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AT Discharge Goal: Create the Optimum q Profile During 
the Discharge Formation and Sustain it in Steady State

•  100% noninductive current 
 at high βN

•  H-mode during the Ip ramp

•  q profile target for high β phase: 
 1.5 < qmin < 2.5
 q(0) – qmin ≈ 0.5

•  βN feedback for reproducibility
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Safety Factor Control Experiments on DIII–D Focus on Formation
of Initial Current Profile for Advanced Tokamak Discharges

•  Primary control knob for current profile evolution during plasma 
 formation is conductivity (σ, or effectively Te)
  J = Jind + Jnonind = σEll + JBS + JEC + JNB + . . . 

•  Noninductive currents are small relative to inductive during 
 current ramp (low β and low Te) 

•  Electron heating is strong actuator for q(0) and qmin evolution 
 during discharge formation

•  Off-axis ECH and neutral beam heating are both effective
 as actuators for changing σ profile
 – 110 GHz long pulse gyrotrons with steerable mirrors inject ~2 MW

 – Neutral beams heat ions/electrons and drive co-current on axis

•  During stationary phase of discharge, localized current drive 
 is needed to control q profile
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Experiment



Open Loop Experiments Demonstrate the Modifications 
in the q Profile Evolution Resulting From Changes in Te
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•  L-mode edge, constant 
 PNB =2.6 MW 

•  Te feedback control using 
 ECH at ρ=0.4 
 

•  Effect is on q(0), not qmin, 
 because of peaked Te, 
 σ profiles [ρ (qmin) ≈ 0.5]
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Broad Te Profile in H-mode Results in Higher q Values for
Longer Duration
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•  H-mode, edge Te pedestal 

•  Both q(0) and qmin increase 
 with Te because of broad 
 σ profile

•  σ outside radius of qmin is 
 2-4 times larger in H-mode 
 than in L–mode
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Off-axis Current Drive During the Ip Ramp is a Less
Effective Actuator than Conductivity

109-05/jy
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� H-mode edge

� A comparison between
off-axis co�ECCD and
and counter�ECCD shows
only small differences in
q evolution

� Because of low Te, the
ECCD is small compared
to the total current density

� Changes resulting from
current drive are similar
to discharge-to-discharge
variations
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Safety Factor Profile is Calculated in Real Time from a
Complete Equilibrium Reconstruction

•  Data from 26 internal poloidal field measurements from the MSE 
 diagnostic are utilized in the real time EFIT algorithm

•  A least squares fit solution to Grad-Shafranov equation is 
 calculated matching the magnetics and MSE measurements 

•  Solution is consistent with force balance

•  Correction for the effect of Er on MSE

•  Spline current profile parameterization for fitting negative
 central shear q profiles

•  Safety factor profile calculation is typically available at
 4–8 ms intervals

NATIONAL FUSION FACILITY
DIII–D 109-05/jy



Closed-loop Control of q(0) Evolution Using 
Off-Axis ECH is Effective Until Power Saturates
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NATIONAL FUSION FACILITY
DIII–D

• Control works during
 current ramp; insufficient
 EC power to maintain target
 in flattop

• Proportional gain only
 (probably should be higher)

• Two different targets
 reproduce good (red)
 and degraded (blue)
 breakdown conditions

• L-mode
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qmin has been Controlled to High Values for Long 
Duration Using Neutral Beam Heating in H-mode
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• Control works in ramp 
 up and flattop

• Proportional gain only

• Large power demand
 on NBI can drive the 
 plasma to β limit

• Control of qmin and
 q(0) - qmin probably 
 not possible with 
 only NBI



Modeling



Simulations of the Current Profile Evolution During AT 
Discharge Formation are Used to Test the Physics Models

� Transport codes reproduce changes in current profile 
evolution achieved by varying conductivity (σσ)
� J = Jind+JNI = σE + JBS + JEC + JNB

� Inductive current dominates during discharge 
formation

� Models of Bp diffusion, JBS and JNB reproduce
experiment in many cases

� Transport codes in use to develop and test feedback 
controllers



Transport Code is Used With Measured Density and 
Temperature Profiles to Predict the q Profile Evolution

� ONETWO used primarily, also CRONOS, TRANSP, 
CORSICA

� Starts with an initial current profile obtained by fitting 
magnetic and MSE data with EFIT

� Total plasma current versus time is specified
� Experimental values for comparison with simulations 

are obtained from EFIT equilibrium reconstructions 
using MSE data
� J and q profiles
� Electric field from E = d /dt
� JIND = E ( from neoclassical model)
� JNI = J - JIND



q Evolution Predictions Reproduce the Dependence on Te 
and the Choice of L or H-mode Observed in the Experiment

� q profile evolves more 
slowly as Te is increased
� Result of increase in  σ

� Decay of q is slower in 
H-mode for comparable 
mid-radius Te
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The Noninductive Current Remains Relatively Low and Shows 
Little Change in Profile Shape as the q Profile Evolves

� INI/Itotal<0.5: inductive current evolution dominates 
� But JNI is large enough to change q profile, particularly 

as Te increases

� Predicted profile of JNI nearly constant in time
� No practical means to change the profile to change q
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The Simulation Can Reproduce the Measured Time Evolution 
of the q Profile in L-mode Discharges with Low fNI

� This example is the lowest Te case where fNI = INI/Itotal
is the smallest.

� The two simulations bracket the experimental results
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Electric Field at the Core and Boundary Show Reasonable 
Agreement Between Simulation and Experiment

� Rising E in core reflects relaxation of JIND profile
� Predicted E (ρρ= 1) above the measured value could 

indicate either the modeled INI or the modeled σ is
too low

0.4 0.40.6 0.60.8 0.81.0 1.01.2 1.21.4 1.4
Time (s)Time (s)

0.00 0.0

0.05 0.2

0.4
0.10

0.6
0.15

0.20

0.8

1.0

0.25

0.30

1.2

1.4  = 1.0

ONETWO,

 Measured

 Measured

emeasured T
ONETWO,

increased 20%eT
ONETWO

increased 20%eT
ONETWO

emeasured T

119562Toroidal electric field (mV/cm)

ρ = 0.2 ρ










	ferron_cover_IAEA.ai.pdf
	Ferron_APS_10min_talk.pdf
	ferron_aps06_talk.pdf
	Simulations of the current profile evolution during AT discharge formation are used to test the physics models
	Transport code is used with measured density and temperature profiles to predict the q profile evolution
	q evolution predictions reproduce the experimental dependence on Te and the choice of L or H-mode
	The noninductive current remains relatively low and shows little change in profile shape as the q profile evolves
	The simulation can reproduce the measured time evolution of the q profile in L-mode discharges with low fNI
	Electric field at the core and boundary show reasonable agreement between simulation and experiment
	For many H-mode discharges, faster q profile evolution than observed is predicted by the transport code models
	Postulating that the neutral beam-driven current is located off-axis results in a better match to the experiment
	Postulating that the neutral beam-driven current is located off-axis results in a better match to the experiment
	The CRONOS code successfully models the capability of the real time controller to modify the time evolution of qmin
	Feedback control of the qmin evolution has been used to form the target q profile for high N DIII-D AT discharges
	Feedback control of the q evolution has been used to form the target q profile for high N DIII-D AT discharges

	ferron_aps06_talk.pdf
	Simulations of the current profile evolution during AT discharge formation are used to test the physics models
	Transport code is used with measured density and temperature profiles to predict the q profile evolution
	q evolution predictions reproduce the dependence on Te and the choice of L or H-mode observed in the experiment
	The noninductive current remains relatively low and shows little change in profile shape as the q profile evolves
	The simulation can reproduce the measured time evolution of the q profile in L-mode discharges with low fNI
	Electric field at the core and boundary show reasonable agreement between simulation and experiment
	For many H-mode discharges, faster q profile evolution than observed is predicted by the transport code models
	Postulating that the neutral beam-driven current is located off-axis results in a better match to the experiment
	Postulating that the neutral beam-driven current is located off-axis results in a better match to the experiment
	The CRONOS code successfully models the capability of the real time controller to modify the time evolution of qmin
	Feedback control of the qmin evolution has been used to form the target q profile for high N DIII-D AT discharges
	Summary: feedback control of the q evolution is in use to form the target q profile for high N DIII-D AT discharges
	Transport code simulations can be used to test closed loop feedback control of the current profile evolution
	Experiment
	Modeling



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.2
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /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 false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




