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Abstract

Gravitationally bound quantum states of matter were observed for the first time thanks to
the unique properties of ultra-cold neutrons (UCN). The neutrons were allowed to fall towards
a horizontal mirror which, together with the Earth's gravitational field, provided the necessary
confining potential well. In this paper we discuss the current status of the experiment, as well
as possible improvements: the integral and differential measuring modes; the flow-through
and storage measuring modes; resonance transitions between the quantum states in the
gravitational field or between magnetically split sub-levels of a gravitational quantum state.

This phenomenon and the related experimental techniques could be applied to various
domains ranging from the physics of elementary particles and fields (for instance, spin-
independent or spin-dependent short-range fundamental forces or the search for a non-zero
neutron electric charge) to surface studies (for instance, the distribution of hydrogen in/above
the surface of solids or liquids, or thin films on the surface) and the foundations of quantum
mechanics (for instance, loss of quantum coherence, quantum-mechanical localization or
experiments using the very long path of UCN matter waves in medium and in wave-guides).

In the present article we focus on transitions between the quantum states of neutrons in
the gravitational field, consider the characteristic parameters of the problem and examine
various methods for producing such transitions. We also analyze the feasibility of experiments
with these quantum transitions and their optimization with respect to particular physical goals.
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1 Introduction

The quantum motion of a particle with mass m in the terrestrial gravitational field and the
acceleration g above an ideal horizontal mirror is a well-known problem in quantum

mechanics which allows an analytic solution involving special functions known as Airy
functions. The solutions of the corresponding Schrodinger equation with linear potential were
discovered in 1920th [1] and can be found in major textbooks on quantum mechanics [2-7].
For a long time, this problem was considered only as a good theoretical exercise in quantum
mechanics. The main obstacle for observing these quantum states experimentally was the
extreme weakness of the gravitational interaction with respect to electromagnetic one, which
meant that the latter could produce considerable false effects. In order to overcome this
difficulty, an electrically neutral long-life particle (or quantum system) must be used for
which an interaction with a mirror can be considered as an ideal total reflection. Ultracold
neutrons (UCN) were discussed in this respect in refs. [8, 9]. UCN [10, 11] represent an
extremely small initial part of total neutron flux. A reactor with very high neutron flux is
therefore required. These quantum states were observed and investigated for the first time in a
series of experiments [12—15] performed at the high-flux reactor at the Institut Laue-Langevin
in Grenoble. Other quantum optics phenomena invetsigated with neutrons are presented in
ref. [16].

To observe the gravitationally bound states, two experimental techniques were used. The
first one, the so-called “integral” flow-through mode, is a measurement of the neutron flux
through a narrow horizontal slit between a mirror below and an absorber/scatterer above it,
which is used to scan the neutron density distribution above the mirror. This experimental
technique allowed us to observe, for the first time, the non-continuous (discrete) behavior of
the neutron flux. This observation was interpreted as being due to quantum states of neutrons
corresponding to their vertical motion in the slit. Another, more sophisticated, so-called
“differential” mode is based on specially developed position-sensitive neutron detectors with
a very high spatial resolution, which made it possible to begin more detailed studies of this
system and, in particular, to measure the spatial distributions of neutrons as a function of their
height above a mirror (the square of the neutron wave function).

The present article does not claim to give an exhaustive overview of the different, rapidly
developing applications of this beautiful phenomenon; it simply focuses on areas of particular
interest to our research at present. In section 2, we start by giving a brief presentation of the
phenomenon itself and in section 3 we describe the first experiment in which the ground
quantum state was observed. Section 4 is devoted to a discussion of the “differential”
measuring mode. Some of the interesting consequences of this experiment in different
domains of physics (such as the search for exotic particles and spin-independent or spin-
dependent short-range fundamental interactions; foundations of quantum mechanics) are
discussed in section 5. Particular attention is paid to further developments of this experiment.
In section 6, we present for the first time a feasibility analysis and theoretical description of
the observation of resonance transitions between the quantum states. Such transitions could
be induced by various interactions: by strong forces (if the mechanical oscillations of a
bottom mirror are applied with a frequency corresponding to the energy difference between
the quantum states), by electromagnetic forces (oscillating magnetic field), or probably even,
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at the limit of experimental feasibility, by gravitational forces (oscillating mass in the vicinity
of the experimental setup). Some other methodological applications are also discussed.

2 ThePropertiesof the Quantum States of Neutron in the
Earth’s Gravitational Field

The wave function Y/(z)of the neutron in the Earth’s gravitational field satisfies the

Schrédinger equation:

W d'y(z)
2m  d’z

+(E-mgz)y(z)=0. 2.1

An ideal mirror at z =0 could be approximated as an infinitely high and sharp potential
step (infinite potential well). Note that the neutron energy in the lowest quantum state, as will

be seen a little later, is of the order of 107"? eV and is much lower than the effective Fermi

potential of a mirror, which is close to 107" eV. The range of increase of this effective
potential does not exceed a few nm, which is much shorter than the neutron wavelength in the
lowest quantum state ~10 um. This effective infinite potential gives a zero boundary
condition for the wave function:

w(z=0)=0. (2.2)

The exact analytical solution of equation (1) which is regular at z =0, is the so-called
Airy-function
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represents a characteristic scale of the problem, C being the normalization constant. For

Here

neutrons at the Earth’s surface the value of z, is equal to 5.87 pm. The equation (2.2)

imposes the quantization condition:

z, =z,A (2.5
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where ﬂn are zeros of the Airy function. They define the quantum energies:
E, =mgz,A, . (2.6)
For the 4 lowest quantum states they are equal to:
A,=1{2.34,4.09,5.52,6.79, ...} (2.7)
and for the corresponding energies, we obtain:
E ={14,25,33,41,...} peV. (2.8)

It is useful to obtain an approximate quasi-classical solution of this problem [2—4,7]. This
approximation is known to be valid, for this problem, with a very high accuracy, which is of
the order of 1% even for the lowest quantum state. In accordance with the Bohr-Sommerfeld

formula, the neutron energy in quantum states £ (n=1,2,3,...) is equal to:

2
E¥ =3 (%)(ﬂ'hg(n—%n (2.9)

The exact energies E, as well as the approximate quasi-classical values E* have the

same property: they depend only on 7, g and on the Planck constant 7 , and do not depend

on the properties of the mirror.
The simple analytical expression (2.9) shows that the energy of n-th state increases as

EY ~ n*"” with increasing n. In other words, the distance between the neighbor levels
decreases with increasing 71 .
In classical mechanics, a neutron with energy £, in a gravitational field could rise to the

maximum height of:
z =E /mg. (2.10)

In quantum mechanics, the probability of observing a neutron in n-th quantum state with

. . . . 2,
energy E at a height z is equal to the square of the modulus of its wave function |l//n| in

. . . 2
this quantum state. For the 4 lowest quantum states, neutron residence probability |l//n| asa

function of height above a mirror z is presented in Fig. 1 (see [2—6,12,13]). Formally, these
functions do not equal zero at any height z > 0. However, as soon as a height z is greater
than some critical value z, , specific for every n-th quantum state and approximately equal to

the height of the neutron classical turning point, then the probability of observing a neutron
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approaches zero exponentially fast. Such a pure quantum effect of the penetration of neutrons
to a classically forbidden region is the tunneling effect. For the 4 lowest quantum states, the
values of the classical turning points are equal to:

z,={13.7,24.0,32.4,39.9,...} um. @2.11)

An asymptotic expression for the neutron wave functions ¥/, (z) at large heights z > z,

[3, 4, 7] in the classically forbidden region is:
—1/4 2 3/2
v, (&, (2) = CéE " exp 357 ) (2.12)

for fn —> oo . Here C, are known normalization constants and

g :i—/ln. (2.13)
Zn

As soon as such a height z is reached, the neutron wave function ¥, (z) starts

approaching zero exponentially fast.

1st quantum state 2nd quantum state
Z, micron Z, micron
0 10 20 30 40 50 0 10 20 30 40 50
3rd quantum state 4th quantum state
A [ N e A/\/\/\ —
0 10 20 30 40 50 0 10 20 30 40 50

Fig. 1. Neutron presence probability as a function of height above the mirror z for the 1%, 2", 3" and
4™ quantum states.
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3 Discovery of the Ground Quantum Statein the“Integral”
Flow-Through Mode

Such a wave-function shape allowed us to propose a method for observing the neutron
quantum states. The idea is to measure the neutron transmission through a narrow slit Az
between a horizontal mirror on the bottom and a scatterer/absorber on top (which we shall
refer to simply as a scatterer if not explicitly called otherwise). If the scatterer is much higher

than the turning point for the corresponding quantum state Az >> z _, then neutrons pass such
a slit without significant losses. When the slit decreases, the neutron wave function ¥/, (2)

starts penetrating up to the scatterer and the probability of neutron losses increases. If the slit
size is smaller than the characteristic size of the neutron wave function in the lowest quantum

state z,, then such a slit is not transparent for neutrons. Precisely this phenomenon was

measured in a series of our recent experiments [12—15].
4

|
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Fig. 2. A basic scheme of the first experiment. From left to right: the vertical bold lines indicate the
upper and lower plates of the input collimator (1); the solid arrows correspond to classical neutron
trajectories (2) between the input collimator and the entrance slit between the mirror (3, the empty
rectangle below) and the scatterer (4, the black rectangle above). The dotted horizontal arrows illustrate
the quantum motion of neutrons above the mirror (5), and the black box represents a neutron detector
(6). The size of the slit between the mirror and the scatterer could be changed and measured.

A basic scheme of this experiment is presented in Fig. 2. The experiment (also described
in ref.[17]) consists of measuring of the neutron flux (with an average velocity of 5-10 m/s)
through a slit between a mirror and a scatterer as a function of the slit size. The size of the slit
between the mirror and the scatterer can be finely adjusted and precisely measured. The
scatterer’s surface, while macroscopically smooth and flat, is microscopically rough, with
roughness elements measuring in microns. In the classical approximation, one can imagine
that this scatterer eliminates those neutrons whose vertical velocity component is sufficient
for them to reach its surface. Roughness elements on the scatterer’s surface lead to the
diffusive (non-specular) reflection of neutrons and, as a result, to the mixing of the vertical
and horizontal velocity components. Because the horizontal component of the neutron
velocity in our experiment greatly exceeds its vertical component, such mixing leads to
multiple successive impacts of neutrons on the scatterer/absorber and, as a result, to the rapid
loss of the scattered neutrons. The choice of the absorbing material on the surface of the
scatterer/absorber does not play a role, as has been verified experimentally in ref. [15].
Therefore the main mechanism causing the disappearance of neutrons is their scattering on
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the rough surface of the scatterer/absorber. This is why it is simply called a scatterer
hereafter.

The neutron flux at the front of the experimental setup (in Fig. 2 on the left) is uniform
over height and isotropic over angle in the ranges which exceed the slit size and the angular
acceptance of the spectrometer respectively by more than one order of magnitude. The
spectrum of the horizontal neutron velocity component is shaped by the input collimator with
two plates, which can be adjusted independently to a required height. The background caused
by external thermal neutrons is suppressed by ‘“47 shielding’’ of the detector. A low-
background detector measures the neutron flux at the spectrometer exit. Two discrimination
windows in the pulse height spectrum of the *He detector are set as follows: 1) a “peak”

discrimination window corresponds to the narrow peak of the reaction n +He—>t+ p and

provides low background; 2) a much broader range of amplitudes allowes the “counting of all
events”. This method make it possible to suppress the background efficiently: when the
scatterer height is zero and the neutron reactor is “on” then the count rate corresponds, within
statistical accuracy, to the detector background measured with the neutron reactor “off”.
Ideally, the vertical and horizontal neutron motions are independent. This is valid if the
neutrons are reflected specularly from the horizontal mirror and if the influence of the
scatterer, or that of any other force, is negligible to those neutrons which penetrate through
the slit. If so, the horizontal motion of the neutrons (with an average velocity of 5-10 m/s) is
ruled by the classical laws, while in the vertical direction we observe the quantum motion
with an effective velocity of a few centimeters per second and with a corresponding energy

(2.9) of a few peV (10_]2 eV). The degree of validity of each condition is not obviously a
priori and was therefore verified in related experiments.

The length of the reflecting mirror below the moving neutrons is determined from the
energy-time uncertainty relation AEAf ~%h, which may seem surprising given the
macroscopic scale of the experimental setup. The explanation is that the observation of
quantum states is only possible if the energy separation between neighboring levels

(AE =E _,—E ~1/ n'”, see (2.8)) is greater (preferably, much greater) than the level

width OF . As the quantum number n increases, the energy separation AE between the

neighboring levels decreases until the levels ultimately merge into a classical continuum.
Clearly, the lower quantum states are simpler and more convenient to measure in
methodological terms. As to the width of a quantum state, it is determined by its lifetime or
(in our case) by the observation time, i.e. by the neutron’s flight time above the mirror. Thus,
the length of the mirror is determined by the minimum time of observation of the neutron in a
quantum state and should fulfill the condition A7 = 0.5 ms. In our experiments, the average
value of the horizontal neutron velocity was chosen to be close to 10 m/s or to 5 m/s,
implying that a mirror 10 cm in length was long enough.

The vertical scale of the problem, on the other hand, is determined by the momentum-

coordinate uncertainty relation Av_-Az ~ 7/ m . The reason is that the smaller the vertical
component of the neutron velocity, the larger the neutron wavelength corresponding to this
motion component. However, the classical height to which a neutron can rise in the
gravitational field cannot be less than the quantum-mechanical uncertainty in its position, i.e.
less than the neutron wavelength. In fact, it is this condition which specifies the lowest bound
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state of a neutron in a terrestrial gravitational field. The uncertainty in height is then ~15 pum,
whereas the uncertainty in the vertical velocity component is ~1.5 cm/s.

Fig. 3. Neutron flux through a slit between a horizontal mirror and a scatterer above it is given as a
function of the distance between them obtained in the first experiment [12,13]. Experimental data are
averaged over 2-um intervals. The dashed line represents quantum-mechanical calculations in which
both the level populations and the energy resolution of the experiment are treated as free parameters
being determined by the best fit to the experimental data. The solid line corresponds to classical
calculations. The dotted line is for a simplified model involving only the lowest quantum state.

The results of the first measurement presented in Fig. 3 (see refs. [12, 13]) differ
considerably from the classical dependence and agree well with the quantum-mechanical
prediction. In particular, it is firmly established that the slit between the mirror and the
scatterer is opaque if the slit is narrower than the spatial extent of the lowest quantum state,
which is approximately 15 pm. The dashed line in Fig. 3 shows the results of a quantum-
mechanical calculation, in which the level populations and the height (energy) resolution
were treated as free parameters. The solid line shows the classical dependence normalized so
that, at sufficiently large heights (above 50-100 um), the experimental results are described
well by the line. The dotted line given for illustrative purposes describes a simplified situation
with the lowest quantum state alone, i.e. in drawing this line only the uncertainty relation was
taken into account. As can be seen from Fig. 3, the statistics and energy resolution of the
measurements are still not good enough to detect quantum levels at a wide slit, but the
presence of the lowest quantum state is clearly revealed.

0,06
0,05
0,04

0,03

Count rate, s

0,02

0,01

0,00

Slit size, um

Fig. 4. Neutron flux through a slit between a horizontal mirror and a scatterer above it is given as a
function of the distance between them obtained in the second experiment [15].
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However, as was shown experimentally (Fig. 4) and explained theoretically in ref. [15],
even when the height (energy) resolution and statistics are improved considerably compared
to those in refs. [12, 13], further significant improvement of resolution in the “integral”
measuring mode presented is scarcely achievable due to one fundamental constraint: the finite
sharpness of the dependence on height of the probability of neutron tunneling through the
gravitational barrier between the allowed heights for neutrons and the height of the scatterer
[15]. As is demonstrated in this article, the neutron flux F'(Az) as a function of the scaterrer

position Az above the turning point z, (Az >z ) can be written within the quasi-classical

approximation, for a given level, as:

3
_ 2
F(Az) ~ Exp| —oExp %(AZ Zﬂ] : (3.1)

Zy

where z, is given in (2.4) and « is a constant. The exponent factor after this constant

represents here the probability for the neutron to pass from the classically allowed region to
the scatterer/absorber, i.e. the probability of tunneling through the gravitation barrier. This
dependence describes the experimental data reasonably well (see Fig. 4) and gives a simple
explanation for the existence of intrinsic resolution related to the tunneling effect. Roughly

speaking, to resolve experimentally the nearest states n+1 and n, the distance z,,, —z,

should be smaller than a characteristic scale of the function (3.1), which is approximately
equal to z, =5.87 um. This condition can be satisfied only for the ground state because

even for the first excited state the difference z, —z, =8 #m is comparable with z .

Nevertheless, the theoretical description of the measured experimental data within the
model of the tunneling of neutrons through this gravitational barrier shows reasonable
agreement between the extracted parameters of the quantum states and their theoretical
prediction. In order to increase the accuracy of this experiment further in the mode which
involves scanning the neutron density using a scatterer at various heights, we are working in
two directions: First of all, further development [18] of the theoretical description of this
experiment could allow us to reduce the theoretical uncertainties in the determination of
quantum states parameters to the velev of a few percent. On the other hand, experimental
efforts related to improving the accuracy of the absolute positioning of the scatterer [19, 20]
would produce a comparable level of accuracy.

To summarize this section, it can be said that the lowest quantum state of neutrons in the
gravitational field was clearly identified using the “flow-through” mode, which measures the
neutron flux as a function of an absorber/scatterer height. This observation itself already
makes many interesting applications possible. Higher quantum states could also be resolved.
However, such a measurement is much more complicated because the energy (or height)
resolution of the present method is limited by one main factor: the finite sharpness of the
dependence on height of neutron tunneling through the gravitational barrier between the
classically allowed height and the scatterer height.
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4 Studies of the Neutron Quantum Statesin “ Differential”
Flow-Through Mode

In order to resolve higher quantum states clearly and measure their parameters accurately, we
must adopt other methods, such as for example, the “differential” method, which uses
position-sensitive neutron detectors with a very high spatial resolution, which were developed
specifically for this particular task [21].

300
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Number of counts

100
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0 10 20 30 40 50 60 70
Height in microns above the mirror

Fig. 5. The results of the measurement of the neutron density above a mirror in the Earth’s gravitational
field are obtained using a high-resolution plastic nuclear-track detector with uranium coating. The
horizontal axis corresponds to a height above the mirror in microns. The vertical axis gives the number
of events in an interval of heights. The solid line shows the theoretical expectation under the
assumption that the spatial resolution is infinitely high. Calculated populations of the quantum states
correspond to those measured by means of two scatterers using the method shown in Fig. 6.
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Fig. 6. A scheme of the experiment with a long bottom mirror (1, shown as the open box) and with two
scatterers (2, 3, shown as the black boxes). The first scatterer (2, on the left) shapes the neutron
spectrum. It is installed at the constant height of 42 pm. The second scatterer (3, on the right) analyses
the resulting neutron spectrum. Its height is varied. The detector (4), shown as the black box, measures
the total neutron flux at the exit of the slit between the mirror and the analyzing scatterer. The distance
between the scatterers is equal to 9 cm.
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The direct measurement of the spatial density distribution in a standing neutron wave is
preferable to its investigation with the aid of a scatterer whose height can be adjusted. The
former technique is differential, since it permits the simultaneous measurement of the
probability that neutrons reside at all heights of interest. The latter technique is integral, since
the information on the probability that neutrons reside at a given height is in fact obtained by
the subtraction of the values of neutron fluxes measured for two close values of the scatterer
height. Clearly, the differential technique is much more sensitive than the integral one and
makes it possible to gain the desired statistical accuracy much faster. This is of prime
importance considering the extremely low counting rate in this experiment, even with the use
of the highest UCN flux available today. Furthermore, the scatterer employed in the integral
technique inevitably distorts the measured quantum states by deforming their eigen-functions
and shifting their energy values. The finite accuracy of taking these distortions into account
results in systematic errors and ultimately limits the attainable accuracy of the measurement
of the quantum state parameters. For these and other reasons, the use of a position-sensitive
detector to directly measure the probability of neutron residence above the mirror is highly
attractive. However, until now there were no neutron detectors with the spatial resolution
of ~1 pm needed for this experiment. We therefore had to develop such a detector and
measuring technique. The result was a plastic track nuclear detector (CR39) with a thin
uranium coating (*>UF}), described in ref. [21]. The tracks created by the entry into the
plastic detector of a daughter nucleus produced by the neutron-induced fission of a **U
nucleus were increased to ~1 pum in diameter by means of chemical development in an
alkaline solution. The developed detector was scanned with an optical microscope over a
length of several centimeters with an accuracy of ~1 um. The sensitive 3y layer is thin
enough (<1 pm) for the coordinates of neutron entry into the uranium layer to almost coincide
with the coordinates of daughter nucleus entry into the plastic. On the other hand, the
sensitive layer is thick enough to ensure high UCN detection efficiency (~30 %). The
measuring technique and the preliminary analysis of the results are described in ref. [15].

The feasibility of this technique was demonstrated in the second experiment and the
results are presented in Fig. 5 [15]. This is the first direct measurement of the neutron density
above the mirror with a spatial resolution of 1-2 pm. The theoretical curve presented in Fig. 5
is calculated with known neutron wave functions and with the quantum level populations and
the zero height above the mirror as free parameters. The spatial detector resolution is assumed
to be perfect. A comparison of the experimental data with the theoretical prediction suggests
that: firstly, the measured presence probability for neutrons above the mirror on the whole
domain of Az corresponds closely to the theoretical prediction; secondly, the spatial detector
resolution can be estimated, for instance, using the steepest portion of the dependence near
the zero height, which is equal to ~1.5 um; finally, even a relatively small neutron density
variation of ~10%, which is to be expected for the mixture of several quantum states
employed in this experiment, can be measured using this technique. It should be noted that
this measurement was performed in the special geometry of the mirror and the scaterrers
shown in Fig.6. A long bottom mirror (1) was used with two scatterers (2) and (3). The first
scatterer gives the neutron spectrum the desirable shape and is installed at the constant height
of 42 um. The second one analyses the resulting neutron spectrum; its height is varied. The
detector (4), shown as the black box, measures the total neutron flux at the exit of the slit
between the mirror and the analyzing scatterer. The distance between the scatterers is equal to
9 cm.
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However, the measurement presented in Fig. 5 is merely a test of the detector for spatial
resolution and is not optimized for studying the neutron quantum states in this system. In ref.
[20], the measurement with the position-sensitive detector was analyzed from the standpoint
of its optimization for the identification of neutron quantum states. Fig. 1 depicts the

probability l//j (z) of neutron detection at a height z above the mirror surface for 4 pure

quantum states. Clearly, every dependence l//: (z) has n maxima and n—1 minima

between them with zero values at the minima, which is characteristic of any standing wave.
An ideal experiment would consist of the extraction of one or several pure quantum states
higher than the first one (7 >1) and the direct measurement of neutron detection probability
against the height above the mirror with the aid of a position-sensitive detector with a spatial
resolution of ~1 um.

- a

Fig. 7. A scheme of the experiment with a small negative step on the lower mirror, which allows the
transition of neutrons to higher quantum states (to the region to the right of the step).

v

A 4

Let us consider a possible method for carrying out such an experiment. One or two lower
quantum states can be selected with a scatterer by the conventional method adopted in all our
previous experiments, which showed that the spectrometer resolution is sufficient for this.
The method for transferring neutrons from the lower quantum states to the higher quantum
states was considered in ref. [22]. It involves the fabrication of a small negative step on the
lower mirror, as shown in Fig. 7. Neutrons are in quantum states both to the left of the step
and to the right of the step. However, the corresponding wave functions have shifted relative

to each other by the step height Az__ . By passing through the step, neutrons are redistributed

step *

from the n” quantum state prior to the step W, .(2) =¥, (z+Az, ) over the quantum

step

state W, (2) =, (2) after the step with some probabilities /3, (Az,,,) - In this case, the

step can be treated as an infinitely fast perturbation and therefore the transition matrix
element [, (Az, ) is:

ﬁnk (Azstep) = J'Wn (Z + AZstep )l//k (Z)dZ . (41)
0

Fig. 8 shows the calculated probability ﬂlzk (Az of transition from the 1% quantum

step )

state, prior to passing through the step, to the 1%, 2" 3" and 4™ quantum states after passing
through the step.
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When the negative step is large enough, for instance is equal to (—15 pm), the probability

,3121 to detect neutrons in the lowest quantum state after passing through the step is extremely
small. The similar probability ,5,12 , for neutron transitions from higher initial quantum states is
also low. Any overlap integral ﬁnzl for Az, =-—15um is small, since the spatial

step

dimension of the neutron wave function in the lowest quantum state /,(z) is smaller than

15 pm.
1->1 transition 1->2 transition
1 1
Step , micron Step , micron
-60 -40 20 40 60 -60 20 40 60
1->3 transition 1->4 transition
1 1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
Step , micron Step , micron
-60 -40 -20 20 40 60 -60 -40 -20 20 40 60

Fig. 8. Probability of neutron transition from the 1* quantum state, prior to transit through the step, to

the 1, 2™, 3" and 4™ quantum states on transit through the step as a function of the step height AZSmp .

st initial quantum state , negative step 15 JWMiGNI¥ quantum states , negative step 15 micrar

Z, micron Z, micron
0 10 20 30 40 50 0 10 20 30 40 50

Fig. 9. Probability of neutron residence versus height above the mirror on neutron transit through a
negative 15-um step for two cases: one and two lowest quantum states prior to the passage through the
step.

Fig. 9 shows the probability of neutron detection above the mirror depending on the
height after the neutron passes through the negative 15-um step. The probability is plotted in
two cases: for one and two quantum states prior to passing through the step. It is evident that
the expected spatial variation of nentron dencitvic rlearhy dafined and can he measured. The
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reason for such a strong neutron density variation in the case of the elimination of the lowest
quantum state is simple: we can see from Fig. 1 that only the lowest quantum state has a peak
near 10 pm. The remaining low-lying quantum states possess a minimum at this height.
Therefore, several lower quantum states (7 >1) are “coherently” combined: the probability
of neutron detection at a height of ~10 pum is systematically much lower than for neighboring
heights.

This idea was demonstrated in the last experiment performed in the summer of 2004 [23].
A neutron beam with a horizontal velocity component of ~5 m/sec and a vertical velocity
component of 1-2 cm/sec, which corresponds to the energy of the lowest neutron quantum
state in the gravitational field above a mirror, is selected using a bottom mirror (1) and a
scatterer/absorber (3) positioned above it at a height of ~20 um. A second mirror (2) is
installed 21 um lower than the first mirror (1). The precision of the optical components’
adjustment and the neutron detection resolution are equal to ~1 um.

Height, pum

- —
: v
0_
T T T T T T T T T T T 1
10 20 30 40 50 60
Number of counts

Fig. 10. The neutron density distribution in the gravitational field is measured using position-sensitive
detectors of extra-high spatial resolution. The circles indicate experimental results. The solid curve
corresponds to the theoretical expectation under the assumption of an ideally efficient scatterer able to
select a single quantum state above the mirror (1) and no parasitic transitions between the quantum
states above the mirror (2). The dotted curve corresponds to the more realistic fit using precise wave-
functions and free values for the quantum states populations (for simplicity, the intereference terms
between different levels are neglected). The detector background is constant in the range from —3 mm
to +3 mm below and above the presented part of the detector.

Typical results of a few days’ detector exposure in such an experiment are presented in
Fig. 10. Even if the analysis of these data has not yet been completed and the fine details of
the quantum states can not be extracted, we can see clearly that the experimental approach
developed here allows us to obtain a very pronounced variation of the wave function and can
thus be considered as very promising.
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The characteristic behavior of the neutron wave functions in the quantum states in the
gravitational field above the mirror, as well as the successful initial testing of the position-
sensitive detector with a uranium coating, suggest that it will be possible to identify neutron
quantum states by directly measuring the neutron detection probability above a mirror using
the position-sensitive detector. It should be noted that this detector could be also used to
measure the velocity distribution in quantum states. To do so, we need simply to shift the
detector a few centimeters downstream to the bottom mirror edge: the spatial spread of the
picture thus obtained will not be sensitive to the initial position of the neutron above the
mirror but to its velocity.

Thus, the two techniques considered and the available fluxes of UCN are already
sufficient for a broad range of applications. Let us analyze them briefly, before considering
further developments of this experiment, related to resonance transitions between different
quantum states and thus to a much more precise measurement of the parameters of these
quantum states.

5 Useof Neutron Quantum Statesin Different Domains
of Physics

As we have already mentioned in section 3, further development [18] of the theoretical
description of this experiment and experimental efforts related to improving the accuracy of
the absolute positioning of the scatterer [19, 20] could allow us to achieve close to a few
percent accuracy in the determination of quantum state parameters. It should also be noted
that the direct measurement of the spectral variation of neutron density above mirror in the
quantum states seem to be quite promising. For this reason we are rather confident that, even
at this early stage we can already obtain some interesting physical results using this method.

For instance, as shown in ref. [24] and presented here in section 5.1, a competitive upper
limit for short-range fundamental forces was obtained simply from the very fact that the
gravitationally bound quantum states exist. Moreover, if any additional short-range
interaction were to exist (of whatever nature: new hypothetical particles, supplementary
spatial dimensions, etc.), this would change the parameters of the neutron quantum states.
Therefore, the precise measurement of these parameters gives an upper limit for unknown
interactions.

This experiment can also be used to search for the axion — a hypothetical particle which
strongly violates CP invariance; the characteristic distance for this interaction is comparable
to the characteristic length of our problem z,. This is discussed in section 5.2 and can be

considered within the more general context of studies of spin-gravity interaction.

This method could be used for studies related to the foundations of quantum mechanics,
such as for instance, the quantum-mechanical localization (also known as quantum revivals,
see section 5.3) [25], or various extensions of quantum mechanics [26, 27] (see section 5.4).
One should note here that the present method provides two unique opportunities: on the one
hand, it provides a rare combination of quantum states and gravitation that is favorable for
testing possible extensions of quantum mechanics; on the other hand, UCN can be reflected
from the surface up to ~10° times without loss, i.e. much more than for optical phenomena,
which means that any kind of localization can be better studied using UCN. Finally, as
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presented in section 5.5, this method could be useful for such problems of high long-term
interest as the loss of quantum coherence in the systems with gravitational interaction (see,
for instance, refs. [28, 29]).

5.1 Search for Non-newtonian Gravity

According to the predictions of unified gauge theories, super-symmetry, super-gravity and
string theory, there exist a number of light and massless particles [30]. An exchange of such
particles between two bodies gives rise to an additional force. Additional fundamental forces
at short distances have been intensively studied, in particular over the past few years in the
light of the hypothesis about “large” supplementary spatial dimensions proposed by
Antoniadis, Arkami-Hamed, Dimopoulos and Dvali [31] and based on earlier ideas presented
in [32-35]. A review of theoretical works and recent experimental results can be found in
[36—40]. This hypothesis could be verified using neutrons because the absence of an electric
charge makes it possible to strongly suppress the false electromagnetic effects [41]. It was
noticed in [42] that the measurement of the neutron quantum states in the earth’s gravitational
field is sensitive to such extra forces in the sub-micrometer range. In the case of n =3 extra
dimensions, the characteristic range lies just within the nanometre domain [31, 41] which is
accessible in this experiment. The first attempt to establish a model-dependent boundary in
the range 1-10 pm was presented in [40].

An effective gravitational interaction in the presence of an additional Yukawa-type force
is conventionally parameterized as:

m,n,

V() =G—2(1+a,e""*) .1

Here, G is the Newtonian gravitational constant, 7, and m, are interacting masses, r

their relative distance, ¢, and A are the strength and characteristic range of this

hypothetical interaction.

The dependence of neutron flux on the slit size is sensitive to the presence of quantum
states of neutrons in the potential well formed by the earth’s gravitational field and the mirror.
In particular, the neutron flux was found to be equal to zero within the experimental accuracy
if the slit size Az was smaller than the characteristic spatial size (a quasi-classical turning
point height) of the lowest quantum state of ~15 gm in this potential well. The neutron flux at
the slit size Az <10 gm in the second experiment [15] was lower by at least a factor of 200

than that for the lowest quantum state (Az = 20 g#m).

If an additional short-range force of sufficiently high strength were to act between the
neutrons and the mirror then it would modify the quantum states parameters: an attractive
force would “compress” the wave functions towards the mirror, while a repulsive force would
shift them up. In this experiment, no deviation from the expected values was observed within
the experimental accuracy. This accuracy is defined by the uncertainty in the slit size, which
can be conservatively estimated as ~30% for the lowest quantum state [15].
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As we mentioned in section 2, the motion of neutrons in this system over the vertical axis
z could be considered, in a first, relatively good approximation, as a one-dimensional problem
for which the mirror provides an infinitely high potential. The interaction between neutrons
and the Earth is described by the first term in eq. (5.1) and can be approximated by the usual
linear potential (¥ = R+z):

V(z)=mgz (5.2)

with g =GMm/ R*, R being the Earth’s radius, M its mass.

The second term in eq. (5.1) introduces an additional interaction. Due to the short range
of this interaction, its main contribution is provided by the interaction of neutrons with a thin
surface layer of the mirror and the scatterer.

Let us first estimate the interaction of neutrons with the mirror due to this additional term

if this interaction is attractive. If the mirror’s density is constant and equal to p, , then an

additional potential of the interaction between the neutrons and the mirror, in the limit of
small A, is given by [24]:

V'(z)=-U,e " (5.3)

with U, =27Ga, mp, A" .

The simplest upper limit on the strength of an additional interaction follows from the
condition that this additional interaction does not itself create any bound state. It is known [7]
that for an exponential attractive (U, > 0) potential (5.3) this means that

2
UOth< 0.72 - (5.4

This condition gives a boundary for an additional potential strength:

a, = 0,723£Ll£ (5.5)
7 p, mgA’ mA A

p being the Earth’s average density. In this experiment, both densities are close to each other
p = p, » therefore their ratio p/p_ is close to 1. However, a suitable choice of mirror material

(coating) would easily allow us to gain a factor of 3—5 in the sensitivity in future experiments.
We obtain the following numerical boundary:

4
o =1xlow(1$j . (5.6)

Here, 1 um is chosen as a natural scale for this experiment. This limit is presented in Fig.
11 in comparison with the limits from the Casimir-like and van der Waals force measurement
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experiments [38], as well as from experiments on protonium atoms. An additional force
between a nucleus and an antiproton would change the spectrum of such an atom. The most
precise measurement of the energy spectrum of antiprotonic atoms was done for *He" and
*He" atoms by the ASAKUSA collaboration at the antiproton decelerator at CERN [44]. No

deviation was found from the values expected within the QED calculations [43]. An 1o

upper limit on |0{G| from this experiment was established in [24]:

|| =1.3x10%. (5.7)

log(c)

— T

log(»/1 m)

Fig. 11. The constraints on o, following from this experiment [12, 13] (the solid line) in comparison

with that from the measurement of the Casimir and the van derWaals forces [35] (the short dashed
lines). The long dashed line shows a limit which can be easily obtained by an improvement of this
experiment. The solid horizontal line represents the limit established from the atomic experiment [41].
Dash-dotted line shows the limit which would be obtained if one equals the strength of this additional
hypothetical interaction to the value of effective Fermi potential for Pb [43].

It is necessary to note that, in the realistic case, one has to establish a condition of non-
existence of an additional bound state for the sum of (5.2) and (5.3) but not for the interaction
(5.3) alone. The presence of the linear potential modifies slightly the critical value in (5.4).

For instance, for A =1 gm it is approximately equal to 1.0 and for 4 =0.1 gm it is equal

to 0.74. For smaller A, this value tends to 0.72. It is possible to explain qualitatively why the
strength of an additional interaction should be higher in the presence of the mgz-potential than
without it. When a bound state has just appeared, then its wave function is extremely spread.
If a supplementary “external” confining potential is added, it does not allow the wave
function to be spread and thus a stronger potential is needed to create a bound state.

The range of presented A is 1 nm-10 #m . A deviation from a straight line in the solid
curve at 1 nm is due to the finite range of increase of the mirror effective nuclear potential
(impurities on the surface and its roughness). The same effect at A =10 um is due to
“interference” between the potentials (5.2) and (5.3).

Unfortunately, this experiment does not allow us to establish a competitive limit for a

repulsive interaction. In this case, there could be no “additional” bound state. Here, instead of
the condition of “non-existence” of a bound state, one could consider the critical slit size for
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which the first bound state appears in this system. Such an approach would be model-
dependent due to uncertainties in the description of the interaction of neutrons with the
scatterer. Nevertheless, it is possible to obtain a simple analytical expression for small A4 and
to show explicitly a difference in the sensitivity of this experiment to an attractive and to a
repulsive additional interaction.

ay; =————=—=—exp(4 /1) (5.8)

with =0F /mg, OE being the precision of determination of the n-th quantum state
n! Mg " g p q

energy.

A direct comparison of relation (5.8) to (5.5) shows that the limit (5.8) at small A is
sufficiently less restrictive than the limit for an attractive one (5.5) due to the exponential
factor. On the other hand, it would be possible to achieve as strict a limit for a repulsive
interaction as for an attractive one, if the mirror was coated with a material with negative
Fermi potential.

As a conclusion, let us emphasize that even though this experiment was never designed to
search for additional short-range forces it provides the competitive limit (5.5) in the
nanometer range. However, it could be easily improved in the same kind of experiment by
making some obvious modifications. For instance, one could choose a mirror material
(coating) with a higher density. A significant improvement to such a limit would only seem
possible by using the “storage” method, which would allow a gain in accuracy of a few orders
of magnitude.

A more significant gain in the sensitivity could be achieved in dedicated neutron
experiments. Simply as a qualitative illustration of the potential capacities of experiments
with neutrons, it can be said that if the strength of this additional hypothetical interaction were
equal to the value of effective Fermi potential for Pb [46] this equality would produce the
limit presented by the dash-dotted line in Fig. 11.

5.2 Search for the Axion and Spin-Gravity Interaction

Axions are well-known as a possible solution to the strong CP problem as well as an
interesting darkmatter candidate [47]. One of the most remarkable predictions associated with
the axion is that it yields a parity and time-reversal violating, monopole-dipole coupling
between spin and matter [48]. Experimental and astrophysical observations imply that the
mass of the axion must lie between 1 #eV and 1 meV, corresponding to a range between 20

cm and 0.2 mm [49]. This range is commonly referred to as the “axion window.” An
exhastive review of theoretical and experimental activities to search for the axion can be
found in [30].

Axions mediate a CP violating monopole-dipole Yukawa-type gravitational interaction
potential [48]
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between spin and matter where g, g is the product of couplings at the scalar and polarized

vertices and A is the range of the force. Here 7 is the distance between the neutron and the

nucleus and n=r/r aunitary vector.

Untill now, only a few experiments placed upper limits on the product coupling g,g, in

a system of magnetized media and test masses. Of the experiments covering the axion
window, one of them [50] had peak sensitivity near 100 mm (2 eV axion mass) and another

[51] had peak sensitivity near 10 mm (20 eV axion mass).

Let us make an initial qualitative estimation of the limit of the axion coupling constant
which can be established from the existing experiment. The upper limit for which the peak of
sensitivity is clearly close 10 #m.

By analogy with the demonstration presented in the previous section where an additional
interaction between (5.1) the neutron and the mirror’s nuclei created an additional neutron-
mirror interaction potential (5.3), in the case of the interaction (5.9), a neutron with a given
projection of spin on the vertical (g) axis will see an additional potential with the following
shape created by the whole mirror:

U(ZO): gl’gs ﬂ.hpmﬂe—zo/l' (510)
4z 2mm ¢

This potential, considered as a perturbation, will produce a positive energy shift &, (in
the first order of the perturbation theory) for one of two possible spin projections and a
negative energy shift —&,. Thus obtained, the energy splitting can be constrained from the
experimental data. For instance, we can propose a very rough and robust upper limit if we

says that this splitting is smaller than at least half of the energy difference between two
gravitational levels:

26,<—(E,—E)==AE (5.11)

N |~
| =

Therefore the limit of the axion coupling constant will be given by

8,8, 2AEmm,
hc Wp,A

(5.12)

(here the exponential function is replaced by 1, because the size of the wave function is of the
order of ten micrometers whereas the range of the interaction, for the axion window, is higher
than 100 microns).
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To obtain a naive estimation for A=1mm, we can suppose that m, =20m,

AE =1 peV (i.e. the energy difference between two gravitational levels), p =4000 kg/m’ :

08 _ 41070, (5.13)
hc
This limit is at least a few orders of magnitude better than the limit obtained in the
experiments [50, 51].
In principle, a very competitive constraint could be obtained using the present flow-
through method for spin-dependent short-range forces in a dedicated experiment with
polarized neutrons. By alternating the neutron spin in such an experiment an accuracy of

~107 =107 could easily be achieve (instead of 1 considered in the estimation given here).
The main simplification in the case of spin-dependent forces is the relative nature of the
measurement, because the neutron spin can be easily flipped with a high accuracy. In contrast
to that, spin-independent forces can not be “switched off”. We would therefore need an
absolute measurement in this case.

Let us emphasize that this discussion can be seen as a part of the wider search for spin-
gravity interaction. The idea that a nuclear particle may possess a gravitoelectric dipole
moment was proposed about forty years ago by Kobsarev and Okun [52] and by Leitner and
Okubo [53]. A brief review of experimental and theoretical activity on this question can be
found in [54]. Here we would like to emphasize that this problem has been discussed at length
in a number of recent articles, with arguments for [52] and against [56] this kind of term
(5.10) in the interaction of fermions with an external gravitational field, and that the
inrtoduction of polarized neutrons into our experiment does not represent a difficult
experimental challenge.

5.3 Quantum Revivals

The application of this experiment to quantum mechanical localization (also known as
quantum revivals) was considered in detail in a recent review article by Robinett [25]. Let us
remind the reader of the main ideas presented there and the feasibility of such a measurement
in our experimental setup.

Quantum revivals are characterized by initially localized quantum states which have a
short-term, quasi-classical time evolution, which then can spread significantly over several
orbits, only to reform later in the form of a quantum revival in which the spreading reverses
itself, the wave packet relocalizes, and the semi-classical periodicity is once again evident.

The study of the time-development of wave packet solutions of the Schrodinger equation

often makes use of the concept of the overlap <l//, | l//0> of the time-dependent quantum state

| l//,) with the initial state | l//0> . This overlap is most often referred to as the autocorrelation

function.
For one-dimensional bound state systems, where a wave packet is expanded in terms of
energy eigenfunctions ¥, (x) with quantized energy eigenvalues £ in the form
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w0 =Y ap, (e " (5.14)
n=1
with
a,= [y, (o (x,0dx (5.15)

the autocorrelation function can be written as:

2 ot (5.16)

aVl

Al = i

and the evaluation of A(¢) in this form for initially highly localized wave packets will be

investigated experimentally.
If a localized wave packet is excited with an energy spectrum which is tightly spread

around a large central value of the quantum number 7, so that n, > An>>1, it is possible to

expand the individual energy eigenvalues, E, = E(n), about this value, giving

E'(n,)

E(n) = E(n0)+E'(n0)(n—n0)+T(n _n0)2 N E"(n,)

3 (n—ny)’ +...  (5.17)

This gives the time-dependence of each individual quantum eigenstate through the
factors:

. . . . ; 3
ezE,,t/h — etwot . eLZﬂ(rz—nO)/E, . el27r(n—n0)2/Tm, . eLZﬂ(n—Ilo)  Typer , (518)

where each term in the expansion (after the first which is an unimportant overall phase not
observable experimentally) defines an important characteristic time scale, via:

T;I = Z,ﬂ.h 2 Tlev = 4;,7[7;1 and Twsuper :13—7[7;1 .
|E'(n,)| |E"(ny)| |E"(ny)|

(5.19)

The second term in the expansion is associated with the classical period of motion in the
bound state. It can also be shown that the wave packet near the revival time 7, returns to

something like its initial form, exhibiting the classical periodicity. In the special case when
T, /T, is an integer, the revival occurs exactly in phase with the original time-development,

and is exact (in that |A(l)| returns to exactly unity). For some realistic systems, with higher

order terms in the expansion in Eq. (5.17), the superrevival time, 7,  also becomes very

super

important.
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To obtain the order of magnitude of the different characteristic times introduced
previously, one can consider a neutron in the second state. For this state, the value of the

classical turning point (2.11) is equal to z, =24 um. The classical periodicity of the system

T,=2 |22 ~44ms. (5.20)
g

The revival time appears to be equal to

is given by

_16mz;

=46 ms. (5.21)

rev

Th

With the neutrons of 5 m/s velocity, a 25 cm long mirror is needed to observe this revival
phenomenon.

All the methodical developements for this kind of experiments are already available: the
position-sensitive detector discussed in section 3 can provide the spatial resolution of 1 4m ,

the absorber/scatterer and a suitable mirror geometry (see sections 2 and 3) make it possible
to chose the necessary number of quantum states, and the phase of the wave function can be
fixed by a special collimator at the entry to the system.

5.4 Search for aLogarithmic Term in the Schrédinger Equation

As discussed in refs. [26, 27], an extension of quantum mechanics with an additional
logarithmic term in the Schrédinger equation assumes quasi-elastic scattering of UCN at the
surface, with extremely small, but nevertheless measurable, energy changes. Such spectral
measurements of high resolution with UCN were themselves methodologically challenging.
They were also motivated by a long-standing anomaly in the storage of UCN in traps [57].
These experiments [58, 59] allowed the authors to constrain such quasi-elasticity at ~10™" eV
per collision, under the assumption of a “random walk” in phase space at each neutron
collision with the wall: a non-zero result at this level was reported in ref. [58] at the limit of
experimental sensitivity, but was not confirmed later in ref. [59], measured in the same setup
with slightly better statistical sensitivity but with worse energy resolution.

A significant increase in the accuracy of neutron gravitational spectrometry using the
high-resolution position-sensitive neutron detectors presented here allows us to improve many
times over the upper limit for the probability and for the minimum energy transfer values for
the quasi-elastic scattering of UCN at the surface [60]. Moreover, we can now consider
energy changes at a single reflection, rather then having to follow the integral effects of many
collisions, as in refs. [58, 59]. In addition to this, the present limit concerns one specific
component of the neutron velocity along the vertical axis before reflection and after it. Also
any deviation from conventional quantum mechanics can be verified in a more direct way
with the quantum limit used here for the minimum possible initial energy, or velocity.
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Such constraints, however, present a broader interest and could be considered in a more
general model-independent way: how precisely do we know that UCN conserve their energy
at wall reflections or during UCN storage in material traps?

Let us remind the reader of the details of the experimental set up used in the last run. A
neutron beam with a horizontal velocity component of ~5 m/sec and a vertical velocity
component of 1-2 cm/sec, which corresponds to the energy of the lowest neutron quantum
state in the gravitational field above a mirror, is selected using a bottom mirror (1) and a
scatterer/absorber (3) positioned above it at a height of ~20 um. A second mirror (2) is
installed 21 um lower than the first mirror (1). If the UCN bounce elastically on the mirror (2)
surface in the zone between the scatterer’s (3) exit edge and the position-sensitive detector
(4), the measured spatial variation of the neutron density as a function of height would
correspond to that shaped by the mirrors (1,2) and the scatterer (3) in the zone upstream of the
scatterer’s (3) exit edge. If they do not, then the excess number of neutrons observed in the
higher position would be attributed to their quasi-elastic reflection from the mirror (2)
surface. The experimental setup is designed in such a way that any known parasitic effects
(vibration of the mirrors and the scatterer, residual magnetic field gradients, quasi-specular
reflections of UCN from mirrors or at residual dust particles) should be small enough not to
cause a significant change in the spectrum of vertical neutron velocities (see refs. [8-9,
19-22]).

We will not discuss the possible microscopic mechanisms of quasi-elastic reflections of
UCN at surfaces; we shall simply consider this problem in phenomenological terms. A simple
conservative upper limit for the quasi-elastic scattering/heating probability (versus average
energy transfer) following UCN reflection from the lower polished glass mirror could be
calculated, assuming an ideal scatterer able to select a single quantum state above the mirror
(1) in Fig. 7. Populations of all quantum states above the mirror (2) can be precisely
calculated in this case [22]. They provide the neutron density distribution, presented by the
solid curve in Fig. 10. We know in fact that a few neutrons at higher quantum states should
survive [15] producing a density distribution close to one presented by the dotted curve in
Fig. 10. However, we do not attempt to take such neutrons into account and intentionally
sacrifice the sensitivity of the present limit in favor of maximum reliability and transparency.
Such an estimation could be further improved with the present experimental data using a
more sophisticated theoretical analysis based on ref. [15]. It would however be slightly
model-dependent in such a case. For the simplified approach chosen, the solid line in Fig. 10
is considered as “background” for the measurement of quasi-elasticity and any additional
events above this line would be supposed to be due to quasi-elastic scattering. Fig. 12
illustrates the results of the treatment of the experimental data presented in Fig. 10.

The straightforward calculation of such a constraint provides the solid curve in Fig. 12
under the following assumptions: 1) all additional events higher than the solid curve in Fig.
10 are attributable to quasi-elastic scattering/heating; 2) the energy is assumed to change in
one step (due to the low probability of such an event); 3) we take the number of quasi-
classical collisions in such a system [15].

The rather sharp decrease with height of the neutron density on a characteristic scale of a
few microns simplifies considerably the present calculation. For large enough AE values,
any excess counts above the constant background level AN, /Ah in the height range

h>60 um are attributed to quasi-clastic scattering/heating. Quasi-elastically scattered
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neutrons could be observed at any height between zero and (E, + AE)/mg , where E| is the

initial energy of vertical motion and AE is the energy gain. If AE > E, the total number of

bg

—, neglecting the initial spectral line
mg

width 7 <60 um. At 30 confidence level, we would observe an excess N, of events at

background events is approximately equal to

h>60 um, if it is equal to:

AN,, AE

N =3 (5.22)

al Ah mg

Probability of the energy change

10" 10™" 10" 10°
Energy change, eV

Fig. 12. The solid curve corresponds to constraints for quasi-elastic scattering of UCN at a flat glass
surface: the total probability of such a scattering per one quasi-classical bounce versus average energy
transfer at “36” confidence level. The dotted curve shows the possible improvement of such constraints
in the flow-through measuring mode. The dashed curve indicates a further increase in sensitivity in the
storage measuring mode. The circles correspond to theoretical predictions for the present experiment in
accordance with refs. [14-15, 17]. The stars indicate analogous predictions for measurements with the
experimental setup [8-9, 19-22] inclined to various angles. The triangles show the value of the energy
change expected in refs. [14-15, 17] (for a higher initial neutron velocity than that in the present
experiment). The thin dotted and dashed curves indicate schematically the constraints if the initial
spectral shape line were to be taken into account.

With the horizontal velocity component v, and the mirror length L between the
scatterer’s exit edge and the detector (see Fig. 7), the total number N, of quasi-classical

bounces is:

L

N bounces .
2 2E,
T vhor
g m

(5.23)
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Thus, with the total number ; of neutrons in the initial spectral line, we would be able

to observe quasi-elastic scattering at 30 confidence level if its probability P, (AE) is equal

Fa(AE)= N _ 3 ANy AE 3,/%%‘“ (5.24)
! NO .Nbuunces NOL Ah mg g m

As is evident from eq. (5.24), F,,(AE) increases as +AE , thus decreasing the sensitivity

to:

of the present constraint at large energy changes. The sensitivity is also lower at energy
changes smaller than the initial spectral line width of ~60 um (here the constraint is estimated
numerically). Therefore the best sensitivity is achieved at the energy change comparable to
one or few initial spectral line widths, as shown in Fig. 12.

The constraint presented shows the high degree of elasticity of neutron reflections in the

range AE ~107"7 —=3-107"" eV AE ; this is important for the further development of precision
neutron spectrometry experiments. Further improvements in the sensitivity of such constraints
by an order of magnitude are feasible in the flow-through measuring mode, by improved

shielding of the neutron detectors (a factor /AN*’% in eq. (5.24)), by increasing the length of
Ah

the bottom mirror (a factor 1/ L in eq. (5.24)), by further increasing the scatterer efficiency,

and by using a narrower initial neutron spectrum (a factor \/ET in eq. (5.24)). On the other

hand, a broader initial spectrum could allow us to increase the factor N in eq. (5.24) and
therefore to improve the sensitivity at higher AE values (sacrificing the sensitivity at lower
AE values).

An almost order-of-magnitude gain in the minimum measurable energy change could be
achieved by providing a proper theoretical account (in accordance with ref. [15], for instance)
of the spectrum-shaping properties of the scatterer, or by a differential measurement of the
vertical spectrum evolution using bottom mirrors of different lengths. Possible improvements
in the flow-through mode are illustrated by the dotted curve in Fig. 12. One should note that
any jumps in energy by a value significantly lower than 1 peV would clearly contradict to the
observation of quantum states of neutrons in the gravitational field [12-15, 21-23] and
therefore they are not analyzed in the present article. The minimum energy increase
considered corresponds to the energy difference between neighboring quantum states in the
gravitational field.

A much higher increase in sensitivity could be achieved in the storage measuring mode
with the long storage of UCN at specular trajectories in a closed trap (the dashed curve in Fig.
12 or better).

As an example of a possible application of the present constraint, let us compare it to the
theoretical prediction in accordance with refs. [58,59]. This model assumes the replacement
of “continuous interaction” of UCN with a gravitational field by a sequence of “collisions
with the field”. The time interval 7 between the “collisions” is defined as the time during
which the mass “does not know that there is an interaction” since the kinetic energy change
OE (by falling) is too small to be resolved. From the uncertainty principle:
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57.55%, or SE ~ h’”% = 33v... (peV) (5.25)

where v, isin m/s.
For the vertical velocity component v . =2.5cm/s in our present experiment, the

expected energy change is 0E =8-107" eV (shown as the circle in Fig. 12). The “100%”
probability of quasi-elastic scattering is slightly higher than the 30" experimental constraint
(the solid line in Fig. 12). However, considering the expected probability value of ~10% and
low experimental sensitivity at small AE values, one needs to further improve the sensitivity
of the present constraint.

On the other hand, a slight modification of the experimental setup would allow us to
verify clearly the considered hypothesis. Namely, the whole apparatus should be turned by a
significant angle relative to the direction of the gravitational field. In this case, the vertical
velocity component is comparable to the longitudinal velocity of 5-10 m/s. The transversal
velocity component (relative to the bottom mirror) is very small, just equal to the one in the
experiment [12—15, 21-23]. All sensitivity estimations for quasi-elastic scattering/heating are
analogous to those given above (see Fig. 12). However, the theoretically predicted effect
could be as high as ~10"" eV (depending on the inclination angle) — just in the range of the
best sensitivity of the present constraint: the stars in Fig. 12. In order to measure a
hypothetical cooling of UCN at their quasi-elastic reflections, we must first of all select a
higher quantum state (7 >1) and then follow the evolution of the corresponding neutron

spectrum. The sensitivity estimations in the energy range 0<AE < E;, would be about as

strong as those for the quasi-elastic heating if the experiment was optimized for this purpose.
Such measurements would be significantly easier to perform than the measurement of the
gravitationally bound quantum states because they do not require such record levels of energy
and spatial resolution.

5.5 Search for the L oss of Quantum-M echanical Coherence

The fundamental loss of quantum coherence because of gravitational interaction is an issue of
high long-term scientific interest. As it was pointed out even in the first publication [28],
neutron interference experiments could be sensitive to this phenomenon. The quantity
defining the sensitivity of such an experiment is the characteristic time of observation of an
interference pattern. In the experiment [61] with thermal neutrons this value was about 300 us

(which corresponds to the energy 2-107' GeV ). In our experimental setup, in the flow-

through measuring mode the observation time could be as high as ~60 ms (107 GeV ). A
measurement of the localization phenomenon, described in this article, could give a direct
estimation of the effect of the fundamental loss of quantum coherence. A much longer
observation time would be possible in the storage measuring mode in our experiment. On the
other hand, even better constraints for the loss of quantum coherence would be obtained by
measuring neutron oscillations between two quantum states due to a small mixing interaction
(for instance, a magnetic one) in some analogy to the experiment mentioned in ref. [29].
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6 Transitions between the Quantum States

The observation of transitions between the quantum states would allow a qualitatively new
step in this research. These transitions can be initiated in various ways and by different forces
(strong, electromagnetic, gravitational). In this section we will study, for the first time,
different options, giving estimations of probabilities of these transitions.

The mechanical vibration of a mirror would be the simplest way of inducing such
transitions. This vibration means a periodical variation of the boundary condition created due
to the effective Fermi potential of the bottom mirror (i.e. due to strong forces). In fact, we
already observed this kind of transitions induced by nuclear forces, in our last experiment. To
suppress neutrons in the ground state, the mirror was assembled in a special way so as to
produce a negative step (Fig. 7). This trick can be considered as an infinitely fast change of
the Hamiltonian which produces a change in the occupation numbers, i.e. the transitions
between the levels.

Another way to produce transitions between the levels is to introduce a varying gradient
of magnetic field (i.e. by electromagnetic forces). Until now, all magnetic effects have been
considered as parasitic and able to blur the gravitational levels. Considerable efforts were
therefore needed to avoid undesirable interaction between the neutron magnetic moment and
an external magnetic field. Now that once the existence of the gravitational levels is well-
established, a controlled magnetic field can be introduced to manage transitions between the
levels. Experimentally, it is easy to produce such a gradient with any form of time-
dependence, in particular, perfectly harmonic oscillations.

However, the most interesting way to produce the transitions is by variation of the
gravitational field. This could be done, for instance, by the rotation of a massive body close to
the experimental set up. This kind of transition is, of course, very difficult to observe. The
aim of this study is therefore to evaluate the feasibility of performing this kind of experiment
with current and future neutron facilities.

A measurement of transitions between the gravitational levels can be used to study the
properties of neutrons. For instance, if we look for transitions induced by a variable electric
field and we establish an upper limit on such transitions, we can establish a limit for the
electric charge of the neutron.

6.1 General Expressionsfor Transition Amplitudes

Let us remind the reader of the main formulas [3] which will be used hereafter concerning the
transitions between the quantum levels (two states of the discrete spectrum). We are
interested in the transitions induced by a periodical external interaction considered as a
perturbation and which, in order to obtain simple analytic expressions, is considered to be
harmonic.

The Hamiltonian H of the problem can be written in the form

H=H,+V(t) (6.1)
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where H |, corresponds to the unperturbed gravitational problem (z > 0)

~2
H=2tmg (6.2)
2m
and
V(t)=V,(2)e” +V,(z)e ™ (6.3)

is a harmonic perturbation with ¥ (z) which depends on z . This particular harmonic form

of excitation is chosen to obtain analytic results and can in some cases be achieved in an
experiment.

A solution W of the Schrodinger equation

oY [~ -
i = (Ho +V(t))‘P (6.4)
can thus be written as a sum
¥=>a ¥ (6.5)
k
—iE‘k")x/h

over solutions ‘P;O) =y, (2)e of the unperturbed Schrédinger equation

v

= H\Y. (6.6)

ih

If we put (6.5) in (6.4) and taking into account (6.6) we obtain:
; o da; _ % (0)
iny ¥, = > aVOvY. (6.7)
k I %

By multiplying the last equation by ‘P:O) and by integrating over z , we obtain:

da
=3V (¢ 6.8
dt Zk: mk( )ak ( )

ih
with the matrix element:

V) = [0V (0¥ dz (6.9)
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The last differential equation describes an evolution of the quantum system. If we
suppose that at a moment ¢ = (), the system was, for instance, in a ground state (k =1)

a,(0)=1and a,(0)=0 forany m#1,

then we can calculate, at least numerically, a probability to find the system in the state n for
any moment 7 as

P(t)=la, () . (6.10)

As we said previously, the choice of a perturbation interaction V' (¢) in a harmonic form

(6.3) allows us to obtain an analytic expression for the probability (6.10) if we consider the
problem of only two coupled states. Physically, this situation is produced when the frequency

@ of the excitation is close to the difference @, = (E'” — E”)/ i (resonance regime). Let
us suppose therefore that the difference €= @, —®@ is very small and that in the matrix

element (6.9) of the perturbation (6.3), we can leave only the dominant term with this small
frequency:

V()= [0V (O dz = ¢ [y, (2)ydz = F e (6.11)

By omitting all other terms, we obtain a system of two coupled equations relating the
amplitudes of presence in the ground and in the n-th state:

. da »
ih d" =F e“a,
dt (6.12)
a .
ih—L=F e"“a,.

This system can be easily solved, for instance, by the standard Laplace transformation. If
we suppose that at £ =0 the system is in the ground state, the probability of finding it in the
n-th excited state appears to be equal to:

Q2
P(t)=|a, )| :Q—gsm2 Qt (6.13)
with
Eﬂ 82
Q, :7 and Q2 =Q§+T.
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This is a well-known Raby formula describing an oscillation of the system between the
two coupled states with the frequency 2€2. The probability of presence in an excited state

oscillates between 0 and Qé / Q.

1.0

v, Hz

Fig. 13. The transition probability from the ground to the excited states as a function of frequency of a
perturbation interaction V = @/ 27 .

The maximum probability as a function of frequency has a resonance-like behavior

(2F,)’
5 Aol
P. (o) =—Qg = i . (6.14)
Q (a)_a) )2 + (2E11)
nl

and is presented in Fig. 13. The resonance frequencies given in this figure correspond to
transitions from the ground state 7 =1 to the first three excited states. The energy spectrum
of the system becomes denser with increasing 7z (the levels become closer to each other).

The width of this resonance is defined by the matrix element of the perturbation F; and is

equal to

I' =4F

n nl*

(6.15)

To resolve the two nearest states with 7 and n+1, their energy difference

E . —E =ha,,, shouldbe smaller than the corresponding width:

ho . >T . (6.16)

nn+1 n

In other words, the matrix element £, should not be very big
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F, < % 6.17)

to populate only one excited state.
For an exact resonance € = 0, formula (6.13) becomes

P (t)=sin’ Q. (6.18)

For a very small period of time (or a very small matrix element F,), this probability is

seen to depend quadratically on time:
P (t)=Qt’ (6.19)

(this formula is valid even when not in an exact resonance). We can say that this probability
becomes close to 1 if:

=1, (6.20)

We can say that to have a non-negligible transition probability, the observation time 7
should be of the order of:

T~—. (6.21)

By combining this condition with the condition of the resolution of two neighboring
states (6.17), we conclude that, to observe a resonance transition, the neutron life time in the
system should be higher than:

T>——. (6.22)

For instance, for a transition between the ground state # =1 and first excited state
n =2, the corresponding frequency is equal to 254 Hz and we obtain 7 >4 ms. For
neighbor higher excited states, this time should be even greater. We would remind the reader
that in the last experiment the time of presence of neutron in the system was close to 25 ms.

If the condition (6.22) is not satisfied, the transitions may also occur but in several states
simultaneously. This is true in particular, in the case mentioned in the introduction to this
chapter: the transition due to the sudden change of the mirror height (negative step). The
neutrons from the ground state (before the step) populate a few low excited states (after the
step). The transition exists but it is not a resonance one.
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6.2 TranstionsInduced by a Magnetic Field

As we mentioned at the beginning of this section, the magnetic field B easily couples to the

neutron magnetic moment 4 by:

Hw =V(t)=—uB (6.23)

and thus can be used to induce transitions between the gravitational levels. To obtain the
desirable effect, one can introduce an oscillating magnetic field with a gradient along the z
axis (which is also the direction of the magnetic field itself):

B.=fzsinat. (6.24)
For this interaction, the matrix element F, is equal to:

F:ﬂ = ﬂnﬁznl (625)

where (£ is the neutron magnetic moment and

Zn = jl,V:Zl/lle :

This matrix element can be calculated numerically with the well-known Airy function
and, for instance for n =2, appears to be equal to

z,, =0.653z, (6.26)

where z, =5.87 ym is the characteristic length of the problem introduced previously.

This can be easily achieved, even in the current experimental setup. The gradient of the
magnetic field [ necessary to introduce a transition between the first two levels with a
probability close to one (6.20) is equal to:

_h
Mzt

(6.26)

For the present experiment with # =25 ms, we obtain /=10 Gs/cm, which can be

achieved without major difficulty. It is planned to conduct this experiment in the very near
future.

Let us emphasize that the studies of transitions induced by a magnetic field would
represent a very efficient tool for the search for the loss of quantum coherence induced by
gravity. The time evolution (6.13) of the two-level system is modified in the presence of such
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effects and can be constrained experimentally without any major difficulty. This is another
reason why the experiments on magnetic transitions between the gravitational levels are of
high priority.

6.3 TranstionsInduced by a Gravitational Field

The most interesting transition would be the one induced by gravitational interaction, for
instance, by a massive body motion in the vicinity of the setup. Compared to the Coulomb
interaction, this process is analogous to an excitation of the Coulomb atom by an electric
charge moving near the atom. In a field theory picture, this excitation is induced by a virtual
photon. In the case of a transition between the gravitational levels induced by a moving body,
one would speak of a virtual graviton. Strictly speaking, the theoretical description of both
processes does not require the explicit introduction of these virtual particles. We could not
therefore say that the detection of the gravitational transition would be an unambiguous
demonstration of the existence of the graviton. Nevertheless, this experiment would be a very
important step towards this goal.

The main difficulty is obviously due to the very weak interaction constant. Let us
therefore simply estimate the probability of such a transition in order to charge on the
feasibility of its observation in the near future, let us say within a decade.

Let us suppose that a transition is induced by an oscillating body moving just above the
neutron situated at distance z above the mirror. Thus the distance between the neutron and the
body is equal to:

r:§+a(l—cosa)t)+A—z (6.27)

where L is the linear size of the body, a is an amplitude of oscillations and A is the minimal
distance between the body and the mirror. This oscillating body will introduce an additional
gravitational interaction:

=™ (6.28)
r

M being the mass of the body. z is small with respect to L and this interaction
Hamiltonian can be developed in series on z. The linear term is equal to:

mMi 4

Hin~G . (6.29)
L L(1+2{(1-cosax))
Here A is neglected with respect to L and x = a/ L is introduced. The function:
1
()= (6.30)

(1+2¢(1—-cos a)t))2
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is not harmonic but it is quite easy to calculate its development in Fourier series:
f)y=> ce™ (6.31)
Nn=—oco

with the coefficients:

2r/ @ 2
J’ f(t)e—ina)tdt — 1 n+l (I’l+1)—(l’l—1)77 (632)

; C\1+4¢ (1-n*)’

W
c,=—
"

where

77:1+L—L 1+4¢ . (6.33)

20 28

As a function of ¢ , 77 increases continuously from 0 to 1.

In particular, the coefficient corresponding to the first harmonic ¢, is equal to:

20

=2 (6.34)

(1+4¢)"

This coefficient as a function of ¢ has a maximum for { =1/2 and its maximum value

is equal to
¢, =0.192. (6.35)

Let us note that the coefficient describing the difference between the neighbor harmonics
is equal to:

n(¢=1/2)=2-3=0.268. (6.36)

This means that the higher terms decrease quite rapidly with » and, in first
approximation, the interaction (6.30) can be considered as harmonic and can be represented,
for the optimal choice { =1/2, as:

H =3.08G M2 g (6.37)
L L
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This Hamiltonian is now considered as a perturbation V' (f) and its matrix element F),
between the first two states’ wave functions is equal to:

F, = 0.77G%%, (6.38)

where z,, is the same as in (6.26).

Obviously, for any realistic experiment, the condition (6.20) will be hardly fulfilled for
the gravitational interaction. Even if the neutron life time is chosen as the time of observation
(this hypothesis implies successfully storing neutrons at a given gravitational level over a
very long period, which is actually an extremely challenging task) and the characteristic size

of the oscillating body equals to L =20 cm with high density p=20-10° kg/m’ (i.e.
M =160 kg), the value of the product (6.20) appears to be small:
F,t
—-=0.01. (6.39)
h
This means that the probability of a corresponding transition would be of the order of

107 . With existing sources of UCN, the detection of those transitions would scarcely seem
possible.
However, the probability of transition increases if we choose other levels, for instance,

highly excited neighboring levels. We can show that the matrix element z,,, ~behaves, for

n>1,as:
2/3
z,,, =0.57En", (6.40)
i.e. increases quite rapidly with n, whereas the transition frequency will decrease:

@ . ~n'". (6.41)

n+ln

Hence the technical realization of the experiment would be even simpler.
Note also that increasing the size L of the oscillating body produces very limited gain

because the amplitude of the transition depends linearly on L: F), ~ L, whereas its mass will

grow very rapidly M ~ L’ and make the experiment much more complicated.

Taking into account these circumstances, we can conclude that an experimental
observation of a transition between two gravitational levels, induced by the motion of a body
seems relatively unlikely in the near future with the existing neutron sources.
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6.4 TranstionsInduced by an Electrical Field

By studying transitions between the levels induced by an oscillating electric field, we can
establish an upper limit on (or find) the neutron charge.

As an example, let us consider a system where the mirror is one of the plates of a
condenser. If we apply a varying electric field a perturbation Hamiltonian:

Hu=V(t)=e Ee”z (6.42)

e, being the neutron charge, £ the strength of the electric field.

For this interaction, the matrix element £, is equal to:
F,=ekEz, . (6.43)

Thus an upper limit for the probability of transition to the nth state £, will give an upper

limit on the neutron charge:

e <
" Ezt

nl

JBn - (6.44)

In an experiment with the electric field E =10" V/m, with ¢ compatible with the

neutron life time, B, = 10~ must be achieved in order to obtain an actual limit on the

neutron electric charge equal to e, <10'e. The best limit is produced with the

interferometer experiment using very cold neutrons [62]. It should be noted that ultracold
neutrons were also used to establish the limit [63].

6.5 TranstionsInduced by the Combined Effect of Different Excitations

Nevertheless a much tighter constraint for the neutron electric charge can be obtained and a
transition induced by a moving massive body can be observed experimentally. The idea is to
conduct an interference experiment where we measure a transition induced by two different
causes, for instance, by a variable gradient of the magnetic field and a varying electric field or
an oscillating body.

The matrix element F, of such a transition would be equal to the sum:

n

Fy=F+ Fy (6.45)

nk

of abig F*¢ (for instance, magnetic) and a small ™" (electric or gravitational) terms. The

transition probability would be proportional to:
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P.(1) ~ zzpﬁ¥r+2E$“F“% (6.46)

nk

g

By an adequate choice of the relative phase of these two perturbations, we can obtain
another probability:

P(t)~ |Fie[ —2F"Fye. (6.47)

|2

Thus, an asymmetry is proportional to:

small
L PO-P@) _|F:

= —. 6.48
POTE0) || (049

With the estimation obtained previously (6.39), this kind of measurement seems to be
conceivable in future experiments.

Of course, exactly the same idea of combined perturbations can be used to improve the
limit on the neutron electric charge.

Conclusion

Gravitationally bound quantum states of neutrons were recently discovered in the
measurement of neutron transmission through a narrow horizontal slit between a mirror below
and an absorber/scatterer above it. The first experiment allowed us to identify clearly the
ground quantum state in this system [12, 13]. Later, with improved height (energy) resolution
and statistics, we were also able to measure also the first excited quantum state [15]. We
showed that the process of the loss of neutrons in an absorber/scatterer could be very
precisely described using a model of neutron tunneling through the gravitational barrier
between the classically allowed height and the absorber/scatterer height [15]. Further progress
with this experiment using the flow-through measuring mode is limited to a large degree by
one fundamental factor: the finite sharpness of the dependence on height of neutron tunneling
through this gravitational barrier. Nevertheless, with a more suitable and precise theoretical
description [18] and improvements to the absolute distance calibration [19, 20], we can
expect to achieve a few percent accuracy in the determination of quantum state parameters.

In order to resolve higher excited quantum states clearly and measure their parameters
accurately, we investigate another method based on position-sensitive neutron detectors of
very high spatial resolution [21, 22]. The direct measurement of the spatial density
distribution in a standing wave is preferred to its investigation with the aid of an
absorber/scatterer whose height can be adjusted. The former technique is differential, since it
permits the simultaneous measurement of the probability that neutrons reside at all heights of
interest. The latter technique is integral, since the information on the probability that neutrons
reside at a given height is in fact obtained by the subtraction of the values of neutron fluxes
measured for two close values of the scatterer height. Clearly, the differential technique is
much more statistically sensitive. Furthermore, the scatterer employed in the integral
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technique inevitably distorts the measured quantum states; the finite accuracy of taking these
distortions into account results in methodological errors and ultimately limits the attainable
accuracy of the measurement of the quantum state parameters. The feasibility of the
differential technique was demonstrated in refs. [15, 23].

The two techniques considered and the available fluxes of UCN are already sufficient for
a broad range of applications. Thus, as this was shown in ref. [24], this experiment could be
used to establish a competitive limit for short-range fundamental forces. However, it is from
other specially designed neutron experiments that further progress in the nanometer range of
distances can be expected. In order to be competitive in the micrometer range, we have to
improve accuracy by many orders of magnitude, which can only be possible using the
technique of resonance transitions between the quantum states. This experiment can also be
used to search for the axion — a hypothetical particle which strongly violates CP-invariance;
the characteristic distance for this interaction should be comparable to the characteristic

length of our problem z,. The very fact that the neutron quantum states exist provides the

best constraint at this distance. An improvement by many orders of magnitude would seem to
be easily achievable. This method could also be used for studies related to the foundations of
quantum mechanics, such as for instance, quantum-mechanical localization (revivals
phenomenon) or various extensions of quantum mechanics. For instance, it could be used to
clearly rule out, or confirm, the presence of the logarithmic term in the Schrodinger equation
in some models. It should be also noted that the present method provides two unique
opportunities: on the one hand, it provides a rare combination of quantum states and
gravitation that is favorable for testing possible extensions of quantum mechanics; on the
other hand, UCN can be reflected from the surface ~10° times without loss, i.e. much more
than for optical phenomena, which means that any kind of localization can be better studied
with UCN. Finally, this method could be very useful for such problems of high interest as the
fundamental loss of quantum coherence in systems with gravitational interaction.

Other methodological applications of the gravitationally bound quantum states and
related techniques lie outside the subject of the present discussion of quantum gravity
phenomena. We will therefore not discuss them in detail but simply mention a number of
them. These experiments helped us to find an alternative approach to the problem of the
neutron-tight valve for UCN traps able to operate in the broad range of temperatures needed
for precision experiments with UCN storage. This is of crucial importance for precision
neutron lifetime experiments. The existing solutions suffer from highly disturbing side
effects: the so-called gravitational valve [64] modifies the spectrum of the stored UCN,
whereas the so-called liquid valve [65,66] means the unavoidable use of fomblin oil with the
accompanying effect of quasi-elastic scattering [67,68], producing large false effects also.
Other methodological applications include the possibility of studying the distribution of
hydrogen above/below solid or liquid surfaces, or the investigation of thin film on surfaces.
These two subjects will be considered in more detail in separate publications.

A qualitatively new step in accuracy could be achieved even with the existing UCN
density if the resonance transitions between the gravitationally bound quantum states were
observed. These transitions could be initiated in various ways and by different forces (strong,
electromagnetic, gravitational). In this article we presented for the first time a feasibility
analysis and theoretical description of the observation of resonance transitions between the
quantum states. All the above-mentioned applications of gravitationally bound quantum states
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for various physical problems would benefit considerably from the increase in accuracy
which the technique of resonance transitions could bring. Moreover, a new class of highly
competitive experiments could be considered, such as better constraints for the electric
neutrality of neutrons, or the resonance transitions between the quantum states due to the
gravitational interaction. It is clear that any increase in the energy resolution in measurements
of the resonance transitions between the quantum states requires a high density of UCN. We
therefore consider new approaches in order for significantly increasing the UCN densities,
such as the thermalization of neutrons in gels of ultracold nanoparticles [69].
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