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in the Earth’s gravitational field

Valery V. Nesvizhevsky*, Hans G. Borner*, Alexander K. Petukhov,
Hartmut Abele, Stefan BaeSSlert, Frank J. RueBt, Thilo Stoferlet,
Alexander Westphalt, Alexei M. Gagarskit, Guennady A. Petrovi

& Alexander V. Strelkov$

* Institute Lave-Langevin, 6 rue Jules Horowitz, Grenoble F-38042, France

T University of Heidelberg, 12 Philosophenweg, Heidelberg D-69120, Germany
% Petersburg Nuclear Physics Institute, Orlova Roscha, Gatchinag, Leningrad reg.
R-188350, Russia

§ Joint Institute for Nuclear Research, Dubna, Moscow reg. R-141980, Russia

The discrete quantum properties of matter are manifest in a
variety of phenomena. Any particle that is trapped in a sufficiently
deep and wide potential well is settled in quantum bound states.
For example, the existence of quantum states of electrons in an
electromagnetic field is responsible for the structure of atoms',
and quantum states of nucleons in a strong nuclear field give rise
to the structure of atomic nuclei”. In an analogous way, the
gravitational field should lead to the formation of quantum states.
But the gravitational force is extremely weak compared to the
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Gravitational quantum states of neutrons
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Figure 1 Wavefunctions of the quantum states of neutrens in the potential well formed by
the Earth’s gravitational field and the herizontal mirror. The probability of finding neutrons
at height z, correspending te the sth quantum state, is preportional to the square of the
neutron wavefunction ¥2(2). The vertical axis z provides the length scale for this
phenamencn. £, is the energy of the nth quantum state.
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V[ [ § Which quanTum system?
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Neutron avobe mirror in gravity field

(mirror represents nearly infinitely
high and sharp potetial step)

Electrical neutrality  (usually gravitational
interaction of an object with surface is much
weaker than other interactions)

Long life-time (AE ~ i)
Small mass QAV [AX = h) At

Energy (effecti etemperartrL]J e)of UCN is extremely
low; it is not equal to surface temperature (the
temperature of neutrons in the gravitational

guantum states is ~10 -2K)

Zommerfeld approximation, equals :

. 2
Energy of quantum states, in Bohr- | E = (92’@1 ) [E”m n [En _iD
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Vier2cm/s AE =

l ‘ Absorber

' “\I Meutron
f"if“ =R i i _ / detector

I Collimator | Bottom milirors !

-
=+

-
-

~10 cm

Selection and measurement of vertical and horizontal components of neutron velocity:
Maximum vertical velocity is defined by height of scatt erer/absorber above mirror

The range of horizontal neutron velocities is defined by relative position of plates in the
entrance collimator and the slit between mirror and sca tterer
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V /[ & Experimental installation and method
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Detector count rate, 1/s
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A method to increase the spatial variation of neutron density

Height, um

Number of counts
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V[ [ { « Differential » method,
e _position-sensitive detectors” -

A method to increase the spatial variation of neutron density
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V7 /& Transitions between gravitational quantum states
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Remember: flow-through mode; Transitions could be excited, for instance:
modest energy resolution - By periodically varying magnetic field
l ‘ Abgoroer gradient;
;; 2 Neutron
f——;:_:—_—-*;,.;___i_:‘e-3:-3_-'af-:LELz-f-:-f-:-f—i—}&:—i—:—f—f—:+$ g

L | stector By periodically varying local gravitational
Collimator Bottom mirrors field:

) -By oscillating the mirror (periodic

component.  Variation of optical nuclear potential)
tal velocity

~10em

Figure 2 Laycul of the experiment. The limitation of the vertic
tepends on tha relative position of the absarber and mirror, Ta limit
component we use an additional entry collimator, The relative helght an
collimator can be adjusied,

Now: storage mode, long observation
time and high energy resolution

* |
- o® Absorber
1 Probability of o l —
. e e
transition e 6Emin ~10 % eV ' etector
E —E. =l . Colliry
TR AW e
.« mn_ ~1Q -6 + =
~ ® o ~ ~10em
o« ° 2 1 Figure 2 Layocul of the experiment. The limitation of the vertical velocity component
o ° ; oy ; . ; . .
e ° ; tlepends on tha relative position of the absorber and mirror. Ta limit the horizontal velocity
s Perturbation component we use an additional entry collimator. The relative helght and size of the entry
L ., frequency, Hz  colimator can be adjusted.
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V7 /& Storage of UCN in gravufm‘uonal quanTum states
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QUANTUM LEVELS LIFETIMES DUE TO NOISE-LIKE PERTURBATIONS
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V7 /& Transitions between gravu'ra'nonal quam'um states
sane  Quantum trap: 30cm by H

Removable protection cover

12 Edges mirrors Main mirror

Support plate
Adjustment micrometrics s¢rews

Gluing zone

Edge Mirror
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Main Mirror Main Mirror [ (-
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V[ [ { Installation of GRANIT spectrometer
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Installation of GRANIT spectrometer
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Installation of GRANIT spectr‘ometer‘
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Located inthe ILL reactor at level C
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/[ 4 Installation of GRANIT spectrometer
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V[ [ 4 Possible upgr'ade is based on
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Optimum: neutron wavelength xi%approximately equal to the nanoparticle size d

the scattering cross-section is proportional to
6-th power of the nanopatrticle size

L
% @ —,\
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Sforage of very cold neuTrons (VCN) in traps
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#4d Quasi-specular r'eflectlon of cold neutrons from powders
A Rl =

NEUTRONS
FOR SCIENCE

e, V- A ﬁ, oAy
“_—

Grazing angle of the beam - 2 degrees

0,05

0,04

|
——45A
——6-7A

Y, =

0,03

0,02

Differential reflectivity dR/dp

0,01

7\ S,
\ N

£86.1U.1U

0,5
e D2.300

® D3.300
® D4.300
D2
——D3
——D4

92900093395,

0000p0000R00029?
r.fl"‘

Reflectivity

"2 3 4 5 6 7 8 9 10 11 12

GRAZING NEUTRON AT ULTRADIAMONDS0

1
0.8
2
> 06
=
o
<)
& 04
Q
S
v; =10 mfs —
0-2 v =500 m/s z
v, =20 m/s
Dl 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII|
10_1 1 . 10 102 103
thickness [mm]
INSTITUT MAX VON LAUE - PAUL LANGEVIN V.V.Nesvizhevsky



NEUTRONS
FOR SCIENCE

#4d A concept of Virtual neutr‘on soqrce for UCN produc‘non

Diamond nanoparticles plus

SD,
or SCH,
or SCD,
Neutrons from cold Be (BeO)
source
>
He-l|
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1. Prepare initial
state,
ground state
suppressed
New UCN

Source s

GRANIT

on methods-of excitation the transitions

A

Magnetic holding field B

. ) 4. Measure
2 Ind:(r:iidtirgr;r?gm:estilcnfield 3. Filter ground horizontal velocity in
pra dient 9 state position-sensitive
9 l l deteior
1cm
<

Bottom mirror

N;ounis (Monte Carlo)
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V// & Applications
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The phenomenon of gravitational quantum states of neu trons
could be used in various applications, as apriory it prov ides a
very « clean » system with well-defined quantum states.

-Contraints for short-range forces;

-Constrains for axion-like forces;

-Constrains for neutron electric charge;

-Constraints for physics beyong the Standard model,
-Neutron quantum optics;

-UCN reflectometry;

-Quantum revivals;

-Constrains for logarithmic term  in Schrodinger equation;
-Loss of quantum coherence;

-UCN extraction, transport, tight valves;

-Study of thin surface layers etc....
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V7 [ Constrains for short-range forces

FOR SCIENCE e i BT A N, . — g

Limits on extra Yukawa force
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V7 /& Conclusuon (on gr'avufaﬂonal quam'um s1'a1'es)

1. First observation of quantum states of ultracold
neutrons in gravitational field above mirror

2. First direct demonstration (and still the only one!)
of quantum states of matter in gravitational field

3. This phenomenon could be used in fundamental
and applied physics

4. New gravitational spectrometer GRANIT, with all
parameters improved by many orders of magnitude
compared to the first setup, is going to become
operational this year
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Neutron whlsper‘mg galler‘y

namre

physics

Nature Physics, 6, 114-117 (2010)

b
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Neutron whispering gallery

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

The ‘whispering gallery' effect has been known since ancient
times for sound waves in air'Z, later in water and more recently
for a broad range of electromagnetic waves: radio, optics,
Roentgen and 50 on™*. It consists of wave localization 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: a massive particle would
be settled in quantum states, with parameters depending on
its mass. Here, we present for the first time the guantum
whispering-gallery effect for cold neutrons. This phenomenon
provides an €xa mple of an exactly solvable problem analogous
to the ‘guantum bouncer™; it is complementary to the rece ntlyr
discavered gravitationally bound quantum states of neutrons”
These two phenomena provide a direct demonstration uf
the weak equivalence principle for a massive particle in a
pure quantum state’. Deeply bound whispering -zallery states
are long-living and weakly sensitive to surface potential;
highly excited states are short-living and very sensitive to
the wall potential shape. Therefore, they are a promising
tool for studying fundamental neutron-matterinteractions™"5,
quantum neutron optics and surface physics effects'™ %,
Theclassical whispering- gallery phenomenon can be understood

&/MPHYS14

Figure 1| A scheme of the neutron centrif ug al experiment. 1: Classical
trajectories of incomingand outgoing neutrons, 2: cylindrical mirror, 3
meutron detector &4 quanturm motion along the mirror surface. Inset: A
photo of the single-crystal cylimdrical silicon mirror used for the
presented experimernts, with an optical reflection of black stripes for
ilustrative purposes,
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/[ 4 Neutron whispering gallery
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Propagation of sound (or other) wave in loss-free
medium in 3-D space without boundaries

1(Fag)~TAg"

2

Any wave
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/[ { Neutron whlspermg gallery
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[1] J. W. Strutt Baron Rayleigh, The Theory of Sound (Macmillan,
London 1878). Vol. 2.
[2] L. Rayleigh, Philos. Mag. 27, 100 (1914).

Known phenomenon of
“Whispering Gallery ”

Proragation of sound in closed
building (distance r ,g is
measured along surface)

Adnametp 32 m

/\\" ,
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/[ { Neutron whispering gallery
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[1] J. W. Strutt Baron Rayleigh, The Theory of Sound (Macmillan,
London 1878), Vol 2.
[2] L. Rayleigh, Philos. Mag. 27, 100 (1914).

Known phenomenon of
“Whispering Gallery ™.

Proragation of sound in closed
building (distance r ,g IS
measured along surface)

Experiment
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[1] J. W. Strutt Baron Rayleigh, The Theory of Sound (Macmillan,
London 1878). Vol 2

EXPerlment [2] L. Rayleigh, P-hl]::us-.i-:-mg. 27, 100 (1914).

Known phenomenon of
“Whispering Gallery ”

Proragation of sound in closed
building (distance r ,g is
measured along surface)

T

and many other
examples

r;"‘",‘
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Neutron whispering gallery / proposal

PHYSICAL REVIEW A 78, 1 (2008)

Centrifugal quantum states of neutrons

V. V. Nesvizhevsky™ and A. K. Petukhov
Institur Lawe-Fangevin (TLLY, & rue Jules Horowitz, F-38042, Greacble, France

K. V. Protasov
Laberateire de Phosigue Subatomigue ef de Cosmelegie (LPSC), IN2PI-CNRS, UIFG, 53, Avenue des Martyrs, F-38026,
Grenoble, France

AL Yo, Voronin
BN, Lebedev Phvsical Institute, 53 Leninsky prospekr, IT992]1 Moscow, Relssia

(Received 24 June 2008 )

‘We propose a method for obszrvation of the quasistationary states of neatrons localized near a curved mirror
surface, The bounding effective well is formed by the centrifugal potential and the mirror Fermi potential, This
phenomenon is an example of an exactly solvable “quantum bouncer™ problemn that can be studied experimen-
tally. It eould provide a promising tool for studving fundamental meutron-matter interactions. as well as
quantum neutron optics and surface physics effects. We develop a formalism that describes guantitatively the
neutron motion near the mirror surdace, The effects of mimor roughness are taken into account.
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/[ { Neutron whlspermg galler‘y

T T
' icle, slidi I
Massive paricee, Sicing 8/ong Characteristic parameters

settled, under certain
conditions, in quasi-stationarry
quantum states

Such a phenomenon has been
considered (but not yet
observed) for ultracold atoms:

- Mabuchi H. & Kimble H.J. Atom

galleries for whispering atoms — Cold neutrons with a velocity of
binding atoms in stable orbits around ~10% m/s, sliding along

an optical resonator. Opt. Lett. 19, cylindrical mirror with a
749-751 (1994). radius of a few cm

- Vernooy D. M. & Kimble H.J.

Quantum structure and dynamics for
atom galleries. Phys. Rev. A 55, 1239-
1261 (1997).
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Two velocity componenis

If the characteristic size of
guantum states and quasi-
classical distance between
two collisions are much
smaller than the mirror
radius then tangential and
longitudal motions could be

separated Effective centrifugal

acceleration

28.10.10 INSTITUT MAX VON LAUE - PAUL LANGEVIN .
V.V. Nesvizhevsky



/[ { NeuTron whlspermg gallery

FOR SCIENCE —
h? d% 02 ) .
—5, 7% Y + mzz Y =E1 outside the mirror
mdaz
h? d? 2 .. :
~9- 73 Y + (mﬁz -+ Vp) Y = FE 1 inside the mirror
V. ~107"eV
Radial motion of neutrons (axis -
z) close to mirror surface is i—l-_

described using this
Schrodinger equation

Precise solution

(3
FIG. 1. A scheme of the neutron centrifugal experiment. 1, the H
classical trajectories of incoming and outcoming neutrons; 2, the
collimators: 3, the cylindrical mirror; 4, the detector. Cylindrical
coordinates p—g used throughout the paper are shown.
INSTITUT MAX VON LAUE - PAUL LANGEVIN ,
V.V. Nesvizhevsky

28.10.10



S04 Comparison to gravitational quantum states of neutrons
NEUTRONS —— R s S ‘k »
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Gravity / Acceleration

could be changed by
changing neutron
velocity and mirror

o°®
'4
U

v

Neutron above mirror in gravity field

LT NN

2
Energy of quantum states in Bohr- En =3 ( j [E]Tﬂ'z [En — D
Zommerfeld approximation : 8 4
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#44 Comparison to gr'avrl'a‘l'lonal quan‘l'um states of neutrons

NEUTRONS
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lllustration for quantum motion of an object above mi rror in gravitational field and that
in accelerating frame. Positions of the ball correspo nd to its most probable heights in
5th quantum state. The vertical scale corresponds to the neutron mass.
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Methods of observqﬂqn
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V /[ & Methods of observation

Neutrons tunneling /

IN guantum states

A

A small fraction of neutrons
could tunnel into quasi-
stationary quantum states;
they populate mainly
short-living highly-excited
quantum states A

A

v
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V// 4 Results

Neutrons tunneling
IN guantum states

Scattering probability as a function
of neutron wavelength (axis y)
and scattering angle (axis x)

Solid lines define « classical »
shape of the signal; horizontal
line indicates estimation of the
neutron wavelength resulting
from the uncertainty principle
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V7 /& Results

NEUTRONS ——— T D G e S
FOR SCIENCE LA Rt S

Neutrons tunneliuhg
OUT of quantum states

Neutrons populate quantum
states states through edges
of a truccated cylinder and
tunnel out through the
triangular potential barrier

Wavelength
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V /[ & Methods of observation

Neutrons entering

1, from edge of
‘ truncated cylindrical
D17 instrument at the ILL mirror
1) Tangential neutron velocity is defined by time-of-fli ght method;

2) Scattering angle (radial velocity) is measured in a position-sensitive neutron
detector.
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¥/ / | Results

NEUTRONS - : =
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.k

Neutrons
entering
from mirror % =
edge

=
n
:

Experiment
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Y/ / Results
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FOR SCIENCE S e
LIMITS ON EXTRA YUKAWA FORCE
mass [eV]
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V// & Conclusion (on centrifugal quantum states)
FOR SCENCE BSLSNE S S ,‘ﬁ;}y":hbr e =

1. First observation of quasi-stationary quantum
states of cold neutrons in vicinity of curved mirror
surface: neutron whispering gallery

2. First direct demonstration of the weak equivalence
for an object in a quantum state.

3. Long lifetimes of neutrons in the quantum states
allow us to use this phenomenon for precision
studies of surface potentials and probably for
constraining fundamental short-range potentials
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