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Symmetry Tests with Slow Neutrons

spallation neutron sources

Spallation Neutron Source of Oak Ridge National Laboratory

Spallation Neutron Source of J-PARC

SINQ and Ultracold Neutron Source of Paul Scherrer Institute

Ultracold Neutron Source at TRIUMF

European Spallation Source at Lund
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Symmetry Tests with Slow Neutrons

CP-violation T-violation 
CPT theorem
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electric 
dipole 

moment

entrance channel 
of compound nuclei

Strong

Weak

Neutron 
EDM (    )

atomic

QCD

Fundamental 
CP phases

TeV

Energy

nuclear

EDMs of paramagnetic 
molecules

 (YbF, PbO, HfF+)
Atoms in traps (Tl,Rb,Cs)

EDMs of diamagnetic 
atoms (Hg,Xe,Ra,Rn)

EDMs of nuclei 
and ions   

(deuteron, etc)

Muon EDM

Pospelov Ritz, Ann Phys 318 (05) 119

gluon
self-couplings

eN couplings
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Electric Dipole Moment
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Neutron Electric Dipole Moment
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Atomic Electric Dipole Moment

M.V.Romalis et al., Phys. Rev. Lett. 86 (2001) 2505

W.C.Griffith et al., Phys. Rev. Lett. 102 (2009) 101601

J.Baron et al., Science 343 (2013) 269

Molecular Electric Dipole Moment

Neutron Electric Dipole Moment

C.A.Baker et al., Phys. Rev. Lett. 97 (2006) 131801

Proton, Deuteron Electric Dipole Moment → 10-30 e cm

PSI, TRIUMF, SNS → 10-27 -10-28 e cm



page

Title(Symmetry Tests with Slow Neutrons) 
Conf(FPCP2015) 
Date(2015/05/27) At(Nagoya) 20

search for the phase change when the electric field is reversed

hω+=2µnB+2dnE B E

h̄�+ = 2dnE + 2µnB

hω-=2µnB-2dnE B E

Measurement of Neutron Electric Dipole Moment

Cold Neutron Diffraction 
by Single Crystal

Confined Ultracold 
Neutron

E=104 V/cm, T=100s E=109 V/cm, T=1ms

long precession time strong electric field

E=105 V/cm, T=0.1s

Guided Cold 
Neutron

resolved systematics
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Cold Neutron Diffraction 
by Single Crystal

Confined Ultracold 
Neutron

E=104 V/cm, T=100s E=10

long precession time strong electric field

E=10

Guided Cold 
Neutron

resolved systematics
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Measurement of Neutron Electric Dipole Moment
Confined Ultracold Neutron Spin Precession Frequency

neutron confinement bottle

electrode

electrode

laser for atomic magnetometer

magnetic field 1µT electric field 1fT equiv.
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Measurement of Neutron Electric Dipole Moment
Confined Ultracold Neutron Spin Precession Frequency

precision control of magnetic field

density of confined neutrons

accuracy of the magnetic field measurement

superthermal production of ultracold neutron

transport optics with minimum density decrease

control of the motion of confined neutrons

optical properties of neutron reflectors

atomic magnetometry

magnetic field 1µT electric field 1fT equiv.

hω+=2µnB±2dnE

B E
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Doppler Shifter UCN Rebuncher
pulsed UCN generator

mirror

rotation

high Qc mirror for  
direct reflection 
m=10, R=0.4

VCN 
beam

deceleration

neutron accelerator

Date(2010/07/17) by(H.M.Shimizu)
Title(Status Report of P33: Measurement of Neutron Electric Dipole Moment at J-PARC)
Conf(10th J-PARC PAC) At(Tsukuba) 
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Design of Doppler Shifter
Fabrication of Doppler Shifter
Installation of Doppler Shifter
Production of UCN

Test UCN Beam

0.1 UCN/s (<7m/s)
0.025 UCN/s (4-6m/s)

DONE (Oct.2009)
DONE (Mar.2010)
DONE (Apr.2010)
DONE (May 2010)

Doppler Shifter ~ 4,000,000JPY
1.0 FTEFY2010

2.0 FTEFY2011
a part of neutron optics research

grant-in-aid of Univ. Tokyo
Multilayer mirror of Kyoto Univ.

RF Coil + tuner ~ 5,000,000JPY
RF Power Supply ~ 8,500,000JPY

B0 magnet ~ 1,000,000JPY
B0 power supply ~ 1,000,000JPY

a part of neutron optics research

Guide ~ 3,000,000JPY

UCN

TOF [sec]
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Focused

ON

Arimoto, et. al., PRA86, 023843(2013)

DLC mirror UCN simulation
high reflectivity, smooth, free-surface estimate systematics with high precision

R & D for next generation neutron EDM

Measurement of Neutron Electric Dipole Moment
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Cold Neutron Diffraction 
by Single Crystal

Confined Ultracold 
Neutron

E=10 E=109 V/cm, T=1ms

long precession time strong electric field

E=10

Guided Cold 
Neutron

resolved systematics
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Cold Neutron Diffraction in Single Crystal

Measurement of Neutron Electric Dipole Moment

atomic form factor

V.V.Fedorov et al., Phys. Lett. B694 (2010) 22

→ 10-26 e cm / 100 days

α-quartz (SiO2)
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incident neutrons

single crystal

Neutron-wave Propagation in Single Crystal



page

Title(Symmetry Tests with Slow Neutrons) 
Conf(FPCP2015) 
Date(2015/05/27) At(Nagoya) 29

atoms

nuclear potential electric potential

ψ1

ψ2

single crystal

node on planes

node between planes

electric field

incident neutron

Neutron-wave Propagation in Single Crystal
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E

E

v×E

v

vv×E
induced magnetic field

induced magnetic field

neutron spin

magnetic rotation π/2electric rotation

electric rotation

magnetic rotation π/2

Neutron Spin Rotation in Single Crystal
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by V.V.Fedorov

our choice
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Cold Neutron Diffraction in Single Crystal

Measurement of Neutron Electric Dipole Moment

BGO~109 V/cm

atomic form factor

completeness of crystal 
is under study

by S.Itoh, M.Kitaguchi, …



page

Title(Symmetry Tests with Slow Neutrons) 
Conf(FPCP2015) 
Date(2015/05/27) At(Nagoya) 34

Cold Neutron Diffraction 
by Single Crystal

Confined Ultracold 
Neutron

E=10 E=10

long precession time strong electric field

E=105 V/cm, T=0.1s

Guided Cold 
Neutron

resolved systematics
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F.Piegsa, Phys. Rev. C 88 (2013) 045502

|dn| ~ 5x10-28 e cm / 100 days

50m

500m/s
10MV/m200µT

spin flipper

spin flipper

spin analyzer

ESS

In-flight Measurement 
of Neutron Electric Dipole Moment
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Entrance Channel of Compound Nuclei
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Enhanced Sensitivity to P-violation 
in Compound Resonance
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eV neutron capture

potential scattering

compound resonance

s-wave resonance

p-wave resonance

target 
spin

resonance 
spin

neutron total 
angular momentum

interference
(common J and j)

0.01eV 5eV 5eV 50eV

50eV 1000eV

1000eV 4000eV
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P-violation in NN interaction

10-7 102-103

106 eV

10 eV

s-wave resonance P-violation is enhanced 
in p-wave resonance

enhancement via the interference 
between neighboring s- and p-wave

P-violation in Compound Nuclei induced by Neutrons
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En [eV]

|A
L|
 [%
]

139La

81Br

232Th

108Pd
232Th 113Cd 108Pd

232Th238U131Xe 107Ag
232Th

238U
232Th
121Sb

113Cd
232Th

127I115In

113Cd
117Sn

109Ag
115In

133Cs

Mitchell, Phys. Rep. 354 (2001) 157

Large P-violating effects ever found

PV in NN-interaction ~ 10-7 (10-5%)
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The interference between s-wave and p-wave 

causes 

the interference between partial waves with different channel spin.
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T-violation in Neutron Optics

f = A0 +B0� · Î + C 0� · k̂ +D0� · (Î ⇥ k̂)
Spin Independent 

P-even T-even
Spin Dependent 
P-even T-even

P-violation 
P-odd T-even

Spin Independent 
P-even T-even

T-violation 
P-odd T-odd

Spin Dependent 
P-even T-even

P-violation 
P-odd T-even

T-violation 
P-odd T-odd
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Spin Independent 
P-even T-even

T-violation 
P-odd T-odd

Spin Dependent 
P-even T-even

P-violation 
P-odd T-even

Spin Independent 
P-even T-even

T-violation 
P-odd T-odd

Spin Dependent 
P-even T-even

P-violation 
P-odd T-even

解析能 (Analyzing Power)

偏極 (Polarization)
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Estimation of Sensitivity to T-violation

�⇥CP = �(J)
w

v
�⇥P

Gudkov, Phys. Rep. 212 (1992) 77

T-violation P-violation

T-violating matrix element

P-violating matrix element

angular 
momentum 
factor(n,γ) measurement

we choose target nuclei 

with known ΔσP
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�⇥CP = �(J)
w

v
�⇥P

47

Gudkov, Phys. Rep. 212 (1992) 77

�(J = I +
1
2
) =

3
2
�

2

�
2I + 1
2I + 3

� �
2I + 1(2

�
Ix�

�
2I + 3y)

(2I � 3)
�

2I + 3x� (2I + 9)
�

Iy

�(J = I � 1
2
) = � 3

2
�

2

�
(2I + 1)

�
I�

(I + 1)(2I � 1)

�
2
�

I + 1x +
�

2I � 1y

(I + 3)
�

2I � 1x + (4I � 3)
�

I + 1y

x2 =
�n

p,1/2

�n
p

y2 =
�n

p,3/2

�n
p

T-violation P-violation

x2 + y2 = 1
x = cos � y = sin�

single unknown parameter (φ)
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I=1/2, J=1 (117Sn)

I=3/2, J=1 (131Xe)

I=3/2, J=2 (81Br)

I=7/2, J=4 (139La)

0.23

1.01

0.33

0.36

is more suitable

in average

κ(J) as a function of φ
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a0 =
�

Js

|V1(Js)|2 +
�

Js,j

|V2(Jpj)|2

a1 = 2Re
�

Js,Jp,j

V1(Js)V �
2 (Jpj)P (JsJp

1
2
j1IF )

a3 = Re
�

Js,j,J�
p,j�

V2(Jpj)V �
2 (J �

pj�)P (JpJ �
pjj�2IF )3

�
10

�
�

�

2 1 1
0 1

2
1
2

2 j j�

�
�

�

V1 =
1

2ks

�
Es

E

�
g�n

s ��

E � Es + i�s/2

V2(j) =
1

2kp

�
Ep

E

�
�n

pj

�n
p

�
g�n

p��

E � Ep + i�p/2

P (JJ �jj�kIF ) = (�1)J+J �+j�+I+F 3
2
�

(2J + 1)(2J � + 1)(2j + 1)(2j� + 1)
�

j j j�

I J � J

� �
k 1 1
F J J �

�

Flambaum, Nucl. Phys. A435 (1985) 352

V2( j=1/2) = xV2 = V2 cosφ    

V2( j=3/2) = yV2 = V2 sinφ

(n,γ) cross section (unpolarized case)

determination of φ

γ
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J-PARC  MLF BL04 ANNRI

Ge Spectrometer（Flight Length: 21.5m）

14 Ge（+BGO）Detectors  

θ＝70,90,110 deg.

Cluster-Detector sysyem
Intensity :    ~ 3 x 105 n/cm2/s     :  0.9 eV < En < 1.1eV @300kW

Sample Materials：natLa, LanatBr3, natXe

Neutron
Source

Neutron
Source

σ(Eγ, En,, θ) of (n,γ) reaction.

determination of φ
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Y.-H.Song et al., Phys. Rev. C83 (2011) 065503

Estimation in Effective Field Theory

T-odd P-odd meson couplings
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Estimation in Effective Field Theory

T-odd P-odd meson couplings~

~

~

~

~
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Estimation of Sensitivity to T-violation

T-odd term to be measured

If

then a discovery potential is at the level of

i.e.

present upper limit ~ 1

and neglecting isovector and isotensor
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assembling promising technologies

15m

3He (100 atm cm)

Pn=0.7 Tn=0.4

natXe (9000 atm cm)

PXe=0.25

8Re A*D=1.0x10-6

4cmx4cm(x20cm)

Bps=0.019T

Ω=4.4x10-5sr

Γ=0.1eV
dNn/dt=7.6x106n/s

epithermal source spin polarizer spin analyzerpolarized target

J-PARC/MLF BL07

NOP-T (Neutron Optics for T-violation)

KEK-2015S12 “Applications of Pulsed Polarized Epithermal Neutrons”

discovery potential
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Polarized Neutrons

SEOP 3He spin filter is available 

7 atm cm → 100 atm cm

Polarized Target

Epithermal neutron Detector

laser
system

605mm

135

coil
in mu-metal shield

3He cell

Solid Polarized Xe  with laser 

10B doped liquid scintillator

Epithermal neutron Optics

epithermal neutron transport optics,spin control, . . . 

NOP-T (Neutron Optics for T-violation)

KEK-2015S12 “Applications of Pulsed Polarized Epithermal Neutrons”
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H.M.Shimizu, M.Kitaguchi, K.Hirota, G.Ichikawa

T.Ino

K.Sakai, H.Harada, A.Kimura

T.Yoshioka

T.Shima

Y.Yamagata

M.Hino

T.Sugino, R.Sakakibara, S.Itoh, S.Hisamura

S.Awano, F.Goto, K.Nagamoto, M.Yokohashi, N.Oi, A.Okada

Nagoya Univ.

JAEA

KEK

RCNP, Osaka Univ.

Kyushu Univ.

RIKEN

RRI, Kyoto Univ.

Univ. British Columbia

Tokyo Institute of Technology

T.Momose

K.Asahi

T. IwataYamagata Univ.

V.GudkovUniv. South Carolina

W.M.SnowIndiana Univ.J.D.BowmanOad Ridge Natl. Lab.

NOP-T (Neutron Optics for T-violation)

KEK-2015S12 “Applications of Pulsed Polarized Epithermal Neutrons”
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Summary

Neutron Electric Dipole Moment

Entrance Channel of Compound Nuclei

CP-Symmetry Tests using Slow Neutrons

Confined Ultracold Neutron

Cold Neutron Diffraction in Single Crystal

aiming |dn| ~ 10-27-10-28 e cm

|dn| < 10-26 e cm

Various approaches with different systematics are important.

|dn| < 10-26 e cm

aiming |dn| < 10-27 e cm or less

Epithermal Neutron Optics




