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Découverte experimentale

Ya.B. Zeldovich,
JETP 36 (1959) 1952 :

« Les neutrons avec des vitesses
inférieures a 10 m/s peuvent etre
confinés dans un volume ».

\.1. Luschikov, Yu.N. Pokotilovsky,
A.V. Strelkov, F.L. Shapiro,
JETP Lett 9 (1969) 40

« Observation of ultracold neutrons »

QESERVATION OF ULTRACOLD HEUIHCHS

£

v. I. Lushehikov, Y. W. Pokotilowekii, A. V. Strelkov, and F. L. Shaplra
Joint Inatitute for Huclear Research

Submitted 18 Hovemper 1968

ThETF Pis. Red, 9, Ho. 1, 40 = 45 {5 Jenuery 1969)

¥a. B. Lel'dovich shewed in 1959 [1] thet neutrons with veloeities up te 10 mfsee, vhich
experience totel reflection from the walls at all incldence angles, can be stored In e closed
eavity. As was noted recembly [2], the ides of stering neutrons polnts to & way of inereasing
the securscy of measurensnt of the neutron dipole moment, an lmportant factor in the prablem
of CPaviclation, We have therefore underteden to oheck experimentally the feesibdlity of
prtrecting and refaining wltrocold neutrens.

Phe cxperimertel setup is chown in Fig. 1. The neutron source was the IBR pulacd
resctor [3] operating at an aversge power of 6 kW at s flesh repetiticn froguency of one every
5 sec. The flux ef thersal neuirons in the polyethylen= moderater Iwns 1.6 % lﬂm :nl:ut.-’mﬂ-

see. Trls mederator was pleced in m standard copper tube of 9.4 em i.d. and 10.5 m length,

> 5 -3 ; 3
tkp ingide currase of vhieh wes bright-dipped; = vacuwur of 5 x 10 - mm Hg was meintained in

the tube., The newtron detectors 11 and 1% wers FEU-13 photemultiplicrs covered with e acin-




Matiere
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Propriétés

Interaction avec matiere

Viey ~(1X10) m/s

~ 99.99 % - réflexion élastique E .y ~1neV
~ 10~ — diffusion inélastique sur Earth's
. Hfleld ~1m
des phonons thermiques UCN o
~ 10-° — absorption T ~1mK
Matériel b, fm Densite, g/cm? V., m/s
D, (liguide) 13 0,15 3,82
D,0 18,8 1,1 5,57
C (graphite) 6,65 2,25 6,11
C (diamant) 6,65 3,52 7,65




Deux problemes majeurs

e Faible flux/densite

u(v)dv

0

pour un spectre maxwellien et 7 =300 K, v, (Cu) =5,67 m/s

e (Pertes anomales)



Comment peut-on augmenter le flux ?

e Utiliser un modeérateur froid
e Profiter du champ: gravitationnel terrestre
e Les ralentir « mecaniguement »

e Utiliser He superfiuide

e Nanoparticules comme moderateur



L'importance du refroidissement des neutrons

50 100 150 200 250 300 350 400 450 500 550 600
Neutron Velocity/10 m/s

Mike Pendlebury University of Sussex
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Production des UCN dans “He superfluide
(Bob Golub & Mike Pundlebury)

Momentum

UCN count

Superfluid Helium

n

phonon

Probléme :
Expériences in situ

1
£

wavelength [A]




Physigue avec des UCN

e « Propriétés » du neutrons

desintégration (duree de vie, asymetries,
desintegration radiative...)

MEDM

e Neutrons comme outil

etats quantiques dans le champ de pesanteur
etats « centrifuges »



Duree de vie du neutron

\V/ \V/
. Modele Standard W 3 ud VUS Vub
J o (49088 4)s g w o Vos Vo
ud| T(l+3A2) _g_V W td Vts th

. Asirophysiqgue

— cycle solaire

— formatiion des étoiles a neutrons
_ nucléosynthese primordiale




e Experiences in-flight (CN) :

— Mesurer la radioactivité du faisceau des neutrons :

e Deux mesures absolus

e Deux mesures relatives, mais :




Durée de vie du neutron (situation genérale)

Lifetime 1[s]

Method

Ref.Year

8T8.5£0.8

Storage of ultra-cold neutrons

A. Serebrov et al. 2005

8863 +3.42

Neutron beam experiment

M.5. Dewey et al. 2003

8B5.4+ 095

Storage of ultra-cold neutrans

5. Arzumanov et al. 2000

8B32+48

Neutron beam experiment

J. Byrne et al. 19585

8B2B+27

Storage of ultra-cold neutrons

W. Mampe et al. 1533

BBEA+3 1214

Storage of ultra-cold neutrons

V. Mesvizhevski et al. 1952

ETE+27 +£14

Neutron beam experiment

R. Kosakowski 1983

8BTE+30

Storage of ultra-cold neutrons

W. Mampe et al. 1989

87T +10

Storage of ultra-cold neutrons

W._Paul et al. 1983

876 +10 £19

Neutron beam experiment

J_Last et al. 1988

851 +59

Neutron beam experiment

P. Spivac et al. 1938

aTZ t8

Storage of ultra-cold neutrans

A. Serebrov et al. 1987

8T +17

Neutron beam experiment

M. Arnold et al. 1987

03 +13

Storage of ultra-cold neutrans

Y. Kosvintsev et al. 1986

875 +95

Storage of ultra-cold neutrons

Y. Kosvintsev et al. 1980

937 +18

Neutron beam experiment

J. Byrne et al. 1980

BB1 8

Neutron beam experiment

L. Bondarenko et al. 1978

918 +14

Neutron beam experiment

C.J. Christensen et al. 1972

8B58+09

world average 1533

H. Abele 2000

neutron lifetime (1), s

L

=

=
l

world average |
885.7+0.8

878.5+0.8
new result

=6.50

620
1985

' |
1990

| ! | ' |
1995 2000 2005
year




Moment electrique dipolaire du
neutron (NEDM) — a la recherche
de la violation de CP

d, =c®=d7

If!___.-""‘-\‘ r/___..-—--—-..,\',\
| Trewrsl (R : . S A4 .
Tﬂ — T La violation de CP n’a été observée que dans
S S \
n | hyd les systemes kaons et de B mesons neutres

electric dipole monment d_
spin S

L’existence de nEDM # 0 implique

Ptransform |

La violationde Petde T
Théoréme CPT == yiolation de CP
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Factor ~10 per 8 years

Cited ~250 times already!

[d, < 6.3x102¢ excm (90% CL); PRL 82, 904 (1999)]

— 108

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

EDM limits: the first 50 years

Electro-

|d, | <3.0x10% ecm

(90% C.L.)
PRL (2006)

AN

__,,/ Standard Model




« Nouveaux » systemes en
mecanique quantique
experimentale

» Etats guantigues dans le champ de
pesanteur

e Etats centrifuges



"Let us consider another possibility, an atom held together by gravity
alone. For example, we might have two neutrons in a bound state.
When we calculate the Bohr radius of such an atom, we find that it
would be 108 light years, and that the atomic binding energy would be

10-° Rydbergs. There is then little hope of ever observing
gravitational effects on systems which are simple enough to
be calculable in quantum mechanics."

Brian Hatfield, in "Feynman Lectures on Gravitation" ;
R.P. Feynman, F.B. Morinigo, W.G. Wagner, Ed. Brian Hatfield

Addison-Wesley Publishing Company, 1995, p. 11



Choix du systeme

Les etats quantiques peuvent apparaitre pour un
neutron ultra froids

- une particule neutre

- d'une longue duree de vie

- d'Une fiaible masse

- d'Une, faible energie (temperature)

dans un puis forme par un miroir
- diffusion elastigue a 99,99%
- absorption 107
- diffusion inélastique 10
- grande barriere de potentiel

et le champ de pesanteur



Exercice de mecanique quantique

E ,pelV |
A V(Z) — ng Z (m})

4, E;=4.1peV

=

3,32 50

2,46 J ‘Lg

1,41

1424 32 z, lm

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 z, corresponding to the mh quanturm state, is proportional to the square of the
neutron wavefunction %(z). The vertical axis z provides the length scale for this
phenomenon. £, is the energy of the nth quantum state.




GRANIT Spectrometer

Global View

Neutron Transport and Trap

"UCH Gude

- J |
Vacuum Chamber N T a—







Gravitation) et la- Mecaniguie Quantigue

- perte de la cohérence

- localisation de la fonction d’‘onde (revivals)

- |ai mécanigue quantique « non commutative »
- masse gravitationnelle vs masse inertielle

Privsicla des elriatl/as

- [imites sur la 5e force (e.g. dimensions supplémentaires,...) ;
Nesvizhevsky, Protasov, Class. Quant. Grav. 21 (2004) 4775

- recherche de I'axion
Baessler, Nesvizhevsky, Protasov, Voronin, Phys. Rev. D75 (2007) 075006

PRVsSIGUE appliguee
- guide de neutrons

- valve parfaite

- étude des surfaces



Sensitivity to extra short-range forces
Nesvizhevsky, Protasov, Class. Quant. Grav. 21 (2004) 4775

J S|
~WTRKOR™

New light boson of mass M

A new interaction between
the neutron and the mirror
with the range of

Seattle

» Modification of the energy spectrum

13 mai 2011



206 2005 Spin-dependent extra short-range forces
PDG 2008
S.BiBler et al, Physical Review D 75(7): 075006(1-4).

h
€ LIMITS ON EXTRA SPIN-DEPENDANT T-VIOLATING FORCE
) . 2 3 Jmass [eV] .
, 5 10° 10° 10 107 10

New light boson (axion) of mass M UGN gravitational levels

A new interaction between

the neutron and the mirror \ Ni etal.
Ultimate

with the range of \
GRANIT\

N

[> Different spectra for spin up and spin down neutrons

13 mai 2011



St Paul est le centre spirituel de I'Angleterre: les B - "

discours du pape y sont lus et les événements les plus " I W="

importants y sont célébrés. La facade occidentale, les 5

clochers et la '
qui rend tout chuchotement audible a

de grandes distances, sont uniques.

[1] J. W. Strutt Baron Ravleigh, The Theory af Sound (Macmillan,

o

London 1878), Vol 2.

2] L. Rayleigh, Philos. Mag. 27, 100 {1914).
[2] L. Rayleigh, Philos. M 27100 (1914




On arrive a confiner une particule
Entre un mure et une barriere centrifuge

Un mouvement quantique

nature
physics

Nature Physics, 6, 114-117 (2010)

LETTERS

PUBLLEHED: OMUME 1 DECEMBER 2009 | C-OL 101032, MPHY FH478

Neutron whispering gallery

Valery V. Nesvizhevsky'*, Alexei Yu. Voronin®, Robert Cubitt' and Konstantin V. Protasov®

The ‘whispering gallery' effect has been known since ancient
times for sound waves in air™?, later in water 2 nd more recently
for & broad renge of electromeznetic waves: radio, optics,
Resntzen and 5o en™, |t consists of wave lacalization near a
curved reflecting surface and is expected for waves of various
natures, for instance, for atoms™® and neutrons®. For matter
waves, it would include a new feature: 2 massive particle would
be settled in gquantum states, with parameters depending on
s mass. Here, we present for the first time the quontum
whispering-gallery effect for cold neutrons. Thiz phenomensn
provides an €xa mple of an exactly solvable prablem analozons
tathe ‘quantum bouncer”; it is complementary to the recently
discovered gravitationally bound quantum states of neutrons™.
These twa phenomena provide a direct demonstretion of
the weak oquivalence principle for a massive particle in a
pure quantum state™ _ Deeply bound whispering-gallery states
are kong-lving and weakly sensitive to surfece potential;
highly excited states are chort-living and very sencitive to
the wall potential shape. Therefore, they are a promising




Les neutrons se mettent dans les etats quasi stationnaires qui se desintegrent
par l'effet tunnel a travers le miroir

«Bi(z/l, = z,) +iAi(z/ ], —z,) <0 h’R
Am —characterlsuc energy [, = R —characterlstlc length
oAl(Z/ ly) zW#O0

s € =
=V./§, — mirror bulk Fermi potential



E>U Q.= \/U{:l [ E << (Critical angle ¢.~0,2°)

<l

=

P >> @

No classical refraction to big angles



Potential  y(p)=a 2» P=X
o0, pP>R
k

NB. We are working| with

2
kR €4 90° >>1 m(r]]‘;R @’ >>1

Born approximation can not be used



Two dimensional scattering amplitude

h
f(k, ¢>—; ﬁi;rfsac) 1) e”

With the scattering matrix

N' (kR)+iJ" (kR)— "< L n(KR)

S, (k)= 5
N' (kR)-iJ " (kR)~ K L n KR

[N, (kR)+iJ, (kR)]

[N (kR) =i, (kR)]

with K =\Jk* +2MU,



And the sum is replaced by the integral
(“Watson transformation™)
h +LRI

_1 ) imp
f(k,¢)—; oy (S, (k)—1) e™dm

—1R

In the, complex m -plane

Sk, Q) ﬂ/%h ¥Res S, (k)e"cHde ik

This is the sum over
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with P=R—z

o® . .
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Only a small fraction of
neutrons could tunnel into
the quantum states; they
populate preferably short-
living high-excited states

Neuiron tunneling into
quantum states







Etude directe d’une équivalence Truncated
entre la gravitation (GRANIT) et ~ilvndrical
'inertie (états « centrifuges ») :




xConclusions

sia phySJqUé '" J(“I\J a r]r)r)orre 2)
ans; /des 7551 ezl UICUEFEMERTINES
Importants P D
e ‘Mise" eriiplace des nouvelles sources des
UCN estsenrtraiie@uvrir une nouvelle
Pageldans Ges etudes

e On aura besoindes belles idees et des
DORS PRAYSICIERNS






Mécanisme de reflexion

V()

I K =2mU - E)/h

“ k=~2mE /h

Analogie avec |'optique — reflexion totale



Méthode de Ramse

Ramsey Method of
Scparated Oscillating Fields

Apply 2 spin
T prasdre,

Second &2 spin
{Tijr prudre,

d, makes precession
faster...

... or slower.

ounts

N
c

MNeutron

24000

22000

20000

12000

16000

14000

12000

10000

Resonant freq.
208 298 30.0

Applied Frequency (Hz)

x = working points




Quatre interactions




Meéethodes d'observation

e Methode intégrale (recherche d'un
parametre avece un compoertement discret)

e Methode differentielle (visualisation de la
fonction d'onde — « pnoeto »)

e Recherche des transitions entre /les
niveaux qguantigues (GRANIT)



Méthode int
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Idee de
I'installation :

Resultat espere
(naivement) :

N . (EjC

)2/3

: Az°" pour Az EIk

‘ Absorber
7~ ™ Neutron

_=_-'__=+3t

| ]
./ detector

Figure 2 Layout of the experiment. The limitation of the vartical velocity component
depends on the relative position of the absorber and mirrar. To limit the horizantal velocity
pomponent we use an additional entry collimator, The relative helght and size of the entry
colllimator can be adjusted.

>



Installation

ADC

Amplifier

COMPUTER

Amplifier DAC

Neutron guide
Anti-vibration table
Polished granite stone
Piezo translators
Vacuum chamber
Mirrors and absorber

Detector

Anti-magnetic shielding
. Input collimator

10. Neutron shutter

11. Inclinometers

OO NG AW~




Premiers resultats (1999)

On voit: |’etat

fiondamental
I

IW
14
o=
L
=
0
e
=

20 30 40
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 quantum-mechanical calculation, in which all level populations and the height
resolution are fitted from the experimental data. The sofid curve is again the full classical
freatment. The dofted line is-a truncated fit in which it Is assumed that only the lowest
quantum state—uwhich leads fo the first step—enists,




Probleme de la resolution

z;? =12.200.8

) =

Z2° =2130R.2 . 0.7, pm

syst

z¥* =13.7um ‘ o
z¥ =24.0um o

‘n
g
o
L
c
S
o)
o

15
Slit size, m

V(z)

»>

N(Az) =ﬁ¥ Ex Expgé%ﬁg

Syst O‘7stat lum ® II eXISte Une

résolution minimale
dgue l'on peut pas
ameéliorer

Cette resolution est
directement: liee au
champ: gravitationnel
lUi=meéme

Elle est due a |'effet
tunnel a travers de la
barriere
gravitationnelle

V[\]




« Photo » de la fonction d'onde

(detecteur a haute resolution spatiale)

e - -
| AR .
o !> o
— N

S — -— =
Picture of developed detector




La premiere photo

Nesvizhevsky et al., J. Phys. C40 (2005) 479

Number of counts

1, .::-:i.- e Fa

detmctor 17 | 70 min of elching. conmcind |
1 1 -

f

-10 ] 10 20 30 40 50
Height in microns above the mirror

warlical position (um)

horizontal pasition {mm)



L.a photo d'aujourd hul

Pour se o
debarrasser de | Résultats
letat: _ /i préliminaires

de 2005

flondamentale
[I'faut modifier
|Egerement notre
installation :




GRAvitational Neutron Induced Transitions

ODjECS

e Obtenir la duree de vie du meutron dans un etat
guantigue de l'ordre d'une seconde

e Observer les transitions resonnantes induites par le
gradient du champ magnétigue
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