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The review covers recent developments on gravitational quantum states of neutrons
and the new GRANIT spectrometer, discussed during the Workshop GRANIT-2010 in
Les Houches.! The GRANIT facility? includes the spectrometer and the infrastructure
needed for its operation. It is constructed at Institut Laue-Langevin (ILL)3 in Grenoble
for studies of/with gravitational quantum states of neutrons, and for related topics.
New methodical developments? are discussed for future upgrades of this facility. An
important motivation for this activity consists in constraining fundamental short-range
forces.® Other quantum phenomena in gravitational field,® and centrifugal quantum
states of neutrons,” were discussed as well. A detailed presentation of all these topics
could be found in Workshop-2010 presentations.® We will focus here on instrumental
developments and on options for studying neutron gravitational states.

Keywords: Gravitational quantum states; ultracold neutrons; short-range fundamental
interactions; GRANIT facility.

1. Introduction

The Workshop GRANIT-2010 on experimental and theoretical approaches to neu-
tron quantum states in the gravitational field took place in Les Houches, France, on
14-19 February 2010%; it was attended by over 50 participants from 12 countries.
Ultracold neutrons (UCNs)? ! are settled in gravitational quantum states'? 14 if
they are confined between a horizontal reflecting neutron mirror on bottom, and the
Earth’s gravitational field on top. The energy of UCNSs is so low (~ 1077 eV) that
they are reflected from many materials at any incidence angle due to their multiple
scattering on nuclei in the material; one often discuss such scattering in terms of the
optical potential of materials. If the mirror is sufficiently flat and uniform, UCNs are
reflected to the specular direction. A classical analog of this phenomenon is a ping-
pong ball bouncing on a surface with negligible dissipation of energy. The quantum
limit is bouncing UCNs with the energy of vertical motion close to ~ 10712 eV,
or with the raising height close to ~10 pm in the Earth’s gravitational field. Such
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gravitational quantum states of matter were first observed in a series of experi-
ments'® 1 at the Institut Laue-Langevin® (ILL). Overviews of these experiments
and of physics relevant to this observation could be found, for instance, in Refs. 19
and 20. Serious efforts are devoted to confirm this observation as well as to develop
the method of quantum gravitational spectroscopy for various applications; see, for
instance, Refs. 21-23. In particular, the method of gravity-resonance-spectroscopy
was proposed in Ref. 24 and realized recently in Ref. 25.

The aim of the GRANIT-2010 Workshop was to discuss the scientific pro-
gram for the new gravitational spectrometer GRANIT.24 The behavior of UCN
in the gravitational field in GRANIT and in alternative experiments, as well as
applications of this phenomenon/spectrometer to various domains of physics, rang-
ing from constraints for short-range interactions® to neutron quantum optics and
reflectometry using UCN are presented. Scientific issues, instrumental and me-
thodical developments, alternative methods, new ideas etc. were the main topics
discussed.®” The present review mainly consists of three sections corresponding to
the first three days of the Workshop; the title of each section repeats the generic
title of talks given during the corresponding day. The first day was devoted to
a detailed presentation of the new GRANIT spectrometer; the talks covered the
engineering and methodical aspects as well as the theoretical analysis of its op-
eration and first measurements to carry out using GRANIT. During the second
day, we discussed various new methodical developments to be used for GRANIT
later, in particular, real-time position-sensitive detectors of high spatial resolution,
nanoparticle neutron reflectors, a new concept of a “virtual cold neutron source”
for producing high UCN densities, and an option to use the GRANIT installation
as a UCN reflectometer. Presentations during the third day focused on fundamental
applications of GRANIT, in particular on theoretical motivations and experiments
constraining short-range forces. Competing approaches using other experiments and
techniques were covered, in particular the method of neutron scattering, neutron
experiments based on neutron EDM setups; studies of Casimir forces and gravity
at short distances, and measurements with polarized and unpolarized atoms. A
broad range of alternative quantum phenomena and experiments in gravitational
field were analyzed on the fourth day; attention was devoted to common problems,
experimental techniques and applications of these experiments. The recently ob-
served phenomenon of centrifugal quantum states of neutrons (neutron whispering
gallery), as well as a photon bouncing ball, was presented during the fifth day of
the Workshop. For the last two days, and also partly for the third day, we refer
readers to proceedings and materials of the GRANIT-2010 Workshop? as their sub-
jects deviate from the title proposed for the present review; besides, these topics
are presented in the proceedings in details.
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Fig. 1. The GRANIT spectrometer during its assembling, inside the GRANIT clean room.

2. The New GRANIT Spectrometer

After the first observation of gravitational quantum states of neutrons in the
gravitational spectrometer,'® the GRANIT is a follow-up project based on a second-
generation spectrometer with ultra-high energy resolution? (see Fig. 1). It will
provide more accurate studies of/with gravitational quantum states of UCN, in
particular measurements of resonance transitions?®? between them and their in-
terference, in analogy to the neutron whispering gallery phenomenon.?6 28 The
GRANIT spectrometer will benefit from its permanent installation at the ILL
high-flux reactor,?? from a dedicated *He UCN source®® delivering UCN to the
GRANIT spectrometer, with no significant dilution of the phase-space density.3!:32
The key property of the GRANIT spectrometer is UCN storage in gravitational
bound states for extended periods using a closed specular trap. According to the
uncertainty principle, longer observation time provides better defined energy and
thus higher measurement precision. External perturbations, such as vibrations or
gradients and time variation of the magnetic field, have to be minimized. As the
fraction of gravitationally bound neutrons is extremely small, we develop neutron
detectors with extremely low backgrounds, UCN sources with high phase-space
density, and neutron transport systems with low losses.* The GRANIT spectrome-
ter will be a unique tool for carrying out a wide range of investigations in fun-
damental physics, in foundations of quantum mechanics, in surface physics, as
well as for development of experimental techniques, for physical modeling and
for applications.?419:20,33,5
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Fig. 2. A scheme of installation of the GRANIT spectrometer in the ILL reactor hall.

2.1. Infrastructure for the GRANIT spectrometer in ILL

Compared to preceding experiments with the gravitational spectrometer!® in a
temporary position at PF2 beam at ILL, the new GRANIT spectrometer gets
higher statistics due to longer measuring time and a dedicated UCN source®?; prof-
its from lower vibration-noise and magnetic-noise environment, as well as from
clean-room conditions needed to work safely with precision optical components. A
general scheme of installation of the GRANIT spectrometer is shown in Fig. 2.
Cold neutrons from the liquid-deuterium cold source in the ILL reactor are de-
livered to the intercalated graphite monochromator,* which reflects neutrons with
the wavelength of 8.9 A toward *He-filled cryostat,?® where they are down-scattered
to UCN energies; UCNs are extracted from the cryostat and transported toward
the GRANIT spectrometer, installed inside the GRANIT clean room.

2.2. The GRANIT spectrometer

A general view of the GRANIT spectrometer, in its simplest configuration, is given
in Fig. 3; the optical components are shown in more detail in Fig. 4. The spectrom-
eter consists of several neutron-optics elements and UCN detectors installed on a
massive granite table in an aluminum vacuum chamber: (i) A mechanically-flexible
neutron guide between the UCN source and the intermediate UCN storage volume;
(ii) A neutron extraction system based on the method of semi-diffusive slits31:32;
(iii) A transport mirror system, which can be used also for experiments with grav-
itational quantum states of neutrons in the flow-through mode; (iv) The main
specular trap (see Fig. 4 and the inset in Fig. 3) for extended storage of UCNs in
gravitational quantum states; (v) A resonant transition system,?® based in first ex-
periments on spatially varying gradients of magnetic field; (vi) Detectors of different
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Fig. 3. A general view of the GRANIT spectrometer; the granite table supporting all mirrors
and other equipments is shown in the inset.
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Fig. 4. From the source (left) to the trap (right): UCN guide, UCN valve, intermediate UCN
storage, UCN extraction system, UCN storage trap.

type: >He low-background proportional counters,® position-sensitive nuclear-track
detectors,1®
shaping and spectrum-analyzing devices, leveling and positioning systems. The

real-time position-sensitive detectors; (vii) Numerous spectrum-

GRANIT spectrometer is equipped with (i) anti-vibration and leveling systems;
(ii) clean-room; (iii) magnetic field control system.

2.3. Mirrors for the GRANIT Spectrometer

The key element of the GRANIT spectrometer is a set of mirrors to shape/analyze
neutron spectra and to store neutrons in quantum states. The transport system
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Fig. 5. Mirrors for the main trap, before coating and gluing.

consists of a bottom mirror of 30 cm by 25 cm and two side mirrors along the side
of 25 cm. For the main storage mirror, a trap consists of a bottom mirror 30 cm
by 30 c¢m, and 12 side mirrors glued together (3 mirrors per a side wall). Mirror
quality, in particular the geometric shape, surface polishing, purity of the mirrors,
and properties of the coatings are of major importance for the efficiency (resolu-
tion, precision, count rate) of the GRANIT spectrometer. Dedicated theoretical3®
and experimental36:37 studies were devoted to optimize and characterize these pa-
rameters. After performing these studies we ordered the mirrors for GRANIT with
suitable specifications from SESO. Produced mirrors for the main trap, before coat-
ing and gluing, are shown in Fig. 5. Diamond-like coating (DLC) of the mirrors,
needed to increase critical velocity of the trap walls, is in progress in LMA.

2.4. Magnetically-induced transitions between quantum states

A convenient method to induce resonant transitions between quantum states, at
least at the first stage of our experimental program, is provided by a magnetic field
gradient, which varies in space or in time. A scheme intended for first observing
resonant transitions between different gravitational quantum states of neutrons in
the GRANIT spectrometer is described in detail in Refs. 23 and 2 and sketched in
Fig. 6. UCNs with appropriate horizontal velocity will be affected by the gradient of
magnetic field that oscillates — in the reference frame of the incoming neutron —
with frequency corresponding to a transition between two gravitational quantum
states. In the position-sensitive detector installed after the “free fall” region, an
UCN will be detected at a height, which depends on its horizontal velocity. Thus
we could measure the frequency of a resonant transition.

2.5. Feastbility of mechanically-induced transitions

An alternative method to induce transitions between quantum states could consist
of mechanical oscillations of the mirror with a resonance frequency.?4?® In order to
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Fig. 6. A setup to detect resonance transitions in a flow-through mode with the GRANIT spec-
trometer. The setup is optimized in region 1 to provide neutrons mostly in the 3rd quantum state.
The magnetic field in the transition region 2 rotates 20 times, each rotation takes A = 1 cm. The
rotating magnetic field is provided by wires with a current Ip;0.71o;0; —0.71o; —Io; —0.710;0;. .. .
The filter in region 3 is optimized to transmit only the ground state.

Fig. 7. (color online) Surface profile of the silica substrate, excited with three piezo-electric
actuators (one at the front side and two at the back side) with a frequency of 500 Hz. The color
signifies deformations with a 3 pm peak-to-peak variation.

access the feasibility of this method in the flow-through measuring mode, as well as
to estimate eventual false effects, we simulated the response of a mirror to mechan-
ical vibrations for typical parameters of the problem, see Fig. 7. The characteristic
amplitude of vibrations is estimated from the condition of the transition probabil-
ity close to unity for the time of UCN passage above the mirror. The pattern of
deformation depends on the excitation frequency and on parameters of the mirror
and its fixation. However, the deformation is unacceptably high for precision exper-
iments, although observation of transitions in the flow-through mode is feasible.2’
Thus we rejected this option for the flow-through experiments.
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Fig. 8. Scheme of the GRANIT trap with a horizontal mirror and side walls.

Sapphire mirrors have been extensively used in UCN experiments including
GRANIT: for efficient specular reflection®”:3%; and for storage of UCN in a trap.3%3?
This is due to the fact that sapphire provides a set of properties important for UCN
experiments: in contrast to coatings and optical glasses, it survives in high radia-
tion fluxes and at low temperatures; its mechanical hardness, in contrast to metals
and coatings, allows one to polish its surface to a few angstrom roughness and
keep it intact in numerous mechanical manipulations; its effective optical potential
of 1.5 - 1077 eV is quite high compared to those for glasses and silicon; its sur-
face, in contrast to metals and coatings, is free from major contaminations and
nanostructures.

2.6. Analysis of storage times of UCN in gravitational
quantum states

When measuring the energy levels of neutron gravitational quantum states using
the resonant transition method, one main parameter is the time available to excite a
given transition: precision experiments are conditioned by long storage of UCN in a
quantum state and weak perturbation leading to the resonant transition. Consider
the main trap with geometry shown in Fig. 8. The lifetime of the neutron quantum
states in such a trap has been estimated for different relevant sources of loss.40:3°
The results, for typical experimental conditions achievable with the GRANIT spec-
trometer, are summarized in Fig. 9. As you can see, the possible storage times are
quite long, particularly for lowest quantum states, compared to ~ 50 ms achieved

in Refs. 16-18.

2.7. Theory of interaction of UCN in gravitational quantum
states with absorber

An important ingredient of experiments with neutron gravitational states is selec-
tion of one or a few quantum states. In the experiments performed earlier'618:22
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Fig. 9. Estimated lifetime of 10 lowest quantum states due to various systematic effects.
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Fig. 10. Neutron count rate at the exit of the waveguide, formed by a mirror on bottom and
a scatterer/absorber on top, as a function of the absorber position. Circles correspond to the
experimental data; solid line shows the theoretical model. The figure is copied from Ref. 18.

selective action of rough absorber on different gravitational quantum states was
achieved by adjusting the absorber height above mirror to the neutron gravita-
tional state spatial size. Neutrons in states with the spatial size smaller than the
absorber height are weakly affected, while those with larger size are intensively
absorbed. The quantitative theory of this quite complex process is important for
precision analysis of the data. It has been developed in detail in Refs. 41-44. An
example showing agreement between experimental data and theoretical models is
given in Fig. 10; here we see the transmission of UCNs through a waveguide between
a polished mirror on bottom and a rough absorber/scatterer on top.
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Fig. 11. (color online) The partial lifetime of neutrons in a gravitational quantum state as a
function of the state number in standard conditions with/without anti-vibration pneumatics are
shown with blue and red lines. Black line indicates the estimated partial lifetimes defined by the
mirror waviness.

2.8. Transitions between quantum states caused by vibration noise

Two effects — vibrations and waviness of the mirrors — could decrease storage
times of UCNs in gravitational quantum states. They are described by common
formalism.*> While the mirror waviness could be only estimated theoretically at
the moment as the mirrors are still in production, spectra of vibrations have been
measured in realistic conditions of the GRANIT spectrometer already installed to
its permanent position in the ILL reactor hall. Figure 11 shows the lifetime of
neutrons in 50 lowest quantum states in standard conditions. Natural mechanical
and human-made vibration noise were found to present no concern for stability of
the quantum states. Only deliberate shocks against the apparatus would drastically
spoil the experiment.

3. New Methodical Developments for GRANIT

New methodical developments for the GRANIT spectrometer?>? address eventual

further improvements of some critical parameters of this experimental installation,
as well as its applications to new fields of research. Keeping in mind an extremely
small fraction of UCN that could be bound in gravitational quantum states, we
look for methods to increase statistics due to developing UCN sources with maxi-
mum phase-space density3° 32 and counting simultaneously a large fraction of neu-
trons using position-sensitive detectors.'®%6:4 On the other hand, we have to reduce
backgrounds in our UCN detectors.?64 Significant efforts are devoted to develop
neutron optics3”3% for GRANIT, and spectrum-shaping devices.4 44 Also we ex-
plore an eventual application of the GRANIT spectrometer beyond the scope of

its initial goals, such as, for instance, constraining short-range interactions*”4%°
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Fig. 12. Track distribution in a CR39 detector with a 235U converter. Left panel — raw track
coordinate distribution; right panel — vertical track distribution after applying a correction for
the detector shape deformation.

126-28.7 quantum states of neutrons: it might be

using gravitational and centrifuga
used, for instance, for prototyping experiments with gravitational quantum states
of anti-hydrogen,®® or as a UCN general-purpose reflectometer.

The principle method for observing gravitational quantum states of neutrons

16-18

in the first experiments consisted of studying wave functions of neutrons in

quantum states.

3.1. Nuclear-track position-sensitive detectors

Currently, detectors of only one type provide the highest spatial resolution of
~ 1 pm, reasonably high efficiency of at least several tens percent, long sensitive
zone of several tens centimeters, and extremely low background, needed for direct
measurements of these wave functions: nuclear-track detectors with thin convert-
ers, for instance, of 23°U, 1B, "Li (using the nuclear reactions: ®Li(n, *H)*He,
0B (n, *He)"Li, 235U(n, fission) with following detection of tracks produced by
charged particles).!®* Careful analysis of operation of such detectors as well as
comparison of various options could be found in Ref. 4. An example taken from
Ref. 4 in Fig. 12 proves the feasibility of using such nuclear-track detectors for
reconstruction of wave functions of neutrons in gravitational quantum states.

3.2. Analysis of measured neutron probability distributions

The data shown in Fig. 12 could be analyzed in terms of extracting parameters of
the neutron wave functions contributing to the result. The characteristic spatial ex-
tensions of wave functions in lowest quantum states is zg = /h?/2m?2g = 5.87 pm;
the wave functions could be represented in terms of zp. As lowest quantum states,
except for the first state, exhibit nodes at the height of ~ 10 pm, they contribute
coherently to the node at ~ 10 um. Removal of the lowest quantum state allows
one to use statistics of several quantum states to measure the height of the node.*?
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Fig. 13. A typical differential amplitude spectrum of the electrical signals at the electrodes in
a UCN gaseous detector filled in with gaseous mixture containing 2He; the detector is operated
in the proportional counter regime. The amplitude of the electrical signal is shown on the y-axis,
the ionization energy is given on the z-axis. The energies of triton (7°), proton (p), and the total
reaction energy (T + p) are indicated with arrows. Spectra of background a-particles, y-quanta,
and muons are shown with dashed lines.

Moreover, partial population of every quantum state could be fitted from the spec-
trum shape, and thus corrections could be introduced taking into account shifts in
the node height for every state The statistical accuracy of extracting zp in such a
way is quite high: zp = 5.9 & 0.2 pm. Measurements of this kind with equal, or
lower, systematic uncertainties are previewed with the GRANIT spectrometer.

3.3. Low-background counters of UCN

The first method for studying neutron wave functions in Refs. 16-18 consisted of
measuring flux of UCN through the slit between a horizontal mirror on bottom and
a rough absorber /scatterer on top, as a function of the slit height. A typical result
of such an experiment is shown in Fig. 10 (copied from Ref. 18). In spite of using
the most intense UCN source (PF2 instrument at ILL) and also optimizing the
neutron transport losses, the count rate in the data shown in Fig. 10 is very low.
This measurement was feasible only due to using neutron counters with even lower
backgrounds described in Ref. 4. A typical “resonance-like” amplitude spectrum in
such a detector is given in Fig. 13 and the detector is sketched in Fig. 14.

3.4. Real-time position-sensitive UCN detectors

Provided an equivalent spatial resolution is achieved, real-time position-sensitive
detectors would have evident advantages over nuclear-track detectors. That is
why serious efforts are devoted to improve their spatial resolution to the level of
~1 pm, characteristic for nuclear-track detectors today.* The best real-time spatial
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Fig. 14. A scheme of the GRANIT low-background neutron gaseous proportional counter.

resolution of 5.3 pm achieved so far and high, close to unity, efficiency of UCN
detection are reported for solid-state detectors with B and ®Li convertors.6:2!
One such detector is Timepix; it is a planar pixilated semiconductor detector, with
the thickness of 0.3—1 mm, bump-bonded to a Medipix readout chip. The pixel size
in a Timepix detector is 55 by 55 pum?; the maximum surface area is 3 by 3 cm?.
The charged particle track coordinates are read out using the Subpixel resolution
technology.

3.5. UCN reflectometry, elastic and inelastic neutron scattering,
AC magnetometry

Neutron reflectometry is a well-recognized tool commonly used to study structural
organization of various thin films and multilayers (see, for instance, a review by
Zabel et al.%?). Neutrons penetrate deeply into films and, being specularly reflected
from layer’s interface, record the scattering length density profile across the depth
of the film, or multilayer. A lateral configuration of layers is additionally acces-
sible via resolving scattering in off-specular directions. The range of off-specular
scattering is dramatically enhanced for longer wavelengths. For UCN it covers the
total solid angle. We study feasibility of using UCN reflectometry to address in-
teresting problems in nanoscience, e.g. those related to magnetic dynamics and
kinetics in nano-patterns.* In particular, AC magnetometry with polarized neutron
scattering is a tool applied to probe frequency dispersive properties of various ma-
terials, e.g. nanostructures employed in spintronic devices; the method is based on
measurements of magnetization response to the external magnetic field changing
with time.
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Fig. 15. A principal scheme of “external” cold neutron source for UCN super-thermal helium
source.

Special UCN beam shaping is needed in order to use the GRANIT spectrome-
ter in the mode of UCN reflectometer; also it might be useful in order to deliver
highest phase-space density to experiments with gravitational quantum states of
neutrons. While a method of semi-diffusive slit3'32 (a mirror on bottom and a
scatterer /reflector on top) was proposed and tested for efficiently extracting UCN
from the UCN source to the GRANIT spectrometer, it provides a “white” spectrum
of horizontal velocity components. Thus this method could not be directly used for
spectral reflectometry measurements.*

3.6. “Virtual” cold neutron source

In order to increase UCN density delivered to the GRANIT spectrometer we develop
several options. One option is based on the idea of external “virtual” cold neutron
source illustrated in Fig. 15 and consisting of the following. Instead of putting a
super-thermal helium UCN source®! in an external neutron beam (with its relatively
low neutron flux), or inside the thermal neutron source (with its high heating and
safety problems), we could put it inside a reflecting cryogenic cavity at the exit of
a thermal neutron guide.* Such a configuration allows: considerable increase in the
total flux of 8.9 A neutrons in the cavity due to neutron albedo also due to neutron
cooling in the reflector/moderator material, large increase in UCN storage times
and decrease in transport losses of thermal and UCNSs.

5256 allows decreasing transport

The new method of nanoparticle reflectors
losses of very cold and cold neutrons; and could be used for neutron reflectors.
Figure 16 is copied from Ref. 54; it illustrates albedo of neutrons from nano-diamond

reflectors and compares it to properties of other known reflectors.

4. Short-Range Fundamental Forces

We reproduce here two figures summarizing present status of experimental con-
straints for spin-independent (Fig. 17) and spin-dependent (Fig. 18) short-range
interactions (updated by new results from Ref. 60 shown as line 3 in Fig. 17) and
refer readers for a detailed description to GRANIT-2010 proceedings.®
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Fig. 16. The elastic reflection probability for isotropic neutron flux is shown as a function of
the neutron velocity for various carbon-based reflectors: (i) DLC (thin solid line), (ii) the best
supermirror®” (dashed line), (iii) hydrogen-free ultradiamond powder with the infinite thickness
(dotted line). Calculation. (iv) VCN reflection from 3 cm thick diamond nano-powder at the
ambient temperature (points), with significant hydrogen contamination Experiment.?* (v) MCNP
calculation for reactor graphite reflector®® with the infinite thickness at the ambient temperature.
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Fig. 17. (color online) The exclusion plot for new spin-independent interactions: the interaction
strength «, normalized to the gravitational interaction (on left), and the interaction strength
g2 (on right) is given as a function of the characteristic distance. The best currently available
constraints are shown in thick solid lines; preliminary results are indicated in thick dash-dotted
lines; the best neutron constraints, but not the best currently available, are given in thick dashed
lines; thin dotted lines in purple color correspond to projected sensitivity in various neutron
experiments. Red color is reserved for measurements of gravity at short distances; blue-color
constrains result from precision measurements of Casimir interactions; all constraints originated
from neutron experiments are shown in green; constraint from measurements of exotic atoms, and
those with neutrino detectors, is indicated in orange. Each constraint (1-15) is commented in
detail in Ref. 5.
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Fig. 18. (color online) Searches for short-range nucleon spin-dependent interactions. The style
of lines is analogous to that used in Fig. 17. Limits 1, 2, 3 are derived from atomic experiments.
Limits 4, 5, 6 are obtained using experiments with neutrons. Limits 7 and 8 could be obtained
using the GRANIT spectrometer, at first stage and the ultimate sensitivity accordingly. Each
constraint (1-8) is commented in detail in Ref. 5.

A particularly interesting kind of extra fundamental force, that could be verified
using results of the GRANIT experiment, is “chameleons”, as analyzed in Ref. 59.
Chameleons are called so due to the screening of this extra force at distances larger
than some characteristic value.

5. Conclusion

We overviewed here recent developments concerning gravitational quantum states
of neutrons and the GRANIT spectrometer. These topics were discussed in detail
during recent GRANIT-2010 Workshop in Les Houches; readers could get more
information in the proceedings and materials of this Workshop.
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