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NSTX has made substantial progress towards viable ST 
scenarios for steady state operation

• Scenario development is central to the NSTX Mission:
– Establish attractive ST operating scenarios & configurations
– Complement tokamak physics and support ITER
– Understand unique physics properties of the ST ⇒ basis of all the 

elements of the NSTX mission
• Control science is the primary tool for scenario development

Outline 
(Note: Response to PAC-23 recommendations are interspersed) 

• Highlights from the 2008 run
• ASC research plans for 2009-11
• Integrated scenario and control modeling
• Summary
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Control science is the primary tool for scenario improvement

• Non-axisymmetric feedback 
algorithm has been developed using 
unique feedback training scheme

– Prevents onset of MHD modes
– Plasma rotation is maintained 

throughout discharge
• Feedback gain increased from 2007

– Reduced latency
– Filtering capability added

• Control statistically raises β and 
increase pulse length

• Real-time control computer upgrade restored 
reliable operation

– Addition of RWM/RFA feedback caused 
overload of the real-time data acquisition on 
the previous computer system 

– Upgraded to modern multi-processor 
architecture (4 dual core AMD)

• Reliability substantially improved and latency 
reduced

– Paves the way for further improvements
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NSTX has now accessed long pulse at high β simultaneous 
with extreme plasma shaping

• Because of improved vertical 
stability at low aspect ratio, NSTX 
can access very high elongation 
κ ~ 3

– fbs ~ (1+κ2)/2
• β maintained well above the no-

wall limit, βN ~ 5 
• Pulse extended - maintained non-

inductive current fraction fNI ~ 
65% for 1-2τCR - limited by TF coil 
heating limit

– Uses n=3/n=1 control 
– Also uses lithium coating to 

improve confinement
– reconstructed Ip ~25% below 

measured value - indicates fNI
could be higher

– Very low surface voltage <100mV 
for ~ 2τCR

Time history of global parameters 
and non-inductive current fraction 

as determined by TRANSP, 
constrained by MSE Cross-section of κ ~ 2.7  

equilibrium

Pulse extended
High κ shot 2007

High κ shot 2008f N
I

β increased
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NSTX has improved understanding of n=0 stability for ITER

• Response to PAC recommendation 
21: Place a high priority on providing 
vertical stability information to ITER

• Experiments using induced VDEs have 
measured Δzmax

• Results consistent with Δzmax/a > 0.1 
for robust control

• Crucial that ITER has robust vertical 
control - internal control coil added

2Δzmax

• Typical induced VDE Evolution on NSTX
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Broad progress towards increased fNICD scenarios as 
determined by integrated scenario modeling (1)

•• Transient, low nTransient, low nee, high , high ffNBICDNBICD
– Reduce ne, broaden Te with LLD
– Maintain q(0) > 1 w/ JNBI redistribution?

Low-ne, high-fNBICD

n20(0) = 0.36
κ = 2.2
H98 = 1.1
βN = 5.6
q(0) 1
fBS = 35% 
fNBICD = 55%
fNICD = 90%
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Scenario 1: fBS and fNBICD similar to ST-CTF

• Evaporated Li has demonstrated:
– Transient pumping
– Broadened Te profiles, increased e-confinement

• In FY2010-11, will test if LLD:
– Provides more continuous pumping
– Enhances effects of Li/pumping on edge profiles 
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Broad progress towards increased fNICD scenarios as 
determined by integrated scenario modeling (2)

High βN, high-fBS

n20(0) = 0.75
κ = 2.6
H98= 1.4
βN = 6.6
q(0) = 1.4 to 2.4
fBS = 75%
fNBICD = 25%
fNICD = 100%

•• High density, highHigh density, high--ββNN, high, high--ffBSBS
– Control ne, broaden Te, increase H98 with LLD
– Increase Welectron , βN, fBS with HHFW
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Impurity reduction with  HHFW

Scenario 2: fBS and fNBICD similar to NHTX

• HHFW has demonstrated:
– Core e-heating in D NBI-heated H-mode
– Acceptable/improved core impurity levels

• In FY09-11, will test if upgraded HHFW:
– Provides stronger e-heating in D H-mode
– Provides ELM-resilient heating
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LLD + upgraded HHFW will provide powerful new capabilities 
for advanced scenario development in FY2009-11

•• Transient, low nTransient, low nee, high , high ffNBICDNBICD
– Reduce ne, broaden Te with LLD
– Maintain q(0) > 1 w/ JNBI redistribution?

Low-ne, high-fNBICD

n20(0) = 0.36
κ = 2.2
H98 = 1.1
βN = 5.6
q(0) 1
fBS = 35% 
fNBICD = 55%
fNICD = 90%

Scenario 1: fBS and fNBICD similar to ST-CTF

High βN, high-fBS

n20(0) = 0.75
κ = 2.6
H98= 1.4
βN = 6.6
q(0) = 1.4 to 2.4
fBS = 75%
fNBICD = 25%
fNICD = 100%

•• High density, highHigh density, high--ββNN, high, high--ffBSBS
– Control ne, broaden Te, increase H98 with LLD
– Increase Welectron , βN, fBS with HHFW
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2009-2011 research plan (pre-CS/NBI upgrade)

(GOAL: fNICD =  80-90% for τ ~ τCR - TF pulse too short for equilibration)

• Plan for developing low density, high NBI-CD fraction scenario
– Assess H-mode characteristics vs. collisionality and lithium conditioning 

(FY10 BP milestone)
– Characterize NBI J(r) redistribution from fast-ion MHD 

(FY09 incremental ASC milestone, ITPA/IOS - 4.1,5.1)
– Dependence of integrated plasma performance on collisionality (FY11 ASC milestone)
– Implement strike point control for LLD (FY09)

• Plan for developing high normalized beta, high bootstrap fraction scenario 
– Perform high-elongation high β operation – (FY09 ASC milestone)

• κ ~ 2.8, τ ≥ τCR
• β feedback (FY09)
• Understand discrepancy between measured and reconstructed current

– Characterize HHFW heating, CD, and ramp-up in H-mode plasmas 
(FY10 WPI milestone, ITPA IOS-5.2)

– Improved MHD control (β-control, Robust control, RFA feedback, improved gain)
• Real-time CHERS and vφ control (Incremental FY11)

– Test as means of pressure profile control
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• PAC recommendation 22: Make plans for LLD - may required increased 
effort/manpower (PPPL student, Princeton University MAE post-doc)

• Study quantifies how equilibrium strike point responds to PF2L
• Lump all system dynamics into single time constant, τ.

– Determine τ experimentally by applying step impulse and measuring response

Strike point control being developed for the ST
(no inboard coils)

The change in the strike point with varying PF2L current

(Other PF currents fixed)
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Predictive rotation model being developed 
(K. Taira, E. Kolemen, Prof. C. Rowley, MAE Dept., Princeton University,)
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Center Stack and NBI upgrades enable advanced operation in 
low collisionality regime

• Center stack upgrade
– Achieve lower ν* through the Bt dependence of electron confinement
– Extend pulse so that NSTX can operate for multiple τCR at lower ν*
– Operate at high βp with a plasma current high enough (Ip > 700kA) to confine full energy fast ions 

from the neutral beams
– Enable HHFW coupling in long pulse discharges

• NBI upgrade
– Operate at an aspect ratio and collisionality more like future STs
– Can drive current from strongly peaked on axis, to peaked off axis
– Overall higher efficiency increases utility of NBICD during plasma current ramp

PNBI=2MW

• Existing three sources • New NBI sources
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Integrated scenario modeling indicates 100% non-inductive 
operation possible with Bt = 1T

• Assumes 6.15 MW absorbed beam power for 5s
– Single beam NBI power limited to ~5MW for long pulse - will require additional beam power

• Can achieve qmin>1 with fully non-inductive current drive
• Scenario achievable without major extrapolations in density, achieved βN, or confinement time

– Requires Te increases with Bt and density control to moderate levels
• Response to PAC recommendation 23: Do more scenario modeling for experimental plans

– Due to resource limitations, integrated modeling effort focused on upgrades for 5 year plan
– Kessel no longer available to NSTX (ITPA/ITER) - need new personnel
– Modeling of strike point control and rotation control done using simpler models

Long pulse required to reach equilibration

• Scenario parameters
• H98 = 1.15
• n/nGr = 0.6

• Ip = 750kA
• Bt = 1.0T
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Summary of Advanced Scenarios and Control research plans

• Plasma control tools will continue to be improved providing research 
opportunities for advanced scenario development
– β control (FY09)
– Strike point control (FY09)
– Improved MHD control
– Real-time rotation control (incremental)

• Focus on reduced collisionality for increased non-inductive current drive 
efficiency and to narrow the gap between NSTX and future STs
– By increasing Te, reducing density w/ Lithium (2009-2011)
– By increasing TF through improved electron confinement (2012-2013)

• LLD provides important opportunity for controlling density in 2010-2011 
time frame

• Center stack upgrade will provide expanded operational space consistent 
with high NICD fraction

• NBI upgrade will provide an extremely flexible tool for current profile 
control and to assist current ramp-up
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Backup Slides
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Research for 2012-2013 (post center stack upgrade)

• FY2012 research plans
– Assess impact of higher A on vertical stability and n > 0 no-wall and ideal-wall stability limits.  

Determine if sufficient power available to reach n > 0 stability limits at higher Bt.
– Study effect of higher Bt on energy confinement
– Assess impact of higher Bt on non-inductive current drive sources, e.g.:

• bootstrap fraction via increased q and confinement
• NBI-CD efficiency as a function of Te
• fast-ion-driven instabilities and possible redistribution of fast-ions and NBI-CD.

– Study effect of higher Bt and IP on SOL and divertor heat-flux widths
– Assess impact of longer pulse-length on divertor temperature evolution, and develop operating 

scenarios that minimize peak heat flux as required. 
– Study effect of NCC coils on pedestal stability in long-pulse discharges (incremental)
– Implement real-time MSE diagnostic for future current profile control

• FY2013 research plan
– Assess HHFW coupling, heating, and CD at higher Bt

– Vary central HHFW-CD to vary q(0), assess impact on confinement and MHD stability
– Assess impact of NCC coils on rotation damping and SOL heat flux widths in sustained conditions.
– Implement real-time equilibrium reconstruction using real-time MSE
– 2nd NBI (incremental)
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Performance gaps between present and next-step STs
motivate near-term research prioritization and upgrades

NHTX, ST-CTF:  reduce: ne & ν*e, increase: NBI-CD, confinement, start-up/ramp-up
ARIES-ST:          increase: elongation, βN, fBS, confinement, start-up/ramp-up

Present high βN and fNICD NSTX Upgraded NSTX NHTX ST-CTF ARIES-ST
A 1.53 1.65 1.8 1.5 1.6
κ 2.6-2.7 2.6-2.8 2.8 3.1 3.7
βT [%] 14 10-16 12-16 18-28 50
βN [%-mT/MA] 5.7 5.1-6.2 4.5-5 4-6 7.5
li(1) 0.5-0.65 0.55-0.75 0.5-0.7 0.25-0.5 0.24
fNICD 0.65 1.0 1.0 1.0 1.0
fBS+PS+Diam 0.54 0.6-0.8 0.65-0.75 0.45-0.5 0.99
fNBI-CD 0.11 0.2-0.4 0.25-0.35 0.5-0.55 0.01
fGreenwald 0.8-1.0 0.6-0.8 0.4-0.5 0.25-0.3 0.8
ν*e 0.15 0.04 0.01 0.002 0.007
H98y2 1.1 1.15-1.25 1.3 1.5 1.3

Dimensional/Device Parameters:
Solenoid Capability Ramp+flat-top Ramp+flat-top Ramp to full IP No/partial No 
IP [MA] 0.72 1.0 3-3.5 8-10 28
BT [T] 0.52 0.75-1.0 2.0 2.5 2.1
R0 [m] 0.86 0.92 1.0 1.2 3.2
a [m] 0.56 0.56 0.55 0.8 2.0
IP / aBT0 [MA/mT] 2.5 1.8-2.4 2.7-3.2 4-5 6.7

Near-term highest priority is to assess NHTX ST-CTF scenarios
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NBI upgrade provides a flexible tool for studying NBICD as 
well as additional power

• Increased current drive profile 
flexibility

– Varying NBICD profiles from the three 
new sources

• Off axis NBI current drive capability
– Current profile control will be required 

to maintain profiles with optimal 
stability

• Higher current drive efficiency from 
outboard tangential sources

– More current drive capability may be 
required to reach fNI ~ 1

• Additional power to reach β-limit
• Larger tangency radius → more 

torque → higher rotation drive and 
more flexible rotation control

Present NBI
RTAN=50,60,70cm

New 2nd NBI
RTAN=110,120,130cm
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2nd NBI would enable control of core q and χ profiles in fully 
non-inductively-driven scenarios using only NBI + bootstrap

• Combination of available sources can 
control qMIN and core q-shear

– At H98y2=1.2, J control with qMIN > 1.2 
requires operation with fGW > 0.9

• Magnetic shear control could be 
important tool for controlling core 
confinement and MHD stability
– Core transport reduced in RS L-mode

Real-time MSE, CHERS available by FY11

Use 4 of 6 sources
ENBI=90keV, PINJ = 8MW
fGW=0.95

IP = 725kA, BT=0.55T,  βN = 6.2, βT = 14%
H98y2 = 1.2, fNICD = 100%, f∇p = 73%

ρpol

RTAN [cm]
__________________ 

50,  60, 70, 130
60,  70,120,130
70,110,120,130
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Integrated modeling indicates potential path from best NSTX 
plasmas towards increased fNICD scenarios

Scenarios have:
IP=0.68-0.7MA
BT=5.2-5.5kG

TSC modeling
(C. Kessel)

•• Transient, low nTransient, low nee, high , high ffNBICDNBICD
– Reduce ne, broaden Te with LLD?
– Maintain q(0) > 1 w/ JNBI redistribution?

Low-ne, high-fNBICD

n20(0) = 0.36
κ = 2.2
H98 = 1.1
βN = 5.6
q(0) 1
fBS = 35% 
fNBICD = 55%
fNICD = 90%
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Starting point -
NSTX highest fNICD

n20(0) = 0.85
κ = 2.2
H98 = 1.1
βN = 5.7
q(0) ª 1.2
fBS = 55-60%
fNBICD = 10%
fNICD = 65-70%
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Total
Bootstrap

NBICD

fBS and fNBICD similar to ST-CTF
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s High βN, high-fBS

n20(0) = 0.75
κ = 2.6
H98= 1.4
βN = 6.6
q(0) = 1.4 to 2.4
fBS = 75%
fNBICD = 25%
fNICD = 100%

•• High density, highHigh density, high--ββNN, high, high--ffBSBS
– Control ne, broaden Te, increase H98 with LLD?
– Increase Welectron , βN, fBS with HHFW?

fBS and fNBICD similar to NHTX



<<
  /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 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /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 false
  /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 /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /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 false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /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 false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /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


