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%$F# 2,$)# /0 %"#'-#,7#- $*. -& %"# "#$7(#3 #,#'#*%- $3# *&% 23&.+)#. (* %"#

-%$3-4 G))&3.(*> %& %"# -,&2# &1 E/A &7#3 A8 %"# 0(#,. 13&' %"# 1+-(&* &1 %6&

,(>"% *+),#( (- '+)" ,$3>#3 %"$* 13&' %"# B--(&* &1 &*# "#$70 *+),#+-4

E+# %& %"# 3#2+,-(7# H&+,&'/ 1&3)# /#%6##* %6& 2&-(%(7#,0 )"$3>#. *+),#(8 %"#

1+-(&* 3#$)%(&* )$**&% %$F# 2,$)# -2&*%$*#&+-,0 +*.#3 %#33#-%3($, )&*.(%(&*-4

I*,0 $% 7#30 -"&3% .(-%$*)#- %"# $%%3$)%(7# -%3&*> 1&3)# )$* &7#3)&'# %"# #,#)@

%3&'$>*#%() 1&3)#4 =* &3.#3 %& )&'# ),&-# #*&+>" %& #$)" &%"#38 %"# *+),#( '+-%

"$7# #*&+>" #*#3>0 %& /# $/,# %& %+**#, %"3&+>" %"# H&+,&'/ /$33(#34 =1 $*
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!"#!$%&! '( )*+,-.&!# .'",*-"# #/.0 * 0-10 !"!+123 ,0-# -# !4/-5*&!", ,' * ,!$)!+6

*,/+! '( *%'/, * 0/"7+!7 $-&&-'"

◦ C8 90-# !4/*&# 10 keV 5-* E = 3/2kBT 8 :,

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

"!/,+*&#8 ;!1*+7-"1 ,' ,0! 0-10 ,!$)!+*,/+!# <0-.0 !"*%&! ,0! (/#-'" )+'.!##3

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

90! (/#-'" +!*.,-'" !*#-!#, ,' *.0-!5! -# ,0! '"! %!,<!!" ,0! ,<' 0!*52 -#',')!#

'( 027+'1!">

D2
1 + T 3

1 → He42 + n10.

90! (/#-'" '( 7!/,!+-/$ *"7 ,+-,-/$ 0*# ,0! 0-10!#, .+'## #!.,-'" *, ,0! &'<!#,

,!$)!+*,/+!#8 90! (/#-'" )+'7/.,# )!+ +!*.,-'" *+! * "/.&!/# '( 0!&-/$3 <0-.0

.*++-!# 3.5MeV3 *"7 * "!/,+'" <0-.0 .*++-!# 14.1MeV8 ?, -# ,0! =-"!,-. !"!+12

'( ,0! "!/,+'" <0-.0 .*" %! /#!7 ,' 1!"!+*,! !&!.,+-.-,2 -" * )'<!+ )&*", %2

$!*"# '( .'"5!",-'"*& ,!.0"'&'12 -"5'&5-"1 #,!*$ *"7 ,/+%-"!#8 90! =-"!,-.

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

)&*#$* 5-* .'&&-#-'"#8 90! !"!+12 2-!&7 '( ,0! +!*.,-'" #,!$# (+'$ ,0! %-"7-"1

!"!+12 7/! ,' * $*## 7!(!., '( ∆m = 0.01875 ·mp8

:# *&+!*72 $!",-'"!7 -" ,0! -",+'7/.,-'"3 7!/,!+-/$ -# *%/"7*",3 %/, ,+-,-/$

-# +*7-'*.,-5! *"7 7/! ,' -,# 0*&( &-(! ,-$! '( τ1/2 = 12.3 years -, -# "', "*,/+*&&2
*%/"7*",8 90/#3 ,0! ,+-,-/$ 0*# ,' %! %+!7 (+'$ &-,0-/$8 90-# .*" %! 7'"!

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

<0-.0 +!#/&, (+'$ ,0! (/#-'" +!*.,-'"#8

Li63 + n10 → T 3
1 +He42

Li73 + n10 → T 3
1 +He42 + n10

90! "*,/+*& *%/"7*".!# '( ,0! &-,0-/$ -#',')!# *+! 7.4% '( Li63 *"7 92.6% '(

Li738 @0-&! ,0! /))!+ +!*.,-'" 0*# *" !"!+12 2-!&7 '( 4.8MeV3 ,0! &'<!+ '"!

"!!7# *" !A,!+"*& #/))&2 '( 2.5MeV8 90-# #/%,+*.,# '"&2 * #$*&& *$'/", '( ,0!

2-!&7 (+'$ ,0! '5!+*&& (/#-'" )+'.!##8

: .+/.-*& -##/! +!1*+7-"1 ,0! /#!(/&"!## '( (/#-'" -# ,0! +*,-' '( ,0! !"!+12

1*-"!7 (+'$ ,0! +!*.,-'"# ,' ,0! !"!+12 #)!", ('+ ,0! 0!*,-"1 '( ,0! )&*#$*3 ,0!

.'"B"!$!", *"7 ,0! &'##!# (+'$ ,0! )&*#$*8 90-# )*+*$,!+ -# .*&&!7 Q8 C+!*=

!5!"3 <0-.0 $!*"# Q = 1 *"7 * "!, !"!+12 2-!&73 0*# *&+!*72 %!!" +!*.0!7

*, DE98 ?( ,0! (/#-'" +!*.,-'"# ,*=! )&*.! <-,0'/, *"2 (/+,0!+ !A,!+"*& -")/,

'( !"!+123 ,0-# -$)&-!# Q → ∞8 ?" *"*&'12 ,' * %/+"-"1 F*$! ,0-# .'"7-,-'"

-# .*&&!7 -1"-,-'"8 ?" ,0-# .*#! ,0! !"!+12 "!.!##*+2 ,' .'$)!"#*,! ,0! &'##!#

-# )+'5-7!7 #'&!&2 %2 ,0! 0!&-/$ "/.&!- )+'7/.!7 -" ,0! (/#-'" +!*.,-'"#8 90-#

-# ="'<" *# α6)*+,-.&! 0!*,-"18 G'+ #*(!,2 +!*#'"# ,0! ')!+*,-'" %!&'< ,0!

-1"-,-'" ,0+!#0'&7 -# )+*.,-.*&&2 $'+! .'"5!"-!",8 G'+ ?9E; Q = 10 -# #!, *# *

$*-" 1'*&8 90! Q6,0+!#0'&7# '( (/#-'" )!+('+$*".! .*" %! !A)+!##!7 *# )02#-.*&

)*+*$!,!+# %2 $!*"# '( ,0! (/#-'" )+'7/., nτET 8 n -# ,0! -'" 7!"#-,23 T ,0!

-'" ,!$)!+*,/+! *"7 τE ,0! !"!+12 .'"B"!$!", ,-$! <0-.0 .*" %! 7!B"!7 %2

Ploss =
W

τE
. HI8J8IK



 ! "#$ "%&'('&  

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

%&)#"0 $/ &'" (-,%.,3 4'5%6 τE $% , .",%5#" )+ &'" 75,-$&2 )+ &'" 8)/9/"."/&3

:)# nτET = 0.5 ·1021 m−3s · keV ;#",< "="/ $% #",8'"03 >1/$&$)/ .",/% nτET =
3 · 1021 m−3s · keV *'$8' 8,/ ;" #",-$%"0 *$&' T = 10 keV6 n = 1020 m−3

,/0

τE = 3 s ?@AB3 4'" ,.)5/&% )+ "/"#12 #"-",%"0 ;2 +5%$)/ ,#" "/)#.)5% ,/0 $+

&'"2 ,#" 5%"0 "C"8&$="-26 ,;)5& 2L )+ *,&"# D8)/&,$/$/1 0"5&"#$5.E ,/0 250 g )+

%&)/"% D8)/&,$/$/1 -$&'$5.E (#)=$0" &'" "/"#12 &',& , F"#.,/ +,.$-26 8)/%$%&$/1

)+ +)5# (")(-"6 8)/%5."% 05#$/1 , 2",# ?GHB3

 ! "#$ "%&'('&

4'" +5%$)/ (-,%., )+ &'" %5/ ',% , '51" .,%% ,/0 %) $& $% <"(& +#). "I(,/0J

$/1 $/&) %(,8" ;2 $&% )*/ 1#,=$&,&$)/3 K+ 8)5#%"6 &'" (-,%., $/ , +5%$)/ #",8&)#

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

',% &) ;" ,((-$"03 >& $% /)& ()%%$;-" &) 8)/&,$/ &'" (-,%., %$.(-2 ;2 (5&&$/1

*,--% ,#)5/0 $&3 4'" ')& ,/0 &'$/ (-,%., *)5-0 ;" 8))-"0 0)*/ ,/0 0"%&#)2"0

$.."0$,&-2 ;2 &'" 8)/&,8& &) &'" 8)-0 *,--3 4'" 85##"/& #"%",#8' )/ (-,%., 8)/J

9/"."/& +)--)*% &*) ;#,/8'"%L $/"#&$,- 8)/9/"."/& ,/0 .,1/"&$8 8)/9/"."/&3

K/-2 &'" -,&&"# ;#,/8'6 *'$8' $% 8',#,8&"#$%"0 ;2 %&#)/1 .,1/"&$8 9"-0% <""($/1

&'" (-,%., ,*,2 +#). &'" *,-- )+ &'" =,855. 8',.;"#6 %')5-0 ;" )+ $/&"#"%&

'"#"3 >/ &'" *,2 )+ %5((-2$/1 &'" .,1/"&$8 9"-0 &'" &*) .)%& $.()#&,/& &2("% )+

.,1/"&$8 8)/9/"."/& .,8'$/"% 0$C"#3 4'" %&"--"#,&)# 5&$-$%"% , .,1/"&$8 9"-0

*'$8' $% 8).(-"&"-2 1"/"#,&"0 ;2 %("8$,--2 %',("0 8)$-%3 4'" .,1/"&$8 9"-0 )+

, &)<,.,< ?GMB $% , %5("#()%$&$)/ )+ 9"-0% 1"/"#,&"0 ;2 85##"/&% $/ 8)$-% ,/0 ;2

, 85##"/& 0#$="/ $/ &'" (-,%., $&%"-+3 4'$% %"&5( ',% &'" ,0=,/&,1" )+ , #,&'"#

%$.(-" 8)$- 1")."&#2 ,& &'" "I("/%" )+ ('2%$8,- 8).(-"I$&2 #"1,#0$/1 %&,;$-$&23

4'" &)<,.,< (#$/8$(-" $% &'" .)%& %588"%%+5- .,1/"&$8 8)/9/"."/& %8'"." 5(

&) 0,&"3 4'" /"I& %&"( +5%$)/ 0"=$8" >4NO ,% *"-- ,% 4NP4KO ,#" &)<,.,<%3

4'5%6 &'" ;,%$8% )+ &'" &)<,.,< ,#" $/&#)058"0 $/ &'" +)--)*$/13

4'" %$.(-"%& 1")."&#2 )+ , .,1/"&$8 9"-0 $/ , (-,%., 8)/%$%&% )+ %&#,$1'& 9"-0

B

B

 !" #$%&'()*+

B

B

 ," -)*+

:$15#" G3G3@L Q8'"."% )+ &'" 828-)&#)/ 12#,&$)/ )+ 8',#1"0 (,#&$8-"% ,#)5/0 &'"

-$/"% )+ , %&#,$1'& .,1/"&$8 9"-0 B *$&' &'" "-"8&#)/% 12#,&$/1 $/ &'" )(()%$&"

0$#"8&$)/ &',/ &'" $)/%

-$/"%3 4'$% 9"-0 +)#8"% &'" 8',#1"0 (-,%., (,#&$8-"% $/&) , 12#).)&$)/ ,#)5/0

&'" 9"-0 -$/"% ,% 0"($8&"0 $/ 915#" G3G3@3 4'" 0$#"8&$)/ )+ &'" 12#,&$)/ 0"("/0%

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

+)# "-"8&#)/% $/ 915#" G3G3@D,E ,/0 +)# $)/% $/ 915#" G3G3@D;E3 4'" +#"75"/82 )+
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"#$ %&'(")*+ ), "#$ -&-.*"'*+ /'$01$+-&

ωc =
|q|B
m

23434 5

6#$'$ q ), "#$ $.$-"')- -#('%$ (+7 m "#$ 8(,, */ "#$ 9('")-.$4 B ), "#$ 8(%+$")-

:$.7 ,"'$+%"#4 ;#$ '(7)1, */ "#$ %&'* *'<)" ), "#$ =('8*' '(7)1,

rL =
v⊥
ωc

=
mv⊥
|q|B 2343435

)+ 6#)-# v⊥ ), "#$ >$.*-)"& */ "#$ 9('")-.$ 9$'9$+7)-1.(' "* "#$ 8(%+$")- :$.74

;#1,? "#$ $.$-"'*+, (+7 )*+, ('$ -*+:+$7 )+ "#$ 9.(+$ 9$'9$7)-1.(' "* "#$ 8(%@

+$")- :$.74 ;#$ 8*")*+ 9('(..$. "* "#$ 8(%+$")- :$.7 ), 1+'$,"')-"$7 (+7 ,* "#$

9('")-.$, ('$ 01)-A.& .*," (.*+% "#$ :$.7 .)+$, 6#)-# )+ 9'(-")-$ #(>$ "* )+"$',$-"

( 6(..4 B*+,$01$+".&? *+.& -.*,)+% "#$ :$.7 .)+$, 19*+ "#$8,$.>$, -(+ .$(7 "*

( %**7 8(%+$")- -*+:+$8$+"4 C*..*6)+% "#$ D*)+-('E@F*9/ "#$*'$8 G3HI? "#$

"*'1, ), "#$ ,)89.$," -.*,$7 8(%+$")- %$*8$"'& 6)"#*1" ,)+%1.(')")$, 6#)-# -(+

<$ /*'8$7 <& "#$ :$.74 C)%1'$ 34343 )..1,"'("$, "#$ %$*8$"'& )+-.17)+% "#$ 8(J*'

'(7)1, R? "#$ 8)+*' '(7)1, r (+7 "#$ 7)'$-")*+, ('*1+7 "#$ .('%$ -)'-18/$'$+-$

*/ "#$ "*'1,? -(..$7 "*'*)7(.? (+7 ('*1+7 "#$ ,8(.. -)'-18/$'$+-$ -(..$7 9*.*)7(.4

K 91'$.& "*'*)7(. %$*8$"'& */ "#$ 8(%+$")- :$.7 ), ,").. "** ,)89.$ "* 9'*>)7$

R

r

toroidal direction

poloidal direction

C)%1'$ 34343L M),1(.),(")*+ */ "#$ "$'8, )+ ( "*'*)7(. %$*8$"'&

( %**7 -*+:+$8$+"4 ;#$ "*'*)7(. 8(%+$")- :$.7 #(, ( -1'>("1'$ (+7 )" ), +*"

1+)/*'8 (.*+% "#$ 8(J*' '(7)1,? '("#$' B ∝ 1/R4 ;#1,? "#$ 8(%+$")- :$.7 #(, (

%'(7)$+" 9$'9$+7)-1.(' "* )", *6+ 7)'$-")*+4 ;#$,$ +*+1+)/*'8)")$, .$(7 "* 7')/",

*/ "#$ 9('")-.$,N %1)7)+% -$+"'$, (, )+7)-("$7 )+ :%1'$ 3434O4 ;#$ -1'>("1'$ 7')/"

#(, "#$ >$.*-)"&

vR =
mv2‖

qB2
Rc ×BR2

c 23434O5

6)"# "#$ '(7)1, */ "#$ -1'>("1'$ Rc (+7 "#$ 9('")-.$N, >$.*-)"& 9('(..$. "* "#$

8(%+$")- :$.7 v‖4 ;#$ ∇B 7')/" #(, "#$ >$.*-)"&

V∇B = ±1

2
v⊥rL

B ×∇B
B2

. 23434P5

Q*"# 7')/", #(>$ "#$ ,(8$ 7$9$+7$-& */ "#$ 7')/" 7)'$-")*+ *+ "#$ -#('%$ */ "#$

9('")-.$,4 ;#), .$(7, "* ( >$'")-(. -#('%$ ,$9('(")*+ )+ "#$ 9.(,8( "* "#$ "*9



 ! "#$ "%&'('&   

- +

+
++

- --

Rc

grad B

B

ExB E

!"#$%& '('()* +,-&.& /0 1-& 2345.4 24%1",3& 6%"0157 1-& ,-4%#& 5&24%41"/8 486

1-& %&5$31"8# /$194%6 0/%,& "8 4 2$%&3: 1/%/"643 .4#8&1", ;&36

486 1-& </11/. /0 1-& 1/%$5 45 5-/98 "8 ;#$%& '('()( =-& ,-4%#& 5&24%41"/8

&514<3"5-&5 4 >&%1",43 486 -&8,& 2&%2&86",$34% &3&,1%", ;&36 9-",- ,4$5&5 48

466"1"/843 6%"01 ./1"/8 9"1-

vE =
E ×B

B2
. ?'('(@A

B5 1-"5 6%"01 "5 "86&2&86&81 /0 1-& ,-4%#&7 1-& 9-/3& 2345.4 "5 6%">&8 1/ 1-& /$1&%

9433( =-"5 2%4,1",433: "..&6"41&3: 1&%."841&5 4 2345.4 "8 4 2$%&3: 1/%/"643 .4#C

8&1", ;&36( =-& 2%/<3&. ,48 <& />&%,/.& <: 5$2&%".2/5"8# 4 2/3/"643 .4#8&1",

;&36 Bp 1/ 1-& 1/%/"643 /8& Bt <: 6%">"8# 4 ,$%%&81 1-%/$#- 1-& 2345.4 ,/3$.8(

=-& %&5$31"8# ;&36 "5 -&3",433: 9/$86( D1 5-/%1C,"%,$"15 1-& ,-4%#& 5&24%41"/8

486 2%&>&815 1-& 0/%.41"/8 /0 4 >&%1",43 &3&,1%", ;&36( E/1-7 1-& 1/F4.4F 486

1-& 51&33&%41/%7 9/%F 9"1- 4 -&3",43 .4#8&1", ;&36 431-/$#- "8 1-& 51&33&%41/% "1 "5

#&8&%41&6 <: ,/"35 /83:( =-& 1/F4.4F 2%"8,"23& "5 "33$51%41&6 <: ;#$%& '('(G( =-&

84.& 1/F4.4F "5 4 %$55"48 4<<%&>&41"/8 /0  !"!#$%&'%(% )%*+"% # *%,'# '%(%

)% -./0)% 9-",- .&485 1/%/"643 ,-4.<&% 9"1- 4 .4#8&1", ,/"3( =-& 1/%/"643

>4,$$. ,-4.<&%  "5 2/3/"6433: &8,"%,3&6 <: 1-& 1/%/"643 .4#8&1", ;&36 ,/"35 /0

9-",- /83: /8& "5 "86",41&6 "8 1-& ;#$%& 486 34<&33&6 45 '( =-& 2/3/"643 .4#C

8&1", ;&36 "5 2%/6$,&6 <: 4 1%4850/%.&% 4,1"/8( B 1&.2/%433: >4%:"8# >/314#&

"8 1-& 2%".4%: ,/"3 ) /0 1-& 1%4850/%.&% "86$,&5 4 >/314#& 4%/$86 1-& 2345.4

3//2 @ 9-",- 4,15 45 1-& 5&,/864%: 1%4850/%.&% ,/"3( =-& "%/8 :/F& G7 9-",-

".2%/>&5 1-& &H&,1">"1: /0 1-& 1%4850/%.&%7 "5 /21"/843( =-& 3//2 >/314#& 6%">&5

1-& 2345.4 ,$%%&81 Ip 9-",- 2%/6$,&5 1-& 2/3/"643 .4#8&1", ;&36( =-& 5$2&%C

2/5"1"/8 9"1- 1-& 1/%/"643 ;&36 #">&5 1-& -&3",43 ;&36 9-",- "5 8&&6&6 1/ ,/8;8&

1-& 2345.4( I$& 1/ 1-& 1%4850/%.&% 4,1"/87 1-& 1/F4.4F "5 4 2$35&6 6&>",&( =-&

2$35&5 4%& %&0&%%&6 1/ 45 6"5,-4%#&5 /% 5-/15( J83: $5"8# 8/8"86$,1">& ,$%%&81

6%">& 5,-&.&5 ,48 433/9 4 51&46: 5141& /2&%41"/8 /0 1-& .4,-"8& "8 1-& 0$1$%&(

=-& "8K&,1"/8 /0 8&$1%43 24%1",3&5 486 1-& $5& /0 2345.4 94>&5 41 1-& &3&,1%/8

/% "/8 ,:,3/1%/8 0%&L$&8,: /% 41 1-& 3/9&% -:<%"6 0%&L$&8,: 4%& <&"8# 51$6"&6(

=-& 2345.4 ,$%%&81 "5 435/ $5&6 1/ -&41 1-& 2345.4 /-.",433:( B5 1-& %&5"51">"1:

/0 1-& 2345.4 6&,%&45&5 9"1- "8,%&45"8# 1&.2&%41$%&7 η ∝ T
−3/2
e 7 1-& &H&,1">"1:

/0 1-& /-.", -&41"8# 6&,%&45&57 1//( =-$57 1-& 1&.2&%41$%&5 8&&6&6 0/% 0$5"/8

,488/1 <& 4,-"&>&6 <: /-.", -&41"8# 43/8& 486 4$M"3"4%: -&41"8# 5,-&.&5 4%&

8&&6&6( N4>&5 %&5/8481 1/ 1-& #:%/./1"/8 /0 1-& "/85 /% 1-& &3&,1%/85 486
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Ip

Bp

Bt

1

2

3

4

5

B

"#$%&' !(!()* +,-'./0#, 1#'2 34 / 035/./5 #6,7%8#6$ 0-' .390 #.:3&0/60 ,3.;

:36'609*  ; 0-' 1/,%%. 1'99'7< ! ; 36' 34 0-' 03&3#8/7 ='78 ,3#79< > ; 0-' :&#./&?

,3#7 34 0-' 0&/6943&.'&< ) ; 0-' #&36 ?35'< @ ; 0-' :7/9./ ,37%.6< Ip ; 0-' :7/9./

,%&&'60< B ; 0-' ./$6'0#, ='78 ,369#90#6$ 34 Bt ; 0-' 03&3#8/7 ./$6'0#, ='78 /68

Bp ; 0-' :373#8/7 ./$6'0#, ='78

6'%0&/7 :/&0#,7' A'/.9 ,/6 A' 7/%6,-'8 #603 0-' :7/9./ 03 -'/0 #0( B6 / 4%9#36

&'/,03& 0-' -'7#%. 2-#,- #9 :&38%,'8 #9 43&'9''6 03 ,360&#A%0' 03 0-' -'/0#6$(

C-#9 α;:/&0#,7' -'/0#6$ 2/9 .'60#36'8 A'43&'( "3& 0-#9 0-'9#9 63 /%D#7#/&? -'/0;

#6$ 9,-'.'9 2'&' %9'8 /0 CEFCGH( C3 '6/A7' 93.' .'/69 34 :7/9./ :39#0#36

,360&37 /630-'& 9'0 34 ,3#79 $3#6$ 03&3#8/77? /&3%68 #6 0-' %::'& /68 732'& .#8;

:7/6' #9 ,3..367? %9'8 03 $'6'&/0' / &'7/0#1'7? 9./77 1'&0#,/7 ./$6'0#, ='78(

C-' ./$6'0#, 03:373$? 34 / 035/./5 :7/9./ #9 / &'9%70 34 0-' %9' 34 /77 0-'

"#$%&' !(!(@* +,-'.' 34 0-' #8'/7 ./$6'0#, 03:373$? 34 / 035/./5 ,369#90#6$ 34

6'90'8 03&3#8/7 9%&4/,'9 /68 0-' ./$6'0#, /D#9 #6 0-' ,'60&'

8#I'&'60 ,3#79 /68 34 0-' :7/9./ ,%&&'60( B0 ,/6 A' ,/7,%7/0'8 A? .'/69 34 #8'/7
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"#$%&'()*+,(+*%#"-./ 012345 6)-/ ')&(,* +&/.,-7&/ ')& 89#/"# #/ #% -+&#99*

.(%+:.'-$ ;:-+ <)-.) &=.9:+&/ +-/89#.&"&%' .:,,&%'/ -% ')& 1#=<&99 &>:#'-(%/

0j = ∇ × B45 ?% (,+&, '( .(%@%& ')& 89#/"#A ')& 8,&//:,& )#/ '( 7& 7#9#%.&+

7* ')& "#$%&'-. @&9+ -"89*-%$

∇p = j ×B. 0B5B5C4

6)& #..(,+-%$ '(D#"#D &>:-9-7,-:" -/ .#9.:9#'&+ #/ ')& /(9:'-(% (E ')& F,#+G

H)#E,#%(I &>:#'-(%5 6)& "#$%&'-. '(8(9($* .(%/-/'/ (E %&/'&+ '(,(-+#9 /:,E#.&/

(% <)-.) ')& "#$%&'-. @&9+ 9-%&/ 9-& #%+ <)-.) &%.9(/& ')& "#$%&'-. #=-/ #'

r = 05 6)&/& %&/'&+ '(,-A /)(<% -% @$:,& B5B5JA #,& .#99&+ "#$%&'-. ;:= /:,E#.&/

<)-.) -/ K:/'-@&+ 7* ')& '(,(-+#9 "#$%&'-. ;:= 7&-%$ .(%/'#%' (% ')&/& /:,E#.&/5

L/ #9/( ')& 9-%&/ (E ')& .:,,&%' +&%/-'* 9-& (% ')&/& /:,E#.&/A -' E(99(</ E,("

B · ∇p = 0 0B5B5M4

#%+

j · ∇p = 0 0B5B5N4

')#' ')& 8,&//:,& p #%+ )&%.& ')& '&"8&,#':,& T '-"&/ ')& +&%/-'* n #,& .(%G

/'#%' (% ')&/& /:,E#.&/5 3:& '( ')& '(,(-+#9 $&("&',*A ')& "#$%&'-. /:,E#.&/

#,& +-/89#.&+ (:'<#,+/ E,(" ')& "#$%&'-. #=-/ #9(%$ ')& "#K(, ,#+-:/ 7* ')&

H)#E,#%(I /)-E'5 6):/A ')& ;:= /:,E#.&/ #,& %(%.(%.&%',-.5 ?% ')& -+&#9 &>:-9-7G

,-:" .#/& ')& "#$%&'-. @&9+ 9-%&/ 9-& (% ')& "#$%&'-. /:,E#.&/ #%+ +:& '( ')&-,

)&9-.#9 <-%+-%$A ')&* .#% &-')&, .9(/& :8(% ')&"/&9I&/ #E'&, # @%-'& %:"7&, (E

'(,(-+#9 ':,%/ (, ')&* @99 :8 ')& <)(9& /:,E#.&5

L/ ')& )&9-.#9 <-%+-%$ (E ')& @&9+ 9-%&/ -/ .)#,#.'&,-/'-. E(, &#.) "#$%&'-.

/:,E#.&A # 8#,#"'&, q .#% 7& #//-$%&+ '( ')& ;:= /:,E#.&/A ,&/8&.'-I&9*5 6)&

/#E&'* E#.'(, q -/ ')& %:"7&, (E ')& '(,(-+#9 ':,%/ # @&9+ 9-%& &=&,'/ 8&, 8(9(-+#9

':,%5

q =
1

2π

∫ 2π

0

dΦ

dΘ
dΘ =

1

2π

∮

Bt

R

dℓ

Bp
0B5B5O4

6)& @&9+ 9-%&/ <)-.) .9(/& :8(% ')&"/&9I&/ #E'&, # @%-'& %:"7&, (E ':,%/ .(,G

,&/8(%+ '( I#9:&/ (E q = m/n <-') m,n ∈ N #%+ '):/ 9-& (% ,#'-(%#9 /:,E#.&/5

6*8-.#99*A q -/ # E:%.'-(% (E ')& "-%(, ,#+-:/ <-') # "-%-":" #' ')& "#$%&'-.

#=-/ #%+ # "#=-":" #' ')& 89#/"# 7(:%+#,* #' r = a5 P(%@$:,#'-(%/ +-Q&,-%$
E,(" ')-/ #,& ,&$#,+&+ '( #/ ,&I&,/&+ /)&#,5 6)& E:%.'-(% q(r) .#%%(' 7& '#-9(,&+
#,7-',#,-9* #/ /&I&,#9 9-"-'/ (% q #,& -"8(/&+ 7* 89#/"# -%/'#7-9-'-&/5 6*8-.#9

,&/',-.'-(%/ #,& q > 1 #' ')& "#$%&'-. #=-/ #%+ q > 2 #' ')& &+$&5 6)& ,(9& (E q
-% ')& 123 /'#7-9-'* ')&(,* -/ ')& ,&#/(% E(, ')& %#"& /#E&'* E#.'(,5

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

6)& -+&#9 "#$%&'-. '(8(9($* (E # '(D#"#D .(%/-/'/ (E %(%.(%.&%',-.A %&/'&+

'(,(-+#9 /:,E#.&/ #/ -%',(+:.&+ #7(I&5 6)& )&9-.#9 "#$%&'-. @&9+ 9-%&/ #,& 7(:%+

'( ')&/& /:,E#.&/5 6)& ',#%/8(,' (E )&#' #%+ 8#,'-.9&/ #9(%$ ')& @&9+ 9-%&/A .#99&+

8#,#99&9 ',#%/8(,'A -/ I&,* E#/' 7:' -' D&&8/ ')& 8#,'-.9&/ -%/-+& ')& 89#/"#5 R(
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"#$$%$ &'% (&)$%* +, -.% /&'&""%" -'&0$/#'- 10 &0 1*%&" -#2&3&2 -#/#"#4, &0*

-.)$ #0", -.% -'&0$/#'- &('#$$ -.% 3&40%-1( $)'5&(%$ &((#)0-$ 5#' "#$$%$6 7.%

('#$$ 8%"* -'&0$/#'- *)% -# (#""1$1#0$ 10 & $-'&14.- (,"10*'1(&" /"&$3& 4%#3%-',

1$ *%$('1+%* +, -.% ("&$$1(&" -.%#',6 9#""1$1#0$ &'% &$$)3%* -# (&)$% -.% /&'-1("%$

-# %:%'- '&0*#3 ;&"2$6 <%0(%= -.% -'&0$/#'- (&0 +% >)&0-18%* +, & *1?)$1#0

(#%@(1%0-6

D =
〈(∆r)2〉

τ
AB6C6 D

<%'% ∆r 1$ -.% -,/1(&" '&*1&" $-%/ $1E% -.&- -.% /&'-1("%$ F)3/ *)% -# & (#""1$1#0

&0* τ = 1/ν 1$ -.% (#""1$1#0 -13% #5 & /&'-1("% ;.1"% ν *%0#-%$ -.% (#""1$1#0

5'%>)%0(,6 G)% -# -.% $)+F%(- #5 -.1$ -.%$1$= -.% %3/.&$1$ #5 -.% 5#""#;104

(#0$1*%'&-1#0$ 1$ /)- #0 -.% /"&$3& %"%(-'#0$6 H$104 -.% %"%(-'#0 I&'3#' '&*1)$

rL,e &$ ∆r= "%&*$ -# -.% ("&$$1(&" *1?5)$1#0 (#%@(1%0- Dclass6 7.% 3%&0 5'%% /&-.

#5 -.% /&'-1("%$ *%/%0*$ #0 -.% (#""1$1#0 5'%>)%0(, &0* -.% -.%'3&" J%"#(1-, vT 6

λ = vT /ν AB6C6BD

K0 -.% -#'#1*&" 4%#3%-', #5 & -#2&3&2 -.% .%"1(&" L#; #5 -.% (.&'4%* /&'-1("%$ 1$

)$%* -# /'%J%0- & (.&'4% $%/&'&-1#0 (&)$%* +, -.% /&'-1("% *'15-$6 7.% /&-. #5 &

/&'-1("% .%"1(&"", &'#)0* & 3&40%-1( $)'5&(% 1$ &//'#:13&-%", L ∝ qR "#046 7.%

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

*1$-)'+%*6 7.% '%$)"- &'% $3&"" %"%(-'1( 8%"*$ ;.1(. 10-%'&(- ;1-. -.% 3&40%-1(

8%"* -# (&)$% 5)'-.%' *'15-$ &0* &0 %0.&0(%3%0- #5 -.% -'&0$/#'- /%'/%0*1()"&'

-# -.% 3&40%-1( 8%"*6 7.%$% %?%(-$ #5 -.% -#'#1*&" 4%#3%-', &'% -&2%0 10-#

&((#)0- +, -.% 0%#("&$$1(&" -'&0$/#'- -.%#',6

7.% 10J%'$% &$/%(- '&-1# #5 & -#2&3&2 1$ *%80%* +, ǫ = r/R6 K0 -.% 5#""#;104

-.% "131- #5 & "&'4% &$/%(- '&-1# ǫ << 1 1$ (#0$1*%'%*6 7.% (#0*1-1#0

νqR

vT
>> 1 AB6C6CD

13/"1%$ λ < L &0* -.)$ & 3%&0 5'%% /&-. #5 -.% /&'-1("%$ ;.1(. 1$ $3&"" (#3/&'%*

-# -.% .%"1(&" /&'-1("% #'+1- "%04-.6 7.% '%413% #5 .14. (#""1$1#0&"1-,= 10 ;.1(.

-.% -,/1(&" /&'-1("%$ (&00#- (#3/"%-% -.%1' .%"1(&" L#; &'#)0* -.% 3&40%-1(

$)'5&(%$ ;1-.#)- +%104 *1$-)'+%* +, (#""1$1#0$= 1$ *%80%*6 K- 1$ &"$# (&""%* -.%

M8'$(.NO(."P-%' '%413%6 7.% (#''%$/#0*104 0%#("&$$1(&" *1?)$1#0 (#%@(1%0- 1$

"&'4%' -.&0 -.% ("&$$1(&" #0%Q

D = Dclass

(

1 + 2
η||

η⊥
q2
)

. AB6C6!D

η|| &0* η⊥ *%0#-% -.% '%$1$-1J1-, #5 -.% /"&$3& /&'&""%" &0* /%'/%*1()"&' -# -.%

3&40%-1( 8%"*= '%$/%(-1J%",6

7.% #//#$1-% "131-

νqR

vT
>> 1 AB6C6RD

(.&'&(-%'1$%$ -.% '%413% #5 "#; (#""1$1#0&"1-, 5#' ;.1(. λ > L6 7.% -,/1(&"

/&'-1("%$ (&0 (#3/"%-% -.%1' #'+1-$ &'#)0* -.% 3&40%-1( $)'5&(%$ ;.1(. +'104$
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"#$%&'( %$($)*"+ ','-% %$ )./$(%"#-'0 12 B ∝ 1/R3 %&' )##'( 2)*' $4 %&' %$(52

)2 %&' &)6& 7'+* 2)*' 89:;< "#* %&' $5%'( 2)*' )2 %&' +$= 7'+* 8>:;<0 ?"(%)-+'2

@$=)#6 &'+)-"++A B'%=''# %&' 9:; "#* %&' >:; -"# B' %("//'* )# %&)2 ."6#'%)-

.)(($(0 C&' $(B)% $4 25-& " %("//'* /"(%)-+' )2 D)25"+)2'* 2-&'."%)-"++A )# 765('

E0F0 0 C&' %("//'* /"(%)-+'2 B$5#-' B"-G "#* 4$(-' B'%=''# %&' 9:; "#* %&'

HFSLFS

banana orbit projection

Drb

:)65(' E0F0 H ;-&'.' $4 %&' B"#"#" $(B)% $4 " /+"2." /"(%)-+' B')#6 %("//'*

B'%=''# %&' ."6#'%)- +$= 7'+* 2)*' 8>:;< "#* %&' &)6& 7'+* 2)*' 89:;<I %&'

=)*%& $4 %&' $(B)% ∆rb )2 )#*)-"%'* )# )%2 /$+$)*"+ /($J'-%)$#

>:; =)%& %&' 4('K5'#-A

ωb ∝
√
ǫvT
qR

. 8E0F0L<

1--$(*)#6 %$ %&' 2&"/' $4 %&' /$+$)*"+ /($J'-%)$# $4 %&' $(B)%23 %&'2' "(' -"++'*

B"#"#" $(B)%2 "#* %&' ('6).' )2 -"++'* %&' B"#"#" ('6).'0 M2)#6 %&' ("*)"+

=)*%& $4 " B"#"#" $(B)% "2 %&' %A/)-"+ 2%'/ +'#6%& $4 %&' /"(%)-+'2 *5' %$ "

-$++)2)$# )#2%'"* $4 %&' >"(.$( ("*)523 +'"*2 %$ " *),52)$# -$'N-)'#% 2."++'(

%&"# %&' ?7(2-&O;-&+P%'( -$'N-)'#%H

D ∝ Dclassq
2ǫ−3/2. 8E0F0Q<

:)65(' E0F0E 2&$=2 " 2-&'.' $4 %&' %("#2/$(% ('6).'20 R# %&' ?7(2-&O;-&+P%'(

"#* )# %&' B"#"#" ('6).' %&' *),52)$# -$'N-)'#%2 *'/'#* $# %&' -$++)2)$# 4('O

K5'#-A0 C&' *),52)$# )# %&' )#%'(.'*)"%' /+"%'"5 ('6).'3 -&"("-%'()2'* BA

ǫ3/2 <<
νqR

vT
<< 1, 8E0F0S<

)2 )#*'/'#*'#% $4 %&' -$++)2)$#"+)%A0 9'(' .$2% $4 %&' 5#%("//'* /"(%)-+'2 -"#

-$./+'%' %&')( $(B)%2 =)%&$5% B')#6 *)2%5(B'* BA -$++)2)$#20 C&' %("//'* /"(%)O

-+'2 "(' *)2%5(B'* BA -$++)2)$#2 2)#-' %&' ','-%)D' -$++)2)$# 4('K5'#-A νeff = ν/ǫ3
('K5)('* %$ 2-"%%'( %&'. $5% $4 %&')( ."6#'%)- .)(($( ∆B/B ∝ ǫ3 )2 +"(6'( %&"#
%&' B$5#-' 4('K5'#-A ωb0 C&)2 )./+)'2

νeff
ωb

=
νqR

ǫ3/2vT
>> 1. 8E0F0T<
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"#$%&' ()*)(+ ,%-.#/-/#0' &'1&'2'3/-/#43 45 /6' 3'47.-22#7-. 8#9%2#43 74':7#'3/

D 45 /6' /&-3214&/ 45 1.-2;- 1-&/#7.'2 #3 74;1-&#243 /4 /6' 7.-22#7-. 8#9%2#43

74':7#'3/

<6' 0-.%' 45 /6' 8#9%2#43 74':7#'3/ 45 /6' 1.-/'-% &'$#;' ;-/76'2 /6' 6#$6

-38 .4= 74..#2#43 8#9%2#43 -/ /6' -11&41&#-/' 74..#2#43 5&'>%'37#'2) <6' /6&''

3'47.-22#7-. &'$#;'2 -&' /6-/ 7.'-& 43.? #3 /6' .#;#/ ǫ → 0) "4& &'-.#2/#7 -21'7/

&-/#42 /6' /&-32#/#432 @'/=''3 /6' &'$#;'2 -&' 2;44/6 -38 /6'&' #2 34 1&434%37'8

1.-/'-% #3 /6' 7%&0') A.. /6' 3'47.-22#7-. 8#9%2#43 74':7#'3/2 -&' 6#$6'& /6-3

/6' 7.-22#7-. 43')

B'0'&/6'.'22C #3 /4D-;-D2 /6' 'E1'&#;'3/-..? 4@2'&0'8 '.'7/&43 /&-3214&/ #2

/=4 4&8'&2 45 ;-$3#/%8' 6#$6'& /6-3 /6' 3'47.-22#7-. 1&'8#7/#432) <6' &'-243

54& /6#2 -34;-.4%2 /&-3214&/ #2 54%38 #3 '.'7/&4;-3$3'/#7 /%&@%.'37'2 #3 /6'

1.-2;-) <6' '.'7/&42/-/#7 743/&#@%/#43 45 /6' /%&@%.'37'2 .'-82 /4 E ×B 8&#5/2

=6#76 '36-37' /6' /&-3214&/) F3 -88#/#43C 2;-.. 27-.' ;-$3'/#7 /%&@%.'37'2 -&'

-.=-?2 1&'2'3/ #3 - /4D-;-D 1.-2;-) <6'? 7-%2' /&-32#'3/ &-8#-. 'E7%&2#432 45

/6' ;-$3'/#7 G'.8 .#3'2 -38 /6%2 '36-37' /6' /&-3214&/ 2%@2/-3/#-..?) H'0#-/#3$

5&4; /6' #8'-. ;-$3'/#7 /414.4$?C ;-7&42741#7 1'&/%&@-/#432 7-3 477%& -38 /6%2

/6' 3'2/'8 /4&# 7-3 1-&/#-..? @' 8'2/&4?'8) I? - &'7433'7/#43 45 /6' ;-$3'/#7

G'.8 .#3'2C ;-$3'/#7 #2.-382 7-3 @' 54&;'8) F3 G$%&' ()*)* - 76-#3 45 ;-$3'/#7

#2.-382 7-3 @' 2''3 =#/6#3 /6' 1.-2;-) J-76 ;-$3'/#7 #2.-38 7432#2/2 #/2'.5 45 -

2'>%'37' 45 3'2/'8 ;-$3'/#7 2%&5-7'2) H%' /4 /6' 54&;-/#43 45 ;-$3'/#7 #2.-382C

/6' 743G3';'3/ #2 7432#8'&-@.? 8'$&-8'8 -2 /6' /&-3214&/ -7&422 /6' #2.-382 #2

'36-37'8) <6' &-8#-. 40'&.-1 45 2'0'&-. 3'#$6@4%&#3$ #2.-38 76-#32 7-3 .'-8 /4

- 74;1.'/' '&$48#2-/#43 45 /6' ;-$3'/#7 G'.8 .#3'2) <6#2 ;'-32 /6' G'.8 .#3'2

=-38'& -&4%38 #3 /6' '&$48#7 &'$#43 #3 - &-384; ;-33'& -38 #3 - G3#/' 3%;@'&

45 /%&32 /6'? 74;' -&@#/&-&#.? 7.42' /4 '0'&? 14#3/ #3 /6#2 04.%;') <6%2C /6'

G'.8 .#3'2 -&' 34 .43$'& @4%38 /4 - 2%&5-7'C &-/6'& /6'? G.. 4%/ - 04.%;' =6#76

264&/K7#&7%#/2 /6' /&-3214&/) L%76 - 2/476-2/#7 &'$#43 #2 #38#7-/'8 -/ /6' 1.-2;-

'8$' #3 G$%&' ()*)*)

M'&/%&@'8 ;-$3'/#7 /414.4$#'2C -2 8'27&#@'8 -@40'C 7-3 54& 'E-;1.' @' 7-%2'8

@? /6' 477%&&'37' 45 - /'-&#3$ ;48' N*OP) <6#2 1.-2;- #32/-@#.#/? #304.0'2 -3
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"#$%&' ()*)*+ ,-.'/' 01 2 3'&4%&5'6 /2$7'4#- 403080$9 01 2 40:2/2: #7-8%6#7$

2 -.2#7 01 /2$7'4#- #;8276; 276 2 1%889 '&$06#- '6$' &'$#07

%7;4258' -%&&'74 6'7;#49 3&0<8' =.#-. 8'26; 40 4.' 4'2&#7$ %3 276 2 ;%5;'>%'74

&'-077'-4#07 01 /2$7'4#- <'86 8#7';) ?07;'>%'7489@ /2$7'4#- #;8276; ;42&4 40

$&0= 24 -'&42#7 80= 0&6'& &24#0728 /2$7'4#- ;%&12-';) A1 4.' /2$7'4#- #;8276;

$&0= 400 5#$ 276 4.' 6'$&2624#07 01 4.' -07<7'/'74 #; 400 82&$'@ 4.' 4'2&#7$

/06' &';%84; #7 2 B#08'74 4'&/#724#07 01 4.' 6#;-.2&$' C #7 2 6#;&%34#07)

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

A7 2 40:2/2: 4.' ;32-' 01 2880='6 03'&24#0728 32&2/'4'&; #; &';4&#-4'6 59

;'B'&28 8#/#4;) ?&0;;#7$ 2 ;014 8#/#4 8'26; 40 2 6'$&2624#07 01 4.' 382;/2 3'&C

10&/27-'@ 4.' -07<7'/'74 5'-0/'; =0&;' 276 /0&' '7'&$9 .2; 40 5' ;%338#'6

40 :''3 4.' ;9;4'/ =0&:#7$) D4.'& 8#/#4; 2&' /0&' ;4&#-4) ?&0;;#7$ 4.'/ 'B'7C

4%2889 '76; #7 2 -0/38'4' 80;; 01 4.' 382;/2 -07<7'/'74 276 .'7-' 2 -&%6'

4'&/#724#07 01 4.' 6#;-.2&$' 59 2 6#;&%34#07 E F@  !@ ( @ ((@ * G) H%&#7$ ;%-. 2

;'&#0%; 'B'74 4.' '7'&$9 ;40&'6 #7 4.' 382;/2 #; 'I3'88'6 40 4.' /2-.#7'J; =288;

#7 10&/ 01 .#$. .'24 K%I';) L.' 382;/2 -%&&'74 6'-29; 'I307'74#2889 12;4 40

M'&0) N2&$' /2$7'4#- 10&-'; 2&#;' 276 2-4 07 4.' /2-.#7'J; ;4&%-4%&';) H%' 40

4.'#& 6&2/24#- -07;'>%'7-';@ 6#;&%34#07; 30;' 2 /2O0& 3&058'/ 10& 1%4%&' 82&$'

40:2/2:; =#4. 82&$' 382;/2 -%&&'74; 2; ALPQ) R'7'&2889 ;30:'7@ 4.'&' 2&' 4=0

/2#7 -2%;'; =.#-. -27 4&#$$'& 2 6#;&%34#07+ ;4&07$ &26#24#07 1&0/ 4.' 382;/2

276 STH #7;425#8#4#';) ?&0;;#7$ 2 .2&6 03'&24#0728 8#/#4 8'26; 40 07' 01 4.'

4=0 -2%;';)

L.' 80= qaC8#/#4 #; 2 ='88 :70=7 .2&6 &';4&#-4#07) qa #; 4.' ;21'49 12-40& 24

4.' 382;/2 50%762&9 r = a) "0& 2 ;4258' 03'&24#07 qa ≥ 2 #; /276240&9 =.#-.

3&';'74; 2 &';4&#-4#07 07 4.' /2I#/%/ 382;/2 -%&&'74 24 2 $#B'7 /2$7'4#- <'86@

Ip(Bt)) A7-&'2;#7$ Ip /0B'; 4.' q = 2C;%&12-' 0%4=2&6; 40=2&6; 4.' 382;/2



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

"#$"% &' ()" *+,-." ,/ ()" '0/"(1 /02(,+ 0( ()" *.0'30 2"4(+" 5' 60(("4"# 71 ()"

'08(,,() 54'(075.5(19 ()" $+0#5"4( ,/ ()" q:*+,-." 7"2,3"' '(""*"+% ;)"4 q = 2
+"02)"' ()" 7,<4#0+19 ()5' 5' 04 <4'(07." '5(<0(5,4 04# 0 m = 29 n = 1 =54=

54'(075.5(1 $+,8' (, 0 #"'(+<2(5>" .">". 8)52) ."0#' (, ()" #5'+<*(5,4%

?)" #"4'5(1 .535( +"'(+52(' ()" "."2(+,4 #"4'5(1 ne(Ip) (, 0 30@53<3 >0.<"

density
 lim

it

low q -limita

stable
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A5$<+" B%C% D E<0.5(0(5>" +"*+"'"4(0(5,4 ,/ 0 F<$5.. #50$+03 '),854$ ()" +"$5,4

,/ '(07." ,*"+0(5,4 ,/ 0 (,=030=

#<" (, ()" +0#50(5,4 8)52) 54 0 *.0'30 2,4'5'(' ,/ 7+"3''(+0).<4$9 "."2(+,4 21:

2.,(+,4 "35''5,4 GHIHJ 04# .54" +0#50(5,4% ?)" .0(("+ 5' "35(("# 71 ()" *.0'30

/<".9 #"<("+5<39 7<( 0.', 71 53*<+5(5"'% ;)"4 ()" 53*<+5(1 #"4'5(1 542+"0'"'9

()" 0(,3'9 8)52) 20++1 3<2) 3,+" "."2(+,4' ()04 #"<("+5<39 2044,( 7" /<..1

5,45'"# 0( ()" *.0'30 "#$" 0' ()" ("3*"+0(<+" 5' 4,( )5$) "4,<$)% ?)" *0+(50..1

5,45'"# 53*<+5(5"' +0#50(" '(+,4$.1 04# 2,,. #,84 ()" "#$" +"$5,4% & 2,4(+02(5,4

,/ ()" 2<++"4( *+,-." 04# 04 542+"0'" ,/ ()" 2<++"4( $+0#5"4( 85()54 ()" q = 2:
'<+/02" 0+" ()" 2,4'"K<"42"'% H>"4(<0..19 ()" '5(<0(5,4 7"2,3"' <4'(07." 04#

"4#' 54 0 #5'+<*(5,4% ?)" #"4'5(1 .535( ,4 ()" 30@53<3 0..,8"# .54" 0>"+0$"#

"."2(+,4 #"4'5(1 80' 20.2<.0("# 71 L+""480.# MNBOD

ne = κj. GB%C% J

F"+" κ 5' 0 3"0'<+" /,+ ()" ".,4$0(5,4 ,/ ()" *,.,5#0. *.0'30 2+,'' '"2(5,4%

?)" L+""480.# .535( 204 7" *<')"# (, )5$)"+ #"4'5(5"' 71 <(5.5'54$ 0<@5.50+1

)"0(54$ 8)52) 0..,8' )5$)"+ .,''"' #<" (, +0#50(5,4% P">"+()"."''9 7"1,4# ()"

L+""480.# .535( ()" *.0'30 *"+/,+3042" 5' #"$+0#"# 8)52) 30="' '<2) 0 '5(:

<0(5,4 ."'' 2,4>"45"4(% Q,+",>"+9 85(),<( 0##5(5,40. )"0(54$ ()" .535( 5' ,4.1

+"02)"# (+04'5"4(.1 0' 0.+"0#1 7".,8 ()" ,4'"( ,/ 0 4",2.0''520. ("0+54$ 3,#" 5'

(+5$$"+"#%

?)" .,8 qa:.535( 04# ()" #"4'5(1 .535( 0+" ,/("4 #5'*.01"# 54 0 F<$5.. #50$+03

8)52) '),8' ()" 0..,8"# ,*"+0(5,40. '*02" /,+ 0 302)54"% & '2)"30(52 "@03*."

542.<#54$ ()" "@("4'5,4 ,/ ()" ,*"+0(5,40. '*02" 71 0**.154$ 0<@5.50+1 )"0(54$

204 7" '""4 54 -$<+" B%C% % ?)"+" 5' 0.', 0 4<37"+ ,/ .535(' 8)52) 0+" 4,( ,7:

>5,<' 54 0 F<$5.. #50$+03%



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

"#$%&'() *&+, &--.-/ /0.1(%$ # +.1 #23+('4,& ,&5(#'(.% 6-.2 #7(/822&'-8 )#%

9& /4:)(&%' '. 3-.2.'& '0& $-.1'0 .6 '&#-(%$ 2.,&/ 10()0 )#% +&#, '. # ,(/;

-43'(.%< =&#-(%$ 2.,&/ #-& # -&/(/'(5& (%/'#9(+('8 10()0 (%)+4,&/ # -&).%%&)'(.%

.6 '0& 2#$%&'() >47 /4-6#)&/ '. 6.-2 2#$%&'() (/+#%,/< =0& (/+#%,/ )#% $-.1

'. /(?&#9+& 1(,'0/ 4%'(+ /#'4-#'(.% (/ -&#)0&,< =0(/ 2.,(*&/ '0& )4--&%' ,&%/('8

3-.*+& #' '0& 3+#/2# &,$& 10()0 )#% 9&).2& 4%/'#9+&<

=0& 5&-'()#+ (%/'#9(+('8 (/ &/3&)(#++8 -&+&5#%' 6.- 3+#/2#/ 1('0 #% &+.%$#'&, )-.//

/&)'(.%< =0&/& 3+#/2#/ #-& 4%/'#9+& '. 2.'(.%/ (% '0& ,(-&)'(.% .6 '0& &+.%$#;

'(.% 10()0 (/ '83()#++8 '0& 5&-'()#+ .%&< =0(/ )#% +&#, '. # 5&-'()#+ ,(/3+#)&2&%'

&5&%' @ABCDE '0& 3+#/2# '.4)0(%$ '0& 1#++ #%, &5&%'4#++8 # ,(/-43'(.%<

=0& (,&#+ β;+(2(' 1#/ )#+)4+#'&, 98 =-.8.% FGGH< β (/ '0& -#'(. .6 '0& 3+#/2#

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

&I&)'(5('8 .6 '0& ).%*%&2&%'E

β =
2µ0 〈p〉
B2

. @J<K<JD

=0& #%$+&, 9-#)L&'/ (23+8 # 5.+42& #5&-#$&, 3-&//4-&< M' 2#7(242 β #%,

0&%)& 0($0 3&-6.-2#%)& '0& 2#7(242 3+#/2# 3-&//4-& (/ ).%*%&, 98 # $(5&%

2#$%&'() *&+,<

N(%#++8 #%, -#'0&- .95(.4/+8E #+/. ONP/E 6-#$2&%'/ ,&'#)0&, 6-.2 '0& 1#++ #%,

6#++(%$ (%'. '0& 3+#/2#E )#% )#4/& # ,(/-43'(.%<

=0& &5.+4'(.% .6 # ,(/-43'(.% )#% 9& ,&/)-(9&, (% /&5&-#+ 30#/&/< M' *-/' /.2&

&5&%' 0#/ '. (%('(#'& #% 4%/'#9+& /('4#'(.%E 2./'+8 98 # 2.,(*)#'(.% .6 '0&

)4--&%' ,&%/('8 3-.*+&< =0&% # 3-&)4-/.- 30#/& /&'/ .% '. /0.1 2#$%&'() ./)(+;

+#'(.%/< =0&/& ./)(++#'(.%/ -&/4+' 6-.2 '0& 2.'(.% .6 # 0&+()#+ 3&-'4-9#'(.% .6

'0& 2#$%&'() ).%*$4-#'(.%< Q% .-,&- '. ,&/)-(9& '0& (%/'#9(+('8E .6'&% # N.4-(&-

,&).23./('(.% (/ )0./&%R

ζ(r, t) = ζ(r) exp i(ωt+mθ − nϕ) @J<K<GD

10&-& θ (/ '0& 3.+.(,#+ #%$+&E ϕ (/ '0& '.-.(,#+ #%$+& #%, m #%, n #-& '0&

3.+.(,#+ #%, '.-.(,#+ 2.,& %429&-/ .6 '0& 3&-'4-9#'(.%E -&/3&)'(5&+8< =0&

%.%+(%&#- $-.1'0 .6 /4)0 (%/'#9(+('(&/ +&#,/ '. '0& +.// .6 '0& ).%*%&2&%'< β;+(2('

,(/-43'(.%/ #-& .6'&% 3-&)&&,&, 98 %&.)+#//()#+ '&#-(%$ 2.,&/ FGSE GKH< T&6.-&

2./' .'0&- ,(/-43'(.%/ # 2(7'4-& .6 2.,&/E (% 3#-'()4+#- (%)+4,(%$ m/n = 3/2
#%, m/n = 2/1 2.,&/E (/ .6'&% .9/&-5&, #/ # 3-&)4-/.-<

=0& %&7' '1. 30#/&/ #-& '0& 2#(% 3#-'/ .6 '0& ,(/-43'(.%< B4-(%$ '0& '0&-2#+

U4&%)0 '0& 3+#/2# ).%*%&2&%' (/ +./' #%, '0& 3+#/2# '&23&-#'4-& ,-.3/ '. #

6&1 eV< =0& '0&-2#+ &%&-$8 (/ &73&++&, '. '0& 1#++< =0& 10.+& 30#/& +#/'/ .%+8

# 6&1 ms< Q% '0& %&7' 30#/&E '0& )4--&%' U4&%)0E '0& 3+#/2# )4--&%' ,&)#8/

&73.%&%'(#++8 '. ?&-. 1('0(% /.2& '&%/ .6 ms< Q6 # /(?&#9+& #2.4%' .6 VC/

(/ $&%&-#'&,E '0& )4--&%' ,&)#8 )#% 9& -&'#-,&, 43 '. 04%,-&,/ .6 ms< =0&

-&#/.% (/ '0& +.1 ).++(/(.%#+('8 .6 '0& VC/< =0& ).23+&7('8 .6 '0& ,(/-43'(.%

,&5&+.32&%' #%, '0& 5#-(#%)& (% '0& ,&'#(+/ .6 '0& '0&-2#+ #%, '0& )4--&%'

U4&%)0 0#23&- '0&.-&'()#+ 3-&,()'(.%/ #%, '0& 2.,&++(%$ .6 ,(/-43'(.%/ 10()0

(/ #% .%$.(%$ *&+, .6 -&/&#-)0<
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"#$%$ &%$ '$($%&) #&%*+,) &'-$./' +0% 1#2.# 32'%,-/204' #&($ /0 5$ &(023$36

"#$ #27# #$&/ 8,9$' 04/0 /#$ 1&)) 3,%247 /#$ /#$%*&) :,$4.# .&4 .&,'$ $%0'204

0% $($4 *$)/247 0+ /#$ 1&)) *&/$%2&)' &43 #$4.$ %$3,.$ /#$ )2+$/2*$' 0+ /#$

;<='6 >&%7$ +0%.$' 04 /#$ ($''$) &43 /#$ ',--0%/ '/%,./,%$' .&4 '/$* +%0* &

32'-)&.$*$4/ 0+ /#$ -)&'*& .0),*46 ?+ 2/ #2/' /#$ 1&))@ & +%&./204 0+ /#$ -)&'*&

.,%%$4/ .&4 5$ 3%2($4 /#%0,7# /#$ 1&)) $)$*$4/'6 A,.# #&)0 .,%%$4/' .&,'$ )&%7$

j × B +0%.$' &43 &%$ $'-$.2&))B '$($%$ 3,%247 & CDE6 "#$ FE'@ 1#2.# .&4 5$

7$4$%&/$3 3,%247 /#$ .,%%$4/ :,$4.# -#&'$@ &%$ '/,32$3 24 /#2' /#$'2'6 "#$ #27#

$4$%7$/2. $)$./%04' .&4 '/%2G$ /#$ 1&)) &43 )$&3 /0 /#$ )0.&)2'$3 3$-0'2/204 0+

'$($%$ &*0,4/' 0+ $4$%7B6 H 3$/&2)$3 32'.,''204 0+ 32'%,-/204' 12/# FE' 12)) 5$

72($4 24 /#$ /#2%3 .#&-/$%6

"#$ )2'/ 0+ 3&47$%' .&,'$3 5B 32'%,-/204' 5$.0*$' $($4 *0%$ .%2/2.&) 70247 /0

%$&./0% %$72*$ /0G&*&G' )2G$ ?"EF6 I#2)$ /#$ '2J$ 0+ /#$ *&.#24$ 24.%$&'$'@

/#$ /#$%*&) $4$%7B '/0%$3 24 /#$ -)&'*& 24.%$&'$' 12/# /#$ -)&'*& .#&*5$%

(0),*$ &43 /#,' /0 /#$ /#2%3 -01$% 0+ /#$ *&.#24$K' 32*$4'204'6 "#$ 1&))

&%$& 1#2.# #&' /0 /&G$ /#$ 3$-0'2/204 0+ /#$ /#$%*&) $4$%7B 24.%$&'$' 04)B /0

/#$ '$.043 -01$% 0+ /#$ *&.#24$ '2J$6 =04'$:,$4/)B@ ',.# 3%&*&/2. $($4/' &'

32'%,-/204' #&($ /0 5$ &(023$3 1#$4$($% -0''25)$6 "#2' %$:,2%$' /#$ -%$32./204

0+ 2*-$43247 32'%,-/204 0..,%%$4.$' 24 0%3$% /0 G$$- /#$ -)&'*& &1&B +%0*

.%2/2.&) 0-$%&/204&) .0432/204'6 =0%%$'-043247 &./204' #&($ /0 5$ /&G$4 5$+0%$

/#$ 04'$/ 0+ /#$ -%$.,%'0% 0% 5$+0%$ /#$ -%$.,%'0% 7%01/# )$&3' /0 /#$ 2%%$($%'25)$

04'$/ 0+ /#$ /#$%*&) :,$4.#6 ?4 /#$ 0-/2*&) .&'$ /#$ -)&'*& .&4 5$ G$-/ +%0*

)$&(247 /#$ '/&5)$ 0-$%&/204&) .0432/204'6 L$,%&) 4$/10%G' #&($ 5$$4 /%&24$3

/0 23$4/2+B '/&5)$ &43 ,4'/&5)$ %$7204' 0+ /#$ 0-$%&/204&) -#&'$ '-&.$ MNOPNQR6

"#$ 4$9/ 5$'/ '0),/204 2' /0 3$/$./ &43 '/&52)2'$ /#$ -%$.,%'0% *03$' 5B /#$

24-,/ 0+ #$&/247 -01$% 0% -&%/2.)$ *0*$4/,* MN!@ NS@ NTR6 ?+ /#$ 32'%,-/204

2' &)%$&3B ,4&(023&5)$@ 2/ #&' /0 5$ *2/27&/$3 0% /#$ #&%*+,) $U$./' #&($ /0

5$ &*$)20%&/$36 "#$ 24V$./204 0+ *&''2($ &*0,4/' 0+ 7&' MW!PO!R 0% 0+ G2))$%

-$))$/' MOXPONR 24/0 /#$ ($''$) &%$ ,'$3 /0 *2/27&/$ +0%.$' &43 #$&/ )0&3'6 "#$

',--%$''204 0% *2/27&/204 0+ FE' 2' *0%$ 3$*&432476 "$.#42:,$' 5$247 '/,32$3

&%$ -%$'$4/$3 &/ /#$ $43 0+ /#$ +0))01247 .#&-/$%6
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%.1 #. ",) '4//)." 34).', (,%$) *+ 1#$/4("#*.$ N>*#1#.2 ",) 2).)/%"#*. *+ %

$4&$"%."#%5 BH (*(45%"#*. #$ ,#2,50 1)$#/)1 #. 5%/2) +4$#*. 1)>#')$ &)'%4$) ",)

,#2, ).)/2)"#' )5)'"/*.$ '%. $"/#-) ",) >)$$)5 8%55 %.1 1)(*$#" ",)#/ ).)/20 34#")

5*'%550 8,#', 7%0 '%4$) 7%")/#%5 1%7%2)$ !. %11#"#*.6 % 5%/2) BH (*(45%"#*.

,%7()/$ ",) *,7#' ,)%"#.2 %$ ",) ,)%"#.2 ).)/20 #$ "/%.$+)//)1 "* ",) BH$

8,#', %/) (/%'"#'%550 1)'*4(5)1 +/*7 ",) &45- (5%$7% %.1 ,).') 1*.O" $,%/)

",) ).)/20 

9,) 7%.1%"*/0 /)34#/)7)." +*/ ",) 2).)/%"#*. *+ BH$ #. % (5%$7% #$ ",) (/)$).')

*+ %. )5)'"/#' I)51 E (%/%55)5 "* ",) 7%2.)"#' I)51 P#.') ",) "*-%7%- (5%$7%

#$ ",) $)'*.1%/0 8#.1#.2 *+ % "/%.$+*/7)/6 ",)/) #$ %58%0$ % >*5"%2) %/*4.1 ",)

"*/*#1%5 5**( %.1 ,).') %. )5)'"/#' I)51 8,#', #$ %57*$" QR 9,#$ I)51 )@)/"$

 

 !"#$% !# &'"" (%$&% )$* !%+'%,!%- ,.' /"$01 /.234'*5



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

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

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

2(', ',$ 7!#8)&+6"1 -%!./! #!6.$ ! 1&!) *+&#$ FC = mev · ν(v)3 me (. ',$ &$.'

/!.. +* !" $%$#'&+"9 v ',$ :$%+#('; +* ! '$.' $%$#'&+" -+-6%!'(+" &$%!'(:$ '+ ',$

76%8 $%$#'&+". !"1 (+". !"1 ν(v) (. ',$ *&$<6$"#; +* ',$ #+%%(.(+". 2(', ',$ 76%8

-%!./!3 =+%%+2(") ! &$%!'(:(.'(# 1$&(:!'(+"9 )(:$" (" >?@A9 ',$ 1&!) *+&#$ (.

F c
C =

e4ne ln (Λ)

4πǫ20mev2

(

1 +
Zeff + 1

γ

)

. BC3D3DE

ne (. ',$ $%$#'&+" 1$".(';9 ln (Λ) ',$ 5+6%+/7 %+)!&(',/ !"1 ǫ0 ',$ :!#66/

-$&/(''(:(';3 F,$ $G$#'(:$ #,!&)$ +* ',$ -%!./! (+". (. #!%#6%!'$1 !. Zeff ≡
∑

i niZ
2
i /ne9 2,$&$ i 1$"+'$. ',$ (+" .-$#($. (" ',$ -%!./! !"1 ni (. ',$ (+"

1$".(';3 γ ≡ (1 − (v/c)2)−1/2
(. ',$ &$%!'(:(.'(# -!&!/$'$& 2(', c ',$ .-$$1 +*

%(),'3 H "+"&$%!'(:(.'(# $I-&$..(+" *+& ',$ 1&!) *+&#$ #!" 7$ )(:$" !.

FC =
e4ne ln (Λ)

4πǫ20mev2
(2 + Zeff ) . BC3D3 E

FC(v) ,!. ! )%+7!% /!I(/6/ !' ',$ ',$&/!% :$%+#('; vT 3 H' :$%+#('($. v >> vT
',$ #+%%(.(+" *&$<6$"#($. 2(', $%$#'&+". !"1 (+". 1$#&$!.$ .'&+")%; 2(', ("#&$!.(")

:$%+#(';9 ν ∝ v−3
3 J$"#$9 FC ∝ v−2

3 =+& $%$#'&+". 2,(#, $I#$$1 ! #&('(#!%

:$%+#('; vcrit ',$ !##$%$&!'(+" 7; ',$ $%$#'&(# 0$%1 1$#&$!.$. ',$ 1$#$%$&!'(")

1&!) *+&#$ !"1 ,$"#$ *6&',$& !##$%$&!'(+" '!8$. -%!#$3 F,(. (. ',$ 6".'!7%$

.('6!'(+" (%%6.'&!'$1 (" 0)6&$ C3D3D !"1 #!%%$1 $%$#'&+" &6"!2!;3 F,$ #&('(#!%

-
v>vcrit

runaway

E

FE
FC

+
+

- ++

+

+

+

+

-

-

-

-

-

-

+
+

++
+

+

+

+ -
-

-
-

-

-

=()6&$ C3D3DK L#,$/!'(# :(.6!%(.!'(+" +* ',$ &6"!2!; +* ',$ -%!./! $%$#'&+".

2(', :$%+#('($. v ,(),$& ',!" ',$ #&('(#!% :$%+#('; vcrit 16$ '+ ',$ $%$#'&(# 0$%1

E #!6.(") ',$ !##$%$&!'(") *+&#$ FE 2,(#, !#'. (" ',$ +--+.('$ 1(&$#'(+" '+ ',$

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

:$%+#('; !7+:$ 2,(#, ',$ +".$' +* ',$ &6"!2!; #!" '!8$ -%!#$ (. #!%#6%!'$1 7;

7!%!"#(") ',$ '2+ *+&#$.9 FE = FC 3

vcrit =

√

e3ne ln (Λ)(2 + Zeff )

4πǫ20meE
BC3D3CE



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

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

Wcrit =
1

2
mev

2
crit =

e3ne ln (Λ)

8πǫ20E
(2 + Zeff ). 3!45467

8$00,*- Wcrit = 1/2 ·mev
2
T 0#$ %',0,%/. $.$%0',% 9$.+ &: 0#$ $.$%0'&* ';*/</2 %/*

=$ $(0,>/0$+?

Ecrit =
e3ne ln (Λ)

4πǫ20mev2T
(2 + Zeff ) =

e3ne ln (Λ)

8πǫ20Te
(2 + Zeff ). 3!454@7

A$'$ Te = 1/2 ·mev
2
T ,( 0#$ $.$%0'&* 0$>)$'/0;'$ ,* J4 "#$ -,1$* %',0,%/. $.$%0',%

9$.+ ,( ./'-$' 0#/* 0#$ %',0,%/. 9$.+ <#,%# *$-.$%0( 0#$ $.$%0'&*B$.$%0'&* %&..,(,&*(

/*+ /((;>$( Zeff = 1?

ED =
e3ne ln (Λ)

4πǫ20Te
. 3!454C7

"#,( 9$.+ ,( */>$+ /:0$' D'$,%$' <#& ='&;-#0 0& /00$*0,&* ECCF <#/0 </( :&;*+

$/'.,$' ,* ECGH CIF4

J* &'+$' 0& $(0,>/0$ 0#$ $.$%0'&* ';*/</2 ,* / )./(>/ <,0# / -,1$* $.$%0',% 9$.+H

0#$ )/'/>$0$' ǫ ≡ E/Ecrit ,( +$9*$+4 J: ǫ >> 1H 0#$ =;.K &: 0#$ )./(>/H 0#$

0#$'>/. )/'0 &: 0#$ L/M<$.. +,(0',=;0,&*H ';*( /</2 /*+ 0#;( 0#$ )./(>/ ,( *&0

,* / (0$/+2 (0/0$ /*+ 0#$ +,(0',=;0,&* <,.. *&0 (0/2 L/M<$..,/*4 J* 0#$ %/($ &:

ǫ << 1H 0#$ 0#$'>/. =;.K &: 0#$ )./(>/ ,( ,* / (0$/+2 (0/0$ /*+ ,0( 1$.&%,02

+,(0',=;0,&* ,( L/M<$..,/*4 N*.2 0#$ (>/.. )/'0 &: 0#$ $.$%0'&*( <#,%# ,( ,* 0#$

#,-# $*$'-2 0/,. &: 0#$ +,(0',=;0,&* %/* ';* /</24 J* 0#$ %&;'($ &: 0#$ ';*/</2

0#$ 0/,. ,( );..$+ 0& #,-#$' /*+ #,-#$' $*$'-,$( =2 0#$ $.$%0',% 9$.+H =;0 0#$

>/,* )/'0 &: 0#$ +,(0',=;0,&* (0/2( /))'&M,>/0$.2 L/M<$..,/*4 "#,( (,0;/0,&*

,( %/..$+ / O;/(, (0$/+2 (0/0$4 "#$ $M/%0 +,(0',=;0,&* :;*%0,&* %/* =$ %/.%;./0$+

=2 >$/*( &: 0#$ P&KK$'BQ./*%K $O;/0,&* ;0,.,(,*- 0#$ /))'&)',/0$ &)$'/0&' 0&

+$(%',=$ 0#$ %&..,(,&*( &: 0#$ :/(0 $.$%0'&*( <,0# 0#$ 0#$'>/. $.$%0'&*( /*+ ,&*(4

"#$ 02),%/. )/'/>$0$'( &: / );'$.2 &#>,% RS +,(%#/'-$ /0 "ST"NR /'$ ne =
1019 m−3

H ln (Λ) = 16H Zeff = 2 /*+ Te = 1.5 keV4 "#$ .&&) 1&.0/-$ Uloop = 1V
%/;($( / )/'/..$. $.$%0',% 9$.+ &: /=&;0 E = 0.1V/m4 U&*($O;$*0.2H 0#$ %',0,%/.

1$.&%,02 &: 0#$ $.$%0'&* ';*/</2 ,( vcrit ≈ 0.57c <#,%# %&''$()&*+( 0& /* $*$'-2

&: Wcrit ≈ 80 keV4 V( ǫ ≈ 0.02H 0#$ +,(0',=;0,&* :;*%0,&* %/* =$ /((;>$+ 0&

(0/2 L/M<$..,/*4 J* 0#$ %;''$*0 O;$*%# )#/($ &: "ST"NR +,(';)0,&*( 0#$

.&&) 1&.0/-$ ,( >;%# #,-#$'4 Uloop ≈ 40V .$/+( 0& /* $.$%0',% 9$.+ <#,%# ,( &:

0#$ &'+$' &: 10 0,>$( 0#$ &*$ ,* 0#$ (0/0,&*/'2 +,(%#/'-$(4 8,>;.0/*$&;(.2H 0#$

)./(>/ ,( %&.+ +;',*- 0#$ %;''$*0 O;$*%# 3Te ≈ 5 eV7 /*+ Zeff ,*%'$/($( +;$ 0&

0#$ ,*W;M &: ,>);',0,$(4 "#;(H Ecrit ,( ./'-$' =2 / :/%0&' &: 0#$ &'+$' &: 10004
S1$*0;/..2H ǫ ,( $1$* (>/..$' 0#/* ,* 0#$ &#>,% +,(%#/'-$( /*+ 0#$ )./(>/ ,(

%&>>&*.2 /((;>$+ 0& =$ 0#$'>/.4



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

--

-
-

-

--

--

--

- -

-
runawaydiffusion

soft collisions

"#$%&' () )*+ ,-.'/01#- 2#3%04#301#56 57 1.' 8&#/0&9 :; $'6'&01#56 #6<#-01#6$

1.' <#=%3#56 57 1.' 8403/0 '4'-1&563 >#1. 2'45-#1#'3 0?52' vcrit ≈ 0.57c 5%1 57 0
@0A>'44 <#31&#?%1#56 >#1. Te = 1.5 keV <%' 15 3/044 06$4' -544#3#563

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

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

B3 <'3-&#?'< 0?52'C 75& ǫ << 1 5649 1.' .#$. '6'&$9 10#4 57 1.' @0A>'44

<#31&#?%1#56 &%63 0>09) D.' :; 8&5<%-1#56 <%' 15 1.' 8.03' 380-' <#=%3#56

57 '4'-1&563 #615 1.' 10#4C >.'&' v > vcritC #3 -044'< 8&#/0&9 :; $'6'&01#56 5&

1.' E&'#-'& /'-.06#3/) D.' <#=%3#56 #6 8.03' 380-' #3 0 -%/%401#2' '='-1 57

/%41#84' 3/044 06$4' -544#3#563) D.'9 -0%3' 1.' <#=%3#56 &01' 57 1.' '4'-1&563

>#1. 2'45-#1#'3 0&5%6< vcrit 06< 1.'&'75&' <'1'&/#6' 1.' ?#&1. &01' 57 1.' :;3)

B -04-%401#56 57 1.' 8&#/0&9 :; ?#&1. &01' &'F%#&'3 3542#6$ 1.' 31'0<9 3101'

G#6'1#- 'F%01#56

− eE
me

∂f

∂v
= C(f). H() )*I

J'&' f #3 1.' <#31&#?%1#56 7%6-1#56) C(f) #3 1.' "5GG'&KL406-G -544#3#56 58'&K

015& 57 1.' -544#3#563 57 1.' 7031 '4'-1&563 >#1. 1.' 1.'&/04 '4'-1&563 06< #563)

M63'&1#6$ #1C 1.' 'F%01#56 &'0<3

− eE
me

(

∂f
∂v + 1−ξ2

v
∂f
∂ξ

)

H() ) I

= νeev
3
T

[

1−Zeff

2v3

∂
∂ξ (1− ξ2)∂f∂ξ + v−2 ∂

∂v

(

f + Te

mev
∂f
∂v

)]

.

νee #3 1.' '4'-1&56K'4'-1&56 -544#3#56 7&'F%'6-9 06< ξ = v||/v #3 1.' -53#6' 57 1.'

8#1-. 06$4') E #3 1.' '4'-1&#- N'4< 80&044'4 15 1.' /0$6'1#- N'4< 06< 1.' 5&?#1

57 1.' '4'-1&56 $%#<#6$ -'61&'3) "5445>#6$ 1.' 656&'401#2#31#- 088&50-. ?&#'O9



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

"#$%#&#' %( )*+, -(' .-""%#' /01 %( '#1-%2 %( )3456*,7 18# "-1# /9 18# :"%;-"< =>

?#(#"-1%/( .-( @# &"%11#( -A

dnRE1

dt
= λREνeene BCD DCE

&8#"# 18# '#:#('#(.# /9 18# '%F0A%/( /( 18# ./22%A%/( 9"#G0#(.< .-( @# 9/0('D

H8# ."0.%-2 '#:#('#(.# /( 18# #2#.1"%. I#2' %A ./(1-%(#' %(

λRE = K(Zeff )ǫ
∗−3(Zeff+1)/16 exp (− 1

4ǫ∗
−
√

1 + Zeff

ǫ∗
). BCD DJE

H80A7 18# :"%;-"< ?#(#"-1%/( %A -( #K:/(#(1%-2 90(.1%/( /9 ǫ∗ ≡ E/E∗
crit &%18

E∗
crit =

e3ne ln Λ

4πǫ20mev2T
. BCD D!E

H8# 2-11#" %A 18# ."%1%.-2 #2#.1"%. I#2' '#I(#' &%18/01 18# '#:#('#(.# /( Zeff

&8%.8 #K:2%.%12< -::#-"A %( λRE D H8# 90(.1%/( K(Zeff )7 ?%$#( %( )6*,7 %A /(2<

&#-L2< .8-(?%(?

 

D M1 8-A - 2/.-2 ;-K%;0; @#1&##( Zeff = 2 -(' 3D
N9 ./0"A#7 %( 18# "#2-1%$%A1%. 2%;%1 18# "0(-&-< :"/.#AA 8-A 1/ .#-A#D M( 18#

"#?%;# v ≈ c7 γ >> 1 18# 9"%.1%/( 9/".# %A ?%$#( @< #G0-1%/( CD*D*D O@/$#

- $#2/.%1< vc 18# 9"%.1%/( 9/".# A1-<A -::"/K%;-1#2< ./(A1-(1 -(' A/ %1 '/#A(P1

9-22 1/ Q#"/D H8# $#2/.%1%#A v ≥ vc7 9/" &8%.8 18# "#2-1%$%A1%. #F#.1A @#./;#

%;:/"1-(17 .-( @# .-2.02-1#' @< @-2-(.%(? 18# 9"%.1%/( 9/".# -(' 18# -..#2#"-1%(?

9/".#7 F c
C = FE D

vc = ǫ−1/2vT

(

1 +
Zeff + 1

γ

)

BCD D3E

O( #K:/(#(1%-2 ./""#.1%/( 9-.1/" /9 18# => @%"18 "-1#7 1-L%(? %(1/ -../0(1 18#

"#2-1%$%A1%. #F#.17 %A .-2.02-1#' %( )6 ,D

λcRE = λRE exp

(

− Te
mec2

(

1

8
ǫ∗2 +

2

3
ǫ∗3/2

√

1 + Zeff

))

BCD D6E

H8# ./""#.1%/( $-(%A8#A 9/" E < E∗
crit(v = c) -(' 180A (/ =>A -"# ?#(#"-1#'D

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

H8# :"%;-"< => ?#(#"-1%/( %A '#A."%@#' -A - '%F0A%/( %( :8-A# A:-.# '0# 1/

;021%:2# A;-22 -(?2# ./22%A%/(AD O218/0?8 2#AA /91#(7 -2A/ ./22%A%/(A "#A021%(? %(

2-"?# '#R#.1%/( -(?2#A /..0" %( :2-A;-AD H8#A# 8-"' ./22%A%/(A -"# ;/A12< 0(%;S

:/"1-(1 9/" :2-A;-A &%18 ln Λ >> 1 0(2#AA =>A -"# :"#A#(1D M9 - A##' :/:02-S

1%/( #K%A1A7 18#A# =>A .-( L(/.L 18#";-2 #2#.1"/(A %(1/ 18# "0(-&-< "#?%;# -('

8#(.# ."#-1# A#./('-"< =>A &8%2# A1-<%(? -@/$# 18# "0(-&-< 18"#A8/2' 18#;S

A#2$#AD >$#(10-22<7 18%A 2#-'A 1/ -( #K:/(#(1%-2 ?"/&18 /9 18# => :/:02-1%/(

&8%.8 T0A1%I#A 18# (-;# => -$-2-(.8%(? -2A/ 0A#' 9/" 18# A#./('-"< ?#(#"-1%/(

 K(1) = 0.32 K(2) = 0.43 K(3) = 0.42 K(10) = 0.13



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

"#$%&'()"* +%# ,-.$#)) /&) 0-)1 "#'1(.'#2 (' 3456 &'2 )172(#2 (' 2#1&(8 ('

349:4!6* +%# -#8&1(;()1($ 2-(<1=>('#1($ #?7&1(.' () ).8;#2 (' 1%# .-@(1=&;#-&A# ('

34!6*

−eEξ
mec

(

∂f

∂p
− 2λ

p

∂f

∂λ

)

= C(f) + S B5* *CD

E#-# p = γv/c () 1%# '.-"&8()#2 -#8&1(;()1($ "."#'17" &'2 λ = (1 − ξ2)/B ()

1%# "&A'#1($ "."#'1 ;&-(&@8#* +%# -#8&1(;()1($ F.>>#-=G8&'$> $.88()(.' .,#-&1.-

C(f) =
1

τp2

[

∂

∂p
(1 + p2)f +

1 + Zeff

2

√

1 + p−2
∂

∂ξ
(1− ξ2)

∂

∂ξ

]

B5* *HD

('$872#) ,(1$% &'A8# )$&11#-('A &'2 1%# )8./('A 2./' @71 '.1 1%# #'#-AI 2(J7=

)(.' /%($% "#&') 1%# ,-("&-I A#'#-&1(.'* +%# $.88()(.' 1("# .< 1%# -#8&1(;()1($

#8#$1-.') () τ = (c/vT )
3ν−1

ee * +%# ).7-$# 1#-" .< 1%# <&)1 #8#$1-.') 27# 1. %&-2

$.88()(.') S () A(;#' #K,8($(18#8I (' 34!L 446* M1 () ,-.,.-1(.'&8 1. 1%# 2#')(1I .<

1%# NO )##2 ,.,78&1(.' nRE &'2 1%# <-#?7#'$I .< 1%# %&-2 $.88()(.') (τ ln Λ)−1

-&1%#- 1%&' 1%# 7)7&8 F.>>#-=G8&'$> $.88()(.' <-#?7#'$I τ−1
* P' ('1#-,.8&1(.'

<.-"78& /%($% A(;#) 1%# NO @(-1% -&1# 27# 1. 1%# )#$.'2&-I A#'#-&1(.' /&)

<.7'2 <-." &'&8I1($&8 ).871(.') (' )#;#-&8 8("(1) &'2 (1 () ,-#)#'1#2 (' 34!6*

dnRE2

dt
∼= (ǫ∗(c)−1)nRE

τ ln Λ

√

πϕ
3(Zeff+5) B5* *QRD

(

1− 1
ǫ∗(c) +

4π(Zeff+1)2

3ϕ(Zeff+5)(ǫ∗(c)2+4/ϕ2−1)

)−1/2

E#-# ǫ∗(c) = E/E∗
crit(v = c)* ϕ = 1− 1.46(r/R)1/2 +1.72(r/R) (",8#"#'1) 1%#

#J#$1 .< & 0'(1# &),#$1 -&1(. R/r* P "7$% )(",8#- #K,-#))(.' .< 1%# @(-1% -&1#

$&' @# A(;#' (' 1%# 8("(1 .< ǫ∗(c) >> 1L Zeff = 1 &'2 r/R→ 0*

dnRE2

dt
∼=
√

π

2

(ǫ∗(c)− 1)nRE

3τ ln Λ
B5* *QQD

+%# -#8&1(;# (",.-1&'$# .< 1%# ,-("&-I &'2 1%# )#$.'2&-I NO A#'#-&1(.' 2#=

,#'2) .' 1%# #K()1#'$# .< & )##2 ,.,78&1(.'* M' A#'#-&8 (< ǫ∗(c) > 1 &'2 nRE > 0L
&;&8&'$%('A )##") 1. 2."('&1# &1 )7S$(#'1 8./ #8#$1-($ 0#82) &) 1%# ,-("&-I ,-.=

$#)) () #K,.'#'1(&88I )"&88 (' ǫ* +%# 0-)1 #K,#-("#'1&8 #;(2#'$# .< 1%# &;&8&'$%=

('A /&) <.7'2 (' .%"($ +OT+UN 8./ 2#')(1I 2()$%&-A#) 34C6* M' 1%() -#A("#

1%# )#$.'2&-I ,-.$#)) () @#8(#;#2 1. ,8&I 1%# 2."('&'1 -.8#* V#/ -#)781)L $.'=

1-(@71('A 1. 1%# ,($17-#L &-# ,-#)#'1#2 (' $%&,1#- ! .< 1%() 1%#)()* M' 2()-7,1(.')

1%# &;&8&'$%('A () ,-#2($1#2 1. .$$7- &'2 #;#' 1. 2."('&1# 34HL CR6* P) &88 1%#

NO) &-# #K,#88#2 <-." 1%# ,8&)"& 27-('A 1%# 1%#-"&8 ?7#'$%L & )##2 ,.,78&1(.'

"7)1 @# A#'#-&1#2 @I 1%# ,-("&-I .- &'.1%#- ,-.$#)) 27-('A 1%# $7--#'1 ?7#'$%*

M' M+ON & NO )##2 $.782 @# ,-.;(2#2 @I W.",1.' #8#$1-.')L ,-.27$#2 @I 1%#

#"())(.' .< T=-&I) <-." 1%# /&88L .- @I 1%# #8#$1-.') .< 1%# 1-(1(7" 2#$&I*



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

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

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

6/(,#0 6,-(/4%,$#- ,- 4($4$-'6 ,# 789: 8 ;< =/(,#0 %&' %&'()+5 >/'#*& 4&+-'

$1 %$?+)+? 6,-(/4%,$#- %&' '5'*%($# @'5$*,%A 6,-%(,B/%,$# ,- #$% #'*'--+(,5A ,# +

-%'+6A -%+%' +- ,% ,- +--/)'6 ,# %&' 6'(,@+%,$# $1 %&' 4(,)+(A C=(',*'(D 0'#'(+%,$#

(+%'< "% &,0& '5'*%($# @'5$*,%,'- %&' *$55,-,$# 1('>/'#*A *+# B' -)+55'( %&+# %&'

*$$5,#0 (+%' $1 %&' 45+-)+ '5'*%($#-< E1 %&,- ,- %&' *+-': 6/(,#0 + %(+#-,'#% 4&+-'

%&' &,0& '#'(0A '5'*%($#- 6$ #$% &+@' '#$/0& %,)' %$ %&'()+5,-'< F&'A 1$() +

&$% %+,5 $1 %&' 5$. '#'(0A B/5? 6,-%(,B/%,$#< F&' 5+%%'( ,- + G+H.'55,+# .,%& +

6'*('+-,#0 %')4'(+%/(' T (t)< E1 %&' %,)' 6/(,#0 .&,*& %&' 45+-)+ *$$5- 6$.#

,- *$)4+(+B5' %$ %&' *$55,-,$# %,)' $1 %&' '5'*%($#- .&,*& &+@' @'5$*,%,'- *5$-'

%$ %&' (/#+.+A %&('-&$56: %&' B/,56/4 $1 + &$% %+,5 ,#*('+-'- %&' #/)B'( $1 %&'

'5'*%($#- ,# %&' (/#+.+A ('0,)' +B$@' %&' #/)B'( .&,*& .$/56 ('-/5% 1($) +

4/('5A G+H.'55,+# 6,-%(,B/%,$# +% %&' %')4'(+%/(' T (t)< F&' *$#-'>/'#*' ,-

%&' +B(/4% 0'#'(+%,$# $1 )$(' 23- %&+# 0,@'# BA %&' 4(,)+(A 0'#'(+%,$# (+%'<

I-,#0 Te = 1/2 ·mev
2
T +#6 '>/+%,$# J<9<K 1$( %&' =(',*'( L'56 ED: %&' *(,%,*+5

@'5$*,%A $1 %&' '5'*%($# (/#+.+A vcrit C'>/+%,$# J<9<JD *+# B' .(,%%'# 5,?' ,% ,-

6$#' ,# 789;M

vcrit = vT

√

ED

2E
CJ< <9 D

.&'(' E ,- %&' 4+(+55'5 '5'*%(,* L'56< =/(,#0 %&' +44($H,)+%'5A 1ms 5$#0 %&'(N

)+5 >/'#*& 4&+-' %&' 45+-)+ ,#6/*%+#*' ?''4- %&' 4+(+55'5 45+-)+ */(('#% j||
*$#-%+#%< F&' ('-,-%,@,%A $1 %&' 45+-)+ 6'4'#6- $# ,%- %')4'(+%/(': η ∝ T−3/2

79O: 8J;< F&/-: +- 5$#0 +- %&' 23 */(('#% ,- #'05,0,B5' %&' '5'*%(,* L'56 6'4'#6-

$# %&' %')4'(+%/(' ,# %&' -+)' .+A: E = ηj|| ∝ T−3/2
< "--/),#0 %&' '5'*%($#

6'#-,%A %$ B' *$#-%+#%: + #$()+5,-'6 *(,%,*+5 @'5$*,%A $1 %&' '5'*%($# (/#+.+A

*+# B' .(,%%'# +-

xc(t) =
vcrit
vT

=

√

ED0

2E0

(

T (t)

T0

)1/4

. CJ< <9JD

F&' -/B-*(,4%- 0 6'#$%' %&' ,#,%,+5 @+5/'- $1 %&' *$(('-4$#6,#0 4+(+)'%'(-< "-

T (t) 6'*('+-'-: xc 6'*('+-'- ,# %,)' +- .'55 +#6 %&' '5'*%($#- .,%& @'5$*,%,'- 'HN

*''6,#0 xc 6$ #$% &+@' %&' %,)' %$ %&'()+5,-'< F&'A (/# +.+A ,# '#'(0A -4+*'<

I-/+55A: %&' '5'*%($# 6'#-,%A ,- #$% *$#-%+#% 6/(,#0 + 6,-(/4%,$#: (+%&'( ,% ,#N

*('+-'- 6/' %$ %&' ,#P/H $1 ,)4/(,%,'- 6/(,#0 %&' %&'()+5 >/'#*&< F&' *$(('N

-4$#6,#0 'Q'*%- +(' -%/6,'6 ,# 789;< F&' &$% %+,5 0'#'(+%,$# ,- -%/6,'6 #/)'(,N

*+55A ,# 7!!: 8R;< F&' ,#S'*%,$# $1 4'55'%- ,#%$ &,0& %')4'(+%/(' 45+-)+-: .&,*&

5'+6- %$ %&' +B(/4% 0'#'(+%,$# $1 23-: ,- -,)/5+%'6< "#+5A%,*+5 -%/6,'- +(' *+(N

(,'6 $/% ,# 789: 8T: 8K;< "# 'H4'(,)'#%+5 $B-'(@+%,$# $1 %&' &$% %+,5 0'#'(+%,$# ,-

6'-*(,B'6 ,# 78!;< F&' 'H4'(,)'#%- .'(' 4'(1$()'6 ,# =EEEN= .&'(' %&' %&'()+5

>/'#*&'- .'(' ,#6/*'6 BA %&' ,#S'*%,$# $1 &,0& +%$),* #/)B'( ?,55'( 4'55'%-< E%

.+- 1$/#6 %&+% %&' 0'#'(+%,$# $1 23- -'#-,%,@'5A 6'4'#6- $# %&' *$$5,#0 (+%'

+#6 %&' L#+5 %')4'(+%/(' $1 %&' 45+-)+<
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 ! "#$%&'

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

$3 #2, %,)(#&4&-#&* ,),*#%$+- &+ #2, &',() /(5+,#&* #$6(/(6 #$7$)$5.8 φ ',+$#,-

#2, #$%$&'() (+5),9 θ #2, (+5), &+ ( 7$)$&'() 7)(+, (+' r #2, '&%,*#&$+ ()$+5 #2,

/&+$% %('&0-8 :2, #%(+-3$%/(#&$+ $3 ;(%#,-&(+ 0+&# 4,*#$%- &+#$ #2, #$%$&'()

*$0+#,% 7(%#- &- '$+, 4&(

eφ = − sinφex + cosφey, <=8=8>?

eθ = sin θ cosφex + sin θ sinφey + cos θez,

er = − cos θ cosφex − cos θ sinφey + sin θez.

@&50%, =8=8> &))0-#%(#,- #2, 5,$/,#%. $3 #2, *$$%'&+(#,-8 :2, /$#&$+ $3 #2, AB-

x

z

y

r

f

q

@&50%, =8=8>C D4,%4&,E $3 #2, 5,$/,#%. $3 ;(%#,-&(+ (+' #$%$&'() *$$%'&+(#,-

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

*$+#%&10#&$+- 3%$/ #2, *.*)$#%$+9 #2, 50&'&+5 *,+#%, (+' #2, '%&3# /$#&$+8

v = vcycl + vgc + vdrift. <=8=8 ?

:2, *.*)$#%$+ /$#&$+ $3 ( *2(%5,' 7(%#&*), &+ ( /(5+,#&* F,)' 2(- 1,,+ &+G

#%$'0*,' &+ *2(7#,%  8 :2, *.*)$#%$+ 3%,H0,+*. (+' #2, I(%/$% %('&0- $3 (

%,)(#&4&-#&* ,),*#%$+ (%,

ωc,RE =
eB

γme
, <=8=8=?

rL,RE =
γmev⊥
eB

, <=8=8J?

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

F,)'8 :2, 4,)$*&#. 4,*#$% $3 #2, 5.%(#&$+ &-

vcycl = vbot

[

cosαer + sinα(eθ −
r

q(r)R
eφ)

]

. <=8=8K?

α &- #2, 72(-, (+5), $3 #2, *.*)$#%$+ /$#&$+ E2&*2 &- ',#,%/&+,' 1. dα/dt =
−ωc,RE 8 L+ #2, ',-*%&7#&$+ q &- (--0/,' #$ 1, ( 30+*#&$+ $3 r 10# +$# $3 θ8



 ! "#$%&'  !

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

5+6&)($, 7)-1 '& (#) $&&)/ +&1 '0()/ %$1)% '8 (#) ('/0%9

"#) %),'&1 ,'&(/$30($'& $& ):0+($'& ;9;9 (+<)% (#) 5'($'& '8 (#) 60$1$&6 ,)&(/)

'8 + ()%( =+/($,-) $&(' +,,'0&(9 "#) 60$1$&6 ,)&(/) $% (#) ,)&(/) '8 5+%% '8 (#)

)-),(/'& +>)/+6)1 '>)/ (#) ,.,-'(/'& 5'($'&9 ?0) (' (#) #)-$,+- 4$&1$&6 '8 (#)

5+6&)($, 7)-1 -$&)%@ (#) 60$1$&6 ,)&(/) 5'($'& #+% ,'&(/$30($'&% $& (#) 1$/),($'&%

'8 φ@ θ +&1 z9

vgc = v||eφ + vθ + vz A;9;9BC

= v||eφ +
v||r

Rq(r)
eθ − v||

Bz

Bt
ez

= v||eφ +
Bp(r)

Bt
eθ − v||

Bz

Bt
ez

Bz $% (#) ,'&(/$30($'& '8 (#) 5+6&)($, 7)-1 $& (#) >)/($,+- 1$/),($'&9 D% 1)E

%,/$3)1 $& ,#+=()/  @ (#) #)-$,+- 5+6&)($, 7)-1 %#'/(E,$/,0$(% (#) ,#+/6) %)=+/+E

($'& ,+0%)1 3. (#) =+/($,-) 1/$8(%9

F)>)/(#)-)%%@ (#) 1/$8(% +/) =/)%)&( +&1 4$(# /)6+/1 (' (#) GH% (#). -)+1 (' +

1/$8( >)-',$(. ,'&(/$30($'& '8

vdrift =
1

Rmagωc,RE
(v2|| +

1

2
v2⊥)ez. A;9;9IC

Rmag 1)&'()% (#) /+1$0% '8 (#) ,0/>+(0/) '8 (#) 5+6&)($, 7)-1 -$&)%9 "#) -)8(

()/5 $% (#) ,'&(/$30($'& '8 (#) ,0/>+(0/) 1/$8( +&1 (#) /$6#( ()/5 $% (#) ∇BE

1/$8(9 "#) E ×BE1/$8( $% &)6-$6$3-) 8'/ (#) GH%9

J055$&6 0= (#) (#/)) ,'&(/$30($'&% (' (#) GH 5'($'& .$)-1%

v = vbot

[

cosαer + sinα(Eθ −
r

q(r)R
eφ)

]

+ v||(
r

q(r)R
eθ + eφ) A;9;9KC

+

[

1

Rmagωc,RE
(v2|| +

1

2
v2bot)−

Bz

Bt

]

ez

L$60/) ;9;9 %,#)5+($,+--. %#'4% + GH '/3$(9 "#) ,.,-'(/'& 6./+($'& +&1 (#)

5'>)5)&( '8 (#) 60$1$&6 ,)&(/) +-'&6 + #)-$,+- (/+M),('/. ,+& 3) %))&9 N& +11$E

($'&@ (#) 1/$8( '/3$( %0/8+,) +==)+/% (' 3) '0(4+/1 %#$8()1 4$(# /)%=),( (' (#)

5+6&)($, O0* %0/8+,)9 "#$% $% +& )2),( '8 (#) 1/$8( >)-',$(. 4#$,# ',,0/% 8'/ (#)

GH% 4$(# v|| >> v⊥9 N& (#) 7/%( '/1)/ (#) %#$8( ,+& 3) ,+-,0-+()1 +%

d ≈ qγmev||

eB
≈ qWRE

ecB
. A;9;9!C

q $% (#) %+8)(. 8+,('/ +>)/+6)1 '>)/ + 1/$8( %0/8+,) +&1 WRE $% (#) GH )&)/6.9

"#0%@ (#) '0(4+/1 %#$8( $% + 80&,($'& '8 (#) GH )&)/6.9 N& "HP"QG (#) %#$8(

$% (.=$,+--. + 8)4 cm9 R$6#)/ '/1)/ )2),(% '8 (#) 1/$8(% +/) %(01$)1 $& SKK@ K!T9

"#) ,-+%%$,+- =)/(0/3+($'& (#)'/. $% 0%)1 8'/ + R+5$-('&$+& 1)%,/$=($'& '8 (#)

60$1$&6 ,)&(/) 5'($'& '8 (#) /)-+($>$%($, )-),(/'&% $& + ('/'$1+-@ +*$+--. %.55)(E

/$, 5+6&)($, 7)-19 N( $% 8'0&1 (#+( 4#$-) + 6$>)& )-),(/'& $% +,,)-)/+()1@ (#)



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

d

vgc

vcycl

magnetic flux
surface

drift orbit
surface

"#$%&'  ( ()* +,-'./0#, #11%20&/0#34 35 0-' 3&6#0 35 / 78 6'#4$ 9'0'&.#4'9 6:

0-' $%#9#4$ ,'40&' .30#34 vgc; 0-' ,:,130&34 $:&/0#34 vcycl /49 0-' 2-#50 d 35 0-'

9&#50 3&6#0 2%&5/,' <#0- &'2=',0 03 0-' ./$4'0#, >%? 2%&5/,'

&30/0#34/1 0&/4253&. 35 0-' 9&#50 3&6#0 2%&5/,' 1/qdrift 9',&'/2'2( @-' &30/0#34/1
0&/4253&. #2 0-' #4A'&2' 35 0-' 2/5'0: 5/,03& /49 0-%2 / .'/2%&' 53& 0-' -'1#,/1

<#49#4$ 35 0-' 3&6#02( B%&#4$ 0-' /,,'1'&/0#34 0-' &/9#%2 35 0-' 3&6#0 20/:2 /1C

.320 ,3420/40( D342'E%'401:; 0-' .#43& &/9#%2 35 0-' 9&#50 3&6#0 2%&5/,' /0 /

F?'9 1/qdrift -/2 03 9',&'/2' /49 0-%2 #0 6',3.'2 2./11'& 0-/4 0-' &/9#%2 35 0-'

./$4'0#, >%? 2%&5/,' <#0- 0-' 2/.' &30/0#34/1 0&/4253&. 1/q = 1/qdrift( G4

0-' 1/00'& ./$4'0#, 2%&5/,' 0-' =/&0#,1' <3%19 6' #5 #0 -/9 H'&3 '4'&$:( I99#C

0#34/11:; 0-' 3%0</&9 2-#50 35 0-' 9&#50 3&6#0 2%&5/,'2 #2 1/&$'& 0-/4 0-' ,1/22#,/1

A/1%' $#A'4 /63A'( J4 ,34,1%2#34; 0-' 3%</&9 2-#50 /49 0-' .#43& &/9#%2 35 0-'

9&#50 3&6#0 2%&5/,'2 /&' 5%4,0#342 35 0-' 78 '4'&$:(

 !" #$%&'()$*

J4 ,-/=0'& ) 0-' ,311#2#34/1 4'3,1/22,#/1 0&/42=3&0 35 0-' 0-'&./1 '1',0&342

-/2 6''4 #40&39%,'9( @-' '?='&#.'40/11: 362'&A'9 /43./13%2 0&/42=3&0 -/2

6''4 '?=1/#4'9 /2 /4 'K',0 35 0-' '1',0&3./$4'0#, 0%&6%1'4,'2( 782 /&' ,-/&C

/,0'&#2'9 6: / .%,- 6'00'& ,34F4'.'40 0-/4 0-' 34' 35 0-' 0-'&./1 '1',0&342(

L'4,'; 0-' 0&/42=3&0 35 0-' 782 #2 2%620/40#/11: 9#K'&'40 5&3. 0-' 0&/42=3&0 35

0-' 0-'&./1 '1',0&342( J4 0-' 53113<#4$ 0-' 0-&'' .',-/4#2.2 <-#,- ./: -/A'

/4 #4>%'4,' 34 0-' 78 0&/42=3&0 <#11 6' 6&#'>: 9#2,%22'9(

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

I22%.#4$ / M/?<'11 9#20&#6%0#34; 0-' ,311#2#34 5&'E%'4,: 35 0-' '1',0&342 #2

νe =
|dp/dt|
p

=
|FC + eE|
γmev

. N (O(PQ



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

"# $%&'('&) $*+,-'..* eE << FC '#/ $01 1.1-$2,- 31./) -'# 41 #15.1-$1/ ,# $01

16+21)),%# %7 $01 -%..,),%# 721891#-*: ;0,) 21)9.$) ,#

νe =
|FC |
γmev

=
e4ne ln Λ(Zeff + 2)

4πǫ20m
2
ev

3
. < :=:>?

@2%( $0,) ' -%..,),%# $,(1 %7 τRE = ν−1
RE ≈ 10 s -'# 41 1)$,('$1/ 7%2 0,50

1#125* AB)C '))9(,#5 γ = 60: ;01 D'2(%2 2'/,9) %7 $01 AB) ,# ;BE;FA .%G

/1#),$* /,)-0'251) G') (1')921/ 4* $01 /1$1-$,%# %7 $01 )*#-02%$2%# 2'/,'$,%#

') rL,RE ≈ 5mm: ;0,) 21)9.$) ,# ' -.')),-'. /,H9),%# -%1I-,1#$ %7 $01 %2/12 %7

Dclass,RE =
rL,RE

τRE
∝ 10−6 m2

s
. < :=: ?

;01 .%G -%..,),%#'.,$* %7 $01 AB) .1'/) $% ' J12* .%G $2'#)+%2$ /91 $% -%..,),%#):

"# '//,$,%#C AB) -'##%$ 41 $2'++1/ '#/ 16-12$ 4'#'#' %24,$) ') $01,2 +'2'..1.

J1.%-,$* ,) $%% 0,50: BJ1#$9'..*C -%..,),%#) '21 #%$ $01 /%(,#'#$ (1-0'#,)( %7

$01 AB $2'#)+%2$:

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

@.9-$9'$,#5 1.1-$2,- 31./) -'# -'9)1 '# 1#0'#-1(1#$ %7 $01 -2%)) 31./ $2'#)K

+%2$ /91 $% E×B /2,7$): L M9-$9'$,#5 1.1-$2,- 31./ Ẽ +12+1#/,-9.'2 $% B -'9)1)

' /2,7$ J1.%-,$* ṽ ∝ Ẽ/B: L))9(,#5 ' 2'#/%( G'.& %7 $01 +'2$,-.1)C ṽ -'9)1) '

2'/,'. /,)+.'-1(1#$ ∆r ≈ ṽτtrans G0121 τtrans = πqR/v|| ,) $01 $2'#),$,%# $,(1:

"$ 7%..%G) ' /,H9),%# -%1I-,1#$ -'9)1/ 4* 1.1-$2%)$'$,- $9249.1#-1) %7

DE =
〈(∆r)2〉

τ
≈ ṽ2τtrans ≈

πqR

v||

(

Ẽ

B

)2

. < :=:=?

@%2 AB) v|| ,) J12* 0,50 '#/ DE ,) 41.,1J1/ $% 41 )('.. '#/ #%$ $01 1H1-$ G0,-0

/%(,#'$1) $01 AB $2'#)+%2$:

 !"! 2,31&(-' ./)0/%&1'&

;01 +.')(' +'2$,-.1) 7%..%G $01 $9249.1#$ 2'/,'. 16-92),%#) %7 $01 ('5#1$,-

31./ .,#1): ;09)C $01 ('5#1$,- $9249.1#-1 .1'/) $% ' +'2'..1. $2'#)+%2$ G0,-0

-'9)1) .%))1): "# NOPQ $0,) $2'#)+%2$ ,) /1)-2,41/ 4* $01 /,H9),%# %7 $01 ('5#1$,-

31./ .,#1): "# ' 79..* )$%-0')$,-C )$'$,- ('5#1$,- 31./ $01 31./ .,#1 /,H9),%# ,)

1)$,('$1/ ')

DM ∝ L||

(

B̃

B

)2

< :=:R?

G0121 L|| ≈ πqR ,) $01 -%221.'$,%# .1#5$0 %7 $01 M9-$9'$,%#) '.%#5 B: ;01

31./ B̃ /1#%$1) $01 ('5#1$,- M9-$9'$,%#): "# NOPQ ' /,H9),%# -%1I-,1#$ %7 $01

1.1-$2%#) %7

D ∝ v||DM < :=:S?



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

"# $%&$'()*)+ ,(- "& ./01 "- "# #2%3& -24- -2* 5*') '"&*# "& #-%$24#-"$ 6*7"%&# )%

&%- $4668 %(- 94(##"4& 64&)%: 34';# 4# "- 34# 4##(:*) "& ./<1+ =4-2*6> -2*

6%'* %? -2* :47&*-"$ #2*46> -2* $24&7* ∆q %? -2* #4?*-8 ?4$-%6 @*-3**& 4)A4$*&-

:47&*-"$ #(6?4$*#> :(#- &%- @* &*7'*$-*)+ B:C'*:*&-"&7 -2* :47&*-"$ #2*46

6*#('-# "& 4 3*4;*6 #$4'"&7 %? -2* *'*$-6%& )"D(#"%& $%*E$"*&- 3"-2 v||+

D ∝ v
1/3
|| v

1/3
⊥ F +G+HI

B& 4))"-"%&> -2* )6"?- %6@"- )"#C'4$*:*&- 3*4;*&# -2* *D*$- %? -2* :47&*-"$

-(6@('*&$* 4# -2* =J# 46* #2"?-*) ?6%: -2* K($-(4-"&7 :47&*-"$ 5*') '"&*# ./!>

/ 1+ B? d > δ 3"-2 d -2* %6@"- )"#C'4$*:*&- 4&) δ -2* -8C"$4' '*&7-2 #$4'* %?

-2* -(6@('*&$*> -2* *D*$- %? -2* :47&*-"$ -(6@('*&$* %& -2* =J -64&#C%6- "#

#:4''+ L# d "&$6*4#*# 3"-2 "&$6*4#"&7 =J *&*678> -2* *D*$- %? -2* -(6@('*&$*

)*$6*4#*# 3"-2 "&$6*4#"&7 =J *&*678+ M2(#> -2* )6"?- %6@"- )"#C'4$*:*&- $4& @*

"&-*6C6*-*) 4# 4 #2"*')"&7 %? -2* =J# 474"&#- -2* :47&*-"$ K($-(4-"%&# ./!1+

D ∝ Υv||DM F +G+NI

O*6* Υ "# 4 #2"*')"&7 C464:*-*6+ PC -% &%3 DM 4&) 2*&$* D 24Q* @**& *#-"R

:4-*) ?%6 -2* -64&#C%6- "& ?(''8 #-%$24#-"$ :47&*-"$ 5*')#+ L 6*4'"#-"$ :47&*-"$

-%C%'%78 %? 4 -%;4:4; "&$'()*# 6*7"%&# %? 6*7('46 K(S #(6?4$*# 4# 3*''+ M2*

-64&#C%6- %? ?4#- *'*$-6%&# "& :"S*) -%C%'%7"*# "# #-()"*) "& ./G1+ B- "# #2%3&

-24- "& 4 #-6($-(6* $%&#"#-"&7 %? 6*7"%&# 3"-2 6*7('46 K(S #(6?4$*#> :47&*-"$ "#R

'4&)# 4&) #-%$24#-"$ 6*7"%&# -2* -64&#C%6- "# #(@#-4&-"4''8 '%3*6 -24& "& 4 C(6*'8

#-%$24#-"$ :47&*-"$ 5*')+

JQ*&-(4''8> -2* *'*$-6%& )"D(#"%& $%*E$"*&- "&$6*4#*# 3"-2 "&$6*4#"&7 C464''*'

Q*'%$"-8 v||+ O*&$*> :47&*-"$ K($-(4-"%&# 46* @*'"*Q*) -% @* -2* )%:"&4-"&7

:*$24&"#: 6*746)"&7 -2* =J -64&#C%6-+ L# -2* =J# 46* T("-* #*&#"-"Q* -% -2*

:47&*-"$ #-6($-(6*> -2*8 $4& @* (#*) -% C6%@* -2* #:4'' #$4'* :47&*-"$ -(6R

@('*&$* 4&) :4$6%#$%C"$ C*6-(6@4-"%&#+ M2* %-2*6 348 6%(&)> C*6-(6@"&7 -2*

:47&*-"$ 5*') "& 4 3*'' )*5&*) :4&&*6 "# 4& *D*$-"Q* 348 -% "&K(*&$* -2* =J

-64&#C%6-+

 !" #$%&'(

U%6 4 7"Q*& *'*$-6%& -2* 6(&4348 C6%$*## $4& -*:C%64''8 @* )*Q")*) "&-%

-26** C24#*#+ M2* 56#- C24#* $%:C6"#*# -2* @"6-2 %? -2* =J# 4- *&*67"*# $'%#*

-% Wcrit+ B& -2* #*$%&) C24#* -2* *&*678 %? -2* =J# "# '467*6 -24& Wcrit (C -%

*&*67"*# 4- 32"$2 -2* )6"?- %6@"-# 46* #"7&"5$4&-'8 )"#C'4$*) ?6%: -2* :47&*-"$

#(6?4$*#+ O*6* $%''*$-"Q* "&-*64$-"%& C6%$*##*# 4&) -2* *&24&$*) *:"##"%& %?

*'*$-6%:47&*-"$ 34Q*# @*$%:* ":C%6-4&-+ M2* $%&5&*:*&- -":* %? -2* =J#

"# "& -2* #4:* 64&7* 4# -2* %&* %? -2* -2*6:4' *'*$-6%&#+ M2"# $24&7*# "&

-2* -2"6) C24#* 32*& -2* =J# 24Q* *&*67"*# 4@%Q* 1MeV+ M2* )6"?- #(6?4$*#

46* #2"?-*) %& 4 cm #$4'*+ M2(#> -2* =J# 46* '*## 4D*$-*) @8 -2* #:4'' #$4'*

:47&*-"$ -(6@('*&$*# 4&) -2* $%&5&*:*&- -":* *S$**)# -2* %&* %? -2* -2*6:4'

*'*$-6%&#+ M2* ?(6-2*6 4$$*'*64-"%& %? -2* =J# @8 -2* *'*$-6"$ 5*') *SC*6"*&$*#

#%:* '":"-4-"%&# 32"$2 3"'' @* @6"*K8 )"#$(##*)+



 !" #$%&'(   

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

!"#$% &"% '() *+% *,,%$%+*&%- #. * &/+/#-*$ %$%,&+#, 0%$-1 &"%2 3*#. %.%+324

5"% ,/++%)6/.-#.3 6/7%+ #)

Pgain =
ecUloop

2πR
8 494:;

7#&" Uloop -%./&#.3 &"% &/+/#-*$ $//6 </$&*3%4 =/+ &"% %)&#>*&#/. &"% '() *+%

*))?>%- &/ &+*<%$ *& &"% )6%%- /@ $#3"& *$&"/?3" &"% ,*$,?$*&#/. #) ./.+%$*&#<#)&#,4

5"% &/+/#-*$ &+*A%,&/+#%) /@ &"% '() #>6$2 *. *.3?$*+ *,,%$%+*&#/. /@ &"% ,"*+3%-

6*+&#,$%) *.- "%.,% &"% %>#))#/. /@ %$%,&+/>*3.%&#, )2.,"+/&+/. +*-#*&#/.4 5"%

,/++%)6/.-#.3 6/7%+ $/)) BC91 CDE #) *66+/F#>*&%$2

Ploss ≈
2mec

3reγ
4

3R2
c

. 8 494G;

H%+% re = e2/(4πǫ0mec
2) #) &"% ,$*))#,*$ 5"/>)/. +*-#?) /@ &"% %$%,&+/. *.- Rc

#) 3#<%. #. BCIE *)

1

Rc
≈ 1− θ2

R
+

eBθ

γmec
8 494 ;

7#&" θ = v⊥/v|| &"% 6#&," *.3$% /@ &"% '()4 5"% %.%+32 $/)) -?% &/ @+#,&#/. #)

,/>6*+*J$2 )>*$$ *.- ,*. J% .%3$%,&%-4 5"?)1 &"% ,"*.3% /@ &"% '( %.%+32 #)

* ,/>6%&#&#/. J%&7%%. &"% *,,%$%+*&#/. *.- &"% +*-#*&#/. $/))%)4

dWRE

dt
= mec

2 dγ

dt
= Pgain − Ploss 8 494K;

L. ?66%+ $#>#& /@ &"% '( %.%+32 WRE #) @/?.- @+/> &"% 6/7%+ J*$*.,% Pgain−
Ploss = 04 5"% '( 6#&," *.3$% 7*) >%*)?+%- *& 5(M5N' -?+#.3 )&*&#/.*+2 '(

-#),"*+3%) J2 &"% -%&%,&#/. /@ &"% )2.,"+/&+/. %>#))#/.4 θ = 0.1 7*) @/?.- B9DE4

O)#.3 γ = 60 @/+ &"% ?66%+ $#>#& /. &"% '( %.%+321 #& @/$$/7) Wmax ≈ 30MeV
*,,/+-#.3 &/ B9DE4

 !"!0 1)/2+ 3)4/+5

'() ,*. /.$2 J% ,/.0.%- 7#&"#. &"% 6$*)>* *) $/.3 *) &"% )?> /@ &"% +*-#?)

/@ &"%#+ -+#@& /+J#& )?+@*,% *.- &"% /+J#& )"#@& #) )>*$$%+ &"*. &"% >#./+ +*-#?)

/@ &"% 6$*)>*4 P. * 0+)& *66+/*," &"% -+#@& +*-#?) #) *))?>%- &/ J% %Q?*$ &/ &"%

+*-#?) /@ &"% >*3.%&#, )?+@*,% 7#&" q = qdrift4 =+/> %Q?*&#/. 8 4 4C; @/$$/7)

Wmax =
aecB

qa
≈ 80MeV 8 4949;

@/+ &"% ?66%+ $#>#& /. &"% '( %.%+324 =/+ &"% ,*$,?$*&#/. #. B9D1 9IE *. %-3%

)*@%&2 @*,&/+ /@ qa = 3.81 * 6$*)>* ,?++%.& /@ Ip = 350 kA *.- * >*3.%&#,

0%$- /@ B = 2.2T *+% ?)%-4 5"% <*$?%) +%6+%)%.& &26#,*$ /6%+*&#/.*$ ,/.-#&#/.)

/@ &"% )&*&#/.*+2 -#),"*+3%) #. 5(M5N'4 5"% ,/++%)6/.-#.3 >#./+ +*-#?) #)



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

a = 0.46m"

#$%&' ()*$&+ ,-) .)/$,- $/+)/ 011/$2%30,%$&4 ,-) +/%5, $/(%, /0+%67 +)8/)07)7

0&+ ,-) $/(%, 7-%5, %&8/)07)7 9%,- %&8/)07%&' :; )&)/'* 07 %, -07 ())& 7-$9&

0($<)" =-) +)1)&+)&8) $5 ,-) +/%5, $/(%, /0+%67 %7 7,/$&')/ ,-0& ,-) $&) $5 ,-)

$/(%, 7-%5," =-674 ,-) /0+%67 $5 0 +/%5, $/(%, 76/508) 80& ()8$3) 7$ 730>> ,-0, %,

>%)7 8$31>),>* 9%,-%& ,-) 30'&),%8 76/508)" =-%7 )?)8, 80& () 3$/) %31$/,0&,

5$/ ,-) )&)/'* >%3%, ,-0& ,-) $/(%, 7-%5," @& ABC4 BDE qa = 3.8 0&+ Ip = 350 kA
0/) 07763)+ ,$ 80>86>0,) ,-) )&)/'* 0, 9-%8- ,-) qdrift = 1 76/508) <0&%7-)7" @,

%7 5$6&+ ,-0, Wmax ≈ 60MeV" =-%7 >%3%, %&8/)07)7 5$/ >0/')/ qdrift $/ 730>>)/

qa" F7 ,-) +/%5, $/(%, >%3%, %7 368- -%'-)/ ,-0& ,-) /0+%0,%$& >%3%,4 %, %7 &$,

()>%)<)+ ,$ () ,-) +$3%&0,%&' )?)8, 9-%8- >%3%,7 ,-) :; )&)/'*"

 !"! #$%&'$(&

@& 7,0,%$&0/* +%78-0/')7 ,-) :;7 80& () 088)>)/0,)+ 07 >$&' 07 ,-) ,/0&7G

5$/3)/ 08,%$& $5 ,-) ,$H030H 1/$<%+)7 0 30'&),%8 I62 79%&'" J$, ,0H%&' ,-)

/0+%0,%$& >$77)7 %&,$ 088$6&,4 %, 5$>>$97

Wmax(t) =

∫ t

0

dWRE

dt′
dt′ =

ec

2πR

∫ t

0

Uloop(t
′dt′ =

ec

2πR
Φ(t) = 27.25Φ(t)MeV.

K "B"CL

M)/) Φ(t) %7 ,-) I62 79%&'" =-) /0+%0,%$& >%3%, $5 30MeV %7 0>/)0+* )28))+)+

5$/ Φ(t) > 1.1Wb" F7763%&' Uloop = 1V4 9-%8- %7 ,*1%80> 5$/ =;N=O:4 ,-)

>%3%, %7 /)08-)+ 05,)/ 1.1 s" F7 =;N=O: :; +%78-0/')7 0/) 7)<)/0> 7)8$&+7 >$&'4

,-) I62 79%&' +$)7 &$, +),)/3%&) ,-) 302%363 :; )&)/'*"

@& ,-) 86//)&, P6)&8- 1-07) $5 +%7/61,%$&7 Uloop %7 368- -%'-)/ ,-0& %& 7,0G

,%$&0/* +%78-0/')7" F, =;N=O: ,-) 302%363 %7 ,*1%80>>* 0, 0($6, 40V" F7

Uloop 8-0&')7 7%'&%Q80&,>* +6/%&' ,-) 86//)&, P6)&8-4 0& 0<)/0') <0>6) $5 15V
%7 07763)+ 5$/ 0 +6/0,%$& $5 30ms" =-) <0>6)7 0/) 8-$7)& 6&+)/ 8$&7%+)/0,%$&

$5 0 ,*1%80> =;N=O: +%7/61,%$& >%H) %, %7 7-$9& %& Q'6/)  "D"R" =-) /)76>,G

%&' )&)/'* >%3%, $5 Wmax ≈ 12MeV %7 368- >$9)/ ,-0& ,-) /0+%0,%$& >%3%, 0&+

7))37 ,$ () /)0>%7,%8 07 80& () 7))& (* 8$310/%7$& 9%,- ,-) )21)/%3)&,0> /)76>,7

9-%8- 9%>> () 1/)7)&,)+ %& 8-01,)/ B"

 !"!) *+,+$-./ 0.12&'$3 4$&/- 5$66/&

=-) ,$/$%+0> 30'&),%8 Q)>+ $5 0 ,$H030H %7 ')&)/0,)+ (* ,-) ,$/$%+0> Q)>+

8$%>7" F7 ,-) &63()/ $5 ,-) 8$%>7 N %7 Q&%,)4 ,-) Q)>+ 7-$97 0 3$+6>0,%$&

'$%&' 0/$6&+ ,-) ,$/67" S6/%&' ,-)%/ ,$/$%+0> ,6/&7 ,-) :;7 )21)/%)&8) ,-%7

3$+6>0,%$& 9%,- ,-) 5/)P6)&8*

ωripple =
nNc

R
. K "B"DL

M)/) n +)&$,)7 ,-) &63()/ $5 ,-) -0/3$&%8" F88$/+%&' ,$ ABC4 BD4 TUE4 ,-%7

/%11>) 5/)P6)&8* 80& () %& /)7$&0&8) 9%,- ,-) 8*8>$,/$& 3$,%$& $5 ,-) :;7 5$/

γres = eBR/(nNmec)" @, 5$>>$97 0 /)7$&0&8) )&)/'* $5 Wres = 70/nMeV 5$/



 !" #$%&'(  !

"#$"%& '()*) N = 16+ ,- .() -.*)/0.( 12 .() *)-1/3/4) 5)4*)3-)- 21* (60()*

(3*71/64-8 1/9: n = 1 3/5 2 3*) );<)4.)5 .1 =) 12 *)9)>3/4)+ ?2 3 *)-1/3/4)

144@*-8 .() &#- 43/ =) -43..)*)5 3/5 .()6* <6.4( 3/09) θ 6- 6/4*)3-)5+ "(6- 9)35-
.1 )/(3/4)5 *3563.61/ 91--)- 3/5 ()/4) 3 91')* *3563.61/ 9676. 12 .() &# )/)*0:+

?/ A!BC .() )D)4. 6- )-.673.)5 21* .() n = 2 (3*71/64 3. "#$"%&+ "() )D)4.6>)

)/)*0: 9676. 6- 21@/5 .1 144@* =)21*) Wres 3. Wmax = 30MeV 21* θ = 0.1+

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

E6/4) .() )9)4.*1/ *@/3'3: 5*30- .() 56-.*6=@.61/ 2@/4.61/ .1 (60()* >)9146F

.6)-8 6. 6- 56-.@*=)5 2*17 .() G3;')9963/ -(3<)+ "() 41**)-<1/56/0 2*)) )/)*0:

)/3=9)- .() );46.3.61/ 12 >3*61@- 6/-.3=696.6)- AHHIJKJC+ "() <93-73 )9)4.*1/-

43/8 21* );37<9)8 6/.)*34. '6.( <93-73 '3>)-+ ?2 .() -91<) 12 .() 56-.*6=@.61/

2@/4.61/ 2@9L9- df(v)/dv > 08 .() )9)4.*1/- 43/ );46.) '3>)- 3/5 62 df(v)/dv < 08
.() '3>)- 43/ =) M3/53@F537<)5 =: .() )9)4.*1/-+ "() *)-1/3/4) 41/56.61/ 12

.() )9)4.*1/- *)35-

ωk − nωc,e = k||v||. N +!+OP

ωk 5)/1.)- .() '3>) 2*)Q@)/4:8 n .() /@7=)* 12 .() (3*71/64 3/5 k|| .() '3>)

/@7=)* <3*399)9 .1 .() 730/).64 L)95+ "() 43-) n = 0 6- 4399)5 .() R)*)/S1>

*)-1/3/4)+ "() 43-) n < 0 6- 4399)5 .() 3/17391@- T1<<9)* *)-1/3/4)+ U/5)*

.(6- 41/56.61/ <3*399)9 )9)4.*1/ )/)*0: 43/ =) .*3/-2)**)5 .1 <)*<)/564@93* )/F

)*0:+ n > 0 6- .() /1*739 T1<<9)* *)-1/3/4) '()*) <)*<)/564@93* )/)*0: 43/ =)

.*3/-2)**)5 .1 .() <3*399)9 56*)4.61/+ "() 93..)* )D)4. 6- /1. );<)4.)5 21* &#-

3- .()6* <)*<)/564@93* )/)*0: 6- *)93.6>)9: -7399+

"() V3*369FV10@.-) 6/-.3=696.: 43/ 144@* 3. .() 3/17391@- T1<<9)* *)-1/3/4)

12 .() &#- AJKWC+ "() &#- );4))56/0 3 4*6.6439 )/)*0: );46.) '3>)- '(64( 3*)

M3/53@F537<)5 =: .() .()*739 )9)4.*1/- 3. .() R)*)/S1> *)-1/3/4)+ ?2 .()*)

6- 3 X3. .1< 12 .() 56-.*6=@.61/ 2@/4.61/ 3. .() .()*739 *)-1/3/4)8 .() 537<6/0

-3.@*3.)- 3/5 ()/4) .() '3>)- 0*1' @/-.3=9:+ ,. .()-) '3>)- .() &#- 43/ 0).

<6.4( 3/09) -43..)*)5+ θ8 '(64( 6- @-@399: -7399 5@) .1 v|| >> v⊥8 6/4*)3-)- 3/5
()/4) .() *3563.61/ 91--)- 6/4*)3-)8 .11+ ,2.)* .() &#- (3>) =))/ 344)9)*3.)5

3=1>) .() 4*6.6439 )/)*0: 3036/8 .() <*14)-- *)<)3.- '(64( 06>)- .() 6/-.3=696.:

3/ 1-46993.1*: /3.@*)+ "() V3*369FV10@.-) 6/-.3=696.: 43/ 144@* 21* &#- '6.(

)/)*06)- 2*17 0.1 .1 1MeV =@. 6. 6- @-@399: 3>165)5 =: .() 4(164) 12 .() <93-73

<3*37).)*-+

?/ A!BC 3 *)<).6.6>)8 -@55)/ 6/4*)3-) 12 .() <6.4( 3/09) 12 .() &#- '3- 1=-)*>)5+

"(6- 23-. <6.4( 3/09) -43..)*6/0 6- );<936/)5 =: 7)3/- 12 .() V3*369FV10@.-) 6/F

-.3=696.:+ ?. 6- )-.673.)5 .(3. .() &#- '6.( 23MeV 3*) -43..)*)5+ ,/ 6/4*)3-)

12 .() <6.4( 3/09) 2*17 θ = 0.1 .1 0.17 '3- );<)*67)/.399: 1=-)*>)5+ "(6- 9)35-

.1 3 5)4*)3-) 12 .() *3563.61/ 9676. .1 Wmax = 20MeV+

#>)/.@399:8 .() )/)*0: 12 .() &#- 5)<)/5- 1/ .() *3.61 12 .() 0)/)*3.61/

7)4(3/6-7-+ ,441*56/0 .1 AJBC8 .() -)41/53*: )9)4.*1/- 3*) .()1*).64399: );F

<)4.)5 .1 -(1' 3 -<)4.*@7 '(64( 6- 491-) .1 );<1/)/.6398 f(E) ∝ exp (−E/E0)
'6.( 3/ 3>)*30) )/)*0: =).'))/ 10 3/5 15MeV+ Y)' &)-@9.- 3=1@. .() *19)



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

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

'0&($,34 "# $%& 56' /' ")& "# $%& 4+/) /''3&' "# /)$&,&'$ /) $%/' $%&'/' +)* $%3'

$%& '0&($,+7 0,"0&,$/&' "# $%& 56' +,& $,&+$&* $%,"3.%"3$ $%& (%+0$&,' 8 +)* !1

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

9' +) &:0&,/4&)$+77- ;",</). 0%-'/(/'$ /' (3,/"3' =- )+$3,&> %/' /*&+7 */?

+.)"'$/(' ;"37* 4&+'3,& $%& ("407&$& &7&($,") */'$,/=3$/") #3)($/") /) '0+(&

+)* $/4&1 @# ("3,'&> $%/' /' )"$ ,&+7/'$/( +)* %&)(& $%& /)#",4+$/") +="3$ $%&

56' %+A& $" =& /)#&,,&* #,"4 $%& *&$&($/") "# "$%&, B3+)$/$/&'1 C"4& '$+)*+,*

07+'4+ 0+,+4&$&,' ;%/(% (+) =& /40",$+)$ #", 56 '$3*/&' +,&D $%& &7&($,/( E&7*>

$%& &7&($,") $&40&,+$3,&> /") +)* &7&($,") *&)'/$/&' +)* $%& &F&($/A& /") (%+,.&

#", $%& 56 .&)&,+$/") ,+$&' +)* $%& 07+'4+ 0"'/$/")> $%& (3,,&)$ *&)'/$- ", $%&

07+'4+ (3,,&)$ #", $%& *&$&,4/)+$/") "# $%& 56 ",=/$'1 G3& $" $%& &:(&0$/")+7

0,"0&,$/&' "# $%& 56' '"4& 4",& */,&($ */+.)"'$/(' +,& +A+/7+=7& "# ;%/(% $%&

4"'$ /40",$+)$ '%"37* =& =,/&H- */'(3''&*1 9) &:$&)'/A& ,&A/&; "# $%& $"<+4+<

*/+.)"'$/(' (+) =& #"3)* /) IJK L1

 !"!# $%&'()

2%& *&$&($/") "# M?,+-' /' + ("44") $&(%)/B3& #", 56 '$3*/&' INN> JKOP

JK!L1 C"#$ M?,+-' +,& &4/$$&* =- $%& 07+'4+ +' =,&4''$,+%73). *3& $" &7&($,")?

&7&($,") +)* 4",& /40",$+)$ &7&($,")?/") ("77/'/")'1 Q+,* M?,+-' +,& &4/$$&* =-

$%& 07+'4+ +)* +7'" =- &7&($,")' '$,/</). 4+$&,/+7 '3,#+(&'1 2%3'> %+,* M?,+-'

(+) =& 3'&* +' + '/.)+7 "# $%& 56' ;%/(% +,& &:0&77&* #,"4 $%& 07+'4+1 9' $%&'&

M?,+-' +,& *&$&($&* "3$'/*& "# $%& 07+'4+> $%& ,+*/+$/") %+' $" 0+'' $%,"3.%

;+77 4+$&,/+7' +)* %&)(& #", B3+)$/$+$/A& 4&+'3,&4&)$' + '(+7/). "# $%& M?,+-

B3+)$+ ;/$% $%& &7&($,") &)&,.- %+' $" =& $+<&) /)$" +(("3)$1 R) IJKSL + 0,"=&

;+' /)'&,$&* /)$" $%& 07+'4+ $" &)%+)(& $%& -/&7* "# M?,+-' *3& $" $%& /40+($

"# 56'1 Q/.% &:(/$+$/") 7/)&' 7/<& $%& K? +)* L?7/)&' "# %&+A- /403,/$- /")' (+)

+7'" =& 3'&* $" '$3*- 56'1 T", &:+407&> *&$&($/). $%& /)$&)'/$- "# $%& Kα?7/)&

"# <,-0$")> ;%/(% %+* =&&) +**&* $" + */'(%+,.&> ;+' 3'&* $" *&$&,4/)& $%&

56 ("40")&)$1 2%& $,&'%"7* "# $%/' 7/)& /' +$ 15 keV1

U"),&7+$/A/'$/( &7&($,")' &4/$ $%& 4+:/434 /)$&)'/$- "# $%&/, =,&4''$,+%73).

0&,0&)*/(37+, $" $%&/, A&7"(/$- A&($",1 2%& =,&4''$,+%73). "# ,&7+$/A/'$/( &7&(?

$,")' '%";' + 0,")"3)(&* #",;+,* 0&+</). ;/$% $%& %+7# ;/*$% "# $%& +)?

.7& =&$;&&) $%& 0+,$/(7& A&7"(/$- A&($", +)* $%& ;+A& A&($", "# $%& ,+*/+$/")

θx ≈ ±0.5mec
2/WRE 1

 !"!* +,-./&01 2(.,0/&01 +34))401

6V6 /' $%& &7&($,"4+.)&$/( ,+*/+$/") ;%/(% &7&($,")' &4/$ *3& $" $%&/, (-?

(7"$,") 4"$/") +,"3)* $%& 4+.)&$/( E&7* 7/)&'1 R) + $%&,4+7 07+'4+ $%& &4/''/")

+)* +='",0$/") "# $%& 6V6 +,& /) &B3/7/=,/341 2%3'> +''34/). =7+(< ="*- ,+?

*/+$/")> $%& 6V6 (+) =& 3'&* $" 4&+'3,& $%& &7&($,") $&40&,+$3,&1 R) $%&

0,&'&)(& "# 56' %/.%&, %+,4")/(' "# $%& (-(7"$,") #,&B3&)(- +,& &:(/$&*> $""1



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

"#$ %&'$()*+, -$'.$$& '#$ +-/0()'%0& 01 '#$ 232 -, '#$ '#$(4+* )*+/4+ +&5

'#$ $4%//%0& -, '#$ 62/ #+4)$(/ '#$ 78+&'%'+'%9$ $9+*8+'%0& 01 '#$ (+5%+'%0&

/%:&+*; <$9$('#$*$//= '#$ )($/$&>$ 01 62/ ($/8*'/ %& +& $&#+&>$4$&' 01 '#$ 232

/%:&+* .#%># >+& -$ 8/$18* ?@AB= @ACD;

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

E,&>#(0'(0& (+5%+'%0& %/ '#$ $*$>'(04+:&$'%> (+5%+'%0& .#%># %/ $4%''$5 -,

'#$ $*$>'(0&/ 58$ '0 '#$%( '0(0%5+* '(+F$>'0(%$/; E8)$('#$(4+* 62/ 405%1, '#$

/)$>'(84 +&5 '#$ %&'$&/%', 01 '#$ (+5%+'%0& .#%># %/ 8/8+**, /$$& 1(04 + '#$(G

4+* )*+/4+; "#$ 8&%10(4 >%(>8*+'%0& 01 '#$ )+('%>*$/ .%'# $&$(:%$/ -$*0. 1 keV
>+8/$/ '#$ (+5%+'%0& +' '#$ >,>*0'(0& 1($78$&>, ωc,e; "#$ #%:#$( $&$(:$'%> 62/

$H>%'$ 9+(%08/ #%:#$( #+(40&%>/ .#%># '#$& >+((, + >0&/%5$(+-*$ 1(+>'%0& 01 '#$

(+5%+'%0&; I& '#$ ($*+'%9%/'%> *%4%' '#$ (+5%+'%0& +' '#$ #%:#$( #+(40&%>/ %/ -(0+5G

$&$5 +&5 '#8/ '#$ #+(40&%>/ 4$(:$ '0 + >0&'%&884 5$/>(%-$5 -, '#$ E>#.%&:$(

$78+'%0&; E%4%*+( '0 '#$ JG(+,/ '#$ /,&>#(0'(0& (+5%+'%0& 01 '#$ ($*+'%9%/'%>

62/ %/ 5%($>'$5 +*0&: '#$ 9$*0>%', 9$>'0( 01 '#$ )+('%>*$/; "#8/= /,&>#(0'(0&

(+5%+'%0& 01 62/ >0&K&$5 %& '#$ )*+/4+ >+& -$ 5$'$>'$5 -, + >+4$(+ .#%># %/

/$&/%'%9$ %& '#$ %&1(+($5 (+&:$ +&5 .#%># *00L/ %& '#$ 5%($>'%0& '+&:$&'%+* '0 '#$

'0(8/; "#%/ '$>#&%78$ +**0./ '#$ $H'(+>'%0& 01 %&10(4+'%0& +-08' '#$ :$&$(+'%0&

01 62/= '#$%( $&$(:, -, 8/%&: + /$' 01 5%M$($&' K*'$(/ %& 1(0&' 01 '#$ >+4$(+ +&5

'#$ )%'># +&:*$ ?@@A= @@@D; N 5$'+%*$5 5$/>(%)'%0& 01 '#$ /,&>#(0'(0& (+5%+'%0&

+&5 '#$%( 5$'$>'%0& %/ :%9$& %& ?OP= O!D;

 !"!/ 012*()%3

Q%:# $&$(:, 62/ >+& >+8/$ &8>*$+( ($+>'%0&/ .#%># +($ %&58>$5 -, '#$%(

-($4//'(+#*8&: /'(%L%&: *%4%'$( 0( .+** 4+'$(%+*/; I& '#$/$ ($+>'%0&/ )(0'0&/

0( &$8'(0&/ >+& -$ )(058>$5; R8$ '0 '#$%( >#+(:$ &$8'(+*%',= '#$ &$8'(0&/ >+&

*$+9$ '#$ )*+/4+ +&5 #$&>$ -$ 5$'$>'$5 ?@AS= @@TD; "#$ '#($/#0*5 $&$(:, 01 '#$

62/ '0 )(058>$ )#0'0&$8'(0&/ %/ +' +-08' 10MeV %& :(+)#%'$; "#$ ,%$*5 01

&$8'(0&/ %&>($+/$/ /%:&%K>+&'*, 10( #%:#$( 62 $&$(:%$/;

I& ?@@ D +& $*$>'(0& %&58>$5 308*04- 5%//0>%+'%0& 01 5$8'$(%84 %/ 5%/>8//$5 +/ +

/08(>$ 01 &$8'(0&/; "#$ '#($/#0*5 01 '#$ )(0>$// %/ +' 2.2MeV; "#$ +59+&'+:$

09$( '#$ )#0'0&$8'(0& 5$'$>'%0& %/ '#+' '#$/$ &$8'(0&/ >+& -$ 5$'$>'$5 .#%*$

'#$ 62/ /'+, >0&K&$5 .%'#%& '#$ )*+/4+;

N&0'#$( '$>#&%78$ .#%># 5$*%9$(/ %&10(4+'%0& +-08' 62/ %/ '#$ 5$'$>'%0& 01

*+/$( *%:#' .#%># #+5 -$$& "#04/0& />+''$($5 +&5 R0))*$( /#%1'$5 0& '#$ 1+/'

>%(>8*+'%&: 62/;

N*'#08:# '#$($ %/ + &84-$( 01 62 5%+:&0/'%>/= /)$>'(+* 5+'+ +($ (+($ +&5 '#$

4$+/8($4$&' 01 + 62 /)$>'(84 +' +& %&/'+&' 01 '%4$ %/ &0' )0//%-*$ .%'# '#$

'$>#&%78$/ )($/$&'$5 +-09$; I& +55%'%0&= '#$ '$4)0(+* ($/0*8'%0& 01 '#$ 5%+:&0/G

'%>/ %/ 01'$& &0' :005 $&08:# 10( '#$ 9$(, 1+/' 62 $9$&'/ %& '0L+4+L 5%/(8)'%0&/;

I' %/ '#$ +&/+'U 01 '#$ I&/'%'8' 1V( W+/$(G 8&5 X*+/4+)#,/%L '0 09$(>04$ '#$/$

*%4%'+'%0&/ -, 5$9$*0)%&: /)$>%+*%/$5 )(0-$/ 10( '#$ 5$'$>'%0& 01 '#$ 62/ +' '#$
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"#$%&$ '()'* +% ,-## .' %/0,1 -1 2/$"3'4 56 3/'%' "40.'% '1$.#' 3/' &'$%74'8

&'13 09 %"'234$# $1( 3'&"04$# -1904&$3-01 ,/-2/ /$% 103 .''1 $:$-#$.#' .'904'

$1( 3/7% 1', -1%-)/3% -130 3/' "/;%-2% 09 3/' <=% $4' $2/-':'( -1 3/' 2/$"3'4%

> $1( ?*

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

@74-1) 3/' #01) /-%304; 09 <= %37(-'% 3/' )'1'4$3-01 09 4'#$3-:-%3-2 '#'23401%

/$% .''1 0.%'4:'( -1 %'4:'4$# 0"'4$3-01$# 4')-&'% 09 30A$&$A%* + %/043 0:'4:-',

-% )-:'1 .'#0,*

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

B1 3/' C4%3 200 30 400µs 09 $ 30A$&$A (-%2/$4)'6 (74-1) 3/' '#'234-2$# .4'$A8

(0,16 <=% 2$1 .' )'1'4$3'( $240%% 3/' ,/0#' :'%%'# :0#7&'* D/' 471$,$;

"402'%% -% .'#-':'( 30 ('3'4&-1' 3/' .4'$A(0,1 (;1$&-2% $1( 3/' '$4#; -1E7F

09 -&"74-3-'% -130 3/' "#$%&$ -1 $ %7.%3$13-$# &$11'4*

G/'1 3/' "#$%&$ -% .'-1) 904&'(6 3/' (-%2/$4)' 2/$11'# -% %&$##'4 3/$1 3/' :'%8

%'#* B3 )4$(7$##; .'20&'% /033'4 $1( 'F"$1(%* G/-#' (0-1) %06 -&"74-3-'% $4'

-01-%'( $1( 34$""'(* B9 3/' ('1%-3; -% /-)/ '107)/6 3/-% #'$(% 30 $1 $((-3-01$#

4$(-$3-:' 200#-1) 09 3/' "#$%&$* B9 3/' ('1%-3; -% 300 #0, 904 3/-% 'H'23 30 .'

%-)1-C2$136 3/' -124'$%' 09 3/' 4'%-%3-:-3; (7' 30 3/' #$4)'4 20##-%-01 240%% %'28

3-01% 09 3/' -&"74-3-'% (0&-1$3'%* I03/ 'H'23% 3'1( 30 '1/$12' 3/' )'1'4$3-01

09 <=%* D/' 71('4#;-1) 2$7%' -% 3/' '1/$12'( #00" :0#3$)' -1 3/' (':'#0"-1)

(-%2/$4)' 940& $.073 0.5 30 15ms*

 !"!. /,0'1'2 34'( /456(4

D/-% 4')-&' -% 2/$4$23'4-%'( .; $ #0, ('1%-3; $1( $ /-)/ -&"74-3; 2013'13*

+ #$4)' 94$23-01 09 <=% 2$1 .' "40(72'( $3 3/' .')-11-1) 09 3/' (-%2/$4)' $1(

3/-% "0"7#$3-01 2$1 2$44; &0%3 09 3/' "#$%&$ 2744'13*

 !"! )7684 '1'2 /456(4

J#$%&$% ,/-2/ /$:' $ #0, ('1%-3; $1( $ #0, #00" :0#3$)' 2$1 )0 -130 3/'

%#-(' $,$; 4')-&'* D/' 904&$3-01 09 3/-% 4')-&' -% 'F"#$-1'( .; &'$1% 09 3/'

J$4$-#8J0)73%' -1%3$.-#-3; KLMNO* P'4'.;6 3/' <= '1'4); -% #-&-3'( .; 3/' "-32/

$1)#' %2$33'4-1)* D/7%6 01#; #0, '1'4); <=% $4' 0.%'4:'(*

 !"!9 )*'*6%0'+2 /,0'1'2 /456(4

B1 %3'$(; %3$3' (-%2/$4)'% ,-3/ #0, '107)/ ('1%-3-'% <=% 2$1 .' "40(72'(

2013-1707%#; -1 3/' /036 2'134$# "$43 09 3/' "#$%&$* +3 D=QDR< %3$3-01$4; <=

(-%2/$4)'% $4' 2/$4$23'4-%'( .; $1 '#'23401 ('1%-3; 09 $.073 ne ∝ 0.6 · 1019 m−3

$1( 0/&-2 /'$3-1) 01#;* + 94'%/#;6 .; .0401-%$3-01 201(-3-01'( ,$## 9$:074'% 3/'

)'1'4$3-01 09 <=% ,-3/ '1'4)-'% 7" 30 30MeV $((-3-01$##;* D/' ,'## ('C1'( $1(



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

"#$$ %#&%'()*+,$# %#-./# +0( 12# %#$.+,$# 34 -#0#%+1.'0 /+5# 12# $'" (#06.17

(.6*2+%-#6 +1 8498:3 + %#-./# ;#%7 *'0;#0.#01 <'% 34 61)(.#6=

>0 12# #+%$7 (+76 '< 34 61)(.#6? "2#0 12# &$+6/+ *'0@0#/#01 )6#( 1' ,# /)*2

"'%6# 12+0 1'(+7? 12# &'66.,.$.17 '< 61+1.'0+%7 (.6*2+%-#6 .0 "2.*2 12# *)%%#01 .6

*+%%.#( ,7 12# "#$$ *'0@0#( 346 "+6 61)(.#(= A)1 .0 '%(#% 1' +*2.#;# 2.-2 <)6.'0

7.#$(6? 2.-2 #$#*1%'0 (#06.1.#6 +%# (#6.%#(= B1 12#6# 2.-2 (#06.1.#6 12# #$#*1%.*

@#$( "2.*2 (%.;#6 12# '2/.* (.6*2+%-#6 .6 1'' 6/+$$ 1' *+)6# + 6),61+01.+$ 34

-#0#%+1.'0=

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

>0 1'(+7C6 1'5+/+56 346 +%# /+.0$7 61)(.#( 1' &%#;#01 '% /.1.-+1# 12#.%

-#0#%+1.'0 ()%.0- (.6%)&1.'06 "2#%# 12#7 +11+.0 12# 2.-2#61 #0#%-.#6 +0( *'0D

6#E)#01$7 &%#6#01 + 6#;#%# 12%#+( <'% 12# .01#-%.17 '< 12# 1'5+/+5= >0 <+*1? 346

+%# '0# '< 12# /'61 6#%.')6 *'0*#%06 +,')1 (.6%)&1.'06 .0 >843= 82# *'0;#%6.'0

'< )& 1' 70% '< 12# &%#6(.6%)&1.;# &$+6/+ *)%%#01 .01' + 34 *)%%#01 .6 &%#(.*1#(

1' $#+( 1' 12# -#0#%+1.'0 '< + 34 #0#%-7 *'01#01 '< +,')1 50MJ FGHI= 4+*2 '<

12# 346 *+0 *+%%7 1#06 '< MeV= J)# 1' 12# 6/+$$ 61%.5# +%#+6 .0 12# %+0-# '<

1#06 '< cm2
? 12#7 *+0 *+)6# $'*+$ #0#%-7 (#&'6.1.'06 #0')-2 1' /#$1 '% +,$+1#

12# >843 "+$$ /+1#%.+$6= 82# &#0#1%+1.'0 (#&126 '< 1#06 '< cm .0 ,#%7$$.)/ +0(

-%+&2.1# +%# #6&#*.+$$7 (+0-#%')6 <'% )0(#%$7.0- *''$.0- 61%)*1)%#6 FGKI= 82)6?

346 *+0 *'06.(#%+,$7 %#()*# 12# $.<#1./#6 '< 12# LMN6 '% #;#0 *+)6# /+1#%.+$

<+.$)%#6 "2.*2 *+$$ <'% /+.01#0+0*#= 346 +%# + 6#%.')6 *'0*#%0 <'% 12# .01#-%.17

'< >843 +0( '12#% %#+*1'% 6.O#( 1'5+/+56 +0( 12# ./&'%1+0*# 1' )0(#%61+0(

12# &276.*6 '< 12# 346 .0 (.6%)&1.'06 .0*$)(.0- 12# 34 -#0#%+1.'0? $'66 +0( "+$$

.01#%+*1.'06 .6 #;.(#01=

M.-)%#  =P=H (.6&$+76 12# 1#/&'%+$ #;'$)1.'0 '< 6#;#%+$ 6.-0+$6 /#+6)%#( ()%D

.0- + 17&.*+$ (.6%)&1.'0 ".12 346 .0()*#( ,7 12# .0Q#*1.'0 '< +%-'0 .01' +

&)%#$7 '2/.* (.6*2+%-# '< 8498:3= 82# 12#%/+$ E)#0*2 &2+6# .6 ')1$.0#( ,7

+ (+62#(? %#( ,'R= >1 .0*$)(#6 12# 0#-+1.;# 6&.5# .0 12# $''& ;'$1+-#? 6##0 .0

@-)%#  =P=HS+T? +0( + 6)((#0 (%'& '< 12# 4N4 6.-0+$ .0 @-)%#  =P=HS,T= B1 12.6

61+-# 12# &%#(.6%)&1.;#? /+-0#1.* 1'&'$'-7 +0( 2#0*# 12# *'0@0#/#01 .6 $'61=

82# 12#%/+$ #0#%-7 '< 12# &$+6/+ +0( +$6' 12# 346 "2.*2 "#%# -#0#%+1#( &%.'%

1' 12# (.6%)&1.'0 +%# #R&#$$#( 1' 12# LMN6= U#0*#? 12# &$+6/+ ,#*'/#6 *'$(

+0( 12# %#6.61.;.17 +0( 12# $''& ;'$1+-# %.6# "2.*2 $#+(6 1' + $+%-# #$#*1%.* @#$(=

J)%.0- 12# *)%%#01 E)#0*2 &2+6#? "2.*2 .6 .0(.*+1#( .0 12# @-)%# ,7 + (+62#(?

,$)# ,'R? 12# /+-0#1.* 1'&'$'-7 .6 1#/&'%+$$7 %#2#+$#(= 82# #$#*1%.* @#$( #0D

+,$#6 12# +**#$#%+1.'0 '< #$#*1%'06 .01' 12# %)0+"+7 %#-./#= 82# ,).$()& '< +

34 &'&)$+1.'0 .6 ',6#%;#( ;.+ 12# #02+0*#/#01 '< 12# 4N4 6.-0+$ .0 12# *'$(

&$+6/+= 82# 34 *)%%#01 *2+00#$ .6 ,#$.#;#( 1' ,# *#01%+$$7 &#+5#( +0( 6/+$$#%

12+0 12# &%#(.6%)&1.;# &$+6/+ *'$)/0= V2#0 12# &$+6/+ *)%%#01? 62'"0 .0

@-)%#  =P=HS*T? 61+%16 1' (#*+7 #R&'0#01.+$$7 <+61? 12.6 .6 %#1+%(#( ,7 12# <'%D

/+1.'0 '< + 34 &$+1#+) *)%%#01= M.0+$$7? 12# $'66 '< 12# 346 .6 1%.--#%#( +0(

12# 34 *)%%#01 (#*+76 .0 '0# 61#& '% 6),6#E)#01$7 62'".0- 6/+$$#% 34 &$+1#+)6

+6 .0 @-)%#  =P=HS*T= 82# $'66 '< 12# 346 *+)6#6 +0 .0*%#+6# '< 12# 6.-0+$ '< +

0#)1%'0 (#1#*1'% &'6.1.'0#( ')16.(# '< 12# 8498:3 ;#66#$= 82# 6.-0+$ 6##0 .0
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"#$%&' ()*)+, -'./0&12 '302%4#05 06 7#$5127 .'17%&'8 8%&#5$ 1 8#7&%/4#05 9#4:

;< $'5'&14#05 14 -<=->;, ?1@ 4:' 200/ 30241$'A ?B@ 4:' <C<A ?D@ 4:' /217.1

D%&&'54 158 ?8@ 4:' 5'%4&05 7#$512E 4:' &'8A 817:'8 B0F 0%42#5'7 4:' 4:'&.12

G%'5D: 158 4:' B2%'A 817:'8 B0F 4:' D%&&'54 G%'5D: /:17'

H$%&' ()*)+?8@ #7 12&'18I 714%&14'8 9:'5 4:' 6174 8'D1I 06 4:' ;< /214'1% 741&47)

J'44'& .'17%&'.'547 06 4:' ;< 2077'7 9'&' 1D:#'3'8 #5 KLLM BI .05#40&#5$ 4:'

'.#77#05 06 :1&8 =N&1I7 8%&#5$ 8#7&%/4#057 14 O<-) P4 917 60%58 4:14 4:' ;<7

$'4 'F/'22'8 6&0. 4:' /217.1 #5 60&. 06 &'/'4#4#3' '3'547 9:#D: 1&' 3'&I 7:0&4

#5 4#.') -:' 4'./0&12 &'702%4#05 06 4:' .'17%&'.'54 917 504 :#$: '50%$: 40

.'17%&' 4:' /&0/'&4#'7 06 4:' ;< B%&747 :13#5$ 8%&14#057 #5 4:' ms &'$#.')

-:%7A 4:'&' 1&' 7'3'&12 7%B74154#12 0/'5 G%'74#057 1B0%4 4:' /:I7#D7 06 4:' ;<7

#5 8#7&%/4#057) -:' 2077 .'D:15#7. 9:#D: 4&#$$'&7 4:' ;< B%&747A 4:'#& 4'./0&12

/&0/'&4#'7 158 4:' '5'&$I 7/'D4&1 06 4:' ;<7 #5 4:' B%&747 1&' %5Q5095) <3'5

4:' 40412 ;< '5'&$I #5 8#7&%/4#057 :17 5'3'& B''5 .'17%&'8 124:0%$: #4 917 06N

4'5 /&'8#D4'8 BI 7#.%214#057) R'&#3#5$ 6&0. 4:#7A 1270 4:' D053'&7#05 'SD#'5DI

06 4:' /&'8#7&%/4#3'A .1$5'4#D '5'&$I #540 1 ;< '5'&$I :17 504 B''5 .'17%&'8)

-:'7' #77%'7 1&' 74%8#'8 #5 D:1/4'& T 06 4:#7 4:'7#7) -:' 8#1$5074#D7 %7'8 40

D1&&I 0%4 4:' D0&&'7/058#5$ .'17%&'.'547 1&' #54&08%D'8 #5 D:1/4'&  ) -:'

'5'&$I 2018#5$ 06 4:' ;<7 0540 4:' H&74 9122 #7 1 D&%D#12 D05D'&5 9:#D: 8'/'587

05 4:' 7#U' 06 4:' 74&#Q' 1&'1) -:#7 7#U' #7 8'4'.#5'8 BI 4:' /&0/'&4#'7 06 4:'

;< B'1.A #)') 4:' &18#12 8'D1I 2'5$4: 06 4:' ;<7) -:' 2144'& #7 'F/'&#.'54122I

74%8#'8 #5 D:1/4'& T)
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 !"!# $%&' ()%&*% +,-'./01

"#$%&'( $& (%)$ '&*+ $%# ,-.(/. ,&*#0 .+' 1)00#+$ %.2# $& 3# .2.4-.3-#

5&0 $%# &,#0.$4&+ &5 . $&6./.67 8%#9 /.9: 5&0 #;./,-#: 3# )(#' 45 . -&(( &5

$%# 1&&-.+$ <&* 4( 0#1&=+4(#': (.5#$9 0#-.$#' -41#+(# 0#>)40#/#+$( 1.-- 5&0 4$: $%#

,-.(/. 4( .3&)$ $& -#.2# $%# &,#0.$4&+.- ,.0./#$#0 0#=4&+: . ,#+'4+= '4(0),$4&+

4( '#$#1$#' &0 $%# ,-.(/. %.( $& 3# 6#,$ 50&/ $&)1%4+= $%# *.--7 8%# /#$%&'(

1)00#+$-9 3#4+= ($)'4#' 4+2&-2# $%# 4+?#1$4&+ &5 -&* .$&/41 +)/3#0 4/,)04$#(

4+ 5&0/ &5 =.(: ,#--#$( @A!B &0 -4>)4' ?#$(7 C)1% . 5.($ (%)$'&*+ &5 $%# ,-.(/.

1)00#+$ 1.+ -#.' $& $%# =#+0.$4&+ &5 DE( @!! B7

F)04+= $%# 0#($.0$ &5 GE8: .5$#0 $%# 4+($.--.$4&+ &5 . 5)-- 3#09--4)/ .+' $)+=($#+

*.-- 5.($ ,-.(/. (%)$'&*+( 3#1./# +#1#((.09 4+ $%# '4(1%.0=#( HIJKL .+' HIJML7

8%# 5)#--4+= &5 $%# ,-.(/. *.( ($&,,#' .+' ')# $& $%# +#* /#$.- *.-- $%# '#+(4$9

*.( -&*#0#' >)416-9 39 $%# 2.1))/ ,)/,( 3#-&* $%# DE =#+#0.$4&+ $%0#(%&-'7

N+ 1&+(#>)#+1#: DE( ($046#' .+' './.=#' . 3#09--4)/ $4-#7 8%4( 1)00#+$ #;./,-#

(%&*( $%.$ .-(& 0#=.0'4+= $& 5.($ ,-.(/. (%)$'&*+ $#1%+4>)#( $%# =#+#0.$4&+ &5

DE( %.( $& 3# 1&+(4'#0#'7

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

O-- $%# /#$%&'( &5 DE /4$4=.$4&+ ,0#(#+$#' 3#-&* %.2# $& 3# (##+ 4+ 24#*

&5 $&6./.6 '4(0),$4&+(7 8%4( /#.+( $%#9 *4-- 3# .,,-4#' 45 ,0#2#+$4+= . '4(0),P

$4&+ %.( .-0#.'9 5.4-#' .+' $%# 24&-#+$ $#0/4+.$4&+ &5 $%# '4(1%.0=# %.( 3#1&/#

)+.2&4'.3-# .+9*.97 Q+ . =#+.0.- -#2#- $*& ($0.$#=4#( &5 DE /4$4=.$4&+ 1.+ 3#

1&+(4'#0#'R $%# '40#1$ *.9 .--&*( $& 1&/,-#$#-9 ,0#2#+$ $%# =#+#0.$4&+ &5 DE(:

$%# 4+'40#1$ *.9 %.( $& 3# )(#' 45 . ,&,)-.$4&+ &5 DE( .-0#.'9 #;4($(7 N+10#.(4+=

$%# ,0&/,$ -&((#( 1.+ ,0#2#+$ $%# =0&*$% &5 $%# ,&,)-.$4&+ .+' $%# .11#-#0.$4&+

&5 $%# DE( $& %4=%#0 .+' %#+1# /&0# %.0/5)- #+#0=4#(7

F40#1$-9 ,0#2#+$4+= $%# =#+#0.$4&+ &5 DE( /)($ 4+1-)'# $%# (),,0#((4&+ &5 $%#

,04/.09 .+' $%# (#1&+'.09 /#1%.+4(/(7 8%# F0#41#0 #S#1$ (1.-#( #;,&+#+$4.--9

*4$% ǫ = E/Ecrit .+' $%)( 4( ,0#2#+$#' 5&0 (/.-- 2.-)#( &5 $%# ,.0./#$#0 *%41%

1.+ 3# .1%4#2#' 39 4+10#.(4+= $%# #-#1$0&+ '#+(4$9 ne7 C),,0#((4+= $%# .2.-.+1%P

4+= ,0&1#(( 1.--( 5&0 /)1% %4=%#0 '#+(4$4#( @J!:  !:  J: !!AB7 N+ $%# 1.(# &5 N8ED

ne ∝ 1022 m−3
/)($ 3# .1%4#2#' *%41% /#.+( . '#+(4$9 .3&)$ 100 $4/#( $%#

<.$ $&, 2.-)#7 O11&0'4+= $& @!!AB: $%4( 0#>)40#( $%# 4+?#1$4&+ &5 1025 .$&/( .+'

.11&0'4+= $& @J!B: $%# 4+?#1$4&+ &5 1026 ,.0$41-#( 4+$& $%# 2.1))/ 2#((#-7 8%#

/#$%&' 1.+ 3# 4/,-#/#+$#' 39 /.((42# =.( 4+?#1$4&+ T"UNV @ !:  J: !!KW!!HB:

$%# 4+?#1$4&+ &5 . (4+=-# &0 /)-$4,-# ,#--#$( &0 -4>)4' ?#$( @!!XB7 Y%&&(4+= .0=&+

.( $%# 4+?#1$#' (,#14#(: $%4( *&)-' 4/,-9 (#2#0.- kg >)416-9 3#4+= .''#' $& $%#

,-.(/. .+' ,0#(#+$4+= . %#.29 -&.' 5&0 $%# 2.1))/ (9($#/7 "&0#&2#0: $%# /#P

1%.+41.- /&/#+$)/ &5 $%# 4/,)04$9 .-&+# 1&)-' 1.)(# './.=#(7

N5 DE( .0# .-0#.'9 ,0#(#+$: 4+?#1$4+= ,#--#$( 1&)-' 4+')1# /.=+#$41 <)1$).$4&+(

*%41% #+%.+1# $%# DE $0.+(,&0$ .+' %#+1# $%# -&((#(7 N+ &0'#0 $& 4/,-#/#+$

$%4( /#$%&' .,,0&,04.$#-9: $%# ,#+#$0.$4&+ &5 $%# ,#--#$( 4+$& $%# ,-.(/. %.( $&

3# 1&+$0&--#' $& #+()0# $%# '#,&(4$4&+ &5 $%# /.$#04.- +#.0 $%# 4+$#=#0 /.=+#$41

()05.1#( -46# q = 1 .+' 27 O (4+=-#: -.0=# 64--#0 ,#--#$ @A!: AJ: !JIB 1.+ #.(4-9
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"#$#%&'%# %( %)# *#$%&# (+ %)# ",'-.' /0% 1% "&#-#$%- ',-( ' -(0&*# (+ "(--1/,#

.#*)'$1*', 2'.'3#- %( %)# 4&-% 5',, '- 1% *(0,2 3( &13)% %)&(03) %)# 5)(,#

",'-.' 6(,0.#7 8)1- "&(/,#. 1- (6#&*(.# /9 1$:#*%1$3 -#6#&', -.',,#& "#,,#%-

'+%#& #'*) (%)#& 1$ ' %&'1$ (& '% %)# -'.# %1.# ,1;# +&(. ' -)(% 30$7 8)# "(--1<
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'.(0$%- (+ 3'- 1- ',-( /#1$3 -%021#2 >?!?@7

A"",91$3 '$ #B%#&$', .'3$#%1* 4#,2 5)1*) 1- &#-($'$% %( *#&%'1$ =0B -0&+'*#-

*'0-#- ' "#&%0&/'%1($ (+ %)# .'3$#%1* %("(,(397 C'3$#%1* 1-,'$2- '&# +(&.#2

'$2 (6#&,'""1$3 .'3$#%1* 1-,'$2 *)'1$- *'0-# %)# +(&.'%1($ (+ #&3(21* D($#-

1$ %)# ",'-.'7 8)0-E ' &#-($'$% .'3$#%1* "#&%0&/'%1($ FGCHI >??JE ?!!K?!J@

1$*&#'-#- %)# %&'$-"(&% '$2 )#$*# %)# ,(--#- (+ %)# GL-7 8)# 1$=0#$*# (+ '

GCH ($ %)# GL %&'$-"(&% 1- -%021#2 1$ *)'"%#& M7 A 2#%'1,#2 #B",'$'%1($ (+

%)# %&'$-"(&% 1$*,021$3 1%- %#."(&', '$2 -"#*%&', +#'%0&#- 1- 316#$7

LB%#&$',,9 1."(-1$3 ' $#3'%16# ,((" 6(,%'3# 1- ' .#'$- (+ -)(&%#$1$3 %)# GL

*0&&#$% ",'%#'07 8)# 1.",#.#$%'%1($ (+ %)1- .#%)(2 1$ N8LG 1- ' .'--16# #$<

3#$##&1$3 "&(/,#. 20# %( %)# ,1.1%- ($ %)# 6(,%'3# 1$ %)# "(,(12', *(1,-7 8)#

&#O01&#2 "(5#& 1.",1#- ' ($# %0&$ 6(,%'3# 1$ %)# *(1,- (+ .(&# %)'$ 1 kV7 N%

&#.'1$- 0$*,#'& 1+ )13) #$(03) 6(,%'3#- *'$ /# '*)1#6#2 1$ N8LG7 H&(/'/,9E

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

%)#&.', O0#$*) 5)1*) 5(0,2 *',, +(& '$ ($ 2#.'$2 "(5#& -0"",97

8)# ,'-% ("%1($ (+ GL .1%13'%1($ *(0,2 /# ' .#*)'$1*', 1$%#&6#$%1($7 N$-#&%1$3

*($%&(, &(2- (& .'%#&1', :#%- 5)1*) *'%*) %)# GL- 1- *($-12#&#2 %( "&(%#*% %)#

5',, +&(. %)# GL 1."'*%7 8)# /,(5 (P 5)1*) ' )13) #$#&39 ,'-#& "&(20*#- +&(.

' -'*&14*1', %'&3#% *(0,2 *&#'%# ' "&(%#*%16# )13) 2#$-1%9 ",'-.' 1$ +&($% (+ %)#

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

'- %)#9 '&# $(% -%021#2 1$ %(;'.';- *0&&#$%,97
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 !"# $!%&'() "# *%"+ ,-' ', ".'),+-$( '!( ".#')-/(.'# 0!"$! %)( ),-'".(*1

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

3,)/(+5 '!( ',6%/%6  78 9: ;<=>?@ '!( A%*A( -#(+ ', ".+-$( '!( +"#)-&'",.#

;<=B?@ '!( C1.%/"$ 7)2,+"$ C"A()',) -#(+ ". '!( :7 ')%.#&,)' #'-+"(# ;<=D? %.+

'!(  !"#$%  !"#$%&!'( &''$)!& *+,-. +/01 23!43 2% %55$!67 8'9 &36 76:6$'5"6(&

'8 &36 9#(%2%; 59'<6 %(7 &36 6:%$#%&!'( '8 &36 "6% #967 7%&%= >( %77!&!'(. &36

96$6:%(& 9#(%2%; 6$64&9'( 7!%?(' &!4 %96 7! 4#  67 !( 76&%!$@ &36 86%&#96 '8 &36

 4!(&!$$%&'9 59'<6 %96 ?!:6( *+/+1. &36 76 !?( %(7 76:6$'5"6(& '8 &36 36%& $'%7

%(7 &36 4%$'9!"6&69 59'<6 %96 965'9&67 %(7 &36  436"6 '8 &36 (6#&9'(. &36 6$64A

&9'( 4;4$'&9'( 6"!  !'(. &36  '8& BA9%; %(7 &36 "%?(6&!4 "6% #96"6(& # 67 &'

 #55'9& &36 59'<6 7%&% %96 ?!:6(= C36 &6D& %(7 E?#96 '8 &36  64&!'( F=G %(7

F=H %96 <% 67 '( &36 5%569 *+/,1 %(7 *+//1. 96 564&!:6$;=

 !" #$%#&'

 !!"#$%&' (" ()* +,,#*-%+(%"&. /01/23 %4 + /"5+6+5 078*#%6*&( 9"# /*!):

&";"'< 2#%*&(*$ 3*4*+#!) %& ()* =*;$ "9 8;+46+ >+;; %&(*#+!(%"&? /)* 4!"8* "9

()* 6+!)%&* %&!;@$*4 + $*(+%;*$ +&+;<4%4 "9 ()* *7!)+&'* "9 8+#(%!;*4 +&$ *&*#'<

,*(>**& ()* 8;+46+ +&$ ()* >+;;? /)%4 %68;%*4 4(@$%*4 "9 ()* *#"4%"& "9 ()* >+;;.

()* #*;*+4* "9 8+#(%!;*4 +&$ ()* %&A@7 "9 %68@#%(%*4 %&(" ()* 8;+46+ !"#* +4 >*;;

+4 ()* $*-*;"86*&( "9 (*!)&%B@*4 (" "8(%6%4* ()* >+;; !"&$%(%"& +&$ ()* 8;+46+

,"@&$+#<? /)* /01/23 $*4%'& 9*+(@#*4 +#* '%-*& %& CDEFG +&$ ()* #*9*#*&!*4

()*#*%& 9#"6 + (*!)&%!+; 8"%&( "9 -%*>?

/01/23 %4 + 6*$%@6 4%H*$ ("5+6+5 >%() + 6"$*#+(* 6+'&*(%! =*;$ +&$ + ;+#'*

8;+46+ -";@6*? /)* 6+I"# +&$ 6%&"# #+$%% "9 ()* 6+!)%&* +#* R = 1.75m +&$

a = 0.46m. #*48*!(%-*;<?  !!"#$%&' (" ()* $*4%'& 48*!%=!+(%"&4. ()* 6+7%6@6
8;+46+ !@##*&( %4 Ip = 0.8MA. ()* 6+7%6@6 ("#"%$+; 6+'&*(%! =*;$ %4 Bt = 3T
+&$ ()* 6+7%6@6 8@;4* $@#+(%"& %4 10 s? /)* 8@;4* 8">*# "9 125MW %4 4@88;%*$

,< 8">*# 4(+(%"&4 >)%!) +#* !"&!*&(#+(*$ +#"@&$ ()* /01/23 4%(*?  $$%(%"&+;

!)+#+!(*#%4(%!4 "9 ()* 6+!)%&* +#* + !%#!@;+# 8;+46+ !#"44 4*!(%"& +&$ ()* @4*

"9 +& %#"& !"#* 9"# ()* (#+&49"6*#? /01/23 9*+(@#*4 *7!*;;*&( +!!*44*4 9"#
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/)* ("#"%$+; 4)*;; "9 ()* 6+!)%&* %4 8;+!*$ "& + 48;%((+,;* ,+4* 8;+(* >)%!)
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!"#$ 20 #%&'( )*+$ +*' +*&&, %- #. 82 kA *'/ $)'+) -&./%+) * 0*1')#"+ 2)3/ .4

%- #. 3T *# #$) -3*(0* +)'#&)5 6$) +."3( +.'("(# .4 +.--)& +.'/%+#.&( !$"+$ *&)

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

1.5% *# #$) -3*(0* 7.%'/*&,5 6$) -.3."/*3 2)3/ +."3( *&) +..3)/ 7, !*#)&8 #..5

6$) .$0"+ $)*#"'1 +."38 !$"+$ "( #$) -&"0*&, +."3 .4 #$) #&*'(4.0)&8 +.'("(#( .4

294 #%&'( *'/ "# )'*73)( * 9.3#*1) (!))- .4 8.8Vs *# * +%&&)'# .4 ±36 kA5 :'

*//"#".'8 6;<6=> "( )?%"--)/ !"#$ ($*-"'1 +."3(8 9)&#"+*3 2)3/ +."3( *'/ -.("@

#".' +.'#&.3 +."3( !$"+$ *&) %()/ #. /)A)+# #$) >; 7)*0 /%&"'1 #$) /"(&%-#".'

)B-)&"0)'#( -&)()'#)/ "' #$"( #$)("(5

6$) 9*+%%0 9)(()3 .4 #$) 0*+$"') +*' 7) $)*#)/ 7, -%0-"'1 $)*# #&*'(4)& ."3

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

!*33 "'#)&*+#".'( * 2&(# !*33 3"')& "( "'(#*33)/ !"#$ *' *9)&*1) /"(#*'+) .4 70mm
#. #$) 9)(()3 !*335 6$) 3"')& "( 0*/) .4 1mm #$"+D :'+.')3 !$"+$ +*' 7) $)*#)/

7, /&"9"'1 * /"&)+# +%&&)'# #$&.%1$ "#5 E(%*33,8 #$) 3"')& "( 7*D)/ *# 300◦ C 7%#

"#( 0*B"0%0 #)0-)&*#%&) *0.%'#( #. 500◦ C5 6;<6=> "( )?%"--)/ !"#$ *

&*/". 4&)?%)'+, 13.! /"(+$*&1) (,(#)05 F%&"'1 #$) .-)&*#".' *# 10−3 mbar "#(

4.%& *'#)''*) *+# *( *'./)( !$"3) #$) 1&.%'/)/ !*33 *+#( *( #$) +*#$./)5

G)9)&*3 /"H)&)'# D"'/( .4 3"0"#)&( *&) %()/ #. ($*-) #$) 6;<6=> -3*(0* *'/

test limiter
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#.-8 #$) 7.##.0 .& .' #$) LCG5 6$)() 3"0"#)&)( *&) %()/ #. ($*-) #$) -3*(0*

*'/ 4.& 0*#)&"*3 #)(#(5 K//"#".'*3 3"0"#)&( -&.#)+# ()'("#"9) -*&#( +3.() #. #$)



 !" #$%&'()$*+ ,$)$-.)$*+ /.012  !

"#$%&$' ()*) +$,-. /+(01(234 $25(22$() 67( 8,9$23(, :-&-5(+ 6(%5;<< =8:6;<<>

-% $ /1## 5.+.-,$# ?(#5 #-&-5(+ @7-37 3$2 ?( "1&"(,) <5 -% &.125(, $5 45◦ ?(#.@

57( (01$+.+-$# &-,"#$2( .2 57( :AB) 67( (-*75 -2,-9-,1$# ?#$,(% @-57 ($37 28
*+$"7-5( 5-#(%' &.125(, .2 $2 <23.2(# ?$%( "#$5(' $+( C55(, 5. 57( ".#.-,$# $2,

5.+.-,$# %7$"( ./ 57( 5.+1%)

6. 7($5 57( "#$%&$ $1D-#-$+-#4' 5@. 2(15+$# ?($& -2E(35.+%' $2 -.2 343#.5+.2

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

"$+5-3#( (2(+*4 20 5. 60 keV
(01-9$#(25 2(15+$# 31++(25 100A

5-&( .2F.G 15 sF300 s
?($& 3+.%% %(35-.2 400mm× 320mm
?($& ,-9(+*(23( < 1◦

@.+H-2* *$% H2' D2' He
3
' He4

6$?#( IJ K$-2 37$+$35(+-%5-3% ./ 57( 2(15+$# ?($& -2E(35-.2 =LM<> %4%5(& $5

6NO6PQ

+(%.2$23( 7($5-2* =<RQS> %4%5(& $2, $2 (#(35+.2 343#.5+.2 +(%.2$23( 7($5-2*

=NRQS> %4%5(& =2.5 -2 ."(+$5-.2> @-57 $ 5.5$# ".@(+ ./ 9MW $+( -2%5$##(, $5

6NO6PQ) 67( &.%5 -&".+5$25 %"(3-C3$5-.2% ./ 57( 2(15+$# ?($& -2E(35.+% $+(

%1&&$+-%(, -2 5$?#( I)

67( &$-2 ,(%-*2 "$+$&(5(+% ./ 6NO6PQ 3$2 ?( /.12, -2 5$?#( T) B.&( $37-(9;

&(25% 57$5 @(+( +($#-%(, $5 6NO6PQ $2, @7-37 7$, $ *+($5 -&"$35 %7.1#, ?(

&(25-.2(, UIVW) 67( &$37-2( 7$% ?((2 1%(, /.+ (D5(2%-9( %51,-(% ./ 57( ,(;

".%-5-.2 ./ #.@ $5.&-3 21&?(+ &$5(+-$#% .2 57( XAR%) 67( -2-5-$# (D"(+-&(25%

-25+.,13(, 57( 5(372-01( ./ 3$+?.2-%$5-.2 -2 @7-37 #$4(+% ./ 3$+?.2 $+( ,(".%-5(,

.9(+ 57( (25-+( -22(+ @$## ,1+-2* $ *#.@ ,-%37$+*() K$H-2* 1%( ./ 3$+?.2-%$5-.2

%-*2-C3$25#4 -&"+.9(, 57( "(+/.+&$23( ./ 57( &$37-2() 67( ,(2%-54 #-&-5 @$%

-23+($%(, ?4 50% $2, 57( -&"1+-54 +(#($%( /+.& 57( @$## @$% *+($5#4 +(,13(,)

<2 57( /.##.@-2* 57( %-#-3.2-%$5-.2 $2, 57( ?.+.2-%$5-.2 5(372-01(%' ./ @7-37 57(

#$55(+ -% +.15-2(#4 1%(, 5.,$4' @(+( ,(9(#."(, $2, (2$?#(, 5. +(,13( 57( 3$+?.2

$2, .D4*(2 3.25$&-2$5-.2% ./ 57( "#$%&$) <2 $,,-5-.2' %51,-(% ./ ,-%+1"5-.2%'

KY< /.+ 57(-+ &-5-*$5-.2 $2, QN% @(+( $2, $+( 3$++-(, .15 $5 6NO6PQ)
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8 9$#9( @7-37 -% ,(%-*2(, /.+ 57( /$%5 -2E(35-.2 ./ &$%%-9( $&.125% ./ *$% -25.

57( 5.H$&$H 9(%%(# -% 3$##(, $ ,-%+1"5-.2 &-5-*$5-.2 9$#9( =ZK[>) 85 6NO6PQ

$ %(+-(% ./ %137 9$#9(% 7$% ?((2 ,(9(#."(, $2, 5(%5(, UIT\' I] ' I]!W) 67( #$5(%5

9(+%-.2' 57( ZK[;]V UI]^W' @$% 1%(, /.+ 57( (D"(+-&(25% "+(%(25(, -2 57-% 57(%-%)

M(%-,(% 57( &-5-*$5-.2 ./ 57( 7($5 #.$,% $2, /.+3(% ,1( 5. ,-%+1"5-.2%' 57( 9$#9(

(2$?#(% 5. %51,4 QN%)

A-*1+(  )T)I %7.@% $ %37(&$5-3 3+.%% %(35-.2 ./ 57( ZK[;]V) 67( +(#($%( ./ 57(

*$% -% 5+-**(+(, ?4 57( &.5-.2 ./ 57( "-%5.2  -2%-,( 57( 9$#9() 67( &.5-.2 -%

-2-5-$5(, ?4 (,,4 31++(25% $2, 571% 2. /(++.&$*2(5-3 &$5(+-$#% $+( 2((,(,) 67-%
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 !"# $%&$'( )!*!+,-,*.

"#$%&$ &$'() )$*+,% R 1.75m
"#$%&$ &+-() )$*+,% a 0.46m
"#$%&$ .)(%% %/.0+(- .+).,#$)

"#$%&$ 1(#,&/ 7m3

-,&2/) (3 0()(+*$# 4/#* .(+#% 16
&$5+&,& 0()(+*$# &$6-/0+. 4/#* Bt 3T

&$5+&,& "#$%&$ .,))/-0 Ip 0.8MA
&$5+&,& ",#%/ #/-607 10 s
+-%0$##/* 7/$0+-6 "(8/) 9MW
$,5+#+$)9 7/$0+-6 %9%0/&% :;<= <>?@= A>?@ B-(0 +- ("/)$0+(-C

D$2#/ EF G$+- */%+6- %"/.+4.$0+(-% (3 07/ DAHDI? 0(J$&$J

$##(8% 0( )/#+$2#9 ("/)$0/ 07/ 1$#1/ +- 07/ 7+67 &$6-/0+. 4/#* /-1+)(-&/-0 (3 $

0(J$&$JK D7/ 1$#1/ 7$% $ &$5+&,& 1(#,&/ (3 1.3L 3() 07/ 6$% 87+.7 +% +-'/.0/*

3)(& 07/ 0(" (3 07/ DAHDI? 1/%%/#K D7/ .7$&2/) L +- 46,)/  KEKL .(-0$+-% 07/

6$% 87+.7 +% 0( 2/ +-'/.0/* ,-*/) $ &$5+&,& 8()J+-6 ")/%%,)/ (3 pw = 40barK
M0 3,## ")/%%,)/ 07/ 1$#1/ )/#/$%/% %#+670#9 &()/ 07$- 40 bar · LK M .#(%+-6 6$%

+% .(-0$+-/* +- 07/ .7$&2/) E ,-*/) 07/ 2$.J ")/%%,)/ pbK D7/ IN)+-6 O $0 07/

"+%0(- %7$30 %/"$)$0/% 07/ 8()J+-6 1(#,&/ 3)(& 07/ .#(%+-6 1(#,&/K M-(07/) IN

)+-6 %/$#% 07/ 1$#1/P% /5+0K ;(07 IN)+-6% 7$1/ +--/) *+$&/0/)% (3 30mmK D7,%= +3

pw = pb= 07/ "+%0(- +% 3()./ 3)//K D7/ /5+0 (3 07/ 1$#1/ +% #/$J 0+670 +3 pb ≥ 1.5 barK
<3 07/ 1$#1/ +% +-+0+$##9 -(0 .#(%/*= $ 3)+.0+(- 3()./ 7$% 0( 2/ (1/).(&/ 0( &(1/

07/ "+%0(- +-0( 07/ .#(%+-6 "(%+0+(-K M 2$.J ")/%%,)/ (3 pb = 3bar +% %,Q.+/-0

3() 07+%K

<- ()*/) 0( ("/- 07/ 1$#1/= $ "(8/) %,""#9 BR,6 .(&"$-9F @>S LTTNETT GIUC

*+%.7$)6/% $ .$"$.+0() 2$-J B.$"$.+09 C ≈ 400µFC $0 09"+.$##9 U = 1.7 kV 1+$

$ 079)+%0() $-* $.0+1$0/% 07/ "$-.$J/ .(+# V BL = 150µHCK D7/ .(+# +% +%(#$0/*

3)(& 07/ 6$% 1(#,&/% 29 $ .$%+-6 3,##9 &$*/ (3 %0$+-#/%% %0//#K U,/ 0( %$3/09

)/6,#$0+(-%= 07/ 8$## 07+.J-/%% (3 07/ .(+# 7(,%+-6 $&(,-0% 0( $0 #/$%0 5mmK

D7/ &$6-/0+. 4/#* (3 07/ .(+# "/-/0)$0/% 07)(,67 07/ &/0$# 7(,%+-6 87+.7=

$..()*+-6 0( 07/ %0,*+/% +- WLV!X= *(/% -(0 /Y/.0 07/ "/)3()&$-./ (3 07/ 1$#1/K

D7/ 0+&/ 1$)9+-6 &$6-/0+. 4/#* +-*,./% /**9 .,))/-0% +- 07/ &,%7)((&N%7$"/*

2$.J "$)0 (3 07/ "+%0(-K D7/ #$00/) +% &$*/ (3 $#,&+-+,& 87+.7 &$J/% +0 #+670=

7+67#9 /#/.0)+.$# .(-*,.0+-6 $-* -(-3/))(&$6-/0+.K M..()*+-6 0( Z/-[P% ),#/=

07/ "+%0(- +% )/"/##/* 29 07/ .(+# *,/ 0( j × B 3()./% $-* 07/ 1$#1/ %0$)0% 0(

("/- 8+07+- 1msK M30/) $2(,0 3ms +0 +% 3,##9 ("/-K D7/ UG\NVT )/#/$%/%

07/ 6$% 3)(& .7$&2/) L 07)(,67 07/ ()+4./ ! 8+07 $ *+$&/0/) (3 28mmK D7/

6$% +% 6,+*/* 29 $ 0,2/ 0( 07/ 1$.,,& 1/%%/# (3 07/ 0(J$&$JK D7/ */0$+#% (3

07/ *9-$&+.% (3 07/ 6$% ](8 +- 0,2/% (3 *+Y/)/-0 #/-607% $-* *+$&/0/)% 8/)/
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*#''&"/ 1&"-+/3 72A/mm2

2+'& +"-#,0/+(" 4(,3+$+1& 0.05mm
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/7'<.1("72( 7( &7)7"$/9 =. 1,/$, "1 )$'(0,$ "#$ 56( /7,$2"&- '" "#$ %&'()' $/<$
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2'"7.< )$2#'.7() 7( '%%&7$/9 =" 2'. 3$ $N07%%$/ G7"# /7I$,$." %,13$ #$'/( 14
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14 "#$ 56( /7,$2"&- '" "#$ %&'()' $/<$9 ="( /$;$&1%)$." 7( ,$%1,"$/ 7. P!Q!? !K R

!KST9 :#$ <$.$,'& ($"0% 2'. 3$ ($$. 7. U<0,$ K9V9!9 :#$ 56(? %,1%'<'"7.< 7.

' G$&& /$U.$/ /7,$2"71. ',10./ "#$ "1,0(? (",78$ "#$ %,13$ 1. 1.$ (7/$9 W1.($+

N0$."&-? &7<#" 7( %,1/02$/ 7. ' ($" 14 (27."7&&'"7.< 2,-("'&(9 :#7( &7<#" 7( 4$/ 7."1

'310" 30m &1.< 1%"72'& U3,$( G#72# <07/$ 7" 10"(7/$ 14 "#$ :6*:>5 #'&&9 XG'-

4,1) "#$ %$,"0,37.< *+,'- ,'/7'"71. './ "#$ )'<.$"72 U$&/( 14 "#$ "18')'8 '

($" 14 %#1"1)0&"7%&7$, "03$( %,1/02$( "#$ ;1&"'<$ (7<.'&( G#72# ',$ 4$/ 7."1 "#$

/'"' &1<<$, (-("$) ;7' YZW+2'3&$(9 :#$ )$'(0,$/ 56 (7<.'&( ',$ (%$2",'&&-

'.'&-($/ 0(7.< "#$  !"#$% 21/$9

:#$ 2,1(( ($2"71.'& (2#$)$ 14 "#$ %,13$ #$'/ 7. U<0,$ K9V9[ 7&&0(",'"$( 7"( ($"0%9

:#$ 7..$, %',"( 14 "#$ %,13$ ',$ (#7$&/$/ '<'7.(" %',"72&$( './ &7<#" 4,1) "#$

%&'()' 3- ' 5mm "#728 #10(7.< )'/$ 14 6\]^ U.$ <,'7. <,'%#7"$9 X221,/7.<



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

probe

photomultipliers

to data loggers

electrons

TEXTOR

optical
fibres

plasma

minor
radius

"#$%&' ()*)+, -./'0' 1/23#4$ 5/' $'4'&67 1'5%8 29 5/' :; 0'61%&'0'451 3#5/

5/' 1.#45#77652& 8&2<' 65 =;>=?:

52  !"#$% 1#0%765#241@ 247A :;1 3#5/ '4'&$#'1 76&$'& 5/64 3 52 4MeV .64

8&286$65' 5/&2%$/ 5/' /2%1#4$ #4 .241#B'&6<7' 9&6.5#241) =/'1' '7'.5&241 .64

B'821#5 5/'#& '4'&$A #4 5/' 4#4' Y2SiO5 : Ce .&A15671 3/#./ 6&' ./6&6.5'&#1'B

<A,

 6 7#$/5 2%58%5 29 30.000 photons/MeV@

 6 0'75#4$ 82#45 65 2470◦ C@

 6 7'4$5/ 29 2mm@

 6 9&245 1#B' 6&'6 29 1mm2
@

 6 B'.6A 5#0' 29 42 ns 64B

 5/' 8'6C 29 5/' '0#55'B 7#$/5 65 6 36D'7'4$5/ 29 420 nm)

=/' '4'&$A 8'& '7'.5&24 6<12&<'B #4 '6./ .&A1567 #1 6 17237A D6&A#4$ 9%4.5#24 92&

5/' '7'.5&24 '4'&$#'1 29 1 52 40MeV) E<2%5 700 keV 6&' B'821#5'B 8'& '7'.5&24)

=/' 1#$4671 8&2B%.'B <A '7'.5&241 6&' 532 2&B'&1 29 06$4#5%B' /#$/'& 5/64 5/21'

B%' 52 γF&6B#65#24) =/' .&A15671 6&' 1/#'7B'B <A B#G'&'45 5/#.C4'11'1 29 156#47'11

15''7 6$6#415 5/' B#&'.5#24 29 5/' #4.#B'45 '7'.5&241 64B /'4.' B'5'.5 B#G'&'45 '4F

'&$A &64$'1 $#D#4$ 5/' 8&2<' #51 18'.5&67 &'127%5#24 #4 5/' &64$' <'53''4 4MeV
64B 30MeV) =/' 15''7 /61 5/' 927723#4$ 5/#.C4'11'1 #4 9&245 29 5/' .&A15671 3#5/

5/' 4%0<'&1 1 F 0mm@ 2 F 1mm@ 3 F 2mm@ 4 F 2.5mm@ 5 F 3.5mm@ 6 F 4.6mm@

7 F 5.5mm@ 8 F 7mm 64B 9 F 9.5mm) =/' H6060651% :I!J 8/2520%75#87#'&

5%<'1 .64 <' 'K%#88'B 3#5/ 4'%5&67 B'41#5A L75'&1 52 8&'D'45 5/'#& 165%&65#24)

=/' 5'082&67 &'127%5#24 29 5/' 8&2<' 0'61%&'0'451 #1 B'5'&0#4'B <A 5/' :M

726B#4$ 5#0' 29 5/' 1'5%8 3/#./ .64 <' 6BN%15'B %1#4$ D6&#6<7' &'1#152&1) =/'

1/2&5'15 2<56#46<7' 726B#4$ 5#0' #1 6<2%5 30µs) O4 6BB#5#24@ 532 5/'&02.2%87'1

#4 5/' 8&2<' /'6B .64 <' %1'B 52 024#52& 5/' /'65#4$ 29 5/' 8&2<' 065'&#671 24

5/' #24 1#B' 64B 24 5/' '7'.&24 1#B'@ &'18'.5#D'7A)



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

runaways

graphite
scintillating
crystals

stainless steel
thermocouples

optical fibres

"#$%&' ()*)+, -&.// /'01#.234 /05'6' .7 15' /0#21#4431.& 8&.9' 5'3:

;5' 8&.9' <3/ 39/.4%1'4= 034#9&31': %/#2$ <'44 :'>2': 6.2.'2'&$'1#0 '4'01&.2

9'36/ 8&.?#:': 9= 15' '4'01&.2 300'4'&31.& @AB@ 31 15' ".&/05%2$/C'21&%6

D&'/:'2 E.//'2:.&7) ;5' '2'&$= :'8./#1#.2 .7 '4'01&.2 9'36/ #2 15' 8&.9'

0&=/134/F <5#05 #/ 8&.8.&1#.234 1. 15' $'2'&31#.2 .7 15' /0#21#4431#.2 4#$51F <3/

/#6%431': 3884=#2$ 15'  !"#$% 0.:') G.&634#/#2$ 15' 'H8'&#6'2134 32: 15'

/#6%431': &'/%41/ 1. 15' >&/1 0&=/134F <5#05 #/ /5#'4:': .24= 9= 15' $&385#1'

5.%/#2$F /5.</ 32 3$&''6'21 <#15#2 50%) ;5#/ :'1'&6#2'/ 15' 300%&30= .7 15'

/8'01&34 &'/.4%1#.2) ;5' #2I%'20' .7 15' 9&'6//1&354%2$ 32: 2'%1&.2/ .2 15'

8&.9' /#$234 <'&' 7.%2: 1. 9' 2'$4#$#94')

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

"#$%&' ()J)K, @4'01&.2 /#:' .7 15' #22'& 83&1 .7 15' /0#21#4431.& 8&.9' <#15 6.41'2

/13#24'// /1''4

L71'& %/#2$ 15' /0#21#4431.& 8&.9' #2 32 'H8'&#6'2134 03683#$2 .7 39.%1 30
:#/&%81#.2/F #1 <3/ &'6.?': 7&.6 ;@M;NE) O1 <3/ 7.%2: 1531 15' $&385#1'

5.%/#2$ 53: 3 53#&4#2' 0&30P 9%1 #1 <3/ /1#44 #2 8430' 32: /5#'4:': 15' #22'&

83&1/ .7 15' 8&.9' 15&.%$5.%1 15' <5.4' 03683#$2) E'6.?#2$ 15' 5.%/#2$

%20.?'&': 3 /#$2#>0321 :363$' .2 15' '4'01&.2 /#:' .7 15' #22'& /1''4 83&1 3/

032 9' /''2 #2 >$%&' ()J)K) ;5' E@/ 8&.:%0': #2 15' :#/&%81#.2/ 8&.83$31':



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

"#$%&'# "#( '$)*#+"( ),- -(*%.+"(- (,%&'# (,($'/ "% 0(1" "#( ."((12 3 .+,'1(

.#%" (4)1&)"+%,5 6#+7# -(1+4($. -)") )8%&" "#( 9:.5 +. ,%" *%..+81( 6+"# "#+.

-)0)'( 8(7)&.( "#( .7+,"+11)"%$ *$%8( #). ) 1%,' #+."%$/ %; (<*%.&$( "% 9:

-+.7#)$'(.2 =#( #()" 1%)- *$%8( +. -(.+',(- "% (<*1%+" "#( (,($'/ -(*%.+"+%, %;

"#( 9:. +, 0)"($+)1. %; -+>($(," )"%0+7 ,&08($.2 ?%0*)$+,' "#( (<*($+0(,")1

$(.&1". %; "#( 9: +0*)7" +, "#( *$%8( 0)"($+)1 6+"# "#$((@-+0(,.+%,)15  !"#$%

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

-(7)/ 1(,'"# %; "#( 9:. 8(#+,- 1+0+"+,' %8.")71(. )$( %8")+,(-2

3 .7#(0)"+7 7$%.. .(7"+%, %; "#( *$%8( -(.+', 7), 8( .((, +, A'&$( !2B2C2

e
-

LCFS

D+'&$( !2B2CE F7#(0)"+7 7$%.. .(7"+%, %; "#( #()" 1%)- *$%8( .#%6+,' "#( '$)*#+"(

#%&.+,'5 "#( 7%$( 0)-( %; ), (*%</ $(.+, 6+"# 7%**($ *)$"+71(.5 "#( .")+,1(.. ."((1

0%&,"+,' ),- "#( *%.+"+%, %; "#( G?DF +, "#( (<*($+0(,"

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

5mm "#+7H :IJK A,( '$)+, '$)*#+"(2 =#+. 7%0*%,(," .#+(1-. "#( +,,($ *)$"

)')+,." *1).0) +%,. ),- (1(7"$%,. 6+"# (,($'+(. 8(1%6 3 "% 4MeV2 3 4)7&&0

')* +. ,(7(..)$/ "% *$(4(," "#( 7%,-&7"+%, %; "#( #()" "% "#( +,,($ *$%8( *)$"

);"($ "#( +0*+,'+,' *)$"+71(. #()"(- &* "#( #%&.+,'2 :1(7"$%,. 6+"# (,($'+(.

#+'#($ "#), 4MeV 7), *$%*)')"( "#$%&'# "#( #%&.+,' +,"% "#( 7%$( %; "#( *$%8(

6#+7# +. "#( )7"&)1 -("(7"%$2 L" 7%,.+.". %; .*#($+7)1 7%**($ *)$"+71(. M0)<+0&0

-+)0("($ 100  m ),- 99.7% *&$+"/N +, ) 0)"$+< %; ), (*%</ $(.+, 6+"#."),-+,'

#+'# "(0*($)"&$(. &* "% )8%&" 300◦ C2 =#( 0).. ;$)7"+%,. %; "#( 7%0*%,(,".

)$( 88% %; 7%**($ ),- 12% %; "#( (*%</2 =#( 0+<"&$( 6). 0),&;)7"&$(- 8/

81(,-+,' "#( 7%**($ *%6-($ +,"% "#( $(.+, 6#+7# "#(, 6). #)$-(,(- A$." )"

100◦ C ),- A,)11/ )" 160◦ C +, ) 4)7&&02 =#( (1(7"$+7)1 +,.&1)"+%, *$%*($"/

%; "#( 0)"($+)1 6). 7%,A$0(- 8/ ) 0().&$(0(," 6#+7# *$%4(. "#)" "#( 7%**($

.*#($(.5 8(+,' (08(--(- +, "#( $(.+,5 -% ,%" "%&7# ()7# %"#($2 =% $(-&7( "#(

7%,.&0*"+%, %; "#( $(.+, ),- "#( 0(")1 *%6-($5 ,%" "#( 6#%1( +,,($ 7/1+,-($

%; "#( *$%8( +. 0)-( %; "#( -("(7"%$ 0)"($+)15 $)"#($ "#( 7%$( +. A<(- 6+"# O@P

L,-&."$% Q(1- '1&( "% ) .")+,1(.. ."((1 7/1+,-($2 =#( $()$ (,- %; "#( #%&.+,'

#). ) 7%,+7 .#)*( "% )4%+- "#( 8$()H+,' %; "#( '$)*#+"( -&( "% "#( 1)$'( ;%$7(



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

!"# $%&'# #($#%)#*+#, -.&*/ !"# +0.)*1%)+-. -(), 12%)*/ !"# $&,)!)&*)*/ 3&% !"#

4#-,2%#4#*!5

6"# $%&'# "#-1 7-, 1#,)/*#1 !& '# 2,#1 7)!" !"# %#+)$%&+-!)*/ 4#+"-*),4 -!

6896:;5 <, !"# #.#+!%&*, 4&=# !&%&)1-..0 )* !"# 4-+")*#> !"#0 ,!%)?# !"#

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

;8, #*!#% !"# +&%# &3 !"# $%&'#5 @&$$#% "-, - ")/" -!&4)+ *24'#% -*1 -

")/" ,!&$$)*/ $&7#% 3&% #.#+!%&*, ABCDE -*1 "#*+# !"# ;8, 1#$&,)! !"#)% #*#%/0

4-)*.0 )* !"#,# $-%!)+.#, 7")+" +&*,#F2#*!.0 /#! "#-!#15 <, !"# +&$$#% $-%!)+.#,

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

!#4$#%-!2%#, )* !"# ,2%%&2*1)*/ &3 !"# "#-!#1 +&$$#% $-%!)+.#, &*.05 6"&,#

!#4$#%-!2%#, .&+-..0 ,"&2.1 '# -'&=# 300◦ C -*1 "#*+# !"# %#,)* ,2G#%, =),)'.#

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

#=-.2-!#1 -, - ,)/*-!2%# &3 !"# ;8,5 H%&=)1#1 !"# !#4$#%-!2%# -! 7")+" !"#

/)=#* 1-4-/#, &++2% )* !"# 4-!#%)-. ), ?*&7*> +&*+.2,)&*, -'&2! !"# #*#%/0 &3

!"# ;8, +-* '# 1%-7*5 I0 !"# #=-.2-!)&* &3 !"# ,$-!)-. #(!#*! &3 !"# 1-4-/#1

-%#- )*3&%4-!)&* -'&2! !"# %-1)-. 1#+-0 .#*/!" &3 !"# ;8, +-* '# #(!%-+!#15

6"), 7-0 - ,)*/.# ,"&! 1),%2$!)&* #=-.2-!)&* ), $&,,)'.#5

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

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

;8 '#-45 6"# #.#+!%&*, 1#$&,)! !"#)% #*#%/0 )* !"# $%&'# 4-!#%)-. -*1 +&*,#J

F2#*!.0 "#-! )!5 6"# %#,2.!)*/ !#4$#%-!2%# $%&K.# L-!!#*, 7)!")* ,#=#%-. !#*,

&3 ,#+&*1, -*1 -* #F2).)'%)24 !#4$#%-!2%# #,!-'.),"#, !"%&2/"&2! !"# 4-!#%)-.5

6"), =-.2# &3 !"# !#4$#%-!2%# +-* '# 4#-,2%#1 -*1 2,#1 !& #,!)4-!# !"# ;8

#*#%/0 )* !"# 1),%2$!)&*5 6"# $%&'# 42,! '# %&'2,! #*&2/" !& 7)!",!-*1 !"#

1),%2$!)&* "#-! .&-1 -*1 !"# )4$-+! &3 !"# ;8 '#-45 6"# ;8, "-=# !& /#!

,!&$$#1 )* !"# $%&'# 4-!#%)-. 7)!"&2! 4#.!)*/ )!5 M#*+#> - ")/" #.#+!%&* ,!&$J

$)*/ $&7#%> - ")/" 4#.!)*/ !#4$#%-!2%# -*1 %&'2,!*#,, )* !"# 3-+# &3 !"#%4-.

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

N* &%1#% !& K*1 !"# &$!)4-. +"&)+#> !#,!, 7#%# +-%%)#1 &2! 2,)*/ !"#  !"#$%

+&1# ABOP> BCCE !& ,)42.-!# !"# #*#%/0 1#$&,)!)&* &3 - ;8 '#-4 )* 1)G#%#*!

4-!#%)-., ABPE5 Q&% !"# !#,! ,)42.-!)&*, - ;8 '#-4 7)!" -* #($&*#*!)-. #*#%/0

,$#+!%24 R1#+-0 $-%-4#!#% λE = 0.125MeV−1
S -*1 -* #($&*#*!)-. %-1)-. 1),J

!%)'2!)&* R1#+-0 $-%-4#!#% λr = 0.085mm−1
S 7-, +"&,#* '-,#1 &* !"# %#,2.!,

&3 !"# 3&%4#% 4#-,2%#4#*!, -$$.0)*/ !"# ;8 "#-! .&-1 $%&'# ABTOE5 < ;8 '#-4

7")+" +-%%)#, - +2%%#*! &3 100 kA ), !0$)+-. 3&% 6896:; ABB E -*1 )! 7-, -,J

,24#1 !& 32..0 ,!%)?# !"# $%&'#5 < !&%&)1-. 4-/*#!)+ K#.1 &3 Bt = 2.4T 7-,

)*+.21#15 6"), ), $-%!)+2.-%.0 )4$&%!-*! 3&% !"# ,+-!!#%)*/ &3 $-%!)+.#, -*1 3&%

!"# &$#*)*/ -*/.# &3 !"# 1-2/"!#% $-%!)+.# ,"&7#%,5

U#!-., 7)!" - ")/" -!&4)+ *24'#% 2,2-..0 "-=# - ")/" #.#+!%&* ,!&$$)*/ $&7#%5

62*/,!#* -11)!)&*-..0 "-, - =#%0 ")/" 4#.!)*/ !#4$#%-!2%# -'&=# 3400◦ C -*1

,& )! 7-, +"&,#* 3&% !"# K%,! !#,!,5 6"# !&!-. .)*#-% #.#+!%&* ,!&$$)*/ $&7#%

&3 !2*/,!#* ), ,"&7* )* K/2%# C5D5BR-S 3&% !"# %#.#=-*! #.#+!%&* #*#%/)#,5 6"#

&!"#% 4-!#%)-., 7")+" 7).. '# 1),+2,,#1 -%# )*+.21#1 -, 7#..5 6"# .)*#-% ,!&$J



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

"#$% "&'() %#*(+ ,-( ($()%. /&++ &0 1$ (/(2,)&$ '-#2- ")&"1%,(+ ,-)&3%- 1 cm
&0 ,-( 41,()#1/5 6, #+ 21/23/1,(7 1+ ,-( ")&732, &0 ,-( 41++ +,&""#$% "&'()

1$7 ,-( 7($+#,. &0 ,-( 41,()#1/5 8-( 41++ +,&""#$% "&'()+ '()( ,19($ 0)&4

,-( :;8<= 71,1>1+( ?@ABC5 8-( ,&,1/ /#$(1) (/(2,)&$ +,&""#$% "&'() #+ %#*($

#$ D%3)( A5B5@E1F5 6, #+ 1 +34 &0 ,-( 2&//#+#&$1/ 1$7 ,-( )17#1,#*( 2&$,)#>3,#&$5

8-( "($(,)1,#&$ 7(",- &0 ,-( =:+ #$ ,3$%+,($ #+ &$/. 1 0(' 4#//#4(,()+ '-#2-

/(17+ ,& ,-( 4(/,#$% &0 ,-( 41,()#1/ 7(+"#,( #,+ -#%- 4(/,#$% "&#$,5 8-( )17#1G

,#*( 2&$,)#>3,#&$ ,& ,-( ,&,1/ /#$(1) (/(2,)&$ +,&""#$% "&'() &0 ,3$%+,($ 21$ >(

+(($ #$ D%3)( A5B5@E>F5 8-#+ 2&$,)#>3,#&$ #+ )(/1,#*(/. /1)%( 1+ 21$ >( +(($ #$

D%3)( A5B5@E2F5 8-( )1,#& &0 ,-( )17#1,#*( ,& ,-( ,&,1/ (/(2,)&$ +,&""#$% "&'()

#+ +-&'$5 8-( %($()1,#&$ &0 HG)1.+ 1$7 γG)17#1,#&$ #+ 3$01*&3)1>/( >(213+(

,-#+ )17#1,#&$ 41#$/. /(1*(+ ,-( 41,()#1/ '#,-&3, -(1,#$% #,5 8-3+I #, 7&(+ $&,

2&$,)#>3,( ,& ,-( 4(1+3)(4($, &0 ,-( =: ($()%.5 J)1"-#,( -1+ 1 /&' 1,&4#2

$34>()5 8-( ,&,1/ 1$7 )17#1,#*( /#$(1) (/(2,)&$ +,&""#$% "&'()+ 1)( %#*($ #$ ,-(

D%3)(+ A5B5@E1F 1$7 A5B5@E>FI )(+"(2,#*(/.5 K&,- 1)( +3>+,1$,#1//. +41//() ,-1$

0&) ,3$%+,($5 8-( +3>/#41,#&$ ,(4"()1,3)( &0 %)1"-#,( #+ 1>&*( 3700◦ C5 8-(

=:+ (1+#/. ")&"1%1,( ,-)&3%- +(*()1/ 2($,#4(,()+ &0 %)1"-#,( '#,-&3, 213+#$%

1 2)#,#21/ -(1,#$%5 L#%3)( A5B5@E2F +-&'+ ,-1, ,-( /&++(+ 73( ,& γG)17#1,#&$ 1)(

+3>+,1$,#1//. +41//() ,-1$ #$ ,3$%+,($5 8& +,&" ,-( =: >(14I 1 /&$% +/1> &0

%)1"-#,( '&3/7 >( &",#41/I >3, ,-( /#4#,1,#&$+ &$ ,-( ")&>(M+ 7#4($+#&$+ )(N3#)(

1 4&)( (/1>&)1,(7 7(+#%$5 <0,() ,-( =:+ -1*( /&+, 1 41O&) "1), &0 ,-(#) ($()%.

#$ 1 +/1> &0 %)1"-#,(I 1 41,()#1/ '#,- 1 4&7()1,(/. -#%- 1,&4#2 $34>() #+ $((7(7

,& ,19( ,-( )(41#$#$% =: ($()%.5 P&/.>7($34 +((4+ ,& >( ,-( &",#41/ 2-&#2(

0&) ,-#+5 6, #+ $&$,&Q#2 1$7 #, -1+ 1 4(/,#$% ,(4"()1,3)( 1>&*( 2600◦ C5 8-(

,&,1/ /#$(1) +,&""#$% "&'() ED%3)( A5B5@E1FF #+ -#%- ($&3%- ,& +,&" ,-( ")#&)/.

7(2(/()1,(7 =:+5 8-( ,(+, +#43/1,#&$+ ")(7#2, $& 4(/,#$% &0 ,-( 4&/.>7($345

8-( )17#1,#*( /#$(1) +,&""#$% "&'() ED%3)( A5B5@E>FF #+ N3#,( /1)%( 2&4"1)(7 ,&

%)1"-#,(5 L#%3)( A5B5@E2F +-&'+ ,-( )1,#& &0 ,-( )17#1,#*( ,& ,-( ,&,1/ +,&""#$%

"&'() 0&) ,-( )(/(*1$, (/(2,)&$ ($()%#(+5 <+ ,-( =:+ 1)( +/&'(7 7&'$ >(0&)(

,-(. ($,() ,-( 4&/.>7($34I ,-( 14&3$, &0 γG)17#1,#&$ #+ ,&/()1>/(5

8-( ")&>( 7(+#%$I '-#2- )(+3/,(7 0)&4 ,-( ,(+, +#43/1,#&$+I #+ +-&'$ #$ D%G

3)( A5B5R5 8-( ")&>( 2&$+#+,+ &0 1 +1$7'#2- &0 41,()#1/+ #$ 1 +,1#$/(++ +,((/

-&/7()5 8'& 4mm ,-#29 +/1>+ &0 1 21)>&$ D>)( 2&4"&+#,( ESLSF +-#(/7 ,-(

#$$() ")&>( "1),+ 1%1#$+, ,-( ,-()41/ "/1+41 #$ ,-( 7#)(2,#&$+ &0 ,-( (/(2,)&$+

1$7 #&$+ '-#2- ")&"1%1,( 1/&$% ,-( 41%$(,#2 D(/7 /#$(+I )(+"(2,#*(/.5 8-( SLS

2&$*($#($,/. ,19(+ ,-( ,-()41/ /&17+ 1$7 #, 7&(+ $&, >)(19 73( ,& ,-( &223))#$%

+,)(++(+5 8-3+I ,-( SLS #+ 432- 4&)( +3#,1>/( ,& +-#(/7 ,-( ")&>( ,-1$ D$(

%)1#$ %)1"-#,( '-#2- ,($7(7 ,& 2)129 '-($ >(#$% 3+(7 0&) ,-( +2#$,#//1,&) 1$7

,-( =: -(1, /&17 ")&>(+5 8-( #$$() "1),+ &0 ,-( 21/&)#4(,() ")&>(I '-#2- 1)(

7(+#%$(7 ,& +,&" ,-( =:+I 7& $&, (Q"()#($2( 2&4"1)1>/( ,-()41/ +-&29+ 1$7

21$ >( 417( &0 1$ #+&,)&"#2 41,()#1/5 < 35mm ,-#29 +/1> &0 :TUB D$( %)1#$

%)1"-#,( 1$7 1 6mm ,-#29 +/1> &0 4&/.>7($34 1)( 2-&+($ 1+ 1 )(+3/, &0 ,-( ,(+,

+#43/1,#&$+5

8-( -(1, (Q2-1$%( >(,'(($ ,-( +/1>+ 1$7 -(1, /&++(+ 73( ,& 2&$732,#&$ 1)( 4#$G

#4#+(7 >. *12334 %1"+ >(,'(($ ,-( SLSI ,-( #+&,)&"#2 %)1"-#,( 1$7 ,-( 4&/.>G

7($345 < +/1> &0 1$ 14&)"-&3+I -#%- ,(4"()1,3)( )(+#+,1$, "&/.#4#7(I 21//(7
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 +" 5!%'$ $6 *!1'!%'3) %$ %$%!& )&)+%*$( ,%$--'(. -$/)*

"#$%&' ()*)+, -#.'/& '0'12&3. 42355#.$ 536'&4 37 $&/58#2'9 :30;<='.%: /.=

2%.$42'.> 1/01%0/2'= /4 28' 5&3=%124 37 28' ='.4#2#'4 /.= 28' :/44 42355#.$

536'&4 /113&=#.$ 23 28' ?@ABC =/2/</4'
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runaways

CFC

graphite

molybdenum

thermocouples

Sintimid

1

2

2

3 4

2

"#$%&' ()!)*+ ,-.'/' 01 2.' -340&#/'2'& 5&06') 7.' 8"8 #9 %9': 39 3 9.#'4:

3$3#;92 2.' 5439/3) 7.' .'32#;$ 01 3 <=>! $&35.#2' 3;: 3 /04?6:';%/ 9436

6? 2.' @<9 #9 /'39%&': 6? 2.'&/0-0%54'9 #; 2.' /32'&#34A B.#-. #9 2.'&/344?

#;9%432': 3$3#;92 2.' 5&06' .04:'& 6? 3 9436 01 ,#;2#/#:

,#;2#/#:A #9 %9': 20 #;9%432' 2.' 5&06' /32'&#349 1&0/ 2.' 923#;4'99 92''4 .04:'&)

7.' -0'C-#';2 01 2.'&/34 -0;:%-2#D#2? 01 ,#;2#/#: #9 λ = 0.22W/(K ·m) 32

23◦ C 39 95'-#E': 6? 2.' /3;%13-2%&'&) 7.' /3F#/%/ B0&G#;$ 2'/5'&32%&'

01 ,#;2#/#: #9 350◦ C) H'9#:'9 -0;:%-2#0;A 2.'&/34 &3:#32#0; -0049 2.' 5&06'

6'2B''; 2.' :#9-.3&$'9) 7.' 4099'9A B.#-. 3&' :%' 20 &3:#32#0; :%&#;$ 2.' :#9I

-.3&$' 3;: 2.' 10440B#;$ 1'B 2';9 01 9'-0;:9 01 2.' 2'/5'&32%&' /'39%&/';2A

3&' /#;0&+ 7.' &3:#32#0; 4099'9 2.&0%$. 2.' /32'&#34 9%&13-'9 B.#-. 13-' 2.'

5439/3 3&' '92#/32': #; 2'&/9 01 643-G 60:? &3:#32#0;) J2 3 2'/5'&32%&' 01

1000◦ C 2.' $&35.#2' 9%&13-' &3:#32'9 80W 3;: 2.' /04?6:';%/ 9%&13-' 14W)

J2 3 2'/5'&32%&' 01 300◦ C 2.' $&35.#2' &3:#32'9 0.6W 2.&0%$. 2.' 1&0;2 9%&I

13-' 3;: 2.' /04?6:';%/ &3:#32'9 0.1W) J9 2.' /'39%&': @< ';'&$#'9 3&' #;

2.' kJ &3;$'A 2.' 4099'9 :%' 20 2.'&/34 &3:#32#0; -3; 6' ;'$4'-2':) K; 3::#2#0;A

2.' 'D34%32#0; -0/5';932'9 10& 2.' 4099'9 :%' 20 -0;:%-2#0; 3;: &3:#32#0; 32

2.' 5'3G 2'/5'&32%&'9)

7.' 2.'&/0-0%54'9 B.#-. 3&' %9': 20 /'39%&' 2.' .'32#;$ 01 2.' 2B0 9';9#2#D'

94369 3&' 01 2.' 2?5' =) 7.'#& /'39%&#;$ 2#59 3&' 509#2#0;': 5mm 6'40B 2.'

1&0;2 9%&13-'9 B.#-. 13-' 2.' 5439/3 3;: 5mm 3B3? 1&0/ 2.' 05509#2' 9%&13-'9

01 2.' 94369) K; 0&:'& 20 /0;#20& 2.' .'32#;$ 01 2.' .04:'& 3;: 2.' ,#;2#/#:A

2B0 2.'&/0-0%54'9 3&' 543-': #; 2.' ,#;2#/#: 39 B'44)

J 100 kA @< 6'3/A B.#-. #9 2?5#-34 10& 3 :#9&%52#0; B#2. @<9 #; 7<L7M@

NOO PA B39 9#/%432': 20 1%44? 92&#G' 2.' 5&06' 3554?#;$ 2.'  !"#$% -0:') 7.'

95'-2&34 3;: &3:#34 :#92&#6%2#0;9 01 2.' 6'3/ B'&' -.09'; 39 :'9-&#6': 360D'

10& 2.' 2'92 9#/%432#0;9) 7.' -34-%432#0;9 9.0B': 2.32 360%2 20(30)% 01 2.'

@<9 B#2. ';'&$#'9 01 1(2)MeV -3; 5&053$32' 2.&0%$. 2.' 8"8) 7.#9 1&3-2#0;

#;-&'39'9 20 34/092 60% 10& 2.' @<9 B.#-. -3&&? 3MeV) 7.' .'32#;$ 01 2.'

#902&05#- $&35.#2' 3;: 2.' /04?6:';%/ 94369 :%' 20 2.' #/53-2 01 3 @< 6'3/

#9 9.0B; #; E$%&' ()!)Q) 7.' D'&2#-34 3F'9 &'5&'9';2 2.' :#&'-2#0; #; B.#-. 2.'

@<9 5&053$32' #;20 2.' /32'&#349) 7.' .0&#R0;234 3F'9 $#D' 2.' :#&'-2#0; 01 2.'

&3:#34 :'-3? 01 2.' @< 6'3/) 7.' -040%& -0:'9 9.0B 2.' .'32#;$ 01 2.' /32'&#349

:%' 20 2.' @< #/53-2) 7.' #;#2#34 2'/5'&32%&' 5&0E4'9 :'-&'39' 92&0;$4? #; 2.'
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 7" #$%&$'!()'$ &'*+,$ *- (.$ %*,879$:)% &!'( !-($' (.$ 5/ 4%&!6(

"#$%&' ()*)+,  !"#$% -./' 0#1%234#.5 .6 47' #183-4 .6 3 9: ;'31 6&.1 3 0#5$2'

<:=<>9 /#0&%84#.5 .54. 47' -32.&#1'4'& 8&.;'



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

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

)-' 56 7'#. (#89'9 )-' .*&37$'+8. )* -#:' %)9 .#2%.8. *4 )-' )'./'"#)8"'

/"*;&' #) )-' 4"*+) 98"4#(' #9 (#+ 7' 9''+ %+ ;<8"' =0>0?@7A0 B%<8"' =0>0?@#A

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

)-' '$<' 78) # 4', mm "#$%#&&3 %+9%$'0 1-%9 %9 #+ '$<' &#3'" 'C'() ,-%(- 9)'.9

4"*. )-' 9(#))'"%+< *4 )-' 569 %+ )-' DBD %+ 4"*+) *4 )-' <"#/-%)'0 1-' 'C'()

:#"%'9 %4 &#"<' (-#+<'9 *4 )-' .#<+')%( ;'&$ Bt #"' #//&%'$0 E) %9 9-*,+ )-#) )-'

)'./'"#)8"'9 %+ )-' %9*)"*/%( <"#/-%)' #+$ )-' .*&37$'+8. $8' )* )-' %./#()

*4 )-' 569 4"*. *+' $%9"8/)%*+ 9)#3 ,'&& 7'&*, )-' ("%)%(#& :#&8'90 67.6% *4

)-' %+(%$'+) 56 '+'"<3 #"' $'/*9%)'$ %+ )-' ),* 9'+9%)%:' 9&#790 1-' "'9) %9 &*9)

:%# $'/*9%)%*+ %+ )-' DBDF )-' <'+'"#)%*+ *4 γG"#$%#)%*+F 9(#))'"%+< *8) *4 )-'

/"*7' *" :%# /#")%(&'9 ,-%(- &'#:' )-' /"*7' )-"*8<- )-' 7#(H9%$'0 1-89F # 9(#&G

%+< 4#()*" *4 1.48 -#9 )* 7' #//&%'$ )* )-' 56 '+'"<%'9 ,-%(- #"' *7)#%+'$ 4"*.

)-' )'./'"#)8"' "%9' %+ *"$'" )* '9)%.#)' )-' )*)#& 56 '+'"<3 %+ )-' $%9"8/)%*+0

1-' 9(#&%+< 4#()*" $'/'+$9 *+ )-' 56 '+'"<3 9/'()"8. 89'$ %+ )-' 9%.8&#)%*+90

1-' &#))'" %9 (-*9'+ #((*"$%+< )* )-' &#)'9) .'#98"'.'+)9 ,%)- )-' -'#) &*#$

/"*7' #+$ )-' 9(%+)%&&#)*" /"*7' $8"%+< 16I1J5 $%9"8/)%*+9 KL?MF L=NO0

 !" #$%&'&( )*&+%,-.*/- $-01 *% 2$33,4.

P'9%$'9 )-' /"*7'9 /"'9'+)'$ #7*:'F +'8)"*+ #+$ 6D6 .'#98"'.'+)9 ,'"'

89'$ )* 98//*") )-' 56 9)8$%'90 1-' $#)# #"' &'99 Q8#+)%)#)%:' 78) +':'")-'&'99

89'48& )* .*+%)*" )-' 56 (*+)'+) *4 )-' 16I1J5 $%9(-#"<'90 E+ *"$'" )*

98//*") )-' $%9(899%*+ #7*8) )-' 56 78"9)9F .'#98"'.'+)9 *4 )-' 9*4) IG"#39

#+$ *4 )-' .#<+')%( /'")8"7#)%*+9 $8"%+< $%9"8/)%*+9 ,'"' 89'$0 1-' #((*"$%+<

$')'()*"9 #"' "*8)%+'&3 #:#%&#7&' #) 16I1J50 R 7"%'4 *:'":%', %9 <%:'+ 7'&*,0

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

S-'+ )-' 569 #"' '2/'&&'$ 4"*. )-' /&#9.#F )-'3 9)"%H' )-' &%.%)'" *" 9*.'

*)-'" TBD0 U8' )* )-' 98$$'+ $'('&'"#)%*+ *4 )-' '&'()"*+9F IG"#39 #"' '.%))'$0

1-'9' IG"#39 (#+ (#89' /-*)*G+8(&'#" "'#()%*+9 %+ )-' /&#9.# 4#(%+< .#)'"%#&9

,-%(- "'98&)9 %+ )-' /"*$8()%*+ *4 +'8)"*+90 1-' .#%+ 16I1J5 &%.%)'"9 #"'

.#$' *4 (#"7*+0 1-' .%+%.8. '+'"<3 )-' 569 .89) -#:' )* (#89' )-' <'+G

'"#)%*+ *4 +'8)"*+9 %+ (#"7*+ %9 #7*8) 10MeV0 1-89F #+ '+-#+('.'+) *4 )-'

+'8)"*+ 9%<+#& %+$%(#)'9 )-' &*99 *4 )-' 569 ,%)- '+'"<%'9 *4 #) &'#9) 10MeV0

B*" )-' '2/'"%.'+)9 /"'9'+)'$ %+ )-%9 )-'9%9 )-' 3%'&$ *4 +'8)"*+9 4"*. 489%*+

"'#()%*+9 %9 +'<&%<%7&' %+ 16I1J50

B*8" +'8)"*+ $')'()*"9 #"' /*9%)%*+'$ *8)9%$' *4 )-' .#(-%+' %+ )-' 16I1J5

-#&&0 1-' +8.7'"9 1 #+$ 2 #"' BF3 $')'()*"90 1-'3 #"' (-#"#()'"%9'$ 73 # 7')G

)'" 9)#7%&%)3 )-#+ )-' $')'()*"9 ? #+$ 4 ,-%(- #"' &%Q8%$ 9(%+)%&&#)*"9 98""*8+$'$

,%)- &'#$0 1-' 9(%+%)%&&#)*"9 9-*, )-' -%<-'" (*8+) "#)'90 1-' 9'+9%)%:%)%'9 #"'

$'("'#9%+< 4"*. $')'()*" 1 )* 40 5#)'9 *4 1011 )* 1014 neutrons/s (#+ 7' (*8+)'$

,%)- # )%.' "'9*&8)%*+ *4 2ms0 1-' /"'(%9%*+ %9 7'))'" )-#+ 10%0 1-' $')'()*"9

,'"' (#&%7"#)'$ 73 )-' #()%:#)%*+ *4 %+$%8. 4*%&90 B*" )-' 56 9)8$%'9 /"'9'+)'$



 !" #$%&'&( )*&+%,-.*/- $-01 *% 2$33,4.  !

"# $%& '%()$&*+ , (#-  .("#/0 $%& /"12"- +'"#$"//($3*+ 4&*& 2+&- (+ $%& 3$%&*

-&$&'$3*+ $&#-&- $3 5& +($2*($&-6

 !"!# $%&'()*+ ,-'%*()*+ $./00/*+ 12&'()*.&(&)

73*.(//08 "# $39(.(9 )/(+.(+ $%& (5+3*)$"3# (#- &."+"+3# 3: $%& ;<; (*& "#

(# &12"/"5*"2.6 =%2+8 $%& ;<; '(# 5& $*&($&- (+ ( 5/('9 53-0 *(-"($"3# 4%"'%

)*3>"-&+ ( .&(#+ $3 .&(+2*& $%& &/&'$*3# $&.)&*($2*& Te6 ? +)&'$*3.&$&* .&(@

+2*&+ $%& ;<; ($ -"A&*&#$ :*&12&#'"&+ "# $%& GHz *(#B& (#- $%&+& '3**&+)3#-

$3 Te ($ -"A&*&#$ *(-"(/ )3+"$"3#+ "# $%& )/(+.(6

=%& )*&+&#'& 3: C;+ "# $%& )/(+.( '(2+&+ ( +2)&*$%&*.(/ '3#$*"52$"3# $3 $%&

*(-"($"3#6 D2& $3 $%& *&/($">"+$"' .3$"3# 3: $%& &/&'$*3#+8 %"B%&* %(*.3#"'+ 3:

$%& ;<; (*& B&#&*($&- (#- :3*. ( *(-"($"3# '3#$"#22. E+0#'%*3$*3# *(-"(@

$"3#F6 =%"+ &."++"3# 3: $%& C;+ (--+ $3 $%& 3#& 3: $%& 5('9B*32#- )/(+.(6 ?+

$%&*& (*& $43 )/(+.( '3.)3#&#$+ 4"$% >&*0 -"A&*&#$ &#&*B"&+8 $%& '3#'&)$ 3: (

$%&*.(/ &12"/"5*"2. 5*&(9+ -34# (#- $%& ;<; '(##3$ 5& 2+&- $3 .&(+2*& $%&

(5+3/2$& &/&'$*3# $&.)&*($2*&6 =%& 12(/"$($">& "#$&*)/(0 3: $%& &."++"3# (#-

*&(5+3*)$"3# )*3'&++&+ %(+ #3$ 0&$ 5&&# "#$&*)*&$&- +2''&++:2//0 6

7&>&*$%&/&++8 $%& &#%(#'&.&#$ 3: $%& ;<; "#-"'($&+ $%& )*&+&#'& 3: C;+ 4"$%

&#&*B"&+ 5&/34 3MeV G!!,H "# =;I=JC6 =%2+8 ;<; .&(+2*&.&#$+ '(# 12(/@

"$($">&/0 +%34 $%& B&#&*($"3# 3: /34 &#&*B0 C;+ "#+"-& $%& )/(+.(6 K3* $%&

.&(+2*&.&#$+ *&)3*$&- "# $%"+ $%&+"+ +)&'$*3.&$&* '%(##&/+ -&$&'$"#B :*&12&#@

'"&+ :*3. 133 $3 148GHz 4&*& 2+&-6

 !"!3 1*4( 56)7- ,7.&)70

=%& "#$&*('$"3# 3: $%& C;+ 4"$% $%& 5('9B*32#- )/(+.( '(2+&+ $%& &."++"3#

3: 5*&.++$*(%/2#B (#- /"#& *(-"($"3# :*3. ".)2*"$"&+6 L&#'&8 (# &#%(#'&.&#$

3: $%& +3:$ I@*(0+ '(# 5& 35+&*>&- ": C;+ (*& )*&+&#$ "# ( $39(.(9 )/(+.(6

?$ =;I=JC $%&*& (*& :32* -&$&'$3*+ 4%"'% .&(+2*& $%& +3:$ I@*(0+6 =%&+&

)"# -"3-& (**(0+ (*& (// 3: $%& +(.& $0)&6 =43 3: $%& '(.&*(+ E$%& #2.5&*+

1 (#- 2F /339 :*3. $%& $3) >&*$"'(//0 $%*32B% $%& )/(+.(6 ;('% 3: $%&+& $43

'(.&*(+ %(+ 20 /"#&+ 3: +"B%$6 =%& 3$%&* $43 '(.&*(+ E$%& #2.5&*+ 3 (#- 4F
/339 :*3. $%& MKN %3*"O3#$(//0 $%*32B% $%& )/(+.(6 =%&0 %(>& 16 /"#&+ 3: +"B%$

&('%6 =%& >"&4+ 3: $%& :32* '(.&*(+ (*& +%34# +'%&.($"'(//0 "# ( )3/3"-(/ '*3++

+&'$"3# "# PB2*& Q6R6!6 =%& %3*"O3#$(/ 35+&*>($"3# /"#&+ (*& /(5&/&- (+ S3-TM!

$3 S3-TMUV (#- $%& >&*$"'(/ 3#&+ (+ S3-! $3 S3-QW6 ?+ "#-"'($&- "# $%& PB2*&8

$%& (.)/"$2-&+ 3: $%& +"B#(/+ '(# 5& (-X2+$&- 50 2+"#B -"A&*&#$ '3.5"#($"3#+ 3:

+/"$+ (#- 5&*0//"2. P/$&*+ "# :*3#$ 3: $%& -&$&'$3*+6 N/"$+ 4"$% 4"-$%+ 3: 1.5mm8

10mm8 15mm8 20mm (#- 25mm (*& (>("/(5/&6 =%& $%"'9#&++&+ 3: $%& P/$&*+ '(#

5& '%3+&# :*3. 10µm8 20µm8 40µm8 80µm (#- 500µm6 =%& +)($"(/ *&+3/2$"3#

3: $%& .&(+2*&.&#$+ "+ ())*3Y".($&/0 3 cm6 =%& -"A&*&#$"(/ (.)/"P&*+ "# 2+&

%(>& ( +(.)/"#B *($& 3: 200 kHz (#- $%&0 (//34 +"B#(/ B("#+ 3: 18 10 (#- 1006
Z# +&'$"3# ,6[ $%& +3:$ I@*(0 +"B#(/ S3-TM[! "+ 2+&- $3 +2))3*$ $%& C; )*35&

.&(+2*&.&#$+6 =%"+ /"#& 3: +"B%$ "+ .(*9&- 50 ( *&- (**34 "# PB2*& Q6R6!6 Z$



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

"#$%&' ()*)+, -./'0' 12 3 4151#635 .&177 7'.8#19 12 :;<:=> 7/1?#9$ 8/' 21%&

7128 <@&3A .30'&37B 8/' C'&8#.355A 511D#9$ .30'&37 1 396 2 /3C' 20 5#9'7 12 7#$/8

'3./E 8/' /1&#F198355A 511D#9$ .30'&37 3 396 4 /3C' 16 5#9'7 12 7#$/8 '3./B 8/'

5#9' G16HI!+ #7 03&D'6 JA 39 3&&1? 37 #8 #7 %7'6 81 7%441&8 8/' >; 0'3@

7%&'0'987 K&'4&16%.'6 ?#8/ D#96 4'&0#77#19 12 8/' L;M@(E "1&7./%9$7F'98&%0

NO5#./ P0JQR

J'519$7 81 8/' .30'&3 3 ?/#./ 511D7 2&10 8/' I"- /1&#F198355A 8/&1%$/ 8/'

453703 .'98&' 81 8/' %44'& /352 12 8/' J%04'& 5#0#8'&)

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

S#.D %4 .1#57 ?/#./ 0'37%&' .'&83#9 .10419'987 12 8/' 03$9'8#. T'56 12

3 81D303D 3&' 8A4#.355A .355'6 G#&91C .1#57) U8 :;<:=> 6#V'&'98 7'87 12

G#&91C .1#57 3&' 14'&38'6) W#8/ &'74'.8 81 8/'#& 51.38#19 3&1%96 8/' 81&%7

8/'A .39 J' 6#78#9$%#7/'6 #981 8?1 $&1%47) :/' T&78 $&1%4 .197#787 12 .1#57

?/#./ 3&' 6#78&#J%8'6 3&1%96 3 4151#635 .&177 7'.8#19 12 8/' 81&%7) :/' .1#57

?/#./ 3&' 81&1#6355A 6#78&#J%8'6 3&1%96 8/' 81&%7 38 8/' 730' 4151#635 39$5'

21&0 8/' 7'.196 $&1%4) L96'4'96'98 12 8/'#& 51.38#197 8/'&' 3&' 4151#635 396

&36#35 G#&91C .1#57 38 :;<:=>) :/' 5388'& 3&' 51.38'6 #97#6' 8/' 5#9'& 396

38 'X%381&#35 417#8#197 19 8/' I"-) :/'7' .1#57 0'37%&' 8/' &36#35 Y%.8%38#197

12 8/' 03$9'8#. T'56) :/' 4151#635 T'56 .1#57 3&' #978355'6 38 8/' #99'& 7#6'
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"# $%& '()&* +), $%&- .&+/0*& $%& 1"'"(,+' 1&*$0*2+$(")/ "# $%& .+3)&$(4 5&',6

7) /&4$(") 869 + :(*)"; 4"(' /(3)+' (/ 0/&, $" /011"*$ $%& <= /$0,(&/6 >%&

4"**&/1"),()3 1"'"(,+' 5&', 4"(' ?@(A AB (/ '"4+$&, +$ 60◦ +2";& $%& &C0+$"*(+'

.(,1'+)& ") $%& DEF6
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 !"#$%$& '()*+,-#. /# 0/.,"1+/-#.

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

4"#).&'"*+#5  !( ).+%0%1 !(%' -*%4 &)*/( 0%# %&&-"(4 '* #'.41 '!( #&($').3

%+4 '!( )%4"%- 4($%1 *6 '!( ).+%0%1# "+  78 9: 4"#).&'"*+# ;<=>?5  !( #$"+@

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

*6 '!( /.)#'@-"2( -*##(# *6 '!( ).+%0%1 (-($')*+# 4.)"+B '!( $.))(+' C.(+$! *6

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

(+()B1 $%))"(4 /1 '!( ).+%0%1# 4.)"+B '!( 4"#).&'"*+# ;<==?5  !( '!)(( 3%"+

#($'"*+# %)( -"+2(4 '* (%$! *'!()5 F($'"*+ G5> )(A+(# '!( )(#.-'# *6 #($'"*+ G5<5

 !( (#'"3%'"*+# *6 '!( ).+%0%1 (+()B1 "+ #($'"*+ G5> %)( .#(4 '* "+4(&(+4(+'-1

$!($2 '!( )(#.-'# *6 '!( $%-*)"3('() 3(%#.)(3(+# "+ #($'"*+ G5=5 H-- '!( '(I'#

%+4 AB.)(# %)( /%#(4 *+ '!( $*))(#&*+4"+B &%&()# *6 '!( %.'!*)5 7%$! *6 '!(

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

"+6*)3%'"*+ 3%+4%'*)1 '* 6*--*0 '!( &)(#(+'(4 #'.4"(#5 J*) 3*)( 4('%"-# *6 '!(

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

&!1#"$# %+4 6*) 3*)( $*3&)(!(+#",( 4(#$)"&'"*+# *6 '!( %&&-"(4 #$"(+'"A$ "+@

#').3(+'# &-(%#( #(( $!%&'() D5  !( 3%'()"%- %+%-1#"# &)(#(+'(4 "+ '!( #($'"*+

G5<5= 0%# $%))"(4 *.' /1 '!( B)*.& *6 K5 L"+2( %' '!( M7N@> *6 '!( J*)#$!.+B#O(+@

').3 KP-"$! Q3/R5  !( '!()3*B)%,"3(')"$%- 3(%#.)(3(+'# "+ #($'"*+ G5<5D 0()(

$%))"(4 *.' %' '!( M+#'"'.' 6P) *)B%+"#$!( .+4 3%2)*3*-(2.-%)( S!(3"( *6 '!(

R("+)"$!@R("+(@T+",()#"'U' VP##(-4*)65

 !" #$%&'( )%*+,-.-+$ /$0 1/0-/2 )%3/( +4 15$/6/( #2%37
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 0" 1/!,2! +%''$)& 3-&4 ! 56 7/!&$!% !)* !)

$87()$)&-!//9 *$+!9-). :&

"#$%&' !()()* +#$,-./ 0'-/%&'1 1%&#,$ 23' 456478 1#/&%92#:, 2: ;3#<3 23'

3'-2 .:-1 9&:=' ;-/ -99.#'1



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

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

(-/3"/3 -/4"%+/*-/# +5 & #+6&*&67 *+!# +5 #1- -8$-%"*-/#&( 6/+9(-03- &,+.#

#1- :;! %-("-! +/ +#1-%7 "/0"%-'# *-&!.%-*-/#&( #-'1/"<.-! .!"/3 /-.#%+/ !"3/&2

#.%-! =>?@7 >A?B7 C2%&)! =DD7 >?@E>?FB7 "/#-%4-/"/3 $%+,-! #+ -/1&/'- #1- C2%&)

)"-(0 +5 #1- :;! =>?GB7 !)/'1%+#%+/ =>>?7 >>>B +% -(-'#%+/ ')'(+#%+/ %&0"&#"+/

=>?H7 >?IBJ  3%-&# 0-&( +5 0&#& 1&! ,--/ '+((-'#-0 #1"! 9&)7 ,.# #1-%- &%- !#"((

*&/) +$-/ <.-!#"+/!7 -J3J '+/'-%/"/3 #1- -/-%3) !$-'#%.* +5 #1- :;!J K1-

*&"/ *-&!.%-*-/# 0-4"'- +5 #1"! !-'#"+/ "! #1- 1-&# (+&0 $%+,- 91"'1 9&! 0-2

!"3/-0 #+ -8$(+"# #1- -/-%3) 0-$+!"#"+/ +5 :;! "/ *&#-%"&(! +5 0"L-%-/# &#+*"'

/.*,-%!J M+*$&%"/3 #1- -8$-%"*-/#&( %-!.(#! +5 #1- :; "*$&'# "/ #1- $%+,-

*&#-%"&( 9"#1 #1%--20"*-/!"+/&(7  !"#$% '+0- ,&!-0 !"*.(&#"+/!7 !"/3(- !1+#

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

("*"#"/3 +,!#&'(-! &%- +,#&"/-0J K1- 0-!"3/ &/0 #1- 9+%6"/3 $%"/'"$(- +5 #1-

$%+,- 9-%- -8$(&"/-0 "/ #1- !-'#"+/ @JGJ N/ AJ>JO &/0 AJ>J@ #1- -4&(.&#"+/ +5 #1-

:; "*$&'# +/#+ #1- $%+,- "! 0"!'.!!-0 "/ 0-#&"(J K1- '+%%-!$+/0"/3 !"*.(&#"+/!

(-&0 #+ #1- %-!.(#! 3"4-/ "/ !-'#"+/ AJ>JAJ N/ & P%!# !#-$ #1- 5+((+9"/3 !-'#"+/

"/5+%*! &,+.# #1- $%+,- *-&!.%-*-/# &# K;CKQ:J

 !" #$!% &'!( )*'+$ !,%$* %-$ ./ 012

)!3%

 +" 4*'+$ 3'*$ 50%- %-$ ./ 6078!%9*$

R"3.%- AJ>JDS T1+#+3%&$1! +5 #1- 1-&# (+&0 $%+,-

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

K1- K;CKQ: 0"!%.$#"+/ '1&%&'#-%"!-0 1-%- 9&! "/0.'-0 ,) #1- "/U-'#"+/ +5

&%3+/ 3&! &# 2.5 s &5#-% #1- !#&%# +5 #1- 0"!'1&%3- =>>A7 >>F7 >DGBJ R+% #1"! #1-
VWX2O? 9+%6-0 9"#1 & $%-!!.%- +5 1.2 bar &/0 "/U-'#-0 0.02 bar · LJ  '++("/3 +5
#1- q = 2 !.%5&'- "! '&.!-0 &/0 1-/'- #1- 0"!%.$#"+/ "! !#&%#-0J K1"! $%+'-0.%-



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

"#$%$&'(() '*( "(&(%$'+,& ,- $ )#.)'$&'+$/ &#0.(% ,- 12)3 4*( 5%,5(% %$6+$/

5,)+'+,& ,- '*( 12 .($0 7$) 8,&'%,//(6 $8'+9(/: 6#%+&" '*( 6+)%#5'+,& .: '*(

9(%'+8$/ 0$"&('+8 ;(/63 4*( ',%,+6$/ 0$"&('+8 ;(/6 7$) 2.4T $&6 '*( 5/$)0$

6(&)+': .(-,%( '*( "$) +&<(8'+,& 7$) 1.5 · 1019 m−3
3 4*( 12 8,&'(&' ,- '*( 6+)=

%#5'+,& +) 9(%+;(6 .: '*( &(#'%,& 6('(8',%) ,#')+6( ,- '*( 0$8*+&(> '*( γ=6,)(
,#')+6( ,- '*( 42?4@1 *$// $&6 '*( '+0( (9,/#'+,& ,- '*( 5/$)0$ 8#%%(&'3 A#(

', '*( +&'(%$8'+,& ,- '*( 12) 7+'* $ 0$'(%+$/> 5*,',&) $%( 5%,6#8(63 4*,)(

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

&(#'%,&) BCDEF3 4*( 0+&+0#0 (&(%": '*%()*,/6 -,% '*( 12) ', $//,7 '*( 5%,=

6#8'+,& ,- &(#'%,&) +) $.,#' 10MeV3 G' 42?4@1 -,#% &(#'%,& 6('(8',%) 7+'*

6+H(%(&' )(&)+'+9+'+() $%( $9$+/$./(3 I+"#%( D3C3CJ$K )*,7) '*( )+"&$/ ,- '7, ,-

'*( 6('(8',%)3 4*( γ=6,)( ,#')+6( '*( 42?4@1 *$// 7$) (&*$&8(6 ', 7.7  Sv3
4*( 5/$)0$ 8#%%(&' )*,7(6 '*( ':5+8$/ %('$%6$'+,& ,- '*( (L5,&(&'+$/ 6(8$: +&

-,%0 ,- $ 12 5/$'($# 6#%+&" '*( 8#%%(&' M#(&8* 5*$)( ,- '*( 6+)%#5'+,& 7*+8*

8$& .( )((& +& ;"#%( D3C3CJ.K3 N& ,%6(% ', 6('(%0+&( '*( 0$L+0#0 12 8#%%(&'

,- 97 kA> $& (L5,&(&'+$/ ;'> $/), )*,7&> 7$) )#.)'%$8'(6 -%,0 '*( 5/$)0$ 8#%=

%(&'3 I%,0 '*+) '*( &#0.(% ,- '*( 12) 7$) 8$/8#/$'(6 ', .( 2.3 · 10163 4*(

*($' /,$6 5%,.( 7$) +&)(%'(6 5mm +&', '*( 5/$)0$ -,% $.,#' 200ms -%,0 0.1 s
.(-,%( '*( $%",& +&<(8'+,&3 4*( 5,)+'+,& ,- '*( OPIQ 7+'* %()5(8' ', '*( 5%,.(

6#%+&" '*( (L5(%+0(&' +) +&6+8$'(6 +& ;"#%( R3!3S3 A#( ', '*(+% *+"* (&(%":> '*(

,%.+') ,- '*( 12) $%( )*+-'(6 %$6+$//: ,#'7$%6) -%,0 '*( T#L )#%-$8()3 G-'(% '*(

6+)%#5'+,& '*( 5%,.( 7$) '$U(& ,#' $&6 6+)0,#&'(6 ', $//,7 '*( (9$/#$'+,& ,-

'*( 12 +05$8'3

20µm

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

20µm

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

I+"#%( D3C3VW Q8$&&+&" (/(8'%,& 0+8%,)8,5( 5+8'#%() ,- $ 5$%' ,- '*( )#%-$8( ,-

'*( 6$0$"(6 5%,.( 8,%(

 !"!# $%&'(&)*+, +- )./ 0(,&1&2 $'/3)4+, 567&3)

I+"#%( D3C3SJ.K )*,7) '*( 8,%( ,- '*( 5%,.( $-'(% 6+)0$&'/+&" '*( *,#)+&"3

4*( 6$0$"( ', '*( 8,55(%=(5,L: 0$'(%+$/ +) /,8$'(6 (L8/#)+9(/: $' '*( (/(8'%,&

)+6(3 G) '*( *,#)+&" )*+(/6) $"$+&)' /,7 (&(%": (/(8'%,&)> '*( 12) 0#)' .( '*(

8$#)( -,% '*( 6$0$"(3 @& '*( +,& )+6( ,- '*( 5%,.( &, 9+)+./( 6$0$"( +) -,#&63



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

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

0%/# 2%& -)&#/'4)- %& 5%+ () &))+ ,+ 6.1/) 7898:;%<8 =3#$'1.$ +'# %00/)5,%#)->

#$) 0/'() *%#)/,%3 3'&# ,+ #$) ?)&&)3 5%1&)- +' 5'+&,-)/%(3) -)3%4 '@ #$) ABCD

AEF 0/'./%* %& #$) *%5$,+) $%& )G)5#,?) 2%4& '@ 53)%+,+.8 A$) *'&# 3,H)34

)I03%+%#,'+ '@ #$) &)J1)+5) '@ )?)+#& ,& .,?)+ $)/)8 A$) $'1&,+. 2%& $)%#)-

&,.+,65%+#34 (4 #$) ,*0,+.,+. 0%/#,53)& 2$,3) #$) FB& 2)/) 0%&&,+. #$/'1.$ #$)

./%0$,#) %+- -)0'&,#)- #$) *%,+ 0%/# '@ #$),/ )+)/.4 ,+ #$) 5'/)> 2$,5$ 2%&

$)%#)- %(/10#34> 3)%-,+. #' #$) )?%0'/%#,'+ '@ % 0%/# '@ #$) )0'I4 /)&,+8 K'+D

&)J1)+#34> % .%& 0/)&&1/) (1,3# 10 2$,5$ #'.)#$)/ 2,#$ #$) #$)/*%3 &$'5H 2%&

)+'1.$ #' 5/%5H #$) ./%0$,#) %+- 01&$ 'G #$) #'0 0%/#8 =& -)&5/,()- %('?)>

#$) ./%0$,#) $'1&,+. '@ #$) &5,+#,33%#'/ 0/'() 2%& -%*%.)- -1/,+. % &)/,)& '@

-,&/10#,'+&> (1# #$)/) 2%& +' .%& 0/)&&1/) %+- $)+5) #$) 5/%5H)- 0,)5) &#%4)- ,+

03%5)8 A$,& *)%+& #$%# #$) ./%0$,#) (/'H) %@#)/ #$) FB ,*0%5#> (1# -1/,+. #$)

-,&/10#,'+ #$) 5'/) 2%& &$,)3-)- %# %33 #,*)&8 A$) -%*%.) #' #$) 5'/) &$'2,+.

+' -,&5'+#,+1,#4 %# #$) /%-,%3 0'&,#,'+ '@ #$) (/)%H%.) '@ #$) ./%0$,#) %+- .',+.

53)%/34 -))0)/ #$%+ #$,& )-.) &))*& #' &#/)+.#$)+ #$,& &5)+%/,'8

A' 3)%/+ *'/) %('1# #$) +%#1/) '@ #$) -%*%.) %+- $)+5) #$) FB ,*0%5#>

20µm

 !"

10µm

 #"

L,.1/) 7898MN O5%++,+. )3)5#/'+ *,5/'&5'0) 0,5#1/)& '@ '+) 0%/# '@ #$) &1/@%5) '@

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

3)?)3& '@ -)#%,3

&#1-,)& 2,#$ % &5%++,+. )3)5#/'+ *,5/'&5'0) 2)/) 5%//,)- '1#8 L'/ #$,& 01/0'&)>

#$) *%#)/,%3 2%& &01##)/)- 2,#$ 03%#,+ #' .)# % #$,+ 5'%#,+.8 L,.1/) 7898P &$'2&

0,5#1/)& '@ #$) &%*) &1/@%5) /).,'+ ,+ #2' -,G)/)+# -)#)5#,'+ *'-,8 L'/ 6.1/)

7898P;%< &)5'+-%/4 )3)5#/'+& 2)/) -)#)5#)-8 L,.1/) 7898P;(< /)&13#& @/'* -)#)5#D

,+. (%5H&5%##)/)- )3)5#/'+&8 A$) 3%##)/ &$'2& #$) *%#)/,%3 2,#$ % $,.$ %#'*,5

+1*()/ (/,.$#)/ %+- 2,#$ % 3'2 %#'*,5 +1*()/ -%/H)/8 E+) 5%+ 53)%/34 &)) #$)

%00/'I,*%#)34 &0$)/,5%3 5'00)/ 0%/#,53)& ,+ #$) *%#/,I '@ #$) )I0'I4 /)&,+8 A$)

0%/#,53)& %/) *'&#34 &)0%/%#)- @/'* )%5$ '#$)/ 2$,5$ *%H)& #$) *%#)/,%3 )3)5#/,D

5%334 ,+&13%#,+.8 A$1&> #$) )0'I4 /)&,+ 5%+ () $)%#)- 3'5%334 ,+ #$) &1//'1+-,+.

'@ #$) 5'00)/ 0%/#,53)& (4 $)%# 5'+-15#,'+8 "+ 6.1/) 7898M % 0%/# '@ #$) -%*D

%.)- &1/@%5) ,& -)0,5#)- ,+ #2' -,G)/)+# 3)?)3& '@ -)#%,38 A$) &)5'+-%/4 )3)5#/'+

-)#)5#,'+ *'-) ,& 1&)-8 A'.)#$)/ 2,#$ 6.1/) 7898P;%< ,# 0/''@& #$%# #$)/) ,& +'



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

1500µm

"#$%&' ()*)(+ ,&-.. .'/0#-1 -2 03' /-&' -2 03' 4&-5' 6#03 06- 788'8 /%&9'.

-%0:#1#1$ 03' ;< 87=7$'.> /&7/?. 718 '=40@ 3-:'. 63'&' /-44'& 47&0#/:'. 2'::

-%0> 718 7 87.3'8 :#1' #18#/70#1$ 03' 744&-A#=70' 4-.#0#-1 -2 03' $&743#0' '8$'

720'& 5&'7?#1$



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

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

-)0&%&)'0 1+#.# ,)--#. -/.%&,$#0 )36&)40$5 *#$$ )4% )* %+# $),/$$5 7#0%/3&$&0#7

#-)85 .#0&'9

:) 3# /3$# %) ;4/'%&*5 )4. /'/$50&02 "#%/$$)(./-+&,/$ 0%47&#0 1#.# ,/..&#7 )4%

&' %+# '#8% 0%#-9 <4# %) %+# "/'5 ,./,=0 /'7 $)0# >/=#0 )* %+# "/%#.&/$ )' %+#

04.*/,#2 %+# 7/"/(#7 .#(&)' 1/0 6#.5 4'0%/3$#9 ?) &% 1/0 '#,#00/.5 %) #"3#7

%+# ,).# &' /' /77&%&)'/$ #-)85 .#0&' 1+&,+ &0 7/.=#. %+/' %+# +&(+ %#"-#./@

%4.# .#0&0%/'% )'#9 :+# /77&%&)'/$ .#0&' /$0) +/0 / $)1#. 6&0,)0&%5 /'7 1/0 %+40

/3$# %) 0#/$ %+# 4'0%/3$# ,./,=0 '#/. %+# 04.*/,#9 A.#-/.#7 &' %+&0 1/52 %+#

,).# ,5$&'7#. 1/0 ,4% &' %+# $)'(&%47&'/$ 7&.#,%&)' .&(+% %+.)4(+ %+# 7/"/(#7

/.#/ 35 1&.# #.)0&)'9 B/.#*4$$5 #8#.%#72 %+&0 %#,+'&;4# &'%.)74,#0 ') /77&%&)'/$

,+/'(#0 74# %) +#/% ). "#,+/'&,/$ 0%.#00#0 %) %+# "/%#.&/$9 :+# ,4%%&'( /'7

0430#;4#'% -)$&0+&'( 7#$&6#.#7 / ,.)00 0#,%&)' 1+&,+ 1/0 #8/"&'#7 1&%+ /' )-@

%&,/$ "&,.)0,)-#9 C&(4.# D9E9D 0+)10 /' )6#.6&#1 )* %+# 7/"/(#7 /.#/9 B./,=02

).&#'%#7 -/./$$#$ %) %+# 04.*/,#2 /.# 6&0&3$#9 :+# 7/0+#7 $&'# &'7&,/%#0 %+# ./7&/$

-)0&%&)' )* %+# (./-+&%# #7(# /*%#. &% 3.)=#9 :+# $/.(#.2 7/"/(#7 -&#,# )' %+#

$#*% 0&7# 1/0 +#$7 &' -$/,# 3#+&'7 %+# (./-+&%# +)40&'( 74.&'( %+# 7&0,+/.(# /'7

%+40 0+)4$7 ')% 3# &'%#.-.#%#7 /0 / 7&0,)'%&'4&%5 &' %+# 7/"/(#9 F' G(4.# D9E9H

0)"# 7#%/&$0 /.# -.#0#'%#7 1&%+ / $/.(#. "/('&G,/%&)'9 F% +/0 %) 3# "#'%&)'#72

%+/% %+# ,.)00 0#,%&)'0 )* %+# -/.%&,$#0 0+)1' &' %+# "&,.)0,)-# -&,%4.#0 /.# )*

,)4.0# 0"/$$#. %+/' %+# 0&I# )* %+# *4$$ -/.%&,$# 0-+#.#0 35 ./'7)" */,%).0 74#

%) %+# ,4%%&'(9 J ,./,= G$$#7 1&%+ %+# 7/.=#. .#0&' /0 1#$$ /0 7/.= 0-)%02 3#&'(

#"-%5 -)0&%&)'0 *.)" 1+&,+ -/.%&,$#0 +/6# */$$#' )4%2 ,/' 3# 0##'9 F' ).7#. %)

&"-.)6# %+# 6&0&3&$&%5 )* %+# ,./,=0 /'7 7/.= 0-)%02 %+# "#%/$$)(./-+&, 0/"-$#

1/0 ,)/%#7 1&%+ / 100 nm %+&,= ()$7 $/5#. KG(4.# D9E9 L9 :+# 7/.= +)$#0 /--#/.

)36&)40$5 ").# )*%#' &' %+# 7/"/(#7 .#(&)' ,$)0# %) %+# 04.*/,# 4- %) / 0-#,&G,

7#-%+0 &'%) %+# "/%#.&/$9 <##-#. &'0&7# %+#.# /.# )'$5 6#.5 *#1 04,+ 0-)%09 :+#

7/"/(#0 &' *)." )* ,./,=0 /'7 7/.= 0-)%0 /--#/. %) 3# %+# 0&('/%4.# )* %+# MN

#'#.(5 7#-)0&%&)'9

O')1&'( %+&02 / 0-/%&/$ "#/04.#"#'% )* %+# 0&('/%4.# +/7 %) 3# 7)'#9 C).

500µm

C&(4.# D9E9HP Q-%&,/$ "&,.)0,)-# -&,%4.# )* %+# ,.)00 0#,%&)' )* %+# -.)3# ,).#

0+)1&'( ,./,=0 /'7 7/.= 0-)%0 /0 MN 7/"/(#0



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

1000µm

"#$%&' ()!) * +,-#./0 1#.&23.2,' ,#.-%&' 24 -5' .&233 3'.-#26 24 -5' ,&27' .2&'

8#-5 / 100 nm -5#.9 $20: .2/-#6$ 3528#6$ -5' .&/.93 /6: :/&9 3,2-3 /3 -5' ;<

:/1/$'3



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

"#$%& '()(' *+, -$%.&/ +&%& 012-&3 ,4 *,0 ,5 *6& 78-%,/-,0& 08-*$%&9 ,4& ,$*184:

84# *6& %&728484# 0%,;& 72*&%821 243 *6& ,*6&% -$%.& 5,11,+84# *6& &3#& ,5 *6&

%&#8,4 +68-6 -,4*284/ *6& -%2-</ 243 24 &4624-&3 3&4/8*8= ,5 *6& 32%< /0,*/(

>4;&*+&&4 *6& *+, -$%.&/ 4&2%1= 211 *6& .8/8;1& ?@ 3272#&/ 84 *6& %&728484#

72*&%821 -24 ;& 5,$43(
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 3" 4-!+2$ *, (-$ .!/01$ ($/0$5!(&5$

'!&.$% 36 (-$ -$!( 7*8 )+(* (-$ .!/01$

A8#$%& '()(BC ?&/$1*/ ,5 *6& *6&%7,#%2.87&*%= 7&2/$%&7&4*

 !"!# $%&'()*'+,-(&.'-/+0 1&+23'&(&4.2

D, 211,+ 2 -,702%8/,4 ,5 *6& &E0&%87&4*21 08-*$%& +8*6 /87$12*8,4/9 8* 623

*, ;& 5,$43 ,$* 6,+ 7$-6 &4&%#= 0&% $48* .,1$7& 8/ 4&-&//2%= *, -2$/& *6&

3272#&/ *, *6& 0%,;& 72*&%821( F&-2$/& *6& 6&2* -202-8*= ,5 0,1=7&%&/9 18<&

*6& &0,E= %&/849 -624#&/ /*%,4#1= +8*6 *6&8% *&70&%2*$%& 243 ;&-2$/& ,5 0,//8;1&

-6&78-21 %&2-*8,4/ ,5 *6& 72*&%821 -,70,4&4*/9 *6&%7,#%2.87&*%= +2/ $/&3 *,

3&*&%784& *6& 27,$4* ,5 &4&%#= *62* #,&/ 84*, *6& 72*&%821 +681& 8* 8/ 6&2*&3(

A,% *6& 7&2/$%&7&4* 24 $4$/&3 /2701& ,5 27.5mg ,5 *6& 72*&%821 78E*$%& +2/

&E2784&3 84 2 G&%<84 @17&% HDI JKKK /87$1*24&,$/ *6&%721 2421=/&%( D6&

/2701& +2/ 6&2*&3 5%,7 30◦ C $0 *, 800◦ C 2* 2 -,4/*24* %2*& ,5 10◦ C/min(
L$%84# *6& 6&2*84# 0%,-&// *6& 72// ,5 *6& /2701& 243 *6& 6&2* M,+ 84*, 8* +&%&

7&2/$%&3( A8#$%& '()(BN2O /6,+/ *62* *6& 7284 1,// ,5 *6& /2701& 72// *,,<

012-& ;&*+&&4 300◦ C 243 425◦ C( P&%& *6& &0,E= %&/84 +2/ &.20,%2*&3 $4*81

,41= -,00&% +2/ 1&5* 84 *6& /2701&( D6& 6&2* M,+9 /6,+4 84 "#$%& '()(BN;O9

#,84# 3,+4 $4*81 2;,$* 500◦ C9 7&24/ *62* 1&// 243 1&// &4&%#= 623 *, ;& 0$*

84*, *6& /2701& *, 84-%&2/& *6& *&70&%2*$%&( D6& %&2/,4 8/ *6& #&4&%2*&3 6&2*

,5 %&2-*8,4( I* 2;,$* *6& 78487$7 ,5 *6& -$%.& *6& &0,E= +2/ #,4& 243 ,41=

-,00&% 623 *, ;& 6&2*&3( D6& 6&2* M,+ 84-%&2/&3 2#284 : /*&&01= 2;,.& *6&

7&1*84# 0,84* ,5 -,00&% 2* 660◦ C( >* 8/ %&72%<2;1& *62* ,41= *6& ;&#84484# ,5

*6& -$%.& $0 *, 117.6◦ C 8/ &43,*6&%78-9 2/ 5%,7 *68/ 0,84* ,4 *6& 6&2* M,+

;&-27& 4&#2*8.& 243 *6&%& +2/ 4, 7,%& &4&%#= 4&-&//2%= *, 6&2* *6& /2701&

5$%*6&%( I4 84*&#%2*8,4 ,5 *6& &43,*6&%78- 02%* ,5 *6& 6&2* M,+ ,.&% *87& -$%.&

3&18.&%/ *6& 78487$7 &4&%#= 4&-&//2%= *, &.,<& *6& 3272#&/ 84 *6& 72*&%821(



 !" #$%&'( )%*+,-.-+$ /$0 1/0-/2 )%3/( +4 15$/6/( #2%3.&+$,  !
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"#$%&' ()*)+, -./01&#2.3 .4 56' '70'&#/'3518 9%&:'2; .%58#3#3$ 56' <= >1/1$'2;

13> 56' 2#/%815#.3 ?#56 n(E) = 0.21MeV−1 ·exp(−0.21MeV−1 · E) 13> n(r) =
0.14mm−1 · exp(−0.14mm−1 · r)
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 !" #$%&'(! )*'+ λE = {0.11..0.27}MeV−1
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"#$%&' ()*)*@, <13$'2 .4 >#25&#A%5#.32



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

"# $%& $&'(&)*$+)& ,- $%& (),.& .&-,)& $%& /0 1'(*2$ 1# +343,536 $%& #$*)$137

(,13$ T0 ,- $%& 13$&7)*$1,3 1# 3,$ 8&93&8 *38 ,3:; +3:14&:; %17% $&'(&)*$+)&#

2*3 .& &<2:+8&8= >%&)&-,)&6 T0 1# * ?*)1*.:& 13 $%& 2,'(*)1#,3 ,- $%& &<(&)1'&3$

*38 $%& #1'+:*$1,3#=

 !"!  !"#$% #$%&' ()*+& ,$-.) /012.$+0)*%

>%& #1'+:*$1,3# ,- $%& /0 1'(*2$ ,3$, $%& (),.& 5&)& 2*))1&8 ,+$ 51$%

$%& %&:( ,-  !"#$%= >%& (),7)*' 132:+8&# $%& $%)&&@81'&3#1,3*: (),.& 7&@

,'&$);6 $%& *((),()1*$& '*$&)1*:# *# 5&:: *# * $,),18*: '*73&$12 9&:8 ,- 2.4T=
>%& )*81*: 81#$)1.+$1,3 *38 $%& &3&)7; #(&2$)+' ,- $%& &:&2$),3 .&*' 13218&3$

,3$, $%& (),.& *)& 2*:2+:*$&8 +#137 )*38,' 3+'.&)#= ":: #, 2*::&8 &:&2$),'*7@

3&$12 &A&2$# :14& $%& (%,$, &:&2$)12 &A&2$6 B,'($,3 #2*$$&)1376 γ@2,3?&)#1,36
.)&'##$)*%:+37 *38 1,31#*$1,3 *)& (*)$ ,- $%& (),7)*'= "# $%& 13(+$ ,- $%&

#1'+:*$1,3# *3 &3&)7; #(&2$)+' n(E) *38 * )*81*: 81#$)1.+$1,3 n(r) ,- $%& &:&2@

$),3 .&*' %*?& $, .& 9<&8= C3 $%& (,:,18*: 81)&2$1,3 $%& .&*' 1# 2%,#&3 $, .&

+31-,)':; 81#$)1.+$&8 ,?&) $%& &<$&3#1,3 ,- $%& (),.& 5%12% '&*3# $%& (),.&

7&$# #$)+24 .; $%& -+:: .&*'= "881$1,3*::;6 1$ %*# $, .& *##+'&8 $%*$ $%& &3&)7;

#(&2$)+' ,- $%& /0# 8,&# 3,$ 8&(&38 ,3 $%& )*81*: (,#1$1,3= >%1# *##+'($1,3

51:: .& D+#$19&8 .; $%& '&*#+)&'&3$# 13 #&2$1,3 E=F= >%& 3+'.&) ,- $%& #1'@

+:*$&8 ()1'*); &:&2$),3 .&*' (*)$12:&# 1# #2*:&8 +( $, $%& 3+'.&) ,- $%& /0#

2*:2+:*$&8 -),' $%& /0 2+))&3$ $, .& 2.29 ·1016= >%& ,+$(+$ ,- $%& #1'+:*$1,3 1#

* $5, 81'&3#1,3*: '*$)1< ,- $%& *.#,:+$& ?*:+&# ,- $%& &:&2$),3 &3&)7; 8&(,#1$&8

(&) +31$ ?,:+'& 13 $%& 2,)& ,- $%& (),.&= >, ,.$*13 $%1#6 $%& &3&)7; 8&(,#1$1,3

13 $%& 2,)& 1# &?*:+*$&8 ,3 * 7)18 13 $%& )*81*: *38 $,),18*: 81)&2$1,3# 51$% *

7)18 (*)*'&$&) ,- 0.5mm= "# $%& &<(&)1'&3$ #%,5# ,3:; * GH (),9:& ,- $%&

/0 #173*$+)&6 $%& #1'+:*$1,3# *)& 13$&7)*$&8 ,?&) $%& (,:,18*: 81)&2$1,3= >%1#

1# 8,3& ,3:; ,?&) * 1mm $%124 )&71,3 3&*) $%& :,371$+813*: 2),## #&2$1,3 ,- $%&

2,)& 2;:138&)= B,3#&I+&3$:;6 $%& &3&)7; 8&(,#1$1,3 1# &?*:+*$&8 -,) 0.25mm3

7)18 ?,:+'&#=

"3 &<*'(:& ,- * #1'+:*$1,3 $%*$ #%,5# * 7,,8 *7)&&'&3$ 51$% $%& &<(&)@

1'&3$ 2*3 .& #&&3 13 97+)& E=J=K= >%& '&*3 ?*:+& ,- 9?& #1'+:*$1,3# 51$%

,3& '1::1,3 ()1'*); &:&2$),3# &*2% 5*# $*4&3= >%& 97+)& #%,5# * 2,3$,+) (:,$

,- $%& 8&(,#1$&8 &:&2$),3 &3&)7; (&) +31$ ?,:+'&= >%& *<&#6 r -,) $%& )*81*:

81)&2$1,3 *38 d -,) $%& $,),18*: 81)&2$1,3 ,) 8&($% 13 $%& '*$&)1*:6 )&-&) ,3:;

$, $%& (),.& 2,)& 51$%,+$ $%& %,+#137= L,) 2,'(*)1#,3 51$% $%& &<(&)1'&3@

$*: ,.&)#&)?*$1,3 $%& $5, 2+)?&# $*4&3 -),' 97+)& E=J=E *)& (:*2&8 ,3 $,(=

M&)& $%& &3&)7; #(&2$)+' *38 $%& )*81*: &:&2$),3 .&*' 81#$)1.+$1,3 *)& 2%,@

#&3 $, .& &<(,3&3$1*:6 )&#(&2$1?&:;N n(E) = 0.21MeV−1 ·exp(−0.21MeV−1 ·E)6
n(r) = 0.14mm−1 · exp(−0.14mm−1 · r)= >%& &3&)7; $%)&#%,:8 -,) $%& '*$&)1*:

8*'*7&# $, ,22+) *38 $, 71?& * 7,,8 2,))&:*$1,3 ,- $%& 2+)?&# 13 $%1# &<*'(:&

1# 0.09 J/0.25mm3
= >%& 2,))&#(,38137 $&'(&)*$+)& ,- $%& (),.& .&-,)& $%& 1'@

(*2$ 1# T0 = 64◦ C=
>%& 13(+$ (*)*'&$&)# ,- $%1# &<*'(:& *)& 3,$ &<2:+#1?&:; 71?137 * 7,,8 *7)&&@

'&3$6 )*$%&) $%&)& 1# * )*37& ,- )&*#,3*.:& (*)*'&$&)#O λE = {0.11..0.27}MeV−1

*38 λr = {0.08..0.18}mm−1
= >%& 2,))&#(,38137 &@-,:8137 ?*:+&# *)& λ−1

E =
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"#$%&' !()())* +,-./&#0,1 ,2 34' '5.'&#-'13/6 7%&8'09 ,%36#1#1$ 34' :; </-=

/$'09 /1< 34' 0#-%6/3#,1 >#34 n(E) = 0.29MeV−1 · exp(−0.29MeV−1 · E) /1<
6#1'/& &/<#/6 <#03&#?%3#,1 >#34 &,,3 r0 = 23mm
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"#$%&' !()()@* :/1$'0 ,2 <#03&#?%3#,10



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

{9.1..3.7}MeV "#$ λ−1
r = {12.5..5.6}mm% &'( )(*+,-.#/ *0(1-)" ")( *'23# .#

4/+)( 5%6%67 "* 3(,, "* -'( )"$.", $.*-).8+-.2#*% &'( $"*'($ 1+)9(* $(#2-( " *-.,,

)("*2#"8,( 8+- 32)*( "/)((:(#- 2; -'( *.:+,"-.2# "#$ -'( (<0().:(#-% =()( -'(

,23(*- T0 .* 34◦ C "#$ -'( )(*+,-* /.9.#/ T0 > 75◦ C ")( 12#*.$()($ "* +#,.>(,?

"#$ ")( #2- -">(# .#-2 "112+#-% @2#*(A+(#-,?B -'( 12:0").*2# 2; -'( *.:+,"C

-.2#* "#$ -'( (<0().:(#- $(,.9()* "# +00() ,.:.- ;2) -'( 1'2.1( 2; -'( *0(1-)+:

"#$ '(#1( ",*2 ;2) -'( )"$.", $.*-).8+-.2#% D2.#/ -2 " ,23() (#()/? *0(1-)+:B

-'( "/)((:(#- 8(12:(* 8(--() 8+- T0 '"* -2 .#1)("*( "#$ -22 './' 9",+(* '"9(

-2 8( ,(;- 2+- 2; -'( 12#*.$()"-.2#%

E /22$ "/)((:(#- 8(-3((# -'( *.:+,"-.2# "#$ -'( (<0().:(#- 1"# ",*2 8(

"1'.(9($ 8? 1'22*.#/ "# (<02#(#-.", *0(1-)+: "#$ " ,.#(") )"$.", (,(1-)2# $.*C

-).8+-.2# "* 4/+)( 5%6%66 0)22;*% &'( *.:+,"-.2# 3"* $2#( "#",2/2+*,? -2 -'(

0)(9.2+* (<":0,(% &'( $(1"? 0")":-() 2; -'( *0(1-)+: .* λE = 0.29MeV−1

"#$ -'( )22- 2; -'( #2):",.*($ ,.#(") )"$.", $.*-).8+-.2# .* r0 = 23mm% F+)C

-'():2)(B -'( 0)28( -(:0()"-+)( 8(;2)( -'( .:0"1- '"* -2 8( T0 = 70◦ C%
E/".# -'()( .* " 0")":(-() )"#/( /.9.#/ )("*2#"8,( )(*+,-*G λE = {0.16..0.31}MeV−1

H(C;2,$.#/* "- λ−1
E = {6.25..3.2}MeVI "#$ r0 = {25..21}mm% &'( $.*-).8+-.2#*

")( *'23# .# 4/+)( 5%6%6J% =()( -'( ,23(*- T0 .* 40◦ C "#$ "/".# )(*+,-* "829(

75◦ C ")( #2- 12#*.$()($% E* .# -'( 0)(9.2+* 1"*( +00() ,.:.-* "#$ " -)(#$ -2 "

8(--() "/)((:(#- 8(-3((# -'( (<0().:(#- "#$ -'( *.:+,"-.2#* ")( 28*()9($ "-

-'( ,23() (#()/? *0(1-)"%

K# ;+)-'() *-+$.(* /22$ )(*+,-* 3()( ",*2 28-".#($ ;2) " )"#/( 2; ,.#(") (#()/?

*0(1-)" 8+- -'(? 3()( $.*1")$($ "* +#0'?*.1", .# -():* 2; -'( LM /(#()"-.2#

/)23-' )"-(* 8(.#/ (<02#(#-.", N6OB 656P% E$$.-.2#",,?B ;2):() :("*+)(:(#-* "-

&MQ&RL +*.#/ -'( $(-(1-.2# 2; -'( *?#1')2-)2# )"$."-.2# 0)22;($ -'( (<.*-(#1(

2; LM* 3.-' (#()/.(* ,")/() -'"# 25MeV .# &MQ&RL $.*)+0-.2#* N665P% &'(

)(*+,-* 2; -'( *.:+,"-.2#* 3.-' ,.#(") *0(1-)" A+.1>,? 8(12:( #(/"-.9( ;2) )22-*

"829( 20MeV%

E# "$$.-.2#", (9",+"-.2# 2; -'( *.:+,"-.2#* $2#( *2 ;") 3"* 1")).($ 2+- 8? *.:+C

,"-.#/ -'( (#()/? $(02*.-.2# 2; :2#2(#()/(-.1 0")-* -">(# ;)2: -'( (<02#(#-.",

*0(1-)+:% F./+)( 5%6%6S *'23* -'( )(*+,-.#/ 1+)9(* 2; -'( $(02*.-($ (#()/? $(C

0(#$.#/ 2# -'( $(0-' .# -'( :"-().", ;2) -'( 4)*- (<":0,( ;)2: "829( +*.#/

λE = 0.21MeV−1
"#$ λr = 0.14mm−1

;2) -'( (<02#(#-.", $.*-).8+-.2#*% R#(

:.,,.2# 0).:")? (,(1-)2#* 3()( *.:+,"-($ "#$ -'( $(02*.-($ (#()/? 3"* .#-(C

/)"-($ 29() -'( )"$.", (<-(#*.2# 2; -'( 0)28( 12)(% T+1' *.:+,"-.2#* 3()( ",*2

0();2):($ ;2) -'( (<":0,( 3.-' "# (<02#(#-.", *0(1-)+: "#$ " ,.#(") )"$.",

$.*-).8+-.2# *'23# "829(% &'( )(*+,-.#/ 1+)9(* ")( 9()? *.:.,") "#$ -'+* ")(

#2- /.9(# '()(% &'( (,(1-)2#* 3.-' (#()/.(* E < 4MeV ")( :".#,? $+:0($ .#

-'( /)"0'.-( '2+*.#/% &'( )(*- .* "8*2)8($ .# -'( 4)*- -32 :.,,.:(-()* 2; -'(

12)(% &'( (,(1-)2#* 3.-' 4MeV ≤ E < 8MeV ")( )(*02#*.8,( ;2) -'( $":"/(*

.# -'( *:",, ")(" 2; 10mm ≤ r ≤ 17mm "#$ d < 4mm% &'( *0(1-)", 0")- 2;

8MeV ≤ E ≤ 16MeV .* )(*02#*.8,( ;2) :2*- 2; -'( $":"/(* +0 -2 10mm .#-2

-'( :"-().",% =(#1(B -'( (<0().:(#-", 28*()9"-.2# 12#-".#* :2*-,? .#;2):"-.2#

"82+- -'(*( (,(1-)2#*% &'( LM* 3.-' E > 16MeV '"9( -2 8( ;(3 "* -'(? 32+,$

'"9( 1"+*($ $":"/(* $((0() .# -'( :"-().", 3'.1' 3()( #2- 28*()9($ .# -'(

(<0().:(#-%
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(& 

 

 

!
"
#
$
%
 
&
'
(

!"#$% &''(

 )*+,-./"0    )*+,-1/"0

 )*+,-2/"0    )*+,-3/"0

 )*+,-4/"0    )*+,-5/"0

 )*+,-67/"0  )*+,-66/"0

 )*+,-68/"0  )*+,-69/"0

 )*+,-6./"0  )*+,-61/"0

 )*+,-62/"0  )*+,-63/"0

 )*+,-64/"0  )*+,-65/"0

 )*+,-87/"0

!"#$%& '()()*+ ,&-$./- 01 -"2$.3/"04- 01 /5& &4&%#6 7&80-"/"04 96 2040&4:

&%#&/"; &.&;/%04- /3<&4 1%02 /5& &=804&4/"3. -8&;/%$2 n(E) = 0.21MeV−1 ·
exp(−0.21MeV−1 · E) >"/5 n(r) = 0.14mm−1 · exp(−0.14mm−1 · r)

 !"!# $%&&'()

?-"4# 3 8%0/0/68& 01 3 8%09& 3/ /5& /0<323< 8.3-23 &7#&@ "/ 53- 9&&4 -50>4

/53/ "4 3 -"4#.& -50/ 7"-%$8/"04 2&3-$%&2&4/ -$A;"&4/ ,B 7323#&- ;34 9&

09/3"4&7 /0 3..0> /5& 7&7$;/"04 01 /5& &4&%#6 7&80-"/"04 347 /5& %37"3. 7&;36

01 /5& %&.3/"C"-/"; &.&;/%04-( D5& 5&3/ .037 8%09& &=8.0"/- /5& &4&%#6 7&80-"/"04

01 /5& ,B- "4 3 23/&%"3. 2"=/$%& 01 ;088&% 83%/";.&- &29&77&7 "4 3 23/%"= 01

&80=6 %&-"4( D5& ,B &4&%#6 ;3$-&- 34 09-&%C39.& 7323#& "4 /5& 8%09& 23/&%"3.(

E DBFDG, 7"-%$8/"04 ,B "283;/ >3- &C3.$3/&7( D0 ;5&;< /5& ,B ;04/&4/ 01

/5& 7"-;53%#&@ 4&$/%04 347 γ−70-& 7&/&;/"04 347 /5& 2&3-$%&7 /"2& &C0.$/"04

01 /5& 8.3-23 ;$%%&4/ >&%& $-&7( H323#&- 704& /0 /5& 8%09& /5"- >36 7$%"4# 3

DBFDG, 7"-%$8/"04 >"/5 8%0C&4 ,B ;04/&4/ >&%& &C3.$3/&7( D5& ,B -"#43/$%&

>3- ;53%3;/&%"-&7 96 -$%13;& &.&;/%04 347 08/";3. 2";%0-;086 9&10%& 347 31/&%

/5& 2&/3..0#%385";3. 8%&83%3/"04 01 /5& 8%09& ;0%&( D5& 2&3-$%&2&4/ 01 /5&

-83/"3. &=/&4/ 01 /5& ,B -"#43/$%& 347 /5&%20#%3C"2&/%6 3..0> 3 ;0283%"-04

01 /5& %&-$./- 01 /5& &=8&%"2&4/ >"/5 -"2$.3/"04- ;3%%"&7 0$/ >"/5 /5&  !"#$%

;07&(

E #007 3#%&&2&4/ "- 10$47 10% ,B 9&32- >"/5 &=804&4/"3. -8&;/%3 >"/5 &:10.7"4#

&4&%#"&- 9&/>&&4 390$/ 4MeV 347 9MeV 347 /5& ;0%%&-8047"4# &=804&4/"3.

%37"3. 7&;36 >"/5 &:10.7"4# .&4#/5- 9&/>&&4 13mm 347 6mm( I04-"7&%"4# ,B



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

"#$%& '()* #+,-.#.)($/ &,#0)1$ $.2 /(.#$1 1$2($/ 2(&)1("3)(-.&4 )*# #56-/2(.7

#.#17(#& $1# "#)'##. 3MeV $.2 6MeV $.2 )*# 1--)& $1# "#)'##. 21mm $.2

25mm4 1#&,#0)(8#/9: ;*# &(%3/$)(-.& '()* /(.#$1 #.#179 &,#0)1$ '#1# 2(&0$12#2

$& 3.,*9&(0$/: <22()(-.$/ &(%3/$)(-.& '#1# 0$11(#2 -3) (. '*(0* %-.-#.#17#)(0

,$1)& -6 )*# #+,-.#.)($/ &,#0)13% '#1# 3&#2 6-1 )*# => "#$%: ?) '$& &*-'.

)*$) )*# &,#0)1$/ ,$1) '()* => #.#17(#& "#)'##. 8MeV $.2 16MeV 0$3&#2 %-&)

-6 )*# -"&#18#2 2$%$7#&: ?) *$& )- "# 1#%$1@#2 )*$) )*# &,#0)1$/ $.2 1$2($/

2(&)1("3)(-.& $1# $))$(.#2 "9 $ %#$&31#%#.) -./9 (. )*# ,1-"# 0-1#: >/#0)1-.&

'()* #.#17(#& /#&& )*$. 4MeV $1# $"&-1"#2 %$(./9 (. )*# 71$,*()# *-3&(.7

$.2 )*# #+,#1(%#.) 2-#& .-) 2#&01("# )*# 1$2($/ 2(&)1("3)(-. -6 )*# =>& (. )*#

A1&) 6mm -6 )*# ,1-"# *-3&(.7 '*(0* 6$0#& )*# ,/$&%$: ;*#1#6-1#4 () 0$..-) "#

#+0/32#2 )*$) )*# =>& *$8# $ &#0-.2 2#0$9 2(&)1("3)(-. (. )*#&# A1&) %(//(%#)#1&:

?) #$&(/9 0$. "# &)$)#2 )*$) 30mm -3)&(2# )*# BCDE )*#1# $1# .- -1 $/%-&) .-

=>& )- "# #+,#0)#2:

?. )*# 63)31# 8#1&(-.& -6 )*# ,1-"# 2(F#1#.) %$)#1($/& &*-3/2 "# 3&#2: C-,,#1

0$. "# &3"&)()3)#2 "9 )*# ?;>=51#/#8$.) )3.7&)#.: ;*# #,-+9 1#&(. *$& )-

"# &3"&)()3)#2 "9 $.-)*#1 /-' $)-%(0 .3%"#1 %$)#1($/ '()* $ &3()$"/# %#/)(.7

,-(.) )- ,1#8#.) )*# "3(/23, -6 $ 7$& ,1#&&31# 23# )- )*# #8$,-1$)(-. -6 )*#

1#&(. $.2 *#.0# )*# 2#&)130)(-. -6 )*# ,1-"#: ?) (& ,/$..#2 )- 2- &#8#1$/ &(.7/#

&*-) %#$&31#%#.)& '()* $ &#) -6 )*# ,1-"#G& A.$/ 8#1&(-. )- "# $"/# )- $.$/9&#

2(F#1#.) 2(&13,)(-.&:

;*# &0(.)(//$)-1 ,1-"# (& #&,#0($//9 2#&(7.#2 6-1 &,#0)1$/ %#$&31#%#.)& -6 )*#

=>&: ;*# %#$&31#%#.)& ,1#&#.)#2 (. )*# .#+) &#0)(-. ,1-8(2# $. (.2#,#.2#.)

0*#0@ $.2 $ %#$.& )- 1#A.# )*# &,#0)1$/ 1#&3/)& -6 )*# *#$) /-$2 #+,#1(%#.):

 !" #$%&'()* )+, -&$./()* 01'*2/3'+ '4 52+)6)7 0*$.8

/('+ 92(:/:

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

;*# 1#&#$10* 6-1 #F#0)(8# '$9& )- &3,,1#&& )*# 7#.#1$)(-. -6 =>& HIJ4 II4

KL4 MMK4 MKNO (& *$%,#1#2 "9 )*# /$0@ -6 $ 0-%,/#)# 3.2#1&)$.2(.7 -6 )*# =>

#8-/3)(-. 231(.7 $ 2(&13,)(-.: P51$9 %#$&31#%#.)& HNN4 MKLO (.2(0$)# )*# /-&&

-6 =>& (. 2(&13,)(-.& (. 6-1% -6 ,3/&#& &*-1)#1 )*$. $ ms: ?. )*(& 0*$,)#1 .-8#/

1#&3/)& -")$(.#2 "9 %#$&31#%#.)& '()* )*# &0(.)(//$)-1 ,1-"# $) )*# ,/$&%$ #27#

-6 ;>P;Q= $1# ,1#&#.)#2: ;*#1# (& -./9 /(%()#2 &,#0)1$/ (.6-1%$)(-. $"-3)

=>& (. 2(&13,)(-.& (. )*# /()#1$)31#: ?) &)#%& 6-1 #+$%,/# 61-% &9.0*1-)1-.

1$2($)(-. %#$&31#%#.)& HMKNO -6 =>& '()* #.#17(#& /$17#1 )*$. 25MeV4 61-%

)*# 2#)#0)(-. -6 .#3)1-.& HMJI4 MMNO ,1-230#2 (. ,*-)-.30/#$1 1#$0)(-.& $6)#1 )*#

2#0#/#1$)(-. -6 #/#0)1-.& '()* #.#17(#& /$17#1 )*$. 10MeV $.2 61-% ,1#8(-3&

,1-"# %#$&31#%#.)& HMIKO: ;*# 0311#.) &)329 0-.)$(.& )*# A1&) )#%,-1$//9 $.2

&,#0)1$//9 1#&-/8#2 -"&#18$)(-.& -6 )*# => "31&)& $.2 $ 2(&03&&(-. -6 )*# ,*9&(0$/

/-&& %#0*$.(&% 1#&,-.&("/# 6-1 )*# "31&)&: ;*# #+,#1(%#.)$/ 2$)$ #.$"/# $.

#&)(%$)(-. -6 )*# => #.#179 0-.)#.) -6 )*# 2(&13,)(-. $.2 *#.0# $ 2(&03&&(-.

-6 )*# 0-.8#1&(-. #R0(#.09 -6 ,1#2(&13,)(8#4 %$7.#)(0 ,/$&%$ #.#179 (.)- =>



 !" #$%&'()* )+, -&$./()* 01'*2/3'+ '4 52+)6)7 0*$./('+ 82(9/9  !

"#"$%&' ($)* +," *"-./$"0 12 .3"4+$- - 4)#45/.6)# -7)/+ +," $-06-5 0"4-&

06.+$67/+6)# )8 +," 12. 4-# 7" 0$-9# 7& - 4)*3-$6.)# 96+, +," .+/06". 6#

."4+6)# :'; -#0 <;=>?'
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)783 9&:

(6%/$" :'>';@ A"*3)$-5 "B)5/+6)# )8 C-D +," 5))3 B)5+-%"E C7D +," 2F2E C4D

+," 35-.*- 4/$$"#+ 96+, = -$$)9. 6#064-+6#% 12 35-+"-/.E C0D +," 3$)7" .6%#-5

.,)96#% 12. 96+, "#"$%6". > 4MeVE C"D +," .6%#-5 )8 - G6$#)B 4)65 )# +," H(I

-#0 C8D +," .)8+ JK$-&. 8)$ - +&364-5 06.$/3+6)#

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

A," 06.$/3+6)#. 6# ),*64 06.4,-$%". 96+, Bt = 2.4TE Ip = 350 kA -#0

ne = 1.5 · 1019 m−3
9"$" 6#0/4"0 7& +," 6#L"4+6)# )8 -7)/+ 0.05 bar L )8 -$%)#

%-. 9,64, 4)$$".3)#0. +) -7)/+ 1021 -+)*.' A," MGNK=O 9-. +$6%%"$"0 2 s -8+"$
+," .+-$+ )8 +," 06.4,-$%" <;;:?' A,6. 3$)4"0/$" %/-$-#+"". +," $"56-75" %"#"$-K

+6)# )8 12. -+ A2JAP1' A," $"463$)4-+6#% *"4,-#6.* 6#."$+"0 +," .46#+655-+)$

3$)7" -5)#% +," *6#)$ $-06/. 6#+) +," H(I )8 +," *-4,6#" )# - ms +6*".4-5"'

A," 3$)7" 9-. /."0 +) *"-./$" +," 12. 06$"4+5& -+ +," 35-.*- "0%"' A," 6##"$



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

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

# 5mm %),14 /$#"),%* )'5&,0/6 70-3 89& :,%) *0*$/,*& -#$/*$ %)#0 4MeV 1#0

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

%#-&6 <5* %' %)* *0*$/3 .*"'&,%,'0 ,0 %)* 1$3&%#-&= -,/)% ,& "$'.51*. :),1) ,&

/5,.*. >,# '"%,1#- ?+$*& %' # &*% '( ")'%'25-%,"-,*$&6 @-%'/*%)*$= %)* .,#/0'&;

%,1 )#& # 8A -'#.,0/ %,2* '( #+'5% 30µs .*%*$2,0,0/ %)* %*2"'$#- $*&'-5%,'06

B)* 1$3&%#-& #$* &),*-.*. +3 .,C*$*0% %),140*&&*& '( &%#,0-*&& &%**- #/#,0&% %)*

*-*1%$'0& #0. )*01* .*%*1% .,C*$*0% *0*$/3 $#0/*& /,>,0/ %)* "$'+* # &"*1%$#-

$*&'-5%,'0 #& :*--6 D0 %)* *E"*$,2*0%#- 1#2"#,/0 "$*&*0%*. )*$* %)* "$'+* :#&

,0&*$%*. 300ms +*('$* %)* /#& ,0F*1%,'0 #0. ,% $*2#,0*. #% %)* "'&,%,'0 50%,-

#+'5% 250ms #(%*$ %)* ,0F*1%,'06 B)* $#.,#- "'&,%,'0 '( %)* 2*#&5$*2*0% :#&

&1#00*. ($'2 48.5 %' 47 cm ($'2 &)'% %' &)'% ,0 5mm &%*"&6 G*('$* %)* .,&$5";

%,'0& %)* HAIJ :#& .*%*$2,0*. +3 %)* %'$',.#- +*-% -,2,%*$= %)* @HB;DD= #% %)*

2,0'$ $#.,5& '( 46.3 cm6 B)* *E#1% "'&,%,'0 '( %)* 89 +*#2 .5$,0/ %)* 15$$*0%

K5*01) :#& 0'% 2'0,%'$*.= +5% %)* >*$%,1#- ?*-. 1',-& '( B9LB78 :*$* 5&*.

%' .*M*1% %)* +*#2 >,# (**. ('$:#$. 1'0%$'- %' %)* HIJ :)*$* %)* "$'+* :#&

,0&*$%*.6

 !"!# $%&'()%*%+,' -. ,/% 0(+&1&2 34%5,)-+ 6()','

I,/5$* N6O6P .,&"-#3& &*>*$#- %*2"'$#- &,/0#-& '( # %3",1#- .,&$5"%,'0 '( %)*

1#2"#,/06 B)* .,&$5"%,'0 &%#$%& :,%) %)* 0*/#%,>* &",4* ,0 %)* -''" >'-%#/*

#% 2.0044 s= &**0 ,0 ?/5$* N6O6PQ#R= ('--':*. +3 # .$'" '( %)* *-*1%$'0 %*2"*$#;

%5$* Te Q%)*$2#- K5*01)R &**0 ,0 %)* 9A9 ,0 ?/5$* N6O6PQ+R6 B)* &"*1%$'2*%*$

2*#&5$*. %)* *2,&&,'0 #% ($*K5*01,*& '( 133 %' 148GHz :),1) 1'$$*&"'0.& %' #

$*&'0#01* #% # 2#F'$ $#.,5& '( 1.59m6 B)* &,/0#- .'*& 0'% /' %' S*$'= $#%)*$

,% .$'"& %' #+'5% 30% #& %)* 9A9 .'*& 0'% "$'>,.* #0 #+&'-5%* 2*#&5$*2*0%

'( Te 50.*$ %)* /,>*0 1'0.,%,'0&6 D% /,>*& # 2*#&5$*2*0% '( %)* $#.,#%,'0 %*2;

"*$#%5$* :),1) ,& *0'5/) %' 2'0,%'$ %)* /*0*$#%,'0 '( 89& :,%) *0*$/,*& +*-':

3MeV TPPNU6 B)* #11*-*$#%,'0 '( "-#&2# *-*1%$'0& ,0%' %)* $50#:#3 $*/,2* ,&

,0.51*. +3 %)* &%**" $,&* '( %)* -''" >'-%#/* %' #-2'&% 40V6 V*01*= %)* 9A9

&)':& # /$#.5#- ,01$*#&* .5* %' &5"$#%)*$2#- &301)$'%$'0 $#.,#%,'0 #-%)'5/)

%)* "-#&2# ,& #-$*#.3 1'-.6 @(%*$ %)* %)*$2#- K5*01) %)* "-#&2# 15$$*0% &%#$%&

%' .*1#3 *E"'0*0%,#--3 Q15$$*0% K5*01)R6 B),& ,& $*%#$.*. +3 %)* "$#1%,1#--3

1'--,&,'0-*&& 89& :),1) ('$2 '0* '$ 2'$* 15$$*0% "-#%*#5&6 D0 ?/5$* N6O6PQ1R %)*

&511*&&,>* ('$2#%,'0 '( %)$** 89 "-#%*#5& ,& ,0.,1#%*. +3 %)* #$$':&6 W)*0 #

"-#%*#5 &%#$%& %' .*1#3= %)* 89& #$* *E"*--*. ($'2 %)* "-#&2# #0. &**0 +3 %)*

"$'+* #% r = 47.5 cm #& %)* &)#$" +5$&%& &)':0 ,0 ?/5$* N6O6PQ.R6 J,25-%#0*;

'5&-3 %' %)* 89 +5$&%&= %)* X,$0'> 1',- &,/0#- ,0 ?/5$* N6O6PQ*R &)':& # &",4*.

2#/0*%,1 #1%,>,%3 :,%) # %*2"'$#- $*&'-5%,'0 '( #+'5% 5µs6 <5$,0/ %)* &*1'0.

"-#%*#5 %)* 9A9 &)':& # "*#4= :),1) ,0.,1#%*& %)* /*0*$#%,'0 '( 89&= :),1)

#$* %)*0 #-&' .*%*1%*. +3 %)* "$'+*6 <5$,0/ %)* %),$. "-#%*#5 %)* "$'+* .'*&

0'% 2*#&5$* #03 89 -'&&*& #0. %)* 9A9 ,& #% %)* -*>*- '( 0',&*6 D0 1'0%$#&%=

%)* &'(% L;$#3 &,/0#- ,0 ?/5$* N6O6PQ(R ,0.,1#%*& #0 ,0%*$#1%,'0 '( 89& :,%) %)*

+#14/$'50. "-#&2#6 V*01*= ,% ,& 0'% 1-*#$ ,( %),& 15$$*0% ,& "5$*-3 %)*$2#- '$
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 7" ;%.!, 34 '+'$*5 )+ .8' 9 &:$(.(

"#$%&' ()*)*+ ,- .&/0' 1'23%&'1'45 25 47.5 cm &26#%3 6%&#4$ 57' 321' 6#3&%.8

5#/4 23 #4 9$%&' ()*)!
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"#$%&' ()!)*+ ,-.-#/0. 10$2'3#4 -54#..03#-25 1'05%&'/ 67 0 8#&2-9 4-#. -2 3:'

;"< 02/ 4-&&'5=-2/#2$ 3- 3:' 3:&'' >? 6%&535 #2 @$%&' ()!)!A0B

0.5- 40&&#'/ 67 >?5) "#$%&' ()!)!A0B 5:-C5 3:' 3'1=-&0. '9-.%3#-2 -D 3:' >?

=&-6' 5#$20. #2 /#E'&'23 5='43&0. &02$'5 D-& 3:' 5:0/'/ &'$#-2 #2 @$%&' ()!)F)

G23'$&03#2$ 3:' 3:&'' ='0H5 -D @$%&' ()!)!A0B &'5='43#9'.7 02/ %5#2$ 3:' 065-.%3'

40.#6&03#-2 -D 3:' =&-6' .'0/5 3- 3:' 065-.%3' '2'&$7 5='43&0 -D 3:' 1'05%&'/

>?5 05 5''2 #2 @$%&' ()!)!A6B) I:' 5='43&%1 -D 3:' @&53 ='0H #5 'J=-2'23#0..7

/'407#2$ 3-C0&/5 :#$:'& '2'&$#'5 'J4'=3 -D 02 '2:024'1'23 0&-%2/ 15MeV)

K2' 4.'0&.7 5''5 4:02$'5 -D 3:' 5='43&0) "&-1 6%&53 F 3- ! 3:' D&043#-2 -D >?5

C#3: '2'&$#'5 0&-%2/ 6MeV /'4&'05'5 02/ D&-1 6%&53 ! 3- * 3:' D&043#-2 0&-%2/

15MeV #24&'05'5) I:' 5='43&0 #2 @$%&' ()!)!A6B 4-230#2 -2.7 3:' 2%16'& -D

>?5 /'3'43'/ 67 3:' =&-6' 4&7530.5) "&-1 3:' >? 4%&&'23 3:' 3-30. 2%16'& -D

>?5 #2 3:' /#5&%=3#-2 02/ :'24' 0 540.#2$ D043-& D-& 3:' 6%&53 5='43&0 3- 4-2L

30#2 0.. 3:' >?5 #5 40.4%.03'/) I:' 0==.#403#-2 -D 3:#5 540.#2$ D043-& #5 M%53#@'/

6'40%5' 3:' 5='43&0 0&' #2/'='2/'23 -D 3:' &0/#0. =&-6' =-5#3#-2) I:%5N #D >?

6%&535 53&#H' 3:' =&-6' =0&3.7N 3:' %2/'3'43'/ =0&35 0&' 055%1'/ 3- :09' 3:'

501' 5='43&0 05 3:' /'3'43'/ -2'5) I:' 5='43&0 -D 3:' 6%&535 C:#4: 4-1=.'3'.7

1#55 3:' =&-6' 5:-%./ 2-3 /#E'& 3-- 1%4: #2 3:' 4-230#2'/ 3-30. '2'&$7 05 3:'

6%&53 3- 6%&53 4:02$'5 #2 3:' 1'05%&'/ 5='43&0 #2/#403') I:' 540.#2$ =&-4'/%&'

.'0/5 3- @$%&' ()!)!A4B) I:' '2'&$7 4-23'23 #2 kJ #5 5:-C2 D-& '04: -D 3:' 3:&''

6%&535) 8-53 -D 3:' >? '2'&$7 #5 4-230#2'/ #2 3:' &02$' -D =0&3#4.'5 C#3: 4
3- 8MeV 0.3:-%$: 3:' '2'&$7 /&-=5 D&-1 6%&53 3- 6%&53) O2 #24&'05' -D 3:'

>? '2'&$7 #5 5''2 #2 3:' 5='43&0. &02$' 6'3C''2 14 02/ 16MeV) O 5%653023#0.

=0&3 -D 3:' '2'&$7 #5 40&&#'/ 67 3:'5' '.'43&-25) I:' >? D&043#-2 C#3: '2'&$#'5

06-9' 22MeV 4-230#25 0 D'C kJ) I:' 3-30. >? '2'&$7 #5 06-%3 34 kJ) "#$%&'

()!)* 5:-C5 3:' =-.-#/0. 10$2'3#4 043#9#37N 5''2 #2 @$%&' ()!)FA'BN #2 1-&' /'30#.)

I:' 5=#H'5 1 3- 3 4-&&'5=-2/ 3- 3:' >? 6%&535 1 3- 3 #2 @$%&' ()!)!A0B) I:'

-54#..03#-25 $&-C -2 0 3#1'540.' -D τosc ≈ 40µs)
"#$%&' ()!)PA0B 5:-C5 3:' 3'1=-&0. 5#$20. -D 3:' =&-6' 03 r = 47 cm D-& 02L

-3:'& /#5&%=3#-2) Q'D-&' 5'9'&0. 6%&535 3:' 6%#./%= -D 4-23#2%-%5 >? .-55'5 402

6' -65'&9'/ #2 3:#5 405') I:' 5#$20. C05 /#9#/'/ #23- 3:&'' =0&35 D-& C:#4:
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 &" 4+'$*5 (8'9.$! )+ .7' .7$'' .'/8%$!, 8!$.(

 !"#$% &'(')* +%,#-., /0 1 +2 3$/4% 5%1,#$%5%6. 1. 47.0 cm $17!#,

.8% %6%$"9 ,3%:.$1 /0 .8% +2, ;%$% :1-:#-1.%7< $%,3%:.!=%-9' >"1!6 .8% ,3%:.$1

1$% 133$/?!51.%-9 %?3/6%6.!1--9 7%:19!6" ;!.8 =1$!1.!/6, !6 .8% $16"%, /0 4 ./
8MeV 167 14 ./ 16MeV' @8!, :16 4% ,%%6 !6 A"#$% &'(')B4C' D6 A"#$% &'('& 1
.%53/$1- :/531$!,/6 /0 .8% 3$/4% ,!"61- ,8/;!6" .8% +2, ;!.8 %6%$"!%, 14/=%

4MeV B4C 167 .8% 3-1,51 :#$$%6. B1C !, 3$%,%6.%7'  $/5 14/#. t = 2.01 ./
2.03 s .8% :#$$%6. 3-1.%1# 7%:$%1,%, ,-/;-9 167 :/6.!6#/#, %-%:.$/6 -/,,%, 4#!-7
#3' @8%6 1 389,!:1- 5%:816!,5 .$!""%$, 5#:8 8!"8%$ -/,,%, -%17!6" ./ 1 ,.$/6"%$

7%:$%1,% /0 .8% +2 3-1.%1# 167 .8% 4#$,., ,%%6 !6 .8% 3$/4% ,!"61-' @8% 4#$,.,

,./3 4%0/$% 1-- .8% :#$$%6. 81, 7%:19%7' @8!, :16 4% %!.8%$ 7#% ./ .8% :/6=%$E

,!/6 /0 .8% +2 :#$$%6. 41:F ./ 1 .8%$51- :#$$%6. /$ .8% $%51!6!6" :#$$%6. !,

:1$$!%7 49 +2, 4%-/; .8% 3$/4%G, 7%.%:.!/6 .8$%,8/-7 /0 4MeV' >6 1$$/; !6

A"#$% &'('&B4C !67!:1.%, 1 ,51-- 3$/4% ,!"61- 7#$!6" .8% .8%$51- H#%6:8' @8!,

!, ,8/;6 %6-1$"%7 !6 A"#$% &'('&B:C' @8% ,!"61- !, 14/#. I&J .!5%, ,51--%$ .816
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"#$ %&'("( )&'*+, "#$ -&''$+" .&$+-# /+) *" (#01( "#$ 20(( 03 "#$ 45( "#/" 1$'$

6'0)&-$) 6'*0' "0 "#$ )*('&6"*0+7 6'0%/%28 )&'*+, "#$ ("/'"&6 03 "#$ )*(-#/',$9

:0;$ (#0"( 03 "#$ -/;6/*,+ 1$'$ &($) "0 /6628 / '$(0+/+" ;/,+$"*- 6$'"&'<
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 .,/01

=*,&'$ >9?9>@ A$;60'/2 $B02&"*0+ 03 C/D "#$ 62/(;/ -&''$+"7 C%D "#$ 6'0%$ (*,+/2

30' "#$ 45( 1*"# $+$',*$( > 4MeV /+) C-D $+2/',$)7 "#$ 6'0%$ (*,+/2 )&'*+,

"#$ "#$';/2 .&$+-# 03 / )*('&6"*0+E "#$ /''01 *+ C%D ;/'F( "#$ (;/22 (*,+/2 03

45 20(($( )&'*+, "#$ "#$';/2 .&$+-#

%/"*0+ "0 $+#/+-$ "#$ "'/+(60'" %$30'$ "#$ %&*2)&6 03 / 45 606&2/"*0+ )&$ "0

"#$ $+#/+-$) 2006 B02"/,$ )&'*+, "#$ -&''$+" .&$+-#9 A#$ G5G 1/( &($) *+

"#$ 3/1 GH -0+I,&'/"*0+ (*;&2"/+$0&(28 "0 "#$ 6'0%$ *+($'"*0+9 =*,&'$ >9?9JC/D

(#01( "#$ (;00"# 45 20(($( *+)&-$) %8 / G5G -&''$+" 03 2 kA %$30'$ "#$ 6&2($)

20(($( ($" *+9 A#$ $+$',8 (6$-"'/7 )*(62/8$) *+ I,&'$ >9?9JC%D7 /'$ (*;*2/' 30'

%0"# 6#/($(9 A#$8 (#01 "#$ $K60+$+"*/2 )$6$+)$+-$ 1*"# "#$ $+#/+-$;$+"

/'0&+) 15MeV9 L 20(( ;$-#/+*(; 03 "#$ 45( *+ "#$ -&''$+" .&$+-# 1#*-#

$K62/*+( "#$ '$2/"*B$28 (;00"# 20(($( )&$ "0 "#$ G5G7 "#$ %&'("( /+) /2(0 "#$

(*;*2/' (6$-"'/ *( 6'060($) *+ "#$ +$K" ($-"*0+9
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+%+/01 23+45

 &" 4+'$*5 (6'7.$! )+ .8' $'*)%+( %0 7%+.)+9%9( 34 ,%(('(

!+1 .8' &9$(.(

"#$%&' !()(*+ ,'-%./- 01 2 ,3 4&05' 6'2-%&'6'7/ 2/ 47.0 cm &28#%- 8%&#7$ 2

8#-&%4/#07 9#/: ;3; 2</#07 2/ IDED = 2kA

 !"!# $%&'()*+ ,(')-''(./ .0 1%2 32'-+1'

=7 /:' >? 8#-&%4/#07- 01 /:' <2642#$7 07.@ /:&'' /0 10%& -:09 2 -#$72. #7

/:' /:'&62. A%'7<: 5'#7$ -62..'& /:27 /:' 5%&-/- 5@ 2 12</0& 01 >) /0 >!B( C:'

7%65'& 01 /:' ,3 5%&-/- 8%&#7$ /:' <%&&'7/ A%'7<: &27$'- 1&06 2 1'9 8#-/#7</

5%&-/- .#D' #7 E$%&' !()(> /0 7%6'&0%- 5%&-/- 07 2 <07/#7%0%- 4'8'-/2. .#D' #7

E$%&' !()(FG2H( C:' 9#8/:- 01 /:' 5%&-/- 2&' #7 /:' &27$' τFWHM = 0.07 /0

0.17ms( C:' 8'.2@- 5'/9''7 /:' 5%&-/- 2&' τd = 0.12 /0 9.3ms( C:' 9:0.' 4'I

&#08 01 ,3 .0--'- 8%&#7$ /:' <%&&'7/ A%'7<: -427- 2 &27$' 01 τloss = 2 /0 14ms(
C:' E&-/ ,3 5%&-/ #- -''7 17 /0 25ms 21/'& /:' 7'$2/#J' J0./2$' -4#D'( C:'

62K#6%6 01 /:' 4&05' -#$72. -:09- .2&$' J2&#2/#07- 1&06 -:0/ /0 -:0/ 5'<2%-'

/:' ,3 5'26 80'- 70/ 2.92@- -/&#D' /:' 4&05' 1%..@ 0& 'J'7 6#--'- #/( C:#- #78#I

<2/'- 2 ,3 5'26 &28#%- -62..'& /:27 /:' 4&'8#-&%4/#J' 4.2-62 <0.%67 9:#<: #-



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

"# $%&''('#) *")+ )+' "#,&'$-' ./ )+' "#)'&#$0 "#12,)$#,' "# 34 50$)'$2 50$-($-

6789:; <+' =%2&'- 8;>;>?@A $#1 8;>;9?@A -+.* '#'&%B -5',)&$ $#1 @2&-) ). @2&-)

,+$#%'- *+",+ $&' -"("0$&0B .@-'&C'1 )+&.2%+.2) )+' ,$(5$"%# $#1 )+2- $&'

&'5&'-'#)$)"C' /.& $00 )+' ('$-2&'('#)-; D.& ,.(5$&"-.#E $55'#1"F G ,.#)$"#-

+"-).%&$(- ./ 34 '#'&%B -5',)&$ ('$-2&'1 $) /.2& 1"H'&'#) &$1"$0 5.-")".#-; <+'

=%2&'- G7?$A ). ?1A -+.* 9! '#'&%B -5',)&$ ('$-2&'1 12&"#% $00 7I 1"-&25)".#-

./ )+' ,$(5$"%#; J# $11")".#E )+' =%2&'- G> ). G8 -+.* -2550'('#)$&B 1$)$ ./

)+' )'(5.&$0 'C.02)".# ./ 34 @2&-)-E )+'"& '#'&%B -5',)&$ $#1 )+' ,.&&'-5.#1K

"#% '-)"($)'1 ).)$0 34 '#'&%"'-; <+' )B5",$0 1'0$B @')*''# )+' 34 @2&-)- "-

1ms; G -"(50' '-)"($)".# ./ )+' $,,'0'&$)".# ./ )+' '0',)&.#- "- 1.#' $--2("#%

)+' '0',)&.#- ). )&$C'0 $) )+' -5''1 ./ 0"%+); <+' 0..5 C.0)$%' "- -') ). 40V;

G,,.&1"#%0BE )+' 34- ,$# %$"# 0'-- )+$# 1MeV /&.( )+' '0',)&", ='01 @')*''#

)+' @2&-)-; L.#-'M2'#)0BE )+' @2&-) ). @2&-) 1"H'&'#,'- "# )+' -5',)&$ ,$##.) @'

'F50$"#'1 @B )+' $,,'0'&$)".# ./ )+' '0',)&.#-; N. 1'5'#1'#,' ./ )+' 34 -5',)&$

.# )+' &$1"$0 5&.@' 5.-")".# "- /.2#1; <+' ,$0,20$)'1 ).)$0 34 '#'&%B &$#%'-

/&.( 29 ). 46 kJ *+",+ $%&''- C'&B *'00 *")+ )+' 34 ,$0.&"(')'& ('$-2&'('#)-

"# -',)".# 8;O $#1 67OO:; <+' 5&'1"-&25)"C'E ($%#')", '#'&%B ,$# @' ,$0,20$)'1

$- Emag = 1
2I

2
pLp *")+ )+' "#12,)"C")B Lp = µ0R[ln (8R/a) − 2 + ℓi/2]; P-"#%

)+' )B5",$0 "#)'&#$0 "#12,)$#,' ℓi = 1.2 ./ <4Q<R3 5&".& ). 1"-&25)".#-E )+'

,.#C'&-".# ./ ($%#')", '#'&%B "#). 34 '#'&%B ,$# @' ,$0,20$)'1 ). @' @')*''#

11 $#1 17%; G--2("#% )+' '#'&%B -5',)&2( "# )+' @2&-)- ). @' 'F5.#'#)"$0E

.#' .@)$"#- $# 'K/.01"#% '#'&%B ./ $&.2#1 9MeV; <+' 34 +'$) 0.$1 5&.@' 'FK

5'&"('#) "# -',)".# 8;7 $#1 67O>: 1'0"C'&'1 $# 'F5.#'#)"$0 &$1"$0 1',$B ./ )+'

34 @'$( /.& 'K/.01"#% '#'&%"'- ./ 3.7 ). 9.1MeV $#1 $ 0"#'$& &$1"$0 1',$B /.&

'K/.01"#% '#'&%"'- ./ 3.2 ). 6.25MeV; L.(5$&"#% )+' &'-20)- ./ )+' )*. 'F5'&K

"('#)- 5&.C"1'- $ -)&.#% 'C"1'#,' /.& $# 'F5.#'#)"$0 &$1"$0 1"-)&"@2)".# ./ )+'

34-;

4C$02$)"#% )+' )'(5.&$0 5&.5'&)"'- ./ )+' 34 @2&-)- $#1 )+' ($%#')", .-,"00$K

)".#- $00.*- $ 1"-,2--".# ./ )+' 5+B-",$0 (',+$#"-( *+",+ )&"%%'&- )+' 34 0.--'-;

S&"#,"5$00BE )+' ($%#')", $,)"C")BE *+",+ "- ('$-2&'1 -"(20)$#'.2-0B ). )+' 34

@2&-)-E ,$# @' ,$2-'1 @B )*. T"#1- ./ "#-)$@"0")"'-; J1'$0 T"#T "#-)$@"0")"'- ./ )+'

34 @'$( *.201 %&.* .# $# G0/CU# )"('-,$0' *")+ τA = R/(Bt/(µ0nimi)
1/2) ≈

1µs; <+"- "- (2,+ /$-)'& )+$# )+' .@-'&C'1 +$0/ *"1)+- ./ )+' 34 @2&-)- .& )+'

%&.*)+ )"('- τosc ./ )+' ($%#')", .-,"00$)".#-; <+' -',.#1 5.--"@0")BE *+",+ "-

)+'.&')",$00B -2%%'-)'1 "# 6 >:E $&' &'-"-)"C' )'$&"#% (.1'- "# )+' @$,T%&.2#1

50$-($; V2' ). )+' -25&$)+'&($0 #$)2&' ./ )+' &$1"$)".#E #. )'(5'&$)2&' ('$K

-2&'('#)- $&' $C$"0$@0' 12&"#% )+' 5.-)1"-&25)"C' 5+$-'; G- )+' ($"# ($)'&"$0

./ <4Q<R3 "- %&$5+")'E *+",+ &$1"$)'- -)&.#%0B 12&"#% )+' 1"-&25)".#E .#' ,$#

&'$-.#$@0B $--2(' Te ≈ 10 eV 12&"#% )+' ,2&&'#) M2'#,+; <+2-E )+' &'-"-)"C'

1"H2-".# )"(' &'$1- τR = µ0a
2/η ≈ 2ms; <+"- ($),+'- *'00 )+' &'$&&$#%'('#)

./ )+' ,2&&'#) 5&.=0' 12&"#% )+' 1'0$B τd @')*''# )+' @2&-)-; <+' %&.*)+ )"(' ./

)+' )'$&"#% (.1'- γ−1 ≈ τ
3/5
R τ

2/5
A ≈ 100µs "- ,0.-' ). τosc $#1 )+' +$0/ *"1)+-

./ )+' 34 @2&-)-; J# $ -)21B ./ )+' 34 )&$#-5.&) 12' ). &'-.#$#) ($%#')",

5'&)2&@$)".#- "# -)$)".#$&B <4Q<R3 1"-,+$&%'-E 5&'-'#)'1 "# ,+$5)'& ! $#1

6788:E -"("0$& 34 -5',)&$ $&' .@)$"#'1 $) )+' 50$-($ @.2#1$&B; <+' 5&'-'#,' ./



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

"#$%&'() (*+#%,* (%*(,& '-& .+#*"# (* *-/0% 12 *("3+#'(/%*4 5-&(6 (%73&%)& /%

'-& '6#%*./6' (* 8/3%, '/ )#3*& '-& 9: *.&)'6# 0('- '-& 13". #6/3%, 15MeV
#' '-& .+#*"# &,$&4 ;&)#3*& /8 '-& +#)< /8 # Te=.6/>+& "&#*36&"&%' ,36(%$

'-& )366&%' ?3&%)-@ '-& 8/6"#'(/% /8 '&#6(%$ "/,&* )#%%/' 1& .6/A&%4 5-3*@

'&#6(%$ #%, <(%< "/,&* #6& '-& )#%,(,#'&* 0-()- "($-' '6($$&6 '-& 9: 136*'*4

 !"! #$%%&'(

B% *3""#62@ '-& >6*' '&"./6#++2 #%, *.&)'6#++2 6&*/+A&, #%#+2*(* /8 '-& 9:

136*'* (% '/<#"#< ,(*63.'(/%* 0#* .6&*&%'&,4 5-& 136*'* -#A& '&"./6#+ 0(,'-*

/8 0.07 '/ 0.17ms #%, '-&2 8/++/0 &#)- /'-&6 0('- ,&+#2* /8 0.12 '/ 9.3ms4 5-&
&%&6$2 *.&)'6# (% '-& 136*'* #6& #..6/C("#'&+2 &C./%&%'(#++2 ,&)#2(%$ &C)&.'

/8 #% &%-#%)&"&%' #' #6/3%, 15MeV4 5-& *.&)'6# *-/0 )-#%$&* 86/" 136*'

'/ 136*'4 5-& 6#,(#+ ,(*'6(13'(/% /8 '-& 9:* (* )/%)+3,&, '/ 1& &C./%&%'(#+4

5-& '/'#+ 9: &%&6$2 (% '-& ,(*63.'(/%* (* &*'("#'&, '/ 1& 1&'0&&% 29 #%, 46 kJ
+&#,(%$ '/ # "#$%&'() &%&6$2 )/%A&6*(/% /8 11 '/ 17%4 5-& '/'#+ 9: &%&6$2 (*

*'3,(&, (% "/6& ,&'#(+ 3*(%$ '-& 9: )#+/6("&'&6 .6/1& DEFFG4

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

 !)!* +,-'./$0-1.,

5-& >&+, /8 9: 6&*&#6)- -#* 1/'-@ # +/%$ '6#,('(/% #%, # $6&#' ("./6'#%)&4

H&A&6'-&+&**@ "&#*36&"&%'* /8 '-& 9: &%&6$2 (% '/<#"#< ,(*63.'(/%* #6& 6#6&4

I3& '/ '-& +#)< /8 ,(6&)' "&#*36&"&%'*@ '-& 9: &%&6$2 )/%'&%' /8 J:5 ,(*63.=

'(/%* 0#* (%8&66&, 86/" '-& '&".&6#'36& (%)6&#*& /8 -/' *./'* DEKLG4 M&#*36&=

"&%'* /8 '-& 9: &%&6$2 #6& "#%,#'/62 '/ )#+)3+#'& '-& )/%A&6*(/% &N&)(&%)2 /8

'-& "#$%&'() .+#*"# &%&6$2 (%'/ 9: &%&6$24 5-(* A#6(#1+& /8'&% #..&#6* #* #%

(%.3' .#6#"&'&6 8/6 .6&,()'(A& 9: "/,&+*4

O1/A& (% *&)'(/% P4 '-& ,&A&+/."&%' /8 # .6/1& ,&*($%&, '/ 0('-*'#%, '/<#=

"#< ,(*63.'(/%* #%, '/ "&#*36& '-& 9: &%&6$2 12 )#+/6("&'62 (* .6&*&%'&,4

5-& 8/++/0(%$ *&)'(/% )/%'#(%* '-& ,&*)6(.'(/% /8 # "&#*36&"&%'#+ )#".#($%

0('- '-& 9: )#+/6("&'&6 .6/1& #' 5:Q5R94 5-& &C.&6("&%'#+ 6&*3+'* #6& $(A&%

#%, ,(*)3**&, (% *&)'(/% K4F4F4 :A&%'3#++2@ (% *&)'(/% K4F4P '-& "/*' ("./6'#%'

#)-(&A&"&%'* #6& *3""#6(*&,4

 !)!" 2345'1%5,-&6 #05,&'1.

5-& &C.&6("&%'* 0&6& )#66(&, /3' #' '-& '/<#"#< 5:Q5R94 5-& "(%/6

6#,(3* /8 0.46m 0#* ,&>%&, 12 '-& OS5=BB = # '/6/(,#+ 1&+' +("('&6 0-()- (*

./*('(/%&, 45◦ 1&+/0 '-& "(,.+#%& #' '-& STU4 5-& ,(*63.'(/%* 0&6& (%,3)&,

12 '-& (%V&)'(/% /8 0.05 bar L /8 #6$/% $#* (%'/ /-"() ,(*)-#6$&*4 W6(/6 '/ '-&

$#* (%V&)'(/% '-& &+&)'6/% ,&%*('2 0#* 2 · 1019 m−3
'-6/3$-/3' '-& )#".#($%4
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-345#6*7

#89$*4$#:;<<5=-

#5>8,=5=-3$9#?3-

!"#$%& '()(*+ ,&-./%01 &2/1$3"/4 /5 607 38& 1//. 2/130#& 049 6:7 38& .10;-0

<$%%&43 9$%"4# 0 3=."<01 9";%$.3"/4 /5 38& <0-.0"#4

,8& >?@A)B C0; 3%"##&%&9 2 s 053&% 38& ;30%3$. D**EF *)EG /5 38& 9";<80%#&( ,8&

3=."<01 3&-./%01 &2/1$3"/4 /5 38& 1//. 2/130#& 049 38& .10;-0 <$%%&43 9$%"4#

0 9";%$.3"/4 /5 38& <0-.0"#4 <04 :& ;&&4 "4 38& H#$%&; '()(*607 049 '()(*6:7F

%&;.&<3"2&1=( ,8& -0"4 .0%0-&3&%; /5 38"; .0%3"<$10% 9";<80%#& 0%& 38& 3/%/"901

-0#4&3"< H&19 /5 Bt = 2.4T 049 38& .%&9";%$.3"2& .10;-0 <$%%&43 /5 0:/$3

Ip = 250 kA( ,8& 38&%-01 I$&4<8 /5 38& 9";%$.3"/4 ;30%3; C"38 38& 4&#03"2&

;."J& "4 38& 1//. 2/130#& 03 0:/$3 2.005 s( ,8& 5/11/C"4# ;3&&. "4<%&0;& /5 38&

1//. 2/130#& &40:1&; 38& 0<<&1&%03"/4 /5 38& .10;-0 &1&<3%/4; "43/ 38& %$40C0=

%&#"-&( ,8& 01-/;3 </11";"/41&;; KL; 5/%- 0 .103&0$ "4 38& .10;-0 <$%%&43

049 38$; %&30%9 38& <$%%&43 I$&4<8 0; <04 :& ;&&4 "4 H#$%& '()(*6:7( ,8&

H#$%& 01;/ ;8/C; 04 &M./4&43"011= 9&<0="4# H3 C8"<8 <04 :& ;$:3%0<3&9 5%/-

38& .10;-0 <$%%&43 3/ <01<$103& 38& -0M"-$- KL <$%%&43( ,8& "4N&<3"/4 /5 0%#/4

%&1"0:1= 3%"##&%; 38& #&4&%03"/4 /5 KL; 9$%"4# 38& <$%%&43 I$&4<8 /5 ,LO,PK

9";%$.3"/4; D*QQG( ,8& #&4&%03"/4 /5 38& KL ./.$103"/4 C0; <8&<J&9 := 38&

9&3&<3"/4 /5 38& ;$.%038&%-01 LRL 049 4&$3%/4;( KL; C"38 &4&%#"&; 0:/2&

10MeV .%/9$<& 4&$3%/4; := .8/3/4$<1&0% %&0<3"/4; C"38 38& #%0.8"3& /5 38&

S!R; D*BTF *'BG( ,8& 2&%3"<01 H&19 </"1; /5 ,LO,PK C&%& $;&9 3/ 9"%&<3 38& KL

:&0- 2"0 5&&9 5/%C0%9 3/ 38& U!V /5 38& -0<8"4& C8&%& 38& .%/:& C0; "4;&%3&9

%09"011= "4 38& &I$03/%"01 -"9.104&( ,8& #&/-&3%= /5 38& ;&3$. "; ;8/C4 0; 0

;<8&-& /5 0 ./1/"901 <%/;; ;&<3"/4 "4 H#$%& '()(Q( ,8& %09"$; /5 38& KL :&0- ";

0;;$-&9 3/ :& </4;"9&%0:1= ;-011&% 3804 38& %09"$; /5 38& .10;-0 </1$-4 .%"/%

3/ 38& 9";%$.3"/4( ,8"; 0;;$-.3"/4 "; N$;3"H&9 := 38& ;303";3"<01 20%"03"/4; /5 38&

KL .%/:& -&0;$%&-&43; 0; "3 "; ;8/C4 "4 ;&<3"/4 '()()( W:/$3 50ms .%"/% 3/



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

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

.$2&()$1 5,. &/,3" 200ms6 7#$ .&1(&4 -,'("(,) ,5 "#$ -.,/$8 Bt &)1 "#$ -4&'2&

+3..$)" 0$.$ '$-&.&"$49 '+&))$1 5.,2 '#," ", '#,"6

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

RE

ALT-II limiter

probe

predisruptive
plasma radius

low
field
side

?(%3.$ <6=6@A B+#$2$ ,5 "#$ -,4,(1&4 +.,'' '$+"(,) ,5 7CD7EF '#,0()% "#$

%$,2$".9 13.()% "#$ -.,/$ 2$&'3.$2$)"

", & 2(),. .&1(3' ,5 rcal = 46 cm6 7#$ #$&"()% ,5 "#$ (',".,-(+ %.&-#("$ '4&/

,5 "#$ -.,/$ 13$ ", "#$ FC (2-&+" +&) /$ '$$) () ;%3.$ <6=6=G&H6 7#$ '"$$-49

.('()% "$2-$.&"3.$ +3.I$ 0&' 2$&'3.$1 /9 "#$ "(- ,5 & "#$.2,+,3-4$ 5mm
/$4,0 "#$ 5.,)" '3.5&+$ 0#(+# 5&+$' "#$ -4&'2&6 7#$ "#$.2,+,3-4$' &" "#('

-,'("(,) &.$ 4&/$4$1 /9 1 () ;%3.$ J6 6@6 7#$ "0, '4,049 .('()% "$2-$.&"3.$

+3.I$' () ;%3.$ <6=6=G&H /$4,)% ", "#$.2,+,3-4$' .&1(&449 2,.$ ,3"'(1$6 7#$9

&.$ 4&/$4$1 /9 2 () ;%3.$ J6 6@6 7#$ 1(K$.$)" +3.I$' *,() &5"$. &/,3" 60 s &"

"#$ $L3(4(/.(32 "$2-$.&"3.$ 0#(+# "#$) +&) /$ &''32$1 5,. "#$ 0#,4$ '4&/6

B(2(4&. .$'34"' 0$.$ ,/"&()$1 5,. "#$ 2,49/1$)32 '4&/6 M$.$ "#$ $L3(4(/.(32

"$2-$.&"3.$ (' .$&+#$1 &5"$. &/,3" 20 s &' '#,0) () ;%3.$ <6=6=G/H6 7#$ 1&'#$1

4()$' ,5 /$'" ;" () "#$ ;%3.$' <6=6=G&H &)1 <6=6=G/H &.$ 3'$1 ", 1$"$.2()$ "#$

$L3(4(/.(32 "$2-$.&"3.$6 7#(' -.,+$13.$ +,2-$)'&"$' 5,. $..,.' 13$ ", "#$

#$&" 4,''$' I(& "#$.2&4 .&1(&"(,) &)1 #$&" +,)13+"(,)6 N) &11("(,)8 "#$ #$&"

4,''$' &.$ 2()(2('$1 13$ ", "#$ -.,/$O' "#$.2&4 ()'34&"(,)6 P '(1$ $K$+" ,5 "#$

"#$.2&4 ()'34&"(,) (' & '#," ", '#," ()+.$&'$ ,5 "#$ -.,/$ "$2-$.&"3.$6 7#('

-.,%.$''(I$ #$&"()% ,5 "#$ -.,/$ 1,$' )," ()Q3$)+$ "#$ $)$.%9 1$-,'("(,) ,5

"#$ FC' () "#$ 2&"$.(&4'6 7#3'8 "#$ "$2-$.&"3.$ 1(K$.$)+$'8 0#(+# &.$ +&3'$1

/9 "#$ FC (2-&+"' &)1 0#(+# 1$"$.2()$ "#$ $'"(2&"(,) ,5 "#$ FC $)$.%($'8

&.$ ()1$-$)1$)" ,5 "#$ &/',43"$ -.,/$ "$2-$.&"3.$6 7#$ -.,/$ 2&"$.(&4' *3'"

#&I$ ", /$ R$-" 5.,2 .$&+#()% "#$(. 2$4"()% "$2-$.&"3.$' /9 +,,4S1,0) -#&'$'

/$"0$$) "#$ 1('+#&.%$'6 ?(%3.$ <6=6J '#,0' & -#,",%.&-# ,5 "#$ -.,/$ #$&16 N"

0&' "&R$) &5"$. "#$ $T-$.(2$)"&4 +&2-&(%)6 P--$)1(T U +,)"&()' &11("(,)&4

'(1$SI($0 -#,",%.&-#' ,5 "#$ -.,/$ #$&1 "&R$) &5"$. "#$ 2$&'3.$2$)"'6 7#$

(',".,-(+ %.&-#("$ &)1 "#$ V?V 0#(+# 5&+$1 "#$ (2-()%()% $4$+".,)' &.$ $.,1$1

&)1 "#$ 2,49/1$)32 (' -&."49 2,4"$) 13$ ", "#$ -.,%.$''(I$ #$&"()% ,5 "#$

-.,/$6 7#$'$ 1&2&%$' &.$ "#$ +&3'$ 5,. & 1(K$.$)+$ /$"0$$) "#$ %$,2$".(+&449

+&4+34&"$1 2&'' ,5 "#$ 2&"$.(&4' &)1 "#$ 2&'' 2$&'3.$1 &5"$. "#$ +&2-&(%)6



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

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

1*5.6 1% 2.+ 0#* &.571(*,/&8 "#* %$4,$9-',-* .2 0#*%* /,-*+0'$,0$*% -', 1*

%**, $, 0*+&% .2 0#* *++.+ 1'+% $, 94/+* :8;8:<'=8

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

-'5-/5'0*( $, %*-0$., @8A? 0#* BC *,*+4$*% $, 0#* ($%+/30$.,% '+* *%0$&'0*(8
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 8" #$%&!'( )* +,- +,-./)0)12'-( $&($3- +,- /)'983-&1/

D$4/+* :8;8;E "73$-'5 -'5.+$&*0+$- &*'%/+*&*,0 (/+$,4 ' BC $&3'-0 6$0# '((*(

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



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

C

Mo

CFC

RE

"#$%&' ()*)+, -./0/$&12. /3 0.' 415/&#6'0'& 2&/7' 130'& 0.' '82/9%&' 0/ 1 416:

21#$; /3 <= >#9&%20#/;9? 0.' 1&&/@9 #;>#410' 0.' >#&'40#/; /3 0.' <=9 1;> 0.'

91;>@#4. /3 610'&#159 0&1A'&9'>, 1 41&7/; B7&' 4/62/9#0' CD"DE? B;' $&1#;

$&12.#0' CDE 1;> 6/5F7>';%6 CG/E

 !"!" #$%&'($)$*+& ,- +.$ /'*%0%1 23$4+(,* 2*$(51

H.' '82'&#6';015 &'9%509 #;45%>' 0.' <= 4%&&';09 1;> 0.' <= ';'&$#'9 #; 0.'

>#9&%20#/;9) H.' <= 4%&&';09 1&' 4154%510'> 7F 9%70&140#;$ '82/;';0#155F >'41F:

#;$ B09 3&/6 0.' <= 2510'1%9) H.' <= ';'&$#'9 1&' 6'19%&'> 7F 0.' 415/&#6'0'&

2&/7') H.' &'9%509 /3 9'40#/; ()I 1;> J!+ K 1&' %9'> 19 1; #;>'2';>';0 4.'4L

/3 0.' 415/&#6'0&F >101) H.' 94#;0#5510/& 2&/7' 6'19%&'> <= ';'&$F 92'40&1 10

0.' 251961 '>$' >%&#;$ H=MHN< >#9&%20#/;9 ) H.'9' >#9&%20#/;9 @'&' #;>%4'>

#; 0.' 916' @1F 19 >'94&#7'> #; 9'40#/; ()*)I) H.' 0/015 ;%67'&9 /3 0.' <=9 #;

0.' >#9&%20#/;9 @'&' '90#610'> 3&/6 0.' <= 4%&&';09) H.' ';'&$F 92'40&1 @'&'

9415'> %2 0/ 4/;01#; 0.#9 ;%67'& /3 <=9)

H.'&' 1&' 0@/ @1F9 0/ 'A15%10' 0.' <= 4%&&';09 1;> ';'&$#'9) O/0. 9./%5>

7' >#94%99'>) H.' <= 4%&&';09 9./@ 51&$' P%40%10#/;9 3&/6 9./0 0/ 9./0 19

0.' $';'&10#/; /3 0.' <=9 #9 9';9#0#A' 0/ 0.' '8140 'A/5%0#/; /3 0.' >#9&%20#/;)

G/90 ;10%&15 >#9&%20#/;9 >/ ;/0 9./@ <=9 10 155) Q0 H=MHN< 0.' #;>%4'>

>#9&%20#/;9 1&' %9'> 3/& 9F90'610#415 90%>#'9 /3 0.' 2.F9#49 /3 0.' <=9) H.%9?

0.'F 31A/%& 0.' $';'&10#/; /3 <=9) R';'&15#9#;$ 0.' &'9%509? 0.' <= 4%&&';09

9./%5> 7' 9''; 19 618#6%6 A15%'9) S; 0.' 3/55/@#;$ 0.' 'A15%10#/; 144/&>#;$ 0/

0.#9 #;0'&2&'010#/; C1E #9 719'> /; 0.' %22'& 5#6#09 /3 0.' 14.#'A'> <= 4%&&';09)

H.' #;0'&2&'010#/; C7E 1225#'9 1 9010#90#415 901;>1&> 6'0./>) H.' 94100'& /3 0.'

>101 #9 &'>%4'> 7F 01L#;$ 0.' 6'1; /3 0.' <= 4%&&';09 3/& B8'> A15%'9 /3 0.'

251961 21&16'0'&9) H.' <= ';'&$#'9 155/@ 1; 1;15/$%' 0&'106';0) H.' 51&$'

94100'& /3 0.' 415/&#6'0&F >101 2/#;09 #9 41%9'> 7F 0.' <= 7'16 /30'; 90&#L#;$

0.' 2&/7' /;5F 21&0#155F /& 'A'; 6#99#;$ #0) H.#9 #625#'9 1 <= 7'16 @.#4. #9

96155'& 0.1; 0.' 2&'>#9&%20#A' 251961 4/5%6;) H.#9 199%620#/; #9 #; 1$&''6';0

@#0. 0.' #;4&'19' /3 0.' #;0'&;15 #;>%401;4' #; 2/90>#9&%20#A' <= 2519619 J!(+K)

H.' 9010#90#415 A1&#10#/;9 41%9' 0.' 415/&#6'0'& 6'19%&'6';09 0/ %;>'&'90#610'



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

"#$ %& $'$()*+ ,- "#$ %& .$/01 2$($ -344* 5'657$'" 8' "#$ 9(8.$: "#$* 9(8736$7

7/"/ 985'"1 /" /' 399$( 4505"+ ;#$ 165'"544/"8( 9(8.$ ($134"1 /($ 5'7$9$'7$'"

8- "#51 )$80$"(56/4 5'"$(9($"/"58' </=+ ;#31: "#$* /($ 4$11 16/""$($7 /'7 "#$*

/($ 6481$ "8 "#$ 399$( 4505"+ ,' /'/48)* "8 "#$ %& 63(($'"1 "#$ $>/43/"58' <.=

($736$1 "#$ 7/"/ 16/""$( .* "/?5') "#$ 0$/' 8- "#$ %& $'$()5$1+ ;#51 1"/"51"56/4

$>/43/"58' 5)'8($1 "#$ )$80$"(56/4 5'"$(9($"/"58' /'7 4$/71 "8 75@$($'" /.1843"$

>/43$1+

A5)3($ B+C+B 1#821 "#$ %& $'$()5$1 2#56# 2$($ 0$/13($7 .* "#$ 6/48(50$"$(

9(8.$ /" "#$ (/75/4 9815"58' rcal = 46 cm 73(5') 751(39"58'1 25"# Bt = 2.4T /'7

Ip = 300 kA+ ;#$ %& $'$()5$1 /($ 1#82' 5' 7$9$'7$'6$ 8- "#$ %& 63(($'"1+ ;#$

165'"544/"8( ($134"1 /($ /418 5'6437$7+ A5)3($ B+C+B</= 1#821 "#$ ($134"1 /668(75')

"8 "#$ )$80$"(56/4 5'"$(9($"/"58'+ ;#$ 399$( 4505" 8- "#$ %& $'$()5$1 51 5'75D

6/"$7 .* "#$ 7/1#$7 45'$+ ;#$ 165'"544/"8( 9(8.$ ($134"1 /($ 6481$ "8 "#51 45'$ /'7

13998(" "#$ )$80$"(56/4 5'"$(9($"/"58'+ ;#$ 0$/' %& $'$()5$1 /668(75') "8 "#$

1"/"51"56/4 5'"$(9($"/"58' 6/' .$ 1$$' 5' E)3($ B+C+B<.=+ ;#$ ($4/"5>$ 7$9$'7$'6$

8- "#$ %& $'$()* 8' "#$ %& 63(($'" 51 64$/($( 5' "#51 E)3($+ ;#$ 165'"544/"8( ($D

134"1 /($ 5'7$9$'7$'" 8- "#$ )$80$"(56/4 F36"3/"58'1 /'7 "#31 "#$5( 0$/' >/43$1

/($ 4/()$( "#/' "#$ 0$/' 6/48(50$"(* 7/"/+ G8"# 2/*1 8- $>/43/"5') "#$ 7/"/

13))$1" /' /99(8H50/"$4* 45'$/( 5'6($/1$ 8- "#$ %& $'$()* -8( %& 63(($'"1 /.8>$

50 kA+ ;#$ 0$/' %& 63(($'" 8- /44 "#$ 751(39"58'1 5' E)3($ B+C+B</= /083'"1 "8

/.83" 100 kA+ I668(75') "8 "#$ )$80$"(56/4 5'"$(9($"/"58': / "*956/4 ;&J;K%

751(39"58' 5'6437$1 / %& $'$()* 68'"$'" 8- 30 "8 35 kJ+ ;#$ 0$/' %& $'$()*

8- /44 "#$ 751(39"58'1 51 20± 12 kJ+ ;#$1$ ($134"1 #/>$ .$$' $H"(/984/"$7 "8 %&

63(($'"1 8- 1MA "*956/4 8- 751(39"58'1 /" L&;+ ;#51 /44821 / 6809/(518' 25"#

"#$ ($134"1 9($1$'"$7 5' "#$ 45"$(/"3($ MNBOP+ ;#$ %& $'$()* 68'"$'" 8- L&;

751(39"58'1 2/1 5'-$(($7 -(80 "#$ "$09$(/"3($ 5'6($/1$ 8- #8" 198"1+ ;#51 2/1

78'$ -8( NQ 751(39"58'1 /'7 "#$ %& $'$()* 2/1 -83'7 "8 >/(* .$"2$$' 0 /'7

0.5MJ+ ;#$ ($134"1 1#82 /' /663034/"58' 8- -83( 7/"/ 985'"1 /(83'7 0.32MJ
5' E)3($ R 8- "#$ ($-$($'6$+ ;#$ /668(75') %& 63(($'"1 /($ '8" )5>$' 5' "#$

93.456/"58'+ %/"#$( / "*956/4 %& 63(($'" 8- 1MA 51 1"/"$7 "8 68'"/5' / %&

$'$()* 8- /.83" 0.5MJ+ ;#$ $H"(/984/"58' 8- "#$ 7/1#$7 45'$ 5' E)3($ B+C+B</=

"8 / %& 63(($'" 8- 1MA 4$/71 "8 / %& $'$()* 8- /99(8H50/"$4* 0.34MJ+ I

45'$/( E" 8- "#$ 6/48(50$"$( ($134"1 5' E)3($ B+C+B<.= 4$/71 "8 /.83" 0.21MJ 8-

%& $'$()* 5' / 63(($'" 8- 1MA+ S8'1$T3$'"4*: "#$ 6809/(518' 13998("1 "#$

)$80$"(56/4 5'"$(9($"/"58' 8- "#$ ;&J;K% ($134"1+

;#$ 7$9$'7$'6$ 8- "#$ %& $'$()* 8' "#$ (/75/4 9815"58' 8- "#$ 6/48(50$"$( 9(8.$

51 9($1$'"$7 5' E)3($ B+C+O -8( Bt = 2.4T /'7 Ip = 300 kA+ ;#$ )$80$"(56/4

5'"$(9($"/"58' 51 1#82' 5' E)3($ B+C+O</=+ I 7/1#$7 45'$ 51 5'6437$7 "8 0/(?

"#$ 399$( 4505" 8- "#$ %& $'$()*+ A5)3($ B+C+O<.= 1#821 "#$ 0$/' >/43$1 8-

"#$ %& $'$()* /" $/6# (/75/4 9815"58'+ ;#$ 05'5030 (/7531 8- rcal = 46 cm
68(($198'71 "8 "#$ 9815"58' 8- "#$ "8(857/4 4505"$(+ A8( 9(8.$ 9815"58'1 (/75D

/44* 08($ 83"157$ "#/' rcal = 46.5 cm "#$ $'$()* 7$6($/1$1 B+C+O</= 45'$/(4* 8(

B+C+O<.= 4$11 "#/' 45'$/(4*+ ;#31: "#$ -(/6"58' 8- "#$ %& .$/0 2#56# 51 1"899$7

.* "#$ 9(8.$ 7$6($/1$1 8' "#$ />$(/)$+ S8'1$T3$'"4*: "#$ 9(8.$ 0$/13($0$'"1

/($ 081" ($45/.4$ -8( rcal ≤ 46.5 cm+ U85') 2.5 cm /2/* -(80 "#$ 94/10/ $7)$

($736$1 "#$ %& $'$()* 48/7 8' "#$ VAS1 .* / -/6"8( 8- 2+
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 !  !"#$%$& '(')*!+#, -# .-,!"/*-+#,

"#$ %$&$'%$'($ )* +#$ ,- (.//$'+ )' +#$ +)/)0%12 314'$+0( 5$2% 06 6#)7'

0' 54./$ 89:9; *)/ Ip = 300 kA9 <04./$ 89:9;=1> 6#)76 122 +#$ ,- (.//$'+69

"#$ 31?03.3 @12.$6 1/$ ).+20'$% AB 1 %16#$% 20'$9 "#$ 3$1' ,- (.//$'+6 1/$

40@$' 0' 54./$ 89:9;=A>9 </)3 A)+# 54./$6 0+ (1' A$ ()'(2.%$% +#1+ *)/ Bt ≤ 2T
') ,-6 1/$ &/)%.($%9 C.(# 1 ,- 4$'$/1+0)' +#/$6#)2% 1/).'% Bt ≈ 2T 716

)A6$/@$% )' 6$@$/12 31(#0'$69 "#$ $?06+$'($ )* 6.(# 1 +#/$6#)2% 716 6+1+06+0D

(122B 1'12B6$% 1+ E-" FG8;H 1'% 1 ()3&1/06)' A$+7$$' E-" 1'% "-I"J, 716

%/17' FG8KH9 "7) &#B60(12 3$(#1'0636 7#0(# &)660A2B ().2% (1.6$ +#$ +/$6#)2%

7$/$ 6+.%0$% +#$)/$+0(122B FG8 H9 L"#$ 5/6+ &)660A2$ $?&21'1+0)' F999H 06 +#1+

+#$ /.'171B A$13 $?(0+$6 7#06+2$/ 71@$6 +#1+ 6(1++$/ +#$ $2$(+/)'6 0' @$2)(0+B

6&1($ F999H "#$ 6$()'% &)660A2$ $?&21'1+0)' 06 +#$ 314'$+0( 5$2% %$&$'%$'($ )*

+#$ (/0+$/0)' *)/ 6.A6+1'+012 /.'171B &/)%.(+0)' )A+10'$% AB (12(.21+0'4 #)7

31'B /.'171B $2$(+/)'6 (1' A$ &/)%.($% A$*)/$ +#$ 0'%.($% +)/)0%12 $2$(+/0(

5$2% %0M.6$6 ).+ )* +#$ &21631L =1A6+/1(+>9 NA)@$ +#$ +#/$6#)2% +#$ ,- (.//$'+

0'(/$16$6 1&&/)?031+$2B 20'$1/2B 70+# Bt9 "#$ 62)&$ )* +#$ 0'(/$16$ 06 #04#$/

0' 54./$ 89:9;=1> +#1' 0' 89:9;=A>9 "#$ ,- $'$/40$6 3$16./$% *)/ Ip = 300 kA
1+ rcal = 46 cm 1/$ &/$6$'+$% )@$/ Bt 0' 54./$ 89:9K9 "#$ 4$)3$+/0(12 0'+$/D

&/$+1+0)' 0'(2.%0'4 1' .&&$/ 2030+ 06 40@$' 0' 54./$ 89:9K=1> 1'% +#$ 3$1' ,-

$'$/40$6 1/$ 40@$' 0' 54./$ 89:9K=A>9 N 603021/ BtD%$&$'%$'($ 16 *)/ +#$ ,-

(.//$'+ 1&&20$6 +) +#$ ,- $'$/4B9 "#06 6.&&)/+6 +#$ ()'(2.60)' )* 1 20'$1/ %$D

&$'%$'($ )* +#$ ,- $'$/4B )' +#$ ,- (.//$'+9 N410' +#$ 62)&$ 0' 54./$ 89:9K=1>

06 6+$$&$/ +#1' 0' 89:9K=A>9

"#$ %$&$'%$'($ )* +#$ ,- (.//$'+ )' +#$ &/$%06/.&+0@$ &21631 (.//$'+ (1' A$

6$$' 0' 54./$ 89:9 *)/ Bt = 2.4T9 N410' 122 +#$ ,- (.//$'+6 1'% 1' .&&$/ 2030+

1/$ 40@$' 0' 54./$ 89:9 =1> 1'% +#$ 3$1' ,- (.//$'+6 1/$ 40@$' 0' 89:9 =A>9 O$D

/0@0'4 */)3 A)+# 54./$6P +#$ ,- (.//$'+ 0'(/$16$6 *)/ 200 kA ≤ Ip ≤ 300 kA9

N(()/%0'4 +) 54./$ 89:9 =A>P +#$ ,- (.//$'+ 6$$36 ')+ +) 0'(/$16$ 1A)@$ Ip =
300 kA9 <04./$ 89:9GQ 6#)76 +#$ %$&$'%$'($ )* +#$ ,- $'$/4B )' +#$ &/$%06D

/.&+0@$ &21631 (.//$'+9 "#$ (12)/03$+$/ &/)A$ 3$16./$% 1+ rcal = 46 cm9 "#$

6(0'+0221+)/ /$6.2+6 1/$ 0'(2.%$% 16 7$229 <04./$ 89:9GQ=1> 40@$6 +#$ .&&$/ 2030+

)' +#$ ,- $'$/4B 7#0(# /$6.2+6 */)3 +#$ 4$)3$+/0(12 0'+$/&/$+1+0)'9 <04./$

89:9GQ=A> 6#)76 +#$ 3$1' ,- $'$/40$69 R)+# 54./$6 122)7 1 603021/ $6+031+$

)* +#$ IpD%$&$'%$'($ )* +#$ ,- $'$/4B 16 *)/ +#$ ,- (.//$'+ 0' 54./$ 89:9 9

"1S0'4 122 +#$ %06/.&+0)'6 0'+) 1(().'+ 7#0(# /$6.2+$% 0' 1 ')'T$/) ,- (.//$'+

+#$ 3$1' ()'@$/60)' )* +#$ &/$%06/.&+0@$ &21631 (.//$'+ 0'+) 1 ,- (.//$'+ 06

*).'% +) A$ 35%9 "#$ 31?03.3 @12.$ 06 51%9

"#$ $U(0$'(B )* +#$ ()'@$/60)' )* +#$ &/$%06/.&+0@$P 314'$+0( &21631 $'D

$/4B 0'+) ,- $'$/4B 06 (12(.21+$%9 <)/ +#06 +#$ 314'$+0( $'$/4B )* +#$ &21631

&/0)/ +) +#$ %06/.&+0)' 06 (12(.21+$% @01 Emag = 1
2I

2
pLp9 "#$ 0'%.(+1'($ 06

Lp = µ0R(ln (8R/a)−2+ℓi/2)9 "#$ @12.$ )* +#$ 0'+$/'12 0'%.(+1'($ 06 +#$ )'2B
&1/13$+$/ 7#0(# 06 ')+ $?1(+2B S')7' *)/ +#$ &/$%06/.&+0@$ &21631 A.+ 0+ 06 +B&D

0(122B ℓi = 1.2 1+ "-I"J,9 O$@01+0)'6 */)3 +#06 166.3&+0)' AB ±1 0'+/)%.($

1' $//)/ )* ±3% +) +#$ 5'12 /$6.2+9 <04./$ 89:9 6#)76 +#$ +$'%$'(B )* +#$ ()'D

@$/60)' $U(0$'(B +) %$(/$16$ 70+# 1' 0'(/$160'4 &21631 (.//$'+ *)/ Bt = 2.4T9
"#$ /$6.2+6 1(()/%0'4 +) +#$ 4$)3$+/0(12 0'+$/&/$+1+0)' )* +#$ (12)/03$+$/ &/)A$

3$16./$3$'+6 1/$ 40@$' 0' 54./$ 89:9GG=1>9 N410' +#$ /$6.2+6 )* +#$ 6(0'+0221+)/
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0'3!+%. !2 /55%& 1'-'+ !33)&0'26 +) +,% 6%)-%+&'3!1 '2+%&5&%+!+')2

)* +,% 0!+!

 !" #"" ##" #$" #%" #!" &"" &#" &$" &%"

"

 "

#"

&"

$"

'"

 

!"#

$%&!'()*

+

$,-%.)

 

)

)'/"0)!"#1 2'/+/ 

)'/"0)3!20+-)4 15/

!
"

 
#
$
#
%
&
'
 
(
)
*
+

4#"3'")!6  /0+)789:

 7" 8%!2 9: %2%&6'%.
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 :" #$%&'()*$% '+,*'%,*') (')-./*%0 1($2 /3' 2'!% 56 '%'(0*')

"#$%&' ()*)  + ,-./'&0#-. '12#'.2#'0 -3 45' 6&'7#0&%64#/'8 9:$.'4#2 6;:09:

'.'&$< #.4- => '.'&$< -/'& 45' 6;:09: 2%&&'.4 3-& 2:;-&#9'4'& :.7 02#.4#;;:4-&

6&-?' 7:4:



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

"#$%& '()*+&' ,** -&#. /&00 ($ (1& 2&/ 3&,')#&3&2('4 51& 3,6+3)3 &2&#7.

8$2-&#'+$2 +' 9$)2* ($ %& 26%4 51& 8$2-&#'+$2 &:8+&28+&' /1+81 #&')0( 9#$3 (1&

3&,2 -,0)&' $9 (1& ;< &2&#7. ,#& 7+-&2 +2 =7)#& >4?4  @%A4 51& IpB*&"&2*&28&
+' -&#. '+3+0,# +2 %$(1 =7)#&' ,0(1$)71 (1& ,%'$0)(& -,0)&' ,#& '3,00&# +2 =7)#&

>4?4  @%A4

 !"!# $%&&'()

51& 8,0$#+3&(&# "#$%& ,00$/&* *+#&8( 3&,')#&3&2(' $9 (1& ($(,0 ;< &2&#7.

+2 ($C,3,C *+'#)"(+$2'4 D (."+8,0 ;< "0,(&,) 8)##&2( $9 100 kA /,' 9$)2* ($

8$2(,+2 30 ($ 35 kJ $9 ;< &2&#7. ,( 5<E5F;4 51& '8,0+27 $9 (1& ;< &2&#7.

/+(1 (1& ;< 8)##&2( ,2* (1)' (1& 2)3%&# $9 7&2&#,(&* ;<' +' ,""#$6+3,(&0.

0+2&,# 9$# ;< 8)##&2(' ,%$-& 50 kA4 51& ;< &2&#7. /1+81 +' *&"$'+(&* +2 (1&

"#$%& *&8#&,'&' 9$# #,*+,0 "#$%& "$'+(+$2' 3$#& (1,2 1.5 cm %&1+2* (1& 0+3+(&#4

51& ;< &2&#7. 0$,* $2($ (1& GHI' +' #&*)8&* %. , 9,8($# $9 2 %. 3$-+27 (1&3

2.5 cm #,*+,00. ,/,. 9#$3 (1& "0,'3,4 51& ;< 8)##&2( ,2* (1& ;< &2&#7. '1$/

, ;< 7&2&#,(+$2 (1#&'1$0* ,( Bt ≈ 2T4 D%$-& (1& (1#&'1$0* (1& ;< 8)##&2(

+28#&,'&' ,""#$6+3,(&0. 0+2&,#0. /+(1 Bt4 51+' *&"&2*&28& +' #&"#$*)8&* 9$# (1&

;< &2&#7.4 51& -,#+,(+$2 $9 (1& ;< 8)##&2( /+(1 (1& "0,'3, 8)##&2( 8$)0* ,0'$

%& #&"#$*)8&* 9$# (1& ;< &2&#7. /1+81 '(#&27(1&2' (1& 8$280)'+$2 $9 , 0+2&,#

*&"&2*&28& $9 (1& ;< &2&#7. $2 (1& ;< 8)##&2(4 51& 8$2-&#'+$2 $9 (1& "#&B

*+'#)"(+-&J 3,72&(+8 "0,'3, &2&#7. +2($ ;< &2&#7. *)#+27 (1& 8)##&2( K)&281

'1$/' , (&2*&28. ($ *&8#&,'& /+(1 +28#&,'+27 "0,'3, 8)##&2('4 51& 3,6+3)3 $9

(1& 8$2-&#'+$2 /,' 9$)2* ,( 26%4 51)'J (1& /$#C "#&'&2(&* "#$-+*&' ,**+(+$2,0

+2'+71(' ,%$)( (1& ;< &2&#7. 8$2-&#'+$2 *)#+27 ($C,3,C *+'#)"(+$2'4 51&'&

#&')0(' '1$)0* %& (,C&2 +2($ ,88$)2( +2 9)()#& '+3)0,(+$2' $9 ;<'4
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 !"

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

#$4 *0%'$#$(/- 50"(+"304 6#7$0(21 !'&'/'8

720%

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

(*4#*5 -(*!23&(- &' ()!*%*+ $5$/-(&!2 #! -&6*,*6 35*2,*27 80$ #!9)$!/$2 &'

-0$ 2,*55:2/*5$ ,*.!$-#/ -)(;)5$!/$ *!4 $<-$(!*55+ *335#$4 ($2&!*!- ,*.!$-#/

3$(-)(;*-#&! =$542 *($ 2-)4#$47 ><3$(#,$!-*5 4*-* ($2)5-#!. '(&, ,$*2)($,$!-2

)2#!. -0$ 2/#!-#55*-&( 3(&;$ *2 %$55 *2 * ,&4$5 &' -0$ ()!*%*+ -(*!23&(- *($

4$2/(#;$47 80$ *2+,3-&-#/ -0$&(+ &' ,*.!$-#/ =$54 5#!$ 4#?)2#&! %*2 )2$4 *2

-0$ ;*2#2 &' -0$ -0$&($-#/*5 2-)4#$27 @#-0 -0$ 0$53 &' -0$ $<3$(#,$!-*5 ($2)5-2

-0$ '&(,*5#2, /&)54 ;$ )-#5#2$4 -& &;-*#! *! *2+,3-&-#/ -0$&(+ &' -0$ ()!*%*+

$5$/-(&! 4#?)2#&!7 80#2 -0$&(+ #2 &!5+ ;(#$9+ #!-(&4)/$4 *2 #- %*2 4$"$5&3$4 ;+

A7A7 B;4)55*$"7 80$ ()!*%*+ -(*!23&(- ,&4$5 #2 4$2/(#;$4 #! ,&($ 4$-*#5 *2 #-

#2 3*(- &' -0$ C0D %&(67 80$ -$<- *!4 =.)($2 &' -0#2 /0*3-$( *($ ;*2$4 &! -0$

3*3$( EFGGH &' -0$ *)-0&(7

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

#$% &'()%*+, *-.-/-(0 -1 ' *-2'&'2 ,') %3%,*+4%/0 5% '/*%6%7 50 *$% '../+,'8

*+-) -1 ' &'()%*+, .%6*965'*+-) :%/7 ;$+,$ +< 6%<-)')* *- *$% $%/+,'/ %=9/+56+9&

:%/7> ?9% *- *$%+6 6%/'*+4+<*+, 4%/-,+*+%<@ AB< '6% )-* <%)<+*+4% *- %/%,*6-<*'*+,

*9659/%),%<> A'*$%6 *$% AB *6')<.-6* *-;'67< *$% ./'<&' %7(% +< 7%*%6&+)%7

50 *$% &'()%*+, :%/7> C-)<%=9%)*/0@ AB< ,') 5% 9<%7 *- <*970 *$% &'()%*+,

<*69,*96%< +) *-2'&'2 ./'<&'< D E!F> G../0+)( ' 6%<-)')* &'()%*+, :%/7@ ;$+,$

+< ,-))%,*%7 ;+*$ ') %6(-7+<'*+-) -1 *$% &'()%*+, *-.-/-(0@ +< ') %3%,*+4% ;'0

*- %)$'),% *$% AB *6')<.-6* ')7 *- 6%79,% *$% /+1%*+&%< '4'+/'5/% 1-6 *$% %)8

%6(0 ('+) -1 *$% AB< <95<*')*+'//0> C966%)*/0@ $+($ %)%6(0 AB< '6% -)% -1 *$%

&-<* <%6+-9< ,-),%6)< '5-9* 7+<69.*+-)< +) 6%',*-6 <+H%7 *-2'&'2< /+2% I#BA

D JK L@ M F> #$% AB< (%)%6'*%7 *$%6% ,') ,'660 *%)< -1 MeV ')7 *$9< ,') ,'9<%

/-,'/ %)%6(0 7%.-<+*+-)< +) *$% ;'// &'*%6+'/< %)-9($ 1-6 &%/*+)( -6 '5/'*+-)>

#$% .%)%*6'*+-) 7%.*$< -1 *%)< -1 cm +) 5%60//+9& ')7 (6'.$+*% '6% %<.%,+'//0

7')(%6-9< 1-6 9)7%6/0+)( ,--/+)( <*69,*96%< DM!F> N%4%6'/ AB &+*+('*+-) *%,$8

)+=9%< '6% 5%+)( <*97+%7> O%<+7%< PQI DR!@   E@  M F ')7 .%//%* +)S%,*+-) <,$%&%<

DJM@ J"@  JMF .6-&+<+)( 6%<9/*< '6% -5*'+)%7 50 APT D !U@  !V@   J@  MMF> #$%

9)7%6/0+)( .$0<+,< -1 *$% AB *6')<.-6* $'4% 5%%) <*97+%7 *$%-6%*+,'//0 -4%6

&')0 0%'6< DUU@ UV@ V @ V"@  E K ERF> C-):6&+)( *$% *$%-6%*+,'/ ',$+%4%&%)*<

50 &%'<96%&%)*< +< -1*%) $'&.%6%7 50 *$% /+&+*'*+-)< -1 *$% AB 7+'()-<*+,<>

I) *$+< ,$'.*%6 &%'<96%&%)*< -1 *$% %)$'),%&%)* -1 *$% AB /-<<%< 79% *- '

6%<-)')* &'()%*+, :%/7 '6% .6%<%)*%7> #$% AB< '6% &%'<96%7 7+6%,*/0 '* *$%

./'<&' %7(% 50 *$% 6%,+.6-,'*+)( <,+)*+//'*-6 .6-5%> #$% *%&.-6'/ %4-/9*+-)

-1 *$% AB /-<<%< ')7 *$% 7%.%)7%),%< -) *$% AB %)%6(0 ')7 *$% '&./+*97% -1

*$% APT '6% <*97+%7> N+),% 7+<69.*+-)< '6% ,-&./%W ')7 )-* ;%// 6%.6-79,+5/%@

*$% &%'<96%&%)*< '6% ,'66+%7 -9* 9<+)( ' <+&./%6 ./'<&' <*'*%@ )'&%/0 *$% /-;



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

#$%&'() (*+,-,+ #'&./,01$ *2 3453678 9 :$;; .*%(0*;;$# 0$&*%,%( -,1%$('.

<$;# '& ,==;'$# $>($0%,;;) ?) -$,%& *2 (/$ @4@8 3/$ $>=$0'-$%(,; 0$&A;(& ,0$

A&$# (* #$B$;*= , -*#$;C :/'./ (,+$& (/$ -,1%$('. (A0?A;$%.$ ,%# (/$ $>($0%,;

=$0(A0?,('*% '%(* ,..*A%(C (* #$&.0'?$ (/$ 0,#',; 74 (0,%&=*0( ?) , #'DA&'*%

=0*.$&&8 E*;;*:'%1 ,% ,&)-=(*('. (/$*0)C (/$ 74 *0?'(& ,%# ;*.,; (0,%&=*0( .*F

$G.'$%(& *2 (/$ 0,#',; 74 #'DA&'*% ,0$ .,;.A;,($#8 H*;B'%1 (/$ .*00$&=*%#'%1

#'DA&'*% $IA,('*% #$;'B$0& (/$ 74 #$%&'() '% (/$ =;,&-, ,%# (/$ JA> *2 (/$

74& :/'./ ,0$ $>=$;;$# 20*- (/$ =;,&-,8 3/$ *A(=A( *2 (/$ -*#$; '& #'0$.(;)

.*-=,0$# (* (/$ -$,&A0$-$%(& (* 1'B$ ,% A%#$0&(,%#'%1 *2 (/$ =/)&'.& *2 (/$

74 (0,%&=*0( #A$ (* (/$ =$0(A0?$# -,1%$('. (*=*;*1)8

K% &$.('*% L8M (/$ $>=$0'-$%(,; &$(A= '& #$&.0'?$#8 3/$ 0$&A;(& *2 (/$ 74 -$,F

&A0$-$%(& ,0$ =0$&$%($# '% &$.('*% L8N8 H$.('*% L8" ?0'$J) &/*:& /*: (/$ ,&)-=F

(*('. 74 (/$*0) '& A&$# (* .,;.A;,($ (/$ 74 *0?'(& ,%# (/$ #'DA&'*% .*$G.'$%(&8

3/$ ,==;'.,('*% *2 (/$ .*$G.'$%(& '% , #'DA&'B$ 74 (0,%&=*0( -*#$; '& =0$&$%($#

'% &$.('*% L8O8 3/$ 0$&A;(& *2 (/$ -*#$; ,0$ 1'B$% ?$2*0$ '% &$.('*% L8L (/$) ,0$

.*-=,0$# (* (/$ -$,&A0$-$%(&8 9 #'&.A&&'*% *2 (/$ =/)&.',; $D$.(& '& .,00'$#

*A( '% &$.('*% L8P8 9( (/$ $%# (/$ -*&( '-=*0(,%( ,./'$B$-$%(& ,0$ &A--,0'&$#

'% &$.('*% L8Q8

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

3/$ 74 -$,&A0$-$%(& :$0$ .,00'$# *A( ,( (/$ -'##;$ &'R$# (*+,-,+ 345F

3678 @A0'%1 (/$ =A0$;) */-'. ;*: #$%&'() #'&./,01$& 74& *2 $%$01'$& A= (*

30MeV ,0$ =0*#A.$# 0$;',?;) (/0*A1/*A( (/$ #'&./,01$ SPQT8 9 =;,&-, .A00$%(

*2 Ip = 300 kAC , (*0*'#,; -,1%$('. <$;# *2 Bt = 2.25T ,%# ,% $;$.(0*% #$%&'()

*2 ne = 0.6 · 1019 m−3
:$0$ ./*&$%8 92($0 4 s /$;'A- 1,& :,& '%U$.($# '%(* (/$

#'&./,01$ :/'./ '%.0$,&$# (/$ $;$.(0*% #$%&'() (* ,?*A( ne = 3 · 1019 m−3
8 3/'&

=0*.$#A0$ &A?&(,%(',;;) 0$#A.$& (/$ %A-?$0 *2 74& &(0'+'%1 (/$ :,;; ,( (/$ $%#

*2 (/$ #'&./,01$ :/'./ '& ,==0*,./$# :/$% (/$ JA> &:'%1 *2 (/$ (0,%&2*0-$0

'& .*%&A-$# ,2($0 ,?*A( 6 s8 V*%&$IA$%(;)C 74 #,-,1$& (* (/$ -,./'%$ ,0$

=0$B$%($#8

3/$ 0$&*%,%( =$0(A0?,('*% *2 (/$ 0$1A;,0 -,1%$('. (*=*;*1) :,& ,==;'$# ?)

(/$ @4@ S !WT8 3/$ =$0(A0?,('*% .*'; &)&($- .*%&'&(& *2 16 /$;'.,; .*';& :*A%#

*%.$ ,0*A%# *% (/$ '%%$0 &'#$ *2 (/$ 345367 B$&&$;8 H=$.'2)'%1 (/$ #'0$.('*%

*2 (/$ .A00$%( '% (/$ .*';& 0$&=$.('B$;) #$($0-'%$& (/$ ?,&$ -*#$ %A-?$0 ,%#

/$%.$ (/$ -,1%$('. JA> &A02,.$& 0$&*%,%( (* (/$ =$0(A0?,('*%8 K% (/$ $>=$0'F

-$%(& =0$&$%($# (/$ m/n = 6/2 .*%<1A0,('*% *2 (/$ @4@ :,& A&$# '% (/$ @V

*=$0,('*%8 3/'& ?,&$ -*#$ =0*B'#$& , 0,#',;;) #$$= $01*#'&,('*% *2 (/$ -,1F

%$('. (*=*;*1) :'(/*A( '%(0*#A.'%1 #'&(*0('*%& #A$ (* (/$ $>.'(,('*% *2 , ($,0'%1

-*#$8 3/$ ,-=;'(A#$ *2 (/$ 7XY :,& B,0'$# ?) &.,%%'%1 (/$ .A00$%( '% (/$

@4@ .*';& ?$(:$$% 0.1 kA < IDED < 7 kA8

K% *0#$0 (* ./$.+ (/$ 74 .*%($%( *2 (/$ #'&./,01$&C (/$ 4V4 ,%# (/$ =0*#A.('*%

*2 %$A(0*%& ?) =/*(*F%A.;$,0 0$,.('*%& #A$ (* (/$ 74& '-='%1'%1 *% (/$ YEV&

:$0$ #$($.($#8 3/$ $-=/,&'& *2 (/$ $>=$0'-$%( ;'$& *% (/$ -$,&A0$-$%(& ?) (/$

&.'%(';;,(*0 =0*?$8 3/$ 0$.'=0*.,('%1 -$./,%'&- :,& A&$# (* '%&$0( (/$ =0*?$
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 !"#$% &'(')* +%,-.$/0 %1.0#2!.3 .4 5/6 27% 89 -$.:% ;!"3/0< 5:6 27% $/=!/0

-.;!2!.3 .4 27% -$.:% 7%/= /3= 5>6 27% ?9? >#$$%32 @!27 / -0/2%/# 1/0#% /2

0.1 kA

!32. 27% ;>$/-% .A 0/B%$ /2 27% .#2%$ %C#/2.$!/0 ,!=-0/3% .3 / ms 2!,%;>/0%'
+7% -$.:% =%2%>2; 27% %0%>2$.3; @!27 %3%$"!%; /:.1% 3 2. 4MeV'

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

+7% 2%,-.$/0 %1.0#2!.3 .4 / 2B-!>/0 =!;>7/$"% .4 27% 89 >/,-/!"3 >/3 :%

.1%$1!%@%= !3 D"#$% &'(')' +7% -$.:% ;!"3/0 4.$ 27% =!A%$%32 $/3"%; .4 89

%3%$"B< ;%%3 !3 D"#$% &'(')5/6< ;2/$2; @7%3 27% -$.:% !; !3;%$2%= /; >/3 :% ;%%3

:B >.,-/$!;.3 @!27 27% $/=!/0 -.;!2!.3 .4 27% -$.:% ;7.@3 !3 D"#$% &'(')5:6'

+7% ,%/;#$%,%32/0 -.;!2!.3 .4 27% -$.:% 7%/= !; /2 / ,!3.$ $/=!#; .4 r = 0.47m
@7!>7 !; 1 cm .#2;!=% .4 27% EF G !3=!>/2%= :B 27% =/;7%=< 7.$!H.32/0 0!3% !3

27% D"#$%' ?#% 2. 27% .#2@/$= ;7!42 .4 27% 89;< 27!; -.;!2!.3 !; /--$.-$!/2%

4.$ 27%!$ =%2%>2!.3'  $., 27% 0.@%$ -/3%0< D"#$% &'(')5>6< / -0/2%/# 1/0#% .4 27%

?9? >#$$%32 .4 IDED = 0.1 kA >/3 :% $%/=' F.,-/$!3" 27% ?9? >#$$%32 /3=

27% -$.:% -.;!2!.3 >.3D$,; 27/2 27% -$.:% @/; /2 27% ,%/;#$%,%32/0 -.;!2!.3

@7%3%1%$ 27% ?9? @/; />2!1/2%=' I3 27% >/;% .4 IDED = 0.1 kA 3. %A%>2 .4
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7JK( L4M

#$%&'( ")*)+, -(./0'12 (302&4$05 06 718 49( :; /'0<( =$%512> 7<8 49( '1?$12

/0=$4$05 06 49( /'0<( 9(1? 15? 7@8 49( A;A @&''(54 B$49 1 /214(1& 312&( 14

4.7 kA

49( :CD 05 49( :; 20==(= $= 0<=('3(? 1= 49( 1./2$4&?( 06 49( /('4&'<14$05 $=

400 20B) -9( :; /(1E 14 1<0&4 3.4 s =4(.= 6'0. 49( '(3('=12 06 49( F&G $5 49(

4'15=60'.(' 06 -;H-I:) -9$= 91= 15 (J(@4 05 49( (205%14$05 06 49( /21=.1

15? @1&=(= 49( 0<=('3(? :; 20==(=) K4 1<0&4 4.1 s 15049(' /(1E 06 :;= $= @1&=(?

<L 49( $5M(@4$05 06 9(2$&. $540 49( 3(==(2 B9$@9 =41'4= 49( (5? 06 49( ?$=@91'%(

15? /'(3(54= 49( :;= 6'0. ?1.1%$5% 49( .1@9$5() K5120%&( 40 49( /'(3$0&=

05( N%&'( ")*)+ =90B= 49( @1=( 06 IDED = 4.7 kA) O5 49( &//(' /15(2> ")*)+718>

@2(1'2L 15 (5915@(.(54 06 49( :; 20==(= ?&'$5% 49( A;A 1@4$314$05> =((5 $5

")*)+7@8> @15 <( 0<=('3(?) -9( (J(@4 $= =4'05% 60' 49( :;= B$49 (5('%$(= <(4B((5

3 15? 5MeV 15? $4 ?(@'(1=(= 60' 9$%9(' (5('%$(=) -9$= 4(5?(5@L <(@0.(= .0'(

0<3$0&= <L 200E$5% 14 N%&'( ")*)* B9$@9 =90B= 49( @1=( 06 1 9$%9 1./2$4&?(

:CD 14 IDED = 6kA) -9( '(1=05 60' 49( (5('%L ?(/(5?(5@( 06 49( (J(@4 06

49( :CD $= 49( =9$64 06 49( :;= 6'0. 49( '(=05154 .1%5(4$@ F&G =&'61@(=) -9$=

=9$64 $= 21'%(' 60' :;= B$49 9$%9(' (5('%$(= 15? 49&= 49( /('4&'<14$05 1//(1'=

40 <( .0'( (J(@4$3(2L =9$(2?(? 6'0. 49(.) -9( '(1=05 60' 49( :; 20==(= 504

<($5% @054$5&0&= <&4 =90B$5% 1 =/$E(? =4'&@4&'( @15504 <( @21'$N(? 6'0. 49(
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,/<'($ =+>+>? @$#A-(%1 $0-1'*/-) -3 B%C *4$ 67 A(-8$ &/<)%1; B8C *4$ (%D/%1

A-&/*/-) -3 *4$ A(-8$ 4$%D %)D B5C *4$ E7E 5'(($)* F/*4 % A1%*$%' 0%1'$ %*

6 kA

*4$ (%*/- -3 *4$ A(-8$ &/<)%1 D'(/)< *4$ E7E A1%*$%' A4%&$ %)D 8$3-($ *4$ (%#AG

'A -3 *4$ E7E 5'(($)* /& 5%15'1%*$D+ @4$ ($&'1*/)< 3%5*-( /& A($&$)*$D /) H<'($

=+>+I -0$( *4$ E7E A1%*$%' 5'(($)* 3-( *4$ D/J$($)* &A$5*(%1 (%)<$&+ @4$ $((-(

8%(& %($ 5%15'1%*$D 3(-# *4$ K'5*'%*/-)& -3 *4$ 3%5*-( 8$*F$$) *F- &4-*& F/*4

*4$ &%#$ 5-)D/*/-)&+ @4$ D%&4$D 1/)$& %($ /)51'D$D *- /#A(-0$ *4$ ($%D%8/1/*2

-3 *4$ H<'($+ @4$ ($%&-) 3-( *4$ *F- -'*1/$(& %* 2 %)D 3 kA /& )-* 51$%(+ L<)-(/)<

*4$#; *4$ 3%5*-( /)5($%&$& )-)1/)$%(12 F/*4 *4$ E7E 5'(($)* F4/1$ *4$ /)5($%&$

/& *4$ &*$$A$&* %(-')D 4.7 kA+ M* *4/& 1$0$1 -3 A$(*'(8%*/-) *4$ 1-&&$& -3 *4$ 67&

F/*4 3 *- 5MeV %($ $)4%)5$D 82 % 3%5*-( -3 %(-')D 100+ @4$ 3%5*-( /)5($%&$&

*- #-($ *4%) 1000 3-( IDED = 6kA %)D &$$#& *- 5-#$ 51-&$ *- &%*'(%*/-) %*

IDED = 7kA+ @4$ 1-&&$& -3 *4$ 67& F/*4 $)$(</$& %8-0$ 21MeV %($ $)4%)5$D

82 % 3%5*-( -3 %(-')D 10 %* IDED = 4.7 kA F4/54 /& %1($%D2 *4$ &%*'(%*/-) 0%1'$+

@4$ $)$(<2 D$A$)D$)* /)K'$)5$ -3 *4$ 69: -) *4$ 67 *(%)&A-(* %1&- &4-F&

%) /#A%5* -) *4$ &A$5*(% -3 *4$ 67& $NA$11$D 3(-# *4$ A1%&#% %& 5%) 8$ &$$) /)
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1!1 2344*56 789:

#$%&'( )*+*,- ./( 01234' 40 56 7488 (9/192(:(93 $9 ;(<(9;(92( 40 3/( 1:<7$3&;(

40 3/( 5=> 04' ;$?('(93 56 (9('%$(8@ ;18/(; 7$9(8 1;;(; 04' '(1;1A$7$3B

C%&'( )*+*D* E8 <'4F(9 AB C%&'( )*+*DG1HI 13 1 74J K6K 2&''(93 3/( 568 /1F(

19 (9('%B 8<(23'&: J/$2/ $8 <(1L(; 1'4&9; 8 34 9MeV* M92'(18$9% 3/( K6K

2&''(93 34 4.7 kAI J/$2/ $8 ;49( $9 C%&'( )*+*DGAHI :4F(8 3/( <(1L 34 1 74J('

(9('%B 40 6 34 7MeV* #4' IDED = 6kA 3/( 56 8<(23'&: ;(3(23(; AB 3/( <'4A(

$8 (N<49(93$177B ;(21B$9% 18 219 A( 24927&;(; 0'4: C%&'( )*+*DG2H* M3 /18 34 A(

:(93$49(; 3/13 3/( ;(3(23$49 3/'(8/47; 40 3/( <'4A( 13 3 34 4MeV :1B 27$< 1

<(1L $9 3/( 8<(23'&: 13 1 74J(' (9('%B*

 !" #$%&'()(*+ ,-.)/% )0 123454% 67.+(/)3 8*92$*)3

./( 3/(4'(3$217 1917B8$8 40 3/( 56 3'198<4'3 1749% 3/( :$94' '1;$&8 40 3/(

34L1:1L /18 34 31L( 3/( :1%9(3$2 A12L%'4&9; 3&'A&7(92( 19; 3/( 1<<7$213$49

40 3/( 5=> $934 1224&93* ./( 7133(' 21&8(8 1 8$%9$C2193 (9/192(:(93 40 3/(

56 3'198<4'3 18 $3 J18 4A8('F(; $9 3/( :(18&'(:(938 <'(8(93(; 1A4F(* M9 4';('

34 ;(82'$A( 3/( 56 3'198<4'3 AB 1 ;$?&8$F( 19813OI 3/( 24''(8<49;$9% 3'198P

<4'3 24(Q2$(938 /1F( 34 A( 2172&713(;* .J4 3/(4'$(8 1'( &3$7$8(; 04' 3/$8I 3/(

18B:<343$2 3/(4'B 40 3/( 56 3'198<4'3 $9 1 34'4$;17 <718:1 21&8(; AB 3/( 8:177P

8217( :1%9(3$2 3&'A&7(92( R )DS 19; 3/( ;B91:$28 40 3/( 568 $9 3/( 5=> C(7;

R T+I  ))S* U43/ 3/(4'$(8 1'( A18(; 49 '(713$F$83$2 V1:$7349$19 %&$;$9% 2(93('

(W&13$498 04' 568 $9 34'4$;17 <718:18* X$3/ 3/( /(7< 40 3/( (N<('$:(9317 '(P

8&738 <'(8(93(; 1A4F( 3/( 3/(4'B 40 3/( $9Y&(92( 40 3/( 5=> 49 3/( :1%9(3$2

C(7; 7$9(8 40 3/( 34L1:1L 249C%&'13$49 24&7; A( ;(F(74<(; 0&'3/(' 34 ;(82'$A(

3/( $9Y&(92( 40 3/( 5=> 49 3/( 3'1Z(234'$(8 40 3/( 568* ./$8 8(23$49 ;4(8 943

24931$9 1 ;(31$7(; ;('$F13$49 40 3/( 3/(4'B 18 3/$8 $8 3/( J4'L 40 [*[* EA;&771(F*

513/(' $3 <'4F$;(8 3/( $904':13$49 J/$2/ $8 :19;134'B 04' 3/( <'(8(9313$49 40

3/( 56 3'198<4'3 :4;(7 $9 8(23$49 )*D*
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 /" 012 /3 ! 454 6(++),% '7 1 kA

"#$%&' ()*) + ,-#./0&1 2'/3#-.2 -4 35' -&6#32 -4 35' 782 9#35 5MeV 4-& :#;'&'.3

0<=>#3%:'2 -4 35' 7?, 0.: 4-& 0. 0<=>#3%:' -4 35' <0$.'3#/ 3%&6%>'./' -4

ǫ = 1.41 · 10−5
@/-.3#.%': -. 35' .'A3 =0$'B
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 2" #$% &' ( )*) !+,,-./ 01 6 kA

!"#$%& '()( * +,"-./%0 1&.2",-1 ,3 24& ,%5"21 ,3 24& 671 8"24 5MeV 3,% 9":&%&-2

/;<="2$9&1 ,3 24& 6>+ /-9 3,% /- /;<="2$9& ,3 24& ;/#-&2". 2$%5$=&-.& ,3

ǫ = 1.41 · 10−5
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"# $% &'()*($*(# #' +*%&,$-* #.* ,*/0#$)$%#$& 12$+$(1 &*(#*, *320#$'(% '4 #.* */*&5

#,'(% $( #.* 607$/#'($0( 8,*%*(#0#$'( 2%$(1 #.* 0&#$'( 0(1/* )0,$0-/*% (J, ϑ)
9 !:;  <=;  <<>? @.*%* )0,$0-/*% 0,* $(#,'+2&*+ 4', #.* *32$/$-,$27 8/0%70 $(

A.$&. #.* 12$+$(1 &*(#*, ',-$#% '4 #.* BC /$* '( (*%#*+ +,$4# %2,40&*% %$7$/0, #'

#.* 701(*#$& '(*%? @.* 0&#$'( )0,$0-/* J $% %$7$/0, #' #.* #','$+0/ 701(*#$&

D2E ψ 0(+ /0-*/% #.* +,$4# %2,40&*%? @.* 0(1/* ϑ +*#*,7$(*% #.* 8'%$#$'( '4 #.*

12$+$(1 &*(#*, 0/'(1 #.* 8'/'$+0/ +$,*&#$'(? @.* 12$+$(1 &*(#*, ',-$# $% &'75

8/*#*/F +*#*,7$(*+ -F #.* &0('($&0//F &'(G210#*+ )0,$0-/*% (ϑ, ϕ, J, pϕ) A.*,*

ϕ 0(+ pϕ 0,* #.* #','$+0/ 0(1/* 0(+ #.* &',,*%8'(+$(1 &0('($&0/ 7'7*(#27;

,*%8*&#$)*/F?

H01(*#$& D2&#20#$'(% &02%* #.* ,0+$0/ #,0(%8',# '4 #.* BC% 0&,'%% #.* +,$4# %2,5

40&*%? @.* ,0#* '4 #.$% %#'&.0%#$& #,0(%8',# &0( -* +*%&,$-*+ -F 0 +$I2%$'( &'*45

J&$*(# +*J(*+ 0% #.* %*&'(+ 7'7*(# '4 #.* ,0+$0/ +$%8/0&*7*(# D = 〈(∆ρ)2〉/2t
A.*,* ρ $% #.* ,0+$0/ &'',+$(0#* 8*,8*(+$&2/0, #' #.* +,$4# %2,40&* J =&'(%# 0(+

∆ρ = ρ(t)−ρ(0) $% #.* +$%8/0&*7*(# '4 #.* ,0+$0/ &'',+$(0#* 4,'7 #.* +,$4# %2,5

40&* +2,$(1 0 #$7* $(#*,)0/ t? 〈(. . . )〉 %#0(+% 4', #.* 0)*,01$(1 ')*, 0( *(%*7-/*

'4 #2,-2/*(# 701(*#$& J*/+%?

@.* %$72/#0(*'2% #.*',*#$&0/ %#2+F '4 #.* BC +F(07$&% $( 0 701(*#$& J*/+ A.$&.

$% #2,-2/*(# 0(+ ,*%'(0(#/F 8*,#2,-*+ *(&'2(#*,% 0 +$K&2/#F $( .21* &'782#05

#$'(0/ #$7*%? @' ')*,&'7* #.$% 8,'-/*7; #.* BC 7'#$'( $( #.* 8*,#2,-*+ 7015

(*#$& J*/+ $% %#2+$*+ #0L$(1 #.* *I*&# '4 #.* 701(*#$& #2,-2/*(&* $(#' 0&&'2(# 0%

,0(+'7 L$&L% '( #.* ,0+$0/ &'',+$(0#*? @.* +$I2%$'( &'*K&$*(#% &',,*%8'(+$(1

#' #.*%* ,0(+'7 L$&L% 0,* 8,*&0/&2/0#*+ 2%$(1 0%F78#'#$&0/ 4',72/0% -0%*+ '(

#.* 1$)*( 320%$/$(*0, 088,'E$70#$'( 9 <=>? @.* +$7*(%$'(/*%% /*)*/ '4 #.* 7015

(*#$& D2&#20#$'(% $% $(#,'+2&*+ 0% ǫ = b0/Bt A.*,* b0 ∼ 70E |δB| &0(('# -*

7*0%2,*+ +$,*&#/F? @F8$&0//F; $# $% *%#$70#*+ 4,'7 7*0%2,*7*(#% '4 #.* ,0+$0/

+$I2%$'( &'*K&$*(#% '4 #.* BC%? M&&',+$(1 #' 9=N;  <O;  <N>; #.* 80,07*#*, ǫ
#0L*% )0/2*% -*#A**( 5× 10−6

0(+ 1× 10−5
$( '.7$& 8/0%70%? @.* +*8*(+*(&*

'4 ǫ '( #.* #','$+0/ 701(*#$& J*/+ Bt $% *%#$70#*+ $( 9 <P>? "# $% %.'A( #.0# 0#

Bt = 2.7T ǫ )0,$*% -*#A**( 0.65 ·10−5
0(+ 0.7 ·10−5

0(+ 0# Bt = 2.0T -*#A**(

1.75 · 10−5
0(+ 1.9× 10−5

? "(#*,8'/0#$(1 /*0+% #' ǫ = 1.41 · 10−5
0# Bt = 2.25T

A.$&. $% #.* /*)*/ '4 #2,-2/*(&* ,*/*)0(# 4', #.* %$72/0#$'( '4 #.* *E8*,$7*(#%

8,*%*(#*+ 0-')*? @.* 8*,#2,-0#$'( J*/+% &,*0#*+ -F #.* QCQ 0,* 7'+*/*+ 0%

%.'A( $( 9 !P>? @.* 7'+*/ ,*8,'+2&*% #.* 4*0#2,*% '4 #.* .*0# +*8'%$#$'( 80#5

#*,(% *E8*,$7*(#0//F '-%*,)*+ $( #.* @CR@SB QCQ 9 !P;  <T> )*,F A*//?

U'$(&0,V %*&#$'(% '4 #.* 12$+$(1 &*(#*, ',-$#% $( #.* Wϑ, J/ψa)58/0(* 0,*

%.'A( $( #.* J12,*% <?X? W0Y #' <?X? W+Y 4', #.* BC% &0,,F$(1 5MeV *(*,1F 0(+

4', +$I*,*(# 078/$#2+*% '4 #.* BHU 1*(*,0#*+ -F #.* 6/2 QCQ &'(J12,0#$'(?

ψa $% #.* #','$+0/ 701(*#$& D2E #.,'21. #.* /0%# &/'%*+ 701(*#$& %2,40&*? M#

IDED = 0kA #.* BC ',-$#% 4',7 ,*12/0, &/'%*+ %2,40&*% 0% &0( -* %**( $( J12,*

<?X? W0Y? Z$12,* <?X? W-Y 70,L% #.* 4',70#$'( '4 ',-$# $%/0(+% 70$(/F $( #.* *+1*

,*1$'( 0# 0 QCQ &2,,*(# '4 1 kA? "(&,*0%$(1 #.* &2,,*(# #' 4 kA; %.'A( $( J12,*

<?X? W&Y; #.* *+1* -*&'7*% %#'&.0%#$&? "( 0++$#$'(; #.*%* %#'&.0%#$& #,0G*&#',$*%

4',7 0( '8*( &.0'#$& %F%#*7 -*&02%* #.*F 0,* &'((*&#*+ #' #.* A0//? M% #.*

BC% .0)* ,*/0#$)$%#$& )*/'&$#$*% 0(+ 0 )*,F /'A &'//$%$'(0/$#F; 04#*, *(#*,$(1 #.*

%#'&.0%#$& *+1* ,*1$'( #.*F %#,$L* #.* A0// '( 0 #$7*%&0/* )*,F %.',# &'780,*+
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"#$%&' ()*)+, -.#/01&2 3'04#./ .5 46' .&7#43 .5 893 :#46 25MeV 5.& 1 8;- 7<

IDED = 6kA 1/= 5.& 1/ 1>?@#4%=' .5 46' >1$/'4#0 4%&7%@'/0' .5 ǫ = 1.41 ·10−5

4. 46' .46'& 4&1/3?.&4 'A'043) B/3#=' 46' ?@13>1 5.%& #3@1/= 061#/3 1&' 5.&>'=)

C4 46' 6#$6'& 0%&&'/4 .5 IDED = 6kA 46' 3#D'3 .5 46' #//'& #3@1/= 061#/3 1&'

#/0&'13'= 1/= 46' '=$' &'$#./ 7'0.>'3 >.&' '&$.=#0 1/= >.&' 4&1E'04.&#'3 1&'

.?'/'= %? 4. #/4'&3'04 46' :1@@) F%' 4. 46' @1&$'& 36#54 5&.> 46' &'3./1/4 >1$G

/'4#0 H%I 3%&510'3J 46' .&7#43 .5 46' 893 :#46 6#$6'& '/'&$#'3 1&' @'33 ?'&4%&7'=

13 01/ 7' 3''/ #/ K$%&' ()*)+ 5.& 25MeV '@'04&./3 1/= IDED = 6kA) L6'

'&$.=#0 '=$' &'$#./ #3 3>1@@'& 1/= 46' :6.@' 34&%04%&' 1??'1&3 36#54'= 1@./$ 46'

/.&>1@#3'= &1=#1@ 0..&=#/14' =%' 4. 46' @1&$'& .&7#4 =#3?@10'>'/4)

L6' &1=#1@ =#3?@10'>'/4 ∆r .5 46' 893 #3 0.>?%4'= 5.@@.:#/$ 46' 01@0%@14'= .&G

7#43 5&.> 1 341&4#/$ ?.3#4#./ 1/= 133%>#/$ 46' 4%&7%@'/0' @'M'@ ǫ = 1.41× 10−5

13 >'/4#./'= 17.M') C54'& 1/ #/#4#1@ 71@@#34#0 ?613' 46' 3'0./= >.>'/4 .5 ∆r
01/ 7' 133%>'= 4. 7'61M' @#/'1&@< #/ 4#>') L6%3J 46' =#A%3#./ 0.'N0#'/43 1&'

01@0%@14'= 100.&=#/$ 4. D(r, E) ∝ d
〈

(∆r)2
〉

/(dt)) L6' 1/$@'= 7&10O'43 ='/.4'

1/ 1M'&1$#/$ .M'& 46' >1$/'4#0 3%&510'3) E #3 46' 89 '/'&$< 5.& :6#06 #/ 5MeV
34'?3 46' M1@%'3 5&.> 5 4. 30MeV 1&' 0./3#='&'=) L6&.%$6.%4 46' >.='@ 46'

46&'' 013'3 IDED = 0kAJ 4.7 kA 1/= 6 kA 1&' 4&'14'=) "#$%&' ()*)! 36.:3 46'

=#A%3#./ 0.'N0#'/43 .5 46' 46&'' 013'3 13 46&''G=#>'/3#./1@ ?@.43) L6' @'54 1I#3J

$.#/$ #/4. 46' ?1?'& ?@1/'J 36.:3 46' 89 '/'&$< 5&.> 5 4. 30MeV #/ 5MeV
34'?3 :#46 @#/'1&@< #/4'&?.@14'= M1@%'3 #/ 7'4:''/) L6' &#$64 1I#3 301@'3 46'

>#/.& &1=#%3 .5 46' ?@13>1 1/= 46' M'&4#01@ 1I#3 $#M'3 46' =#A%3#./ 0.'N0#'/4)

-@'13' /.4#0' 4614 5.& 1 7'44'& 0@1&#4< 46' 301@' .5 46' M'&4#01@ 1I#3 061/$'3 5&.>

K$%&' ()*)!P1Q 4. ()*)!P7Q 1/= ()*)!P0Q 7< 1/ .&='& .5 >1$/#4%=' 1/= 6'/0' 46'

@1&$' 0.'N0#'/43 14 46' '=$' 1&' 0@#??'= #/ 46' K$%&'3 ()*)!P7Q 1/= ()*)!P0Q)

"%&46'&>.&'J 46' 89 '/'&$< 1I#3 &'M'&3'3 5&.> K$%&' ()*)!P1Q 4. ()*)!P7Q 1/=

()*)!P0Q) "#$%&' ()*)!P1Q 36.:3 D(r, E) ='K/'= 7< 46' >1$/'4#0 4%&7%@'/0' ./@<

PIDED = 0kAQ :6#06 >'1/3 1 &'?&.=%04#./ .5 46' &'3%@43 #/ R (ST) U@'1&@<J 46'
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 6" 012 /3 ! 454 6(++),% '7 6 kA

"#$%&' ()!)*+ ,-./%.-0'1 .2/-. 1#3%4#25 /2'6/#'504 27 08' 9:4 1';'51#5$ 25 08'

<#52& &-1#%4 -51 08' 9: '5'&$= 72& 1#3'&'50 -<;.#0%1'4 27 08' 9>? -51 72&

-5 -<;.#0%1' 27 08' <-$5'0#/ 0%&@%.'5/' 27 ǫ = 1.41 · 10−5
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"89:

 &" #$% &' ! ()( *+,,-./ 01 6 kA

"#$%&' ()*)*+ ,-./%.-0'1 .2/-. 1#3%4#25 /2'6/#'504 27 08' 9:4 1';'51#5$ 25 08'

<#52& &-1#%4 72& 08' 9: '5'&$#'4 /254#1'&'1 -51 72& 1#3'&'50 -<;.#0%1'4 27 08'

9=> -51 72& -5 -<;.#0%1' 27 08' <-$5'0#/ 0%&?%.'5/' 27 ǫ = 1.41 · 10−5

/2'6/#'50 1'/&'-4'4 $2#5$ 02 08' 8#$8'& 9: '5'&$#'4) @0 IDED = 4.7 kA -51

IDED = 6kAA 482B5 #5 08' C$%&'4 ()*)DE?F -51 ()*)DE/F &'4;'/0#G'.HA 08' 1#3%I

4#25 /2'6/#'504 8-G' - ;'1'40-. G-.%' 1'0'&<#5'1 ?H 08' <-$5'0#/ 0%&?%.'5/' #5

08' &'$#254 27 08' &'$%.-& 9: J%K 4%&7-/'4) L5 -11#0#25A 72%& 12%?.' ;'-M4 /-5

?' #1'50#C'1 #5 08' &-1#-. 1';'51'5/') N8' ;'-M4 #5 D(r) -&' - /254'O%'5/' 27

08' 72%& .-&$' #4.-51 /8-#54 2?4'&G'1 #5 C$%&' ()*) ) N8' <-K#<- /2&&'4;251 02

08' #55'& -51 2%0'& '1$'4 27 08' #4.-514 B8'&' 08' 0&-54;2&0 #4 '58-5/'1 -51

08' <#5#<- #5 ?'0B''5 /2&&'4;251 02 08' /'50&'4 27 08' #4.-514 B8'&' 08' 9:4

-&' &'.-0#G'.H B'.. /25C5'1) @.25$ 08' 2;'5 0&-P'/02&#'4 -0 08' ;.-4<- '1$' 08'

0&-54;2&0 #4 520 1#3%4#G' -51 08%4 52 /2'6/#'504 /-5 ?' /-./%.-0'1) L540'-1A 02

#5/.%1' 08#4 &'$#25 #5 08' <21'. -4 B'..A G'&H 8#$8 G-.%'4 27 D = 10m2/s -&'

-44%<'1 02 <#<#/ 08' #540-50-5'2%4 .244 27 08' 9:4 02 08' B-..) N8' C$%&'4

()*)*E-F -51 ()*)*E?F /.-&#7H 08' &-1#-. 40&%/0%&' 27 08' 1#3%4#25 /2'6/#'504 ?'0I

0'& -4 08'H 482B 08' &-1#-. 1';'51'5/' 72& 08' /-./%.-0'1 '5'&$H G-.%'4 25.H)

N8' /-4' 27 - Q:Q /%&&'50 27 4.7 kA /-5 ?' 4''5 #5 C$%&' ()*)*E-F -51 6 kA #5

C$%&' ()*)*E?F)
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 !" #$%&'&( )*+,-./% 0.&%12/.- 3/4+*

"#$ %&'()&*+ ,*$-,&$+.) D(r, E, t)/ ,01,(10.$% 2*3 .#$ 45 .30+)6*3. %($ .*

.#$ 708+$.&, .(39(1$+,$ 0+% .#$ 4:; 9< 7$0+) *2 .#$ 0)<76.*.&, .#$*3</ 03$

()$% &+ .#$ ,<1&+%3&,011< )<77$.3&, %&'()&*+ $=(0.&*+

∂n(r, t, E)

∂t
=

1

r

∂

∂r

[

rD
∂n

∂r

]

− c

2πR
Uloop

∂n

∂E
. >!?@? A

B$3$ n &) .#$ 45 %$+)&.< &+ MeV−1m−3
0+% E &) .#$ 45 $+$38< &+ MeV? "#$

10). .$37 *+ .#$ 3&8#. #0+% )&%$ .0C$) .#$ 0,,$1$30.&*+ *2 .#$ $1$,.3*+) 9< .#$

1**6 D*1.08$ Uloop = 1V &+.* 0,,*(+.? "#$ 9*(+%03< ,*+%&.&*+) 03$ 2*3 .#$

$%8$ n(r = a, t, E) = 0 0+% 2*3 .#$ 610)70 ,$+.3$ ∂n(r = 0, t, E)/(∂r) = 0? "#$
)$,*+%03< 8$+$30.&*+ *2 .#$ 45) &) &761$7$+.$% 9<

∂n(r, t, E = 4MeV)

∂t
= βne0F (r)

∫ Emax

Emin

n(r, t, E)dE. >!?@?EA

"#$ 2*37 2(+,.&*+ #$3$&+ &)

F (r) =
[

1− (r/a)
2
]ν

, ν = 2. >!?@?FA

"#$ 1&7&.) *2 .#$ &+.$8301 03$ Emin = 5MeV 0+% Emax = 15MeV? "#$ )$,G

*+%03< 45) 03$ 8$+$30.$% 0. E = 4MeV H#&,# )#*(1% 9$ 0 3$01&)., D01($ 0,,*3%G

&+8 .* .#$ .#$*3< *2 .#$ 0D010+,#&+8 63$%&,.&+8 .#$ 8$+$30.&*+ 0. E ≤ 4MeV?

:*). *2 .#$ 7*7$+.(7 *2 .#$ 45) 8$+$30.$% 0) )$,*+%03&$) &) 6$36$+%&,(103 .*

.#$ .*3*&%01 %&3$,.&*+? I$,0()$ *2 .#$&3 #&8# $+$38</ 01)* .#$)$ 603.&,1$) ,0+ 9$

,*+)&%$3$% 0) ,*11&)&*+1$))? "#()/ .#$< 03$ 0,,$1$30.$% &+ .#$ .*3*&%01 %&3$,.&*+

H#&1$ .#$< C$$6 .#$&3 6$36$+%&,(103 7*7$+.(7? J2.$3 09*(. 0.033 s .#$)$ 603G

.&,1$) 3$0,# 0+ $+$38< *2 5MeV? K3*7 .#&) $+$38< *+ .#$ )&7(10.&*+ *2 .#$ %&'(G

)&*+ &) ).03.$%? L+ .#$ 7*%$1 .#$ 63&703< 8$+$30.&*+ *2 .#$ 45) >M3$&,$3 $'$,.A

&) +$81$,.$% 9$,0()$ &. &) &76*3.0+. *+1< %(3&+8 .#$ ).03.(6 6#0)$ H#$+ .#$ 1**6

D*1.08$ &) #&8#? "#$ &+,3$0)$ *2 .#$ 45 6*6(10.&*+ %($ .* .#$ )$,*+%03< 8$+G

$30.&*+ &) .0<1*3$% 9< )$..&+8 βne0 = 0.38 (MeV · s)−1
H#$3$ ne0 = 5 · 1018 m−3

&) .#$ ,$+.301 .#$3701 $1$,.3*+ %$+)&.<? I< D03<&+8 β .#$ )1*6$ *2 .#$ &+,3$0)$

*2 .#$ 45 %$+)&.< .#3*(8#*(. .#$ %&),#038$ ,0+ 9$ N..$% .* .#$ $O6$3&7$+.01

*9)$3D0.&*+)? P#**)&+8 ne0 %$.$37&+$) .#$ 09)*1(.$ 1$D$1 *2 .#$ 8$+$30.$% 45

%$+)&.<? J) .#$ &+&.&01 ,*+%&.&*+ n(r, t = 0;E) = n0F (r) exp (−E/E0) &) ,#*G

)$+ H&.# .#$ ,$+.301 45 %$+)&.< n0 = 5 · 1011 m−3
0+% .#$ $G2*1%&+8 $+$38<

E0 = 10MeV? M(3&+8 .#$ N3). 2 s *2 .#$ )&7(10.&*+ +* 708+$.&, 6$3.(390.&*+ &)

0661&$% H#&,# 7$0+) .#$ %&'()&*+ ,*$-,&$+. &) ,*+).0+. &+ .&7$ 0+% .#$ *+$ &+

N8(3$ !?Q?F>0A? J2.$3 .#$ 45 %$+)&.< n(r, E, t) 3$0,#$) 0+ $=(&1&93&(7 .#$ M5M

,(33$+. &) 830%(011< 3076$% (6 .* &.) 610.$0( D01($ 0. 4.7 kA *3 6 kA 9$.H$$+

2 s < t ≤ 2.2 s? R+.&1 .#$ $+% *2 .#$ )&7(10.&*+ 0. t = 3 s .#$ M5M ,(33$+.

&) C$6. ,*+).0+.? R)&+8 .#$ 3$2$3$+,$ ,0)$ IDED = 0kA 2*3 0 s ≤ t ≤ 3 s/ .#$
N..&+8 60307$.$3 β &) ,#*)$+ .* 3$63*%(,$ .#$ (+6$3.(39$% ,0)$ 7$0)(3$% &+

STUV? L+ *3%$3 .* )*1D$ .#$ %&'()&*+ $=(0.&*+/ .#$ 603.&01 %&'$3$+.&01 $=(0.&*+



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

"#$%&' ()*+) , !-. /" 01/$/"&2 3/14 14& 4&$5 #6 /1" 2&%&$#5&' 78 9&3&$$8 :4&

#01501 #6 14& ;#2&$ <'& 14& =* >0? <1 14& 5$<";< &2@&

Γ(r = a, t, E) = D
∂n(r = a)

∂r
4π2aR AB8C8DE

<F2 14& F0;G&' #6 14& =*" /F 14& 5$<";< %#$0;&

NRE(t, E) = 4π2R

∫ a

0

rn(r, t, E)dr. AB8C8CE

H/@0'& B8C8 "4#3" 14& =* >0? Γ(r = a, t) 14'#0@4 14& 5$<";< &2@& 6#' 2/6I

 !  !" #! #!" $! $!" %! 

# 

#$

# 

#%

# 
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561- 748

H/@0'& B8C8 J 9/;0$<1&2 =* >0? <1 14& 5$<";< &2@& /F1&@'<1&2 #%&' 14& &$&K1'#F

&F&'@L 6#' 2/M&'&F1 =N( <;5$/102&"

6&'&F1 )*) K0''&F1" /F1&@'<1&2 #%&' 14& =* &F&'@L8 H#' IDED = 0kA 14&

/FK'&<"& /" 2&1&';/F&2 GL 14& &?5#F&F1/<$ @'#314 #6 14& =* 5#50$<1/#F 20& 1#

14& <%<$<FK4/F@8 O1 t = 2 s < "1&5 /F 14& >0? /" #G"&'%&2 34&F 14& )*) K0'I

'&F1 /" '<;5&2 05 1# 4.7 kA8 :4& 2&5$&1/#F #6 14& =*" 6'#; 14& '&"#F<F1$L

5&'10'G&2 '&@/#F" K<0"&" <F /F/1/<$ #%&'"4##1 #6 14& >0?8 O61&'3<'2"P < F&3

&Q0/$/G'/0; #6 14& $#""&" <F2 14& @&F&'<1/#F #6 14& =*" /" &"1<G$/"4&2 <F2 14&

"$#5& #6 Γ(r = a, t) /" 14& "<;& <" 3/14#01 =N(8 RFK'&<"/F@ 14& <;5$/102& #6

14& =N( 1# IDED = 6kAP 14& "1&5 <1 t = 2 s /" #F$L "$/@41$L 4/@4&' 14<F /F

14& 5'&%/#0" K<"&8 :4/" #G"&'%<1/#F /" /F <@'&&;&F1 3/14 14& (#/FK<'S "&K1/#F"

6#' 14& 13# K<"&" 34/K4 2/M&' #F$L GL 14& <;#0F1 #6 "1#K4<"1/"<1/#F #6 14& &2@&

#'G/1"8 H#' 14& 6#0'14 K<"& "4#3F /F T@0'& B8C8 14& )*) K0''&F1 /" "&1 1# 0 kAP

G01 <1 14& &2@& 14& 2/M0"/#F K#&UK/&F1 /" D = 10m2/s $/V& /F 14& K<"&" 3/14

=N( K<0"/F@ 14& =* 1'<W&K1#'/&" <1 14& &2@& 1# G& #5&F8 :4& =* >0? /" ;0K4

";<$$&' 14<F 6#' 14& 13# K<"&" 3/14 =N( 34/K4 &F<G$&" < K$&<' 2/"1/FK1/#F G&I

13&&F 14& &M&K1" #6 14& #5&F 1'<W&K1#'/&" <1 14& &2@& <F2 14& 6#';<1/#F #6 14&



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

"#$%&'() (*+#%,* -('.(% '.& /+#*"#0 1.2*3 '.& &%.#%)&"&%' 45 '.& 67 '8#%*9

/48' :; '.& <7< (* %4' 4%+; ,2& '4 '.& &,$& &=&)' :2' #+*4 ,2& '4 '.& ).#%$&

45 '.& "#$%&'() '4/4+4$; (%*(,& '.& /+#*"#0

>($28& ?0@0A ,(*/+#;* '.& 67 ,&%*('; 4B&8 '("& 548 '.& ,(=&8&%' 67 &%&8$(&*
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012* 345

>($28& ?0@0AC 1&"/48#+ &B4+2'(4% 45 '.& ,&%*('; 45 '.& 67* (% '.& /+#*"#3 )#89

8;(%$ ,(=&8&%' #"42%'* 45 &%&8$;3 548 '.& )#*&* 45 # <7< )288&%' 45 6 kA D,#'#

"#8E&8*F #%, -('.42' 6GH D,#*.&, +(%&*F

8&*2+'(%$ 584" '.& I2J&*0 1.& ,#'# "#8E&8* 8&/8&*&%' '.& )#*& 45 IDED = 6kA
-.(+& '.& ,#*.&, +(%&* $(B& # )4"/#8(*4% '4 '.& &B4+2'(4% 45 '.& ,&%*('; -('.42'

6GH0 K' t = 2 s '.& 67 ,&%*('; ,84/* ,2& '4 '.& #)'(B#'(4% 45 '.& <7<0 K59

'&8-#8,*3 '.& 67 ,&%*('; )4%'(%2&* '4 $84- -('. # *+($.'+; *.#++4-&8 *+4/& '.#%

-('.42' /&8'28:#'(4%0 1.& &=&)' 45 '.& <7< 4% '.& 67 ,&%*('; (* )+&#8+; +#8$&8

548 '.& .($.&8 67 &%&8$(&* -.(). *.4-* '.#' '.& +(5&'("&* 45 '.& 67* :&)4"&

'44 *.48' 548 '.& #))&+&8#'(4% '4 '.& .($.&*' &%&8$(&*0

>($28& ?0@0L *.4-* '.& */&)'8# 45 '.& 67 I2J Γ(E) '.842$. D#F '.& '484(,#+

*285#)& -('. # "(%48 8#,(2* 45 r = 0.1m #%, D:F '.842$. '.& /+#*"# :42%,9

#8; #' r = 0.46m '#E&% #' t = 3 s0 M4 6GH (* #//+(&, (% '.(* )#*&0 1.&

*/&)'82" -('.(% '.& /+#*"# (* "4%4'4%()#++; ,&)8&#*(%$ 584" '.& +4-&*' &%&8$;

E = 4MeV 4%0 1.& */&)'82" #' '.& /+#*"# &,$& (* N2#+('#'(B&+; ,(=&8&%' #* ('

(* ).#8#)'&8(*&, :; # /&#E #' #:42' 8MeV0 >($28& ?0@0O *.4-* '.& )488&*/4%,(%$

*/&)'8# 2%,&8 '.& (%I2&%)& 45 # /&8'28:#'(4% P&+, $&%&8#'&, :; # <7< )288&%'

45 IDED = 6kA0 1.& I2J */&)'82" -('.(% '.& /+#*"#3 *.4-% (% P$28& ?0@0OD#F3

(* (% ('* *.#/& #%, #:*4+2'& B#+2&* *("(+#8 '4 '.& 2%/&8'28:&, )#*&0 1.& */&)9

'82" #' '.& :42%,#8; *.4-* # )4"/+&'&+; ,(=&8&%' /()'28& #* )#% :& *&&% (%

P$28& ?0@0OD:F0 1.& I2J (* "48& '.#% #% 48,&8 45 "#$%('2,& .($.&8 '.#% (%

'.& 2%/&8'28:&, )#*&0 Q'#8'(%$ #' E = 4MeV #%, $4(%$ '4 .($.&8 &%&8$(&*3 '.&

*/&)'82" ,&)8&#*&* *'&&/+; #%, '.& :&.#B(428 *&&"* '4 :& %4(*;0 K' 15MeV #

/84%42%)&, /&#E )#% :& (,&%'(P&,0 1.(* /&#E 8&"#(%* '.& *#"& -.&% '.& $8(,

*(R& 48 '.& %2":&8 45 '("& *'&/* 2*&, :; H<7A< #8& ).#%$&,0 S%*'&#,3 I#''&%9
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"#$ %&' ()*+,' *- %&' ."/01"*# 2*'32"'#% ,'4.1 %* 4 )'.02%"*# *- %&' 5#*"1'5 4#.

%&' ('46 7&"2& 10$$'1%1 %&4% 8*%& 4)' )'4, (&91"24, '/'2%1 )4%&') %&4# 4)%"-42%1

*- %&' :*.',; <&' ."12011"*# *- %&"1 )'10,% "# 2*:(4)"1*# 7"%& %&' :'410)':'#%1

7",, ()*=".' "#1"$&%1 "#%* %&' (&91"21 *- %&' >? %)4#1(*)%;

@*) %&"1 ."12011"*# %&' )4."4, .'('#.'#2' *- %&' 1'2*#.4)9 >? $'#')4%"*# )4%'A
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 !" #$ %&' ()*+&,) ()- (+*+./!0 1&*2!3- 4.()

()- 5.6+* *!/.&1 r = 0.1m

 !" ! #" # $"
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#%"&!"
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1213.)45 151)67 891:;

 7" #$ %&' ()*+&,) ()- 80!15! 7+&6/!*9 !(

()- 5.6+* *!/.&1 r = 0.46m

@"$0)' B;C;DE >? F0G 1('2%)4 %46'# 4% %&' '#. *- %&' 1":0,4%"*#1 -*) IDED =
0kA

 !" ! #" # $"
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12345 %167895 $1:;

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

()- 5.6+* *!/.&1 r = 0.1m

 !" ! #" # $"
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 7" #$ %&' ()*+&,) ()- 80!15! 7+&6/!*9 !(

()- 5.6+* *!/.&1 r = 0.46m

@"$0)' B;C;HE >? F0G 1('2%)4 %46'# 4% %&' '#. *- %&' 1":0,4%"*#1 -*) IDED =
6kA

()'1'#%'. "# +$0)' B;C;CA 7",, 8' 01'-0,; @"$0)' B;C;CI4J 1&*71 %&' >? 8")%& )4%'

*=') %&' :"#*) )4."01 4% ."/')'#% %":'1 .0)"#$ %&' 1":0,4%"*# 7"%&*0% >KL;

<&' $'#')4%"*# *- %&' 1'2*#.4)9 >?1 .'('#.1 *# %&' )4."4, ()*+,' *- %&' >?

.'#1"%9; <&01A %&' 8")%& *- %&' 1'2*#.4)9 >?1 "1 ('46'. "# %&' (,41:4 2'#%)'

4#. "% .'2)'41'1 $)4.04,,9 $*"#$ *0%74).1; M&",' :*)' 4#. :*)' >?1 4)' 4220N

:0,4%'. "# %&' (,41:4 %&' 8")%& )4%' $)*71 "# %":' 0#%", 4# 'O0","8)"0: ()*+,'

"1 '1%48,"1&'.; @"$0)' B;C;CI8J 1&*71 %&' >? $'#')4%"*# )4%' "# 4 1":0,4%"*#



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

#$%& ' ()*%+*,'%$-. /+**).% -0 IDED = 6kA1 2&) ($/%+*) $3 4)*5 3$6$7'* %-

%&) +.()*%+*,)8 -.) 3&-#$.9 '9'$. ' /).%*'775 ()':)8 ;< 9).)*'%$-. '% %&)

3'6) ',3-7+%) 4'7+)31 =. 8$>)*)./) %- %&) (*)4$-+3 /'3) %#- 36'77 (7'%)'+3 '%

r ≈ 0.2m '.8 '% r ≈ 0.3m '*) -,3)*4)8 $. %&) *'8$'7 (*-?7) '0%)* %&) @<@ $3

3#$%/&)8 -.1
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 3$45460

 3$70

 3$80

 3$90

 /" 012 /3 IDED = 6kA

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

.1% 4!2#6-.!/,

 ! "#$%&'()#* #+ ,-. /0%.'($.*,&1 &*2 3($41&,.2 5.6

)41,)

7, /$3%$ ./ -,-684% .1% %,1-,9%2%,. /: .1% *+ .$-,4;/$. 3#% ./ .1% *<=>

.1% ?"#$%4 &'@'A -,3 &'('B -$% 9/2;-$%3' C. - D+D 9#$$%,. /: 4.7 kA .1% %EF

;%$!2%,. 41/G4 -, !,9$%-4% /: .1% 6/44%4 /: .1% *+4 9-$$8!," 3 ./ 5MeV H8 -



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

"#$%&' &" #(&)% 100 #*+ (, # "#$%&' &" #(&)% 10 "&' %-. -/0-.' .*.'0/.12 3* 0&&+

#0'..4.*% %-. 1/4)5#%.+ .*.'0, /*%.0'#%.+ 67 8)9 /*$'.#1.1 (, # "#$%&' &" %-.

&'+.' &" 1002 :&' IDED = 6kA %-. 4.#1)'.+ 67 5&11.1 #'. #(&)% 1000 %/4.1

-/0-.' %-#* ;/%-&)% <.'%)'(#%/&* "&' %-. 671 ;/%- .*.'0/.1 (.%;..* 3 %& 5MeV2

=-. 5&11.1 &" %-. -/0- .*.'0, 671 #'. #0#/* &*5, #(&)% 10 %/4.1 /*$'.#1.+2 =-.

1/4)5#%.+ .*.'0, /*%.0'#%.+ 67 8)9 /* >0)'. ?2@2 "&' IDED = 6kA #0#/* /*A

$'.#1.1 (, %;& &'+.'1 &" 4#0*/%)+.2 3% -#1 %& (. B.<% /* 4/*+ %-#% %-. /*%.0'#%.+

8)9 &" %-. 4&+.5 $&*%#/*1 &*5, %-. 671 ;/%- E ≥ 4MeV ;-/$- 4/0-% $#)1. #

%.*+.*$, %& # 5&;.' .*-#*$.4.*% "#$%&'2

=-. 67 .*.'0, 1<.$%'# 4.#1)'.+ (, %-. 1$/*%/55#%&' <'&(. #*+ 1-&;* /* >0)'.

?2C2@ $#* (. $&4<#'.+ %& %-. $#5$)5#%.+ 8)9 1<.$%'# 1-&;* /* %-. >0)'.1 ?2@2CD(E

#*+ ?2@2FD(E2 3* %-. )*<.'%)'(.+ $#1. %-. 4.#1)'.4.*% #*+ %-. 4&+.5 #0'.. /*

1-&;/*0 # <.#B.+ 1<.$%')4 ;/%- # 4#9/4)4 #% #(&)% 8MeV2 :&' # 4#0*.%/$

<.'%)'(#%/&* (, IDED = 4.7 kA %-. 4.#1)'.+ .*.'0, 1<.$%')4 /1 <.#B.+ ;-/5.

%-. 1/4)5#%/&* 0/G.1 # 1<.$%')4 1/4/5#' %& %-. $#1. &" IDED = 6kA2 =-. 5#%%.'H

1-&;* /* >0)'. ?2@2FD(EH /1 1%..<5, +.$'.#1/*0 "'&4 4MeV %& -/0-.' .*.'0/.1 #*+

/% -#1 # <.#B #% 15MeV2 =-. 4.#1)'.+ 1<.$%')4 D>0)'. ?2C2@D$EE #51& +.$'.#1.1

1%..<5, $&4/*0 "'&4 3 %& 4MeV2 =-. <.#B #% 15MeV $#**&% (. '.1&5G.+ (,

%-. 4.#1)'.4.*% #1 %-. 1/0*#5 /1 #G.'#0.+ &G.' %-. '#*0. &" 8 %& 16MeV #*+

1& %-. <.#B /1 $#*$.55.+ &)%2 3% -#1 %& (. 4.*%/&*.+ %-#% %-. 4.#1)'.4.*%1

/* 1.$%/&* @2! #*+ I FJK 1-&; #* .9<&*.*%/#5 67 .*.'0, 1<.$%')4 ;/%- # <.#B

#'&)*+ 15MeV +)'/*0 %-. $)''.*% L).*$- <-#1. &" =7M=N6 +/1')<%/&*12 =-.

5&11 4.$-#*/14 &" %-. 671 +)'/*0 %-. +/1')<%/&* /1 (.5/.G.+ %& (. $&**.$%.+ %&

%-. "&'4#%/&* &" %.#'/*0 4&+.12 3* (&%- $#1.1H %-. 6OP #*+ %-. %.#'/*0 4&+.1H

%-. .'0&+/1#%/&* &" %-. 4#0*.%/$ >.5+ $#)1.1 %-. 5&11 &" %-. 6712

7G.*%)#55,H # 0&&+ #0'..4.*% (.%;..* %-. <'&(. 4.#1)'.4.*%1 #*+ %-. %'#*1A

<&'% 4&+.5 /1 #$-/.G.+ "&' +/1$-#'0.1 ;/%-&)% 6OP #*+ ;/%- -/0- #4<5/%)+.1

&" %-. 6OP2 3* %-. *.9% 1%.< # <-,1/$#5 .9<5#*#%/&* &" %-. &(1.'G#%/&*1 /1 0/G.*2

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

=-. $#1. &" # -/0- 6OP #4<5/%)+. /1 %'.#%.+ >'1%2 Q1 $#* (. 1..* /* >0)'.

?2F2 D+EH %-. .R.$%/G. <5#14# '#+/)1 "&' %-. 671 /1 &(%#/*.+ (, .9$5)+/*0 %-. '.A

0/&* &" %-. &<.* >.5+ 5/*.1 #% %-. .+0.2 =-/1 5.#+1 %& reff ≤ 0.6·0.46m = 0.28m2

=-. 67 1<.$%')4 ;-/$- /1 &(1.'G.+ #% %-. <5#14# (&)*+#', /1 1%..<5, +.$'.#1A

/*0 $&4/*0 "'&4 4MeV #*+ 0&/*0 %& -/0-.' .*.'0/.12 =-/1 <#'% &" %-. 1<.$%')4

/1 .1%#(5/1-.+ '/0-% #"%.' %-. S7S /1 1;/%$-.+ &*2 3* $&*%'#1%H %-. <.#B #%

15MeV 0'#+)#55, 0'&;1 /* %/4.2 =-. (/'%- '#%. &" %-. 671 /1 $.*%'#55, <.#B.+

#*+ /% 1-&;1 # -#5" ;/+%- #% -#5" 4#9/4)4 DTUTOE &" #(&)% 0.1m2 3* #++/A

%/&*H 14#55 <5#%.#)1 &" %-. (/'%- '#%. $#* (. 1..* #% r ≈ 0.2m #*+ #% r ≈ 0.3m2

=-.1. <5#%.#)1 #<<.#' #"%.' %-. S7S /1 1;/%$-.+ &*2

=-., $#* (. .9<5#/*.+ (, 671 (./*0 $&*>*.+ /* %-. $.*%'.1 &" &'(/% /15#*+1 #*+

$#)1/*0 %-. 0.*.'#%/&* &" 1.$&*+#', 671 %-.'.2 =-. $&''.1<&*+/*0 /15#*+ $-#/*1

$#* (. "&)*+ /* %-. P&/*$#'V 1.$%/&*1 #*+ #1 +&)(5. <.#B1 /* %-. '#+/#5 <'&>5.



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

"# $%& '()*+(", -"&.-(&,$ (, /0*1& 234345673 8%& +&-",'91: ;<+ 0&,&19$&' 9$

r ≈ 0.2m 9,' 9$ r ≈ 0.3m 91& =&1: >*(-?@: &AB&@@&' #1"C $%& B@9+C9 6&-9*+&

$%& &)&-$(=& B@9+C9 19'(*+ (+ ",@: reff ≤ 0.28m3 8%*+D $%&+& ;<+ -9,,"$ 6&

9--&@&19$&' $" &,&10(&+ +(0,(/-9,$@: 96"=& 4MeV 9,' +" $%&: #"1C $%& @"E &,F

&10: B91$ "# $%& "6+&1=&' +B&-$1*C3

G, "1'&1 $" B"B*@9$& $%& +B&-$19@ B&9? 9$ 15MeVD $%& +&-",'91: ;<+ 6"1, 9$

4MeV %9=& $" 09(, 11MeV 6: $%& 9--&@&19$(", '*& $" $%& @""B ="@$90& "# 1V3

G, 9 +(CB@& ,",1&@9$(=(+$(- &+$(C9$(", $%& ;<+ ,&&' 96"*$ ∆t = 0.4 s #"1 $%&

9--&@&19$(",3 8%(+ '*19$(", (+ @910& ", $%& $(C&+-9@& "# $%& +(C*@9$(", 6&$E&&,

2 s ≤ t ≤ 3 s 9,' ($ &AB@9(,+ $%& 019'*9@ (,-1&9+& "# $%& 15MeV B&9? (, $%&

+B&-$1*C3 8%& 19'(9@ '(+$9,-& E%(-% $%& ;<+ %9=& $" '()*+& #1"C $%& -&,$1&

$" $%& &)&-$(=& 6"*,'91: (+ ∆r = 0.28m3 8%& ;<+ E%(-% +$91$ 9$ $%& HIHJ

"# $%& 19'(9@ 6(1$% 19$& B1"/@& %9=& $" '()*+& ∆r = 0.18m3 <+$(C9$(,0 $%&

'()*+(", -"&.-(&,$ #1"C $%&+& 9++*CB$(",+ :(&@'+ D = (∆r)2/∆t = 0.08 $"

0.19m2/s3 8%(+ (+ -",+(+$&,$ E($% $%& '()*+(", -"&.-(&,$ -9@-*@9$&' (, +&-$(",

234 9,' +%"E, (, /0*1& 2343K5-7 E%(-% (+ "# $%& "1'&1 "# 0.1m2/s3 L",+&>*&,$@:D
$%& ;JM $1(00&1+ $%& @"++ "# $%& ;<+ &=&, #1"C $%& -&,$1& "# $%& B@9+C9 6&#"1&

$%&: -9, 6& 9--&@&19$&' $" $%& %(0%&+$ &,&10(&+3 8%(+ 1&+*@$ &CB%9+(+&+ $%& B"F

$&,$(9@ "# $%& ;JM #"1 $%& C($(09$(", "# ;<+ (, $"?9C9? '(+1*B$(",+3

8%& -9+& E($%"*$ ;JM +%"E+ 9 ;< +B&-$1*C 9$ $%& B@9+C9 6"*,'91: E%(-%

(+ -%919-$&1(+&' 6: 9 B&9? 9$ 8MeV 9+ -9, 6& +&&, (, $%& /0*1&+ 23K3N597 9,'

23N3K5673 G, $%& +(C*@9$(", $%(+ B&9? -"C&+ #1"C @"E&1 &,&10(&+ 9,' C"=&+ ",

$%& &,&10: 9A(+ (, $(C&3 G, "1'&1 $" #"1C $%& 8MeV B&9?D $%& ;<+ 6"1, E($%

4MeV %9=& $" 09(, 9,"$%&1 4MeV '*& $" $%&(1 9--&@&19$(",3 8%(+ ,&&'+ ",@:

96"*$ 0.13 s3 O+(,0 9 1"*0% 9BB1"A(C9$(", "# $%& '()*+(", -"&.-(&,$ -9@-*@9$&'

(, +&-$(", 234 9,' +%"E, (, /0*1& 2343K597 "# D ≈ 0.01m2/sD $%& $(C& ,&&'&'

#"1 $%& ;<+ $" '()*+& #1"C $%& -&,$1& $" $%& &'0&D E%(-% C&9,+ ∆r = 0.46mD

-9, 6& &+$(C9$&' $" 6& ∆t = 21.2 s3 P*1(,0 $%(+ @",0 $(C& +B9, (, $%& B@9+C9

$%& ;<+ -9, 09(, &,&10(&+ C*-% @910&1 $%9, 8MeV 6*$ 9+ $%&: 91& -",/,&' (,

$%& B@9+C9 #"1 +*-% 9 @",0 $(C&D $%&+& ;<+ 91& ,"$ +&&, 9$ $%& B@9+C9 &'0&

'*1(,0 $%& $(C& "# "6+&1=9$(",3 G, -",+&>*&,-&D $%& Q*A 9$ $%& B@9+C9 &'0&D

+%"E, (, /0*1& 23N3K567D (+ C"1& $%9, 9, "1'&1 "# C90,($*'& +C9@@&1 $%9, $%&

Q*A (, $%& B&1$*16&' -9+& +%"E, (, /0*1& 23N345673 8%& ;<+ E%(-% #"1C $%&

8MeV B&9? (, $%& +B&-$1*C %9=& 6&&, 9--&@&19$&' #"1 ",@: 0.13 s3 89?(,0 (,$"

9--"*,$ D ≈ 0.01m2/sD $%& 19'(9@ '(+$9,-& B9++&' (+ ",@: ∆r = 3.6 cm3 8%*+D

'*1(,0 $%& $(C& "# "6+&1=9$(", ",@: ;<+ 0&,&19$&' 9 #&E cm 9E9: #1"C $%&

B@9+C9 6"*,'91: -9, 6& +&&, $%&1&3 8%(+ #91 "*$+('& $%& +&-",'91: 0&,&19$(",

19$& (+ 9@1&9': >*($& @"E E%(-% &AB@9(,+ $%& +C9@@ ;< Q*A "6+&1=&'3 P*1(,0 $%&

+(C*@9$(", $%& B&9? (, $%& +B&-$1*C C"=&+ $" %(0%&1 &,&10(&+ (, $(C& 6&-9*+&

C"1& 9,' C"1& ;<+ #1"C '&&B&1 (,+('& $%& B@9+C9 %9=& &,"*0% $(C& $" 1&9-%

$%& &'0&3 8%& "$%&1 ;<+ +$9: (, $%& B@9+C9 9,' $%&: 91& ,"$ +&&, 9$ $%& &'0&D

,&($%&1 (, $%& C&9+*1&C&,$ ,"1 (, $%& +(C*@9$(",3

8%& B%:+(-9@ 9,9@:+(+ "# $%& ;< $19,+B"1$ 0(=&, &CB%9+(+&+ $%& '"C(,9$(,0 1"@&

"# $%& +&-",'91: ;< 0&,&19$(", C&-%9,(+C (, "%C(- ;< '(+-%910&+3 R+ 9@1&9':

C&,$(",&'D $%& +&-",'91: ;< 0&,&19$&' 6: -"@@(+(",+ "# $%&1C9@ &@&-$1",+ E($%

9 ;< +&&' B"B*@9$(", %9=& 9 =&@"-($: =&-$"1 E($% 9 @910& B&1B&,'(-*@91 -",$1(F



 !" #$%%&'(  !"

#$%&'( )*+,- .'/ %01 2&3$45%&'(2 6/121(%17 5#'81 %01 /5%&' '9 %01 61/61(7&:$45/

3'31(%$3 %' %01 65/54414 3'31(%$3 ;52 522$317 %' #1 0.1- <( )*=>    , %01

71%1:%&'( '9 %01 2?(:0/'%/'( /57&5%&'( '9 @A2 &( 4'; 71(2&%? BACBD@ 7&2E

:05/F12 ;52 $%&4&217 %' 2%$7? %01 61/61(7&:$45/ 3'31(%$3 '9 %01 @A2 &(2&71

%01 645235- B01 61/61(7&:$45/ 3'31(%$3 ;52 71%1/3&(17 #? 5 71%5&417 5(54E

?2&2 '9 %01 20561 '9 %01 2?(:0/'%/'( &35F1- .'/ 5 F&81( 1(1/F? '9 %01 @A2 %01

2?(:0/'%/'( /57&5%&'( &2 13&%%17 &( 5 81/? (5//'; 5(F41 &( %01 9'/1;5/7 7&/1:E

%&'( '9 %01 &(2%5(%5(1'$2 141:%/'( 814':&%?- B01 5:%$54 &35F1 &2 5#'$% 5( '/71/

'9 35F(&%$71 45/F1/ %05( %01 (5%$/54 '61(&(F 5(F41- B0&2 /12$4%2 9/'3 5 F?/5E

%&'( '9 %01 @A2 5/'$(7 %01&/ F$&7&(F :1(%1/ '/#&%2- ./'3 %01 3152$/17 /5%&' '9

%01 81/%&:54 %' %01 0'/&G'(%54 1H%1(% '9 %01 &35F1 &% ;52 717$:17 %05% %01 61/E

61(7&:$45/ 3'31(%$3 53'$(%2 %' 5#'$% 0.1 %&312 %01 4'(F&%$7&(54 '(1- B0&2

0&F0 61/61(7&:$45/ 3'31(%$3 ;52 1H645&(17 #? %01 &(%1/5:%&'( '9 %01 @A2 ;&%0

645235 ;5812- B0&2 1H645(5%&'( 3&F0% (' 4'(F1/ #1 (1:1225/? 52 %01 21:'(75/?

@A2 ;0&:0 7'3&(5%1 %01 7&2:05/F1 5/1 54/157? #'/( ;&%0 5 0&F0 61/61(7&:$45/

3'31(%$3-

 !" #$%%&'(

B01 1(05(:131(% '9 %01 @A 4'2212 7$1 %' %01 5664&:5%&'( '9 5 @IJ ;52 315E

2$/17 %136'/544? 5(7 261:%/544? /12'4817 7$/&(F '03&: BACBD@ 7&2:05/F12- <(

5F/1131(% ;&%0 ) K=, %01 1(05(:131(% '9 %01 4'2212 &(:/15212 ('(4&(15/4? ;&%0

%01 5364&%$71 '9 %01 @IJ- B5L&(F &(%' 5::'$(% %01 35F(1%&: %$/#$41(:12 5(7

%01 61/%$/#5%&'( M147> %01 @A '/#&%2 5(7 %/5(26'/% :'1N:&1(%2 ;1/1 :54:$45%17

#? 315(2 '9 5( 52?36%'%&: %01'/?- B01 712:/&6%&'( '9 %01 1(05(:17 @A %/5(2E

6'/% #? 5 7&O$2&81 3'714 &2 &( 5F/1131(% ;&%0 %01 /12$4%2 '9 %01 3152$/131(%-

<( $(61/%$/#17 6452352 %01 @A %/5(26'/% &2 9'$(7 %' #1 71%1/3&(17 35&(4?

#? %01 35F(1%&: %$/#$41(:1 5(7 %01 @A 1(1/F? 7$1 %' %01 '/#&% 7&2645:131(%-

<(:4$7&(F %01 @IJ :05(F12 %01 35F(1%&: M147 2%/$:%$/12 5% %01 17F1 5(7 &(2&71

%01 645235 2&F(&M:5(%4? ;0&:0 052 5 35P'/ &(Q$1(:1 '( %01 @A %/5(26'/%- R2

%01 35F(1%&: &245(72 &(2&71 %01 645235 81/&M5#41 1(05(:1 %01 @A %/5(26'/%> 5

2:/11(&(F '9 %01 @IJ #? 645235 :$//1(%2 :5( #1 1H:4$717 9'/ BACBD@- .'/

%01 35H&3$3 1O1:%&81 @IJ %01 0&F0 1(1/F? @A 4'2212 5/1 1(05(:17 #? 5 95:E

%'/ '9 10- .'/ %01 @A2 :5//?&(F 1(1/F&12 #1%;11( 3 5(7 5MeV %01 35H&3$3

4'22 1(05(:131(% &2 5#'$% 1000 %&312- B01 &365:% '9 %01 61/%$/#5%&'( '( %01

8'4$31 &(%1F/5%17 71(2&%? &2 3'/1 1O1:%&81 9'/ %01 0&F0 1(1/F? @A2 ;0&:0 &2

&( 5F/1131(% ;&%0 %01 2$66/122&'( '9 %01 @A2 ;&%0 1(1/F&12 5#'81 25MeV &(

BACBD@ 7&2/$6%&'(2 )  S,- B0&2 :5( #1 $(71/2%''7 &( %1/32 '9 %01 /17$:%&'(

'9 %01 %&31 ;0&:0 &2 585&45#41 %' 5::141/5%1 %01 4'; 1(1/F? @A2 7$1 %' %01&/ 1(E

05(:17 %/5(26'/%- B0&2 /12$4% 2%/1(F%01(2 %01 /14185(:1 '9 %01 6/121(%17 2%$7?

9'/ %01 5664&:5%&'( '9 @IJ M1472 9'/ %01 3&%&F5%&'( '9 %01 @A2 &( 7&2/$6%&'(2-

B01 1(1/F? 261:%/$3 '9 %01 @A2 5% %01 645235 17F1 /12$4%&(F 9/'3 %01 3'714 &2

&( 5F/1131(% ;&%0 %01 1H61/&31(% 9'/ %01 :521 ;&%0'$% @IJ- <(:4$7&(F %01 61/E

%$/#5%&'( M147> %01 3'714 20';2 5 615L &( %01 1(1/F? 261:%/$3 ;0&:0 :5(('% #1

/12'4817 #? %01 3152$/131(%- T1:5$21 %01 615L %?6&:544? 20';17 $6 &( 7&2/$6E



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

#$%& '()*+,('(&#*- .%''%& /01*$.* %2 #0( 34 #,)&*/%,# 5+( #% #0( /(,#+,6(5

')7&(#$. #%/%8%7$(* $& #0( .+,,(&# 9+(&.0 %2 5$*,+/#$%&* )&5 5+( #% #0( 3:;

),( *+77(*#(5< =0( 34 (&(,71 */(.#,) 2%+&5 $&*$5( #0( /8)*') *0%> 9+)8$#)#$?(

5$@(,(&.(* #% #0( (57( */(.#,)< A%#0 ),( (B/8)$&(5 61 #0( .%'/(#$#$%& 6(#>((&

#0( 34 7(&(,)#$%& ,)#( )&5 #0( ,)5$)8 5$@+*$%&< C+,$&7 #0( *#)#$%&),1 /0)*( %2

#0( %0'$. 5$*.0),7(* #0( *(.%&5),1 7(&(,)#$%& $* 2%+&5 #% 6( #0( 5%'$&)&# 34

/,%5+.#$%& .0)&&(8<

=,()#$&7 +&/(,#+,6(5 ')7&(#$. #%/%8%7$(* )&5 34 5$*.0),7(* #% >0$.0 ) 0$70

)'/8$#+5( 3:; $* )//8$(5- ) *(82 .%&*$*#(&5 /$.#+,( %2 #0( 34 #,)&*/%,# $*

5,)>&< =0$* $'/8$(* #0( 8%** %2 #0( 34* 5+( #% #0( 3:; 2,%' #0( >0%8( /8)*')

?%8+'( 6(2%,( #0( (8(.#,%&* .)& 6( )..(8(,)#(5 #% #0( 0$70(*# (&(,7$(*< =0+*- )

/,%*/(.# >0$.0 *0%>* 0%> 3:; D(85* .)& >%,E 2%, #0( '$#$7)#$%& %2 #0( 34*

$& #%E)')E 5$*,+/#$%&* $* /%$&#(5 %+#<



 !"

 !"##$%&

#$% &'%()*+&, &- -.*.(%/ (%)0*&( 1+2%3 *&4)5)41 6+77 3%0+3% )8&.* *$% -%)9

1+8+7+*: &- .1+,; ,.07%)( -.1+&, )1 ) 1&.(0% &- %,%(;:< =, >+%6 &- 3+1(.'*+&,1 +,

*&4)5)41 7+4% =#?@ @?1 )(% &,% &- *$% 5)+, 0&,0%(,1 (%;)(3+,; *$% +,*%;(+*: &-

*$% -.1+&, 5)0$+,%1< =- ) *&4)5)4 '7)15) 3+1(.'*1/ *$% 0&,A,%5%,* +1 3%1*(&:%3

),3 *$% *$%(5)7 %,%(;: &- *$% '7)15) +1 %B'%77%3 *& *$% 6)77 )1 6%77 )1 '(%%B+1*9

+,; @?1< C.% *& *$% 1.33%, 0&&7+,; &- *$% '7)15)/ +*1 (%1+1*+>+*: (+1%1 ),3 7)(;%

%7%0*(+0 A%731 0), &00.(< #$%1% A%731 %,)87% *$% )00%7%()*+&, &- *$% %7%0*(&,1

+,*& *$% (.,)6): (%;+5%< #$% @?1 0), 0)((: )8&.* 70% &- *$% '7)15) 0.((%,*

)* %,%(;+%1 &- *%,1 &- MeV< ?>%,*.)77:/ +, *$% 0&.(1% &- *$% 0.((%,* D.%,0$ *$%

@?1 )(% %B'%77%3 -(&5 *$% '7)15) +, -&(5 &- >%(: 1$&(*/ (%'%*+*+>% %>%,*1 6$+0$

6%(% 5%)1.(%3 '(%>+&.17: >+) *$% 3%*%0*+&, &- E9():1 F!!G< #$% %B)0* *%5'&()7

0$)()0*%(+1*+01 &- *$%1% 8.(1*1 &- @? 7&11%1 0&.73 ,&* 8% (%1&7>%3 )1 *$% (%1&7.9

*+&, &- *$% -&(5%( 5%)1.(%5%,*1 6)1 ,&* 1.H0+%,*< I%1+3%1 *$% 3%*)+71 &- *$%

*%5'&()7 %>&7.*+&, &- *$% @? 8.(1*1 ,.5%(&.1 &*$%( +5'&(*),* D.%1*+&,1 )8&.*

*$% '$:1+01 &- *$% @?1 +, *&4)5)4 3+1(.'*+&,1 $)>% (%5)+,%3 &'%,< #$% %,9

%(;: 1'%0*() 0&((%1'&,3+,; *& *$% @? 8.(1*1 ),3 *$% '$:1+0)7 5%0$),+15 6$+0$

*(+;;%(1 *$% -&(5)*+&, &- *$% 8.(1*1 )(% .,4,&6,< #$% *&*)7 %,%(;: 0)((+%3 8:

*$% @?1 +, 3+1(.'*+&,1/ *$% 0&,>%(1+&, -)0*&( &- 5);,%*+0 '7)15) %,%(;: +,*&

@? %,%(;: ),3 *$% ()3+)7 3%0): &- ) @? 8%)5 6$+0$ +1 7+5+*%3 8: ), &81*)07%

)* *$% '7)15) %3;% )(% )71& ,&* 4,&6,< J&(%&>%(/ *%0$,+D.%1 *& 5+*+;)*% *$%

-&(5)*+&, &- $+;$ %,%(;: @? '&'.7)*+&,1 )(% .(;%,*7: ,%%3%3< #$%1% 3%1+(%1

$)>% 8%%, )33(%11%3 +, *$+1 *$%1+1< K&>%7 (%1.7*1 &- 5%)1.(%5%,*1 &- *$% @?1

+, 3+1(.'*+&,1 )* *$% *&4)5)4 #?E#L@ )1 6%77 )1 ) 1*.3: &- *$% @? *(),1'&(*

$)>% 8%%, '(%1%,*%3<

#$% -&.( %B'%(+5%,*)7 0)5')+;,1 5)3% .1% &- *$(%% 3+M%(%,*/ 1'%0+)7+1%3 '(&8%1

6$+0$ 3%*%0*%3 *$% @?1 )* *$% '7)15) %3;% &- #?E#L@< #$% 10+,*+77)*&( '(&8%

%,)87%1 5%)1.(%5%,*1 &- *$% *%5'&()7 %>&7.*+&, &- *$% @? 7&11%1 )1 6%77 )1

*$% 0&((%1'&,3+,; @? %,%(;: 1'%0*()< #$% 0)7&(+5%*%( '(&8% 6)1 3%1+;,%3 ),3

3%>%7&'%3 +, *$% 0&.(1% &- *$% N$C 6&(4 *& )77&6 *$% A(1* 5%)1.(%5%,*1 &-

*$% *&*)7 @? %,%(;: +, *&4)5)4 3+1(.'*+&,1< O1+,; ),&*$%( '(&8%/ 6$+0$ 6)1

)71& 3%1+;,%3 ),3 3%>%7&'%3 -&( *$+1 6&(4/ +* $)1 8%%, 1$&6, *$)* +, ) 1+,;7%

3+1(.'*+&, 1.H0+%,* @? 3)5);%1 0), 8% &8*)+,%3 *& )77&6 *$% 3%3.0*+&, &- *$%

%,%(;: 3%'&1+*+&, ),3 *$% ()3+)7 3%0): &- *$% @?1< #$+1 $%)* 7&)3 '(&8% %B9

'7&+*1 *$% %,%(;: 3%'&1+*+&, &- *$% @?1 +, ) 5)*%(+)7 5+B*.(% &- 0&''%( ')(*+07%1

+, ) $+;$ *%5'%()*.(% (%1+1*%,* %'&B: (%1+,< #$% %,%(;: &- *$% @?1 -(&5 )

#?E#L@ 3+1(.'*+&, 0).1%3 ), &81%(>)87% 3)5);% +, *$% '(&8% 5)*%(+)7 6$+0$

6)1 %>)7.)*%3< #$% @? 0&,*%,* &- *$% 3+10$)(;% 6)1 +,3%'%,3%,*7: >%(+A%3

8: *$% 3%*%0*+&, &- *$% ,%.*(&,1/ *$% γ−3&1% ),3 8: 5%),1 &- *$% *%5'&()7

%>&7.*+&, &- *$% '7)15) 0.((%,*< #$% @? 1+;,)*.(% +, *$% '(&8% 5)*%(+)7 6)1

0$)()0*%(+1%3 8: 1.(-)0% %7%0*(&, ),3 &'*+0)7 5+0(&10&': 8%-&(% ),3 )-*%( *$%

5%*)77&;()'$+0)7 '(%')()*+&, &- *$% '(&8% 0&(%< #$% 5%)1.(%5%,* &- *$% 1')*+)7

%B*%,* &- *$% @? 1+;,)*.(% ),3 *$%(5&;()>+5%*(: )77&6%3 ) 0&5')(+1&, &- *$%

(%1.7*1 &- *$% %B'%(+5%,* 6+*$ 1+5.7)*+&,1 0)((+%3 &.* .1+,; *$%  !"#$% 0&3%<



 !"  !"##$%&

# $%%& '$())*)+, -'. /%0+& /%( ' 12 3)'* -4,5 '+ )67%+)+,4'8 .7)9,(0* -4,5

'+ ):/%8&4+$ )+)($; 3),-))+ '3%0, 4MeV '+& 9MeV '+& ,5) 9%(().7%+&4+$ )6:

7%+)+,4'8 ('&4'8 &)9'; -4,5 '+ ):/%8&4+$ 8)+$,5 3),-))+ 13mm '+& 6mm< =5)

>'(*%( ('&40. %/ ,5) 12.? -5495 -'. 7()@4%0.8; *)'.0()& &0(4+$ .,)'&; .,',)

&4.95'($). ', =2A=B1? '*%0+,. ,% '3%0, 5mm -5495 *'C). ' ('&4'8 &)9';

8)+$,5 4+ ,54. ()$4*) ()'.%+'38)< =5) %7,4%+ %/ ' 12 3)'* -4,5 '+ )67%+)+,4'8

.7)9,(0* '+& ' 84+)'( ('&4'8 &4.,(430,4%+ 5'. 3))+ )6980&)& &0) ,% ' 9%*7'(4.%+

-4,5 ,5) .94+,488',%( 7(%3) *)'.0()*)+,.< #&&4,4%+'8 .4*08',4%+. -)() 9'((4)&

%0, 4+ -5495 )+)($),49 7'(,. %/ ,5) )67%+)+,4'8 .7)9,(0* -)() '..4$+)& ,% ,5)

12 3)'*< D, 5'. 3))+ .5%-+ ,5', ,5) .7)9,('8 7'(, %/ ,5) 12 )+)($4). 3),-))+

8MeV '+& 16MeV 9'0.)& *%., %/ ,5) %3.)(@)& &'*'$).< =5) .7)9,('8 '+&

('&4'8 &4.,(430,4%+. -)() ',,'4+)& 3; ' *)'.0()*)+, %+8; 4+ ,5) 7(%3) 9%()<

28)9,(%+. -4,5 )+)($4). 8).. ,5'+ 4MeV -)() '3.%(3)& *'4+8; 4+ ,5) $('754,)

5%0.4+$ %/ ,5) 7(%3) '+& ,5) )67)(4*)+, &%). +%, &).9(43) ,5) ('&4'8 &4.,(430:

,4%+ %/ ,5) 12. 4+ ,5) E(., 6mm %/ ,5) 7(%3) 5%0.4+$ -5495 /'9)& ,5) 78'.*'<

=5)()/%()? ' .)9%+& &)9'; &4.,(430,4%+ 4+ ,5).) E(., *4884*),)(. 9%08& +%, 3)

)6980&)&<

=5) 9'8%(4*),)( 7(%3) '88%-)& &4()9, *)'.0()*)+,. %/ ,5) ,%,'8 12 )+)($; 4+

=2A=B1 &4.(07,4%+.< # ,;749'8 12 78',)'0 90(()+, %/ 100 kA -'. /%0+& ,%

9%+,'4+ 30 ,% 35 kJ %/ 12 )+)($;< =5) .9'84+$ %/ ,5) 12 )+)($; -4,5 ,5) 12

90(()+, '+& ,50. ,5) +0*3)( %/ $)+)(',)& 12. 4. '77(%64*',)8; 84+)'( /%( 12

90(()+,. '3%@) 50 kA< =5) 12 )+)($; -5495 4. &)7%.4,)& 4+ ,5) 7(%3) &)9()'.).

/%( ('&4'8 7(%3) 7%.4,4%+. *%() ,5'+ 1.5 cm 3)54+& ,5) 84*4,)(< =5) 12 )+)($;

8%'& %+,% ,5) FGH. 4. ()&09)& 3; ' /'9,%( %/ 2 3; *%@4+$ ,5)* 2.5 cm ('&4'88;

'-'; /(%* ,5) 78'.*'< =5) 9%(().7%+&4+$ 90(()+, '+& ,5) )+)($; .5%- ' 12

$)+)(',4%+ ,5().5%8& ', Bt ≈ 2T< #3%@) ,54. ,5().5%8& ,5) 12 90(()+, 4+9()'.).

'77(%64*',)8; 84+)'(8; -4,5 Bt< =54. &)7)+&)+9) -'. ()7(%&09)& /%( ,5) 12

)+)($;< =5) @'(4',4%+ %/ ,5) 12 90(()+, -4,5 ,5) 78'.*' 90(()+, 9%08& '8.%

3) ()7(%&09)& /%( ,5) 12 )+)($;? -5495 .,()+$,5)+. ,5) 9%+980.4%+ %/ ' 84+)'(

&)7)+&)+9) %/ ,5) 12 )+)($; %+ ,5) 12 90(()+,< =5) 9%+@)(.4%+ %/ ,5) 7():

&4.(07,4@)? *'$+),49 78'.*' )+)($; 4+,% 12 )+)($; &0(4+$ ,5) 90(()+, I0)+95

.5%-. ' ,)+&)+9; ,% &)9()'.) -4,5 4+9()'.4+$ 78'.*' 90(()+,.< =5) *'64*0* %/

,5) 9%+@)(.4%+ -'. /%0+& ', 26%< J)'.0()*)+,. '778;4+$ ,5) .94+,488',%( 7(%3)

-)() 0.)& '. '+ 4+&)7)+&)+, 95)9C /%( ,5) ().08,.< =5); '() 4+ $%%& '$())*)+,

'+& .077%(, ,5) 4+,)(7(),',4%+ %/ ,5) &','<

=5) .94+,488',%( *)'.0()*)+,. '88%-)& ,5) E(., ,)*7%('88; '+& .7)9,('88; ():

.%8@)& '+'8;.4. %/ ,5) 12 30(.,. 4+ ,%C'*'C &4.(07,4%+.< =5) 30(.,. 5'@) ,)*:

7%('8 -4&,5. %/ 0.07 ,% 0.17ms '+& ,5); /%88%- )'95 %,5)( -4,5 &)8';. %/ 0.12 ,%

9.3ms< =5) )+)($; .7)9,(' %/ ,5) 30(.,. '() '77(%64*',)8; )67%+)+,4'88; &)9';:

4+$ )69)7, %/ '+ )+5'+9)*)+, ', '(%0+& 15MeV< =5) .7)9,(' .5%- @'(4',4%+.

/(%* 30(., ,% 30(.,< K)(4@4+$ /(%* ,5) ,)*7%('8 95'('9,)(4.,49. %/ ,5) 12 30(.,.

'+& /(%* *)'.0()*)+,. %/ ,5) *'$+),49 '9,4@4,; &0(4+$ ,5) 90(()+, I0)+95 %/

,5) &4.(07,4%+.? ,-% 7%..438) 4+.,'3484,4). -5495 9%08& ,(4$$)( ,5) /%(*',4%+ %/

,5) 12 30(.,. 5'@) 3))+ .0$$).,)&L C4+C 4+.,'3484,4). %/ ,5) 12 3)'* '+& ():

.4.,4@) ,)'(4+$ *%&). 4+ ,5) 7%.,&4.(07,4@) 3'9C$(%0+& 78'.*'< =5) ,)*7%('8

7(%7)(,4). %/ ,5) 30(.,. '+& ,5) .4*48'(4,; %/ ,5) )+)($; .7)9,(' ,% ,5) %+).
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#$%&'($) )'(*+, -.#*/ &0$%)1 &0%0$ 23 )*&/.%(,$& 4*0. ($&-+%+051 6$(0'(7$)

#%,+$0*/ 0-6-5-,*$& &$$# 0- 8%9-'( 0.$ &$/-+) -60*-+:

;.$ %665*/%0*-+ -8 % 2<= $+.%+/$) 0.$ 23 5-&&$& 4.*/. 4$($ #$%&'($) 0$#>

6-(%551 %+) &6$/0(%551 ($&-59$) '&*+, 0.$ &/*+0*55%0-( 6(-7$: ;.$ #$%&'($#$+0&

&.-4$) 0.$ $+.%+/$#$+0 -8 0.$ 5-&&$& 71 % 8%/0-( -8 100 0- 1000 8-( 23 4*0.

$+$(,*$& 7$04$$+ 3 %+) 5MeV %+) 71 % 8%/0-( -8 10 8-( .*,.$( 23 $+$(,*$&

)'$ 0- 0.$ 6$(0'(7%0*-+: ;.$ 23 $+$(,1 &6$/0('# 4%& -7&$(9$) 0- 7$ 6$%?$)

4*0.-'0 2<=: ;.$ 6$(0'(7%0*-+ @$5)& /%'&$) % &.*80 -8 0.$ 6$%? 0- 5-4$( $+>

$(,*$&: ;.$ 23 0(%+&6-(0 4%& #-)$55$) 71 % )*A'&*9$ 6(-/$&& &.-4*+, % ,--)

%,($$#$+0 4*0. 0.$ $B6$(*#$+0%5 ($&'50&: C+ '+6$(0'(7$) 65%&#%& 0.$ 0(%+&6-(0

*& #%*+51 )$0$(#*+$) 71 0.$ 23 $+$(,1 D)'$ 0- 0.$ -(7*0 &.*80E %+) 71 0.$ #%,>

+$0*/ 0'(7'5$+/$: F6651*+, 0.$ 2<=G 0.$ /($%0$) @$5) &0('/0'($& *+H'$+/$ 0.$

0(%+&6-(0 ,($%051: I-0 -+51 0.$ -6$+ @$5) 5*+$& %0 0.$ 65%&#% $),$ /-+0(*7'0$

0- 0.$ 23 5-&&$& 7'0 %5&- 0.$ $(,-)*/ &0('/0'($& *+&*)$ 0.$ 65%&#%: J-#$0*#$&

*0 *& %&&'#$) 0.%0 0.$ 2<= *& &.*$5)$) 71 65%&#% /'(($+0&: K-( ;3L;M2 0.*&

&.*$5)*+, *& -8 #*+-( *+H'$+/$ 7'0 *+ .-00$( N>#-)$ 65%&#%& *0 /-'5) 65%1 % #-($

*#6-(0%+0 (-5$: ;.$ &'66($&&*-+ -8 0.$ 23& %7-9$ 25MeVG &.-4+ *+ O  PQG /%+

7$ '+)$(&0--) 71 0.$ ($)'/$) 5*8$0*#$& -8 0.$ 5-4 $+$(,1 23&: R$&& 0*#$ 7$*+,

%9%*5%75$ 8-( 0.$ %//$5$(%0*-+ -8 0.$ 5-4 $+$(,1 23& ($)'/$& 0.$ )$+&*01 -8 0.$

.*,.$( $+$(,1 23& *+&*)$ 0.$ 65%&#%: C+ 0.$ #-)$5 0.$ 23& %($ ,$+$(%0$) 71

0.$ &$/-+)%(1 6(-/$&& -+51 4.*/. *& /-+/5')$) 0- 7$ 0.$ )-#*+%+0 23 ,$+$(%>

0*-+ #$/.%+*&#: ;($%0*+, '+6$(0'(7$) #%,+$0*/ 0-6-5-,*$& %+) 23 )*&/.%(,$&

0- 4.*/. % .*,. %#65*0')$ 2<= *& %665*$)G % &$58 /-+&*&0$+) 6*/0'($ -8 0.$ 23

0(%+&6-(0 .%& 7$$+ )(%4+:

;.$ 6.1&*/%5 6*/0'($ -8 0.$ 6-&0)*&('60*9$ 0-?%#%? 65%&#% .%& 0- 7$ $B0$+)$)

71 0.$ -//'(($+/$ -8 $*0.$( ?*+? *+&0%7*5*0*$& -( ($&*&0*9$ 0$%(*+, #-)$&: J-#$

$A-(0 &.-'5) 7$ 6'0 *+0- *)$+0*81*+, 0.$&$ *+&0%7*5*0*$& *+ 8'0'($ #$%&'($#$+0&:

;.$ )$&*,+ -8 8'0'($ 8'&*-+ )$9*/$& 4*55 7$ *+H'$+/$) 71 0.$ ($&'50& *+ 0.*& 0.$&*&

%& 0.$ $+$(,1 &6$/0(%G 0.$ 0-0%5 $+$(,1 -8 0.$ 23& *+ )*&('60*-+& %+) 0.$*( (%)*%5

)$/%1 )$0$(#*+$ 0.$ 6-&&*75$ 4%55 )%#%,$&: ;.$ 5%(,$ 0-?%#%?& -8 0.$ 8'0'($

4*55 +$/$&&%(*51 .%9$ %/0*9$51 /--5$) 4%55 /-#6-+$+0& %+) 6($9$+0*+, 23 )%#>

%,$& 0- 0.$ /--5*+, 0'7$& 6($&$+0& % #%+)%0-(1 &%8$01 *&&'$ 8-( 0.$ #%/.*+$&:

S$&*)$& &'/. *+&0%+051 9*&*75$ )%#%,$& 0.$ $+$(,1 -8 0.$ 23& /%+ )$0$(#*+$ 0.$

5*8$0*#$& -8 0.$ =KT& 71 6(-,($&&*9$ #$50*+, %+) %75%0*-+: U+-4*+, 0.$ $+$(,1

&6$/0('# -8 0.$ 23& %+) 0.$*( 0-0%5 $+$(,1 #%?$& *0 6-&&*75$ 0- )$0$(#*+$ 0.$&$

5*8$0*#$& %+) 0.'& 0- %9-*) % /(*0*/%5 -6$(%0*-+ 7$1-+) 0.$#: <-($-9$(G 0.$

&6$/0(% -8 0.$ 23& )$0$(#*+$ 0.$ *+H'$+/$ -8 #%,+$0*/ 0'(7'5$+/$& %+) -8 0.$

#%,+$0*/ 0-6-5-,1 -+ 0.$ 23 0(%+&6-(0: ;.*& *& %+ %&6$/0 4.*/. *& *#6-(0%+0

+-0 -+51 8-( 0.$ %665*/%0*-+ -8 ($&-+%+0 #%,+$0*/ 6$(0'(7%0*-+& %& % 23 #*0*>

,%0*-+ 0$/.+*V'$: =*/?*+, '6 % 6(-6-&%5 *+ OWXQG % +$B0 &0$6 -8 0.$ 23 &0')*$&

%0 ;3L;M2 4*55 7$ 0.$ 8%&0 *+Y$/0*-+ -8 #-)$(%0$ %#-'+0& -8 ,%& %& % #$%+&

0- #*0*,%0$ 0.$ ,$+$(%0*-+ -8 .*,. $+$(,1 23& )'(*+, )*&('60*-+& 71 *+/($%&*+,

0.$ 23 0(%+&6-(0 )'$ 0- *+)'/$) #%,+$0*/ 0'(7'5$+/$&:
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 !"#$%$&'#()*#+ ,-.(%/)*%01$ 02 *"# 3-*"04

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

 #$ %&'()*'+ ,$-$ %./0*/+ #$ 1*2/*/+ 3$ 1./0*+ 4$ 5627**'+ 8$ 92&:(*'+

;$ <.==.+ >$ ?@ A/B )2* 9C?9;D )*A:+  !"#$% &"'()*+*(! ,!& #,&*,-

&".,% (/ #0!,1,% "-".+#(!) *! , &*)#0'+*(! ,+ 2 3245+ E@6=$ %@(.&/  !+

FGHFFH IJKKL I!F  L

 #$ %&'()*'+ ,$-$ %./0*/+ #$ 1*2/*/+ ;$ <.==.+ >$ ?@ A/B )2* 9C?9;D

)*A:+ 6",)0#"7"!+) (/ +8" 50!,1,%  -".+#(!  !"#$% &0#*!$ 9*)#0'+*(!)

*! +8" 2(:,7,: 2 3245+ M2N($ M=A(:A( !"+ FO!OFP I!F !L

 5$5$ QRB@==A*S+ ,$-$ %./0*/+ #$ %&'()*'+ ;"1 7".8,!*)7 (/ #0!,1,%

"-".+#(! &*<0)*(! &0" +( 7*.#(+0#=0-"!." *! +(:,7,:)+ M2N($ M=A(:A( !"+

FT!OF! I!F !L

 #$ %&'()*'+ 5$5$ QRB@==A*S+ ,$-$ %./0*/+ 9$ ,@BNA0&S+ #$ 1*2/*/+ U$

5*7*==+ ;$ <.==.+ >$ ?@ A/B )2* 9C?9;D )*A:+ 50!,1,%  -".+#(! 2#,!)>

'(#+ *! 20#=0-"!+ ,!& 5")(!,!+-% ?"#+0#="& 6,$!"+*. 2('(-($*") (/ 2 3>

245+ E@6=$ %@(.&/  #+ FJHF P I HKKL I!F !L

 #$ %&'()*'+ ,$-$ %./0*/+ 9$ ,@BNA0&S+ #$ 1*2/*/+ ;$ <.==.+ >$ ?@+ 1$

V*/W A/B )2* 9C?9;D )*A:+ 2"7'(#,- ,!& @'".+#,-  A(-0+*(! (/ 50!>

,1,%  -".+#(! B0#)+) *! 2 3245 9*)#0'+*(!)+ M2N($ M=A(:A( !"+ F"!O H

I!F !L

 !2 3,.4$%$.5$ #%,5$$*(.61

 #$ %&'()*'+ ,$-$ %./0*/+ #$ 1*2/*/+ 3$ 1./0*+ 4$ 5627**'+ 8$ 92&:(*'+

;$ <.==. A/B >$ ?@+ @'".+#07 ,!& 5,&*,- 9".,% (/ 50!,1,%  -".+#(!)

*! , 9*)#0'+*(! ,+ 2 3245+ XMUY%'Z2[A2'()AW@/W !F  + ,.*=+ U*':A/N

I!F  L

 #$ %&'()*'+ 5$5$ QRB@==A*S+ ,$-$ %./0*/+ 9$ ,@BNA0&S+ #$ 1*2/*/+ 4$

5627**'+ ;$ <.==.+ >$ ?@ A/B )2* 9C?9;D )*A:+ @'".+#,- 6",)0#"7"!+)

(/ +8" C!D0"!." (/ 5")(!,!+ 6,$!"+*. ?"#+0#=,+*(! (! 50!,1,%  -".>

+#(! E())+ O)2 \/)*'/A).&/A= <&'0(2&K &/ 5)&62A().6.)N ./ %@(.&/ M=A(:A(+

3Z=.62+ U*':A/N I!F  L

 #$ %&'()*'+ ,$-$ %./0*/+ #$ 1*2/*/+ 3$ 1./0*+ 4$ 5627**'+ 8$ 92&:(*'+ ;$

<.==.+ >$ ?@ A/B )2* 9C?9;D )*A:+ @'".+#,- ,!& 5,&*,- 9*)+#*=0+*(!)

(/ 50!,1,%  -".+#(!) *! , 9*)#0'+*(! ,+ 2 3245+ C@'&K*A/ M2N(.6A=

5&6.*)N HJ)2 8&/]*'*/6* &/ M=A(:A M2N(.6(+ 5)'A(R&@'W %'A/6* I!F  L



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

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

 #$ %&'()*'+ ,$,$ -./0112*3+ 4$5$ %678*7+ 9$ 40/:28&3+ #$ ;*<7*7+ =$

;678*+ >$ ,?<@**'+ A$ ,*@*11+ B$ 9<&C(*'+ D$ E6116+ F$ G0 27/ )<* 9HGI

9DJ 9*2C+  !"#$#% &'()*+," -+,.( /(#0!+(1("*0 #* 2&324 + =H9+

B01<2C ,?6*7?* B*7)'*+ B01<2C+ A'*2) >'6)267 K LML"  N

 #$ %&'()*'+ ,$,$ -./0112*3+ 4$5$ %678*7+ 9$ 40/:28&3+ #$ ;*<7*7+ =$

;678*+ >$ ,?<@**'+ A$ ,*@*11+ B$ 9<&C(*'+ D$ E6116+ F$ G0 27/ )<* 9HGI

9DJ 9*2C+  !"#$#% &'()*+," -+,.( /(#0!+(1("*0 #* 2&324 + #2OI

P127?8IQ7()6)0) RS' P12(C2T<:(68+ A'*6R(@21/+ A*'C27: K"!ML" LN
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"#$%&' ( ) *#+,-$&./+ -0 '1'&$2 +3'4,&. -0 56 7%&+,+ /'.+%&'8 72 ,9' +4#1,#:;

:.,-& 3&-7' ., 0-%& 8#<'&'1, &.8#.: 3-+#,#-1+= ,9' +%7>$%&'+ ?.@ ,- ?8@ +9-A BC

'1'&$2 +3'4,&. /'.+%&'8 8%&#1$ .::  D 8#+&%3,#-1+ -0 ,9' 4./3.#$1 ?4-1,#1%'8

-1 ,9' 1'E, 3.$'@
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#$%&'( ) * +$,-.%'/0, .1 (2('%3 ,4(5-'/ .1 67 8&',-, 0(/,&'(9 83 -:( ,5$2-$;<

;/-.' 4'.8( /- 1.&' 9$=('(2- '/9$/; 4.,$-$.2,> -:( ,&8?%&'(, @/A -. @9A ,:.B CD

(2('%3 ,4(5-'/ 0(/,&'(9 9&'$2% /;;  E 9$,'&4-$.2, .1 -:( 5/04/$%2 @5.2-$2&(9

1'.0 -:( 4/%( 8(1.'(A
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