The coherent superposition of oppositely polarized neutron beams of equal amplitude results in a final beam polarization perpendicular to the
polarization of both initial beams. This polarization can be rotated by purely scalar interaction applied to the beams before superposition,
which is equivalent to an additional Larmor precession applied to the beam after superposition. We have directly observed these effects
in an experiment performed using the perfect-crystal neutron interferometer at the high-flux reactor at Grenoble. This paper gives the
experimental results and discusses their theoretical foundation.

I. INTRODUCTION Single-crystal interferometers for use with thermal neutrons have opened many possibilities during
the course of their refinement.1 The relatively large separation of the two coherent partial beams in the order of several
centimeters permits the manipulation of one of the beams without much affecting the other. Thus, wherever information
can be obtained by the influence of a specimen on the phase of the neutron wave function, the interferometer may
be a convenient tool of research. Today the interferometer is routinely used for precision measurements of coherent
neutron-nucleus scattering lengths. Measurements on solids, liquids, and gases have been performed.2−4
Besides these applications another class of experiments has become possible where the quantummechanical behavior
of the neutron itself is investigated. Collela et al.5 reported on a measurement showing the influence of the gravitational
term in the Hamiltonian; Rauch et al.6,7 and Werner et al.8 could independently demonstrate the change of sign of
the neutron wave function when subjected to 2π rotations. Combined effects of nuclear and magnetic phase shifts were
observed by Badurek et al.9 These latter experiments exhibit some of the consequences of the fact that the neutron is a
fermion of spin 12 and therefore its wave function is a spinor. These experiments could be performed with an unpolarized
incident neutron beam. The experiment presented here belongs to this category, although it requires a polarized incident
beam. The purpose of our research was a demonstration of the phenomena encountered when two coherent neutron
beams of opposite spin eigenstates (of polarization direction parallel and antiparallel to the magnetic guide field) are
superposed. Quantum theory predicts that the resulting beam would not be a mixture as one might intuitively visualize
in a classical picture. Instead, one expects the final polarization vector to lie in a plane perpendicular to the initial
polarization directions.
The first suggestion for a similar experiment was made, although on the gedanken level, by Wigner in an article on
the problem of measurement in quantum theory.10 More recently, Eder and Zeilinger suggested its realization11,12 by
neutron interferometry and showed that the particular direction of the polarization vector within the plane mentioned
above can be modified by introducing a scalar phase shift between the two constituent beams. Some preliminary results
of the measurements have already been reported.13 Here a detailed description of the experiment, of the theoretical
formalism, and of the presentation of the results is given.
[...]
V. RESULTS [...] A further verification, that the observed intensity oscillations in the 0 detector as a function of the
phase shift χ were indeed due to a rotation of the polarization vector, was done by switching off the π/2 coil. Then the
intensity should not depend on χ. Results of this experiment are shownin Fig. 5.
VI. DISCUSSION The results show that the creation and coherent superposition of neutron beams of such different
physical property as opposite spin can be achieved by interferometry. Repeated experiments have demonstrated a very
good agreement of the observed phenomena with the quantum-theoretical predictions, despite an error of the relevant
phases (2πT4) of up to (±0.09) × 2π (see error bars in Fig. 4).
With an improvement of accuracy experiments will become feasible that not only demonstrate this special case of
the superposition principle, but permit a more quantitative analysis as well. In one experiment, for example, a partial
absorber was placed in one beam path inside the interferometer diminishing the amplitude of the corresponding spinor.
According to Ref. 12, by changing the effective absorption and by varying the nuclear phase shift with the aluminum
slab one should be able to produce any direction in three-dimensional space of the polarization vectors of the outgoing
beams, although both controlling interactions are spin independent. Owing to the rather large experimental error these
measurements did not render decisive results and will be repeated.
An additional effect inherent in our experiment must be mentioned. As is known from dynamical diffraction theory,19−21
the direction of propagation of neutrons inside a single crystal is influenced strongly by changes of wavelength, if the
incident beam is near the Bragg condition and if Laue geometry is used, as in the interferometer.22 But neutrons
of the same total energy and of opposite spin eigenstates in a constant magnetic field have different momentum and
consequently different wavelength. In our experiment this meant that neutrons of beam I, which experienced a spin flip
and thus a change of wavelength, had different direction of propagation in the third crystal slab as compared to the first
and second slabs, while for neutrons of beam II no such change occurred. As a consequence, the coherence of beams I
and II was reduced, a small effect that could be observed. It could not be completely eliminated, as a guide field was
necessary for the definition of the spin states.
A possibility of circumventing wavelength differences is the use of an rf spin flipper instead of the static one. The total
energy of the neutrons whose spin is inverted is then given by E0 ± ωrf , where ωrf is the energy of the photons emitted
or absorbed by the rf coil.22,23 It corresponds to the energy difference of the Zeeman levels of a neutron in a magnetic
field, and thus the kinetic energy remains the same. Using calculations given in Ref. 25 the state of the 0 beam behind
the interferometer is obtained to be with incident neutrons of the |↑z  state,
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For a magnetic guide field in the order of 10 mT ωrf /2π ∼ 105 Hz. Because of the explicit time dependence of the
resulting intensity, neutron detection must be synchronized with the phase of the rf field. Such measurements will be
performed in the near future. Yet without doubt they will show the same properties of spin superposition as our results
for the dc case.
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FIG. 1: Experimental test of spin superposition: rotation
of the polarization vectors in the beams leaving the
interferometer by a nuclear phaseshift.

FIG. 2. Schematic of the experiment for spin superposition.

FIG. 5. Spin superposition in forward direction. Intensity
oscillations as a function of the path difference AD
(phase χX) are only present when the polarization of the y
direction is turned into the z direction, indicating the influence
of the nuclear phase shift on the final polarization.
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