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Neutron Electric Dipole Moment (nEDM)
• nEDM violates the time-reversal (T) symmetry

• Provides crucial tests of theories beyond the current Standard Model

• nEDM measurements after 1980s use stored ultra-cold neutrons (UCN)

• Current upper limit of nEDM by the PSI-nEDM collaboration


|dn| < 1.8×10-26 e∙cm (90% C.L), C. Abel et al., PRL 124, 081803 
(2020)


• TUCAN’s goal: measure the nEDM at 10-27 ecm precision with a high-
intensity UCN source
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• Our goals


- Build a high-intensity UCN source at TRIUMF


- Measure the nEDM with 10-27 ecm precision


• Expected UCN density


- 200-400 polarized UCN /cm3 (filled in the EDM cell)


• The UCN production scheme demonstrated by the prototype 
UCN source


- First UCN production at TRIUMF in 2017 (S. Ahmed et al., 
PRC 99 (2019) 025503)


• Current activities


- Development of a new upgraded UCN source


- Development of the new EDM spectrometer



UCN production scheme in TUCAN Source 
• Combination of 


- Spallation neutron source

- Neutron moderator

- Super-thermal UCN production with superfluid He (He-II)


Y. Masuda et al, PRL 108 (2012) 134801


• Spallation Neutron Source

- Fast neutron produced by accelerator driven proton 

beam impingement on W target 

- 20kW proton beam line (BL1U at TRIUMF Meson hall)


• RT D2O and 20K liquid deuterium (LD2) moderator 


• Crucial aspects:

- Keep the He-II temperature at ~1K to suppress up-

scattering by phonons under a heat load of beam 
irradiation

~ 1MeV

~ 25meV

~ 1meV

≲ 300neV
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TU"#$ U"$ production scheme
■ Combination of
▪ Spallation neutron production
▪ Super-thermal UCN production with He-II

■ Spallation neutrons (~MeV) produced by an
accelerator beam are cooled in steps and
eventually be converted to UCNs

■ Crucial aspects:
▪ Keep the He-II temperature at ~1K under a heat load

of beam irradiation
▪ High cold neutron Aux at ~1meV

(T. )i*uchi, n!"#%&%', '(.&%.%&%'

Super-thermal UCN production
(-olub . Pen/lebur0, '122)
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TRIUMF (Vancouver, Canada)

NIM A 927, 101-108 (2019)

Phys. Rev. Accel. Beams 22, 102401 (2019)

520MeV Cyclotron & beam lines

TRIUMF

Beatrice Franke, October 16, 2017 5/24

Beam line 1U - 20kW proton beam line

UCN experimental area

protons

kicker

quads/diagnostics

UCN source above
Spallation target

Neutron 
Experimentsseptum

bender

UCN guide

UCN

from
TRIUMFcyclotron
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UCN production at TRIUMF in 2017
First UCN production at TRIUMF with a prototype UCN source


Major results


- Successful UCN production


- 3.25✕105 UCN/cycle @10uA proton beam current


Beam power was limited by cooling power of the helium cryostat


Higher He-II temperature → larger UCN loss by phonon up scattering in He-II (∝T7)
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UCN counts v.s. beam current

S. Ahmed et al., Phys. Rev. C 99, 025503 
(2019)

UCN production at TRIUMF in 2017
■ First UCN production at TRIUMF with a prototype UCN source
■ Major results
▪ Successful UCN production:
- 2×104 UCN/s (3.25×105 UCN/cycle) @ 1 µA proton beam current

▪ Limited by cooling power of the helium cryostat
▪ Characterized the scaling of the UCN lifetime:τ∝T-7

▪

17T. Higuchi, RCNP 次期計画検討小委員会, 27.09.2021
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Top view of the prototype UCN source



Design of the new UCN source - TUCAN Source
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Prototype UCN 
source New UCN source UCN gain factor

Beam current 1uA 40uA ×40

Cold moderator
20K 

Solid D2O
20K 

Liquid D2
×(2~3)

UCN production 
volume 8L 27L ×3.4

Cooling power of 
He cryostat 0.4W 10W

3He pumping

Heat exchange

0.8K 3He

0.9K He-II

UCN production

He-II filled UCN guide

New UCN source (TUCAN source) under development


Major improvements


- Higher cooling power of the He cryostat (0.4 → 10W)


- Enables operation of high beam current (1uA → 40uA)


Moderator


- Solid D2O → Liquid D2 : increases cold neutron flux around 1meV


- Geometry optimization by MC simulation
W. Schreyer et al., NIM A 959, 163525 (2020)

→ Expected UCN yield:  (1.4-1.6) × 107 UCN/s



Overview of the TUCAN apparatus

B=3.5T

by SCMPolarized UCNs
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Overview of the TUCAN apparatus

Polarized UCNs

EDM cell

B E

Spin analysis &

UCN detection

Magnetically Shielded Room

(Spin precession chamber)
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UCN Source
nEDM Spectrometer

 Helium cryostat 

UCN production volume

UCN guide development



Overview of the TUCAN apparatus

EDM cell

B E

Spin analysis &

UCN detection

Magnetically Shielded Room

(Spin precession chamber)
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nEDM Spectrometer

UCN polarizer/analyzer Talk by H. Akatsuka

Spin flip by separated oscillating magnetic field  
(Ramsey resonance)

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

Δω = −
4dnE
!

Spin polarization with SCM

32

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

Spin polarization with SCM
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Magnetic potential 
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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

3.5T

Superconducting


magnet

Figure 3.1: (Left) Design of the superconducting polarizer - (right) Superconducting coil package.

excited by 200 A at 20 K. Ic at 77 K was measured to be 25 A. Hence, we can expect Ic at 20 K to be greater
than 256 A with a power dissipation of less than 18 mW; this heat load is much lower than the capacity of
the pulse tube cryocooler (SRP-082B2S-F-70LP, SHI).

The coil is installed in a cryostat which is covered by a magnetic shield made of 25 mm thick soft steel
plates. It is surrounded by a thermal radiation shield and ten layers of super-insulation. It is cooled by a
pulse tube cryocooler, RP-082B2S from Sumitomo Heavy Industries, Ltd. The radiation shield and power
leads are connected to the first stage; its cooling power is 35 W at 45 K. The coil is connected to the second
stage; its cooling power is 0.9 W at 4 K. The coil can be cooled down to 13 K in 36 hours from room tem-
perature, which is lower than designed value of 20 K. The equilibrium temperature of the radiation shield
is about 60 K. The energy deposit from two power leads was estimated to be 14 W and is consistent with
measurements.

Magnetic field mapping on axis was done using Hall probes. A warm bore was installed for the mea-
surement. Fig. 3.2 on the left shows the field distribution along the axis. The measured magnetic fields
were exceeding the prediction of the simulation by 3.5%. Hence, the calculated distribution in the figure is
multiplied by 1.035 for normalization, to fit to the data. At 200 A, the field at the center of the magnet was
about 3.75 T; this is significantly higher than the design value of 3.5 T.

During the UCN source runs at RCNP, the UCN polarization achieved with this SC polarizer was checked
with a spin flipper and analyzer. An initial polarization of º 95% was seen. This value includes spin flipping
efficiency and the spin analyzing power. In conclusion, a polarization of better than 95% can be achieved
with the present superconducting magnet.

3.1.1 Warm bore

Together with a newly designed warm bore guiding UCN through the magnet, see section 5.3.3, this magnet
can be used for the new UCN source and nEDM experiment at TRIUMF.

3.1.2 Required services

• F-70LP compressor

– Electrical power: Three-phase 208 V, 40 A
– Cooling water: 6.8 to 9 L/min, 5± to 25± C, 8 bar max.

• GP020-200R power supply

22



Overview of the TUCAN apparatus

EDM cell

B E

Spin analysis &

UCN detection

Magnetically Shielded Room

(Spin precession chamber)
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nEDM Spectrometer

4mm thickness
3mm

3.5m2.4m

3mm
2mm

Le blindage magnétique
■ Une «chambre» qui bloque le champ magnétique extérieur
▪ Le champ magnétique intérieur < 1nT
▪ Changement du champ < 1 pT/cycle

■ Travails recents :
▪ Mesura le champ magnqtie au lieu au TRIUMF
▪ Simulations our fixer le dessin

20T. Higuchi, RCFK2021, 04.09.2021
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Magnetic field measurement at TRIUMF

Prototype EDM cell & valve

Hg comagnetometer

(test cell)

External Cs magnetometers



Cmm thicKness
3mm

3.5m2.Cm

3mm
2mm

By,ext= 10 µT

By,in=70 pT

F�� ext=�0, 10µT, 0�, µ�=�×10�

Magneticall1 2hielded Room (M2R)
■ Requirements for the nEDM measurement:
▪ Shielding factor ~ 105 (D10 mHz or higher)
▪ Fields L 1nT, gradient L 100 pT/m in the central (1 m)3 volume

■ TUCAN MSR specifications
▪ C-layer mumetal shield
▪ Size:
- Outermost layer: (3.5 m)3

- Innermost layer : (2.C m)3

▪ Design shielding factor (D10mHz): ~10 5

- Confirmed by FEA simulations
▪ Currently worKing on detailed design

with the manufacturer (Magnetic Shields Fimited)

■ Installation planned in April 2022

%%T. )i*uchi, n!"#%&%', '(.&%.%&%'
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EDM cell, magnetometers

are its lower Fermi potential of 161 eV (vs 214 eV for dPE) 5[38] and the observed instability under UV light.
The latter requires a UV stable substitute coating on the optical windows for comagnetometer polarization
and readout light. A solution has been developed by spin-coating of dPE on the UV transparent quartz win-
dows [38].
A polymer coating machine is currently under construction at TRIUMF, which enables coating of dPS and
dPE on insulator substrates up to 600 mm diameter and guide tubes up to 1000 mm length.
The substrate will be enclosed by a thermally insulated box that can be heated up to 150 ±C to deposit a
dPE coating on insulator rings with mounted UV transparent windows, but also to allow vacuum baking of
coated substrates in-situ. Fig. 7.6 shows the current status suitable for dPS coatings to be upgraded for dPE
coatings by thermal insulation after commissioning tests.

Figure 7.6: Coating machine for deposition of deuterated polymers (dPS and dPE) on guide tubes up to 1 m
length and insulator rings up to 600 mm diameter. A future thermal enclosure will allow in-situ vacuum
baking of coated substrates.

First coating tests of large (ID 360 mm, ID 440 mm) rings of height 150 mm made of Rexolite are planned
as well as dPS/dPE coatings on PEEK, Quartz and glass rings of ID 101.6 mm and various heights, which
can be tested for high-voltage compatibility in the high-voltage test setup. A Rexolite ring of nominal EDM
cell diameter of 500 mm and slightly smaller height of 150 mm is also ready to be coated as soon as we
established the procedure and a storage test with UCNs is anticipated.

7.4.5 EDM cell vacuum pumping

Pumping on the EDM cell is achieved through the UCN guides. The diameter of the guides is mainly driven
by maximizing UCN statistics in the EDM cell, while the distance between pump and EDM cell is determined
by magnetic shielding and availability of space. With a basic calculation including outgassing from coatings
and permeation into the EDM cell required pumping speeds can be estimated based on the baseline vacuum
requirement of xxx mbar inside the EDM cell before an EDM cycle starts and allowing a maximum pressure
of xxx mbar at the end of an EDM cycle.

Assuming the closest turbo pump is located at a distance d = 2 m and the UCN guides are of inner diam-
eter d = 95.55 mm, the conductance for nitrogen (mean velocity v̄ = 470 m/s) is about Cpipe = v̄·º·d3

12·l = 537 l/s.
The EDM cell door valve, modeled as a 90 mm long pipe of diameter 85 mm has little influence on the total
conductance and hence pumping speed available in the EDM cell. The pressure difference between vacuum

5The lower Fermi potential might not have a significant effect given the expected energy distribution of UCNs, but this is under
evaluation using simulations.

68

Prototype EDM cell and valve

Coating machine HV discharge test

EDM cell
Electric field simulation

Prototype EDM cell and valve


- UCN storage test planned at J-Parc in 2022

Coating machine for deposition of dPS

High voltage discharge test  - obtained Paschen’s curve 

Systematics studies

Measuring test field with Cs magnetometer

Magnetometers

7.8 First results from high-voltage breakdown in gases

The high-voltage test setup is in operation at TRIUMF to conduct electric breakdown studies in low pressure
gases as well as material testing. The feasibility and range of operational parameters of a 129Xe comagne-
tometer depends strongly on the stability in high electric fields of order 13 kV/cm inside the EDM cell. With
the high voltage test setup we aim at determining the pressure ranges of 129Xe allowable without electric
field breakdowns. Also we anticipate to test insulator and electrode materials and coatings up to a similar
size of the actual EDM cell. The HV feed concept as well as the leakage current monitoring system can
be tested using this setup and will provide valuable information on material surface quality and treatment
required to minimize leakage currents in the EDM setup.
An overview of some components of the test setup is shown in Fig. 7.23. First electrical breakdown measure-

Figure 7.23: The high voltage test setup at TRIUMF capable of applying up to -100 kV to a test cell (left)
that can be filled with gas through a gas delivery system (right). Electrical breakdown voltage is measured
depending in a pressure range 10°2 to 10°4 Torr to determine allowable operational parameters of future
129Xe comagnetometer in the EDM cell.

ments have been obtained in 2019 using different gases, e.g. nitrogen, helium, argon and xenon. The usable
pressure range is currently limited to a minimum of 10°2 Torr due to outgassing and related pressure rise
in the cell volume during the high-voltage run. Fig. 7.24 shows the preliminary results, indicating a qualita-
tively different behaviour of the gas species, following the Paschen curve parametrization of VB = Bpd

ln(A0pd) for
data in the typical validity range of parameters A0 and B7. The preliminary data at pressures below about
0.2 Torr shows the expected increase in breakdown strength towards lower pressures, but is not compatible
with the Paschen curve fitted to higher pressure data. Reasons for the discrepancy are (i) calibration of the
actual cell pressure vs the measured pressure, which could be off especially in the lower pressure range, (ii)
different gas compositions due to residual gases and (iii) validity of literature values of A0/A and B in the
low pressure range, as these parameters could significantly deviate.

After first successful tests with various gases, including xenon, the next steps are: (i) expand towards
lower pressures by minimizing outgassing and leaks, (ii) calibrate test cell pressure to measured pressure
and (iii) study actual gas composition in test cell, in particular at low test pressures. Furthermore, the
planned program includes high-voltage tests of polymer coatings on various candidate insulator materials
and implementation of the leakage current monitoring system at ground potential and high voltage.

7 A0 is a combination of saturation ionization coefficient A and ∞SE, the number of secondary electrons. B is related to excitation
and ionization energies.

82
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Advantages of using Ferret
● Can account for changing keep-out 

zones

● Can find solutions robust against:

– Any single sensor dying

– Any single sensor being deliberately 
mis-placed by some relatively large 
margin (e.g to avoid a new pipe/strut/
cable/vacuum hose being placed)

– Sensor tilt angles

Cs sensor array simulation

Obtained 199Hg FID signal at 200uT

with n=100 averages

199Hg cell test setupExternal Cs magnetometer array

- Sub-pT performance after 3-4s integration

- Completed 5 Cs sensors (24 sensors in total)

Measure the B0 fields by observing spin precession of 
polarized atoms

199Hg co-magnetometer


- Tested at 200uT B0 field, FID obtained.

- Planning 1uT tests in magnetic shield

Z [cm]

X [cm]

Y [cm]
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Measuring fields at UofW
● Can clearly see 

drifts in the coil 
current generating 
the test field

● Well correlated with 
FID frequency 
measurement
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EDM sensitivity
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• 2022 UCN production


• 2023 UCN Source & nEDM spectrometer commissioning


• 2024 nEDM data-taking & Systematic studies begin



Summary & Future Plan
• The new UCN source (TUCAN source) development


- The proton beam line was constructed and the prototype UCN source was operated at TRIUMF.


- He cryostat was tested at Japan and shipped to TRIUMF.


- UCN production volume is in construction. Installation is planned in 2022 cyclotron shutdown.


- UCN guides were tested at TRIUMF and J-Parc.


• nEDM spectrometer development


- UCN polarizer/analyzer were developed.


- Magnetic field mapping at the experimental area was done. MSR will be installed in May-Oct 2022.


- EDM cell, magnetometers, guiding fields for UCN polarization conservation etc. are under development.


• Schedule


- UCN production: planned in 2022.


- Commissioning of the UCN source and the EDM spectrometer: 2023


- nEDM data-taking: 2024
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Backup slides
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Helium-3 Cr\ostat
• Necessar\ floZ rate of 3He

• 1.14 g/sec for 11 W
• 0.94 g/sec for 9.6 W

• TemperatXre of each section
• 3He after HEX7: 10 K

• impact on 4K reserYoir heliXm Xsage
• 4K reserYoir: 4.2 K
• 4He after HEX4: 2.8 K

• impact on liqXid fraction of 4He at JT e[pansion
• 3He after HEX4: 2.8 K

• impact on 1K pot liqXid Xsage
• 1K pot temperatXre: 1.6 K
• 3He pot temperatXre: 0.8 K

ϓϫʖξΠήϧϞ

ӹର3He

ླྀಊϖϨΤϞ

10K

4.2 K

2.8 K

2.8 K

1.6 K

0.8 K

He cryostat 
flow diagram

HEX7 appearance
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He cryostat cooling test
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• He cryostat has been developed in Japan.

• Performed cooling tests of the He cryostat at KEK, Japan in 2020

Pre-Cooling
• LiqXid heliXm transfer to 4K 

reserYoir
• HeliXm retXrn goes

• Shield cooling line
• 1K pot

• Yia JT and JT b\pass
• HEX7 retXrn

• connects 3He sXppl\

• It takes
• 2 da\s
• 1000 L liqXid heliXm

to reach 4K reserYoir 
become 4K

•
liqXid heliXm shortage dXring Zeekend

Pre-Cooling of 2nd test

3He pumping

liquid 3He

UCN

1.25K liquid helium

• He cryostat was shipped to TRIUMF, Canada in 2021 Summer

• Cooling test at TRIUMF is planned in 2021 Winter



He cryostat cooling test
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• He cryostat has been developed in Japan.

• Performed cooling tests of the He cryostat at KEK, Japan in 2020

Pre-Cooling
• LiqXid heliXm transfer to 4K 

reserYoir
• HeliXm retXrn goes

• Shield cooling line
• 1K pot

• Yia JT and JT b\pass
• HEX7 retXrn

• connects 3He sXppl\

• It takes
• 2 da\s
• 1000 L liqXid heliXm

to reach 4K reserYoir 
become 4K

•
liqXid heliXm shortage dXring Zeekend

Pre-Cooling of 2nd test

1.25K liquid helium

• He cryostat was shipped to TRIUMF, Canada in 2021 Summer

• Cooling test at TRIUMF is planned in 2021 Winter

He Cryostat at KEK
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Tail section & UCN guide test

• Tail section (UCN production volume, LD2 vessel)


- Designed & Built by TRIUMF


- UCN production volume + UCN guide has been made


- Waiting for NiP coating


- UCN storage test at LANL planned in Sep 2021


• LD2 vessel


- Mechanical design finished


- Pursuing companies for outsourcing


• Tail section installation planned in 2022 shutdown


• UCN storage experiments to test NiP coating were 
performed at LANL (2020) and J-Parc (2021)


- Tested NiP coating by some companies.


- NiP coating by DavTech is the best choice

UCN production volume

UCN guide

Tail section (innermost volume) at 
TRIUMF machine shop
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UCN storage lifetime measurement of the NiP coated guide at J-Parc

Doppler

shifter

←UCN
UCN confined

in the guide

Detector



UCN storage measurement with NiP coated UCN guides 
Experimental setup at J-Parc

UCN from the doppler shifter

UCN storage volume (UCN guide, tail section, etc)

Gate valveRotary 

valve

UCN detector
Doppler

shifter

←UCN
UCN confined

in the guide

Detector



Spin analyzer development
• Iron sputtered silicon/aluminum foil (Fe thickness 30, 50, 90nm) produced with the ion beam sputtering 

facility at KURNS 


• B-H curve measured with VSM (vibrating sample magnetometer)


• Performance test using cold neutron reflectometry at J-Parc MLF BL05: in analysis


• Performance test with UCN in the future
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補正した電流による実験結果(樋口さんスライド)
▪転移が観測された電流値、対応する磁場 

• (*): 実際の印加電流値に補正済み 
• H_k: 北口さんのデータによる電流磁場較正 
• H_a: 今回の測定に基づく電流磁場較正 

▪ B-Hカーブに図示 
• 実線：北口さんのデータに基づく較正 
• 破線：今回の測定に基づく較正

6

VSM の結果 中性子反射率測定の結果

B-H curve of Fe/Si samples
Sputtering facility at KURNS

Setup at J-Parc MLF BL05

M. Hino et al, Nucl. Inst. Meth. A, 797, 265 (2015) 



Spin analyzer development setup at J-Parc

Setup at J-Parc MLF BL05
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Typically |B| < 150 nT (@ 100s averaging)
→ MSR will provide sufficient

field stability

Field Auctuations Magnetic field mapping

- |B| B C70 DT at maximum
- !ome "ot spots near t"e #oor
- $or "ig"er %& dipole'li(e )eld *rom t"e cyclotron

Magnetic 3eld measurements on!site
■ Recent magnetic field measurements on the TUCAN area in TRIUMF Meson Hall
▪ Monitoring of ambient magnetic field on the area to estimate typical field Auctuations
▪ Three-dimensional mapping of the ambient field on the area

■ Results

%+T. )i*uchi, n!"#%&%', '(.&%.%&%'
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2aturation risk o& the M2R and design o& the compensation s1stem

■ The bacKground field in the area is up to M 370 ET
▪ Produces in-plane B ~ 500 mT in mumetal, x2 around holes
▪ Could saturate mumetal near the MSR holes (BS of mumetal: 700 mT)
■ Designing a set of coils which compensate the effects of the bacKground field and

guarantee the shielding performance of the MSR

%,T. )i*uchi, n!"#%&%', '(.&%.%&%'

1. MSR placed in a dipole B-field, modeling the cyclotron stray field
2. In-plane NBN of Jx plane: up to C00 mT
3. Coils activated (600, 150, 600 AT): NBN reduced to L150 mT


