- Institut Laue-Langevin (ILL)

* Nuclear and Particle Physics Group (NPP)
* Ultra-Cold Neutrons (UCN)

* Neutron Lifetime

 Gravitational Levels
* Neutron Electric Dipole Moment (EDM)
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ESRF

(6 GeV Synchrotron) (High Flux Reactor)
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factory and an user facility”

anuary 1967 general refit from 1991 - 94
ion (renewal) signed until end 2013

eutrons in 1971 Millennium Programme

phase M-0 nearly done
Phase M-1 kicked of f

old and hot neutrons
sources started operation “earthquake” refit from 2003 - 07

in 1972

[ Maier—Leibit] Associates : France, Germany, United Kingdom T Nesi
Scientific Member Countries: A, CZ, I, ,E,CH,S,H,B,PL

Further “"Candidate” Countries: NL, N, DK, FIN, SLO, RO, ...

Fields of research

solid-state physics, material science,
chemistry, bio- and earth sciences,
engineering,

nuclear and particle (fundamental) physics

~475 staff; ~75 € annual budget (~18% investment)

P. Geltenbort CERN Joint EP/PP Seminars, 13 May 2008 3



o Neutron properties

FOR SCIENCE
Is electrically neutral
Is scattered with different

Has a magnetic intensity by the various

isotopes of an element

Has an energy

comparable to gxcitations
_in condensed matter

Neutron Scattering on gases, liquids and solid matter gives information on their structure
(elastic neutron scattering)

Neutron Excitation of atoms gives information about the binding energy within matter
(inelastic neutron scattering)

Magnetic Moment g, —> determination of structure and dynamics of (unknown) magnetic
matter

Neutron induced fission, neutron capture —> gamma spectroscopy, the neutron as a particle
and the

P. Geltenbort CERN Joint EP/PP Seminars, 13 May 2008
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NEUTRONS

FOR SCIENCE

reaction): 23°U(n,,,f) = fission neutrons
oderator: D,0 at 300K = thermal neutrons
Hot source: 10 dm3 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) 10-8 10! 103

Velocity (m/s) 5 800 2200

P. Geltenbort CERN Joint EP/PP Seminars, 13 May 2008 5



NEUIRON'S

FOR SCIENCE
Nuclear physics Particle physics
PN1 (LOHENGRIN) PF1B (former PF1) :
Recoil mass spectrometer for fission fragments Facility for cold neutrons cryoEDM experiment
PN3 (6AMS) PF2 S18 - perfect crystal |
Ultra-high resolution gamma ray spectrometer Facility for ultracold and very cold neutrons| ineutron interferometer:
ILL-funded Quide hall 2 (ILL 22) A Theeads grow Collab. Research Group

q’) [0 Diffraction group
= =1 Large-scala structure group
R’ww .FF! ’ E Time-of-Nlight'high-resalution group

) Wuclear and particla physics group
[J Testand other beam positions

5 instrument groups

Quidle ball 1 (ILL 7

— ILL instruments "filled In : operational O Reactor core

— joiintly funded instruments < open: commissioning or pialie ns

— CRG instrumeants . under construction B I ns
Reactor hall — Test and other beam pos itions —&-Cold neutrons

P. Geltenbort CERN Joint EP/PP Seminars, 13 May 2008 6



lll PN1: The fission fragment separator “Lghengrln”
mwfmf S e -
H. Faust, U. Koester, T. Materna, N. Laurens

mass-separated fission fragments,

up to 10° per second, T, > s
4

&
L
L4
&
&
L
&

L]

lonization chamber
in focal plane //— RED magnet

Ekin ﬂ - . ?ondenser
1 4 separation Main magnet
plq separation

Actinide target .F

N | ,' -
NS Source irolley | ¢ n-flux 5.5x10'* cm2/s

* few mg fission target
(various materials)

mv2/ry=qE M V2 fmagn =Q v B  several 102 fissions/s
Exin/a=El2ryg  mv/Qq=Birpgn

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

P. Geltenbort (O. Zimmer) CERN Joint EP/PP Seminars, 13 May 2008 7



#lll PN1: The ﬁssmn fragment separator “Lohengrln”

':_ Mg ‘9::; { >

NEUTRONS

FOR SCIENCE ——

Applications:

= (.‘-" "’—’.

* exotic, neutron-rich nuclides (production, decays, magnetic moments, r-process)

* fission yields

Typical duration of experiments:

* one to three weeks

—a— PU242EXP

—s— Cm248ENDF
Cf262ENDF

—v— Pu242ENDF

’-
ji:-: 4
=7 1
by |
¢ | .
e L4 3
7 L ]
.
3 ! }E
»
: * Wr.
[ ]
0,0 2 ' \ | .'
T T T 1 T T T T T T T T T T T T T T T 1 T T T T T
60 FO 80 90 100 110 120 130 140 150 160 170 180

P. Geltenbort (O.Zimmer)

-

m s
| 1% of total fission yield
I L IR 0.1% of total fission yield
TBNI 0.01% of total fission yield

[ T-r—process

8 & ¥ ¥

62 66 70 T4 T8
N

33 42 4 50 54 58

CERN Joint EP/PP Seminars, 13 May 2008
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’m:s' The high resolution double crystal gamma ray spectromete1
Faascufm — -~ g i‘bf —

M. Jentschel, W. Urban, W. Clancy

Concept: Energy resolution via Bragg diffraction

nAd=2dsin6,

2 2
AdY (A6,
— | +
d 6,
Flat Crystals:
Source Changer

« Resolution: 106 Flat Crystals /
« Eff. Solid Angle: 10\

- absolute Energy: 10”7

Reactor Corg

I

AM
A

Flat of Bent Crystals

Bent Crystals:
 Resolution: 10-5...104
« Eff. Solid Angle: 107

GAMS 4

Neutron Flux: 5x104
Targets: 0.1 — 10g
Target change during reactor cycle

P. Geltenbort (O.Zimmer) CERN Joint EP/PP Seminars, 13 May 2008 9



”l PN3: The high resolution double crystal gamma ray spectrometers

. s y ol w W o Al
For Good PHecawee P r.:l.nlmn.ai Bu.reﬁll.:.?l Standards

\\\\\

G B R L e R

P. Geltenbort (O.Zimmer) CERN Joint EP/PP Seminars, 13 May 2008 10



I.NS. The high resolutlon double cry§ t: Eamma Ly, spectromete

mﬁSC!E?{E — el

i

Applications:

* nuclear spectroscopy 30000} Gt

73012

* lifetimes of nuclear levels (10-16 ... 1012 s)
* interatomic potentials (GRID technique) - 22y

. «N = 2
* input to metrology (molar Planck constant) 2 & & \
10000} | | I\
y YA
Typical duration of experiments: B
L i
* two to four weeks a 2
d | .
1000 3 ; I
] ] ; 'I_
b A - '
300 L Tl (b) | 104.:_ E E 2 1 \ .
‘ E <1498 keV A ] 3 | <]
| B el 3 &
600 - E=3260keV L % | s i } 9
2 BRI TR
=] - : ‘ el Hy
: o3 S EE[NIE O R
400 - M raidol BES
| a.n-*-'ﬂ Y e "'“w- B Oy R
200 - ; 4 . A L
T T 710 ns 120 725 730
e s S —. |
~250 0 250 168Er with Ge and GAMS (bent crystals)

P. Geltenbort (O.Zimmer) CERN Joint EP/PP Seminars, 13 May 2008 11



m Direct test of mass/energy relationship E = m¢?

N {“
o S A W
1L ‘—MIT-NIST Nature 430, 58 (2005)

8641.6 keV

P. Geltenbort (C. Carlile) CERN Joint EP/PP Seminars, 13 May 2008
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Guide hall n1 (ILL7)

Neutron source

Vertical liquid deuterium cold source

Neutron guide

super-mirror (m=2) ballistic neutron guide H113, 76 m length

Un-polarized beam cross-section

6 cm by 20 cm
Height of the neutron beam above the floor level
PF1B: 140 cm
Mean neutron wavelength
4.0-4.5A

Un-polarized equivalent flux o
1.8%1010 n/cm2/s

Polarized beam cross-section

3cmby4.5cmor6cmby 8 cm

Polarized equivalent flux

3*10° n/cm2/s

Polarizers

Curved stack of glass plates with double sided super-mirror coating, polarization
98%
Crossed geometry of two super-mirror polarizers, polarization 99.7%

Spin-flippers

"Current-sheet" and adiabatic radio-frequency flippers; efficiency >99.5%

P. Geltenbort (T. Soldner) CERN Joint EP/PP Seminars, 13 May 2008

Casemate

Lead
table

Experimental
zone

11 x3m

Entrance

! Beam stop

13
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« Neutron decay
correlation measurements
(V4 right-handed currents, T violation)

« Neutron properties
CrystalEDM

e Fission studies
Asymmetries 1n fission
Cross-sections

* Nuclear spectroscopy
of neutron-rich nucle1 produced by fission

* Developments of new techniques
polarisation techniques, UCN production

P. Geltenbort (T. Soldner) CERN Joint EP/PP Seminars, 13 May 2008 14



s Nuclear and particle physics at ILL

NEUTRONS
FOR SCIENCE

S18 - CRG instrument

interferometer (perfect Si crystals) for basic neutron quantum optics,
neutron scattering lengths and USANS

cr'yoE DM - CRG instrument
UCN in superfluid He

P. Geltenbort CERN Joint EP/PP Seminars, 13 May 2008
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ow that they can be
d magnetic bottles

action with matter:
\ see a Fermi-Potential Eg

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

- beryllium 252 neV

i - stainless steel 200 neV

angle
torable!

: ; UCN are furthermore storable by
ge and observation gravity and/or magnetic fields
ossible (up to several minuTes)!

Fermi potential ~ 107 eV

igh 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= y, B

P. Geltenbort CERN Joint EP/PP Seminars, 13 May 2008 16




P. Geltenbort

NEUIRON'S

OBSERVATION OF ULIRACOLD NEUTRO Volume 298, number 1 PHYSICS LETTERS

31 March 1969
v. I. Lushchikov, Yu. N, Pokotilowskii, A. V. Strelkev, and F. L. She

Joint Institute for Huclear Research
Sutmitted 18 November 1968
ZhETF Pis. Red. 9, No. 1, o - 45 (5 Januery 1963)

Ya. B. Zel'dovich showed in 1959 [1] that neutroms with velocities uw MEASUREMENTS OF TOTAL CROSS SECTIONS FOR VERY SLOW

v ‘ /
experience total reflection from the walls at 81l incidence angles, can be NEUTRONS WITH VELOCITIES FROM 100 m/sec TO 5 m/sec
eavity. As was noted recently [2], the idea of stering neutrons points to

A.STEYERL

the accuracy of measurement of the neutron dipole moment, an importent fac Physik-Department. Technische Hochschule Miinchen, Munick, Germany

e ik - 3 ead Ve men dm abmals awnesisants1le the
of

" .. by extracting neutrons from the low energy -
. Tail of the distribution in the source

the sfusaus cweawon we reemwn

a

ere the

e e ek s e e LR AR sear e TE casper tuuy eu an wie sac wa ceuva a8 the neu-

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

BF, Detector, 12mm thick
/ Aluminium Wall

e

Alurninium Window Qlmm

evocuoted
to 0~ Torr—"]

Glass Chopper with
13 Boron Silcote Glass
& apart,
5 7
E
Cd Segment
Chopper 18 rpm
_r——7(
5 Electropolished and
4 MNicheled Aluminium
L_ Tube, Scm dia.
4 ! 3 ; - moderator (2 - paraffi  guopnire 5 7
Fig. 1., Diagram of setup. 1- IBA reactor; 2, 3 - mo phite Secondary
1E§Er 1 mm thick); b - copper tube, %.L em i.d., totel length 10.5 m; 5 - Moderalor 2cm beside o) Chopper System
copper-foil cylinder; T - shield (paraffin with boron carbide); 8 - 2-m ¢ Reoctr Core

actor chember; 9 — detector shield (paraffin); 10 - tube filling and evac Neutron . . 7
12 - deteators (FEU-13 with layers of ZnS or £nS + Li compound); 13 - cof ) Guide Tube
between shutter and detector < 1 mm); 14 - shutter mechanism; 15 - trap f Fig. 1. Vertical beam tube for very slow reutrons.

CERN Joint EP/PP Seminars, 13 May 2008 17
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"

8 PONE OF PROTICTION /00

Neutron turbine
A. Steyer| (TUM - 1985)

Vertical guide tube

Cold source

Reactor core

P. Geltenbort CERN Joint EP/PP Seminars, 13 May 2008 18
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qas cavity O.Fmm g cheet
100--&2051-52 e e

p———— O

- liguid D sphere
L-—- s AR um|.:,+u£?-0€ e

D-u-{‘f Loy

K

P. Geltenbort

Steyerl turbine (2"¢ generation)
at PF2 / ILL

10 years later

CERN Joint EP/PP Seminars, 13 May 2008 19
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NEUTRONS
FOR SCIENCE

- l"llln' ' "rlm'!llﬂlill-l\-ﬂ-
| | ) '{ f,l\-';i PF2 Physique Fondamentale 2

1 2d installation for fundamental physics

4 positions for Ultracold Neutrons (UCN)

- MAM .
_ EDM v=5ms

- UCN P = ~50 cm-3 (at the experiment)
- TES

1 position for Very Cold Neutrons (VCN)

v = 50 ms!

- VCN beam @ - 108 Cm-z s-l

P. Geltenbort CERN Joint EP/PP Seminars, 13 May 2008 20



FOR SCIENCE

10° - Estimated UCN density in

the ILL cold source: 1000 cm”
Aore and stronger UCN facilities
107 - L ' in the future worldwide
E 10° PN;NPI.
> - oy - PSI (CH)
g | smare - Mainz / Munich (D)
g TE:IPI... IAE . ILL (F)
RO RV - LANL / NIST / SNs /
NCSU / LENS (USA)
"JINR l - RCNP (J) then (?) TRIUMF (Canada)
19I70 Y 19]80 I 19]90 ‘ 20:00 ‘ 20110 Then (?) JPARC (J)
Years = PNPI (?) (RUS)

P_ Geltenbort CERN Joint EP/PP Seminars. 13 Mav 2008 21



1/ The Neutron Gulde to the Unlverse

New Physics Standard Model
d, 'm @
A
Y & my ¢
10 GeV| Planck q Aywwm Oy, Vu ;
GUTs- "
o Inflation A N Vo
% Electroweak O 4 P
5 Chiral transition
g Nucleon freeze out &
o Nuclear freeze out & 'B Y
= Atomic freeze out J,v,n
Galacticfreeze out
101 GeV >
108s 1035 102s Is 105y 10y today
Time
Neutron energies: peV...meV Instead of E—oo
Decay energy: 780 keV AE/E—0

Diagram from D. Dubbers

P. Geltenbort (T. Soldner) CERN Joint EP/PP Seminars, 13 May 2008 22
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NEUTRONS

FOR SCIENCE

Weak inferaction theory
—>

Neutrino physic

osmology

J

Solar pp-process:

p+p—o>d+e’ +v, O'ocgi

atrix Big bang:

Primordial elements’ abundances

Necessary to understand
matter abundance in the
Universe

input parameter
or tests of the

Standard Model
of the weak interaction

P. Geltenbort CERN Joint EP/PP Seminars, 13 May 2008

n— H° 41,

n—p+e +0,+v BR(15keV)~3 x 1073

BR ~ 4 x 10~
Neutrino induced reactions:
— +
V,tp—> M +n
V,tn—>u +p
Neutrino detectors:

p+vV.—>n+e”

Necessary to calibrate
Neutrino Detectors
and to predict
event rates

23



The Big Bang

v
2

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 ration during the nucleosynthesis epoch.
All light abundances are a simple function of this parameter.

| ¢J 1

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 femperature T¢, then n/p ratio fixed except
for neutron decay

ii) Neutron decay between weak freeze-out (t~1s) and nucleosynthesis (+~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 e‘r al, Phys Rev. D71, 021302(R) (2005)

e neu'rr'on o ' - %

e
u-"

e & lifetime .

tha weak force . ; d -

how were the
chemical elements created?




FOR SCIENCE

1

wall

— = Wl Vegr > 0 (extrapolation)

leak Tvacuum

— _J/
~

- 0 (experiment)

Two relative measurements

g

dN N, -

Tdt 1

P. Geltenbort

Two absolute measurement

CERN Joint EP/PP Seminars, 13 May 2008

Gts
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The early days

FHYSICAL EEVIEW VOLUME T4, NUMBER ®

sovenner 1o1san Tt took many years from the discovery of the
neutron by Chadwick in 1932 and the conjecture of
its instability by Chadwick & Goldhaber in 1935 until

Proceedings of the American Physical Society

MinUTES oF THE MEETING AT WASHINGTON, APRIL 29 To Mavy 1, 1948

Flz. Um the Eadipactive Decay of the Neutron. ARTHUR
H. SwELL axp L. C. MoLer, Clindom Nattonal Loberatoriar.
—& collimated beam of neutrons, three inches in diameter,
emerges from the nuclear reactor and passes axially
through a thin‘walled, aluminom, evacuated cylindrieal
tank, A& transverse magnotie field bohind the dhin entrance
winklow cleans the beam of secomdary electrons. Insice
the vacuum, axially arranged, an open-sided cylindrical
electrode is held at 44000 volis with respect to ground.
Cpposite the open side a smoothed graphice plate is held
at —4400 valt= The fi=ld between these slectrodes aceeler-
ates and foouses protons which may result from decay of
neutrons, so that they pass through a 2§ % 1] inch aperture
in the center of the graphite plate, and strike the st
dynode of a secondary electron multipbier. The first
dynode is specially enlarged so as to cover the aperture.
Readings ane taken (1) with and sdthout a thin B¥ shuates

thee r;.illl {2} in, operation (1) does not change the counting
rate, Assuming all af the 100 epom. to bo due to decay
protons, preliminary estimates of the collecting and
counting efficiency (10 percent) and of the number of
negtroms in the sample (4 10) give Tor the neutron a
halfelife of about 30 minutes. [t 13 at present moch aafer
lorwever to say that the neutren half-life must exceed 15
minutes. Coincidences are presently being sought between
the disintegration betas and the collected protons.

proton counter

n lifetime must exceed 21 minutes

P. Geltenbort

its radioactive decay was observed ...

FHYSICAL REVIEW WOLUMIZ 77, HNUMBER 5 BMARCH 1, 1950

Proceedings of the American Physical Society

Mixutis of THE MEETING AT CURIcaco, NoveMmBier 25 axp 26, 1940

II4. Radsoadlive Decay of the Newbiaw, |, M. Kussus,
Cholk Raer Laboralory.—The positive particle from the radio-
active decay of the neutron has been identified as a proton
[raim a mveasurement of charge to mass. A collimated beam of
neutrons emerging from the Chalk River pale passes between
twa electrodes in an evacruated tank. One electrode is beld at a
positive potential, up o 20 kev, while the other electrode is

grounded and forms the entrance aperture o a thin lens
meiee SpeCtrometer, the axs of which is perpendicular :ﬁlﬁ;

beam of neutrons. The positive decay particles can be [ocused
on the Arst electrode of an electron multiplier. The backgrownd
counting rate is 60 copome A peak of 80 cpom. B2 observed
above background when the magnetic Beld is adjosted for
protons of energy expected from the electrostatic feld. When
& thin borcn shutter is plased m the neutron beam, the proton

peak diupnelin. Preliminary estimates of the collecting and
locusing efficiency and the neutron fux indicate & minimum

half-lde of @ minutes and a mazsmum aof 18 minotes for the
"uBMbton counter

n lifetime between 13 and 26 minutes

CERN Joint EP/PP Seminars, 13 May 2008



In-Beam Method

s~ I I ——

5 - _ P neutron
v detection beam
detector volume

neutron decay rate I' = %

50 T=
v

Need to measure: 1. decayrate T

2. effective decay volume Ve
- use linear extrapolation vs. trap length

3. neutron flux weighted by inverse velocity
- use 1/v neutron flux monitor

alpha, triton alpha, triton

Measurement of the Neutron Lifetime Using a Proton Trap

F. E. Wietfeldr
Tulana Univertzry

M. Dewey, D.M. Gilliam, and 1.5, Nico
Nananal Insnnute af Standards and Technolagy

X. Fetand WM. Snow

Tudiana Usrversity

G.L. Greens
University of Tennessee

J. Pauwels, R Eykens, A, Lamberty, and J. Van Gestel
Tnstitute for Reference Materals and Measurements, Belgium

April 5, 2004

64 61

door closed
(+800 V)

mirror

* deposit (+800 V)

Result: T=886.8 + 1.2 (stat) = 3.2 (syst) s

Phys. Rev. Lett. 91, 152302 (2003)
bort CERN Joint EP/PP Seminars, 13 May 2008

mirror

* deposit (+800 V)

door open
(ground)

proton
detector

detector detector
recision isi
P B=46T I proton ’ precision B=46T
aperture detector aperture e
neutron beam

neutron beam

27
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-~
-

NEUTRON
VALVES —1

QA .6;
NS ), o
AL FOIL I TURBO
v PUMP
UCHN
DETECTOR ~— [~

FIG. 1. Sketch of the apparatus.

P. Geltenbort

wall

T ’CB T

number of wall collisions,

Twal = je. mean free path A

Measure storage lifetime 1,
for different volume to surface ratios V/A
and extrapolate for V> «

Leo
T

wall

CERN Joint EP/PP Seminars, 13 May 2008 28



| Layout of the experimental set-up |

<l (5) o

12} wil p |.|I\Hé§|5n._u4._\! :_i-h O“:élsl*a;-ﬁl.lzlvsl;;“

! ! v ! v ! v ! v !

1100 | , -
A =  Beam experiments i
1050 | e ] -

= [ Storage experiments
= 1000 [ -
= - -
S 950 { -
V - } -
g 900} ) } 'H -
~ C ¥ | * ]
§§ 850 |- i -
§ L -
S 800 F -
§ X -
Z 750 F i
700 - 1 " 1 " 1 " 1 " 1 " 1 -

1950 1960 1970 1980 1990 2000

World average: 7, =885.7(8)s [PDG 2002]

P. Geltenbort (O. Zimmer) CERN Joint EP/PP Seminars, 13 May 2008



Scheme of “Gravitrap”,
the gravitational UCN storage system r

O\

°/

—

UCN traps are made from copper:

1. quasi-spherical (cylinder + 2 truncated cones) trap, innerjg 1
2. narrow (14 cm) cylindrical trap, inner surface - sputtered

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

P. Geltenbort (A. Serebrov)



Deposition of LTF on the trap surface

The chemical form
contains only C
Molecular
Density ¢

Vapc

LTF evaporator is heated to +140°C

y/

Trap surfa

P. Geltent



Typical measuring cycle

1':'5; 4 .I 1 T : :I T 1 T 1 T 1 100
1ﬂ*;1 213 4 255 1
w CEN T | I
swp \L Il |
z 10} {40
3 10 | B ]
10'1§r i | 1%
1']52 'i' T i 1 1 :I |= u
411L2 | 3 VI
o Lt s
[ ' ' 460
= b
Z {40
=] . E ]
~ i L 120
T T T T Mr: 0
1500 2000 2500 3000

Time, s

P. Geltenbort (V. Varlamov) CERN Joint EP/PP Seminars, 13 May 2008

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 periods 150 s,
100 s, 100 s, 100 5, 150 s (time
of trap rotation (2.3s,2.3s, 2.3 5,
3.5 5, 24.5 s) to each position is
included);

measurement of background
100 5.

sr

Nty = _-"-r"[rl',}-e:-;p| —

r—n

T

_ .':'-—.':,1
YEF T 4 ; A g .
:'il’.'l:__:""-.-rl_r I; ,rl,.-j.,-(_rg ;J
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Measurement of UCN storage times

Storage time, s

875 | Quasispherical trap

870 |

865

P. Geltenbort (V. Varlamov)

SEx

- Narrow tra
860 P

I
9§§§§ 9

Cryopump off -

i

Crl'yc:-plumplc:rn '

1 2 3 4 5 6 T 8 9
Run number

Results:
quasispherical trap
r.. =8722+03s

narrow 'tI'Elp
r, =865.6+0.6s

CERN Joint EP/PP Seminars, 13 May 2008
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Extrapolation to n-lifetime

Tst-::rage’ S T5tcu'age’
1T r 1 rr1rr1rr1rrrrr 1717
4 860
1,160x10° |
1,155x10° F 865
1,150x10° | 870
1,145x10° |
875
1,140x10° =
1,135x10° | 7 880
world average r =885.7(7)s
1,130x10° 9° 5, 55-1(0) 885
] 2 ] M ] 2 [ | M [ | M ] M [ | M

M "I T |
o 1 2 3 4 5 6 7 8 9 10
-1
%S

P. Geltenbort (V. Varlamov) CERN Joint EP/PP Seminars, 13 May 2008



Neutron lifetime: world average and new result

Lifetime T[s]

Method

Ref./Year

878.5+ 0.8 Storage of ultra-cold neutrons |Serebrov et al. 2005
878.51 0.7,+0.3,, PLB 605(2005)72

886.8 + 3.42 Neutron beam experiment M.S. Dewey et al. 2003
885.4+£0.95 Storage of ultra-cold neutrons |S. Arzumanov et al. 2000
885.410.9,,10.4, PLB 483(2000)15
889.2+4.8 Neutron beam experiment J. Byrne et al. 1995
882.6+ 2.7 Storage of ultra-cold neutrons (W. Mampe et al. 1993

888.4+3.1+1.1

Storage of ultra-cold neutrons

V. Nesvizhevski et al. 1992

878+ 27+14 Neutron beam experiment R. Kosakowski 1989
887.6+3.0 Storage of ultra-cold neutrons |W. Mampe et al. 1989
877£10 Storage of ultra-cold neutrons |W. Paul et al. 1989

876 +10£19 Neutron beam experiment J. Last et al. 1988

891+9 Neutron beam experiment P. Spivac et al. 1988
872+8 Storage of ultra-cold neutrons |A. Serebrov et al. 1987
870+ 17 Neutron beam experiment M. Arnold et al. 1987
903+13 Storage of ultra-cold neutrons |Y.Y. Kosvintsev et al. 1986
875+ 95 Storage of ultra-cold neutrons |Y.Y. Kosvintsev et al. 1980
937+18 Neutron beam experiment J. Byrne et al. 1980
881+8 Neutron beam experiment L. Bondarenko et al. 1978
918 + 14 Neutron beam experiment C.J. Christensen et al. 1972
885.7+ 0.8 world average 2004 PDG 2004

P. Geltenbort (A. Serebrov)

neutron lifetime (1), s
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820
1985
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P. Geltenbort (J. Nico)

Standard Model Test

—

dW o (giy +3g3)F(E:.) 1 Ha +on (AEE +BEI_, +& E_E, )

E.E,
Tackson, Treiman, Wyld, Nuel. Phys. 4, 206 (1957)

Lifetime

1 K/In2
- f(1+6r) (1+ AR)(g¥ +303)

= (885.7+ 0.8) s

Spin-electron asymmetry

I|III'I|IIII

2
A= -2 |"‘|1 1'3"";"";”‘“5 — (—0.1173 + 0.0013)

CKM matrix represents dw1 ( Vo Vo Vo, W( d]

a rotation of the quark
mass eigenstates to st J - chd Ves Ve Jls J
the weak eigenstates. bw V. ' Vts V. ”

e Unitarity requires |me\2 + [mez +[Vop \2 =1

e [V, and V.| are obtained from high-energy experiments;
experimental and theoretical issues with [V,;| from kaon decays.

@
e |V,,| obtained from w
1. nuclear lifetimes, 3 5
2. pion beta decay, and ?
3. neutron beta decay. )
CERN Joint EP/PP Seminars, 13 May 2008 36



g, (GeV?)

14.75x10™

P. Geltenbort (J. Nico)

-14.50

11.40

PDG 2005

11.50
gylGeV )

CERN Joint EP/PP Seminars, 13 May 2008
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-14.50

-14.75x10"

P. Geltenbort (J. Nico)

11.40

PDG 2005

11 'SU-E
g,(GeV )
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_14.45

-14.50

g,(GeV)
¥
2

-14.70

14.75x10™"

P. Geltenbort (J. Nico)

Meutron lifetime
(Serebrov et al.)

11.40

PD(;
PERKEQO
Serebrov et al.

1 I'SU-E
g (GeV )
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_14.45

PDG B
PERKEO B
Serebrov et al.
New ‘Fm B

-14.50

CKM Unitarity

g, (GeV™)
¥
[=13
=
|

-14.70 Neutron lifetime

n (Serebrov et al.)

s
-14.75x10 T T T T | T T T 1 1 T T T | T

11.40 11.45 ”-EUJ 11.55 ll-ﬁﬂxl[}'ﬁ
g, (GeV )

P. Geltenbort (J. Nico) CERN Joint EP/PP Seminars, 13 May 2008



The most rcent result, that of SEREBROV 05,

n MEAN LIFE

We now compile only dirct measurements of the lifetime, not thoss in-
ferred from decay correlation measurements. For the average, we only use
measurements with an error less than 10 s,

is 50 far from other msults

that it makes no sense to include it in the average. It is up to workers in
this figld to rsolve this issue. Until this major disagreement is undzrstood
our present average of 835.7 £ 0.8 5 must be suspect.

For an early mview, see EROZOLIMSKI 39 and papers that follow it inan
issue of NIM devoted to the "Procesdings of the International Workshop

on Fundamental Physics with Slow Meutrons” (Grenoble 1989), For later

reviews and for commentary, see FREEDMAN 00, SCHRECKENBACH 92,
and PENDLEBURY 23

Limits on lifztimes for bownd neutrons are given in the section “p PARTIAL
MEAN LIVES."

VAl UE (s DOCUMENT 1D TECN  COMMENT
885.7+ 0.8 OUR AVERAGE
3863+ 1.2+ 3.2 MICC 05 CNTR In-bzam n, trpped p
3854+ 0.9% 0.4 ARZUMANCY 00 CNTR UCHN double baottle
380.2+ 3.0% 3.3 BYRME 5 CNTR Penning trap
826+ 2.7 ¥ MAMPE 93 CNTR Grvitational trap
3834 3.1+ 11 MESWIZHEY... 92 CNTR Gravitationzl trap
BAT.6L 3.0 MAMPE 30 CMTR Crvitationzl trap
Ml = % SPIVAK 38 CNTR Beam

& » & We do not use the following data for averages, fits, limits, stc. » » »

W.-M. Yao et al. (Particle Data Group),

J.Phys. G 33,1 (2006) and 2007 partial
update for edition 2008 (URL:
http://pdg.Ibl.gov)

The most recent result, that of SEREBROV 05, is so
far from other results that it makes no sense to
include it in the average.
It is up to workers in this field to resolve this issue.
Until this major disagreement is understood

our present average of 885.7 + 0.8 s must be suspect.

CERN Joint EP/PP Seminars, 13 May 2008 41
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Proton counting experiments at KI in Moscow

First version in 1958: T, = 1013 (26) s

1978 result: T,= 877 (11) s

In 1988 slightly revised: T, = 891 (9) s

In 1980 Byrne et al. found
T, = 937 (18) s [withdrawn in the
meantime]. They concluded in a
Letter to Nature 310, 212
(1984)

".. a third direct measurement
has given the value T, = 877
(11) s, which is totally at

Figure R Thr TAF neatran |ifetme evperanent counting deeasy protons (13, 20). 1, Var'iance Wi'l'h G" OThel“ eVidenCe.
newiron beam: 2, vacuum chamber; 3, monitor chamber (@, and 4, are =y lavers); 4,

channel for passage of cxtracted newtrom beamm o a frap and 0 a vacuum posi: 5, We suggesT here that ... exclude
elecirodes; 6, ceramic insulators; Dy, D, diaphragms; 7, sluminiom-foil rings: 8. values of T, outside the range
clectrostatic falter grids: 9. hemisphemeal grid; 10, detector vacuum chamber; 11, 911 (10)

detector gas-filled volume; 12, detector comprising a proportional counter with a drift

grid; 13, film-covered detector port; 14, valve separating the volumes of chambers 2 and
1k,

P. Geltenbort CERN Joint EP/PP Seminars, 13 May 2008



I vd = > e cE & AR F >, e A 2R, FeEerr . 2, cwEpp . X 25 - 2= EZEOD  SE L T

NP AMHMEHMVIF Y. A T P AXOAO/0QHBIX, I IET T P OTIIOES
=S CaOCd A € MALITTHMITITHCOOERL " C 1T ERIIKSO

“UCN storage in the vessel with magnetic wall.”
JETP Letters 23(3), 1976
Y.Y.Kosvintsev, Y.A.Kushnir, V.I.Morozov

ZHLO\\

i

Pogy

oy Ty
| !fﬁ

’ 1 i 1
] ! 40 t,

Puc. 2, JasucumocTs yncaa YXH, ocrasmuxca B cocyie, 0T BpeM:
Henua: 1 — Topel] cepaeuHuKa NoKpHIT MenHol Gokroii, s1exTpom
OTKM0uEH, 2 = TOpell CepleUHuKa IOKPHIT 0MMITHICHOM, SNEKTPO
OTKAOYER, 3 = TOpeU TIOKPHIT NOAUITUICHOM, S1EKTPOMArHuT BK
4 = Topell NOKPHT N0 MITHAEHOM, HIEKTPOMATHHT BKAKYEH, Conel
OYWEeTo NoAA BKAKYEH

T=25+2 sec

P. Geltenbort (V. Ezhov)

Puc. 1. Cxema skcniepumenta nio xpasenuio YXH B cocyne ¢ MarauTHoit
CT-, " Ko": 1 ~ BbIXONHOH NaTpy6oK yCTaHOBKM N u3Bieuenns YXH, 2 —
HAKJOHHbIA HEHTPOHOBOR, 3 — BIYCKHAR 3aCJOHK, 4 — COJEHOMN Benyle-
ro noas, 5 — cocyn nas xpasenua YXH; 6 — nauuupp s1ekTpomarhura,

7 — CepneuHuK snexkrpomaruura, 8 — coaenoun, 9 — nerexrop YXH, 10 -
BepTUKANbHbIA Kanak, 11 — 3acloHKa nerekTopa, 18 — 3aumMTa NeTexTopa;
13 — xnanas orkauku, 14 — sjsekTpoMaruut xaanasa, 15 — narpy6ok
OTKAUKH

CERN Joint EP/PP Seminars, 13 May 2008
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NEVERONS,
FOR SCIENCE

F Anlon, W Faud
W Mawpe, L Faul, S Foel

Z Phys €45 (1989) 25

— SR "
22 |— .\(GN ;- #~20Z

'-9564;2 LAH'I_ .
N (&)= Ntoye™ ™

~a & tl-'tr.
EE o g N

NCE)

=
Flu.s.Exmfimu.lm(ﬂ?opﬁw.(b}ﬂdcﬁw.and(c)ﬂupoﬁﬁmoflhbnm. serapers.

J WPRRLOUDLCTING
HacrosT &7

Shrage Fmer ravsels 2o 4 3500
P ol A= V- e
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Neutron Storage Bottle

made of permanent magnets

P 53D

Reflection of UCN by magnetic barrier
W. Paul, in Proc. Int. Conf. on Nuclear Physics and Physics of

Iz
- o, 204 Fundamental Particles, Chicago, 1951.
L] -F )
‘ & V.V. Vladimirskii v.Phys. - JETP 12, 740. 1961
E

577

N ti t of =T/ -1
ng:ltr::n:rg‘;ne ic moment o U=06-10"eV-T

|
|
- ‘ + Magnetic potential U= —ﬂ B
|
|

g 7 7 ¥ . i -
| - IE Nuclear potential of Be 2 5 ) 10 7 e V
+ Magnetic field 1 T reflects
neutrons up to 3.4 m/s, as Al.
| F=-VU=V(ji-B)=+uV|§
1 — permanent magnet | Ve
. . . - . L
2 — magnetic field guide | * for and

- —for Wl B

560 permanent magnets (made of Nd-Fe-Be)
(~ 1 cm broad)
horizontal magnetization
" B.212T; gradient ~2T/cm

FeCo poles between the magnets

twenty-pole magnetic system

P. Geltenbort (V. Ezhov) CERN Joint EP/PP Seminars, 13 May 2008 45



Tan view of the storage botile made of per-
manent magnets

e

increase storage volume from 3.6 | to 15 |

P. Geltenbort (V. Ezhov) CERN Joint EP/PP Seminars, 13 May 2008 46



Vacuum pump

Aagnetic coupling

neutron elevator

Magnets &
Poles

Polarizer

P. Geltenbort (V. Ezhov)

"
Motor

Neutron shutters

Vacuum pump

Solenoid Neutron guide

Yoke

Vacuum pump

Detectors.

——> sensitive to both polarizations

CERN Joint EP/PP Seminars, 13 May 2008
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P. Geltenbort (V. Ezhov)

Vacuum pump

"\
Motor

III.-'

-

neutron elevator

Magnets & -
Poles

Polarizer i
Detectors

=

Vacuum pump

Solenoid
Yoke

Vacuum pump

—

Neutron guide

sensitive to both polarizations

CERN Joint EP/PP Seminars, 13 May 2008
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—=— Filling with magnetic shutter on(1)
—e— Filling without magnetic shutter(2)
280 - —— Stored UCN (3)

240 - Lift is opened & magnetic shutter is switched on

Lift is out of trap
o

Intensity (n/s)

80 Lift is moved

40 4 Shutter is opened

Time (s)

P. Geltenbort (V. Ezhov) CERN Joint EP/PP Seminars, 13 May 2008



N

(&)

o
|

N

o

o
|

150

UCN per one empting

—

o

o
|

(o)
o
|

0

Statistical treatment

Data: Data1_B
Model: ExpDec1

Chi*2
R"2

= 0.06891
=1

yo 0 +0
A1 333.70853
t1 874.58329

+0.26164
+1.62102

-200

1 1 "~ 1 1T 1 1T 1 1T " 1 " 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Time (sec)

Main problem:

Detection efficiency of losses?

P. Geltenbort (V. Ezhov)

CERN Joint EP/PP Seminars, 13 May 2008

Measuring Cycle:

filling elevator (Is=0): 50s
elevator down (Ig=0): 12s
pre-cleaning (I = 95): 250 s
cleaning (I = 105): 100 s
storing (Is = 105): 0's, 900, or 1800 s
emptying (I = 0): 300 s
background (Is=0): 100s

(I, := solenoid current [A])

statistical error: 1.6 s

background: 0.004 s-!

50



Intensity

2200 t—401 2300 t—401

N(400) = j /e f(t)-e © dt+ j f(t)-e © dt

401 2201
1800 t—401 1900 —401
N@400)= [ 1/e-f(t)-e © di+ | f(t)-e 7 dt
401 1801
500 t—401 600 t—2201
N(400) = jl/e-f(z)-e ‘ dt+jf(r)-e T dt
401 501

L

P. Geltenbort (V. Ezhov)

1000 1500 2000 2500
Time

CERN Joint EP/PP Seminars, 13 May 2008
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1000 t—301

| h-1f@)-e 7 at

— 301
€ =10 t—301 —
"Forced" depolarisation

| LO-fi@)-e ar

1001 Depolarization on and off

\

\
O
[N
o

1

Depolarization on and off

Intensity n/s

0,41

T
1020

Intensity n/s

1010
Time (s)

0,4

T T
400 600

Time (s)
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| PRELIMINARY !

data treatment in progress
final result should be published soon
Convolution of different storage function —=—1000s
209 - to 400 s depended on neutron lifetime —=—1300s
1 T+ —=—1800 s
208 — _'_\. T —=n— 2200 s
=z . TN, |+
O 207 - \_ ——\_._\ - —=—400s
= 2064 1[N e]
205 = I\I\: T :\:\:
204 [t Iedd
203 - It I\I\H\-—
202
1 LIITIITI1IT] 1T C T LT TR * B _I_I_ 1]
01t gﬂ HHH
200 - 14 i\i
199 - TP i
198 - .\; - \:: i
- N ! N
197 - 1 J[\___ 1
196 I
195 | ' | | ' | ' | ' | ' |
860 865 870 875 880 885 890

P. Geltenbort (V. Ezhov)

T, (S)
CERN Joint EP/PP Seminars, 13 May 2008 decay 53



Storage of UCN in a trap made of

permanent magnets
PNPT - ILL - TUM

2003 2004 2005

bigger‘ Tr-ap 15| Trap (as in 2004) 15|
+ neutron elevator

small trap 3.6 |

storage STO"GQZ storage lifetime

lifetime lifetime (874.6 +1.6) s
(882 % 16) s (878 + 6) s
on going

» larger neutron guide (cross section x 10)
—> precision about 1.8 s (to be published soon)

Outlook
» increase the trap volume (about 10 times)
precision about 0.3 s

P. Geltenbort (V. Ezhov) CERN Joint EP/PP Seminars, 13 May 2008
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FOR SCIENCE

UX measurement
2rmanent magnets
accordion”

>d teflon bottle

avitational trap coated with LTF
ver” (even lower temperature) LTF

¢ magnet and sLHe

measure decay

bottle made of superconducting magnets
measure storage and decay

RCNP,7-paRc, TRIUMF) bottle made of quadrupoles
measure decay

et others, LANL presented at PMSN, April '04 bottle made of quadrUpOIQS

now also with permanent magnets!

measure decay

bottle made of permanent magnets

measure storage and decay

P. Geltenbort CERN Joint EP/PP Seminars, 13 May 2008 55



/4 Quantum states of neqtrg s in

P. Geltenbort (V. Nesvizhevsky)

-

‘ e

. -
~

el ;' ;5~“

Nature 415, 297-299
(17 January 2002)

Valery V. Nesvizhevsky®, Hans G. Borner”,
Alexander K.Petoukhov™ ¥, Hartmut Abelef,
Stefan BaeBler’, Frank J.RueB, Thilo Stiferlef,
Alexander Westphal®, Alexei M. Gagarski?,
Guennady A. Petrov & Alexander V. Strelkov?$

*Institute Laue-Langevin, Grenoble, France;
fUniversity of Heidelberg, Germany;

¥ Petersburg Nuclear Physics I nstitute, Gatchina,
Russig;

§ Joint I nstitute for Nuclear Research, Dubna,
Russia.

CERN Joint EP/PP Seminars, 13 May 2008
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i Quantum states of matter in gotentlal well

NEUTRONS TR R’
o - = -
[xi] a m i
o 1 (85 ,
< 8 o -
z (um) L , i T, yravitational
W u L o >
; A T o % i weaker than the
N L g [ £
: 50 .
: . h
=‘ " “ar
. 30 A
Ax = —
\'4 a0 m
1 > ) of UCN
A neutron, w d it is not equal to
above a hori Bottom mirror

Figure 1 Wavefunctions of the quantum states of neutrons in the potential well formed by
the Earth’s gravitational field and the horizontal mirror. The probability of finding neutrons
at helght 2, corresponding to the mh quantum state, is proportional to the square of the
neutron wavefunction y2(2). The vertical axis z provides the length scale for this

phenamenon. £, is the energy of the nth quantum state.
P. Geltenbort (V. Nesvizhevsky) CERN Joint EP/PP Seminars, 13 May 2008



To find bound states of neutron in gravity field,
predicted by Quantum Mecanics

1424 32 z,Um

hZ
=5 - =35,87 um
2gm

P. Geltenbort (V. Nesvizhevsky)

V..~ 4-15 m/s
— \Y

~2 cm/s ﬂ

vert

I
{r’”—"“m Neutron

--""'Hr': :.__-—_.-—-—-—'_z'“i'y-r—_._i.—f-f-i:

e

/ detector
Collimator

=10 ecm

Figure 2 Layoul of the experiment. The limitation of the vertical velocity component
tlepands on the relative position of the absorber and mirrar. To limit the horizontal velocity
pomponent we use an additional entry collimator. The relative height and size of the entry
collimator can be adjusied,

CERN Joint EP/PP Seminars, 13 May 2008




V.V. Nesvizhevsky et al.,

Nature 415 (2002) 297,

Phys Rev D87 (2003)
102002

Absorber height (um)

Figure 4 The neutron throughput versus the absorber height at low height values. The
data points are summed up in intervals of 2 wm. The dashed curve correspands to a fit
using the quanturn-mechanical calculation, in which all level populations and the height
resolution are fitted from the experimental data. The solid curve is again the full classical
freatment. The dotted lina is°a truncated fit in which it is assumed that only the lowest

guantum state—which lsads to the first step—aexists,

P. Geltenbort (V. Nesvizhevsky) CERN Joint EP/PP Seminars, 13 May 2008



GRANIT (GRavitational Neutron Induceed Transitions)

a trap for gravitational quantum states of UCN

Resonant transitions between quantum states

Transition probability for a periodic perturbation Re [ V(z)e™" |

1 , ' t
Prn—n(t) = — sin® (ﬁ(m — W) + 3, 5)
1+ (*—Mﬂ:ﬂ )

Rabi pulsation Qnn, = % < n|V(z)|N = defines N — n perturbation strength

TRANSITEON SPECTRUM FROM STATES 1 AND 2

-
]

[0

s

For storage time T:

|
=

ﬂ-_llllIII|III|III|III|III

o need Qy, = 3 for
100% transition.

@ get resolution

AE=1

maximal wansitlon probabllhy
= =
= &

P
(1]

[=]

P. Geltenbort (6. Pianol CERN Joint EP/PP Seminars, 13 May 2008 60



Resonant transitions using magnetic gradient

T IIIIIIII T IIIII|T| T IIIIIIII T T 11T

Easiest way to induce transitions: e E
B =(/.e; + /3.e,) zcos(wt). 5 = \
= o
@
@ Perturhation without spin-flip: E 10 E q \\
N = {
¥ ..-. A = ] C
V(1) = —fi-6- Z cos(wt) g 1 I
o @
@ Perturbation with spin-flip: % 101 %
f:'ﬂip{t} = —fiy3 Z cos(wt) =
e = ~
L R R R BRI R MR B NIRRT
i0® 10" 1 10 i0* i0*
STORAGE TIME [s]

Future experiments (needs longer storage time):
@ Perturbation using oscillating mirror

o Gravitational perturbation: oscillating [rotating?) mass.

P. Geltenbort (6. Pianol) CERN Joint EP/PP Seminars, 13 May 2008 61



Geometrical constraints

@ How do we fill the trap? How do we extract neutrons? Detect transitions?

e HOW LONG CAN NEUTRONS BE TRAPPED?

._R

T
.
F
r
£
LY
LY
5
5 £

L=03m
Horizontal velocity of trapped neutrons v == 5 m/s.

P. Geltenbort (6. Pianol) CERN Joint EP/PP Seminars, 13 May 2008

62



i What's an EDM? p—
& 3]
o B

neutroﬁ El'fl\:'l

= Separation between
+,- charge centres

= EDMSs are
= P odd
= | odd — R
d,=d s
[ Complementary approach [expressed in e-.cm]

to study of CPv

P. Geltenbort (P. Harris) CERN Joint EP/PP Seminars, 13 May 2008 63



:LCP violation & the neutron EDM

= SM EDM predictions very small...
= ... SO no SM background to worry about

= Beyond SM predictions typ. 10° greater
= ... SO EDMs are excellent probe of BSM CPv

= “Strong CP Problem ” : why does QCD
not violate CP? Nobody knows.



The Big Bang

to explain why 300 thousand yoors_
.missing antimatter in the univers” '

EDM

10~ "° seconds
10~ ** seconds

10~ * gaconds

Neutron s~
lifetime




@
1020 neutron: ®
— clectron: @

Higgs

Experimental Limit on d, (e‘cm)
|

1030 =

Factor —~10 per 8 years

Cited —280 times already!
[d, < 6.3x10-26 e-.cm (90% CL); PRL 82, 904 (1999)]

1960 1970 1980 1990 2000-

1030
- 1032
- 10
1036

— 10-38

“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 (P. Harris) CERN Joint EP/PP Seminars, 13 May 2008

SUSY 2
EAeft Right oc

[
%

‘L EDM limits: the first 50 years

Electro-
-\ magnetic

/ Standard Model
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Reality check

P. Geltenbort (P. Harris)

If neutron were the size of the Earth...

/.. current EDM limit would

correspond to charge separation of
AX = 3U

CERN Joint EP/PP Seminars, 13 May 2008
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Compare the precession frequency for parallel fields:

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

K
o(d,)= 20ET'N

ol: polarisation product
E: electric field

Vi = AETT/h = ['ZBOHn - 2Edn]/h

to the precession frequency for anti-parallel fields

Vi, = AETi/h =[-2B,u, + 2Edn]/h

T: observation time
N: number of neutrons

The difference is proportional to d, and E:

h(vyr-vyy) = 4E d,

P. Geltenbort M. Van der Grinten

CERN Joint EP/PP Seminars, 13 May 2008
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Measuring the precession frequency of the neutron

RF generator /\/\/\/\/ ,\/\/\/\/
RF gated ON RF gated ON
UCN spin 1st 71/2 pulse UCN precessing | 2" UCN 71t/2
parallel to applied: spin during storage | pulse applied:
holding field perpendicular time spin anti-parallel
to holding field to holding field

P. Geltenbort (M. Van der Grinten)

CERN Joint EP/PP Seminars, 13 May 2008
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1999 end of running

o 0.5 0.7

E 45kV/em |11 kV/cm
N 13000 18000

T 130's 130's

6x107% e-cm

Crpm 1.5 x10% e:cm
I
a. S1 polariser
E: DLC, bottle configuration,

discharge cleaning,
N : DLC, Si polariser, UCN-
guides

P. Geltenbort (M. Van der Grinten)

Neutron EDM Experimental Apparatus

Four-layer mu-metal shield

High voltage lead

(Quartz insulating Coil for 10 mG

cylinder magnetic field
: ' Upper
Main stotage cell clectrode
Hgz uv. Y
lamp e jl\ [ |
I [l
o PMT to
detect Hg
Vacuum wall h u.v. light
=
= Mercury
] prepolarising
cell

RF coil to flip spins
b sb T Hg wv. lamp

UCN guide
/ changeover

Ultracold
e neutrons
e G

Magnet

UCN polarising foil

UCN detector




P. Geltenbort (M. Van der Grinten)
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statistical precision

o(d. ) =1.53x10"° ecm

what about systematics ?

Geometric Phase Effect:

rotating magnetic field in the x-y plane
will affect precession of the neutron spin

@, shifts away from @,

(Ramsey-Bloch-Siegert shift) A(() — (UL — C()O

y’B.,
2((‘)0 — )

r

Aw =

field B, rotating at angular speed o,

P. Geltenbort (M. Van der Grinten) CERN Joint EP/PP Seminars, 13 May 2008 73



i Error budget (1047 e-cm)

Effect Shift Uncertainty
Statistical 0 15.1

Door cavity dipole -11.0 4.5

Other GP dipole shifts 0 6.0

(E x v)/c? from translation 0 0.5

(E x v)/c? from rotation 0 1.0

Light shift: direct & GP 3.5 0.8

B fluctuations 0 2.4

E forces — distortion of bottle 0 0.4
Tangential leakage currents 0 0.1

AC B fields from HV ripple 0 0.01

Hg atom EDM 0 0.5

2"d order E x v 0 0.02

Totall —7.5 15.1 stat, 8.0 sys

P. Geltenbort (P. Harris) CERN Joint EP/PP Seminars, 13 May 2008
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Room Temperature Results

University
of Sussex

N

@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 |<2.9%10-%¢ e.cm (90% C.L.)

P. Geltenbort (H. Kraus) CERN Joint EP/PP Seminars. 13 Mav 2008



CryoEDM - the new generation
Ul’liV@I‘Sity '-ll ' Science & Technology

of Sussex NEUTRONS > Facilities Council
FOR SCIENCE

100-fold improvement in sensitivity

P. Geltenbort (H. Kraus) CERN Joint EP/PP Seminars. 13 Mav 2008
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Ultra-cold Neutron Production

phonon 20 11T T T T T T T T
- i —
cold neutron | E=eq ! |
s -
8 . -
ultra-cold neutron woa b _
b i
[ F
o L .
=
—_— ==l
- #/ A =89A;E=1.03meV
— III-llr —
I—lrll' -
0 T T N N T O O T
0 10 2,0 3.0

MOMENTUM q (K
1.03 meV (11K) neutrons down-scatter by emission of

phonons in superfluid helium at 0.5K

Up-scattering suppressed: hardly any 11K phonons

P. Geltenbort (H. Kraus) CERN Joint EP/PP Seminars. 13 Mav 2008
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Ultra-cold Neutron Production

] Single-phonon
J phonon .

50, EI production
] cold neutron . L /

40 A L
; 1

30 + 1

UCN count

] ultra-cold neutron

N
?
»

Multi-phonon production

wavelength [A]

1.19+ 0.18 UCN cm™3s™! expected
0.91 £ 0.13 UCN cm=3s™! observed

C A Baker et al. Phys Lett A 308 (2002) 67

P. Geltenbort (H. Kraus) + EP/PP S 78



Ultra-cold Neutron Detection

« ORTEC ULTRA at 430mK temperature.
« Equipped with thin surface layer of °Li.

- Using: n+%Li— a+*H

2.73 MeV Triton peak

a0 :
| A
| ¥ "‘
" Alpha peak
00 . 1
| . a pea
| . Alpha p f ¥
: CG ! VR
100 !., e . W ;
. bk, 4
4 L
[ Eoi] A MO TRCH 100 .fIIZZ'-Z!lZ:E"J'- S H T D)
2) 51 1 Chann 1
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The Cryogenlc Setup

Neutron beam input

Cryogenic
Ramsey chamber f

- £ Y =
e
1 } 3
)
L]

Superconducting shield

P. Geltenbort (H. Kraus) CERN Joint EP/PP Seminars. 13 Mav 2008




Improvements on Statistics

hi/?2
GD =
oETN
Parameter RT Expt Sensitivity

« Polarisation+detection o=0.75 X 1.2
 Electric field: =10 V/m X 4
* Precession period: T=130s X 2
« Neutrons counted: N=6x10°/day x4.5

(with new beamline) X 2.6

Total improvement: appr. x 100

P. Geltenbort (H. Kraus) CERN Joint EP/PP Seminars. 13 Mav 2008



SQUIDS from CRESST

SQUIDs for Magnetometry

P. Geltenbort (H. Kraus) CERN Joint EP/PP Seminars. 13 Mav 2008 82



‘ NEDM collaboration

The scheme of the multichamber nEDM spectrometer

& ¥

\

1. 1" - UCN detectors

2. - polarization analyzer folil

3. - UCN switch

4. - four-layer magnetic shield
5. - electrode with zero potential
6

7

8

&

1

- channel for Cs magnetometers
- oscillating field coils
- BeO-coated insulator
- HV electrodes
0. - vacuum chamber with magnetic

field coil

11. - superconducting polarizer with a
membrane to separate the vacuum
of the UCN source from the vacuum

~1a of the CDM spectrometer

12.- UCN storage chamber
(1 out of 13)

13.- UCN shutter

14.- UCN guide

P. Geltenbort (A. Serebrov) CERN Joint EP/PP Seminars. 13 Mav 2008
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PNPI multi-chamber EDM spectrometer
at the UCN facility PF2 of the ILL

P. Geltenbort (A. Serebrov) CERN Joint EP/PP Seminars. 13 Mav 2008
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Phase I1: OILL@PSI

KU Leuven Is a collaborator

UCN source

500

=3

el o
T

Areal SUD
~ OILL

________

Areal

i
WEST

- Sensitivity goal: 5x10-?’ecm

P. Geltenbort (D.Rebrevrend)

CERN Joint EP/PP Seminars. 13 Mav 2008

. _ n2EDM

. MC simulation predicts x25 statistics
 B-field control better than 100fT/100s
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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: 7, .. =1 s
A magnetic field suppresses nn' mixing i
— Look for difference of UCN storage time ! e [ ( R
without (<20 nT) and with field (2 uT) b Selaialale
-uH
—3
H=0 H=0

Result with PNPT EDM-setup at PF2:

Tosc (0% cL) 2 414 s

; - A. Serebrov et al., arXiv:0706.3600; submitted to PLB
P. Geltenbort (O. Zimmer) CERN Joint EP/PP Seminars. 13 Mav 2008 86




FOR SCIENCE

UCN density / [cm™]

P_ Geltenbort

10* -

Estimated UCN density in
the ILL cold source: 1000 cm™

10° -

-
o
5]

-
OL
1

e ILL
= PNPI
PNPI -
PNPI
e |LL
PNPI g
SRIAR =
PNP| mm [AE
TUM =
" PNPI
IAE m
®JINR
I ' I ' I
1970 1980 1990
Years

Aore and stronger UCN facilities
in the future worldwide

PSI (CH)

Mainz / Munich (D)
ILL (F)

LANL / NIST / SNS /
NCSU / LENS (USA)

RCNP (J) then (?) TRIUMF (Canada)
then (?) JPARC (J)

PNPT (?) (RUS)
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30

Solid deuterium neutron source
for UCN production at PNPI

25 -

20 -

n(v) 15 -

Yu. N. Pokotilovski, NIMA 356 (1995) 412

pulsed source, separation of production and storage volume

P. Geltenbort (M. Pendleburv)

Relative gain factor (solid / liquid)

— -
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Pressure, torr

The relative and absolute gain factor for
neutrons with different wavelengths as a

function of the pressure in the system

A. Serebrov et al.:

first test in 1980, then in 1995 again

CERN Joint EP/PP Seminars, 13 May 2008

Absolute gain factor (solid / room temperature)
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NEUIRON'S
FOR SCIENCE

Project of UCN factory

c U.::c = 2.2 barn |
o b o i, oot I =
2 coc =0 barn
" 2b —m— experiment
« 10000 |- =
8 o E A §
= S [ :
2 [
B i
©
)]
)
e
2
a
(1000, = e
< E g
100 - =
T | PRSI Lo L L] T T, 1 A ) e ;-

0 5 10 15 20
Temperature, K

UCN Gain factor as a function of sD, temperature

Normalized to UCN yield at room tfemperature
followed up at

PSI
M TRIGA Mainz
5a~ ¥5b TUM
LANL
A.P. Serebrov et al, NP-63-1997-2206 NCSU
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= ULTRA COLD SOURCE

integrated in a possible 3 cold neutron source at the ILL

HUcN SOURCE SCHEMIE=

He.

Lig vefier/ He | |
Refri gerakor S_J“?D:Jk Dy
Foo kg

He 25K

/ an
LY

He 300k ' ]u 1

s-'w!w.r_L 1 = 1 e |') l
E'}{}a:rlmani‘:@:(é UCN ju-’de_ J (
-1 (

P. Geltenbort (J. Bazin) CERN Joint EP/PP Seminars. 13 Mav 2008 90



cold neutron phonon

2.1 A new method for UCN production

free neutron

ultra cold neutron

| A new method for the production of UCN

2 — with the potential to reach far higher densities
than available from the ILL neutron turbme was
12 K first proposed 1n 1977 by Bob Golub and one of

us (JMP). This method relies on the properties
\ of superfluid liquid helum (sL.He), specifically,
liquid He  on the dispersion curve as shown in Figure 4.
This plots the energy vs. the momentum for a
free neutron (the red curve), which 1s of course
just a parabola, and the energy vs. momentum
for phonon excitations in the LHe (the blue
curve). The properties of superfluid LHe are
such that these two curves cross at a momentum
Figure 4 - Dispersion curves, see text.  ¢corresponding to a UCN wavelength of 8.9A. A

v

0.7 A 0

P. Geltenbort (M. Pendleburv) CERN Joint EP/PP Seminars, 13 May 2008 91



UCN extraction?

4
» Extraction efficiency as expected He\
for open UCN converter —>
cold beam

P. Ageron et al., PL 66A (1978) 469
Y. Masuda €t al., PRL (2002) 284801-1

» Extraction efficiency with UCN accumulation in converter
so far not satisfactory (factor 50 missing)

R Yo -

cold beam

CN I

o

P. Geltenbort (O.Zimmer) CERN Joint EP/PP Seminars, 13 May 2008 92
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Principle

Accumulation and windowless vertical UCN extraction
via a cold flap valve

—> iHe

cold beam

P. Geltenbort (O.Zimmer) CERN Joint EP/PP Seminars, 13 May 2008



COOLING HEAD
(1L5W @ 4K)

REFRIGERATOR
VESSEL

He-4 hy,
JOULE-THOMSON lll

- '_
o A
Ty
STAGE sl A B
He-3 g 1 ;
JOULE-THOMSON | -
STAGE |
""E g )
COLDNEUTRON v |
ENTRANCE o
WINDOWS Y

CONVERTER
VESSEL

P. Geltenbort (0. Zimmer)

* stainless steel vessel
e L=696mm, V=241
* Ni entrance/exit windows

Helium liquefaction with GM-cooler

P. Schmidt-Wellenburg & O. Zimmer
Cryogenics 46 (2006) 799

“‘He and *He evaporation stages
Superleak for removal of *He

CERN Joint EP/PP Seminars, 13 May 2008
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Info on http://www.ill.fr or h‘r’r://www.iu o

Internat. Workshop "Particle Physics with Slow Neutrons”
at the ILL, Thursday 29t May - Saturday 31t May 2008

Thank you merci beaucoup and bes'ren Dank
for your attention! el

P. Geltenbort CERN Joint EP/PP Seminars, 13 May 2008 95




Spare viewgraphs
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m...,fé...g _.Strengths of P
» Polarisation: up to 99.7%

* Polarisation measurement: £0.1%

* Flux: 1.8-10'9 n/cm?/s

* No upstream instruments

» Clean cold beam (out of direct view) : *
« TU experiments up tu 20 MBq 23°Pu % -

o p5 0.67Bar

//////// T
« But changing background due to nelgh%oum BN

Neutron wavelength (A)
« But limited space

P> (99.72 +- 0.10)%
p0 558

Polarization

Spectrum

-0, 955

« Equipment:
- polarisers, flippers
- neutron detectors, other detectors in collal
- shielding
- electronics (NIM, motor control, etc.)

P. Geltenbort (T. Soldner) CERN Joint EP/PP Seminars, 13 May 2008 97



7% From proposal to experlment... f
NEUTRONS =TT T TN
FOR SCIENCE = s by e R ol )

 Call for proposals:
twice per year for the four scheduled instruments PN1, PN3, PF1, PF2

« Expert committee (College 3 subcommittee) judges proposals for their

scientific merit,
Directors usually follow suggestions (apart from national balance fine-tuning)

« Delay between proposal acceptance and execution of experiment:
- on average about six months

Contributions of user groups to instrumentation have a long tradition and are
very important for progress in nuclear and particle physics with slow neutrons:

® double flat crystal gamma ray spectrometer GAMS IV (NIST Washington)

focussing magnet for Lohengrin (Univ. Tuebingen)
ballistic neutron guide H113 for PF1B (Univ. Heidelberg)
UCN turbine (TU Munich)

P. Geltenbort (O.Zimmer) CERN Joint EP/PP Seminars, 13 May 2008 98



FOR SCIENCE

Estimated UCN density in

10* H P
the ILL cold source: 1000 cm

ore UCN facilities in the future
worldwide

= PNPI
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R - Mainz / Munich (D)

5 1 TUuM - ILL (F)

T e - LANL / NIST / SNs/
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| RCNP / JPARC (J)

T iy T T T T T 1
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I A SD, UCN source at ILL is feasible
s SN .

 Based on the CN flux of ILL cold sources, a solid-D2 source should provide a UCN
density of several 104 UCN/cm3.

« Considering a 100 cm3 solid-D2 source & an heating level of ~0.3 W/g, cooling of the
source appears feasible.

« ILL has experience with CN liquid-D2 sources,

« If solid-D2 can survive to ILL HFR radiation during a few hours
(June 2007 tests) -->

a UCN solid-D2 source is feasible at ILL

P. Geltenbort (D. Bondoux) CERN Joint EP/PP Seminars, 13 May 2008 100



