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* Introduction

«  HBT-EP (“Multimode MHD Spectroscopy of External Kinks in a Tokamak Plasma”)
— Experimental device and upgrade
— Passive MHD spectroscopy measurements
— Active MHD spectroscopy experiments
— Summary

- DIII-D (“Error Field Detection by Magnetic Steering of Locked Modes in DIII-D”)
— Modeling of locked mode torque balance
— Application to error field detection
— Summary
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3D fields are important in tokamak plasmas

-  Tokamaks are a nominally axisymmetric (2D) configuration

External Coils

\ MagnW

- 3D fields, which break axisymmetry, are emerging as active area of
research

- Validation of models against experimental measurements important
for future devices
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3D fields always present in tokamaks

Many sources of 3D fields: error fields, control coils, MHD modes
3D coils may be harmful or beneficial!

- Harmful effects: confinement degradation, braking of plasma rotation
(resonant or non-resonant), disruption

Beneficial effects: ELM suppression, sawtooth control
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Interaction of 3D fields with MHD modes can be a

useful tool

- Many applications:
— ELM suppression and pedestal control
— Sawtooth control
— Locked mode control
— Resistive wall mode feedback
— MHD spectroscopy of plasma stability
— Achievement of QH-mode with NTV torque
— Radiation asymmetries during major disruption

 This talk:

— MHD spectroscopy of resistive wall modes on HBT-EP
— Control of locked modes on DIII-D
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«  HBT-EP (“Multimode MHD Spectroscopy of External Kinks in a Tokamak Plasma”)
— Experimental device and upgrade
— Passive MHD spectroscopy measurements
— Active MHD spectroscopy experiments
— Summary
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External kink modes limit beta in tokamak plasmas

+ The external kink is an ideal MHD instability driven by plasma
pressure (“beta driven”) or by edge current gradients (“current
driven”)

+ Nearby conducting wall reduces growth rates from Alfvenic to
resistive timescale of wall - resistive wall mode (RWM)

- External kink limits maximum achievable beta in tokamak plasmas
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HBT-EP studies MHD stability and control

- HBT-EP studies the physics and control of beta-limiting MHD
instabilities such as the RWM

- Previously demonstrated passive and active stabilization of RWMs

Parameter Typical

value
R 0.92 m
a 0.15m
B; 0.33T
l <20 kA
T, <150 eV
Ne 2x1019 m-3
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HBT-EP upgraded for high-resolution MHD studies

- Upgrade allows application and detection of 3D fields with high-
resolution

- New conducting wall, control coils, and magnetic diagnostics

40 poloidal/radial field sensors
for active feedback

High density poloidal and radial
magnetic field sensors

6 x 20 control coils
for modularity tests

20 adjustable
wall segments
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Extensive magnetic diagnostic set installed

- 216 new magnetic probes

- Measurement of toroidal and poloidal
structure

« Poloidal and radial fields measured
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Passive MHD spectroscopy of RWMs

- Rapid breakdown and plasma current ramp (~1 MA/s) create broad
current profile

- Evolution of edge q evolution results in current-driven external kinks
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Biorthogonal Decomposition reveals multiple

independent modes
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Non-rigid multimode behavior of RWM observed

- Mode rotations unambiguously show independent evolution of various
modes > RWM has non-rigid multimode evolution
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Control coils apply 3D magnetic perturbations

Radial magnetic field

Resonant 3/1 fields applied |80/

+  “Phase-flips” used to allow
easy detection of plasma
response

Poloidal angle

- pfield\d=
180 quilipriurn

20E
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* Perturbation amplitudes up

lc (A)
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Clear plasma response detected in presence of

rotating kink

« Current-driven RWM <
excited, rotates at —°
~ 8 kHz

«  Phase-flip RMP applied in
presence of kink

Pol. Angle
(Deg.)

« Clear 3/1 “phase-flip like”
response observed

Tor. Angle
(Deg.)

- 3/1 field returns to
rotating state afterwards

Time (ms)
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3D structure of plasma response identical to

rotating RWM

*  RMP response measured based on
correlation with phase-flip

- Rotating kink structure from SVD

- Agreement of structures expected
— High-aspect ratio, circular cross-section

- Measured 3D field exhibits single-
helicity behavior
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Kink dynamics simulated with single-helicity model

Single-helicity cylindrical theory of Fitzpatrick and Aydemir (F-A)
— Kink dynamics in presence of conducting wall, external coils
— Includes plasma rotation and dissipation

- Dynamics of perturbed poloidal flux described by inhomogenous

linear ODE
/ Flux at plasma surface Model parameters
. (1 . dy '/ . \L
gt = | 9] eiemaino o= A-G+ Ry
(o (t) t \
\ Flux at wall Flux applied by coils

Previous work has shown HBT-EP plasmas to be in high-dissipation
limit
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F-A model in good agreement with measurements

Amplitude and phase
of radial, poloidal
fields

Initially rotating
- Phase-flip response

* Returns to rotating
state
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Interference of rotating kink and RMP response

observed

|
 (d) 7000p: 1 = 18A
: |

- Linear model predicts
interference between rotating
kink and plasma response to
external field
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Plasma response observed to saturate at large

RMP amplitude
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Summary

- High-resolution measurements of rotating RWMs show non-rigid
multimode behavior

- Active MHD spectroscopy able to excite a clear plasma response

- Fitzpatrick-Aydemir model in good agreement with measurements of
plasma response in presence of rotating kink

- Beyond linear model, saturation of plasma response observed at
higher RMP amplitudes
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- DIII-D (“Error Field Detection by Magnetic Steering of Locked Modes in DIII-D”)
— Modeling of locked mode torque balance
— Application to error field detection
— Summary
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Error fields detrimental to tokamak plasmas

Error fields (EFs) enhance transport and reduce confinement, brake
plasma rotation, and lead to locking and disruption

n=1 EFs most important, but can be corrected (to some extent) by
control coils

Must assess the optimal amplitude/phase of n=1 correction currents

- Notation: n=1 currents described by complex phasor

I=|I

l¢_ A A
e’ =1 x+1)y

\ |/

cosine, sine components
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New error field detection method described

Idea: Empirically determine n=1 EF in DIII-D using 3D coils to rotate
non-disruptive saturated locked modes (LMs) (“magnetic steering”)

180

| ~ “|-Caoill
—  90F =
— g LM
I )] 0 3
£ 126623 E
\ — ,< O _180E , NIl[5Y . , , E
~\ / / 2000 2500 3000 3500 4000 4500 5000
S Time [ms]

EF deduced from deviation of the toroidal phase of LM from that of the
applied field, in a single discharge
— Analysis in terms of torque balance of the LM
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Magnetic steering of LMs analyzed in terms of

torque balance

Island torque balance: T+ Ty, = dL/dE

40

20 dL/dt =~ 0 - - In this talk, assume:

20 - >_
16 Tearing mode amplitude [G ‘ —
Loaring mo P 1G] 5 Trem + Tother =0

Mode locks! _ .
E In simplest case, resonant

Tearing mode freq [kHz] 3 torques dominate:

Plasma rotation [kHz]

TR,EM =0

Equivalent to mode locking to
total 3D field (MP + EF)

I-coils [KA] . .
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Time [ms]
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Resonant EM torque calculated from simple model

Resonant EM torques calculated based on experimental
measurements, incorporating realistic DIlI-D geometry

Resonant torques due to interaction of perturbed currents and 3D
fields:

Tk e =2-f?x(dexl§)

Independent models for j(r) and B(r)
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EF quantified by fitting torque balance equation

- Interpretation: 2/1 island locks to total field including applied field and
error field

T(I)+T()+T(I,,)=0

- EF modeled as equivalent set 30 &T o 126623
of currents in 3D coils 20 oS o
10 1
- Optimal correction is —/ -, 0
determined by fitting to data 10t |
o
-20
30 20 -10 0 10 20 30
T(I) (Nm)
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Perturbed currents based on island model

* Field-line integration «  Missing BS current modeled
determines structure of 2/1 . Temporal evolution derived
island from data
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Effect of plasma response modeled with IPEC

126623: t=3600ms, |
T T T

oon=1-0KA

Current school of thought: 101
External 3D fields couple to the

resonant surface through the least 7
stable kink eigenmode 05k

Ideal Perturbed Equilibrium Code 7
(IPEC) solves for 3d equilibria under 00"
linear ideal MHD = |

- This kink coupling modifies
calculated torques ’

Note: this model ignores the tearing 10}
response
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Example 1: Magnetic steering at 0.67 Hz in 126623
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Example 1: Torque balance fit for 126623

i 30 © o 126623
. Residual EF fit: T(7)) + =0 20 o9
10 T

Least-squares solution: ol ]

-20 : .
30 20 -10 0 10 20 30
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Example 1: Torque balance fit for 126623

- Residual EF fit: T(/,) +

- Least-squares solution:
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Example 1: Torque balance fit for 126623

~ 23 &'0 126623
- Residual EF fit: T(],) + =0 ;| o3| o _
0
- Least-squares solution:

- lIsland is locked to (/. + I,)

180

w0
o

Locked Mode Phase (Deg)
Q o

2

45 10 05 00 05 10 15

DIl-D | (KA
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Example 1: Torque balance fit for 126623

~ 23 &'0 126623
- Residual EF fit: T(],) + =0 ;| o3| o _
0
- Least-squares solution:

- lIsland is locked to (/. + I,)

180

. Intr_insic E_F fit: )
T(1,))+ T(l.)+ T(lz) =0

w0
o

* Least-squares solution:
I =0.81kA @ -78° (intrinsic EF)

Locked Mode Phase (Deg)
- -

2

45 10 05 00 05 10 15
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Example 2: Magnetic steering at 10 Hz in 127737

127737
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Example 2: Torque balance fit for 127737

* Residual EF = 1.34kA @ 179°

20

127737

10 -
0
-10 - ” 2
-20 |
30 20 -10 0 10 20
T(I[) (Nm)

* Intrinsic EF = 1.45kA @ -70°
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Magnetic steering technique of EF detection

compares well with other techniques

Reimerdes, FST 59, 572 (2011)

- Comparison with Ohmic “compass
scan” optimization plus B, /, scaling z 1}
— Based on low-density EF penetration ;?
— At higher beta, this algorithm is known to E 5
underpredict the correction  Original 155,
+ Optimized 157G
1 O Error ﬂeld. penetrates (d)
2 -1 0 1
Re(li.coi) (KA)
. . . 144442 C—coil 1kA W, =0.99, q_ =4.5
- Comparison with forward modeling of 20 e
EF -15
T : _ 9 ‘@
— Optimization by minimizing drive for the least £ 19
stable kink g 10 S,
e oF 0.5
@ 0.5 2 0
2 _6*-5 o 2 3
§ o.o—_;ﬁ’—_s* —
? -0.5
-1.0

-1.0 0.0 1 :0 2.0
D”’-D cos(amplitude) (C—coil kA)
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Expected relationship with compass scan

optimization

- New predictions are 0
systematically larger than
compass scan results g
(x1.2-1.9) =

— Attributed to higher beta
(126623: B\~1.3,

127737: By~1.1, 2t

Compass scan: 3,~0.05)
— Consistent with previous

results
- Systematic phase-shift g
(Ap~15°) =
— Also due to beta? f
-2t
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Results agree with forward modeling of EFC

- Includes left- and right-handed plasmas, with varying levels of C-coil

EFC
CCOII 087kA@121° CCoiI 2.15kA @ 142° CCOII 1.30kA @ -131°
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Non-resonant torques allows deviation of LM phase

from 3D field phase

131980
Up to now, T, =0 so that island locks s
exactly to 3D field _
! II—coiI (kA) E
- But if other torques become significant, . _
T + T -_ O 90 _E
R.EM other i Dici (Deg.)
5 ] (Deg.)
This relaxes the condition of exact |
locking "o ‘ A¢ (Deg.)
Beam torques, viscous torque, non- _}gg;
resonant EM torques ... -' -' :
T T (AUtoONETWO) |
Time (ms)
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EF detection by magnetic steering may be suitable

technique for ITER

Initial operation of ITER will lack auxiliary heating

— Established techniques such as rotation optimization, dynamic error field
correction, are not applicable

“Compass scan” can be used in Ohmic discharges
— However, requires multiple discharges

Magnetic steering technique provides a single-discharge optimization
of EFC without need for large torque input or high beta
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Summary

- Intrinsic and residual EFs inferred from magnetic steering of LMs
— Fit based on toroidal torque balance

- For resonant torque only, island locks to total 3D field

- Modeling torque balance assuming an ideal plasma response gives
optima consistent with other techniques

- Technique may be applicable to ITER, particularly during initial Ohmic
operation
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Extra Slides
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Saturation of plasma response also observed in q
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Excitation of 6/2 plasma response may have been

observed
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currents 3 A
£ o4 A A <
S £ ,
O a A o :
0.2 A |
A A K ]
: . R f
* The poloidal resolution of e ——
control coil array limits the A A A A B
maximum applicable m = 6 el ATA B z
field AR A A :
g , ,
8 0000 O O
© r 1
< g 1
o F ]
S 90 - l
1 ,
-180 ¢ A A ‘ ‘ ‘ ‘ i
0 10 20 30 40 50
Coil Current (A)
Dili-D

? Gl N D. Shiraki, Oak Ridge National Laboratory, 19 September 2013 47



