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Test of quantum mechanics by neutron
interferometry

H. Rauch

Atominstitut der Osterreichischen Universititen, 1020 Wien, Austria

Abstract. Interferometry with massive elementary particles combines particle
and wave features in a direct way. In this respect, neutrons are proper tools
for testing quantum mechanics because they are massive, they couple to
electromagnetic fields due to their magnetic moment, and they are subject
to all basic interactions, and they are sensitive to topological effects, as well.
They play a pionieering role in the development of interferometry with even
heavier objects, like atoms, molecules and clusters. Deterministic and stochastic
partial absorption experiments can be described by Bell-type inequalities. Recent
neutron interferometry experiments based on postselection methods renewed the
discussion about quantum nonlocality and the quantum measuring process. It has
been shown that interference phenomena can be revived even when the overall
interference pattern has lost its contrast. This indicates persisting coupling in
phase space even in cases of spatially separated Schrddinger cat-like situations.
These states are extremely fragile and sensitive to any kind of fluctuations or
other decoherence processes. More complete quantum experiments also show
that a complete retrieval of quantum states behind an interaction region becomes
impossible in principle. The transition from a quantum world to a classical one
is still an open question and will be tackled by means of dedicated decoherence
experiments. Recent measurements deal with quantum contextuality and quan-
tum state reconstruction. The observed results agree with quantum mechanical
laws and may stimulate further discussions about their interpretations.

1 Introduction — basic relations

The perfect crystal neutron interferometer — first tested in 1974 at our 250kW TRIGA reactor
(1] - provides the highest intensity and became the most frequently used neutron interferometer
due to its wide beam separation and its universal availability for fundamental, nuclear and solid-
state physics [2]. It represents a macroscopic quantum device with characteristic dimensions of
several centimeters (Fig. 1), B

The basis for this kind of neutron interferometry is provided by the undisturbed arrangement
of atoms in a monolithic perfect silicon crystal. An incident beam is split coherently at the first
crystal plate, reflected at the middle plate and coherently superposed at the third plate. From
general symimetry considerations it follows immediately that the wave functions in both beam
paths, which compose the beam in the forward direction behind the interferometer, are equal
(0y = wih). because they are transmitted-reflected-reflected (TRR) and reflected-reflected-
lransmitted (RRT), respectively. The theoretical troatment of the diffraction process from
the perfect crystal is deseribed hy the dynamical diffraction theory [3]. To preserve the interfor-
elce properties over the length of the interferometer, the dimensions of the monolithic systemm
liave to be accurate on a scale comparable to the so-called Pendelldsung length (~50 um). 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
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Fig. 1. Sketch of a symmetric perfect crystal neutron interferometer and a typical interference pattern.

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 [4]):

k AN [, or\2 . o.NA 5 Nb,
e — — < — [ — i =~ — — 1
" ! b (2)\) + 4w L=A 2m M)

kg 2m
where be is the coherent scattering length, o, the reaction cross-section, A the wavelength of
the neutrons, and N is the particle density of the phase-shifting material. The different k vector

inside the phase shifter causes a spatial shift, A, of the wave packet which depends on the
orientation of the sample surface, §, its thickness D, and which is related to the scalar phase
shift, y, by

¥ = gpoe S = gD = gy el (2)
where x can be written as a path integral of the canonical momentum, k., along the beam

paths, x = f Ech. Therefore, the intensity behind the interferometer becomes

2
To o |tg + 48| o< (1 + cosy). (3)

The intensity of the beam in the deviated direction, Iy, follows from particle conservation
Io +In = comst. Thus, the intensities behind the interferometer vary as a function of the
thickness. D, of the phase shifter, the particle density, N, and the neutron wavelength, \.

Neutron optics is a part of quantum optics, and many phenomena can be described properly
in that terminology. where the coherence function plays an important role [5,6],

T(A) = (%(0)¥(A)), (4)
which is the autocorrelation function of the wave function. Using a wave packet description for
the wave functions (amplitudes a(k))

H(X)  x /a(l\) AR (5)
one obtains

To(Ag) x |y + 'l,/'1(111|2 x 1+ \F(A\o)l cos xo = 1 + |[(Ag)] cos(Ag - ko), (6)

where Ag and xg denote the phase shifts related to the mean momentun, kg, This gives:

r (E)‘ >3 /hg(ﬂb)eirgdg‘ﬁ .
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Table 1. Properties of neutrons.

PARTICLE PROPERTIES WAVE PROPERTIES
m = 1.6748220(25) x 10 *" kg CONNECTION Ae = 2 =1.319695(20) x 10 *m
s=4h de Broglie
= —9.6491783(18) x 10727 J/T Ap = EhV for thermal neutrons: A = 1.8 A,
v =2200m/s

T = 882.6(2.7)s Schrédinger dp=t=18x10"0m

- sw(T,
R =0.7fm By (F.6) = i Ac= g 210m
o = 12.0(2.5) x 107 fm® & Ap=v.AL =107 m
u-d-d- quark structure boundary conditions Ag = v.T = 1.942(5) x 10°m

0 < x < 2m(4n)

m mass, s spin, 4 magnetic A: Compton wavelength,
moment, 7 f-decay lifetime, -pB ~eeee— - 3 s de Broglie wavelength,
R (magnetic) confinement {two level system A coherence length,
radius, o electric polarizability; uB A, packet length,

all other measured quantities ¢k momentum width,

like electric charge magnetic At chopper opening time,
monopole and magnetic dipole v group velocity, ¥ phase.

moment are compatible with zero.

ThLLS the absolute value of the coherence function can be obtained from the fringe visibility,
(A = Imax — Limin )/ (Tmax + Imin), or as the Fourier transform of the momentum distribution,
g(k) = Ja(i)? .

The mean square distance related to |I'(A)| defines the coherence length, Af which is
for Gaussian distribution functions directly related to the minimum uncertainty relation
(Afék; = 1/2). Similar relations can be obtained for time-dependent phenomena, where the
spectral distribution, g(w), and the temporal coherence function come into play.

Any experimental device deviates from the idealized situations: the perfect crystal can have
slight deviations from its perfectness, and its dimensions may vary slightly; the phase shifter
contributes to such deviations by variations in its thickness and inhomogeneities; and even
the neutron beam itself contributes to a deviation from the idealized situation because of its

momentum spread, dk. Therefore, the experimental interference patterns have to be described
by a generalized relation,

T A+B|F(A)| COS(X'I“I’U), (8)
where A, B and @ are characteristic parameters of a certain set-up. It should be mentioned,
however, that the idealized behaviour described by (3) can be nearly approached almost by a
well-balanced set-up (Fig. 1). Phase shifts can be applied in the longitudinal, transverse and
vertical directions, and the related coherence properties can be measured [7]. In the transverse
direction the phase shift becomes wavelength independent (xT = ~2dnaNb.Dy; dnir: lattice
distance), which implies a much larger coherence length in that direction.

All the results of interferometric measurements obtained up to now can be well explained in
terins of the wave picture of quantum mechanics and the complementarity principle of standard
quantum mechanics. Nevertheless, one should bear in mind that the newtron also carvies well-
defined particle properties, which have to be transferred through the interferometer. These
properties arc 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
hecores very obvious.

All neutron interferometric experiments pertain to the case of self-interference, where during
a certaln time interval, only one neutron is inside the interferometer, if at all. Usually, at that
time the next neutron has not yet been horn and is still contained in the uranium nuclei
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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
moderation process, by their movement along the neutron guide tubes, by the monochromator
crystal and by the special interferometer set-up. Therefore, any interferometer pattern contains
single particle and ensemble properties together.

2 Classic neutron interference experiments

There is no space to describe all classic neutron interference experiments in detail, they should
be mentioned only. A comprehensive treatment can be found in (1]

o Gravity effects and noninertial frame phenomena measurements
Here the action of ordinary gravity [8] of the Earth rotation [9] and the neutron Fizeau
effect [10} have been demonstrated.

e 4m-spinor symmetry and spin-superposition experiments
The first direct verification of the 4m-symmetry effect happened with neutrons [11,12],
the spin-superposition principle has also been demonstrated on a macroscopic scale with
neutrons [13,14]. Related experiments have dealt with the magnetic Josephson effect {15]
and with multiphoton exchange within oscillating magnetic fields [16).

3 Decoherence and dephasing effects
3.1 Stechastic versus deterministic beam path detection

Neutrons can be absorbed in nuclei forming a compound nucleus which decays in most cases by
v-radiation, which can be detected easily with a high efficiency. Thus, an absorption process in
one beam path denotes a beam path detection which cannot be retrieved since the compound
nucleus acts as a system with a nearly infinite number of degrees of freedom.

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

P — 1hoel(M=DKD _ o oixg=0aND/2 _ RN} (9)

Therefore, the beam modulation behind the interferometer is obtained in the following form
Ip [1/1(1) + z/zwz x (1+a)+2/acosy. (10)
On the other hand, the transmission probability of a chopper wheel or another shutter system

is given by the open-to-closed ratio, a = topen/ (topen + telosed), and one obtains after straight-
forward calculations )

I x ‘(1 —a) "[/;(‘)Iil +a vl/,-(lj + (/)(1)1[2] x {1+ a)+ 2acos y, (11)
e the contrast of the interference pattern is proportional to V@ in the first case and propor-
tional to g in the second case, although the same number of neutrons are absorbed in both
cases. The measured contrast lies along the lines “stochastic” and “deterministic” in Fig. 2
i16,17]. The different contrast becomes especially obvious for low transmission probabilities.
The difference diverges for a. —0 but it has been shown that in this regime the variations of
the transmission due to variations of the thickness or of the density of the absorber plate have
to be taken into account which shifts the points below the V2 (“stochastic”) curve [18,19)].
The region between the linear and the square-root behaviour can be reached by using
very narrow chopper slits or narrow transmission lattices, where one starts to lose information
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Fig. 3. Lattice absorber in the interferometer approaching the classical limit when the slits are oriented
horizontally and the quantum limit when they are oriented vertically [17].

regarding through which individual slit the neutron went. This is exactly the region which
shows the transition between a deterministic and a stochastic situation and, therefore, it can
be formulated using a Bell-like inequality (v > x > t) [20].

The stochastic limit corresponds to the quantum limit where one does no longer know
through which individual slit the neutron went. A homogeneous absorber sheet, as discussed in
the “stochastic” case before, gives the extreme case where one does not know which individual
nucleus absorbed the neutron. Which situation exists depends on how the slit width, {, compares
with the coherence lengths in the related direction. When the slit widths become comparable to
the coherence lengths, the wave function behind the slits show distinct diffraction peaks which
correspond to new quantum states (n # 0). The creation of the new quantum states means
that those labeled neutrons carry information about the chosen beam path and, therefore, do
not contribute to the interference amplitude [20] (Fig. 3). The diffraction effect from the lattice
becomes maximal when it is oriented vertically (o = 0), since the coherence length in the
horizontal plane is rather large (~ 20 un) due to the Bragg diffraction from the silicon crystal
[21). The situation reminds one of the transmission of a frisbee disk through a fence. A related
experiment has been carried out by rotating an absorption lattice around the beam axis, where
one changes from [ < A® (vertical slits) to 1 3> A,¢ (horizontal slits). Thus, the attenuation
factor g has to be generalized to include not only nuclear absorption and scattering processes
bt also lattice diffraction effoets if they remove nentrons from the original phase space.

The partial absorption and coherence experiments are closely connected to the quantum
duality principle, which states that the observation of an interference pattern and the acquisition
of which-way informations are mutually exclusive. Various inequalities have been formulated to
describe this mutual exclusion principle [22,23]. The most concise formulation reads as

V? 4+ Pr= <1 Ce(12)

where Vodenotes the fringe visibility (eq. (7)) and P is the predictability of the way through
the interferometer, which is a quantitative measure of the a priori which-way knowledge.

A dedicted experiment using a double loop interferometer has heen used to verify eq. (12)
(see Pig. ). In this case the fringe visibility within the second interferometer loop and the
predictability are determined by the which-way probabilities w; and wy; [24,25]

2
ALl IAVA

Wy b wpy

P=lw ~ wyl, (13)
with wy Npr ol

wy and ey can be measured by blocking beam IT or beam I, alternatively. V; denotes the
inbrinsic visibility of the interferometer. w; and wy; can be controlled by a phase shifter (a) in
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loop A and V can be measured by means of the phase shifter within loop B.

1 =2(1 4 cosa)

T 14+ 2(1 + cosa) ' (14)

3+ 2cosa

[4%
_| 4dcos 5
, =

The measured results agree fairly well with the theoretical predictions supporting a value P2 +
V? < 0.7 [24,25]. The deviation from unity is caused by the nonperfect contrast within the loops
A and B. It should be mentioned that these quantum phenomena can be used to establish a
kind of homodyne detection of neutrons [26].

3.2 Dephasing by magnetic noise fields

Neutrons couple due to their magnetic moment to any kind of magnetic fields. When static
or time-dependent resonance or single mode fields are applied, the typical 4n-symmetry and
spin-superposition phenomena can be observed [11-16]. Magnetic noise fields applied. onto the
coherent beams cause a partial spin reversal and photon exchanges between the neutron and the
nolse ficld, which canses a reduction of the fringe visibility at low order and a smearing effect.
of the momentum modulation at high order [27]. This photon exchange, which results also in a
slight change of the energy of the neutron, occurs at all frequencies whereby the probabilities
orsigle and madtiphoton exchange are quite different [28]. Figure H shows the set-up and the
results when a noise field has been applied onto beam paths I, or II, or the same noise fields onto
both beam paths, simultancously. The reduction of the visibility indicates a disturbance of the
averall coherence of both beams but its recovery when applied to both beams demonstrate that
full coherence can be vetrieved, which means that even the photon exchanges become reversiblo.
This indicates that coherence can preserved even in cases when the visibility becomes reduced
but the interaction Hamiltonian is at least still known in principle. Whether that holds for all
frequency ranges has to be investigated in detail. A critical limit may occur when the time
variations reach a value comparable to the coherence time of the beam of about I ns. The
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Fig. 5. Loss of contrast due to magnetic noise fields (left and middle) and no loss of contrast when
the same noise field is applied to both coherent beams (right) [27].

recently developed method of a complete density matrix measurement may be useful to shed
more light onto the question how a quantum system transforms into a classical system [29].

The question of decoherence plays also an important role in connection with quantum com-
munication and quantum computing. When atoms or molecules are used as quantum objects
many more degrees of freedom contribute to decoherence effects (e.g. [30]). With neutrons these
cffects can be treated individually. Speculations whether the geometric phases are more robust
against. decoherence offects are under investigation.

4 Quantum contextuality

A. Einstein, B. Podolsky and N. Rosen [31] argued that quantum mechanics may not be com-
plete since non-local correlations between spatially separated systems are predicted, which
stimulated the discussion about “hidden” variables and a more “realistic” theory. J. Bell [20]
formulated inequalities which can decide between the quantum mechanical and the “realis-
tic” view. Related experiments with entangled photons verified the non-local view of quantum
mechanics [32-34]. Entanglement does not exist between different entities (photons) only but
also between different degrees of freedom of a single system (neutron). This yields the concept
of “contextuality”, which states that independent measurements of independent observables
are correlated. In our case the beam path through the interferometer and the spin states are
taken as independent observables. In this case a Bell-like inequality can be formulated, which
can be measured from the counting rates IV at different values of the phase shift x and. the spin
rotation angle o [35,36].

~2<5 <2,

S = E(ar, x1) + Elan, x2) = E(az, x1) + E{a, x2),

N{a, x) + N+, x + @) = N{a, x + ) = N(ov + 7, )
N(e,x) + N(a+ 7,y + 7)) + N{a, x + 7) + N(o + 7, %)

L(ce, \) = (15)

The maximal violation of this inequality due to quantum mechanics happens for the following
parameters: oy = (00 ay = /20 vy =7w/4 and x» = ~7/4 and amounts to S = 24/2 = 2.89,

The measurement scheme is shown in Fig. 6. The precise determination of the related
counting vates at the parameter values given above yielded a value for S of [36):

S = 2.051 +0.019,
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which is within a 3¢-limit above two, verifying, for the first time, the contextuality principle
of quantum mechanics; The maximal violation of S = 2.82 has not been achieved because
the contrast of the interference pattern and the neutron polarization were below unity. These
quantities play in this kind of measurements a similar role as the finite efficiency of the photon
detectors in entangled photon experiments.

5 Discussion

Decolierence and the appearance of a classical world in quantum mechanics was the main topic
of this contribution to the conference. It has been shown that neutrons are a proper tool to tackle
this question by means of neutron interferometry experiments. Several partial beam absorption
experiments have been discussed in terms of wave-particle duality, where an inequality relating
fringe visibility and path distinguishability has been tested. In this case no retrieval of a which.
way detection seems to be feasible, indicating real decoherencing. On the other hand, a loss of
contrast caused by magnetic noise fields can be retrieved when the same noise field is applied
to both coherent beains of a Mach-Zehnder interferometer. In this case not only the same spin
direction has to be recovered but also the related multiphoton exchange has to be balanced.
In order to demonstrate that in all quantum states more information is available than usually
extracted is demonstrated by means of recent contextuality experiments, where it has been
shown that there exists also entanglement between external and internal degrees of freedom.

Most of the experimental work has been supported by projects of the Austrian Science Foundation
{(FWE), most recently by the project SFB1513.
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