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NSTX is conducting world-leading MHD physics

research addressing critical fusion program issues

O Great progress
Key research topics

Milestones reached ahead of
schedule

High-level publications and
invited talks

Q Flexible research plan has
adapted to program needs

Addressing relevant physics
for ITER, CTF, KSTAR

‘ j\\ '\HTER vessel °

NSTX / ITER RWM control

Passive plates

Blanket modules Port
+ Control

‘ Coils

(!
| ITER
plasma

<~ [ boundary

1 R(m) 2

Advantage: low aspect ratio, high 3 provides high leverage to uncover key
tokamak physics (e.g. RWM control, rotation damping, high elongation)
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MHD Research Ahead of Schedule, now Addressing
(Timeline from 5 Yr Plan) Advanced GOaIS

| FY02 | 03 | 04 | 05 | 06 | 07 08 09
Optimize passive stability IPPA: 5 year M

Stablility vs. shape, P(r), I; Stablility vs. J(r), P(r), shape

RWM/wall interaction | Error fields, rotation damping physics | RWM & EF active control, rotation control

Include v, in reconstruction Effects of v, shear on B limits
Characterize NTM, island widths Assess CD required - NTM stabilization NTM suppression
TAE & CAE similarity expts. Gap structure vs. A, g profile Comparison to theory <
ELM type vs. shape, regime Measure ELM structure Compare ELM data to theory <
Moved to Boundary

a Major Accomplishments Moved to Wave-Particle
RWM active stabilization at low rotation (ITER-relevant) (sabbagh, PRL 97 (2006) 045004)
Observed plasma rotation damping by NTV physics (Zhu, PRL 96 (2006) 225002)
Unstable n =1 - 3 RWM observed (Sabbagh, NF 46 (2006) 635)
RWM critical rotation speed depends on V, profile, g; A (Rei(rﬁgpéﬁg’ PoP 12 ggggg 822%(1)%
Rotation + o* effects may provide 1/1 mode saturation (Menard, NF 45 (2005) 539)
Stability vs. shape, P(r), |. studied (Gates, PoP 13 (2006) 056122;
(Sabbagh, NF 44 (2004) 560; Menard, PoP 11 (2004) 639

, flux-isotherm, MSE in equilibrium reconstructions (Sabbagh, NF 46 (2006) 635)

|




Extreme elongation at low |, opens possibility of higher B, fgg
operation at high 3+

O Five-year plan shape target already reached

0 Sustained k > 2.8 (reached « = 3) for many rt,,,  using rtEFIT isoflux control
Allowed by divertor coil upgrade in 2005, no in-vessel vertical position control coils

0 Stability analysis of new operational regime under investigation 2} | 121241
L t=275ms

QO High k research important for CTF design studies ; 0y

Divertor coil upgrade —
bd K=3.0, 6=0.45 1
/ |, = 0.45 |
3.0 —\*\ Vertically
- unstable =
E
25 |
K bSS,
2.0 :
g- Vertically stable” ¥
K. operating space -
1.9 - il
04 06 08 10 12 14 16]
|
(Gates, et al., PoP 13 (2006) 056122.) oo o5 10 1s
(Gates, et al., NF 46 (2006) 17.) R(m)
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Kink stabilization by wall and RWM passive stabilization by

rotation allows sustained plasma operation at maximum 3

a High g =39%, £, = 7.2 reached

0 Operation with
atphighest By fo'rB'E')uf\ée >> 1

/5"l up to 1.5
~ 7T

3 B/l =12 10 8 6 wall’ cr
i 4
7 L wall g 6 | 112402
| stabilized > ° ° 4 5 |
6 | a0 o By a wall stabilized
o N i
R %o ]
5| %% © Soo 31 |
BN S ) G%Qz@o o © 2 : :
4 o o%ooéf 1 | ' core plasma rotati(hl'\% 7
@ "9 i 1 (x10 kHz) ]
C%'fdg 0 IR/
3| ° g e i py,
%ﬁo ! 7
2 | : oo%% SW 10 - n—leaII)
@@ @ o ° o [ n=
Lr °° °° " o 20 - DCON . ,
EEIT ! | ! | ! ! l | l 3ed | | !
0 — 00 01 02 03 04 05 06 0.7
0.0 0.2 0.4 0.6 0.8,1.0 1.2 1.4 16 x(Sabbagh, et al., NF 46 (2006) 635.) L(S)

O Strong inverse dependence of B vs. pressure peaking factor*
0 _Time-evolved DCON analysis performed between shots on request
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Unstable RWM with n = 1 - 3 observed

n=1 no-wall unstable ]
i n=2,3

[8B,I(n=1)

. mode growth —»

[ —

16B,I(n=2) |

- Ogp(n=1)

(<40 kHz, odd-n) [Mm
| 114147 |

0.22 0.24 0.26 0.28

t(s)

O First such identification in a
tokamak device

QO Toroidal mode numbern>1
theoretically less stable at low A

n > 1 physics important for
advanced tokamak operation

O Unstable RWM dynamics follow
theory

(Fitzpatrick, Phys. Plasmas 9 (2002) 3459)

measurable mode rotation can
occur during growth

growth rate, rotation frequency ~
1/z

wall

® <<edge Q,>1kHz

RWM phase velocity follows
plasma flow

(Sabbagh, et al., NF 46 (2006) 635.)




RWM active control system, rotation control installed

=

_Illlll?llll

PP
stabilizer plates

B, RWM
Bpu Sensors

B external
n=1
B, sensor

d

)
i ' control
coils

Ba RWM

| sensors

0.0 05 1.0 15 20

pulse length

a Dynamic error field correction (DEFC) increases

Combination of open + closed loop control yielded

best result
Plasma current
800 - : .' /' — ‘I
600 . control off \\/\
“wo /" 1 opendoop—| | |
666666 | | | |
A= | Open+closedigo .

Plasma rotation frequency at p = 0.7-0.8

5 - R=130cm Rotating mode
120047 _— onset :
t=0.745s kHz 10 F E
1L 11 | | 1L 11 | | 1 1 1 5 C _
0 C . .
R (m) 0 0.2 0.4 06 08 10 12

Time (s) IAEA / APS 2006
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RWM stabilized at ITER-relevant rotation for ~ 90/ygyyy

— OO
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92 X (lyrwm)
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O First such demonstration in
low A tokamak

Exceeds DCON By wal for
n=1landn=

n=2RWM amplltude
Increases, mode remains
stable while n = 1 stabilized

® Multi-mode research —
connection to RWM
stabilization in RFPs

n = 2 internal plasma mode
seen in some cases

0 Plasma rotation o, reduced
by non-resonant n = 3
magnetic braking

Non-resonant braking to
accurately determine RWM
critical rotation

(Sabbagh, et al., PRL 97 (2006) 045004.)




Rotation reduced far below RWM critical rotation profile

0.4F | | | | 1 0 Rotation typically fast and
- passively stabilized by rotation : sufficient for RWM passive
\ oo, (120038, t=0.5355) stabilization

0.3 — — Reached o /o, = 0.48| s

O Non-resonantn =3

é‘: : ; magnetic braking used to
< 0.2°F experimental ] slow entire profile
' - . . . ’x‘: Q /Q) 7 _

3 i cn{‘lgg)lnrzc’) tt :a cJ)[I5c7)£) profile ail _ a The (DA/ chit — O'Zlq =2

4’,,‘.‘_,._\\ _____ ( aXIS)I The ©,/Q; = 0.3] 4
0.1F el e . Rotation less than % of

P ACVEY ] ITER predicted o,/Q_.
-\ stabilized o829 i % (0=2)] ] (Liu, et al., NF 45 (20055 1151
(120717,1=00155) ™~ i ﬁ\_v

O Rotation profile responsible

\ P I |

0.0t e for passive stabilization, not
09 10 11 12 13 14 15 just single radial location*

R (m) (Sabbagh, et al., PRL 97 (2006) 045004.)

CD *(Sontag, et al., PoP 12 (2005) 056112.)
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Observed plasma rotation braking follows NTV theory

Tty (N'm)

OO N w O P DN w

4

116931

- axis |

n=3| theory
field \
measured
ln=1| with RFA
field .
With RFA

. (DCON)

QO First quantitative agreement

using full neoclassical toroidal
viscosity theory (NTV)

Due to plasma flow through
non-axisymmetric field

Trapped patrticle effects, 3-D
field spectrum important

Pressure-driven resonant field
amplification (RFA) increases
damping at high beta

Included in calculations

Based on applied field, or
DCON computed mode
spectrum

Viable physics for simulations
of plasma rotation in future
devices (ITER, CTF, KSTAR)

(Zhu, et al., PRL 96 (2006) 225002.)
Columbia U. thesis dissertation
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Combination of rotation and two-fluid effects may
explain experimentally observed saturated 1/1 mode

Saturation with hot spot pulled away from x-point

Displaced core

“hot-spot”
Co-injection ] ]
w/ 2-fluid Nonlinear 2-fluid
Ma=+0.3 _ MHD simulations

(M3D)

Counter

njection 0 Rotational and kinetic stabilization effects are

e amplified at high  and M

Ma=-0.3 P A

0 Sustained high rotational shear can cause 1/1
saturation in simulations, but shear is greatly
reduced by NTV in experiments
. (Menard, et al., NF 45 (2005) 539.)
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Program adaptation to support ITPA / ITER locked mode
threshold and disruption studies

(1) Locked mode threshold (2) Disruption studies
— 100 T T
(79} F 3 )
wn r o r
> i By &
~x ] e ] £
g 3 ] > / : = 10.0
~ [ 3 "E 1.00_-
S 1 A ] = TF T
% | y ‘ oc N0 o ? EF Op;Eriting Range (GA report
< 00 0.2 0.4 0.6 0.8 ool OMAL 115MA | ADE38E)
n 197,-3 0.10 1.00 10.0
Neg [10°m3] jp (MA-m‘2)
0 NSTX contributing low-A, low B data O NSTX data contributes dependence of
density scaling nearly linear, similar current quench time, to, on A
to higher-A Important test of theory for ITER, CTF
Will contribute B, g scaling data for Tco Independent of plasma current
ITER size scaling density when A dependence of plasma

inductance is included
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Low A, high (3 favorable for NTM seeding / stabilization study

0 NTM seeding from large sawteeth could
greatly reduce ITER B-limit

0 Several modes (e.g. sawteeth*, RWMs**)
seed other MHD modes

Large g = 1 radius, high B, mode coupling at
low-A makes seeding process easier

NTM stabilization effects amplified at low-A
(GGJ « £%2) — NTM less deleterious

0 Adaptation: Priority given to study most
deleterious modes in 2004 — 2006
NTM study planned 2007 - 2008

Exploit 12 channel MSE, reflectometer, fast
multi-filter USXR capabilities

2007 - 2008 plans for NTM suppression by
EBW subsequently delayed

*Fredrickson, et al., Bull. Am. Phys. Soc. 2004
**Sabbagh, et al., NF 44 (2004) 560.

Frequency (kHz)

Sawtooth excitation of n = 2

3O:""'u"""""'1'113383':
20| 3
10F 3
O: . I .
O6p— 1T T T T T T T T 1 T 7 L
r n=2 Amplitude (G) ]
O"";‘simulatedB 0 B
02F =
0.0: P Y/, U R S S RS S B .
o1~ """~ ~r©T o T T T T 1 T T T
00F o v v v e
0.40 0.42 0.44 0.46 0.48 0.50
Time (S)

O Sawtooth excites n = 2, but n =2 can

decrease post-crash
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Plasma rotation, w-isotherm, MSE included in reconstructions

Poloidal flux and pressure 8 ] 0.8 :
; B | 06!
2 | J 6_5 :
: =3 04+
| ﬁ :
| = 0.2}
, c I
1 D_U 0.0
| _ ] 0.2} _. ]
| dynam|c pressure ] : Pitch angle (rad) VvsS. R :
—~ : 2 '04 """"""""""""""""""""""""""""""
E o : 09 11 13 15
N , i
| g, o Significant rotation
-1 2 shifts core pressure
| < | outward
| 4
s j - ] 0 Between-shots
. VOO W Isotherm constraint capability
0.0 0.5 1.0 1.5 2.0 0 05 10 15 20

(S.A. Sabbagh, et al.,

R(m) R(m) Nucl. Fus. 46 (2006) 635.)
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Significant progress in MHD research, ahead of
program milestones

0 Advanced progress in research

Stability space vs. |;, F,, x established; record k beyond 5 year plan

Extensive RWM physics research, yielding novel observations and
theory/experimental comparisons

RWM active stabilization demonstrated at low rotation (ITER-relevant)
First full NTV calculation, quantitative agreement with experiment
1/1 mode saturation may be explained by rotation + two-fluid effects

0 Adaptation to technical/program changes
Machine modified to study high elongation for CTF and beyond
Precise, non-resonant plasma rotation control for ITER relevance

Contribution to ITPA locked mode threshold scaling and disruption |,
guench-rate studies, supports ITER, CTF

Performed RWM joint experiment with DIII-D, JET — supports ITPA

(Reimerdes, PoP 13 (2006) 056107.)

—_—




Future plans (2007 — 2008) for MHD research build
upon present results

2 Investigation of extreme elongation regime for CTF, stability
studies with greater detail of J(r) from expanded MSE

2 RWM / DEFC research targeting active stabilization needs for
USBPO, ITER, CTF, KSTAR

a2 RWM research program leveraging joint experiments (ITPA)
for needed physics understanding of kink/RWM stabilization

Q Further attention to ITPA / ITER disruption needs (e.g. B, g
scaling of locked mode threshold, thermal quench and halo
current peaking studies)

a Characterization of NTM at low A, high 3 and assessment of
current drive needs for stabilization

— |
DOE MTR 2006: MHD — S.A. Sabbagh 16



Reference Slides Follow
(Not part of main presentation)
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n = 2 RWM does not become unstable during n = 1 stabilization

40

No aétive étabiliiatioh

(disruption) =1

n=2

\ 5

RWM

0.56 0.60 {(s) 0.64

- 120705

0.56

0.60

40

20
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300
200 A | N4/ L

1.5

1.0

0.5

0.0

Actively stabilized 4_

n=1

J

. AN=2)
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plasma
mode

IR L

IN
o

N
o
T T

ot

(Sabbagh, et al., PRL 97 (2006) 045004.)
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Theoretical RWM reconstructed from experimental data

114147
t=0.268s

114147

RWM with AB, =92 G Theoretical AB,, (x10) with n=1-3 (DCON)

114147

(exterior view)

(interior view)

Q Visible light emission, USXR is toroidally
asymmetric during RWM

0 DCON theory + data reconstructs mode
uses experimental equilibrium reconstruction
includes n = 1 — 3 mode spectrum

114147 uses relative amplitude / phase of n spectrum
{=0.250 measured by RWM sensors

(Sabbagh, et al., NF 46 (2006) 635.)
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MHD Spectroscopy: RFA magnitude dependent on applied field

frequency
1.8 ,
Shifted peak ;_>. REA = B jasma
1.6 E ®e Bapplied
= 1.4 | . :
h 0 Applied field
£ 12} phased to create
% trav_ellng \_/vave IN
2 07 toroidal direction
S os Single mode _ _
g , model fit 0 Peak in RFA shifted
< 06 | In the direction of
L | plasma flow
0.4 |
0o | Counter Direction of Peak near 35 Hz
' plasmaflow | plasma flow Expected by RWM
0.0 | ! | theory / experiment
120 -90 -60 -30 O 30 60 90 120 " Qbserved inBlLD Bt sy

: 368.)
Applied frequency (Hz)

(Sabbagh, et al., APS 2005)
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