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Introduction 

• 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 

• Error field sources are difficult to predict or measure directly 

– Displaced coils, induced currents, ferromagnetic materials, … 

• Plasma is a very sensitive error field detector  

• We consider plasma-based approaches to error field 

measurement and correction in low-  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 

– Can provide input for feedback control of error fields 

• Ideal MHD plasma response is  

small in ITER baseline scenario 

– MARS-F study, based on CORSICA  

simulation of Scenario 2 

– Applied n=1 field from side EFC coil 

– Plasma response << applied field 

301-10/EJS/jy EJ Strait/APS/November 2010 



• Locked mode response: 

– Penetration of applied field, 

island growth, and saturation 

– Not described by linear model 

• Saturated amplitude is  

– Independent of applied field 

– Much larger than linear 

resistive prediction (MARS-F) 

Single-mode error correction 

– Correct the component that 

drives the least stable mode 

• Error and correction fields are 

described by a 2-D phasor 

–  Amplitude and toroidal phase 

Strong Non-linear, Resistive Plasma Response  
can be Used in Low-  Plasmas 

301-10/EJS/jy 

• Response to an increasing 

n=1 “error field” 
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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 | Bext|=| BEF+ Bapplied|,  independent of toroidal phase 

• Ramp an applied n=1 field in 4 quadrants, to find the threshold 

• Offset of the fitted circle yields the “intrinsic” error field 

301-10/EJS/jy 

Bx 

By Locked mode 

threshold 

BEF 

Bapplied 

EJ Strait/APS/November 2010 



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 | Bext|=| BEF+ Bapplied|,  independent of toroidal phase 

• Ramp an applied n=1 field in 4 quadrants, to find the threshold 

• Offset of the fitted circle yields the “intrinsic” error field 

– Standard method for DIII-D 

• Drawbacks for ITER: 

– Time-consuming: requires 

several shots for one case 

– Not suitable for  

real-time control 
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• Rotate the toroidal phase of an externally applied n=1 field 

– Island phase depends on total external field Bext = BEF+ Bapplied  

• Measured island phase shows a preferred direction 

Toroidal Phase of a Saturated Island  
Yields Error Field Measurement  
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F. Volpe, et al., Phys. Plasmas 16, 102502 (2009). 
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• Rotate the toroidal phase of an externally applied n=1 field 

– Island phase depends on total external field Bext = BEF+ Bapplied  

• Measured island phase shows a preferred direction 

– Analysis yields BEF 

• Advantages for ITER: 

– Continuous data  

• Drawbacks for ITER: 

– Large island (high q95 can  

minimize risk of disruption) 

Relation of mode phase  

to external field is still a  

subject of research 

Toroidal Phase of a Saturated Island  
Yields Error Field Measurement  
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Torque Balance Model for Saturated Island  
Gives Reasonable Results  

• Inclusion of 

viscous torque 

term yields: 

– Better fit to data

– Consistency with 

mode-onset 
method 

KEM (IEF + ICOIL ) Bm + KV Bm = 0

Viscous torque Electromagnetic torque 
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Braking of Plasma Rotation May be Suitable 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 BEF: 

– Consistent with feedback  

controlled error correction 

• Advantages for ITER: 

– Continuous data 

– No instabilities   

• Drawbacks for ITER: 

– Requires NBI torque 

– Long integration time 

  Needs experimental test at low  
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Direct Feedback Control of Locked Mode  
May Allow Error Field Correction 

• Simple model suggests that direct 

feedback control may be feasible 

• Nonlinear, two-state model for locked 

mode island: 

– Locked/Growing or Unlocked/Decaying 

– Two thresholds: B (Unlock) << B (Lock) 

• Result: converges to unlocked state 

– Net error field is nonzero, but  

below the threshold for locking 

– Requires integral gain 

• Advantages for ITER: 

– Continuous error field correction 

– Locked mode suppression 

  Needs experimental test  
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Several Plasma-response Methods are Candidates 
for Error Field Measurement and Correction at Low  

Method 
Real-

time 
Island 

Experimental 

Experience 

Additional 

comments 

Locked mode onset 

threshold  

No Transient Extensive Time-

consuming 

Toroidal phase of 

saturated island 

Yes Saturated Limited 

Magnetic braking 

of plasma rotation  

Yes 

(slow) 

Stable Limited Requires 

NBI torque 

Direct feedback 

control of locked 

mode 

Yes Suppressed None  

301-10/EJS/jy 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




