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The neutron source of the ILL/Grenoble
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The Spallation Neutron Source SNS

Proton Accelerator




Production of free neutrons
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Moderator

Fuel Element Neutron Guide

- (cold and thermal neutrons)
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Interactions of low energy neutrons with matter
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Properties of Ultracold Neutrons (UCN)

Ultracold neutrons (UCN): Neutrons with energies
less than the Fermi potential of a given piece of

matter.

Typical properties:
Energy:Eycy ~ 100 neV
Velocity: vycy ~ 5 m/s

Height:hyey~1 1

Main usage:Precise fundamental physics
* Neutron lifetime

* Electric Dipole Moment and other EM
moments

» Gravitation

Typical wall interaction rates for good walls:
~99.99 % - elastic reflection

~0.01% - inelastic scattering (phonon absorption)
to the thermal energy range

0.001% - absorption



Experiment: Gravitational Bound States
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Gravitational Bound states — The idea
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Early proposals:

*Neutrons: V.I. Lushikov (1977/78),
A.l. Frank (1978)

*Atoms: H. Wallis et al. (1992)



Gravitational Bound States — The experiment

Slit Height
Measurement

I A s 5 Neutron
CEEEEE >, \_detector

~10-12 cm

UCN selected with very small (vertical) energy:

 Effective (vertical) temperature of neutrons is ~20 nK, horizdataperature is 10 mK
» Horizontal velocity spectrum: 4..9 m/s

Control of geometry:

« Parallelism of the bottom mirror and the absorber/scatterainad

» Accuracy of absorber height determination is ideally <un5

Efficient detection necessary:

«Count rates at ILL turbine: ~1/s to 1/h

» Background suppression is a factor of &10°
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Calibration of the absorber height

Tools:
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» Capacitors (To be calibrated)
- ¥
x; » Micrometric Screwr{ )
(&]
§ 20  Long-Range Microsocopeé:( )
O
g L « Wire Spacersd )
S
C
S 10
(@)
0
04 e

Capacitors

0
0 10 20 30 40
Absorber Height\h [um]

Uncertainty inAh: | ® @
Reached: 1-1.6m ; ﬂl
Possible: < 0.5m Bottom mirrors




Detection of the size of the quantum states
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Phenomenological model: The tunneling model
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Detection of the size of the quantum states

0.05-
0.04-
Tunneling model fit
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Why are only the eigenstates discussed?
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This term is small for polychromatic neutron beam



Defines maxy,,,

The horizontal velocity spectrum

Movable
Collimator

UCN

Defines minv,,,

Slit Height _
Measurement Inclinometers

[~

count rate [Hz]

Neutron
detector

Bottom mirrors

] ti
~10-12 cm )
0 ¢ Vibrational
T B 3 Feet

™S

Drop upper collimator blade

/ Lift lower collimator blade

*

3 4 5 6 7 8 9 10
horiz. velocityv,,,, [m/s]



count rate [Hz]

* rough copper absorber/scatterer

0,01+

0,001

How does an absorber work?

] © rough gadolinium absorber/scatterer

Bottom mirrors

Roughness (2002):

 Standard Deviation: O,m

* Correlation length: ~ am

Cf. Optics:

Absorber Height\h [um]

Lesson: It's the roughness which absorbs neut®hggyh imaginary

part of the potential doesn’t, since the neutramoa enter.
(see A. Yu. Voronin et al., PRD 73, 44029 (2006))

RD:

1-n
1+n




Neutron counts [A.U.]

Theoretical description:

Tunneling model

V. Nesvizhevsky, Eur. Phys. J. C40 (2005) 479
QM, Flat absorber doesn’t work:
Roughness-induced absorption:

A.Westphal et al.Eur. Phys. J. C51, 367 (2007)
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15 mm

Plastic (CR39) 2*U (or1%B)

Incoming
neutron

~0.5um

Picture of developed detector with tracks



Neutron counts

Results with the Position-Sensitive Detector

Position-
sensitive
detector
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Results with the Position-Sensitive Detector
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Application: Search for a new pseudoscalar boson
(Axion-like Particle)

Original Proposal for Axion (F. Wilczek, 1978):Solution to the “Strong CP Problem”:

Modern Interest: Dark Matter candidate. N, N,
All couplings to matter are weak. :
Piing s *igey")------
Signature of a new pseudoscalar boson: New Short-Rge Potential N N
1 2
| ., (Ac) . nc
Monopole-monopole: V(r) = —g. g —exp(—r/)\) WwithA = .
41w m,C

Looks like & force, which is motivated now by theories with extiimensions. Limits from ol
experiment exist, but other methods give bettertdim

(Westphal et al., hep-ph/0301145, hep-ph/070310&svIidhevsky et al., Class. Quant. Grav. 21, 45804}

8(%);(02 T) {% +r_]4 exp(-r/A)

Most often done with electrons as polarized pati€loupling Constants depend on the species.
Dipole-dipole:  V/(r) [ gplgpz[(o1 @,) f(r)+(o,[@)(0,) g(r)]

Disappears for an unpolarized source

Monopole-dipole:  V(r) = -gsigp2



Application: Search for a new pseudoscalar Boson
(Axion-like Particle)

Original Proposal (F. Wilczek, 1978):Solution to the “Strong CP Problem”:

Modern Interest: Dark Matter candidate. All couplings to matter eeak. Maybe to weak for us.
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Experimental Signatures

 Astrophysics und Cosmology

* Particle accelerators (additional decay modes)

» Conversion of Galactic Axions in a magnet fieltbimicrowave photons:

e Light shining through walls:
Wall

(ASER ‘ ‘ 1 ‘ N

Magn. field




Effect on Gravitationally Bound States

Integration of 2d potential over mirror:
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Extraction of our Limit

Why can we use unpolarized neutrons?

9 Limits are calculated
0.054 . from a shift of the
turning point by 3um.
0.04-
L (PRD 75, 075006 (2007),
% 0.05 hef-ph/061033¢
= _ hep-ph/0703108))
= spin up
C ;
> 0.024 + spin down
Q /
@)
/ Sensitivity only to
0.01- spin down magnetic field
v gradients:
0.00 background Signal > 1 mT/cm
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Exclusion Plot for new spin-dependent forces
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Count rate [d]

Projected improvement: Polarized experiment

Polarizing foil with Spin T Boup
guide field wires transport or
® ® zone ¢ B, down

——— —"  IIoII I IESIOSIOIINIISSIOSStS . degector

Bottom mirrors

0.06 / ° Sensitivity gain due to relative measurement, gfeon
J/ S UCN source, wider mirror, longer run time.
0.04] /// °° Possible false effect due to magnetic field gradreh
y Ig uT/cm from holding field or ferromagnetic particlies
! ad mirror
0.02 1 7 o o _
7 4 Test: Reverse magnetic field, check absorber height
// e dependence, magnetize mirror in strong field
Q +F==- i S i - . .
0 10 20 30 Experiment to be performed in Summer 2009

Absorber HeightAh[pum]



Energy measurements

Accuracy of position-Observables: ~ 10%

Improvement: dspectroscopy

ldea: Induce state transitions through:
 Oscillating magnetic field gradients
* Oscillating Masses

* Vibrations

Typical energy differencedE ~ h-260 Hz

\%
E;

E, | Trar}si‘ti/on 2 3

E,

z

Additional collaborators:

T. Soldner, P. Schmidt-Wellenburg, M.
Kreuz (ILL Grenoble)

F. Naraghi, G. Pignol, D. Rebreyend, F.
Vezzu (LPSC Grenoble)

D. Forest, P. Ganau, J.M. Mackowski, C.
Michel, J.L. Montorio, N. Morgado, L.
Pinard, A.Remillieux (LMA

Villeurbanne)

L. A. Grigoryeva (PNPI Gatchina)
A. Meyerovitch, (U Rhodes Island)



Theory of resonance transitions
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Projected first measurement of resonance transitios
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G. Pignol et al., 2008



Under construction: the GRANIT spectrometer

1. Population of
ground state

3. Study transition to “final state” /

A
\ 4

2. Populate|the initial state

4. Neutron Detectic

v

A

30-50 cm

Challenge: Tolerances to get a high neutron lifetime in a given state
Flatness of bottom mirror: < 100 nm
Accuracy of setting the side walls perpendiculat(®

Vibrations, Count Rate, Holes, Vacuum, Dust, ...



Summary

 Gravitationally Bound Quantum States detected with Ultracold
Neutrons

e Characteristic size is pm

 Applications in fundamental physics: Limits on fifth Forces,
limits on spin-dependent forces, and others

 Future: Replace transmission measurements (with its need to
rely on absorber models) by energy measurements. Ultimately,
AE/E ~10°% @ E ~ peV might be reached.

Thank you for your interest!






Example: Neutron Lifetime Measurements

Decrease of Neutron Couritiswith storage time: N(t) = N(O)exp{-t/t.«}
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Many new attempts planned, mostly with magnetic bott




A neutron electric dipole moment (EDM) amd/iolation

|

Time ReversaTl
(equivalent to CP)

If T were a good symmetry
andd, 70,

then the ground state of the
neutron in a shell modell
would be fourfold degenerate



ldea of the EDM measurement

w +ET -E l

BO

neutron

o, = -B,w # o,(11) =[-Bu—2Ed] /7%

o,(1!) =[-Bu+2Ed]/7

The difference in the precession frequency, for different electric field directions
IS proportional tal

Ao, = (o (11) —o (1)) =-4Ed /K



The Ramsey Method of Separated Oscillatory Fields
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