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Introduction 

High-beta, quasi-steady state scenarios represent a fundamental step towards the perform-

ance required for future fusion reactors. In DIII-D steady-state scenario discharges, the 

normalised beta N (%) a(m) BT(T)/Ip(MA) (where  is the ratio of the plasma pressure to 

the magnetic field pressure, a the plasma minor radius, BT the toroidal magnetic field and Ip 

the plasma current) exceeds the no-wall ideal kink beta limit. The performance of this 

scenario is limited by the onset of an n=1 tearing mode, which appears on the resistive evolu-

tion time-scale (1–2 s) at constant pressure and causes both a loss of confinement and a radial 

redistribution of the current density from which the available current drive sources cannot 

recover. It is routinely observed that the injection of electron cyclotron current drive (ECCD) 

with a broad deposition can prevent the mode from appearing. This is not a case of a direct 

stabilisation due to the interaction with the mode’s rational surface. These variations of the 

scenario are illustrated in 

Fig. 1, where the total 

injected power [neutral 

beam injection (NBI) and 

ECCD], N and the n=1 

magnetic perturbation at 

the outer wall are shown. 

In case (a), the onset of 

the n=1 mode is observed 

when the EC power is not 

present or if it is stopped 

before the end of the high 

 phase, whereas in case 

(b) the difference is 

pointed out between 

Fig. 1. Evolution of NBI and EC power (first row), N (second row), n=1 
MHD activity by Mirnov coils signals (third row) for cases with different 
ECCD (a) timing (b) deposition width
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broad and narrow current deposition (the case narrow deposition becoming unstable). The 

current density profile evolution and the MHD modes of several sets of significant discharges 

with and without ECCD (at different locations) have been analysed, using motional Stark 

effect (MSE) spectroscopy measurements for the former and edge magnetic probes measure-

ments, toroidal rotation profiles and fast electron cyclotron emission (ECE) data for the latter. 

One equilibrium based on EFIT reconstruction [1] with kinetic data has been perturbed by 

adding local current density at a specific radius, mimicking the application of EC waves, and 

the changes in the stability for a sequence of equilibria with the current perturbed at various 

radii, have been evaluated by the 

DCON [2], GATO [3] and PEST3 

[4] codes. 

The Role of j 

A pattern has been found, com-

mon to most of the discharges 

regardless of the characteristics of 

the background current profile, that 

relates the change of the local 

gradient of the toroidal current 

density, j, to the discharge insta-

bility. An increasing current 

density gradient, of either sign and 

localised just inside the mode 

position (usually at the q=2 surface in the analysed database), characterises the unstable dis-

charges. In particular, a narrow EC current deposition is expected to create a local current 

build-up, while a broad deposition would keep the profile smoother. In Fig. 2(a) the toroidal 

current density points from MSE measurements are shown, for a discharge with narrow EC 

deposition (red traces), just before a 2/1 mode develops, and a stable one, with broad EC 

deposition (black traces). The same holds in the case of an increasingly negative j that, as in 

the case shown in Fig. 2(b), might be the result of a n=2 mode detected at ~0.4. In the 

absence of EC current, a localised reversal of the gradient develops, which drives a 2/1 mode 

of high amplitude unstable. The subsequent discharge, repeated with broad EC current 

deposition, remains stable, because the EC current prevents the j profile from becoming 

locally inverted. The current profile evolution, in some cases affected by significant error 

bars, is always checked against the MSE pitch angle time histories, which confirm the 

conclusion about the impact of j on the stability of the discharges. A statistical study has 

been carried out on a series of repeated discharges (among which two show the appearance of 

Fig. 2. MSE reconstructed current profiles for discharges (a) 
#134217 (red, unstable), #134221 (black, stable) and (b) 
#134366 (evolution until the mode onset in red). A systematic 
error seems to affect the channels at >~ 0.7 so they are not 
shown. Error bars are indicated by vertical lines. 
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a mode at ~0.55), which evaluates the difference between the local j of the unstable and 

the stable discharges. The discharges in Fig. 2(a) are taken within that dataset, while #134366 

in Fig. 2(b) is not part of this study. A structure appears just inside the mode position, indi-

cating that a higher current gradient at that location is a recurrent feature within the unstable 

discharges (Fig. 3). Conversely, the pressure profiles of the analysed cases remain constant 

up to the time of the mode onset, and do not differ from the profiles of the stable discharges. 

Thus, although the discharges are above the free boundary limit, instabilities appear to be 

mainly driven by large j, of either sign, 

past inside the rational surface.  

Resistive MHD Analysis 

The radial structure of the modes 

indicates that most of the instabilities are 

m/n=2/1 or 3/1 tearing modes. The kinetic 

reconstruction of one equilibrium was 

perturbed by a series of localised Gaussian 

perturbations of the current, positioned 

from ~0.06–0.965 and with amplitudes 

varying from 4% to 16% of the total 

current. The ideal stability calculations 

(performed with DCON and GATO) 

indicate that the unperturbed equilibrium is 

ideally unstable to an n=1 mode without a 

wall, and slightly below the ideal-wall stability limit. For this reason, the tearing stability 

index ´ might be very sensitive to the equilibrium characteristics [5]. The stability 

calculations were performed with a conformal wall positioned at a distance from the plasma 

that was found previously to best match the behaviour of the DIII-D vessel wall. We focussed 

our study on the q=2 surface alone, as velocity shear is likely to screen coupling to the other 

surfaces. One matching matrix containing the interchange and resistive terms has been 

calculated for every radial deposition of EC current (~100 radial points). The results for ´ 

around the q=2 position and the j obtained when the perturbation is located at the q=2 

surface are plotted in Fig. 4, for one perturbation scan of small amplitude (IEC/Itot = fEC ~ 6%) 

— which produces gradients comparable to the experimental j observed in the MSE data — 

and for a broad EC deposition injected at ~0.25–0.55. The resistive index grows to its 

maximum at the points where the current gradient at the position of q=2 deviates most from 

the unperturbed profile. This is consistent with the observation of higher instability in the 

discharges when a higher j, of either sign, is observed. Conversely, perturbations at the 

rational surface show a significant stabilisation (   0), although jq= 2 junperturbed  in those 

Fig. 3. Differences between local current gradients of 
unstable discharges at the time of the mode onset, and 
of stable discharges at the same time slice. The shaded 
area highlights the series of junstable > jstable . 
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cases. The broad EC current deposition 

does not modify the j at q=2 

significantly, but the corresponding  is 

higher than the unperturbed level. This 

indicates that the current gradient at q=2 is 

not the only drive for instability. It appears 

that any j perturbation lying more than 

~5% of the minor radius away from the 

rational surface does not affect the stability 

of the mode. This is consistent with the 

results obtained previously in a similar 

study with an analytical model for 

cylindrical geometry by Westerhof [6], 

compared to the PEST3 results in Fig. 5 

(the points are extracted from Fig. 2 in 

Ref. 5). The toroidal geometry seems to 

impact only the amplitude of the 

calculated ´ and so far the resistive 

stability is affected only by local 

parameters. We are also evaluating the way 

PEST3 deals with the effects of the ideal 

stability of the equilibrium, which might 

ultimately affect the results for the resistive 

stability. Inner-layer calculations to 

determine whether this level of ´ is 

sufficient for a growing tearing mode are 

also in progress. 

This work was supported in part by the 

US Department of Energy under DE-

AC05-06OR23100, DE-FC02-04ER54698, 

DE-AC05-00OR22725, and DE-AC52-

07NA27344. 

References 

1. L.L. Lao et al., Nucl. Fusion 30, 1035 (1990). 
2. A. H. Glasser and M. S. Chance, Bull. Am. Phys. Soc. 42, 1848 (1997). 
3. L.C. Bernard, et al., Comput. Phys. Commun. 24, 377 (1981). 
4. A. Pletzer, et al., J. Comput. Phys. 115, 530 (1994). 
5. D.P. Brennan, et al., Phys. Plasmas 9, 2998 (2002). 
6. E. Westerhof, Nucl. Fusion 30, 6 (1990). 

0.20 0.25 0.30 0.35 0.40
EC perturbations

ρ
0.45 0.50 0.55

-70

-60

-50

-40

-30

-20

-10

0

Impact of ∇j on Δ′

∇j due to ECCD
(simulation)

10

20
Δ′ (ƒEC ~0.06)Δ′ broad ECCD

Δ′ no-ECCD

q=2 position over 
the ECCD 
deposition scan

∇j due to broad 
EC disposition

FIG. 4. ´ values for all simulated ECCD depositions 
(black fEC~0.06, brown broad fEC, pink no ECCD) and 

j for ECCD dispositions around the q=2 rational 
surface. The coloured circles correspond to the 
matching colour for the j trace. 

Fig. 5. ´ values from the analytical calculation for 
cylindrical geometry in Ref. 6 (circles) and from 
the PEST3 calculations (crosses) for three 
amplitudes of current perturbations. 

40
Δ′

20

0

-20

-40

-60

-80

-0.15 -0.10 -0.05

Westerhof ƒ = 0.015

Westerhof ƒ = 0.010
Westerhof ƒ = 0.005

PEST3 ƒ 0.08

PEST3 ƒ = 0.06
PEST3 ƒ = 0.04

ρEC - ρq=2

0.00 0.05 0.10



<<
  /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


