Oblique-ECE-assisted alighed, modulated

ECCD stabilization of NTMs at DIII-D

F. Volpe!, M.E. Austin?, R.J. La Haye3, J. Lohr3, R. Praters,
E.J. Strait® and A.Welander3

1 University of Wisconsin, Madison
2 University of Texas, Austin
3 General Atomics, San Diego

Yosemite, Sept.2006

14th Workshop on Active Control of MHD Stability: Active MHD Control in ITER
Princeton, NJ, USA
9-11 November 2009

THE UNIVERSITY

DiIln-pD WISCONSIN

NATIONAL FUSION FACILITY MADISON
SAN DIEGO

W,



NTMs are a principal limit to high performance in ITER

Control needs to be effective

 From the 2007 special issue of Nuclear Fusion,
“Progress in the ITER Physics Basis”:

“the NTM instability is predicted to lead to confinement deterioration...
and possibly... disruption”

e Stabilization by Electron Cyclotron Current Drive (ECCD) is a well-
developed technique on several tokamaks

— Requires precise alignment
— Efficiency benefits from modulation

 Both can be assisted by oblique Electron Cyclotron Emission (ECE)
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* Motivation and principle of oblique ECE as a test of
alignment and aid to modulation

 Experimental setup

e Resulis: alignment verified, complete 3/2 suppression

e Summary and conclusions
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Motivation & Principle
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NTMs can be stabilized by Electron Cyclotron Current

Drive at the location of the magnetic island
* Modified Rutherford equation governs island growth

. 2 "
TRoAW _ g 5(A'r) + 3 lboot Lg 1_(—281l299i)_ K Jeccd
rodt 0 jtotal W w2 L
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Alignment and Modulation of ECCD to NTMs and Interpretation

of ECE and magnetics are complicated 3D problems
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Internal ECE tracking of NTMs has advantages compared with

external magnetic probe data

e Magnetic probes  Horizontal ECE
measure 5B, at wall measures 6T, at g=m/n
Pro: best measurement of Pro: Mqgjor radius of island can be
frequency determined
Cons: Cons:
— No data for radial alignment — Also sensitive to other 8T,
—  Toroidal phase of island —  Stillrequires toroidal phase
requires reconstruction of mapping
equilibrium and field lines —  Also requires radial mgpp|ng
Bp(a.u.jzz MIRNOV (one of tgroidal array)  #125658 '
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Oblique ECE has advantages of horizontal ECE + no need for mapping
Dill-D

NATIONAL FUSION FACILITY
SSSSSSSS 14t MHD Control Workshop Princeton, 9-11 Nov. 2009 F.Volpe 7



Oblique ECE, along same direction as ECCD, avoids need for

equilibrium reconstruction and analysis

e Island transit measured ‘in situ’

— same R, Zof CD

— from same R, Z of ECRH launcher

— same poloidal & toroidal view angles
ECCD ¢ Hence

— same relativistic downshift

— same relativistic & Doppler broadening
Oblique ECE — island centre emits at f=f_,=110GHz

=] |

\ Horizontal ECE  « No need for flux surface shape

wf or helical extrapolations in R,Z,¢.

108.5 GHz

110 GHz
Second Harmoni
Resonance

\ngneﬁc Probes
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In counter-phase

Same T,
(at given time)
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Two ECE channels close to island track toroidal rotation

and validate radial alignment of ECCD
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Experimental Setup
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Oblique ECE as a waveform generator for modulated ECCD,

radially aligned, in synch and in phase with island O-point

A
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Dichroic plate and plate array
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Oblique ECE from rotating island collected by transmission line 5

Modulated ECCD injected from lines 2, 3, 4 & 6 to stabilize island

2nd EC harmonic
3/2 O-point
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Analogue circuit modulates ECCD based on oblique ECE
and corrects phase for different toroidal location
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Experimental Results
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Observed Phase Reversal, indication of good alignment
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Phase jump # &, because of oblique view and shear
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First complete suppression of 3/2 NTM by ECCD modulated

by oblique ECE in phase with O-point

ECRH Power #132113
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Modulated ECCD saves average power 2> electricity.

If broad (ITER) it also saves peak power 2> hardware.

Power envelope (MW)
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More ECCD power stabilizes 3/2 NTM more rapidly

132113 132116
132115 132105

2.5 ECCD Power (W) - (a)

n 2 mode amplltude (G)WW o 51 o MW (b)

0 i SEbkAD T Bkt Qptbady ! F el FaletaCles s
2000 2500 3000 3500 4000

D”’ -D Time (ms)

NATIONAL FUSION FACILITY
SAN DIEGO

14t MHD Control Workshop Princeton, 9-11 Nov. 2009 F.Volpe 21



Modulation and O-point phasing make

stabilization more efficient
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Summary and Conclusions

e Physical principle
— Obligue ECE tracks island along ECCD line of sight, toroidally
shifted
— Signals directly modulate ECCD
— Radial alignment from anfi-correlation of two channels

e Demonstrated both techniques
1. Observed “Phase-reversal”, indication of good alignment
* confirmed by equilibrium and ray tracing analysis
e Future work: align in real-time
2. 3/2 NTM completely suppressed by ECCD modulated in phase
with O-point on the basis of oblique ECE signals

e Future work: stabilize 2/1
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Advanced techniques for neoclassical tearing mode control in DIII-D?

F. A. G. Volpe,"® M. E. Austin,? R. J. La Haye,® J. Lohr,? R. Prater,® E. J. Strait,’

and A. S. Welander®

Department of Engineering Physics, University of Wisconsin-Madison, Madison, Wisconsin 53706, USA
“University of Texas-Austin, Austin, Texas 78712, USA

“General Atomics, PO. Box 85608, San Diego, California 92186-5608, USA

(Received 21 May 2009; accepted 28 August 2009; published online 6 October 2009)

Two techniques were developed at DIII-D [J. L. Luxon, Nucl. Fusion 42, 64 (2002)] to tackle
ITER-specific aspects of neoclassical tearing mode (NTM) control, namely, (1) the relatively small
size of the rotating islands, smaller than the electron cyclotron current drive (ECCD) deposition
region, and (2) the increased tendency of the islands, compared to present devices. to lock to the
wall or to the residual error field, in a position not necessarily accessible to ECCD. Modulated
ECCD is known to suppress small islands more efficiently, when “broad.” than continuous ECCD.
At DIIT-D, a NTM of poloidal/toroidal mode numbers m/n=3/2 was completely stabilized by a new
technique where oblique electron cyclotron emission acted at the same time as an indicator of good
alignment between ECCD and the island. and as a waveform generator, for modulation in synch and
in phase with the island O-point. In another experiment. after locking in an unfavorable position, a
2/1 island was steered by externally generated magnetic perturbations, brought in the view of the
gyrotrons and partly stabilized by ECCD in the i1sland O-point. Magnetic perturbations were also
used to sustain and control the mode rotation, which has the potential for an easier ECCD
modulation. © 2009 American Institute of Physics. [doi:10.1063/1.3232325]
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Observed Phase Reversal, indication of good alignment !
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