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Upper
limit
3×10-26

10-30

1

129Xe co-magnetometer
to reduce it
~10-28 e cm

10-27~10-28 e cm at TRIUMF

Superfluid helium (He-II) 
UCN source to reduce it
10-26~10-27 e cm at RCNP

Our approach

A nEDM measurement by using a 
spallation UCN source of He-II

Y. Masuda (KEK), Sep. 9, 2013, PSI2013

1.5×10-26

0.7×10-26

Statistical
error

Systematic
error

ILL



We have placed He-II in a 
spallation neutron source

2



Ring Cyclotron 
Ep=400 MeV

Ip=1 μA → 10 μA 

We have placed the UCN source at RCNP, Osaka

3

4 m concrete wall



10
K
D 2
O

30
0
K
D
2O

390 W
proton beamlead target

He-II

We have produced UCN

4He
pump

3He
pumpUCN

guide

He-II
cryostat

3He
circulator

UCN
valve

Primary biological shielding 
iron and concrete

n
phonon

UCN
open

closed

UCN
detector

P = 4 UCN/cm3∙s at Ec = 210 neV for 0.4 kW p beam
τs = 81 s              Phys. Rev. Lett. 108(2012)134801
240 s irradiation 
  26 UCN/cm3 at Ec = 90 neV,
  75  ( ∝Ec3/2)  　　　180

4



π/2 RF coil
EDM cell

Rotary valve

Magnetized
iron foil

UCN detector

Spherical coil

Door valve

Ec = 90 neV

polarized

UCN filling

analyzed

spin
precession

tc

precession 
measurement

UCN valve

Ramsey resonance



Result of Ramsey resonance

6

(ω-ωo)tc =

-4π
-2π0 2π
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EDM is obtained from a phase shift upon E reversal 
∆dsta = h/{2PnEtc√N} Pn : UCN polarization, N : ρUCN Vcell



E
10
kV/cm

Bo
1

μT

spin s

Spin precession
U(t) = exp{i(μ∙B0 + dn∙E)∙t/h}

μ, dn ∝ s

EDM cell

1st π/2
ωotc precession phase

∂Bo/∂z

Effect of particle motion

7

Transverse fields, (∂Bo/∂z)r/2 and E×v/c2 rotate 
upon particle motion

(ω-ωo)tc

ωtc RF phase
2nd π/2



Phys.Lett. A376(2012)1347

Effect of time dependent interaction
Geometric phase effect

E×v/c2・(∂Bo/∂z)r/2 cross terms induce false effect
8

ωr

ωL

B0

S

B0z
B0r
z



GPE suppression of Xe co-magnetometer

ωr/ωL

9

<r(t)v(t-τ)> → <<1
for short mean free path λ 
r(t) is almost constant
v(t-τ) rapidly changes

Diffusion velocity is in ωr << ωL
vxyλ/(2R)2 = 8Hz << ωL/2π =120Hz 
at B0z = 10μT
Suppression [{vxyλ/(2R)2}/(ωL/2π)]2
dafXen → 4×10-28 e cm at 3 mTorr

UCN: Adiabatic regime ωr << ωL
dafn=-ℏ/4·(∂B0z/∂z)/B0z2·vxy2/c2 
     = 1x10-27 e cm
at ∂B0z/∂z = 1nT/m, B0z=1μT

Atomic co-magnetometer:
Non-adiabatic regime ωr >> ωL
dafXen =ℏ/8·γnγXe(∂B0z/∂z)R2/c2

         = 8x10-26 e cm at R = 25 cm

 

UI (t) = 1+
isz

1
4
γ 2 E

c2
∂B0z
∂z

dt ' dτ cos(ω0τ )0

t '

∫0

t

∫
{x(t ')vx (t '−τ )− x(t '−τ )vx (t ')+ y(t ')vy (t '−τ )− y(t '−τ )vy (t ')}
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1.
2 

mUCN
double
valve

H
e-

II

3 m

Target

UCN guide

Ec = 90 neV

Ec = 210 neV

EDM cell

Door
valve

Gravity
acceleration

20K D2O10K D2O
He-II

300K D2O
Target

UCN
valve

SCM
polarizer

UCN
double
valve

Rotary
valve

1 
m

6.5 m

Ec = 210 neV

Improving UCN transport for 
higher ρUCN in the cell

nEDM at a room temperature 

Gravity
mgh = 120 neV

VF + μB 
210±120 

neV

ρpol = 26/2
 UCN/cm3

ρ = 26
 UCN/cm3

transport
loss



Extracting polarized UCN
μB(>3.5T) > 210 neV
VF(guide)  = 210 neV
VF(Al)        = 54 neV 

He-IIXe

VF(Al) is compensated with μB, and UCN transmission is enhanced
UCN loss, hydrogen effect, at the Al foils is expected to be small

SCM

Al foils UCN valve

opened at EDM cell filling

11

           absorption   up-scattering   reflection
   1H    σγ = 0.33 b   σinc = 20 b       bcoh = -3.74 fm
 27Al                = 0.23 b            = 9.8 mb          =  3.45 fm 

    Fe          = 2.56 b                  = 0.38 b           =  9.55 fm



Increasing ρUCN 
in the source

P (production rate) ∝Ip×Ep 
(∫∫dEindEUCN Nσ(Ein→EUCN)dΦn(Ein)/dEin)

12

ρ U
C

N

 t τs

Pτs

P

τs (UCN lifetime)
   = 1/{1/τph + 1/τw + 1/τβ}

250 s

123 s

64 s

36 s

600 s

0.
8
 K 0.

9 
K

1 
K

1.
1 

K 1.
2 

K

1370 s

0.
7 

K

He-II phonon
up-scattering

      τph = 600 s at 0.8 K
      τw = 246 s (wall loss)
                          Z. Phys. B59(1985)261
      τβ = 886 s (β decay)
= 174 s
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Target

 0.8 K He-II production

Exhaust
valve for

bottle cleaning
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1K
pot

3 H
e

p
u

m
p

in
g

4 H
e 
p
um
p
in
g

8L
pot

Liq.He

Isopure
4He

3He

Pulse
Tube

UCN source
GM cryostat

10K D2O
He-II

UCN
valve

SCM
polarizer

UCN detector

Door
valve

300K D2O

14

Reflector and shielding

SteelConcrete Graphite
Target

Exhaust
valve for

bottle cleaning

3He
cryostat

3He-4He
Heat

exchanger

EDM
cell



We have achieved 0.7 K for the 35L He-II 
at a heat load of 1W  July 5, 2013

UCN source
3He cryostat

Superconducting
coil

3He pumping
2000 m3/h

Liq. He arrived from Qatar

1 W heater in He-II
⟷ γ heating at
    10μA×400MeV
➞ 0.73 K

➞ 43 slm

Sep. 4, 2013
The heat load was removed

3He, He-II temperatures

4He, 3He evaporation rates

40 mW
slm
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300K D2O
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He-II

Target
GraphiteSteelConcrete

We will restart UCN production 
and Ramsey resonance

H.V.

EDM
cell

in Nov. 2013

in Dec.
2013
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4 kW
(2000 m3/h)

Ip×Ep 
400 W

20 kW
(10000 m3/h)
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ρpol∝Ip×Ep

260 UCN/cm3

26 UCN/cm3



0"

2.5"

5"

7.5"

10"

0"

500"

1000"

1500"

2000"

2013" 2014" 2015" 2016" 2017"

St
a$

s$
ca
l(e
rr
or
((

(1
0/
26
(e
(c
m
/d
ay
)�

Pr
ot
on

(b
ea
m
(p
ow

er
(x
1/
10

((W
)(

Po
l.(
U
CN

(d
en

si
ty
((U

CN
/c
m
3)
�

nEDM Timeline

19

∆dsta∝√ρpol

assuming
D2 
moderator 

RCNP, Osaka
Ec = 90 neV
Vcell = 3 L

TRIUMF
Ec = 90 neV
Vcell = 3 L

3.6×10-26 e cm/d

1.1×10-25 e cm/d

R. Picker’s poster
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