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titut l_.aue Langevin (ILL) in Grenoble, France

Peter Geltenbort

with the help of many colleagues and friends (as you can see on the numerous slides)

Very Hot (fission) Neutrons Ultracold Neutrons
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Se‘l"l'i the SCene: satellite photo of Earth o night (NAsA)

door to door : ~ 8 500 km (5 300 miles)

Last visit to UW, Atomic Physics Group, in Mai 1994

P. Geltenbort ~Uni i ing Seattle, USA, 18 January 2018
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Grenoble (Capital of the French Alps)

(Host City of X Olympic Winter Games 1968)

R 380 000 (metro area)
= Elevation: 214 m
Pic de Belledonne: 2 977 m

Amongst the flattest cities in France!

- Seattle: 710 000
— Seattle metro: 3 600 000

® Elevation: 0 > 158 m

> The city benefits from the highest concentration of strategic jobs in France after
Paris, with 14% of the employments, 35,186 jobs, 45% of which specialized in design and
research.

> Grenoble is also the largest research center in France after Paris with 22,800 jobs
(11,800 in public research, 7,500 in private research and 3,500 PhD students)

[Figures from Wikipedia, June 2015]
P. Geltenbort (W.G. Stirling) CENPA _ University of Washington, Seattle, USA, 18 January 2018 4


http://en.wikipedia.org/wiki/File:Grenoble_panorama_night_bastille.jpg

« ILL (Institut Laue Langevin) and its high flux reactor
= NPP (Nuclear and Particle Physics group)

= Ultra-Cold Neutrons (UCNs)

= Flagship experiments

* Neutron Electric Dipole Moment (nEDM)
* Neutron lifetime (nTau)

« Gravitational Levels (GRS)

CENPA  University of Washington, Seattle, USA 18 January 2018 5
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Opera tional for
« UK joined in 1973

The Institut Laue-Langevin is an
international research centre at the
leading edge of neutron science and
technology.

As the world's flagship centre for
neutron science, the ILL provides
scientists with a very high flux of
neutrons feeding some 40 state-of-the-
art instruments, which are constantly
being developed and upgraded.

As a service institute the ILL makes its
facilities and expertise available to
visiting scientists. Every year, some 1400
researchers from over 40 countries visit
the ILL. More than 800 experiments
selected by a scientific review
committee are performed annually.
Research focuses primarily on
fundamental science in a variety of
fields: condensed matter physics,
chemistry, biology, nuclear physics and
materials science, efc.

P. Geltenbort (H. Schober)
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CENPA, University of Washington, Seattle, USA, 18 January 2018




- ILL Associate countries

- ILL Scientific Member countries

Budget 2016

TRANSNI :
TRANSnational Neutron Inivtiative

CENI :
Central European Neutron Initiative

98 M€ (115 M$)

7§
NEUTRONS
P. Geltenbort (M. Johnson) CENPA, University of Washington, Seattle, USA, 18 January 2018 FOR SOCIETY 8



KEY FIGURES ABOUT THE ILL

P. Geltenbort (M. Johnson)

1400 users from an active community of 12 000 scientists

850 experiments/year
Information and communications technology 1 %

600 publications/year
>21000 pubs since 1973

Other 3 %

Earth & environment 3 %

Societal impact

Other functional materials 6 %

38 countries
Health 8 %

Energy 11 %
28 instruments + 10 CRG

Fundamental Science 68 %

4 cycles of 50 days/year

i’l
NEUTRONS
CENPA, University of Washington, Seattle, USA, 18 January 2018 FOR SOCIETY
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P. Geltenbort (W.G. Stirling)
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The Institut de

Biologie
Structurale (IBS) is a
research centre in structural
biology. The IBS possesses
cutting edge facilities and is a
partnership between CEA,
CNRS and UJF

il

NEUTRONS
FORSCIENCE &

40 high-performance instruments

European Synchrotron Radiation
Facility (ESRF) is a world-leading
synchrotron radiation source hosting 41
cutting-edge experimental stations

European Molecular Biology
Laboratory (EMBL) Grenoble is an
outstation of the EMBL organisation
(HQ in Heidelberg), specialising in
research in structural biology (in very
close proximity to the ILL and the
ESRF)

CENPA, University of Washington, Seattle, USA, 18 January 2018 10
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Fuel (chain reaction): 235U(n,,,f) = fission neutrons

Moderator: D,0 at 300K > thermal neutrons

Hot source: 10 dm? of graphite at 2400 K

Cold source (horizontal): 6 dm3 of liquid D, at 25 K
Cold source (vertical): 20 dm3 of liquid D, at 25 K

Ultracold Cold Reactor
Neutrons Neutrons Neutrons

Temperature (K) 108 .101 103

P. Geltenbort CENPA ., University of Washington, Seattle, USA, 18 January 2018 11



, and neutrons

Reactor
Vessel (Al) — __

HS8
Horizontal Cold

Source (liq. D;)-' I . H14 - H18

H9 ~ Vertical Cold
2351] Core—— Source (liq. D»)
— H12
H,O ‘ " Control Rod
Shielding ' =~

H10 ™ Security Rods
D.O H13

Moderator H11 H7

P. Geltenbort CENPA _ University of Washington, Seattle, USA, 18 January 2018 12
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article physics
Collab. Research Group

1B
or cold neutrons

PF2

or ultracold and very cold neutrons| S18 - perfect crystal
Neutron interferometer

FIPPS
Spectroscopy of exotic nuclei

4 instrument groups

201 1, Inst ot Lane-Lagevin

=1 Large-scale structures group

] =&~ Cold neutrons [ Time-offightihighresalution group
o Muchssr and particle phiysics group
[[] Testand other beam positions

P. Geltenbort CENPA, University of Washington, Seattle, USA, 18 January 2018 13
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/4 PN1: The fission fragment separator “Lohengrin”
FORSCENGE S e A Y vy, =

Uo Koestel‘, Y.-H. Kim’ No Laul‘ens

mass-separated fission fragments,

up to 10° per second, T, > us
4

lonization chamber
in focal plane  _—RED magnet
; ~

- Condenser

" E/q separation E‘ Main magnet

p/q separation
Actinide target

|
]

\\ Sourcﬂm“:}% e n-flux 5.5x104 cm2/s
T AR  few mg fission target
gl ngmsRo (various materials)

2 - 2 — o
mvslrg=qE M V4 Tmagn =q Vv B * several 10'2 fissions/s

Evin/ d=E[2rg m v/ q=B ryagn

P. Armbruster et al., Nucl. Instr. Meth. 139 (1976) 213.

P. Geltenbort (U. Koster) CENPA, University of Washington, Seattle, USA, 18 January 2018 14



/[ { FIPPS: layout

NEUTRONS

EREERSE Elssion Product Prompt gamma-ray Spectrometer

+4 more Ge detectors IC: lonization chamber
t f I n: neutron detectors
outo p ane Ge: Ge clovers

- ;n <%

@ ‘Left” fission
fragment: stopped in
backing

— Doppler free y
detection by Ge-array

| ’Jéw -'m» il !’ a

Areal Area 2
Neutron
beam @“Right” fission fragment:
Ancillary detectors: — mass identification with a Gas-Filled
— neutron detectors for fission studies magnet for filtering

<+ — LaBr3(Ce) for short lifetime (10 ps — 1 ns)

— low energy Ge detectors
— ..

P. Geltenbort (A. Blanc) CENPA, University of Washington, Seattle, USA, 18 January 2018 15



PN3: The high resolution gamma ray facility

General Layout and Parameters (PN3 since end 2014)

10°y-rays st cm? @AE/E=10°

Gams 6 H6

— =\
DIGRA Target
changer <=
» 9 STEREO
GAMSG6: Ultra-High Resolution DIGRA: multipurpose Inpile Irradiation Position:
Spectrometer diffractometer / irradiation fac. * Neutron flux: 5x 10 cm? s?
* Two flat perfect crystals with * Flat mosaic crystals * 3 Samples4 x20x20 mm?3
Ad/d <108 * Bent crystals * Orientation of samples in
* Angle interferometer: 46< 101° » Large/heavy objects reactor is possible
rad over 0.5 rad can be scanned  Sample change during
* Solid angle: 1011 * Solid angle: 107 - 10® reactor cycle
*  GRID-Lifetime measurements e Bent crystal spectroscopy * Self heating: ~1 W/g
* Gamma Ray Metrology * Gamma Ray Laue Lens
« Gamma Ray refractive optics « Gamma Ray Imaging tests AND GAMMA RAY i’l
THE EUROPEAN NEUTRON' SOURCE NEUTRONS

FOR SOCIETY
P. Geltenbort (M. Jentschel) CENPA _ University of Washington, Seattle, USA, 18 January 2018 16



Overview on Energy resolution

0.01 |

0.001

Relative Energy Resolution

1e-005 |

1e-006 |

Bent crystal 1. order —— |
Bent crystal 2. order
Bent crystal 3. order ———
Bent crystal 4. order ——— |
Double Flat Crystal
30% HpGe detector —— 1

If mg samples:
HPGe-detectors better for higher

E

/

GAMS in double flat crystal mode, 46~ 1/E,

100

P. Geltenbort (M. Jentschel)

1000 10000
Energy (keV)
CENPA _ University of Washington, Seattle, USA, 18 January 2018

ill
NEUTRONS
FOR SOCIETY

17



V7 / | Direct test of mass/energy relationship E = mc?
Sxc 2005 World Year-of Physics -  Einstein's *Miraculous year” 1905

;:‘jMIT-NIST,‘ Nature 430, 58 (2005)
iz, ‘ ’\ e g ——8641.6 keV
.:‘t&'_ !

mc /E 1 4(4 4) 10 5421.0

7 (59.1)

¥, N
Sk o4
-

Sew

=

A\ 4

2379.6
(44.5)

[ 841.0 (75.6)]

P. Geltenbort CENPA, University of Washington, Seattle, USA, 18 January 2018



/4 Antineutrino detector S‘I‘EREO
S at the sealed end of beam tube H7 -

STEREO

Flat Crystals

Source Changer

GAMS 4

In April 2017 through beam tube H6/H7 removed and sealed

P. Geltenbort CENPA, University of Washington, Seattle, USA, 18 January 2018 19



STEREO setup

detection of e-antineutrinos through inverse beta-decay
in gadolinium doped liquid scintillators

PN Muon veto (Cerenkov detector)
7 ¢ IN20 wall
_scate® : : (lead + PEHD)
" Soft iron magnetic shielding
Lead shielding
PEHD shielding

Mumetal magnetic shielding d

D19 wall
(lead + concrete)

P. Geltenbort T. oldner ‘ 20



#ll Nuclear and particle physics at ILL

NEUTRONS
FOR SCIENCE

S18 - cr6 iInstrument (Atominstitut, TU Vienna, Austria [H. Lemmel])

interferometer (perfect Si crystals) for basic neutron quantum optics,
fundamental tests of quantum physics, neutron scattering lengths and
USANS (ultra-small angle neutron scattering) ey

silicon
monochroma
g

beam monitor

h— magnets
\

AW spin flipper

silicon
ferometer |

detector 'O’ ——

P. Geltenbort CENPA, University of Washington, Seattle, USA, 18 January 2018 21



Observation of a quantum Cheshire Cat in a matter wave

Lewis Caroll interferometer experiment

Alice's Adventures in Wonderland

1865 Tobias Denkmayr!, Hermann Geppert!, Stephan Sponar', Hartmut

Lemmel'?, Alexandre Matzkin®, Jeff Tollaksen®, and Yuji Hasegawa'*
! Atominstitut, Vienna University of Technology, Stadionallee 2, 1020 Vienna, Austria
!Institut Laue-Langevin, &, Rue Jules Horowitz, 38042 Grenoble Cedex 9, France
* Laboratoire de Physique Théorique et Modélisation, CNRS Unité 8089,

Uniwersité de Cergy-Pontoise, 95302 Cengy-Pontoise cedex, Francel

A Institute for Quantum Studies and Schmid School of Science and Technology,
Chapman University, One University Drive, Orange, CA 92866 USA

{Dated: December 16, 2013)

From its very beginning quantum theory has been revealing extraordinary and
counter-intuitive phenomena, such as wave-particle duality [1], Schridinger cats [2]
and gquantum non-locality [3-6]. In the study of quantum measurement, a process
involving pre- and postselection of gquantum ensembles in combination with a weak
interaction was found to yield unexpected outcomes [7]. This scheme, usually
referred to as "weak measurements”, can not only be used as an amplification
technique [8-10] and for minimal disturbing measurements [11, 12], but also for
the exploration of guantum paradoxes [13-17]. Recently the quantum Cheshire
Cat has attracted attention [18-20]: a quantum system can behave as if a particle
and its property (e.g. its polarization) are spatially separated. Up to now most

-, A _—Y)

XY > | XY .
AN ESCETN AN
ﬁv \

FIG. 2: Mllustration of the experimental setup for the observation of a quantum Cheshire Cat in a neutron
interferometer: The neutron beam is polarized by passing through magnetic birefringent prisms (P). To
prevent depolarization, a magnetic guide field (GF) 1= applied around the whole setup. A spin turner
(ST1) rotates the neutron spin by 7/2. When entering the interferometer the neutron beam splits into
w two paths. Preselection of the system’s wave function [y} is completed by two spin rotators (SRs) inside
the neutron interferometer. These SRs are also used to perform the weak measurement of {7:I11).. and

{61051} . The ahsorbers (ABS) are inserted in the beam paths when ([1;),, and {IT;;),, are determined.
The phase shifter (PS) makes it possible to tune the relative phase y between the beams in path I and
path II. The two outgoing beams of the interferometer are monitored by the H- and O-detector in

FIG. 1: Artistic depiction of the quantum Cheshire Cat: Inside the interferometer the Cat goes through  reflected and forward directions, respectively. Only the neutrons reaching the O-detector are affected by
the upper beam path, while its grin travels along the lower beam path. postselection using a spin turner (ST2) and a spin analyzer (A).

P. Geltenbort

CENPA  University of Washington, Seattle, USA, 18 January 2018 22



N-Nbar search at ILL (Heidelberg-ILL-Padova-Pavia)

“violates Baryon number by 2 units”

(not to scale)
Cold n-source

E 25K D2

HFR @ ILL
57 MW

Bended n-guiclf:Sg N1 coated,
L~63m 6x12cm 2

H53 n-beam
No GeV background ~1.7-10'"'n/s Focusing reflector 33.6 m
No candidates observed. Flight path 76 m
Measured limit for TOF>~0.109 s
a year of running: Magnetically

shielded
05 m vacuum tube

withL ~90 m and (#)=0.11 sec

~18 Annihilation
measured P_ <1.6x10 arget D1.1m
AE~1.8 GeV
.
T>8.6xX10"sec ~12510" /s

Baldo-Ceolin M. et al., Z. Phys. C63,409 (1994).

Figure of merit for probability: NT2 with N: # of free neutrons,

T: observation time per n while in "

P. Geltenbort (M. Snow) CENPA _ University of Washington, Seattle, USA, 18 January 2018

» fastn,’ background

Detector:
Tracking&

Calorimetry

4

Beam dump

quasi-free” conditions
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utrons whose energy is so low that they can be
iods of time in material and magnetic bottles

(10-7 eV) Interaction with matter:
UCN see a Fermi-Potential E¢

K Er ~ 10-7 eV for many materials, e.g.

- beryllium 252 neV -
JCN are totally reflected from _ atainless steel 200 neV

suitable materials at any angle
of incidence, hence storable!

: UCN are furthermore storable by
Long storage and observation gravity and/or magnetic fields

tTimes pOSSible (up to several minutes)!

Fermi potential ~ 107 eV

High precision measurements of Gravity ~ 100 neV / Meter
the properties of the free neutron AE=m_ g Ah

(lifetime, electric dipole moment, gravitational levels, ...) ———
Magnetic field ~ 60 neV / Tesla

AE=p, B

P. Geltenbort CENPA ., University of Washington, Seattle, USA, 18 January 2018 24




P. Geltenbort

OBSERVATION OF ULTRACOLD NEUTRONS : Ay olume 29B, number 1
V. I. Lushchikov, Yu. N. Pokotilovskii, A. V. Strelkov, and F. L. Sh

Joint Institute for Huclear Research

Submitted 18 Novembver 1968

ZhETF Pis. Red. 9, No. 1, 40 - L5 (5 January 1969)

Ya. B. Zel'dovich showed in 1959 (1] that neutrons with velocities u MEASUREMENTS OF TOTAL CROSS SECTIONS FOR VERY SLOW

experience total reflection from the walls at all incidence angles, can be NEUTRONS WITH VELOCITIES FROM 100 m/sec TO 5 m/sec
cavity. As was noted recently [2], the idea of storing neutrons points to A.STEYERL
the accuracy of measurement of the neutron dipole moment, an important fac Physik-Department. Technrische Hochschule Miinchen, Munich, Germany

. e Ae i B b Vemn 4~ ahanl avnarimantallv the
O

by extracting neutrons from the low energy .
' tail of the distribution in the source

ere the
the v aus T Tavo va wEEvs T a——

. AR S LD WA CALAGLILD AU AL BT LUV EU L LT SalUT Wl cuuvn ad the neu-

exi

HCULLTLE as @

the tuve. The neutron detectors 1l and 12 were FEU-13 photomultipliers c«

Detector, 12mm thick
Aluminium Wall

__________ TSamete

evacuated
to 10~ Torr="|

R 35,
T
E 7
g J=t1
7
7]
Chopper
3
~
J'__ /I Tube, Scm dia.
i
A R : 3 - 2 - paraffi ; _—— /
Fie. 1. Diagram of setup. 1- IBR reactor; 2, 3 - moderator (2 - pa Graphite Secondary &
la?er 1 mm tiick); L - copper tuve, 9.L cm i.d., total length 10.5 m; 5 - .;lodsmmr 2cm beside 4] eoctor Core b) Chopper Systemn
copper-foil cylinder; T - shield (paraffin with boron cardide); 8§ - 2-m ¢ eactor Core 7

actor chamber; 9 - detector shield (pa:‘a!‘fin); :O -.1.:ube fillix;g. igd evac o) Neutron Guide Tub%
12 - detectors (FEU-13 with layers of ZnS or ZnS + Li compound); - cop
between shutter and detector < 1 mm); 1k - shutter mechanism; 15 - trap { Fig. 1. Vertieal beam tube for very slow neutrons.

CENPA . University of Washington, Seattle, USA, 18 January 2018 25
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how UCN were “really” discovered in Dubna
drawing courtesy of A.V. Strelkov

IBR reactor, 6kW average power,
0.2 Hz repetition rate Copper shutter,
1.8 pm thickness

(Li-6)OH

,@ \ ; layer

® Scintillator

Neutron
detector

copper pipe,
internal diameter 94 mm %, ¢ o 4o P

Neutron guide, o wv‘,

Direct beam

té”

X %50
(e
N

UCN converter
(polyethylene, 1 mm thickness)

Detelttor shielding
(paraffin with boron carbide)

|
P. Geltenbort CENPA  University of Washington, Seattle, USA, 18 January 2018 26
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Neutron turbine
A. Steyer| (TUM - 1985)

Vertical guide tube

Cold source

Reactor core

A. Steyerl et al., Phys. Lett. A116 (1986) 347

P. Geltenbort CENPA  University of Washington, Seattle, USA, 18 January 2018 27
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turbine”
er shifting device

Steyerl turbine
at FRM-I (Munich)

Very cold neutron:

Blades [Turbine wheel|
Feeder guide \ '| p=10-5 mbar
(inclined, slightly / i
twisted 3.4x 7 cm?) 1 { | VCN exit
3 / port

A. Steyer| et al.,
Physics Letters A 116 (1986) 347 - 352

»

[tracold neutr

ons

Scanning guide|

and detector [a: UCN exit ports

P. Geltenbort

CENPA University of Washington, Seattle, USA 18 January 2018

Steyerl turbine (2"¢ generation)

at PF2 / ILL

10 years later

The total UCN current density is
2.6x10* cm? stup tov, = 6.2m/s
and 3.3x10* cm? s up to v, = 7 m/s
The total UCN current amounts

to more than a million UCNs/s.
Furthermore, we deduce from

the TOF data special UCN densities
of 87 cm3 (for v, < 6.2 m/s)

and 110 cm3 for v, < 7 m/s

In a storage bottle experiment
36 UCNs per cm3 (for v, < 6.2 m/s )
were detected!

28
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PF2: Physique Fondamentale 2

2nd installation for fundamental physics

4 positions for Ultracold Neutrons (UCN)

N was :
2 Flesr Plan PFL (le - -1
Crane R=6 m} // \ T D » = MAM v _ ?5%Scm_3 1 .
g S SRR bl o p EDM ps (at the experiment)
N C IS .
UCN v <=7 ms

_TES p = ~20 Cl’\'\_3 (at the experiment)

1 position for Very Cold Neutrons (VCN)

z R VAKX A ' V = 50 ms—l
Meicut A T IVAVEY- YA - VCN beam
'Z"‘;J;‘E;’B;"!“{""&. uchine con 0 ‘ V)4 "_ : _/ 4 _’. _! b . PTYTT - @ - 108 Cm-2 5'1

75330008 |
75428 3540 —
7553

T e e e s

W. Drexel, Neutron News 1 (1990) 23

s s =
| y Vunor tratk /' Y LS
P. Geltenbort CENPA University of Washington, Seattle, USA 18 January 2018 29



UCN densities (cu sphere as UCN container)

drawing (log book September 1999 on UCN flux measurements at different beam positions of PF2) courtesy of A. Strelkov

EOM) ;

\' 42 .6 UCN/cm3

\ EDM

«* B N MASCHIWE,

measured using
"pin hole” method:

flux=1/4*dens*vel(av)

/cm3 ;
E\B W|1'h fotl)

A ': Jr J

s
1 apmip
i 1 i
Lpemragde I | bex i L R

g7, 7
R s s g
Dy L < e YR . +

P. Geltenbort CENPA  University of Washington, Seattle, USA, 18 January 2018 30
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Estimated UCN density in
the ILL cold source: 1000 cm”™

g
bes e

More and stronger UCN facilities

in the future worldwide

§ 10°- PNPI .
E’: PNPI fu - PsI (CH)
g | smara - ==/ Munich (D)
@)
= ool e - LANL / NIST / (sNs)/
NCSU (USA)
|| - #242 (T) now TRIUMF (Canada)
1970 1980 1990 2000 2010 JPARC (J)
Years = PNPI (RUS)
P Geltenbort CENPA_ University of Washinaton Seattle USA 18 January 2018 31
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UCN production in He-ll

4 _
O-capture( He) =0
< = o .
cold neutron VW ‘
beam » ‘ .
./7’\/\/\/\' .\/ l .
converter

/

Pucn = PT

1= 41 -1 -1 -1
=17 decay +7T upscattering +7 capture +7 wall losses
@ , freeneutron dispersion

1meV [---

(12 K)

»phonon-roton“
dispersion

of superfluid “He

»
»

7 nm-1 q
(0.9 nm —» UCN)

P. Geltenbort (O. Zimmer)

R. Golub, J.M. Pendlebury, PL 53A (1975) 133

cold neutron phonon

ultra cold neutron

TIKI | Zax [8]
1 100
0.8 310
0.7 510
0.5 820
0 880

—> need T<0.5-0.6K
and low-loss walls

CENPA, University of Washington, Seattle, USA, 18 January 2018 34



Source prototypes SUN-1 & SUN-2 (>2004)

window- and gap-less vertical UCN extraction

Cryogenics 46 (2006) 799
e
o 3He Phys. Rev. Lett. 99 (2007) 104801
o
g .? 4He (2x) Eur. Phys. J. C 67 (2010) 589
- o Phys. Rev. Lett. 107 (2011) 134801
T !
*He pumps <::| - = ::> 'He pumps Phys. Rev. C 90 (2014) 015501
. i r. Phys. Rev. C 92 {2015) 024004
T 11— ; Phys. Rev. C 93 (2016) 025501
3 il S S
~ = aul [ I
4 |[H- == 3 : ] 20
7. |G - c —qm
1 il /5 18 ~|! | /——= 1\\ A
| L1
19 12 11
\ = 17 . H : £
HE - 10 o~ ©
cold T 2 (— - 2
neutrons < -
e S N B — X
W) SuperSUN apparatus
I /1_’7‘__1 I :.,":‘: ‘P"{QLE “3He cryostat” )
/: : 15 16 - Ej i;Hecircuit... 'f
13 u = 5
14 . . UCN I’_ L
1 meter detector

“magnetic trap cryostat”
superconducting multipole
“*He reservoir...

“converter cryostat”
He-ll converter
UCN extraction guide...

P. Geltenbort (O. Zimmer) CENPA, University of Washington, Seattle, USA, 18 January 2018 35



SUN-2 perfo 'MaNnCeS (fomblin-coated converter vessel)
882000 accumulated UCN from 4 litres He-ll (0.61K) ~ 220/cm?

UCN ToF spectra:

Open converter
vimax) =5.1 m/s, £, =144 neV

10000 4 ._ } i
Eextral:tinn = 882,000 - i
‘TE 1000_; A Tk AR
g ] &,H 200 s accumulation
3 mo'g M'“’M v(max) = 3.9 m/s, £ =81neV
§ | mlw»lmM‘v!u”l’“'*ﬁ‘“lﬂ'rﬂwMWMW‘”‘" M"“ﬁ e
10 o ™
1l
1 — 1 T T T T T T T 1 T T T T
0 400 200 1200 1600
Time (s)

P. Geltenbort (O. Zimmer)

CENPA, University of Washington, Seattle, USA, 18 January 2018
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Long-term perspective

® long-term perspective:
“UCN competence center at the ILL”

SuperSUN {SUN2) highest UCN densities, very soft spectrum
= * dedicated (long-term) storage experiments
6.5 m/s

50 mf/s

~

Yoy L o e

-

PF2 highest UCN flux
* In-flight/ short-time
experiments
-
e
@ | reddiem

P. Geltenbort (T. Jenke) CENPA  University of Washington, Seattle, USA, 18 January 2018
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|Cn1

H =—-u- ‘B —d- -E

zl
El

relativistic interaction Hamiltonian)

T T reversal T
d.IS d,

< 5 <>

electric dipole moment d
spin S

Electric Dipole Moment:

neutron is electrically neutral

If average positions of positive and T P transform ld
negative charges do not coincide: d. IS

E.M. Purcell and N.F. Ramsey
Phys. Rev. 78, 807 (1950) P & T violation

EDM d,,  CPT conservation & CP violation

CP violation in Standard Model generates very small neutron EDM
Beyond the Standard Model contributions tend to be much bigger

neutron a very good system to look for CP violation beyond the Standard Model

P. Geltenbort (M. Van der Grinten) CENPA, University of Washington, Seattle, USA, 18 January 2018 38



Experiments:
Measurement of Larmor precession
frequency of polarised neutrons in a
magnetic & electric field

Compare the precession frequency for parallel fields:

vt = Eph = [-2Bgy, - 2Ed, ]/

Need to measure change in Larmor
precession frequency to a very high
degree : < 1uHz

< 1 turn per month!

~

to the precession frequency for anti-parallel fields

vay = Eqy/h = [-2Bgu, + 2Ed,J/h

N

The difference is proportional to d, and E:

h(vir-vyy) = 4Ed;

P. Geltenbort (M. Van der Grinten) CENPA, University of Washington, Seattle, USA, 18 January 2018
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Ramsey method of Separated Oscillatory Fields

1 “Spin up”’
neutron...

Apply 2
spin
flip pulse...

Norman F. Ramsey

1915 - 2011
Nobel Prize in Physics 1989

3 k( 27 Free

Precession. "for the invention of the
separated oscillatory fields
method and its use in the
hydrogen maser and other
4 Second 72 atomic clocks. ...
spin

flip pulse. ‘

P. Geltenbort (P. Harris) CENPA, University of Washington, Seattle, USA, 18 January 2018 40
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Run duration (hours)
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Room Temperature Results

High voltage lead I-B UniVEI’Sity
Magnetic field Of SUSSEX

coil

Four-layer p-metal shield

Quartz insulating
cylinder

Storage cell Upper

electrode

Hyg u.v.
lamp e é_y
PMT for
Hg light ‘_/4 C C L R C
WVacuum wall
Mercury
prepolarizing f
. . ) 7 cell
RF coil to flip spins ‘*-\_\ Hg uv. lamp '
A
Magnet r@ UCN guide
} changeaver NEU-I-RGNS
UCHN polarizing foil Ultracold FDR S‘UE"'I'CE
neutrons
—==— (UCN)

UCN detector

Room temperature neutron EDM result:
C.A. Baker et al., Phys. Rev. Lett. 97, 131801 (2006)

|d|< 2.9%x10%° e.cm (90% C.L.)

Reanalysis: J.M. Pendlebury et al., Phys. Rev. D 92, 092003 (2015)

|d |< 3.0x10-%° e.cm (90% C.L.)

P. Geltenbort (H. Kraus) CENPA, University of Washington, Seattle, USA, 18 January 2018 42
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i Reality check

If neutron were the size of the Earth...

curent EDM limit would

correspond to charge separation of
AX ~ 3

P. Geltenbort (P. Harris) CENPA, University of Washington, Seattle, USA, 18 January 2018
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The neutron EDM: exp. vs theory

Progress at ~ order of magnitude per decade 10-19
Standard Model out of reach
Severe constraints on e.g. Super Symmetry

Neutron EDM upper limit [e-cm]
o

d,=1le-cm

|d |< 3 x 1026 e-cm

"It is fair to say that the neutron EDM has
ruled out more theories (put forward to explain
K, decay) than any experiment in the history
of physics” R. Golub

P. Geltenbort (M. Van der Grinten)

Experiment

electrgmagneti

1960 1980 2000
year of publication

B ORNL-Harvard

O BNL-MIT

Y ORNL-ILL..

¢ PNPI St Petersburg
A

ILL-Sussex-RAL...

LR symmetry

~4 standard model

I
—— \\\\f\gg g v

CENPA, University of Washington, Seattle, USA, 18 January 2018

1019
1020
1021
10-22
1023
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1025
10-26
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PNPI double-chamber nEDM spectrometer at PF2/MAM

at 90% confidence level

A.P. Serebrov et al., Pis'ma v ZhETF 99 (2014) 7

P. Geltenbort CENPA  University of Washington, Seattle, USA, 18 January 2018 45



New scheme of UCN trap in EDM spectrometer
Expected factor UCN transmission intensity is about 2 - 3 times

K=XK

il

New scheme

iCU
i

HL—@» @—iﬁ
@y <

[T
K
—B
—
—
A—
a

Old scheme |

\
/

} 3
N
/|
| ]
oo
N P

P. Geltenbort (A. Serebrov) CENPA, University of Washington, Seattle, USA, 18 January 2018 46



Single-user facility PanEDM e L
Converter volume: 12 litres

UCN production rate: 10°s1 (E <230 neV)
UCN saturation number: 4x10° (2017, fomblin spectrum)
2x107 (2019, polarised, E < 230 neV)

Purpose: pushing the limits in flagship experiments, notably:

Neutron EDM < 10-26 ecm
P. Fierlinger et al., TU Munich A. Serebrov et al., PNPI Gatchina

D. BeCk, UI Urbana-Champaign

T. Chupp, UM Ann Arbor

P. Geltenbort (O. Zimmer) CENPA, University of Washington, Seattle, USA, 18 January 2018 47



PanEDM @ SuperSUN on beam H523

P. Geltenbort (O. Zimmer)

Stage |

Stage |l

Sensitivity (1 o) 100 days

1.9x102” ecm

4.2x1028 ecm

Limit (90% C.L.) 100 days

3.0x10%7 ecm

7.0x1028 ecm

48



Worldwide nEDM Searches
X 1-“?;*' .

P. Geltenbort (B. Filippone CENPA University of Washington, Seattle, USA, 18 Januar 2018



P. Geltenbort

CENPA University of Washington, Seattle, USA, 18 January 2018
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UCN are always good for a surprise!
Transmission ’rhr'ou?h flexible water hose

Yu. Panin et RRC KI Moscow

Surprising result
(80 cm hose with 8 mm inner diameter)

'I'r'ansmlssuon around 85%

e, USA, 18 January 2018




Relative Transmission Probability of “fancy guides”

UCN L=190cm T=1.00 D

— (]

1} T=0.55
=097 @
) T=0.30 ]
[

HOREN )

T=0352 T=061 T=0.E0
Ao
UCN L=290cm
T=1.00
T=0E68
Top view:

Th&tube length equals L=190 cm.
The tube length equals L=290 cm; the tube is coated inside with thin layer of Fluorine polymer.

P. Geltenbort CENPA, University of Washington, Seattle, USA, 18 January 2018 52



NEVIRONS il Dy . ”,
FOR! SCIENGE SR P g i M Sy

+v, (+782 keV)

n—p+e +v.+7 BR(ISkeV)H?;xlD_S

n— H°+5, BR=~4x10""

Neutrino induced reactions:
Weak interaction theory

— +
V,+p—>u +n

Neutr'mo pﬂys:cs —> _
V,+N > +p
zosmo’ogy Neutrino detectors:

= vud

ved Vector Current Solar pg—pr'ocess: p+v, —>nN+¢€
p+p—>d+e’+v, oo g’ l
of Unitary of CKM matrix EIang: . 1

2+V 2"'Vub ‘1)

Primordial elements’ abundances f
Important input parameter Necessary to understand Necessary to calibrate
for tests of the matter abundance in the Neutrino Detectors
Standard Model Universe and to predict
of the weak interaction event rates

P. Geltenbort CENPA, University of Washington, Seattle, USA, 18 January 2018 53



NEUITRONS
FOR:SCIENCE

or, ultimately, measure the exponential decay directly

with UCN

viving neutrons”

NG
N(t,)

t2't1

S 1

1 1 1 1

Beam experiments with cold neutrons

= —— | 5b + A
Tn T Twan Tieak  Tvacuum
R — b ~—
"""""""""" - 0 (experiment)

1

— =M Ver > 0 (extrapolation)
- Twall
1 1
-_— — ey
T, Ty

Two relative measurements

P. Geltenbort

“counting the dead neutrons”

dN
nB = — =
dt T

Two absolute measurements

CENPA, University of Washington, Seattle, USA, 18 January 2018
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Does the neutron lifetime depend on the measuring method?

200
recent neutron
305 lifetime results
E 200 — 4 + —
Fl‘
=
o -
= 885 — { 4 T, = BERO0+21s { —
=
2 880 — E { —
T = B/06+06s E
875 - < beam method -
® UCH bottle
870 | | | |
1990 1095 2000 2005 2010 2015

Year

Figure 2: A summary of recent neutron lifetime measurements, showing the five
UCN hottle [18, 16, 19, 20, 21| and two neutron beam [12, 15] results used in the
2014 PDG recommended value of 7,, = 880.3 &= 1.1 s. The shaded regions show the
weighted average =10 of each method, which disagree by 3.8¢.

F. Wietfeldt, arXiv:1411.3687v1 [nucl-ex]

P. Geltenbort CENPA _ University of Washington, Seattle, USA, 18 January 2018 b5
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PARTICLE PHYSICS

Toolmaking shaped
how our minds
think today

FUTURE OF
MEDICINE:

)

Two precision experiments disagree on how long
neutrons live before decaying. Does the discrepancy reflect
measurement errors or point to some deeper mystery?

By Geoffrey L. Greene and Peter Gelfenbort

The best experiments in the world cannot agree on how  ious intervals, dbmmexpamems\mkl ¢ the parti-

long neutrons live before decaying into other particles.  ces into which nes
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Scheme of “Gravitrap”,

the gravitational Ucal' sto;age system

°/

ML N\

A

13

UCN traps are made from copper: ’!
s
1. quasi-spherical (cylinder + 2 truncated cones) trap, inner ‘{;-I; =

2. narrow (14 cm) cylindrical trap, inner surface - sputtered

3. wide (50 cm) cylindrical trap, inner surface - sputtered titg

P. Geltenbort (A.P. Serebrov) CENPA  Universi



Typical measuring cycle

1']55 4 .I 1 T : :I T 1 T 1 T 1 1{IU

~||]“:,1 213 : 4 :5: ]
n 10° T 1 17
S 107} | ! B 150
= 10'F i | 440
g 1']'15 i E i i
& E | !

107 | ' 1%

1']52 'i' T i T T :I T II u

-*i']Lz | 3 IV

- 0 ole vy 80
& ! - 60
= L
= t 40
3 b
“ i i 120

1500 2000 2500 3000

Time, s

A.P. Serebrov et al. , Phys Lett B 605, (2005) 72-78 :

filling 160 s (time of trap rotation
(35 s) to monitoring position is
included);

monitoring 300 s;

holding 300 s or 2000 s (time of
trap rotation (7 s) to holding
position 1s included);

emptiying has 5 pernods 150 s,
100 s, 100 s, 100 5, 150 s (time
of trap rotation (2.3s, 235, 235,
3.5 s 245 s)to each position is
included);

measurement of background
100 s.

Y
%
sr

N(2)=N(t)-exp| -

r—n

T

- _ I I
‘5."_ 7 4 s ET] i
mMm{N(t; J/N(1>))

(878.5 +0.8) s

P. Geltenbort (A.P. Serebrov) CENPA, University of Washington, Seattle, USA, 18 January 2018 58



Scheme of Big Gravitational Trap

;E
|'I'_
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r 7 T
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P. Geltenbort

1 — external vacuum vessel; 2 — internal vacuum vessel; 3 — platform for
service; 4 — gear for pumping out internal vessel; 5 — trap with insert in low
position; 6 — neutron guide system; 7 — system of coating of trap and insert;
8 — detector; 9 — mechanism for tuming trap; 10 — mechanism for tuming

insert

CENPA, University of Washington, Seattle, USA, 18 January 2018

(A. Serebrov)
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Table of systematic errors

Systematic effect Value, s

Uncertainty of y function calculating (MC) 0.1
Uncertainty of shape of function u(E) 0.3
Uncertainty of trap dimensions (3 mm for diameter

0.15
1200 mm)
Uncertainty of trap angular position (2°) 0.1
Uncertainty of difference for trap and insert 0.6
coating '
Total 0.7

Big Gravitational Trap with Fomblin grease coating

880.5+0.8, +0.7

P. Geltenbort (A.P. Serebrov) Caltech High Enerqgy Physics Monday Seminar, Pasadena, USA 17 January 2018
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General principle and design

* For u,=-60.3 neV/T, a 2T field generates a 120 neV batrrier.
* Force due to field gradient, F = - (dB/dz), repels only one spin state.

» Use permanent magnets.

« Step 3: 3D confinement

- top (gravity)
- bottom (magnetic shutter)

« Step 1: 1D confinement

1 — permanent magnets
2 — magnetic poles

X ¢ 530 )
| \ |
T e ————
L ),: *Péﬂ 1@
“
i
p
7 &, 204

500

e

577

767

A A AR SRR ;‘
NIRRT

/% / s R SRR
RS NI TR iy e
5 o e o
S5Y RN SR AR e
SN

I NN\

%

$630

P. Geltenbort (O. Naviliat-Cuncic) CENPA, University of Washington, Seattle, USA, 18 January 2018 61



Trap leaks: tuning and monitoring

» Under optimized trapping conditions, leaks are very few — difficult to control.

» The outer solenoid produces an additional field to eliminate trap imperfections (zero field
regions) and avoid leaks due to depolarization.

» Conversely, the outer solenoid can be
tuned such as to increase zero field regions

and hence leaks (“forced depolarization”). rates during storage
to 0,5 T T T T T T T T T
vacuum
pump 04l . i
lift ' switch OFF dep.
cylinder Z) dep. ON
" .
material -~ 03 1
absorber £ dep- OFF
N > / )
8 0,2 i, .
to "
magnets vacuung Py k-
andgpoles pump 0,1 Wtk |
outer Y ifa o
SOlenOId 0 4 //A‘am.dmm? AP B sl el AV AN il A.Mu;

200 300 400 500 600 | 700
solenoid Time [s]

— Intensity of leaks can be tuned

P. Geltenbort (O. Naviliat-Cuncic) CENPA  University of Washington, Seattle, USA, 18 January 2018 62



Trap filling sequence

Trap filling is a critical issue for the magnetic storage of UCNs

1.Fill lift volume 3.Move lift down .
2.Close lift volume 4.0Open lift and

Viig <<V, move lift up

lift
cylinder —

material
== shutter

*' . < <UCN

.'._-I_,-?

UCN detector

(hence monitor filling sequence with UCN detector...)

P. Geltenbort (O. Naviliat-Cuncic) CENPA  University of Washington, Seattle, USA, 18 January 2018 63



Magnetic trap for neutron lifetime measurement

main elements:lift, trap, solenoid, shutter, detecto

to
vacuum
o 4.; | b |
5-_—111 B
lift 11l
cylinder —|
B material
— shutter
absorber
| ! -JCN
to
vacuum
magnets pump
andpoles
outer
o— solenoid
o
shutter
yoke solenoid
to
vacuum

UCN detector

Lift: Fomblin coated Al cylinder + PE disk

(878.3 £+ 1.9) s

V.F. Ezhov et al., arXiv:1412.7434 (2014)
P. Geltenbort (O. Naviliat-Cuncic) CENPA, University of Washington, Seattle, USA, 18 January 2018 64



Calculated magnetic field map of the new trap
Increasing of volume about 15 times

Increasing of storable UCNs due to boundary velocity increasing is about 8 times

Expected accuracy about 0.2 to 0.3 s

P. Geltenbort (O. Naviliat-Cuncic CENPA, University of Washington, Seattle, USA, 18 January 2018




UCN<t: a measurement of the neutron lifetime using ultra-cold
neutrons stored in an asymmetric magnetic trap at LANL

We have developed a new method for measuring the
neutron lifetime

* We have demonstrated an in situ active neutron detector
that allows for many systematic tests and enables the
measurement of corrections for cleaning effectiveness and
phase space evolution

* We have made a measurement of 7 for the first time with
no extrapolation: 877.7 £ 0.7 (stat) +0.3/-0.1 (sys) s

* All systematic uncertainties have been quantified by
measurements

e During 2017/2018 running we hope to achieve a statistical
uncertainty of £ 0.35 s (stat) £ 0.15 s (20 weeks of data)

pa "R. W. Pattie, et al, ”Measurement of the neutron lifetime using an asymmetric
s

. LosAlamos  Magneto-gravatational trap and in situ detection”, submitted to Science; UCNT
AAAAAAA s https://arxiv.org/abs/1707.01817

P. Geltenbort (C.L. Morris) CENPA, University of Washington, Seattle, USA, 18 January 2018




Dark Matter Interpretation of the Neutron Decay Anomaly

Bartosz Fornal and Benjamin Grinstein
Department of Physics, University of California, San Disgo, 2500 Gilman Drive, La Jolla, CA 22003, USA
(Dated: January &, 2015

There iz a long-standing discrepancy between the neatron lifetime measured in beamn and bottle experiments.
We propose to explain this anomaly by a dark decay channel for the neutron, involving a dark sector particle in
the final state. If this particle iz stable, it can be the dark matter. Tts mass is close to the neutron mass, suggesting
a connection between dark and baryonic matter. In the most interesting scenario a monochromatic photon with
enetrgy in the range 0.782 MeV — 1.6635 MeV and branching fraction 1% is expected in the final state. We
congtruct representative particle physics models consistent with all experimental constraints,

arXiv: 1801.01124v1 [hep-ph] 3 Jan. 2018

(B) Neutron — dark matter + eTe~  UCNA @ LANL is looking for those
events in existing data

P. Geltenbort CENPA _ University of Washington, Seattle, USA, 18 January 2018 67



Worldwide nLifetime Searches




Neutrons in the gravity field

« Schrodinger equation with linearized gravity potential

2 2
(—;—m% + mgzjqon(z) =E0,(@) be: (0)=0, (1) =0
Z

2 En N4 En
Z)=anAl| ——— |+bnBi| ———
#(2) (Zo Eo) (Zo on

 bound, discrete states

« Non-equidistant energy levels )
state | energy __
1 1.41 peV )

2 2.56 peV
3 3.98 peV  Slit width I=27 um

P. Geltenbort (6. Cronenberqg) CENPA . University of Washington, Seattle, USA, 18 Januar v 2018 69



Discovery of neutron quantum states in 1999

Nesvizhevsky et a/, Nature 415 (2002)

Collimator
Neutron absorber Variable height

| UCN path “ag™

e

Gravity Surface Reflecting mirror
repulsion

"l e —

hZ 1/3

2m?2g
= 9.87 pm

N (counts s7)

Absorber height (um)

P. Geltenbort (6. Pignol) CENPA, University of Washington, Seattle, USA, 18 January 2018 70



q B ounce (H. Abele and his team, ATI Vienna)
Motivation

« gBounce: quantized gravity bound states of ultra-cold
neutrons

« Test of Newton'’s gravity potential at small distances
(microns)

 Detection of new forces
Tests for chameleons, axions

V(r)= -G 1 Lge
r

Arkani-Hamed et al.: Physical Review D 59, 086004 (1999)

P. Geltenbort (6. Cronenberqg) CENPA, University of Washington, Seattle, USA, 18 January 2018
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Gravity Resonance
Spectroscopy (GRS)

* Rabi setup (2012)

uc D=4 -
: neutron mirror :
neutron mirror neutron mirror

* First realisation (2009,2010) 7

Rabi-like experiment with damping

scatterer

Energy [peV]
(O8]
~

o
n

put scatterer »Cl__’
introduces

2nd boundary condition neutron mirror

—
>

t§

T. Jenke et al.: “Realization of a gravity-resonance-spectroscopy technique” 0 10

Nature Physics 7, 468—-472 (2011)
P. Geltenbort (6. Cronenberqg) CENPA, University of Washington, Seattle, USA, 18 January 2018
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Results

Transitions 1-3 and 1-4 observed
1-3: (46 = 5)% Intensity drop

1-4: 61+7)% @ 2.1 mmis
1.2 T T
= 10 ® — T
g U ! !
.@ 08" I ;\ /\
‘el \ |
5 0.6 16>
=04 |
2 02 14
60 measurements 0.0 ]

Preliminary, generic fit
Frequency [Hz]

P. Geltenbort (6. Cronenberqg) CENPA, University of Washington, Seattle, USA, 18 January 2018
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M. Horvath

P. Geltenbort (6. Cronenberg CENPA, University of Washington, Seattle, USA, 18 January 2018



Outlook:
Probing neutrons neutrality

 Electric field modifies detectable phase

B scatterel neutron mirror scattere
UCN ounter
utl’On mirror : mirror heutron
: neutron mirror :
A‘ Mmirror MIrror
E - S coherent superposition — A
d ?
I ® of |p) and |q)

v

Durstberger-Rennhofer, K. et al. PRD 84, 036004 (2011)

P. Geltenbort (6. Cronenberqg) CENPA, University of Washington, Seattle, USA, 18 January 2018 75



Realization of a Neutron Bouncing Ball Gravity Spectrometer

Glas Mirror

Piezo Driver

classical equation of motion for a falling body reflected on a mirror

P. Geltenbort (H. Abele) CENPA, University of Washington, Seattle, USA, 18 January 2018 76



quantum bouncing ultracold neutrons
& State Selector
& Snapshots with spatial resolution detectors ~ 1.5 um

UCN 30|ij

P

track detector

30um ‘

P. Geltenbort (H. Abele) CENPA, University of Washington, Seattle, USA, 18 January 2018 77
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Preparation L =0

)

Zn |Ch (tl)|2 |ebn (Z)|2
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|(:1‘2 = 45%,
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P. Geltenbort (H. Abele)

0
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CENPA, University of Washington, Seattle, USA, 18 January 2018



2nd bounce, 2nd turning point, L =41 mm
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Move downwards, L =51 mm
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measure for measure

To catch a chameleon

High-precision laboratorny experiments with neutrons and atoms are converging to a verdict on
‘chamelean fields' as a possible explanation of dark energy, explains Tobias lenke.

be patial distance hetween twa

poirts in the Uhdverse increass

with tirne, a discowery atribated o
Lermatte . Independently of Friednann,
L deriwd the badc equations fora
dynamnic Uniwerse, linking the sohutions
to Sliphers cheerwation of redshift and
Hubhles distarce reammements of far-awmy
gabies, Severdy years later, observations
of Type-Ia sipernovae led by Pedrmtier,
Schroidt and Riess resulted in the srprisng
disconery fhat the exparsion of the Uiverse
isaceletating™®

The driving foree of the Undverse’s
accekrating expareion is referred 4o 2= dark
eTengy, a tite-depenchnt g reralization of
the coernological coretand. Astmnornical
ohservations reveal that dark erergy
acoomis for roaghly % of the total energy
density of oo Thdverse. Tts origin, however,
iz coroplete by unknown.

Cme approach for explaining the somrce
of derk eremry itvoles a st field The
discooreryy of the Higgs boson cordimaed
the existence of imderrental scalar fields
in rahure, and rany string-thenry or
apergravity roodels indrochice soalar fields
whicha® rasles on b spstern seles,
However, &= they generally conple to atter
with gravitational strength, the resling
lorg-range force wold violate precision
et of the equivalence principle (BR) of
irertial and heaw romss — herie the search
for a recarisTnefective ly sores ning
sich a soreening reechardarn in 2004°,
Theyintmduceda sabr fieldewlving
coanobgiclly and copling o roatter,
ard called i the tharreleom fisld] s its
phyzical properties, such == its roas, depend
senstively on the ervdronmnerd™. The theory
hias two free pammeters: adirmendondess
copling stength . and an enponent #
Ymuoown 7= the Batra-Peebks inden. The smbr
field acpuites an effec tive roass that depends
om the local reatter densty. Inhigh-dersity
the range of the force mrediated by the partticle

@
4
g
3
:
£
g

isting — fhe FP-vickting fome is temfom
exporerdially apprsed. Conmqendy
charneleorn fields seeto o be urtesable wsing
maroscopic bodies, On comnobgical wales,
haomweer, the arnbient roas dereity &= wery
lew amed the effective mrass of the fieldis
cereparablk to the pressrt Hubble corstant.
This a1l in an itderaction monge of the
toeddiated force of wp to severalthonsands of
parscs, Whils the TTniveme exparnds, #ts oass
dersity decreases, leading to arplification
af the field, which drives the oteerved
aceekrated e xpandon of the Uhiverse.

In 2011, Brax and Pigrol discoemd that
charneleon thearies could nevertheless he
tesed by roeans of tahletop experitrentst.
They suzmwshed using quanturn sates of
nbracold nentores (LCHE) in the Barthis
gravitational field TICTHE toow wery
sl wit howelocities of 2 £ roetres per
second They are produced in soumees like
the PF2 rewtron hrbine at the Instihat

3B000E

Lame-Largevin in Genoble, France.
O horizontal, flat surfaces, TCTE form
bownd quanhmn states n the rear gravity
potential of the Barth. The typical spatial
exterd of the asmciated wanehmotions
iza few fems of rodcrornetres. Hence, the
nass dersity of UHCBE is too kow for the
sceering rechanisraof the charneleon
field o be significant. The states have energy
eigervalies in the pico-e ¥ range with wmiqe
ererry differenice s, Therefore, any two states
can be treated s ane fective two-level
systern, enablitg resonance spectmsaopy
techriques tobe ernploned. Thess techrdques
wemk first wsed in 2000 ancd were innrcediately
deploved tasearch for charrekon fields*:
the existerce of much fields wonld prodhice
characte dstic shifts in the franstion
frequeniies measured. The experitcend
frnird no deviztion frora Mewtordan grawity.
Az a3 corchesion, chamekon fields with a
copling strength f larger than 58 < 1P wer
exchided, iroproving prevons liraits from
aboreie pentm by a factor of ten oillion,
Several comemomities hene joined the
search for charce bon fields. Todayg fhe best
experitre rdal constraints corne fmoon an
atorin interferore try enperiment’ exarnining
whether gravitational acceleration depends
on 1ozl reatter dersity. The testing of the
total pararce ter space for chamelkeon fields &
hhdytol:emmpletadmﬂ'erearfum Asa
resul, chareelenndields may baw to be ruked
ot as sovrees of dark energy, But, rore
excitinghz ary positive et could enplain
the origin of one of the higgest ropsteries in
modern phorsics. m |

TOEAS JEMEE & in the Muckzar and
Particlz Phpsics Group at the Institut
Lave-Langevin, 71 Avenue des Martyrs,
3L Eenoble France.
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Recent PF2 highlights in ILL's Annual Reports

Search for mirror dark matter (2007)

A. Serebrov et al, Phys. Lett. B 663 (2008) 181
G. Ban et al., Phys Rev. Lett. 99 (2009) 161603
Optics with accelerated matter (2007)
A. Frank et al, Phys. At. Nucl. 71 (2008) 1656
VCN reflection on diamond nanopowder (2008)
E. Lychagin et al, Phys. Lett. B 679 (2009) 186
Phase space transformer (2008)
S. Mayer et al, Nucl. Instr. Meth. A 608 (2009) 434
Test of Lorentz invariance (2009)
I. Altarev et al, Phys. Rev. Lett. 103 (2009) 081602
Search for axion-like particles (2009)
A. Serebrov et al, JETP Lett. 91 (2010) 6
Gravity resonance spectroscopy (2011)
T. Jenke et al., Nature Phys. 7 (2011) 468
Improving our knowledge on dark matter and dark energy using ultracold neutrons (2012)
T. Jenke et al., arXiv:1208.3875 and PRL 112 (2014) 151105
Slow-neutron mirrors from holographic nanoparticle polymer composites (2013)
J. Klepp et al., Materials 5 (2012) 2788
MONOPOL - a travelling-wave magnetic neutron spin resonator for tailoring polarised neutron beams (2013)
E. Jericha et al., Nucl. Instr. Meth. A 845 (2017) 552
Neutrons constrain dark energy and dark matter scenarios (2014)
T. Jenke et al., PRL 112 (2014) 151105
Does the neutron lifetime depend on the method used to measure it? (2015)
S. Arzumanov et al., Phys. Rev. B 745 (2015) 79
The neutron lifetime puzzle (2016)

G.L. Greene and P. Geltenbort, Scientific American 314 (2016) 36
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Thank you merci beaucoup dankeschon for' your attention!
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International Workshop on
Particle Physics at Neutron Sources

Finally a kind of 24/05/2018 -26/05/2018
adve r,.'.is ing . Institut Laue-Langevin, Grenoble, France

Main topics:
: ORGANIZING COMMITTEE

Properties of the Heutron
Fundamental Symmetries and Interactions 5. Degerka bort . T. Jenke
Hadronic Parity Violation . ; sky, D, Rebreyend
Search for e¥-Heutrinos ] T. ¢ mme:r, s
Gravity tests in the quantum regime L. Tellier { Workshop A&ssistart )
Hew Techniques and Ideas : g

Invited review talks by:

Clare BURR AGE (University of Hottingham, UK}
= Vincenzo CIRIGLIANO (Los Alamos Hational Lab, US &)
= Carlo GIUNTI HFH Torino, Italy)
= Martin GONZALE S-ALONSO (CERN, Switzerland) S
«  Ernst RASEL (Universitat Hannover, Genmany) Abstract submission

DEADLINE

Reqistration 2 March 2018
2 March 2018

The year 2018 also marks the 50th anniversary of the
discovery of ultra-cold neutrons. On this occasion,
Hartmut ABELE (TU Wien, Austria) will give a
commemorative speech.

http://indico.ill.fr/PPNS2018  [Ss e S hitps: /indico il PPNS2018

ppns2018@ill.fr
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