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Outline and Summary

This paper discusses advances in understanding of the hybrid scenario 
in three areas:

– Rotation Effects

• The new counter-NBI capability on DIII-D has enabled initial 
experiments on the dependence of hybrid scenario performance on 
toroidal rotation.

• The toroidal velocity has been reduced by up to a factor of 6 while 
maintaining stationary conditions, to a central Mach number 
M = vφ/cs = 0.075. [v/vA = M•(βe/Z)1/2 ≈ 0.1 M]

• At the lowest rotation, the fusion performance parameter 
G = βNH89/q952 is reduced by 10-30%, but remains above ITER 
requirements.

• Energy confinement improves with increasing rotation (and torque).

• We show here details of the changes that occur in a single discharge 
when the torque is reduced, and some preliminary results for a range 
of conditions.

– Improved Confinement in Hybrid Plasmas Dominated by 
an m/n = 4/3 NTM

• Occasionally we observe a hybrid plasma with an 4/3 NTM instead of a 
3/2 NTM.

• With either NTM, both the electron and ion thermal diffusivities are 
small, but the electron channel consistently dominates the conduction 
loss.  χi is within a factor of two of the neoclassical value, and χe is 
typically ~4χi.

• With a dominant m/n = 4/3 NTM both χe and χi are further reduced by a 
factor of 2, with χi approaching χineo. The 4/3 NTM dominated 
plasmas also have a higher core rotation velocity.

• The effect of the m/n = 3/2 NTM on the bootstrap current profile has 
been seen explicitly for the first time, using direct analysis of MSE 
data.

– The Effect of the m/n = 3/2 NTM on the Current Profile

• The beneficial broadening of the current profile in hybrid plasmas has 
been shown to be associated with the presence of the 3/2 NTM.  We 
are exploring the physical mechanism(s) involved.

• One possibility is that the modulation of the 3/2 mode by ELMs leads to 
a poloidal flux pumping process (akin to the sawtooth mechanism) 
which raises q0.

• Another possibility is that the effect is associated wih the growth in the 
m/n = 2/2 component of the 3/2 mode as q0 approaches 1.

• We are also exploring the role of fast ion profile modification in the 
broadening of the overall current profile.
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A Brief Introduction to Hybrid Scenario 
Plasmas

Definitions

– A high performance scenario for ITER operation.

– Stationary, inductive operation with bootstrap fraction ≈ 0.3-0.5 
enables long pulse (≥3000 s) ITER operation.

– High beta (βN ≥ 2.5) gives high neutron fluence in ITER.

– High fusion performance parameter (G = βNH89/q952 > 0.25) projects 
to Qfus ≥ 10 in ITER.

• For q95 < 4, “Hybrid” ⇒ “Advanced Inductive”

General Characteristics

– The hybrid mode is a variant of ELMy H-mode.  It has an H-mode 
edge/pedestal structure and behavior.

– Hybrid plasmas are stationary, lasting several current redistribution 
times.

– Compared to standard H-mode, a hybrid plasma has a broader current 
profile (0.75 < li < 0.95). The current profile broadening is associated 
with the presence of MHD activity – in DIII-D usually an m/n = 3/2 
neoclassical tearing mode (NTM).

– As a consequence of the broader current profile,
• the hybrid is more stable to the deleterious m/n = 2/1 NTM, allowing 

higher β operation;,
• sawteeth are weaker (for q95 < 4) or absent (for q95 ≥ 4), improving 

confinement and removing a trigger for the 2/1 NTM, and
• growth rates for drift wave turbulence are reduced, allowing higher 

confinement.



Some Other Papers related to Hybrid Plasmas in DIII-D at 
this Conference

– EX/P1-16: Petrie, T.W., et al., “Compatibility of the Radiating Divertor 
With High Performance Plasmas in DIII-D”

– EX/4-2: Prater, R., et al., “Prevention of the 2/1 Neoclassical Tearing 
Mode in DIII-D” 

– EX/1-5: Chu, M.S., et al., “Maintaining the Quasi-Steady State Central 
Current Density Profile in Hybrid Discharges”

– EX/P6-4, Casper, T.A., et al., "Evidence for Anomalous Effects on the 
Current Evolution in Tokamak Operating Scenarios"
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Changing Toroidal Rotation by Adding
Counter-NBI Affects Most Aspects
of Hybrid Plasma Behavior

• β is held constant,
power needed
increases.

• toroidal rotation 
velocity decreases

• β is held constant,
confinement
decreases.

• 3/2 NTM island width
increases (q = 3/2 
surface does not 
move)

• NTM frequency
decreases

t ≤ 3.5 s:
Pco = 6.4 MW
Tco = 4.9 N-m

t ≥ 3.5 s:
Pco = 5.2 MW   Tco = 4.2 N-m
Pctr = 4.2 MW   Tctr = –3.2 N-m
Pnet = 9.4 MW   Tnet = 1.0 N-m

A detailed example: βN = 2.58 (2.45), ne = 4.3 (4.4) x 1019 m–3, 
q95 = 4.6, BT = 1.92 T, IP = 1.20 MA.
[() indicates values at low rotation.] 
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Even with a significant reduction in rotation, there are only small 
changes in the kinetic profiles.  (In part this is because βN and ne 
are under feedback control.)
(profiles averaged 2.99-3.48 s and 4.05-5.72 s)

The changes in the J and q profiles are also small, consistent with 
the broader deposition profile of the counter-NBI.

The relative change in the NBCD 
profile is large.  The profile is 
much flatter (broader) and the 
total NBCD is reduced.  However 
this affects only a small fraction 
of the total current.
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The large change in torque leads to a reduction in rotation (which 
becomes negative near the edge), and in the shearing rate of the 
ExB velocity.

Electron and ion thermal diffusities increase (by about a factor of 
2), as does the momentum diffusivity.
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The low rotation hybrids still meet ITER requirements, even with 
somewhat reduced performance..

• Compare similar discharges 
with βN = 2.7, q95 = 3.2.

• A factor of 3 reduction in 
central Mach number results 
in a 20% reduction in G.

• G = 0.46, exceeding the 
ITER requirement of 0.42.

Preliminary scaling analysis indicates that τE ∝ torque^(~1/4) best 
fits both high and low q95 data.
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GLF23 accurately predicts the ion and electron temperature 
profiles at both high and low rotation.  At high rotation, GLF23 
requires inclusion of ExB flow shear at high rotation.  At low 
rotation, the ExB flow shear makes little difference.

The dependence of confinement parameters on NB torque is 
consistent over the range 4.0 ≤ q95 ≤ 4.6.

As the torque is reduced, the amplitude of the 3/2 NTM increases, 
more rapidly at lower q95.
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Our database of DIII-D hybrid plasmas (2000-06) illustrates the 
systematic dependence of confinement on toroidal rotation.

(The database has 417 discharges with stationary conditions for >1 s; with 

parameters averages over the stationary period.)

Thus far we have not maintained stationary hybrid performance at 
zero rotation.  Instead, braking due to the residual error field and 
to the interaction between the 3/2 NTM and the wall leads to 
locking and the appearance of a static n = 1 perturbation.
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With the 4/3 NTM, thermal diffusivities are
~1/2 the diffusivities obtained with 3/2 NTM,

and χi is close to χneoclassical.

• All hybrid plasmas have some MHD activity.  In DIII-D 
this is usually an m/n = 3/2 NTM.  Occasionally we 
see a hybrid plasma dominated by an m/n = 4/3 
mode.

• The 4/3 dominated hybrid plasmas have better 
confinement than the 3/2 dominated plasmas, and 
meet or exceed the ITER requirement for 
G = βNH89/q952.

• Compared to the 3/2 NTM dominated cases, the 4/3 
NTM has a weaker effect on plasma profiles.

• This would be the preferred operating mode except for 
the observation that, as βN is increased the 4/3 

• Direct analysis of MSE data yields the 
pressure and pressure-driven current 
profiles.
[C.C. Petty, et al., PPCF 47 (2005) 1077.]

• Flattening of p(ρ) by the 3/2 mode 
reduces confinement.  The Chang-Callen 
belt model gives an ~8% reduction.

• Little or no flattening is seen in the 4/3 
mode dominated case.

• This analysis shows the “missing” 
bootstrap current associated with the 
pressure profile flattening.

0.0 0.2 0.4 0.6 0.8 1.0
ρ

The 4/3 NTM has a weaker effect on the 
central rotation profile than the 3/2 NTM.

• 3/2 and 4/3 modes coexist 
only transiently.

• Discharges with a 4/3 
NTM have an ~25% higher 
H89 factor.

• They also have qmin < 1 
and sawteeth, indicating a 
weaker modification of the 
current profile.
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The m/n = 3/2 NTM Has Been Shown to Modify 
the Current Profile in Hybrid Plasmas
– What Is The Mechanism?

• Experiments using ECCD to stabilize the 3/2 NTM have shown 
that the NTM is responsible for broadening the current profile 
in hybrid plasmas.  This is also clear from the differences 
between 3/2 and 4/3 NTM dominated plasmas.  

• This effect leads to much of the inproved performance of the 
hybrid.  The cost to confinement of the presence of an island 
structure is more than compensated by the inproved stability to 
n=1 modes and by improved confinement in the rest of the 
plasma.

• While there is as yet no clear answer as to the details of the 
physical mechanism causing the change in the current profile, 
we are continuing to examine several possibilities.
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• The sum of the calculated 
current components matches 
the measured J||, except in 
the core (inside the q=3/2 
surface).

• The difference (integrated to the 
q=3/2 surface) is small, ~50 
kA.

• The 25-30% decrease in J(0) 
increases q0 by an equal 

• The BES (δne) and ECE (δTe) diagnostics shows the signature of an 
island structure as expected. 

• δTe ≠ 0 near the axis, but is ~30% of the maximum near the island.  
Also there is a phase shift of ~2π/3 between the axis and the island. 

• This may indicate the presence of the 2/2 component of the 3/2 NTM.

• The 3/2 NTM amplitude is modulated by ELMs.  

• This can lead to a poloidal magnetic flux pumping effect (similar to the 
process whereby sawteeth maintain q0 ~ 1). 

• At an ELM, q increases inside the q=3/2 surface.

Rapid change at an ELM
(average of 112 ELMs)

Profile change at an ELM
(from direct MSE analysis)

• The  NIMROD code models 
the 3/2 NTM.

• In addition to the m=3 
island, there are strong 
kink-like perturbations 
with m=2, 4, 5, ... 
structure.

The redistribution of current by the NTM occurs when q0 
approaches 1.  One explanation for this is related to the global 
structure of the mode. 

• Construct a sequence of equilibria with 
varying q0 (near 1).

• Use PEST3 to analyze the linear n=2 mode 
structure.

• Little change occurs as q0⇒1, except that 
the 2/2 component increases rapidly.

• Some possible consequences of this are 
discussed in paper EX/1-5, M.S.Chu, et 

✧ Finally, spatial redistribution of the fast ion population may also play a 
role in the modification of the current profile in hybrids, through 
changes in the NBCD profile.  

✧ Very recent experiments have been done to address this directly, and 
we are presently analyzing data from the new FIDA (fast ion Dα) 
diagnostic to determine whether such changes occur.



<<
  /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 1.4
  /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 ()
  /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

  /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




