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Various Neutrons

Name Energy Wavelength Velocity Temperature Application

Fast neutron >500 keV 40 fm 107 m/s 6 109 K
Nuclear physics
Astro physics

Epi-themral
neutron

10 eV 0.1 Å
44,000 
m/s

1 105 K Resonance capture

Thermal neutron 25meV 1.8 Å
2200 
m/s

300 K Neutron scattering 

Cold neutron 2 meV 6 Å 600 m/s 23 K
Neutron scattering for 

condensed matter (nm)

Very cold neutron
VCN 

50 meV 40Å 100 m/s 0.6 K Neutron interferometer 

Ultra-cold netruon
UCN

<300neV 500Å 8 m/s 3 mK Storage experiment

nature of matter wave plays a significant role in slow neutrons 
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neutron EDM

¶Current upper limit @PSI 2020
¶Ὠ πȢπ ρȢρ πȢς ρπ ÅẗÃÍ

ҦȿὨȿ ρȢψ ρπ ÅẗÃÍωπϷ#Ȣ,
C. Abel et al, Phys. Rev. Lett. 124, 081803 (2020)

¶Test of Time reversal symmetry
¶Same as CP symmetry assuming CPT conservation

¶Strong-CP problem
¶Ὠ ρȢυ πȢχ ρπ ʃÅẗÃÍ

Jordy de Vries et al., Phys. Rev. D 104, 055039 (2021) 

-> ʻ Ṃ10-10

¶SUSY mass scale
¶Ὠͯ ρπ Ὡẗὧάᵼ ςͯ4Å6(PSI limit)

ᵼ ρͯπ4Å6(Ὠ ρͯ ρπ ÅẗÃÍ

S. A. Abel and O. Lebedev, JHEP01(2006)133
K. Kirchand P. Schmidt-Wellenburg, 
EPJ Web of Conferences 234(2020) 
01007 

Experimental 
EDM limit 

CKM

Possible strong-
CPV

Current EDM limits for Strong CP
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nEDMmeasurements using UCN
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Stored UCNs presses under the electro-magnetic field. In order to measure 
nEDM, take the difference of  Lamour frequency of neutron under electric 
field reversal.
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C. Abel et al, Phys. Rev. Lett. 124, 081803 (2020)

Current upper limit: ҦȿὨȿ ρȢψ ρπ ÅẗÃÍωπϷ#Ȣ,@ PSI, 2020
Next generation experiments goal: 10-27 ecm



Crystal nEDMat  J-PARC

polarized perpendicular
to crystal-plane

The merit of the crystal diffraction method is to use high electric field of 108 kV/cm inside crystal.  
The superposition of transmitted and reflected waves with the same wavenumber can be described by two standing 
ǿŀǾŜǎΥ ʰ ǿŀǾŜǎ ǿƛǘƘ ƳŀȄƛƳŀ ōŜǘǿŜŜƴ ŎǊȅǎǘŀƭ ƭŀǘǘƛŎŜǎ ŀƴŘ ʲ ǿŀǾŜǎ ǿƛǘƘ ƳŀȄƛƳŀ ƻƴ ǘƘŜ ŎǊȅǎǘŀƭ ƭŀǘǘƛŎŜΦ Lƴ ǘƘŜ ŎŀǎŜ ƻŦ ƴƻƴ-
ŎŜƴǘǊƻǎȅƳƳŜǘǊƛŎ ŎǊȅǎǘŀƭǎΣ ǘƘŜ ʰ ŀƴŘ ʲ ǿŀǾŜǎ ŜȄǇŜǊƛŜƴŎŜ ƻǇǇƻǎƛǘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘǎ

nEDMsearch by crystal diffraction is also important as an experimental method for different systematic errors

Free flight 
metod

Crystal 
diffraction 
method

UCN method

interaction tiƳŜ ˍ ώǎϐ₩ 10-1 ₩ 10-3 ₩ 102

electric field E [V/cm] ₩ 104 ₩ 108 ₩ 104

neutron counts n [n/s] ₩ 108 ₩ 104 ₩ 102

sensitivity ů(dn)
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Crystal nEDMat  J-PARC

polarized perpendicular
to crystal-plane

The merit of the crystal diffraction method is to use high electric field of 108 kV/cm inside crystal.  
The superposition of transmitted and reflected waves with the same wavenumber can be described by two standing 
ǿŀǾŜǎΥ ʰ ǿŀǾŜǎ ǿƛǘƘ ƳŀȄƛƳŀ ōŜǘǿŜŜƴ ŎǊȅǎǘŀƭ ƭŀǘǘƛŎŜǎ ŀƴŘ ʲ ǿŀǾŜǎ ǿƛǘƘ ƳŀȄƛƳŀ ƻƴ ǘƘŜ ŎǊȅǎǘŀƭ ƭŀǘǘƛŎŜΦ Lƴ ǘƘŜ ŎŀǎŜ ƻŦ ƴƻƴ-
ŎŜƴǘǊƻǎȅƳƳŜǘǊƛŎ ŎǊȅǎǘŀƭǎΣ ǘƘŜ ʰ ŀƴŘ ʲ ǿŀǾŜǎ ŜȄǇŜǊƛŜƴŎŜ ƻǇǇƻǎƛǘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘǎ

nEDMsearch by crystal diffraction is also important as an experimental method for different systematic errors

measurement of internal electric field

by Pendellösung fringe

Bragg angle ɗ  [radian]Bragg angle ɗ  [deg]

SiO2(110) Bi12GeO20(532)
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Neutron Lifetime

¶Test of Standard Model
¶ὠ of the CKM matrix can be calculated with 
¶Neutron lifetime: Ⱳ▪

¶Axis/vector coupling constant:‗ḳ

ὠ
Ȣ Ȣ ÓÅÃ

¶An input parameter of the Big Bang Nucleosynthesis
¶Abundance of the light elements in early universe can be calculated with
¶Baryon to photon ratio

¶Nuclear cross section

¶Neutron lifetime
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Beam method: Count the decay

Unknown systemstic?

New physics (dark decay, ...)?

Quantum Zeno effect?

Measurement in space

New, and different type of  
experiment is required.

Mod. Phys. Lett. A 35, 31, 
2030019 (2020)

arXiv:2011.13272 (2020)

уΦр ǎ όпΦлˋύ

Neutron lifetime puzzle

PRD 101, 056003 (2020)

arXiv:2011.07061 (2020)

Storage method : Count the missing
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Neutron Lifetime puzzle
Between two methods of measurement, which measured decayand missing, 
there is 8.5 s (4.0̀) deviation of the value of lifetime. 

will be discussed by C.-Y. Liu

Slide from K. Mishima
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Principle of J-PARC experiment
Cold neutrons are injected into a TPC.
The neutron b-decay and the 3He(n,p)3H reaction are measured simultaneously. 

Kossakowski,1989Principle

This method is free from the uncertainties due to external flux monitor, wall loss, depolarization, etc.
The goal is the experiment  is accuracy of 1 sec.

Hosokawa, RCNP workshop "Fundamental Physics Using Neutrons and Atoms 2022"



Experimental Setup @ J-PARC
SFC in  lead  sh ield

Ir on sh ield

Vacuum  cham b er

Neut r on  b eam

8

Dr if t  cage and  M WPC

13

Gas handing
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The first result from J-PARC
The published result by using data using 2014-2016 was

† ψωψρπίὸὥὸȢ ίώίȢ ψωψ s
[K. Hirotaet al., Prog. Theor. Exp. Phys. 2020, 123C02]

p

In-beam method
Count the dead

Storage method
Count the living

J-PARC

The improvement for better accuracy up to 1 sec is on going
large aperture SPC Analysis update
Background reduction , and so on.

They have taken data of statistical
uncertainty of 2 s 
Ҧ Analysis Ongoing
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Gravity

¶Hierarchy problem
¶Gravity is too small compared with other interactions
¶Strong 1

¶Electro-Magnetic 10-2

¶Weak 10-5

¶Gravity 10-40

¶Large Extra Dimension model was proposed to solve the problem
¶The gravity force is escaping to the other dimension

¶gravity become strong in the short distance
NimaArkani-Hamed, SavasDimopoulosand Gia DvaliPhysics Letters B 429.3 (1998): 263-272. 

¶in this theory, gravity is modified as

ὠὶ Ὃ ρ ‌Ὡ ϳ

16

correction term
‌: coupling, ‗: range



Quantum states in earth gravity
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ÅGravity
potential well

Schrödinger equation
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Ichikawa et al.,  PRL 112, 071101 (2014)
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Small angle scattering with noble gas

Scattering cross section is modified by short 
range force
Ὠ„

Ὠɱ
ὦ ςὦ ɇ‌Ὂ — ‌Ὂ —

ὦ : nuclear scattering (isotropic)
‌Ὂ —: short range interaction

(angular dependence)

Experimental setup at J-PARC

Haddock et al., Phys. Rev. D 97, 
062002 (2018)
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Neutron Interferometer

Heacocket al., Science 373, 6560 (2021)

Experiment at NIST

Neutron scattering
The phase shift of the sample can be measured by the neutron 
interferometer 
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n-nbaroscillation
¶Baryon number violation

ὲᴼ ὲḊɝὄ ς
¶post-sphaleronbaryogenesis

SU(2)L SU(2)R SU(4)c † υ ρπÓÅÃ
K.S. Babu et al., Phys. Rev. D 87, 115019 (2013)
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n-nbaroscillation experiments

magnetic shield
vacuum

Proposal  @ ESS
free flight cold neutron

UCN storage

Å > few 10 times better sensitivity than ILL
Å strongly depend on the cold neutron source 

performance

focusing
mirror
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Summary

Slow neutrons are unique 
probe

¶to test standard model

¶to search new physics

¶There is a plan to build a new 
research reactor (10 MW) in 
Japan
¶we are designing to the slow 

neutron source to conduct the 
rich science programs
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BUCKUP
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property of neutron 
¶Electro-magnetic interaction 
¶electrically neutral

¶magnetic moment : 60 neV/T
¶spin 1/2

¶Strong interaction 
¶Scattering length

¶Weak interaction
¶̡ -decay
¶lifetime: 878.4 0.5 sec

¶Gravity
¶mass: 939.6 MeV/c2

¶gravity 
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J-PARC 
Materials and Life Science Experimental Facility(MLF)

Neutron Beam Line at MLF
Å 21 Beam line(+ 2 vacant port)
Å Mainly for Material and Life Science
Å imaging
Å diffraction
Å Reflectometer
Å spin echo

Å One Fundamental Physics Beam line
Å BL05 : NOP

Mercury Target

Moderator

proton
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BL05: Neutron Optics and Fundamental Physics (NOP)

[cm]

High Polarization Branch

Experiment  Beta decay
Mirror               Magnetic Supermirror(2.8Qc)
Configuration   Polygonal approximation     

12unit ³0.262 deg.(R=82m)
Cross-section          40mm   ³100mm
Channel   4ch
Bender Length       4.5 m  (375mm ³6 ³2)
Bending Angle      3.14 deg.

View of the Optics from Upstream

7m from moderator

Low Divergence Branch

Experiment  Interferometer
Mirrors                  Supermirror (3Qc)
Configuration          2 mirrors
Critical Angle        0.95 deg.
Bending Angle       3.85 deg.

High Intensity Branch

Experiment  Scattering
Mirrors                 Supermirror (3Qc)
Configuration       Real Curve 
Curvature                100m
Cross-section        50mm ³40mm
Channel                       5ch
Bender Length       4.0 m (2.0m ³2)
Bending Angle       2.58 deg.

Mishimaet al., 
NIMA 600 (2009) 
342ς345



B E

UCN Source

Delivered to TRIUMF

UCN guide developmentat J-PARC

Overview of the TUCAN apparatus
and KEK contribution

nEDMSpectrometer

Spin analysis &
UCN detection

Helium-3 cryo. development
at KEK/Tsukuba

Spin AnalyzerDevelopment at J-PARC

W target

Proton Beam
(480 MeV, 40 ˃ !
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