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In recent DIII-D experiments [1-3], we have systematically studied the physics that affects 

the choice of parameters for a discharge where the goal is 100% noninductively driven 

current (fNI=1) at high plasma pressure N 4( ). The choice of parameters will be a compro-

mise that results in sufficiently high values of the bootstrap current fraction fBS, the efficiency 

of the externally driven current, and the fusion gain parameter G = N H/q95
2  [4]. The 

available adjustable parameters are the q profile, the toroidal field BT, and the plasma density 

n. The tokamak geometry and the discharge shape are constrained by the existing DIII-D 

design. N  will be close to the stability limit, which must be high enough to give access to 

the required fBS and G. The input power is that required for external current drive at fNI=1 and 

it must match the power required to maintain the pressure against transport losses [4]. 

To assess the effect of the q profile [2], the self consistent response of the temperature (T) 

and density profiles was measured in two sets of discharges with qmin and q95 varied 

independently (q95 is the value of q near the discharge boundary and qmin is the minimum 

value), one set at N 2.8 and one set with the maximum available neutral beam power 

injected ( N 3.5 in most cases). The focus was on weak shear discharges without large, 

local pressure gradients that would reduce the stable N . The effects on stability and transport 

of more detailed features of the q profile such as the profile of the magnetic shear and the 

radial location where q=qmin, also important for the choice of steady-state scenario 

parameters, will be considered in future work. Changes in the measured n and T profiles 

resulted in a systematic broadening of the pressure profile as either qmin or N  was increased. 

At the maximum N , the peaking factor for the thermal pressure fp is roughly independent of 

qmin and q95. 

The calculated fBS for the experimental data is maximum at the largest value of q95 and the 

largest values of N  (Fig. 1), with variation of fBS with qcore comparable to the variation with 
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q95. At N 2.8, the trend is for fBS to increase with qcore 

except at qcore 2 where the relatively high qcore is offset 

by reduced T and n gradients. At the maximum beam 

power, fBS increases with qcore at the lowest q95 values, 

but at q95=6.8 the scaling is the opposite because at the 

lowest qcore, N  was relatively high (3.8) and at the 

highest qcore, N  was relatively low (3.1). The neutral 

beam current drive fraction [2] was highest in the 

relatively low n discharges at the highest qcore, so that the 

calculated fNI, in most cases, also increases with both 

qcore and q95 (Fig. 2). 

 At the highest values of N  the reduced fp results in 

JBS profiles which are relatively uniform in the region 

inside the H-mode pedestal (Fig. 3). This JBS profile 

shape is not a good match to the peaked profile of 

current density J in weak shear discharges. In addition, 

JBS is only a small fraction of J in the inner portion of 

the discharge. Therefore, to achieve fNI=1, the profile of 

the externally driven noninductive current that results in 

a match between the total noninductive current density 

JNI and J will need to be peaked on axis. 

The scan of the q profile indicates that fNI=1 with 

fBS>0.5 is presently best achieved in DIII-D at q95>6. The 

preferable qmin value is relatively high (e.g. >2) to 

minimize the external current drive requirement near the 

axis by reducing J and increasing JBS in that region, but 

N  must be increased above the value observed at the 

highest qcore value in this experiment. An excess of 

externally-driven current density near the axis which 

reduces qmin, as in the case in Fig. 3, must be avoided. 

This is possible through injection of a substantial 

fraction of the neutral beam power off-axis, consistent 

with the case in Fig. 3 where 20 A cm-2 additional JNI is 

required in the region 0.2< <0.7 at q95>6 in order to 

reach fNI=1. The capability to inject 5 MW off-axis has 

been made available for 2011 DIII-D experiments. 

Modeling of a discharge with 5 MW on-axis beam 

injection, 5 MW off-axis injection, and 3.5 MW off-axis 

Fig. 2. Noninductive current frac-
tion. Symbols are as in Fig. 1. 

Fig. 1. Calculated bootstrap current 
fraction. N=2.8 (open), maximum 
beam power (closed), q95: 4.5 
(triangles), 5.6 (squares), 6.8 
(circles). qcore is the average value of 
q in the region 0.0 < normalized 
radius <0.3. 

Fig. 3. Current density profiles in a 
discharge with the maximum neutral 
beam power, q95=6.8, qcore=1.77. The 
total is from an equilibrium recon-
struction, bootstrap (BS), electron-
cyclotron (EC), neutral beam (NB) and 
total noninductive (NI) are calculated. 
The red curve is bootstrap at N 2.8. 
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ECCD predicts qmin=2 with a fully penetrated electric field. 

In order to satisfy the requirements on the figure of merit G in the steady-state scenario of 

ITER or in a reactor, q95 5 is thought to be necessary. The small value of fBS 0.4 observed in 

this experiment at q95 5, though, is not sufficient for practical steady-state operation. As q95 is 

reduced with fixed qmin, the additional current density is located off axis. The primary path to 

increased fBS with JBS added off-axis is broadening of the pressure profile to allow stable 

operation at increased N . Broadening of the pressure profile increases n and T gradients off-

axis, and thus JBS there, and results in higher stability limits. For MHD stability, the peaking 

factor for the fast ion pressure must be comparable to fp so that the total pressure peaking 

factor is low. This will be facilitated by off-axis neutral beam injection in DIII-D. Previous 

estimates have found ideal-wall stability at N =4 with 

total pressure peaking factor less than 2.6 [5]. 

At fixed N  and q95, the toroidal field strength (BT) is 

the parameter to adjust to obtain a balance between the 

required current drive (PCD) and heating powers when all 

external power sources provide both heating and current 

drive [3]. In cases like DIII-D where there is no -

heating, the fraction of Ip driven by external current 

sources fCD would be expected to increase with BT as a 

result of the scaling of energy confinement with input 

power. Assuming H89P confinement scaling, PCD  BT
1.9  at 

constant N  and q95, and for current drive efficiency of 

the form [4] nICD/(PCDTe), then fCD=CCDPCD N  

q95
2 /(BT fG

2)  BT
0.9 (where fG is the Greenwald density 

fraction and CCD is a constant). If n is maintained at a low 

level through pumping of divertor exhaust so that fG 

decreases as BT is increased, the driven current increases 

faster than linearly with PCD because of increases in Te. 

This type of scaling was demonstrated in DIII-D in a series of neutral-beam-heated 

discharges [3] with q95=6.2 and N 3.4 (Fig. 4). A factor 1.2 change in BT required a factor 

1.4 increase in the neutral beam power, resulting in a factor 1.6-1.8 increase in the total 

neutral beam driven current. Because BT/Ip was held constant during the scan, fNBCD and fNI 

also increased. 

In DIII-D steady-state scenario experiments, the minimum achievable n is used in order to 

maximize fCD. To minimize n, the plasma shape is chosen to optimize the use of the divertor 

cryopump capability [1]. Typically H98=1.5 as long as n is above approximately 4.5x1019 m-3, 

but as n decreases during the high N  phase of a discharge as the wall particle source is 

Fig. 4. As a function of the toroidal 
field strength (a) neutral beam power 
at constant N, (b) total neutral-beam-
driven current. The dashed lines show 
the trend that would be expected from 
scaling which is linear in BT. 
Anomalous fast ion diffusion: none 
(red), 1-2 m

2
/s (black). 
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depleted, a trend toward decreasing E is 

observed (Fig. 5). This places constraints on 

the ability to reduce n in order to maximize 

the total externally driven current. No 

reproducible quantitative relation between n 

and H98 has been found as yet, but for n near 

4.0x1019 m-3, H98 typically is about 1.1. 

A set of self-consistent parameters for 

fNI=1 operation in DIII-D can be determined 

by combining the observed scalings of fBS and 

fCD. A fit to the data from the q profile scaling 

experiment yields CCD = 1.03x10-4 and fBS 

scales with N , qcore, q95 and fp as shown in 

[2]. In the example in Fig. 6, the circles 

highlight fNI=1 solutions at two values of q95. 

At q95 6.2, fNI=1 at N =3.8 (similar to the discharge discussed in [1]). For the heating and 

current drive powers to be balanced, the required confinement enhancement factor H89, 2.1 in 

this case, must match the value in the discharge. At q95 5, the fNI=1 solution is at higher 

N =4.1, requiring a larger H89=2.3. To adjust the power balance, BT can be changed. For 

instance, for the parameters of Fig. 6 but at higher BT = 2.0 T, the fNI=1 solution at q95 6.2 is 

at lower N =3.6 but higher H89=2.2, and at 

q95 5 the solution moves to N =3.85, 

H89=2.5. In all cases, MHD stability must 

be sufficient to reach the required N . 

Work supported in part by the U.S. 
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Fig. 5. For several discharges, in the approximately 
constant N>3 phase, energy confinement time as a 
function of density. 

Fig. 6. Contours of self-consistent discharge 
parameters derived from fBS and fCD scalings and 
fNI=fBS+fCD with BT=1.75 T, qcore=2, n=4.5x1019 m-3, 
fp=2.5, PCD= 16 MW, and fast ion stored energy 
fraction = 0.25. The circles highlight fNI=1 solutions at 
two values of q95. 



<<
  /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


