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A")".1%%< 1* *!-0 0,1%" &+ *!" '/%0" -)*")0-*< "%",*.&)0 ;1-) ."%1*-$-0*-, ")".;-"0@

5!<0-,0 &+ ."%1*-$-0*-, '%10(1 -0 !-;!%< )&)G%-)"1. 1)# H-)"*-,@ K"%1*-$-0*-, %10".G'%10(1
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&%'2 35 %!' ')',%0", 6')2 +7 %!"# ()&#*& 8&9'.

 !' *&"$ &29&$%&1' +7 %!' &,,')'0&%"+$ +7 ')',%0+$# 35 )&#'0 "# ':%0'*')5 )&01' &,4

,')'0&%"+$ 10&2"'$%#.  !' $&%;0&) )"*"% 7+0 %!' &*()"%;2' +7 &$ ')',%0+$ ()&#*& 8&9' "#

1"9'$ 35  !'#()#!"*+,. <&0&*'%'0# +7  !'#()#!"*+, 6')2 !&# 3''$ ,&),;)&%'2 35 =>!"'?'0

&$2 <+)+9"$ @A- BC &$2 "# &((0+:"*&%')5 EWB[DE,*] ≈ 0.96N
1/2
e [,*−3]- 8!'0' Ne "# %!'

')',%0+$ 2'$#"%5.

 + 1&"$ '$'015 70+* %!' ()&#*& 8&9'- & !"1!)5 0')&%"9"#%", ')',%0+$ *;#% *+9' &)+$1

8"%! %!' 8&9' &% %!' #&*' #(''2 7+0 "$,0'&#' %!' %"*' +7 "$%'0&,%"+$ 8"%! %!"# 8&9'.

F','$%)5- GH &,,')'0&%"+$ *',!&$"#*# 8'0' (0+(+#'2- 8"%! %!' &29&$%&1' "$ $&00+8

'$'015 #(0'&2 +7 &,,')'0&%'2 ')',%0+$#@IC.

=% (0'#'$% +$ %!' 10+;$2# +7 ':('0"*'$%# @J- K- LM- LL- LN- NBC&0' >$+8$ %!0'' *+#%

'O',%"9' *',!&$"#*# +7 ')',%0+$ &,,')'0&%"+$ "$ )&#'0 ()&#*& "$%'0&,%"+$.

• -%!./! 0#!123!'# 455#%#)!16) P<QR=S

 !' <QR= 8&# %!' 60#% *'%!+2- ,+$60*'2 ':('0"*'$%&))5- 3',&;#' "% ,&$ 3'

2+$' ;#"$1 )'## (+8'07;) )&#'0#- %!&$ )&#'0# 0'T;"0'2 "$ +%!'0 *'%!+2#. U% 8&#

(0+(+#'2 "$ @VC &# %!' &)%'0$&%"9' +7 WRX= "$ %!' &3#'$,' +7 %',!$+)+1"'# &3)'

%+ (0+9"2' ;)%0&#!+0% (;)#'#. U$ <QR= %8+ )+$1 )&#'0 (;)#'# 8"%! %8+ #)"1!%)5

2"O'0'$% 70'T;'$,"'# &0' ;#'2.  !' "$%'07'0'$,' PY3'&%"$1ZS +7 %!'#' )&#'0 3'&*#

,+00'#(+$2# %+ & *+2;)&%"+$ +7 %!' ')',%0+*&1$'%", 8&9' '$9')+('- 8!",! ,&$ &,%

0'#+$&$% +$ %!' ()&#*&.

U7 +$' #')',%# %!' )&#'0# 70'T;'$,"'# ω1 &$2 ω2 "$ #;,! & 8&5- %!&% %!'5 #&%"#75 %!'

0'#+$&$,' ,+$2"%"+$ ω1 4 ω2 ≈ ωp 8!'0' ωp "# %!' ()&#*& 70'T;'$,5- %!'$ & !"1!

&*()"%;2' ()&#*& 8&9' 8")) 3' ':,"%'2.

 !' 60#% ':('0"*'$%&) +3#'09&%"+$ +7 ()&#*& 8&9' 1'$'0&%"+$ ;#"$1 <QR=4*'%!+2

8&# 0'(+0%'2 35 /)&5%+$ '% &). @LVC- &$2 %!' #&*' 10+;( 8&# #;,,'##7;) "$ "$[',%'2

(&0%",)'# &,,')'0&%"+$ 70+* N \'D %+ GM \'D- 8!",! ,+00'#(+$2# %+ G ]DE* &,,')4

'0&%"+$ 10&2"'$% @LA- LLC.  !' ')',%0+$# &,,')'0&%"+$ %+ 10MeV 8"%!+;% "$[',%"+$

P70+* %!'0*&) 3&,>10+;$2S 8&# 0'(+0%'2 "$ @LBC.

• 7!.#) 3!"#$#%& 455#%#)!1*6+ PWRX=S

U$ %!"# 8&5 %!' ()&#*& 8&9'# &0' ':,"%'2 35 & #"$1)' ;)%0&#!+0% )&#'0 (;)#'.  !'

,+$2"%"+$ 7+0 +(%"*;* '$'015 %0&$#7'0 70+* %!' (;)#' %+ %!' ()&#*& 8&9' "# L
= λp 8!'0' L "# %!' (;)#' )'$1%! &$2 λp = 2πc/ωp "# %!' ()&#*& 8&9')'$1%!-

&$2 ωp =
√

4πNee2/m "# %!' ()&#*& 70'T;'$,5.  !' WRX= 8&# (0+(+#'2 35

 &["*& &$2 H&8#+$ @VC. ^+8'9'0 %!"# ':('0"*'$%&) 2'*+$#%0&%"+$ 0'T;"0'2 !"1!

)&#'0 "$%'$#"%5 8"%! #;3(",+#',+$2 (;)#' )'$1%!#.  !' 60#% '9"2'$,'# +7 ()&#*&

8&9' ':,"%&%"+$ 9"& WRX= *',!&$"#* 8'0' 0'(+0%'2 "$ @LI- LJC- &$2 &,,')'0&%'2

')',%0+$# 8'0' 60#% +3#'09'2 "$ @NIC.

• 8#%92/6&:%!1#& 73;4 P_\4WRX=S

V



 ! "#$ %$&'()*+,&-"$+ ./01 2$34)$5 -! 4!4"4-&&6 &*!3 &-%$2 7,&%$5 L > λp5 82$-9%

*! - %$24$% *' %#*2" 7,&%$% :;<5 <=>? @#4% 82$-9 4% A-,%$+ 86 "#$ '*2B-2+ C-)-!

%A-""$24!3 D0CEF -!+ "#$ %*(A-&&$+ G%-,%-34!3H *' "#$ 7,&%$ $!I$&*7$ :<J5 <;5 <<5 <K>?

@#$ 0CE 4!%"-84&4"6 A-! 32*B '2*) "#$ !*4%$? L$!%4"6 7$2",28-"4*!% -2$ A-,%$+ 86

"#$ 32*,7 I$&*A4"6 I-24-"4*!%5 B#4A# &$-+ "* - &*!34",+4!-& 8,!A#4!3 *' "#$ 7,&%$?

 ! "#-" B-6 "#$ 7,&%$ 4% +4I4+4!3 *! - %$24$% *' %#*2" 7,&%$%5 B4"# "#$ A#-2-A"$24%"4A

&$!3"# ∼ πc/ωp? M-A# *' "#$%$ %)-&& 7,&%$% A-! 8$ A*!%4+$2$+ -% -! 4!+4I4+,-&

7&-%)- B-I$ +24I$2 D-!+ 4" %-"4%N$% B4"# 2$%*!-!" A*!+4"4*!F? E,A# 7,&%$ %$&'(

)*+,&-"4*! -&&*B% "* ,%$ #43#$2 7&-%)- +$!%4"4$%5 "#-! "#$ %"-!+-2+ ./01?

@#$ N2%" $O7$24)$!"-& $I4+$!A$ *' "#$ %$&'()*+,&-"$+ ./01 #-% 8$$! 34I$! 4!

"#$ B*29 :<P>5 B#$2$ 0CE '*2B-2+ %A-""$24!3 -!+ "#$ $&$A"2*!% -AA$&$2-"4*! ,7 "*

< Q$R B$2$ *8%$2I$+? @#$ 7*%%484&4"6 *' $&$A"2*!% -AA$&$2-"4*! B-% +$)*!%"2-"$+

4! "#$ %$24$% *' $O7$24)$!"% :;<5 <=5 <S>?  ! :<=> "#$ *8%$2I-"4*! *' 8-A932*,!+

$&$A"2*!% -AA$&$2-"4*! "* KJ Q$R B-% 2$7*2"$+?

@#$2$ 4% - %43!4NA-!" 7#6%4A-& +4T$2$!A$ 8$"B$$! "#$%$ "#2$$ 2$34)$% *' "#$ B-9$ N$&+

-AA$&$2-"4*!? @#$ EQ(./01 2$&4$% *! -! 4!%"-84&4"6 D"#$ %"4),&-"$+ '*2B-2+ C-)-!

%A-""$24!3F '*2 -! $UA4$!" 7&-%)- B-I$ $OA4"-"4*!? @#$ VW01 2$34)$ -&%* $)7&*6$% -

&*!3 &-%$2 7,&%$ "#-" 4% %,8X$A" *' C-)-! 4!%"-84&4"4$%?  ! "#$ ./01 2$34)$5 #*B$I$25

"#$ &-%$2 7,&%$ 4% %#*2"$2 "#-! "#$ 7&-%)- 7$24*+ -!+ "#,% 4% '2$$ '2*) -!6 C-)-!

4!%"-84&4"6?  " 4% $O7$A"$+ "#-" "#$ ./01 2$34)$ B4&& N!-&&6 &$-+ "* - 72-A"4A-&&6 ,%$',&

7&-%)-(8-%$+ -AA$&$2-"*2?

Y*B$I$25 "* ,%$ "#$ ./01 2$34)$5 *!$ !$$+% - I$26 %#*2" -!+ 2$&-"4I4%"4A-&&6 7*B$2(

',& &-%$2 7,&%$?  " -77$-2% "#-" 2$&-"4I4%"4A 7&-%)- 4"%$&' A-! 8$ A*!%4+$2$+ -% - !*!&4!$-2

)$+4,) %,4"-8&$ '*2 &-%$2 7,&%$ A*)72$%%4*! -!+ %#*2" 7,&%$ 3$!$2-"4*!?

 !" #$%&'()*+ ,* %$%&'()-./*%',& 0.1%

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

/$ %"-2" B4"# %*)$ 8-%4A +$N!4"4*! *' "#$ &43#" N$&+5 +4)$!%4*!&$%% -)7&4",+$  B4"#

2$&-"4I4%"4A "#2$%#*&+ *' 4!"$!%4"6  Z ;? 1 7&-!$ &43#" B-I$ A-! 8$ +$%A248$+ 86 '*&&*B

I$A"*2 7*"$!"4-&

A(r, t) = C$ {A0 exp iψ} , D;?;F

B#$2$ r -!+ t 4% "#$ %7-A$ -!+ "4)$ A**2+4!-"$5 "#$ &-%$2 -)7&4",+$ A0 = A0(êy± êz) '*2

A42A,&-2 7*&-24[-"4*! B4"# \ -!+ ( '*2 243#"( -!+ &$'"(A42A,&-2 7*&-24[-"4*! A*22$%7*!+(

4!3&65 -!+ A0 = A0êy '*2 &4!$-2 7*&-24[-"4*!5 ψ = kr − ωt 4% "#$ 7#-%$? @#$ +4%7$2%4*!

2$&-"4*! 4! I-A,,) 4%

ω = kc , D;?<F

S



 !"#" k = |k| = 2π/λ$  !"#" λ = cT = 2πc/ω %&' c () *!" )+""' ,- .(/!*0 1)(&/ *!"
)*%&'%#'  !"#!$% &'"&(

'(2 A = 0 . 34056

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

E = −1

c

∂A

∂t
, 340=6

B = #,* A . 340>6

1)(&/ *!" )?@)*(*?*(,& #?.") -,# '"#(2%*(2")A ∂/∂t → −iωt$ ∂/∂r → ik$ *!"B 9%& @"
#" #(**"& %)

E = C"

{

iω

c
A0e

iψ

}

, 340D6

B = C"

{

ik × A0e
iψ

}

. 340E6

F%.9?.%*(&/ G,B&*(&/ 2"9*,#

S =
c

4π
E × B , 340H6

,&" ,@*%(&) *!" -,#;?.% -,# (&*"&)(*B ,- *!" .(/!*A

I(ψ) = |S| =
ωk

8π
A2

0(1 − cos 2ψ) -,# .(&"%# +,.%#(I%*(,& 340J6

%&'

I(ψ) = |S| =
ωk

4π
A2

0 -,# 9(#9?.%# +,.%#(I%*(,&$ 3404K6

 !%* 9%& @"  #(**"& (& *!" -,#;

I(ψ) = |S| =
ωk

8π
A2

0 · ζ 340446

 !"#"

ζ =

{

(1 − cos 2ψ) -,# .(&"%# +,.%#(I%*(,& ,
2 -,# 9(#9?.%# +,.%#(I%*(,& .

3404L6

M!"& *!" +!%)" ψ () 9!%&/"' ,& 2π$ *!" (&*"&)(*B -,# .(&"%# +,.%#(I%*(,& ,)9(..%*")
* (9"$ @?* (* ',") &,* '"+"&' ,& +!%)" -,# 9(#9?.%# +,.%#(I%*(,&0 N,# +#%9*(9%. #"%),&)

,&" ?)?%..B (&*#,'?9" *!" (&*"&)(*B %2"#%/"' ,2"# +!%)"A

I =
1

2π

2π
∫

0

I(ψ)dψ = ζ̄ · ωk

8π
A2

0 . 340456

7!" -%9*,# ζ̄ () '(O"#"&* -,# .(&"%# +,.%#(I%*(,& %&' 9(#9?.%# +,.%#(I%*(,&A

ζ̄ =

{

1 -,# PG ,
2 -,# FG .

3404=6

D



 !"#$ %&' ()')*+ ,#- ./0 01230!!"4# 543 6,70 708.439 ./0 ,703,$0- "#.0#!".: 8,# ;0

63"..0# ,!

Iλ2 = ζ̄ · ωkλ2

8π
A2

0 = ζ̄ · π

2
cA2

0 . ()')<+

=>!4 543 2,3."8>0! 45 !0>08.0- !208"0 6"./ ?#46# @,!!m ,#- 8/,3$0 q9 >0. 60 "#.34-A80
./0  !"#$%&%'$%( )* +#"%,!- &!($* .*$!)$%#"

 =
qA

mc2
. ()')B+

C/0 -%+!)'%*)"!'' #+."%$/-! "!

a0 = | 0| =
|q|A0

mc2
. ()')D+

 !"#$ ./"! #4.,."4# 60 8,# 3063".0 %&' ()')<+ ,!E

Iλ2 = ζ̄ · π

2

m2c5

q2
a2

0 . ()')F+

C/0 ,@2>".A-0! 45 0>08.3"8 ,#- @,$#0."8 G0>-! ,30 84330!24#-"#$>:E

E0 =
mcω

|q| a0 , B0 =
mcω

|q| a0 . ()')H+

I43 0>08.34#!E q = −e9 m = me ,#- 60 /,70E

a0 =
eA0

mec2
, ()'JK+

I0λ
2 = ζ̄ ·

[

1.37 × 1018 W

cm2
µm2

]

a2
0 . ()'J)+

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

L#".",>>: >0. A! 84#!"-03 30>,."7"!."8 "#7,3",#.! "# ./0 0>08.34#! @4."4# "# 2>,#0 6,70'

C/0 M,$3,#$0 5A#8."4# 45 2,3."8>0 6"./ ./0 @,!! m ,#- ./0 8/,3$0 q "# 230!83";0-
0>08.34@,$#0."8 G0>- 6"./ 24.0#.",> φ ,#- 708.43N24.0#.",> A "!

L(r,v, t) = −mc2

√

1 − v2

c2
+

q

c
v · A − qφ . ()'JJ+

 !"#$ ./0 %A>03NM,$3,#$0 0&A,."4#

d

dt

∂L

∂v
− ∂L

∂r
= 0 , ()'J*+

60 4;.,"# ./0 30>,."7"!."8 0&A,."4# 45 @4."4# 543 ./0 2,3."8>0

m
dp

dt
= q

(

E +
v

c
× B

)

. ()'JO+

D



 !"#" p = γmv$ %& '!" ()#'%*+" ,-,".'/, ).0 1),,)23)*'-# %& 1%4". 56 3-#,/+)

γ =
1

√

1 − v2/c2
. 789:;<

=!" *).-.%*)+ ,-,".'/,

pcan =
∂L

∂v
= mγv +

qA

c
= p +

q

c
A = m(γv + c ) . 789:><

?-# ) (+)." +%1!' @)4"$ '!"#" )#" "A%&' '@- &6,,"'#6 @!%*! (#-4%0" '@- *-.&').'&

-3 ,-'%-.9 B+).)# &6,,"'#6 %,(+%"& ∂L/∂r⊥ = 0 ).0 '!"#"3-#" '!" *-.&"#4)'%-. -3
*).-.%*)+ ,-,".'/, %. '#).&4"#&" 0%#"*'%-.

∂L/∂v = p⊥ +
q

c
A⊥ = const . 789:C<

D"*-.0 %.4)#%).' 0"#%4"& 3#-, '!" @)4" 3-#, -3 A(t − x/c)$ ,").& '!" +)&"# (/+&"
(#-()1)'"& @%'! '!" *-.&').' 4"+-*%'6 vph @!%*! %. 4)*//, %& "E/%4)+ '- c9 F)G%.1 /&"
'!" #"+)'%-. dH/dt = −∂L/∂t 3-# '!" H),%+'-. 3/.*'%-. H(x,p, t) = E(t) 7"919 I).0)/$
I%3&!%'J$ 8K>L<$ @!%*! "A(#"&& '%,"20"(".0".' "."#16 -3 '!" ()#'%*+"$ -." -5')%.&

dE

dt
= −∂L

∂t
= vph

∂L

∂x
= vph

d

dt

∂L

∂vx

= vph
dpcan

x

dt
= vph

dpx

dt
, 789:M<

')G%.1 %.'- )**-/.' '!)' Ax = 0 3-# (+)." +%1!' @)4"9 ?#-, '!%& @" -5')%. &"*-.0
%.4)#%).'

E − vphpx = const . 789:K<

=!". 3-# "+"*'#-.& %.%'%)++6 )' #"&' '!" G%."'%* "."#16 %&

Ekin = E − mc2 = vphpx . 789NO<

P. *-,5%.)'%-. @%'! E = mc2γ =
√

(mc2)2 + p2
⊥c2 + p2

xc
2
$ '!%& +")0& '-

Ekin =
p2
⊥

2m
= pxc = mc2(γ − 1) . 789N8<

?#-, QE9 789:C< @" !)4"

p⊥ = −q

c
A⊥ = −mca⊥ , 789N:<

).0 R.)++6 G%."'%* "."#16 %. '"#,& -3 #"+)'%4%&'%* .-#,)+%J"0 4"*'-# (-'".'%)+

Ekin =
p2
⊥

2m
=

a2

2
mc2 . 789NN<

?#-, QE9 789NN< @" *). &"" '!)' Ekin ∼ mc2
3-# a0 ∼ 19 =!" %.'".&%'6 I0 @!%*!

*-##"&(-.0& '- a0 = 1 /&/)++6 %& *-.&%0"#"0 )& ) #"+)'%4%&'%* '!#"&!-+0 3-# &("*%R"0 &-#'
-3 ()#'%*+"&9 P3 @" *-.&%0"# '!" ,-'%-. -3 "+"*'#-.&$ '!" ),(+%'/0" a0 = 1 *-##"&(-.0&
'- '!" +)&"# %.'".&%'6

I0λ
2 = 1.37 × 1018Wcm−2µm2. 789NL<

M



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

 !" #$ %&%'("!$ )$ # *&#$% &)+,( -#.% !/ (,% 0$)(% 12"#()!$3 "%&#().)4()' %52#()!$ !/ 6!()!$

'#$ 7% )$(%+"#(%1 %8#'(&9:  !" #$ %&%'("!$ )$)()#&&9 #( "%4(3 (,% '!$4(#$(4 !/ 6!()!$ +).%

a =
eA⊥

mc2
, ;<:=>?

p̂⊥ =
p⊥

mc
= a = (0, ay, az) , ;<:=@?

Êkin =
Ekin

mc2
= γ − 1 = p̂x =

p̂2
⊥

2
=

a2

2
. ;<:=A?

B$ )66%1)#(% #$1 .%"9 )6*!"(#$( !74%".#()!$ #( (,)4 *!)$( )4 (,#( Ekin )4 1)"%'(&9

'!2*&%1 (! (,% &)+,( #6*&)(21% a #$1 /#&&4 7#'C (! D%"! #4 4!!$ #4 (,% %&%'("!$ &%#.%4

(,% &)+,( 0%&1: E,% %&%'("!$ '#$$!( +#)$ $%( %$%"+9 )$ # *&#$% &)+,( -#.%: F( $%%14

7"%#C)$+ !/ *&#$#" 4966%("9 /!" $%( %$%"+9 +#)$: E,)4 (9*)'#&&9 !''2"4 )$ %8*%")6%$(#&

'!$0+2"#()!$3 %:+: 12% (! 0$)(% 7%#6 "#1)24 !" #11)()!$#& )$(%"#'()!$4:

 "!6 G5: ;<:=>? -% !7(#)$ (,% %52#()!$4 !/ 6!()!$

p̂x = γβx =
γ

c

dx

dt
= a2/2 , ;<:=H?

p̂y = γβy =
γ

c

dy

dt
= ay , ;<:=I?

p̂z = γβz =
γ

c

dz

dt
= az . ;<:JK?

L)$'% γ = 1 + a2/23 -% !7(#)$ /!" a ≫ 1

βx = a2/2
1+a2/2

→ 1, βy = ay

1+a2/2
→ 0, βz = az

1+a2/2
→ 0,

#$1 #&4! tan θ = p⊥/p‖ → 0: E,)4 6%#$4 (,#( (,% %&%'("!$3 (,!2+, !4')&&#()$+ ("#$4M
.%"4%&9 /!" &!- 0%&1 4"%$+(, |a| ≪ 13 6!.%4 6!"% #$1 6!"% )$ (,% 1)"%'()!$ !/ &)+,(

*"!*#+#()!$ /!" "%&#().)4()' &#4%" )$(%$4)(9 -)(, |a| ≫ 1:
F$(%+"#()!$ G5: ;<:=H? /!" # +).%$ &)+,( *2&4% a(t − x/c) )4 4("#)+,(/!"-#"1 )$ (,%

.#")#7&% τ = t − x(t)/c3 /!" -,)',

γ d
dt

= γ dτ
dt

d
dτ

= γ(1 − 1
c

dx
dτ

) d
dτ

= (1 + a2

2
− a2

2
) d

dτ
= d

dτ
3

#$1 (,%"%/!"% dτ = dt/γ3 42', (,#( (,% %52#()!$4 !/ 6!()!$ !7(#)$ (,% 4)6*&% /!"6

dx

dτ
= c

a2

2
, ;<:J<?

dy

dτ
= cay , ;<:JN?

I



dz

dτ
= caz .  !"#$%

&'( )*()+,-( .',-(*/-0*'1 2*03

a(r, t) = 45 {a0(êy ± êz)e
−iωt}

035 5,5)0('1 6'0*'1 *7 '8 .-(0*)+,-( 7*6.,*)*09" :*1)5 a2 = a2
y + a2

z = a2
0/2, γ = 1 + a2

0/2
-1; 035(58'(5 Ekin = a2

0/2 ;5.51;7 '1 0*65 '1,9 03('+<3 035 51=5,'.5 8+1)0*'1 a0(τ)>
?+0 1'0 03('+<3 035 (-.*;,9 '7)*,,-0*1< .3-75 ψ = −ωτ '8 035 ,-75( .+,75" &'( )'170-10

a0> 25 '?0-*1 8('6 @A"  !"#!% 2*03 τ = t/γ 035 0(-B5)0'(9

x(t) =
(

ca2
0/2

)

τ =
a2

0/2

1 + a2
0/2

ct ,  !"##%

y(t) =
ca0

ω
sin (ωt/γ) ,  !"#C%

z(t) = ∓ca0

ω
cos (ωt/γ) ;  !"#D%

*0 ;57)(*?57 -1 5,5)0('1 6'=*1< 2*03 )'170-10 7.55; '1 - 35,*E"

&'( ,*15-( .',-(*/-0*'1> 5,5)0('1 6'0*'1 *7 6'(5 )'6.,5E" F'17*;5(*1< - ?'EG73-.5;

.+,75 2*03 ay = a0 cos(ωt) 8'( 0 < τ < N(2π/ω)> az ≡ 0> a2 = a2
y = a2

0 cos2(ωτ) -1; -1

5,5)0('1 *1*0*-,,9 -0 (570 -1; ,')-05; -0 x = y = z = 0> 035 0(-B5)0'(*57 '?0-*15; *1 035

8'(6

x(t) =
ca2

0

2

τ
∫

0

cos2 (ωτ̃) dτ̃ =
ca2

0

4

[

τ +
1

2ω
sin (2ωτ)

]

,  !"#H%

y(t) = ca0

τ
∫

0

cos (ωτ̃) dτ̃ =
ca0

ω
sin (ωτ) ,  !"#I%

235(5 .-(-6505( τ *7 ;505(6*15; *6.,*)*0,9 ?9 τ = t − x(t)/c" J..-(510,9> 035 6'0*'1

)'17*707 '8 -1 '=5(-,, ;(*80 *1 xG;*(5)0*'1K

xd(t) =
a2

0

a2
0 + 4

ct ,  !"#L%

-1; 7+.5(*6.'75; - M<+(5GI 0(-B5)0'(9 *1 035 ;(*80 8(-65K

ky = a0 sin (ωτ) , k(x − xd) =
a0

8
sin (2ωτ) .  !"CN%

O35 75,8G7*6*,-( 5,5)0('1 0(-B5)0'(9 73'27 03-0 035 0(-17=5(75 '7)*,,-0*'1 -6.,*0+;5

*7 .('.'(0*'1-, 0' 035 ,-75( -6.,*0+;5 a0> 23*,5 035 ,'1<*0+;*1-, 7)-,5 *7 .('.'(0*'1-,

0' a2
0" O3+7> 2*03 76-,, -6.,*0+;5 a0 ≪ 1> 035 5,5)0('1 6'=57 6-*1,9 *1 0(-17=5(75

;*(5)0*'1> 23*,5 8'( (5,-0*=*70*) -6.,*0+;57 a0 ≫ 1> 035 6'0*'1 '))+(7 .(5;'6*1-10,9 *1

!N



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

4# % )* 1 (-$).0- (-# ($!*"5#$"# # #'($&' 4# % !*% (-!( (-# $) # )2 3!0*#(&' v×B 2)$'#

')*"&"( &* (-# (.$*&*0 (-# )$/&( &*() 2)$6!$% %&$#'(&)* 6&(-).( !%%&*0 #*#$01+

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

7" &( &" 6#  8*)6*9 &2 $# !(&5&"(&' :!$(&' # &" &*(#$!'(&*0 6&(- &*4*&(# # #'($)3!0*#(&'

6!5# &* 5!'..39 &2 )*# *#0 #'(" *)*; &*#!$ #<#'(9 (-# ()(! :!$(&' # !''# #$!(&)* &" *.  

=>!6")*;?))%6!$% (-#)$#3 @AB9 ACDE+

,* $#! #F:#$&3#*(" (-#  !"#$ :. "# '!**)( /# %#"'$&/#% /1 : !*# 6!5# /1 (-# $#!")*

(-!( &( &" 2)'."#%+ G.( !( ! 4$"( !::$)F&3!(&)* 6# '!* ."# $# !(&)*" )/(!&*#% !/)5# #5#*

2)$ ! 4*&(#  !"#$ /#!3+ H"&*0 IJ+ =K+LKE9 =K+LLE 6# '!* #"(&3!(# (-# "'!((#$&*0 !*0 # 2)$

! "&*0 # # #'($)* ).(0)&*0 2$)3 (-#  !"#$ 2)'."M

tan2 θ =
p2
⊥

p2
‖

=
2

γ − 1
. =K+NKE

O-&" $#". ( -!" /##* 5#$&4#% #F:#$&3#*(!  1 &* @LPD+

Q)$ (-# *#F( )%#$ )2 !::$)F&3!(&)*9 *#!$ (-# 2)'! : !*# 6# '!* 6$&(#M

A = A(ψg, r) exp(kψph) , =K+NAE

6-#$#

ψph = z − vpht , ψgr = z − vgrt . =K+NLE

O-# :-!"# 5# )'&(1 vph > c !*% (-# 0$).: 5# )'&(1 vgr < c+ H"&*0 (-# R). )3/ 0!.0#

')*%&(&)* IJ+ =K+LE9 6# '!* ')*' .%#9 (-!( 2)'."#% # #'($)3!0*#(&' 6!5# -!" (-#  )*0&;

(.%&*! ')3:)*#*( A‖M

∂zAz = −∇⊥A⊥ . =K+NSE

O-#$# &" *) #F!'( !*! 1(&'! (-#)$1 2)$ :!$(&' #" 3)(&)* &* (-# 2)'."#% :. "#+ G.( &2

6# ".::)"# (-!( (-# 6!5# !3: &(.%# 5!$&#" " )6 1 $#":#'(&5# 1 () (-# :-!"# !5#$!0#%

)5#$ 2!"( )"'&  !(&)*" &( '!* /# :#$2)$3#%+ ,2 6# ')*"&%#$ :!$(&' # 3)3#*(.39 !5#$!0#%

)5#$  !"#$ :#$&)% p̄ 2)$  )6 &*(#*"&(1 a ≪ 19 (-#  !"#$%&%'$%( )*+,! *-*$%&! .* (! '!* /#

&*($)%.'#%M

fpond =
dp̄

dt
= −mc∇ ā2

2
, =K+NNE

="## 2)$ %#(!& " @LKDE+

Q$)3 IJ+ =K+NNE 6# '!* "## (-!( :!$(&' #" "-). % /# #F:#  #% 2$)3 (-# $#0&)* )2

-&0- &*(#*"&(1+ T*# '!* ! ") )/"#$5# (-!( (-# $# !(&5&"(&' :)*%#$)3)(&5# 2)$'# &" :$);

:)$(&)*! () ∝ ∇ā2/2 !*% %)#" *)( %#:#*%" 2$)3 (-#  !"#$ :) !$&U!(&)*+ ,* @LA9 LLD &(

6!" "-)6* (-!( (-# $# !(&5&"(&' :)*%#$)3)(&5# 2)$'# 3)%# &" "(&  5! &% #5#* 2)$ -&0-#$

a !*% IJ+ =K+NNE (!8#" (-# 2)$3M

dp̄

dt
= −mc2

γ̄
∇γ̄ . =K+NVE

KK



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

α = kσ/(1 − vz/c)5  6 α ≪ 1 &*, )-(&&,.%!/ %) 0+!2,.+3+&%7,5  6 α > 1 &*, 0(.&%-4,

3+&%+! %) 3+., -+304%-(&,2 (!2 0+4(.%8(&%+! ()933,&.%,) (00,(.5

:4)+ &*, 4(),. 014), -(! ;, 2,)-.%;,2 () 014),2 <(1))%(! ;,(35 =,& ', )&(.& &*,

-+!)%2,.%!/ '%&* ( 4%/*& ;,(3 +6 &*, 6+.3

a(r, t) = >, {a0(r, t) exp [i(kr − ωt)]} , ?@5ABC

(!2 4,& 1) ())13, &*(& &*, (304%&12, a0(r, t) 7(.%,) 31-* 4,)) '%&* r (!2 t &*(! &*,

0*(), 6(-&+.D %5,5

|∂a0/∂t| ≪ |ωa0|, |∂a0/∂z| ≪ |ka0| . ?@5AEC

F*, '(7, ,G1(&%+! %! 7(-113 (∇2 − (1/c2)∂2/∂t2)a = 0 -(! &*,! ;, .,21-,2 &+ &*,

,!7,4+0, ,G1(&%+!

(∇2
⊥ + 2ik∂/∂z)a0(r, z) = 0 , ?@5AHC

'*,., ', *(7, !,/4,-&,2 ),-+!2 2,.%7(&%7, .,4(&%7, &+ I.)& 2,.%7(&%7, &,.3) (!2 *(7,

1),2 &*, 2%)0,.)%+! .,4(&%+! ω2 = k2c2
5 :4)+ ', *(7, .,)&.%-&,2 +1.),47,) &+ (! %!I!%&,49

4+!/D -94%!2.%-(4 ;,(35 F*, .(2%(4 -++.2%!(&, %) r '%&* ∇2
⊥ = ∂2/∂r2 + (1/r)∂/∂rD (!2

&*, (J%(4 -++.2%!(&, z %) -*+),! &+ -+3+7, '%&* &*, 014), )1-* &*(& &*, ,!7,4+0, 61!-&%+!

%) %!2,0,!2,!& +6 &%3,5

K+. ( <(1))%(! ;,(3 '%&* a0(r, z) = exp (P (z) − Q(z)(r/r0)
2) %& %) )&.(%/*&6+.'(.2

&+ 2,.%7, &*, 61!-&%+!) P (z) (!2 Q(z) )(&%)69%!/ &*, ,!7,4+0, ,G1(&%+!D (!2 +!, +;&(%!)

a0(r, z) =
e−r2/(r2

0
(1+z2/L2

r))

√

1 + z2/L2
r

exp

{

−i arctan

(

z

Lr

)

+ i

(

r

r0

)2
z/Lr

1 + z2/L2
r

}

. ?@5LMC

N,., &*, 6.+!& 6(-&+. 2,)-.%;,) ( *90,.;+4%- ,!7,4+0,D '*,., r0 %) &*, 6+-1) .(2%1) (&

z = 0 (!2 Lr = kr2
0/2 %) &*, >(94,%/* 4,!/&*D 2,&,.3%!%!/ &*, 4,!/&* +6 &*, 6+-(4 '(%)&5

F*, 0*(), 6(-&+. 2,)-.%;,) )0*,.%-(4 0*(), 6.+!&) +6 &*, %!-+3%!/ (!2 +1&/+%!/ '(7,

'%&* ( 0*(), O130 +6 π '*,! 0())%!/ 6+-1)5

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

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

F*, %!&,.(-&%+! +6 7,.9 %!&,!)%7, 4(),. 014),) '%&* 2,!), 3(&&,. %) ( 31-* 3+., -+304%P

-(&,2 0.+;4,3 &*(! &*, %!&,.(-&%+! '%&* )%!/4, 0(.&%-4,)5 :& &*, %!&,!)%&9 +6 1018W/cm2

(!2 3+.,D &*, 3(&,.%(4 %+!%8,2 '%&*%! +!, 4(),. -9-4,D (!2 ( 2,!), ,4,-&.+! 04()3(

6+.3,2 '*%-* %!&,.(-&) -+44,-&%7,49 '%&* &*, 4(),. I,42)5 F*, &%3, )-(4, +6 &*, ,4,-&.+!

29!(3%-) %) ),& ;9 &*, 04()3( 6.,G1,!-9

ω2
p = 4πe2N0/m , ?@5L@C

@Q



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

!"3!,) &($$ (15 #(1 *, 6", ,5 ($ ( 01".%)& *(#73)%015  "-! #!()3, 5,1$"-2 ZNi = N08

9% -!, ,:-,1- -!(- -!, +"3!- #(1 ',1,-)(-, -!, '+($&(4 (++ '+($&( ,+,#-)%1$ (#/0"), ),+(;

-"6"$-"# ,1,)3",$ (15 ($ ( #%1$,/0,1#, #%++"$"%1 #)%$$;$,#-"%1 *,#%&, 1,3+"3"*+,4 (- +,($-

50)"13 -!, $0*'"#%$,#%15 "1-,)(#-"%1 -"&,$8 <+($&( "1-,)(#-"%1$ -!,1 %##0) ,:#+0$"6,+2

-!)%03! E (15 B =+5$4 -!%$, %. -!, +($,) +"3!-4 *0- (+$% !03, '+($&( =,+5 3,1,)(-,5 50,

-% #!()3, $,'()(-"%1 (15 +($,);5)"6,1 ,+,#-)"# #0)),1-$8 9!,)&(+ '),$$0), .%)#,$ -!,1

#(1 *, 1,3+,#-,5 #%&'(),5 -% '%15,)%&%-"6, .%)#,$4 (15 -!"$ +,(5$ -% -!,  !"# $"%&'%

('')%:"&(-"%18

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

-)%1 ?0"5 .%)  !"#! 5,1$"-2 N(r, t) (15 6,+%#"-2 u(r, t) (), .01#-"%1$ %. $'(#, (15 -"&,8
9!, #0)),1- 5,1$"-2 "$ 3"6,1 *2 J = −eNu = −eNP/mγ4  !,), P = mγu "$ -!,

&%&,1-0& (15 γ =
√

1 + p2
-!, ),+(-"6"$-"# .(#-%)8 @,), (15 .%++% "134  , 0$, 5"&,1;

$"%1+,$$ 6()"(*+,$A

a =
eA

mc2
, ϕ =

eφ

mc2
, p =

P

mc
, n =

N

N0

.  !"#$%

&'( )*+( (,-*./01 2(345/6/17 .'( 8/7'. 9509*7*./01 /1 98*3:* /3 .'(1 06.*/1(2 ;50:

<*=)(88>3 (,-*./013 /1 .'( ;05:

∇2a − (1/c2)∂2a/∂t2 = (1/c)∂∇ϕ/∂t + (ω2
p/c

2)np/γ ,

∇2ϕ = (ω2
p/c

2)(n − 1) .
 !"#?%

@(5( .'( 30-54( .(5:3 01 .'( 5/7'.A'*12 3/2( 4013/3. 0; ./:(A2(9(12(1. 39*4( 4'*57(

B(823C (=95(33(2 6D .'( (8(4.503.*./4 90.(1./*8 ϕ *12 4-55(1.3" &'( (,-*./01 0; :0./01

;05 4082 98*3:* /3 .*E(1 *3

d

dt
P(r, t) = −e(E +

u

c
× B) ,  !"#F%

)'(5( 95(33-5( .(5:3 950905./01*8 .0 98*3:* .(:9(5*.-5( *5( 1(78(4.(2" G/.'

B = ∇× A ,  !"#H%

E = −∇φ − (1/c)∂A/∂t .  !"##%

.'( I080-:6 7*-7( ∇ · A = 0 *12 .'( ./:( 2(5/+*./+( d/dt = ∂/∂t + u · ∇C )( B12

;50: J,"  !"#F%

(

∂

∂t
+ u · ∇

)

P = −e

[

−1

c

∂A

∂t
−∇φ +

u

c
× (∇× A)

]

.  !"#K%

L)/.4'/17 .0 2/:(13/018(33 +*5/*68(3 *12 :*E/17 -3( 0; .'( 5(8*./013

∇γ = ∇
√

1 + p2 =
1

2γ
∇p2 ,  !"#M%

!?



 !"

u ×∇× p = ∇→p(u · p) − (u · ∇)p = c∇γ − (u · ∇)p , #$%&'(

)*+,+ ∇→p -.+, /+0 -!12 -! p3 )+ 4! 112 -5/ 6! /*+ 7+!/, 1 ,+1 /6860/67 +9: /6-! -;

<-/6-!

1

c

∂

∂t
(p − a) − u ×∇× (p − a) = ∇(ϕ − γ) . #$%=>(

? 5 067 0-1:/6-! 60 p = a3 ;-, )*67* ∇(ϕ−φ) = 0% @! /*60 7 0+ /*+ +1+7/,-0/ /67 ;-,7+

∇ϕ A:0/ 5 1 !7+0 /*+ .-!"+,-<-/68+ ;-,7+ ∇γ = ∇
√

1 + p2 = ∇
√

1 + a2 = (2γ)−1∇a2
%

B-, +C <.1+3 6/ "+07,65+0 *-) .1 0< +1+7/,-!0  ,+ .:0*+" ;-,) ," 6! /*+ ;,-!/ -;  1 0+,

.:10+ +C6/6!D .1 0< ) 8+0 -, /*+ .,+00:,+ +9:6165,6:< 6!  0+1;E;-7:0+" 1 0+, 7* !!+1 6!

)*67* /*+ .-!"+,-<-/68+ ;-,7+ +C.+10 +1+7/,-!0 5:61"6!D :.  , "6 1 +1+7/,-0/ /67 4+1"%

F*+ 7,+ /6-! -; 0/,-!D +1+7/,-0/ /67 4+1"0 -; 0 <+ -,"+,  0 /*+ 1 0+, +1+7/,67 4+1" 60  G+2

;+ /:,+ -; ,+1 /6860/67 1 0+, .1 0< 6!/+, 7/6-!% F*+0+ +1+7/,-0/ /67 4+1"0  77+1+, /+ +1+7E

/,-!0  !" 6! . ,/67:1 , 6-!0 /- <:1/6EH+I +!+,D6+0% @/ 60 7-!86!6+!/ /- 7-!06"+, 76,7:1 ,

.-1 ,6J+" 16D*/ 5+ <0

a = K+

{

(êx ± êy)a0(r, z, t)e−iψ
}

)6/* r =
√

x2 + y2, ψ = kz − ωt3  !" |a2| = a2
0(r, z, t)3 8 ,26!D 01-)12 6! /6<+  !"

0. 7+% L!"+, /*+0+ 7-!"6/6-!0  !" p = a3  10- γ =
√

1 + p2 =
√

1 + a2
0  !" ϕ 8 ,2

01-)12 6! 0. 7+  !" /6<+3 A:0/  0 /*+ +!8+1-.+ ;:!7/6-! a2
0% @! /*60 7 0+3 /*+ ) 8+ +9: /6-!

M9% #$%&N( 7 ! 5+ ),6//+! 6! /*+ ;-,<

∇2a − 1

c

∂2a

∂t2
=

ω2
p

c2

na

γ
. #$%=$(

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

F*+ < 6! 9: !/6/23 )*67* "+4!+0 /*+ /6<+ 07 1+ ;-, .1 0< .,-7+00+0 60 /*+ .1 0< 

;,+9:+!72% F*+ ! /:, 1 -07611 /6-! ;,+9:+!72 -; /*+ +1+7/,-! .1 0< 60 /*+  ! "#$%& '!()*(

+$ ,- &".

ωpe =

√

4πe2Ne

me

, #$%=O(

?0 /*+ +1+7/,-!0  ,+ /*+ 16D*/+0/ . ,/671+0 6! /*+ .1 0< )+ )611 < 6!12 :0+ /*60

;,+9:+!72  !" 7 11 6/ 0-<+/6<+0 /*+ '!()*( +$ ,- &". ωp = ωpe% L0: 112 6! ,+1 /6860/67

7 0+ )+ * 8+ /*+ < 00 7-,,+7/6-!P me → me〈γ〉3 )*+,+ 〈γ〉 60 /*+ ,+1 /6860/67 D << E

; 7/-,3  8+, D+" 1-7 112 -8+, < 6!12 +1+7/,-!0%

B,-< /*+ "60.+,06-! ,+1 /6-!

ω2 = ω2
p + k2c2

#$%=N(

60 + 02 /- 0++ /* / )6/* 7-!"6/6-! ω < ωp )+ * 8+ 6< D6! ,2 ) 8+ 8+7/-,3 0- /*+ 1 0+,

.:10+ 7 ! !-/ .,-. D /+0 6! /*+ .1 0< % F*+ 16<6! 1 ;,+9:+!72 8 1:+ ω = ωp "+4!+0 /*+

$Q



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

8+ #'  !"#" $% &%$'($ )*+'"#,- 2.#3. 1#9)* :, 50/ $&!

Ncr =
meω

2

4πe2
. ;<7=>?

@&!' ! 3!* :) 30*'#()/)( !' !  )(#$ 2#+. +.) /)5/!3+#0* #*()"

η =
√

ε =

√

1 − Ne

Ncr 〈γ〉
, ;<7=A?

2.)/) Ncr #' ()4*)( :, B67 ;<7=>?7 C/0 B67 ;<7=A? 2) 3!* ')) +.!+ +.) +./)'.0&( 50/

%&!' ! *0*D+/!*'%!/)*3, #' N ∼ 〈γ〉Ncr7 E+ /)&!+#9#'+#3 #*+)*'#+#)' 〈γ〉 ()%)*(' 0* +.)
&03!& #*+)*'#+, I ;!%%/0"# !+)&, 〈γ〉 ∼ I1/2

?- !*( ! :$*3. 05 *0*D&#*)!/ 0%+#3' )F)3+'

!%%)!/'7 G.#' ()%)*()*3) 05 %&!' ! 5/)6$)*3, 0* γ !*( +./0$1. #+ 0* +.) &!')/ /!(#!+#0*
#*+)*'#+, .!' ())% 30*')6$)*3)' 50/ &#1.+ %/0%!1!+#0* #* %&!' !7

G.) 30*(#+#0* 05 )&)3+/0 !1*)+#3 2!9) %!''#*1 +./0$1. +.) %&!' ! #' +.!+ +.) 2!9)

&)*1+. 05 +.) 2!9) 9)3+0/ k #' +.) /)!& *$ :)/7 H'#*1 B67 ;<7=I?- #+ 3!* :) /)2/#++)* !'
ω > ωp7

J.)* !* $&+/!D/)&!+#9#'+#3!&&, #*+)*') &!')/ %$&') %/0%!1!+)' #* %&!' !- 2) 3!* $')

50/ +.) &03!&&, !9)/!1)( )&)3+/0*' γD5!3+0/ +.) )'+# !+#0*K

< γ >∼ a0

2
, ;<7=L?

;MI>N?7 H'#*1 +.#' )6$!+#0* 0*) 3!* )!'#&, 0:+!#* +.) 30*(#+#0* 05 /)&!+#9#'+#3 +/!*'%!/)*3,

a > 2
Ne

Ncr

. ;<7==?

G.) 4/'+ /)'$&+' #* *0*&#*)!/ %&!' ! 0%+#3' 2)/) 0:+!#*)( 5/0 +.) #()*+#43!+#0*

05 '0D3!&&)( %!/! )+/#3 #*'+!:#&#+#)'7 G.), 2)/) #*9)'+#1!+)( #* +)/ ' 05 2!9)D2!9) #*D

+)/!3+#0*'- 2.)* !* #*3#()*+ )&)3+/0 !1*)+#3 2!9) 2#+. 5/)6$)*3, ω0 ()3!,' #*+0 +20

'#():!*('K +.) O+0P)' 2!9) 2#+. +.) 5/)6$)*3, ω0 − ωmod !*( +.) !*+#DO+0P)' 0*) 2#+.

+.) 5/)6$)*3, ω0+ωmod7 G.) 5/)6$)*3, ωmod 30//)'%0*(' +0 +.)  0($&!+#0* 05 /)5/!3+#0*

#*()"7 G.#' +)3.*#6$) 2!' 4/'+ !%%&#)( #* +.) %!%)/' MIL- I=- IQN7 H'#*1 +.#' 50/ !&D

#' - 9!/#0$' #*'+!:#&#+#)' 2)/) #*9)'+#1!+)(- #*3&$(#*1 R/#&&0$#* !*( S! !* '3!++)/#*1-

T0 %+0* '3!++)/#*1- 4&! )*+!+#0*U')&5D503$'#*1 !*( ')&5D%.!')  0($&!+#0*!& #*'+!:#&#D

+#)' MIV- IL- I=- IQ- >W- ><N7

G.)  0'+ # %0/+!*+ #*'+!:#&#+#)' 50/ ! '.0/+ &!')/ %$&') #*+)/!3+#0* 2#+. %&!' ! !/)K

 !" C0/2!/( S! !* '3!++)/#*1 (ωmod = ωpe)

" S)&!+#9#'+#3 ')&5D503$'#*1 U 4&! )*+!+#0* (ωmod ≪ ωpe)

"#$ S)&!+#9#'+#3 ')&5D%.!')  0($&!+#0* ;ωmod ≪ ωpe?7

<A



 ! "#$%&!"$'(% )*&+"#',+ $* -*!,'.%& $/% '!,$"0'#'$1 2", 3&*3*,%. '! 4567 587 559: ;!

$/%,% 3"3%&,7 +*.<#"$'*!, *) $/% #",%& '!$%!,'$1 2%&% -*!,'.%&%. '! $%&+, *) 3/1,'-"#

3/%!*+%!"7 2/'-/ "33%"& )&*+ +*.<#"$'*!, *) $/% &%)&"-$'*! '!.%=: >/% '!.%= *) &%?

)&"-$'*! @", 2%## ", $/% A&*<3 "!. 3/",% (%#*-'$'%,B -"! 0% "#$%&%. 01 +*.<#"$'*!, *) @'B

3#",+" .%!,'$1 N 7 @''B #",%& "+3#'$<.% a7 @'''B #",%& )&%C<%!-1 ω0: >/%&%)*&%7 $/% '!.%=

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

η = 1 − 1

2

(

1 +
δNe

Ne

− 〈a2〉
2

− 2
δω0

ω0

)

, @D:EFB

@,%% )*& .%$"'#, 4857 8G9B:

H&*+ $/% %C<"$'*! )*& -*!,%&("$'*! *) $/% 3/*$*!, !<+0%&

〈a2〉ω0r
2L = const , @D:EIB

2/%&% r ', $/% #",%& ,3*$ ,'J%7 L ', '!'$'"# #%!A$/ *) #*!A'$<.'!"# 3<#,%7 "!. 〈a2〉 ',
$/% ,C<"&% *) .'+%!,'*!#%,, "+3#'$<.%@$/% #",%& '!$%!,'$1B7 2/'-/ ', "(%&"A%. *(%& )",$

*,-'##"$'*!,: K% -"! ,%% $/"$ #",%& '!$%!,'$1 -"! 0% +*.<#"$%. 01 -/"!A%, '!

• L7 %:A:7 .<% $* $/% #*!A'$<.'!"# 0<!-/'!A

• r7 .<% $* $/% $&"!,(%&,% )*-<,'!A

• ω07 .<% $* $/% 3/*$*! "--%#%&"$'*!

L%$ <, -*!,'.%& $/% #",%& 0%"+ 3&*3"A"$'*! '! <!.%&.%!,% 3#",+": >2* M%1 +%-/?

"!',+, &%,3*!,'0#% )*&  !"#$%&%'$%( '!")*)+(,'%-. %=',$: >/% N&,$ *!% ', $/%  !"#$%&%'$%(

/#'' %-( !#'! *) 3#",+" %#%-$&*!,7 2/'-/ -"<,% 3#",+" )&%C<%!-1 .%-&%",% "--*&.'!A $*

ωrel
p ∼ 〈γ〉−1

: >/% ,%-*!. +%-/"!',+ ', $/% !"!($ +-' !01!""%-. *<$ *) $/% )*-"# ,3*$ 01

3*!.%&*+*$'(% )*&-% 3<,/: O<-/ %#%-$&*!, %=3<#,'*! )&*+ $/% 3<#,% &%A'*! .'+'!',/%, $/%

#*-"# %#%-$&*!, )&%C<%!-1 Ne "!. $/%&%)*&% $/% #*-"# 3#",+" )&%C<%!-1:  , " &%,<#$ *) ,<-/

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

'!.%=7 "!. $/% 3#",+" "-$, ", " 3*,'$'(% #%!,: >/% 3&*-%,, *) &%#"$'(',$'- ,%#)?)*-<,'!A

2", '!(%,$'A"$%. $/%*&%$'-"##1 '! 48E7 5G7 87 5E9 "!. %=3%&'+%!$"##1 '! 45F7 5I9:

L%$ <, N&,$ -*!,'.%& a < 1: ;) 2% '!(%,$'A"$% #*2?'!$%!,'$1 #",%& 0%"+ a ≪ 17 $/%
3#",+" .%!,'$1 -"! 0% -*!,'.%&%. ", <!.',$<&0%. Ne ≈ N07 "!. %#%-$&*!, -"! 0% $&%"$%.

", !*!?&%#"$'(',$'- 3"&$'-#%, 2'$/ γ ≈ 1: K'$/ $/% "+3#'$<.% '!-&%",'!A7 N&,$ A"++"?
!*!#'!%"&'$1 "33%"&,7 γ ≈ 1 + a2/47 2/'#% $/% .%!,'$1 3%&$<&0"$'*!, -*!$&'0<$% '! $/%
/'A/%& *.%&: >/%! $/% 2"(% %C<"$'*! '! %!(%#*3% "33&*='+"$'*! -"! 0% <,%.

(

∇2
⊥ + 2ik

∂

∂x

)

a = −
ω2

p

c2

|a|2
4

a . @D:FPB

>/% $%&+ ∇2
⊥a .',3%&,%, $/% 0%"+7 $/% $%&+ ω2

p|a|2a/(4c2) -*+3&%,,%, '$ "!. "$ $/%
$/&%,/*#. '!$%!,'$1 $/%1 ,/*<#. 0"#"!-% %"-/ *$/%&: H*& Q"<,,'"! %!(%#*3% "33&*='+"?

$'*! a(r, z) ∼ a0(z) exp(−r2/R2(z)) $/% -&'$'-"# 3*2%& ', A'(%! 01 )*&+<#"

Pcr = 2

(

ω

ωp

)2

P0 2/%&% P0 =
m2

ec
5

e2
= 8.7 QK , @D:FDB

DR



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

)$" 0!/."+#" %1 '04$) 0!)"!#0)5 %! )$" +60# +!( ,%!(".%3%)07" "6,&'#0%! %1 )$" "'"/).%!#8
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∇ · E = −4πe(N − N0) , 6789:;

'!(%'0%, /"'0 '0% %34)'"!# !< =!'"!#5

me
dv

dt
= −eE − 1

N
∇P , 6789>;

)#- +!#'"#4"'. %34)'"!#5

∂N

∂t
+ ∇ · (Nv) = 0 . 6789?;

@% /"** 4&% "&!'0%,=)* )AA,!B"=)'"!#C &! P = NkBT "& '0% '0%,=)* A,%&&4,%8

D%' 4& -%&"(#)'% "& '0% 4#"<!,= E)+F(,!4#- -%#&"'. )& N08 @% /"** +!#&"-%, &=)**

-%#&"'. A%,'4,E)'"!#& |N − N0| ≪ N08  0%# !#% +)# /,"'%

N(x, t) = N0 + N1(x, t) , 6789G;

v(x, t) = v1(x, t) ex , 67899;

E(x, t) = E1(x, t) ex , 6789H;

P (x, t) = P0 + P1(x, t) . 678HI;

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

{n1, v1, E1, P1} ∝ ei(kx−ωt) . 678H7;
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ikE1 = −4πeN1 ,
−iωmev1 = −eE1 ,
−iωN1 + ikN0v1 = 0 .

678HN;
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D)&%, A4*&%&C /0"+0 0)$% '0% -"&A%,&"!# ,%*)'"!# ω2

L = ω2
p + k2c2

)#- A,!A)()'"#(

/"'0 (,!4A $%*!+"'. vlas
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"#* &4'%-' +#'!!*48 F.( "#$% &7(&.%*A =* +.!%$)*( ' %"'"$.!'(< +<4$!)($+'4 4'%*( &4'%-'
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&74%*G ."#*( #'!) "#* $.! )*!%$"< ni = n0 $% 7!+#'(:*)8 @#* +.((*%&.!)$!: !*" +#'(:*

)*!%$"< (1 − f)n0 "#*! +(*'"*% "#* (')$'4 *4*+"($+ >*4)

3H8I5

−eEr = (1 − f)mω2
p/2 · r . 3H8H5

@#* 4$:#" &(.&':'"$!: $! "#* +#'!!*4 )($?*% "#* *4*+"(.!% $! /.(='() )$(*+"$.! '" '46

-.%" "#* ?*4.+$"< ./ 4$:"#A &(.)7+$!: ' +7((*!" )*!%$"< −efn0c =#$+# +(*'"*% '! 'J$-7"'4

-':!*"$+ >*4)

−eBϕ = fmω2
p/2 · r. 3H8K5
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mγd2r/dt2 = −eEr − (−eBϕ) = −mω2
p/2 · r ,  !"#$

%& '() *+,* -./011,*0-( 2&*,*3-( 43&56&(/7 0.

ω2
β = ω2

p/2γ.  !"8$

9& /-(/16)& *+,* &1&/*30/ ,() :,;(&*0/ '&1). -4 *+& /+,((&1 /--<&3,*& 0( .6/+ , %,7

*+,* &1&/*3-(. :-=0(; :,0(17 0( ,>0,1 )03&/*0-( 4&&1 , +,3:-(0/ -./011,*-3 <-*&(*0,1 0(

3,)0,1 )03&/*0-( %+0/+ /,6.&. *+&: *- -./011,*& 3,)0,117 %0*+ ωβ"

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

?(,17*0/,117 &1&/*3-( ,//&1&3,*0-( 0(.0)& , <1,.:, /+,((&1 /,( 2& -2*,0(&) 43-: *+&

.0(;1&@&1&/*3-( &56,*0-(. )&./3020(; &1&/*3-(. .0:61*,(&-6.17 &><-.&) *- *+& 1,.&3 '&1).

EL,BL ,() *- *+& 56,.0.*,*0/ /+,((&1 '&1). EC,BC" A&3& %& 3&.*30/* -63.&1=&. *-

<1,(,3 (x, y) ;&-:&*37 %0*+ , 10(&,3 <-1,30B&) 1,.&3 '&1) EL = ELey = E0ey cos ω(t −
x/vp),BL = ELez/βpC +,=0(; <+,.& =&1-/0*7 βp = vp/c 0( <1,.:,C ,() *+& /+,((&1 '&1).

EC = ECey = kEyey,BC = BCez = kByez" D.0(; )0:&(.0-(1&.. =,30,21&.

p → p/mc, β → v/c, t → ωt,
x → xω/c, E → eE/mωc, B → eB/mω,
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dpx
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= −βy

βp

EL − βyBC ,  !"F$

dpy

dy
= −

(
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βp

)

EL − EC + βxBC ,  !"G$

dγ

dt
= −βy(EL + EC) .  !"H$

I+& &(&3;7 0(*&;3,1 J5"  K"!H$C )&30=&) ,2-=& 4-3 *+& 1,.&3 '&1) ,1-(&C /,( 2& ;&(&3@

,10B&) *- *+& /+,((&1 .0*6,*0-( ,() ;0=&.

(γ + φ) − βppx = const ,  !"KL$

%+&3& φ = (kE + vxkB)y2/2 0. *+& /+,((&1 <-*&(*0,1 ,() γ =
√
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y" I+-6;+ ,(

&>,/* ,(,17*0/,1 .-16*0-( -4 J5."  !"F$@ !"H$ 0. (-* <-..021&C *+&7 /,( +&1< *- 6()&3.*,()

*+& :&/+,(0.: -4 ,//&1&3,*0-(" J56,*0-(  !"G$ 4-3 *+& *3,(.=&3.& :-*0-(

d2y
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βp
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]
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γ
+
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 !""#$%!&'(&) *! +#*,*"!& !$ (--,*(!&$ (& *.# $*,*( EC ,&' BC /#-'0 1.# '"(2(&) 3!" #

!& *.# "().*4.,&' $('# 560 78099: .(*$ *.# "#$!&,& # ;.#&

ωβ = 1 − βx/βp . 7809<:

1.($ "#$!&,& #  !&'(*(!& $*,*#$ *.,* ;.#& ,& #-# *"!& =,>#$ !&# !$ (--,*(!&? *.#

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

B* ,%%#,"$ *.,* *.# "#$!&,&* #-# *"!& #&#")A γ ($ &!* , =!&!*!&( 3C& *(!& !3 kE ,&'

kB0 D* , )(2#& βp > 1? *.# "#$!&,& #  ,& !&-A +# "#, .#' 3!" , $CE (#&*-A $*"!&)

$#-34)#&#",*#' #-# *"!$*,*( /#-' $,*($3A(&) *.#  !&'(*(!&

kE > γ0[5β
2
p + 4 − 3βp

√

(β2
p + 8)]/(2β2

p) , 7809F:

;.#"# *.# "#$!&,&* #&#")A

γ0 =
√

2[βp

√

(β2
p + 8) − β2

p − 2]−1/2 , 7809G:

!"

βx = [−βp +
√

(β2
p + 8)]/2 . 7809H:

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

I#* C$ &!;  !&$('#" -!&)(*C'(&,- #-# *"!& =!*(!& (& *.#  .,&&#-0 D$ (* *C"&$ !C*?

560 78099: +# !=#$ =C . $(=%-#" (& *.# C-*",4"#-,*(2($*( -(=(* γ ≫ 10 1.#& ωβ  .,&)#$

$-!;-A !& *.# *(=# $ ,-# !3 !&# +#*,*"!& !$ (--,*(!& ,&' 3!" *.# *",&$2#"$# =!*(!& !3 *.#

#-# *"!& ;# =,A ;"(*#J

py = Py cos θβ

ttθβ = ωβ
. 7809K:

;.#"# Py ($ *.# ,=%-(*C'# !3 *.# !$ (--,*(&) *",&$2#"$# =!=#&*C=0 1.# =,@(=C=

*",&$2#"$# '($%-, #=#&* !3 *.# #-# *"& ($ y0 = Py/ωβ0 1.# -,$#" /#-' ,* *.# #-# *"!&

%!$(*(!& ($ EL = E0 cos(t − x/βp)0 L$(&) 560 780M: ;# ;"(*# '!;& *.# /&,- $#* !3 BN5I

#6C,*(!&$J

dx

(

γ +
kEy2

2

)

= −E0
Py

2px

(cos Ψ + cos ψ) , 7809O:

βxdxΨ = ωβ −
(

1 − βx

βp

)

, 7809M:

βxdxψ = ωβ +

(

1 − βx

βp

)

, 7808P:

;.#"# Ψ ($ *.# $-!;-A !$ (--,*(&) %!&'#"!=!*(2# %.,$# !3 ,& #-# *"!& (& *.# +C >#*

%"!'C #' +A *.# -,$#" ;,2#? ;.(-# *.# 3,$* %.,$# ψ "!*,*#$ ;(*. 2ωβt0
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 !!"#$%&' (" )*+ ,-+./01 232!(#"&4 5#2 5!!232#5(2$ 6"# 7"&$2#"8"(%92 7:54241 45(%4;

6<%&' π/2 < Ψ < 3π/21 5&$ 5#2 $2!!232#5(2$ "(:2#=%42+ >:2 85?%8@8 5!!232#5(%"&

%4 5!:%292$ =:2& (:2 A2(5(#"& "4!%335(%"&4 5#2 2?5!(3< %& !"@&(2#7:542 =%(: (:2 3542#

232!(#%! B23$1 A< (:2 #254"& "6 &2'5(%92 232!(#"& !:5#'2+ >:%4 825& (:5( =:2& (:2 232!;

(#"& 8"924 =%(: %(4 :%':24( (#5&492#42 923"!%(< &25# (:2 !:5&&23 5?%41 (:2 232!(#%! B23$

"6 (:2 3542# 7@342 %4 534" 5( %(4 85?%8@8 5&$ :54 (:2 5!!232#5(%&' $%#2!(%"&+ C:2& (:2

232!(#"& #25!:24 (:2 (@#&%&' 7"%&( 5( (:2 !:5&&23 A"@&$5#< (:2 3542# B23$ 95&%4:24+  4

(:2 232!(#"& #292#424 %(4 (#5&492#42 8"(%"&1 (:2 $%#2!(%"& "6 (:2 3542# 232!(#%! B23$ 534"

#292#424 $%#2!(%"&1 5&$ (:2 232!(#"& !"&(%&@24 '5%&%&' 2&2#'<+

>:2 !"&(%&@"@4 '#"=(: "6 γ 325$4 (" 5 !"##247"&$%&' $2!#2542 "6 ωβ 5&$ $2(@&;

%&' 5!!"#$%&' (" )*+ ,-+.D0+ >:2 232!(#"& (:2& $27:54241 5&$ 5!!232#5(%"& 292&(@533<

4("74+ >" $24!#%A2 (:%4 2E2!( *@5&(%(5(%923<1 =2 @42 )*+ ,-+./0;,-+.D0 5&$ "A(5%& 6"# (:2

7"&$2#"8"(%92 7:542 Ψ (:2 @4@53 FG)H &"&3%&25# 72&$@3@8 2*@5(%"& IJ-KL

d2
t Ψ = E0

ωβ

4γ
sin α cos Ψ . ,-+-.0

M2#21 α %4 (:2 5&'32 @&$2# =:%!: (:2 232!(#"& %&(2#42!(4 =%(: (:2 !:5&&23 5?%41 4@!:
(:5( sin α = Py/γ1 5&$ =2 :592 &2'32!(2$ 485332# (2#84 "6 (:2 "#$2# "6 ∼ γ−3

+  6(2#

85&< 4<&!:#"(#"& #"(5(%"&4 %& A@!N2(1 232!(#"&4 8%? %& 7:542 475!2O 534" $%E2#2&( 232!;

(#"&4 #@& 5( $%E2#2&( 5&'324 α (" (:2 !:5&&23 5?%41 5&$ 54 5 !"&42*@2&!2 (:2 232!(#"&

2&2#'< 472!(#@8 5!*@%#24 5 (:2#853;3%N2 $%4(#%A@(%"&+  4 =2 422 6#"8 )*+ ,-+./01 (:2

232!(#"& 2&2#'< '5%& %4 7#"7"#(%"&53 (" (:2 3542# 7@342 232!(#%! B3$ E01 =:%!: %& (@#& %4

∼ I1/2
+

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

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

F& (:%4 75#( =2 $2#%92 A54%! 7#"72#(%24 "6 (:2 &"&;3%&25# #2'%821 85N%&' @42 "6 (:2 "&2;

$%82&4%"&53 *@54%;4(5(%! 577#"?%85(%"&+ F& (:%4 !5421 (:2 #235(%9%4(%! "&2;$%82&4%"&53

2*@5(%"&4 6"# (:2 P@%$ 923"!%(< u %& (:2 x;$%#2!(%"& 5#2

∂n

∂t
+

∂

∂x
(nu) = 0 , ,-+--0

(

∂

∂t
+ u

∂

∂x

)

(γmu) = −eE − 1

n

∂pe

∂x
, ,-+-Q0

∂E

∂x
= 4πe(n0 − n) , ,-+-R0

=%(: β = u/c 5&$ γ = 1/
√

1 − β2
+ C2 3""N 6"# =592 4"3@(%"& "& n(x, t), u(x, t)

5&$ E(x, t) (:5( $272&$ "&3< "& τ = ωp(t − x/vp)+ S%&!2 ∂/∂t = ωpd/dτ, ∂/∂x =
−(ωp/vp)d/dτ 1 "&2 B&$4

--



n̂ = 1/(1 − β/βp) ,  !"!#$

(1 − β/βp)
d

dτ
βγ = −Ê ,  !"!%$

dÊ/dτ = β/(1 − β/βp) ,  !"!&$

'()*) ') (+,) -./*0123)1 1-4).5-0.6)55 ,+*-+76)5 n̂ = n/n0, βp = vp/c, Ê = eE/(mωc)8
+.1 3061 96+54+ -5 +5524)1 '-/( pe ≡ 0" :047-.-.; /() 5)30.1 +.1 /() /(-*1 0< /()5)

)=2+/-0.58 ') 3+. '*-/)

Ê
dÊ

dτ
=

d

dτ
(Ê2/2) = β

d

dτ
(βγ) = −dγ

dτ
,  !"!>$

+.1 07/+-. /() -./);*+6

Ê(γ) =
√

2(γm − γ) ,  !"!?$

'()*) γm -5 /() -./);*+/-0. 30.5/+./ 30**)590.1-.; /0 4+@-424 A2-1 ,)603-/B um '-/(

βm = um/c +.1 γm = 1/
√

1 − β2
m" C0* γ = γm8 /() )6)3/*-3 D)61 Ê ,+.-5()58 '(-6) /()

4+@-424 D)61

Êm =
√

2(γm − 1) ,  !"EF$

-5 07/+-.)1 +/ 603+/-0.8 '()*) u = 0 +.1 γ = 1"
G@96-3/ )@9*)55-0.5 <0* ,)603-/B8 1).5-/B +.1 )6)3/*-3 D)61 +5 <2.3/-0. τ 3+. 7) 07H

/+-.)1 -. /() .0.H*)6+/-,-5/-3 6-4-/ βp ≪ 1 +.1 γp = 1 + β2
p/2" I) D.1 <*04 G=5"  !"!%$

+.1  !"!?$

±dτ =
(1 − β/βp)d(βγ)

√

2(γm − γ)
≃ (1 − β/βp)d(β/βm)

√

(1 − (β/βm)2
 !"EJ$

+.1 +</)* -./);*+/-0.

±(τ − τ0) = arcsin((β/βm)) + (β/βp)
√

1 − (β/βm)2 .  !"E!$

C*04 /(-5 ') 3+. D.1 β(τ) +.1 /()*)7B n̂(τ) +.1 Ê(τ)8 25-.; G=5"  !"!#$ +.1  !"!?$"

C0* 54+66 '+,) +496-/21)5 βm ≪ βp8 G="  !"E!$ 3+. 7) -.,)*/)18 +.1 ') *)30,)* /()

6-.)+* '+,) *)526/

β = βm sin(τ − τ0) ,  !"EE$

n̂ =
1

1 − β/βp

= 1 + (βm/βp) sin(τ − τ0) ,  !"EK$

Ê =
√

β2
m − β2

p = βm cos(τ − τ0) .  !"E#$

G@/*)424 0< β(τ), n̂(τ) +.1 /() L)*05 0< Ê(τ) 10./ 5(-</ -. τ '(). -.3*)+5-.; βm8

'(-6) /() L)*05 0< β(τ), n̂(τ) +.1 /() )@/*)424 0< Ê(τ) +*) 5(-</)1 -. 523( + '+B /(+/8
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%: ,'(3+( 4(0$ (11$'$)("%)38

;#$ !%!&' !$() 3%'-" %! .$) 0$. (5%0$ $< 3"3 %!'2 (3 '%!* (3 "#$ =- . 0$'%1 "2 β 3"(23

5$'%4 "#$ ,#(3$ 0$'%1 "2 βp %: "#$ ,'(3+( 4(0$8 >%) β = βp/ "#$ ,'(3+( 4(0$ .$0$'%,3

1-3,3 (" "#$ 4(0$1)$3"3 +%0 !* 4 "# ,#(3$ 0$'%1 "2? "#$2 #(0$  !6! "$ .$!3 "2 (11%). !*
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4(0$ 5)$(E !* FCG  3 * 0$! 52 @78 AB8BHDI

EWB/E0 =
√

2(γp − 1) , AB8JKD

4#$)$ E0 = mcωp/e (!. γp = 1/
√

1 − β2
p  3 "#$ γ&:(1"%) %: "#$ ,'(3+( 4(0$8 >%)

βp ≪ 1/ 4$ )$1%0$) "#$ !%!&)$'(" 0 3" 1 )$3-'" AFKGD

EWB = E0βp = mvpωp/e . AB8JHD
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"#$ %"#$) #(!./ "#$)+(' $O$1"3 %! "#$ 4(0$ 5)$(E !* 3")%!*'2  !"$):$)$ (!. 3$" (! -,,$)
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√
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√
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 !!"#$%&'(%)* ∇|a|2 ≈ 2kp|a|2+ ,-.". kp = ωp/c+ ')/ '!!01%)* 234 564789 '( (-.
0#:'(%#) #; &'$%&<& =.0/>+ ,. #?('%)

Emax

E0
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0/

√

1 + a2
0 . 5647@9

A-%> -#0/> ;#" :%":<0'" !#0'"%B'(%#)C %) (-. :'>. #; 0%).'" !#0'"%B'(%#)+ a2
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".!0':./ ?1 a2
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eW ≈ eEmLd , 564HQ9

,-.". Em %> (-. &'$%&<& .0.:("%: =.0/ ')/ Ld %> (-. /.!-'>%)* 0.)*(-+ ,-%:- %> (-.

&'$%&<& /%>('):. #D." ,-%:- (-. .0.:("#) :') .$!."%.):. (-. '::.0."'(%)* =.0/4 R.( <>

:#)>%/." ' !0'>&' ,'D. ,%(- vp ≃ c ><:- (-'( γp ≫ 1 ')/ ' ("'!!./ .0.:("#) ,-%:- %>
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/%>('):. #; (-. '::.0."'(%)* -'0;N,'D. %> (-.) ∆τ = ωp(Ld/vp − td) = π ')/ /.(."&%).>
(-. /.!-'>%)* 0.)*(-

Ld =
π

ωp

c

(c/vp − 1)
≃ λdγ

2
p , 564HJ9

<>%)* (c/vp − 1) ≃ 1/(2γ2
p) ')/ λp ≃ 2πc/ωp4 S'D%)* Ld+ ,. =)/ ;#" (-. &'$%&<&

.)."*1 *'%) '!!"#$%&'(. ".><0(

eWm ≈ 2πγ2
p(Em/E)mc2 . 564H69
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564H79
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p
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βp(βp · E) . 564HH9
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W ′ = −e

∫

E ′
xdx′ = e

∫

Ex(γpvp/ωp)dτ = βpγpmc2

∫

Ê(τ)dτ , 123456
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EWB/E0 = [2(γp − 1)]1/2 ≈ 4.2H )$! @)+*; $!!; #$ +*%'#B8&)'% 1≈ 10fs6 *#8!' C+*8! )(
*.$!#' C)*#'.Q#%.)$ @.%& a2

0 = 103
9&! #$#*-%."#* )$!B;./!$8.)$ @#0! #$#*-8.8 ,.0!$ #<)0! C')0.;!8 # <#8." +$;!'B

8%#$;.$, .( @#7!:!*; #""!*!'#%.)$ .$ $)$B*.$!#' C*#8/# @#0!83 R)@!0!'H .% .8 '!8%'."%!;

%) '!,./!8 <!*)@ @#0! <'!#7.$, #$; "#$$)% ;!8"'.<! %&! C&-8."8 )( @#0!<'!#7.$, .%8!*(H

@&."& .8 )( 7.$!%." $#%+'! #$; !88!$%.#**- /+*%.B;./!$8.)$#*3

F8 .% %+'$8 )+%H @#7!:!*; #""!*!'#%.)$ .8 $)% *./.%!; <- @#0! <'!#7.$,3 G$ %&! ")$B

%'#'-H $!@ 8"&!/!8 )( @#7!:!*; #""!*!'#%.)$ !/!',! .$ %&! <')7!$B@#0! '!,./!H @&!'!

%&! C')""!88 )( ")$%.$+)+8 @#0! <'!#7.$, *!#;8 %) #<+$;#$% 8!*(B%'#CC.$, )( !*!"%')$8

#$; !S".!$% ,!$!'#%.)$ )( &.,&B"+''!$% !*!"%')$ <+$"&!83 T)' *#8!' C+*8!8 *)$,!' %&#$ #

C*#8/# @#0!*!$,%&H 8!*(B/);+*#%!; *#8!' @#7!:!*; #""!*!'#%.)$ )""+'8H #$; !DC!'./!$%8

.$ %&.8 '!,./! @!'! /)8% 8+""!88(+* .$ %!'/8 )( <)%& &.,& !$!',.!8 #$; *#',! $+/<!' )(

25



 !!"#"$ %"& "#"!%$'() *+,- "%  #.. /'$ # )"$ 01#)") )2'$%"$ %2"( %2" 0# )3 4 5"#"(6%27  (8

'%2"$ 5"$9 :(%"$")%:(6 $"6:3" 4 ) ;'1(& $"!"(%#9 <9 =1>2'5  (& ?"9"$8%"$8@"2( A+BB+C.

D% )1E!:"(%#9 2:62 # )"$ :(%"():%:")7 %2" 4 >"F"#& :) &$:5"( )' )%$'(6#9 %2 % :% <$" >)

!'30#"%"#9  ;%"$ %2" F$)% 0# )3 ')!:## %:'(  (& )'#:% $9 4 >"F"#& <1<<#" ;'$3)7 42:!2

:) "))"(%: ##9 5':& '; < !>6$'1(& 0# )3 "#"!%$'()7 <1% 42:!2 %$ 0) !'(%:(1')#9 "#"!%$'()

 % %2" <$" >:(6 0':(% '( %2" $" $ ):&"  (&  !!"#"$ %") %2"3 "E!:"(%#9.

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

G"$"7 4" $")%$:!% 1) <9 )2'$% 6"("$ ##9 &")!$:0%:'( '; %2" H<1<<#"H $"6:3"7 %2" 3 :(

;" %1$") '; 42:!2  $" %2" ;'##'4:(6I

•  ! 5:%9 ;$"" ;$'3 "#"!%$'() :) ;'$3"& <"2:(& # )"$ 01#)" :()%" & '; 0# )3 4 5"J

•  &"()" <1(!2 '; $"# %:5:)%:! "#"!%$'() :) )"#;86"("$ %"&J

• %2" # )"$ 01#)" 0$'0 6 %") 3 (9 K 9#":62 #"(6%2) 4:%'1% ):6(:F! (% )0$" &:(6.

L2" "#"!%$'( &9( 3:!) :) &"F("& <9 %2" 0'(&"$'3'%:5" ;'$!"  (& %2" "#"!%$'3 6("%:!

F"#&) '; <1<<#" &"():%9 0 %%"$(). L2" 3')% :30'$% (% %2$""  $" ;'##'4:(6I

• %2" "#"!%$'( 0# )3 ! 5:%9 4:%2 %2" # $6" :'( !2 $6"J

• %2" "#"!%$'() )2" %2  $'1(& %2" ! 5:%9 ;'$3:(6 %2" <1<<#" <'1(& $:")J

• %2" <1(!2 ';  !!"#"$ %"& "#"!%$'() 6$'4:(6 <"2:(& # )"$ 01#)" :( %2" ! 5:%9.

L2" &"():%9 '; "#"!%$'() )2" %2 0" >)  % %2" 2" & '; # )"$ 01#)"  (&  % %2" < )"

'; %2" ! 5:%9. L2")" &"():%9 0" >)  $" ;'$3"& <9 $"# %:5:)%:! "#"!%$'() 4:%2 5"#'!:%9

v ≃ v07 42"$" v0 :) %2" 5"#'!:%9 '; <1<<#". L2" <1<<#" < )" :) %2" )'1$!" '; "#"!%$'()7

42:!2 6"% %$ 00"&  (&  !!"#"$ %"& %' γ ≫ γ07 42"$" γ0 =
√

1 − v2
0/c

2
:) %2" $"# %:5:)%:!

6 33 8; !%'$ '; %2" <1<<#".

L2" 02"('3"('#'6:! # %2"'$9 '; "#"!%$'() &9( 3:!)  (&  !!"#"$ %:'( 3"!2 (:)3 :(

%2" H<1<<#"H $"6:3" 4" 4:## &:)!1)) 3'$" &"% :#"& :( %2" ("M% !2 0%"$.

+N



 !



 !"#$%& '

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

 !" #$%&'()*$+', *- '.'()$*/ +/ )0' 1233.'

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

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

3'44$#2 '! % +$%),% *%('&1 &- #,'& %! '!&#!)# /#%, -5 67"%1). &8# )-7*%$$#2 /#&%&"-!

"%2'%&'-!9 :-!)')&'!4 '! "%2'%&'-! 5"-, *8%"4#2 +%"&'*$#). &8# 5#%&0"#) -5 &8# /#&%&"-!

)-0"*# %"# 2'"#*&$1 $'!;#2 &- #$#*&"-! &"%<#*&-"'#)9  ! &8') *8%+&#" 3# )8-3 8-3 %! ',%4#

-5 #$#*&"-!) -"/'&) '! &8# /0//$# *%! /# 2'"#*&$1 +"#)#!&#2 5"-, !0,#"'*%$ )',0$%&'-!

3'&8 =>?>@A ? :7*-2#9 B)'!4 &8# +-)&+"-*#))'!4. 3# 8%(# *8%"%*&#"'C#2 #$#*&"-!)

&"%<#*&-"'#) '!&- &8# /0//$# %!2 8%(# )8-3! &8%& ,-)& -5 #$#*&"-!) *%! 5-$$-3 )','$%"

&"%!)(#")# &"%<#*&-"19

 !"!, -./$'0/$'1'2+*31 %./'&4

D#5-"# *-!)'2#"'!4 &8# "#$%&'(')&'* *%('&1 ,-('!4 '! +$%),% 3# )0,,%"'C# &8# "#)0$&) 5-"

E#$2 3'&8'! '-!'* )+8#"#9 F8# #$#*&"-,%4!#&'* E#$2 -5 &8# 0!'5-",$1 *8%"4#2 )+8#"# %&

"#)& ') +0"#$1 #$#*&"-)&%&'*

E =
r

3
, B = 0, ϕ = 1 +

R2

6
− r2

6
, G@9HI

38#"# R  ! "#$ %&' (! )* !+#$%$ , "# -#&%.$ '$/! "0 |e|n0 &/' ,$ -#))!$ "#&" "#$ +)"$/" &1

 ! $2(&1 ") (/ "0 &" "#$ !+#$%$ 3)(/'&%04

5$%$ ,$ (!$ ' 6$/! )/1$!! 7&% &31$!8 /)%6&1 9$' " 6$ ") ω−1
p 8 1$/."#! ") c/ωp8 7$1)- "0

") c8 $1$-"%)6&./$" - :$1'! ") mcωp/|e| $/' $1$-"%)/! '$/! "0 n ") 3&-;.%)(/' '$/! "0

n04 <#$  )/ - !+#$%$ %(/! , "# %$1&" 7 !" - 7$1)- "0 v0 ≃ 1  / x=' %$-" )/ #&7$  /! '$

:$1'!

Ex = 0, Ey = Bz = y/2 ,
Bx = 0, Ez = −By = z/2 ,

>?4@A

 !



 !"#" $!" $"#%& '#('(#$)(*+, $( γ−2
0 = 1 − v2

0 ≪ 1 +#" *"-,".$"/0 1!" 2(#"*$3 4(#." (*
#",+$)5)&$). ",".$#(*& %(5)*- )*&)/" $!" &'!"#"  )$! 5",(.)$6 v = −v0 = −ex )&

Fx = 0, Fy = −Ey − Bz = −y ,
Fz = −Ez + By = −z ,

78089

 !"#" )$ )& *"-,)-):," 4(# ",".$#(*  )$! v = v0 = ex :".+;&" (4 #",+$)5)&$). .(%'"*&+$)(*

(4 $!" ",".$#(&$+$). 4(#." :6 $!" &",4<%+-*"$). 4(#." =>?@0

A(# $!" B",/& )*&)/" &'!"#).+, ",".$#(* .+5)$6C .(*$#+#6 $( $!" .+&" /)&.;&&"/ +:(5"C

$!" )(*& +#" )%%(:)," )* $!" .+5)$6  !),"  !)," )$ #;*&  )$! #",+$)5)&$). 5",(.)$60 1!" )(*&

/6*+%).& )& *"-,".$"/ :".+;&" $!" .+5)$6 #+/);& )& +&&;%"/ $( :" &%+,,"# $!+* $!" )(*

#"&'(*&" ,"*-$! ≃ c/ωion
p C  !"#" )(* ',+&%+ 4#"D;"*.6 ωion

p = 4πe2n0/Mion0 E" #" #)$"

$!" F+G ",, "D;+$)(*& )* $"#%& (4 '($"*$)+,& ;&)*- $!" 4(,,( )*- -+;-"H

Ax = −ϕ . 780I9

E" -"$

∆Φ = 1 − n

(

1 − px

γ

)

+

(

∂

∂t
+

∂

∂x

)

(∇ · A) +
1

2

∂

∂t

(

∂

∂t
− ∂

∂x

)

Φ , 780>9

∇×∇× A + n
p

γ
+

∂

∂t

(

∂A

∂t
− ∇Φ

2

)

= 0 . 780?9

J"#"  " ;&"  +K"B",/ '($"*$)+, Φ = Ax − ϕ )*&$"+/ (4 $!" &.+,+# (*"C p )& ",".$#(*

%(%"*$;%0

1!"*  " ;&" +''#(G)%+$)(* +&&;%)*- $!+$ +,, D;+*$)$)"& /"'"*/ (* χ = x − v0t
)*&$"+/ (4 x +*/ t0 LD;+$)(*& #"/;." $( $!" 4(#%

∆Φ =
3

2
(1 − n) + n

px

γ
− 1

2

∂

∂χ
(∇⊥ · A⊥) , 780M9

∇⊥A⊥ + ∇⊥(∇⊥ · A⊥) = n
px

γ
+

1

2
∇⊥

∂Φ

∂χ
. 780N9

 !"#" $"#%& '#('(#$)(*+, γ−2
0 +#" *"-,".$"/0 E)$! ",".$#(* /"*&)$6 n = 0 )*&)/" .+5)$6

 " !+5"

∆Φ =
3

2
− 1

2

∂

∂χ
(∇⊥ · A⊥) , 780O9

∇⊥A⊥ −∇⊥(∇⊥ · A⊥) =
1

2
∇⊥

∂Φ

∂χ
. 780PQ9

1!" &(,;$)(* (4 LD&0 780O9 +*/ 780PQ9  )$! &'!"#).+, &6%%"$#6 )&

Φ = 1 − R2

4
+

r2

4
, Ax = −ϕ =

Φ

2
,A⊥ = 0 , 780PP9

 !"#" R )& $!" #+/);& (4 .+5)$6C r2 = χ2 + y2 + z2
+*/ )*$"-#+$)(* .(*&$+*$ Φ(R) = 10

8Q



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

Ex = χ/2, Ey = −Bz = y/4
Bx = 0, Ez = By = z/4 .

56789:

 !" ;%#"-)< $%#(" +().-, %- "'"()#%-1 .-1.0" )!" (+2.)3 .1

Fx = −∂Φ
∂χ

= −Ex = −χ/2 ,

Fy = −∂Φ
∂y

= −Ey + Bz = −y/2 ,

Fz = −∂Φ
∂z

= −Ez − By = −z/2 .

56786:

=%> >" 0"1(#.?" )!" (+2.)3 1!+@"7  !" )#+-12"#1" 1.<" %$ )!" (+2.)3 #"+(!"1 *+A.*B*

-"+# )!" *.00'" >!.(! @+11"1 )!#%B,! (+2.)3 ("-)"#7 C- )!" +#"+ >!"#" )!.1 @'+-" (B)1

)!" ?%B-0+#3 %$ (+2.)3 )!" "'"()#%- 1!"+)! (%-)+.- + #")B#- (B##"-) (+##."0 ?3 >"+D'3

#"'+).2.1).( "'"()#%-17 E- )!"1" "'"()#%-1 +()1 )!" ;%#"-)< $%#(" 56786:& >!.(! .1 -"+#'3

?+'+-("0 ?3 )!" @%-0"#%*%).2" $%#("7  !" )#+-12"#1" #+0.B1 R %$ )!" (+2.)3 (+- )!B1

?" "1).*+)"0 $#%* )!" "FB+).%-

R

4
(1 − vx) ≃

R

4
≃ Fpond ≃ ∂

∂R

√

1 + a2(R) , 5678G:

>!"#" >" +11B*" )!" 1@!"#.(+' 13**")#3 $%# )!" .%- (+2.)3 +-0 (.#(B'+#'3 @%'+#.<"0 '+1"#

@B'1" HIJK7

L!"- )!" $%#(" $#%* )!" ?B-(! ?"(%*"1 1)#%-,"# )!+- )!" @%-0"#%*%).2" $%#("&

(+2.)3 1!+@" 0")"#*.-"0 ?3 )!" ?B-(!7  !" ?B-(! 0"-1.)3 nb .1 *B(! !.,!"# )!+- )!"

@'+1*+ 0"-1.)3& )!"- >" (+- #"$"# )% )!" )!"%#3 %$ #"'+).2.1).( "'"()#%- ?"+* .- @'+1*+

.- .%-M$%(B1"0 #",.*" HINK +-0 B1" .) )% "1).*+)" )!" ?B??'" )#+-12"#1" #+0.B17  !"

"FB.'.?#.B* +) )!" .-)"#$+(" -"+# )!" *.00'" @'+.- .1 @#%2.0"0 ?3 )!" ?+'+-(" %$ )!"

;%#"-)< $%#("1 $#%* )!" (+2.)3 56786: +-0 $#%* )!" ?B-(! "'"()#%-17  !" )#+-12"#1"

#+0.B1 .- ?B-(! 0%*.-+)"0 #",.*" .1

rb

√
nb < R < rb

√
2nb , 5678I:

>!"#" )!" '%>"# +-0 B@@"# '.*.)1 +#" $#%* + ?B-(! >.)! )!" >"+D (B##"-) nbπr2
b ≪ 1 +-0

1)#%-, (B##"-) nbπr2
b ≫ 1 (%##"1@%-0.-,'37 O'+1*+ "'"()#%-1 P%> +'%-, )!" .-)"#$+(" .-

0.#"().%- %@@%1.)" )% )!" '+1"# @B'1" @#%@+,+).%- +-0 $%#* )!" #")B#- (B##"-) 1!"+)!7

C- (+1" %$ >"+D )!" ?B-(! (B##"-) )!" >.0)! %$ #")B#- (B##"-) 1!"+)! .1 +?%B) c/ωp +-0

"'"()#%- "-"#,3 γ ≃ 1 .1 1*+''7 Q) %@@%1.)" '.*.) nbπr2
b ≫ 1 )!" 1!"+)! "'"()#%-1 ,+.-1

#"'+).2.1).( "-"#,."1 γ > 1 +-0 1!"+)! >.0)! .-(#"+1" ≃ √
γc/ωp7

C- )"#*1 )!" '+1"# @B'1" .1 (.#(B'+#'3 @%'+#.<"0& @#%@+,+).-, .- xM0.#"().%- +-0 +<M
.*B)!+' @+#) %$ "'"()#%-1 )#+R"()%#."1 %$ "'"()#%-1 .1 -",'"()"0 5)#+R"()%#."1 '."1 .- @'+.-

z = 0: )!" +2"#+," *%).%- .- 1'%>'3 2+#3.-, ?B??'" /"'01 .1 0"/-"0 ?3 +2"#+,"0 S+*.'M
)%-.+- HIT& IJK 4

H =
√

1 + (Pcan + A)2 + a2 + ϕ , 5678U:
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 !"#" Pcan
$% &'()($&'* "*"&+#)( ,),"(+-,. A '(/ ϕ '#" %*) *0 1'#0$(2 1"&+)# '(/

%&'*'# 3)+"(+$'*% '(/ a $% 1"&+)# 3)+"(+$'* )4 *'%"# 5"*/6 7'%+ "*"&+#)( )%&$**'+$)(% '#"
'1"#'2"/ )-+6

8!'(2$(2 1'#$'9*"% $( +!$% :',$*+)($'(

x → x = χ − v0t, Px → Pχ = Px ;<6=>?

90 ' &'()($&'* +#'(%4)#,'+$)(  $+! 2"("#'+$(2 4-(&+$)( S = (x − v0t)Pχ.  " !'1"

H = γ − v0Px − ϕ =
√

1 + (Pcan + A)2 + a2 − v0Px − ϕ . ;<6=@?

A!"#"4)#". "B-'+$)(% )4 ,)+$)( '#" 2$1"( 90

dPx

dt
= −vx

∂Ax

∂χ
− vy

∂Ay

∂χ
+

∂ϕ

∂χ
, ;<6=C?

dPy

dt
= −vx

∂Ax

∂y
− vy

∂Ay

∂y
+

∂ϕ

∂χ
, ;<6DE?

dχ

dt
=

px

γ
− v0 = vx − v0 , ;<6D=?

dy

dt
=

py

γ
= vy . ;<6DD?

A!" *'%"# 3-*%". &'1$+0 '(/ "*"&+#)( %!"'+! #-(  $+! +!" 1"*)&$+0 v0F +!" #"*'+$1$%+$&

2',,'G4'&+)# )4 "*"&+#)( 9-(&! $% ,-&! !$2!"# γb ≫ γ06 H)+"(+$'*% )4 :',$*+)($'(

;<6=@? /"3"(/ )( χ '(/ %*) *0 &!'(2"  $+! x '(/ t /-" +) -*+#'G#"*'+$1$%+$& "*"&+#)(
9-(&!6 I4  " ("2*"&+ +!" +$,"G$(/"3"(/"(+ &)##"&+$)(% )#/"# )4 t(vb − v0) ≃ tγ−2

0 /2 ≪ 1
+!" :',$*+)($'( $% +!" $(+"2#'* )4 ,)+$)(.  !"#" vb ≈ 1 − 1/2γ2

b $% +!" 9-(&! 1"*)&$+06

A!" ("&"%%'#0 &)(/$+$)( 4)# "*"&+#)(% +#'33$(2 $( +!" &'1$+0 $% +!" "J$%+"(&" )4 +!"

3)$(+ )4 #"+-#(  !"#" dχ/dt = 06 7#), KB6 ;<6D=? 4)**) % +!'+ '+ +!$% 3)$(+ px = v0γ6
A!"( $(+"2#'* )4 ,)+$)( ;<6=@? &'( 9" #" #$++"(

H = γ − v0px − Φ = 0 , ;<6D<?

 !"#"  " '%%-," +!" $($+$'* &)(/$+$)(% '#" p = A⊥ = a = 0 '(/ Φ = 16 A!" #"*'+$)(%
4)# px '(/ :',$*+)($'( &'( 9" "J3#"%%"/ '+ +!" #"+-#( 3)$(+ $( +!" 4)#,

px = v0γ0γ⊥ = v0γ
2
0Φ , ;<6DL?

 !"#" γ2
⊥ = 1 + p2

y + a2
6 A!" '#"' $( 3!'%" %3'&"  !"#" +!" "*"&+#)(% '#" +#'33"/

&'( 9" /"5("/ '%

px ≥ v0γ0γ⊥ = v0γ
2
0Φ . ;<6DM?

A) )9+'$( '('*0+$&'* #"%-*+% )( +!" +#'33$(2  " '33#)J$,'+" +!" 9-99*" 90 ' %3!"#"6

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

<D



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

!0

F = rS(r − R) = −r

4

(

tanh
r − R

d
− 1

)

, 56789:

;2('( R #0 0<2('( '!"#30= " #0 *2( ;#"*2 &, ($(-*'&) 02(!*2 !)" r2 = χ2 + y2 + z2
7 >2(

<&*()*#!$ &, *2#0 0*'3-*3'( #0

Φ = 1 +
r2

4
− d2π2

48
− 1

4
rd ln

(

1 + e
2r
d

)

− 1

8
Li2

(

−e
2r
d

)

. 5678?:

@) *2( $#1#* d → 0 ,3)-*#&) S(r) '("3-(0 *& 0*(< ,3)-*#&) !)" AB7 5678?: '("3-(0 *&
AB7 567CC:7

D'&1 px = v0γ0γ⊥ = v0γ
2
0Φ ,&$$&;0 *2!* *'!<<#). 1&0* $#E($F &--3'0 &) *2( 0<2('(

03',!-(= ;2('( Φ ≃ Φmin ≃ 17 >2() *'!<<#). -&)"#*#&) *!E(0 ,&'1

px

v0γ0

= γ⊥ ≃ γ0 . 5678G:

>& 4( *'!<<(" ($(-*'&) 130* 4( !--($('!*(" 0& *2!* p⊥ ≃ γ0 !)" px ≃ γ2
0 7 @)*(.'!*#).

)31('#-!$$F AB07 567CH:I56788:,&' *2( <&*()*#!$ 5678?: -!) 4( ,&3)" *2!* *2( -!/#*F -!)

*'!< ($(-*'&)0 #)#*#!$$F !* '(0* #,

R > γ0 . 5678H:

D'&1 D#.7 567C: 0(() *2!* &)$F *2( ($(-*'&)0= ;2&0( *'!J(-*&'#(0 '3) *2'&3.2 *2( ;!/(I

4'(!E#). '(.#&) 4(-&1( *'!<<("7 >2('(,&'( .(* *'!<<(" &)$F 01!$$ <&'*#&) &, ($(-*'&)0

;2#-2 !'( #)#*#!$$F $&-!*(" #) ($(-*'&) 02(!*2 )(!' *2( 1#""$( <$!#)7 %(* ;( #)*'&"3-( *2(

*'!J(-*&'F "#/('.()-( η7 @, #)#*#!$$F *2( !/('!.( '!).( 4(*;(() ($(-*'&)0 #) *2( 02(!*2
#) 1#""$( <$!#) ;!0 δρ *2() #* 4(-&1(0 ηδρ #) ;!/(4'(!E#). !'(!7 K()-( ($(-*'&) #) !
)!''&; $!F(' ;#*2 *2( ;#"*2 D/η ≪ c/ωp $&-!*(" #)0#"( 02(!*2 4(-&1( *'!<<("7 >2()

-'&00I0(-*#&) σ ,&' ($(-*'&)0 *'!<<#). -!) 4( (0*#1!*(" !0

σ ∼ 2πRns
D

η
. 5676L:

;2('( ns #0 *2( ($(-*'&) "()0#*F7 >2( 43$E &, *2( <$!01! ($(-*'&)0= ;2#-2 -&$$#"( ;#*2

*2( $!0(' <3$0(= ()*(' *2( 02(!*2 ;#*2 ;#"*2 d7 >2( 02(!*2 "()0#*F -!) 4( (0*#1!*(" !0
*2( '!*#& 4(*;(() *2( !'(! &, *2( -#'-$( ;#*2 '!"#30 R !)" *2!* &, *2( '#). ;#*2 '!"#30

R !)" ;#"*2 d7

ns ∼
R

2d
, 5676C:

;2('( γ ≃ 1 #) *2( 02(!*2 !0031("7 M!E#). 30( &, AB07 5N76:= 5676L: !)" 5O7CL:
;( P)!$$F &4*!#) *2( (0*#1!*(0 ,&' *2( *'!<<#). -'&00I0(-*#&) !0 ,3)-*#&) &, *2( -!/#*F

'!"#30Q
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 !"#$% &'() *+,!-./ %/%-0$12 0$.3%-01$!%4 !2 05% 6#66/% !2 05% ,/.2% z = 0' *5% -11$7!8
2.0%4 .$% "!9%2 !2 c/ωp'

&:



σ ≃ π

d

(

ln
R

2
√

2

)−1

.  !"!#$

 !"! #$%&'()( *+ ,%-./.&0 .&.123*$( *34)2( )$ 5&%(6% ,)77&.3

%& '() *+**,) -)./0) '() 1,2302 425) 1)-/67 /3 68 '() 6-7)- 68 '() ,23)- 1+,3) 7+-2'/6&"

%& '(2' 923): '() ;-3' 1,2302 425) 1)-/67 96&3/3'3 6& 2& /6& 925/'< 2,063' 8-)) 68

*29=.-6+&7 ),)9'-6&3 /& '() *+**,)" >() 925/'< 29'3: *)92+3) 68 /'3 /&')&3) ),)9'-63'2'/9

;),73 3'-+9'+-)3: 23 2& ),)9'-6& 299),)-2'6- 2&7 23 2& ),)9'-6& 4/..,)-" ?/'(/& '() 925/'<

'() ),)9'-6& 06'/6& 96&3/3'3 68 2 -),2'/5/3'/9 ,6&./'+7/&2, 299),)-2'/6& 960*/&)7 4/'( 2

'-2&35)-3) 639/,,2'/6& 2-6+&7 '() 925/'< 2@/3" A6 82-: &6&) )@1)-/0)&'2, ')9(&/B+) (23

2,,64)7 '6 ,66= /&'6 '() 925/'< 2&7 1-6*) '() ),)9'-6& '-2C)9'6-/)3" D< 0)23+-)7 '()

312'/2, 1-61)-'/)3 68 '() @E-2< -27/2'/6& 1-67+9)7 *< '() -),2'/5/3'/9 ),)9'-6&3 23 '()<

1-612.2') 4/'(/& '() 925/'<  *)'2'-6& -27/2'/6&$: FGHI"

?) (25) 3/0+,2')7 '() 0)9(2&/30 68 D)'2'-6& -27/2'/6& *< 96&3/7)-/&. 2 ')3' 12-E

'/9,)3 067), /& 4(/9( ),)9'-6&3 2-) 299),)-2')7 2&7 639/,,2') /& 2 9<,/&7-/92, +&/86-0,<

9(2-.)7 /6& 9(2&&)," >() 86-9)3 )@1)-/)&9)7 *< '() ),)9'-6&3 /& '() 9(2&&), 2-) ),)9'-6E

3'2'/9 2&7 '/0) /&7)1)&7)&'" >() 9(2&&), 2@/3 96--)316&73 '6 '() X 2@/3" J3 /&/'/2, 96&E

7/'/6&3: 4) 96&3/7)- 2& ),)9'-6& )&')-/&. '() 9(2&&), 2' /&/'/2, 163/'/6& (x0, y0, z0 = 0)"
>() 9(2&&), 2@/3 (x0 = y0 = 0)" >() /&/'/2, 060)&'+0 /3 px0

, py0
, pz0

" %& '() 9(2&&),:

'() ),)9'-6& /3 3+*0/'')7 '6 '() '-2&35)-3) -)3'6-/&. 86-9) 7+) '6 '() /6&3  6*'2/&)7 8-60

K2+33 ,24$ 2&7 '6 '() ,6&./'+7/&2, ),)9'-63'2'/9 ;),7 -)1-)3)&'/&. '() 42=);),7" >()

)B+2'/6& 68 06'/6& /3 '()&L

d~p

dt
= −mω2

p ~r⊥/2 +
mcωp

e
~ux,

4()-) m /3 '() ),)9'-6& 0233: ~r⊥ '() '-2&35)-3) 163/'/6& 68 '() ),)9'-6& 2&7 ωp =
(nee

2/mǫ0)
1/2

'() 1,2302 8-)B+)&9<: 4/'( ne '() 1,2302 ),)9'-6& 7)&3/'<: e '() ),)9'-6&

9(2-.): 2&7 ~uz '() +&/' 5)9'6- /& '() 9(2&&), 2@/3 7/-)9'/6& X" M)-): 96&3/7)-/&. 2&

),)9'-6& 7)&3/'< 68 1019
90

−3
: '() ,6&./'+7/&2, 299),)-2'/&. ;),7 2&7 '() '-2&35)-3)

;),73 2-) -)31)9'/5),< 68 '() 6-7)- 68 !HH K)NO0 2&7 PHH K)NO0 86- P µ0 )@9+-3/6&"

J' '() ;-3' 6-7)-: 4) 92& 96&3/7)- 2& 2,-)27< -),2'/5/3'/9 ),)9'-6& 2' 2& )&)-.< γ0 2&7

&).,)9' '() 299),)-2'/6& ')-0" >() )B+2'/6& 68 06'/6& '()& -)7+9)3 '6 2& (2-06&/9

639/,,2'6-" >() ),)9'-6& 06'/6& /3 '()& 2& 960*/&2'/6& 68 2 7-/8' 2' 96&3'2&' 5),69/'<

2&7 2& 639/,,2'6-< 06'/6& 2' '() *)'2'-6& 8-)B+)&9< ωβ = ωp/
√

2γ0"

>() 9601,)') )B+2'/6& 68 06'/6& (23 *))& /&').-2')7 &+0)-/92,,< '6 '2=) /&'6 29E

96+&' '() 299),)-2'/6&" Q/."  !"#$ -)1-)3)&'3 2 '(-)) 7/0)&3/6&2, 2&7 2 '46 7/0)&3/6&2,

'-2&35)-3) -)1-)3)&'2'/6& 68 '() '-2C)9'6-< 68 6&) ),)9'-6& 86- '46 '<1/92, 3)'3 68 /&/'/2,

96&7/'/6&3" R& ;.+-)  P2$: /&/'/2, 96&7/'/6&3 2-) z0 = 2.5 µ0: y0 = 0 µ0: pz0
= 0, py0

=
2, px0

= 10S 6& ;.+-)  P*$ z0 = 2.5 µ0: y0 = 0 µ0: pz0
= 0, py0

= 0, px0
= 10" ?) 4/,,

9(663) pz0
= 0 2&7 y0 = 0" %&7))7: 2 923) 4/'( pz0

/= 0 2&7O6- y0 /= 0 92& *) -)7+9)7

'6 2 923) 4/'( pz0
= 0 2&7 y0 = 0 4/'( 2& 211-61-/2') 9(2&.) 68 -)8)-)&9) 8-20)" Q6-

*6'(: '() 06'/6& 96&3/3'3 6& 2 '-2&35)-3) 639/,,2'6-< 06'/6& 2' '() D)'2'-6& 8-)B+)&9<

!T



 !"#$% &'() *+$%% ,!-%./!0.12 1., 3$1./4%$/% %2%53$0./ 0$6!3/ 70$8 91: x0 = 2.5µm, y0 =
0µm, px0

= 0, py0
= 2, pz0

= 10, ne = 1019cm−3
8 96: x0 = 2.5µm, y0 = 0µm, px0

=
0, py0

= 0, pz0
= 10, ne = 1019cm−3

' *+% %2%53$0. !/ 155%2%$13%, #; 30 <=> ?%@

&A



 !"#$%&' ($)* + ',$-) $% )*& .!%/$)0'$%+. '$,& )$!% X1 2,!" ,&3)4 )*& &.& ),!% $3 +  &.5

&,+)&' )! ,&.+)$6$3)$ &%&,/$&3 7 +#!0) 89: ;&< *&,&=4 $)3 &>& )$6& "+33 7γme= #& !"&3

.+,/&, +%' $) ,&30.)3 $% + ,&'0 )$!% !- )*& +"?.$)0'& !- )*& ),+%36&,3& "!)$!% +%' )*&

#&)+),!% -,&@0&% A1 B*$3 6+,$+)$!% !- +"?.$)0'& ,&'0 &3 +3 )*& &.& ),!% #& !"&3 "!,&

+%' "!,& &%&,/&)$ 1 C)  .&+,.A +??&+,3 !% )*& ),+%36&,3& !,#$)3 /,+?*3D )*& ),+E& )!,A $3

*&.$ +.1 B*& '$>&,&% & #&)(&&% F/0,& 78+= +%' F/0,& 78#= ,&.$&3 !% )*& &G 0,3$!% $% )*&

Y '$,& )$!% 7!% F/0,& H+4 )*& "!)$!% $3 ,&3),$ )&' )! + + HI !,#$) $% )*& Z4 X ?.+%&D $)

$3 JI !% F/0,& 7H#==1 B*$3 '&?&%'3 !% )*& $%$)$+. ),+%36&,3& "!"&%)0" py0
1 B*& $%$)$+.

),+%36&,3& "!"&%)0" /$6&% )! )*& &.& ),!% ,&30.)3 $% +% &..$?)$ +. ),+%36&,3& !,#$)1 K!)&

)*+)4 '0& )! )*& (&+L&, "+33 !- )*& &.& ),!%4 )*& $"?!,)+% & !- py0
$3 3),!%/&, +3 $) $3

$"?!3&' +) )*& &+,.A 3)+/&3 !- +  &.&,+)$!%1

M&)+),!% ,+'$+)$!% $3 + 3A% *,!),!% .$L& ,+'$+)$!% &"$))&' #A )*& ,&.+)$6$3)$ &.& ),!%3

+3 )*&A &G& 0)& !3 $..+)$!%3 $% )*&  *+%%&.1 B*& ?,!?&,)$&3 !- )*& ,+'$+)$!% +,& '&3 ,$#&'

#A )*& -!,"0.+& !- )*& ,+'$+)$!% -,!" + ,&.+)$6$3)$ "!6$%/  *+,/&1 B*& ,+'$+)$!% -&+)0,&3

'$,& ).A '&?&%' !% )*& &.& ),!% ),+E& )!,A1 C% ?+,)$ 0.+,4 )*&  ,$)$ +. &%&,/A /,!(3 +3

γ3/Rc +%' )*& ,+'$+)&' &%&,/A +3 γ4/Rc (*&,& γ $3 )*& &.& ),!% &%&,/A +%' Rc )*&

$%3)+%)+%&!03 ,+'$03 !-  0,6+)0,& !- )*& !,#$)1 C% !0, ?+,+"&)&, ,&/$"& 7$%)&,+ )$!%

+) +% $%)&%3$)A ∼ 1018
NO "

2
+%' + *&.$0" ?.+3"+ +) ne ∼ 1019

 "

−3
=4 )*& ,+'$+)$!%

 !%3$3)3 !% + #,$/*) G5,+A #&+" 7109
?*!)!%3O?0.3&= ($)* + '$6&,/&% & !- + -&( )&%3 "$..$

,+'$+%3 +%' + #,!+' #+%' &%&,/A 3?& ),0" &G)&%'$%/ 0? )! +#!0) 8: L&<1 B*& 3?+)$+.

'$3),$#0)$!% !- )*& ,+'$+)$!% 7(*$ * $3 "&+30,&' #A ?.+ $%/ + '&)& )!, $% )*& G5,+A #&+"=

,&?,&3&%)3 + 3$/%+)0,& !- )*& &.& ),!% "!)$!%3 +%'  +% ,&6&+. )*& &.& ),!% !,#$)3 '$3 033&'

+#!6&1 P 3),+$/*)-!,(+,' .$%L &G$3)3 #&)(&&% )*& !,#$)3 +%' )*& ,+'$+)$!%1 C%'&&'4 )*&

&%&,/A ,+'$+)&' $% + '$,& )$!% !- !#3&,6+)$!% ~n4 !#)+$%&' #A $%)&/,+)$%/ )*& ,+'$+)&'

&%&,/A !6&, )*& -,&@0&% $&34 *+3 + (1 − (~v/c).~n)−1
'&?&%'&% & 7(*&,& ~v $3 )*& &.& ),!%

6&.! $)A=1 B*$3 $"?.$&3 )*+) )*& M&)+),!% ,+'$+)$!% $3 &"$))&' $% )*& '$,& )$!% !- )*&

&.& ),!% 6&.! $)A1 B*& ?,!F.& !- )*& M&)+),!% G5,+A ,+'$+)$!%4 "&+30,&' $% )*& -+, F&.'4

$3 )*&,&-!,& +% $"+/& !- )*& ),+%36&,3& "!"&%)0" !- )*& !3 $..+)$%/ ,&.+)$6$3)$ &.& ),!%1

2!, + 3$%/.& &.& ),!% $% !%& ?&,$!' !- !3 $..+)$!%4 2$/0,& 7J1J= $..03),+)&3 3 *&"+)$5

 +..A )*&  !,,&3?!%'&% & #&)(&&% )*& &.& ),!% ),+E& )!,A 7P=4 $)3 "!"&%)+ 7M=4 +%' )*&

'$3),$#0)$!% !- )*& &"$))&' ,+'$+)$!%7Q= -!, )*& /&%&,+.  +3& !- +% &..$?)$ +. ),+%36&,3&

),+E& )!,A1 R% F/0,&3 P +%' M4 3A"#!.3 7(*$)&  $, .& +%' #.0&  $, .&= ,&?,&3&%) +% +,5

#$),+,A ?!3$)$!% $% 3?+ & +%' ?*+3& 3?+ & !- +% &.& ),!% +.!%/ $)3 ),+E& )!,A1 B*& .$%&3

3& )$!%3 !% F/0,& Q ,&?,&3&%) )*&  !,,&3?!%'$%/ &"$33$!% +3 $)  !0.' #& !#3&,6&' !%)!

+ '&)& )!, ?.+ &' $% )*& #&+"1 2,!" )*& "&+30,&"&%) !- M&)+),!% ?,!F.&3 )!/&)*&,

($)* "&+30,&"&%) !- &.& ),!%3 &%&,/$&3 7γ=4  +% #& !#)+$%&'S 7py4pz= +%' 7y4z= !- )*&

&.& ),!%3 $% )*& $!%  +6$)A1

JT



 !"#$% &'&( )*% +,$$%-.,/0%/+% 1%23%%/ 2*% %4%+2$,/- 2$5/-6%$-% 2$57%+2,$89 2*% 2$5/-:

6%$-% ;,;%/2#; 5/0 2*% 0!-2$!1#2!,/ ,< 1%252$,/ $50!52!,/' =/ >5? 2*% -8;1,4- >+!$+4%-?

+,$$%-.,/0 2, 5/ 5$1!2$5$8 .,-!2!,/' =/ @"#$% >1?9 2*% -5;% -8;1,4- +,$$%-.,/0 2, 2*%

;,;%/25' =/ @"#$% >+? 2*% 4!/% -%+2!,/- 5$% 2*% +,$$%-.,/0!/" 5/"#45$ 0!$%+2!,/- ,< 2*%

$50!52!,/ %;!22%0'

&A



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

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

 ! "#$$%&'#!(%!"% )*+, +,% %-'%$*.%!+& '%$/#$.%( 0+ +,% 102#$#+#$*% (34'+*56% 7'8

'9*56%% :;<= )% "0$$> #6+ +,% "#.'6+%$ &*.690+*#! #/ 90&%$ '90&.0 *!+%$0"+*#! 6&*!? +,%

'0$+*"9%8*!8"%99 @A BC "#(% /$0.%)#$D E1A1FGH

I% 0&&6.% +,0+ +,% 90&%$ )0J%9%!?+, λ0 = 2π/k0 = 0.820µmH I% 6&% 0 &*.690+*#!

2#- #/ (*.%!&*#! (60 × 88 × 88)λ0 J#96.% (x, y, z) "0$+%&*0! ?%#.%+$>H  + "#$$%&'#!(&

+# +,% &*K% #/ (49µm × 72µm × 72µm)H L,% (*$%"+*#! #/ '$#'0?0+*#! *& +,% x80-*&H L,%

!6.2%$ #/ ?$*('#*!+& *& 600 × 176 × 176 = 1.8 · 107
H L,% $%&#96+*#! *! +,% +$0!&J%$&%

(*$%"+*#! *& kp0
∆y = 0.26M $%&#96+*#! *! 9#!?*+6(*!09 (*$%"+*#! *& kp0

∆x = 0.05M ),%$%

kp0
= ωp0

/cM k0/kp0
= 11.95M 0!( ω2

p0
≡ 4πe2n0/mH I% 6&% %*?,+ .0"$#'0$+*"9%& N "%99H

A0$0.%+%$& /#$ !6.%$*"09 &*.690+*#! )%$% ",#&%! *! "#$$%&'#!(0!"% )*+, J096%& #/

',>&*"09 '0$0.%+%$& *! +,% '%$/#$.%( %-'%$*.%!+H L,% 90&%$ '69&% *& 9*!%0$9> '#90$*K%(

*! +,% Y 8(*$%"+*#!M *+ *& (6$0+*#! #/ τCPA = 30fs 0!( *!+%!&*+> I = 3 · 1018W/cm2

),*", "#$$%&'#!(& +# +,% !#$.09*&%( J%"+#$ '#+%!+*09 a0 ≡ eA/mc2 = 1.5H L,% 90&%$

'69&% *& O06&&*0! *! +,% +$0!&J%$&% (*$%"+*#!H  ! +,% 9#!?*+6(*!09 (*$%"+*#! *+ ,0& +,%

"#&*!6&#*(09 '$#P9%H Q#"6&%( &'#+ &*K% *& 9µmH L,% '90&.0 (%!&*+> *& n0 = 7·10−3·ncrit =
1.16 · 1019cm−3

H

L,% +$0!&J%$&% '90&.0 '$#P9% *& 6!*/#$.H L,% 9#!?*+6(*!09 '90&.0 '$#P9% ,0& (%!&*+>

*!"$%0&*!? /$#. K%$# +# n0 #J%$ 60 − 670 )0J%9%!?+,&M +,%! (%!&*+> *& 6!*/#$. n0 =
1019cm−3

+*99 3110 )0J%9%!?+,&M +,%! (%"$%0&*!? +# K%$# 0+ 3720 )0J%9%!?+,&H

FR



 !"#$% &'() *$+,-!.+/ 0!%1 23 4#5%$!.+/ 6!5#/+7!24 +7 7!5% T = 900' 8-% 9"#$% 6-216 %/%.7$24 :%46!7;<ne=> !47%46!7; 23
7-% /+6%$<I=> 5+"4%7!. 9%/: !4 Y ?:!$%.7!24<by= +4: %/%.7$!. 9%/: !4 X?:!$%.7!24<ex= !4 ,/+4%6 (X − Y ) +4: (X − Z)' @//

.22$:!4+7%6 "!0%4 !4 7-% /+6%$ 1+0%/%4"7-6 λ0'

(
A



 !"#$% &'() *$+,-!.+/ 0!%1 23 4#5%$!.+/ 6!5#/+7!24 +7 7!5% T = 1000' 8-% 9"#$% 6-216 %/%.7$24 :%46!7;<ne=> !47%46!7; 23
7-% /+6%$<I=> 5+"4%7!. 9%/: !4 Y ?:!$%.7!24<by= +4: %/%.7$!. 9%/: !4 X?:!$%.7!24<ex= !4 ,/+4%6 (X − Y ) +4: (X − Z)' @//

.22$:!4+7%6 "!0%4 !4 7-% /+6%$ 1+0%/%4"7-6 λ0'

A
B



 !"#$% &'() *$+,-!.+/ 0!%1 23 4#5%$!.+/ 6!5#/+7!24 +7 7!5% T = 1500' 8-% 9"#$% 6-216 %/%.7$24 :%46!7;<ne=> !47%46!7; 23
7-% /+6%$<I=> 5+"4%7!. 9%/: !4 Y ?:!$%.7!24<by= +4: %/%.7$!. 9%/: !4 X?:!$%.7!24<ex= !4 ,/+4%6 (X − Y ) +4: (X − Z)' @//

.22$:!4+7%6 "!0%4 !4 7-% /+6%$ 1+0%/%4"7-6 λ0'

A
B



 !"#$% &'() *$+,-!.+/ 0!%1 23 4#5%$!.+/ 6!5#/+7!24 +7 7!5% T = 2000' 8-% 9"#$% 6-216 %/%.7$24 :%46!7;<ne=> !47%46!7; 23
7-% /+6%$<I=> 5+"4%7!. 9%/: !4 Y ?:!$%.7!24<by= +4: %/%.7$!. 9%/: !4 X?:!$%.7!24<ex= !4 ,/+4%6 (X − Y ) +4: (X − Z)' @//

.22$:!4+7%6 "!0%4 !4 7-% /+6%$ 1+0%/%4"7-6 λ0'

A
&



 !"#$%& '()*+,'()-+ $%.$%&%/0 &!1#230!4/ $%&#20& 45 23&%$ .#2&% .$4.3"30!4/ !/ 06%

.23&13) 7!1% !& 1%3&#$%8 !/ 06% 23&%$ .#2&% .%$!489 τ = 2π/ω) :0 !& &%%/ 0630 ;#;;2%
<3& 54$1%8 30 0!1% T = 900 23&%$ .%$!48&) 76%$% 3$% 0=.!>32 .3$0& 45 ;#;;2%? 5$4/0

.3$0 45 06% ;#;;2%9 &6%306 45 %2%>0$4/&9 <3@%;$%3A!/" 3$%3 30 ;3>A 45 06% ;#;;2% 3/8

8%/&% ;#/>6 45 $%230!@!&0!> %2%>0$4/& !/ 06% 1!882% 45 06% ;#;;2%) :0 !& &%%/ 5$41 06%

 !"#$%& '()*+,'()-+ 0630 06% 5$4/0 .3$0 45 06% %2%>0$4/ ;#/>6 .3$0!>!.30%& !/ ;%030$4/

$%&4/3/>% <!06 06% 23&%$ .#2&%)

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

B&!/" 148!C>30!4/ 45 DEFE F:G,>48% <% 63@% "40 14$% 8%03!2%8 !/54$130!4/ 3;4#0 06%

;#;;2% %@42#0!4/) F3$31%0%$& 45 %3>6 .3$0!>2% 54$ %3>6 0!1% &0%. <%$% 3/32=H%8) 76% 2!&0

45 .3$31%0%$& >4/03!/&? (phase, x, y, z, px, py, pz, number, x0, y0, z)9 <6%$% phase !& 06%
0!1% &0%.9 number !& 06% #/!I#% 23;%2 45 .3$0!>2%9 x0, y0, z0 3$% 06% !/!0!32 >44$8!/30%& 45

.3$0!>2%)

B&!/" .4&0.$4>%&&!/" 45 8%&>$!;%8 8303 <% 4;03!/ 8!$%>02= 06% !13"% 45 %2%>0$4/&

0$3J%>04$!%&) K2%>0$4/& <!06 06% 6!"6%&0 %/%$"!%& <%$% >64&%/)  !") '()L+ $%.$%&%/0&

%M31.2%& 45 0$3J%>04$!%& 45 %2%>0$4/&) N!$%>0!4/ 45 23&%$ .#2&% .$4.3"30!4/ !& 06% X,3M!&)

7$3J%>04$!%& 3$% "!@%/ !/ .$4J%>0!4/ 4/ 06% .23/% (Y − Z)) 76% 54$1 45 0$3J%>04$!%& !&

>41.3$3;2% <!06 06% 06%4$%0!>322= .$%8!>0%8 54$1 '()O+) 76% &0$%0>6 45 0$3J%>04$!%& !/ 06%

Y ,8!$%>0!4/ >4$$%&.4/8& 04 06% 23&%$ .#2&% .423$!H30!4/ 324/" 06% Y ,3M!&) P22 >44$8!/30%&
3$% "!@%/ !/ 23&%$ <3@%2%/"06&)

 #$06%$ <% $%&0$!>0 06% 8303 54$ .4&0.$4>%&&!/" ;= 06% 3$%3 !/ 06% 1!882% 45 ;#;;2%

<6%$% 06% %2%>0$4/ ;#/>6 !& .4&!0!4/%8) P0 06% 0!1% T = 2000 23&%$ .%$!48&9 06% %2%>0$4/
;#/>6 !& 24>30%8 !/ @42#1% (1998 − 2018)λ × (41 − 47)λ × (41 − 47)λ9 <6%$% λ !& 23&%$

<3@%2%/"06) Q= !/!0!32 >4/8!0!4/& 06% ;3>A"$4#/8 .23&13 8%/&!0= !& ne = 7 · 10−3ncrit =
1019cm−3

9 06%$%54$% 06% &!1#230!4/ 3$%3 >4/03!/& 3;4#0 1012
%2%>0$4/&) 76% @42#1% <6!>6

>4/03!/& 06% %2%>0$4/ ;#/>6 1%3&#$%8 !/ 23&%$ <3@%2%/"06 !& Vbunch = 10λ × 8λ × 8λ)
76% @42#1% 45 &!1#230!4/ 1%3&#$%8 !/ 23&%$ <3@%2%/"06 !& Vtotal = 60λ × 88λ × 88λ)

Vbunch/Vtotal ∼ 10−3 . '()((+

76% 8%/&!0= 45 06% %2%>0$4/ ;#/>6 !& "$%306%$ 063/ 06% 3@%$3"% .23&13 8%/&!0=9 06%$%54$%

06% %2%>0$4/ ;#/>6 >4/03!/& /40 2%&& 063/ 109
%2%>0$4/&) 76% .3$0 45 %2%>0$4/ ;#/>6

<6!>6 $%13!/& ;%6!/8 06% 23&%$ .#2&% !& 24>30%8 !/ @42#1% (1998−2008)λ× (41−47)λ×
(41 − 47)λ) 76% .3$0 45 %2%>0$4/ ;#/>6 <6!>6 !& !/ ;%030$4/ $%&4/3/>% <!06 06% 23&%$
.#2&% !& 24>30%8 !/ @42#1% (2008− 2018)λ× (41− 47)λ× (41− 47)λ)  #$06%$ 06!& 3$%3&
3$% .4&0.$4>%&&%8 &%.3$30%2=)

76%  !"#$%& '()R+,'()ST+ $%.$%&%/0 &41% 0=.!>32 0$3J%>04$!%& 45 %2%>0$4/&) P22 0$3J%>,

04$!%& 3$% "!@%/ !/ .$4J%>0!4/ 4/ .23/% (Y − Z))  !"#$% '()R+ $%.$%&%/0& 0$3J%>04$!%& 45
%2%>0$4/& 4/2= 5$41 ;3>A .3$0 45 %2%>0$4/ ;#/>6) 7$3J%>04$!%& &64</ !/ 06!&  !"#$% 63@%

54$1 <6!>6 !& >24&% 04 >!$>2%)  !"#$% '()ST+ $%.$%&%/0& 0$3J%>04$!%& 45 %2%>0$4/& 4/2= 5$41

06% 5$4/0 .3$0 45 06% %2%>0$4/ ;#/>6) 7$3J%>04$!%& &64</ !/ 06!&  !"#$% 63@% %22!.0!>32

54$1 &0$4/"2= &0$%06%8 !/ 06% Y ,8!$%>0!4/) 76% $%3&4/& 45 &#>6 54$1 3$% 06% ;%030$4/

**



 !"#$% &'() *$+,%-./$!%0 /1 0/2% %3%-.$/40 1$/2 "$/#5 /1 5+$.!-3%0 6!.7 7!"7%0. %4%$"8

/9%$ +33 +$%+ /1 0!2#3+.!/4'

:;



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

2)! 3,.4 !" 561778/561798  !+ !"!$( ( %:!&(# ,!" #; ()! !*!&( #$" ,$ () !! ',<!$",#$"1

=",$. 4$,>4! *%?!*" #; !%&) +% (,&*!@ ()! 3,.4 !" ")#A ( %:!&(# ,!" #; !0%&(*B ()! "%<!

!*!&( #$" ; #< + !C,#4" 3,.4 !" 561D8/5617E81 F** &## ',$%(!" % ! .,C!$ ,$ *%"! A%C!/

*!$.()"1

2)! &#$',(,#$ ;# + #'4&,$. ()! "( !%< #; '%(% %?#4( !%&) +% (,&*! ," *,<,$%* !$! .B

#; ()," +% (,&*!1 G( <!%$" ()%( ()! ,$;# <%(,#$ %?#4( % +% (,&*! ," %&&!"",?*! #$*B A,()

()! &#$',(,#$ ()%( ()! !$! .B #; ()," +% (,&*! ," . !%(! ()%$ 150MeV 1 3# (),"  !%"#$

!%&) ( %:!&(# B )%" ()! "(% ( +#,$( %( % '!H$,(! x/&## ',$%(! ; #< A),&) ()! !$! .B #;

()! !*!&( #$ !0&!!'" ()! !$! .B *,<,( 150MeV 1 2)! ",<4*%(,#$ )%" H$,")!' %( ()! (,<!

T = 2000 #; *%"! +! ,#'"1 3# (),"  !%"#$ %$B ( %:!&(# B &%$ $#( H$,") ,$ ()! +#,$( A,()

&## ',$%(! . !%(! ()%$ x = 2000 *%"! A%C!*!$.()"1 2)! % !% #; ",<4*%(,#$ )%" ",-!"

88λ ,$ ?#() ', !&(,#$" A),&) % ! +! +!$',&4*% (# ()! ', !&(,#$ #; ()! *%"! + #+%.%(,#$1

G$ 3,.4 !" ()! %0," ,$ ()! <,''*! #; ()! ",<4*%(,#$ % !% &#  !"+#$'" (# ()! +#,$( A,()

&## ',$%(!" (y = 44, z = 44)1
2)! 3,.4 ! 561778  !+ !"!$(" ( %:!&(# ,!" #; !*!&( #$" ; #< ()! ?%&I +% ( #; ()! !*!&/

( #$ ?4$&)@ A)! ! ?!(%( #$  !"#$%$&! ," $#( + !"!$(!'1 2)! ( %:!&(# ,!" )%C! ()! ;# < #;

% )!*,0 % #4$' ()! %0," #; *%"! +4*"! + #+%.%(,#$ ,$ %&&# '%$&! A,() ()! 3,.4 ! 5619@ F81

2)! 3,.4 ! 561778  !+ !"!$(" ( %:!&(# ,!" #; !*!&( #$" ; #< ()! ; #$( +% ( #; ()!

!*!&( #$ ?4$&)@ A)! ! ()! ?!(%( #$  !"#$%$&! #&&4 "1 2)! ( %:!&(# ,!" ?!&#<! J%( ,$

()! Z/', !&(,#$ %$' "( !(&)!' ,$ ()! Y /', !&(,#$ ,$ %&&# '%$&! A,() ()! 3,.4 ! 5619@

F81 2)! '!& !%",$. #; ()! %<+*,(4'! #; !*!&( #$" ( %:!&(# ,!" %*#$. ()! Z/', !&(,#$ ,"

!0+*%,$!' ?B ()! *,$!% +#*% ,-%(,#$ #; ()! *%"! +4*"!1 2)! %0," #; ()! *%"! +4*"!

+ #+%.%(,#$ &#  !"+#$'" (# ()! %0," (x, 44, 44) ,$ ")#A$ 3,.4 !"1 G( ," "!!$ ; #< ()!

3,.4 !" ()%( !*!&( #$" % ! <#C,$. % #4$' ()! %0," #; ()! *%"! +4*"! + #+%.%(,#$1

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

K)%$.!" ,$ ()! LMNM6O NGK/&#'! %**#A 4" (# + #'4&! ,$;# <%(,#$ %?#4( !%&) !*!&/

( #$ A),&) ," ,$ ()! ",<4*%(,#$ ?#01 P$! ?*#&I #; ()! '%(% &#$(%,$" (C!*C! C% ,/

%?*!"Q (phase, x, y, z, px, py, pz, N, x0, y0, z0)@ A)! ! phase ," (,<! <!%"4 !' ,$ ()! *%"! 

+! ,#'"5τ8@ (x, y, z) % ! &4  !$( &## ',$%(!" #; ()! +% (,&*!@ (px, py, pz) % ! <#<!$(4< #;

()! +% (,&*!@ uniquenumber ," ()! 4$,>4! *%?!* #; ()! +% (,&*!@ (x0, y0, z0) % ! ,$,(,%* &#/

# ',$%(!" #; ()! +% (,&*!1 R4&) ()! . #4+ #; +% %<!(! " &%$ ?! '!H$!' ;# !%&) +% (,&*!

,$ ()! ",<4*%(,#$ % !% %( %$B <#<!$( #; (,<!1 S#A!C! A! '# $#( $!!' (# '!"& ,?! %**

+% (,&*!"1 G$ ()! LMNM6O NGK/&#'! A! &%$  !"( ,&( ()! ,$;# <%(,#$ "( !%< ?B !*!&( #$"

A),&) % ! !$! .!(,& !$#4.)1 P$*B ()! !*!&( #$" A,() !$! .B . !%(! ()%$ 150MeV A! !

+ #&!""!'1 2)! ",<4*%(,#$ A%" +! ;# <!' A,() TNG5<!""%.! +%"",$. ,$(! ;%&!8 A,()

+% (,(,#$,$. 12 × 4 × 4 ,$ X−, Y −, Z−%0," &#  !"+#$',$.*B1

2)! !;# ! ()! ! % ! 192 "4?C#*4<!" #; ()! % !% #; $4<! ,&%* ",<4*%(,#$1 3# !%&)

"4?C#*4<! ()! ! ," % "( !%< #; '%(% A),&) ," "%C,$. ,$ ()! H*! A,() ()! $%<! &#  !/

"+#$',$. (# ()! $4<?! #; ()! "4?C#*4<!1

3# ;4 ()! +#"(+ #&!"",$. #; '%(% ; #< ()! LMNM6O NGK/&#'! A! )%C! '!C!*#+!'

()! + #. %< #$ KUU #$ ()! M,$40 +*%(;# <1 2)! + #. %< &#$(%,$" () !! . #4+ #;

VW



 !"#$% &'() *$+,%-./$!%0 /1 0/2% /1 .3% 2/0. 3!"3 %4%$"%.!- %5%-.$/40 1$/2 .3% 6+-7 8+$.

/1 %5%-.$/4 6#4-3'

9:



 !"#$% &'()* +$,-%./0$!%1 02 103% 02 /4% 301/ 4!"4 %5%$"%/!. %6%./$051 2$03 /4% 2$05/

7,$/ 02 %6%./$05 8#5.4'

9:



 !"#$% &'(() *$+,%-./$!%0 /1 0/2% /1 .3% 2/0. %4%$"%.!- %5%-.$/40 1$/2 .3% 6+-7 8+$. /1

.3% %5%-.$/4 6#4-3'

9:



 !"#$% &'()* +$,-%./0$!%1 02 103% 02 /4% 301/ %5%$"%/!. %6%./$051 2$03 /4% 2$05/ 7,$/ 02

/4% %6%./$05 8#5.4'

9:



 !"#$%&"'(

)*+ ,-'$ .-&!/ &  !"#$%&"' %' -+'/&"'%01+  &- #&--+#$ 2&-3 2%$* ,1+'( )*+ /-&.-45

4!$&54$%#4116 7+$+-5%"+' $*+ "!50+- & ,1+'( )*+ '$-!#$!-+ & $*+ 01&#3 & -+47%". #4"

0+ #*4".+7 %" 7+/+"7+"#+ & $*+ '$-!#$!-+ & $*+ 01&#3 & 74$4  -&5 $*+ 89:9;7 :<=>

#&7+( )*+ ?!4"$%$6 & 01&#3'  &- $*+ &"+ $%5+ /-&#+''%". 7+/+"7'  -&5 $*+ 4@4%1401+

#&5/!$+- 5+5&-6( A6 7+ 4!1$ $*+ "!50+- & 01&#3' & -+47%". %' 10 5%11%&"'(

)*+ '+#&"7 .-&!/ &  !"#$%&"' %' -+'/&"'%01+  &- 2&-3 2%$* $*+ @&1!5+ & 74$4(

B%C+-+"$  !"#$%&"' !'%". @4-%&!' 3%"7' & $*+ '&-$%". 4"7 $-4"' &-54$%&" & 01&#3' & $*+

74$4 $& /-&7!#+ '+@+-41 7%'$-%0!$%&"'( )*+  !"#$%&"  &- $*+ #41#!14$%&" & $*+ $-4D+#$&-%+'

& /4-$%#1+' '$46' '+/4-4$+16 %" $*%' .-&!/( )*%'  !"#$%&" *4' 0++" #&"'$-!#$+7 2%$* !'%".

$*+ !"%?!+ 140+1 & $*+ /4-$%#1+(

)*%-7 .-&!/ &  !"#$%&"' %' -+'/&"'%01+  &- /-&7!#%". $*+ ,"41 -+'!1$'( )*+ -+'!1$ %'

,1+' %" '$4"74-7  &-54$ 2*%#* #4" 0+  !-$*+- /-&#+''+7 06 4"6 54$*+54$%#41 '& $24-+(

<" $*+ #4'+ & $*+ #41#!14$%&" & $*+ /4-$%#1+' $-4D+#$&-%+' #&--+'/&"7%".  !"#$%&" %'

-+'/&"'%01+  &- $*+ '+1+#$%&" & 74$4 2*%#* 7+'#-%0+ &"16 54-3+7 /4-$%#1+'  -&5 $*+

@&1!5+ & 74$4(

)*+ E%.!-+ F;(G;H -+/-+'+"$' $*+ /%#$!-+ & $*+ #4/$!-+ & +1+#$-&"' %" $*-++ 7%5+">

'%&"41  &-5( )*+ E%.!-+ *4' 0++" 547+ 2%$* !'%". 7+'#-%0+7 /-&.-45( )*+ /-&.-45 *4'

7+$+-5%"+7 %"%$%41 #&&-7%"4$+'  &- +4#* +1+#$-&" 2%$* $*+ +"+-.6 2*%#* %' .-+4$+- $*4"

150MeV 4$ $*+ 5&5+"$ & $%5+ T = 2000 & 14'+- /+-%&7'( )*+ I%"%$%41I #&&-7%"4$+' & 

4 /4-$%#1+ 5+4"' $*+ /&%"$ 2*+-+ $*+ 4##+1+-4$%&" & $*+ +1+#$-&" *4' '$4-$+7(

<$ %' '++"  -&5 $*+ E%.!-+ $*4$ 4-+4 & $*+ #4/$!-+ & +1+#$-&"' *4' $*+  &-5 & 4

7%14$%@+  !""+1 2%$* $*+ 4J%' 41&". $*+ Z>7%-+#$%&"( <$ %' 7+5&"'$-4$%". $*4$ /4-$%#1+'K

2*%#* 4-+ 1&#4$+7 %" $*+ +1+#$-&" 0!"#*K %"%$%4116 2+-+ 5&@+7 %"$& 24@+0-+43%". 4-+4

 -&5 $*+ +1+#$-&" '*+4$* & $*+ 0!001+( )*+  &-5 & $*+ 4-+4 & #4/$!-+ #&--+'/&"7'

$& $*+  &-5 & 0!001+ %" $*+ E%.!-+ F;(LH( )*%' /%#$!-+ & $*+ #4/$!-+ & +1+#$-&"' %' %"

4##&-74"#+ 2%$* #&"#1!'%&"' & $*+ /*+"&5+"&1&.%#41 $*+&-6K $*+ E%.!-+ F;(GH(

E-&5 /-&D+#$%&"' &" /14"+' (X−Z) 4"7 (X−Y ) 2+ #4" #&"#1!7+ $*4$ $*+ 4'655+$-6

& $*+ 4-+4 & #4/$!-+ %' +J/14%"+7 06 $*+ *&-%M&"$41 /&14-%M4$%&" & $*+ 14'+- /!1'+(

N $+- $*+ 0!001+ *4'  &-5+7K $*+ 14'+- /!1'+ 4"7 $*+ 24@+0-+43%". 4-+4 0+#45+

'+/4-4$+7 %" '/4#+( )*+ '%M+ & $*+ 4-+4 & #4/$!-+ %"#-+4'+' 41&". $*+ Z>7%-+#$%&" 2%$*

$%5+ 0+#4!'+ $*+ 14'+- /&14-%M4$%&" %' 1&'%". %"O!+"#+ &" $*+ /-&#+'' & #4/$!-+(

)*+ E%.!-+' F;(GPH>F;(GQH -+/-+'+"$ $*+ 7%'$-%0!$%&" & $*+ .4554> 4#$&- & #4/$!-+7

+1+#$-&"' %" 7+/+"7+"#+  -&5 $*+ x0>#&&-7%"4$+ & #4/$!-+ 4$ $*-++ 7%C+-+"$ 5&5+"$'

& $%5+( <$ '++"  -&5 $*+ E%.!-+' $*4$ 4$ $*+ 5&5+"$ & $%5+ T = 1000 $*+ #4/$!-+ & 

/4-$%#1+' 2%$* +"+-.6 40&@+ 150MeV '$4-$' 4$ $*+ x>#&&-7%"4$+ 40&!$ 600 14'+- 24@+>

1+".$*'(

)& $*+ 5&5+"$ & $%5+ T = 1500 FE%.!-+ F;(GRHH $*+ 14-.+ "!50+- & +1+#$-&"'  -&5

$*+ .-&!/ & /4-$%#1+'K 2*%#* 2+-+ #4/$!-+7 %" $*+ %"%$%41 /+-%&7F x0 = (600 − 1000)
& 14'+- 24@+1+".$*'HK 7+#-+4'+ $*+ +"+-.6 1+'' $*4" 150MeV ( )*+ 14-.+'$ "!50+- & 

+1+#$-&"' %' 1&#4$+7 %" $*+ 4-+4 x0 = (1200 − 1300) & 14'+- 24@+1+".$*'( <$ %' '++"

 -&5 $*+ E%.!-+ F;(GRH $*4$  &- $*+ 5&5+"$ & $%5+ T = 1500 & 14'+- /+-%&7' +1+#$-&"'

2%$* $*+ %"%$%41 x0>#&&-7%"4$+' $%11 1300 & 14'+- 24@+1+".$*' 4-+ /-+'+"$+7( )*+-+ &-+

RG



 !"#$% &'(&) *+!,!-. /01!,!0+1 02 -33%.%$-,%4 %.%3,$0+1' 56% X7-8!1 !1 ,6% 4!$%3,!0+ 02 ,6%

.-1%$ /#.1% /$0/-"-,!0+' 9%$01 02 /%$/%+4!3#.-$ 300$4!+-,%1 30$$%1/0+4 ,0 ,6% -8!1 02

,6% .-1%$ /#.1% /$0/-"-,!0+: ,6% ;!44.% 02 ,6% 1!;#.-,!0+ -$%-' 56% /!3,#$% <-1 ,-=%+

-, ,6% ;0;%+, 02 ,!;% T = 2000 .-1%$ /%$!041'

>?



 !"#$% &'()* +,% -!./$!0#/!12 13 /,% "45546347/1$ 13 %8%7/$12. !2 /,% -%9%2-%27% 3$15

/,% x6711$-!24/% 13 /,% 749/#$%' :28; 94$/!78%. <,!7, ,4=% /,% %2%$"; 401=% 150MeV
4$% !278#-%- !2 -!./$!0#/!12' +,% -!./$!0#/!12 /4>%2 4/ /,% 515%2/ 13 /!5% T = 1000 13
84.%$ <4=%8%2"/,.' +,%  !"#$% !. 9$%.%2/%- 31$ /,% 74.% 13 8!2%4$ 9184$!?4/!12'

%8%7/$12. ,4=% 0%%2 477%8%$4/%- #9 /1 150MeV -#$!2" /,% $42"% 401#/ 200 13 84.%$

<4=%8%2"/,.'  1$ /,% 2%@/ ,#2-$%- 13 84.%$ <4=%8%2"/,. /,% 712.!-%$408% 94$/ 13 %8%7/$12.

"%/ 4--!/!1248 %2%$"; 401#/ 100MeV ' A15% 94$/ 13 %8%7/$12. <,!7, 4$% .,1<2 12 /,%
 !"#$%B ,4. /,% %2%$"; 401#/ 300 − 450MeV ' C8%7/$12. <,!7, ,4=% 0%%2 477%8%$4/%-
-#$!2" 401#/ 500 13 84.%$ <4=%8%2"/,. ,4=% /,% 54@!5#5 13 /,% %2%$"; 401#/ 450MeV '
+,% 4=%$4"%- 477%8%$4/!12 $4/% !. ∼ 1MeV/λ'

+,%  !"#$% D&'(EF $%9$%.%2/. /,% -!./$!0#/!12 13 /,% "45546347/1$ 13 749/#$%- %8%76

/$12. !2 /,% -%9%2-%27% 3$15 /,% x06711$-!24/% 13 /,% 749/#$% 4/ /,% 515%2/ 13 /!5%

T = 2000 84.%$ 9%$!1-.' G/ !. .%%2 3$15 /,%  !"#$% D&'(EF /,4/ 4/ /,% 515%2/ 13 /!5%

T = 2000 /,%$% 4$% 21 %8%7/$12. <!/, /,% x06711$-!24/% 13 /,% 749/#$%B <,!7, !. "$%4/%$

/,42 x0 = 1500 84.%$ <4=%8%2"/,.' G2 /,% 9%$!1- 13 (1300− 1800) 84.%$ <4=%8%2"/,. /,%
9$17%.. 13 749/#$% 13 %8%7/$12. ,4. 0%%2 ./19'

+,%  !"#$% D&'(HF $%9$%.%2/. /,% -!./$!0#/!12 13 7#$$%2/ x6711$-!24/%. 13 %8%7/$12. !2
/,% -%9%2-%27% 3$15 /,% x06711$-!24/% 13 749/#$% 4/ /,% 515%2/ 13 /!5% T = 2000' G/
!. .%%2 3$15 /,%  !"#$% /,4/ /,% 54I1$!/; 13 94$/!78%. !. 8174/%- !2 /,% 4$%4 <,!7, 742 0%

499$1@!54/%- 0; 4 8!2%' +,% 8!2% -%.7$!0%. -%J2%- $%84/!12 0%/<%%2 /,% 711$-!24/% 42-

K&



 !"#$% &'()* +,% -!./$!0#/!12 13 /,% "45546347/1$ 13 %8%7/$12. !2 /,% -%9%2-%27% 3$15

/,% x6711$-!24/% 13 /,% 749/#$%' :28; 94$/!78%. <,!7, ,4=% /,% %2%$"; 401=% 150MeV
4$% !278#-%- !2 -!./$!0#/!12' +,% -!./$!0#/!12 /4>%2 4/ /,% 515%2/ 13 /!5% T = 1500 13
84.%$ <4=%8%2"/,.' +,%  !"#$% !. 9$%.%2/%- 31$ /,% 74.% 13 8!2%4$ 9184$!?4/!12'

)@



 !"#$% &'()* +,% -!./$!0#/!12 13 /,% "45546347/1$ 13 %8%7/$12. !2 /,% -%9%2-%27% 3$15

/,% x6711$-!24/% 13 /,% 749/#$%' :28; 94$/!78%. <,!7, ,4=% /,% %2%$"; 401=% 150MeV
4$% !278#-%- !2 -!./$!0#/!12' +,% -!./$!0#/!12 /4>%2 4/ /,% 515%2/ 13 /!5% T = 2000 13
84.%$ <4=%8%2"/,.' +,%  !"#$% !. 9$%.%2/%- 31$ /,% 74.% 13 8!2%4$ 9184$!?4/!12'

@@



 !"#$% &'()* +,% -!./$!0#/!12 13 4#$$%2/ x5411$"!26/%. 13 %7%4/$12. !2 /,% 0#007% !2 /,%
-%8%2-%24% 3$19 /,% 411$-!26/% 13 /,% 468/#$%' +,% -6/6 :%$% /6;%2 6/ /,% 919%2/ 13

/!9% T = 2000 13 76.%$ :6<%7%2"/,.'

/,% 81!2/ 13 468/#$% 13 6 86$/!47%' =7%4/$12. :,!4, :%$% 468/#$%- 6/ %6$7> /!9%.? ,6<%

"$%6/%$ 4#$$%2/ 411$-!26/%.' +,%$%31$% !2.!-% /,% %7%4/$12 0#24, 86$/!47%. 6$% 91<!2"

3$19 /,% 064; 86$/ /1 /,% 3$12/ 86$/' +,% 62"7% 13 .718% 13 /,!. 688$1@!96/!12 7!2% .,1:.

/,% <%714!/> 13 /,% 91<!2" 13 %7%4/$12. !2.!-% /,% %7%4/$12 0#24,' A7.1 3$19 /,%  !"#$% :%

462 41247#-% /,6/ 0> /,% 919%2/ 13 /!9% T = 2000 /,% 96B1$!/> 13 %7%4/$12. :,!4, 6$%
8$%.%2/%- !2 /,% %7%4/$12 0#24, :6. 468/#$%- !2 /,% 6$%6 13 /,% x56@!. (1200− 1500) 13
76.%$ :6<%7%2"/,.' +,% %7%4/$12 0#24, ,6. 688$1@!96/%7> .!C% 13 15 13 76.%$ :6<%7%2"/,.
6712" /,% x56@!.? :,6/ 41$$%.812-. /1 /,%  !"#$% D&')E'

+,%  !"#$% D&'&FE $%8$%.%2/. /,% -%8%2-%24% 13 /,% 2#90%$ 13 468/#$%- %7%4/$12.

3$19 /,% 7146/!12 13 /,% 81!2/ 13 /,% 468/#$% 6/ /,$%% -!G%$%2/ 919%2/. 13 /!9%' H%.15

7#/!12 6712" x56@!. !. 0.5 13 /,% 76.%$ :6<%7%2"/,'

+,% x56@!. :6. .%86$6/%- 12 $62"%. 13 0.5 13 /,% 76.%$ :6<%7%2"/,'  1$ %64, 13 $62"%.
/,%  !"#$% D&'&FE $%8$%.%2/. /,% 2#90%$ 13 %7%4/$12. :,!4, :%$% 468/#$%- !2 /,!. $62"%

13 /,% x5411$-!26/%'

+,% -!./$!0#/!12 .,1:2 !2 /,%  !"#$% !247#-%. 127> %7%4/$12. :!/, %2%$"> 601<%

150MeV ' +,$%% "$68,.? .,1:2 !2 /,%  !"#$% 6/ /,$%% -!G%$%2/ 919%2/. 13 /!9%? 6$%

IJ



 !"#$% &'()* +,% -!./$!0#/!12 13 /,% 2#40%$ 13 567/#$%- %8%5/$12. !2 /,% -%7%2-%25%

3$14 /,% x9511$-!26/% 13 /,% 567/#$%' +,% -!./$!0#/!12 .,1:2 6/ /,$%% -!;%$%2/ 414%2/.
13 /!4%* T = 1000 13 86.%$ 7%$!1- <08#%=> T = 1500 13 86.%$ 7%$!12- <"$%%2= 62- T = 2000
13 86.%$ 7%$!1- <$%-=' +,%  !"#$% !. 7$%.%2/%- 31$ /,% 56.% 13 8!2%6$ 7186$!?6/!12'  1$

%65, 13 /,$%% 56.%. :%$% /6@%2 128A /,1.% 76$/!58%. :,!5, ,6- /,% %2%$"A 601B% 150MeV
6/ 51$$%.712-!2" 414%2/ 13 /!4%'

21/ 51478%/%8A !-%2/!5 !2 /,% 6$%6 (500 − 1300) 13 86.%$ :6B%8%2"/,.' C2.!"2!D562/

-!;%$%25% !2 "$67,. !2 $62"% 13 (500−1300) 13 86.%$ :6B%8%2"/,. !. %E786!2%- 0A 5,62"%.
!2 %2%$"!%. 13 %8%5/$12.' +,%  !"#$% -%412./$6/%. 51478!56/%- 62- #2$%"#86$ -A264!5.

13 /,% 7$15%.. 13 567/#$% 13 %8%5/$12.'

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

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

+,% 6--!/!1268 2#4%$!568 .!4#86/!12 :6. 7%$31$4%- 31$ /,% #2-%$./62-!2" !47$1B%4%2/

13 /,% %B18#/!12 13 /,% 0#008%'

F!/, %E5%7/!12 13 /,% @!2- 13 7186$!?6/!12 688 1/,%$ !2!/!68 512-!/!12. 6$% %G#68 /1

76$64%/%$. 13 /,% 7$%B!1#. .!4#86/!12' +,% @!2- 13 7186$!?6/!12 ,6. 0%%2 5,62"%- 3$14

HI



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

-.# /&%0!"1 $"2 +.# #3& (+!&" &/ +.# 4(44 # $%# 5.&6" !" 7!1(%#5 89,:;<=89,>><, -.#

4(44 # .$5 5!0! $% /&%0 !" 4&+. &/ +6& ) $"#5 (X−Y ) $"2 (X−Z), ?+ !5 5##" /%&0 7!1(%#5

+.$+ /&%0#2 4(44 # .$5 1%#$+#% 5!*#5 $ &"1 $  $@!5 &/ '&&%2!"$+#5, A!%'( $% B )& $%!*#2

 $5#% )( 5# .$5 +6& +!0#5 1%#$+#% #"#%1B !" '&0)$%!5&" 6!+. +.#  !"#$% B )& $%!*#2  $5#%

)( 5#, -.# 5!*# &/ 4(44 #C .&6 !+ !5 5##" !" +.# 7!1(%# 89,>><C .$5 !"'%#$5#2 &" ∼ 30%
$ &"1 #$'. &/ +.%## 2!0#"5!&"5 !" '&0)$%!5&" 6!+. +.# )%#3!&(5 '$5# 6!+. +.#  !"#$%

)& $%!*$+!&", -.#%#/&%# !+ '$" 4# '&"' (2#2 +.$+ 5!*# &/ +.# 4(44 # !5 )%&)&%+!&"$ +&

+.# #"#%1B &/ +.#  $5#% )( 5#,

DE



 !"#$% &'()* +$,-.!/,0 1!%2 34 5#6%$!/,0 7!6#0,8!35 ,8 8!6% T = 900' 9.% :"#$% 7.327 %0%/8$35 ;%57!8<=ne>? !58%57!8< 34
8.% 0,7%$ =I>? 6,"5%8!/ :%0; !5 Y @;!$%/8!35=by> ,5; %0%/8$!/ :%0; !5 X@;!$%/8!35=ex> !5 -0,5%7 (X − Y ) ,5; (X − Z)' A00
/33$;!5,8%7 "!1%5 !5 8.% 0,7%$ 2,1%0%5"8.7'

B
)



 !"#$% &'()* +$,-.!/,0 1!%2 34 5#6%$!/,0 7!6#0,8!35 ,8 8!6% T = 1000' 9.% :"#$% 7.327 %0%/8$35 ;%57!8<=ne>? !58%57!8< 34
8.% 0,7%$ =I>? 6,"5%8!/ :%0; !5 Y @;!$%/8!35=by> ,5; %0%/8$!/ :%0; !5 X@;!$%/8!35=ex> !5 -0,5%7 (X − Y ) ,5; (X − Z)' A00
/33$;!5,8%7 "!1%5 !5 8.% 0,7%$ 2,1%0%5"8.7'

B
)



 !"#$% &'()* +$,-.!/,0 1!%2 34 5#6%$!/,0 7!6#0,8!35 ,8 8!6% T = 1500' 9.% :"#$% 7.327 %0%/8$35 ;%57!8<=ne>? !58%57!8< 34
8.% 0,7%$ =I>? 6,"5%8!/ :%0; !5 Y @;!$%/8!35=by> ,5; %0%/8$!/ :%0; !5 X@;!$%/8!35=ex> !5 -0,5%7 (X − Y ) ,5; (X − Z)' A00
/33$;!5,8%7 "!1%5 !5 8.% 0,7%$ 2,1%0%5"8.7'

B
)



 !"#$% &'(() *$+,-!.+/ 0!%1 23 4#5%$!.+/ 6!5#/+7!24 +7 7!5% T = 2000' 8-% 9"#$% 6-216 %/%.7$24 :%46!7;<ne=> !47%46!7; 23
7-% /+6%$ <I=> 5+"4%7!. 9%/: !4 Y ?:!$%.7!24<by= +4: %/%.7$!. 9%/: !4 X?:!$%.7!24<ex= !4 ,/+4%6 (X − Y ) +4: (X − Z)' @//
.22$:!4+7%6 "!0%4 !4 7-% /+6%$ 1+0%/%4"7-6'

A
(



 !"#$%& '()*(+,'()*-+ $%.$%&%/0 0$12%304$!%& 45 %6%30$4/& !/ 07% .61/% (Y − Z)) 8%
34/&!9%$ &%.1$10%6: 07% .1$0 45 07% %6%30$4/ ;#/37 <7!37 !& 64310%9 ;%7!/9 45 07% 61&%$

.#6&%) =7%  !"#$% '()*(+ $%.$%&%/0& 0$12%304$!%& 45 %6%30$4/& 5$4> 07% ;13? .1$0 45 07%

%6%30$4/ ;#/37 !/ 07% .61/% (Y −Z)) =7%  !"#$% '()*-+ $%.$%&%/0& 0$12%304$!%& 45 %6%30$4/&
5$4> 07% 5$4/0 .1$0 45 07% %6%30$4/ ;#/37@ <7!37 .1$0!3!.10% !/ 07% ;%010$4/ $%&4/1/3%)

=$12%304$!%& &74</ !/ 07%  !"#$% '()*(+ 71A% "$%10%$ &!B%& !/ 07% .%$.%/9!3#61$ 9!$%30!4/&)

C%$% 0$12%304$!%& 45 %6%30$4/& 5$4> 07% 5$4/0 .1$0 45 07% %6%30$4/ ;#/37 ?%%. 07% 54$>

<7!37 !& 34>.1$1;6% <!07 1 3!$36%) D0 34/E$>& 0710 07% ?!/9 45 07% .461$!B10!4/ 71A% 07%

>1!/ !/F#%/3% 4/ 07% 54$> 45 0$12%304$!%&) =7% &%6%30!4/ 45 07% >4&0 %/%$"%0!3 %6%30$4/&

<1& .%$54$>%9 10 07% >4>%/0 45 0!>% T = 2000 45 61&%$ .%$!49&) G66 344$9!/10%& 1$%
"!A%/ !/ 61&%$ <1A%6%/"07&) D/  !"#$%& '()*(+,'()*-+ 07% 64310!4/ 45 07% 1H!& 45 07% 61&%$

.#6&% .$4.1"10!4/ 34$$%&.4/9& 04 07% .4!/0 (y = 44, z = 44))
 !"#$%& '()*I+,'()*J+ $%.$%&%/0 0$12%304$!%& 45 &1>% %6%30$4/& !/ 07$%% 9!>%/&!4/&)

=7%  !"#$% '()*I+ 34$$%&.4/9& 04 07% ;13? .1$0 45 07% %6%30$4/ ;#/37) =7%  !"#$% '()*J+

34$$%&.4/9& 04 07% 5$4/0 .1$0 45 07% %6%30$4/ ;#/37) K1$0!36%& 5$4> 07% 5$4/0 .1$0 45 07%

%6%30$4/ ;#/37 71A% %/%$"!%& 1;4A% 150MeV 9#$!/" 64/"%$ 0!>% .%$!49 !/ 07% 34>.1$!&4/

<!07 %6%30$4/& 5$4> 07% ;13? .1$0) =$12%304$!%& 45 %6%30$4/& <7!37 1$% &74</ 4/ 07%

 !"#$% '()*J+ 1$% >4$% #/$%"#61$6:) =7% &%6%30!4/ 45 07% >4&0 %/%$"%0!3 %6%30$4/& <1&

.%$54$>%9 10 07% >4>%/0 45 0!>% T = 2000 45 61&%$ .%$!49&) G66 344$9!/10%& 1$% "!A%/
!/ 61&%$ <1A%6%/"07&) L/  !"#$%& 07% 1H!& !/ 07% >!996% 45 &!>#610!4/ 1$%1 64310%9 10

A16#%& 45 .%$.%/9!3#61$ 344$9!/10%& (x, 44, 44))

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

=7%  !"#$% '()*M+ $%.$%&%/0& 07% .!30#$% 45 07% 31.0#$% 45 %6%30$4/& <7!37 !& 1/164"4#&

04 07%  !"#$% '()N(+) =7% 9!O%$%/3% !& 4/6: !/ 07% ?!/9 45 .461$!B10!4/@ 07%  !"#$% '()*M+

34$$%&.4/9& 04 07% 3!$3#61$ .461$!B10!4/ 45 07% 61&%$ .#6&%) D/ 07%  !"#$% 1$% &74</ 4/6:

074&% %6%30$4/& <7!37 <%$% .$%&%/0%9 10 07% >4>%/0 45 0!>% T = 2000 <!07 07% %/%$":
1;4A% 150MeV ) =7% 1$%1 45 31.0#$% 45 %6%30$4/& 71& "$%10%$ .%$.%/9!3#61$ &!B%& !/ 07%
34$$%&.4/9%/3% <!07 !/3$%1&%9 &!B%& 45 07% ;#;;6%) D0 !& &%%/ 5$4> 07%  !"#$% 0710 07%

1$%1 45 31.0#$% 71& 3:6!9$!316 54$>) D/ 07% 34$$%&.4/9%/3% <!07 1/16:0!316 9%&3$!.0!4/

07% 31.0#$% 45 %6%30$4/& 433#$& !/ 07% 1$%1 45 %6%30$4/& &7%107 45 07% ;#;;6%) =7% .$43%&&

45 31.0#$% 71& ;%%/ &04.%9 9#$!/" ∼ 400 45 61&%$ <1A%6%/"07& 5$4> x ≃ 1300 45 61&%$
<1A%6%/"07& 0!66 x ≃ 1700 45 61&%$ <1A%6%/"07&) =7% .$43%&& 45 31.0#$% 433#$& 4/6: <!07
07% 34/9!0!4/ <7!37 <% 31/ &%% !/ 07% "$1.7!316 .1$0 45 07% /#>%$!316 &!>#610!4/ 45

07% 61&%$ .#6&% .$4.1"10!4/) =7% 31.0#$% 45 %6%30$4/& 433#$& #/0!6 07% 9%/&% %6%30$4/

;#/37 !& /40 64310%9 9!$%306: !/ 5$4/0 45 <1A%;$%1?!/" 1$%1) L/6: <!07 07% 1$%1 45 5$%%

&.13% ;%0<%%/ 07% <1A%;$%1?!/" 1$%1 1/9 07% ;13? 45 07% %6%30$4/ ;#/37 07% .$43%&& 45

31.0#$% 01?%& .613%)

 !"#$%& '()*P+,'()(Q+ $%.$%&%/0 07% 9!&0$!;#0!4/ 45 07% "1>>1,51304$ 45 31.0#$%9 %6%3,

0$4/& !/ 07% 9%.%/9%/3% 5$4> 07% x0,344$9!/10% 45 31.0#$% 10 07$%% 9!O%$%/0 >4>%/0&

45 0!>%) =7%&%  !"#$%& 34$$%&.4/9 04 0!>%& T = 1000@ T = 1500@ T = 2000 45 61&%$

.%$!49&)  $4>  !"#$%& <% 31/ 34/36#9% 0710 07% 31.0#$% 1/9 133%6%$10!4/ 45 %6%30$4/&

433#$ #/$%"#61$6:)

J(



 !"#$% &'(&) *$+,%-./$!%0 /1 0/2% /1 .3% 2/0. %4%$"%.!- %5%-.$/40 1$/2 .3% 6+-7 8+$. /1

.3% %5%-.$/4 6#4-3'

9:



 !"#$% &'()* +$,-%./0$!%1 02 103% 02 /4% 301/ %5%$"%/!. %6%./$051 2$03 /4% 2$05/ 7,$/ 02

/4% %6%./$05 8#5.4'

9:



 !"#$% &'()* +$,-%./0$!%1 02 103% 02 /4% 301/ %5%$"%/!. %6%./$051 2$03 /4% 7,.8 9,$/ 02

/4% %6%./$05 7#5.4'

::



 !"#$% &'()* +$,-%./0$!%1 02 103% 02 /4% 301/ %5%$"%/!. %6%./$051 2$03 /4% 2$05/ 7,$/ 02

/4% %6%./$05 8#5.4'

)9



 !"#$% &'()* +,% -!./$!0#/!12 13 !2!/!45 61.!/!12. 13 477%5%$4/%- %5%7/$12.' +,% X849!. !.

/,% -!$%7/!12 13 /,% 54.%$ 6$164"4/!12' :%$1. 13 6%$6%2-!7#54$ 711$-!24/%. 71$$%.612-.

/1 /,% 49!. 13 /,% 54.%$ 6#5.% 6$164"4/!12; /,% <!--5% 13 /,% .!<#54/!12 4$%4' =2 /,%

 !"#$% 4$% .,1>2 455 %5%7/$12. >,!7, >%$% 6$%.%2/%- 4/ /,% <1<%2/ 13 /!<% T = 2000
>!/, /,% %2%$"? 401@% 150MeV ' +,% 74.% 13 /,% 7!$7#54$ 6154$!A4/!12'

BC



 !"#$% &'()* +,% -!./$!0#/!12 13 /,% "45546347/1$ 13 %8%7/$12. !2 /,% -%9%2-%27% 3$15

/,% x06711$-!24/% 13 /,% 749/#$%' :28; /,1.% 94$/!78%. <%$% !278#-%- <,!7, ,4=% /,%

%2%$"; 401=% 150MeV ' +,% -!./$!0#/!12 <4. /4>%2 4/ /,% 515%2/ 13 /!5% T = 1000 13
84.%$ 9%$!1-.' +,% 74.% 13 /,% 7!$7#84$ 9184$!?4/!12'

+,% 3$12/ 13 -!./$!0#/!12 .,1<2 12 /,%  !"#$% @&'()A $%9$%.%2/. /,4/ /,% 749/#$%

,4. 0%"#2 4/ x0 ∼ 600 13 84.%$ <4=%8%2"/,.B 3#$/,%$ ,4. ./19%- 4/ x0 ∼ 720 13 84.%$

<4=%8%2"/,. 42- 3#$/,%$ ,4. $%./4$/%- 4/ x0 ∼ 820 13 84.%$ <4=%8%2"/,.'

+1 /,% 515%2/ 13 /!5% T = 1500 13 84.%$ 9%$!1-.@  !"#$% @&'(CAA /,% 9!7/#$% ,4.

7,42"%-' +,% 9$17%.. <,!7, ,4. $%./4$/%- 4/ x0 ∼ 820 13 84.%$ <4=%8%2"/,. ,4. 0%%2
$%-#7!2" !2/%2.!/; /!88 x0 ∼ 900 13 84.%$ <4=%8%2"/,. 42- 3#$/,%$ ,4. 0%"#2 !27$%4.!2"
!2/%2.!/; 4"4!2B #2/!88 x0 ∼ 1000 13 84.%$ <4=%8%2"/,.' D/ /,% 515%2/ 13 /!5% T = 2000
13 84.%$ 9%$!1-.@  !"#$% @&'&EAA /,% -!./$!0#/!12 .,1<. /,4/ /,% 749/#$% 13 %8%7/$12. ,4.

./19%- 4/ x0 ∼ 1380 13 84.%$ <4=%8%2"/,. 42- ,4. ./4$/%- 4"4!2 4/ x0 ∼ 1720 13 84.%$
<4=%8%2"/,.' +,!. -;245!7 13 /,% 749/#$% 13 %8%7/$12. 71$$%.912-. /1 /,% !231$54/!12

3$15 /,% "$49,!748 94$/ 13 .!5#84/!12'

+,%  !"#$% @&'FGA $%9$%.%2/. -!./$!0#/!12 13 7#$$%2/ x6711$-!24/%. 13 %8%7/$12. !2
-%9%2-%27% 3$15 x06711$-!24/% 13 749/#$% 4/ /,% 515%2/ 13 /!5% Time = 2000'

HC



 !"#$% &'()* +,% -!./$!0#/!12 13 /,% "45546347/1$ 13 %8%7/$12. !2 /,% -%9%2-%27% 3$15

/,% x06711$-!24/% 13 /,% 749/#$%' :28; /,1.% 94$/!78%. <%$% !278#-%- <,!7, ,4=% /,%

%2%$"; 401=% 150MeV ' +,% -!./$!0#/!12 <4. /4>%2 4/ /,% 515%2/ 13 /!5% T = 1500 13
84.%$ 9%$!1-.' +,% 74.% 13 /,% 7!$7#84$ 9184$!?4/!12'

@A



 !"#$% &'&() *+% ,!-.$!/#.!01 02 .+% "34435236.0$ 02 %7%6.$01- !1 .+% ,%8%1,%16% 2$04

.+% x05600$,!13.% 02 .+% 638.#$%' 917: .+0-% 83$.!67%- ;%$% !167#,%, ;+!6+ +3<% .+%

%1%$": 3/0<% 150MeV ' *+% ,!-.$!/#.!01 ;3- .3=%1 3. .+% 404%1. 02 .!4% T = 2000 02
73-%$ 8%$!0,-' *+% 63-% 02 .+% 6!$6#73$ 8073$!>3.!01'

?@



 !"#$% &'&() *+% ,!-.$!/#.!01 02 3#$$%1. x4300$"!15.% 02 %6%3.$01- !1 .+% /#//6% !1 ,%4
7%1,%13% 2$08 300$,!15.% 02 357.#$%' *+% ,5.5 9%$% .5:%1 5. 7+5-% T = 2000'

;. !- -%%1 2$08 .+%  !"#$% .+5. 85<0$!.= 02 75$.!36%- !- 6035.%, !1 5$%5 9+!3+ 351 /%

577$0>!85.%, /= 01% 6!1%' ? 6!1% ,%-3$!/%- ,%@1%, $%65.!01 /%.9%%1 300$,!15.%- 51,

.+% 70!1. 02 357.#$% 02 5 75$.!36%' *+% %6%3.$01- 9+!3+ 9%$% 357.#$%, 5. 80$% %5$6=

.!8%- +5A% "$%5.%$ 3#$$%1. 300$,!15.%' *+%$%20$% .+% 75$.!36%- !1-!,% .+% %6%3.$01 /#13+

5$% 80A!1" 2$08 /53: 75$. .0 .+% 2$01. 75$.' *+% A%603!.= 02 80A!1" !1-!,% %6%3.$01

/#13+ !- ,%.%$8!1%, /= .+% -607% 02 .+% 577$0>!85.!01 6!1%' ?6-0 2$08 .+%  !"#$% 9%

351 30136#,% .+5. /= .+% 808%1. 02 .!8% T = 2000 .+% 85<0$!.= 02 %6%3.$01- 9+!3+ 5$%
7$%-%1.%, !1 .+% %6%3.$01 /#13+ 95- 357.#$%, !1 5$%5 02 x45>!- 1200−1500 95A%6%1".+-'
*+% %6%3.$01 /#13+ +5A% 577$0>!85.%6= -!B% 15 95A%6%1".+- 01 x45>!- 9+5. 301@$8- .+%
"$57+!356 !120$85.!01 2$08  !"#$% C&'DE'

*+%  !"#$% C&'&FE $%7$%-%1.- .+% ,%7%1,%13% 02 .+% 1#8/%$ 02 357.#$%, %6%3.$01-

2$08 6035.!01 02 357.#$% 70!1. 5. .+$%% ,!G%$%1. 808%1.- 02 .!8%' H%-06#.!01 5601" x4
5>!- !- +562 65-%$ 95A%6%1".+' *+% 1#8/%$- -+091 01 "$57+- 5$% I#51.!.!%- 02 %6%3.$01-

9+!3+ 9%$% 357.#$%, !1 01%495A%6%1".+ 5$%5 5601" x 5$0#1, .+% 30$$%-701,!1" x4A56#%'
J0. 30876%.% -!8!65$!.= 02 .+% 20$8 3$0-- 5$%5 02 .+% "$57+!3- %>765!1%, /= 60-- 02 .+%

%1%$"= 02 75$.!36% 9!.+ .!8%' ;. 8%51- 20$ %53+ .!8% -+091 01 .+%  !"#$% 016= +!"+

DF



 !"#$% &'&() *+% ,!-.$!/#.!01 02 .+% 1#3/%$ 02 456.#$%, %7%4.$01- !1 ,%6%1,%14% 2$03

.+% x8400$,!15.% 02 .+% 456.#$%' 9!-.$!/#.!01 -+0:1 5. .+$%% ,!;%$%1. 303%1.- 02 .!3%)
T = 1000 02 75-%$ 6%$!0, </7#%=> T = 1500 02 75-%$ 6%$!01, <"$%%1= 51, T = 2000 02

75-%$ 6%$!0, <$%,=' *+% 75-%$ 6#7-% +5?% 4!$4#75$ 6075$!@5.!01'  0$ %54+ 303%1. 02 .!3%

:%$% .5A%1 017B .+0-% 65$.!47%- :+!4+ +5, .+% %1%$"B "$%5.%$ 150MeV 5. 40$$%-601,!1"

303%1. 02 .!3%'

%1%$"%.!4< ≥ 150MeV = %7%4.$01- 5$% 6$%-%1.%,'

C&



 !



 !"#$%& '

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

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

 !" #$ %&'() &)*&+,"- (+ #." /"+"%&#($+ $0 0"1#$-",$+) 2&-"% '!2-"- 34567 #." -#!)8 $0

#."(% -'&#($#"1'$%&2 9".&*($% $+ '%$'&/&#($+ (+ 0%"" -'&," 34:6;34<6 &+) '2&-1& .&- 9";

,$1" & -!9=",# $0 (+#"%"-#> ?# (- +$*&)&8- @"22 "-#&92(-.") 34A67 34B6 #.&# #." '%$'&/&#($+

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

'!2-"-7 9!# #." -'&#(&2 &+) #"1'$%&2 ,.&%&,#"%(-#(,- (+#"%&,# @(#. "&,. $#."% )!%(+/

'%$'&/&#($+> ?+ 0%"" -'&,"7 -'&#($#"1'$%&2 ,$!'2(+/- -!,. &- '!2-" #(1" )"2&87 '!2-"

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

-"*"%&2 '&'"%- 0$% )(D"%"+# (+(#(&2 ,$+)(#($+->

?+ #.(- ,.&'#"% @" E+) & '!2-") F&!--(&+ 9"&1 !-(+/ #." -&))2";'$(+# 1"#.$) &+)

-$1" -(1'2" '.8-(,&2 ,$+-()"%&#($+- &+) -.$@ #." %"-!2#- $0 %"&2(G&#($+ $0 )"-,%(9")

1"#.$) (+ #." HIJIK J?L;,$)"> M" ,$+-()"% ,$+-#%!,#($+ $0 #." "2",#%$1&/+"#(,

E"2) &+) #." '%$'&/&#($+ $0 '!2-") F&!--(&+ 9"&1 (+ 0%"" -'&," &+) (+ '%$'&/&#($+

'2&-1&> N!1"%(,&2 -(1!2&#($+- $0 '!2-") F&!--(&+ 9"&1 (+ #." '2&-1& @(#. )(D"%"+#

(+(#(&2 ,$+)(#($+- &%" -.$@+>

 !, -$./0%+* (12*&+3%+'$

M" -#&%# @(#. #." *",#$%;'$#"+#(&2 (+ #." 0$%1 $0 #." (+#"/%&2O

a(t, r) =

∫

exp(−iω0t + ikr) · δ(kx −
√

ω2
0 − k2

y − k2
z) · f(ky, kz)dkxdkydkz , PQ>5R

@."%" #." E%-# 1!2#('28"% !+)"% -(/.+ $0 (+#"/%&2 ,$%%"-'$+)- #$ #." -#&+)&%) @&*"

)"-,%('#($+7 #." -",$+) 1!2#('28"% 1"&+- #.&# #." )(-'"%-($+ %"2&#($+ 1!-# 9" -&#(-E")7

&+) #." #.(%) 1!2#('28"% )"-,%(9"- #." '%$E2" $0 '!2-"S ω0 > 0> T$ 9" -'",(E, #." '!2-"7
@" #&U" '%$E2" #$ 9" F&!--(&+O

f(ky, kz) = exp(−σ2(k2
y + k2

z)/2), ω0σ ≫ 1 . PQ>:R

 !



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

a(t, r) = exp(iω0t + iω0x)

∫

exp

(

−i
k2

y + k2
z

2ω0

+ ikyy + ikzz −
σ2(k2

y + k2
z)

2

)

dkzdky .

()*/,

01! $&%!'#-2 ()*/, $. 3-4..$-&* 5% $. 6&7"& %1-% %1! 8-24!. 79 3-4..$-& $&%!'#-2. :-&

;! <#!.!&%!= -. %1! 8-24! 79 %1! $&%!'#-&= -% - .%-%$7&-#> <7$&% 79 %1! !?<7&!&%$-2

@42%$<2$!= ;> - 9-:%7# =!<!&=$&' 7& %1! =!%!#@$&-&% 79 %1! @-%#$? :7&.%#4:%!= 9#7@ %1!

.!:7&= =!#$8-%$8!. 79 %1! !?<7&!&%$-2*

5& 7#=!# %7 A&= %1! .%-%$7&-#> <7$&% 79 %1! !?<7&!&%$-2 "! "#$%!

∂kz
S = ∂ky

S = 0 , ()*),

"1!#!

S = −i
k2

y + k2
z

2ω0

x + ikyy + ikzz −
σ2(k2

y + k2
z)

2
. ()*B,

01! :-2:42-%$7& 79 ()*/, '$8!.

a(t, r) = const · ω0

ix + ω0σ2
exp

(

−iω0t + iω0x − ω0r
2

2(ix + ω0σ2)

)

, ()*C,

"1!#! r2 = y2 + z2
* 01! &4@!#-%7# $& DE* ()*C, =!.:#$;!. %1! <#7<-'-%$7& 79 %1! "-8!

9#7&%.* 01! =!&7@$&-%7# $. #!.<7&.$;2! 97# :1-&'! %1! -@<2$%4=!*

F!% 4. :7&.%#4:% %1! 3-4..$-& "-8! <-:6!% $& "1$:1 %1! -@<2$%4=! 79 !-:1 1-#@7&$:

$. <#7<7#%$7&-2 %7

exp

(

−1

2

(

ω0 − Ω

∆Ω

)2
)

, ()*G,

"1!#! ∆Ω ∼ 1/τ H τ $. %1! <42.! =4#-%$7&* 01$. @!-&. %1-% %1! $&%!'#-2

J =

∫

exp

(

−1

2

(

ω0 − Ω

∆Ω

)2
)

· Adω0 . ()*I,

@4.% ;! :-2:42-%!=*

J7%$:! %1-% %1! 8-24! 79 σ(ω0) $& DE* ()*C, :-& =!<!&= 7& ω0* K! :177.! Z =
ω0σ

2(ω0) = const 97# -22 ω0 $& 7#=!# %7 .$@<2$9> :-2:42-%$7&.* 01$. :17$:! @!-&. %1-%

%1!  ->2!$'1 2!&'%1 $. %1! .-@! 97# -22 9#!E4!&:!.*

L7# %1$. <-#%$:42-# :17$:! 79 σ(ω0) "! #!-=

A = i
1

ix + Z

∂

∂t

∫

exp

(

−1

2

(

ω0 − Ω

∆Ω

)2
)

exp

(

−iω0t + iω0x − ω0r
2

2(ix + Z)

)

dω0 .

()*M,

01! %$@! =!#$8-%$8! $& 9#7&% 79 %1! $&%!'#-2 $& DE* ()*M, $. $&%#7=4:!= $& 7#=!# %7 !?:24=!

%1! 9-:%7# ω0 $& DE* ()*C,* 01$. $. &!:!..-#> $& 7#=!# %7 :7&8!#% %1! $&%!'#-&= 79 ()*M,

GC



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

A = const · Ω−i∆Ω2(t−x)−∆Ω2r2/(2(ix+Z))
ix+Z

exp
(

−iΩt + iΩx − Ωr2

2(ix+Z)

)

exp

(

0.5
(

i∆Ω(t − x) + ∆Ωr2

2(ix+Z)

)2
)

.

12,894

:#" ;( "<$"  ! "<( $*($ 5<(*( "<( =&+'( <$' $ ' )! 6;$!" $.=+ "&7( "<( ;#**(;" #!

i∆Ω2(t − x) + ∆Ω2r2/(2(ix + Z)) = O(∆Ω/Ω)Ω 12,884

 ' !#" >(*? '.$++ @#* '<#*" +$'(* =&+'(' $!7 '<#&+7 A( "$B(!  !"# $;;#&!",

/0, 12,894  ' !#" >$+ 7 @#* +$*)( y, C! @$;"  "  ' >$+ 7 #!+?  ! $*($

|y| <
√

2

√

1 +
x2

Ω2σ4

Ω

∆Ω
σ .  !"#$%

&'() *+),*(-,(./ *+)01,) 2*.3 ,'+ 24-, ,'4, 56  !"7% () /., 841(9 2.* ω0 ∝ 1/σ" :.;+8+*

,'() 2*+60+/-< 9.34(/ () =*+)+/, (/ ,'+ )=+-,*03 >(8+/ ?< 56"  !"@%" &'+ ;48+) (/ ,'()

2*+60+/-< 4*+4 4*+ 8+*< )3411" A) 4 *+)01,B 56"  !"#C% () 841(9 0/1+)) A () 8+*< )3411"

D(/-+ ,'+ E+19 9+-4<) 8+*< 24), 4) ./+ >.+) ,. 14*>+ yB ,'() 4*+4 .2 8+*< )3411 E+19) ()

/., 24* 4;4< 2*.3 ,'+ 4F()"

G)(/> ,'+ H/.;/ =+*=+/9(-014* -.3=./+/,) .2 8+-,.*I=.,+/,(41 ;+ E/9 ,'+ 1./>(,0I

9(41 =4*," J.* ,'+ 8+-,.*I=.,+/,(41

~A(~r, t) = Ax~ex + Ay~ey + Az~ez ;+ 9+34/9

div~A = 0 ,  !"#7%

*+;*(,(/>  !"#7%

∂xAx + ∂yAy + ∂zAz = 0 .  !"#!%

;+ '48+

Ax = −
∫

∂Ay

∂y
dx +

∫

∂Az

∂z
dx .  !"#K%

L+*=+/9(-014* =4*,) -4/ ?+ ;*(,,+/ (/ 2.*3

Ay = Az = eiωx · F ,  !"#M%

;'+*+

F = const · Ω−i∆Ω2(t−x)−∆Ω2r2/(2(ix+Z))
ix+Z

exp
(

−iΩt − Ωr2

2(ix+Z)

)

exp

(

0.5
(

i∆Ω(t − x) + ∆Ωr2

2(ix+Z)

)2
)

.

 !"#@%

N/ .*9+* ,. )(3=1(2< -41-014,(./) ;+ 4))03+ ,'4,

Ax = −
∫

eiωxdx · ∂F

∂y
+

∫

eiωxdx · ∂F

∂z
,  !"#O%

@@



 !"#$%! &'() eiωx
*+,!% -.! (#/*!%- +01#"- +' -.! */&2-. &3 3$'"-+&'% Ay #'4 Az5

6$/-.!/ 2! .#,! -& "&'%+4!/ -.! +'7$!'"! &3 -.! 1&(#/+8#-+&' 3#"-&/ #'4 &3 /!(#-+,!

1.#%!  !-2!!' -.! 9!(4%5 :.! 1&(#/+8#-+&' 3#"-&/ #11!#/% +' !#". 1!/1!'4+"$(#/ ,!"-&/;

1&-!'-+#( (+<! $%$#( 0$(-+1(+!/5 :.! 1.#%! 9!(4% #11!#/% (+<! #' #44+-+&'#( +-!0 +' -.!

#/*$0!'- +' !=1&'!'-+#( 3$'"-+&'5 6+'#(() 2! "#' 2/+-!

Az = const · Zpol
ω−i(∆ω)2(t−x)−(∆ω)2r2/(2(ix+Z))

ix+Z

exp
(

−iωt + iωx − ωr2

2(ix+Z)
+ iZphase

)

exp

(

0.5
(

i∆ω(t − x) + ∆ωr2

2(ix+Z)

)2
)

,

>?5@AB

Ay = const · Ypol
ω−i(∆ω)2(t−x)−(∆ω)2r2/(2(ix+Z))

ix+Z

exp
(

−iωt + iωx − ωr2

2(ix+Z)
+ iYphase

)

exp

(

0.5
(

i∆ω(t − x) + ∆ωr2

2(ix+Z)

)2
)

,

>?5CDB

Ax = − 1

iω
(
∂Az

∂z
+

∂Ay

∂y
) , >?5C@B

2.!/! r =
√

y2 + z2
E ω +% -.! 3/!F$!'")E ∆ω = ω/2π +% +',!/%!() 1/&1&/-+&'#( -& -.!

2#,! 1#"<!- 4$/#-+&'E σ "&//!%1&'4% -& -.! /#4+$% &3 -.! 3&"#( 2#+%- #'4 Z = ωσ2
5

G%+'* <'&2' /!(#-+&'% 3&/ !(!"-/&0#*'!-+" 9!(4

Ei = −1

c

∂Ai

∂t
, >?5CCB

B = rot~A = −

∣

∣

∣

∣

∣

∣

i j k
∂x ∂y ∂z

Ax Ay Az

∣

∣

∣

∣

∣

∣

, >?5CHB

2! "#' 2/+-!

Ex = Re{−∂Ax

∂t
} , >?5C?B

Ey = Re{−∂Ay

∂t
} , >?5CIB

Ez = Re{−∂Az

∂t
} , >?5CJB

Bx = Re{∂Az

∂y
− ∂Ay

∂z
} , >?5CKB

By = Re{−∂Az

∂x
+

∂Ax

∂z
} , >?5CLB

Bz = Re{∂Ay

∂x
− ∂Ax

∂y
} . >?5CAB

G%+'* %-#'4#/4 0#-.!0#-+"#( %&3-2#/! 2! & -#+'!4 -.! 9'#( /!%$(- 3&/ -.! 6 "&01&;

'!'-% &3 !(!"-/&0#*'!-+" 9!(45 :.! ,!/ #-+0 &3 9!(4 "&01&'!'-% -#<!% -&& 0$". 1(#"!

3&/ %.&2+'* .!/!E  $- -.!%! /!%$(-% 2!/! +'"($4!4 +' -.! MNONHP OQR;"&4! +' -.! 3&/0

&3 -.! !=1/!%%+&'% &3 9!(4%5

KL



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

 ! "#$ %&'&() ' *+,-.$ !$/ 0123341! 5$6.3 /$7$ 1..$. 1!. 8$/ 9171:$"$73 /$7$

4!,62.$. 4! "#$ 56$ /4"# 4!4"416 ,-!5;271"4-! -8 "#$ ,-:92"$7 34:261"4-!< =#$ 9171:$"$7

IsDipole = 2 3/4",#$3 "#$ 0123341! >4!. -8 "#$ 613$7 9263$< ?63- 4! "#$ ,-!5;271"4-!

56$ /$7$ 1..$. "#$ 8-66-/4!; 9171:$"$73@ FocusRadiusA FocusCenterA FocusLengthA

/#4,# ,-77$39-!. "- "#$ 71.423 -8 "#$ 8-,16 /143"A "#$ 9-34"4-! -8 "#$ 8-,23 1!. "#$

71!;$ B$"/$$! "#$ 8-,23 9-4!" 1!. "#$ 9-4!" -8 4!4"4164C1"4-! -8 0123341! 9263$< DE

9171:$"$73 Y polA Zpol /$ 3$" >4!. -8 "#$ 9-6174C1"4-! -8 613$7 9263$< =#$ 9171:$"$7

Length 43 7$39-!34B6$ 8-7 "#$ 6$!;"# -8 "#$ 9263$ 1" "#$ 8-,16 /143" /#$! "#$ >4!. -8

9263$ 43 3$" "- B$ 0123341!< ?66 ;$-:$"74, 9171:$"$73 17$ :$1327$. 4! /1F$6$!;"#3 -8

"#$ 613$7 9263$<

=#$ G4;27$ HI<JK 7$97$3$!"3 $F-62"-! -8 "#$ 9263$. 0123341! B$1: 4! "#$ !2:$74,16

34:261"4-! -8 613$7 97-91;1"4-! 4! F1,22:< G4$6.3 3#-/! 4! "#$ G4;27$ /$7$ "1>$! 1"

5F$ .4L$7$!" :-:$!"3 -8 "4:$@ T = −18A T = −6A T = 0A T = +6A T = +18< =4:$ 43

:$1327$. 4! "#$ 613$7 9$74-.3< ?" "#$ C$7-"# :-:$!" -8 "4:$ "#$ 9263$. 0123341! B$1:

43 1" "#$ 8-,16 9-4!"< M$;1"4F$ F162$3 -8 "4:$ ,-77$39-!. "- :-:$!"3 -8 "4:$ B$8-7$

"#$ 9-4!" -8 "#$ 8-,23< N1,# ,-62:! /#4,# 43 3#-/! -! "#$ G4;27$ HI<JK 7$97$3$!"3

"#7$$ .4L$7$!" 5$6.3 -8 "#$ 0123341! 9263$ 1" .$5!$. :-:$!" -8 "4:$@ EyA Bz 1!. Ex<

=#$ ,-6-7 3,16$ 8-7 "#$ 5$6.3 43 3#-/! 4! "#$ 6$8" 87-: $1,# 871:$< =#$ C$7- -8 "#$

9$79$!.4,2617 ,--7.4!1"$3 16-!; "#$ Y + 1!. "#$ Z+1O43 ,-77$39-!.3 "- "#$ 1O43 -8 "#$

97-91;1"4-! -8 9263$. 0123341! B$1:< ?66 ,--7.4!1"$3 17$ ;4F$! 4! 613$7 /1F$6$!;"#3<

PQ



 !"#$% &'() *+% ,#-.%/ 01#..!12 3%14 !2 5+% 67879: 8;<=>?/% .!4#-15!?2 !2 @$%% .,1>%'

A
B



 !"#$% &'()  !%*+ ,- .#/+%* 01#++!12 3%14 56!76 5%$% 819%2 121/:8!71//: 5!86 7,2*!;

8!,2+ T = 0, y = 0, z = 1) Ex<$%*=> Ey<3/#%=> Ez<:%//,5=> Bx<"$%%2=> By</!"68;3/#%=>

Bz<,$12"%='

?%+#/8+ ,- 86% 2#4%$!71/ +!4#/18!,2 5%$% 7,4.1$%* 5!86 86% 121/:8!71/ ,2%+' @+!2"

4186%418!71/ +,-851$% 5% 41*% "$1.6!7+ ,- A%*+ 18 *!B%$%28 7,2*!8!,2+'

C6%  !"#$% <&'(= $%.$%+%28+ 85,;*!4%2+!,21/ "$1.6 ,- 1// +!D A%/*+ ,- 86% .#/+%*

01#++!12 3%14 18 86% 4,4%28 ,- 8!4% T = 0<8!4% ,- 86% -,7#+=> 18 7,,$*!218%+

(y = 0, z = 1)<z 51+ 819%2 %E#!F1/ 8, ,2% 3: 86% $%1+,2 8618 %D178/: ,2 86% 1D!+ ,-

.$,.1"18!,2 /,2"!8#*!1/ A%/*+ 1$% F12!+6=' G2 86%  !"#$% <&'(= +6,52 86% *!B%$%27%

3%85%%2 14./!8#*%+ 12* .61+%+ ,- *!B%$%28 A%/*+'

C6%  !"#$% <&'H= $%.$%+%2$+ 86$%% -$,4 +!D A%/*+ ,- 86% .#/+%* 01#++!12 3%14<Ey, Bz, Ex=

18 86% 4,4%28+ ,- 8!4% T = −18, T = −6, T = 0, T = +6, T = +18 !2 86% (Y −Z) ./12%
56!76 !+ .%$.%2*!7#/1$ 8, 86% .$,.1"18!,2 *!$%78!,2> X;1D!+' I176 7,/#42 7,$$%+.,2*+

8, ,2% -$,4 4,4%28+ ,- 8!4%'

JK



 !"#$% &'() *+% ,#-.%/ 01#..!12 3%14 %5,$%..%/ !2 6+% 416+%416!71- .896:1$% !2 6+% (Y − Z) ,-12%'

;
<



 !" #$%&'" ()*)+ '",'"-"./- 0"12- 34 /!" ,&1-"2 56&--$6. 7"68 9!$:! 9"'" /6;".

6.61</$:611< $. /!" 43'8 9!$:! $- -$8$16' 9$/! ()*=+* #$"2- 9!$:! 6'" -!39. 3. /!"

#$%&'" ()*)+ 9"'" /6;". 6/ 838"./- 34 /$8"> T = −16, T = −6, T = 0, T = +6, T =
+18* ?." :31&8. :3''"-,3.2- /3 3." 838"./ 34 /$8"@ 9!"'" /!" 0"12- Ey, Bz 6.2 Ex

6'" -!39.*

AB



 !"#$% &'&( )*% +#,-%. /0#--!01 2%03 %4+$%--%. !1 5*% 305*%305!60, -78590$%'

:
&



 !" #$%&'" ()*+, '"-'"."/0 1"23. Ey4 Bz 5/3 Ex 50 0!" 676"/0 78 0$6" T = 0
$/ 5/5290$: 87'6 5/3 1"23. ;!$:! ;"'" 05<"/ 3$'":029 8'76 0!" 12" 78 0!" /&6"'$:52

.$6&250$7/* =0 $. .""/ 0!50 ;" !5>" %773 5%'""6"/0 ?"0;""/ 0!" '".&20 78 :76-&0"'

.$6&250$7/ 5/3 0!" 5/5290$: 87'6 78 1"23.*

@9 522 #$%&'". ;!$:! ;"'" -'"."/0"3 $/ 0!$. .":0$7/ $0 :5/ ?" :7/:2&3"3 0!50 0!" -&2."3

A5&..$5/ ?"56 $/ 0!" BCDCEF D=GH:73" !5>" %773 5::7'35/:" ;$0! 0!" 5/5290$: 87'6*

=/ 8&'0!"' $0 :5/ ?" &."3 87' 5/9 <$/3 78 0!" /&6"'$:52 .$6&250$7/. 78 0!" -'7-5%50$7/ 78

-&2."3 A5&..$5/ ?"56 5/3 $/0"'5:0$7/ 78 3".:'$?"3 25."' -&2." 09-" ;$0:! 0!" -25.65*

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

0/$),1-

I /&6?"' 78 :76-&0"' .$6&250$7/. !5. ?""/ -"'87'6"3 ;$0! 0!" :7/.0'&:0"3 -&2."3

A5&..$5/ ?"56*  !" 25."' ;5>"2"/%0! ;5. 05<"/ λ0 = 0.82µm* J" &." 5 .$6&250$7/
?7K 78 3$6"/.$7/ (60×60×60)λ >72&6" ;!50 :7''".-7/3. 07 0!" .$L" (49×49×49)µm*
 !" /&6?"' 78 %'$3-7$/0. $. 800 × 86 × 86 = 5.9 · 106

*  !" '".72&0$7/ $/ 0!" 0'5/.>"'."

3$'":0$7/ $. kp0
∆y = 0.364 0!" '".72&0$7/ $/ 27/%$0&3$/52 3$'":0$7/ $. kp0

∆x = 0.044 ;!"'"
kp0

= ωp/c4 k0/kp0
= 11.954 ωp ≡ 4πe2n0/m* J" &." 0;7 65:'7-5'0$:2". M :"22*  !"

-25.65 3"/.$09 $. n0 = 0.1 · ncrit = 1.16 · 1019
*  !" 25."' -&2." $. -&2."3 A5&..$5/ ?"564

;!$:! $. :$':&25'29 -725'$L"3 5/3 !5. 0!" 2"/%0! 50 87:&. Length = 3λ*  !" -&2."3
A5&.$5/ ?"56 !5. 0!" 87:52 ;5$.0 σ = 5 25."' -"'$73.*  !" 87:52 -7.$0$7/. ;"'" 05<"/
50 + 3$N"'"/0 3$.05/:". 8'76 0!" -25.65 8'7/0*

 !" #$%&'" ()*O, '"-'"."/0. 0!" "2":0'7/ .-":0'5 $/ :76-&0"' .$6&250$7/ ;$0! 0!"

3$N"'"/0 $/$0$52 :7/3$0$7/.*  !" -7.$0$7/ 78 0!" 87:52 ;5$.0 78 -&2."3 A5&..$5/ ?"56

;5. >5'$"3 '"250$>"29 78 0!" -25.65 ?"%$//$/%* =0 6"5/. 0!" -&2."3 A5&..$5/ ?"56

;5. 87:&."3 50 -7.$0$7/. 78 75λ, 50λ 5/3 25λ ?"87'" 0!" -25.654 5/3 50 3$.05/:". 78

25λ, 50λ 5/3 75λ $/.$3" 0!" -25.65 5/3 "K5:029 50 0!" ?7'3"' 78 0!" -25.65* P.$/% 0!"
-7.0-'7:"..$/% ;" 7?05$/"3 "2":0'7/. .-":0'5 87' "5:! /&6"'$:52 .$6&250$7/* Q".72&0$7/

527/% 0!"xH5K$. $. 2MeV 4 #$%&'" ()*O,*
J" :5/ :7/:2&3" 0!50 0!" .-":0'5 78 "2":0'7/. !5. $/.$%/$1:5/0 3"-"/3"/:" 8'76 0!"

-7.$0$7/ 78 0!" 87:52 ;5$.0 78 0!" 25."' -&2." '"250$>"29 78 0!" -25.65 ?7&/35'9* =/ 522

0!" :5.". 0!" .-":0'5 !5>" -"5< 5'7&/3 70MeV *  !" 3"-"/3"/:" 8'76 0!" -7.$0$7/

78 0!" 87:52 ;5$.0 7::&'. 7/29 $/ .6522 -5'0 78 "2":0'7/. ;!$:! !5. "/"'%$". $/ '5/%"

(140 − 200)MeV *

R+



 !"#$% &'()  !%*+, Ex, Ey, Bz -. /0% 1#*,%+ 23#,,!34 5%36 3/ /0% 6-6%4/ -. /!6% T = 0'
70% ,-*!+ *!4% ,0-8, /0% 9%*+ 80!:0 83, /3;%4 343*</!:3**<' =-!4/, :-$$%,1-4+ /- >3*#%,

-. /0% 9%*+ 80!:0 8%$% /3;%4 $%,#*/, -. :-61#/%$ ,!6#*3/!-4'

?@



 !"#$% &'() *+% ,-%./$0 12 %3%./$14, !4 /+% 5%-%45%4.% 12 /+% -1,!/!14 12 21.03 60!,/

$%30/!7%38 12 /+% -30,90 :1#450$8'

;<



  



 !"#$%& '

 ()*+,-.()-

 ! "#!$%&'(#! )* +,-* '.&/(*/ (! /*.,(%' .+* *%*$.0#! .0,11(!2 ,!/ ,$$*%*0,.(#! (!'(/*

.+* *%*$.0#! 3&!$+ (! .+* 3&33%* 0*2(4* #5 .+* %,'*061%,'4, (!.*0,$.(#!7 8*$,&'* #5 .+*

$#41%*9 !,.&0* #5 .+* &%.0,60*%,.(-('.($ %,'*061%,'4, (!.*0,$.(#!': #&0 ,!,%;'(' $#!.,(!' ,

1+*!#4*!#%#2($,% 1,0.7 <* )*0* ,3%* .# .0,$* .0,=*$.#0(*' #5 '(!2%* *%*$.0#!' (!'(/* /*!'*

*%*$.0#! 3&!$+ )+($+ (' 2*!*0,.*/ (! .+* .+* >3&33%*> 0*2(4*7 ",%$&%,.*/ .0,=*$.#0(*'

,0* (! , 2##/ ,20**4*!. )(.+ .+* .+*#0*.($,%%; 10*/($.*/ #!*'7 ?.,.('.($,% /('.0(3&.(#!' #5

1,0.($%*' (! .+* *%*$.0#! 3&!$+ ,0* /*.*04(!*/ 3; .+* *!*02; ,!/ .+* 1#%,0(@,.(#! #5 .+*

%,'*0 1&%'*7 <* +,-* 10#-(/*/ .+* *'.(4,.(#! #5 10#1*0.(*' #5 .+* *%*$.0#!' ,$$*%*0,.(#!

#! .+* 20#&!/' #5 '.,.('.($,% $#!'(/*0,.(#! #5 .+* 20#&1' #5 1,0.($%*' (! /(A*0*!. ,0*,' #5

.+* 3&33%*7 B%*$.0#!' (! .+* 2*!*0,.*/ /*!'* *%*$.0#! 3&!$+ (! C " '(4&%,.(#!' 2,(!'

.+* *!*02; &1 .# 450MeV )(.+ .+* -,%&* #5 ,$$*%*0,.(#! *'.(4,.*/ ,' ∼ 1MeV/λ7

D'(!2 C " '(4&%,.(#!' )* +,-* /*4#!'.0,.*/ (4,2*' #5 *%*$.0#! .0,=*$.#0(*' (!'(/*

.+* /*!'* *%*$.0#! 3&!$+7 E+* *%*$.0#! .0,=*$.#0(*' +,-* .+* 5#04 #5 , +*%(9 ,0#&!/ .+*

,9(' #5 %,'*0 1&%'* 10#1,2,.(#!7 E+* *!*02; #5 *%*$.0#!' *9$**/' .+* %*-*% #5 150MeV
/&0(!2 .+* .(4* !#. %*'' .+,! 500 %,'*0 1*0(#/'7 <* +,-* 10*'*!.*/ .+* /;!,4($' #5 .+*

*%*$.0#! '1*$.0, ,!/ +,-* /*'$0(3*/ .+* 10#$*'' #5 *%*$.0#! $,1.&0*' (!.# .+* 2*!*0,.*/

*%*$.0#! 3&!$+ '.0&$.&0*7 F! .+* 20#&!/' #5 .+* 1*05#04*/ 20#&1 #5 !&4*0($,% C "

'(4&%,.(#!' )* +,-* $#!$%&/*/ .+,. .+* *%*$.0#!' ,$$*%*0,.(#! #$$&0' &!0*2&%,0%;7

E+* !*) ,!,%;.($ 4#/*% 5#0 ,! &%.0,6'+#0. %,'*0 3*,4 +,' 3**! /*-*%#1*/7 <*

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

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

.+* ,%2#0(.+4 #5 .+* 1&%'*/ G,&''(,! 3*,4 $#!'.0&$.(#!7 <* +,-* $#41,0*/ .+* 1&%'*/

G,&''(,! 3*,4 (! .+* $#41&.*0 '(4&%,.(#! )(.+ .+* ,!,%;.($ 5#04 ,!/ #3.,(!*/ 2##/

,20**4*!. 3*.)**! .+* 5#04 ,!/ ,41%(.&/*' #5 ,%% $#41#!*!. H*%/' #5 .+* 3*,4 (!

.+* 3#.+ $,'*'7 <* +,-* 1*05#04*/ , '*. #5 C " '(4&%,.(#!' &'(!2 !*) 1&%'*/ G,&''(,!
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=
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√
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