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Development of HTS Conductor and Magnet for Fusion DEMO Reactors
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1. Introduction

Due to the significant progress of the wire
production technology, the copper-oxide based
high-temperature superconductor (HTS) is now
being tried for variable electrical applications, such
as power cables, transformers, energy storage and
motors. It is now considered to be the time to apply
HTS also to fusion magnets. One of the advantages
of HTS is the high cryogenic stability of coils (low
quench probability) due to the increased heat
capacity at the operation temperature of >20 K
compared to that of metal-based low-temperature
superconductors (LTS) relying on the heat capacity
of helium at 4 K. Reduction of refrigeration power
is also an attractive feature for fusion power plants.
Though it is still widely believed that HTS is fragile,
one can actually make a stronger coil using the
REBCO (YBCO or GdBCO) coated conductor
owing to the Ni-alloy substrate. The current status
of the HTS conductor development for the helical
DEMO reactor and the related technology of
applying HTS for plasma experiments are reviewed.

2. HTS option for the FFHR magnet

Based on the progress of steady-state plasma
experiments in the Large Helical Device (LHD), the
conceptual design studies and related engineering
R&D’s are being promoted for the helical fusion
DEMO reactor. The present design, FFHR-d1, has
the major radius of 15.6 m and the toroidal
magnetic field of 5.1 T to generate 3 GW fusion
power [1]. The stored magnetic energy is 160 GJ
and a 100-kA conductor is required to be used at
the maximum magnetic field of 13 T. The
cable-in-conduit (CIC) conductor with forced flow
of supercritical helium is the primary selection for
the coils. For the strands of conductors, Nb;Al
should be an attractive choice with better resistance
to strains than the presently used Nb;Sn for the
ITER magnet. Though the force-cooled coil with

CIC conductors is the established technology and
widely applied to the recent fusion magnets, it is
not easy to handle considering the proliferation of
fusion reactors. In this connection, the counter
option is to use indirectly-cooled HTS coils based
on the above mentioned attractive features. Figure 1
shows an example of the conductor design. We use
YBCO tapes simply stacked in the copper jacket.
This is a contrast to the activities in EU and US,
where transposed and/or twisted-type conductors
are being developed to be applied also to AC coils,
such as the central solenoids of tokamaks. Since the
helical reactor is DC, we consider that simple
stacking, which is much easier for flat HTS tapes,
should work. The conductor has a round shape and
the orientation of the HTS tapes could be adjusted
depending on the orientation of the magnetic field.
This mitigates the anisotropy of the critical current
on the magnetic field orientation, which is still a
remaining issue of the REBCO tape.

Another attractive proposal using HTS is that the
segmented fabrication of the huge and continuous
helical coils be possible. The original proposal was
to have “coil-segments” as illustrated in Fig. 2(a)
[2]. Considering the difficulty to join >400 turns of
conductors simultaneously, we are proposing a new
idea of having “conductor-segments” instead, as
shown in Fig. 2(b). A bridge-type joint of
conductors is considered as shown in Fig. 3 [3].
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Fig. 1. A 100-kA HTS conductor design for FFHR-d1.
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Fig. 2. Comparison between (a) joint of “coil-segments”
and (b) “conductor-segments”.
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Fig. 3. Bridge-type joint of the REBCO conductor.

2. Development of 100-kA conductor and joint

We started the HTS conductor development from
the 10-kA class in 2005 [4]. In 2012, we fabricated
a 30-kA conductor sample (Fig. 4) using the latest
GdBCO tape supplied by Fujikura Ltd. (critical
current: >600 A at 77 K, self-field with 10 mm by
0.22 mm cross-section including a laminated copper
stabilizer) stacked in 10 layers and 2 rows. A
bridge-type mechanical lap joint developed at
Tohoku Univ. was used [5] and the sample formed
a short-circuit with a race-track shape.
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Fig. 4. The 30-kA class GABCO conductor sample.

The sample current was induced by changing the
bias magnetic field, and the critical current of 40
kA was measured at 20 K and 6 T. We also tried to
achieve higher currents at 4 K, however, the sample
quenched due to the unexpectedly large joint
resistance in one of the two joints. We are now
planning to improve the joint to achieve 100 kA at
4 K and <2 T in the early 2013. Then, the number
of HTS tapes will be increased so that 100 kA will
be reached at 20 K and >6 T, which may surpass
the performance of the ITER conductor.

3. Application of HTS for plasma experiments

Along with the development of large-current
capacity conductors for fusion DEMO magnets, it is
also important to develop the basic technology for
handling HTS tapes to wind small-scale coils. We
here note that the application of HTS for fusion
research has started with the floating coil of the
Mini-RT device which has been operational since
2003 at Univ. of Tokyo [6]. The Ag-sheathed
Bi-2223 tape was used, which was available at that
time, and the time constant of the persistent current
was unexpectedly short due to a probable
mechanical damage of the still fragile tape. The
larger RT-1 device was later built in 2006 using the
upgraded Bi-2223 and the stable levitation of >6
hours has been available. Presently, the floating coil
of Mini-RT is being upgraded using the same type
of GdBCO tape as mentioned above. It is expected
that the time constant will be prolonged and the
magnetic field will be increased.
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Fig. 5. The levitated Mini-RT HTS coil (present).

References

[1] A. Sagara et al., Fusion Engineering and Design 87
(2012) 594.

[2] H. Hashizume et al., Fusion Engineering and Design
63 (2002) 449.

[3] N. Yanagi et al., Fusion Science and Technology 60
(2011) 648.

[4] G. Bansal et al., IEEE Trans. Appl. Supercond. 18
(2008) 1151.

[5] S. Ito et al, IEEE Transactions on Applied
Superconductivity 22 (2012) 6400204.

[6] Y. Ogawa et al., J. Plasma Fusion Res. 79 (2003)
643-644.




<<
  /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


