Non-local correlations between spatially separated systems have been extensively discussed in the context of the Einstein, Podolsky and Rosen (EPR) paradox1 and Bell’s
inequalities2. Many proposals and experiments designed to test hidden variable theories and the violation of Bell’s inequalities have been reported3–7; usually, these involve
correlated photons, although recently an experiment was performed with 9Be+ ions8. Nevertheless, it is of considerable interest to show that such correlations (arising
from quantum mechanical entanglement) are not simply a peculiarity of photons. Here we measure correlations between two degrees of freedom (comprising spatial and
spin components) of single neutrons; this removes the need for a source of entangled neutron pairs, which would present a considerable technical challenge. A Bell-like
inequality is introduced to clarify the correlations that can arise between observables of otherwise independent degrees of freedom. We demonstrate the violation of this
Bell-like inequality: our measured value is 2.051 ± 0.019, clearly above the value of 2 predicted by classical hidden variable theories9−12.

The concept of quantum non-contextuality9−12 represents a straightforward extension of the classical view: the result of a
particular measurement is determined independently of previous (or simultaneous) measurements on any set of mutually commuting
observables13. Local theories represent a particular circumstance of non-contextuality, in that the result is assumed not to depend on
measurements made simultaneously on spatially separated (mutually non-interacting) systems. In order to test non-contextuality,
joint measurements of commuting observables that are not necessarily separated in space are required.
Two degrees of freedom can be used for such experiments, for example, the spatial and the spinor properties, of single particles,
prepared in a non-factorized state and manipulated to measure two commuting observables. A Bell-like inequality has been
obtained to distinguish non-contextual hidden variable (NCHV) theories from the prediction of quantum mechanics14.
Here, we report a single-neutron interferometer experiment to show stronger correlations than the classical non-contextual
model with the use of a Bell-like inequality. (General descriptions of neutron interferometer experiments are summarized in
the literature15.) We note that all the experiments showing the violation of the Bell’s inequalities have been performed with
correlated entangled pairs16−20, including the recent one with 9Be+ ions8. We used not entangled pairs but single neutrons and
the entanglement is achieved between different degrees of freedom in a single particle. This is based on the fact that states of
spin-1/2 particles, like neutrons, are described by a tensor product Hilbert space, that is, H = H1 ⊗ H2 where H1 and H2 are
respectively disconnected Hilbert spaces corresponding to the spatial and the spinor wave function. Observables of the spatial part
are commutable with those of the spinor part, this justifying the derivation of a Bell-like inequality by the NCHV theories15. The
experiment consists of joint measurements of commuting observables of single neutrons in an appropriately prepared nonfactorizable
state.
In our polarized neutron interferometer experiment, the total wavefunction consists of the entanglement of the spatial part and
the spinor part21, that is, different degrees of freedom. The normalized total wavefunction can be represented as a Bell state,
|Ψ = 12 (|↓ ⊗ |I + |↑ ⊗ |II). Here, |↑ and |↓ denote the up-spin and down-spin states, and |I and |II denote the two beam
paths in the interferometer.
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The expectation value for the joint measurement for the spinor √ |↑ + e |↓ and the path √ |I + e |II is calculated
2
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to be:
E (α, χ) = Ψ| P̂ s(α) · P̂ p(χ) |Ψ
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where P̂α,±1 and P̂χ,±1 are the projection operators to the states √ |↑ ± e |↓ and √ |I ± e |II respectively. (These
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Figure 1: Schematic view of the experimental set-up to observe quantum
correlations clarified by the Bell-like inequality in single-neutron interferometry.
[...]
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projection operators and the expectation value correspond to P±(a), P±(b) and E(a, b) in the conventional EPR argument22.)
It should be emphasized here that the observables P̂ s and P̂ p operate in different Hilbert spaces, and thus commute each other.
A Bell-like inequality for a single-neutron experiment is expressed14 with the expectation values E (α, χ) as −2 ≤ S  ≤ 2 with
S  ≡ E (α1, χ1) + E (α1, χ2) − E (α2, χ1) + E (α2, χ2).
In our experiments, the expectation value E (α, χ) has been determined by a combination of count rates in a single detector
with appropriate setting of χ and α. This is given by:
(α, χ) + N (α + π, χ + π) − N (α, χ + π) − N (α + π, χ)
N
(2)
E (α, χ) = 



N (α, χ) + N (α + π, χ + π) + N (α, χ + π) + N (α + π, χ)

where N (αj , χk ) denotes the count rate with the spin-rotation of αj and the phase shift of χk , which is given by N (αj , χk ) =
p
Ψ| P̂αs ,+1 · P̂χ ,+1 |Ψ. This accounts for measurements to determine the expectation value of the joint measurement with
j
k
successive counts in one detector.
Quantum theory predicts sinusoidal behaviour for the count rate N qm(α, χ) = 21 {1 + cos(α + χ)}. The same behaviour is
also expected for the expectation value E (α, χ) = cos(α + χ). These functions will show the violation of the Bell-like inequality
for various sets of the polarization analysis (α) and the phase shift
(χ). The maximum violation is expected, for instance, for
√
the set, α1 = 0, α2 = π/2, χ1 = π/4 and χ2 = −π/4, as S  = 2 2 = 2.82 > 2. So far we have described the experiment in
terms of perfect implementation. In the actual experiment, however, perfect sinusoidal dependence of N  cannot be established
owing to unavoidable component misalignments, imperfect quality of polarization/interference, and so on, which is characterized
 , reduces in proportion to these contrasts. Thus, average contrasts of more than
by contrasts
of
the
oscillations.
The
value,
S
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70.7%(= 2/2) is essential in order to show the violation of the Bell-like inequality.
Our experiments consist of three stages: preparation, manipulation and detection. The preparation was achieved by the use of
a spin-turner after the polarized beam was split into two, producing a Bell state, |Ψexp = 12 (|→ ⊗ |I + |← ⊗ |II). In the
manipulation, two parameters of χ and α were adjusted. And finally, neutrons with certain properties were detected. In recent
work, four detectors were used to measure the total outcomes of Stern–Gerlach polarization analysers installed in both interfering
beams14. But it is shown that polarization analysis of the O-beam is sufficient to obtain correlation coefficients.
The experiment was carried out at the silicon-perfect-crystal interferometer beam line S18 at the high flux reactor at the Institute
Laue Langevin23. A schematic view of the experimental set-up is shown in Fig. 1. The neutron beam was monochromatized to
have a mean wave length of λo = 1.92 Å by the use of a silicon perfect crystal monochromator. This incident beam was polarized
vertically by magnetic-prism refractions, then entering a triple-Laue interferometer. This interferometer was adjusted to 220
reflections. A parallel-sided plate was used as a phase shifter (varying χ). A pair of water-cooled Helmholtz coils produced a
fairly uniform magnetic guide field, B0 + ẑ around the interferometer. A magnetically saturated Heusler crystal together with a
rectangular spin rotator (adjusting α) and a spin flipper, if necessary, enabled the selection of neutrons with certain polarization
directions. [...]
The results above were obtained using a neutron detector of more than 99% efficiency. In this case, however, a fair-sampling
hypothesis is still required, because of losses in the interferometer—the second plate of the interferometer is not a mirror but a
beamsplitter— in addition to the fact that the count rates were obtained successively one after another. (It should be mentioned
that equation (2) itself does not use this assumption.) A similar experiment concerning the non-contextual hidden variable
theories with entangled photons25 was reported. In this experiment, a ‘trigger’ instead of a polarized incident beam was used to
show correlations in coincidence counting. This leaves the total system in an entangled state, potentially one of four states with
equal probabilities. Thus, the ‘projection’ postulate in the mixed state is needed to deduce the quantum contextuality from this
experiment.
The correlations observed in our experiments could be discussed in terms of a semiclassical wave theory, that is, as beam
polarizations, as frequently used in optics. This calculation exhibits a nonfactorizable total polarization by P s(α) for the spin
manipulations and P p(χ) for the path manipulations. We note here that the entanglement is not limited to different particles
but is generally applicable to different degrees of freedom in single particles. General arguments on the entanglement-induced
correlation can be found in the literature26,27.
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Figure 3: Typical interference oscillations [...] ,
which indicates a clear violation of the Bell-like inequality.
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