The neutron lifetime experiment TSPECT

Dieter Ries
dieter.ries@psi.ch

Precision Physics of Simple Atomic Systems 2024

June 12, 2024



PAUL SCHERRER INSTITUT

L.“Csraco'd NeUtrons ’Cr)%)F(’DE)%TOOOOOOOOOOO
Ultracold Neutrons - UCN

Subatomic Particles at Human Velocities
Ekin < 335neV
L=

v<8ms!t~30kmh~!~18.6mph
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UCN Interactions

® 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

® 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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Why Neutron Lifetime?

a) Big Bang Nucleosynthesis (He abundance)
[Cyburt et al., doi:10.1103/RevModPhys.88, 2016]
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@t =2min: n/p ~1/6 @t =4 min: n/p ~1/7
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Neutron Lifetime

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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Neutron Lifetime

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 2024. We cannot agree on T, 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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¢ 3-D magnetic storage
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* Holding field polarizes neutrons
® Fast adiabatic spinflip as loading mechanism
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TSPECT

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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Gradient compensation in SF region

work of K.U. Ross
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Gradient compensation in SF region

Absolute magnetic flux density [mT]
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work of K.U. Ross
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UCN Detection

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

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

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

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)

D. Ries (PSAS’'2024) tauSPECT June 12, 2024 12/27



PAUL SCHERRER INSTITUT

e R
TSPECT Detector

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

rate)

— UCN signal

(O]
o
o

&
o

(
_1OOOJ
1500

0 5 10 15 20 25

Time (us)
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D. Ries (PSAS’'2024) tauSPECT June 12, 2024 13/27



PAUL SCHERRER INSTITUT
Ultracold Neutrons TSPECT c.
(e]e) 000000@000000000 ,‘ SPECT

Measurement Procedure

e

3.2m

\
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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

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

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

w
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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)

Remove SF from storage region
Detector to cleaning position and back
Wait ...

Count UCN
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UCN Intensity Monitor

In order to know N(t=0), we need an in-beamline monitor.
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UCN Intensity Monitor

In order to know N(t=0), we need an in-beamline monitor.

UCN

lllustrations: D. Kanta
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UCN Intensity Monitor

In order to know N(t=0), we need an in-beamline monitor.

UCN

To
Micro-controller

lllustrations: D. Kanta
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Systematics

* Gaps:
* \Wall losses:
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® Gaps: —»0
* Wall losses: — 0
® Depolarisation:
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Systematics

® Gaps: —»0

Wall losses: — 0
Depolarisation: << 0.1s
® Rest gas interactions:
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Systematics

® Gaps: —»0

Wall losses: — 0
Depolarisation: << 0.1s

® Rest gas interactions: <0.1s
Microphonic heating:
Marginally trapped neutrons:
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Systematics

® Gaps: —»0

* Wall losses: — 0

® Depolarisation: << 0.1s

® Rest gas interactions: <0.1s

® Microphonic heating: Has not been observed, measure.

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

* 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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Systematics Control

* 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
® Microphonic heating:

® Microphonic heating has not been observed

® Can be measured via change in arrival time

® Can be measured by "cleaning" again!
®* New TSPECT timing controller can do that.
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Without Energy Spectrum Cleaning

February 2020
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Decay times:
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With Energy Spectrum Cleaning

July 2021
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TSPECT at PSI
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TSPECT at PSI

UCN CAM 3 Fri Jul 21 16:01:59 20:

D. Ries (PSAS’'2024) tauSPECT June 12, 2024 22/27



- mml"l mi”“ LOJ|OtI’aCO|d NECORS gSO%EOCO-gOOOOOOQOOO ,‘ SPECT
TSPECT at PSI

UCN CAM 3 Tue Jul 25 00:04:3
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TSPECT at PSI

uL 26 10:22:54 2023
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TSPECT at PSI

UCN CAM 3 Sat Aug 19 15:00:27 2023
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Status

® TSPECT has been fully commissioned at TRIGA Mainz
* Move and setup to PSI concluded in 2023
® This week: Preparation for first physics run in 2024
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Status

® TSPECT has been fully commissioned at TRIGA Mainz
* Move and setup to PSI concluded in 2023
® This week: Preparation for first physics run in 2024

Goal: Show statistical reach and systematics control for a
physics run aiming for a precision of 0.3 s in the next years.
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Future

e TSPECT still statistically limited at PSI.

® UCN source energy spectrum and guides not optimized
* next generation in preparation:

Larger volume 10 Lto 60 L

Stronger magnets 1 Tto3 T

almost-4m loss detector on magnet inside

[ ]
[ ]
[
® 0.1s and below
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Team

+ W. Heil & P. Bliimler & B. Lauss & S. Vanneste
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Team

< SPECT)

J. Auler?, P. Blumlerl, M. Engler?, M. Fertl!, K. Franz2, W. Heill,
S. Kaufmann?, B. Lauss3, N. Pfeifer!, D. Ries3, S. Vannestel,
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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Thank you for your attention!
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