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Our approach to nEDM

1 Spallation UCN production in He-II

                 for counting statistics

2 129Xe co-magnetometer

                 for systematic error



Super-thermal UCN source

ILL, KEK-RCNP, LANL, PSI, Munich, SNS, NCSU, Indiana, PNPI

phonon

Φn

UCN

Ein

EUCN

S(Q,ω)

He-II
or SD2

UCN bottle

Neutron cooling by using phonon phase space

cold n
τs : storage lifetime 

ρUCN = Pτs{1-exp(-t/τs)}
      → P t   t <<τs
    → Pτs   t >>τs

P : production rate
∫∫dEindEUCN

   Nσ(Ein→EUCN)dΦn(Ein)/dEin

d2σ/dQdω=kf/ki σcoh/4π S(Q,ω)



New UCN sources

超流動ヘリウム
（UCN発生部）

Cold
n 

source

n
guide

solid angle
10-3~10-4

He-II

He-II

SD2

ρUCN = P(production) ×τs(life) ×εext(extraction) ×εd(dilution)

P      midium            large             small
τs      long                short             long
εext    large               small             large
εd     large               small             large



Our approach to high density UCN

We use He-II and cyclotron

1 ρUCN = Pτs (or P t)
  Long period for UCN production:
  We don’t need high proton current.
  Time constant of UCN EDM measurement is long.
2 Large volume for UCN production:
  Very long UCN mean free path. 
  Dilution upon EDM cell filling is reduced. 
3 Spallation:
  Background and gamma heating are cut off
  during measurement.



Our UCN production



Spallation n 
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Neutron source parameters

γ

 dwelling time

Ep

Spallation

σs

σa

γ heating

absorption
life
time

Moderation
heating

neutron
m: mass

proton

nucleus
M: mass

Lethargy
ξ = -ave(ln(Ef/Ei))
 = 2/(M/m +2/3)

λ = 1/(Nσs)
N: density

σs : scattering 

τa = 1/ (Nσav)
σa : absorption

moderation

Mean free
path λ

diffusion



Moderator material

        H2O  D2O  D2  Be  C   Pb

Lethargy    0.95 0.57 0.75 0.21 0.16 0.01

Mean free path  0.29 2.2  6.0  1.2  2.6  2.7
(cm)  λ = 1/(Nσs)
  Density N (1023/cm3)      0.34  0.33  0.25  1.24  0.80  0.33
  Scattering σs (b)   103  13.6  6.8   7.0   4.8   11.3

Life time (ms)  0.21 100  177  3.46 13  0.81
  τa = 1/ (Nσav)
  Absorption σa (mb)        665  1.23  1.04  7.6   3.53  171

For high Φn at 1 meV, high lethargy 
short mean free path, low absorption ( = low γ heating)



Extraction from source

neutron
capture γγ heating

cold
neutron

Superfluid He, εext∼100% 

UCN
production

Vacuum
phonon

quickly removed

diffuse to
UCN guide /

storage volume

4He
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UCN production in He-II

S(Q,ω)

in
He-II

M.R. Gibbs et al. (1999)

single
phonon

multi phonon

P = 14 UCN/cm3/s at 20K
   = 6               at 50K
   = 4               at 80K

MCNPX



UCN lifetime τs

250 s

123 s

64 s

36 s

600 s
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He-II  [Golub et al. (1983)]
phonon up-scattering, 1/τph ∝ T7

  τph= 600 s at 0.8 K
  τβ = 886 s (β decay)
  τw = 246 s (wall loss) 

                        Z. Phys. B59(1985)261

  τs = 1/{1/τph + 1/τβ + 1/τw} 
     = 150 s

diluted with vacuum
  → τs = 1.6 s, Los Alamos
  → τs = 6 s,   PSI

SD2 [Phys.Rev.C71(2005)054601]
  τph        = 40 ms at 8 K
  τortho-para = 100 ms
  τa         = 150 ms
  τs         = 24 ms

1370 s

0.
7 

K
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4He
pump
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UCN
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He-II
cryostat

3He
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UCN
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Iron and concrete

390 W
proton beamlead target

n
phonon

UCN
open
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UCN
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He-II

A 100 s 
proton
pulse
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UC
N 
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ts
/s

fast neutrons

UCN

s

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

Vertical UCN source:  P = 4 UCN/cm3/s
          UCN density in 8L He-II is 320 UCN/cm3

Phys. Rev. Lett. 108(2012)134801 
Horizontal:

improving geometry                       ×1.2
increasing RCNP p beam 10μA×400MeV  ×10
using TRIUMF p beam 40μA×500MeV      ×5
storage lifetime τs = 81 s → 150 s         ×2   

                         P τs = 36000 UCN/cm3

in 11L He-II
P τs εd = 12000 UCN/cm3

at UCN valve in He-II
εd : dilution factor

ρUCN = P τs εd



2nd generation source
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For γ heating at 500MeV×40μA

      Q       ×   PHe   ×   dV/dt    / {   R     ×      T }
 latent heat      vapor    pumping         gas          pump
     of          pressure    power        constant  temperature
vaporization

   34.5     1.5 at 0.7 K    1×104      8.3×10-5      300  = 8.5 W
   J/mol    Torr              m3/h     m3bar/(mol∙K)    K
               (τph = 1370 s)                       
              3 at 0.8 K                                     = 17 W
                  ( 600 s)                        
              6 at 0.9 K                                      = 34 W               
                  ( 250 s)
             10 at  1 K                                      = 57 W
                  ( 123 s)

γ heating : Monte Carlo Code PHITS
5.2 W in the He-II at a proton power of 20 kW

Cooling power of 3He pumping at 10000 m3/h



Temperature difference between 
3He and 4He

Kapitza thermal boundary resistance

RK = 0.004/T3/S (K/W) at T = 0.8 K, S in m2

      Total surface area of the heat exchanger S = 2 m2

      Sand blasted surface RK x1/2 (PLA 37, 101(1971))

RK = 0.002 (K/W) 

δT = 0.01 K for dQ/dT = 5.2 W

Thermal conductivity in the heat exchanger of 6N Cu
δT = (dQ/dT)/(κ x S/l)

     κ = 25 W/cm/K at T = 0.8 K, S = 368 cm2, l = 1 cm

δT = 0.001 K for 5.2 W

Lounasmaa, Academic Press (1974)
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Spherical coil, no quadrupole component

three dimensional dipole
ψ~ (Ni/6)(r0/r)2cosθ

uniform z-directed field
ψ~ -(Ni/3)(r/r0)cosθ

divB = 0

2r
0

θ r0dθ

dz

z

i

compact apparatus → suppress the cost

10-4 setting and current fine tuning



E
10 kV/cm

Bo
1 μT

n spin s
1st RF pulse
γB1t = π/2
2nd π/2
RF pulse

for neutron
polarimetry

EDM measurement

(ω-ωo)tc

E reversal for extraction of dn

RF frequency ω

P n
co

s(
ω

-ω
o
)t

c

UCN bottle

ωotc
precession phase

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

μ, dn ∝ s

ωo: 2μnBo ± 2dnE 
tc: precession time

δdsta = h/{2PnEtc√N}

ωtc
RF phase

Pn  : UCN polarization
N  : number of UCN



Ramsey resonance apparatus

π/2 RF coil
EDM cell

Rotary valve

Magnetized iron foil
Spin flipper

UCN detector

Spherical coil

UCN valve
Door valve

Ec = 90 neV



Ramsey resonance experiment

Rotary valve

Magnetized 
iron foil

Spin flipper

UCN detector

polarized

UCN filling

analyzed

UCN
precession

UCN 
detection

UCN valveDoor valve
EDM cell Ec = 90 neV



UCN NMR in EDM cell
two coherent π/2 RF pulses
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UCN spin rotation by γB1t

γB1t
= π/2

γB1t
= π
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(ω-ωo)tc =

-4π
-2π0 2π 4π

-5π
-3π

-π π
3π
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tc=
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visibility α = 
(Nmax – Nmin)/(Nmax + Nmin) = 0.9

Ramsey resonance

two coherent π/2 RF pulses



 Bo monitor by nuclear spin precession

Isotope JN g(γN=gμNh) σa at
2200 m/s

ρ for τ =
1/(σaρv) = 500 s

129Xe 
Ours

1/2 -0.777 21 b
2.5x1014/cc,
Rb-Xe photon

199Hg 
ILL

1/2 0.5026 2150 b
(3x1010/cc,
photon)

n
cryoEDM

1/2 -1.913

3He SNS 1/2 -2.128 5333 b
1012/cc,
SQUID

133Cs PSI 7/2 2.579 29 b

29



129Xe magnetization
P129Xe = 0.5
B = 0.4 pT
   in the EDM cell

μ

1.8×1017/liter 129Xe

SQUID 1fT, 5μΦ0/√Hz

Bo

EDM cell

5×10-3 Torr

Rb-129Xe
van der Waals
molecule

129Xe spin magnetometer

B = 0.15 pT
   at 0.1 m
   from the center
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E
10 kV/cm

Bo
1 μT

n spin s

1st π/2
RF pulse

2nd π/2
RF pulse

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

μ, dn ∝ s

(ω-ωo)tc

UCN bottle

ωtc RF phase
ωotc precession phase

∂Bo/∂z = 1 nT/m

Geometric phase effect (GPE)

Geometric phases arise from the transverse fields,  
{(∂Bo/∂z)r/2 + E×v/c2}2

Pendlebury, Phys. Rev. A70(2004)032102.
Lamoreaux, Phys. Rev. A71(2005)052115.



 

U(t) = exp(− iH0t )
H0 = −µ ⋅B0 − dn ⋅E

H = H0 +V (t)
V (t) = −µ ⋅Bxy (t) = −γ s ⋅ (Bv (t)+ B0r (t))

Bv = E × v c2 B0r = −(∂B0z ∂z)r 2

 

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 ')}

 VI (t) = exp(iH0t ){−µ ⋅Bxy (t)}exp(− iH0t )
 
UI (t) = 1+ (

−i

) dt 'VI (t ')+ (

−i

)2 dt ' dt ''VI (t ')VI (t '')+ ⋅ ⋅ ⋅0

t '

∫0

t

∫0

t

∫

Effect of time dependent interaction
Phys.Lett. A376(2012)1347

B0

Sn

B0z
B0r
z

similar form as Lamoreaux and Golub, Phys. Rev.A71(2005)052115.



dτ cos(ω0τ ){x(t ')vx (t '−τ )− x(t '−τ )vx (t ')+ y(t ')vy (t '−τ )− y(t '−τ )vy (t ')}0

t

∫

Solution for GPE problem

dafXen → 10-28 e∙cm

129Xe mean free path
 λ = 1/nσ 0.7~5 mm

<r(t)v(t-τ)> → <<1

r(t) almost constant
v(t-τ) rapidly change

dafHgn =
ℏ/8∙γnγHg(∂B0z/∂z)R2/c2

5x10-26 e cm at R = 25 cm

dafn=
-ℏ/4∙(∂B0z/∂z)/B0z2∙vxy2/c2 

1x10-27 e∙cm at 1nT/m, 1μT

(∂B0z/∂z)/B0z2

→ x 1/10

dafn → 10-28 e∙cm

(0.59w0R2/vxyλ)2



Field gradient control

w129xe = γ129xeB(h129Xe), wn = γnB(hn) 

129Xe: v129Xe 240 m/s UCN: vUCN 5 m/s

hav(129Xe)

hav(UCN)
∆h=3mm

10 neV
/ 10 cm

(wn/γn)/(w129Xe/γ129Xe) = 1 + δγ + δz(∂B0z/∂z)/B0z

Assuming cylindrical symmetry

develop Pendlebury’s approach

Free from earth’s rotation



Precision g factor measurement

(wn/γn)/(w129Xe/γ129Xe) = 1 + δγ + δz(∂ B0z/∂z)/B0z

Phys.Lett. A376(2012)1347

dafn=-ℏ/4∙(∂B0z/∂z)/B0z2∙vxy2/c2 → < 1×10-28 e∙cm

The value of δγ can be obtained
with 10-7 in a cell of 3 cm hight

The uncertainty of 10-7 is much smaller than 199Hg.

1 mm x 5 nT/m / 50 μT = 10-7

3cm

δz = 1 mm w3He/w129Xe is better because δz is smaller

δz(∂ B0z/∂z)/B0z = 
3mm x 0.1 nT/m / 1μT = 3 x 10-7

precision of ∂B0z/∂z becomes 0.1 nT/m
10cm

δz = 3 mm



B0(x,y,z) = δB + ci Icoili

Process to ∂B0z/∂z = 0

δB : remnant magnetization around the EDM 
cell, which may change upon magnetic 
shield opening
We use a atomic, for example potassium 
magnetometer to remove dipole fields 
around the EDM cell

(wn/γn)/(w129Xe/γ129Xe) = 1 + δγ + δz(∂B0z/∂z)/B0z

δγ = 10-7

Frequency ratio measurement after closing the shield



Spin dependent nuclear interaction?

Even if coherence remains, 
time variation of Bp, ω129Xe and E×v/c2, ωr are out of 

phase. Dyson series calculation shows the effect is small

1.8×1014/cc
1600 Å <v129Xe> 190 m/s

λXe = 0.1 Å
129Xe

<vUCN> 5 m/s
λUCN ~ 500Å

PXe

UCN

129Xe pseudo magnetism 0.4 nT > Bor = 0.1 nT



Pseudo magnetic rotation

systematic error < 10-28 e∙cm
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