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This talk is totally based on our recent publication

V.V. Nesvizhevsky, J.A. Pioquinto, K. Schreiner, S. Baepler, P. Crivelli, F. Nez,
S. Reynaud, P. Yzombard, S.A. Vasiliev, and E. Widmann, Gravitational and
other shifts of whispering-gallery and gravitational state interference
patterns of light neutral particles, New Journal of Physics, accepted, 2026.

GR[\SI/\N [\

Gravitational, optical and hyperfine spectroscopy and interferometry with
the lightest neutral particles/atoms (neutrons, atoms, antiatoms,
positronium, muonium) at lowest kinetic energies

Spectroscopy of gravitational quantum states of ultracold neutrons

AMADEUS grant

20.05.26 INSTITUT MAX VON LAUE - PAUL LANGEVIN V.V, Nesvizhevsky



/(4
NEUTRONS S D N
FOR SCIENCE = . -

More details are given in several articles (fo be submitted soon) as well as in
the talks and posters at PSAS-2026:

J.A. Pioquinto, et al, Search for a new spin-dependent short-range
interaction at the nanometer scale using whispering gallery states of
neutrons (to be submitted)

- K. Schreiner, et al, Observation of a magnetic shift in neutron
whispering-gallery states (to be submitted)

- C. Killian, et al, GRASIAN: First observation of quantum reflection of
atomic hydrogen from a silicon mirror on the journey toward the first
demonstration of gravitational quantum states of atoms, PSAS-2026, Talk,
Session 10

- 5. Vasiliev, et al, Cold sources of atomic hydrogen and its isotopes, PSAS-
2026, Poster Session 2

- K. Schreiner, et al, Design and construction of a whispering gallery
spectrometer for cold atomic hydrogen, PSAS-2026, Poster Session 1

- E. Bera, et al, A Zeeman decelerator, for enhancing the creation of
GQSs, PSAS-2026, Poster Session 2

20.05.26 INSTITUT MAX VON LAUE - PAUL LANGEVIN V.V, Nesvizhevsky
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NEUTRONS States (6QS) of light.neutral.particles.,
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Short history of this long investigation:
- The idea of a "quantum bouncer” [G. Breit, Phys. Rev. 32 (1928) 273]

- Several unsuccessful attempts to observe this phenomenon

- Observation of gravitational quantum states (6QS) of neutrons [V.
Nesvizhevsky et al, Nature 297 (2002) 415]

- Observation of whispering gallery states of neutrons (WGS) [V.
Nesvizhevsky et al, Nature Phys. 6 (2010) 114]

- Realization of resonant transitions between GQS of neutrons [T. Jenke
et al, Nature Phys. 7 (2011) 468]

- Observation of WGES of electrons [G6. Reecht et al, Phys. Rev. Lett. 110
(2013) 056802]

- GRASIAN collaboration: Towards observation of GQS and WGS of atoms
[C. Killian et al, Europ. Phys. J. D 78 (2024) 132]

20.05.26 INSTITUT MAX VON LAUE - PAUL LANGEVIN V.V, NeSViZheVSky
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Typical parameters:
6QS: mass 1 at.un. (neutrons, (anti)hydrogen). energy ~0.6 peV, height
~5.9 uym, effective temperature ~10 nK, formation time ~1.1 ms

2
WGS: g > a = % (v - velocity, R - mirror radius), thus, a possibility to "tune”
parameters by "tuning” v and R

: %‘p % e

20.05.26 INSTITUT MAX VON LAUE - PAUL LANGEVIN V.V, Nesvizhevsky
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- Experimental methods for producing and measuring WGS and GQS are well
developed. In particular, several collaborations are (were, will be) measuring
6QS of neutrons using different methods: gBounce, Tokyo, GRANIT,
ALSUN etc. GRASIAN is measuring GQS of atoms. GBAR considers
measuring GQS of antiatoms.

- The accuracy of theoretical description of such states can be high. The
“theoretical uncertainties” are mainly of the "experimental” origin; they are
related to the accuracy to which we know parameters of concrete systems.

- 6QS of Neutrons. Limitations: observation times ~10-2-10-3 s are not
much shorter then the formation tfime ~10-3 s. So, precision spectroscopy
is hard. Advantages: “easy” experiments. GQS of Atoms and Antiatoms.
Limitations: The magnetic moment is a factor of thousand larger than the
neutron maghetic moment, therefore the control of electromagnetic false
effects is harder. Advantages: Atoms promise much higher statistics and
observation times. Antiatoms are an efficient method to measure precisely
gravitational properties of antimatter (if ultracold).

20.05.26 INSTITUT MAX VON LAUE - PAUL LANGEVIN V.V. Nesvizhevs ky
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For all experiments with GQS and WGS of all particles,
there are certain conditions and constraints, in particular:

- The surface reflects neutrons, atoms, antiatoms, positronium,
muonium, etc, elastically due to the condition l,>>1A (a typical
size of the quantum state is much larger than an interatomic
distance). It means that the thermal motions of individual

nuclei/atoms in the surface are effectively averaged out, and

- specularly, provided the surface is well-polished and
homogeneous (on the spatial scale of the order of |;) - a condition “easier” to
satisfy for GQS and more difficult for WGS.

- A characteristic range of raising the potential should be <<l (the condition
of sharpness of the reflecting potential). Otherwise, the raising part of

potential modifies GQS/WES, and this modification has to be known precisely.

20.05.26 INSTITUT MAX VON LAUE - PAUL LANGEVIN V.V, NeSViZheVSky
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In [V.V. Nesvizhevsky, J.A. Pioquinto, K. Schreiner, S. Baepler, P. Crivelli, F. Nez,
S. Reynaud, P. Yzombard, S.A. Vasiliev, and E. Widmann, Gravitational and other
shifts of whispering-gallery and gravitational state

interference patterns of light neutral particles,
New Journal of Physics, accepted, 2026],

we develop a new method of measuring small
shifts of WGS and GQS interference patterns,
in [K. Schreiner, et al, Observation of a
magnetic shift in neutron whispering-gallery

states (to be submitted)] we performed its test,

and in [J.A. Pioquinto, et al, Search for a new
spin-dependent short-range interaction at the %
nanometer scale using whispering gallery states |

of neutrons (to be submitted)] we improved
constraints on extra interactions.

The experimental test: to add an additional force first in the direction of the
mirror surface, then in the direction away from the surface; measure the
interference pattern in both cases and compare them.

20.05.26 INSTITUT MAX VON LAUE - PAUL LANGEVIN V.V, NeSViZheVSky



V/ /& The general approach (applied to WGS and 6QS of neutrons, hydrogen,

NEUTRONS antihydrogen, positronium, muonium_and other. light.neutral particles)
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Let's start from known parameters of neutron (hydrogen, antihydrogen) GQS :

acos =g ~ 9.8 m/s? | acceleration
‘ .;/h'*’ .mindLH) g2 . s
By = V ——=~60-107%¢v characteristic state energy
| ) o, H)
I = ,I,[.,f’;f_'j,) — ~59. 10°%m | characteristic state size
‘ : h - .
_(nHH) iy 103 & g . . .
cas = Pl ~ L0 characteristic state formation time

To resolve neutron GQS, The observation time should be, say:

(n,H H) S HH)  (nHH)Y 14 4 | !
teos ' = Ocos” Taos | ~11-107%s  or, for a typical mirror length of
( ¥ . . . . . (n, H )
Ligs™ ~03m  the maximum neutron velocity is limited fo | oum _ Léos o o
T tags

Thus, for neutrons, we are limited to ultracold neutrons (UCN) and, even
then, the accuracy is strongly limited by their available velocity

20.05.26 INSTITUT MAX VON LAUE - PAUL LANGEVIN V.V, NeSViZheVSky
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NEUTRONS antihydrogen, positronium, muonium_and other. light.neutral particles)
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Still, we could measure interference of neutron GQS with the existing

neutron beams, neutron optics and detectors el g

60.0
De L Dy -

e

Y
A
\ 4

Absorber 55

55.0
@’\,‘ = 52.5

- 400

Chopper Mirror

Dror 200

D(.t( ctor

15.0
100

FIG. 3. A simulation of the interference pattern generated by propagating VCN through a mirror- 42.5
absorber /scatterer system of length /,\:,: 30 em. The height of the absorber/scatterer is set 10.0 0

"CN . - - —140 120 100 80 '
to AH(‘(SS\ = 40 pm and the absorber/scatterer is assumed to be very efficient. After exiting ma——

Position ()

the mirror, neutrons enter a free fall region of length ]_)(‘ (()s\ = 7 m. The velocities presented in

the simulation correspond to the peak in the VCN spectrum at the PF2/VCN instrument. Note S|mUIa1’|on’ The exper'lmen"'
that a much richer interference pattern can be produced if a position-sensitive detector with better sCheduled in Sepfemberi 2026

resolution is available or slower neutrons are used.

Comparable in precision to the existing neutron GQS experiments and
projects but it's much easier to realize !

20.05.26 INSTITUT MAX VON LAUE - PAUL LANGEVIN V.V, NeSViZheVSky



V/ /& The general approach (applied to WGS and 6QS of neutrons, hydrogen,

NEUTRONS antihydrogen, positronium, muonium and other.light neutral particles)
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6QS of hydrogen atoms ? - nearly the same experimental scheme

Simulation of H GQS Interference Pattern
AH =40 pm, L =30 cm, D =5 m

D¢ L Dp 240
— > - 240~
Absorber 2500
220 ‘
|
|
200 -2000
&
= 180
C hop yer Mirtor X = 1500 ¢
E 160
Dror @,
= = 140 1000
I)(t(,(tm
120
-500
FIG. 8. A simulation of the interference pattern generated by H propagating through a mirror- 100
absorber /scatterer system of the same type as proposed for the VCN GQS measurement. The 30 0
—20 —10 0 i
length of the system is L% '0s = 30 ecm and the absorber/scatterer height is AHE s = 40 pm. H Poxition (it

enters a free fall region of length 1)(—105 = 5 m after leaving the mirror. Note that, just as it was in S d I 1_.

the case of proposed experiments with VCN, a much richer interference pattern can be observed if

the detector resolution is higher, the distance is larger or/and the velocity is lower.
o o / .

This would be the first demonstration of GQS of atoms. Ongoing
experiment, see the talk by Carina Killian.

20.05.26 INSTITUT MAX VON LAUE - PAUL LANGEVIN V.V, NeSViZheVSky
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NEUTRONS antihydrogen, positronium, muonium_and other.light.neutral particles)
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The characteristic values of acceleration, energy, size and time can be
“tuned” by choosing particle mass, velocity as well as mirror radius and
inclination (see formulas in slide 10)

We will consider particular applications of this approach

A motivation to use neutron WGS : ”-m.‘MH F-{?i*;»fri;”H T#—"Ji”ﬂ until you reach the
critical energy (neutron-nuclei optical potential, Fermi potential)

]
Ui o 1 , i .
wos — iue D E—— h 2-h o 1> - TWGS "LJH'('.I."S -~ Fihm
WGs 2 WS I _
Was TWaGs ™ WGs ™ -

TWas 2. adwns * H('.“}

.2

a slight modification for atoms, antiatoms, positronium, muonium: we will define
effective critical energy as follows: (r,,(£,.))" ~05 ,in the low energy limit
you need to calculate only the effective scattering length. It's sufficient for
planning experiments. For the precision analysis, you have to do more

sophisticated calculations.

What follows from these very simple arguments?

20.05.26 INSTITUT MAX VON LAUE - PAUL LANGEVIN V.V. Nesvizhevs ky
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What follows from these very simple arguments?

Very detailed interference patterns measured at
standard ILL instruments (D17, PF1B, etc)

K. Schreiner PhD, first measurement of a magnetic
shift of neutron WGS, the proof of principle for
measuring small shifts of ~10-6-10->,

MgF2 Long Lived States
Spin Up + Spin Down Simulation

J. Pioguinto PhD, more than an order of
magnitude improvement of constraints on
extra fundamental interactions

18

—~ 16

ms

PSD: Position 2

~

=
B~

12

major improvements are possible !

PSD: Position 1

Time of Arrival

Long-Lived Magn&

Short-Lived
WG Modes

WG Modes
8
Collimators Spin Flipper Polarizer Chopp

Incident Beam

( 39.5 40.0 39.5 40.0

_ Scattering Angle (°) Scattering Angle (°)
el INSTITUT MAX VON LAUE - PAUL LANGEVIN
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V/ /& The general approach (applied to WGS and 6QS of neutrons, hydrogen,
NEUTRONS antihydrogen, positronium, muonium. and othec:light.neutral particles)
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The characteristic values of acceleration, energy, size and time can be
“tuned” by choosing particle mass, velocity and mirror radius

UCN - | s
A motivation to decrease the acceleration value: lGogreducea ~ 7.2 - 107" m

UCN LUCN UON - 3. 2
""l.'..r'f_,:].'f." ol 1 I L c duced ™ Ggprronesy i) v 10”] S ,'r.lr."t:ﬂ.J'iu:t:uI J. l H] ”1’,- o

[N F
'3{ greduced ™ J —~UCN
cduced ~ " GQSreduced AO ~ 0.52 ad
: GQSred AO ~ 0.52 mrad

()
Such an experiment can be built and
installed at the PF2/UCN facility at the

A ILL, or at another UCN facility. It's a

long-term project requiring significant

efforts; therefore, it might be realized
in steps. However, it promises

Rt exceptionally high sensitivity |

']H " Very conservative estimations of its sensitivity:

L

Absorber

A
Y

e

Mirror x Detector

- A factor of >10 improvement for neutron
electric charge ¢, ~ 1072 e.
- 104G sensitivity for the gravitational constant

INSTITUT MAX VON LAUE - PAUL LANGEVIN .
V.V. Nesvizhevsky
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NEUTRONS antihydrogen, positronium, muonium_ and other.light.neutral particles)
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Optimum conditions to measure WGS of hydrogen atoms.

The main difference between atoms and neutrons is much a lower

effective potential

Therefore, we select

- The lightest atom (hydrogen), thus the most efficient quantum

reflection (QR);

- Mirror materials with high effective potential (silica);

Motivations: unprecedented sensitivity and
accuracy of QR measurements; constraints
on extra fundamental interactions, etc

FHYSICAL REVIEW A 87, 012901 (2013)

Quantum reflection of antihydrogen from the Casimir potential above matter slabs

G. Dufour,! A. Gérardin,! R. Guérout,' A. Lambrecht, V. V. Nesvizhevsky.” 5. Reynaud,’ and A. Yu. Voronin®
' Laboratoire Kasiler-Brossel, CNRS, ENS, UPMC, Campus Jussiew, F-73252 Paris, France
Institut Lawe-Langevin (ILL), & Rue Jules Horowitz, F-38042, Grenobie, France
1P N. Lebedev Physical Instituie, 53 Leninsky Prospect, Ru- 117924 Moscow, Russia
(Received 26 September 201 2; published 2 January 2003)

INSTITUT MAX VON LAUE - PAUL LANGEVIN
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FIG. 2. (Color onling) Quantum reflection probability |r|* as a

function of the free-fall height & for 7 atoms on bulk mirrors; from
bottom te top, perfect mirror (blue), silicon (green), and silica (red).
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The general approach (applied to WGS and 6QS of neutrons, hydrogen,
antihydrogen, positronium, muonium. and othec:light.neutral particles)

Chopper

Optimum conditions to measure WGS of hydrogen atoms. g7 12.10" ey

Many quasi-classical bounces and quantum states  Sifos ~ 10 ivas ~3+ N

ﬁ...H. e E.h‘ .
2 3 B _ f'was CRS e . 11t <
Thus, a short time of formation of WGS  7ias = cos— pr—— ~ 20107
. 3 3 H ‘ /—(I’.I( ) T C 1 ‘2 _{} au . 1
and a huge gravitational shift e~ (”3) oy oye W oF -~ L1

To use the same experimental setup as that for H GQS :

I
L WGs

QH
bwas " Twas

RE .o~ i "{I‘i"’y ~1.6-102m
WwWas S
and Tl

FIG 7 A schematic of the H WGS experiment. A collimated heam of H enters the svstem

e 13 5 0P mf'rt.'

TH _~
Then "o

through a chopper, placed a distance De away from the entrance of the mirror, which enables the

1-—»

Y

measurement of the velocity of H atoms by the time of flight (ToF) method. The beam then enters

the mirror absorber/scatterer system. Lower energy WGS can pass through the initial section

where an absorber/scatterer of length L4 is placed a height AH above the mirror, while higher

Mirror
Dror

X WGS are rejected. The lower WGS then propagate along the surface and interfere with each other

until reaching the end of the mirror, which has a total length L. The exiting beam enters a free

Y

y fall region where a time and position sensitive detection system is placed a distance Dy from the

Detector

exit of the mirror. The position of the H atom on the detector is denoted as X.

INSTITUT MAX VON LAUE - PAUL LANGEVIN
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To discuss the feasibility
and experimental details,
please, see the Poster
presented by K. Schreiner

Depending on the spatial
resolution of the detector
and the time resolution of
the chopper, we can
choose the slit size
between the mirror and
the absorber/scatterer,
and thus the complexity of
the interference pattern.

20.05.26

INSTITUT MAX VON LAUE - PAUL LANGEVIN

The general approach (applied to WGS and 6QS of neutrons, hydrogen,
antihydrogen, positronium, muonium and other.light neutral particles)

Simulation of H WG Interference Pattern
L =30cm, R=160m, D =5m

AH =30 nm » AH =60 ym

150
500
110
100
= 130 "
: 300,
z120 =
> 110 200
100 100

o) -

Position (mm)

Position (mm)

FIG. 6. Simulations of the expected interference pattern for the cylindrical mirror with a ra-

dius Rl[l['(,\s‘ = 160 m and a length L{{‘(‘.‘S = 30 cm. Two sccnarios arc shown, cach with
an absorber/scatterer of length (l,,q){{CS = 3 cm placed at a height AHwags = 30 pm and

AHwygs = 60 pm above the beginning of the mirror. An incident plane wave is assumed to enter
the gallery with no incidence angle and is propagated through the gallery by solving the Schrédinger
equation. The wave packet at the exit of the gallery is then propagated through a free fall region
of length l)((-('-_g = 5 m. This image does not consider the velocity distribution of the H beam. nor
the resolution effects of the detection system. The gravitational acceleration points downwards,
and the origin corresponds to the edge at the exit of the gallery.

V.V. Nesvizhevsky
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NEUTRONS antihydrogen, positronium, muonium_and other.light.neutral particles)
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Acceptable conditions to measure WGS of antihydrogen atoms.

You have just seen a scheme of an "easy” experiment with WGS of
hydrogen atoms and a huge gravitational shift. What is the maximum
velocity of hydrogen and antihydrogen which still allows to measure a
gravitational shift?

: i
A ver'y |(]r'ge mirror Liwygs ~1m

Riray = 10* m

A very large mirror radius

To increase the effective critical energy we limit the number of quasi-
classical bounces fics~5 and select flcs~3+2

For these parameters of the quantum states:

E,’f,,, ~2.0-107Y eV; ('II[{'_(_~;S ~ 5.4 -10° m/s*; \7'1{!(;5 ~ 7.4-10° m/s
And the gravitational shiftis - j5.10 *
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V/ /& The general approach (applied to WGS and 6QS of neutrons, hydrogen,
NEUTRONS antihydrogen, positronium, muonium and other.light.neutral particles)

FOR SCIENCE

Acceptable conditions to measure WGS of antihydrogen atoms.

In contrast to measurements with hydrogen, here we measure the point of
annihilation of antihydrogen atom in the mirror; even for the extreme case
of largest antihydrogen velocities (simulation on the right) requirements
for the spatial resolution of the detector could be easily met

Simulation of H Interference Pattern
M

AH =7 pm, L =100 cm, R =10 km
B X
Absorber >
AH ? 105

7} /
| Mirror

e 7

F160000

140000

120000

100000

80000

Velocity (m/s)

FIG. 9. A schematic of the H WGS experiment. A collimated monochromatic beam of H enters the
: ‘ : : s : ) : 60000
mirror absorber/scatterer system. Like with the H WGS set-up before, an absorber/scatterer of

length L 4 is placed a height AH above the mirror and filters out higher energy WGS. The surviving 10¢ 10000
WGS propagate along the surface and interfere over the mirror of length L. The H atoms which are 20000
not reflected by the Casimir-Polder interaction will reach the surface and annihilate. The position 0
= = . . . . _ . 40 60 80 100
Z of this annihilation event is taken as the signal and is experimentally determined by recording Bagiban Hen)
i i C \ /

the trajectories of the annihilation products. The predicted annihilation rate can be taken as the

probability current of the H wave function at the mirror surface,
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V/ /& The general approach (applied to WGS and 6QS of neutrons, hydrogen,

NEUTRONS antihydrogen, positronium, muonium_and other.light.neutral particles)
FOR SCIENCE o t v

Muonium ?

A limitation - its short lifetime = ~22-107s

Fh u

2 / ~ 39 . 10F 3 o e . ° =~y = N u £
But Il Low velocity 'wes ~22-10"m/s ‘qnd sufficient monochromaticity sv** 510" m/s

_Mu n,H,H .
Moreover, due to a smaller mass ™ ~ U2 a largely improved
efficiency of QR and a significantly larger critical energy

We can perform our standard optimization "AHZ6 un, L —lbmn, Redfm
pr'locedur'.e and get , 5 2 S e, 60000
}?;1‘1{:_1_,5 ~ 4.8 m ﬂ{:-lg;]g 6 50000
- ' z ; 10000
WGS measurements are feasible :. )
5 B 30000
3 E
Gravitational shift is challenging :- 2184 20000
1 10000
o 2.16 1
A detection scheme (B
6 8 10 2 5 10 15
1-0 be developed Poaltion. {mm) Position (mm)
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V/ /& The general approach (applied to WGS and 6QS of neutrons, hydrogen,

NEUTRONS antihydrogen, positronium, muonium_and other.light.neutral particles)
FOR SCIENCE oS £

Positronium ?

R =5
’."I s,n=33 . ]” ¥ g

Lifetimes of highly excited states are sufficiently long

VP~ 510" m/s

Available velocities are close to acceptable

Due to the much smaller mass, the QR is very efficient

Ps,n=33 - i Y d _ ~55.10°
L ~0.50m Pwgs Ps,;n=33 ;

For “wos a gravitational shift is aiis™ and

Rypes 2 ~14-10°m

A scheme is the same as for antihydrogen

s wee . ] L
Promising! A "fine tuning” of parameters «—1——/
is still needed Kl
AH
-
T 7
I Mirror
- — 7
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Conclusion

We developed a simple method of optimizing experiments that rely on
various shifts of interference patterns formed by whispering-gallery
and gravitational quantum states of various particles and atoms;

We propose parameters which allow the observation of whispering
gallery states of muonium and positronium;

Proposed neutron interferometers can be used to improve constraints
on neutron electric charge and measure the gravitational constant;
The proposed atomic WGS experiments promise unprecedented
sensitivity and accuracy in studies of quantum reflection;
Measurement of a gravitational shift are possible with antihydrogen
atoms of up to ~10* m/s;

Measurements of a gravitational shift might be possible with available
positronium sources, however, an optimization of such an experiment is
still fo be done;

A major further progress is possible in constraining extra fundamental
interactions in various realizations discussed in this talk (in particular
with neutrons and hydrogen)
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