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1 Abstract

On the following pages I describe a very young field in physics and especially
in quantum physics: neutron interferometry. Although the realization of this
measuring method was worked out rather recently, the important successes
achieved through its many applications have soon caused it to constitute an
own important field. The multitude of applications range from simple spin
experiments to the determination of extradimensions in our own galaxy. It has
been shown that moreover, for all these applications neutron interferometry is a
very accurate measuring method. Having become an indispensable tool in nearly
every field of quantum physics research, the study of neutron interferometry
is an up-to-date issue. With special emphasis placed on its basic physical
understanding I did not focus on the highly specialized experimental setups
that can be performed by means of a neutron interferometer, that is, the present
study aims at giving the reader an extensive overview of the many possible
applications in modern physics offered by neutron interferometry.
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1 Introduction

In 1974, the research group of H. Rauch at the Vienna Atominstitut, Vienna
Technical University, performed the first experiment on interfering neutrons,
which gave us the fascinating confirmation, that the formula by de Broglie is
also true for neutrons. They were able to show the dual wave and particle
behavior for neutrons adapting an interferometer, which Bonse and Hart had
originally constructed for the use with X-rays. Consecutively, many experiments
on neutron interferometry have been set up for various purposes and neutron
interferometry got developed very fast.

The present paper gives a general review of the neutron interferometry
techniques, then points out the phase shift phenomena in neutron interferometry
and closes with an overview of the related applications.

2 Neutrons—Classical Description and
Quantum Approach

2.1 Facts about neutrons

Neutrons belong to the constituent particles of the atomic nucleus and possess
a neutral electric charge. Similar to baryons, neutrons are made of quarks,
that is of two down quarks and one up quark; they have a rest energy of
about 939, 57MeV, which is equivalent to a rest mass of ∼ 1, 67 · 10−27kg. The
mean lifetime of a free neutron is T 1/2 = 885, 8(9)s, that is nearly 15 minutes.
Furthermore, the neutron is classified as a fermion that is as a particle with
half-integer spin.

Neutrons, which are suitable for the use in our experiments usually arise
from a source using nuclear fission of 235U. When the fission is achieved the
produced neutrons slow by elastic shocks in the hydrogen moderator and remain
‘thermalized’. The following table lists the properties of thermal neutrons:

THERMAL NEUTRONS VALUE
Temperature 293,6 K

Energy 0,0253 eV
Velocity 2200,05 m/s

Wavelength 0,17982 nm

From the reactor source the thermal neutrons get directed via a neutron
guide to the experimental setup being currently run. The phase space density of
the strongest known neutron sources is referred to be 10−14, which corresponds
to the occupation number in the coherence volume. For that reason we can
assume that the probability of having two interacting neutrons in our coherence
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volume can be set to zero. This is an important point, because we can assume
now, that all the detected neutrons are free from any correlation.

2.2 Quantum description of neutrons, 4π spinor systems

As indicated in the previous section, neutrons are fermions, thereby possessing
spin-1

2 . To submit a neutron to rotation we apply the corresponding quantum
formalism and denote the rotated state of such a spin-1

2 system by

|ψ〉r = Dz(φ)|ψ〉, (2.1)

where the index r means the rotated spin state and Dz(φ) is the rotation
operator for such a system, written by

Dz(φ) = exp
(

−iSz
~

)
. (2.2)

Applying the above onto our state, which we write as
(ψ1
ψ2

)
for an easier under-

standing, and inserting the spin matrix for spin-12particles, that is

Sz = ~
2

(
1 0
0 −1

)
, (2.3)

we obtain

exp
(

− iSz
~

)
|ψ〉 =

(
e− i

2 0
0 e

i
2

)(
ψ1
ψ2

)
=
(
e− i

2ψ1

e
i
2ψ2

)
. (2.4)

Choosing an angle of 2π for φ, we can calculate that the outcoming result is
no longer the original vector but has become −|ψ〉.

It is then easily checked that if we rotate the neutron by 4π it will turn back
into its initial state. For this reason neutrons are called 4π spinor systems in
quantum mechanics.

2.3 Detecting neutrons

In general terms, neutron detectors divide into two different categories, which
are appropriate to identify the presence of namely either the fast or the slow
neutrons. In the present study I will limit to a close consideration of the slow
neutron detector type, because this is the one which we need when performing
experiments that involve neutrons. This type of detector mainly consists of
two separate parts, the first one being a tube filled with a special gas and
the second part being a material that gives rise to the scintillation process.
It must be pointed out that apart from gas detectors there exists another
detector type, which uses appropriate solid matter instead of gas to trace the
existence of neutrons, but most of the experiments cited in the following did
apply gas detectors. Since it is not, or almost not, possible to directly detect
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neutrons—the neutral charge of which do not class them as typical ionizing
particles—the working principle of such gas detector takes profit of particles
with a high neutron cross section added to its filling. An example to illustrate
such skilful detour is the He3 detector. Thermal neutrons enter the volume
filled with the He3 gas and get absorbed by it. The products of this reaction
are 1H

1 and 1H
3 ions which the scintillator is able to respond to.

3 Interferometry in Quantum Physics

Looking back to the historical development of modern physics it can be said
that quantum physics started with the postulation by a number of physicists,
which then was strongly held up by Albert Einstein, that there is no two ways
about it that photons are manifested in the dual nature of a wave and a particle
as well. The big step de Broglie took forward in 1924 was, that he inverted this
postulate and gave us a formula which enables us to calculate the wavelength
of every particle we could imagine.

λ = h

p
= h

mv

√
1 − v2

c2
. (3.1)

Since we have adopted this fundamental concept, interferometry in quantum
physics has kept growing in importance, turning even into the essential tool to
testify the quantum behaviour of a system. From that development onwards,
so many a different type of interferometer has come to be applied with quan-
tum mechanical experiments that I will give a closer review on them before
introducing the neutron interferometer itself.

To put it simply, an interferometer uses the property of waves to split a
wavefront into two, or more, mostly equal parts. The two coherent parts
getting stably recombined after a while thereby give us an interference pattern
that allows us to make statements about the properties of the object under
investigation, that is, about the wavefunction describing the object.

Several types of different interferometers have been designed to this day,
among these some are still well known whereas others remain nearly unknown.
The ‘Michelson interferometer’ for instance played the essential part in the
experiment that knocked out the theory of light aether. Another famous
one, which came to frequent use in quantum mechanics, is the ‘Mach-Zehnder
interferometer’.

This type of interferometer is well known for various experiments, an example
is the ‘bomb experiment’. The optics setting makes that the incoming wave is
split by a beamsplitter that reflects 50% of the beam and transmits the other
50%. After having passed the beamsplitter the two beams get reflected at a
mirror, and one of the beams, or both together pass a phase shifter, which
could be made of a material to be investigated, for instance. The last step is
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Figure 3.1 Schematic representation of a
Mach-Zehnder interferometer with a phase
shifter in its upper beam path | ©Wikipedia

the second beamsplitter giving the two beams the chance to interfere again
and to cause a click count in one of the possible detectors mounted thereafter.

4 Neutron Interferometry

The basic design of the different neutron interferometry setups remains basically
the same and looks very similar to the ‘Mach-Zehnder interferometer’. We
consider an incoming beam, we have it split and then let it interfere again at a
certain point. The first scientist who thought about realizing an interferometer
that works for neutrons had been Helmut Rauch in 1974. Rauch adapted the
so-called ‘three-crystal interferometer’ by Bonse and Hart, who had conceived
it for X-rays nearly a decade earlier, and thus could perform an experiment
with unpolarized monochromatic neutrons. The ‘three-crystal interferometer’,
and all the later developments of neutron interferometers alike, are made from
a single monolithic silicon crystal. Out of it the interferometer gets cut in
one piece. The name ‘three-crystal interferometer’ might appear confusing,
however the denomination refers to the three parallel plates (usually in 220
crystal orientation) of a perfect crystal structure which the neutron beam
passes all through. An illustration and a photograph picture of such a neutron
interferometer are shown below.

4.1 Operating principle, Bragg reflection

Why do we need a monolithic silicon crystal? The big idea by Rauch, or by Bose
and Hardt respectively, consisted in introducing the process of Bragg diffraction
into interferometry. Bragg’s law describes how a particle with wavelength λ
gets scattered at several layers of an anisotropic material, what our silicon
crystal actually is,

2d · sin Θ = nλ, (4.1)

where d is the distance that separates the neighbour crystal planes, and where
Θ denotes the Bragg angle, which however is not equivalent to the diffraction
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Figure 4.1 Schematic representation and picture of the first monolithic ‘three-crystal interferometer’. | ©David
Kendellen:“Neutron Interferometry and 4π Spinor Symmetry Experiments”(l); www.teilchen.at(r)

Figure 4.2 Derivation of Bragg’s law: The
incoming wavefront enters from the left and
gets scattered at the atoms of the crystalline
planes. ©Free Software Foundation

angle—as we have come to understand at the basic courses in optics—but
which is rather the angle between the planes and the incoming beam. The
illustration below should make this equation more clear.

As we mentioned before, the wavelengths of the thermal neutrons used in
the real experiments range about 1 − 4Å. If we want to obtain a diffraction
angle 2Θ of about 45° we rather have to use neutrons of the upper range values
of wavelength. Applying all these criteria onto Bragg’s diffraction law we will
recognize that we have to look for a material the spacing between the crystal
planes of which ranges about 3Å. A first class material and probably the one
with the best fitting parameters, and moreover, of a high quality produced on
industrial-scale, which altogether satisfies this condition is silicon.

We can see in figure 4.1 that the neutron beam passes the crystal blades of
each about 4, 3954 ± 0, 0008 mm thickness at three times. In literature we can
often read that the first and the last blade work both as beamsplitters whereas
the central one corresponds to a mirror, however, this appears so when we
consider the arrangement broadly. Under a closer inspection we will recognize
that the central plate does work in the very same way as the other two and that
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the edge beams leave the interferometer. With such a type of interferometer
the two particle paths can be separated by about 5 cm.

4.2 Phase shifts and intensities

To testify the quantum behaviour of a system we have to measure its wave
behaviour, plus, to evaluate the various effects that result from my changing
the different parameters of my interferometer. In common interferometers
such a change is for instance obtained by varying the length of one arm of
the interferometer. In neutron interferometry we hardly can vary the length
because of our solid monolithic silicon crystal, so what is done in the most
experiments is getting a slab of a different material inserted into the beam paths.
The effects caused by such procedure are discussed in the present chapter.

First I will consider the phase of the wavefunction, which the source emits
and which is denoted by Φ(x, t), as a scalar field. This phase evolves in time,
while the two beams continue their path through the interferometer and can
be described by a line integral over the Lagrangian

Φ(x, t) = 1
~

∫
L · dt′, (4.2)

where the Lagrangian can be written in terms of the Hamiltonian H, the
momentum of the particle p and its classical group velocity v, namely L =
p · v − H.

Inserting this into (4.2) we get the final phase the neutron wave posesses at
its hitting the detector, that is

Φ(x, t) = 1
~

[∫
x

x0

p · ds−
∫
t

t0

H · dt′
]

=
∫
x

x0

k · ds−
∫
t

t0

ω · dt′, (4.3)

with the wave vector k and the frequency ω. To distinguish the possible
traveling paths of the neutrons across the interferometer we assign (4.3) index
1 to the upper and index 2 to the lower path, respectively. Doing this, one can
define the phase difference achieved at the detector by

ΔΦ(x, t) = Φ2(x, t) − Φ1(x, t). (4.4)

As we can easily imagine, getting an invariant phase difference in our inter-
ferometer will not reveal anything of interesting to us. Therefore, we have
to include an extra phase shift into one of the two paths and cast an eye on
what happens to the resulting interference of the beams. For that purpose we
introduce a potential-induced phase shift with respect to the original phase
difference that is defined by

ΔΦV = ΔΦ − ΔΦ0, (4.5)

whereat we read the phase difference of the beams at zero potential as ΔΦ0.
Using the notation of (4.3), we can write
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ΔΦV (x, t) = 1
~

[∫
x

x0

Δp2 · ds−
∫
x

x0

Δp1 · ds−
∫
t

t0

ΔH2 · dt′ +
∫ t

t0

ΔH1 · dt′
]

.

(4.6)

There are different possible ways to cause a potential-induced phase shift, three
of which we will take a closer look at in the following.

1. The most common method to implement a potential is to insert something,
for instance a material, into one path of the interferometer. This causes a
potential, which changes my phase depending on the position of the entered
material, but which remains time-invariant, that is V = V (x). Traveling
across the potential distance, the neutron is decelerated at the one end
and accelerated at the other end. The time-invariance of this setup yields
that the Hamiltonian drops out of the equation. So, only the change of the
kinetic momentum remains to evaluate the equation, we get

ΔΦV (x) = 1
~

∫
R

Δpkinds, (4.7)

for this experimental setup, where the index R stands for the area of the
potential involved.

2. Another configuration is obtained by applying a potential which depends
upon time only, that is, a pulsed potential that remains invariant along
x. So the time-dependent Hamiltonian is the only remaining term of the
equation. we get

ΔΦV (t) = −1
~

∫
pulse

ΔH(t′)dt′. (4.8)

3. A third interesting configuration takes care that the phase shift depends on
the geometry and the topology of the setting up only. In this case, a hidden
momentum arises, the effect of which I will not discuss in detail here [5].

Now our focus should lay upon the neutron beam intensities that are signal-
ized by the detectors, because these intensity measurements give evidence of
the experimentally gained information we are aiming at. For such purpose we
use the notation of Werner and Rauch as displayed in the figure 4.1. Therein,
the authors define the wave functions as depending of the phases of the paths
Χ, the original entering wave function is denoted by ψ0 and the coefficients of
transmission and reflection are denoted by ‘t’ and ‘r’, respectively. The denoting
is completed by defining the resulting beams that leave the interferometer after
the third crystal plate as the O-beam and the H-beam, respectively. Applying
this notation, the intensity of the O-beam satisfies the equation

IO = |ψ1 + ψ2|2 = |trrψ0e
iΧ1 + rrtψ0e

iΧ2|2, (4.9)

where the indices 1 and 2 mark the different paths in the interferometer the
neutrons travel along. One now can easily effectuate the multiplication and
explicitly write down the result by
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IO(ΔΧ) = A (1 + cos ΔΧ) . (4.10)

ΔΧ is the phase difference achieved between the two different paths Χ1 and
Χ2 and the constant A takes mainly account of the transmittivity and the
reflectivity coefficients and is defined by A = |ψ0|2 ·

(
|r|4|t|2

)
. Similarly, the

H-beam is described by the equation

IH (ΔΧ) = |trtψ0e
iΧ1 + rrrψ0e

iΧ2|2 = B − A cos ΔΧ, (4.11)

where the constant B stands for B = |ψ0|2 ·
(
|t|4|r|2 + |r|6

)
. If we consider that

zero neutrons get absorbed by the silicon slabs we can say, that IO + IH =
constant. So we see that the resulting intensities exhibit the behaviour of
a cosine wave oscillator. This theoretically predicted behaviour could also
experimentally be confirmed. An example of such an interference pattern is
shown below.

Figure 4.3 Interference pattern for the
O-beam and the H-beam, respectively: One
easily distinguishes a cosine wave oscillation.|©M.Arif
and D.L.Jacobson, NIST, 1997

4.3 Phase shift caused by neutron-nuclei interaction

When the neutrons pass the flag of the inserted phase shifting material, they
undergo a so-called optical potential, which we want to examine in detail in
this chapter. Such potential can generally be expressed by

V opt = 2π~2bN

m
, (4.12)

where N is the atom density and b stands for the nuclear scattering amplitude
of the neutrons. To be able to insert this potential into our equations of the
previous section we have to establish a link to the momentum of the neutron
particle, which we found to be the only term that is left in equation (4.7). For
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this purpose we strain the fact that the energy Epsilon0 is retained unchanged
in this situation. This yields

Ε0 =
p2

0
2m

= p2

2m
+ V opt. (4.13)

From above we can deduce the resulting phase shift as

Δp = p− p0 ≈ −1
2
V opt

Ε0
p0. (4.14)

This result we put into (4.7) and get

ΔΦnuc = 1
~

∫
L

0
Δp · ds = −

V opt

2~Ε0
p0L = −λ0N bL (4.15)

where L is the length of the optical potential, and λ0 = h
p0

. Setting a typical
optical potential of about 10−7eV and, for instance, a 1mm thick aluminium
slab the neutrons phase gets shifted by an angle of 420rad ≈ 1500000deg. This
estimated example shows one big advantage of such type of neutron diffraction
experimental setup, namely that neutron interferometry is a very sensitive
measuring method.

4.4 Types of neutron interferometers

A better approach to a practicable classifying of the various types of neutron
interferometers is given when we explain about the number of closed paths
or loops in such interferometer: both single loop and double loop neutron
interferometers could already be realized.

Figure 4.4 The basic settings for single-loop (left) and
double-loop (right) interferometers | ©Michael Zawisky,
Austrian Atomic Institute
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From the above illustration it is understandable that the one-loop neutron
interferometers have been known and realized since considerably earlier a time
than the two-loop type are. For instance, the very first one-loop setting up was
a three-crystal (LLL) interferometer. The reason for the difficulties met with
the two-loop configuration can mainly been found with the technical limitations
at producing a monolithic silicon crystal that were sufficiently large. Nowadays
the biggest known interferometer of the type is of the length of 21cm, which is
also the lenght of each path. The achieved optical separation of both pahts is
about 5cm (state-of-the-art realization in 2005). Today, the principal limiting
factor for the feasibility of still more efficient instruments lies at the limited
technology of manufacturing still bigger crystals. Of course, the trend continues
asking for extra-large-scale systems, which would provide experiments at a still
higher accuracy.

A type of interferometer I also want to mention here is the so-called ‘null-in-
terferometer’ by S.A. Werner.

Figure 4.5 Proposal for the ‘null-interferom-
eter’ | ©S.A. Werner

As one can easily see in figure 4.5, this type of interferometer is independent
of influences like variations of the gravitational potential. Werner originally
proposed this configuration to test the influence of the neutron spin-rotation
coupling with the neutron phase.

Other real interferometers, that have been realized so far can be seen in
figure 4.6.

5 Applications of Neutron Interferometry

5.1 4π spinor experiments

One of the first experiments, which was thought of, had been the observation of
the 4π spinor symmetry in spin-1

2 systems, as I earlier explained in chapter (2).
This experimental setup can easily be accomplished: Starting from a neutron



14

Figure 4.6 Several types of neutron interferometers produced at
the Austrian Atomic Institute. | ©Erwin Seidl

Figure 5.1 Experimental setup of the 4π
spinor experiment run by Rauch et al. in 1975
| ©Ref.1

interferometer we just have to apply a magnetic field to the interferometer, as
is seen by the following illustration (the Miller indices [2,2,0] standing for the
chosen orientation of the silicon crystal).

As the neutron passes the magnetic field it couples as a dipole to the B -field.
Therefore we are able to write the Hamiltonian in terms of the Pauli spin
matrices σ as: H = −µ ·B = −µσ ·B . The neutron then crosses the magnetic
field and for that reason gets affected by the Larmor precession and by the
spinor rotation. This causes that the wavefunction no longer depends on time,
it is only determined by the angle of rotation. This angle can be denoted as

α ≈ 2µ
~v

∫
B · ds, (5.1)

that is, as an integral along the neutrons trajectory, where v denotes its velocity.
The intensity of the forward beam, the O beam, then satisfies the equation
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IO = |ψ0(0) + ψ0(α)|2 = 2|ψ̃0|2
(

1 + cos
(α

2

))
. (5.2)

From the term that contains cos
(
α
2
)

we can clearly see that the neutron gets
back into its initial state by an angular rotation that is equivalent to 4π only.
This has also been the result Rauch et al. recognized from their experimental
intensity patterns, which we find reproduced in figure 5.2.

Figure 5.2 Intensity modulation resulting
from the magnetic field influence at the two
different optical paths of the interferometer |
©Rauch et al. 1975

5.2 Gravitation in neutron interferometry

In June 1975, the three authors R. Colella, A.W. Overhauser and S.A. Werner
published an article in the Physical Review Letters, where they presented
an experimental setup, which gets lovingly called COW experiment since
then [6]. They considered an experimental setup, which would not limit
the evaluation to a consideration of the Planck constant alone, but their
configuration, moreover, should also make the gravitational constant assume
its determining part. Until then, all experiments in neutron interferometry
had been carried out at one same gravitational potential for each of the ‘legs’
of the interferometer. The ‘COW’ experiment would take profit of the fact
that the neutrons, the mass of which is non-negligible when compared to that
of photons, make the neutron interferometer become a perfect instrument to
observe the influence that gravitation exerts on the wave function of particles.
To explain this gravitational effect, I will largely follow their paper starting
with the ‘COW’ experimental setup, which we can see in the picture below.

The main part therein constitutes the so-called (triple Laue) LLL three-crys-
tal interferometer consisting again of a monolithic silicon crystal with three
plane-parallel cut slabs of a thickness a, situated each at a distance of d from its
neighbour slab. Next to this three-crystal there are mounted three single 3He
gas detectors (C1-C3), which the neutron beams will hit after their passing the
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Figure 5.3 Schematic picture of the COW experimental
setup. | ©Ref. 6

LLL three-crystal on the different paths, and the counting rates of which are
used to obtain the intensity patterns for each of the neutron paths.

The basic idea of the ‘COW’ experiment now is to tilt the whole arrangement
by an angle α to obtain a higher running path for the neutron wave and another
one that is running at a lower height. In their first experiment the magnetic
field induced rotation was performed along the AB axis of the incident beam.
In principle, it is irrelevant along which axis of the setup the tilting is effected,
the significance lays in obtaining an upper and a lower path to get a related
difference in the gravitational potential. Note, that such rotating along AB
will apply the same magnetic effect onto the neutrons when passing A or B
and thus will give us the same quantum mechanical phase shift for the two
different ways given by the segments AC and BD.

Assuming this potential to be a Newtonian one, we can describe it as a
function of the rotation angle α by the equivalence

ΔV (α) = mgH0 sin (α), (5.3)

with m being the neutron mass, g the local gravitational acceleration and H0
the perpendicular distance between the paths AB and CD. Using the constant
of motion Ε0 = ~2k2

0
2m , we can define a difference of the momenta of the two

possible paths by

Δp = p− p0 = −mgH0 sin (α)
2Ε0

. (5.4)

This result we can apply to (4.7) to express a phase shift, thus yielding

ΔΦgrav = 1
h

∮
Δp · ds = −2πm2 g

h2λ0A0 sin (α) ≡ qCOW sin (α), (5.5)

where A0 is the area enclosed by the two beam paths, given by A0 = (2d2 +
2ad) tan Θ, including the Bragg angle Θ for the silicon (220) reflections.The
relative gravitational phase shift ΔΦgrav is defined as the specific phase shift
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qCOW from the ‘COW’ experiment modulated by the sine wave of the tilting
angle α.

In the first experiments run by the ‘COW’ group the setup was arranged
in a way that the possible maximal tilting angles did not overcome ±30¬∞.
They calculated the difference between the intensities at the detectors C2 and
C3, for which we have got the formulas in (4.10) and (4.11), and then plotted
it versus the angle of tilting. The result can be seen from the graph shown
below.

Figure 5.4 Counting rates representing I2 − I3 as
a function of the rotating angle along the AB axis. |
©Ref. 6

Now this is not the whole game of it, because, as M.A. Horne has commented
to the point, this type of experiments might not just be regarded as two path
devices, but provide rather eight path interferometer setups instead [5]. For this
reason, we have to replace our gravity phase shift formula (5.5) by a dynamical
formula that takes account of the differing of the areas when swept by our wave
function, or at least, we have to insert a correction term. This correction gives
us a relation between qCOW and qgrav , the value for the gravitational phase
shift becoming thereby relabeled from qCOW to qgrav .

qgrav =
(

1 + 2a
3d

)
· qCOW . (5.6)

Moreover, interpreting that the non homogeneous aspect of the result displayed
in figure 5.4 arises from an added up phase shift qgrav plus qbending , which
means that we also have to take account of the bending of the interferometer
over its own weight, we will obtain, after Fourier transforming the datas, the
result

qgrav + qbend = 54, 3 rad, (5.7)

which however was predicted from theory to be qgrav = 59, 6 rad instead. Why
did they have such a discrepancy? The authors of the ‘COW’-experiments
ascribed all this to the complexity around qbend, what later on was understood
not to be the case.

The case appeared to be more difficult than straight, when a group around
Sam A. Werner found out that with their interferometer setup, the same
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apparatus of which was designed to accept X-rays as well as neutrons passing
through it, the value of this qbend was determined to be qbend = 1, 41 rad. They
could rely on a more accurate method of evaluation by inserting a phase rotator
into one path of the interferometer and by scanning through its differernt angles
δ at α0 = 0. They repeated the procedure for various angles α and thereby
obtained an interferogram for each tilting angle. The difference between the
resulting interferograms then is denoted by ΔΦgrav(α). They also included
a correction for the Sagnac effect with their interferometer setup (this effect
taking account in a rotating interferometer of the parts of the neutron beams
that are counter-propagating) and eventually got for the gravitational phase
shift qgrav the following formula

qgrav = (q2
exp − q2

Sag)
1
2 − qbend. (5.8)

Taking all this into account they achieved a far better experimental evaluation,
namely

qgrav(observed) = 58, 72 ± 0, 03rad, (5.9)

when compared with the theoretical calculation, that is qgrav(theory) =
59, 19rad.

5.3 Verification of Berry’s phase

5.3.1 Berry phase in general

Usually, when we speak about time evolution of a system, we use the Hamil-
tonian to calculate it, and, assuming that we have an adiabatic process, there
will be no change in the functional form of the system. However, for a given
state |ψ〉 this is only true up to a phase, where |ψ(τ )〉 = eiφ|ψ(0)〉. So we can
say, that the state has got a memory of the way the wavefunction evolves, even
if it goes back to its initial state. This extra phase depends on the surface,
which is enclosed by this state evolution. It is not the only phase a given state
might pick up during its evolution. There is a dynamical phase as well that is
acquired over the course of a cycle, and so we can write the looping back of
the whole state into its initial state as

|ψ(τ )〉 = eiφDeiφG |ψ(0)〉, (5.10)

where φD = φD(τ ) denotes the dynamical phase and φG, the geometrical phase,
also known as the Berry phase. At this point it is neccessary to point out
that such geometrical phase is manifest in a quantum mechanical system only,
because classically we would consider the intensities marked by a detector and
which are given by the integral of the square value of the wavefunction over a
defined space area. So both the Berry phase and the memorizing of the track
being travelled along constitute a purely quantum mechanical phenomenon.
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For instance, a neutron with a spin angular momentum of S = 1
2~, which

passes a magnetic field, is coupled by its spin to the B vector and interact with
it performing a Larmor precession. If the externally applied magnetic field now
rotates by an angle of α the wavefunction of the neutron particle will acquire
a geometrical phase of φG = −1

2α, this change in phase being continuous.

• CLASSICAL PARALLEL TRANSPORT

The Berry phase can be easily understood if, first, we study the classical
parallel transport, which describes the basic concept in a simple way. For this
purpose we consider the figure below.

Figure 5.5 Classical parallel transport of a
vector along a spherical surface: (a) For a closed
curve in general, and (b) For a special curve |
©Ref. 7

Let us assume having a spherical surface as it can be seen for instance in
figure 5.5. Having a vector that is, for instance, tangential to this surface,
parallel transport occurs when the vector does not change its length and when
it remains a tangent vector at each surface point of the sphere. The curve does
not necessarily have to follow a spherical surface, its course may rather take
place along any conceivable n-dimensional surface, on the limiting condition
however, that such surface does exhibit a curvature. One can easily understand
that there would not be involved any angle at all if the parallel transport
occurred along a flat plane.

The angle, which appears in the geometric phase, is equal to the angle at the
sphere’s centre and which is related to the closed curve at the sphere’s surface.
When considering for instance a sphere such angle is α = A

r2 , where A denotes
the surface area surrounded by the closed curve and where 1

r2 corresponds to
the curvature at each surface point.

Applying this same concept onto our general illustration of figure 5.5, we
consider the vector that originates at the north pole and let it undergo a parallel
transport down to the equator, along which we continue for a quarter of the
whole possible extent. Then, from the equator, we let the vector undergo a
reverse parallel transport back to the north pole and, as one can easily see,
thereby the start and stop position of the vector are deviated by an angle
α = π

2 .
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In literature one often finds that the analogy to the classical Foucault-pen-
dulum is referred to, what basically corresponds to the same reflection.

In general, all suitable possibilities to transport a vector along a surface can
be defined by rules, called ‘connections’ on this area.

• QUANTUM BERRY PHASE

When considering all states that differ in phase only, the related class desig-
nates a ray in a vector space. Then, through combining all normalized states
contained in such ray over the vector space we obtain the bundle of rays, which
exhibit a natural connection. Thereby the phases of neighbouring rays can be
compared to each other. Applying the conditions that eliminate the dynamical
phase factor then yields a rule for the geometric phase of the system upon
parallel transport.

Another point of view [7] denotes the set of rays in a Hilbert space H as a
projective Hilbert space P . To formulate a rule for the case of parallel transport
the examination is concentrated onto a set of spin vectors. For that purpose, a
curve p deploying on the surface of the sphere of P is defined in a way that
p(s) describes each point along this same curve. Now we consider a vector
|ψ(s)〉 from the ray with p(s) describing its smooth variations along the course
of the curve. Assuming now that the length of |ψ(s)〉 remains observed during
the parallel transport and that both |ψ(s)〉 and |ψ(s + ds)〉 retain the same
phase, we have made ready the conditions which allow us to apply the following
equation

〈ψ(s)| d
ds

|ψ(s)〉 = 0. (5.11)

Above relation constitutes the connection which gives us the rule for parallel
transport of |ψ(s)〉 along any curve p(s) in the projective Hilbert-space P under
consideration.

In general, we can now calculate the phases of a given quantum mechanical
system, having learnt that the whole phase Ω after the cyclic evolution of
the state is given by a dynamical as well as a geometrical phase, namely
Φ = φD + φG. The dynamical phase can be written as

φD = −1
~

∫
τ

0
〈ψ(t)|H (t)|ψ(t)〉dt, (5.12)

employing the Hamiltonian H (t), whereas the geometrical phase can be formu-
lated as

φG = i

∫
τ

0
〈ψ(t)| d

dt
|ψ(t)〉dt = i

∮
C

〈ψ(t)|D|ψ(t)〉ds, (5.13)

employing the differential operator D on P . Taking up again the spin-1
2 case

of the neutron one will be able to write the above equations in a simpler form,
that is,
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φD = −1
2

∫
τ

0
ωL(t) cos γ(t)dt and ΦG = −1

2
α, (5.14)

with ωL(t) describing the Larmor-precession and α being the angle that arises
due to the parallel transport.

Soon after its rediscovery in 1984, the geometric phase got verified and was
first observed in an experiment about an optical fiber [12]: The research group
of A. Tomita et al. intentionally wounded the optical fiber to show that the
passing light would pick up an additional phase, and, which would depend on
the geometrical setup only.

5.3.2 Neutron experiments on Berry’s phase
To carry on the investigations about the Berry phase using neutron interfer-
ometry considerably longer a time would pass by. In April 1996, the research
group of Y. Hasegawa, M. Zawisky and H. Rauch published a paper, wherein
they presented the observations made about the Berry phase in their neutron
experimental setup.

In the course of their experiment they had made the assumption we met in
the previous subsection, that is, the whole phase of the system is composed
by a dynamical and a geometrical phase, Φ = φD + φG. To measure just the
geometrical phase it is therefore necessary to find a setup the configuration of
which gets the dynamical phase to vanish. As we noted earlier, the dynamical
phase is given by (5.12), which we will write, relating to the Hilbert space H,
in terms of the shift of the angular frequency Δω to become

ΦD =
∫
τ

0
〈ψ(t)| − Δωdt|ψ(t)〉 =

∫
τ

0
−Δωdt. (5.15)

To apply this formula to a neutron split-beam experiment we refer to the usual
way of describing the phase in a wavefunction as being given by k · l − ωt.

Making use of this notation leads us to rewriting the dynamical phase for
the change of the wavevector Δk in each path of the interferometer (paths 1
and 2, respectively) as

φD =
∫
l1

〈ψ1|ψ1〉Δk1 · dl
〈ψ|ψ〉

+
∫
l2

〈ψ2|ψ2〉Δk2 · dl
〈ψ|ψ〉

. (5.16)

To better explain the measuring results the above might preferably be expressed
in terms of intensities I at the detectors, or, rather in terms of the transmission
probability T of the absorber inserted into the beam path 2, such terms
remaining each combined with the corresponding phase shift Χ. Thus we
obtain

φD = I1
(I1 + I2)

Χ1 + I2
(I1 + I2)

Χ2 =
(

1
1 + T

)
(Χ1 + T · Χ2) . (5.17)

At this point I think an easier understanding by the reader is achieved giving a
schematic illustration of the real setup this research group used, refer to figure
5.6.
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Figure 5.6 Experimental setup to observe the geometric phase by
suppressing the dynamical phase using a dual-loop interferometer |
©Ref. 10

As one can understand from equation (5.17) the setup as shown in figure
5.6 can be designed in a way that the dynamical phase vanishes out. Thus, by
choosing the right combination of the phase shifters and the absorber material
the result is a measure of the geometrical phase alone. The cyclic evolution
then means that the neutron quantum mechanical system evolves along the
two paths of the interferometer and thereafter is caused to combine again. In
this case, the Berry phase, depending on the curve C only, can be expressed
in terms of the transmission probability T and the helicity σ, the latter term
taking account of the combination of the neutron spin and its linear motion,
to become

φG(C ) = 4πσ T

1 + T
. (5.18)

The reason for having applied a two-loop interferometer in their experiment as
illustrated in figure 5.6 can be easily understood from its advantageous feature,
that is, the evaluation is carried out from unmistakable clicks provoked in the
detectors at the end of the experimental course. Applying a normal one-loop
interferometer would have given us classical intensities, and, from examining
intensities only, the geometric phase would not have turned visible from our
result, as I pointed out at the beginning of this section. That is the reason,
why the group of Y. Hasegawa et al. used this special setup, where loop-A is
used to generate the geometric phase, and where loop-B is a reference beam to
determine the phase. Varying the combinations of the phase shifter I and an
absorber in loop-A will generate various geometric phases i.e. loop-A performs
the cyclic evolution of the wave function. They were also able to use the upper
loss-beam in loop-A as a reference beam, because this beam interferes at the
second crystal plate and thereby carries information of the second loop-B as
well. An additional phase shifter II in loop-B gave the ability to observe and
to measure the oscillation shifts due to Berry’s phase.
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Another experiment in this field was performed by A.G. Wagh, S.A Werner
et al. [11], who implemented a sophisticated arrangement, which made that
they did not even need to parallel transport the state, but which altogether
yielded a non adiabatic, purely geometrical phase, and, moreover, which got
rid of the dynamical phase in the end. Their experimental setup consisted
of a three-crystal plate interferometer, in each path of it a dual spin flipper
being inserted. In their turn, the Wagh et al. research group could verify the
geometric phase as well.

Recently two papers were published ([14] and [15]), where the authors report
about neutron experiments, in which they were able to balance the effect of
the geometric phase by a change of Bell angles. To confirm the violation of a
Bell like inequality they exposed one of the paths in an neutron interferometer
to a radiofrequency field. They showed, that the value of S remained 2

√
2 for

all settings of the geometric phase.

5.4 Violation of Bell’s inequality with a single neutron

We all remember very well when, around the beginning of quantum mechanics,
John S. Bell eventually solved the big discussions between Albert Einstein and
Niels Bohr by proposing us an inequality that has to be obeyed by any local
hidden realistic theory. Many experiments in this area were made since, all
emphasizing the same result, namely that in quantum mechanics a local hidden
variable, which would make its theory realistic, does not exist, in other words,
that local realism is untenable.

Also in the related field of conducting subtle Bell test experiments another
goal could be achieved through neutron interferometer experiments. All experi-
ments made until 2003 had been performed with two particles that got somehow
entangled so that their correlations could be experimentally determined. Such
complex procedure was no longer necessary when applying a neutron interfer-
ometer. In a paper by Y. Hasegawa and co. [13] an experimental setup was
proposed that needed no more but a single neutron to successfully demonstrate
the violation of a Bell-like inequality. A schematic picture of the setup they
used for this experiment is shown in figure 5.7.

The principle they applied, simple though it may be, verifies to be efficient
to an extraordinary extent. Their ingenious idea was not to entangle the same
degrees of freedom associated with two different particles but to do so about
two different degrees of freedom associated with one single neutron instead.
They were able to do this because the observables of the spinor part of the
neutron commuted with those of its spatial part. To describe the latter they
defined α to be the part of the wave function influenced in spin and χ to be
the part that undergoes a phase shift because of a spatial difference. So they
obtained the whole wave function in terms of the first and the second degree
of freedom to form a Bell state that satisfies

|ψ〉 = 1√
2

(| ↓〉 ⊗ |I 〉 + | ↑〉 ⊗ |I I 〉) , (5.19)
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Figure 5.7 Experimental setup to violate Bell’s inequality via a single
neutron | ©Ref. 13

where the upwards arrow ↑ and the downwards arrow ↓ stand for the different
spins, respectively, while I and II denote the two paths of the interferome-
ter. The main part of the setup was the interferometer, which had been the
silicon-perfect-crystal interferometer beam line S18 at the Grenoble Institut
Laue-Langevin. Further they used a phase shifter, realized by a slab of a
certain material, as well as a spin-turner implemented via a sheet of Mu-metal,
a high-permeable, ’soft’ ferromagnetic alloy. The entering neutron beam splits
at the first silicon crystal plate. Thereafter they had placed the spin turner,
which in one path turns the spin of the neutron wavefunction into the direction
that is opposite to that in the other path. Between the second and the third
crystal plates they had put the path shifter, which causes an extra phase shift
to the wave function when travelling along one path of the interferometer. They
investigated the wave function upon its leaving the interferometer, analyzing
the properties of the O-beam via spin-analysers and by a detector.

To carry out the evaluation they adopted a Bell-like inequality that allows
to directly enter the counting rates for different spin angles α and phase shifts
χ, then, using N (α, χ) as the count rate for a certain spin rotation and for a
certain phase shift, the experimental estimate forE (α, χ) is calculated as

E (α, χ) = N (α, χ) +N (α + π, χ+ π) −N (α, χ+ π) −N (α + π, χ)
N (α, χ) +N (α + π, χ+ π) +N (α, χ+ π) +N (α + π, χ)

.

(5.20)

After having completed the estimation of all E (α, χ) values, which are sub-
scripted with the corresponding integer indices, the experimental estimate of
the test statistic S is found as

S = E (α1, χ1) + E (α1, χ2) − E (α2, χ1) + E (α2, χ2). (5.21)
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The authors report in their article that in one way or another the quality of
the resolution of the obtained interference patterns was a problem, mainly
due to losses at the second crystal plate, and to other experimental details.
Nevertheless, they were able to tune their setup and could achieve visibility
contrasts of more than 70%. In the end it was possible to show that the Bell-like
inequality they used had been violated through a value of 2.051±0.019, which is
clearly greater than the magic limit of 2, that is, their experiment supports what
quantum mechanics predicts. Their experimental settings had been α1 = 0
and α2 = 0.5π, respectively, as the ‘Bell test angles’, and 0.79π and 1.29π as
the values for χ.

5.5 Outlook: Hypothetical deviation from the gravitational
potential

A recent topic of the theoretical physics community arose from string theory,
the only self-consistent quantum theory of gravity so far, and has initiated
the seriously conducted discussion if the hypothetical deviations from the
Newtonian gravitational potential [2] could exist, since these would allow us to
better describe and understand for instance the postulated existence of dark
energy. To assume the existence of such deviations led to postulating that
gravitation spreads out in extra dimensions that are thought to be curled-up
over tiny distances, the laws of gravity getting modified at distances comparable
to the size of the extra dimensions and the number of the extra dimensions
dg determining the range of the spreading gravity, denoted as λs. For this
deviating gravitational potential an extended approach has been set up in the
following form

V (r) = −GmM
r

(
1 + αe− r

λs

)
. (5.22)

To check the feasibility of such investigations we apply the above formulation to
evaluate for instance for the value of dg = 3, what would give us a range λs of
10nm. This fits the region of gravitational range where current experiments are
getting performed, as for instance with the S18 beam line of thermal neutrons
of the Laue-Langevin Institute. What exactly has our neutron interferometer
to do with the postulation of extra dimensions in space? The link is held by
the neutron-electron interaction that occurs upon the neutron scattering at the
silicon crystal planes. Such a modified gravitational potential as formulated
in (5.22) would lead us to a slightly different value of the scattering length
of the neutrons when travelling across the affected silicon plate, our neutron
interferometer yielding a very sensitive response to the modification. So we can
say that with such thermal neutron interferometer and its related relatively
simple experimental measurement it will well be possible to make investigations
if our space has around additional 3 hidden extra dimensions. Together with the
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physics community let us hopefully continue to watch the thrilling investigations
launched into furnishing evidence of this triple ‘hideaway’-brane.

6 Conclusion

“Anyone who is not shocked by quantum theory has not understood it.” This
is, what Niels Bohr once told us. When I started studying physics I had never
learnt to understand Quantum Physics before, and then have got to consider it
alarming to what extent the so-called “philosopher in the street” does not know
from nothing. Still many more than one or another of the physicists remain
satisfied by Quantum Physics, although to a varying degree, however, the
ultimate questions that keep us excited about Quantum Mechanics will probably
never loose their fascinating attraction. One of this exciting subjects is neutron
interferometry as Helmut Rauch initiated it, providing us both a powerful and a
very precise evaluation method to examine several quantum effects. In the field
of Quantum Physics neutron interferometry has accomplished great success,
and appears to continue doing so, in verifying many quantum phenomena in a
very short period of time. Still, not all questions in Quantum Physics could
be solved yet and therefore the applications of neutron interferometry keep
covering a wide range for a next period of exciting investigations.

I wish to close quoting Richard P. Feynman, who gave the following statement
on Quantum Mechanics: “A philosopher once said, ‘It is necessary for the very
existence of science that the same conditions always produce the same results.’
Well, they don’t!”
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