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Infroduction

* Error field measurement and correction will be essential in the
early operation of ITER

— Avoid locked modes and disruptions
— Optimize error correction during operation with reduced parameters

e Error field sources are difficult to predict or measure directly
— Displaced coils, induced currents, ferromagnetic materials, ...

e Plasma is a very sensitive error field detector

 We consider plasma-based approaches to error field
measurement and correction in low-f§ plasmas

— Nonlinear magnetic plasma response
— Braking of plasma rotation
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Linear Ideal MHD Plasma Response is Unlikely

to be Useful in Early ITER Operation

* Plasma “amplification” of error fields is used
in existing tokamaks at high p

— Can provide input for feedback control of error fields
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Strong Non-linear, Resistive Plasma Response

can be Used in Low-f Plasmas

e Response to an increasing e Locked mode response:
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n=1 “error field”

— Penetration of applied field,
island growth, and saturation
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' C-coil (n31 I
| amplitude (kA)

— Not described by linear model

- e Saturated amplitude is
— Independent of applied field

— Much larger than linear
resistive prediction (MARS-F)

Plasma respbnse OB, (n=1) |
 amplitude (G)

- — e — e —

MARS-F (resistive)

=» Single-mode error correction

- — Correct the component that
drives the least stable mode

* Error and correction fields are
described by a 2-D phasor
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Locked Mode Onset is a Standard Approach to

Low-@ Error Field Correction in Existing Tokamaks

 Locked mode threshold forms a circle in the complex plane

— Depends on |8B,;|=|dBg+dB, eq | . iINdependent of toroidal phase
e Ramp an applied n=1 field in 4 quadrants, to find the threshold

e Offset of the fitted circle yields the “intrinsic” error field
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Toroidal Phase of a Saturated Island

Yields Error Field Measurement

* Rotate the toroidal phase of an externally applied n=1 field
— Island phase depends on total external field 6B,; = dBg+0B g

e Measured island phase shows a preferred direction

Rotate locked mode with an external n=1 field
128972
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F. Volpe, et al., Phys. Plasmas 16, 102502 (2009).
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Toroidal Phase of a Saturated Island

Yields Error Field Measurement

* Rotate the toroidal phase of an externally applied n=1 field
— Island phase depends on total external field 6B,; = dBg+0B g

e Measured island phase shows a preferred direction

— Analysis yields 8B Rotate locked mode with an external n=1 field
128972
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F. Volpe, et al., Phys. Plasmas 16, 102502 (2009).
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Torque Balance Model for Saturated Island

Gives Reasonable Resulls

K., (.,.+1.,,)xB, +KV\B

m ‘
|

Electromagnetic torque VISCOUS forque

Predictions of Error Fleld Correction
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- Torque balance: | Mode onset
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= I

- Better fit to data & E \
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mode-onset - | with viscous torque
method |
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Braking of Plasma Rotation May be Svuitable for

Real-time Error Field Correction Without an Island

* Apply n=1 field with rotating phase
— Observe modulation of plasma rotation

* Solve equation of motion to obtain dB:

ik _p _ L _KisB,, +oB

4 T
L

A
DEFC phase

— Consistent with feedback 90
confrolled error correction

Optimal toroidal ph

° NN
° Advaniages for ITER: -90 Rotating-field phase
— Continuous data \ \j
. — -180 L L I
— No instabilities 8

 Drawbacks for ITER:
— Requires NBI forque

Plasma rotation at g~3 (kHz)

— Long infegration time al oo
1000 1500 2000 2500 3000 3500 4000
Needs experimental test at low B Time (ms)
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Direct Feedback Control of Locked Mode

May Allow Error Field Correction

* Simple model suggests that direct ‘ e
feedback control may be feasible ./7
* Nonlinear, two-state model for locked L/

mode island:

— Two thresholds: 8B (Unlock) << 8B (Lock)

— Locked/Growing or Unlocked/Decaying :]

Proportional & Integral Gain

6
* Result: converges to unlocked state [ 5B (a.u.)
— Net error field is nonzero, but 4l —— mode
below the threshold for locking ——- EF + .
— Requires integral gain 2 FOTECHon -
I A U W D A N
e Advantages for ITER: o/ N X
— Continuous error field correction [
_ i 21 : :
Locked mode suppression 0 1 0 30

Needs experimental test Time (a.u.)
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Several Plasma-response Methods are Candidates

for Error Field Measurement and Correction at Low

Method R.eal- sland Experu.nental Additional
fime Experience | comments

Locked mode onset | No Transient Extensive | Time-
threshold consuming
Toroidal phase of Yes | Saturated Limited
saturated island
Magnetic braking Yes Stable Limited Requires
of plasma rotation | (slow) NBI forque
Direct feedback Yes | Suppressed None
control of locked
mode
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