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PRIMARY LIMITING MODE IN MAGNETIC
CONFINEMENT SYSTEMS: LOw-n Kink

- Long wavelength global MHD modes driven by
pressure & current gradient:

Shift & Tilt: n =0 and 1 Kink: n =1
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- ‘Classic’ Instability: ldeal conducting wall on
plasma boundary stabilizes the kink mode by
freezing magnetic flux value on wall surface.

- Resistive conducting wall stabilization fails on
magnetic field soak-through time scale: 7,



WANT TO PRESENT A REVIEW...

...OF IMPORTANT & EXCITING SCIENTIFIC ADVANCEMENT IN
MHD THROUGH THE INTERPLAY OF THEORY & EXPERIMENT
BEGINNING IN EARLY 1990s:

 BUILDING ON BAsIC UNDERSTANDING OF MHD KINK
MoDE STABILIZED BY A CONDUCTING WALL

J

 (OBSERVATION OF PLASMA ROTATION STABILIZATION OF
KiINK MoDE wiTH A CONDUCTING WALL

J

 DEVELOPMENT OF A “SIMPLE” MODEL WHICH DESCRIBES
MosT [BUT NOT YET ALL] OF KINK MODE BEHAVIOR

J

 EXTENSION OF THE MODEL TO ACTIVE FEEDBACK
CoNTROL OF THE KINK MODE



Foundation of Kink Mode Stability Built
on Energy Principle oW Stability Analysis

1957 Bernstein, Frieman, Kruskal, Kulsrud

perturbed magnetic
energy current driven - destabilizing

SW,= L] d’ { e, 6B” +£,c2(V x B )-(€ x 3B)

F(VEEVR)  +1(VE) |

pressure driven - destabilizing plasma compression

SW, = % J dx 80026B2

vacuum perturbed magnetic energy

If OW,+ 0W,< 0 mode is unstable



BASIC KINK MODE

- Long wavelength mode driven by pressure &
current gradient

Cylindrical k ~ 2/L Toroidal: low n =1

Kink Force

- Unstable when 6W, + dW", <0

- Dispersion Relation: y*K +8W, +3dW”, =0,
where K is kinetic fluid mass

» Define T, =[8W, + SW” VK ~ [Vpien/L]?



IDEAL WALL STABILIZES THE KINK MODE

- Ideal wall traps field in vacuum region and restoring
force stabilizes the kink — EXTERNAL Kink:

Conducting Wall
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Eddy Current Stabilizing Force

- Unstable when W, + 3W°, <0 Note: §W¢, > dW~,
- Dispersion Relation: y*-T.% + [6W°-8W” JK=0

- Critical Wall Distance, d_, where kink stable for d < d_:
simple [6W° -0W” JJK parameterization with d:

v2-T.q1—-d/d/K =0




KINK MODE IS STABILIZED BY IDEAL WALL

0=72—I;§(1—%

| S —
Ideal Stability

0.08 -

0.06 -
Y/ oo

0.04

ideal mode al-m
stable

0.00 - fr—
0.0 0.5

Plasma-Wall Separation, d/d,

0.02
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ADJUSTABLE CONDUCTING WALL POSITION IN HBT-EP:
EXTERNAL KINK STABILIZED BY NEARBY THICK AL WALL

Weakly Coupled Wall

s Wall Retracted
o= 1 — —Y - = 0.007 5— 20
] "jHr.lll'f 4+ M : J Ip (kA)— 15
o ¥ 10
1L <15
0 - 0
2Ly wvy 0 VR -
.2: ¢=180° _
1 2 3 4
time (ms)
Closely Coupled Wall Wall Near Plasma N
W 5 [g | 1, (kA)
AW X B e p _
e=1-—1-=0.120 p e — 15
W g i =
1r 15
0 0
2
0, ‘o
2 . ¢=180°
1 2 3 4
time (ms)
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RESISTIVE WALL ‘LEAKS’ STABILIZING FIELD: T,

- Stabilizing field decays resistively on wall time
scale T, ~ L/R: dy//dt =-y /t,

Conducting Wall
Z=Z=

<4 ra\
b~

== —— ==
Eddy Current Stabilizing Force

- Quadratic kink: y?-T'.’[1-d/d] = 0 coupled to
‘slow’ flux diffusion yy,, = -y, /t, : T, >> Tamen

» Cubic Dispersion Relation with new ‘slow’
root—the RWM: vy* - I .A[1-(d /d) yt,/(yt, + 1)] =0



KINK MODE GROWTH IS SLOWED BY RESISTIVE WALL

2 12 _de . Y Tw
0'72 = (1 d ”Y’CW+1)

| - i |
—_—

Ideal Stability Resistive Wall
G ® Resistive wall mode (RWM) is
0.081 Real w=0| - unstable
et |
0.067 — Mode structure similar to
Y/ 1o Resistive ideal external kink
0.047 Wall Mode . | — Mode grows slowly: v~ 7!
0.02 - \ ldealmode
0.00

0.0 0.5 1.0 1.5 2.0
Plasma-Wall Separation, d/d,
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RWM IDENTIFIED IN REVERSED-FIELD PINCHES

(B. Alper, et al., Plasma Phys. Controlled Fusion, 1989)

)
i
: ;: * Short time scale (t~0.5 ms) resistive
200 m=1 Be : - f1 “-“i :: wall added to HBTX1C RFP device.
L ] i
————— n=-5 J l H
! il - RWM observed growing on wall flux
-~ L Y diffusion time scale.
§ ol
T
. T
0

10 20 3-0 4.0

Time (ms)



PBX-M OBSERVED WALL STABILIZING EFFECT ON KINK

Growth rate or inverse mode duration
time of disruption precurser (kHz)

10 ;T T,i\lfv'en-1 __________ o _g_ b
E quasi-stationary 2 g ° MOdeS Slowed
N L - but not stabilized
: 0 § - onset of RWM
kHz )
LI - Showed key
L R E effect of plasma-
| @ a .
- wall coupling, c.
1 Twar =RIL PIng
btwd — — ——
xtended age req I;ea ccr:\.rerage !oogef'p coug!ed rcir;csuéal;;‘cscf}‘:;eeg

= — o
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JT-60U OBSERVED n=1 RESISTIVE WALL MODE

- Slow growing kink modes appear as q decreases to 3
in agreement with RWM model

— 106- 1 T 1 =
= E Finn's nlutioi1| e e
— - Q=0
-ta- B \
T 105:_ =
e - |
\ —xat='5.2065 (C} -:"E: 1042_ II‘ n=1 _i
- | unstable
103L | .
®
u I
102- el | 4 g 1 | R T N N T
MY 1 1.2 1.4 1.6 1.8
\i‘:f._.f 100G d/a
3/1 global kink structure Growth rate agrees with simple

RWM dispersion relation



RWM STABILIZED IN DIil-D BY ROTATION
FOR MANY WALL-TIMES, T,

e Normalized plasma pressure, 3, exceeds no-wall stability limit by up to 40%

e n =1 mode grows (y ~ 1/t,,) after toroidal rotation at q = 3 surface has
decreased below ~1 kHz

0.1 Raxis Discharge 96519 Rbdr
5 Discharge 92544 = ‘ .; t= 1332 ms
[0} 0 ————’1-‘—-&... ————————————————————————————————————— 171
i e ke D | % | Wf{ |
2 A AT ~ -0.1}F \ }. -l - | -
No Wall Limit ® | }. \
-0.2 | =
1 10 I ] | | |
Png (MW) 0.1 w I T ‘ .
-
: 0 F--- Ak 5 = i 5 e o e e ]
20 80 T
. OBy (Gauss i S 01k i
15 | Toroidal R n= \lF 60 g )
10 - Rotation 4'» :' \:‘Jd_) 0ol » |
Frequency | 40 'Z] :
5 1 (kHz) d | | 03k |
O e e 0 e e . 1 e e e S e A 20 l
0.4 L t=1336.5 ms ]
& i i &g 4 4 A s s, o e iy O |
1. 1.2 p [P 1.4 1.5 0.5 . | | ! . i
Time (S) 1.7 1.8 1.9 2 2.1 2.2 23
R (m)

Dil-D
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OUTSTANDING KINK CONTROL QUESTIONS IN MID-90’s

Why is the kink stabilized for many wall-times
when the plasma rotates?

Why does the plasma rotation slow down?

Is there a critical rotation speed for stability
and how does it scale?

Is the kink mode structure ‘rigid’ so that
simple single-mode models can be used?

Can these slowed growth rate kinks be
stabilized by active feedback control?



Passive Control of Kink Mode:

Plasma Rotation Stabilization



ROTATION AND DISSIPATION CAN STABILIZE RWM

- Rotation Doppler shift: y = y + iQ where Q is plasma rotation.

- Dissipation represented by friction loss (y + iQ)V, where form
of v still being actively studied by theory community:

(y + iQ)? - T 1-(d /d) vyt /(yc, + 1)] + (y +iQ)v =0

(as shown in Chu, et al. Phys. Plasma 1995;
consistent with numerical result of Bondeson & Ward, PRL 1994)

« Cubic Dispersion Relation with three roots: in region where
d <d. new ‘slow’ RWM root can be damped with ‘fast’ stable kink
mode roots tied to rotating plasma with usual ordering:

T, << Q<< Vel

- Why is RWM Slow Root Stabilized?

kink energy release < dissipation loss of RWM
slowed by wall in flowing plasma



KINK MODE GROWTH IS SLOWED BY RESISTIVE WALL
AND STABILIZED BY PLASMA ROTATION

2
:0\2 _ T2 I'Z2(d./d)y T :
0=('LY+1Q) —1}, (Y;WIY'I ot (v+iQ) vpis
N\ . %/_J V- . .
Ideal Stability Resistive Wal  Plasma Dissipation
Stabléf = = | o Resistive wall mode (RWM) is
oler unstable
0.08 - .
— — Mode structure similar to
006 o=Ty % ideal external kink
Y/Foo R R Is - MOde grOWS SIOWIV: y ~ TV\;
0.044 pesistive Walll: iasma |
Mode 1 Nese o e Dissipation + rotation
0.02 - | stabilizes RWM
’J\ — Mode nequy stationary:
0.00 , ®~Tw ' << Qplasma

0.0 0.5 1.0 1.5 2.0
Plasma-Wall Separation, d/d,
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RWM Parameterized by “Normalized Stability Drive”, S~ Cg

Chu, et al. Cubic dispersion relation parameterized by wall position, d/dc:
d rs, —r2
Q)2 Q) -rs(1-—|=-—>2_d
(v +i2)° + v(y + i) d( dc> 1
Fitzpatrick introduced equivalent defining “normalized stability drive”, S:
2 2 r%/[HD
(v +i)*+v(y+iQQ) —Tygp(S—1) =

yrw(l —¢c) + 1
where ¢ = (1 —5W,°/§W¥) is the kink mode coupling plasma to the wall.

e Normalized Mode Drive, S:

S = 0 Marginally stable withoutwall = (6Wp 4+ dW3°) =0
S = 1 Marginal withidealwallatd=d ¢ = (6Wp + 6W%) =0

e For pressure-driven kink modes, S = Cg:

S Cﬁ 0 = No-Wall Beta Limit
S CB = 1 = ldeal-Wall Beta Limit



DISPERSION RELATION: WEAK DISSIPATION

Model using DIIlI-D like parameters t,, ~ 1 ms
and plasma rotation Q varied from 0 to 5 kHz

Weak Dissipation: (11/2x= 0.0)

10 Growth Rate, y/yy |".|'|5ﬂ[|E Frequency, w/2my,,
: . _
81 ” 4t
. a
G| . 3t !
4} ) 2 D
21 1t
| T WA 15  -05 05 O
_9t 1t
_4t o -2 :





DISPERSION RELATION: STRONGER DISSIPATION

Model using DIIlI-D like parameters: t,, ~ 1 ms
and plasma rotation Q varied from 0 to 5 kHz

stronger Dissipation: ({}/2x = 0.0)
Growth Rate, y/yy Mode Frequency, w/2my,

s

T T





SUSTAINED ROTATION ABOVE CRITICAL VALUE
[ RELIABLE OPERATION ABOVE THE NO-WALL LIMIT

106535 107603

i
3 o Feedback control of NBI
N 3 power keeps By below
2 stability limit (107603)

Il -
1 By (2.40) « No other large scale
e instabilities encountered
12 Rotation (kHz) at g~2 (NTM, n=2 RWM, .. .)
6
N A R o Ideal n=1kink observed
1000 1500 2000 2500 3000 at the wall-stabilized
Time (ms) B limit
oB -
300 : o Bn~2 quo wal
— B=37%

Toroidal Angle
S

Tg ~ 300 pS << Tyl
Trot ~1MS <Typy

2111 21115 21120 21125
E!”’ -P Time (ms) 258-02/EJSI]

IONIAL FUSION FACILITY
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INCREASING n=1 ERROR FIELD AMPLITUDE
CAUSES DECAY OF PLASMA ROTATION

101877 103154 103156 103158

6 - Error Field Component at 2/1 Surface (Gauss)
N

Clear rotation
< stabilization
threshold observed

Q T T T T T T T T T T
1200 1300 1400 1500 1600 1700

Time (ms)
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MOMENTUM CONFINEMENT DECREASES AS PRESSURE
EXCEEDS NO-WALL KINK LIMIT IN DIlI-D

140 —— —
: O
120 : . © ° -
100 | No-wall B limit Te
g 80 7 \ B
i A
=~ 50 : TA A R
] A
20 | Increasing Bn :
! >
0 o e By
0 2 4 6 8 10
Input power (MW)

SSSSSSSS

* Energy confinement
relatively unchanged

* Angular momentum
confinement time, T,
decreases with
heating power



ROTATION-STABILIZED PLASMA HAS A RESONANT
RESPONSE TO EXTERNAL MAGNETIC PERTURBATIONS

* Weakly damped oscillator responds when

driven near resonant frequency: 00 F--- I-Ilfnlftfb'-er
— o ~ 0 for RWM I , !\
| .
* Amplitude of response to n= 1 | per urbation LA L
increases strongly for B > p"° _ Iﬁf‘\trzwns:; y
*  Damping rate decreases for 3 > p"o-wall :
* "Error field amplification” by marginally stable RWM
can cause slowing of rotation (A. Boozer, PRL 2001) .
105444 105432 105439 1.0 BN/B?f wall 1.6

Pn = - 025 Plasma Response (Normalized)

—)

No wall beta limit

Applied
OBy at wall (G)

3.0 Iasma response onI 3 ﬁ‘
Field component 5 (p p Y stable : )&
on 2/1 surface (G) , , \ e ’g'(
0.0 , . 0. OEK noise IeveI . .

1550 Time(ms) 1750 0.6 1.0 1.6

DIII-D R

MAPGNAL FUSIGN FACILIT 258-02/EJS/wj

- N WO =N Wk
I I I 1 1

:
|
| x X
|
|
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RESONANT FIELD AMPLIFICATION (RFA) OBSERVED IN JET

FPulse No: 50223
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Resonant field amplification increases at high 3

4
B -wall
E BNnowa . 6
= 3 - \ °
<I o O
= L
3 ° g
~ OOOO o
E 1L 8 o0
(1’4
)

o
\

4.0 4.5 5.0 5.5 B 6.0
N

® Plasma response to field from initial
RWM stabilization coil pair

AC and pulsed n = 1 field perturbations

® RFA increase consistent with DIII-D
DIlI-D RFA: 0-3.4 G/kA-turn

® Stable RWM damping rate 300s""

Sensors

Initial RWM stabilization coils




DIll-D HAS A VERSATILE COIL SET TO STUDY
RESISTIVE WALL MODE DAMPING PHYSICS

@ Inside vacuum vessel: Faster time response for feedback control

® Closer to plasma: more efficient coupling External Coils
(C—coils)

Ny

Vacuum Vessel
Internal Coils (Cutaway View)

® 12 “picture-frame” coils
® Single-turn, water-cooled (I-coils)
® 7 kA max. rated current

@ Protected by graphite tiles

Dil-D

NATIONAL FUSION FACILITY

SAN DIEGO 309-04/GAN/rs



DIRECT MEASUREMENT OF THE RWM DISPERSION
RELATION OBTAINED WITH ACTIVE MHD SPECTROSCOPY

 Apply a rotating low amplitude

n=1 field:

,(t) =1,

= Plasma response increases
significantly when beta
exceeds the no-wall limit.

 Measure plasma response at
different frequencies in

multiple identical discharges.

Dili-D

NATIONAL FUSION FACILITY

3

2

1
0

DIll-D 114088

________

BN > BN,no-wall

Rotation stabilizes RWM
—_—

- - - 1"_
\RhV

_ -unstable

Plasma response BQ'“’/ l. (G/KA)
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1000
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PLASMA RESPONSE HAS A RIGID STRUCTURE
WHICH IS INDEPENDENT OF THE EXTERNAL FREQUENCY

Plasma response - n=1 component atf,,, o TEm O\
B
- N \
L]

2

toroidal phase [deq]
-
plasma rotaton

- Phase difference among B, arrays independent of frequency

- Phase of plasma response changes from leading to lagging the
external field as frequency increases in plasma flow direction.

SSSSSSSS



SINGLE MODE MODEL DESCRIBES INTERACTION
BETWEEN THE RWM AND AN EXTERNAL APPLIED FIELD

o Single mode RWM model in slab geometry [Garofalo, Jensen, Strait, Phys Plasmas
9 (2002) 4573] yields relation between the perturbed radial field at the wall, B,
and currents in the control coils, |

7 "ext?

dB

T YoT,Bs =M., |

w sc "ext

 Dispersion relations predict (complex) RWM growth rate ¥, = Ygwm + | ®zwm
in the absence of external currents

« Solve for plasma response contribution: BS = Bflas + BSeXt

» Predicted plasma response to an externally applied field rotating with a_,:

Bé)/aS(t) _ )/OTW +1 M* I eiwextt

(iwextrw ~YoTw )(iwextTW + 1) e

* Here, M_, is the effective mutual inductance describing the resonant
component of the applied field at the wall due to coil currents I..




Measured spectrum consistent with predictions of a
marginally stable RWM in a rotating plasma

e Use predicted frequency dependenc
of the plasma response,

BPlas () _ YoTy +1 M. | g ®ext
= (1) (i0exi Ty = YoTu )10y Ty +1) Ce_

- Fity, and M_, to match measurement
for two plasma pressures g, =2.4 &

 Good agreement:

— Indicates single-mode approach
is applicable.

— Yields measurement of damping
rate and mode rotation frequency
¥o=(-157 +i80 )s™ for B, = 2.4

= (-111 +i73 s for By = 2.9
DII-D " b

NATIONAL FUSION FACILITY

Amplitude/coil current (n=1)

DIIl-D experiment — Fit to model
* [5,=2.940.15 &
@ By = 2.4:0.1

(G/kA)
)

'1nﬂ-‘.a..xa..a_l..aala... i | P r——
60 -40 -20 0 20 40 60 @0
Frequency of applied field wgy/2r (Hz)




2D MARS CODE SOLVES FOR y and @ OF KINK MODES

® New version MARS-F: MARS + feedback in vacuum region

Dissipation From

J in Landau Damping

4o 0
it Gl

Eq. Of Motion  p(y+inQ )v, ==V p, + j x B,+J,xb,— V*II,- pU(v,)

Ohm’s LaWw  (y4inQ )b, = Vx (v, x B,—1 j,)+ (b * VQ YR* V¢

Ampere’s Law  j, = Vx b, Plasma Rotation

Pressure Eq. (y+inQ )p, =-(v,*V)p,-Ip, Vev,
Density Eq.  (y+inQ )p, =-(v,*V)p,-Tp, Ve,
Bondeson, Vlad, Lutjens, Phys. Fluids B 4, 1889 (1992)
Chu et al., Phys. Plasmas 2, 2236 (1995)
Liu, Bondeson et al., Phys. Plasmas 7, 3681 (2000)
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TWO MODELS HAVE BEEN USED IN MARS TO SIMULATE
DISSIPATION EFFECT OF LANDAU DAMPING ON MHD MODES

@ Parallel sound wave damping model hased on Hammet/Perkins’s approximation

— A A

VeIl =xrlky,joviebb | Scale factor k, ~ 0.5

® Kinetic damping model (n*=0, w,=0) from Bondeson and Chu

AW,y = AW, (E.7 = 0)+ AW, ()

V\

AW (3) = (AW, +AW,) Compressional Energy
J
| 2

AW, = | dl"(- &f) ' <exp(ixm)H>

circulating oE C()—(I’lq—m )wt

| 2

AW, = [ dr(_ of ) —expli Landau Resonance

trapped JE ) w+m Wy,

309-04/GAN/rs



MARS PREDICTIONS OF Q_.t, IN QUALITATIVE
AGREEMENT WITH MEASUREMENTS ON DIIIl-D AND JET

sowvave

I l I I I
T B L NSy 0.150
MARS Rl 4

sound wave ~=ay

(K)=0125) ¢ n
| =
0.02 - =ﬁ % 0.010+

I B =
| e
| ;’ —y_\:\ . g "
0.01 1 == -
I MARS kinetic 0.005(
L , | g
0.00 ; P i g Kinetic %
0 0.5 1 00 O|2 0!4 0!6 OI.8 1.?)
Cp Cp
 InDIII-D Q_,;;%, ~ 0.02 with weak * InJET Q_,;,%, ~ 0.005 with weak B
dependence dependence

 Both damping models predict Q_ .. within a factor of 2

crit

pII-D EEEEDA ™ e e



Q..ta follows 1/(4g%) Bondeson-Chu theory in NSTX

Phys. Plasmas 8 (1996) 3013

w,/ma(,t) profiles * Experimental €
0.5 | | I stabilized/ rofiles:
+ stabilized B >py>+e" (DCON)

- - - 1/(4q?) profiles not stabilized
A ot stabilized cannot mqlntaln

/3 > ﬁNno-Wal
regions separated by
w0, =1/(497)

® Drift Kinetic Theory

Trapped particle
effects significantly
weaken stabilizing
ion Landau damping

Toroidal inertia
enhancement more
Important

® Alfven wave
dissipation yields
chit = (DA/(4q )

SAS - FEC ‘04



MODE FREQUENCY AND DAMPING CANNOT BE FIT SIMULTANEOUSLY

2.0

Growth rate YRWM TW

0

10f

(e & S 0000 000
. experiment(Qt, ~0.02)
sound wave
(K“ = 0.5).—-—"‘
g
-
y -
kinetic M
...|...|...|...|f‘.
| Mode rotation _
 frequency wgym Ty ]
[ A
4
4
s
/”,,
", I ’. -‘—"’"“

0.0t

DIII-D 00 02 04 06 08 1.0

FUSION F,
SSSSSSSS

Cp

* Both damping models
predicty  toolow

* Kinetic damping predicts
mode frequency ®gym

* Further work on damping
[e.g. neoclassical viscosity]
models being explored



OUTSTANDING KINK CONTROL ANSWERS IN 2004

- Why is the kink stabilized for many wall times when

the plasma rotates? Dissipation (viscosity) of slow RWM
in rotating plasma: Chu-Bondeson, & Fitzpatrick models give
qualitative agreement with experiment.

- Why does the plasma rotation slow down? Resonant

Field Amplification (RFA) of ‘error’ fields in rotationally
stabilized plasma near marginal stability= Error field
reduction allows ideal wall limit stabilization by rotation!

Is there a critical rotation speed and how does it
scale? Yes, qualitative agreement with sound-wave &
kinetic models for Q_t,; BUT quantitative detail not yet
complete: y & w not yet consistent with dissipation models.

Is kink mode structure ‘rigid’ so simple single mode
models can be used? Yes — mode is remarkable robust
even in multi-mode RFP plasmas.

Can these slowed growth rates kinks be stabilized by
active feedback control?



Active Control of the Kink Mode:

Feedback Stabilization Using
Externally Applied Fields



ACTIVE CONTROL OF THE RESISTIVE WALL MODE SEEN ON HBTX

- In 1989 the RFP device HBTX observed the first simple feedback
experiment on a m=1/n=2 RWM [B. Alper, Phys. Fluids 1990]

P N TR
N "-!t W e =
VRN &\'\j \/ Gauss COSINE
\ , e — _I“-.._ \_\.I
I ‘——_,\}q\_ . fQ Sﬂ . i' A
}l.\-\_‘_____,"'ﬂ":;ﬁ ™ :._ ‘\I.. / ; lI,:' i' ! -:; ‘\
\>\| i "'\‘ jl );' l\‘\r n l . ki
ey y | S A i il 1 j e - L Tl
. u-ﬁs._ . /fl ) 'g I iqr T
= 1
Helical windings on torus = =50 o e
B k= SINE
B, \ - / ' JL L
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cylindrical approximation

 Phased currents in sine & cosine helical coils outside resistive wall

* The 1/2 mode amplitude was reduced 50% [< 20G]

- Supported proposal by Bishop [Plas. Phys. Cont. Fus. 1989] to use an
active “intelligent shell” for RWM control in the RFP.
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FEEDBACK LOGIC FOR RWM FEEDBACK STABILIZATION

Smart Shell Explicit Mode
_ Control

Vacuum /CO'I Sensor

ans

oV
—S‘PC
A =G oY A=G(8‘P-Mlc)

Feedback cancels Feedback cancels

the radial flux from MHD the flux from MHD mode

mode at wall sensor at plasma surface

309-04/GAN/rs



“Smart-Shell” Feedback Successfully Implemented on HBT-EP

1 cm Aluminum 2 mm Stainless Steel

Segments M Segments

| ,‘,—/’ \
ﬂ .

Smart-Shell: Control Coil
® 30 independent radial field flux loops

e 30 independent, overlapping control coils
e Locally prevents flux penetration through wall segments

e Effectively increases wall time and wall coupling

Columbia =
" University 0




“Smart-Shell” Feedback Successfully Implemented on HBT-EP

Ideal MHD Growth Rate (1/ms)

90 | ® Fast current ramp excites
| kink as q(a) crosses 3
60 | -m=4 . m=3 _ a(@)
77 =TT
’ | - N Al Shells Out
,' ‘| | 7 Ne—T
30 [y 1 | \ —
m \ | (/_“_/- Al Shells In
0 | \

Edge Safety Factor, q(a)

Flux Penetration Rate (V/m?2)

® “Smart Shell” suppresses flux

3 n=1 ! Feedback Off penetration through SS shell
. / and stabilizes RWM fluctuations
2 [ Al Shells In PN FeedbackOn
Y ® Stabilization limited by coil-
1 sensor coupling. Improved
SN control obtained with
0 “Explicit Mode Control”
1.0 1.5 2.0

\ C a.lfumbfh ml'iﬂ
Cates, et al., POP (2000) Columbis i



CONFIGURATION OF SENSOR COIL AND ACTIVE SADDLE COIL
TOROIDAL ARRAYS IN EXTRAP T2R FOR MULTI-MODE FEEDBACK

A PJ | B
=L _>i =t [ |_'?j I'll'?f:?‘\‘__
“é.} Y ".j'___:‘_w}_.' L
Sensor coil array: 64x4=256 Active coil array: 16x4=64 saddle
saddle coils Each coil has 90° coils Coils are "m=1" pair connected
poloidal, 360/64=5.125° toroidal into 16x2=32 independently driven
extent coils. Total surface coverage is 50%

The feedback scheme is based upon detection and control of
Fourier harmonics (b

m,n):

Imn=K™"b_ | where K™"is a gain
i = 2RealS I™" expli(m@j +n¢k)] } [Inverse FFT]



FEEDBACK CONTROL EXTENDS THE LIFETIME &
SUPPRESSES MULTIPLE RWMs IN THE EXTRAP T2R RFP

Br m=1 ampl [mT] =hot

15863 15864 15865 15867 15868 15889

150
T 100 _Plasma current w/o FB With FB -
Sk o e gl
a . I." "‘"\lﬁl ﬁ',
0.
+ [34 learing mode ;o
T n=-14
0.1 = = -
R e PR SN
~ 0.2 b= Internal RWM -
T n=-11 ——
I nli B _____.—-—F-"’_:-:-— = \M.""-\-\__ —
o 02k W/O FB . ) with FB =
I aq bl Internal RWM —_ ]
C. n=-10 S — S o e -
Eg i - : ' : _q"—-'-"::"_-—"-h-—ﬁ::__..:.,.s_
_ Internal RWM e _
T G2 n=-8 M
0.1 J— AR h
e — e
HE _’J__,,-f"-—u ""1-.“..._,_“_“_____ e |
| Field error _ _
Al 0.4 no? - s Hﬂ'“"‘--q._
EIIIE — e HHH‘_-.-..J#—. -\-\._\__\_\_\__ ) -\-\___II
Bg — B -
f.2 — External RWM e
n n=5
0.1 e =
T N -
0.0 B o e i ) S —
0 5 10 15 20 23

- Discharge lifetime

extended with
feedback.

- RWM amplitudes

suppressed by
feedback.



THEORY AND MODELING TOOLS PROVIDE
FOUNDATION FOR FEEDBACK DESIGN AND ANALYSIS

1-D MODELS
* Lumped parameter circuit modeling

* Instructive, but qualitative
A. Boozer PoP 1998, 1999, 2004
M. Okabayashi, N. Pomphrey and R. Hatcher, NF 1998
T. Jensen and A. Garofalo, PoP1999

MHD MODELS
* With finite wall resistivity

* Ideal MHD mode interacts with resistive wall geometry

A. Bondeson and Y. Liu MARS-F code 2D
[2D plasma model + toroidal rotation + dissipation]

M. Chance and M. Chu GATO + VACUUM code 2D
[2D MHD plasma model — no rotation]

J. Bialek and A. Boozer VALEN/DCON code 3D

[simple plasma model - rotation not yet implemented]



VALEN CODE BASED ON SET OF COUPLED CIRCUIT
EQUATIONS WITH UNSTABLE PLASMA MODE

* These equations are implemented in VALEN:

Lol" + Mupl® + Mupl” = O,

Mpwlw—l—LId + LI’ =] No inertial term so
‘fast’ Alfven time
p . scale for flux release
LI"(1+s)=® by kink 14~ L/Rg
d(I) modeled by thin
W wo__ resistive shell on
/dt +Rul” =0 plasma surface.

dd d _
/dt-l-RdI =0

o Coefficients are determined by 3D geometry of conductors and
plasma mode shape determined from DCON

e Mode strength controlled by parameter: s



VALEN COMBINES DCON KINK MODE WITH

3D FINITE ELEMENT ELECTROMAGNETIC CODE

0B, 0rmai calculated by DCON
for unstable plasma mode

0.1
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O
O

F’Bnorma/

N

N\
N
N

0.1 T T T T T T T T

Arc Length

—

- RWM dispersion relation

with full 3D coupling effects

- Single n=1 DCON mode
without rotation

W
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VALEN finite element

circuit repesentation of the

unstable plasma mode
structure

N
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no-wall Cg ideal-wall
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VALEN AND MARS BENCHMARKING STUDIES
FOR ITER EQUILIBRIA IN GOOD AGREEMENT

10 6;

MARS
Ideal Kink
range

By (1/sec)

2.0 2.5 3.0 35 4.0 4.5
no-wall ideal-wall [3
N

limit limit



OBSERVED OPEN LOOP RWM GROWTH RATES
AGREE WITH VALEN PREDICTION

30—
_ 1/
- VALEN —-H :
Mw [ prediction VR B
20 No Feedback II i E
- No Rotation / i
- N/ .
- + 7 )
C / .
10F /) | =
- ‘* |
= |
[ m—— — |
|
0 | _— : L
0.0 1.0
No-wall Ideal-wall
limit limit
DIII-D

TONAL Fi FACI
SSSSSSSS 269-04/MOJy



DIll-D INTERNAL CONTROL COILS ARE PREDICTED TO
PROVIDE STABILITY AT HIGHER BETA

@ Inside vacuum vessel: Faster time response for feedback control
Closer to plasma: more efficient coupling

Internal Coils
I-coils)

(o
\

External Coils

Vacuum Vessel )
u (C-coils)

(Cutaway View)

aaaaaaaa 309-04/GAN/rs



FEEDBACK WITH I-COILS IN DIil-D INCREASES STABLE
PLASMA PRESSURE TO NEAR IDEAL-WALL LIMIT

- VALEN code prediction

,| — No Feedback Ideal kink
_ 107 - VALEN code:
('\;Ormar:';ed | _ - DCON MHD stability
fowth Rate 10 | o - 3D geometry of
Tlw : vacuum vessel and
| . coil geometry
1 ;

. Tw is the vacuum vessel

10-1'5 Resistive flux diffusion time (~ 3.5 ms)
| Wall Mode:

10.2- Open loop growth rate
0 02 04,06 08 10

No-Wall Limit B Ideal-Wall Limit

DIIl-D
Tl L FUSI! FACILI

NATIONAL FUSION FACILITY
SSSSSSSS

269-04/MO/jy



FEEDBACK WITH I-COILS IN DIil-D INCREASES STABLE
PLASMA PRESSURE TO NEAR IDEAL-WALL LIMIT

- C-coil stabilizes slowly growing RWMs

,| — No Feedback Ideal kink
_ 107 — External C-coils . External C-Coil:
g°rmtar:';e°tl | . - Control fields must
oW AR o | penetrate wall
Tlw : - Induced eddy currents
: ! reduce feedback
1 :
: - Tw is the vacuum vessel
107" £ Accessibl flux diffusion time (~3.5 ms)
with
-9 External
10 C-coils !
0 02 o.'4c' 06 08 1.0
No-Wall Limit B Ideal-Wall Limit

DIlI-D

'IONAL FUSION FACILITY
SSSSSSSS
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FEEDBACK WITH I-COILS IN DIil-D INCREASES STABLE
PLASMA PRESSURE TO NEAR IDEAL-WALL LIMIT

- |-coil stabilizes RWMs with growth rate 10 times faster than C-coils

Normalized
Growth Rate

10
T 1

1 02'5

10'1-5

102

— No Feedback
— External C-coils
— Internal I-coils

Accessibl
with
External
C-coils

Ideal kink

Accessible
with
Internal
I-coils

No-Wall Limit

DIlI-D

'IONAL FUSION FACILITY
SSSSSSSS

02 o.'4c' 06 0.8
B

1.0
Ideal-Wall Limit

- Internal I-Coils:
- Improved coil/plasma
coupling
- Improved spatial match
to RWM field structure

- Tw is the vacuum vessel
flux diffusion time (~3.5 ms)
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FEEDBACK EFFICACY DEMONSTRATED BY GATING OFF THE GAIN
FOR 20 MS AT TIME OF EXPECTED RWM ONSET

Feedback Gain

Bn

104118 104119

1200 1600

Time (ms)

Without feedback, slow Ip ramp
rate (0.5 MA/s) destabilizes
slowly growing RWM

With feedback, beta collapse
avoided

n=1 mode starts up during
feedback off period,
stabilized after feedback is
turned back on

— ‘ field probes and SXR arrays,
decoupled from driver coils

1550 DIli-D

2
[ Relative Displacement (SXR) 104119

1 |

O s

-1 = . : . . . .
1 4 &= AFeedback Current (C79) 104119 n=1 mode detected on p0|0|da|
121
1.0 =

1480 1490 1500 1510 1520 1530 1540

Time (ms)

"Feedback OFF
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FEEDBACK WITH INTERNAL CONTROL COILS HAS ACHIEVED HIGH Cp
AT ROTATION BELOW CRITICAL LEVEL PREDICTED BY MARS

- Trajectories of plasma discharge in rotation versus CB

idealwa"‘lno---|"'|'I'I"'|'""""IIII
limit - : MARS prediction
I : Stable (without feedback)
Unstable 7.,
CB - (without feedback) N
- C-coil feedback plasma -
crosses limit & [
reaches higher [
pressure [
nowalloo-‘,_._..-f',,,,,,,,,,,.,,...........'
limit 0.0 50 100 150
Rotation (km/s)
DI-bo

JAL Fi ACILI
SSSSSSSS 269-04/MO/jy



FEEDBACK WITH INTERNAL CONTROL COILS HAS ACHIEVED HIGH Cp
AT ROTATION BELOW CRITICAL LEVEL PREDICTED BY MARS

With near zero Rotation, C3 is near the maximum set by existing
control system characteristics: bandwidth & processing time delay

ideal wall 1,0 ———————————
limit - : MARS predlctlon
. |-coil feedback plasma i lStabIe (without feedback)
reaches near zero rotation._| Unstble % -

with measured
amplifier time response
for zero rotation

MARS /VALEN prediction | — e i N

nowa" 0.0:..-'.'-.";’."..I.||I|||||||||||||||||-
limit 0.0 50 100 150

Rotation (km/s)

Diil-D

NATIONAL FUSION FACILITY
269-04/MO/jy
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FEEDBACK WITH INTERNAL CONTROL COILS HAS ACHIEVED HIGH Cp
AT ROTATION BELOW CRITICAL LEVEL PREDICTED BY MARS

Combination of low rotation and feedback reaches CB is the ideal wall-limits

/

ideal wall 1,0 ———— S
limit wcoi. : MARS prediction
[ : Stable (without feedback) ]
[ Unstable : ]
(;B - T
MARS /VALEN prediction gl
with measured /5 kcoL  C-COIL ¥,
power supply time response -jo%ri?% | ”
for zero rotation [ X
nowa" 0.0-,,-,-‘,".',,,|,,,.,,,.,,,.,,,. —
limit 0.0 50 100 150
Rotation (km/s)

DIII-D

NATIONAL FUSION FACILITY
SSSSSSSS

269-04/MO/jy



RWM FEEDBACK ASSISTS IN EXTENDING [3n~4 ADVANCED
TOKAMAK DISCHARGE MORE THAN 1 SECOND

119666/119663
With Feedback  High performance

Bn B ~
__________ plasma approaches
Feedback |- Estimated no-wall limit B ~ 6%
current (kA) . . °
edback coil current amplitude

0.0
200

Plasma s
Rotation s

4.0 —~<

With Feedback 3« Without feedback

plasma disrupts
due to RWM

(km/s) Feedback
0.0
30.0
n=1 |
5B Mode  NO
Amplitude. Feedback
(gauss) -

0.0

Di-o

NATIONA. USION FACILITY
269-04/MO/jy
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SUMMARY & CONCLUSIONS

- Basic Physics of the Wall Stabilized Kink Mode:

+ Dissipation (viscosity) models in MARS give
qualitative agreement with experiment for critical
rotation thresholds.

+ Resonant Field Amplification critical for RWM
dynamics since w ~ 0 = can slow rotationally
stablized plasma near marginal stability and error
field reduction allows ideal limit stabilization by
rotation.

+ Qualitative agreement with kinetic damping
models BUT complete quantitative details still not
complete: predicted y and w not self-consistent
with experiment.

+ Rigid mode model is a useful tool for analysis.



SUMMARY & CONCLUSIONS

- Can these slowed growth rates kinks be stabilized

by active feedback control? YES!

o

Feedback stabilization of the RWM has been
demonstrated significantly above the no-wall
pressure limits for 100s of wall times.

2D MARS+F and 3D VALEN+DCON provide
quantitative tools to design and assess optimized
feedback control systems: Coil location &
geometry, feedback loop transfer function, and
noise and power requirements.

Tools and a predictive physical model are in hand
for application of kink mode control to next
generation Burning Plasma experiments.





