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Neutron lifetime experiments - status and future

Outline

« Impact of neutron lifetime experiments
« Overview on ,beam and ,,bottle* type experiments

« tSPECT experiment at Mainz

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


https://indico.mitp.uni-mainz.de/event/123/
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CURRENT STATUS OF V, 4 AND CKM UNITARITY
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The Neutron Alphabet
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* 3 unknown parameters

{-T.Fr V ude /L = Ef A / riwr1L

* 20 or more observables
T, b,4,B,C, D, ..

* yet unmeasured
b

Symmetry tests beyond SM

Is the electroweak interaction purely V-A ?
* scalar (S) and tensor (T) admixtures
* right handed (V+A) currents




Standard Model: L =1; L,=A ; L= L=R,=R,=R=R:=0
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# The Parameters of Big Bang Nucleosynthesis
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# Cosmological constrains on neutron lifetime
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Important Frocesses with the same Fevnman Diagram as Neutron Decay

Energy generation within the Sun
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Important Processes with the same Feynman Diagram as Neutron Decay

Primordial element formation n+e” «— p+ vy,
pte «—ntyvy,
n —pte tvy

Solar cycle ptp—H+e +v

p+tp+te —H+ v, etc.
Neutron star formation pte —nty,
Pion decay T — a't+e v,
Neutrino detectors v, +p—e"+n

Neutrino forward scattering v.tn — e +p etc.
After D Dubbers



Neutron Energy Spectrum

peV neV peV meV eV keV MeV GeV TeV
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ultracold very cold cold thermal fission
neutrons neutrons neutrons neutrons neutrons
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main process: one phonon downscattering

cold neutron phonon

ultra cold neutron

UCNSs are separated
nuclear reactor iq. from the spectrum of
cold neutrons

T
E~10"eV ~100 neV

,bottle”

neutron velocity
[km/s]




Neutron Energy Spectrum
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UCN: storable neutrons
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The History of Neutron Lifetime: PDG compilation
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NEUTRON LIFETIME (Seconds) ® Results using beam method @ Bottle method
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How to Measure T, In a Beam

absolute
measurement

Proton Counter

- N

Cold Neutrons

Velocity profile: ¢(v)

Decay Volume Thin 1/v
neutron
counter

R =¢, dN_g (Abeam'l—).
p — “p T Pn
n
FM absorbs n — “th Abeam .
neutrons as 1/v
So it's calibrated (p) _ Rngp I—
at thermal velocity n

R p gth Vth

Note: n—> H +0,

exotic decay channels
(DM particles: x,¢ )

B. Fornal et al.
arXiv:1801.01124v2, 2018

n— y+¢
n—>y+y

=T, <T(p)

Z.Tang, et al.,
arXiv:1802.01595

n — y -+ photon ruled out

(BR: ~4x107°) exists



15t precise lifetime experiment: Robson et al., 1951

Chalk River reactor
thermal n-beam: 2x10° n/cm?/s
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The NIST Beam Lifetime Experiment
(BL1, BL2)

alpha. triton Uy — = Nn/Nn

detector
precision B=46T proton
aperture detector
@ 00 -
neutron beam
mirror trap electrodes door open
’ depo»u (+800 V) (ground)

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

* A guasi-penning trap electrostatically traps decay protons, which are guided
to detector via a B field, when the door electrodes are lowered to the
ground potential.

* Neutron monitor measures incident neutron rate by counting n+6Li=> (+t.



The Bottle Method: fill-store-count
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ITe first neutron lifetime experiment with UCN
(V.I. Morozov’s group at SM-2 reactor Dr'm#r{mgmﬁ, Riissia)

Yu. Yu. Kosvintsev, Yu. A. Kushnir, V. |. Morozov, and G.|. Terekhov
—— Pis’'ma Zh. Eksp. Teor. Fiz. 31, No. 4, 257-261 (20 February 1980)
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FIG. 1. Storage container for UCN: 1, cyfindrical container; 1, disk shutter; 3, output shutter.



The Big Gravitational Trap

with Fomblin grease coating
PNPI - ILL collaboration

measurement +
without insert

‘ UCN ‘
UCN — I —{ | “thermal shield
\ valve
L~ detector

m'?: gure;nent Ti absorber
with inse

axis of trap and ‘ UCN ‘

insert rotation —
UCN — 1 I

same V... but surface

] can be changed by insert




Installation of Big Gravitrap on ILL reactor (August 2014)




Cleaning of Cu Trap and

coating by Fomblin grease
(fluorinated lubricant)




Cu Trap coated by Fomblin grease




(Serebrov et al., arXiv:1712.05663, 2017) T, =(881.5+0.7,,,+0.6 . )s

T (s Cycle 180+181 T, (5)
1.20E-03 2133
energy extrapolation
LI9E03 ap 878851 840
1.18E-03 insert 884.1 + 2.8— — 847
1.17E-03 855
_ > 360.3
1.16E-03 oo q 862
1.15E-03 870
1 14E-03 = geometry extrapolation 877
' ' 1 empt. 881.8 + 1.2 =
1.13E-03 2 empt. 880.1+ 1.5 — [ 885
1.12E-03 893
o 1 2 3 4 5 6 4y}

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



UCN<t Magneto-gravitational trap

Operated at LANL UCN<T
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Probability of depolarization

Precession of magnetic moment

%:hmé y, =183-10°s7'7"
f
Adiabatic condition

y,B >>(dB/dt)/B=v-V|B|/B

( v--is the velocity of neutron)
For case of strong field

(B=1T), VB =1T/mm and velocity v = 3.4 m/s one
can receive next relation for adiabatic condition:

1.83-108 >> 3.4-10°.



Operation of the UCNT Experiment

“Fill-Store-Count” cycle
1. Fill polarized UCN into the trap

2. Clean the UCN spectrum
3. Store UCN

Vol in-situ
*He Dnift Tubes UCN
not pictured) detector
 19B/ZnS UCN
;;‘_,, L 3 A detector  Trap Door
o P UCN Spettrum Cleaner
% , T R (Polyethylene sheet)
. @ ¥

ey ; Polarized UCN
TN from 6T PPM
<

Al Shutter AAFP S_pin_ Flipper Detector R&D:
in 130G (370 kHz) 2013: External UCN detector
2014-2015: V-foil in-situ UCN
detector

2015-2016: 10B/ZnS in-situ UCN

108 UCN Detector detector
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1 T, =(877.7£0.7

Pattie et al., arXiv 1707.01817v2 (2018)
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the neutron lifetime experiment at TRIGA Mainz

a

aim: 47, < 0.3 s

N

S.Dewey et al., NIST [7] In beam experiment <1s
K. Mishima et al., J-PARC In beam experiment 1s
NIM A 799, 187 (2015)

A. Steyerl et al., URI (ILL) [9] Material bottle ~1s
V. Morozov et al., KI (ILL) Material bottle (Teflon+LTF) ~1s
A. Serebrov et al., PNPI (ILL) LTF coated large gravitational tap ~0.2s
P. Huffman NSCN (NIST/SNS) Magnetic bottle, SC, sfHe, decay <24s
NIM A 611, 171 (2009)

S. Paul TUM (FRM-II) Magnetic bottle, SC, decay PENeLOPE ~0.1s
NIM A 611, 176 (2009)

Y. Masuda, KEK (RCNP,J-Parc) Magnetic bottle, SC, decay ~0.1s
O. Zimmer, ILL Magnetic bottle, permanent ~0.3s
NIM A 611, 181 (2009) H.O.PE

V. Ezhov, PNPI (ILL) [17] Magnetic bottle, permanent 0.2-03s
D. Bowman, LANL, UCNt Magnetic bottle, permanent ~0.1s

Phys. Rev. C 89, 052501(R) (2014)




Concept of < SPec<T]

» 3D magnetic storage of UCN

» Measurement of 1, via

L 1. Detection of the ,survivors”
2. in-situ detection of the decay protons

dn 1
storage —— X — dp 1
dt T dt 7,




3D- magnetic storage

Octupole magnet aSPECT superconducting
Halbach-configuration magnet

! / radialw axial

Magnetische Flussdichte [T]
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JGlu

The magnetic octupole

s es GUTENEBERG
LA IVE R SITAT tasanz

Characterization of the
Halbach-type magnetic octupole

Scan of the total B-field,
2.5 mm from the magnet surface
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0 200 400 600 800 1000 1200 1400 750 800 850
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= No significant holes in the magnetic walll



Investigation of systematic effects

3.5F axial field

0 Imain =32A Imain =48 A
30 II'I"IEir‘I =40A — II'I"IEir‘I =060A
2.5 Octupole

— r=51.5 mm

trap potential :
|

magnetic flux density (T)

1000 1500 2000 2500
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Detection

n-detection

1. ,counting the survivors“ (neutrons) lig - )
n L |
— I . light guides
oL, Ll
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Detection

2. ,,counting the protons”

electr. mirror

v a A IITTS. TITIITI LTI TIIITLTTIS.

p-detector
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Filling the magnetic storage trap

superconducting magnet / \
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Adiabatic Fast Passage (AFP)
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Phase I of [t SPe<T

PhD thesis: Jan Karch

: Proof of Principle (2016)

vacuum-pump

UCN guide
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Phase I of {t SPE<T]: Proof of Principle (2016)

2000} N(t) = exp(A —t/tq) + exp(B — t/1,)

-
0
(=]
o

1000}

detected UCN

500}

extraction efficiency ~ 18%

) 11 000 stored UCN J]




UCN densities (comparison) in standard storage bottle of 32 liter
G. Bison et al., Phys. Rev. C 95 (2017) 045503
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» Road map

2017

2018

2019

2020

2021

2022

2023

} >

Commissioning

Phase Il TSPECT, AT < 2 s

data taking
(n-detector)

. data taking
E (p-detector)

Phase lll of tSPECT, At < 0.3 s

Phasespace transformer at pu
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# Unitary of CKM matrix:

’Vud‘z T us‘2 T ub‘2 :1

super-allowed 0* — 0° , Neutron decay: ’Vud\z =
nucl. R-decays: ’Vud =0.94916(58)

K- decays: ’Vus = 0.05076(41)

4908.7(1.9)
7, -{L+3-2)

PDG 2016: A =-1.2723(23)

2 _
semileptonic B-decays: V.| =1.5x107

N ‘2 +’V ‘2 +’V ‘2 :{0.9932(17) @7, =885.7
Vo |* + V| + M| =0.9999(8) al Tl TRl =14 001007) @7 =878.5

# The Parameters of Big Bang Nucleosynthesis

Y |=0.228+0.023logn,, +0.012IN +0.018(r, —10.28 )

P H

\ e \ T

Cosmic Helium Cosmic Baryon  Number of Neutron Lifetime
Abundance Density Neutrino Flavors in Minutes




Polarizer superconducting

solenoid magnet Standpipe
1 detector (SP) *
Spin i
Flipper
H pp
r e 5 ‘
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Rl J ol K
Monitor < Dump detector
detector (MON)

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

HOPE (Grenoble, France)
ILL

erste Messungen

tSPECT (Mainz, Deutschland)

FRM I
TRIGA im Aufbau
erste Messungen

. CN Strahl (Tokio, Japan)
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Der Birdcage-Resonator zur AFP

Stromdichte Magnetische Flussdichte Birdcage-Resonator
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» Reduziere V,B, (longitudinales Feld) und V,.B,. (Multipol-Feld)
» Erhohe Leistung B, des Birdcage-Resonators



Der Multipol (Halbach-Design)
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Upgrade of UCN-source

1. Verbesserung der Neutronenleiterqualitat

» Reduzierte Rauheit der
Leiteroberflache — Erhohte spekulare
Reflexion der UCN an der
Leiteroberflache

» Optimierter Biegeradius der 45°-Bbgen
(p=30cm)

2. Verbesserte Phasenraumakzeptanz

» Wand-Potential V der Strahlnase mit
angereichertem 58-Nickel (NiMo 85/15)
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Der Multipol: Vergleich von Simulation und Messdaten
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Asymmetric Trap induces ~"'Phase-Space Mixing”

, together with , enhances state-mixing
between (quasi)-periodic orbits through chaotic motion.

—> quick cleaning (~ 10s of seconds) of the ‘quasi-bound’ UCN.
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UCN-Produktion 1n sD,
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UCN density (1/cm?)
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Erdungsschild 500W Terminator (50Q) Matching-Box — RG 213.RG 58
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Abbildung 4.26: Skizze vom elektrischen Anschlussplan des Spin-Flippers.



