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Outlook

We want to further improve the maximal electric field that we can apply to our mirrors and 
reduce sparks that could damage the surface. A crucial step will be to use our alignment tech-
niques to build up a setup to store and experiment on quantum mechanical states. 

Status

Mirror Alignment:  
We developed a technique to align several mirrors over a dis-
tance of over 40cm to an accuracy of less than 1µm.  This en-
abled us to build and test a three-regions setup.

Electric-Field: 
In previous tests we 
were able to reach 
electric fields around 
40kV/mm. 
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Appendix

Figure 11: Photographies of the experimental setup

Setup E-Field [kv/mm]
First trial - Alu. Mirror 39
Second trial - Alu. Mirror 46

Third trial - Neutron Mirror 42

[8]

[9]

[10]

Sensitivity

A charge measurement 
would consist of three mea-
surement points
                                .
By choosing a slightly de-
tuned position compared to 
νpq, namley the point of the 
steepest slope, one can in-
crease significantly on the 
sensitivity for deviations 
from the case            . 
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FIG. 3: Expected Ramsey fringe pattern for ultracold neutrons
traversing the system (black). If the neutron carries a charge of
q = 5 ·10−18 qe, the detected signal will change in dependance
of the direction of the applied electric field (parallel to gravity:
red curve, anti-parallel: blue curve). For the calculation of this
plot, the geometric parameters of Ref. [22] were used.

In section 5, the accumulated phase shift can be mea-
sured by transmission through a second state selector.

By tuning the oscillation frequency ν, a typical Ram-
sey fringe pattern as shown in Fig. 3 (black line) will be
observed. To test neutron’s neutrality, three different con-
figurations are used: the electric field is put on, thereby
pointing either parallel, +Ez, or antiparallel, −Ez, to
gravity, or the electric field is put off. In the parallel and
antiparallel configuration Ramsey’s method probes an en-
ergy difference of ∆E± = E±

q − E±
p (see also Fig. 1).

If the neutron carries an electric charge, the fre-
quency shift between the two resulting Ramsey fringe pat-
terns for the parallel and anitparallel configuration will
correspond to

∆ν = ν(0)pq ·
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This is illustrated in Fig. 3 by the blue and the red curve
for a hypothetical neutron charge of q = 5× 0−18 qe. The
black curve corresponds to the case of the electric field
switched off or the neutron charge being q = 0. For this
figure, the geometric parameters of the setup suggested
in [22] were used to calculate the Ramsey fringe patterns
for the transition |1〉 → |3〉.

C. Expected sensitivity

The search for a hypothetical charge of the neutron
consists of the following measurements: Firstly, the Ram-
sey pattern for the transition |p〉 to |q〉 is recorded with
sufficient statistics to resolve the steep Ramsey fringes.
Then, the frequency of the oscillators is locked to the
frequency ν0 where the Ramsey fringes give the steep-

est slope. The number of neutrons for a fixed observation
time t for the two different possible directions of the elec-
tric field, parallel or anti-parallel to gravity, is measured.
The corresponding number of neutrons are denoted by
N+ and N−. For the difference of neutron counts, we ex-
pect
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Here, r (ν) corresponds to the Ramsey fringe pattern ex-
pressed as a countrate and ∆ν to the frequency shift in-
duced by the hypothetical charge of the neutron.

With the help of Eq. (12) and a Taylor-expansion in
q, this formula can be re-expressed:
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The statistical error on q is given by
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Here, N is the total number of counted neutrons, t equals
to the total measuring time, r is the mean count rate
r = N/t, and the assumption N+ ≈ N− ≈ N/2 was
used.

To estimate the sensitivity of the suggested method,
it is useful to calculate the so-called discovery poten-
tial, i.e., the statistical limit on the hypothetical charge
q reached in a measuring time of one single day. To de-
termine this discovery potential, all ingredients of eq. 15
need to be estimated:

The mean rate r profits from one of the main advan-
tages of Ramsey’s Method: as the system is self-focussing,
the steep slope of the inner Ramsey fringe stays un-
changed even if the transmitted neutrons have a certain
velocity distribution. From our previous experiments at
the beam position UCN/PF2 at ILL, the mean count rate
can be estimated to be r ≈ 0.1s−1 using all neutrons with
velocities vx between 3.2m/s and 9m/s. The total statis-
tics per day is given by N = r ·T = 0.1s−1 ·86400s = 8640
neutrons.

The steepest slope of the Ramsey fringe pattern is
given by value ∂r (ν) ≈ 1 Hz frequency shift per s−1

transmission change. For this calculation, the standard
neutron mirror setup as proposed in [22] for an in-flight
experiment was used. Therefore, the interaction time of
the neutron with the electric field is τ = 0.130s.

Baumann et al. [17] used an electric field of Ez =
6 × 106V/m. The distance of the electrodes was 3mm.
The achievable electric field scales with the square-root
of the distance, thus an improvement by a factor of five
by using electrodes with a distance of 100µm is possible.
Measured breakdown voltages at electrode distances of

Ramsey fringes for -Ez and Ez, [1]

|1〉 → |7〉

(Ez = ±E0, Ez = 0)

Ez = 0

GRS and the charge of the Neutron

By implementing Ramsey`s Method of 
separated oscillating fields, one can 
further enhance the GRS technique. The 
system would consist of five-regions. 
Region one and five take care of 
preparing and selecting a set of 
gravitationally bound states. Region two 
applies a π/2-pulse and thereby transfers 
the prepared set in a superposition of 
two states. 

After this, region three allows the phase to evolve and region four then transfers it back in the initial state by another π/2-pulse. If in 
region three a homogeneous E-field is applied, then in the case of a non-vanishing charge the neutrons would accumulate an 
additional phase. With this phase the second π/2-pulse transfers the neutrons in a slightly different occupancy, which results in a 
change in transmission behind region five. This is measurable with our 
online low-background detectors [4].

this experimental setup of Ramsey’s resonance method for
the neutron’s gravity states such that it is suitable for a
measurement of a hypothetical charge of the neutron. A
sketch of a modified setup to test the neutron’s neutrality is
shown in Fig. 2.

To implement Ramsey’s method, one has to install
(1) a state selector or polarizer,
(2) a region where one applies a �=2 pulse, creating the

superposition of the two states whose energy differ-
ence should be measured,

(3) a region where the phase evolves,
(4) a second region to read the relative phase by apply-

ing a second �=2 pulse, and finally,
(5) a state detector or analyzer.
In region 1, neutrons are prepared in a specific quantum

state jpi in the gravity potential following the procedure

demonstrated in [26]. Above a polished mirror a rough
absorbing scatterer is mounted which selects only the
ground state and absorbs or scatters out higher unwanted
states; see [27].
In region 2 of length l, the first of two identical oscil-

lators is installed. Here, transitions between quantum states
jpi and jqi are induced. The oscillator frequency at reso-
nance for a transition between states with energies Eq and

Ep is �pq ¼ ðEq � EpÞ=h which gives, for the transition

j1i ! 3i, a frequency of �13 ¼ 461:9 Hz. Driven at reso-
nance (� ¼ �pq), the oscillator brings the system into a

coherent superposition of the state jpi and jqi; a �=2 pulse
creates an equal superposition. The oscillator system is
realized either by using oscillating magnetic gradient fields
or by vibrating mirrors. There a modulation of the mirror
height takes place.
In the intermediate region 3, a nonoscillating mirror with

a neutron flight path of L and flight time T follows. It might
be convenient to place a second mirror on top of the bottom
mirror at a certain height H. The mirrors are rounded off
and are coated with gold for electrical conductivity. Field
strengths of about 6� 106 V=m are used.
In region 4, a second oscillator, which is in phase with

the oscillator in region 2, is placed.
In region 5, the accumulated phase shift can be mea-

sured by transmission through a second state selector.
By tuning the oscillation frequency �, a typical Ramsey

fringe pattern as shown in Fig. 3 (black line) will be
observed. To test the neutron’s neutrality, three different
configurations are used: The electric field is turned on,
thereby pointing either parallel, þEz, or antiparallel,
�Ez, to gravity, or the electric field is turned off. In the
parallel and antiparallel configurations, Ramsey’s method
probes an energy difference of �E� ¼ E�

q � E�
p (see also

Fig. 1).
If the neutron carries an electric charge, the frequency

shift between the two resulting Ramsey fringe patterns

FIG. 2 (color online). Proposed experimental setup. Region 1: Preparation in a specific quantum state, e.g. state 1 with a polarizer.
Region 2: Application of first �=2 flip. Region 3: Flight path with length L. Region 4: Application of second �=2 flip. Region 5: State
analyzer.
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FIG. 1 (color online). Energy eigenvalues and probability den-
sities of the first and third eigenstates of a neutron in the
gravitational potential of the Earth (black curves). The upper
(lower) curves show modifications due to an electric field in a
parallel (antiparallel) configuration for a hypothetical neutron
charge q ¼ 5� 10�16qe.
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has been treated as a time-dependent variation of the
scatterer position [39].

In region two of length l, the first of two identical
oscillators is installed. Here, transitions between quantum
states jpi and jqi are induced within a time � according to
Eq. (2). The oscillator frequency at resonance for a tran-
sition between states with energies Eq and Ep is

!pq ¼
ðEq � EpÞ@ : (14)

The squared ratio of�R and�
0
R as a function of the driving

field ! for transitions j1i ! j3i, j1i ! j2i and j2i ! j3i is
shown in Fig. 3. For the j1i ! j2i transition, which we
chose as an example for transitions in a two-level system,
!12 ¼ !2 �!1 ¼ 2�� 254 s�1.
Driven on resonance (! ¼ !pq), this oscillator drives

the system into a coherent superposition of state jpi and
jqi. A �=2 pulse, that is one with pulse area �R� ¼ �=2,
creates an equal superposition between state jpi and jqi.
This can be done by using oscillating magnetic gradient
fields or by vibrating mirrors i.e. a modulation of the mirror
potential in height.

In the intermediate region three, a nonoscillating mirror
with a neutron flight path of L and flight time T follows. It
might be convenient to place a second mirror on top of the
bottom mirror at a certain height h. It allows us to tune the
resonance frequency between jai and jbi due to the addi-
tional potential, and it provides an effective doubling of
sensitivity in a search for hypothetical axion induced phase
shifts or other fifth forces;, see Sec. III.

Subsequently, in region four a second oscillator in phase
with the oscillator in region two is placed. If the oscillating
! is equal to !pq, then the system is at resonance and we

have a complete reversal of the state occupation between
jpi and jqi. There is no change in the relative phase of the
oscillator and the quantum state of the neutron independent
of the neutron velocity. In the other cases for ! � !pq, a

velocity dependent relative phase shift builds up, since a

slower neutron is in the region three longer and experiences
a greater shift than a faster neutron.
Afterwards in section five, such a phase shift can be

measured by transmission through a second state selector.
This method can be realized with some modifications to

the previous setup in the following way: Neutrons are taken
from the ultracold neutron installation PF2 at Institut Laue-
Langevin with a measured horizontal velocity v ¼
3:2 m=s< v< 20 m=s. At the entrance of the experiment,
a collimator absorber system limits the transversal velocity
to an energy in the pico-eV range. The experiment itself is
mounted on a polished plane granite stone with an active
and passive antivibration table underneath. This stone is
leveled using piezo translators [40]. Inclinometers together
with the piezo translators in a closed loop circuit guarantee
leveling with a precision better than 1 �rad [41]. A solid
block with dimensions 10 cm� 15 cm� 3 cm composed
of optical glass serves as a mirror for neutron reflection.
The neutrons see a surface that is essentially flat. In region
one, an absorber/scatterer that is a rough mirror with a
surface roughness of about 0:4 �m is placed above the first
mirror at a height of 27 �m in order to select the first
quantum state. The other states are efficiently removed,
except for the second state, which is still present with a
contribution of a few percent. In region two, a second
mirror is placed after the first one. Piezo elements attached
underneath induce a fast modulation of the surface height
with amplitude a according to Eq. (4).
As an example, we consider transitions between state

j1i ! j2i for the most probable velocity at the PF2/UCN
beam position, 6 m=s. The length l ¼ 15 cm of this mirror
is chosen in such a way to provide a neutron in a superpo-
sition of these two quantum states after � ¼ 25:0 ms.
Region three has a flight path of L ¼ 80 cm on a single
mirror between the two oscillators in region two and,
identical to region two, in region four. In region five, a
state selector as an analyzer is placed, identical to the
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electric field region. The intrinsic discovery potential of
this experiment was q = 3.6×10−20 qe per day at the for-
mer UCN source of the Leningrad VVR-M reactor. Dur-
ing only three days of running this experiment produced
the result

q = −(4.3± 7.1)× 10−20 qe . (5)

Up to now, all experiments probing the electric neu-
trality of neutrons were designed as deflection experi-
ments (see also Ref.[20]).

We propose to probe neutron’s neutrality by a new
technique using the spectroscopy of quantum states in the
gravity potential above a vertical mirror. The new tech-
nique is an application of Ramsey’s method of separated
oscillating fields [21] to quantum states in the gravity po-
tential of the earth [22] equipped with an electric field in
the intermediate flight path region.

Energy eigenstates in the gravity potential of the
earth can be probed by a new resonance spectroscopy
technique, using neutrons bouncing on a horizontal mir-
ror [23]. In the presence of an electric field Ez, the energy
of quantum states in the gravity potential changes due
to an additional electrostatic potential if a neutron car-
ries a nonvanishing charge q. Important for this method
is the fact that the energy shift differs from state to state
due to the properties of a Schrödinger wave packet in
a linear potential. We measure the energy difference be-
tween two quantum states by applying an electric field Ez

parallel or anti-parallel to g. It will allow high precision
spectroscopy, because ultimately the highest precision in
experiments can be obtained by measuring frequencies.

II. RAMSEY SPECTROSCOPY OF

GRAVITATIONAL QUANTUM STATES OF

NEUTRONS

A. Quantum states of neutrons in the gravitational

and external electrostatic potential

Let us consider the motion of ultracold neutrons with
a hypothetical electric charge q in a gravitational and elec-
tric field above a horizontal mirror.We assume their forces
to act in z-direction, while the mirror is aligned with the
xy-plane at z = 0. The motion in x- and y-direction is free
and completely decouples from that in z-direction. With-
out the external electric field, the problem is equivalent
to the quantum bouncing ball [24, 25].

It suffices to consider the time-dependent
Schrödinger equation restricted to the z-direction

{

−
�
2

2m

∂2

∂z2
+mgz + q| �Ez|z

}

Ψ = i�
∂Ψ

∂t
. (6)

Here, g is the acceleration of gravity, m is the mass of

the neutron and | �Ez| is the external electric field point-
ing in z-direction. We are interested in two special cases
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FIG. 1: Energy eigenvalues and probability densities of the
first and third eigenstate of a neutron in the gravitational po-
tential of the earth (black curves). The red (blue) curves show
modifications due to an electric field in parallel (antiparallel)
configuration for a hypotetical neutron charge q = 5×10−16 qe.

| �Ez | = ±Ez where the electric field is oriented parallel
(+) or antiparallel (−) to the acceleration of gravity. The
potential of the mirror at z = 0 associated with the sub-
stance of the mirror is repulsive and much larger than the
eigenenergies of the lowest quantum states in the gravi-
tational field. Therefore Eq. (6) must be solved with the
boundary condition Ψ(z = 0, t) = 0.

The corresponding stationary Schrödinger equation
is given by

{

−
�
2

2m

∂2

∂z2
+ (mg + q| �Ez |)z

}

ψn = Enψn . (7)

It is convenient to use rescaled units ζ = z/z0 and
εn = En/E0 with the characteristic gravitational quan-
tum length z0 and energy scale E0 of the bouncing neu-
tron, which depend on a hypothetical electric charge of
the neutron q:

z0(q) =

(

�
2

2m

1

(mg + q| �Ez |)

)1/3

(8)

E0(q) =
(

mg + q| �Ez |
)

z0(q) (9)

The solutions of Eq. (7) is given in terms of Airy-
functions

ψn(ζ) = Nn Ai(ζ − εn) , (10)

where Nn is a proper normalisation factor and εn the n-th
energy eigenvalue (in rescaled units). The displacement εn
of the Airy functions has to coincide with the n-th zero

Five mirror Ramsey Setup, [1]

∆ν = ν(0)pq
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States in Electric-Field, [1]

Transition probability for different velocity distributions, [2]

δq ≈ 3.3 · 10−20 qe√
Day

Ez = 50 kV/mm

{
− �2

2m

∂2

∂z2
+ (mg ± q| �Ez|)z

}
Ψn = EnΨn

Gravity Resonance Spectroscopy

An ultra-cold neutron forms 
bound states in earths 
gravitational field over a flat 
mirror [6] as shown in the 
figure on the right side.
 
These states were observed for 
the first time in 2002 [3]. 
In 2011, a system was 
implemented to drive transitions 
between these states in an 
one-region setup [5]. 

Building up on these results, we 
successfully drove several 
transitions between different 
states with a three-region setup 
in 2012.
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UCN states in the gravitational field, [7]

Motivation

*   Despite conservation laws and observations, the neutrality of the neutron is an open question.

*   Many competing extensions to the Standard Model.

*   A new limit would narrow down the landscape of possible extensions.

*   GRS together with Ramsey’s method provides a new approach to probe the neutrons charge.

Abstract
With a new Gravity Resonance Spectroscopy technique we plan to probe the electric neutrality of 
the neutron. This is possible by using Ramsey‘s Method of separated oscillating fields. The 
approach has the potential to improve the 25 years old existing limit [1] [11]. Our project is 
related to the question of the quantisation of the electric charge, which is a well established 
experimental observation. But charge quantisation in the Standard Model of Particle Physics 
requires an additional free parameter, which must be determined experimentally. A charge 
measurement is a promising way to refine the theoretical framework and thus has consequences 
for various topics i.e. neutron-antineutron oscillations or the search for a Grand Unified Theory.
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