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 • the amplitude of the w.i. in semi-leptonic (non-strange) processes is about 3% smaller than in muon decay
 • phenomenology:
 • quark mixing scheme (CKM matrix)
 Neutron decay in the SM
 VA gg /
 b
 s
 d
 VVV
 VVV
 VVV
 b
 s
 d
 tbtstd
 cbcscd
 ubusud
 '
 '
 '
 • the extraction of Vud from the neutron lifetime requires the determination of from another observable (like the neutron decay asymmetry)
 • at the quark-lepton level
 • neutron lifetime
 udFV VGg
 )31( 221 udFVG )31( 221
 udFVG
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 Big Bang nucleosynthesis
 S.Burles et al., PRL 82 (1999) 4176
 (baryon density)
 • 95% CL of BBN predictions compared to 95%CL abundances from observations
 • The most critical parameter to determine Yp from BBN is the neutron lifetime
 • Elements begin to form as the Universe cools down below binding energies of light nuclei.
 • Calculations of primordial abundances possible from conditions of early Universe and cross sections.
 • Predictions are carried out as a function of baryon density and cover 10 orders of magnitude.
 • If the neutron lifetime would be shorter, the n/p ratio would be smaller and Yp will be reduced
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 History and statusEvolution with time : accuracy and precision
 The accuracy of a measurement refers to how far the result is from the true (unknown) value of the quantity being measured.
 The precision of a measurement refers to how well the experimental result has been determined, regardless to the true value of the quantity being measured.
 Although there is a steady increase in precision, it is seen that experimentalists have often underestimated their precision.
 • beam techniques• storage techniques
 A.Serebrov et al., PLB 605 (2005) 72
 New measurement n = (878.5±0.7±0.3) s
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 Determinations of Vud
 Vud versus Status before 2005 Status after 2005
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 Techniques to measure n
 • In beam techniques (absolute)
 require counting of initial neutrons and decay products (protons)
 n = N / |dN/dt|
 • Storage techniques (relative)
 measures the number of survival neutrons after a given storage time
 N(t) = N0 exp(-t/n)
 (change experimental conditions to modify loss mechanisms)
 Different systematic effects!
 111 lossns
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 NIST Penning trap setup
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 Measuring principle
 accumulation
 measurement
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 NIST resultsM.S. Dewey et al., PRL 91 (2003) 152301
 • Main limitations: - 6LiF foils area density - capture cross section
 • Most precise measurement with in beam technique• Further improvement by a factor 2 considered
 n = (886.6±1.2±3.2) s
 • Precise decay volume
 • Absolute efficiency of proton detector
 • Absolute efficiency of beam normalization
 • Vary length of Penning trap
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 What are UCNs ?
 • Velocities: v < 8 m/s• Energies: E < 250 neV• Wavelengths: > 500 Å • Temperature: T < 4 mK
 …neutrons that are reflected by materials at any angle of incidence
 Can be trapped by interactions
 • Small fraction of UCN in distributions
 ~10-8 at T = 300K~10-6 at T = 20K (LH2)
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 UCN interact strongly
 • Neutron “repulsion” force due to coherent scattering from nuclei in solids.
 • For short-range potentials, at low energies (s-waves) elastic scattering is determined by scattering length “a”
 elas = 4a2
 EUCN
 Energy
 Solid
 The coherent nuclear potential can lead to repulsive Fermi potential for a > 0
 UCN trapped for EUCN < VF
 Material VF (neV)
 Al 5458Ni 350natNi 230
 Be 250
 C graphite 180
 DLC 282
 C diamond 304
 SiO2 (quartz) 110
 Cu 170
 Stainless Steel 188
 Fe 220

Page 13
						

13LPC, April 17, 2007: Neutron lifetime O.Naviliat-Cuncic: [email protected]
 • The neutron magnetic moment interacts with B-fields
 • Potential energy
 • A field gradient along produces a force (longitudinal Stern-Gerlach)
 • For the neutron: n = -60.3 neV/T (a magnetic field of 2T will store neutrons with energies smaller than 120 neV)
 UCN interact magnetically
 ΒEB
 A magnetic trap can store only one spin state without wall interactions
 dz
 dBFB
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 • The neutron mass interacts with the Earth gravitational field
 • Potential energy
 • The gravitational force is
 • For the neutron: 1m height difference is about 100 neV
 UCN interact gravitationally
 mgzU
 mgFG
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 Material trap 1S.Arzumanov et al., PLB 483 (2000) 15
 • Fomblin grease + Fomblin oil (perfluoro polyether, VF = 106.5 neV), H free, smooth surface• Two storage chambers to vary surface/volume ratio (by factor 5)• Measures inelastic scattered neutrons with thermal neutron detectors around storage chamber (25 cylindrical 3He counters) • Change wall temperatures -26°C - 20°C (evacuate trapped H2 gas)
 • Changing the measuring conditions produce a factor of 2 variation in the losses and result in consistent results after corrections
 n = (885.4±0.9±0.4) s
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 Material trap 2A.Serebrov et al., PLB 605 (2005) 72
 1-Neutron guide from turbine; 2-Inlet valve; 3-Beam switch valve; 4-Al foil; 5-Dirty vacuum volume; 6-Claen vacuum volume; 7-Cooling coils; 8-Storage trap; 9-Cryostat; 10-Mechanism for trap rotation; 11-Stepping motor; 12-Detector; 13-Shielding; 14-Evaporator for LTF.
 • 2 traps volumes (factor of 2.5 modification in losses)
 •LTF evaporated (140°C) in situ and deposited on surfaces of UCN trap at low temperature (-150°C). • Trap rotated to empty surviving neutrons
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 Material trap 2 results
 300 s
 2000 s
 (3) Holding time
 (4) Emptying sequence has 5 periods:
 150 s100 s100 s100 s150 s
 n = (878.5±0.7±0.3) s
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 Material trap 2 future
 Produce a variable storage volume having the same surfaces
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 First magnetic trap
 • 1st proposal: W.Paul, 1951• 1st realization: 1978• 1st lifetime result: 1989 F.Anton et al., NIMA 284 (1989) 101
 Sextupole magnetic storage ring
 Bmax = 3.5 T6 superconducting coils
 n = (877±10) s
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 Magnetic wall with permanent magnets
 1 – permanent magnet2 – magnetic field
 guide
 Avoids neutron losses by wall interactions
 One spin state of the neutron will be repelled by the magnetic force
 V.Ezhov (PNPI)
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 Close volume to produce trap
 20 pole trap
 Section view of the magneto-gravitational trap. 1: vacuum vessel; 2: yoke of permanent magnets; 3: magnetic poles; 4: main magnets; 5: supplementary magnets; 6: solenoid switch; 7: solenoid yoke. (From Ezhov et al. 2005)
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 …in real life
 2004
 15 l storage volume
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 Properties and problems
 • Inner walls of trap are covered with a thin layer of Fomblin oil. It reflects “wrong” spin neutrons during loading of the trap or depolarized neutrons during measuring.
 • Field near wall of 1 T; field gradient of 2 T/cm
 • Cleaning UCN spectrum after filling results in En < 60 neV
 • Magnetic walls are ideal mirrors but produce stationary trajectories.
 • Need to control polarization of leaking neutrons
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 Animation by V.Ezhov
 1- Filling lift2- Cleaning spectrum3- Moving lift
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 1- Loading trap2- Moving lift3- Start new cycle
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 Status 2007
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 Overview and plans
 2003 3.6 l 882±16 proof of principle
 year trap volume storage time (s)
 2004 15 l 878±6 larger trap volume
 2005 15 l 874.6±1.6 filling with lift
 2007 15 l ???±1.0 first measurement
 PNPI-ILL-TUM
 PNPI-ILL-LPC-TUM
 2009 90 l ???±0.5 large volume trap
 ONELIX
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 World copmetition
 • S. Dewey, NIST improvements of in beam technique
 • A. Steyerl, URI (ILL) LTF coated “accordion”• V. Morozov, KI (ILL) LTF coated teflon bottle• A. Serebrov, PNPI (ILL) LTF coated large gravitational trap
 • P. Huffman, NSCU (NIST/SNS) SC magnet and sfHe, measure decay• S. Paul, TUM (FRM-II, ILL,…PSI) SC magnets, measure storage and decay• Y. Masuda, KEK (RCNP,J-PARC) SC Quadrupoles bottle, measure decay
 • V. Ezhov, PNPI (ILL) Permanent magnets bottle• D. Bowman, LANL Permanent magnets quadrupole
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