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Ultracold Neutrons
Introduction

UCNs are neutrons whose energy is so low
that they are reflected under any angle of
incidence

Velocities of several m/s.
“They are the pedestrians under the
neutrons’

@ can be trapped

UCNs are important objects for
fundamental physics experiments



How to store them?
Introduction

Trapping potential #1:

Neutron optical potential of material: V + iW "

Beit* <

Physical origin:
Interference of incident plane wave with sphericall e

scattered waves in forward direction NI

refractive index
Typical values for V:

—
k! Vv 2 ~2 Be: 252 neV
n=—= 1 = V = Na
k E m Al: 54 neV
@ UCN are contained in “neutron bottles” of Ti: -48 neV

dedicated material



How to store them?
Introduction

Trapping potential #2:

Gravity acting on the neutron: mgh
for z=1m: E =100 neV

as good for trapping as a material closure
(if bottle is tall enough)




How to store them?
Introduction

Trapping potential #3:

magnetic interaction: +uB
for B=1T: E= 60nev
Adiabatic spin transport if

1 d uB
iBj dt -

I mT fields sufficient in typical situations

=1

Halbach octupole permanent magnet array

) Magnetic gradient fields suppress losses due to wall collisions









Theory - Airy function

Schrédinger Equation for particles in gravity potential:

2 2

%@"‘mgz @)=E (@)

Boundary condition on flat surfaces
(QM ¥ bound states):

(z 0= (z¥®*1)=0
Solutions using the Airy function (Ai 2 ) are:

En

. Z
= Al —
" (Z) Cn Al Zo Eo

Cn being a normalization constant.
For neutrons: zo  5:87um, Eq  0:602 peV

oo 3
api -1 r t
Ai( )—Trgcos(3 + t)dt
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First observations (2002)
Gravity Bound States

Proposal: Luschikov and Frank, JETP Lett 28 (1978) 559
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Nesvizhevsky, Abele et al., Nature 415 (2002) 299
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Quantum bouncing ball
Gravity Bound States

/

b-¢ o

(z;t)=  ce B (@)
n=0

En

Eo

5~

Ch = (z;0) (2)dz
0

D j (z;t)j* contains interference
terms between the eigenstates.

Time evolution of the neutron's wave function after falling down a step *

1Jenke et al. (2015), arXiv.1510.03078
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https://doi.org/10.48550/arXiv.1510.03078

Experimental realization of the Quantum Bouncing Ball
Gravity Bound States

Detection with boron coated
CR39 imaging plates
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Gravity Resonance Spectroscopy (GRS)
Gravity Bound States

Region | Region Il Region IlI

-flip
ultracold neutrton
neutrons counter
tube
Yy vy
initial oscillating final
energy state mirror energy state
preparation analysis
Region | Region Il Region 111 Region IV Region V
T fiip T fiip
ultracold 2 2
neutrons

Yvyy

yvy
initial oscillating coherent oscillating ~ final
energy state mirror superposition of mirror energy state
preparation energy states analysis

Diagrams from T. Rechberger, PhD Thesis, TU Wien (2018)
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Comparison Rabi and Ramsey transition: j21 ¥ j4i
Gravity Bound States

Rabi and Ramsey Resonance Curves

Comparision Rabi and Ramsey (2018, 2 - 4)
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) Ramsey-Setup has a significant higher sensitivity.

Plot courtesy of J. Bosina
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Experimental Ramsey-Type Setup
Gravity Bound States

sensorgantry -g————__ e ~12m
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Simplified view of the Ramsey GRS setup on the granite block

Sedmik et al. EPJ Web of Conferences 219, 05004 (2019)
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RamsEy - Electric Charge Measurement
Gravity Bound States
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Proof-of-concept Neutron charge measurements with a Ramsey GRS setup
High electric fields applied in Region Il
Limit in the order of 10 7 elementary charges

Bosina et al. Proceedings of the 56th RENCONTRES DE MORIOND - Gravitation 2022 and
J. Bosina, PhD Thesis TU Wien (2024)


https://doi.org/10.48550/arXiv.2301.05984

Further GRS Application
Gravity Bound States

Studying Gravitation at the pm scale

Search for New Physics

Dark Matter
Dark Energy

Setting limits
Hypothetical gravity-like interactions,
Axions/ALPs, Chameleons, Symmetrons, neutron
electric charge :::

Modification of gravity with n additional
dimensions at distances r < R:

mimz o mimy
r2 = r2+n

F= G

Small extra-dimensions: Explanation why
gravity is such a weak force?

ADD model from N.Arkani-Hamed, S.Dimopoulos and G.
Dvali (Phys. Lett. B 429 263)
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Further GRS Application
Gravity Bound States

EXTENDED arXiv VERSION
For citations please use the journal reference:
Nat. Rev. Phys., 3 309 — 327 (2021).

Tests of fund hanics and dark i
with low-energy neutrons

S. Sponar, R. LP. Sedmik, M. Pitschmann, H. Abele, and Y. Hasegawa

1 quantum
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Compiled limits on
non-Newtonian interactions

Sponar, S., Sedmik, R.I.P.,
Pitschmann, M. et al.,
Nat Rev Phys 3, 309-327 (2021)
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https://doi.org/10.48550/arXiv.2012.09048
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The Matter-Antimatter asymmetry after Baryogenesis

Neutron EDM

HISTORY OF THE UNIVERSE A

Dark energy
accelerated
expansion

Cosmic Microwave f"uc|u_re
Background radiation  formation
Accelerators is visible

Particle Data Group, LBNL © 2015 Supported by DOE

Standard Model (SM) of Particle
Physics fails to account for the
observed baryon asymmetry in the
Universe (BAU).

CP violation (and C-Violation) is one
of the Sakharov conditions® that have
to be fulfilled for theories that explain
BAU.

Known contributions from the SM are
too weak.

@ Need to find further processes that
contribute to it.

2A. Sakharov, JETP Lett. 5 (1967) 24
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Fundamental Symmetries Violation
Neutron EDM

dﬂl‘ P di
— A
TN

CPT Theorem

A non-zero particle EDM violates T (time reversal
symmetry) and parity P (reflection in space)

Assuming CPT conservation, there is also CP
violation.

C being the operation of charge conjugation
(Matter $ Antimatter)

Neutron EDM possible source for CP-Violation
necessary for BAU

CPT symmetry holds for all physical phenomena

"Any Lorentz invariant local quantum field theory with a Hermitian Hamiltonian must have CPT symmetry”
@ first appeared in the work of Julian Schwinger (1951) later proven by Liders, Pauli and Bell (1954).

@ Implications: individual violations of permutations of C, P and T must cancel. Violation of CP would
require violation of T — time has a preferred direction on the fundamental scale.
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Limits and Predictions
Neutron EDM
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nEDM prediction in the SM is tiny
(103 ecm), but large in many
beyond-SM theories

nEDM sensitive probe to search new
fundamental forces

Best current limit:

Lilstar  0:25s) 10 *®eicm

from the nEDM collaboration at the PSI.

Abel et al. Phys. Rev. Lett. 124, 081803 (2020)
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Measurment Setup
Neutron EDM

RAL-Sussex-ILL experiment
(more than 20 years of effort)

UCNs trapped in single Ramsey cell ( 50cm) at

room temperature

99Hg co-magnetometer corrects for magnetic field

drifts

Baker et al., PRL 63 (2006) 131801

Four-layer p-metal shield

Quartz insulating
cylinder

Storage cell

Hg u.v.
lamp ~.

Vacuum wall
RF coil to flip spins
Magnet

UCN polarizing foil

UCN detector

pre

High voltage lead
Magnetic field

coil

Upper
electrode

PMT for
Hg light

Mercury
epolarizing

UCN guide

changeover

Ultracold
neutrons

———=— (UCN)

Approx scale 1m
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Measurement Principle
Neutron EDM

. Spin “down™
neutron...

Apply 2 spin > t
flip pulse...

Free Fe Y

precession < l

atoy V By

Second /2

spin i ! t
flip pulse.

EDM changes frequency:

"!L nB dnE

Image from P. Schmidt-Wellenberg (2016), arXiv:1607.06609
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