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Abstract

Kinetic resonances have been identified to play an important role in
the stability of the resistive wall mode (RWM) in tokamaks. One
approach to computing RWM stability is a ‘pertubative’ approach in
which the mode stability is computed assuming the ideal kink
eigenfunction is not modified by kinetic damping. The so-called ‘self-
consistent’ approach includes the dissipation in the perturbed force
balance and computation of the mode eigenfunction as embodied in
the MARS-F and MARS-K codes. Initial MARS-F and MARS-K
simulations for NSTX plasmas find that there can be substantial
changes between the predicted fluid (non-kinetic) limit of the RWM
eigenfunctions and the self-consistent eigenfunctions computed with
full kinetic damping included. These changes can be most
pronounced near the plasma edge where the dissipation can be
large for NSTX plasmas. These comparisons and the possible
Implications for the perturbative and self-consistent approaches will
be described.
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Error field correction (EFC) often necessary to maintain
rotation, stabilize n=1 resistive wall mode (RWM) at high 3,
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J.E. Menard et al, Nucl. Fusion 50 (2010) 045008
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EFC experiments show edge region with
d 24 and r/a 2 0.8 apparently determine stability

e n=3 EFC - stable
e No EFC - n=1 RWM unstable

ct* f, versus minor radius

e n=1 EFC —>stable
e No EFC -2 n=1 RWM unstable

c%* f, versus minor radius
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MARS is linear MHD stability code that
includes toroidal rotation and drift-kinetic effects

o Single-fluid linear MHD » Kinetic effects in perturbed p:
(y+in)é=v+(£- VR’V ¢ N p=pl+pbb+p, (I-bb)
L
ply+in)v==-V-p+jXB+J X Q pe " ering = E JdFMvﬁf}_

—p[2(2Z><v+(v VO)R?V ¢]

) (,—fwr+iu¢$: 4 l J2 1
(y+inQ)Q=V X (vXB)+(Q-VQ)R*V ¢ pie EJ!F Muv f;

(,y_l_ UTQ)17 ——vVv. VP, j - V X Q fi — _f(e)e. e —iwi+ing E X:IH" ;)'L —1.'1(3(?)-}-.’..*‘?2()‘()?-{-”(0{).’
Y.Q. Liu, et al., Phys. Plasmas 15, 112503 2008
. L= [MU“K & +u(Q+ VB gﬂ]
 Mode-particle resonance operator: "" |
nlw.y+ (& —32)w,r+ wp| - o

MARS-K: A, =

n({wg)+ wp)+Lalm+ng) + lw, — ive—

. [y + (€ - 3/2)7»,{-
MARS-F: A = _n M@+ | (m + ng) +l‘- \p&\-@

+ additional approximations/simplifications in f !

 Fastions: MARS-K: slowing-down f(v), MARS-F: lumped with thermal
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Sensitivity of stability to rotation motivates study
of all components of ExB drift frequency og(v)

 Decompose flow of species | into poloidal + toroidal components:
’(Zj — UQ; (’gﬁ)gp + quj (w, Q)RQVQb satisfying V - ’L_Ifj =0

» Orbit-average ExB drift frequency: wg = ((Tg - V(¢ — ¢h)))

Bounce average: ((X))= = § Xdr vr = ExB drift velocity

F. Porcelli, et al., Phys. Plasmas 1 (1994) 470

* Ignoring centrifugal effects (ok in plasma edge), o reduces to:

1. parallel/toroidal 2. diamagnetic 3. poloidal

i, 5 '
wr(Y) = — waj — ug; (V)
F N N F
I measured measured or neoclassical theory
0 é q F2 Y.B. Kim, et al., Phys. Fluids B 3 (1991) 205
G B) — quy.0) + 29 ) - oo e,
.f 4 \ y— J (X) = ¢.JXdO/ § Jdb
flux function measured reconstructions F(1) = RBy
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n=1 EFC profiles show impurity C diamagnetic and poloidal
rotation modify |o¢ T,| ~ 1% in edge - potentially important

_n=1 RWM unstable (no n= 1EFC)‘ n=1 RWM stable (n= 1EFC)‘

3: T T T T T i 3_ i ]
: 0 11 1196097 = 119621;
: | | | | | t=470ms ] - | t=470ms ]
2\ oy 2
Mg Ta 1 —Toroidal——-}—-—}--—i—-—{-———é 1— -
0_____|_ | — |_ | 0;____: ____________ |
A= Tor+dia+pol 1~ - Tor+dia+pol =
34567891011123456789101112
q q
C¢* Toroidal rotation only: ©g =€, c(v)
Toroidal + diamagnetic: og = Q, (V) — o.¢
Toroidal + diamagnetic + poloidal: ©g = (Uc-B)/F — @.c — uy(B?)/F
« Diamagnetic contribution to ®gT, ~-0.510-1.0%

* Neoclassical v, contribution t0 @gT, ~-0.210 -0.4%

NSTX 2011 APS-DPP Meeting — J. Menard



Inclusion of w.; in ®g increases separation between stable
and unstable wg(y) and provides consistency w/ experiment

Toroidal rotation only

Calculated n=1 y7,, .,

| Unstable rotation profile | \ Stable rotation profile
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Mode damping in last 10% of minor radius calculated
to determine stability of RWM in n=1 EFC experiments

o | o (expt) = 0.5 used
so unstable modes can
be identified and local
damping computed

Toroidal + diamagnetic
O Tp 6 [ | I | : I | | f 8
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@ NSTX

2011 APS-DPP Meeting — J. Menard

10



Kinetic stability analysis using MARS-K

= Comparison with experiment

= Self-consistent vs. perturbative approach

= Modifications of RWM eigenfunction
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MARS-K consistent with EFC results and MARS-F trends

« MARS-K full kinetic 6W, = multiple modes can be present
— Mode identification and eigenvalue tracking more challenging

 Track roots by scanning fractions of experimental oz and 6W,:

Experimentally stble. -, insteble Experimentally
unstable case Re(yz,)]”” M M |  stable case
Kinetic 4 , , ot 1 : . . . Kinetic
0.9 | 119609 - BN=4_9 0.9 119609 with 119621 rotation profile
os! | Mode remains : 0sl
07! unstable even -eoo 07}
SWK 0s| | at high rotation : SWK o6l
0.5( 0.5} Mode stabilized at
W ' v i
gxptf 0.4} - ((ZLNtT 0.4f low rotation and
0.3} r * P 03] / small fraction of W,
0.2} . : 0.2}
0.1} S ° - 0.1} . .
Fluid 0 02 04 068 08 1 °0 02 04 08 o8 1 Fluid
o, / g (expt) o, / O (expt)

NOTE: NO collisions included
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Perturbative approach predicts unstable case to be stable >
inconsistent with self-consistent treatment and experiment

« Perturbative approach uses marginally unstable fluid
eigenfunction at zero rotation in limit of no kinetic dissipation

» For cases treated here, |0W,| can be >> [6W_| and [oW,|
— Possibility that rotation/dissipation can modify eigenfunction & stability

Re(y‘c;) | Experimentally unstable case J Re(SW)
- ' 0.1 ' '

otation values |  ||™"" W, x 10
o=~ SW_. x 10

» oW.. + oW,

VT, = —
” oW, + oW,
; -0.05 |

Perturbati o
—eo— th+hot N(/B/ ki?leil:‘i:: ;vl\;lla —o— SWYin*hot i
0.05 [|—= W}/ '
- th m forall | -V || = kel |

- ------‘_

-01
-1.5 - - - -0.15 _ _ _
107 107 107 ¥ 10~ 107 107 1
0ol ®p Experimental wg/ ®p Experimental
rotation rotation
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Perturbative approach results sensitive to 3
(but remain inconsistent with experiment)

. Higher B, = 5.2 does not exhibit approach to marginal stability
e [0W]| does not approach 0 2 yrt, = -1

0.1
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— 0t :
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MARS-K self-consistent calculations for stable case indicate

modifications to eigenfunction begin to occur at low rotation

©,0t=0, PVISC=0.1 2 ‘ ' o =Te-doy 0 =012 2 \,II
0.8 |
__ 06}
o %)
> 04
2 N
=L 0.2 |
= =
— _"_‘:-_-_-_-::.-.'_?.‘__‘.T:_f:______ ] _-{I\.-_ IIFI/ ._,____ —
02l meen N g | =02 oo A ) /\
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8
S=L|J:2 . Experimentally stable ‘ S=L|J;!2

« Self-consistent (SC) eigenfunction qualitatively
similar to fluid eigenfunction in plasma core

« SC RWM ¢, amplitude reduced at larger r/a

—Low og/ og (expt) = 0.3%, SW,/OW, (expt) = 12%
—Reduced amplitude could reduce dissipation, stability
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MARS-K self-consistent calculations indicate rotation
and dissipation can strongly modify RWM eigenfunction

®rt=0, PVISC=0

Fluid

— M

0)rut=0-050)A, Uk=u-37

Self-
consistent

. Experimentally unstable ‘

0.2

||

« Self-consistent (SC) eigenfunction shape differs
from fluid eigenfunction in plasma core

« SC RWM ¢, substantially different at larger r/a

—Moderate og / og (expt) = 22%, W, /W (expt) = 37%
—Differences could be even larger at full rotation and W,
—Does reduced edge £, amplitude explain reduced stability?
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At full rotation and kinetic effects in NSTX, MARS-K
indicates likely transition to 2"? unstable eigenfunction

1 F ' ] 1 — 1 ]
! Self- consistent I \\ Self- consistent
— 0.5} [ . 2 \ \
% > N
. -'k.t_r —0 \
R = / N\ ’
£ 0 — — , E 0 = \‘““ ~_ 1_1 =
1 ||
|II 3 R _:‘:I:::E!l'l _P:;..,
-0.5 . . . -0.47 . . . . rlt
0,02 04 06 08 1 0 02 04 06 08 1
102 : 1/2
S—ll)p . Experimentally unstable ‘ S='L|Jp /\
« SC RWM &, at fraction of oz and oW

—Moderate g/ og (expt) = 22%, oW, /oW, (expt) = 37%

« SC RWM ¢, at full experimental oz and 6Wy =
« Eigenfunction shape substantially modified = transition to 2"d mode?
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Experimental analysis results motivate more
systematic study of MARS eigenfunctions

= Preliminary assessment of eigenfunction
dependence on rotation and dissipation

= Where does perturbative approach break down?
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Inclusion of wall excites expected discontinuities in radial
derivative of displacement near mode rational surfaces

« Wall image currents excite resonant fields at plasma that
must be shielded by singular currents in plasma to preserve
topology of ideal plasma, i.e. to avoid island opening

Ideal plasma, zero rotation, zero dissipation

No wall (dashed) Marginal wall (solid)

Re(C-Vp)

A1/2

p=\ppol
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Ideal wall £, with wall at marginal position is very good
approximation to &, with resistive wall at actual wall position

e Approximation holds for wide range of wall resistivity
« Only small differences in eigenfunction near rational surfaces

Ideal plasma, zero rotation, zero dissipation

Solid: Ideal wall at marginal position Solid: Ideal wall at marginal position
Dashed: NSTX resistive wall - t,_,/t, = 10*

1 Dashed: NSTX resistive wall - 7, /t, = 10> m=
3 T T T T 1 T L L I L
A i

=

Re(&-Vp)
Re(S-Vp)

0.0 0.2 0.4 0.6 0.8 1.0

A1/2

p=wpol p={|}pol
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Dissipation alone can modify RWM eigenfunctions (1)

o 4% of full kinetic damping can reduce eigenfunction amplitude
by 25-50% at large minor radii

wg(0)t, = 0.0, NSTX wall with 7, /1, = 10° wg(0)t, = 0.0, NSTX wall with <, /1, = 10°

wall wall

m=1 Damping fraction o = 0.0 (solid), 0.01 (dashed) m=1 Damping fraction o, = 0.0 (solid), 0.04 (dashed)
3 A B T T [ 4 3 I e A
' o10) . 10 =
0.8" - ;
0.6F L ] . \\J
D?- 0.4- ::: _:fw\_«__,v ] Es_ \*‘xu_ Jvﬁcﬂk\;
Z L R Eo~s SStoy Z B S N H:L
T i TN ] R it =T
x 0.2 )’,:_T_:_——i—::—:'ig—_l o /___ _:.:\
. / ] —
— e
: T =
0.2} ) -
04C 0y IR RN N NN B I R S [ AR B AT
0.0 0.2 0.4 . 0.6 0.8 1.0 0.0 0.2 0.4 R 0.6 0.8 1.0
p=lpa P={pa

NOTE: collisions are included in this and subsequent calculations with
energy independent collisionality with slowing-down v evaluated at E=5/2 T
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Dissipation alone can modify RWM eigenfunctions (2)

« Full kinetic damping can produce large changes in eigenmode
structure near mode rational surfaces, and in edge region

m=1
2
3
4

1

—~ 0.5

Re(&-Vp

Damping fraction oy = 0.0 (

0g(0)t, = 0.0, NSTX wall with 1

wall

Ity =10°
solid), 0.04 (dashed)

O

0.0

~ 112

p=Wpol

Re(E-Vp)

0.5

NSTX wall with 1, /1, = 10°
Solid, dashed: 0, = 0,1 wg(0)t, = 0, 0.00

1y

0.0

- \
A\
\
A \
\
A \
\\ !
Vo !
L v \ !
1 J ~ L_‘
| / ~ -
0 1~ =z
~r
o | ' t et
' \ \
! N \
L { SR
- ’
- - {
((‘ {
-~

pol
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Rotation (with weak dissipation) can
also modify RWM eigenfunctions

=+ Only small eigenfunction changes observed for wg(0)t, = 0.04

» Resonances appear on both sides of g=2 surface for wg(0)t, = 0.1
— Alfvén singular points apparently split by Doppler shift

\/ NSTX wall with t,_/t, = 10° NSTX wall with|t,/t, = 10°

m=1 Solid, dashed: oy = 0.04 ®(0)z, = 0.00, 0.04 m=1 Solid, dashed: o, = 0.04| ®(0)t, =0.00, 0.10
3 r— "~ "~ 1~ " "~ T "~ T [ T T "7 T ] 3 L L L
4 10 * 7
- ] _
e ] i

e - - 4
— B&-‘;\ =y =~ _:
& TN =
i 5

frequ ¥
£2-0a 2+00, Lo,(r)
1 - . - - ,,,z"/' I I T I 1 | PR T T
" 1.0 /:2 :i:\\ Q) | 0.2 0.4 R 0.6 0.8 1.0
p=lpa . S p=lna
I,/’/ — ,/’x‘\\\g - U)f
: \ ST
fy
singular rational singular
point surface point
resonant resonant Sh I rals h I ] PO P 2010
surface surface
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As rotation (with weak dissipation) increases toward
experimental value, RWM eigenfunction is strongly modified

[~ ¢ Eigenfunction amplitude decreased by 25-50% at
large minor radius for og(0)t, = 0.14

 Eigenfunction strongly modified for og(0)t, = 0.16
—Rotation approaching marginal stability (og(0)t, = 0.22)

\/ NSTX wall with t,,/t, = 10° NSTX wall with <, /t, = 10°
m=; Solid, dashed: o, = 0.04 ®(0)t, = 0.00, 0.14 m=; Solid, dashed: o, = 0.04 ®g(0)t, = 0.00, 0.16
3 L i T T " ] 3 -~ - T T T 1 T T
P oon ; - MRS : -
: lll‘\ & ; 0.5 i:ll | & ]
E A E L I \\‘\ i
> Nt 1 > - AN N—— -
up ‘.} EECU 1 o - = M \‘—Fi:g
&, /\/ﬁ/-'_-/::_i«_'_&_}_-;-_‘l; &J 00_"""— sghh__-_‘:_-"’"—-’:_.
. = - SN
7 | h/ * i ¥ :
- X . 0.5 ! -
-0|5 — 1 L L ‘ 1 1 1 | 1 1 | 1 1 L | L 1 L — C 1 1 1 | 1 L L ‘ 1 L | 1 | 1 1 1 |
0.0 0.2 04 06 0.8 1.0 0.0 0.2 04 06 0.8 1.0
P=\rpa p=rna
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Rotation + dissipation strongly modifies RWM eigenfunctions

Rotation added to full kinetic damping produces changes that
deviate significantly from cases w/o rotation or dissipation

NSTX wall with t,,,/t, = 10°
Solid, dashed: 0, = 0,1 ©g(0)t, =0, 0.1

NSTX wall with /1, = 10°
Solid, dashed: 0, = 0,1 g(0)t, = 0, 0.00

m=

1

2

3 L
4 L

NN P

Re(E-Vp)
Re(S-Vp)

p={l}po|
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Inclusion of collisions can also modify eigenfunction

« Change due to electron collisions is largest, and including
these collisions can result in less abrupt changes of
eigenfunction across rational surfaces

. —_ 3
NSTX wall with t,,,/t, =10
m=; Solid, dashed: with, w/o e-collis., ®g(0)t, = 0.10

3 T L L A L

P10 NI
- \:".M y Full kinetic damping

I M.,
i N !‘/VLL%

= \/*/T hh
D. ﬁ'h\\/;’ ll':! /Llﬁ//::"
wp ot f‘%———’ﬁ_rf‘ﬂ’/ e
oy P ’ -]
@ D2 S
=} A
= J‘ gl
%/)i_j _1! /\ﬂ--r'_r |

:l, -
'0.5 1 I I | I L I | I I | I L L | :II FAN [
0.0 0.2 04 06 0.8 1.0
P={
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Toroidal rotation modifies no-wall ideal plasma
eigenfunction in outer 1/3 of minor radius

e 1/1 component modified in both core and edge
* Poloidal harmonics m=1-7 reduced at large minor radius

Experimental
value

Ideal plasma, zero dissipation
Ideal wall at infinity Ideal wall at infinity
Solid: wg(0)t, = 0.0, Dashed: wg(0)t, = 0.1 m= Solid: w(0)t, = 0.0, Dashed: »(0)t, = 0.2

1
2

| | | 3 - | |
4 L

o=

p)

Re(&

I
2
- \JJ
\\;/ ~
~ —— T —
~ ~ ~
~ -~
- -
~
~
- -
”
f
/
/
/
I~
s
7

/
s -
-
h\\_f// |
- -

0.0 0.2 0.4 0.6 0.8 1.0 00 02 0.4 0.6 0.8 1.0

A1/2 A 172

p=WpoI p=wpol
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Toroidal rotation also modifies with-wall eigenfunction

« With wall present, eigenfunction modified in both core and edge
* Note — this is ‘plasma mode’ with o, ~ rotation frequency

Experimental

Ideal plasma, zero dissipation

value
Ideal wall at zero rotation marginal position Ideal wall at zero rotation marginal pos ‘
m=1 Solid: ®g(0)r, = 0.0, Dashed: ®wg(0)t, =0.1 m=1 Solid: og(0)t, = 0.0, Dashed: ®wg(0)t, = 0.2
3 F T T T l T T T l T T l T T T T i i T 3 F T T T I T T T l T T l i i i T i i T
4 ] 4 i
= o
> >
up W
& 2
= 1 1 1 | 1 | 1 | 1 1 | 1 1 1 | 1 1 1 E L | | | | | | | | | 1 | 1 1 1 | 1 1 1 =
0.0 0.2 04 06 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
P=Vpai P=Vpa
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Increased toroidal rotation reduces ‘plasma mode’ stability

Implication: ‘ideal-wall limit’ is function of rotation speed

* Plasma mode predicted to be unstable for NSTX wall and rotation, but
experiment does not exhibit this fast rotating instability

« Future: include dissipation in plasma mode calculation — stabilizing?

Experimentally unstable ‘ Ideal wall, ideal plasma, zero dissipation Experimentally stable ‘
Growth rate vs rotatlon and waII p05|t|on o 10(()3rowth rate vs rotatlon and wall pOSItlon
0.100¢ i NSTX wall | ] - | NSTX wall .

0.010

0.010

T Ta '/ T Ta
%
) 1
a 0.1
£
0.001 3 f : Experiment |:> 0.2 0.001 - | Experiment
i ff | 0 3 3
| 1 n | 1 1 1 | | | | | 1 | I 1 | ! ! \ \ |
1.0 1.5 2.0 2 5 1.0 1.5 2.0
rwenllla rwallla
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Summary

Edge rotation (g > 4, r/a > 0.8) important for NSTX RWM

— Trends consistent with stability calculations using MARS-F

Stability quite sensitive to edge wg profile

— Essential to include accurate edge Vp in E, profile
— Poloidal rotation can also influence marginal stability

MARS-K (full kinetic) trends (stable/unstable) using self-

consistent approach consistent with experiment

— Perturbative treatment inconsistent — overly stable

RWM eigenfunctions are modified by dissipation, rotation
— Reduction/modification of &, will modify kinetic stabilization

‘Plasma mode’ also modified/destabilized by rotation
— Future: assess whether dissipation modifies plasma mode stability
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Sigh-up
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