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Neutron EDM
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J. Engel et al., Prog. Part. Nucl. Phys. 71 (2013) 21.
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J.M. Pendlebury & E. Hinds NIM A, 440 (2000), 471.
T. Chupp et al., Rev. Mod. Phys., 91 (2019) 015001.
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Location/method of measurement

Experimental searches (historical development)
▪ Limitation of the cold-neutron
beam method: v x E systematics
→ overcome by ultracold neutrons

▪ Limitation of the recent UCN
measurements: statistics

The key for the next-generation:

7T. Higuchi, FPUR2022, 31.05.2022

Neutron velocity

Cold neutrons: v=100‒1000 m/s
⇒ UCN: v ≲ 10 m/s

Free precession time
Cold neutrons: 0.1‒1.0 ms
⇒ UCN: 10‒100 s

Intense UCN source!

Abel et al. 2020

J.M. Pendlebury & E. Hinds NIM A, 440 (2000), 471
T. Chupp et al., Rev. Mod. Phys., 91 (2019) 015001

Neutron EDM

Sensitivity was limited

 by statistical uncertainty. 
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Experimental searches
■ Principle:
▪ Interaction Hamiltonian:

- Measure the difference of Larmor precession frequency
with (E, B) parallel (↑,↑) and anti-parallel (↑,↓)

■ The first measurement by Smith, Purcell and Ramsey (1957)
▪ Used cold neutron beam polarized by a magnetized mirror
▪ Employed the technique of separately oscillating fields

4T. Higuchi, FPUR2022, 31.05.2022

T: free precession time (~1 ms)
E: electric field (~70 kV/cm)
N: number of neutrons (~17000 per run)

(15 runs in total)

nEDM sensitivity:

J.H. Smith, E.M. Purcell & N.F. Ramsey, Phys. Rev. 108 (1957) 120

→ →

EDM search with UCNs
Measure spin-precession frequency in high electric field
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■ The first measurement by Smith, Purcell and Ramsey (1957)
▪ Used cold neutron beam polarized by a magnetized mirror
▪ Employed the technique of separately oscillating fields
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T: free precession time (~1 ms)
E: electric field (~70 kV/cm)
N: number of neutrons (~17000 per run)
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nEDM sensitivity:
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→ →

中性子電気双極子モーメント測定原理

nEDMが存在すると仮定


• 磁場  と磁気モーメント  、電場  とEDM  の相互作用 
 
ハミルトニアン  

• ,  とラーモア周波数の関係 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nEDM測定は

 偏極度を測る実験!!
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EDM search with UCNs
Extremely-low energy neutrons (UCNs) can be stored in the bottle. 

n

n

Spin precession is accumulated 

in long storage time.

High intensity source required

Sensitivity was limited by statistical uncertainty. 

UCN density can not be increased from that in source. (Liouville’s theorem)

σ(dn) = ℏ
2αET N
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TUCAN Source & nEDM Spectrometer
He cryostat, LD2 cryostat

n Moderator &

UCN production volume

Target

20kW Proton beam

B=3.5T

by SCMPolarized UCNs

EDM cell

B E

Spin analysis &

UCN detection

Magnetically Shielded Room

(Spin precession chamber)

7

Measure the nEDM with 10-27 ecm precision

1.4-1.6×107 UCN/s yield~200 UCN/cm3Expected
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UCN source
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Prototype UCN source
Proton beam@1 μA, solid D2O moderator

Proton beam@40 μA, liquid D2 moderator
New UCN source (expected)

2×104 UCN/s

1.6×107 UCN/s

TUCAN UCN production scheme
■ Combination of
▪ spallation neutron production by a cyclotron beam
▪ super-thermal UCN production with He-II

■ Keys for high UCN yields:
▪ Keep the He-II temperature at ~1K under
a heat load due to beam irradiation (10 W)

▪ High cold neutron flux at ~1meV energy

5T. Higuchi, PSI2022, 19.10.2022

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

Up-scattering rate:
(T : He-II temperature)

up

down
Cold neutrons UCNs

Energy E free neutron

phonon-roton
dispersion in He-II

1 meV
(12 K)

7 nm–1 Momentum Q

cold neutron phonon

UCN

Y. Masuda et al., PRL 108, 34801 (2012)

S. Ahmed et al., PRC 99, 025503 (2019)

W. Schereyer et al., NIMA 959, 163525 (2020)

8

Superthermal method with superfluid He

Prototype UCN source
Proton beam@1 μA, solid D2O moderator

Proton beam@40 μA, liquid D2 moderator
New UCN source (expected)

2×104 UCN/s

1.6×107 UCN/s

TUCAN UCN production scheme
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▪ spallation neutron production by a cyclotron beam
▪ super-thermal UCN production with He-II

■ Keys for high UCN yields:
▪ Keep the He-II temperature at ~1K under
a heat load due to beam irradiation (10 W)

▪ High cold neutron flux at ~1meV energy

5T. Higuchi, PSI2022, 19.10.2022

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

Up-scattering rate:
(T : He-II temperature)

up

down
Cold neutrons UCNs

Energy E free neutron

phonon-roton
dispersion in He-II

1 meV
(12 K)

7 nm–1 Momentum Q

cold neutron phonon

UCN

Y. Masuda et al., PRL 108, 34801 (2012)

S. Ahmed et al., PRC 99, 025503 (2019)

W. Schereyer et al., NIMA 959, 163525 (2020)

Extremely-low energy neutrons (UCNs)

 can be stored in the bottle. 
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Prototype UCN source at TRIUMF20kW Proton beam line & Prototype UCN source at TRIUMF

• First proton beam: 2016

• Prototype UCN source installation: 2016~2017

• UCN production: 2017

• Testing UCN apparatus: 2018~2019

• Uninstall: 2021

20kW Proton beam line at TRIUMF Meson hall

protons

kicker

quads/diagnostics

UCN source above
Spallation target

Neutron 
Experimentsseptum

bender

UCN guide

UCN

from
TRIUMFcyclotron

6 UCN counts v.s. beam current

325,000 UCNs with 10!A

Phys. Rev. C 99, 025503 (2019)

NIM A 927, 101-108 (2019)

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

UCN loss by phonon up scattering at 
higher He-II temperature

300K D2O

20K D2O

1K He-II

←UCN

Target

1.25m

20kW Proton beam line & Prototype UCN source at TRIUMF

• First proton beam: 2016

• Prototype UCN source installation: 2016~2017

• UCN production: 2017

• Testing UCN apparatus: 2018~2019

• Uninstall: 2021
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UCN loss by phonon up scattering at 
higher He-II temperature

300K D2O

20K D2O

1K He-II

←UCN

Target

1.25m

S. Ahmed et al. PHYSICAL REVIEW C 99, 025503 (2019)
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FIG. 3. Rate in the detector during two typical measurement
cycles with a beam current of 1 µA, an irradiation time of 60 s, and
with the valve opened for 120 s. The dashed lines indicate the start
of irradiation and the valve actuation times in the first cycle. The red
line is a fit as explained in Sec. VI.

tected neutrons are indeed ultracold neutrons we performed
an experiment with a nickel foil replacing the aluminium
foil. In this configuration, the rate in the main detector did
not increase above the background, confirming that the vast
majority of detected neutrons had energies below 245 neV, the
Fermi potential of nickel.

The UCN-production rate is expected to be proportional
to the beam current. Consequently, for lower beam currents
the UCN yield increases linearly with current. However, at
higher beam currents the increased heat load on the superfluid
raises its temperature and UCN-upscattering rate, reducing
the UCN yield, see Fig. 4. The highest number of extracted
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FIG. 4. Number of UCNs extracted from the source after irra-
diating the target for 60 s with different beam currents. At currents
below 1 µA, the UCN yield is proportional with current (dashed
line). At higher currents, the yield drops due to the increased heat
load; the labels indicate the peak helium temperatures reached during
irradiation.
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FIG. 5. Number of UCNs extracted from the source after irradi-
ating the target for various periods with different beam currents. The
dashed lines extrapolate the data for irradiation times up to 60 s with
exponential saturation curves. The saturation time constant (labels)
decreases with higher beam currents.

UCNs was 325 000 after irradiating the target for 60 s with
10 µA. Dividing this number by the total guide volume of
60.8 L yields a UCN density of 5.3 cm−3. At the nominal
beam current of 1 µA the yield was 47 500, corresponding to
a UCN density of 0.78 cm−3.

The saturating number of UCNs in the source can be
directly observed by measuring the UCN yield after different
irradiation times, see Fig. 5. The saturation time constant
decreases at higher beam currents, again due to the increasing
temperature and upscattering rate of the superfluid. For cur-
rents above 1.5 µA and irradiation times above 60 s the yield
starts to drop again due to the further increasing temperature.

Furthermore, instead of operating the source in “batch
mode,” with the valve opening after the irradiation period,
we can also continuously irradiate the target while leaving the
valve open. At beam currents of 1 µA or less, such a configu-
ration will lead to a constant stream of 1500 UCN s−1 µA−1

reaching the detector. During irradiation with higher beam
currents, the temperature of the superfluid slowly increases
and we observe a decreasing rate.

V. STORAGE LIFETIME

The number of UCNs that can be accumulated directly
depends on their storage lifetime in the source τ1 [Eq. (4)],
making it a crucial performance parameter. To determine the
storage lifetime, we ran cycles where we opened the valve
with different delays after the irradiation ended. A typical
storage-lifetime measurement consisted of nine cycles with
valve delay times of 0, 170, 20, 120, 50, 80, 30, 20, and
5 s; an exponential fit through the delay-dependent UCN yield
determines the storage lifetime (see Fig. 6). Although fitting
a sum of two exponentials provides a better fit since it takes
into account the longer storage lifetimes of low-energy UCNs,
we opted for a single exponential fit as the short-term storage
lifetimes determine the performance of the source for short
irradiation times.

025503-4

FIRST ULTRACOLD NEUTRONS PRODUCED AT TRIUMF PHYSICAL REVIEW C 99, 025503 (2019)

FIG. 1. UCN source and guide geometry at TRIUMF. When the target is irradiated, spallation neutrons are moderated and converted to
ultracold neutrons in the cryostat, see Fig. 2. After a period of accumulating UCNs in the source, the UCN valve is opened and UCNs can
reach the detectors. The radiation shielding encasing the cryostat and pumps is not shown.

time, UCNs accumulate in the source, reaching a number

N = Pτ1

[
1 − exp

(
− ti

τ1

)]
, (4)

determined by the production rate P and the loss rate in the
source τ−1

1 . The loss rate

τ−1
1 = f1τ

−1
He + (1 − f1)τ−1

vapor + τ−1
wall,1 + τ−1

β (5)

is the sum of losses in liquid helium f1τ
−1
He , in helium vapor

(1 − f1)τ−1
vapor, on the guide walls τ−1

wall,1, and due to decay
τβ . Since the source is only partially filled with superfluid
helium, the loss rate is corrected by the fraction of time f1 that
detectable UCNs spend in the superfluid. These components
are difficult to disentangle in experiment, instead we estimated
them in simulation, see Sec. VI.

Once the irradiation period ends the valve opens and the
accumulated UCNs can reach the detector. The rate in the
detector quickly peaks after a few seconds, see Fig. 3, and
then drops exponentially with a time constant

τ−1
2 = f2τ

−1
He + (1 − f2)τ−1

vapor + τ−1
wall,2 + τ−1

d + τ−1
β . (6)

With the valve open, the loss rate to the detector τ−1
d has to be

included. The fraction of time UCNs spend in the superfluid
f2 and the wall losses τwall,2 are now different compared to
Eq. (5). The valve stays open for two to three minutes and
then the cycle repeats.

We determined the total number of detected UCNs by
integrating the rate in the detector while the valve was open
and subtracting the background rate, which we estimated
before the irradiation started while the valve was closed. Dur-
ing irradiation, the background rate in the detector increased
proportionally to the beam current by (2.5 ± 0.5) s−1 µA−1.
More detailed studies of cross-talk and pile-up in the detector
showed that those effects distort the measured rate by less
than 1 %. For details refer to [24]. To check that the de-

Spallation target
Proton beamline

Lead

Liquid heavy water

Solid
heavy
water

Su
pe

rfl
ui

d 
he

liu
m

3 H
e 

he
at

 e
xc

ha
ng

er
 

Graphite

U
C

N
 g

ui
de

∅85
∅50

620

∅153

40 K

140 K

300

190 K 240 K

700 900

FIG. 2. Detailed simulation model of the source. Spallation neu-
trons, produced by irradiating the target with protons, are moderated
in heavy water and converted to ultracold neutrons in the superfluid
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Prototype UCN source at TRIUMF
20kW Proton beam line & Prototype UCN source at TRIUMF

• First proton beam: 2016

• Prototype UCN source installation: 2016~2017

• UCN production: 2017

• Testing UCN apparatus: 2018~2019

• Uninstall: 2021
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FIG. 3. Rate in the detector during two typical measurement
cycles with a beam current of 1 µA, an irradiation time of 60 s, and
with the valve opened for 120 s. The dashed lines indicate the start
of irradiation and the valve actuation times in the first cycle. The red
line is a fit as explained in Sec. VI.

tected neutrons are indeed ultracold neutrons we performed
an experiment with a nickel foil replacing the aluminium
foil. In this configuration, the rate in the main detector did
not increase above the background, confirming that the vast
majority of detected neutrons had energies below 245 neV, the
Fermi potential of nickel.

The UCN-production rate is expected to be proportional
to the beam current. Consequently, for lower beam currents
the UCN yield increases linearly with current. However, at
higher beam currents the increased heat load on the superfluid
raises its temperature and UCN-upscattering rate, reducing
the UCN yield, see Fig. 4. The highest number of extracted
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load; the labels indicate the peak helium temperatures reached during
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FIG. 5. Number of UCNs extracted from the source after irradi-
ating the target for various periods with different beam currents. The
dashed lines extrapolate the data for irradiation times up to 60 s with
exponential saturation curves. The saturation time constant (labels)
decreases with higher beam currents.

UCNs was 325 000 after irradiating the target for 60 s with
10 µA. Dividing this number by the total guide volume of
60.8 L yields a UCN density of 5.3 cm−3. At the nominal
beam current of 1 µA the yield was 47 500, corresponding to
a UCN density of 0.78 cm−3.

The saturating number of UCNs in the source can be
directly observed by measuring the UCN yield after different
irradiation times, see Fig. 5. The saturation time constant
decreases at higher beam currents, again due to the increasing
temperature and upscattering rate of the superfluid. For cur-
rents above 1.5 µA and irradiation times above 60 s the yield
starts to drop again due to the further increasing temperature.

Furthermore, instead of operating the source in “batch
mode,” with the valve opening after the irradiation period,
we can also continuously irradiate the target while leaving the
valve open. At beam currents of 1 µA or less, such a configu-
ration will lead to a constant stream of 1500 UCN s−1 µA−1

reaching the detector. During irradiation with higher beam
currents, the temperature of the superfluid slowly increases
and we observe a decreasing rate.

V. STORAGE LIFETIME

The number of UCNs that can be accumulated directly
depends on their storage lifetime in the source τ1 [Eq. (4)],
making it a crucial performance parameter. To determine the
storage lifetime, we ran cycles where we opened the valve
with different delays after the irradiation ended. A typical
storage-lifetime measurement consisted of nine cycles with
valve delay times of 0, 170, 20, 120, 50, 80, 30, 20, and
5 s; an exponential fit through the delay-dependent UCN yield
determines the storage lifetime (see Fig. 6). Although fitting
a sum of two exponentials provides a better fit since it takes
into account the longer storage lifetimes of low-energy UCNs,
we opted for a single exponential fit as the short-term storage
lifetimes determine the performance of the source for short
irradiation times.

025503-4

20kW Proton beam line & Prototype UCN source at TRIUMF

• First proton beam: 2016

• Prototype UCN source installation: 2016~2017

• UCN production: 2017

• Testing UCN apparatus: 2018~2019

• Uninstall: 2021

20kW Proton beam line at TRIUMF Meson hall

protons

kicker

quads/diagnostics

UCN source above
Spallation target

Neutron 
Experimentsseptum

bender

UCN guide

UCN

from
TRIUMFcyclotron

6 UCN counts v.s. beam current

325,000 UCNs with 10!A

Phys. Rev. C 99, 025503 (2019)

NIM A 927, 101-108 (2019)

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

UCN loss by phonon up scattering at 
higher He-II temperature

Prototype UCN source extraction, January 2021

300K D2O

20K D2O

1K He-II

←UCN

Target

1.25m

First proton beam: 2016
Prototype UCN source installation: 2016~2017
UCN production: 2017
Testing UCN apparatus: 2018~2019

Uninstall: 2021

High power cryostat required!
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UCN source upgrade

Prototype 

UCN source 


(RCNP)

New 

UCN source


(TRIUMF)
Factor

Beam power 400 W

(400 MeV x 1uA)

20 kW

(500 MeV x 40uA) x 50

Cold moderator 20 K

Solid D2O

20 K

Liquid D2


(optimized geometry)
x (2-3)

UCN production

volume 8 L 27 L x 3.4

UCN production

rate

3.2x104 

UCN/s

(1.4-1.6)x104 
UCN/s x (350-500)

Prototype New Factor

Cooling power of

He cryostat 0.4 W 10 W x 25

UCN density

in source

9 

UCN/cm3


(E < 90 neV)

4.7x103  
UCN/cm3


(E < 210 neV)
x 520

Temperature of He-II 0.8 K 1.1 K decrease lifetime

TUCAN Source: upgrade from the old source

8

Prototype UCN 
source (RCNP)

New UCN source 
(TRIUMF) Factor

Beam power 400W 
(400MeV×1uA)

20kW 
(500MeV 
×40uA)

×50

Cold moderator
20K 

Solid D2O
20K 

Liquid D2
×(2~3)

UCN production 
volume 8L 27L ×3.4

UCN production 
rate

3.2×104 

UCN/s
(1.4-1.6)×107 

UCN/s ×500

UCN density 
in source 9 UCN/cm3 4.7×103 

UCN/cm3 ×520

Cooling power of 
He cryostat 0.4W 10W x25

• UCN density in the EDM cell

- 0.7 UCN/cm3 (ILL)

- 2 UCN/cm3 (PSI)

- 250 UCN/cm3 (TUCAN, simulation)

3He pumping

Heat exchange

0.8K 3He

0.9K He-II

UCN production

He-II filled UCN guide

To 2nd port

Heat exchange
 0.8 K 3He
  1 K He-II
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UCN source upgrade

S. Kawasaki et al., IOP Conf. Ser.: MSE.755, 012140 (2020)

(Kapitza conductance)~0.8K ~1.1K

Helium cryostat: concepts
■ Requirement:
▪ Keep the production volume at ~1K under 10 W of heat load

■ Cryostat concept: Required cooling power achieved by latent heat of boiling 3He

- 3He is used because of its higher SVP at 0.8 K (3He: 3 Torr, 4He: 0.01 Torr)
- With 3He pot at 0.8 K, the UCN production volume is kept ~1K

9T. Higuchi, PSI2022, 19.10.2022

Keep the production volume at ~1K under 10 W of heat load
by latent heat of boiling 3He
With 3He pot at 0.8 K, the UCN production volume is kept ~1K

S. Kawasaki et al., 
IOP Conf. Ser.: MSE.755, 012140 (2020)

20 kW proton beam

Heat exchange
 0.8 K 3He
  1 K He-II
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Helium cryostat

He cryostat cooling test

9

• He cryostat has been developed in Japan.

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

PUe-CRRling
• LiTXid heliXm WUanVfeU WR 4K 

UeVeUYRiU
• HeliXm UeWXUn gReV

• Shield cRRling line
• 1K SRW

• Yia JT and JT b\SaVV
• HEX7 UeWXUn

• cRnnecWV 3He VXSSl\

• IW WakeV
• 2 da\V
• 1000 L liTXid heliXm

WR Ueach 4K UeVeUYRiU 
becRme 4K

•
liTXid heliXm VhRUWage dXUing Zeekend

PUe-CRRling Rf 2nd WeVW

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

Studies with cryostat, heat exchanges

HEX1 design
 Vertical fin model was selected for the HEX1

 low helium-3 operation is possible
 large critical heat

 HEX1 has
 7 temperature sensors (Cernox)

 3 for liquid helium-3 (SD type)

 4 for HEX1 (CU type)
 2 optional mounts to see horizontal temperature 

gradient

 No isopure level meter & temperature sensor
 add to S-bend section

 Heater
 for baking

 300 W
 3 × 100 W (25Ω) heater

 lakeshore cartridge heater

 power supply: 2 A, 150 V

 take 4 hours for heating up to  120 degree

 The SS316L flanges and the top jacket are
welded by electron beam welding

tail

S-Bend

Heaters

Temp. sensors (cernox)

3He supply

IP He supply

3He pumping

optional

Real Model

Heat exchange
 0.8 K 3He
  1 K He-II
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Helium cryostat

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

4K reservoir

3H
e 

pu
mp

ing
 d

uc
t

Choice of HEX1s for the first 3He cooling test
Vertical Fin Prototype Short Model Real Model

Vertical Fin Prototype Short Model Real Model

Readiness Ready by March by June
3He amount 4.6 g (41 litter) 3.5 g (29 litter) 36.5 g  (320 litter)

Surface area 0.124 m2 0.081 m2 0.87 m2

Boiling curve measurement Possible Possible possible

Isopure helium-4 filling not possible Possible (with vent) possible

Weight 2 kg 20 kg 100 kg

Support Not necessary Necessary Necessary 
3He density
0.112 kg/m3

300 K, 101.3 kPa

+ pipe
36 g @ 50 kPa
23 g @ 30 kPa
18 g @ 20 kPa

Which model to use depends on when the first 3He cooling test occurs 

Choice of HEX1s for the first 3He cooling test
Vertical Fin Prototype Short Model Real Model

Vertical Fin Prototype Short Model Real Model

Readiness Ready by March by June
3He amount 4.6 g (41 litter) 3.5 g (29 litter) 36.5 g  (320 litter)

Surface area 0.124 m2 0.081 m2 0.87 m2

Boiling curve measurement Possible Possible possible

Isopure helium-4 filling not possible Possible (with vent) possible

Weight 2 kg 20 kg 100 kg

Support Not necessary Necessary Necessary 
3He density
0.112 kg/m3

300 K, 101.3 kPa

+ pipe
36 g @ 50 kPa
23 g @ 30 kPa
18 g @ 20 kPa

Which model to use depends on when the first 3He cooling test occurs 

Real Model

Heat exchange
 0.8 K 3He
  1 K He-II
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Helium cryostat
Studies with cryostat, heat exchanges

He cryostat cooling test
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Boiling curve measurement Possible Possible possible

Isopure helium-4 filling not possible Possible (with vent) possible
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T. Okamura et al., 
IOP Conf. Ser.: MSE. 755, 012141 (2020)
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W
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Temperature difference bw. helium and Cu ΔT (K)

transition due to dry out

Helium cryostat: test results
■ Component tests validated the thermo-fluid calculations/simulations

■ Cyrostat performance demonstrated:
▪ Efficient pre-cooling (4 K in 48 h)
▪ Low static heat load (< 0.7 W as the entire system)
▪ Lowest temperature reached: 1.23 K with 4He (↔ 0.65 K for 3He) by a 2000 m3/h pump

■ Characterized boiling properties of HEX1 prototypes:
▪ Transition to film boiling occurs at a higher heat input for the
vertical-fin prototype

▪ Problem of the cylindrical-fin model: dry out of the liquid
causing the transition at low heat input
⇒ Decided on the vertical-fin HEX1 design

■ After the tests...
▪ Helium cryostat transported to TRIUMF (2021)
▪ Infrastructure in preparation at TRIUMF (pumps, transfer line...)

12T. Higuchi, PSI2022, 19.10.2022

T. Okamura et al., IOP Conf. Ser.: MSE. 755, 012141 (2020)

Cryostat tests at KEK with natural helium

Component tests (2019)

Kapitza conductance of flat-plate samples

Decided on the HEX1 design

1.23 K with 4He
0.65 K with 3He

Helium cryostat: tests at KEK
■ More details:
▪HEX1: 3He boiling heat exchanger, replaceable
▪Other HEXs to efficiently recover the enthalpy
of the evaporating fluid

■ Cryostat tests at KEK with natural He
▪ Component tests (2019)
- Tested each HEX
- Kapitza conductance measurement of flat-plate samples
▪ Tests of the full assembly (2020-2021)
- Characterized different 1/10 size prototypes of HEX1

11

Cylindrical

Helium cryostat: tests at KEK
■ More details:
▪HEX1: 3He boiling heat exchanger, replaceable
▪Other HEXs to efficiently recover the enthalpy
of the evaporating fluid

■ Cryostat tests at KEK with natural He
▪ Component tests (2019)
- Tested each HEX
- Kapitza conductance measurement of flat-plate samples
▪ Tests of the full assembly (2020-2021)
- Characterized different 1/10 size prototypes of HEX1

11

Vertical



Searches for Electric Dipole Moments: From Theory to Experiment, 
"Status and Prospects of the TUCAN EDM experiment", Mar. 4, 2023 
Masaaki Kitaguchi, KMI, Nagoya University page 16

Heat Exchange development
Choice of HEX1s for the first 3He cooling test
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7

Short Model fabrication

EB welding test

Polishing

flange EB weld @SUS
Ra = 0.019 μm
Rz =  0.11 μm

@Cu
Ra = 0.020 μm
Rz = 0.14 μm

NiP plating

Thickness
5 μm

P fraction
12.36 %
(X-ray fluorescence analysis)

7

Short Model fabrication

EB welding test

Polishing

flange EB weld @SUS
Ra = 0.019 μm
Rz =  0.11 μm

@Cu
Ra = 0.020 μm
Rz = 0.14 μm

NiP plating

Thickness
5 μm

P fraction
12.36 %
(X-ray fluorescence analysis)

EB welding test

Polishing NiP plating

@Cu

  Ra = 0.020 μm

@SUS

  Ra = 0.019 μm 

Thickness　　5 μm

P fraction　　12.36 %

    (X-ray fluorescence analysis)

Height 15 mm,  
thickness 1 mm,  
Gap 1 mm

Fin machining
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Tail section and UCN guide
UCN production volume and 

UCN guide has been mede 

at TRIUMF.

UCN production

He-II filled UCN guide

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

11

UCN storage lifetime measurement of the NiP coated guide at J-Parc

Doppler

shifter

←UCN
UCN confined

in the guide

Detector

Tail section wall 1 (He-II vessel)

• Storage time 96 s in upper, 40 s in lower 
position.

• Loss per bounce ~ (4-8) x 10-4

• Higher loss/bounce, but acceptable
• Clean carefully, implement in tail section.

UCN storage test at LANL
τstorage ≈ 96 s
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Tail section and UCN guide
UCN production volume and 

UCN guide has been mede 

at TRIUMF.

UCN production

He-II filled UCN guide

UCN guide test at J-PARC

Select NiP coating

Development of nEDM spectrometer subsystems at J-PARC

■ Development of subsystems using a cold-neutron beamline and the pulsed UCN source
■ The pulsed UCN source provides up to 40 UCN/s at 8.33 Hz
▪ TOF analysis enables energy-dependent characterization (UCN polarization)

17T. Higuchi, PSI2022, 19.10.2022

UCN guide transmission nEDM cell&valve prototype UCN polarization analyzer prototype

K. Mishima et al., Nucl. Inst. Meth. A 600, 342 (2009).
S. Imajo et al., Prog. Theor. Exp. Phys. 2016, 013C02 (2016)

PREL
IMINARY

prototype cell

cell valve

rotary
valve

detector

polarizerpolarizer polarizer
SF SF

detector

U
C
N
gu
id
e

Precise study of UCN reflection

6

at all installation angles, but as the angle increases, the
peak becomes rounded.
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FIG. 3. (a) TOF of transmitted UCN measured without the
sample guide tube and at di↵erent installation angle of the
sample guide tube. (b) Velocity distribution converted from
(a) using TOF distance.

Fig. 4 shows the transport e�ciency obtained by inte-
grating the spectra in Fig. 3. Also shown are the results of
the transport calculation without surface roughness and
the best-fit results using the Lambert model and the mf-
BRDF model simulations, which will be discussed later
in Section III. The transmittance decreases with increas-
ing installation angle of the sample guide tube as shown
in Fig. 4. The UCN transmittance at 0� and 30� is de-
creased from the incident UCNs by factors of 0.87 and
0.57, respectively. If no surface roughness existed and
all reflections were specular, the number of reflections at
0� and 30� would be 1 and 6, respectively, thus the av-
erage reflectivity per reflection in this scenario would be
0.93. In addition, the loss coe�cient ⌘ per reflection for

this guide is as small as ⌘ = 2.2 ⇥ 10�4 (guide #1 of
[20]). Thus, this attenuation can only be explained by
considering surface roughness.

5− 0 5 10 15 20 25 30 35
Installation angle of the sample guide tube (degrees)

0.8
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Number of specular reflection

‘‘No guide’’ experiment
Guide experiments
No diffusion

= 0.081
L

p
= 0.039

L
mf-BRDF with p

1.1

FIG. 4. Variation of the amount of transmitted UCN as a
function of the installation angle of the sample guide tube.
The red square shows incident neutrons measured with “No
guide”. The black circles are the results of measurements
with di↵erent guide tube angles. The green open triangles are
simulation results for the no di↵usion case. Blue open circles
are simulation results from the Lambert model (pL = 0.081),
and magenta open squares are simulation results from the
Lambert model (pL = 0.039) with the mf-BRDFmodel, where
the values of pL were chosen to give the best fits.The upper
axis of this figure shows the average number of reflections
estimated by the simulation in the case of specular reflection.

III. ANALYSIS WITH SIMULATIONS

The o↵-specular scattering of UCNs in a cylindrical
tube and the resulting e↵ects of multiple reflections were
evaluated by a simulation. We used the Lambert model
and the mf-BRDF model as UCN scattering models to
explain our experimental results. In this section we
describe the details of our simulation analysis and the
results. The simulations are three-dimensional Monte
Carlo particle transport calculations based on ray tracing
methods introducing the gravity.

A. Microfacet-based BRDF model

In this model, a unit vector i pointing in the direction
of the light source and a unit vector o pointing toward
the observer in a certain direction are first taken from
the unit area on the macrosurface of the object with nor-
mal vector given by n. Next, microfacets are selected

Preliminary
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nEDM spectrometer
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TUCAN EDM experiment layout

MSR

UCN switch

Analyzer, 
spin 
flipper, 
detector x 4

Dual (top/bottom) 
measurement cells

Self shielded B0 coil
(box cos theta)

• Major subsystems 
developed.

• Design and 
construction 
phase.

nEDM Spectrometer
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Magnetically Shielded RoomMagnetically shielded room (MSR)
• Final design/fab in 

progress (inner floor and 
Cu layer are all that 
remains for design work).

• Installation begins July
2022, completed 2023.

Door motion mechanism

Magnetically Shielded Room (MSR)
■ Requirements for the nEDM measurement:
▪ Shielding factor ~105 (@10 mHz or higher)
- To achieve ~10 pT/cycle stability (1 cycle~100s)
▪ Fields < 1nT, gradient < 100 pT/m in the central (1m)3 volume

cf. N. Ayres et al., Rev. Sci. Inst. 93, 095105 (2022)

■ TUCAN MSR:
▪ 4-layer mumetal shield (+1 layer of Cu layer)
▪ Design shielding factor of ~105 confirmed by FEA simulations

■ Construction started from October 2022!

13T. Higuchi, PSI2022, 19.10.2022

Mumetal (t4mm)

Cu (t8mm)

t3mm

3.5m2.4m

t3mm
t2mm

Oct. 7, 2022

Requirements
Shielding factor ~105 (@10 mHz or higher)
to achieve ~10 pT/cycle stability (1 cycle~100s)

Fields < 1nT
gradient < 100 pT/m

in the central (1m)3 volume
cf: N. Ayres et al., Rev. Sci. Inst. 93, 095105 (2022)

Construction started from October 2022.
4-layer mumetal shield (+1 layer of Cu layer)
Design shielding factor of ~105

confirmed by FEA simulations
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Magnetically Shielded Room

Typically |B| < 150 nT (@ 100 s averaging)
→ MSR will provide sufficient stability

Field fluctuations Magnetic field mapping

- |B| ≈ 370 µT at maximum
- Some hot spots near the floor; For higher z: dipole-like field from the cyclotron
- Designing compensation coils which cancel the magnetic flux induced in the MSR

MSR: Magnetic field characterization at TRIUMF
■ Recent magnetic field measurements on the TUCAN area in TRIUMF Meson Hall
▪ Monitoring of ambient magnetic field on the area to estimate typical field fluctuations
▪ Three-dimensional mapping of the ambient field on the area

■ Results

14T. Higuchi, PSI2022, 19.10.2022
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T. Higuchi, EPJ Web. Conf. 262, 01015 (2022)

Magnetic field mapping

at maximum
|B | ≈ 370 μT

Dipole-like field

 from the cyclotron

T. Higuchi, EPJ Web. Conf. 262, 01015 (2022).

Design compensation coils, to be made by 2023.

Fluctuation
< 150 nT

at 100 s averaging

MSR: shielding factor measurement
■ Shielding factor of MSR will be measured as the shield layers are built
■ Performed a calibration measurement without the MSR (Sep.30–Oct. 5)
v

16T. Higuchi, PSI2022, 19.10.2022
cf. N. Ayres et al., Rev. Sci. Inst. 93, 095105 (2022)

5.51 m

Shielding factor measurement

cf: N. Ayres et al., Rev. Sci. Inst. 93, 095105 (2022)
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Magnetically Shielded RoomMagnetically shielded room (MSR)
• Final design/fab in 

progress (inner floor and 
Cu layer are all that 
remains for design work).

• Installation begins July
2022, completed 2023.

Door motion mechanism
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Simultaneous Spin Analyzer (SSA)
Prototype test at J-PARC
Magnetic thin film functions as an analyzer with low magnetic field.

EB

UCN polarization analyzer

Measurement cell

Magnetically Shielded Room

HV systemB0 coil

UCN valves

Polarized UCNs

superconducting magnet

B=3.5T

UCN source
nEDM spectrometer

nEDM spectrometer

 Simultaneous Spin Analyzer : SSA  

•各アームで検出されたUCN数 から 

偏極度 を測定する装置 

 
 

特徴 

•スピン状態 を同時に測定することで統計を
向上 

•サイクル毎のUCN数の変動を相殺することで系統誤差
を低減 

SSAへの要求 

•漏れ磁場 (磁気シールド表面で ) 
•永久磁石で偏極解析膜の動作磁場を印加
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SSAの設計自由度を向上

1. 偏極度を測定する 
UCN をSSAに導入

2. スピンフリッパーの 
OFF/ONでスピン状態を制御

3. 偏極解析膜を 
透過したUCNを検出

UCN偏極度測定方法
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Development of nEDM spectrometer subsystems at J-PARC

■ Development of subsystems using a cold-neutron beamline and the pulsed UCN source
■ The pulsed UCN source provides up to 40 UCN/s at 8.33 Hz
▪ TOF analysis enables energy-dependent characterization (UCN polarization)

17T. Higuchi, PSI2022, 19.10.2022

UCN guide transmission nEDM cell&valve prototype UCN polarization analyzer prototype

K. Mishima et al., Nucl. Inst. Meth. A 600, 342 (2009).
S. Imajo et al., Prog. Theor. Exp. Phys. 2016, 013C02 (2016)
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EDM cell and UCN valve
Prototype test at J-PARC

TUCAN Source & nEDM Spectrometer
He cryostat, LD2 cryostat

n Moderator &

UCN production volume

Target

20kW Proton beam

B=3.5T

by SCMPolarized UCNs

EDM cell

B E

Spin analysis &

UCN detection

Magnetically Shielded Room

(Spin precession chamber)
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UCN doppler shifter at J-PARC
Various tests can be done with 'pulsed’ UCNs.

UCN components R&D at J-PARC/MLF BL05

Prog. Theor. Exp. Phys. 2016, 013C02 (2016)

We have developed a Doppler-shifter-type pulsed UCN source.

Pulsed UCN
• velocity of each neutron can 

be measured
• energy dependent 

phenomena can be know

We used this pulsed UCN source 
for TUCAN R&D
• UCN guide
• Spin Analyzer

18

Turn on, Get UCNs.
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Others
Equipment in the mechanical design/construction phase

External field compensation (RCNP Osaka, TRIUMF) design phase

UCN detector (Winnipeg) prototype, test at J-PARC

HV/cell/valves/central region (TRIUMF) prototype, test at J-PARC

Hg comagnetometer and Xe development lab (UBC) prototype, prep. design

NMOR-based Cs magnetometers (Winnipeg) 5 completed, 5 on order

Example: Cs NMOR sensors
• Fully non-magnetic Cs 

sensors with no electric 
parts.

• Precise to ~ pT/rtHz
• Key requirement of

< pT frequency shifts 
difficult to measure
(need MSR)

time (s)

B 
(n

T)

Can now operate 
five sensors at
once.  Five more 
on order.

(But can only fit 
two in our small 
magnetic shield –
looking forward to 
MSR!!!)

Example: Cs NMOR sensors
• Fully non-magnetic Cs 

sensors with no electric 
parts.

• Precise to ~ pT/rtHz
• Key requirement of

< pT frequency shifts 
difficult to measure
(need MSR)

time (s)

B 
(n

T)

Can now operate 
five sensors at
once.  Five more 
on order.

(But can only fit 
two in our small 
magnetic shield –
looking forward to 
MSR!!!)

Cs magnetometers
Precise to ~ pT/√Hz
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Prospects
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Prospects
UCN source

2023- Helium cryostat install/tests

nEDM spectrometer

2023- MSR completion

installation of other source subsystems

magnetometers install

inner coils tests

2024- assembly and commissioning of the nEDM spectrometer

2025- nEDM data taking

2024- UCN production with the new source

400 days (MT) σ(dn) = 1 × 10−27 e cm
stable running of 14 hours/day

E = 10 kV/cm
tc = 130 s

α = 0.8
N = 7.8 × 106 UCN/batch

σ(dn) = ℏ
2αET N

UCN production rate

2 × 107 UCN/s
UCN density at production

6400 UCN/cm3

UCN density at nEDM cell

250 Pol . UCN/cm3
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TUCAN collaboration
TRIUMF UltraCold Advanced Neutron

1KEK, 2The University of British Columbia, 3The University of Winnipeg, 4The University of Manitoba,
5TRIUMF, 6RCNP, 7The University of Northern BC, 8Simon Fraser University, 9Nagoya University,

10RIKEN, 11SNOLAB, 12NC State University, 13Beihan University.

*As of 2022-Jan-22

H. Akatsuka9, C. P. Bidinosti3, C. A. Davis5, B. Franke5, D. Fujimoto5, M. T. W. Gericke4, P. Giampa11,
R. Golub12, S. Hansen-Romu4, K. Hatanaka6, T. Hayamizu10, T. Higuchi6, G. Ichikawa1, S. Imajo6, B. Jamieson3,
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F. Kuchler5, M. Lavvaf4, L. Lee4, 5, T. Lindner3, 5, K. W. Madison2, Y. Makida1, R. Mammei3, 5, J. Mammei4,

J. W. Martin3, R. Matsumiya5, M. McCrea3, E. Miller2, K. Mishima1, T. Momose2, T. Okamura1,
H. J. Ong6, R. Picker5, 8, W. D. Ramsay5, W. Schreyer5, H. M. Shimizu9, S. Sidhu5, 8, S. Stargardter3, 4,

I. Tanihata6, 13, S. Vanbergen2, 5, W. T. H. van Oers4, 5, and Y. Watanabe1

Goal of TUCAN
• Construct the world's most intense Ultra Cold Neutron source
• To search the neutron electric dipole moment down to 10−27𝑒 ⋅ 𝑐𝑚

TUCAN 
Collaboration

H. Akatsuka1, C. Bidinosti2, C. Davis3, B. Franke3,4,
D. Fujimoto3, M. Gericke5, P. Giampa6, R. Golub7,
S. Hansen-Romu5,2, K. Hatanaka8,*, T. Higuchi8,

G. Ichikawa9, S. Imajo8, B. Jamieson2, S. Kawasaki9,
M. Kitaguchi1, W. Klassen4,5,2, E. Klemets4,
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1Nagoya University, 2The University of Winnipeg, 3TRIUMF,
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7North Carolina State University, 8RCNP Osaka, 9KEK,
10Osaka University, 11University of Northern BC,12Simon Fraser University

*cospokespersons (K. Hatanaka and J. Martin)

Jan. 2022 virtual collaboration meeting

The TUCAN collaboration
■ Goals:
1. Build a high-intensity UCN source at TRIUMF
2. Measure the nEDM with 10–27ecm precision

■ Expected UCN intensity/density:
▪ 1.4–1.6×107 UCN/s yield
▪ ~200 UCN/cm³ (polarized, filled in the EDM cell)
▪

■ Recent achievements:
▪ UCN production scheme tested by a prototype source
▪ First UCN production at TRIUMF in 2017

■ Current activities:
▪ Development of a new upgraded UCN source
▪ Development of subsystems of the nEDM spectrometer

4T. Higuchi, PSI2022, 19.10.2022

S. Ahmed et al., PRC 99, 025503 (2019)
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