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Workshop on Control of MHD Modes in Tokamaks with
Non-axisymmetric Coils

23-25 November 1997
Columbia University

Sunday, Nov 23 2:00pm-6:00pm  Background/General

Session Chairman: Navratil

2:00-2:10 Welcome & Introduction to Workshop Mavratil ==
2:10-2:40 JET Feedback Program de Benedetti
2:40-2:50 Discussion
2:50-3:20 The Axisymmetric Control Strategy on DII-D and

Implication for Control of External Kinks Lazarus
3:20-3:30 Discussion
3:30-3:50 break

3:50-4:20 Disruption Control Using Helical Coils and Experimental

Planning for LHD Yamazaki =
4:20-4:30 Discussion
4:30-5:00 TEXTOR Dynamic Ergodic Divertor Finken

5:00-5:10 Discussion
5:10-6:00 General Discussion



B

Monday, Nov 24 9:00am-12:30pm Tearing Mode Control
Session Chairman: Taylor

9:00-%:30
9:30-9:40
9:40-10:00
10:00-10:10
10:10-10:25
10:25-10:30
10:30-10:50
10:50-11:10

11:10-11:15
11:15-11:30
11:30-11:35
11:35-11:50

11:50-11:55
11:55-12:30

12:30-2:00

Monday, MNov 24 2:00pm-6:00pm

Neoclassical Islands

Discussion

Teanng Mode Stabilization

Discussion

Active Stabilization of Tearing Modes in HBT-EP
Discussion

break

Use of External Perturbations to Investigate Neoclassical
Tearing Modes

Discussion

A Conceptual Inside Vessel Coil for DIII-D
Diiscussion

Nummrﬁ&tmznum of Coil Geometry for
Tearing Feedback Stabilization
Driscussion

General Discussion

Gates
Fredrickson

Nadle

Hegna

Waoolley

Lunch at Monsoon Restaurant (Broadway between 110th - 111th St)

RWM Maode Control

Session Chairman: LaHaye

2:00-2:30
2:30-2:40
2:40-3:00

3:00-3: 10
3:10-3:30
3:30-3:40
3:40-4:00
4:00-4:15
4:15-4:20
4:20-4:40
4-40-4:50
4:50-5:05
5:05-5:15
5:15-5:30
5:30-5:35
5:35-6:00

f00-6:30

700930

Elaboration on Bishop's Intelligent Shell Jensen
Discussion

Lumped- r Circuit Approach for RWM

Feedback Control Analysis OkabayashiPomphrey
Discussion

Synthesized Vacuum Caleulation in Toroidal Geometry Chance
Discussion

break

EWN Studies on DIT-D Garofalo
Discussion

WM FPlans and Prototype Experiments on HBT-EP Mauvel
Discussion

RWM Stability Issues on DIT-D Okabayashi
Discussion

Plans for C-Coil EWM Control on DII-D Scoville
Discussion

General Discussion

Tour of HET-EP Facility (Room 102A Muodd) Mauel/Navratil

Workshop Dinner (Columbia University Faculty House)



.

Tuesday, Nov 25 9:00am-12:30pm RWM/Feedback/Ergodization
Session Chairman: Okabayashi

9 00-9:20

9 20-9:30
9:30-9:45
9:45-9:50
9:50-10:05
10:05-10:10
10:10-10:25
10:25-10:30
10:30- 10:50
10:50-11:10
10:10-11:15
10:15-11:35
11:35-11:40
11:40-11:55
11:55-Noon
MNoon-12:15
12:15-12:20
12:20-12:30

12:30-2:00

Tuesday, Nov 25 2:00pm-3:00pm

2:00-3:00

RWM Control by Toroidal Rotation Chu
Discussion

Rotation Control Experiments on HBT-EP Mavser
Discussion

RWM Active Control Modeling Bialek
Discussion

Plasma Response for RWM Control Modeling Boozer
Discussion

break

External Kink Mode Theory in Toroidal Geometry Bett
Discussion

Feedback Control of Plasma Systems Sen/Chiu
Driscussion

Plasma Helical Coil Approach for Feedback Stabilization Kugel

Dscussion

Ergodization Coils for Control of Edge T and Vp in DITI-D Evans/LaHaye
Discussion

General Discussion

Lunch at Café 5t. John (SW corner Amsterdam and 110th St.)

Coneluding Discussion
Formulation of Principal Conclusions & Recommendations
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Resistive Wall Mode Studies on DIII-D

A. M. GaroraLo

Workshop on Control of MHD Modes in Tokamaks with Non-axisymmetric Coils

I Columbia University I

November 24, 1937

WALL STABILIZATION OF LOW-n MODES AT HIGH Py
IS PRESENTLY LIMITED BY SLOWING OF PLASMA ROTATION
®  Wall stabilization maintained in low £, ®  Braking experiments predict

plasmas fior -10 wall times but is lost rolation required is modest
when rotation Iy lost




FPLASMA STABILIZED BY ROTATION AND RESISTIVE
~WALL ABOVE NO-WALL Pp-LIMIT FOR - 200 ms

* Slowly rotating mfn = 3/1 mode starts to grow alter toroidal rotation of g =3
surface has decreased below ~ 1 kHz

& Growth time decreases to 3 ms when mode becomes nearly stationary with
respect o the wall

® What causes the plasma rolation to slow down?
— — e - Jhm
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A LOW FREQUENCY PERTURBATION NEAR g = 2 SURFACE
COINCIDES WITH CONTRACTION OF CORE TRANSPORT
BARRIER AND START OF ELMING PHASE

* No evidence of x shilt in T_ fluctuation phase between nearby ECE channels

¢ Torcidal mode number n = 2 and real frequency ~ 20 Hz in direction counter to
beam injection determined from magnetic data
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The Axisymmetric Control Strategy
« on DIII-D and Its Implication for
Control of External Kinks

Edward A. Lazarus
Oak Ridge National Laboratory

presented M
Workshop on Control of MHD Modes in Tokamaks with Non-axisymmetric Coils
23-25 November 1597
Columbia University

* DIII-D routinely operates ot plasma elongation near the ideal limit for the
axisymmetric instability. The control was developed from a simple analvtic model.

* The key to control is an understanding of the interaction of the three elements of the
system: the plasma, the shell and the control coil. In particular the interaction of the
shell and the active coil, which dictates the appropriate choice of coil,

« The n=1 dispersion relation in its simplest form is quite similar to the simplest n=0
dispersion relation.

*

B.Shell

y to reaching the ideal limit is in

the shell's flux linkages.

g.lnnur Co

A Toroidicity leads to eddy currents peaked outboard
B Eddy Current strongly couples to cutboard coils

=g C Coils poorly linked to vessel are best for stabilising

‘*Tha ke

==3% D Colls well linked to shell are destabilising (Lenz's Law)




* «These flux couplings are the reason | do not find the use of passive plates with
lovwr B and hence large /R times o be reasonable, If the active coil remains
well-coupled 1o the passive structure, then no gain has been achieved.

* If the increased L/R time is fmn:l slru::h.m: pmd}'-m pled to the active -:;i,
: ; : Lrate L

ppm'l: wm.gufﬂtgmwdim:nujr] c :
of actually achieving a negative growth m::[stab:]:mmu}

' OO

* The way to reduce the growth rate is (0 design an active coil which reduces
Tor. | should note that cuthoard, near the midplane, as the F6 coils on DIIL-
D is not hopeless, While stabilisation of high growth rates is desireable, it
merely indicates the bandwidth of the power supply.

* There is a decay index, similar to ne, but calculated for the active coil rather
than the shell, below which stabilisation can be achieved without denivative

gain. This correspends to k<2 in DIH-D.

losenass of the wall,

Plasma - Shell n=1 Dispersion relation
The gap width depends on helicity as well as
Since the eddy currents are assymetric, so what part

The relevant growth rates are » than 1/1g

The electromagnetic branch structure of y

is similar to that for n=0

of the shell is important in defining the ratio "b/a"?



Developing a Control Strategy for
ofE the External Kink

* Hopefully I have convinced you of the followi

(1) The external kink can be controlled, i.e., the dispersion relation is essentially

le into inertial and electromagnetic branches as is true for n=0.

(2) Toroadicity will be a key feature in developing the strategy. Calculations by
Chance, et.al., of the eddy currents for kink-ballooning modes show a strong
in-put asymmetry. Accounting for first order toroidal effects (MNeilson &

Harris) in calculating fields from helices show the essential structure.

(3) It is unlikely that outhoard coils will be appropriate for stabilisation. It is
therefore likely the inductance calculations will have to be extended to partial
helices.

* Some tasks that need work in onder to develop a model are:

(l]%dh@c%%mﬂmmumwulnmm
lnn:luia]hdm or more correctly, fixed systems of 2m helices which describe
the i

(1]Asunpl=lurquehal:m:lnrlh:ﬂ:ﬂn[mem:mﬂﬁeumﬂ:nmd:il
needed,

(3) A vessel expansion similar o the axisymmedtric eigenmode expansion is needed.
Probably a simple representation of the vessel as a set of helices like the
plasma but out of phase will be adequate to get started

« Note that | have not appealed to the “resistive wall mode” to provide stabilisation. 1t is
that this blessed plasma state exists and our attempts to find it will be
ored by readily available stable paths to this blessed final state.

But, just in case ...

==

The problem of stabilising the kink to its ideal limit seems to me worthy of considerable
effort. If successful, it may change our ideas about tokamak design and

aspect rmummﬂtmu.'l‘h:ﬂm sugu mwmm&

E
1]
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Lumped-parameter Circuit Approach for RWM
Feedback Control Analysis

M. Okabayashi, N. Pomphrey, R. E. Hatcher

Princeton Plosma Physics Laboratory
P.0. Boz 51, Princeton, NJ 08542

Workshop on Cootrel of MHD Modes In Tolkamaks with Non-axisymmetrie Colls

‘EE Hw

Resistive Wall Mode control is
analagous to n = 0 vertical control

Vertical Resistive
bt S Wall Mode

Instability

YT =

1- (M 202/ M g Lz




Sma hell Fake Rotating Shell

Gl active coil sEnsor

+ §I_shell —> » &y at a different location

provides phased signal
" ideal conductor * "sheil rotating”
SMART SHELL FEEDBACK SYSTEM
Vany = G, L. (19)
1
Ty - ' (20)

1
1 : . . R+
DTG i
D : the growth rate of the RWM in the absence of the active feedback circuit.
Since D > 0, a necessary condition for decreasing the growth rate

1
. s 2 fMaTit %
G, [Hn - My My, (T"ﬁ)] <0. (21)
The sign of G, should be chosen positive to have the system stable without
mode excitation.



INDUCTANCE GPERATOR AND FEEDBACK STABLIZATION OF WALL MODES

Allari H, Bogser
Tapanrran) of Appiad Physics. Columba Unsemety, bew Yok, Wr I mnn
Mas-Planca-Irgtiul 10 Plasmaphyms EURATOM. Lisssisticn, D-85748 Caching, Qarmasy

The plasma responss lo currents, «(8.p). In & Ehin shell Sufraunding a
plasma can be represenied by an inductance aperator . which relates «
and the nomal component of the magnatic fieid, b, on the shell, The
Surrerd dansity i ihe shell is wrilten a3 | = (Ve(BenX Trla with ihe
racial coordinaie r defined so the shall s at consiami r, r = My, Thé
thickmass of the shell g 4. The narmal component of iha pErurbad
magnalic held is chosen 80 thal A has umits of magnstic hu,
Db Tr with ) the Jacobéan af (r.8,9) cocrdinates. In paturbation
thaony, the currenl in the ahal wid.p.t) and bl8e.1) are lineardy relsisd,
el

b= o .T:. [t L0800 - 1= 1)e (g ) = .
Ll =
If tpadback currenis =y are driven in colls Behind the shall, ¢ = ry, han
_iiﬂllﬁg._it.i-r?!!ii!i.!g!n
a mutual inductance, b= £ [e] + M|k ] A leecback sysiem dives a
CUFTENE x in responss o 8 measured normal magnelic Beld on e shel,
or € = - 9[B]. Combining operators b=t jx]. The combination of
Faraday's Maw and ORm's low Imply J6/3 = .m._?“_. Tha resigtance
operalor € i positve definits and Hermitian,

._..u-;..th. Hqﬁf;
&

Viall modes are stable with feedback i 1ha squation

& |2 el |

t_”.m._._ L L

yields mo growing solusions.  In @ cylinder, tha elgervalues ol W are
[rfrsl™ Gmes those of 7. Esth sigervalua ol ._....._ can be written &8 Len =
Liff+al) with a propotional to the fesdback. A wall mode anses i L ig

nagaiive bl is slabilized i Lan &8 poditive. Suppones by U5 DoE pract -
Fiog-asERsLN3a

INDUCTANCE OPERATOR

and

FEEDBACK STABILIZATION

of
WALL MODES

Allen H. Boozer
Columbia University
April 1997

Inductance operator:

Y.

2.

Given by perturbed plasma equilibria.

Defines stability of wall modes
including effects of rotation [ropP, 2
4521 (1995) and PoP 3, 4620 (1996)).

With mutual inductance determines
feedback requirements.
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The HBT-EP model

RWM Active Control Modelin
. The SPARK eddy current code was used

to realistically model the geometry.

J.Blalek, M.Mauel, J.Navratil SPARK

The 'Thin Shell' approximation is used. The
geometry is approximated by rectangular

Presented at elements and ‘element thickness' is a parameter.
Workshop on Control of MHD Modes in Tokamaks This means that skin-effects must be
with Non-axisymmetric Coils approximated via multiple layers of elements.

23 - 25 November 1997 .
Each ‘element' in the model has a circulating
'mesh-current’. These 'mesh-currents' are the

variables in the model.
We examine the performance of proposed

control schemes in a 3-D thin shell model of the dI do

HBT-EP tokamak. [LR—=}+[R}{In} =——
dt dt

. The 3-D thin shell model of HBT ( spark - code ) i_._n—.ﬂ.

. A (myn) = (}1) perturbation is assumed ﬂa# ='mesh - current’

s Proposed ‘Figure of Merit' { similar to TPX work )
The results may be used to compute fields and

. Evaluation of several configurations forces amywhere in the model. We use the eddy
s current fields to calculate the distributed force on
Present Aluminum passive stabilizers the assumed source of flux change { the r.h.s.)

Planned Stainless Steel passive stabilizers

Stainless Steel passive stabilizers with coils






The Plasma Perturbation
and Figure of Merit

We examine a plasma perturbation that
approximates a (m,n) = (3,1) mode. This
perturbation has zero net poloidal & toroidal flux
and is approximated by two sets of filaments,

Two sets of filaments are placed on the surface of a
circular cross section torus ( (R,a) = (0.92,0.13) ) .
Each set of finite length filaments approximates a
helix with pitch (m,n) = (3,1). The pitch in both
helices is the same, the currents in the two sets
are directed in opposite directions. The current in
each helix starts at zero and increases with a
positive time constant of 500. micro sec.

We needed a simple ( scalar ) indicator of 'how
effectively the induced eddy current fields push

back on the plasma perturbation' . We have used
the Figure of Merit { FOM ) described by:

FOM = %M__E $ii o (1:(aT) x B.)

where:

n = unit_normal_to_ plasma_ surface

I: = current_in_ flux_ source

B. = field_from_eddy_currents




Workshop on Control of MHD Modes
in Tokamaks with
Non-Axisymmetric Coils

RWM Contro! by
Torcidel Rotation

Nov. 23 -- Nov. 25 1997
Columbia University

M.S.Chu, A. Bondeson, and D. Ward"

) General Atomics
"Chalmers Univ.

* CRPP, Lousanne
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FIG. 7. Stability diagram for the same equilibrium as shown in Fig. 6 with
fitted profiles to experimental rotation and density profiles. Computed are
growth rates for different levels of rotation frequency and with s=0.5. It is
shown that the experimentally observed threshold is well willua"dt_ com-
puted range of values.

COLLAPSE AT HIGH By, SHOWS IMPORTANCE OF ROTATION

4 0111
i

3 .

9] P Limit (No Wall)

1 CentralsXR

* m/n = 31 mode becomes
unstable whenq =3
surface ceases to rotate

o 31 mode has predicted
features of “Resistive
Wall Mode~
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Plans son HET-EP

Smart Shell Options: b Toe {297
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Issues of RWM Feedback Stabilization in DIII-D

M. Okabayashi
M. Chance, J. Manickam and N. Pomphrey
Princeton Plasma Physics Laboratory

Workshop on Control of MHD Modes in Tokamaks
with Non-axisymmetric Coils

23-25 November 1637, Columbia University

Narrow localization of §j(6,4), 5B,(6.4) on the passive shell induced
by &,, suggests the possiblity of active RWM control

Toramgar anglel o)

Do o by _phT e



PLANS FOR USE OF THE C-COIL ON DIlI-D
FOR EXTERNAL KINK STUDIES

J.T. Scoville and R.J. La Haye

ERROR FIELD COILS AND PICKUP COILS
_ﬁ“

New?
(40 kA-turns)

C-coil
(20 kA-turns)

New?
(40 kA-turns)




POLOIDAL VARIATION OF C-COIL FIELD
(WITH NO PLASMA) MEASURED BY
INTERNAL MAGNETIC PROBE ARRAY

* magnetic probes measure poloidal field

* maximum fields near top and bottom legs

of C-coil
0.4
0.2
x 107
Tesla
0.0 +4 -
=0.2 -
-0.4 IR NN N AN B EEEREEE
180 90 0 =90 -180
inboard outboard inboard

poloidal angle (degrees)

+}» GENERAL ATOMICS

EXISTING C-COIL POWER SUPPLIES HAVE
BEEN USED TO CREATE A SLOW AC FIELD

* 3 DC unipolar supplies, 200 volt, 5000 amp
® Each drives one C-coil pair, L=130 pLh, R=13 m{2

€199 current

0 - BN SRS Ssssesmanasasnsdiiie s assannassenenanamnanannananns

C4 voltage

i

0 50 100 150 200

Time (msec)

+}» GEnERAL ATOMICS



A CONCEPTUAL
INSIDE VESSEL COIL FOR DIlI-D

by
R.J. LA HAYE

Presented at
The Workshop on Control of MHD Modes
in Tokamaks With Non-Axisymmetric Coils
New York, New York

NOVEMBER 1997

an-o7
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FOURIER ANALYSIS ON TYPICAL q = 2 SURFACE

® 1 turn, top-bottom, opp. quadrants subtracted
® 10 kAmps, no wall eddy included
@  Leftand righthand B | ,, are equal

— Spectrum peaked at q = 3 inside separatrix
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Active Stabilization of Teating Modes in
HBT-EP

D. Nadle, C. Cates, M.E. Mauel, D. Mauter, GA. Navratil, W.
Reass,” E. Taylor, G.A. Wurden,* and Q. Xiao

Columbia University and “LANL
Workshop on Control of MHD Modes in
Tokamaks with Non-axisymmetric Coils
24 November 1997

Columbia University

Conclusions

« Control of m/n=2/1 mode in good agreement with
model predictions (with shear stabilization term) for
various values of feedback 8, at medium gain.

« Distruption control and mode supression not yet
demonstrated; Better phase accuracy in diagnostics
and in sampling seen as key requirements.



NuMERICAL OPTIMIZATION
oF CoiL. GEOMETRY FOR
TEARING MoDE FEEDBACK STABILIZATION

ROBERT D. WOOLLEY

WORKSHOP ON CONTROL OF MHD MODES IN TOKAMAKS
WITH NON-AXISYMMETRIC COILS
23-25 NOVEMBER 1997
COLUMBIA UNIVERSITY

BACKGROUND

Early In FY97, a small group led
by Dr. Kevin McGuire considered
converting PPPL’s existing PBX-M
tokamak facility into a Feedback
Stabilization Experiment (FSX)
facilty to explore different
methods for stabilizing a plasma
via active feedback, Including
magnetic feedback stabilization of
internal tearing modes.

Although FSX is not now planned,
some of the FSX design study
considerations may apply to
teedback experiments on existing
multipurpose facilities.

FSX Facility




Neoclassical Islands

David A. Gates

With Contributions from:

COMPASS-D, UKAEA Fusion, UKAEA/EURATOM Fusion Assoc.
ASDEX-U, Max Planck Institute - IPP, Garching

TFTR, Princeton Plasma Physics Laboratory, Princeton

DHI-D, General Atomics, San Diego

JT-60U, JAERI, Naka
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Finite-X, Model Fits Data Better than Pol. Model
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® Basic modet: kpc=0.7, kg=0, ky=0.

@ Finite-x;; model allows the existance of noise level isiand
and slow growing rate. (k,=0.9, ky=3.9, decay if k3=4.0)

© The set of coefficients for W,=0.5cm automatically resuits
in the island-decay-time consistent with experiment.

@ Pol. model: o
One can force the island to disappear at any time after NBI
by selecting a C (e.g., kpc=0.7, kq=0, xvno.omm. C=0.22.).
BUT, the slow growing phase is hard to be modeled by the
~  model.

Summary

1. The B-limit (at low collisionality) on COMPASS-D
is set by neoclassical magnetic islands

2. Threshold mechanisms identified by theory have
been compared to the relevant experimental data.

3. The x,/%, model is found to predict a threshold
island width that is inconsistent with the observed
experimental threshold.

4. The polarisation current model matches both the
observed density scaling for the onset of MHD and
the correct magnitude for the observed threshold.

5. An expression for the g-scaling of the S limit
based on the assumption that the limit is
determined by the width of neoclassical islands is
shown to be in good agreement with the data.

6. Neoclassical islands are a serious issue for any
future reactor designed to operate at low
collisionality (e. g. ITER). There is a need to
increase the predictive capability of the theory and
the certainty in the experimental results.

I UKAEA Fusion



SuMMARY oF PrRoGgRrEss 1997-2002

RWM: CLEARLY SEeN ON DIII-D, HBT-EP, JT-60U
APPROACH IDEAL WALL LimiT FOR SECONDS oN DIII-D

How TO FORMULATE ACTIVE CONTROL MODEL OF THE RWM?
3D VALEN MODEL FOR SINGLE MODE, NO ROTATION
MARS wiTH FEEDBACK 2D AXISYMMETRIC WITH ROTATION
VACUUM/DCON MuLTI-MODE, AXISYMMETRIC

Prans £or [MPLEMENTATION/INSTALLATION OF CONTROL COILS
DIII-D 12 INTERNAL coiLS; HBT-EP 20 OPTIMIZED COILS
DESIGNS FOR NSTX, ASDEX, FIRE, ITER, KSTAR,...

NEOCLASSICAL TEARING MoDE CONTROL EXPERIMENTS
CoMPLETE STABILIZATION ON ASDEX, DIII-D, JT-60U,...

NEOCLASSICAL TEARING MODES
MATURE THEORY WITH OPEN QUESTIONS ON POLARIZATION
TERMS.




