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Abstract

Stabilizing modes that limit plasma beta and reducing their deleterious effects on plasma rotation are
key goals for efficient operation of a fusion reactor. Passive stabilization and active control of global
kink/ballooning modes and resistive wall modes (RWM) have been demonstrated on NSTX and
research now advances to understanding the stabilization physics and reliably maintaining the high
beta plasma for confident extrapolation to ITER and CTF. Active n =1 control experiments with an
expanded sensor set, combined with low levels of n = 3 field phased to reduce error fields, reduced
resonant field amplification and maintained plasma rotation, exceeded normalized beta = 6, and
produced record discharge durations limited by magnet system constraints. Details of RWM active
control show the mode being converted to a rotating kink that decays, or saturates leading to tearing
modes. Discharges with rotation reduced by n = 3 magnetic braking suffer beta collapse at normalized
beta = 4.2 approaching the no-wall limit, while normalized beta greater than 5.5 has been reached in
these plasmas with n =1 active control, in agreement with single-mode RWM theory. Advanced state-
space control algorithms proposed for RWM control in ITER theoretically yield significant stabilization
improvements. Values of relative phase between the measured n = 1 mode and the applied correction
field that experimentally produce stability/instability agree with theory. Experimental mode
destabilization occurs over a large range of plasma rotation, challenging the notion of a simple scalar
critical rotation speed defining marginal stability. Stability calculations including kinetic modifications to
ideal theory are applied to marginally stable experimental equilibria. Plasma rotation and collisionality
variations are examined in the calculations. Intermediate rotation levels are less stable, consistent with
experimental observations. Trapped ion resonances play a key role in this result. Recent experiments
have demonstrated magnetic braking by non-resonant n = 2 fields. The observed rotation damping
profile is broader than found for n = 3 fields. Increased ion temperature in the region of maximum
braking torque increases the observed rate of rotation damping, consistent with theory.
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Research advances to understanding mode stabilization physics
and reliably maintaining the high beta plasmas

a Motivation

Maintenance of high g, with sufficient physics understanding allows
confident extrapolation to ITER and CTF

CTF: py=38-5.9 (W, =1-2 MW/m?) ST-DEMO: By~ 7.5
- Both at, or above ideal no-wall -limit; deleterious effects at ~ 12 g,/ o-wal
- high f3\, accelerates neutron fluence goal - takes 20 years at W, = 1 MW/m?)

0 Outline
Active control of beta amplified n = 1 fields / global instabilities
Mode dynamics and evolution during active control
Control performance compared to theory, connection to ITER
Kinetic effects on resistive wall mode (RWM) stabilization

Non-axisymmetric field influence on plasma rotation profile




NSTX equipped for passive and active RWM control
RWM sensors (B,)

Stabilizer
Q Stabilizer plates for kink plates
mode stabilization
0 External midplane control
coils closely coupled to
vacuum vessel sisg)/
7

0 Varied sensor combinations
used for feedback
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X
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RWM sensors (B,)

RWM active stabilization coils
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Active RWM control and error field correction maintain

high g, plasma

Without control —| With control —|
6 - H H 0 i ! -
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SO0 15 (A) T i \E
-500 - n = 3 corredtion n = 1 feedbfack -
0.0 0.2 0.4 0.6 0.8 1.0
t(s)

O n =1 active, n =3 DC control

n=1response ~1ms<1/
YRWM
Bn/Pno e = 1.5 reached

best maintains W,

NSTX record pulse lengths
limited by magnet systems

n > 0 control first used as
standard tool in 2008

Without control, plasma more
susceptible to RWM growth,
even at high w,

Disruption at w,/2r ~ 8kHz
nearq=2

More than a factor of 2 higher
than marginal w, with n =3
magnetic braking
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Probability of long pulse and <>,

ulse

Increases significantly

with active RWM control and error field correction
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|, flat-top duration (s)
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|, flat-top duration > 0.2s (> 60 RWM
growth times)
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odd(G) dg

AB"

During n=1 feedback control, unstable RWM evolves into

e

4 a4
ooo o
| T

rotating global kink

BFA réduceq

T
—p

EMode rbtation
[ :Co-NBI direction

- 128496 |

0.606

0.610 0.614

RWM grows and begins to
rotate

With control off, plasma
disrupts at this point

With control on, mode
converts to global kink,
RWM amplitude dies away

Resonant field amplification
(RFA) reduced

a Conversion from RWM to
rotating kink occurs on t,,
timescale

0 Kink either damps away, or
saturates

Tearing mode can appear
during saturated kink




Soft X-ray emission shows transition from BRWM to global kink

@ Transition from RWM to kink @Tearing mode appears during kink
GJ 14

_83 12 RWM onset time + 35 ms
GJ 10

USXR, 2 kHz<f<8 khz, 128496

; S
: 5 q=2
4
o il' W
S 2
o
0
RWM spin-up kink
O r T [0)
U) | -
8 12 8
10
0.645 0.646
: t (s)
6
A filtered a Initial transition from RWM to
o 1 <f(kHz) <1 saturated kink
o .
SJAY. 126496 O Tearing mode appears after 10
0.608 0.610 0.612 0.614 0.616 RWM growth times and stabilizes
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Favorable feedback settings found for B, + B, sensors

B, feedback\phase (deg

6 _
4 4 0 Steady o,
2 =
0L E n = 1 feedback
o wy2n (kH2) i +n=3EFC
5 v 1 o B, feedback
0 == l ' ' . 1 phase scan
2 Z_ABP'”=1(G) RWM \ A‘ W ‘ g U - All RWM
18 ,. b ”M i .,, «,WMJ m MM’M «M\MA sensors used
105 Ay ; I Favorable B
o a(KA) L feedback
—  n =3 correction . settings
-10 _: 130244:_ B galn phase
15 AB, (G e varied to find
10 130637 ] best settings
5 - b-,;-mf 2
0 .
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' t(s)
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Experimental RWM control performance consistent with theory

Experimental g reached Experiment
1
104 E‘ I e * * *
" | (control off) (control on) unstable stable unstable
‘? : V 100 T ‘+‘ [T T T T T T ‘t [ ‘?\ ‘f‘ T
g | : DCON 45 mode 225 290; 315
10° = | | i : _ ]
i i nq-wall passive with-- 80 rotating .
i m wail /i
| | limitT A
10 1 B : =
o . active control ! / — 60 /‘
E i E - . mode
10" | ! | 40 | locked
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| i feedback 1 20 - [
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2 VALEN code with realistic sensor - Sl?ggﬁgfseatiﬁgg scan Shows

geometry, plasmas with reduced V,, _
Agreement between theoretical and

experimental feedback behavior
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Significant 3, increase expected by internal coil proposed for ITER

ITER VACO2 stabilization performance

ITER VACO2 design (40° sector)

3
10 E - © S € At er &
10% | _
passive
= N
=10 i
Q
©
2 " '{ midplan : E
o l]apiane coils
O] coils t
10" . - upper+
; : | ™ lower
_| VALEN-3D coils
10 T S— \ P T I
25 3 3.5 4 4.5
Bn

O 50% increase in 3 over RWM
passive stability

3 toroidal arrays, 9 coils each
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ITER support: Low w,, high B, plasma not accessed when
feedback response sufficiently slowed

6 = B
4 PN . . . 1 0 Low w, access for
2 F | | E ITER study
= slow feedback fast feedback\ - :
o . . . = use n = 3 braking
10 [ 0y/2m (kHZ) 1 0 n=1feedback
5 - - N response speed
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ITER support: Low w,, high B plasma not accessed when two
feedback control coils are disabled

6 =
4 :_BN , =
o £ 2 control coils out | o E
0E feedback phase varied s Al COIlsion E
5t i
0f P eSS | i
5 ,_ -' - B
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t(s)

O Low ), ACCESS for
ITER study

use braking

O n =1 feedback
doesn’t stabilize
plasma with 2 of 6
control coils
disabled

scenario to
simulate failed
coil setin ITER

Feedback phase
varied, but no
settings worked

RWM onset at
identical time,
plasma rotation
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Non-resonant magnetic braking allows V¢ modification to probe
RWM critical rotation and stabilization physics

0 Scalar plasma rotation at q =2 Q Q,;doesn’t follow simple w,/2
Inadequate to describe stability rotation bifurcation relation
Marginal stability By > B2, (D¢Q=2 =0 A.C. Sontag, et al., NF 47 (2007) 1005.
oo~ oeoss , 1.0 . ' 1' X ' X '
| ! . n=
| 0.8Fx n=3 ¥ * -
_ 207 o 3 T
N —
< =5 0.6 _._._._.g._ oo B T 09f2
& o 04f X ¥ 1
89 _(wo = steady-state plasma rotation) i
0 o]
0.0 S —
ol 1.2 1.6 2.0 2.4
0.20406081.0121416 R (m) q

O Slowest rotation profiles produced in NSTX are at DIII-D balanced-NBI levels
O lon collisionality profile variation appears to alter experimental €2, profile
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Modification of Ideal Stability by Kinetic theory (MISK code)
Investigated to explain experimental stability

a Simple critical w, threshold stability models or loss of torque balance do
not describe experimental marginal stability  sontag, et al., Nucl. Fusion 47 (2007) 1005.

0O Kinetic modification to ideal MHD growth rate S+ SW
Trapped and circulating ions, trapped electrons  y7 = — * K
Alfven dissipation at rational surfaces W, + oWy

- Hu and Betti, Phys. Rev. Lett 93 (2004)
0 Stability depends on 105002.

Integrated w, profile: resonances in SW (e.g. ion precession drift)
Particle collisionality

W, profile (enters through ExB frequency)

Trapped ion component of W, (plasma integral) a)E=a)f—a) -

-w*N+(§—y)w*T+wE—a)—i}/- ;
<wD>+la)b—zv +w, —w-1iy

NN

precession drift bounce collisionality
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Kinetic modifications show decrease in RWM stability
at relatively high V, — consistent with experiment

Theoretical variation of w, RWM stability vs. V, (contours of yt,)

80

0y, &P Marginally 0.03[ /00,5

60 — 3 stable 02
N 2.0 experimental 0.0 ® 04
T . e 0.6
X prOflle ® 08
= *7 0.02 Q1.0
Ql P ® 12
= < * 1.4
3 20- < 1.6

121083 | © ® 138
0 T T T — § "0
0.0 0.2 0.4 / 0.6 0.8 1.0 0.01
PPy s,

O Marginal stable experimental plasma experiment

reconstruction, rotation profile »,® unstable |
a Variation of w, away from marginal 0.00 0.01 0.02 0.03

profile increases stability

Re(0Wy)

0 Unstable region at low o,
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Stabilizing influence of kinetic effects changes as
plasma rotation varies

Re(dWy) vs. plasma rotation Im(dWy) vs. plasma rotation
10 107
—— Trapped lon — Trapped lon
4 — Trapped Electron 4 - —— Trapped Electron
—— Circulating lon —— Circulating lon
— Alfven Layer — Alfven Layer
3 - - - - Re(dW_K) (Total) 3 - - - - Im(dW_K) (Total)
- (T1)
o O R @ | 27
(CI)
1 - 1
(Cl)
0 — (TE)] 04
//__
 _ (AL) (AL)
-1 — T T T T T T 1 -1 — T T T T T T 1
02 04 06 08 10 12 14 16 1.8 20 02 04 06 08 10 12 14 16 1.8 20
exp exp
Wy, Wy,
a Low w, : kinetic effects relatively small => plasma unstable
a Intermediate w, : trapped ion strengthens/weakens  => stable/marginal
0 High w, : circulating ion stabilization increases => plasma stable
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Kinetic model shows overall increase in stability as

collisionality decreases

Increased collisionality (x6)

0.03 L -0.6 ./, EXP
YTu A
- ® 0.2
i ® 04
0.4 ® 0.6
® 038

~ 0.02 oL
; C -0.2 —— ‘0\. 14
L 2.0 ¢ i:g
g ® 20

001 02

unstable
0.00 o
0.00 0.01 0.02 0.03
Re(0Wy)

a Vary v by varying T, n at constant

0 Simpler stability dependence on w,
at increased v

Reduced collisionality (x1/6)
0.03 ‘ ‘-0.6‘ 52 L s ) B S S
YT

0.02

0.01 0.2 B

unstable 1.0

0.00 S L
0.00 0.01 0.02 0.03 0.04

Re(dWy)

Q Increased stability at w,/w,® ~ 1

0 Unstable band in W, at increased W,
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Non-resonant rotation braking produced using n = 2 field

Rotation evolution during n = 2 braking Rotation evolution during n = 3 braking

30 TR R T RRRRRRARL RARARRRRE RREARRRRE RRRRRERRE i 30 o RAARERARE RARARRRRES RARAARRREE RAARRARAR RAARRARER RAARRRARR i
j// \\ t(s) 1 i t(s) 1
I 0.445s I 0.525s -
0.455s | i - 0.535s
i 0.465s 0.545s
20 | 0.475s 1 20 0.555s5 1
N
=
‘86 [ broader broarcejgt;gar\]king
- braking regi | | : ’
10 r?h;r:]gnrezzgéon \ ) 10 - Peak change -
case \ : - (1.3<R(m)<1.35
- 127488 h - 124010 e -
[ QI Lot Loveeini T Livi s e Wdih TP | 0 Lo T T Lo Liviiiiin Livwidin Livceciin |
09 10 11 12 13 14 15 16 09 10 11 12 13 14 15 16
R(m) R(m)

O n =2 has broader braking profile than n = 3 field (from field spectrum)
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n = 2 non-resonant braking evolution distinct from resonant

O Resonant:

Q Nont')resgnarllft_ ' ducti f Clear momentum transfer across
road, self-similar reduction o rational surface

profile evolution toward rigid rotor core
Reaches steady-state (t = 0.626s) Local surface Iockigrjmg at low o,

10

30 e RERRRERAY LARARLARL RERARRLEL [T 1 kARG AL RARRRLARRS LERRRRRRR T [T [T i

| A S 11 Steady -state proflle i ]

B 11, (from non-resonant ! E;t 9‘?%6; ) |

- + braking) _l -

20 ; 1

! ; outward 1

r . momentum
< . transfer |
g - ?

128882 ;
0.9 1.0 11 12 13 14 15 16 1.0 1.1 1.2 1.3 14 15 16

R(m) R(m)
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Stronger non-resonant braking at increased T.

< 20 raom0 | | n = 2 brakin
— -0.4 190722 ; — N9 4 o Examine T,
_8 n 5 f . dependence of
_0.8E j _ = neoclassical toroidal
g AF : ] viscosity (NTV)
= oL noLi . ani—" 1 0 Liwall conditionin
3 - R=1.37m 5 i i : produces higher T; in
< 04 ' - 5 s B region of high
> oAl | 5 N rotation damping
ST AR | é |
— 02F no lithium  :Liwall ’ 1 7 0 Expect stronger NTV
0.1= ' ' ' = torque at higher T,
0.4 0.5 t(s) 0.6 0.7 (-da)¢/dt ~ T52 00¢)
0 : : 3 :
" Damping profiles - (T. ratio)®2 At braking onset,
= P T; ratio®? =
A AN f (0.45/0.34)52 ~ 2
> .5 2 ) .
-g j W — Consistent with
= C L wall N I measured dw /dt in
S 10l T LA region of strongest
= U 2X d W damping
%8 11 1:3_ 15 0 T e
: - - - : 1.1 1. 1.
R(m) 9 3 5 RM)
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Non-resonant n = 2 braking evolution altered by Li evaporation

Before Li evaporation

After Li evaporation

After Li, reduced 6B

40 e T o T o AARLALAS o
[ t
_ 80_OA peak RWM O_(;)E)
- coil current 0.585
f 0.595
30 :
20|

10

- 130720 S
O i A

R(m)

30
. 800A peak RWM
- coil current

| 20}

o]

| 130722

T 130723

i t(s)
| 600A peak RWM 0575 |
1 coil current 0.585 |
it (~45% less torque) 0.595 |
1 0.605 |

0.625

(braking
saturates)

R(m)

09101112131415160910111213141516 101112131415

R(m)

QO Stronger w, damping by NTV at higher T, (typ, ~ T;>%)
0 The o, saturates in case with lithium at reduced applied 0B
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Advances in global mode feedback control, kinetic
stabilization physics and magnetic braking research

0 Active n =1 control, DC n = 3 error field correction maintain
high B plasma over ideal f">*a! limit for long pulse

Growing RWM converts to kink that stabilizes; can yield tearing mode

a Control performance compares well to theory

Significant @ increase expected for ITER with proposed internal coill

QO Kinetic modifications to ideal stability can reproduce behavior
of observed RWM marginal stability vs. V,

Simple critical rotation threshold models for RWM stability inadequate

a Non-resonant V, braking observed due to n = 2 applied field

Braking magnitude increases with increased T,

—_—
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Stronger non-resonant braking at increased T,

0.0
-0.4
-0.8
4

<
=
3
N
I
=

s 2
S 04
(b}
<
=
O
3

(@]

[
|

n = 2 braking

no lithium ™ i, i 7
R =1.37m : “th'u;m

lithium -

' /!
no lithium

O Examine T,
dependence of
neoclassical toroidal
viscosity (NTV)

O Li wall conditionin
produces higher T, in
region of high
rotation damping

O Expect stronger NTV
torque at higher T,
(NTi5/2)

At braking onset,
Ti ratio®® =
(0.45/0.34)%°~ 2

Consistent with
measured dw,/dt in
region of strongest
damping
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