The interference of two widely separated coherent neutron beams produced by dynamical diffraction in a perfect Si-crystal has been
observed. Phase shifting material inserted in the beams results in a marked intensity modulation behind the interferometer. Neutron
interferometry introduces several new feasible experiments in nuclear and solid state physics.

Nearly all classical optical experiments have been extended to neutron beams; e.g. total reflection [1, 2], slit diffraction [3], prisma
deflection [4, 5], diffraction on an edge [6] and diffraction on a ruled grating [7]. The first attempt to construct a neutron interferometer
with coherent beams from a slit diffraction and a biprisma deflection proved only partially successful [4, 6, 8]. The diffraction pattern
could be observed, but the coherence properties were destroyed by phase shifting material inserted into the beam. The main difficulties
in that case came from the extremely small separation of the two coherent beams – about 60 m only – and the rather small intensity
caused by the narrow entrance slit of 10 m.
Successful experiments with perfect crystal interferometers for X-rays [9 − 11] initiated the development of analogous neutroninterferometers [12, 13]. The applicability of dynamical diffraction theory [14, 15] to neutron beams is rather well established and
confirmed by various experiments [16, 17]. Because absorption is rather small two wave fields are usually excited in the crystal.
A perfect silicon crystal with 80 mm diameter and 70 mm length (grown by Wacker-Chemitronic, Germany) was cut to give the appropriate Laue-type interferometer as shown in fig. 1. The distances between the various interferometer parts (splitter S, mirror M and
analyzer A) have to be very accurate to avoid defocussing effects and loss of coherence. After etching the thickness of the crystal plates
was in our case 4.3954 ± 0.0008 mm and the distances were 27.2936 ± 0.0009 mm. The crystal was tested as an X-ray interferometer.
By a suitable mounting and the application of small weights the inherent Moiré pattern could be balanced to give a homogeneous
interference pattern over the whole region of interest.
A symmetrical (220) – Laue-reflection was used for the experiment. According to dynamical scattering theory [14, 15] the intensity of
the deviated diffracted beam H behind one crystal plate is given as:

Ph/Pi = (1 + y 2)−1 sin2(A 1 + y 2)

and of the forward diffracted beam O as Po/Pi = 1 − Ph/Pi. Where A = bc |F | λ t/ cos θB a3 and y = a3 sin 2θB(θB − θ)/λ2bc |F |.
(θB the Bragg angle, bc the coherent scattering amplitude, |F | the crystal structure factor, λ the neutron wave length, a the lattice constant, t the thickness of the crystal). Straightforward calculations yield the intensity distribution after superposition of beam
I and II behind the interferometer [18]. For the forward direction the contributions from path I and II are equal for all y whereas
for the deviated beam a dependence on y exists. The predicted intensity modulation is therefore more pronounced for the forward beam.

Fig. 1: Sketch of the perfect crystal neutron interferometer.

Any material with the thickness D and index of refraction n = 1 − λ2(N bc/2π) (N the number of nuclei per cm3) in one coherent
beam causes a phase shift of ∆ϕ = (1 − n)2πD/λ. This gives an intensity modulation for the beam in the forward direction according
to Io cos2 π · (1 − n)D/λ. The wave length spread of the beam and all other inaccuracy of the arrangement cause a smoothening of
the intensity modulation, especially for high order interferences. The rotation (angle ) of an appropriate piece of material between
the interferometer plates allows a continous variation of the optical path of the coherent beams within the material according to
∆D = D(cos−1(θB + ) − cos−1(θB − )), see fig. 1.
First measurements have been carried out at the 250 kW TRlGA-reactor with an oriented graphite premonochromator in ”parallel”
arrangement. The mean wave length was 2 Å, the resolution for the whole set-up was ∆λ/λ = 0.6% and the beam cross section was
10 × 30 mm. The beam modulation was clearly demonstrated as shown in fig. 2. An ordinary Al-sheet (99.5%) with D = 5 mm was
used as phase shifting material. The monitor rate corresponds to a measuring time of about 4 minutes, the background counting rate
for the same time was about 550 neutrons for the O-beam and 400 for the H-beam. By using thin phase shifting foils and only the
central part of the beam cross section variations of about 50% have been recorded.
The interference pattern of two widely separated neutron beams can be used to obtain additional information about the Broglie
matter waves, index of refraction, scattering amplitudes and various solid state properties. The visibility of the interference pattern
at high orders yields information about the longitudinal dimension ∆x of the wave packet, which according to uncertainty – principle
arguments is about ∆x ∼ λ2/π · ∆λ [19]. For strongly dispersive arrangements coherence lengths up to 10 m are expected. The index
of refraction and the scattering amplitude can be obtained from 1 − n = λ2N b/2π = λ/Dλ (2π/λN bcDλ the λ-thickness), where Dλ
can be determined rather accurately if many orders (m) are observed (Dλ = ∆D/m). Furthermore neutron-electron contributions and
the forward magnetic amplitude po of magnetic materials are of interest (1 − n = λ2N (b ± po)/2π). Any kind of inhomogenities within
the phase shifting material resulting in a spatial variation of n can be observed. Especially for magnetic materials, where the index
of refraction varies from one domain to the other a new method for domain structure observation is now accessible. The controlled
rotation of the neutron spins within the interferometer yields information about the spin dependence of the interference.

Fig. 2: Measured intensity modulation of the deviated and
forward beam as a function of the different optical paths
for beam I and II within an Al-sheet. (The statistical error
is smaller than the size of the points).

The measurements will be continued at high flux facilities and with strong dispersive arrangements to use the full capability of this
new instrument.
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M.v. Laue, Röntgenstrahlinterferenzen (Akad. Verlagsges., Frankfurt 1960).
W.H. Zachariasen, Theory of X-ray diffraction in crystals (Willey N.Y. 1945).
D. Sippel, K. Kleinstiick and G.E.R. Schulze, Phys. Lett. 14 (1965) 174.
C.G. Shull, Phys. Rev. Lett. 21 (1968) 1585.
H. Rauch and M. Suda, Z.f. Phys., to be published.
C.G. Shull, J. Appl. Cryst. 6 (1973) 257.

