
b1

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

MHD Workshop
Princeton Plasma Physics Laboratory

Princeton, NJ
6!8 November 2006

R. Betti
University of Rochester
Laboratory for Laser Energetics



Slide 1

b1 betti, 11/1/2006



1+2234+53%+5*

!" $%

6#"7$5*"%8'+)'9+&:$*%$5

&'(')*+'( ,'(-./'0
;5"#&$%+#';23*/3';:8*"&*'<34+53%+58



1234567

= >:$'2+?@)5$AB$#&8'$#$5C8'D5"#&"D2$

= >:$'2+?@)5$AB$#&8'$#$5C8'D5"#&"D2$'3DD2"&3%"+#'%+',-.'/+0$*

= >:$'AB32"%3%"7$'D"&%B5$'+)'9E,'"#%$53&%"+#'?"%:'%53DD$0'D35%"&2$*

= >:$';(F>'G"#$%"&'D+*%D5+&$**+5

H+5'G"#$%"&'3#328*"*'+)'9E,I'*$$
-B 3#0'9J'K$%%"I';:8*J'9$7J'<$%%J'LMNNOP
KJ-BI'9J'K$%%"'3#0'QJ',3#"&G3/I';:8*J';23*/3*'LMNNRP



3+8 /-(89-. ."(9)-:%9-"(; 9" 9+8 0'.)";."<-.
<=';0' ;9':-=-9> -; -(.=%*8* -( 9+8 /-(89-. 8(8)?> <)-(.-<=8.

M
MHD MHD KK W W W! " " "# # $

% &' (S
||KW dV P P P

M
" " ) * " *+ + +# , , - $ . -/"

% & % &M MS SP m" "# $/ /M M, ||, ||,C C C C�

! !
trapped circulating

d f m d f"+ + +

!"#$%"&'$))$&%*')5+/'*+2B%"+#'+)'
05")%@G"#$%"&'$AB3%"+#



5( 0";9 .';8;, 9+8 /-(89-. ."(9)-:%9-"( -; 9)8'98* '; '
<8)9%):'9-"( "D 9+8 D=%-* "(8. 
5*8'= ,$E >-8=*; 9+8 0"*8 ;9)%.9%)8

M F( , )real MHDW! " * *#

M F F F( , ) ( , ) ( , )MHD MHD KK W W! * * " * * " * *# $

N ( ,MHDW

I7;
5(98)('=
J-(/

F )" * *#

K-(* *,$E

5)

*,$E

K-(* !)8'=,  *,$E
L=1

;$5%B543%"+#'3#328*"*'0+$*'#+%'3DD28'%+'%:$'(;,



5( 9+8 <8)9%):'9-C8 '('=>;-;, 9+8 /-(89-. ."(9)-:%9-"( -;
.'=.%='98* %;-(? * T*,$E '(* %;8* 9" *898)0-(8 9+8 ?)"O9+ )'98

M F F F( , ) ( , ) ( , )MHD MHD KK W W! * * " * * " * *# $

M ( , F F) [ ( ,K )]real MHDK W! 0 * * " * *# 1 H"#0'0

"#%$5#32'G"#G

U(*

H"#0'!5 3#0'0

0>0, !) 2!E

VH"*:4+#$W 453#&:

0>0, !) 2 0
V,-.W 453#&:



3+8 -0'?-(')> <')9 "D "TJ -; *898)0-(8* :> 9+8 0"*8
)8;"('(.8 O-9+ 9+8 <')9-.=8 0"9-"(

X

E B
doppler D

thL
D

vr
a R

! !

!

3 #

X

E B
doppler bounce

th
bounce

va
R R

! !

!

3 # "

X

E B
doppler transit

th
transit

v
R

! !

!

3 #

E B
doppler E B! ! !3

34 ,

= U8;"('(.8; D") ="O D)8L%8(.> 0"*8; !)<<5.-,8

<< <

9$*+#3#&$'?"%:
4+B#&$')5$AB$#&8
+)'%53DD$0'D35%"&2$*

9$*+#3#&$'?"%:
D5$&$**"+#'05")%
+)'43#3#3'+54"%*
+)'%53DD$0'D35%"&2$*

9$*+#3#&$'?"%:
%53#*"%')5$AB$#&8
+)'&"5&B23%"#C'D35%"&2$*



3+8 <)8.8;;-"( *)-D9 D)8L%8(.> -; 9+8 ;="O8;9 D)8L%8(.>.
59 <)"C-*8; '( 8DD-.-8(9 )8;"('(.8 D") C8)> ="O D)8L%8(.> 0"*8;

!!
!

D!

;5$&$**"+#'/+%"+#'
+)'%:$'%53DD$0'D35%"&2$
43#3#3'+54"%*

6

W)8.8;;-"( ") 0'?(89-. *)-D9
D)8L%8(.>

7 8. K! T Y Yk )+ .- $



7C8( ' X8)" D)8L%8(.> 0"*8 ;%.+ '; 9+8 (=1 UT, .'(
)8;"('98 O-9+ 9+8 <)8.8;;-"( *)-D9 D)8L%8(.> -( ;="O
)"9'9-(? <=';0'; '(* O-9+ :"%(.8/9)'(;-9 D)8L%8(.-8;
-( D';9 )"9'9-(? <=';0';

Z+#')+5&$'4323#&$'$AB3%"+#
[E B rot i! !3 # 5 ,I IE B D b t! ! ! ! !3, #

9$*+#3#&$'&+#0"%"+#

[ I Irot i D b t! ! ! ! !,5 $ #
9$*+#3#&$'&+#0"%"+#

H+5'55+%\\'!["\'!.

Irot b t! !,5 #
H+5'55+%X'!["

[rot i D! !,5 $ #
9$*+#3#&$'"#'*2+?'D23*/3*9$*+#3#&$'"#')3*%'D23*/3*



M []^ _ X N
trap

K bounce
D

W dV d !" 9 : ) *
!;

< ; - =/ /

J-(89-. 8DD8.9; ')8 ("9 )8;9)-.98* 9" O'C8Z<')9-.=8 -(98)'.9-"(.
3)'<<8* <')9-.=8; O-9+ ' D';9 <)8.8;;-"( C8=".-9> '*-':'9-.'==> 
."(;8)C8 9+8 0'?(89-. D=%[ 8(.=";8* :> 9+8 <)8.8;;-"( 0"9-"(.
3+8-) 8DD8.9 -; ;9':-=-X-(?. 

3)'<<8* <')9-.=8 U8'= ."(9)-:%9-"( !<< !E"\3I!545]56^

[rot i D! ! !,5 $ >
Z%'5$AB"5$*`

(3*"28'*3%"*)"$0')+5
$#$5C$%"&'D35%"&2$*J
/TS':+%'"+#'*%34"2"a3%"+#

9$AB"5$*'55+%2![" )+5
%:$5/32'D35%"&2$*'3#0
!2N'L"J$J'9E,P



7 8% &Mb b
MHD MHD K K MHD MHDW W W W W W" " " " " "? ?, = $< $

3+8 ="OZD)8L%8(.> 8(8)?> <)-(.-<=8
>-8=*; 9+8 UT, ;9':-=-9> 9+)8;+"=*

MHD K
w b

MHD K

W W
W W
" "0:
" "

? $
# ,

$ 7 8 7 8K K KW W i W" " "# < $ 1

5(;9':-=-9> ."(*-9-"(

,$E 8(8)?> <)-(.-<=8 D") UT,: $'(8>, K)8-*:8)? W+>;. K=%-*; ! 1, 1637 (1989) 

i e
K K K KW W W W @" " " "# $ $



T-9+"%9 /-(89-. 8DD8.9;, 9+8 UT, -; %(;9':=8
:89O88( 9+8 O'== '(* ("ZO'== :89' =-0-9;

= b+5/32"a$0'9E,'C5+?%:'53%$'?"%:+B%'G"#$%"&'$))$&%*

cJR O OJR R

H2B"0 %:$+58

N

M

O

N

d

e

9

W0:

b
+5
/
32
"a
$0
'C
5+
?
%:
'53
%$

b+5/32"a$0'K$%3
T'#+@?322'2"/%*N9

? T'?322'2"/%*b
N9



e%'=-9'9-C8 '('=>;-; "D 9+8 -(;9':-=-9> ."(*-9-"(

N

9? 94

9M

" ;9':-=-X-(?

" *8;9':-=-X-(?

94

% &MS
O :9 9?,

5(;9':-=-9> *)-C8

7 8% &M''' ''b b
MHD MHD K K MHD MHDW W W W W W" " " " " "? ?, = $< $

X
X

X L P

MHD
b
MHD b

K

W
W
W X iY

" 9 9

" 9 9
" 9

?
? ,

,
$

9? 9? 94



K-C8 )8?-08; "D UT, ;9':-=-9>/-(;9':-=-9>

K%== ;9':-=-X'

5

9-"(



68.8;;')> ."(*-9-"( D") ;9':-=-X'9-"(
)8L%-)8; )8='9-C8=> ;0'== #TJ

f
f

b
MHD bW" 9 9?

? ,� L PKW X iY" 9 $�
/-(89-. 8DD8.9;

= J-(89-. ;9':-=-X'9-"( 8(+'(.8* D") ;9)"(? *-;;-<'9-"(. K%== ;%<<)8;;-"( 
)8L%-)8; 

'' NJMg '''' ''' LNJNe NJMeP'''Drive Minimum
K MHD KW W W i" " " 9= A # $

-(;9':-=-9> *)-C8 Drive
MHDW"

= J-(89-. ;9':-=-X'9-"( -( 9+8 ':;8(.8 "D *-;;-<'9-"( (f=0) )8L%-)8;
g>0.5:  

NJR ''' '' NJR Drive
K K MHDW W W" 9 " "= A =



4"OZD)8L%8(.> /-(89-. 9+8")> "D 9+8 UT,: 
'<<)"[-0'9-"(;

=UT, D)8L%8(.>: !Bi1/:O Z 50/ :O  (:O =O'== 9-08)

= ! << !E , !F- " X8)" 0"*8 D)8L%8(.> 
!E  0'?(89-. *)-D9 D)8L%8(.>
!F-  -"( *-'0'?(89-. *)-D9 D)8L%8(.>
= 5)"9 i !F- " L%';-Z;9'9-"(')> <=';0'
= K") =')?8 )"9'9-"( D)8L%8(.-8; (5)"9 >> !F-), )8;"('(.8; O-9+

I=DC8( '(* ;"%(* ."(9-(%%0 ')8 -0<")9'(9 (("9 -(.=%*8* +8)8)

= 5( 9+8 <)8;8(.8 "D 8("%?+ *-;;-<'9-"(, 9+8 UT, .'( :8 D%==> ;%<<)8;;8* D")
D';9 <=';0' )"9'9-"( (("9 -(.=%*8* +8)8)

[4] !"(*8;"( '(* k+%, W+>;. W=';0'; 3, 3013 (1996); 
[5] 4-% 89 '=, 6%.. K%;-"( 44, 232 (2004) 
[6] I. E. 3%)(:%== 89 '=, W+>;. U8C. 4899. 74, 718 (1995)
[7] I. !"(*8;"( '(* E.&. T')*, W+>;. U8C. 4899. 72, 2809 (1994): !899- '(* K)-8*:8)?, WU4, (1995)
[8] I.,. ^')"D'=" 89 '9=, W+>;. W=';0'; 9, 1997 (2002)
[9] U. K-9X<'9)-./, W+>;. W=';0'; 9, 3459 (2002)



I )8;"('(.8 "..%); :89O88( 9+8 <)8.8;;-"(
D)8L%8(.> '(* 9+8 7h! E"<<=8)Z;+-D98* 
0"*8 D)8L%8(.>

M]X L I P
trap

Kj j bounceW dV d I rC" 9 : ) *
;

; - ;/ /
!

]Rf M [
N

]L c f MP] ]
]

i E B
E B

Dj Doppler

I e dC
C

! C !C C
! C !

? , 3
3

, $
#

,/]
jT
CC #

E B
Doppler E B! ! !3

34 ,

]E B
Doppler Dj! ! C3 4

U8;"('(.8 ."(*-9-"(



3+8 ;9)"(?8;9 )8;"('(.8 ."08; D)"0 
;%<)'9+8)0'= <')9-.=8; ($)"9=0 .';8)

]Rf M] ]L R f MP ] Ze
N ]

S
r iI d i

CC C C
,? ,

# # D $ ]

r

C

!

C
,

/

i f MZ L R f MP$hDL Pi r r rE# , ,

jT
CC #

[] X R ei
res th

Di

r!
!C
!

# 4 ,

Z"

0 2 4 6 8 10

0

5

10

15

4')?8 ';<8.9 )'9-" '<<)"[-0'9-"(

0'-(
)8;"('(9
8(8)?-8;

]resr! C#



K';9 '(* 9+8)0'= -"(; .'( )8;"('98 8C8( 
-( 9+8 ':;8(.8 "D <=';0' )"9'9-"(

9$*+#3#&$'&+#0"%"+#')+5'9E,

[rot i D! !,5 $ #

[
SL

i t
r
a

! !#
F

[Di iT
C! !#F

>:$'5$*+#3#&$*'"#',U9F'35$'7$58'?$3G

rot transit!5 >> rot bounce!5 >>



0 2 4 6 8 10

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10

0.2

0.4

0.6

0.8

1

]r r!C #

0'-(
)8;"('(9
8(8)?-8;

] NJRr r!C #

0'-(
)8;"('(9
8(8)?-8;

[

[M
E i

rot i

! !
!

#
5 #

[

[

NJR
SJR

E i

rot i

! !
!

#
5 #

)8;"('(9 8(8)?> " )8;"('(9 8(8)?>"

[ ]XR@eI''''i
th
De e

r
T!

! CC
!

4 #

eff

E

G
!

5$*
$2Z

5$*
$2Z

$2$&%5+#'5$*+#3#%'&+#%5"4B%"+#&+22"*"+#32"%8

7=8.9)"(; .'( )8;"('98 D") $)"9>!F-. 
k"==-;-"('=-9> )8*%.8; 9+8 )8;"('(9 -(98)'.9-"( 
:%9 *"8; ("9 8=-0-('98 -9.

eff

E

G
!



5( ' :%)(-(? <=';0', ("()8;"('(9 '(* )8;"('(9 '=<+'
<')9-.=8; ."(9)-:%98 9" 9+8 ;9':-=-X'9-"(. 

M []X L I P
trap

K bounce
D

W dV d I r@
@ @ C

@

!" : ) * 9
!;

; - ;/ /
!

% &
S

N ]
] ]
fE D

I dC
C C

@C ! !
#

,/
= 5( +-?+Z9 <=';0';, !E .'( :8 ;-?(-D-.'(9=> ;0'==8) 9+'( =')?8Z

';<8.9Z)'9-" <)8*-.9-"( 
! 7 '(* !E ,

= 6"()8;"('(9 ."(9)-:%9-"( '=O'>; 

" ;9)"(? )8;"('(.8 .'( "..%) :89O88(

;9':-=-X-(? '(* 8(+'(.8* :> 
)'9-" !F/ !E>>1

= I=<+' ."(9)-:%9-"( -; ;-?(-D-.'(9 ;-(.8 .<@ -; =')?8 O+8)8 9+8 
UT, 8-?8(D%(.9-"( -; =')?8. 



I('=>9-. <)8*-.9-"(; ')8 ("9 )8=-':=8 :';8* "( 9+8
C')-':-=-9> "D !E O-9+ )8;<8.9 9" !7[! (*)-D9 )8C8);'=,
)"9'9-"( <)"D-=8, 8-?8(D%(.9-"( ;+'<8). e%'(9-9'9-C8
';;8;;08(9 )8L%-)8; ' ;9':-=-9> ."*8.

;(F>d

MHDW" ?

b
MHDW"

*

= * D)"0 W7\3 -; %;8* 9" ."0<%98
i e

K K K KW W W W @" " " "# $ $

MHD K
w b

MHD K

W W
W W
" "0:
" "

? $
# ,

$

= 3+8 UT, 8(8)?> <)-(.-<=8 -; %;8*
9" ."0<%98 9+8 UT, ?)"O9+ )'98

[6] W)8-;.+8, ,'(-./'0, &"+(;"(, k"0<%98) W+>;-.; k"00%(-.'9-"(; 76, 318 (1993)



3+8 UT, <=';0'Z8-?8(D%(.9-"( * -; '<<)"[-0'98* 
:> 9+8 -*8'= ,$E * D)"0 W7\3 D") 0')?-('==> ;9':=8 
O'== <";-9-"(. 

9? b9
% %

9E,'"*'"0$32',-.'B#*%342$

9

= K") 8'.+ 8L%-=-:)-%0 O-9+ 9?< 9 < 9: 9+8 O'== -; 0"C8* .=";8)
9" 9+8 <=';0' 9-== 0')?-('= ;9':-=-9> -; )8'.+8*
= \-(.8 9+8 UT, -; 8;;8(9-'==> X8)" D)8L%8(.>, 9+8 ."))8;<"(*-(? 
<=';0' 8-?8(D%(.9-"( ."0<%98* O-9+ W7\3 -; %;8* 9" '<<)"[-0'98 
9+8 UT, 8-?8(D%(.9-"(
= \%.+ '( 8-?8(D%(.9-"( -; %;8* 9" ."0<%98 9+8 '== D=%-* '(* /-(89-. 98)0;



3+8 ="OZD)8L%8(.> 8(8)?> <)-(.-<=8 '<<=-8* 9" O'== 0"*8;
;+"O 9+8 <";;-:-=-9> "D UT, ?)"O9+ )8*%.9-"(/;%<<)8;;-"( 
'9 ="O )"9'9-"( D)8L%8(.-8;

= >:$'2+?@)5$AB$#&8'$#$5C8'D5"#&"D2$'"*'3DD2"$0'%+'9E,* 3#0'/TS
48'D+*%@D5+&$**"#C'%:$';(F>'+B%DB%'%+'&+/DB%$'%:$'%53DD$0'D35%"&2$'
&+#%5"4B%"+#

= >:$'5$*+#3#&$'?"%:'%:$'D5$&$**"+#'05")%')5$AB$#&8'+)'%53DD$0
D35%"&2$*'L%:$5/32'"+#'3#0'$2$&%5+#I'3*'?$22'3*')3*%'"+#*P'D5+7"0$*
3'*+B5&$'+)'0"**"D3%"+#'3%'2+?'5+%3%"+#')5$AB$#&"$*')+5'%:$'9E,''

= E:$#'322'%:$'G"#$%"&'*D$&"$*'35$'"#&2B0$0'''^*$$'#$h%'KJ'-B_
L32D:3I'"+#*'3#0'$2$&%5+#*PI'%:$'9E,'C5+?%:'"*'*%5+#C28'5$0B&$0
+5')B228'*BDD5$**$0'"#'%:$'2+?'5+%3%"+#'5$C"/$')+5'Z>(9@2"G$'D23*/3*



3+8 O'== 0"*8 -( 537UZ=-/8 <=';0';



3+8 UT, ;9':-=-9> "D '( 537U I*C'(.8*Z3"/'0'/
;.8(')-" -; ;9%*-8* %;-(? ' ;>0089)-X8* <=';0' 
'(* ."(D")0-(? O'==

R L/P
N M O d e SN SM

d

O

M

N

@M

@O

@d

;23*/3

H"5*%'?322

&+#)+5/"#C
)"5*%'?322

K23#G$%
k"(D")0-(? O'==;

d e SN SM

O

M

N

@M

@O

Z>(9

F8//$%5"a$0
Z>(9

Z
L/
P

R L/P

\>0089)-X8* 537U <=';0'



I
):

-9)
')

> 
%(

-9;

0 0.2 0.4 0.6 0.8 1

NJNS

NJS

S

J* !T
*"

ATc

'"/"

,";9 "D 9+8 /-(89-. ."(9)-:%9-"( ."08; D)"0
O-9+-( 9+8 L=3 ;%)D'.8

#$ = 0.1Z 0.15 $=

0.1 0.2 0.3 0.4 0.5

.2

.4

.6

.8

1

*W
*"

#*W
*"

*

'"/"
= I=<+' ."(9)-:%9-"( -; ;-?(-D-.'(9 ;-(.8 .<@ -; =')?8 O+8)8 
9+8 UT, 8-?8(D%(.9-"( -; =')?8.
= I=<+' ."(9)-:%9-"( -; ."0<')':=8 9" -"(; '(* 8=8.9)"(; D")



cJR O OJR R

H2B"0 %:$+58

!"#$%"& %:$+58

5TN
5TNJMR!["
5TNJR!["
5TNJiR!["
5TS!["

N

M

O

d

e

N9

W0:

= 9E,'#+5/32"a$0'C5+?%:'53%$'?"%:'3#0'?"%:+B%'G"#$%"&
$))$&%*'3#0'7358"#C'D23*/3'5+%3%"+#')5$AB$#&"$*'5%H&

3+8 ?)"O9+ "D 9+8 UT, -; ;9)"(?=> )8*%.8* ")
D%==> ;%<<)8;;8* :> 9+8 /-(89-. 8DD8.9; -( 
;="OZ)"9'9-(? 537UZ=-/8 <=';0';

&$#%532'%+5+"032
5+%3%"+#

/3h"/B/

+)'!["

b
+5
/
32
"a
$0
'C
5+
?
%:
'53
%$

b+5/32"a$0'K$%3



�� � �� � � �� � ��� � � 	 �� � � � � 
 �� �  � �� �� �� �� �

�� �� � � � � �� � � � �� �

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

.



�� � �� � � �� � ��� � � 	 �� � � � � 
 �� �  � �� �� �� �� �

� ! , � -� '� "� " � � � � '* � �� � $ ' ( ) '* +, ( � �� '	 '�

- + , * ' " � " - -�
 ( " , ( 
 -" * # ' - � 	 	 , �  "� , ( �� ' -	 ' '* (

+ � 	 � � 	 " * #� '� �

� ��� � ��� �� �� ��� � ���  ! �  

6 8 10 12

4

2

0

-2

-4

ITER

Symmetrized
ITER

Z (m)

X (m)

"# $% # � � � $ &�'  � �

Z (m)

X (m)
2 4 6 8 10 12 14

6

4

2

0

-2

-4

-6

ITER's first wall

Symmetrized
ITER plasma

Symmetrized ITER
conforming wall

Symmetrized
ITER blanket

(



�� � �� � � �� � ��� � � 	 �� � � � � 
 �� �  � �� �� �� �� �

� -� � � � ! , � " * , � " + + � * �  " � 
 � " � * " - �  � ( 
 +, (  " � !" *

� ! , � � � -
  � ' + ,

0 0.2 0.4 0.6 0.8 1
Ψ/Ψa

d|δWK|_____
dΨ

|κ⋅ξ⊥|2(θ=0)

βN=3.16

0.0001

0.001

0.01

0.1

1

0.10 0.2 0.3 0.4 0.5 0.6 0.7

0.02

0.00

0.04

0.06

0.08

0.10

Ψ/Ψa

βN=3.16

q=3

-dβ/dΨ

-dβα/dΨ

� � �  � � � �� � �# $ �� � �� � �# $ �! ! � & $ �� �  $ � ! � $ � � 	 
� �! �  � & �' � �� �

� � � � � � � & � $ % � $ �� �# $ �! �  � & ��

� � �# $ �� � �� � �# $ �  $ � � �# � �  �  �� � � # �# $ !  $ � �� � ��� # $ ! % # �

�� � ��� ��� � � � ��

�



�� � �� � � �� � ��� � � 	 �� � � � � 
 �� �  � �� �� �� �� �

� ! , # � � ! � � � ! , � " - -�  � * #� �  , ( 
 + , ( �  �
 � � �

-
 � �  , - -, ( � � � ! , � " * , � " + , � , + � - " * -� � $  � � ' � " * #� �� � $ � " � , �� ' -	 ' -

� # � �  � �� �� �  � &� # ' � � �  � �' �� �  $ � ' �� �# � � � � $ �� � � �� � �� !

 $ � �  � � � $ & ��  ! �  � # �  � �# $ % � � �� � $ � � �! ��� 	 


3.5 4 4.5 5
-2

0

2

4

6

8

10

βN

γ τw

Fluid theory

Kinetic theory

Ωr=0=0
Ωr=0=0.25ω*i

Ωr=0=0.5ω*i

Ωr=0=0.75ω*i

Ωr=0=ω*i

max

max

max

max

�



� � � � 	 � � �� � � � � � �� �� �� �

�� �� � � �� �� 	 
� � �� �

� � -� '* ( ' ( � � ,  ' � " � * � ' -, � " * , - +, * ' " �

�



� � � � 	 � � �� � � � � � �� �� �� �
�* � ,  * '� � " * � � * ,  # ���  " * +" �� ,

� "# $ � � $ � �# $  � � �! � �� ! �# $ � ��  � �# $

�� � ��� � � � 	 ��� � � � � � 
 � 	��� � 	 �� � �� � ��� 	 � � � ��� ���

� � � $ �� � � �� � � �# $ � $ �� � �  � $ �  $ � �� � $ � � � � ��  � �!  � �  �  � � �

# $ �
� � � ��� � � � 	 ��� � � � � � 
 � 	 � � ��� 	� ��� � 	 �� � � � � ��� 	

���  ! "$# %&' ( **) � +-, . / , .� �10 +0 �2 3 ) (45 (76

� 8 � � 9 � ��� :<; � =�� � � � � �	 	 � �  �# �% �� ' ! �� � 
 �& 	 
  � � �  � � � � 
 -

>



�� �� � � �� �� � � 	 
� � � � ��  �

� �� �� �� �� �

B�� :�� � M � � �� � � � � �

� ��� �

� � �  �

! "� #

$  �% %

& '� ()

* + " ', -

. / 01 2  3 "  54 6 �87 9

: / 2  3 � (; < =

: 1 2  3 " >; < =

?@ "� #

A ?B CD A ? C E F

G H "  JI K LM DON

P � � Q ( ��  � � �

R G S 0TU R "  7 9 G H "  9 K LM DON

R G V R "  7 9 G H "  9 K LM DON

RXW R "  7 9 G H "  9 K LM DON

Y //Z 2\[ ]_^ ( 3 "  7 9 G H "  9 K LM DON

G 1 ` � a "  7 4 G H ( a "  5b K LM DON

G B c � a "  7 4 G H ( a "  5b K LM DON

G d 2XeNf gh a < 3 � a "  7 4 G H ( a "  5b K LM DON

G d 2, ij 3 ( a "  7 9 G H % a "  9 K LM DON
[ [



�� �� � � �� �� � � 	 
� � � � ��  �

� � � � � � � � �� � � � � �� � � � �	 � 
 � � � �� � � � � 
 � ��

� "� �� �

�� �� �� � � M� �D� �

0 0.2 0.4 0.6 0.8 1
Ψ�ΨHaL0

0.2

0.4

0.6

0.8

1

P
�PH0L

��� M� �D � ��

0 0.2 0.4 0.6 0.8 1
Ψ�ΨHaL1

1.5

2

2.5

3

3.5

q

� ��� M� �D � �� P� �� ��! AK "# $ %& � % �� # � �& # ' $ � �� ( � � �# � )+* ,.- AK / 021

� Z �� $ %# � 3 ( � $ %� �� � $4 � % �# � P# � � # P# 365 � �& M� # �& # 7 �� $ %# � 3 7 368 9 :

�5 & � $ �� � # %� � � 1

[;



�� �� � � �� �� � � 	 
� � � � ��  �

� � �� 	 �	 � � � 
 � � � 
 � � � � � � � � � � �� � � � � 
 � ��

B $ � �� & � �5 N �� ,
0.3 0.35 0.4 0.45 0.5

0

0.2

0.4

0.6

0.8

 

Normalized radius ρq=1

β p
,1

 (
B

us
sa

c)

Kinetic Theory (Fishbone Branch)

Fluid Theory

Unstable
Stable

B $ � �� & � �5 N�

0.3 0.35 0.4 0.45 0.5
0

0.5

1

1.5

2

2.5

3

ρq=1

β N

Kinetic Theory (Fishbone Branch)

Fluid Theory

Unstable
Stable

� W X Y 7� # $ ( � � � 5 � � � 3 � �# 7�� � I � % 7 3 �� �� � $ � �� ( �J � ( �� 1

� P� � � 7 � $ � 7� # $ ( � � � % �� �# 7�� � I � % # � � � ' � N �� � # � ' � � 	�
 , �# $ % �� � �� � �� %

� � # � & � � �� $ % � M � $ % � $ � �5 �� � � � % � $ � �# 7�� � � 3 %� � � � 1

� � �# 7�� � � 3 �� � �� � �� % N� �� � # % � (� �# � � $ '5 � $ ( �� � $ �5 � 	�
 , � � $ ( � N� ��� � O � �

# $ % � O � � L T�� 1

[ �



�� �� � � �� �� � � 	 
� � � � ��  �
�	 � 
 � � � � � � �� �	 � � � � � �� 	 �	 � �

P� � � 7 � $ �& � % � � �# � 5 � � Q� � $ ( 3
0.3 0.35 0.4 0.45 0.5

1.8

2

2.2

2.4

2.6

2.8

3

ρq=1

ω
/ω

A
0 

(%
)

� $ �� �� #

0.3 0.35 0.4 0.45 0.5
0

1

2

3

4

5

Adiabatic

ρq= 1

Im Π / ω2

e Π / ω 2R

� � �# � 5 � � Q� � $ ( 3 � � # % � (� �# � � $ '5 � $ ( �� � $ �5 � 	 
 ,1

� Z� � � � � $ � � $ � �� ( � $ �� �� # � $ � # $ ( �& � $ � � � ( �& �# � # 7� � � � �� � # � ' �� �� # $

�� �# %� # 7# �� ( ( �� $ � �� �# � � 1

[�



�� �� � � �� �� � � 	 
� � � � ��  �

� 	 � �� 	 � � � � � � 	 � � � 	 � � � � � � � � � � � 
 � � � � � � �� � 


0 0.05 0.1 0.15 0.2 0.25 0.3
Ψ�ΨHaL

-2

-1

0

1

2

d
δW

K
�dΨH

a.
u.

L

ImδWK
i

ReδWK
e

ImδW K
α

ReδW K
α

q=1

ReδW K
i

[ �



�� �� � � �� �� � � 	 
� � � � ��  �
� 	 � �� 	 � � � � � � 	 � � � 	 � � � � � �

� �� �� # �� �� & # � �� � ( �� � $ � ) �� �- / � �� � T�� 0 �� � �� % � �� �� # � ' �� � � � $ � �� (

�� � ( �� � $ ( � $ �� � 7� �� � $ � � � � � 7 � (# � � �

	 � $ � � '� # $ % � ���
 �U � � )�� �� 0

	 ( �� � � � � � $# � � � 3�� �� � ���� � �U

� Z� � � � � $ � � $ � �� ( ( �& �� �� � � 7�� � � 3 � � � � %� ( � % 7 3 � �� � $# $ ( � �5 � � � 7 � $ �

& � % �5 � � Q� � $ ( 3�� � �� 7 �� $ ( � � �� # $ � � �5 � � Q� � $ ( 3 # $ % � �� � $# $ � ( � $ �� � 7� �

�� � $ � � � $ (� �# � � % 1 �& � � ��� ���  � � � � � � � � � � � � �& � � �"! �  � �� � � � �� � � �# 7�� �# �

� $ ' 1
� $ �# � �� (� �� (# $ 7 � � �# 7�� �# � $ ' �� % �� �# 7�� �# � $ ' % � � � $ %� $ ' � $ � 	�
 ,1

[ %



�� �� � � �� �� � � 	 
� � � � ��  �

� � �	 �	 � � �� � 
 � � � � �� �� 	 �	 � � � 
 � � � 
 � � � �

� � Kh e � <N � * , - � � �8

0 0.2 0.4 0.6 0.8 1
Ψ�ΨHaL1

1.5

2

2.5

3

3.5

q

� �# 7�� � � 3 � � � �� � �� %

0.25 0.3 0.35 0.4
0.8

1

1.2

1.4

1.6

1.8

2

2.2

ble

ρq=1

β N

� � � � 7� # $ ( � �� (# $ 7 � � � & � � �# $ � �� �� 3 � $ � �# 7� � 1

[ �



�� �� � � �� �� � � 	 
� � � � ��  �

� � � � � � �	 � � � � � � 	 � � �� � � �� 	 � � 	 � �� � �

�
P �� & � % �� # � � � � �# � )+* , - � � / 0 �� � ��

� � $ � �� ( �� � ( �� � � �	 7� # $ ( � � � 5 � � � 3

� �# 7�� �# � % �� � �� � � � � 7 � $ � 7� # $ ( � � �

% �� �# 7�� �# � % # � � � ' � 
 �� � # � ' � � 	�
 ,1

0.3 0.35 0.4 0.45 0.5
0

0.5

1

1.5

2

2.5

3

ρq=1

β N

Kinetic Theory (Fishbone Branch)

Fluid Theory

Unstable
Stable

�
P �� � �� � � �# � )+* ,�� - � � �8 0 Q� # � � �

� $ � �� ( � # $ ' � �� � � � � � $ � �� ( �� � ( �� � � � � �

7 � $ � 7� # $ ( � �� � �� � �� % � � � �� � $ 
 �

# $ % � �	 7� # $ ( � �� � �� � �� % � � � � ' �

� $ 
 1

0.25 0.3 0.35 0.4
0.8

1

1.2

1.4

1.6

1.8

2

2.2

ble

ρq=1

β N

 �


	02_06a_Hu.pdf
	Resistive Wall Mode in ITER
	Internal Kink Mode in ITER




