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Abstract

Neutron guide tubes, which utilize reflection at material
surfaces, are used for neutron transport. In many cases,
neutron guide tubes with small divergence angles are
sufficient. By arranging thin guide tubes radially
according to the size of the sample, the overall efficiency
of the system can be improved. We are developing a new
type of neutron mirror that utilizes the orbital refraction of
neutrons in a gradient magnetic field. Six prototype
magnet plates were fabricated and tested at BL16. We
report on the current status of research and development
regarding this mirror.

INTRODUCTION

Slow neutron beams are widely used not only in funda-
mental physics and materials research but also in industrial
applications. The cost of generating neutron beams is high
compared to other imaging methods, such as X-rays. Be-
cause experimental areas are located far from the source
due to radiation shielding, it is important to establish a
mechanism for efficiently transporting neutrons between
these areas. To address this issue, neutron guide tubes are
used to reflect neutrons off the surface of materials. By em-
ploying multilayer mirror coatings for neutrons within the
guide tube, it is possible to transport neutron beams with a
wide range of divergence angles downstream (see Fig. 1).
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Figure 1: Layout of JRR3. The experimental area is far
from the source due to radiation shielding. Neutron guide
tubes that utilize reflections at the surface of materials are
used to transport neutrons.

* Work supported by partially supported by JSPS KAKENHI Grant
Number JP23H03659. The neutron experiment at the Materials and Life
Science Experimental Facility of the J-PARC was performed under a user
program 2024B0198.

+ iwashita.yoshihisa.4x@kyoto-u.jp

However, in many experiments, such as small-angle
neutron scattering, the divergence angle of the incident
beam must be sufficiently small to obtain measurements
with good g-resolution. Although guide tubes transport
beams with large divergence angles, most of the neutrons
are removed by collimators. This can lead to an increase
in radioactive waste and background radiation. In fact, in
many small-angle scattering measurements, only beams
with a divergence angle corresponding to m=1 in a super-
mirror, are used. Furthermore, in modern neutron facili-
ties, a single experimental apparatus is installed directly at
the end of a single guide tube. The beam does not branch
during transport. In such cases, guide tubes capable of ac-
commodating large divergence angles are unnecessary. Ar-
ranging thin guide tubes radially to match the size of the
sample would likely improve the overall efficiency of the
facility. (see Fig.2).

- Loss Background

!

k“ H

Thick guide tube R<1

romer ide
g R—1
)
i e ——

I Mostly
% Thin guide tube

I Comes
Figure 2: Top: Conventional guide tube with loss and back-
ground. Bottom: New concept of guide tube for modern
neutron facilities. This will increase the number of beam-
lines. Fuzzy mirror surface eases alignment tolerances and
reduce collisions with tiny dust particles on the mirror sur-
face. Most transported neutrons will be used.

MAGNETIC NEUTRON DEFLECTION

We are developing a new type of neutron mirror that uti-
lizes the orbital refraction of neutrons in a gradient mag-
netic field (see Figure 3). In a magnetic field, the neutron
orbits are deflected according to the following equation:

d*r
dt?
where 1 and t are position of a neutron and time, y, and

m,, are the magnetic dipole moment and mass of the neu-
tron, respectively [1]. V|B] is gradient of magnetic field
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strength. The sign on the right side depends on the direc-
tion of the neutron spin (magnetic dipole moment): posi-
tive if the spin and the magnetic field are parallel, and neg-
ative if they are anti-parallel. For unpolarized incident neu-
trons, this magnetic field initially reflects only one spin
component, but thereafter, it behaves as a mirror with
100% reflectivity, if the spin is kept. We call this as a ‘mag-
netic gradient mirror’. In a conventional mirror, neutrons
penetrate the material for about a wavelength because they
are reflected through the pseudo-potential in the material.
In this mirror, neutrons are gradually bent in space with the
magnetic field and do not contact the surface of the mate-
rial. Since the magnetic fields boundary is fuzzy, it is no
longer affected by roughness of the material surface or
gaps in the assembly. Furthermore, since neutrons do not
interact with matter, no background events are generated
as a result. This could be a key factor in ultra-low-back-
ground experiments.

MAGNETIC GRADIENT MIRROR

Since the number of reflections increases within a nar-
row waveguide, it is important to maintain the reflectivity
as high as possible. In the case of multilayer mirrors, the
reflectivity decreases depending on the condition of the
material surface, such as surface roughness. Additionally,
gaps and steps created during the assembly process also
contribute to a decrease in effective reflectivity. Extremely
high-precision installation is costly and makes the system
vulnerable to shocks caused by earthquakes or other acci-
dents. Therefore, we are developing a new type of neutron
mirror that utilizes the orbital refraction of neutrons in a
gradient magnetic field (Fig. 3).
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Figure 3: Schematic image of reflected neutron by mag-
netic repulsive wall. Field gradient produces repulsive

force to spin parallel neutrons. Anti-parallel neutron is
stopped in magnets or substrate.

MAGNETS

To generate the largest possible magnetic field gradient
on the surface of the plate, | mm x 2 mm x 50 mm rod-
shaped permanent magnets were arranged and secured to
the substrate with adhesive, as shown on the left in Fig. 4.
Their easy axes are perpendicular to the 50 mm axis. By
arranging 50 permanent magnet bars on the plate while ro-
tating the easy axes of adjacent magnets by 90° increments,
we formed a 50 x 50 mm plate-shaped magnet with a
strong magnetic field gradient on its surface. This is
known as the Halbach configuration. Figure 4 (left) also
shows the magnetic flux lines obtained from magnetic field
calculations. Figure 4 (right) shows the magnetic field

strength along a straight line 0.1 mm above the top surface
of the magnet set. The dependence of the magnetic field
strength on distance from the surface changes exponen-
tially as the distance from the surface increases slightly.
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Figure 4: Magnet configuration (left) and its magnetic field
distribution at 0.1mm above the magnet (right).

During the evaluation experiments, neutrons are intro-
duced at a highly oblique angle relative to the magnet sur-
face. Since each magnet assembly plate is only 50 mm
long, the neutrons may encounter a sudden drop in the
magnetic field at the edge of the magnet, which could com-
plicate the analysis of the experimental results. Therefore,
three sets of magnet plates were arranged as shown in
Fig. 5 to prevent the neutrons from encountering such ab-
rupt changes in the magnetic field. Figure 6 shows a top-
down view of the magnetic viewer sheet placed on top of
three magnetic plates. The magnets are slightly misaligned
between the plates.

In order to prevent neutrons from scattering off the non-
polished surface of the magnet assembly, a 10-pm-thick
polished Ni foil was applied over the Kapton tape as shown
in Fig.7. This reduced the number of background events
that are difficult to analyze.

Figure 5: Three 50x50 mm magnet plates are arranged at a
5-degree angle to prevent neutrons from suddenly encoun-
tering the edges of the magnets.




Figure 6: Top view of a set of three magnet plates.

Figure 7: 10-um-thick polished Ni foil applied over the
Kapton tape (see text).

EXPERIMENT

To demonstrate that this magnet can bend the neutron
beam as expected, we conducted an experiment using a
prototype mirror and observed the wavelength dependence
of the reflected neutrons. The experiment was performed
at BL16 (SOFIA) of the J-PARC MLF. Fig. 8 shows the
experimental setup. The neutron beam incident from up-
stream (the left side) is restricted in size and divergence
angle by two slits before it is irradiated onto the sample,
reducing its height to 0.1 mm. Neutrons reflected from the
sample surface are measured by a position-sensitive detec-
tor. Since this detector has time resolution, we can observe
the wavelength dependence of the reflection angle by uti-
lizing the pulsed neutron characteristics of the J-PARC,
based on the time-of-flight (ToF) of the detected neutrons
and their position on the detector. As mentioned earlier,
the sample consisted of three magnetic plates stacked to-
gether.

Since a large number of background events, believed to
be caused by neutron scattering on the non-flat surface of
the magnet, were observed, we have, as mentioned earlier,
affixed a thin Kapton tape to the magnet surface and placed
a 10-pum-thick, mirror-polished Ni foil on top of it. Niis a
ferromagnetic material, and because it is thin, once it is at-
tracted to the magnet, it is difficult to peel off. The Kapton
tape facilitates the peeling process.

After installing this 10-micron Ni foil, the number of
random background events decreased, and we were able to
obtain better data changing the magnet height and angle.
Fig. 9 shows one of the measured data. The components
of neutrons totally reflected at the Ni surface appear in the
horizontal region, regardless of their wavelength (ToF).
Since the component that is deflected by the magnetic field
causes the deflection point (distance from the magnet) at
which the sign of the vertical velocity reverses to vary de-
pending on the wavelength, the detection position is wave-
length dependent. Other noise is believed to be back-
ground noise caused by scattering off the nickel-plated sur-
face of the unpolished magnet. Note that this experiment is
highly sensitive to the relative alignment of magnets. Alt-
hough the experimental data is recorded using the absolute
values of the magnet angles and heights indicated by the
apparatus, these values should be considered relative.

Fig. 10 shows a simulation result currently under inves-
tigation. The components of neutrons totally reflected at
the Ni surface also appear in the horizontal region,

regardless of their wavelength. The components that were
deflected by the magnetic field also seen.
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Figure 8: Setup at the BL16 at MLF, J-PARC.
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Figure 9: Example of Detected position of reflected
neutron as a function of ToF.
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Figure 10: Simulation output.

CONCLUDING REMARKS

We fabricated a magnet capable of generating a magnetic
field gradient and conducted neutron beam experiments.
The results are under analysis.

As a next step, we plan to evaluate the effects of corner
reflections, which are essential for neutron guide tubes.

ACKNOWLEDGMENT

This work is partially supported by JSPS KAKENHI
Grant Number JP23H03659. The neutron experiment at the
Materials and Life Science Experimental Facility of the J-
PARC was performed under a user program 2024B0198
and 2025A0268.

REFERENCES

[1] H.M. Shimizu et al., "Measurement of cold neutron-
beam focusing effect of a permanent sextupole



magnet", Nucl. Instrum. Methods Phys. Res. A, Vol. 430,
n0.2-3, pp. 423-434, 1999,
d0i:10.1016/S0168-9002(99)00238-7



	introduction
	magnetic Neutron deflection
	Magnetic Gradient Mirror
	Magnets
	experiment
	Concluding remarks
	Acknowledgment
	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



