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TUCAN’s Goal & Outline of This Talk
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• Background, nEDM, Ultra-Cold Neutron (UCN) 

• UCN source 

✓ Super-thermal UCN production 

✓ Prototype UCN source development at RCNP, Osaka U, Japan 

✓ New world-leading UCN source 

• nEDM spectrometer 

• Summary and Future Outlook

• Develop world-leading intensity Ultra-Cold Neutron (UCN) source at TRIUMF 

• Search for the neutron Electric Dipole Moment (nEDM) to a precision of 10-27 ecm

TUCAN’s Goal

Outline



Baryon Asymmetry in the Universe
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• Our universe: matter ≫ anti-matter 

• Baryon asymmetry parameter - large discrepancy 
between observation and theory
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Observation

Standard Model 
(SM) expectation

Sakharov’s 3 conditions 

1. Baryon number B violation 

2. C and CP violation 

3. Interactions out of thermal-equilibrium

CP violation in the SM is not sufficient. 
New source of CP violation is needed.



nEDM - Neutron Electric Dipole Moment
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Finite EDM d≠0 
⬍  

T violation 
⬍ 

CP violation

nEDM can be a good probe to test BSM

Neutron Electric Dipole Moment (nEDM)

Time reversal

Standard Model Predictions

SUSY (Φ ∼ α/π) Predictions
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• New physics beyond standard model (BSM) 

- Supersymmetry, multi Higgs, LR model etc…  

• Many BSM physics. How to test it?

TUCAN aiming 
(10-27 ecm)
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Finite EDM d≠0 
⬍  

T violation 
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CP violation

Current upper limit : |dn| < 3.0×10-26 e cm (90%CL)
J.M.Pendlebury et al., Phys. Rev. D 92, 092003 (2015)
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Why slowing down? 
shortage of UCN!



Ultra-Cold Neutron (UCN)

6

Ultracold Neutron (UCN) 
	 Energy ~ 100neV 
	 Velocity ~ 5 m/s 
	 Wavelength ~ 500 Å (50 nm) 

Interaction 
	 Gravity ~ 102 neV/m 
	 Magnetic field ~ 60 neV/T 
	 Weak interaction: n → p + e + v 
	 Strong interaction (Fermi potential) 
	 	 	 58Ni fermi potential: 335 neV 

Stainless steel: 190 neV 
Aluminum: 54 neV

UCN can be stored in a material vessel 
for a long time (~100 sec) 
→ nEDM, n lifetime, Gravity etc…



Ramsey Resonance
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B0

Step 1:
precession
around B0

Step 2:
Apply π/2
RF pulse

Step 3:
Free

precession

Step 4:
Second π/2
RF pulse

B1(t) B1(t)

E

or

!ω =
−2µnB0 − 2dnE  (E↑)
−2µnB0 + 2dnE  (E↓)
$
%
&

Δω = −
4dnE
!

ω ~ 30 Hz (B0 = 1 μT),
Δω ~ 1 nHz

(dn = 10-27 e cm, E=10kV/cm)

Statistical error:

σ (dn ) =
!

2αTcE N

• α : polarization 
• Tc : free precession time 
• E : electric field strength 
• N : number of UCN UCN density is important!

EDM vessel

Put polarized 
UCN in a vessel

F. Kuchler, ICNFP 2018 12

Measuring a neutron EDM - Ramsey’s method of separated oscillating fields

Status: < 3.6 x 10-26 ecm (4 yr)

TUCAN: < 10-27 ecm (400 d)

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

Baker et al, NIMA, 736, 184 (2014)

Pendlebury, Phys. Rev. D, 92, 092003 (2015)

EB

B

B

B

EBor

α Visibility (spin polarization)
E Electric field
T Spin precession time
N Number of UCN



UCN Extracted from Reactor
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• Institute Laue Langevin (ILL), Grenoble, France 

- UCNs are extracted from low energy tail of cold neutrons 

- UCN density in the EDM vessel: 0.7UCN/cm3 (Ec=90neV) 

- Phase space density is proportional to Tn-2

n velocity distribution

Tn = 20K

Phase space density ∝Tn-2

Phase space density is 
constant (Liouville’s 

theorem). 
To lower Tn in the reactor 

is difficult.

More efficient 
UCN production 

= Super-thermal UCN 
production



Super-thermal UCN Production in Superfluid Helium (He-II)
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n dispersion curve: ω=Q2/2m

• Super-thermal UCN production (Golub & Pendlebury, 1977) 

- Phonon effective mass is same as the mass of a neutron 
at the intersection (1.1meV, 12K) 

- Momentum & energy of a cold neutron are passed to a 
phonon by single phonon scattering. 

- Effective UCN production becomes possible using 
phonon’s phase space.

dispersion curve 
in He-II

Phonon
Roton



He-II Super-thermal UCN Source
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• Produce fast neutrons by proton-induced spallation 
reaction 

• Moderate neutrons in 300K D2O and 20K D2O or LD2 

• Cold neutrons are down-scatterered to near zero 
energy by phonon scattering in superfluid helium 
(He-II)

~ several MeV

~ several meV

< 300 neV



4K Liquid 
Helium 

reservoir

4K Liquid 
Helium 

reservoir

UCN 
bottle Ice D2O

vessel

Burst disk

Liquid 
Helium
Autofill
System

UCN
Valve

RT
D2O

vessel

Isopure
Helium
Tank

Helium
Liquifier

1K Helium 
Pumping

UCN

3He
Gas Handling 

Panel

3He
Pumping

1K
pot

3He
pot

GraphiteGraphite

Lead
Tungsten target

proton beam Beam line 1U

Radiation
Shield

Radiation
Shield

Prototype UCN Source at RCNP

11

RCNP 
ring cyclotron 
p 400MeV, 1uA

• First UCN production 
in 2002 

• Operation at RCNP 
finished in 2011

lead target
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RCNP 
ring cyclotron 
p 400MeV, 1uA

UCN cryostat

• First UCN production 
in 2002 

• Operation at RCNP 
finished in 2011

lead target



4K Liquid 
Helium 

reservoir

4K Liquid 
Helium 

reservoir

UCN 
bottle Ice D2O

vessel

Burst disk

Liquid 
Helium
Autofill
System

UCN
Valve

RT
D2O

vessel

Isopure
Helium
Tank

Helium
Liquifier

1K Helium 
Pumping

UCN

3He
Gas Handling 

Panel

3He
Pumping

1K
pot

3He
pot

GraphiteGraphite

Lead
Tungsten target

proton beam Beam line 1U

Radiation
Shield

Radiation
Shield

Prototype UCN Source at RCNP

11

RCNP 
ring cyclotron 
p 400MeV, 1uASpallation

UCN cryostat

• First UCN production 
in 2002 

• Operation at RCNP 
finished in 2011

lead target
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RCNP 
ring cyclotron 
p 400MeV, 1uASpallation

Moderation

UCN cryostat

• First UCN production 
in 2002 

• Operation at RCNP 
finished in 2011

lead target
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RCNP 
ring cyclotron 
p 400MeV, 1uASpallation

Moderation

UCN cryostat

• First UCN production 
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• Operation at RCNP 
finished in 2011

lead target
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RCNP 
ring cyclotron 
p 400MeV, 1uASpallation

Moderation
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UCN cryostat
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• Operation at RCNP 
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RCNP 
ring cyclotron 
p 400MeV, 1uASpallation

Moderation

Extraction

UCN cryostat

• First UCN production 
in 2002 

• Operation at RCNP 
finished in 2011

UCN equipment

lead target

UCN 
production



R&D at RCNP
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h�E�WƌŽĚƵĐƚŝŽŶ�ďǇ�ƚŚĞ�ƉƌŽƚŽͲƚǇƉĞ�ƐŽƵƌĐĞ

ϭϴ

^ƚŽƌĂŐĞ�ůŝĨĞ�ƚŝŵĞ�ŵĞĂƐƵƌĞŵĞŶƚ
�ŽƵŶƚŝŶŐ�h�E�ĂĨƚĞƌ�ǀĂůǀĞ�ŽƉĞŶŝŶŐ

h�E�ŝƐ�ƉƌŽĚƵĐĞĚ��ĂŶĚ�ŚŽůĚ�ŝŶ�ƚŚĞ�h�E�
ďŽƚƚůĞ�ĂŶĚ�ŐƵŝĚĞ
�ĨƚĞƌ�ƚŝŵĞ�ĚĞůĂǇ�h�E�ǀĂůǀĞ�ŽƉĞŶ

ϭĐŵ�ŚŽůĞ

^ƚŽƌĂŐĞ�>ŝĨĞƚŝŵĞ��͗�ϴϭ�ƐĞĐ
h�E�ĚĞŶƐŝƚǇ�

Ϯϲh�EͬĐŵϯ �Đ с� ϵϬ�ŶĞs
ϰϬϬ�DĞs㽢 ϭ�ʅ� с�Ϭ͘ϰ�Ŭt

z͕ �DĂƐƵĚĂ�Ğƚ͘�Ăů͕͘�WŚǇƐ͘�ZĞǀ͘ �>Ğƚƚ͘�ϭϬϴ͕�;ϮϬϭϮͿ͕�ϭϯϰϴϬϭ

Best record (2011) 
- p-beam: 400W (1µA×400MeV) 
- UCN counts: 105 UCN for 40s p-beam 
- 260,000 UCN for 240s p-beam 
- ~9UCN/cm3 (Ec=90neV )in the UCN source

Y. Masuda et al., Phys. Rev. Lett. 108 (2012) 134801.

UCN storage time: 
τ= 81sec

• UCN storage time 

✓ In addition to β-decay (~15min), UCN is lost by phonon up-
scattering, collision with helium gas, absorption by wall material. 

✓ Longer UCN storage time leads to higher UCN density 

- Lowering He-II temperature (Cooling system improvement) 

- Cleaning UCN bottle & guide (Baking & Alkali degreasing)

1 
τ

1 
τphonon

= + 1 
τgas

1 
τwall

+ 1 
τβ

+

UCN valve opened
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Transport from Japan to Canada
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• The prototype UCN source was transported from RCNP to TRIUMF in 2016 ~ 2017.

RCNP, Osaka

TRIUMF, Vancouver



TRIUMF 
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TRIUMF

Beatrice Franke, October 16, 2017 5/24

Cyclotron 
500MeV, 120uA p-beam

UCN area 
40uA p-beam



TRIUMF Proton Beam Line (BL1U)
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UCN Source @ TRIUMF 

2017/9/14 日本物理学会 2017年秋季大会 宇都宮大学 10 

Major Milestone 
✓～2016年春 UCN源専用ビームライン(BL1U 500MeV, 40μA)   
✓2016年秋 陽子ビーム & 冷中性子生成 コミッショニング  
  2017年  Vertical sourceによるUCN生成 
  ～2020年 高強度UCN源 

Kicker 

2017 shutdown 

Septum Magnet 
Bender 

BL1A 

BL1U 

W target 
remote handling 

Q Magnet 
UCN Source 

2016 shutdown 

Major milestones 
 2014~2016        Construction of Beam line 1U 
 2016 Fall             Commissioning of the proton beam and CN production 
 2017 Spring       Prototype UCN Source Installation & Cooling test 
 2017 Nov.           UCN Production with the Prototype UCN Source 
 2021-                   Next Generation UCN Source

F. Kuchler, CAP 2018 12

UCN beamline at TRIUMF

First beam on target on November 22nd 2016

First beam on target on Nov 22, 2016



Installation at TRIUMF
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Liquid He supply 3He gas 
system

DAQ/control

UCN source

Liq. He 
line

UCN guide

3He pumping 
duct

4He pumping 
duct

UCN cryostat

• The prototype UCN source and equipments were installed on the beam line in 2017. 

• He-II cooling test was performed in April, 2017. He-II temperature 0.9K was achieved.
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First UCN Production at TRIUMF
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• TUCAN collaboration achieved First UCN production on November 13, 2017

(Part of) TUCAN comrades



First UCN Production at TRIUMF
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• November 13, 2017 - First UCN production 

- 5x104 UCN at 500MeV & 1uA p-beam, 60sec 

- UCN storage time: 38 sec (81sec at RCNP) 

- 3x105 UCN at 10uA p-beam, 60sec irradiation

6Li UCN detector
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 November 13th 2017 - First UCN production in Canada

● 6Li detector (UWinnipeg)

➔ Suitable for high rates > 1MHz

➔ Based on neutron capture in 6Li layer

● 3He detector (RCNP)
UCN valve 
open

Beam on

Ban et al, Nucl. Instr. Meth. A 611, 280 (2009)
Jamieson et al, Eur. Phys. J. A 53, 3 (2017)

UCN Detectors

● UCN source characterization

● Simulation benchmark (MCNP, PENTrack)

● UCN guide transmission

● Detector comparison

Measurement program

UCN valve (VAT gate valve 
with protective ring)

Detector
incl. Al foil

UCN guide

H
e
-I

I

Radiation 
shield

40.000 UCN
@1 uA proton currentCourtesy of F. Kuchler 
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UCN production results

➔ Initial UCN lifetime in source: 39 s  
(likely limited by UCN valve)

➔ UCN lifetime in source degraded to 28 s (18 days) 
(likely contamination due to measurements)

➔ Proton current on target: up to 10 uA 

➔ 300.000 UCN @ 10 uA proton current, 60 s irradiation 

➔ 30s irradiation time to avoid heating:

➔ production increases linearly

UCN production vs proton currentProduction and UCN lifetime in source

This UCN source is not designed for 
40uA p-beam. For nEDM experiment, 
we need a new source!



New World-leading UCN Source
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• TUCAN is designing a new world-leading UCN source. 

- CDR was written and reviewed in April 2018. 

- Technical design started. 

- 2020-2021 install and start operation

13

Crucial features

• Heat transport in He-II and heat exchanger
• Detailed calculations
• Measurements at KEK

• LD2 safety
• UCN production/heat load

• Heavily optimized with MCNP

Upgraded source is being designed right now

Wolfgang Schreyer – CIPANP 2018

2.5 m
2.5mMeasurement of: 

- He-II thermal conductivity 
- Kapitza conductance

- 3He pumping system (104 m3/h) 
- Efficient heat exchanger design

20K LD2 cold moderator 
- Improve cold neutron flux 
- Safe LD2 cryostat design

p-beam 400W -> 20kW 
Heat load: 0.15W -> 10W 
He-II temp.: 0.9 K-> 1.15K

Prototype 
UCN source

New UCN 
source Factor

Beam 
power

400W 
(400MeV×1uA)

20kW 
(500MeV 
×40uA)

×50

Cold 
moderator

20K 
Ice D2O

20K 
Liquid D2

×2.5

UCN 
production 

volume
8L 34L ×4.3

UCN 
production 

rate 
[UCN/s]

3.2×104 2×107 ×540 
(50×2.5×4.3)

UCN 
density 

[UCN/cm3]
9 5.6×103 ×630



nEDM Spectrometer
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LD2 moderator

New He-II 
cryostat

Superconducting 
magnet polarizer

Y-switch

Magnetic shielded room

EDM vessel + High voltage
UCN detector

Spin flipper 
and analyzer
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 November 13th 2017 - First UCN production in Canada

● 6Li detector (UWinnipeg)

➔ Suitable for high rates > 1MHz

➔ Based on neutron capture in 6Li layer

● 3He detector (RCNP)
UCN valve 
open

Beam on

Ban et al, Nucl. Instr. Meth. A 611, 280 (2009)
Jamieson et al, Eur. Phys. J. A 53, 3 (2017)

UCN Detectors

● UCN source characterization

● Simulation benchmark (MCNP, PENTrack)

● UCN guide transmission

● Detector comparison

Measurement program

UCN valve (VAT gate valve 
with protective ring)

Detector
incl. Al foil

UCN guide

H
e
-I

I

Radiation 
shield

40.000 UCN
@1 uA proton current

Ban et al., NIM A611, 280 (2009) 
Jamieson et al,, EPJ A53,3 (2017)

SCM polarizer 
3.5T magnetic filed 
Polarize UCN ~100%



~76 cm
36 cm

~16 cm

239.7 cm

EDM Cell(s)

Electrode

UCN Polarization 
Flipper

UCN Polarization 
Analyzer

UCN Detector
(Not Shown)

EDM Cell Fill/Drain 
Switch

Figure 7.3: EDM cell used in PENTrack simulations.

• The total distance from the foil to the center of the EDM cells is 582 cm. The large distances are
required to allow room for radiation shielding around the UCN source and magnetic shielding around
the EDM cells.

7.3.1 3He cooling scheme

Heat Exchanger
Source Valve

Foil

225 cm
90 cm280 cm

~76 cm

62.3 cm

Y bend

422.83 cm
239.7 cm

He Vapour

Liquid He

Figure 7.4: 3He cryostat model used in PENTrack simulations.
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nEDM Spectrometer
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σ (dn ) =
!

2αTcE N
• α0 = 0.95 
• Tc = 120 s 
• E = 12 kV/cm
• N0 = (6~7)×106 
• UCN density ~ 200 UCN/cm3

• 10-27 ecm reached after ~400 
beam days

• UCN guides
✓ Low UCN loss and depolarization
✓ Test at available UCN facilities (PSI, Prototype UCN source)
✓ Coating facility at U Winnipeg

• EDM vessel
✓ Low UCN loss and depolarization
✓ Applying high voltage (~200kV), good insulation wall

• Magnetic field
✓ High homogeneity and stability / active field control
✓ Field monitoring with magnetometers & co-magnetometer

• Systematic effects
✓ Simulation studies

Statistical error:

EDM spectrometer model 
used in simulation



Summary & Future Outlook
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• The prototype UCN source developed at RCNP was transported to 
TRIUMF, then installed on the dedicated proton beam line. 

• First UCN production at TRIUMF was achieved in Nov, 2017. 

• Designing a new world-leading UCN source. 

• Aiming at 10-27 ecm sensitivity nEDM measurement 

• Will be operational in 2021 

• nEDM spectrometer 

• Being developed in parallel with the new UCN source 

• UCN from the prototype source is available until 2020.



Canada’s national laboratory
for particle and nuclear physics 
and accelerator-based science

TRIUMF: Alberta | British Columbia | Calgary | 
Carleton | Guelph | Manitoba | McGill | McMaster | 
Montréal | Northern British Columbia | Queen’s | 
Regina | Saint Mary’s | Simon Fraser | Toronto | 
Victoria | Western | Winnipeg | York

Thank you! 
Merci!

Follow us at TRIUMFLab 

谢谢! 
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Backup slides



nEDM Spectrometer @ILL/PSI

F. Kuchler, ICNFP 2018 11

EDM experiments – Neutron EDM status

Baker, Nucl. Instrum. Methods Phys. Res., Sect. A 736, 184 (2014)
Pendlebury, Phys. Rev. D 92, 092003 (2015)

● ILL/RAL/Sussex setup, now at PSI

● UCN with Hg comagnetometer

● Using Ramsey’s method of separated oscillatory fields

Result d
n
 < 3.6x10-26 ecm

F. Kuchler, ICNFP 2018 11

EDM experiments – Neutron EDM status

Baker, Nucl. Instrum. Methods Phys. Res., Sect. A 736, 184 (2014)
Pendlebury, Phys. Rev. D 92, 092003 (2015)

● ILL/RAL/Sussex setup, now at PSI

● UCN with Hg comagnetometer

● Using Ramsey’s method of separated oscillatory fields

Result d
n
 < 3.6x10-26 ecm

• ILL/RAL/Sussex setup
• nEDM uper limit: 3×10-26 ecm (90%C.L)
• Moved to PSI



Neutron-phonon scattering in He-II
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Superthemal UCN Production

S(Q, ω)
in He-II

M. R. Gibbs et al. 

J. Low. Temp. Phys. 120 (2000) 55.

neutron :

ω = Q2/2m

single 
phonon

multi 
phonon

UCN Production rate in He-II

P =                   

        N4He  dσ(Ein→Eucn)/dω  dΦn(Ei)/dE

∫ dEin∫ dEucn

cross 
section cold n fluxHe-II


density

dσ
dω = 4π bcoh2       S(Q, ω)kf

ki
scattering


length wave number of incident n

wave number of 
scattered n

Scattering 
function

3



Cooling UCN Cryostat
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Cooling UCN Cryostat
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Cooling UCN Cryostat
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He-II condensation
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World Status

31

Place Neutrons UCN converter Status
ILL Reactor, CN Turbine Running
J-PARC Spallation Doppler shifter Running
ILL SUN-2 Reactor, CN Superfluid He Running
ILL SuperSUN Reactor, CN Superfluid He Future
RCNP/KEK/TRIUMF Spallation Superfluid He Installing/Future
Gatchina WWR-M Reactor Superfluid He Future
LANL Spallation Solid D2 Running/Upgrading
Mainz Reactor Solid D2 Running
PSI Spallation Solid D2 Running
NSCU Pulstar Reactor Solid D2 Installing
FRM-II Reactor Solid D2 Future

Courtesy of J.W. Martin



Spin polarization with SCM
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Magnetic potential 
V = - μn・B 

Potential is spin dependent.

B = 3.5T →  - μn・B = ± 210 neV 

Ec ~ 200 neV from our UCN source 
Only one state can pass.

Material

VF

E > VF

E < VF

UCN

Magnetic field

V = +μnBUCN

V = - μnB


