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QTRIUMF TUCAN'’s Goal & Outline of This Talk

TUCAN’s Goal

« 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

Outline
« Background, nEDM, Ultra-Cold Neutron (UCN)
« UCN source
v Super-thermal UCN production
v Prototype UCN source development at RCNP, Osaka U, Japan
v New world-leading UCN source
« nEDM spectrometer

« Summary and Future Outlook



Baryon Asymmetry in the Universe

R TRIUMF

« Our universe: matter » anti-matter

HISTORY OFTHFE | INNIVERSF

- Baryon asymmetry parameter - large discrepancy
between observation and theory

np —Np —10 :
n= ~ 10 Observation
Ty
np —Naga _
n= B < 10~18 Standard Model
Ty (SM) expectation
P Do G UNLO 2014 Sy 0 Sakharov’s 3 conditions
1. Baryon number B violation
CP violation in the SM is not sufficient. 2. C and CP violation
New source of CP violation is needed. 3. Interactions out of thermal-equilibrium




R TRIUMF

« New physics beyond standard model (BSM)

- Supersymmetry, multi Higgs, LR model etc...

- Many BSM physics. How to test it?

nEDM can be a good probe to test BSM

Neutron Electric Dipole Moment (nEDM)
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R TRIUMF

« New physics beyond standard model (BSM)

- Supersymmetry, multi Higgs, LR model etc...

- Many BSM physics. How to test it?

nEDM can be a good probe to test BSM
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R TRIUMF nEDM - Neutron Electric Dipole Moment
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QR TRIUMF Ultra-Cold Neutron (UCN)

Ultracold Neutron (UCN)
Energy ~ 100neV
Velocity ~ 5 m/s

I 1 Wavelength ~ 500 A (50 nm)

Fermi Potential ~ 50nm

<—'Magneﬁc o Interaction
60 neV/T Gravity ~ 102 neV/m
Magnetic field ~ 60 neV/T
Weak interaction:n > p+e+v
Strong interaction (Fermi potential)
58N fermi potential: 335 neV
Stainless steel: 190 neV

Aluminum: 54 neV

gravity 102 neV/m

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



R TRIUMF Ramsey Resonance

24000 s .
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o [-2w,B,-24,E (ED)
Put polarized =
UCN in a vessel B4(t) By(t) -2u,B,+2d E (E )
Step 1l: Step 2: Step 3: Step 4: 4dnE
precession Apply m/2 Free Second /2 Aa) = -
around By RF pulse precession RF pulse h
Statistical error: + & : polarization w ~ 30 Hz (Bo= 1 uT),
Aw ~1nHz
+ T.: free precession time (dh=1027 e cm, E=10kV/cm)

h
O (dn) = - E: electric field strength

2aT ENN - N number of UCN UCN density is important!
7




58MW reactor

Q@ TRIUMF

— % : Neutron Turbine
> 1711 (Doppler shifter)

SOURCES FROIDES

UCN Extracted from Reactor

« 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 7,2

2.5x10°°

Intensity

20

n

-
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0.5

0.0

n velocity distribution

Tn = ZOK

Phase space density T2

—

1

0

1 1
400 600 800 1000

Neutron velocity [m/s]

1
200

Phase space density is
constant (Liouville’s
theorem).

To lower T, in the reactor
is difficult.

More efficient
UCN production
= Super-thermal UCN
production 8



@,TRIUMF Super-thermal UCN Production in Superfluid Helium (He-Il)

n dispersion curve: w=Q?/2m

dispersion curve

in He-ll . Super-thermal UCN production (Golub & Pendlebury, 1977)

l.5 . .
- 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

1.0 phonon by single phonon scattering.

Energy o [meV]

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

Pho

0.5

00 1.0 20 3.0

0.0

Momentum Q [X'l]



R TRIUMF He-ll Super-thermal UCN Source

« Produce fast neutrons by proton-induced spallation
reaction

Experimental ="\ neutron ~ several MeV
Area /\ temperature velocity
|

x/ N ';"phonon 3U %’}‘( 5m/s
" He- .
ok « Moderate neutrons in 300K D0 and 20K D0 or LD;
O/ LD, 500m/s
'\o liquid D,
=
"o o 300 K ~ several meV
@ neutron o D.O thermal 1 km/s
target o— |, o/ 2 D,0
proton © rew 100k 100 mys  ° Cold neutrons are down-scatterered to near zero
Spallation . . . .
reaction energy by phonon scattering in superfluid helium

(He-1I)
< 300 neV

10



R TRIUMF Prototype UCN Source at RCNP

« First UCN production
in 2002
. 3 UCN
- Operation at RCNP Pu,:sing [ Valve
finished in 2011 T L
1K Helium — N +— uoN
Pumping
Burst disk } T T
1K SHe
pot pot
Jl_%_ &
4K Liquid H A 1 4K Liquid
o L gl e
Radiation Radiation
Shield Shield
UCN
Ice DO
Graphite | AT bottle | | essel Graphite
vessel
/" RCNP
/ ring cyclotron
Lead | ] «—— proton beam 4 p 400MeV, 1uA
| leadtarget [ ] | T




Q@ TRIUMF

« First UCN production
in 2002

» Operation at RCNP
finished in 2011

Prototype UCN Source at RCNP

// RCNP

p 400MeV,

ring cyclotron

1uA

3He UCN
Pumping L Valve
I I 1 g
(K Hetum] . A
Burst disk } T T
1K °He
pot pot
i Pk
4K Liquid it ‘J' 4K Liquid
Helium — Helium
reservoir —[ _,1: reservoir
Radigtion
Shield
UCN
L _ bottl Ice DO
Graphite DRZE OMel 1 Vessel Graphite
vessel
=B Lead | [] «<—— proton beam
UCN cryostat  leadtarget [[ ]

11




QR TRIUMF Prototype UCN Source at RCNP

« First UCN production
in 2002
- Operation at RCNP Pusn:';ng [ Valve
finished in 2011 T oy
(1K Fatom) B . A ?’—>UCN
| Pumping |

Burst disk } T T

L 1K He

pot pot

Jl_%_ &
4K L.iquid H 1L 1 4K L!quid
T | S|P | T
Radiation
Shield
UCN
Ice DO
Graphite | AT bottle | | essel Graphite
vessel
// RCNP
/ ring cyclotron

4 p 400MeV, 1uA

11

UC cryostat ‘ ’ ’ ‘

' Lead ;E <«——— proton beam
~ leadtarget




Q@ TRIUMF

« First UCN production
in 2002

» Operation at RCNP
finished in 2011

Prototype UCN Source at RCNP

UCN cryostat

Lead

3He UCN
Pumping L Valve
I I 1 g
(1K Holam) . A
Burst disk } T T
1K SHe
pot pot
i -
4K Liquid It 1 4K Liquid
Helium — Helium
reservoir —[ _,1: reservoir
Radiation
Shield
UCN
Ice DO
| bottle 2 _
Graphite ;0 ’ vessel Graphite
vessel
%__Modegration

/" RCNP

ring cyclotron

proton beam

p 400MeV,

|

1uA

11




Q@ TRIUMF

Prototype UCN Source at RCNP

« First UCN production
in 2002

» Operation at RCNP
finished in 2011

|

3He UCN
Pumping L Valve
o L
a— — N +— uoN
| Pumping J
Burst disk } T T
L 1K SHe
pot pot
_Jl_&)_ &l
ﬁ | [_1
Radigation
Shield
1 UCN 9 | o I
Graphite | . vessel Graphite
1 Moderation
— L : A RO
" ring cyclotron
e B Sp proton beam p 400MeV, 1uA
UCN cryostat 11




QR TRIUMF Prototype UCN Source at RCNP

« First UCN production
in 2002
+ Operation at RCNP Pumping - |Extraction vaie
finished in 2011 I
1K Helium / T 9’_> UCN
 Pumping |

g - il
L[

1K *He
pot pot
_Jl_&)_ ol
ﬁ | [_1
Radigtion
Shield
UCN|Ut | | oo I
Graphiﬁerv RSTelu Ct'i on vessel Graphite ; :
A %__Modegration ) 7 RCNP
- / ring cyclotron

pr e Sp proton beam V4 p 400MeV, 1uA
UCN cryostat ~ leadtarget I 11




Q@ TRIUMF

« First UCN production
in 2002
- Operation at RCNP Pumping - |Extraction vaie
inished in 2011 |
1K Helium / T A
Pumping T
Burst disk } T T
L 1K SHe
pot pot
_Jl_&)_ &
ﬁ | [_1
Radiation
Shield
UCN e | o i
Graphiéerv RSTelu - t'i on vessel Graphite :
A %__Modegration ) 7 RCNP
» - / ring cyclotron
pr e Sp proton beam 7 4 p 400MeV, 1uA
UCN cryostat ~ leadtarget I 1




R TRIUMF

R&D at RCNP

proton beam

Os
20s
50s
100s
150s
200s
250s

40s UCN valve opened
—— Delay :
F —— Delay :
- Delay :
- Delay :
—— Delay :
10° = — Delay:
= 1 Delay :
" C
& -
— L
Sk
O =
[&] C
102 = ‘l I
E 1|4| | Hﬂ_m
C | 1 L ! L0 .lll I [1ln
0 50 100 150 200 250 300 350

Best record (2011)
- p-beam: 400W (1uAx400MeV)

- 260,000 UCN for 240s p-beam

- UCN counts: 105 UCN for 40s p-beam

- ~9UCN/cm3 (Ec=90neV )in the UCN source

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

[a—y
=)

wm

o]

A

o UCN storage time:
4 T=81sec

UCN counts after valve open
.
=)
-

10° & ] ] . : : ]
0 50 100 150 200 250 300
Delay [s]
LI IS NS BN
- UCN Storage time T T phonon T gas T wall T2

v In addition to 3-decay (~15min), UCN is lost by phonon up-
scattering, collision with helium gas, absorption by wall material.

v Longer UCN storage time leads to higher UCN density
- Lowering He-Il temperature (Cooling system improvement)

- Cleaning UCN bottle & guide (Baking & Alkali degreasing) 12



R TRIUMF

R&D at RCNP

proton beam

Os
20s

:50s

100s
150s

40s UCN valve opened

—— Delay :

F —— Delay :

n / (/C/V Delay :

L A Delay :

(@ PQ o .

10° \ A{/ /*Oé/l,s Delay;
» E
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0 11

Best record (2011)
- p-beam: 400W (1uAx400MeV)

- 260,000 UCN for 240s p-beam

- UCN counts: 105 UCN for 40s p-beam

- ~9UCN/cm3 (Ec=90neV )in the UCN source

Y. Masuda et al., Phys. Rev. Lett. 108 (2012) 134801.
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o UCN storage time:
4 T=81sec

UCN counts after valve open
.
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-
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v In addition to 3-decay (~15min), UCN is lost by phonon up-
scattering, collision with helium gas, absorption by wall material.

v Longer UCN storage time leads to higher UCN density
- Lowering He-Il temperature (Cooling system improvement)

- Cleaning UCN bottle & guide (Baking & Alkali degreasing) 12



R TRIUMF Transport from Japan to Canada

Canada

ng S AB MB
By SK
<k TRIUMF, Vancouver
Mongolia | i’ o .
: SD
R OR  : Tp
| HE
Sea of Japan | United States
| MO
|
China South Korea sepan : AR
| Ay |
| North M
East China wRCN P O k | Pacific K LA
i ‘ ) Sa a : Ocean
: Guli
! Mexico Mex
imar I
ma) Philippine Sea : Al

« The prototype UCN source was transported from RCNP to TRIUMF in 2016 ~ 2017.

13



QR TRIUMF

TRIUMF

BEAM LINES AND
EXPERIMENTAL
FACILITIES

In Progress

Future
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QR TRIUMF TRIUMF Proton Beam Line (BL1U)

Kicker

YIS e
2017 shutdown

W target < Ry

remote handling s

1 2016 shutdown |

Flrst beam on target on Nov 22, 2016

Major milestones

v 2014~2016  Construction of Beam line 1U

v 2016 Fall Commissioning of the proton beam and CN production
yv¢ 2017 Spring  Prototype UCN Source Installation & Cooling test

v 2017 Now. UCN Production with the Prototype UCN Source

2021- Next Generation UCN Source
15



R TRIUMF Installation at TRIUMF

umping
fduct

/ X \_\_x_\_\\\_\‘\\\\ A

Q/control

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

« He-ll cooling test was performed in April, 2017. He-Il temperature 0.9K was achieved.




@Tmump Installation at TRIUMF

—3He pot
18 Frommmmmmm oo oo
C —Heat exchange pot
16 oo 17 —UCN double tube
A _ T O L
=
-5 12 """""""""""""""""""""""""""""""""""""""""""""
E C 8L He-Il condensed &
s 10 p O | cooled down to 009K~
a2
M E S B,
74 v
P ER e pumpm@
duct
4L |
2
/ 0 F——0 — | - | ——
0 50 100 150 200

Elapsed time [h] beam linein 2017.

« He-ll cooling test was performed in April, 2017. He-Il temperature 0.9K was achieved.

16



R TRIUMF First UCN Production at TRIUMF

« TUCAN collaboration achieved First UCN production on November 13,2017

(Part of) TUCAN comrades




@Tmump First UCN Production at TRIUMF

« 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 T0uA p-beam, 60sec irradiation

300000

r UCN valve open

2000 — RN R " [~ datapons ]
Beam ON 60s | 5x10* UCN at 250000 | Nice linearity at ]
1800E= ! 1uA p-beam | = 30 s irradiation
1600 — ‘ O 200000 [ 4:
- \ =1 time
- ! 5 1
' o 1400 — i g 150000
] S = 5 100000 |
I UCN guide | o 1e00k- | z
1Radiation ~ 1000— | 50000 f
UCN valve (VAT gate valve ishield E - | 0 j | i . .
with protective ring) § 80 \ 0 2 4 6 8 10
600 - } Proton beam current (UA)
Detector — - |
incl. Al foil || s0of— |
_ |
sooF— | This UCN source is not designed for
— I .
Courtesy of F. Kuchler = 40uA p-beam. For nEDM experiment,

. 200 we need a new source!
Time (s) 18



Q@ TRIUMF

New World-leading UCN Source

« 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

- 3He pumping system (10* m3/h)
- Efficient heat exchanger design

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

Measurement of:
- He-Il thermal conductivity
- Kapitza conductance

2.5m

Prototype | New UCN Factor
UCN source| source
20kW
Beam 400W (500MeV x50
power | (400Mevx1uA) Y40UA)
Cold 20K 20K 2.5
moderator | Ice D0 Liquid D> |
UCN
production 8L 34L x4.3
volume
UCN
production 4 7 x540
rate 3.2x10 2x10 (50%2.5%4.3)
[UCN/s]
UCN
density 9 5.6x103 x630
[UCN/cm3]
19




QR TRIUMF

SCM polarizer
3.5T magnetic filed
Polarize UCN ~100%

NnEDM Spectrometer

T

Magnetic shielded room

New He-ll
cryostat

LD, moderator |||

Y-switch

Spin flipper Superconducting

and analyzer magnet polarizer

EDM vessel + High voltage

UCN detector

Ban et al., NIM A611, 280 (2009)
Jamieson et al,, EPJ A53,3 (2017) 20




R TRIUMF

NnEDM Spectrometer

Statistical error:

h
o(d,)= 206TC—E\/N
+ ap=0.95
* T.=120s
- E=12kV/cm
© No = (6~7)x106
+ UCN density ~ 200 UCN/cm?

+ 10-27 ecm reached after ~400
beam days

UCN guides
v Low UCN loss and depolarization
v Test at available UCN facilities (PSI, Prototype UCN source)
v Coating facility at U Winnipeg
EDM vessel
v Low UCN loss and depolarization
v Applying high voltage (~200kV), good insulation wall
* Magnetic field
v High homogeneity and stability / active field control
v Field monitoring with magnetometers & co-magnetometer
Systematic effects fecrode

v Simulation studies

EDM Cell Fill/Drain
Switch

EDM Cell(s)

EDM spectrometer model
used in simulation ot Shown)

— Analyzer




R TRIUMF Summary & Future Outlook

- 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 1027 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.

22



TRIUMF

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

Thank you!
Merci!

15 151 |

TRIUMF: Alberta | British Columbia | Calgary |
Carleton | Guelph | Manitoba | McGill | McMaster |
Montréal | Northern British Columbia | Queen’s |

Regina | Saint Mary’s | Simon Fraser | Toronto | FOIIOW r at TR' UM FLab

Victoria | Western | Winnipeg | York
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R TRIUMF Backup slides

Backup slides

24



QR TRIUMF

Four-layer p-metal shield High voltage lead

Quartz insulating

cylinder Magnetic field

coll
Storage cell Upper
electrode
Hg u.v.
lamp _—
PMT for
Hg light
Vacuum wall
Mercury
prepolarizing
cell
RF coil to flip spins
s T Hg u.v. lamp

Magnet

UCN guide

/ changeover
UCN polarizing foil

] Ultracold

neutrons

4‘,:"— (UCN)

UCN detector __ Approxscale 1 m_

NEDM Spectrometer @ILL/PSI

- ILL/RAL/Sussex setup
* nEDM uper limit: 3x10-26 ecm (90%C.L)
* Moved to PSI




R TRIUMF

Neutron-phonon scattering in He-ll

UCN Production rate in He-lI

P= deucn dein

N 4He

He-11 cold n flux
density

do(Ein—>Eucn)/do AP (E;)/dE

wave number of
/ scattered n

Energy (meV)

do > kr
=45 beon” — S(Q, 0))
do k: < |
l Scattering
scattering N function
length wave number of incident n
M. R. Gibbs et al.
rrrrrrrE T T T YT 3 Low. Temp. Phys. 120 (2000) 55.
0.5 1.0 1.5 2.0

Q (A"
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@ TRIUMF Cooling UCN Cryostat

3He < sHe. \9 C|N
Gas Handling M - . ajgve
Panel l X E'—) UCN
P 1K Helium = LY
o Pumping
Burst disk T T
|
; Fill 4K reservoir
\ !
K SHe . . . Liquid
pot pot W]th L]qU]d He Heﬂium
oA v Autofill
Helium - System
Liquifier 4K Liouid 1L 2K Liouid
Hel;grL:1I S Helilﬂrl:
reservoir —[ j: 3 reservoir
Radi_ation Radiation Isopure
Shield Shield Helium
UCN co DO Tank
L . bottl 2
Graphite gz-(r) Ote! | Vessel Graphite
vessel
Lead | [] «—— proton beam Beam line 1U
Tungsten target | ‘ ‘ | 27




R TRIUMF

Cooling UCN Cryostat

SHe

3He
Gas Handling

A

Pumping

Panel

>

1K Helium

e

Pumping

kG

Burst disk l

Helium
Liquifier

il

reservoir

I |
= &
4K Liquid At 4K Liquid
Helium = Helium
—[ 3 reservoir

and start pumping 1K pot =

Fill 1K pot

UCN
Valve
=1 L
| A E’—» UCN
1K °He Liquid
B pot Helium
Autofill
System
Radigtion Isopure
Shield Helium
e DO Tank
Graphite
| I— |

Lead

| [] «<——— proton beam

Beam line 1U

Tungsten target

|

28




Cooling UCN Cryostat

R TRIUMF

e | &
Gas Handling Pumping mp 1 aﬁve
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@,TRlUMF He-ll condensation
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R TRIUMF World Status

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 31



@ TRIUMF Spin polarization with SCM

‘Magnetic field

UCN | V=+u,B

Magnetic potential
V = - un . B

Potential is spin dependent.

B=35T = -un.B==+210neV

V=-u,B
Ec ~ 200 neV from our UCN source
Only one state can pass.
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