Title: The new ultracold neutron facility at TRIUMF
Date: May 23, 2017 01:00 PM
URL: http://pirsa.org/17050001

Abstract: <p>A permanent non-zero electric dipole moment of the free neutron (NEDM) violates CP-symmetry. The search for an nEDM contributes
to understanding the Baryon asymmetry,<br />

aswell as it has a high discovery potential for Beyond Standard Model physics. The tool of choice to investigate the nEDM are ultracold neutrons
(UCN), since they have such low energies that they can be stored in traps and allow observation times of hundreds of seconds.<br />

The distinct feature of TRIUMFs UCN facility is the combination of a neutron spallation source with a superfluid helium UCN converter - unique
among all existing and planned UCN sources worldwide. The goal of the UCN project at TRIUMF is to provide a density of several hundreds of
UCN per cubic cm to experiments at up to two ports, whereas one will be dedicated to determine the nEDM to the 10-27 eA-cm level of
precision.<br />

This presentation shall update the audience on the current status of the new UCN facility at TRIUMF. Additionally, a brief status update on the work
of the CREMA collaboration (Charge Radius Experiments with Muonic Atoms) shall be given. Recent experiments performing laser spectroscopy
on light muonic atoms shed new light on the Proton Radius Puzzle.</p>
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@ TRIUMF  Root of the Puzzle: the Proton Radius was shrunk 2009

pUOPATA — 0 88xx fn + 0.8%

r'i'_j‘_:‘._::.-'_.',-:;::: 'rEREh'IA = 0.84xxx fm + 0.04%

» 4% smaller

» > 10fold precision

[P. J. Mohr et al., Rev. Mod. Phys. 80, 633-730 (2008)]
[R. Pohl et al. (CREMA-coll.), Nature 466, 213 (2010)]

[A. Antognini et al. (CREMA-coll.), Science 339, 417 (2013)]

Beatrice Franke, May 23, 2017
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@ TRIUMF  Root of the Puzzle: the Proton Radius was shrunk 2009

The Proton Radius Puzzle
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Summarizing all electronic measurements of r, (spectroscopy and
[P. J. Mohr et al., Rev. . , : .
scattering) from hydrogen and deuterium data, yields a 5.6 0
[R. Pohl et al. (CREMA discrepancy to the CREMA measurement. I
[A. Antognini et al. (CR
11/05/17 J.J. Krauth 17/42

Beatrice Franke, May 23, 2017
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R TRIUMF The Lamb shift (25-2P) in muonic hydrogen (up)

8.4 meV
» Boungd system of one ;= and a proton

(or other light nuclei such as the deuteron, helion, and «)

2P
2P,

T TmTMm™
[

o =N

» Muon lifetime 7, = 2.2 s

> m, ~200-m, = a,~a./200

50 THz

‘ A 6 um

» S-states great probe for nuclear structure:

> Probability to be inside the nucleus 200° = 107 x higher 206 meV

» Lamb shift (AFss,0p) = charge radius F‘in:ce stize
3 S . . errect:
» 2S & 2P hyperfine structure = Zemach radius 3.7 eV

» Polarizablity of the nucleus F=1

» Measure Lamb shift transitions between energy levels 23 meV

via laser spectroscopy F=0

Beatrice Franke, May 23, 2017
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R TRIUMF The Paul Scherrer Institute (PSI), Switzerland
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R TRIUMF HIPA facility at the Paul Scherrer Institute

High Intensity Proton Accelerator

~2mA of 590 MeV p™ are shot

on a carbon target to create
pions (PiE5 area)

pions decay to muons

muons are cooled /slowed down
in a special beamline

non-destructive muon detector
provides trigger for laser

(1~ enter gas target (hydrogen,
deuterium, *He, or *He)

bound state is formed between
light nucleus and one muon

Pirsa: 17050001

Beatrice Franke, May 23, 2017
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R TRIUMF Measurement of muonic Lamb shift transitions

Beatrice Franke, May 23, 2017
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R TRIUMF Measurement of muonic Lamb shift transitions

—o— 2P
Laser A >/’
2S =—
1S =—

Beatrice Franke, May 23, 2017
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R TRIUMF Measurement of muonic Lamb shift transitions

—op
Laser A >/’
2S =—
N\ \NS> | APD
8.2 keV X-ray
(Kq)
1S —@—

Beatrice Franke, May 23, 2017
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@ TRIUMF Steps to extract nuclear properties from transition energy

Pirsa: 17050001

Makensure systematics are under control

Most systematics are below our measurement
sensitivity

We needed to check on Quantum Interference

Use theory to extract charge radius from transition
frequency

What are the current state of the art theory term
calculations?

Summarize contributions from several different
experts

Data from hydrogen and deuterium published,
helium-3 and helium-4 are underway

Beatrice Franke, May 23, 2017

What is Quantum Interference (QI)?
" Coherent excitation of multiple
allowed excited states”, a polarization
& geometry dependent effect

(vanishes in 4 7)
[eg. E. Hessels, M. Horbatsch, PRA 82, 052519
(2010); R. Brown et al., PRA 87, 032504 (2013);

and Refs therein]

» Investigations on Ql in CREMA are
published

» Compare point-like detector
vs. acceptance angle of CREMA

[Amaro, Franke, et.al., PRA 92, 022514 (2015)]
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QQ TRIUMF
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2P fine structure

fin. size
~28meV

n =2 levels in muonic deuterium and helium-3

D

F=5/2
F=1/2
F=3/2

-9meV

2P,/ F=3/2

F=1/2

F=3/2
,,,,,,,,, ‘ 25 hyperfine splitting

—6meV

F=1/2

[Krauth et.al

., Ann. Phys. 366 p. 168 (2016)]

Beatrice Franke, May 23, 2017

F=0
25 hyperfine splitting
~167meV
F=1
fin. size
~400meV

[Franke, Krauth, et.al., arXiv:1705.00352,
submitted to EPJD]
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2 TRIUMF n =2 levels in muonic deuterium and helium-3

Theory of n=2 levels
0,
. The measured transition energy is theoretically predicted by
Fi103 =AFE1s + AFEog(t) + AE9p(f), (13)
o the Lamb shift energy E's (25,2 — 2P;/3), which contains
the finite size effect!
e the energy difference AFyg(z) from 25 /5 to the initial 25
- hyperfine state
172 /
< e the energy difference AFyp(f) from 2P jpto the final 2P
fin. size state, given by fine- and hyperfine splitting
28meV
[Krauth et.al., A )352,

Beatrice Franke, May 23, 2017
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2 TRIUMF n =2 levels in muonic deuterium and helium-3

Theory of n=2 levels
O,
. The measured transition energy is theoretically predicted by
Fi103 =AFE1s + AFEog(t) + AE9p(f), (13)
o the Lamb shift energy Es (25,2 — 2P;/3), which contains
the finite size effect!
e the energy difference AFyg(2) from 25 /5 to the initial 25
- hyperfine state
172 /
< e the energy difference AFyp(f) from 2P jpto the final 2P
fin. size state, given by fine- and hyperfine splitting
28meV
[Krauth et.al., A )352,

Beatrice Franke, May 23, 2017
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QQ TRIUMF

n =2 levels in muonic deuterium and helium-3
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Folor Lo equations in Lhe respective paper.

contributions 1o the Lamb shift in g®Hot . Values are in meV_ Iem numbers “#* in the 1st column follow the nomenclature of Refs [1, 2], which in
turn follow tie supplement of Rel. [4). Items *§ ° with & dagger ! were laboled “New* in Ref. [1]. but we introduced numbers in Red. [2] for dofinitenss. For Borle [25] we refor 1o the most recent arXiv
varsion-T which eontalns sevoral corrections wo the published paper |24] (svailable online 6 Dee. 2011). For Marynenks of al, numbors #1 1o #20 rofor 1o rows in Tab. 1 of Ref. [20]. Numibers in parentheses
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Beatrice Franke, Ma
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2 TRIUMF n =2 levels in muonic deuterium and helium-3

Lamb shift

radius-dependent (finite size)

2P fine s

There are calculations from Borie, Martynenko, and Karshenboim.

The main finite size contributions are given to order (Z«)® by

2nZcx . Zam ) y y
AEfin. size = ——N’n 2( U)| (7‘2> - ’< {>( + (Za)” (FreL + myFNRE] )]

[J. L. Friar, Annals of Physics 12 ? 151196 | “"lf“\| (14)
e The second term is the Friar moment contribution.

e The last term is partly evaluated with an exp. model.

251, <
| AELS —dep. = —103.5184(9 8) r¢ meV /fm? 4 0.1177(33) meV
(15)

[Krauth et.al., A 2,

11/05/17 J.J. Krauth 14/42

Beatrice Franke, May 23, 2017

Pirsa: 17050001 Page 17/39



2 TRIUMF n =2 levels in muonic deuterium and helium-3

Lamb shift
two-photon exchange (TPE)
2P fine s AE"I'PE — hKE‘Frmr + AEmelaz,tm = 15. §()( )III(V (16)
elastic (Friar moment) inelastic (polarizability)
h
Ji
25, <
fin. size
28meV h
(Krauth et.al., A — TPE: main limitation for determination of ry,! 9
11 ). J. | th !

Beatrice Franke, May 23, 2017
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R TRIUMF n =2 levels in muonic deuterium and helium-3

Lamb shift

helion rms charge radius
extract charge radius from muonic data and theory:

2P fine s e 3 measured transitions, 2 fit parameters (LS, 2S5 HFS)
o AFE1s = AEQED + AFfinsize(C x 18) + ALK
This yields:
— rp(pPHet) = 1.97222(12)P(128)he° fin Preliminary!

[ Our preliminary uncertainty — ‘

Sick 2001

25, : Amroun 1994 e

]

Ott lann 1985 ———e——
fin. size Retzlaft 1984 &
CESmEX Collard 1965
s 2
L b e b e b e b e e b e e b e e e e e b e |
[Krauth et.al., A 182 184 18 188 1.9 192 194 196 198 2 ,

helion charge radius [ fin|

11/05/1/ J.J. Krauth i6/42

Beatrice Franke, May 23, 2017
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2 TRIUMF n =2 levels in muonic deuterium and helium-3

Muonic helium-4 (;*He™)

- x10°
a .
E ~ Scattering* This value
2P fi £ L .
£ ne s o 11—
(%]
8 -
@ el Zavattini Batell et al.
06—
04—
» L
I - —— - %* | l
AT |
25,5 < ! % + { Tt
\ 0L1LL11L1+1L1lL11111L11‘LJ.IJ.IIJ..LIL.L\J.
366 367 368 369 370 371 372

Frequency [THz]

fin. size
~28meV
7777777 experimental accuracy of 17 GHz
[Krauth et.al., A with theory we get: 7, (;*Het) = 1.68222(19)exp (58) theo fm
' compared to 1.68100(400) fin from e-scatt..
11/05/1/ J.J. Krauth 38/42

Beatrice Franke, May 23, 2017
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2 TRIUMF n =2 levels in muonic deuterium and helium-3

Charge radius difference in muonic helium

2P fine s
Preliminary uncertainty ————
—e&—  (Cancio Pastor**
. 2
van Rooij*
I Y T T Y T S Y T S Y Y T A Y S A ST N T [N S S S
1.02 1.03 1.04 1.05 1.06 1.07 1.08 1.09
2 9 2
1y - 15 [fm?]
251, <
value from re-evaluated theory in
fin. size * Patkos et al., PRA 95, 012508 (2017)
~28meV ** Patkos et al., PRA 94, 052508 (2016)

[Krauth et.al., A

11/05/17 1.J. Krautl 30 /472

Beatrice Franke, May 23, 2017
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R TRIUMF Status and outlook for CREMA

Pirsa: 17050001

rp(pp) 6 0 smaller than CODATA
[Pohl et al. Nature 2010, Antognini et al. Science 2013

rq(pd) 6 0 smaller than CODATA, consistent with r,(pud)
[Pohl et al. Science 2016]
ru(pPHe) and r, (u*He™) so far agree with e~-scattering (preliminary!)

more experiments to come:
Hydrogen spectroscopy (25-4P, 25-6P, 25-2P), He™ spectroscopy, MUSE, up(HFS),
p*Het (HFS) and others

Beatrice Franke, May 23, 2017
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R TRIUMF Status and outlook for CREMA

Pirsa: 17050001

rp(pp) 6 0 smaller than CODATA
[Pohl et al. Nature 2010, Antognini et al. Science 2013

rq(pd) 6 0 smaller than CODATA, consistent with r,(pud)
[Pohl et al. Science 2016]
ru(pPHe) and r, (u*He™) so far agree with e~-scattering (preliminary!)

more experiments to come:
Hydrogen spectroscopy (25-4P, 25-6P, 25-2P), He™ spectroscopy, MUSE, up(HFS),
p*Het (HFS) and others

Beatrice Franke, May 23, 2017
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R TRIUMF Japanese—Canadian UCN nEDM collaboration

KEK T. Adachi, S. Jeong, S. Kawasaki, Y. Watanabe
RCNP Osaka K. Hatanaka, I. Tanihata, R. Matsumiya, E.Pierre (also TRIUMF)
UBC E. Altiere, D. Jones, K. Madison, E. Miller, T. Momose, J. Weinands, T. Hayamizu
U Winnipeg C. Bidinosti, B. Jamieson, R. Mammei (also TRIUMF), J.Martin

U Manitoba T. Andalib, J. Birchall, M. Gericke, M. Lang, J. Mammei, S.Page, L. Rebenitsch, S.
Hansen-Romu, S. Ahmed

TRIUMF C. Davis, B. Franke, K. Katsika, T. Kikawa, A. Konaka (also UVic and Osaka U.), F.
Kuchler, L.Lee (also U. Manitoba), R. Picker (also SFU), W.Ramsay, W.vanOers
(also U. Manitoba), T. Lindner (also UW)

UNBC E. Korkmaz
SFU J. Sonier
We are an open collaboration and are accepting new membership requests!

L B ' Tk UNIVERsTTY oF R (v sy y SIMON FRASER ; T e~
¥ 4 -, ~ &
«E) ANV, m'@'WINNIPE(’ m or MANITOBA o UNIVERSITY %TRIUMF E W

"

Beatrice Franke, May 23, 2017
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R TRIUMF TRIUMF's UCN Project: the objective

» Search for the neutron electric
dipole moment (nEDM) to a
precision of 102" ecm

» Establish UCN user facility
with a second port & and
attract international scientific
community

» Operate world’'s strongest
intensity ultracold neutron
(UCN) source:
combination of spallation
neutron source and superfluid
He converter

Beatrice Franke, May 23, 2017
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The neutron electric dipole moment d,,

Q TRIUMF

Does the spin of the neutron couple to an electric field?
Hamiltonian of a neutron in a magnetic field and an electric field

CPT theorem: T-violation < CP-violation.

= CP-violating processes are needed to understand
the Baryon Asymmetry of our Universe (BAU)

Pirsa: 17050001

Beatrice Franke, May 23, 2017

S a ORNL, Harvard

e 1020

8 ..MIT, BNL

- 12

- 10 .

- 1024 - .&TP] Sussex, RAL, ILL

o Avaa, 310%ecm

@ 1026 A 4
% not yet excluded BSM predictions e
> 102 sensitivity goals

1950 1960 1970 1980 1990 2000 2010 2020 2030
year of publication
Beyond Standard Model (BSM) physics shall
fix BAU and predict
more CP-violation < larger nEDM
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R TRIUMF Introduction to ultracold neutrons

» Fuen < 300neV = 3.5mK ("ultracold”)

» Strong interaction results in pseudopotential
= optical potential Viormi

» UCN undergo total reflection under all angles of
incidence
if E?UCN < "';y}*br1lli, material
= UCN are storable, like a gas

» Gravitational effects: Fyon(1m) =~ 100neV

» Magnetic fields depict a spin-dependent potential:

E‘[,](;}.N('I T) ~ 60 neV

» Weak interaction: 7, &~ 900 s

Beatrice Franke, May 23, 2017
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R TRIUMF Introduction to ultracold neutrons

Fuen <300neV = 3.5mK ("ultracold”) What to do with UCN?

Strong interaction results in pseudopotential » Search for the neutron electric

= optical potential Viermi dipole moment

UCN undergo total reflection under all angles of » Measure the neutron lifetime
incidence » Investigate beta decay

if fJ?LJC,"I\] < ."i*brlui,Ilmtvriell correlations

= UCN are storable, like a gas > Sensitivity to energies of down to
Gravitational effects: Fyon(1m) = 100neV peV allows to search for exotic

interactions, fifth forces, axions,
dark matter, quantized states in
gravitational potential, etc.

Magnetic fields depict a spin-dependent potential:
E‘[]('_:N('I r|,t) ~ 60 neV

Weak interaction: 7, &~ 900 s

Beatrice Franke, May 23, 2017
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R TRIUMF How to produce UCN: TRIUMF's source as example

» Free n via spallation

» Moderation to thermal and cold
neutron energies:

El{in 0.8 j;]1od > 10K

Cold D,0
Superfluid He-ll

» 'Superthermal’ conversion
process in superfluid He: i
Eki.n((:(;)ld n) — phonon/roton TARGET
excltation UCN Channel

The—11 # Tucn
‘h\,—/

V
=0.8K <3.5mK

Warm D,0

Beatrice Franke, May 23, 2017
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R TRIUMF

First beam in beamline 1U on
Nov 22nd 2016

First beam on target and neutron
production,

confirmed by radiation protection
group and warming of target
cooling water

Beam tuning and magnet tests,
steered beam on collimator

10 sample activations by thermal
and cold neutrons

Beatrice Franke, May 23, 2017
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Commissioning of new beamline BL1U end of 2016
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@TrRIUMF  Installation work and cooling test of UCN source 2017

» Vertical cryostat (1st generation) UCN source arrived from Japan in October,
and modified to fulfill Canadian safety standards as non-pressure vessel

» Cryostat installed above target, including all services (show video here!)

» Installation work was completed in four(!) months, HIGH pressure due to
shutdown schedule

» Cooling test very successfull The UCN production volume reached 0.9 K, and
heater tests showed the cryostat can handle up to few W of heat load.

» First UCN production on-site expected THIS SUMMER

Beatrice Franke, May 23, 2017
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Q TRIUMF

Conclusion of current status: Overarching schedule

» Work,towards higher current (1 A — 40 ;tA) and higher UCN densities
» Design and build 3rd generation horizontal source (and liquid deuterium

moderator system)

» Detailing and procurement of Phase 2 nEDM apparatus

Calendar Year ‘ 2017

2018

2019

2020

2021

Vertical UCN source

Phase 1 nEDM

He cryostat upgrade
LD, moderator D
Phase 2 nEDM

Beatrice Franke, May 23, 2017

Pirsa: 17050001

uninstall

Page 32/39




R TRIUMF Details on neutron EDM Phase 2 setup

P MSR

UCN

Vacuum

Upper i chamber SSA’s & UCN to
EDM cell - switches NnEDM “

expt. UCN switch

Central
electrode

Room temperature T
UCN guide SCM

Winding surfaces
of internal coils

~ <€—{ detectors
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R TRIUMF Exotic interactions inside an nEDM spectrometer

A clock comparison of n & '""Hg Larmor
precession:
During nEDM measurements the ratio

fu
R=—
ng

Is used to correct for magnetic field changes.

R is measured at high precision and can also be
used to search for an exotic interaction!
'Starting position’:

» Fundamental particle (n), spin polarized
» Precession frequency measured precisely

» Close to high density of unpolarized nucleons
(wall material)

Very well suited to look for a dipole-monopole
interaction:
spin-dependent & CP-violating

Beatrice Franke, May 23, 2017
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R TRIUMF Pseudomagnetic field created by axion-like particles?

(7) = 9s9p Smmc? rA 2

(he)? (a'.%)( 11 )e—;- d \

Spin-dependent interaction results in a
pseudomagnetic field b normal to the surface.

Beatrice Franke, May 23, 2017
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R TRIUMF Pseudomagnetic field created by axion-like particles?

N n

L A B \

Kmme? rA e

Spin-dependent interaction results in a

pseudomagnetic field b normal to the surface.
» Thermal Hg atoms sample the vessel homogeneously
= Effect of b on Hg cancels

» UCN display an inhomegeneous density distribution,
this will effectively enhance b at the bottom

— Net effect on neutrons

Beatrice Franke, May 23, 2017
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R TRIUMF Exotic interactions inside an nEDM spectrometer

PAUL SCHERRER INSTITUT UK‘W ETH
O : | = . NEDM
Pseudomagnetic field alters f,, and thus also R. PB .
/ Lintenes |
R _ fn vuru‘x:ﬂmls} Tn vxutitintur;wthun} In 1+ b
Jug YHg THg Bo

Integrate over all nucleons & UCN density
distribution:

o _ H?~y°m® (] _
9598 = 7 G hh N A2

/|E‘,‘
~—
L
AN

l

|

>
~——
|

We measured: b = (0.28 + 0.53) p'l’

= gsgpA® < 2.2-107% " m? for 1um < A < 5mm
at 95% CL

Beatrice Franke, May 23, 2017
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R TRIUMF Exotic interactions inside an nEDM spectrometer

i -—m}’

PAUL SCHERRER INSTITUT ETH
N UK ﬁ LPSC
o | =1 nEDM
Pseudomagnetic field alters f,, and thus also R. o
_ _ 7 -i;le
frl corrections "711 exotic interaction "711 I
R = ; - 1+ —
f Hg YHg YHg B 0
: mass m (eV)
In.teg.ratet over all nucleons & UCN density 0.1 0.01 0.001 10-4 10°5
distribution: 1o ' ' ' '
—— Neutron experiments
H".-?,}_onlo " —1 anN —1 -14 r=--0dd nuclei atomic experiments
gsgd = b1 (1_ - ﬁ_T) (1 - 6_37)
6hh N \?2 +-16
%
T R— -
o |this wor
L.-20
possible
We measured: b = (0.28 + 0.53)p'l’ 22 improvement
= gsgpA? < 22-107°"m? for 1um < A < 5mm 24 : e
at 95% CL 10°° 100 104 0.001 0.01

interaction range A (m)

[Afach et.al., PLB 745, 58 (2015)]
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R TRIUMF Pseudomagnetic field created by axion-like particles?

N n

L A B \

Kmme? rA e

Spin-dependent interaction results in a

pseudomagnetic field b normal to the surface.
» Thermal Hg atoms sample the vessel homogeneously
= Effect of b on Hg cancels

» UCN display an inhomegeneous density distribution,
this will effectively enhance b at the bottom

— Net effect on neutrons

Beatrice Franke, May 23, 2017
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