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Abstract

In this study, we designed a hybrid dipole magnet that
integrates both permanent magnet and electromagnet tech-
nologies. The primary magnetic field is generated by the
permanent magnets, while the coils enable fine-tuning of
the field. The design carefully considers the placement of
the permanent magnets and coils to optimize performance.
Additionally, an outer plate mechanism is incorporated for
coarse magnetic field adjustments, and a NiFe compensa-
tor is employed to mitigate the effects of temperature vari-
ations on the magnetic field. Given the challenges and risks
associated with assembling strong magnets, we also devel-
oped a detailed assembly procedure and a set of specialized
fixtures to ensure safe and efficient assembly. The integra-
tion of permanent and electromagnetic technologies in this
hybrid design provides a robust and adaptable solution,
paving the way for innovative applications in advanced ac-
celerator technologies.

INTRODUCTION

The demand for high-performance, compact, and en-
ergy-efficient magnetic elements in modern accelerators
has driven interest in hybrid magnet designs that combine
the advantages of permanent magnets (PMs) and electro-
magnets (EMs). In traditional accelerator lattice systems,
most magnets are electromagnets. They offer excellent
controllability and operational flexibility, but also come
with drawbacks such as high power consumption, signifi-
cant heat generation, and large physical size. In recent
years, many accelerator facilities [1-3] around the world
have started exploring the use of permanent magnets to re-
place electromagnets. PMs can generate magnetic fields
without requiring any power, resulting in lower operational
costs. However, pure permanent magnets also have limita-
tions. They provide fixed magnetic strength, are suscepti-
ble to demagnetization, and offer limited adjustability.

To address these issues, we developed a hybrid dipole
magnet that combines the energy efficiency of PMs with
the tunability of electromagnets. This paper presents the
engineering development of such a hybrid magnet, focus-
ing on its design rationale, structural integration, tempera-
ture compensation strategies, and safe assembly solutions.

HYBRID DIPOLE MAGNET CONCEPT

The hybrid dipole magnet design integrates permanent
magnets (PMs) and a trim coil to create a compact, energy-
efficient, and tunable magnetic field system. A typical hy-
brid dipole magnet (Fig. 1) consists of DT4E poles, yokes,
Sm2Coi7 permanent magnet blocks, a copper trim coil,
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outer tuning plates, NiFe alloy plates, and aluminum struc-
tural parts.

In this configuration, the PM blocks provide the main
magnetic field, while the trim coil allows for fine adjust-
ment of the field strength within a limited range. This de-
sign significantly reduces power consumption compared to
traditional electromagnets, while still preserving opera-
tional flexibility. To improve adaptability, an outer iron
plate mechanism [4] is incorporated for coarse field tuning.
This is especially useful during initial installation or
maintenance. When multiple hybrid dipole magnets are
fabricated, the outer plate can be used to pre-adjust each
magnet to a similar magnetic field before installation. Once
installed in the accelerator, the trim coil can then be used
for final fine-tuning during operation.

Additionally, to address the negative temperature coeffi-
cient of permanent magnets, NiFe alloy plates are placed
near the magnet poles. These act as passive compensators
to stabilize the magnetic field against temperature varia-
tions. The magnetic circuit is designed to ensure efficient
flux paths while maintaining sufficient thermal and me-
chanical isolation between components.

Sm,Co,; permanent magnet Outer plates

magnetic field adjustment

NiFe alloy plates
temperature compensation

Coil
magnetic field adjustment

Return yoke Pole

Figure 1: Mechanism design of a hybrid dipole magnet.

Permanent Magnet Blocks

The Sm:Coi7 permanent magnet blocks (Br > 1.08 T)
were manufactured in Taiwan. These blocks (Fig. 2) are not
formed as a single piece, but are assembled by gluing
smaller magnetized units together. This method allows us

Figure 2: The large magnet is made of smaller magnets
glued together.
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to fabricate magnets in flexible sizes and shapes, while
maintaining field performance. Dimensional tolerances
and flux consistency were kept within acceptable ranges
based on simulation results.

Magnet Assembly

There are two methods for assembling permanent mag-
nets: with magnetic force, or without. In magnetic-force as-
sembly, the PM blocks are first attached to the pole, then
the rest of the components are assembled. In non-magnetic
assembly [5], the yoke and pole are first aligned and fixed,
and the PM blocks are inserted afterward. In this project,
we used the first method, with magnetic force. Because the
magnetic attraction during assembly can exceed several
hundred kilograms, this process presents engineering and
safety challenges.

To address this, we developed a systematic and repeata-
ble assembly process using custom-designed fixtures. We
also found that applying a reverse magnetic field during the
process can help reduce the attractive force and make the
assembly smoother. The fixtures include mechanical
guides, magnetic shielding, and locking mechanisms to en-
sure safe, controlled, and staged installation.

MAGNETIC FIELD MEASUREMENT

The magnet prototype is 150 mm in length. At room tem-
perature (20 °C), the measured central magnetic field is
0.7545 T, and the integrated field is 0.13964 T-m. These
measurements (Fig. 3) closely align with the simulation
predictions, confirming the accuracy of both the magnetic
and mechanical design.
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Figure 3: Z scan of magnetic field measurement.

Trim Coil

The trim coil is made of 2 x 3 mm? copper wire and con-
tains 42 turns. The main magnetic field of the magnet is
directed downward. When the coil generates an upward
field, it increases the total magnetic field; when it generates
a downward field, it reduces the total field. The integrated
magnetic field increases by approximately 0.086% for
every 1 A of coil current (Fig. 4). With a coil current range
of £15 A, the magnetic field can be adjusted by approxi-
mately £1.25%.
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Figure 4: The coil current can be adjusted to meet the mag-
netic field requirements.

Outer Plates

The magnetic field strength is affected by the gap be-
tween the outer plates and the yoke. This gap is adjusted
using aluminum spacers of different thicknesses. A smaller
gap results in a stronger magnetic field, while a larger gap
reduces it (Fig. 5). When the outer plate gap is reduced
from 10 mm (baseline) to 0 mm, the integrated field in-
creases by about 1.85%. Conversely, when the gap in-
creases to 20 mm, the integrated field decreases by around
0.14%. This coarse tuning method is simple yet effective
during magnet pre-alignment and calibration.
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Figure 5: The magnetic field decreases with increasing
outer plate gap.

NiFe Alloy Plates

NisoFes alloy plates are used to passively compensate
for the temperature dependence of the PMs. These plates
are placed near the magnet blocks and tested in a tempera-
ture-controlled environment (Fig. 6) that includes heaters,
fans, and acrylic covers. At 20 °C, every 2 mm increase in
NiFe plate thickness (Fig. 7) reduces the integrated mag-
netic field by 0.4%. Without NiFe plates, the field drops by
0.043% per degree Celsius. With 4 mm thick NiFe plates,
this drop is reduced to 0.027% per degree. These results
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confirm that NiFe alloy plates are effective in stabilizing
the magnetic field against temperature variations.

TS

Figure 6: The hybrid dipole magnet in a temperature-con-
trolled environment.
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Figure 7: The variation of magnetic field with tempera-
turefor various thickness of NiFe.
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CONCLUSION

We presented a hybrid dipole magnet integrating perma-
nent magnets and a trim coil. The system also features
outer plates for coarse field adjustment, trim coil for fine
field adjustment and NiFe alloy plates for thermal compen-
sation. By assembling magnets from smaller units, we gain
flexibility in design. Measurement results are consistent
with simulation, validating both mechanical and magnetic
performance. Looking ahead, we aim to reduce magnetic
force during assembly and optimize the placement of poles
and NiFe plates. This development marks a key milestone
in localized accelerator magnet technology.

REFERENCES

[1] T. Taniuchi et al., “Dc septum magnet based on permanent
magnet for next-generation light sources”, Phys. Rev. Accel.
Beams, vol. 23, p. 012401, Jan. 2020.
doi:10.1103/PhysRevAccelBeams.23.012401

C. Benabderrahmane et al., “Magnets for the ESRF-EBS pro-
ject”, in Proc. 7th Int. Particle Accelerator Conf. (IPAC’16),
Busan, Korea, Apr.-May 2016, pp. 1096-1099.
doi:10.18429/JACoW-IPAC2016-TUPMBOO1

A. Streun et al., “Swiss Light Source upgrade lattice design”,
Phys. Rev. Accel. Beams, vol. 26, p. 091601, Sep. 2023.
doi:10.1103/PhysRevAccelBeams.26.091601

T. Watanabe et al., “Permanent magnet based dipole magnets
for next generation light sources”, Phys. Rev. Accel. Beams,
vol. 20, p. 072401, Jul. 2017.
doi:10.1103/PhysRevAccelBeams.20.072401

C. Calzolaio et al., "Longitudinal Gradient Bend Magnets for
the Upgrade of the Swiss Light Source Storage Ring" in /[EEE
Transactions on Applied Superconductivity, vol. 30, no. 4, pp.
1-5, June 2020, Art no. 4100905.

doi: 10.1109/TASC.2020.2973113

[2

—_—

3

—_

[4

—

[5

—

WEBD3
1701

@=gm Content from this work may be used under the terms of the CC BY 4.0 licence (© 2025). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.




16th International Particle Accelerator Conference, Taipei, Taiwan

JACoW Publishing

ISBN: 978-3-95450-248-6

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2025-WEBD3

MC7.T34 Permanent Magnets

1701

WEBD: WEBD:Accelerator Technology and Sustainability (Contributed)

WEBD3

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2025). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.


	INTRODUCTION
	Hybrid Dipole MAGNET Concept
	Permanent Magnet Blocks
	Magnet Assembly

	Magnetic Field Measurement
	Trim Coil
	Outer Plates
	NiFe Alloy Plates

	Conclusion
	REFERENCES


<<

  /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



