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Neutron whispering ggller‘y could be
considered as a particular case of:

Gravitational Quantum
Im'e('fer'ome'rr'y/SBec'r['oscopy
with Ultracold Particles

W82 = Gravitational quantum states of neutrons

Gravitational quantum states of antihydrogen atoms

HL_R Ultracold: gravitational quantum states: 10 nK, ultracold
(anti)hydrogen: 100 pK, ultracold neutrons: ImK

Gravitational quantum states of hydrogen atoms
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V- / Gravitational quantum spectroscopy/ interferometry
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A textbook on quantum
mechanics based on one
phenomenon: quantum
bouncing of ultracold
particles

SURPRISING QUANTUM BOUNCES

of eye-catching problems, highly intuitive =nd rigorous

s
iption, set of problems, and suggestions far individual research.
arity addressed to greduate and postgraduate students
Workshobos e
rediscaver the mysterious and wonderful world of quantum physics.
Y The cover imoge. hand-drawn by Anno Nesvijewskaia, shows o bouncy ball, which S U R PR' Sl N G
would move for cansiderably longer in the grovitationol field of the Forth than a
+ r‘ O C e e l n S heavy object falling from the height of Pisa's keaning tower, If studying the effects
of gravity, the bouncy bail thus promises a longer observation time and greater e
\precision. This bowncing concept is the foundution of the book: repioce the balf oyt

with an elementary porticle and you have quantum beuncing, perfect for precise
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/[ Whispering gallery

1. The phenomenon: quantum states of
massive particles (neutrons, atoms,
antiatoms), which move in the
vicinity of a curved mirror. This is
an analogue to gravitational
quantum  states  (acceleration
replaces gravity, and inertial mass
plays the role of gravitational
mass).

2. The method of observation: an interference pattern (the
intensity) is measured as a function of the particle longitudinal
velocity (using the time-of-flight method) and the tangential
velocity (the angle of exit measured using a position-sensitive
detector).
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V' /i A mirror for neutrons and (anti)atoms
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- Non-local interaction of an ultracold massive particle with
matter due to very large wavelength (much larger than a
typical interatomic distance in matter);

- A mirror can be described as a uniform (along the surface)
potential barrier, with no internal structure, thus specular
reflection;

- An ultracold particle (in case of gravity, 10 nK ) is
reflected from the mirror elastically.
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Vi A mirror for neufr'ons and (anti)atoms
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- Ul’rr'acold heutrons are reflected
from average neutron-nuclei
optical potential of the surface
[E. Fermi, Sul moto dei neutroni nelle
sostanze idrogenate, Ric. Sci. 7: 13, 1936 ];

- (Anti)atoms are reflected from

+0 van der Waals/Casimir-Polder
ol potential of the surface [JE.
| Lennard-Jones, A.F. Devgwshire, Proc. R.
: |
o Soc. 156: 6, 1936]. J
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All measurements with neutrons related to the topic of this talk are
performed at the Institut Max von Laue - Paul Langevin (ILL),
Grenoble, France, and use various ILL facilities (GRANIT, PF1B,
PF2, D17 etc).
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Figure 2 | Asketch of the effective potential in:
The potential slope at z £0 is governed by the c
shown inside the bounding triangle potential at t
bounding triangle potential.

equal to the mirror optical potential Ug.
wo lowest quantum states (n=1.2) are
itrate tunnelling of neutrons through the
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V/ /4 Neutron Whlsper'mg Gallery
Neutrons "
downstream .
the mirror exit

First observation in 2010
(experiment versus theory)
wbi’rh a Si concave mirror

oo

e

30.0 . 305 :N:.(p[deg] 30.0 305 10 gldeg]
AN ) (7

Experifient Theory
Figure 4 | Long-living centrifugal quantum states. a. The scattering probabhility as a function of neutron wavelength A (A; vertical axis) and deviation angle
@ (“: horizontal axis). Neutrons enter through the entrance edge of the mimror. The geometrical angular size of the mirror is 30.5%. Theinclined solid lines
show the signal shape for the classical Garland trajectories. The dashed horizontal line illustrates acharacteristic wavelength cutoff i-. b, Theoretical
simulation of the datain accordance with refs 9-11. Some of the difference between these two pictures is probably due to the thin oxide layer on the
mirror surface.
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Experiment Theory

Neutrons tunneling
through the mirror
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Methodical improvements:

To be continued with a closed trap...

No Si-oxide layer on the surface (as in the experiment with Si
mirror), thus better defined surface potential and smaller
systematics;

Lower impurities on the surface, thus smaller systematics;
Suppression of parasitic transitions between whispering-
gallery states;

Optimization of the neutron beam shaping and resolutions,
thus higher statistics and smaller systematics;

Better control of false effects;

Higher critical velocity of the mirror material, thus the
access to shorter distances also higher statistics.
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jag Neutron Whispering Galler'y wn'rh a MgF2 mirror
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[I. Antoniadis, S. Baessler, M. Buchner, V.V. Fedorov, S. Hoedl, V.V. N., 6. Pignol, K.V.
Protasov, S. Reynaud, Yu. Sobolev, Short-range fundamental forces, Compt. Rend. Phys. 12:
775, 2011], updated by [C.C. Haddock, N. Oi, K. Hirota, T. Ino, M. Kitaguchi, S. Matsumoro,
K. Mishima, T. Shima, H.M. Shimizu, W.M. Snow, T. Yoshioko, A search for deviations from
the inverse square law of gravity at nm range using a pulsed neutron beam, ArXiv:nucl-
ex/1712.02984], [Y. Kamiya, K. Ttagaki, M. Tani, G.N. Kim, and S. Komamiya, Constraints on
new gravitylike forces in the nanometer range, ArXiv:hep-ex/1504.02181]
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j@g  --ond extension of the method to (anti)atoms
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- Time-of-flight spectroscopy of antihydrogen longitudinal
velocities is provided by precise timing of antihydrogen release
from the GBAR precision trap and detection;

- Tangential velocities are measured using GBAR

annihilation detector;

- The whispering-gallery method does

of the initial vertical spectrum and
corresponding to a single quantum state;

- Thus, to realize;

- Thus, (due to measurements of several
gravitational quantum states simultaneously)
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Gravitational quantum states of anti-hydrogen atoms as a tool
for direct measurements of
(GBAR). Advantages: precision spectroscopic methods,
long observation time, localization in space and energy -> smaller
systematic effects and lower costs

Characteristic
¢ - quantum time equals
2 Av~h/AE~0.5ms

2 Characteristic
precision equals
Fig. 1 A scheme of principle of the proposed shaping device: an H
] n Ag / gN AT / T / 1 ON 1 0-4, atom is rclcas;d from the Paul trap 1':‘5;?:;'(:{ .S';;(JI} and it bounces a few

times on the mirror surface of the bottom disk (arrows): if it scatters on

L] L] . 3 I S - - .
h T ls Th .|.| f the rough top surface, it annihilates (lightnings); otherwise, it escapes
W er‘e e me O from the aperture between the two disks, and it falls to the detection
plate where it annihilates (lightning on the detection plate). R is the

STO r'age O f anT iaTo ms radius of the bottom and fop disks. r is the radius of central openings in

the disks, h is the distance between the fop surface of the botfom disk
i n r.av i 1-01- i O nal STGT es and the bottom surface of the top disk, H is the distance between the top
9 of the detection plate and the fop of the boftom disk. L is the horizontal
S Tt e oottt SRR 0 distance between the initial spot and the detection point
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- For specially potentials
(liquid *He, 3He, as extreme cases), storage times of gravitational
quantum states can be significantly increased (seconds);

- Careful analysis of and better statistics
can allow further significant improvements of accuracy

Characteristic
¢ - quantum time equals
2 Av~h/AE~0.5ms

R il \
. . H \
S Precision can probably ) I |
A approach (?) %
Fig. 1 A scheme of principle of the proposed shaping device: an H
Ag/ 9~AT/ T/ 1 O3~ / ellczn is rulcas;d from the Paul trap uLw;':mF .ﬁ',r;n{} and it bounces a few

l Fa times on the mirror surface of the bottom disk (arrows); if it scatters on

Wherie T is The Time Of the rough top surface, it annihilates (/ighfnings): otherwise, it escapes

from the aperture between the two disks, and it falls to the detection

plate where it annihilates (lightning on the detection plate). R is the

STO r‘age Of anT l GTO ms radius of the bottom and top disks, r is the radius of central openings in

3 . 5 the disks, h is the distance between the fop surface of the bottom disk
I n ravi -'-a-l- 10 nal 51-01-25 and the bottom surface of the top disk, H is the distance between the top
9 of the detection plate and the fop of the bottom disk. L is the horizontal
INSTITUT MAX VON LAUE - PAUL LANGEV] distance between the initial spot and the detection point
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Gravitational quantum states of hydrogen atoms as

- a tool for the GBAR experiment with antihydrogen
atoms (the prototyping is based on symmetry of matter and
antimatter relative to electromagnetic interactions);

- as an independent method for

even better than with neutrons (due to
higher statistical accuracy);

- for more precise of hydrogen atoms by cooling
them to the extreme tfemperature of ~10 nK (quantum
gravitational states) simultaneously keeping statistics quite high
(larger velocities are allowed in other-than-gravity directions).

(An) experimental configuration(s) as well as the collaboration are
going to be set up
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V- / i For completeness: various other realizations
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Gravitational quantum states of as a tool to
measure gravitational fall of positronium [P. Crivelli et al, Can we

observe the gravitational quantum states of positronium? Advances
in High Energy Physics (2015)].

Advantages: (compared to free fall) localization in space
allows reduction of systematic effects, reasonable statistics can be
easily achieved

Difficulties: positronium has to be exited to a high quantum
state, short observation times caused by high positronium velocities

No particular project, simply general feasibility has been
established
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Y/ / For completeness: varlous other realizations
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Other options being discussed bu’r not yet developed and
formalized:
realizations of quantum bouncing

Not yet any particular = \ ‘
project on precision Wi
measurements: N -

Advantages: existing: \L{E
method and setup. = W

Difficulties: a "“dirty” e
system with poorly \.

resolved quantum S f’
states e
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The method of neutron whispering gallery with a curved mirror
allows competitive constraints for fundamental short-range
forces;

The method of neutron whispering gallery with a curved mirror
can be extended to atoms and antiatoms, thus providing probably
even better constraints for fundamental short-range forces;

A method analogous to neutron whispering gallery with a flat
mirror can be applied to antihydrogen atoms, thus providing
simultaneously easy implementation, higher statistics and smaller
systematics in measurement of a gravitational acceleration of
antimatter (10-4-10-%);

Exiting perspectives for analogous experiments with hydrogen.

04.09.18 INSTITUT MAX VON LAUE - PAUL LANGEVIN V.V. Nesvizhevs ky



