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« TRIUMF
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« TRIUMF

UCN experimental area

Cyclotron (500 MeV protons, 120 uA)

e

Search for an electric dipole moment
MESON HALL (EDM) of the neutron with a sensitivity
below 102" ecm

> Build world-leading UCN source

> Establish UCN user facility
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& TRIUMF Outline

Introduction on Electric Dipole Moments and Ultra Cold Neutrons
Neutron EDM experiment at TRIUMF

Status of UCN facility at TRIUMF

Preliminary results from first UCN production in Canada

Design of new world leading UCN source at TRIUMF

Summary "@i%!
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Why are we looking for Electric Dipole Moments?

WMAP/Planck

Observation ng —ny
(CMB and BBN) N

~ 1071

. "B — "y —18

SM expectation < 10 PR N Goimic

T e - Microwave
12 -~ Background

Sakharov’'s conditions (i) departure from thermal equilibrium
(i)  Baryon number violation
(i) cand ¢Pviolation

Particle Data Group, LBNL © 2015 Supported by DOE

* non-zero EDM violates 7 and (*P symmetries

* (P violation in the SM (CKM matrix, 6-term in QCD) not sufficient
 EDMs are a sensitive direct probe of new physics!
(and constrain parameter space for new physics models)
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EDMs of fundamental particles, atoms and molecules

Baker, PRL 97, 131801 (2006)

[Pendlebury, Phys. Rev. D 92, 092003 (2015)]
Graner, PRL 116, 161601 (2017)

Rosenberry, PRL 86, 22 (2001)

upper limit
(95% CL ) [10™*® ecm]

SM pred.

> Typical approach is a sole-
[10% ecm]

source analysis
neutron

199Hg
129Xe

> Additional limits on EDMs of
various systems improve
constraints in global analysis

McKellar, Phys. Lett. B 197, 556 (1987)
Donoghue, Phys. Lett. B 196, 196 (1987)
Shushkov, Sov. Phys. JETP 60, 873 (1984)

Example:

datom = ksS + krCr + ksCs +Tete + ppdp + pndyn + h.o.
— S =~ agg" + a;gV

> Neutron EDM limit from *°Hg
results: d_<1.6e-26 ecm!

T T
d, (e cm) Cs Cr gV g d* (e cm) ;:U (C:;-)
Current limits (95%) 54x107%7 45x1077 2x107® 8x 10 12x107 12x107® ¢ 3
System Current (e cm) Projected Projected sensitivity _<<:§ ;
ThO 5x 107 5x 1073 40x 10727 32 x 1077 o5
Fr d, < 10728 24 x 10727 1.8 x 1077 ©2
129X 3 x 1077 3x 1072 3x 107 3x10°  1x10° 5x10® gz
Neutron/Xe 2 x 1072 10728/3 x 1072° Ix107 1x10° 4x107° 2x107% g &
Ra 107°% 510 4x10° 1x10? 6x1072 ©NF
Ra 10726 1x107% 1x107° 3x107° 2x10# &
Neutron/Xe/Ra 1072/3 x 1072°/10% 6x107° 9x107'% 3x107" 1x107# £
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Neutron electric dipole moment — Experimental history
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Early measurements using
neutron beams

Revival of beam experiments?
> Piegsa, Phys. Rev. C 88, 045502 (2013)

State-of-the-art based on stored
neutrons:

> Ultra-Cold Neutrons



Ultra Cold Neutrons

Properties Interactions
* Kin. Energy < 300 neV * Gravity 100 neV/m
* Wavelength ~ 350 nm « (Electro)Magnetic 60 neV/T
* Velocity ~5m/s . Weak n—pte+T

2 observation times of order T~ 880 s

2
b i * Strong Ve — 27:;, ZNJ%
Fermi Potential AE SO i
Sl Aluminium 54
Copper 168
gravity 102 nev/m Stainless steel 188
8N 350
SiO, 90
ALO, 146
Perfluoro Polyether (Fomblin Oil) 106
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Measuring a neutron EDM - Ramsey’s method of separated oscillating fields
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Baker et al, Phys. Rev. Lett. 97, 131801 (2006)

Baker et al, NIMA, 736, 184 (2014)
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Neutron EDM experiment at TRIUMF

- State-of-the-art magnetic field: MSR and self-shielded coils, B, ~ 1 uT

e Double EDM cell

 SERF magnetometers

e Simultanous spin detection

« Strongest available UCN source

* Second co-magnetometer: **°Xe Magnetic shield room

/

B. Franke’s talk

Magnetics and related systematic effects:

Superconducting
magnet

cell + HV

s o6 2 mal

~«— UCN detector

Y —

F. Kuchler, CAP 2018

LD,
moderator

New He-ll

cryostat
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UCN production at TRIUMF - Spallation neutrons & superfluid helium

= e Features
EXDEX:,Z: 1%L / N\ temperature velocity _ _ _
* Combination of spallation neutron
Q =S 5l source and superfluid helium converter
* Small distance btw target and He-lI
20 K

o, *99M/s & | ong UCN storage lifetimes in He-lI

300 K ,
thermal 1 km/s He-ll temperature [K]  Storage time [s]
D,0

target o 2
@ 0.8 600
10 7/ 12 36
proton © Spallation few 102K 107 m/s
reaction

Golub & Pendlebury
Phys. Lett. A53, 133 (1975)
Phys. Lett. A62, 337 (1977)

« Warm moderator D,O 300 K

. Cold moderator ice D.O. LD 20-80 K UCN production in superfluid helium and

277 2 limitations: J. Martin’s talk

* UCN converter superfluid He <1l6K

F. Kuchler, CAP 2018 11



UCN beamline at TRIUMF

.

Phase 1 nEDM
apparatus

UCN source above
Spallation target

S (
MULTIWIRE CHAMBER SCANS LIVE DATA Page 1M |
Beamline Monitor group [N % B o A&B
[0 Reverse polarity Scale Charging time 40 mSecu Background

:HARPO Subtraction OFF [
8

quads/diagnostics [ B N

COUNTS Y WIRE COUNTS
2 10 3 5 2 7 3
6 26 7 8 5 12 6 20
10 15 9 51 10 35
14 9 5 6 6 3 14 10
20 7 18

26
30
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Prototype UCN source

*He [ 3He
F’UmF"SE _E:ection

‘He | *He —] UCN Guide
[ Experiments

Liquid :Liquid
He 3 P B . He
Bath : ol : Bath
o-----i H .
tH — N Heat

Exchanger

UCN
Bottle
He-ll

Ice D,O Vessel

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

Vertical UCN source developed at RCNP

* 3He fridge with heat-exchanger

* Cooling stages:
e 4K 60 L liquid natural helium
e 1K “He pot (pumping natural helium)
« 0.7K 3He pot and heat exchanger

> Superfluid helium temperature ~0.8K
> UCN lifetime in source ~ 81 sec
> UCN detected ~ 280000 UCN

(400 MeV, 1 uA, 8 L He-Il, 240s irradiation)

2016 Oct Move to TRIUMF
2016 Nov-Jan Safety modifications
2017 Jan—Apr Installation

F. Kuchler, CAP 2018 13



Prototype UCN source
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Pumps %—E‘,ection
1 UCN area top view
“He ] UCN Guide SNES L T = T PR e
Section — — : A il _ e I -
|: Experiments - ! '-_D@/t ' ya

LR NN NN NN NN NI
LI
O
<.
(o}

R et He
1L ! Bath
a5 S :
22| | —" N Heat
S Exchanger

UCN
Bottle
He-ll

Ice D,O Vessel

..........................

Masuda et. al., Phys. Rev. Lett. 108, 134801 (2012)
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Installation of the prototype UCN source Jan-Mar 2017

20170103 13:21:50 UCNcam

F. Kuchler, CAP 2018



November 13" 2017 - First UCN production in Canada

_ : Measurement program
I UCN guide : . L
\Radiation UCN source characterization
U_CN valve _(VAT_ gate valve =shield * Simulation benchmark (MCNP, PENTrack)
with protective ring) « UCN guide transmission
Detector * Detector comparison
incl. Al foll
Ban et al, Nucl. Instr. Meth. A 611, 280 (20009) = SR 40.000 UCN

Jamieson et al, Eur. Phys. J. A53, 3 (2017) 1800 @1 uA proton current

1600

1400

—_
n
o
o

UCN Detectors

1000

800

Counts / s/ cycle

* SLi detector (UWinnipegQ)
> Suitable for high rates > 1MHz
> Based on neutron capture in °Li layer
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* 3He detector (RCNP) * Time (5)
Beam on UCN valve
open
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UCN production results

Production and UCN lifetime in source

45 i i 4 | L I | [T L AR I I I I L I s I ]
e e = CT T
35 fodon oo o SR R A A
30 ; i ) §E i3
pJI ) — | | | .
ol legradatlon i e
na duetocxnﬂanunanon,jwwijijwwﬁ

Date

> |nitial UCN lifetime in source; 39 s

(likely limited by UCN valve)

11/13 11/15 11/17 11/19 11/21 11/23 11/25 24 15129:412) 04

UCN production vs proton current

>

>

>

Number of UCN

> UCN lifetime in source degraded to 28 s (18 days)

(likely contamination due to measurements)

F. Kuchler, CAP 2018

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

300000 ——
. - - [+  datapoints |
250000 | Nice _Ilnequty at E
- 30 s irradiation 5
200000 time i » ]
150000 f - .
100000 f : :
50000 F : .
0 g 1 . | : 1 . L !
0 2 4 6 8 10

Proton beam current (UA)

18



UCN production results

Varying superfluid helium temperature

35

30

Storage Time (s)

29
20

15

Consistent with t,_~ T~

llIllllllllllllllllllllllllllllllllllllllllllll

(S5 00 008 1 g ilot e in i ms ] B B R B
Average Isopure Temperature (K)

10

@LI|IIII|[III|IlII|IIII|IIII‘I

o

Ongoing analysis

* UCN transmission of components
» Detector comparison (He vs °Li)
* Characterize ®He detector for normalization

Next run in fall 2018

* UCN transmission of components
* UCN storage properties of gate valves

> Successfully demonstrated UCN production with prototype source at TRIUMF

> Testing of critical parts of the new UCN source
> Benchmark for new source simulations

F. Kuchler, CAP 2018 19



Design of a new world-leading UCN source

Improvements

Cold moderator upgrade: LD,

Increased proton beam current (40 uA)
Cooling power of 10 W @1.15 K

UCN bottle materials
(Be-Al alloys, Mg-Al alloys, Be)

Optimized:
* Geometry

. LD2 volume

* Production vs heat load

Conceptual Design Report

& TRIUMF © KEK 3 RCNP 8 WiNiivet

EB UniversiTy S
& @ H SIMON FRASER
of MANITOBA UNIVERSITY IVI’JII\%VGE'R(S)IX{A

ENGAGING THE WORLD

CONCEPTUAL DESIGN REPORT FOR THE NEXT
GENERATION UCN SOURCE AT TRIUMF

THE TUCAN COLLABORATION — MARCH 29, 2018

* Review at KEK April 2018
* Technical design started

> Decision for 3He fridge (vs direct pumping)

> Expectation: 10" UCN/s
> EDM sensitivity 10?7 ecm (400 days)

F. Kuchler, CAP 2018 20



Draft design of a hew world-leading UCN source

Liquid D, 20 K
> Safety issue: liquid D, volume of < 150 L

> Improved cold neutron flux vs. ice D,O

D20 supply

| l(_--’lﬁh‘l I'#l 'II_|

— I

Design draft

F. Kuchler, CAP 2018 21



UCN project schedule

New UCN source installation potentially shifted by one year due to shutdown

Calendar Year 2018 2019 2020 2021

Vertical Cryostat % Remove

LD2 Subsystem [] [ ]

He Subsystem inc. Cryostat . L]

Shielding

Source and Moderator Tail assy I i

He Services incl. Transfer line | UCN Production

nEDM I

UCN Guidance (Source) [ |

System | | e
Legend: Concept Detail Design Build Install - Operate

Ch. Gibson

F. Kuchler, CAP 2018 22



Summary

* Installation of prototype UCN source in 2017 shutdown

G WINNTFES | NewsCentre

* UCN beamline (and kicker) ready
Ultra-cold neutron research heats up at UWinnipeg with $15.7

* First UCN production - Nov. 2017 millics

Posted on: 10/12/17 | Author: Communications | Categories: All Posts, Feature Story, Research

* Conceptual design report/review for new UCN source

* Neutron EDM project received CAD 15.7 million
infrastructure funds (CFI)

* Neutron EDM conceptual design report by Spring 2019
> Sensitivity goal of 10 ecm within 400 days

* New UCN source commissioning in 2021

F. Kuchler, CA



TUCAN collaboration

“4 X TRIUMF

S. Ahmed®4, E. Altiere?, T. Andalib3#, C. Bidinosti®8, J. Birchall*, M. Das®*, C.
Davis®, B. Franke®, P. Giampa®, M. Gericke*, S. Hansen-Romu3#, K. Hatanaka®, @ RCNP
T. Hayamizu?, B. Jamieson?, D. Jones?, S. Kawasaki?, T. Kikawa>®1, M.

Kitaguchi'®, W. Klassen®#, A. Konaka®8, E. Korkmaz’, F. Kuchler®, M. Lang?3, T.
Lindner®>3, K. Madison?, Y. Makida?!, J. Mammei*, R. Mammei®®, J. Martin3, R. f:i%"&gz
Matsumiya®, E. Miller?, K. Mishima?!, T. Momose?, T. Okamura?, S. Page*, R.
Picker®®, E. Pierre®®, W. Ramsey®, L. Rebenitsch®*, W. Schreyer®, H. Shimizu?®,
S. Sidhu®?®, J. Sonier®, I. Tanihata®, S. Vanbergen®, W.T.H. van Oers*®, Y.
Watanabe!

| THE UNIVERSITY OF

WINNIPEG

B8 [JNIVERSITY
(0 & °f MANITOBA

BC THE
. s e | N [ VERSITY OF
KEK, Tsukuba, Ibaraki, Japan

7, BRITISH
2The University of British Columbia, Vancouver, BC, Canada TR LRI
3The University of Winnipeg, MB, Canada

“The University of Manitoba, MB, Canada

5TR|U|V|F, Vancouver, Canada SIMON FRASER

SRCNP, Osaka, Japan Ay B

"The University of Northern BC, Prince George, BC, Canada O
_ “Osaka University, Osaka, Japan UNB NORTHERN BRITISH COLUMBIA
°Simon Fraser University, Burnaby, BC, Canada
1"Nagoya University, Nagoya, Japan w NAGOYA
. UNIVERSITY
Spokespeople: J. Martin (Canada), K. Hatanaka (Japan
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Backup slides

F. Kuchler, CAP 2018
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Neutron sources

P newros v s __

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

KEK-TRIUMF combination of spallation target and superfluid helium is unique.
Upgrade schedule is competitive with other leading sources of UCN.

F. Kuchler, CAP 2018



UCN target

* UCN target: tantalum-clad tungsten.
* Installed during Winter 2016.

* Water cooling; 14kW of heat to remove (at final
power)

— Need to deal with activated water. Finishing
commissioning water package now.

* Have system for remotely removing UCN target




Prototype UCN source and pumps

F. Kuchler, CAP 2018
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Cooldown test of the prototype UCN source at TRIUMF

13/04/2017 12:48
Turned ON GM compressors

Pre-cooling started Temperature log of the He-ll cooling test
20 Pre-cooling: Tweek * Full cooling test in April 2017
L < » —GM 1st stage .
[y e * Final temperature 0.92 K
300 —GM 2nd stage * 8 L of liquid He-ll condensated
Pre-cooling finished — 1Kpot
T 250 LHe Transfer started —— 3He pot
3 UCN doube tube Shortage of liquid helium
2 200 He"“m;fafti;‘i'ation UCN bottle delayed condensation:
g— 4K i
reservoir . . .
S 150 [ | > TRIUMF helium liquefier plant
- 5 Put helium gas into UCN bottle : : :
i Superfluid helium (He-Il) n_OW upgraded Wlth quUId
100 - / condensation started nltrogen
- Pump trouble M > Liquid helium supply of 50 L/hr
\ 4
GM 1st stage: 50K ,\
50 [ Sl stage | 1 - [\—
GM 2nd stage: 19K « He-ll condensation: 6days R
v - | — et
0 1 1 1 1 : Lrege 2 : N
A A A A A ) A A A
) ¥ ) W ¥ 0 ¥ ) ¥
N N \Y N $ A\ N \Y N
> 9 S S ~ v v D v

Date [DD/MM/YYYY]
F. Kuchler, CAP 2018 29



UCN kicker and beam timing structure

TRIUMFE beam structure: 120 pA pulse for 1 ms
no beam for 50-100 ps

Kicker ramps up during beam notch (200 A/50 ps)

> kicks every 3" pulse to BL1U (UCN)
> average of 40 pA for UCN

> currently limited to 1 pA (every 120" pulse)

120uA
200A
Beam Magnet
currenl current
OuA OA
= 50us 8
notch

¢ 1ms : :normal TRIUMF beam, 4 min.
120pA | ; A Y
‘ }‘ ’w"r 50 s \
| t to -
E ' Y 100 s
“. f
2ms 2ms ‘ /
120 pA : :
|7213 beamto usr\;_/
0 "
1ms | e 1 min.
120 pA :
‘I 1/3beamto UCN
0 '

Timing of target irradiations:

e Balance of UCN density accumulation and heat load

* Planning target irradiation time of ~ 60 s

F. Kuchler, CAP 2018
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Installation of the prototype UCN source Jan-March 2017
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UCN detection for the neutron EDM experiment

High rate counting (>1.3MHz) and UVT efficiency stability (0.05% / hour) lightguides are required

« Detection via neutron capture in 6Li: 6 Li+n - 3H(2.73MeV) + a(2.05MeV)

* Detector was well characterized by beam test at PSI UCN beamline U/CN
* Increase the UCN statistics by measuring both spin state simultaneously GS30 (SLi-depleted) °H
* Increase visibility due to less depolarization while storing above analyzer foil
GS20 (bLi-doped)
Layout of simultaneous spin analysis a

UvT

lightguides PMTs

Spin
flippers

Dark
box

Spin )
analyzers

Lithium

UCN glass stacks H
detectors

32



New UCN source bottle materials

Material Composition (wt.-%) Wall thickness Effect on P/Q
Aluminium 100 Al 2 mm

Al6061 95.85 Al, 1.2 Mg, 0.8 Si, 0.7 Fe, 0.4 Cu 0.35 Cr, 0.25 2 mm -5 % |

| Zn, 0.15 Mn, 0.15 Ti
Beryllium 1.5mm +90 %
Magnox AL80 99.2 Mg, 0.8 Al, 0.004 Be 4mm +15%
AlBeCast 910 57 Be, 38 Al, 3.4 Ni, 0.5 Si, 0.3 Fe, 0.24 O 3mm +5%
BerAlCast 310 60 Be, 36 Al, 2.5 Ag, 0.25 Si, 0.2 Co, 0.2 Ge, 0.2 Fe 1.5 mm -5 %

AlBeMet 162 62Be 38A1 5 2mm +50 %

F. Kuchler, CAP 2018 33



