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/Summary
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High fusion power density requires high-f3 operation
e Rotational stabilization of RWM may not be effective
in ITER

e Active feedback control may not completely suppress
RWM due to wall-shielding

'Boptimum feedback ~ :800 +:3b *
max
2
e Fluid theory does not give accurate predictions

e Consider mode-particle interaction. Trapped particles are
stabilizing

The RWM can be suppressed without rotation

* Liu, Bondeson, Gribov, Polevoi, Nuc. Fus.44, 232 (2004)



Previous RWM theories predict stabilization
for large plasma flows
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e Rotation and dissipations are the essential ingredients
for stabilization

* The main dissipative effects in high-temperature plasmas
require large flow velocities: the continuum damping

a)doppler = /_ Qrot = _Qrot
/ ~0 for RWM \

Q  =kyv

rot

Qrot — kIIVAlfven

sound

. . Q . k Bondeson and Chu (°98)
the 1on Landau damping rot. — ™MIVIi  Liu et al, 2004

Bondeson and Ward (°94), Betti and Freidberg (’95), Finn (°95), Fitzpatrick and Aydemir (*96)



RWM growth rate from the
Energy Principle
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0 tot Haney & Freidberg (°89)
5Wtot

—— W = W + WS+ Wk
N——" \/—/ N——"

Plasma Vacuum Kinetlc

I [
sWhee | Re(0Wk) + ilm(dWk)

Stability condition:

SWk|? + Re(0Wk)(6Wirgp + Witun) > —0WiiandWirmp




Qualitative analysis of the stability condition
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Wriap ~ Boo— 0 - stabilizing
b
5 WM HD ~/ ﬁb — /8
5WK - ﬁ - destabilizing

Instability drive

y S (B, -B.)
O ~ /1\
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SWik|? + Re(0Wk)(6Wirgp + SWitun) > —0WiiundWirmp




Five regimes of RWM stability/instability

UR

LLE

-]

Re(3Wx)/B

0 Im(SWx)/B b
— RWM — == Ideal kink mode



Kinetic theory of the RWM: approximations
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*RWM trequency: o ~1/7, - 100/ 7,

*w << wp € zero mode trequency
(wp; magnetic drift frequency)

* V. << wp; & collisionless 10ns

* () . £ w, & quasi-stationary plasma

t

e Retain finite equilibrium electric field E



Kinetic trapped-ion effects enter through
the perturbed perpendicular pressure
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2
- V4 = o
pff ~ My / d’lJ?Lf ,L-K <:I Kinetic pressure

Perturbed distribution function f K
1
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!
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Electrostatic term Z = ® + £ Vo
includes the equilibrium electric field ®

and depends on & through quasi-neutrality



Large aspect ratio approximation for
p* with nonzero equilibrium E
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m-th poloidal harmonic

3 93/2¢1/2 o0 1o-3/2 . 1 +o0
P = 3/2 /O 7572 © /T/O duK (u)piNom Z Ay

{=—o00

Diamagnetic drift frequencies Poppler shifted frequency
| in the EXB frame

l B “ExB
- — ExB
) — WxN T (E/T 3/2)W*T wdopple’r W goppler = W~ W, p
Wy — wExB
D3 doppler
/2 cos[2(m — q) arcsin(y/u sin x)] ™ d0 .. .. £ -~ Te -
Ty = d T :/ A0 —itotigviwt (_ ey 2 Z)
/0 X K(u)y/1—usin® x ‘ e TisL T;



Resonance depends on toroidal rotation
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Mode-particle resonance:
Doppler shifted frequency = magnetic drift frequency

ExB  __ '
wdoppler — WD

ExB _ / WExB — —WD;j
WEXB _% Wpxp| T ;
|

zero frequency approx. @

WExB = Qrot — WY :> No resonance if ) >w.
p ro 1

No resonance if €}, [>>w;

Ion force balance equation rot



Kinetic-OW versus rotation velocity
for ITER-like plasmas
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Stabilizing

e Stabilizing/destabilizing

....................




A simplified sharp boundary equilibrium® is used
to solve the eingenvalue problem for the RWM
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e Flat current density and pressure profiles

J

S

Resistive Wall
Resistive Wall

Vacuum
Vacuum

N
S

b a ¢ 0 ¢

*Betti, Phys. Plasmas 5, 3615 (1998)



Stability problem is reduced to simple
fluid theory in plasma core
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e Kinetic pressure enters in momentum equation

V(p' +p% + B%2/2) —kpX —B-VB = 0

e Kinetic contribution vanishes in plasma core
because equilibrium pressure is flat

3 0
55 ;o

~ = 0 inside plasma (r < a)



Only fluid terms in the plasma core. Solve
using the small a/R expansion
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e The perturbed magnetic flux follows simple power laws of r

Iml ml "
Qﬁm(l’Sc):Wg (Ij v, (csrsa)=y,, (ﬁj T¥om (Ej
C C y

e The constants are determined through the matching
conditions at the current tube boundary r=c

v, and d fm / dr are continuous at r =c¢

~

W =rBh & I m h =n—mlq




Delta-function-like Kinetic pressure
at plasma edge
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~K 0PF

Total pressure
is finite

—

J

\

—po o~ e 1S singular at edge

P + B2/2 is finite

!

a

\Vacuum
.| B2(r ~a)=—-2p"(r ~
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Kinetic pressure enters through the
boundary conditions at the plasma edge
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 Boundary condition at the plasma edge
]/33\/2(7° ~ q) = —2p% (r ~ a)

<52+ 7")

V(p" +p" + B?/2)

* Boundary condition includes kinetic effects
a—-

HpFJrBQ/QH :—n~ﬁ/ drp™



A linear system is derived by matching
the solutions at the plasma boundary
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 Dispersion relation is derived by matching the vacuum to the
plasma solution

— hmm@’ /m 4= Plasma column magnetic term

36 (m+1¢m+1 | 7;:_11ng>

2 S hm—l—l m—1

:> Fluid instability drive <:
Kinetic

term = +TK.T. = Z5mg ”YTw %( ) ¢é&m Vacuum term

L Resistive wall term




Kinetic terms are frequency dependent and
can be of the same size as the fluid terms
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RWM growth rate is found by setting
to zero the determinant of the linear system
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Use ITER-like parameters for
advanced tokamak mode

Set 2<g<2.5 for r<a and q—=2 oo for r=a,

€ = aVk/R ~0.4

Wall radius/plasma radius = b/ax1.2

RWM growth rate is calculated for varying 3



Without kinetic effects the sharp boundary model
approximately reproduces VALEN™* results for ITER
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10000

- *VALEN results
1000 with blankets
100 | 45 ports
v(st) i
10 |
| Sharp boundary model
0.1,

*Navratil, Bialek, Boozer & Katsuro-Hopkins, MHD Workshop, Nov 3-5, 2003, Austin, TX



Trapped-ion Kinetic effects suppress the
RWM for stationary ITER-like plasmas
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Kinetic term 1s multiplied by ©®

10;
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Trapped-ion stabilization is ineffective
for large plasma flows
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4 U¢='76km/$ '
| Vo="T6km/s
YT 0
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4} 0o=38km/s
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Calculate RWM growth rate with
a MHD stability code
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e Kinetic effects does not significantly change mode
eigenfunction

e Obtain RWM eigenfunction from 1ideal MHD code

 Calculate OW’s including OW
e (Calculate growth rate from energy principle

SWP 1 oW

VTw =




Energy principle vs eigenvalue analysis:
comparison of numerical results
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0 -
-0.5 eigenvalue analysis
1. dispersion relation
Lot SW formulation
’YTH’ 2
-2.5 1
3!
-3.5!
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Conclusions
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Magnetic drift resonance 1s stabilizing for the
RWM

Non-resonant part of kinetic effect counteracts
fluid 1nstability drive

Theory from a simple model of ITER-like
plasma indicates that RWM can be suppressed
without plasma rotation

More realistic predictions can be obtained with
minor changes to ideal MHD stability codes



