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Neutron interferometric tests of quantum
mechanics!

By H. Rauch

Atominstitut der Osterreichischen Universititen A-1020 Wien, Austria

(17. XI1I. 1987)

Abstract. Interferometers based on wavefront and amplitude division have been developed in
the past. Most experiments have been performed with the perfect crystal neutron interferometer
which provides widely separated coherent beams enabling new experiments in the field of
fundamental nuclear- and solid state physics. A nondispersive sample arrangement and the difference
between stochastic and deterministic absorption has been investigated. The verification of the
4nx-symmetry of spinors and of the quantum mechanical spin-superposition experiment on a
macroscopic scale are typical examples of interferometry in spin space. These experiments were
continued with two resonance coils in the beams where the results showed that coherence persists,
even if an energy exchange between the neutron and the resonator system occurs with certainty. A
quantum beat effect was observed when slightly different resonance frequencies were applied to both
beams. In this case, an extremely high energy sensitivity of 2.7 X 107! eV was achieved. Phase echo
systems, experiments with chopped beams and multiplate interferometry are discussed as examples for
forthcoming experiments. All the results obtained up until now are in agreement with the formalism
of quantum mechanics and stimulate the discussion about the interpretation of this basic theory.

1. Introduction

Three different kinds of neutron interferometers have been tested in the
past. The slit interferometer is based on wavefront division and provides long
beam paths but only a very small beam separation [1,2]. The perfect crystal
interferometer is based on amplitude division and is now most frequently used
due to its wide beam separation and its universal availability for fundamental-,
nuclear- and solid state physics research [3,4]. The interferometer based on
grating diffraction is a recent development and has its main application for very
slow neutrons [S]. A schematical comparison is shown in Fig. 1. The perfect
crystal interferometer provides highest intensity and highest flexibility for beam
handling.

In this article the development and the application of the perfect crystal
interferometer is reviewed. The first successful test of such an interferometer
happened in 1974 at our small 250 kW TRIGA-reactor in Vienna [3] (Fig. 2).

The perfect crystal interferometer represents a macroscopic quantum

") Review presented at the Gwatt-Workshop, October 15-17, 1987.
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Figure 1

Scheme of a slit, a perfect crystal, and a grating interferometer.

device with characteristic dimensions of several centimeters. The basis for this
kind of neutron interferometry is provided by the undisturbed arrangement of
atoms in a monolithic perfect silicon crystal [3,6]. An incident beam is split
coherently at the first crystal plate, reflected at the middle plate and coherently
superposed at the third plate (Fig. 1b). It follows immediately from general
symmetry considerations that the wave functions in both beam paths, which
compose the beam in the forward direction behind the interferometer, are equal
(yvé = v{), because they are transmitted-reflected-reflected (TRR) and reflected-
reflected-transmitted (RRT), respectively. This method is based on Bragg
diffraction from perfect crystals; therefore, the de Broglie wavelength of the
neutrons is about 1.8 A and their energy is about 0.025eV.

The whole theoretical treatment of the diffraction process is based on the
dynamical diffraction theory, which can also be found in the literature for the
neutron case [7-10]. Inside the perfect crystal two wave fields are excited when
the incident beam fulfills the Bragg condition, one of them having its nodes at the
position of the atoms and the other in between them. Therefore, their vectors are
slightly different (k, — k, = 10"°k,) and due to mutual interference processes, a
rather complicated interference pattern is built up, which changes substantially
over a characteristic length Ay — the so-called Pandellésung length, which is of the
order of 50 um for an ordinary silicon reflection. To preserve the interference
properties over the length of the interferometer, the dimensions of the monolithic
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First observation of interference fringes with a perfect crystal interferometer [3].
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system have to be accurate on a scale comparable to this quantity. Therefore, the
whole interferometer crystal has to be placed on a stable goniometer table under
conditions avoiding temperature gradients and vibrations.

A phase shift between the two coherent beams can be produced by nuclear,
magnetic or gravitational interactions. In the first case, the phase shift is most
easily calculated using the index of refraction [11, 12]:

k; AN o a,NA
B AN 2_(;) L, 1.1
" ki 2 b 22 i 4 (1.1
(1.1) simplifies for weakly absorbing materials (o,— 0) to
Nb
=1-A== 1.2
n - (1.2)

where b, is the coherent scattering length and N is the particle density of the
phase shifting material. As in ordinary light optics the change of the wave
function 1s obtained as follows:

WY—> Poe' VKD = gy o TINEAD — 4y oix. (1.3)
Therefore, the intensity behind the interferometer is given by
Iy |yo + yg* o (1 + cos ) (1.4)

The intensity of the beam in the deviated direction follows from particle
conservation:

Iy = I;; = const. (1.5)

Thus, the intensities behind the interferometer vary as a function of the thickness
D of the phase shifter, the particle density N or the neutron wavelength A.

Any experimental device deviates from the idealized assumptions made by
the theory: the perfect crystal can have slight deviations from its perfectness, and
its dimensions may vary slightly; the phase shifter contributes to imperfections by
variations in its thickness and inhomogeneities; and even the neutron beam itself
contributes to a deviation from the idealized situation because of its wavelength
spread AA. Therefore, the experimental interference patterns have to be
described by a generalized relation

IxA+ Bcos(x+ ¢o) (1.6)

where A, B and ¢, are characteristic parameters of a certain set-up. It should be
mentioned, however, that the idealized behaviour described by equation (1.4) can
nearly be approached by a well balanced set-up [13]. The reduction of the
contrast at high order results from the longitudinal coherence length which is
determined by the wavelength spread of the neutron beam (Ay, = A3/AR).
This causes a change in the amplitude factor of equation (1.6) as (B—
Bexp[— (AA/Ag)*x5/2]). The wavelength dependence of yx in equation (1.3)
disappears in a special sample position where the surface of the sample is oriented
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Figure 3

Interference pattern observed at high order (m = 256) with a dispersively (above) and a nondisper-
sively arranged sample [14] (Dashed lines correspond to measurements at low order).

parallel to the reflecting planes and the path length through the interferometer
becomes D,/sin 8z and, therefore, the phase shift y = —2d,,,Nb.D, becomes
independent of the wavelength. In this case the damping at high interference
orders due to the wavelength spread does not appear as in the standard position.
Related results of a recent experiment where the interference pattern in the 256
interference order have been measured in the dispersive and the nondispersive
sample position are shown in Fig. 3. [14]. The much higher visibility of the
interferences for the nondispersive sample arrangement is visible.

All the results of interferometric measurements, obtained up until now can
be explained well in terms of the wave picture of quantum mechanics and the
complementarity principle of standard quantum mechanics. Nevertheless, one
should bear in mind that the neutron also carries well defined particle properties,
which have to be transferred through the interferometer. These properties are
summarized in Table 1 together with a formulation in the wave picture. Both
particle and wave properties are well established and therefore, neutrons seem to
be a proper tool for testing quantum mechanics with massive particles, where the
wave-particle dualism becomes obvious.

All neutron interferometric experiments pertain to the case of self-
interference, where during a certain time interval, only one neutron is inside the
interferometer, if at all. Usually, at that time the next neutron has not yet been
born and is still contained in the uranium nuclei of the reactor fuel. Although
there is no interaction between different neutrons, they have a certain common
history within predetermined limits which are defined, e.g., by the neutron
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Table 1
Properties of the neutrons

PARTICLE PROPERTIES

mass mqy = 1.6749543(86) - 10™** g
spin s=1h
magnetic moment u= —1 91304308(54) ux
half live T,, = 641(8) s
electric charge g<22-107%e¢
electric dipol moment d<4.8-10" 25 ecm
confinement radius R=0.7fm
quark structure n=u—d-d
. . . mv?
kinematic relations p=mv E= N
WAVE PROPERTIES
h
Compton wavelength Ae=-——=132- 107" cm
de Broglie wavelength Ag= ;h— =1-10"%cm*)
coherence length A= 2/ AA=1-10" cm*)
packet length A =v-Ar=1-10°cm*)
decay length A=v-T,=~2-10°cm*)
phase difference O0sxys2n

*) Values belong to thermal neutrons (A5 =1.8 A, v =2200 m/s).

moderation process, by their movement along the neutron guide tubes, by the
monochromator crystal and by the special interferometer set-up. Therefore, any
real interferometer pattern contains single particle and ensemble properties
together. In the following chapters typical experiments performed mainly by our
group within the last 12 years will be presented.

2. Stochastic versus deterministic absorption

A certain beam attenuation can be achieved either by a semi-transparent
material or by a proper chopper system. The transmission probability in the first
case is defined by the absorption cross section o, of the material [a =1/l,=
exp (— 0,ND)] and the change of the wave function is obtained directly from the
complex index of refraction (equation (1.1)):

Y— woei(n-—l)kD - woeixe—o,,NDm - eix\/ﬂ_”/)o (2.1)

Therefore, the beam modulation behind the interferometer is obtained in the
following form

Iy | b+ p"Poc[(1+a) +2Va cos x] (2.2)

On the other hand, the transmission probability of a chopper wheel or another
shutter system is given by the open to closed ratio, @ = topen/(fopen + fciosea), and
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Figure 4

Sketch of the experimental arrangement for absorber measurements (above) (a) stochastic absorption,
(b) deterministic absorption, (c) attenuation by a transmission grating. Typical results for stochastic
and deterministic absorption (middle). Reduction of the contrast as a function of beam attenuation for
different absorption methods (below). Individual points in (b) correspond to beam attenuation by the
transmission grating [16].
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one obtains after straightforward calculations

I [(1=a) lygl* +a [y + viT°]
x[(1+a) + 2a cos x] (2.3)

i.e. the contrast of the interference pattern is proportional to Va, in the first case,
and proportional to a in the second case, although the same number of neutrons
has been observed in both cases. The absorption represents a measuring process
in both cases because a compound nucleus is produced with an excitation energy
of several MeV, which is usually deexcited by capture gamma rays. These can
easily be detected by different means.

Figure 4 shows a typical result for the transmission probabilities near to
a =0.25 as well as the dependence of the normalized contrast on the transmission
probability [15, 16]. The different contrast becomes especially obvious for low
transmission probabilities where the interfering part of the interference pattern is
distinctly larger than the transmission probability through the semitransparent
absorber sheet. The region between the linear and the square root behaviour can
be achieved by very narrow chopper slits or by a narrow transmission lattice,
where one starts to loose information of through which individual slit the neutron
went. The critical slit width is connected to the Pendellosung length and to the
fact that certain neutrons become “labeled” neutrons due to slit diffraction which
makes a separate detection possible in principle.

3. 4x-symmetry of spinors

The magnetic interaction is caused by the dipole coupling of the magnetic
moment of the neutron p to a magnetic field B (H = — pB). Therefore, the
propagation of the wavefunction is given by

w_) ,lp(]e—i(Ht/ﬁ) s w()e—i(uBt/fl) — w()e—iouIZ - w(a/) (3 1)

where a represents a formal description of the Larmor rotation angle around the
field B (o = 2u/h)[ B dt = (2u/hv) [ B ds). This wave function shows the typical
4rx-symmetry of a spinor

2r)= —y(0
y(2r)= —y(0) (3.2)
Y(47) = y(0)
whereas 2m-symmetry exists only for the expectation values
[y (2r)* = |y (0)* (3.3)

The 4m-periodicity becomes visible in interferometer experiments, as predicted
theoretically [17-19], and has been verified experimentally in early neutron
interferometric experiments [20, 21], where the intensity for unpolarized incident
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Ly<|y0)+ y(a)|“ox| 1+ cos > (3.4)

The results of the first related experiment are shown in Fig. 5. These results are
widely debated in the literature. It should be mentioned, that this 4-symmetry
can always be attributed to real rotations in the case of fermions [22, 23]. Today,
the most precise value for the periodicity factor is ay = 715.87 + 3.8 degrees [24].
This value provides only a small margin for speculation about SU(2)-symmetry
breaking, but a new and more precise determination of «, is recommended. The
4m-periodicity effect has been observed for unpolarized as well as polarized
neutrons, which demonstrates the intrinsic feature of this phenomenon and the
self-interference properties involved in this kind of experiments. New attention
should be drawn to an interferometric observation of the Berry phase [25] which
represents a topological phenomenon and is therefore of central interest too.

4. Spin state interferometry

In this case the polarization vector can be influenced differently in the two
coherent beam paths and these beams can be superposed at the end of the
interferometer. The principles of these experiments and the most important
results are summarized in Fig. 6 [26, 27]. More experimental details can be found
in these references. There is a marked difference between the action of a static
flipper and a resonance flipper, which has to be discussed in more detail.
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Sketch of the static (above) and the time-dependent (below) spin superposition experiment with
characteristic results [26, 27].

In the first case (static flipper) the wave function is changed by the flipper
according to equation (3.1), which has to be applied for polarized incident
neutrons:

Yo eTe % |z) = eI 7)) = —jo,e% |z) =e* | - z) (4.1)

The rotation of the polarization vector around the y-axis has been postulated to
be 7 [28]. Thus, two wave functions with opposite spin directions are superposed
at the third plate

Y« (|z) +e*|—z) (4.2)
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which corresponds to the situation proposed by Wigner [29] in 1963 to verify the
quantum mechanical spin superposition law. In this case the intensities in the O—
and H— beams are equal, and the beams are polarized in the (x, y)-plane, i.e.
perpendicular to both the initial spin directions. The angle of the polarization in
the (x, y)-plane is given by the nuclear phase shift.

cos x
Py= (ylely) =| siny (4.3)
I 0

Thus, a pure initial state is transferred to a pure final state which is different to
both states existing before superposition. The interference pattern appears only,
if a polarization analysis is performed in the |x)- or in the |y)-direction. If the
analyzer is set in the |z)- (or |— z))-direction, no intensity modulation is
observed.

The second version of the spin superposition experiment was performed with
a Rabi-type resonance flipper which is also commonly used in polarized neutron
physics. This kind of interaction is time-dependent and, in addition to the
spin-inversion, an exchange of the resonance energy E,r = fiw, occurs between
the neutron and the resonator system, which has to be considered in the
interferometric experiment. This energy exchange was observed in a separate
experiment, where the energy resolution AE of the apparatus was better than the
Zeeman energy splitting (AE < Egy) [30]. This experiment was performed
according to a proposal of Drabkin and Zhitnikov [31]. For a complete spin
reversal the frequency of the field has to match the resonance condition and the
amplitude B, has to fulfill the relation |u| B;!/fiv = m, where [ is the length of the
coil. Oscillating fields are used instead of purely rotational fields and, therefore,
only one component contributes to the resonance which causes a slight shift of the
resonance frequency from the Larmor frequency w; =2 |u| Bo/h due to the
Bloch-Siegert effect (w, = w,[1+ (B3/16B3)]) [32, 33]. Thus, the wave function
of the beam with the flipper changes according to

—2z). (4.4)

Therefore, a spin-up and a spin-down state are superposed at the position of the
third plate. The final polarization of the beam in the forward direction is given by

i(w—w,)t

P —> ee

cos (x + w,?)
P=| sin (x + w,?) (4.5)
0

and lies again in the (x, y)-plane but now rotates within this plane with the
resonance (Larmor) frequency without being driven by a magnetic field. A
stroboscopic method was needed for the observation of this effect. The direction
of the polarization in the (x, y)-plane depends on the status (phase) of the
resonance field and, therefore, has to be measured synchronously with this phase.

The observed interference pattern (Fig. 6) demonstrates that coherence
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persists, although a well defined energy exchange between the neutron and the
apparatus exists. Thus, an energy exchange is not automatically a measuring
process. As we will see later on, the exchanged photon cannot be used for a
quantum nondemolitian measurement. In our experiment, the following argu-
ment based on different uncertainty relations can be used: Firstly, one single
absorbed or emitted photon of the resonator cannot be detected because of the
photon number-phase uncertainty relation, which can be written in the form

[34, 35]

(AS)*+(AC)* _ 1
AN)? =, 4.6
where S and C can be expressed by the creation and annihilation operators,
C=(a_+a,)/2 and S =(a_ —a,)/2i, whose matrix elements couple coherent
Glauber states. For our purpose this relation can be used in its simpler form

(AN?Y(AO?) = 1. (4.7)

The uncertainty of the photon number of the resonator is minimized for a
coherent state resonator by AN =V(N) [36] and, therefore, the lower limit for
the phase uncertainty becomes A8 =1/(2V(N)). Because in this kind of
spin-superposition experiment the phase determination of the flipper field is
required to be better than 6 <3 for the stroboscopic method, it is impossible to
observe a single absorbed or emitted photon (AN = 1).

A second version of the beam path detection may be based on the
observation of the energy change of the neutron. This can only be achieved, if the
energy resolution of the instrument fulfills the relation AE <2uB,. On the other
hand, the stroboscopic measuring method requires time channels At <3iv =
h/4 |u| By, which provides another constraint on the experiment. Both conditions
cannot be fulfilled with respect to the energy-time uncertainty relation concerning
the beam parameters AEAf = #/2. Therefore, we conclude that a simultaneous
detection of the beam path through the interferometer and of the interference
pattern remains impossible.

It has been argued by Vigier’s group [37, 38], that new information about the
particle-wave duality can be obtained with resonator coils in both coherent
beams. They calculated the quantum potential and the beam trajectories [39, 40]
within the frame of the causal stochastic view of quantum mechanics (Fig. 13).
Unfortunately the results of these calculations are identical with the results of
ordinary quantum mechanics and, therefore, to decide between both points of
view remains an epistemological problem. The corresponding experiments will be
discussed in the next chapter.

5. Double coil experiments

The experimental arrangement for the double coil experiment is shown in Figure
7 [41,42]. The final polarization lies in the |—z) direction and the energy
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Sketch of the double resonance coil experiment (right) and results of the double coil experiments
(left) [41,42]. Above: Synchronous flipper fields with v, =71.90 kHz (equation 4.1). Middle: Two
slightly fluctuating independent flipper fields with v, =71.92+0.02kHz (equation 4.3). Below:

Interference pattern as a function of the phase shift A between both flipper fields at v, = 71.90 kHz
(equation 4.4).

transfer fiw, can be smaller or larger than the energy resolution AE because this
information can not be in any way associated with a beam path detection. The
lay-out of the experiment followed the proposal of Vigier's group [37, 38].
According to our previous considerations the change of the wave functions with
the resonance flippers turned to the resonance frequency can be written for
polarized incident neutrons (|z)) and for different modes of operation as follows.

a) Both flippers are operated synchronously without a phase shift between
the flipper fields:

w__} ei(w—w,)t | _ z) + eixei(m"‘mr)t | — z) (5.1)
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This results in an intensity modulation
Iyx1+cos x (5.2)

which is independent of the flipper fields.
b) Both flippers are operated synchronously with a distinct phase relation A:

Yo—> e @O | — 7)) 4 gigibei(@=wr | _ 7Y (5.3)

In this case, the intensity modulation is given by
Iyx1+cos (x + A). (5.4)

c) Both flippers are operated asynchronously with statistically fluctuating
phase differences A(¢) which average out during the measuring interval. Then

Iy < const. (5.5)

It should be mentioned in this context, that even in this case, coherence
phenomena can be observed if a stroboscopic investigation is performed
(I = L(A)).

The results of these related experiments are shown in Fig. 7. Complete
agreement with the theoretical predictions is found. The interference properties
are preserved, although an energy exchange fiw, certainly takes place. Only
quanta within a narrow energy band around Aw, and no others are excited inside
the flipper resonator. Therefore, one could believe that the spin flip and the
energy transfer process to the neutron occurred inside one of the two coils, which
would demonstrate that the neutron has chosen one of the two possible paths.
But even this rather weak statement would require the concept of pilot waves,
quantum potentials, etc., leading immediately to questions about the interpreta-
tion of quantum mechanics, which are not the subject of this article.

6. Macroscopic quantities in uncertainty relations

By means of perfect crystal neutron optics the resolution in momentum or energy
space can be increased to such an extent, that the conjugate quantities each
macroscopic dimensions.

Firstly, the perfect crystal can be envisaged as a very narrow collimator,
whose angular divergence is roughly given by the ratio of the lattice constant
divided by the thickness of the crystal (d,/t). This feature becomes visible in
multiple Laue-rocking curves, where the convolution of the individual reflection
curves exhibits a very narrow central peak [43, 44] which has similarities to the
diffraction focussing effect first treated for X-rays [45]. The individual reflection

curves are well known from dynamical diffraction theory and can be written as
[7, 8]

_sin VA(1 +y?)
1+y?

P(y) (6.1)
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where A is a reduced quantity related the thickness of the perfect crystal and y
describes the deviation from the exact Bragg angle. At the same time, a narrow
incident beam is spread out across the whole Borrmann fan, whose dimension at
the exit is given by the thickness (¢) of the crystal plates as 2t - tg6z. The rapid
variation of the intensity across the reflection curve or the Borrmann fan
(Pendellosung fringes) is caused by the rapid variation of the phases of the
excited waves inside the crystal. The corresponding rocking curves are given by
the convolution of such fine structured curves. They can also be interpreted as
self-correlation functions, which can be connected with the uncertainty relations
[46]. The analytical form of the central peak of these multiple Laue rocking
curves can be written as [47]

J1(2Ay)
Ip o 8 A—y i (62)
The width at half maximum is given by
d
86 =0.7—2% (6.3)

t
which is of the order of several thousandths of a second and of arc. The related
momentum uncertainty (Ak = k&6) is of the order of cm™' and, therefore, Ax in
the space-momentum uncertainty relation becomes of the order of cm. The
formulas for the triple case Laue rocking curves and for various other contribu-
tions to the rocking curves can be found in the literature [47].

The experiments have been performed with monolithic multiplate systems by
rotating a wedge shaped material around the beam axis; this provides a proper
control of small beam deflections in the horizontal plane, which is the only
sensitive plane for perfect crystal reflections. This deflection is given by the
properties of the material, by the angle 8 of the wedge and by the rotation angle
« around the beam axis

NbA*> (B .
o - tg(z) sin & (6.4)
The broadening of the central peak due to the insertion of a macroscopic slit is
shown in Fig. 8 [48]. More recently measurements with macroscopic transmission
lattices have shown similar results. Although the wavelength of the neutrons is
smaller than the width of the slit, by a factor of about 10° the broadening
becomes visible due to the high angular resolution of such systems. This can also
be understood by the large transversal coherence length of the beam across the
whole Borrmann fan (2¢ - 1g65).

As an alternative to the high momentum resolution discussed before, an
extremely high energy resolution can be achieved by a slight modification of the
double coil experiment described in chapter 5. If the frequencies of the two coils
are chosen to be slightly different, the energy transfer becomes different too
(AE = i(w,; — w,;,)). The frequency difference can be made very small, if high
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Experimental arrangement for the observation of triple Laue rocking curves and broadening of the
narrow central peak due diffraction from a slit with a width of 5 mm [48].

quality synthesizers are used for the field generation. The flipping efficiencies for
both coils are always very close to 1 (better than 0.99). Now, the wave functions
change according to

P> @O | _ 2} gitgilw—wadt| _ 5 (6.5)

Therefore, the intensity behind the interferometer exhibit a typical quantum
beat effect, given by

Iox1+cos[y+ (0w, — o) (6.6)

Thus, the intensity behind the interferometer oscillates between the forward and
deviated beam without any apparent change inside the interferometer [41, 42].
The time constant of this modulation can reach a macroscopic scale which is again
correlated to an uncertainty relation AE At < fi/2. Figure 9 shows the result of an
experiment, where the periodicity of the intensity modulation, 7 =2x/(w,, —
®,,), amounts to T = (47.90 £ 0.15)s caused by a frequency difference of about
0.02 Hz. This corresponds to a mean difference of AE energy transfer between
the two beams, E = 8.6 x 1077 eV, and to an energy sensitivity of 2.7 x 107" eV,
which is better by many orders of magnitude than that of other advanced
spectroscopic methods. This high resolution is strongly decoupled from the
monochromaticity of the neutron beam, which was AE; = 5.5 x 10~*eV around a
mean energy of the beam E; =0.023 eV in this case. It should be mentioned, that -
the result can also be interpreted as being the effect of a slowly varying phase
A(t) between the two flipper fields (see equation 5.4), but the more physical
description is based on the argument of a different energy transfer. The extremely
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Quantum beat effect observed when the frequencies of the two flipper coils differ by about 0.02 Hz
around 71.89979 kHz [42].

high resolution may be used for fundamental nuclear and solid state physics
applications.

An intrinsic lower limit for the energy width AE; of the neutron beam exists
which is caused by its lifetime, t=925s. According to AEt=h/2, AE;=
3.5%107*eV. The decay appears in both beam paths and contributes an
attenuation factor exp ( —t/7v) = exp ( — [t/v) which is similar to those discussed
in Chapter 2.

7. Experiments in progress or in preparation

We feel that most of the fundamental experiments for testing quantum
mechanics by neutron interferometry have already been performed. There remain
possibilities for more accurate repetitions of these experiments under even better
conditions which could produce spectacular results at any time. In addition, there
may be new experiments, which could push the development of advanced neutron
optics further. Some examples of such experiments will be discussed below:

(a) Phase echo system

Such systems are similar to spin echo systems known in advanced neutron
spectroscopy [49], but use the phase of the wave function instead of the Larmor
precession angle as the measurable quantity [50]. The interference pattern
disappears, if the longitudinal shift of the wave packets due to a phase shifter
becomes larger than the longitudinal coherence length of the beam (x - A/27x >
A*/ A see also Fig. 3). This behaviour has been observed experimentally [51, 52].
By applying an opposite phase shift in the same beam, or the same phase shift in
the second beam of the interferometer, the smeared interference pattern can be
recovered to full contrast, shown schematically in Fig. 10. Such experiments can
demonstrate, that a phase information can exist although the measured signal
looks like a statistical mixture. The coherence properties can be recovered, if a
proper measuring method is applied. This method will establish a new horizon if
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Figure 10
Principle of a phase echo system [50].

combined with multiplate interferometry (part (c)), where interference properties
of a dephased beam can be recovered in the following interferometer loops.

(b) Pulsed beam interferometry

It could be argued, that there is always an overlap of wave functions in a
stationary situation (or at least of plane wave components of the wave packet
from both beam paths) at the position of the beam splitter and at the place of
superposition. This can be avoided by using a chopper which produces bursts,
whose lengths are smaller than the dimension of the interferometer (Fig. 11). The
known spatial spreading of the wave function of matter waves

(h/ IZm)z‘]2
Ax(0)

has no influence on the interference properties for all practical situations, where
the length of the bursts Ax are much larger than the coherence length, A%/AA.
Nevertheless, such experiments will make the discussion about the collapse of the
wave field in the case of an absorber (see Chapt. 2) more profound and new types
of delayed choice experiments will become feasible where the decision about

[Ax©P = [AxOF + | (.1)

FAST CHOPPER /! ABSORBER
1
1

DETECTOR

____ INTERFEROMETER
\ CRYSTAL

Figure 11
Sketch of the apparatus for interference experiments with pulsed beams.
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interference or beam path detection can be made after the burst has passed the
beam splitter.

(c) Multiplate interferometry

A five plate interferometer is shown in Fig. 12. In this set-up different
interferometer loops are linked together by common beam paths. The theoretical
description follows the formalism developed for the standard triple plate case
[9, 10], but the expected interference properties show some new features, which
do not exist for the standard interferometer. The whole theoretical description
follows the treatment for the X-ray case [53, 54]; here we refer to a four plate
interferometer and specify averaged intensities of the interfering beams behind
this device:

L=K,[3+2cos(x4+ x5)+2cos xs +2cos xz]
I4 a Kl + 2K3 == 2K2[COS (XA + XB) + cos XB] + 2K3 COS X4 (7 2)
I,=2K,+ K.+ 2K, cos (x4 + xc) — 2K;[cos x4 + cos xc] '

Ig= K, +2K; — 2K,[cos (x4 + xc) + cos x4] + 2K3 cos x¢
with

417x 797 657 175x

Ki=——,  Ky=—, K;=——i, =———.
171048 271048 371048 Kq 1048

Each intensity depends on two net phase shifts of two interferometer loops (x4
etc.). First experimental investigations agree with these predictions [54]. The
intensities and interference properties of the loops B and C can partly be
controlled by the first interferometer loop. There exist additional positions of

\
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. Ly ¥,
>

Xc Xg Bi
- e perfect crystal
P3 ! B9 N N S S |
6/\s ~—" 4/\3 2/\1
i
X, x; <y &
Y Sl V.3 il
P4 T—1 1 T 11 ) = (0 (2
8/\7 6/\s ~ " a/\3 ~_72 1cr ‘ﬂ,. Y.,..
i

P5 1 1 1
Figure 12

Sketch of a multiplate interferometer with an indication of different interferometer loops (left) and
the principle of coherent beam mixing (right).
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four-wave mixing, which provide new aspects for coherent neutron optics. The
intensities inside these interferometer loops can be coherently influenced not only
at the position of the splitter but also at the position of the mirror. This may be
useful for the achievement of squeezed neutron states [55] and new bunching
systems. The formulas have been checked as to whether a phase shifter can have
an influence, if it is placed within a beam with zero intensity (e.g. y; if x4 = 7).
They predict no such influence. Absorbing and thick phase shifters producing
phase shifts of the order of the coherence length lead to additional effects.

8. Discussion

All the results of the neutron interferometric experiments are well described
by the formalism of quantum mechanics. According to the complementarity
principle of the Copenhagen interpretation, the wave picture has to be used to
describe the observed phenomena. The question how the well-defined particle
properties of the neutron are transferred through the interferometer, is not a
meaningful within this interpretation, but it should be an allowed one from the
physical point of view. Therefore, other interpretations should also be included in
the discussion of such experiments. The particle picture can be preserved if pilot
waves are postulated or if a quantum potential guides the particle to the predicted
position. Related calculations have been performed for a simplified interfero-

0.4- 0.4
{ x=3m/2 1 x =m/2
02{ :
y i
o
-02-
-04 i - -04 b
0 4 8 12 0 4 8 12
- X _— X
Figure 13

Quantum potential and beam trajectories at the place of beam superposition for a phase shift of
x =3x7/2 (left) and y = x/2 (right) [39].
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Figure 14

Nodes of the wave field and lattice points at the third interferometer plate. The relative position
between the nodes of the wave field and the lattice points depend on the phase shift and determines
the beams behind the interferometer.

meter system [39, 40]. The nonlocal quantum potential and the beam trajectories
are shown in Fig. 13. The alternative view according to the wave picture is
visualised in Fig. 14 where the position of the nodes of the superposed wave fields
relative to the lattice points determine where the waves proceed behind the
interferometer.

We have always tried to perform unbiased experiments and do not wish to
interfere with any epistemological interpretation of quantum mechanics. Perhaps
in the future new proposals for experiments will be formulated, which permit a
unique decision between different interpretations. As an experimentalist, one
appreciates the pioneering work of the founders of quantum mechanics, who
created this basic theory with so little experimental evidence. Now we have much
more direct evidence, even on a macroscopic scale but, nevertheless, one notices
that the interpretation of quantum mechanics goes beyond human intuition in
certain cases. Only two aspects of the experiments discussed before should be
repeated: How can each neutron in the spin-superposition experiment be
transferred from an initial pure state in the |z )-direction into a pure state in the
|x )-direction behind the interferometer, if no spin turn occurs in one beam and a
complete spin reversal occurs in the other beam path? How can every neutron
have information about which beam to join behind the interferometer, when a
slightly different energy exchange occurs in both beams inside the interferometer
and the time constant of the beat effect is by many orders of magnitude larger
than the time of flight through the system?
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Experiments of our group and such which are related to fundamental physics
problems have been discussed in this article. Several recent review articles can
supplement a broader scope about the status of neutron interferometry [56-59].
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