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Ultracold Neutrons - UCN X

Subatomic Particles at Human Velocities
Ekin < 335neV
L=

v<8ms!t~30kmh~!=~18.6mph
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® Strong Interaction

* Neutron Optical Potential (Fermi Potential):
® VE o pbcon
e 58N\j: ~335neV, Stainless steel: ~190neV, Al: ~54 neV
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UCN Interactions e

® Strong Interaction

* Neutron Optical Potential (Fermi Potential):
® VE o pbcon
e 58N\j: ~335neV, Stainless steel: ~190neV, Al: ~54 neV

* Gravity
® 102.5neVm™1

®* Magnetism

® Spin polarization with strong magnetic fields.
® up=—60.3neVT!
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What for? e

* Free neutron lifetime

* Neutron electric dipole moment
Gravitationally bound quantum states
Neutron to mirror-neutron oscillations
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Why Neutron Lifetime? SER

a) Big Bang Nucleosynthesis (He abundance)
[Cyburt et al., doi:10.1103/RevModPhys.88, 2016]
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Dark Energy
Accelerated Expansion
Afterglow Light N
Pattern  Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.
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Inflation i ﬁim EE@H@& , y
| iasees

Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years

@t =2min: n/p ~1/6 @t =4 min: n/p ~1/7
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Why n-lifetime?

a) Big Bang Nucleosynthesis (He abundance)
[Cyburt et al., doi:10.1103/RevModPhys.88, 2016]

b) CKM Unitarity (V,q)

[Czarnecki, Marciano, Sirlin, doi:10.1103/PhysRevD.100.073008, 2019]
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Cabibbo-Kobayashi-Maskawa matrix

|Vud| |Vus| |Vub|
|Vcd| |Vcs| |Vcb|
[Vidl  [Visl [Vl
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Cabibbo-Kobayashi-Maskawa matrix =%

|Vud| |Vus| |Vub|
|Vcd| |Vcs| |Vcb|
[Vidl  [Visl [Vl
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- Experiment Radiative correction l:l Nuclear correction

[Hardy and Towner, doi:10.48550/arXiv.1807.01146, 2018]
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The Lifetime Puzzle
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Why n-lifetime?

a) Big Bang Nucleosynthesis (He abundance)
[Cyburt et al., doi:10.1103/RevModPhys.88, 2016]

b) CKM Unitarity (V,q)

[Marciano and Sirlin, doi:10.1103/PhysRevLett.96.032002, 2006]
c) “It's 2023. We cannot agree on 1, to better than 10s?!”

Tn'beam == 887.7 + 1.2 + 1.9S
#
Tn'stored =877.75+£0.28+ 0.22s
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Concept:
¢ 3-D magnetic storage
® Two solenoids + Octupole
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TSPECT s

Concept:
¢ 3-D magnetic storage
® Two solenoids + Octupole
® Spinflip-loading
* Holding field polarizes neutrons
® Fast adiabatic spinflip as loading mechanism
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TSPECT s

Concept:
¢ 3-D magnetic storage
® Two solenoids + Octupole
® Spinflip-loading
* Holding field polarizes neutrons
® Fast adiabatic spinflip as loading mechanism
® |n-situ UCN detection

® Minimizes extraction losses
* High detector requirements wrt temp. & B-field
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TSPECT fields
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Magnetic flux density [T]
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Measurement Procedure s

1. Fill UCN into TSPECT Magnet from the left
® Polarization due to high Magnetic Field, SF on
® Simultaneously: Intensity Monitoring (non-trappable UCN)
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Measurement Procedure s

1. Fill UCN into TSPECT Magnet from the left
® Polarization due to high Magnetic Field, SF on
® Simultaneously: Intensity Monitoring (non-trappable UCN)

2. Remove SF from storage region
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Measurement Procedure s

1. Fill UCN into TSPECT Magnet from the left
® Polarization due to high Magnetic Field, SF on
® Simultaneously: Intensity Monitoring (non-trappable UCN)

2. Remove SF from storage region
3. Detector to cleaning position and back
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Measurement Procedure =

1. Fill UCN into TSPECT Magnet from the left
® Polarization due to high Magnetic Field, SF on
® Simultaneously: Intensity Monitoring (non-trappable UCN)

2. Remove SF from storage region
3. Detector to cleaning position and back
4. Wait ...
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Measurement Procedure =

1. Fill UCN into TSPECT Magnet from the left
® Polarization due to high Magnetic Field, SF on
® Simultaneously: Intensity Monitoring (non-trappable UCN)

2. Remove SF from storage region

3. Detector to cleaning position and back
4. Wait ...

5. Count UCN
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A look at the data
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Systematics

® Gaps: —» 0

Wall losses: — 0
Depolarisation: << 0.1s

® Rest gas interactions: <0.1s

Marginally trapped neutrons: Spectrum cleaning
necessary!
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Countermeasures
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Systematics Control o

* Marginally trapped neutrons:

® Clean spectrum with active detector before t =0
Demonstrated to work
2 parameters: position and duration
Too aggressive cleaning — lower statistics
Introduce asymmetry: TSPECT at a small tilt angle
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July 2021
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TSPECT at PSI

UCN CAM 3 Thu Jul 20 05:44:10 2023

D. Ries (SPIN 2023 Durham, NC) UCN @ PsI September 26, 2023 22/45



PAUL SCHERRER INSTITUT

Ultracold Neutrons TSPECT n2EDM ) 5 o v
0000 O00000000000e0 0000000000000 "SPECT qg;K %

TSPECT at PSI K=

UCN CAM 3 Fri Jul 21 16:01:59 2023
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TSPECT at PSI

Aug 19 15:00
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Status

TSPECT has been fully commissioned at TRIGA Mainz
Move and setup to PSI are being concluded

First pump-down / cool-down successfully done

First neutrons in the trap expected every day now!
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Status R

TSPECT has been fully commissioned at TRIGA Mainz
Move and setup to PSI are being concluded

® First pump-down / cool-down successfully done

First neutrons in the trap expected every day now!

Goal: Show statistical reach and systematics control for a
physics run aiming for a precision of 0.1s in the next years.
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Team

+ W. Heil & P. Blimler
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Team

< SPEC

J. Aulerl, P. Blumler!, M. Engler?, M. Fertl}, K. Franz?, W. Heil?,
S. Kaufmann?, N. Pfeifer!, D. Ries3, N. Yazdandoost?

1 Institute of Physics, Johannes Gutenberg University Mainz, Germany
2 |nstitute of Nuclear Chemistry, Johannes Gutenberg University Mainz, Germany
3 Paul Scherrer Institute, Villigen, Switzerland

@ PRISMA*

Supported by the Cluster of Excellence “Precision Physics, Fundamental Interactions, and Structure of Matter”
(PRISMA+ EXC 2118/1) funded by the German Research Foundation within the German Excellence Strategy
(Project ID 39083149)
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NEDM motivation

Sakharov Conditions

® Baryon number
violation

e C and CP symmetry |
violation

* Thermal
non-equilibrium

[Bundesarchiv, B 145 Bild-F088809-0001 /
Thurn, Joachim F. / CC-BY-SA 3.0]
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CP symmetry violating EDM
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CP symmetry violating EDM
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T symmetry violation ZFT theorem, CP symmetry violation
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How do we measure an EDM?

_ 24
2nf = TB
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How do we measure an EDM?

2nf = 2B+ 2
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How do we measure an EDM?

2u 2d _2u 2d
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How do we measure an EDM?

2
F(n—fF(1) = %dE
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How do we measure an EDM? X

2
Fan—fF(1) = %dE

‘Never measure anything but frequency!’
Arthur Schawlow
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® Precision spectroscopy

e Atomic clocks

Spin
"down"

¢ EDM measurements
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Ultracold Neutrons TSPECT n2EDM

The ideal system for EDM measurements:
® simple
® spin =1/2
* neutral

D. Ries (SPIN 2023 Durham, NC) UCN @ PsSI
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High Precision

dn = 0.0 % 1. 15t £ 0.2yt x 1072% - cm
ldn| <1.8x 107%%e-cm (90% CL)

[Phys. Rev. Lett. 124, 081803 (2020)]
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High Precision

dn=0.0% 1. 1gpat % 0.25y5t x 1072%€-cm
ldn| <1.8x 107%%e-cm (90% CL)

[Phys. Rev. Lett. 124, 081803 (2020)]

Image Credit: NASA
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High Precision '

dn=0.0% 1. 1gpat % 0.25y5t x 1072%€-cm
ldn| <1.8x 107%%e-cm (90% CL)

[Phys. Rev. Lett. 124, 081803 (2020)]

Image Credit: NASA
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High Precision

dn=0.0% 1.1geat £ 0.26yst x 1072%e - cm
|dn] < 1.8 x 10726 e.cm (90% CL)

[Phys. Rev. Lett. 124, 081803 (2020)]

Statistical sensitivity:

oo h
2EaT VN
With:
® E: Electric field strength
® a: Visibility of pattern, a = m;xi

* T: Free precession time
* N: Number of neutrons
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NEDM apparatus

Photo: Zema Chowdhuri, PSI
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[JT_EJ 0000 00000000000000 0000000080000 'L SPECT uk, e

®° nEDM
BPB
=]

Reminder ’

2nf(11) = 2B+ 2E
2nf(1l) = 28— 29

2
PN —f(1l) = —dE
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only if:
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Reminder

ZBEE1-B(E211)=0
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Co-magnetometry

30.2230 | F v
30.2229 & ‘Wx

N 5 it
T [ " f it
= 30.2228 “'4‘&?_%

30.2227 M
-

30.2226 1 =
0 100 200 300 400 500
Cycle number

[Phys. Rev. Lett. 124, 081803 (2020)]
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‘45 H'.-} . .
30.2227 M
a0
30.2226 1 :
 3.842445 1
T t
< © ot
«F 3.842450 YT
I h
& 3.8424551
0 100 200 300 400 500

D. Ries (SPIN 2023 Durham, NC)

Cycle number

[Phys. Rev. Lett. 124, 081803 (2020)]
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o,
Systematic effects —
R = || (1 + deom
“THg

+5E?levle + 5quad + 5grav + o7 + 5Earth + 5Iight + 5inc + 5other)
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Ultracold Neutrons TSPECT n2EDM -
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Systematic effects

.
“THg

R = (1+5EDM

fal
+5E?D?Vle + 5quad + 5grav + o7 + 5Earth + 5Iight + 5inc + 5other)

® Searth: Earth rotation
® ¥Yn <0 < 7VYHg-
PSI not at Earth’s equator.
R depends on direction of By.
luckily, wearth well known.
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Ultracold Neutrons TSPECT n2EDM -
0000 0000000000000 0600000000000 'L SPECT

Systematic effects

.
“THg

R = (1+5EDM

fal
E?D?Vle + 5quad + 5grav + o7 + 5Earth + 5Iight + 5inc + 5other)

® Searth: Earth rotation
® Yn <0 < VYHg.

PSI not at Earth’s equator.
R depends on direction of By.
luckily, wearth well known.
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Ultracold Neutrons TSPECT n2EDM 3 - 4
0000 00000000000000 0000000000800 "SPECT g‘a

- = T
n2EDM Overview o
Passive -
Magnetic Active
Shield Magnetic
; Shield
Polarizing E:,=1],1T
Magnet

Precession
chambers

Detectors Switch
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n2EDM Magnetically Shielded Room ~ ~ *

] B

< 100pT in inner m3 shielding factor 10> at 0.01 Hz
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TSP n2EDM
00000000000000 000000000000e

Active Magnetic Shielding Xz

8 independent Coils
» 3 currents each

* 490 wire paths

* 55 km wires

» 3.2 t of wire

* 780 m cable trays

» Several kW heat
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2023: UC_.N Sitch and Detetectors
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2023: UCN Switch and Detetectors "

D. Ries (SPIN 2023 Durham, NC) UCN @ PsI September 26, 2023 40/45



PAUL SCHERRER INSTITUT - L 1

EE] Lé”ot(r)aOCOId NEUtronS E?DZEOCOEOOOOOOOO rézoEOI:OmO/IOOOOOOOO " SPECT (‘;:M‘;"%w_x

. N S
Precession Chamber g

/
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Precession Chamber

Cs magnetometer
Hg polarization cell
e— Grounding shell
+ .;".

Insulator
HV electrode

Ground electrode
UCN shutter
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Ultracold Neutrons TSPECT n2EDM 1 SPECT
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Ultracold Neutrons TSPECT n2EDM : R
0000 00000000000000 0000000000000 b SPECT Wy e

=

UK,
“ nEDM u
||

e

Status K=

* n2EDM has entered its commissioning with neutrons
phase

* Neutron optics / switch / shutters, DAQ / Control, spin
analysing detectors, spin transport coils already working,
being optimized.

* Up next: Spin flippers, Hg co-magnetometry, Cs vapor
magnetometers, high voltage.

® Stay tuned for the first Ramsey measurements and EDM
results!
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Thank you for your attention!
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Backup
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UCN Detection e

Slow neutrons are fundamentally hard to detect
( = to generate an electric signal )
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UCN Detection X

Slow neutrons are fundamentally hard to detect
( = to generate an electric signal )
[¢8

L
+A’(B conversion layer 3
o ZnS(Ag) scintillator \7Li

Neutron capture on 1°B

Subsequent decay into o + ’Li back-to-back
Charged particle generates light in scintillator
Detect light in Silicon Photomultiplier (SiPM)
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UCN Detection AR

Slow neutrons are fundamentally hard to detect
( = to generate an electric signal )
[¢8

L
+A’(B conversion layer 3
o ZnS(Ag) scintillator \7Li

Neutron capture on 1°B 0(100 nm)

Subsequent decay into o + ’Li back-to-back
Charged particle generates light in scintillator O(10 pm)
Detect light in Silicon Photomultiplier (SiPM)
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NEDM schematic

Four-layer Mu-metal shield

High-voltage lead
Vacuum chamber Cesium magnetometer
(15 in total)

Precession chamber Electrode (HV)

UV light source

®
Mercury polarizing ——
cell

Photodetector

Electrode (ground)

UV light source UCN shutter

y/[/lj{; ?pi?rﬂ;pper 1
/1 ]

5T -magnet

Magnetic-field coils

Spin analyzers incl spin flipper 2a,b
Neutron detectors

[Phys. Rev. Lett. 124, 081803 (2020)]
D. Ries (SPIN 2023 Durham, NC) UCN @ PSI September 26, 2023 48/45



KKKKKKKKKKKKKKKKKKK _ v
=) L SPecT) wioim

“ nEDM u
||

NEDM numbers R

Applied electric field: 11 kVcm™!

Average visibility a: 0.76

Time of free precession: 180s

Average # of UCN in chamber: 11400
Sensitivity per cycle: 0 =2 x 1072%e-cm/c

Data taken: 2015 & 2016
Total measurement cycles: 54068
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TSPECT Detector

10B-coated ZnS:Ag Light cone MPPC PCB
(~ 7 % photon transmission) (sum of 16 individual channels, pre-
amplification of the output signal)

ADC
- =) (10MHz
sampling

rate)

— UCN signal

(O]
o
o

&
o

(
_1OOOJ
1500

0 5 10 15 20 25

Time (us)
PhD work of J. Kahlenberg

Pulse helght (ADC channels)
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C. Schmidt
Populated closed orbits:

¢ Counted in short storage time runs

® Lostin long runs

= Systematic shift towards small 7!
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L SPECT) wisuem
Z oTF
Data Blinding —
Precision measurement with a long history
Expected zero result = Blind analysis necessary!
How to blind a clock comparison experiment?
12000+ :
8 YR
5 10000F f ‘ 1
8 ,
S 8000 ' I gy
E ;
S 6000 f e
Q . .
s UL ]
£ 4000F - A
wn . ) v .
2000F \ .
29.996  29.998 30 30.002  30.004

Precession frequency (Hz)
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More results: Dark matter

Ll

I8

Another question for the Standard Model:

What is dark matter made of?

Axions, or Axion like particles (ALPs):

® Proposed in 1977 to solve the strong CP problem.
[R. Peccei and H. Quinn, Phys. Rev. Lett. 38, 1440 (1977)]

Very low mass ALPs: Good dark matter candidate.

Could form coherently oscillating field permeating the
universe.

¢ Coupling to gluons — nucleons — oscillating EDM.

* Analyses on EDM data looking for oscillations: Limits on
axion couplings etc.
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NEDM axion result

Oscillation frequency (Hz)
10° 10°® 1073  10° 103 10° 10°

Supernova energy loss

Big bang
nucleosynthesis

short-time base 1 Super-Planckian {

long-time base axion decay constant

0724 4 T T T T T T
10724 1072 107* 107 1072 10™° 10°°
Axion mass (eV)

[Abel et al., Phys. Rev. X 7, 041034 (2017)]
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