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(/)(#'#%0  〈ṽrṽθ〉, 〈ṽrM̃‖〉! "#$ ;("%.#3 )(%'#%."- "*' /'"07*'$ "% %() )(*%

 θ = 90o, φ = 288o! "#$ *"$."- (7%8("*$  θ = 45o, φ = 54o! "8(9' %&' /.$?

)-"#'+ :&'M‖ *"$."- )*(L-' "% %() )(*% 0&(50 %&' 0&'"* -"='* #'"* %( %&' %*"#0.%.(#

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

 ! #$%&'# 3456 $*)
8./+( -./.0(1(/) ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 99

 !9 #$%&'# -:4)( $*)
8./+( ;4(.,*,+ -./.0(1(/) ! ! ! ! ! ! ! ! ! ! ! 99

 !< =4(
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451/5, ?()5,.,
( ;4(.,*,+ -./.0(1(/) ! ! ! ! ! ! ! ! ! 99

  !!!



 !"#$%& '

()$&*+,
$.*)

 ! "#$%&'

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

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

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

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

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

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

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

3@ ,3
1"* -*6"+ >"1*3. =2He
4@ ,3
1"* =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@
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 !"#"$ %!" 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
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!)#8" 3,*'&%&E"4$ '* %!"9  *7:0 -*% :&B" %*

'!)#" %!" :*
)%&*-' E"#9 -")# %* ")
! *%!"#. ;7# F*5 &' %* 5#&-8 %!"'" % * ')("
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:"& %*8"%!"# )-0 +*#
" %!"( %* 
#*'' %!"&# 
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0* %!&' 59 B"",&-8 %!"'" '():: -7
:"& )% :)#8" %"(,"#)%7#". /!&' %"(,"#)%7#" 
)-

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

#6) +! .+#*"%- "* ( 3(!% '9 %,+ D(&*'#H* 
!"%+!"'#7 8,+ ,"$, *3++. '9 %,+ #6
4+"

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

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

4"."#$ #6
4+" %' 'A+!
')+ %,+"! 
'46)#  (!!"+! "* ,"$,; "% (33+(!* "# %,+ D(&*'#H*


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

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


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

1%5!
25 2+. 1%+
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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"$2.% D&&℄/ :5
2,4$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#+,$@ !- 2Z5% ,4 2
1!%8% ,1% 9#-!4+ 4+ !,- 40+/ .![%$%+, 
4#+,$!%-
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47% 94$02$. 94$ 2 \4!+, 
4552Z4$2,!8% 04$; !+ ,1% 6%5. 49 9#-!4+ !+ ,1% 94$7

49 B=I>/ !+  $2+
% D&G℄'
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&"# &(.(',%1 71%2$% 
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 $%6/#&'
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 0#1, '2 6#/#.%&#,
<8 &"# 71%2$% 
5..#/&3

*+,%- ./ 
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+1%".$!%,) 8!4!1%$ 1.3+9
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./1$.8 1;% >8+,4+ ,#$@+
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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&!, +&9 ")! @AB *'+,-+ 0, ")! *'+,-+ 0& ")! %*!& G!'9 '0&!, :)0
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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$%<<%< !*

 !



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

 !"#$% &'()  !" #"$%&'()' '*'(& !"&+
(& -(.)"'+
 /"&0 B = BT +Bθ &+)"$1  !" BT
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&'!# 
") 5* #**)/ "). (3* &(3*,
(4& ",* )&( ') (3* @'*47 23* 
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-6$ !, *6+% /. -3% ,-4+*4$* ,6#$
% 69 -3%

F6/40-' @6$;400. !+ GHA2IG< !- !, E%1- 4- -3% J V 6#-1#- ,!"+40 
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9%0<%%4 01% *+,0% ,46 01% *!4/ 01,0 ,@3!6- -1%,01C-1%,01 !40%$,
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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
%

 !



 !"#$%& '( )*"+," -*./+ 01 2
&"#%4.5 6"7%& .8 9:;<=9 <.>",">

 !"#$% &'()  !"#$ %&'( ") $*' +,
* .!"/' *',0 12
*'3,$&
 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'#$6
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>,,"40 ∼ ?9 @#= .5+)/+ '>,+0(24∼
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-'($@8 9-$ +4.)7. 
"417( ') )-'*&$/ '( &-$ "1&,".!/
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E*#.' 9')(! )*' "#$%&'( #% "#>).+' !9):&!3 #%' )& &9' *)( )+ -#*& (φ = 54o, θ =
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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.

 !
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 !" #$ 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. 7.4
8

(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$℄/

 !
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 !"#$% &'()  !"#!$ %&'($)* '+ ,'!-#./ %'-).-#!$0 !." 123 Vθ = VE×B4 56) 7)&-#
!$
*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

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

 !
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 !"#$% &'()*  !"#!$ %&'($)* '+ ,!- %!&.#
$) 0123 Γr = 〈ñṽr〉3 !4" ,5- .'&'#"!$ 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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M

Γ r (
m

−
2 s−

1 )

 !"#$% &'((* :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

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

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