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Outline

= Ultracold neutrons (UCNSs)

= The TRIUMF Ultracold Advanced Neutron Source
» Recent progress and upcoming developments

» Future prospects
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Ultracold Neutrons (UCNSs)

» Kinetic energies < 300 neV (v <8 m/s, A 2 50 nm)
« Neutron-nucleus potential (Fermi potential): 245 neV for "N
« Can be stored in a material vessel for O (100) s ®

= Unique probe sensitive to all fundamental interactions UCN
» Magnetic: 60 neV/T
« Gravitational: 102 neV/m
« Strong: Fermi potential O (10-100) neV
« Weak: 3 decay

» Important roles in particle physics

» Neutron lifetime « Gravitational & quantum interference

# Magnetic shielding
W Detector

O Scatterer

B Neutron mirrors

@ Collimating system
[@ UCN - Beam pipe

+0.11

T,=877.75 % 0.28,, " '] cys

0950796 F. M. Gonzalez et al., Phys. Rev. Lett. 127, 162501 (2021) T. Jenke et al., Nucl. Inst. Meth. A 611, 318 (%009)



Neutron Electric Dipole Moment (nEDM)

» Finite nEDM implies time-reversal (T) symmetry violation - CP violation assuming CPT symmetry

» Measured by spin resonance of free neutrons under electric and magnetic fields

= Use of UCNs essential to suppress systematic effect « v x E

= Current limitation: UCN statistics
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Neutron Electric Dipole Moment (nEDM)

Finite nEDM implies time-reversal (T) symmetry violation - CP violation assuming CPT symmetry

Measured by spin resonance of free neutrons under electric and magnetic fields

Use of UCNSs essential to suppress systematic effect o« v x E

Current limitation: UCN statistics
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C. Abel et al., Phys. Rev. Lett. 124, 081803 (2020).
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Neutron Electric Dipole Moment (nEDM)

Current limitation: UCN statistics

Use of UCNSs essential to suppress systematic effect o« v x E
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Measured by spin resonance of free neutrons under electric and magnetic fields
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C. Abel et al., Phys. Rev. Lett. 124, 081803 (2020).

TRIUMF Ultra Cold

Collaboration

o TOLLINALC O

TUCAN . Developing an intense UCN source that enables x200 UCN statistics
Advanced Neutron « Aiming at 10727 ecm nEDM measurement with 280 days of data taking
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UCN production principles

Mechanical deceleration

Super-thermal production

(ILL/PF2, J-PARC/BLOS) (PSI, LANL (sDy), ILL/SuperSUN, TRIUMF (He-l))
4 N N
Moving frame Lab frame
cold;eutron phonon Energy Free neutron
® \
X 1 meV
@® ucn =
down
mirror —- B ot gi _
o [ v e ||| [Cold neutrons g UCNs. e echena e =ion
- @ =P - Up-scattering rate: 7% oc T’ i
Ve up - -
N )L (T : He-Il temperature) 7nm™  Momentum q

A. Steyerl et al,.Phys. Lett. A, 116, 347 (1986)

S. Imajo et al.,Prog. The. Exp. Phys. 2016, 013C02 (2016)
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- Limited UCN density

R. Golub & J.M. Pendlebury, Phys Lett A62, 337 (1977)

- High density possible
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UCN production principles

Mechanical deceleration Super-thermal production
(ILL/PF2, J-PARC/BLO0S) (PSI, LANL (sD,), ILL/SuperSUN, TRIUMF (He-lII))
e N )
Moving frame Lab frame

Id n ron
cold neutro phonon Energy Free neutron

.\
.k! ’/, X 1 meV |-
@® ucnN |
down
mirror Cold neutrons _:_ UCNs Phonon-roton dispersion
Voo Vil “e“t“’" | | up in superfluid helium
‘v Vons Up-scattering rate: 7, Lo T7 f >
L 7 nm™ Momentum q
S ) L (T : He-ll temperature) )
A. Steyerl et al,.Phys. Lett. A, 116, 347 (1986) R. Golub & J.M. Pendlebury, Phys Lett A 62, 337 (1977)
S. Imajo et al.,Prog. The. Exp. Phys. 2016, 013C02 (2016)
- Limited UCN density - High density possible

Keys:
» Cold neutron flux at ~1 meV
* He-ll temperature <1 K (under beam heat load)
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TUCAN UCN production scheme

= Combined the He-ll superthermal UCN production with an accelerator-driven neutron source

» Prototype source developed at the cyclotron facility of RCNP, Osaka, operated at TRIUMF (2017-2019)
Y. Masuda et al., Phys. Rev. Lett. 108, 134801 (2012).

- First UCNs at TRIUMF! 2x10* UCN/s (@1 pA proton beam)
> Source characterization, tests of UCN handling components S. Ahmed et al., Phys. Rev. C 99, 025503 (2019).

_ . H. Akatsuka et al., NIM A 1049, 168106 (2023).
-> Limited by the cooling power of the He cryostat (0.3 W) , | |
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TUCAN source
cools down D2 to 20 K at 65 Wheat mput ’
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TUCAN source

LD, cryostat
cools down D2 to 20 K at 65 W heat input |

o 4

ource

v SHe cryostat
cools down HEX to 0.8 K at 10 W heat input

4 f
=7 x40 beam intensity
— -
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| X

Expected yield: 1.4 x 107 UCN/s @ 40 pA (x500 of prototype)



TUCAN source timeline

2017 Prototype source installed at TRIUMF. First UCN production at TRIUMF
2018 Conceptual Design Report of the TUCAN source i
2019 Last beamtime with the prototype source - decommissioned Wl | ( RN
2021 The helium cryostat shipped to TRIUMF A i ‘%g*

u
The innermost vessel of the production volume tested at LANL

/ m&'a}r‘i"/i

2023 Started manufacturing the rest of the production volume vessels
2024 Major manufacturing completed (apart from the LD, cryostat)

First attempt of UCN production with the TUCAN source
2025.06 First UCN production from the TUCAN source
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TUCAN source timeline

2017 Prototype source installed at TRIUMF. First UCN production at TRIUMF
2018 Conceptual Design Report of the TUCAN source
2019 Last beamtime with the prototype source - decommissioned
2021 The helium cryostat shipped to TRIUMF
The innermost vessel of the production volume tested at LANL
2023 Started manufacturing the rest of the production volume vessels
2024 Major manufacturing completed (apart from the LD, cryostat)
First attempt of UCN production with the TUCAN source
2025.06 First UCN production from the TUCAN source

A DE97 e T

=




Experiment in June 2025

He-l — M Al
cryostat

LD, cryostat
(future)

3He pot Moderator condition:
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..... \\ \\\_D .

[ SRS N
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HEX1 Cryo-connection box \
s detector proton beam
oo g
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Experiment in June 2025

« June 13, 2025: First UCN production with the TUCAN source
» Characterized the UCN yields with different proton beam current (1-36 pA)

60 s irradiation / 120 s counting (36 pA)

6
104 1 | XEI'O T
Irradiation 1.0F x LD2, D20 Correction
0 (gate Closed O Isopure Fill Correction
c " A HePak %
o @ o 0.8} Phase 6A (rescaled for foil)
— 3 V ™~ ¢ Phase 6A (measured) % 0
- 10 Countmg $ - X A
c (gate o@ 0 0.6
- c
o 5
o 8 0.4f M/
S 102 Z N,q
= S 02} Qy
0.0F -
0 50 100 150 L L I
_ _ 0 10 20 30 40
Time Since Gate Open (s) Beam Current (uA)

- About 9x10° UCNSs detected
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Next steps

= Source commissioning with the LD, system
» Operation of the full TUCAN source (x30 in UCN yield)

= Extraction of UCN out from the shielding

= UCN experiments:
» Storage lifetime measurements
» Spectrum characterization
« Guide UCNs into the Magnetically Shielded Room
« Polarization

» 2027- Commissioning of the nEDM spectrometer

2025-07-29 T. Higuchi, TRIUMF Science Week 2025
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Future project: new research reactor in Japan

» Based on the expertise developed with TUCAN, a reactor-based He-Il superthermal UCN
source is proposed for a new research reactor in Fukui, Japan (operational in 10-15 years)

* Uniqueness: dedicated upstream neutron optics optimized for the UCN source

cold neutron phonon
0\

\
® ucnN
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.,
= The TUCAN source has been successful operated without the LD, moderator TUCAN
= The full source with the LD, system is the next major step

Summary {

» Proceeding to experiments with extracted UCNs, commissioning of the nEDM spectrometer
towards the nEDM measurement with a goal precision of 10727 ecm

Postdoc position at KEK in call: https://inspirehep.net/jobs/2948313
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UCN convertor: sD, and He-ll

The PSI UCN source

G-

tank
DLC coated 1
UCN storage vessel [
height 2.5 m, ~ 2 m3

\\

~ a—

pucN = PonRTucN

TucN (8)
0.03-0.1
10—-1000

£
~

SD2
He-11

heavy water moderator

— thermal neutrons
3.6m? D,O

SV-shuttert

pulsed

1.4 MW p-beam
590 MeV, 2.4 mA,
2% duty cycle

—

Slide: Klaus Kirch
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Ultra Cold Neutron Source

.
N

cryo-pump

UCN guides towards
experimental areas
8.6m(S) / 6.9m(W)

cold UCN-converter
~30 dm? solid D, at 5 K

spallation target (Pb/Zr)
(~ 8 neutrons/proton)

www.psi.ch/ucn/

Klaus Kirch
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Experimental searches (historical development)

» Limitation of the cold-neutron 10— _ theorefical expectation
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Experimental searches (historical development)

« Limitation of the cold-neutron 10" g _ , _ ___ theoretical expectation
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Detector rate (s')

UCN production at TRIUMF in 2017

B First UCN production at TRIUMF with a prototype UCN source

B Major results S. Ahmed et al., PRAB, 22 (2019)102401
S. Ahmed et al.. PRC, ‘99 (2019) 025503

wel

» Successful UCN production:
- 2x10* UCN/s (3.25x10° UCN/cycle) @ 1 pA proton beam current

graphite
ayydeib

» Limited by cooling power of the helium cryostat
» Characterized the scaling of the UCN lifetime: T T~/
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Overview of the TUCAN apparatus

helium cryostat

LD2 cryostat

UCN source

nEDM spectrometer

>
<>
-

superconducting magnet b LB

production vol.

BO coil

UCN valves

UCN polarization analyzer

Magnetically Shielded Room
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