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Efficient Usage of Neutron Beams
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Transverse Motions: Focusing, Imaging

Longitudinal Motion: Rebuncher,Velocity Concentrator

Demonstrated Rebuncher (Accelerator/Decelerator)

mPMSx

RF coil

~6MHz~200MHz

30 cm

neutrons

Superconduncting magnet

Flipper unit

Velocity Concentrator

TOF [sec]
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

N
eu

tro
n 

co
un

ts

10

210

TOF [sec]
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

N
eu

tro
n 

co
un

ts

210

310

Magnetic wall mirrorMagnified Neutron Imaging

N

N
S

Deflect Neutron  
by dB/dx

Principle



AFAD 2024.04.18 @Taiwan

Wg

γ G
Gravitational Interaction

1m

103neV

0neV

Weak Interaction

pne-

νe

τ=885.7s

Electromagnetic Interaction

1T
60neV

- 60neV

0neV

Strong Interaction

244neVNi

d

u

dn
eVMeV meV µeV neV

1010K 109K 105K 104K 103K 100K 10K 1K 0.1K 0.01K 1mK 100µK 10µK
100fm 0.01nm 0.1nm 1nm 10nm 100nm 1µm

kinetic energy

temperature

wavelength

epithermal thermal cold very-cold ultracoldfastn
neutron conversionmoderation

suitable for precision measurement

The Four Fundamental Forces of Nature



AFAD 2024.04.18 @Taiwan

Photon Case
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http://www.atomin.go.jp/atomin/high_sch/reference/radiation/radiation_light/index_05.html
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J-PARC MLF
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https://j-parc.jp/researcher/MatLife/ja/instrumentation/
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Neutron Optics: 
Focusing by  

Sextupole Lens
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How to manipulate 
neutrons?

magnetic field

N

N
S

magnetic dipole 
moment

neutron

Force f = dp/dt is proportional to the field gradient G=dB/dr,  
which is proportional to the distance r from the axis in a sextupole 
field (G=dB/dr ∝r, B∝r2). ➔ Can be a lens!

Neutrons can be deflected by its magnetic 
moment in a magnetic field with a high gradient.
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Focal Length：
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Magnetic Focusing by Sextupole

Chromatic Aberration！

κλ ≡ λmax / λmin( )

Only parallel components can be focused

Modulate G6 ∝ t-2！
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Elongated Beam Line @HUNS

Magnification: x2.6

4Qc supermirror 
 (4º → 6ºx2)
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1m
0.5m

4.1m10.2 m

Object

Source
Fixed PMSx (0.3m x2)

modPMSx (88mm x3)

2D Detector
(RPMT)

Vacuum Flight tube

4Qc (m=4) supermirror (4º angle)

Optics Layout

Direct imagex2.6 Magnified  Proc. Int. Conf. Neutron Optics (NOP2017) 
JPS Conf. Proc. 22, 011008 (2018) https://doi.org/10.7566/JPSCP.22.011008

1.5kWmotor

2.2kWmotor

2.0kWmotor

Bearing supports the
outer ring of the PMSx
and inner ring of TC

Inner ring of PMSx
Outer ring of PMSx

Inner magnet of TC Belt drives the ringFlight tube

Flight tube

Handle for manual
setting of the angle
(middle unit)

Rotation sensor

Worm gear
for manual setting

Outer magnet

modPMSx  
(88mm x3)
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New result
Previous result

Double mirror might degrade the image.

Fitted by Convoluted Fn.
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Modification for Strength

The sextupole strength is increased by a factor of four. 
However, the outer magnet was reused as is,  
resulting in a LESS dynamic range. 
A SHORTER focusing distance will be demonstrated.
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Original magnet for ø15 Fabricated magnet sizes for ø7
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Neutron Optics: 
Magnetic Repulsive 

Wall
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Multipoles

• If the magnetic field strength at the wall is constant, 
the magnetic field inside decreases as the number 
of poles of the multipole magnet increases. 

• At the extreme limit, it behaves like a surface mirror.
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Dipole Quadrupole Sextupole Octupole Decapole Dodecapole
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Halbach Array 
Current  Device 

Actual transport efficiency is less 
due to alignment errors etc. 
Expensive due to production, 
installation and structural rigidity 
for accuracy requirements.

But

For example, in J-PARC MLF BL05, the actual transport efficiency is about 50% compared to the simulation.

Neutrons are transported by 
reflections on the inner 
surface of the hollow duct.

Real Neutron Mirror

Reflections

Ideal Neutron Mirror

n

n

Deflects neutrons by 
magnetic field gradient and 

transports them without 
contacting the material.

Magnetic Field with Gradient

Spin parallel to magnetic field

Spin anti-parallel to magnetic field

Magnetic Potential Mirror
Possible Device

n

Magnet

dusts

Fuzzy surface

While 60 [neV] @ 1T < 245 [neV] of Ni, large tolerances are beneficial.
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Proof of Principle Experiment
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Central wavelength 0.88 nm (~ 1.1 meV), width 2.8 %

JRR3 Beamline MINE2

Neutron 
Source

Cold 
Neutron 
Beam

MINE2
JAEA https://jrr3.jaea.go.jp

Experiment was performed at JAEA JRR3 MINE2.

Layout

Slit 1

n
Neutron 
Beam

0.1 mm × 0.1 mm
Slit 2

0.2 mm × 0.2 mm

1677 mm

Verify that neutrons are 
repelled by the magnetic 

field gradients

Scan the angle

 Detector3He

Magnetic Wall

incidence 
angle θ

Slit 3

Arm

0.3 mm × 0.3 mm

600 mm

30 mm

136 mm

Divergence ~ 0.2 mrad
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U = |μn |σ ⋅ B
；neutron spin
；Magnetic field

σ
B
μn = − 9.6623707 × 10−27 [JT−1]



"Neutron Reflection Measurement by Magnetic Field Gradient Mirror for Lossless Transport of Cold Neutrons" 
March 15-19, 2022 77th Annual Meeting of the Physical Society of Japan 
Poster Presentation 18pPSV-16 
Shihori Kawamura, B4, Laboratory of Particle Physics, Nagoya University (Φ Lab) page
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Matches the angle 
predicted from the 

magnetic field gradient!

Neutron deflection using a 
magnetic field gradient plate 

was confirmed

Incident angle θ~1.7 mrad, (measurement time 75 s).

Direct: 
1065 Counts

Positive: 
548 Counts

Negative: 
373 Counts

Negative-polarity neutrons are thought to be 
detected in small numbers, as some of them hit 
magnets or substrates and could not be detected

Positive polarized 
neutrons were 

detected at about 1/2 
the count of direct.

→ Neutrons could be separated 
into two pathsPositive polarity neutrons.Negative polarity neutrons.

Magnetic 
Field 

Gradient

Neutron Beam

NdFeB
Magnet
Prisms

Magnet Wall

A long magnet 
would have stopped 
the negative polarity 

neutrons.

The magnet plate was 
short and both positive 
and negative polarity 

neutrons were observed. 

The next step is to create a 
gradient-field neutron guide 

and verify that it can transport 
neutrons
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48H

Fe

Vacuum

Vacuum

Starting from 90º

Halbach Array 
Starting from 45º

Rotate easy axis CCW by 90º when lining up. 
Both layouts show almost the same |B| distribution. 
Y-dependence behaves as an exponential function.

@Y=0.1mm

Vacuum

Fe

Vacuum

X

X
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Newly Fabricated Magnet Arrays
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90º 45º

Next experiments using these devices are currently underway.
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Summary
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Longitudinal Motion Control was also demonstrated.

Rebuncher

RF coil

~6MHz~200MHz

30 cm

neutrons

Superconduncting magnet
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Magnetic Optics – No material contact - Fuzzy surface mirror 
Transverse Motions: 
• Focusing / Imaging 
• Magnetic Repulsive Guide – Fuzzy Mirror 

Longitudinal Motion: 
• Rebuncher (Accelerator/Decelerator) 
• Velocity Concentrator

Effective use of precious neutrons!
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Thank You !


