& Gravitational and centrifugal quantum states
sxae  of neutrons.and-anti-hydrogen ‘atoms- -

1. Gravitational and centrifugal quantum states of matter
and anti-matter: verification of the weak equivalence
principle for an object in a quantum state

2. Recent first measurement of the cenftrifugal quantum
states of neutrons: the neutron whispering gallery
efiect

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

Co-authors of all results included in this talk are indicated on respective
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#44 Comparison of gravuta‘rlonal and cen‘rr'lfugal quantum states
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states of neutrons in the
Height above gravitational and centrifugal
mirror A potentials », Phys.-Uspekhi 53
- (2010) 645.
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lllustration for the quantum motion of an object above a mirror in a gravitational field
and that in an accelerating frame. Positions of the ball correspond to the most
probable heights of a neutron, or an anti-hydrogen atom, in the 5th quantum state.
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S84 Comparison of neu'rr'on and anflhydr‘ogen quanfum states
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Mattor | Anti-matter

-

Gravitational /\

properties of matter

have never been 9. ) .
directly measured!! : : 4

GBAR, AEGIS

projects...

lllustration for the quantum motion of a matter object and an anti-matter object above
a mirror in a gravitational field.
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#4¥ Neutron: The European Center for Neutron Research,
Gua:  Grenoble. The largest worldwide"fesearch reactor
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#8¥ Anti-hydrogen: The European Organization for Nuclear
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J8f Gravitational quantum s'ra‘res of ul‘rr'acold neutrons
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Quantum states of neutrons
in the Earth’s gravitational field

Valery V. Nesvizhevsky*, Hans G. Borner*, Alexander K. Petukhov*,
Hartmut Abelet, Stefan BaeBler, Frank J. RueBt, Thilo StiferleT,
Alexander Westphalt, Alexei M. Gagarskii, Guennady A. Petrovi

& Alexander V. Strelkov$

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

T University of Heidelberg, 12 Philosophenweg, Heidelberg D-69120, Germa
% Petersburg Nuclear Physics Institute, Orlova Roscha, Gatchina, Leningrad
R-188350, Russia o
S Joint Institute for Nuclear Research, Dubna, Moscow reg. R-141980, Russii

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

NATURE |[VOL 415|17 JANUARY 2002 |www.nature.com

20

74 © 2002 Macmillan Magazines Ltd
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2, E,=2.5peV
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n
n

Bottom mirror

Figure 1 Wavefunctions of the quantum states of neutrens in the potential well formed by
the Earth’s gravitational field and the herizental mirrer. The probability of finding neutrons
at height z corresponding to the sth quantum state, is proportional to the square of the
neutron wavefunction ¥2(z). The vertical axis z provides the length scale for this
phenomencn. £, is the energy of the nth quantum state.
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V[ [ { Choosing a quantum system

-

- > > e
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1) Electrical neutrality (usually gravitational interaction
of an object with a surface is much weaker than
other interactions)

"’ 2) Long life-time AE = _h_
3 ‘( h ) AT
3) Smallmass | Av-Ax = —

4) Energy (effective temperglt re) of UCN, or an atom,
is extremely low; it is not equal to the surface
temperature (the effective temperature of a particle
in gravitational quantum states is ~103K)

A particle avobe a mirror in the gravity field: An ultracold neutron (V.I. Luschikov,
A.l. Frank « Quantum effects occuring when ultracold neutrons are stored on a plane », JETP Lett. 28 (1978) 759)
and ... an anti-hydrogen atom (A.Yu. Voronin, p. Froelich, V.V. N. « Gravitational quantum

states of antihydrogen », Phys. Rev. A 83 (2011) 032903) (a mirror represents a nearly infinitely-high
and sharp potetial step)

eoo0o?® S,
“nﬂo‘o’d‘o’o’o'o.o.... coee, -
esvn13ss

I<

Energy of quantum states, in the Bohr- 3 9-m 15 B 18 AR l
ALy E =3 Th-g-|n-
Zommerfeld approximation, equals : & Q 4
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V[ /& Choosing a quantum system

’ 1) A neutron is reflected from the effective
nuclear-optical potential of matter due to

averaging of its interaction with a huge
number of nuclei in matter

eoco0oce?®
0000000009¢96%6%%.%," o T
*ee93%%%%

2) An anti-matter (matter) atom is reflected
from the van der Waals/ Casimir-Polder
A(n) (anti)-particle avobe a mirror in the  (vdW/CP) potential appearing due to

gravity field polarization of the anti-hydrogen atom and
the surface atoms

I<
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48 The experlmen'l'al msfallahon and the method used in the
= =

S - first neutron-experiment ™ - =
V.V. N., H.G. Borner, A.K. Petukhov, H. Abele, S. Baessler, F.J. Ruess, Th. Stoferle, A. Westphal, A.M. Gagarski, G.A.
Petrov, A.V. Strelkov « Quantum states of neutrons in the Earth’s gravitational field », Nature 415 (2002) 297; V.V. N., H.G.
Boerner, A.M. Gagarski, A.K. Petukhov, G.A. Petrov, H. Abele, S. Baessler, G. Divcovic, F.J. Ruess, Th. Stoeferle, A.
Westphal, A.V. Strelkov, K.V. Protasov, A.Yu. Voronin, « Measurement of quantum states of neutrons in the Earth’s
gravitational field », Phys. Rev. D 67 (2003) 102002.

h
Vier=2 cm/s I AE =~ —
AT
Vhorlz 4_15 m/s
I Absorber
e e '_\ Neutron
SRl A i A W

-
-

4

~10 cm

Selection and measurement of the vertical and horizontal velocity components:

The maximum vertical velocity is defined by the scatterer/absorber height above
the mirror

The range of horizontal velocities is defined by the relative position of plates in
the entrance collimator and the slit between the mirror and the scatterer
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#8d The experimental installation and the method
bR Model of tunneling through-a gravitational barrier

V.V. N., A.K. Petukhov, H.G. Boerner, T.A. Baranova, A.M. Gagarski, G.A. Petrov, K.V. Protasov, A.Yu. Voronin, S. Baessler,
H. Abele, A. Westphal, L. Lucovac, « Study of the neutron quantum states in the gravity field », Europ. Phys. J. C 40 (2005)
479; A. Yu. Voronin, H. Abele, S. Baessler, V.V. Nesvizhevsky, A.K. Petukhov, K.V. Protasov, A. Westphal, « Quantum

motion of a neutron in a waveguide in the gravitational field », Phys. Rev. D 73 (2006) 044029.

E>>1 L (&)=w, D) w =~E —-FE)h
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D) = Expl==-&71, P,(§) = Exp(-T,(§)7)
( ( ( ERRY
_ Exol et 0 x| 3[BT
F (Az,VhO,,)—Z P, Exp| —a v C, -Exp 3 ( - )
\ \ \ vy,
1,£ <0
D(&) = - 4 |
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P.(&) = Exp(~T,(£)- Vi>
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'.ll « Infegr'al » me-rhod soff specfr'um

V.V. N., A.K. Petukhov, H.G. Boerner, T.A. Baranova, A.M. Gagarski, G.A. Petrov, K.V. Protasov, A.Yu. Voronin, S. Baessler,
H. Abele, A. Westphal, L. Lucovac, « Study of the neutron quantum states in the gravity field », Europ. Phys. J. C 40 (2005)
479.
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s  « Differential » method,
FOR SOENCE -pos ition-sens

A method to increase the spatial variation of the density probability

Number of counts
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#8d  « Differential » method,
e _position-sensitive ¢

A method to increase the spatial variation of the densitv probability
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V[ /4 Transitions between gravitational quantum states
RR S s TSRS "A‘:i"fhm = =

Remember: flow-through mode; Transitions could be excited, for instance:
modest energy resolution - By periodically varying magnetic field gradient;
Absorber PSRN . R . i
I 2 ; /) R -By periodically varying local gravitational field;
— S e e et
S k¥ \__/ detector -By oscillating mechanically the mirror
I Collimator Bottom mirrors l

* - L V.V.N.,, K.V. Pro_tas_ov, « 'Quantum states of neutrqns {'n
the Earth’s gravitational field : state of the art, applications,

: S R _ perspectives », Ed. Book on Trends in Quantum Gravity

depends on the relative position of the absorber and mirror. To limit { tal velocity Research (NOVA science pu blishers, New York, 2006).

component we use an additional entry collimator. The relative height an
collimator can be adjusted. Now: storage mode, Iong observation
time and high energy resolution

Figure 2 Layout of the experiment. The limitation of the vertic

A - :: Absorber
Probability of s T
1$1 ® 9 - s ) - SISy o+
transition OE. . =10"%ey  _—— o P L Hetector
® 0 min
E E h S Collin S
. — . = . W o g
L vt OE_. L———
et (U ‘ 10 ’
. [} -~ 23 cm
v, =256Hz . g _FE | » |
° 2 1 Figure 2 Layout of the experiment. The limitation of the vertical velocity component
. . : depends on the relative position of the absorber and mirror. To limit the horizontal velocity
. % Pertu rbatlon component we use an additional entry collimator. The relative helght and size of the entry
R .o o ‘e frequency, Hz  collimator can be adjusted.
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V// Transitions between gravitational quantum states
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\ T T Neutron Transport and Trap
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4@ Installation of GRANIT spectrometer
bR .+ .at the level€C at"ILL W= .

.
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Ll on methods-of excitation the transitions
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y// & Applications
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The phenomenon of gravitational quantum states of neutrons
could be used in various applications, as apriory it provides a
very « clean » system with well-defined quantum states.

-Contraints for short-range forces;

-Constrains for axion-like forces;

-Constrains for neutron electric charge;

-Neutron quantum optics;

-UCN reflectometry;

-Quantum revivals;

-Constrains for a logarithmic term in the Schrodinger equation;

-Loss of quantum coherence;
-UCN extraction, transport, tight valves;
-Study of thin surface layers;
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V7 /4 Constrains for' shor"r -range for'ces
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I. Antoniadis, S. Baessler, M. Buchner, V.V. Fedorov, S. Hoedl, V.V. N., G. Pignol, K.V.
Protasov, S. Reynaud, Yu. Sobolev, « Short-range fundamental forces », Compt. Rendu

Acad. Sci (2011) accepted. m, eV
10° 10* 10° 10° 10’ 10° 10™ 10°

— 30 | | | | | | | | |
g " 1 10°
S - 8 ]
© 1 7 ]
(®)] 25 | - ]
49 10 1N _ 10-13
5 i i
GN) 1 : ~
-(__U 1020 """""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" N -18 o.?
= ; 110 £
e ] g
et 10" Ao N S : g
S ] 410 @

4 E [
Z - 5 S
c 7 0
) 1010 B 1. 6 ©
T 1 3 ] 10 :q:)
c i N i =
O i \\ ]
R T 1 R e LA 2\\ 101 .,
& i =10
9 i i
= ] i

10° T T T T T T
10™ 10™" 10 107 10° 107 10° 10"

interaction length &, m

INSTITUT MAX VON LAUE - PAUL LANGEVIN )
20 V.V. Nesvizhevsky



V7 /4 Constrains for' shor"r -range for'ces

NEUTRONS - :
FOR SCIENCE BRSLANE = Sy - e
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Numerous follow-up projects and technical developments
to study gravitational quantfum”states"of -neutrons

T. Sanuki, S. Komamiya, S. Kawasaki, S. Sonoda, « Proposal for measuring the
quantum states of neutrons in the gravitational field with a CCD-based pixel sensor »,
NIM A 600 (2009) 657.

J. Jakubek, Ph. Schmidt-Wellenburg, P. Geltenbort, M. Platkevic, Ch. Plonka-Spehr, J.
Solc, T. Soldner, « A coated pixel device TimPix with micron spatial resolution for UCN
detection », NIM A 600 (2009) 651.

J. Jakubek, M. Platkevic, Ph. Schmidt-Wellenburg, P. Geltenbort, Ch. Plonka-Spehr, M.

Daum, « Position-sensitive spectroscopy of ultra-cold neutrons with Timepix pixel
detector », NIM A 607 (2009) 45.

H. Abele, T. Jenke, D. Stadler, P. Geltenbort, « QuBounce: the dynamics of ultracold
neutrons falling in the gravity potential of the Earth », Nucl. Phys. A 827 (2009) 593.

T. Jenke, T. Stadler, H. Abele, P. Geltenbort, « Q-Bounce-experiments with quantum
bouncing ultracold neutrons », NIM A 611 (2009) 318.

S. Kawasaki, G. Ichikawa, M. Hino, Y. Kamiya, M. Kitaguchi, S. Komamiya, T. Sanuki,
S. Sonoda, « Development of a pixel detector for ultracold neutrons », NIM A 615

(2010) 42.

T. Jenke, P. Geltenbort, H. Lemmel, H. Abele, « Realization of a gravity-resonance-
spectroscopy technique », Nature Phys. 7 (2011) 468.
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#4804 Feasibility of analogous experlmen‘rs with anti-hydrogen
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A.Yu. Voronin, P. Froelich, V.V. N. « Gravitational quantum
states of antihydrogen », Phys. Rev. A 83 (2011) 032903

Similarities:

1. The anti-hydrogen mass is about equal to the neutron mass
2. Modifications, due to vdW/CP potential, of the anti-hydrogen
quantum states energies and wave-functions are negigible

3. Lifetimes of anti-hydrogen in quantum states are of the order
of 0.1 s that is even longer than the time of UCN passage
through the setup used for the first neutron experiment

4. Projected anti-hydrogen velocities are even smaller than
typical UCN velocities.

5. Projected anti-hydrogen phase-space densities are even
larger than the highest UCN densities available.

6. But: effects of parasitic electromagnetic fields to anti-
hydrogen atoms are much larger than those to neutrons!
Should not be overlooked, but looks very promissing.
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V[ [ 4 Conclusion (on gravn‘raﬂonal quantum sTaTes)
RSN S e A v,

1. First observation of quantum siates of UCN in the
gravitational vield above a mirror; #irst
demonsiraiion (and siill the only onel) of guantum
states of matier in a gravitational field

2. Applications in fundamental and suriace physics

3. New gravitational spectrometer GRANIT, with all

parameters improved by many orders oF magnitude
compared o the first seiup, is going to become
operational this year

4, Such an experiment is feasible with anti-hydrogen

8. The GRANIT specirometer could be used for one-to-
one prototyping of an experiment measuring
quantum states af anﬂ=hydr@gen atoms

NSTITUT MAX VON V.V. Nesvizhevsky




#4d Comparison of cenTrlfugal and gravuTahonal quanTum states
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Gravity / Acceleration

A particle above a mirror in
the gravity field

N\

Effective acceleration \
could be varied by
varying the particle
velocity and the mirror

eceo0°®
0000000009¢°¢%¢%¢%¢%e" o o ®ece,o,
oo
*ee33%%° N

I<

The energy of quantum states in the E =3 (———-) g (ﬂ'h acre: (n - —))
Bohr-Zommerfeld approximation : 8
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V.V. N., A.K. Petukhov, K.V. Protasoy,
A.Yu. Voronin, «Centrifugal quantum
states of neutrons », Phys. Rev. A 78
(2008) 033616;

R. Cubitt, V.V. N., A.K. Petukhov, A.Yu.
Voronin, G. Pignol, K.V. Protasov, «
Methods of observation of the centrifugal

quantum states of neutrons », NIM A 611
(2009) 322;

V.V. N., A.Yu. Voronin, R. Cubitt, K.V.
Protasov, « Neutron whispering gallery »,
Nature Physi. 6 (2010) 114;

V.V. N., R. Cubitt, K.V. Protasov, A.Yu.
Vooronin, « The whispering gallery effect
in neutron scattering », New J. Phys. 6
(2010) 113050.
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/[ [ { Neutron whispering gallery
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Nature Physics, 6, 114-117 (2010)
Neutron whispering gallery

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

LETTERS

The ‘whispering gallery' effect has been known since ancient (T~
times for sound waves in air'?, later in water and more recently o
for a broad range of electromagnetic waves: radio, optics,
Roentgen and so0 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 quantum
whispering-gallery effect for cold neutrons. This phenomenon
provides an example of an exactly solvable problem analogous
to the ‘gquantum bouncer'?; it is complementary to the rece ntly
discovered gravitationally bound quantum states of neutrons'
These two phenomena provide a direct demonstration of
the weak equivalence principle for a massive particle in a
pure guantum state'>. Deeply bound whispering-gallery states
are long-living and weakly sensitive to surface potential; Figure 1| A scheme of the neutron centrifugal experiment. 1: Classical
highly excited states are short-living and very sensitive to  trajectories of incomingand outgoing neutrons, 2: eylindrical mirror, 3:
the wall potential shape. Therefore, they are a promising neutron detector, 4: quantum motion along the mirror surface. Inset: A
tool for studying fundamental neutron-matterinteractions™*,  photo of the single-crystal eylindrical silicon mirror used for the
quantum neutron optics and surface physics effects™ ¢, presented experiments, with an optical reflection of black stripes for
The classmal vdnspenng galler}f phen OTENON ¢an be understood illustrative purposes.

M~ 1
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V7 /& Neutron whispering gallery

Massive particle, sliding along a

curved mirror surface is @h@f@@i@ﬂ@ﬁ@ pafam@ﬁ@l’g
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 —
binding atoms in stable orbits around
an optical resonator. Opt. Lett. 19,
749-751 (1994).

- Vernooy D. M. & Kimble H.J.
Quantum structure and dynamics for
atom galleries. Phys. Rev. A 55,
1239-1261 (1997).

Cold neutrons with a velocity of
~10° m/s, sliding along a
cylindrical mirror with a
radius of a few cm
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TwWo « indep@nd@ni » velocity componentis

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

Effective centrifugal

acceleration
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V7 & Me‘rhods of observahon

NEUTRONS =g : P >
FOR SCIENCE — e > ,,_/_;g,, = X
1/3
2 4
h”Mv zy— A 3/2
O " exp|-4(z, - 4,)
no_ 2 p 3 0 (7 . . . .
2R Z, Life-times of quasi-stationary
U3 U3 states due to tunneling change
2 2 4 . .
AZE h*av* v h”Mv rapidly as a function of the
Z, = —
0 F 2
2 Rz R neutron energy
60 | 60 _“
U, ® 4 U, (neV) -
(neV)
30 7 30 ]
15 | 15 |
T Y > |
-200 -100 0 100 200 -200 -100
T li
unneling N
20 September 2011 INSTITUT MAX VON LAUE - PAUL LANGEVIN

V.V. Nesvizhevsky



ey

Methods of obserya_'riqn 7

=X

i %

NEUTRONS
FOR SCIENCE
Life-times of quasi-stationary
states due to tunneling change
rapidly as a function of the

mpm——— neutron energy

—-— n=2

—— time of flight

0.1 E \
) N\
N
0.01 b
= N
. \
O \ BN
0001 "\ N
00007 - R Se
000001 ~ -
12l0C' ' 1 SIC'C ' 1 4'(2*3 ' 1 bIIJ(J ' 1 BIO(J l 1 /IOO
V(m/s)
V.V. Nesvizhevsky

INSTITUT MAX VON LAUE - PAUL LANGEVIN

20 September 2011



y /[ & Methods of observation

FOR SCIENCE —

LT A

D17 instrument at the ILL

Nguﬁr@ng gntering 1) The tangential neutron velocity is defined by

the time-of-flight method;

fr@m @dg@ @f a 2) The scattering angle (the radial velocity) is
imﬂ@aﬁgd @y“ﬂdﬂ@al measured in a position-sensitive neutron

detector.
mirror
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V[ [ { Theoretical for'mallsm Regge poles

‘ >SN
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V/ /& Resul'rs NEUTRON RAINBOW

NEUTRONS s
FOR SCIENCE L S e S a

| Neutrons
tunneling OUT of
| quanitum states

Neutrons populate quantum states states through
the entrance edge of a truccated cylinder and
tunnel out through the triangular potential barrier
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V/ /& Resulfs NEUTRON RA;[NBOW

NEUTRONS S 53-¢1~, ;
FOR SCIENCE et -l «‘:’*5-,1 el

7.0 | g

6.5 |

Neuirons
entering irom
the mirror edge

0.0 0.2 0.4

Theory

o - | The interference pattern is very sensitive to surface
o I . VR potential shapes even for small angular size of
the mirrors; 3.95 degrees in this case
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V/ /& Results: NEUTRON RAINBOW

NEUTRONS
FOR SCIENCE )
Th@@fy 85 : A Neutrons populate
. | quantum states
; states through the
entrance edge of a
h truccated cylinder
and are counted
behind the exit
edge
Neuirons
entering
irom the
mirror edge
Ex%rﬁm@nt .t 3.2 30.4 3 3 31
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Interaction strength, o (normalized to gravity)
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Interaction strength, g

Constrain for

fundamental short-
range forces from
the neutron
whispering gallery
experiment
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V[ [ 4 Conclusuon (on cem‘r'lfugal quantum s‘raTes)
FOR SO SE e VA S v,

1. First @bservati@n oF quasi-staiionary quantum
staies of cold neutrons in vicinity of curved mirror
suriace: neuiron whispering gallery

2, Firsi direci demonsiration of the weak equivalence
for an object in a quantum state.

3. Long lifetimes of neuwons in the quanitum states
allow us to use this phenomenon for precision
studies of suriace potentials and probably for
consiraining rundamenial shori-range potentials

4, Such an experlment is feasible with anti-hydrogen

5. The GRANIT spectrometer could be used for one-to-
one pr@totyplng @f an experiment measuring
guantum m of antl=hydr@gen atoms
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Y/ / Conclusion
NEUTRONS S e e S

1. The firsi observation ofF quasi-siationary quantum
staies of cold neuirons in vicinity of a curved mirror
suriace: neuiron whispering gallery

2. The firsi direct demonsiration of the Weak
equivalence of the General Relativity for an object
in @ quantum state.

3. Long livetimes oF neutrons in the quantum siates
allow us io use ithis phenomenon for precision

studies of suriace poientials and for consiraining
ifundamental shori-range poteniials
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