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A proposed search for spin-velocity-
dependent interactions using 
neutron whispering gallery states
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Hypothetical interaction searches with neutrons
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Beyond SM physics predicts new bosons. There may be exotic interactions between 
fermions. (16 types are categorized with single-boson exchange spin-0 or 1)

L. Cong, et al., Rev. Mod. Phys. 97, 025005 (2025).

We consider n-N interactions to exploit the high intensity neutron source at J-PARC!

Neutrons have no net charge and a small electric polarizability.

→ Neutrons can be used as probes in the <µm range without EM backgrounds.

The order of the nm range can be studied using nm-scale structures.

→ Nano-particles (coherent neutron scattering)

→ Near-surface quantum states

can be created using centrifugal force and the surface of a material.

→ Neutron whispering gallery



What is neutron whispering gallery?
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Photo by Femtoquake, CC BY-SA 3.0 
https://commons.wikimedia.org/wiki/File:St_Paul%27s_Cathedral_Whispering_Gallery.jpg

O. Wright 2012 Phys. World 25 (02) 31.

have since been found throughout physics – they can
surf on the nucleus of an atom, light up a glass bead or
even skim on a star.

This phenomenon is not only a curiosity, but in many
cases it is also a useful tool. These special waves can be
used, for example, to detect imperfections in curved
surfaces, allowing engineers to diagnose a cracked
pipeline or researchers to detect molecules of poten-
tially explosive hydrogen on the surface of a tiny crystal
ball. More than a century since the publication in 1910
of Rayleigh’s theory of whispering-gallery waves, they
have never been more important.

Waves that “creep”
On Rayleigh’s visit to St Paul’s he discovered some fur-
ther interesting evidence. As well as being able to hear
whispers much farther from their speaker than one
would expect, he found that if they are uttered facing
one direction along the wall, they will return to the
speaker from behind – as if some invisible clone were
standing behind that person. Rayleigh surmised that
sound waves produced close to the gallery wall travel
while clinging to the wall – that they “creep around the
gallery”, as he phrased it. The sound waves can be ima-
gined to bounce around the walls, making a path that
looks like a polygon sitting inside the circular gallery.
With the sound clinging to the walls, its intensity should
decay only with the inverse of the distance – rather than

the inverse square, as is normally the case when sound
travels through free space – thus accounting for the
travelling whispers being able to go all the way round a
gallery without weakening too much.

Enter Horace Lamb, an applied mathematician from
the University of Adelaide, Australia, who in 1882 pub-
lished a theory of the vibrational waves in a solid elas-
tic sphere – an inside-out whispering gallery. Lamb’s
theory was based on the mathematics of wave propa-
gation rather than just a theory of rays as Rayleigh had
proposed. Not to be outdone, Rayleigh followed with
wave theories for St Paul’s in 1910 and 1914. Fitting
sound waves inside a confined space, whether in a
cathedral or a ball, brings resonance into play. Wave
interference dictates that only certain pitches, or fre-
quencies, of sound can exist. Just like the strings of a
guitar or the energies of electron waves around an atom
in quantum mechanics, the pitch is “quantized”, and
the sound forms patterns called modes (figure 1).
Rayleigh’s theory of how a resonant set of standing
waves is produced when a sound source is placed in a
cavity surrounded by cylindrical walls was confirmed
in 1921 when C V Raman and G A Sutherland mapped
these patterns at St Paul’s. Modern-day enthusiasts can
follow in their footsteps by going there and doing
experiments for themselves (see box on p35).

Revealing hidden defects
Over the years it became apparent that the creeping of
sound waves along a curved surface is not limited to the
whispering gallery at St Paul’s, or to similar construc-
tions such as the Temple of Heaven’s whispering wall in
Beijing or the whispering gallery at the Gol Gumbaz
mausoleum in Bijapur, India. Whispering-gallery waves
can occur in a variety of situations, and once that was
known, they started to be put to good use. Your life
might even depend on it.

In 1993 the US Air Force grounded 45 Lockheed 
C-141 aircraft after a routine visual inspection found
cracks in the 1500 quarter-inch holes, known as “weep
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! St Paul’s Cathedral and other monuments with curved walls enable whispers to
travel further than we might expect

! This is not caused by a focusing effect, as is widely assumed, but instead by a
special form of wave first described by Lord Rayleigh in about 1878

! These “whispering-gallery waves” have since been created and theorized in
systems as diverse as light in tiny silica doughnuts and sound in neutron stars

! Applications include finding cracks in engineered materials using ultrasound and
detecting nanoparticles and molecules using light

At a Glance: Whispering-gallery waves

These maps show snapshots of differently pitched sounds resonating around an enclosed cylinder of air of the same diameter as the whispering
gallery at St Paul’s Cathedral. A mesmerizing elliptical-motion minuet is performed by the moving air particles, their displacement shown by the
distorted grid lines (black). Red and blue represent higher and lower air pressures, respectively, at (a) 55 Hz and (b) 72 Hz. The letter m is the
number of waves around the circle, and the letter n is the number of nodes in the radial direction inside the circle (excluding the centre).

1 Visualizing whispering-gallery waves

m = 15, n = 0
55 Hz

m = 15, n = 1

72 Hz

a b
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In the whispering gallery of St. Paul's Cathedral, you 
can hear a whisper from the opposite side.

Lord Rayleigh discovered that the phenomenon was 
due to standing waves (whispering gallery mode).

A neutron whispering gallery can be created 
using a cold neutron beam and a concave mirror.
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H. Rauch, Nature Phys. 6 (2010) 79.

Neutron whispering gallery experiment
V. V. Nesvizhevsky, et al., Nature Phys. 6 (2010) 114-117.
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news & views

Quantum mechanics provides many 
instances of physical phenomena 
that stand in stark contrast to 

conventional human understanding, but 
which nonetheless have analogues in our 
classical world. !is could be due to the fact 
that we are more familiar in our everyday 
lives with the behaviour of particles than 
we are of waves. Whispering galleries — 
elliptically shaped galleries such as those 
in St Paul’s Cathedral in London and the 
Temple of Heaven in Beijing in which a 
whisper uttered at one end can be clearly 
heard at the other — have been known 
since ancient times. But the mechanism 
by which they work wasn’t explained in 
detail until 1914 (ref. 1). More recently 
this e"ect has also been observed for many 
kinds of electromagnetic waves and used in 
photonic devices2. Now in Nature Physics, 
Nesvizhevsky and colleagues3 report that 
a similar e"ect can be realized not just for 
classical waves such as sound or light but 
also for the quantum waves of a beam of 
neutrons incident on a curved surface. 
!e demonstration makes an important 
contribution to the development of neutron 
quantum optics.

To a neutron, a surface causes a potential 
step that is represented by a change in 
optical refractive index. !e strength of 
this potential is much smaller than that 
experienced by light, and is typically of 
the order of 10–7 eV, depending on atomic 
density and coherent scattering length of 
the material. But it is strong enough to 
allow neutron beams to be guided from a 
neutron source, such as a spallation source 
based on a particle accelerator or nuclear 
reactor, to an experimental stage by a 
sequence of glancing-angle re#ections from 
a curved polished surface4.

When the radius of such a surface 
is increased and the resulting neutron 
re#ections occur at an angle su$ciently 
steep to allow substantial overlap between 
the wavefunctions of the incident and 
re#ected beams, it can cause the two 
beams to interfere. !is and the sum of the 
step potential and the velocity dependent 
‘centrifugal’ potential produces a curved 

potential with a triangular cross-section 
and a velocity-dependent width. Some 
of the neutrons in the incident beam 
travelling at a near tangential trajectory 
to the surface can become trapped in this 
potential in discrete quantum modes near 
to the surface (≈100 nm), which guide 
the neutrons without them coming into 
direct contact with the walls, just as in 
a whispering gallery (see Fig. 1). !is 
evanescent wave e"ect has many features 
in common with the quantum motion of 
a particle in the Earth’s gravitational &eld 
above a mirror (the so-called quantum 
bouncer5,6), with atoms on a chip7 and 
with the behaviour of neutrons in a 
con&ned geometry8.

To demonstrate this, Nesvizhevsky 
and co-workers use a highly polished 
cylindrical silicon mirror with a radius 
of 2.5 cm. Neutrons with wavelengths 
of 2–30 Å were used and analysed 
behind the whispering-gallery mirror 
as a function of the neutron wavelength 
and the beam de#ection angle by a 
time-of-#ight technique and a position-
sensitive detector. !e expected quantum 
structure was observed with a wavelength 
cuto" where no quantum state is 
bound in the potential as well as with 
interferences of the quantum states at 
longer wavelengths.

Neutrons are particularly suited to such 
experiments because they experience only 

QUANTUM OPTICS

Neutrons in a whispering gallery
Quantum theory states that all objects possesses both particle and wave properties. An observation of the 
‘whispering gallery’ modes of a curved surface shows that neutrons are no exception.

Helmut Rauch

Silicon mirror 100 nm

Angle

Neutrons Wavelength

Figure 1 | Schematic illustration of the neutron whispering gallery demonstrated by Nesvizhevsky et al.3. 
The insert shows the triangularly shaped potential above the material and the lowest quantum states 
within such a potential. Image courtesy of Alain Filhol, Institut Laue-Langevin.
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The hypothetical interactions between neutrons 
and the mirror can be studied.
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‣ slower neutrons 
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Discovery of neutron whispering gallery
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V. V. Nesvizhevsky, et al., Nature Phys. 6 (2010) 114-117.
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Figure 3 | Short-living centrifugal quantum states. a, The scattering probability as a function of neutron wavelength � (Å;vertical axis) and deviation
angle ' (�;horizontal axis). Neutrons enter from the mirror bulk on tangential trajectories. The geometrical exit angle is 3.8�. The inclined solid lines show
the signal shape for the classical Garland trajectories. The dashed horizontal line illustrates a characteristic wavelength cutoff �c estimated from the
uncertainty principle. b, The deviation probability as a function of the neutron wavelength within the ‘V’ shape (projection of the data in a to the vertical
axis): the circles indicate the data points with their standard deviations and the dotted line presents the theoretical expectation.
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Figure 4 | Long-living centrifugal quantum states. a, The scattering probability as a function of neutron wavelength � (Å;vertical axis) and deviation angle
' (�;horizontal axis). Neutrons enter through the entrance edge of the mirror. The geometrical angular size of the mirror is 30.5�. The inclined solid lines
show the signal shape for the classical Garland trajectories. The dashed horizontal line illustrates a characteristic wavelength cutoff �c. b, Theoretical
simulation of the data in 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.

Combined measurement of the gravitationally bound and
centrifugal quantum states of neutrons is a direct demonstration
of the weak equivalence principle for a massive body in a pure
quantum state12; the accuracy is limited by the gravitational
experiment23 to 10�1. Although the independence of a free fall
on mass does not hold in the quantum limit, quantum states
of a massive body in a locally uniform gravitational field and

those in a system moving with equal acceleration are equivalent.
Both problems, the centrifugal and gravitational ones, provide an
excellent experimental laboratory for studying neutron quantum
optics phenomena, quantum revivals and localization16–18. Evident
advantages of using cold neutrons and centrifugal states include
the much higher statistics attainable, broad accessibility of cold
neutron beams as well as a crucial reduction of many false
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Our experiment at J-PARC 

• 40 times neutron intensity 
• Highly polished SiO2 mirror

Faster neutrons

Fewer states

The interference fringe 
wavelength of the two lowest 
states is defined by .

Therefore, we can measure the 
energy difference.

(E2 − E1)t/ℏ

The quantitative results were not 
achieved due to the surface 
oxidation of the Si surface.



 L = 16 m
Wall

Cd Collimator 
 2 mm (X) × 50 mm (Y )

Filter 
  mirrorm = 5

Cd Collimator 
 0.1 mm (X) × 10 mm (Y )
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On a   and  -stage.X ϕ

Reflection 
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Direct 
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 ϕ0 = 16∘

 L = 17.33 m
 L = 18.03 m

RPMT 
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Experiment at J-PARC MLF BL05

6

BL05 Low div. branch 
MLF cycle: 25 Hz 
Horizontal div. 
σH=0.090 mrad.

Concave mirror 
(Crystal optics) 
15×25×40, R=25, φ0=16° 
Roughness RMS=0.58 nm 
(0.08×0.08 mm2)

RPMT detector 
ZnS(Ag)/6LiF

σ=0.1 mm with time resolution 
detection radius  < 25 mm

L: Distance from source

Phys. Rev. D 111,  082008 (2025).
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The number of counts increases in steps along the 
wavelength. The observed value is smaller than the 
quantum calculation value in the long wavelength region.

With additional loss, the results become consistent.
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Consistency and sensitivity
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Collimator 
0.1 (X) × 10 (Y)

Concave mirror 
On a X and θ-stage

(Reflection position)

(Direct position)
ϕgeom

0 = 16.06∘

L = 17.33 m

RPMT detector 
On a X-stage

Dispersion angle ϕ

The angle span of the concave mirror can be determined 
by the neutron's dispersion angle. →ϕgeom

0 = 16.06(2)∘

The surface measurement of the mirror also determines 
the angle span. → .ϕsurf

0 = 15.86(2)∘

This discrepancy may be caused by the mirror 
surface deviating from the ideal.

Method Angle span

(A) Scattering angle 16.06(2)°

(B) Surface 
measurement 15.86(2)°

(C) Interference 
fringe fitting 16.004(1)°

(C) lies between (A) and (B).

The agreement between the observation and 
the theory was verified to an accuracy of 2% 
in terms of centrifugal acceleration.

(Difference between  (A) and (B).)

The sensitivity is 10-4 for the fitting result (C). 



Search for spin-velocity dependent interactions

10

12−10 11−10 10−10 9−10 8−10 7−10 6−10 5−10 4−10 (m)λ

12−10

11−10

10−10

9−10

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−10

12 Ag

2−101−10110210310410510
m (eV)

We can exploit the sensitivity of 10-4 in a 
search for spin-velocity dependent 
interactions.

The difference in the neutron interference 
fringes between up-spin and down-spin 
can be observed without displacing any 
items.

A very preliminary sensitivity estimation is 
shown on the right.

→The nm-scale search is unique!

Pt-surface with 
10-4 sensitivity

Data from other experiments are from 
L. Cong, et al., Rev. Mod. Phys. 97, 025005 (2025).
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Summary
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‣ Neutrons can be confined near a cylindrical surface by material potential and 
centrifugal force. (Neutron whispering gallery)


‣ Neutron whispering gallery can be a probe for nm-scale hypothetical 
interactions.


‣ We measure the neutron whispering gallery at J-PARC. The result is consistent 
with the theory within 2% and the experimental sensitivity is 10-4.


‣ A search for spin-velocity-dependent interactions can exploit the sensitivity of 
the neutron whispering gallery measurement.
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