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107 eV 10-7 eV
• Gravitational Levels

• Neutron Electric Dipole Moment (EDM)
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ESRF
(6 GeV Synchrotron)

ILL
(High Flux Reactor)



Institut Laue-Langevin (ILL)

founded 17 January 1967

“A neutron factory and an user facility”

general refit from 1991 - 94founded 7 January 967
Internat. Convention (renewal) signed until end 2013

first neutrons in 1971 

cold and hot neutrons

g

Millennium Programme 
phase M-0 nearly done
Phase M-1 kicked off

“ h k ” f f 00 0sources started operation 
in 1972 

“earthquake” refit from 2003 - 07

Associates : France, Germany, United Kingdom
Scientific Member Countries : A, CZ, I, RUSRUSRUS, E, CH, S, H, B, PL

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

H. Maier-Leibnitz L. Neel

Fields of research

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

Experimental Programme in 2007
- 893 experiments (allocated by subcommittees)

on 27 ILL-funded and 10 CRG instruments
- 1280 visitors coming from 36 countries
- 1109 proposals submitted and 811 accepted
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chemistry, bio- and earth sciences,
engineering,
nuclear and particle (fundamental) physics

1109 proposals submitted and 811 accepted
- 562 publications by ILL staff and users

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



Neutron properties

Neutron Scattering on gases, liquids and solid matter gives information on their structure 
( l i i )(elastic neutron scattering)
Neutron Excitation of atoms gives information about the binding energy within matter 
(inelastic neutron scattering)
Magnetic Moment µn ―> determination of structure and dynamics of (unknown) magnetic 

tt
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matter
Neutron induced fission, neutron capture ―> gamma spectroscopy, the neutron as a particle

and the Neutron is COMPLEMENTARY to Synchrotron radiation



Neutron source(s) at ILL

h l

ILL - Reactor
Fuel (chain reaction): 235U(nth,f) fission neutrons 

Hot source: 10 dm3 of graphite at 2400 K

Moderator: D20 at 300K thermal neutrons 

Cold sourceº (horizontal): 6 dm3 of liquid D2 at 25 K

Cold source (vertical):  20 dm3 of liquid D2 at 25 K

Ultracold 
Neutrons

Cold 
Neutrons

Reactor 
Neutrons

Temperature (K)
Energy (eV)

10-8 101 103

10-7 10-3 10-1 107
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Energy (eV) 10 10 10 10
Velocity (m/s) 5 800 2200



N l h i P ti l h i

The Nuclear and Particle Physics group (NPP)

Nuclear physics

PN3 (GAMS)
Ultra high resolution gamma ray spectrometer

PN1 (LOHENGRIN)
Recoil mass spectrometer for fission fragments

PF1B 
Facility for cold neutrons

PF2 
Facility for ultracold and very cold neutrons

(former PF1) 
cryoEDM experiment

S18 - perfect crystal 
neutron interferometer

Particle physics

Ultra-high resolution gamma ray spectrometer Facility for ultracold and very cold neutrons neutron interferometer 

ILL-funded Collab. Research Group

5 instrument groups
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PN1: The fission fragment separator “Lohengrin”

H Faust U Koester T Materna N Laurens

mass-separated fission fragments, 

H. Faust,  U. Koester,  T. Materna,  N. Laurens

up to 105 per second, T1/2 ≥ μs

• n-flux 5.5×1014 cm-2/s

• few mg fission target  
(various materials)

• several 1012 fissions/s
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several 10 fissions/s

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

(O. Zimmer)



PN1: The fission fragment separator “Lohengrin”

Applications:
• exotic, neutron-rich nuclides (production, decays, magnetic moments, r-process)
• fission yields• fission yields

Typical duration of experiments:
t th k• one to three weeks

nth
245Cm
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PN3: The high resolution double crystal gamma ray spectrometer

M Jentschel W Urban W ClancyM. Jentschel,  W. Urban,  W. Clancy

λ

Concept: Energy resolution via Bragg diffraction
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Flat Crystals: 
• Resolution: 10-6

• Eff. Solid Angle: 10-11

• absolute Energy: 10-7

Bent Crystals: 
• Resolution: 10-5…10-4

• Eff. Solid Angle: 10-7

N t Fl 5 1014

gy
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Neutron Flux: 5×1014

Targets: 0.1 – 10g
Target change during reactor cycle

(O. Zimmer)



PN3: The high resolution double crystal gamma ray spectrometers
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A i i

PN3: The high resolution double crystal gamma ray spectrometer

Applications:
• nuclear spectroscopy
• lifetimes of nuclear levels (10-16 ... 10-12 s)( )
• interatomic potentials (GRID technique)
• input to metrology (molar Planck constant)

Typical duration of experiments:
• two to four weeks
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168Er with Ge and GAMS (bent crystals)
(O. Zimmer)



ILL MIT NI T

Direct test of mass/energy relationship E = mc2

ILL-MIT-NIST, Nature 430, 58 (2005)

GAMS Interferometer ILL
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PF1B

TheThe 
simplest

and
t fl iblmost flexible

instrument
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Physics at PF1B

• Neutron decay
correlation measurements
(V d, right-handed currents, T violation)(Vud, right handed currents, T violation)

• Neutron properties
CrystalEDMCrystalEDM

• Fission studies
Asymmetries in fissionAsymmetries in fission
Cross-sections

• Nuclear spectroscopyNuclear spectroscopy
of neutron-rich nuclei produced by fission

• Developments of new techniques
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Developments of new techniques
polarisation techniques, UCN production

(T. Soldner)



Nuclear and particle physics at ILL

S18S18 - CRG instrument
interferometer (perfect Si crystals) for basic neutron quantum optics, 
neutron scattering lengths and USANSneutron scattering lengths and USANS

cryoEDM - CRG instrument
UCN in superfluid He
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Properties of UCN

Ult ld t th t i t h i l th t th b

E (~ 5 ms-1) = 100 neV (10-7 eV) I t ti ith tt

Ultracold neutrons, that is, neutrons whose energy is so low that they can be 
contained for long periods of time in material and magnetic bottles

λUCN ~ 1000 Å

Ekin (~ 5 ms 1) = 100 neV (10 7 eV) Interaction with matter:
UCN see a Fermi-Potential EF

EF ~ 10-7 eV for many materials, e.g. TUCN ~ 2 mK

UCN are totally reflected from 
suitable materials at any angle 

t bl !

- beryllium          252 neV
- stainless steel  200 neV

UCN 

V n

V n  <  V c r it

of incidence, hence storable!
UCN are furthermore storable by 
gravity and/or magnetic fieldsLong storage and observation

times possible (up to several minutes)!

V n  >  V c r it

Fermi potential ~ 10-7 eV

Gravity
∆E=m g ∆h

~ 10-7 eV / Meter

times possible (up to several minutes)!

High precision measurements of
the properties of the free neutron
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∆E=mn g ∆h
Magnetic field
∆E= μn B

~ 10-7 eV / Tesla

the propert es of the free neutron
(lifetime, electric dipole moment, gravitational levels, …)



UCN discovery

b f h l… by extracting neutrons from the low energy 
tail of the distribution in the source
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The UCN/VCN facility PF2

V ti l id t b

Neutron turbine
A. Steyerl (TUM - 1985)

Cold source

Vertical guide tube
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Reactor core



The Vertical Cold Source (VCS)

Steyerl turbine
at FRM-I (Munich)

St l t bi (2nd ti )
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Steyerl turbine (2nd generation)
at PF2 / ILL
10 years later



The PF2 beam facility

PF2: Physique Fondamentale 2
2nd installation for fundamental physics2n installation for fundamental physics

4 positions for Ultracold Neutrons (UCN)

- MAM
- EDM
UCN

v = 5 ms-1

ρ = ~50 cm-3 (at the experiment)- UCN

- TES

ρ  50 cm (at the experiment)

1 position for Very Cold Neutrons (VCN)

v = 50 ms-1
VCN b
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v  50 ms
Φ = 108 cm-2 s-1- VCN beam



UCN facilities – Status and Future

More and stronger UCN facilities 
i th f t ld idin the future worldwide

- PSI (CH)
/- Mainz / Munich (D)

- ILL (F)
- LANL / NIST / SNS /       

NCSU / LENS (USA)NCSU / LENS (USA)
- RCNP (J) then (?) TRIUMF (Canada) 

then (?) JPARC (J)
- PNPI (?) (RUS)
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The Neutron Guide to the Universe

New Physics Standard Model

nd nnτ ϕ
e

1019 GeV Planck
GUTs - -

I fl i

γ g ζ,
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Nucleon freeze out

N l f t
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α
γβα ,,

Te
m Nuclear freeze out
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10-11 GeV
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,,
,,

10-43 s 1 s
Time

10-35 s 10-12 s 105 y 109 y today

Neutron energies: peV meV Instead of E→∞
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Diagram from D. Dubbers

Neutron energies: peV…meV
Decay energy: 780 keV

Instead of E→
ΔE/E→0

(T. Soldner)



Th f l fThe free neutron lifetime:

V

A22
ud

2
F          ,  , 1

g
gVG

τ
=∝ λλ

keV)782(epn e +++→ − ν

Vn gτ

Weak interaction theory

Neutrino physics

Together with measurements
of asymmetry coefficients
in neutron decay

n  p +→+ +μν μ

Neutrino induced reactions:

Neutrino physics

CosmologyExtraction of gV, gA and Vud Neutrino detectors:
++→+ enp ν

pn +→+ −μν μ

Test of Conserved Vector Current
(CVC: ‘gV’ = 1)

Test of Unitary of CKM matrix

+→+ enp eν

1σ ∝

Solar pp-process:

eedpp ν++→+ + 2
A

g∝σ
Big bang:

Important input parameter
f f h

Necessary to calibrate
N D

Necessary to understand 
b d h

(Vud
2 + Vus

2 + Vub
2 = 1)

nτ
σ ∝Big bang:

Primordial elements’ abundances
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for tests of the
Standard Model

of the weak interaction

Neutrino Detectors
and to predict 

event rates

matter abundance in the 
Universe



Big-Bang Nucleosynthesis (BNN) crucial in constraining cosmological models
Essentially the only probe of physics in the early universe (~1 – 104 s; “radiation dominated epoch”)

Single unknown parameter for standard BBN is baryon-to-photon ration during the nucleosynthesis 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.

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

i) τn enters in weak reaction rate which ceases at freeze –out temperature TF, then n/p ratio fixed except 
f dfor 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 
di t d h li b dpredicted helium abundance

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

neutron
lifetime
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lifetime
how were the 
chemical elements created?



Measurements of the neutron lifetime τn

Storage experiments with UCN
“ i h i i ” “counting the dead neutrons”

Beam experiments with cold neutrons

or, ultimately, measure the exponential decay directlyexponential decay law: N = N0e−λt

“counting the surviving neutrons”

)t(N
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nβ
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βm

Two relative measurements Two absolute measurements

n
β τdt

MAMBO-I



The early days
It 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 
its radioactive decay was observed …….
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proton counter
n lifetime must exceed 21 minutes

proton counter
n lifetime between 13 and 26 minutes
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A “typical” UCN storage experiment at ILL – MamBo I

Glass walls:Glass walls
H=0.3 m, W=0.4 m
L=0.5m … 0.01 m 
(surface A and volume V sizeable)

...
τ

1
τ
1

τ
1

wallβ

++=
m

number of wall collisions,
i.e. mean free path λ

Measure storage lifetime τst

→wallτ

Measure storage lifetime τst 
for different volume to surface ratios V/A
and extrapolate for V ∞ 
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[ ]τ = 885.7World  a (8) s verage:    PDG 2002n

(O. Zimmer)



Scheme of “Gravitrap”, Scheme of “Gravitrap”, 
the gravitational UCN storage systemthe gravitational UCN storage systemg g yg g y

1 – neutron guide from UCN Turbine;
2 – UCN inlet valve;
3 beam distribution flap valve;3 – beam distribution flap valve;
4 – aluminium foil (now removed); 
5 – “dirty” vacuum volume; 
6 “clean” (UHV) vacuum volume;6 – clean  (UHV) vacuum volume; 
7 – cooling coils;
8 – UCN storage trap; 
9 – cryostat;9 cryostat; 
10 – mechanics for trap rotation;
11 – stepping motor;
12 – UCN detector;12 UCN detector; 
13 – detector shielding;
14 – evaporator for LTF (Low Temperature Fomblin)
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Deposition of LTF on the trap surfaceDeposition of LTF on the trap surface

The chemical formula of LTF 
contains only C O and FLTF evaporator is heated to +1400C contains only C, O and F.
Molecular weight  - 2354
Density at r.t.    1.825 g/ml
Vapour pressure at r tVapour pressure at r.t.
1.5∗10−3 mbar
Fermi potential 102.8 neV

Calculation based on cold 
neutron transmission data 
predicts for LTF at 190K

Vacuum

predicts for LTF at 190K 
η=2∗10−6 ( Yu.N.Pokotilovski, 
JETP 96, 2003) 
confirmed in a recent experiment at
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confirmed in a recent experiment at 
PF2/TES by V. Morozov et al.Trap surface is cooled to about -1500C

(A. Serebrov)
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940

Neutron lifetime: world average and
Lifetime τ[s] Method Ref./Year

new result

920

940
878.5 ± 0.8
878.5 ± 0.7stat±0.3sys

Storage of ultra-cold neutrons Serebrov et al. 2005
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

900 885.7±0.8

e 
(τ

), 
s world average885.4 ± 0.9stat±0.4sys 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

880

on
 li

fe
tim

eg

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

860 878.5±0.8
new result

ne
ut

ro876 ± 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

840
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
Δτn=6.5σ
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1985 1990 1995 2000 2005
820

year

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

(A. Serebrov)



Standard Model TestStandard Model Test
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W M Y l (P i l D G )W.-M. Yao et al. (Particle Data Group), 
J. Phys. G 33, 1 (2006) and 2007 partial 

update for edition 2008 (URL: 
http://pdg.lbl.gov)p p g g )

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

l h d d d
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Until this major disagreement is understood
our present average of 885.7 ± 0.8 s must be suspect.



Proton counting experiments at KI in Moscow

1978 lt Τ 877 (11)

First version in 1958:    Τn = 1013 (26) s

1978 result:              Τn =  877 (11) s

In 1988 slightly revised: Τn =  891 (9) s

In 1980 Byrne et al. found 
Τn = 937 (18) s [withdrawn in the 
meantime]. They concluded in a y
Letter to Nature 310, 212 
(1984)
“… a third direct measurement 
has given the value Τn = 877 g n
(11) s, which is totally at 
variance with all other evidence. 
We suggest here that …. exclude 
values of Τn outside the range 
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n g
911 (10) …



“UCN storage in the vessel with magnetic wall.” 
JETP Letters 23(3), 1976( ),

Y.Y.Kosvintsev, Y.A.Kushnir, V.I.Morozov

Τ=25±2 sec
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Neutron Storage Bottleg
made of permanent magnets

1 – permanent magnet
2 – magnetic field guide

560 permanent magnets (made of Nd-Fe-Be)
(~ 1 cm broad)

horizontal magnetization
Br ≥ 1.2 T ; gradient ~ 2T/cm
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FeCo poles between the magnets

twenty-pole magnetic system

(V. Ezhov)



2004 2003
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increase storage volume from 3.6 l to 15 l
(V. Ezhov)



neutron elevator
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sensitive to both polarizations

(V. Ezhov)



neutron elevator
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sensitive to both polarizations

(V. Ezhov)



 Filling with magnetic shutter on(1)
Filling without magnetic shutter(2)

220
240
260
280

Lift is out of trap
Lift is opened & magnetic shutter is switched on

Filling without magnetic shutter(2)
 Stored UCN                               (3)

140
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0 20 40 60 80 100

Time (s)

(V. Ezhov)



Statistical treatment

300

350
Data: Data1_B
Model: ExpDec1 
  
Chi^2 =  0.06891
R^2 = 1

Measuring Cycle:

200

250

R 2   1
  
y0 0 ±0
A1 333.70853 ±0.26164
t1 874.58329 ±1.62102

ne
 e

m
pt

in
g filling elevator (IS = 0): 50 s

elevator down (IS = 0): 12 s
pre-cleaning (IS = 95):   250 s
cleaning (IS = 105):        100 s

100

150

U
C

N
 p

er
 o

n

storing (IS = 105):  0 s, 900, or 1800 s
emptying (IS = 0):          300 s
background (IS = 0):      100 s
(IS := solenoid current [A])

-200 0 200 400 600 800 1000 1200 1400 1600 1800 2000
0

50
statistical error: 1.6 s

200 0 200 400 600 800 1000 1200 1400 1600 1800 2000

Time (sec)

Main problem:

background: 0.004 s-1
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Detection efficiency of losses?    
Decreasing of cleaning time Decreasing of cleaning time Decreasing of cleaning time (by using a neutron guide of larger cross section)(by using a neutron guide of larger cross section)(by using a neutron guide of larger cross section)

(V. Ezhov)
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Time

(V. Ezhov)



1000 301

1 2( ( ) ( ))
t

f t f t e dtτ
−

− ⋅∫

C

301
1100 301

2 1( ( ) ( ))
t

f t f t e dtτ

ε −=
− ⋅

∫

∫
“Forced” depolarisation

C
Depolarization on and off 1001

0,4

 C
Depolarization on and off 20

te
ns

ity
 n

/s
0,0

en
si

ty
 n

/s

0

In
t

-0,4

In
te

1020

Time (s)
1010

P. Geltenbort CERN Joint EP/PP Seminars, 13 May 2008 52
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(V. Ezhov)



! PRELIMINARY !
data treatment in progress
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 1300 s
 1800 s

Convolution of different storage function 
to 400 s depended on neutron lifetime

final result should be published soon
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Storage of UCN in a trap made of 
permanent magnets

PNP LLPNPI – ILL - TUM

2003 2004 2005003
small trap 3.6 l

storage
bigger trap 15 l

storage 
trap (as in 2004) 15l
+ neutron elevator 
storage lifetimestorage 

lifetime
(882 ± 16) s

g
lifetime

(878 ± 6) s

storage lifetime 
(874.6 ± 1.6) s

(882 ± 16) s
on going

• larger neutron guide (cross section x 10)g g
⇒ precision about 1.8 s (to be published soon)

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



future neutron lifetime projects

• S. Dewey, NIST improvements in n flux measurement 
• V. Ezhov, PNPI (ILL) bottle made of permanent magnets
• A. Steyerl, URI (ILL) LTF coated “accordion”

V M KI (ILL) LTF t d t fl b ttl• V. Morozov, KI (ILL) LTF coated teflon bottle
• A. Serebrov, PNPI (ILL) big gravitational trap coated with LTF
• Y. Pokotilovski, FLNP (ILL) “super” (even lower temperature) LTF
• P. Huffman, NSCU (NIST/SNS) sc magnet and sLHe, ( ) g

measure decay

• S. Paul, TUM (ILL,FRM-II) bottle made of superconducting magnets
measure storage and decaymeasure storage and decay

• Y. Masuda, KEK (RCNP,J-PARC, TRIUMF) bottle made of quadrupoles
measure decay

• D. Bowman et others, LANL presented at PMSN, April ‘04 bottle made of quadrupoles
now also with permanent magnets!
measure decay
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measure decay
• PSI bottle made of permanent magnets

measure storage and decay



Quantum states of neutrons in the gravitational field

Nature 415, 297-299 
(17 January 2002)

Valery V. Nesvizhevsky*, Hans G. Börner*, 
Alexander K.Petoukhov* ‡, Hartmut Abele†, 

Stefan Baeßler†, Frank J.Rueß†, Thilo Stöferle†, 
Alexander Westphal†, Alexei M. Gagarski‡, 

Guennady A. Petrov‡ & Alexander V. Strelkov§

* Institute Laue-Langevin, Grenoble, France; 
† University of Heidelberg, Germany; 
‡ Petersburg Nuclear Physics Institute, Gatchina, 
Russia; 
§ Joint Institute for Nuclear Research, Dubna, 
Russia.
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Quantum states of matter in a potential well

1) Electric neutrality (gravitational 
interaction is much weaker than the 
others)others)

2) Long life time ⎟
⎠
⎞

⎜
⎝
⎛

Δ
≈Δ

τ
hE

3) Small mass ⎟
⎠
⎞

⎜
⎝
⎛ ≈Δ⋅Δ

m
x hv

A neutron, which is trapped  
in the Earth’s gravitational field

4) Energy (temperature ) of UCN 
(extremely small and it is not equal to 
the installation temperature)g

above a horizontal mirror
the installation temperature)

3

2
19
⎟⎟
⎞

⎜⎜
⎛

⎟
⎞

⎜
⎛

⎟
⎞

⎜
⎛ ⋅mE n h

P. Geltenbort CERN Joint EP/PP Seminars, 13 May 2008 57

3
48 ⎟⎟
⎠

⎜⎜
⎝

⎟
⎠
⎞

⎜
⎝
⎛ −⋅⋅⋅⋅⎟

⎠
⎞

⎜
⎝
⎛≈ ngE n

n hπ

(V. Nesvizhevsky)



MotivationMotivation

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

3,32

,nE peV
( )V z mgz=

Vhor ~ 4-15 m/s
Vvert ~ 2 cm/s

1,41

2,46

0 14 24  32 ,z mμ

2h
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30 2 5,87 m
2

z
gm

μ= =h

(V. Nesvizhevsky)



Discovery of the ground state (1999)Discovery of the ground state (1999)

V.V. Nesvizhevsky et al., V.V. Nesvizhevsky et al., 

NatureNature 415415 (2002) 297;(2002) 297;

Phys RevPhys Rev D87D87 (2003) (2003) 
102002102002
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QMclassic

(V. Nesvizhevsky)



GRANIT (GRavitational Neutron Induceed Transitions)
a trap for gravitational quantum states of UCN
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What’s an EDM? 

Separation betweenSeparation between
+,- charge centres

E +

EDMs are

E

P odd
T odd d = d s

Complementary approach

dn = dn s
[expressed in e·cm]
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to study of CPv
(P. Harris)



CP violation & the neutron EDM

SM EDM predictions very small...
... so no SM background to worry about

Beyond SM predictions typ. 106 greatery p yp g
... so EDMs are excellent probe of BSM CPv 

SM parameterisation of CPv inadequateSM parameterisation of CPv inadequate 
to explain baryon asymmetry
“Strong CP Problem ” : why does QCDStrong CP Problem  : why does QCD 
not violate CP? Nobody knows.
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EDM

to explain why
„missing antimatter in the univers“

???

EDM

Neutron
lifetime
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EDM limits: the first 50 years
m

)
n 

d n
(e

·c
m

10-20 Electro-
magnetic

neutron:10-20

l L
im

it 
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magneticelectron:

er
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φ ∼ 1

Left-Right

Multi
Higgs SUSY

φ ∼ α/π

E
xp

1960 1970 1980 1990

Left-Right

10-32

10-30

φ  α/π

2000
10-30

Factor ~10 per 8 years
Standard Model10-34

10-36Cited ~280 times already!
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10-38

Cited 280 times already!

“It is fair to say that the neutron EDM has ruled out more theories (put forward 
to explain K0 decay) than any experiment in the history of physics” R. Golub

[dn < 6.3x10-26 e·cm (90% CL); PRL 82, 904 (1999)]

(P. Harris)



Reality checkReality check
If neutron were the size of the Earth...

Δx
-e

+e

... current EDM limit would 
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e
correspond to charge separation of 

Δx ≈ 3μ
(P. Harris)



Compare the precession frequency for parallel fields:

Experiments: 
Measurement of Larmor precession 
frequency of polarised neutrons in a

ν↑↑ = ΔE↑↑/h = [-2B0μn - 2Edn]/h

frequency of polarised neutrons in a 
magnetic & electric field

to the precession frequency for anti-parallel fields

NET
dn α

σ
2

)( h=

ν↑↓ = ΔE↑↓/h = [-2B0μn + 2Edn]/h

h diff i i l d d

α: polarisation product
E: electric field
T: observation time
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The difference is proportional to dn and E:

h(ν↑↑ - ν↑↓)  =  4E dn

N: number of neutrons

M. Van der Grinten



Measuring the precession frequency of the neutron

RF generator

UCN spin UCN precessing 2nd UCN π/21st π/2 pulse

RF gated OFF RF gated OFFRF gated ON RF gated ON

UCN spin 
parallel to 
holding field

UCN precessing
during storage 
time

2nd UCN π/2 
pulse applied:
spin anti-parallel
to holding field

1st π/2 pulse 
applied: spin 
perpendicular
to holding field

P. Geltenbort 69CERN Joint EP/PP Seminars, 13 May 2008(M. Van der Grinten)



end of running1999

11 kV/cm

0.7

4.5 kV/cmE

0.5α

130 s

18000

130 sT

13000N

1.5 ×10-25 e·cm6×10-25 e·cmσEDM

α : Si polariser
E : DLC, bottle configuration, , g ,

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

guides
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g

(M. Van der Grinten)
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d 2610531)( −

statistical precision

cmedn
261053.1)( −×=σ

what about systematics ?

Geometric Phase Effect:Geometric Phase Effect:

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

L ωωω −=Δ 0
ωL shifts away from ω0
(Ramsey-Bloch-Siegert shift)

( )
xyBγ

ω =Δ
22
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( )rωω
ω

−
Δ

02
field Bxy rotating at angular speed ωr, 

(M. Van der Grinten)



Error budget (10-27 e·cm)Error budget (10 e cm)
Effect Shift Uncertainty

Statistical 0 15 1Statistical 0 15.1
Door cavity dipole -11.0 4.5
Other GP dipole shifts 0 6.0
(E )/ 2 f t l ti 0 0 5(E x v)/c2 from translation 0 0.5
(E x v)/c2 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
2nd order E x v 0 0.02
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Total –7.5 15.1 stat, 8.0 sys

(P. Harris)



Room Temperature Results

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

26
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|dn|< 2.9×10-26 e.cm (90% C.L.)
(H. Kraus)



CryoEDM – the new generation

New technology:
• More neutrons
• Higher E field

gy

• Better polarisation
• Longer NMR coherence time

100 fold improvement in sensitivity
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100-fold improvement in sensitivity

(H. Kraus)



Ultra-cold Neutron Production

cold neutron

phonon

ultra-cold neutron

λn = 8.9Å; E = 1.03meV

1.03 meV (11K) neutrons down-scatter by emission of 
phonons in superfluid helium at 0.5K
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Up-scattering suppressed: hardly any 11K phonons
(H. Kraus)



Ultra-cold Neutron Production
 

cold neutron

phonon Single-phonon 
production

cold neutron

ultra-cold neutron

Multi-phonon production

1.19 ± 0.18 UCN  cm−3 s−1 expected 
0 91 ± 0 13 UCN cm−3 s−1 observed
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0.91 ± 0.13 UCN  cm 3 s 1 observed  

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



Ultra-cold Neutron Detection
• ORTEC ULTRA at 430mK temperature.
• Equipped with thin surface layer of 6Li• Equipped with thin surface layer of  Li.
• Using: n + 6Li → α + 3H

2.73 MeV Triton peak

Alpha peak
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C.A.Baker et al., NIM A487 (2002) 511
(H. Kraus)



The Cryogenic Setup
Neutron beam input

Cryogenic 
Ramsey chamber

Transfer section
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Superconducting shield

(H. Kraus)



Improvements on Statistics
/h / 2

D ET Nα
σ = h

Parameter RT Expt Sensitivity
• Polarisation+detection α = 0.75 x 1.2
• Electric field: E = 106 V/m x 4
• Precession period: T = 130 s x 2
• Neutrons counted: N = 6 x 106 /day x 4.5

(with new beamline) x 2.6
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Total improvement: appr.  x 100
(H. Kraus)



SQUIDS from CRESST

SQUID f M t t
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SQUIDs for Magnetometry

(H. Kraus)
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PNPI multi-chamber EDM spectrometer
at the UCN facility PF2 of the ILLy
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Phase II: OILL@PSIPhase II: OILL@PSI
KU Leuven is a collaboratorKU Leuven is a collaborator

UCN source

OILL

n2EDM

• MC simulation predicts x25 statistics
• B-field control better than 100fT/100s
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Sensitivity goal: 5x10-27ecm
(D. Rebreyrend)



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

l l f l→ 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’

• Situation 2006:    τosc ≥ 1 s
• A magnetic field suppresses nn’ mixing

→ Look for difference of UCN storage time 
without (<20 nT) and with field (2 μT)

Result with PNPI EDM-setup at PF2: 
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τosc (90% C.L.) ≥ 414 s
A. Serebrov et al., arXiv:0706.3600;  submitted to PLB

p

(O. Zimmer)



UCN facilities – Status and Future

More and stronger UCN facilities 
i th f t ld idin the future worldwide

- PSI (CH)
/- Mainz / Munich (D)

- ILL (F)
- LANL / NIST / SNS /       

NCSU / LENS (USA)NCSU / LENS (USA)
- RCNP (J) then (?) TRIUMF (Canada) 

then (?) JPARC (J)
- PNPI (?) (RUS)
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The importance of cooling the 
neutrons

Solid deuterium neutron source 
for UCN production at PNPI

neutrons

CN

The relative and absolute gain factor for 
neutrons with different wavelengths as a 
function of the pressure in the system   
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Yu. N. Pokotilovski, NIMA 356 (1995) 412
pulsed source, separation of production and storage volume

A. Serebrov et al.: 
first test in 1980, then in 1995 again



Project of UCN factory

UCN Gain factor as a function of sD2 temperature
Normalized to UCN yield at room temperature

followed up at
PSI
TRIGA Mainz
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A.P. Serebrov et al, NP-63-1997-2206

TRIGA Mainz
TUM
LANL
NCSU



ULTRA COLD SOURCE
integrated in a possible 3rd cold neutron source at the ILL
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8.9 A neutrons are needed to 
create UCN in 4Hecreate UCN in 4He
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UCN extraction?UCN extraction?

• Extraction efficiency as expected 
for open UCN converter

4He

p

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

cold beam

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

44He

CN
cold beam
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UCN

A.I. Kilvington et al., PLA 125 (1987) 416

(O. Zimmer)



Principle Principle pp

Accumulation and windowless vertical UCN extraction 
via a cold flap valve

cold beam
4He

cold beam
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Apparatus Apparatus 

• stainless steel vessel
• L = 696 mm,  V = 2.4 l
• Ni entrance/exit windows

Helium liquefaction with GM-coolerq
P. Schmidt-Wellenburg & O. Zimmer 

Cryogenics 46 (2006) 799

4He and 3He evaporation stages
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4He and 3He evaporation stages

Superleak for removal of 3He

(O. Zimmer)



I hope I could convince you
that ultracold neutrons are
– due to the fact that they are storable –
a fancy and powerful tool in fundamental physics!!

Info on http://www.ill.fr or http://www.ill.eu

Internat. Workshop “Particle Physics with Slow Neutrons”
at the ILL, Thursday 29th May – Saturday 31st May 2008

Th nk m i b p nd b t n D nk
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Thank you, merci beaucoup and besten Dank
for your attention! level Dlevel C



Spare viewgraphsSpare viewgraphsSpare viewgraphsSpare viewgraphs
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Strengths of PF1B

• Polarisation: up to 99.7%
• Polarisation measurement: ±0.1%
• Flux: 1 8·1010 n/cm2/s -0,995

-1,000

• Flux: 1.8 10 n/cm /s
• No upstream instruments
• Clean cold beam (out of direct view)

0 970

-0,975

-0,980

-0,985

-0,990

 

la
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<P> = (99.72 +/- 0.10)%
 p0   5.5 Bar
 p1   4.0 Bar

• TU experiments up tu 20 MBq 239Pu

• But changing background due to neighbours0 2 4 6 8 10 12 14 16 18 20
-0,950

-0,955

-0,960

-0,965

-0,970

P
o p2   2.1 Bar

 p3   1.5 Bar 
 p4   1.0 Bar
 p5   0.67 Bar

 Spectrum

But changing background due to neighbours
• But limited space

Neutron wavelength (A)

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

(T. Soldner)



From proposal to experiment...

• 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)Directors usually follow suggestions (apart from national balance fine tuning)

• Delay between proposal acceptance and execution of experiment:
- on average about six monthsg

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)

P. Geltenbort CERN Joint EP/PP Seminars, 13 May 2008 98

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)

(O. Zimmer)



UCN facilities – Status and Future

More UCN facilities in the future
ld idworldwide

- PSI (CH)
- Mainz / Munich (D)
- ILL (F)
- LANL / NIST / SNS/     

NCSU / (LENS) (USA)NCSU / (LENS) (USA)
- RCNP / JPARC (J)
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A SD2 UCN source at ILL is feasible

• Based on the CN flux of ILL cold sources, a solid-D2 source should provide a UCNBased 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 
f iblsource 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
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