+%! )+ %2$ 6). 9$6/ !'/$ <QR;=  +/ 2'72 9$6/ !'/$ <SR;=

;PQ HIIJ℄> D2$ $@*$&'#$+% )+ D)&$ ;4*& 2 ! !2).+ %2 % %2$ %& +!*)&%:/&'1$+

3). /$*$+/! )+ %2$ 6) %')+ )0 %2$ *6 !# )+% % .'%2 %2$ 6'#'%$& HT℄> U$ 2 1$

&$*)&%$/ !'#'6 & )5!$&1 %')+ )+ ?VBDW? %)- # -, .2$&$ %2$ *6 !# )+% % .'%2

%2$ 6'#'%$& '! )+ %2$ QR; HIL, XL℄>

B+ %2$ *&$!$+% 2 *%$&, .$ &$*)&% #$ !4&$#$+%! )0 ;PQ *6 !# 3). '+ ?VBDW?

%)- # - 5" 2 +7'+7 /'&$%')+! )0 BT  +/ Ip  +/ /$%$&#'+$ %& +!*)&% /&'1$+ 3).

)#*)+$+%> D2$ #$ !4&$#$+%!  &$  &&'$/ )4%  % %.) /'A$&$+% 2$6''%'$!,  +/ '% '!

)5!$&1$/ %2 % %2$ %& +!*)&% /&'1$+ 3). /$*$+/! )+ %2$ 2$6''%" )0 %)% 6 # 7+$%'

9$6/> U$ *&)1'/$  *)!!'56$ $@*6 + %')+ )0 %2$ /'&$%')+ )0 %2$ %& +!*)&% /&'1$+

3).> U$  6!) /$%$&#'+$ /&'0% /&'1$+ 3). )#*)+$+%!  +/ 9+/ %2 % %2$ /'&$%')+

 +/ # 7+'%4/$ '! )+!'!%$+% .'%2 %2$ E × B  +/ 8; 3).!> D2$ &$!% )0 %2$ 2 *:

%$& '! )&7 +'Y$/  ! 0)66).!Z ;$> BB /$!&'5$! %2$ $@*$&'#$+% 6 !$% 4*, ;$> BBB '!

/$1)%$/ %) %2$ &$!46%  +/ /'!4!!')+  +/ %2$ !4## &" '! *&$!$+%$/ '+ ;$> BF>

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

 ! "#$! #&&'!( )*+ !,-!&'.!/+0 '/ #11 2)*& -)00'31! ).3'/#+')/0 )2 BT #/(

Ip ('&!+')/0 34 5!!-'/6 +"!'& .#6/'+*(!0 /!#&14 +"! 0#.! 70!! 8'69 :9;℄9 ="!0!

).3'/#+')/0 '/1*(!> ?#@ 7BT (C.W ), Ip(C.W )℄A ?3@ 7BT (C.C.W ), Ip(C.C.W )℄A ?@

7BT (C.W ), Ip(C.C.W )℄ #/( ?(@ 7BT (C.W ), Ip(C.C.W )℄A B"!&! C9 #/( C9C9 

&!-&!0!/+0 1)5B'0! #/( #/+'D1)5B'0! ('&!+')/ #0 0!!/ 2&). +"! +)- )2 +"! +)&*09
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8'6*&! :9;>  !" #$$% &$'(!)* VL !+, %'!-.! 011*+( Ip -2)+!'- $3 (4* (5%2!'
6789:6 %'!-.! ,2-4!1)* 2+  !" +*)!(2&* 4*'22(5; !+,  <" %$-2(2&* 4*'22(5= >$1
+*)!(2&* 4*'22(5; ?4*+ BT !+, Ip !1* !+(2%!1!''*'; @BT (C.C.W ); Ip(C.W )℄ 2- -4$?+
!+, 3$1 %$-2(2&* 4*'22(5; ?4*+ BT !+, Ip !1* %!1!''*' @BT (C.W ); Ip(C.W )℄ !-* 2-
-4$?+=

="! !,-!&'.!/+#1 -#&#.!+!&0 #&!> +"! +)&)'(#1 .#6/!+' E!1( )/ +"! #,'0 BT =

0.75 T A -1#0.# *&&!/+ Ip ∼ 80 kAA -1#0.# (*&#+')/ ∼ FG msA )&! !1!+&)/ +!.D
-!&#+*&! (Te) ∼ 300 eV A !/+&#1 -1#0.# (!/0'+4 ∼ (1−2)×1019 m−3 #/( 0&#-!D)H

1#4!& ?IJK@ -1#0.# (!/0'+4 '0 (1−15)×1017 m−39 L!#0*&!.!/+0 '/ +"! IJK -1#0.#

'0 #&&'!( )*+ 34 *0'/6 +B) '(!/+'#1 -&)3!D"!#(0A .)*/+!( )/ +"! )*+3)#&( 0'(!

(θ = 45o, φ = 54o) #/( +)- -)&+ )2 +"! +)5#.#5 ?θ M 90oA φ M 288o@ &!0-!+'$!149

N!&!A B! *0! 1'.'+!& 1)#+')/ 2)& +"! +)&)'(#1 &!2!&!/! #/61! (i.e., φ = 0o)A #/(

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

 #-'1'-3 4!" 2#(#%&'( $"0"$")" ')*(" (i.e., θ = 0o) %, #)  !" #5 6#'$& 1%&2(')"7

')&  !" 2#(#%&'( ')*(" %)$"',", '6#8"  !" 1%& 2(')"3 4!" ,!"1' % &%'*$'1 #0

 !"  #$#%&'(92#(#%&'( (#' %#), #0  !" 2$#6".!"'&, '$" ,!#/) %) :%*3 ;3<='> '(#)*

/% !  !" 0$#) ')&  !" ,%&" 8%"/, #0  !" 2$#6".!"'&3 4!" %#) ,' 5$' %#) 5$$") ,

'$" 1"',5$"& ' 2(' ", ? ')& < ')&7 2%) @7 ')&7 A#' %)* 2# ") %'(, '$" 1"',5$"&

' 2%), B7C ')& D3 4!" A#/ E'! )516"$ %, &" "$1%)"& 0$#1 1"',5$"1") , ' 

 !" 2(' ", ')& 2'$ %(" A5F %, &" "$1%)"& 0$#1 1"',5$"1") , ' 2%), @7 B ')& C3

4!" 2%), '$" #0 ? 11 &%'1" "$ ')& @ 11 (")* ! ')&  !" 2(' " &%1"),%#) %, 4× 3

1123 4!" 2(' ", #), % 5 ", ' 1'*)" %G"& E'! 2$#6"7 6"'5,"  !" %#) ('$1#$

$'&%5, ∼ 0.6 11 %, 15! ,1'(("$  !')  !" 2(' " &%1"),%#)3 4!" &%$" %#) #0 BT

%, ,5!  !'  !" '$"' 8" #$ #0 2(' ", ? ')& < '$" '22$#F%1' "(H 2'$'(("(  # BT 3

I%)"  !" 2(',1' J"6H" (")* ! =λD> %, <C µ17  !"  !%).,!"' ! '22$#F%1' %#)

%, ,' %,K"&3 I%1%('$(H7 ,%)"  !" ,"2'$' %#) 6" /"") &%L"$") 2%), %, @ 117  !"

,!"' !, #0  !" 2%), &#)M %) "$' 3 4!" 1"',5$"1") , '  !" 2%), '$" %)&"2").

&") 3 N$#6".!"'&, '$" 1#5) "& #) 1#8'6(" ,!'0 ,7 ')& 1"',5$"1") , '$" '$$%"&

#5 %) ' )516"$ #0 ,%1%('$ &%,!'$*", #) &%L"$") &'H, 6H 1#8%)* 2$#6".!"'&, ' 

&%L"$") $'&%'( (#' %#),3 O ,!#5(& 6" )# "&  !'  !" 2$#6", 1'H 6" ' &%L"$") 

&%, ')", 0$#1  !" (', (#,"& A5F ,5$0'" =PQ:I #$ ,"2'$' $%F> &"2")&%)* #)  !"

"R5%(%6$%51 2#,% %#) #0  !" 5$$") !'))"( S,"" :%*3 ;3@ ')& T"03 SBC℄℄3 :#$ 1"'.

,5$%)* %#) ,' 5$' %#) 5$$") 7 '(( 2$#6", '$" 6%',"&  # .?VV W 5,%)*  !" ,'1" 2#/"$

,522(H3 4!" 1'*)% 5&" #0  !" 6%', 8#( '*" %, ,5X%")  # -""2 '(( 2$#6", %)  !"

%#) ,' 5$' %#) $"*%1"3

4!" 1'*)" % 1"',5$"1") ,!#/,  !'  !" 2(',1' ") $#%& $"1'%), %)  !" ?st

R5'&$') %)  !" #5) "$.',", =%3"37 BT ')& Ip '$" ') %.2'$'(("(>3 Y)  !" # !"$

!')&7  !" 2(',1' ") $#%& 2#,% %#) 1#8",  #  !" Bth R5'&$') 0#$ #.',", =%3"37 BT

')& Ip '$" 2'$'(("(> S,"" :%*3 ;3@ ')& :%*3 ;3B℄3 4!" #. ')& #5) "$.',", $"2$".

,")  /# &%L"$") !"(%% %", #0  !"  # '( 1'*)" % K"(& (%)"3 Z" !'8" ',,51"&  !"

2#,% %8" !"(%% H #0  !"  # '( 1'*)" % K"(& 0#$  !" #.',", ')& )"*' %8" !"(%% H

0#$ #5) "$.',",3 E"',5$"1") , '$" *$#52"& #)  !" 6',%, #0 ,'1" !"(%% H3

[( !#5*! 1"',5$"1") , %) ' ,%)*(" !"(%% H #)K*5$' %#) '$" ")#5*!  # ,"2'$' "

 !
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 !"#$% &'()  !" #%&'!() *+ (%& (*, -)&. *+ (%& (*/01 1%*.)23 (*/*)4!5 5*!()*21
*+ ,/*6&1 .)(% /&1,&( (* (%& 5)')(&/ !247 (%& +/*2( !24 1)4& -)&. *+ (%& ,/*6& %&!48
 6" 9%& ,/*:&()*2 *+ (%& ,/*6&1 *2 (%& ,*5*)4!5 /)23 5)')(&/  (%); )/5&"8 9%&
4)/&()*2 *+ <T )1 10% (%!( (%& !/&! -&(*/ *+ ,5!(&1 = !24 > !/& !,,/*?)'!(&5@
,!/!55&5 (* <T 8

*#+ +,% +$-./0*$+12$!3%. 4*5 -.2 +,% 2$!6+ 2$!3%. 4*5 *80*.%.+/9 *#$ %:0%$!1

8%.+/ !. +5* 2!;%$%.+ ,%<!!+!%/ 2%8*./+$-+% +,-+ +,% +$-./0*$+12$!3%. *80*.%.+/

-</* 2%0%.2 *. +,% =%<2 ,%<!!+>'

 !"#$% &'?) #%&'!() *+ ,5!1'! ,*1)()*2 +*/7  !" 2&3!()-& %&5))(@7 !24  6" ,*1)()-&
%&5))(@ !1&18 9%& A&54 %&5))(@ )1 4&(&/')2&4 6@ 4)/&()*21 *+ (%& (*/*)4!5 '!32&()
A&54  BT " !24 (%& ,5!1'! 0//&2(  Ip"8 9%& ,*1)()-& !24 2&3!()-& %&5))(@ !2 6&

4&A2&4 6@ H = BT.Ip
BT Ip

7 .%)% 3)-&1 ±1 +*/ *B !24 *02(&/B!1&18 9%& 1%!4&4

/&3)*21 )24)!(& (%& *2A2&4 ,5!1'!  &?!33&/!(&4"8 9%& 5)')(&/ &2(&/ )1 1%*.2 6@
(%& )2(&/1&()*2 *+ (.* 4!1%&4 5)2&1 !24 ,5!1'! &2(&/ 6@ (%& 4*(18

 !
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 !"#$% &'()  !"#$" &!'$( #)*+, +-&$ ,). !*$*,.- .(,.- +&-/ 0"1 (.2",*3. ).!**,4
"(5 061 7&#*,*3. ).!**,48 9.-. δR "(5 δY "-. ,). )&-*:&(,"! "(5 ,). 3.-,*"! #)*+,#/
-.#7.,*3.!48 ;). δY #)&<# ,)", *( ,). (.2",*3. ).!**,4/ 7!"#$" .(,-&*5 -.$"*(#
"6&3. ,). $*57!"(./ "(5 -.$"*(# 6.!&< ,). $*57!"(. +&- ,). 7&#*,*3. ).!**,48

 !"#$% &'* +,-.+ +,%012!1334 2,% -$!%5212!-5+ -6 01"5%2! 7%38 3!5% !5 9-2, 5%":

12!;% ,%3!!24 158 <-+!2!;% ,%3!!24 -57"#$12!-5+ -6 2,% %=<%$!0%5213 +%2:#<+ >+%%

 !"' &'?℄'

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

A,% <31+01 B-.+ 1$% 0%1+#$%8 94 C1, <$-9% !5 2%$0+ -6 C1, 5#09%$+ DME 94

#+!5" 2,% 6-$0#31F M = 0.43ln(JUP/JDN)F .,%$% JUP 158 JDN 1$% 2,% !-5 +12#:

$12!-5 #$$%52 8%5+!2!%+ 12 2,% 2.- <312%+ -6 C1, <$-9% >?G℄' H% ,1;% 21I%5 2,%

2,!5 +,%12, 1<<$-=!012!-5F 2,% <1$2!3% 8!J#+!;!24 %K#13+ 2,% 0-0%52#0 8!J#+!;:

!24 158 1++#0%8 +10% !-5 2%0<%$12#$% 12 2.- <312%+ -6 2,% C1, <$-9%' L%$% 2,%

<-+!2!;%M5%"12!;% +!"5 -6 C !+ 1++#0%8 6-$ 2,% 3-I.!+%M-#52%$:3-I.!+% <31+01

B-. 1+ +%%5 6$-0 2-< -6 2,% 2-$#+'
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 !"#$% &'()  "#$%&' () *+%, -'%./%$ 01 &"#  23 *"04'5. 6#+- +'5# 0/'#5&%&'05*
10/ 7%8 5#.%&'9# "#+''&: %5- 7,8 ;0*'&'9# "#+''&:< =40 *'-#* 01 &"# +'$'&#/ %/# *"045
,: "%&"#- +'5#*< ="# φ '* &"# &0/0'-%+ %5.+# &"%& '5/#%*#* '5 &"# +0>4'*# -'/#&'05
%* *##5 1/0$ &"# &0; 01 &"# &0/?* %5- &"# θ '* &"# ;0+0'-%+ %5.+#@ θ = 0o '5-'%&#*
&"# +04 6#+- *'-# 73A 8 $'-;+%5# %5- '5/#%*#* %,09# &"# $'-;+%5#< ="# B=C %5-
BDC '5-'%&# +0%&'05* 01 &"# &0; ;/0,# %5- /%-'%+ ;/0,# /#*;#&'9#+:< ="# "'." 6#+-
*'-# 7EA 8 $'-;+%5# '* *"045 ,: &"# &"'> +'5# %& θ = 180o< ="# ;+%*$% 05&%&
+0%&'05* %/# θ ∼ 20o 10/ &"# 5#.%&'9# "#+''&: %5- θ ∼ 350o 10/ &"# ;0*'&'9# "#+''&:
%*#* %5- *"045 ,: -0&&#- +'5#*< ="# &0&%+ $%.5#&' 6#+- +'5#* %/# *"045 ,: &"#
/#- -%*"#- +'5#*< ="# "'." ;/#**?/# %& &"# 3A $'-;+%5# .'9#* /'*# &0 %5&'+0>4'*#
F04 '5 &"# 5#.%&'9# "#+''&: %*# %5- +0>4'*# F04 '5 &"# ;0*'&'9# "#+''&: %*#<
="'* -'G#/#5# '* ,#%?*# 01 -'G#/#5& 6#+- +'5# 0/'#5&%&'05* '5 ;0*'&'9# %5- 5#.%&'9#
"#+''&: %*#*<

*+% ,$-./01$, 2$!3%. 4-+ .#67%$ 8Mtr9 -.2 ,+% 2$!:, 2$!3%. 4-+ .#67%$ 8Mdr9

-$% $%;-,%2 ,1 ,+% 6%-/#$%2 4 7<= M1,2 = Mtr ±Mdr= >+%$% M1,2 $%0$%/%.,/ ,+%

6%-/#$%2 4 !. ,>1 167!.-,!1./ 1: BT -.2 Ip 2!$%,!1./ :1$ ,+% /-6% +%;!!,<

?@A= BB@℄' D%$% >% +-3% -//#6%2 ,+-, Mtr -.2 Mdr -$% !.2%0%.2%., :$16 %-+

1,+%$' EF0%$!6%.,/ -$% 1.2#,%2 !. ,>1 +%;!!,< 1.G"#$-,!1./ !. 1$2%$ ,1 2%,%$H

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

/$ ./*/!-)* */)%!/", /$ .*), )'*! !%#3 /"%)% /" %&#,# ()*+#, 5,## 6!78 98:℄8 <#

&)(# ,&/=" !" %&# &).%#3 > %&)% %&# *! !%#- /"%)% 7!(#, 3!,# %/ ?/%& */"7 /"'

"#%!/" *#"7%& @L‖A 3#7!/" )"- ,&/3% /""#%!/" *#"7%& 3#7!/" !" %&# BCD .*), )

/$ EFGHIE %/J) )J8 H&# #,%! )%#- ()*+#, /$ */"7 L‖ ∼ K  )"- ,&/3% L‖ ∼ L  
5M>℄8
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6!7+3# 989N  !" #$%&$' (#)*'" )+ ('$,-$ %".,&/0 &. /!" "%1" #"1&). &.2 3$4 ."1$/&5"
!"'&&/02 $.% 374 (),&/&5" !"'&&/0 ).*18#$/&)., )+ -$1."/& *"'%2 -"$,8#"% $/ /!"
9 )( :#)7";< ="#" "$! ,0-7)' &, +#)- &.%&5&%8$' ,!)/ %$/$<  !" r − rsep = 0 &,
/!" ')$/&). )+ /!" >?@A<

 !"!# $%&'%( )*+,(- +. /-01'23 %0& 4(+%2'05 )+2-02'%(

6!7+3# 989 ,&/=, %&# .*), ) -#",!%2  #),+3#- ?2 %&# ,!"7*# D)"7 +!3 .3/?# .!"

)% %&# %/. ./3% $/3 ?/%& "#7)%!(# )"- ./,!%!(# &#*!!%!#,8 H&# !/" ,)%+3)%!/"

+33#"% /$ %&# .3/?# !, +,#- %/ -#%#3 !"# .*), ) -#",!%2 ?2 +,!"7 %&# $/3 +*)N

Is = 0.5nebeACs 5O:℄P =&#3# e !, %&# #*#%3/"! &)37#P E %&# .3/?# )3#) )"- !/"

,/+"- ,.##-P Cs = 45 km/s8 6/3 )*+*)%!"7 %&# ()*+# /$ Cs =
√

2Te/miP =#

&)(# ),,+ #- /",%)"% Te = Ti = 10 eV !" %&# BCD 5L>℄8 H&# ()3!)%!/" !" Cs

!, .3/./3%!/")* %/
√
Te8 G% !, /?,#3(#- %&)% %&# )(#3)7# .*), ) -#",!%2 "#)3 %&#

,#.)3)%3!Q $/3 %&# "#7)%!(# &#*!!%2 !, ∼ : %! #, *)37#3 %&)" %&)% $/3 %&# ./,!%!(#
&#*!!%2 ),#8 R/=#(#3P ) ,2,%# )%! -)%)?),# !, 3#S+!3#- %/ /"03 %&!, -!4#3#"#8

 ! 
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 !"$ %&$ $'($ )*+,-+ '$",!%!$, ).$,$"%$' !" /!(0 1012+3 +"' /!(0 101243 +.$

-$+,5.$' 46 5,!"( %&$ 789) :.94$;< =&!& !, +% !9">$*$%.9" ,!'$, 9? %&$ *!-!%$.

?9. '!@$.$"% Ip '!.$%!9",< %&$ '!@$.$"$ -+6 "9% 4$ 4$+5,$ 9? %&$ ,&+'9= $@$%

9? %&$ *!-!%$.0 8&$ $@$% +))$+., %9 4$ .$*+%$' %9 %&$ '!,%+"$ 4$%=$$" %&$ ).94$

*9+%!9" 2!0$0< %9) )9.%3 +"' %&$ )*+,-+A*!-!%$. 9"%+% )9!"%0 B" %&$ )9,!%!C$ &$A

*!!%6 +,$< %&$ )*+,-+ $"%.9!' )9,!%!9" !, ,&!?%$' %9 %&$ 49%%9- 9? %&$ -+&!"$

D,$$ /!(0 10E℄ +"' &$"$ %&$ $@$% -+6 4$ 4$+5,$ 9? %&$ G$*' *!"$ 9.!$"%+%!9"<

=&!& 9""$%, %&$ ).94$ %9 %&$ *!-!%$. D,$$ /!(0 10H℄0 B% !, )9,,!4*$ %&+% %&$ *9"($.

9""$%!9" *$"(%& (!C$, %&$ ,-+**$. '$",!%60

8&$ '!,%+"$ 9? 49%& %9) +"' .+'!+* ).94$ &$+', +.$ ∼ I - ?.9- %&$ *!-!%$. +"' %&$

$,%!-+%$' ).94$ 9**$%!9">,&+'9= *$"(%& 2l2Cs/D⊥3 !, ∼ J0I - ?9. D⊥ ∼ 5 m2/s

DIH< KH℄0 8&5, %&$ 9**$%!9" *$"(%& !, IJ %!-$, ,-+**$. %&+" %&$ '!,%+"$ 4$A

%=$$" %&$ ).94$ +"' %&$ *!-!%$.0 B" +,$ 9? L9=!"( )*+,-+< %&$ ).$A,&$+%& *$"(%&

!".$+,$, !" %&$ '9=",%.$+- ).94$ +"' '$.$+,$, !" %&$ 5),%.$+- '!.$%!9"0 8&$

$@$% 9? )*+,-+ L9=, 9" %&$ ).94$ -$+,5.$-$"%, &+C$ 4$$" ,%5'!$' 46 M5%&!",9"

DEJ< N1℄0 B% +" 4$ 9"*5'$' ?.9- %&$,$ ,%5'!$, %&+% ,9-$ $@$% -+6 4$ $O)$%$'

9"*6 5)%9 ∼ H %!-$, %&$ ,&+'9=>9**$%!9" *$"(%& ?9. P ∼ I0  !"$ !" 95. +,$<

%&$ '!,%+"$ 9? %&$ *!-!%$. !, IJ %!-$, %&$ ).94$ ,&+'9= *$"(%&< !%, $@$% 9" %&$

)*+,-+ '$",!%6 -$+,5.$' 46 %&$ ).94$ !, "$(*!(!4*$0  !"$ %&$ L9= P+& "5-4$.

!, '$%$.-!"$' ?.9- %&$ .+%!9 9? )*+,-+ '$",!%6 !" %&$ 5),%.$+- +"' '9=",%.$+-

'!.$%!9",< =$ $O)$% %&+% %&$.$ !, "9 !"L5$"$ 9? %&$ *!-!%$. 9" %&$ P+& "5-4$.,0

B" %&$,$ $O)$.!-$"%,< %&$ $"%.+* &9.'A+C$.+($' )*+,-+ '$",!%6 !, 2IAQ3×1019 m−3

+"' $"%.+* $*$%.9" %$-)$.+%5.$ !" %&$ .+"($ 2QRHAEQH3 $S +"' %&$ )*+,-+ 5.A

.$"% !, NJ±N TU0 8&$ ).94$ &$+' !, T$)% +% ,9-$ '!,%+"$ ?.9- %&$ *!-!%$. *$+'!"(

$'($0  !"$ %&$ )*+,-+ )9,!%!9" !, "9% ?$$'4+T 9"%.9**$'< %&$ ).94$ )9,!%!9"

=!%& .$,)$% %9 %&$ *+,% *9,$' L5O ,5.?+$ 2VW/ 3 C+.6 !" '!@$.$"% '!,&+.($,0 B%

-+T$, '!X5*% %9 -$+,5.$ %&$ ?5** .+'!+* ).9G*$0 8&$ )9,!%!9" 9? %&$ ).94$ &$+'

!, &+"($' +?%$. IJAIH '!,&+.($,0

8&$ L9+%!"( )9%$"%!+* Vf -$+,5.$' +% %9) +"' .+'!+* *9+%!9", +.$ ,&9=" !" /!(0

10R ?9. %&$ "$(+%!C$ &$*!!%6 +,$0 U, )9!"%$' 95% $+.*!$.< $C$" !? %&$ &$*!!%6 !, %&$

 !"
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 !"#$% &'()  !" #$%&$' (#)*'" )+ ,!" -)$,&./ (),".,&$' $, ,0) ')$,&).2 3"$24#"% 567
8$9  )( :#)5" $.% 859 ;$%&$' :#)5" +)# ,!" ."/$,&<" !"'&&,6 $2"=  !" %$,$ +#)3
$'' ,!#"" (&.2 $#" &.'4%"% >?@℄=

*+,%- ./% 0!$%.!23 24 BT +3 5% %!./%$ 62789!*% :;'<'= 2$ 2#3.%$862789!*%

:;';'<'=' >. !* 25*%$?%0 ./+. ./% Vf /+3"%* *!"3 9!./ ./% /+3"% !3 ./% 0!$%.!23

24 BT ' </%./%$ ./% @6+*,+ !* $!/ !3 %6%.$23* 2$ !23* 0%.%$,!3%* ./% *!"3 24 ./%

Vf ' A/!* !* 23*!*.%3. 9!./ ./% B×∇B 0$!4. 24 ./% %6%.$23*B!23*' C#$ 25*%$?+.!23

!* !3 +"$%%,%3. 9!./ %+$6!%$ 25*%$?+.!23 23 D6+.2$8; .27+,+7 EF(℄' >. !* 25*%$?%0

./+. ./% "$+0!%3. !3 ./% 3%+$ HCI !* 9%66 0%J3%0 42$ ./% KA2@ L$25%M +30 32. *2

9%66 0%J3%0 42$ ./% KN+0!+6 L$25%M' <% %O@%. ./+. ./% ?%62!.P */%+$ 6+P%$ ,+P

/+?% + $26% .2 @6+P- 9/!/ !* ,2$% @$232#3%0 42$ ./% 623" 233%.!23 6%3"./ $%"!23

EQR℄' >. !* 4#$./%$ 25*%$?%0 ./+. +. 52./ 62+.!23* ./%$% !* + S+..%3!3" 24 ./% S2+.!3"

@2.%3.!+6 @$2J6% !3 ./% 4+$ HCI'

 !"!# $%&%'()& *+,--./0, '1 $)0/'&. 3&45 )1( 6.1+'/,

 !"#$% &'T */29* ./% $+0!+6 @$2J6%* 24 S#.#+.!23 !30#%0 $+0!+6 @+$.!6% S#O

Γr = 〈ñṽr〉 +30 @6+*,+ 0%3*!.P- +6#6+.%0 4$2, @$25% ,%+*#$%,%3.*' >. */29*

./+. @+$.!6% S#O 3%+$ ./% I; H !* 6%** 23 ./% KA2@ L$25%M ./+3 ./+. 23 ./% KN+8

0!+6 L$25%M' A/!* !* 6%+$6P + *!"3+.#$% 24 KU+66223!3" VW%.M' <% /+?% 4#$./%$

?%$!J%0 ./+. ./% $,* :$22. ,%+3 *X#+$%= ?+6#%* 24 !23 *+.#$+.!23 #$$%3. S#.#8

+.!23* 23 ./% KA2@ L$25%M !* 5%.9%%3 Y ,D .2 Z[ ,D +30 ./+. !3 ./% KN+0!+6

 !"
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 !"#$% &'()  !" #$%&$' (#)*'" )+ ,$- ($#.&'" 0123 $4% ,5- ('$67$ %"46&.8 $. .!"
9 )( :#)5"; $4% .!" 9<$%&$' :#)5";3 &4 .!" 4"=$.&>" !"'&&.8 $6"? @).! ($#.&'" 012
$4% ('$67$ %"46&.8 $#" '$#="# $. .!" 9<$%&$' :#)5"; 4"$# .!" '$6. ')6"% 012 61#+$"
,&?"3 r− rsep ∼ A- $6 )7($#"% .) .!)6" $. .!" 9 )( :#)5";?  !&6 &4%&$."6 (#"6"4"
)+ 5$''))4&4= "B".?

*$+,%- !. ,%/0%%1 2 34 /+ 56 34' 78% 1+$39:!;%< $3. =$++/ 3%91 .>#9$%? @9:#%.

+A !+1 .9/#$9/!+1 #$$%1/ C#/#9/!+1. !1 /8% D7+E *$+,%- !. ,%/0%%1 6'5 /+ 6'& 91<

/89/ !1 /8% DF9<!9: *$+,%- !. ,%/0%%1 6'G 91< 6'H' 78!. 39I ,% <#% /+ /8% DJ9:K

:++1!1" LM%/-'

78% :9$"% .9//%$ !1 <%1.!/I 91< C#N <9/9 9/ /8% .93% $9<!#. =.%%  !"' &'& 91<  !"'

&'(? !. ,%9#.% /8% <9/9 E+!1/. 0%$% /9O%1 A$+3 <!M%$%1/ <!.89$"%. +1 <!M%$%1/

<9I.P/!3%.Q 91< /8#.Q /8% .9//%$ 3!"8/ ,% ,%9#.% +A /8% .8+/K/+K.8+/ @9$!9/!+1'

78% E9$/!:% C#N 9/ /8% DF9<!9: *$+,%- !. 9EE$+N!39/%:I /0+ /!3%. /89/ 9/ /8% D7+E

*$+,%- 1%9$ /8% :9./ :+.%< C#N .#$A9% =RS T?' 78% .93% +1:#.!+1 39I ,% <$901

A+$ /8% E:9.39 <%1.!/I 9:.+' 78% E$+3!1%1% +A E9$/!:% C#N 91< E:9.39 <%1.!/I 9/

/8% DF9<!9: *$+,%- 39I ,% 9//$!,#/9,:% /+ /8% ,9::++1!1" %M%/' 78!. !1A+$39/!+1

39I ,% #.%< /+ <%/%$3!1% /8% $+:% +A ,9::++1!1" /$91.E+$/ !1 /8% /$91.E+$/ <$!@%1

C+0'

 !"!" #$%&'()$* %&+ ,$-.* ,$-/0& 1%3 45670$

 !"#$% &'H .8+0. $9<!9: E$+U:%. +A V98 1#3,%$ A+$ 1%"9/!@% 8%:!!/I 9.%.' 78%

$%@%$.9: +A BT 91< Ip O%%E. /8% 8%:!!/I .93% ,#/ /8%$% !. 9 <$9./! 891"% !1 /8%

 !"
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 !"#$% &'()  !"#!$ %&'($)* '+ ,!. /012)&3 1)!*0&)" 243 5!6 7'% 8&'2)3 !/" 24
526  !"#!$ 8&'2)9 :';. 1)!*0&)1)/;* !&) +'& /)<!;#=) .)$##;4 !*)*9 7.) "!*.)"
$#/) #* ;.) .!/">(; ;' ;.) &)*%);#=) "!;! !/" ;.) *'$#" $#/) #* ;.) ;&!/*%'&; "&#=)/
,!. /012)&3 !$0$!;)" 24 ;.) !=)&!<) '+ "!*.)" $#/)* 5'/$4 +'& '11'/ &!"#!$
"#*;!/)*69 7.) /)<!;#=) ;&!/*%'&; "&#=)/ ,!. /012)& !; 2';. ;'% !/" &!"#!$
%&'2)* *.'?* ;.!; ;.) ;&!/*%'&; "&#=)/ @'? #* #/ '0/;)&>$'A?#*) "#&);#'/ !*
*))/ +&'1 ;'% '+ ;.) ;'&0*9

*+- .#/0%$ 1$234%5' 67 8-% !2. 9$!78 9%8%$/!.%5 8-% 828+4 :2;< 8-% *+- .#/=

0%$ 5-2#49 -+>% .%+$4? 8-% 5+/% /+".!8#9% 0#8 ;!8- 21125!8% 5!".< ;-!- !5 .28

205%$>%9 !. @A6BC@' D. 8-% 28-%$ -+.9< 2#$ 205%$>+8!2. !.9!+8%5 8-+8 8-%$% !5

+ 5!".!3+.8 2.8$!0#8!2. 27 8$+.512$8 9$!>%. 2/12.%.8 !. 8-% /%+5#$%9 *+-

.#/0%$' B-!5 2/12.%.8 !5 72#.9 0? +>%$+"!." 8-% *+- .#/0%$ !. 8-% 8;2 /+"=

.%8! 3%49 2.3"#$+8!2.5 E2.4? +8 2//2. $+9!+4 9!58+.%5F' @8 028- 1$20%5< 8-%

8$+.512$8 9$!>%. *+- .#/0%$ -+5 8-% 5+/% 5!".< ;-!- !.9!+8%5 8-+8 8-% :2;

9!$%8!2. !5 8-% 5+/%'

B-% %58!/+8%9 >+4#% 27 Er !5 ∼ 3.5×103V m−1 +.9 8-% %58!/+8%9 >+4#% 27 vEr×Bθ
∼

Cs ;!8- Bθ = 0.07 T ' D. 8-% 28-%$ -+.9< 8-% %58!/+8%9 >+4#% 27 GH :2; !5

vPS ∼ 2qsv⊥cosθ ∼ 0.1Cs< ;-%$% v⊥ = Er/Bφ −∆rp/enebBφ +.9 ∆rp !5 8-% $+9!+4

1$%55#$% "$+9!%.8 IJK℄'

@.28-%$ 205%$>+8!2. !.  !"' &'(E0F !5 8-+8 * > M< 72$ + 1+$8!#4+$ /+".%8! 2.=

 !"
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 !"#$%&'( )&*+,* Ip(C.C.W ), BT (C.W )-, .% $( 0+ +123$&(+4 $5 &( %6+ 7'33'8&(!9 .%

&5 +5%&:$%+4 %6$% &( %6&5 '( !"#$%&'( %6+ ':2'(+(%5 '7 23$5:$ ;'8 4"+ %' PS

;'8* Er×Bθ 4#&7%* 0$33''(&(! %#$(52'#% $(4 5&(< $%&'( '7 %6+ 3&:&%+# $#+ $33 &( %6+

5$:+ 4&#+%&'( 5' %6$% %6+= $44 %' !&>+ %6+ %'%$3 ?$6 (":0+#* ? > @, A&:&3$#

'05+#>$%&'( 6$5 0++( #+2'#%+4 7#': '%6+# %'<$:$< $35' BC* @D* DE* FG℄,

I&!"#+ C,@J9  !"#!$ %&'($)* '+ ,!. /012)&3 1)!*0&)" 24 5!6 78'% 9&'2):3 !/"
526 7 !"#!$ 9&'2): +'& %'*#;#<) .)$##;4 !*)*= 8.) "!*.)" $#/) #* ;.) .!/">(; ;' ;.)
&)*%);#<) "!;! !/" "';?*'$#" $#/) #* ;.) ;&!/*%'&; "&#<)/ ,!. /012)&3 !$0$!;)"
24 ;.) !<)&!@) '+ "!*.)" $#/)* 5'/$4 +'& '11'/ &!"#!$ "#*;!/)*6= 8.) %'*#;#<)
;&!/*%'&; "&#<)/ ,!. /012)& *.'A* ;.!; ;.#* %!&; '+ B'A #* #/ ;.) $'CA#*)
"#&);#'/ !* *))/ +&'1 ;'% '+ ;.) ;'&0*=

I&!"#+ C,@J 56'85 #$4&$3 2#' 3+5 '7 ?$6 (":0+# 7'# %6+ 2'5&%&>+ 6+3&&%= $5+5*

7'# 0'%6 %6+ KL'2 M#'0+N $(4 %6+ KO$4&$3 M#'0+N, P+ 6$>+ 4+%+#:&(+4 Mtr 0= $>Q

+#$!&(! %6+ ?$6 (":0+#5 $% '::'( #$4&$3 4&5%$(+5, .% &5 '05+#>+4 %6$% 7'# %6+

KL'2 M#'0+N* Mtr &5 '0%$&(+4 '(3= $% $ 5&(!3+ #$4&$3 4&5%$(+* 0"% 7'# %6+ KO$4&$3

M#'0+N* $ #$4&$3 2#' 3+ &5 '0%$&(+4, R% %6+ KO$4&$3 M#'0+N* %6+#+ &5 $ #+>+#5$3 &( %6+

5&!( '7 %6+ :+$5"#+4 ?$6 (":0+#* 86+( 0'%6 %'#'&4$3 :$!(+%&  +34 $(4 23$5:$

"##+(% $#+ #+>+#5+4 B5++ I&!, C,@J)0-℄,

I&!"#+ C,E 56'85 %6+ :'4+3 '7  +34 3&(+5 &( 0'%6 (+!$%&>+ $(4 2'5&%&>+ 6+3&&%= $5+5*

86&6 &5 "5+4 %' +123$&( %6+ 4&#+%&'( '7 %#$(52'#% 4#&>+( ;'85 &( RS.LTR AUV

23$5:$, .( %6+ (+!$%&>+ 6+3&&%= $5+* %6+ %#$(52'#% 4#&>+( ;'8 &5 &( %6+ '"(%+#Q

 !"
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!"#$%&' (%)'*%"+ ,& &-"$+ %+ .%/0 1020 3' '45!,%+ *-%& "6&')7,*%"+ ,& 8"!!"$&9

:-' 6,!!""+%+/ ';'* /%7'& )%&' *" -%/-') 5)'&&<)' ,* *-' =.> ,& "?5,)'( *" *-,* ,*

*-' @.>0 :-' 5)'&&<)' /),(%'+* ,<&'& A"$ 8)"? =.> *" @.>0 3' -,7' '&*%?,*'(

*-,* *-' 5,)*%!' (%;<&%"+ "'B%'+* %+ CDE:FC *"#,?,# %& D⊥ ∼ (5− 10)m2/sG

6H ,&&<?%+/ *-,* *-' (%;<&%"+ "6'H& .%#I& !,$ JKLG ML℄0 >%?%!,) '&*%?,*%"+ ,+ 6'

?,(' 8") *-' (,*, 5)'&'+*'( %+ .%/0 10O0 P"$ $' '&*%?,*' *-' (%;<&%"+ "Q'B%'+*

6H ,&&<?%+/ *-,* *-' 5,)*%!' A<4 -,& 6,!!""+%+/Q!%#' "+*%+<%*H JKKR℄0 C")(%+/!H

*-' (%;<&%"+ "'B%'+* ?,H 6' /%7'+ 6H Dballooning ∼ LnVrG $-')' Vr %& *-' ?',+

),(%,! 7'!"%*H "8 5,)*%!'& (<' *" 6,!!""+%+/ !%#' "+*%+<%*H ,+( Ln %& *-' ('+&%*H

/),(%'+* &,!' !'+/*-0 3' -,7' '&*%?,*' 8)"? *-' ,&&<?5*%"+ "8 6,!!""+%+/Q!%#'

"+*%+<%*H *-,* Vr ∼ KSSS ?T& JKKR℄0 UH &<6&*%*<*%+/G Ln ∼ 10− 15 ?? ,+( Vr ∼
KSSS ?T&G $' "6*,%+ Dballooning ∼ VKSQKLW ?2T&0 :-' &%?%!,)%*HG D⊥ ∼ Dballooning

$%*-%+/ , 8,*") "8 RG %+(%,*'& *-,* *-' 6,!!""+%+/ *),+&5")* ?,H 6' )'&5"+&%6!'

8") *-' *),+&5")* ()%7'+ A"$ %+ CDE:FC *"#,?,#0

C& ('&)%6'( ',)!%')G *-' (%)'*%"+ "8 *-' *),+&5")*Q()%7'+ A"$ %& 5"&%*%7' V!"#Q

$%&'W %+ 5"&%*%7' -'!%%*H ,&' V&'' .%/0 10KSW ,+( +'/,*%7' V"<+*')Q!"#$%&'W %+

+'/,*%7' -'!%%*H ,&' V&'' .%/0 102W 0 3-H &-"<!( X'!( -'!%%*H ('*')?%+' *-'

(%)'*%"+ "8 *-' *),+&5")*Q()%7'+ A"$ Y >%+' *-' ?,/+'*% X'!( "+&*),%+*& *-'

5!,&?, 5,)*%!' ?"7'?'+*G *-' (%)'*%"+ "8 5!,&?, A"$ &-"<!( ('5'+( "+ *-' -'!%Q

%*H VX'!( ")%'+*,*%"+W "8 *-' *"*,! ?,/+'*% X'!( J&'' .%/0 10L℄0 ='* <& ,&&<?' *-,*

*-' 5)"6' %& !",*'( ,* *-' *"5 5")*0 :-' =.> %& "++'*'( *" *-' *"5 5)"6' Z:[ %+

*-' !"#$%&'T"<+*')Q!"#$%&' (%)'*%"+& 8") 5"&%*%7'T+'/,*%7' -'!%%*H ,&'& J&''

.%/0 10L℄0 :-%& $%!! ,<&' *),+&5")*Q()%7'+ A"$& %+ !"#$%&'T"<+*')Q!"#$%&'

(%)'*%"+& 8") *-' 5"&%*%7'T+'/,*%7' -'!%%*H ,&'&0 >,?' "6&')7,*%"+ ,+ 6' ?,('

8") *-' ),(%,! 5)"6' Z\[ 8)"? .%/0 10L0 :-' !%?%*') &%+# ,*%"+ ';'* "+ *-' A"$

] %& ,!&" &''+ ,* *-' ),(%,! 5)"6' J&'' .%/0 102V6W ,+( .%/0 10KSV6W℄ ,& *-%& 5)"6'

%& %+ *-' !%?%*') &-,("$ 8") ?"&* "8 *-' &-"*&0

 !" #$%%&'(

3' -,7' 5)'&'+*'( ?',&<)'?'+*& "8 ],- +<?6')& %+ *-' >^= 5!,&?, "8 CDE:FC

*"#,?,# 8") 5"&%*%7' ,& $'!! ,& +'/,*%7' -'!%%*%'& "8 *"*,! ?,/+'*% X'!(0 :-' 5"&%Q

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

1$'%# ! 2#)& $%& 3)$+1$ 4,,#% 5 6(# %#'$ !"# (#)!! / !+ -. $!%#& 7(#% .- (

3)$+1$ 4,,#% $%&  -,-!&$) 1$'%# ! 2#)& $,# !% -33-+! # 8-,9 -4% #,:; &!,# !-%+5

67- 3-++!.!)! !#+ #<!+ 0-,  (# %#'$ !"# (#)!! /5 =!1!)$,)/9  (# 3-+! !"# (#)!! / !+

-. $!%#& 7(#%  -,-!&$) 1$'%# ! 2#)& $%& 3)$+1$ 4,,#% $,# !%  (# +$1# 8-,9 -:;
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