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Abstract

Intense transient fluxes of particles and heat to the main chamber components
induced by edge localized modes (ELMs) are of serious concern for ITER. Plasma
interaction with the outboard chamber wall is studied in DIII-D using Langmuir
probes and optical diagnostics. Fast camera data shows that ELMs feature helical
filamentary structures aligned with the local magnetic field. During an ELM, multiple
filaments are ejected from the plasma edge and propagate towards the outboard wall
with velocities of 0.5-0.7 km/s. Upon reaching the wall, filaments result in regions of
local intense plasma-material interaction (PMI) where peak incident particle and heat
fluxes are up to 2 orders of magnitude higher than those between ELMs. In low
density/collisionality H-mode discharges, PMI at the outboard wall is almost entirely
due to ELMs. A moderate change of the gap between the separatrix and the outer wall
strongly affects PMI intensity at the wall.
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1. Introduction

Limiting plasma-material interactions (PMI) to acceptable levels presents one of
the most difficult challenges for next-step fusion devices such as the International
Thermonuclear Experimental Reactor (ITER) [1]. The plasma facing components
(PFCs) in ITER have to withstand incident fluxes of particles and energy orders of
magnitude higher in size and duration than those encountered in present day tokamaks
[1]. Though most of the energy and particles crossing the last closed flux surface
(LCFS) into the scrape-off layer (SOL) are expected to be transported into the
divertor where the PMI is strongest [2], plasma contact with main chamber
components is non-negligible. Of particular concern are the impulsive loads due to
transient events such as disruptions and edge-localized modes (ELMs) [1,3-11].
Studies at contemporary tokamaks have shown that ELMs can drive a significant
portion of the total particle and energy exhaust to main chamber PFCs [6-11].
Moreover, it has been shown that ELMs in the SOL have a filamentary structure
[4,6,7,9-11], and individual filaments reaching the main chamber wall can cause
localized intense PMI [9,11]. If this happens in ITER, it may cause local melting of
beryllium PFCs, leading to enhanced erosion and increased dust production.
Sufficiently large gaps between the wall and the separatrix and/or additional
protection limiters may be needed to avoid this problem.
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2. Structure of the DIII-D Outboard SOL
and Diagnostic Arrangement

Figure 1 shows a poloidal cross-section of a typical lower single-null (LSN)
equilibrium in DIII-D showing the LCFS and a number of SOL magnetic flux
surfaces. There are three distinct regions in the low field side (LFS) SOL [9]: (1) The
“Divertor SOL” (DSOL) is the region where magnetic field lines connect from the
outboard to the inboard side of the torus, (2) The “Limiter SOL” (LSOL) is the region
where both sides of the magnetic field lines terminate on the divertor baffles. In
configurations with a large upper gap (UG) and/or small outer wall gap (OWG) the
LSOL may not exit. (3) Further radially outwards from the LSOL is the “Outer Wall
Shadow” (OWS) region, where magnetic field lines terminate at the outer wall near
the midplane. There are three bumper limiters (BLs) [Fig. 2(a)] on the outer wall
separated toroidally by approximately 120 degrees and protruding ~2 cm inwards
from the wall tile radius.

Bumper
Limiter

= RCPand
‘ MiMES

Fast camera
view

Fig. 1. Diagnostic arrangement and structure of the DIII-D SOL in a LSN magnetic configuration.

Previous studies of plasma interaction with the LFS chamber wall in DIII-D relied
almost exclusively on the mid-plane reciprocating probe array (RCP) and a fast
profile reflectometer. A number of new diagnostics useful for wall PMI studies have
recently been commissioned. A fast framing CMOS camera (Phantom 7.1) with a
tangential view of the outboard chamber wall and spatial resolution of about 5 mm
has been successfully used [11]. Two new filterscopes (telescopes with spectral line
filters coupled to photomultipliers) have been installed, one with a view of a mid-
plane portion of a bumper limiter and another with a view of the wall tiles nearby
[Fig. 2(a)]. In addition, the capability to install material samples at the outer shield of
the RCP (Midplane Material Evaluation Station or MiMES) has been recently
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implemented. This allows in-situ measurements of net erosion/deposition at the LFS
chamber wall. Samples can be exchanged through an airlock. A photograph of
MIMES inside the airlock chamber is shown in Fig. 2(b).

Fig. 2. Photographs of (a) portion of LFS chamber wall showing a bumper limiter
(BL), view spots of the BL (solid circle) and wall (dashed circle) filterscopes, and
mid-plane RCP with the outer shield removed; (b) RCP with MiMES inside the
airlock chamber. Locations of depth-marked graphite button samples are marked by
arrows.
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3. Experimental Results

ELM propagation through the LFS SOL and interaction with the outboard wall
were studied in LSN H-mode discharges with the following parameters: toroidal
magnetic field, By = 1.7-2.1T, plasma current, Ip = 1-1.4 MA, neutral beam
heating power, Pypy= 1.5-7 MW, line-average plasma density, n,= 0.5—
1.2x10% m, density normalized to Greenwald limit, fgw = n./ngw = 0.35-1.

Fast camera data shows that ELMs in the LFS edge and SOL feature helical
filamentary structures aligned with the local magnetic field. Figure 3(a,b) shows ELM
filaments imaged in CIII light (465 nm) in low [(a), f5w =0.35] and moderate [(b),
Jow =0.7] density discharges. Toroidal mode number, n, increases with discharge
density from 10-20 in the low-density case to over 30 at higher density [11]. During
the nonlinear phase of an ELM, multiple filaments are ejected from the plasma edge
and propagate radially outwards through the SOL. These observations are consistent
with the previous probe measurements showing that ELMs in the SOL have fine
structure with multiple bursts of ion saturation current measured during each ELM
[3,5-7,9]. The filament radial propagation velocity is estimated from the camera data
to be 500+400 m/s, and is consistent with the E x B velocity of ~700 m/s inferred
from the probe data [6,7] and the ELM density pulse propagation velocity of
~500 m/s as estimated from reflectometer data [3]. Upon reaching the wall, the
filaments cause PMI that is clearly observed in D, (656 nm) emission [Fig. 3(c,d)]
due to release of neutrals from the wall tiles. Localized areas of intense PMI are
observed in both the low and moderate density cases, however, in the lower density

Fig. 3. Fast camera images of ELM filaments in CIII light near the separatrix (a,b),
and in Doc light interacting with the outboard wall (c,d), in low (a,c) and moderate
(b,d) density discharges.
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case their relative brightness is much larger. This is consistent with an earlier
conclusion made from the probe data that the relative contribution of the ELMs to the
(parallel) particle flux arriving at the outboard wall decreases from 80%-90% at
Jow = 0.4-0.5 to about 30% at fgw ~1 [9]. Figure 4 shows results of similar
analysis applied to the parallel heat flux, g=7kT,js;/e, where T, is the electron
temperature and j; is the ion saturation current density measured by the probe near
the outer edge of LSOL. A similar trend is observed, but the relative contribution of
ELMs to the net local heat flux is somewhat higher compared to the particle flux.
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Fig. 4. Relative contribution of ELMs to the local parallel heat flux at the outer edge
of the LSOL as a function of the normalized discharge density.

While propagating through the SOL, ELM filaments are depleted of particles and
energy by parallel losses, and may partially or fully decay before reaching the wall
[6,7,9]. This is illustrated in Fig. 5 showing radial profile of the peak ion saturation
current, [, within ELM filaments (squares) measured by the RCP in the far SOL of a
high-density ( fGw ~ 1) discharge. This discharge had a large upper gap (9.3 cm) and
no LSOL. Within a radial distance of ~4 cm shown in the plot, the filament amplitude
decays by almost two orders of magnitude. Throughout the region shown it remains
about 10X greater than the inter-ELM background (diamonds). Later in the discharge,
the outer wall gap was transiently reduced by 3 cm [Fig. 6(a)]. This resulted in
increases in both filament amplitude and background density in the DSOL and
throughout most of the OWS region [Fig. 5(b)]. The BL and wall filterscopes
evidenced increased PMI at the LFS wall manifesting itself by an increase in D,
emission [Fig. 6(b), BL filterscope signal from a similar discharge shown]. In
subsequent discharges the wall gap was transiently increased by 3 cm resulting in ~x4
reduction of the peak D, emission during ELMs. Thus a moderate change of the
OWG has a significant effect at the level of plasma interaction with the LFS wall.

Graphite button samples installed on the plasma-facing side of MiMES [Fig. 2(b)]
were exposed in seven high-density H-mode discharges similar to those illustrated in
Figs 5 and 6. During the exposure, the samples were in the OWS (~0.5 cm outside of
the DSOL border) for a total of ~16 plasma-seconds and in the DSOL (~1.5 cm inside
of OWS border) for ~12 plasma-seconds. The samples were implanted with a Si
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depth marker that allowed measurement of net erosion/deposition by ion beam
analysis (IBA) (in progress at Sandia National Laboratories, Albuquerque). The RCP
was fixed during the exposure so that the tips measuring [; were ~5 mm inwards of
the sample location, as shown in Fig. 2(b). During OWG scans, [ measured by the
probe behaved similarly to D, emission measured by BL and wall filterscopes
[Fig. 6(c)].
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Fig. 5. Radial profiles of the peak Ig; within ELM filaments (squares) and between-
ELM background (diamonds) in the far SOL of a high density ( fGW ~1) LSN
discharge with an OWG of 9.3 cm (a) and 6.3 cm (b).
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Fig. 6. Changes in outer wall PMI with decreased outer wall gap (a). Shown are
D, emission measured by BL filterscope (b) and [ to a probe fixed at the
LSOL/OWS boundary (c).
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4. Summary and Conclusion

Experimental evidence showing that ELMs cause significant plasma interaction
with the main chamber wall in DIII-D has been presented. The relative contribution
of ELMs to PMI with the LFS chamber wall decreases with increasing discharge
density, which, in DIII-D, is coupled to increasing pedestal collisionality. Since ITER
will have high-normalized density and low collisionality, it is not clear how large the
relative importance of ELMs for the main chamber PMI will be. Even at high density
close to the Greenwald limit, ELM filaments may reach the LFS wall and cause
erosion of the wall tiles. A moderate increase of the gap between LCFS and the wall
may decrease PMI intensity appreciably. Therefore, if ELM interaction with the main
chamber wall is determined to be a challenge for ITER, provision for an increased
wall gap may be extremely advantageous.

GENERAL ATOMICS REPORT A26117 9






ELM-INDUCED PLASMA WALL INTERACTIONS IN DIII-D D.L. Rudakov, et al.

References

[1] G. Federici, et al., Nucl. Fusion 41 (2001) 1967.

[2] P.C. Stangeby, The Plasma Boundary of Magnetic Fusion Devices, IOP
Publishing, 2000.

[3] M.E. Fenstermacher, et al., Plasma Phys. Control. Fusion 45 (2003)
1597.

[4] A.Kirk, et al., Phys. Rev Lett. 92 (2004) 245002.

[5] D.L. Rudakov, et al., J. Nucl. Mater. 337-339 (2005) 717.

[6] J.A.Boedo, et al., J. Nucl. Mater. 337-339 (2005) 771.

[7]1 J.A.Boedo, et al., Phys. Plasmas 12 (2005) 072516.

[8] D.G. Whyte, et al., Plasma Phys. Control. Fusion 47 (2005) 1579.

[9] D.L. Rudakov, et al., Nucl. Fusion 45 (2005) 1589.

[10] B. Lipschultz, et al., Nucl. Fusion 47 (2007) 1189.

[11] J.H. Yu, et al., Phys. Plasmas 15 (2008) 032504.

GENERAL ATOMICS REPORT A26117 11






ELM-INDUCED PLASMA WALL INTERACTIONS IN DIII-D D.L. Rudakov, et al.

Acknowledgment

This work was supported by the US Department of Energy under DE-FGO2-
07ER54917, DE-FC02-04ER54698, DE-AC52-07NA27344, and DE-AC04-
94 AL85000.

GENERAL ATOMICS REPORT A26117 13




<<
  /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


