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Conduction-Cooling System for Superconducting
Magnets at 20–30 K

Ho-Myung Chang and Seung Ill Lee

Abstract—A cryogenic system is designed and experimen-
tally tested for superconducting magnets conductively cooled at
20–30 K by a cryocooler. Metallic parts are fabricated for the ther-
mal connection between coldhead of a single-stage GM cooler and
six magnet bobbins in hexagonal array, and assembled with bolt-
joints. The material of all parts is oxygen-free copper with a high
RRR value (∼525), and the GM cooler is a newly released model
from Sumitomo Heavy Industries. All six bobbins are uniformly
cooled down to 13.0 K under no load and can be maintained at
20–30 K under additional thermal load of 26–60 W. It is verified
by analytical simulation that this excellent performance is due to
the extremely high thermal conductivity of copper conductors and
the good thermal contacts by bolt-joints. The conduction-cooling
system is a thermally feasible option for 20–30 K magnets, includ-
ing the wind turbine generators.

Index Terms—Conduction-cooling, cryocooler, cryogenics, su-
perconducting generator.

I. INTRODUCTION

CRYOGENIC cooling system for superconducting mag-
nets is designed in a variety of structures, depending

on their operating temperature [1], [2]. Some HTS magnets
under late development require closed-cycle refrigeration at
20–30 K. For example, 10 MW wind turbine generators have
been designed on a basis of 20 K operation by many groups
[3]–[5]. The main reason for this low-temperature operation
is to take advantage of a larger critical current density of
HTS tapes for lighter weight or to make use of less expensive
MgB2 wires.

From the view point of cryogenic design, the 20–30 K
magnets are far different from LTS magnets at liquid-helium
temperatures (2–5 K) and HTS magnets at liquid-nitrogen
temperatures (65–90 K), since no cryogenic liquid is readily
applicable. Even though liquid neon or gaseous helium could be
used, conduction-cooling systems with a cryocooler have been
developed for compactness and simple operation.

In accordance with the potential markets, a few models of
single-stage GM cryocoolers are commercially available for
refrigeration of 50–100 W at 20–30 K [6], [7]. However, since
the cooling capacity of these coolers shrinks sharply as the
temperature drops below 20 K, it is crucial to maintain the cold-
head temperature above a level such that the cryocooler has the
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required capacity. In other words, the design goal here is to
reduce the temperature difference between the cold-head and
magnets for an effective thermal conduction. A great feature
of the conduction-cooling is that pure copper could have an
extremely high thermal conductivity at 10–30 K, if its residual
resistivity ratio (RRR) value is large [8], [9].

The objective of this study is to investigate the thermal
effectiveness of a conduction-cooling system for magnets at
20–30 K. It is intended to design and construct an experimental
system, with which the upper limit of thermal effectiveness
can be demonstrated. Towards this goal, a state-of-the-art GM
cryocooler is provided by a leading manufacturer, and thermal
conductors are fabricated with highly conductive copper. In
parallel with experiment, analytical simulation is performed
on the conduction-cooling system for clearly explaining the
thermal performance.

II. EXPERIMENT

Fig. 1 is a schematic overview of experimental set-up with
graphical representation on the assembly of cryogenic parts.
The main GM cooler is mounted at the top plate of a vacuum
cryostat, and six identical magnet bobbins are vertically placed
as hexagonal array around the GM cooler. Thermal conduc-
tors are composed of 1) a horizontal disk (100 mm diameter,
15 mm thickness) under the cold-head, 2) a vertical plate
(70 mm × 127 mm × 18 mm) under the horizontal disk,
3) four diagonal sheets (200 mm × 50 mm × 3 mm), and
4) 16 U-bent sheets (80 mm × 50 mm × 3 mm) between
bobbins. All parts are machined and fabricated with oxygen-
free copper and assembled by bolt-joints only (without any
soldering). The diagonal and U-bent sheets have a flexible
length, where many layers of thin (∼0.2 mm thickness) copper
sheets are stacked so that they can be easily bent. The flexible
length is important not only for thermal contraction, but also for
good thermal contact by bolt-joints, as discussed later. Fig. 2 is
a photograph of the assembled cryogenic parts with an enlarged
view of the flexible U-bent sheets.

In order to focus on thermal behavior, the magnet bobbins
are simply rectangular plates (320 mm × 110 mm × 20 mm)
with no HTS windings. For supplying additional thermal load,
film heaters are attached on the bobbin surfaces. The entire cold
parts are surrounded with a cylindrical radiation shield made
with copper shell and aluminum plates. The radiation shield
can be optionally cooled by an auxiliary GM cooler. The outer
surfaces of cold-head, thermal conductors, magnet bobbins, and
radiation shield are wrapped with multi-layer insulation. The
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Fig. 1. Schematic overview of experimental set-up and graphical representation for assembly of cryogenic parts, including cold-head of GM cryocooler, thermal
conductors (composed of horizontal disk, vertical plate, diagonal sheets, U-bent sheets), and six magnet bobbins in hexagonal array.

Fig. 2. Photographs of assembled cryogenic parts in radiation shield and
U-bent sheets between bobbins (enlarged).

total mass of cryogenic parts including six bobbins and thermal
conductors is 44.1 kg.

The main GM cooler is a recently released model
(RDK-500B) from Sumitomo Heavy Industries, whose refrig-
eration capacity is listed as 50 W at 20 K and 95 K at 30 K
by the manufacturer [6]. The capacity is actually measured
in the experimental set-up (without conductors) and plotted in
Fig. 3. The measured capacity is slightly larger than the listed
values. The optional auxiliary GM cooler is Cryomech model
AL-60. The temperature of radiation shield is measured at 69 K
(top) ∼78 K (bottom) when cooled by the auxiliary cooler, and
249 K when not cooled.

Temperatures are measured at the cold-head and 14 var-
ious locations of conductors, magnet bobbins, and radiation
shield. The temperature sensors are silicon diodes (Lakeshore
ST-670) and the measured values are recorded every second
with two units of data acquisition system (Lakeshore Tempera-
ture Monitor 208).

Fig. 3. Measured refrigeration capacity under the experimental setup as a
function of cold-head temperature in comparison with the manufacturer’s
listed values for main GM cryocooler (Sumitomo Heavy Industries Model
RDK-500B).

Fig. 4. Measured temperature history for cool-down process.

III. RESULTS AND DISCUSSION

Fig. 4 is the measured temperature history for the cool-down
process when both GM coolers are employed. For beginning
hours, the cold-head temperature drops quickly, but the bobbin
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Fig. 5. Measured temperature followed by stepwise increase of heater power.

Fig. 6. Measured temperature at bobbins and cold-head versus heater power.

temperatures decrease gradually, so the temperature difference
becomes as large as 120 K. At temperatures below 50 K,
however, the difference diminishes mainly due to increased
thermal conductivity of copper conductors as discussed below.
The reason for even quicker decrease around at 20–30 K is the
reduced heat capacity of cold parts. It takes approximately 5 h
to reach the steady state.

After the coldest steady state is reached, the heaters on the
magnet bobbins are switched on. Fig. 5 is a plot of measured
temperature followed by stepwise increase of heater power up
to 50 W. The cold-head temperature looks like a thick curve,
as it actually oscillates at the reciprocating frequency of GM
displacer. This oscillation is clearly the effect of temperature
swing of working helium inside, because the heat capacity of
cold-head shell diminishes below 20 K. It is noted that the
temperature difference between magnet bobbins and cold-head
becomes larger as the heater power is increased.

In order to highlight the key points of experimental results,
the measured temperatures at bobbin and cold-head are plotted
as a function of heater power in Fig. 6. When the heater power
is zero, all six bobbins are uniformly cooled to 13.0 K, and
the temperature difference between bobbins and cold-head is
only 1.3 K. A main reason for this excellent performance
is the great thermal conductivity of copper conductors. To
verify this, a short sample is cut and its electrical resistance is

Fig. 7. Thermal conductivity of copper with RRR = 525 versus
temperature.

measured at 298 K and 4.2 K (in liquid helium) in collaboration
with the Korea Basic Science Institute. The RRR value is
estimated at 525, for which thermal conductivity reaches a peak
(∼8 kW/m-K) at 10–20 K, as plotted in Fig. 7 [8], [9].

As the heater power increases, the temperature difference
between bobbins and cold-head also increases, because a large
temperature difference is necessary for the increased cooling
load. For an operation of this system at 20 K, the thermal
load should be 26 W or less, and the cold-head temperature
should be 15 K or less, as indicated by the vertical arrow in
Fig. 6. About 13 W heat load would result from radiation, if no
auxiliary GM cooler is employed for shield (dotted curve), as
indicated by the horizontal arrow. Similarly, for an operation at
30 K, the thermal load should be 60 W or less, and the cold-
head temperature should be 21 K or less.

In parallel with the experiment, the temperature distribution
is calculated with commercial software (NX Nastran 7.5). The
purpose of the analytical efforts is to verify two uncertain but
important factors in conduction-cooling design.

The first is the thermal contact resistance for metallic
interfaces [10]. The bolt-joints of the experimental system
are classified as two types: 1) between solid parts (cold-
head∼horizontal disk∼vertical plate) and 2) between flexi-
ble and solid parts (vertical plate∼diagonal sheets∼bobbins∼
U-bent sheets∼bobbins). The contact resistance is estimated
from the measured temperature and heat data, which is 40 and
2.9 m2−K/kW for the two types, respectively. The machined
surface roughness is less than 6.3 μm. The second factor is the
radiation heat flux on cold surfaces. The cryogenic parts are
modeled as radiation-network between enclosed surfaces [10].
The heat flux on the outer surface of bobbins is estimated to be
0.15 W/m2 from the model and measured heat data.

The estimated values are used as boundary conditions for the
thermal analysis. Fig. 8 shows some calculated isotherms on the
cold parts in comparison with measured temperatures (boxed
numbers) and the temperature profile on meshed bodies when
the heater power is 30 W. The analytical and experimental data
are in a fairly good agreement.

Based on the results above, a concept design is graphically
shown in Fig. 9 for conduction-cooled magnets at 20–30 K,
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Fig. 8. Calculated isotherms on conduction-cooling parts with measured temperatures (boxed values) and temperature profile when the heater power is 30 W.

Fig. 9. Graphical representation on concept design of conduction-cooling system for 20–30 K rotor magnets of 10 MW-class wind turbine generator.

applicable to 10 MW-class wind turbine generator [3]. The
GM coolers are on board a rotating cryostat in radial direction,
and the number of coolers is 4∼6, depending on the operating
temperature (20–30 K) and cooling load (200–250 W).

Finally, it is important to state that the effect of magnetic field
should be considered in practical magnet cooling. The thermal
conductivity of copper may be depressed by intensive magnetic
fields [11] and extra thermal load may be added due to AC loss
and bolt-joints. Further study and design efforts are needed on
these issues as next steps.

IV. CONCLUSION

An effective conduction-cooling system is designed and ex-
perimentally tested for superconducting magnets at 20–30 K.
It is successfully demonstrated that six bobbins are uniformly
cooled down to 13.0 K under no load and maintained at
20–30 K under additional thermal load of 26–60 W. The key
reasons for this effective thermal performance are 1) excep-
tionally high thermal conductivity of copper at 10–20 K and
2) good thermal contacts with flexible conductors, as well
as 3) large cooling capacity of state-of-the-art GM cooler.
Conduction cooling is a thermally feasible option for 20–30 K
magnets.

REFERENCES

[1] O. Tsukamoto, “Roads for HTS power applications to go to the real world:
Cost issues and technical issues,” Cryogenics, vol. 45, no. 1, pp. 3–10,
Jan. 2005.

[2] H.-M. Chang, Y. S. Choi, and S. W. Van Sciver, “Optimization of op-
erating temperature in cryocooled HTS magnets for compactness and
efficiency,” Cryogenics, vol. 42, no. 12, pp. 787–794, Dec. 2002.

[3] A. B. Abrahamsen, N. Mijatovic, E. Seiler, T. Zirngibl, C. Træholt,
P. B. Nørgård, N. F. Pedersen, N. H. Andersen, and J. Østergård, “Super-
conducting wind turbine generators,” Supercond. Sci. Technol., vol. 23,
no. 3, pp. 034019-1–034019-8, Mar. 2010.

[4] G. Snitchler, B. Gamble, C. King, and P. Winn, “10 MW class supercon-
ductor wind turbine generators,” IEEE Trans. Appl. Supercond., vol. 21,
no. 3, pp. 1089–1092, Jun. 2011.

[5] Y. Terao, M. Sekino, and H. Ohsaki, “Electromagnetic design of 10 MW
class fully superconducting wind turbine generators,” IEEE Trans. Appl.
Supercond., vol. 22, no. 3, p. 5211904, Jun. 2012.

[6] Cryogenics Group of Sumitomo Heavy Industries, Ltd. (Accessed
Sep. 2013.) [Online]. Available: http://www.shicryogenics.com/

[7] Cryoemch Inc. (Accessed Sep. 2013.) [Online]. Available: http://www.
cryomech.com/

[8] Cryocomp Properties Version 3.06, Distributed by Cryodata Inc. (Ac-
cessed Sep. 2013.) [Online]. Available: http://www.cryodata.com/

[9] H.-M. Chang and S. I. Lee, “Current leads for conduction-cooled magnets
at 20–30 K,” IEEE Trans. Appl. Supercond., vol. 23, no. 3, p. 4801004,
Jun. 2013.

[10] F. P. Incropera, D. P. DeWitt, T. L. Bergman, and A. S. Lavine, Funda-
mentals of Heat and Mass Transfer, 6th ed. Hoboken, NJ, USA: Wiley,
2007.

[11] R. W. Arenz, C. F. Clark, and W. N. Lawless, “Thermal conductivity and
electrical resistivity of copper in intense magnetic fields at low tempera-
tures,” Phys. Rev. B, vol. 26, no. 6, pp. 2727–2732, Sep. 1982.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /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 false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 600
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /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 [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


