Supported by e

y | Office of 4
/4 Science

Active Resistive Wall Mode Stabilization in Low

College W&M
Colorado Sch Mines
Columbia U
Comp-X
General Atomics
INEL

Johns Hopkins U
LANL

LLNL

Lodestar

MIT

Nova Photonics
New York U

Old Dominion U
ORNL

PPPL

PSI

Princeton U
SNL

Think Tank, Inc.
UC Davis

UC Irvine

UCLA

UCSD

U Colorado

U Maryland

U Rochester

U Washington

U Wisconsin

Rotation, High Beta NSTX Plasmas

S.A. Sabbagh?, R.E. Bell?, J.M. Bialek?!, J.E. Menard?,
D.A. Gates?, A.C. Sontag?, A.H. Boozer?, A.H. Glasser3,
B. LeBlanc?, F. Levinton?4, K. Shaing?, K. Tritz®, H. Yu*

IDepartment of Applied Physics, Columbia University, New York, NY, USA
2Plasma Physics Laboratory, Princeton University, Princeton, NJ, USA
3Los Alamos National Laboratory, Los Alamos, NM, USA

“Nova Photonics, Inc., Princeton, NJ, USA
SUniversity of Wisconsin, Madison, WI, USA
6Johns Hopkins University, Baltimore, MD, USA

48th Annual Meeting of the Division of Plasma Physics
American Physical Society
November 2, 2006
Philadelphia, PA

Culham Sci Ctr
U St. Andrews
York U

Chubu U

Fukui U
Hiroshima U
Hyogo U

Kyoto U

Kyushu U
Kyushu Tokai U
NIFS

Niigata U

U Tokyo

JAERI

Hebrew U

loffe Inst

RRC Kurchatov Inst
TRINITI

KBSI

KAIST

ENEA, Frascati
CEA, Cadarache
IPP, Julich

IPP, Garching
ASCR, Czech Rep
U Quebec

APS 2006 VI2.00001: S.A. Sabbagh 1




Physics understanding and control of pressure-amplified error
flelds, unstable RWMs reduce performance risks for ITER

0 RWM active stabilization NSTX / ITER RWM control
RWM control demonstrated

Passive plates Blanket modules Port

RWM actively stabilized in | contol
slowly rotating plasmas I S

a Plasma rotation control W[ W E
Sustained rotation by real- E IC@Q;{:' I ;
time reduction of amplified N A— | Fan
error field ®H / E
Reduced rotation by non- * emall Zl
resonant magnetic braking 22 g boundary L] =

3 ITER vessel * +

Quantitative understanding of = L L2l wms
momentum dissipation R(m)

Advantage: low aspect ratio, high g plasmas provide high leverage on theory
to uncover key tokamak physics
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RWM Active Feedback System Installed on NSTX
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0 External midplane control
colls closely coupled to
vacuum vessel

Q Internal sensors can detect
n=1-3RWM

Unstable n =1 - 3 RWMs
already observed in NSTX

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

n > 1 RWM studied during
n = 1 active stabilization
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Dynamic error field correction increases pulse length
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O Real-time correction of
known error field (EF)

yields higher rotation
yields longer pulse

0 Combined real-time EF
correction + n =1 RWM
feedback yielded best
result

Toroidal rotation, w,,
Increase or saturation at

long pulse lengths - first
time for NSTX
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RWM actively stabilized at low, ITER-relevant rotation
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O First such demonstration in
low A tokamak

Long duration > 90/

Exceeds DCON Syro-wal for
n=1andn=

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

n = 2 internal plasma mode
seen in some cases

a Plasma rotation w, reduced
by non-resonant n = 3
magnetic braking

Non-resonant braking to
accurately determine RWM
critical rotation

(Sabbagh, et al., PRL 97 (2006) 045004.)
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RWM actively stabilized at low, ITER-relevant rotation
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n = 2 RWM does not become unstable during n = 1 stabilization

Control OFF Control ON
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Varying relative phase shows positive/negative feedback

feedback on
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a Feedback onn=1RWM

Control current has relative
phase Ag to measured 4B,

0 Phase scan shows
superior settings for
negative feedback

Pulse length increases

Internal plasma mode seen
at A¢. = 225°, damped
feedback system response

0 Gain scan also performed

Sufficiently high gain
showed feedback loop
Instability




VALEN-3D analysis demonstrates optimal relative

Growth rate (s?)
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Rotation reduced far below RWM critical rotation profile
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Observed rotation decrease follows NTV theory

_ : : a First quantitative agreement
n=3 qpphec_l field using full neoclassical toroidal
configuration viscosity theory (NTV)
Y R asastin taateitsesates atestest sseseate Mateants Due to plasma flow through
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Low collisionality, v, ITER
lasmas expected to have
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crit

not correlated with Electromagnetic Torgue Model

0 Rapid drop in @, when RWM
unstable may seem similar
to ‘forbidden bands’ model

theory: drag from

electromagnetic torque on

tearing mode*

Rotation bifurcation at w,/2

predicted

a No bifurcation at w,/2
observed

no correlation at g = 2 or

further intocoreatg=1.5

Same result forn =1 and 3
applied field configuration
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| ' ¥ | x |
+ n=1
L% n-3 % N .
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(@, = steady-state plasma rotation)

*R. Fitzpatrick, Nucl. Fusion 33 (1993) 1061.
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Rotation profile shape important for RWM stabllity

0 Benchmark profile for stabilization is
o, = 040> *

E_redi_cted by Bondeson-Chu semi-
inetic theory**

O n = 3 braking field reduces (2, profile

Contrary to “forbidden bands”
hypothesis

0 High rotation outside q = 2.5 not
required for stability

Zero rotation at single g can be stable

a Scalar 2 ./o,atq=2,>2nota
reliable cHlterion for stability

consistent with distributed dissipation
mechanism

*A.C. Sontag, et al., Phys. Plasmas 12 (2005) 056112.
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. **A. Bondeson, M.S. Chu, Phys. Plasmas 3 (1996) 3013.
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RWM may change form and grow during active control
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0 Poloidal n =1 RWM field

decreases to near zero
Radial field increasing

O Subsequent growth of poloidal

RWM field

Asymmetric above/below
midplane

0 Radial sensors show RWM

bulging at midplane

midplane signal increases,
upper/lower signals decrease

Theory: may be due to other
stable ideal n = 1 modes
becoming less stable

Future research will assess using
combined sensors for optimization
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NSTX begins RWM active stabilization research
relevant to ITER, CTF and beyond

a First demonstration of RWM active stabilization in high g,
low A tokamak plasmas with w, significantly less than (2

In the predicted range of ITER

Positive and negative RWM feedback demonstrated by varying
feedback gain and relative phase

a Stability of n = 2 RWM observed during n =1 RWM
stabilization
n = 1,2 plasma mode sometimes observed; fast 3 collapse, recovery
0 Plasma rotation reduction by non-resonant applied field;
follows neoclassical toroidal viscosity theory

Full NTV calculation yielding quantitative agreement to experiment ;
general momentum transport relevance

a Results continue to support (2. as profile; scalar insufficient
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Active RWM control remains vitally important to
minimize performance risk in ITER

O Agreement does not yet exist regarding £2..., RWM stabilization

) - g crit?
physics in low-rotation plasmas

O Observed inverse dependence of €2_.. on v indicates lower ITER
collisionality may require a higher degree of RWM active
stabilization (NO1.00008 Sontag)

a Similar inverse dependence of plasma momentum dissipation on
v in NTV theory indicates ITER plasmas will be subject to higher
viscosity, greater o, reduction

0 Strong 0B? dependence of quantitatively verified NTV theory
shows that error fields, resonant field amplification, ELMs need be
minimized to maximize stabilizing «,

O Pressure, q, and @, profiles unknown for burning plasma. RWM
(and ELM, error fiefd) control reduces performance risk

—_—
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