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Research advances to understanding mode stabilization physics

and reliably maintaining the high beta plasmas

O Motivation

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

CTF: A, =3.8-5.9 (W, = 1-2 MW/m?) ST-DEMO: B, ~ 7.5

Both at, or above ideal no-wall B-limit; deleterious effects at ~ ¥2 g, "o-wal
high £, accelerates neutron fluence goal - takes 20 years at W, = 1 MW/m?)

a 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
colls closely coupled to
vacuum vessel

0 Varied sensor combinations
used for feedback

24 upper/lower B, (B, B) /
24 upper/lower B,: (B,,, B,)

RWM sensors (B,)

RWM active stabilization coils

________________________________________________________________________________________________________________________________________________________|
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Active RWM control and error field correction maintain

high B8, _plasma

Without control —>{ With control —>|
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O n=1active, n =3 DC control

n=1response ~1ms<
1hrwm
Bn/Bn0 ! = 1.5 reached

best maintains W,

O NSTX record pulse lengths
limited by magnet systems

n > 0 control first used as
standard tool in 2008

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

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

More than a factor of 2 higher
than marginal w,with n =3
magnetic braking




Probability of long pulse and <B\>, s
with active RWM control and error field correction
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Increases significantly

|, flat-top duration (s)
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| flat-top duration > 0.2s (> 60 RWM
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By averaged over | flat-top




During n=1 feedback control, unstable RWM evolves into
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rotating global kink

RFA reduced

_|’

EMode rbtation
[ iCo-NBI direction

N

- 12849 |

0.606

0.610

0.614

t(s)

0.618

@ 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

O 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 RWM to global kink

Transition from RWM to kink @Tearinq mode appears during Kink

RWM onset time + 35 ms
USXR, 2 kHz<f<8 khz, 128496

RWM spin-up _kink

» < L) >

D
)]
yo)
5]
0.645 t ( S) 0.646
filtered a Initial transition from RWM to
1<f(kHz) <1 saturated kink

@
S G O Tearing mode appears after 10

0608 0610 0612 0614 0616 RWM growth times and stabilizes
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ITER support: Low w,, high B _plasma not accessed when
feedback response sufficiently slowed

6 - ]
4 EBn 1 0 Low w,access for
o E ' E ITER study
j— slow feedback - _
1g = use n = 3 braking
10 [ @21 (kHZ) 4 0 n =1 feedback
5 ' . response speed
0L ; - = significant
30 | AB,™ 1(G) = “fast” (unfiltered)
20 - z . n = 1 feedback
19 & NRR LY STy hv,mh ',qmum ) M allows access to
1.0 L ; : ; ; ] IOW V¢, h|gh BN
L1, (KA) . n=3 braklng ] ) .
oL | ¥ , N slow’n=1
- n = 3 correction - error field
10L correction _
15 _AB UG 130639 - (75ms smoothing
( ) g g g . 130640 of control coil
o | | 5 | current) suffers
RWM at o, ~

5kHz near'q =2




ITER support: Low ,, high B\ _plasma not accessed when two
feedback control colls are disabled

6 _
4 EPBn 1 0 Low w,access for
5 E g & ~ ITER Study

o ai, All coilsion E
g = ‘ ’ ] use braking

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

30 [ AB,™L(G control coils
20 [ (, ) RW ! disabled
18 oA i “ e"*‘hhﬁw&u AT scenario to
1.0 © simulate failed
| (kA) WMM braklng and feedback _: coil setin ITER
0 .
—~ n= 3 correctlon - i | _' Feedback phase
-1.0 & - varied, but no
15F - AB, 1(G) 130041 ] settings worked
10 | 120522 RWM onset at

identical time,
plasma rotation

0.2 0.4 0.6 0.8 1.0 1.2

t(s)
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Experimental RWM control performance consistent with theory

Experimental 3, reached Experiment
0 ¢ ¥ ¥
- | (contrbl off) (control on) U”Sfable Stagle Unft%ble
Y : Y 00— Yy
108, | | DCON ! ] 5 mode #2°!
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O Feedback phase scan shows

superior settings
Agreement between theoretical and

@D experimental feedback behavior
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O VALEN code with realistic sensor
geometry, plasmas with reduced V,




Significant B, increase expected by internal coil proposed for ITER

ITER VACO02 stabilization performance ITER VACO02 design (40° sector)

1O3E | | | | el & Sy R
10% - _
passive
L0t | |
Q
©
-E 100 B a” |
= midplane coils
D coils
- . upper+
: “lower
1 VALEN-3D colls
0200 .
25 3 3.5 4 45

a 50% increase in 3 over RWM
passive stability

3 toroidal arrays, 9 coils each
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VALEN, STARWALL, & CarMa in good agreement on passive
RWM growth with 3D ITER Vacuum Vessel

With ports With ports and extensions

10 STARWALL
— ) CarMa
ﬂ VALEN Pt
o \ £
o
% 10 -
o
O

" two closed walls
‘IU“ -:. 1 ! | N | N | 1
23 25 27 29 3.1 29 3.1

Pn

a Single-Mode model in all codes

Complex 3D ITER VV models for passive RWM growth rates in
Scenario 4 plasma
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ITER blanket modules affect RWM passive stability
significantly more than port extensions

Inner wall w/port extensions 10°
- No port extensions
105 | With port extensions
e
o 10 With blankets
g | '
© 10° - f i
e i =
S =
S 10° . =7
o : < !
o i =!
107 ¢ : |deal wall T -
j i limit oy
100 L ‘ﬂ‘ T ‘
VALEN-3D 2 3 4 5 6 /
Pn
0 Double-walled vacuum vessel with 0 50% change to growth rate
port extensions (STARWALL model) with port extensions alone

0 Far greater change w/blankets

-




Multi-mode version of VALEN now being tested and
compared to experiment

NSTX shot 120038 b AR T
1000 e e e e 1 Pn > B
t = 0.648s ' 1 ]
|+gamma |
800 :
© g Single
— g ]
= \ g ‘r ] Unstable
@ 600 & 0
g \ : N mode
% 400 | dent \
@) Z : :
0 \.\ - -1 1~ Multi-mode
200 \ ]
T | -1.5 T | ]
oLl b b b, _; NSTX 120038t = 0.648s ]
0 10 20 30 40 50 60 7O 80 Ll e f bnalhed bbbt i bt b
Number of modes 0 05 1 15 2 -
R(m) J.M. Bialek
0 RWM growth rate decreases rapidly 0 Larger mode spectrum
with increased number of modes up decreases poloidal variation

to ~ 40 modes of mode amplitude

________________________________________________________________________________________________________________________________________________________|
CD 12t ITPA MHD Meeting 10-2008 — S.A. Sabbagh/S.P. Gerhardt 14



MMVALEN shows modest qualitative changes ton =1 RWM
structure in DIII-D

Single mode Multi-mode

Poloidal angle
Poloidal angle

Toroidal angle Toroidal angle

DIlI-D 125701, t = 2.5s
O Multi-mode pattern shows influence of resistive wall
~1 Eigenfunctions with n = 1 used

~1 Code capable of including higher n modes - to be tested and compared to
experiment

NSTX
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Non-resonant magnetic braking allows V¢ modification to probe
RWM critical rotation and stabilization physics

O Scalar plasma rotation at g = 2 a . doesn’t follow simple w,/2
Inadequate to describe stability rotation bifurcation relation
Marginal stability B, > By, m¢q=2 =0 A.C. Sontag, et al., NF 47 (2007) 1005.
Voo 'o.'60'55' 10— x ' X '
t.ll ! 14 O 8 i + n i 1 + i
L . X n=3 %
. 20r ! . - & I
N
= | :’ 3 BH 0.6 g Qi = 0/2 7
~ o | q = o s R 7 i i e e i e
Cﬁ lL\. E G 04 0 X * )
= \\ i 12 (@, = steady-state plasma rotation)
® SRR A 0.2F" g" -
a =<i 11 ooL—— 1 % .
10 i 1.2 1.6 2.0 2.4
0204060810121416 R (M) q

O Slowest rotation profiles produced in NSTX are at DIlI-D balanced-NBI levels

0 lon collisionality profile variation appears to alter experimental (2, profile

—_—




Modification of Ideal Stability by Kinetic theory (MISK code)
Investigated to explain experimental stability

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

O Kinetic modification to ideal MHD growth rate SV + SW
Trapped and circulating ions, trapped electrons  y7, = — = K
Alfven dissipation at rational surfaces éWb + 6WK

Hu and Betti, Phys. Rev. Lett 93 (2004)
105002.

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

0 Stability depends on

oy profile (enters through ExB frequencv)

: : D V B
Trapped ion component of JW, (plasma integral) W= W, ~ 4~ o B¢
0
Pa _g Pa .
oW, OC_[ —l¢?e”“de <« Energy integral
<a)D>+|a)b —lveff +wg —o—1ly
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 o, RWM stability vs. V, (contours of yt,)
80
@/, P Marginally 0.037 04/,
60 — " stable i ® 0?2
E 2.0 experlmental O ¢/(,) P ° 8:3
Y profile e 08
\[;’/ 07 0.02 O 1:0
N > ’ ® 12
= % 1.4
S 20— 1.6
121083 % ® 18
?E’ ® 20
0 | | | [ — 0.01
0.0 0.2 0.4 / 0.6 0.8 1.0 .
ViYa 95
O Marginal stable experimental plasma experiment
reconstruction, rotation profile o, 0.00 unstable \
O Variation of ®, away from marginal 0.00 0.01 0.02 0.03
profile increases stability
Re(6W,)

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

Re(6W,) vs. plasma rotation Im(6W, ) 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)
- (T)
1 S e | 27 SN
(CI)
1 1 -
(@)
0— (TE)| 0-—
/_
\ (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 18 20 02 04 06 08 10 12 14 16 18 20
exp exp
QIO QIO
0 Low w,: kinetic effects relatively small => plasma unstable
0 Intermediate ), : trapped ion strengthens/weakens  => stable/marginal
a High w,: circulating ion stabilization increases => plasma stable
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Kinetic model shows overall increase in stability as

collisionality decreases

Increased coII|S|onaI|tv (X6)

0.03 [ 06 ‘ (‘)¢/m¢exp
W ® 02
® 0.4
0.4 0.6
® 038
~ 0.02- s L0
; -0.2 _ ‘o\’ 1:4
z) Ol s
- 2.0
0.01 0.2
unstable
0.00 L
0.00 0.01 0.02 0.03

Re(6W,)

O Vary v by varying T, n at constant 3

Q Simpler stabilit
at increased v

y dependence on o,

Reduced coII|S|onaI|tv (x1/6)

0.03 0.6 ‘
7VTW
-0.4
0.02- 2.0 i
i 0.2
0.0
0.01 0.2 _
[] Q)d)/(ﬂ(l)exp :
unstable 1.0
0.00 o I
0.00 0.01 0.02 0.03 0.04
Re(6W,)

0 Increased stability at o,/m,* ~ 1

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

Rotation evolution during n = 2 braking

30 ﬁ -

20

I broader \
10 [ braking region

thann =3
case \

L 127488
0 _|||||||||| 111 | |

w,(kHz)

t(s)

0.445s
0.455s
0.465s
0.475s

L1 b b b el b b
09 10 11 12 13 14 1

R(m)

S5 1.6

Rotation evolution during n = 3 braking

30 [rrrrrrr——————e—e—e

20 |

broad braking
i region,

10 - Peak change
- (1.3<R(M) < 1.35

1124010
O _||||||||||

t(s)
0.525s
0.535s
0.545s
0.555s

09 10 11 12 13 14 15 16
R(m)

O n =2 has broader braking profile than n = 3 field (from field spectrum)
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Stronger non-resonant braking at increased T,

—~ 0.0F : : ; .
[ 130720 a L ]
. -0.8t :
N N =
I 41~ : ]
¢ 2FRr=-137 Liwall :
S 0410 ]
£ o03p A 7]
021 Li wall __
0.1= , : : . g
0.4 0.5  t(s) 0.6 0.
0 : : 3
- Damping profiles - (T, ratio)5? M
= No LI
s 5 2|
s |
g L
Z ,

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

a Liwall conditioning
produces higher T; in
region of high
rotation damping

QO Expect stronger NTV

torque at higher T,
(-do/dt ~ T2 a)¢)

At braking onset,
T, ratio®? =
(0 45/0.34)%2 ~

Consistent with
measured dw /dt in
region of strongest
damping

1.5 R(m)
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n = 2 non-resonant braking evolution distinct from resonant

O Resonant:

Clear momentum transfer across
rational surface

evolution toward rigid rotor core
Local surface locking at low w,

O Non-resonant:

broad, self-similar reduction of
profile

Reaches steady-state (t = 0.6265)

30 e AL AR RARRARRAR ARRRRRRL RRRARLARRE RRRRRRLER ARl AR AR LR RLARE AR RN AR RARRAARRL RRARRARRL RAALRRRRL
e 11 Steady state proflle ~ ]
10 (from non-resonant ! EA_t 9‘%623) ]
= _/ braklng) \ _l 1
20 - [ ; 1
[ ; outward |
N . momentum
< [ . transfer
g -/ ‘
10 - -

0 ..%%?.8.?2. ........ T T T Lo b Lttt |

09 10 11 12 13 14 15 16 10 1.1 12 13 14 15 1.6
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Advances in global mode feedback control, kinetic
stabilization physics and magnetic braking research

a Active n = 1 control, DC n = 3 error field correction maintain
high B, plasma over ideal py"°-wal [imit for long pulse

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

0 Control performance compares well to theory

Significant By increase expected for ITER with proposed internal coil

0 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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