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ALL UCN discoverers in the Audience

L )
‘ | N
A. Steyerl Yu.N. Pokotilovskii V.I. Lushchikov A.V. Strelkov

Phys. Lett. 29B (1969) 33 JETP Lett. 9 (1969) 23

.. this paper is open for discussion
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France, Germany, UK

Scientific Partners
Spain

Switzerland

Austria

Russia

Czech Rep
Sweden, Hungary
Belgium, Poland
Slovakia, Denm’k

and ho

P. Geltenbort  (H. Sch

1987
1988
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2006
2009
2011
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. ILL today

_ 1400
%1300
§1200
L?-;1100
¢ 500 staff 2
'E 1000
¢ 4500 users Z o0
¢ 1400 proposals in 2011 - ] I
.2000 user VlSltS |n 2011 2002‘2003‘2004‘2005I2006I2007I2008I2009I201OI2011
Year

¢ 800 experimental sessions

¢ 200 reactor days (> 99% beam)

27 (+10) neutron instruments for users (+CRGSs)
¢ 600 refereed scientific publications

P. Geltenbort  (H. Schober) Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015 7



| engineerding—\'/_Vc;r [ post Fukushima
e Nevertheless... 3 cyclesin 2013 and 2.5 in 2014
e 2015- ‘Business as usual’ with 4 cycles

... but

post Fukushima work
also at other nuclear
installations in France required

amongst them
ILL's fuel element producer!

P. Geltenbort (H.Gu
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Fuel (chain reaction): 235U(n,,,f) = fission neutrons
Moderator: D,0 at 300K > thermal neutrons

Hot source: 10 dm3 of graphite at 2400 K

Cold source (horizontal): 6 dm?3 of liquid D, at 25 K
Cold source (vertical): 20 dm3 of liquid D, at 25 K

Ultracold Cold Reactor
Neutrons Neutrons Neutrons

— - e Velocity (m/s) 5 800 2200

P. Geltenbort Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015 9



RHF fuel element.

P. Geltenbort (B. Desbriere Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015
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2. i

trons whose energy is so low that they can be
iods of time in material and magnetic bottles

/ (1077 eV) Interaction with matter:
UCN see a Fermi-Potential E-

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

- beryllium 252 neV vV, <V,

N 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

times pOSSible (up to several minutes)!

Fermi potential ~ 107 eV

High precision measurements of Gravity ~ 107 eV / Meter

_the properties of the free neutron AE=rm, g Ah
(lifetime, electric dipole moment, gravitational levels, ...) -
Magnetic field ~ 10-7eV / Tesla

AE= g, B

P. Geltenbort Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015 11




NEUERONS, o o

FOR: SCIENCE

1932 Chadwick discovers the NEUTRON
1936 Fermi realizes that COHERENT SCATTERING of slow neutrons leads to an EFFECTIVE
2rmi
" INTERACTION POTENTIAL V with V > O (or index of refraction < 1) for most materials
~1940  Fermi realizes TOTAL REFLECTION for neutrons with E-sin? @<=V or sin@<=sin@.=(V/E)*

1046/47 Fermi & collaborators demonstrate TOTAL REFLECTION (basis for n guides) led to speculations: if E<V then

STORABLE
1959 Zel'dovich put it into print, estimates absorption tfimes and densities (~50cm3)
1961 Vladimirski suggests vertical extraction

suggests berillyium and estimates the loss rates (as a function of femperatrure) due to
1963 Doroshkevich . . 7
wall vibrations ¢<107's

1966 Steyer| proposes a neutron turbine for 10°<E<10eV
1968 Shapiro proposes to measure neutron EDM with UCN
1969 Shapiro et al., Steyerl independently extract and measure UCN
1974 Steyerl realizes "his" furbine

w e N
eltenbort Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015 Iron Curtain 12



OBSERVATION OF ULTRACOLD NEUTRONS
V. I. Lushchikov, Yu. N. Pokotilovskii, A. V. Strelkov, and F. L. Sh:
Joint Institute for Huclear Research

Submitted 18 Novemver 1968

ZhETF Pis. Red. 9, No. 1, 40 - 45 (5 January 1969)

Ya. B. Zel'dovich showed in 1959 [1] that neutrons with velocities u
experience total reflection from the walls at all incidence angles, can be
cavity. As was noted recently [2], the idea of storing neutrons points to
the accuracy of measurement of the neutron dipole moment, an important fac
of CP-violation. We have therefore undertaken to check experimentally the
extracting and retaining ultracold neutrons.

The experimental setup is shown in Fig. 1. The neutron source was {
reactor (3] operating at an average power of 6 kW at a flash repetition fx
5 sec. The flux of thermal neutrons in the polyethylene moderator 3 vas ]

This moderator was placed in a standard copper tube of 9.4 cm 1.4, ¢
3

sec.
the inside surface of which was uright-dipped; a vacuum of 5 X 10

the tube. The neutron detectors 1l and 12 were FEU-13 photomultipliers cc

1- IBR reactor; 2, 3 - moderator (2 - paraffi
L - copper tube, 9.L cm i.d., total length 10.5 m; 5 -
(paraffin with boron carvide); & - 2-m ¢
actor chamber; 9 - detector shield (paraffin); 10 - tuve filling and evac
12 - detectors (FEU-13 with layers of ZnS or Zn§ + Li compound); 13 - cof
between shutter and detector < 1 mm); 1 - shutter mechanism; 15 - trap 1

Fig. 1. Diagram of setup.
layer 1 mm thick);

copper-foil cylinder; 7 - shield

eltenbort Memorial

~ Volume 29B, number 1

mm K
£ cross-section measurements for neutrons as slow

PHYSICS LETTERS

MEASUREMENTS OF TOTAL CROSS SECTIONS FOR VERY
SLOW
NEUTRONS WITH VELOCITIES FROM 100 m/sec TO 5 m/sec

A.STEYERL
Physik-Department, Technische Hochschule Miinchen, Munich, Germany

Received 24 February 1969

Very cold neutrons from 60 eV to 0.1 geV were obtained thro rtic it refl Iron
. ugh a vertical total- ecling neut.
guide tube. Total cross sections measured by time -of -flight technique fo: uminium were
i ¥ gh hnique for gold and al

Palmgren [1,2] was the first to perform total as 42 m/s in a "Doppler chopper” where the

target moved in the same direction as the neu-

Detector, 02mm thick
Aluminium Wall

________ Tmpe

Aluminium Window Qimm

Ellect ished Copper
/m, fio. S5cm
Glass Chogper with
13 Boron Silicote Glass
. 25mm apart.

I
! |
£ 7 !
& 7
7 |
7
“
/7; &
7 |
+-—% :
E | Electropolished and
J_ 4 Mickeled Alurminium
_ 4 Tube , Scm dia.

\

Graphite Secendary
Moderator 2cm beside

b) Chopper Systemn
Reactor Core

:

a) Neutron Guide Tube
Fig. 1. Vertical beam tube for very slow neutrons.

Seminar F.L. Shapiro, Dubna, 6 April 2015 13
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4 n - H . " €, = .
nomenon of "k 3"tle with neutr >s" as 1 “unny a1¢ order to significantly ir crease the ser ». ‘vity o1 the experiment
ow o Sl Tt @ @r'il 2ot Za¢ G onE ) £

drawing courtesy ot A. Strelkov

IBR reactor, 6kW average power,
0.2 Hz repetition rate ’
(Li-6)OH

'é \ : ' layer

P Scintillator
e @717 zns
IBR acti /3%»\ 7B
RERIVe Vacuum ~ 1073 Torr

PA 7 v ¥
core / \\ <‘§§‘ ®3Y - PMT

Copper shutter,
1.8 pm thickness

Paraffin
moderator

Neutron
detector

Neutron guide,

copper pipe,
internal diameter 94 mm
Direct beam

UCN converter
(polyethylene, 1 mm thickness)

5. The anticipated difficulties in setting up the UCN experi-
ment were mainly connected with the fact that the fraction
of UCN should constitute a very small fraction (~10-2) of the
total neutron flux from the reactor. Perhaps, it was due to
disbelief in the success of the UCN experiment by the
eminent physicists working at powerful reactors that
prevented them from accepting Shapiro's proposal. Thus,
Shapiro was left no other option but to set up the UCN P -
experiment at a low-power IBR reactor in Dubna, where the | ) gk ) ‘ 6. The following experimental results proved the observation
UCN flux was expected to be a thousand times lower than E ¥ of UCN:

at a typical stationary reactor. Besides, the approaching | B S
date of the IBR shutdown for reconstruction determined
the pace of the experiment. Despite the “holiday season”
(July-August) Shapiro managed to bring together a group

Detector shielding
paraffin with boron carbide)

1. The detector counting rate decreased by 3 times, when it was
closed with a thin shutter made of the same material as the

of participants that, under his leadership, in one month built | walls. Th - ith
a set-up and ran an experiment, in which for the first time Lushchikov V.1, Negovelov S.1. , Pokotilovski Yu.N. vessel walls. The shutter is almost transparent to neutrons wit
| velocities slightly exceeding the boundary speed of the shutter.

they observed a phenomenon of slow neutron retention
P. G d by successive multiple reflections of neutrons from I N X M2 fiderd) Seminar F.L. Shapiro. Dubl:_é 2015 =
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OBSERVATION OF ULTRACOLD NEUTROKS

V. I. Lushchikov, Yu. N. Pokotilovskii, A. V. Strelkov,
Joint Institute for Huclear Research

Submitted 18 Novemver 1968
ZhETF Pis. Red. 9, No. 1, 40 = 45 (5 January 1969)

Ya. B. Zel'dovich showed in 1959 [1] that neutrons with

31 March 1969 |

experience total reflection from the walls at all incidence ang
cavity. As was noted recently [2], the idea of storing neutro
the accuracy of measurement of the neutron dipole noment , an in
of CP-violation. We have therefore undertaken to check experin

... by extracting T Bl X e
neutrons from the LA e B ey
low energy tail of =

the distribution in

the source

Fig. 1. Diagram of setup. 1- IBR reactor; 2, 3 - moderator |
layer 1 mm thick); b - copper tuve, 9.L cm i.d., total length
copper-foil cylinder; 7 - shield (paraffin with boron carbide
actor chamber; 9 - detector shield (paraffin); 10 - tube fill
12 - detectors (FEU-13 with layers of ZnS or ZnS + Li compoun
between shutter and detector < 1 mm); 1k - shutter mechanism;

P. Geltenbort Memorial Seminar F.L. Shapiro una 6 Apri
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»
voa, P9

mmmmmmmm

Neutron turbine
A. Steyer| (TUM - 1985)

Vertical guide tube

Cold source  ’ e

Reactor core

A. Steyerl et al., Phys. Lett. A116 (1986) 347
P. Geltenbort Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015 16
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€,2m

J; ,y : l!‘fyn ?d—f'%:u' :"JM
D.4 ma u-rtw-q-p /fc{ a-£~46u-
X ‘”\J-J:;,_ - S

L3
BT

L H A, A S B W L SN P

W7/ 7

el AvHL.

-4; b fir ‘na‘ une’

OO quide D =8 an ‘ TEN conted it

Ny 4L=5m
D, gas tube D=12cm’

D, gas cavity O.Enem /73 heed

400 mm % ioom 2% 200 1 see

— P. Ageron, NIMA284 (1989) 197 (1986) 347
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rbine”
shifting device

o, e

Steyerl Tubine [Blades| [Turbine wheel| Steyerl turbine (2" generation)

i Pl PO T at PF2 / ILL
R (izecﬁiregl’l;ﬁ;huy - 10 years later
twisted 3.4 x 7 cm?) r V(;I:r t:xn

Very cold neutrons

Ultracold neutrons

Scanning guide|

and detector [a: UCN exit ports

P. Geltenbort Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015 18
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PF2: Physique Fondamentale 2

2"d installation for fundamental physics

4 positions for Ultracold Neutrons (UCN)

= was :
A Flesr 1!1[::_"1 Ueu — MAM v="Hh mS—l
b _ EDM PS: ~50 CI'T\'3 (at the experiment)
P e IS .
i - v<=7 ms’!

o - TES P = ~20 cm3 (ot the experiment)

B position for Very Cold Neutrons (VCN)

v = 50 ms!
® =108 cm=2 sl

Heicut ;
Hight of the be,ams,
752=3080° |

.zsa=::f My
254248 7 3540 b A - L 2l
255¢, . o " i R

e AT R R o =T W. Drexel, Neutron News 1 (1990) 23

P. Geltenbort Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015 20
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ilevel D (now PF2) at the .end of the 80s and toda

2

The ultra-cold neutron (ucN) platform at the Institut Laue-Langevin,
Grenoble.

Neutrons produced in the reactor core at a lower level enter the neutron
turbine (A) through the curved guide tube (B). After reflection from the
moving turbine blades, the neutrons (now slowed to UCN energies) can be
distributed to various experimental installations: (C) UCN microscope; (D)
fluid walled bottle for measurement of the neutron lifetime; (E) apparatus
for a neutron lifetime measurement using magnetic storage; (F) the electric
dipole moment experiment is seen with one end of the five-layer magnetic
shield removed.

Memorial Semina habiro Dubna 6 Abri
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UCN density / [cm™]

Estimated UCN density in

P. Geltenbort

10* 4 :’ff
the ILL cold source: 1000 cm™
% More and stronger UCN facilities
10°- oL | in the future worldwide
| e - PSI (CH)
e | SRARs - Mainz / Munich (D)
TS:IAPI.II IAE B ILL (F)
- LANL / NIST / SNS /
NCSU (USA)
I l - RCNP (J) then TRIUMF (Canada)
1970 1980 1990 2000 2010 JPARC (J)
Years - PNPI (RUS)
Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015 22
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il UCN pr'oduc‘hon in superfluud helium

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

O-cap‘rure (4He) =0

@1% free neutron dispersion
Q —e . - ~ .
cold neutron —= SN~ \ P
beam S  ou— o ! = 12 K
< < A
converter ,phonon-roton® _dispersion
of superfluid “He

/ - :q
7 nm!
PUCN ~ Pr

-1 = - -1 -1 -1
4 =7 decay +7 upscattering +7 capture *7 “wall losses

~ 800 s (upscattering @0.5 K and decay)
P =28 cm-3s! from 0.9nm flux @* = 5.7%x10%/cmzsnm in direct beam H172

Pucn —> 10% ecm=3 possible at _cold-neutron guide

P. Geltenbort (O. Zimmer) Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015
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Comparison PF2 - SuperSUN

PF2 SuperSUN
UCN density [cm3] 20 > 1000
Total UCN flux [s™] 5x10° < 5x10°

« PF2 stays world-best high-current UCN source,
If not outperformed by new sources elsewhere

 SuperSUN will serve experiments using UCN iIn
storage mode with small-to-medium size storage vessels
(e.g. nEDM, neutron decay, gravitational levels)

P. Geltenbort (O. Zimmer) Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015
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Neutron EDM Experimental Apparatus

[d, < 6.3x10 % e-cm (90% CL); PRL 82,904 (1999)

mmmmm

Reality check

Ax ~ 10u

=
£ EDM limits: the fi
§ EDM limits: the first 50 years
Four-layet mu-metal shicld High voltage lead 1A
Quartz insulating Coil for 10mG -
cylindet magnetic field o
Uppet £ -
Main stotage cell s 102 neutron:  * 1020 Electro
clectiode & eleciron: - [ ) magnetic
£ o=
5 L
PMT1to —_ F1o2
detect Hg s | ”\
Vacuum wall u.v. light E |-m Multi r\
Higgs USY,
e K B T
i pmpohns::ﬁ ) | Le:’F]h:M b aln
RF coilo fip sins T gy tmp .5 1030 . : ; 103
Magret L o e 1960 1970 1980 1890 2000~
changeover
—— e Factor ~10 per 8 year: - ™o Standard Model
5 ar odel
o neions ) .
| e wen Cited ~280 times already! |- ¢=: /_/
L b b

IF neutron were the size of the Earth...

... current EDM limit would
correspond fo charge separation of

Gravity Resonance Spectroscopy »
(datazor0) Wl

UCN storage trap made of permanent magnets

« transitions:

=3

N (counts s°)

Figure 4 The
da

Poture 483 (2008) 297

sy dava7 2003) 102002

P. Geltenborf.

1) [2) |1y [3).[2) < |3) and [2) = |4)

2
« 50 days of beam time, 116 measurements

06 T
0st
200 00 600 00
Frequency (Hz)
- stat. Significance: 43¢

 stat. accuracy: v,

2Hz£08%
4Hz £1.0%
? 39.1Hz 20.5%
vy =619.5Hz £2.2%

« contrast: 60%

1. Jerke, Dissetation (TU Wien, 2011)
. Jenke etal, arXiv:1208.3875 (2012)

Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015

" T ¥ T B T 4 T
i world average
= a00 4 885.710.8 |
[0]
% A E sl l
£ 880 - g S
=
g
8 860 878.5:0.8 |
new result
840 -
820 L L
1985 1990 1985 2000 2005

year

Vacaum pump

Magnetic coupling

Neutron shutters

Vacuum pump
Solenold Neatron guide
Yoke

Vacuum pump

Polarizer

Detectors === _sensitive to both polarizations.
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.. based on publ. in 1999 on "Dynamical converter at pulsed sources” (a. stoica’s talk)

Physics of Avomic Nuelei, Vol. 65, No. 11, 2002, pp. 2020-2035. From Yadernava Fizika, Val. 65, No. 11, 2032, pp. 20802005,
Original English Text Copyright (€) 2002 by Ignatovich, Lychagin, Nesvizhevsky, Nekhaev, Muzychka, Strelkov,

NUCLEI

Neutron Transportation in a Closed Vessel”

V. K. Ignatovich", E. V. Lychagin®, V. V. Nesvizhevsky?),
G. V. Nekhaev!, A.Yu. Muzychka'’, and A. V. Strelkov"

Received March 4, 2002

Abstract—Results of the experiments on measurement of ultracold neutron (UCN ) storage time in moving
vessels are reported. A theory for change of the UCN spectrum in the vessel swinging on a long thread like
a pendulum is presented. It is found that the average kinetic energy of the UCN increases proportionally
to the first derivative of the acceleration but only during those quarters of a period in which the absolute
magnitude of acceleration increases. The results of measurement and theoretical consideration of UCN

storage time in a vessel struck by a hammer are also given. © 2002 MAIK “Nauka/Interperiodica”.

This is a toy science, and we dedicate it to the
jubilee of the very serious scientist Yu.G. Abov.
We hope that he will enjoy it.

Fig. 1. Scheme of the experiment: (1) container, (2)
entrance, (3) exit, (4) entrance window, (5) detector, (6)

vacuum tube, and (7) Al foil.
P. Geltenbort Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015 26



Neutron Tr'anspor"r (Cu sphere as UCN container)

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

Neutron Transport (Results)

T~33s
— — — Oscilations
i —-— Knocking
--------- Carrying on hands (~40 m)

Counts

10%

i .
10°E ‘H“‘\\
N T
| | | | ] |
0 20 40 60
f. s

Fig. 2. Storage curve in the stationary vessel and the
number of neutrons surviving in the bottle aiter 60 s, when
the bottle was carried, oscillated, or struck with hammer
twice per second.

Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015
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Movie "Emptying an UCN bottle”

P. Geltenbort (courtesy of M. Makela et al., LANL Memorial Seminar F.L. Shapiro, Dubna, 6 Apri



P. Geltenbort

Yuri Panin
NRC KI Moscow

NRC KI team

Yuri Panin, Lev Bondarenko, Vasilii Morozov
Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015
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UCN are always good for a surprise!

Transmission through flexible water hose
Yu. Panin et al., RRC KI Moscow

Surprising result
(80 cm hose with 8 mm inner diameter)
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FLEXIBLE NEUTRON GUIDE MADE OF POLYVINYL CHLORIDE PLASTIC
TO TRANSPORT ULTRACOLD AND VERY COLD NEUTRONS

V. Morozove, Yu. Panin?, P. Geltenbortt, L. Bondarenko®,
V.V. Nesvizhevsky®, A. Strepetove, D. Chuvilina

aKurchatov Inst., 53, Kurchatov sgr., Moscow, Russia, R-123182
bTLL, 6 rue Jules Horowitz, Grenoble, France, F-38046

Abstract

We present experimental results on transport of ultracold neutrons (UCN) through
flexible tubes with the length of up Yo 3 m and the internal diameter of 6-8 mm made of
polyviny| chloride plastic. Shiny surface of internal walls of such tubes provide high
transmission of UCN even if the tube is curved to arbitrary direction. The transmission
increases up to 85% if the internal tube surface is covered with layer of liquid fluorine
polymer. We discuss an option to use such tubes for building portable sources of UCN and
thermal neutrons as well as for capture therapy using low energy neutrons.

Russian PATENT

Eo|y¥my| thor'ide or PVC (CHZ'CHCI)n S.S. Arzumanov et al., Crystal. Rep. 56 (2011) 1197

density: 1.4 g/cm3; molecular weight: 30000 - 100000 amu

coherent scattering lengths for hydrogen, carbon and chlorine: b, = -3,74 fm, b, = 6,65 fm, b= 9,58 fm
Fermi potential: 39.7 neV; critical velocity: 2.8 m/s

P. Geltenbort Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015
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Relative Transmission Probability of “fancy guides”

UCN L=190cm T=1.00 D

— (]

[] T=0.55
T=097 A@
) T=030 ]
C

O ¢
O O

T=032 T=061 T=0E0
s
UCN L=290cm
T=1.00
T=0E8
Top view:

Thétube length equals L=190 cm.
The tube length equals L=290 cm; the tube is coated inside with thin layer of Fluorine polymer.
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T T reversal T
d. IS 3 d,

<_5 <>

electric dipole moment d,,
spin S

Electric Dipole Moment:

neutron is electrically neutral

If average positions of positive and o Td SP transform,o l'd A
n n

negative charges do not coincide:

C

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) Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015 34



The neutron EDM: exp. vs theory

Progress at ~ order of magnitude per decade 10°19
Standard Model out of reach

. "= 1020 |
Severe constraints on e.g. Super Symmetry 5
L 102 ]

£ 102 ]

- ] 10-232

o ]

H > 10-24 ]

S

(@p) a2 oE

- S 10% ]

§ 10-27

d,=1lecm

|d |< 3 x 102 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

Theory

electrgmag

’n

etic

1960 1980 2000
year of publication
B ORNL-Harvard
O BNL-MIT
ORNL-ILL...

\Y4
& PNPI St Petersburg
A

ILL-Sussex-RAL...

Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015

LR symmetry
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15 thousand milion years 7

The Big Bang

to explain why

EDM

10°°* seconds

0~ '° seconds _~

10743 geconds

S o Neutron
particies @ proton lifetime
Kestoyipaniiies neutron
carrying ) meson
thﬁmdcforee Ix W



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

Compare the precession frequency for parallel fields:

v = 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

vey = Eq/h = [-2Bgu,, + 2Ed,}/h

N

The difference is proportional to d, and E:

h(var-vay) = 4Ed,

P. Geltenbort (M. Van der Grinten) Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015
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High voltage lead
Quartz insulating oo
evlinder = . Magnetic field
’ coil
Storage cell - Upper
electrode
Hg u.v.
lamp

~ PMT for
Hg light
Yacuum wall

Mercury

prepolarizing

cell

RF cail to flip spins

' Hg u.v. lamp

Magnet

UCN polarizing foil -

Ultracold
neutron

UCN detector ——————




Room Temperature Results

University
of Sussex

@/CCLRC

—=

/[
NEUTRONS
FOR SCIENCE

Room temperature neutron EDM result:
C.A. Baker et al., Phys. Rev. Lett. 97, 131801 (2006) or hep-ex/0602020

|d |< 2.9x10-%° e.cm (90% C.L.)

P. Geltenbort (H. Kraus) Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015



Reality check

If neutron were the size of the Earth...

Curnt EDM limit would

correspond to charge separation of
AX ~ 3

P. Geltenbort (P. Harris) Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015 40



Scheme of PNP double chamber nEDM spectrometer at PF2

magnetic field coils top UCN trap 4 top magnetometers 2 side UCN detectors 2 direct UCN detectors

\ \_ vaves \
\ [ \ N\

magnetic \ [\ N\

screens \ A [\ A\

\ / \ \\ d3 analyzers
N N
n T — /jﬁ'fm —— ‘I
_>/| < C \ ‘l'\\ D :[> > ! Id
N \I:\”A” MI - — 4 2
d TN

polarizer /

// \\ \\

resonance frequency coils bottom UCN trap + high voltage electrode 4 bottom magnetometers

=
X
|
=

‘ﬂ'
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PNPI double-chamber nEDM spectrometer at PF2/MAM

at 90% confidence level

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

P. Geltenbort Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015 42



Move from PF2/MAM 1o PF2/EDM pla’rform

expected gain factor in UCN density : 3 to 4

Magnetic shielding
and
double-chamber

e v

Polarizer

Electronic

UCN from turbine

Side view

P. Geltenbort Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015 43



Worldwide nEDM Searches

?




Search for Neutron - Mirror Neutron Oscillations

using storage of Ultracold Neutrons
PNPI/IPTI/ILL collaboration: A. Serebrov et al., E. Alexandrov et al., P. Geltenbort, O. Zimmer

Hypothesis: There is a "mirror world” of partners of the known particles with

« same fundamental interactions with opposite handedness
— natural explanation of parity violation

* no interactions with our world, apart gravity and mixing of neutral particles

— mirror matter is a viable dark-matter candidate
Z. Berezhiani, A.D. Dolgov and R.N. Mohapatra, Phys. Lett. B 375, 26 (1996)

Test: Search transition of neutron n to mirror neutron n'

our world mirror world
« Situation 2006: Tosc 2 1 s
« A magnetic field suppresses nn' mixing
— Look for difference of UCN storage time | +uH J E
without (<20 nT) and with field (2 uT) ol bl
-puH
—
H=0 H=0

Result with PNPT EDM-setup at PF2:

Tosc 0% cL) 2 414 s

. A V.
2 | A.P. Serebrov et al., Phys. Lett. B663 (2008) 181
P. Geltenbort (O. Zimmer) Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015 45




s

NEURIROINS

FOR'SCIENGE SR 3 N T

+V,

Weak interaction theory

Neufrmo pZyS/cs —>

ﬂ

Solar pp-process:

d Vg

ved Vector Current

p+p—>d+e’+v, o'ocgi
of Unitary of CKM matrix . :
e VP V2= 1) e

Primordial elements’ abundances

+782 keV)

n—p+e +.+~v BR(15keV)~3x 1073

n— H° + 1,

9

w

@,

{; -.. v

BR ~ 4 x 1078

Neutrino induced reactions:
— +
V,FPp—>u +n
V,tN—u +p

Neutrino detectors:

— +
p+v, —>n+e

Important input parameter
for tests of the

Standard Model
of the weak interaction

Necessary to understand
matter abundance in the
Universe

P. Geltenbort Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015

Necessary to calibrate
Neutrino Detectors
and to predict
event rates
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Big-Bang Nucleosynthesis (BNN) crucial in constraining cosmological models
Essentially the only probe of physics in the early universe (~1 - 10* s; “radiation dominated epoch”)

Single unknown parameter for standard BBN is baryon-to-photon ratio during the nucleosynthesis epoch.
All light abundances are a simple function of this parameter.

Those yields are particularly sensitive to the neutron lifetime 1, which affects BBN in 2 ways:

i) T, enters in weak reaction rate which ceases at freeze -out temperature Tg, then n/p ratio fixed except
for neutron decay

| ii) Neutron decay between weak freeze-out (t~1s) and nucleosynthesis (t~200s)

These effects imply that the shorter the neutron lifetime, the lower the
predicted helium abundance

See "BBN with a new neutron lifetime", 6.J. Mathews et al, Phys. Rev. D71, 021302(R) (2005)

)

1027 degrees & ‘f/ : i, ¢ J ‘
- o .

lifetime

how were the
chemical elements created?




NEVIRONS ¥
FOR|SCIENCE AR

700 Measur

or, ultimately, measure the exponential decay directly

vith UCN Beam experiments with cold neutrons
ing neutrons" “counting the dead neutrons”
N(t)
N(t,)
RRRRRAS 1 1 1
::::::::::::E:; T TB Twall Tjeak Tyacuum
ST v 4 P il
-------- - 0 (experiment)
—— =l Ve > 0 (extrapolation)
L 3 Twall v
No
1 1 b
-_— & — n _dN—_&e V'
T T — =
i G T,
Two relative measurements Two absolute measurements
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Scheme of “Gravitrap”,

the gravitational UCN storage system

" / / ¥

e

O\

VL \

g
2‘\

13

UCN traps are made from copper: ,!
ks
1. quasi-spherical (cylinder + 2 truncated cones) trap, innerj§ ‘E[

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

3. wide (50 cm) cylindrical trap, inner surface - sputtered tit3

P. Geltenbort (A.P. Serebrov) Memoria



KOVSH

or

“spooning ultracold
neutrons”

© A. Strelkov, August 1968

P. Geltenbort

Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015
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Typical measuring cycle

1']5; 4 'I 1 T : :I T 1 T 1 T 1 1{'[]
142 13| 4 5 .
_ 10 o s - 80
w10 s | L ]
o F | | b i
g 10k ‘ N %
E 1l]1-§r i i Ty
2 0"k i b |
[ E H
107} | ' 1%
1']52 'i' T i 1 1 :I II u
-*i']Lz | 3 VI
0 A 80
[ ' {60
[1] : i
Z i {40
=] . i ]
“ i i {20
T T T T MI_: ]
1500 2000 2500 3000

Time, s

P. Geltenbort (A.P. Serebrov) Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015

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 is included);

emptying 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 7

Nt = _.-"-r"[rl}-e:-;p| -

r—n

T

- -l
YET T . . Y - .
Mm{N(t; )J/N(12))

(878.5 + 0.7 % 0.3,,1) s

A.P. Serebrov et al., Phys. Lett. B605 (2005) 72

h1



General principle and design

* For u,=-60.3 neV/T, a 2T field generates a 120 neV barrier.
* Force due to field gradient, F = -x (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

, % 530 )
| | |
S —TT —
;.’: "Péﬂ %w
7
Z
.
7 o, 204

500

N A

57

767

RN \\h N N N
SRR

W //V e N N
RIS NN TR R e
B ot T LR A A S
T TR R SR SO
SN T

®E30

NN
%
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Setup for neutron lifetime measurement

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

to
vacuum
pump
lift |
cylinder —|
B material
— shutter
absorber
| ! -JCN
to
vacuum
magnets o pump
andpoles o
o
o outer.
o— solenoid
o
shutter
yoke solenoid
to
vacuum
pump

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) Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015 53




Worldwide nLifetime Searches
?




q BO unce (H. Abele and his team)
Motivation

« gBounce: guantized 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 Lae

r

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

P. Geltenbort (courtesy of G. Cronenberg) Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015
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Neutrons in the gravity field

« Schrodinger eq. with linearized gravity potential

h* 0 . 0.(0)=0 1)=0
- 4+ maz 7 :E 7 bc: wn( ) ’ ¢n()
( 2m 822 g jgpn( ) nwn( )
| Z En | 2 En
Z)=anAl| ——— |+bnBiI| ———
#(2) (Zo on+ (Zo on
 bound, discrete states
* Non-equidistant energy levels )
state | energy S
energy Q
1 1.41 peV >
2 2.56 peV
3 3.98 peV  Slit width 1=27 pm

P. Geltenbort (courtesy of G. Cronenberg) Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015
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A bit of “history”

The First Realisation 1998 — 2005

* Institut Laue-Langevin,

 Physikalisches Institut, University of Heidelberg,

» Petersburg Nuclear Physics Institute, St. Petersburg
» Joint Institute for Nuclear Research, Dubna

Theory by Frank A., Luschikov V. 1978 (Neutrons)
Wallis et al. 1992 (Atoms)

Experiment by  Nesvizhevsky V. et al. 2002 (Neutrons)

~» Magnetic shielding

M@ Collimating system

@ UCN - Beam pipe

O Vacuum chamber

W Granite table

[ Active anti vibration control

gBounce since 2007

* Quantum bouncer

W Detector
O Scatterer
[ Neutron mirrors

P. Geltenbort (courtesy of G. Cronenberg) Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015
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Gravity Resonance
Spectroscopy

. Rabi (2012)

uc 1) ) —>4) :
: neutron mirror :
neutron mirror neutron mirror

7.3

N
52 \/\/\_ ,

 First realisation (2009,2010)

scatterer

Energy [peV]
[O¥]
3

»Cl’* ounter 25 >
neutron mirror 4 1
T. Jenke et al.: “Realization of a gravity-resonance-spectroscopy technique” 0 10 20 30
Nature Physics 7, 468—-472 (2011) Height [um)]
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M. Horvath
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Results

Transitions 1-3 and 1-4 observed
1-3: (46x5)% Intensity drop

1-4: (61x7)% @2lmms

1.2 T ]

S 1.0 % : T ﬁ

60 % 08: i ',\ /\ :

measurements % V |
S U 79

=04 |

Preliminary, 0.2 14

generic fit

P. Geltenbort (courtesy of G. Cronenberg)

0 100 200 300 400 500 600 700

Frequency [Hz]
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¢ exceptional beam time for systematic tests... in 2011 -~
e mirror setup 2010 untouched . l
einstallation of guiding field & detector with polarization analysis £ oo |
¢ 1 week of experiment (3 days of beam time, 40% duty cycle) g ﬂ'ﬂ
i
P
T 1
* results: “ oo —
0.5
-12\.
ey 0.4 - -
i \‘ 0 100 200 3(d 4 S0
=13- ) Frequency [Hz
:%' “:.‘*“n_ m, fel)
s =14 = Tl 107 10 10*
: N3 Bk TR 107" .
k= | ""-., —E——— Excluded reglon
3 —1s- - =
Z GRS (this work) T R
j A+ —} B
. - - . . 1 . - . - - - . . . 1 - . - - 4 t\. =
-6.0 -5.5 ~5.0 -4.5 ~4.0 b -
Logyy (A [m]) 20T
107 [
|,;'_|-J!-|||| Lu il Ll I 1 I WA M1 L1
1ot lor® 1 i 1o
A dm)

T. Jenke, Dissertation (TU Wien, 2011).

T. Jenke et al., PRL 112 (2014)151105
Tobias Jenke, Atominstitut TU Wien

P. Geltenbort (courtesy of T. Jenke)

source: K. Tullney et al., PRL111, 100801 (2013).

24
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= | =||j

ATCOMINSTITLT

e starting point; 1.E. Moody, F. Wilczek, PRD30, 131-138 (1984)

7] | R B
V.. =k + e
wion 8:8p 87 M,, [ﬂm e ]

¢ realization for the GRS setup of 2010:

¢ discovery potential [setup 2010]: 3.107'°
g£.8,/hcz———
days
T. Jenke, Dissertation (TU Wien, 2011). (A =10pm. 68%C.L.)
T. Jenke et al., PRL 112 (2014)151105
Tobias Jenke, Atominstitut TU Wien 23
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Strongly Coupled Chameleons

ATCOMINSTTTUT

¢ starting point: P. Brax, G.Pignol, PRL 107, 111301 (2011).

¢ UCN are not affected by thin-shell-effect
¢ shifts of gravitational levels!

¢ generalization:  A.N. Ivanov et al., PRD 87, 105013 (2013). 2

7 ny; m n+2 A dz__g e
Chameleon M;,l \/E d A =

¢ how to? Add potential -> 2 more fit parameters, perform full ;f_analysis

e result:
]
B>58x10° @2 <n<4(95%C.L)
1.2p : IS:'-J---L---J--_-PhiEi&E---
= lo- GRS (this work)
2 a .
B = -
: g |
(= o -
E 5
0.5 § T
S B R B 0 . 'i 5th foree tests . .
ﬂ'dﬂ 200 400 6000 BN 2 4 6 8 10
Freguency [Hz] 0

T. Jenke et al., PRL 112 (2014)151105

Tobias Jenke, Atominstitut TU Wien 22
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Outlook:
Probing neutrons neutralit

 Electric field modifies detectable phase

B scatterel neutron mirror scattere
UCN ountel
neutron mirror : mirror Neutron
: neutron mirror :

A‘ miIrror mirror

E - S coherent superposition — -

) ?

—o— o of |[p) and |q) o e

v

Durstberger-Rennhofer, K. et al. PRD 84, 036004 (2011)
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~FLVP  Gravitational UCN TOF spectrometer

A. Frank and his team

A.L Frank et al., Journ. Phys. Conf. Ser. 340 (2012) 012042

P. Geltenbort (courtesy of G. Kulin) Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015 65




LlOYd'S Interferometer for very cold neutrons b

Yu. Pokotilovski
experiment by H. Abele's group

|6 3-77al, Journal of Experimental and Theoretical Physics, 2013, Vol. 116, No. 4, pp. 609—a19. € Pleiades Publishing, Inc., 2013,

ELECTRONIC PROPERTIES

OF SOLID

Potential of the Neutron Lloyd’s Mirror Interferometer
for the Search for New Interactions!
Yu. N. Pokotilovski

Jaint Institute for Nuclear Research, Dubna, Moscow oblast, 141980 Russia
e-mail: pokot@nf jinr-ru
Received September 18, 2012

Abstract—We discuss the potential of the neutron Lloyd’s mirror interferometer in a search for new inter-
actions at small scales. We consider three hypothetical interactions that may be tested using the interfer-
ometer. The chameleon scalar field proposed to solve the enigma of accelerating expansion of the Universe
produces interaction between particles and matter. The axion-like spin-dependent coupling between a
neutron and nuclei or/and electrons may result in a P- and T-noninvariant interaction with matter. Hypo-
thetical non-Newtonian gravitational interactions mediates an additional short-range potential between
neutrons and bulk matter. These interactions between the neutron and the mirror of a Lloyvd-itvpe neutron
interferometer cause a phase shift of neutron waves. We estimate the sensitivity and systematic effects of
possible experiments.

S
4 |
A
I
D X
—
- ‘il -
. I
a
b
B
ﬂ X
L. i _ o
- I
a
b
C
0 x
= 7 ]
I

Fig. 1. Three possible configurations of the neutron
Lloyd’s mirror interferometer: (4) the standard Lloyd's
mirror geometry; ( B) interferometer with two mirrors, only
the bottom one is reflecting; (C) the length of the reflecting
mirror is decreased twice to avoid multiple reflections. All
planes are vertical, and hence the effect of gravity on inter-
ference is reduced. The height of the slit above the reflect-
ing plane is a, L is the distance from the slit to the detector
surface, b is the distance of the detector coordinate from
the reflecting plane, /= al.{a + b) is the x coordinate of the
beam-I1I reflection point from the mirror.
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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., to be published

Neutrons constrain dark energy and dark matter scenarios
T.Jenke et al,, PRL 112 (2014) 151105

P. Geltenbort Memorial Seminar F.L. Shapiro, Dubna, 6 April 2015 67



UCN (at PF2 of the ILL) iN The media

-19. Januar 2015: Deutschlandfunk / Forschung aktuell - Newton im Neutronen-Check

2014

-5 June 2014 - The Huffington Post: Bouncing Neutrons Aid Search For Dark Matter, Dark Energy

-15 May 2014 - The Hindu: No chameleons in dark energy?

-13 May 2014 - The Huffington Post: Neutron Decay Mystery Baffles Physicists

+7 Mai 2014 - Ziarul evenimentul (Romania) : Neuronii, cheia descoperirii unui mare mister! Vezi despre ce este vorbal
30 April 2014 - Space.com: Dark Matter and Dark Energy Mysteries: Do Neutrons Hold the Key?

-23. April 2014 - Pro-Physik: Neutronen-Suche nach Dunkler Energie

<18 April 2014 - Nature news - Bouncing neutrons probe dark energy on a table-top

-17. April 2014 - derStandard.at - Suche nach der Dunklen Energie im Labor

<16 April 2014 - Physics, viewpoint: Neutrons Knock at the Cosmic Door

<16 April 2014 - International Science Times: The Use Of Neutrons To Understand The Mystery of Dark Energy

9 March 2014 - The Metro: getting the drop on quantum gravity more details in http://cosmonline.facultimedia.com/blog/2014/03/09/getti

2013

-4 December 2013 - Physics World: Mystery of neutron-lifetime discrepancy deepens

-25. August 2013 - Die Welt: Wie eisgekiihlte Neutronen die Forschung verdndern

June 2013 - Physics World: Cool things to do with neutrons

-April 2013 - Laboratory News: The humble hero: general relativity, string theory, even the origins of the universe, why the neutron holds the a

2012

30 November 2012 - New Scientist, Instant expert: neutron science (A. Harrison; large section on fundamental physics with slow neutrons)
-6 octobre 2012 - Le Monde : Des neutrons ftoujours percants (ILL in general, particle physics with very slow neutron mentioned)
2011

-7. Oktober 2011 - Deutschlandfunk : Kernteilchen unter der Lupe

-September 2011 - Physics World, blog - Big science at very low energies

-8 September 2011 - Physics World - Ultracold neutrons probe the particle-physics frontier

-August 2011 - BBC Focus - What's inside a nuclear reactor + podcast

-31. Mai 2011 - Frankfurter Rundschau / Berliner Zeitung : Der Schwerkraft auf der Spur

-5 mai 2011 - Pour la science : La gravité mesurée a |'échelle quantique

-5 mai 2011 - Futura sciences : Des faisceaux de neutrons ultra-froids pour tester la gravitation

<21 April 2011 - scienceblogs.com : Bouncing Neutrons for Fun and Science - "Realization of a gravity-resonance-spectroscopy technique"
-18 April 2011 - Physics and Physicists blog : Neutron Gravitational Quantum States Probed

<18 April 2011 - BBC news online: Neutrons could test Newton's gravity and string theory

-18 April 2011 - http://science.orf.at/stories/1681588/

<17 April 2011 - All that matters, the Joerg Heber's blog : Gravity weighs in on spectroscopy

http://derstandard.at/1302745487356/ Tricks-der-Quantenphysik-Neue-Methode-misst-Gravitation-auch-in-kleinsten-Dimensionen
http://www .sciencedaily.com/releases/2011/04/110418083349 him

http://www .scientificcomputing.com/news-probing-the-laws-of-gravity-a-gravity-resonance-m-041811.aspx

http://www .physorg.com/news/2011-O4-probing-law s-gravity-resonance-method.html

http://www .nature.com/nphys/ journal/vaop/ncurrent/full/nphys1990.html
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Thankyou merci beaucoup and besten Dankfor' your attention!
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