
Neutron lifetime experiments - status and future

Bridging the Standard Model to New Physics with the Parity Violation Program at MESA

from 23 April 2018 to 4 May 2018 MITP, JGU Mainz

Outline 

• Impact of neutron lifetime experiments

• Overview on „beam“ and „bottle“ type experiments

• SPECT experiment at Mainz

W. Heil

https://indico.mitp.uni-mainz.de/event/123/




Vud via  neutron decay data 2017
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Symmetry tests beyond SM
Is the electroweak interaction purely V-A ?
• scalar (S) and tensor (T) admixtures
• right handed (V+A) currents



Standard Model: LV=1; LA= ; LS= LT= RV= RA= RS= RT=0
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SM:  

Present limits from neutron decay (only a, A, and B)

Typical current relative precision: O(10-2 -10-3)

Goal of next generation: O(10-3 -10-4)

for some observables



# The Parameters of Big Bang Nucleosynthesis

Cosmic Helium
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# Cosmological constrains on neutron lifetime

Big Bang nucleosynthesis

Helium recombination affects
free electrons fraction

Damping tail of CMB spectrum
related to the thickness of the last
scattering of photon with electron

from: Laura Salvati, 
International UCN Workshop @ Mainz 2016 

Journal of Cosmology
and Astroparticle Physics, 2016 (2016)







106 𝑒𝑉103 𝑒𝑉100 𝑒𝑉10−3 𝑒𝑉10−9 𝑒𝑉 10−6 𝑒𝑉 109 𝑒𝑉 1012 𝑒𝑉10−12 𝑒𝑉

ultracold
neutrons
- UCN -

cold
neutrons

- CN -

thermal
neutrons

fission
neutrons

MeV GeV TeVkeVeVmeVµeVneVpeV

very cold
neutrons
- VCN -

Neutron Energy Spectrum

~100 neV

„beam“xp. „bottle“xp.



106 𝑒𝑉103 𝑒𝑉100 𝑒𝑉10−3 𝑒𝑉10−9 𝑒𝑉 10−6 𝑒𝑉 109 𝑒𝑉 1012 𝑒𝑉10−12 𝑒𝑉

ultracold
neutrons
- UCN -

cold
neutrons

- CN -

thermal
neutrons

fission
neutrons

MeV GeV TeVkeVeVmeVµeVneVpeV

very cold
neutrons
- VCN -

Neutron Energy Spectrum

VF
En

HFS

LFS

UCN: storable neutrons





ƚ

Source: pre-2017,PDG; Serebrov 2017, arXiv:1712.05663; Pattie,2018, arXiv:1707.01817
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B. Fornal et al. 

arXiv:1801.01124v2, 2018

exotic decay channels
(DM particles:           )

n

n

 

 

 

 

, 

( )

1 1 1
...

p DM

n n n  
  

( )

n n

p  
Z. Tang, et al.,

arXiv:1802.01595

n photon  ruled out

Note: en H   (BR: ~4x10-6) exists



1st precise lifetime experiment: Robson et al., 1951

coincidence signal

e-

p

n

Chalk River reactor
thermal n-beam: 2x109 n/cm2/s 

(p)
nτ =1108(216)s



Yue et al., Phys. Rev. Lett. 111, 222501 (2013)
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UCN

UCN

same Vstorage but surface
can be changed by insert





(fluorinated lubricant)





(Serebrov et al., arXiv:1712.05663, 2017) n stat systτ =(881.5±0.7 ±0.6 )s

Loss rate due to Fomblin grease : ~1/40000 s-1



advantage of magnetic storage:

control of „magnetic wall“ losses









Pattie et al., arXiv 1707.01817v2 (2018)

n stat systτ =(877.7±0.7 ±0.4 )s



the neutron lifetime experiment at TRIGA Mainz 

S.Dewey et al., NIST [7] In beam experiment < 1s

K. Mishima et al., J-PARC
NIM A 799, 187 (2015)

In beam experiment 1s

A. Steyerl et al., URI (ILL) [9] Material bottle ~ 1 s

V. Morozov et al., KI (ILL) Material bottle (Teflon+LTF) ~ 1s

A. Serebrov et al., PNPI (ILL) LTF coated large gravitational tap ~ 0.2 s

P. Huffman NSCN (NIST/SNS)
NIM A 611, 171 (2009)

Magnetic bottle, SC, sfHe, decay < 2.4 s

S. Paul TUM (FRM-II)
NIM A 611, 176 (2009)

Magnetic bottle, SC, decay PENeLOPE ~ 0.1 s

Y. Masuda, KEK (RCNP,J-Parc) Magnetic bottle, SC, decay ~0.1 s

O. Zimmer, ILL
NIM A 611, 181 (2009)

Magnetic bottle, permanent
H.O.PE

~ 0.3s

V. Ezhov, PNPI (ILL) [17] Magnetic bottle, permanent 0.2-0.3 s

D. Bowman, LANL, UCNt
Phys. Rev. C 89, 052501(R) (2014)

Magnetic bottle, permanent ~ 0.1 s

aim: 𝜟𝝉𝒏 ≲ 𝟎. 𝟑 𝒔



Concept of

➢3D magnetic storage of UCN

➢Measurement of n via

1.  Detection of the „survivors“

filling storage counting

1.
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2.  in-situ detection of the decay protons
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3D- magnetic storage

aSPECT superconducting
magnet

axial
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permanent magnets Sm2Co17

radial

140 cm

Octupole magnet
Halbach-configuration

𝑽𝒑𝒐𝒕 ≃ 𝟓𝟎 𝒏𝒆𝑽
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Investigation of systematic effects



Detection

1.  „counting the survivors“   (neutrons)

𝝉𝒔𝒕𝒐𝒓𝒂𝒈𝒆
−𝟏 = 𝝉𝒏

−𝟏 + 𝝉𝒍𝒐𝒔𝒔
−𝟏

𝝉𝒍𝒐𝒔𝒔
−𝟏 = 𝟎 ?

n-detector

Octupole magnet

storage volume
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Detection

2.  „counting the protons“  

p-detectorstorage volume

Oktupole magnet
𝑼 = −𝟏𝟓 𝒌𝑽

electr. mirror
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Filling the magnetic storage trap

AFP
Spin-Flip

UCN-guide

p-detector

superconducting magnet

Oktupole magnet
HFS

LFS

𝑬𝒏 ≤ µ𝒏 ⋅ 𝑩𝟎

𝑩𝟎



ො𝑥

Ƹ𝑧

HFS LFS𝒗𝒏

𝑩𝒓𝒇 = 𝐵𝑥 ⋅ sin 𝜔𝑟𝑓𝑡 ෝ𝒙

Adiabatic Fast Passage (AFP)

𝑩𝟎 = 𝐵𝑧 𝑧 ො𝒛 mit   
𝜕𝐵𝑧(𝑧)

𝜕𝑧
≃ 1 𝐺/𝑐𝑚

𝜔𝑟𝑓 = 𝜔𝐿 ∝ 𝐵𝑧(𝑧0)



Phase I of 𝝉SPECT:  Proof of Principle (2016)

Iron shield

superconducting magnet

n-detector 2
n-detector 1

UCN-source

UCN-switch

UCN guide
(quartz tube)

AFP-Flip

storage countingfilling

vacuum-pump

storage countingfilling

storage volume

PhD thesis: Jan Karch
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Phase I of 𝝉SPECT: Proof of Principle (2016)

11 000 stored UCN
extraction efficiency ~ 18%

𝑁 𝑡 = exp 𝐴 − 𝑡/𝜏1 + exp(𝐵 − 𝑡/𝜏2)

𝑵 𝟎 ≈ 𝟐𝟎𝟎𝟎 𝑼𝑪𝑵

𝜏1 = 134 ± 57 𝑠

𝜏2 = 21 ± 15 𝑠
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UCN densities (comparison) in standard storage bottle of 32 liter

source
upgrade (I)

G. Bison et al., Phys. Rev. C 95 (2017) 045503

EPJ A 53:226 (2017)



2017 20212018 2019 2020 2022 2023

Commissioning
Phase II τSPECT, 𝜟𝝉 ≲ 𝟐 𝒔

data taking
(n-detector)

Phase III of τSPECT, 𝜟𝝉 ≲ 𝟎. 𝟑 𝒔
data taking
(p-detector)

➢ Road map

Phasespace transformer at pulsed UCN source

movable neutron reflector

𝒗𝒃𝒂𝒍𝒍 𝒗𝒓𝒂𝒄𝒌𝒆𝒕 =
𝟏

𝟐
⋅ 𝒗𝒃𝒂𝒍𝒍 𝒗𝒃𝒂𝒍𝒍 = 𝟎







Empfindlichkeit auf Neutron-Lebensdauer
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FIG. 2. Schematic layout of the UCN beam line showing the monitor detector locations relative to the trap.
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Aktueller Stand der Forschung



Der Birdcage-Resonator zur AFP

➢ Reduziere 𝜵𝒛𝑩𝟎 (longitudinales Feld) und 𝜵𝒓𝑩𝒓 (Multipol-Feld)

➢ Erhöhe Leistung 𝑩𝟏 des Birdcage-Resonators

𝜺 > 𝟏 −
𝜵𝒛𝑩𝟎

𝟐𝒗𝒏
𝟐

𝜵𝒛𝑩𝟎
𝟐𝒗𝒏

𝟐 + 𝜸𝟐𝑩𝟏
𝟒



Der Multipol (Halbach-Design)

𝑩 𝒓 = 𝑩𝒓

𝒓

𝒓𝒊

𝑵−𝟏
𝑵

𝑵− 𝟏
𝟏 −

𝒓𝒊
𝒓𝒂

𝑵−𝟏

𝑟𝑖 : Innenradius des Multipols
𝑟𝑎 : Außenradius des Multipols
𝐵𝑟 : effektive Remanenz der Magnetsegmente



Upgrade of UCN-source

1. Verbesserung der Neutronenleiterqualität

➢ Reduzierte Rauheit der 
Leiteroberfläche → Erhöhte spekulare
Reflexion der UCN an der 
Leiteroberfläche

➢ Optimierter Biegeradius der 45°-Bögen  
(𝜌 ≃ 30 𝑐𝑚)

Vakuum sD2

Wand
Strahlnase

nat.-NiMo 85/15

58-NiMo 85/15
VF

➢ Wand-Potential VF der Strahlnase mit 
angereichertem 58-Nickel (NiMo 85/15) 
beschichtet

2. Verbesserte Phasenraumakzeptanz

Strahlnase

58-NiMo 85/15



Der Multipol: Vergleich von Simulation und Messdaten





UCN-Produktion in sD2
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