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Neutron whispering gallery
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The ‘whispering gallery’ effect has been known since ancient
times for sound waves in air'?, later in water and more recently
for a broad range of electromagnetic waves: radio, optics,
Roentgen and so 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 ‘quantum bouncer™?; it is complementary to the recently
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 quantum state'. Deeply bound whispering-gallery 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-matter interactions™-"°,
quantum neutron optics and surface physics effects's-'8,

The classical whispering-gallery phenomenon can be understood
in terms of geometrical optics. Thus, neutron Garland trajectories
with a high probability of specular reflection have been observed
in curved neutron guides” and frequently used in neutron
experiments. Elliptical focusing neutron guides using a single
reflection are available in commerce. Sound can be reflected in
an elliptical chamber from one focus to the other one after ‘a
single bounce’. A more complex phenomenon consists of wave
localization in the vicinity of curved surfaces, also called the
whispering-gallery effect. Owing to such localization, the sound can
reach a person on the opposite side of a building, or even complete
a circle, imitating an ‘echo’. Lord Rayleigh explained and described
quantitatively this phenomenon in his ‘“Theory of sound’?. He
verified the theory using a whistle as a sound source and burning
candles as the sound intensity ‘detectors’. Whales are believed to
communicate over long distances, profiting from a similar effect in
surface layers of sea water. The electromagnetic whispering-gallery
waves from radio to light (‘glory’ or ‘heiligenschein’) and Roentgen
frequencies are of ever-growing interest’ owing to their multiple
applications. They are also known as ‘Mie scattering’ in light
scattering from aerosols and in nuclear physics. An optical analogue
of a quantum particle bouncing on a hard surface under the
influence of gravity or centrifugal potential has been demonstrated
recently using a circularly curved optical waveguide®. In all of these
cases, a curved mirror acts as a waveguide; and interference of
the waves falling to the mirror and those reflected causes specific
stationary whispering-gallery modes.

For a material wave in a quantum limit"”, a new feature
would appear: radial motion of a massive object would be settled
in quantum states, with parameters depending on its mass. At
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Figure 1| A scheme of the neutron centrifugal experiment. 1: Classical
trajectories of incoming and outgoing neutrons, 2: cylindrical mirror, 3:
neutron detector, 4: quantum motion along the mirror surface. Inset: A
photo of the single-crystal cylindrical silicon mirror used for the
presented experiments, with an optical reflection of black stripes for
illustrative purposes.

certain conditions, this problem can be reduced to a quantum
particle above a mirror in a linear potential—the so-called quantum
bouncer'’, in analogy to the neutron quantum motion in the
Earth’s gravitational field above a flat mirror'“*=¢. Thus, we used
similar approaches for the two problems; this analogy motivated the
present study to a significant extent, as well as a consideration of a
‘neutron centrifuge’ in ref. 27.

Consider scattering of a cold neutron with velocity v ~ 10° ms~
(energy & ~ 1072 eV) by a perfect cylindrical mirror with a radius
R =2.5cm (see Fig. 1)°. The mirror is described by a uniform
optical potential U, depending on the mirror material (typically
Up ~ 1077 eV; ref. 28). The neutron is affected by huge centrifugal
acceleration deeny = (v2/R) ~ 10°-107g (g is the gravitational
acceleration on the Earth’s surface). In ref. 9, we discussed the
limitations of such an interpretation and found that demands on
the mirror quality will be extremely high. In particular, the surface
roughness should not exceed a few angstroms.

As & > Uj, most neutrons entering at a tangential trajectory are
deviated to small angles ¢, not larger than twice the classical critical
scattering angle ¢. = /U, /& ~ 0.2°. However, some neutrons could
be captured into long-living centrifugal states and thus could be
deviated to large angles. The tangential motion is characterized
by the angular momentum quantum number p, = mvR/h; here
m is the neutron mass and £ is the reduced Planck constant.
Typical values are huge py, = 105-10°, so quantum effects for
tangential motion are negligible. However, for the radial motion,
quantum effects are essential. The quantum states are settled in a
bounding well formed by the centrifugal potential (approximated
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Figure 2 | A sketch of the effective potential in the cylindrical reference system. The potential step at z=0 is equal to the mirror optical potential Uo.
The potential slope at 25 O is governed by the centrifugal acceleration acenty = v2/R. The wavefunctions of the two lowest quantum states (n=1,2) are
shown inside the bounding triangle potential at the height corresponding to their energies. The dashed lines illustrate tunnelling of neutrons through the

bounding triangle potential.

by a linear one in the surface vicinity) and the mirror potential
shown in Fig. 2. These are quasistationary states, as the probability
of tunnelling through the potential barrier is never zero, although it
could be negligible for deeply bound states. Similar surface neutron
waves have been identified within thin layered structures®, with
parameters depending on the bounding potential width.

The method to study the quantum states is based on a
continuous variation of the triangle barrier width in Fig. 2. The
width, the energy and the number of states depend strongly on
the velocity v. The width decreases exponentially as a function of
v owing to the tunnelling through the triangle potential. Small v
results in a broad barrier, and this results in a larger number of
allowed quantum states and a lower energy of each state. One thus
expects a step-like behaviour of the transmitted neutron flux as a
function of v, using U as a ‘filter’ for the quantum states energy. In
particular, the transmitted neutron flux increases sharply from zero
when the neutron velocity (wavelength) approaches a characteristic
cutoff value v.(X.) corresponding to the appearance of the lowest
quasistationary state. It can be estimated from the Heisenberg
relation zc/2mU, > 27h; the classical radial motion of a neutron
is limited at a height of zo; = (RU,/mv?). Thus, here A. ~ 3.9 4,
A(R)=3960/v(ms™!). The actual cutoff value increases slightly as a
function of the deviation angle because of the tunnelling effect.

An alternative method for studying such centrifugal states
consists of measuring the radial velocity distribution using a
position-sensitive neutron detector, placed at a distance from
the mirror. If this distance is large enough, the detection point
is unambiguously related to the exit angle. In particular, if a
single long-living state is populated, we could measure directly the
distribution of radial velocity components in this quantum state.
Evidently, the most powerful method consists of combining the two
options, that is a simultaneous measurement of v and ¢. The v scan
is provided by the standard time-of-flight technique. The angular
distributions are measured using a large position-sensitive detector,
placed at 3.4m distance from the mirror exit. The experiment
presented was carried out on PF1B and D17 (ref. 30) instruments at
the Institut Laue-Langevin; the wavelength range is 2-30 A.

The initial neutron beam width (~107* m) was much larger
than the characteristic quantum state width (~10~7 m). The angular
divergence was 0.2°. In the first configuration, the neutron beam
entered the cylindrical mirror at a tangential trajectory from the
mirror bulk; only a small fraction of neutrons tunnelled into
the centrifugal quasistationary quantum states. Evidently such
neutrons populate only short-living highly excited states. A typical
scattering probability as a function of the neutron wavelength
and the scattering angle is presented in Fig. 3. In the second
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configuration, neutrons enter from the entrance edge of a truncated
cylindrical mirror; thus, all quantum states could be populated. The
fraction of neutrons trapped in the quantum whispering-gallery
mode is much larger and the lifetime of deeply bound quantum
states is much longer, thus providing much larger deviation angles.
A typical result is shown in Fig. 4.

The ‘fingerprints’ of the quantum states in Figs 3 and 4 have a
‘V’ shape. This can be understood as follows. The average deviation
angle ¢, is equal to the angular mirror size; the ‘fingerprint’ is
centred on ¢y. Thus, the radial velocity distribution is symmetric
relative to the zero value. For Garland trajectories of neutrons, the
width of the ‘V’ shape would be proportional to A for any A, as
the radial velocity is limited by the mirror critical velocity. The ‘V’
shape would point to A(gy) =0, as shown in Figs 3 and 4 with
solid lines. An evident manifestation of the observed centrifugal
quasistationary states consists of the sharp cutoff in the neutron
flux below wavelengths A, corresponding to the appearance of the
lowest quantum state, in analogy to the first experiment with the
gravitationally bound quantum states of neutrons. Wavelengths
in the vicinity of A, are above the maximum intensity in the
incoming neutron beam; therefore, the observed cutoff below A, is
particularly impressive. The precise values for the cutoffs confirm
our theoretical estimation in both cases’ with an accuracy of a few
per cent that could be largely improved in future. We observe a
slight predicted dependence of the cutoffs on the deviation angle
@, that is on the lifetime, in quantum states. In the classical case no
cutoff would exist, as neutrons with any large velocity would pass at
sufficiently small distances to the surface.

Another manifestation of the quantum states is the stripe
structure inside the “V’ shape. It is explained by interference of a
few transmitted quantum states. The ‘fingerprint’ in Fig. 4 has a
finer structure owing to the longer times the neutrons have spent
in the potential well. The periodic maxima (minima) structure in
the observed neutron intensity (stripes) appears at those A and ¢
values that correspond to constructive (destructive) interference
of the transmitted quantum states’. Figure 4b shows a theoretical
simulation of the data, which reproduces the measurements in
detail. In particular, no interference is observed in the wavelength
range below ~5.5 A, as the lowest quantum state alone is populated.
Above this wavelength, an interference of the two lowest quantum
states appears, producing quasi equal-distance interference lines
and so on. The complex structure of the ‘fingerprints’ is highly
sensitive to the shape of the bounding potential in the case of
high quantum states and there is no sensitivity for the deeply
bound states. This new phenomenon, as well as its many potential
applications, has to be explored further.
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Figure 3 | Short-living centrifugal quantum states. a, The scattering probability as a function of neutron wavelength A (A; 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 A. 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.

AA)
~

30.0 305 31.0 30.0 30.5 31.0
4@ (4Q)

Figure 4 | Long-living centrifugal quantum states. a, The scattering probability as a function of neutron wavelength A (A; 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 Ac. 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 those in a system moving with equal acceleration are equivalent.
centrifugal quantum states of neutrons is a direct demonstration  Both problems, the centrifugal and gravitational ones, provide an
of the weak equivalence principle for a massive body in a pure excellent experimental laboratory for studying neutron quantum
quantum state'?; the accuracy is limited by the gravitational optics phenomena, quantum revivals and localization'*'8. Evident
experiment® to 107'. Although the independence of a free fall advantages of using cold neutrons and centrifugal states include
on mass does not hold in the quantum limit, quantum states the much higher statistics attainable, broad accessibility of cold
of a massive body in a locally uniform gravitational field and neutron beams as well as a crucial reduction of many false
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effects owing to ~10° times higher energies of the quantum states
involved. This phenomenon could provide a promising tool for
studying fundamental neutron—matter interactions (in analogy to
refs 13-15), as well as surface physics effects. Compared with
experiments at standard reflectometers using a single reflection,
the centrifugal quantum states have the advantage of at least a
few hundred or thousand quasi-classical reflections, providing an
extremely high sensitivity to the shape of the bounding potential.
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