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Abstract

The cooling section of the Muon Collider requires a
number of solenoidal coils of various diameters (0.05-2 m)
and fields (2-40 T). An unusual feature of the cooling sec-
tion is that the RF cavities operates under the large mag-
netic fields and field gradients generated by the focusing
elements. Here we present the design of a test facility based
on split coils, wound with HTS, to study the performance
of RF cavities under magnetic field. The main characteris-
tics are: 320 mm free room temperature bore, uniform 7 T
field along 300 mm on axis, coils energized with parallel
or antiparallel field: this last configuration provides a gra-
dient field of about 40 T/m. The use of HTS in form of
REBCO tape enables magnet operation at 20 K and cooling
via solid conduction by cryocoolers. This facility will be a
first prototype of the cooling cell magnets that are being
designed in cryogen-free layout at 20 K for energy saving
and will allow to anticipate system integration concepts.
The conceptual design of the facility is almost frozen, and
the engineering design is under way. If we get financial
support by 2025, we can commission the facility in 2027.

INTRODUCTION

A test facility for radiofrequency cavities was recently
proposed to test the breakdown limit of the cavities under
high magnetic fields (7 T) in a configuration relevant for
the Muon Collider design study carried out by the Interna-
tional Muon Collider Collaboration (IMCC) [1]. A test fa-
cility layout has been proposed and studied by the LASA
laboratory (jointly managed by INFN and University of
Milan) in Milan, Italy, which is currently finalizing the de-
sign and applying for a grant to proceed with its construc-
tion, commissioning and testing.

The construction of a test facility will be an important
push toward the definition of a baseline technology for the
6D cooling cells of the Muon Collider, serving as a proof
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of concept of the cooling cells design, besides being a key
tool for RF cavities testing.

In this work, the conceptual design of the HTS split coil
test facility is presented and results of the magnetic and
mechanical analyses and coil margin studies are reported.
The thermal analysis during coil ramp up transient, a criti-
cal phase because of heat dissipation in the coil, has deter-
mined the charging time and the cooling configuration.

HTS TEST FACILITY: LAYOUT

The basic structure of the test facility consists in a split
coil based on non-insulated HTS conductors winding (Fig.
1). A 12 mm wide and 0.067 mm thick REBCO tape is used
for the design of the winding of the two cylindrical coils.

Two possible operative modes of the test facility are con-
sidered: same current polarity in both coils or opposite po-
larity. In the first mode, a 7 T field at the center of the coil
axis is generated, with a field homogeneity better than
3.0% in a 300 mm axial length; with opposite polarities, a
field gradient of 40 T/m, nearly constant along the length
is generated, with zero field in the center. The apparatus
operates at 20K in a cryogen-free configuration: Cryomech
AL230 cryocoolers are considered for the design [2].

The structural support and cooling of the coils is pro-
vided by the 316LN steel vacuum vessel. The cold heads
are integrated into the supports, connected to the coils at 20
K. The 60 K thermal shield is integrated with the HTS cur-
rent leads and copper busbars, see Fig. 1 for a schematic
view. The structure will then be anchored on a ground sup-
port platform.
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Figure 1: HTS split coil (schematic) in its cryostat.
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The coil structure is composed of a stack of six pancakes
of 680 turns enclosed in two coaxial copper rings and in-
terleaved with layers of copper, steel and polyimide insu-
lating material (Fig. 2). The Cu layers are used as addi-
tional stabilizer and for cooling, being connected to the
cold heads of the cryocoolers. The steel and polyimide lay-
ers are anticipated to be present in the coil stack but were
not taken into account in this design phase.

Table 1 summarises the main geometric and operational
parameters. In the following sections, the results of each
detailed study are presented.
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Figure 2: Section view of the coil stack with steel casing.

Table 1: List of Main Parameters from Preliminary Design

Parameter Value
Coil inner diameter (free bore aperture) 400 (320)
[mm]

Number of pancakes per coil (number 6 (12)
of turns per pancake) [-]

Coil radial width (axial) [mm] 45.6 (72)

Coil winding method Not insulated
Coils distance [mm] 200
Center field on axis — same polarity 7
configuration

Field gradient on axis — reverse polarity

operation [T/m] 40
Coil total inductance [H] 4.54
Energy stored in the coil [MJ] 6.4
Coil operational temperature [K] 20
Thermal shield temperature [K] 60
Cooling source Cryocoolers

MAGNETIC DESIGN

The magnetic design of the HTS split coil was performed
in COMSOL [3], considering two different coil operation
modes:

e Same polarity (parallel field).

o Inverse polarity (antiparallel field).

The first is proposed for testing purposes, to test the
breakdown limit of RF cavities, while the inverse polarity
configuration is the actual operational mode of the Muon
Collider cooling cells.

To reach the target central field of 7 T in the same polar-
ity configuration, a current of 530 A is required, with a
peak field in the coil below 16 T. The same current with
opposite polarity generates a field gradient of 40 T/m along
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the coil axis. Figure 3 shows the magnetic flux density map
on a cylindrical region of interest along the central axis,
while the flux densities along the coil axis, are plotted in
Fig. 4.

These are the results of a parametric optimization on the
coil geometry [4]. Within this study, the coil margins were
also assessed for the parallel field configuration. The re-
sults of the load line, current, temperature and energy mar-
gins are summarized in Table 2.
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Figure 3: Magnetic flux density distribution on the central
coil region (same polarity).
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Figure 4: Field distributions along the coil axis.

Table 2: List of the Main Magnetic Design Parameters

Parameter Value
Operational current [A] 530.3
Tape Eng. current density [A/mm?] 621.8
Field uniformity: 300mm on axis [-] <3%
Minimum current margin [-] 40%
Load line margin [-] 44%
Minimum temperature margin [-] 15

Minimum energy margin [J/cm?] 2.5

As typically observed in non-insulated HTS coils, the as-
sociated margins are large, which makes magnet protection
in case of a quench more critical.

MECHANICAL DESIGN

A preliminary mechanical analysis of the coil and steel
structure was developed considering the coils as homoge-
neous mediums with orthotropic properties, without con-
sidering the details of the coil stack. From the modelling of
the unrestrained coil subjected to the electromagnetic
(e.m.) force, exceeding values of the maximum hoop stress
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were found (~660 MPa). To reduce it, a 50 mm thick
316LN steel restraining cylinder was introduced to house
the coil (Fig. 5), reducing the coil stress to 350 MPa and
the corresponding deformation below the limiting value of
0.25%. Methods of prestress application on the coil are cur-
rently under consideration.

Space for
coil housing

Figure 5: View of the restraining cylinder half shell.

The maximum stress values of the coil and steel structure
are reported in Table 3.

Table 3: Mechanical Design Parameters
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In Table 4, the results of the main thermal design param-
eters are reported. The static loads on the coil and on the
thermal shield are obtained from analytical calculations.

Table 4: Main Thermal Design Parameters

Parameter Value
Number of cryocoolers [-] 2
quiation power on the the.rmal 326 (0.1)
shield (on the coil from shield) [W]

Conduction power on the coil [W] 10

Coil radial resistance [€2] (contact

104
resistance [pQcm?]) 5.12-107(30)

Peak power deposited in the coils

during charge (inverse polarity) 24.4 (16)
(W]

Maximum temperature increase

(inverse polaritl;) K] 3:5(23)
Current ramp rate [A/s] 0.00736
Charging characteristic time [s] 8876
Total charging time [h] 20
Coil cooldown time: 77K-20K [h] 11

Parameter Value
Coil maximum hoop stress [MPa] 350
Coil maximum axial stress [MPa] 220
316LN structure maximum axial 300
stress [MPa]

316LN structure radial stress [MPa] 250

THERMAL DESIGN: MAGNET RAMP UP

The coil thermal analysis was performed during the mag-
net charging transient, being the most challenging opera-
tional conditions. The cooling configuration consists in
two single stage cryocoolers connected to the coils via lon-
gitudinal copper plates. The maximum allowed coil tem-
perature increase was set at 4 K. An equivalent network
model was used to compute coil inductances and re-
sistances to then estimate the power deposited during the
transient. All material properties are considered tempera-
ture dependent.

The coil stack geometry and cryogenic interface were
optimized to meet the target [5], leading to an estimated 20
hours charging time and a maximum temperature increase
of 3.5 K for the same polarity configuration (Fig. 6).
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Figure 6: Time evolution of temperature and currents.
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CONCLUSION

In this work the conceptual design of the HTS test facil-
ity for the Muon Collider cooling section is presented. The
preliminary design can be currently considered almost fro-
zen, and it is moving toward a more detailed engineering
design which is well under way. The design described in
this work do not show major criticalities for the mechanical
design. However, the non-insulated concept, that is critical
to cope with quench protection (the stored energy exceed 6
MJ) is still under test for coil of similar size. We hope to
receive support for INFN and for an EU grant, in 2025,
such as to commission the facility by 2027.

REFERENCES

[1] C. Accettura et al., “Towards a muon collider”, Eur. Phys. J.
C, vol. 83, no. 864, Sep. 2023.
doi:10.1140/epjc/s10052-023-11889-x

[2] Cryomech AL230 technical specification sheet,
https://bluefors.com/products/gifford-
mcmahon-cryocoolers/al230-gifford-mcmahon-
cryocooler/

[3] COMSOL, https://www.comsol.com

[4] D. Batia, “Magnetic and structural design of the HTS split
coil superconductive magnet for the Muon Collider RFMF
test facility”, B.Sc. thesis, Physics, Universita degli studi di
Milano, 2023.

[5] B. Baggi, “Thermal design and protection of the HTS split
coil magnet for the Muon Collider RFMF test facility”, B.Sc.
thesis, Physics, Universita degli studi di Milano, 2024.

WEPR38
2577

=gz Content from this work may be used under the terms of the CC BY 4.0 licence (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.




15th International Particle Accelerator Conference,Nashville, TN

JACoW Publishing

ISBN: 978-3-95450-247-9

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2024-WEPR38

MC1.A09 Muon Accelerators, Neutrino Factories, Muon Colliders

2577

WEPR: Wednesday Poster Session: WEPR

WEPR38

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 1.6
  /CompressObjects /All
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /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 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 40
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 40
  >>
  /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 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 40
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 40
  >>
  /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 true
  /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

  /CreateJDFFile false
  /Description <<
    /ENG ()
    /ENU (Setup for JACoW - paper size, embed all fonts, compression, Acrobat 7 compatibility.)
  >>
  /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 /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /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 false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.000 792.000]
>> setpagedevice


