
Opportunities with ultracold neutrons at the ESS

( τa  somewhat incomplete and personal summaryτ )

UCN/VCN Workshop, European Spallation Source
09.05.2023

Skyler Degenkolb
Low-Energy Precision Physics, PhysikalischeInstitut der Universität Heidelberg

https://www.physi.uni-heidelberg.de/Forschung/LEPP/


Key Questions/Considerations

ÅWhat can be done uniquely or exceptionally well at the ESS?

ÅWhat are the most important gaps and needs for the community?

ÅWhat can only be done with UCN?

ÅWhere can UCN provide key complementary information?
NB: complementaritydoes not mean obligatorily interdependent experiments!



Some Personal Observations/Opinions

ÅMuch impressive work was already done with weak sources.
Å5% measurement of Fomblinloss factor with < 1 UCN / storage cycle (Bates)

Å1982: storage in a material bottle, with all observed loss attributable to ɓdecay (Mampe)

ÅThe UCN community concentrates effort on rather few topics.
ÅEDM (~7), lifetime (~4), gravitational states (2), decay correlations (A and b), charge

ÅNot pursued: weak e-n current, gravity-ƛƴŘǳŎŜŘ ǇƻƭŀǊƛȊŀǘƛƻƴΣ ƛƴǘŜǊŦŜǊƻƳŜǘǊȅΣ ƛƳŀƎƛƴƎΣ Χ

ÅMany basic issues are not well-understood (theory vs. experiment).
Å¢ǊŀƴǎƳƛǎǎƛƻƴ ƻŦ ƳŜǘŀƭ ŦƻƛƭǎΣ ƭƻǎǎ ŦŀŎǘƻǊǎΣ ǘǊŀƴǎŦŜǊ ŜŦŦƛŎƛŜƴŎƛŜǎΣ Χ

ÅProduction rates and other parameters phenomenologically scaled

ÅSources must be understood in detail, to do good experiments.
ÅExperiments are already challenging with good sources

ÅάtǳǊŜέ ǎƻǳǊŎŜ ŘŜǾŜƭƻǇƳŜƴǘ ǎŜŜƳǎ ǘƻ ǎŜŜŘ ƳŀƧƻǊ ŜȄǇŜǊƛƳŜƴǘŀƭ ŜŦŦƻǊǘǎ
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1 CƛƎǳǊŜǎ ƻŦ aŜǊƛǘΣ ƛƴŎƭǳŘƛƴƎ άǿƘŀǘ ƛǎ ŀ ¦/bΚέ

ÅRecall the produced spectrum scales as E3/2

ÅHigh cut-off: trapping/guiding potential

ÅLow cut-off: transmissive foils, or climbing in gravity

F. Hömke, 2022 Heidelberg/Mainz

General lesson: deliver the 
άǳǎŜŦǳƭέneutrons (that can 
be used by the experiment).



1 CƛƎǳǊŜǎ ƻŦ aŜǊƛǘΣ ƛƴŎƭǳŘƛƴƎ άǿƘŀǘ ƛǎ ŀ ¦/bΚέ

ÅRecall the produced spectrum scales as E3/2

ÅHigh cut-off: trapping/guiding potential

ÅLow cut-off: transmissive foils, or climbing in gravity

F. Hömke, 2022 1D time-of-flight spectra from two ILL UCN sources

vc for CYTOP ~ 4.7 m/s

Cf. Neulingeret al., EPJA 58, 141 (2022)



3 Extraction and Delivery

At upper EDM platform (+2.2 m)At PF2/EDM turbine exit height

Dieter Ries, PhD 2016: storage comparison measurements using a 32 liter stainless-steel reference bottle.
Reduction factor between 2 (horizontal) and 4 (vertical) from foil, but this is not well-understood.
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3 Extraction and Delivery

But: factor of 3.6 vs. 1.5 (same batch of foils!)At turbine exit height

Dieter Ries, PhD 2016: storage comparison measurements using a 32 liter stainless-steel reference bottle.
Reduction factor between 2 (horizontal) and 4 (vertical) from foil, but this is not well-understood.



3 Extraction and Delivery

But: factor of 3.6 vs. 1.5 (same batch of foils!)At turbine exit height

Dieter Ries, PhD 2016: storage comparison measurements using a 32 liter stainless-steel reference bottle.
Reduction factor between 2 (horizontal) and 4 (vertical) from foil, but this is not well-understood.

Lesson 1: theory does not
ŀƭǿŀȅǎ ŀŎŎǳǊŀǘŜƭȅ ǇǊŜŘƛŎǘ ǊŜŀƭƛǘȅΧ

Lesson2: neither do (all) extrapolations 
from other experiments!



1 CƛƎǳǊŜǎ ƻŦ aŜǊƛǘΣ ƛƴŎƭǳŘƛƴƎ άǿƘŀǘ ƛǎ ŀ ¦/bΚέ

ÅRecall the produced spectrum scales as E3/2

ÅHigh cut-off: trapping/guiding potential

ÅLowcut-off: transmissive foils, or climbing in gravity

ÅFurtherissues
ÅSupercritical contamination can be a problem (e.g., lifetime)

ÅUnknownangular spectrum difficult to diagnose
ÅTOFand integralspectrometry ςalso many different approaches

ÅEnergy-dependent systematic effects

ÅWith the right compromises, one can still win 

Magnetic trapping in ̱SPECT (Mainz/PSI)



2 CƛƎǳǊŜǎ ƻŦ aŜǊƛǘΣ ƛƴŎƭǳŘƛƴƎ άǿƘŀǘ ƛǎ ŀ ¦/bΚέ

ÅImportant parameters for an experiment include the measurement time T
and the countednumber N of UCN per repetition

ÅCount-rate limited measurements, sensitivity ~ N-1/2

ÅFrequency measurements, sensitivity ~ T-1 or T-3/2

ÅSome examples:
ÅElectric dipolemoment (EDM): ̀ ~ T-1 N-1/2 , new physics above E ~ -̀1/2

ÅNeutron lifetime ̱: ̀ ~ ̱ 3/2 T-1/2 N-1/2 , new physics hidden by SM discrepancy (!) 

ÅNeutronoscillations, period ̱: ̀ ~ ̱ 1 T-1 N-1/2 , new physics above E ~ -̀1/5

ÅDŜƴŜǊŀƭ ǘǊŜƴŘΥ ƘƛƎƘ ƴǳƳōŜǊǎΣ ƭƻƴƎ ǘƛƳŜΧ ōǳǘ ǘƛƳŜ ƭƛƳƛǘŀǘƛƻƴǎ Ŏŀƴ ŘƛŦŦŜǊ
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ÅSome examples:
ÅElectric dipole moment (EDM): ̀~ T-1 N-1/2 , new physics above E ~ -̀1/2

ÅNeutron lifetime ̱: ̀ ~ ̱ 3/2 T-1/2 N-1/2 , new physics hidden by SM discrepancy (!) 

ÅNeutron oscillations, period ̱: ̀ ~ ̱ 1 T-1 N-1/2 , new physics above E ~ -̀1/5

ÅDŜƴŜǊŀƭ ǘǊŜƴŘΥ ƘƛƎƘ ƴǳƳōŜǊǎΣ ƭƻƴƎ ǘƛƳŜΧ ōǳǘ ǘƛƳŜ ƭƛƳƛǘŀǘƛƻƴǎ Ŏŀƴ differ

ÅTwo more important caveats:
ÅDifferent spectra for different purposes

ÅAlsointegratedangularspectrum(storage)vs.collimatedflux (GQS,present-day)
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Remember that mechanical phase-space 
transformation is a longstanding workhorse solution! 



1 Some UCN sources worldwide

LANL/LANSCE

TRIUMF

PSI

Lƴ ǘƻŘŀȅΩǎ ŜȄǇŜǊƛƳŜƴǘǎΥ

άDƻƻŘέ ¦/b ŘŜƴǎƛǘƛŜǎ Ϥ м-10 cm-3

ά9ȄŎŜƭƭŜƴǘέ ¦/b ŘŜƴǎƛǘƛŜǎΥ Ϥ млл ŎƳ-3



1 Survey of HighNESSstudies
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Further conceptual options:
ÅIn-pile He-II (to be studied)

ÅIn-beam He-II (standard guide)

ÅIn-beam, in-situHe-II
O. Zimmer, previous workshop



1 Survey of HighNESSstudies

Further conceptual options:
ÅIn-pile He-II (to be studied)

ÅIn-beam He-II (standard guide)

ÅIn-beam, in-situHe-II

Challenges and advantages, broadly speaking:
ÅIn-pile cooling requirements for T< 1K would be extreme, but academically interesting

ÅIn-beamwith standard guides: more reliable/flexible/faster, but less throughput

ÅIn-situ: must adapt to experiment (modular approach) ςbut reduce losses 100x or more

O. Zimmer, previous workshop

Journal of Neutron Research 24 (2022) 123ς143 123, DOI 10.3233/JNR-220044
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1 Survey of HighNESSstudies

UCN produced in SD2, 
with in-situ energy up to 
150 neV
(104 ς254 neVextracted)

UCN produced in He-II, 
with in-situ energy up to 
233 neV
(18.5 ς252 neVextracted)

Similar upper cutoff, 
but only the helium 
spectrum includes UCN 
below 100 neV(~20%)



1 Survey of HighNESSstudies
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1 Thin SD2 slab in Twister

Considerations:
ÅMaximum extraction distance
ÅSeparate backgrounds?
ÅTransmissive foils likely required
ÅHeight of experiment

ÅScience cases
ÅHighflux flow-through

experiments
ÅLow density or high-duty storage
ÅUser-moderesearch and 

development
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1 Massive SD2 in Twister

Considerations:
ÅLikely veryŎƘŀƭƭŜƴƎƛƴƎΧ

ÅOtherwise,asother in-pile SD2
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1 Thin SD2 in Moderator Cooling Block

Considerations:
ÅLower overall statistics

ÅShorterextractionpath (?)

ÅSameverticalposition

ÅOtherwise same spectrum
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1 He-II in Moderator Cooling Block

Considerations:
ÅUCNextractionandheat load

ÅDilution/transport time and loss

ÅContinuousproductionor fill/empty?

ÅSoftspectrumcannotgo uphill

ÅScience cases:
ÅHost bothstorage/flow-through users

ÅLow density / long storage (lifetime?)

ÅStaged experiments
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1 He-II in Large Beam Port

Considerations:
ÅUCN extraction and heat load
ÅDilution/transport time and loss
ÅSoft spectrum cannot go uphill
ÅCloser to experimental areas

ÅScience cases:
ÅLarger volume more easily fills small 

experiments (or permits shared use)
ÅHow will extracted densities compare 

to He-II in MCB? (Volume,guiding)
ÅIn-situexperimentsmaybepossible?
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1 He-II in extracted beam

Considerations:
ÅBest environment for backgrounds

ÅBestenvironmentfor space/access

ÅMost flexible/adaptable scenario

ÅWhat determines the source volume?

ÅLarger volumes more easily fill small 
experiments, or permit shared use (?)

ÅScience cases:
ÅHigh-density, long-duration storage

ÅClosest experiment/source distance

ÅIn-situexperiments



2 Science topics



Electromagnetic Moments(Charge, EDM, MDM, etc.)

Ramsey, 1957

PSI, 2020 Latest nEDM
experimental result: 
Tour-de-forcesystematics 
(characterization and 
control), in a field limited 
by statistics for > 20 years

2



EDMs and the need for complementarity2

Nowusing also: (SMD, 2023 update)
199Hg: PhysRevLett.119.119901

225Ra: PhysRevC.94.025501

PSI: PhysRevLett.124.081803 (2020)

HeXe: PhysRevLett.123.143003 (2019)

ACME: Nature 562, 355ς360 (2018)

Since then:

ά{ƻƭŜ ǎƻǳǊŎŜέ ƭƛƳƛǘǎ ƛƴ нлмфΥ

1ˋ

Chupp et al., Rev. Mod. Phys. 91, 015001 (2019)



Neutron Decay Parameters

ÅLifetime: UCN lead the world
still of interest: detect decay products in parallel

ÅRadiative decay

ÅDecay correlations (esp. Aand b for UCN)

ĄDiscrepancy limited by beam

Ą Very lowbranchingratio

Ą Systematics are challenging; cold 
neutrons are very powerful here*

2

*Cf. complementary programs planned for ANNI at ESS
andongoingǿƻǊƪ ŀǘ L[[κtCмōΣ bL{¢Σ [!b[Σ Χ



Gravitational Quantum States

ÅPrecision tests at short range

ÅWeak equivalence principletests

ÅSpecific models (e.g., symmetrons)

2

EPJ Web of Conferences 219, 05004 (2019)

arXiv:2301.08583v1

Ramsey interferometry without 
ŜƭŜŎǘǊƻƳŀƎƴŜǘƛǎƳΧ


