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ARTICLE INFO ABSTRACT

Available online 6 August 2009 We present a method to measure the resonance transitions between the gravitationally bound quantum
Keywords: states of neutrons in the GRANIT spectrometer. The purpose of GRANIT is to improve the accuracy of
Quantum mechanics measurement of the quantum states parameters by several orders of magnitude, taking advantage of
Gravity long storage of ultracold neutrons at specular trajectories. The transitions could be excited using a
Ultracold neutrons periodic spatial variation of a magnetic field gradient. If the frequency of such a perturbation (in the
Fundamental particle physics frame of a moving neutron) coincides with a resonance frequency defined by the energy difference of

two quantum states, the transition probability will sharply increase. The GRANIT experiment is
motivated by searches for short-range interactions (in particular spin-dependent interactions), by
studying the interaction of a quantum system with a gravitational field, by searches for extensions of the
Standard model, by the unique possibility to check the equivalence principle for an object in a quantum
state and by studying various quantum optics phenomena.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction 20 = (h?/(2m2g))"® = 5.9 um. These states bring rich physical
information for studying the interaction of a quantum system
According to quantum mechanics, a particle bouncing above a with the gravitational field [24-40]. For example, they allow to

perfect mirror in the Earth’s gravitational field has discrete energy probe the equivalence principle in a quantum regime [41-47].
states. This statement is known since the birth of quantum Also, due to the smallness of the state energy ~10"'?eV, their
mechanics as the quantum bouncer problem. Properties of this observation and study are useful to constrain extra short range
system are mentioned in many books and pedagogical articles interactions [48-51]. It is particularly sensitive to hypothetical
[1-10]. The gravitational quantum states of neutrons in the Earth’s axion-like spin-matter interactions [52,53].This phenomenon
gravitational field have been disclosed recently using ultracold  could also be used to constrain the neutron electric charge [18].

neutrons (UCN) [11-22], in taking advantage of the unique Finally, gravitational quantum states of neutrons provide a perfect
properties of UCN [23] and the exceptionally large characteristic experimental laboratory for surface studies, and neutron quantum
spatial size of the wavefunctions of the quantum states optics phenomena, such as quantum revivals and localization

[54-61]. They may even have a connection with the search for
extensions of quantum mechanics [62-67].
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trajectories [68]. Specific technical developments were under-
taken, such as studies for a dedicated UCN source [69] with a
proper extraction system [70,71], and quality tests for neutron
mirror reflections [72,73].

We describe a general design of the GRANIT spectrometer in
Section 2. Section 3 presents resonance transitions between the
quantum states. Section 4 is devoted to a description of the first
experiment intended to be done with GRANIT: the magnetically
induced resonance transitions between gravitationally bound
quantum states of neutrons measured in a flow through mode.

2. The GRANIT spectrometer

The GRANIT spectrometer is a new-generation type of gravita-
tional spectrometer. All important parameters are improved with
respect to the first version. We will (1) increase considerably the
storage time of neutrons in the quantum states [18,68]; (2) apply
the method of resonance transitions between the gravitationally
bound quantum states of neutrons [18]; (3) increase the UCN
density using a dedicated “He UCN source [69]; (4) profit from a
permanent installation of the spectrometer in a more comfortable
experimental environment; (5) use polarized neutrons and
polarization analysis. All studies previewed for the preceding
gravitational spectrometer [11], dismantled at present, would be
continued with GRANIT. Besides, a new kind of precision
experiments would become possible [18,52].

The GRANIT spectrometer will be installed at the level C at the
ILL reactor (the level of the reactor core). Details of neutron
transport, the dedicated UCN source, and neutron extraction are
described in Ref. [69].

The GRANIT spectrometer is shown in Fig. 1 in its simplest
configuration. It consists of the following parts installed in
vacuum on a granite table:

e The neutron transport system connects the UCN source [69] to
GRANIT via an intermediate storage volume. Mechanical
elasticity of the transport system allows us to decouple
GRANIT from the UCN source vibrations.
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e A semi-diffusive narrow slit with a height of 100—200 um
[70,71] at the exit of the intermediate storage volume allows us
to extract UCN with small vertical velocity components needed
for GRANIT. Other UCN will be reflected back to the source,
thus reducing loss of the UCN density in the source. This
arrangement allows us to use a “He UCN source in a flow-
through mode.

e A transport mirror is installed at the exit of the semi-diffusive
slit. It consists of a horizontal mirror, two vertical side walls,
and a scatterer/absorber above the horizontal mirror. The
transport mirror selects a few of the lowest quantum states.

e A square main mirror with a size of 30 cm and four vertical side
walls is the principle element of the neutron mirror system in
GRANIT. It should provide large neutron lifetimes in the
gravitationally bound quantum states of neutrons in the
storage measuring mode. Extremely severe constraints for
parameters of this mirror trap were identified in a detailed
analysis [68]. Some parameters have already been tested
[72,73], motivating the choice of the mirror’s material (see
Fig. 2).

e A resonant transition system for the first experiment in the
flow-through mode with GRANIT consists in a multi-wire
assembly installed above the transport mirror (see Section 4).
It produces a spatially periodic gradient of the magnetic field.

e Three types of detectors will be used at the first stage of the
GRANIT experiment. >He gaseous proportional counters with
extremely low background have been developed for this
experiment. They will be used for integral measurements.
Position-sensitive nuclear-track UCN detectors with a record
resolution of ~1 pum [11,16] will be used to study the spatial
distribution of neutrons in the quantum states. Real-time
position-sensitive detectors with a resolution of a few hundred
pum will be developed to measure velocity distributions of
neutrons in the quantum states.

e Numerous spectrum-shaping and spectrum-analyzing devices
as well as horizontal leveling and positioning systems will be
similar to those used earlier in Refs. [11-22]. Their parameters,
nevertheless, will be significantly improved compared to the
preceding versions.

Neutron Transport and Trap

Storage Volume Transport Mirror
m .
‘ Trap Mirror

i
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Fig. 1. GRANIT spectrometer.
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Fig. 2. Neutron transmission through parallel plates as a function of the distance
between the plates. The angle at the first reflection was set to 30°. Deviations from
linearity are due to losses, mainly defined by non-specular reflections. The
measured probability of the total losses per collision is indicated for four tested
materials or coatings: silica (stars and solid line), silica coated with diamond like
carbon (DLC, dots and dotted line), sapphire (squares and dashed line), and for
silica coated with copper (triangles and dashed-dotted line). Polished silica
without coating provides the highest specular reflectivity.

Three main systems will be constructed outside the
vacuum chamber to isolate the spectrometer from external
perturbations.

e Anti-vibration and leveling system: The first level of protection
against vibrations and rough leveling of the installation is
provided by three pneumatic feet with controlled valves,
which support the vacuum chamber. High level anti-vibration
protection and leveling is provided by three high-load piezo-
elements, installed inside the vacuum chamber. These piezo-
elements support the granite with all optical elements on top
of it. The vibrations associated with ground will be largely
suppressed by the system described above. The main residual
perturbation is expected to come from the mechanical
connection between GRANIT and the UCN source. This effect
has to be studied after installation of the spectrometer. One
should note that the relative positions of all optics elements
are not affected by vibrations and slow mechanical drifts
anyway, because they are all mounted rigidly to the granite
table.

e Clean room: The optical elements of GRANIT are very sensitive
to dust contaminations. First, precise adjustments with a
typical accuracy of ~1 um require dust particles to be smaller
than this value. Second, eventual dust particles between two
mirror surfaces approaching each other at such a distance
would damage our very delicate and expensive mirrors.
Therefore the spectrometer is installed inside a clean
room. The air flow in this room is regulated in such a way
that its flow is laminar, without turbulences, in the
central zone of the spectrometer, which contains all optical
elements.

e Control of magnetic fields: Compensation of local magnetic
fields and introduction of a constant field for neutron spin
guiding are provided by three pairs of coils in Helmholtz
configuration, installed around the chamber. Later, for experi-
ments requiring low values of residual magnetic fields, we will
replace the coils by a p-metal anti-magnetic screen.

3. Resonant transitions between quantum states

The strategy to measure the spectrum of the gravitational
quantum levels is based on resonant excitations of transitions
between two states. Assume that one applies an harmonic
perturbation V(t) = Re(V(z)ei®!) to a neutron in a pure quantum
state [N ). If the excitation angular frequency w is close to that
associated with a transition, wy, = (1/h)|Ey — En|, the probability
to excite the neutron to the state |n) is given by the Rabi formula

sin’ <\/(w — on)® + Q,Z\,ng)

PN‘V”(T) = o — o 2
— WNn
T < Onn )

where Qn, = (n|V(z)IN) is the Rabi angular frequency that
defines the intensity of excitation for the transition N—n. This
probability reaches a maximum when the resonance condition
w = Wy is satisfied (it equals exactly 1 if the excitation time T is
chosen properly). This condition allows us to measure the energy
differences in the spectrum. The excitation time T will be given by
the experimental conditions, and the excitation amplitude has to
be adjusted such that the transition probability at the resonance is
unity. Fig. 3 shows the expected resonance curves for a neutron
initially in the ground state. A measurement of the resonance
curve gives access to the energy differences in the spectrum, with
a resolution limited by the resonance width that appears in the
denominator of Eq. (1). This width satisfies the Heisenberg
principle; it gives us a rough relation between the eventual
resolution AE and the excitation time T: AE - T~h. Thus, one aims
to maximize the excitation time in order to increase the
resolution. As the excitation time is an essential parameter, we
list the characteristic timescales of the problem.

M

(i) The minimal excitation time needed to resolve the resonan-
ces—the width of each resonance is smaller than the distance
between neighboring resonances—is about 10 ms.

(ii) A typical UCN—with a horizontal velocity of about 5 m/s—
passes the 30 cm mirror in 60 ms. Thus, we can excite well-
resolved transitions in a flow through mode. This is the
purpose of the first measurement in the GRANIT experiment.

(iii) The neutron B decay lifetime is 886s, it is the maximal
(ultimate) excitation time. Thus, the spectrum determination
is ultimately limited at a relative value of 107° for the first
levels.

The next section describes a practical realization of a measure-
ment using a resonant transition technique.

EXPECTED TRANSITION SPECTRUM FROM THE
GROUND STATE
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Fig. 3. Maximum probability for a neutron to leave the ground state is shown as a
function of the excitation frequency for two different excitation times.
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Fig. 4. The principle scheme for measuring transitions in a flow through mode.

4. Resonant transitions in the flow through mode

The first measurement with GRANIT will consist in measuring
resonant transitions between the gravitational quantum states
using a flow through mode, using unpolarized neutrons. The basic
scheme is shown in Fig. 4. A neutron will experience different
processes in the following order:

(i) A neutron is extracted from the source with a small vertical
velocity. Its horizontal velocity is distributed from ~4 to
~7m/s.

(ii) The neutron passes a negative step with a height of about
h =20 um. The classical vertical energy of the neutron after
the step is larger than mgh. It means that the ground
quantum state population is largely suppressed. After the
step, the neutron occupies the states [2), |3), |4), etc,
though the populations of the ones with lower quantum
numbers are also somewhat reduced. We are going to
induce and measure transition from these states to the
ground state |1).

(iii) With the current off in the horizontal conducting wires in Fig.
4, the vertical and horizontal components of neutron motion
are independent. With the current on, a neutron is exposed to
a spatially periodic excitation provided by a magnetic field
gradient. As the current in the wires is permanent, the total
neutron energy does not change. However, the periodic
gradient experienced by the neutron affects the neutron
momentum, thus increasing/decreasing the horizontal velo-
city and simultaneously decreasing/increasing the energy of
vertical motion. The current in the wires is set such as to
maximize the transition probability at a resonance. It is of the
order of a few Amperes. The distance between the wires
defines a spatial periodicity of the excitation of d = 10 mm.
For the parameters listed above, the magnetic gradient can be
considered as a relatively small perturbation. According to its
horizontal velocity v, the neutron will experience an effective
time-dependent perturbation with a frequency v/d. Only
the neutrons for which the frequency v/d corresponds to the
resonance frequency (at the precision of the resonance
width) will transite to the ground state. Thus, the resonance
frequency that we aim to measure corresponds to a
horizontal velocity.

(iv) Then the neutron enters a slit between the horizontal mirror
and an absorber above. This slit filters the ground state; the
excited states are scattered away.

(v) To measure the horizontal resonant velocity, the neutron will
fall following an almost classical parabolic trajectory (in fact,
the spread of the wavefunction during free fall has to be

taken into account as well). The fall height is measured using
a position sensitive detector. This measurement allows us to
calculate the horizontal velocity value.

The signal to be measured would be a peak in the position
sensitive detector. This sequence will allow us to measure the
resonant frequencies of the transitions 3—1, 4—1, and maybe
2—1 and 5—1, with an accuracy better than 10%.

5. Conclusion

We described the spectrometer GRANIT which will be used to
measure the resonance transitions between the gravitationally
bound quantum states of neutrons, as well as a possible scheme
for a first experiment with GRANIT. The spectrometer is under
construction. It will be installed at the H172 neutron guide at the
ILL. First experiments are expected to start in 2009.
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