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�Puff and pump� radiating divertor scenarios [1,2] were applied to upper SN and DN 
H-mode plasmas. Under similar operating conditions, argon (Ar) accumulated in the main 
plasma of single-null (SN) plasmas more rapidly and reached a higher steady-state 
concentration when the B!!B ion drift direction was toward the divertor than when the 
B!!B ion drift direction was out of the divertor. The initial rate that Ar accumulated inside 
double-null (DN) plasmas was more than twice that of comparably-prepared SNs with the 
same B!!B direction.  

One way to reduce power loading at the divertor targets is to �seed� the divertor plasma 
with impurities that radiatively reduce the conducted power. Studies have shown that the 
concentration of impurities in the divertor are increased by raising the flow of deuterium ions 
(D+) into the divertor by a combination of upstream deuterium gas puffing and active particle 
exhaust at the divertor targets, i.e., puff-and-pump. An enhanced D+ particle flow toward the 
divertor targets exerts a frictional drag on impurities, and inhibits their escape from the 
divertor. A puff-and-pump approach using Ar as the impurity was successfully applied in 
recent DIII-D experiments to SN plasmas [3] while maintaining good H-mode performance. 

Studies on DIII-D and other tokamaks have shown that both the direction of the toroidal 
magnetic field BT and the degree of magnetic balance between divertors (i.e., the degree to 
which the plasma shape is considered SN or DN) are important factors in determining 
recycling and particle pumping [4,5]. It is unclear whether the favorable results of Ref. [3] 
can be extended to cases with different magnetic balance and/or BT direction. We show in 
this paper that reversing the direction of BT or altering the divertor magnetic balance does 
have an impact on how plasmas behave under puff-and-pump conditions. 

Our study takes advantage of DIII-D capabilities to actively pump SN and DN shapes 
with high-triangularity. In-vessel pumping of deuterium and Ar, shown schematically in 
Fig. 1, was done by cryopumps located inside the upper outer (�plus�), upper inner 
(�minus�), and lower outer (dotted) divertor pumping plenums. To increase the ion D+ flow 
toward these pumps, deuterium gas was introduced at an outboard location, as shown. Argon 
was injected directly into the private flux region (PFR) of the upper outer divertor. 

Operating parameters for this experiment were: plasma current IP = 1.2 MA, toroidal field 
BT = 1.75 T (with the capability to run with either toroidal field direction), q95 ! 4.3, power 
input PIN ! 6 MW, line-averaged density n e " (0.60�0.75)"1020  m-3 (or n e nG " 0.55�
0.70), and HITER89P = 1.7�2.0 with Type-1 ELMs. Two configurations were considered: SN 
plasmas biased toward the top of the vessel with a dRsep=+1.0 cm and DN plasmas with 
dRsep = 0 (Fig. 1). By definition, dRsep = (RL � RU), where RL is the radius at the outer mid-
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plane of the lower divertor separatrix and RU is the radius at the 
outer midplane of the upper separatrix flux surface. The D2 gas 
puffing rate (!D2) was held at 108 torr   l /s for all cases. Deute-
rium fueling by the neutral beams was !13 torr   l /s. Argon was 
the seeded impurity, as it radiates effectively at the temperatures 
prevailing in the divertor and pedestal of DIII-D H-mode plas-
mas and has a relatively short ionization mean free path. Carbon 
was the dominant intrinsic impurity. It is convenient to relate the 
direction of BT in terms of the B""B-ion particle drift direction; 
we refer to cases where the B""B direction is toward the upper 
divertor as �V#B$� and to cases where the B""B direction is 
toward the lower divertor as �V#B%�. 

Figure 2 compares SN plasmas with V#B$ and V#B% under 

puff-and-pump conditions. Both !D2 and the Ar injection rate 

(!Ar), where !Ar = 0.85 torr   l /s for V#B$ and 1.0 torr   l /s for 

V#B%, were held constant after t = 3.0 s [Fig. 2(a)]. The line-

averaged density n e for V#B$ was !20% higher than n e for V#B% 

[Fig. 2(b)]. Argon initially accumulated in the main plasma at a 

higher rate for V#B$ than for V#B%, and reached a steady Ar level 

that was !3-4 times greater than that of V#B% [Fig. 2(c)]; we 

consider the relative Ar density nAR, as proportional to the 

IArXV/ne signal, where IARXV is the intensity of an ARXV line 
(22.15 nm) with its chordal view through the main plasma. A partial detachment of the inner 

leg for V#B$ occurred at t ! 3.3 s, as seen by a drop in neutral pressure (PRDP) inside the upper 

inner baffle plenum [Fig. 2(d)] and a strong increase in the signal along the bolometer chord 

passing directly through the X-point [bolo-Xpt in Fig. 2(e)]. The total radiated power (PRAD) 

also increased more for V#B$ [Fig. 2(f)]. More Ar was removed by the upper outer cryopump 

for V#B% than for V#B$, as implied by the Ar pressure under the baffle measured by a 

modified Penning gauge [Fig. 2(g)]. 

Since Ar removal in the upper divertor changed significantly when the B""B direction 
was reversed, the radiated emissivity in the divertor was also distributed differently. The 

emissivity along the inner divertor leg in the V#B$ was spread out before detachment but was 

concentrated near the X-point afterwards [Fig. 3(a,b)]. In contrast, the emissivity for V#B% 

had multiple peaks in the divertor both before and after Ar injection [Fig. 3(c,d)].  

ArII (461.0 nm) was monitored in the upper and the lower divertors by several 
spectrometer channels [Fig. 4(a)]. The U5, U2, and the L4 channels viewed the upper outer 
divertor target, the upper inner divertor target, and the lower outer target of the secondary 
divertor, respectively. The Ar presence for V#B$ was more poloidally distributed than that for 
V#B% [Fig. 4(b)], with higher Ar presence in the lower divertor for V#B$. From density and 
temperatures derived from Langmuir probes and following the method discussed in Refs 
[6,7], the Ar flux at the lower outer target is roughly ten times higher for V#B$. 

In DN plasmas, radiated power increased first in the divertor opposite the B""B 
direction. For V#B%, the radiated power in the upper divertor showed a clear response to the 
injected Ar, but no radiative response in the lower divertor. For V#B$, the radiated power in 
the upper divertor had no radiative response to Ar injection into the private flux region of the 
upper divertor, but a clear increase in the lower divertor. This was consistent with the 

FIG. 1. The poloidal 
locations of particle 
pumping- and gas injec-
tion are superimposed on 
the DN plasma cross-
sections (dRsep = 0) used 
in this study.  
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up/down asymmetry in the ArII signals. The 
presence of Ar in the upper outer divertor 
(U5) for V!B" was higher than that in the 
lower divertor (L4) [Fig. 4(c)]. This was 
reversed in V!B#. The ratio of Ar flux at the 
upper outer divertor target to that of the 
lower outer divertor target was $0.4 for V!B# 
and $2.0 for V!B". For V!B", the ratio of Ar 
flux at the upper inner divertor target to that 
of the upper outer target was ~0.2. 

Comparison of the puff-and-pump per-
formance between SN and DN shapes shows 
that the initial rate at which the Ar accumu-
lated in the main plasma [d(nAR)/dt] for the 
DN was roughly twice the rate for SN with 
V!B" (Fig. 5). Reversing the direction of 
B%!B did little to change the ratio of d(nAR)/ 
dt between the DNs and SNs, i.e., still 
roughly a factor of 2 for V!B#. The rates for 
V!B# were higher than those corresponding 
to V!B". 

The rate of Ar removal by the upper/ 
outer divertor pump was much lower for 
V!B#. More Ar in the V!B# case accumulated 
in the divertor and eventually leaked into the main chamber. Unlike V!B", the inner leg of the 
V!B# plasma detached during Ar injection, enhancing the leakage of Ar. With more Ar in the 
chamber, Ar accumulated faster in the V!B# plasma. Argon accumulated faster in the main 
plasma of DNs with V!B# than with V!B". The fraction of Ar pumped by the upper/outer 
divertor was 
higher for the 
V!B". As with the 
SN cases, the Ar 
leakage out of the 
upper divert-or 
was greater for 
V!B# than for 
V!B", and more 
Ar would be 
available to 
�fuel� the main 
plasma. 

Argon accu-
mulated in the 
divertor of DNs 
opposite the 
B%!B direction, 

Fig. 3. Tomographic inversions of bolometric arrays are shown for SNs with V!B# 
(a) with deuterium injection only and (b) deuterium and Ar injection together. Also 
shown are inversions for SNs with V!B" (c) deuterium injection only and (d) 
deuterium and Ar injection together. Only the upper divertor region is shown. 

Fig. 2. Two upper SN (drsep = +1.0 cm) H-mode 
discharges with opposite B%!B direction, V!B# 
(solid) and V!B" (dashed), are compared. �Steady-
state� timeslices are denoted by the vertical lines. 
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leading to a greater increase in the radiated power in that divertor over the other divertor. 
That reversing the direction of BT (or B!!B) would produce such strikingly different 
behaviors suggests that particle flows that depend on the direction of the toroidal field may 
be important. Earlier work in analyzing particle pumping data from DIII-D [6] indicated that 
the poloidal distribution of neutrals in the divertors (and ultimately the exhaust rates of each 
pump) was consistent with B!!B and E!B-induced particle flows in the divertors and SOL. 

Argon accumulation inside DNs was higher than in comparable SNs with the same B!!B 
direction. A previous study of DIII-D SN and DN plasmas has shown that the characteristic 
electron temperature for the inboard SOL plasma of the DN is less than that of a comparable 
SN and that the SOL density profile is narrower for the DN [4]. Because both inner divertor 
targets of DNs are only tenuously attached (or even detached), it is easier for neutral 
deuterium (and Ar) to leak into the SOL on the high-field side and then access the main 
plasma than for the SNs.  

This work was supported by the US 
Department of Energy under DE-FC02-
04ER54698, W-7405-ENG-48, DE-AC05-
00OR22725, and DE-AC04-94AL85000. 
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Fig. 5. The initial rate of argon accumula-
tion in SN and DN plasmas is plotted versus 
"AR for both V"B# and V"B$ cases. 

Fig. 4.  (a) The chords of the divertor spectrometer that view the upper and lower divertors are 
superimposed on the DN plasma shape. The ArII signals are shown as a function of view chord 
designation (b) for the SN cases and (c) for the DN cases discussed in the text. 



<<
  /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


